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K e s te r s o n
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p r o c es s in g —E  S tru e b i,  R .E . E sc h e r  a n d  H. N e u k o m  
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Letters

C o o k e d  m e a t  c o lo r

I would like to  com m ent on a statem ent made by Professor 
G.G. Giddings in his authoritative review on “The basis of 
color in muscle foods” (Giddings, 1977). When discussing the 
nature of the cooked mqat haem oprotein he states, “ Since 
mere m ethylation places the imadazole group in the latter 
category (i.e. sterically hindered) it is unlikely that tw o de
natured protein-bound imadazoles can occupy the two axial 
heme co-ordination sites.” 1 would like to  point out that the 
merely m ethylated com pound referred to is 2-methyl imad
azole (Wagner and Kassner, 1975) in which the m ethyl group 
is adjacent to  the binding nitrogen atom while in a protein- 
bound imadazole group the substitution is removed from the
binding nitrogen atom at position 1 although tha t at postition 
3 is sterically hindered.

h c 5 4 c h h c 5 4 c  c „ 2 c „  ?

HN1 3N H N 1 3N N

\ 2X \

c h 3 H

2-methyl imadazole protein-bound imadazole

Thus I do not believe that steric considerations make diimad- 
azole complexes of ferric haem atin unlikely pigments in 
cooked meat. This view is further substantiated by the fact 
that the haem atin iron in some cytochrom es (b and c3) is 
co-ordinated to  two protein-bound imadazole groups 
(Mathews et al., 1971; Dobson et al., 1974) and haemoglobin 
may form this type of complex on denaturation (Peisach and 
Blumberg, 1971).

-D avid  A. Ledward, Food Science Labs., Dept, o f Ap
plied Biochemistry & N utrition, University o f Notting
ham, Sutton Bonington, Loughborough, Leics., England. 
L E I2 5RD.

Dr. Led ward’s points are well taken and, 1 feel, further under
score the uncertainty surrounding the precise structure(s) of 
cooked meat pigment, which research such as his should 
eventually clarify. It would seem intuitively tha t steric con
straints would play a far greater role in the case of denatured 
proteins than in that o f m ethyl substitutions on ‘free’ imid
azoles. Further, I have reservations as to  the appropriateness of 
native specialized hem eproteins, w ith two intramolecular 
imidazoles as axial ligands according to  a precise molecular 
design, being invoked as analogs of denatured protein diimid
azole complexes. Steric considerations aside, 1 feel that the 
chemistry of the cooked meat pigment argues most strongly

against the la tter model in systems wherein the relatively heat 
resistant myoglobin is virtually com pletely ‘denatured’.

-G . G. Giddings, Senior Technologist, Marine Products, 
Fundación Chile, Avda. Santa Maria 06500, Santiago, 
Chile, S.A.
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In reference to  the paper by Fields et al. (1977), no evidence is 
presented to  substantiate the authors’ emphasis that the pres
ence of viable microorganisms may have been accounted for 
by improper containers (p. 932). Since the authors determined 
the vacuum before jars were opened, it is im portant to  know if 
these containers more frequently had faulty closures (not 
vacuum-sealed). The dimensions might also have been com
pared to  those of the recommended containers to  determine 
whether or not a difference in heating rate to  the center would 
be probable. Additional evidence might have been gained by 
grouping the tw o container types and comparing micro
biological recoveries for products processed the same tim e and 
m ethod. Lacking this substantiating evidence, the problem 
appears to  be underprocessing (i.e. no t using recommended 
m ethods) or recontam ination through use of the open kettle 
m ethod.

I would agree with the authors tha t education of hom e
makers is im portant. However, it is also im portant that our 
recom m edations are based on fact and that stress is put on the 
critical steps, processing tim e and tem perature.

-M argy Woodburn, Dept, o f Foods & N utrition, Oregon State 
University, Corvallis OR 97331

This is in response to  Dr. W oodbum ’s letter concerning the 
paper of Fields et al. (1977).

In her le tter in the last paragraph, she stated that it is 
im portant tha t recom m endations are based upon facts and 
stress is put on the critical steps, processing time and tempera
ture. Of course this statem ent implies that the authors were
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neither dealing with facts nor stressing processing conditions 
which is not true.

Our paper points out the great variation in tim e and tem 
perature of processing (Table 3), the use of nonrecommended 
types of jars (Table 2), the existence of tom ato  samples with 
high pH values (Table 5) and the types of bacteria isolated 
(Table 7). All of these factors are im portant. In Dr. Wood- 
burn ’s letter, she was referring to  im proper containers as those 
with faulty seal only (with no vacuum). Aside from faulty 
closures, the nonrecom m ended types of jars may not have the 
therm al stability that the recommended jars have, such that 
the home canners would have the tendency to underprocess 
the product to  prevent breakage of the jars. Both of these 
characteristics are the ones we refer to  in im proper or non
recommended types of jars.

Specific recom m endations were given in conclusions, not 
on page 932. Some samples had no vacuum or little vacuum. 
The use of im proper containers along with im proper proces
sing conditions are linked together on page 932. What we saw 
was a com bination of both  factors. There was no doubt that 
there was underprocessing. Underprocessing is stressed in the 
in troduction  to the paper.

I would hope that all Departm ents of Foods and Nutrition 
personnel would recommend only those jars and lids that are 
made for the purpose of canning. We feel that this is just as 
im portant as other steps in the canning process.

- Marion L. Fields. Dept, o f Food Science & Nutrition 
College of Agriculture, 1 -7 4  Agriculture Building, Columbia 
MO 65201

R E F E R E N C E

F ie ld s , M .L ., Z a m o ra , A .F . a n d  B ra d sh e r , M. 1 9 7 7 . M icro b io lo g ica l 
a n a ly sis  o f  h o m e -c a n n e d  to m a to e s  a n d  g reen  b e an s . J . F o o d  S ci. 4 2 : 
9 3 1 —9 3 4 .

O n th e  c a lc u la t io n  o f  v isco e la s tic  
c o n s ta n ts  fr o m  r e la x a t io n  c u rv e s

In recent years a great deal of interest in food rheology has 
been developed especially because of the la tter implications in

texture evaluation. In solid foods, the viscoelastic behavior has 
frequently been characterized by rheological constants derived 
from relaxation tests. Regardless of how the data have been 
presented (in terms of forces, stresses or m oduli) the source of 
inform ation has been fitting experim ental relaxation curves by 
equation of the kind (Mohsenin, 1970):

n

F(t) = 53 a jex p (-b jt)
i=l (1)

where F(t) is the decaying force level at tim e t and aj and b; 
the characteristic constants derived from a Maxwellian model.

One of the properties o f Eq (1) is that it can practically fit 
any kind of sm oothly descending curve of the type encoun
tered in relaxation tests. Provided there is a sufficient num ber 
of term s (normally 2 - 4  are sufficient) the fit will have a high 
statistical correlation coefficient also. The latter may tem pt to  
arrive at the erroneous conclusion that the constants so calcu
lated are a true representation of the m aterial’s viscoelastic 
properties. This applies to  bo th  the num ber of terms and the 
magnitude of the constants.

The actual relaxation test is done by imposing a strain on 
the specimen (usually by a kind of universal testing machine) 
and recording the force decay with time. Though in real food 
materials a considerable stress relaxation is expected to  have 
already occurred during the deform ation state (Shama and 
Sherman, 1973), the initial stages of the tests are frequently 
characterized by a very steep and rapid decay of the force 
(Morrow and Mohsenin, 1966; Mohsenin, 1970; Peleg and 
Calzada, 1976).

Under such circumstances, the recorder tim e response and 
the mechanical deceleration of the crosshead becom e signifi
cant factors as pointed out and discussed by Voisey and Kloek
(1975).

Since many common universal testing machines are 
equipped with relatively slow recorders (full scale tim e of 
about 1 sec), the initial part of the recorded curve is a des- 
torted  representation of the real relaxation (see figure). (When 
the deform ation itself is done at a high crosshead speed, un
certainty about the correct initial force level is also added.)

T H E  R E L A X A T I O N  T E S T

id e a l  a c t u a l ACTUAL a  RECORDED

REAL TIME

iv



Fitting such an experim ental curve may result in term s that are 
significantly influenced by instrum ental artifacts.

It should also be added tha t food materials may have a 
nonlinear rheology and m em ory (Mohsenin, 1970; Shama and 
Sherman, 1973; Clark et al., 1971). This implies that the con
stants obtained by relaxation tests depend by definition on the 
deformation history and the strain level. As a result, any 
numerical values of viscoelastic constants determ ined by 
fitting Eq (1) to  a single relaxation curve should be looked 
upon with caution because they are not independent physical 
constants of the material. In other words, even if they were 
determined in a proper experim ental technique they will vary 
with the test conditions and would no t be an appropriate basis 
for quantitative prediction of rheological behavior.

- M. Peleg, Dept, of Food & Agricultural Engineering, Uni
versity of Massachusetts, Amherst, MA 01003
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T h e rm a l P ro cess in g  C a lc u la tio n s

I have read through the series of papers on therm al processing 
recently published in the Journal of Food Science (Lenz and 
Lund, 1977a, b, c) w ith great interest. The papers show an 
excellent way for combined applications of principles for heat 
conduction as well as for chemical reaction kinetics and 
findings discussed in the paper give much needed refinem ents 
in the mathem atical evaluations of heat sterilization processes. 
However, as one of the researchers whose published works 
were cited, I would like to  make the following clarifications on 
some statem ents given in the papers.
Accreditation for application of a 12-point 
numerical integration formula

I greatly appreciated accreditation to  our published works 
on page 998 of the paper, The lethality-Fourier num ber 
m ethod: Experimental verification of a model for calculating 
average quality factor retention  in conduction-heating canned 
foods (Lenz and Lund, 1977b). However, it was stated 
erroneously in the paper tha t a mass average sterilizing value 
was estimated by the above named integration formula by 
Timbers and Hayakawa (1967) and by Hayakawa (1969). The 
first of these two citations should either be deleted or revised 
to  Hayakawa (1976) because of the following reason. If one 
closely examines pages 17 through 24 o f Food Technology 
21(8), one easily observes that there are expanded abstracts of 
two papers printed on these pages:

Part 1. Comparison of existing procedures (Timbers and 
Hayakawa, 1967)

Part 2. Development o f a new m ethod (Hayakawa, 1969)

Since the use of the numerical integration formula is presented 
only in Part 2, even though the presentation is fairly brief, 
proper citation should refer to  this part.
Classification and general characteristics of 
published procedures for thermal process evaluation

Table 1 of another paper, The lethality-Fourier num ber

m ethod: Experimental verification of a model for calculating 
tem perature profiles and lethality in conduction-heating 
canned foods (Lenz and Lund, 1977a), shows an interesting 
way of classifying published procedures for therm al process 
evaluations. It is quite unfortunate that this classification is 
based on somewhat superficial evaluations of the procedures. 
According to  a generally accepted definition, formula m ethods 
are those which have built-in means for predicting tim e-tem
perature relationships o f foods undergoing heat processes. 
Therefore, all m ethods except general m ethods, which are 
listed in Table 1, are formula m ethods. To develop these 
m ethods, higher empirical or theoretical formulas were used 
for estimating food tem peratures. Therefore, the following 
classification is more proper compared with the one shown in 
your paper.

General m ethod 
Formula m ethod

Theoretical -  Flam'oert and Deltour 
Teixeira et al.
Stumbo (mass average)

Empirical -  Ball and Olson
Stumbo (critical point)
Herndon et al.
Hayakawa

In my opinion, formula m ethods based on the application 
of empirical formulas are much easier and more flexible to 
utilize for therm al process evaluation in comparison with the 
theoretical form ula m ethods. The empirical formula m ethods 
are applicable to  almost any types of foods and to  any shapes 
of containers because there were almost no restrictive assump
tions imposed for the developm ent of the empirical formulas. 
However, as you know quite well, the theoretical heat conduc
tion equations, on which most theoretical formula m ethods 
were based, were derived analytically or numerically by im
posing several restrictive assumptions on the therm ophysical 
properties o f food, shape of food, and boundary conditions 
applicable to  food surface. Therefore, there are great lim ita
tions in the applications of those procedures based on the use 
of the heat conduction equations.

As you might be aware of, most empirical formula methods 
are simple tc  use and are applicable to the estim ation of a 
variety of situations which include problem s with a broken 
heating curve, divided process, liquid food, solid-liquid mix
ture, and noncylindrical food containers.

The simple analysis of a theoretical formula, which has 
been frequently used for estimating food tem perature during 
the heating phase of a therm al process, shows that the inter
cept coefficient, j value, of the heating curve determ ined by 
this formula is approxim ately equal to  2.04 although there are 
slight deviations from this value dependent upon the selection 
of a linear line portion on the curve. This signifies that most 
theoretical formula m ethods do not estimate accurately the 
lethal effect of therm al processes when j values deviate con
siderably from 2.04.

Incidentally, major existing procedures for process evalu
ation are examined in detail in my review paper (Hayakawa,
1977) presented at the 37th Annual Meeting of IFT, Phila
delphia, PA.

Others
It was attributed  on p. 991 that observed variations in food 

tem peratures determined experimentally were caused solely by 
tem perature measuring devices and by biological variability of 
raw materials. However, in my opinion, there should be the 
following sources of variations in the experim ental data in 
addition to  the above named two sources: blending operation, 
form ulation of samples, weight of sample per one can, and 
operation of retort. Even though samples were prepared 
carefully, it would be almost impossible to  eliminate variations
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caused by these additional factors unless a proper statistical 
design of experim ents was utilized.
-K an-ichi Hayakawa, Dept, of Food Science, Cook College, 

Rutgers—The State University o f New Jersey, P.O. Box 231, 
New Brunswick, NJ 08903

Thank you for your le tte r com menting on the series of papers 
which appeared in the Journal of Food Science (Lenz and 
Lund, 1977a, b, c). I would like to  take this opportun ity  to  
respond to  your comments.

First, with regard to  the citation attributing  the 12-point 
integration procedure (p. 998) to Timbers and Hayakawa
(1967), you are quite correct. That citation should be:

H aw ak aw a , K .I . 1 9 6 7 . M ass average  s te r iliz in g  v a lu e  fo r  th e r 
m a l p ro c e ss . P a rt 2. D e v e lo p m e n t o f  a n ew  m e th o d .  F o o d  
T e c h n o l. 2 1 (8 ) :  2 1 .

Second, with regard to  the classification of the m ethods for 
calculating the sterilizing value of therm al processes, we were 
not attem pting to  classify the various procedures. When we 
refer to  the Form ula Method (with a capital F), the general 
inference is to  Ball’s development. You are quite right that the 
remaining m ethods can then be classified in to  empirical and 
theoretical heat transfer considerations.

Your point about the utility  of empirical m ethods and the 
less restrictive assumptions is well taken but we have shown in 
the paper tha t the theoretical formula predicts tem peratures to  
within the accuracy o f replication of actual experim ental data. 
This is the only real criterion which a m ethod must meet. 
Certainly the empirical m ethod will continue to  be the m ethod 
of choice simply because of simplicity of use and applicability 
to  conduction and convection heating. With regard to  jh 
values, the fact that the value is theoretically 2.04 and in 
reality is often markedly different from tha t value does not 
eliminate the theoretical conduction equation from  considera
tion. The variation in therm al diffusivity and therm ocouple 
location lead to  variability in determ ination of jj, from actual 
heat penetration data. Again, the im portant criterion is 
whether the m ethod predicts the tem perature within the vari
ability actually experienced in m easurem ent. In this case, we 
have shown this to  be the situation and conclude that the 
theoretical formula is applicable.

Third, you are quite right in pointing out that there are 
several additional variables which influence variability associ
ated w ith heat penetration measurements. We lumped all of 
those variables in to  what we call “biological variability.” This 
was perhaps a poor choice of nom enclature since this vari
ability does indeed include tha t attributed  to  product formula
tion, filling procedure and canning operation. This, however, 
does not affect the outcom e of the study or its applicability. 
-D aryl L und , Dept of Food Science, Babcock Hall, 1605 
Linden Drive, Madison, WI 53706
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C an . In s t. F o o d  T e c h n o l.  J . 2 : 167 .

H a y ak a w a , K . 1 9 7 7 . C ritic a l rev iew  o n  m e th o d s  fo r  th e  q u a n ti ta t iv e  
e v a lu a tio n  o f  h e a t  p ro ce sse s . (A b s tra c t  # 2 9 3 )  P re s e n te d  a t  th e  3 7 th  
A n n u a l M ee ting  o f  th e  In s t i tu te  o f  F o o d  T e c h n o lo g is ts , P h ila 
d e lp h ia ,  PA Ju n e  5 —8, 1 9 7 7 .

L e n z , M .K . a n d  L u n d , D .B . 1 9 7 7 a . T h e  le th a li ty -F o u r ie r  n u m b e r  
m e th o d :  E x p e r im e n ta l  v e rif ic a tio n  o f a m o d e l fo r  c a lcu la tin g  te m 
p e ra tu re  p ro f ile s  a n d  le th a l i ty  in  c o n d u c t io n -h e a tin g  c an n e d  fo o d s . 
J .  F o o d  Sci. 4 2 : 9 8 9 .

L e n z , M .K . a n d  L u n d , D .B . 1 9 7 7 b . T h e  le th a li ty -F o u r ie r  n u m b e r  
m e th o d :  E x p e r im e n ta l  v e r if ic a tio n  o f  a  m o d e l fo r  c a lcu la tin g  
av erag e  q u a li ty  fa c to r  r e te n t io n  in  c o n d u c t io n -h e a tin g  c an n e d  
fo o d s . J. F o o d  Sci. 4 2 : 9 9 7 .

L e n z , M .K . a n d  L u n d , D .B . 1 9 7 7 c . T h e  le th a li ty -F o u r ie r  n u m b e r  
m e th o d :  C o n fid e n c e  in te rv a ls  fo r  c a lc u la te d  le th a l i ty  a n d  m ass- 
average  r e te n t io n  o f  c o n d u c i to n -h e a tin g , c a n n e d  fo o d s . J . F o o d  S ci. 
4 2 :  1 0 2 2 .

T im b e rs , G .E . a n d  H a y ak a w a , K. 1 9 6 7 . M ass average  s te r iliz in g  va lue  
fo r  th e rm a l  p ro c e ss . F o o d  T e c h n o l. 2 1 : 17 .

A u th o r s  r e tr a c t  r e fe r e n c e  to  
C anadian  g ra d in g  s y s te m

Because of criticisms raised by Drs. W.R. Usborne and H.T. 
Fredeen and Mr. W.R. Jennings, we wish to  retract all refer
ences to  the Canadian grading system published in our recent 
paper “Prediction of beef quality by three grading system s,” 
by J.L. Garcia-de-Siles, J.H. Ziegler and L.L. Wilson (J . Food  
Sci. 42: 71 1—715, 1977). The systems included were the pre
vious USDA (1965), the revised USDA (1975) and the Cana
dian standards imposed in 1972.

The major problem encountered resulted from our attem pt 
to impose the carcass muscling descriptions found in the 
Canadian standards on carcasses which were part of a 9-yr 
study at Penn State. In personal com m unication w ith Dr. 
Usborne at the Reciprocal Meats Conference, 1974, Dr. Jose 
Garcia-de-Siles understood tha t it would be permissible to  use 
an absolute M. longissimus area in assigning Canadian grades to  
carcasses for which we had only data and which were not 
available for subjective application of the developed degree of 
muscling as required in the Canadian guidelines. Dr. Garcia-de- 
Siles’ understanding was that a minimum 71.0 cm2 M. longis
simus area for the weights of cattle included in our study was 
com patible with the official Canadian regulations considering 
that bo th  grades A and B require “muscling tha t has no 
marked deficiency, as evidenced by a medium to large 
Longissimus dorsi muscle relative to  the carcass weight . . .” 
[Re: Canada D epartm ent of Agriculture, 1972. Beef carcass 
grading resulations. Canada Gazette Part 2, 106(18): 1685.] 
Since the analyses we perform ed were done by com puter, it 
required some m athem atical instructions to  apply the Cana
dian system. It was “ assumed” to  be logical tha t a m eat-type 
cattle with a medium Longissimus dorsi muscle would have a 
minimum area of 12.9 cm2 (2.0 in .2 per hundred weight of 
carcass) or at least it would have a M. longissimus area as large 
as the mean for the population being studied. The mean for all 
cattle carcasses in our study was 71.1 cm 2 .

Technically our use of the existing Canadian grading 
standards in the paper was in error. However, we feel con
fident that the results reported for the categories labeled 
“Canadian grades” (Table 5 and 6) were accurate using those 
standards which we applied. This does mean, however, since 
the entire consideration of muscling is based on a subjective 
evaluation of “marked deficiencies,” the Canadian system can
not be applied to  sets of data which have been accum ulated 
prior to  its introduction  or in situations in which carcasses are 
not graded in accordance with the specific provisions of the 
Canadian standards. However, to  apply the Canadian grading 
system to carcasses over a period of time to  determine the 
relative contributions of any characteristic measured or sub
jectively evaluated and degree of muscling, a scoring system 
would have to  be developed for “marked deficiencies” in 
musculature.

Also, in this study, we employed our Meats Laboratory 
quality scoring system in order to  categorize tex ture, firmness, 
lean color and fat color. Although we did no t use the precise 
term inology of the Canadian standards, we did feel perfectly 
capable of equating our “cherry red” w ith the Canadian 
“bright red colour” and our “casty” w ith a fat “ slightly tinged 
with reddish or amber colour.”  Perhaps in this instance too we 
have erred becaused of significant differences in the cattle 
populations of the two countries involved of which we are no t 
aware.

Conformation as reported in Tables 5 and 6 was in no way 
used to  determ ine the Canadian grade to  which a carcass was 
assigned. Conform ation for each carcass was determ ined as 
described in the 1965 USDA standards. The results were 
reported for inform ational purposes only. From our paper one 
can readily observe that carcasses scoring lower in conforma
tion were found in the Ci and C2 grades which gives credence
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to  the contention that the carcasses in those grades were 
! inferior in muscle development.

We apologize for any confusion we may have caused by 
imposing the minimum restriction of 71.0 cm2 M. longissimus 
dorsi on Canadian grades A and B. However, we feel that the 
data reported are unique with regards to  depth and thorough
ness of the inform ation obtained on cattle of known breeding, 
feeding and intensive management background, and we believe 
that our study still provides useful inform ation. As a result of 
the intensive management program, these cattle and their 
resulting carcasses should not be expected to  yield the same

distribution of carcass grades in either the U.S. or Canada as 
would result from  grading to tal commercial slaughter.

In addition, we heartily encourage other researchers, both in 
Canada and the U.S., to  develop objective measurements of 
muscling so that grading standards can be applied to existing 
sets of data rather than to  include additional subjective evalua
tions which provide no factual basis for study and analysis.

-J.L. Garcia-ae-Siles, J.H. Ziegler and L .L . Wilson, Dept, of 
Food Science, The Pennsylvania S tate University, 15 Meats 
Laboratory, University Park, PA 16802
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and P.N. Carpenter. On page 1154, the foo tno te to  Table 1 was inadvertently 
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CHEM ICAL AND SENSORY CHANGES IN FREEZE-DRIED  CHICKEN AND PORK 
DURING HIGH TEMPERATURE, OXYGEN-FREE STORAGE

--------------------------------  ABSTRACT --------------------------------
Chemical and sensory changes were determined in cooked diced 
chicken, and raw and cooked sliced pork that were freeze dried to 
residual moisture levels of less than 2% and stored in sealed tin cans 
under nitrogen at -40 , 28, 38 and 48°C for 1 ,3  and 6 months. Orsat 
analysis of headspace gas confirmed the absence of oxygen and no 
carbon dioxide developed during storage. Level of glucose in general 
decreased with increasing temperature and time of storage. Lactic acid 
content was 50 to 100-fold that of glucose on a molal basis and exhib
ited no detectable change over 6 months at temperatures up to 48°C. 
No appreciable change in the level of e-amino nitrogen was apparent. 
Reducing substances, expressed as ascorbic acid, increased with temper
ature and time of storage. There were no marked changes in percent 
rehydration due to storage temperature and time for cooked diced 
chicken, and raw and cooked sliced pork. Sensory evaluation, by tri
angle tests, of the differences between control samples at -40°C and 
samples at 28, 38 and 48°C detected deterioration in cooked chicken at 
48°C for 1 month and thereafter; and at 38°C for 3 months and there
after. For raw pork, significant deterioration was detected at 38 and 
48°C at 3 months and thereafter. For cooked pork significant deteri
oration was detected at all storage times and temperatures, compared to 
the control.

INTRODUCTION
MANY FREEZE-DRIED FOODSTUFFS are available to  the 
Armed Services, and/or civilian consumers. Com plete meals 
can now be served by use of dehydrated foods only. However, 
despite all of the advantages of freeze drying (reduction in 
weight, inhibition of bacterial growth, savings in storage and 
transportation), and the fact th a t freeze-dried m eat products 
initially are of high quality (Anglemier et al., 1960), they may 
deteriorate during storage, and rehydration and tex ture are 
often inadequate.

Numerous publications (Regier and Tappel, 1956a; Harper 
and Tappel, 1957; Tappel et al., 1957; Ballantyne et al., 1958) 
have described the effects of freeze-drying of m eat and poultry  
on quality and stability. Tappel et al. (1957) reported that 
precooked freeze-dried poultry  rehydrated poorly, was 
tougher and had a drier tex ture than the control meat. Similar 
results were reported by Bele et al. (1966) who studied the 
effect of freeze-drying on the1 quality o f cooked and raw breast 
and thigh chicken meat.

According to  Tuom y and Felder (1964), freeze-dried 
cooked sliced pork had been considered for inclusion in mili
tary operational rations, bu t its use was questioned because of 
toughness and lack of a typical cooked pork flavor. They also 
reported that bo th  cooked and raw freeze-dried pork were 
sensitive to  browning. Sharp (1957a) stated tha t browning was 
due to the Maillard reaction, involving reducing sugars, pro
tein, and amino acid constituents. Thomson et al. (1962) 
stated that browning reactions can account for all o f the un
desirable characteristics, except rancidity, observed during the 
storage of freeze-dried meats.

Freeze-dried m eat and poultry with improved storage sta
bility and acceptability after rehydration and cooking are 
needed by the m ilitary and would have many civilian uses. As

a step toward achieving such products, our research aimed to 
further define and correlate the major physical, chemical, and 
sensory changes th a t occur during the storage of precooked, 
diced freeze-dried chicken, and raw and precooked sliced 
freeze-dried pork under conditions of very low oxygen and 
moisture.

EXPERIMENTAL
Preparation and freeze drying of product

Chicken. Freshly slaughtered commercial whole broiler breasts 
packed in ice were purchased from a local poultry plant. Breasts were 
cooked in 88°C water to an internal temperature of about 77°C, chilled 
in ice overnight, deboned, tempered to about -3°C and diced to 1.25 x
1.25 x 0.9 cm size with the largest surface area perpendicular to the 
direction of the fibers.

Raw and cooked pork. Fresh bone-in loins were purchased from a 
local meat packing plant and returned to the laboratory for further 
processing. The longissimus muscle was trimmed of excess fat, tem
pered to -3°C and sliced in 1 cm thick slices perpendicular to fiber 
direction. For cooked pork, the trimmed longissimus muscle was 
stuffed in a moisture proof fibrous casing, cooked in 88°C water to an 
internal temperature of 77°C, chilled overnight at 2.0°C, and sliced in 3 
mm thick slices perpendicular to fiber direction.

Initial moisture contents were determined on representative samples 
of the three types of products. All products were placed on stainless 
steel trays and blast frozen at -40°C.

Two lots of each product (22-27 kg) were freeze dried in a Vac-U- 
Dyne Pilot Freeze-Dryer (Model VPFD-CX) operating at a pressure of 
less than 600 microns. Heat was applied to the dryer trays by direct 
platen contact, with the platen temperature maintained at 47°C 
throughout the sublimation process. Drying times of 40-44 hr were 
employed to insure products with less than 2% moisture throughout the 
piece. Upon completion of drying, the chamber vacuum was released 
with high purity nitrogen and samples of dried product were quickly 
removed for determination of residual moisture.
Packaging and storage

A standard amount (480g diced chicken; 520g of raw or cooked 
pork) of the dried product from each lot was weighed into No. 10 tin 
cans. Cans were sealed with a Rooney Semi-automatic Can Sealer after 
evacuation and flushing three times with high purity nitrogen. When it 
■was found that the action of the can sealer did not insure absence of 
oxygen, the cans were punctured, placed in a desiccator, evacuated and 
flushed with nitrogen three times. Cans under slight positive pressure to 
prevent re-entry of air were resealed with solder and examined for leaks 
by submerging the cans in water under vacuum. The cans were ran
domly divided into groups for storage at three temperatures: 28°C, 
38°C, 48°C and —40°C for controls. A randomly selected can from 
each lot and each storage temperature was opened for analysis after 1, 3 
and 6 months of storage.
Analytical methods

All chemical analyses and physical measurements were performed in 
duplicate or triplicate. Moisture content of raw, cooked, and freeze- 
dried product was determined by standard AOAC methods (1965).

Glucose was extracted from the freeze-dried product by the proce
dure of Henrickson et al. (1955), and the content of glucose deter
mined by a modification of the glucose-oxidase method of Fleming and 
Pegler (1963).

Lactic acid was determined by a method (Sigma Technical Bulletin 
No. 826-UV, Sigma Chemical Company, 1974) based on the enzymatic 
oxidation of lactic acid to pyruvic acid mediated by NAD and LDH.
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Table 1—Glucose content (mg/100g dry product) o f freeze-dried chicken and pork stored for 1, 3  and 6 monthsa

Storage temperature and time

■ 40°C (Control) 28° C 38° C 48° C

Product 1-mo 3-mo 6-mo 1-mo 3-mo 6-mo 1-mo 3-mo 6-mo 1 -mo 3-mo 6-mo

Cooked diced chicken
Lot 1 25 40 34 37 21 12 16 5 3 6 1 0
Lot II 43 46 50 50 19 21 17 10 4 6 1 0

Raw sliced pork
Lot 1 51 49 60 45 53 29 37 - 6 6 — 7
Lot II 50 38 60 43 31 23 43 - 15 16 - 5

Cooked sliced pork
Lot 1 80 61 78 78 81 81 48 71 61 17 28 3
Lot II 90 78 76 74 31 66 30 13 15 5 7 3

a V a lu e s  are m eans o f  th ree  d e te rm in a t io n s  fro m  three  5 -g  sam ples. S ig n if ic a n t  effects, as determ ined  b y  an a ly s is  o f  variance w ere  fo r  ch ic ke n : 
T em p eratu re , T im e, Lo t,  T e m p  X  T im e , all P <  0 .01 ; and -o r  c o o k e d  p o rk : T em p e ra tu re  P <  0 .01 , L o t  P <  0 .01 , and T e m p  X  L o t  P <  0 .05 . 
D a ta  fo r  raw  p o rk  w ere  n o t ana lyzed , because  o f  m iss in g  data.

Content of e-amino nitrogen groups was determined by the trinitro
benzene sulfonic acid (TNBS) method for available lysine (Kakade and 
Liener, 1969).

Reducing substances, expressed as ascorbic acid, were determined 
by a modification of the 2,6-dichlorophenol-indophenol method of 
Loeffler and Ponting (1942).

Headspace gas of each can was analyzed just prior to opening the 
cans of stored product for sensory evaluation. Samples were taken and 
pressures were determined with a Beckman Headspace Sampler. Oxygen 
and carbon dioxide contents of headspace gas were determined by 
standard Orsat procedures, which involve measurement of the volume 
percent absorbed by sodium hydroxide (C02) and by alkaline pyro- 
gallate (0 2).
Rehydration and preparation of samples for sensory evaluation

Samples were rehydrated according to Military specifications. About 
750 ml of distilled water was brought to a boil, lOOg dry freeze-dried 
chicken added, and heat provided for continuous gentle boiling. After 
20 min, water was poured off and chicken allowed to drain and cool for 
5 min before weighing. About 18g of the rehydrated samples was used 
as an individual portion for sensory tests.

Slices of raw pork were rehydrated in water (28-38°C) for 20--25 
min, drained, weighed, and grilled 2 min on each side in electric skillets 
set at 193°C. Cooking oil (100 ml) was used to coat the skillets. Slices 
were cut into pieces about 2.5 cm square. A test portion consisted of 2 
or 3 squares.

Slices of cooked freeze-dried pork were rehydrated in water at
94-100°C for 20-25 min, turning once after 10 min. Slices were cut 
into pieces about 2.5 cm square. A test portion consisted of two or 
three squares.

Percent rehydration (gross rehydrated weight as a percentage of the 
gross initial weight before freeze drying) was calculated from the data 
obtained during reconstitution of the product for sensory evaluation 
and from moisture contents before and after freeze drying. Calculations 
followed the formula used by Osman and Morse (1960), which included 
a correction for the moisture content of the freeze-dried product.
Sensory evaluation

The triangle test (Amerine et al., 1965), used with an option for the 
panelists to indicate the basis for their selection, was used to deter
mine whether the freeze-dried products stored at three temperatures 
differed from the control sample stored at -40°C. Ten trained and 
screened panelists evaluated the test products after 1, 3 and 6 months 
storage, with two sets of samples at each session, and 2 sessions each 
day (4 reps.).

For the 1 and 3-month storage samples, triangle tests combined with 
a descriptive term (appearance, texture, juiciness, etc.) were used as a 
basis for selection and characterization of the odd sample. For the
6-month storage samples, triangle tests combined with scoring of seven 
parameters were used to evaluate effects of storage temperature and 
time. For each set of samples, panelists selected the odd sample and 
then scored the odd sample and same samples for tenderness, mealiness, 
fibrousness, wetness, darkness, off-flavor, and desirability, on an inten

sity scale from 0 (none or not applicable) to 4 (extremely). Scoring 
data were recorded and then analyzed by the “t” test for paired obser
vations only for the panelists who correctly identified the odd-sample, 
since the scores by panelists who failed to distinguish the odd-sample 
were obviously ambiguous and spurious. Triangle test data were inter
preted from the tables of Roessler (Amerine et al., 1965).

RESULTS & DISCUSSION
Chemical changes

Within the accuracy of the Orsat apparatus (<0.2% ), no 
carbon dioxide or oxygen could be detected in the headspace 
of any of the cans of product for any storage tem peratures and 
storage times. The zero oxygen level in the headspace con
firmed the adequacy of nitrogen packing and can tightness. 
The lack of carbon dioxide production in this study contrasts 
with the results of Sharp (1957a) who noted production of 
carbon dioxide in freeze-dried precooked pork stored in n itro 
gen at high (60%) relative hum idities, and as reported by 
Hodge (1953) in a review of browning reactions in model 
systems. The lack of carbon dioxide production may have 
been due to  the low residual m oisture content or to  other 
conditions tha t inhibited the Strecker degradation, i.e., con
version of a-am ino acids to  aldehydes containing one less car
bon, w ith the liberation of carbon dioxide.

Before freeze-drying, cooked chicken contained 73%, raw 
pork 70%, and cooked pork 63% m oisture. The mean residual 
moisture content of the six lots of freeze-dried product 
(cooked chicken, raw pork, cooked pork), imm ediately after 
removal from the freeze dryer, was 0.75% and ranged from 
0.57—0.92. The mean moisture content o f all products taken 
from cans over the 6 m onth period was 1.09%, w ith a standard 
deviation of 0.29. This small increase could reflect absorption 
of atmospheric moisture in transfer from drier to can.

Substantial, increasing losses of glucose (Table 1) occurred 
with increasing tem peratures and tim e of storage for cooked 
chicken, raw and cooked pork, w ith little or none remaining 
after 6 m onths at 48°C. Sharp (1957a) reported that the initial 
concentration of free ferm entable sugar in samples of dehy
drated cooked pork, equilibrated at 60% RH, was 0.26% of 
which 0.18% was glucose. After 60 days at 37 and 50°C, no 
free sugar could be detected in the meat.

The rates o f loss o f glucose in the freeze-dried chicken over 
the 6-m onth storage period were used to  calculate th e  tem per
ature coefficient and corresponding energy of activation. The 
tem perature coefficient Q 10 was 2.8, equivalent to  an energy 
of activation of about 20 Kcal/mole and agrees well w ith the 
results of Regier and Tappel (1956b) who reported an appar-

2 -JOURNAL OF FOOD SCIENCE-Volume 43 (1978)



FREEZE-DRIED CHICKEN A N D  PO RK  . . .

Table 2 — R edu c in g  su b s ta n ces , a s g g  e q u iv a le n t a sc o rb ic  a c id  p e r  g ram  d r y  p r o d u c t  o f  free ze -d ried , ch ick en  a n d  p o r k  s to r e d  fo r  1 , 3  a n d  6  m o n th sa

Storage temperature and time

—40°C (Control) 28°C 38°C 48°C

Product 1-mo 3-mo 6-mo 1-mo 3-mo 6-mo 1-mo 3-mo 6-mo 1-mo 3-mo 6-mo

Cooked diced chicken

Lot I - 11 28 14 29 44 35 46 58 39 67 71
Lot II 11 18 30 18 - 52 41 59 71 51 77 103

Raw sliced pork

Lot I 0 2 0 0 2 0 0 23 53 11 17 139
Lot II 0 0 0 0 3 2 0 25 52 11 138 128

Cooked s iced pork

Lot I 0 1 5 0 - 15 5 14 83 12 95 117
Lot II 0 0 2 0 0 7 9 1 42 7 41 68

a V a lue s are m eans o f  s ix  d e te rm ina t ion s. S ig n if ic a n t  effects, as d eterm ined  b y  an a ly s is  o f variance w ere  fo r  ch icke n : Tem peratu re , T im e  and Lot 
P <  0.01; fo r  raw  p o rk : T em p e ra tu re  P <  0 .0 1 , T im e  P <  0 .0 5 ; fo r  c o o k e d  p o rk : T em p e ra tu re  P <  0 .01 , T im e  P <  0 .0 1 , L o t  P <  0 .05 , T e m p  X  
T im e  P <  0 .01.

ent activation energy of 25 Kcal/mole for the deterioration of 
freeze-drted beef during storage at several tem peratures.

For cooked chicken, all main effects (tem perature, time, 
lot) were highly significant (P <  0.01), and interactions were 
also significant. The im portant effects were tem perature and 
the tem perature x tim e interaction. Results were similar for 
cooked pork, but the influence of tim e was relatively less than 
that for chicken. Data for raw pork were not analyzed because 
of missing data.

Lactic acid con ten t of freeze-dried samples was essentially 
the same for all tem peratures and times of storage. Overall 
means, in mg lactic acid per gram of dry product, were 22.7 
for cooked chicken, 28.8 for raw pork, and 21.4 for cooked 
pork. There was a significant (P <  0.01) difference between 
the two lots of chicken, 20.3 vs 25.2. The absence of storage 
related change in lactic acid content does not rule out its 
participation in deteriorative reactions, because the molal con
tent of lactic acid was about 100 tim es the initial molal con
tent of glucose (estimated from  1 m onth , —40°C values), and 
small changes, e.g., less than 1%, in lactic acid would not be 
detected by the analytical m ethod. The question of lactic acid 
involvement has been raised by Lewis et al. (1949) who re
ported tha t brown pigments formed frcm  interaction of glu
cose and nitrogen free hydroxy acids, and by Sharp (1957a) 
who found that additions of lactic acid to  a m ixture of insol
uble pork protein and glucose did not affect browning.

The e-amino nitrogen conten t was from 100—200 times the

initial glucose eontent on a molal basis, and displayed no sta
tistically significant differences due to lo t, or to  tem perature 
and time of storage. The overall mean e-amino nitrogen con
tents under all conditions were, in millimoles per gram dry 
weight, 0.48 for cooked chicken, 0.45 for raw pork, and 0.42 
for cooked pork.

Changes in the content o f reducing substances, expressed as 
jig equivalents of ascorbic acid, a known reductone, are shown 
in Table 2. For freeze-dried chicken, level o f reducing sub
stances increased significantly (P <  0.01) as a function of 
storage tem perature and tim e, and also differed significantly 
between lots. For raw freeze-dried pork slices, there were sig
nificant differences between tem peratures (P <  0.01) and be
tween times (P <  0.05). For cooked pork, differences were 
significant between tem peratures (P <  0.01), times (P <  0.01), 
and lots (P <  0.05); tem perature by time interaction also was 
significant (P <  0.01). The maximum molal content of re
ducing substances form ed corresponds to 15—30% of initial 
molal glucose content. The development o f reductone-like re
ducing substances is a well known characteristic o f sugar-amine 
browning reactions (Stadtm an, 1948).

Color changes
Panelists easily detected darkening in the 48°C samples of 

cooked chicken and cooked pork compared to  the -4 0 °C  
(Control) samples after 1 m onth. Darkening was detected in 
the 38°C samples of all three products after 3 m onths, and in

T able 3 —Triangle te s ts , c o r r e c t  ju d g m e n ts  o v e r  to ta l  ju d g m en ts*

Product

Storage temperature and time

—40°C vs 28°C -40° C vs 38° C -40°C vs 48°C

1-mo 3-mo 6-mo 1-mo 3-mo 6-mo 1-mo 3-mo 6-mo

Cooked diced chicken 12 1 7 * 13 14 17 * 3 1 * * * 12* 2 9 * * * 3 4 * * *

32 32 36 32 32 34 32 32 34

Raw sliced pork 1 7 * 15 1 8 * 15 2 3 * * * 21* * 15. 2 8 * * * 3 5 * * *

34 32 36 32 32 36 32 32 36

Cooked s iced pork 1 8 * * 1 8 * * 16 1 6 * 2 4 * * * 3 0 * * * 1 9 * * IN
)

|o
o * 3 3 * * *

32 32 36 32 32 36 32 32 34

a Levels of S ign ifican ce : * 5 % ,  * * 1 % ,  * * * 0 . 1 %
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Table 4—Mean scores and differences, and significance o f differences between paired scores for freeze-dried cooked chicken after 6 months o f stor
age*

Temperature
effect

Sensory parameter

Tenderness Mealiness Fibrousness Wetness Darkness Off-flavor Desirability

28° C 2.38 1.62 1.15 2.08 1.08 0.46 2.23
—40°C 2.54 1.69 1.31 2.15 0.92 0.54 1.92
Difference -0.16 -0.07 -0.16 -0.07 +0.16 -0.08 +0.31
Significance*3 N.S. N.S. N.S. N.S. N.S. N.S. N.S.

38° C 1.84 1.58 1.81 2.23 1.97 0.61 1.52
-40° C 2.84 1.48 1.10 2.35 0.77 0.45 2.10
Difference -1.00 +0.10 +0.71 -0.12 +1.20 +0.16 -0.58
Significance N.S. N.S. * * N.S. *

48° C 1.47 1.74 2.03 2.09 2.62 1.09 1.09
-40° C 2.29 1.62 1.65 2.32 0.71 0.44 1.97
Difference -0.82 +0.12 +0.38 -0.23 + 1.91 +0.65 -0.88
Significance * * N.S. N.S. N.S. * # * * 4

a R e h yd ra te d  ch icke n  scored  b y  n ine  pane lists in tw o  session s w ith  tw o  replicates per session. 0  = none, 4  =  extrem e.
^ S ig n if ic a n c e  o f d iffe rence s betw een  tem peratu re s tested b y  t test fo r  paired ob se rvation s. N .S . =  n on sig n if ican t, ’ s ign ific an t  at 5 %  level, * ’ s ig n if i

cant at 1 %  level, ^  s ig n if ic an t  (1 % )  overall, b u t  o n ly  s ign ific an t  in on e  o f  tw o  se ssion s treated separate ly.

the 28°C samples of raw pork after 6 m onths. The reactions 
leading to  color changes obviously had high tem perature coef
ficients. These findings confirm  those of Sharp (1957b) who 
found tha t brown discoloration increased with tem perature of 
storage. Similar observations were reported by Regier and 
Tappel (1956a) for beef stored at 35.5 and 54.4°C.

Rehydration
There was no significant change in percent rehydration of 

the freeze-dried products due to  storage tem perature or time. 
Mean rehydration values (percent rehydration based on gross 
rehydrated weight as a percentage of the gross initial weight) 
over all tem peratures and times were 76% for cooked diced 
chicken, 86% for raw pork and 70% for cooked pork.

The lim ited rehydration capacities of the products were 
results of cooking and/or freeze drying treatm ents, so it is in 
these processing areas where improvements in rehydration 
should be sought.

The relatively low rehydration values cannot be attributed  
to  inferior orientation of muscle fiber to  cut surfaces (Angle- 
mier et al., 1960) because bo th  chicken dices and pork slices 
were cut w ith the fibers perpendicular to  the greatest surface, 
the optim um  orientation for rehydration.

Sensory evaluation
When the cans were opened for rehydration tests and panel 

evaluation of the product, a stale and somewhat rancid odor 
was noticed in samples stored at the higher tem peratures, and 
its intensity increased with storage time. Burnett et al. (1955) 
reported similar off-odors for cooked freeze-dried pork, and 
Chipault et al. (1961) for freeze-dried chicken.

Table 3 shows panel results of the triangle tests for cooked 
diced freeze-dried chicken, raw and cooked freeze-dried pork 
slices. For chicken, sensory evaluation of the —40°C control 
samples and samples at the three experim ental tem peratures 
detected deterioration in the 48°C samples at 1 m onth and 
thereafter; and in the 38°C samples at 3 m onths and there
after. The 38 and 48°C samples were less tender, more fibrous, 
darker and drier than the —40°C samples. Significant differen
tiation of 28 and —40°C was established at 3 m onths, but not 
at 1 and 6 m onths, so an overall effect for 28°C seems ques
tionable.

Scores for cooked chicken of panelists who successfully 
differentiated the —40°C controls from experim ental tem per
ature samples at 6 m onths are summarized and evaluated in 
Table 4. No significant effect for any of the seven qualities was

observed for 28°C vs —40°C. Samples at 38°C were signif
icantly darker than —40°C controls, and there were good indi
cations (significant at 1% for overall data, but only significant 
in one of two sessions) that they were less tender, m ore 
fibrous, and less desirable than —40°C samples. Sam
ples at 48°C were significantly less tender, darker, and 
more off-flavored than controls, and there was a good indi
cation tha t they were less desirable than —40°C controls.

For raw freeze-dried pork slices (Table 3), there were easily 
detectable and highly significant changes at 38 and 48°C at 3 
months and thereafter. Based on scoring data, the 28°C raw 
pork samples stored for 6 m onths were not significantly differ
ent from the controls (Table 5). The 38°C samples were signif
icantly darker and less desirable than —40°C controls, and 
there were good incications th a t they were less tender, more 
fibrous, and drier. The 48°C samples were significantly less 
tender, more fibrous, drier, darker, more off-flavored and less 
desirable than the controls. It was difficult to  detect differ
ences in the raw freeze-dried pork samples because grilling 
after rehydration masked much of the color difference and 
dried bo th  the treated and control samples.

Significant changes (Table 3) were detected in the cooked 
freeze-dried pork slices at 1, 3 and 6 m onths for all three 
tem peratures, and the degree of significance increased with 
tem perature. On the basis of the scoring data at 6 m onths 
(Table 6), compared to  the —40°C controls, there were no 
significant effects for 28°C samples, but there was an indi
cation of greater darkness in the 38°C samples. The 48°C sam
ples were significantly more fibrous, drier, darker, more off- 
flavored, less desirable and tended to  be less tender and less 
mealy than the controls.

CONCLUSIONS
THE RESULTS of this investigation indicate that storage at 
excessive (38, 48°C) tem peratures for 3 —6 m onths caused seri
ous deterioration of freeze-dried chicken and pork at 1% mois
ture and 0% oxygen levels. Color, tenderness, and flavor were 
affected.

Rehydration capacity of freeze-dried cooked chicken and 
raw and cooked pork at 1% moisture content was no t influ
enced by storage in nitrogen at tem peratures as high as 48°C 
and for periods as long as 6 m onths. Im provem ents in rehy
dration should be sought in pretreatm ent of raw products, e.g. 
presoaking in sodium chloride or phosphate solutions, and 
freeze-drying steps.
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Table 5—Mean scores and differences, and significance o f differences between paired scores for freeze-dried raw pork slices after 6 months o f stor

age3-

Temperature
effect

Sensory Parameter

Tenderness Mealiness Fibrousness Wetness Darkness Off-flavor Desirability

28° C 1.78 0.83 2.11 0.83 2.00 0.83 1.22
-40° C 1.78 0.83 1.78 1.00 1.61 1.17 1.33
Difference 0 0 +0.33 -0.17 +0.39 -0.34 -0.11
Significance1* N.S. N.S. N.S. N.S. N.S. N.S. N.S.

38° C 1.05 0.76 2.67 0.81 2.19 1.00 0.62
-40° C 2.10 0.90 1.86 1.48 0.95 0.62 1.90
Difference -1.05 -0.14 +0.81 -0.67 +1.24 +0.38 -1.28
Significance * N.S. * it * * N.S. * *

48° C 0.80 0.83 3.29 0.31 3.66 1.97 0.20
-40° C 2.40 0.94 1.86 1.71 1.09 0.23 2.17
Differen ce -1.60 -0.11 +1.43 -1.40 +2.57 +1.74 -1.97
Significance * * N.S. * * * * * * * * * *

a R eh yd ra te d  and co oke d  p o rk  scored  b y  n ine  pane lists in tw o  session s w ith  tw o  replicates per session. 0  =  none, 4  = extrem e.
b S ign ifican ce  o f d iffe ren ce s betw een  tem perate  res tested b y  t test fo r  paired ob se rvation s. N  ,S. = n on sig n if ican t, 's ig n if ic a n t  at 5 %  level, * ’ s ig n if i

cant 1 %  level, s ign ific an t  (1 % )  overall, b u t  o n ly  s ign ific an t in on e  o f tw o  session s treated separate ly.

e-Amino nitrogen content was 100 to  200-fold that of glu
cose on a molal basis, and no change was detected over 6 
months at tem peratures up to  48°C. Loss of 1 mole amino 
nitrogen per 1 mole of glucose probably could not have been 
established within the accuracy of the analytical m ethods. The 
molal ratio (1 0 0 -2 0 0 )  of e-amino nitrogen to  glucose found in 
some meats indicates that the molal ratios (0 .5—5) used in 
most model system studies are unrealistic and might lead to 
erroneous conclusions about the behavior of natural products.

Reducing substances, as measured by 2,6-dichlorophenol- 
indophenol, accum ulated to 15—30% of initial glucose level on 
a molal basis after 6 m onths at 48°C and might be a good chem
ical indicator of deterioration.
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Table 6—Mean scores and differences, and significance o f differences between paired scores for freeze-dried cooked pork slices after 6 months o f stor
age*

Sensory parameter

effect Tenderness Mealiness Fibrousness Wetness Darkness Off-flavor Desirabil i1

28° C 1.53 1.27 2.13 1.20 1.93 1.13 1.13
-+to° C 1.87 1.20 1.80 1.47 1.47 0.87 1.53
Difference -0.34 +0.07 +0.33 -0.27 +0.46 +0.26 -0.40
Significance1* N.S. N.S. N.S. N.S. N.S. N.S. N.S.

38° C 1.87 1.60 1.67 1.33 2.10 1.07 1.23
-40° C 2.13 1.37 2.10 1.37 1.17 0.73 1.53
Difference -0.26 +0.23 -0.43 -0.04 +0.93 +0.34 -0.30
Significance N.S. N.S. N.S. N.S. N.S. N.S.

48° C 1.06 0.97 2.88 0.97 3.30 1.00 0.64

-40° C 2.06 1.39 1.52 1.64 0.88 0.36 1.82

Difference -1.00 -0.42 +1.36 -0.67 +2.42 +0.64 -1.18

Significance it * * * * * * * * * *

a R eh yd ra te d  co oked  p o rk  scored  b y  n ine  pane lists in tw o  se ssion s w ith  tw o  rep licates per session. 0  =  none, 4  =  extrem e.
b  S ig n if ic a n ce  o f  d iffe rences betw een tem pe ratu re s tested b y  t test fo r  paired ob se rvation s. N .S. =  n o n sig n if ican t, ‘ s ig n if ic a n t  at 5%  level, * ‘ s ig n if i

can t at 1 %  level, =£ s ign ifican t (1 % )  overall, b u t  o n ly  s ign ific an t  in on e  o f  tw o  se ssion s treated separate ly.

Volume 43 (19781-JOURNAL OF FOOD SCIENCE- 5



K l SOON RH EE

Consumer Research Center, Texas Agricultural Experiment Station 
Texas A & M  University, College Station, TX  77843

FACTORS AFFECTING OXYGEN UPTAKE IN MODEL SYSTEMS  
USED FOR INVEST IGAT ING  LIPID PEROXIDATION IN MEAT

---------- — ------- --------------- --  A B S T R A C T  — ---------- -------  ■ —
Measurements of linoleate oxidation catalyzed by nonheme iron or 
metmyoglobin (MetMb) have been frequently used as a model systems 
approach to investigate the mechanism of lipid peroxidation in meat. 
The objective of this study was to determine systematically the effects 
of Tween 20 (a nonionic surfactant), phosphate (a buffer component), 
MetMb (a heme iron catalyst), and Fe2+-EDTA (a nonenzymic non
heme iron catalyst) on linoleate oxidation. The oxidation was deter
mined by polarographic measurements of oxygen tension. Tween 20 
slightly enhanced MetMb catalysis of linoleate oxidation at pH 7.6 and 
markedly increased Fe2+-EDTA catalysis at pH 5.6. Phosphate acceler
ated MetMb catalysis but inhibited Fe2+-EDTA catalysis. The rate of 
MetMb catalysis was not proportional to MetMb concentration even 
within a narrow range whereas the rate of Fe2+-EDTA catalysis in
creased linearly with the concentration of Fe2+-EDTA (1:1) complex. 
Appropriate model conditions for the two catalytic systems have been 
proposed for effective utilization of the model systems in future re
search. The choice of Fe2+-EDTA as a nonenzymic nonheme iron 
catalyst has been explained based on its catalytic activity and practical 
considerations in the use of polarographic measurements of oxygen 
uptake for linoleate oxidation.

I N T R O D U C T I O N

LIPID PEROXIDATION is a major cause of quality deteriora
tion in m eat and meat products. Much effort has been devoted 
to  identification of catalysts responsible for the peroxidation. 
It is the traditional view that hem oproteins are the major 
catalysts of lipid oxidation in meat and meat products 
(Tappel, 1952, 1953a; Y ounathan and Watts, 1959). In con
trast, Sato and Hegarty (1971) and Love and Pearson (1974) 
proposed that nonhem e iron plays a m ajor role in accel
erating lipid oxidation in cooked meat. Kwoh (1971), how
ever, presented an evidence for the presence of both  types 
of catalytic activity in meat, although heme was reported to  be 
the dom inant catalyst.

Measurements of linoleate oxidation catalyzed by inorganic 
iron (representing nonenzymic nonhem e iron), metmyoglobin 
(MetMb), or tissue homogenates have been used as a model 
systems approach to investigate the mechanism of lipid peroxi
dation in m eat and fish (Fischer and Deng, 1977; Kendrick 
and Watts, 1969; Kwoh, 1971; Lee et al., 1975). Lipid oxida
tion was determ ined by polarographic measurements of oxygen 
tension decrease due to  the reaction between substrate 
(linoleate) and catalyst(s) present. The relative im portance or 
predom inance of either inorganic iron or MetMb as lipid oxida
tion catalyst was determ ined by comparing the effects o f cer
tain additives on inorganic iron catalyzed or MetMb catalyzed 
oxidation of linoleate w ith those on tissue (m eat muscle or 
fish flesh) hom ogenate catalyzed oxidation of the fatty  acid 
substrate.

Ferrous or ferric ions are very weak catalysts of the oxida
tion  of unsaturated fatty  acids but their catalytic activity can 
be greatly increased in two ways, either by conversion of the 
iron to  an iron chelate com pound or by addition of a reducing 
agent (Wills, 1965). Kwoh (1971) incorporated Fe2 + in the 
nonhem e iron model system as a complex of Fe2+ and EDTA 
in 1:1 ratio—iron chelates o f EDTA have been used to produce 
free radicals in various oxidative reactions (Norman and Smith,

1S64; Orr, 1967; Udenfriend et al., 1954). Our preliminary 
experim ents had shown that the rate of catalysis by F e2 + 
alone is not fast enough to  give rise to  measurable am ounts o f 
oxygen uptake within a relatively short period, i.e., less than 
1C minutes, of polarographic measurements. The catalysis by 
MetMb is fast, but MetMb in high concentrations inhibits 
linoleate oxidation (Kendrick and Watts, 1969). Whereas 
linoleic acid was emulsified w ith Tween 20 in all o f the model 
system studies conducted to  investigate lipid peroxidation in 
meat and fish, a recent study on lipid oxidation at the lipid- 
water interface showed that a small am ount of Tween 20 
(0 2%) can almost completely inhibit the oxidation catalyzed 
by inorganic iron or heme (M orita et al., 1976). A nother 
im portant variable in the model systems is buffer com ponents. 
Wills (1965) reported that linoleate (em ulsion prepared w ith
out Tween 20) oxidation catalyzed by F e3+ plus ascorbic acid 
or by hemoglobin was inhibited by high concentration of 
phosphate buffer.

A systematic study of the variables involved in the two 
catalytic systems would be highly desirable for effective 
utilization of model systems approach to  investigate lipid 
peroxidation in meat. This paper reports the results o f such a 
study.

E X P E R I M E N T A L

EMULSIONS OF LINOLEIC ACID (Sigma Chemical Company, two 
different lots of approximately 99% purity with no detectable 
peroxides) were prepared as described by Kwoh (1971) but using dif
ferent concentrations of phosphate buffer and Tween 20-linoleic acid 
was solubilized by the addition of KOH and Tween 20. Fe2+-EDTA 
system was at pH 5.6 and MetMb system at pH 7.6, since Fe2+-EDTA is 
more active at acidic pH while MetMb is more active at alkaline pH 
(Kwoh, 1971). Linoleate emulsion was slightly whitish at pH 5.6, but 
was optically clear at pH 7.6.

MetMb (Sigma Chemical Company, horse heart, salt-free and 
lyophilized) was dissolved in phosphate buffer. Fe2+-EDTA (1:1) solu
tion was prepared in distilled water, for it turned opaque and grayish 
when made in phosphate buffer. Distilled, deionized water was used 
throughout this study.

Oxygen consumption in model systems was measured with a Beck
man Fieldlab oxygen analyzer (Model 1008) coupled to a Linear 
recorder (Model 260). The recorder chart speed was set at 0.5 inch/min. 
The detailed procedure was as follows. A 50-ml Erlenmeyer flask with a 
Teflon magnet was positioned on a thick layer of paper-asbestos pad on 
a magnetic stirrer. Then, 20 ml of catalyst solution were quickly mixed 
with 40 ml of emulsion in a 250-ml Erlenmeyer flask and immediately 
transferred to the 50-ml flask. The sensor was promptly inserted into 
the neck of the flask, and the recorder was started.

The rates of oxygen uptake were linear after the first few minutes 
for Fe2+-EDTA catalysis, but were curvilinear when MetMb was the 
catalyst. Therefore, the oxygen uptake for Fe2+-EDTA catalysis was 
calculated from the recording by measuring the linear slope over a
3-min period whereas that for MetMb catalysis was calculated using the 
initial 3-min portion of the recording. Oxygen consumption was ex
pressed as mm Hg p03 /min. The oxygen uptake values of duplicate 
determinations were close with an average coefficient of variation of 
3.4% (range: 0-5.8% with 10 sets of samples) for Fe2+-EDTA catalysis 
and 2.0% (range: 0-7.1% with 14 sets of samples) for MetMb catalysis.

Neither the emulsion nor the catalysts oxidized at a measurable rate 
when tested separately. All the oxygen uptake studies were conducted 
at room temperature (24-25°C).
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LIP ID  PEROXIDA TION A N D  M ODEL SY ST EM S. ..

Fig. 1—Effect o f Tween 20 concentration on 
linoleate oxidation catalyzed by Fe1+ -EDTA 
and MetMb. Linoleic acid, 6 X 7 O'3M; MetMb, 
5 X  10'1 M; Fe1 +-EDTA (3.75 X  1CT*; 3.75 X
10'* M); phosphate, 0.02M; • .....• MetMb
catalysis; o---- o Fe2 + -EDTA catalysis.

Fig. 2—Effect o f phosphate concentration on 
iinoleate oxidation catalyzed by Fe7 + -EDTA 
and MetMb. Linoleic acid, 6 X TO'1 M; MetMb, 
5 X 7O'1 M; Fe'7 +-EDTA (3.75 X W 'M ;  3.75 X 
10'* M); Tween 20, 0.167% (w/v). —
MetMb catalysis; o— -o Fe7 +-ED TA catalysis.

METMYOGLOBIN ( x l0 7M)

Fig. 3—Effect o f  MetMb on the rate o f linoleate 
oxidation. Linoleic acid, 6 X 7O’3M; Tween 20, 
0.167% (w/v). (A) 0.2M phosphate; (B) 0.05M 
phosphate.

RESULTS & DISCUSSION 

Effect of Tween 20
The rate of Fe2+-EDTA catalyzed oxidation of linoleate 

emulsion increased markedly in a linear m anner with Tween 
20 concentration up to  0.167% (w/v) and thereafter at a re
duced rate (Fig. 1). The rate o f MetMb catalyzed oxidation 
increased only slightly when Tween 20 concentration in
creased from 0.042% to 0.084%, leveling off at higher concen
trations (Fig. 1). This finding is in contrast w ith the inhibitory 
effect of Tween 20 reported by Morita et al. (1976) for lipid 
oxidation at the lipid-water interface. There is a major dif
ference between the two systems: lipid, catalyst, and Tween 
20 were all solubilized in emulsion in this study whereas the 
system used by Morita et al. consisted of two phases (lipid and 
aqueous) with oxidation occurring at the interface.

The different effects of Twe.'n 20 on Fe2+-EDTA and 
MetMb systems may be explained by the physical states of 
linoleate emulsion at the pH’s of the two systems. At pH 7.6 
adopted for MetMb system, the emulsion was clear and 
transparent w ith the lowest Tween 20 concentration tested, 
0.042%. At pH 5.6 em ployed for Fe2+-EDTA system, the 
emulsion was not com pletely clear even w ith 0.333% of Tween 
20, although the cloudiness o f the emulsion decreased with 
increasing am ounts o f Tween 20. As fatty  acid emulsions are 
less stable at acidic pH ’s (Wills, 1965), Tween 20 in increasing 
concentrations could have enhanced the oxidation of linoleate 
by reducing emulsion droplet size and thus by increasing the 
interaction between the catalyst and the lipid substrate.

Certain surfactants are know n to  form aggregates with pro
teins, but the nature of the interaction between the hemo- 
protein MetMb and Tween 20 is no t known. The results o f this 
study, however, indicate th a t Tween 20 per se may have little 
effect on the catalytic activity of MetMb.
Effect of phosphate

The effect of phosphate was examined by preparing 
linoleate emulsion in different concentrations of phosphate 
buffer (pH 5.6 for Fe2+-EDTA system; pH 7.6 for MetMb 
system). Figure 2 shows the results. The rate of oxygen uptake 
of Fe2+-EDTA catalysis decreased steadily w ith the increase in 
phosphate concentration. The rate o f MetMb catalysis, how
ever, increased w ith  phosphate concentration up to  0.2M and

decreased thereafter. Wills (1965) reported tha t linoleate oxi
dation catalyzed by Fe3+ plus ascorbic acid or by hemoglobin 
was unaffected by 0.02M phosphate but inhibited when phos
phate concentration was greater than 0.1M. It should be noted 
tha t, in his study, linoleate emulsion was prepared w ithout 
Tween 20, hemoglobin was used instead of MetMb, the oxida
tion occurring in an hour or longer period was measured by 
the m anom etric m ethod, and the reaction tem perature was 
much higher, i.e., 37°C.

The inhibition of Fe2+-EDTA catalysis of linoleate oxida
tion by phosphate is likely due to  com plex form ation of Fe2 + 
w ith phosphate, thereby rendering Fe2+ ineffective as catalyst. 
It is not known why phosphate at concentrations lower than 
0.2M accelerates MetMb catalyzed oxidation o f linoleate, 
while a higher concentration was inhibitory. It is only 
hypothesized that phosphate at appropriate concentrations 
may protect MetMb from  destruction in the free radical chain 
reaction system of lipid peroxidation, or may act as a ligand 
for MetMb, tile ligand somehow enhancing the catalytic 
activity of MetMb. Phosphate at concentrations higher than 
0.2M may exert unfavorable effects, in some unknow n ways, 
on the interaction between MetMb, Tween 20, and linoleate.

Effect of MetMb and Fe2 +
Varying concentrations of MetMb were tested in two dif

ferent final concentrations o f phosphate, 0.05 and 0.2M. The 
rate of oxygen uptake increased curvilinearly with MetMb con
centration within 10 '7 m olar concentrations (Fig. 3). The 
progressive decline of the rate increase at higher MetMb con
centrations, as manifested by the curvilinear response, was 
more pronounced w ith 0.05M phosphate than w ith 0.2M, the 
optim um  phosphate concentration for MetMb system. Further 
increase o f MetMb concentration to  5 X 10"6M inhibited 
linoleate oxidation even w ith 0.2M phosphate.

The decline of the rate of linoleate oxidation with in
creasing concentrations of MetMb may be partly attributable 
to  the reduction of free linoleate accessible to MetMb 
catalysis. Nakamura and Nishida (1971) reported that 1 mole 
of hemoglobin was associated w ith 880 moles of potassium 
linoleate and that induction or inhibition o f linoleate oxida
tion occurred when the m olar ratio of hemoglobin to 
potassium linoleate in the medium was 1:3800, or when 23% 
of the potassium linoleate added was associated w ith hem o-
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Fig. 4—Effect o f Fe1 +-EDTA (1:1) on the rate o f linoleate oxida
tion. Linoieic acid, 6 X  10'*M; Tween 20, 0.167% (w/v); phosphate, 
0 .02M.

globin, 77% being in the free form. In the present study, the 
molar ratio  of MetMb to linoleate was 1:1200 at the highest 
MetMb concentration tested, 5 X  10'6M (see “ curve A” in Fig.
3). If 1 mole of MetMb was associated w ith 880 moles of 
linoleate, 73% of linoleate in the system was bound to  MetMb 
at 5 X  10‘6M MetMb.

The observed response to  MetMb concentration may be 
also ascribed to the interaction of MetMb w ith lipid hydro
peroxides. Hem oproteins in excess have been considered either 
to  catalyze the breakdown of lipid peroxides into inactive 
products (Banks et al., 1961) or to  combine w ith lipid 
peroxides, as they are produced, to  form relatively stable com
pounds, thus retarding the initiation of new reaction chains 
(Kendrick and Watts, 1969). The inhibition o f linoleate oxida
tion  by high concentrations of hem oproteins has been also 
dem onstrated by Hirano and O lcott (1971) and Lewis and 
Wills (1963).

The effect o f varying F e2+ concentration was different 
from  the effect for MetMb. When used as an equimolar mix
ture of Fe2 + and EDTA, linearity was dem onstrated over the 
entire Fe2+ concentration range studied (0 —7 X  lO ^M ), 
which was much higher than the concentration range tested 
w ith MetMb (Fig. 4).

Remarks on Fe2+-EDTA catalysis and MetMb catalysis
Fe2+-EDTA (1 :1) complex was suggested as a nonhem e 

iron model for free radical form ation studies in model systems 
prior to  application in foods (Liu, 1970), although this partic
ular iron com plex may no t occur in food systems. The main 
advantage of Fe2+-EDTA complex as a nonenzym ic nonhem e 
iron catalyst is its ability to  catalyze fatty  acid peroxidation at 
constant rate and its high catalytic activity. The activity of 
Fe2+ alone is too  low to  allow the use of polarographic 
m ethods for oxygen consum ption. A com bination of Fe3+ and 
ascorbic acid was used by Wills (1965) to  catalyze linoieic acid 
oxidation measured by the m anom etric m ethod, which re
quired one to  several hours. However, when it was tested for 
the polarographic m ethod using the oxygen analyzer, there 
was no measurable am ount o f oxygen uptake in a 10 min 
recording period.

It should be m entioned that Fe2+ and EDTA have to  be 
mixed in advance, preferably longer than 30 min before 
recording oxygen uptake. If they are mixed immediately be
fore recording, oxygen available in the 50-ml Erlenmeyer 
flasks is all used up w ithin 1 min (Fig. 5). The exhaustion of 
oxygen within this short period does no t reflect oxygen up-

Fig. 5—Effect o f the time o f  mixing Fe1 + and EDTA solutions on 
the oxygen consumption measured for linoleate oxidation catalyzed 
by Fe1+-EDTA. Linoieic acid, 6 X  10'*M; Fe2 + -EDTA (3.75 x  

10'*: 3.75 X  10'* M); Tween 20, 0.167% (w/v); phosphate, 0.02M.
(A) Fe‘ + and ED TA solutions mixed immediately before recording;
(B) Fe2 + and EDTA solutions mixed 30 minutes before recording. 
Chart speed, 0.5 inch/min.

take due to  peroxidation of linoieic acid catalyzed by 
Fe2+-EDTA. Rather, it may be attributable to  oxygen con
sumed for generating free radicals when Fe2+ is mixed w ith 
EDTA.

The nonlinear recording pattern  of MetMb catalysis 
m entioned under “ Experim ental” requires further explana
tion. The curvilinear pattern  with MetMb catalysis at pH 7.6 
has been found to  be due to  the high pH at which progressive 
destruction of MetMb (Tappel, 1953b) is more pronounced. 
Experim ents being conducted in our laboratory at the tim e o f 
this writing have shown that at pH 7.0 the oxygen uptake 
pattern  of MetMb catalyzed oxidation is linear after an initial 
induction period. Although Kwoh (1971) did not clarify—in 
terms of actual polarographic recording pattern—the relation 
between the rate of oxygen uptake and pH of MetMb system, 
she did m ention that MetMb catalyzed linoleate oxidation was 
m uch faster at pH 7.8 than at lower pH’s but the rate of 
oxygen uptake decreased as the oxidation progressed at pH
7.8. Tappel (1953b) observed a curvilinear relationship be
tween oxygen absorption measured by a Warburg m anom eter 
and reaction tim e for hemin catalyzed oxidation of colloidal 
linoleate at 0°C. The use of pH’s no t higher than 7.0 is recom 
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mended for the polarographic m easurem ent of oxygen uptake 
for MetMb catalysis. The catalytic activity of MetMb is less at 
lower pH’s, bu t determ ination of the rate o f oxygen tension 
decrease is simpler w ith the linear recordings.

Finally, the following conditions seem to be appropriate 
for the two model systems when the concentration of potas
sium linoieate is fixed at 6 X  10 '3M: (1) MetMb system -pH  
7.0; 0 .1— 0.2% Tween 20; 0.2M phosphate, 2 —5 X  lCT'M 
MetMb; and (2) Fe2+-EDTA (1:1) system —pH 5.5 or 5.6; 
0 .2-0 .5%  Tween 20, 0.02M phosphate, 2 - 6  X  lO ^M  Fe2+. 
The model system approach is useful not only for identifying 
catalysts responsible for lipid peroxidation in a given muscle 
food, as it has been used by many investigators (Fischer and 
Deng, 1977; Kwoh, 1971; Lee e ta l. ,1 9 7 5 ) , but may also be a 
time-saving too l for pre-testing or screening new antioxidants 
for the muscle food when the catalysts have been identified.
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HEATING  
SHEAR, MUSCLE

EFFECTS ON BOVINE SEMITENDINOSUS:
FIBER MEASUREMENTS, AND COOKING LOSSES

— — ------ --------------- ABSTRACT — ------- -------- -----------
Progressive changes in Warner-Bratzler shear values of meat cores and in 
dimensions and integrity of muscle fibers from beef semitendinosus 
cores heated in tubes in a water bath to simulate oven roasting of top 
round roasts at 93 and 149°C to endpoint temperatures of 40, 50, 60 
and 70°C were evaluated. Slower heating and higher endpoint temper
atures resulted in greater cooking losses. Warner-Bratzler shear values 
and muscle fiber diameters decreased from 40 to 50 to 60°C. Sar
comere length of muscle fibers decreased from 60 to 70°C. Muscle 
fibers disintegrated as internal temperature increased. Fiber disintegra
tion was greater at the faster rate of heating for cores heated to 60°C 
than at the slower rate. A faster rate of heat penetration might result in 
greater degradation of muscle fibers at a lower temperature. An increase 
in fiber disintegration with heating of cores from 60 to 70°C suggested 
an increase in tenderness, but changes in shear values were not apparent 
in this temperature range. It appears that other factors oppose the 
tenderizing effect of increased disintegration of muscle fibers at higher 
temperatures.

INTRODUCTION
CHANGES IN TENDERNESS of meat that occur during 
heating are complex and related primarily to  two structural 
com ponents of the muscle tissue—the muscle fibers and 
connective tissue fibers. The nature and extent of changes in 
these two com ponents present opposing effects on tenderness. 
D raudt (1972) and Laakkonen et al. (1970) have theorized 
tha t the heat-induced change of fibrous connective tissue to 
granular connective tissue has a tenderizing effect, whereas the 
hardening of the m yofibrillar proteins has a toughening effect.

Various heating rates, endpoint tem peratures, and combi
nations of heating rate and endpoint tem perature have been 
used in studies o f the effects of heat treatm ent on the struc
ture of muscle fibers in relation to tenderness of the meat. 
Because heat treatm ents used in reported studies have varied, 
relationships between the heat-induced changes in the muscle 
fibers and the resulting tenderness o f the meat have not been 
clearly defined.

Several studies have suggested that a slower rate of heat 
penetration results in increased collagen solubilization w ithout 
excessive hardening of muscle fibers (Cover, 1943; Bramblett 
et al., 1959; Bram blett and Vail, 1964; Bayne et al., 1969, 
1971). Results of studies on heat-induced changes in connec
tive tissue in relation to  tenderness have varied. Bayne et al.
(1971) and Paul et al. (1973) found no relationship between 
shear values and changes in connective tissue during heating of 
m eat samples. In contrast, Penfield and Meyer (1975) reported 
an association between decreasing Warner-Bratzler (WB) shear 
values and increasing percentage of collagen solubilized as the 
internal tem perature of meat cores increased. Dube et al.
(1972) attributed  increases in shear values during heating to 
th e  hardening of muscle fibers, and the observed plateau in 
shear values at higher tem peratures was associated with the 
conversion of collagen to  gelatin. Few studies however, have

1 C u r re n t a d d re ss : T en n essee  S ta te  U n iv e rs ity , N ashv ille , TN  3 7 2 0 3

made direct comparisons of heat-induced changes in muscle 
fibers and in the tenderness o f the m eat as measured by sub
jective and objective methods.

The objectives of this study were: (1) to  investigate progres
sive changes in the structure of muscle fibers and in the shear 
values of the meat cores heated at two rates to  four endpoint 
tem peratures; and (2) to  related changes in fiber diam eter, 
sarcomere length, and disintegration of muscle fibers to the 
changes in tenderness of the m eat cores as measured by the 
Warner-Bratzler shear.

EXPERIMENTAL

Source and characteristics of meat
Seven USDA Choice rounds from Angus heifer carcasses were ob

tained (11/6/75) from a local packing company. The carcasses met the 
following specifications: USDA Choice grade; 227-295 kg carcass;
1.0-1.3 cm of backfat; maturity Type A; and typical small marbling 
level. The ST muscle from each round was excised after 4 days aging at 
1°C. Muscle pH was determined (Rogers et al., 1967); values ranged 
from 5.25-5.48 with a mean of 5.41. Muscles were wrapped and frozen 
at -15°C for no longer than 14 wk.
Preparation and samples and physical testing

Each frozen ST muscle was cut across the muscle fibers into 5.7 cm 
sections. The meat was allowed to thaw slightly to permit the removal 
of 18 cylindrical cores, 2.5 cm x 5.7 cm, cut parallel to the muscle 
fibers. Cores were placed in 50 ml Pyrex centrifuge tubes, randomly 
assigned to heating treatments and stored in the refrigerator (2-3°C) 
up to 24 hr before heating.

The procedure used in heating cores to simulate oven roasting of 2 
kg top round roasts at 93°C for approximately 9.5 hr (slow rate) or at 
149°C for approximately 2.5 hr (fast rate) was described previously by 
Penfield and Meyer (1975). After heating and cooling of the cores, 
appropriate weights were taken to determine cooking losses of the meat 
cores.

Following overnight refrigeration, each core was sheared three times 
with a Warner-Bratzler shear. Shear values for the two cores from a heat 
treatment were averaged prior to statistical analysis.

Four sections of a core remained after shearing. Two center sections 
were designated for histological work: the two remaining sections were 
ground once through a grinder attachment of a Hobart mixer (5 mm 
holes) and mixed thoroughly. Fat was extracted from ground samples 
and the residue dried; percent nonfat dry weight (NFDW) was calcu
lated (Penfield and Meyer, 1975).
Histological procedures

A center section of each meat core was fixed in a 10% formalin and 
physiological salt solution for at least 24 hr. A fiber suspension was 
prepared for fiber diameter and sarcomere length measurements 
according to a modification of procedures of Tuma et al. (1962) and 
viewed under a Bausch & Lomb Dynazoom Phase Contrast Microscope 
equipped with an eye piece micrometer. Sarcomere length was deter
mined by counting the number of A bands of each fiber along 110 
microns of a micrometer at 970x magnification under oil immersion 
(Hegarty and Allen, 1975). Counts were made to the nearest half sar
comere on 25 randomly selected fibers. Fiber diameter of 25 randomly 
selected fibers was measured with the micrometer at 100X magnifica
tion.

Small blocks, approximately 3 mm3, of fixed raw and cooked sam
ples were sectioned on an AO Spencer 880 Freezing Clinical 
Microtome. Tissue sections, 20-25 pm thick, were stained with Sudan 
III fat stain and Harris hematoxylin tissue stain, mounted in glycerine
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jelly, and viewed at 430x magnification. Photographs corresponding to 
five degrees of disintegration were selected and used to judge tissue 
sections for extent of disintegration. Values for disintegration ranged 
from 1, no disintegration, to 5, extreme disintegration. Five slides were 
selected from each heat treatment, coded by a ncnobserver and scored 
by two observers for degree of disintegration. Scores from the two 
observers were not significantly different (“ t” = 1.126; df = 266) and 
were averaged for statistical analysis.
Statistical analysis

The design of the experiment was a split-plot design with seven 
replications. Each animal (muscle) constituted a plot. Analysis of vari
ance and orthogonal comparisons were used to study the functional 
relationship between heating rate and endpoin: temperature for meas
urements that were taken. When significance was found, the Student- 
Newman-Keuls Test (Sokal and Rohlf, 1969) was applied.

R E S U L T S

Shear value
Shear values were similar for cores heated at the two rates 

(Table 1). Endpoint tem perature influenced shear value (P <  
0.001) and was independent of heating rate. The effect of 
endpoint tem perature on shear values is illustrated by end
point tem perature means (Table 1). A significant (P <  0.01) 
curvilinear trend was noted. A small, but significant (P <  
0.01), decrease in shear value occurred with heating of cores 
from 40 to  50°C. A greater decrease occurred with heating 
from 50 to  60°C, but changes in shear values were not appar
ent with heating from 60 to  70°C. Similar changes in shear 
values as influenced by endpoint tem perature were found by 
Penfield and Meyer (1975) and Laakkonen et al. (1970). Dube' 
et al. (1972) found WB shear values increased with increasing 
cooking tem perature above 60°C for bovine m eat cylinders. In 
contrast, Paul et al. (1973) found that endpoint tem perature 
did not influence shear values of bovine ST strips heated from 
58 to  82°C.

Considerable variation in shear values was found for cores 
heated at either rate to  40 and 50°C (standard deviations 
ranged from 1 .6 -3 .7 ). Less variability in shear values was 
found for cores heated to  60 and 70°C at the two rates (stand
ard deviations ranged from 0 .4—0.9). Because of this varia
bility in shear values at the lower internal tem peratures, the 
effect of heating rate on shear values is not clear. Shear varia
bility at different endpoint tem peratures and its subsequent 
effects on results o f studies of progressive heat-induced 
changes in meat need further investigation.

Fiber diam eter, sarcomere length, and fiber disintegration

Fiber diameter and sarcomere length were influenced by 
endpoint tem perature (P <  0.001) but not by heating rate 
(Table 1). Fiber diameter decreased (P <  0.01) with heating 
from  40 to 50 to 60°C, but little change occurred from  60 to 
70°C. Sarcomere length remained unchanged until cores were 
heated at either rate from 60 to  70°C. Curvilinear (P < 0 .0 1 )  
trends in fiber diam eter and sarcomere length data also were 
found.

Disintegration was defined, for purposes of this study, as 
the loss of structural integrity attributed  to  cracks, breaks and 
granulated areas in the muscle fibers. Fiber disintegration 
values were similar for the two heating rates but increased (P <  
0.001) with an increase in endpoint tem perature (Table 1). An 
increase (P <  0.01) in fiber disintegration value occurred with 
each observed increase in internal tem perature reached by the 
cores. The effect o f heating rate on fiber disintegration was 
dependent on endpoint tem perature (P <  0.01). The fast rate 
of heating resulted in a greater fiber disintegration value than 
did the slow rate at an endpoint tem perature o f 60°C. These 
results suggested that changes responsible for degradation of 
fibers are not only tem perature dependent as generally ac
cepted but are dependent on the rate o f heat penetration.

T able 1—E ffe c ts  o f  h ea tin g  ra te  a n d  e n d p o in t  tem p era tu re  on  h ea tin g  t im e , c o o k in g  lo ss , sh ear va lu e, f ib e r  d ia m e te r , sa rco m ere  len g th  a n d  d is 
in tegra tion  o f  b o v in e  se m ite n d in o su s  c o re sa

Source of 
variation

Shear 
value 

(kg/2.5— 
cm core)

Fiber
diam
(pm)

Sarcomere
length
(pm )

Fiber dis
integration 

value*3

Cooking
time
(min)

Drip
cooking

loss
(%)

Evaporative 
cooking loss

(%)

Total
cooking

loss
(%)

Nonfat 
dry wt

(%)

Ratec
Slow 10.9a 57.1a 2.1a 3.1a - 21.7a 7.3b 29.0b 30.2b
Fast 11.6a 58.4a 2.1a 3.2a - 21.0a 2.0a 23.0a 27.3a

Endpoint(°C)d
40 16.6c 69.0c 2.2b 2.1a - 12.4a 0.6a 12.9a 24.9a
50 14.4b 58.5b 2.2b 2.9b - 16.6b 1.3ab 17.9b 24.7a
60 6.9a 52.6a 2.2b 3.6c — 24.7c 2.8b 27.5c 28.0b
70 7.0a 51.0a 1.8a 4.1d - 31.7d 14.0c 45.6d 37.2c

Rate X endpoint
r o d

Slow 40 15.7 67.6 2.2 1.9a 125 12.5a 0.6a 13.1a 24.8ab
50 15.0 59.1 2.2 3.1c 172 18.6b 1.6ab 20.2b 25.3ab
60 6.5 51.6 2.2 3.2c 248 27,0d 4.0bc 31 .Id 29.3c
70 6.4 50.2 1.9 4.1d 581 28,6d 23.1d 51.7f 41.3e

Fast 40 17.5 70.3 2.2 2.3ab 79 12.2a 0.5a 12.6a 25.0ab
50 13.9 57.8 2.3 2.8bc 97 14.6a 1.0a 15.6a 24.2a
60 7.3 53.6 2.1 3.9d 115 22.4c 1.6ab 24.0c 26.8b
70 7.5 51.9 1.8 4.Od 165 34.7e 4.9c 39.6e 33.2d

a M eans o f seven rep lica t ion s
b 1, no d is in teg ra t io n , to  5, ex trem e d is in teg ra t ion
c Rate m eans w ith in  a c o lu m n  fo llow e d  b y  a c o m m o n  letter are no t s ign ific an t ly  d iffe ren t as determ ined b y  F test (P <  0 .0 5 )
^ E n d p o in t  or rate X  e n d p o in t  m eans w ith in  a c o lu m n  fo llow e d  b y  a c o m m o n  letter are n o t s ign if ic an t ly  d iffe ren t as de te rm ine d  b y  S tu d en t- 

N e w m a n -K e u ls  test (P <  0 .01 )
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Heating rates, cooking losses and NFDW
The meat heating times for cores are shown in Table 1. The 

to tal heating time for cores to reach 70°C was 3 ‘/2 times longer 
with the slow rate than with the fast rate.

Heating rates influenced evaporative and total cooking 
losses (Table 1). Cores heated at the slow rate had greater (P <  
0.001) evaporative and total cooking losses than cores heated 
at the fast rate.

Endpoint tem perature affected drip, evaporative and total 
cooking losses (P <  0.001). Drip loss increased (P <  0.01) with 
each observed increase in internal tem perature. Evaporative 
loss was greater at 60°C than at 40°C.

The effect of heating rate on drip, evaporative, and total 
cooking losses was dependent on endpoint tem perature. Drip 
loss at 40°C was unaffected by rate. The slow rate of heating 
resulted in greater (P <  0.01) drip loss than did the fast rate at 
endpoint tem peratures of 50 and 60°C and less drip at 70°C. 
Evaporative loss was affected by heating rate only at 70°C. 
The longer tim e of heating at the slow rate resulted :n greater 
(P <  0.01) evaporative loss for the slow 70°C cores. In addi
tion, it perm itted the evaporation of drip losses which ac
counts for the lower drip loss for the slow 70°C cores. Bayne 
et al. (1971) found greater cooking losses for semimembra
nosus roasts cooked in a 93°C oven than paired roasts cooked 
at 149°C. The roasting of beef at low oven tem peratures 
would be expected to require longer cooking times and to 
result in greater cooking losses.

Heating rate and endpoint tem perature influenced the non
fat dry weight of meat cores (Table 1). Differences in the 
heating times resulted in differences of NFDW because of 
moisture losses from the meat. Changes in NFDW were not 
apparent with heating from 40 to 50°C but increased as cores 
were heated from 50 to 60 to 70°C. Slow 60 and 70°C cores 
had larger (P <  0.01) NFDW values than cores heated at the 
fast rate of 60 and 70°C which reflects a greater loss of mois
ture at the slow rate.

D I S C U S S I O N

RELATIONSHIPS between changes in fiber diameter and sar
comere length and changes in shear value are difficult to inter
pret. Shear value, fiber diameter and sarcomere length de
creased with heating from 40 to 70°C. Decreases in shear value 
paralleled decreases in fiber diameter. Shear value anc fiber 
diameter decreased with heating from 40 to  50 to 60°C and 
remained unchanged with heating to  70°C. Sarcomere length 
remained unchanged with heating between 40 and 60°C, and 
then decreased with heating from 60 to 70°C. Bouton and 
Harris (1972) suggested that the bunching up of connective 
tissue fibers caused by sarcomere shortening and the increases 
in cooking losses at higher tem peratures are factors in addition 
to  muscle fiber coagulation and connective tissue solubil
ization that might influence shear value. Shear values for cores 
heated from 60 to 70°C did not decrease but remained un
changed. The decrease in muscle fiber hardening in this tem 
perature range might have influenced shear value. Decreases in 
fiber diam eter from 40 to 60°C partially reflect increases in 
cooking losses. Cooking losses at higher tem peratures might 
increase as sarcomeres shorten and force out fluids.

Increased disintegration of muscle fibers was associated 
with an increased num ber of cracks, breaks, and granulation in 
the fibers and a decrease in shear value. Schmidt and Parrish
(1971) noted that the effect o f increasing internal tem perature 
on structural com ponents o f muscle was related to  changes in 
tenderness and shear resistance. Progressive shrinkage and frag
m entation of endomysial connective tissue began at 50°C, and 
m yofibrillar proteins coagulated and hardened at 60°C and 
above. They concluded that maximum tenderness occurs when 
the connective tissue has fragmented w ithout the coagulation 
of the myofibrillar proteins.

Fiber disintegration values indicated a progressive increase 
in fiber disintegration with increases in internal tem perature. 
As fiber disintegration increased with heating of cores from  60 
to 70°C, shear values did not appreciably change even though 
the increase in fiber disintegration values of muscle fibers 
heated to 70°C suggests an increase in tenderness. Increased 
disintegration may influence com ponents o f m eat tex ture 
other than shearability. The loss o f fluids, the coagulation o f 
m yofibrillar proteins, and the shortening of sarcomeres at this 
tem perature might influence tenderness to a greater ex ten t 
than the disintegration of the muscle fibers.

Other factors appear to be influencing shear values. D ube'et 
al. (1972) implied from their findings that shear m easurem ents 
might be affected by the am ount and toughness of connective 
tissue to a greater extent than by sarcomere shortening. Signif
icant increases (P <  0.01) in percent solubilized collagen, as 
reported by Penfield and Meyer (1975), were accom panied by 
decreased WB shear values for beef ST cores heated from  50 to  
60°C. However, differences in solubilized collagen did not 
com pletely explain changes in tenderness. Findings reported 
by Paul et al. (1973) suggested that muscle becomes more 
dense and com pact because of increased coagulation of the 
muscle fiber proteins with increased heating. This increased 
coagulation might have a greater impact on the changes in 
tenderness than the solubilization of connective tissue at 
higher temperatures.

Draudt (1972) suggested that heating meat samples be
tween 60 and 74°C should dem onstrate a maximum in the 
hardening reaction c f  muscle fibers with little effect on ten 
derness attributed  to  collagen solubilization. A faster heating 
rate resulted in increases in breaking strength value for ST 
cores heated from 60 to  70°C bu t not for cores heated at a 
slower rate (Penfield et al., 1976). At the faster rate, limited 
tim e for connective tissue solubilization but high enough tem 
peratures to cause hardening of muscle fibers might have ac
counted for decreased tenderness. The higher but not sta tisti
cally different shear values for fast 70°C cores than for slow 
70°C cores in this study (Table 1) might have been the be
ginning of such a hardening trend. It is possible that a signif
icant hardening of muscle fibers caused by coagulation of 
myofibrillar proteins might have been observed if cores had 
been heated above 70°C.

The denaturation of the m yofibrillar proteins influences the 
disintegration of muscle fibers. Further study of the effects of 
heat on the denaturation of m yofibrillar proteins in relation to 
the hardening of muscle fibers is needed to  better understand 
heat-induced changes in tenderness of meat. The effects of 
endpoint tem perature, as well as heating rate, on tenderness of 
meat are not explained adequately by changes in fiber diam 
eter, sacromere length and fiber disintegration. It becomes in
creasingly apparent that changes in tenderness of meat are 
complex and reconfirms the opinion that many factors in
fluence changes in the tenderness of meat during heating.
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HEATING EFFECTS OF BOVINE SEM ITENDINOSUS:
PHASE CONTRAST MICROSCOPY AND SCANNING ELECTRON MICROSCOPY

-----------------------------------------  A B S T R A C T  ------------------------------------------
Progressive structural changes in heated bovine semitendinosus (ST) 
muscle fibers were studied using phase contrast microscopy and 
scanning electron microscopy. ST cores were heated at two rates which 
simulated the oven roasting of top round roasts at 93 and 149°C to 
endpoint temperatures of 40, 50, 60 and 70°C. Increased heating of 
muscle fibers resulted in the disintegration of Z-line structure; increases 
in intermyofibrillar spaces; shortening of sarcomeres; cracks and breaks 
in the myofibrils at the Z-line; and fragmentation or granulation of the 
myofibrils. The slower rate of heating resulted in extensive granulation 
and fragmentation of the muscle fibers, whereas the faster rate resulted 
in more cracks and breaks in fibers. The effect of heating rate on the 
disintegration of muscle fibers suggested that the rate of heat penetra
tion might influence the type and extent of disintegration of muscle 
fibers. Heating to 70°C resulted in extensive fragmentation of muscle 
fibers. Heat-induced changes in the structure of muscle fibers are 
discussed in relation to possible influence on the tenderness of heated 
meat.

I N T R O D U C T I O N

ALTERATIONS in the structural com ponents o f muscle tissue 
caused by heat influence the tenderness of the meat (Schm idt 
and Parrish, 1971). Changes in the microscopic appearance of 
muscle tissue reflect the changes occurring in the muscle fibers 
and connective tissue fibers during heating. The nature and 
extent of these changes present opposing effects on tender
ness. The conversion of fibrous connective tissue to  granular 
connective tissue has a tenderizing effect, and the hardening of 
the myofibrillar proteins has a toughening effect.

Changes in microscopic appearance of heated bovine muscle 
fibers include fiber shrinkage; sarcomere shortening; cracks 
and breaks occurring at the Z-line; granulation within a rela
tively intact endomysial reticulum ; disintegration of Z-line 
structure; and thick and thin filament coagulation (Doty and 
Pierce, 1961; Paul, 1965; Hostetler and Landmann, 1968; 
Giles, 1969; Schmidt and Parrish, 1971; Dubd et al., 1972; 
Jones et al., 1977). These researchers and others have sug
gested that the tenderness of meat should initially reach an 
optim um  because of connective tissue fragm entation, but fur
ther heating should result in a decrease in tenderness because 
of the hardening of muscle proteins and the loss of fluids.

Changes in muscle fibers from  bovine semitendinosus (ST) 
cores heated to  endpoint tem peratures o f 40, 50, 60 and 70°C 
were related to  Wamer-Bratzler shear values by Hearne et al.
(1978). Shear value and fiber diam eter decreased from 40 to 
50 to  60°C; sarcomere length decreased from 60 to  70°C; and 
fiber disintegration steadily increased with increases in internal 
tem perature. An increase in disintegration of muscle fibers 
heated to  70°C was not accompanied by a decrease in shear 
values. The coagulation of myofibrillar proteins and loss of 
fluids at this tem perature were suggested as factors that might 
have a greater effect on tenderness than the disintegration of 
muscle fibers.

Light microscopes and transmission electron microscopes 
have been used in many studies to observe the structure of 
muscle fibers. Recently, the scanning electron microscope has 
been used in the study of the structure of muscle fibers. Al-
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though the resolution of the SEM is no t as great as the TEM, 
the SEM has as its major advantages a greater depth of field 
which permits a three-dimensional view of the sample and an 
ease of sample preparation. Because of the recent use of the 
SEM as a research tool in the study of muscle fibers, stand
ardized preparation techniques have not been established. In 
addition, in terpretation o f the structural com ponents of 
muscle tissue observed in SEM photom icrographs has been 
conflicting among researchers.

Research on the m icrostructure of bovine muscle tissue, as 
viewed with the SEM, has focused primarily on the structure 
of raw muscle as affected by postm ortem  changes. Heat- 
induced changes in the m icrostructure of bovine muscle fibers 
have received lim ited study (Schaller and Powrie, 1972; Cheng 
and Parrish, 1976; Jones et al., 1977). Structural changes in 
heated muscle fibers observed with the SEM have been theo
retically related to  the tenderness of the meat. Yet, these 
studies have not measured tenderness either objectively or sub
jectively in order to  accurately relate structural changes to 
changes in measurements of meat tenderness. Many of the 
experim ental procedures used in heating meat samples do not 
simulate m ethods used in m eat cookery.

This study was designed to  investigate progressive structural 
changes in heated bovine muscle fibers using phase contrast 
microscopy (PCM) and scanning electron microscopy.

E X P E R I M E N T A L

Materials and heating
Two USDA Choice rounds from Angus heifer carcasses (227-295 

kg) were obtained (11/6/75) from a local packer. The ST muscle from 
each round was excised after 4 days aging at 1°C and stored at -15°C 
up to 14 wk.

Sample preparation and method of heating were described in detail 
by Hearne et al. (1978). Meat cores, 2.5 cm in diameter, placed in tubes 
were heated in a water bath at rates comparable to the oven roasting of 
top round roasts at 93 and 149°C to four endpoint temperatures: 40, 
50, 60 and 70°C.
Phase contrast microscopy

A center section of each meat core and three randomly selected raw 
samples from each ST muscle were fixed in a 10% formalin and physio
logical salt solution for at least 24 hr. Meat samples were sectioned 
(20-25 jam) and the tissue sections were stained with Harris hema
toxylin stain and Sudan III fat stain and mounted in glycerine jelly. 
Slides were observed at 430x magnification with a Bausch & Lomb 
Dynazoom Phase Contrast Microscope, Photographs were taken with a 
Kodak Color Snap 35 Camera on the microscope.
Scanning electron microscopy

A modification of procedures outlined by Beidler (1970) was used 
for preparation of samples for observation under the SEM. A center 
section from the cores for each heat treatment and a randomly selected 
raw sample from each muscle were fixed in 10% formalin and physio
logical salt solution for at least 24 hr. Ten individual random samples 
from each heat treatment and raw sample were cut into 3 x 3 x 1  mm 
blocks and placed in 0.1M phosphate buffer solution (pH 7.0) prior to 
critical point drying. One block was randomly selected from each group 
of individual samples and serially dried in solutions of 20, 50, 75, 90 
and 100% acetone.

Following dehydration, samples w'ere critical point dried in carbon 
dioxide. Dried tissue samples were glued to specimen stubs with DAG 
45, a graphite suspended in isopropyl alcohol, and stored in a desiccator
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R aw Slow , 40°C

S low , G0°C Fast, 60°C

Slow, 70°C Fast, 70°C

until viewed with the scanning electron microscope. Dried samples were 
coated with palladium-gold (40:60; approximately 500-600 A layer) in 
a vacuum evaporator. Samples were examined with an AMR 900 
Scanning Electron Microscope at 21 Kv. Random photomicrographs 
were taken from each block with a Polaroid camera equipped on the 
microscope. Photomicrographs from each block were examined, and a 
descriptive analysis of the muscle fibers was reported. Differences in 
endpoint temperature and heating rate effects were assessed by 
comparing scanning electron photomicrographs. Average sarcomere 
length of muscle fibers was measured from the photomicrographs, but 
the loss of the Z-line structure at the higher internal temperatures made 
it difficult to obtain an accurate measurement.

R E S U L T S  & D I S C U S S I O N

Phase contrast m icroscopy
Raw meat sections from beef ST muscles exhibited intact 

muscle fibers with clear and distinct banding patterns typical

Fig. la—ig—Phase contrast photom i
crographs o f tissue sections from raw 
bovine ST muscles and ST cores 
heated at two rates to four endpoint 
temperatures. 1a—Raw fibers; intact 
fibers. 1b—Slow, 4 (f C; banding pat
tern dear and distinct. 1c—Fast, 
5(f C; cracks in muscle fibers farrow). 
Id—Slow, 6<f C; granulation within 
relatively intact muscle fibers. 1e— 
Fast, 6 (f C; increased number o f  
cracks in muscle fibers (arrows). If— 
Slow, 70° C; heavy granulation in 
muscle fibers with loss o f banding 
pattern. 1g—Fast, 7<f C; numerous 
cracks and complete breaks in fibers 
(arrows).

of skeletal myofibrils as shown in Figure 1. In several cases 
fibers from raw and heated beef ST muscles showed passive 
contraction, or kinking, of muscle fibers. Few, if any, cracks 
(partial breaks) or com plete breaks in muscle fibers were 
present in sections from ST cores heated at either rate to  40°C 
(Fig. lb ). The banding pattern of the muscle fibers remained 
unchanged. At both  heating rates, cores heated to 50°C 
showed muscle fibers containing some cracks and breaks (Fig. 
lc ). Most fibers remained in tact and showed few signs of 
disintegration.

Sections from  cores heated to  60°C contained cracks and 
breaks in the muscle fibers and considerable granulation within 
the fibers as illustrated in Figures Id and le . Sarcomeres be
came less distinct, and the structural integrity of the muscle 
fibers diminished. Sarcomeres appeared to be shortened, and 
muscle fibers were more com pact. Breaks and cracks in the 
muscle fibers occurred in the I band.

Heating cores to  70°C caused further disintegration o f the 
muscle fibers. In some cases, extrem e granulation resulted in a 
loss of the typical banding pattern of muscle fibers (Fig. If) 
and com plete breaks in the muscle fibers (Fig. lg).

Some differences in the effects o f the tw o heating rates 
were observed. Obvious signs of disintegration were no t visible 
until samples were heated to  60°C and above. D isintegration 
observed in the tissue sections from cores heated at the slow 
rate to  60 and 70°C showed extensive granulation within the 
muscle fibers (Fig. Id , f). At the fast rate, tissue sections from  
cores heated to  60 and 70°C showed less granulation but more 
cracks and breaks than the slowly heated cores (Fig. le , g). 
A large num ber of cracks and breaks occured in the muscle 
fibers heated at the fast rate; the banding pattern  remained 
intact in most cases. Paul (1963) observed increases in cracks, 
breaks and granulation tha t appeared to  be progressive w ith 
longer heating. The heavy granulation within fibers heated at 
the slow rate to 70°C might be related to  the dry, mealy 
characteristic o f meat cooked for long periods. The length of 
time that muscle fibers are heated at tem peratures at which 
m yofibrillar proteins are coagulated apparently influences the 
extent and type of disintegration of muscle fibers.
Scanning electron microscopy

Scanning electron photom icrographs were taken at a mag
nification of 5000x because it provided the clearest observa
tion of the structural details o f the myofibrils and a direct 
comparison among heating treatm ents. The m yofibrils were 
observed in areas in which the sarcolemma was removed during 
sample preparation or heating.

Myofibrils from raw muscle samples, in most cases, were 
intact (Fig. 2a, b). Broken fibers at the Z-line might be a result
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Raw 3 (im

Fast, 40°C

slow , eo°c

Fast, 70°C 3 Mm

Raw Slow, 40°C

Slow, 50°C 3 JIB»

Fast, 60°C

Fast, 50°C

Slow, 70°C

Fig. 2a—¡—Scanning electron photomicrographs o f bovine muscle fibers from raw ST  muscles 
and ST cores heated at two rates to four endpoint temperatures. 2a—Raw fibers; transverse 
elements (arrow). 2b—Raw fibers, sarcomere indicated. 2c—Slow, 4 (f C; bulging o f sarcomeres 
in A  band area (arrows). 2d—Fast, 4 tf C; small cracks in I band area. 2e—Siow, 5Cf C; breaks in 
myofibrils (arrows). 2f—Fast, 50° C; Z-iine structures no longer apparent. 2g—Slow, 6 (f C; inter- 
myofibrillar spaces (arrows). 2h—Fast, 6C°C; blocks consisting o f individual sarcomeres. 2 i— 
Slow, 7<f C; heavy fragmentation o f  myofibrils. 2j—Fast, 7(f C; shortened sarcomeres and frag
mented myofibrils.

of preparation techniques or postm ortem  aging changes 
(Davey and Dickson, 1970). Sarcomere length measured from 
the photom icrographs was approxim ately 2.2 jum. Apparently, 
sample preparation did not cause fiber shrinkage because the 
average sarcomere length of fibers from a suspension of the 
fixed tissue was also 2.2 fim (Hearne et al., 1978). Transverse 
elements, regarded as part o f the sarcoplasmic reticulum  and T

\ -H m © -

system that overlays the Z-line, were visible bu t not promi
nent.

Samples of muscle heated to  40°C at bo th  rates still exhib
ited transverse elements, but in some cases there were signs of 
disintegration of these Z-line structures. Small cracks were 
observed in the I band near the Z-line as indicated by the 
arrows in Figure 2d. At this m agnification, it was no t possible
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to  identify whether the point o f breakage in the I band was at 
the I band-Z-line junction  or I band-A band junction. Jones et 
al. (1977) observed that breakage in the myofibrils of heated 
ST cubes occurred at the A band-I band junction or at the 
form er 1 band area. Shortening of the sarcomeres to approxi
mately 1.8 gm was accompanied by the bulging of the sar
comere in the center where the A band is located (Fig. 2c). 
This physical change in the myofibrillar structure is related 
possibly to the denaturation of the myofibrillar proteins. 
Hamm (1966) noted that coagulation of m yofibrillar proteins 
begins at about 35°C. Between 35 and 50°C coagulation is 
caused by the aggregation of unfolded protein molecules and 
followed by the form ation of unstable bonds. Coagulation 
continues between 50 and 70°C with the form ation c f  more 
stable bonds. Hegarty and Allen (1975) postulated that the 
initial shortening of the sarcomere when heated resulted from 
the shortening of the A band.

Heating to 50°C caused further disintegration of the Z-line 
structure and actual breaks in the myofibrils occurred at the 
Z-line (Fig. 2e, f). Breaks in the myofibrils possibly resulted 
from  1 band disintegration, sarcomere shortening, and disinte
gration of the Z-line structures. The shortened sarcomeres 
measured approxim ately 1.7 gim. Schmidt and Parrish (1971) 
also observed through transmission electron microscopy the 
extensive degradation of the Z-line structures and sarcomere 
shortening in beef LD muscle heated to  50°C.

Interm yofibrillar spaces increased with the heating of 
samples to  60°C as indicated by the arrows in Figure 2g. In
creases in interm yofibrillar spaces might have resulted from 
the shrinkage of the myofibrils and the disintegration of the 
Z-line structures which caused weakened lateral attachm ents. 
Weakening of lateral attachm ents might be related to increases 
in tenderness o f m eat samples heated to  60UC (Hearne et al.,
1978). Increased fragm entation of the myofibrils resulted in 
blocks consisting of an individual sarcomere (Fig. 2h). At 
60°C, sarcomere length was 1.6 /nm.

Heavy fragm entation of the myofibrils resulted with 
heating to  70°C (Fig. 2i, j). The granulation, or loss of 
structural integrity, within the muscle fibers at 60 and 70°C as 
observed with the PCM corresponds to  the fragm entation of 
the muscle fibers observed in SEM photomicrographs. Sar
comere length continued to  decrease with increases in internal 
tem perature and measured approxim ately 1.3 fjm  at 70°C.

Differences in the effects of heating rate on myofibrillar 
structure were difficult to  observe from the photom icrographs 
taken at this magnification. An increase in the num ber of 
photom icrographs taken at various magnifications might have 
shown more differences between the tw o heating rates. But, 
some possible differences were observed in the m yofibrillar 
structures from these photom icrographs. Myofibrils heated at 
the fast rate to  50°C (Fig. 2f) tended to  be more fragmented 
than those heated at the slow rate. A faster rate o f heat pene
tration  apparently resulted in disintegration of muscle fibers at 
lower tem peratures. Extrem e fragm entation of the myofibrils 
heated at the slow rate to 70°C can be seen in Figure 2i. The 
to tal heating time at the slow rate was approxim ately 3Vi times 
longer than at the. fast rate, and the heating time from 60 to 
70°C was over four times longer at the slow rate. Greater 
coagulation of m yofibrillar proteins might occur at the slow 
rate because of the longer tim e of heating in a tem perature 
range at which coagulation proceeds. An increase in m yo
fibrillar coagulation might be related to  increases in fragmenta
tion , sarcomere shortening and fluid loss.

Methodology used in SEM sample preparation and viewing 
caused little structural damage to  muscle fibers. The major 
problem in the viewing of a sample was the build-up of an 
electrical charge on a sample. A thick initial coating of palladi
um-gold or the recoating of the sample with the metal alloy 
helped to eliminate charging and to  secure any loose fibers.

Structural changes in muscle fibers were apparent at 40°C

in the scanning electron photomicrographs. This suggests tha t 
small changes might occur early in the heating of muscle 
fibers, but these changes are relatively small and likely insig
nificant to  tenderness. Progressive increases in the disintegra
tion of muscle fibers with increasing internal tem perature from  
40 to 70°C were evident in tissue sections observed with the 
PCM. Similarly, SEM photom icrographs showed increases in 
fragm entation and in interm yofibrillar spaces of the muscle 
fibers and the shortening of sarcomeres with increased heating. 
The extensive degree of fragm entation shown in muscle fibers 
heated to  70°C suggests an increase in tenderness because of 
increased fragm entation of the muscle fibers. Yet, previous 
studies reported that shear values of m eat cores showed little 
change, if any, with the heating of cores from 60 to 70°C 
(Hearne et al., 1978; Penfield et al., 1976; Penfield and Meyer, 
1 975). At 70°C, the loss o f fluids and the coagulation of m yo
fibrillar proteins might influence tenderness more than factors 
such as fragm entation of muscle fibers or collagen solubiliza
tion. S:udy of the m icrostructural changes in connective tissue 
fibers with heating in relation to  tenderness of the m eat might 
provide additional inform ation to  explain changes in the 
tenderness of heated muscle tissue. W hether microscopic 
changes in muscle tissue structure are related to  differences in 
com ponents of tenderness perceived during m astication o ther 
than shearability or ease of fragm entation is a topic that needs 
to  be investigated. Many unknowns still remain in the study of 
factors influencing tenderness o f cooked meat.
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EFFECTS OF POSTMORTEM STORAGE CONDITIONS ON M Y O F IBR ILLAR  ATPase 
A CT IV ITY  OF PORCINE RED AND WHITE SEM ITEND INOSUS MUSCLE

— ----------------------------  ABSTRACT -------------------- ------------
This study was carried out to determine the effects of postmortem 
storage time, temperature and pH on myofibrillar proteins of red and 
white muscle. Myofibrils were isolated from (1) the red and white 
portion of semitendinosus muscle postmortem stored at 2°C and (2) 
at-death red and white portions and suspended and stored in un
buffered 0.15M KC1 at 2°C and in buffered 0.15M KC1 (pH 5.5 and 
7.0) at 2° and 25°C. To determine the effect of storage conditions on 
myofibrillar proteins, ATPase activity was assayed at different ionic 
strengths and with different modifiers. Assays of myofibril ATPase 
activity from postmortem muscle showed that (1) myofibrils from the 
white portion had greater ATPase activity than those from the red 
portion, (2) Ca2 +-modified activity from both portions increased and
(3) Mg2 +-EGTA-modified activity increased from the white portion, 
but remained unchanged from the red portion, during postmortem stor
age. These changes could be due to modifications of the regulatory 
protein components of muscle by calcium-activated factor activity. For 
those myofibrils isolated from at-death muscle and incubated under 
simulated storage conditions, a precipitous decrease occurred in Ca2+- 
and Mg2+-(low ionic strength) and Ca2+- and EDTA-(high ionic 
strength) modified ATPase activity of myofibrils stored in 0.15M KC1, 
pH 5.5, at 25°C. Otherwise, little change occurred in these activities 
under other simulated conditions of storage (i.e., 2°, pH 5.5 and 7.0; 
and 25°, pH 7.0) with the exception that EGTA modified activity 
(indicates loss of Ca2 + sensitivity) increased from the white portion at 
25° and 2°C, pH 7.0, and from the red portion at 25°C, pH 7.0. Hence, 
a high storage temperature of 25°C has more detrimental effect on the 
integrity of myofibrillar proteins, as measured by changes in ATPase 
activity, than does a low pH of 5.5, or fiber type.

INTRODUCTION
A  M A J O R  C H A N G E  in t h e  m y o f ib r i l la r  p r o te in s  du r in g  p o s t 
m o r te m  s to r a g e  is th e  m o d i f i c a t i o n  o f  th e  a c t in -m y o s in  in te r 
a c t io n .  S o m e  l in es  o f  e v id e n c e  fo r  t h e  m o d i f i c a t i o n  o f  t h e  
a c t in -m y o s in  i n t e r a c t io n  are: ( 1 )  th e  increased  C a 2 + -
Mg2 + -m o d i f i e d  a d e n o s in e  t r ip h o s p h a ta s e  (A T P a s e )  a c t iv i ty  o f  
a c t o m y o s i n  ( F u j im a k i  e t  al .,  1 9 6 5 ;  R o b s o n  e t  a l . ,  1 9 6 7 )  and o f  
m y o f ib r i l s  ( G o l l  and  R o b s o n ,  1 9 6 7 ) ;  ( 2 )  th e  in c re a se d  s e n s i 
t iv ity  or  w e a k e n in g  o f  t h e  a c t in - m y o s in  c o m p l e x  t o  d i s s o c ia 
t io n  b y  A T P  (F u j im a k i  e t  a l . ,  1 9 6 5 ;  O k ita n i  e t  al .,  1 9 6 7 ) ;  ( 3 )  
tu r b id i ty  d e v e lo p m e n t  o f  m y o s i n  B (A r a k a w a  et  a l . ,  1 9 7 0 a ) ;  
and ( 4 )  th e  in c r e a se  in  p r o t e in  e x tr a c ta b i l i t y  d u r in g  p o s t 
m o r te m  ag ing  (C h a u d h r y  e t  a l . ,  1 9 6 9 ;  D a v e y  a nd  G ilber t ,  
1 9 6 8 ;  P e n n y ,  1 9 6 8 ) .  A b n o r m a l  c o n d i t i o n s  o f  h ig h  carcass  
m u scu la tu re  t e m p e r a tu r e  a n d  rapid d r o p  in  p H ,  s u c h  as d e 
scr ibed b y  B r isk e y  ( 1 9 6 4 )  fo r  P SE  p o r k ,  c o u ld  br ing  a b o u t  
further  m o d i f i c a t i o n s  in  m y o f ib r i l la r  p r o te in  in t e r a c t io n s  
during p o s t m o r t e m  s torage .

P orc in e  s e m i t e n d i n o s u s  m u s c l e  can  b e  se p a r a ted  o n  a gross  
m o r p h o lo g ic a l  bas is  in t o  a dark  (r e d )  an d  l igh t  ( w h i t e )  p o r t io n  
(B e ec h e r  e t  a l . ,  1 9 6 5 a ) .  F ib er  t y p e s ,  h o w e v e r ,  are m i x e d  in  
th e se  t w o  p o r t io n s ,  w i t h  t h e  l igh t  p o r t io n  h a v in g  a b o u t  80%  
w h ite  f ibers  and t h e  dark p o r t i o n  h a v in g  s l ig h t ly  less  th a n  50%  
red f ibers  (B e e c h e r  e t  al .,  1 9 6 5 b ) .  T h e s e  p o r t io n s  a lso  ha v e

1 Present address: Dept, of Food Science, North Carolina State Univ
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d i f fe r e n t  r a tes  o f  g l y c o ly s i s  w i t h  th e  l igh t  p o r t io n  hav in g  th e  
m o r e  rapid  rate  ( B e e c h e r  e t  al . ,  1 9 6 5 a ) ,  a nd  d i f f e r e n t  a m o u n t s  
o f  A T P a se  a c t iv i ty  w i t h  m y o f ib r i l s  an d  a c t o m y o s i n  i so la te d  
f r o m  w h i t e  m u s c le  hav in g  g rea ter  A T P a se  a c t iv i ty  th a n  th o s e  
f r o m  red m u s c le  ( S e id e l  e t  a l . ,  1 9 6 4 ) .  B a ra n y  et al.  ( 1 9 6 5 )  
s h o w e d  th a t  th e  C a 2 + - a n d  E D T A -a c t iv a te d  A T P a se  o f  m y o s in  
fr o m  w h i t e  m u s c le  w a s  m o r e  a lk a l in e  s ta b i le  a n d ,  fr o m  red  
m u s c le ,  m o r e  acid  s ta b i le .  A l s o ,  f ib er  t y p e  m a y  have  s o m e  
u n iq u e  c h a ra cter is t ic s  th a t  a f f e c t s  A T P a se  a c t iv i ty  and C a2 +  
se n s i t iv i ty .  F u r u k a w a  an d  P eter  ( 1 9 7 1 )  h a v e  r ep o r te d  that  
t r o p o n in  f r o m  red m u s c l e  b in d s  less  C a 2 +  th a n  d o e s  t r o p o n in  
f r o m  w h i t e  m u s c le .  O n  th e  o t h e r  h a n d ,  a -a c t in in  f r o m  red and  
w h it e  m u s c l e  has  v e ry  s im ilar  p r o p e r t ie s  ( S u z u k i  e t  a l . ,  1 9 7 3 ) .

A T P a se  a c t iv i ty  h a s  b e e n  u s e d  t o  m o n i t o r  th e  e f f e c t  o f  
p o s t m o r t e m  sto r a g e  o n  m y o f ib r i l la r  p r o te in  in te g r i ty  b y  G o l l  
and R o b s o n  ( 1 9 6 7 )  a nd  P e n n y  ( 1 9 6 8 ) .  M o re  r e c e n t ly  S u z u k i  
and G o l l  ( 1 9 7 4 )  m e a su r ed  A T P a s e  a c t iv i ty  t o  d e te r m in e  th e  
e f f e c t  o f  c a lc iu m  a c t iv a te d  f a c to r  o n  c h a n g e s  in a c t in - m y o s in  
in t e r a c t io n  and m y o s i n .  B e c a u s e  l i t t l e  is k n o w n  a b o u t  th e  
e f f e c t  o f  p o s t m o r t e m  s to r a g e  c o n d i t i o n s  o n  m y o f i b r i l s  o f  d i f 
f e re n t  f ib e r  t y p e s ,  th is  s t u d y  w a s  carried o u t  b y  u s in g  A T P ase  
a c t iv i ty  as a c r i ter io n  o f  m y o f ib r i l la r  p r o te in  in te g r i ty .

MATERIALS & METHODS
FOUR MARKET-WEIGHT (about 100-kg) normal, healthy pigs were 
slaughtered and sampled in this study. Semitendinosus muscle was 
excised from one side of the carcass 10 min after exsanguination and 
separated on a gross morphological basis into light (white) and dark 
(red) portions. These portions served as the at-death sample (30 min 
after exsanguination). The other semitendinosus was excised 24 hr post
mortem from the companion side which was stored at 2°C. The white 
and red portions were separated, and each of the portions were cut into 
three longitudinal strips for further postmortem storage at 2°C. These 
muscle strips were then wrapped and stored in polyethylene film and 
randomly used for 1-, 3- and 7-day postmortem muscle samples.

Myofibrils from at-death and postmortem muscle were prepared by 
mincing in a precooled grinder and then homogenizing with 10 volumes 
(v/w) of 0.25M sucrose, 1 mM EDTA, 0.05 Tris • HC1, pH 7.6, solution 
in a Waring Blendor for 20 sec. The suspension was sedimented at 1,000 
x G for 10 min, and the sedimented myofibrils were resuspended in 5 
volumes of sucre se solution and recentrifuged at 1,000 x G for 10 min. 
After the supernatant was decanted, the sedimented myofibrils were 
homogenized in 5 volumes of 0.05M Tris, 1 mM EDTA, pH 7.6, solu
tion in a Waring Blendor for 10 sec. Then, the suspension was passed 
through a polyethylene strainer (18 mesh) to remove connective tissue 
and centrifuged as described before. The sediments were washed twice 
more by suspending in 5 volumes of 0.15M KC1 and centrifuging at
1,000 X G for 10 min. Finally, the sedimented myofibrils were re
suspended in 5 volumes of 0.15M KC1 solution. All preparative steps 
were conducted at 2°C with precooled solutions.

At-death myofibrils were stored in combinations of pH 5.5 or 7.0 
and 2° or 25°C for 1-, 3- and 7-day storage, and at each time period, 
myofibrils were assayed in duplicate for ATPase activity. A total 
volume of 20 ml myofibril suspension containing a final concentration 
of 7.0mg proteir/ml, 0 .15M KC1, 0.1M Tris-acetate, pH 5.5 or7.0,and 
0.1 mM sodium azide was stored in a 25-ml flask covered with parafilm.

ATPase assay of myofibrils from at-death and postmortem muscle 
was conducted according to the procedure described by Goll and 
Robson (1967). The conditions of the assay are specified in the results 
section. ATPase activity was expressed as mmoles of phosphorus liber
ated in 1 min by 1 mg of protein.
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Protein concentration was measured by the biuret procedure 
(Gornall et al., 1949) as modified by Robson et al. (1968).

Analysis of variance and Duncan’s new multiple-range test were 
carried out according to the methods described by Snedecor and Coch
ran (1967).

RESULTS & DISCUSSION
Ca2+-, Mg2+- and EGTA-modified ATPase activity of m yo

fibrils was assayed at low ionic strength to  determ ine the 
effect of postm ortem  storage on m yofibrillar proteins and 
fiber type. Figure 1 graphically shows tha t the Mg2+-modified 
ATPase activity of myofibrils isolated from postm ortem  
muscle stored at 2°C and myofibrils isolated from at-death 
muscle and stored in 0 .15M KC1 at 2°C was greater in white 
than in red myofibrils a t 1 and 7 days postm ortem  storage. 
The difference in enzymic activity between white and red 
myofibrils was significant (P <  0.01), and the activity at-death

Fig. 1— Mg2 + -modified ATPase activity (low ionic strength) o f myo
fibrils isolated from red and white portions o f at-death porcine 
semitendinosus and stored in 0 .15M KCI at 2°C, and o f myofibrils 
isolated from red and white porcine semitendinosus portions stored 
at 2°C for 1, 3  and 7 days postmortem. Assay conditions: 0.5—0.7 
mg protein/ml, 1 mM MgCI2, 0.05 mM CaCI2, 1 mM ATP, 0.05M 
KCI, 0.05M Tris-acetate, pH  7.0, incubated at 25° C for 10 min. (R) 
= red; (\N) = white.

Fig. 2—EGTA-modified ATPase activity (low ionic strength) o f 
myofibrils isolated from red and white portions o f at-death porcine 
semitendinosus and stored in 0.15M KCI at 2°C, and myofibrils 
isolated from red and white porcine semitendinosus portions stored 
at 2°C for 1, 3 and 7 days postmortem. Assay conditions: 0.5—0.7 
mg protein /ml, 0.1 mM EGTA, 1 mM MgCI2, 1 mM ATP, 0.05M 
KCI, 0.05M Tris-acetate, pH  7.0, incubated at 25°C for 10 min. (R) 
= red; (W) = white.

was significantly different from tha t at 1 and 7 days. The 
ATPase activity of myofibrils isolated from  at-death muscle 
and stored in 0 .15M KCI at 2°C paralleled ATPase activities of 
myofibrils from  muscle stored at 2°C. Ca2+-modified ATPase 
activity, although not shown, was similar to  th a t o f the 
Mg2 +-modified ATPase activity. This increase in Ca2+- and 
Mg2 +-modified ATPase activity of myosin B and m yofibrils 
prepared from  postm ortem  rabbit and bovine muscle has been 
reported by others (Fujim aki et al., 1965; Goll and Robson, 
1967; Robson et al., 1967). In addition, means and standard  
errors for all assays were similar to  those obtained by Goll and 
Robson (1967).

Both troponin and a-actinin, two regulatory protein com 
ponents of the m yofibril, are able to  modify the actin-m yosin 
interaction in vivo (Ebashi and Ebashi, 1964), and this m ay 
perhaps be an explanation for an increase in ATPase activity of 
myofibrils from postm ortem  stored muscle. If proteolysis of 
troponin occurred during postm ortem  storage of muscle, the 
inhibitory effect tha t this protein has on the actin-myosin in
teraction, and on Mg2+-modified ATPase activity, would be 
removed. In addition, Z-disk degradation during postm ortem  
storage may release a-actinin to  more favorably interact w ith 
actin and, thus, cause the characteristic a-actinin-induced in
crease in the Mg2 +-modified ATPase activity of actom yosin 
(Arakawa et al., 1970c). Hence, changes in either a-actinin or 
troponin could cause the increased ATPase activity of m yo
fibrils. Arakawa et al. (1970a), however, could obtain little 
evidence to  substantiate tha t postm ortem  changes in a-actinin 
and the tropom yosin-troponin complex per se were the 
primary cause of postm ortem  m odification in the actin-myosin 
interaction.

Insofar as the effect of proteolysis on ATPase activity is 
concerned, our increase in Ca2+- and Mg2+-modified ATPase 
results are similar to  the effects o f brief tryp tic  trea tm en t on 
Mg2 +-modified ATPase and Ca2 + sensitivity of myosin B from 
various muscle types in guinea pigs. Furukawa and Peter
(1971) have reported tha t Mg2+-modified ATPase from  both  
white and red vastus muscle of guinea pig were activated by 
brief trypsin treatm ent, whereas the Mg2 -modified ATPase of 
the soleus was not activated by this treatm ent. They also 
found that brief trypsin treatm ent abolished the Ca2+ sensi
tivity of myosin B from red and white vastus muscle. Goll et 
al. (1971) reported several similarities between the effects of 
brief trypsin treatm ent and the effects of postm ortem  storage 
on the subcellular com ponents of muscle cells. Indeed, a study 
recently reported by Suzuki and Goll (1974) showed th a t a 
calcium-activated sarcoplasmic factor (CASF), a p roteolytic 
enzyme isolated from rabbit skeletal muscle, caused a 20—25% 
increase in Mg2+-modified ATPase activity of myofibrils. They 
attributed  the increase in Mg2 +-modified ATPase activity 
to CASF degradation of troponin , and a decrease in 
Mg2+-modified ATPase activity to possible CASF destruction  o f 
a-actinin, a protein of the Z-disk, in myofibrils. Moreover, 
Olson et al. (1977) showed that calcium-activated factor 
(CAF), a calcium-dependent protease endogenous to  bovine 
muscle fibers, was responsible for the degradation of troponon  
T and the removal of Z-disks of m yofibrils from bovine 
muscle. (CASF and CAF are abbreviations used for the same 
protease discovered by Busch et al., 1972.) This fu rther 
strengthens the view tha t troponin  and a-actinin are m odified 
during postm ortem  muscle storage; consequently, the actin- 
myosin interaction, as measured by ATPase activity, could be 
modified because troponin and a-actinin are m odified during 
postm ortem  muscle storage.

An increase in EGTA-modified activity is indicative of the 
loss of the calcium-sensitive com ponent in myofibrils (Ebashi 
and Ebashi, 1964). EGTA-modified ATPase activity of m yo
fibrils isolated from the red portion  changed little during post
mortem storage and had significantly (P <  0.01) less activity 
than did myofibrils isolated from  the white portion (Fig. 2).
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Fig. 3—Ca2* -modified ATPase activity (high ionic strength) o f myo
fibrils isolated from red and white portions o f at-death porcine 
semitendinosus and stored in 0 .15M KCI at 2cC, and o f myofibrils 
isolated from red and white porcine semitendinosus portions stored 
at T C  for 1, 3 and 7 days postmortem. Assay conditions: 0.5—0.7 
mg protein /ml, 1 mM CaCI2, 1 m M ATP, 0.5M KCI, 0.04M Tris- 
acetate, pH  7.0, incubated at 25° C for 5 min. (R) = red; (W) -  
white.

At 7 days postm ortem , the EGTA-modified ATPase activity of 
white myofibrils had increased significantly (P <  0.01). The 
marked increase in enzyme activity of m yofibrils isolated from 
white muscle could possibly be due to  the effect of the pres
ence of a sarcoplasmic factor, CAF, because little change 
occurred in myofibrils isolated form the at-death white por
tion in which the sarcoplasmic proteins had been removed 
before storage in 0 .15M KCI at 2°C.

Ca2+-modified ATPase activity assayed at high ionic 
strengths, which corresponds to  myosin ATPase, decreased at 
1 day postm ortem  in both  red and white myofibrils and re
mained essentially unchanged afterward in white myofibrils 
(Fig. 3). At-death myofibrils stored in 0 .1 5N1 KCI solution, on 
the other hand, had little change in enzymic activity. No dif
ference in enzyme activity due to  fiber type was indicated by 
analysis of variance. Thus, these results indicate that the 
ATPase of myosin in myofibrils from  postm ortem  muscle was 
modified, but that little or no m odification occurred in myo
sin of myofibrils isolated from  at-death muscle and stored at 
2°C in 0 .15M KCI (sarcoplasmic protein free).

ATPase activity at high ionic strength, modified by EDTA, 
measures K+-modified myosin ATPase activity. A marked 
parallel decrease (about 25%) of EDTA-modified ATPase 
occurred in myofibrils from both  types of postm ortem  muscle 
at 1 day, but at-death myofibrils stored in 0 .15M KCI in
creased slightly (about 10%) during storage for 7 days (Fig. 4). 
This decline and increase in ATPase activity indicates some 
alteration in myosin of postm ortem  muscle and KCI stored 
myofibrils, respectively. No reasonable explanation can be 
given for these changes. Goll and Robson (1967) reported an 
increase and then a decrease of EDTA-modified ATPase of 
bovine myofibrils. There was no significant difference in 
ATPase due to  fiber type, bu t there was a significant differ
ence due to postm ortem  days of storage for both  KCI stored 
myofibrils and myofibrils from  postm ortem  muscle.

Simulated conditions of postm ortem  storage were carried 
out by isolating myofibrils from at-death red and white por
tions and then storing these myofibrils in buffered solutions 
(pH 5.5 and 7.0) at 2° and 25°C. The com bination of low pH 
and high tem perature would somewhat resemble the condi
tions that muscle encounters during rapid postm ortem  glyco
lysis (Briskey, 1964). Ca2 +-modified ATPase activity of myo
fibrils from both  portions (Fig. 5) decreased significantly (P <  
0.01) and precipitously at pH 5.5 and 25QC. Under the other 
simulated conditions of storage, activities were slightly erratic.

Fig. 4—EDTA-modified ATPase activity (high ionic strength) 
myofibrils isolated from red and white portions o f at-death porcine 
semitendinosus and stored in 0 .15M KCI at 2°C, and o f myofibrils 
isolated from red and white porcine semitendinosus portions stored 
at 2°C for 1, 3 and 7 days portmortem. Assay conditions: 0.5-0.7 
mg protein/mi, 1 mM EDTA, 1 mM ATP, 0.5M KCI, 0.04M Tris-ace
tate, pH  7.0, incubated at 25°C for 5  min. (R) -  red; (W) = white.

Fig. 5—Ca2 +-modified ATPase activity (low ionic strength) o f myo
fibrils isolated from red and white portions o f at-death porcine 
semitendinosus and stored in 0 .15M KCI at pH  5.5, 2° and 25° C; 
and pH  7.0. 2° and 25°C. Assay conditions: 0.5-0.7 mg protein/ml, 
1 mM CaCT, 1 m M ATP, 0.05M KCI, 0.05M Tris-acetate, pH  7.0, 
incubated at 25° C for 5 min. (R) = red; (W) = white.

That is, there was an increase, a decrease, and then an increase 
in activity when they were stored at pH 5.5, 2°C, or pH 7.0, 
2° and 25°C. Samaha et al. (1970) reported that myosin pre
pared from white muscle at room  tem perature lost about 85% 
of its Ca2+-modified ATPase activity when exposed to  pH
4.35 for 5 min. whereas myosin prepared from red muscle lost 
about 50% of its activity. Mg2 -modified ATPase activity of 
myofibrils isolated from both  portions, although not shown, 
was very similar to  those of Ca2+-modified ATPase activities. 
Okitani et al. (1967) reported tha t the Mg2 +-modified ATPase 
activity of stored myosin B solution at pH 5.6 and 25°C in-
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Fig. 6—EGTA-modified ATPase activity (low ionic strength) o f 
myofibrils isolated from red and white portion o f at-death porcine 
semitendinosus stored in 0 .15M KCI at pH  5.5, 2° and 25° C; and pH  
7.0, 2° and 25° C. Assay conditions: 0.5—0.7 mg protein /ml, 0.1 
mM EGTA, 1 mM MgCI2, 1 m M ATP, 0.05M KCI, 0.05M Tris-ace- 
tate, pH  7.0, incubated at 25°C for 10 min. (R) = red; (W) = white.

Fig. 7—Ca2+ -modified ATPase activity (high ionic strength) o f myo
fibrils isolated from red and white portion o f at-death porcine 
semitendinosus stored in 0 .15M KCI at pH  5.5, 2° and 25° C; and pH  
7.0, 2° and 25°C. Assay conditions: 0.5—0.7 mg protein/ml, 1 mM  
CaCI2, 1 m M A TP, 0.5M KCI, 0.04M Tris-acetate, pH  7.0, incubated 
at 25°C for 5 min. (R) = red; (W) = white.

Fig. 8-EDTA-m odified ATPase activity (high ionic strength) o f 
myofibrils isolated from red and white portion o f porcine semi
tendinosus stored in 0 .15M KCI at pH  5.5, 2° and 25°C; and pH  7.0, 
2° and 25°C. Assay conditions: 0.5—0.7 mg protein/ml, 1 mM  
EDTA, 1 mM ATP, 0.5M KCI, 0.04 M  Tris-acetate, pH  7.0, incu
bated at 25/ C for 5 min. (R) = red; (W) = white.

creased  r a p id ly , th e n  d e c re a se d . T h e y  a lso  fo u n d , s im ila r  to  
our r e su lts , th a t  th e  M g2 + -m o d if ie d  A T P ase  a c t iv ity  o f  s to r e d  
m y o s in  B at pH  7 .0  and 2 5 ° C  in c re a se d  s te a d ily  d u rin g  2 4  h r  
o f  sto r a g e .

E G T A -m o d if ie d  A T P ase a c t iv ity  o f  w h ite  m y o f ib r ils  in 
creased  a b o u t  100%  1 d a y  p o s tm o r te m  fo r  b o th  p H  g r o u p s  at 
2 5 ° C , b u t  th e  a c t iv ity  o f  w h ite  m y o f ib r ils  at p H  5 .5  d r o p p e d  
sh a rp ly  a n d  th e  a c t iv ity  o f  th o s e  a t pH  7 .0  c o n t in u e d  to  in 
crease  (F ig . 6 ). A c t iv ity  o f  red  m y o f ib r ils ,  h o w e v e r , r e m a in e d  
e sse n tia lly  u n c h a n g e d  w ith  th e  e x c e p t io n  o f  red  m y o f ib r ils  at 
pH  7 .0 ,  2 5 ° C , w h ic h  in c re a se d . T h e  in c re a se s  in  A T P a se  a c t iv 
ity  in d ic a te  a lo s s  o f  C a2 +  se n s it iz in g  a b ility  o f  t r o p o n in .  
A rak aw a e t  al. ( 1 9 7 0 b )  r ep o rte d  th a t tr o p o n in  fr o m  r a b b it  
m u sc le  h a d  a s lig h t lo ss  in  i t s  C a2 + -se n s it iz in g  a b il ity  w h e n  
s to r ed  at pH  5 .5  and 2 5 ° C  fo r  16  hr. O ur r esu lts  su g g est  th a t  
th e  tr o p o n in -C a 2 + -se n s it iz in g  a b ility  in  w h ite  m y o f ib r ils  is 
se v e re ly  d im in ish e d  fo r  b o th  p H -te m p e ra tu r e  g r o u p s w h er ea s  
tr o p o n in  in  red  m y o f ib r ils  m a y  b e  o n ly  s lig h t ly  a f fe c te d  u n d e r  
th e  sto ra g e  c o n d it io n  o f  p H  7 .0  and 2 5 ° C .

C a2 + -m o d if ie d  A T P a se  a c t iv ity ,  a ssa y ed  at h ig h  io n ic  
s tr e n g th  to  d e te c t  ch a n g es  in  m y o s in ,  d e c re a se d  s ig n if ic a n t ly  
(P  <  0 .0 1 )  fo r  b o th  red and w h ite  m y o f ib r ils  s to r ed  at p H  5 .5 ,  
2 5 ° C ;  h o w e v e r , l it t le  c h a n g e  o c cu rr ed  in  a c t iv ity  u n d e r  o th e r  
c o n d it io n s  o f  s im u la te d  sto ra g e  (F ig . 7 ) .  T h e  lo s s  o f  
Ca2 + -m o d if ie d  A T P a se  a c t iv ity  at h ig h  io n ic  s tr e n g th  in  m y o 
fib r ils  s to r ed  at pH  5 .5  and 2 5 °C  in d ic a te s  th a t  m y o s in  m o le 
cu les  w ere  d e n a tu re d  u n d e r  th e se  c o n d it io n s ,  reg a rd less  o f  
fib er  ty p e .  A n o th e r  m ea su re  o f  m y o s in  in te g r ity  is th e  E D T A -  
m o d if ie d  A T P a se  a c t iv ity .  T h e se  a c t iv it ie s ,  g r a p h ic a lly  il lu s tr a t 
ed  in  F igu re  8 , w ere  v e ry  sim ila r  to  th o s e  o b ta in e d  fo r  
C a2 + -m o d if ie d  A T P ase  a c t iv ity ,  aga in  in d ic a t in g  th a t  p H  5 .5  
and 2 5 ° C  se v e re ly  r e d u c e d  A T P ase  a c t iv ity . T h is  c o m b in a t io n  
o f  lo w  p H  and h ig h  te m p e r a tu r e  w o u ld  s o m e w h a t  r e se m b le  th e  
c o n d it io n s  th a t  p a le , s o f t  e x u d a t iv e  m u sc le  e n c o u n te r s  d u rin g  
rap id  p o s tm o r te m  g ly c o ly s is  (B r isk e y , 1 9 6 4 ) .  B e c a u se  m y o 
fib rillar  p r o te in s  are im p o r ta n t  in  w a te r -h o ld in g  c a p a c ity ,  lo ss  
o f  m y c s in  in te g r ity  c o u ld  b e  an  e x p la n a t io n  fo r  th e  r e d u c e d  
w a te r -h o ld in g  c a p a c ity  o f  r a p id ly  g ly c o ly z in g  m u sc le .

T h ree  g e n e ra l o b se r v a tio n s  ca n  b e  m a d e  c o n c e r n in g  th e  
ch a n g es in  A T P a se  a c t iv ity  o f  m y o f ib r ils  fr o m  p o s tm o r te m  
sto r ed  m u sc le  and KCI sto r ed  m y o f ib r ils  in  c o m b in a t io n s  at 
2 °C  and 2 5 ° C , pH  5 .5  an d  7 .0 .

F ir st , th e  ch a n g es  in  m y o fib r illa r  A T P ase  a c t iv ity  o f  p o s t 
m o r te m  m u sc le  w ere  m o re  p r o fo u n d  in  th e  m y o f ib r ils  fr o m  
th e  w h ite  p o r t io n  th a n  th e y  w ere  fr o m  th e  red  p o r t io n .  A l
th o u g h  th e  m y o fib r illa r  A T P ase  a c t iv ity  o f  th e  w h ite  m u sc le  
p o r t io n  w a s a b o u t  1 0 —2 0 % h ig h er  th a n  th e  e n z y m ic  a c t iv ity  
o f  m y o f ib r ils  fr o m  th e  red m u sc le  p o r t io n ,  th is  d if fe r e n c e  w a s  
n o t as great as th o s e  r ep o rte d  fo r  w h ite  m u sc le  m y o s in  or  
a c to m y o s in  A T P a se  a c t iv ity  (S e id e l  et a l.,  1 9 6 4 ;  B aran y  e t a l.,  
1 9 6 5 ;  Sreter  et a l.,  1 9 6 6 ) .  A n  o b v io u s  e x p la n a t io n  is th a t th e  
red p o r t io n  o f  p o r c in e  s e m ite n d in o su s  h a s a b o u t  50%  red  
f ib e rs , and  th e  rem a in d er  are o f  w h ite  o r  in te r m e d ia te  f ib e r  
ty p e .  O th er  e x p la n a t io n s  fo r  th is  d if fe r e n c e  m a y  b e sp e c ie s ,  
p rep arative  p r o c e d u r e s  an d  (o r )  th e  e n z y m ic  a ssay  c o n d it io n s .

S e c o n d , m o re  m a rk ed  c h a n g e s  w ere  n o te d  in  th e  m y o f ib r ils  
p rep ared  fr o m  p o s tm o r te m  m u sc le  th a n  fr o m  th o s e  s to r ed  in  
KCI fr o m  a t-d e a th  m u sc le . C o n se q u e n tly , it  s e e m s  th a t  s o m e  
fa c to r  in  th e  sa r c o p la sm  w a s e x e r t in g  so m e  m o d ify in g  e f f e c t  
o n  m y o fib r illa r  p r o te in s  du rin g  s to r a g e . T h a t is , m y o f ib r ils  i s o 
la ted  fr o m  a t-d e a th  m u sc le  an d  s to r ed  ( th o s e  m y o f ib r ils  fr e e  o f  
sa r c o p la sm ic  p r o te in s )  u n d e r  sim ila r  c o n d it io n s  d id  n o t  s h o w  a 
ch a n g e  in  A T P ase  a c t iv ity  as d id  m y o f ib r ils  iso la te d  fr o m  p o s t 
m o r te m  m u s c le . T h is  fa c to r  in  th e  sa rco p la sm  c o u ld  b e  c a l
c iu m -a ctiv a ted  fa c to r  (C A F ) , a c a lc iu m -d e p e n d e n t  p r o te a se  
lo c a te d  in  th e  sa rco p la sm  an d  e n d o g e n o u s  to  th e  m u s c le  f ib e r  
and r e sp o n s ib le  fo r  d e g r a d a tio n  o f  m y o fib r illa r  p r o te in s  du rin g  
p o s tm o r te m  sto r a g e  o f  m u sc le  (O ls o n  e t a l.,  1 9 7 7 ) .

T h ird , m y o fib r illa r  A T P a se  a c t iv ity  in d ic a te d  th a t  h ig h  t e m 
p e r a tu r e -lo w  pH  c o m b in a t io n  w a s m u c h  m o re  d e tr im e n ta l to
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m y o fib r illa r  p r o te in  in te g r ity  th a n  a n y  o th e r  c o m b in a t io n s  o f  
tem p era tu re  and p H  u sed  in th is  s tu d y . F u r th e r m o r e , fib er  
ty p e  had  l it t le  in f lu e n c e  o n  th e  b e h a v io r  o f  m y o f ib r il  A T P ase  
a c tiv ity  and C a2 +  se n s it iv ity .
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STABILITY OF MYOGLOBIN TO ACETONE TREATMENT 
CHARACTERIZED BY DIFFERENTIAL SCANNING CALORIMETRY AND

RESOLUBILITY IN WATER

--------------------------- ABSTRACT — — ----- — -------
The effect of organic solvents on globular proteins during extraction 
processes has been studied in a model system of myoglobin and ace
tone. Acetone was added to water solutions of myoglobin and acetone- 
water mixtures were added to solid samples of myoglobin. The acetone 
concentration range was 10-99% (v/v). The degree of irreversible 
transition caused by acetone in the myoglobin preparations was charac
terized both by differential scanning calorimetry and by water solu
bility. At corresponding acetone concentrations the myoglobin prepara
tions resulting from the two different ways of adding acetone showed 
no significant difference in degree of irreversible transition. A constant 
fraction of any myoglobin preparation was resoluble in water. At 
medium acetone concentrations (50-70%) myoglobin underwent 
complete irreversible transition, whereas at low (30% and below) and 
high acetone concentrations (90% and above), only a fraction of the 
myoglobin sample underwent irreversible transition. In the low concen
tration range this was ascribed to the decrease in polarity of the ace
tone-water medium, and in the high concentration range to the de
creased availability of water, expressed as a decrease in water activity. 
The myoglobin samples treated with high concentrations of acetone 
could be divided into two groups with different susceptibility to a 
following heat treatment. A model for predicting the degree of irreversi
ble transition of protein concentrates and isolates that have undergone 
organic solvent extraction is presented.

INTRODUCTION
W H E N  P R E P A R IN G  P R O T E IN  c o n c e n tr a te s  or  iso la te s  fo r  
h u m a n  c o n s u m p t io n  fr o m  n e w  p r o te in  so u r c e s , l ip id s  are o f t e n  
e x tr a c te d  b y  o r g a n ic  s o lv e n ts  fro m  th e  raw  m a ter ia l in  ord er  to  
o b ta in  a sto r a b le  p r o d u c t  (D a m b er g s , 1 9 6 9 ;  O h lsso n , 1 9 7 3 ) .  
O rgan ic  so lv e n ts  are a lso  u se d  t o  d e c o lo r iz e  le a f  and b lo o d  
p r o te in s  t o  im p r o v e  th e ir  a c c e p ta b il ity  (P ir ie , 1 9 5 7 ;  T y b o r  et  
a l., 1 9 7 3 ) .  A s th e  n a tiv e  p r o te in  c o n fo r m a t io n  is m a in ly  s ta b i
liz e d  b y  w e a k  in te r a c t io n s  (h y d r o g e n  b o n d s , h y d r o p h o b ic  and  
e le c tr o s ta t ic  in te r a c t io n s ;  K a u z m a n n , 1 9 5 9 ) ,  th e  tr e a tm e n t  
w ith  an o r g a n ic  so lv e n t  le a d s  to  p r o te in  d é n a tu r a t io n  
(T a n fo r d , 1 9 6 9 ) .  T h e  d é n a tu r a t io n  is irreversib le  w h e n  pH  is 
c lo se  to  th e  iso e le c tr ic  p o in t  o f  th e  p r o te in  or  w h e n  th e  p ro 
te in  c o n c e n tr a t io n  is h ig h , w h ic h  is th e  ca se  du rin g  th e  p r o d u c 
t io n  o f  p r o te in  c o n c e n tr a te s  a n d  is o la te s . In tu rn  th e  irrevers
ib le  p r o te in  d é n a tu r a t io n  m a y  resu lt  in  p o o r  te c h n ic a l  
p r o p e r t ie s  su c h  as w a te r  s o lu b i l i t y ,  w e tt in g  a b il ity  and c o lo r  
(D u b r o w  e t  a l.,  1 9 7 3 ) .

C o n fo r m a tio n a l c h a n g e s  o f  p r o te in s  d u e  to  o rg a n ic  so lv e n ts  
have b e e n  s tu d ie d  in  d ilu te  so lu t io n s  at lo w  or  h ig h  pH  (W eb er  
and T a n fo r d , 1 9 5 9 ;  T a n fo r d  e t  a l.,  1 9 6 0 ;  H e r sk o w itz  e t  a l.,
1 9 7 0 )  to  e lu c id a te  th e  im p o r ta n c e  o f  h y d r o p h o b ic  in te r a c t io n s  
fo r  th e  s ta b il iz a t io n  o f  th e  te r tia ry  s tr u c tu r e  o f  g lo b u la r  p r o 
te in s  (K a u z m a n n , 1 9 5 9 ) .  In  th e s e  s tu d ie s  o r g a n ic  so lv e n t  w as  
a d d ed  t o  w a te r  s o lu t io n s  o f  th e  p r o te in s . In  o th e r  in v e st ig a 
t io n s  (S m ith  e t a l.,  1 9 5 1 ;  F u k u sh im a , 1 9 6 9 )  so lid  sa m p le s  o f  
cru d e  p r o te in  p r e p a r a tio n s  h a v e  b e e n  e x p o se d  to  o r g a n ic  s o l
v e n t-w a te r  m ix tu r e s  in  o r d e r  t o  s tu d y  th e  in f lu e n c e  o f  e x tr a c - 1

1 P re se n t a d d re ss : D e p t, o f  B io c h e m is try  & B io p h y sic s , S c h o o l o f 
M edic ine , U niv . o f  P e n n sy lv an ia , P h ila d e lp h ia ,  PA  1 9 1 0 4

t io n  p r o c e s se s  o n  p r o te in  d e n a tu r a t io n  in  th e  p r o d u c t io n  o f  
p r o te in  c o n c e n tr a te s  and iso la te s . T h e  la tte r  ty p e  o f  e x p e r i
m e n ts , h o w e v e r , d o  n o t  p e r m it c o n c lu s io n s  o n  a m o le c u la r  
lev e l du e to  th e  c o m p le x i ty  o f  th e  p r o te in  p r e p a r a tio n s  
e x a m in e d  an d  to  th e  la ck  o f  p ro p er  a n a ly t ic a l m e th o d s  fo r  
so lid  sa m p le s .

In  a p r e v io u s  s tu d y  (H agerd a l and M arten s, 1 9 7 6 )  it w a s  
fo u n d  th a t th e  ap p a ren t tr a n s it io n  h e a t as d e te r m in e d  b y  d if 
fe r e n tia l sc a n n in g  c a lo r im e tr y  (D S C ) c o u ld  b e  c o rr e la te d  to  
th e  a m o u n t o f  “ n a tiv e - lik e ”  s tr u c tu r e  o f  p r o te in s  in so lid  
sa m p le s  and c o n c e n tr a te d  so lu t io n s .  T h e r e fo r e , in  th e  p r e se n t  
in v e s t ig a t io n  D S C  an d  w a te r  so lu b i l i ty  a n a ly se s  h a v e  b e e n  u se d  
to  c h a r a c te r iz e  th e  d eg ree  o f  irreversib le  tr a n s it io n  o f  m y o 
g lo b in  p r e p a r a tio n s  e x p o s e d  t o  a c e to n e  o f  v a r io u s  c o n c e n tr a 
t io n s .  A c e to n e  w a s a d d ed  b o th  to  w a te r  so lu t io n s  o f  m y o 
g lo b in  ( c f  W eber an d  T a n fo r d , 1 9 5 9 ;  T a n fo rd  e t  a l.,  1 9 6 0 )  an d  
a fter  p r io r  m ix in g  w ith  w a te r  to  so lid  sa m p le s  o f  m y o g lo b in  
( c f  S m ith  et a l.,  1 9 5 1 ;  F u k u sh im a , 1 9 6 9 )  so  th e  e f fe c t  o f  th e s e  
tw o  d if fe r e n t  p r o c e d u r e s  o f  a c e to n e  tr e a tm e n t c o u ld  b e  c o m 
p ared .

M A TER IA L & METHODS
Myoglobin preparations produced by acetone treatements

Myoglobin from whale skeletal muscle (salt-free, lyophilized; Sigma 
Chemical Company) was treated with water and acetone [CHG 
(chromatographically homogeneous), < 1%  water, BDH (British Drug 
House), Chemical Ltd.] using three different procedures. Thus, myo
globin preparations produced from an acetone concentration range of
10-99% (v/v) were obtained: (a) Myoglobin (50 mg, < 3% water) was 
dispersed in 10 ml of six different acetone-water mixtures with an 
acetone content of 10-95% (v/v); (b) Myoglobin (50 mg) wad dissolved 
in 9-0.5 ml water. Then 1 -9.5 ml acetone was added instantly (within 
5 sec) under vigorous stirring to give six dispersions of various acetone 
concentrations. The final acetone content of these dispersions was the 
same as in procedure (a); (c) Myoglobin (50 mg) was either equilibrated 
to 11 or 97% relative humidity (Hagerdal and Lofquist, 1973; Robinson 
and Stokes, 1959) (i.e. the protein absorbed about 5 or 30% water) or 
cried over P2 0 5 under vacuum (i.e. the residual water content of the 
protein was less then 2%) before the addition of 10 ml acetone. The 
final acetone content of these dispersions was around 10%. In all three 
procedures the dispersions were stirred vigorously for 15 min 
immediately after mixing to allow complete molecular transitions. In 
order to make the sample as reproducible as possible, all experiments 
were performed at 25°C in cylindrical screw-cap vessels, 2.5 cm in 
diamater and 5 cm high. No pH adjustments were made to eliminate the 
influence from counter ions and the final pH varied from 5.7-7.7. 
Insoluble material was sedimented at 14,500 x G for 15 min. In sam
ples where the protein was partly dissolved, both soluble and insoluble 
material was collected to be analyzed. The insoluble material was 
washed twice with the corresponding aceton-water mixture; no material 
was lost during the washing. Both the soluble and the insoluble material 
was lyophilized. The amount of myoglobin remaining insoluble after 
the various acetone treatments was determined gravimetrically. The 
various preparations will be referred to by a designation so that M30aj 
designates the insoluble preparations prepared at 30% acetone by pro
cedure (a). M99-5 designates the preparation obtained when myoglobin 
was equilibrated to a relative humidity equivalent to 5% water content 
and pure acetone was added to a final concentration of about 99%. 
Myoglobin treated with neither water nor acetone was used as a refer
ence and is referred to as untreated myoglobin (cf Table 2).
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e f f e c t  o f  a c e t o n e  o n  m y o g l o b i n  . . .

DSC characterization o f  m yoglobin preparations
The apparent transition heat and the transition temperature were 

determined by a Perkin-Elmer DSC-2 for the various myoglobin prepa
rations after adding water to 75% of total weight (Hagerdal and 
Martens, 1976). In addition, thermograms were ordained for prepara
tions M99-5 and M90b at several water contents in the range of 5-95%. 
The heating rate was 10°C • min*1 and instrument sensitivities of 1-0.1 
meal • sec*’ were used. The scanning range was 25-100°C. The 
apparent transition heat was also determined separately for the water 
soluble and water insoluble fractions of preparation M90b.
Water solubility o f  m yoglobin preparations

To measure the water solubility of the lyophilized myoglobin prepa
rations, suspensions containing either 2 or 4 mg of the preparations per 
ml were prepared. The suspensions were shaken gently for 24 hr at 
25°C and centrifuged at 40,000 x  G for 30 min. Aliquots of the re
sulting supernatants were incubated for 24 hr in 1M NaOH before 
determination of their myoglobin concentration by the absorbance at 
280 nm ( £28q ’= 186). The water solubility was expressed as % of the 
suspended myoglobin preparation and could be determined within ± 
5%. In some experiments suspensions containing 60 mg myoglobin 
preparation per ml were examined.

R E S U L T S

V a ria tio n  o f  ap p a ren t tr a n s it io n  h e a t  w ith  w a te r  c o n te n t

T h e  a p p a ren t tr a n sit io n  h e a t v a lu e s  fo r  p r e p a r a tio n s  M 99-5  
w ere s lig h t ly  lo w e r  th a n  th o s e  r ep o rte d  b y  H agerdal and  
M artens ( 1 9 7 6 )  fo r  u n tre a ted  m y o g lo b in  o v er  th e  range o f  
w ater  c o n te n t s  in v e stig a ted  (F ig . 1 ). T h e  v a lu e s  w ere  m a in ly  
c o n sta n t b e tw e e n  a w a ter  c o n te n t  o f  3 0  and 80% , w h ic h  a lso  
w as o b serv ed  fo r  u n tr e a te d  m y o g lo b in .  T h e  a p p a re n t tran si
t io n  h e a t v a lu es fo r  p r e p a r a tio n  M 9 0 b , h o w e v e r , w ere  s ig n if i
c a n tly  lo w e r  th a n  fo r  p r e p a r a tio n  M 99-5  ar.d th e y  in crea sed  
grad u ally  w ith  in c re a sin g  w a ter  c o n te n t .  A fte r  p r e h e a tin g  b o th  
p rep a ra tio n s a t 75%  w a te r  c o n te n t  to  9 0 ° C ,  w h e r e  th e  h ea t  
tr a n sit io n  w as c o m p le te ,  n o  fu r th e r  h ea t tr a n s it io n  o f  th e se  
p rep a ra tio n s w as o b ser v e d  u p o n  a n a ly s is  a t 95%  w a te r  c o n te n t .  
T h u s 75%  is a su ita b le  w a te r  c o n te n t  w h e n  u s in g  D S C  a n a ly sis  
to  d e te rm in e  th e  a m o u n t  o f  a p rep a ra tio n  th a t  h a s u n d e rg o n e  
irreversib le  tr a n s it io n  d u e  to  a c e to n e  tr e a tm e n t.

W hen p rep a ra tio n  M 90b  w a s h e a te d  at 25%  w a te r  c o n te n t  
to  a tem p era tu re  w h ere  th e  h e a t  tr a n s it io n  w as c o m p le te  
(9 0 ° C ) ,  an a p p a ren t tr a n s it io n  h e a t o f  0 .9  m e a l/m g  w as re
co rd ed . If w a te r  w a s th e n  a d d ed  to  75% , th e  a p p a ren t tran si
t io n  h eat w as d e te r m in e d  to  b e  1 . 1  m e a l/m g  w h ic h  g iv es  th e  
sum  o f  2 .0  m e a l/m g  fo r  th e  tw o  s te p s . T h is  is in  g o o d  agree
m en t w ith  th e  1.8  m e a l/m g  fo u n d  w h e n  th e  p rep a ra tio n  w a s  
a n a ly zed  d ir e c t ly  at 75%  w a te r  c o n te n t  (F ig . 1 ). T h e  ap p a ren t  
tra n sitio n  h e a t fo r  th e  d isc r e te  s te p s  o f  w a te r  c o n te n t  th e r e 
fore  se e m s  to  be  a d d itiv e  fo r  p r e p a r a tio n  M 9 0 b .

Fig. 1—V ariation  in  a p p a re n t tra n sitio n  h e a t fA(7 a p p ) w ith  w a te r  
co n ten t. (— ) u n tre a te d  m y o g lo b in  (H agerdal a n d  M arten s, 19 7 6 );  
(o) p rep a ra tio n  M 9 9 -5 ; (^) p re p a ra tio n  M 9 0 b . H ea tin g  ra te  1 0 ° /m in . 
The sy m b o ls  re p re s e n t in d iv id u a l m ea su rem en ts.

S o lu b ility  o f  m y o g lo b in  in v a r io u s  a c e to n e -w a te r  m e d ia

W hen w a te r  and a c e to n e  w ere  m ix e d  p r ior  to  th e  a d d itio n  
to  so lid  m y o g lo b in  [p r o c e d u r e  (a ) ]  m o s t  o f  th e  p r o te in  w as  
d isso lv ed  b e lo w  a c e to n e  c o n c e n tr a t io n s  o f  30%  (T a b le  1). A t 
50%  o f  a c e to n e  and a b o v e  th e  m y o g lo b in  w a s e n t ir e ly  in so lu 
b le . W hen a c e to n e  w a s a d d e d  t o  a w a te r  s o lu t io n  o f  m y o g lo b in  
[p r o c ed u r e  (b ) ]  th e  p r o te in  a lso  p r e c ip ita te d  c o m p le te ly  at 
a c e to n e  c o n c e n tr a t io n s  a b o v e  50%  (T a b le  1 ). A t  50%  o f  a c e 
to n e  a d isp er s io n  w as o b ta in e d , w h ic h  d id  n o t  se d im e n t  
c o m p le te ly  a t 1 4 .5 0 0  X G . In th is  ca se  th e  p r o te in  c o n c e n tr a 
t io n  o f  th e  su p e rn a ta n t varied  w id e ly  fo r  th e  v a r io u s  prepara
t io n s . A t 30%  o f  a c e to n e  a n d  b e lo w  m o st  o f  th e  m y o g lo b in  
r em a in ed  so lu b le . W hen m y o g lo b in  w a s d r ied  o v er  P 2 O 5 or  
h u m id if ie d  to  r e la tiv e  h u m id it ie s  o f  11%  or 97%  b e fo r e  d is
p ersio n  in  a c e to n e  [p r o c e d u r e  ( c ) ] ,  th e  p r o te in  w a s c o m 
p le te ly  in so lu b le .

C h a ra cter iza tio n  o f  m y o g lo b in  p r e p a r a tio n s  
o b ta in e d  b y  a c e to n e  tr e a tm e n t

S in c e  m y o g lo b in  w a s p a r tia lly  so lu b le  in  m e d ia  o f  lo w  ace 
to n e  c o n c e n tr a t io n s , tw o  d if fe r e n t  a c e to n e -tr e a te d  m y o g lo b in  
p r e p a r a tio n s , o n e  so lu b le  an d  o n e  in s o lu b le , w ere  o b ta in e d  
from  th e se  m ed ia . T h e  d eg ree  o f  irreversib le  tr a n s it io n  o f  th e  
p rep a ra tio n s w as d e te r m in e d  se p a r a te ly  b y  D SC  an d  w ater  
s o lu b ility  (T a b le  2 ).

A n  a c e to n e  tr e a tm e n t c h a n g e s  th e  a m o u n t o f  w a ter  
ava ilab le  to  th e  m y o g lo b in  sa m p le  an d  th is  w a s d if fe r e n t  fo r  
th e  va r io u s a c e to n e  tr e a tm e n ts  (T a b le  2 ) .  P ro c ed u r es  (b )  and
(c )  ca u sed  a lo w e r in g  o f  th e  a m o u n t  o f  w a te r  a v a ila b le  to  th e  
p r o te in  sa m p le , w h ile  th e  reverse  h a p p e n e d  in p r o c ed u r e  (a ) ,  
w h er e  w a ter  and a c e to n e  w ere  m ix e d  p r io r  to  th e  a d d itio n  to  
so lid  m y o g lo b in .  In sp ite  o f  th e se  d if fe r e n c e s  b e tw e e n  p r o 
c ed u res  (a )  and (b ) ,  th e  w a te r  so lu b i l i ty  and a p p a re n t tra n si
t io n  h ea t fo r  m y o g lo b in  p r e p a r a tio n s  w ere  sim ila r  w h en  
p r o d u c e d  at c o rr esp o n d in g  a c e to n e  c o n c e n tr a t io n s .

W ater so lu b i li ty  v a lu e s  h a v e  b e e n  lis te d  in  T a b le  2 o n ly  fo r  
su sp e n s io n s  h o ld in g  2  m g  m y o g lo b in  p r e p a r a tio n  per  m l, b e 
cau se  th e  w a ter  s o lu b ility  d e te r m in e d  as % o f  su sp e n d e d  m y o 
g lo b in  p rep a ra tio n  d id  n o t  vary  s ig n if ic a n t ly  fo r  su sp e n s io n s  
h o ld in g  2 , 4  o r  6 0  m g  p er  m l, so  th a t  a c o n s ta n t  fr a c t io n  o f  th e  
p r e p a r a tio n s  w a s so lu b le  in w a ter .

A p p a ren t tr a n s it io n  h e a t  a n d  w a te r  s o lu b i l i ty .  It is  se e n  in  
T ab le  2 th a t th e  p r e p a r a tio n s  o b ta in e d  as in so lu b le  m a ter ia l at 
lo w  a c e to n e  c o n c e n tr a t io n s  (30%  an d  b e lo w ;  M lO aj, M 30aj, 
M lO b j, M 3 0 b j)  had  a w a ter  s o lu b i l i ty  o f  5% and an a p p a ren t  
tr a n s it io n  h e a t o f  a ro u n d  0 .5  m e a l/m g . F o r  p r e p a r a tio n s  o b 
ta in e d  at m e d iu m  a c e to n e  c o n c e n tr a t io n s  ( 5 0 —70% ; M 50a , 
M 7 0 a , M 50b j an d  M 7 0 b ) th e  w a te r  so lu b i l i ty  w as a t a m in i
m u m  and n o  a p p a re n t tr a n s it io n  h e a t w a s o b se r v e d . T h e  p repa-

Table 1— S o iu b ili ty  o f  m y o g lo b in  in a c e to n e —w a te r  m e d ia a

A c e to n e  c o n e  
o f  th e  m e d iu m

S o lu b le  m y o g lo b in  (%)

A c e to n e -w a te r  m ix 
tu r e s  a d d e d  t o  so lid  

m y o g lo b in  
(a)

A c e to n e  a d d e d  to  
w a te r  s o lu t io n s  o f  

m y o g lo b in  
(b)

10 9 6 -9 7 9 8 -9 9
3 0 7 1 -7 8 9 2 -9 3
50 0 0 -8 6 b
70 0 0
9 0 0 0
9 5 0 0

a In so lu b le  m a ieria l o f  m y o g lo b in —w ate r— ace tone  d isp e rs io n s  
h o ld in g  0 . 5 %  m y o g lo b in  w as sed im ented  at 1 4 ,5 0 0  X  G  fo r  15 
m in  and  d eterm ined  grav im etrica lly. 

b  T h is  is n o t  a real so lu t io n  b u t a sol.

Volume 43 (19781-JOURNAL OF FOOD SCIENCE- 23



r a tio n s  o b ta in e d  a t  h ig h  a c e to n e  c o n c e n tr a t io n  (9 0  and 95% ; 
M 9 0 a , M 9 5 a , M 9 0 b  an d  M 9 5 b )  sh o w e d  a s ig n if ic a n t  in crea se  in  
w a te r  so lu b i l i ty  to  6 9 —90% , an d  an a p p a ren t tr a n s it io n  h e a t o f
1 .8 —3 .2  m c a l/m g . W hen  th e  a c e to n e  c o n c e n tr a t io n  w a s in 
creased  fu r th e r  t o  a b o u t  99% , th e  p r e p a r a tio n s  o b ta in e d  
(M 9 9 -3 0 , M 9 9 -5 , M 9 9 -2 )  sh o w e d  a s ig n if ic a n t in c re a se  in  
ap p a ren t tr a n s it io n  h e a t , w h ile  th e  w a te r  s o lu b ility  in c re a se d  
o n ly  fo r  p r e p a r a tio n  M 9 9 -2 .

T h e  m y o g lo b in  p r e p a r a tio n s  o b ta in e d  as so lu b le  m a ter ia l at 
lo w  a c e to n e  c o n c e n tr a t io n s  (30%  an d  b e lo w ;  M 1 0 a s , M 3 0 a s , 
M 1 0 b s , M 3 0 b s ) sh o w e d  n o  s ig n if ic a n t  v a r ia tio n s  in  e ith er  
w a te r  so lu b i l i ty  o r  a p p a re n t tr a n s it io n  h e a t  (T a b le  2 ) .  T h e  
w a te r  so lu b i l i ty  w a s a ro u n d  82%  a n d  th e  a p p a ren t tr a n s it io n  
h e a t a ro u n d  4 .5  m c a l/m g . T h e  m y o g lo b in  p r e p a r a tio n  o b 
ta in e d  w ith  p r o c e d u r e  ( b )  a t 50%  o f  a c e to n e  w a s d er iv ed  fro m  
a s o l  r a th e r  th a n  fr o m  a rea l s o lu t io n .  T h is  p r e p a r a tio n  h ad  a 
lo w  w a te r  so lu b i l i ty  (5% ) and n o  p e a k  o f  h e a t  tr a n s it io n  w a s  
o b se r v e d . T h e se  r e su lts  are s im ila r  t o  w h a t  w a s fo u n d  fo r  
p r e p a r a tio n s  M 5 0 a  an d  M 5 0 b j. T h e  a p p ea ra n ce  o f  tw o  d if fe r 
e n t  p r e p a r a tio n s  a t  50%  a c e to n e  w h e n  a p p ly in g  p r o c ed u r e  (b ) ,  
and o n ly  o n e  p r e p a r a tio n  w h e n  a p p ly in g  p r o c ed u r e  (a ) ,  is 
p r o b a b ly  c a u sed  b y  d if fe r e n c e s  in  th e  a g g reg a tio n  o f  m y o 
g lo b in , w h ic h , in  tu rn , m ig h t b e  d u e  to  d if fe r e n c e s  in  th e  
in it ia l w a te r  c o n te n t  o f  m y o g lo b in  in  th e se  tw o  p r o c ed u r es .

It a p p ea rs fr o m  T a b le  2 th a t th e r e  is a r e la tio n  b e tw e e n  
w a ter  so lu b i l i ty  a n d  ap p a ren t tr a n s it io n  h e a t  fo r  th e  m y o 
g lo b in  p r e p a r a tio n s  o b ta in e d  at h ig h  a c e to n e  c o n c e n tr a t io n s . A  
g ra p h ic  r e p r e se n ta t io n  o f  th e se  p a ra m eters (F ig . 2 )  revea ls  th a t  
th e  v a lu e s  fo r  th e  p r e p a r a tio n s  o b ta in e d  b y  p r o c e d u r e s  (a )  and
(b )  f i t  th e  sa m e  lin ea r  r e la t io n . T h e  v a lu e s  o f  th e  p r e p a r a tio n s  
p r o d u c e d  b y  p r o c ed u r e  (c )  s e e m  to  f it  a n o th e r  lin ea r  r e la t io n  
earlier  fo u n d  fo r  m y o g lo b in  sa m p le s  h e a t tr ea te d  at var iou s  
w a te r  c o n te n t s  (H agerd a l an d  M arten s, 1 9 7 6 ) .  T h is  lin e  is 
th e r e fo r e  g iv en  in  th e  f ig u re . T h e  r e la t io n  b e tw e e n  w a ter  
so lu b i li ty  and a p p a ren t tr a n s it io n  h e a t  fo r  th e  m y o g lo b in  p rep 
a r a tio n s  so lu b le  in  a c e to n e -w a te r  m e d ia  d o  n o t  f it  a n y  o f  th e  
lin ea r  r e la t io n s , b u t  fo r  c o m p a r iso n  th e se  v a lu e s  h a v e  a lso  b e e n  
r ep re se n te d  in  th e  figu re.

T h e  lin ea r  r e la t io n  fo r  th e  h e a t-tr e a t  m y o g lo b in  sa m p le s  
(H agerdal and M arten s, 1 9 7 6 )  w h ic h  a lso  f its  th e  p r e p a r a tio n s  
o b ta in e d  b y  p r o c ed u r e  (c )  h as an  in te r c e p t  o f  4 .9  m c a l/m g  at  
100%  so lu b i l i ty .  A  reg ress io n  a n a ly s is  o f  th e  d a ta  o f  w a te r  
so lu b i li ty  an d  a p p a ren t tr a n s it io n  h e a t  fo r  th e  p r e p a r a tio n s  
p r o d u c e d  b y  p r o c ed u r es  (a )  an d  (b )  w h ic h  d id  n o t  d if fe r  s ig 
n if ic a n t ly  gave th e  e q u a tio n :

AH app =  0 .0 3 4 4  X (W ater  s o lu b i l i t y )  +  0 .0 0 0 9 2

T h u s , th e  in te r c e p t  a t 100%  so lu b i l i ty  is  3 .4  m c a l/m g , w h ic h  is 
s ig n if ic a n tly  lo w e r  th a n  th e  v a lu e  fo r  u n tr e a te d  m y o g lo b in .  
T h e  c o r r e la t io n  b e tw e e n  th e  a p p a ren t tr a n s it io n  h e a t  a n d  
w a ter  so lu b i l i ty  w a s 0 .9 6 ,  an d  th e  sta n d a rd  error o f  e s t im a te  
w a s 0 .1 7 .

T h e  a p p a ren t tr a n s it io n  h e a t  o f  th e  w a te r  so lu b le  f r a c t io n  
o f  p r e p a r a tio n  M 9 0 b  in  a 3% w a te r  s o lu t io n ,  i .e .  a t  97%  w a te r  
c o n te n t  w a s 5 .2  m c a l/m g . W hen  th e  w a te r  in so lu b le  fr a c t io n  
w as e x a m in e d  n o  p ea k  o f  h e a t  tr a n s it io n  w a s fo u n d . T h e r e 
fo r e , th e  sa m e  fr a c t io n  o f  th e se  p r e p a r a tio n s  th a t a c c o u n t  fo r  
th e  w a te r  s o lu b ility  are a lso  a b le  to  u n d e r g o  th erm a l tr a n si
t io n .  T h e se  f in d in g s , to g e th e r  w ith  th e  o b se r v a tio n  th a t  a 
c o n s ta n t  p e r c e n ta g e  o f  th e  m y o g lo b in  su sp e n s io n s  w a s s o lu b le  
in  w a te r  a t c o n c e n tr a t io n s  u p  to  a lea s t  6 0  m g /m l im p ly  th a t  
o n ly  a fr a c t io n  o f  a m y o g lo b in  sa m p le  u n d e r g o e s  irrev ersib le  
tr a n s it io n  u p o n  tr e a tm e n t w ith  h ig h  c o n c e n tr a t io n s  o f  a c e 
to n e .

T r a n s it io n  te m p e r a tu r e s . A s se e n  in  T a b le  2 th e r e  is  n o  
s ig n if ic a n t d if fe r e n c e  in  tr a n s it io n  te m p e r a tu r e  fo r  th e  v a r io u s  
m y o g lo b in  p r e p a r a tio n s  o b ta in e d  b y  p r o c e d u r e s  (a )  an d  ( b ) .  
T h e  m e a n  v a lu e  is 7 7 .7 ° C ,  w h ic h  is in  g o o d  a g r e e m e n t w ith  th e  
tr a n s it io n  te m p e r a tu r e  o f  7 8 ° C  fo r  u n tr e a te d  m y o g lo b in  at  
75%  w a te r  c o n te n t  (H a g erd a l a n d  M arten s, 1 9 7 6 ) .  T h u s , th e  
a c e to n e  tr e a tm e n t d id  n o t  ca u se  a d e c re a se  in  th e r m a l s ta b il ity  
o f  th e se  p r e p a r a tio n s . T h e  p r e p a r a tio n s  o b ta in e d  b y  p r o c e d u r e
( c ) ,  sh o w e d  s lig h t ly  lo w e r  tr a n s it io n  te m p e r a tu r e s , w ith  a 
m ea n  v a lu e  o f  7 6 .2 ° C .

T able 2 —C h a ra c teriza tio n  o f  m y o g lo b in  p re p a ra tio n s  o b ta in e d  a t  various a c e to n e  c o n c e n tra tio n s  b y  p ro c e d u re s  (a ), (b ) a n d  (c!a

C h an g e  in w a te r  c o n te n t
F in a l d u r in g  p re p a ra t io n  W ater so lu b i l i ty  * H a p p  T m

a“ *“ " 8 --------------------------------------- (%) (m ca l/m g ) (°C)
P re p a ra tio n
p ro c e d u re s D es ig n a tio n

co n e  
% (v/v)

in itia l 
%  (w /w )

F inal 
% (w /w ) (i) (s) (i) (s) (i) (s)

(a) Acetone-water IVI 10a 10 <3 91 — 82 0.5 4.4 77.9 77.2
mixtures added M30a 30 <3 74 5 90 0.4 4.4 80.0 77.2
to  solid M50a 50 <3 56 1 0 -

myoglobin M70a 70 <3 35 1 0 -

M90a 90 <3 12 58 1.9 77.8
M95a 95 <3 6 88 3.2 77.6

(b) Acetone added M10b 10 99 91 — 76 0.5 4.6 78.5 77.6
to  water M30b 30 99 74 5 80 0.6 4.6 75.8 77.4
solutions of M50b 50 99 56 4 5 0 0 — —

myoglobin M70b 70 98 35 5 0 -

M90b 90 95 12 60 1.8 77.3
M95b 95 91 6 80 2.6 78.0

(c) Acetone added M99-30 «99 30(97% RH) «1 80 4.0 75.8
to solid myoglobin M99-5 «99 5(11% RH) «1 88 4.5 76.3
equilibrated to M99-2 «99 < 2 ( P 2 O s ) «1 96 4.8 76.4
different
humidities

a W ater so lu b ility  w as de te rm ined  fro m  su sp e n s io n s  h o ld in g  2  m g m yo g lo b in / m l water. A p p a re n t  t ran sit io n  heat (A H a p p ) and tran sit ion  te m p e ra 
ture (T m ) were de te rm ined  on  sam p le s h o ld in g  7 5 %  w ater content, (i) and (s) designate  p rep a ra tion s o r ig in a t in g  fro m  m aterial in so lu b le  and 
so lub le  in the ace tone— w ater m edia, respective ly. E ach  p repara tion  w as m ade  in trip lica te  and the m easu rem en ts  were m ade in dup lica te . T h e  
va riations in w ater so lu b ility ,  apparent tran s it io n  heat and  t ran sit io n  tem pe ratu re  were: ± 5 % ,  ± 0 .2 5  m cal/m g and  ± 0 .5°C .
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EFFECT OF ACETONE ON MYOGLOBIN...

Fig. 2—Apparent transition heat (AH app) as a function o f water 
solubility, (o) preparations M99-2, M99-5 and M99-30. (&) prepara
tions H/J90a, M95a, M90b and M95b. (•) preparations M10a^ M30a 
M10bs and M30bs. The symbols represent mean values o f duplicate 
measurements with a variation o f ±0.25 meal /mg in apparent transi
tion heat and ±5% in water solubility. (— ) The linear relation 
between apparent transition heat and water solubility for myoglobin 
heat treated at water contents below 30% obtained from Hagerdal 
and Martens, (19761.

DISCUSSION
LOW C O N C E N T R A T IO N S  o f  o rg a n ic  so lv e n ts  ( <  30% ) cau se  
an u n fo ld in g  o f  th e  p r o te in  str u c tu r e  in  d ilu te  so lu t io n s  at pH  
d iffe re n t fr o m  p i .  W hen  th e  c o n c e n tr a t io n  o f  o rg a n ic  so lv e n t  is 
in crea sed , th e  a m o u n t o f  se c o n d a r y  s tr u c tu r e  w ill in crea se  
co m p a red  to  th e  n a t iv e  p r o te in  m o le c u le  (W eb er and T a n fo r d ,  
1 9 5 9 ;  T a n d o rd  e t  a l.,  1 9 6 0 ;  H e r sk o w itz  e t  a l., 1 9 7 0 ;  
H ersk o w itz  an d  S o lli,  1 9 7 5 ) .  N o z a k i and T a n fo r d  ( 1 9 7 1 )  have  
su ggested  th a t th is  is d u e  to  th e  s tr o n g  p r e fe r e n c e  o f  th e  b a c k 
b o n e  p e p tid e  u n it  fo r  a h y d r o p h ilic  e n v ir o n m e n t, w h ic h  ca u ses  
the  fo r m a tio n  o f  in tr a m o le c u la r  h y d r o g e n  b o n d s  and th u s ,  
m ight e x p la in  th e  in c re a se  in  se c o n d a r y  s tr u c tu r e . I f, h o w e v e r ,  
p ro te in  so lu t io n s  are e x p o s e d  to  in c re a sin g  c o n c e n tr a t io n s  o f  
an o rg a n ic  so lv e n t  at or n ear  p i ,  th e r e  is  an in c re a se  in  p r o te in  
aggregation  (T a n fo r d , 1 9 6 9 ) .  T h is  w a s a lso  fo u n d  h ere  w h en  
m y o g lo b in  w a s e x p o se d  t o  in c re a sin g  c o n c e n tr a t io n s  o f  a c e 
to n e . It a lso  a p p ea red  fr o m  th e  D S C  and w a te r  s o lu b ility  
a n a ly ses th a t o n ly  a fr a c t io n  o f  th e  m y o g lo b in  p r e p a r a tio n s  
o b ta in e d  at b o th  lo w  an d  h ig h  a c e to n e  c o n c e n tr a t io n s  u n d e r 
w en t irreversib le  tr a n s it io n . T h is  r es tr ic te d  irreversib le  tra n si
t io n  at lo w  and h ig h  a c e to n e  c o n c e n tr a t io n s  sh o u ld  b e  o f  
d iffe re n t o r ig in  b e c a u se  o f  th e  d if fe r e n c e s  in  th e se  a c e to n e -  
w ater  m ed ia .

W hen th e  a c e to n e  c o n c e n tr a t io n  is in crea sed  th ere  is a 
d ecrease  in  p o la r ity  o f  th e  m e d iu m  an d  at th e  sa m e  t im e  a 
d ecrease  in  a v a ila b ility  o f  w a te r  to  th e  p r o te in . T h e  p o la r ity  o f  
an organ ic  so lv e n t  m e d iu m  m ig h t b e  d e sc r ib ed  b y  its  su rfa ce  
te n sio n  (B u ll and  B r ee se , 1 9 7 4 ) .  T h e  su r fa c e  te n s io n  fo r  
a c e to n e -w a te r  m ix tu r e s  (M organ  and S c a r le tt , 1 9 1 7 )  is rep re
se n te d  g r a p h ic a lly  in  F igu re  3 . T h e  a v a ila b ility  o f  w a te r  fo r  th e  
p ro te in  sa m p le  ca n  b e  e x p r e s se d  as th e  w a ter  a c t iv ity  o f  th e  
a c e to n e-w a te r  m e d iu m . D a ta  o n  th e  p artia l p ressu re  o f  w ater  
ab ove a c e to n e -w a te r  m ix tu r e s  (T a y lo r , 1 9 0 0 )  have b e e n  
reca lcu la ted  and are a lso  r ep re se n te d  in F igu re  3 . A t  in crea sin g  
c o n c e n tr a t io n s  o f  a c e to n e  (< 4 0 % ) th e  in crea se  in  partia l 
irreversib le  tr a n s it io n  o f  th e  m y o g lo b in  p r e p a r a tio n s  se e m s  to  
b e d u e  to  th e  s te e p  d ecrea se  in  p o la r ity  o f  th e  m e d iu m . W hen  
th e  a c e to n e  c o n c e n tr a t io n s  in c re a se s  a b o v e  90%  th e  d ecrea se  
in irreversib le  tr a n s it io n  o n  th e  o th e r  h a n d  se e m s  to  b e  d u e  to  
the  decrease  in  w a te r  a c t iv ity , w h ic h  is e q u iv a le n t  to  a lim ite d  
ava ilab lility  o f  w a te r  to  th e  p r o te in . T h u s, a t h ig h  a c e to n e  
c o n c en tra tio n s  th e  p a rtia l irreversib le  tr a n s it io n  sh o u ld  b e  d u e

Fig. 3—Surface tension (•—•) and water activity (o—o) at various 
acetone concentrations. The surface tension data were taken from 
Morgan and Scarlett (1917), and the partial pressure values o f water 
vapor at various acetone concentrations (Taylor, 1900) were recal
culated to give the water activity.

to  th e  la ck  c f  w a te r  m e d iu m  p r o m o tin g  th e se  tr a n s it io n s  
(L e w in , 1 9 7 4 ) .  A c c o r d in g  t o  th is  h y p o th e s is  th e  c o m p le te  
irreversib le  tr a n s it io n  o f  m y o g lo b in  p r e p a r a tio n s  o b ta in e d  at 
m e d iu m  a c e to n e  c o n c e n tr a t io n s  ( 5 0 - 7 0 % )  sh o u ld  be  d u e  to  
th e  fa c t  th a t th e  p o la r ity  is  lo w  e n o u g h  t o  c a u se  an  u n fo ld in g  
o f  th e  n a tiv e  str u c tu r e  an d  th e  w a te r  a c t iv ity  is  h ig h  e n o u g h  to  
p r o m o te  su c h  str u c tu r a l tr a n s it io n s .

T h e  su g g e s t io n  th a t  th e  w a te r  a c t iv ity  d e te r m in e s  th e  d e 
gree o f  irreversib le  tr a n s it io n  o f  th e  m y o g lo b in  sa m p le  at h igh  
c o n c e n tr a t io n s  o f  a c e to n e  is  a lso  in  a c c o r d a n c e  w ith  th e  r esu lts  
o f  a p r e v io u s  in v e s t ig a t io n  (H a g erd a l and M arten s, 1 9 7 6 ) .  T h en  
it w a s fo u n d  th a t th e  d egree  o f  irrev ersib le  th e r m a l tr a n s it io n  
o f  m y o g lo b in  w as p r o p o r t io n a l t o  th e  w a te r  c o n te n t  o f  th e  
m y o g lo b in  sa m p le  a t w a ter  c o n te n ts  b e lo w  30% , i .e .  a t w a ter  
a c t iv it ie s  b e lo w  0 .9  (B u ll and B r ee se , 1 9 6 8 ) .

T h e  m y o g lo b in  p r e p a r a tio n s  o b ta in e d  at h ig h  a c e to n e  c o n 
c e n tr a t io n s  c o u ld  b e  d iv id e d  in to  t w o  g ro u p s as su g g e s te d  b y  
th e  d if fe r e n t  lin ea r  r e la t io n s  b e tw e e n  w a te r  so lu b i l i ty  and  
ap p a ren t tr a n s it io n  h e a t (F ig . 2 ) .  T h e  g ro u p  o b ta in e d  at 99%  
a c e to n e  f i t t e d  th e  lin ea r  r e la t io n  w ith  an in te r c e p t  at 1 0 0 % 
s o lu b ility  o f  4 .9  m e a l/m g , w h ic h  is  th e  sa m e  va lu e  as w as  
fo u n d  fo r  u n tr e a te d  m y o g lo b in  w h e n  a n a ly z e d  at 75%  w ater  
c o n te n t  (H a g erd a l an d  M arten s, 1 9 7 6 ) .  T h e  g ro u p  o b ta in e d  at 
9 0  and 95% a c e to n e ,  o n  th e  o th e r  h a n d , gave a lin ea r  r e la tio n  
w ith  th e  s ig n if ic a n tly  lo w e r  in te r c e p t  o f  3 .4  m e a l/m g . S in ce  
th e  w a te r -so lu b le  fr a c t io n  o f  p r ep a ra tio n  M 90b  a c c o u n te d  fo r  
th e  w h o le  D SC  s ig n a l, th is  fr a c tio n  se e m s to  h a v e  u n d e rg o n e  
c o n fo r m a t io n a l tr a n s it io n s , w h ic h  resu lted  in  lo w e r in g  th e  
a p p a ren t tr a n s it io n  h e a t fro m  4 .9  to  3 .4  m e a l/m g . It w a s  
a c tu a lly  fo u n d  th a t a w a ter  s o lu t io n  h o ld in g  3% o f  th e  w a te r -
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so lu b le  fr a c t io n  h a d  a lo w e r e d  a p p a ren t tr a n s it io n  h e a t o f  5 .2  
m c a l/m g , c o m p a r e d  to  5 .8  m c a l/m g  fo r  a c o r r e sp o n d in g  
s o lu t io n  o f  u n tr e a te d  m y o g lo b in  (F ig . 1 ) . I f , h o w e v e r , th is  
lo w e r e d  a p p a ren t tr a n s it io n  h e a t  fo r  th e  w a te r -so lu b le  fr a c tio n  
o f  p r e p a r a tio n  M 9 0 b  sh o u ld  a c c o u n t  fo r  th e  w h o le  d if fe r e n c e  
b e tw e e n  3 .4  an d  4 .9  m c a l/m g , a v a lu e  o f  4 .0  m c a l/m g  ra th er  
th a n  5 .2  m c a l/m g  w o u ld  h a v e  b e e n  e x p e c te d .

A lte r n a tiv e ly , th e  d if fe r e n c e  b e tw e e n  p r e p a r a tio n s  M 99-5  
and M 90b  m a y  a lso  b e  d u e  to  th e  w a te r - in so lu b le  fr a c t io n  o f  
p r e p a r a tio n s  M 9 0 b . T h e  a p p a ren t tr a n s it io n  h e a t r ec o rd ed  in  
c o n c e n tr a te d  p r o te in  so lu t io n s  (75%  w a ter  c o n te n t )  is 
c o m p o se d  o f  e n d o th e r m ic  h e a t  tr a n s it io n  an d  e x o th e r m ic  
a g g reg a tio n  (P r iv a lo v  e t  a l.,  1 9 7 1 ) ,  so  th e  in so lu b le  fr a c t io n  o f  
p rep a ra tio n  M 9 0 b  m ig h t  ca u se  an  in c re a se d  a g g r eg a tio n  du rin g  
th e  th e r m a l a n a ly sis . In  c o n tr o l  e x p e r im e n ts , w h er e  th e  
w a te r -so lu b le  a n d  in so lu b le  fr a c t io n s  o f  p r e p a r a tio n  M 9 0 b  
w ere  m ix e d , th e  a p p a re n t tr a n s it io n  h e a t fo r  th e  w a ter-  
so lu b le  fr a c t io n  w a s n o t  d ec re a se d .

W h en  th e  v a r ia tio n  in  a p p a ren t tr a n s it io n  h e a t w ith  w a ter  
c o n te n t  w as c o m p a r ed  fo r  th e  m y o g lo b in  p r e p a r a tio n s  M 99-5  
and M 9 0 b  b e lo n g in g  t o  th e se  tw o  d if fe r e n t  g ro u p s (F ig . 1 ), it 
w as fo u n d  th a t p rep a ra tio n  M 9 0 b  u n d e r w e n t  o n ly  h a lf  
p o ss ib le  th e r m a l tr a n s it io n  at 25%  w a te r  c o n te n t ,  w h ile  p rep a 
r a tio n  M 99-5  u n d e r w e n t  c o m p le te  th e r m a l tr a n s it io n  at th is  
w a te r  c o n te n t .  T h e  th e r m a l tr a n s it io n  w a s , h o w e v e r , c o m p le te  
fo r  th e se  tw o  m y o g lo b in  p r e p a r a tio n s  at 75%  w a te r  c o n te n t ,  
w h ic h  w a s u se d  in  th e  D S C  a n a ly se s , u n d e r ly in g  th e  lin ea r  
r e la t io n s  b e tw e e n  a p p a ren t tr a n s it io n  h e a t a n d  w a te r  so lu 
b il ity . T h u s , p r e p a r a tio n  M 9 0 b , b e lo n g in g  to  th e  g ro u p  w ith  
a p p a ren t tr a n s it io n  h e a t  o f  3 .4  m c a l/m g  at 100%  so lu b i l i ty ,  
req u ire d  a m u c h  h ig h er  w a te r  c o n te n t  to  u n d e r g o  c o m p le te  
th e r m a l tr a n s it io n , th a n  p r e p a r a tio n  M 99-5  b e lo n g in g  to  th e  
o th e r  g ro u p .

T h e  p r e se n t f in d in g s  th a t  th e  d eg ree  o f  irrev ersib le  tra n si
t io n  o f  m y o g lo b in  r ea c h e s  a m a x im u m  at m e d iu m  a c e to n e  
c o n c e n tr a t io n s  are in  a c c o r d a n c e  w ith  earlier  d a ta  o n  cru d e  
p r o te in  p r e p a r a tio n s . S m ith  e t  a l .,  ( 1 9 5 1 )  fo u n d  th a t  o rg a n ic  
so lv e n t-w a te r  s o lu t io n s  h o ld in g  4 0 —60%  a lc o h o ls  or  a c e to n e  
w e re  m o s t  e f fe c t iv e  in  d e n a tu r in g  s o y b e a n  m e a l. T h e  
d e n a tu r in g  e f fe c t  w a s d e te r m in e d  as d isp er s ib le  n itr o g e n  a fter  
o rg a n ic  so lv e n t  tr e a tm e n t. S im ila r  e f fe c t s  w e re  n o t ic e d  fo r  s o y 
b e a n  p r o te in s  tr e a te d  w ith  sev era l o rg a n ic  s o lv e n ts  (F u k u -  
sh im a , 1 9 6 9 ) .  In  th is  ca se  th e  d eg ree  o f  d e n a tu r a t io n  
w a s d e te r m in e d  b y  th e  s u s c e p t ib il ity  o f  th e  o r g a n ic  so lv e n t  
tr e a te d  p r o te in s  t o  p r o te o ly t ic  e n z y m e s . T h is  im p lie s  th a t  th e  
r e p r e se n ta t io n  o f  th e  e f fe c t  o f  a c e to n e  o n  m y o g lo b in  g iv en  in  
F igu re 3 m ig h t serve  as a g en era l m o d e l  fo r  e x tr a c t io n  p r o c 
esses  in v o lv in g  o r g a n ic  so lv e n ts  an d  g lo b u la r  p r o te in s . T h e r e 
fo r e , k n o w in g  th e  su r fa c e  t e n s io n  an d  th e  w a te r  a c t iv ity  o f  an  
o rg a n ic  so lv e n t-w a te r  sy s te m  m a k e  it  p o s s ib le  t o  c h o o s e  c o n 
d it io n s  so  th a t  th e  d e g ree  o f  irrev ersib le  tr a n s it io n  th a t a p r o 
te in  c o n c e n tr a te  o r  is o la te  u n d e r g o e s  d u rin g  an  e x tr a c t io n  
p r o c ess  can  b e  p r e d ic te d .

T h e  u se  o f  th e  D S C  a n a ly s is  t e c h n iq u e  earlier  d e v e lo p e d  fo r  
d e te r m in a t io n  o f  th e  d eg ree  o f  irrev ersib le  th e r m a l tr a n s it io n

o f  p r o te in s  (H âgerd a l and M a rten s, 1 9 7 6 )  in  c o m b in a t io n  w ith  
a n a ly se s  o f  w a te r  so lu b i l i ty  rev e a le d  th a t  o n ly  a fr a c t io n  o f  th e  
m y o g lo b in  p r e p a r a tio n s  o b ta in e d  at h ig h  a c e to n e  c o n c e n tr a 
t io n s  h a d  u n d e r g o n e  irrev ersib le  tr a n s it io n . It fu r th e r  a l lo w e d  a 
d iv is io n  o f  th e se  p re p a r a tio n s  in to  t w o  g r o u p s c h a r a c te r iz e d  b y  
d iffe r e n t  su sc e p t ib il it ie s  to  su b s e q u e n t  h e a t tr e a tm e n t.
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WETTABILITY AND SURFACE PRESSURE OF MYOGLOBIN 
TREATED WITH ACETONE

----------------------------  ABSTRACT -----------------------------
Myoglobin was exposed to acetone (50-99%) in three different ways. 
The wettability of the resulting preparations was determined by a 
screening method as well as by contact angle measurements, wide the 
surface pressure was characterized by the decrease in surface tension of 
water. The wettability of the preparations could be ascribed to the 
surface properties of the fraction of the preparations which had under
gone irreversible transition. Several other factors including roughness of 
the preparation, microstructure and amount of native-like molecules 
also had a significant influence on the apparent wettability. The surface 
pressure could be correlated to the amount of native-like molecules in a 
preparation, but was also influenced by the wettability of the prepara
tion.

INTRODUCTION
M Y O G L O B IN  h as b e e n  u sed  as a m o d e l p r o te in  in  an a tte m p t  
to  refer  c h a n g e s  in  te c h n ic a l  p r o p e r t ie s  o f  f o o d  p r o te in s  to  
b asic  c h e m ic a l an d  p h y s ic a l fe a tu re s  o f  th e  p r o te in  m o le c u le s .  
T h u s , th e  r e la tio n  b e tw e e n  th e  d eg ree  o f  irreversib le  tr a n s it io n ,  
th e  m icr o str u c tu r e  an d  c o lo r  o f  m y o g lo b in  p r e p a r a tio n s  p r o 
d u ced  b y  v a r io u s  a c e to n e  tr e a tm e n ts  w a s ch a r a c te r iz ed  
(H agerdal and L o fq v is t , 1 9 7 7 ;  H agerd a l, 1 9 7 8 ) .  D u rin g  th e se  
stu d ies it w as o b se r v e d  th a t s o m e  o f  th e  p r e p a r a tio n s  w ere  
p o o r ly  w e tta b le  and th a t  th is  p r o p e r ty  w a s n o t  d ir e c t ly  r H ated  
to  th e ir  d egree  o f  irrev ersib le  tr a n s it io n . A  m y o g lo b in  prepara
tio n  co u ld  b e  p o o r ly  w e t ta b le  e v e n  th o u g h  i t  c o n ta in e d  m a in ly  
native lik e  m o le c u le s . A  p o o r  w e t ta b i l ity  h a s a lso  b e e n  o b 
served fo r  p r o te in s , w h ic h  h a v e  b e e n  p u r ified  fr o m  lip id s  b y  
e x tra c tio n  w ith  o r g a n ic  s o lv e n ts  (D u b r o w  e t a l.,  1 9 7 3 ;  R c se k h ,
1 9 7 4 ) . In th e  p r e se n t in v e s t ig a t io n  th e  w e t ta b i l ity  o f  th e  m y o 
g lob in  p r e p a r a tio n s  h a s b e e n  c h a r a c te r iz ed  b y  a sc r ee n in g  
m eth o d  as w e ll as b y  th e  c o n ta c t  a n g le  o f  w a te r  m ea su red  o n  a 
sessile  d r o p le t  o n  th e  su r fa c e  o f  th e  p r e p a r a tio n s  p ressed  to  
ta b le ts . T h e  c o r r e la tio n  b e tw e e n  w e t ta b i l ity  an d  su r fa c e  p res
sure, ch a ra cter ized  as th e  d e c re a se  in  su r fa c e  t e n s io n  o f  w a ter  
on  w h ic h  th e  d ry  p r e p a r a tio n s  w e re  a p p lie d , h a s a lso  b e e n  
stu d ied .

MATERIALS & METHODS
Myoglobin preparations

Preparations of myoglobin (whale skeletal muscle; salt-free, 
lyophilized; Sigma Chemical Company) were obtained by three dif
ferent procedures (Hagerdal, 1978) involving treatment with water and 
acetone (CHG = chromatographically homogeneous, <1% water, BDH = 
British Drug Houses, Chemical Ltd.): (a) acetone and water premixed in 
different proportions and then added to dry myoglobin (<3% water);
(b) acetone added to aqueous solutions of myoglobin; and (c) acetone 
added to dried or humidified myoglobin (containing 2-30% water). 

' The myoglobin preparations were obtained in the acetone concen
tration range of 50-99% (v/v), the final myoglobin concentration in 
the dispersions was 0.5% (w/v) and the final volume was 10 ml. a 11 the 
preparations were produced by rapid addition of acetone at 25°C. The 
resulting dispersions were then kept under heavy agitation for 15 min, 
lyophilized and ground in a mortar. A detailed description of the three

1 P resen t a d d re ss : D e p t,  o f  B io c h em is try  an d  B io p h y sics , S c h o o l o f 
M edicine, U niv. o f  P e n n sy lv an ia , P h ilad e lp h ia , PA  1 9 1 0 4 .

different preparation procedures was presented by Hagerdal (1978). 
The various preparations will in the following be referred to by designa
tions so that preparation M70b refers to the myoglobin preparation 
obtained at 70% acetone by procedure (b).

The wettability, surface pressure and degree of irreversible transition 
were investigated on lyophilized preparations. Preparation M90b was 
also separated into its water-soluble and water-insoluble fraction and 
the two resulting fractions were characterized separately after lyophili- 
zation.

Wettability
The wettability of the myoglobin preparations was studied by two 

different methods.
As a broad screening test a pinch (<0.1 mg) of the ground myo

globin preparations was gently applied to the surface of various ace- 
tone-water mixtures holding 0-90% acetone. The wettability was then 
characterized by the acetone concentration or the corresponding sur
face tension of the mixture in which the preparation sedimented within 
5 min. Control experiments, in which the density of the acetone con
taining solutions was compensated to 1.0g/cm3 by the addition of su
crose (Analar, BDH, Chemical Ltd.), gave the same results as experi
ments, where no sucrose was used. Thus, the sedimentation of the 
myoglobin preparations could be entirely ascribed to the polarity of the 
acetone-water mixtures.

The wettability of some of the preparations was further character
ized by the second method, namely measurement of the contact angle 
of a sessile droplet of double distilled water (10-20 pi) on the surface 
of tablets of the preparations. The measurements were made in a Ramé 
Hart goniometer, earlier as used for the characterization of the wetta
bility of paper (Ekwall et al., 1958). The tablets, containing around 50 
mg of the preparations, were made in a mould used for 1R tablets. 
Pressures of 20 or 4000 kg/cm2 were applied in vacuum (0.5 mm Hg) 
for 10 min.

Surface pressure
When characterizing the surface activity of proteins at an air-water 

interface, interfacial protein films are produced either by adsorbtion 
from a water solution holding a known amount of protein or by spread
ing protein solutions of known concentration at the air-water interface 
(Mitchell et al., 1970). None of these methods was applicable to the 
present study, where only small amounts of each preparation were 
available and where the water solubility varied widely from preparation 
to preparation (Hagerdal, 1978). Therefore, the surface activity of the 
myoglobin preparations was characterized by the ability of the dry 
preparations to lower the surface tension of water when applied at an 
air-water interface.

The surface activity will be expressed as the surface pressure, 
defined as the difference between the surface tension of water and the 
surface tension of water on which the dry preparations have been 
applied. A du Noüy tensiometer (A. Krüss, Optischmechanische 
Werkstätten, Hamburg) was used for the measurements.

The ground preparations (5 mg) were applied on the surface of 140 
ml double distilled water in a beaker with a surface area of 20 cm2, 
while the platin ring of the tensiometer was submerged in the subphase. 
The water was not stirred during the application of protein. Separate 
measurements were made after 5 and 30 min to avoid any interferring 
disturbances of the interfacial protein film. The variation in surface 
pressure with amount of material applied was studied for untreated 
myoglobin and preparations M83a and M83b.

Residual native-like structure
The amount of residual native-like structure in the preparations was 

determined by measuring the apparent transition heat (AHapp) at a 
water content of 75% by differential scanning calorimetry (DSC) using 
the method of Hagerdal and Martens (1976).

Volume 43 (19781-JOURNAL OF FOOD SCIENCE- 27



Table 1-Wettability, surface pressure and apparent transition heat i'AHapp; after addition o f 75% water) for acetone-treated myoglobin prepa 

rationsa

Wetting medium Surface pressure
--------------------------------  (dyn/cm)

Prepara
tion  pro 

cedure

Prepn. medium 
Acetone cone 

<%)

Acetone
cone.

(%i

Surface 
tens on 

(dyn/cm)

Contact angle of water (°) measured after
AH app

(mcal/mg)20 kg/cm 2 4000 kg/cm 2 5 min 30 min

(a) 50 25 40.0 128 98 1.7 1.9 0

70 30 38.0 132 73 0 0 0

77 40 34.5 124 — 0 0 0.4

83 50 32 0 114 73 5.9 7.8 0.9

90 60 30 0 138 65 13.8 14.4 1.9

95 70 28 5 74 64 19.9 16.0 3.2

(b) 50 0 72.4 0b 70 6.5 - 0

70 10 51.0 131 96 0 0 0

77 15 47.0 121 97 0 0 0.4

83 30 38.0 134 — 7.8 6.6 0.8

90 40 34.5 136 75 15.7 12.2 1.8

95 50 32.0 102 74 19.3 16.6 2.6

(c) «99 (30% water) 0 72.4 0b _ 18.9 15.9 4.0

«99  (2% water) 0 72.4 0b - 19.1 17.4 4.8

Untreated myoglobin 0 72.4 0b 71 17.1 13.4 4.8

a Maximum error in w ettability determined by the screening method ± 2 dyn/cm ; determined by the contact angle ± 5°; in surface pressure ±
2  dyn/cm ; in apparent transitinn heat ± 0 .2 5  mcal/mg. 

b The water drpplet gpes down into the tablet and the co rtac t angle is per defin ition  taken as zero.

RESU LTS
W e tta b ility  o f  m y o g lo b in  p rep a ra tio n s

A ll th e  p r e p a r a tio n s  p r o d u ce d  in  th e  7 0 - 9 5 %  range o f  a c e 
to n e  c o n c e n tr a t io n s  c o u ld  b e  w e t te d  o n ly  in  c o n ta c t  w ith  so lu 
t io n s  c o n ta in in g  a c e to n e ,  an d  th e r e fo r e  o f  lo w e r  p o la r ity  th a n  
w ater  (T a b le  1 ). A s th e  p o la r ity  o f  th e  a c e to n e -w a te r  m ix tu r e s  
d o  n o t  d ec re a se  lin ea r ly  w ith  in crea sin g  c o n c e n tr a t io n s  o f  a c e 
to n e  (M organ  an d  S c a r le tt , 1 9 1 7 )  th e  c o r r e sp o n d in g  su rfa ce  
te n s io n  v a lu e s  h a v e  a lso  b e e n  p r e se n te d  in  T a b le  1. T h e  
p o la r ity  o f  th e  w e tt in g  m e d iu m  d ecrea ses  w ith  th e  p o la r ity  o f  
th e  p r e p a r a tio n  m e d iu m , b u t  a ll p r e p a r a tio n s  w ere  w e tte d  b y  a 
m e d iu m  o f  h ig h er  p o la r ity  th a n  th e  m e d iu m  fro m  w h ic h  th e y  
w ere p rep a red . It a lso  a p p ea rs th a t th e  p r e p a r a tio n s  o b ta in e d  
w h en  a c e to n e -w a te r  m ix tu r e s  w ere  a d d ed  to  dry m y o g lo b in

Fig. 1-Surface pressure o f untreated myoglobin measured 5 (•) and 30 
(o) min after application o f increasing amounts o f dry myogiobin at the 
air-water interface.

had a p o o r e r  w e tta b il ity  th a n  th o s e  o b ta in e d  at c o r r e s p o n d in g  
a c e to n e  c o n c e n tr a t io n s  w h e n  a c e to n e  w as a d d ed  t o  a q u e o u s  
s o lu t io n s  o f  m y o g lo b in .

T h e  c o n ta c t  an g le  v a lu es m e a su r ed  o n  ta b le ts  p r e sse d  a t  2 0  
k g /c m 2 (T a b le  1) w ere  in a g r ee m en t w ith  th e  w e t ta b i l it y  d a ta  
o b ta in e d  b y  th e  sc r ee n in g  te s t . A c c o r d in g ly , p r e p a r a tio n  M 50b  
w h ic h  c o u ld  b e  w e t te d  b y  w a te r  gave n o  m ea su ra b le  c o n ta c t  
a n g le , w h ile  p r e p a r a tio n s  w e t te d  o n ly  b y  w a te r -a c e to n e  m ix 
tu res gave c o n ta c t  an g les c o n s id e r a b le  h ig h er  th a n  9 0 ° .

In ord er  to  ev a lu a te  th e  in f lu e n c e  o f  th e  r o u g h n ess  o f  th e  
ta b le t  su r fa c es  o n  th e  c o n ta c t  a n g les (W e n z e l, 1 9 3 6 ) ,  ta b le t s  o f  
th e  p r e p a r a tio n s  w ere  a lso  m a d e  at a p ressu re  o f  4 0 0 0  k g /c m 2 
(T a b le  1 ). T h e  c o n ta c t  an g le  v a lu es o f  th e  p r e p a r a tio n s  w e t t e d  
b y  w a te r , i .e . ,  u n tre a ted  m y o g lo b in  an d  M 5 0 b , in c r e a se d  to  
7 0 °  w h ile  th e  c o n ta c t  an gle  v a lu es fo r  th e  p o o r ly  w e t ta b le  
p rep a ra tio n s d e c re a se d . P rep aration  M 9 0 b  gave th e  sa m e  l e w  
c o n ta c t  a n g le , 7 5 ° ,  as u n tre a ted  m y o g lo b in ,  and th u s  b e c o m e s  
w e tte d  b y  w a ter  w h en  r o u g h n ess  is  r ed u c ed .

T h e  tw o  p rep a ra tio n s  o b ta in e d  w h en  a c e to n e  w a s a d d ed  to  
dried o r  h u m id if ie d  m y o g lo b in  ( «  99%  a c e to n e )  w ere  b o th  
w e tte d  b y  w a te r  and gave a c c o r d in g ly  n o  m e a su r a b le  c o n t a c t  
an gle  fo r  lo w -p r e ssu re  ta b le ts . W hen in v e st ig a te d  b y  th e  
screen in g  te s t  fo r  w e t ta b i l ity  o v er  th e  w h o le  range o f  a c e to n e  
c o n c e n tr a t io n s , it  w a s fo u n d  th a t th e se  p r e p a r a tio n s  w e r e  
im m e d ia te ly  d isso lv ed  in a c e to n e -w a te r  m ix tu r e s  h o ld in g  u p  t o  
30%  a c e to n e .

S u rfa ce  pressu re  o f  u n tr e a te d  m y o g lo b in

T h e  su rfa ce  pressu re  o f  u n tr e a te d  m y o g lo b in  w a s a n a ly z e d  
and u sed  as a r e fe r e n c e  fo r  th e  a c e to n e -tr e a te d  m y o g lo b in  
p rep a ra tio n s  (F ig . 1). W hen m e a su r ed  5 m in  a fter  a p p lic a t io n  
o f  m y o g lo b in  th e  su rfa ce  p ressu re  in crea sed  w ith  in c re a s in g  
a m o u n ts  o f  sa m p le  and rea ch ed  a p la te a u  o f  a b o u t 17 d y n /c m  
at aro u n d  3 m g. T h e  r e la tiv e ly  h ig h  a m o u n t o f  p r o te in  n e e d e d  
to  a tta in  a c o n s ta n t  v a lu e  o n ly  e x p r e s se d  th a t d if fu s io n  o f  th e  
m y o g lo b in  m o le c u le s  to  th e  a ir -w a ter  in te r fa c e  b e c o m e s  a rate  
lim itin g  fa c to r  u n d e r  th e  p rev a ilin g  m easu rin g  c o n d it io n s .  
C o n se q u e n tly , w h e n  th e  su r fa c e  p ressu re  w as m ea su red  3 0  m in  
a fter  a p p lic a t io n  o f  m y o g lo b in ,  a c o n s ta n t  va lue  w a s r e a c h e d
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Fig. 2—Surface pressure o f one preparation M83a (A) and one prepara
tion M83b (o) measured 5  min after application o f increasing amounts 
of dry preparation at the air-water interface.

already  at 1 m g . In  th is  c a se , h o w e v e r , th e  su rfa ce  p ressu re  
o n ly  a m o u n te d  to  13 d y n /c m . T h e  p r o te in  f i lm  is , th e r e fo r e ,  
m o st l ik e ly  su b je c te d  to  su r fa c e  d é n a tu r a t io n  o r  ag in g  (B u ll,
1 9 7 2 ) .

T h e se  m e th o d o lo g ic a l  r e su lts  o n  u n tr e a te d  m y o g lo b in  
p o in te d  o u t  th a t  5 m g  w a s a su ita b le  a m o u n t fo r  th e  in v e stig a 
tio n  o f  th e  a c e to n e -tr e a te d  p r e p a r a tio n s . M ea su rem en ts  w ere  
m ad e 5 as w e ll a s 3 0  m in  a fter  a p p lic a t io n  o f  m y o g lo b in .

Su rface  p ressu re  a n d  res id u a l n a tiv e -lik e  s tr u c tu r e  
o f  th e  n o n w e t ta b le  m y o g lo b in  p r e p a r a tio n s

T h e  su rfa ce  p ressu re  w a s z ero  fo r  p r e p a r a tio n s  o b ta in e d  in  
7 0  and 77%  a c e to n e  and th e n  in c re a se d  p r o g r ess iv e ly  w ith  th e  
c o n c e n tr a t io n  o f  a c e to n e  in  th e  p r e p a r a tio n  m e d iu m  (T a b le  1 ). 
T h e su rfa ce  p ressu re  d o e s  th e r e fo r e  n o t  c o r r e la te  w ith  th e  
w e tta b il ity  o f  th e se  p r e p a r a tio n s . O n  th e  o th e r  h a n d , th e  res i
dual n a tiv e -lik e  s tr u c tu r e , c h a r a c te r iz ed  b y  th e  a p p a ren t  
tr a n sit io n  h e a t  (A H a p p ), o f  th e  c o r r e sp o n d in g  m y o g lo b in  
p rep a ra tio n s in c re a se d  w ith  in c re a s in g  a c e to n e  c o n c e n tr a t io n  
(T ab le  1). T h is  w a s a scr ib ed  to  th e  l im ite d  a v a ila b ility  o f  w a te r  
in  th e se  p r e p a r a tio n  m e d ia , w h ic h  r e s tr ic te d  th e  o c c u r r e n c e  o f  
irreversib le  m o le c u la r  tr a n s it io n . T h u s , it  a p p ea rs th a t  th e  su r
face  p ressu re  o f  th e  p o o r ly  w e tta b le  m y o g lo b in  p r e p a r a tio n s  is 
corre la ted  to  th e ir  c o n te n t  o f  r es id u a l n a tiv e -lik e  s tr u c tu r e ,
1. e .,  th e ir  c o n te n t  o f  w a te r -so lu b le  m y o g lo b in .

' W hen  th e  su rfa ce  p ressu re  w a s m ea su red  a fter  5 m in , th e  
p rep aration s o b ta in e d  w h e n  a c e to n e -w a te r  m ix tu r e s  w ere  
ad d ed  to  d ry  m y o g lo b in ,  e x c e p t  M 9 5 a , gave a lo w e r  su rfa ce  
pressure th a n  th o s e  o b ta in e d  w h e n  a c e to n e  w a s a d d ed  to  
a q u e o u s  so lu t io n s  o f  m y o g lo b in .  T h is  is  so m e w h a t  c o n tr a 
d ic to ry  t o  th e ir  c o r r e s p o n d e n c e  in a p p a re n t tr a n s it io n  h e a t  
(T ab le  1 ). In o rd er  to  in v e s t ig a te  th e se  d if fe r e n c e s  in fu r th er  
d e ta il,  p r e p a r a tio n s  M 8 3 a  a n d  M 8 3 b  w ere  c h o se n  and th e ir  
su rfa ce  pressu re  w a s m e a su r ed  5 m in  a fter  a p p ly in g  in c re a sin g  
a m o u n ts  o f  sa m p le . F ig u re  2  c le a r ly  s h o w s  th a t , in  sp ite  o f  
so m e  v a r ia tio n , th e  su r fa c e  p ressu re  o f  p r e p a r a tio n  M 8 3 b  is 
high er th a n  th a t o f  p r e p a r a tio n  M 8 3 a . In  a d d itio n  t o  th e  varia
t io n  in su rfa ce  p ressu re  w ith in  th e  p r e p a r a tio n s  se e n  in  F igu re
2 , th ere  w a s a lso  a v a r ia tio n  b e tw e e n  d if fe r e n t  p re p a r a tio n s  
o b ta in e d  b y  th e  r e sp e c t iv e  p r e p a r a tio n  p r o c ed u r es . T h e r e fo r e ,  
th e  su rfa ce  pressu re  w a s m e a su r ed  fo r  severa l p r e p a r a tio n s  o b 
ta in e d  b y  e a ch  o n e  o f  th e  tw o  p r e p a r a tio n  p r o c e d u r e s  a n d  th e  
r esu lts  w ere  a n a ly z ed  s ta t is t ic a lly .  A lso  th is  a n a ly sis  sh o w e d  
th a t p rep a ra tio n  M 83b  gave a s ig n if ic a n t ly  h ig h er  su r fa c e  p res
sure th a n  p rep a ra tio n  M 8 3 a . T h e  r esu lt m ig h t b e  in te r p r e te d  as 
i f  th e  m o le c u le s  in  n a tiv e -lik e  c o n fo r m a t io n  fr o m  p r e p a r a tio n  
M 83a are se t  free  to  th e  a ir-w ater  in te r fa c e  at a s lo w e r  rate  
from  M 8 3 b .

Table 2—Wettability, surface pressure and apparent transition heat 
(AWapp/ after addition o f 75% water) o f water-soluble and water-in
soluble fractions o f preparations M90b and M50b, immediately 
lyophilizeda

W ettin g  
m e d iu m  
A c e to n e  
c o n e , (%)

S u rfa c e  p re ssu re  
(d y n /c m )  a f te r

AHapp 
m eal/m g )P re p a ra tio n 5  m in 30 m in  (

M90b Water-soluble fraction 0 17.4 13.3 3.4
M90b Water-insoluble fraction 40 12.6 11.2 0

Water-insoluble fraction 40 0 — 0
retreated w ith  90% acetone

M50b (immediately lyophilized) 0 17.1 14.0 1.2
the whole preparation

M50b (immediately lyophilized) 0 5.7 — 0
water-insoluble fraction

a M a x im u m  errors see T ab le  1.

P rep a ra tio n  M 95a  d id  n o t  s h o w  a n y  d e v ia t io n  in  su rfa ce  
p ressu re  (T a b le  1 ), w h ic h  c o u ld  b e  u n d e r s to o d  b y  th e  fa c t  th a t  
th is  p r e p a r a tio n  h a s a h ig h  so lu b i l i ty  in  w a ter .

P rep a ra tio n s  M 9 5 a , M 8 3 b , M 9 0 b  an d  M 9 5 b  g iv e  lo w e r  sur
fa ce  p ressu re  v a lu e s  a fte r  3 0  m in  th e n  a fter  5 m in  (T a b le  1 ). 
T h is se e m s  t o  b e  d u e  t o  th e  sa m e  ag in g  p h e n o m e n o n  th a t  w as  
o b ser v e d  fo r  u n tr e a te d  m y o g lo b in  (F ig . 1 ). P rep a ra tio n s  M 8 3 a  
and M 9 0 a , o n  th e  o th e r  h a n d , s h o w e d  a s lig h t  in c re a se  in  
su rfa ce  p ressu re  a f te r  3 0  m in , w h ic h  m ig h t fu r th e r  su p p o r t  th e  
su g g e s t io n  th a t  th e  d if fu s io n  o f  n a t iv e - lik e  m y o g lo b in  m o le 
c u les  fr o m  th e se  p r e p a r a tio n s  t o  th e  a ir-w ater  in te r fa c e  is d e 
la y e d .

S u rfa ce  p r o p e r tie s  o f  th e  w a te r -so lu b le  a n d  w a te r - in so lu b le  
fr a c t io n s  o f  p r e p a r a tio n  M 90b

T h e  p o s it iv e  c o r r e la t io n  o f  th e  su r fa c e  p ressu re  t o  th e  
a m o u n t o f  n a tiv e -lik e  s tr u c tu r e  in  th e  m y o g lo b in  p r e p a r a tio n s  
and th e  a b se n c e  o f  c o r r e la t io n  t o  th e ir  w e t ta b i l it y  w ere  fu r th er  
in v e st ig a te d  o n  th e  w a te r -so lu b le  an d  w a te r - in s o lu b le  fr a c t io n s  
o f  p r e p a r a tio n  M 9 0 b  (T a b le  2 ) .  W h en  th e  w a te r -so lu b le  frac
t io n  w a s e x tr a c te d  fr o m  th e  o r ig in a l p r e p a r a tio n , th e  rem a in in g  
fr a c t io n  s t i l l  sh o w e d  as lo w  a w e t ta b i l it y  as th e  in ta c t  prepara
t io n  (T a b le  1). T h e  w a te r -so lu b le  fr a c t io n  h a d  th e  sa m e  p ro p er 
t ie s  as u n tr e a te d  m y o g lo b in .  T h e  w a te r - in so lu b le  fr a c t io n  a lso  
gave a c o n s id e r a b le  su r fa c e  p ressu re . T h is  su r fa c e  p ressu re  c o u ld  
n o t  b e  lo w e r e d  b y  fu r th e r  e x tr a c t io n  w ith  w a te r , b u t  w a s c o m 
p le te ly  e lim in a te d  b y  a s e c o n d  tr e a tm e n t  w ith  90%  a c e to n e . It 
is th e r e fo r e  m o s t  l ik e ly  th a t  a f e w  r em a in in g  n a tiv e -lik e  m o le 
c u le s , w h ic h  c o u ld  n o t  b e  r e m o v e d  b y  w a te r  e x tr a c t io n ,  w ere  
r e sp o n s ib le  fo r  th e  su r fa c e  p ressu re  o f  th e  in so lu b le  fr a c t io n .  
T h u s, th e  w e t ta b i l ity  o f  th e  in ta c t  m y o g lo b in  p r e p a r a tio n  
c o u ld  b e  a scr ib ed  t o  th e  w a te r - in so lu b le  f r a c t io n , w h ile  th e  
a b il ity  t o  lo w e r  th e  su r fa c e  t e n s io n  o f  w a ter  w as e x e r c is e d  b y  
th e  w a te r -so lu b le  fr a c t io n .

S u rfa ce  p ressu re  a n d  res id u a l n a t iv e - lik e  s tr u c tu r e  
o f  th e  w e tta b le  p r e p a r a tio n  M 5 0 b

P rep a ra tio n  M 5 0 b , w h ic h  h a d  a g o o d  w e t ta b i l ity  in  w a te r , 
w a s fo u n d  t o  h a v e  a su r fa c e  p ressu re  o f  6 .5  d y n /c m  (T a b le  1). 
It w a s n o t  p o s s ib le  t o  reg ister  a n y  a p p a ren t tr a n s it io n  h e a t  fo r  
th is  p r e p a r a tio n , n o r  c o u ld  th e  su r fa c e  p re ssu re  b e  e lim in a te d  
b y  a s e c o n d  tr e a tm e n t  w ith  50%  a c e to n e . A t  th is  a c e to n e  c o n 
c e n tr a t io n  th e  irreversib le  tr a n sit io n  w a s n o t  l im ite d  b y  th e  
a v a ila b lity  o f  w a te r  an d  th e  p r o p e r tie s  o f  th e  in s o lu b le  M 50b  
th e r e fo r e  d if fe r e d  fr o m  th o s e  o f  th e  in so lu b le  fr a c t io n s  o f  th e  
p o o r ly  w e tta b le  p rep a ra tio n s . T h is  d if fe r e n t  t y p e  o f  irrevers
ib le  tr a n s it io n  as w e ll as th e  a b o v e  d e sc r ib ed  r e la t io n  b e tw e e n  
su rfa ce  p ressu re  a n d  resid u a l n a tiv e -lik e  s tr u c tu r e  w a s a lso  
d e m o n str a te d  fo r  a n o th e r  M 50b  p r e p a r a tio n , w h ic h  w a s  o b 
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ta in e d  w h e n  th e  p r e p a r a tio n  w a s ly o p h il iz e d  b e fo r e  th e  ir
rev ersib le  tr a n s it io n  had  g o n e  to  c o m p le te n e s s  (u n p u b lish e d  
r e su lts ) . T h is  p rep a ra tio n  sh o w e d  a m ea su ra b le  a p p a ren t tran si
t io n  h ea t and a su rfa ce  pressu re  sim ila r  to  th a t o f  u n tre a ted  
m y o g lo b in  (T a b le  2 ) .  It c o u ld  a lso  b e  se p a r a ted  in to  a w ater-  
so lu b le  and w a te r - in so lu b le  fr a c t io n , and th e  su rfa ce  pressu re  
o f  th e  in so lu b le  fr a c t io n  w as sim ila r  to  th a t o f  M 50b  o b ta in e d  
b y  th e  n o r m a l p r e p a r a tio n  p r o c e d u r e .

DISCUSSION
T H E  W E T T A B IL IT Y  o f  s y n th e t ic  p o ly m e r s  and p o ly a m in o -  
a c id s , c h a r a c te r iz ed  b y  th e  cr it ic a l su rfa ce  t e n s io n , h a s b e e n  
su g g es ted  to  b e  d e te r m in e d  b y  th e  n a tu re  and p a c k in g  o f  th e  
su rfa ce  a to m s  (Z ism a n , 1 9 6 4 ;  F o r t , 1 9 6 4 ;  B a ier  and Z ism a n ,
1 9 7 0 ) .  F u r th e r m o r e , i t  h a s b e e n  sh o w n  th a t th e  s id e  ch a in s o f  
n o n p o la r  a m in o a c id s  l ik e  ty r o s in e  and tr y p to p h a n e  b e c o m e  
in c r e a s in g ly  e x p o s e d  to  th e  m e d iu m  w h en  a p r o te in  is su b 
je c te d  to  a so lv e n t  o f  lo w  p o la r ity  (H e r sk o w itz  e t  a l., 1 9 7 0 ) .  
T h is su g g e s te d  d ir ec t  r e la t io n  b e tw e e n  w e t ta b i l ity  and p o la r ity  
o f  th e  m o le c u la r  su r fa c e s  d o e s , h o w e v e r , n o t  e x p la in  th e  o b 
served  w e t ta b i l ity  o f  th e  a c e to n e -tr e a te d  m y o g lo b in  prepara
t io n s . A  b e t te r  u n d e rs ta n d in g  o f  th e  o b ser v e d  a p p a ren t w e tta 
b ilit ie s  fo r  th e  d if fe r e n t  p r e p a r a tio n s  is a c h iev e d  w h e n  fa c to r s  
lik e  a m o u n t o f  w a te r -so lu b le  m o le c u le s ,  r o u g h n ess  and m icr o -  
str u c tu r e  are c o n s id e r e d  to g e th e r  w ith  th e  p o la r ity  o f  th e  
m o le c u la r  su rfa ces .

F ro m  th e  se p a ra te  in v e s t ig a t io n  o f  th e  w a te r  so lu b le  and  
w ater  in so lu b le  fr a c t io n s  o f  p r e p a r a tio n  M 90b  it c o u ld  b e  
e sta b lish e d  th a t th e  a p p a r e n tly  p o o r  w e tta b i l ity  o f  th e  in ta c t  
p r e p a r a tio n  w as d e te r m in e d  b y  th e  p o la r ity  o f  th e  w a te r -in 
so lu b le  fr a c t io n , i .e . ,  th e  fr a c tio n  th a t had  u n d e r g o n e  irreversi
b le  tr a n s it io n  an d  th e r e b y  h ad  b e c o m e  f ix e d  du rin g  th e  
a c e to n e  tr e a tm e n t . T h e  a p p a ren t w e tta b i l ity  o f  th e  u n 
fr a c t io n a te d  p r e p a r a tio n s  w a s , h o w e v e r , a lso  d e te r m in e d  b y  
th e  a m o u n t o f  n a tiv e -lik e  m o le c u le s  and th e  so lu b i l i ty  in w a ter  
o f  th e s e  m o le c u le s ,  as w a s d e m o n s tr a te d  b y  th e  lo w  c o n ta c t  
an g le  v a lu e  o b ta in e d  fo r  th e  h ig h  pressu re  ta b le ts  o f  p rep ara
t io n  M 9 0 b . T h e  n a tiv e -lik e  m y o g lo b in  m o le c u le s  in th is  ca se  
act as su r fa c ta n t  m o le c u le s  b o th  at th e  a ir-w ater  and th e  
ta b le t-w a te r  in te r fa c e . S im ila r ly , th e  p r e p a r a tio n s  o b ta in e d  b y  
a d d in g  a c e to n e  to  h u m id if ie d  or  dried  m y o g lo b in  («*99%  a ce
to n e )  ap p ear  w e tta b le  e v en  th o u g h  th e y  h a v e  b e e n  prepared  
from  a lo w  p o la r ity  m e d iu m . T h e se  p rep a ra tio n s c o n ta in  a 
h igh  a m o u n t o f  w a te r -so lu b le  n a tiv e -lik e  m o le c u le s .

T h e  r o u g h n ess  o f  a su r fa c e  c o n tr ib u te s  to  its  ap p aren t  
w e tta b i l ity  (W e n z e l, 1 9 3 6 )  so  th a t a lo w  p o la r ity  su rfa ce  
sh o w s a b e t te r  w e t ta b i l ity  w h ile  a h ig h  p o la r ity  su r fa c e  sh o w s  
a p o o r e r  w e t ta b i l ity ,  w h e n  r o u g h n ess  d e c re a se s . T h u s , b y  
c o m p a r in g  th e  c o n ta c t  a n g le s  v a lu e s  fo r  lo w  and h ig h  p ressu re  
ta b le ts  it c o u ld  b e  e s ta b lish e d  th a t r o u g h n ess  w as o n e  fa c to r  
c o n tr ib u tin g  to  th e  a p p a re n t w e t ta b i l ity  o f  th e  a c e to n e -tr e a te d  
m y o g lo b in  p r e p a r a tio n s . S in ce  p r e p a r a tio n s  M 5 0 a , M 7 0 b  and  
M 7 7 b , c o n ta in  n o  or  o n ly  a v e ry  sm a ll fr a c t io n  o f  n a tiv e -lik e  
m o le c u le s , th e  im p r o v ed  w e t ta b i l ity  o f  th e  h ig h  p ressu re  
ta b le ts  se e m s  to  b e  e n t ir e ly  r e la ted  to  th e  r ed u c ed  r o u g h n ess  
o f  th e  irrev ersib ly  d e n a tu re d  lo w  p o la r ity  sa m p le  su r fa c e . T h e  
o p p o s ite  r e la t io n  w as o b ser v e d  fo r  p r e p a r a tio n  M 5 0 b , w h ic h  
h as a su r fa c e  o f  h ig h er  p o la r ity  an d  th e r e fo r e  sh o w s  an im 
p ro v ed  w e t ta b il ity  w h e n  th e  r o u g h n e ss  o f  th e  sa m p le  su r fa c e  is 
in c re a se d .

T h e  c o n ta c t  a n g les fo r  th e  h ig h -p ressu re  ta b le ts  o f  prepara
t io n s  M 50a , M 70b  an d  M 7 7 b  w e re  a lm o st  id e n t ic a l ,  in d ic a tin g  
th a t th e  su r fa c es  o f  th e s e  th r e e  p r e p a r a tio n s  had  th e  sam e  
p o la r ity . A  v a r ia tio n  in  th e  c o n ta c t  a n g le s  w a s , h o w e v e r , fo u n d  
fo r  th e  lo w -p ressu re  ta b le t s  a n d , th u s , th e  d eg ree  o f  r o u g h n ess  
se e m s  to  vary fo r  th e se  d if fe r e n t  p r e p a r a tio n s . T h is  v a r ia tio n  
co u ld  n o t  b e  r e la ted  to  th e  p r e se n c e  o f  m icr o str u c tu r a l b ea d s  
(H agerdal and L o fq u is t ,  1 9 7 7 ) .  In stea d  it  s e e m e d  to  b e  d u e  to

irregu larities  o n e  or tw o  o rd ers o f  a m a g n itu d e  a b o v e  th e  
d ia m e ter  o f  th e  b ea d -lik e  p a r tic les .

T h e  su r fa c e  pressu re  o f  a p r o te in  p r e p a r a tio n  at an  air- 
w ater  in te r fa c e  is a fu n c t io n  o f  th e  a b ility  o f  th e  p r o te in  m o le 
c u le s  t o  arrange a n d  u n fo ld  at th is  in te r fa c e  (M itc h e ll e t  a l., 
197C ; J a m es a n d  A u g e n ste in , 1 9 6 6 ) .  It is , th e r e fo r e , q u ite  
c o m p r e h e n s ib le  th a t th e  su rfa ce  p ressu re  o f  th e  a c e to n e -  
tr ea te d  m y o g lo b in  p rep a ra tio n s w as p o s it iv e ly  c o rr e la te d  to  
th e  a m o u n t o f  n a tiv e -lik e  m o le c u le s  in  th e  p r e p a r a tio n . T h e se  
m o le c u le s  h a v e  re ta in e d  th e ir  a b ility  to  u n d e rg o  su c h  c o n f o r 
m a tio n a l tr a n s it io n s , as u n fo ld in g  at an in te r fa c e , w h ile  th e  
m o le c u le s , c o n s t i tu t in g  th e  fr a c t io n  th a t h a s u n d e r g o n e  irre
versib le  tr a n s it io n , h ave lo s t  th is  a b il ity . T h is  r e la t io n  w a s fu r 
th er  su p p o r te d  b y  th e  f in d in g s  th a t th e  su rfa ce  p ressu re  o f  
p r ep a ra tio n  M 9 0 b  c o u ld  b e  r e la ted  t o  th e  w a te r -so lu b le  m o le 
cu les .

In  th e  m e th o d  a p p lie d , th e  su rfa ce  pressu re  w a s a lso  
d e te r m in e d  b y  th e  d if fu s io n  rate  o f  n a tiv e -lik e  m o le c u le s  fr o m  
th e  dry p r e p a r a tio n  to  th e  a ir-w ater  in te r fa c e . T h u s , th e  p r e p 
a ra tio n s o b ta in e d  b y  a d d in g  a c e to n e -w a te r  m ix tu r e s  to  d ry  
m y c g lo b in  gave a lo w e r  su rfa ce  p ressu re  w h e n  m e a su r ed  5 m in  
a fter  a p p ly in g  th e  m a ter ia l th a n  th o s e  o b ta in e d  b y  a d d in g  a c e 
to n e  to  a q u e o u s  so lu t io n s  o f  m y o g lo b in . T h e  reverse  resu lt w a s  
o b ta in e d  w h e n  m e a su r e m e n ts  w ere  m a d e  a fter  3 0  m in . T h e  
p r e p a r a tio n s  o b ta in e d  b y  a d d in g  a c e to n e  to  a q u e o u s  s o lu t io n s  
o f  m y c g lo b in  h ad  a m icr o str u c tu r e  c o m p o s e d  o f  m a in ly  
b e a d -lik e  p a r tic le s  w ith  a d ia m e ter  o f  a b o u t  1 5 0 - 5 0 0  n m ,  
w h ile  th e  m ic r o str u c tu r e  o f  th e  p r e p a r a tio n s  o b ta in e d  b y  
a d d in g  a c e to n e -w a te r  m ix tu r e s  to  d ry  m y o g lo b in  had  n o  su c h  
regu lar fe a tu r e s  (H agerd a l an d  L o fq v is t , 1 9 7 7 ) .  A  m ic r o -  
str u c tu r e  c o m p o se d  o f  b ea d -lik e  p a r tic le s  m ig h t th e r e fo r e  in 
crease  th e  d if fu s io n  ra te  o f  n a tiv e -lik e  m o le c u le s  b y  m e a n s  o f  
an in c re a se d  su r fa c e  area. T h is  m ig h t a lso  b e  th e  r ea so n  w h y  
th e se  p r e p a r a tio n s  have a b e tte r  w e t ta b i l ity  th a n  th o s e  w ith o u t  
regu lar fea tu res .

T h e  su rfa ce  p ressu re  m e a su r e m e n ts  a lso  in d ic a te  th a t th is  
m e th o d  is m o r e  se n s it iv e  fo r  d e te r m in in g  th e  res id u a l a m o u n t  
o f  n a tiv e -lik e  s tr u c tu r e  in  a p r ep a ra tio n  th a n  is d if fe r e n t ia l  
sc a n n in g  c a lo r im e tr y  (D S C ). T h is  w a s d e m o n s tr a te d  b y  th e  
p r e p a r a tio n s  o b ta in e d  at 50%  a c e to n e ,  w h ic h  gave a su r fa c e  
pressu re  w ith o u t  sh o w in g  a d e te c ta b le  p ea k  o f  h e a t tr a n s it io n .  
O n th e  o th e r  h a n d , a m in o r  D S C  sign al is  reg istered  fo r  th e  
p o o r ly  w e tta b le  p rep a ra tio n s M 77a  and M 7 7 b , w h ic h  d id  n o t  
give a n y  su r fa c e  p ressu re . In th is  case  it is m o st  l ik e ly  th e  p o o r  
w e tta b il ity  and th e r e b y  th e  lo w  d if fu s io n  rate  o f  th e  n a t iv e 
lik e  m o le c u le s  fr o m  th e  p r ep a ra tio n  to  th e  a ir-w ater  in te r fa c e  
th a t d e te r m in e s  th e  su rfa ce  pressu re .

T h e  a p p a ren t su r fa c e  p r o p e r tie s  o f  a c e to n e -tr e a te d  m y o 
g lo b in  p r e p a r a tio n s  h av in g  u n d e r g o n e  v a r io u s  d eg rees  o f  
irreversib le  tr a n s it io n  w ere  fo u n d  to  b e  d e te r m in e d  b y  a d e l i 
ca te  b a la n ce  o f  d if fe r e n t  p a ra m eters in c lu d in g  a m o u n t o f  
n a tiv e -lik e  s tr u c tu r e , p o la r ity  o f  th e  su r fa c e , m ic r o s tr u c tu r e  
and r o u g h n ess . T h ese  p a ra m eters c o u ld  be r e la ted  to  d if fe r e n t  
fa c to r s  o f  th e  a c e to n e  tr e a tm e n t . T h is  m o d e l s tu d y  o n  m y o 
g lo b in  and a c e to n e  th e r e fo r e  p o in ts  o u t  th e  p o s s ib il ity  t o  o b 
ta in  p r o te in  c o n c e n tr a te s  an d  iso la te s  w ith  d esired  su r fa c e  
p r o p e r tie s  b y  a p ro p er  c h o ic e  o f  th e  o rg a n ic  so lv e n t  c o n c e n tr a 
t io n  as w e ll as th e  w a y  o f  m ix in g  th e  c o m p o n e n t s  in th e  
e x tr a c t io n  p r o c ess .
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ACTIVITY AND RESISTANCE TO THERMAL INACTIVATION OF PEROXIDASE
IN THE BLUE CRAB (Callinectes sapidus)

----------------------------  ABSTRACT -----------------------------
Peroxidase is one of the most heat resistant enzymes and may cause 
undesirable quality changes in thermally processed foods. Peroxidase 
activity and its resistance to thermal inactivation in fresh and pasteur
ized lump, claw and flake meat of both male and female blue crabs was 
determined spectrophotometrically. Male crabs usually exhibited a 
greater initial activity (AOD4 6 0/min/mg N) than did females of equal 
size. Heat inactivation curves indicated two straight line decreasing seg
ments which varied by rate of descent. D values obtained for the 
enzyme based on the second straight line segment were D, 0 =47 min, 
D ,, o = 18.2 min and D, 50 = 11.2 min. A “z” value of 92°F was also 
obtained for the enzyme.

INTRODUCTION
P E R O X ID A S E  is a m e m b e r  o f  a large g ro u p  o f  e n z y m e s  c a lle d  
th e  o x id o r e d u c ta se s  an d  is c o n s id e r e d  t o  h a v e  an e m p ir ica l  
re la tio n sh ip  to  o ff- f la v o r s  an d  o f f -c o lo r s  in  fo o d  p r o d u c ts  
(J o s ly n  and B e d fo r d , 1 9 4 0 ;  J o s ly n , 1 9 4 9 ;  J o s ly n , 1 9 6 6 ;  B e d 
ford  and J o s ly n , 1 9 3 9 ;  W eaver and H a u ta la , 1 9 7 0 ) .  O n ly  
lim ited  research  h a s b e e n  c o n d u c te d  w ith  p e r o x id a se  in  a n im a l 
tissu e  and s e a fo o d  p r o d u c ts , p a r ticu la r ly  in  th e  b lu e  crab , 
Callinectes sapidus. L oss o f  f la v o r  an d  th e  d e v e lo p m e n t  o f  
o ff-fla v o r s  d u e  to  o x id a t iv e  an d  e n z y m a tic  ch a n g e s  in  crab  
m eat h as b e e n  a p r o b le m  fo r  m a n y  y e a rs . T h e  u se  o f  a n t io x i 
d an ts h a s n o t  p r e v io u s ly  b e e n  p r o v e n  v e ry  e f fe c t iv e  w ith  sea 
fo o d  p r o d u c ts  (S w e e t ,  1 9 7 3 ) .  A lso , a d d itiv e s  are u su a lly  
in e ffe c t iv e  in  p r e v en tin g  e n z y m e - in d u c e d  d is c o lo r a t io n  or  o f f -  
flavors in  f o o d s  (F u r ia , 1 9 6 8 ) .  T h e r e fo r e , a s tu d y  o f  p e r o x i
dase w a s u n d e r ta k e n  to  o b ta in  a b e t te r  u n d e r s ta n d in g  o f  th e  
c h em ica l and p h y s ic a l  p r o p e r t ie s  o f  th e  e n z y m e  in  crab m ea t  
and to  e sta b lish  an  o p t im u m  t im e -te m p e r a tu r e  r e la t io n sh ip  fo r  
p a steu r iz a tio n  t o  h e lp  m a in ta in  q u a lity  o f  crab m e a t  du rin g  
storage. P r e se n tly , crab m e a t  is  p a s te u r iz e d  at an  in te rn a l  
tem p era tu re  o f  1 8 5 ° F  in  th e  g e o m e tr ic  c e n te r  o f  th e  ca n  fo r  1 
m in. T h e  p r o d u ct ca n  b e  s to r e d  u p  t o  6 m o n th s  u n d e r  refr iger
ated  c o n d it io n s  ( 3 2 —3 6 ° F ) .  H o w e v e r , w ith  an  e x te n d e d  s to r 
age p e r io d , o ff - f la v o r s  m a y  d e v e lo p . B y  in a c tiv a tin g  p e r o x id a se  
in crab m e a t  and p r e v e n tin g  or  r e ta rd in g  its  r e g e n e r a tio n  th e  
sh e lf life  o f  th e  p r o d u c t  c o u ld  p o s s ib ly  b e  e x te n d e d  w h ile  
m a in ta in in g  g o o d  q u a lity ;  o r  q u a lity  d u rin g  th e  sh e lf l if e  c o u ld  
be im p r o v ed .

MATERIALS & METHODS
Test organism

Live blue crabs (Callinectes sapidus) used in this study were supplied 
by Graham and Rollins, Inc., Hampton, VA. Pasteurized lump 
(backfin), flake and claw meat samples processed at P.K. Hunt and Son, 
Hampton, VA, were purchased from a seafood market also located in 
Hampton, VA.
Sample extraction

Ten grams of meat were removed from a crab, rapidly weighed, 
placed into a blender for 30 sec at high speed. The homogenate was 
filtered through a Whatman No. 42 filter paper. Since only a crude 
extract was needed for the qualitative studies, this crude extraction was 
considered adequate.

Enzyme assay
Peroxidase activity in all samples was determined following the pro

cedure described by Burnette and Flick (1977). The substrate consisted 
of 0.1 ml of Hj Oj (30%) in 100 ml of 0.01M potassium phosphate 
buffer (pH 6.0). A 1% (w/v) solution of o-dianisidine in methyl alcohol 
was used as the hydrogen donor during the enzymatic reactions since 
the oxidized dye is chromogenic. Consequently, the rate of the reaction 
could be spectorphotometrically determined by measuring the rate of 
oxidized dye formation at maximum wavelength adsorption.

The enzyme assays were performed at 25°C in a Perkin-Elmer 
double beam Coleman model 124 spectrophotometer equipped with a 
Perkin-Elmer model 56 recorder (Coleman Instruments Division, May- 
wood, 111). The total volume of reaction mixture in each cuvette was 3 
ml (2.8 ml of 0.01M phosphate buffer containing H20 2, 0.1 ml of 
o-dianisidine solution and 0.1 ml of extract). The reactions were 
initiated by the addition of 0.1 ml of the crude extract. The rates of the 
reactions were measured as the initial change in absorbance (1 cm light 
path) at a fixed wavelength of 460 nm per unit of time and expressed as 
AOD4 60 /min/mgN.

Influence of pH
The influence of pH on enzymatic activity was determined by 

changing the pH of the phosphate buffer by the addition of 1.0N HC1 
or 1.0M NaOH and measuring A0D4 60/min/mg N. Increments of 1.0 
pH unit were tested over the pH range from 3-10.

Chemical analysis
The percent nitrogen of raw and pasteurized blue crab extracts was 

determined using the macro-Kjeldahl method (AOAC, 1975). Peroxi
dase activity was based on AOD46 0/min/mg N.

Gel-electrophoresis
Polyacrylamide disc gel electrophoresis was performed by combining 

the procedures of Nagle and Haard (1975) and Lee et al. (1976). The 
whole gel consisted of two portions: stacking gel (upper gel) and sepa
rating gel (lower gel). The solutions for both gels were all made to a 
final volume of 100 ml. For a run of 13 gels, the separating gel was 
made by mixing 3.0 ml of a solution [A30g acrylamide (Eastman 
X-5521) plus 0.8g bis-acrylamide], 3.0 ml of solution B [24 ml 1.0N 
HC1, 18.18g THAM (Tris (hydroxymethyl) aminomethane) (pH 8.9) 
and 0.4 ml TEMED (N,N,N',N'-tetramethylenediamine) and 6.0 ml of 
solution C (1.0 mg riboflavin).

Following polymerization of the separating gel, the stacking gels of 1 
cm in length were formed on top of the separating gels. The stacking 
gels were prepared by mixing 2.0 ml of solution D (5.0g acrylamide 
plus 1.25 g bis-acrylamide), 1.0 ml solution E (12.8 ml 1.0M H3P04, 
2.85g THAM and 0.1 ml TEMED) and 1.0 ml of solution F (2.0 mg 
riboflavin). After complete polymerization of the gels, they were placed 
in an electrophoresis unit and immersed in a bath buffer (pH 8.3) 
containing 0.025M THAM and 0.192M glycine. A predetermined 
amount of the prepared sample (0.1 ml) was applied to the top of each 
gel. Five milliliters of bromphenol blue (0.05%) were placed in the 
upper buffer to serve as a tracking dye. Electrophoresis was carried out 
using a current of 1.0 mA per gel until the bromphenol blue marker dye 
passed through the stacking gel (about 1 hr). The current was then 
changed to 2.0 mA per gel until the marker dye was approximately 1.0 
cm from the bottom of the gel (about 3 hr). After electrophoresis, the 
gels were removed from the tubes and stained overnight in test tubes at 
room temperature with an iodide stain (0.02M potassium iodide, 
0.125M phosphate citrate buffer and 5 x lO^M H20 2 (Murphy, 
1970). The gels were rinsed and placed in a destainer (Isco Model 422 
rapid destainer tank) filled with 7% acetic acid and destained until 
distinct blue-black bands could be seen. After complete destaining, the 
gels were photographed and drawn.
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Thermal enzyme inactivation study
Two-ml samples of the crude crab homogenate were placed in

10-inch long, 1/4-inch diameter glass tubes and subjected to different 
heating temperatures (80, 110, ISO and 2003F) for varying time 
periods (1, 2, 8, 20 and 30 min) to determine percent enzyme activity 
remaining after heating in a hot oil bath (Haake Model FS-2). Following 
the desired heating time, the tubes were removed and transferred to an 
ice-water (32°F) bath in order to cool the homogenate. The homoge
nate was then centrifuged at 20,384 x G for 1.0 min and supernatant 
fluid tested for enzyme activity.
Heat penetration curve

One pound of commercially hand-picked crab meat was placed in 
each of 6 cans (301 X 401) which contained one copper-constantan 
thermocouple inserted into the geometric center of the can (cold 
point). The thermocouples were attached to a temperature recorder 
(Honeywell 24-point recorder) which monitored the temperature of 
each thermocouple every min. The cans were filled with the crab meat 
leaving 1/8 inch headspace and sealed with a commercial can seamer. 
The canned crab meat was then placed in a hot water bath at 195°F 
(Napco Model 220) until an internal can temperature of 185°F was 
obtained. The cans were removed and allowed to cool in an ice-water 
bath (32°F) until internal can temperature was 60°F.

RESULTS & DISCUSSION
P E R O X ID A S E  A C T IV IT Y  in  th r e e  m a rk et s ty le s  o f  crab m ea t  
w as fo u n d  to  b e  a c tiv e  at th e  h ig h  and lo w  ranges o :  th e  pH  
sca le  (F ig . 1 ). T h e  h ig h  re la tiv e  p e r ce n t a c t iv ity  at b o th  en d s o f  
th e  pH  range c o u ld  b e  d u e  to  th e  d e n a tu r a t io n  o f  so m e  p ro 
te in s  e x p o s in g  h e m e  g r o u p s (E r ik sso n  an d  V a lle n t in , 1 9 7 3 ;  Lu  
an d  W h itak er , 1 9 7 4 )  an d  t o  th e  r e lea se  o f  N H 3 w h ic h  w ill 
in crea se  th e  rate  o f  p e r o x id a t io n  o f  o -d ia n is id in e  (F r id o v ic h ,
1 9 6 3 ) .  W ein ryb  ( 1 9 6 6 )  in d ic a te d  th a t  th e  a c tiv e  s ite  o f  p e r o x i
d ase  (u s in g  h o rsera d ish  p e r o x id a se )  in v o lv e d  an  a p o p r o te in  as 
w e ll as a h e m e  g ro u p .

P er o x id a se  a c t iv ity  w a s m ea su red  at pH  6 .0  w h ic h  
a c co r d in g  to  F igu re  1 w a s n o t  in  th e  ran ge o f  m a x im u m  
a c t iv ity . T h is  w a s c o n s id e r e d  im p o r ta n t  s in c e  at m a x im u m  
a c t iv ity  th e  r e a c t io n  w o u ld  b e  t o o  fa st  to  g ive  re lia b le  da ta  for  
in it ia l a c t iv ity . T h e  a c tu a l pH  o f  raw  crab m e a t  d e :e r m in e d  
im m e d ia te ly  fo l lo w in g  e x tr a c t io n  f e l l  in  a range fro m  pH  6 .0  
to  p H  7 .0 ,  th e r e fo r e , th e  e n z y m e  a ssa y s w ere  p e r fo rm e d  at th e  
pH  o f  th e  e x tr a c t  its e lf .

P o ly a c r y la m id e  sta rch  g e l e le c tr o p h o r e s is  p e r fo r m e d  w ith  
m ale and fe m a le  b lu e  crab e x tr a c ts  in d ic a te d  n in e  i s o z y m e  
b a n d s for  th e  m ale  an d  e ig h t fo r  th e  fe m a le  crab  (F ig . 2 ) .  T h e  
m ale crab u sed  to  p repare th e  g e l sh o w n  in  F ig u re  2  w e ig h e d  
1 1 5 g , th e  fe m a le  1 1 6 g . T h e  v isu a liz a t io n  o f  iso p e r o x id a se s  in  
p o ly a c r y la m id e  g e ls  in  s tr o n g ly  in f lu e n c e d  b y  su b s tr a te  c o n 
c e n tr a t io n  u sed  in  th e  “ sta in in g  p r o c e d u r e ”  (N o v a c k y  an d  
H a m p to n , 1 9 6 8 ) .  A  r e la tiv e ly  h ig h  su b s tr a te  c o n c e n tr a t io n  
m ay a c tu a lly  m a sk  so m e  o f  th e  s ite s  o f  e n z y m e  a c t iv ity  b e 
cau se  o f  su b s tr a te  or  p r o d u c t  in h ib it io n .  S in ce  v a r y in g  e n z y m e  
c o n c e n tr a t io n s  w ill a lso  y ie ld  g rea ter  or  fe w e r  b a n d s , th e r e  is  a 
n eed  t o  o b ta in  an o p t im u m  crab e x tr a c t  c o n c e n tr a t io n  fo r  
p e r o x id a se  a c t iv ity  d e te r m in a tio n .

P o ly a c r y la m id e  sta rch  g e ls  w ere  a lso  u sed  to  d e te r m in e  
w h e th e r  th e  w e ig h t o f  th e  crab w a s re la tiv e  to  th e  n u m b e r  o f  
b a n d s p r o d u ce d  and t o  th e  s iz e  and in te n s ity  o f  th e se  b a n d s  
(F ig . 3 ) .  F em a le  crab s w h ic h  w e ig h e d  1 5 5 , 121 and 9 6 g  w e re  
t e s te d . E igh t b a n d s a p p ea red  o n  th e  g e ls  c o n ta in in g  an e x tr a c t  
fro m  th e  1 5 5g and 1 2 1  g fe m a le s , h o w e v e r , o n ly  se v e n  b a n d s  
ap p ea red  o n  th e  gel c o n ta in in g  an e x tr a c t  fro m  th e  9 6 g  fe m a le .  
T h e m o b il ity  o f  th e  b a n d s p r o d u c e d  fr o m  th e  th r e e  fe m a le  
crab e x tr a c ts  v a r ied , as d id  th e  in te n s ity  o f  th e  b a n d s . T h e  
larger th e  crab , th e  m o re  is o z y m e s  d e te c te d .  A lso , th e  g rea ter  
th e  c o n c e n tr a t io n  o f  e n z y m e  in th e  e x tr a c t ,  th e  d arker th e  
b a n d s p r o d u c e d  in th e  g e l. T h e  sp e c tr u m  o f  p e r o x id a se  
i s o z y m e s  rev ea led  o n  sta r ch  g e l an d  a c r y la m id e  g e l e le c t r o 
p h o re sis  h a s b e e n  sh o w n  to  b e  r e la tiv e ly  c o n s ta n t  fo r  a g iv en  
sp e c ie s  u n d e r  sp e c if ic  c o n d it io n s  and is a p p a r e n tly  r e la te d  to  
age, sp e c ie s ,  v a r ie ty , g r o w th  r eg u la tin g  su b s ta n c e s  and d ise a se  
(N o v a c k y  and H a m p to n , 1 9 6 8 ) .  P rev io u s s tu d ie s  sh o w e d  th a t  
in  severa l ca ses iso p e r o x id a se s  th a t w ere  n o t  d e te c te d  in  y o u n g  
h e a lth y  p la n t tis su es  w ere  la ter  d e te c te d  in  t is su e s  u p o n  ag in g  
or a fte r  in f e c t io n .  S u ch  c h a n g e s  h a v e  b e e n  a ttr ib u te d  t o  b io 
sy n th e s is  o f  n e w  p r o te in s  (N o v a c k y  an d  H a m p to n , 1 9 6 8 ) .  T h e  
“ n e w ” iso p e r o x id a se s  m a y  s im p ly  rep re se n t an  in c r e a se  in  
a c t iv ity  o f  iso p e r o x id a se s  n o r m a lly  p r e se n t at lo w  a c t iv ity  or 
lo w  c o n c e n tr a t io n s  in  y o u n g e r  t is su es .

A d d it io n a l is o z y m e  b a n d s ap p ea red  o n  th e  g e ls  p rep a red  
fro m  e x tr a c ts  o f  th e  1 5 5 , 121 and 9 6 g  fe m a le  b lu e  crab s b y  
e x te n d in g  th e  t im e  o f  e le c tr o p h o r e s is  b y  1 hr. I s o z y m e s  are  
sep a ra ted  o n  th e  b asis o f  s iz e ,  charge an d  m o le c u la r  w e ig h t ,

Fig. 1 —Percent peroxidase activity in a purified 
horseradish peroxidase standard and in extracts 
of lump, flake and daw  meat from the blue

crab at different pH  Intervals. The data are Fig. 2—Diagrams o f gel patterns for peroxidase in extracts o f mate and female blue crabs: (a)
based on the percent activity o f the purified Raw extracts; (bl Extracts cooked at 2007 F  for 4 min; (cl Extracts cooked at 200°F  for 30
standard at pH  4.0 equaling 100%. min.
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B L U E  C R A B  P E R O X I D A S E  I N A C T I V A T I O N  . . .

th erefo re , a n y  tw o  o r  m o r e  is o z y m e s  w h ic h  are q u ite  s im ila r  in  
p h y sica l and c h e m ic a l p r o p e r t ie s  m a y  a p p ea r  as o n e  b an d  in  
the u su a l 4 -h r  e le c tr o p h o r e s is  p e r io d .

A  c o m p a r iso n  o f  th e  in it ia l p e r o x id a se  a c t iv ity  in  m a le  an d  
fem a le  b lu e  crab s is g iv en  in  T a b le  1. M ale crab s u su a lly  
e x h ib ite d  a g rea ter  in it ia l a c t iv ity  (A O D 4 6 0 /m in /m g  N ) th a n  
did fe m a le s  o f  e q u a l s iz e . A lso , th e  larger th e  crab  w ith in  a 
given s e x ,  th e  m o re  a c t iv ity  w a s d e te c te d .  A  d ir ec t r e la tio n sh ip  
e x is ts  b e tw e e n  th e  s iz e  and age o f  m a le  crab s, th e r e fo r e , o n e  
can p o s tu la te  th a t  th e  o ld e r  th e  crab , th e  m o r e  p e r o x id a se  
a c tiv ity  w ill b e  p r e se n t. T h is  r e la t io n sh ip  b e tw e e n  s iz e  an d  age  
can o n ly  b e  a p p lie d  to  im m a tu r e  fe m a le s  o r  b e tw e e n  m a tu re  
and im m a tu r e  fe m a le s . It is  n o t  p o s s ib le  t o  c o rr e la te  age w ith  
size  a m o n g  m a tu re  fe m a le s . T h is  r e la t io n sh ip  b e tw e e n  s iz e  and  
age is in  a g r ee m en t w ith  N o v a c k y  an d  H a m p to n  ( 1 9 6 8 ) .

In fo r m a tio n  as to  re la tiv e  a c t iv ity  in  d if fe r e n t  s e x e s  o f  th e  
blue crab is n o t  a d v a n ta g e o u s  to  th e  s e a fo o d  p r o c e sso r  a t th is  
tim e  sin ce  n o  d isc r im in a tio n  is m a d e  as to  s e x  p rior  t o  p ic k in g  
or p a steu r iz in g  th e  cra b s. T h e se  are b a s ic a lly  in fo r m a tiv e  d ata  
th at c o u ld  b e  o f  p o s s ib le  fu tu re  s ig n if ic a n c e .

A  c o m p a r iso n  o f  th e  s ix  g e ls  sh o w n  in  F ig u res 2 rev ea ls  th a t  
as th e  t im e  o f  h e a t in g  is in c re a se d  at a s p e c if ic  te m p er a tu r e  
( 2 0 0 ° F )  th e r e  is a lo ss  o f  is o z y m e  b a n d s and th e  rem a in in g  
ban d s b e c o m e  le s s  in te n se . M aier e t a l. ( 1 9 5 5 )  have sh o w n  th a t  
variou s is o z y m e s  o f  p e r o x id a se  h a v e  d if fe r e n t  h e a t c o n s ta n ts .  
H eat w ill ca u se  th e  d e n a tu r a t io n  o f  p r o te in s  and th e  lo n g e r  th e  
heat tr e a tm e n t at a p a r ticu la r  te m p e r a tu r e , th e  grea ter  th e  lo ss  
in  a c t iv ity . T h is  agrees w ith  resea rch  d a ta  p u b lish e d  b y  Z o u e il  
and E sselen  ( 1 9 5 9 ) .

D ata  o n  th e  e f fe c t  o f  t im e  and te m p e r a tu r e  o n  th e  in it ia l  
c o n c e n tr a t io n  o f  p e r o x id a se  w h ere  lo g  C e q u a ls  p e r ce n t  
a c t iv ity  in b lu e  crab s is g iv en  in  F igu re  4 .  T h e r e  w a s a d ecrea se  
in  p e r o x id a se  a c t iv ity  fo r  th e  first m in u te  o f  h e a t in g , th a n  an  
in crease  in a c t iv ity  fo r  th e  n e x t  7 —9 m in  fo r  a ll te m p e r a tu r e s  
in c lu d ed  in  th is  s tu d y , f o l lo w e d  b y  a n o th e r  d ec re a se  in  a c tiv 
ity . Y a m a m o to  e t a l. ( 1 9 6 2 )  su g g es ted  th a t d u rin g  h e a t in a c t i
v a tio n  o f  p e r o x id a se  in s w e e t  c o r n , tw o  in d e p e n d e n t  firs t-  
order in a c t iv a t io n  r e a c t io n s  to o k  p la c e . T h e  in it ia l in a c t iv a t io n  
lin e  rep re se n te d  in a c t iv a t io n  o f  th e  h e a t-la b ile  e n z y m e  an d  th e  
sec o n d  r ep re se n te d  in a c t iv a t io n  o f  th e  h e a t-s ta b le  e n z y m e .

Table 1 —Peroxidase activity in male and female blue crabs

S ex
C rab  s iz e 3 

(in .)
C rab  w t 

(9) A O D « 6 0 /m in /m g  N

M ale 5 -1 /2 14 5 1 1 .2
F em ale 6 1 4 4 7 .6
M ale 5 125 6 .8
F em ale 5 1 3 6 5 .2

a C rab  m easured  fro m  p o in t -to -p o in t  o f  the  carapace

A n o th e r  r ea so n  su g g e s te d  b y  Y a m a m o to  e t a l. ( 1 9 6 2 )  fo r  th e  
tw o  r e a c t io n s  w a s th a t a p r o te c t iv e  e n z y m e -su b s tr a te  c o m p le x  
w as fo r m e d  w h ic h  a f fe c te d  th e  h e a t  s ta b il ity  o f  a p o r t io n  o f  
th e  e n z y m e . T h e  in it ia l rap id  in a c t iv a t io n  r ep re se n te d  th e  
d isa p p ea ra n ce  o f  th e  u n p r o te c te d  p e r o x id a se . F ro m  th e se  d a ta , 
th e  fo l lo w in g  D  v a lu e s  ( t im e  r eq u ired  fo r  a 90%  r e d u c t io n  in  
e n z y m e  a c t iv ity )  w e re  d e te r m in e d  u s in g  th e  s e c o n d  d ecrea sin g  
lin e  se g m e n t:  D 80 =  4 7  m in , D 1 1 0  =  1 8 .2  m in  an d  D 1 50  =
1 1 . 2  m in .

T h e  h e a t in a c t iv a t io n  r e a c t io n s  fo r  p e r o x id a se  in  th e  b lu e  
crab ap p ear  to  b e  t im e  d e p e n d e n t  ra th er  th a n  te m p er a tu r e  
d e p e n d e n t . T h e  in crea se  in  a c t iv ity  a fte r  a p p r o x im a te ly  1 m in  
c o u ld  b e  d u e  to  th e  re lea se  o f  p r o o x id a n ts  in th e  crab s w h ic h  
w ill in crea se  th e  ra te  o f  o x id a t io n  o f  o -d ia n is id in e  (F r id o v ic h ,
1 9 6 3 ) .

F igu re 5 p r e se n ts  th e  r e la t io n sh ip  b e tw e e n  te m p er a tu r e  and  
lo g  D  v a lu es . A  “ z ” va lu e  o f  9 2 ° F  h a s  b e e n  d e te r m in e d  fo r  
p e r o x id a se  in  crab m e a t b y  u s in g  th e  D  v a lu e s  c a lc u la te d  fo r  
th e  s e c o n d  d e c re a sin g  stra ig h t lin e  se g m e n t o f  th e  e n z y m e  at 
d if fe r e n t  h e a tin g  te m p e r a tu r e s . B y  u s in g  th is  “ z ”  va lu e  p lu s  
d ata  fr o m  th e  h e a t  p e n e tr a tio n  curve (F ig . 6 ) fo r  d if fe r e n t  
ty p e s  o f  crab m e a t  in  ca n s o f  sp e c if ie d  s iz e , a t im e  and te m 
p era tu re  ca n  b e  d e te r m in e d  fo r  p a s te u r iz in g  crab  m e a t  w h e r e 
b y  a ll p e r o x id a se  ca n  b e  in a c t iv a te d .

P er o x id a se  w ill reg en era te  in  p a s te u r iz e d  crab m e a t. T h e  
h isto g r a m  in  F igu re  7  sh o w s  th a t  a fte r  2 w k  o f  sto ra g e  th e  
p a steu r iz ed  b a c k f in , f la k e  an d  c la w  m e a t  s h o w e d  v e ry  sim ilar

Fig. 4—Percent peroxidase activity in raw 
backfin extracts following heat treatments at 
80, 110 and 150°F for 2, 4, 8, 12, 20 and 30 
min.

Fig. 3—Diagrams o f gel patterns for peroxidase in fresh extracts o f female blue crabs o f various 
weights (155, 121 and 96g) following 4 and 5 hr o f electrophoresis.
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Fig. 6—A heat and cooling penetration curve for canned blue crab 
meat (backfin) obtained from the geometric center of a 401 X  301 
can during water bath heating at 195°F  and cooling at 32°F. (It 
represents initial temperature).

Fig. 5—Relationship between log D values and temperature for raw 
blue crab peroxidase.

Fig. 7—Comparison o f peroxidase activity in raw, pasteurized and 
stored pasteurized crab meat extracts.

p e r o x id a se  a c t iv ity  w h e n  c o m p a r ed  to  th e  raw  b a c k fin , fla k e  
an d  c la w  m e a t. In all c a se s , th e  fla k e  e x tr a c t  e x h ib ite d  th e  
m o st  a c t iv ity  and th e  c la w  e x tr a c t  th e  lea st .

P e r o x id a se  in b lu e  crab s is h e a t s ta b le  and n o t  in a c tiv a te d  
b y  th e r m a l p r o c e ss in g  at 2 5 0 ° F  fo r  12 m in  w h ic h  is th e  h e a t  
t r e a tm e n t  u sed  p r ior  to  p a s te u r iz a t io n  to  aid in  th e  rem o v a l o f  
crab m e a t  fro m  th e  sh e ll  an d  su b se q u e n t  p a s te u r iz a t io n  to  an  
in te rn a l te m p e r a tu r e  o f  1 8 5 ° F  fo r  1 m in . A n a lm o st  100%  
reg en era tio n  o f  th e  e n z y m e  in  crab  m e a t th a t w as p r o c essed  
fo llo w in g  c o m m e r c ia l t im e s  an d  te m p e r a tu r e s  p ro v es th a t  
p resen t p r o c ess in g  m e th o d s  are in a d e q u a te  to  e f fe c t  a s ig n if i
can t r e d u c t io n  in a c t iv ity  fr o m  th e  n atu ra l le v e l. It is p o s s ib le ,  
th e r e fo r e , th a t p e r o x id a se  m a y  c a u se  u n d e sira b le  ch a n g es

du rin g  refr igera ted  ( 3 2 - 3 6 ° F )  or  fr o ze n  ( 3 2 ° F )  sto r a g e . B y  
e x te n d in g  th e  t im e s  and te m p er a tu r e s  req u ired  to  in a c t iv a te  
p e r o x id a se  m a y  ca u se  d e n a tu ra tio n  o f  th e  p r o te in s  in crab  
m eat and d e str o y  th e  te x tu r e  o f  th e  p r o d u c t . D u e  to  th is  
p r o b le m , it m a y  n o t  be  p o s s ib le  to  sa t is fa c to r ily  in a c t iv a te  
p e r o x id a se  in b lu e  crab m ea t and s t ill  reta in  a c c e p ta b le  
q u a lity .
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POSTMORTEM BIOCHEMICAL CHANGES AND MUCSLE PROPERTIES 
IN SURF CLAM (Spisula solidissima)

----------------------------  ABSTRACT -----------------------------
Postmortem biochemical changes and their relationship to the eating 
quality of surf clam muscle were studied. Shear value and cook loss 
continuously increased with the length of storage time up to 9 days 
postmortem and the rate of increase was much greater after 4 days of 
storage. A rapid breakdown of high energy phosphate compounds and 
muscle glycogen with a concomitant fall in pH after 4 days postmortem 
suggested that rigor onset occurred at 4 days and was completed be
tween 6 and 9 days postmortem. The biochemical changes in surf clam 
muscles were much slower than those reported for the muscle systems 
from other species and were in a close coincidence with the change of 
shear values and cook loss. Another significant finding was that pyru
vate instead of lactate was accumulated as glycolysis proceeded.

INTRODUCTION
P O ST M O R T E M  B IO C H E M IC A L  C H A N G E S  in m u sc le  h a v e  a 
p ro fo u n d  e f fe c t  o n  th e  e a tin g  q u a lity  o f  m e a t  fr o m  m a m m a ls , 
fish , p o u ltr y  an d  c r u sta c e a n s  and e x te n s iv e  r ev iew s an d  re
search  d a ta  are a v a ila b le  o n  th e  d e v e lo p m e n t  o f  r igor m o r tis  
and a sso c ia te d  b io c h e m ic a l c h a n g e s  in  th e  m u sc le  o f  th e se  a n i
m als (B e n d a ll, 1 9 6 0 ;  D e  F r e m e r y , 1 9 6 6 ;  N e w b o ld ,  1 9 6 6 ;  T arr, 
1 9 6 6 ; S id hu  e t a l.,  1 9 7 4 ) .  H o w e v er , c o m p a r a b le  s tu d ie s  o n  
clam  m u sc le  h a v e  b e e n  fe w  and p r im a rily  l im ite d  to  th e  b rea k 
d o w n  o f  n u c le o t id e s  (A r a i and S a ito , 1 9 6 1 )  and th e  b a c te r io 
lo g ica l q u a lity  ( H o f f  e t  a l.,  1 9 6 7 ) .

C lam s are th e  m o st  a ffo r d a b le  sh e llf ish  w h ic h  can  b e  d u g  u p  
a lon g  a n y  u n p o llu te d  sa n d  o r  m u d  fla ts . S u rf c la m  (S p isu la  
so l id is s im a ,  a lso  ca lle d  sea  c la m ) fo u n d  a lo n g  th e  A tla n tic  
coast are in c re a sin g ly  b e in g  p r o c e s se d  fo r  fo o d  u se . T h e  p res
en t c o m m e r c ia l p r o c e ss in g  in v o lv e s  s te a m  sh u c k in g  and e x t e n 
sive w a sh in g  to  r e m o v e  sa n d  and fo r e ig n  m a ter ia ls . T h e  fin a l 
p ro d u ct is q u ite  to u g h  an d  c h e w y . A  b e t te r  u n d e rs ta n d in g  o f  
p o stm o r te m  b io c h e m ic a l c h a n g e s  and th e ir  r e la t io n sh ip  to  e a t
ing q u a lity  m ig h t h e lp  in  e s ta b lish in g  th e  b e st  p r o c ess in g  
p ro ced u re.

T h e o b je c tiv e  o f  th e  p r e se n t s tu d y  w a s t o  in v e s t ig a te  th e  
p o stm o r te m  ch a n g e s  o f  h ig h  e n e rg y  p h o sp h a te  c o m p o u n d s  and  
g ly c o ly t ic  in te r m e d ia te s  as r e la ted  to  th e  o n s e t  o f  r igor m o r tis  
and te n d e r n e ss  in  su r f c la m .

EXPERIMENTAL
Animals and muscle samples

Live surf clams, Spisula solidissima, dredged off the coast of Virginia 
were transported by air to the Campbell Institute for Food Research 
Laboratory, Camden, and held in a 4“C cooler. All clams were used 
within 2 days after catching and their average shell length was 13 cm. 
One hundred twenty clams were hand shucked and foot and adductor 
muscles were immediately removed and rinsed in cold 3% NaCl solu
tion. About 60-g samples of adductor and foot muscles were separately 
placed in polyethylene bags and stored in the cooler at 4°C. At differ
ent storage periods of 0, 4 and 8 hr, 1,2, 4, 6 and 9 days, four bags of 
foot muscle and three bags of adductor muscle were taken for the 
analyses of metabolic intermediates and for the meaureir.ents of shear 
value and cook loss.

The whole experiment was repeated with 120 additional clams and 
the data presented in this paper are combined results of two trials.
Shear value and cook loss measurements

Foot and adductor muscles were cooked separately in a boiling

water bath for 20 min, cooled and drained. Extra surface moisture was 
blotted with tissue paper and percent cook loss was determined. The 
cooked samples were then ground through a coarse plate of hand-oper
ated food chopper and shear values were measured on 20g of this 
ground sample using a Kramer shear press.

Analysis of metabolic intermediates
Foot and adductor muscles were rapidly frozen in liquid nitrogen, 

pulverized according to the procedure described by Borchert and 
Briskey (1965) and stored on dry ice until analyses were completed.

Two grams of pulverized muscle were placed in a cold polyethylene 
centrifuge tube and extracted with 4.4 ml of 0.6N perchloric acid. 
After centrifugation at 12,000 X  G for 10 min, the perchloric acid 
extract was neutralized with 5M K2C03 using methyl orange as indi
cator, while stirring. After precipitation of potassium perchlorate, the 
clear supernatant was used for the subsequent enzymatic analyses.

Glucose-6-phosphate, ATP and phosphoarginine were determined 
sequentially by the enzymatic procedure described by Lemprecht and 
Trautschold (1963), pyruvate, ADP and AMP by the method of Adam
(1963) and lactate by the method of Hohorst (1963).

For glycogen determination, it was first isolated by treating pulver
ized samples with a potassium hydroxide-ethanol procedure described 
by Dalrymple and Hamm (1973). The isolated glycogen was solubilized 
in distilled water and determined using phenol-sulfuric acid (Dubois et 
al., 1956).

Measurement of pH
pH was measured on powdered muscle samples homogenized in 10 

volumes of 5 mM sodium iodoacetate as described by Marsh (1952).

RESULTS & DISCUSSION

Tenderness of clam meat
C h an ges in sh ear  v a lu e  an d  c o o k  lo ss  o f  f o o t  an d  a d d u c to r  

m u sc le s  du rin g  sto ra g e  are sh o w n  in  F ig u re  1. T h ree  d if fe r e n t  
sta g es w ere  o b ser v e d  in  th e  ra te  o f  ch a n g e  in  sh ear  v a lu e s  and  
c o o k  lo ss: ( 1 ) fa st in c re a se  u n t il  8 h r  p o s tm o r te m ;  ( 2 ) s lo w  
in crea se  fr o m  8 hr to  4  d a y s  p o s tm o r te m ;  and (3 )  fa st in crea se  
a fter  4  d a y s  o f  sto ra g e  u p  to  9  d a y s . T h e  in it ia l fa st in crea se  in  
sh ear an d  c o o k  lo ss  c o u ld  b e  a ttr ib u te d  t o  th e  e x c ita t io n  and  
te m p o ra r y  sh o r te n in g  c a u se d  b y  in it ia l  h a n d lin g  (sh u c k in g ,  
e x c is io n ,  w a sh in g ). T h e  fo l lo w in g  s lo w  in crea se  su g g e s te d  th a t  
th e  m u sc le  sy s te m  w a s s ta b iliz e d  and u n d e rg o in g  s lo w  m e ta 
b o lic  p r o c e sse s . T h e  f in a l s ta g e  o f  fa st  in c re a se  in d ic a te d  th a t  
m u sc le  p r o b a b ly  rea c h e d  th e  sta g e  o f  r igor , r e su lt in g  in  c o n 
tr a c te d  an d  sh o r te n e d  s ta te . T h e se  c h a n g e s  in sh ear  v a lu e  and  
c o o k  lo ss  du rin g  sto ra g e  are v ery  c lo s e ly  r e la ted  t o  th e  b io 
c h e m ic a l c h a n g e s  as d isc u sse d  la ter .

O f s ig n if ic a n c e  w a s th e  f in d in g  th a t sh ear  v a lu e s  w ere  still 
in crea sin g  ev en  at 9  d a y s  o f  sto ra g e  an d  n o  c o n d it io n in g  (r eso 
lu t io n  o f  r ig o r ) to o k  p la c e  d u rin g  th is  t im e  p e r io d . S u ch  a 
d e v e lo p m e n t w a s m u c h  s lo w e r  th a n  b o v in e  and p o u ltr y  m u s
c le s  w h ic h  sh o w e d  m a x im u m  sh ear  va lu es a t 1 2  h r  an d  2 —4  hr, 
r e s p e c t iv e ly , f o l lo w e d  b y  a d ec re a se  in  sh ear v a lu e s  (G o ll e t  a l., 
1 9 6 4 ;  D e  F r e m e r y , 1 9 6 3 ) .  It w as a lso  s lo w e r  th a n  s c a llo p  m u s
c le  w h ic h  d e v e lo p e d  m a x im u m  s t if fe n in g  at a b o u t 4  d a y s  o f  
sto ra g e  at 5 °C , fo l lo w e d  b y  s o f te n in g  (D y e r  and H iltz ,  1 9 7 4 ) .

A d d u c to r  m u sc le  had  h ig h er  sh ear va lu e  b u t  lo w e r  c o o k  
lo ss  th a n  f o o t  m u sc le . F u rth er  s tu d y  is n e e d e d  to  d e f in e  th e  
le n g th  o f  sto ra g e  t im e  req u ired  to  rea ch  m a x im u m  sh ear  v a lu e .
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P o stm o r te m  c h a n g e s  in  h ig h  e n e rg y  p h o sp h a te  c o m p o u n d s

P o s tm o r te m  c h a n g e s  o f  p h o sp h o a r g in in e , A T P , A D P  and  
A M P are s h o w n  in  F ig u re  2 . P h o sp h o a r g in in e  (P A ) in ste a d  o f  
cre a tin e  p h o sp h a te  w a s fo u n d  in  c la m  m u sc le . T h e  in it ia l  
v a lu e s  fo r  P A  w e re  c o m p a r a b le  to  c re a tin e  p h o sp h a te  v a lu e s  
r ep o rte d  fo r  v e r te b r a tes  (L e e  e t  a l.,  1 9 7 1 ;  N e w b o ld , 1 9 6 6 ) ,  
b u t w e re  m u c h  lo w e r  th a n  p h o sp h o a r g in in e  v a lu es fo r  r o ck  
lo b s te r  m u sc le  (S id h u  e t  a l.,  1 9 7 4 ) .  In itia l A T P  v a lu es in  su rf  
c lam  w e re  c o m p a r a b le  t o  th o s e  r ep o rte d  fo r  p ig  (L e e  e t  a l.,
1 9 7 1 )  an d  f ish  (T arr, 1 9 6 6 ) ;  s lig h t ly  h ig h er  th a n  th o s e  re
p o r te d  fo r  k in g  cra b , s c a llo p , a b a lo n e  an d  sq u ill  (A ra i an d  
S a ito , 1 9 6 1 ;  P o rter , 1 9 6 8 ) ;  lo w e r  th a n  th o s e  fo r  r o c k  lo b s te r  
(S id h u  e t a l.,  1 9 7 4 ) ,  sq u id  a n d  p ra w n  (A r a i an d  S a ito , 1 9 6 1 ) .

B r e a k d o w n  o f  p h o sp h o a r g in in e  w a s v e ry  rap id  fo r  th e  
in it ia l 4  h r  a f te r  sh u c k in g , th e n  at a s lo w e r  r a te  th e r e a fte r . It 
req u ired  6 d a y s  fo r  p h o sp h o a r g in in e  t o  d ro p  to  a n e g lig ib le  
c o n c e n tr a t io n ,  w h ic h  is m u c h  lo n g e r  th a n  2 —6 hr r e p o r te d  fo r  
p o r k , b e e f ,  p o u ltr y  a n d  f ish  (L e e  e t  a l., 1 9 7 1 ;  N e w b o ld ,  1 9 6 6 ;  
D e F r e m e r y , 1 9 6 6 ;  P a rtm a n , 1 9 6 5 ) ,  and a lso  lo n g e r  th a n  7 2  hr  
r ep o rte d  fo r  r o c k  lo b s te r  m u sc le  (S id h u  e t  a l., 1 9 7 4 ) .

B r e a k d o w n  o f  A T P  w a s s lo w  u n t il  4  d a y s  an d  2 d a y s  o f  
sto ra g e  fo r  f o o t  an d  a d d u c to r  m u s c le , r e s p e c t iv e ly , fo l lo w e d  
b y  m u c h  fa ste r  b r e a k d o w n  th e r e a fte r . A s m ig h t  b e  e x p e c te d  in  
v ie w  o f  th e  f u n c t io n  o f  P A  in  fu r n ish in g  h ig h  e n e rg y  b o n d s  to  
r e s y n th e s iz e  A D P  in to  A T P , th e  h ig h  le v e ls  o f  A T P  w e re  m a in 
ta in e d  u n t il  th e  c o n c e n tr a t io n s  o f  P A  h ad  fa lle n  s ig n if ic a n t ly .

S in c e  th e  lo ss  o f  m u sc le  e x te n s ib i l i ty  or  s t if fe n in g  o f  m u sc le  
is  c lo s e ly  r e la ted  to  th e  b r e a k d o w n  o f  A T P  (N e w b o ld ,  1 9 6 6 ) ,  a 
c lo se  c o in c id e n c e  b e tw e e n  th e  rap id  b r e a k d o w n  o f  A T P  and  
rapid in c r e a se  o f  sh ear v a lu es in  su r f c la m  m u sc le  w a s e x 
p e c te d . A lth o u g h  r igor  m e a su r e m e n ts  u s in g  a r ig o r o m e te r  w ere  
n o t  c o n d u c te d  in  th e  p r e se n t s tu d y , th e  d a ta  o n  th e  b rea k 
d o w n  o f  A T P  an d  P A  s tr o n g ly  in d ic a te d  th a t  r igor  o n s e t  o c 
curred  at a b o u t  4  d a y s  p o s tm o r te m  and w a s c o m p le te d  
b e tw e e n  6 a n d  9 d a y s  p o s tm o r te m . N e w b o ld  ( 1 9 6 6 )  s ta te d  
th a t m a n y  p u b lish e d  d a ta  sh o w e d  a c lo se  c o in c id e n c e  b e tw e e n  
th e  c o m p le t io n  o f  th e  p h y s ic a l c h a n g e s  an d  th e  v ir tu a lly  c o m 
p le te  d isa p p e a ra n ce  o f  c r e a tin e  p h o sp h a te . In  su r f c la m  m u s
c le , th e  v ir tu a lly  c o m p le te  d isa p p e a ra n ce  o f  P A  o c cu rred  at 6 
d a y s  p o s tm o r te m . T h e  t im e  c o u r se  o f  r igor  d e v e lo p m e n t  in  
su r f c la m  m u sc le  ap p ea red  to  b e  m u c h  s lo w e r  th a n  th a t re
p o r te d  fo r  o th e r  a n im a ls.

DAYS AT 4°C

DAYS AT 4°C

Fig. 1 —Shear value and cook loss o f surf dam muscle during storage 
at 4°C.

T h e  le v e l o f  A D P  g ra d u a lly  in c re a se d  u n t il  6 an d  4  d a y s  o f  
sto ra g e  fo r  f o o t  an d  a d d u c to r  m u s c le , r e s p e c t iv e ly , an d  th e n  
d ecrea sed  th e r e a fte r . T h e  m a x im u m  p ea k  o f  A D P  c o n c e n tr a 
t io n  o c cu rr ed  at th e  m id p o in t  o f  fa st  b r e a k d o w n  o f  A T P . T h e  
a c c u m u la t io n  o f  A M P rea ch ed  th e  h ig h e s t  le v e l at 6 d a y s  p o s t -

Fig. 2—Postmortem changes o f high energy
phosphate compounds: o--- o foot muscle;
o ----o adductor muscle.
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m o rtem  fo r  b o th  th e  f o o t  and a d d u c to r  m u s c le s , a lth o u g h  th e  
in crease  o f  c o n c e n tr a t io n  w a s m u c h  g rea ter  fo r  th e  f o o t  m u s
cle. T h e d ec re a se d  A M P c o n c e n tr a t io n  in  th e  a d d u c to r  m u sc le  
and th e  r ed u c ed  ra te  o f  A M P in c re a se  in th e  f o o t  m u sc le  a fter  
6 d a y s  o f  s to r a g e  su g g e s te d  th a t  A M P w a s fu r th e r  d eg ra d ed  
p o ssib ly  to  IM P an d  th e n  in o s in e  as r e p o r te d  b y  A rai an d  S a ito
(1 9 6 1 )  an d  th e  r a te  o f  b r e a k d o w n  w a s m u c h  grea ter  in  th e  
a d d u cto r  m u sc le .

P o stm o rte m  g ly c o ly s is

P o stm o r te m  ch a n g e s  in  th e  le v e l o f  g ly c o g e n , g lu c o s e -6- 
p h o sp h a te  and p y r u v a te , an d  p H  c h a n g e  are sh o w n  in  F ig u re  3 . 
L acta te  w a s fo u n d  to  b e  a b se n t in  su r f c la m  m u sc le .

T h e  in it ia l average g ly c o g e n  c o n te n t  o f  3 5  m g /g  m u sc le  w as  
m u ch  h ig h er  th a n  th o s e  r e p o r te d  fo r  p o r c in e  m u sc le  (L e e  et  
al., 1 9 7 1 ;  D a lr y m p le  an d  H a m m , 1 9 7 3 ) ,  b o v in e  m u sc le  (D a l-  
rym p le  and H a m m , 1 9 7 3 )  and r o ck  lo b s te r  m u sc le  (S id h u  et  
al., 1 9 7 4 ) .

T h e  lev e l o f  g ly c o g e n  c o n te n t  rem a in e d  a lm o st u n ch a n g e d  
u n til 4  d a y s  o f  s to r a g e , f o l lo w e d  b y  a fa st  b r e a k d o w n  th e r e 
a fter . A fa ir ly  h ig h  g ly c o g e n  c o n te n t  (a b o u t  50%  o f  th e  in it ia l  
lev e l)  still r em a in e d  e v en  at 9  d a y s  p o s tm o r te m . A d d u c to r  
m u scle  c o n ta in e d  h ig h er  g ly c o g e n  th a n  f o o t  m u sc le . A s g ly 
c o ly s is  p r o c e e d e d , p y r u v a te  c o n c e n tr a t io n  in crea sed  ra p id ly  
a fter  4  d a y s  p o s tm o r te m  w ith  n o  d e te c ta b le  la c ta te . T h is  in d i
cated  th a t su r f c la m  m u sc le  m ig h t  p o s se ss  a d if fe r e n t  m e ta 
b o lic  p a th w a y  fr o m  o th e r  m u sc le  sy s te m s  w h ic h  n o r m a lly  
p ro d u ce  la c ta te  as an  en d  p r o d u c t  o f  g ly c o ly s is .  T o  v e r ify  th e  
lack  o f  la c ta te , th e  la c ta te  d e h y d r o g e n a se  (L D H ) a c t iv ity  w a s  
m easu red . T h e  a c t iv ity  w a s a b o u t  1 u n it  per  m in  p er  gram  w e t  
tissu e  w h ic h  is r em a r k a b ly  lo w  as c o m p a r ed  to  2 0 0 —7 0 0  u n its  
in  rat m u sc le  (B a ld w in  e t  a l.,  1 9 7 3 )  and 1 4 0 0  u n its  in c h ic k e n  
b reast m u sc le  (L e e  e t  a l.,  1 9 7 6 ) .  A  v e ry  lo w  L D H  a c t iv ity  
c o u ld  b e  e ith e r  d u e  t o  th e  la ck  o f  e n z y m e  i t s e lf  or  d u e  to  th e  
p o ssib le  p r e se n c e  o f  e n z y m e  in  an  in a c tiv e  fo r m , w h ic h  m u st  
be verified  in a fu tu r e  s tu d y .

T h e  e x is te n c e  o f  a lte r n a te  p a th w a y s  o f  g ly c o g e n  b r e a k 
d o w n  w h ic h  led  to  th e  p r o d u c t io n  o f  c o m p o u n d s  o th e r  th a n  
la c ta te  w ere  a lso  r ep o rte d  in  c o d  m u sc le  (B u r t , 1 9 6 6 )  and in  
rock  lo b ste r  m u sc le  (S id h u  e t  a l.,  1 9 7 4 ) .  A  fu r th e r  s tu d y  is 
n eed ed  to  d e te r m in e  p o s s ib le  a lter n a te  g ly c o ly s is  p a th w a y s  in  
su rf clam  m u sc le .

T he b r e a k d o w n  o f  g ly c o g e n  and a c c u m u la t io n  o f  p y r u v a te

w ere  w e ll  r e f le c te d  in  p o s tm o r te m  pH  c h a n g e . T h ere  w a s an  
in it ia l rapid  fa ll u n t il  8 h r  p o s tm o r te m , fo l lo w e d  b y  a v ery  
s lo w  c h a n g e  u n t il  4  d a y s , an d  th e n , a rap id  d ec re a se  to
5 .6 —5 .7  at 9  d a y s  o f  s to r a g e . A s in  th e  ca se  o f  b r e a k d o w n  rate  
o f  h ig h  e n e r g y  p h o sp h a te  c o m p o u n d s ,  g ly c o ly s is  ra te  in  su rf  
c lam  m u sc le  is  rem a rk a b ly  s lo w e r  th a n  th a t r ep o rte d  fo r  o th e r  
a n im a ls  (N e w b o ld ,  1 9 6 6 ;  L ee  e t  a l.,  1 9 7 1 ;  S id h u  e t  a l.,  1 9 7 4 ) .  
T h e  d a ta  a lso  in d ic a te d  th a t  a d d u c to r  m u sc le  sh o w e d  a s lig h t ly  
fa ste r  g ly c o ly s is  ra te  th a n  f o o t  m u sc le .

It w a s c o n c lu d e d  fro m  th e  fo r e g o in g  d a ta  th a t  th e  p h y s ic a l  
and b io c h e m ic a l c h a n g e s  in  su r f c la m  m u sc le s  w ere  m u c h  
s lo w e r  th a n  th o s e  r ep o rte d  fo r  o th e r  m u sc le  sy s te m s  and d id  
n o t  o c c u r  to  an  a p p re c ia b le  e x t e n t  u n t il  4  d a y s  o f  s to r a g e  at 
4 °C . T h e  fa ster  b r e a k d o w n  o f  A T P  and g ly c o g e n  a fte r  4  d a y s  
p o s tm o r te m  su g g ested  th a t r igor  o n s e t  o c cu rr ed  at 4  d a y s  and  
w a s c o m p le te d  b e tw e e n  6 and  9 d a y s  p o s tm o r te m . T h e se  b io 
c h e m ic a l c h a n g e s  w ere  in  a c lo se  c o in c id e n c e  w ith  th e  ch a n g es  
o f  sh ear  v a lu e s  w h ic h  in c re a se d  g r e a tly  a fter  4  d a y s  o f  sto ra g e.
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ACCELERATION OF LIPID OXIDATION IN FROZEN MACKEREL FILLET BY 
PRETREATMENT WITH MICROWAVE HEATING

----- -----------------------  ABSTRACT — — — ----------------
Fresh mackerel fillets with skin on were pretreated, before frozen stor
age at -15°C by microwave heating at 2450 MHz for 5, 10 and 20 sec. 
During 6 months, the lipids of the skin and meat of the fillets were 
separately examined for quality variations by chemical methods such as 
TBA, POV and FFA. Pro-oxidant effects on lipids in mackerel fillets 
pretreated for 20 sec were shown by an increase of TBA molar value of 
200% and 100% in the skin and meats, respectively, after 6 wk of 
frozen storage at — 15°C. In fillets stored for 6 months, the rate of 
increase in POV in the pretreated sample was twice that in the control. 
According to the RIM quality evaluation system, the life in frozen 
storage of mackerel Fillets pretreated with microwave heating decreased 
proportionately with the time of pretreatment. The loss of storage life 
was as much as 60% (from 16 to 7 wk) compared with the control 
samples. It is suggested that the promotion of lipid oxidation in the fish 
pretreated with microwave energy should be considered as a particu
larly important factor affecting the quality during frozen preservation.

INTRODUCTION
T H R O U G H  IM P R O V E M E N T S  in th e r m a l p r o c e sse s  a p p lica b le  
in  f ish  in d u str y , (B e ly a e v  e t  a l., 1 9 7 5 ;  B e z a n so n , 1 9 7 6 )  m icro -  
w ave tr e a tm e n t is  n o t  o n ly  a b le  to  give fa st and e f f ic ie n t  
h e a tin g  b u t can a lso  be u sed  to  retard  lo sse s  o f  m o is tu r e  and  

v o la t ile s  (A r m b r u ster  and H a e fe le , 1 9 7 5 ) .  A lth o u g h  m a n y  
h u rd les  rem ain  to  b e  p a sse d , a p p lic a t io n  o f  m icr o w a v e  h e a tin g  
to  fo o d  p r o c ess in g  is in e v ita b le  in th e  areas o f  fr e e z e  d ry in g  or  
th a w in g  (B e z a n so n , 1 9 7 6 ;  C r e p e y , 1 9 6 9 ;  T su y k i an d  S h u to ,  
1 9 7 0 ) ,  d e to x if ic a t io n  (A r m str o n g  and S ta n le y , 1 9 7 5 ) ,  and  b io 
c h e m ic a l d e a c t iv a t io n  (H e n d e r so n  e t  a l.,  1 9 7 5 ;  Y eargers e t a l.,
1 9 7 5 ) .

M icrow ave  h e a t in g  in  p r o c ess in g  v a r io u s  f ish  p r o d u c ts  has 
b e e n  s tu d ie d  in  d if fe r e n t  research  and a p p lic a t io n  fie ld s  
(B e z a n so n , 1 9 7 6 ;  B a ld w in  e t a l., 1 9 7 1 ;  B e ly e a v  e t  a l.,  1 9 7 5 ;  
C r ep ey , 1 9 6 9 ;  T su y k i and S h u to , 1 9 7 0 ) ,  b u t a m e lio r a t io n  o f  
e n z y m a tic  an d  c a ta ly t ic  a u to x id a t io n  o f  fish  lip id s  has rece iv ed  
l it t le  a t te n t io n .  H o w e v er , fa t  o x id a t io n  an d  p o s t-tr e a tm e n t  
fla v o r  in m e a ts  w ere  c e r ta in ly  a f fe c te d  b y  m icr o w a v e  h e a tin g  
(Z ip r in  an d  C arlin , 1 9 7 6 ) .  S in ce  m o st  fish  fa ts  c o n ta in  m ore  
th a n  50%  u n sa tu ra te d  fa t ty  a c id s , o f  w h ic h  a b o u t  h a lf  are 
p o ly u n sa tu r a te d  (A c k m a n , 1 9 7 6 ) ,  lip id  o x id a t io n  is a lw a y s  
c o n s id e r e d  to  b e  o n e  o f  th e  m ajor fa c to r s  c o n tr ib u tin g  to  d if f i 
c u lt ie s  in  th e  p r e se rv a tio n  o f  f ish  q u a lity  du rin g  fr o z e n  sto ra g e , 
e sp e c ia lly  in  th e  fa t ty  fish  (K e  e t a l., 1 9 7 6 a , 1 9 7 7 ) .

O n e o f  th e  m o re  str ik in g  p o s s ib il it ie s  in  th e  u t i l iz a t io n  o f  
m icr o w a v e  h e a t in g  in  th e  f ish in g  in d u str y  has b e e n  th a t o f  
m o d ify in g  th e  c o m p le x  r e a c tio n s  w h ic h  p r o m o te  a u to x id a t io n  
o f  u n sa tu ra te d  fa ts  in fish . In th e  in d u c tio n  p e r io d  o f  o x id a 
t io n  o f  fish  lip id s , th e  fo r m a tio n  rate o f  free  rad ica ls is 
u lt im a te ly  r e la ted  d ir e c t ly  to  f ish  q u a lity  in te rm s o f  o x id a t iv e  
r a n c id ity  (K e  an d  A c k m a n , 1 9 7 6 )  an d  th e  e f fe c t  o f  m icr o w a v e  
r a d ia t io n  d u rin g  th is  se n s it iv e  p e r io d  h as n o t  b e e n  in v e stig a te d .

In th is  p a p er  w e  rep o rt s tu d ie s  o n  th e  su sc e p t ib il ity  o f  
p r o -o x id a n t  c a ta ly t ic  e f fe c t s  in  th e  a u to x id a t io n  o f  sk in  and  
m ea t fa ts  fr o m  A tla n t ic  m a ck ere l f il le t  du rin g  fr o z e n  sto ra g e  at 
— 15 °C  f o l lo w in g  p r e tr e a tm e n t b y  m ic r o w a v e  h e a t in g  in  2 4 5 0  
M Hz. B ased  o n  th e  RIM  sy s te m  (K e e t a l., 1 9 7 5 ) ,  th e  fr o z e n  
storage  l ife  o f  th e se  sa m p le s  p r e tre a ted  w ith  m icr o w a v e  en e rg y  
fro m  5 to  2 0  se c  h a v e  b e e n  c o m p a r ed .

EXPERIMENTAL
Preparation of fish

Atlantic mackerel (Scomber scomhrus), obtained in October of 
1974 from trap nets outside Halifax harbor, were used for this study. 
The round fish were carefully iced in 100-lb boxes after landing in the 
early morning and were received at the Laboratory less than 6 hr out of 
water. The fish (avg length 36 cm, avg weight 470g) were washed under 
clean conditions and filleted. The proximate composition of the skin-on 
fillet was: protein, 18%, water, 65%. The fat content in these mackerel 
fillets (hand-skinned) was determined separately for skin as 49% with 
iodine value (I.V.) 109, and for meat 17% with I.V. 118. The fillets 
were iced briefly before microwave treatment.
Pretreatment by microwave heating prior to frozen storage

A microwave oven (Litton Industries Ltd., U.S.A., model 850) 
operating at 2450 MHz (2.5 KW) was used for pretreating the mackerel 
fillets. Four fillets placed in two layers, all with skin side down, were 
preheated in the microwave oven for 5, 10 and 20 sec. A thermometer 
(dyed alcohol) was inserted between the upper and lower layers of 
fillets for measuring temperature changes. Before heating, readings in 
the range 4-5°C were recorded for fillets. The temperatures were ele
vated about 1-2 and 3 -4  degrees respectively in the fillets heated by 
microwave for 5-10 and 20 sec. These pretreated mackerel fillets were 
then wrapped in a polyethylene film and frozen at -15°C in packages 
of four fillets. Control fish did not receive anv microwave treatment. 
Procedures for quality assessment

At suitable intervals of frozen storage, all fillets from one package 
were examined. The skin part (including the thin fat layer under the 
skin) was removed from the meat part while the latter was in a partially 
thawed condition. These meat and skin samples, pooled separately from 
four fillets, were used for analytical determinations.

The thiobarbituric acid (TBA) test was applied directly to these skin 
and meat samples as described in a previous report (Ke et al., 1977). 
Lipids were extracted from the balance of the two samples by the 
method of Bligh and Dyer (1959), and were used for the determination 
of peroxide value (POV) according to the official method of the 
American Oil Chemists’ Society (AOCS, 1974), and the content of free 
fatty acid (FFA) by an improved method using a multiple solvent sys
tem and meta-cresol purple as the indicator (Ke et al., 1976b).

RESULTS & DISCUSSION
T H E  R A T E S  O F  L IP ID  O X ID A T IO N  in th e  sk in  an d  m e a t  
sa m p le s  o f  m a c k e re l f il le ts  s to r ed  fr o z e n  at — 1 5 °C  a fter  b e in g  
p r e tre a ted  w ith  m icr o w a v e  h e a tin g  fo r  1 0  and  2 0  s e c  w e re  
fo l lo w e d  fo r  6 m o n th s . T h e  r esu lts  in  te r m s o f  T B A  and P O V  
c h a n g e s  r e sp e c t iv e ly  h a v e  b e e n  p lo t te d  in  F ig u res 1 an d  2 . T h e  
u n u su a lly  rapid  o x id a t io n  in all sk in  sa m p le s  in c o m p a r is o n  
w ith  th e  m e a ts  w ith  and w ith o u t  m icr o w a v e  p r e tr e a tm e n t, has  
b e e n  r ec o rd ed  p r e v io u s ly , and  are s im ila r  to  r esu lts  fo r  u n p r o 
c essed  f ish  d e sc r ib ed  in  o u r  p rev io u s s tu d y  (K e e t a l.,  1 9 7 7 ) .  
A s sh o w n  in  F igu re  1, th e  T B A  m o la r  v a lu e s  fo r  sk in  lip id  
fro m  f ille ts  p r e tre a ted  w ith  m icr o w a v e  fo r  2 0  s e c , h a v e  in 
creased  200%  and 100%  a fter  sto ra g e  t im e s  o f  6 an d  14 w k ,  
r e sp e c t iv e ly , in  c o m p a r iso n  w ith  th e  sa m p le  w ith  n o  p r e tr e a t
m e n t . In th e  m ea t sa m p le s  fo r  f il le ts  from  th e se  fr o z e n  s to r a g e  
p e r io d s , th e  in c re a se s  o f  100%  an d  50% , a b o u t  h a lf  o f  th e  
c h a n g e s  in  th e  sk in  w ere  m easu red .

T h e  sim ilar  tr en d s  d u e  to  c a ta ly t ic  e f fe c t s  o f  m icr o w a v e  
p r e tre a tm en t o n  o x id a t io n  in  te r m s o f  P O V  ch a n g es  in b o th  
sk in  and m eat sa m p le s  o f  m a c k e re l f i l le t  fr o z e n  at - 1 5 ° C  are  
sh o w n  in  F igu re 2. T h e  in c re a se  in  P O V  d u e  to  m ic r o w a v e
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Fig. 1— Variation o f TBA molar value in skin ¡solid line) and meats 
(broken line) o f mackerel fillet frozen at — 75° C after microwave 
pretreatment for 0 (o•), 10 ( and 20 sec (on), respectively.

p re tre a tm en t fo r  2 0  se c  a m o u n te d  to  an in c re a se  m o re  th a n  
60%  o f  th e  P O V  o f  c o n tr o ls ,  b o th  fo r  th e  sk in  an d  m e a t  sa m 
p les , a fter  6 m o n th s  o f  fr o z e n  sto ra g e  at — 1 5 °C .

D iffe r e n c e s  in  th e  F F A  c o n te n t  o f  lip id s  in  th e  sk in  an d  
m ea t o f  fr o z e n  m a c k e re l f i l le t  p r e tre a ted  b y  m icr o w a v e  at 
2 4 5 0  M H z fo r  1 0  an d  2 0  s e c  are c o m p a r e d  in  F igu re  3 . T h e  
su b c u ta n e o u s  ( sk in )  fa ts  w e re  m o r e  s lo w ly  h y d r o ly z e d  th an  
th e  fa ts  in  th e  m e a t sa m p le s , as fo u n d  in  o u r  p rev io u s  in v e sti
g a tio n s  (K e  and A c k m a n , 1 9 7 6 ;  K e e t a l., 1 9 7 6 a ) .  It is a lso  
o b v io u s  th a t th e  fo r m a t io n  o f  F F A  b y  l ip id  h y d r o ly s is  in b o th  
th e  sk in  and m e a t o f  th e  fr o z e n  m a c k e re l f il le t  w a s in c re a se d  
s ig n if ic a n tly  b y  m icr o w a v e  p r e tr e a tm e n t fo r  v a r io u s  r a d ia tio n  
p er io d s. T h e  to ta l  F F A  in  a ll sa m p le s  o f  lip id  fr o m  m a c k e re l  
f ille t  fr o z e n  fo r  6  m o n th s  w a s le ss  th a n  3%. T h e  c o m b in a t io n  
o f  in crea sed  F F A  w ith  th e  in c re a se d  rate  o f  o x id a t io n  s tr o n g ly  
su g g ests  th a t in  th e  first in s ta n c e  th e  e n e rg y  fr o m  th e  m ic r o -  
w ave tr e a tm e n t d isru p ts m e m b ra n es  a n d /o r  su b c e llu la r  s tr u c 
tu r e s , th u s  lib e r a tin g  th e  n o r m a l e n z y m e s  an d  th e ir  su b stra te s .

T h e  fr o z e n  sto ra g e  l ife  o f  m a c k e re l f i l le ts  p r e tre a ted  b y  
m icro w a v e  e n e r g y  fo r  5 , 1 0  and 2 0  sec  can  b e  e v a lu a ted  
a cco rd in g  to  th e  R a n c id ity  In d e x e s  fo r  M ack erel (R IM ) (K e  e t  
al., 1 9 7 5 )  as “ a c c e p ta b le ,”  w h e n  its  P O V  are n o  m o r e  th a n  12  
in  th e  sk in  an d  2 in  m e a ts . B y  c o m p a r in g  th e  sa m p le  p re
trea ted  w ith  m ic r o w a v e  fo r  2 0  se c  w ith  th e  c o n tr o ls ,  th e  sh e lf  
l ife  have b e e n  sh o r te n e d  as m u c h  as 60% , fr o m  16 to  7 w k . It 
sh o u ld  a lso  b e  n o te d  th a t th e  d ec re a se  o f  th e  s h e lf  l ife  w a s  
a p p r o x im a te ly  p r o p o r t io n a l t o  th e  h e a t in g  t im e  o f  m icr o w a v e  
p r e tr e a tm e n t. T h u s it  h a s b e e n  d e m o n s tr a te d  th a t  th e  p r e tre a t
m e n t  o f  f ish  b y  m icr o w a v e  h e a t in g  at 2 4 5 0  M H z is an im p o r 
ta n t  fa c to r  a ffe c t in g  th e  in it ia l  q u a lity  an d  su b se q u a e n tly  
c a ta ly z in g  th e  d e v e lo p m e n t o f  o x id a t iv e  r a n c id ity  d u rin g  th e  
p o s t tr e a tm e n t  fr o z e n  storage  at — 1 5 °C .

T h e  in it ia t io n  o f  lip id  o x id a t io n  b y  c a ta ly t ic  fa c to r s  is  th e

Fig. 2—The change o f peroxide value in the skin (solid line) and 
meat samples o f mackerel fillet frozen at —15° C after microwave 
pretreatment for 0 ( o n ) ,  10 (¿x) and 20 sec ( o n ) ,  respectively.

STORAGE TIME (Wk)

Fig. 3—The change o f  free fatty acid in the skin (solid line) and 
meats (broken line) samples o f  mackerel fillet frozen at — 75° C after 
microwave pretreatment for 0 ( o n ) ,  10 (-*■ ) and 2 0 sec ( o n ) ,  respec
tively.
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most im portant problem for quality preservation in products 
based on fatty  fish (Ke and Ackman, 1976). Once a radical 
chain reaction has been initiated, the breakdown of products is 
responsible for oxidative rancidity and the myriad of other 
reactions which reduce the shelf life and nutritive value of 
various frozen fish (Ke et al., 1976a). The possible role o f 
catalysis in the initiation of lipid oxidation by microwave heat
ing cannot be fully understood and discussed w ith the limited 
research of the present investigation. However, some prom o
tion seems logical from our results, because the microwave 
energy at 2450 MHz used for pretreatm ent o f the fish in this 
investigation is great enough to  activate oxygen on either a 
direct attack basis, or to  prom ote a reaction to  produce singlet 
oxygen using tissue pigments as sensitizers (Rawls and van 
Santen, 1970). Clearly, research into the use of microwave 
pretreatm ent in the processing of fatty  fish should be particu
larly centered on the enhancem ent of oxidative rancidity, in 
post-treatm ent storage as well as on any change of flavor 
(Angelini and M erritt, 1975), nutritive values (Ziprin et al.,
1976), or enzymes (Henderson, 1975).
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PAIRED COMPARISON AND TIME-INTENSITY MEASUREMENTS 
OF THE SENSORY PROPERTIES OF BEVERAGES AND GELATINS 

CONTAINING SUCROSE OR SYNTHETIC SWEETENERS

-----------------------------------  ABSTRACT — ------ — -----------------
By paired comparison methods, concentrations of 0.75% and 0.86% 
calcium cyclamate and of 0.17% and 0.19% aspartame were equivalent 
in sweetness to 10% sucrose in distilled water at 3° and 22°C, respec
tively. Inherent bitterness of the compounds prevented precise assess
ment of relative sweetness for sodium saccharin in distilled water, and 
for the saccharin and cyclamate in flavored drinks. By application of 
linear regression to the paired comparison data, 0.07% aspartame was 
calculated as equal in sweetness to 10% sucrose in lemon, strawberry 
and orange drinks. Because the underlying bitterness of saccharin inter
fered with assessment of its sweetness, a time-intensity technique was 
applied. Using a chart recorder to monitor time, time-intensity (T-I) 
measurements were made of the intensity and the duration of sweet
ness, bitterness, sourness and flavor in distilled water, and the same 
characteristics, plus flavor in three flavored drinks, and two flavored 
gelatins, sweetened with sucrose, cyclamate, or saccharin. T-I curves for 
the sensory properties of aspartame closely resembled those for sucrose 
in all media. Cyclamate and saccharin imparted a marked, persistent 
bitterness to all carriers. In gelatin, samples containing 18% sucrose 
were firmer initially and took longer to manipulate to a liquid in the 
mouth than did gelatins containing 0.105% aspartame, 0.55% cycla
mate, or 0.05% saccharin.

INTRODUCTION

THE DEVELOPMENT and testing of synthetic sweeteners in
volves a lengthly sequential procedure. First, it must be estab
lished tha t the new ingredient is safe for human consum ption, 
that it is stable under normal conditions of handling and stor
age, and that it is not detrim ental to the physical or functional 
attributes of the products in which it is to  be used. Of prime 
importance are the sensory properties -  appearance, aroma, 
texture, taste and aftertaste. Traditionally, a single sensory 
parameter is measured — sweetness equivalence to  sucrose, 
usually by paired com parison m ethods. In the interest of 
expediency and efficiency, m ost investigations are conducted 
using model systems (com pounds dispersed in distilled water), 
with the hope that similar relationships would hold in more 
complex food and beverage systems. We felt that measure
ments of perceived intensity, sensory quality, and stimulus 
duration in several systems would be useful supplements to the 
conventional, unidimensional “relative sweetness” measure
ment. The present investigation was undertaken to compare 
the relative taste properties o f aspartam e, sodium saccharin 
and calcium cyclamate with those of sucrose in distilled water, 
in lemon, orange and strawberry drinks, and in orange- and 
strawberry-flavored gelatins, using both  paired comparison and 
a new approach to  tim e-intensity (T-I), wherein tim e is con
tinuously m onitored by a strip chart recorder (Larson, 1975).

MATERIALS & METHODS

Ingredients
The sweeteners used were: sucrose (99% pure, C & H Sugar Co.), 

sodium saccharin (Sherwin Williams, lot x5768), calcium cyclohexyl- 
sulfamate (Searle Biochemics, lot X 5 7 3 5 ) ,  and aspartame (L-aspartyl-L-

1 P resen t a d d re ss : 1 0 1 5  C am p b e ll, P ro sse r , WA 9 9 3 5 0

phenylalanine methyl ester, Searle Biochemics, lot 5270-7). Drinks and 
gelatins were prepared from powdered bases supplied by General Foods 
Corp., Tarrytown, NY (Table 1).
Sample preparation

The water solutions were prepared (w/v) using double-distilled water 
and sweetener, covered, and allowed to stand at 22°C for 16 hr prior to 
tests conducted at room temperature, and at 3°C for 16 hr prior to 
tests conducted with solutions at refrigerator temperature. The chilled 
samples were poured into the test beakers 1 hr before the test session, 
covered, and replaced in the refrigerator to allow the temperature to 
equilibrate to 3°C.

The three flavored drinks were prepared from a stock solution of 
the powdered base and double-distilled water. The stock was added to 
the solid sweeteners, agitated to dissolve them, diluted to volume at 
22°C, and stored at 3°C for approximately 12 hr.

Stock solutions of the two gelatins were prepared by mixing the 
base with 3/4 of the total volume of boiling, distilled water and stirring 
for 2 min by hand. After mixing for 10 min with a magnetic stirrer, the 
gelatin was cooled to room temperature and brought to volume. Ali
quots of the sweetener, which had been dissolved in distilled water 
(w/v) to a specific volume, dependent upon the desired concentration, 
were combined with the gelatin solution, brought to volume, and 
poured into enamel pans to a height of 2 cm. Any surface foam was 
removed, and the pans were covered with a plastic wrap and stored at 
3°C ± 1°C for 18 hr. All gelatins were tested within 24 hr of prepara
tion, at which time they were served as 2 cm cubes at 7° ± 1°C.
Sensory procedures

The paired comparison, constant stimulus, forced-choice method 
(Amerine et al., 1965) was used to compare seven concentrations of 
each of the three synthetic sweeteners with solutions of 10% sucrose, at 
3° and at 22°C. In the three flavored drinks, five concentrations of each 
synthetic sweetener were compared with samples containing 10% su
crose. Judges selected the sweeter sample within each pair, with a total 
of three replications obtained per judge per paired concentration. The 
percentage of the responses selecting the 10% sucrose sample as sweeter

Table 1— Composition of powdered bases used for drinks and gelatins

Drinks (w/w%)

Strawberry Orange Lemon

Citric acid 52.36 48.71 69.89
Monocalcium phosphate 43.64 42.35 22.07
Flavoring 0.74 6.61 2.90
FD81C color 1.49 0.61 0.01
Vitamin C 1.60 1.55 0.81
Vitamin A 0.17 0.17 0.09
Clouding agent - - 4.23

Gelatins (w/w%)

Strawberry Orange

Gelatin 70.9 70.7
Adipic/fumaric acid 20.3 20.1

Sodium citrate 6.7 6.6

Flavoring 1.7 2.4
Color 0.4 0.2
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Fig. 1—Time intensity method. Judge places sample in mouth, acti
vates strip-chart and records perceived intensity on moving chart 
until extinction point.

Fig. 2 —Sweetness of aspartame relative to 10% sucrose ir distilled 
water at 3d and 22°C, showing both linear and parabolic lines fitted 
to the data.

Fig. 3 —Sweetness of calcium cyclamate relative to 10% sucrose in 
distilled water at 3° and 22° C, showing both linear and parabolic 
lines fitted to the data.

was plotted against the concentration of the synthetic sweetener, and a 
regression line fitted to the data. Equisweetness was defined as that 
concentration of synthetic sweetener at which 50% of the responses 
indicated the synthetic was sweeter than sucrose, as read from the 
linear regression line. For the water solutions, only, parabolic lines were 
Fitted to the data by computer, also. Gelatins were not evaluated by 
paired comparison due to difficulties encountered with the liquids.

Judges consisted of nine females and four males, students and 
employees, selected on the basis of interest in participation and consis
tency of response to perceived sweetness and bitterness in paired pre
sentaron of test solutions. Within all test series, samples of approxi
mately 35 ml of solution were served in randomized order in 50-ml 
beakers coded randomly with numbers from 1-999. Distilled water was 
provided for oral rinsing and judges were instructed not to swallow 
samples. Test sessions were conducted three to four times per week, 
between 10:00 am and noon, in individually partitioned booths main
tained at 21° ± 2°C.

For the T-I measurements, time was monitored by a strip chart 
recorder (Heathkit Multi-speed Servo Chart Recorder, Model 1R-18M). 
The paper was set to advance at a rate of 0.05 in/sec when liquids were 
being tested, and at 0.1 in/sec for testing gelatin. Perceived intensity 
was recorded manually with a felt-tip pen on the moving chart, using a 
100-division, unstructured scale labeled “none” to “extreme” on the 
stationary paper-cutter bar (Fig. 1). The bar served both asa guideline 
for marking intensity, and to cover the previous response, forcing 
judges to concentrate on the immediate intensity. Samples were 
presented in 50-ml beakers identified with small, gummed labels 
marked with the sequence and with the single sensation being meas
ured, e.g., “ 1-sweet,” or “2-bitter.” The gummed label was transferred 
from the beaker onto the chart paper to identify the curve, and to 
focus the judge’s attention on the single sensation under consideration. 
The judge placed the entire sample into the mouth, retaining the 10 ml 
of liquid for 20 sec, or the 2-cm cube of gelatin for 10 sec before 
expectoration, while recording the intensity on the moving chart. For 
sweetness measurements in distilled water (Fig. 2, 3, and 4), judges first 
recorded initial intensity on the stationary chart. Then, a second sample 
of :he same stimulus was placed in the mouth while simultaneously 
initiating the advancement of the chart paper. Beginning from the 
initial intensity point, the judge marked perceived intensity on the 
moving chart, expectorating at the designated times, and continuing to 
mark the moving chart until the sensation was no longer perceived, i.e., 
to the extinction point (Fig. 1).

In addition to recording taste and flavor intensities, hardness and 
rate of breakdown of the gelatins were assessed by the T-I method. 
First the judge placed the gelatin cube between the molar teeth, bit 
down and expectorated, recording the initial hardness or firmness on 
the stationary chart. Next, the second sample of the same gelatin was 
placed between the molars, bitten and manipulated between the tongue 
and palate to a complete liquid, recording the perceived rate of break
down on the moving chart. For both liquids and gelatin, a total of eight 
samples were tested per session, with distilled water provided for oral 
rinsing.

For evaluation of the water solutions and the three drinks by the T-I 
method, nine judges, with experience on the previous paired tests, par
ticipated. For evaluation of gelatins, a new group of subjects was 
screened and trained, with ten being selected on the basis of repro
ducibility of judgment, two of whom had participated in the previous 
taste studies.

To tabulate the T-I data, points on the graphs were joined to form a 
smooth curve, with mean intensities calculated for the entire panel at
4-sec intervals for the liquids, and at 2-sec intervals for the gelatins. 
IT ese mean intensities were then replotted against time for each sen
sation for each sweetener. The total area under the curve was estimated 
using third-order exponential smoothing, based on an input of points 
from a digitizing table to a calculator (Hewlett-Packard, 9810). Analysis 
of variance was applied to the initial intensity values read from the 
individual charts, and to the values representing areas under the curves.

RESULTS & DISCUSSION  

Paired comparison method
Sensory responses to the sweetness of aspartam e, cycla

mate and saccharin compared to  10% sucrose in distilled water 
are p lotted in Figures 2, 3, and 4, respectively. For aspartam e, 
it was necessary to  test a different concentration series at each 
solution tem perature to bracket the sweetness m atch (Fig. 2).
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Table 2 —Concentration range, equisweet concentrations and correlation coefficients for solutions of synthetic sweeteners compared to 10% 
sucrose, paired comparison method

Aspartame Cyclamate Saccharin++

Medium of 
dispersion

Cone range 
tested

%

Equiv.
sweetness3

% r

Cone, range 
tested

0//o

Equiv.
sweetness3

% r

Cone range 
tested

%

Distilled water
22° C 0.075-0.290 0.190 0.903** 0.15-1.0 0.86 0.818* 0.03-0.50
3°C 0.065-0.290 0.170 0.955*** 0.04-1.0 0.75 0.937** 0.05-0.35

Drinks
Strawberry 0.05-0.15 0.069 0.955* 0.25-0.85 ++b — 0.05-0.25
Orange 0.05-0.270 0.068 0.986** 0.20-1.25 ++ — 0.02-0.30
Lemon 0.05-0.10 0.066 0.963** 0.45-1.15 ++ — 0.05-0.15

'S ig n if ic a n t  at p <  0 .05  
"  S ig n if ic a n t  at p <  0.01 
" *  S ign if ican t  at p <  0 .001  
3 Va lue s determ ined  fro m  linear regression  line.
b + + E q u iv a le n t  sw eetness co n ce n tra t ion  p o in t  w a s no t determ inab le .

The aspartame data fit more closely to  a parabolic (r = 0.965 
at 22°C and r = 0.990 at 3°C, p <  0.01) than a linear regres
sion (r = 0.903 and 0.955, respectively, p <  0.01 and 0.001). 
The cyclamate data (Fig. 3) also fit more closely to  a parabolic 
(r = 0.962, p <  0.01) than a linear regression (r = 0.818, p <  
0.05). Using the conventional measurem ent of reading values 
from a linear regression line, 10% sucrose was determ ined to 
be equivalent to  0.190% aspartam e and 0.86% cyclamate in 
solutions tested at 22°C, and to  0.170% aspartame and 0.75% 
cyclamate at 3°C (Table 2). Lower aspartam e values have 
been reported in the literature, e.g., a 10% sucrose m atch of 
0.075% aspartame (Beck, 1974) and 0.050% aspartame 
(Guadagni et al., 1974). The la tter investigators did not specify 
solution tem peratures, but we presume samples were served at 
room tem perature. Although sucrose and cyclamate have been 
tested by several investigators (Vincent et al., 1955; Schütz 
and Pilgrim, 1957; Kamen, 1959; Hellaur, 1966; Stone and 
Oliver, 1969; Yamaguchi et al., 1970a, b none compared cycla
mate directly to 10% sucrose. The best estimate of the sweet
ness of calcium cyclamate from these literature values can be 
expressed as a relative sweetness o f 30—80 compared to  su
crose being equal to  1.

The linear regression lines in Figure 3 are highly question
able, particularly for solutions tested at 22°C, because of the 
obvious plateauing of responses at the 50% mark for concen
trations ranging from 0 .6 -1 .0 %  cyclamate. An inspection of 
the individual data showed a tim e-order bias for the cyclamate- 
sucrose com parison, only. The second sample within a paired 
set was significantly selected as sweeter 226 times in 364 trials, 
or 62% of the tim e (p <  0.001), compared to  the chance 
selection of 50%. This overselection of the second sample, 
despite random  presentation, strongly suggests m utual 
synergism of the two com pounds, agreeing with Kamen (1959) 
and Yamaguchi et al. (1970b) who reported sweetness 
synergism of interm ediate concentrations of sucrose and cycla
mate. It should also be pointed out tha t several investigators 
have observed a b itter off-taste in cyclamate solutions, starting 
with concentrations of 1.3% (Helgren et al., 1955). Vincent et 
al. (1955) found a linear relationship between the percentage 
of their 76 judges reporting off-taste and the log of the con
centration of sodium cyclamate. Twenty percent detected an 
off-taste at 0.42%, and 50% at 0.66% cyclamate. The off-taste 
was perceived at higher levels o f relative sweetness for the 
sodium salt than for the calcium salt o f cyclamate. Using 150 
female testers, Tiwald (1971) reported significant differences 
between equisweet solutions of 0.17% sodium cyclamate and

OÌino
o

Fig. 4 —Sweetness of sodium saccharin relative to 10% sucrose in 
distilled water at 22°C, demonstrating the impossibility of fitting a 
line to the data to determine the relative sweetness.

7.5% sucrose, which he attributed  to  the b itter aftertaste of 
the former.

Figure 4 dramatically illustrates the impossibility of using 
the paired com parison technique to  establish the concentra
tion of saccharin equivalent to  10% sucrose. A 20-increment 
concentration series, ranging from 0.03—0.05% saccharin re
sulted in a tracking-type response pattern  which never approxi
mated the 50% response criteria. A second concentration series 
of three levels of saccharin, 0.10, 0.20 and 0.30%, fared no 
better, despite the increased num ber of replications. A re
appraisal of the recent literature proved futile, as a 10% su
crose standard was not tested by paired comparison. The 
closest concentration values were 9.12% sucrose =  0.03% 
saccharin (Schütz and Pilgrim, 1957) determined by a single 
stimulus, 9-point intensity scale, and 9.18% sucrose =  0.08% 
saccharin (Yamaguchi et al., 1970a) established by paired com
parison. Neither investigator reported difficulty in testing the 
relative sweetness of this com pound. In his review of a large 
num ber of early articles on relative sweetness, Nieman (1958) 
reported a summary value of 30,000 for saccharin relative to 
100 for 10% sucrose. As shown by Amerine et al. (1965), 
Taufel and Klemm (1925) reported a value of 18,900 for sac
charin relative to  100 for 10% sucrose.

Vincent et al. (1955) calculated that sodium saccharin was 
240—350 times sweeter than sucrose at a level of

Volume 43 (1978)-JOURNAL OF FOOD SCIENCE-  43
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Fig. 5 — Time-intensity curves for sourness, bitterness, and sweetness 
of four sweeteners in distilled water at 22°C.

Fig. 6— Time-intensity curves for sourness, bitterness, and sweetness 
for 10% sucrose and tnree concentrations o f  aspartame in distilled 
water at 22? C.

0.007—0.0125%, but at higher concentrations the sweetness 
dropped rapidly due to  increasing bitterness of the saccharin. 
This was substantiated by Moskowitz (1970), using magnitude 
estim ation. Although we did no t quantitate the bitterness 
intensity in the paired comparisons, we concur w ith Mosko
witz (1970) that the bitterness of the saccharin concentrations 
increases at a faster rate than does the sweetness. These 
changes in sweetness-bitterness functions with increasing con
centration preclude the establishment by paired comparison 
of a concentration at which 50% of the responses would indi
cate the saccharin solution was sweeter than 10% sucrose.

No difficulty was encountered in calculating sweetness 
equivalence by paired comparison for aspartam e in the three 
flavored drinks. The aspartam e values equivalent to  10% su
crose were so similar for the three drinks, that a single concen
tration  of 0.07% aspartam e was used for subsequent testing of 
all drinks.

Our experience with paired com parison testing of cycia- 
mate, and particularly with saccharin, emphasized the need for 
a sensitive, indirect estimate of the m ultiple sensory properties 
of these com pounds, hence the development o f the T-I tech 
nique. For the T-I m ethod the final concentrations selected for 
each sweetener are specified on the individual graphs (Fig.
5 -9 ) .

Time-Intensity m ethod
Average T-I curves for the four sweeteners dispersed in 

distilled water and tested at 22°C are shown in Figure 5. Simi
lar curves were obtained with solutions tested at 3°C, except 
that sourness o f the three synthetic sweeteners was signifi
cantly lower (p <  0.001) at the lower tem perature, as were 
sweetness and sourness for all com pounds. Bitterness intensity  
was the same, possibly because solutions may have been closer 
to m outh tem perature when they made contact with the b itter

ST R A W B ER R Y  D R IN K  AT 3°C

TIME (sec)

Fig. 7a— Time-intensity curves for flavor, bitterness, sourness and 
sweetness in strawberry drink at 3°C.

LEMON DRINK AT 3°C

Fig. 7b— Time-intensity curves for flavor, bitterness, sourness and 
sweetness in lemon drink at 3°C.
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SENSORY PROPERTIES OF BEVERAGES AND GELATINS.. .

TIME (sec) TIME (sec) TIME (seconds)

Fig. 8a—Time-intensity curves for strawberry 
gelatin with four sweeteners: (n = 30 for hard
ness and flavor; n = 24 for bitterness; n = 27 for 
sweetness).

Fig. 8b—Time-intensity curves for orange gela
tin with four sweeteners: (r = 30 for hardness 
and flavor; n = 24 for bitterness; n -  27 for 
sweetness).

Fig. 9 —Average T-l curves for strawberry flavor 
in gelatin for each o f ten judges, demonstrating 
variation in initial intensity, maximum intensity 
and duration (n = 3).

r e c e p t o r s  a t  t h e  b a s e  o f  t h e  t o n g u e .  A t  b o t h  t e m p e r a t u r e s ,  t h e  
g r e a t e r  s o u r n e s s  a n d  b i t t e r n e s s  o f  s a c c h a r i n  a n d  o f  c y c l a m a t e ,  

c o m p a r e d  t o  s u c r o s e  w a s  q u i t e  e v i d e n t .  A l s o ,  i t  i s  v e r y  o b v i o u s  
t h a t  0 . 1 0 %  s a c c h a r i n  w a s  c o n s i d e r a b l y  l e s s  s w e e t  i n i t i a l l y ,  w i t h  
a  s h o r t e r  s w e e t n e s s  d u r a t i o n ,  c o m p a r e d  t o  t h e  o t h e r  s w e e t 
e n e r s .  T h e  a s p a r t a m e  s a m p l e s  w e r e  i n i t i a l l y  s w e e t e r  t h a n  t h e  

s u c r o s e  s o l u t i o n s ,  b u t  a t  t h e  l o w e r  t e m p e r a t u r e ,  t h e  s w e e t n e s s  

d u r a t i o n  o f  b o t h  s o l u t i o n s  w a s  i d e n t i c a l .  T h e  p e r s i s t e n c e  o f  a l l  

t a s t e  s e n s a t i o n s  i n  t h e  s y n t h e t i c  s w e e t e n e r s  t e s t e d  a t  2 2 ° C  is  
s t r i k i n g ,  p a r t i c u l a r l y  t h e  b i t t e r n e s s  a n d  s o u r n e s s  o f  s a c c h a r i n .  

T a b l e  3  p r e s e n t s  v a l u e s  i n  c m 2 f o r  t h e  t o t a l  a r e a s  u n d e r  t h e  
c u r v e s ,  w i t h  t h e  c o r r e s p o n d i n g  L S D  v a l u e s .

S i n c e  t h e  c o n c e n t r a t i o n  o f  0 . 1 7 7 %  a s p a r t a m e ,  c a l c u l a t e d  

f r o m  t h e  p a i r e d  c o m p a r i s o n  e x p e r i m e n t  a s  e q u i v a l e n t  t o  1 0 %  
s u c r o s e  p r o v e d  t o  b e  s w e e t e r ,  t w o  l o w e r  c o n c e n t r a t i o n s  w e r e  

c o m p a r e d  t o  s u c r o s e  u s i n g  t h e  T - I  m e t h o d  ( F i g .  6 ) .  T h e  c o n 
c e n t r a t i o n  o f  0 . 0 7 5 %  w a s  t a k e n  f r o m  a  l i t e r a t u r e  v a l u e  ( B e c k ,

1 9 7 4 ) ,  w h i l e  t h e  l e v e l  o f  0 . 1 3 %  w a s  d e r i v e d  a r i t h m e t i c a l l y  
f r o m  t h e  d a t a  i n  F i g u r e  5 ,  i . e . ,  0 . 1 7 7 %  a s p a r t a m e  / 6 4  i n i t i a l  

i n t e n s i t y  =  0 . 1 3 %  a s p a r t a m e / 4 9  i n i t i a l  i n t e n s i t y  ( t h e  s t a r t i n g  
p o i n t  f o r  1 0 %  s u c r o s e ) .  T h e  l a t t e r  a s p a r t a m e  c o n c e n t r a t i o n  
g a v e  s w e e t n e s s ,  s o u r n e s s ,  a n d  b i t t e r n e s s  c u r v e s  r e m a r k a b l y  

s i m i l a r  t o  t h o s e  f o r  1 0 %  s u c r o s e  w h e n  t e s t e d  e x p e r i m e n t a l l y  
( F i g .  6 ) .  T h i s  d e m o n s t r a t e s  t h e  u s e  o f  T - I  d a t a  t o  i n t e r p o l a t e  
a n d  m a t c h  s w e e t n e s s  i n t e n s i t i e s  f o r  c o m p o u n d s  w i t h  n o  i n t e r 

f e r i n g  s e c o n d a r y  t a s t e s .

T - I  c u r v e s  f o r  t h e  o r a n g e  a n d  s t r a w b e r r y  d r i n k s  w e r e  a l 
m o s t  i d e n t i c a l ,  h e n c e  o n l y  t h e  l a t t e r  d a t a  a r e  s h o w n  ( F i g .  7 a ) ,  
c o n t r a s t e d  w i t h  c u r v e s  f r o m  t h e  l e m o n  d r i n k  ( F i g .  7 b ) .  T h e  
m a i n  d i f f e r e n c e  i n  t h e  c u r v e s  f o r  s t r a w b e r r y  ( p H  3 . 0 )  a n d  
l e m o n  ( p H  2 . 7 5  w a s  t h e  g r e a t e r  p e r c e i v e d  s o u r n e s s  o f  t h e  
l a t t e r .  T h e  d a t a  s u g g e s t  t h a t  s o u r n e s s  s u p r e s s e d  p e r c e i v e d  
s w e e t n e s s  i n t e n s i t y ,  w h i c h  a g r e e s  w i t h  p r e v i o u s  f i n d i n g s  
( P a n g b o r n ,  1 9 6 3 ) .  F l a v o r  i n t e n s i t y  c u r v e s  w e r e  s i m i l a r  i n  b o t h  
d r i n k s  f o r  s u c r o s e ,  a s p a r t a m e ,  a n d  c y c l a m a t e ,  w i t h  s i g n i f i 
c a n t l y  l e s s  i n i t i a l  f l a v o r  f o r  d r i n k s  s w e e t e n e d  w i t h  s a c c h a r i n .  I n  

b o t h  d r i n k s ,  t h e  s a c c h a r i n  s a m p l e s  w e r e  v e r y  b i t t e r ,  c y c l a m a t e  
s a m p l e s  w e r e  m o d e r a t e l y  b i t t e r ,  a n d  t h e  s u c r o s e  a n d  a s p a r t a m e  

s a m p l e s  h a d  a  s l i g h t ,  t r a n s i e n t  b i t t e r n e s s .  B i t t e r n e s s  c u r v e s  f o r  
s a m p l e s  c o n t a i n i n g  s a c c h a r i n  a n d  f o r  t h o s e  c o n t a i n i n g  c y c l a 
m a t e  s u g g e s t  a  s l i g h t  i n c r e a s e  i n  i n t e n s i t y  u p  t o  t h e  t i m e  o f  
e x p e c t o r a t i o n  ( 2 0  s e c ) ,  t h e n  a  p r o n o u n c e d  d r o p .  T h i s  s l i g h t  

d e l a y  i n  p e r c e p t i o n  o f  m a x i m u m  b i t t e r n e s s ,  o n l y ,  m i g h t  b e  
r e l a t e d  t o  t h e  d e l a y  i n  t h e  s t i m u l i  r e a c h i n g  t h e  c i r c u m v a l l a t e

Table 3—Mean areas under the curve (cm2 ) for solutions, drinks and 
gelatins sweetened with sucrose or three synthetic sweeteners, T-1 
methoda

s u e APM CYC SAC LSDb

Distilled water

Sour 3°C 5.5 10.7 14.6 17.0 7.1
22° C 6.5 14.4 22.7 28.1 7.1

Bitter 3°C 7.3 15.7 43.1 57.3 13.3
22° C 6.0 20.3 41.5 65.6 13.3

Sweet 3°C 37.1 61.9 44.0 22.6 13.1
22° C 38.1 76.2 53.7 26.7 13.1

Drinks
Flavor Strawberry 43.4 53.5 61.7 35.3 8.2

Orange 36.9 47.5 48.8 37.1 9.1
Lemon 49.6 62.0 71.7 37.5 8.3

Bitter Strawberry 7.1 10.4 40.9 51.7 9.5
Orange 13.6 7.8 36.4 53.3 10.7
Lemon 16.9 20.2 41.3 65.3 11.1

Sour Strawberry 17.7 18.3 17.7 30.9 8.1
Orange 20.0 20.4 26.1 33.2 6.7
Lemon 64.9 59.4 56.0 75.1 10.1

Sweet Strawberry 31.2 44.6 56.3 16.2 10.0
Orange 30.2 43.3 51.3 20.4 10.9
Lemon 23.4 39.6 48.6 11.0 10.1

Gelatins
Hardness Strawberry 53.4 25.5 26.0 29.7 6.3

Orange 56.8 32.4 25.9 33.5 7.6
Bitter Strawberry 0.8 6.0 20.5 30.3 7.5

Orange 0.7 8.8 18.4 35.4 11.7
Flavor Strawberry 48.6 52.7 63.2 47.1 11.5

Orange 49.3 56.1 73.1 59.9 13.9
Sweet Strawberry 68.9 77.9 82.0 55.3 17.5

Orange 57.0 82.1 70.0 48.8 16.4

a S U C ,  A P M ,  C Y C  and S A C  are, respective ly, sucro se , aspartam e, 
cyclam ate, and  saccharin. F o r  concen tra tion , c o n su lt  F ig. 6-8. 

b  Least s ign ifican t d iffe rence  am o n g  sw eetener m ean s at p <  0.05.

p a p i l l a e  a t  t h e  b a s e  o f  t h e  t o n g u e ,  t h e  r e c e p t o r s  p r i m a r i l y  

r e s p o n s i v e  t o  b i t t e r  c o m p o u n d s .
M a r k e d  d i f f e r e n c e s  c a n  b e  s e e n  i n  s w e e t n e s s  i n t e n s i t y  a n d  

i n  d u r a t i o n ,  w i t h  a s p a r t a m e  a n d  c y c l a m a t e  b e i n g  t h e  g r e a t e s t
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and saccharin being the least. Quantification of areas under the 
curve in cm 2 and the corresponding LSD values (Table 3), 
emphasize the magnitudes of greater bitterness and sourness, 
and of lesser sweetness and flavor of the saccharin samples.

The data indicate that lower concentrations of aspartame 
and of cyclamate should be used to  m atch the initial sweetness 
intensity of 10% sucrose. Applying the ratio described pre
viously, one could predict that the initial sweetness intensity 
of sucrose in these drinks would be equivalent to  0.06% 
aspartame, and to 0 .45 -0 .47%  cyclamate. Due to  the un
availability of the same judges, we were unable to  verify these 
predicted concentration matches.

Despite the almost identical curves obtained for T-I 
measurements of orange and of strawberry gelatin, both  fig
ures are included to illustrate the reproducibility of the panel 
using this m ethod (Figs. 8a and 8b). As would be anticipated, 
gelatins sweetened with sucrose were firmer (p <  0.001) and 
broke down in the m outh more slowly than did the syntheti
cally-sweetened samples. Maximum firmness was perceived at 
“0” tim e, whereas maximum flavor and sweetness were per
ceived after 10 sec of oral m anipulation, and maximum bitter
ness after approxim ately 15 sec. Again, greater bitterness and 
less flavor and sweetness were assigned to samples containing 
saccharin. A good matching of curves was obtained for flavor 
and for sweetness of samples with 0.55% cyclamate, 0.105% 
aspartame, and 18% sucrose, also dem onstrated in Table 3. An 
increase in the am ount of saccharin would definitely have in
creased bitterness, but might not have increased sweetness, due 
to  the interference of bitterness.

Figure 9 is included to illustrate the typical range of in
dividual judge responses to  gelatin samples, using the T-I 
method. Although all ten judges were requested to begin 
marking the moving chart at the same time (2 sec after placing 
the gelatin cube in the m outh), they differed markedly in their 
perception of initial flavor intensity, maximum flavor inten
sity, and extinction point. Most likely these differences are 
caused by variations in sensory sensitivity to  the stimulus and 
to variations in the usage of the scalar points. Despite the large 
between-judge variation, observed in all sensory tests, there 
was excellent within-judge reproducibility of response. The 
latter was dem onstrated by the general lack of significant 
F-ratios for the judge X replication interactions in the analysis 
of variance of these T-I data.

We feel that the T-I technique described herein for liquids 
and gelatins has considerable potential for testing sensory 
attributes of a variety of foods and beverages, after trained 
judges master the mechanics o f marking intensity on a moving 
chart. The use of a recorder to m onitor tim e is an improve
ment over the T-I m ethods described by Nielson (1957) and 
by Jellinek (1964) in which judges watch the second hand of a 
clock, by Todd et al. (1971) where judges used a stop-watch to 
time duration of bitterness of beer, and by McNulty and 
Moskowitz (1974) where 1-sec auditory signals indicated the 
time intervals.

In conclusion, it should be emphasized that paired com par
ison m ethods could be inappropriate with stimuli which 
exhibit masking or synergistic effects, or with stimuli which 
differ in more than one parameter.
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DESCRIPTIVE ANALYSIS OF THE SENSORY PROPERTIES OF 
BEVERAGES AND GELATINS CONTAINING SUCROSE OR SYNTHETIC SWEETENERS1

----------------- ---------  ABSTRACT ---------------------------
Two descriptive sensory methods, anchored (deviation from a sucrose 
reference) and unanchored, were used to quantify differences in aroma, 
flavor and aftertaste in five media -  strawberry, lemon and orange 
drinks, and strawberry and orange gelatins -  varying in type of 
sweetener. With both methods, samples sweetened with sodium saccha
rin deviated the most from the sucrose standard, those sweetened with 
aspartame the least, and calcium cyclamate was intermediate. In 
general, drinks sweetened with sucrose or with aspartame could be 
characterized as “sweet-clean,” and those sweetened with cyclamate or 
with saccharin as “sweet-chemical” and “bitter.” Gelatins containing 
synthetic sweeteners generally were more astringent, bitter and sour, 
with less strawberry flavor, and were significantly less hard, springy and 
viscous than those sweetened with sucrose. In all media, more signifi
cant differences were observed among the sweeteners with the anchored 
method than with the unanchored procedure. Advantages and limita
tions of these two quantitative descriptive procedures are discussed.

INTRODUCTION
PAIRED COMPARISON and tim e-intensity m ethods were 
used to measure the relative taste intensities o f flavored drinks 
and of gelatins sweetened w ith sucrose, aspartam e, sodium 
saccharin, or calcium cyclamate (Larson-Powers and Pangborn,
1978). In addition to  these quantitative measures, qualitative 
attributes of the aromas, tastes and aftertastes of these stimuli 
were established by two descriptive procedures: multiple-com
parison, unanchored, and anchored to  a sucrose reference 
(Larson, 1975). Preliminary testing of commercial milk 
chocolate, using the anchored descriptive analysis, gave greater 
reproducibility of response than did unanchored m ethods, 
such as the nonquantitative A.D. Little “ Flavor Profile” (Caul,
1957) and the General Foods “Textural Profile” (Civille and 
Szczesniak, 1973) or Tragon’s “ Quantitative Descriptive 
Analysis” (Stone et al., 1974). The present paper evaluates the 
data from the anchored and unanchored descriptive techniques 
and contrasts them with inform ation derived from the 
previous quantitative m ethods.

M ATERIALS & METHODS
THE SWEETENERS, the powdered bases for the drinks and gelatins, 
and the procedures for their preparation have been described previously 
(Larson-Powers and Pangborn, 1978).
Sensory procedures

Five females and one male served as judges for the drinks, and four 
females and two males for the gelatins. Two additional females parti
cipated in the development of vocabulary and in sessions using un
anchored description of all products. However, because these two sub
jects prepared and served samples and hence knew of the “blind” 
sample, their responses were not recorded in the data obtained from 
anchored descriptive analysis. Judges were students or employees, be
tween the ages of 22-35 yr, selected on the basis of interest in partici
pation in extended groups sessions, and ability to reproducibly describe 
flavor attributes of the test samples. These judges developed a vocabu
lary of terms to describe the aroma, flavor and aftertaste of the sam
ples in daily group sessions of approximately 1-hr's duration. At the 
onset of each group meeting, judges listed all terms which applied to

1 P re se n t a d d re ss : 1 0 1 5  C am p b e ll, P ro sse r , WA 9 9 3 5 0

the samples, with recommendations for substances which could serve as 
physical references in subsequent sessions. All impressions were dis
cussed by the group, definitions established, and references agreed 
upon. The panel leader developed preliminary score cards and brought 
reference materials to anchor aroma terminology at the following 
training sessions. After agreement was reached on appropriate 
descriptors and references (six to eight sessions), the score sheets were 
finalized for each stimuli -  strawberry, orange and lemon drinks, and 
strawberry and orange gelatins. At all test sessions thereafter, judges 
evaluated samples individually at a partitioned round table with no 
group discussion. The aroma references were continually available from 
a rotating “lazy susan.”

Samples were served at 3°C in 80-ml blue cobalt glasses immersed in 
ice water. The glasses were covered with aluminum lids containing two- 
or three-digit codes, and were served as a complete block in randomized 
order. At each session, four samples were presented, one from each 
sweetener -  sucrose, aspartame, sodium saccharin, or calcium cycla
mate. The concentrations of each sweetener are given in Figures 1-10. 
For beverages, 10-ml samples were served for aroma evaluation, and 
60-ml samples for evaluation of flavor and aftertaste. For gelatin, six
2-cm cubes were served. For each of the five stimuli (three drinks and 
two gelatins), five sessions were held. This relatively small number of 
replicate sessions, which totalled 4 wk of daily testing/commodity, was 
necessitated by the availability of the student judges during various 
academic sessions. Within each stimulus, the first session was considered 
orientation, and the data were not included in the final tally. At the 
next three sessions, samples were evaluated in terms of deviation from a 
sucrose reference, i.e., using an anchored, descriptive analysis. At the 
fifth and final session, unanchored descriptive analysis was used, i.e., 
the four samples were presented simultaneously and judged on an abso
lute basis, on an unstructured scale consisting of a 100-mm horizontal 
line labeled “none” to “extreme” for each descriptor.

The anchored, descriptive analysis was a modification of a method 
reported by Daget (1974) for evaluating chocolate. The sensory data 
obtained was analyzed by Vuataz et al. (1974). In the present study, 
judges indicated the degree of difference in intensity of each character
istic from the reference (the sucrose-sweetened sample) by placing a 
mark on an unstructured, horizontal line, 120 mm in length, labeled 
“Less” and “More” at the ends, with the center labeled “Same as 
Reference.” A hidden reference, the sucrose-sweetened sample, was 
included as a coded, test sample to check the internal variation of the 
judges’ responses.

A fixed model analysis of variance was applied to the individual 
scores within each of the five stimuli, for aroma, for flavor and for 
aftertaste descriptors separately. Main effects tested were sweeteners, 
descriptors, judges, and replications, as well as all two- and three-way 
interactions. Least significant differences were calculated for all signifi
cant sweetener x descriptor interactions.

RESU LTS & DISCUSSION
Drinks

Because of the great similarity in the responses to  the 
strawberry, lemon and orange drinks, only results from the 
orange drink will be presented herein. The com plete set of 
data are available in the thesis by the senior author (Larson,
1975).

Anchored descriptive analysis. Responses to  the aroma, fla
vor and aftertaste of the sucrose sample compared with itself 
as a blind control are shown in Figure 1. The mean deviation 
did not exceed ±5 mm on the 120-mm intensity scale, at
testing to  the ability of the group to  m atch the reference to 
itself. The magnitude of the standard deviations indicate good 
agreement on aftertaste, with greater variation for arom a and
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Fig. 1—Mean intensity differences and standard deviations for the 
sensory characteristics o f  orange drink with 10% sucrose, compared 
with itself as a reference.

AROMA I------------FLAVOR-------------1 I— AFTERTASTE 1

Fig. 2—Mean intensity differences and standard deviations for the 
sensory characteristics o f orange drink with 0.07% aspartame com- 
pa'ed with the 10% sucrose reference.

selected flavor terms. The large standard deviations for general 
descriptors like “ Overall Arom a” and “ Overall Flavor” indi
cate lack of concurrence among the judges, possibly because it 
was impossible to  provide a reference sample for those 
descriptors. The best m atch and greatest group agreement was 
for b itter flavor and b itter aftertaste.

Figures 2, 3 and 4 depict the direction and magnitude of 
difference of the sensory characteristics of orange drink 
sweetened with aspartame, cyclamate or saccharin, contrasted 
with the sucrose-sweetened reference. Samples sweetened with 
saccharin deviated the most and those sweetened with 
aspartame deviated the least from the reference. “ Overall fla
vor,”  the com posite of all oral sensations, was significantly 
greater in the cyclamate and saccharin samples (Fig. 3 and 4). 
The term  “sweet chemical,” used to  describe a synthetic-type 
of sweetness (in contrast w ith “ sweet clean,” which was associ
ated with the sucrose sample), was significantly more pro
nounced in the cyclamate samples, bo th  in flavor and in after
taste. For the saccharin sample, however, “astringent” and 
“b itter”  flavors were significantly m ore intense than for the 
sucrose reference. Large standard deviations were obtained, 
particularly for the drink containing saccharin (Fig. 3). This is 
attributed  to  the variation in perceived intensity of character

istics among, rather than within judges, as the F ratios for 
replication were not significant in the analysis of variance (df = 
2/390, F = 2.10 for aroma, 1.81 for flavor, and 2.50 for after
taste). Furtherm ore, the interactions of sweetener by replica
tion, and of sweetener by descriptor were not significant. 
Large variations among judges also were reported by Daget
(1974) who used a similar m ethod to  characterize the sensory 
properties of milk chocolate.

Unanchored descriptive analysis. Results from  the un 
anchored descriptive analysis m ethod permits intercom parison 
among all four sweeteners in orange drink (Fig. 5a and 5b). No 
significant differences in overall aroma were obtained. Only 
two of the 13 individual aroma descriptors differed signifi
cantly among the sweeteners — “ fresh orange peel,” and 
“orange-flavored aspirin,” which were m ore intense in the su
crose sample. For flavor, overall intensities did not differ sig
nificantly but seven of the 16 individual flavor descriptors did 
(Fig. 5a). In general, drinks sweetened with sucrose or with 
aspartame could be characterized as “sweet-chemical,” and 
“b itte r.” Sucrose and saccharin im parted more astringency 
than did the other two sweeteners. Saccharin was considered 
significantly more sour than the other sweeteners, possibly due

AROMA I------------FLAVOR-------------1 I---AFTERTASTE

Fig. 3—Mean intensity differences and standard deviations for the 
sensory characteristics o f orange drink with 0.65% cyclamate com
pared with the 10% sucrose reference.

AROMA I------------FLAVOR------------ 1 I---AFTERTASTE

Fig. 4—Mean intensity differences and standard deviations for the 
sensory characteristics o f orange drink with 0.1% saccharin com
pared with the 10% sucrose reference.
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Fig. 5a—Mean intensities for aroma and flavor characteristics o f orange drink for each o f four sweeteners. (Unanchored de
scriptive analysis)

to the judges’ association o f sourness with bitterness, as ob
served also by o ther investigators (Meiselman and Dzendolet, 
1967; Robinson, 1970). The com parative means and standard 
deviations (SD) for sourness and bitterness, respectively, were
12.8 ± 14.4 and 4.9 ± 11.8 for sucrose samples, and 37.5 ±
29.1 and 37.4 ± 39.3 for the saccharin samples. For the su
crose series, the foregoing SD fall w ithin the same range as the 
SD for other descriptors. For the saccharin series, however, 
these SD are much higher than the SD for most other 
descriptors. In retrospect, we might have grouped the term s 
into a composite called “ sour-bitter.” Of the 11 term s used to 
describe aftertaste, seven differed in intensity among the four 
sweeteners (Fig. 5b). Again, samples with sucrose or aspartam e 
were “ sweet-clean,” and those w ith cyclamate or saccharin 
were “sweet chemical.” The saccharin sample continued to  
exhibit an astringent and b itter aftertaste, while the cyclamate 
sample had a cloying, “ sticky-sweet” aftertaste. These latter 
sweeteners were considered medicinal, also.

Intercom parison of the means and of the analyses of vari
ance for the two descriptive m ethods, showed tha t for all 
drinks, the anchored m ethod (comparison with the sucrose 
reference) was more sensitive. More significant differences 
were observed among the sweeteners for m ore descriptors by 
the anchored, than by the unanchored procedure. Part of these 
differences may be attributable to  the smaller num ber of judg
ments collected by the unanchored procedure, and by the se
quence of presentation of m ethods, i.e., the three “anchored” 
sessions always preceded the “unanchored” session.
Gelatins

Similar results were obtained for the two gelatins — orange 
and strawberry; therefore, only the data from the la tter are 
presented herein.

Anchored descriptive analysis. In gelatin, aroma could not 
be broken down into individual characteristics. Consequently, 
only “overall arom a in tensity” was examined. Comparison of 
the sucrose sample against itself showed tha t only one term , 
“sour” deviated from  the reference by more than 5 mm on the 
120-mm scale (Fig. 6), dem onstrating good internal con
sistency of the judges as a group. Small standard deviations 
were obtained for term s such as “b itte r” and “m etallic” but an 
exceptionally large standard deviation was obtained for the 
key flavor term , “ straw berry.” it is suspected that judges used

ORANGE DRINK

■  Sucrose 10%
13 Aspartame 0.07% 
□  Cyclamate 0.65%
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Fig. 5b—Mean intensities for the aftertastes o f  orange drink for each 
o f four sweeteners. (Unanchored descriptive analysis)

18% SUCROSE IN STRAWBERRY GELATIN

AROMA I---------FLAVOR--------- 1 I-------AFTERTASTE

Fig. 6—Mean intensity differences and standard deviations for the 
sensory characteristics o f strawberry gelatin with 18% sucrose, com
pared with itself as a reference.
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0105% ASPARTAME IN STRAWBERRY GELATIN

Fig. 7—Mean intensity differences and standard deviations for the 
sensory characteristics o f strawberry gelatin with 0.105% aspartame 
compared with the 18% sucrose reference.

0 55% CYCLAMATE IN STRAWBERRY GELATIN

Fig. 8—Mean intensity differences and standard deviations for the 
sensory characteristics o f strawberry gelatin with 0.55% cyclamate 
compared with the 18% sucrose reference.

005% SACCHARIN IN STRAWBERRY GELATIN

Fig. 9—Mean intensity differences and standard deviations for the 
sensory characteristics o f strawberry gelatin with 0.05% saccharin 
compared with the 18% sucrose reference.

different criteria for evaluating the complex sensations they 
labeled as “ straw berry.”

The direction and magnitude of difference from the su
crose reference of strawberry gelatin sweetened with synthetic 
sweeteners are depicted in Figures 7, 8 and 9. In most charac
teristics, aspartam e differed the least, and saccharin differed 
the most from the reference. Gelatins containing synthetic 
sweeteners were significantly less hard, springy and viscous 
thar. the sucrose reference. This is consistent with results ob- 
tainsd in time-intensity studies, where gelatin sweetened with 
sucrose was firmer than gelatin containing the synthetic 
sweeteners (Larson-Powers and Pangborn, 1978). As noted in 
Figures 7, 8 and 9, much less strawberry flavor and strawberry 
aftertaste was reported for synthetically-sweetened gelatins (P 
<  C.05). Gelatins with cyclamate and with saccharin had sig
nificantly more bitter flavor and b itter aftertaste than did the 
samples with sucrose. Considerable sourness was ascribed to 
the saccharin sample. Again, it should be m entioned that many 
tasters equate, or confuse sensations of sourness and b itte r
ness.

Unanchored descriptive analysis. In Figure 10, mean in
tensity values are presented for gelatins evaluated sim ul
taneously in a multiple-sample presentation. Significant dif
ferences (P <  0.05) were obtained among the four sweeteners 
for the descriptors “sweet,” “b itte r ,” and “ straw berry” 
flavors. Again, samples with sucrose or with aspartam e v/ere 
sweeter, less bitter, and had more strawberry flavor than did 
samples containing cyclamate or saccharin. Bitter, sour, and 
medicinal aftertastes were more perceptible in these la tter sam
ples, also. A greater num ber of descriptors differed signifi
cantly among the four sweeteners using the anchored analysis 
than by the unanchored m ethod, as indicated previously for 
the drinks.

CONCLUSIONS
DESCRIPTIVE ANALYSES allowed intercom parison of 
multiple sensory characteristics, rather than a single param eter 
as described previously for paired-directional tests and time- 
intensity testing (Larson-Powers and Pangborn, 1978). 
Anchoring the description to  a reference, and expressing re
sults in term s of the positive and negative deviation from the 
reference improved both the precision and the accuracy o f the 
responses, compared to  the unanchored descriptive m ethod.

In all five test media -  strawberry, lemon and orange 
drinks, and strawberry and orange gelatins — the anchored 
m ethod resulted in a greater num ber of descriptors which were 
significantly different among the four sweeteners, indicating it 
was more sensitive than the unanchored m ethod. Comparison 
of analyses of variances between anchored and unanchored 
test data showed much higher F ratios for sweeteners for the 
former, and higher F ratios forjudges for the latter m ethod. In 
other words, we found more differences among sweeteners in 
the anchored, and more judge variability in the unanchored 
method. Again, it should be noted that there were fewer judg
ments with the latter method.

Additional real and potential advantages of an anchored 
descriptive m ethod would include: (a) Provision of an internal 
measure of judge reliability by comparison of the reference 
against itself as a blind sample; (b) Provision of a fixed 
criterion of comparison to  minimize drifting of responses with 
time, or comparison against faulty memory standards; (c) In 
incomplete block designs where samples cannot be com pared 
against each other, there is a potential increase in reliability 
because they can all be com pared against the same standard;
(d) In product matching or product formulation, the m ethod 
provides a quick measure of attributes, and hence ingredients, 
which need to  be increased or decreased relative to a fixed 
reference.

The disadvantage of the anchored method would include an 
indirect, rather than a direct knowledge of the degree to  which
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Fig. 10—Mean intensities for aroma, flavor and 
aftertaste characteristics o f strawberry gelatin 
for each o f four sweeteners. tUnanchored 
descriptive analysis)
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samples compare with each other. In studies in which it is 
difficult to  designate a reference, the anchored m ethod would, 
of course, be of limited value.

Relative to  the sweeteners, samples containing sucrose or 
aspartame had little bitterness and were term ed “ sweet clean,” 
whereas those containing cyclamate or saccharin were very 
bitter and were labeled “ sweet chemical.” These observations 
on sweetness and bitterness are in agreement with conclusions 
obtained using the tim e-intensity technique (Larson-Powers 
and Pangborn, 1978).

R E F E R E N C E S

C aul, J .F . 1 9 5 7 . T h e  p ro f ile  m e th o d  o f flav o r an a ly sis . A dv . F o o d  R es. 
7 : 1.

C iville, C .V . a n d  S zczesn iak , A .S . 1 9 7 3 . G u id e lin e s  to  tra in in g  a te x tru e  
p ro f ile  p an e l. J . T e x tu re  S tu d ie s  4 (2 ) :  2 0 4 .

D aget, N . 1 9 7 4 . P ro file  sen so ry  e v a lu a tio n  o f  c h o c o la te s . P ap e r 
p re s e n te d  a t  “ E r s te r  In te rn a t io n a le r  K o n g ress  ü b e r  K ak ao  u n d  
S c h o k o la d e fo rs c h u n g ,”  M ü ch en .

L a rso n , N .L . 1 9 7 5 . S en so ry  P ro p e r tie s  o f  F la v o re d  B everages a n d  G ela
t in s  C o n ta in in g  S u c ro se  o r  S y n th e t ic  S w e e ten e rs , M .S. th e s is . U ni
v e rs ity  o f  C a lifo rn ia , Davis.

L arso n -P o w ers , N. a n d  P a n g b o rn , R .M . 1 9 7 8 . P a ired  c o m p a r is o n  and  
tim e - in te n s ity  m e a su re m e n ts  o f  th e  sen so ry  p ro p e r t ie s  o f b ev erag es  
a n d  g e la tin s  c o n ta in in g  su cro se  o r s y n th e t ic  s w e e te n e rs . J . F o o d  Sci. 
4 3 : 41.

M eise lm an , H .L . an d  D z e n d o le t ,  E . 1 9 6 7 . V a r ia b ility  in  g u s ta to ry  
q u a li ty  id e n tif ic a tio n . P e rc e p tio n  & P sy c h o p h y s ic s  2 (1 1 ) :  4 9 6 .

R o b in so n , J .O . 1 9 7 0 . T h e  m isu se  o f  ta s te  n a m e s  b y  u n tra in e d  o b 
servers. B ritish  J. P sy c h o lo g y  6 1 (3 ) :  3 7 5 .

S to n e , H ., S ide l, J . ,  O liver, S ., W o o lsey , A. a n d  S in g le to n , R .C . 1 9 7 4 . 
S e n so ry  e v a lu a tio n  b y  q u a n t i ta t iv e  d e sc rip tiv e  an a ly sis . F o o d  
T e c h n o l. 2 8 (1 1 ) :  2 4

V u a taz , L ., S o te k , J . a n d  R a h im , H .M . 1 9 7 4 . P ro file  a n a ly sis  a n d  c lassi
f ic a tio n . P ro ceed in g s , 4 th  I n te rn a t io n a l  C o n g re ss  o f  F o o d  S c ien ce  & 
T e c h n o lo g y , l a  p . 2 5 , M ad rid , S p a in .

Ms rece iv ed  5 /2 /7 7 ;  rev ised  8 /4 /7 7 ;  a c c e p te d  8 /1 2 /7 7 .

B ased o n  a th e s is  s u b m itte d  b y  th e  s e n io r  a u th o r  to  th e  U niv . o f 
C a lifo rn ia , in  p a r tia l  fu lf i l lm e n t o f  th e  M .S. d e g re e , 1 9 7 5 .

T h e  re sea rc h  w as s u p p o r te d ,  in  p a r t ,  b y  S ea rle  B io ch em ics , 
A rlin g to n  H e ig h ts , IL .

T he te c h n ic a l  a ss is tan ce  o f  M rs. C a th y  T assan  is  g ra te fu lly  a c k n o w l
edged .

B I O C H E M I C A L  C H A N G E S  I N  S U R F  C L A M  M U S C L E . . . F r o m  p a g e  3 7

H o if , J .C ., B eck , W .J ., E r ic k se n , T .H .,  V a sc o n c e lo s , G .J . a n d  P resn e ll, 
M .W . 1 9 6 7 . T im e - te m p e ra tu re  e f fe c ts  o n  th e  b a c te r io lo g ic a l q u a li ty  
o f  sh e llfish . J . F o o d  Sci. 3 2 : 1 2 1 .

H o h o rs t, H .J . 1 9 6 3 . L -(+ )-la c ta te . D e te rm in a tio n  w ith  la c tic  d e h y d ro 
genase  a n d  D PN . In  “ M e th o d s  o f  E n z y m a tic  A n a ly sis ,”  p . 2 6 6 . 
A cad em ic  P ress, N ew  Y o rk .

L ee, Y .B ., K a u ffm a n , R .G ., G ru m m e r, R .H .,  S c h m id t,  G .R . a n d  
B riskey , E .J . 1 9 7 1 . E f fe c t  o f  fa s tin g  a n d  re fe e d in g  o n  so m e  ch em ica l 
p ro p e r tie s  o f  p o rc in e  m u sc le . J .  A n im a l S ci. 3 2 : 4 5 7 .

Lee, Y .B ., H arg u s, G .L ., H ag b erg , E .C . a n d  F o r s y th e ,  R .H . 1 9 7 6 . E f fe c t 
o f  a n te m o r te m  e n v iro n m e n ta l  te m p e ra tu re s  o n  p o s tm o r te m  g ly c o ly 
sis a n d  te n d e rn e ss  in  ex c ise d  b ro ile r  b re a s t  m u s c le . J .  F o o d  S ci. 4 1 : 
1 4 6 6 .

L e m p re c h t, W . a n d  T ra u ts c h o ld , I. 1 9 6 3 . A d en o s in e -5 - tr ip 'n o sp h a te . 
D e te rm in a tio n  w ith  h e x o k in a se  a n d  g lu c o se -6 -p h o sp h a te  d e h y d ro 
genase. In  “ M e th o d s  o f  E n z y m a tic  A n a ly sis ,”  p .  5 4 3 . A cad em ic  
Press, N ew  Y o rk .

M arsh , B.B . 1 9 5 2 .  O b se rv a tio n s  o n  r ig o r  m o r t is  in  w h a le  m u s c le . B io- 
ch im . B io p h y s. A c ta  9 :  1 2 7 .

N e w b o ld , R .P . 1 9 6 6 .  C hanges a s s o c ia te d  w ith  r ig o r  m o r t is .  In  “ T h e  
P h y s io lo g y  a n d  B io c h e m is try  o f  M uscle a s  a  F o o d ,”  p . 2 1 3 . U ni
v e rs ity  o f  W isconsin  P ress, M ad iso n , W I.

P a r tm a n n , W. 1 9 6 5 . In  “ T h e  T e c h n o lo g y  o f  F ish  U ti l iz a t io n ,”  p . 4. 
F ish in g  N ew s (B o o k s )  In c .,  L o n d o n .

P o r te r ,  R .W . 1 9 6 8 . T h e  a c id -so lu b le  n u c le o tid e s  in  k in g  c ra b  m u sc le . J . 
F o o d  Sci. 3 3 : 3 1 1 .

S id h u , G .S ., M o n tg o m e ry , W .A . a n d  B ro w n , M .A . 1 9 7 4 . P o s tm o rte m  
ch an g es  a n d  sp o ilag e  in  r o c k  lo b s te r  m u sc le . 1 . B io ch em ica l changes  
a n d  r ig o r  m o r t is  in  Ja su s  n o v a eh o llan d ia e . J . F o o d  T e c h . 9 : 3 5 7 .

T a rr , H .L . A . 1 9 6 6 . P o s tm o r te m  ch an g es  in  g ly c o g e n , n u c le o tid e s ,  sugar 
p h o s p h a te s ,  a n d  su g ars  in  fish  m u sc les . J . F o o d  Sci. 3 1 : 8 4 6 .

Ms re c e iv ed  3 /1 6 /7 7 ;  rev ised  5 /2 1 /7 7 ;  a c c e p te d  5 /2 5 /7 7 .

P re s e n te d  a t  th e  3 7 th  A n n u a l M ee ting  o f  th e  I n s t i tu te  o f  F o o d  
T e c h n o lo g is ts , P h ilad e lp h ia , P A , J u n e  5 - 8 ,1 9 7 7 .

Volume 43 (1978)-JOURNAL OF FOOD SCIENCE- 51



JUH AN I O LK K U ' and S TEV EN  W. F LE TC H E R  III 

Dept o f Food & Agricultural Engineering, Un Versify o f Massachusetts, Amherst, M A 01002
C H O KYU N  RHA

Dept, o f Nutrition & Food Science, Massachusetts Institute o f Technology, Cambridge, M A 02139

STUDIES OIM WHEAT STARCH AND WHEAT FLOUR MODEL PASTE SYSTEMS

■----------- —  ABSTRACT ---------  ------------
A Brabender Visco/amylo/Graph model VA-V modified to accommo
date higher torque was used to study gelatinization of wheat flour and 
wheat flour components in limited water concentration (solid concen
tration between 50.2 and 59.7%). Other solid ingredients in the mix
ture were sugar and molasses. Effect of ingredient variables (starch 
content of flour components, fraction of flour components or flour in 
the flour-sugar mixture, and moisture contents of the mixture) and 
cooking variables (rpm of the cooker, temperature above the pasting 
temperature, and duration of cooking after reaching the pasting temper
ature) on maximum consistency and consistency of the paste at the end 
of cooking and moisture loss during cooking were investigated. Second 
order polynomial equations expressing relationships between ingredient 
and processing parameters are developed from the experimental results. 
Water content, flour content of solids, and starch content of flour all 
affect the consistency of the flour-sugar-water paste. The pasting 
temperature of starch or flour in sugar solution is a function of sugar 
concentration.

INTRODUCTION
THE GELATINIZATION of starch in aqueous solutions at 
tem peratures above 60°C has been recently reviewed (Olkku 
and Rha, 1977). Gelatinization takes place in two stages, 
which appear as a rise in the viscosity of the solution due 
mainly to hydration, and a release of solubilized starch exu
date. The release of exudate can be delayed by other flour 
com ponents such as proteins, pentosans, and lipids, either 
through complex form ation and/or limiting the am ount of 
water available for the starch hydration. O ther ingredients in 
food, such as sugars and salt, also have a delaying effect on the 
onset of gelatinization. The mode o f action of these ingredi
ents on starch gelatinization may be similar to  that of non
starch com ponents o f flour. It may be due in part to  a de
crease in the water available for the hydration of starch and in 
part to  the interactions of these ingredients with the starch 
itself. This seems to suggest that there is a certain level of 
“ reactivity o f available w ater” which is required fcr gelatiniza
tion of starch. That is, in the presence of ingredients which 
decrease the availability of water for starch hydration, the 
tem perature must be increased until this level o f “ the reac
tivity of available w ater” is reached. When this condition is 
m et, the gelatinization of starch takes place.

Gelatinization of wheat flour and of wheat flour com po
nents in lim ited water concentration was investigated in this 
study. The solids concentration ranged between 50.2 and 
59.7%. O ther solids used in these experiments were sugar and 
molasses. Generally the term “gelatinization” is used to indi
cate the thickening of starch materials. However, in the strict 
chemico-physical sense, starch does not gel. Therefore in this 
study the term  “ pasting” is preferred.

MATERIALS & METHODS
Instrumentation

Gelatinization instrument. A Brabender Visco/amylo/Graph model 
VA-V (C.VV. Brabender Instruments Inc., South Hackensack, NJ) was 
modified to electronic recording as described by Voisey and Nunes 
(1968). The modification was made using a Daytronic 3C0D transducer-

1 Present address: Technical Research Center of Finland, Food Re
search Laboratory, 02150 Espoo 15, Finland

amplifier with Type 91 strain gauge transducer input module, and a 
Riken Denshi SP 65V recorder (Queensboro Instruments, Ottawa, 
Ontario, Canada).

In order to simulate industrial conditions, the instrument was 
equipped with a CWB No. 031-20-029 thermoregulator which has a 
2.5t C/min temperature increase and a maximum temperature of 1505C. 
The thermoregulator was equipped with a protective tube for high 
torque operations.

The torque encountered in this experiment exceeded the torque 
limit of the recording system of the normal Brabender Visco/amylo/ 
Graph bowl and bin system. Therefore a CWB No. 03-20-44 open bowl 
with one central rod and the mixing-torque-sensing system given in 
Figure 1 were used. It was established that 1 cm-g torque recorded with 
the modified system was equivalent to 3.5 cm-g, or about 5 E.U., 
recorded with the standard amylograph system. The maximum torque 
limit of the instrument was 4000 cm-g or about 20,000 B.U., compared 
with 2000 B.U. for the normal instrument.

Two 10 microfarad capacitors were added parallel to the recorder 
input to reduce the torque fluctuation amplitude in the torque curves. 
A rubber O-ring was attached on the measurement shaft in the instru
ment for the same purpose.

Because the cooking mass tended to rise over the edges of the bowl 
wall, the thermoregulator stem was supplied with a small scraper wing 
that was kept in its place with rubber O-rings. A bowl wall scrape: was 
installed to keep the upper bowl wall clean. These details are shown in 
Figure 2.
Additional Instruments

A JSM U-3 Scanning Electron Microscope was used to examine the 
structure of the products.

Moisture contents were determined at 155°C for 20 min and 120°C 
for 25 min for flour and starch respectively using a Brabender 
Moisture/Volatiles Tester (C.W. Brabender Instruments Inc., South 
Hackensack, NJ).

A blender, Catalog No. 34 K 82932 (Sears, Roebuck & Co.) was 
used for mixing the experimental recipes.
Ingredients

Wheat starch used was the thick boiling powder (Supergell Code 
2052) containing 7.0% moisture, 0.2% protein, 0.2% ash and pH 6.5. 
Wheat solubles (code 9271) had 15.5% moisture and 21.3% protein on 
dry basis. Wheat flour was first clears with 13% moisture content. These 
:hree ingredients were obtained from Industrial Grain Products (P.O. 
3ox 6089, Montreal 101, Quebec, Canada). Molasses (SuCrest Corp., 
120 Wall St., New York, NY 10005) ahd 22.5% moisture and 77.5% 
total solids including 71.8% sugars, 2.5% ash and 3.1% organic non
sugars.
Variables and experimental design

Ingredient and cooking variables. The independent variables were 
selected for this study on the basis of the work of Knoch (1972), 
industrial experience in the field, and preliminary experiments (Olkku 
and Rha, 1975). The variables are shown in Table 1. The ratios of

Fig. 1—Location o f mixing rods on sensor base plate (full scale, in 
centimeters).
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T able 1—I n d e p e n d e n t a n d  d e p e n d e n t  variables  

Independent variables
Ingredient variables

x, =the fraction of starch in flour components on dry basis
x 2 =the percentage of flour components (or flour) in the flour-sugar 

mixture on dry basis
x3 = the moisture contents of the mixture in percent on wet basis 

Cooking variables

x4 = the rpm of the cooker (an indication of the rate of shear) 
x 5 =the temperature difference above the pasting temperature in °C 

(equivalent to the temperature at 250 cm-g torque) 
x6 = the duration of cooking in minutes after reaching the pasting 

temperature

Dependent variables

y, = the average consistency at the end of cooking in kgcm 
y 2 =the consistency spread amplitude around y, in kccm
V3 =the average consistency at consistency maximum in kgcm 
y4 =the consistency spread amplitude around y 3 in kgcm 
y 5 = the maximum consistency at the end of cooking in kgcm 
y 6 = the maximum consistency at consistency maximum in kgcm 
y 3 = the moisture loss during cooking (in percent per minute w.b.)

T able 2 —V alues o f  variab les a t  e x p e r im e n ta l leve ls

—a -1 0 +1 +a

X, 0.795 0.807 0.815 0.823 0.835
X2 30.3 33.0 35.0 37.0 39.8
X3 40.3 43.0 45.0 47.0 49.8
X„ 52 65 75 85 98

x s 0.3 3.0 5.0 7.0 9.7
X6 31 39 45 51 59

wheat starch and wheat flour solubles were controlled in the model 
systems.

Experimental variables. The factorial experimental design uses 
coded variables, where the 0-level of each variable is in the center of the 
experimental variable ranges, and levels+1, - l ,a n d  +a and -aareused. 
The variable values at each level are given in Table 2. These levels have 
been chosen according to Knoch (1972) within the limits of instrumen
tation. The following coded variables have been used:

(1)
X, -  0.815

(4)
X4 -  75

X1 0.008 X4 10

(2)
X3 -  35

(5)
X5 -  5

a2
2 A5 2

(3) x3 =
X3 -  45 

2 (6) X6 =
X, - 4 5  

6

The flour composition (flour ingredients) in the model systems had 
X, fraction of starch and 0.01 part of gluten, the remainder being 
wheat flour solubles. The sugar was 20% sucrose and 80% sugar from 
molasses, on dry basis.

Dependent variables. The variables are shown in Table 1 and in 
Figure 3.

Experimental design. A 1/2 x  2‘ near rotable central composite 
design (Myers, 1971) was executed with the levels given in Table 2. A 
star point block (runs on the midpoint, one variable either on (+a) or 
(—a) value; the others on 0 level) was run to discern significant differ
ences between flour and the nearly gluten-free starch (0.2% protein) 
and soluble mixtures in the models. The value of (a) for this design is 
2.3446.
Description of experiment

Experimental run. The flow diagram of a typical experimental run is 
given in Figure 4.

Fig. 2 —D eta ils  o f  th e  b o w l  sc ra p in g  a n d  re co rd in g  e q u ip m e n t:  (1) 
M ix in g -to rq u e  sen sin g  h e a d  f ix e d  o n  th e  in s tru m e n t;  (2 ) R u b b er
O -ring to  re d u c e  th e  a m p litu d e  o f  to r q u e  flu c tu a tio n s;  (3 ) B o w l w a ll 
sc ra p er b la d e ;  (4 ) T h erm o reg u la to r  w ith  th e  p r o te c t iv e  tu b e;  (51 
S m a ll sc ra p er  b la d e  o n  th e  th e rm o re g u la to r  s te m ;  a n d  (6 ) A m y lo -  
graph  co o lin g  p r o b e  w h ich  h as b e e n  r e m o v e d  fro m  th e  b o w l ,  b e in g  
u n n ecessa ry  d u rin g  th e  e x p e r im e n ts , a n d  g iv in g  rise  to  h igh  to rq u e .

RESULTS & DISCUSSION

Analysis and results of the cooking stage
Typical torque vs time curves are shown schematically in 

Figure 2, in which variables y i — y 6 are also defined. Actual 
midpoint time vs torque curves are shown in Figure 5.
Pasting temperatures

In the present study, the pasting temperature is considered 
to be the temperature at which 250 cm-g torque is reached. 
This torque value is equivalent to 1250 B.U. of the standard 
Amylograph. Inspection of Bean et al. (1974), in which curves 
were obtained by using the standard Amylograph under similar 
conditions, shows that rise in consistency is very rapid. The 
torque vs time curves are almost vertical. Thus the error in 
time or temperature, which is implied by using the 1250 B.U. 
torque as the observation point, is negligible. All curves in the 
present study were rapidly rising at this torque value, and thus 
the observation points are sharply defined. The observed 
pasting temperatures are given in Table 3.

Star point notation is a reference to the fact that there is no 
duplication, and thus no calculation of standard error. The 
numbers refer to the levels of coded variables X i, x2, and x3, 
respectively. These variables determine the individual recipes.

There were two cases in which the pasting temperatures 
were not within the limits of the standard error for a particular 
concentration of sugar. In both cases the lower pasting temper
ature is associated with a higher fraction of starch in flour 
ingredients, and the higher temperature with a lower fraction 
of starch. This probably indicates a tendency toward more 
rapid or intensive release of the exudate with higher levels of
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A Torque defined as the pasting lim it = 
250 cm-g

T4 The mean torque at the end o f the 
experiment (yt S-

A B Region o f fast consistency develop
ment associated with the first pasting

T5 -T6 The "torque envelope" at the end o f 
the experiment (y2).

stage o f starch, with rapid swe'ling 
and release o f the starch exudate into

T7 Mean torque at the torque maximum 
in the flour experiment (y3).

the media. T8 -T9 The "torque envelope" at the torque
BB' The region o f slow linear rise in con maximum in flour experiment (yt ).

sistency in flour experiments. T10 Mean torque at the end o f a flour

BC The almost linear rise in consistency experiment (yt ).

to a maximum in the experiment 
with flour components witnout

T11—T12 The "torque envelope" at the end o f 
a flour experiment (y2).

gluten. T8 Maximum torque at torque maxi

B'C The rapid nonlinear rise in consis mum in flour experiment (y6i.

tency to a maximum in flour exoeri- 
ments.

T2 Maximum torque at torque maxi
mum in flour component experiment

CD The slow, almost linear decrease in (Ye>-
consistency after consistency maxi
mum.

T12 Maximum torque at the end o f the 
flour experiment (ys).

T1

T2—T3

Mean torque at torque maximum 
(y3J.
The amplitude o f the torque spread, 
the "torque envelope" at the torque 
maximum (yt ).

T6 Maximum torque at the end o f the 
flour component experiment (ys).

Fig. 3—Schematic presentation o f torque vs time (Solid line, cooking without gluten; broken line, cooking from flour).

starch. However, additional data are necessary to  confirm this 
trend. The pasting tem perature data for flour were not signifi
cantly different from the data obtained in the model system 
containing flour com ponents.

The best-fit regression line by the m ethod of least squares 
was:

T = 53.2 + 0.89CS (1)

where T is the pasting tem perature in °C, and Cs is the per
centage of sugar in the sugar-water solution (w/w).

Eq (1) has a correlation coefficient to the observed data of 
r + 0.873, and the statistically unbiased estimate of the stand
ard error is 1 °C.

The pasting tem perature vs percentage of sugar has been 
plotted in Figure 6, which also shows the best-fit regression 
line.

No statistically significant correlation could be found be
tween the percentage of flour in the flour-water mixture and

the pasting tem peratures observed. The correlation coefficient 
between them was r = 0.462, with the standard error o f 4.7. 
This indicates that in this experimental range, the pasting tem 
perature can be viewed as a function of the concentration of 
sugar in the sugar-water m ixture. This supports the suggestion 
of Bean and Yamazaki (1973) tha t in pasting the influence of 
sugar solution exceeds others. Therefore, in relation to pasting 
tem perature, the sugar solution should be viewed as a single 
medium in which the starch content o f flour becomes a paste.

Delay of starch gelatinization in sugar solutions
Bean and Yamazaki (1973) and Bean et al. (1974) suggested 

that sugar delays the gelatinization of starch in aqueous solu
tions, rather than inhibiting it. The results of the present work 
seem to support this suggestion. Berry and White (1966) ana
lyzed the delay in gelatinization in two aspects: the physical 
reduction of the accessibility o f water to starch, and com peti
tion of other substances with starch for the available water.

The pasting of starch occurs at a level of water activity
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I (2)
Moisture test

(3)

Notes:
Mixing operation:
-  mixing of dry and 

wet ingredients;
-mixing with variable 

speed program for 1 min; 
-cleaning of flour 

ingredients stuck on 
mixer bowl walls;

-mixing 1 min with variable 
speed program to ensure 
homogeneity.

The force recording system 
was caligrated to 5000g 
full scale value before each 
cooking.
Pasting temperature was 
taken to be the temperature 
at which the torque reached 
250 cm-g. Temperature 
difference (x5), and cooking 
time (x6) were then set. 
Temperature was kept constant 
throughout the rest of the 
cooking after reaching the 
cooking temperature 
(pasting temperature + x5).

Fig. 4—Flow  diagram o f experimental run.

Fig. 5—Midpoint torque vs time curves: (1) Cooking without gluten; 
(2) Cooking with flour including gluten.

T able 3 —P asting te m p e ra tu re s  o f  f lo u r  in g red ien ts  a n d  f lo u r  in sugar 
so lu tio n s

Sugar
(%)

Flour
<%)

Pasting
Temp

(°)
Std

error Note

38.62 25.32 87.0 — Star point
41.15 29.11 89.7 0.9 1 or - 1 ,  1,1
41.48 31.90 89.5 - Star point

42.02 26.30 89.6 0.8 1 , -1 ,  1
42.02 26.30 91.4 0.1 - 1 , - 1 ,  1

43.28 29.12 91.0 0.6 Midpoint
44.96 26.11 92.5 - Star point
45.12 32.56 93.3 0.5 1 or -1 ,  1, -1

46.00 29.56 94.0 0.4 1, — 1, — 1
46.00 29.56 96.6 0.8 - 1 , - 1 ,  -1

48.04 33.42 97.0 - Star point

38.62 25.31 88.5 — Flour
41.48 31.90 89.0 - Flour
43.28 29.12 90.9 0.2 Flour midpoint
44.96 26.11 94.0 - Flour
48.04 33.24 95.0 — Flour

Table 4—Pasting temperatures o f starch in sugar solutions and their 
respective water vapor pressures in pascals (X 101 ) from Eq (2)

%
Sugar 0 30 35 40 45 50 Source*

T f C I _ _ 84.3 88.8 93.2 97.7 (1)

P\V - - 5.559 6.750 7.851 9.433 (1)

T 53.8 82.0 91.5 102 (2)

P\V 1.5006 5.134 7.423 10.916 (2)

p, - 4.502 6.003 7.503 (2)

T 67.0 100.33 104.11 (3)
2.7347 10.137 12.085 (3)

p, - 10.939 13.674 (3)

T 56.0 66.0 78.0 85.0 (4)

Pw 1.6512 2.615 4.365 5.783 (4)

P, - 4.954 6.605 8.256 (4)

a (1) Present w o rk ; (2) B e rry  and W h ite  (1 9 6 6 ) ;  (3) C akeb read  (1 9 6 9 );  
and  (4) Bean et al. (1 9 7 4 )

available for hydration of starch. Increasing the sugar content 
decreases the activity of available water in solution, but in
creasing tem perature can restore it to the level required for 
pasting.

For the sake of simplicity, the water vapor pressure could 
be viewed as an indication of the activity level o f the water in 
the pasting process. Furtherm ore, water vapor pressure can be 
considered mainly as a function of the sugar concentration, 
since sugar is the major soluble ingredient. Eq (2), developed 
in this study and similar to  tha t expressing R aoult’s Law, may 
be used as a first approxim ation to  determ ine gelatinization 
tem perature from  the water vapor pressure of the system.

Pi = PoflOXg) (2)

where Pj = water vapor pressure at the pasting tem perature of

the system; P2 = water vapor pressure at the tem perature at 
which starch gelatinizes in pure water; and xs = weight fraction 
of sugar in the sugar-water m ixture, 0.20 <  xs <  0.50.

In Table 4, data from the present work and from three 
o ther sources have been collected. The table shows the ob
served pasting tem peratures (t), the water vapor pressures at 
these tem peratures (Pw), the water vapor pressures (P, ) calcu
lated from  Eq (2). The water vapor pressure data used are 
from Longcin (1969). These values are plotted in Figure 7. In 
the figure, solid lines connect the experim ental data and 
do tted  lines connect the values calculated from Eq (2). The 
values calculated from Eq (2) do not agree closely with the 
observed values. The calculated values are lower than the ob
served ones for Berry and White (1966) and higher than ob
served values for Cakebread (1969) and Bean et al. (1974). In 
general, the values observed in the present study approxim ate 
the calculated values of Bean et al. (1974), and the slopes are

Volume 43 (1978)-JOU RNAL O F FOOD S C IE N C E -  55



PER CENT SUCROSE (g/g)

Fig. 6—Pasting temperature vs sugar concentration.

similar despite the wide spread of values. The disagreement 
may partly result from  the use of different m ethods and m ate
rials. Pasting experiments in water w ithout sugar were not 
carried out in the present work.

Eq (2) does not take into account the suppression of water 
activity by ingredients other than sugar. But since sugar plays 
the predom inant role in suppressing water vapor pressure in 
the present experim ent, further attem pts to refine Eq (2) were 
no t made. It is believed tha t more detailed consideration is not 
meaningful in the present work, in view of the com plexity of 
the recipe and incompleteness of inform ation in the literature. 
More experim ent is necessary before the relation between the 
w ater activity and pasting tem perature can be established. The 
mechanism of pasting in terms of reactivity of water on a 
therm odynam ic basis also needs further study.

Analysis of the cooking curves
The second order polynomials are given in Eq ^3) to  (8). 

The correlation coefficient between the data and the calcu
lated values, r, and the estimate of standard error, S.E., are 
given with the equations. The equations for variables measured 
at the maximum consistency are:

y3 = 1.813 + 0.154x2 -  0.164x3 -  0 .027x,, 2
-  0.045x3x s + 0.037x4x 5 (3)

(r = 0.890; S.E. = 0.113)

y4 = 0.400+ 0.264x2 -  0.281x3 -  0.100x4 -  0.39x32 
+ 0 .057x,x2 -  0.097x 2x3 -  0.068x 3x 5 -  0.064x .1x6 (4)

(r = 0.888; S.E. = 0.227)

y6 = 1.985 + 0.047Xj + 0.266x2 -  0.305x3
-  0.073x„ + 0.076x3 2 -  0.079x3x s (5)

(r= 0.886; S.E. = 0.215)

The equations for the variables measured at the end of the 
cooking are:

y, = 1.551 + 0.093x2 -  0.078x3 -  0.062x4 
-  0.074x5 -  0.049xfi -  0 .029x,2 -  0 .026x,x3 (6)

-  0 .063x,x , -  0.065x3x. -  0 .058x,x.
(r= 0.883; S.E. = 0.102)

y2 = 0.174 + 0.185x2 -  0.216x3 -  0.077x„ + 0.057x22 + 0.089x32 
+ 0.034x62 -  0.100x2x3 ~ 0.047x2x s -  0.097xsx s (7)

(r = 0.889; S.E~ = 0.176)

Fig. 7—PH2 O its sugar concentration: o = data from present work; x 
= data from Cakebread; A = experimental data o f Berry and White; j 
= data from Eq (2); and o = data from Bean et ai. (1974).

ys = 1.648 + 0.037Xj + 0.203x2 -  0.186x3 -  0.073x„
-  0.072xs -  0.072x6 + 0.03 2x2 2 + 0.030x32 (8)

-  0.043x2x5 + 0.042x3x6 -  0.043x3xs
(r= 0.902; S.E. = 0.151)

The sum of squares accounted for by Eq (3) to  (8) is signifi
cant in all cases. But at the same tim e the sum of squares for 
the lack of fit is significant at the 1% level. This shows tha t 
im provem ent over the second order polynom ial should be 
made to  represent the consistency during cooking. However, 
given the significance of part o f the model and the acceptable 
correlation coefficients, the equations in their present form  are 
useful in understanding the phenom ena which occur during 
the cooking.

The cooking curves for several of the star point cookings, 
showing the effects o f changes in individual variables, are 
shown in Figures 8—15. Inspection of these figures reveals the 
following facts about the effects of the individual variables.

The increase in starch content of flour solids, x, , seems to  
lower consistency during cooking (Fig. 8). When the flour con
ten t in the flour-sugar mixtures, (x 2), is increased, the torque 
increases significantly (Fig. 9). This is due to larger am ounts o f 
Four material which swell and form  networks o f exudate in 
media of low sugar concentration. Also, since the pasting 
tem perature of the low sugar (high flour) m ixture is low er, the 
increase in consistency may be partially due to  an effect of 
lower tem perature.

Water, (x 3), has a strong effect on the consistency of the 
paste (Fig. 10 and 11). Processing at low moisture conten t 
does not provide sufficient water to  hydrate the flour ingredi
ents fully. The m ixture becomes a stiff paste, and com plete 
swelling of the starch is not achieved. However, the partially 
swollen granules themselves contribute significantly to  the in
crease in consistency.

Shear or rpm, (x4), does not seem to have a significant 
effect on the end-of-cooking consistency in the experim ent 
with flour (Fig. 1 2). For flour ingredients, there seems to  be 
only a small effect of shear (Fig. 13). The consistencies at high 
shear cooking are lower, indicating a mechanical breakdown. 
At higher rpm consistency develops more rapidly until maxi
mum consistency is reached. This can be attributed to  in
creased mechanical breakdown which releases exudate and 
starch. However, this effect disappears before pasting is 
achieved. In these experiments the effect of shear is no t visibly 
dem onstrated because the shears were high and the range of 
rpm was small.
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Fig. 8—Flour component experiments with x , (starch content o f  
flour ingredients) on levels +a and —a.

Fig. 9—Flour experiments with x 2 (flour content o f flour-sugar 
mixture) on levels +a and —a.

T h e  te m p er a tu r e  d if fe r e n c e  a b o v e  th e  p a stin g  te m p e r a tu r e ,  
x 5 , a f fe c t s  th e  c o n s is te n c y  (F ig .  1 4  an d  1 5 ) . In it ia lly , o n ly  
sm a ll in f lu e n c e s  are a p p a re n t, w ith  th e  to r q u e  cu rv es ru n n in g  
c lo se  to g e th e r  u p  to  th e  m a x im u m . T h e r e a fte r , th e  large d if fe r 
e n c e  in te m p er a tu r e  h as a m a rk ed  v is c o s ity  r ed u c in g  e f fe c t .  
T h e r e fo r e , p h e n o m e n a  ta k in g  p la c e  b e fo r e  m a x im u m  c o n 
s is te n c y  are n o t  d e p e n d e n t  o n  th e  te m p e r a tu r e  d if fe r e n c e . If 
th e  s lo w  rise  o f  c o n s is te n c y  to  it s  m a x im u m  is an  in d ic a t io n  o f  
th e  s e c o n d  sta g e  in  p a s tin g , it  se e m s  to  o c c u r  e v e n  b e fo r e  th e  
b o ilin g  p o in t  o f  th e  m e d iu m  is  r e a c h e d . T h is  se e m s  to  c o n tr a 
d ic t  th e  c o n c lu s io n s  o f  B ean  e t  al. ( 1 9 7 4 ) .  T h erm a l b r e a k d o w n  
a fter  th e  m a x im u m  is e v id e n t . T h is  can  be  p a r tia lly  d u e  to  th e  
th erm a l d e g r a d a tio n  o f  s ta r c h , an d  p a r tia lly  to  th e  str o n g e r  
e f fe c t  o f  m e c h a n ic a l w o r k  (sh ea r ) at th e  h ig h er  te m p e r a tu r e .

T h e e f fe c t  o f  t im e  o n  th e  c o n s is te n c y  is a lso  e v id e n t . T h e  
c o n s is te n c ie s  d ro p  c o n t in u o u s ly  w h e n  th e  c o o k in g  is p r o 
lo n g e d . T h is in d ic a te s  th e  m e c h a n ic a l an d  th e r m a l b r e a k d o w n  
o f  th e  s w o lle n  sta r ch  p a r tic le s  a n d  o f  th e  e x u d a te  n e tw o r k s .

In sp e c t io n  o f  th e  m a x im u m  c o n s is te n c y  E q  ( 3 ,  4 ,  5 )  in d i
c a tes  th a t th e  f lo u r  c o n te n t  in  th e  so lid s  ( x 2 ) an d  th e  w a te r  
c o n te n t  in th e  m ix tu r e  ( x 3 ) h a v e  th e  g r ea te s t  e f fe c t  o n  th e  
c o n s is te n c y .

In creasin g  th e  f lo u r  c o n te n t  g r ea tly  in c re a se s  th e  c o n s is te n 
c y ,  and in crea sin g  th e  w a te r  c o n t e n t  lo w e r s  it . T h e  in c re a se  in

rp m  d o e s  n o t  a f fe c t  th e  average c o n s is t e n c y ,  b u t  i t  d o e s  lo w e r  
th e  c o n s is te n c y  sp read  a m p litu d e . T h e  sta r ch  c o n te n t  o f  f lo u r  
in g r e d ie n ts  s lig h t ly  in c re a se s  th e  m a x im u m  c o n s is t e n c y ,  w h ic h  
se e m s  to  o c c u r  (se c o n d -o r d e r  e f f e c t )  w ith in  th e  ran ge fo r  th e  
average c o n s is te n c y ,  b u t  h a s n o  d ir e c t  e f f e c t  o n  th e  c o n s is 
te n c y  sp read  a m p litu d e . T h is  a p p ea rs t o  b e  a c o m b in e d  e f fe c t  
o f  te m p er a tu r e  a n d  th e  f lo u r  c o n t e n t  o f  so lid s . T h e  cross-  
p r o d u c t  o f  th e  te m p e r a tu r e  d if fe r e n c e  a n d  f lo u r  c o n te n t  o f  
so lid s  ( x 5 an d  x 2 ), w h ic h  a p p ea rs in  all o f  th e se  e q u a t io n s ,  
in d ic a te s  th e  e f fe c t  o f  th e  te m p e r a tu r e  o n  th e  flo u r . T h e  d e 
crea sin g  f lo u r  c o n te n t  ( x 2 ) a c c o m p a n ie s  th e  in c re a se  in  th e  
su gar c o n c e n tr a t io n ,  w h ic h  is a s so c ia te d  w ith  h ig h er  p a stin g  
te m p e r a tu r e . I f  th e  h ig h er  te m p e r a tu r e  d if fe r e n c e  ( x 5 ) is 
a d d ed  to  th e  h ig h er  p a stin g  te m p e r a tu r e , th e  a c tu a l c o o k in g  
te m p e r a tu r e  is a lso  h ig h er . T h e  c o m b in a t io n  o f  th e se  in te r 
a c t io n s  can  b e  v ie w e d  as an in d ic a t io n  o f  th e  e f f e c t  o f  th erm a l  
b r e a k d o w n  o f  th e  f lo u r  c o m p o n e n ts .

F o r  th e  e n d -o f -c o o k in g  v a lu e s , th e  e f fe c t s  o f  t im e  an d  o f  
te m p e r a tu r e  d if fe r e n t ia l  ( x 6 a n d  x s ) sta rt t o  p la y  a m ore  
p r o m in e n t  r o le . In cr e a ses  in  b o th  o f  th e se  v a r ia b les h a v e  a 
c o n s is te n c y  lo w e r in g  e f fe c t .  T h is  is  a lso  tru e  fo r  rp m  ( x 4 ). T h e  
e f fe c t  o f  f lo u r  c o n te n t  o f  so lid s  ( x 2 ) in  c o m b in a t io n  w ith  th e  
te m p e r a tu r e  d if fe r e n c e  ( x 5 ) is  a lso  e v id e n t . T h e se  fa c to r s  c o m 
b in e d  r e f le c t  th e  th e r m a l an d  m e c h a n ic a l b r e a k d o w n  o f  th e

Fig. 10—Flour experiments with x, (water content) on levels +a and 

—a.
Fig. 11—Flour component experiments with x 3 (water content) on 
levels +a and —a.
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Fig. 12—Flour experiments with x t (rpm) on levels +a and —a.

s tr u c tu r e s  o f  g ra n u les an d  o f  th e  e x u d a te  n e tw o r k s  du rin g  p r o 
lo n g e d  c o o k in g .

S o m e  g en era l e x p la n a t io n  o n  p a stin g  can  b e  g iv en  fro m  
F igu re 3 . In th e  ca se  o f  e x p e r im e n ts  w ith  f lo u r  in g r ed ie n ts  
w ith o u t  s ig n if ic a n t  a m o u n ts  o f  g lu te n , th ere  is a rapid in it ia l  
in crea se  in  c o n s is te n c y ,  w h ic h  is u su a lly  fo l lo w e d  b y  a s lo w e r ,  
a lm o st lin ea r  in crea se . A ssu m in g  a rap id  in it ia l r e lea se  o f  e x u 
d a te  a t th e  first sta g e , f o l lo w e d  b y  a s lo w  c o n t in u e d  re lea se , 
th e se  ch a n g e s  are in  g o o d  a g r ee m en t w ith  o b se r v a tio n s  o f  
Jaska ( 1 9 7 1 )  c o n c e r n in g  w a te r  and sta rch  m o b il ity .  In e x p e r i
m e n ts  w ith  flo u r , th e  g lu te n  se e m s to  h a v e  a sh ie ld in g  e f fe c t  
du rin g  th e  in it ia l rise  in  c o n s is te n c y ,  b u t  in t im e  th is  e f fe c t  
d im in ish e s  an d  a m o re  rapid rise  in  c o n s is te n c y  o c c u r s  in  th e  
s e c o n d  sta g e . T h e r ea fte r , th e  h ig h er  c o n s is te n c y  is o b serv ed  in 
th o s e  m o d e l sy s te m s  c o n ta in in g  f lo u r  in g r e d ie n ts  w ith o u t  g lu 
te n . T h is  m a y  b e  d u e  t o  th e  e f fe c t  o f  a p h y s ic a l barrier o f  
g lu te n , w h ic h  in  f lo u r  is o n  th e  su r fa c es  o f  th e  gra n u les. H o w 
ev er , part o f  th e  e f fe c t  m a y  b e  d u e  t o  c o m m e r c ia l w h e a t  sta rch  
g ra n u les a lrea d y  b e in g  ru p tu red  du rin g  th e  p r e p a r a tio n  o f  sta rch  
fr o m  f lo u r , an d  th u s  b e in g  m o r e  su sc e p t ib le  t o  h y d r a t io n . P ro
te in s  m a y  a lso  in te r a c t  w ith  sta rch  d u rin g  th e  g e la t in iz a t io n  o f  
th e  f lo u r  sy s te m s  a n d  th e  m o d e l  s y s te m s  (H w a n g , 1 9 6 3 ;  G ran t, 
1 9 6 8 ;  S ta ld er , 1 9 6 4 ) .  In w h e a t  f lo u r  th e  g lu te n  h as n o t  b e e n  
d e n a tu re d  b e fo r e  c o o k in g . H o w e v er , th e  p r o te in  in w h e a t  f lo u r  
so lu b le s  h as b e e n  su b je c te d  to  a d ry in g  o p e r a t io n , an d  can  b e  
at lea s t  p artly  d e n a tu re d . I f  so , th e  d if fe r e n c e  o b ser v e d  b e 

Fig. 13—Flour component experiments with x t (rpm) on levels +a 
and —a.

tw e e n  sy s te m s  c o n ta in in g  w h e a t  f lo u r  an d  th o s e  c o n ta in m g  
f lo u r  in g r e d ie n ts  m a y  b e  e x p la in e d  b y  o b s e r v a tio n s  m a d e  w ith  
m ilk  p r o te in s  (H w a n g , 1 9 6 3 ;G r a n t ,  1 9 6 8 ;  S ta ld e r , 1 9 6 4 ) .  F u r 
th er  research  o n  th is  p h e n o m e n o n  is n e e d e d  b e fo r e  th e  m e c h a 
n ism  can  b e  fu lly  u n d e r s to o d .

It is  w o r th  n o t in g  th a t th e  se c o n d  sm a ll rise  in  v is c o s ity  
ta k e s  p la c e  ev en  in th e  ca ses  w ith  th e  lo w  te m p e r a tu r e  d if f e r 
e n tia l tr e a tm e n t. T h is  in d ic a te s  c o n t in u e d  sta rch  r e lea se  in to  
th e  m e d iu m  at a rate in d e p e n d e n t  o f  th e  te m p e r a tu r e  d if fe r 
e n t ia l, e v en  i f  th e  b o ilin g  p o in t  o f  th e  m e d iu m  is n o t  r ea c h e d .  
T h u s, if  it  is a ssu m ed  th a t  th e  s lo w  rise  in  v is c o s ity  is  a s s o c i
a te d  w ith  th e  s e c o n d  p a stin g  sta g e  o f  s ta rch , it w o u ld  se e m  to  
ta k e  p la ce  w h e th e r  o r  n o t  th e  b o il in g  p o in t  o f  th e  m e d iu m  is 
r ea c h e d . T h is  c o n tr a d ic ts  th e  c la im  o f  B ean  e t  al. ( 1 9 7 4 ) .  It is 
a p p a ren t at lea s t  th a t w h a tev e r  th e  ca u se  o f  th e  rise  in  v is c o s 
i ty ,  th e  p r o c ess  c o n t in u e s  u n in te r r u p te d  o n c e  th e  in it ia l  p a s t
in g  sta g e  h as ta k e n  p la ce .

T h e  e f fe c t  o f  th e  p r o lo n g e d  c o o k in g  o n  th e  v isu a l s tr u c tu r e  
is  sh o w n  in th e  sc a n n in g  e le c tr o n  m icr o g ra p h s in  F ig u re  16. 
T h e se  m icro g ra p h s sh o w  a c lo u d lik e  s tr u c tu r e  o f  sw o lle n  
sta rch  p a r tic le s  im b e d d e d  in  a m ass o f  su g a r-sta rch  in te r m e d ia .  
W hen th e  c o o k in g , i .e . , th e  th e r m a l and m e c h a n ic a l b r e a k 
d o w n , is  c o n t in u e d , th e  n u m b e r  o f  p a r tic le s  d e c r e a se s  and  
fo r m s a m o re  h o m o g e n e o u s  in te r m e d iu m  w ith  th e  s tr u c tu r e  
s h e w in g  so m e  la y er in g  e f fe c t .

Fig. 14—Flour experiments with x s (temperature difference above 
pasting temperature) on levels +a and —a.

¡1!. 1

Fig. IS— Flour component experiments with x s (temperature differ
ence above pasting temperature) on levels +a and —a.
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Fig. 16—S can n ing  e le c tr o n  m icro g ra m  o f  m id p o in t  c o o k in g  a t  3 1  m in  ( le ft)  a n d  a t  5 9  m in  (righ t).

M oistu re  lo s s  du rin g  c o o k in g

W hen c o o k in g  in  an A m y lo g r a p h , a c er ta in  a m o u n t o f  m o is 
tu re  is lo s t .  T h is  m o is tu r e  lo s s  is  c o n s id e r a b le , a lth o u g h  it  m a y  
n o t  a f fe c t  th e  p rogress o f  th e  v a r io u s  s te p s  d u rin g  c o o k in g .  
S o m e ad d ition ' o f  w a te r  d u r in g  c o o k in g  m ig h t  resu lt  in  m o r e  
accu rate  p r o c ess in g . T h e  m o is tu r e  lo s s  fo r  th e  ap p a ra tu s u sed  
in  th e se  e x p e r im e n ts  ( in  p er  c e n t  w .b . /m in )  is  g iv en  in  E q  ( 9 ) ,

y7 = 0.208 -  0.028x3 -  0.018x4 + 0.029x5 + 0.03 lx, x2
-  O.O26X3 x5 -  0.012x4xs (9)

(r = 0.721; S.E. = 0.048)

T he a n a ly sis  o f  v a r ia n ce  s h o w s  th a t th e  e q u a tio n  is s ig n if i
ca n t o n  a 1% le v e l, an d  th a t  th e  la c k  o f  f i t  is n o t  s ig n if ic a n t  at 
th e  5% lev e l.

E q ( 9 )  s h o w s  th a t  a larger te m p e r a tu r e  d if fe r e n tia l ( x 5 ) 
in crea ses th e  m o is tu r e  lo ss . T h e  c o m b in e d  e f fe c t  o f  sta rch  c o n 
te n t  o f  f lo u r  an d  f lo u r  c o n te n t  o f  th e  f lo u r  sugar m ix u r e  ( x ,  
and x 2 ) se e m s to  in d ic a te  th a t th e  in c re a sin g  a m o u n t o f  sta rch  
b in d s m ore  w a ter  and r e d u c e s  m o is tu r e  lo ss . In crea sin g  w a te r  
a lso  seem s to  r ed u c e  m o is tu r e  lo s s ,  w h ic h  is p r o b a b ly  d u e  to  
th e  fa c t  th a t th e  p a s tin g  te m p e r a tu r e  is lo w e r e d  w h e n  f lo u r  
c o n te n t  in crea ses  an d  su gar c o n te n t  d e c re a se s . T h e  c o m b in e d  
e f fe c t  o f  w a te r  a n d  te m p e r a tu r e  d if fe r e n tia l ( x 3 an d  x 5 ) a lso  
appears to  b e  a sso c ia te d  w ith  th e  o v era ll te m p er a tu r e  o f  th e  
c o o k in g . T h e  in c re a se d  sh ear  ( x 4 ) se e m s  to  r e d u c e  m o is tu r e  
lo s s , w h ic h  ca n  b e  p a r tia lly  e x p la in e d  in  te r m s  o f  th e  e f fe c t s  o f  
shear (r p m ) o n  th e  in it ia l r ise  in  v is c o s ity .  In  th is  ca se , m o re  
starch  is re lea sed  to  b in d  w a te r . R e d u c t io n  o f  m o is tu r e  lo ss  b y  
in crea sin g  sh ea r  m a y  a lso  b e  p a r tia lly  d u e  t o  th e  g e o m e tr ic a l  
arran gem en ts o f  th e  ap p a ra tu s. S im ilar  e x p la n a t io n s  can  b e  
g iven  o f  th e  c o m b in e d  e f fe c t s  o f  rp m  and te m p e r a tu r e  d if fe r 
e n tia l ( x 4 an d  x s ) . T h e  a b se n c e  o f  t im e  fr o m  th is  e q u a t io n  is  a 
d irec t c o n se q u e n c e  o f  th e  u n its  u se d .

CONCLUSIONS
(1 )  T h e  s e c o n d  o rd er  p o ly n o m ia l e q u a t io n s  e x p r e ss in g  th e  

re la tio n sh ip  b e tw e e n  in g r ed ie n t an d  p r o c e ss in g  p a ra m eters are 
d e v e lo p ed  fo r  th e  flou r -su g a r-w a ter  m o d e l sy s te m  o f  h ig h  
so lid s c o n te n t .

( 2 )  A  s e c o n d  o r d e r  m o d e l d id  n o t  a c c u r a te ly  p r e d ic t  th e

m e a n s  o r  sp rea d s o f  c o n s is te n c y  d u rin g  c o o k in g  fro m  th e  
in g r e d ie n t  an d  p r o c e ss in g  p a ra m eters .

( 3 )  W ater c o n te n t ,  fr a c t io n  o f  f lo u r  in  so lid s , a n d  sta rch  
c o n te n t  in  f lo u r  a ll a f fe c t  th e  c o n s is te n c y  o f  th e  flou r-su gar-  
w a te r  p a ste .

(4 )  T h e  p a stin g  te m p e r a tu r e  o f  th e  m ix tu r e s  o f  sta rch  or  
f lo u r  in  sugar s o lu t io n  is a f u n c t io n  o f  th e  sugar c o n c e n tr a t io n  
in  th e  su gar-w ater  m ix tu r e .

( 5 )  D if fe r e n c e s  in  r esu lts  o b ta in e d  w ith  f lo u r  a n d  f lo u r  
in g r e d ie n t  sy s te m s  d o  ap p ear  at c e r ta in  p a r a m e te r  lev e ls .
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HOT-PASTE V ISCOSITY  AND ALPHA-AMYLASE SUSCEPTIBILITY  
OF HARD RED WINTER WHEAT FLOUR

--------------------------------  ABSTRACT --------------------------------
Alpha-amylase is recognized as a major contributor to the results of 
viscometric tests on wheat flour. The use of a simple, rapid colorimetric 
a-amylase assay to routinely predict amylograph viscosity was studied. 
Particle size and overall composition of malt fractions did not affect the 
colorimetric test; and protein content of wheat flours did not 
consistently affect amylograph viscosity. Equivalent levels of a-amylase 
from different malts had similar effects on amylograph viscosity of a 
single flour; however, a single malt produced various peak viscosities in 
different flours. The data suggests that the viscosity may be influenced 
by environmental conditions which alter the starch properties and 
thereby effect viscosity. Consequently, the colorimetric a-amylase assay 
did not reliably predict amylograph viscosity of flours from various 
locations and environments.

INTRODUCTION
T H E  A M Y L O G R A P H  h a s  b e e n  u se d , a lo n g  w ith  th e  F a llin g  
N u m b e r  te s t ,  as a m e a n s o f  m ea su r in g  th e  v is c o s ity  o f  a b u f 
fered  f lo u r -w a te r  su sp e n s io n . A  d e crea se  in v is c o s ity  t o  a pre
d e te r m in e d  le v e l ( i .e . ,  5 0 0  B .U .)  is in te r p r e te d  as an  in d e x  o f  
a -a m y la se  su p p le m e n ta t io n ,  an d  a lso  as an  in d ic a t io n  o f  th e  
b a k in g  c h a r a c te r is t ic s  o f  th e  te s te d  f lo u r . A lth o u g h  a -a m y la se  
is a m ajor  c o n tr ib u to r  t o  th e  v isc o m e tr ic  r esu lts  o f  th e se  te s ts ,  
it  is  n o t  th e  o n ly  o n e .  S evera l s tu d ie s  h a v e  so u g h t  to  id e n t ify  
th o s e  p r o p e r tie s  o f  th e  f lo u r  w h ic h  w ere  r e sp o n s ib le  fo r  
v is c o s ity . S e lm a n  an d  S u m n e r  ( 1 9 4 7 )  p r o p o se d  th e  u se  o f  th e  
a m y lo g ra p h  in  c o n tr o ll in g  f lo u r  m a lt  s u p p le m e n ta t io n . T h e y  
r e p o r te d  th a t m illin g  d a m a g e  t o  sta rch  w a s a p o s s ib le  so u r c e  o f  
v a r ia tio n  b u t p o in te d  to  a -a m y la se  as th e  “ p r im e  fa c to r ”  in th e  
a m y lo g r a p h ic  e v a lu a t io n  o f  th e  m a lt . A n k er  and G ed d e s
( 1 9 4 4 ) ,  u s in g  sta r ch es  fr o m  d if fe r e n t  c la sses  o f  w h e a t , sta te d  
th a t d if fe r e n c e s  in  a m y lo c la s t ic  s u sc e p t ib il ity  w ere  d u e , at 
lea st in  p a r t, to  v a ry in g  d eg rees o f  m e c h a n ic a l d am age  to  th e  
sta rch es  du rin g  m illin g . T h is  o b se r v a tio n  w a s a lso  m a d e  b y  
B ro w n  an d  H arrell ( 1 9 4 4 )  an d  su p p o r te d  a c o n c lu s io n  th a t  
p ea k  v is c o s ity  c o u ld  n o t  n e c e ssa r ily  b e  in te r p r e te d  as a d ir ec t  
in d e x  o f  a m y la se  a c t iv ity . W h ile  th e se  r esu lts  w ere  o f  in te r e s t , 
th e y  d id  l i t t le  to  d e f in e  th e  c a u se  o r  e x te n t  o f  th e  v a r ia tio n s  
o b ser v e d .

P r o c e e d in g  o n  th e  a ssu m p tio n  th a t  a -a m y la se  w a s th e  
“ p r im e  fa c to r ”  c o n tr ib u t in g  t o  th e  v is c o m e tr ic  r e su lts  fro m  
th e  a m y lo g r a p h , w e  d e v e lo p e d  a c o lo r im e tr ic  te c h n iq u e  fo r  
q u a n t ita t iv e ly  m e a su r in g  a -a m y la se  in  w h e a t  flo u r . W e h o p e d  
th a t a c cu ra te  d e te r m in a t io n  o f  a -a m y la se  w o u ld  a llo w  p r e d ic 
t io n  o f  a m y lo g r a p h ic  r esu lts  w ith in  an  a c c e p ta b le  ran ge. T h is  
te c h n iq u e  w a s u se fu l as a r e p r o d u c ib le , a c cu ra te  m ea su re  o f  
a -a m y la se  a c t iv ity ,  b u t  th e  v a r ia tio n  b e tw e e n  a -a m y la se  and  
v is c o s ity  w a s u n a c c e p ta b ly  large . W e th e n  b eg a n  a s tu d y  to  
d e fin e  th e  o r ig in  a n d  e x te n t  o f  th is  v a r ia tio n .

MATERIALS & METHODS

Materials
Untreated straight grade flours were experimentally milled (Allis) 

from four cultivars of hard red winter wheat (KS 619042, Cl 12995, 
Plainsman V and KS 644) harvested in 1973 and 1974, and from a 
composite grist of many hard red winter wheat varieties harvested at 
many locations throughout the Great Plains in 1974 and 1975

(Regional Baking Standard, RBS 74 and 75).
Thirteen wheat samples were received from the Southern Regional 

Performance Nurseries (SRPN). Each sample was a blend of 23 cultivars 
of wheat, all of which were grown at 13 locations in the Great Plains. 
From these 13 samples, two SRPN samples from the 1971 crop year 
(SRPN-1-71 and SRPN-2-71) and one from 1973 (SRPN-3-73) were 
used in the study of the effect of protein content on amylograph 
viscosity. The remaining ten SRPN samples from the 1975 crop were 
each from 10 locations and were used to determine whether growing 
conditions affected the amylograph viscosity. All samples were experi
mentally milled (Allis) into flour at our research center. A composite of 
the ten 1975 SRPN wheat flours was prepared by mixing lOOg of each 
of the flours.

Six straight grade flours (of about 73% extraction) were milled on a 
Miag Multomat from hard red winter wheat cultivars harvested in 1976 
from several locations in the Great Plains. These flours were treated with 
a barley malt to produce a 500 B.U. reading on the amylograph. The 
protein content of the flours ranged from 12.7 to 14.1% (14% m.b.).

The barley malt flour was a commercial product (Amylomalt) 
manufactured as a diastatic supplement for breadmaking. This malt was 
used both to treat the Multomat flours and to prepare nine air-frac
tionated malt samples. These nine fractions were described elsewhere 
(Pomeranz et al., 1976). Check samples of malted barley (G-75 and 
H-75) were from the Check Sample Service, American Society of 
Brewing Chemists, Madison, WI.
Methods

Percent moisture, protein, ash and Amylograph tests were per
formed according to the methods of the American Association of 
Cereal Chemists (AACC, 1969).

The determination of a-amylase in flour was basically the same pro
cedure described in a previous report (Mathewson and Pomeranz, 1977) 
for detection of sprout damage in wheat. In the case of flour, however, 
the incubation time was extended to exactly 20.0 min.

Cereal malts were assayed in the manner that was described for flour 
except that 10 mg of material was suspended in 50 ml of extraction 
solution. One ml of filtrate was added to a test tube containing 8 ml of 
extraction solution. Incubation with Phadebas was for 5 min at 50°C.

The amount of malt necessary to achieve a 500 B.U. reading on the 
amylograph for the ten 1975 SRPN flours was determined using lOOg 
samples (14% m.b.) of the composite flour. The 500 B.U. reading was 
achieved at level corresponding to 0.28% of 40 D.U. malt. One “D.U.” 
is defined by the American Society of Brewing Chemists (ASBC, 1958) 
Methods as “the quantity of a-amylase which will dextrinize soluble 
starch in the presence of an excess of 0-amylase at the rate of one gram 
per hour at 20°C.” This was a total (inherent plus malt) a-amylase level 
of 0.220 mDU/mg. From these data, the individual flours were then 
supplemented with malt, depending on the initial a-amylase content of 
the flour, so that all flours had a total a-amylase content of 0.220 
mDU/mg.

A sieve analysis was performed on six of the 1975 SRPN flours. 
Particle size of the flours was determined by sieving 100-g samples on 
an 8 inch diameter Ro-Tap Testing Sieve Shaker (U.S. Tyler Co.) for 30 
min. Two Carmichael cleaners with nylon brushes were placed on each 
sieve to assist in separation. The samples were sieved through the fol
lowing standard Tyler sieves:

Tyler sieve mesh: 115 150 170 200 250
Sieve opening (jam) 125 105 88 74 63

Average particle size was determined as described in the Agricultural 
Engineers Yearbook (Anon., 1975).

Standard calibration lines were prepared for 5 and 20 min incuba
tion times using the barley malt check samples. Activities of these malts 
had been determined according to the standard method (ASBC, 1958).
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The malts were used to prepare a-amylase concentrations over a desired 
range. For the 5 min line, six levels in the 0-90  mDU range were used. 
For the 20 min line, the range was 2-18 mDU in 4 mDU increments. 
The correlation coefficients for comparison of calculated values for 
a-amylase vs experimental results for the 5 min and 20 min lines were 
0.995 and 0.975, respectively.

RESULTS & DISCUSSION
O N E  D R A W B A C K  o f  th e  a m y lo g r a p h  m e th o d  is th a t  it  d o e s  
n o t  m ea su re  th e  a -a m y la se  d ir e c t ly ,  b u t  ra th er  m e a su r es  th e  
e f f e c t s  o f  th e  e n z y m e . T h o u g h  it  is k n o w n  th a t severa l fa c to r s  
in f lu e n c e  th e  v is c o s ity  o f  th e  f lo u r  s u sp e n s io n , a -a m y la se  is 
c o n s id e r ed  th e  m ajor  o n e .  T h e r e fo r e , w e  w a n te d  to  d e v e lo p  a 
m e th o d  b y  w h ic h  th e  e f f e c t  o f  a -a m y la se , as m e a su r ed  b y  th e  
a m y lo g ra p h , c o u ld  b e  p r e d ic te d  fr o m  th e  a -a m y la se  c o n c e n tr a 
tio n  in  th e  f lo u r . T h o u g h  so m e  d iffe r e n c e s  w ere  e x p e c te d ,  th e  
e x te n t  o f  th e  e f fe c t s  o f  o th e r  fa c to r s  w a s u n k n o w n .

W e first h a d  to  e s ta b lish  th a t  a -a m y la se  c o u ld  b e  q u a n tita 
tiv e ly  d e te r m in e d  in  w h e a t  f lo u r . T o  d e te r m in e  th e  e f fe c t s  o f  
m alt c o m p o s it io n ,  in c lu d in g  a -a m y la se  c o n c e n tr a t io n ,  o n  th e  
c o lo r im e tr ic  a ssa y  m e th o d , n in e  fr a c t io n s  o f  a ir -fr a c tio n a te d  
barley  m a lt r e p r e se n tin g  a w id e  range o f  a -a m y la se  a c t iv ity  and  
p ro te in  c o n te n t  w ere  a ssa y ed  a c c o r d in g  to  th e  p r o c e d u r e  fo r  
m alts . T h e  v a lu e s  o b ta in e d  w ith  P h a d eb a s agreed  w e ll (r =  
0 .9 9 0 )  w ith  th e  c o r r e sp o n d in g  v a lu e s  o b ta in e d  b y  th e  sta n d a rd  
A S B C  m e th o d  (T a b le  1 ). R B S  f lo u r  w a s th e n  su p p le m e n te d  to  
0.25%  b y  w e ig h t w ith  e a c h  o f  th e se  n in e  m a lt  f lo u r  fr a c t io n s .  
T he th o r o u g h ly  m ix e d  f lo u r s  w ere  a ssa y ed  fo r  a -a m y la se  c o n 
c en tra tio n . A g r e e m e n t w a s s a t is fa c to r y  (r =  0 .9 7 9 )  an d  in d i
ca ted  n o  d e tr im e n ta l e f fe c t s  d u e  t o  p e c u lia r it ie s  o f  a n y  m a lt  
fr a c tio n  (T a b le  2 ).

T h e m a lt lev e l in  th e  a m y lo m a lt  su p p le m e n te d  f lo u r s  fro m  
th e  M u lto m a t m ill w a s s e le c te d  t o  lo w e r  th e  a m y lo g r a p h  p ea k  
v isc o s ity  t o  5 0 0  B .U . T h e se  m a lte d  sa m p le s  an d  th e  m a lt  w ere  
assayed  b y  th e  c o lo r im e tr ic  m e th o d  to  d e te r m in e  th e  
a -a m y la se  c o n te n t  in  e a ch . S in c e  th e  p e r c e n ta g e  o f  m a lt  u se d  
fo r  e a ch  f lo u r  w a s k n o w n , th e  a c tu a l a -a m y la se  c o n c e n tr a t io n  
w as c a lc u la ted  a n d  c o m p a r ed  to  th e  e x p e r im e n ta l r esu lts  
(T a b le  3 ) . T h e  lin ea r  c o r r e la t io n  c o e f f e c ie n t  (r =  0 .8 8 8 )  w a s  
s ta t is t ic a lly  s ig n if ic a n t  a t th e  1% le v e l. T h is  s o m e w h a t  lo w  
value p r o b a b ly  r e su lte d  fr o m  th e  n arrow  ran ge o f  a m y la se  
v a lu es in  th is  se r ie s . T h e se  d a ta  in d ic a te  th a t  a -a m y la se  ca n  b e  
q u a n tita t iv e ly  d e te r m in e d  in  w h e a t  f lo u r  u s in g  th e  c o lo r 
im etr ic  t e c h n iq u e .

A s s ta te d  p r e v io u s ly , o n e  d ra w b a ck  o f  th e  a m y lo g r a p h  is 
th a t s in c e  it  m e a su r es  o n ly  th e  e f fe c t  o f  a -a m y la se , severa l tria l 
and error d e te r m in a t io n s  m a y  b e  r eq u ired  to  r e d u c e  th e  v is
c o s ity  to  th e  5 0 0  B .U . le v e l. H o w e v e r , i f  b y  u se  o f  th e  c o lo r 
im etr ic  m e th o d  th e  a -a m y la se  in  an  u n tr e a te d  f lo u r  is d e te r 
m in ed  and th e  d esired  le v e l o f  su p p le m e n ta t io n  is k n o w n , th e  
a m o u n t o f  m a lt req u ired  to  a c h iev e  th e  p ro p er  a -a m y la se  c o n 
c en tra tio n  c o u ld  b e  c a lc u la te d .

I f  th is  p r o c ed u r e  is t o  b e  p r a c tic a l, tw o  r e q u ir e m e n ts  m u st  
be m e t . F ir st , th e  d esired  le v e l o f  su p p le m e n ta t io n  m u st  b e  
k n o w n  p r ior  t o  th e  te s t ,  a n d  s e c o n d , it  m u st  b e  sh o w n  th a t  th is  
lev e l o f  a -a m y la se , w h e n  a d d e d  t o  th e  f lo u r , w ill g ive  a v is
c o s ity  c lo se  t o  th e  a c c e p te d  5 0 0  B .U . v a lu e .

W heat f lo u r  is c o m m o n ly  su p p le m e n te d  w ith  an a m o u n t  
e q u iv a len t to  0 .2 5 %  b y  w e ig h t  o f  a 4 0  D .U . m a lt . In th e  first 
series o f  t e s t s ,  lOOg (14%  m .b .)  o f  R B S -7 5  f lo u r  w a s su p p le 
m e n ted  w ith  a 3 6  D .U . b a r ley  m a lt (G -7 5 ) .  A  rea d in g  o f  5 0 0
B .U . w as o b ta in e d  at a le v e l  e q u iv a le n t t o  0 .2 6 %  o f  4 0  D .U .  
m alt. W e th e n  u sed  tw o  d if fe r e n t  m a lts ,  H -75  an d  A m y lo m a lt ,  
w ith  a c t iv it ie s  o f  3 2  and 51 D .U .,  r e s p e c t iv e ly , as d e te r m in e d  
b y  th e  c o lo r im e tr ic  m e th o d ,  and a d d ed  an  a m o u n t e q u iv a le n t  
to  0 .26%  o f  4 0  D .U . m a lt  to  th e  R B S -7 5  f lo u r . R e su lta n t p eak  
v isc o s it ie s  w ere  a ga in  a b o u t  5 0 0  B .U . (T a b le  4 ) .

H aving e s ta b lish e d  th a t e q u a l q u a n t it ie s  o f  a -a m y la se  fro m  
three m a lts  (G -7 5 , H -7 5  and A m y lo m a lt )  lo w e r e d  th e  v is c o s ity  
o f  a s ing le  f lo u r  (R B S -7 5 )  to  a p p r o x im a te ly  5 0 0  B .U ., w e  th e n

Table 1—Some characteristics o f barley malt and its fractions

Amylomalt3 
and fractions

Proteinb
(%)

ASBC
a-amylase

D.U./g

Phadebas
a-amylase

D.U./g

Amylomalt 10.6 54.1 51.0
0-150, T-115 14.2 67.4 65.0
0-170, T-150 13.5 69.8 66.5
0-200, T-170 12.4 73.8 70.5
0-250, T-200 11.5 63.0 59.5
Thru 250 9.1 43.6 42.5

B-1 10.5 67.4 63.5
B-2 7.6 36.2 39.0
B-3 10.8 41.7 42.0

Average 57.4 55.5

a N u m b e r  fo llo w in g  O ve r (O ) and  T h ru  (T ) refers to  T y le  sieve 
m eshes/ inch; B -1 , B -2, B -3  are ab b re v ia tion s  fo r  the  coarse, m ed ium , 
and fine  B ah co  fra c t io n s  o f  the  2 5 0  thrus. B -3  is the  e ffluent 
fract ion  fro m  the first  th ro tt le  se tting  o f  14, w h ich  y ie ld s  a residue 
of B -2  p lu s  B -1 . B -2  is the  e ffluent fra c t io n  fro m  the  se co nd  th rottle  
setting o f  8 , w h ich  y ie ld s  the  residue  B-1.
b  1 4 %  m o istu re  basis

Table 2-a-Amylase content o f  RBS-75 flour supplemented with 
air-fractionated malts

mDU/ml
Amylomalt3

fraction Experimental Calculated

Amylomalt 1.52 1.52
0-150, T-115 1.86 1.79
0-170, T-150 2.00 1.91
0-200, T-170 1.88 1.89
0-250, T-200 1.80 1.62
thru 250 1.00 1.20
B-1 1.76 1.76
B-2 1.00 1.11
B-3 1.04 1.23

Average 1.54 1.56

a F o r  des ign a t ion , see T ab le  1.

Table 3-a-Amylase content o f Multomat flours supplemented with 
Amylomalt

mDU/ml

Multomat flours Experimental Calculated

a 1.56 1.42
b 1.28 1.29
c 1.36 1.28
d 1.68 1.49
e 1.48 1.43
f 1.52 1.49

Average 1.48 1.40

in v e st ig a te d  th e  e f f e c t  o f  a -a m y la se  fr o m  a s in g le  m a lt  (G -7 5 )  
o n  d iffe r e n t  f lo u r s . T h r e e  flo u r s  w ith  d if fe r e n t  p r o te in  c o n 
te n ts  w e re  s e le c te d .  A s sh o w n  in  T a b le  4 , an e q u a l a m o u n t  o f  
a -a m y la se  p r o d u c e d  d if fe r e n t  e f fe c t s  in  th e  f lo u r s . F lo u r s  C l 
1 2 9 9 5  a n d  K S  6 4 4  h a d  v isc o s it ie s  o f  5 7 5  an d  5 5 5 ,  r e sp e c t iv e ly .  
T h e  K S 6 1 9 0 4 2 ,  h o w e v e r , had  a v is c o s ity  o f  6 6 0 .  W e w a n te d  
t o  k n o w  w h e th e r  th is  e x c e p t io n a l ly  h ig h  v a lu e  w a s  th e  resu lt
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o f  th e  lo w  p r o te in  o r  w a s a c h a r a c te r is t ic  o f  th is  p a r ticu la r  
flo u r .

T o  d e te r m in e  th e  e f f e c t  o f  p r o te in  o n  a m y lo g r a p h  v is
c o s ity ,  w e  s e le c te d  a ser ie s  o f  w h e a t  f lo u r s  c o v er in g  a w id e  
range o f  p r o te in  v a lu e s . T h e  f lo u r s  w ere  su p p le m e n te d  w ith  
e q u a l a m o u n ts  o f  G -7 5  b a r ley  m a lt . T h e  r esu lts  (T a b le  5 )  sh o w  
th a t  th e  p r o te in  c o n te n t  d id  n o t  c o n s is te n t ly  a f fe c t  th e  v is
c o s ity  (r  =  -0 .2 6 1 ) .

T h e  tw o  R B S  flo u r s  d if fe r e d  w id e ly  in  v is c o s ity  (T a b le  5 ) .  
B o th  sh o u ld  rep re se n t sta n d a rd  f lo u r s  fo r  w h e a ts  g r o w n  in  th e  
G reat P la in s, b u t v is c o s ity  d if fe r e d  b e tw e e n  1 9 7 4  an d  1 9 7 5 .  
F o r  th e  stra ig h t grade f lo u r s  m ille d  fr o m  sin g le  v a r ie tie s  for  
1 9 7 3  and 1 9 7 4 ,  th e  v is c o s it ie s  w ith in  e a c h  y e a r  are c lo se .  
T h e se  d ata  su g g est  th a t fo r  a p a r ticu la r  c ro p  y e a r , th e se  w h e a ts  
d e v e lo p e d  s im ila r ly , a t lea s t  w ith  r e sp e c t to  th e ir  a m y lo c la s t ic  
s u s c e p t ib il ity . T h is  o b se r v a tio n  agrees w ith  d ata  o f  M ered ith  
an d  S im m o n s  ( 1 9 7 5 )  in  w h ic h  th e y  a lso  n o te  a se a so n a l e f fe c t  
o n  th e  v is c o s ity  o f  w h e a t  f lo u r .

A  se a so n a l e f fe c t  is an e n v ir o n m e n ta l e f f e c t .  I f  e n v ir o n 
m e n ta l c o n d it io n s  a f fe c t  a to ta l  c ro p  in  a g iv en  se a so n , th e se  
e f fe c t s  m a y  a lso  b e  m a n ife s te d  o n  a r eg io n a l sc a le .

T o  te s t  th is  h y p o th e s is ,  w e  o b ta in e d  sa m p le s  o f  w h e a ts  
fr o m  th e  S o u th e r n  R e g io n a l P er fo rm a n ce  N u rser ies  (S R P N )  
th a t  w ere  b le n d s  o f  th e  sa m e  hard  red  w in te r  v a r ie tie s  g r o w n  in

Table 4-Protein and amylograph data for RBS-75 and H RW  flours 
supplemented with equal amounts o f a-amylase* from barley malt

Flour and malt

Flour
protein13

<%)

Amylograph 
peak viscosity 

(B.U.)

RBS-75 flour 12.4
+ G-75 malt 505
+ H-75 malt 490
+ Amylomalt 530

G-75 malt
+ KS 619042 flour 11.2 660
+ CI 12995 flour 14.0 575
+ KS 644 flour 13.7 555

a D ete rm ine d  b y  the  co lo rim e tr ic  m ethod; eau iva le n t to  0 . 2 6 %  o f 
4 0  D .U . m alt. 

b  1 4 %  m o istu re  basis

Table 5—Protein and ash content and amylograph viscosity o f wheat 
flours supplemented with equal amounts o f a-amylasea from G-75 
barley malt

Amylograph
Flour Protein13 Ash peak viscosity

and year (%) (%) (B.U.)

Composites
SRPN-1-71 9.0 0.38 650
SRPN-2-71 17.5 0.48 600
SRPN-3-73 8.0 0.44 640
RBS-74 12.4 0.43 670
RBS-75 12.4 0.44 505

Single varieties
Cl 12995 (1973) 14.0 0.42 575
KS 644 (1973) 13.7 0.35 555
KS 619042 (1974) 11.2 0.42 660
Plainsman (1974) 16.1 0.43 650

a Determined by the colorimetric method; equivalent to 0.26% of
4 0  D .U . malt.

13 1 4 %  m o istu re  basis

t e n  lo c a t io n s  in  th e  G reat P la in s in  1 9 7 5 .  S in c e  th e s e  sa m p le s  
w ere  b le n d s  o f  2 3  d if fe r e n t  v a r ie tie s  o f  w h e a t ,  d if fe r e n c e s  
a m o n g  th e  sa m p le s  d u e  t o  v a r ie ty  w o u ld  b e  m a sk ed . A s a 
r e su lt , o n ly  th o s e  d if fe r e n c e s  d u e  to  lo c a t io n a l  v a r ia tio n  w o u ld  
sh o w  u p . T e n  f lo u r s  fro m  th e  b le n d s  and a c o m p o s i t e  f lo u r  
m a d e  b y  m ix in g  e q u a l p o r t io n s  o f  th e  te n  f lo u r s  w ere  te s te d  
b y  th e  c o lo r im e tr ic  m e th o d , fo r  a -a m y la se  a c t iv ity ,  p r ior  to  
m a lt s u p p le m e n ta t io n .

T h e  c o m p o s it e  f lo u r  w a s u se d  as th e  b a se  f lo u r  to  
d e te r m in e  th e  a m o u n t o f  m a lt n e c e s sa r y  to  lo w e r  th e  a m y lo 
grap h  v is c o s ity  to  5 0 0  B .U . T h e  te n  f lo u r s  w e re  su p p le 
m e n te d  so  th a t  e a c h  had th e  sa m e  to ta l  a -a m y la se  c o n c e n tr a 
t io n ,  and th e y  w ere  te s te d  in  d u p lic a te  o n  th e  a m y lo g r a p h  
u sin g  1 0 0 -g  sa m p le s  (14%  m .b .) .  T h e  d a ta  sh o w  th a t  f lo u r  
v is c o s ity  v a r ied  e v en  th o u g h  e q u a l a m o u n ts  o f  a -a m y la se  w ere  
p resen t (T a b le  6 ) .

T h e  a m y lo g r a p h ic  r esu lts  in  T a b le  6  w e re  e v a lu a te d  s ta t is 
t ic a lly  u s in g  D u n c a n ’s m u lt ip le  ran ge te s t  w h ic h  e s ta b lish e s  a 
se t o f  s ig n if ic a n t  d if fe r e n c e s  fo r  c o m p a r in g  tr e a tm e n t  m e a n s  
(S te e l  an d  T o r r ie , 1 9 6 0 ) .  T h e  r esu lts  o f  th is  a n a ly s is  are s h o w n  
in  T a b le  6 . It can  b e  seen  th a t o n  th e  b asis o f  v is c o s ity ,  fo u r  
g ro u p s o f  r e la ted  v a lu es are d isc e r n ib le . T h e se  g r o u p s  c o r r e 
sp o n d  to  r o u g h ly  d e f in e d  g e o g r a p h ic  r eg io n s . T h e  w h e a ts  w ith  
th e  h ig h e s t  v is c o s ity  w ere  g r o w n  in  c en tra l O k la h o m a  a n d  
to g e th e r  are s im ila r , y e t  d is t in c t  fr o m  th e  o th e r  f lo u r s . T h e  
C o lu m b ia  (M O ) f lo u r  sta n d s  a lo n e  w h ile  G o o d w e ll ,  in  th e  
O k la h o m a  P a n h a n d le  fo r m s  a g ro u p  w ith  H u tc h in s o n  and  
H a y s, K ansas. T h e  fo u r th  g ro u p  in c lu d e s  C lo v is , N M ., C o lb y  
and G ard en  C ity , K ansas. C o n sid e r in g  th e  d is ta n c e  b e tw e e n  
th e  N e w  M e x ic o  an d  K an sas lo c a t io n s ,  th is  g r o u p in g  a p p ea rs  
a ty p ic a l. A n  e x a m in a t io n  o f  th e  w e a th e r  d a ta  (T a b le  7 )  in d i
c a te s  th a t  th e  tw o  r eg io n s  w e re  d if fe r e n t  w ith  r e s p e c t  t o  p re 
c ip ita t io n  and average te m p e r a tu r e  d if fe r e n c e . T h e se  w e a th e r  
d a ta  le n d  su p p o r t  to  th e  su g g e s t io n  th a t e n v ir o n m e n ta l c o n d i
t io n s  a f f e c t  th e  v is c o s ity  o f  w h e a t  f lo u r  o n  a r e g io n a l sc a le .  
T h e se  w e a th e r  d a ta  are n o t  c o n c lu s iv e  b y  th e m se lv e s  s in c e  n o  
in d iv id u a l c o n d it io n ,  i .e . ,  ra in fa ll or  te m p e r a tu r e , w il l  c o r r e la te  
p r e c ise ly  t o  v is c o s ity . T h e  e n v ir o n m e n ta l e f fe c t  is th e  r esu lt  o f  
all su ch  fa c to r s  c o m b in e d . T h e  data  p r e se n te d  w e re  c o m p ile d  
u sin g  d a ily  r ep o rts  fo r  th e  15 d a y s  p rior  to  h a rv est.

T h e se  r e su lts  c o r r o b o r a te  f in d in g s  b y  H agberg  an d  O le r ed
( 1 9 7 5 )  w h ic h  in d ic a te d  th a t sta r ch  g ra n u les in  r y e  are su b je c t  
to  rev ers ib le  p h y s ic a l an d  c h e m ic a l c h a n g e s  d u rin g  th e  la st  
sta g es o f  r ip en in g . T h e  d a ta  p r e se n te d  h ere  m ig h t  w e ll e x p la in  
th e  f in d in g s  o f  A n k e r  an d  G ed d e s  ( 1 9 4 4 )  an d  S e lm a n  an d  
S u m n er  ( 1 9 4 7 )  s in ce  th e  d if fe r e n t  e n v ir o n m e n ta l fa c to r s  th a t

Table 6—Protein, mean particle diameter and amylograph data on 
SRPN (19751 wheat flours

Flour
source

Protein3
(%)

Mean particle 
diam (pm)

Amylograph peak 
viscosity (B .U lb

Clovis, NM (dryland) 12.4 65.5 405-
Clovis, NM (irrigated) 13.2 75.6 415-
Colby, KS 9.3 - 430 J
Garden City, KS 10.0 - 440 -
Goodwell, OK 12.1 - 475-j
Hutchinson, KS 11.1 - 475-
Hays, KS 11.7 65.2 500-I
Columbia, MO 8.9 - 545 -
A tus, OK 14.4 64.2 610-,
Lahoma, OK 12.9 66.8 635 J
Composite 11.8 64.4 500

a 1 4 %  m o istu re  basis
b  Va lue s sh o w in g  no  s ign ific an t  d iffe ren ce  at the  1 %  level are 

connected  b y  lines.
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a-A M YLA SE  TO P R E D IC T  W H EAT  FLO U R  V ISC O S IT Y . ..

Table 7—Environmental data for SRPN (1975) locations

Location Date of harvest
Precipitation

(inches)
Avg temp 
max (°F)

Avg temp 
min (°F)

Avg temp 
(°F)

Temp
difference (°F)

Clovis, NM June 24, 30 0.83 89.8 53.9 71.8 35.9
Colby, KS July 3 1.05 85.0 58.9 71.9 26.1
Garden City, KS June 27 2.37 86.7 59.8 73.2 26.9
Good well, OK June 30 1.51 90.7 64.1 77.4 26.6
Hutchinson, KS June 24 2.75 86.0 60.2 73.1 25.8
Hays, KS July 4 3.19 86.8 64.4 75.6 22.4
Columbia, MO June 23 3.06 81.7 62.6 72.2 19.1
Altus, OK June 9 2.25 86.9 61.9 74.4 25.0
Lahoma, OK June 18 2.03 86.1 58.5 72.3 27.6

a ffe c t  sta rch  w o u ld  in  tu r n  a f f e c t  th e  m illin g  p r o p e r t ie s  o f  
w h ea ts . W e h a v e  p r e v io u s ly  sh o w n  (T a b le  5 )  th a t v a r ie ta l d if 
fere n c es  in  p r o te in  c o n te n t  w e re  n o t  c o rr e la te d  w ith  a m y lo -  
graph p e a k  v is c o s ity .  T h e  d a ta  sh o w n  in  T a b le  6  a lso  in d ic a te  
th a t n o  su c h  c o r r e la t io n  e x is t s  fo r  sa m p le s  c o m p o s ite d  a cro ss  
varieties an d  ran g in g  in  p r o te in  c o n te n t  fr o m  8 .9  t o  14 .4% .

T h e d if fe r e n c e  in  v is c o s ity  c o u ld  resu lt  fr o m  a d if fe r e n c e  in  
p a rtic le  s iz e  as a resu lt  o f  d if fe r e n t  m illin g  c h a r a c te r is t ic s . T h e  
d iffe re n c e  in  p a r tic le  s iz e  m ig h t  w e ll  in f lu e n c e  th e  rate  and  
d egree  o f  h y d r a t io n  w h ic h  w o u ld  a f fe c t  th e  a b il ity  o f  
a -a m y la se  to  a t ta c k  th e  s ta r ch . T o  d e f in e  th e s e  p o s s ib il it ie s  
m ore  c le a r ly , a s ie v e  a n a ly sis  w a s d o n e  t o  d e te r m in e  p a r tic le  
size  o f  th o s e  f lo u r s  w h ic h  h a d  th e  h ig h e s t ,  lo w e s t ,  an d  in te r 
m e d ia te  v is c o s ity  v a lu es . T h e  s ie v e  a n a ly s is  d id  n o t  sh o w  a n y  
sig n if ica n t c o r r e la t io n  b e tw e e n  p a r t ic le  s iz e  and v is c o s ity  
(T a b le  6 ) .  T h is  d o e s  n o t  p r e c lu d e  th e  p o s s ib il ity  th a t m ajor  
d iffe re n c es  in  p a r tic le  s iz e  m a y  a f fe c t  v is c o s ity .

T h is p o in ts  t o  th e  p o s s ib i l ity  th a t  th e r e  are rea l d if fe r e n c e s  
in  th e  sta rch  i t s e lf .  T h e  q u e s t io n  rem a in s  w h e th e r  th e  d if fe r 
e n c es  in  v is c o s ity  w e re  d u e  to  th e  in h e r e n t  q u a lit ie s  o f  th e  
starch , or to  th e  s u s c e p t ib il i ty  o f  th e  sta r ch  to  a -a m y la se . T o  
d istin q u ish  b e tw e e n  th e se  tw o  e f fe c t s ,  6 0 -g  sa m p le s  (14%
m .b .)  o f  e a c h  o f  th e  te n  u n s u p p le m e n te d  f lo u r s  ( id e n t if ie d  in  
T ab le  6 )  w ere  ru n  o n  th e  a m y lo g ra p h . W e fo u n d  n o  s ig n if ic a n t  
c o rre la tio n  b e tw e e n  v is c o s ity  v a lu e s  o f  th e  n a tiv e  f lo u r s  
co m p a red  to  th e  v a lu e s  o b ta in e d  fr o m  th e  m a lt-su p p le m e n te d  
flou rs. T h is  in d ic a te s  th a t  th e  v a r ia tio n s , l ik e ly ,  are d u e  to  
c h a r a cte r istic s  o f  th e  s ta r ch es  w h ic h  a lter  th e ir  s u s c e p t ib il ity  
to  a tta ck  b y  a -a m y la se .

In su m m a ry , fr o m  th e  d a ta  in  T a b les  1—3 , it  is a p p a ren t  
th a t a -a m y la se  ca n  b e  q u ite  a c c u r a te ly  d e te r m in e d  b y  th e  
c o lo r im e tr ic  m e th o d . H o w e v e r , c o n s id e r in g  a ll th e  d a ta , it  
seem s th a t th e  v a r ia tio n s  in  v is c o s ity  o s te n s ib ly  r esu lt in g  fr o m  
reg io n a l d if fe r e n c e s  in  e n v ir o n m e n ta l c o n d id it io n s  m a k e  th e  
ro u tin e  a p p lic a t io n  o f  th e  a -a m y la se  a ssay  im p r a c t ic a l fo r  
p red ic tin g  a m y lo g r a p h  v is c o s ity .  T h u s , th is  m e th o d  w o u ld  be  
u se fu l o n ly  fo r  te s t in g  f lo u r  fr o m  a s in g le  c ro p  y e a r  a n d  a 
l im ite d  lo c a l e n v ir o n m e n t .

T h e  v is c o s ity  o f  a f lo u r -w a te r  su sp e n s io n  is  th e  r esu lt  o f  
m an y  fa c to r s , o f  w h ic h  a -a m y la se  is  b u t  o n e . It is im p o r ta n t

to  u n d e r s ta n d  w h a t  is  b e in g  m e a su r ed  b y  v is c o m e tr ic  m e th o d s  
s in c e  th e  te c h n iq u e  is u se d  th r o u g h o u t  th e  w o r ld  as a m e a n s  o f  
d e te r m in in g  m a lt  su p p le m e n ta t io n ,  sp r o u tin g  a n d  e v a lu a t io n  
o f  b r e a d m a k in g  p r o p e r t ie s  o f  r y e  f lo u r s . W e h a v e  sh o w n  th a t  
th e  v is c o s ity  o f  a w h e a t  f lo u r  c a n n o t  n e c e s sa r ily  b e  in te r p r e te d  
as a d ir ec t  in d e x  o f  a -a m y la se  a c t iv ity ,  an d  th a t  th e  v is c o s ity  is 
p r o b a b ly  a f fe c te d  b y  e n v ir o n m e n ta l fa c to r s  in  th e  r eg io n  
w h er e  th e  c ro p  w a s g r o w n .
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EFFECTS OF GAM M A-IRRAD IAT IO N  ON COMPOSITION OF WHEAT LIPIDS
AND PUROTHIONINES

--------------------------------  ABSTRACT -------------------------- -----
The effects of gamma-irradiation on chemical composition of wheat 
lipids and on the changes in chemical properties of lipoprotein com
plex, were studied. No appreciable changes in total lipids in wheat, 
irradiated up to 1 Mrad, were observed. However, a significant increase 
in free lipids with concomitant decrease in bound lipids was observed. 
Separation of nonpolar and polar lipids into microconstituents did not 
show significant variations. Purothionines, extracted from lipid frac
tions of wheat flour exhibited several protein bands on electrophoretic 
separation; most of them disappeared at high dose level (1 Mrad). This 
may result in the disruption of lipid-purothionine complex. When bread 
dough was allowed to rest for 2 hr, aggregation of low molecular weight 
protein entities took place; this could strengthen the structure of lipo
protein complex during resting and baking.

INTRODUCTION
T H E  F U N C T IO N A L  A S P E C T S  o f  in d iv id u a l c o m p o n e n ts  o f  
w h ea t l ip id s  and th e ir  e f fe c t s  o n  r h e o lo g ic a l p r o p e r t ie s , h ave  
b e e n  in d ic a te d  b y  severa l fr a c t io n a t io n  and r e c o n s t itu t io n  
s tu d ie s  (T a o  and P o m e r a n z , 1 9 6 8 ;  H o se n e y  e t a l.,  1 9 6 9 ) .  D e 
fa tt in g  o f  w h e a t  f lo u r  d e te r io r a te s  its  bread  m a k in g  q u a lity  
(P o m e r a n z , 1 9 6 6 )  and th is  ca n  b e  res to r e d  b y  a d d itio n  o f  
p o la r  b u t n o t  b y  n o n p o la r  l ip id s  (D a fta r y  e t  a l., 1 9 6 8 ) .  T h e  
tr a n s it io n a l c o m p le x e s  fo r m e d  b y  in te r a c t io n s  o f  l ip id s  w ith  
p r o te in s , g r ea tly  in f lu e n c e  th e  r h e o lo g ic a l p r o p e r t ie s  o f  w h ea t  
d o u g h  and th e  b a k in g  p e r fo r m a n c e  (G r o ssk r e u tz , 1 9 6 1 ) .  
H o se n e y  e t  al. ( 1 9 7 0 )  h a v e  v isu a lize d  th e  gas r e ta in in g  c o m 
p le x  in th e  d o u g h  as g lia d in  and g lu te n in  u n its ,  b o u n d  to  p o lar  
l ip id s  s im u lta n e o u s ly  b y  h y d r o p h ilic  an d  h y d r o p h o b ic  b o n d s ,  
r e sp e c t iv e ly . S evera l lo w  m o le c u la r  w e ig h t w h ea t p r o te in s ,  
d e sig n a te d  as p u r o th io n in e s  h a v e  b e e n  iso la te d  fro m  lip id  frac
t io n s  and c h a r a c te r iz ed  as ‘fa s t-m o v in g  g lo b u lin  d o u b le t ’ 
(F ish e r  e t a l.,  1 9 6 8 ;  R e d m a n  and E w a rt, 1 9 7 3 ;  N im m o  e t  a l.,
1 9 7 4 ) .

T h e  m ain  e f f e c t s  o f  r a d ia tio n  o n  fa t are th e  fo r m a tio n  o f  
p e r o x id e s  (N a w a r , 1 9 7 2 )  and v o la t ile  c a r b o n y l c o m p o u n d s  
(M err itt, 1 9 7 2 ) ,  w h ic h  are m a in ly  r e sp o n s ib le  fo r  im p a rtin g  
r a n c id ity  and o f f - f la v o r  t o  irrad ia ted  fo o d s .  H o w e v e r , lip id s  in  
cerea ls  are d eg ra d ed  g e n e ra lly  o n ly  a t v ery  h ig h  d o se  lev e ls  
(T ip p le s  and N o rris , 1 9 6 5 ) .  N o  s ig n if ic a n t e f fe c t s  o f  irrad ia tion  
o n  io d in e  v a lu e , a c id ity  o r  c o lo r  in te n s ity  o f  w h e a t  f lo u r  lip id s  
h a v e  b e e n  o b ser v e d  (C h u n g  e t a l.,  1 9 6 7 ) .

T h e  p r e se n t w o r k  r e la tes  t o  th e  e f fe c t  o f  g a m m a -irra d ia tio n  
at d if fe r e n t  d o s e s ,  o n  lip id  c o m p o s it io n  as d e te r m in e d  b y  
c h e m ic a l a n a ly s is  and th in -la y e r  c h r o m a to g r a p h y . F u r th e r , cer 
ta in  p u r o th io n in e - lip id  c o m p le x e s  w ere  iso la te d  fro m  w h ea t  
f lo u r  and c h a n g e s  in th e ir  b e h a v io r  d u rin g  d o u g h  m a k in g  as 
w e ll as a fter  a 2 -hr  r es tin g  p e r io d  w ere  s tu d ie d . T w o  lo w  
m o le c u la r  w e ig h t  p u r o th io n in e s , a sso c ia te d  w ith  w h ea t p o la r  
lip id s , w ere  iso la te d  fro m  c o n tr o l  and irrad iated  w h ea t and  
c h a ra cter ized .

' Present Address: Gautam Apartments, Pali Hills, Bombay 400 050, 
India

MATERIALS & METHODS
AUTHENTIC LIPID samples were purchased from Sigma Chemical Co. 
(St. Louis, MO). All solvents were of Analar (British Drug House, U.K.) 
quality and redistilled before use. Silica gel G (chromatographic grade) 
was obtained from E. Merck (U.S.A).

Irradiation of wheat
‘Vijay’ variety of wheat, procured from Niphad Agricultural Re

search Experimental Station, Maharashtra, was used in the present 
studies. Samples (500g) were packed in polyethylene bags, heat sealed 
and irradiated in 60Co gamma cell 220 (Atomic Energy of Canada Ltd.) 
having a flux of 25 krad/min at 0.02-1 Mrad dose levels. Absorption of 
radiation was checked with ferrous and ceric sulfate dosimetry (Weiss, 
1952). The overdose ratio was about 30%. Samples were stored for 2 -3  
wk before milling.

Lipid composition
Total lipids in wheat flour (500g) were extracted repeatedly with 

chloroform:methanol (C:M) mixture 12:1 V/V) and traces of carbohy
drates and proteins were removed from the crude extract by Folch’s 
(Folch et al., 1957) method. The purified extract was dried in vacuum 
to constant weight. The residue was dissolved in chloroform and stored 
under N, at 0°C. Iodine absorption number was measured by the titra
tion method (AOAC, 1970). To estimate phospholipids, an aliquot of 
lipid extract was digested with concentrated HN03 and a few drops of 
perchloric acid until a clear digest was obtained. Phosphorus (P) liber
ated was measured colorimetrically (Fiske and Subba Rao, 1925), and 
phospholipids (P x 25) were calculated. Triglycerides were estimated 
by the method described by Van Handel (1961). Saturated and unsatu
rated fatty acids were separated from saponified (4% alcoholic KOH for 
30 min) lipid samples, following lead acetate (20%) precipitation 
(AOAC, 1970).

Free and bound lipids
Total free lipids (TLL) in wheat flour were extracted with petro

leum ether (60-80°C) for 16 hr and dried under N2 at 0°C. The 
defatted residue was re-extracted with water saturated butanol (WSB) 
for 16 hr to obtain bound lipids.

Total free lipids were further separated into nonpolar and polar 
lipids by column chromatography. A glass column (2 x 25 cm), packed 
with activated (at 118°C for 1 hr) silicic acid under constant pressure of 
30 mm Hg, was used (Daftary and Pomeranz, 1965). Nonpolar and 
polar lipids were eluted with chloroform and methanol, respectively. 
Excess of solvents were evaporated under N2 and the residues weighed 
to constant weights.

Thin-layer chromatography (TLC)
Nonpolar and polar lipids were further fractionated by TLC on glass 

plates (20 x 20 cm), coated (10 mm thickness) with silica gel G-water 
(1:2 W/V) slurry, dried and activated at 130°C for 90 min (Daniels et 
al., 1966). An aliquot (= 100 7) of lipids was applied and a petroleum 
ether:diethyl ether:acetic acid (85:20:1), and chloroforrmmethanol: 
water (85:20:2) mixtures were used as solvent systems for fractionation 
of nonpolar and polar lipids, respectively. The plates were sprayed with 
saturated K2Cr20 7 in 50% H2S04 and charred at 130CC for 10 min. 
Authenic samples of monoolein, diolein, pure coconut oil, tripalmitate, 
oleic acid (FFA), cholesterol, lecithin, cephalin and digalactosyl diglyc
erides were run simultaneously. TLC plates, developed similarly, were 
sprayed separately with ninhydrin (0.3% in n-butanol) or Dragendorff s 
reagent for the detection of cephalin and lecithin, respectively (Dittmer 
and Lester, 1964). The plates were photographed under ultraviolet 
light.
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Table 1—E f fe c t  o f  gam m a -irra d ia tio n  o n  l ip id  c o m p o s it io n  o f  
w h ea ta

Wheat lipid component

Radiation dose (Mrad)

0 0.02 0.2 1

Total lipids (g%) 1.78 1.84 1.72 1.74
Total free lipids (TFL) (g%) 1.20 1.25 1.42 1.44
Bound lipids (g%) 0.50 0.52 0.28 0.27
Non-polar lipids (% of TFL) 60.00 60.00 57.00 56.00
Polar lipids (%of TFL) 48.00 47.00 45.00 45.50
Nonpolar/polar lipids 1.25 1.19 1.26 1.22

a T o ta l, free and  b o u n d  lip id s  w ere  extracted  fro m  w hea t f lo u r  and 
w e ighed  to  c o n sta n t  w e igh ts  as described  in the  text. P o la r  and  
n o n p o la r  lip id s  w ere  separated fro m  T F L  b y  s ilic ic  acid  c o lu m n  
ch ro m a to g ra p h y  and e luted  w ith  m e than o l and  c h lo ro fo rm , re
spective ly. R e su lts  are averages o f  three d e te rm ina t ion s.

Identification of lipoproteins
Wheat flour (100g) was extracted several times with chloroform: 

methanol (2:1) mixture. An aliquot from the lipid extract was spotted 
on a filter paper strip, dried and dipped in Amido black 10 B (1%) 
solution for 5 min. The presence of proteins was indicated by a dark 
spot. For further isolation of total purothionines, an aliquot of wheat 
lipids was extracted with 10 parts of WSB solution and kept at room 
temperature for 5 min. The white precipitates formed, were filtered, 
washed with WSB and designated as purothionine 1. The supernatant 
was reprecipitated with acetone; the precipitates were washed with 
ethyl acetate and labelled as purothionine II (Hoseney et al., 1970). 
Protein content was estimated colorimetrically using bovine albumin as 
standard (Lowry et al., 1951). Purothionines I and II were fractionated 
by polyacrylamide gel electrophoresis and their protein distribution 
patterns compared with water- and 6% salt-soluble wheat proteins. Tris- 
glycine buffer (pH 8.3) containing 3M urea was used and electrophore
sis carried out at 30 mamp for 1 hr at 27 ± 1°C. The gels were stained 
with 1.0% Amido black 10 B. and destained with 7% acetic acid (Davis,
1964).
Purothionines in dough

Wheat flour (lOOg) was mixed with water (62 ml) and part of the 
dough was allowed to rest for 2 hr at 30°C. The samples were freeze 
dried. Extraction of lipids, spot test, and isolation of purothionines 
were carried out as described above.

RESULTS
Lipid c o m p o s it io n  o f  irr a d ia tio n  w h ea t

R esu lts  o n  th e  c o n te n ts  o f  t o ta l ,  fr e e  an d  b o u n d  lip id s ,  
e x tra c ted  w ith  C:M  m ix tu r e , p -e th e r  and W SB , r e s p e c t iv e ly ,  
from  c o n tr o l an d  irra d ia ted  (a t 0 . 0 2 — 1 .0  M rad) w h e a t , are su m 
m arized in T a b le  1. T o ta l  l ip id  c o n te n t  in w h e a t  w a s n o t  
changed  d u e  t o  r a d ia t io n  tr e a tm e n t . H o w e v e r , a s ig n if ic a n t  
in crease  (20% ) in  to ta l  fr e e  lip id s  an d  a d e c re a se  (4 6 % ) in  
b o u n d  lip id s  w ere  o b ser v e d  in  sa m p le s  irra d ia ted  at 1 M rad. 
Free to ta l  l ip id s  c o n s t i tu te d  48%  p o la r  an d  60%  n o n p o la r  lip id  
fr a c tio n s  (T a b le  1 ). T h e  d is tr ib u tio n  p a tte r n  an d  th e ir  r a tio n s  
w ere n o t  a f fe c te d  b y  r a d ia tio n  tr e a tm e n t u p  to  1 M rad. S im i
larly , r e su lts  o n  io d in e  a b s o r p t io n  n u m b e r  rev ea led  n o  s ig n if i
can t e f fe c t  o f  irra d ia tio n  (T a b le  2 ) .  W h ea t sa m p le s  c o n ta in e d  
a b o u t 32%  sa tu ra te d  an d  th e  rest u n sa tu ra te d  fa t t y  a c id s. 
T h o u g h  th e  le v e ls  o f  sa tu ra te d  fa t ty  a c id s  w ere  n o t  a f fe c te d ,  
sligh t d ecrea se  in  u n sa tu r a te d  fa t ty  a c id s  w a s o b ser v e d  at 1 
Mrad (1 .0 3 % ) as c o m p a r e d  t o  c o n tr o l  (1 .2 1  %).

T h in -layer  c h r o m a to g r a p h y
T L C  p a tte r n s  o f  n o n p o la r  c o m p o n e n t s  in  fr e e  l ip id s  o f  

w h ea t are sh o w n  in  F ig u re  1. T h e  sp o t  a t th e  so lv e n t  fr o n t w a s  
n o t  id e n t if ie d . T h e  o th e r  fo llo w in g  s p o t s  w e re  t e n ta t iv e ly  id e n 
tif ie d  as tr ig ly c e r id e s , fr e e  fa t ty  a c id s , d ig ly c e r id e s  an d  m o n o 
g ly ce r id es , r e s p e c t iv e ly . V isu a l o b se r v a tio n s  sh o w e d  n o  s ig n if i
cant d if fe r e n c e  in  th e  d is tr ib u tio n  o f  n o n p o la r  c o m p o n e n t s  in

T able 2 —L ip id  c o n s ti tu e n ts  in  ir r a d ia te d  w h e a ta

Radiation dose (Mrad)

Lipid constituent 0 0.02 0.2 1

Iodine number 
(mg I, absorbed/g fat)

114 114 105 -

Saturated fatty acids 
(g%)

0.32 0.31 0.32 0.31

Unsaturated fatty acids 
(g%)

1.21 1.17 1.10 1.03

Phospholipids 
(% of total lipids)

12.0 11.9 12.0 11.9

Triglycerides 
(% of total lipids)

31 31 30 30

a L ip id  c o m p o s it io n  w as dete rm ined by methods described in the
text. R e su lts  are averages o f  three in d ep en d en t e stim ation s, carried 
o u t  in trip licate.
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Fig. 1—T L C  o f  n o n p o la r  lip id s . A l iq u o ts  (=  1 0 0  y )  o f  free  lip id s  
w ere  a p p l ie d  o n  T L C  p la te  a n d  d e v e lo p e d  using d ie th y l  e th e r :p . 
e th e r :a c e tic  a c id  (2 0 :8 5 :1 )  as a  s o lv e n t  s y s te m . S p o ts  w e re  vis
u a lized  a n d  p h o to g r a p h e d  u n d er  U V  ligh t, (a) tr ig lyce r id e s ;  (b ) free  
f a t ty  ac id s; (c) d ig lyce r id e s;  (d ) m o n o g ly c e r id e s . (1 ) C o n tro l;  (2 )  
0 .0 2  M rad; (3 ) 0 .2  M rad; (4 ) 1 .0  M rad; a n d  (51 m ix tu r e  o f  a u th e n tic  
sam ples .

c o n tr o l or  irra d ia ted  w h e a t  u p  t o  1 M rad. Q u a n tita t iv e  a n a ly sis  
(T a b le  2 )  sh o w e d  th a t  w h e a t  c o n ta in e d  a b o u t  30%  tr ig ly c 
er id es. R a d ia t io n  tr e a tm e n t u p  to  1 M rad, h a d  n o  s ig n if ic a n t  
e f fe c t  o n  th e  d is tr ib u tio n  o f  d if fe r e n t  n o n p o la r  lip id s .

T L C  p a tte r n s  o f  th e  p o la r  c o m p o n e n ts  in  fr ee  lip id s  o f  
w h ea t are sh o w n  in  F ig u re  2 . T h e  m a in  p o la r  c o m p o n e n t s ,  
id e n t if ie d  e ith e r  fr o m  ava ilab le  a u th e n t ic  sa m p le s  o r  fr o m  
r ep o rte d  R F  v a lu es , in c lu d e :  p h o sp h o lip id s  su c h  as ly s o -  
le c i th in ,  le c ith in ,  c e p h a lin  e tc .  an d  g ly c o l ip id s  l ik e  m o n o - a n d
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di-galactosyl diglycerides. Relatively low concentrations of 
phosphatidyl choline, phosphatidyl ethanolam ine, phospha
tidyl serine, and some unidentified com pounds were also pres
ent. No significant differences in concentrations of individual 
polar lipids from control and irradiated samples (up to  1 Mrad) 
were observed. This was further confirmed by quantitative
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Fig. 2—TLC  o f polar lipids. TLC  plates were developed using chloro
form .-methanol :water (85:20:2) as a solvent system. The spots were 
identified as: (a) unresolved nonpolar lipids; lb) monogalactosyl di
glycerides (DGDG); lc) digalactosyl diglycerides; (d) lecithin; and 
(e) lysolecithin. (1) Control; (2) 0.02 Mrad; (3) 0.2 Mrad; (4) 1.0 
Mrad; (5) DGDG; 16) lecithin; and (7) mixture o f authentic samples.

1 2  3  4  5  6  7

Fig. 3—Polyacrylamide gel electrophoretic pattern o f purothionine I 
fraction, separated from total wheat lipids. Electrophoresis was 
carried out as described in the text. (1) Water soluble wheat pro
teins; (2) Salt- (6%) soluble proteins; (3) Salt- (2%) soluble proteins; 
Purothionine / from (4) Control; (5) 0.02 Mrad; (6) 0.2 Mrad; and 
(7) 1 Mrad.

analysis of to tal phospholipids (Table 2) by colorim etric 
method.
Effect of gamma-irradiation on purothionine

Results on the effect o f radiation on the distribution of 
purothionines, isolated from  lipid fractions are given in Table
3. Wheat contained about 6 mg purothionine I and 3 mg 
purothionine II per g of to tal lipids. At lower doses of gamma 
irradiation, the distribution of purothionines in these two frac
tions was not affected, but at 1 Mrad, there was a decrease in 
purothionine I w ith a concom itant rise in the more soluble 
purothionine II fraction.

Further, the polyacrylamide gel electrophoretic pattern of 
purcthionine I was compared with those of water-soluble and 
salt-soluble wheat proteins (Fig. 3). This indicated the hetero
geneity of this protein and its distribution pattern  was com pa
rable to  salt-soluble, rather than water-soluble wheat proteins. 
The main constituent corresponded in electrophoretic m obil
ity to  the fast moving globulin doublet, which was predom i
nantly present in the salt-soluble fraction. In the control sam
ple, two bands, corresponding to  water-soluble proteins were 
noticed. However, they disappeared at 0.2 Mrad. At higher 
dose (1 Mrad), except one low molecular weight protein band, 
all others disappeared. A distinct band at the origin may indi
cate the presence of high molecular weight nonpurothioni.ne 
contam inant; this was not affected by radiation treatm ent. 
Purothionine II fraction in control exhibited a single hom oge
nous band in the very fast moving region corresponding to  low 
molecular weight protein (Fig. 4). On the other hand, two 
bands appeared in samples, irradiated at 0.2 and 1.0 Mrad.

A  preliminary investigation was also carried out w ith un
treated control wheat to  study the process of changes, if any, 
in lipid-protein association during doughing and resting. It was 
observed that the solubility of Hour lipids in C:M m ixture and 
hence their extractability was significantly affected in the 
resting dough. Ever, from quickly frozen and lyophilized 
dough, only 25% of the to ta l lipids could be extracted. The 
proteins extracted from lipid fraction (with C:M (2 :1 ) mix
ture) of fresh and rested (2 hr) doughs were separated by gel 
electrophoresis (Fig. 5). They were showing only one or two 
bands in the low molecular weight region, suggesting tha t they 
were no longer extractable or were bound to  o ther proteins. 
However, on resting, several bands in the faster moving region, 
which resembled gliadin on electrophoresis, were observed 
along with a distinct band similar to  that of glutenin.

D IS C U S S IO N

NC GROSS CHANGES in chemical com position of wheat .ip- 
ids, including distribution pattern of nonpolar and polar lipids, 
were observed when wheat kernels were irradiated up to  1 
Mrad (Tables 1 and 2). We have earlier observed adverse effects 
on baking quality at 1 Mrad (Vakil et al., 1973). However, this 
could not be fully attributed  to  lipids in general and to  free 
and bound lipids in particular, which have a decisive role in 
governing the bread quality (Hoseney et ah, 1969). The phos-

Table 3—Distribution o f purothionines in irradiated wheata 

Radiation
dose Total lipids Purothionine I Purothionine II

(Mrad) (g/100g wheat flour) (mg protein/g lipid)

0 1.2 6.0 3.0
0.02 1.2 6.0 3.0
0.2 1.2 5.0 3.0
1.0 1.3 4.5 4.0

fc P rote in s w ere  iso lated  fro m  tota l lip id s, extracted  w ith  C :M  r r ix -  
ture  and  d isso lved  in W S B .  In so lu b le  fraction  w as designated  as 
p u ro th io n in e  I and so lu b le  as p u ro th io n in e  II. V a lu e s  are averages 
o f three experim ents.
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Table 4—Protein-lipid association in wheat flour dougha

Lipids extractable Proteins in lipid
with C:M extract

Sample (g%) (g%)

Wheat flour 1.32 1.21
Dough (0 hr) 0.35 0.31
Dough (2 hr) 0.41 0.32

a F lo u r  lip id s  w ere  extracted  w ith  C :M  (2:1» so lve n t m ix tu re  and 
p ro te in s  w ere  estim ated. T h e  d o u gh  w a s  prepared  b y  m ix in g  f lou r  
w ith  an ap p ro p ria te  a m o u n t  o f  w ater and  incubated  at 3 0 ° C  fo r  2 
hr. R e su lts  are averages o f  th ree  expe rim ents.

pholipid contents which show high correlation with the tex
ture of bread (Pom eranz, 1968) were also not affected by 
radiation treatm ent. However, measurem ent with very sensi
tive and refined m ethods like infrared spectroscopy, revealed 
some modifications in lipids such as the appearance of conju
gated triene and an increase in oxidation products in wheat, 
irradiated even at 0.2 Mrad dose level (Deschreider, 1966). 
Tipples and Norris (1965) reported a significant decrease in 
linoleic and linolenic acid contents o f irradiated (10 Mrad) 
wheat.

A considerable am ount o f lipids was bound to  proteins dur
ing dough mixing and the am ount of extractable lipids was 
reduced about 25% (Table 4). Chiu et al. (1968) have attrib 
uted the slight increase in free lipids during ferm entation to  
their release by dough development. Mann and Morrison
(1974) have shown that most o f the nonpolar and almost all of 
the polar lipids were bound on dough mixing; binding was 
nonselective with regard to  fa tty  acid com position.

A definite correlation has been shown between lipid bind
ing and protein quality in bread making (W ooten, 1968). 
Grosskruetz (1961), on the basis of X-ray scattering and elec
tron microscopic studies, has postulated a lipoprotein model, 
which occupies about 2—5% of elastic gluten structure, and 
shown that this com plex is capable of providing plasticity, 
necessary for optim um  baking characteristics. In view of the 
importance of lipoprotein com plex in governing the function
ality of wheat flour, inform ation on whether or not its struc
ture remains intact during dough mixing in irradiated wheat, is 
essential for in terpretation of dough behavior. Purothionines 
present in lipid extracts (Fisher et al., 1968), were identified as 
low molecular weight proteins (Redm an and Fisher, 1968). 
The changes in the d istribution of purothionines I and II in 
lipid fraction (Table 3) may affect their association with spe
cific lipid fraction (Daniels et al., 1966). Again, the disappear
ance of some purothionine bands at higher doses (Figures 3 
and 4), suggests tha t association and dissociation of wheat 
proteins with lipids to  form  an effective lipoprotein complex 
during dough mixing and ferm entation, are markedly affected 
by radiation treatm ent. This might have affected adversely the 
gas retention capacity of the dough during ferm entation and 
baking, which results in the observed low loaf-volume of 
bread, prepared from wheat irradiated at high dose (1 Mrad) 
level.
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EFFECT OF GAM M A-IRRAD IAT IO N  OF WHEAT ON VOLATILE  
FLAVOR COMPONENTS OF BREAD

i

--------------------------------  ABSTRACT --------------------------------
Comparative sensory and objective evaluations of bread prepared from 
wheat flour, irradiated at different doses, have been carried out. The 
preference of bread decreases with higher radiation dose (1 Mrad) due 
to increase in off-flavor intensity. Total carbonyl contents are increased 
in irradiated products. A significant inverse correlation between 
consumer preference and total carbonyls as well as GLC headspace 
vapor analysis, is established. An attempt has been made to postulate a 
mechanism for the excessive formation of volatiles, imparting off-flavor 
in bread from irradiated wheat. It is suggested that they may arise from 
the volatile degradation products of amino acids and proteins or by 
their interaction with reducing sugars, the ultimate radiation-induced 
breakdown product of starch.

INTRODUCTION

THE COMPLEX chemical and enzymatic reactions occurring 
during ferm entation and baking give rise to  several volatile 
(Johnson et al., 1966) and nonvolatile (Pence, 1967) com
pounds, which react synergistically or otherwise and contrib
ute to  the flavor o f the finished bread. The assessment of the 
flavor of food products is usually done by taste panels, but 
this determines only the overall perceptive response and 
appreciation of the consumer. The differences imparted by 
more than one flavor to  the test product, therefore, cannot be 
distinguished accurately by panelists. Several volatile flavor 
com ponents of wheat flour and bread such as carbonyls, 
organic acids, alcohols etc., have been identified using tem per
ature programming by gas-liquid chrom atography (GLC) 
(MacWilliams and Mackey, 1969). A ttem pts have been made 
to  establish the significance of each one to  the form ation of 
the to tal flavor com plex (Ng et al., 1960; Figureiredo, 1964).

Our earlier results (Vakil et al., 1973) on sensory evalua
tion of breads prepared with irradiated wheat (0.02 — 1.0 
Mrad), revealed that at higher doses, consumer preference was 
low due to  dark crust and peculiar irradiation off-flavor. 
Organoleptic properties of cakes, bread and biscuits prepared 
from gamma-irradiated wheat flour are also adversely affected 
(Milner and Yen, 1956; Webb et al., 1961; Miller et al., 1965). 
In the present study, qualitative characterization of volatile 
com ponents by GLC and quantitative determ ination of total 
carbonyls, reducing sugars and free amino acids by chemical 
m ethods, were carried out. An attem pt was made to  correlate 
the objective instrum ental measurem ent of aroma with the 
subjective, organoleptic evaluation of breads and changes 
therein due to  irradiation.

MATERIALS & METHODS
WHEAT SAMPLES (Vijay Hard Winter variety) were procured from 
Niphad Agricultural Research Station, Maharashtra. These were divided 
into different lots of 1 kg, packed in polyethylene bags and irradiated 
at 0.02-1 Mrad dose levels in 60Co-gamma cells 220 (Atomic Energy 
of Canda Ltd), having a flux of 25 Krad/min and overdose ratio of 
about 30%. Samples were stored for 3 -4  wk and milled in Buhler’s * 050

1 Present address: Gautam Apartments, Pali Hill, Bombay-400
050 India

experimental Mill having three break systems and three reduction rolls. 
The solvents (Analar) were procured from B.D.H., U.K.
Baking test

Breads were prepared by straight dough lean procedure. Ingredients 
were: lOOg wheat flour, 2.5g yeast, 2.5g sugar, 4g skimmed m.lk 
powder, 4g shortening, 1.5g salt and 10 ppm potassium bromate. Water 
was added as required for optimum dough consistency (500 B.U.), 
determined in a Brabender Farinograph. The dough was fermented for 
2Vi hr at 30°C with punching at 45 and 100 min. It was scaled (lOOg), 
molced and proofed for 60 min in a slightly greased pan. Baking was 
done at 210°C for 20-25 min (Rao et al., 1976). Loaf volume was 
measured by the mustard seed displacement method (AAAC, 1970).
Sensory evaluation

Sensory evaluation of breads was conducted by preferential rating 
techniques with trained panel members (Amerine et ah, 1965). A nine- 
point hedonic scale was used to differentiate the samples on the basis of 
overall acceptability, and a five-point intensity scale was applied for 
scoring off-characteristics such as aroma, taste and color.
Total carbonyl content

The solvents were treated with 2,4,-dinitrophenyl hydrazine 
(DNPH) and redistilled before use to remove the traces of carbonyls 
present. Carbonyls were extracted from 5g of wheat flour or piecei of 
bread, with 20 ml benzene for several times and the extracts were 
combined (Henick et al., 1954). Aliquots were reacted with 0.05% 
DNPH reagent and 4.3% TCA, at 60°C for 30 min and cooled. 
Ethanolic KOH (4%) was added and the final volume (10 ml) was 
adjusted with ethanol. Absorbancy was measured after 10 min at 480 
nm in a Bausch and Lomb Spectronic-20. Acetophenone was used as a 
standard.

Head space analysis
Direct headspace vapors were collected essentially by the method 

described by Bandyopadhyay et al. (1970). Wheat flour (75g) or bread 
crumb and crust pieces (50g) were mixed with water (150 ml) into a 
lump-free slurry. This was put into a conical flask, fitted with an 
adapter with a side tube having a stopcock and a small sealed aperture 
at the top. The flask was kept for 2 hr in a pre-heated oven at 6C'°C. 
Vapor samples (10 ml for wheat flour and 2 ml for bread), trapped in 
the headspace, were taken by inserting a hypodermic syringe (60°C) 
through a septum and injected in a glass column (6 ft x 1/4 in. o d.). 
This was packed with 10% Carbowax-20M supported on acid-washed 
chromosorb W (60-80 mesh) and pre-equilibrated at 75 ± 5°C. A gas 
chromatograph, equipped with a flame ionization detector (Model 
BARC) and fabricated in this Research Centre, was used. The carrier gas 
was nitrogen with a flow rate of 15 ml/min. Chromatograms were ob
tained on a recorder with a sensitivity of A x 10'10 and a chart speed 
of 0.5 in./min. A few internal standards such as formaldehyde, acetal
dehyde, valeraldehyde, butyraldehyde and ethanol were run simultane
ously. Retention times in minutes were recorded and the peaks were 
tentatively identified from GLC profiles of reference compounds. Gas 
chromatograph peak area was determined by multiplying 1/2 peak 
height by peak width.
Reducing sugars

Total reducing sugars were determined in aqueous extracts of wheat 
flour using maltose as a standard (AOAC, 1970). Freshly prepared alka
line K3Fe(CN)6 (0.1N) solution was added to an aliquot (5 ml) and 
immersed in a boiling water bath for 20 min. After cooling, acetic 
acid-salt mixture (20 ml) and 1 ml of 1% starch-KI solution (as an 
internal indicator) were added. The mixture was titrated with 0.1 N 
Na2S30 , ,  up to complete disappearance of blue color.

To measure diastatic activity, wheat flour (lOg) was suspended in 
0.1 M acetate buffer (48 ml), pH 4.8 and incubated at 30°C for 1 hr
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T able 1—E ffe c t o f  irrad ia tion  on  b a k in g  p r o p e r t ie s  o f  w h e a t3

Radiation Specific
dose loaf voi Crust color General
Mrad cc/g % Transmittance appearance

0 3.0 98 Satisfactory
0.02 3.5 95 Satisfactory
0.20 3.8 90 Satisfactory
1.00 2.7 76 Not satisfactory

a Sp e c if ic  lo a f vo lu m e  w a s  m easured  b y  m usta rd seed d isp lacem ent
m ethod. Bread  c ru st  w as extracted  w ith  7 0 % ethano l and  co lo r
in tensity m easured  at 5 5 0  nm  in a B au sch and L o m b  Sp ec-
tron ic -20 . G eneral appearance  o f b read  w as assessed b y  subjective  
evaluation  b y  panel m em bers. R e su lts  are averages o f three e x p e r i
m ents.

with frequent shaking. Reaction was stopped with 10% TCA and re
ducing sugars were determined in the supernatant.
Total free amino acids

Wheat flour (5g) was extracted thrice with 70% ethanol. Extracts 
were pooled and passed through Dowex-50 H+ column (0.9 X  10 cm), 
eluted with 2N NH4OH and lyophilized. The residue was taken up in 
0.2M sodium citrate buffer, pH 2.2. An aliquot was used for quantita
tive separation of amino acids on a Beckman Unichrome Automatic 
Amino Acid Analyzer (Gerritsen et al., 1965).

RESULTS
Sensory evaluation

Results on baking properties (Table 1) show that breads 
made from wheat irradiated at higher dose levels, had dark 
crust color and the general appearance was also not satis
factory. Average preference scores for breads are given in 
Table 2. The panel evaluation revealed that aroma and taste of 
breads became less desirable with increasing irradiation dose. 
Off-flavor intensity was very high (above m oderate) with 
breads prepared from wheat irradiated at 1 Mrad.
Carbonyl com pounds

Results on the effect of irradiation on to tal carbonyl levels 
in wheat flour and breads are summarized in Table 3. In wheat 
flour, these were not appreciably affected up tc 200 Krad; 
however, it increased significantly (33%) at 1 Mrac. Relatively 
low levels of carbonyl com pounds in control bread (132 ppm) 
compared to  that in wheat flour (240 ppm ) may be attributed 
to initial volatilization or oxidation during ferm entation and 
baking. However, an increase by 22—97% was noticed in 
breads prepared from  wheat irradiated at 0.02 — 1.0 Mrad dose 
levels, compared to  control.
Head space analysis

Though sub-ambient programmed tem perature operation 
(from -1 8 0 °C  to 200°C) of the gas chrom atographic column, 
greatly enhances the ability to  separate a m ixture of flavor 
com ponents (Merritt et al., 1966), this cannot assure com plete 
separation. Since this was a comparative study, only a 
Carbowax 20 column operated at 7 5 —80°C was used to 
separate volatile com pounds.

Data presented in Table 4 revealed that to ta l peak area, 
occupied on GLC headspace profile increased gradually with 
irradiation dose. At 1 Mrad, this was about 38% more com
pared to control samples. Acetaldehyde, isobutryraldehyde, 
butyraldehyde and valeraldehyde, were the main volatile 
com ponents tentatively identified in wheat flour. Compounds 
with similar retention  tim e were identified, in all the samples, 
with the main difference in quantity , this being more in irra
diated samples.

Results on headspace area distribution on GLC profiles of 
flavor com ponents, separated from  breads, are presented in 
Table 5. Total peak area was decreased slightly in irradiated

T able 2 —S e n so r y  eva lu a tio n  o f  o ff-ch a ra c te r is tic s  o f  irra d ia ted  
w h e a t b re a d s3

Avg points scored 
on intensity scale

Irradiated (Mrad)

Off-characteristic Control 0.02 0.2 1.0

Discoloration 1.2 1.6 2.6 4.9
Off-odor 1.0 1.3 2.0 3.7
Irradiation flavor 1.0 1.3 2.0 4.9
Eurnt flavor 1.0 1.6 2.0 4.0
Texture (undesirable) 1.0 1.2 2.0 3.5
Taste (objectionable) 1.0 1.2 2.0 3.5

Cverall acceptability 
(Avg ± SE on

7.3 7.5 6.2 4.6

hedonic scale) ±0.4 ±0.4 ±0.3 ±0.4

3 O ff-characte rist ics  in b read  w ere  evaluated  u s in g  an  in te n s ity  scale 
o f 5  po in ts, and  a 9 -p o in t  h e d o n ic  scale w as used fo r  overall 
accep tab ility . R e su lts  are averages o f p o in t s  scored  b y  three 
ind ep end en t panels, each o f 12  m em bers. In te n s ity  scale: 1 = 
none; 2  =  slight; 3  = m oderate; 4  =  ab ove  m oderate; 5  =  strong.

T able 3 —E ffe c t o f  irra d ia tio n  o n  to ta l  c a r b o n y ls  in  w h e a t f lo u r  a n d  
b re a d 3

Total carbonyl content (ppm)
Radiation dose __________________________________

(Mrad) Wheat flour Bread

0.0 240 ± 2.23 132 + 4.36
0.02 240 + 2.23 162 ± 5.69
0.2 260 ± 2.50 194 ± 6.59
1.0 320 ± 8.00 260 ± 5.70

3 A c e to p h e n o n e  w as used as a standard . R e su lts  are averages o f s ix
d e te rm in a t io n s  ± S E .

T able 4 —G L C  h ea d sp a ce  p r o f i le  o f  w h e a t flo u r3

Headspace area (cm3 ) 

Irradiated at (Mrad)

GLC  peaks Control 0.02 0.2 1.0

Acetaldehyde 0.20 ± 0.01 0.42 ± 0.02 0.50 ± 0.05 0.63 ± 0.07
Isobutyraldéhyde 0.25 ± 0.03 0.37 ± 0.03 0.41 ± 0.03 0.47 ± 0.02
Butyraldehyde 2.78 ± 0.24 3.56 ± 0.28 3.86 ± 0.35 4.21 ± 0.36
Valeraldehyde 0.28 ± 0.50 0.28 ± 0.12 0.32 ± 0.08 0.37 + 0.09
Total peak area 3.52 + 0.78 4.63 + 0.45 5.19 ±0.51 5.68 + 0.54

3 R e su lts  are averages o f fo u r  e x p e r im e n ts  ± S E .

T able 5 —E ffe c t o f  irrad ia tion  o n  th e  c o m p o s it io n  o f  vo la tile  f la vo r  c o m 
p o n e n ts  o f  b re a d 3

Headspace area (cm2 )
From wheat irradiated (Mrad) at

GLC  peaks Control 0.02 0.2 1.0

Formaldehyde 0.20 ± 0.01 0.22 ± 0.0 0.23 ± 0.02 0.24 ± 0.06
Acetaldehyde 0.20 ± 0.04 0.26 ± 0.06 0.29 ± 0.05 0.32 ± 0.09
Ethanol + methanol 24.0 ± 7.90 23.10 ± 1.92 20.90 ± 6.40 20.5 ± 6.60
Hexanone 0.48 ± 0.03 0.63 ± 0.02 0.63 ± 0.17 0.69 + 0.10
Butanol 0.22 ± 0.03 0.30 ± 0.10 0.35 ± 0.05 0.36 ± 0.05
Total peak area 25.11 ± 8.01 24.51 ± 2.08 22.4 ± 6.69 2.11 + 6.90

3 GLC p ro file s  o f flavor vo la tile s separated fro m  bread  (5 0 g )  w e re  o b 
ta ined  as described  in text. R e su lts  are averages o f  fo u r  e xpe rim ents.
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samples com pared to  control. Alcohols were not detected in 
wheat flour but constituted the major com ponents of bread 
flavor volatiles. Bread prepared from  wheat irradiated at 1 
Mrad, contained a lower percentage of bo th  ethanol and 
m ethanol, bu t relatively higher contents o f form aldehyde and 
acetaldehyde than the control. About 45% increase at 1 Mrad 
in hexanone, the main ketone identified in bread, was also 
noticed. However, furfural, reported as one of the constituents 
of bread volatiles (R othe and Thomas, 1959) was not sepa
rated by this technique.
Reducing sugars

Results on the effect of irradiation on reducing sugars and 
diastatic activity of wheat flour are given in Table 6. Levels of 
initial water-soluble reducing sugars in wheat irradiated at 0.02 
to  1 Mrad, was increased by 5 -92%  compared to control. 
Diastatic activity, expressed as ‘maltose value,’ was signifi
cantly more in irradiated samples after 1 h r incubation.
Free amino acids

Data on free amino acids of control and irradiated (0 .0 2 -1  
Mrad) wheat samples (Table 7) revealed no appreciable effect

Table 6—Reducing sugars and diastatic activities in irradiated wheata

Dose
level

(Mrad)

Initial reducing sugars Maltose value

mg maltose/ 
10g wheat 

flour

%  inc 
over 

control

mg maltose 
liberated/IOg 
wheat flour at 
30°C for 1 hr

%  inc 
over 

control

0 90 _ 150
0.02 95 5.5 172 40.6
0.2 125 38.2 211 78.0
1.0 172 91.1 259 78.0

a A q u e o u s  ex tracts  o f  w h ea t f lo u r  were an a lyzed  fo r  total reduc ing  
sugars. 'M a lto se  va lue ' w as m easured  as described  in text. R e su lts  
are averages o f three in d ep en d en t expe rim ents.

Table 7—Effect o f irradiation on free amino acid content o f wheata

Wheat irradiated (Mrad) at

Am ino acid

0 0.02 0.2 1.0

(mg/g
N)

(mg/g
IM>

%  inc 
over 

control
(mg/g

N)

%  inc 
over 

control
(mg/g

N)

%  inc 
over 

control

Aspartic acid 4.03 3.97 _ 3.97 _ 4.01 NS
Threonine 0.37 0.35 - 0.39 5.4 0.39 NS
Serine 3.47 3.51 1.1 3.35 — 3.28 —
Glutamic acid 3.04 2.88 — 2.77 - 2.90 —
Proline 0.44 0.45 2.2 0.47 6.8 0.46 4.5
Glycine 0.84 0.83 - 0.86 2.3 0 8 7 3.5
Alanine 1.92 2.11 9.8 2.36 22.9 2 6 35.4
Valine 0.76 0.78 2.6 0.82 7.7 0.84 15.2
Methionine 0.33 0.34 3.0 0.34 3.0 0.37 12.1
Isoleucine 0.52 0.56 7.6 0.53 1.9 0.04 23.0
Leucine 0.62 0.64 3.2 0.66 6.4 0.65 4.8
Tyrosine 0.48 0.49 2.0 0.54 12.5 0.60 25.0
Phenylalanine 0.47 0.49 4.2 0.50 6.3 0.51 9.0
Lysine 0.46 0.45 — 0.45 — 0.47 2.1
Histidine 0.22 0.21 - 0.23 4.5 0.21 —
Arginine 1.73 1.79 3.4 1.77 2.3 1.80 4.0

R esu lts  are averages of th ree  d e te rm ina t ion s.

of radiation treatm ent at low doses. However, at 1 Mrad, there 
was an overall increase of about 9% in to tal free amino acids, 
mostly accountable to  appreciable release (2 3 -3 5 %  higher 
values, as compared to  control) o f isoleucine, tyrosine, valine 
and alanine.

D IS C U S S IO N

RADIATION TREATMENT effectively disinfests wheat 
(Nicholas et al., 1958) but it also brings about certain changes 
in the flour. The loaf volume was increased up to  0.2 Mrad 
dose levels when bread was prepared with lean straight dough 
form ula (Table 1). Similar observations have been reported by 
Lai et al. (1959) and Nicholas et al. (1958). However, at doses 
above 500 Krad, irrespective of the baking form ula, loaf- 
volume and other bread qualities were deteriorated (Miller et 
al., 1965). This was attributed to  damaged gluten by Rao et al.
(1975), from their studies on fractionation and reconstitu tion  
of different wheat com ponents. Though no off-characteristics 
are exhibited at disinfestation dose level (20 Krad), unpleasant 
irradiated flavor and dark crust were detected at higher doses 
(Tables 1 and 2).

A direct relationship between the panel evaluation data and 
the content of carbonyl com pounds, the principal flavor 
com ponents of bread (Thomas and Ronneback, 1960) has 
been observed (Table 3). As the carbonyls increased in irra
diated samples, the bread aroma and taste became less desira
ble and acceptability of the product decreased. Higher to ta l 
GLC headspace area in irradiated wheat flour also paralleled 
the observed off-flavor. Increase in to ta l volatile aldehydes 
(Tables 4 and 5), having a direct bearing on bread flavor and 
taste (Wiseblatt and Kohn, 1960) would be the main factors 
responsible for off-flavor. Hexanone, form ed only during 
baking, is another im portant flavor com ponent o f bread. In
crease in hexanone at higher doses could also contribu te to 
off-flavor (Lorenz and Maga, 1972). Decrease in alcohols in 
bread at higher dose (1 Mrad) could cause lesser gas produc
tion and retention , as reflected in lower loaf volume (Table 1).

We also estim ated inherently related com pounds like re
ducing sugars and certain amino acids in wheat, from  which 
these excessively volatile irradiation off-flavor com pounds 
(like aldehydes) are expected to  form. It has been shown that 
the initial interaction between reducing sugars and free amino 
acids during baking, through successive condensation, re
arrangement and polym erization reactions produce non- 
er.zymatic Maillard browning (Johnson and Miller, 1961) and 
malanoidins (Mills et al., 1969). These volatile and nonvolatile 
com pounds are mainly responsible for typical bread arom a 
(Johnson and El-Dash, 1967). Nonreducing sugars, however, 
do not produce any browning or bread aroma (Pomeranz et 
al., 1962). Overall increase in initial to ta l reducing sugars 
(Table 6) in irradiated wheat flour would arise from step-wise 
and random  degradation of starch (Ananthaswam y et al.,
1970). The increase in ‘Maltose value’ during ferm entation 
(Table 6) indicates the increased availability of these sugars to  
amylase action. Similarly, an overall increase (8.5%) in free 
amino acids in irradiated wheat at the higher dose could be 
attributed  mainly to  depolym erization of proteins (Srinivas et 
al., 1972). This increase is mainly due to  a rise in levels o f 
amino acids like glycine, alanine, valine m ethionine, lysine, 
isoleucine, leucine, tyrosine and phenylalanine (Table 7). 
Deschreider (1966) has observed a similar increase in some of 
the free amino acids, this being directly proportional to  the 
doses applied. He attributed  the variation in solubility o f vari
ous wheat proteins to  their structural modifications. Some of 
the off-flavor imparting com pounds like benzene, phenols and 
sulfur com pounds detected in irradiated foods (at high doses) 
are known to be formed from  radiosensitive phenylalanine, 
tryosine and m ethionine, respectively, by direct bound cleav
age of amino acid moieties (M erritt et al., 1966).

Aldehydes, found in bread headspace profile are the by
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products of Maillard reaction. Results on model systems with 
amino acids and sugars, indicate their association with each 
other; sugar determines the browning and amino acid, the 
aroma (Collyer, 1964). It has been shown that during fermen
tation acetaldehyde, form aldehyde, valeraldehyde and phenyl- 
acetaldehyde are form ed mainly from alanine, glycine, leucine 
and phenylalanine, respectively, by Strecker degradation 
(Golovnya et al., 1974); volatile com ponents formed by reac
tion between sugars and valine have been identified as com
pounds of pyrazine, pyridine and piperazine series. Golovnya 
et al. (1969) have shown that increased content of pyridine in 
the crust adversely affects the organoleptic characteristics of 
bread. Thus, the strong disagreeable odor in bread may par
tially be attributed  to  considerably high free valine content in 
wheat at 1 Mrad.

R E F E R E N C E S

American Association of Cereal Chemists. 1970. “Approved Methods of 
the A ACC,” Vol. 2, p. 72. The Association, St. Paul, MN.

Amerine, M.A., Pangborn, R.M. and Roessler, E.B., 1965. “Principles of 
Sensory Evaluation of Food.” Academic Press, New York.

Ananthaswamy, H.N., Vakil, U.K. and Sreenivasan, A. 1970. Suscepti
bility to amylolysis of gamma-irradiated wheat. J. Food Sci. 35: 
792.

Association of Official Analytical Chemists. 1970. “Official Methods of 
Analysis,” 11th ed, p. 214. The Association, Washington, D.C.

Bandyopadhyay, C., Srirangarajan, A.R. and Sreenivasan, A. 1970. 
Studies on flavour components of onion (Allium Cepa) 1. Thin-layer 
chromatographic investigation of onion oil. J. Chromatog. 47: 400.

Collyer, D.M. 1964. Bread flavour. A review of the literature to Octo
ber 1963. Bakers Dig. 38: 43.

Deschrieder, A.R. 1966. Effect of gamma radiation on the constituents 
of wheat flour. In “Proceedings of International Symposium on 
‘Food Irradiation’,” IAEA/FAO, SM-73/4, p. 173. Karlsruhe, 
Germany, 6—10 June.

Figureiredo, M.P.D. 1964. Volatile components of bread. Bakers Dig. 
38: 48.

Gerritsen, T., Rehberg, M.L. and Waisman, H.A. 1965. On the deter
mination of free amino acids in serum. Anal. Biochem. 11: 460.

Golovnya, R.V., Enikeeva, N.G., Zuravleva, I.L. and Zjuzko, A.S. 1974. 
A gas chromatographic analysis of mono carbonyl compounds and 
amines in the volatile components of wheaten bread. Die Nahrung 
18: 143.

Golovnya, R.V., Zuravleva, I.L. and Kharatjan, S.G. 1969. Synthesis of 
aliphatic amines by lactic acid bacteria, Streptococcus lactis. Bio- 
chimiya 34: 853.

Henick, A.S., Benca, M.F. and Mitchell, J.H. Jr. 1954. Estimating 
carbonyl compounds in rancid fats and foods. J. Amer. Oil. Chem. 
Soc. 31: 8 8 .

Johnson, J.A. and El-Dash, A.A. 1969. Role of nonvolatile compounds 
in bread flavor. J. Agr. Food Chem. 17: 740.

Johnson, J.A. and Miller, B.S. 1961. Browning of baked products. 
Bakers Dig. 35: 52.

Johnson, J.A., Rooney, L. and Salem, A. 1966. Chemistry of bread 
flavor. Adv. Chem. Ser. 56: 153.

Lai, S.P., Finney, K.F. and Milner, M. 1959. Treatment of wheat with 
ionizing radiations. 4. Oxidative, physical and biochemical changes. 
Cereal Chem. 36: 401.

Lorenz, K. and Maga, J. 1972. Staling of white bread. Changes in 
carbonyl composition and GLC head space profiles. J. Agr. Food 
Chem. 20: 211.

Mac Williams, M. and Mackey, A.C. 1969. Wheat flavor components. J. 
Food Sci. 34: 493.

Merritt, C. Jr., Angelini, P., Bazinet, M.L. and McAdoo, D.J. 1966. 
Irradiation damage in lipids. Adv. Chem. Ser. 56: 225.

Miller, B.S., Yamahiro, R.S., Trimbo, H.B. and Luke, K.W. 1965. 
Organoleptic quality of cake and bread made with CO60 irradiated 
flour and flour from irradiated wheat. Cereal Science Today 10: 80.

Mills, F.D., Baker, B.G. and Hodge, J.E. 1969. Amadori compounds as 
nonvolatile flavor precursors in processed foods. J. Agr. Food Chem. 
17: 723.

Milner, M. and Yen, Y.C. 1956. Treatment of wheat with ionizing 
radiations. 3. The effect of bread making and related properties. 
Food Technol. 10: 528.

Ng, R., Reed, D.J. and Pence, J.W. 1960. Identification of carbonyl 
compounds in an ethanol extract of fresh white bread. Cereal Chem. 
37: 638.

Nicholas, R.C., Meiske, D.P., Jones, M.F., Wiant, D.E., Pflug, I.J. and 
Jones, E.M. 1958. Radiation induced changes in bread flavor. Food 
Technol. 12: 52.

Pence, J.W. 1967. Factors affecting bread flavor. Bakers Dig. 41: 34.
Pomeranz, Y., Johnson, J.A. and Shellenberger, J.A. 1962. Effects of 

various sugars on browning. J. Food Sci. 27: 350.
Rao, S.R., Hoseney, R.C., Finney, K.F. and Shorgen, M.D. 1975. Effect 

of gamma irradiation of wheat on breadmaking properties. Cereal 
Chem. 52: 506.

Rao, V.S., Padwal Desai, S.R., Bongirwar, D.R., Vakil, U.K. and 
Sreenivasan, A. 1976. Comparative storage studies on fumigated and 
irradiated wheat. Acta Alimentaria 5(3): 253.

Rothe, M. and Thomas, B. 1959. The formation, composition and 
determination of aromatic substances in bread. Die Nahrung 3: 1.

Srinivas, H., Ananthaswamy, H.N., Vakil, U.K. and Sreenivasan, A. 
1972. Effect of gamma radiation on wheat proteins. J. Food Sci. 
37: 715.

Thomas, B. and Ronneback, H. 1960. Investigations on the flavor of 
sour dough bread as a function of the acid formed during fermenta
tion. Cf. Chem. Abstr. 52: 6656a.

Vakil, U.K., Aravindakshan, M., Srinivas, H., Chauhan, P.S. and 
Sreenivasan, A. 1973. Nutritional and wholesomeness studies with 
irradiated foods: India’s program. Proceedings of a symposium on 
‘Radiation Preservation of Food,’ jointly organized by the IAEA 
and FAO, in Bombay. IAEA-SM-166/12.

Webb, N.L. Rutherford, B.E. and Wiant, D.E. 1961. Effect of ionizing 
radiation on cakes and biscuits made with milled irradiated wheat. 
Food Technol. 15: 386.

Wiseblatt, L. and Kohn, F.E. 1960. Some volatile aromatics in fresh 
bread. Cereal Chem. 37: 55.

Ms received 3/12/77; revised 6/6/77; accepted 6/10/77.

E F F E C T  O F  y - R A D I A  T ! 0 N  O N  W H E A  T  L I P I D S  . . . F r o m  p a g e  6 7

Davis, B.J. 1964. Disc electrophoresis. 2. Method and application to 
human serum proteins. Ann. N.Y. Acad. Sci. 121: 404.

Deschreider, A.R. 1966. Action des rayons gamma sur les elements 
constitutifs de la farine de ble’ (SM-73-4). Proceedings of the Inter
national Symposium on Food Irradiation organized by IAEA & 
FAO held at Karlsruhe, 6 —10 June, P. 173.

Dittmer, J.C. and Lester, R.L. 1964. A simple specific spray for the 
detection of phospholipids on thin-layer chromatograms. J. Lipid 
Res. 5: 126.

Fisher, N., Redman, D.G. and Elton, G.A.H. 1968. Fractionation and 
characterization of purothionine. Cereal Chem. 45: 48.

Fiske, C.H. and Subba Rao, Y. 1925. The colorimetric determination of 
phosphorus. J. Biol. Chem. 6 6 : 375.

Folch, J., Lees, M. and Sloanestanley, G.H. 1957. A simple method for 
the isolation and purification of total lipids from animal tissues. J. 
Biol. Chem. 226: 497.

Grosskreutz, J.C. 1961. A lipoprotein model of wheat gluten structure. 
Cereal Chem. 38: 336.

Hoseney, R.C., Finney, K.F., Pomeranz, Y. and Shogren, M.D. 1969. 
Functional (breadmaking) and biochemical properties of wheat 
flour components. 5. Role of total extractable lipids. Cereal Chem. 
46: 606.

Hoseney, R.C., Pomeranz, Y. and Finney, K.F. 1970. Functional 
(breadmaking) and biochemical properties of wheat flour compo
nents. 7. Petroleum ether-soluble lipoproteins of wheat flour. Cereal 
Chem. 47: 153.

Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, R.J. 1951. 
Protein measurement with the Folin phenol reagent. 193: 265.

Mann, D.L. and Morrison, W.R. 1974. Changes in wheat lipids during 
mixing and resting of flour-water doughs. J. Sci. Food Agric. 25: 
1109.

Merritt, C. Jr. 1972. Qualitative and quantitative aspects of trace vola
tile components in irradiated foods and food substances. Rad. Res. 
Rev. 3: 353.

Nawar, W.W. 1972. Radiolytic changes in fats. Rad. Res. Rev. 3: 327.
Nimmo, C.C., Kasarda, D.D. and Ellen, J.L. 1974. Physical characteriza

tion of the wheat-protein purothionine. J. Sci. Food Agric. 25: 607.
Pomeranz, Y. 1966. A review of recent studies of wheat flour lipids in 

bread making. Bak. Dig. 40: 44.
Pomeranz, Y. 1968. Relation between chemical composition and bread

making potentialities of wheat flour. Advan. Food Res. 16: 335.
Redman, D.G. and Fisher, N. 1968. Fractionation and comparison of 

purothionine and globulin components of wheat. J. Sci. Food Agric. 
19: 651.

Redman, D.G. and Ewart, J.A.D. 1973. Characterization of three wheat 
proteins found in chloroform:methanol extract of flour. J. Sci. 
Food and Agric. 24: 629.

Tao, R.C. and Pomeranz, Y. 1968. Functional breadmaking properties 
of wheat flour lipids. 3. Effects of lipids on rheological properties of 
wheat flour doughs. Food Technol. 22: 1145.

Tipples, K.H. and Norris, F.W. 1965. Some effects of high-level gamma 
irradiation on the lipid of wheat. Cereal Chem. 42: 437.

Vakil, U.K., Aravindakshan, M., Srinivas, H., Chauhan, P.S. and Sree
nivasan, A. 1973. Nutritional and wholesomeness studies with irradi
ated foods: India’s program. IAEA-SM-166/12, Proceedings of a 
symposium organized by the IAEA and FAO in Bombay.

Van Handel, E. 1971. Suggested modifications of the microdetermina
tion of triglycerides. Clin. Chem. 7: 249.

Weiss, J. 1952. Chemical dosimetry using ferrous and ceric sulfates. 
Nucleonics 10: 28.

Wooten, M. 1968. Binding and extractability of wheat flour lipid after 
dough formation. J. Sci. Food Agric. 17: 297.

Ms received 3/21/77; revised 5/21/77; accepted 5/25/77.

Volume 43 (1978 )-J0U RN A L  O F  FO O D  S C IE N C E -  71



A. H. ROUSE and P. C. C R A N D A LL  
University o f Florida, institute o f Food & Agricultural Sciences 

Agricultural Research & Education Center 

P.O. Box 1088, Lake Alfred, FL  33850

PECTIN CONTENT OF LIME AND LEMON PEEL 
AS EXTRACTED BY N ITR IC  ACID

-----------------------------------------  A B S T R A C T  ------------------------------------------

Research is described for the extraction of pectin from lime and lemon 
peel with nitric acid. Temperature and time were varied while extrac
tion acidity remained constant at pH 1.6. For those extraction condi
tions that resulted in maximum jelly units, yield of pectin as alcohol 
precipitate, jelly grade and yield as 150 grade pectin were tabulated. 
Yields of pectin from lemon peel decreased (6.49% in July to 2.55% in 
November) with increasing fruit maturity. Comparative data were also 
obtained for pectins extracted from commercially leached peel and the 
corresponding rotary dried peel. Loss due to drying peel was from
7.7-10.6% in yield of 150 grade pectin.

IN T R O D U C T IO N

A NUMBER of m ethods have been reported on the hydrolysis 
of protopectin  in citrus peel to  water-soluble pectin and many 
of these have been reviewed by Kertesz (1951). Later gamma 
radiation (Kassem, 1969) and a com bination of ion-exchange 
resin-hydrochloric acid (Huang, 1973) were reported to  solu
bilize pectin in citrus peel. Commercial extraction of pectin is 
usually accomplished with mineral acids such as sulfurous 
(Wilson, 1925; Joseph and Havighorst, 1952), sulfuric (Snyder, 
1970), hydrochloric (Myers and Baker, 1929) or nitric (Brad- 
dock et al., 1976; Rouse and Crandall, 1976). Nitric acid is 
used in Europe and to  a lesser extent in this country. Approxi
mately 4,000 tons of dry lime and lemon pomace are pro
duced in Florida, most of which is shipped to  Europe for 
pectin extraction. However, conditions for obtaining maxi
mum jelly units from  fresh and dried lime and lemon peel 
extracted with nitric acid have not been published. Generally, 
extraction tem peratures previously reported range from 
80—100°C and time of extraction from 20—60 min. The pH 
varied between 1.4 and 2.6.

There were three objectives in this study: (1) to  present 
extraction conditions (tem perature and tim e) that resulted in 
maximum jelly units when pectins were extracted using nitric 
acid from  laboratory leached lime and lemon peel; (2) to show 
the effect o f fruit m aturity  on pectin extracted from lemon 
peel; (3) to  compare data for pectins extracted with nitric acid 
that resulted in maximum jelly units obtainable from com
mercially leached lime and lemon peel and from their corre
sponding ro tary  dried peel.

M A T E R IA L S  & M E T H O D S

DURING THE 1976 SEASON samples of ground lime peel (predomi
nantly Persian, Citrus aurantifolia Swing.) and lemon peel (predomi
nantly Avon, Citrus limon L Brum.f.) were obtained from commercial 
plants. The legally mature fruit (Soule et al., 1976) was extracted on a 
FMC In-Line juice extractor and the peel ground through a chopper 
with a 3/4-inch screen. Samples of peel that were laboratory leached 
and extracted were obtained on the following dates: lime, Aug. 19 and 
25; lemon, July 20, Sept. 22, Oct. 20 and Nov. 9. Samples of com
mercially leached peel and their corresponding dried peel were obtained 
and extracted: lime, Aug. 25; lemon, Oct. 20 and Nov. 9.
Commercial leaching procedure for peel

One part of chopped peel was mixed with three parts of tap water at 
27°C in a countercurrent system having about 20 min holding time.

The mix was passed through a continuous press to remove excess water. 
The leaching process removed soluble solids (mostly sugars) prior to the 
extraction of pectin.

Laboratory leaching procedure for peel and the extraction pro
cedures that were used on each prepared wet or dried peel were as 
previously described (Rouse and Crandall, 1976).

Definition of terms
Yield of pectin is the amount of dry alcohol precipitate extracted 

from the peel.
Jelly grade denotes the quality of pectin and is estimated by 

measuring jelly sag of a standard 65% soluble solids jelly on a Ridge- 
limeter (IFT Committee on Pectin Standardization, 1959).

Yield of 150 grade pectin is a calculated value that indicates to the 
processor the amount of this grade pectin produced from a given peel. 
Commercial pectin sold to the jelly and jam trade is based upon a 150 
grade product.

Jelly units are calculated by multiplying percent yield of pectin by 
jelly grade and indicates the peel’s economic potential.

R E S U L T S  &  D IS C U S S IO N

TO DEMONSTRATE the effect of tem perature upon the ex
traction of pectin from peel, researchers (Myers and Baker, 
1931; Gaddum, 1934) used increments of 10° and 20°C. Maxi
mum jelly units are usually obtained at extraction tem pera
tures between 85° and 95°C with extraction  times from 
30—60 min. We used tem perature increm ents of 5°C and tim e 
increments of 15 min. Within these restricted conditions, dif
ferences in jelly units and yields of 150 grade pectin seemed 
small compared to  previous work.

Data presented in Table 1 are results o f a typical series of 
six extractions for leached lime peel prepared Aug. 19. In this 
particular series, jelly units ranged from a low of 13.4 when 
exrracted at 85°C for 60 min to  a high of 14.1 when extracted 
at 95°C for 30 min. Corresponding yields of 150 grade pectin 
were 8.92 and 9.39% on wet peel basis. At the lower 8.92% 
yield value, a commercial plant processing 18.1 metric tons 
(20 tons) of peel daily would lose approxim ately $102,000 
over a 6-m onth period at the current price for 150 grade pec
tin.

Since an extraction tem perature of 95°C for 30 min at pH
1.5 resulted in maximum jelly units, this finding then appears

Table 1—Data for a typical pectin extraction series o f lime peel, 
samples Aug. 19, 1976, using nitric acid at pH  1.6 (Calculated to 
fresh-peel basis)

Extraction
--------------- Yield calc

Temp
°C

Time
min

Yield
pectin-%

Jelly
grade

Jelly
units

to 150 grade 
pectin-%

95 45 5.16 265 13.7 9.12
95 30 5.16 273 14.1 9.39
90 60 5.12 268 13.7 9.15
90 45 4.95 274 13.6 9.05
90 30 4.86 278 13.5 9.01
85 60 4.94 271 13.4 8.92
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Table 2—Extraction conditions that resulted in maximum jelly units 
when pectin was extracted from laboratory leached lime and lemon 
peel using nitric acid (pH 1.6) during the 1976 season. (Calculated 
to fresh-pee! basis)

Table 3—Extraction conditions that resulted in maximum jelly units 
when pectin was extracted from commercially leached citrus peel 
and the corresponding rotary dried peel using nitric acid (pH 1.6) 
during the 1976 season (Calculated to water-free basis)

Extraction
Samp- --------------------- Yield calc

ling
date

Temp
°C

Time
min

Yield
pectin-%

Jelly
grade

Jelly
units

to 150 grade 
pectin-%

Lime

8-19 95 30 5.16 273 14.1 9.39
8-25 90 60 5.29 286 15.1 10.09

Lemon

7-20 90 60 6.49 254 16.5 10.99
9-22 90 45 3.71 269 10.0 6.65

10-20 95 30 3.14 260 8.2 5.44
11- 9 90 30 2.55 264 6.7 4.49

Extraction
----------------  Yield calc

Fruit
sample

Sampling
date

Temp
°C

Time
min

Yield
pectin-%

Jelly
grade

Jelly to 150 grade 
units pectin-%

Leached peel

Lime 8-25 90 30 33.05 273 90.2 60.15
Lemon 10-20 90 30 27.71 263 72.9 48.58
Lemon 11- 9 90 30 28.62 268 76.7 51.13

Rotary dried peel

Lime 8-25 95 30 32.25 250 80.6 53.75
Lemon 10-20 90 30 27.28 241 65.7 43.83
Lemon 11- 9 95 30 30.11 235 70.8 47.17

as th e  first e n tr y  in  T a b le  2 . Y ie ld s , as a lc o h o l  p r e c ip ita te s  an d  
je lly  grades are a lso  p r e se n te d  (T a b le  1 ) to  v isu a lize  th e  e f fe c t  
o f  o th e r  te m p e r a tu r e s  an d  t im e s  o f  e x tr a c t io n  u p o n  p e c t in .  
D iffe r e n c e  b e tw e e n  m in im u m  and m a x im u m  je lly  u n its  in  a n y  
o f  th e  ser ies  h a s  n ev er  e x c e e d e d  10% .

V a lu es p r e se n te d  in  T a b le  2  are a lso  c a lc u la te d  o n  fresh  
p e e l basis fo r  p e c t in  e x tr a c te d  fr o m  th e  s ix  ser ie s  o f  la b o r a to r y  
lea c h e d  lim e  an d  le m o n  p e e l  th a t  r e su lte d  in  m a x im u m  je lly  
u n its . T h e d a ta  in d ic a te d  th a t  o v e r  a p e r io d  o f  t im e  (J u ly  
th r o u g h  N o v .) ,  e x tr a c t io n  c o n d it io n s  varied  s lig h t ly  fo r  o b 
ta in in g  m a x im u m  je lly  u n its . C lo se  p r o x im ity  o f  j e l ly  u n its  
(1 4 .1  and 1 5 .1 )  an d  y ie ld s  o f  1 5 0  grad e p e c t in  ( 9 .3 9  and  
10 .09% ) r esu lted  in  th e  tw o  sa m p le s  o f  l im e  p e e l e x tr a c te d  fo r  
p e c t in  in A u g u st. T h e  fo u r  le m o n  sa m p le s  d id  d ec re a se  in  je l ly  
u n its  ( 1 6 .5  t o  6 .7 )  and y ie ld s  as 1 5 0  grade p e c t in  ( 1 0 .9 9  to  
4 .4 9 % ) w ith  a d v a n c in g  m a tu r ity . L o w e st  y ie ld s  o f  1 5 0  grade  
p e c t in  r ep o rted  b y  R o u se  a n d  C ran d all ( 1 9 7 6 )  w e re  5 .9 8 %  fo r  
orange p e e l a n d  4 .3 3 %  fo r  g r a p e fru it p e e l.  It is  a p p a ren t (T a b le
2 )  th a t e x tr a c te d  p e c t in s  fr o m  lim e  p e e l h a v e  h ig h er  je l ly  
grades th a n  th o s e  fr o m  le m o n  p e e l  an d  th a t in c re a sin g  fru it  
m a tu r ity  d id  n o t  a p p r e c ia b ly  a f f e c t  th e  grade o f  e x tr a c te d  
p e c tin s  fr o m  le m o n  p e e l.

C o m p a ra tiv e  v a lu e s  fo r  p e c t in s  e x tr a c te d  w ith  n itr ic  ac id  
th a t r esu lted  in  m a x im u m  je lly  u n its  and y ie ld s  o f  1 5 0  grade  
p e c tin  fr o m  c o m m e r c ia lly  le a c h e d  lim e  and le m o n  p e e l an d  
their  c o r r e sp o n d in g  r o ta ry  d r ied  p e e l  are p r e se n te d  in T a b le  3 . 
R esu lts  are g iv en  o n  w a te r -fr ee  b a sis  fo r  c o m p a r iso n  p u rp o se s .  
O b v io u s ly  th e r e  w a s a d e c re a se  in  j e l ly  grad e o f  p e c t in s  th a t  
r e fle c te d  th e  lo ss  in  j e l ly  u n its  an d  y ie ld s  o f  1 5 0  grad e p e c t in  
w h en  th e  p e e l w a s d r ied . L o ss  o f  1 5 0  grad e p e c t in  d u e  to  
d rying  th e  p e e l a m o u n te d  t o  1 0 .6 ,  9 .8  and 7 .7% , r e sp e c t iv e ly ,  
fo r  th e  lim e  and th e  tw o  le m o n  p e e ls . C o m m e r c ia lly  th is  
w o u ld  b e  c o n s id e r e d  a n o r m a l lo ss .

M axim u m  je lly  u n its  w ere  o b ta in e d  fo r  th e  c o m m e r c ia lly  
lea ch ed  p e e l (T a b le  3 )  at a te m p er a tu r e  o f  9 0 ° C  and e x tr a c t io n  
o f  3 0  m in u te s . O n ly  th e  d r ied  p e e l  sa m p le  o f  O c t . 2 0  req u ired  
sim ilar e x tr a c t io n  c o n d it io n s ,  w h ile  th e  o th e r  tw o  d ried  p e e l  
sam p les req u ired  9 5 ° C  an d  3 0  m in  fo r  m a x im u m  je lly  u n its .

CONCLUSIONS
D A T A  IN D IC A T E D  th a t  a n y  s in g le  g iv en  e x tr a c t io n  c o n d it io n  
( te m p e r a tu r e  an d  t im e )  w h e n  p H  is  c o n s ta n t  w il l  n o t  a lw a y s  
resu lt  in  m a x im u m  je lly  u n its .

J e lly  grad es o f  p e c t in s  e x tr a c te d  fr o m  lim e  p e e l w ere  
a lw a y s h ig h er  th a n  th o s e  fr o m  le m o n  p e e l.

J e lly  grad es o f  p e c t in s  fr o m  le a c h e d  fresh  p e e ls  w ere  h ig h er  
th a n  th o s e  fr o m  c o r r e sp o n d in g  r o ta r y  d ried  p e e l.

Y ie ld s  o f  1 5 0  grad e p e c t in  fr o m  le m o n  p e e l (T a b le  2 )  d e 
creased  w ith  in c re a s in g  fr u it  m a tu r ity  w h ile  j e l ly  grade sh o w e d  
n o  a p p re c ia b le  c h a n g e .
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DEMETHYLATION OF PECTIN USING ACID  AND AMMONIA

--------------------------------  ABSTRACT --------------------------------
The kinetics of deesterification of high-ester citrus pectin, using acid, 
ammonia, or a treatment with acid followed by ammonia in isopro
panol was studied with respect to the changes in methyl ester groups, 
molecular weight, and the formation of acid amide groups. It was found 
that: (1) Higher concentrations of acid or ammonia at low temperature 
resulted in less depolymerization for a certain decrease in ester groups;
(2) The conversion of methoxyl groups to acid amide groups 
approached unity as temperature was lowered and ammonia concentra
tion increased. A linear relationship between the increase in amide 
content and the decrease in esterification was found; (3) In treatments 
using hydrochloric acid followed by ammonia, a long acid treatment 
and a short ammonia treatment resulted in a maximum retention of 
apparent molecular weight. However, this treatment gave a smaller 
number of acid amide groups in the final product. Depending on the 
selection of ammonia concentration and temperature, a wide range of 
acid amide levels was possible. It was also possible to predict the condi
tions needed for deesterification to give certain apparent molecular 
weights and ratios of amide levels to ester levels.

INTRODUCTION

P E C T IN S  h a v e  b e e n  d iv id e d  in to  tw o  m a jo r  g r o u p s in th e  
m a r k e tp la ce :  th o s e  c o n ta in in g  m o r e  th a n  50%  e s te r if ic a t io n  
(h ig h -e ste r  p e c t in )  an d  th o s e  c o n ta in in g  le s s  th a n  50%  e s te r if i
c a t io n  ( lo w -e s te r  p e c t in ) .  L o w -e ste r  p e c t in s  are d if fe r e n t ia te d  
fro m  h ig h -e ste r  p e c t in s  b y  th e ir  a b ility  t o  fo r m  g e ls  w ith  or  
w ith o u t  sugar in  th e  p r e se n c e  o f  d iv a len t c a t io n s  su ch  as ca l
c iu m .

A lth o u g h  so m e  lo w -e s te r  p e c t in s  o c c u r  in  p la n ts , th e y  are 
u su a lly  m a n u fa c tu r e d  fr o m  h ig h -e ste r  p e c t in s . J o se p h  e t al.
( 1 9 4 9 )  c la ss if ie d  d e m e th y la t io n  m e th o d s  in to  fo u r  g r o u p s  
a c c o r d in g  t o  th e  a g e n ts  u sed : ( 1 )  a c id s , ( 2 )  a lk a lie s , ( 3 )  e n 
z y m e s , and ( 4 )  a m m o n ia  in  a lc o h o l  s y s te m s  or  c o n c e n tr a te d  
a q u e o u s  a m m o n ia  sy s te m s . A c id , a lk a li or  e n z y m e  d e m e th y la 
t io n  p r o d u c e  o n e  g en era l t y p e  o f  lo w -e s te r  p e c t in  w h ic h  c o n 
ta in s c a r b o x y l an d  m e th o x y l  g r o u p s o n  th e  n o . 6  c a rb o n  o f  th e  
g a la c tu r o n ic  a c id  u n its  w h ile  th e  fo u r th  m e th o d ,  u s in g  an  
a m m o n ia  s y s t e m , g iv es a d if fe r e n t  t y p e  o f  lo w -e s te r  p e c t in  
w h ic h  c o n ta in s  a c id  a m id e  g r o u p s in  a d d it io n  to  c a r b o x y l and  
m e th o x y l  g r o u p s o n  th e  n o . 6  c a rb o n  (J o se p h  e t a l.,  1 9 4 9 ) .

A m o n g  th e se  fo u r  m e th o d s ,  a c id  or  N H 4 O H , or  a c o m b in a 
t io n  o f  a c id  a n d  N H 4 O H  tr e a tm e n ts  (W iles an d  S m it , 1 9 7 1 )  
are c o m m o n ly  u sed  to  m a n u fa c tu r e  lo w -e s te r  p e c t in s . T h e  
m a in  d isa d v a n ta g e  o f  th e  a c id  tr e a tm e n t w h ic h  h y d r o ly z e s  
g ly c o s id ic  b o n d s  as w e ll  as m e th y l  e s ter  lin k a g e s  is th e  
s lo w n e s s  o f  th e  r e a c t io n  (K e r te sz , 1 9 5 1 ) .  S p e iser  e t  a l. ( 1 9 4 5 )  
r ep o rte d  th a t  an  in c re a se  in  te m p e r a tu r e  in crea sed  th e  ra te  o f  
d e m e th y la t io n  in  an  a lm o st  lin ea r  r e la t io n sh ip  w h e n  th e  
lo g a r ith m  o f  th e  ra te  c o n s ta n t  w a s p lo t te d  a g a in st th e  r e c ip r o 
ca l o f  a b s o lu te  te m p e r a tu r e . H o w e v e r , in c re a se  in  te m p er a tu r e  
and c o n c e n tr a t io n  o f  a c id  w ill  c a u se  sev ere  d e p o ly m e r iz a t io n  
o f  p e c t in  c h a in s  w ith  an  ad verse  e f f e c t  o n  g e l s tr en g th  
(D o e sb u r g , 1 9 6 5 ) .  M an y w o r k e rs  sh o w e d  th a t  th e  rate  o f  ac id  
d e m e th y la t io n  p r o c e e d s  at le s s  th a n  0 .0 1  o f  th e  rate  o f  a lk a
lin e  d e m e th y la t io n  a t a b o u t  th e  sa m e  te m p e r a tu r e  an d  c o n c e n 
tr a tio n  o f  r e a g e n ts  (B a k e r , 1 9 4 8 ;  S p e ise r  e t  a l.,  1 9 4 5 ;  
M cC ready e t  a l.,  1 9 4 4 ;  B la ck  an d  S m it , 1 9 7 2 ) .  A t lo w e r  1

1 Present address: Dept, of Crop Science, University of Saskatche- 
wan, Saskatchewan, Canada

te m p e r a tu r e s , a c id s  te n d  to  r em o v e  m e th y l  e ster  g ro u p s w ith  
l it t le  d e p o ly m e r iz a t io n  o f  th e  p e c t in . S m it and B r y a n t ( 1 9 6 3 )  
sta te d  th a t  th is  p r o p e r ty  m a k e s  i t  p o s s ib le  to  p rep a re  lo w -e s te r  
p e c t in s  w ith  l it t le  ch a in  c le a v a g e . N o n u r o n id e  m a te r ia l  
(b a lla s t)  w a s d ec re a se d  at a b o u t  th e  sa m e  rate  a s d u rin g  n o r m a l  
acid  d e m e th y la t io n  (S p e ise r  e t  a l.,  1 9 4 5 ) .

D e m e th y la t io n  w ith  a m m o n ia  in  a lc o h o lic  s y s te m s  o r  in  
c o n c e n tr a te d  a m m o n ia -a q u e o u s  sy s te m s  h a v e  a rate  o f  r e a c t io n  
a b o u t  h a lf  o f  th e  rate  o f  a lk a lin e  d e m e th y la t io n  (M cC r e a d y  et  
a l., 1 9 4 4 ;  B la ck  an d  S m it, 1 9 7 2 ) .  D u rin g  a lk a lin e  d e m e th y la t io n  
or d e e s te r if ic a t io n , so m e  o f  th e  fr e e  c a r b o x y l g r o u p s  fo r m e d  are 
c o n v e r te d  t o  a c id  a m id e  g ro u p s , a m m o n iu m  sa lts  an d  a sm a ll  
a m o u n t o f  m e ta l sa lts  at c a rb o n  n o .  6  (J o se p h  e t a l.,  1 9 4 9 ) .  T h e  
v is c o s ity  a n d  c a lc iu m  se n s it iv ity  o f  a m m o n ia  sa p o n if ie d  p e c t in  is 
in te r m e d ia te  b e tw e e n  th o s e  o f  th e  e n z y m e  an d  th e  a c id  ty p e s  
(J o se p h  e t  a l.,  1 9 4 9 ) .

In  th is  s tu d y  a t te m p ts  w ere  m a d e  to  d e te r m in e  th e  b e s t  
p r o c e d u r e s  t o  p rep are  lo w -e s te r  p e c t in s  u s in g  a c id  in  a lc o h o l,  
a m m o n ia  in  a lc o h o l o r  a c o m b in a t io n  p r o c e d u r e  u s in g  a c id  in  
a lc c h o l  f o l lo w e d  b y  a m m o n ia  in  a lc o h o l.  T h e  k in e t ic s  o f  
d e e s te r if ic a t io n , d e p o ly m e r iz a t io n ,  and fo r m a t io n  o f  a m id e  
g ro u p s w a s s tu d ie d  and r e la ted  t o  m a n u fa c tu r e  o f  lo w -e s te r  
p e c t in s .

MATERIALS & METHODS
Pectin samples

All of the high-ester pectins used for kinetic studies were supplied 
by Sunkist Growers Inc. (Ontario, CA). The pectins were extracted 
from citrus peel with sodium bisulfite solution and precipitated with 
aluminum hydroxide before pressing, drying and storing at 4°C. The 
firs: pectin, used for acid demethylation, had 73.3% esterification and 
an apparent molecular weight of 101.74 X 103. The second high-ester 
pectin had an ester content of 63.3% and an apparent molecular weight 
of 146.49 x 103. This pectin was used for NH4OH demethylation.

For demethylation of high-ester pectin, a procedure was followed 
similar to that described by Smit and Bryant (1968) and Black and 
Smit (1972).
Hydrochloric acid demethylation

Two hundred fifty grams of ground pectin of the first high-ester 
sample were acid washed to remove aluminum by suspending the pectin 
in a mixture of 2200 ml of 65% isopropanol and 200 ml of concen
trated HC1. After 30 min of mild stirring, the pectin was filtered and 
washed again with acid-alcohol mixture, and then finally rinsed several 
times with 60% isopropanol (throughout this manuscript % alcohol is 
on a volume basis) until free of chloride. The acid-washed and rir.sed 
filter cake was divided into two portions. Each portion was transferred 
to a 4L Erlenmeyer flask and kept at 3°C overnight. Three thousand 
milliliters of 60% isopropanol containing 3.5N HC1 was also cooled to 
3°C and then added to one flask while the same volume of cooled 60% 
isopropanol containing 4.5N HC1 was added to the other flask. The 
pectin solutions were stirred continuously at 3°C during demethylation. 
Four to five samples were taken over an 8-day period from each flask 
and washed with 60% isopropanol until free of chlorides. After a final 
rinse and filtration, the samples were washed with 95% isopropanol and 
finally with acetone. The acetone rinsed samples were dried overnight 
at 40°C before sealing in closed containers and storing at 3°C.
Sulfuric acid demethylation

Two hundred thirty grams of high-ester pectin were acid washed, 
rinsed and divided into two equal portions for H2SO, demethylation. 
After adjustment of the temperature to 3°C, 3000 ml portions of 2N 
H2S04 and 4N H2S04 in 60% isopropanol at 3°C were used for the 
two respective flasks. Four or five samples were taken periodically from 
each flask over an 8-day period. These were treated in the same manner
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as the samples prepared with HC1 except that effectiveness of washing 
was judged by the absence of S04 = ions in the filtrate.
Ammonia demethylation

For NH4OH demethylation and amidation, the second high-ester 
pectin having an ester content of 63.3% and an apparent molecular 
weight of 146.49 x 103 was used. A 350-g portion of this pectin was 
acid washed and rinsed to remove aluminum. The filter cake was 
divided into six portions and transferred to six 1L flasks. Two flasks 
each were kept at 3°C. 15°C, and 23°C to adjust the temperature of the 
sample. At the same time, 800 ml of NH4OH and isopropanol mixtures 
were prepared and stored in the following way: (a) Two solutions of 
60% isopropanol containing 2.0N NH40H and 4.0N NH4OH respec
tively were prepared and stored at 3°C. (b) Two solutions of 60% 
isopropanol containing 1.0N NH40H and 2.0N NH4OH respectively 
were kept at 15°C. (c) Two solutions of 60% isopropanol containing 
0.5N NH40H and 1.5N NH4OH were stored at 23°C. After adjustment 
of samples and solutions to the desired temperature, NH4OH demethyl- 
ations were started by mixing the samples and solutions in closed 
Erlenmeyer flasks and keeping the reaction mixtures continuously 
stirred at either 3°C, 15°C, or 23°C. Small portions of samples were 
taken at different time intervals up to 160 min. These samples were 
filtered immediately and rapidly washed with 60% isopropanol, 
followed by acid-alcohol (IN HC1 in 60% isopropanol). To minimize 
the time of filtration, 600 ml, medium sintered glass funnels and 
vacuum was used. This took less than 2 min. The filter cake was then 
stirred with about 300 ml acid-alcohol solution for 20 min to remove 
ammonia present in the salt form at carbon no. 6 of the pectin. Samples 
were then washed and rinsed until free of chlorides. After a final rinse 
with isopropanol and acetone, the samples were cried overnight at 40°C 
and then stored at 3°C.
Chemical analysis

Moisture, percent esterification, percent galacturonic acid, percent 
free carboxyl groups and apparent molecular weight by viscosity were 
determined as described in the National Formulary (1965) and by Smit 
and Bryant (1967). The measurement of amide content was carried out 
by suspending 0.35g cf sample in about 50 ml H20  and then trans
ferring into a micro-Kjeldahl distillation apparatus. Fifteen milliliters of 
50% NaOH were added and about 150 ml were distilled into a flask 
containing 20 ml 0.1N HC1 and a few drops of methyl red solution. The 
distillate was titrated with 0.1 N NaOH. The percent NH2 was calcu
lated as follows:

mg NH2 in sample
% NH2 =---------- — — —------- t —T7— : x 100mg sample (moisture and ash free)

Assuming 10 galacturonide units in pectin, the percent NH2 would be 
9.4143 if all the carboxyl groups in the chain were amidated. Using this 
factor % NH, was converted to % acid amide groups as follows: % acid 
amide groups = (% NH2/9.4143) X 100.

R E S U L T S  &  D IS C U S S IO N

K in etic s  o f  d e e s te r if ic a t io n

It h as b e e n  su g g es ted  th a t th e  d is tr ib u tio n  o f  m e th o x y l  
groups and th e  so lu b i l i ty  o f  th e  d e m e th y la te d  p e c t in  are n o t  
o n ly  d e p e n d e n t  o n  th e  te m p e r a tu r e  an d  c o n c e n tr a t io n s  u sed  
during d e m e th y la t io n ,  b u t  a lso  o n  th e  p a r tic le  s iz e  and d eg ree  
o f  h y d r a tio n  o f  th e  p e c t in  (B la c k , 1 9 7 0 ) .  T h e  a u th o r  s ta te d  
that larger p a r tic le  s iz es  w o u ld  resu lt  in  s lo w e r  o v e ra ll r e a c t io n  
rates and m o r e  d e m e th y la t io n  o f  th e  o u te r  la y er s . In th is  
e x p e r im en t p e c t in s  h a v in g  m e sh  s iz e  o f  6 0  or  le s s  w ere  first  
h y d ra ted  in  60%  iso p r o p a n o l o v e rn ig h t b e fo r e  d e m e th y la t io n .

A cid  d e m e th y la t io n .  L o w  te m p er a tu r e  tr e a tm e n ts  w ere  
c h o sen  to  m in im iz e  m o le c u la r  w e ig h t  lo s se s  d u rin g  a c id  
d e m e th y la t io n . T h e  c h a n g e s  o f  th e  e s te r  c o n te n t  o f  th e  first  
high -ester  p e c t in  du rin g  a c id  d e e s te r if ic a t io n  at 3 C is sh o w n  
in  F igu re 1. D e m e th y la t io n  w ith  h ig h  c o n c e n tr a t io n s  o f  acid  
sh o w ed  a te n d e n c y  to  s lo w  d o w n  as th e  r e a c t io n  p ro g ressed . 
T his c o u ld  b e  d u e  to  th e  a v a ila b ility  o f  m e th o x y l  g r o u p s in  th e  
p ectin . W ith m o r e  d e m e th y la t io n ,  m e th y l  e s te r  g r o u p s are le s s  
availab le fo r  r e a c t io n  an d  th is  w ill e v e n tu a lly  s lo w  d o w n  th e  
reaction  ra te . T a b le  1 sh o w s  r e a c t io n  rate  c o n s ta n ts  c a lc u la te d  
for 2 0 0  hr o f  a c id  d e m e th y la t io n ,  u s in g  a first o rd er  r e a c t io n .

TIME (HOURS)
Fig. 1—Changes in percent esterification during acid demethylation 
o f pectin at T C :  o 3.5N HCI; • 4.5N HCl; a  2.0N H 2S O a n d  *■ 
4.0N H 2SO,.

Table 1—Reaction rate constants o f deesterification

Demethylating
agents

Temp
l“CI Time K(10'3 min'1 )

2.0N H2 SO, 3 200 hr 0.018
4.0N H2 S04 3 200 hr 0.055
3.5N HCI 3 200 hr 0.048
4.5N HCI 3 200 hr 0.061
2.0N NH„OH 3 100 min 3.660
4.0N NH4OH 3 100 min 7.704
1 .ON NH4OH 15 100 min 1.589
2.0N NH„OH 15 100 min 3.798
0.5N NH4OH 23 100 min 1.967
1.5N NH4OH 23 100 min 7.303

W here C Q is th e  in it ia l d egree  o f  e s te r if ic a t io n  and C is th e  
d eg ree  o f  e s te r if ic a t io n  a t t im e  t in  m in u te s . T h e  K v a lu e s  in  
th e se  e x p e r im e n ts  are m u c h  lo w e r  th a n  v a lu e s  r ep o rte d  b y  
o th e r  w o r k e rs , e .g ., 0 .7  X 1 0 '3 m in '1 a t pH  3 an d  5 0 °C  
(M cC rea d y  e t a l.,  1 9 4 4 ) ,  0 .1 9 0  X 1 0 '3 m in '1 at 3 0 ° C  w ith  
0 .8 7 N  HCI (S p e ise r  e t  a h , 1 9 4 5 )  an d  0 .1  X 1 0 '3 m in"1 at 2 5 °C  
w ith  1 .4 N  HCI (B la ck  an d  S m it , 1 9 7 2 ) .  T h e  lo w e r  K va lues  
o b ta in e d  in  th e se  e x p e r im e n ts  w ere  p r o b a b ly  d u e  t o  th e  lo w  
te m p e r a tu r e  u sed  fo r  d e m e th y la t io n .

F ig u re  2  sh o w s  th e  d ec re a se  in  ap p a ren t m o le c u la r  w e ig h t  
du rin g  a c id  d e m e th y la t io n .  It w a s fo u n d  th a t  tr e a tm e n t w ith  
h ig h er  c o n c e n tr a t io n s  o f  acid  ca u sed  m o r e  d e p o ly m e r iz a t io n  at  
a g iv en  t im e . T h ere  w e re  n o  m ark ed  d if fe r e n c e s  in  th e  e f f e c t s  
o f  th e  HCI and H 2 SO4  tr e a tm e n ts  o n  th e  ra tes o f  d e p o ly m e r i-
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Fig. 2 —Changes in apparent molecular weight during acid déméthyl
ation o f pectin at 3°C: o 3.5N HCI; • 4.5N  HCI; A 2.ON H . SO,; and 
*4.0N  H 2SO..

zation and deesterification. Prepared samples having ester 
levels below 40% were more difficult to  dissolve in 1% sodium 
hexam etaphosphate solution which indicates increasing insolu
bility as dém éthylation progressed. This result supports Black’s
(1970) suggestion that the surface layers o f pectin particles 
may become highly dem ethylated during prolonged acid treat
ment and tha t this contributes to  poor solubility.

Apparent molecular weights were p lotted against the per
cent esterification (Fig. 3). At 3°C and low ester levels, higher 
concentrations of acid appeared to result in lower apparent 
molecular weight losses. It is also shown in this figure that 
apparent molecular weight decreases as deesterification 
progresses. Since 4 .5N HCI at 3°C gave smaller decreases in 
apparent molecular weight at about 40% esterification than 
the o ther treatm ents, it was used to study the kinetics of 
treatm ents involving both acid and ammonia.

NH4 OH dém éthylation. The high-methoxyl pectin having 
63.25% esterification and a 146.7 X 103 apparent molecular 
weight was used for dém éthylation with ammonium hydroxide 
in an isopropanol system. Figure 4 shows the changes in per
cent esterification of samples during NH4 OH treatm ent. The 
treatm ent with 4.ON NH4OH at 3°C showed the fastest reac
tion rate, and this reduced the esterification from 63.3% to 
24.3% in 160 min. The reaction-rate constants were calculated 
on the basis o f 100 m inutes dém éthylation using the formula 
for a first order reaction (Table 1).

These results show very similar reaction rates for treat
ments with 4 .ON NH4OH at 3°C and 1.5N NH4 OH at 23°C 
with K values of 7.704 X 10'3 and 7.303 X 10'3 m in '1, 
respectively. A higher reaction rate was observed with 2.ON 
NH4OH at 15°C than with 2.ON NH4OH at 3°C. McCready et 
al. (1944) reported K values of 5 X 10'3 m in '1 for NH4OH 
dém éthylation at pH 11 and 15°C, which is within the range 
of K values obtained in this experim ent. A much higher value 
for K (25.1 X 10'3 m in '1 ) was given by Black and Smit (1972)
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Fig. 3—The relationship between the changes in apparent molecu'ar 
weight and percent esterification during acid déméthylation o f  
pectin at 37 C: o 3.5N HCI; • 4.5N HCI; * 2.0N H J SO.; and * 4.0N 
H 2SO..

for the treatm ent of pectin in solution at pH 11 and 5 -7 °C . 
The major reason for this is probably the fact tha t dém éthyla
tion was carried out in solution and that m ethoxyl groups 
were more accessible to the ammonia.

The apparent molecular weight during NH4 OH treatm ent 
was p lotted against time (Fig. 5). After 100 min, the treatm ent 
with 4 .ON NH4OH at 3°C reduced the apparent m olecular 
weight by only 26.8 X 103 from an original 146.7 X 103 while 
the loss with 1.5N NH4 OH at 23°C was about 63.0 X 103. 
Comparing the apparent molecular weight loss between trea t
ments having the same concentration of NH4OH and very 
similar K values, 2 .ON NH4OH at 15°C caused a 33.7 X 103 
reduction in apparent molecular weight while 2 .ON NH4 OH at 
3°C reduced it by only 20.7 X 103 for the same reduction in 
percent esterification. This agrees with Doesburg’s statem ent 
(1965) that “ the alkaline breakdown of pectinic acids in
creases more rapidly with increasing tem perature than does the 
concurrent saponification of m ethyl ester groups.” In contrast 
to acid dem ethylated samples, NH4OH dem ethylated samples 
showed no solubility problems.

Figure 6 shows the increase in acid amide conten t during 
NH4OH dém éthylation and am idation. Form ation of amide 
groups on carbon no. 6 was most rapid on treatm ent with 
4.ON NH4OH at 3°C. In this treatm ent, more than 35% o f the 
total groups were converted to  amide groups in 160 min. This 
treatm ent was followed by 1.5N NH4 OH at 23°C, 2N NH4OH 
at 3°C, 2N NH4OH at 15°C, 0.5N NH4OH at 23°C and  l.ON 
NH4OH at 15°C. From the data it was not clear, though, how 
tem perature and ammonia concentration separately affect the 
rate of amide form ation. As the tem perature decreased and 
NH4OH concentration increased, the apparent m olecular 
weight losses decreased. The most rapid depolym erization was 
observed on treatm ent with 1.5N NH4 OH at 23°C which was 
the lower concentration of NH4OH and the highest tem pera
ture used. From a practical point of view, higher concentra
tions and lower tem peratures during NH4OH dém éthylation
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Fig. 4—Changes in percent estérification during ammonia déméthyl
ation and amidation o f pectin: o 2.0N N H t OH at 3°C; • 4.0N  
NH4 OH at 3°C; a 1 .ON N H t OH at 15° C; * 2.ON NH t OH at 15°C; o 
0.5N NH 4 OH at 23° C; and ■  1.5N NH t OH  at 23° C.

would be recom m ended to  minimize apparent molecular 
weight losses.

A similar effect of tem perature anc concentration of 
NH4 OH was observed when increase in acid amide and 
decrease in apparent molecular weight was com pared. Deester
ification with 4 .ON NH4OH at 3°C gives a maximum form a
tion of amide groups w ith a minimum loss in apparent molec
ular weight. Further, w ith an increase in tem perature and a 
decrease in NH4 OH concentration, the increase in amide levels 
was small in relation to  the accompanying decrease in apparent 
molecular weight.

There was a linear relationship between the increase in amide 
content and the decrease in esterification. A steeper slope was 
also generally found at lower tem peratures and higher NH4 0H  
concentrations except for the treatm ents with 1.5N NH40 H  at 
23°C and 2N4 OH at 15°C. The slope was calculated by 
using the formula:

R = A__
C0 C

where A is percent o f acid amide, CG is initial percent of 
esterification and C is percent o f esterification which corre
sponds with A. The data obtained are given in Table 2. From  
this it appears that the slope gets closer to  unity  as tem pera
ture is decreased and am monia concentration is increased. This 
means that the m ethoxyl groups at the no. 6 carbon are more 
readily replaced with amide groups under those conditions. 
The R value of 0.895 would indicate that 89.5% of the 
methoxyl groups removed by NH4OH dém éthylation was 
converted to acid amide.
Combination of acid and NH4OH dém éthylation

The primary purpose of the kinetic studies was to  predict 
the chemical com position of low-methoxyl pectin prepared by 
using simple or com bined m ethods of acid and NH4OH 
déméthylation. The combined treatm ent with acid and alkali, 
a practice which is used commercially for the preparation of

T IM E (MINUTES)
Fig. 5—Changes in apparent molecular weight during ammonia 
déméthylation and amidation o f pectin: o 2.0N N H t OH  at 3°C; • 
4.0N N H 4 OH at 3°C; a  1.0N NH  A OH at 15°C; a 2.0N N H t OH at 
15°C: a 0.5N  N H 4 OH at 23° C; and ■  1.5N NH t OH  at 23° C.

Fig. 6—Changes in percent acid amide groups during ammonia 
déméthylation and amidation o f pectin: o 2.0N NH 4OH at 3°C; • 
4. ON N H t OH at 3°C; a 1.0N NH  4 OH at 15° C; * 2.0N N H ,O H  at 

15° C; □ 0.5N NH 4 OH at 23°C; and ■  1.5N N H t OH at 23f C.
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Table 2—Ratio (Rl between increase o f percent acid amide groups 
and decrease o f percent ester groups during déméthylation o f pectin

Cone of 
NH„OH

Temp
(°C) R

2.0N 3 0.783
4.0 N 3 0.895
1 .ON 15 0.360
2.0N 15 0.516
0.5 N 23 0.315
1.5N 23 0.595

functional low-ester pectins, is for several reasons of consider
able interest. The earlier data were therefore used to  obtain 
more inform ation on the kinetics of such two-stage treat
ments. During a first-stage treatm ent, using a high concentra
tion of acid at a low tem perature, the ester content was 
reduced to  different levels with a minimum effect on polymer 
size. These samples were then subjected to  further dem ethyla- 
tion and am idation with different concentrations of NH4OH 
in isopropanol at different tem peratures. The final products 
were expected to  have a wide range of acid amide levels within 
a relatively lim ited range of ester content and molecular 
weight.

Figure 7 shows the theoretical relationship between the 
losses in apparent molecular weight and the decrease in esteri
fication when an acid treatm ent with 4.5N HC1 at 3°C was 
followed by NH4OH deesterification and am idation with 2.ON 
NH4OH at 15°C, 1.5N NH4 OH at 23°C, 4.0N NH4 OH at 3°c 
and 2.ON NH4OH at 3°C. From this figure it is clear that the 
overall losses in apparent molecular weight during deesterifica
tion to  around 4 0 —30% may be minimized with longer acid 
and shorter NH4OH treatm ents. However, if the acid-treated 
sample has a low-ester content in the neighborhood of 
45 -40% , the NH4 OH treatm ent will be short, resulting in a 
small am ount of acid amide in the final product.

An increase in acid amide level with an accompanying 
decrease in molecular weight was found during NH4OH 
dem ethylation and am idation. Since acid dem ethylation 
caused little depolym erization, the starting apparent molecular 
weight ranged between about 147 X 103 and 143 X 103 . This 
indicates tha t a wide range of amide levels is possible de
pending on the selection of the NH4 0H  concentration and the 
tem perature. To obtain high amide levels in the final product, 
high concentrations of NH4OH at low tem peratures are re
quired while low concentrations at higher tem peratures result 
in low amide levels.

As discussed previously, there was a linear relationship 
between the increase in percent acid amide and the decrease in 
percent esterification. Therefore, the amide level in the final 
product after the second stage dem ethylation can be esti
mated. Depending on the starting acid dem ethylated sample, 
percent acid amide in the final product having an esterification 
of about 35% can range from zero to  about 25%.

C O N C L U S IO N

ACID DEMETHYLATION using HC1 or H2S 0 4 showed that 
higher concentrations of acid at low tem peratures gave less 
depolym erization during deesterification than when lower con
centrations and higher tem peratures were used. In a series of 
NH4OH deesterifications and am idations using different 
ammonia concentrations at different tem peratures, apparent 
molecular weight was retained better for a certain decrease of 
ester groups, and the conversion of m ethoxyl groups to  acid 
amide groups approached unity, as tem perature was lowered 
and am monia concentration increased. A linear relationship

Fig. 7—Expected changes in apparent molecular weight during 
ammonia demethylation and amidation o f acid treated pectin:
-------- 4.5N HCI at 37 C; - 0—0—0-  2.0N N H t OH  at 3°C;
---------- 4  ON NH^OH at 37 C ; ............. 2.0N N H A OH at 15° C;
and--------- 7.5/V/VW, OH at 23° C.

was found between the increase in amide conten t and the 
decrease in esterification.

A long acid treatm ent followed by a short NH4 0 H  
dem ethylation would result in maximum retention  of apparent 
molecular weight and low acid amide levels in the final p rod
uct. To obtain a high amide level and also a relatively high 
molecular weight, higher concentrations of ammonia at low 
tem peratures are required.
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MICROSTRUCTURE OF SOYBEAN PROTEIN AGGREGATES AND ITS RELATION  
TO THE PHYSICAL AND TEXTURAL PROPERTIES OF THE CURD

-------------------------------- ABSTRACT --------------------------------
The microstructure of soybean protein aggregates was examined by the 
optical microscope and the scanning electron microscope. The effects 
of heat and coagulating agents on the microstructure of the aggregates 
and on the physical and textural properties of the prctein curd were 
investigated. Isoelectric point precipitation and calcium coagulation did 
not change the globular structure of the native soybean protein. How
ever, heating induced the destruction of the native protein body. Heat 
dénaturation of the protein was necessary in forming the network struc
ture of the aggregates. When the protein aggregates were frozen, their 
structure became better defined and enlarged. The three dimensional 
network structure of the aggregate derived from heated soybean protein 
showed a low sedimentation rate, high curd yield, high water-holding 
capacity, low value of hardness and high springiness compared to the 
unheated precipitates of globular structure.

INTRODUCTION
THE TEXTURAL PROPERTY of soybean protein curd varies 
widely with the coagulative conditions, for example, tem pera
ture, pH, ionic strength, coagulation agent, protein dénatura
tion (Aoki, 1965a, b; Aoki and Sakurai, 1968, 1969: Hashi- 
zume et al., 1975, Circle et al., 1964; Catsimpoolas and Meyer, 
1970). It has been known that the curd strength is related to  
the interactions between protein molecules such as the hydro
gen bonding, ionic bonding, disulfide bonding and hydrophobic 
association. The interactions between or within protein mole
cules would decide the m icrostructure of the protein network, 
and the m icrostructure integrates into the structure network 
which is interpreted as the mechanical properties during the 
processing and the textural properties upon consum ption. The 
microstructure of soybean protein curd has been reported 
(Saio and Watanabe, 1968; M atsumoto, 1975); however, fur
ther study relating to  the m icrostructure and the protein 
interactions to  the textural properties is required for the tex
ture fabrication process.

In the present study, two m ethods of coagulation for soy
bean protein were studied, namely, the calcium coagulation 
and the isoelectric point precipitation. The effects of heat and 
coagulants on the m icrostructure of soybean protein aggre
gates were studied by using an optical microscope and a scan
ning electron microscope. The sedim entation properties and 
water holding capacities of the aggregates and the curds were 
determined. The textural profile of the curd was determined 
by the compression test.

The objective of this study was to relate the protein interac
tion and the m icrostructure of soybean protein aggregates to 
the textural properties of the curd.

MATERIALS & METHODS
Sample preparation

One part defatted soybean meal (Soyafluff 200W, Central Soya) was 
suspended in 10 parts water. The water extract of the protein was 
isolated with the isoelectric point precipitation at pH 4 5. The isolate 
was redissolved in water at pH 7.0 and the protein level of the solution 
was adjusted to 5%. The solution was subjected to four different treat
ments to obtain aggregates.

SPI-25: The pH of the unheated protein solution was adjusted
to 4.5 with dilute HC1 solution.

SPCa-25: CaCI3 was added to the unheated protein solution to 
make a final concentration of CaCl3 to 20 mM.

SPI-80: The protein solution was heated at 80°C for 30 min,
cooled to 25°C and the pH was adjusted to 4.5 by adding 
dilute HC1 solution.

SPCa-80: The protein solution was heated at 80°C for 30 min, 
cooled to 25°C and CaCl2 solution was added to make 
the final concentration of 20 mM Ca.

The solution was stirred with a magnetic stirrer during the addition of 
coagulants, continuing for 30 sec after the coagulants were added.
Optical microscopic observation

The Olympus Biological microscope, Model EM, was used. The pro
tein precipitate was mixed with a drop of immersion oil on a slide and 
covered with a cover glass. Light was illuminated from the bottom and 
the picture was taken on Polaroid film (type 107).
Scanning electron microscopic observation

The protein precipitates were separated from the solution by cen
trifugation at 2S0G for 5 min. The specimens for the microscope were 
prepared by two different methods.

(1) Unfixed specimen: A small piece of protein curd was frozen in 
liquid nitrogen (-196°C) and lyophilized.

(2) Fixed specimen: a thin slice of protein curd was immersed in a 
1.59c glutaraldehyde solution for 1 hr and then washed with water 
(Kalab and Harwalkar, 1973). It was frozen in liquid nitrogen and 
lyophilized.

The dried protein curd was cut in thin slices, mounted on an alumi
num stub and coated with gold. The specimens were observed with a 
JSM-U3 Scanning Electron Microscope at an accelerating voltage of 15 
KV. The picture was taken on Polaroid film (type 52).
Sedimentation test

The protein precipitate in solution was poured into a graduated 
cylinder (16 mir diam, 129 mm ht) and allowed to settle down gravita
tionally. The changes in the height of the interface were measured for 
the first 30 min and the final sediment volume was determined after 15 
hr of settlement.
Water-holding capacity

The precipitate was centrifuged at 280G for 10 min to obtain the 
curd. The amounts of curd and the supernatant were measured and the 
protein concentration of the supernatant was determined by the Lowry 
method (Lowry et al., 1951).
Compression test

The protein precipitates were separated from solution with centrif
ugal forces ranging from 70-1740 X G. The protein curds obtained 
were cut in an identical semi-spherical size (bottom diam 25 mm, ht 10 
mm). The compression force versus distance curve was obtained with 
the Instron Universal Testing Machine, Model 1122. The load cell scale 
was 0-20  kg, :ross-head speed 20 mm/min, and the chart speed 
200/min. The compression ratio was 0.8 (80% deformation). The com
pression test was repeated twice and the time lag between the first and 
second compress.on was 1 min. Each experiment was performed at least 
twice and the data obtained were averaged.

The three basic parameters for the GF texture profile analysis, 
namely, hardness, cohesiveness and springiness, of the curd were deter
mined. The textural parameters were evaluated according to Bourne’s 
definition (1968): Hardness being the force required for a 70% defor
mation, cohesiveness being 100 times the ratio of the area under the 
force-distance curve of the first and second bite (80% deformation) and 
springiness being the recovered height after the first bite (80% deforma
tion). The initial and recovered heights of the sample were measured 
directly by the distance reading on the instrument.
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Fig. 1—Soybean protein aggregates as observed by optical microscope 540X. (A) Unheated soybean protein, isoelectric ppt curd; (B) Unheated 
soybean protein, calcium ppt curd; (C) Heated soybean protein, isoelectric ppt curd; and (D) Heated soybean protein, calcium ppt curd.

R E S U L T S

Optical microscopic structure
The optical micrograph of SPI-25 showed tha t the aggre

gates consisted of distinct small particles. These small particles 
were visible on the edges of the aggregate in Fig. 1-A. A similar 
picture was shown with SPCa-25 (Fig. 1-B). On the other 
hand, SPI-80 and SPCa-80 showed a fiber-like m icrostructure 
webbed evenly throughout the aggregate, as shown in Fig. 1-C 
and 1-D.
Scanning electron m icroscopic structure

Figure 2 shows the SEM structure of the four samples fixed 
with glutaraldehyde. The unheated protein samples, both 
SPI-25 (Fig. 2-A) and SPCa-25 (Fig. 2-B) had a globular micro
structure which was integrated into clumps. On the other 
hand, the structure of heated proteins, SPI-80 and SPCa-80 
were no t globular. SPI-80 had a rough sponge-like surface with 
holes o f different sizes (Fig. 2-C) and SPCa-80 showed a 
pumice stone structure (Fig. 2-D).

Figure 3 shows the SEM structure of the freeze-dried sam
ples. SPI-25 still had a globular bu t slightly enlarged structure 
(Fig. 3-A). SPCa-25 showed a sheet-like flakey structure and 
most of the globular structure has disappeared (Fig. 3-B).

The heated protein samples showed a typical three-dim en

sional network structure, as shown in Fig. 3-C and 3-D. The 
structure was much larger than those of fixed samples. 
SPCa-80 showed an enlarged and well defined three-dim en
sional honeycomb-like network with a certain regularity.
Sedimentation property

Figure 4 shows the sedim entation curve versus the tim e of 
settling of the protein precipitates. There was a large differ
ence in sedim entation velocity between unheated and heated 
proteins but no significant difference existed between acid and 
calcium precipitation.

The sediment volume measured after 15 hours’ settling was 
28% of the initial volume for SPI-25, 26% for SPCa-25, 66% 
for SPI-80 and 68% for SPCa-80 (Table 1).
Water-holding capacity

Water-holding capacity was much higher for the heated pro
tein than the unheated one. The water-holding capacity of the 
acid precipitated curd was slightly higher than  th a t o f the 
calcium coagulates.
Hardness

The hardness of the curds from unheated soybean protein 
was slightly higher than that of the heated protein  when the 
curd was produced by means of centrifugal force of 280 X G 
for 10 min. It increased proportionally w ith the increasing
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SO Y B E A N  PR O T E IN  A G G R E G A T E S . . .

Fig. 2-Soybean protein aggregate structure as observed by scanning electron microscope fixed with glutaraldehyde solution (2300X1; Sample 
designations same as in Fig. 1).

centrifugal force up to  1,120 X G for all samples studied (Fig.
5), but the rate of increase varied with the treatm ents. The 
hardness of the curds produced by isoelectric precipitation 
increased rapidly, whereas those by calcium precipitation 
responded slowly to the increasing centrifugal force. The 
heated protein curds did not increase the hardness at the cen
trifugal force between 1,120 and 1,740 X G while the hardness 
of the unheated protein curds continued to  increase.

Under the experim ental conditions, the curd samples did 
not show a breaking point nor an adhesiveness curve on the 
instrument.
Springiness

The springiness of the curds was not influenced by the 
centrifugal force up to  1,740 X G (Fig. 6). Curds from heated 
protein showed much higher springiness than those from un
heated protein and no differences due to the coagulants 
employed. On the o ther hand, the springiness of the curds 
from unheated protein was influenced significantly by the 
coagulants; calcium coagulation resulted in a much higher 
springiness of the curd compared to  the isoelectric precipita
tion.

Cohesiveness
The cohesiveness of the curds was not influenced by the 

centrifugal forces up to  1,740 X G, as shown in Figure 7. The 
heated protein curds had a cohesiveness around 55% and there 
was no difference between acid and calcium precipitates. In 
the case of unheated protein, a large difference in the cohesive
ness of the curd due to  the coagulants was observed; the cal
cium precipitates had a cohesiveness m odulus of 70%, while 
the isoelectric precipitate showed a value of 45%.

D IS C U S S IO N

IN THIS STUDY, two mechanisms of protein aggregation 
namely, isoelectric precipitation and calcium precipitation 
leading to  coagulation were investigated. At the isoelectric 
point where the net charge of the protein is zero, the electro
static repulsion between the protein colloids is minimum, then 
the van der Waals attractive forces become dom inant. If the 
isoelectric point precipitation of protein is a flocculation of 
the protein colloids due to the van der Waals interaction, then 
the protein colloid appears to follow the Derjaguin, Landau, 
Verwey and Overbeek theory for the flocculation of the
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Fig. 3—Scanning electron microscopic structure o f soybean protein aggregates freeze dried without fixation 1800X); (Sample designations same as 
in Fig. 1).

lyophobic colloid system (Verwey and Overbeek, 1948; 
K itchener, 1968).

On the other hand, the calcium coagulation of the protein 
appear mainly to  be due to  the cross-linking between protein 
molecules by calcium ions. Saio et al. (1967) postulated that 
the free carboxyl group of soybean protein is the major cal
cium binding site and phytic acid acts like a binding bridge in 
the form ation of soybean protein calcium aggregates. Appurao 
and Narasinga Rao (1975) suggested that the imidazole group 
of histidine is the major calcium binding site of the protein. 
A lthough the site of cross-linking in the protein molecule is 
still under debate, the cross-link involves ionic bonding be
tween calcium ions and the anionic groups of protein mole
cules.

The results o f this study showed tha t there was little differ
ence in the m icrostructure of the unheated soybean protein 
coagulated by isoelectric precipitation and by calcium coagula
tion and that a structural network was absent. Soybean pro
tein coagulated by the above two m ethods still exhibited a 
globular structure referred to  as protein bodies in the native 
state (Saio and Watanabe, 1966; Tombs, 1967; Wolf 1970).

The polypeptide chains of the protein in the protein body

are unfolded when heated in a water dispersion (Wolf, 1972; 
Huang and Rha, 1974). When the soybean protein was heated 
or the globular structure was modified prior to  aggregation, a 
fibrous three-dimensional network was formed. This heat 
treatm ent of the globular proteins appeared to  be a prerequi
site and initiating step for the three-dimensional netw ork of 
the protein curd.

In order to  prepare the specimen for the scanning electron 
microscope, the soybean protein curds were freeze dried. In 
order to  minimize the structural changes inherent in the 
freeze-drying process, one set of samples was fixed w ith glutar- 
aldehyde while the other remained unfixed. In bo th  sets of 
samples, globular unheated protein aggregates showed little 
structural difference. However, heated protein aggregates 
which were not fixed with glutaraldehyde showed a larger and 
better defined network structure. Thus, the heat dénaturation  
of the protein enhanced the structural susceptability o f the 
curd to  freeze drying. It therefore appears that the curds 
which are made from heated protein exhibit their structural À 
potential upon further processing.

Although the contribution of calcium alone to  the netw ork 
structure form ation of the unheated globular protein was no t
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SO Y B E A N  PR O T E IN  A G G R E G A T E S . ..

Fig. 4—Rate o f sedimentation o f soybean protein aggregates; 
(Sample designation, SPI-25, SPCa-25, SPI-80 and SPCa-80, same as 
in Table 11.

Fig. 5—Relationship o f compression forces to centrifugal forces 
applied in curd separation; (Sample designation same as in Table 1).

evident, upon freeze drying, the globular structure was ex
panded two dimensionally, resulting in a sheet-like structure. 
Upon freeze drying, the calcium coagulum of heated protein 
had a larger network structure than the isoelectric precipitated 
curd. The difference in the m icrostructure between calcium 
coagulate and isoelectric precipitated curds appears to  be due 
to the difference in the type of the major interaction. The 
interaction energy of ionic bonding is in the range of 10—20 
Kcal per mole while that o f van der Waals forces is 1 —3 Kcal 
per mole (Jones, 1964). The m agnitude of the structural 
potential at a given external stress is thus related to  the inter
action energy between protein molecules.

Although microscopic exam ination did not reveal a clear 
difference between the structure of the calcium coagulum and 
isoelectric precipitate o f the unheated soybean protein, the 
difference was evidenced by a mechanical test. The calcium 
coagulated curd had a significantly higher springiness and 
cohesiveness. This difference in springiness and cohesiveness 
can be attributed to  the different mode of the protein-protein 
interaction mechanism, the ionic bond attributing to  a higher 
springiness and cohesiveness than the van der Walles forces 
(Goodman, 1963; Huang and Rha, 1974).

In both  calcium coagulated and isoelectric precipitated soy
bean protein, when the protein was heat treated, the spring
iness of the curds increased significantly, indicating an increase 
in the flexibility and the degree of unfolding of the protein. 
This heating effect was dom inant, and the difference in spring
iness due to the coagulants observed in the unheated protein 
was no longer significant.

On the o ther hand, the effect of heat denaturation on the 
cohesiveness of the curds prepared with different coagulants 
was not consistent. This indicates tha t the factors which con
trol the springiness are not identical to  those responsible for 
cohesiveness. It is likely that while the springiness depends 
more on a stereo structure and interm olecular reaction, the

Table 1—Sediment volume and water-holding property o f the soy
bean protein aggregates

Samples

Sediment voi 
after 15 hr 

settling 
(% of initial)

Water 
holding 

property3 
(g/g protein)

SPI-25b 28 3.3
SPCa-25c 26 2.4
SPI-80d 66 5.8
SPCa-80e 68 5.3

a O b ta ined  b y  ce ntr ifu ga t ion  at 2 8 0  X  G. 
b  U nheated  sbybe an  p rote in . Isoe le ctric  p o in t  ppt. 
c U nheated  soyb ean  p rote in . C a lc iu m  ppt.
d  Heated soyb ean  p ro te in  (8 0 ° C , 3 0  m in ). Isoe lectric  p o in t  ppt. 
e Heated so yb ea n  p ro te in  (8 0 ° C , 3 0  m in ). C a lc ium  ppt.

cohesiveness is related to  intram olecular as well as interm olec
ular reaction.

The hardness of the aggregates displaying a globular struc
ture responded proportionally to  the increasing centrifugal 
force, whereas that of the more structured curd levelled off at 
a centrifugal force above 1000G. This lim it is an indication of 
the resistance of the network structure against applied force, 
and is therefore a measure of the structural strength of the 
system.

This study suggests th a t the textural property of protein 
curd can be m anipulated by the selection of aggregation 
parameters, such as coagulating agent, tem perature, and cen
trifugation, and thus controls the nature of the m icrostructure. 
Understanding the effect of molecular interactions on the 
m icrostructure as well as the textural properties of the system 
would provide the parameters useful for the tex ture fabrica
tion of foods.
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Fig. 6—Relationship o f springiness to centrifugal forces applied to 
curd separation; (Sample designation same as in Table 1).

CONCLUSIONS

THE FOLLOWING CONCLUSIONS have been made from the 
results o f this study with soybean protein.

1. Isoelectric precipitation or calcium coagulation did not 
alter the native globular protein body and neither of these 
processes gave structural integrity to the aggregates.

2. Heat dénaturation or unfolding of the native protein 
body was necessary to  form  a three-dimensional network 
structure of the proteins.

3. The soybean protein aggregates possessed a structural 
potential which m anifested itself upon freeze drying. The mag
nitude of the structural potential appeared to  be governed by 
the degree of protein dénaturation and the magnitude of the 
interaction energies between proteins.

4. There was a greater increase in cohesiveness and springi
ness in calcium coagulation than in isoelectric precipitates of 
unheated protein aggregates. Heat treatm ent of the protein 
increased the springiness o f the curds. However, cohesiveness 
decreased in calcium precipitates and increased in isoelectric 
precipitates when protein was preheated.

5. The m icrostructure of protein curds and their physical 
and textural properties were related. The aggregates displaying 
a three-dimensional netw ork structure showed a lower sedi
m entation velocity, higher water-holding capacity, lower value 
of hardness and higher springiness than unheated globular pro
tein aggregates.
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COOKING CHARACTERIST ICS OF SOME GERM INATED  LEGUMES: 
CHANGES IN PHYTINS, CA++, Mg++ AND PECTINS

-----------------------------------  ABSTRACT ----------------------— — —
Germinated greengram. cowpea and chickpea were studied for chemical 
characteristics after cooking, by estimating the changes in phytins, 
Ca++, Mg++ and pectin contents. Cooking time was dras:ically reduced 
on germination in chickpea, while an inverse effect was observed in 
greengram and cowpea. The phytin content decreased on germination. 
No appreciable change in phytin P/Total P value was seen on cooking. 
Ca++ content was reduced on germination and cooking in the three 
legumes, while Mg++ content was relatively unaltered. A combined 
interaction of these chemical parameters, expressed as “PCMP number” 
was found to correlate with the cooking behavior of the legumes 
studied.

INTRODUCTION

IN INDIA, legumes are the primary source of dietary proteins 
(Patwardhan, 1961). The to ta l production of legumes is about 
99.50 million tons, cultivated in 22.02 million hectares (FAO 
Production Year Book 1972). Among the legumes, chickpea 
itself accounts for about 41% of the to ta l area under legume 
cultivation. Greengram, cowpea and chickpea are com monly 
consumed in India. Conventionally they are also used in 
germinated form since the nutritional value is reported to  be 
better (Chen et al., 1975; Ganesh Kumar and Venkataram an, 
1976; Jaya et al., 1975).

One of the lim itations in the use of legumes is their un
desirable cooking characteristics. In USA, where peas (Pisum 
sativum) and beans (Phaseolus vulgaris) are used, the per capita 
consumption is reported to  be on the decline (Rockland and 
Metzler, 1967). This has been attributed  to  the prolonged 
cooking period. Chemical characteristics of peas as affected by 
cooking have been reported to  involve phytates, divalent 
cations, pectates and lignins (Rosenbaum and Baker, 1969; 
Crean and Haisman, 1963, 1964;M uller, 1967). Detailed infor
mation on the chemical characteristics affecting the cooking 
quality are needed to develop legumes, with desirable attributes, 
either by genetic m anipulation or by post-harvest processing.

Inform ation regarding the cooking quality of greengram, 
cowpea and chickpea are lim ited. While the effect of varietal 
difference (Muller, 1967), m aturity , (Burr et al., 1968) and 
processing (Rockland and Metzler, 1967; Desikachar and 
Subramanyan, 1965) on the cooking quality have been report
ed, extensive literature search has not revealed any inform a
tion on the effect o f germination on the cookability o f leg
umes. The present study details some of the chemical changes 
that affect the cooking quality in germinated legumes.

MATERIALS & METHODS

Legumes and germination
Greengram (Phaseolus aureus), cowpea (Vigna sinensis) and chick

pea fCicer arietinum) were obtained locally. The seeds were soaked in 
water for 4 hr, followed by germination on moist cloth. Germinated 
seedlings were removed after 24 and 72 hr and used fresh for cooking. 
The ungerminated legumes were cooked without prior soaking. Freeze- 
dried materials, powdered to 80 mesh, were used for chemical analysis.

Estimation of cooking time. Ungerminated and germinated leg
umes were cooked with six times their weight of distilled water. While 
being cooked, at definite intervals samples were drawn and evaluated by 
a panel for judging the uniform cooking and softness. Ten independent 
replicates were made to obtain the mean SCT of legumes.

Percent dispersibility. The well stirred slurry of the cooked legumes 
was passed through a standard 1 mm sieve. The residue was washed 
with hot water and dried to constant weight at 105°C. The percent 
ratio of the weight of fraction of the cooked sample passed through the 
sieve to the to:al weight of the sample passed was determined. The 
minimum time required to obtain the maximum dispersibility (98 ± 
2%) was taken as the optimal cooking time.
Analytical methods.

The elemental phosphorus (P) was determined by AOAC (1965) 
method. Phosphates were extracted with distilled water and 0.5N 
hydrochloric acid. An aliquot of the extract was digested with per
chloric acid, sulphuric acid and hydrogen peroxide. The total P in the 
digest was estimated by Allens method (1940). The procedure of Crean 
and Haisman (1963) was used for the estimation of phytin P.

Ca++ and Mg++ contents were estimated in the perchloric acid digest 
by complexometric titration with EDTA (Vogel, 1961). The interfering 
ions were removed previous to titration by precipitating them with 
zirconium oxychloride (Derderian, 1961). The procedure of Dietz and 
Rouse (1953) was followed for quantitating the pectins. Anhy- 
drouronic acid content was determined by the carbazole method 
(McComb and McCready, 1952).

RESULTS & DISCUSSION  

Cookability of legumes
The times involved for cooking ungerminated and germinat

ed legumes are shown in Table 1. As seen in the table, chick
pea was most difficult to cook, while greengram required only 
a short cooking tim e. However, the cookability pattern of 
germinated legumes were markedly different. Germinated 
chickpea was more readily cooked compared to  the ungermi
nated ones. In this legume, the time required for cooking 
progressively decreased with germination tim e. Germinated 
greengram was more difficult to  cook and the percent increase 
in cooking time was about 336.0 (Table 1). Cowpea pattern 
was similar to  that of greengram. The tim e needed for cooking 
the various germinated legumes was different.

Table 1—Effect o f germination on cooking time o f legumesa

Legume

Period 
of ger

mination 
(hr)

Cooking time (min) perrentc

Subjective Percent*1 increase/de- 
cooking time dispersibility crease in cook- 
Mean ± SD Mean ± SD ing time

0 13.6 ± 1.3 14.1 ± 0.4 _

Greengram 24 22.8 ± 1.2 23.2 ± 0.2 + 67.7
72 59.4 ± 1.5 58.8 ± 0.6 +336.8

0 30.6 ± 1.4 31.2 ± 0.3 —

Cowpea 24 46.4 ± 1.2 44.0 ± 0.7 + 51.6
72 60.4 ± 1.6 61.1 ± 0.5 + 97.4

0 79.0 ± 3.9 78.6 ± 0.5 —

Chickpea 24 41.6 ± 1.0 40.9 + 0.4 -  47.4
72 20.0 ± 0.9 20.6+ 0.7 -  74.7

a Values represent mean of ten independent observations, 
b Minimum time to get 98% dispersibility.
c Percent increase/decrease with reference to ungerminated seeds 

+ increase; — decrease.
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Changes in the chemical parameters affecting 
cookability of legumes

Phytin content. The to tal P content was about 0 .19-0 .33%  
of the to ta l legumes on dry weight basis (Table 2). The inositol

Table 2 —Phosphorus compounds o f ungerminated legumes (dr/ wt 
basis)

Legume
Total P

%

Phytic
acid
%

Phytic 
acid P

%

Phytic 
acid P 

Total P

Greengram 0.270 0.65 0.185 0.385
Cowpea 0.325 0.43 0.123 0.378
Chickpea 0.193 0.28 0.078 0.399

Table 3—Comparison o f water and acid extractable phytins in un-
cooked and cooked legumes (dry wt basis)

Aqueous Hydrochloric acid
extraction extraction

Total P Phytin P Total P Phytin P
Legume3 <%) <%) <%) (%>

Greengram
Uncooked 0.222 0.142 0.225 0.185
Cooked 0.175 0.080 0.190 0.150

Cowpea
Uncooked 0.243 0.090 0.223 0.123
Cooked 0.188 0.032 0.200 0.090

Chickpea
Uncooked 0.114 0.056 0.126 0.078
Cooked 0.103 0.036 0.121 0.075

a The values presented are for ungerminated material

Fig. 1—Changes in phytin P  content as a function o f period o f 
germination in greengram:-----Uncooked,-----Cooked.

hexaphosphate content, determined as phytin  P, varied be
tween 37 -69%  of the total P, of the legumes studied. Green- 
gram showed the highest phytin P content (^ 1 8 5  mg/lOOg). 
This corresponds to  70% of the total P. The lowest am ount of 
phytin P was found in ungerminated chickpea. The phytin  P 
content decreased w rh  progressive stages of germ ination and 
this trend was seen in all the three legumes.

Table 3 shows the extraction pattern of phytin P in aque
ous and 0.5N hydrochloric acid media. Hydrochloric acid 
(0.5 N) extracted the maximum am ount o f phytin P bo th  in 
uncooked and cooked legumes compared to aqueous extrac
tion (Fig. 1—3). The extractabilitv of phytins in these legumes, 
in water, was lower compared to other types of legumes 
reported in literature. Lolas and Markakis (1975) have found 
the phytin P to  be wholly water soluble in Phaseolus vulgaris 
L. In peas, the phytin P could be equally extracted bo th  in 
aqueous and HC1 media (Crean and Haisman, 1963). The poor 
water extractability of phytin P in this study may be due to 
the nature of phytins which may be in the form of either Na, 
K or Ca, Mg salts.

Cooking resulted in the decrease of both  w ater and acid 
extractable phytin  P, though the extent of loss o f acid extract- 
ables was much less compared to  water extractable ones (Table 
4, Fig. 1—3). There was little change in the ratio of phytin 
P /total P in the uncooked and cooked legumes (HC1 ex tract, 
Table 4). In the germinated cooked samples, a reduction in the 
phytin P /total P ratio, both in water and acid extractables was 
observed.

Mattson (1946) had attributed  poor cookability of peas to 
reduction in phytin  P content. The phytin P content o f un
germinated legumes showed a comparable pattern , chickpea 
requiring a long cooking tim e, had the lowest am ount of 
phytin P ( '\ '8 0  mg/lOOg) while greengram with lowest cooking 
time showed the highest am ount of phytin P (^ 1 8 5  mg/lOOg). 
However, the extent of phytin P may not be the sole contribu
tory factor affecting the cooking time as reported by M attson 
(1946), since the pattern of germinated legumes were totally

Fig. 2—Changes in phytin P  content as a function o f period o f 
germination in cowpea:-----Uncooked,-----Cooked.
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different (Fig. 1 —3). Greengram which had a dram atic increase 
in cooking tim e (Table 1) did not show a corresponding 
change in the phytin  P. This trend was comparable in cowpea 
and chickpea also.

Crean and Haisman (1963) had attribu ted  the decrease in 
the water extractables, to  the complexing of inositol hexa- 
phosphate and calcium and magnesium to form  insoluble 
phytates which could be extracted only w ith dilute acids. This 
may possibly explain the decrease in water extractables ob
served in this study. The progressive decrease in the phytin  P 
with germination may also be due to  increase in phytase 
activity during germ ination (Belavady and Banerjee, 1953; 
Fordham et al., 1975; Walker, 1974).
Changes in the divalent cations on cooking and germination

The Ca++ content of the three legumes differs (Table 5). 
Chickpea showed the highest value (5.54 m eq/100g), followed 
by cowpea and greengram. A reduction in Ca++ content was 
observed in all the three legumes, as a result of cooking. The 
loss of Ca++ was low in greengram (11.6%) while in chickpea it 
was considerably higher (42.2%). A similar trend of mineral 
loss during cooking was reported in different legumes by 
Meiners et al. (1976). In the later stages of germ ination (72 
hr) significant loss in Ca++ was found in all the legumes. On 
cooking the germinated legumes, the percent loss o f Ca4-4" was 
more pronounced in chickpea compared to  cowpea or green
gram.

In the ungerm inated legumes the Mg"1-1" conten t was 
comparable (Table 5) and the loss of Mg++ on cooking was 
more noticeable in greengram. During germination the reduc
tion in Mg++ conten t was more evident in greengram com
pared to  chickpea or cowpea. The loss of Ca++ and Mg++ may 
be due to  leaching during the bulk germ ination of seeds. 
Leaching of inorganic and organic com pounds have been 
reported for legumes during germ ination in literature (Roller, 
1972; Linhart and Pickett, 1973).

It is possible that during cooking which involves a complex 
reaction system, where the Ca44" which is concentrated in the 
parenchyma cells (Crean and Haisman, 1964), migrates into 
the cell content complexing with phytate  ions. F urther the 
permeability of cell wall is altered by the presence of Ca4-4" and 
Mg++ ions. More soluble Ca++ salts might be formed during 
these changes which get leached out.
Changes in pectins during cooking and germination

No noticeable change in free pectin (FP) content was ob
served in ungerm inated chickpea on cooking while cowpea and 
greengram showed considerable reduction (Table 6). The FP 
content in germinated legumes was strikingly different. There 
was a marked increase in the FP of greengram and cowpea at 
72 hr of germ ination, while in chickpea the FP content was 
reduced.

Decrease in FP may be due to  the synthesis of newer 
polysaccharides which are incorporated in the acidic pectic 
substances resulting in a more branched structure. A decrease 
in dem ethylating activity could be envisaged at this stage re
sulting in the consequent reduction in FP (Barnes and 
Patchett, 1976; Matheson and Saini, 1977). A reverse trend is 
possible, as in greengram with depletion of polysaccharides 
from the acidic pectic substances, (Matheson and Saini, 1977) 
and increase in dem ethylating activity, particularly when the 
seeds are metabolically active due to  enhanced germination.

PCMP num ber as an index of cooking pattern
Since any of the param eters, viz., phytates, Ca4"4 , Mg4-1- and 

FP content cannot individually account for the cooking pa t
tern in legumes, Muller (1967) has suggested the cumulative 
effect of these as PCMP num ber in the following m athem atical 
formula:

PCMP number = Free pectin + (Ca++ + 'h Mg++) — Phytin

Fig. 3—Changes in phytin P  content as a function o f period o f 
germination in chickpea:-----Uncooked, —  - Cooked.

Table 4—Changes in phytin P/totai P  ratio during cooking and ger
mination

Legume

Period of 
germina

tion 
(hr)

Phytin P/total P (extracted)

HjO extract HCI extract

Uncooked Cooked Uncooked Cooked

0 0.64 0.46 0.82 0.79
Greengram 24 0.60 0.30 0.73 0.68

72 0.53 0.16 0.69 0.42

0 0.37 0.17 0.55 0.45
Cowpea 24 0.16 0.12 0.48 0.45

72 0.08 0.06 0.45 0.42

0 0.44 0.35 0.62 0.62
Chickpea 24 0.42 0.34 0.56 0.50

72 0.34 0.16 0.52 0.36

Table 5—Changes in Ca++ and Mg ++ content on cooking and ger-
mination o f some legumesa (dry wt basis)

Period 
of ger-

Ca+content Mg
(meq/100 g)

44 content

mina- % loss % loss
tion Un- on Un- on

Legume (hr) cooked Cookedcooking cooked Cooked cooking

0 2.24 1.98 11.6 8.07 6.35 21.4
G'eengram 24 1.60 1.44 10.0 8.00 5.28 34.0

72 1.37 1.29 6.0 4.52 4.48 0.92

0 2.40 1.76 26.7 7.06 6.41 9.3
Cowpea 24 2.08 1.60 23.0 6.26 6.00 4.1

72 1.27 1.06 16.5 5.91 5.80 13

0 5.54 3.20 42.2 7.38 6.41 13.2
Chickpea 24 5.16 2.27 47.3 7.27 6.08 16.3

72 4.32 2.40 44.5 6.45 5.58 13.6

a Mean values based on four independent observations
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Table 6—Changes in pectin content on cooking and germination in 
some legumesa (dry wt basis)

Legume

Period of 
germina

tion 
(hr)

Anhydro galacto uronic 
acid content 
(meq/100g)

Uncooked Cooked

0 6.19 2.58
Greengram

72 11.86 6.96

0 6.70 2.58
Cowpea

72 8.76 6.44

Chickpea 0 3.35 3.40

72 1.85 1.55

a M ean  values based on  fo u r  ind ep end en t ob se rva tion s

The concept of PCMP number as applied to  both ungermi
nated and germinated legumes used in this study were shown 
in Table 7. Muller (1967) has shown in peas that the hardness 
of the seed can directly be correlated to  higher PCMP number. 
A similar trend has been found in this study also. Greengram 
which was easily cookable had the lowest PCMP num ber while 
chickpea requiring prolonged cooking, had higher PCMP value. 
The shortening of cooking time in germinated chickpea and 
the lengthening of cooking period in greengram and cowpea 
could be directly correlated with corresponding changes in 
PCMP num ber (Table 7).

Work on the chemical characteristics affecting cooking had 
been primarily on peas and beans (Rosenbaum and Baker, 
1969; Crean and Haisman, 1964). While it is relatively easier to 
explain the chemical characteristics contributing to hardness 
or softness of dorm ant or stored seeds (Burr et al., 1968) 
germinated ones present a more com plex system with the 
interplay of enzymes particularly phytase and pectinase 
(Belavady and Banerjee, 1953) which affect the solubility of 
pectins and phytins with a corresponding change in divalent 
cations like Mg++ and Ca*4-. Though correlation could be 
derived by the application of PCMP num ber to  explain the 
sum to tal of major chemical characteristics, the validity of this 
concept would need more critical study.

The relative affinity of divalent Ca-*“*" and Mg++ to phytic 
and pectic acids perhaps play a primary role in affecting the 
cookability of legumes. The change in pH, degree of hydra
tion, stability of the com plex salts and the cell wall uronic 
acids may also play a role in the cooking process. Since green
gram and chickpea in germinated and ungerm inated forms 
present a totally contrasting cookability pattern , they may be 
considered as a model system for more detailed study on the 
interaction of various chemical principles involved in the 
cooking process.
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PHYSICOCHEMICAL ASSESSMENT OF SHORT TERM  
CHANGES IN THE QUALITY  CH ARACTERIST ICS OF 

STORED INSTANT NAVY BEAN POWDER

-----------------------------------  ABSTRACT ------------------------------------
Lipid oxidation, changes in soluble protein, reducing sugar content, 
extent of nonenzymatic browning, and product color were monitored 
for instant navy bean (Phaseolus vulgaris) powder during 1 month of 
accelerated storage at 37°C. Below the monolayer, (aw 0.11), greater 
lipid oxidation occurred in neutral lipids and phospholipids of air- 
packed samples than in nitrogen samples. Indices revealed that mono- 
layer samples browned more and lost more soluble protein than samples 
stored below the monolayer. Nitrogen-packed samples lost more 
reducing sugars and had darker colors than air-stored samples at each

INTRODUCTION

CONSUMER INTEREST in convenience foods and an erosion 
of the dry bean m arket spurred researchers to  provide an 
acceptable convenient form  of dry beans (Rockland, 1966; 
Hoff and Nelson, 1966; Bakker-Arkema et al., 1966). Among 
the products developed was an instant dry navy bean powder 
which was processed by retort cooking followed by spray 
drying (Bakker-Arkema et al., 1967). This product was similar 
to that developed by Morris (1961).

The instant bean powder produced by the drum dehydra
tion process had good reconstitutability , f.avor acceptance, a 
light tan or brown color (rated highly acceptable), and negligi
ble free starch content (Bakker-Arkema et al., 1966). Since the 
development of instant legume powders, num erous potential 
markets have opened for their use (White and Kon, 1972) and 
commercial scale production of instant legume powders have 
been studied (Kon et al., 1974).

Storage stability studies have had two major foci. One has 
centered on organoleptic assessment of storage changes (Boggs 
et al., 1964; Burr et al., 1969; Guadagni et al., 1975). O ther 
studies have focused upon the effects of processing and storage 
on the rates of physicochemically measured quality deteriora
tion. The latter studies have been limited in scope. Counter
(1969) measured changes in four parameters: lipid content, 
color, protein solubility and total reducing sugar content for 
retort and atm osphere cooked beans, while Miller et al. (1973) 
monitored the effects of processing and storage on retention 
of thiamin, niacin, pyridoxine and folacin. Kon et al. (1971) 
reported on the effects of processing on in vitro and in vivo 
digestibility and protein efficiency ratio o f various legume 
products. Kon et al. (1974) reported upon the effects of pro
cessing on the quality and vitamin content o f legume powders 
(pinto and California small white beans).

Numerous quality factors are susceptible to change on stor
age including solubility, color, texture and flavor. Inhibition of 
these changes is im portant in the development of an optim um  
storage environm ent, tem perature, atm osphere and equili
brium moisture content (aw ), for the freshly processed prod
uct. This investigation was initiated to  measure the effect of 1

1 Present address: Food & Nutrition Dept., Iowa State University 
Ames, IA 50011

storage atm osphere and aw on related quality parameters. 
Under accelerated storage conditions (37°C), physicochemical 
measures were made of changes in the color, protein solubility, 
reducing sugar content, and lipid content in instant navy bean 
powder stored in air or nitrogen environm ent at two aw (s.

EXPERIMENTAL

Beans and bean powder
Michigan Navy Beans, Michelite (Phaseolus Vulgaris) were supplied 

for this study by the Michigan Dry Bean Shippers Association. They 
were processed in the pilot plant in the Food Science Building into 
instant bean powder by the retort cooking and drum dehydration 
process of Counter (1969).
Moisture analysis

Following the AOAC, 13.003 (1960) procedure, a method was 
established for measuring the moisture content of the instant bean 
powder. This method (2g sample, 5 hr, 100°C) was used routinely for 
measuring the moisture content of the instant bean powder.
Protein analysis

Soluble protein was measured by dispersing 5.0g amounts of powder 
into 10.0 ml of SM Urea: IN NaOH (1:1, v/v) which was contained in a 
50 ml polypropylene centrifuge tube. After 30 min, the dispersions 
were centrifuged (10,000 x G for 15 min) and 0.5 ml aliquots of the 
supernatant were analyzed for protein content by the Biuret procedure 
(Leggett-Bailey, 1967;Gornall et al., 1949). The percent soluble protein 
was calculated from this value.

The micro-Kjeldahl method, AOAC, 42.014 (1970) was also 
routinely used to measure the nitrogen content of whole beans and 
fresh bean powder. Protein content was calculated by using the factor 
6.25.
Lipid analyses

Lipid extractions were made routinely using the procedure of 
Takayama et al. (1965). The extraction utilized a chloroform: 
methanol solvent system (2:1, v/v). This procedure produced the total 
lipid extract which was further analyzed after concentration on a 
rotary evaporator under reduced pressure. Gravimetric estimates were 
performed using the 18 hr continuous extraction procedure of Takayama 
et al. (1965), which utilized benzene:ethanol (68:32, v/v). Values from 
these analyses provided a check on the total lipid procedure for the 
completeness of extraction with chloroform and methanol.

Total lipid extracts were separated into major classes by preparative 
scale thin-layer chromatography on silica gel G (solvent system 
CHClj :MeOH: H20:NaOH: 65:35:4:0.5; Del Rosario, 1970). The 
location of the neutral lipid band was facilitated by the use of ultra
violet light and the phospholipid bands were visualized by using 
DragendorfFs Reagent (Spray #97, Stahl, 1969) for phosphatidyl
choline (PC) and ninhydrin (Spray #178, Stahl, 1969) to locate the 
phosphatidyl ethanolamine (PE). These bands were scraped from the 
plates, eluted from the solid support with CHCl, :MeOH (4:1, v/v) and 
the eluates were made to 25 ml in a volumetric flask. Appropriate 
aliquots of each class were methylated according to the procedure of 
Morrison and Smith (1964). The fatty acid methyl ester patterns were 
analyzed for each class on a Varian Aerograph Model 200 gas 
chromatograph. The analyses were run isothermally over a 0.32 cm X 
210 cm stainless steel column containing 15% DEGS on Chromosorb W 
as a solid support. The pattern distributions were claculated using the 
height x width at 1/2 height method of area measurement, and the 
ratio of unsaturated to saturated fatty acid content was calculated for 
each class. Aliquots of the total lipid extract were analyzed for
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Table 1 —Physicochemical characteristics o f freshly prepared instant 
navy bean powder

Characteristic Value

Total lipid (%) 2.99 ta»t> J/2.89 'a-c *
Relative fluorescence of 26
total lipid extract
Total reducing sugars (%) 0.20a
Protein Micro-Kjeldahl (%) 23.2a
Browning index 11.1
Colord 45.3
Moisture content (%) 6.83

a Dry weight basis 
b CHC1 3 ; MeOH (2:1, v/v)
c Continuous extraction—Benzene: Ethanol (68:32, v/v) 
d Agtron 500M Reading—Relative reflectance measured in blue 

mode.

phosphorus according to the procedure of Rouser et al. (1966). (The 
greatest care was exercised to completely evaporate all solvent from the 
aliquots due to the EXPLOSIVE nature of perchloric acid used in the 
digestion for phosphorus analysis!)

Fluorescence and infrared analysis
Total lipid extracts were routinely monitored for relative fluores

cence on an Aminco Bowman Spectrophotofluorometer. The excitation 
wavelength was set at 350 nm. The emission spectra were scanned from 
390 nm to 550 nm. Bands of fluorescing material were separate from 
the total lipid extract using the thin-layer chromatographic system of 
Braddock (1970). These bands were analyzed on the spectrophoto
fluorometer for excitation and emission wavelengths, and their relative 
emission fluorescence was measured after standardization of the instru
ment with quinine sulfate. This value was taken as the relative fluores
cence intensity (RFI).
Reducing sugars

Sugar extracts from instant bean powder were performed according 
to AOAC, 2.041 (1960). A 5.0-g sample was used in these analyses, and 
the quantities of reagent were reduced by one-tenth. Aliquots from the 
extract were analyzed for reducing sugar content according to the 
colorimetric procedure of Furuholman et al. (1964).
Browning index

The formation of water soluble brown products was measured 
according to the method of Choi et al. (1949) as modified by Fishwick 
and Zmarlicki (1970). The trypsin (1-100, hog pancreas, 4 x 
pancreatin, Nutritional Biochemical Corp., Cleveland, OH) released the 
maximum levels of colored products at a concentration of 100 mg 
trypsin/ml of water. The Browning Index was derived by multiplying 
the A ,90nm of the clarified filtrate by 100. Increases in this index 
implied the formation of water soluble nonenzymatic browning prod
ucts.
Color analyses

Product color changes were monitored on an Agtron Reflectance 
Spectrophotometer M-500-A following the procedure of Johnson
(1966). A 5.0-g sample of powder was analyzed, and the 44 and 56 
disks were used to zero and standardize the instrument. Deterioration 
in the color of the product was measured as decreases in the blue mode 
relectance.
Storage conditions

Two relative humidities were selected for the storage study. These 
were 11% and 23%. At equilibrium, these produced aw's which were 
respectively below and at the monolayer moisture value for instant 
navy bean powder (Love, unpublished). These relative humidities were 
maintained by use of saturated salt solutions (Rockland, 1960) which 
had been equilibrated at the storage temperature of 37°C before the 
study. Under these conditions the target moisture value of 4.0% was 
reached in the 11% samples by day 4 of the study. The target moisture 
value of 5.5% was reached in the 23% samples on day 12 of the study.

The product was processed and dried to a final moisture content of 
7%. Two lots of fresh powder were randomly selected and placed on

Table 2—Gas chromatographic analysis o f  the fatty acid methyl- 
esters in three lipid classes o f  freshly processed instant bean powder

Percentage Composition by Class'1 J’

Fatty
acid

Neutral
lipid
(NL)

Phosphatidyl
choline

(PC)

Phosphatidyl
ethanolamine

(PE)

16:0 9.81 25:70 29.84
18:0 1.83 2.70 2.43
18:1 11.71 15.70 12.76
18:2 26.15 30.04 33.54
18:3 50.92 25.34 21.43

>18:3 0.55 0.86 1.23

a Conditons: Varian Aerograph 200; 10% DEGS, 0.32 cm X 210 
cm stainless steel column; Isothermal analyses; (Temperatures) 
Injector—220°C; Column —180°C, and Detector —195°C; Gas flow: 
Air—2EO ml/min; hydrogen—30 ml/min; nitrogen—35 ml/min; 
Flame setting 1, Chart Speed 0.5 cm/min. 

b Distribution by class 2/3 NL, 1/3 PC + PE with PC 1.5 X greater 
than PE.

large glass dishes into the storage desiccators (vacuum, pyrex, 250 ml) 
at the appropriate relative humidites. Air and nitrogen atmospheres 
were compared at each aw. The desiccators containing an air atmos
phere were placed directly into storage. The desiccators containing a 
nitrogen atmosphere were evacuated with a vacuum pump and returned 
to atmospheric pressure using compressed prepurified nitrogen. This 
process was repeated once. The desiccators were then placed immedi- 
atedly into storage at 37°C. A control sample was prepared from the 
same freshly processed powder and held at -20°C under nitrogen during 
the study.

Design of the study
Initial quality parameters were measured on the freshly prepared 

product. During storage, the moisture content, soluble protein, 
browning index, relative reflectance (color), and fluorescence were 
measured at 4-day intervals. Representative samples were taken from an 
individual desiccator and the desiccator immediately returned to stor
age. The nitrogen atmosphere was replenished in the two desiccators 
before they were returned to storage. At the conclusion of the study, 
phosphorus, unsaturated to saturated fatty acid (U/S) ratios for all 
three lipid classes, and reducing sugar analyses were performed on all 
treatments and compared to the control and initial values.

RESULTS & DISCUSSION

Composition of fresh instant bean powder
Before initiating the storage study, base line values were 

measured using the m ethods to  be em ployed during the sto r
age period. These values are presented in Table 1. The protein  
values and other com position data agree w ith tha t of C ounter
(1969). The lipid values by either extraction technique are 
slightly lower than those reported by Takayama et al. (1965); 
however, these values were measured on whole beans which 
had been processed into powder while the literature values 
were reported on extracts of only the cotyledonous portions 
of the beans.
Lipid analyses

The fatty  acid patterns for the various classes of lipids are 
presented in Table 2. The unsaturated fatty  acid con ten t was 
very high in linolenic acid (18:3) which is typical of bean 
lipids. The neutral lipid fraction contained greater than fifty  
percent linolenic acid. This fact agrees with a report by 
Buttery (1975). Takayama et al. (1965) did not find C ) 8 :3 
fatty  acid in the phospholipid fraction from the Michelite 
beans he extracted. They proposed tha t the phospholipases in 
these legumes destroyed the linolenic acid content during a 
soaking process which had been employed to  remove the seed- 
coats. There was no evidence tha t linolenic acid had been
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Table 3—Characteristics o f  instant navy bean powder lipids after 
storage at 37° C

Days
in

Sample storage

U/S ratios

pa P/g
powder 
in (TL) 

total lipid 
extract DWB

Relative
Fluorescence intensity

Highest
(Day)

Final
■ NLa pcb pEc

Fresh 0 8.55 2.11 2.52 298 26(0) _
0.11, Aird 28 7.49 2.03 2.25 274 31(4) 23.4
0.11, n 2 28 8.09 2.09 2.37 284 30(4) 24
0.23, Air 29 7.26 1.91 2.46 266 50(23) 23
0.23, N, 29 7.50 2.07 2.48 287 42.5(23) 27
Control 28 8.57 2.11 2.50 288 - 26

a Neutral lipids 
b Phosphatidyl choline 
c Phosphatidyl ethanolamine 
d aw, Atmosphere

destroyed in the processing o f the bean powders used in this 
study.

The ratio o f unsaturated to  saturated fatty  acids (U/S) was 
used as an index of oxidative deterioration of the lipids in 
stored bean samples (Table 3). This is a m odification of the 
polyunsaturated to  saturated ration (P/S) developed by 
Buttery et al. (1961). These data indicate tha t lipid oxidation 
occured in the neutral lipid of all stored product. The samples 
stored in a nitrogen atm osphere were slightly protected at the 
lower aw . There was more extensive oxidation of the neutral 
lipids at the higher aw . At bo th  aw 's the PC in air was oxidized 
to  the greatest ex tent. The P data follow the same trend as the 
U/S ratio. Buchanan (1969) showed a similar loss o f ex
tractable phospholipid during storage studies on dry leaf pro
tein concentrate. Insufficienct num bers of replicates were 
analyzed (only 2 /treatm ent) to  com m ent on the statistical sig
nificance; nevertheless, this trend is indicated by the data.

Spectral data
Relative fluorescence intensity (R FI) analysis o f oxidation 

products revealed tha t lipid soluble browning products form ed 
in all samples as shown by increases in the RFI for each trea t
ment. Chromatographic separation o f the extract revealed two 
families of fluorescing com pounds. One band with Rf of 0.58 
had an emission of 450 nm , while the other band with a Rf of 
0.91 had an emission of 445 nm.

Infrared analyses of these products showed only minor 
peaks. These bands corresponded to  1748 cm"1, 1710 cm"1 , 
1565 cm"1, 1465 cm"1, and 1385 cm"1 which are part o f the 
IR spectral characteristics o f fluorescing Schiff base com
pounds. The 1710 cm"1 and the 1565 cm"1 bands were cited 
as part of the condensed Schiff base system. The 1748 cm '1 
band is for carbonyl stretching. These data are consistent with 
structural features reported by Malshet and Tappel (1973), 
and the reports o f Braddock (1970) and Dugan and Rao
(1972) indicating the development o f fluorescing condensed 
Schiff base com pounds extracted from autoxidizing dry 
model systems of lipid and protein.

The rates for the development of maximum RFI imply that 
autoxidation was m ore rapid at the lower aw which implies a 
possible protection o f the lipid by the water phase of the 
powder. At bo th  aw ’s the extent o f RFI development was 
slightly greater in the air-stored samples.

Quality param eter changes
A com posite o f changes in the indices for the 30 days 

of the study are presented in Table 4. D eterioration of 
the quality o f the product was observed as measured by all 
indices. The products browned as shown by decreases in rela

Table 4—Changes in physicochemical parameters o f  instant navy 
bean powder during storage at 37° C

Sample
Days in 
storage

Relative
Reflectance*^

Soluble 
protein15 >d

Reducing
sugar

content15
Browning

indexd

Fresh 0 45.3 23.9 0.202 11.1
0.11, Air« 28 33.8 21.8 0.153 13.0
0.11, n 2 28 29.8 21.4 0.141 12.3
0.23, Air 29 35.0 19.9 0.136 12.6
0.23, N2 29 32.5 22.1 0.069 15.2
Control 28 45.1 24.0 0.203 11.0

a Agtron 500M values measured in blue mode 
b g/100g powcer, DWB 
c aw . Atmosphere 
d Average of five samples

tive relectance data and increases in the browning index for all 
treatm ents. In agreement with the reports of model system 
studies by Labuza et al. (1970) and the studies of Lea and 
Hannan (1949) and Lea and White (1948), samples stored at 
the higher aw browned to  a greater ex ten t than those at the 
lower aw . The greater am ounts of water at the higher aw likely 
served as a solvent to  prom ote the reactions producing ulti
mately, brown pigments. The samples at higher aw had a 
higher browning index for samples stored under nitrogen. This 
extent of browning under a nitrogen atm osphere is no t sur
prising considering the browning values reported by Fishwick 
and Zmarlicki (1970) for freeze-dried turkey at 5.0% moisture.

The data on reducing sugars indicate that the greatest losses 
occured in treatm ent 0.23, N2 . Both samples at this aw had 
greater losses of reducing sugar than the samples stored at 0.11 
aw . These trends agree with those reports of Labuza et al.
(1970); Lea and Hannan, (1949); and Lea and White, (1948) 
and support the concept of w ater prom oting the reaction 
between carbonyl com pounds and free amino groups (e.g. 
e-NHj of lysine).

Measurable losses o f soluble protein were recorded during 
the study. The treatm ent at 0.23 aw in air showed the greatest 
losses o f soluble protein. The com bined effects o f greater lipid 
oxidation and sugar amine browning likely were the factors 
contributing to  these losses. The greater losses o f reducing 
sugar in the 0.23, N2 treatm ent are likely the source o f the 
higher Browning Index value for this treatm ent; however, 
these processes were not as detrim ental to  protein solubility as 
were the carbonyls from  lipid oxidation. Clark and Tannen- 
baum (1970, 1974) have shown th a t num erous reducing sugars 
are associated with the amine groups of browned protein (ratio 
NH2 : sugar, 1:4). These products would likely be m ore soluble 
in the aqueous media than condensation products formed 
from nonpolar, lipid derived carbonyls.

The ultim ate concern of this study was the consequences of 
these measured changes on the quality o f stored instant bean 
powder. These data substantiate the organoleptic analyses of 
Guadagni et al. (1975); Boggs et al. (1964) and Burr et al.
(1969). In those studies, the air-packed samples were also less 
stable than nitrogen-packed samples. Off-flavors were reported 
in samples stored for com parable storage periods at 37°C. 
Buttery et al. (1961) reported similar changes in U/S ratios for 
products stored under comparable conditions.

Water activity, as shown here, was im portan t in affecting 
the stability o f the powder. At 5.23% m oisture and an aw of 
0.23 there was extensive protein insolubilization, lipid oxida
tion, and browning during storage in air at 37°C for a m onth . 
Storage below the m onolayer at 4.0% m oisture (aw 0.11) 
resulted in lipid oxidation but less sugar amine browning.
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The use of an inert atm osphere (i.e. nitrogen) and a storage 
tem perature of 22°C was shown by Burr et al. (1969) to pro
vide stability for at leat 1 yr, when an antioxidant (butylated 
hydroxytoluene) was also used. Nitrogen atm ospheres were 
not capable of totally protecting the samples in this study. 
Guadagni et al. (1975) theorized that flavored legume based 
soups with Q 10 values of 1.4 for nitrogen-packed samples 
would be stable for 1 yr at 37°C. Based on data in this study, 
the flavorings must be a significant factor in preventing the 
perception of off-flavors.

Data in this short-term  study reveal that changes in prod
uct quality of instant navy bean powder begin at an early 
stage in storage and tha t lipid oxidation and browning reac
tions are dom inant in the chemical changes which prevail. It 
appears tha t these products should be m aintained at low mois
ture levels and the use of suitable antioxidants should be con
sidered in order to  minimize quality changes.
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INTERACTIONS OF METAL IONS WITH LACTOSE

------------------------------------ ABSTRACT ------ -----------------------------
Binding between lactose and metal salts was investigated. When lactose 
combines with a salt in aqueous solution, a complex is formed with a 
specific rotation different from that of pure lactose. Lactose combined 
with the metal salts in a ratio of one to one for all the cations studied 
(Ca++, Ba++, Sr++, Fe++, Mg++, Mn++, Zn++, Na+ and Li+) except for 
K+ and NHj where there is no apparent binding. The specific rotation 
of complexes was determined by saturating a lactose solution with salts 
until 100% of complex was formed, then the amount of complex in 
various mixtures was calculated from the observed rotation. Equilib
rium constants were found to be 0.205 for lactose with Ca++, 0.379 
for lactose with Li+, and 0.527 for lactose with Na+. Variation in pH 
from 2.0-6.5 had no effect on the amount of complex formed. Com
plex formation decreased with increased ionic strength.

INTRODUCTION

THE PRESENCE OF SALTS alters certain properties of sugar 
solutions. One such property is the increased solubility o f lac
tose when salts are present. Herrington (1934a) hypothesized 
that the increased solubility o f lactose when CaCL is added is 
due to the form ation of a lactose-CaCl2 complex which he was 
later able to  isolate in crystalline form. This complex is more 
soluble than lactose alone (Jensen et al., 1940). Form ation of 
soluble calcium-lactose complexes also has been suggested as a 
hypothesis to  explain the enhanced intestinal absorption of 
calcium that is observed in the presence of lactose (Bergeim, 
1926; Ali and Evans, 1973).

Several crystalline lactose-salt complexes have been isolated 
and described: lactose-CaCl2 * 7 ^ 0  (Cook and Bugg, 1973; 
Herrington, 1934b). lactose-CaBr2 * 7 ^ 0  (Bugg. 1973: Bugg 
and Cook, 1972), and lactose-CaI2 '3 H 20  (Jensen et al.,
1940). Though the stoichiom etric ratios o f the complex can be 
determined for the crystalline forms, the same ratios are not 
necessarily present in solution. Complexing would be expected 
to  alter the properties of both  the lactose and the salts in 
solution.

Determination of the stoichiom etric ratio 
of the sugar-salt complex

Job (1928) devised a m ethod to determine the ratio in 
which individual com ponents combine to  form a complex in 
solution. The principle as described by Rendleman (1966) is as 
follows: “ If equimolar solutions of two complexing solutes are 
mixed in different proportions, the concentration of the com 
plex is generally a function of the proportion in which the 
solutions have been mixed. The concentration of the complex 
is maximal when the solutions are mixed in the proportion as 
that in which the simple com ponents are present in the com
plex. The position of the maximum is a function of the molar 
ratio of salt to  complexing agent and is independent o f both 
the combined concentration and the concentration of the orig
inal solutions (prior to  mixing).”

In order for this m ethod to  be useful, the complex must 
have a measurable quality which is different from the com po
nents alcne. Although there are many qualities that could be 
used, Job used the change in the refractive index as a result of 
mixing the com ponents. Wilkund (1955) used the change in

1 Present address: Dynapol, Palo Alto, CA 94304

the rotation of plane polarized light to  find the most favored 
com binations of sucrose with a salt.

Using the polarimeter to study com plex form ation
Heinrich Trey (1897) was probably the first to  study 

extensively the effects o f salt on the ro tation  of light by lac
tose. All the salts he studied influenced the ro tation  of lactose; 
some causing an increase in rotation  (BaCl2, C a(N 03)2 - 4 ^ 0 ,  
KI, N aN 03 , MgCl2*6H20 ,  BaCl2 -2H 20 ,  HgCl2 , NaCl and 
NaBr) and others a decrease (KC1, K 2 S 0 3 ’2H20  and NH4CI).

Herrington (1934a) found that increasing either the lactose 
or the salt concentration subsequently gave greater and greater 
deviations from the expected optical rotation. He considered 
that this supported the theory tha t lactose forms com pounds 
with salts in solution. Later, Vavrinecz (1962) dem onstrated 
that there is a regular pattern  in the change in rotation  when 
salts are present which agrees w ith H errington’s theory on 
complex form ation.
Effect o f cations and anions on rotation

Both the cation and anion of a salt affect the form ation of 
a carbohydrate-salt complex. With sucrose it appears that the 
stoichiom etric ratio of the complex is determined by the cat
ion. Of the salts tested with sucrose by Job ’s m ethod, salts 
with similar cations peaked at the same mole fraction of su
crose indicating similar combining ratios. The anions had var
ied effects on the rotation of the solutions, therefore they 
probably play an im portant role in the am ount o f complex 
formed (Wilkund, 1955). Jensen et al., (1940) showed that 
some anions were more effective than others in increasing the 
solubility of lactose. Therefore, if increased solubility is due to 
com pound form ation (as Jensen et al. postulated), then it can 
be deduced that the anion of the salt influences the am ount of 
lactose complex formed.

Ramaiah and Vishnu (1959) determ ined approxim ate 
specific rotation values for sucrose- and fructose-salt com
plexes. They mixed the sugar with increasingly higher concen
trations of salt. Eventually a point was reached where the 
addition of more salt to  the sugar solution caused no further 
change in rotation. This suggested that all the sugar had been 
complexed. From these data, Ramaiah and Vishnu determined 
the specific ro tations of the sugar-salt complexes.

In milk and milk products and in food systems in general, 
lactose is present along with calcium and other soluble salts. 
Complexing of the lactose and the metal ions would affect the 
properties of the lactose and the activities of the ions, which 
could in turn  affect other food constituents, e.g., proteins. The 
purpose of this study was to determ ine whether lactose-salt 
complexes could be dem onstrated and quantitatively esti
mated in aqueous solutions.

EXPERIMENTAL

Preparation of lactose solutions
The required amount of U.S.P. grade lactose was weighed out and 

then transferred to a volumetric flask. The flask was partially filled with 
hot distilled water (70-90°C) in order to dissolve the lactose rapidly 
and to assure that mutarotation equilibrium would be established 
quickly. The following day, 18 hr minimum, the flask was made up to 
the mark with distilled water at 25°C. The solution was thoroughly 
mixed before using.
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Preparation of salt solutions
Twelve different salts were used in this study: C aG ,, CaiNO,),- 

6H2 O, BaClj -2H2 O, SrCl2 -6H2 O, MgCl, -6H2 O, MnCl, -4H, O.ZnCI^, 
FeCl, -4H2 O, NaCl, LiCl, KG and NH4C1. These salts were commercial 
reagent grade chemicals. Salt solutions were prepared using distilled 
water. All the salts formed a clear solution within a few minutes except 
for ZnClj which forms a hydroxide which precipitates at approxi
mately pH 6. To dissolve this precipitate, sufficient HC1 was added to 
adjust the pH to 3. After the clear salt solution was prepared, it was 
made up to volume with distilled water.
Optical rotation measurements

The optical rotations of all solutions were measured using a Perkin- 
Elmer Model 141 Auto-Polarimeter with an accuracy of ±0.002°. The 
temperature was maintained at 25° C. Duplicate measurements of each 
solution were made. If these values were within 0.004° of each other, 
they were averaged. If the two values did not agree within these limits, 
the measurement was repeated until the agreed limits of precision were 
achieved. 
pH Measurements

The pH of all solutions was measured using a Beckman Model 4500 
digital pH meter immediately following the polarimetric determina
tions.
Equilibration of the complexing reaction

Equal parts of 0.6M solutions of lactose and salt were mixed. This 
solution was immediately put into a polarimeter tube and readings were 
taken every 5 min for an hour. Hourly readings were then made until it 
appeared that the solutions had equilibrated.
Stoichiometric ratio

Solutions of 0.6M lactose and 0.6M salt were mixed in suitable 
ratios to give eleven solutions from zero to 1.0 mole fraction in 0.1 
mole fraction intervals. Six replicates were prepared for each solution.
Specific rotation of the lactose-salt complex

Increasing quantities of each salt were added to small amounts of 
lactose to achieve 100% complex formation (Table 3). Water was added 
so that the flask was partially filled. The flasks were swirled until the 
salt dissolved, then additional water was added to bring the solution to 
the mark. The solutions were thoroughly mixed and allowed to remain 
overnight at 25° C. The optical rotation was measured the following 
day.
Equilibrium constant

Mixtures were prepared from 0.6M lactose and 0.6M salt solutions. 
Three replicates were made for each of the determinations. The optical 
rotation measurements were made the following day.
Effect of pH and ionic strength on complex formation

Specific solutions were prepared to determine whether differences 
in pH or ionic strength of the solutions affected complex formation as 
measured by optical rotation. To one series of flasks containing 50 ml 
of 0.6M lactose and 3.33g CaCl2 varying amounts of 0.1M HC1 or 0.1M 
KOH were added to adjust the pH between 2.0 and 6.5. In another 
series various amounts of KG were added. The solutions were mixed 
thoroughly and polarimeter readings made the following day. 
Quantitative information

When lactose and a salt are mixed, it may be postulated that they 
combine to form a complex. This reversible reaction can be stated as

mL + nS '^ p ( L rnSn) (1)

Where L stands for free lactose, S for free salt, LS for the complex, Lt 
for the total laciose, and St for the total salt. The combining ratios are 
expressed by m,n and p. When this reaction is at equilibrium,

[LmSn]P = K (2)
[L] m [S]n

is true where the concentrations of the components are in moles per 
liter and K is the equilibrium constant. Eq (2) can be restated as

([Lt] -  [LmSn ])m ([St ] -  [LmSn])n
= K (3)

In Eq (3), there are three unknowns: the equilibrium constant, the 
stoichiometric ratio and the concentration of the complex at a given Lt 
and Sf If the last two values can be determined, then the remaining

unknown value, K, can be found by substitution of known values into 
the equation.

It is possible to determine the stoichiometric ratio by lob’s method 
as previously described. It is also possible to determine the concentra
tion of the lactose-salt complex. Consider that the observed rotation of 
a solution is equal to the sum of the individual components’ rotation,
i.e.,

^observed + ^LS + (4) -

where R is the optical rotation. The optical rotation due to salt is zero 
since salts are symmetrical. The rotation of a single component is equal 
to [a] x C x 1 where [a] is the specific rotation of the component (in 
degrees-liter/dm-mole), C is the concentration of that component (in 
moles/liter) and 1 is the length of the polarimeter cell (in dm). There
fore,

H-observed I[a ) L x [L] x 1) + ([û:]l s X [LS] X 1) (5)

The amount of free lactose is equal to [Lt ] -  [LS] so

^observed — [°:] L ^ ([ L±] — [ LS ] ) X 1 + [a ] LS k [ LS ] X 1 (6 )

or

^observed = M  L * [M  X 1 + ( [a ]LS -  M l ) X [LS] X 1 (7)

The unknowns in Eq (7) are the specific rotation and the concentra
tion of the lactose-salt complex. If the specific rotation of the complex 
could be determined, then the concentration could be deduced.

By the above method, the specific rotation of the lactose-salt com
plex can be determined. By substitution of M ls into Eq (7), the 
concentration of the complex can be found. By substitution of [LS] 
into Eq (3), with the appropriate numbers for m,n and p, the equilib
rium constant for the lactose-salt reaction can be determined.

After finding K, the change in free energy can be calculated by this 
formula:

AG = -R  T In K (8)

where AG = change in free energy; R = gas constant; and T = absolute 
temperature. By comparing the K’s and the AG’s for various salts, 
trends in the binding abilities of the cations can be deduced.

RESULTS & DISCUSSION

Equilibration of the complexing reaction
By the m ethod described above, all solutions of lactose and 

salt equilibrated within 3 hr.

Stoichiom etric ratio
The observed optical rotations of lactose-salt m ixtures were 

subtracted from values for similar solutions which were salt 
free to  give AR. The mean optical ro tation  was determ ined 
from  six replicate values for each lactose mole fraction. The 60 
data points o f A R vs mole fraction lactose for each lactose-salt 
m ixture were analyzed using a com puter programmed for a 
parabolic regression. Typical data are presented in Figure 1 
which shows the experim ental means and the calculated curves 
for three of the lactose-salt m ixtures. Table 1 gives the results 
of the m athem atical analysis. The F value is an indication of 
how well the data points follow the calculated curve. An F 
value of 7.17 or higher indicates th a t the data points are statis
tically significant at the 0.01 level. The maximum peak values, 
as defined by the curves, are shown under vertex.

The use of the refractive index was also studied as the 
measurable param eter to  determ ine the stoichiom etric ratio. A 
plot of observed refractive index vs mole fraction lactose gave 
a linear relationship; the refractive index increased p ropor
tionally to  the mole fraction of salt. The salt com ple:ely 
covered any response from lactose or the lactose-salt com plex.
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Table 1—Mathematical analysis o f nonlinear regression

Salt

Equation for curve3 
y = ax2 + bx + c

Standard errors for the 
coefficients a, b, c

Fb Vertexa b c Sa Sb Sc

CaCI; -0.430 0.432 -0.002 0.009 0.009 0.001 1137 0.502
CalNOj), -0.421 0.427 -0.005 0.012 0.012 0.001 686 0.507
SrClj -0.427 0.423 -0.001 0.010 0.010 0.001 1010 0.495
BaClj -0.399 0.404 -0.004 0.010 0.010 0.000 864 0.506
MgClj -0.137 0.138 -0.002 0.005 0.005 0.000 352 0.504
ZnClj -0.152 0.153 -0.002 0.006 0.006 0.000 376 0.503
FeClj -0.174 0.168 +0.001 0.006 0.006 0.000 419 0.483
MnClj -0.112 0.111 -0.001 0.005 0.005 0.000 231 0.496
NH4 Cl -0.019 0.012 +0.001 0.006 0.006 0.000 14 0.792
KCI -0.017 0.019 -0.003 0.005 0.005 0.000 8 0.559
NaCI -0.124 0.127 -0.003 0.005 0.006 0.000 258 0.512
ÜCI -0.090 0.092 -0.003 0.006 0.006 0.000 126 0.511

a y = expected change in optical rotation; x = mole fraction of lactose standard.
b F = rat o of dispersion of the sample means about the grand mean to the dispersion of the varieties within the samples about their respective sam

ple means.

This method was not sufficiently sensitive for determining 
complex form ation in lactose-salt m ixtures in the presence of 
high salt concentrations.

Each salt gave a curve w ith a different am plitude. Since the 
change in optical rotation  is a function of the specific rotation  
of the complex as well as the concentration of the com plex, a 
large change in optical rotation  does not necessarily indicate 
more complex form ation.

The curves indicate a binding ratio o f 1:1 rather than a 
higher multiple (2 :2 , 3:3, etc.). The data points closely 
approximate the theoretical plots which were derived for a 
ratio of 1:1. For the salts which com plex w ith lactose, the F 
values given in Table 1 are all significantly greater than 7.17. 
This indicates the data follow the 1:1 binding curve at the 
0.01 level. The curves would be narrower if a higher multiple 
of complex were formed.

Note that changing the anion of the calcium salt from  CT 
to NO," gave no significant change in observed rotation .

Interestingly enough the data points for lactose w ith KC1 
give a straight line defined by linear regression as

y = 0.001x + 0.000

where y is the expected optical rotation  and x is the mole 
fraction lactose. This is essentially a horizontal line which indi
cates no complex form ation.

It was observed the K+ had a significantly larger radius/ 
charge ratio than any of the o ther cations studied (Table 2). A 
hypothesis was proposed which suggested that K+ was too 
large and had too  small an attractive force to  bind with the 
lactose. In order to  test this hypothesis, NH4CI was examined 
in the same manner as KC1. NH4 and K+ have similar radius/ 
charge ratios while other physical properties are dissimilar.

NH4CI gave identical results to  KC1—no binding was indi
cated. Linear regression of the data points for lactose plus 
NH4CI gave a line defined as

y = -0.004x + 0.003

where y is the expected optical rotation  and x is the mole 
fraction lactose.

Therefore, it appears tha t size and charge can determine 
the extent o f lactose binding with cations. It is proposed that 
NH4 and K+ exhibit such a weak electronic interaction with 
lactose that no binding will occur.

Table 2—Ion sizes

Cation Radius (Â) Radius/charge

Li+ 0.60 0.60
Mg++ 0.65 0.33
Zn++ 0.74 0.37
Fe++ 0.75 0.38
Mn++ 0.80 0.40
Na+ 0.95 0.95
Ca++ 0.99 0.50
Sr++ 1.13 0.57
Ba++ 1.35 0.68
K+ 1.33 1.33
IMH+ 1.42 1.42

Fig. 1—Change in optical rotation vs mole fraction lactose for 
C a d 2, SrCI2 and B a d 2.
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Fig. 2—Change in optical rotation vs concentration Nad.

Table 3—Specific rotation determinations for NaCI, L i d  and 
C a fN O J,

Salt
Lactose cone 

(molar)

Apparent
rotation
(degrees)

Specific
rotation

(°L/dm-m)

NaCI 0.040 0.790 19.7
0.020 0.395 19.7

LiCl 0.040 0.789 19.7
0.020 0.394 19.7

Ca(N03 I, 0.020 0.479 24.9
0.015 0.375 25.0

Table 4—Equilibrium constant values for N ad , L i d  and Ca(N03l 2

Conditions
K

NaCI
K

LiCl
K

Ca(N03)3Lactose Salt

0.30M 0.30M 0.544 0.390 0.204
0.1 5M 0.45M 0.501 0.358 0.199
0.45M 0.15M 0.531 0.384 0.210
0.10M 0.50M 0.537 0.400 0.210
0.50M 0.10M 0.521 0.364 0.201

Mean value 0.527 ± .015 0.379 ± .016 0.205 ±.005

Table 5—Amount o f binding between lactose and various salts

Amt of lactose
Combination bound (M) Mole %

NaCI + lactose 0.037 12
LiCl + lactose 0.028 9.3
Ca(NQ3 )2 + lactose 0.016 5.3

Table 6-Free energy values for lactose-salt interactions

Combination AG (cal/mole)

Lactose + NaCI 379
Lactose + LiCl 574
Lactose + Ca(N03 )3 938

Specific ro tation  of the lactose-salt com plex
The optical rotation  for the lactose solution was subtracted 

from the observed readings for the lactose-salt solutions to  give 
AR. AR values were p lotted vs concentration of salt. Curves 
■vere drawn for best fit by approxim ation. Typical results are 
shown in Figure 2.

The specific rotations of the complexes were determ ined 
using the following equation:

M ls
_ r ls 

lx  [LS]

where [a] LS is the specific ro tation  of the lactose-salt com 
plex in degrees-liters/dm-mole, RLS is the observed optical 
ro tation  o f the pure complex in degrees, 1 is the length o f the 
polarim eter tube in dm and [LS] is the concentration of the 
complex in moles/liter. The results are shown in Table 3.

Only NaCI, LiCl and C a(N 03)2 were studied with lactose 
because most o f the other salts were no t sufficiently soluble to  
reach the point where no further change in optical rotation  
could be observed. The ferrous chloride was very soluble, but 
at high concentrations the solutions were highly colored m ak
ing it impossible to  obtain accurate polarimetric readings.

For the experim ents using C a(N 03)2 , the concentrations 
of lactose were reduced to  perm it a higher lactose to 
C a(N 03)2 ratio. This was necessary to  observe the plateau. 
This indicates that the am ount of C a^-lac to se  com plex 
form ed is less than for the case of Li+ and Na+ since it takes a 
higher ratio of salt to  lactose to  achieve to ta l complexing of 
lactose.
Equilibrium constant

For each m ixture, the mean optical rotation  of three repli
cates was substituted into Eq (7): where R0bserved is the 
optical reading of the lactose-salt m ixture; [a] L X [Lt ] X 1 is 
the reading of the lactose-water m ixture; [ a ] Ls is the specif
ic ro tation  of the com plex; [ a ] L is the specific ro ta tion  of 
lactose; and [LS] is the am ount of complex (now the only 
unknown) formed at a given Lt and St . Solving for [LS] and 
substituting into Eq (3) gives K, the equilibrium constant:

= __________[LS]__________
K = ([Lt] - [L S ]) ( [S t ] - [L S ])  (9)

Table 4 gives the resulting K values. For each lactose-salt 
com bination, the mean of five values was obtained and the 
standard deviation determ ined. For all three salts, the five 
values obtained for K were quite constant as would be ex
pected for a true equilibrium reaction.

The equilibrium constants indicate tha t only a small, frac
tion of the lactose is bound. In solutions of 0.3M lactose and 
0.3M salt, the am ount o f binding is shown in Table 5.

NaCI is the most effective chelating salt followed by LiCl 
and C a(N 03)2 . No trends in the binding ability o f cations can 
be stated since only these three cations were studied.

It is interesting that lactose and C a(N 03)2 do not show a 
large am ount o f chelation. Assuming that this model system of 
lactose and Ca++ can be applied to milk, it indicates that only 
a small am ount of the to tal calcium in milk is com plexed. 
There are approxim ately 30 pM  of calcium in 1 L of milk; of 
this, only 10 pM  of the calcium is in soluble form. Milk also 
contains 50g of lactose per liter or 0.14M. If these concentra
tions were duplicated in solution, only 3% of the soluble calci
um would be bound (1% of the to ta l calcium). It is questiona
ble whether this small am ount of binding could be responsible 
for an increase in calcium m etabolism , as has been hypo the
sized.
Gibbs free energy

The free energy (Table 6) was calculated by substituting the 
equilibrium constant. K, into Eq (8).
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Table 7—Range o f pH  values for lactose-salt solutions

Salt
pH Range of 

lactose-salt soins

CaCI2 4.20-6.21
Ca(N03 )j 4.01-5.65
SrClj 4.10-4.94
Bad, 3.81-4.51
MgClj 4.03-5.14
ZnCI2 2.75-4.38
FeClj 2.54-4.60
MnCI2 3.91-4.75
NH„ Cl 4.12-4.55
KCI 4.32—4.78
NaCI 4.02-4.32
LiCI 4.20-6.29

Effect of pH on complex form ation
Depending on the nature of the added salt and the respec

tive concentrations of salt and lactose, the pH values for each 
solution prepared generally were in the range of pH 4 —6. The 
pH values of all experim ental m ixtures are presented in Table
7.

It should be noted that KOH was chosen as the added base 
because the K+ did not bind with lactose. Also, the ionic 
strength was not significantly increased due to  the addition of 
acid or base. The maximum increase in ionic strength was 
0.05.

To determine the influence of pH, complexing in CaCl2- 
lactose solutions was measured where pH ranged from
2.0—6.5. The value of the optical rotation  of pure lactose was 
subtracted from that of each lactose-CaCl2 m ixture at the 
same pH values. The data points (values of AR vs pH) were 
analyzed by linear regression. There is no effect on the am ount 
of complex formed between lactose and CaCl2 in this pH 
range (slope 0.000, standard error 0.002).
Effect of ionic strength on complex form ation

The values of the optical ro tations from the lactose-KCl 
mixtures were subtracted from the lactose-KCl-CaCl2 readings. 
These experimental values (AR v s  cone of added KC1) were 
analyzed by linear regression. The line best representing these 
data points is:

y= -0 .014x  + 0.109

where y is the calculated optical rotation  value and x is the 
amount of KC1 added in moles/liter. The standard error was 
0.002. These results are shown in Figure 3.

Increasing the concentration of CaCl2 in a lactose solution 
increases the ionic strength yet does not interfere with the 
equilibrium relationship in complexing, i.e., increasing the 
ionic strength by adding a binding salt does n e t decrease com 
plex form ation. This is confirmed by the stability of equilib
rium constant values at high and low salt concentrations 
(Table 4).

amount of KCI added (mo*es/ |j te r )

Fig. 3—Change in optical rotation vs concentration o f KCI in a 
lactose-CaCI2 mixture.

The addition of ions which do not bind appears to  interfere 
with the chelation of salt and lactose. For example, the addi
tion of 1.0M KCI to  the lactose-CaC^ solution increased the 
ionic strength by 1.0 and decreased complex form ation by 
13%.
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CHEMICAL CONSTITUTION OF N-ACYLETHANOLAMINEPHOSPHATIDES
IN PEA SEED

------------------------------------ ABSTRACT ------------------------------------
N-Acyiphosphatidylethanolamine (APE) and N-acyllysophosphatidyl- 
ethanolamine (ALPE) were isolated from pea seed and studied on the 
chemical constitution. The major component fatty acids of APE and 
ALPE were palmitic, oleic and linoleic acids. In both lipids the N-acyl 
groups contained the same component acids, being more saturated than 
the O-acyl groups. The 2-C position of APE contained almost entirely 
unsaturated acids, and the 1-C position mostly saturated acids. The
1- acyl isomer of ALPE was richer in saturated fatty acids than the
2- acyl isomer. The main molecular species of APE were l-palmitoyl-2- 
linoleoyl, l-palmitoyl-2-oleoyl, l-oleoyl-2-oleoyl, l-oleoyl-2-linoleoyl 
and l-linoleoyl-2-linoleoyl types. N-Palmitoyl (or oleoyl and iinoleoyl) 
glycerophosphorylethanolamine, which was the skeletal component of 
APE and ALPE, was confirmed as their TMS ether derivatives by 
GC-MS.

INTRODUCTION

IN THE LAST SEVERAL YEARS, studies on m inor constitu
ents in foodstuffs have become active, and the inform ation has 
accum ulated gradually as to  whether the com pounds have a 
role and/or function in food. It is known tha t some glvcero- 
glycolipids and glycerophospholipids give significant effects on 
the nature of foods in m anufacturing, processing and storage 
steps. In our investigation, reported in this paper, acyiethanol- 
aminephosphatides, m inor com ponents in foodstuffs, were 
isolated from pea seed and characterized in detail for the 
structure, the molecular species and their com ponential rela
tionship. Since the first dem onstration of N-acylphosphati- 
dylethanolamine (APE) and N-acyllysophosphatidylethanol- 
amine (ALPE) in soft wheat flour (Bomstein, 1965), this class 
of lipids has been found to  be distributed in plant seeds such 
as soy bean (Aneja et al., 1969), pea seed (Quarless et al.,
1968), spring bean and oat (Dawson et al., 1969). However, 
the structural characteristics of those lipids are not always 
clarified (Aneja et ah, 1969). Further, APE has been isolated 
from pea seed (Dawson et al., 1969), but so far no ALPE. Up 
to now, the natural existence of ALPE has been confirmed 
only in soft wheat flour (Bomstein, 1965; Clayton and Morri
son, 1972).

EXPERIMENTAL

Isolation of APE and ALPE
Total lipid (49.2g), extracted from mature pea seed (Pisum sativum

L., 2kg) as indicated in our previous paper (Miyazawa et al., 1974), was 
chromatographed on a silica gel column (Rouser et al., 1967) to obtain 
a crude phospholipid fraction (21.2g). This fraction was applied to a 
silica gel column and eluted first with chloroform to remove pigments 
and nonphosphatides, and with chloroform-methanol (90:10, v/v) to 
obtain the N-acylethanolaminephosphatide fraction (2.3g). Rechroma
tography of the fraction on a silicic acid column by stepwise elution 
with each 100 ml portion of chloroform-methanol (99:1, 98:2, 97:3, 
96:4 and 95:5, v/v), followed by preparative silica gel TLC with chloro- 
form-methanol-water-conc NH,OH (130:60:6:3.4, v/v/v/v), yielded 
purified APE (Rf 0.79, 89 mg) and ALPE (Rf 0.68, 31 mg). N-Pal- 
mitoylphosphatidylethanolamine used as a standard was prepared from 
pea phosphatidylethanolamine (Miyazawa and Fujino, 1976) and pal- 
mitoylchloride by a chemical condensation (Dawson et al., 1969).

Mild alkaline hydrolysis
About 15 mg each of APE and ALPE were incubated for 20 min at 

37°C in 12 ml of methanolic 0.2N KOH. The mixture was added to 8 
ml of ethanol-water (1:1, v/v) acidified with cone HC1 and extracted 
twice with 10 ml each of hexane and three times with 15 ml each of 
chloroform. Fatty acids in hexane extracts were converted to methyl- 
esters and analyzed by GC. The chloroform extracts were evaporated to 
dryness and applied to a silica gel column to obtain the partially deacy- 
lated product (N-acylglycerophosphorvlethanolamine), which was elut
ed with chloroform-methanol (1:1, v/v).
Acetolysis

About 10 mg each of APE and ALPE were applied to the acetolysis 
(Renkonen, 1965) to obtain monoacetyldiglyceride and diacetylmono- 
glyceride, respectively.

Spectrometric analysis
IR spectra were taken with a Nippon Bunko Kogyo IR-G infrared 

recording spectrophotometer, using KBr pellets. NMR spectrum was 
recorded in a Hitachi R-24A high resolution NMR spectrometer (60 
MHz) in CDClj.
GC-MS of TMS ethers of N-acylglycerophosphorylethanolamine

N-Acylglycerophosphorylethanolamine (3 mg) was silylated with 0.3 
ml of pyridine and 0.4 ml of bis(trimethylsilyl)acetoamide containing 
10% trimethylchlorosilane at room temperature for 1 hr. The GC-MS 
was carried out by a Hitachi RMU-6MG gas chromatograph-mass spec
trometer on a glass column (50 x 0.3 cm) packed with Diasolid ZT. 
Carrier gas was He (1.2 kg/cm2) and column temperature was pro
grammed from 200—280°C at a rate of 5°C/min; molecular separator 
and ion source were maintained at 290°C and 210°C, respectively. 
Ionizing voltage was 20 eV and trap current was 70juA.
Analysis of component fatty acids

Composition. The fatty acid methylesters were analyzed by a 
Hitachi 063 gas chromatograph on a glass column (200 x 0.3 cm) 
packed with 10% DEGS-Chromosorb WAW at 180°C as column temper
ature. The compositions of fatty acids at the glycerol (0-acyl) and 
ethanolamine (N-acyl) moieties in N-acylethanolaminephosphatides 
were determined by GC of the fatty acid methylesters (Stoffel et al„
1959) obtained from the mild alkaline hydrolysates described above.

Positional distribution. Monoacetyldiglycerides and diacetylmono- 
glycerides respectively obtained from the acetolysis of APE and ALPE 
were suspended in 1M tris-HCl buffer (pH 8.0). Being added to CaCl2, 
sodium cholate and pancreatic lipase (Privett and Nutter, 1966), the 
mixture was incubated at 40°C for 15 min. After stopping the reaction, 
the lipids extracted with ether were chromatographed on a florisil 
column (Carroll, 1961) to separate free fatty acid from monoglyceride. 
The positional fatty acid composition at 1-C and 2-C of the glycerol in 
N-acylethanolaminephosphatides was determined by GC of the fatty 
acid methylesters of the free fatty acid and monoglyceride fractions, 
respectively.
Analysis of molecular species

APE was derived to monoacetyldiglycerides, which were subfrac
tionated by 12% AgNOj-silica gel TLC with hexane-benzene (4:1, v/v) 
and applied to GC-MS (Hasegawa and Suzuki, 1973) under the same 
conditions as mentioned above, except the column temperature was 
300°C.-

RESULTS

Identification o f APE and ALPE
TLC. Silica gel thin-layer chromatogram of N-acylethanol

aminephosphatide fractions (Fig. 1) showed the m ajor spots 
corresponding to  APE (fraction 2 'V 11) and ALPE (fraction  7
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'V 12). The fractions also contained phosphatidic acid and the 
minor contam inant lipids and pigments.

IR spectrum . IR spectrum  of pea seed APE (Fig. 2) was 
identical with tha t o f N -palm itoylphosphatidylethanolam ine, 
showing characteristic absorption bands due to  NH (3380, 
3270 cm '1), ester C =0 (1735 c m '1), NH-CO (1645, 1535 
cm"1), P=0 (1240 cm"1) and P-O-C (1070 cm"1). IR spectrum

P L  P L  P L

Fig. 1 —Silica gel thin-layer chromatogram o f N-acylethanoiamine- 
phosphatides fractionated by column chromatography. Fraction, 
chloroform methanol (90:10, v/v) eluate from pea seed total phos
pholipids by column chromatography, was rechromatographed with 
chloroform for No. 1, chloroform-methanol (C-M) (99:1, v/v) for 
No. 2 -3 , C-M (98:2, v/v) for No. 4 -6 , C-M (97:3, v/v) for No. 7-8, 
C-M (96:4, v/v) for No. 9—10 and C-M (95:5, v/v) for No. 11— 
12. Plate was developed by chloroform-methanol-6.5N NH t OH  
(130:30:4.7, v/v/v) and detected by 50% Pf2 SOt . PX, Unidentified 
phospholipid and pigments; PG, phosphatidylglycerol; PE, phospha- 
tidylethanolamine; PC, phosphatidylglycerol; PE, phosphatidyletha- 
nolamine; PC, phosphatidylcholine; PI, phosphatidylinositol; PA, 
phosphatidic acid; PL, total phospholipid fraction o f pea seed; NP, 
nonphosphatides.

of pea seed ALPE (Fig. 2) was similar to that of APE in the 
approxim ate pattern  of absorptions, except for the ester C=0 
absorption which was weaker than tha t o f APE compared with 
its corresponding P-O-C absorption. The ALPE spectrum 
showed strong absorption band at 3350 cm"1 due to  the OH 
group as expected for lysophospholipid.

NMR spectrum . NMR spectrum  of pea seed APE (Fig. 3) 
was similar to  that o f N -palm itoylphosphatidylethanolam ine. 
The signal due to  the CH2-N+, which occurred at t 6.70 in 
phosphatidylethanolam ine (Chapm an and Morrison, 1966), 
shifted upfield to  r  6.85 and the signal due to  the NH3+proton 
which occurred also in phosphatidylethanolam ine (Chapman 
and Morrison, 1966) was absent.

Hydrolytic product. The mild alkaline hydrolysate, N-acyl- 
glycerophosphorylethanolam ine from APE and ALPE, gave 
the same spot (Rf 0.20) on silica gel TLC with an ammoniacal 
solvent. The IR spectra were identical with that of N-palmi- 
toylglycerophosphorylethanolam ine, showing absorptions for 
NH-CO and OH group, but not ester C =0 (Bomstein, 1965).

Acetolytic product. The acetolytic products o f APE and 
ALPE gave the spots identical w ith monoacetyldiglyceride (Rf 
0.33) and diacetylmonoglyceride (R f 0.15) respectively on 
silica gel TLC with petroleum  ether-ether (4 :1 , v/v) (Morley et 
al., 1975). IR spectra of these acetolysates showed the charac-

(0
teristic absorption band due to CH3-C-0 (1230 cm"1). 
Composition and positional distribution of fatty  acids 
in APE and ALPE

As shown in Table 1, the m ajor com ponent fatty  acids of 
APE and ALPE were palmitic, oleic and linoleic acids. The 1-C 
of APE was more unsaturated than the 1-C. F atty  acid pattern 
of 1-C and 2-C in APE was quite similar to  that in pea phos
phatidylethanolam ine (Miyazawa and Fujino, 1976). The
1-isomer of ALPE was also more unsaturated than the 1-iso
mer. N-Acyl in APE and ALPE were m ore saturated than
O-acyl, and had almost the same com position with each other.
Mass spectra of TMS ethers of 
N-acylglycerophosphorylethanolamine

TMS derivatives of partially deacylated products (N-acyl- 
glycerophosphorylethanolam ine) o f APE and ALPE were ana
lyzed by GC-MS to confirm  their structures. The chrom ato
grams obtained by the to ta l ion m onitor (Fig. 4) showed two 
major peaks, respectively, b-1 and b-2 in case of APE and C-l 
and C-2 in ALPE.

Fig. 2—Infrared spectra o f acylethanolamine- 
phosphatides: (a) N-palmitoylphosphatidyletha- 
nolamine, standard; (b) A PE  from pea seed; (c) 
A L P E  from pea seed.
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Table 1—Fatty acid composition o f APE and ALPE from pea seed (%)

APE ALPE
Fatty _____________________________________ _____________ _____________________________
acid3 Total O-Acyl 1-C 2-C N-Acyl Total O-Acyl 1-Isomer 2-Isomer N-Acyl

14:0 1.0 0.5 0.8 — 3.0 1.4 0.6 2.2 1.2 2.1
15:0 0.3 — 0.2 - 0.7 0.9 - 0.3 0.2 0.7
16:0 21.7 17.5 43.6 3.8 28.1 25.2 20.3 26.1 18.1 29.5
16:1 0.9 1.0 0.3 0.5 1.1 2.1 2.3 1.8 1.6 2.0
17:0 0.5 0.7 1.1 - 0.2 0.9 1.2 1.3 0.8 0.6
UCb 0.4 0.1 - - - 2.5 3.2 1.6 1.3 0.3
18:0 5.3 3.0 4.6 2.4 6.6 6.6 9.3 11.4 6.7 5.3
18:1 38.1 41.3 28.3 48.3 33.1 28.1 28.4 26.8 32.9 31.7
18:2 29.6 32.8 18.5 42.1 26.1 28.5 31.5 26.5 34.5 24.9
18:3 2.2 3.1 2.6 2.9 1.1 3.8 3.2 2.0 2.7 2.9

Saturated 28.8 21.7 50.3 6.2 38.6 35.0 33.7 41.3 27.0 38.2
Unsaturated 70.8 78.2 49.7 93.8 61.4 62.5 63.1 57.1 71.7 61.5

a C a rb o n  n um b e r : n u m b e r  o f  d o u b le  b on d  
b  U n c o n firm e d

Fig. 3—NMFt spectra o f acylethanolaminephosphatides: (a) A PE  
from pea seed; (b) N-palmitoylphosphatidylethanolamine, standard.

Fig. 4—Chromatogram o f total ions o f TMS ethers o f  (a) N-pat- 

mitoylglycerophosphory'ethanolamine, standard; (b) N-acytgiycero- 
phosphorylethanolamine from APE; and (c) N-acyigiycerophospho- 
rylethanolamine from ALPE.

N -Palm itoyl-glycerophosphorylethanolam ine. The mass 
spectrum of peak b-1, which was the same pattern  in case of 
peak C -l, is shown in Figure 5. The molecular weight of this 
com pound was indicated by the ions, m /e 669 (M+), 654 
(M-15:CH3), 596 (M-73:TMS), 579 (M-90:TMSOH) and 566 
(M-103:TMSOCH2). Ions due to the glycerophosphate moiety 
were m /e 387, 389 (387+2H) and 452 (M-217). The ions, m/e 
389 and 452 were due to  interm olecular rearrangements of 
hydrogen atoms (Duncan et al., 1971). The ions, m /e 211 and 
239 indicated that the N-acyl m oiety was only the palmitoyl. 
Ions, m /e 282 (M-387) and 268 (M-401) characteristic for 
ethanolam ineglycerophosphate (Duncan et al., 1971) were also 
detected. The mass spectrom etric data, identical w ith those of 
the standard (peak a) indicate tha t both  peak b-1 and C-l were 
tris (TM S)-N-palmitoylglycerophosphorylethanolamine.

N-Oleoyl and N-linoleoyl glycerophosphorylethanolam ine. 
The mass spectrum  of peak b-2 (Fig. 6) showed the same 
fragm entation patterns with those of peak C-2. They had m/e 
693 (M+) and 695 (M+) for m olecular weight and m /e 265 and 
237 for N-oleoyl, and m /e 263 and 235 for N-linoleoyl. Thus 
the com pounds of bo th  peak b-2 and C-2 were found to  be a 
mixture of tris(TM S)-N-oleoylglycerophosphorylethanolam ine 
and tris(TM S)-N-linoleoylglycerophosphorylethanolamine.

Molecular species of APE
The monoacetyldiglycerides derived from  pea seed APE

were separated into five bands: saturated, m onoenic, dienic, 
trienic and tetraenic subfractions, on A gN 03-silica gel TLC. 
The major subfraction of dienic was identified as 1-palmitoyl-
2-linoleoyl-3-acetyl-sn-glycerol (Fig. 7) by the mass spectrom 
etry. Diglyceride m oiety of pea seed APE (Table 2), analyzed 
likewise, dem onstrated that the principal molecular species 
were l-palmitoyl-2-linoleoyl, l-palmitoyl-2-oleoyl and 1-ols- 
oyl-2-oleoyl types.

D IS C U S S IO N

IN THIS STUDY, the chemical structure of APE and ALPE 
was confirmed to  be .1,2-di-O-acyl-glycerophosphoryl-N-acyl- 
ethanolamine and l(o r 2)-mono-0-acyl-glycerophosphoryl-N- 
acyl-ethanolamine, respectively. Glycerophosphoryl-N-acyl-eth- 
anolamine, which was confirmed as their TMS ether deriva
tives by GC-MS analysis. The structures established here 
supported the general structure of acylethanolam inephospha
tides previously proposed (Bomstein, 1965; Quarless et al., 
1968; Aneja et al., 1969).

The resemblance c f  the positional fatty  acid com position 
and the molecular species o f diglyceride moiety in pea seed 
APE and phosphatidylethanolam ine (Miyazawa and Fujino,
1976) suggests that these were closely related in their m etabo
lism. The similar N-acyl com position between APE and ALPE 
confirms that both  lipids are in a close relationship in some 
ways (Hazlewood and Dawson, 1975). It is assumed in general
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H 2 c - - O - P - O — ■ CH2 - | - C H 2— N H — C —|-C ]_5H 3^ ( P a l m i t o y l ) 
IS  U 2 1 1  M+ = 6 6 94 5 2 ( M - 2 1 9 + 2 H )

3 8 7
3 8 9 (M - 2 8 2 + 2 H )

Fig. 5—Mass spectrum o f peak b-1 (in Fig. 4).

Table 2—Molecular species o f  diglyceride moiety in pea seed A PE

Fatty acid

1-C 2-C APE (%)

16:0 16:0 0.4
16:0 18:0 0.4
18:0 18:0 0.1
16:0 18:1 24.7
18:0 18:1 5.9
16:0 18:2 25.3
18:1 18:1 16.1
18:1 18:2 13.9
18:2 18:2 13.2

H 2C — O TM S I
H C — O TM S

■ 0 II
H 2C - 0- P — 0

r—» 2 9 4 , 2 9 2

2H2 [ 1ch2—NH_ 
> 3 0 8 , 3 0 6

2 6 5 , 2 6 3
f C i 7 H 3 3 ( 0 1 e o y l )  M + = 6 9 5

l  C i 7 H 3 i ( L i n ° l e ° y l )  M+ = 6 9 3  
2 3 7 , 2 3 5

0
■ C--

tig. 6—Mass spectrum o f peak b-2 (in Fig. 4).

m / e
Fig. 7—Mass spectrum o f 1-palmitoyl-2-linoleoyl-3-acetyl-sn-glyc- 
erol. Fragment ions (m/e): 43 [CH3C O ]+, 117 [CH3CO+74]+, 171 
[CH3CO+128] +, 239 [R ' C O ]+, 263 [R 2 C O ]+, 313 [R l CO+74]+, 
337 [R2 CO+74j+, 341 [ M - R 2 COOCH J +, 355 [M-R2 COO] \  
365 [M-R' CO O CH J+ . 367 [R 'C0+ 128]+, 379 [M -R ' CO O ]+, 
391 [R 2 CO+128]*, 575 (M -C H 3 COO] \  616 [M -1 8 ]+ and 634 
[M ] \

that APE, ALPE, phosphatidylethanolam ine and lysophospha- 
tidylethanolamine are in the com mon metabolic pool in the 
plant tissues.

The possibility tha t APE and ALPE might have been pro
duced artifactually during the preparative process by an acyl- 
transferase activity was eliminated by the fact tha t these 
compounds were obtained in like am ounts after treatm ent of 
the seeds with steam prior to the extraction procedure. This 
confirms tha t the APE and ALPE, especially the latter which 
has been isolated only from  soft wheat flour (Bomstein, 1965; 
Clayton and Morrison, 1972), exist naturally as they do. 
Recently, APE was detected also in bovine erythrocytes 
(Matsumoto and Miwa, 1973) and pig epidermis (Gray, 1976).
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EFFECTS OF GERM INATION ON COTTONSEED PROTEIN

---------A B S T R A C T -------------- -------- — ------—

Mechanically dehulled glandless cottonseeds were germinated for up to 
5 days in moist paper towels in a seed germinator. Samples were lyo- 
philized and subjected to proximate analyses. The dry matter content 
decreases with germination time, while seed moisture increases from 6% 
to 65%. There is a threefold increase in free fatty acids. Gel electro
phoresis of the germinated seed protein on acrylamide revealed five 
major banding areas. The clearly defined bands on day 0 become very 
diffuse by day 5. On day 2, a new brand appears and remains through 
day 5. Amino acid analyses of the germinated seeds reveal a substantial 
increase in ammonia and aspartate while arginine and glutamate de
crease with germination time. Protein solubility data indicated that 
while TCA soluble protein increases with germination time, nonprotein 
nitrogen remains constant. Ultracentrifuge data revealed no apparent 
difference in relative concentration of the 2S, 7S or 12S peaks at dif
ferent germination times.

IN T R O D U C T IO N

ALTHOUGH GLANDLESS COTTONSEED protein products 
are relatively new on the commercial market, the purpose of 
this paper is to  provide inform ation concerning an even greater 
range of utilization for these materials. The utilization of cot
tonseed protein products in food systems will depend upon 
their behavior in these systems. Modification of existing prop
erties of proteins has been accomplished in the past by chem
ical (Groninger, 1973; Paton, 1974) and enzym atic (Fujimaki 
et al., 1970; Childs, 1975; Arzu et al., 1972) methods. Ford- 
ham et al. (1975) studied changes in nu trient com position of 
various peas and beans caused by sprouting.

In the germination o f fat-containing seeds, a conversion of 
fat to  carbohydrate has been shown by Kornberg and Beevers
(1957). Cavin and Beevers (1961) dem onstrated that this con
version of fat to carbohydrate proceeds via a variant of the 
tricarboxylic acid cycle, the glyoxylate cycle. Fat utilization 
by germination of cottonseed was described by White (1958). 
A study by Yatsu (1965) noted that seed hydration causes 
rapid changes in seed u ltrastructure. This paper reports an in
vestigation of the effects o f germination on cottonseed and 
explores possibilities for the use of partially germinated cot
tonseed kernels as a raw product for industrial food use.

M A T E R IA L S  &  M E T H O D S

Cottonseed germination and sample preparation
Glandless GL-6 cottonseed was obtained from Rogers Seed Com

pany in Waco, Texas. Small quantities were dehulled mechanically and 
the kernels were separated from the hulls. Kernels were screened with a 
1/8 inch vibrating screen to select only the larger kernels and these were 
used in germination experiments. Several treatments such as the use of 
Captan-75, surface cleaning with sodium hypochlorite followed by mul
tiple washes and use of sterile equipment were employed to delay mi
crobiological contamination. Small quantities of kernels were germi
nated by rolling them in moist paper towels and placing them in plastic 
bags. Larger quantities were placed between layers of moist paper 
towels in plastic pans which were wrapped in plastic. Kernels were then 
placed in a commercial seed germinator (38°C for 8 hours and 32°C for 
16 hours). Samples were taken at 12 hr intervals and placed in a freezer

1 Present address: Food Technology & Science Dept., Univ. of 
Tennessee, P.O. Box 1071, Knoxville, TN 37901

to stop the germination process. Samples were lyophilized, ground with 
a mortar and pestle and stored in a desiccator.
Analyses

Nitrogen, moisture, oil, ash, crude fiber and free fatty acids were 
determined according to standard AOCS methods (AOCS, 1957). All 
nitrogen determinations on solid samples were accomplished by the 
Kjeldahl method. The percent protein was calculated by multiplying 
the percent nitrogen by 6.25. Liquid samples were determined by 
Lowry’s modification of the Folin-Ciocalteau method for protein anal
ysis (Lowry et al., 1951). Solubility of protein was determined by a 
method similar to Cunningham et al. (1975).
Electrophoresis

A Canalco disc electrophoresis apparatus (model 1200) and a 
Canalco (model 300B) power source were used for electrophoretic sepa
ration. One procedure for electrophoresis was accomplished by the 
method of Davis (1964) except that no stacking gel was used. Samples 
were run 12 at a time in cylindrical glass tubes (0.5 cm x 17.5 cm). 
Gels were prepared by placing cleaned tubes in a tube rack with a thin 
strip of parafilm across the bottom to act as a stopper. A 40% sucrose 
solution was added to all tubes to about 1 cm in height. The running gel 
was produced by dissolving 2.88g Cyanogum 41 (E-C Apparatus Corp.) 
in 20 ml of distilled water. Ten milliters of 0.48% ammonium persul
fate, 10 ml of stock 0.72M tris-borate-EDTA buffer (pH 8.3) and 0.05 
ml TEMED (N, N, N', N’-Tetramethylenediamine) were then added. 
This mature was rapidly layered onto the sucrose solution to the top 
of the tube. A drop of wa'.er was used to cover the gel and the gels were 
allowed to photopolymer_ze for at least 35 min. The tubes were placed 
in position in the apparatus and the buffer chambers were filled with a 
1:4 dilution of the stock buffer.

Samples were obtained by extraction of 0.5g lyophilized cottonseed 
with 5 ml of 0.1M sodium borate buffer (pH 9.8). Samples were stirred 
in the cold (4°C) for 30 min and then centrifuged at 10,000 X G for 10 
min. The pellet was discarded and the supernate was recentrifuged at
15,000 x G for 20 min. One ml of the supernate was mixed with 1 ml 
of 40% sucrose and three drops of 0.005% bromophenol blue and 0.1 
ml of this solution was loaded onto the gel surface. Electrophoresis runs 
were begun at 0.75 ma/tube for 30 min and continued at 2 ma/tube for 
5 hr. Gels were stained with 1% Amido Black in 7% acetic acid and 
destained in 7% acetic acid for 30 min with an electrophoretic de- 
stainer.

A second electrophoresis technique was also used. The procedure 
was the sodium dodecyl sulfate (SDS)-acrylamide gel electrophoresis 
procedure of Weber et al. (1972), for molecular weight determination. 
Gel tubes (0.5 X 10.0 cm) were filled with 10% acrylamide. The 
lyophilized, germinated cottonseed kernels were ground with a mortar 
and pestle and the oi. extracted by petroleum ether reflux. Air 
desolventized samples were then extracted for electrophoresis with a 
0.01M phosphate buffer (pH 7.0). Gels were run at 6 ma/tube for 5 hr. 
Molecular weight of polypeptides were calculated from a plot of log 
molecular weight vs relative mobility of BSA, ovalbumin, pepsin, tryp
sin, and cytochrome C (Sigma Chemical Co., St. Louis, MO).
Amino acid analysis and analytical ultracentrifugation

Amino acid analyses were perfomed with a Beckman (model 121) 
analyzer. Kernels were germinated, lyophilized, ground with mortar and 
pestle and the oil extracted before being hydrolyzed in constant boiling 
6N HQ for 24 hr under N2. No corrections were made for losses due to 
hydrolysis.

Sedimentation experiments were performed in a Beckman (model 
E) analytical ultracentrifuge equipped with schliern optics. Electronic 
speed control was used at a calculated rotor speed of 51,844 rpm. The 
lyophilized, germinated kernels were ground and extracted (10% w/v) 
with 0.2M sodium carbonate buffer (pH 10.5). After centrifugation of 
the slurry at 10,000 X G for 10 min, 1 ml of the supernate was diluted 
with 1 ml buffer and 0.6 ml of this solution was used to fill the 
ultracentrifuge cell. The cell was aligned in the rotor, the rotor was
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counterbalanced and locked onto the drive shaft. Ultracentrifuge vault 
temperature was maintained at 20° C and photographs were taken at 8 
min intervals with a 75 degree phase angle.

R E S U L T S  & D IS C U S S IO N S

Germination and proxim ate analysis
Germinating GL-6 glandless cottonseed kernels were eval

uated at 24-hr intervals during a 5-day germ ination period.
'  Mold growth and off-odors were detectable on untreated seeds 

at Vh  days. Kernels with obvious mold growth were discarded. 
All treatm ents used delayed m old growth only until about the 
6th day. Microbiological contam ination is viewed as a serious 
problem, particularly w ith partially damaged kernels with ex
posed endosperm. Rigid microbiological and tim e controls are 
essential to successful industrial germination of cottonseed 
kernels.

Table 1 contains the proxim ate analysis o f cottonseed ker
nels at various stages of germination. The protein and oil con
ten t both increased slightly as germ ination proceeds, probably 
because of utilization of carbohydrate as an energy source. 
White (1958) showed that a large weight loss is evident 
through 1.5 days. At 6 days of germ ination the weight loss was 
over 12%. There is a threefold increase in free fatty  acids 
during the first five days of germination and this probably 
accounts for some of the off-odors present in the later stages 
of germination.
Electrophoresis

Figure 1 contains the acrylamide gels loaded with the pro
tein samples taken at 12-hr intervals through germination. At 0 
days there are five major banding areas and these appear quite 
sharp. As germination proceeds, these bands become diffuse

Table 1—Proximate analysis o f glandless cottonseed kernels germi
nated for various periods o f timea

Days

O//o
Moisture

%
Oil

%
N

%
N X 6.25

%
Ash

%
Crude
fiber

%
F FA

%
Wt
loss

0 6.58 36.54 6.36 39.72 4.65 1.43 .18 0
1 53.56 37.26 6.47 40.46 4.46 1.74 .23 1.8
2 55.7£ 38.50 6.65 41.63 4.59 1.56 .45 3.1
3 61.59 41.42 6.6 41.26 4.49 1.73 .40 3.2
4 65.8C 38.08 6.91 43.20 4.81 1.68 .51 3.5
5 66.93 37.82 6.75 42.21 4.77 1.71 .60 7.5
Values expressed on moisture-free basis

and spread out into the clear area between the bands. By the 
5th day, the bands have become very diffuse and the major 
banding areas are difficult to  distinguish. The blurring of these 
major banding areas of cottonseed protein may be caused by 
the action of proteolytic enzymes produced in vivo during 
germination. Rossi-Fanelli et al. (1965) noted evidence of pro
teolytic activity in incubating cottonseeds. Biosynthesis o f a 
cottonseed protease during germ ination was shown to be di
rected by mRNA synthesized during embryogenesis (Ihle and 
Dure, 1969), and the proteolytic enzyme was later identified 
as a carboxypeptidase (Ihle and Dure, 1972). Whether this 
band blurring is caused by proteolytic enzymes produced in 
vivo or by mold growth is unknow n, bu t blurring begins very 
early in the germination process before mold growth is evi
dent. On day 2 (gel E) a new band can be seen and this

Fig. 1 —Acrylamide gel electrophoresis o f cotton
seed protein extract: Gel A  (0 daysI, B (1/2), 
C (1), D (VA), E  (2), F  (2’A), G (3), H  (3’A), 
/ (4), J  (4'A), K  (5). 0.1 m l extract/tube.
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remains through the 5th day (gel K). On days 2 —3 (gels E, F 
and G) six major banding areas are observed rather than the 
five areas of the other gels. The bands are not identified.

Figure 2 shows SDS-acrylamide gels at 24-hr intervals 
during germination for 5 days. Molecular weights (mol wt) of 
polypeptides were calculated from a plot o f log mol wt vs 
relative m obility of the five standard proteins (Linear correla
tion coefficient 0.99B). A num ber of very narrow bands exist 
with a mol wt too high to  accurately measure. The two major 
bands, bands a and b, correspond to molecular weights of
54,000 and 48,000 daltons respectively, and can be seen in all 
gels. Band b decreases slightly in density as germination time

increases. Band c appears in gel #0  at a very low concentration 
but as germination proceeds its density increases. Relative den
sity of band c was greatest in gel #3. Band c has an estim ated 
mol wt of 30,500 daltons. All bands are unidentified.

Amino acid analysis
Table 2 contains the amino acid analyses of germ inated 

cottonseed kernels. Ammonia and aspartate increase while 
arginine and glutamate decrease with germ ination time. Fasella 
et al. (1965) has isolated Glutamic Oxaloacetic Transaminase 
(GOT) 2.6.1.1 from glandless cottonseeds and it may be that 
this enzyme is responsible for the rise in aspartate and the

Fig. 2—SDS gels (10% acrylamide) o f cottonseed 
proteins, 0—5 days o f germination: Band A — 
54,000 daltons; B—48,000 daltons; and C— 
30,500 daltons. Each gel had been loaded with 
75 pi o f sample.
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Table 2—Amino acid analysis o f  glandless cottonseed kernels germi
nated for various periods o f time

Amino acid

0a 1a

Day 
2a 3a 

g/16g N
4 5 6

Lysine 4.2 4.0 4.2 4.1 4.1 4.1 3.9
Histidine 2.6 2.6 2.6 2.7 2.6 2.6 2.5
Ammonia 1.S 2.0 2.1 2.4 2.7 2.7 2.7
Arginine 11.6 11.7 10.4 9.9 9.2 10.0 9.7
Aspartate 8.6 8.8 9.7 11.9 14.0 13.3 13.3
Threonine 3.2 3.4 3.1 3.1 3.3 3.3 3.0
Serine 3.9 3.9 3.9 3.9 3.8 4.0 3.9
Glutamate 20.4 19.9 19.0 17.7 17.5 17.7 17.0
Proline 3.3 3.5 2.8 2.7 3.5 4.1 4.1
Glycine 3.9 3.8 3.6 3.5 3.4 3.6 3.4
Alanine 3.5 3.5 3.6 3.8 3.5 4.0 3.8
Valine 4.3 4.2 4.3 4.3 4.1 4.3 4.0
Methionine 1.2 1.2 1.1 1.1 1.2 1.3 1.1
Isoleucine 2.8 2.9 2.9 2.9 2.8 2.9 2.7
Leucine 5.3 5.4 5.3 5.2 4.9 5.1 4.7
Tyrosine 3.1 3.1 3.0 3.0 2.7 2.9 2.7
Phenylalanine 5.3 5.3 5.1 4.8 4.4 4.8 4.6
a Dupl cate analysis.

decrease in glutamate. Ammonia liberation was also found in 
incubated cottonseed, presumably as a result of the presence 
of Glutamate Dehydrogenase (Rossi-Fanelli et al., 1965). 
P ro te in  so lu b ility

Table 3 contains protein solubility data at 24-hr intervals 
during germination. The percent protein soluble in 10% tri
chloroacetic acid (TCA), as determined by Kjeldahl and 
Lowry, increases during germination. The percent TCA soluble 
protein by the Kjeldahl m ethod reflects the am ount of total 
soluble nitrogen X 6.25. This includes nitrogen from soluble 
protein, peptides, amino acids and nucleic acids. The percent 
TCA soluble protein as determined by the Lowry m ethod 
should indicate only protein, peptides and free amino acids 
and this value is less than the Kjeldahl level. The difference 
between these values which remains relatively constant in this 
case, is nonprotein nitrogen.

The protein extracted from the germinated cottonseed was 
subjected to ultracentrifugation. Table 4 contains the calcu
lated sedim entation coefficients from  peaks produced by pro
teins extracted from germinating cottonseeds at 24 hr inter
vals. Since constane protein extraction conditions and a con
stant phase angle were used, the area under the 2S, 7S and 12S 
peaks was a function of relative protein concentration. No 
changes in the relative protein concentrations were detected.

C O N C L U S IO N S

GERMINATION of cottonseed kernels was investigated as a 
potential process for conditioning of kernels prior to  protein 
extraction. Changes in electrophoretic m obility o f the protein 
is evident and certain amino acid levels also change. The in
crease in solubility may increase protein extraction but may, 
at the same tim e, com plicate protein recovery, at least when 
approached by isoelectric precipitation. Proteins soluble at 
their isoelectric points may be difficult to  recover by conven
tional protein processing. Minimum germination times are de
sirable to avoid mold growth.

Table 3—Protein solubility o f cottonseed proteins in 10% TCA at 
various stages o f germination

Day

%
Soluble
Kjeldahl

%
Soluble
Lowry

Nonprotein
nitrogen

0 10.2 3.6 6.6
1 11.6 4.9 6.7
2 13.4 5.0 8.3
3 12.9 6.1 6.8
4 15.8 9.1 6.7

Table 4—Sedimentation constants for proteins o f germinating cot
tonseed in alkaline buffer

Day 2S 7S 12S

0 1.2S 7.6S 12.9S
1 1.2S 7.9S 13.9S
2 1.2S 7.8S 13.7S
3 1.5S 8.2S 13.8S
4 1.5S 7.1 S 13.1 S
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COMPARISON OF COLD-, ACID- AND SALT-PRECIPITATED SOY PROTEINS

------------------------------------ ABSTRACT ------------------------------------

A comparison was made for three soybean protein fractions, cool- 
precipitated fraction (cool F), acid-precipitated fraction (acid F) and 
salt-precipitated fraction (salt F) on yield, physical and chemical 
characteristics, protein efficiency ratio, amino acid composition and 
oligosaccharide content. The starch-gel electrophoresis and ultracentri
fugal patterns of the three fractions were very different. Salt F had a 
low galacto-oligosaccharide content and was superior in yield to both 
acid F and cool F. The solubility and the viscosity of salt F were the 
least sensitive to variations in pH and heat treatment. There were only 
small differences in amino acid content and protein efficiency ratio 
between the three fractions.

INTRODUCTION

A NUMBER of technological processes have been developed 
with a view to  improving the quality and lowering the cost of 
soybean products. Industrial treatm ent however may influence 
nutritional value and affect other biological factors (Rackis et 
ah, 1975).

Many new soy protein products are being developed which 
differ in enzyme activity, protein dispersibility, flavor, nutri
tive value and functional properties. Most products on the 
market at present have been developed from the acid precipita
ted fraction (acid F) (pH 4.5 insoluble protein); this fraction 
contains the major portion of the reserve proteins of the soy
bean cotyledons (Smith and Wolf, 1961) and is currently used 
in the food industry to  prepare protein isolates and spun 
fibers. The salt-precipitated fraction of soybean protein (salt 
F) (curd prepared by coagulation with calcium salt) has been 
used for many centuries in oriental countries and it has been 
developed into a great variety of soybean products (Watanabe,
1968). The cool precipitated fraction (cool F) consists prima
rily of the 1 IS ultracentrifugal com ponent which is the major 
portion of soybean globulin. This fraction has been well inves
tigated by Briggs and Wolf (1957), Catsimpoolas et al. (1969), 
Wolf and Sly (1967), Catsimpoolas and Meyer (1968), 
Catsimpoolas et al. (1967) and it appears to  possess a great 
potential as a functional and nutritional ingredient in foods. 
All three crude protein fractions have considerable advantages 
over soy flours in relation to  hum an consum ption, as they 
have an almost bland taste, white color, and good keeping 
qualities. They are therefore worth further investigation to  
ascertain their usefulness in food products.

In this paper, the yields, sugar contents and the availability 
of amino acids in the three fractions were evaluated. The 
physical characteristics and nutritional value were also studied.

M ATERIALS & METHODS

Preparation of protein fractions
The three fractions were extracted from hexane-defatted nontoasted 

soybean flakes (Société Soja-France) containing approximately 50% 
protein (N x 6.25). They were the cool precipitated fraction (coolF), 
the acid precipitated fraction (acid F) and the salt precipitated fraction 
(salt F). The extraction procedures were adapted from the methods of 
Briggs and Wolf (1957), and Saio et al. (1973).

Cool F curd was prepared by cooling soymilk at 3-4°C for 72 hr 
(Fig. 1).

Acid F curd was obtained by precipitating soymilk in diluted HC1 at 
pH 4.5 (isoelectric point) (Fig. 2).

Salt F curd was prepared by precipitation with 0.03M calcium 
chloride final concentration (Fig. 3).

All protein curds were washed and neutralized, then freeze dried for 
chemical analysis or moist toasted for the PER determination.
Chemical analysis in protein fractions

Nitrogen was measured in duplicate by the micro-Kjeldahl pro
cedure (AOAC, 1970).
Isolation of sugars from protein fractions

The procedure is summarized in Figure 4.
Soybean fractions were diluted in 70 ml 80% ethanol and heated in 

a water bath (70°C) with stirring for 4 hr. The extract was decanted 
and the procedure was repeated with 30 ml 80% ethanol. The two 
extracts were combined and filtered. A tertiary solvent system was used 
to ensure the elimination of residual lipid and liposoluble substances 
from the filtrate. Barium hydroxide (0.3N) and zinc sulfate (0.3N) 
solutions were used to remove the contaminating proteins. Desalting 
was achieved by passing the extracts through a 2 x 10 cm column of 
ion exchange resin AG 501 -x 8 (D). The neutralized eluate was concen
trated and freeze dried prior to thin-layer and gas-liquid chromatogra
phy analysis.

Isolation of verbascose
As pure verbascose was not commercially available, we isolated it 

from the roots of the mullein, verbascum thapsus, on a column of 
sepahdex G-15 (Speck and Rynbrandt, 1967) with a phosphate buffer 
at pH 7. It was purified by paper chromatography.
Qualitative determination of oligosaccharides 
by thin-layer chromatography

The purified sugar solutions were applied to a thin-layer chromato
plate (Kieselgel type 60 Merck) and developed by ascending partition 
chromatography using the solvent system isoamyl alcohol/acetic acid/ 
water (6:4:3). Diphenylamine-aniline-phosphate was used to detect 
both reducing and nonreducing sugars (Bailey and Bourne, 1960). 
Quantitative determination of oligosaccharides 
by gas-liquid chromatography

This analysis was made using a Girdel model 75 CD gas chromato
graph (Girdel 75 RSI Recorder). The column consisted of 2m of stain
less tubing (2.17 mm i.d. x 3.18 mm o.d.) packed with 3% OV-1 
(stationary phase) on chromosorb W (80-100 mesh). The peaks were 
identified and quantified as described by Jouany (1972) and Delente 
and Ladenburg (1972).
Viscosity measurements

In order to determine viscosity as a function of the length of 
heating, aqueous dispersions (cone = 10% w/v; pH = 6.5) of the soy 
protein fractions were heated for 5, 10, 20 and 30 min, at 100°C and 
their viscosities were determined using the model UT 180 Gebriider 
Haake viscometer. Viscosity as a function of pH was also measured with 
the pH of the samples being adjusted to 1.5, 2.5,. . ., 9.5. With suitable 
calibration and thermal control system, the readings were readily 
converted into apparent viscosities in centipoises.
Solubility measurements

A 5-g protein sample was placed into a 250 ml graduated flask made 
up to volume with distilled water, shaken frequently and allowed to 
stand overnight. It was then centrifuged at 2000 rpm for 15 min and 
filtered through a Whatman number 54 filter paper. Total nitrogen was 
determined by micro-Kjeldahl analysis on 2 ml of the clear liquor.

— Text continued on page 708
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Defatted soybean flakes

dissolved in water 
(water:flakes = 10:1), ground, 
pH adjusted to 7 with 1N NaOH, 
blended for 1 hr at 50°C, 
filtered through muslin bag

I
Residue

I
Extract

72 hr at 3-4°C;
centrifuged 10 min at 2000 rpm 
I

I
Whey

i
Protein curd 
(insoluble)

I
I

washed, dissolved in
water at 50°C, adjusted pH to 7,
filtered

, I

Autoclave dried 
I

I I
Extract Residue

Freeze dried 
I

Cool precipitated 
fraction for PER 
determination

I
Cool precipitated 
fraction for chem
ical analysis

Defatted soybean flakes

dissolved in water (water:flakes = 10:1), 
pH adjusted to 8 with IN NaOH, 
blended for 1 hr at 50°C, 
filtered through muslin bag

Residue Extract

pH adjusted to 4.5 
with 1N HCI

Protein curd Whey
(insoluble)

washed, neutralized (pH 7), 
filtered

Extract Residue

Freeze dried 
for chemical 
analysis

Autoclave dried 
for PER deter
mination

Fig. 1—Preparation o f coo! precipitated fraction (cool F). Fig. 2—Preparation o f acid precipitated fraction (acid F).

Defatted soybean flakes

dissolved in water (water:flakes = 10:1),
pH adjusted to 7 with 1N NaOH,
blended for 1 hr
heated at 100°Cfor 20 min,
filtered through muslin bag

Residue Extract

held at 70°C, pH 7,
CaCU added to 0.03M, 
filtered through muslin bag

Protein curd Whey

Water

washed

Protein

Freeze dried 
for chemical 
analysis

Autoclave dried 
for PER determi
nation

2g soybean fraction

dissolved in 70 ml ethanol (80%), 
added 0.02N CaCO,. 
reflux for 4 hr at 70°C, 
centrifuged

I----- --------------------- 1
Supernatant Residue

dissolved in 30 ml 80% ethanol,
reflux for 1 hr,
filtered

Reunited supernatants Residue
added 50 ml chloroform and (protein,
30 ml distilled water, poly-saccharides)
decanted 24 hr

Aqueous phase chloroform phase 
(lipids, etc...)

concentrated to 25 ml 
added 4 ml of 0.3N Ba(OH)2 
+|5 ml 0.3N ZnSO„

Precipitate 
(protein, etc...)

Supernatanti
Concentrated to 30 ml, 
desalted by passage through 
2 X 10 cm ion exchange column 
of mixed bed resin [AG 501 -x 8 (D)], 
concentrated, freeze dried

Isolated sugars for 
thin-layer and gas-liquid 
chromatography analysis

Fig. 3—Preparation o f salt precipitated fraction (salt F). Fig. 4—Isolation o f oligosaccharides from prepared fractions.
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Starch gel electrophoresis
Samples for electrophoresis analysis were dialyzed for 3 days at

3-4°C against distilled water and then freeze dried. Starch gel analysis 
was carried out as described by Wake and Baldwin (1961). The starch 
gel was composed of hydrolyzed starch (Connaught, Sigma), 0.02M
2-mercaptoethanol and 7M urea in 0.076M tris-citrate buffer containing
0. 076M tris(hydroxymethyl)-aminomethane; the pH was adjusted to
8.6 with solid citric acid.
Ultracentrifuge analysis

The soluble fractions, containing 1% protein, were examined at 
20°C in a Spinco (Beckman) Model E analytical ultracentrifuge. In all 
cases a 12 mm Single-Sector cell was used at a speed of 59,780 rpm. All 
three fractions (A, B and C) were prepared for ultracentrifuging by 
overnight dialysis at room temperature against a phosphate buffer 
containing 0.0325M dipotassium monohydrogen phosphate. 0.0026M 
monopotassium dihydrogen phosphate, 0.40M sodium chloride, 0.01 M
2-mercaptoethanol and 1.5M urea. In addition the acid F (sample D) 
was prepared in the same buffer but without 2-mercaptoethanol and 
urea.
Amino acid analysis

Amino acid analysis was carried out in duplicate according to the 
method described by Moore et al. (1958), using a Technicon TSM 
auto-analyzer, Model II. The samples were sealed in tubes in a nitrogen 
atmosphere and hydrolyzed in 6N HC1 at 110°C for 24 hr. Cystine and 
methionine were analyzed following their oxidation to cysteic acid and 
methionine sulfone respectively (Hirs, 1967).
PER determinations

Samples for the PER determinations were moist heated at 100°C for 
20 min, then dried by warm air at 60°C using a preheated autoclave 
system and finally ground to powder (100 mesh).

Protein efficiency ratio (PER) was measured by the method of 
AOAC (1970). A 28-day feeding trial was made with male weanling rats 
(same strain, 28 days old, initial weight 55-65g), separated into groups 
of ten, housed in individual cages and fed the diets ad libitum.

RESULTS AND DISCUSSION 

Composition of fractions
Nitrogen and ash content o f the fractions are given in Table

1. Cool F contains slightly more protein (90%) than the other 
two fractions, while salt F contains the most ash (6.8%).

Sugar conten t is shown in Table 2. The to ta l sugar content 
of the extracted fractions varied from 1—7%. Thin-layer (Fig.
5) and gas-liquid chrom atography analysis (Table 2) show that 
acid F and salt F contain more sugar than cool F which con
tains alm ost no sugar at all, over 90% of the sugar has been 
removed in the whey.

The to ta l sugar content of salt F is only 4% (dry basis) of 
which only 0.53% is raffinose + stachyose and about 3% mono 
and disaccharides. The whey from this fraction contains about 
10% total sugar, 3.56% raffinose + stachyose and over 5.7% 
mono and disaccharides. As the salt F fraction has a low oligo
saccharide conten t, it would appear to be suitable for human 
consum ption. The sugar content o f salt F can probably be 
attributed  to  therm al processing in excess water at pH 7, 
100°C for 20 min prior to  coagulation, causing a part of the 
oligosaccharides to  be degraded into m ono and disaccharides. 
We would also suggest that CaCl2 precipitation causes a greater 
separation of proteins from sugar than does acid precipitation.

Acid F contains about 7% total sugar o f which 2.37% is 
stachyose + raffinose (Table 2). The to tal sugar content is 
almost twice that of salt F. This might suggest tha t the form a
tion of cross-links between ionized carboxyl in acid F occurs 
more readily and is more stable than that in salt F and that the 
cross-links might retain a certain proportion  of the sugar. 
Fractionation yields

In order to  obtain maximum yields, we used an extraction 
period of 1 hr, as reported by Cogan et al. (1967) and Smith et 
al. (1952). F ractionation  yields for the three fractions are 
given in Table 1.

Protein preparation was carried out at pH 8 for acid F and 
pH 7 for salt F and cool F. The higher pH used (over pH 7)

Table 1—Chemical analyses and % nitrogen recovered In extracted 
fractionsa

Sample

Nitrogen
(g/IOOg
fraction

Ash
(g/100g
fraction

Dry wt 
recovery

%

Nitrogen
recovery

%

Defatted soy flakes'5 8.43 6.3 _ —

Cool ppt fraction0 
Cool F 14.49 3.7 21 36.1

Salt opt fraction0 
Salt F 13.76 6.8 36 58.7

Acid ppt fraction0 
Acid F 13.44 3.0 33 53

a D ry -b a s is
b  H exan e  extracted  fro m  "S o c ié té  S o ja -F ra n c e " 
c See te x t  fo r  deta ils

Table 2—Sugar content o f  soybean flakes, protein fractions and whey 
fractions * 9

Defatted Protein fractions Whey of protein fractions
soybean-----------------------------------------------------
flakes Cool F Salt F Acid F Cool F Salt F Acid F 

Sugars (%) (%) (%) (%) (%) (%) (%)
Stachyose 4.8 0.15 1.72 3.12 2.51 2.72
Raffinose 2.4 0.38 0.65 1.4 1.04 0.82
Disaccharide 8.14 0.51 0.67 2.91 6.57 3.04 4.41
Monosaccharide 1.3 0.2 2.22 1 £ 1.6 2.68 2
Total sugars 17 1 4 7 12 10 10

0  2
o 0 H exose

U  0 0 Saccharose

0  0 0 o 0 Raffinose

0 0 f\U 0 0 Stachyose
û o 0  o V erbascose

0 A jugose
1 2 3 4 5 6 7 8 9

Fig. 5—Chromatogram o f saccharide content o f extracted fractions 
and whey o f fractions: (1) sucrose; (2) sugar content o f cool F; (3) 
raffinose; (4) sugar content o f acid F; (5) sugar content o f whey o f 
acid F; (6) sugar content o f salt F; (7) stachyose; (8) verbascose; and
(9) sugar content o f the roots o f the mullein Verbascum thapsus.

decreases the rate o f extraction for salt F and cool F. The 
results refer to laboratory assay runs with batch size o f 10 
liters. The maximum recovery of dry weight, 36% (58.7% 
nitrogen recovery), was obtained with salt F, while m inim um  
recovery (dry basis) was 21% (36.1% nitrogen recovery), 
obtained with cool F. Nitrogen recovery for acid F was almost 
as good as for salt F, reaching 33% (53% nitrogen recovery). 
From the viewpoint o f nitrogen recovery, salt F and acid F are 
the best suited for industrial production.

Solubility and viscosity of soybean protein fractions 
as a function of pH

The pH of the soy fraction dispersions (10% w/v) was 
varied from 1.5—9.5 and their solubilities determ ined. Solu
bility results are shown in Figure 6. The minimum solubility 
obtained was situated at pH 4 .4 -4 .6  for acid F and 5 —6 for 
cocl F and sait F, the isoelectric region. The addition of alkali 
(to  pH 9.5) increased extraction of nitrogenous m aterial by 
32—34% for cool F and acid F and by only 14% for salt F. The
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Fig. 6—Solubility o f soybean protein fractions as a function o f pH. 
[Temp 20° C; cone o f protein 10%; o —o cool F; *—* acid F; •—• 
salt F]

addition of acid (to  pH 2—2.5) increased protein solubility by 
30% for cool F, 25% for acid F and 12% for salt F. The results 
o f this experiment show tha t the solubility of cool F and acid 
F is more sensitive to  pH changes than th a t o f salt F. Solu
bility of cool F and acid F is almost identical in an alkaline 
environment (pH 9.5) bu t differs by some 8% ir. the presence 
of acid (pH 2—2.5).

The effect o f pH on the viscosity of the fractions, illus
trated in Figure 7, is similar to  its effect on solubility. In the 
vicinity of their isoelectric points, a minimum viscosity of 
some 12 centipoises is obtained for cool F and acid F and 9 
centipoises for salt F. Viscosity increases as the pH moves 
away from the isoelectric point in either direction. Salt F is 
less viscous than the o ther two fractions.

Solubility and viscosity of soybean protein fractions 
as a function of heating

The effect o f heating on the solubility o f the fractions is 
illustrated in Figure 8. The pH of a suspension (10% w/v) of 
each fraction was adjusted to  6.5. Heating acid F and cool F at 
100°C decreased solubility: in 7 min the initial value of 25% 
nitrogenous materials extracted for acid F decreased to 14.2% 
and for cool F from 20.4% to 10%. Continued heating had no 
significant effect on the rate of insolubilization for both  frac
tions; there was instead a slight increase in solubility, probably 
due to dissociation of protein subunits. In the case of salt F, 
heating had no significant effect on solubility, perhaps on 
account of prior der.aturation o f the protein during the extrac
tion process.

The viscosity results obtained as a function of heating are 
shown in Figure 9. Moist heating at 100°C for a protein con
centration of 10% (w/v) increased the viscosity of all fractions 
in the first 5 min. Viscosities then decreased sharply, reaching 
a range of some 13—15 centipoises for all the fractions after 
10 min heating. This phenom enon might be accounted for by 
the findings of Catsimpoolas and Meyer (1970). They reported 
that mois: heating initially increases viscosity on account of 
aggregation and progel form ation, but tha t continued heating 
at high tem peratures decreases viscosity as a result o f irrevers
ible conversion to  a metasol state. In our experim ents, when 
heating was continued beyond 20 m in, the viscosity increased 
slightly perhaps due to  dissociation of the protein into

50 l

Fig. 7—Viscosity behavior o f soybean protein fractions as a function 
o f pH. [Temp 20° C; cone o f protein 10%; o —o cool F; *—* acid F; 
•—• salt F]

Fig. 8—Solubility o f soybean protein fractions as a function o f 
heating. [A t 10&C; pH  6.5; cone o f  protein 10%; o—o cool F; *—* 
acid F; •—• salt F]

subunits. Changes in the num ber of SH groups and the num ber 
of hydrogen bonds, as a result of heating and different pH, 
play an im portant role in all these phenom ena (Saio et al.,
1971).
Ultracentrifuge analysis

Figure 10 shows the ultracentrifuge patterns for samples A 
(salt F), B and D (acid F) and C (cool F). Ultracentrifuge 
analysis was conducted in a standard phosphate buffer 
containing 1.5M urea and 0.01M m ercaptoethanol for all the 
samples except D, in order to  com pare the results with starch 
gel electrophoresis analysis which was carried out in a tris- 
citrate buffer also containing urea and 2-m ercaptoethanol (Fig.
ID -

The data indicate tha t in cool F and salt F the predom inant 
com ponent is the 11S fraction and cool F contains some 7S 
and 15S but salt F contains only small am ounts of these 
com ponents. Acid F on the other hand contains large propor
tion of bo th  7S and 1 IS, but less 15S.

Figure 10D shows the pattern  of acid F in phosphate buffer 
w ithout urea and m ercaptoethanol. The addition of 0 .0 1M 
m ercaptoethanol, a disulfide bond cleaving agent, and 1.5M
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Fig. 9—Viscosity behavior o f soybean protein fractions as a function 
o f heating. [A t 100°C; pH  6.5; cone o f protein 10%; o—o cool F; 
*—* acid F; •—• salt F]

Protein bonds were stained with amido schwartz dye
1—  C o o l precip itated  fract io n  (C oo l F)
2—  A c id  precip itated  fraction  (A c id  F )
3—  Sa lt  precip itated  fract io n  (Sa lt  F )

Fig. 11— Starch gel electrophoresis.

(A) SALT F

7s 11s 15s

(C) COOL F

7s 11s 15s

(B) ACID  F

- \ a a y

7s 11s 15s

(D) ACID  F

\  \

\  /  \  \

7s 11s 15s

Fig. 10 Effect o f mercaptoethanol and urea on ultracentrifugal patterns. [The ultracentrifugal analyses were conducted in the following buffer 
systems: (Al. (B), (Cl phosphate buffer, pH  7.6 ionic strength 0.5, phosphate buffer containing 0.01 M  mercaptoethanol and 1.5M urea; (Dl phos
phate buffer without urea and mercaptoethanol.]
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urea, a hydrogen bond cleaving agent, to  the buffer prior to 
dialysis comparatively increases the relative concentration of 
the 7S material and to  some extent the 11S com ponent (Fig. 
10B). U nfortunately, our analyses did not have a solvent base
line and we have not therefore calculated precisely the area of 
each peal:. All the freeze-dried samples except salt F were well 
dissolved. This had a solubility of only 78.2% in the standard 
phosphate buffer containing 1.5M urea and 0 .0 1M mercapto- 
ethanol. Acid F and Cool F had 97.2% and 90.1% solubilities, 
respectively. Solubilities were expressed as percentages of the 
total nitrogen (m ethod described above). The ultracentrifuge 
patterns were obtained from the soluble portions of the sam
ples. All the fractions contain little of the 2S com ponent. 
Starch gel electrophoresis

Figure 11 shows the results obtained by starch gel 
[containing the cleaving reagents urea (7M) and 2-mercapto- 
ethanol (0.02M)] electrophoresis of the three soybean protein 
fractions. Cool F contains 19 com ponents, acid F and salt F 
contains 16 com ponents. To com pare the com ponents in each 
fraction, the three columns (Fig. 11) have been arbitrarily 
divided into six regions, labelled A to F.

The data indicate tha t the predom inant com ponents of the 
three fractions are situated in region C (RM 0 .45—0.6). Each 
fraction has five bands in this region and the concentration of 
these com ponents is in the order cool F >  salt F >  acid F. 
There are also five bands in region B (RM 0 .88—0.63) for acid 
F, three bands for cool F and two bands for salt F. The con
centration of protein in region D (RM 0 .38—0.41) is in the 
order acic F >  salt F >  cool F. The highest concentration of 
protein in region E and F was found in cool F. Region E is the 
basic zone. The fastest-moving bands were observed to  be most 
concentrated in acid F.
Amino ac:d analysis

The essential amino acid values are given in Table 3. There 
are only small differences between the three protein fractions 
and defatred soya Fakes. Considering the nutritionally im por
tant amino acids, m ethionine + cystine and lysine, it would 
appear that salt F has a slightly lower sulfur containing amino 
acid content than the other samples but that it has a slightly 
higher lysine value. Cool F has the highest sulfur containing 
amino acid level; however, it did not appear to  have a superior 
protein value as measured by the PER test (Table 4). T rypto
phan was not determ ined.

PER determ inations
The results are shown in Table 4. There appeared to be a 

little difference in the protein quality of the different frac
tions. The PER value of toasted defatted scy flakes is 1.9. PER 
of salt F is slightly better than bo th  acid F and cool F while 
there would be no significant difference between the PER 
values of acid F and cool F.

CONCLUSION

THE SALT-PRECIPITATED FRACTION (salt F) appears to  
be the most suitable fraction for use in the food industry as an 
extender ro ground m eat and fish products. It has a low oligo
saccharide content and is superior in yield to  both  acid F and 
cool F. The solubility and viscosity of this fraction are also the 
least sensitive to variations in pH and heat treatm ent. Cool F is 
almost free of oligosaccharides but has the lowest yield. Salt F 
and cool ?  therefore have considerable potential in new food 
used both functionally and nutritionally and could take over 
the role currently held by acid F.
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STRUCTURE AND CHEM ICAL COMPOSITION OF CRAN BERRY  
CELL WALL M ATER IAL

------------------------------------ ABSTRACT ------------------------------------
The microscopic examination of cell wall material recovered from 
pressed cranberries indicated that the tissue particles were composed 
primarily of parenchyma cell walls that had reassumed a three-dimen
sional configuration similar to their structure in cranberry parenchyma 
tissue. Settling experiments indicated that large volumes of water were 
associated with cell wall material, correctly predicting when suspension 
yield stress would increase. The primary plant cell wall polysaccharides, 
cellulose, pectin and hemicellulose, were found to be the predominant 
constituents of cell wall material. Protein, fat, starch and ash were 
present in only minor amounts suggesting that cell wall material food 
functionality will be primarily dependent on the polysaccharide constit
uents.

INTRODUCTION

A PREVIOUS PAPER (Holmes et al., 1977) described the 
rheological properties of cell wall m aterial recovered from 
pressed cranberries. Large yield stresses at low cell wall m ate
rial concentrations (1 -2 % ) suggested potential use of this 
material as a food thickener. This study examined the struc
ture of cell wall material more closely in an attem pt to 
elucidate the thickening mechanism of cell wall material sus
pensions. The chemical com position of cell wall m aterial was 
also examined in order to  determ ine the am ounts of poten
tially functional constituents.

EXPERIMENTAL

Microscopic examination
Cell wall material was recovered from pressed cranberries as de

scribed previously (Holmes et al., 1977) and a portion sufficiently 
diluted with distilled water to form a disperse single layer of particles in 
the well of a hanging drop microscope slide. Photographs of particles 
were taken through an Olympus model EH microscope at 40x magnifi
cation using a Polaroid ED-10 camera and Type 107 black and white 
film. Each particle was denoted with a number on the photographs then 
its thickness determined at a higher magnification (usually 400 X) by 
means of the microscope fine focus micrometer. Particle transparency 
allowed the thickness to be determined by noting the micrometer 
readings where the first upper and lower outer surfaces of the particles 
came into focus. Particle projected area diameter (Allen, 1968) was 
determined from the photographs using a template containing circles of 
varying diameters. Particle length and width were also determined from 
the photographs.
Sedimentation

A portion of the undiluted cell wall material used for microscopic 
examination had its total and soluble solids content determined in 
duplicate (Holmes et al., 1977) and six suspensions ranging in insoluble 
solids content from 0.30-0.55% (by weight) prepared by dilution with 
distilled water. Any air bubbles were removed by pulling a vacuum for
1.5 min and the suspensions were then carefully poured into 100 cm 
graduated cylinders to an 18 cm height, covered with Parafilm and 
allowed to set for 1 hr at room temperature (23-25°C). The suspen
sions were then mixed by inverting 6 -8  times and the heights of the 
interface between the settling cell wall material and supernatant were 
recorded as a function of time for 3 hr at 6-m in intervals. Settled bed 
height and volume were also noted after 14 hr of settling time.

The density at 25°C of an approximately 0.9% cell wall material 
suspension was determined in triplicate using water calibrated 50 ml 
pycnometers. The contents of the three pycnometers were pooled and

triplicate portions taken for total and soluble solids determination 
(Holmes et al., 1977). The density of the calculated amount of insoluble 
solids in each pycnometer was determined by utilizing values for the 
amount and density of water and soluble solids present.
Chemical composition

Sample preparation. Pressed cranberry puree (15 kg) prepared as 
described previously (Holmes et al., 1977) was centrifuged in 250 ml 
jars at 890 x G for 13 min at 4°C, the supernatant removed with 
suction and replaced with an equal weight of water, the centrifuged cell 
wall material resuspended in the water by swirling the jar for 30 sec and 
the mixture recentrifuged. Samples of cell wall material (1.1-1.3 kg) 
that had experienced 1, 2, 3 or 4 water washings were recovered from 
puree. Soluble solids solutions were recovered from 150g of puree and 
550-600g of each cell wall material sample by centrifugation at 27,000 
x G for 15 min at 4°C followed by filtration through Schleicher and 
Schuell No. 595 paper. Solids content of the puree, cell wall material 
and soluble solids samples were determined in triplicate by vacuum 
oven drying at 70°C (AOAC, 1970). Duplicate 20-g portions of puree 
and cell wall material had anthocyanin pigments extracted by an 
acid-alcohol procedure (Fuleki and Francis, 1968a), the extract alcohol 
removed under vacuum at 30°C and pigment content determined by a 
pH differential method (Fuleki and Francis, 1968b). The remaining 
portions of the puree (1300g), cell wall material (570-630g) and solu
ble solids samples (130-430g) were freeze dried, left exposed to room 
temperature and humidity for 5 days and transferred to hermetic glass 
jars.

The freeze-dried soluble solids samples (1.5-0.2g) were fractionated 
into alcohol insoluble solids (AIS) and alcohol soluble solids (ASS) by 
blending for 30 sec with 200 ml of 70% methanol followed by washing 
of the AIS on a cotton cloth with 150 ml of 70% methanol and 5 3 ml 
of 100% acetone. The recovered AIS was dried overnight at 70°C in a 
vacuum oven and weighed. The water-methanol-acetone filtrates con
taining the ASS fraction were concentrated under vacuum at 30—53°C, 
diluted to 100 ml with water and kept at 4°C until used. A solvent 
blank was prepared to correct for any sugars from the cotton cloth.

AIS was recovered from portions of freeze-dried puree (9.0g) and 
cell wall material (5.0g) in order to remove low molecular weight sub
stances that could interfere in the starch and pectin assays. The samples 
were blended for 3 min with 500 ml of 85:15 95% ethanol: IN HC1, 
the slurry poured into Schleicher and Schuell No. 595 paper and 
washed with four 100-ml portions of 75% ethanol and two 100-ml 
portions of acetone. AIS material was allowed to dry at room tempera
ture and humidity for 2 days, weighed and placed in hermetic glass jars.

Assay methods. The freeze-dried and rehumidified puree and cell 
wall material samples were assayed for moisture, fat, ash and protein 
according to AOAC (1970) methods. The acid hydrolysis method was 
used for fat determinación. Crude protein was determined by multi
plying micro-Kjeldahl nitrogen by 6.25. Cellulose content was deter
mined by the semimicro method of Updegraff (1969). AIS of known 
moisture content recovered from puree and cell wall material had starch 
content determined by the method of Thivend et al. (1972) while 
pectin was extracted and hydrolyzed by the method of McCready and 
McComb (1952) and uronic acid determined by the procedure of Eitter 
and Muir (1962).

The ASS solutions prepared from freeze-dried soluble solids samples 
were assayed for organic acids (expressed as citric acid) by titration to 
pH 8.1 with 0.1N NaOH. The pH of sufficiently diluted samples was 
adjusted to 7.0 with 0.1N NaOH and glucose content determined using 
a glucose oxidase preparation (Glucostat Special reagent set, Worthing
ton Biochemical Corp., Freehold, NJ). The phenol-sulfuric acid pro
cedure of Dubois et al (1956) was used to determine the content of 
other sugars (expressed as arabinose). Glucose standards allowed sample 
absorbances to be corrected for glucose present.

The AIS samples prepared from freeze-dried soluble solids samples
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Fig. 1 -Frequency histogram o f the projected area diameter o f 435 
cranberry cell wall ma terial particles.

were allowed to dissolve in water at room temperature and sufficiently 
diluted samples assayed for pectin by the method of Bitter and Muir 
(1962) and other polysaccharides (expressed as arabans) by the method 
of Dubois et al. (1956). Galacturonic acid standards allowed the sample 
absorbances of the araban assay to be corrected for pectin present.

All assays were made in triplicate using standards, blanks and con
trols where appropriate for each method. Results were expressed as 
weight-% total or soluble solids and also for the cell wall material sam
ples, as percentage retention of puree constituent.

R E S U L T S  &  D IS C U S S IO N  

Structure of cell wall material
The determ ination of projected area diameter, length, 

width and thickness of over 400 cell wall material particles was 
conducted in order to  derive data concerning the range and 
frequency of various particle dimensions. Projected area diam
eter ranged from less than 50 microns for particles consisting 
of small single parenchyma cells to  4 0 0 -7 5 0  microns for large 
clumps of attached cells (Fig. 1). Most particle diameters 
(86%) were in the range of 20—180 microns where particles 
consisted of one to four attached cells. The elongation ratio, 
equal to  length divided by width, was observed to  vary from 1 
to 13 (Fig. 2). Most values (75%) were from 1 .0 -2 .6  sug
gesting near circular or elliptical shape. The F.atness ratio, 
equal to  w idth divided by thickness, ranged from 0 .2 -6  (Fig. 
3). Most values (81%) were from 0 .4 —1.8 with the histogram 
mode very close to  one; i.e., the thickness of most cell wall 
material particles was com parable to  their width. The simi
larity of particle thickness to width indicated that many cell 
wall material particles were close to  spherical or ellipsoidal in 
structure and appear to  assume the same three-dimensional 
shapes as when part of the unpressed fruit parenchymal tissue. 
Occlusion of significant am ounts of water in the cytoplasmic 
cavities of the cell wall material parenchyma cells would be 
expected to  occur.

Cell v/all material was observed to settle in 100 ml gradu
ated cylinders such that the lowering of the cell wall material: 
water interface height was linear with time (Fig. 4). The cell 
wall material was assumed to  sediment as aggregates composed 
of tissue particles with occluded and associated water. The 
modified Stokes law equation of Michaels and Bolger (1962),

Qo
£(Pcwm

1 Smw f  A/cwm
(1 C A/cwm'bcwm) (1)

where Q0 = settling rate, g = gravitational acceleration, pcwm 
= cell wall material density, pw = water density, dA = mean 
aggregate diameter, mw = water viscosity, and CA/cwm =

Fig. 2 —Frequency histogram o f the elongation ratio o f 435 cran
berry cell wall material particles.

Fig. 3—Frequency histogram o f the flatness ratio o f 435 cranberry 
cell wall material particles.

Fig. 4—Sedimentation o f cranberry cell wall material suspensions o f 
various concentrations.
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Table 1—Composition o f pressed cranberry puree and centrifugally recovered cell wall materiala

Cell wall material

Contituent Puree lb 2 3 4

Water 98.45 ± 0.01 97.61 ± 0.02 97.71 ± 0.02 97.77 ± 0.01 97.75 ± 0.01
Insoluble solids 0.806 ± 0.003 2.000 ±0.001 2.117 ± 0.001 2.137 ± 0.002 2.197+ 0.001
Soluble solids 0.741 ± 0.003 0.386 ± 0.001 0.174 ± 0.001 0.088 ± 0.002 0.053 ± 0.001

Total solids
Cellulose 18.1 ± 0.1 31.7 ± 1.1 35.2 ± 0.6 37.5 ± 0.8 37.9 ± 1.1
Pectin 15.8 ± 0.3 14.9 ± 0.3 15.4 ± 0.3 14.6 ± 0.4 15.4 ± 0.6
Protein 2.17 ± 0.04 2.98 ± 0.02 3.23 ± 0.06 3.11 ± 0.09 3.37 ± 0.04
Fat 2.90 ± 0.06 2.68 ± 0.03 2.71 ± 0.02 2.46 ± 0.05 2.57 + 0.09
Ash 1.33 ± 0.03 0.92 ± 0.01 0.73 ± 0.01 0.77 ± 0.01 0.87 ± 0.02
Starch 0.15 ± 0.01 0.12 ± 0.03 0.16+ 0.04 0.11 ± 0.004 0.14 ± 0.01
Other sugars0 16.3 ± 0.04 6.37 ± 0.05 3.03 ± 0.05 1.67 ± 0.02 0.81 + 0.01
Organic acidsd 8.41 ± 0.04 2.96 ± 0.02 1.24 ± 0.004 0.54 ± 0.003 0.19 ± 0.003
Glucose 8.18 ± 0.09 2.60 ± 0.02 0.96 ± 0.004 0.32 ± 0.001 0.07 ± 0.001
Anthocyaninse 0.42 ± 0.02 0.27 ± 0.003 0.13 ± 0.05 0.06 ± 0.03 0.04 ± 0.001
Total6 73.8 ± 0.5 65.5 ± 1.1 62.8 ± 0.7 61.1 ± 0.9 61.4 ± 1.3

Soluble solids
Other sugars0 34.0 ± 0.8 39.4 ± 0.3 39.8 ± 0.06 42.4 ± 0.5 34.2 ± 0.2
Organic acids'1 17.5 ± 0.1 18.3 ± 0.1 16.3 ± 0.1 13.8 ± 0.1 8.15 ± 0.13
Glucose 17.1 ± 0.2 16.1 ± 0.1 12.7 ± 0.1 8.04 ± 0.01 2.91 ± 0.05
Pectin 18.3 ± 0.9 15.8 ± 1.3 14.0 + 0.8 17.8+ 1.1 26.4 + 0.7
Other polysaccharides1 4.49 ± 0.27 3.29 ± 0.10 3.89 = 0.20 6.35 ± 0.09 11.6 ± 0.2
Total« 91.4 ± 1.3 92.9 ± 1.4 86.7 ± 1.0 88.4 ± 1.5 83.3 ± 0.8

a V a lue s  are m ean w t -%  ± standard  error fo r  trip lica te  detern 
b  N u m b e r  o f  tim e s w ashed  w ith  w ater 
c A s  a rab ino se  
d  A s  c itr ic  acid

e D up lica te  d e te rm ina t io n s
f A s  arabans
g S tan d a rd  e rro r of total = J  X (stan d a rd  e rro r)2

(fA/icwni = ratio of aggregate volume fraction to  cell wall 
material volume fraction was used to  in terpret the settling
data. 0C was determined for each of the cell wall material
suspension concentrations by the Michaels and Bolger (1962) 
relationship,

0c
P w

(2)

where ps = density of the cell wall material suspension. pcwm 
was determ ined by the pycnom eter m ethod to be 1.4 ± 0.03 
g/ml. A plot of Q0‘ /4 -6S versus the corresponding value of 
0cwm resulted in a straight line (Fig. 5, r = 0.998) from  which

Fig. 5—Plot o f 0 o 1 1“ *6 versus 0cwm for cranberry cell wall mate
rial suspensions.

d A and CA/cwm could be derived (Michaels and Bolger,
1962).

The derived mean aggregate diam eter of 360 microns was 
larger than tha t actually observed for cell wall m aterial parti
cles (Fig. 1) since the tissue concentrations used had to  be 
large enough to  prevent the smaller cell wall m aterial particles 
from forming a slower settling layer. Sedim entation of cell 
wall material concentrations less than 0.30% produced diffuse 
interfaces with small particles suspended in the supernatant.
The derived value of 143 for CA /cw m indicated th a t one
volume of cell wall material was capable of carrying with it 
142 volumes of fluid during sedim entation. Such a large 
“hydrodynam ic” volume for hydrated cell wall m aterial would 
appear to  be caused by the occlusion of fluid in the cellular 
cytoplasmic cavities in addition to  entrapm ent betw een 
loosely packed cellular aggregates. Such a large value would 
seem valid since a value of 91 for C A /cwm can be calculated 
for undiluted sieve screen recovered cell wall m aterial from  the 
insoluble solids content (Holmes et al., 1977) and p cw m . A 
diluter cell wall material suspension which is not compressed 
by the weight of material above it or allowed to  drain 30 min 
on a sieve (Holmes et al., 1977) should have more fluid associ
ated with the settling tissue.

Settled bed volume fractions were larger than the corre
sponding 0A by a factor of 1.09 — 1.11 probably due to  addi
tional small am ounts of water entrapped in the packed bed. 
The cpA values were larger than the corresponding cell wall 
material concentrations by a factor of 1.02. A tissue concen
tration of 0.98% would thus be expected to occupy the to tal 
suspension volume. Actual samples close to this concentration 
were observed to  settle slightly probably due to  compressive 
forces. Increases in concentration above 0.98% should signifi
cantly increase yield stress as cell wall material particles are 
increasingly compressed against one another. The observed in
creases in cell wall material suspension yield stress (Holmes et

114 - JO URNAL OF FOOD SC IENCE-Vo lum e 43 (1978)



COM POSIT ION  C R A N B E R R Y  C ELL  W ALL M A T E R IA L

Table 2 —Retention o f puree constituents in centrifugally recovered cell wall materiala

Cell wall material

Constituent 1b 2 3 4

Insoluble solids 99.1 + 0.03 100.2 ± 0.02 101.7 ± 0.08 99.5 ± 0.02
Soluble solids 20.8 1 0.04 8.97 ± 0.03 4.54 ± 0.09 2.62 ± 0.03
Total solids

Cellulose 107.9 ± 3.9 109.7 ± 1.8 114.2 ± 2.5 111.0 ± 3.1
Pectin 58.’ ± 1.3 55.2 ± 1.2 51.3 ± 1.5 51.8 ± 2.0
Protein 84.7 ± 0.6 84.3 ± 1.6 79.2 ± 2.4 82.6 ± 1.1
Fat 56.8 ± 0.7 52.7 ± 0.4 46.7 ± 1.0 46.9 ± 1.7
Ash 42 A  ± 0.4 30.9 ± 0.4 32.1 ± 0.4 34.6 ± 0.6
Starch 48.7 ± 10.6 58.7 ± 13.0 39.4 ± 1.3 48.6 ± 2.6
Other sugars0 24.0 ± 0.2 10.5 ± 0.2 5.65 ± 0.07 2.63 ± 0.02
Organic acids0* 21.7 ± 0.1 8.34 ± 0.03 3.57 ± 0.02 1.22 ± 0.02
Glucose 19.6 ± 0.1 6.66 ± 0.03 2.14 ± 0.01 0.45 ± 0.01
Anthocyaninse 40.0 ± 0.4 17.1 ± 6.3 8.40 ± 3.58 4.89 ± 0.05

Soluble solids
Other sugars0 24.0 ± 0.2 10.5 ± 0.2 5.65 ± 0.07 2.63 ± 0.02
Organic acids'* 21.7 ± 0.1 8.34 ± 0.03 3.57 ± 0.02 1.22 ± 0.02
Glucose 19.6 ± 0.1 6.66 ± 0.03 2.14 ± 0.01 0.45 ± 0.01
Pectir 17.9 ± 1.4 6.86 ± 0.40 4.40 ± 0.25 3.78 ± 0.10
Other polysaccharides* 15.2 ± 0.4 7.75 + 0.39 6.42 ± 0.09 6.77 ± 0.12

a Values are mean percentage retention ± standard error for triplicate determinations d As cjtric
b Number of times washed with water e Dup|icate determinations
C As arabinose f As arabans

al., 1977), corresponds well w ith this prediction.
Chemical com position of cell wall material

The chemical com position of the to ta l and soluble solids 
fractions of pressed cranberry puree and cell wall material are 
listed in Table 1. O ther sugars are expressed as arabinose since 
only small am ounts o f sucrose or fructose are present in cran
berries in comparison to  glucose (Widdowson and McCance, 
1935) and arabans known to occur with cranberry pectin 
(Pintauro, 1967) would be expected to  partially hydrolyze 
during puree preparation (Aspinall, 1970). Assays not reported 
here have indicated tha t the majority o f the undeterm ined 
total solids are hemicellulose. The m ajor constituents o f puree 
and cell wall material are therefore polysaccharide in nature 
with only small am ounts o f protein, fat, ash and starch pres
ent. Table 2 indicates tha t washing of cell wall material re
duces the content of all constituents except cellulose. Those 
listed from pectin to  starch have significant portions retained 
while other constituents are removed during the centrifugal 
washing steps. The constituents retained in significant am ounts 
are similar to  those found in other primary plant cell walls 
(Northcote, 1972; Talmadge et al., 1973; Knee, 1973). Cellu
lose retentions of greater than 100% for the cell wall material 
samples are believed to be caused by degradation of some 
puree cellulose during the acid digestion step (Updegraff,
1969). Some constituent of the large am ount of soluble solids 
present (47.9% of to ta l solids) during the acid digestion may 
have caused loss o f cellulose.

The use of a larger or smaller pulper screen to  prepare 
pressed cranberry puree would be expected to  appreciably 
change the size distribution of cell wall material particles. The 
reduction of pulper screen openings could change the ratio of 
puree soluble to  insoluble solids by shear-induced solubiliza
tion of cell wall com ponents. A screen with 0.033-inch (834 
micron) holes was used for this study since larger holes could 
allow seed fragments to  pass through whereas smaller holes 
could reduce cell wall material yield.

The data in Table 1 indicate tha t cell wall material contains 
insufficient quantities of protein and starch to  exert any major 
influence on cell wall material functionality in food systems. It

would appear tha t cell wall m aterial functionality in food 
systems will be dependent on its water occluding capability 
and/or the utilization of the properties of the three major 
polysaccharide constituents, cellulose, pectin and hemicellu
lose.

CONCLUSIONS

THE FOLLOWING conclusions can be made concerning cell 
wall material recovered from  pressed cranberries:

1. Microscopic exam ination indicated that particles con
sisted of single or attached parenchym a cell walls that ap
proached spherical or ellipsoidal shapes capable of occluding 
significant am ounts of water.

2. Analysis of settling data confirmed that large volumes 
of water are associated with cell wall m aterial and that in
creases in yield stress would be expected when tissue concen
tration  exceeds 1%.

3. Cell wall m aterial is composed primarily of primary 
plant cell wall polysaccharides, containing only small am ounts 
of protein, starch and other constituents.

4. Functionality of cell wall material in food systems will 
be dependent on the ability to  occlude fluid and/or the utiliza
tion of the properties of the cell wall polysaccharides.
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----------------- ------------------ ABSTRACT ------------------------------------
S ta r c h  a n d  p r o t e in  c o m p o n e n t s  o f  g r e e n  b a n a n a  t i s s u e  (M u sa  c a v e n d is h )  
w e re  s e le c t iv e ly  c o m p le x e d  w i th  i o d in e  a n d  c o p p e r  r e s p e c t iv e ly .  T h e  
t is s u e  w a s  c h a r a c t e r i z e d  w i th  a  s c a n n in g  e l e c t r o n  m ic r o s c o p e  b y  
e m p lo y in g  X -ra y  f l u o r e s c e n t  e m is s io n  (E D S )  to  lo c a te  s ta r c h  a n d  p r o 
te in  c o m p o n e n t s  b y  th e i r  r e le v a n t  s ta in  a n d  s e c o n d a r y  e m is s io n .  S ta r c h  
g ra n u le s  in  t h e  t is s u e  g a v e  s t r o n g  io d in e  s ig n a ls  a n d  r e v e a le d  a  s t r u c tu r e  
s im ila r  t o  i s o la te d  g r a n u le s .  E l e c t r o n - o p a q u e  s u b s ta n c e s  s u r r o u n d in g  th e  
s ta r c h  g r a n u le s  p ro v id e d  a  s t r o n g  c o p p e r  s ig n a l i n d ic a t in g  i t s  p r o t e i n 
a c e o u s  n a t u r e .  O th e r  e l e m e n ts  u s e d  in  t i s s u e  p r e p a r a t i o n  re v e a le d  n o  
s p e c i f i c i ty  to  t h e  t is s u e  c o m p o n e n t s .  I t  is  a p p a r e n t  t h a t  s p e c i f i c  t is s u e  
c o m p o n e n t s  c a n  b e  i d e n t i f i e d  b y  s e le c t iv e  la b e l in g  w i th  e l e m e n t s  fo r  
e l e c t r o n - m ic r o b e a m  X -ra y  f l u o r e s c e n t  a n a ly s is .

INTRODUCTION

S E L E C T I V E  C O L O R  S T A I N I N G  is  a  w e l l  e s t a b l i s h e d  m e t h o d  
f o r  i d e n t i f i c a t i o n  o f  t i s s u e  c o m p o n e n t s  i n  l i g h t  m i c r o s c o p y  
( T h o m p s o n ,  1 9 6 6 ;  C o n n  e t  a l . ,  1 9 6 0 ) .  I n  v i e w  o f  t h e  g r o w t h  
o f  s c a n n i n g  e l e c t r o n  m i c r o s c o p y  ( S E M )  f o r  c h a r a c t e r i z i n g  t h e  
m o r p h o l o g y  o f  p l a n t  a n d  a n i m a l  t i s s u e s  b e y o n d  t h e  l i g h t  
o p t i c a l  r e s o l u t i o n  l i m i t ,  a n  a n a l o g o u s  s e l e c t i v e  s t a i n i n g  a p 
p r o a c h  c o u l d  p r o v e  t o  b e  a  v a l u a b l e  t o o l  f o r  c h a r a c t e r i z i n g  
t i s s u e  c o m p o n e n t s .  S u c h  a  t o o l  i s  a v a i l a b l e  i n  X - r a y  f l u o r e s c e n t  
a n a l y s i s  c o m b i n e d  w i t h  S E M .

T h e  u s e  o f  e n e r g y  a n d  w a v e l e n g t h  d i s p e r s i v e  s y s t e m  f o r  
o b t a i n i n g  c h e m i c a l  c o m p o s i t i o n  a n d  l o c a l i z a t i o n  h a s  b e e n  
p r o v e n  v a l u a b l e  i n  c h a r a c t e r i z i n g  i n o r g a n i c  m i c r o s t r u c t u r e s  
( L i f s h i n ,  1 9 7 4 ) .  T h e  e n e r g y  d i s p e r s i v e  m e t h o d s  ( E D S )  p e r m i t  
e a s y  a n d  r a p i d  i d e n t i f i c a t i o n  o f  a n  a t o m i c  s p e c i e  b y  c o l l e c t i n g  
a n d  p r o c e s s i n g  t h e  c h a r a c t e r i s t i c  X - r a y  f l u o r e s c e n t  s p e c t r u m  
p r o d u c e d  w h e n  h i g h  v o l t a g e  e l e c t r o n s  i n  t h e  S E M  b e a m  i n t e r 
a c t  w i t h  t h e  s a m p l e .  D e p e n d i n g  u p o n  t h e  s p e c i m e n  e x a m i n e d ,  
a n  X - r a y  s p a t i a l  r e s o l u t i o n  o f  l e s s  t h a n  o n e  m i c r o m e t e r  c a n  b e

O
o b t a i n e d .  A  r e s o l u t i o n  o f  1 0 0  A  is  a t t a i n a b l e  w h e n  c o m b i n e d  
w i t h  t h e  m o r p h o l o g i c a l  i n f o r m a t i o n  o b t a i n e d  w i t h  s e c o n d a r y  
e l e c t r o n  s i g n a l s .  T h e  a p p l i c a t i o n  o f  s u c h  X - r a y  m i c r o a n a l y s i s  

m e t h o d s  t o  e l e m e n t a l  c o m p o s i t i o n  a n a l y s i s  a n d  l o c a l i z a t i o n  o f  
a t o m i c  s p e c i e s  i n  b i o l o g i c a l  s y s t e m s  h a s  b e e n  r e v i e w e d  b r i e f l y  
b y  C h a n d l e r  ( 1 9 7 3 )  a n d  H a n t s c h e  ( 1 9 7 4 ) .

T i s s u e  c o m p o n e n t s  c o m p o s e d  o f  s p e c i f i c  m o l e c u l a r  g r o u p s  
s u c h  a s  p r o t e i n s ,  c a r b o h y d r a t e s  a n d  l i p i d s  c o u l d  b e  i d e n t i f i e d  
i n  s i t u  b y  l a b e l i n g  o r  c o m p l e x i n g  t h e m  w i t h  e l e m e n t s  o r  c o m 
p o u n d s  h a v i n g  a  s e l e c t i v e  a f f i n i t y  t o  s u c h  g r o u p s .  T h i s  s t u d y  
w a s  u n d e r t a k e n  t o  i d e n t i f y  t h e  s t a r c h  a n d  p r o t e i n  c o m p o n e n t s  

o f  g r e e n  b a n a n a  (M u s a  c a v e n d i s h )  b y  e m p l o y i n g  s u c h  s e l e c t i v e  
s t a i n s .  A  s t a r c h - i o d i n e  c o m p l e x  s t a i n  w a s  i n v e s t i g a t e d  b y  

E D S  t o  p r o v i d e  e l e m e n t a l  m a p s  l o c a t i n g  t h e  s t a r c h  s t r u c 
t u r e s .  T h e  c o p p e r  c h e l a t i n g  p r o p e r t y  o f  p o l y p e p t i d e s  a t  a l k a 
l i n e  c o n d i t i o n ,  c o m m o n l y  k n o w n  a s  t h e  b i u r e t  r e a c t i o n ,  w a s  
e m p l o y e d  t o  p r o v i d e  s e l e c t i v e  l o c a l i z a t i o n  o f  p r o t e i n s .  T h e s e

r e s u l t s  c o u l d  t h e n  b e  c o m p a r e d  d i r e c t l y  w i t h  m o r p h o l o g i c a l  
i n f o r m a t i o n  o b t a i n e d  f r o m  t h e  s a m e  a r e a  b y  s e c o n d a r y  e l e c 

t r o n  s i g n a l s .

MATERIALS & METHODS

S a m p le  p r e p a r a t i o n

S ta r c h  i s o l a t i o n .  T h e  g r e e n  b a n a n a  t i s s u e  w a s  h o m o g e n iz e d  a t  0 °  C  in  
t h e  p r e s e n c e  o f  0 .0 1 M  m e r c u r ic  c h lo r id e  a n d  1%  s o d iu m  m e ta b i s u l f i t e .  
T h e  s u s p e n s io n  w a s  f i l t e r e d  a n d  c e n t r i f u g e d  a t  2 0 0 - 3 0 0  X G . T i e  
s ta r c h  w a s  f u r t h e r  p u r i f i e d  b y  r e p e a t e d  s u s p e n s io n  in  w a t e r  a n d  c e n t r i 
f u g e d  a t  1 5 0 0  x  G . T h e  s ta r c h  g r a n u le s  w e re  t h e n  s e d im e n te d  a t  0  1M  
s o d iu m  c h lo r id e  a n d  s u s p e n d e d  o v e r n ig h t  in  s a l in e  w i th  t o l u e n e  iC . 1 
v o lu m e ) .  T h e  t o l u e n e  la y e r  w a s  re m o v e d  a n d  th e  s ta r c h  w a s  d r i e d  u n c e r  
v a c u u m  a t  5 0 ° C  (B a d e n h u iz e n ,  1 9 6 4 ) .

I o d in e  s ta in in g .  S e c t io n s  (1 X 2 x 4  m m )  o f  g re e n  b a n a n a  t i s s u e  
w e re  im m e r s e d  in  a n  i o d in e  s o lu t io n  ( 1%  io d in e  +  0 . 2%  p o ta s s iu m  
io d in e )  f o r  2 0  m in .  T h e  e x c e s s  i o d in e  w a s  r in s e d  f o u r  t im e s  ( 3 0  r r i n  
e a c h )  w i th  0 .0 2 M  s o d iu m  p h o s p h a t e  b u f f e r ,  p H  6 .9 .

B iu r e t  r e a c t io n .  S e c t io n s  ( 1 x 2 x 4  m m )  o f  g r e e n  b a n a n a  t i s s u e  
w e re  p la c e d  in  1 m l o f  i s o p r o p y l  a lc o h o l ,  0 .5 g  o f  p o w d e r e d  c u p r ic  
c a r b o n a t e  a n d  2 5  m l o f  a lk a l in e - a l c o h o l  s o lu t io n  ( 5 .6  l g  o f  p o t a s s iu m  
h y d r o x id e  p e l le t s  in  6 0 0  m l o f  i s o p r o p y l  a lc o h o l  m a d e  u p  to  1 0 0 0  m l  
w i th  d i s t i l l e d  w a te r ) .  T i le  m i x t u r e  w a s  s t o p p e r e d  a n d  a g i t a t e d  f o r  15 
m in  a n d  s to o d  u n d i s tu r b e d  f o r  a n  a d d i t i o n a l  15 m in  ( J o h n s o n  a n d  
C r a n e y ,  1 9 7 1 ) .  T h e  e x c e s s  r e a g e n t s  w e re  r e m o v e d  b y  r in s in g  w i th  
0 .0 1 M  p h o s p h a t e  b u f f e r  (p H  6 .9 ) .

D e p r o t e in i z a t i o n .  S e m e  s a m p le s  w e re  d e p r o t e in i z e d  b y  s u s p e n d in g  
th e  t i s s u e  s lic e s  in  a 10%  b u f f e r e d  t o lu e n e  c o n ta in in g  4 %  N a C l ,  0 .0 1 M  
H g C l2 a n d  0 . 0 0 1M  N a 2 S 2 0 5 ( B a d e n h u iz e n ,  1 9 6 4 ) .  T h e  d e p r o t e i r . i z e d  
s a m p le s  w e re  s u b s e q u e n t ly  t r e a t e d  w i th  b i u r e t  r e a g e n t s  a n d  a ls o  s t a i n e d  
w i th  io d in e .

D e h y d r a t io n .  T h e  s ta in e d  a n d  c o m p le x e d  t i s s u e s  w e re  f r e e z e  d r ie d .  
P r io r  t o  f r e e z e  d r y in g ,  t is s u e s  w e re  im m e r s e d  in  i s o p e n t a n e  c o o le d  b y  
a n  a c e to n e  a n d  d r y  ic e  m ix tu r e  t o  p r o v id e  r a p id  f r e e z in g  a n d  t o  f a c i l i 
t a t e  d ry in g .  I n  a n o t h e r  s tu d y ,  t h e  u s e  o f  i s o p e n t a n e  a lo n e  a p p e a r e c  t o  
c a u s e  a l t e r a t i o n  o f  t h e  p r o t e i n  s t r u c t u r e  in  t h e  t is s u e s .

X - ra y  a n a ly s is  a n d  s c a n n in g  e l e c t r o n  m ic r o s c o p y

F r e e z e - d r ie d  t is s u e s  w e re  m o u n t e d  o n  g r a p h i t e  s a m p le  s tu b s  
e m p lo y in g  c o n d u c t iv e  c a r b o n  c e m e n t  a n d  s u b s e q u e n t ly  c o a t e d  v 'i t h  
a p p r o x im a te ly  3 0 0 A  o f  c a r b o n  in  a  v a c u u m  e v a p o r a t o r .  T h i s  p r o v id e d  
f o r  n e e d e d  e le c t r ic a l  c o n d u c t io n  in  t h e  S E M  w i t h o u t  p r o d u c in g  
s p u r io u s  X -ra y  s p e c t r a  o n  s e v e re ly  l im i t in g  r e s o lu t io n  in  s e c o n c a r y  
e l e c t r o n  m ic ro g r a p h s .

T h e  t is s u e s  w e re  e x a m in e d  in  a n  E T E C  A u to s c a n  S E M  (E T E C  C c r p . ,  
H a y w a rd ,  C a l if .)  w i th  a n  a t t a c h e d  C a n b e r r a - E n e r g y  D is p e r s iv e  X - ra y  
A n a ly z e r .  S a t i s f a c to r y  s e c o n d a r y  e l e c t r o n  im a g e s  a n d  X - ra y  s ig n a ls  V 'e re  
o b t a i n e d  w h e n  o p e r a t i n g  w i th  a  2 0  K V  a c c e le r a t in g  v o lta g e ,  2 0 0 A  
o b je c t iv e  a p e r t u r e  a n d  4 5 °  t i l t  o f  t h e  o v e ra l l  s p e c im e n  s u r fa c e  r e la t iv e  
t o  t h e  e l e c t r o n  b e a m .

RESULTS & DISCUSSION

S P E C I F I C  S T U D I E S  o n  s t a r c h  g r a n u l e s  i n  s i t u  b y  l i g h t  m i c r o s 
c o p y  u s i n g  h i s t o c h e m i c a l  t e s t s  w e r e  e x t e n d e d  t o  e l e c t r o n  
m i c r o s c o p y  s t u d i e s  ( H e s s  a n d  M a h l ,  1 9 5 4 ;  H e s s  e t  a l . ,  1 S 5 5 ;
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Fig. 1—Scanning  e lectro n  m icrographs o f  green banana starch granules (A ) banana starch  isolate (original m agnification  2 0 0 0 X ) ;  (B ) banana starch  
in situ  (original m agnification  2 0 0 0 X ).

Buttrose, 1963). In current scanning electron m icroscopy  
studies, starch granules in situ have been identified w ith the 
use o f am ylolytic enzym es (Dronzek et al., 1972; Gallant et 
al., 1972). Figures 1A and IB show the electron micrographs 
o f green banana starch isolate and the starch in situ. No 
apparent differences in structure can be detected as a result o f  
preparation.

It has been demonstrated (Banks and Greenwood, 1975; 
Hollo and Szeitli, 1968), that iodine staining is specific for 
starch and its com ponent. A typical qualitative X-ray spectra 
(Fig. 2) from the untreated and iodine-stained green banana 
tissue show that detectable iodine spectral lines were obtained 
as a result o f high voltage electron interactions with the sam
ple. Additional atom ic specie present in solutions used for the 
preparation are also apparent. Aluminum and silicon may not 
be endogenous to banana tissue but are a result o f a back
ground signal from the colum n. By selecting for the iodine 
Lqh peak (I L<ji) it was possible to  contrast an X-ray localiza
tion mapping (Fig. 3A and 3C) w ith morphological secondary 
electron images (Fig. 3B and 3D ). An increase in iodine signal 
above background is displayed in the X-ray map by an increase 
in counts or dots on the micrograph. It may be noted that the 
starch granules, as determined by the comparison with starch 
isolate, dc indeed demonstrate preferential absorption o f  
iodine. Residual elem ents from sample preparation such as 
sodium, while distinct in the X-ray spectrum showed no 
specificity or localization at the starch granule or other loca
tion. A close exam ination o f  Figures 3A  and 3C reveals a 
variation in iodine signal for an individual starch granule. This 
might indicate a variation o f  the proportion o f  am ylose, 
amylopectin, and other shorter chained polymers.

In present electron m icroscopy studies, proteins in situ are 
localized and detected by histochem ical tests (Hess and Mahl, 
1964; Hess et al., 1955); fluorescent antibody technique 
(Barlow et al., 1973); and proteolytic digestion (Inglett,
1976). The proposed SEM-X-ray m ethod for the identification  
o f protein com ponents o f the banana tissue is based on the 
complex form ation o f copper with the polypeptide chain 
under alkaline condition . Phenolic com pounds are present in 
plant tissues in relatively high concentration and may bind

Fig. 2 —Q ualitative X -ra y  sp ectra  o f  iodine-sta ined (— ! an d  u n 
treated  (- - -) green banana tissue. A to m ic  species p re se n t in rela

tively  high co n cen tra tio n  are identified . T h e  sp ectra l scan o f  
un trea ted  tissue has b a ck g ro u n d  on  exp a n d ed  scale to  sh o w  m in o r  
co n stitu en ts. K ^ a p e a k  is relatively  sam e as in the iodine-stained  
specim en .

with copper in a similar manner. However, this possible inter
ference with the biuret reaction is inhibited by the extraction  
o f the phenolics with alcohol (Johnson and Craney, 1971). 
The alcohol in turn also acts as a nonadditive fixing agent 
(Hayat, 1970).

Tests conducted on the green banana tissue show s a typical 
qualitative X-ray spectra (Fig. 4) o f  the copper-stained and 
untreated banana tissue which demonstrates a considerable 
amount o f copper signals from the sample. Residual elem ents 
from sample preparation and other elem ents in detectable 
concentration are also shown. The spectral scan o f  the un-
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Fig. 3 —Iodine-sta ined  green banana tissue: (A ) 
X-ray d istrib u tio n  image fo r II co rre 
sponding to (B ) secon d a ry  e lectron  signal 
(1 5 0 0 X ) ; (C ) X -ra y  d istribution  image fo r II 
a t h igher reso lution  co rresp on d in g  to (D ) 
se co n d a ry  e lectro n  signal (5000X1.

Fig . 4 —Qualitative X-ray  spectra  o f  cop p er-sta in ed  (— ) and u n 
treated  (- - -) banana tissue. A to m ic  species p re se n t in relatively  high 
co n cen tra tio n  are identified . The  sp ectra l scan o f  the untreated  
tissue has background on e x p a n d ed  scale to sh o w  m in o r  co n sti
tuents. P ^ a peak is same as in cop p er-sta in ed  tissue.

t r e a t e d  b a n a n a  t i s s u e  is  o n  e x p a n d e d  s c a l e  t o  s h o w  m i n o r  
c o n s t i t u e n t s .  T h e  X - r a y  m a p p i n g  ( F i g .  5 A  a n d  5 B )  o f  C u - k q . 

a n d  t h e  c o r r e s p o n d i n g  s e c o n d a r y  i m a g e  o f  t h e  s a m e  s p o t  r e v e a l  

h i g h  c o n c e n t r a t i o n  o f  t h i s  e l e m e n t  a t  t h e  w h i t e - a p p e a r i n g  
e l e c t r o n - o p a q u e  s u b s t a n c e s  s u r r o u n d i n g  t h e  s t a r c h  g r a n u l e s  
( F i g .  S C  a n d  5 D ) .  T h e s e  m i c r o g r a p h s  c l e a r l y  r e v e a l  t h e  
s p e c i f i c i t y  o f  c o p p e r  f o r  t h e s e  s t r u c t u r e s .  I t  m a y  b e  n o t e d  i n  
F i g u r e s  5 C  a n d  5 D  t h a t  t h e  s t a r c h  g r a n u l e  a t  t h e  l o w e r  p o r t i o n  
o f  t h e  s e c o n d a r y  e l e c t r o n  i m a g e  h a s  n o t  p r o d u c e d  a  c o p p e r  

s i g n a l  w h i l e  t h e  s t r u c t u r e  a t  t h e  t o p  o f  t h e  m i c r o g r a p h  is  
s h o w n  t o  b e  p r o t e i n a c e o u s .  T h e  n a t u r e  o f  t h e s e  t w o  s t r u c t u r e s  
a l t h o u g h  s i m i l a r  i n  s i z e  a n d  s h a p e  is  c l e a r l y  d i s c r i m i n a t e d  b y  
t h e  b i u r e t  r e a c t i o n .

A n  e x a m i n a t i o n  o f  t h e  t i s s u e  ( F i g .  6 A  a n d  6 B )  
p a r t i a l l y  d e p r o t e i n i z e d  w i t h  b u f f e r e d  t o l u e n e  g a v e  v e r y  

l o w  c o p p e r  s i g n a l s  c o m p a r e d  t o  t h e  i n t a c t  t i s s u e  ( F i g .
5 ) .  F u r t h e r  e x a m i n a t i o n  o f  t h e  t i s s u e  s h o w s  t h a t  t h e  c e l l  w a l l s  
d i d  n o t  b i n d  c o p p e r  w h e n  c o n t r a s t e d  w i t h  t h e  r e s i d u a l  p r o 
t e i n  s t r u c t u r e  ( F i g .  7 A  a n d  7 B ) .

A s  i n  t h e  c a s e  w i t h  t h e  i o d i n e - s t a i n e d  t i s s u e s ,  o t h e r  e l e 

m e n t s ,  s u c h  a s  p o t a s s i u m ,  p r e s e n t  a s  a  r e s u l t  o f  p r e p a r a t i o n  
s h o w e d  n o  s p e c i f i c i t y  o r  l o c a l i z a t i o n .  T h i s  i s  a n  i n d i c a t i o n  t h a t  
t h e  r e a g e n t  h a s  b e e n  u n i f o r m l y  d i s t r i b u t e d  o v e r  t h e  s p e c i m e n  
s u r f a c e .  E l e c t r o n  m i c r o g r a p h s  a n d  X - r a y  m a p p i n g  o f  t h e  
d e p r o t e i n i z e d  t i s s u e  r e v e a l e d  t h a t  t h e  s t a r c h  g r a n u l e s  d i d  n o t  
r e s p o n d  t o  s u b s e q u e n t  i o d i n e  t r e a t m e n t .  T h i s  r e s u l t  m a y  b e  ^
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Fig. 5 —C opper-sta ined  green banana tissue: (A )  
X -ra y  d istrib u tio n  im age fo r  C u ^ a co rre 
sp o n d in g  to IB ) secon d a ry  e lectron  image 
I1 5 0 0 X ) ; (C ) X -ra y  d istrib u tio n  image fo r  
C u kq, a t h ig h er reso lu tio n  an d  co rresp o n d s to 
(D ) se co n d a ry  e lectro n  signal I1 5 0 0 X ).

Fig. 6 —D ep ro te in ize d  banana tissue stained  
w ith c o p p e r : (A ) X -ra y  d istrib u tio n  fo r  C u ^ a;  
(B) co rresp o n d in g  secon d a ry  e lectro n  image 
(1 5 0 0 X ).

attributed to the reducing effect o f sodium m etabisulfite used 
to prevent darkening o f  the tissue. These results confirm  
observations by optical m icroscopy which show that banana 
tissue did not produce a blue iodine stain after treatm ent w ith  
metabisulfite.

CONCLUSION
THE RESULTS o f  this investigation support our hypothesis 
that macromolecular com ponents o f tissues such as starch and 
protein can be identified by using iodine and copper as 
selective electron stains for SEM characterization. This tech-
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Fig. 7 —D ep rote in ized  banana tissue sta ined  
w ith c o p p e r : (A ) X -ra y  d istribu tion  fo r  C u ^ a  
a t the cellu lar in terfa ce ; (B ) co rresp on d in g  
secon d a ry  e lectro n  im age I1 5 0 0 X ).

n i q u e  c a n  b e  e x t e n d e d  t o  t h e  i d e n t i f i c a t i o n  o f  s p e c i f i c  o r g a n e l 

l e s  a n d  m o l e c u l a r  g r o u p s  b y  p r o p e r  l a b e l i n g  o f  s u c h  c o n s t i 
t u e n t s  w i t h  h i g h l y  s e l e c t i v e  s t a i n s .  T h e  c o m b i n a t i o n  o f  
c y t o c h e m i c a l  t e s t s  a n d  X - r a y  a n d  S E M  a n a l y s e s  s h o u l d  n o t  b e  
l i m i t e d  t o  c l a s s i c a l  c o l o r  s t a i n s  b u t  o t h e r  e l e m e n t s  h a v i n g  
s p e c i f i c  r e a c t i o n  t o  a  m o l e c u l e  m a y  b e  e m p l o y e d .
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M ATHEM ATICAL APPROACH FOR THE DETERM INAT ION  
OF DYES CONCENTRATION IN M IXTU RES

----------------------------- ABSTRACT -----------------------------
A  m e th o d  is p r o p o s e d  w h e r e b y  p ig m e n ts  c o n t e n t  ( in  a  tw o  o r  m o r e  
c o m p o n e n t s  a d m i x t u r e )  c a n  b e  d e t e r m in e d  a c c u r a t e ly  a n d  d i r e c t l y  
f r o m  t h e  s p e c t r a ,  t h u s  d is p e n s in g  t h e  t i m e  c o n s u m in g  in i t i a l  s t e p  o f  
p ig m e n ts  s e p a r a t i o n .  T h e  p r o c e d u r e  is  b a s e d  u p o n  a  n o n l in e a r  c u rv e  
f i t t in g  o f  t h e  v is ib le  s p e c t r u m  o f  t h e  p ig m e n ts  w i th  a  p r e d i c t e d  f u n c t i o n  
o f  th e  in d iv id u a l  d y e s .  T h e  lo g a r i t h m i c  n o r m a l  d i s t r i b u t i o n  f u n c t i o n  
s h o w e d  a  r e m a r k a b le  f i t t i n g  w i t h  t h e  p ig m e n ts  t e s t e d  ( A m a r a n t h - R e d  
#  2 , T a r t r a z i n e - Y e l l o w  #  5 a n d  Y e l lo w  2 G )  th u s ,  u s e d  a s  t h e  m a th e 
m a t ic a l  m o d e l  f o r  t h e  c u rv e  f i t t i n g  p ro c e s s .

INTRODUCTION
COLOR CONTENT and determ ination is one o f  the most im 
portant features in food  technology. The procedures for pig
ments content determ ination m ostly involved spectrophoto- 
metric measurement (AOAC, 1975) o f  the pure substance. 
Thus, where a mixture o f  dyes is involved, prior tim e-consum 
ing separations in electrophoresis and/or colum n chrom atog
raphy are normally required (AOAC, 1975). If however, the 
com ponents are m utually unreactive, separation may be dis
pensed with: the visible or UV spectrum o f the mixture is used 
for deriving a set o f  linear equations w ith the individual com 
ponent contents as unknowns (Ewing, 1969).

Proper mathematical description o f the spectral data cou
pled with advances in technology in spectrophotom etry, may 
provide one with the ability o f  continuously analyzing pig
ments concentration in a m ixture. Thus, the proposed method  
suggests a procedure whereby mixtures o f  dyes can be accu
rately determined for its specific concentration obviating the 
need for prior time consum ing separation. The m ethod is 
based upon the statistical matching o f  the predicted m athe
matical visible spectrum o f  the pigments w ith their respective 
experim ental data.

EXPERIMENTAL

RESULTS & DISCUSSION
THE DESCRIBED METHOD suggests a procedure whereby 
pigment concentration (in a tw o or more com ponents adm ix
ture) can be accurately determined by the visible spectrum o f  
the mixture. The procedure is based upon curve fitting o f the 
visible spectrum o f the mixture with a predicted curve based 
upon mathematical function o f  the individual pigment. The 
selection o f a mathematical function , having a similar pattern 
to  that o f  the pigm ent’s visible spectrum, is obviously the first 
step o f  such a procedure. Mathematical functions are often  
used to interpret and describe spectral data (Porter and 
Thomas, 1956; Porter and Rosenzweig, 1965; Rosenzweig and 
Porter, 1960). Of the functions tested (all w ith skew pattern), 
the logarithmic normal distribution show ed remarkable fitting. 
Specifically, a variable is said to have a logarithmic normal 
distribution if  the logarithm o f  the variable is normally distrib
uted (Hald, 1962):

where: x = independent variable; p {x} = probability; M = 
log(e) (= 0 .4 2 4 3 ); a 1 =  a  measure o f  the concentration o f  the 
distribution around the mean; e = median o f distribution.

The value o f the abscissa xm at w hich the distribution curve 
reaches its maximum value, is obtained by differentiating Eq
(1) and equating the derivate to zero:

Xm  = e l 0 ' ( “ 2 /M )

Substituting it in Eq (1 ), e is elim inated and we have:

M x  <*2

P '!X ) = / ! ^ x e X p [ - ( l0 g x - - M )2 /2 a 2

( 2 )

(3)

A M A R A N T H  R E D . N O . 2 , T a r t r a z i n e  Y e l lo w  N o .  5  ( b o t h  F D  &  C )  a n d  
Y e llo w  2 G  (W illia m s , H o u n s lo w ,  U .K .)  w e re  d i s s o lv e d  in  b id i s t i l l e d  
w a te r  t o  y ie ld  s to c k  s o lu t io n s  o f  2 7 ,  3 5  a n d  1 4  m g / L  r e s p e c t iv e ly .  
E x t in c t i o n  c o e f f i c i e n t  o f  t h e  p u r e  p ig m e n t s  in  w a te r  s o lu t io n  a r e  g iv e n  
b e lo w :

p i  c m Xm  (n m )

A m a r a n th 3 3 2 5 2 1
T a r t r a z in e 2 8 6 4 2 6
Y e llo w 4 2 8 4 0 4

T h e  v is ib le  s p e c t r a  ( 3 6 0 - 6 2 0  n m ,  r e a d  a t  10  n m  in te rv a ls )  o f  t e n  
d i lu t io n  le v e ls  o f  t h e  p u r e  d y e s  a n d  s e v e n  t e r n a r y  m i x t u r e s  ( a l l  b u f f e r e d  
a t  p H  5 ,  w i th  M c l lv a in e ’s c i t r i c  p h o s p h a t e  b u f f e r ,  0 .1 M ;  A n o n ,  1 9 6 8 )  
w e re  r e c o r d e d  u s in g  a  B e c k m a n  D B  s p e c t r o p h o t o m e t e r .

G ra p h ic a l  p r e s e n t a t i o n  ( C a lc o m p  p l o t t e r )  a n d  c u rv e  f i t t i n g  ( n o n 
l in e a r  le a s t  s q u a r e s  ( B M D X 8 5 - D i x o n ,  1 9 7 1 )  w e re  c a r r ie d  o u t  o n  th e  
T e c h n io n  IB M  3 7 0 / 1 6 8  c o m p u t e r .

S t a t i s t i c a l  a n a ly s e s  w e r e  p e r f o r m e d  b y  l in e a r  r e g r e s s io n  
( B M D 0 2 R - D i x o n ,  19"71 ). C o m p a r i s o n  b e tw e e n  a c t u a l  a n d  p r e d i c t e d  
c o n c e n t r a t i o n  w a s  c a r r ie d  o u t  b y  t h e  t  t e s t  ( V o lk ,  1 9 5 8 )  in  o r d e r  to  
e s ta b l is h  t h e  s ig n i f i c a n t  le v e l o f  t h e  d i f f e r e n c e s .

In our case p | x |  was taken as the absorbance at wavelength 
referred to  a n  arbitrary level o f  X r e { , w hich transforms the 
abscissa to match the skew pattern occured at lower wave
length. Thus, \ ref was chosen arbitrarily as 650 nm where 
absorbance is partically zero, so we get:

x  =  X ^ f  -  X ( 6 2 0  >  \  >  3 6 0  n m ,  \ r e f  =  6 5 0  n m )  (4 )

A x  =
M

^~2 r a ( X r e f  -  A)
e x p  [ - ( l o g

' v r e f M
) 2 / 2cri (5)

where: x m is :he wavelength o f  the peak, at w hich maximum  
absorbance is read.

Eq (5 ) describes the absorbance A \  as a function o f  the 
wavelength for a pigment at a constant concentration. Gener
alizing this equation and taking into account a different (but 
constant) concentration can be done by inserting the concen
tration factor P into Eq (5).
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M
A ?  = P A X =  P - =  - - - - - -  w

*  > T T n a (\i e i  -  \ )
e x p  [ ( l o g - Xre f  ~  X — ) 2 / 2<t2 ] ( 6 ) 

M

w h e r e :  P  =  c o n c e n t r a t i o n  f a c t o r ;  A x  =  a b s o r b a n c e  a t  c o n c e n 

t r a t i o n  c  a n d  w a v e l e n g t h
E q  ( 6 )  e n a b l e s  p r e d i c t i n g  t h e  s u b s t a n c e  a b s o r b a n c e  A x  a t  

a n y  g i v e n  w a v e l e n g t h  \  a n d  c o n c e n t r a t i o n  c .  I t  i s  s e e n  t h a t  
t h r e e  p a r a m e t e r s ,  n a m e l y  x m , a  a n d  P ,  m u s t  b e  k n o w n  f o r  
p r e d i c t i n g  a £ .  T h e  f i r s t  o f  t h o s e  i s  a  c h a r a c t e r i s t i c  o f  t h e  p u r e  
m a t e r i a l  ( s e e  T a b l e  1 ) .  a  a n d  P  w e r e  d e t e r m i n e d  a c c o r d i n g  t o  
t h e  f o l l o w i n g  p r o c e d u r e :  T h e  e x p e r i m e n t a l  s p e c t r a  d a t a  c o n 

s i s t  o f  a b s o r b a n c e  v s  w a v e l e n g t h  f o r  v a r i o u s  c o n c e n t r a t i o n s  f o r  
e a c h  o f  t h e  p u r e  s u b s t a n c e s .  T h e  d a t a  w e r e  c u r v e - f i t t e d  ( n o n 

l i n e a r  l e a s t  s q u a r e s  t e c h n i q u e ,  s e e  “ M e t h o d s ” )  w i t h  E q  ( 6 ) ,  s o  
t h a t  t h e  b e s t  f i t t e d  p a r a m e t e r s  ( P  a n d  a )  w e r e  d e r i v e d .  T h e  

r e s u l t s  i n d i c a t e d  t h a t  a  i s  p r a c t i c a l l y  c o n s t a n t  ( h a v i n g  a  v e r y  
l o w  c o e f f i c i e n t  o f  v a r i a t i o n )  t h u s ,  i n d e p e n d e n t  o f  c o n c e n t r a 

t i o n  ( T a b l e  1 ) .
F i n a l l y ,  u s i n g  â  ( a v e r a g e  o f  a ;  T a b l e  1 )  a n d  r e a r r a n g i n g  E q  

( 6 )  r e s u l t e d  w i t h :

M

J 2 n a ( \ r e t  -  \ )
e x p  [ - ( l o g \ - e f  ~  X

'r e f
— ) W ]  (7 )
M

T h e  b e s t  r e f i t t e d  P  ( u s i n g  E q  7  a n d  v a l u e s  o f  a ,  T a b l e  1 )  i s  
o b v i o u s l y  c o n c e n t r a t i o n  d e p e n d e n t ,  i n d i c a t i n g  a  l i n e a r  c o r r e l a 
t i o n  b e t w e e n  c o n c e n t r a t i o n  c  a n d  c o n c e n t r a t i o n  f a c t o r  P  c a n  
b e  a s s u m e d :

P  =  m  +  n  c  ( 8 )

w h e r e :  m  =  i n t e r c e p t ;  n  =  s l o p e .
T h e  r e s p e c t i v e  c o r r e l a t i o n  c o e f f i c i e n t s  ( r ) ,  t h e  v a l u e s  o f  t h e  

i n t e r c e p t  ( m ) ,  a n d  t h e  s l o p e  ( n )  f o r  t h e  t h r e e  e v a l u a t e d  c o l o r s  
a r e  l i s t e d  i n  T a b l e  2 .

T h e  v e r y  g o o d  a g r e e m e n t  b e t w e e n  t h e  a c t u a l  v i s i b l e  s p e c 
t r u m  d a t a  a n d  t h e  p r e d i c t e d  c u r v e  ( b a s e d  u p o n  E q  7 )  i s  s h o w n  
i n  F i g u r e s  1 ,  2  a n d  3  f o r  A m a r a n t h ,  Y e l l o w  a n d  T a r t r a z i n e ,  
r e s p e c t i v e l y .

A  f u r t h e r  s t e p  i n  t h e  p r o c e d u r e  w a s  t o  s h o w  t h a t  t h e  c o n 
c e p t  o u t l i n e d  f o r  t h e  i n d i v i d u a l  p i g m e n t  c a n  b e  a p p l i e d  a l s o  f o r  
t h e  d e t e r m i n a t i o n  o f  d y e s  c o n c e n t r a t i o n  i n  a  t e r n a r y  m i x t u r e .

Table 1—Curve fitted  statistical param eters o f  the p u re  d yes (10  
co n ce n  trations) a

Dye

Cone
range
(mg/L) (nm) a

C.V.
(%)

Residual 
mean squares 

(X 104)

A m a ra n th 2.7-27.0 521 0.1420002 1.90 0.76-25.3
Y e llo w 1.8-14.0 404 0.0680192 3.91 0.07-4.2
T a 'tra z in e 4.3-35.0 426 0.0782247 6.20 3.22-8.9

/vm  -  w ave length  at w h ich  m a x im u m  ab so rban ce  is read; ct =  aver

age of a ; C .V .  = coef-'ic ient o f  va ria tion  (Standard  dev a  ^  -j q o )
cl

Table 2 —L in e a r correla tion  betw een  co n cen tra tio n  fa ctors a n d  c o n 

centra tio n s o f  p u re  d yes (10  data p o in ts)

Dye
Cone
factor

Cone
range
(mg/L)

Slope
n

Intercept
m

Corr
coeff

r

A m a ra n th P, 2.7-27.0 3.75 1.955 >0.999
Y e llo w P2

qTCO 4.34 -0.332 >0.999
T a rtra z in e P3 4.4-35.0 3.02 1.166 >0.999

T h i s  c a n  b e  d o n e  s i m p l y  b y  d e t e r m i n a t i o n  o f  t h e  m i x t u r e  a b 

s o r b a n c e  ( A p  a t  s e v e r a l  w a v e l e n g t h s ,  a n d  t h e  c o m p u t a t i o n  o f  
t h e  t o t a l  a b s o r b a n c e ,  A  i n  t h e  m a n n e r  o u t l i n e d  b e l o w :

M
A t  -

x  J ï i ( \ r e f  — \ ) U ,  

P ,

—  e x p  [ - ( l o g ----- ^ ------------ - t - ) 2 / 2a 2 ]
X r e f - 5 2 1

+— e x o  [ - l o g  ^ e f  X------— Y I 2 d l
5 ,  N r e f “ 4 0 4  M

+ — e xp  [ - ( l o g - ^ I

a3 X re f -  4 2 6  M
(9 )

Fig. 1—P red icted  and actual visible sp ectra  o f  A m a ra n th —a typical 
sam ple (c = 2 7 .0  m g /L).

Fig. 2 —P red icted  a n d  actual visible spectra  o f  Y e llo w —a typical sam  
p ie  (c = 14 .0  m g/L).
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Table 3—Predicted vs experimental content of three-component mixtures

Dye content (mg/L:

Sample
No.

Amaranth Yellow Tartrazine

Actual Predicted
Difference

(%) Actual Predicted
Difference

(%) Actual Predicted
Difference

(%)

1 10.800 10.763 0.3 3.861 3.939 -2.0 1.701 1.680 1.3
2 6.885 6.701 2.7 4.239 4.307 -1.6 2.241 2.239 0.1
3 6.237 6.350 -1.8 8.721 8.891 -2.0 11.070 11.919 -7.7
4 9.531 9.698 -1.8 8.991 8.693 3.3 8.640 8.160 5.6
5 6.615 6.524 1.4 3.888 3.691 -1.9 1.350 1.359 -0.7
6 19.278 19.101 0.9 5.778 5.434 6.0 1.917 1.919 -0.1
7 16.875 17.210 -2.0 7.020 7.213 -2.7 3.375 3.360 0.4

Absolute mean
difference (%) 1.6 2.8 2.3

Standard deviation
of difference (%) 0.8 1.5 3.1

Student's t value 0.239 0.136 0.320

Significance
level 0.001 0.001 0.001

T h e  e x p e r i m e n t a l  a b s o r b a n c e  d a t a  o f  t h e  t h r e e  p i g m e n t s  w a s  
c u r v e  f i t t e d  w i t h  i t s  r e s p e c t e d  p r e d i c t e d  f u n c t i o n  ( E q  9 ) .  T h e  
f i t t e d  c u r v e  y i e l d s  t h e  c o n c e n t r a t i o n  f a c t o r s  f o r  t h e  t h r e e  c o m 
p o n e n t s ,  w h i c h  c a n  b e  c o n v e r t e d  t o  a b s o l u t e  c o n c e n t r a t i o n s  

b y  m e a n s  o f  t h e  l i n e a r  r e l a t i o n s h i p  r e f e r r e d  t o  e a r l i e r .
T h e  p r o c e d u r e  w a s  c h e c k e d  b y  c o m p a r i n g  t h e  p r e d i c t e d  

v a l u e  w i t h  t h e  a c t u a l  d y e s  c o n c e n t r a t i o n  i n  7  d i f f e r e n t  m i x 

t u r e s  ( T a b l e  3 ) .
S t a t i s t i c a l  c o m p a r i s o n s  ( t  t e s t )  s h o w e d  n o n s i g n i f i c a n t  d i f 

f e r e n c e s  ( p  <  0 .0 0 1 )  b e t w e e n  p r e d i c t e d  a n d  a c t u a l  c o n c e n t r a 
t i o n ,  t h u s ,  i n d i c a t i n g  t h e  e x c e l l e n t  a g r e e m e n t  a s  i l l u s t r a t e d  i n

Fig. 3 —P red icted  and actual visible spectra  o f  Tartrazine—a typical 
sam ple (c = 2 1 .0  m g/L).

F i g .  4  ( S a m p l e  N o .  3 ) .

C o m p a r i n g  t h e  r e s u l t s  w i t h  t h e  n o r m a l  m e t h o d  o f  t h r e e  
U n e a r  e q u a t i o n s  ( E w i n g ,  1 9 6 9 ) ,  s h o w e d  b e t t e r  a c c u r a c y  f o r  t h e  
p r o p o s e d  m e t h o d  ( T a b l e  4 ) .  O b v i o u s l y ,  t h e  p r e d i c t e d  a c c u r a c y  
w iU  b e  i m p r o v e d  w i t h  t h e  i n c r e a s e  o f  n u m b e r  o f  w a v e l e n g t h  

u s e d  f o r  t h e  n o n l i n e a r  l e a s t  s q u a r e  c u r v e  f i t t i n g  ( T a b l e  4 ) .
T h e  a d v a n t a g e s  o f  t h e  n o n l i n e a r  c u r v e  f i t t i n g  i s  c l e a r l y  o b 

v i o u s  s i n c e  i t  e n a b l e s  t o  s o l v e  m u l t i - e q u a t i o n s ,  y i e l d i n g  a  s t a t i s 

t i c a l l y  o p t i m a l  s o l u t i o n ,  t a k i n g  i n t o  a c c o u n t  t h e  e n t i r e  s p e c 
t r u m  f u r t h e r  t h a n  l i m i t e d  n u m b e r  o f  w a v e l e n g t h s .  F u r t h e r ,  
n o n h n e a r  l e a s t  s q u a r e s  c u r v e  f i t  t e c h n i q u e s  a r e  r e a d i l y  a v a i l -

—C o n tin u e d  on  page 134

Fig. 4 —P red icted  an d  experim enta l data o f  a typ ica l three d y e s m ix 
ture (co n cen tra tio n  o f  6 .2 4 , 8 .7 2 , 1 1 .0 7  m g /L  fo r  A m a ra n th , Y e l

lo w  a n d  Tartrazine, respectively).
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COMPUTER-AIDED DETERM INATION OF BEET PIGMENTS

--------------------------- ABSTRACT ---------------------------
A  q u ic k  a n d  a c c u r a t e  m e t h o d  is  p r o p o s e d  f o r  d e t e r m in in g  a ll  m a jo r  
b e e t  p ig m e n t s  ( b e t a n i n ,  v u lg a x a th in  - I ,  b e t a l a m i c  a c id )  a n d  b r o w n in g  
s u b s ta n c e s ,  f r o m  t h e  v is ib le  s p e c t r u m  o f  t h e  m i x t u r e .  T h e  p r o c e d u r e  is  
b a s e d  o n  n o n l in e a r  c u rv e  f i t t i n g  o f  t h e  s p e c t r u m  w i th  a  p r e d i c t e d  f u n c 
t i o n  o f  t h e  in d iv id u a l  p ig m e n ts ,  a n d  o b v ia te s  t h e  n e e d  f o r  l a b o r io u s  a n d  
t im e - c o n s u m in g  s e p a r a t i o n .  T h e  a p p r o a c h  is  e x t r e m e ly  u s e f u l  in  c o n t i n 
u o u s  m o n i to r in g  o f  t im e -  a n d  t e m p e r a tu r e - r e l a t e d  p ro c e s s e s ,  s u c h  as 
d r y in g  a n d  s to r a g e .

INTRODUCTION
I N T E R E S T  I N  N A T U R A L  F O O D  c o l o r a n t s  h a s  i n c r e a s e d  
m a r k e d l y  i n  t h e  p a s t  f e w  y e a r s ,  p a r t i c u l a r l y  b e c a u s e  o f  i n t e n s i 

f i e d  c o n s u m e r  a w a r e n e s s  t o  t h e  h e a l t h  a s p e c t s  o f  s o m e  a r t i f i 
c i a l  d y e s .  D e h y d r a t e d  r e d  b e e t s  a n d  b e e t  j u i c e  c o n c e n t r a t e s  a r e  
p e r m i t t e d  i n  t h e  U .S .  a s  c o l o r a n t s  ( 1 9 6 0  C o l o r  A d d i t i v e  
A m e n d m e n t ,  F o o d  D r u g  a n d  C o s m e t i c  A c t  o f  1 9 3 8 )  a n d  h a v e  
b e e n  s h o w n  t o  b e  a p p l i c a b l e  i n  s o m e  f o o d  s y s t e m s  ( v o n  E l b e  
a n d  M a i n g ,  1 9 7 3 ;  P a s c h  e t  a l . ,  1 9 7 5 ) .  B e e t r o o t  p i g m e n t s  ( s o -  
c a l l e d  b e t a l a i n s ) ,  a l l  o f  t h e m  w a t e r  s o l u b l e ,  c o m p r i s e  t w o  m a i n  

g r o u p s :  b e t a c y a n i n s  a n d  b e t a x a n t h i n s .  I n  t h e  f i r s t  g r o u p ,  t h e  
p r i n c i p a l  c o m p o n e n t  i s  b e t a n i n ,  w h i c h  c o n t r i b u t e s  7 5 —9 5 %  o f  
t h e  t o t a l  r e d  c o l o r  ( N i l s s o n ,  1 9 7 0 ;  v o n  E l b e  e t  a l . ,  1 9 7 2 ) ;  
i n  t h e  s e c o n d ,  v u l g a x a n t h i n - I  w h i c h  c o n t r i b u t e s  a p p r o x i m a t e l y  

9 5 %  o f  t h e  y e l l o w  c o l o r  ( N i l s s o n ,  1 9 7 0 ) .  A n o t h e r  y e l l o w  p i g 
m e n t ,  b e t a l a m i c  a c i d  ( K i m l e r  e t  a l . ,  1 9 7 1 ) ,  d e r i v e s  d i r e c t l y  
f r o m  c l e a v a g e  o f  b e t a n i n  a n d  i s  p r o b a b l y  t h e  k e y  i n t e r m e d i a t e  
i n  t h e  b i o g e n e s i s  o f  a l l  b e t a l a i n s .

S e p a r a t i o n  o f  t h e  p i g m e n t s ,  s o  f a r  r e s t r i c t e d  t o  l a b o r a t o r y  
t e c h n i q u e s ,  i s  b a s e d  o n  i o n - e x c h a n g e - r e s i n  c h r o m a t o g r a p h y  
a n d / o r  p a p e r  e l e c t r o p h o r e s i s  ( P o w r i e  a n d  F e n n e m a ,  1 9 6 3 ;  
P i a t t e l l i  a n d  M i n a l e ,  1 9 6 4 ;  N i l s s o n ,  1 9 7 0 ;  v o n  E l b e  e t  a l . ,
1 9 7 2 ) .  T h e i r  q u a n t i t a t i v e  d e t e r m i n a t i o n ,  s o  f a r  l i m i t e d  t o  t o t a l  

b e t a c y a n i n s ,  b e t a n i n  a n d  v u l g a x a n t h i n ,  i n v o l v e d  m a i n l y  
s p e c t r o p h o t o m e t r y  w h e r e b y  t h e  a b s o r b a n c e  v a l u e s  o b t a i n e d  a t  
t h e  m a x i m u m  a r e  t r a n s l a t e d  i n t o  c o n c e n t r a t i o n  b y  m e a n s  o f  

t h e  a p p r o p r i a t e  a b s o r p t i v i t i e s  ( N i l s s o n ,  1 9 7 0 ) .  O t h e r  m e t h o d s  
a r e  b a s e d  o n  e l e c t r o p h o r e t i c  s e p a r a t i o n  o f  i n d i v i d u a l  p i g m e n t s  

w i t h  t h e  r e s u l t i n g  b a n d s  q u a n t i f i e d  b y  d e n s i t o m e t r i c  m e t h o d s  
( v o n  E l b e  e t  a l . ,  1 9 7 2 ) .

T h e  n e e d  f o r  m o n i t o r i n g  c o l o r  c h a n g e s  d u r i n g  p r o c e s s i n g  
a n d  s t o r a g e  ( f u r t h e r  c o m p l i c a t e d  b y  t h e  v a r i a b i l i t y  o f  t h e  r a w  
m a t e r i a l ) ,  n e c e s s i t a t e s  a  m e t h o d  f o r  r a p i d  a n d  a c c u r a t e  s i m u l 
t a n e o u s  d e t e r m i n a t i o n  o f  t h e  p i g m e n t s  i n  t h e i r  m i x t u r e ,  
d i s p e n s i n g  w i t h  t h e  t i m e - c o n s u m i n g  s e p a r a t i o n  p r o c e d u r e .  T h e  
m e t h o d  d e s c r i b e d  b e l o w  is  b a s e d  o n  t h e  p r o c e d u r e  p r o p o s e d  
b y  t h e  a u t h o r s  i n  a n  e a r l i e r  p a p e r  ( S a g u y  e t  a l . ,  1 9 7 8 ) .

EXPERIM EN TA L
T W O  H U N D R E D  g r a m s  o f  D e t r o i t  b e e t r o o t  w e r e  h o m o g e n iz e d  in  a 
W a r in g  B le n d o r .  T h e  c a k e  w a s  w a s h e d  w i t h  s m a l l  a l i q u o t s  o f  w a te r  u n t i l  
a ll  p ig m e n t s  w e r e  e x t r a c t e d ,  a n d  t h e  v a c u u m - f i l t e r e d  e x t r a c t  p u r i f i e d  
a c c o r d in g  to  N i ls s o n  ( 1 9 7 0 )  b y  a c i d i f i c a t i o n  (p H  4 ) ,  o v e r n ig h t  p r e c ip i 
t a t i o n ,  a n d  p ig m e n t  c r u d e  s e p a r a t i o n  o v e r  D o w e x  5 0  W  X 2  (H +  f o r m )  
re s in .  B ro w n in g  s u b s ta n c e s  a n d  p ig m e n ts  b e in g  e l u t e d  w i th  0 .1 %  HC1 
a n d  d o u b le  d i s t i l l e d  w a te r ,  r e s p e c t iv e ly .  I n d iv i d u a l  p ig m e n t s  w e r e  s e p a 
r a t e d  b y  c o lu m n  c h r o m a t o g r a p h y ,  u s in g  P o ly c l a r  A T  ( P o ly v in y lp y r r o l i 
d o n e ,  G A F  C o r p . ,  N e w  Y o r k )  a c c o r d i n g  t o  v o n  E lb e  e t  a l .  ( 1 9 7 2 ) .

A ll  p r o c e d u r e s  in v o lv e  c o lo r  p u r i f i c a t i o n  a n d  s e p a r a t i o n s  w e re  
c a r r i e d  o u t  i n  a  w a lk - in  r e f r i g e r a t e d  (4 ° C )  d a r k r o o m .  V is ib le  s p e c t r a  
( 3 6 0 - 6 2 0  n m )  o f  t h e  p u r e  p ig m e n ts  a n d  t h e  v a r io u s  k n o w n  m i x t u r e s  
( a l l  b u f f e r e d  a t  p H  5 , w i th  M c l lv a in e ’s c i t r i c  p h o s p h a t e  b u f f e r ,  0 .1 M ;  
A n o n ,  1 9 6 8 )  w e re  r e c o r d e d  u s in g  a  D B  B e c k m a n  s p e c t r o p h o t o m e t e r .  
Q u a n t i t a t i v e  c h a r a c t e r i z a t i o n  o f  t h e  p u r e  p ig m e n ts  w e re  b a s e d  o n  t h e  
f o l lo w in g  d a t a  (W y le r  a n d  D r e id in g ,  1 9 5 9 ;  P i a t t e l l i  a n d  M in a le ,  1 9 6 4 ;  
P ia t t e l l i  e t  a l . ,  1 9 6 5 ;  K im le r  e t  a l . ,  1 9 7 1 ) :

B e ta n in  1 1 2 0  5 3 7  n m
V u lg a x a n t h in  1 7 5 0  4 7 8  n m
B e ta la m ic  a c id  1 4 2  4 3 0  n m

T h e  s p e c t r u m  o f  t h e  b r o w n in g  f r a c t i o n  w a s  t y p i c a l  o f  t h a t  p r o d u c e d  in  
M a il la rd  r e a c t i o n - n a m e l y ,  m o n o t o n i c  in c r e a s e  in  t h e  O D  t o w a r d s  t h e  
U V  re g io n  (M e s c h te r ,  1 9 5 4 ) ;  t h e r e  is n o  v is ib le  m a x i m u m ,  b u t  t h e  
a b s o r b a n c e  is  c o m m o n ly  r e a d  a t  4 2 0  n m .  T h e  f r a c t i o n  w a s  s t a n d a r d i z e d  
a g a in s t  F e C l3 (B .D .H . p r o d u c t ,  6 0 %  w /v ,  s .g . =  1 .4 5 )  w h ic h  s h o w s  th e  
s a m e  v is ib le  s p e c t r u m  th u s  e l im in a t in g  v a r i a t i o n s  d u e  t o  t h e  i n s t r u m e n t  
u s e d .  E l e c t r o p h o r e s i s ,  v is ib le  a n d  U V  s p e c t r a  r u n  o n  t h e  p u r e  s e p a r a t e d  
p ig m e n t  w e re  in  v e ry  g o o d  a g r e e m e n t  w i th  l i t e r a t u r e  d a t a  ( P i a t t e l l i  e t  
a l.,  1 9 6 5 ;  N i ls s o n ,  1 9 7 0 ;  K im le r  e t  a l . ,  1 9 7 1 ;  D o p p  a n d  M u s s o ,  1 9 7 3 ) .

G r a p h ic a l  p r e s e n t a t i o n  (C a lc o m p  p l o t t e r )  a n d  c u rv e  f i t t i n g  n o n 
l in e a r  l e a s t  s q u a r e s  f i t  ( B M D X 8 5 - D i x o n ,  1 9 7 1 )  w e re  c a r r ie d  o u t  o n  t h e  
T e c h n io n  IB M - 3 7 0 /1 6 8  c o m p u te r .

S ta t i s t i c a l  a n a ly s is  w e re  p e r f o r m e d  b y  l in e a r  r e g r e s s io n  ( B M D 0 2 R -  
D ix o n ,  1 9 7 1 ) .  C o m p a r i s o n  o f  a c t u a l  a n d  p r e d i c t e d  c o n c e n t r a t i o n ,  in  
o r d e r  t o  e s ta b l i s h  t h e  s ig n i f ic a n c e  le v e l o f  t h e  d i f f e r e n c e s ,  w a s  c a r r ie d  
o u t  b y  t h e  t - t e s t  ( V o lk ,  1 9 5 8 ) .

RESU LTS & DISCUSSION
T H E  P R O C E D U R E  is  b a s e d  o n  n o n - l i n e a r  c u r v e - f i t t i n g  o f  t h e  

p i g m e n t  v i s i b l e  s p e c t r u m  w i t h  a  p r e d i c t e d  c u r v e  b a s e d  u p o n  
m a t h e m a t i c a l  f u n c t i o n  o f  t h e  i n d i v i d u a l  p i g m e n t .  A s  e a r l i e r  i n  
t h e  o r i g i n a l  p a p e r  b y  t h e  a u t h o r s  ( S a g u y  e t  a l . ,  1 9 7 8 ) ,  t h e  
l o g - n o r m a l  d i s t r i b u t i o n  f u n c t i o n  ( E q .  1 )  w a s  u s e d  f o r  t h e  
c u r v e - f i t t i n g  p r o c e d u r e  ( E q .  2 ) .

P { x }  e x p [ - ( l o g x  -  l o g e ) 2 / 2 a 2 ] f o r  0  <  x  <  ~  ( 1 )

A \ = P A \  =  P
M

■J 2-na ( \ r e f  -  A)

XrPf  — A O' 2
e x p [-(lo g ----------------- —  ) 2/2 a 2

V e f  ~  ”
( 2 )

w h e r e :  A A  =  a b s o r b a n c e  a t  a  g i v e n  w a v e l e n g t h ;  a £  =  a b s o r b 
a n c e  a t  c o n c e n t r a t i o n  c  a n d  w a v e l e n g t h  a  ; M  =  l o g ( e )  ( =  
0 . 4 3 4 3 ) ;  P  =  c o n c e n t r a t i o n  f a c t o r ;  x  =  i n d e p e n d e n t  v a r i a b l e ;  
P { x }  =  p r o b a b i l i t y ;  a  =  a  m e a s u r e  o f  t h e  c o n c e n t r a t i o n  o f  t h e  
d i s t r i b u t i o n  a r o u n d  t h e  m e a n ;  e =  m e d i a n  o f  d i s t r i b u t i o n ;  A =  

w a v e l e n g t h ;  Am  =  w a v e l e n g t h  a t  m a x i m u m  a b s o r b a n c e ;  Ar e f  =  
a r b i t r a r y  w a v e l e n g t h  ( 6 5 0  n m )  w h e r e  a b s o r b a n c e  i s  p r a c t i c a l l y  
z e r o .

E q  ( 2 )  y i e l d s  t h e  s u b s t a n c e  a b s o r b a n c e  A £  a t  a n y  g i v e n  
w a v e l e n g t h  A a n d  c o n c e n t r a t i o n  c .  F o r  p r e d i c t i n g  i t ,  t h r e e  
p a r a m e t e r s  m u s t  b e  k n o w n ,  n a m e l y ,  Am , a ,  a n d  P .  T h e  w a v e 
l e n g t h  a t  m a x i m u m  a b s o r b a n c e  Am  i s  a  c h a r a c t e r i s t i c  o f  t h e  
p u r e  s u b s t a n c e  a n d  u s u a l l y  i n d e p e n d e n t  o f  c o n c e n t r a t i o n .  T h e  

v a l u e s ,  o f  Am  f o r  b e t a n i n ,  v u l g a x a n t h i n  a n d  b e t a l a m i c  a c i d  a r e  
g i v e n  i n  T a b l e  1 . P  a n d  a  w e r e  d e t e r m i n e d  a c c o r d i n g  t o  t h e  

f o l l o w i n g  m e t h o d .  T h e  e x p e r i m e n t a l  r e s u l t s  c o n s i s t  o f  a b s o r b -
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Table 1—Curve fitted  statistica l param eters o f  the p u re  p ig m en tsa

Pigment N
Cone range 

(mg/L) (nm) Oi
C.V.
<%)

Residual mean 
squares 
(X 10" 1

Betanin 14 0.41-10.15 537 0.1257375 2.49 0.06-16.7
Vulgaxanthin 9 0.92-4.62 478 0.C671545 1.99 0.21-4.1
Betalamic acid 10 0.25-2.48 426 0.C602323 1.89 0.02-1.1
Browning 13 0.23-4.02 - 0.0173183 9.72 0.21-1.4

a N -  N u m b e r  o f  expe rim ents; Am  = w ave length  at w h ich  m a x im u m  ab so rbance  is read; 0! =  A ve rage  o f the param eter; C .V . =  C o e ff ic ie n t  o f varia 
t ion  ( s a n d a r d  dev ia t ion  o f  g  x  ™0Q)

a

a n c e  v s .  w a v e l e n g t h s  d a t a  f o r  e a c h  o f  t h e  p u r e  s u b s t a n c e s  a t  

d i f f e r e n t  c o n c e n t r a t i o n s .  T h e  d a t a  w e r e  c u r v e  f i t t e d  ( n o n l i n e a r  
l e a s t  s q u a r e s  t e c h n i q u e ,  s e e  “ M e t h o d ” )  w i t h  E q  ( 2 )  s o  t h a t  t h e  
b e s t  f i t t e d  p a r a m e t e r s  ( P  a n d  a )  w e r e  d e r i v e d .  T h e  r e s u l t s  i n d i 
c a t e d  t h a t  a  i s  p r a c t i c a l l y  c o n s t a n t  ( h a v i n g  a  v e r y  l o w  c o e f f i 

c i e n t  o f  v a r i a t i o n )  t h u s ,  i n d e p e n d e n t  o f  c o n c e n t r a t i o n  ( T a b l e  
1 ) .  F i n a l l y ,  u s i n g  a  ( a v e r a g e  o f  a ,  T a b l e  1 )  a n d  r e a r r a n g i n g  E q .  
( 2 )  r e s u l t e d  w i t h :

„ M
A? = P-------------

^  J  2 n a ( \ r e f A)
e x p [  —(lo g

Ar c f  

^ r e f  -
- t t ) WM

(3 )

T h e  b e s t  r e f i t t e d  P  ( u s i n g  E q  3  a n d  v a l u e s  o f  a ,  T a b l e  1 )  i s  

o b v i o u s l y  c o n c e n t r a t i o n  d e p e n d e n t ,  i n d i c a t i n g  t h a t  a  l i n e a r  
c o r r e l a t i o n  b e t w e e n  c o n c e n t r a t i o n  c  a n d  c o n c e n t r a t i o n  f a c t o r  
P  c a n  b e  t a k e n :

P  =  m  +  n  c  (4 )

w h e r e :  m  =  i n t e r c e p : ;  n  =  s l o p e .

T h e  r e s p e c t i v e  c o r r e l a t i o n  c o e f f i c i e n t  ( r ) ,  t h e  v a l u e  o f  t h e  

i n t e r c e p t  ( m )  a n d  t h e  s l o p e  ( n )  f o r  b e t a n i n ,  v u l g a x a n t h i n  a n d  
b e t a l a m i c  a c i d  a r e  l i s t e d  i n  T a b l e  2 .

T h e  c u r v e - f i t t i n g  m o d e l  f o r  t h e  b r o w n i n g  f r a c t i o n  w a s :

A °  = P 4 e x p (  -  a 4 X) (5 )

T h e  e x p e r i m e n t a l  d a t a  w e r e  c u r v e  f i t t e d  i n t o  E q  ( 5 )  i n  t h e  
s a m e  w a y  d e s c r i b e d  a b o v e .  T h e  r e s p e c t i v e  a 4 ( o b t a i n e d )  i s  
l i s t e d  i n  T a b l e  1 , w h i l e  t h e  l i n e a r  c o r r e l a t i o n  b e t w e e n  P 4 —t h e  

b r o w n i n g  c o n c e n t r a t i o n  f a c t o r —a n d  t h e  c o n c e n t r a t i o n  i s  g i v e n  
i n  T a b l e  2 .

F i g u r e s  1 t h r o u g h  4  a r e  t y p i c a l  c u r v e s ,  i n  e x c e l l e n t  a g r e e 

m e n t  w i t h  t h e  p r e d i c t e d  c u r v e  a c c o r d i n g  t o  E q  ( 3 )  a n d  ( 5 ) .
A  f u r t h e r  s t e p  w a s  t o  s h o w  t h a t  t h e  a b o v e  p r o c e d u r e  is  f e a s 

i b l e  f o r  t h e  f o u r  c o m p o n e n t  m i x t u r e .  A c c o r d i n g l y ,  t h e  t o t a l  a b 

s o r b a n c e  ( A j )  o f  t h e  m i x t u r e  w a s  r e p r e s e n t e d  a s :

4
A j = 2  (PAx)j (6)

j = l

a n d  t h e  c u r v e - f i t t i n g  p r o c e d u r e  w a s  a p p l i e d  t o  A ^  d a t a  o b -

Table 2 —Lin ea r correla tion  b etw een  co n cen tra tio n  factors and co n ce n  
tration o f  the p u re  p igm ents

Pigment

No. of 
data 

points
Cone
factor

Cone
range

(mg/L)
Slope

n

Correlation 
Intercept coefficient 

m r

Betanin 14 Pi 0.41-10.15 9.74 1.170 >0.999

Vulgaxanthir 9 P, 0.92-4.62 5.98 0.564 >0.999

Betalamic acid 10 P3 0.25-2.48 11.05 0.123 >0.999

Browning 13 P< 0.23-4.02 109.12 0.497 >0.999

Fig. 1—P red icted  and actual visible spectra  o f  beta n in —a typical 
sam ple (c = 8 .1 3  m g /L).

Fig. 2 —P red icted  an d  actual visible spectra  o f  vulgaxanthin—a ty p i

cal sam ple (c = 4 .6 2  m g /L).
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Fig. 3 —P red icted  an d  actual visible spectra  o f  Betalam ic a cid —a typ i

cal sam ple Ic  = 2 .4 8  m g /L).

t a i n e d  f o r  d i f f e r e n t  w a v e l e n g t h s .  T h e  b e s t - f i t t i n g - c u r v e  s i m u l 

t a n e o u s l y  y i e l d e d  t h e  c o n c e n t r a t i o n  p a r a m e t e r s  o f  t h e  f o u r  
p r i n c i p a l  s u b s t a n c e s ,  w h i c h  w e r e  i n  t u r n ,  t r a n s l a t e d  i n t o  a c t u a l  
c o n c e n t r a t i o n  b y  m e a n s  o f  t h e  l i n e a r  r e l a t i o n s h i p  r e f e r r e d  t o  

e a r l i e r .
T h e  p r o c e d u r e  w a s  t e s t e d  s t a t i s t i c a l l y  ( t  t e s t )  b y  c o m p a r i n g  

t h e  p r e d i c t e d  v a l u e s  o f  t h e  k n o w n  p i g m e n t  c o n c e n t r a t i o n s  i n  
1 0  d i f f e r e n t  m i x t u r e s  ( T a b l e  3 ) .  R e s u l t s  s h o w e d  n o n s i g n i f i c a n t  
d i f f e r e n c e s  ( p  <  0 .0 0 1 )  t h u s ,  i n d i c a t i n g  t h e  e x c e l l e n t  a g r e e 

m e n t  a s  i l l u s t r a t e d  i n  F i g u r e  5  ( s a m p l e  N o .  3 ,  T a b l e  3 ) .

Fig. 4 —P red icted  and actual visible spectra  o f  b ro w n in g —a typ ica l 
sam ple (c = 4 .0 2  m g /L).

C o m p a r i n g  t h e  r e s u l t s  o b t a i n e d  u s i n g  t h e  a b o v e  o u t l i n e d  

t e c h n i q u e  w i t h  t h o s e  o b t a i n e d  b y  t h e  N i l s s o n  ( 1 9 7 0 )  m e t h o d  

( r e s t r i c t e d  t o  b e t a n i n ,  v u l g a x a n t h i n  a n d  i m p u r i t i e s  d e t e r m i n a 
t i o n )  s h o w e d  i m p r o v e m e n t  i n  a c c u r a c y  ( T a b l e  4 ) .  O b v i o u s l y ,  
a c c u r a c y  c a n  b e  i n c r e a s e d  w i t h  t h e  i n c r e a s e  o f  n u m b e r  o f  

w a v e l e n g t h s  u s e d  f o r  t h e  c u r v e - f i t t i n g .
I n  c o n c l u s i o n ,  t h e  p r o p o s e d  p r o c e d u r e  i s  r a p i d  a n d  a c c u 

r a t e ,  a n d  d i s p e n s e s  w i t h  t h e  l a b o r i o u s  a n d  t i m e - c o n s u m i n g  

s e p a r a t i o n  s t e p s  i n  t h e  l a b o r a t o r y .  F u r t h e r  w o r k  o n  o t h e r  
n a t u r a l  c o l o r  s y s t e m s  is  u n d e r  w a y .

Table 3 —P red icted  vs experim en ta l p ig m en t c o n te n t  in a four-pigm ent m ix tu res

Pigment content (mg/L)

Sample
no.

Betanin Vulgaxanthin Betalamic acid Browning

Actual
Pre

dicted

Differ
ence
(%) Actual

Pre
dicted

Differ
ence
<%) Actual

Pre
dicted

Differ
ence
<%) Actual

Pre
dicted

Differ
ence
<%)

1 2.132 2.135 -0.1 1.155 1.105 4.3 0.252 0.265 5.2 0.296 0.310 -4.7
2 1.117 1.136 -1.7 1.617 1.641 -1.5 0.436 0.455 -4.4 0.237 0.232 2.1
3 3.198 3.135 2.0 0.600 0.547 8.8 0.194 0.185 4.6 0.261 0.262 -0.4
4 0.853 0.850 0.4 1.732 1.708 1.4 0.204 0.216 -5.9 0.415 0.392 5.5
5 0.640 0.638 0.3 0.531 0.531 0.0 0.436 0.441 -1.1 0.296 0.307 -3.7
6 3.411 3.454 -1.3 1.155 1.193 -3.3 0.242 0.231 4.5 0.190 0.196 -3.2
7 3.838 3.781 1.5 0.693 0.672 3.0 0.136 0.135 0.7 0.267 0.278 -4.1
8 3.876 3.836 1.0 0.577 0.560 2.9 0.039 0.038 2.6 0.356 0.338 5.1
9 1.706 1.707 -0.1 1.270 1.326 -4.4 0.412 0.427 -3.6 0.190 0.188 1.1
10 5.330 5.371 -0.8 1.501 1.558 -3.8 0.116 0.112 3.4 0.166 0.164 1.2

Absolute mean
difference (%) 0.9 3.3 3.6 3 .1

Standard deviation
of difference (%) 0.7 2.4 1 . 7  1 g
Student's
t value 0.517 0.962 1.805 1.887
Significance
level 0.001 0.001 0.001 0.001
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Table 4 —In flu en ce  o f  n u m b e r o f  w avelengths u sed  in the cu rve  fitting  on the percentage o f  absolute m ean d iffe re n ce  (± standard  deviation) 
betw een actual an d  p re d ic te d  p ig m en ts co n cen tra tio n  (1 0  m ixu tres)

Method
No. of 

wavelengths Betanin Vulgaxanthin Betalamic acid Browning

28 0.90 ± 0.62 3.34 ± 2.36 3.75 ± 1.78 3.08 ± 1.86
20 1.32 ± 0.64 4.99 ± 2.93 5.24 ± 3.09 3.38 ± 2.07

Proposed method 10 1.38 ± 0.66 5.36 + 3.45 5.63 + 3.64 3.96 ± 2.97
5 2.27 ± 0.80 6.53 ± 3.68 9.65 ± 6.20 7.12 ± 4.16

Nilsson (1970) method 3 6.59 ± 3.09 10.79 ± 10.33 — —
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LEUCOANTHOCYAIMIDIN OXIDATION IN PECAN KERNELS: 
RELATION TO D ISCOLORATION AND KERNEL QUALITY

---------------------------ABSTRACT -----------------------—
T h e  r e d - b r o w n  d i s c o l o r a t i o n  in  t h e  t e s t a  o f  p e c a n  [ C a r y  a  i l l in o e n s is  
(W a n g ) K . K o c h ]  k e r n e l s  a p p e a r s  t o  b e  c a u s e d  b y  th e  o x i d a t i o n  o f  
e n d o g e n o u s  l e u c o a n th o c y a n id in s  t o  p h lo b a p h e n e s ,  c y a n i d in  a n d  
d e lp h in id in .  O x id a t i o n  w a s  p ro g r e s s iv e  in  k e r n e l s  o f  t h e  S t u a r t  a n d  
S c h le y  v a r ie t ie s  d u r in g  s to r a g e  f o r  1 6  w k  a t  3 2 ° C ,  5 0 %  R H . T h e  le v e ls  
o f  l e u c o a n th o c y a n id in s  in  t h e  tw o  v a r ie t ie s  d i f f e r e d  s ig n i f i c a n t ly ,  h o w 
e v e r ,  r a t e s  o f  t r a n s f o r m a t i o n  w e r e  n o t  d i f f e r e n t .  C o r r e l a t i o n s  b e tw e e n  
w e e k ly  in c r e a s e s  in  th e s e  c o m p o u n d s  a n d  p e r o x id e s  f o r m e d  in  t h e  
p e c a n  o i l s  w e re  lo w .  C h a n g e s  in  p e r o x id e  v a lu e s  a n d  H u n t e r  v a lu e s  
c o r r e l a t e d  w e ll ;  t h u s ,  t o t a l  c o lo r  c h a n g e  o f  t h e  t e s t a  m a y  b e  a  u s e f u l  
i n d e x  o f  l ip id  q u a l i t y .  D i f f e r e n c e s  b e tw e e n  v a r ie t ie s  in  q u a n t i t i e s  o f  
p h e n o l s  s u g g e s t  t h e  in f lu e n c e  o f  t h e s e  c o m p o u n d s  o n  t h e  s t a b i l i t y  o f  
p e c a n  k e r n e l s .

INTRODUCTION
S E E D  C O A T  ( t e s t a )  c o l o r  i s  a  m a j o r  c r i t e r i o n  i n  t h e  q u a l i t y  
d e t e r m i n a t i o n  o f  s h e l l e d  p e c a n s .  T h e  U . S .  S t a n d a r d s  f o r  

G r a d e s  o f  S h e l l e d  P e c a n s  ( U S D A ,  1 9 6 9 )  d e f i n e s  f o u r  g r a d e s  o f  
k e r n e l s  o n  t h e  b a s i s  o f  c o l o r  c l a s s i f i c a t i o n .  T h e s e  c l a s s i f i c a t i o n s  
a r e :  ( 1 )  l i g h t ,  ( 2 )  l i g h t  a m b e r ,  ( 3 )  a m b e r ,  a n d  ( 4 )  d a r k  a m b e r -  

t e r m s  t h a t  i m p l y  t h e  c o l o r s  g o l d e n ,  l i g h t  b r o w n ,  m e d i u m  
b r o w n ,  a n d  d a r k  b r o w n ,  r e s p e c t i v e l y .  A  l i g h t  ( g o l d e n )  c o l o r  i s  
i n d i c a t i v e  o f  a  f u l l y  m a t u r e  p e c a n  t h a t  h a s  b e e n  p r o p e r l y  

h a r v e s t e d ,  p r o c e s s e d ,  a n d  s t o r e d ;  a n d  p e c a n s  s o  c o l o r e d  

c o m m a n d  a  p r e m i u m  p r i c e  i n  t h e  m a r k e t  c h a n n e l s .  H o w e v e r ,  
t h e  d e g r e e  o f  l i g h t n e s s  i s  a  v a r i e t a l  c h a r a c t e r i s t i c  ( W o o d r o o f ,

1 9 6 7 )  a n d  s h o u l d  n o t  b e  c o n f u s e d  w i t h  t h e  a m b e r  a n d  d a r k  

c o l o r s  t h a t  a r e  c a u s e d  b y  e x p o s u r e  o f  t h e  k e r n e l s  t o  a d v e r s e  
c o n d i t i o n s .

S e v e r a l  f a c t o r s  a r e  k n o w n  t o  a f f e c t  t h e  c o l o r a t i o n  o f  p e c a n  
k e r n e l s .  W o o d r o o f  ( 1 9 6 7 )  o b s e r v e d  s e a s o n a l  d i f f e r e n c e s  i n  t h e  

d a r k n e s s  o f  k e r n e l s  w i t h i n  v a r i e t i e s  a n d  a t t r i b u t e d  t h e  d i f f e r 
e n c e s  t o  g r o w i n g  c o n d i t i o n s .  T h e  a v a i l a b i l i t y  o f  m o i s t u r e ,  l o c a 
t i o n  o f  t r e e s  w i t h i n  a n  o r c h a r d ,  a n d  d i f f e r e n c e s  i n  h o r t i c u l t u r a l  
p r a c t i c e s  w e r e  i m p l i c a t e d .  T h e s e  f a c t o r s  a l s o  i n f l u e n c e d  t h e  

o v e r a l l  q u a l i t y  o f  t h e  p e c a n s .  T i m e  o f  h a r v e s t  i s  h i g h l y  i m p l i 
c a t e d  i n  t h e  c o l o r  q u a l i t y  o f  k e r n e l s .  Q u a l i t y  i s  h i g h e s t  i n  n u t s  
h a r v e s t e d  a s  s o o n  a s  p o s s i b l e  a f t e r  m a t u r a t i o n  ( H e a t o n  e t  a l . ,
1 9 7 5 ) .  W h i l e  p r e m a t u r e  h a r v e s t i n g  r e s u l t s  i n  u n d e r d e v e l o p e d ,  
w h i t e  k e r n e l s ,  d e l a y e d  h a r v e s t i n g  c a n  r e s u l t  i n  t h e  e x p o s u r e  o f  
n u t s  t o  t h e  d a m a g i n g  e f f e c t s  o f  w e a t h e r ,  w h i c h  i n c l u d e s  
h e a t i n g  b y  t h e  s u n ,  o f t e n  t o  i n t e r n a l  t e m p e r a t u r e s  e x c e e d i n g  

3 8 ° C ,  a n d  w e t t i n g  b y  f o g ,  r a i n  a n d  s o i l .  S u c h  c o n d i t i o n s  

d a r k e n ,  d i s c o l o r ,  a n d  p r o m o t e  r a n c i d i t y  o f  t h e  k e r n e l s  
( H e a t o n ,  1 9 7 4 ) .  S t u d y i n g  t h e  e f f e c t s  o f  t i m e  o f  h a r v e s t  o n  t h e  
q u a l i t y  a t t r i b u t e s  o f  p e c a n  n u t s ,  H e a t o n  e t  a l .  ( 1 9 7 5 )  f o u n d  
t h a t  w i t h i n  a  h a r v e s t  p e r i o d  o f  4  w k ,  t h e  p a t t e r n s  o f  c h a n g e s  i n  
t h e  H u n t e r  a  a n d  L  v a l u e s  w e r e  s i m i l a r  f o r  k e r n e l s  o f  t h r e e  
v a r i e t i e s  e v e n  t h o u g h  t h e i r  t e s t a  c h a r a c t e r i s t i c s  d i f f e r e d .  T h e  

c h a n g e s  w e r e  a t t r i b u t e d  t o  a  n a t u r a l  w e a t h e r i n g  p r o c e s s  a n d  
w e r e  f o u n d  t o  b e  m o r e  r a p i d  i n  t h e  f i r s t  2 —3  w k  t h a n  i n  t h e  
l a s t  3 —4  w k .  I n  t h i s  s t u d y ,  t h e  e a r l y  h a r v e s t e d  n u t s  w e r e  

c h a r a c t e r i z e d  b y  a  h a r s h ,  p u n g e n t  f l a v o r  t h a t  w a s  n o t  p r e s e n t  
i n  n u t s  h a r v e s t e d  l a t e r  i n  t h e  s e a s o n .  T h i s  s t u d y  a n d  o n e  b y  
W o o d r o o f  a n d  H e a t o n  ( 1 9 6 1 )  s h o w e d  t h a t  a  m i n i m a l  a m o u n t

o f  d i s c o l o r a t i o n  i s  a s s o c i a t e d  w i t h  t h e  d e v e l o p m e n t  o f  a  
d e s i r a b l e  p e c a n  f l a v o r .  H i g h  m o i s t u r e  c o n t e n t  h a s  a l s o  b e e n  

s h o w n  t o  a c c e l e r a t e  k e r n e l  d i s c o l o r a t i o n  ( H e a t o n  e t  a l . ,  1 9 7 5 ) ,  
a n d  p r o m p t  r e m o v a l  o f  m o i s t u r e  t o  t h e  d e s i r e d  4 —5 %  l e v e l  b y  

a p p r o p r i a t e  m e a n s  i s  r e c o m m e n d e d  t o  m a i n t a i n  c o l o r  q u a l i t y .

P e c a n s  a r e  a  s e m i - p e r i s h a b l e  p r o d u c t ,  a n d  a s  s u c h ,  m u s t  b e  
r e f r i g e r a t e d  t o  m a i n t a i n  q u a l i t y .  A t  t e m p e r a t u r e s  b e l o w  —7 ° C ,  

p e c a n s  c a n  b e  k e p t  f r e e  f r o m  i n s e c t  d a m a g e  a n d  m o l d i n g  i n d e f 
i n i t e l y ,  a n d  p r o t e c t e d  a g a i n s t  d i s c o l o r a t i o n  a n d  r a n c i d i t y  f o r  

a t  l e a s t  3 0  m o n t h s .  A t  t e m p e r a t u r e s  a b o v e  4 . 5 ° C ,  k e r n e l s  a r e  
s u b j e c t  t o  s e v e r e  q u a l i t y  d a m a g e  i n c l u d i n g  d i s c o l o r a t i o n  

( H e a t o n ,  1 9 7 4 ) .
M a n y  f a c t o r s  h a v e  b e e n  i m p l i c a t e d  i n  t h e  d e v e l o p m e n t  o f  

d i s c o l o r a t i o n  i n  p e c a n  k e r n e l s  a n d  e f f o r t s  h a v e  b e e n  m a d e  t o  

p r e v e n t  t h i s  d e f e c t .  H o w e v e r ,  t h e  c h e m i c a l  c h a n g e s  c a u s i n g  
t h i s  t r a n s f o r m a t i o n  h a v e  n o t  b e e n  e x p l a i n e d .  S h o r t - t i m e  e x p o 

s u r e  o f  k e r n e l s  t o  f a i n t  t r a c e s  o f  a m m o n i a  h a s  b e e n  s h o w n  t o  
c a u s e  i r r e v e r s i b l e  b l a c k  d i s c o l o r a t i o n  o f  t h e  t e s t a s  ( W o o d r o o f  
a n d  H e a t o n ,  1 9 6 1 ;  W o o d r o o f ,  1 9 6 7 ;  H e a t o n ,  1 9 7 4 ) .

C o m p a r i s o n  o f  t h i s  f i n d i n g  w i t h  t h o s e  o f  M a t h e w  a n d  
P a r p i a  ( 1 9 7 0 ) ,  w h o  r e p o r t e d  t h e  d i s c o l o r a t i o n  o f  c a s h e w  n u t s ,  

s u g g e s t e d  t o  u s  t h a t  p h e n o l i c s  m a y  b e  i m p l i c a t e d  i n  t h e  d i s 

c o l o r a t i o n  o f  p e c a n s .  W e  t h e r e f o r e  u n d e r t o o k  t o  i d e n t i f y  t h e  
d i s c o l o r i n g  p i g m e n t s  a n d  t h e i r  p r e c u r s o r s  i n  p e c a n  k e r n e l s ,  a n d  
t o  d e t e r m i n e  t h e  r e l a t i o n s h i p ,  i f  a n y ,  b e t w e e n  t h e  f o r m a t i o n  

o f  t h e s e  p i g m e n t s  a n d  t h e  p e r o x i d a t i o n  o f  t h e  o i l s  i n  t h e  
k e r n e l s .

EXPERIM EN TAL
P r e l im in a r y  a n a ly s e s

T h e  c h a r a c t e r i s t i c  d i s c o l o r a t i o n  o f  p e c a n s  w a s  r a p id ly  p r o d u c e d  in  
k e r n e l s  o f  t h e  S t u a r t  a n d  S c h le y  v a r ie t ie s .  K e r n e l  h a lv e s  f r o m  in - s h e l l  
s a m p le s  t h a t  h a d  b e e n  m a in t a in e d  a t  0 ° C  w e re  p la c e d  in  a  f o r c e d - a i r  
o v e n  f o r  7 d a y s  a t  7 0 ° C .  P o r t i o n s  o f  t h e  s a m p le s  w e re  t h e n  r e m o v e d  
d a i ly ,  p la c e d  in  p o l y e t h y l e n e  b a g s ,  a n d  s to r e d  a t  0 ° C .  T h e  p e c a n s  w e r e  
p ro g r e s s iv e ly  d i s c o lo r e d  f r o m  a  l ig h t  a m b e r  ( 0  d a y )  t o  a  d a r k  a m b e r  (7  
d a y )  c o lo r  a n d  w e re  u s e d  to  o p t im iz e  e x t r a c t i n g  c o n d i t i o n s  a n d  a n a 
ly t i c a l  m e th o d s .

T o  e x t r a c t  th e  p ig m e n ts ,  w e  t e s t e d  th e  s o lv e n t  s y s te m s  u s e d  b y  
M a th e w  a n d  P a rp ia  ( 1 9 7 0 ) .  W e t h e n  t e s t e d  p ig m e n t  e x t r a c t i o n  b y  0 .1 %  
HC1 in  m e th a n o l  a t  r e f lu x  t e m p e r a tu r e .  F in a l ly ,  w e  e s ta b l i s h e d  t h a t  t h e  
p ig m e n ts  r e s p o n s ib le  f c r  t h e  d i s c o l o r a t i o n  p r o d u c e d  w i t h i n  t h e  7 -d a y  
p e r io d  w e re  e f f e c t iv e ly  r e m o v e d  f r o m  a ll k e r n e l s  b y  a  3 - h r  s o a k  a t  
a m b ie n t  t e m p e r a t u r e  in  t h e  m e th a n o l i c  HC1 s o lu t io n .  A ls o ,  t e s t a s  w e r e  
s e p a r a t e d  f r o m  t h e  k e r n e l s ,  a n d  b o t h  t h e s e  k e r n e l  p a r t s  w e r e  s e p a r a te ly  
e x t r a c t e d .  T h e  s p e c t r a  o f  t h e s e  e x t r a c t s  a n d  s u b s e q u e n t  i s o la te s  w e re  
d e t e r m in e d  w i th  a  B e c k m a n  A c ta  I I I ,  d o u b le - b e a m  s c a n n in g  s p e c t r o 
p h o t o m e t e r .  F o r  i s o la t io n  o f  t h e  p ig m e n ts  f r o m  th e s e  e x t r a c t s ,  th e  
m e th a n o l i c  e x t r a c t  w a s  e v a p o r a t e d  to  d r y n e s s  a t  r e d u c e d  p r e s s u r e ,  a n d  
th e  r e s id u e  s u s p e n d e d  :n  w a te r .  T h e  p ig m e n ts  in  t h e  s u s p e n s io n  w e re  
t h e n  e x t r a c t e d  w i th  a m y l  a lc o h o l  a n d  a n a ly z e d  b y  p a p e r  a n d  t h in - l a y e r  
c h r o m a to g r a p h y  (T L C ) .  T h e  th in - l a y e r  p l a t e s  w e re  o f  m i c r o c r y s t a l l i n e  
c e l lu lo s e ,  t y p e  2 0  (S ig m a  C h e m ic a l  C o .) ,  a n d  w e r e  d e v e l o p e d  tw o -  
d im e n s io n a l ly  f o r  15  c m  w ith  f o r m ic  a c id -H C l-w a te r  ( 1 0 : 1 : 3 )  a n d  a m y l  
a lc o h o l - a c e t ic  a c i d - w a t e r  ( 2 : 1 : 1 ) ,  r e s p e c t iv e ly .  P a p e r  c h r o m a t o g r a p h i c  
a n a ly s is  w a s  w i th  W h a tm a n  N o . 1 c h r o m a to g r a p h y  p a p e r  (W . &  R . 
B a l s to n ,  L t d . )  d e v e lo p e d  tw o - d im e n s io n a l ly  f o r  16 h r  e a c h  w i t h  
b u t a n o l - a c e t i c  a c id - w a te r  ( 4 : 1 : 2 )  a n d  a c e t ic  a c id -H C l-w a te r  ( 3 0 : 3 : 1 0 ) ,  
r e s p e c t iv e ly .  T h e  is o la te s  o b t a i n e d  w e re  i d e n t i f i e d  o n  t h e  b a s i s  o f
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s o lu b i l i t ie s ,  R f  v a lu e s ,  a b s o r b a n c e  s p e c t r a ,  c o lo r ,  a n d  r e a c t io n s  w i th  
s p e c if ic  s p r a y s  a n d  r e a g e n ts .

S to r e d  s a m p le s

In s h e l l  p e c a n s  o f  t h e  S t u a r t  a n d  S c h le y  v a r ie t i e s  t h a t  h a d  b e e n  
c o m m e r c ia l ly  c le a n e d  a n d  s iz e d  t o  c a  2 .4  c m  in  d i a m e te r  w e r e  o b t a in e d  
f r o m  a  c o m m e r c ia l  s h e l l in g  p l a n t  in  G e o rg ia  in  N o v e m b e r  1 9 7 4 .  T h e  
n u t s  w e re  o b t a i n e d  in  4 5 .4 - k g  l o t s  o f  e a c h  v a r ie ty  a n d  w e r e  f r o m  d i f f e r 
e n t  t r e e s  a n d  o r c h a r d s .  B o th  l o t s  w e re  s to r e d  a t  0 ° C  in  w o v e n  b a g s  u n t i l  
r e m o v e d  f o r  s h e l l in g  a n d  u s e  in  th i s  s tu d y .

I n  J u ly  1 9 7 5 ,  t h e  p e c a n s  w e re  r e m o v e d  f r o m  s to r a g e ,  e q u i l i b r a t e d  to  
a m b ie n t  t e m p e r a t u r e ,  a n d  s h e l le d  m e c h a n ic a l ly .  I n t a c t  h a lv e s  o f  e a c h  
v a r ie ty  w e re  s e le c te d  f o r  u n i f o r m i t y  o f  c o lo r  a n d  f r e e d o m  f r o m  d e f e c t s .  
T h e  s e le c t io n s  w i th in  e a c h  v a r ie ty  w e re  d iv id e d  i n t o  t h r e e  r e p l ic a te  
s a m p le s  o f  c a  4 .5 4  k g  e a c h  a n d  s p r e a d  e v e n ly  in  a lu m in u m  t r a y s  t o  a 
d e p th  n o t  e x c e e d in g  5 c m . T h e  s a m p le s  w e re  s to r e d  in  d a r k n e s s  a t  
3 2 ° C ,  5 0 %  R H .

S ix ty  h a lv e s  w e re  r e m o v e d  w e e k ly  f r o m  e a c h  r e p l ic a te  s a m p le  
d u r in g  1 6  w k  o f  s to r a g e  f o r  H u n t e r  c o lo r  m e a s u r e m e n t s ,  p ig m e n t  
e x t r a c t io n ,  a n d  p e r o x id e  v a lu e  d e t e r m in a t io n s .  A t  3 -w k  in te r v a l s  f o r  15 
w k ,  h a lv e s  t h a t  w e r e  t a k e n  f r o m  s to r a g e  a n d  n o t  d a m a g e d  b y  a n a ly s e s  
w e re  s e a le d  in  p o l y e t h y l e n e  b a g s  a n d  s to r e d  a t  - 3 4 . 5 ° C  u n t i l  t h e  e n d  o f  
t h e  s to r a g e  s tu d y  f o r  a n a ly s is  o f  f la v a n o ls  a n d  p h e n o ls .

H u n t e r  c o lo r  m e a s u r e m e n t s .  T h e  6 0  h a lv e s  t a k e n  w e e k ly  f r o m  e a c h  
r e p l ic a te  s a m p le  w e r e  d iv id e d  i n t o  t h r e e  s u b s a m p le s  f o r  c o l o r  d i f f e r e n c e  
m e a s u r e m e n ts  w i th  a  H u n te r l a b  D 2 5 D  M e a s u r in g  U n i t  e q u ip p e d  w i th  a
2 - in c h  o p t ic a l  h e a d .  E a c h  s u b s a m p le  o f  2 0  h a lv e s  w a s  p la c e d  in  a  2 - in c h  
d i a m e te r  p le x ig la s s  h o ld e r ,  t h e  k e r n e l s  b e in g  a r r a n g e d  so  t h a t  t h e  f l a t  
s id e  o f  t h e  h a l f  f a c e d  u p .  T h e  L  ( l i g h tn e s s ) ,  a  ( r e d ) ,  a n d  b  ( y e l lo w )  
v a lu e s  f o r  e a c h  s u b s a m p le  w e re  d e t e r m in e d  f r o m  f o u r  p o s i t i o n s ;  t h e  
s a m p le  h o ld e r  w a s  r o t a t e d  9 0 °  b e tw e e n  r e a d in g s .  F r o m  th e s e  v a lu e s ,  
t o t a l  c o lo r  c h a n g e  (A E )  d u r in g  s to r a g e  f o r  e a c h  v a r ie ty  w a s  d e t e r m in e d  
b y  th e  e q u a t io n  A E  = [ ( A L ) 2 +  ( A a )2 +  ( A b ) 2 ] ^  ( S c o f ie ld ,  1 9 4 3 ) ,  
w h e r e  A E  r e p r e s e n t s  t o t a l  c o l o r  d i f f e r e n c e  b e tw e e n  s to r a g e  p e r io d s ,  a n d  
AL, Aa, a n d  Ab r e p r e s e n t  d i f f e r e n c e s  b e tw e e n  t h e  m e a n  v a lu e s  o f  t h e  
s a m p le s  b e f o r e  s to r a g e  a n d  a f t e r  t h e  c u m u la t iv e  s to r a g e  p e r io d .

P h lo b a p h e n e  a n d  a n t h o c y a n i d i n  q u a n t i t a t i o n s .  A b o u t  2 0 g  ( 8 - 1 0  
h a lv e s )  o f  th e  6 0  h a lv e s  w a s  e x t r a c t e d  w i th  2 0 0  m l m e th a n o l - H C l ,  a s 
p r e v io u s ly  d e s c r ib e d .  T h e  e x t r a c t  w a s  f i l t e r e d  th r o u g h  W h a tm a n  N o . 2 
f i l t e r  p a p e r  a n d  d i lu t e d  so  t h a t  a  1 : 1 0  r a t i o  o f  k e r n e l  w e ig h t  t o  s o lv e n t  
v o lu m e  w a s  m a in ta in e d .  A b s o r b a n c e  o f  t h e  e x t r a c t  w a s  d e t e r m in e d  a t  
4 5 0  a n d  5 5 0  n m  a g a in s t  ( 1 )  s o lv e n t ,  f o r  d e t e r m i n a t i o n  o f  t o t a l  
a b s o r b a n c e ,  a n d  ( 2 ) s im i la r  e x t r a c t s  o f  f r e s h  k e r n e l s  f o r  d e t e r m i n a t i o n  
o f  n e t  in c r e a s e  in  a b s o r b a n c e .  M e a n s  o f  th e s e  a n a ly s e s  w e r e  d e t e r m in e d  
w i th in  e a c h  v a r ie ty  a n d  a re  r e p o r t e d .

T h e  c o n c e n t r a t i o n s  o f  a n th o c y a n i d i n s  ( A 5 f 0 ) a n d  p h lo b a p h e n e s  
(A 4 S 0 )  ( R ib e r e a u - G a y o n ,  1 9 7 2 ;  R o b in s o n ,  1 9 6 7 )  w e r e  d e t e r m in e d  
f r o m  s t a n d a r d  c u rv e s  e s ta b l i s h e d  w i th  c h r o m a to g r a p h ic a l ly  p u r e  
c y a n id in  ( c o u r t e s y  o f  L . J u r d ,  W R R L )  a n d  p h lo b a p h e n e s .  T h e  p h l o 
b a p h e n e  s t a n d a r d  w a s  p r e p a r e d  f r o m  h y d r o l y z e d  m e th a n o l ic - H C l  
e x t r a c t s  o f  p e c a n  k e r n e l s .  A f t e r  e x t r a c t i o n  w i th  t h e  a c id - a lc o h o l  a n d  
s u b s e q u e n t  h y d r o ly s i s  w i th  I N  HC1 f o r  1 h r ,  a  p o r t i o n  o f  t h e  h y d r o l y 
s a te  w a s  a p p l ie d  t o  a  0 .5 -  x  1 0 -c m  c o lu m n  o f  P o r p a k ,  t y p e  Q  (W a te r s  
A s s o c ia te s ,  I n c .) .  T h e  c o lu m n  w a s  w a s h e d  s u c c e s s iv e ly  w i th  c o p io u s  
a m o u n t s  o f  0 .1 %  H C 1, e t h e r ,  a n d  e th y l  a c e t a t e .  T h e  p h lo b a p h e n e s  w e re  
t h e n  e lu t e d  w i th  0 .1 %  HC1 in  m e t h a n o l ,  t a k e n  t o  d ry n e s s  w i th  a  r o t a r y -  
e v a p o r a to r ,  a n d  d r ie d  t o  c o n s t a n t  w e ig h t  o v e r  P 2 O s in  a  d e s i c c a to r  
e v a c u a te d  t o  1 0 0  m m  H g  p r e s s u r e .  T h e  p u r i t y  o :  m e th a n o l i c  s o lu t io n s  
o f  th is  s t a n d a r d  w a s  e s ta b l i s h e d  b y  T L C  o n  m i c r o c r y s t a l l i n e  c e l lu lo s e  
w i th  s p e c if i c  r e a g e n t s  f o r  v i s u a l iz a t io n ,  a n d  b y  s p e c t r o p h o t o m e t r i c  
a n a ly s e s  ( R ib e r e a u - G a y o n ,  1 9 7 2 ;  R o b in s o n ,  1 9 6 7 ) .

P e r o x id e  v a lu e s .  P e r o x id e  v a lu e s  (P V ) ,  e x p r e s s e d  a s  m e q  O ,  / k g  o i l ,  
w e re  d e t e r m in e d  w e e k ly  o n  t h e  r e p l i c a t e  s a m p le s  a n d  u s e d  as in d ic e s  o f  
q u a l i t y .  A b o u t  2 0 g  o f  k e r n e l s  w a s  e x t r u d e d  f r o m  a  p e r f o r a t e d  a lu m i
n u m  b lo c k  w i th  a  p lu n g e r  a n d  C a r v e r  l a b o r a t o r y  p r e s s  b y  a p p l i c a t i o n  o f  
c a  7 0  k g /c m 2 p r e s s u r e  t h a t  f o r c e d  t h e  k e r n e l s  t h r o u g h  t h e  h o le s  
( 0 .0 8 -c m  d ia m )  in  t h e  b lo c k .  T h e  m a c e r a t e  w a s  c o l l e c t e d  in  a  b e a k e r ,  
t r a n s f e r r e d  to  c e n t r i f u g e  t u b e s  a n d  c e n t r i f u g e d  f o r  10 m in  a t  1 0 ,0 0 0  x
G . T h e  s e p a r a te d  o i l  w a s  d e c a n t e d  i n t o  a  g la ss  v ia l ,  w h ic h  w a s  t h e n  
f lu s h e d  w i th  N 2 , c a p p e d ,  a n d  s to r e d  in  t h e  d a r k  f o r  n o  lo n g e r  t h a n  1 h r  
b e f o r e  a n a ly s is .  P e r o x id e  v a lu e s  w e re  d e t e r m in e d  a c c o r d in g  to  H o l lo 
w a y  ( 1 9 6 6 )  o n  7 5 -m g  a l iq u o t s  o f  o i l  (± 2  m g ) .

F la v a n o ls  a n d  t o t a l  p h e n o l s .  A t  t h e  e n d  o f  t h e  1 6 -w k  s to r a g e  p e r io d ,  
t h e  h a lv e s  t h a t  h a d  b e e n  t a k e n  a t  3 -w k  in te rv a ls  w e r e  r e m o v e d  f r o m  
s to r a g e ,  w a rm e d  to  a m b i e n t  t e m p e r a t u r e ,  e x t r a c t e d  w i th  m e th a n o l i c  
H C1, f i l t e r e d ,  a n d  d i lu t e d  t o  2 0 0  m l  w i th  s o lv e n t  a s  p r e v io u s ly  d e 
s c r ib e d .  A  1 -m l a l iq u o t  ( r e p r e s e n ta t i v e  o f  1 0 0  m g  o f  k e r n e l )  w a s  d i lu t e d  
1 :1 0  w i th  0 .1 %  H Q ,  a n d  1 -m l a l i q u o t s  o f  t h i s  d i l u t i o n  w e re  a n a ly z e d

f o r  f la v a n o ls  a n d  t o t a l  p h e n o l s  a c c o r d in g  t o  S w a in  a n d  H ill is  ( 1 9 5 9 ) .  
C o n c e n t r a t i o n s ,  a s  m g /g  k e r n e l ,  w e re  d e t e r m in e d  f r o m  s t a n d a r d  c u rv e s  
e s ta b l i s h e d  w i th  t h e  c y a n i d in  s t a n d a r d .

S ta t i s t i c a l  a n a ly s is .  T h e  s t a t i s t i c a l  a n a ly s is  s y s te m  (S A S )  d e v e lo p e d  
b y  B a r r  a n d  G o o d n i g h t  a t  N .C . S t a t e  U n iv e r s i ty ,  R a le ig h ,  w a s  u s e d  to  
d e t e r m i n e  d i f f e r e n c e s  b e tw e e n  v a lu e s  o b t a in e d  in  t h e  w e e k ly  a n a ly s e s .  
F o r  t h e  e n t i r e  d a t a  s e t ,  a ll p o s s ib le  c o r r e l a t i o n s  b e t w e e n  v a r ia b le s  w e re  
c a l c u l a t e d  f o r  e a c h  v a r ie ty  a n d  f o r  t h e  v a r ie t i e s  c o m b in e d .  A ls o  f o r  e a c h  
v a r i e ty ,  t h e  r e g r e s s io n  o f  e a c h  p a r a m e t e r  as a  f u n c t i o n  o f  s to r a g e  t im e  
w a s  d e t e r m in e d .

RESULTS & DISCUSSION
P r e l i m i n a r y  a n a l y s e s

T h e  r e d - b r o w n  d i s c o l o r a t i o n  o f  t h e  p e c a n  h a l v e s  s t o r e d  f o r  
7  d a y s  a t  7 C ° C  w a s  c o n f i n e d  t o  t h e  t e s t a ,  a s  d e t e r m i n e d  b y  t h e  
s e p a r a t e  a n a l y s i s  o f  t e s t a  a n d  k e r n e l  r e s i d u e .  S i n c e  t h e s e  s t o r 
a g e  c o n d i t i o n s  w o u l d  t e n d  t o  i n h i b i t  e n z y m a t i c  a c t i v i t y ,  w e  
b e l i e v e  t h a t  t h e  c o l o r  d e v e l o p m e n t  w a s  c a u s e d  b y  n o n -  
e n z y m a t i c  o x i d a t i o n  o f  c o l o r l e s s  c o m p o u n d s .  P i g m e n t  e x t r a c 
t i o n  f r o m  p e c a n s  b y  t h e  s o l v e n t  s y s t e m s  u s e d  b y  M a t h e w  a n d  

P a r p i a  ( 1 9 7 0 )  t o  e x t r a c t  c a s h e w  n u t  p i g m e n t  w a s  n o t  
r e w a r d i n g .  P a r t i a l  s u c c e s s  w a s  a c h i e v e d  o n l y  w i t h  t h e  e t h y l  
a c e t a t e - e t h y l  a l c o h o l  s y s t e m .  H o w e v e r ,  a l l  t h e  e x t r a c t s  s h o w e d  
t h e  p r e s e n c e  o f  p h e n o l i c  c o m p o u n d s  w h e n  t e s t e d .

S i n c e  f l a v a n o i d s  f o r m  t h e  l a r g e s t  g r o u p  o f  p h e n o l i c  c o m 

p o u n d s  i n  t h e  p l a n t  k i n g d o m  a n d  a r e  s u f f i c i e n t l y  p o l a r  t o  b e  
e x t r a c t e d  w i t h  m e t h a n o l  ( R o b i n s o n ,  1 9 6 7 ) ,  d i s c o l o r e d  p e c a n  

h a l v e s  w e r e  t a k e n  f r o m  t h e  7 - d a y  s a m p l e  a n d  r e f l u x e d  f o r  1 h r  
i n  0 . 1 %  m e t h a n o l i c  H C 1 . A t  t h e  e n d  o f  t h e  e x t r a c t i o n ,  t h e  
k e r n e l s  w e r e  d e v o i d  o f  p i g m e n t  a n d  w e r e  a  l i g h t  g o l d e n  c o l o r .  
A l t h o u g h  t h i s  p r o c e d u r e  s u c c e s s f u l l y  r e m o v e d  t h e  p i g m e n t s  
f r o m  t h e  7 - d a y  s a m p l e ,  t h e  e x t r a c t  w a s  s i m i l a r  i n  c o l o r  t o  t h a t  
o f  f r e s h  k e r n e l s .  S p e c t r o p h o t o m e t r i c  a n a l y s e s  o f  t h e s e  e x t r a c t s  
s h o w e d  m a x i m u m  a b s o r b a n c e s  ( A )  a t  5 5 0  a n d  4 5 0  n m .  T h e  
i n t e n s i t i e s  o f  a b s o r b a n c e s  w e r e  a b o u t  t h e  s a m e  b e t w e e n  b o t h  

e x t r a c t s ;  f u r t h e r ,  A S S o w a s  a b o u t  o n e - f i f t h  A 4 5 0 . T h e  t r a n s 
f o r m a t i o n  o f  c o l o r l e s s  c o m p o u n d s  i n  t h e  f r e s h  s a m p l e  t o  t h e  
c o l o r e d  d e r i v a t i v e s  s u g g e s t e d  t h a t  l e u c o a n t h o c y a n i d i n s  w e r e  
t h e  p r e c u r s o r s  o f  t h e  d e v e l o p e d  c o l o r  ( H a r b o r n e  1 9 7 3 ) .  T h i s  
w a s  s u p p o r t e d  b y  t h e  a b s o r b a n c e s  a t  5 5 0  a n d  4 5 0  n m ,  w h i c h  
a r e  r e p o r t e d  t o  b e  s p e c i f i c  f o r  a n t h o c y a n i d i n  a n d  p h l o b a p h e n e  
c o m p o u n d s  f o r m e d  f r o m  t h e  o x i d a t i o n  o f  l e u c o a n t h o 

c y a n i d i n s  ( G e i s s m a n ,  1 9 6 2 ;  R o b i n s o n ,  1 9 6 7 ) .  A d d i t i o n a l l y ,  
t h e  s o l u b i l i t y  o f  t h e  c o m p o u n d s  i n  m e t h a n o l  a n d  t h e  r a t i o s  o f  
A 4 5 0 t o  A 5 s 0 w e r e  i n d i c a t i v e  o f  l e u c o a n t h o c y a n i d i n  p r e 
c u r s o r s  ( R i b d r e a u - G a y o n ,  1 9 7 2 ;  H a r b o u r n e ,  1 9 7 3 ) .

L e u c o a n t h o c y a n i d i n s  h a v e  h i g h  r e d u c i n g  p o t e n t i a l  a n d  

t e n d  t o  p o l y m e r i z e  d u r i n g  a n a l y s e s ;  t h e r e f o r e ,  t h e y  a r e  u s u a l l y  
s t u d i e d  i n d i r e c t l y  t h r o u g h  t h e i r  o x i d a t i v e  p r o d u c t s —a n t h o 
c y a n i d i n s  a n d  p h l o b a p h e n e s —o n  t h e  b a s i s  o f  s o l u b i l i t i e s ,  
a b s o r b a n c e  s p e c t r a ,  a n d  R f  v a l u e s  ( G e i s s m a n ,  1 9 6 2 ;  G o l d s t e i n  
a n d  S w a i n ,  1 9 6 3 ;  H a r b o u r n e ,  1 9 7 3 ) .  F o r  s t u d y  o f  t h e  

l e u c o a n t h o c y a n i d i n s  o f  p e c a n s ,  t h e  m e t h a n o l - H C l  e x t r a c t  
o b t a i n e d  a t  a m b i e n t  t e m p e r a t u r e  w a s  e v a p o r a t e d  w i t h  v a c u u m ,  
a n d  t h e  r e s i d u e  w a s  h y d r o l y z e d  i n  I N  H C 1  f o r  1 h r  a t  1 0 0 ° C .  
A n  i n t e n s e  r e d  p i g m e n t a t i o n  w a s  e x t r a c t e d  i n t o  a m y l  a l c o h o l  
f r o m  t h e  c o o l e d  h y d r o l y s i s  m i x t u r e  t h a t  h a d  a n  a b s o r b a n c e  
m a x i m a  a t  a b o u t  5 5 0  n m .  I t  w a s  s e p a r a t e d  b y  p a p e r  c h r o m a 
t o g r a p h y  i n t o  t w o  c o m p o u n d s ,  o n e  r e d  a n d  t h e  o t h e r  m a g e n t a  
c o l o r  i n  v i s i b l e  l i g h t .  R f  v a l u e s  o f  t h e s e  c o m p o u n d s  o n  p a p e r  
d e v e l o p e d  w i t h  F o r e s t a l  r e a g e n t  w e r e  0 . 4 9  a n d  0 . 3 1 ,  r e s p e c 
t i v e l y ,  a n d  c o r r e s p o n d e d  t o  R f  v a l u e s  f o r  c y a n i d i n  a n d  
d e l p h i n i d i n  ( H a r b o u r n e ,  1 9 7 3 ) .  T h e  a b s o r b a n c e s  o f  t h e  r e d  
a n d  m a g e n t a  c o m p o u n d s  w e r e  5 3 4  a n d  5 4 6  n m ,  r e s p e c t i v e l y ,  

i n  m e t h a n o l .  T h e s e  m a x i m a  w e r e  s h i f t e d  t o  5 5 2  a n d  5 6 9  n m ,  
r e s p e c t i v e l y ,  w i t h  t h e  a d d i t i o n  o f  2  d r o p s  o f  5 %  A I C I 3 i n  

m e t h a n o l .
T h e  d a t a  ( T a b l e  1 )  i n d i c a t e d  t h a t  t h e  c o m p o u n d s  w e r e  

c y a n i d i n  a n d  d e l p h i n i d i n ,  a n d  t h a t  t h e y  w e r e  f o r m e d  b y  t h e  
o x i d a t i o n  o f  l e u c o c y a n i d i n  a n d  l e u c o d e l p h i n i d i n .
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Table 1 —A n a lysis o f  the anthocya n id ins from  pecan kernels

Spot
no. Rfa Color*1

\ max (nm) A \ max (nm) 
(methanolic-HCl) (withAICI3) Identity

1 0.49 red 534 +18 cyanidin
2 0.31 magenta 546 +23 delphinidin

a In  Foresta l reagent 
k  V is ib le  light

Table 2 —W eekly values for p e ro x id ea, p h lo b a p h en e 0, a n th o cya n id in c 
and H u n terd d eterm ina tions on  S tu a rt pecan  kerne ls sto red  at 3 2 ° C , 
50%  R H

Absorbance Hunter values
Peroxide --------------- - --------------------------------------------

Week value 450 550 L a b a/b AE

0 0.10 0.00 0.00 32.6 8.60 15.0 0.57 0
1 0.27 0.03 0.01 31.6 8.81 14.7 0.60 1.08
2 0.72 0.15 0.02 30.4 9.07 14.1 0.65 2.51
3 0.41 0.09 0.03 30.1 9.50 13.9 0.68 2.92
4 0.21 0.11 0.03 28.2 9.74 12.9 0.76 457
5 0.17 0.08 0.02 28.8 9.80 12.9 0.75 4.51
6 0.33 0.08 0.02 28.6 9.76 13.0 0.75 4.64
7 0.37 0.09 0.02 27.8 9.94 12.6 0.79 5.49
8 0.94 0.15 0.04 27.1 10.20 12.5 0.81 6.23
9 2.13 0.16 0.05 27.4 10.10 12.5 0.80 5.94

10 1.16 0.16 0.05 27.9 10.40 12.7 0.82 5.58
11 1.53 0.16 0.05 26.6 10.60 11.8 0.88 7.00
12 1.27 0.16 0.05 25.4 10.70 11.4 0.94 8.31
13 1.38 0.13 0.04 25.6 10.70 11.5 0.93 8.08
14 0.54 0.18 0.06 25.1 10.70 11.0 0.97 8.77
15 2.91 0.18 0.06 25.2 10.70 11.0 0.98 8.71
16 1.16 0.22 0.06 25.2 10.80 11.2 0.97 8.61

a Exp re sse d  as m eq 0 2 /kg oil. Each  value Is the m ean of trip licate  
analyses.

k  A b so rb a n ce  @  \ 4 5 0 .  Each  value is m ean o f  trip lica te  analyses.

A b so rb a n ce  @  \ 5 5 0 .  Each  va lue  is m ean o f trip licate  analyses, 
d  Each  va lue  is the m ean o f 12 d eterm inations.

Table 3 —W eekly values fo r p e ro x id e ,a p h lo b a p h e n e }1 anthocyan-  
ld ln c an d  H u n t e r d e t e r m in a t io n s  on  S c h le y  p ecan  kerne ls s to re d

_ . . Absorbance Hunter values
Peroxide ___________  _____________________

Week value 450 550 L a b a/b AE

0 0.19 0.02 0.01 33.7 8.88 15.3 0.58 0
1 0.40 0.03 0.01 31.4 9.25 14.3 0.64 2.57
2 0.18 0.05 0.01 31.4 9.93 14.3 0.69 2.76
3 0.34 0.12 0.03 31.2 9.82 14.1 0.70 2.94
4 0.31 0.05 0.01 30.9 10.30 14.1 0.72 3.36
5 1.35 0.11 0.02 29.1 10.50 13.3 0.79 5.30
6 1.57 0.10 0.03 29.2 10.70 13.3 0.80 5.29
7 2.24 0.12 0.02 28.7 10.90 13.1 0.83 5.85
8 2.09 0.12 0.02 27.8 10.80 12.5 0.87 6.90
9 2.94 0.14 0.04 27.6 11.30 12.4 0.91 7.26

10 2.82 0.16 0.05 27.4 11.40 12.3 0.93 7.45
11 3.39 0.15 0.05 25.4 11.50 11.1 1.02 9.70
12 3.76 0.17 0.05 25.3 11.40 10.7 1.04 9.81
13 2.89 0.20 0.05 24.8 11.30 10.6 1.07 10.41
14 3.53 0.22 0.09 24.4 11.30 10.3 1.10 10.86
15 3.36 0.20 0.06 24.3 11.50 10.1 1.14 11.16
16 3.91 0.24 0.07 24.3 11.60 9.9 1.16 11.22

a Exp re ssed  as m eq 0 2 /kg o il. Each  value is the m ean o f trip licate  
analyses.

^  A h so rb an ce  @ X 4 5 0 .  E ach  value is m ean o f  trip lica te  analyses. 
c A b so rb an ce  @  7.550. E ach  va lue  is m ean o f  trip lica te  analyses.
^  Each value is the m ean o f 12  d e te rm ln a tons.

P h l o b a p h e n e s  a r e  f o r m e d  b y  t h e  p o l y m e r i z a t i o n  o f  

l e u c o a n t h o c y a n i d i n s  ( B a t e - S m i t h  a n d  S w a i n ,  1 9 5 3 ;  H i l l i s ,  
1 9 5 6 ;  H a t h w a y  a n d  S e a k i n s ,  1 9 5 7 ;  R o u x ,  1 9 5 8 ;  S w a i n ,  1 9 6 4 ;  
R i b é r e a u - G a y o n ,  1 9 7 2 )  a n d  a r e  i n c l u d e d  i n  t h e  b r o a d  c l a s s i f i 

c a t i o n  o f  c o m p o u n d s  c o m m o n l y  r e f e r r e d  t o  a s  c o n d e n s e d  o r  
c o m p o u n d  t a n n i n s .  T h e  t a n n i n s  a r e  k n o w n  t o  b e  c o m p o s e d  o f  

s e v e r a l  g r o u p s ,  i . e . ,  o l i g o m e r s  o f  p o l y h y d r o x y f l a v a n - 3 , 4 - d i o l s ,  

c o m p o u n d s  o f  h y d r o x y f l a v a n - 3 - o l s  ( c a t e c h i n  t a n n i n s )  ( S c h a n -  
d e r l ,  1 9 7 0 ) ,  a n d  d i m e r s  o f  h y d r o x y f l a v a n - 3 , 4 - d i o l s  a n d  h y -  

d r o x y f l a v a n - 3 - o l s  ( b i f l a v a n s )  ( R i b é r e a u - G a y o n ,  1 9 7 2 ) .  N o  
s t a n d a r d  m e t h o d  h a s  b e e n  e s t a b l i s h e d  f o r  s t u d y i n g  t h e  t a n n i n s  
b e c a u s e  t h e y  a r e  c o m p l e x  a n d  n o t  e a s i l y  i s o l a t e d .  T h e y  a r e  

u s u a l l y  s t u d i e d  i n  r e s p e c t  t o  t h e i r  t o t a l  q u a n t i t i e s  p r e s e n t ,  
d e g r e e  o f  p o l y m e r i z a t i o n ,  a n d  c o n s t i t u e n t  m o n o m e r s .

W e  u n d e r t o o k  t o  d e t e r m i n e  w h e t h e r  t a n n i n s  o t h e r  t h a n  
p o l y m e r s  o f  h y d r o x y f l a v a n - 3 , 4 - d i o l s  c o n t r i b u t e  t o  p e c a n  d i s 

c o l o r a t i o n .  M e t h a n o l i c - H C l  e x t r a c t s  o f  f r e s h  p e c a n  k e r n e l s  
w e r e  c o n c e n t r a t e d  w i t h  v a c u u m  u n d e r  N 2 , a n d  t h e  r e s i d u e  w a s  

r e s u s p e n d e d  i n  0 . 1 %  H C 1 . T h i s  s u s p e n s i o n  w a s  e x t r a c t e d  w i t h  
t h r e e  1 0 - m l  p o r t i o n s  o f  e t h e r  a n d  t h e n  w i t h  t h r e e  1 0 - m l  p o r 
t i o n s  o f  e t h y l  a c e t a t e  ( M a t h e w  a n d  G o v i n d a r a j a n ,  1 9 6 4 ) .  T h e  

c o m b i n e d  e t h e r  e x t r a c t s  a n d  c o m b i n e d  a c e t a t e  e x t r a c t s  w e r e  

c o n c e n t r a t e d  t o  c a  1 m l  w i t h  v a c u u m  a n d  a  s t r e a m  o f  N 2 ; a n d  
p o r t i o n s  o f  t h e s e  c o n c e n t r a t e s  a n d  t h e  a q u e o u s  r e s i d u e  w e r e  
s p o t t e d  o n  c e l l u l o s e  p l a t e s  a n d  d e v e l o p e d  o n e - d i m e n s i o n a l l y  
f o r  1 5  c m  w i t h  f o r m i c  a c i d - H C l - w a t e r  ( 1 0 : 1 : 3 ) .  T h e  p l a t e s  
w e r e  s p r a y e d  w i t h  v a n i l l i n - s u l f u r i c  a c i d  ( l g  v a n i l l i n  i n  1 0 0  m l  
c o n c e n t r a t e d  H 2 SC>4 )  a n d  w i t h  p - t o l u e n e s u l f o n i c  a c i d  ( 2 0 %  i n  
C H C I 3 )  ( S t a h l ,  1 9 6 2 ;  R o b i n s o n ,  1 9 6 7 ) .  R e s u l t s  w i t h  b o t h  

s p r a y  r e a g e n t s  i n d i c a t e d  t h a t  c a t e c h i n s  w e r e  n o t  p r e s e n t .  T h e  
c h r o m a t o g r a m  o f  t h e  e t h y l  a c e t a t e  e x t r a c t  s p r a y e d  w i t h  t h e  
v a n i l l i n  r e a g e n t  s h o w e d  a n  i n t e n s e  p i n k  s t r e a k  f r o m  t h e  o r i g i n  

t o  a n  R f  o f  c a  0 . 7 5 ,  i n d i c a t i n g  t h e  p r e s e n c e  o f  p h l o b a p h e n e s  
p o l y m e r i z e d  t o  v a r i o u s  e x t e n t s .  C h r o m a t o g r a m s  s p r a y e d  w i t h  
p - t o l u e n e s u l f o n i c  a c i d  s h o w e d  s i m i l a r  c o l o r a t i o n  a n d  d i s t r i b u 
t i o n  o f  t h e  c o m p o u n d s  w i t h  n o  e v i d e n c e  o f  b r o w n  c o l o r  w h i c h  
w o u l d  h a v e  i n d i c a t e d  t h e  p r e s e n c e  o f  c a t e c h i n s  ( R o b i n s o n ,
1 9 6 7 ) .  C h r o m a t o g r a m s  o f  t h e  a q u e o u s  r e s i d u e  s p r a y e d  w i t h  

t h e  a b o v e  r e a g e n t s  s h o w e d  a n  i n t e n s e  p i n k  s p o t  a t  t h e  o r i g i n  
w i t h  s l i g h t  s t r e a k i n g  f o r  c a  1 c m ,  i n d i c a t i n g  h i g h l y  p o l y 

m e r i z e d  p h l o b a p h e n e s .  N o  b r o w n  c o l o r  w a s  a p p a r e n t  w i t h  t h e  

p - t o l u n e n e s u l f o n i c  a c i d  r e a g e n t .
T h e  r e s u l t s  o f  t h e  p r e l i m i n a r y  s t u d y  i n d i c a t e d  t h a t  d i s 

c o l o r a t i o n  o f  p e c a n  t e s t a  i s  c a u s e d  b y  t h e  o x i d a t i o n  o f  

l e u c o c y a n i d i n  a n d  l e u c o d e l p h i n i d i n  t o  t h e i r  r e s p e c t i v e  d e r i v a 

t i v e s —p h l o b a p h e n e s  o f  v a r y i n g  d e g r e e s  o f  p o l y m e r i z a t i o n ,  a n d ,  
t o  a  l e s s e r  e x t e n t ,  c y a n i d i n  a n d  d e l p h i n i d i n .

S t o r e d  s a m p l e s

P e r o x i d e  v a l u e s  ( P V ) .  R e g r e s s i o n  a n a l y s e s  o f  d a t a  ( T a b l e  
2 , 3 )  s h o w  t h a t  p e r o x i d a t i o n  o f  t h e  o i l s  i n  b o t h  t h e  S t u a r t  a n d  

S c h l e y  v a r i e t i e s  i n c r e a s e d  l i n e a r l y  w i t h  s t o r a g e  t i m e .  A l s o ,  t h e  
v a r i e t i e s  d i f f e r e d  s i g n i f i c a n t l y  i n  t h e  r a t e  o f  p e r o x i d a t i o n  ( P  <  
0 . 0 1 ) .  I n  t h e s e  a n a l y s e s ,  t h e  b e s t  f i t  e q u a t i o n s  w e r e  d e t e r 

m i n e d  f o r  t h e  d e p e n d e n t  v a r i a b l e s  i n  r e l a t i o n  t o  t i m e .  P l o t s  o f  
t h e s e  e q u a t i o n s  a n d  t h e  m e a n s  o f  w e e k l y  P V  a r e  p r e s e n t e d  i n  
F i g u r e  1 .

F o r b u s  a n d  S e n t e r  ( 1 9 7 6 )  r e p o r t e d  t h a t  h e d o n i c  r a t i n g s  o f  
S t u a r t  a n d  S c h l e y  k e r n e l s  d e c r e a s e d  s i g n i f i c a n t l y  a t  3 0  a n d  3 3  

w k  o f  s t o r a g e  a t  2 1 ° C  r e s p e c t i v e l y ,  w h e n  t h e i r  P V  w e r e  c a  1 .0 .  

T h i s  f i n d i n g  s u g g e s t s  t h a t  i n  t h e  p r e s e n t  s t u d y ,  r a n c i d i t y  w o u l d  
h a v e  b e e n  d e t e c t e d  i n  t h e  S c h l e y  v a r i e t y  a f t e r  4 — 5 w k  i n  
s t o r a g e  a n d  i n  t h e  S t u a r t  v a r i e t y  a f t e r  8 —9  w k .  I n i t i a l l y ,  t h e  
P V  f o r  b o t h  v a r i e t i e s  w e r e  s i m i l a r ;  h o w e v e r ,  a f t e r  1 6  w k ,  t h a t  
o f  t h e  S c h l e y  k e r n e l s  w a s  3 . 9 1  i n  c o n t r a s t  t o  1 . 1 6  f o r  k e r n e l s  
o f  t h e  S t u a r t  v a r i e t y .

P h l o b a p h e n e s .  T h e  a b s o r b a n c e  o f  t h e  m e t h a n o l i c - H C l  
e x t r a c t s  a t  4 5 0  n m  d i d  n o t  v a r y  s i g n i f i c a n t l y  b e t w e e n  v a r i e t i e s  
i n  e i t h e r  t h e  w e e k l y  r a t e s  o f  i n c r e a s e  o r  t h e  i n t e n s i t y  a t  t h e  

e n d  o f  1 6  w k  i n  s t o r a g e .  D i f f e r e n c e s  a m o n g  t h e  w e e k l y  v a l u e s  
i n  b o t h  v a r i e t i e s  w e r e  s i g n i f i c a n t  ( P  <  0 . 0 1 ) .  R e g r e s s i o n
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a n a l y s e s  o f  t h e s e ,  d a t a  s h o w e d  t h a t  a b s o r b a n c e  i n c r e a s e s  
l i n e a r l y  w i t h  t i m e .  S i n c e  v a r i a t i o n  i n  t h e  r a t e s  o f  i n c r e a s e  

b e t w e e n  t h e  t w o  v a r i e t i e s  w a s  n o t  s i g n i f i c a n t  a t  t h e  5 %  l e v e l ,  

w e  p o o l e d  t h e  w e e k l y  v a l u e s  f o r  b o t h  v a r i e t i e s  i n  a  l i n e a r  
r e g r e s s i o n  a n a l y s i s  t o  e s t a b l i s h  t h e  b e s t  f i t  l i n e  f o r  t h e s e  d a t a  
( F i g .  2 ) .

A n t h o c y a n i d i n s .  T h e  a b s o r b a n c e  o f  t h e  m e t h a n o l i c - H C l  
e x t r a c t s  a t  5 5 0  n m  i n c r e a s e d  s i g n i f i c a n t l y  ( P  < 0 . 0 1 )  w i t h  t i m e  
i n  b o t h  v a r i e t i e s ;  h o w e v e r ,  n e i t h e r  t h e  r a t e s  o f  i n c r e a s e  n o r  

i n t e r a c t i o n  b e t w e e n  v a r i e t i e s  a n d  t i m e  w e r e  s i g n i f i c a n t  a t  t h e  
5 %  l e v e l .  T h e  l i n e a r  r e g r e s s i o n  o f  t h e  d e p e n d e n t  v a r i a b l e  

( A s  s o )  v s  t i m e  s u g g e s t s  a  r e l a t i o n s h i p  b e t w e e n  t h e  f o r m a t i o n  
o f  p h l o b a p h e n e s  a n d  a n t h o c y a n i d i n s  f r o m  t h e  o x i d a t i o n  o f  
e n d o g e n o u s  l e u c o a n t h o c y a n i d i n s .  L i n e a r  r e g r e s s i o n  a n a l y s i s  o f  
p o o l e d  d a t a  f r o m  b o t h  v a r i e t i e s  w a s  u s e d  t o  e s t a b l i s h  t h e  b e s t  
f i t  l i n e  f o r  t h e s e  d a t a  ( F i g .  3 ) .

H u n t e r  c o l o r  v a l u e s .  T h e  v a l u e s  g i v e n  i n  T a b l e s  2  a n d  3  f o r  

L ,  a ,  b ,  a / b  a n d  A E  d e t e r m i n a t i o n s  i n d i c a t e  t h e  c o l o r  c h a n g e s  
t h a t  o c c u r r e d  i n  t h e  s t o r e d  p e c a n  k e r n e l s .  D e c r e a s e s  i n  t h e  L  

a n d  b  v a l u e s  o f  b o t h  v a r i e t i e s  w e r e  s i g n i f i c a n t  ( P  <  0 . 0 1 )  i n  
r e l a t i o n  t o  t i m e  a n d  i n d i c a t e d  p r o g r e s s i v e  l o s s  o f  t h e  g o l d e n  

k e r n e l  c o l o r .  W i t h  d e c r e a s e  i n  l i g h t n e s s  a n d  y e l l o w  c o l o r ,  a  a n d  

a / b  v a l u e s  i n c r e a s e d  p r o g r e s s i v e l y  i n  b o t h  v a r i e t i e s ,  s i g n i f y i n g  
i n c r e a s i n g  r e d n e s s  o f  t h e  k e r n e l s .  D i f f e r e n c e s  w e r e  s i g n i f i c a n t  
( P  <  0 . 0 1 )  b e t w e e n  v a r i e t i e s ,  w e e k s  i n  s t o r a g e ,  a n d  i n  t h e  
i n t e r a c t i o n  b e t w e e n  v a r i e t i e s  a n d  w e e k s  w i t h  r e s p e c t  t o  t h e  a ,  
b ,  a / b ,  a n d  A E  v a l u e s .  D i f f e r e n c e s  i n  t h e  L  v a l u e s  w e r e  n o t  
s i g n i f i c a n t  a t  t h e  5 %  l e v e l  b e t w e e n  v a r i e t i e s  b u t  w e r e  s i g n i f i 

c a n t  ( P  <  0 . 0 1 )  f o r  b o t h  v a r i e t i e s  i n  r e l a t i o n  t o  t i m e .  A l t h o u g h  

t h e  i n i t i a l  a  a n d  a / b  v a l u e s  w e r e  e s s e n t i a l l y  t h e  s a m e  f o r  b o t h  
v a r i e t i e s ,  t h e  r a t e s  o f  i n c r e a s e  w e r e  s i g n i f i c a n t l y  h i g h e r  i n  t h e  

S c h l e y s  t h a n  i n  t h e  S t u a r t s .  W e e k l y  r a t e s  o f  i n c r e a s e  i n  t h e  A E  
v a l u e s  ( F i g .  4 )  r e f l e c t e d  t h e  d a r k e n i n g  o f  t h e  k e r n e l s .  T h e  
v a l u e s  v a r i e d  s i g n i f i c a n t l y  ( P  <  0 . 0 1 )  b e t w e e n  v a r i e t i e s  a n d  
a m o n g  w e e k s ,  w i t h  i n t e r a c t i o n  b e t w e e n  v a r i e t i e s  a n d  w e e k s  
s i g n i f i c a n t  a t  t h e  0 . 1 %  l e v e l .

C o r r e l a t i o n s  c o e f f i c i e n t s .  F r o m  t h e  e n t i r e  d a t a  s e t ,  c o r r e l a 

t i o n  c o e f f i c i e n t s  w e r e  c a l c u l a t e d  b e t w e e n  a l l  v a r i a b l e s  w i t h i n  
e a c h  v a r i e t y  a n d  f o r  t h e  v a r i e t i e s  c o m b i n e d  ( T a b l e  4 ) .

I n  t h e  H u n t e r  a n a l y s e s ,  c o r r e l a t i o n s  w e r e  h i g h  ( c a  0 . 9 5 )  
b e t w e e n  a l l  v a r i a b l e s  i n  b o t h  v a r i e t i e s .  T h e  r e s u l t s  s h o w e d  t h e  
i n t e r r e l a t i o n s h i p  o f  t h e  L ,  a ,  b ,  a / b ,  a n d  A E  v a l u e s  i n  p e c a n s  i n  
t h a t  i n c r e a s e s  i n  r e d  c o l o r  w e r e  a c c o m p a n i e d  b y  d e c r e a s e s  i n  

y e l l o w  c o l o r  a n d  l i g h t n e s s .
T h i s  s t u d y  a n d  t h e  r e p o r t  o f  F o r b u s  a n d  S e n t e r  ( 1 9 7 6 )  

s h o w e d  t h a t  S t u a r t s  w e r e  m o r e  r e s i s t a n t  t o  d i s c o l o r a t i o n  t h a n  
S c h l e y s .  I f  r e s i s t a n c e  t o  p e r o x i d a t i o n  w e r e  r e l a t e d  t o  t h e  
o x i d a t i o n  o f  l e u c o a n t h o c y a n i d i n s ,  c o r r e l a t i o n s  a m o n g  t h e s e  

v a r i a b l e s  w o u l d  b e  e x p e c t e d  t o  b e  h i g h e r  i n  t h e  S t u a r t  v a r i 
e t y  t h a n  i n  t h e  S c h l e y .  H o w e v e r ,  t h i s  t r e n d  w a s  n o t  o b 

s e r v e d  i n  t h e  a n a l y s e s .  F o r  t h e  S t u a r t  v a r i e t y ,  c o r r e l a t i o n s  w e r e  
r a t h e r  l o w  a m o n g  a l l  H u n t e r  v a l u e s  a n d  a n t h o c y a n i d i n  a n a l y s e s  
( c a  0 . 6 2 ) ,  p h l o b a p h e n e  a n a l y s e s  ( c a  0 . 7 0 ) ,  a n d  p e r o x i d e  

v a l u e s  ( c a  0 . 4 4 ) .  C o r r e l a t i o n  c o e f f i c i e n t s  b e t w e e n  t h e  f o r m a 
t i o n  o f  p h l o b a p h e n e s  a n d  a n t h o c y a n i d i n s  a n d  t h e  p e r o x i d e  

v a l u e s  w e r e  l o w ,  w i t h  v a l u e s  o f  0 . 4 0  a n d  0 . 4 2 ,  r e s p e c t i v e l y .

F o r  t h e  S c h l e y  v a r i e t y ,  c o r r e l a t i o n s  w e r e  a c c e p t a b l e  a m o n g  
a l l  v a r i a b l e s .  T h e  h i g h  c o r r e l a t i o n  c o e f f i c i e n t s ,  c a  0 . 9 5 ,  b e 

t w e e n  a l l  H u n t e r  v a l u e s ,  a g a i n  e m p h a s i z e d  t h e  i n t e r r e l a t i o n s h i p  
o f  t h e s e  v a r i a b l e s .  C o r r e l a t i o n  c o e f f i c i e n t s  b e t w e e n  a l l  H u n t e r  
v a l u e s  a n d  p h l o b a p h e n e  f o r m a t i o n  w e r e  c a  0 . 8 6 , a n d  b e t w e e n  
a n t h o c y a n i d i n  f o r m a t i o n ,  c a  0 . 7 9 .  I n  t h i s  v a r i e t y ,  t h e  c o r r e l a 
t i o n  o f  p h l o b a p h e n e  a n d  a n t h o c y a n i d i n  f o r m a t i o n  w a s  h i g h  

( 0 . 9 2 ) .  A d d i t i o n a l l y ,  c o r r e l a t i o n  c o e f f i c i e n t s  b e t w e e n  H u n t e r  
v a l u e s  a n d  p e r o x i d e  v a l u e s  w e r e  c a  0 . 9 0 ;  b e t w e e n  a n t h o 
c y a n i d i n  f o r m a t i o n  a n d  p e r o x i d e  v a l u e s ,  0 . 7 7 ;  a n d  b e t w e e n  
p h l o b a p h e n e  f o r m a t i o n  a n d  p e r o x i d e  v a l u e s ,  0 . 7 7 .

I n  t h e  c o m b i n e d  a n a l y s e s ,  t h e s e  v a l u e s  w e r e ,  a s  e x p e c t e d ,  
m i d r a n g e  b e t w e e n  v a l u e s  o b t a i n e d  f o r  t h e  t w o  v a r i e t i e s .  
C o r r e l a t i o n s  b e t w e e n  p e r o x i d e  v a l u e s  a n d  t h e  v a r i a b l e s  i n  t h e  

H u n t e r  a n a l y s e s  w e r e  c a  0 . 7 2 .

Fig. 1—R elationsh ip  b etw een  tim e a n d  p e ro x id e  c o n te n t  o f  o il in 
S tu a rt  (— ,x )  a n d  S c h le y  (— , o )  pepan kernels s to re d  fo r  16 w k  a t  
3.t  C , 5 0 %  R H . [S tu a rts : P V  = 0 .0 8 5  + 0 .1 0 4  (no. w k ) ; r  = 0 .6 8 ; P  = 
< 0 .0 1 ; S .E .  estim ate = * 0 .5 5 . S c h le y : P V  = - 0 .0 5 2  + 0 .2 5  (no. 
w k ) ; r  = 0 .9 6 ; P  = < 0 .0 1 ; S. E . estim ate = 0 .4 0 .]

Fig. 2 —Relation sh ip  b etw een  tim e a n d  p h lo b a p h en e  form ation  
(A a 5 0) in S tu a rt  (x) a n d  S c h le y  (o) p eca n  kernels s to re d  fo r  16 w k  
a t 3 ? C ,  50%  R H . [ A 4S0 = - 0 .0 4 8  + 0 .0 1  (no. w k ) ; r  = 0 .8 5 ; P  = 
< 0 .0 1 ; S .E .  estim ate = T= 0 .0 3 2 .]

T IM E  (W e ek s)

Fig. 3 —R ela tio n sh ip  b etw een  tim e an d  an tho cya n id in  fo rm a tio n  
( A s s 0 )  in S tu a rt  (x ) a n d  S ch le y  (o) p ecan  kernels s to re d  fo r  16  w k  
a t 3 2 ? C , 50%  R H . [ A s s 0  = 0 .0 0 6 7  + 0 .0 0 3 6  (no. w k ) ; r  = 0 .9 2 ; P  =  
< 0 .0 1 ; S .E .  estim ate = 0 .0 0 7 3 .]
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T h e s e  d a t a  i n d i c a t e  t h a t  t h e  t r a n s f o r m a t i o n  o f  l e u c o a n t h o -  
c y a n i d i n . '  t o  p h l o b a p h e n e s  a n d  a n t h o c y a n i d i n s  c o u l d  i n f l u e n c e  

t h e  s t a b i l i t y  o f  p e c a n  k e r n e l s .  H o w e v e r ,  o t h e r  f a c t o r s  w e r e  
p r e s e n t ,  w h i c h ,  a l o n e  o r  i n  c o n j u n c t i o n  w i t h  t h e  l e u c o a n t h o -  

c y a n i d i n s ,  a c c o u n t e d  f o r  t h e  d i f f e r e n c e  b e t w e e n  t h e  t w o  

v a r i e t i e s  i n  s t o r a g e  s t a b i l i t y .
F l a v a n o l s  a n d  t o t a l  p h e n o l s .  T a b l e s  5  a n d  6  s h o w  t h e  

w e e k l y  c h a n g e s  i n  t h e  l e u c o a n t h o c y a n i d i n ,  p h l o b a p h e n e ,  a n d  
a n t h o c y a n i d i n  c o n t e n t s  o f  t h e  s t o r e d  p e c a n s .  P h e n o l i c  c o m 
p o u n d s ,  w h i c h  a r e  g o o d  r e d u c i n g  a g e n t s ,  w e r e  m o r e  a b u n d a n t  
i n  t h e  S t u a r t  v a r i e t y  t h a n  i n  t h e  S c h l e y  v a r i e t y .  T h e  d i f f e r e n c e  
i n  a b u n d a n c e  m a y  e x p l a i n  t h e  g r e a t e r  r e s i s t a n c e  o f  t h e  S t u a r t  

k e r n e l s  t o  p e r o x i d a t i o n .  A l t h o u g h  t h e  p o t e n t i a l  t o  d i s c o l o r  
w a s  g r e a t e r  f o r  t h e  S t u a r t  p e c a n s ,  t h e i r  g r e a t e r  q u a n t i t i e s  o f  
o t h e r  p h e n o l i c  c o m p o u n d s  m i g h t  h a v e  p r o t e c t e d  t h e  l e u -  

c o a n t h o c y a n i d i n s  t h r o u g h  p r e f e r e n t i a l  o x i d a t i o n .  A l t h o u g h  
t h e  q u a n t i t i e s  o f  t o t a l  p h e n o l i c  a n d  f l a v a n o l  c o m p o u n d s  v a r i e d  

i n  t h e  s i x  a n a l y s e s  m a d e  o n  e a c h  v a r i e t y ,  t h e s e  d i f f e r e n c e s  
c o u l d  b e  e x p l a i n e d  b y :  ( 1 )  v a r i a t i o n  i n  t h e  q u a n t i t y  o f  

p h e n o l i c  c o m p o u n d s  a m o n g  n u t s  w i t h i n  a  v a r i e t y ,  a n d  ( 2 ) 
i n c r e a s e d  p o l y m e r i z a t i o n  o f  t h e  f l a v a n o l s  t o  c o m p o u n d s  n o t  
r e a d i l y  s o l u b l e  w i t h  i n c r e a s i n g  s t o r a g e  t i m e .  D e c r e a s i n g  s o l u 
b i l i t y  w i t h  i n c r e a s i n g  p o l y m e r i z a t i o n  w a s  r e p o r t e d  b y  G e i s s -  

m a n  ( 1 9 6 2 )  a n d  R i b d r e a u - G a y o n  ( 1 9 7 2 ) ,  a n d  w a s  i n d i c a t e d  i n  
o u r  s t u d y  b y  d e c r e a s e s  i n  t h e  q u a n t i t i e s  o f  f l a v a n o l s  w i t h  c o n 

c o m i t a n t  i n c r e a s e s  i n  t h e  f o r m a t i o n  o f  p h l o b a p h e n e s .
T h e  r e l a t i o n s h i p  o f  t h e  l e u c o a n t h o c y a n i d i n s ,  p h l o b a p h e n e s ,  

a n t h o c y a n i d i n s ,  a n d  t o t a l  f l a v a n o l s  a r e  p r e s e n t e d  i n  T a b l e s  5 
a n d  6 . I n c r e a s e s  i n  p h l o b a p h e n e s  a n d  a n t h o c y a n i d i n s  r e f l e c t  

d e c r e a s e s  i n  l e u c o a n t h o c y a n i d i n s ;  a n d  t h e s e  t h r e e  c l a s s e s  o f  
c o m p o u n d s  c o l l e c t i v e l y  c o m p r i s e  t h e  f l a v a n o l s .  Q u a n t i t a t i v e  

d i f f e r e n c e s  i n  t h e s e  c o m p o u n d s  b e t w e e n  t h e  t w o  v a r i e t i e s

Fig. 4 —R elationsh ip  betw een  tim e a n d  H u n te r AE  values o f  S tu a rt  
(— , x l  an d  S ch le y  (- - o ) pecan kernels s to re d  fo r  16 w k a t 3 2 °  C, 
50%  R H . [S tu a rt : AE  = 0 .5 7  + 0 .8 4  (no. w k) — 0 .0 2 1  (no. w k ) 2;  r  = 
0 .9 7 ; P  = < 0 .0 1 ; S .E .  estim ate = +  0 .6 2 . S c h le y : A = 0 .7 1  + 0 .8 6  
(no. w k) — 0 .0 1 1  (no. w k ) 2;  r = 0 .9 9 ; P  = < 0 .0 1 ; S .E .  estim ate = # 
0 .5 7 .]

r e f l e c t  d i f f e r e n c e s  p r e v i o u s l y  s h o w n  i n  T a b l e s  2  a n d  3 .  I n  
T a b l e s  5  a n d  6 , t h e  n e t  i n c r e a s e s  i n  t h e  q u a n t i t i e s  o f  p h l o 
b a p h e n e s  a n d  a n t h o c y a n i d i n s  a s  c o m p a r e d  t o  t h e  a m o u n t s  

p r e s e n t  i n  f r e s h  k e r n e l s  a r e  i n d i c a t i v e  o f  t h e  m o r e  r a p i d  r a t e  o f  

f o r m a t i o n  o f  t h e s e  c o m p o u n d s  i n  t h e  S c h l e y  v a r i e t y .

CONCLUSIONS & RECOMMENDATIONS
O U R  S T U D Y  I N D I C A T E S  t h a t  t h e  d i s c o l o r a t i o n  i n  t h e  t e s t a  
o f  s t o r e d  p e c a n  k e r n e l s  w a s  c a u s e d  b y  t h e  o x i d a t i o n  o f  
e n d o g e n o u s  l e u c o c y a n i d i n  a n d  l e u c o d e l p h i n i d i n  t o  t h e i r  

r e s p e c t i v e  p h l o b a p h e n e s  a n d  a n t h o c y a n i d i n s .  T h e  o x i d a t i o n  
w a s  p r o g r e s s i v e  i n  k e r n e l s  o f  t h e  S t u a r t  a n d  S c h l e y  v a r i e t i e s  

d u r i n g  1 6  w e e k s ’ s t o r a g e  a t  3 2 ° C ,  5 0 %  R H .  A l t h o u g h  k e r n e l s  
o f  t h e  S t u a r t  v a r i e t y  c o n t a i n e d  l a r g e r  q u a n t i t i e s  o f  l e u c o a n t h o 
c y a n i d i n s ,  t h e  t w o  v a r i e t i e s  d i d  n o t  d i f f e r  s i g n i f i c a n t l y  i n  
e i t h e r  t h e  r a t e  o r  t h e  e x t e n t  o f  p h l o b a p h e n e  f o r m a t i o n  o r  o f  
a n t h o c y a n i d i n  f o r m a t i o n .

C o r r e l a t i o n  c o e f f i c i e n t s  b e t w e e n  t h e  f o r m a t i o n  o f  p h l o 

b a p h e n e s ,  o r  a n t h o c y a n i d i n s ,  a n d  e x t e n t  o f  p e r o x i d a t i o n  w e r e  
l o w  f o r  b o t h  v a r i e t i e s .  A l t h o u g h  t h e  c o r r e l a t e s  w e r e  a c c e p t a b l e  
f o r  t h e  S c h l e y  v a r i e t y ,  t h e y  w e r e  e s p e c i a l l y  l o w  f o r  t h e  

S t u a r t s .  T h e r e f o r e  n e i t h e r  p h l o b a p h e n e  o r  a n t h o c y a n i d i n  
v a l u e  w o u l d  b e  a  u s e f u l  i n d e x  o f  l i p i d  q u a l i t y  i n  p e c a n s .  T h e  
H u n t e r  v a l u e s ,  i n d i c a t i v e  o f  t h e  t o t a l  c o l o r  c h a n g e s  t h a t  o c c u r  
i n  t h e  k e r n e l s ,  c o r r e l a t e d  r e a s o n a b l y  w e l l  w i t h  p e r o x i d e  v a l u e s .  
C o l o r  m e a s u r e m e n t s  c a n  b e  m a d e  n o n d e s t r u c t i v e l y ; h e n c e ,  

t h e y  w o u l d  b e  u s e f u l  a s  a n  o b j e c t i v e  m e a n s  f o r  d e t e r m i n i n g  
k e r n e l  q u a l i t y .

T h e  s t u d y  a l s o  s h o w e d  t h a t  s i g n i f i c a n t  q u a n t i t i e s  o f  p h e n o 

l i c  c o m p o u n d s  o t h e r  t h a n  l e u c o a n t h o c y a n i d i n s ,  p h l o b a p h e n e s ,

Table 4 —C orre la tion  co e ffic ie n tsa o f  co m b in e d  variables fo r  S tu a rt  an d  S c h le y  pecan  kernels

Lb ab bb a/bb AEb Anthocyanidins6 Phlobaphene6 Peroxide

L 1.00 - 0 .8 2 0.99 -0.95 -0.97 -0.68 -0.77 -0.65
a -0.82 0.91 0.90 0.54 0.66 0.76
b -0.97 -0.98 -0.70 -0.76 -0.70
a/b 0.99 0.65 0.75 0.77
AE 0.67 0.77 0.75
Anthocyanidins 0.67 0.51
Phlobophene 1.00
Peroxide

a Each  o f these p ro b ab le  va lues are s ig n if ic an t  at the 0.01 level. 
b H un te r va lu e s
c F ro m  net ab so rban ce  o f sam p le  ex tracts  vs. e x tra ct  o f fresh  sam ple
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LEU C O A N T H O C Y A N ID IN  O X ID A T IO N  IN  P E C A N S ...

a n d  a n t h o c y a n i d i n s  w e r e  p r e s e n t  i n  t h e  t e s t a  o f  p e c a n  k e r n e l s .  o f  t h e  k e r n e l s .  F u r t h e r  s t u d i e s  a r e  n e e d e d  t o  i d e n t i f y  t h e m

T h e  c o m p o u n d s  a p p e a r e d  t o  m a r k e d l y  i n f l u e n c e  t h e  s t a b i l i t y  a n d  t o  d e t e r m i n e  t h e i r  r e l a t i o n  t o  p e c a n  s t a b i l i t y .

Table 5 —Changes in to ta l p h en o ls  an d  flavanols o f  S tu a rt  p ecan  kernels s to re d  fo r  16 w k  a t 3 2  C , 50%  R H

mg/g of Kernel

Net increase^

Weeks
Total

phenolsa
Total 

flavanoi sa L.A.b Phlobaphene
Anthocyan

idins0 Phlobaphene0
Anthocyan-

¡dins

0 10.65 4.43 3.71 0.13 0.19 0.00 0.00
1 3.12 0.85 0.06 0.16 0.03
2 2.05 1.86 0.12 0.81 0.05
3 11.70 4.08 2.37 1.53 0.13 0.49 0.06
4 2.31 1.59 0.13 0.60 0.06
5 2.54 1.36 0.13 0.44 0.05
6 14.20 4.15 2.37 1.53 0.13 0.44 0.05
7 2.26 1.64 0.13 0.49 0.05
8 2.02 1.86 0.15 0.81 0.08
9 12.90 40.3 2.06 1.80 0.17 0.88 0.10

10 2.15 1.75 0.13 0.88 0.10
11 1.97 1.91 0.15 0.88 0.10
12 11.15 3.88 2.11 1.75 0.17 0.88 0.10
13 2.02 1.86 0.15 0.71 0.08
14 1.93 1.91 0.19 0.99 0.12
15 11.55 3.58 1.93 1.91 0.19 0.99 0.12
16 1.58 2.24 0.21 1.20 0.12

a Q u antit ie s  de te rm ined  b y  F o lin -C io ca lte au  and  van illin  ana lyse s  o f sam p le s rem oved  fro m  sto rage  at 3 -w k  in tervals and m a in ta in ed  at — 34°C . 
b  L e u co a n th o cya n id in  va lues de te rm ined  b y  d iffe rence  o f  m ean  fla vano i va lue  and  sum  o f  p h lo b ap h e n e s  and  an th o c ya n id in s .
0 V a lue s determ ined fro m  m eans o f w e e k ly  sp e c tro p h o to m e tr ic  an a ly s is  o f ex tracts  vs ex tract in g  so lvent.
d  V a lue s  de te rm ined  b y  d iffe ren ce  in ab so rban ce  o f ex tract fro m  sto red  kerne ls m in u s  ab so rban ce  o f ex tract  from  fresh  kernels.

Table 6 —Changes in total p h en o ls  an d  flavanols o f  S c h le y  p ecan  kernels s to re d  fo r  16 w k  a t  3 2 1 C , 50%  R H

mg/g of Kernel

Net increased
Total Total ------------------------

Weeks phenols3 Flavanolsa L.A.b Phlobaphene0 Anthocyanidins0 Phlobaphene Anthocyanidins

0 8.30 3.63 2.37 1.20 0.10 0.00 0.00
1 2.42 1.15 0.10 0.16 0.03
2 2.29 1.26 0.12 0.16 0.03
3 9.45 3.65 1.94 1.59 0.14 0.65 0.06
4 2.37 1.20 0.10 0.28 0.03
5 2.00 1.53 0.14 0.60 0.05
6 9.30 3.65 1.89 1.64 0.14 0.55 0.07
7 1.52 2.03 0.12 0.65 0.05
8 1.91 1.64 0.12 0.65 0.05
9 9.25 3.73 1.93 1.59 0.15 0.76 0.08

10 1.75 1.75 0.17 0.87 0.10
11 1.70 1.80 0.17 0.82 0.10
12 9.10 3.70 1.59 1.91 0.19 0.92 0.10
13 1.45 2.03 0.19 1.10 0.12
14 1.18 2.28 0.21 1.20 0.12
15 7.80 2.78 1.57 1.91 0.19 1.10 0.12
16 1.23 2.23 0.21 1.31 0 .1 4

a Q u antit ie s  determ ined b y  F o lin -C io ca lte au  and van illin  ana ly se s  o f  sam p le s rem oved  fro m  sto rage  at 3 -w k intervals and m a in ta in ed  at — 3 4°C . 
b  Leu co an th o cyan id in  va lue s de te rm ined  b y  d iffe ren ce  o f m ean  flavano i va lue  and  sum  o f  p h lo b ap h e n e s  and an th ocyan id in s. 
c V a lu e s  determ ined fro m  m ean s o f w e e k ly  sp e c tro p h o to m e tr ic  ana lyses o f  ex tracts  vs e x tract in g  so lvent.
d  V a lu e s  determ ined b y  d iffe rence  in ab so rban ce  o f ex tracts  fro m  sto red  ke rne ls  m in u s  ab so rbance  o f  e x tr a c t  from  fresh  kernels.
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a b l e  i n  m o s t  c o m p u t e r  l i b a r i e r s ,  t h u s  m a k i n g  t h e  u s a g e  o f  t h e  

p r o p o s e d  c o l o r  d e t e r m i n a t i o n  t e c h n i q u e  a  f a i r l y  s i m p l e  m a t t e r  
t o  p r o c e e d .

I n  c o n c l u s i o n  t h e  p r o p o s e d  t e c h n i q u e  e n a b l e s  o n e  t o  u s e  
m a t h e m a t i c a l  m o d e l s  f o r  t h e  d e t e r m i n i n g  a n d  d e s c r i b i n g  p i g -

Table 4  — In flu en ce  o f  n u m b e r o f  w avelengths u sed  in cu rve  fitting  on  
m ean d iffe re n ce  (± sta n d a rd  deviation) b etw een  p re d ic te d  an d  e x p e ri
m enta l co n cen tra tio n  (7  m ixtures)

Number of
Method wavelengths Amaranth Yellow Tartrazine

(  28 1.54 ± 0.76 2.82 ± 1.56 2.25 ± 3.04
\ 20 1.59 ± 0.79 3.05 ± 1.82 2.64 ± 3.43

Proposed method

« 1.63 ± 0.82 3.23 ± 1.89 3.07 ± 4.05
V 4 1.76 ± 0.85 4.09 ± 2.98 4.31 ± 2.91

Linear equations 
(Ewing, 1969) 3 1.09 ± 0.71 8.27 ± 6.50 8.24 ± 4.73

m e n t  v i s i b l e  s p e c t r u m .  T h e  u s a g e  o f  s u c h  p r o c e d u r e  s h o w e d  a  

r e m a r k a b l y  g o o d  a c c u r a c y  i n  d e t e r m i n e d  p i g m e n t s  c o n c e n t r a 
t i o n  i n  m i x t u r e s .  F u r t h e r  s t u d i e s  o n  t h e  u s a g e  o f  d i f f e r e n t  a n d  
m o d i f i e d  m a t h e m a t i c a l  f u n c t i o n s ,  a n d  t h e  a p p l i c a t i o n  o f  t h e  
t e c h n i q u e  f o r  o t h e r  n a t u r a l  a n d  a r t i f i c i a l  c o l o r s  m i x t u r e s  is  
b e i n g  u n d e r t a k e n .
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BLOOD LIPID LEVELS OF ADULT MEN ON V ITAM IN  D-SUPPLEMENTED
AND UNSUPPLEMENTED DIETS

--------------------------  ABSTRACT ---------------------------
A  s in g le  b  in d  s tu d y  5 7  d a y s  in  l e n g th  w a s  c o n d u c t e d  to  d e t e r m i n e  th e  
e f f e c t  o f  d i e t a r y  s u p p le m e n ta t i o n  o f  v i t a m in  D  u p o n  s e r u m  l ip id  le v e ls  
o f  o ld e r  m e n .  T h e  e x p e r im e n ta l  g r o u p  e a c h  r e c e iv e d  a  c a p s u le  d o s e  
d a i ly  o f  2 0 0 0  IU  o f  a c t i v a t e d  7 - d e h y d r o c h o le s t s r o l .  T h e  c o n t r o l  g r o u p  
s u b je c ts  e a c h  r e c e iv e d  a p la c e b o .  F a s t in g  b lo o d  s a m p le s  w e re  t a k e n  o n  
d a y s  0 ,  2 8  a n d  5 7 .  T h e  b l o o d  s e r u m  w a s  a n a ly z e d  f o r  c h o le s t e r o l ,  
t r ig ly c e r id e  a n d  p h o s p h o l ip id  c o n t e n t .  R e s u l t s  s u p p o r t e d  t h e  t h e o r y  
th a t  lo w  le v e ls  o f  v i ; a m in  D  s u p p le m e n ta t i o n  d o  h a v e  a d e p re s s in g  
e f f e c t  o n  b lo o d  s e r u m  c h o le s t e r o l  le v e ls  b u t  l i t t l e  o r  n o  in f lu e n c e  o n  
se ru m  t r i g ly c e r id e  o r  p h o s p h o l ip id  le v e ls .

INTRODUCTION
A T H E R O S C L E R O S I S / C O R O N A R Y  H E A R T  D I S E A S E  i s  a  
m a j o r  c a u s e  o f  p r e m a t u r e  d e a t h  a m o n g  A m e r i c a n  m e n .  T h e  

p o s s i b l e  i n f l u e n c e  o f  v i t a m i n  D  o n  b l o o d  l i p i d  l e v e l s  o f  h u m a n s  

h a s  n o t  b e e n  e x t e n s i v e l y  s t u d i e d .  V i t a m i n  D  c o n s u m p t i o n  o f  
A m e r i c a n s  h a s  i n c r e a s e d  o v e r  t h e  l a s t  5 0  y r  t h r o u g h  t h e  i n t a k e  
o f  v i t a m i n  s u p p l e m e n t s  a n d  f o r t i f i c a t i o n  a n d  e n r i c h m e n t  o f  

p r o d u c t s ,  s u c h  a s  m i l k  a n d  m a r g a r i n e .  V i t a m i n  D  is  a  f o r m  o f  
c h o l e s t e r o l  a n d  t h e r e f o r e  a  p o s s i b l e  p r e c u r s o r  o f  c i r c u l a t o r y  

a n d  d e p o s i t  f o r m s  o f  c h o l e s t e r o l  i n  t h e  h u m a n  b o d y  ( M y -  

a s n i k o v ,  1 9 5 8 ;  B a j i w a  e t  a l ,  1 9 7 1 ;  K u m m e r o w  e t  a l . ,  1 9 7 6 ) .

C o n f l i c t i n g  r e s u l t s  h a v e  b e e n  r e p o r t e d  o n  e f f e c t s  o f  v i t a m i n  
D  i n t a k e  o n  b l o o d  l i p i d s ,  p a r t i c u l a r l y  c h o l e s t e r o l .  M o s t  o f  t h e  
r e s e a r c h  i n v o l v e s  g i v i n g  v i t a m i n  D  a t  v e r y  h i g h  l e v e l s  s u c h  a s
1 0 , 0 0 0  l U / d a y  t o  r a b b i t s  ( M y a s n i k o v ,  1 9 5 8 ) ,  1 . 2 5  m i l l i o n  U S P  

u n i t s  i n  r a t  r a t i o n s  ( B a j i w a  e t  a l . ,  1 9 7 1 ) ,  o r  1 0 0 , 0 0 0  I U  p e r  
p o u n d  o f  r a t i o n  f o r  s w i n e  ( K u m m e r o w  e t  a l . ,  1 9 7 6 )  w h i c h  
s u g g e s t s  a  p o s i t i v e  c o r r e l a t i o n  b e t w e e n  d i e t a r y  v i t a m i n  D  a n d  
c i r c u l a t i n g  a n d  t i s s u e  l e v e l s  o f  c h o l e s t e r o l .

S t u d i e s  d o n e  b y  J u r g e n s  a n d  P e o  ( 1 9 7 0 )  r e s u l t e d  i n  d e 
c r e a s e d  s e r u m  c h o l e s t e r o l  l e v e l s  w h e n  h i g h  l e v e l s  o f  v i t a m i n  D  
( 1 , 1 0 0  I U  v i t a m i n  D 2 / k g  d i e t )  w e r e  f e d  i n  c o m b i n a t i o n  w i t h  
c h o l e s t e r o l .  S i m i l a r  r e s u l t s  w e r e  o b t a i n e d  b y  J u r g e n s  e t  a l .

( 1 9 7 1 )  w h e n  s w i n e  w e r e  f e d  v i t a m i n  D  i n  c o m b i n a t i o n  w i t h  
c h o l e s t e r o l .  T h e  o b j e c t i v e  o f  t h e  c u r r e n t  p r o j e c t  w a s  t o  s t u d y  
t h e  e f f e c t  o f  v i t a m i n  D 3 s u p p l e m e n t a t i o n  o f  d i e t s  f e d  t o  m i d 
d l e - a g e d  m e n  o n  t h e i r  b l o o d  s e r u m  c h o l e s t e r o l ,  t r i g l y c e r i d e  
a n d  p h o s p h o l i p i d  l e v e l s .

EXPERIM EN TAL
IN M A T E S  o f  th e  N e b r a s k a  P e n a l  a n d  C o r r e c t io n a l  C o m p le x  f o r  M e n  
s e rv e d  a s  s u b je c t s  f o r  a  s in g le  b l i n d  s t u d y ,  5 7  d a y s  in  l e n g th .  A ll 
v o lu n te e r s  w e re  a d u l t  m a le s  4 0  y r  o f  age  o r  o ld e r .  D e s c r ip t i o n s  o f  
s u b je c ts  a re  g iv e n  in  T a b le  1 . Q u e s t io n n a i r e s  w e re  u s e d  to  d e t e r m in e  
p a s t  h e a l th  r e c o r d s  a n d  d i e t a r y  h a b i t s .  S u b je c t s  w e re  a l lo w e d  t o  s e le c t  
t h e i r  o w n  m e a ls  a t  r a n d o m  f r o m  t h e  u s u a l  i n s t i t u t i o n a l  m e n u - a  p r o c e s s  
o f  a c c e p ta n c e  o r  r e j e c t i o n  o f  in c lu d e d  i t e m s  f r o m  a  s in g le  m e n u  c o m 
p o s in g  e a c h  m e a l .  S u b je c t s  w e re  r a n d o m ly  d iv id e d  i n t o  tw o  g r o u p s  o f  
a p p r o x im a te ly  e q u a l  s iz e . T h e  e x p e r im e n ta l  g r o u p  ( 2 4  in d iv id u a ls )  r e 
c e iv e d  a c a p s u le  d o s e  d a i ly  o f  2 0 0 0  IU  o f  a c t i v a t e d  7 -d e h y d r o c h o le s -  
t e ro l  a t  t h e  n o o n  m e a l ,  w h i le  t h e  c o n t r o l  g r o u p  ( 2 2  in d iv id u a ls )  w e re  
g iv en  a p la c e b o .

F a s t in g  b lo o d  s a m p le s  w e re  t a k e n  o n  d a y  0 ,  d a y  2 8  a n d  d a y  5 7  o f  
th e  s tu d y .  3 1 o o d  s a m p le s  w e re  a n a ly z e d  f o r  t o t a l  s e r u m  c h o le s t e r o l  
(M c D o u g a l a n d  F a r m e r ,  1 9 5 7 ;  A lb e r s  a n d  L o w r y ,  1 9 5 5 ;  L o n g ,  1 9 6 1 ;  
T u r n e r ,  1 9 7 0 ) ,  t r i g ly c e r id e s  ( T u r n e r ,  1 9 7 0 )  a n d  p h o s p h o l ip id s  ( B lo o r ,  
1 9 1 4 ;  B o u m a n n ,  1 9 2 4 ;  F is k e  a n d  S u b b a r o w ,  1 9 2 5 ) .  D a ta  w e r e  s u b 
je c te d  to  a n a ly s is  o f  v a r ia n c e  a n d  S t u d e n t  N e u m a r .  K e u l T e s t .

T a b le  1—D e s c r ip t io n  o f  s u b je c t s

Subject
No.

Age
(yr)

Height
(cm)

Weight3
(kg)

Experimenta group
231 48 182.9 93.2
233 52 172.7 70.0
235 55 162.6 68.2
237 43 179.1 86.4
239 45 182.9 81.9
241 52 182.2 111.4
243 51 177.8 75.0
245 47 180.3 65.9
247 58 168.9 81.8
249 51 180.3 81.8
251 52 185.4 79.5
253 40 198.1 90.0
255 40 172.7 84.1
257 54 175.3 59.1
259 63 170.2 61.4
261 40 177.8 84.1
263 60 170.2 82.7
265 52 177.8 86.4
267 55 172.7 68.2
269 67 175.3 65.9
271 43 172.7 72.7
273 60 175.3 68.2
275 56 185.4 63.6
277 55 180.3 88.6

Control group
232 50 179.1 83.2
234 46 180.3 77.3
236 49 177.8 84.1
238 43 190.5 83.2
240 50 154.9 84.1
242 45 175.3 63.6
244 50 167.6 68.2
246 45 186.7 117.3
248 48 167.6 77.3
250 43 182.9 72.7
252 48 179.1 84.1
254 64 172.7 82.7
258 46 167.6 59.1
260 43 172.7 69.1
262 40 176.5 70.9
264 43 172.7 65.9
266 44 172.7 54.5
268 45 177.8 79.5
270 43 172.7 72.7
272 44 180.3 77.3
274 44 170.2 68.2

3 M ean  o f b e g in n in g  and  fina l w e igh ts. W e igh ts  o f  sub jects d id  not 
va ry  s ig n if ic a n t ly  w ith  time.

RESU LTS & DISCUSSION
C H A R A C T E R I S T I C S  o f  t h e  t w o  g r o u p s  w e r e  f o u n d  t o  b e  
s i m i l a r  i n  t h e  p a r a m e t e r s  m e a s u r e d .  O n l y  o n e  i n d i v i d u a l  i n d i 
c a t e d  t h a t  h e  h a d  p r e v i o u s l y  h a d  a  h e a r t  a t t a c k .  I n c i d e n c e  o f  
h i g h  b l o o d  p r e s s u r e  w a s  a l s o  f o u n d  t o  b e  l o w .
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T able 2 —C o m p a riso n  b e tw e e n  g ro u p s o n  d ie ta r y  p a tte r n s , sm o k in g  
p ra c tic e s  a n d  h ea lth  ch a ra c ter is tic s

Parameter
Experimental

group2
Control
group2

Breakfast, about every day 66.7 77.3
2—3 times weekly 8.3 0
hardly ever 8.3 9.1

Butter, pats/day
0-1 41.7 18.2
2-3 54.2 63.6
4-6 4.2 13.6

Bread, slices/day
0-1 20.8 13.6
2-3 20.8 22.7
4-5 25.0 31.8

6 33.3 0

Milk, glasses/dayb
0-1 37.5 50.0
2-3 45.5 27.3
4-5 16.7 9.1

6 4.2 13.6

Eggs/dayb
0-1 33.3 27.3
2-3 37.5 27.3
4-5 20.8 31.8

6 8.3 13.6

Sugar, tsp/day
0-1 37.5 36.4
2-3 33.3 13.6
4-5 8.3 9.1
6-7 16.7 31.8

8 4.2 0
Desserts, servings/day

0 16.7 18.1
1-2 83.3 72.7
3-4 0 9.1

I f  g i v e n  c o m p l e t e l y  f r e e  c h o i c e ,  s u b j e c t s  i n d i c a t e d  w i d e  
v a r i a t i o n s  i n  d i e t a r y  p r e f e r e n c e s  ( T a b l e  2 ) .  H o w e v e r ,  q u a n t i 
t i v e  a n d  q u a l i t a t i v e  l i m i t a t i o n s  w e r e  i m p o s e d  t h r o u g h  i n s t i t u 
t i o n a l  l i v i n g .  T h e r e f o r e ,  w h i l e  a n  i n d i v i d u a l  m i g h t  i n d i c a t e  t h a t  
h e  w o u l d  p r e f e r  t o  e a t  s i x  e g g s  p e r  d a y  t h e  t o t a l  n u m b e r  
c o n s u m e d  w o u l d  b e  l i m i t e d  b y  w h e t h e r  o r  n o t  e g g s  a p p e a r e d  

o n  t h e  m e n u  a n d  t h e  n u m b e r  o f  s e r v i n g s  a l l o w e d  ( o n e  o r  t w o  
e g g s  p e r  i n d i v i d u a l ) .  I n  c a l c u l a t i n g  i n d i v i d u a l  a n d  g r o u p  i n t a k e s  

o f  v i t a m i n  D  f r o m  t h e  i n s t i t u t i o n a l  d i e t ,  i t  w a s  a s s u m e d  t h a t  
e a c h  s u b j e c t  w o u l d  c o n s u m e  t h e  f u l l  h e l p i n g  i f  i t  w e r e  w i t h i n  
h i s  i n d i c a t e d  n o r m a l  c h o i c e .  T h u s ,  i f  t w o  e g g s  w e r e  o f f e r e d ,  
i n d i v i d u a l s  i n d i c a t i n g  a  w i l l i n g n e s s  t o  e a t  t w o  e g g s  o r  a n y  
f i g u r e  g r e a t e r  t h a n  t w o  e g g s  w e r e  c r e d i t e d  w i t h  e a t i n g  t w o  
e g g s .  C o n v e r s e l y ,  i n d i v i d u a l s  i n d i c a t i n g  a  d e s i r e  t o  e a t  l e s s  w e r e  
c r e d i t e d  w i t h  e a t i n g  l e s s .  T h e  i n s t i t u t i o n  u s e d  a  4 - w k  c y c l e  

m e n u .  T h e  t i m e  p e r i o d  c o v e r e d  b y  t h e  c u r r e n t  s t u d y  c o v e r e d  
t h e  s e c o n d  a n d  t h i r d  r e p e a t s  o f  t h e  S p r i n g  c y c l e .  H e n c e ,  t h e  
s a m e  s e r i e s  o f  m e n u s  w a s  s e r v e d  d u r i n g  t h e  4  w k  b e f o r e  t h e  

f i r s t  b l o o d  s a m p l e  w a s  d r a w n  a n d  b e f o r e  t h e  s e c o n d  a n d  t h i r d  
b l o o d  d r a w i n g s .

I f  s u b j e c t s  c h o s e  t o  e a t  a l l  f o o d s  c o n t a i n i n g  v i t a m i n  D  i n  

t h e  m a x i m u m  a m o u n t s  a l l o w e d ,  a  m e a n  i n t a k e  o f  4 8  I U  o f  
v i t a m i n  D  w o u l d  h a v e  b e e n  p r o v i d e d .  N o t  a l l  i n d i v i d u a l s  i n d i 

c a t e d  t h i s  a s  b e i n g  t h e i r  c h o i c e .  T h e  m e a n  i n t a k e  f o r  v i t a m i n  D  
w a s  c a l c u l a t e d  t o  b e  3 9  I U  p e r  d a y  f o r  t h e  e x p e r i m e n t a l  g r o u p  
a n d  3 7  I U  p e r  d a y  f o r  t h e  c o n t r o l  g r o u p  f r o m  t h e  o r d i n a r y  
f o o d s  i n  t h e  d i e t .  T h e  F o o d  &  N u t r i t i o n  B o a r d  o f  t h e  N a t i o n a l  

R e s e a r c h  C o u n c i l ,  N a t i o n a l  A c a d e m y  o f  S c i e n c e s  ( 1 9 7 4 )  h a s

T ab'e 2  C o n tin u te d

Parameter

Experimental
group2

Control
group3

Potatoes, servings/day
0-1 41.7 27.3
2-3 54.2 72.7

4 4.2 4.5

Cof-ee, cups/day
0-1 29.2 27.3
2-3 50.0 59.1
4-5 16.7 9.1

6 4.2 4.5

Tea, cups/day
0-1 64.2 54.5
2-3 37.5 40.9

4 0 4.5

Smoking
Cigarettes 75.0 68.0
Cigars 4.6 13.6
Pipe 0 9.1

feart Attack
Individual 4.2 0
Close relative 16.7 31.8

Hich Blood Pressure 16.7 0

Low Blood Pressure 0 4.5

Diabetes 4.2 0

Medicine for High Blood Pressure 4.2 0

a Percent o f  g ro u p  g iv in g  pos it ive  answ er. T o ta ls  d o  no t equa l 1 0 0 %  
because  o f  fa ilu re  o f som e  in d iv id u a ls  to  re sp ond  to  spe c ific  
que stion s.

b  M ilk  w a s served 4 — 6  t im es a w eek (1 glass per se rving) and  eggs 
w ere  served 3 —4  t im e s per w eek  (1 — 2 egg(s) per se rv in g  lim it); 
hence, these figu re s represent desires fo r  c o n su m p t io n  ra ther th an  
true  co n su m p t io n s.

m a d e  n o  r e c o m m e n d a t i o n s  f o r  v i t a m i n  D  i n t a k e  b y  a d u l t  m e n  

s i n c e  i t  i s  a s s u m e d  t h a t  a d u l t s  w i t h  e x p o s u r e  t o  s u n l i g h t  d o  n o t  
r e q u i r e  a  d i e t a r y  s u p p l e m e n t .  A l t h o u g h  i n s t i t u t i o n a l i z e d ,  t h e  

m e n  i n  t h e  p r e s e n t  s t u d y  w e r e  a l l o w e d  o u t d o o r  e x e r c i s e  a n d  
s u n  e x p o s u r e .

M e a n  e n e r g y  i n t a k e  o f  s u b j e c t s  f o r  b o t h  t h e  e x p e r i m e n t a l  

a n d  c o n t r o l  g r o u p s  w a s  c a l c u l a t e d .  M e a n  i n t a k e  f o r  b o t h  t h e  
c o n t r o l  a n d  e x p e r i m e n t a l  g r o u p s  w a s  e s t i m a t e d  t o  b e  2 4 5 0  

k i l o c a l o r i e s  p e r  d a y  o v e r  t h e  e n t i r e  p e r i o d .  T h i s  i s  l e s s  t h a n  
r e c o m m e n d e d  i n t a k e  f i g u r e s  f o r  t h i s  a g e / s e x  g r o u p  g i v e n  b y  

t h e  F o o d  &  N u t r i t i o n  B o a r d ,  N R C - N A S  ( 1 9 7 4 ) ;  h o w e v e r ,  
w e i g h t s  o f  s u b j e c t s  d i d  n o t  v a r y  s i g n i f i c a n t l y  f r o m  t h e  
b e g i n n i n g  t o  t h e  e n d  o f  t h e  s t u d y  i n d i c a t i n g  a n  a d e q u a c y  o f  
e n e r g y  i n t a k e .  M e a n  w e i g h t s  o f  s u b j e c t s  a r e  s h o w n  i n  T a b l e  1 . 
T h e  g e n e r a l l y  s e d e n t a r y  l i v e s  l e d  b y  i n d i v i d u a l s  i n  i n s t i t u t i o n a l 

i z e d  c i r c u m s t a n c e s  p r o b a b l y  i n d i c a t e  a  r e d u c e d  e n e r g y  n e e d  i n  

c o m p a r i s o n  t o  s i m i l a r  i n d i v i d u a l s  i n  “ f r e e - l i v i n g ”  s o c i e t y .
D i e t a r y  f a t  w a s  c a l c u l a t e d  t o  p r o v i d e  a p p r o x i m a t e l y  4 7 %  

o f  t h e  e n e r g y  i n  t h e  i n s t i t u t i o n a l  d i e t s .  T h i s  i s  s i m i l a r  t o  e s t i 
m a t e s  m a d e  o f  u s u a l  A m e r i c a n  d i e t s .

T h e  m e a n  c h o l e s t e r o l  l e v e l  o f  s u b j e c t s  r e c e i v i n g  v i t a m i n  D  
s u p p l e m e n t s  a t  d a y  0  w a s  2 2 9 . 7 1  m g / 1 0 0  m l ,  d a y  2 8  w a s
2 4 1 . 2 5  m g / 1 0 0  m l  a n d  o n  d a y  5 7  m e a n  l e v e l s  f e l l  t o  2 0 3 . 1 3  
m g / 1 0 0  m l  ( T a b l e  3 ) .  M e a n  v a l u e s  f o r  t h e  c o n t r o l  g r o u p  r e 
c e i v i n g  n o  s u p p l e m e n t a r y  v i t a m i n  D  w e r e  a s  f o l l o w s :  d a y  0 ,  
2 1 5 . 1 4 ;  d a y  2 8 ,  2 4 1 . 4 5 ;  d a y  5 7 ,  2 1 4 . 7 3 .  C h a n g e s  i n  b l o o d  
c h o l e s t e r o l  f o r  t h e  e x p e r i m e n t a l  g r o u p  w e r e  f o u n d  t o  b e  

s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  P  <  0 . 0 0 5  l e v e l  w h e r e a s  i n  t h e
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VITAMIN D EFFEC TS  ON HUMAN BLOOD SERUM  LIPIDS

Table 3 —E f fe c t  o f  d ie ta ry  vitam in D  sup p lem en ta tio n  o n  serum  
ch o lestero l values o f  a d u lt m en

Subject
no.

Cholesterol level (mg/100 ml blood serum)

Day 0 Day 28 Day 57

Experimental group
231 213 222 180
233 223 197 175
235 209 175 168
237 222 210 181
239 189 241 206
241 192 214 146
243 216 266 230
245 210 194 228
247 245 279 227
249 327 197 121
251 189 239 198
253 222 215 221
255 250 252 210
257 239 190 189
259 313 347 285
261 255 314 235
263 231 257 257
265 285 258 225
267 203 220 197
269 226 206 183
271 176 221 185
273 254 336 204
275 202 259 210
277 222 281 214

Mean3 229.71y 241,3y 203.1z

Control croup (no vitamin D)
232 204 238 204
234 215 234 225
236 180 193 241
238 207 241 206
240 186 260 197
242 309 285 286
244 229 198 159
246 262 233 129
248 175 285 269
250 170 171 202
252 197 221 227
254 228 303 222
258 177 222 240
260 258 323 208
262 208 261 262
264 219 270 225
266 121 215 192

268 266 210 250

270 314 281 245
272 228 278 200
274 160 219 160

276 242 171 175

Mean3 216.1y 241,5v 214.73z

a D iffe re rt  letters ind icate  va lues s ign if ic an t ly  d iffe ren t fro m  on e  
anothe r (t >  0 .0 0 5 ),  A n a ly s is  o f  V a r ia n ce  and  S tu d e n t  N e u m an  

Keu ls Test.

c o n t r o l  g r o u p  t h e r e  w e r e  n o  s i g n i f i c a n t  c h a n g e s .  T h e  i n c r e a s e  i n  

c h o l e s t e r o l  l e v e l s  o n  d a y  2 8  w a s  p r o b a b l y  a p p a r e n t  r a t h e r  t h a n  
r e a l  s i n c e  t h e  c o n t r o l  g r o u p  s h o w e d  a n  e v e n  g r e a t e r  i n c r e a s e .

M e a n  b l o o d  s e r u m  t r i g l y c e r i d e  l e v e l s  o f  t h e  e x p e r i m e n t a l  
s u b j e c t s  o n  d a y  0 ,  2 8  a n d  5 7  w e r e  9 7 . 7 3 ,  1 3 0 . 9 1  a n d  1 0 7 . 9 8  

m g / 1 0 0  m l ,  r e s p e c t i v e l y  ( T a b l e  4 ) .  M e a n  v a l u e s  f o r  t h e  c o n t r o l  

g r o u p  w e r e  9 4 . 6 4 ,  1 2 4 . 6 8  a n d  1 0 7 . 9 8  m g / 1 0 0  m l  r e s p e c t i v e l y .  

M e a n  b l o o d  p h o s p h o l i p i d  l e v e l s  o f  t h e  e x p e r i m e n t a l  g r o u p

Table 4 —E f fe c t  o f  d ie ta ry  vitam in D  supp lem en ta tion  on  serum  
trig lyceride values o f  a d u lt m en

Triglyceride level (mg/100 ml blood serum) 
Subject ___ __________________ _______________

no. Day 0 Day 28 Day 57

Experimental group
231 146.25 110.00 83.50
233 66.00 61.00 112.00
235 42.50 70.00 45.50
237 109.00 223.50 123.50
239 99.00 73.00 87.50
241 120.00 373.00 186.00
243 47.00 87.50 55.50
245 65.50 86.00 48.00
247 95.50 176.00 176.50
249 105.50 82.00 70.25
251 90.00 127.50 88.25
253 94.50 105.50 112.00
255 102.50 81.50 150.75
257 103.50 66.50 64.50
259 148.00 178.50 128.00
261 115.50 153.25 101.00
263 157.50 195.50 102.50
265 99.00 143.00 130.50
267 95.25 98.50 86.50
269 162.50 161.00 69.75
271 59.00 95.00 63.00
273 56.25 159.00 60.00
275 60.25 97.00 117.50
277 105.50 138.00 91.50

Meana 97.73y 130.91z 98.08y,z

Control group
232 136.25 191.25 170.25
234 95.00 167.50 102.75
236 101.00 109.00 145.00
238 144.50 133.00 166.25
240 70.50 170.00 188.50
242 117.25 64.00 88.50
244 98.50 108.50 87.50
246 70.50 115.50 39.00
248 60.50 100.00 74.00
250 74.50 123.00 65.00
252 99.50 178.50 135.75
254 84.00 126.50 130.50
258 71.50 153.50 99.00
260 95.25 82.50 41.00
262 83.00 105.75 101.50
264 77.00 130.00 102.00
266 63.75 63.00 85.25
268 119.00 133.50 88.50
270 121.50 106.00 158.75
272 113.00 124.00 137.50
274 106.50 174.00 76.00

276 79.50 84.00 92.50

Mean3 94.64y 124.68 107.98y,z

D iffe ren t letters ind icate  va lue s s ig n if ic a n t ly  d iffe ren t fro m  
an o the r (t >  0 .0 2 5 ,  co n tro l g rou p ; t >  0 .0 5 , experim enta l 
g ro u p ).  A n a ly se s  o f  V a ria n ce  and  S tu d e n t  N e u m a n  K e u ls  Test.

w e r e  d a y  0 ,  2 7 9 . 0 ;  d a y  2 8 ,  2 8 1 . 1 ;  a n d  d a y  5 7 ,  2 5 6 . 0  m g / 1 0 0  

m l .  M e a n  b l o o d  p h o s p h o l i p i d  v a l u e s  f o r  t h e  c o n t r o l  g r o u p  
w e r e  d a y  0 ,  2 8 2 . 0 ;  d a y  2 8 ,  2 8 7 . 0  a n d  d a y  5 7 ,  2 5 6 . 0  m g / 1 0 0  

m l .
O b s e r v a t i o n s  f r o m  c h o l e s t e r o l  a n d  t r i g l y c e r i d e  d a t a  s u g g e s t  

d a y  2 8  f i g u r e s  m a y  n o t  r e p r e s e n t  t r u e  v a l u e s .  T h i s  m a y  a l s o  b e  
t r u e  o f  t h e  p h o s p h o l i p i d  v a l u e s ;  h o w e v e r ,  t h e  d r a m a t i c  f a l l  o n  
d a y  5 7  i s  d i f f i c u l t  t o  e x p l a i n .  O t h e r  a u t h o r s  ( T r u s w e l l  a n d
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M a n n ,  1 9 7 2 ;  F r e d r i c k s o n  e t  a l . ,  1 9 6 7 )  h a v e  r e p o r t e d  t h a t  
p h o s p h o l i p i d  l e v e l  c h a n g e s  t e n d  t o  b e  d i r e c t i o n a l l y  s i m i l a r  t o  

t h o s e  o f  c h o l e s t e r o l .  T h i s  m i g h t  e x p l a i n  t h e  c h a n g e  i n  t h e  
e x p e r i m e n t a l  g r o u p ,  b u t  m a y  n o t  t h a t  o f  t h e  c o n t r o l  g r o u p .

I f  r e s u l t s  o f  d a y  2 8  a r e  i g n o r e d ,  t h i s  s t u d y  w o u l d  t h e n  
s u g g e s t  t h a t  v i t a m i n  D  s u p p l e m e n t a t i o n  o f  d i e t s  m a y  r e s u l t  i n  
t h e  l o w e r i n g  o f  b l o o d  c h o l e s t e r o l  l e v e l s .  L i t t l e  i f  a n y  e f f e c t  

a t t r i b u t a b l e  t o  v i t a m i n  D  s u p p l e m e n t a t i o n  o n  b l o o d  s e r u m  
t r i g l y c e r i d e s  a n d  p h o s p h o l i p i d  l e v e l s  w a s  f o u n d  ( T a b l e  5 ) .

Table 5 - E f f e c t  o f  d ie ta ry  vitam in D  su pplem entation  on  serum  
p h o sp h o lip id  values o f  a d u lt m en

Subject
no.

Phospholipid level (mg/100 ml blood serum)

Day 0 Day 28 Day 57

Experimental group
231 288.46 262.82 258.16
233 283.12 267.10 226.02
235 280.45 232.91 262.25
237 289.92 298.61 262.76
239 263.66 312.50 276.64
241 291.50 333.34 252.57
243 276.26 273.38 241.29
245 252.63 255.21 257.17
247 275.74 337.50 309.96
249 284.67 210.42 205.95
251 255.43 277.55 281.25
253 264.74 304.56 253.98
255 253.65 308.26 261.75
257 273.44 249.94 212.50
259 348.58 331.04 320.12
261 248.99 341.49 240.00
263 306.91 279.26 262.50
265 296.81 280.32 242.50
267 278.20 256.39 206.67
269 270.22 243.09 221.11
271 254.26 265.96 242.49
273 341.30 300.53 292.92
275 259.57 252.66 272.53
277 258.01 271.28 245.18

Mean3 279.02V 281,09y 254.51z
Control group (no vitamin D)

232 267.10 308.51 248.94
234 288.46 303.96 264.80
236 250.00 269.23 254.28
238 262.59 265.96 226.02
240 240.02 239.84 258.20
242 353.47 312.50 306.87
244 254.15 264.59 242.83
246 281.52 320.31 238.73
248 289.13 305.90 303.36
250 204.79 268.01 166.86
252 293.23 268.01 251.14
254 317.71 302.34 277.78
258 243.48 325.21 233.91
260 353.15 342.99 290.00
262 286.98 311.17 311.70
264 281.92 294.72 252.50
266 260.64 307.45 207.78
268 360.11 286.17 315.04
270 286.77 276.60 273.07
272 270.21 271.28 265.56
274 246.81 243.62 205.48
276 311.17 226.06 236.05

Mean3 281.97y 287,02y 255.95z

3 D iffe ren t letters in d ica te  va lues s ig n if ic a n t ly  d iffe ren t fro m  on e  
ano the r (t >  0 .0 2 5  fo r  c o n t ro l g rou p ; t >  0 .0 0 5  fo r  experim enta l 
group ); A n a ly s is  o f  V a r ia n ce  and  S tu d e n t  N e u m a n  K e u l Test.

I n  r a b b i t s ,  r a t s ,  s w i n e  a n d  h u m a n s ,  v i t a m i n  D  s u p p l e m e n t a 
t i o n  o f  r a t i o n s  o r  d i e t s  h a s  b e e n  s h o w n  t o  h a v e  v a r i a b l e  e f f e c t s  
o n  b l o o d  s e r u m  c h o l e s t e r o l  l e v e l s  ( M y a s n i k o v ,  1 9 5 8 ;  V i j a y a k u -  

m a r  a n d  K u r u p ,  1 9 7 4 ;  B a j i w a  e t  a l . ,  1 9 7 1 ;  J u r g e n s  a n d  P e o ,  
1 9 7 0 ;  J u r g e n s  e t  a l . ,  1 9 7 1 ;  K u m m e r o w  e t  a l . ,  1 9 7 6 ;  R o s s  a n d  
C a m p b e l l ,  1 9 6 1 ;  E s k e l s o n ,  1 9 6 7 ;  L i n d e n ,  1 9 7 4 ) .  I n  g e n e r a l ,  
t h o s e  s t u d i e s  s h o w i n g  a n  i n c r e a s e  i n  s e r u m  c h o l e s t e r o l  l e v e l s  i n  
r e s p o n s e  t o  v i t a m i n  D  a d d i t i o n s  i n v o l v e d  e x t r e m e l y  h i g h  s u p 

p l e m e n t a t i o n  l e v e l s .  T h e  s u p p l e m e n t a r y  l e v e l  u s e d  i n  t h e  p r e s 

e n t  s t u d y  w a s  f a i r l y  l o w  i n  c o m p a r i s o n  t o  t h e s e  a n i m a l  s t u d i e s .  
T o x i c  s y m p t o m s  o f  v i t a m i n  D  h a v e  b e e n  s h o w n  i n  h u m a n s  a t  

a n  i n t a k e  l e v e l  o f  4 , 0 0 0  I U / d a y  ( K u t s k y ,  1 9 7 3 ) ;  t h u s ,  t h e  
2 0 0 0  I U  d a i l y  d o s e a g e  u s e d  i n  t h e  p r e s e n t  s t u d y  f o r  e x p e r i 

m e n t a l  p u r p o s e s  c o u l d  n o t  h a v e  b e e n  r a i s e d  w i t h  i m p u n i t y  
e v e n  t h o u g h  h i g h e r  l e v e l s  m i g h t  h a v e  m a x i m i z e d  d i f f e r e n c e s  i n  

r e s p o n s e .  I n  s w i n e  s t u d i e s  s h o w i n g  d e t r i m e n t a l  e f f e c t s  o f  

v i t a m i n  D ,  l e v e l s  o f  1 0 0 , 0 0 0  I U  o f  v i t a m i n  D  p e r  p o u n d  o f  
r a t i o n s  w e r e  u s e d  ( K u m m e r o w  e t  a l . ,  1 9 7 6 ) .  O n l y  1 , 1 0 0  I U  
p e r  k g  ( 5 0 0  I U  p e r / p o u n d )  o f  r a t i o n  w e r e  u s e d  i n  J u r g e n s  a n d  

P e o  s t u d y  ( 1 9 7 0 )  i n  w h i c h  s w i n e  s h o w e d  l o w e r e d  b l o o d  

c h o l e s t e r o l  l e v e l s  w h e n  v i t a m i n  D  w a s  f e d  i n  c h o l e s t e r o l - c o n 

t a i n i n g  r a t i o n s .
I n  c o n c l u s i o n ,  t h e  r e s u l t s  o f  t h i s  a n d  e a r l i e r  s t u d i e s  s u g g e s t  

t h a t  t h e  d i r e c t i o n a l  i n f l u e n c e  o f  v i t a m i n  D  o n  b l o o d  s e r u m  
c h o l e s t e r o l  l e v e l s  m a y  b e  d o s e  a n d / o r  s p e c i e s  r e l a t e d .  V i t a m i n  

D  s u p p l e m e n t s  f o r  h u m a n s  a t  n o n t o x i c  l e v e l s  s e e m i n g l y  
p r e s e n t  n o  h a z a r d  i n  r e l a t i o n s h i p  t o  c i r c u l a t i n g  b l o o d  l i p i d s  

a n d  m a y  h a v e  a  s l i g h t  b e n e f i c i a l  e f f e c t .  T h e s e  r e s u l t s  s h o u l d  
n o t  b e  i n t e r p r e t e d  t o  i n d i c a t e  t h a t  n o  d a m a g e  f r o m  e x c e s s i v e  
v i t a m i n  D  i n t a k e s  e x i s t  a t  h i g h e r  d o s e  l e v e l s  o r  i n  p a r a m e t e r s  
n o t  m e a s u r e d .
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LIM ITATIO NS OF LEAD ACETATE FOR SEPARATION  
OF METHANETHIOL AND HYDROGEN SU LF IDE FROM FOOD SYSTEMS

--------------------------- ABSTRACT ----------------------------
T h e  p r in c ip l e  in v o lv e d  in  t h e  q u a n t i f i c a t i o n  o f  m e t h a n e t h i o l  in  t h e  
p r e s e n c e  o f  h y d r o g e n  s u l f id e  is  b a s e d  o n  t h e  e f f i c i e n t  s e p a r a t i o n  o f  
h y d r o g e n  s u lf id e  f r o m  m e t h a n e t h i o l .  T h e  r e m o v a l  o f  h y d r o g e n  s u l f id e  
f r o m  a  m i x t u r e  c o n ta in in g  m e t h a n e t h i o l  is  d e p e n d e n t  u p o n  th e  
s e le c tiv e  r e a c t io n  o f  h y d r o g e n  s u l f id e  w i th  c r y s t a l l i n e  le a d  a c e t a t e  
u n d e r  d r y  c o n d i t i o n s .  I t  w a s  f o u n d  t h a t  c r y s ta l l in e  le a d  a c e t a t e  i s  n o t  a s  
s e le c tiv e  a s  i t  w a s  p r e v io u s ly  t h o u g h t .  I t  w a s  a ls o  c o n c l u d e d  t h a t  
m e th a n e th i o l  e i t h e r  r e a c t e d  o r  w a s  a b s o r b e d  b y  t h e  c r y s ta l l in e  l e a d  
a c e ta te  u n d e r  d r y  c o n d i t i o n s .

INTRODUCTION
THE IMPORTANCE o f m ethanethiol (CH3 SH) in flavor and 
off-flavor production in various food  stuffs has been well 
documented in the literature. For exam ple, Ziemba and 
Malkki (1971) reported that extrem ely high levels o f  CH3 SH 
and dim ethyl disulfide were form ed in beef under extrem e 
sterilization conditions w hich consequently resulted in off- 
flavor developm ent. Because o f  the im portance o f  CH3 SH in 
flavor and off-flavor form ation, an evaluation o f  the accuracy 
of the w idely used m ethod for quantification o f CH3 SH 
seemed appropriate.

Reith (1934) reported that m ethanthiol is absorbed by lead 
sulfide which is produced in a lead acetate solution. He also 
pointed out that m ethanethiol will not react w ith lead acetate 
crystals in a dry condition. Later Dateo et al (1957), U eno and 
Nobuhara (1960) and Takai and Asami (1962) confirmed  
R eith’s finding. They reported that crystals o f  lead acetate in a 
dry condition would separate hydrogen sulfide com pletely  
from m ethanthiol. R eith’s finding was used by Dateo et al
(1957), Grill et al (1966, 1967), O’Palka (1973) and Takai and 
Asami (1962) for the determ ination o f  m ethanthiol in cabbage, 
cheese, chicken meat and paddy soil, respectively. It should be 
mentioned that Ryland and Tamele (1970) discussed the fact 
that thiols form water-insoluble mercaptides w ith many 
inorganic and organic com pounds o f  heavy metals, o f w hich  
silver, mercury and copper are the m ost im portant.

The principle involved in the quantification o fC H 3 SH in 
the presence o f  hydrogen sulfide (H2 S) is based on the 
efficient separation o f  H2 S from CH3 SH. This separation is 
dependent upon the selective reaction o f H2 S w ith crystalline 
lead acetata under dry conditions. This investigation was 
undertaken in order to  evaluate the effectiveness o f  crystalline 
lead acetate in separating H2 S from CH3 SH.

EXPERIM EN TA L
P r e p a r a t io n  o f  c h ic k e n  m e a t  a n d  r a d io a c t iv e  m a te r i a l

S e v e n  t o  e ig h t - w e e k  o ld  b r o i l e r s  w e re  o b t a i n e d  f r o m  t h e  p o u l t r y  
fa rm  o f  T h e  P e n n s y lv a n ia  S t a t e  U n iv e r s i ty .  T h e  b i r d s  w e re  s a c r i f ic e d  
a n d  b le d .  T h e  m e a t  w a s  r e m o v e d  a n d  g r o u n d  w i th  a  H o b a r t  M o d e l  481 2  
C h o p p e r  ( T r o y ,  O H )  u s in g  a  p l a t e  w i t h  h o le s  1 /8 - in c h  in  d i a m e te r .  T h e  
m e a t  w a s  s to r e d  a t  4 “ C  o v e r n ig h t .  L - m e t h io n in e - m e th y l - c a r b o n - 1 4  
(M e t-C 1 4 ; s p e c .  a c t .  5 5  m c i /m M )  a n d  L - m e th io n i r .e - s u l f u r - 3 5  (M e t-S 3 5 ;  
s p e c .  a c t .  5 3 6 .2  c i /m M )  w e re  o b t a i n e d  f r o m  S c h w a r z /M a n n  ( O ra n g e 
b u r g ,  N Y )  a n d  N e w  E n g la n d  N u c le a r  ( B o s to n ,  M A )  r e s p e c t iv e ly .  P r io r  
t o  e a c h  e x p e r i m e n t ,  t h e  r a d io a c t iv e  m a te r i a l s  w e r e  p u r i f i e d  u s in g  
d e s c e n d in g  p a p e r  c h r o m a to g r a p h y  o n  W h a tm a n  c h r o m a to g r a p h y  p a p e r  
N o . 1 (4 6  x  5 7  c m )  f o r  15 h r  a g a in s t  s t a n d a r d  c o ld  m e t h i o n i n e .  A m o n g  
s e v e ra l s o lv e n t  s y s te m s  t e s t e d ,  i t  w a s  f o u n d  t h a t  b u t a n o b p r o p i o n i c  
a c i d :w a te r  ( 3 : 2 : 2 )  c o n ta in in g  10 m M  o f  m e r c a p t o e t h a n o l / m l  t o  b e  t h e  
m o s t  e f f e c t iv e  s y s te m  f o r  t h e  p u r i f i c a t i o n  o f  r a d io a c t iv e  m e th io n in e .

D is t i l l a t io n
T h e  d i s t i l l a t i o n  a p p a r a t u s  w a s  t h e  s a m e  a s  t h a t  u s e d  b y  D a te o  e t  a l.

( 1 9 5 7 ) .  T w o  c la s s e s  o f  s u l f u r  c o m p o u n d s ,  H 2 S  a n d  t h io l s ,  w e re  
s e p a r a t e d  a n d  c o l l e c t e d  w i t h  t h e  d i s t i l l a t i o n  a p p a r a t u s .  T h e  c o m p o u n d s  
a n d  th e i r  c h e m ic a l  r e a c t i o n s  in v o lv e d  a r e  l i s t e d  in  T a b le  1.

A  120 0 -g  c h ic k e n  m e a t  s lu r r y  (1 p a r t  m e a t ,  2  p a r t  w a te r )  w a s  t r a n s 
f e r r e d  i n t o  a  3 -L , 3 -n e c k  d i s t i l l a t i o n  f la s k .  T h e  d i s t i l l a t i o n  f la s h  w a s  
h e a t e d  u s in g  h e a t in g  m a n t le s .  T h e  a m o u n t  o f  c u r r e n t  r e a c h i n g  t h e  
m a n t l e s  w a s  r e g u la t e d  b y  V a r ia c  ( S u p e r io r  E l e c t r i c  C o . ,  B r is to l ,  C T ) .  
P r io r  t o  t h e  a d d i t i o n  o f  t h e  r a d io a c t iv e  m e t h i o n i n e ,  t h e  s lu r r y  w a s  
p r e h e a t e d  t o  a b o u t  8 0 ° C  a n d  t h e n  t h e  p o r t i o n  o f  t h e  c h r o m a to g r a p h ic  
p a p e r  c o n ta in in g  10 u c i  o f  M et-C 1 4  o r  4 5  m c i  o f  M e t-S 3 5  w a s  a d d e d  
d i r e c t l y  t o  t h e  c h ic k e n  m e a t  s lu r r y .  T h e  s lu r r y  w a s  s u b s e q u e n t ly  h e a t e d  
t o  101°C. T h e  r a d io a c t iv e  v o la t i l e  s u l f u r  c o m p o u n d s  p r o d u c t e d  d u r in g  6 
h r  o f  c o o k in g  a t  101° C  w e r e  c a r r ie d  t h r o u g h  t h e  t r a i n  o f  t r a p s  u s in g  
p u r i f i e d  N 2 a t  a  f lo w  r a t e  o f  2 0 - 2 5  m l /m i n .  A t  t h e  e n d  o f  6  h r  o f  
d i s t i l l a t i o n  t h e  c o n t e n t  o f  t h e  le a d  a c e t a t e  t r a p  w a s  d is s o lv e d  in  d i s t i l l e d  
w a t e r  a n d  f i l t e r e d  t h r o u g h  a  W h a tm a n  f i l t e r  p a p e r  N o .  1. T h e  r e m a in in g  
b la c k  p r e c i p i t a t e  ( l e a d  s u l f id e ,  P b S )  w a s  w e ig h e d  a n d  i t s  r a d io a c t iv i t y  
d e t e r m in e d  b y  l iq u id  s c in t i l l a t i o n  c o u n t in g .

I n t e r a c t i o n  o f  m e t h a n e t h i o l  w i t h  c r y s t a l l i n e  le a d  a c e t a t e

Q u a l i t a t i v e  e v a l u a t io n .  T h e  p o s s ib le  r e a c t i o n  o r  a b s o r p t i o n  o f  
m e t h a n e t h i o l  b y  le a d  a c e t a t e  w a s  e v a l u a te d  a s  f o l l o w s :  A n  a m o u n t  o f  
l e a d  m e th y l m e r c a p t i d e  e q u iv a l e n t  t o  2 0 2 /ag o f  m e t h a n e t h i o l  w a s  
w e ig h e d  i n t o  a  1-L 3 n e c k  d i s t i l l a t i o n  f l a s k .  T h e  a p p a r a t u s  w a s  t h e  s a m e  
a s  D a te o  e t  a l (1 9 5 7 )  e x c e p t  f o r  t h e  i n s e r t i o n  o f  a n  a d d i t i o n a l  g a s  w a s h  
b o t t l e  b e tw e e n  t h e  g a s  w a s h  b o t t l e  c o n ta in in g  p y r o g a l lo l  a n d  t h e  d i s t i l 
l a t i o n  f la s k .  T h e  a d d i t i o n a l  g a s  w a s h  b o t t l e  c o n ta in e d  2 0 0  m l  o f  0 .1N  
H N O , .  I n  t h i s  m a n n e r  t h e  H N O ,  w o u ld  f lo w  i n t o  t h e  d i s t i l l a t i o n  f la s k  
b y  t h e  n i t r o g e n  p r e s s u r e  a n d  t h u s  t h e  r e g e n e r a t e d  m e t h a n e t h i o l  w o u ld  
n o t  e s c a p e  w h i le  a d d in g  H N O , . T h e  f l a s k  t e m p e r a t u r e  w a s  m a in t a in e d  
a t  8 0 ° C  d u r in g  t h e  4  h r  d i s t i l l a t i o n .  D u r in g  d i s t i l l a t i o n  t h e  n i tg r o g e n  
f lo w  r a t e  w a s  2 0 - 2 5  m l / m i n .  A t  t h e  e n d  o f  t h e  e x p e r i m e n t  t h e  le a d  
a c e t a t e  t r a p  c o n t e n t  w a s  t r a n s f e r r e d  t o  a n o t h e r  d i s t i l l a t i o n  f l a s k .  M e th 
a n e t h i o l  w h ic h  p o s s ib ly  r e a c t e d  w i t h  t h e  le a d  a c e t a t e  w a s  r e g e n e r a t e d  
b y  H N O j  u s in g  t h e  s a m e  p r o c e d u r e  a s  m e n t i o n e d  a b o v e  a n d  t r a p p e d  in
2 , 4 - d i n i t r o f l u o r o b e n z e n e  (D N F B )  r e a g e n t .

T h e  d e t a i l s  f o r  p r e p a r a t i o n  o f  t h e  D N F B - r e a g e n t  a n d  p u r i f i c a t i o n  o f  
t h e  o b t a i n e d  d e r iv a t iv e s  a r e  g iv e n  b y  L i b b e y  a n d  D a y  (1 9 6 3 ) .  T h e  
i s o l a t i o n  a n d  i d e n t i f i c a t i o n  o f  D N F B -d e r iv a t iv e s  w a s  p e r f o r m e d  u s in g  
d e s c e n d in g  p a p e r  c h r o m a to g r a p h y  o n  W h a t m a n  c h r o m a to g r a p h ic  p a p e r  
N o .  1 ( 2 0  x  5 7  c m )  a g a in s t  a  k n o w n  D N F B -d e r iv a t iv e  o f  C H s S H . T h e  
k n o w n  D N F B -d e r iv a t iv e  o f  C H 3 S H  w a s  p r e p a r e d  a c c o r d i n g  t o  t h e  
m e t h o d  o f  D a y  a n d  P a t t o n  (1 9 5 9 ) .  T h e  s p o t s  w e r e  d e t e c t e d  u n d e r  U V  
l ig h t .  A f t e r w a r d  t h e  s p o t s  w e r e  c u t  a n d  t h e  D N F B -d e r iv a t iv e  w a s  
e x t r a c t e d  w i th  a b s o lu t e  e t h a n o l .  M a x im u m  a b s o r p t i o n  o f  e a c h  
e x t r a c t e d  s p o t  w a s  a ls o  d e t e r m i n e d  in  t h e  U V  r e g io n  u s in g  a  B e c k m a n  
D B G  G r a t in g  S p e c t r o p h o t o m e t e r  ( B e c k m a n  I n s t r u m e n t s  I n c . ,  
F u l l e r t o n ,  C A ) .

Q u a n t i t a t i v e  e v a l u a t io n .  T h e  e x t e n t  o f  t h e  i n t e r a c t i o n  o f  C H ,S H  
w i th  c r y s ta l l in e  l e a d  a c e t a t e  w a s  e v a l u a te d  u s in g  a  q u a n t i t y  o f  le a d  
m e th y l  m e r c a p t id e  e q u iv a l e n t  t o  2 0 4  p g  o f  C H ,S H .  T h e  s a m e  p r o -

Table ¡—Seq u e n ce  o f  traps fo r  iden tifica tio n  an d  quantifica tion  o f  
se lected  su lfu r co m p o u n d s

Substance Reaction
Trap Type absorbed product

C ad , 02 mesh) 
Lead acetate

Solid H20 Absorbtion

<25g)
Identification:

Solid h 2s PbS

DNFBa Liquid CH,SH Dinitrophenyl
sulfide

Quantification:
4.0% Hg(CN)2 Liquid CHjSH Hg(CH3S)2

a 2 ,4 -d in itro -flu o rob e nze ne
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c e d u r e  a s  t h a t  u s e d  in  t h e  q u a l i t a t i v e  e v a l u a t io n  w a s  u s e d  e x c e p t  t h e  
D N F B - r e a g e n t  w a s  r e p la c e d  b y  a  4 . 0 %  H g (C N ) ,  s o lu t io n .  T h e C H 3 SH  
c o n t e n t  o f  th i s  t r a p  w a s  d e t e r m in e d  u s in g  t h e  c o lo r im e t r i c  m e t h o d  o f  
T a k a i  a n d  A s a m i (1 9 6 2 ) .

RESU LTS & DISCUSSION
T H E  B L A C K  P R E C I P I T A T E  r e c o v e r e d  f r o m  t h e  c r y s t a l l i n e  
l e a d  a c e t a t e  t r a p  i n  e x p e r i m e n t s  w i t h  M e t - S 3 5  a n d  M e t - C 1 4  
w e r e  f o u n d  t o  c o n t a i n  r a d i o a c t i v e  c o m p o u n d s  ( T a b l e  2 ) .  

A v e r a g e s  o f  8 2  a n d  6 3  m M /lO O M  o f  t h e  o r i g i n a l  r a d i o a c t i v e  
m e t h i o n i n e  w e r e  f o u n d  i n  t h e  c r y s t a l l i n e  l e a d  a c e t a t e  u s i n g  
M e t - C 1 4  a n d  M e t - S 3 5  r e s p e c t i v e l y .  S i n c e  m e t h i o n i n e  i s  n o t  a  
d i r e c t  p r e c u r s o r  o f  H 2 S  ( H a m m  a n d  H o f m a n n ,  1 9 6 5 )  t h e  r a d i o 

a c t i v i t y  o b s e r v e d  i n  t h e  l e a d  a c e t a t e  t r a p s  o f  e x p e r i m e n t s  w i t h  
M e t - S 3 5  c o u l d  n o t  r e s u l t  f r o m  H 2 S .  T h e  b l a c k  p r e c i p i t a t e  
r e c o v e r e d  f r o m  e x p e r i m e n t s  u s i n g  M e t - C 1 4  w a s  a l s o  f o u n d  t o  
b e  r a d i o a c t i v e .  U n d e r  t h e  c o n d i t i o n s  o f  t h i s  e x p e r i m e n t  i t  w a s  

t h e n  l o g i c a l  t o  a s s u m e  t h a t  t h e  p r e c i p i t a t e s  o b t a i n e d  i n  t h e s e  
e x p e r i m e n t s  c o n t a i n e d  r a d i o a c t i v e  s u l f u r  a n d  c a r b o n .  C o n 
s i d e r i n g  t h e  n a t u r e  o f  t h e  m e t h i o n i n e  s t r u c t u r e ,  i t s  b r e a k d o w n  

p a t t e r n  ( S t r e c k e r  d e g r a d a t i o n ) ,  a n d  t h e  p o s i t i o n  o f  t h e  l a b e l e d  
e l e m e n t  i n  t h e  m e t h i o n i n e ,  i t  w o u l d  a p p e a r  t h a t  C H 3 S H  c o u l d  
h a v e  i n t e r a c t e d  w i t h  t h e  c r y s t a l l i n e  l e a d  a c e t a t e .  T h e r e f o r e ,  

t h e  p o s s i b l e  i n t e r a c t i o n  o f  C H 3 S H  w i t h  c r y s t a l l i n e  l e a d  a c e t a t e  
w a s  f u r t h e r  i n v e s t i g a t e d  u s i n g  p u r e  C H 3 S H .

T h e  n i t r o p h e n y l  s u l f i d e  d e r i v a t i v e  o b t a i n e d  f r o m  r e g e n e r 

a t e d  l e a d  a c e t a t e  w a s  p u r i f i e d  a n d  t h e n  i d e n t i f i e d  ( F i g .  1 ). T h e

Table 2-M oles o f  radioactive volatile su lfu r co m p o u n d s  orig inated  
from  100 m o les o f  radioactive m eth io n ine  w hich  w ere trapped in  
crysta lline lead acetate d u rin g  6  h r  o f  co o k in g  at 101° C8

Radionuclide

Experiments Methionione-CI4 Methionine-S35

I 0.092 0.065
II 0.072 0.061

A verage  o f dup lica te  sam p les

Fig. 1—Paper ch ro m a to g ra p h y  o f  the D N FB -d eriva tives o b ta in ed  
from  regeneration o f  cry sta llin e  lead a ceta te : (a) K n o w n  D N FB -d e 

rivatives o f  m e th a neth io l; Ib ,c ) D N FB -d eriva tives o b ta in ed  from  re

generation o f  lead acetate.

p a p e r  c h r o m a t o g r a p h y  o f  t h e  d e r i v a t i v e  r e v e a l e d  t h e  e x i s t e n c e  
o f  C H 3 S H  i n  t h e  l e a d  a c e t a t e  a n d  m a x i m u m  a b s o r p t i o n  c o n 
f i r m e d  t h e  e x i s t e n c e  o f  C H 3 S H  i n  t h i s  t r a p .  T h e r e f o r e ,  
m e t h a n e t h i o l  w a s  e i t h e r  a b s o r b e d  b y  c r y s t a l l i n e  l e a d  a c e t a t e  o r  

r e a c t e d  w i t h  l e a d  a c e t a t e .
R e i t h  ( 1 9 3 4 )  r e p o r t e d  t h a t  m e t h a n e t h i o l  w o u l d  n o t  r e a c t  

w i t h  c r y s t a l l i n e  l e a d  a c e t a t e  i n  a  d r y  c o n d i t i o n .  L a t e r  D a t e o  e t  

a l  ( 1 9 5 7 ) ,  U e n o  a n d  N o b u h a r a  ( 1 9 6 0 ) ,  a n d  T a k a i  a n d  A s a m i
( 1 9 6 2 )  c o n f i r m e d  R e i t h ’s  f i n d i n g .  O u r  e x p e r i m e n t a l  r e s u l t s  d o  

n o t  a g r e e  w i t h  R e i t h ’s  f i n d i n g .
T h e  q u a n t i f i c a t i o n  a s p e c t  o f  s u c h  a n  i n t e r a c t i o n  w a s  a l s o  

i n v e s t i g a t e d .  I t  w a s  f o u n d  t h a t  10  /Ug o f  t h e  t o t a l  2 0 2  / i g  
m e t h a n e t h i o l  w a s  t r a p p e d  i n  t h e  l e a d  a c e t a t e .  H o w e v e r ,  o n e  
m u s t  r e m e m b e r  t h a t  t h e s e  r e s u l t s  p r e s e n t  t h e  i n a c c u r a c y  o f  t h e  
q u a n t i f i c a t i o n  m e t h o d  o f  m e t h a n e t h i o l .  T h e  r e a s o n  f o r  t h i s  i s  
t h e  r a t e  o f  m e t h a n e t h i o l  g e n e r a t i o n  i n  a n  a c t u a l  e x p e r i m e n t  i s  

m u c h  s l o w e r  t h a n  t h a t  o f  a  m o d e l  s y s t e m .  I n  t h e  m o d e l  s y s 
t e m ,  t h e  m e t h a n e t h i o l  w a s  g e n e r a t e d  d u r i n g  t h e  f i r s t  f e w  
m i n u t e s  o f  t h e  e x p e r i m e n t ,  w h i l e  t h e  g e n e r a t i o n  o f  m e t h 

a n e t h i o l  f r o m  c h i c k e n  m e a t  w a s  m u c h  s l o w e r  a n d  c o n t i n u e d  

d u r i n g  6  h r  o f  d i s t i l l a t i o n .  T h u s  t h e  c h a n c e  o f  a b s o r p t i o n  o f  
r e a c : i o n  b e t w e e n  m e t h a n e t h i o l  a n d  l e a d  a c e t a t e  i s  m u c h  
h i g h e r .  I n  a d d i t i o n  t o  t h e  s l o w e r  r a t e  o f  m e t h a n e t h i o l  g e n e r a 

t i o n  i n  a n  a c t u a l  e x p e r i m e n t ,  o n e  m u s t  c o n s i d e r  t h e  p o s s i b i l i t y  

o f  m e t h a n e t h i o l  a b s o r p t i o n  b y  P b S  w h i c h  is  c o n t i n u o u s l y  
f o r m e d  d u r i n g  t h e  d i s t i l l a t i o n .  R e i t h  ( 1 9 3 4 )  f o u n d  t h a t  t h e  P b S  
p r o d u c e d  i n  a  l e a d  a c e t a t e  s o l u t i o n  w o u l d  a b s o r b  m e t h 

a n e t h i o l .  S u c h  a  f i n d i n g  c o u l d  a l s o  s u p p o r t  t h e  p o s s i b i l i t y  o f  

m e t h a n e t h i o l  a b s o r p t i o n  b y  P b S  i n  a  d r y  c o n d i t i o n .  D u r i n g  
o u r  e x p e r i m e n t s  w i t h  r a d i o a c t i v e  c o m p o u n d s  t h e  t r e a t m e n t  o f  

t h e  b l a c k  p r e c i p i t a t e  w i t h  d i l u t e d  H N 0 3 d i d  n o t  r e s u l t  i n  t h e  
l o s s  o f  r a d i o a c t i v i t y .  T h i s  i n d i c a t e s  t h a t  p o s s i b l y  C H 3 S H  w a s  

a b s o r b e d  b y  P b S  a n d  t r e a t m e n t  w i t h  a c i d  w o u l d  n o t  r e s u l t  i n  

i t s  l o s s .

I t  i s  s u g g e s t e d  t h a t  r e l i a b l e  r e s u l t s  c o u l d  b e  o b t a i n e d  u s i n g  
t h i s  m e t h o d  i f  t h e  f o l l o w i n g  p r e c a u t i o n s  a r e  c o n s i d e r e d :
1. U s e  a n  e x a c t  a m o u n t  o f  c r y s t a l l i n e  l e a d  a c e t a t e  w i t h  t h e  

l e a d  a c e t a t e  h a v i n g  s p e c i f i e d  m e s h  s i z e .

2 .  T h e  s t a n d a r d  c u r v e  s h o u l d  b e  e s t a b l i s h e d  u s i n g  i d e n t i c a l  
c o n d i t i o n s  a s  t h a t  u s e d  i n  e x p e r i m e n t s  a n d  a  c o n s t a n t  f l o w  
o f  n i t r o g e n  s h o u l d  b e  m a i n t a i n e d  a t  a l l  t i m e s .

3 .  T h e  p r e p a r a t i o n  o f  a  s t a n d a r d  c u r v e  i n  t h e  p r e s e n c e  o f  H 2 S  
w o u l d  r e d u c e  e r r o r s .
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PROTEIN H YDRO LYZATES BY SINGLE RAD IAL IMMUNODIFFUSION

— -------------------- ABSTRACT ---------------------------
T h e  in c r e a s in g  u s e  o f  p r o t e o l y t i c  e n z y m e s  in  f o o d  p r o d u c t i o n  h a s  e s t a b 
l is h e d  t h e  n e e d  f o r  a  q u a n t i t a t i v e  a n d  s e n s i t iv e  a s s a y  f o r  p r o t e o l y t i c  
a c t iv i ty  in  p r o t e i n  f o o d s .  T h e  c la s s ic a l  m e t h o d s  a r e  n o t  s u i t a b le  b e c a u s e  
o f  t h e  p r e s e n c e  o f  la rg e  a m o u n t s  o f  p r o t e i n s  a n d  p e p t id e s .  A  q u a n t i t a 
t iv e  p r o c e d u r e  b a s e d  o n  s in g le  r a d ia l  i m m u n o d i f f u s io n  w a s  d e v e lo p e d  
a n d  f o u n d  to  b e  a p p l ic a b le  t o  t h e  d e t e r m i n a t i o n  o f  s u b t i l i s in  C a r ls b e rg  
a c t iv i ty  in  p r o t e i n  h y d r o l y z a t e s .  L e s s  t h a n  0 .5  p p m  s u b t i l i s in  C a r ls b e rg  
c o u ld  b e  d e t e c t e d  in  a  7 %  s o y  p r o t e i n  h y d r o l y z a t e .  W i th  m in o r  m o d i f i 
c a t io n s  t h e  m e t h o d  s h o u ld  b e  a p p l ic a b le  t o  m a n y  o f  t h e  o t h e r  e n z y m e s  
u s e d  in  f o o d  p ro c e s s in g .

INTRODUCTION
T H E  C L A S S I C A L  M E T H O D S  f o r  t h e  d e t e r m i n a t i o n  o f  p r o 

t e o l y t i c  a c t i v i t y  a r e  a l l  b a s e d  o n  e i t h e r  a  h y d r o l y s i s  u n d e r  
s p e c i f i c  c o n d i t i o n s  f o l l o w e d  b y  a  m e a s u r e m e n t  o f  t h e  a m o u n t  
o f  d e g r a d e d  p r o t e i n ,  o r  t h e  e s t i m a t i o n  c f  a  p a r t i c u l a r  p a r a m 

e t e r  a s s o c i a t e d  w i t h  t h e  r e a c t i o n  b e t w e e n  t h e  e n z y m e  a n d  a  
s y n t h e t i c  s u b s t r a t e  o r  i n h i b i t o r .

T h e  p r e s e n c e  o f  l a r g e  a m o u n t s  o f  f o r e i g n  p r o t e i n s  a n d  p e p 
t i d e s  g e n e r a l l y  r e n d e r  t h e  c l a s s i c a l  m e t h o d s  u n f e a s i b l e  d u e  t o  
t h e  e x t r e m e l y  h i g h  b l a n k  v a l u e s  o b t a i n e d .  H o w e v e r ,  t h e  i n 

c r e a s i n g  u s e  o f  p r o t e o l y t i c  e n z y m e s  i n  f o o d  p r o d u c t i o n  h a s  
e s t a b l i s h e d  t h e  n e e d  f o r  a  q u a n t i t a t i v e  a n d  s e n s i t i v e  a s s a y  f o r  
p r o t e o l y t i c  a c t i v i t y  i n  p r o t e i n  f o o d s .  T h u s ,  A d l e r - N i s s e n

( 1 9 7 6 )  o b s e r v e d  t h a t  r e s i d u a l  p r o t e o l y t i c  a c t i v i t y  w a s  d e t r i 
m e n t a l  t o  t h e  s t o r a g e  s t a b i l i t y  o f  s o y a  p r o t e i n  h y d r o l y z a t e s .  
T h e s e  c o n s i d e r a t i o n s  l e d  u s  t o  e x a m i n e  a n  i m m u n o c h e m i c a l  
a p p r o a c h  t o  t h e  p r o b l e m .

R e c e n t l y ,  R o t h e  e t  a l .  ( 1 9 7 6 )  d e m o n s t r a t e d  t h a t  q u a n t i t a 
t i v e  i m n u n o e l e c t r o p h o r e s i s  o f  c o m m e r c i a l  p r e p a r a t i o n s  o f  
m i l k - c l o t t i n g  e n z y m e s  i s  a  r e l i a b l e ,  d i r e c t ,  a n d  h i g h l y  s p e c i f i c  
m e t h o d  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  i n d i v i d u a l  p r o t e o l y t i c  

e n z y m e s  i n  b o v i n e  r e n n e t s .  A s  o b s e r v e d  b y  t h e s e  a u t h o r s  a n d  
b y  V e r b r u g g e n  ( 1 9 7 5 ) ,  t h e  q u a n t i t a t i v e  i m m u n o e l e c t r o p h o -  
r e s i s  o f t e n  r e s u l t s  i n  b l u r r e d  a n d  d o u b l e  p r e c i p i t a t e s  w h e n  u n 
f r a c t i o n a t e d  r a b b i t  a n t i s e r a  a r e  u s e d .  F o r m a t i o n  o f  c o m p l e x e s  
b e t w e e n  t h e  e n z y m e  a n d  o t h e r  s e r u m  p r o t e i n s ,  p r o b a b l y  i n h i b 

i t o r s  o f  t h e  s a m e  t y p e  a s  f o u n d  i n  n o r m a l  h u m a n  s e r u m  
( V e r b r u g g e n ,  1 9 7 5 ) ,  s e e m s  t o  b e  t h e  c a u s e  o f  t h e s e  p r o b l e m s .  
I n  o u r  o w n  a t t e m p t s  t o  u s e  i m m u n o e l e c t r o p h o r e t i c  t e c h n i q u e s  
f o r  t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  m i c r o b i a l  a l k a l i n e  p r o 
t e a s e s ,  e .g . ,  s u b t i l i s i n  C a r l s b e r g ,  w e  e n c o u n t e r e d  f u r t h e r  
p r o b l e m s ,  b e c a u s e  t h e  i s o e l e c t r i c  p o i n t  o f  t h e  a n t i g e n  w a s  t o o  
c l o s e  t o  t h a t  o f  t h e  p r e c i p i t a t i n g  a n t i b o d i e s .  I n  o r d e r  t o  g e t  

c o r r e c t  r e s u l t s  w i t h o u t  t a i l i n g  o f  t h e  a n t i g e n  t o w a r d s  t h e  
“ w r o n g ”  e l e c t r o d e ,  w e  f o u n d  i t  s u f f i c i e n t  i n  c e r t a i n  c a s e s  t o  
c h a n g e  t h e  p H  o f  t h e  b u f f e r  s y s t e m  ( V e r b r u g g e n ,  1 9 7 5 ;  V e r 

b r u g g e n  a n d  B a e c k ,  1 9 7 6 ) .  I n  o t h e r  c a s e s ,  h o w e v e r ,  c a r b a m y l a -  
t i o n  ( A x e l s e n  e t  a l . ,  1 9 7 3 )  o f  t h e  a n t i s e r u m  s e e m e d  n e c e s s a r y .

T h e  a b o v e  m e n t i o n e d  p r o b l e m s  l e d  u s  t o  u s e  t h e  m u c h  
m o r e  s i m p l e ,  a l b e i t  s l o w e r ,  t e c h n i q u e  o f  s i n g l e  r a d i a l  i m m u n o 
d i f f u s i o n ,  a s  d e s c r i b e d  b y  M a n c i n i  e t  a l .  ( 1 9 6 5 ) .  T h i s  c h o i c e  is  

f u r t h e r  s u b s t a n t i a t e d  b y  t h e  f a c t  t h a t  t h e  m i c r o b i a l  a l k a l i n e  
p r o t e a s e s  o f  c o m m e r c i a l  i n t e r e s t  h a v e  a  f a i r l y  s m a l l  m o l e c u l a r  

s i z e  ( ^ 3 0 , 0 0 0  d a l t o n s ) ,  s o  t h a t  e q u i l i b r i u m  i s  a t t a i n e d  i n  a  
r e a s o n a b l e  t i m e  ( L a u r e l l ,  1 9 7 2 ) .  U s i n g  s i n g l e  r a d i a l  i m m u n o 

d i f f u s i o n  w e  d e v e l o p e d  a  r e l i a b l e ,  s i m p l e ,  a n d  h i g h l y  s p e c i f i c  
m e t h o d  f o r  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  r e s i d u a l  s u b t i l i s i n  
C a r l s b e r g  a c t i v i t y  i n  f o o d  p r o t e i n  h y d r o l y z a t e s .

M A TERIA LS & METHODS
Im munochemical procedure

U n f r a c t i o n a t e d  r a b b i t  a n t i s e r u m  a g a in s t  A lc a la s e ®  ( a  c o m m e r c ia l  
e n z y m e  p r e p a r a t i o n  c o n ta in in g  s u b t i l i s in  C a r ls b e rg )  w a s  u s e d  a s  a n t i 
b o d y  s o u r c e .  T h e  a n im a ls  w e r e  D a n is h  L a n d  s t r a in  r a b b i t s  b r e d  a t  
N o v o ’s e x p e r im e n ta l  f a r m ,  N y v a n g s g a a rd ,  G a n lo e s e .  S e v e ra l  b u f f e r  
s y s te m s  w e re  t r i e d  a n d  p ro v e d  s u c c e s s fu l ;  g e n e r a l ly  w e  r e c o m m e n d  a  
p h o s p h a t e  b u f f e r  o f  i o n i c  s t r e n g t h ,  p  =  0 .2  a n d  p H  7 .6  (0 .0 3 2 5 M  
K 2 H P 0 4 , 0 .0 0 2 6 M  K H 2 P O „ ,  0 .1 0 0 M  N a C l) .  A  g e l  l a y e r  o f  1 .5  m m  
t h i c k n e s s  ( 0 . 0 5 - 0 . 1 5  m l a n t i s e r u m  in  1 5  m l  b u f f e r  w i t h  1%  a g a r o s e  a n d  
0 .1 %  N a N 3 ) w a s  c a s t  o n  1 0  x  1 0  c m  g la s s  p l a t e s  a n d  1 6  e q u a l ly  s p a c e d ,  
c i r c u la r  w e lls  o f  2 .5  m m  d i a m e t e r  w e re  p u n c h e d  in  t h e  g e l .  F iv e  p i  o f  
a n t ig e n  s o l u t i o n  w e re  a p p l ie d  t o  e a c h  w e l l  a n d  t h e  p l a t e s  w e r e  s to r e d  
f o r  2  d a y s  in  a  h u m id  c h a m b e r .  T h e  p r e c i p i t a t e s  w e r e  t h e n  s ta in e d  w i th  
C o o m a s s ie  B r i l l i a n t  B lu e  R  a n d  t h e  a r e a s  w e re  m e a s u r e d  b y  u s e  o f  a  
m a g n if ie r .  T h e  p r o d u c t  o f  tw o  p e r p e n d i c u l a r  d i a m e te r s ,  m e a s u r e d  to  
t h e  n e a r e s t  0 .1  m m ,  w a s  c o n v e n i e n t ly  u s e d  a s  a  q u a n t i t a t i o n  o f  t h e  
a r e a .  T h e  im m u n o lo g i c a l  a c t i v i t y  w a s  t h e n  c a l c u l a t e d  a s  d ,  x d ,  -  6 .2 5  
m m 2 .

Proteolytic activity
T h e  p r o t e o l y t i c  a c t i v i t y  w a s  d e t e r m in e d  b y  t h e  p r o c e d u r e  o r ig in a l ly  

d e v e lo p e d  b y  A n s o n  ( 1 9 3 9 )  a n d  s l ig h t ly  m o d i f i e d  a s  d e s c r ib e d  e ls e 
w h e re  (N o v o  I n d u s t r i  A /S ,  1 9 7 6 ) .  T h e  p r o c e d u r e  is  b a s e d  o n  a  m e a s u r e 
m e n t  o f  t h e  a m o u n t  o f  d e n a t u r e d  h e m o g lo b in  w h ic h  is  h y d r o ly z e d  
u n d e r  s p e c i f i c  c o n d i t i o n s  (p H  7 .5 ,  2 5 ° C ,  1 0  m in  r e a c t i o n  t im e ) .

Heat-inactivation experiments
F r o m  a  s t o c k  s o lu t io n  o f  A lc a la s e ® , c o n ta in in g  a p p r o x i m a t e l y  6 5 0  

A U /L ,  1 m l s a m p le s  w e r e  t r a n s f e r r e d  t o  t e s t  t u b e s ,  c o n ta in in g  1 0  m l  o f  
t h e  p h o s p h a t e  b u f f e r  d e s c r ib e d  a b o v e  a n d  h e ld  in  a  w a t e r  b a t h  a t  7 0 ° C .  
T e r m in a t i o n  o f  t h e  h e a t - t r e a t m e n t  w a s  a c h i e v e d  b y  t r a n s f e r r in g  1 m l  o f  
th e s e  d i l u t i o n s  t o  1 0  m l  o f  p h o s p h a t e  b u f f e r  h e ld  a t  0 ° C .  T h e  i m m u n o 
lo g ic a l  a n d  p r o t e o l y t i c  a c t iv i t i e s  w e r e  t h e n  d e t e r m i n e d  a s  a  f u n c t i o n  o f  
t h e  d u r a t i o n  o f  t h e  h e a t - t r e a t m e n t .

Preparation of protein hydrolyzates
H y d r o ly z a t e s  o f  s o y  p r o t e i n  i s o la te  ( R a l s t o n  P u r in a  5 0 0  E )  a n d  

c a s e in  ( a c c o r d in g  t o  H a m m a r s t e n )  w e r e  p r e p a r e d  b y  u s e  o f  a  m ic r o b ia l  
a lk a l in e  p r o t e a s e ,  E s p e ra s e ®  (N o v o  I n d u s t r i  A /S ) ,  w h ic h  d o e s  n o t  c ro s s -  
r e a c t  w i t h  A lc a la s e ®  ( S c h i f f ,  1 9 7 5 ) .  T h e  f o l lo w in g  h y d r o ly s i s  p a r a m 
e te r s  w e re  u s e d :  S u b s t r a t e  c o n c e n t r a t i o n  =  8 % p r o t e i n ,  e n z y m e  c o n c e n 
t r a t i o n  =  1 .0  A U /L ,  t e m p e r a t u r e  =  5 0 ° C ,  a n d  p H  =  8 .0 .  T h e  p H  w a s  
m a in t a in e d  w i t h  4 N  N a O H  d u r in g  h y d r o ly s i s  b y  m e a n s  o f  R a d i o m e te r  
p H - s ta t  e q u ip m e n t .  T h e  h y d r o ly s i s  w a s  t e r m i n a t e d  a f t e r  1 5 0  m in  b y  
a d d i t i o n  o f  6 N  H C 1 u n t i l  p H  r e a c h e d  4 . 0 - t h i s  p r o c e d u r e  e f f e c t iv e ly  
in a c t iv a t e s  t h e  E s p e ra s e ® . T h e  s u s p e n s io n  w a s  f i l t e r e d  a n d  p H  in  t h e  
s u p e r n a t a n t  w a s  a d ju s t e d  t o  7 .6 .  P a r t  o f  t h e  s o y  p r o t e i n  h y d r o ly z a t e  
w a s  c o n c e n t r a t e d  in  a  r o t a r y  e v a p o r a t o r .  T h e  p r o t e i n  a n d  p e p t i d e  c o n 
c e n t r a t i o n  in  a i l  h y d r o l y z a t e s  w a s  d e t e r m i n e d  a s  K je ld a h l-N  x  6 .2 5 .

Determ ination o f standard curves
F r o m  a  s to c k  s o lu t io n  o f  A lc a la s e ®  ( 4 0  A U /L )  in  p h o s p h a t e  b u f f e r ,  

d i l u t i o n  s e r ie s  w e r e  p r e p a r e d  w i th  t h e  fo l l o w in g  e ig h t  d i f f e r e n t  c o n c e n 
t r a t i o n s :  3 .2 - 2 .4 - 1 .6 - 1 .2 - 0 .8 - 0 .4 - 0 .2 - 0 .1  A U /L .  T h e  s to c k  s o lu t io n  w a s  
d i lu t e d  w i t h  e i t h e r  p h o s p h a t e  b u f f e r  o r  o n e  o f  t h e  h y d r o ly z a t e s ,  a n d  
th e  d i l u t i o n s  w e re  a n a l y z e d  b y  t h e  im m u n o c h e m ic a l  p r o c e d u r e  d e 
s c r ib e d  a b o v e .  T o  e a c h  p l a t e  tw o  s e r ie s ,  o n e  w i th  b u f f e r  a n d  o n e  w i t h  
h y d r o l y z a t e s ,  w e re  a p p l ie d .  I n  e a c h  o f  t h e  s e r ie s  a  l in e a r  r e g r e s s io n  
a n a ly s is  o f  t h e  a r e a  o f  t h e  p r e c ip i t a t i o n  r in g s  t o w a r d s  t h e  p r o t e o l y t i c  
a c t iv i ty  w a s  p e r f o r m e d .
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Table 1—R esid u a l e n z ym ic  and im m unolog ica l a ctiv ity  a fte r  heat- 
treatm ent at 7 0 °C , p H  7 .6

Heat-
treatment,

(min)

Residual
enzymic
activity
(AU/L)

Residual 
immunol. 
activity 
(mm2 )

Heat-
treatment

(min)

Residual
enzymic
activity
(AU/L)

Residual 
immunol. 
activity 
(mm2 )

0 5.40a 115a 15 0.16a 4a
1 4.38a 93a 20 0.07a 3a
2 3.28a 69a 30 0.06 0
3 2.15a 46a 40 0.04 0
4 1,72a 33a 50 0.06 0
6 0.79a 16a 60 0.06 0
8 0.31a 9a 90 0.03 0

10 0.22a 7a 120 0.01 0

L in ea r regression  an a ly s is  w a s p e rfo rm ed  on  the  10 first  p o in ts, fo r  
w h ich  the  e n z y m ic  and  im m u n o lo g ic a l a c t iv ity  w ere  s ig n if ic a n t ly  
greater than  zero. T h e  regression  line has a very  h igh  co rre la t ion  
co e ffic ien t (r =  0 .9 9 9 2 ).  T h e  p o in t  o f o r ig in  lies w e ll in side  the 
co n f id e n ce  area o f  the  regression  line.

RESULTS & DISCUSSION
T H E  T Y P E  O F  I N A C T I V A T I O N  t o  w h i c h  a  p r o t e o l y t i c  e n 
z y m e  i s  e x p o s e d  d u r i n g  a n d  a f t e r  i t s  a p p l i c a t i o n  i n  f o o d  p r o c 
e s s i n g  i s  g e n e r a l l y  a  h e a t - d e n a t u r a t i o n .  I t  i s  t h e r e f o r e  o f  p r a c 

t i c a l  i m p o r t a n c e  t h a t  a  h i g h  c o r r e l a t i o n  e x i s t s  b e t w e e n  
e n z y m i c  a n d  i m m u n o l o g i c a l  a c t i v i t y  d u r i n g  h e a t - i n a c t i v a t i o n  
o f  t h e  e n z y m e .  T a b l e  1 s h o w s  t h e  r e s u l t s  f r o m  t h e  h e a t - i n a c t i -  
v a t i o n  e x p e r i m e n t  p e r f o r m e d  o n  A l c a l a s e ® .  F i g u r e  1 a s  w e l l  a s  

a  l i n e a r  r e g r e s s i o n  a n a l y s i s  ( r  =  0 . 9 9 9 2 )  s h o w s  t h a t  t h e  e n 
z y m i c  a n d  i m m u n o l o g i c a l  a c t i v i t i e s  a r e  s t r i c t l y  p r o p o r t i o n a l  t o  
o n e  a n o t h e r .

T h e  n e x t  s t e p  w a s  t o  s h o w  t h a t  t h e  p r e s e n c e  o f  l a r g e  

a m o u n t s  o f  p r o t e i n  a n d  p e p t i d e s  d o e s  n o t  i n t e r f e r e  w i t h  t h e  

i m m u n o l o g i c a l  a s s a y .  T a b l e  2  s h o w s  t h a t  t h e  p r e s e n c e  o f  
h y d r o l y z a t e  d o e s  n o t  h a v e  a  s t a t i s t i c a l l y  s i g n i f i c a n t  e f f e c t  o n  

t h e  s l o p e ,  i n t e r c e p t  o r  u n c e r t a i n t y  o f  t h e  s t a n d a r d  c u r v e s  
d r a w n  f r o m  t h e  d i l u t i o n  s e r i e s .

F i n a l l y ,  t h e  s e n s i t i v i t y  o f  t h e  m e t h o d  w a s  e s t i m a t e d  b y  
r u n n i n g  a  s e r i e s  o f  p l a t e s  w i t h  v a r y i n g  c o n c e n t r a t i o n s  o f  

A l c a l a s e ®  a n d  a n t i s e r u m .  T h e  h i g h e s t  s e n s i t i v i t y  w a s  o b t a i n e d  
w i t h  a n t i s e r u m  c o n c e n t r a t i o n s  o f  5 0 — 1 5 0  jul p e r  p l a t e ,  w h e r e  

t h e  l i m i t  o f  d e t e c t i o n  w a s  0 . 0 2  A n s o n  u n i t s / l i t e r  ( A U / L ) ,  r e 
g a r d l e s s  o f  t h e  p r e s e n c e  o f  s o y  p r o t e i n  h y d r o l y z a t e .  B y  u s i n g  a  
( h y p o t h e t i c a l )  a c t i v i t y  o f  4 4  A U / g  f o r  1 0 0 %  p u r e  s u b t i l i s i n  

C a r l s b e r g ,  t h i s  l i m i t  c o r r e s p o n d s  t o  a p p r o x i m a t e l y  0 . 5  p p m  o f  
i m m u n o l o g i c a l l y  a c t i v e  e n z y m e  p r o t e i n .

T h e  r e s u l t s  r e p o r t e d  h e r e  h a v e  d e m o n s t r a t e d  a n  a l t e r n a t i v e  
a n d  f e a s i b l e  w a y  o f  a s s a y i n g  p r o t e o l y t i c  a c t i v i t y  i n  p r o t e i n  
f o o d s .  W i t h  m i n o r  m o d i f i c a t i o n s  t h e  s i n g l e  r a d i a l  i m m u n o d i f 
f u s i o n  t e c h n i q u e  s h o u l d  b e  a p p l i c a b l e  t o  o t h e r  t y p e s  o f  e n 
z y m e s  u s e d  i n  f o o d  m a t e r i a l s .  T h e  r e l a t i v e  s i m p l i c i t y  o f  t h e  
m e t h o d  m a k e s  i t  s u i t a b l e  a s  a  r o u t i n e  c h e c k  m e t h o d  f o r  r e s i d 
u a l  a c t i v i t y .
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--------------------------- ABSTRACT ------------------ --------
T h e  c e n t r a l  d e p r e s s a n t  a c t iv i t i e s  o f  3 ,n - b u t y l p h t h a l i d e  a n d  a  n e w  c o m 
p o u n d ,  s e d a n e n o l id e ,  w e re  s tu d i e d  in  m ic e .  W h ile  n e i t h e r  c o m p o u n d  
a f f e c t s  e t h a n o l  s e d a t io n ,  t h e y  e x h i b i t  s im ila r  a c t iv i t i e s  in  b o t h  p r o 
lo n g in g  p e n t o b a r b i t a l  n a r c o s i s  b y  p r i o r  a d m i n i s t r a t i o n  o f  t h e  t e s t  c o m 
p o u n d s  a n d  in  in d u c in g  s le e p  im m e d ia t e ly  f o l l o w in g  r e c o v e r y  f r o m  a 
p r io r  t r e a t m e n t  w i th  b a r b i t u r a t e .  W e a k  s e d a t iv e  a c t i v i t y  is a ls o  s h o w n  
to  r e s id e  in  b o t h  c o m p o u n d s  w i t h o u t  p o t e n t i a t i o n .

INTRODUCTION
S E E D S  O F  C O M M O N  C E L E R Y ,  A p i u m  g r a v e o l e n s  L . ,  c o n t a i n  
u p  t o  2 . 5 %  b y  w e i g h t  o f  a  s t e a m  d i s t i l l a b l e  o i l  w h i c h ,  i n  a d d i 

t i o n  t o  f i n d i n g  e x t e n s i v e  u s e  a s  a  f l a v o r i n g  a g e n t ,  h a s  b e e n  
e m p l o y e d  i n  f o l k  r e m e d i e s  a s  a  c a r m i n a t i v e ,  a  d i u r e t i c ,  a n  
a b o r t i f a c i e n t ,  a n  a n t i s e p t i c ,  a n d  a s  a  n e r v e  t o n i c  a n d  s e d a t i v e  
( G u e n t h e r ,  1 9 5 0 ) .  W h i l e  t h e  e f f i c a c i e s  o f  m o s t  o f  t h e s e  u s e s  
r e m a i n  u n s u b s t a n t i a t e d  b y  c o n t r o l l e d  s t u d i e s ,  e x p e r i m e n t s  b y  
K o h l i  e t  a l .  ( 1 9 6 7 )  h a v e  s h o w n  t h a t  c r u d e  c e l e r y  o i l  f r a c t i o n s  
d o  i n d e e d  e x h i b i t  d e p r e s s a n t  e f f e c t s  o n  t h e  c e n t r a l  n e r v o u s  
s y s t e m  o f  m i c e  a n d  r a t s .  M a x i m u m  a c t i v i t y  w a s  o b s e r v e d  i n  
t h e  f r a c t i o n  ( b p  1 8 0 —2 6 5 ° C )  s a i d  t o  c o n t a i n  s e s q u i t e r p e n e  
a l c o h o l s ,  s e d a n o l i d e  ( 1 ) ,  a n d  s e d a n o n i c  a n h y d r i d e  ( I I )  ( F i g .  1 ) .  
A l t h o u g h  t h e  n a m e s  o f  t h e  l a t t e r  t w o  c o m p o u n d s ,  c o i n e d  b y  
C i a m i c i a n  a n d  S i l b e r  ( 1 9 8 7 )  i n  t h e i r  c l a s s i c  s t u d i e s  o f  c e l e r y  

c o n s t i t u e n t s ,  s e e m  t o  s u g g e s t  s o m e  i n v o l v e m e n t  i n  s e d a t i v e  

a c t i v i t y ,  t o  o u r  k n o w l e d g e  t h e  s t u d i e s  b y  K o h l i  e t  a l .  ( 1 9 6 7 )  

a r e  t h e  f i r s t  e x p e r i m e n t a l  i n d i c a t i o n s  o f  p o s s i b l e  s e d a t i v e  
a c t i v i t y  o f  t h e s e  c o m p o u n d s .

O u r  i n v e s t i g a t i o n  o f  t h e  b i o l o g i c a l l y  a c t i v e  c o m p o n e n t s  o f  
c e l e r y  o i l  h a s  r e s u l t e d  i n  t h e  i s o l a t i o n  o f  t w o  c e n t r a l  d e p r e s 

s a n t s :  t h e  k n o w n  c o n s t i t u e n t  o f  c e l e r y  o i l ,  3 , n - b u t y l p h t h a l i d e
( I I I )  a n d  a  p r e v i o u s l y  u n r e p o r t e d  c o m p o u n d ,  3 , n - b u t y l - 4 , 5 , -

i y j d r o p h t h a l i d e  ( I V ) .  T h e  c h e m i c a l  c h a r a c t e r i z a t i o n  o f  t h e  
l a t t e r  c o m p o u n d ,  f o r  w h i c h  w e  p r o p o s e  t h e  t r i v i a l  n a m e  

s e d a n e n o l i d e ,  i s  r e p o r t e d  e l s e w h e r e  ( B j e l d a n e s  a n d  K i m ,

1 9 7 7 ) .  W e  r e p o r t  h e r e  a n  e v a l u a t i o n  o f  t h e  c e n t r a l  d e p r e s s a n t  
a c t i v i t y  o f  3 , n - b u t y l p h t h a l i d e  a n d  s e d a n e n o l i d e  i n  m i c e .

M A TERIA LS & METHODS
Isolation o f sedative com ponents

S te a m  d i s t i l l a t i o n  o f  g r o u n d  c e le r y  s e e d  (1  k g )  p r o d u c e d  271 o f  
a q u e o u s  d i s t i l l a te  w h ic h  w a s  e x t r a c t e d  c o n s e c u t iv e ly  w i th  p e t r o l e u m  
e th e r  ( b p  3 0 - 6 0 ° )  ( 1 8 L ) ,  e t h y l  e t h e r  ( 1 8 L )  a n d  c h lo r o f o r m  ( 1 8 L ) .  
E v a p o r a t io n  o f  t h e  e x t r a c t s  in  v a c u o  g a v e  a  c o m b in e d  y ie ld  o f  1 6 .8 g  o f  
e s s e n t ia l  o i l .  T h is  m a te r i a l  w a s  p l a c e d  o n  a  s il ic a  g e l  6 0  ( p a r t i c a l  s iz e  less  
t h a n  0 .6 3  m m ,  E .M . R e a g e n ts )  c o lu m n  a n d  n in e  f r a c t i o n s  w e r e  e lu t e d  
w i th  4 .5 L  o f  h e x a n e - d i e th y l  e t h e r  ( 1 : 1 ,  v /v ) .  A  t e n t h  f r a c t i o n  w a s  
e lu t e d  w i th  5 0 0  m l  o f  m e th a n o l .  T h e  s o lv e n t s  w e re  r e m o v e d  in  v a c u o  a n d  
t h e  o i ly  r e s id u e s  w e re  a s s a y e d  f o r  s e d a t iv e  a c t i v i t y  b y  p o t e n t i a t i o n  o f  
p e n to b a r b i t a l  n a r c o s is  i n  m ic e  a s  d e s c r ib e d  b y  B r o d ie  ( 1 9 5 6 ) .  S u b s e 
q u e n t  g a s  c h r o m a to g r a p h ic  r e s o l u t i o n  o f  t h e  a c t iv e  f r a c t i o n s  (5  a n d  6 ) 
r e s u l te d  in  t h e  i s o la t io n  o f  tw o  a c t iv e  c o m p o n e n t s ,  3 , n - b u ty lp h th a l id e  
a n d  s e d a n e n o l id e .  T h e  g a s  c h r o m a to g r a p h ic  c o n d i t i o n s  u s e d  w e re  as 
f o l lo w s :  a lu m in u m  c o lu m n  (2 0  f t  x  3 / 8  i n . ) ,  p a c k e d  w i t h  1 5 % S .E .  3 0  
o n  d im e th y lc h lo r o s i l a n e  t r e a t e d  6 0 / 8 0  m e s h  g a s  c h r o m o s o r b  W , a  
h e l iu m  f lo w  r a t e  o f  1 00  m l /m i n ,  a n d  c o lu m n ,  i n j e c t o r  a n d  d e t e c t o r  
t e m p e r a tu r e s ,  2 0 0 ° ,  2 1 8 °  a n d  2 3 5 ° C ,  r e s p e c t iv e ly .  3 , n - b u ty lp h th a l id e  
a n d  s e d a n e n o l id e  h a d  r e t e n t i o n  t im e s  o f  5 7  a n d  7 5  m in  u n d e r  t h e s e  
c o n d i t io n s .  T h e  c o m p o u n d s  g av e  s in g le  p e a k s  o n  G L C  a n d  w e re

c h a r a c te r iz e d  b y  t h e i r  c h e m ic a l  a n d  s p e c t r a l  p r o p e r t i e s .  T h e s e  d a t a  a r e  
r e p o r t e d  in  d e t a i l  e ls e w h e r e  (B je ld a n e s  a n d  K im ,  1 9 7 7 ) .

CNS depressant activity.
Pentobarbital sleeping time. (T e s t  c o m p o u n d  a d m in i s t e r e d  p r i o r  t o  

p e n t o b a r b i t a l ) .
C o m p o u n d s  w e re  d is s o lv e d  in  a n  a q u e o u s  5 %  e t h a n o l - 3 %  T w e e n  8 0  

s o lu t io n  t o  g iv e  c o n c e n t r a t i o n s  b y  w e ig h t  o f  0 . 5 ,  1 .0  a n d  2 .0 % . D o s e s  
o f  2 5 ,  5 0  a n d  1 0 0  m g  c o m p o u n d / k g  m o u s e  w t ,  r e s p e c t iv e ly ,  o f  t h e s e  
s o lu t io n s  w e re  a d m in i s t e r e d  b y  i n t r a p a r i t o n e a l  ( ip )  i n j e c t i o n  t o  g r o u p s  
( 6 - 1 3  a n im a ls  p e r  g r o u p )  o f  a lb in o ,  m a le  m ic e  ( 2 2 - 4 0 g ) .  T h i r t y  
m in u te s  a f t e r  e a c h  in j e c t i o n ,  s o d iu m  p e n t o b a r b i t a l  ( 5 0  m g /k g  m o u s e  
w t )  w a s  a d m in i s t e r e d  a n d  t h e  s le e p in g  t i m e  f r o m  lo s s  o f  r ig h t in g  r e f l e x  
t o  r e c o v e r y  w a s  n o t e d .  A  c o n t r o l  g r o u p  r e c e iv e d  e q u iv a le n t  d o s e s  o f  t h e  
e th a n o l - T w e e n  8 0  s o lu t io n  u s e d  a s  a  v e h ic le  f o r  t h e  c e le r y  c o m p o n e n t s .  
E a c h  a n im a l  w a s  k e p t  in  a  s e p a r a t e ,  c o n s t a n t - t e m p e r a t u r e  ( 3 2 °C ) c o m 
p a r t m e n t  f o r  t h e  d u r a t i o n  o f  t h e  e x p e r i m e n t .  T h e  r e s u l t s  a r e  r e c o r d e d  
in  T a b le  1.

Ethanol sleeping time. A s im ila r  p r o c e d u r e  w a s  f o l l o w e d  a s  w i th  t h e  
d e t e r m i n a t i o n  o f  p e n t o b a r b i t a l  s le e p in g  t im e .  H o w e v e r ,  a n  a q u e o u s  
1 0 %  e th a n o l - 3 %  T w e e n  8 0  s o lu t io n  w a s  u s e d  a s  a  v e h ic le  a n d  tw o  d o s e s  
o f  e a c h  c o m p o u n d  ( 5 0  a n d  1 0 0  m g /k g )  w e r e  u s e d .  I n  a d d i t i o n ,  a n  
a q u e o u s  3 5 %  e t h a n o l  s o lu t io n  w a s  e m p lo y e d  a t  a  d o s e  o f  3 .5  g /k g  m o u s e  
w e ig h t  t o  p r o d u c e  s le e p  3 0  m in  a f t e r  i n j e c t i o n  o f  t h e  t e s t  s o lu t io n s  o r  
t h e  1 0 %  e th a n o l - 3 %  T w e e n  8 0  c o n t r o l .  T h e  r e s u l t s  a r e  r e c o r d e d  in  
T a b le  2 .

Pentobarbital potentiation . ( P e n t o b a r b i t a l  a d m in i s t e r e d  p r io r  t o  t e s t  
c o m p o u n d ) .  A lb in o ,  m a le  m ic e  w e ig h in g  b e t w e e n  2 5  a n d  4 0 g  w e re  
e m p lo y e d  in  g r o u p s  o f  6 - 1 9  a s  d e s c r ib e d  b y  B ro d ie  ( 1 9 6 5 ) .  A d m in i 
s t r a t i o n  ( ip )  o f  a n  a q u e o u s  1%  s o lu t io n  o f  s o d iu m  p e n t o b a r b i t a l  a s  a  
d o s e  o f  5 0  m g /k g  b o d y  w e ig h t  p r o d u c e d  lo s s  o f  r ig h t in g  r e f l e x  in  a ll  
a n im a ls .  I m m e d ia t e ly  u p o n  r e c o v e r y  o f  t h e  r i g h t in g  r e f l e x ,  t e s t  c o m 
p o u n d s ,  a s  2 %  s o lu t io n s  in  1 0 %  a q u e o u s  T w e e n  8 0 ,  a n d  t h e  c o n t r o l  
v e h ic le ,  w e re  a d m in i s t e r e d  ( ip )  t o  m ic e  in  d o s e s  i n d i c a t e d  in  T a b le  3 . 
T h e  p e r c e n t a g e  o f  a n im a ls  w h ic h  a g a in  lo s t  t h e  r i g h t in g  r e f l e x  w a s  
n o t e d .  M ic e  w e re  k e p t  in  s e p a r a t e  c o m p a r t m e n t s  m a in t a in e d  a t  3 2 ° C  
d u r in g  t h e  e x p e r im e n t s .  T h e  E D S 0 v a lu e s  w e r e  c o m p u t e d  a c c o r d in g  to  
L i t c h f i e l d  a n d  W ilc o x o n  ( 1 9 4 9 ) .

Fig. 1 —S e le c te d  phtha lid e  co m p o u n d s re p o rte d  to  b e  co n stitu e n ts  
o f  ce le ry  oil.
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Table 1—E f fe c t  o f  essential o ils o n  sleeping tim e a fter p ento b a rb ita l 
adm inistration

Compound
No. of 

animals
Dose

mg/kg
Sleeping time 

(min)a
%

Control

Control 8 - 33.13 ± 6.33a

13 100 52.46 t  7.23b 158
III 6 50 41.83 ± 3.60ac 126

7 25 30.43 ± 6.70ad 92

11 100 62.64 ± 5.57 189
IV 7 50 48.00 ± 6.51 be 145

7 25 38.00 ± 6.22acd 115

a T h e  m ean  ± standard  d ev ia tion. M e a n s  fo llow e d  b y  the  sam e letter 
are n o t  s ig n if ic a n t ly  d iffe ren t f ro m  one  an o the r at the  5 %  
p ro b a b ilit y  level.

T able 2 —E ffe c t  o f  essen tia l o ils  in 10% e th a n o l so lu tio n  on  sle ep in g  
t im e  a f te r  e th a n o l (3 .5  g /k g )  a d m in is tra tio n

No. of Dose Sleeping
Compounds animals mg/kg time (min)a

Control 9 - 40.11 ± 4.43

III
15 100 51.60 ± 21.38
16 50 41.31 ± 4.92

13 100 38.00 ± 10.61
IV 10 50 37.60 ± 12.69

a T h e  m ean  ± stand a rd  dev ia t ion . V a lu e s  are n o t s ig n if ic a n t ly  d i f 
fe rent fro m  co n t ro l at 5 %  p ro b a b ilit y  level.

E f f e c t s  o f  o i l s  a lo n e .  C o m p o u n d s  I I I  a n d  IV  a s  4  a n d  6 %  s o lu t io n s  in  
1 0 %  T w e e n  8 0  w e re  a d m in i s t e r e d  ( ip )  t o  g r o u p s  o f  f o u r  m ic e  in  d o s e s  
o f  2 0 0  a n d  3 0 0  m g /k g  b o d y  w e ig h t .  M ic e  w e re  k e p t  in  s e p a r a te  c o m 
p a r t m e n t s  a t  3 2 ° C  f o r  1 h r  a f t e r  i n j e c t i o n s  a n d  in  g r o u p s  a c c o r d in g  to  
d o s e  a t  r o o m  t e m p e r a t u r e  f o r  1 w k  t h e r e a f t e r .  B e h a v io r  a n d  a p p e a r a n c e  
o f  t h e  a n im a ls  w e re  n o r m a l  f o r  th i s  1 -w k  p e r io d .  T h e  s e d a t iv e  e f f e c t s  
o b s e r v e d  d u r in g  t h e  f i r s t  h o u r  f o l l o w in g  i n j e c t i o n  a r e  r e c o r d e d  in  T a b le
4.

RESU LTS & DISCUSSION
T H E S E  E X P E R I M E N T S  r e v e a l  s i m i l a r  m i l d  c e n t r a l  d e p r e s s a n t  

a c t i v i t i e s  o f  3 , n - b u t y l p h t h a l i d e  ( I I I )  a n d  s e d a n e n o l i d e  ( I V ) .  

B o t h  c o m p o u n d s  p r o l o n g  s l e e p i n g  t i m e s  f o r  p e n t o b a r b i t a l  
( T a b l e  1 )  a n d  e x h i b i t  w e a k  s e d a t i v e  a c t i v i t i e s  b y  t h e m s e l v e s  
( T a b l e  4 ) .  A d m i n i s t r a t i o n  o f  t h e s e  c o m p o u n d s  i m m e d i a t e l y  

f o l l o w i n g  r e c o v e r y  f r o m  b a r b i t u r a t e  n a r c o s i s  l e a d s  o n c e  a g a i n  
t o  l o s s  o f  c o n s c i o u s n e s s  ( T a b l e  3 ) .  T h i s  s u g g e s t s  t h a t  t h e y  m a y  
i n c r e a s e  t h e  s e n s i t i v i t y  o f  t h e  c e n t r a l  n e r v o u s  s y s t e m  t o  b a r 

b i t u r a t e s .  T h u s ,  t h e s e  c o m p o u n d s  a p p e a r  t o  b e  t r u e  p o t e n t i 
a t o r s  a s  d e f i n e d  b y  B r o d i e  ( 1 9 5 6 ) .  T r u e  p o t e n t i a t o r s  a r e  
d i s t i n g u i s h e d  f r o m  p r o l o n g i n g  a g e n t s  w h i c h  a c t  o n l y  b y  d e 
c r e a s i n g  t h e  r a t e  o f  m e t a b o l i s m  o f  v a r i o u s  s e d a t i v e s .

A n  a n a l y s i s  o f  d a t a  p r e s e n t e d  i n  T a b l e s  1 ,  3  a n d  4  r e v e a l s  
t h a t  t h e  e f f e c t s  o f  t h e  c e l e r y  c o m p o n e n t s  o f  p e n t o b a r b i t a l  

s l e e p i n g  t i m e  c a n n o t  b e  a s c r i b e d  t o  s i m p l e  a d d i t i o n  o f  a c t i v i 
t i e s .  T h u s ,  i n  t h e  a b s e n c e  o f  p e n t o b a r b i t a l ,  d o s e s  o f  3 0 0  m g / k g  
a n d  2 0 0  m g / k g  o f  c o m p o u n d s  I I I  a n d  I V ,  r e s p e c t i v e l y ,  r e s u l t e d  
i n  s l e e p i n g  p e r i o d s  o f  a p p r o x i m a t e l y  6  m i n .  H o w e v e r ,  w h e n  
s m a l l e r  d o s e s  o f  t h e  c e l e r y  c o m p o n e n t s  ( e . g .  1 0 0  m g / k g )  w e r e  
a d m i n i s t e r e d  b e f o r e  ( T a b l e  1 )  o r  a f t e r  ( T a b l e  3 )  d o s i n g  w i t h  
p e n t o b a r b i t a l ,  t h e  r e s u l t i n g  s l e e p  p e r i o d s  w e r e  i n c r e a s e d  r e l a 
t i v e  t o  c o n t r o l s  b y  2 0 —3 0  m i n .  A  p o t e n t i a t i o n  e f f e c t  i s  c l e a r l y  
i n d i c a t e d .

E t h a n o l ,  l i k e  t h e  b a r b i t u r a t e s ,  i s  a  c e n t r a l  d e p r e s s a n t  w h i c h  

is  c o n s i d e r e d  t o  a f f e c t  m o s t  s t r o n g l y  t h e  r e t i c u l a r  a c t i v a t i n g  
s y s t e m  o f  t h e  b r a i n  ( G o o d m a n  a n d  G i l m a n ,  1 9 7 0 ) .  H o w e v e r ,

Table 3 —E f f e c t  o f  essential oils on sleeping tim e fo llow ing  re co v ery  
from  p entobarb ita l narcosis

Compound

Animals 
affected/ 
Animals 
treated 

(% affected)
Dose

(mg/kg)
Sleeping 

time (min)a
e d 50

(mg/kg)

Control 6 0 ± 0a

10/10 (100) 150 40.50 ± 17.93
5/6 (83) 100 23.17 + 6.65b

III 7/9 (78) 85 11.11 ± 11.19cd 72
10/19 (53 70 6.53 ± 7.27ad
3/14 (21' 50 2.43 ± 5.65a

9/10 (901 100 22.30 ± 5.46b
IV 8/11 (73i 85 6.00 ± 7.16acd

4/10 (40) 70 3.60 + 4.86ad 69
1/8 (13) 50 0.38 ± 1,06a

a T he  m ean  ± standard  deva it lon. M e a n s  fo llow e d  b y  the  sam e letter 
are no t s ig n if ic a n t ly  d iffe ren t fro m  one  an o the r at the  5 %  p ro b a 
b ility  level.

Table 4 —U n p o ten tia ted  tranquilizing a ctiv ity  o f  ce le ry  co m p o n en ts

Compounds
No. of 

animals
Dose
mg/kg

Sleeping 
time (min)a

4 200 0 ± 0
in 4 300 7.25b ± 0.96
IV 4 200 5.75b ± 1.32

a T h e  m ean ± standard  dev ia tion.
b S ig n if ic a n t ly  d iffe ren t f 'o m  zero at 1 %  p ro b a b ilit y  level.

w h i l e  t h e  c e l e r y  c o m p o n e n t s  a f f e c t  b a r b i t u r a t e  s l e e p i n g  t i m e ,  
t h e y  d o  n o t  a f f e c t  e t h a n o l  s e d a t i o n  ( T a b l e  2 ) .  S i n c e  t h e  e f f e c t  
o f  c e l e r y  c o m p o n e n t s  o n  b a r b i t u r a t e  s l e e p i n g  t i m e  s e e m s  t o  
i n v o l v e  a  m o d i f i c a t i o n  o f  e f f e c t o r  s i t e s ,  i t  a p p e a r s  t h a t  t h e  

c e l e r y  c o m p o n e n t s  m a y  d i f f e r e n t i a t e  b e t w e e n  e f f e c t o r  s i t e s  i n  

t h e  m o u s e  f o r  e t h a n o l  a n d  p e n t o b a r b i t o l .
A d d i t i o n a l  q u a n t i t a t i v e  p h a r m a c o l o g i c a l  s t u d i e s  a r e  r e 

q u i r e d  t o  f u r t h e r  e v a l u a t e  t h e  e f f i c a c y  o f  c e l e r y  c o m p o n e n t s  a s  
c e n t r a l  d e p r e s s a n t s .  H o w e v e r ,  s i n c e  c e l e r y  s e e d  o i l  i s  r e a d i l y  

a v a i l a b l e  a n d  a p p e a r s  t o  b e  r e l a t i v e l y  n o n t o x i c ,  a s  i n d i c a t e d  b y  
c e n t u r i e s  o f  h u m a n  u s e  w i t h o u t  r e p o r t e d  i l l  e f f e c t ,  t h e  f i n d i n g s  

p r e s e n t e d  h e r e  s u g g e s t s  t h a t  t h i s  a n c i e n t  s p i c e  o r  i t s  c o n s t i 
t u e n t s  m a y  b e  m e d i c i n a l l y  u s e f u l .
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SENSORY PROPERTIES OF THE ARO M A OF BEEF COOKED CONVENTIO NALLY
AND BY M ICROW AVE RADIATION

--------------------------  ABSTRACT ---------------------------
Sensory properties o f the aroma of cooked beef were analyzed using an 
odor quality assessment technique based on, though not identical with, 
that of Persson et al. (1973a) (J. Food Sci. 38: 386). Detailed odor 
descriptions were obtained for beef samples cooked conventionally and 
by microwave radiation for different periods of time. Several differ
ences in aroma characteristics were observed. In general, odor qualities 
rated highly for the aroma o f microwave cooked beef were shown to be 
either associated with “ m eaty boiled” aroma or else to have negative 
correlation with the quality “m eaty roast.”

INTRODUCTION
F L A V O R  A N A L Y S IS  h as  evo lved  in  an  in te re s tin g  m a n n e r  
o v er re c e n t  y e a rs . D u rin g  th e  la s t d e ca d e , a t te n tio n  in itia lly  
fo cu ssed  o n  th e  c h em ica l c o m p o s it io n  o f  th e  a ro m a  c o m p le x  
a n d  c h a ra c te r iz a t io n  o f  th e  v o la ti le  c o n s t itu e n ts  a d v an ced  rap 
id ly  (van  S tra te n  a n d  de V rije r , 1 9 7 3 ). As a re su lt,  su c h  a n a ly 
ses have a tta in e d  e x tre m e  s o p h is tic a tio n  a n d  can  n o w  be  p e r
fo rm e d  w ith  c o n s id e ra b le  p re c is io n  (A y re s  an d  C lark , 1 9 7 5 ). 
T h e  d a ta  p ro d u c e d  are re liab le  as lo n g  as d u e  care  is ta k e n .

U n til ju s t  r e c e n tly , h o w e v e r , th is  c o u ld  n o t  be  sa id  fo r  th e  
se n so ry  e v a lu a tio n  o f  fo o d  a ro m a , s in ce  te c h n iq u e s  in th is  fie ld  
w ere  lim ite d  m ain ly  to  re la tiv e ly  sim p le  d iffe re n ce  a n d  p re f
e ren c e  tes ts . I t  b e ca m e  n ece ssa ry  to  d e v e lo p  th is  a sp e c t o f  
f lav o r ana ly sis  to  o b ta in  p re c is io n  a n d  re lia b ility  o f  d a ta  c o m 
p a rab le  w ith  th o se  o f  ch em ica l an aly ses. T h e  a im  w as to  o b ta in  
m ea n in g fu l d e ta ile d  se n so ry  d e sc rip tio n s  o f  a ro m a  sam p le s so 
th a t  s ig n ifican t q u a lita tiv e  a n d  q u a n ti ta t iv e  d iffe re n c e s  b e 
tw e e n  sam ples c o u ld  b e  d e f in e d  u n a m b ig u o u s ly . A v o c ab u la ry  
o f  o d o r  q u a lity  te rm s w as re q u ire d  a n d  H a rp e r  e t  al. (1 9 6 8 a , 
b )  w ere  re sp o n sib le  fo r  m u c h  o f  th e  su ccess fu l p io n ee rin g  
w o rk  in th is  fie ld . S uch  p rec ise  d a ta  can  o n ly  be  ach iev ed  by 
th e  use  o f  h ig h ly  tra in e d  se n so ry  p an e ls  a n d  th e  p ro c e d u re s  are 
necessa rily  r ig o ro u s , in te n siv e  a n d  tim e -co n su m in g . N e v e rth e 
less th e  b e n e fits  th e re f ro m  are  c u r re n tly  e n su in g  as sh o w n  b y  
th e  re c e n t  w o rk  o f  v o n  S y d o w  e t al. (1 9 7 0 )  an d  P e rsso n  e t  al. 
(1 9 7 3 a ), c u lm in a tin g  in a m a jo r  b re a k th ro u g h  in  th e  u l tim a te  
goal o f  a ll f lav o r re sea rc h e rs , i .e ., th e  c o rre la tio n  o f  ch em ica l 
c o m p o s itio n  w ith  se n so ry  p ro p e rt ie s  o f  fo o d  a ro m a  (P ersso n  e t 
a l., 1 9 7 3 b ; P ersso n  a n d  v o n  S y d o w , 1 9 7 4 ).

T h is  re p re se n ts  th e  c u r re n t  s ta tu s  o f  f lav o r re sea rch . T h e  
in te n t io n  o f  th e  p re se n t  p ro je c t  w as to  o b ta in  d e ta ile d  c h e m 
ica l a n d  sen so ry  d a ta  fo r  th e  a ro m a  o f  b e e f  sam p le s c o o k e d  
c o n v en tio n a lly  a n d  b y  m ic ro w av e  ra d ia tio n , w ith  a v iew  to  
fu tu re  c o rre la tio n s  o f  th e  tw o  se ts  o f  d a ta .  N o  su ch  in fo rm a 
t io n  has h i th e r to  b e en  p u b lish e d  w h e re b y  th e  e f fe c ts  o f  th e  
tw o  h e a tin g  m e th o d s  a re  c o m p a re d . T h is  p a p e r  re p o rts  th e  
sen so ry  an a ly se s o n ly ; c o r re la t io n  o f  th e se  d a ta  w ith  re su lts  o f  
ch em ica l an a ly se s w ill b e  p u b lish e d  la te r.

T h e  th e o r y  an d  use  o f  m ic ro w av e  o v en s fo r  c o o k in g  an d  
h e a tin g  h av e  b e e n  d esc rib ed  in  m a n y  p u b lic a tio n s  (P ro c te r  an d  
G o ld b lith ,  1 9 5 1 ; C o p so n , 1 9 6 2 ; G o ld b lith ,  1 9 7 2 ; M acL eo d ,
1 9 7 2 ). In  su m m ary , an d  co n sid e rin g  th e  sp ec ific  case o f  a 
f re q u e n c y  o f  2 ,4 5 0  M Hz ( th e  f re q u e n c y  o f  th e  o v e n  u se d  in  
th is  w o rk ) , m ic ro w av es a re  a b so rb ed  b y  ‘lo ssy ’ su b s ta n c es  su ch

as w a te r , w h ich  h as  m o le c u le s  p o ssessin g  a p e rm a n e n t  d ip o le  
m o m e n t.  T h e  h e a tin g  e f fe c t  is a re su lt  o f  d ip o le  r o ta t io n  as th e  
d ip o le s  a t te m p t  to  align th em se lv es  w ith  th e  a lte rn a tin g  e lec 
tr ic  fie ld . In  lossy  m a te ria ls  w ith  u n ifo rm  d is tr ib u tio n  o f  p o la r  
m o lecu le s , a d ra m a tic  h e a tin g  e f fe c t is a lm o s t in s ta n ta n e o u s  
th ro u g h o u t  th e  v o lu m e  o f  m a te ria l.  M ost fo o d s  w h ic h  are  n o t  
p u re  fa ts  c o n ta in  w a te r  a n d  th e re fo re  a re  g o o d  a b so rb e rs  o f  
m ic ro w av es a t 2 ,4 5 0  M H z. B ecau se  m ic ro w av es  h e a t  very  
q u ic k ly , o v e rco o k in g  can  re ad ily  o c c u r  an d  th is  sh o u ld  be 
re m e m b e re d  in an y  c o m p a riso n s . V isib le  b ro w n in g  o f  c o o k e d  
su rfa ce s  o ccu rs  to  a l im ite d  e x te n t  o n ly , if  a t a ll, d u rin g  th e  
sh o r t  c o o k in g  tim e s  a n d  it  h a s  b e en  su g g ested  th a t  th is  lead s to  
a la c k  o f  m a n y  o f  th e  a ro m a  c o m p o u n d s  a t t r ib u te d  to  n o n -  
e n zy m ic  b ro w n in g  (R e y n o ld s , 1 9 7 0 ) , a c c o u n tin g  fo r  a  d if fe r 
en ce  in  th e  flav o r o f  fo o d s  c o o k e d  c o n v e n tio n a lly  a n d  by  
m ic ro w av es .

V ery  l it t le  p rev io u s ly  p u b lish e d  w o rk  is o f  d ire c t re levance  
to  th e  c u r re n t  p ro je c t,  s ince  o n ly  o n e  re fe re n c e  can  b e  tra c e d  
to  a c o m p re h en s iv e  sen so ry  an a ly sis  o f  b e e f  a ro m a . T h is  re la te s  
to  th e  w o rk  o f  P e rsso n  e t a l. (1 9 7 3 a )  w h o  d e v e lo p ed  a te c h 
n iq u e  fo r  d e ta ile d  q u a lita tiv e  a n d  fu lly  q u a n ti ta t iv e  o d o r  
q u a li ty  a ssessm en t o f  th e  a ro m a  o f  c a n n e d  b e e f. A sim ila r, 
m o d if ie d  p ro c e d u re  w as u se d  in  th is  in s ta n c e . O f  fringe  re le 
v a n ce , h o w ev er, is th e  fo llo w in g  re su m e  o f  w o rk  p u b lish e d  on  
th e  ro u tin e  se n so ry  c o m p a riso n  o f  th e  flav o r o f  v a rio u s  m ea ts  
c o o k e d  c o n v e n tio n a lly  a n d  b y  m ic ro w av e  ra d ia tio n . T as te  
p a n e l sco res  fo r  ju ic in e ss  an d  f lav o r o f  b e e f , p o rk ,  lam b  an d  
tu rk e y  c o o k e d  b y  m ic ro w av e  a n d  c o n v e n tio n a l m ea n s  have 
b e e n  o b ta in e d  by  several w o rk e rs , w ith  so m e g en era l ag ree 
m e n t a n d  a lso  w ith  so m e  c o n f lic t  o f  re su lts ,  e .g ., B o llm an  e t 
a l. (1 9 4 8 ) ;  H ead ley  a n d  Ja c o b se n  (1 9 6 0 ) ;  M arshall (1 9 6 0 ) ;  
K y len  e t al. (1 9 6 4 ) ;  C ip ra  e t  a l. (1 9 7 1 ) .  T h e  m a jo r i ty  o p in io n  
h o w e v e r in d ic a te s  lo w e r sco res fo r  th e  f lav o r o f  th e  m ic ro w av e  
c o o k e d  p ro d u c t .  B o th  M arshall (1 9 6 0 )  an d  C ip ra  e t a l. (1 9 7 1 )  
re p o r te d  less o ff-f lav o rs  a n d  s ta le  f lav o r as a re su lt o f  m ic ro w av e  
co o k in g . P h ilip s e t al. (1 9 6 0 )  re la te  d iffe re n c e s  d e te c te d  b e 
tw e e n  th e  flav o r a n d  a ro m a  o f  ch ic k en  a n d  p o rk  c o o k e d  c o n 
v e n tio n a lly  an d  b y  m ic ro w av e  ra d ia tio n  a lo n e , to  b ro w n in g  o f  
th e  su rface  o f  c o n v e n tio n a l ro a s ts , w h ils t Z ayas e t  al. (1 9 7 3 )  
fo u n d  th a t  sm all b e e f  p ieces h e a te d  b y  m ic ro w av es fo r  4 —5 
m in  fro m  th e  f ro z e n  s ta te  w ere  n o t  in fe r io r  o rg a n o le p tic a lly  to  
th e  c e n v e n tio n a l c o n tro l .  W hen  h e a te d  fo r  m o re  th a n  10 m in  
h o w e v e r, o x id a tiv e  ch an g es in  th e  fa ts  o c c u rre d  a n d  q u a lity  
d e te r io ra te d .

T h e  fo llo w in g  d e sc rib e s  te c h n iq u e s  u sed  to  e s tab lish  
w h e th e r  a s ig n ifican t d iffe re n c e  in  a ro m a  e x is ts  b e tw e e n  
sam p le s  c o o k e d  b y  th e  tw o  h e a tin g  m e th o d s ,  to g e th e r  w ith  a 
d e ta ile d  d e sc r ip tio n  o f  th e  se n so ry  d iffe re n c e s .

EXPERIM EN TAL
M a te r ia ls  a n d  m e th o d s

The meat used for all experimental comparisons was standardized as 
far as possible on breed, age, sex, feeding regime and slaughtering condi
tions. Longissimus dorsi muscles from Friesian steers o f similar age and 
history were usee. The beef was frozen immediately after dissection 
and stored at -1 5 °C  until required, when it was allowed to  thaw at
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r o o m  t e m p e r a t u r e .  A ll v is ib le  f a t  a n d  c o n n e c t iv e  t i s s u e  w e re  r e m o v e d  
a n d  t h e  l e a n  m e a t  m in c e d  ( a p e r t u r e  4  m m ) .  R e m o v a l  o f  v is ib le  f a t  
a v o id e d  d i f f e r e n c e s  in  t h e  c o m p o s i t i o n  o f  m e a t  s a m p le s  u s e d  f o r  e a c h  
e x p e r im e n t .  L e a n  m e a t  c o n ta in s  4 - 6 %  in t r a m u s c u la r  f a t  w h ic h  is  s u f f i 
c i e n t  t o  g iv e  r is e  t o  t h e  c h a r a c t e r i s t i c  s p e c ie s  f la v o r  ( P a t t e r s o n ,  1 9 7 4 ) .  
T o  e l im in a t e  e r r o r s  f u r t h e r ,  f o r  a n y  o n e  c o m p a r i s o n ,  t h e  m in c e  w a s  
h a lv e d ,  o n e  p o r t i o n  u s e d  f o r  c o n v e n t io n a l  h e a t in g  a n a ly s is  a n d  th e  
o t h e r  h a l f  f o r  m ic ro w a v e  h e a t in g .

P r e p a r a t i o n  a n d  p r e s e n t a t i o n  o f  s a m p le s

T h e  fo l lo w in g  c o o k in g  p r o c e d u r e  w a s  a d o p t e d  in  o r d e r  t o  s im u la te  
t h e  L ik e n s  a n d  N ic k e r s o n  e x t r a c t i o n  t e c h n iq u e  u s e d  f o r  a r o m a  i s o la t io n  
in  t h e  c h e m ic a l  a n a ly s is  p e r f o r m e d  in  p a r a l l e l  w i th  th e s e  s e n s o ry  e v a lu 
a t i o n s  (M a c L e o d  a n d  C o p p o c k ,  1 9 7 6 ,  1 9 7 7 ) .  L e a n  m in c e d  b e e f  (1  k g )  
w a s  c o o k e d  c o n v e n t io n a l l y  a n d  b y  m ic ro w a v e s  u n d e r  a  w a t e r  r e f lu x  
c o n d e n s e r  t o  p r e v e n t  lo s s  o f  a r o m a  v o la t i le s .  F o r  t h e  m ic ro w a v e  s a m 
p le s ,  o n ly  t h e  m e a t  f la s k  w a s  c o n ta in e d  w i th in  t h e  m ic r o w a v e  o v e n  
c a v i ty ,  b e c a u s e  o f  t h e  h e a t in g  e f f e c t  w h ic h  w o u ld  o th e r w is e  o c c u r  o n  
th e  c o o l in g  w a te r  in  t h e  r e f lu x  c o n d e n s e r .  T h e  l a t t e r  w 'as s i t u a t e d  o n  
to p  o f  t h e  o v e n  a n d  w a s  c o n n e c t e d  t o  t h e  m e a t  f la s k  b y  g la ss  t u b in g  v ia  
a  h o l e  b o r e d  in  t h e  r o o f  o f  t h e  o v e n  ( H ir s t  M ic r o w a v e  I n d u s t r i e s  O v e n , 
2 ,4 5 0  M H z ).

P r e s e n t a t i o n  o f  s a m p le s  to  t h e  p a n e l i s t s  w a s  s t a n d a r d i z e d  a s  fo l lo w s .  
A s  s o o n  a s  t h e  h e a t in g  t im e  w a s  c o m p le t e d ,  3 0 g  c o o k e d  m e a t ,  w i th  a 
l i t t l e  b r o t h ,  w a s  s p o o n e d  in t o  c o d e d  3 0  c m 3 w id e - n e c k e d  g la s s  b o t t l e s  
w i t h  B a k e l i te  s c r e w -o n  lid s . T h r e e - d ig i t  c o d e s  w e re  u s e d .  T h e  b o t t l e s  
w e re  a l lo w e d  t o  r e a c h  r o o m  t e m p e r a t u r e  s p o n ta n e o u s ly  ( a p p r o x  1 h r ) .

Table 1 —Sign ifican ce  levels fo r  d ifferen ce  b etw een  m icrow ave and  
con ventio n a lly  heated  sam ples o f  b o ile d  b e e f  using trained judges  
and triangle tests

Microwave
boiled

Conventional boiled beef

beef 15 min 1 hr 1 hr 30 min 2 hr

5 min p < 0.001a p < 0.001 p < 0.001 p < 0.001
15 min p <0.01 p =0.05a p < 0.05 p <0.001
20 min p <0.001 p < 0.05 p = 0.05a p < 0.001
1 hr p < 0.001 p <0.001 p < 0.001 p <0.001a

a Indicates samples paired on the basis 
doneness for the two heating methods.

of equivalent degrees of

Table 2 —R e su lts  o f  p a ired  com parison  tests fo r  d ifferen ce  betw een  
m icrow ave an d  co n ventio n a lly  heated  sam ples o f  b o ile d  b e e f  on  the  
basis o f  equivalent degree o f  don en ess, using untra ined  judges

Test no. Microwave Conventional Difference

1 5 min 15 min n.s.d.
2 15 min 1 hr n.s.d.
3 20 min 1 hr 30 min n.s.d.
4 1 hr 2 hr n.s.d.

Table 3 —R e su lts  o f  pa ired  com parison  tests fo r  d iffe re n ce  betw een  
m icrow ave a n d  co n ven tio n a lly  h eated  sam ples o f  b o ile d  b e e f  on the 
basis o f  equal heating tim es, using untra ined  judges

Test no. Microwave Conventional Difference

1 5 min 5 min p <0.001
2 15 min 15 min p <0.001
3 30 min 30 min p <0.001
4 1 hr 1 hr n.s.d.

P r e l im in a r y  e x p e r im e n t s  i n d i c a t e d  t h a t  t h e  a r o m a  o f  t h e  m e a t  
s a m p le s  t h u s  p r e p a r e d  t r u l y  r e p r e s e n te d  t h e  a r o m a  o f  t h e  m e a t  
w h e n  h o t .  T h e  re la t iv e ly  la rg e  n u m b e r  o f  s a m p le s  m a d e  i t  i m p o s 
s ib le  t o  se rv e  a ll  s a m p le s  h o t  s im u l ta n e o u s ly .  T h e  o t h e r  p o s s ib i l 
i ty  o f  k e e p in g  th e  m e a t  w a rm  w a s  d i s c a r d e d  b e c a u s e  o f  t h e  p r o 
b le m  o f  t h e  d e v e l o p m e n t  o f  w a r m e d - o v e r  f la v o r  ( S a to  a n d  H e g a r ty ,  

1 9 7 1 ) .  C h il l in g  t h e  s a m p le s  r e d u c e d  t h e  v o l a t i l i t y  o f  t h e  a r o m a  c o m 
p o u n d s .  J u d g e s  w e re  p r e s e n te d  w i th  s a m p le s  f o r  in d iv id u a l  o d o r  a s s e s s 
m e n t  in  s e n s o r y  e v a l u a t io n  b o o th s ,  a t  a  r o o m  t e m p e r a t u r e  o f  2 0 - 2 1 ° C .  
T h e y  w e re  i n s t r u c t e d  to  u n s c r e w  t h e  l id  o f  e a c h  s a m p le  b o t t l e  a n d  
a ss e ss  t h e  m e a t  a r o m a  o n ly ,  b y  s n if f in g .  T o  e l im in a t e  a n y  p o s s ib le  
e f f e c t  o n  a r o m a  a s s e s s m e n t  o f  t h e  d i f f e r e n t  c o lo r e d  a p p e a r a n c e s  o f  t h e  
m e a t  s a m p le s ,  t h e  j u d g e s  w o r e  g re e n - le n s e d  g o g g le s .a n d  t h e  b o o t h s  w e r e  
i l l u m i n a t e d  w i th  w h i te  l ig h t .  T h is  g a v e  a  b e t t e r  c o l o r  m a s k in g  e f f e c t  
t h a n  th e  u s e  o f  c o lo r e d  l ig h ts .

S a m p le  a s s e s s m e n ts

S a m p le s  c o o k e d  f o r  d i f f e r e n t  p e r io d s  o f  t im e  b y  e a c h  h e a t in g  
m e t h o d  w e re  a s s e s s e d .  B e f o re  a n a ly z in g  f o r  q u a l i t a t i v e  a n d  q u a n t i t a t i v e  
d i f f e r e n c e s  in  a r o m a ,  s im p le  d i f f e r e n c e  t e s t s  w e r e  p e r f o r m e d  t o  e s t a b 
lis h  w h e th e r  s ig n i f i c a n t  d e t e c t a b l e  d i f f e r e n c e  e x i s t e d  b e t w e e n  s a m p le s .  
T h e s e  a r e  d e s c r ib e d  in i t i a l ly  b e lo w .  N o  r e w a r d s  w e r e  o f f e r e d .  C o m p a r i 
s o n s  o f  m ic ro w a v e  a n d  c o n v e n t io n a l  h e a t in g  w e re  m a d e  o f  s a m p le s  
c o o k e d  to  e q u iv a le n t  d e g re e s  o f  d o n e n e s s ,  f o r  e q u a l  h e a t in g  t i m e  a n d  
b y  p r o c e d u r e s  s im u la t in g  t h e  a r o m a  e x t r a c t i o n  t e c h n i q u e  u s e d  in  t h e  
p a ra l le l  c h e m ic a l  a n a ly s is .  F o r  c o n v e n ie n c e ,  t h e s e  l a t t e r  s a m p le s  w ill  
h e r e i n a f t e r  b e  c a l le d  e q u a l  “ e x t r a c t i o n ”  t im e  s a m p le s .

D i f f e r e n c e  t e s t s

E q u i v a l e n t  d e g r e e s  o f  d o n e n e s s  c o m p a r i s o n s .  F r o m  p r e l im in a r y  
e x p e r im e n t s  t h e  fo l l o w in g  c o o k in g  t im e s  w e r e  s e le c te d  t o  r e p r e s e n t  
d i f f e r e n t  d e g re e s  o f  d o n e n e s s  f o r  b o i le d  b e e f  (1 k g )  f o r  e a c h  h e a t in g  
m e th o d :

A c c e p ta b le
U n d e r d o n e  J u s t  d o n e  d o n e n e s s  O v e r d o n e

C o n v e n t io n a l  15  m in  1 h r  1 h r  3 0  m i n  2  h r
M ic ro w a v e  5 m in  15 m in  2 0  m in  1 h r

T r a in e d  ju d g e s  (s e e  b e lo w )  c o m p a r e d  s a m p le  c o m b i n a t i o n s  a s  s h o w n  in  
T a b le  1 u s in g  t r i a n g le  t e s t s  f o r  d i f f e r e n c e .  T h i r ty - e ig h t  j u d g e m e n t s  w e re  
m a d e  f o r  e a c h  c o m b in a t io n .

A g e  a n d  s e x  c o m p o s i t i o n  o f  t h e  t r a in e d  a s s e s s o r s  w e r e  a s  f o l l o w s :  1 9  
a s s e s s o r s  ( 4  m a le ,  15 f e m a le ) ;  a g e  r a n g e  1 9 - 3 5  y r  (7 5 %  b e t w e e n  2 0  a n d  
2 2  y r ) .  P o s i t io n a l  e f f e c t s  w e r e  c o n t r o l l e d  f o r  e a c h  t e s t  b y  r a n d o m iz a 
t i o n  a c h ie v e d  b y  t a k in g  n u m b e r s  o u t  o f  a  c o n ta in e r .  O r d e r  o f  p r e s e n t a 
t i o n  w a s  s im i la r ly  r a n d o m iz e d .

U n t r a in e d  ju d g e s  c o m p a r e d  s a m p le  c o m b i n a t i o n s  a s  s h o w n  in  T a b le  
2 , u s in g  p a i r e d  c o m p a r i s o n  t e s t s  f o r  d i f f e r e n c e .  O n e  a s s e s s m e n t  o f  e a c h  
p a i r  w a s  m a d e  b y  e a c h  ju d g e .  F o r  e a c h  o f  t h e  4 0  j u d g e m e n t s  m a d e ,  
w h e r e  d i f f e r e n c e  w a s  d e t e c t e d ,  t h e  p a n e l i s t s  w e r e  a s k e d  t o  d e s c r ib e  t h e  
d i f f e r e n c e .  T h e  p o s i t i o n  o f  t h e  m ic r o w a v e  s a m p le  w i t h i n  e a c h  p a i r  w a s  
r a n d o m iz e d  a s  a ls o  w a s  t h e  o r d e r  o f  p r e s e n t a t i o n  o f  e a c h  t e s t ,  in  a 
m a n n e r  s im ila r  t o  t h a :  a l r e a d y  d e s c r ib e d .  A g e  a n d  s e x  c o m p o s i t i o n  o f  
t h e  u n t r a i n e d  a s s e s s o r s  w e re  a s  f o l l o w s :  4 0  a s s e s s o r s  ( 1 8  m a le ,  2 2  
f e m a le ) ;  a g e  r a n g e  1 8 - 5 5  y r .  T h e  u n t r a i n e d  ju d g e s  w e r e  la y  m e m b e r s  o f  
t h e  p u b l ic  v is i t in g  th e  l a b o r a to r i e s  o n  ‘o p e n - d a y ’ a n d  t h e y  h a d  n o  d e 
t a i l e d  e x p e r i e n c e  o f  s e n s o ry  e v a lu a t io n .

E q u a l  h e a t i n g  t im e  c o m p a r i s o n s .  U n t r a i n e d  ju d g e s ,  u s in g  p a i r e d  
c o m p a r i s o n  t e s t s ,  c o m p a r e d  b o i l e d  b e e f  s a m p le s  c o o k e d  f o r  e q u a l  h e a t 
in g  t im e s  o f  5 ,  1 5 ,  3 0  m in  a n d  1 h r  b y  t h e  t w o  h e a t in g  m e t h o d s .  P a i r e d  
c o m b in a t io n s  a s s e s s e d  a r e  s h o w n  in  T a b le  3 . F o r  e a c h  o f  t h e  4 0  j u d g e 
m e n t s  m a d e ,  w h e r e  a  d i f f e r e n c e  w a s  d e t e c t e d ,  t h e  p a n e l i s t s  w e r e  a s k e d  
to  d e s c r ib e  t h e  d i f f e r e n c e .  R a n d o m iz a t io n  o f  p o s i t i o n  w i t h i n  a  p a i r  a n d  
o r d e r  o f  p r e s e n t a t i o n  o f  e a c h  p a i r  w a s  a c h i e v e d  a s  d e s c r ib e d .

E q u a l  “ e x t r a c t i o n ”  t im e  c o m p a r i s o n s .  D u r in g  t h e  a r o m a  i s o l a t i o n  
s ta g e  o f  t h e  c h e m ic a l  a n a ly s is  (M a c L e o d  a n d  C o p p o c k ,  1 9 7 6 )  u s in g  
s t a n d a r d i z e d  r a te s  o f  h e a t in g  f o r  b o i le d  b e e f ,  e x t r a c t i o n  c o m m e n c e d  
a f t e r  a n  in i t i a l  w a rm -u p  t im e  o f  3 0  m in  ( c o n v e n t io n a l )  a n d  5 m in  
( m ic r o w a v e ) .  F o r  s a m p le s  u s e d  f o r  s e n s o ry  a s s e s s m e n ts ,  r e p l a c e m e n t  o f  
t h e  L ik e n s  a n d  N ic k e r s o n  e x t r a c t o r  b y  a  w a t e r  r e f lu x  c o n d e n s e r  e n 
a b le d  th e s e  p r e - e x t r a c t io n  w a rm -u p  t im e s  t o  b e  r e p l i c a t e d  a n d  t h e  
“ e x t r a c t i o n ”  p e r io d  t im e d  s u c h  t h a t  t o t a l  h e a t i n g  t i m e  =  w a r m - u p  t im e  
+  e x t r a c t i o n  t im e .

T o  a c h ie v e  r o a s t in g  c o n d i t i o n s ,  t h e  m e a t  w a s  ‘r o a s t e d ’ b y  a  p r e 
l im in a r y  s t a n d a r d i z e d  o p e n  h e a t in g  p e r i o d  (1 h r  c o n v e n t io n a l ;  20  m in  
m ic ro w a v e )  t o  v o la t i l iz e  m u c h  o f  t h e  e n d o g e n o u s  w a t e r ,  a f t e r  w h ic h  
“ e x t r a c t i o n ”  c o m m e n c e d  im m e d ia t e ly  a n d  h e a t i n g  c o n t i n u e d - i n  t h e
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c a s e  o f  t h e  c o n v e n t io n a l l y  h e a t e d  s a m p le s  b y  m e a n s  o f  a n  o il  b a t h  a t  
1 6 0 ° C  (M a c L e o d  a n d  C o p p o c k ,  1 9 7 7 ) .

F i f t e e n  t r a in e d  ju d g e s  c o m p a r e d  b o i le d  a n d  r o a s t  b e e f  s a m p le s  
h e a t e d  f o r  e q u a l  “ e x t r a c t i o n ”  t im e s  o f  5 ,  1 5 ,  3 0  m in  a n d  1 h r  b y  t h e  
tw o  h e a t in g  m e th o d s .  P a i r e d  c o m p a r i s o n s  w e r e  m a d e  f o r  d i f f e r e n c e s  
(se e  T a b le  4 ) .  D u p l ic a te  j u d g e m e n t s  w e r e  o b t a i n e d  f o r  e a c h  p a i r  a n d  
f o u r  p a i r s  w e re  a s s e s s e d  p e r  s e s s io n .  T h e  p o s i t i o n  o f  t h e  m ic ro w a v e  
s a m p le  w i th in  e a c h  p a i r  a n d  t h e  o r d e r  o f  p r e s e n t a t i o n  o f  e a c h  t e s t  w e re  
r a n d o m iz e d  a s  d e s c r ib e d .  W h e r e  d i f f e r e n c e  w a s  d e t e c t e d ,  t h e  j u d g e s  
w e re  a s k e d  to  d e s c r ib e  t h e  d i f f e r e n c e .

O d o r  q u a l i t y  a s s e s s m e n t

T h e  o d o r  q u a l i t y  a s s e s s m e n t  t e c h n i q u e  u s e d  w a s  b a s e d  o n  t h e  o r ig i 
n a l  w o rk  o f  H a r p e r  e t  a l .  ( 1 9 6 8 a ,  b )  a n d  m o d i f i e d  l a t e r  b y  P e r s s o n  e t  a l. 
( 1 9 7 3 a ) .

S e le c t io n  a n d  t r a in in g  o f  j u d g e s .  M e a n in g fu l  e v a lu a t io n s ,  p a r t i c u l a r ly  
o f  a  d e s c r ip t iv e  n a t u r e  c a n n o t  b e  e x p e c t e d  o f  u n t r a i n e d  p a n e l s .  T r a in in g  
w a s  th e r e f o r e  e s s e n t ia l .  T h e  ju d g e s  u s e d  w e r e  s t u d e n t s  w h o  w e r e  f o l l o w 
in g  a  c o u r s e  in  s e n s o ry  e v a l u a t io n  o f  f o o d s  in  t h e  s a m e  la b o r a to r i e s .  
T h i s  p r o v id e d  a  s t r o n g  d e g re e  o f  i n t e r e s t  a n d  m o t i v a t i o n - t w o  e s s e n t ia l  
c r i te r ia .  S in c e  o n ly  a r o m a  w a s  b e in g  a s s e s s e d ,  j u d g e s  w e re  in i t i a l ly  
s c r e e n e d  f o r  t h e i r  s e n s i t iv i ty  a n d  a b i l i t y  t o  d e s c r ib e  t h e  a r o m a s  o f  
2 0  o d o r a n t s  r e c o m m e n d e d  b y  A .D . L i t t l e  I n c .  ( 1 9 5 8 ) ,  w h ic h  a re  c o m 
m o n ly  u s e d  f o r  r e c o g n i t i o n  t e s t s .  A b i l i ty  t o  d i s c r im in a te  b e tw e e n  
a ro m a s  w a s  a ls o  e s ta b l i s h e d  u s in g  p a i r e d  c o m p a r i s o n  a n d  t r i a n g le  t e s t s  
o n  m e a t  s a m p le s .  F u r t h e r  s p e c i f i c  t r a in in g  in v o lv e d  t h e  u s e  o f  s a m p le s  
t o  b e  e n c o u n t e r e d  in  t h e  f in a l  e x p e r im e n t .  J u d g e s  w e re  p r e s e n te d  w i th  
t h r e e  s a m p le s  o f  c o o k e d  b e e f .  T h e s e  w e re  s e le c te d ,  a c c o r d in g  to  t h e  
e x p e r ie n c e  o f  t h e  e x p e r i m e n t e r ,  a s  b e in g  f a i r l y  r e p r e s e n ta t i v e  o f  a ll 
s a m p le s  fo r :

( 1) a  v e ry  w e a k  o v e ra l l  o d o r  s t r e n g th  s a m p l e - m i c r o w a v e  b o i le d  b e e f ,  
“ e x t r a c t i o n ”  t im e  5 m in ;

( 2)  a  v e ry  s t r o n g  o v e ra l l  o d o r  s t r e n g th  s a m p l e - c o n v e n t io n a l  r o a s t  b e e f ,  
“ e x t r a c t i o n ”  t im e  4  h r ;

(3 )  a  s a m p le  d e e m e d  to  b e  i n t e r m e d i a t e  b e t w e e n  ( 1 )  a n d  (2 )  w i th  re 
s p e c t  to  b o t h  o d o r  s t r e n g th  a n d  o d o r  q u a l i t i e s  p e r c e iv e d  a n d  w h ic h  
w o u ld  b e  a  s u i ta b le  r e f e r e n c e  s a m p le  f o r  f u t u r e  a s s e s s m e n t s - c o n -  
v e n t io n a l  b o i le d  b e e f ,  “ e x t r a c t i o n ”  t i m e  1 h r .

T h e  s a m p le s  w e r e  a c c o m p a n ie d  b y  a  p r e l im in a r y  l i s t  o f  o d o r  d e s c r ip t i o n  
t e r m s  s e le c te d  f r o m  t h e  l i s t s  c o m p i l e d  b y  H a r p e r  e t  a l. ( 1 9 6 8 a ,  b )  a n d  
P e r s s o n  e t  a l. ( 1 9 7 3 a ) .  J u d g e s  w e r e  r e q u e s t e d  t o  a ss e ss  t h e  a r o m a  o f  
e a c h  s a m p le  a n d  t o  i n d i c a t e  w h ic h  t e r m s  w e re  a p p l ic a b le  t o  d e s c r ib e  t h e  
q u a l i t y  o f  t h e  o d o r s  o f  e a c h  b e e f  s a m p le .  A n y  a d d i t i o n a l  o d o r  q u a l i t i e s  
c o n s id e r e d  n e c e s s a ry  t o  d e s c r ib e  t h e  t o t a l  a r o m a  w e re  a ls o  r e q u e s t e d .  

T h is  p r o c e d u r e  w a s  r e p e a t e d  th r e e  t im e s ,  c u lm in a t in g  in  a  d e t a i l e d  d is 
c u s s io n  o n  th e  e x a c t  m e a n in g  o f  s e v e ra l  t e r m s  w h ic h  w e r e  c la r i f ie d  b y  
c o m p a r i s o n  w i th  r e f e r e n c e  p r o d u c t s  o r  c h e m ic a ls .  F r o m  t h e  f r e q u e n c y  
o f  t h e  t e r m s  u s e d ,  a  r e v is e d  l i s t  w a s  c o m p i le d  o f  4 1  o d o r  q u a l i t i e s  
d e e m e d  b y  th e  p a n e l  t o  b e  r e le v a n t  t o  t h e  o v e ra l l  p r o j e c t .

Q u a n t i t a t i v e  a s s e s s m e n t  o f  t h e  i n t e n s i t y  o f  e a c h  o d o r  q u a l i t y  w a s  
t h e n  i n t r o d u c e d .  A  l in e a r  0 - 9  s c o r in g  s c a le  o f  i n t e n s i t y  w a s  im p le 
m e n te d  w h e re  0  r e p r e s e n te d  a b s e n c e  o f  a  p a r t i c u l a r  o d o r  q u a l i t y  a n d  9 
r e p r e s e n te d  e x t r e m e  i n t e n s i t y .  S e v e ra l  m o r e  s e s s io n s  f o l l o w e d ,  d u r in g  
w h ic h  th e  j u d g e s  a s s e s s e d  t h e  a r o m a s  o f  t h e  t h r e e  s a m p le s  a l r e a d y  d e 
s c r ib e d  f o r  t h e  i n t e n s i t y  o f  e a c h  o f  t h e  4 1  o d o r  q u a l i t i e s .  A n  o v e ra l l  
o d o r  s t r e n g th  s c o r e  w a s  a lso  a t t r i b u t e d  t o  e a c h  s a m p le .  W h e n  s c o re  
s h e e ts  f o r  e a c h  p a n e l i s t  s h o w e d  a c c e p ta b l e  r e p r o d u c ib i l i t y ,  e a c h  j u d g e  
c o m p i le d  h i s /h e r  r e f e r e n c e  p r o f i l e  f o r  t h e  r e f e r e n c e  s a m p le  (C 4 - s e e  
T a b le  4 )  in  t e r m s  o f  i t s  in d iv id u a l  o d o r  q u a l i t i e s ,  t h e i r  in t e n s i t i e s  a n d  
o v e ra l l  s a m p le  o d o r  s t r e n g th .  J u d g e s  w e r e  g iv e n  t h e  o p p o r t u n i t y  t o  
re a s s e ss  t h e  a r o m a  o f  th i s  s a m p le  a t  o n e  s u b s e q u e n t  o c c a s io n ,  b u t  t h e r e 
a f t e r  th e s e  r e f e r e n c e  p r o f i l e  s h e e t s  w e r e  r e ta in e d  a n d  p r e s e n te d  to  e a c h  
j u d g e  a t  a ll s u b s e q u e n t  p a n e l  s e s s io n s ,  t o g e t h e r  w i th  t h e  r e f e r e n c e  s a m 
p le .  I n  th is  w a y ,  e a c h  a s s e s s e d  s a m p le  c o u ld  b e  c o m p a r e d  w i th  t h e  
r e f e r e n c e  f o r  i n t e n s i t y  o f  o d o r  q u a l i t i e s .

O d o r  d e s c r ip t i o n  o f  s a m p le s .  T r a i n e d  ju d g e s  a s s e s s e d  16  s a m p le s  a s  
s h o w n  in  T a b le  4 .  A t  a n y  o n e  s e s s io n ,  tw o  s a m p le s  w e r e  p r e s e n te d  p lu s  
t h e  r e f e r e n c e  s a m p le  a n d  p r o f i l e  s h e e t .  E a c h  s a m p le  w a s  a s s e s s e d  in  
d u p l ic a te  a n d  s c o r e d  b y  d i r e c t  c o m p a r i s o n  w i th  t h e  r e f e r e n c e  f o r  e a c h  
o f  t h e  4 1  o d o r  q u a l i t i e s  a n d  f o r  o v e ra l l  o d o r  s t r e n g th .

RESULTS & DISCUSSION
D i f f e r e n c e  t e s t s

E q u i v a l e n t  d e g r e e s  o f  d o n e n e s s  c o m p a r i s o n s .  T a b l e  1 p r e 

s e n t s  t h e  r e s u l t s  o f  t h e  t r a i n e d  j u d g e s  a n d  s h o w s  t h a t  m e a t  

s a m p l e s  b o i l e d  t o  e q u i v a l e n t  d e g r e e s  o f  d o n e n e s s  c o n v e n -

Table 4 —R e su lts  o f  pa ired  com parison  tests fo r  d iffe re n ce  betw een  
m icrow ave ana co n ventio n a lly  h eated  sam ples o f  b o ile d  b e e f  on the  
basis o f  equal e x tra ction  tim es, using tra ined judges

Test
Extraction times

no. Conventional Microwave Difference

B
0
I
L

1 5 min (C, ) 5 min (M, ) p <  0.001

E
D

2 15 min (C2) 1 5 min(M2) p <0.001

B
E

3 30 min (C3) 30 min (M3) p <0.001

E
F

R

4 1 hr (C4) 1 hr (M4) p <0.001

0
A

5 5 min (C5 ) 5 min (Ms) p <0.001

S
T

6 15 min (C6 ) 15 min (M6 ) p <0.001

B
E

7 30 min (C,) 30 min (M,) p < 0.001

E
F

8 1 hr (Ma) 1 hr (Ms) p = 0.01

t i o n a l l y  a n d  b y  m i c r o w a v e  r a d i a t i o n  a r e  s i g n i f i c a n t l y  d i f f e r e n t  

i n  a r o m a .
R e s u l t s  o f  p a i r e d  c o m p a r i s o n  t e s t s  b y  u n t r a i n e d  j u d g e s  a r e  

g i v e n  i n  T a b l e  2 .  T h e s e  d i f f e r  f r o m  t h e  a b o v e  i n  t h a t  n o  s i g n i f i 

c a n t  d i f f e r e n c e  b e t w e e n  p a i r s  i s  s h o w n .  T h u s ,  d i f f e r e n c e s  
d e e m e d  t o  b e  s i g n i f i c a n t  ( a n d  i n  s o m e  c a s e s  h i g h l y  s i g n i f i c a n t )  
b y  t h e  t r a i n e d  p a n e l  r e m a i n e d  u n d e t e c t e d  b y  t h e  u n t r a i n e d  
j u d g e s .

E q u a l  h e a t i n g  t i m e  c o m p a r i s o n s .  A s  s h o w n  i n  T a b l e  1 , 

t r a i n e d  j u d g e s  i n d i c a t e d  h i g h l y  s i g n i f i c a n t  d i f f e r e n c e s  i n  a r o m a  
b e t w e e n  c o n v e n t i o n a l  a n d  m i c r o w a v e  s a m p l e s  b o i l e d  f o r  e q u a l  
h e a t i n g  t i m e s  o f  1 5 m i n  a n d  1 h r .

R e s u l t s  o f  t h e  p a i r e d  c o m p a r i s o n s  b y  u n t r a i n e d  j u d g e s  f o r  
d i f f e r e n c e  a r e  s h o w n  i n  T a b l e  3 .  C o m p a r i s o n s  1 —3  i n c l u s i v e  
s h o w e d  a  h i g h l y  s i g n i f i c a n t  d i f f e r e n c e .  C o m p a r i s o n  4  h o w e v e r  
s h o w e d  n o  s i g n i f i c a n t  d i f f e r e n c e ,  d i s a g r e e i n g  o n c e  m o r e  w i t h  
t h e  r e s u l t  f o r  t h i s  p a i r  o f  s a m p l e s  i n  T a b l e  1 , u s i n g  t r a i n e d  

j u d g e s .
T h e r e f o r e ,  f r o m  b o t h  t h e s e  e x p e r i m e n t s  i n v o l v i n g  u n t r a i n e d  

j u d g e s ,  i t  a p p e a r s  t h a t ,  a l t h o u g h  t h e y  w e r e  i n s t r u c t e d  t o  s e a r c h  
f o r  q u a l i t a t i v e  d i f f e r e n c e '  i n  a r o m a ,  t h e y  i n  f a c t  o n l y  i n d i c a t e d  
g r o s s  d i f f e r e n c e s  i n  d o n e n e s s  s o  t h a t  w h e r e  t h e r e  w a s  l i t t l e  o r  
n o  d i f f e r e n c e  i n  d o n e n e s s ,  t h e y  r e c o r d e d  n o  s i g n i f i c a n t  a r o m a  
d i f f e r e n c e .  T h e  m i c r o w a v e  s a m p l e s  w e r e  g e n e r a l l y  d e s c r i b e d  a s  
s t r o n g e r ,  m o r e  c o o k e d ,  m o r e  m e a t y ,  s p i c y  a n d  o f  ‘ f u l l e r ’ 
a r o m a  t h a n  t h e  c o n v e n t i o n a l  s a m p l e s ,  w h i c h  i n  c o m p a r i s o n  

w e r e  d e s c r i b e d  a s  o f  l i t t l e  o d o r ,  f a t t y ,  w e a k ,  u n c o o k e d ,  s i c k l y ,  
r a w ,  b l o o d - l i k e .

E q u a l  “ e x t r a c t i o n ”  t i m e  c o m p a r i s o n s .  T a b l e  4  s h o w s  t h a t  

t r a i n e d  j u d g e s  i n d i c a t e d  v e r y  s i g n i f i c a n t  a r o m a  d i f f e r e n c e s  
b e t w e e n  a l l  p a i r s  o f  s a m p l e s .  D e t e r m i n a t i o n  o f  t h e  d e t a i l e d  
n a t u r e  o f  t h e s e  d i f f e r e n c e s  w a s  t h e  o b j e c t  o f  t h e  o d o r  q u a l i t y  
a s s e s s m e n t  w o r k .  H o w e v e r ,  a t  t h i s  s t a g e ,  t h e  j u d g e s  w e r e  r e 
q u e s t e d  t o  d e s c r i b e  a n y  d i f f e r e n c e  d e t e c t e d  b e t w e e n  p a i r s .  F o r  
p a i r e d  c o m p a r i s o n s  1 —6  i n c l u s i v e  t h e  m i c r o w a v e  s a m p l e —i n  

c o m p a r i s o n  w i t h  t h e  c o n v e n t i o n a l  s a m p l e —w a s  d e s c r i b e d  a s
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Table 5—Correlation coefficients between all odor qualities and odor strength

Almond- Ammonia- Animal, 
like like goaty Aromatic

Blood
like

Bovril-
like

Broth- 
like Burnt Buttery

Almond-like 0.30 0.11 -0.29 0.63 -0.42 -0.31 -O.E5 0.67
Ammonia-like 0.70 -0.52 0.26 -0.08 -0.37 0.C2 0.06
Animal, goaty -0.17 0.13 0.27 -0.17 0.45 -0.22
Aromatic -0.26 0.67 0.71 0.09 0.03
Blood-like -0.33 -0.20 -0.44 0.34
Bovril-like 0.73 0.29 -0.08
Broth-like 0.01 0.06
Burnt -0.83
Buttery
Cool, cooling
Cooked cabbage
Cured meat, bacon
Earthy, soil
Flat, dull
Fragrant
Garlic, onion
Herbal, dried herbs, hay
Irritating on nose
Marmite like
Meaty raw
Meaty boiled
Meaty roast
Metallic
Musty, mouldy
Nasty smelling
Oily, fatty
Paint like

Cured Herbal, Irritating
Cool,
cooling

Cooked
cabbage

meat,
bacon

Earthy
soil

Flat,
dull Fragrant

Garlic,
onion

dried herbs 
hay

on
nose

Marmite-
like

Meaty
raw

0.67 0.27 0.20 0.29 0.59 -0.08 -0.30 027 0.43 -0.02 0.65
0.28 -0.18 0.35 0.44 0.06 -0.36 -0.04 -0.03 0.48 0.25 0.28
0.18 -0.07 0.10 0.54 -0.22 -0.00 -0.13 -0.00 0.60 0 43 0.12

-0.22 0.10 -0.33 -0.12 -0.27 0.77 0.10 0.44 -0.13 0.36 -0.29
050 0.58 0.37 0.27 0.37 -0.36 -0.12 0.03 0.46 -0.03 0.66

-0.40 -0.23 -0.23 -0.04 -0.39 0.67 0.07 0.23 0.26 0.69 -055
-0.32 0.25 -0.08 -0.11 -0.37 0.57 0.07 0.18 0.04 0.58 059
-0 52 -0.15 -0.09 0.02 -0.79 0.04 0.09 -0.37 -0.10 0.13 -0.42
0 49 0.09 -0.04 0.14 0.75 0.24 -0.19 0.43 0.32 0.24 023

0.30 0.28 0.40 0.57 -0.20 -0.46 0.52 0.11 -0.05 0.70
0.07 0.16 -0.09 -0.26 -0.12 -0.16 0.14 0.07 0.17

0.11 0.24 -0.17 0.15 0.24 0.05 -0.14 029
0.12 0.01 0.13 0.34 0.48 0.25 0.36

0.04 0.05 0.48 0.19 -0.26 0.54
0.10 0.56 0.10 0.39 -029

0.04 0.14 -0.16 -0.08
-0.02 0.13 0.37

0.43 0.15
-0.49

Rancid
Rubber, burnt 
Sausage like 
Savory
Sharp, pungent
Sickly
Spicy
Sulphurous
Sweaty
Sweet
Throaty
Toasted
Vegetables, overcooked 
Yeasty
Odor strength

being: more flat, dull, weak, bu ttery , metallic, cooling, sul
phurous, sweet, sickly, sweaty, earthy, m eaty boiled (as op
posed to meaty roast), unpleasant, bland, musty, mouldy, 
animal-like, blood-like, paint-like, oily and unappetizing.

The conventional sample was described as being: more 
savory, Bovril-like, burnt, toasted, pungent, strong, pleasant, 
m eaty roast and appetizing.

The first appearance in the microwave series, o f aroma de
scriptions which might readily be associated with roast beef (as 
opposed to  boiled beef) i.e., roasted, toasted, burnt, savory 
was in sample M3. For paired comparisons 7 and 8, the micro- 
wave sample of each pair was described as decidedly more 
burnt, smoky, roasted, toasted, pungent, acrid, irritating on 
the nose, strong and unpleasant. Decomposition of flavor vola
tiles and precursors had probably occurred to such an extent 
as a result of considerable overcooking at this stage that these 
unpleasant, acrid and pungent qualities predom inated.
Odor description of samples

In order to determ ine which sample(s) differed significantly 
from the others with respect to  each odor quality taken in 
turn, all scores for odor descriptions and for odor strength 
were converted into interval scores by subtraction of the refer
ence sample score (sample C4 ) from the equivalent score for 
the unknow n or assessed sample. This was done in order to 
correct for differences in sensory acuity of a judge to various 
odor qualities and for differences in sensitivity of various 
judges to  any one odor quality. Using these data, an Analysis of 
Variance was perform ed, followed by D uncan’s Multiple 
Range Test.

Of the 41 odor qualitites listed in Table 5, only 20 showed 
significant differences (<5%  level) between the samples. The 
results are given in Table 6 together with the results for odor 
strength. Samples are grouped together in such a way as to

indicate that no significant difference in odor quality intensity 
exists between the aroma of samples within each group, where
as significant differences exist between each group of samples. 
Figures in brackets below each sample code are the to tal panel 
scores for each odor quality for each sample. It is interesting 
to note that these odor qualities bear a close resemblance to  
terms used to differentiate between samples in the paired com 
parison tests.

Odor qualities generally rated higher for the conventional 
than for the microwave boiled beef samples were:

ammonia-like
animal, goaty
arom atic
broth-like
Bovril-like
burnt

Odor qualities generally 
for the conventional boiled

Marmite-like 
meaty roast 
savory 
spicy 
sweaty
and odor strength

higher for the microwave than 
samples were:

almond-like 
blood-like 
flat, dull 
fragrant 
m eaty raw

nasty smelling 
oily, fatty  
paint-like 
sickly

Odor qualities generally rated higher for the boiled  samples 
than for the roasted samples were:

almond-like
blood-hke
buttery

meaty boiled 
oily, fatty  
paint-like
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Table 5  co n tin u ed ...

Meaty
boiled

Meaty
roast Metallic

Musty
mouldy

Nasty
smelling

Oily,
fatty

Paint
like Rancid

Rubber,
burnt

Sausage
like Savory

Sharp,
pungent Sickly Spicy

Sulphur
ous Sweaty Sweet Throaty Toasted

Veg.
0'cooked Yeasty

Odor
strength

0.48 -0.55 0.36 0.41 0.56 0.69 0.72 0.53 -0.24 0.21 -0.55 -0.03 0.73 0.07 0.11 0.61 0.32 0.20 -0.57 0.32 0.02 -0.43
-0.12 -0.14 0.07 0.18 0.52 0.33 0.26 O.45 0.46 0.46 -0.35 0.55 0.14 -0.03 0.76 0.40 -0.26 0.10 0.05 0.16 -0.19 0.19
-0.07 0.30 0.26 0.48 0.50 0.20 -0.03 0.17 0.69 0.41 0.02 0.63 0.02 0.25 0.56 0.34 -0.15 0.37 0.48 0.39 0.13 0.63
0.27 0.59 0.20 -0.07 -0.57 -0.25 -0.39 -0.58 -0.13 0.08 0.66 0.10 -0.28 0.29 -0.45 -0.09 0.36 0.22 0.16 0.13 0.30 0.37
0.32 -0.50 0.37 0.14 0.52 0.43 0.40 0.37 -0.03 0.22 -0.47 0.27 0.52 -0.20 0.33 0.56 0.22 0.36 -0.37 0.42 -0.17 -026
0.15 0.90 0.40 -0.09 -0.54 -0.22 -0.59 -0.58 0.20 0.35 0 86 0.42 -0.44 0.52 -0.07 0.13 0.21 0.25 0.39 0.10 0.32 0.68
0.40 0.53 0.28 -0.31 -0.76 -0.33 -0.67 -0.79 -0.10 0.25 0.76 0.28 -0.54 0.43 -0.47 0.21 0.40 0.29 0.14 0.35 0.16 0.35
0.65 0.51 -0.24 0.38 -0.01 -0.52 -0.44 -0.38 0.73 0.10 0.41 0.28 -0.59 -0.13 0.22 -0.35 -0.21 0.29 0.94 0.18 0.29 0.77
0.72 -0.36 0.34 -0.03 -0.02 0.52 0.45 0.26 -0.62 0.01 -0.27 -0.11 0.65 0.38 -0.25 0.53 0.54 -0.01 -0.77 0.02 -0.16 -0.54
0.49 -0.57 0.24 0.12 0.54 0.70 0.49 0.67 -0.41 -0.15 -0.60 -0.22 0.72 -0.01 -0.07 0.41 -0.10 -0.15 -0.63 0.28 -0.34 -0.47
032 -0.21 0.21 0.19 0.13 -0.12 -0.10 -0.27 -0.04 -0.03 -0.18 0.13 0.06 -0.14 -0.24 0.46 0.38 0.43 -0.06 0.63 -0.01 -0.09

-0.08 -0.29 -0.17 -0.20 0.09 0.14 -0.08 0.29 0.11 0.50 -0.39 0.28 -0.05 -0.12 0.35 0.25 -0.05 0.23 -0.20 0.44 -0.41 -0.270.44 -0.14 0.22 0.14 0.50 0.53 0.05 0.32 0.30 0.22 -0.23 0.47 0.09 0.01 0.20 0.40 -0.07 0.38 0.00 0.47 -0.50 020
0.46 -0.65 0.13 -0.11 0.21 0.58 0.48 0.63 -0.53 -0.05 -0.63 -0.28 0.73 0.21 -0.03 0.31 0.22 -0.17 -0.84 -0.18 -0.34 -0.79037 0.55 0.18 0.00 -0.51 -0.00 -0.26 -0.28 -0.11 0.27 0.57 0.14 -0.14 0.64 -0.38 0.00 0.46 0.26 0.08 0.12 0.29 028-0.11 0.08 -0.00 -0.17 -0.18 -0.26 -0.44 -0.16 0.42 0.38 -0.02 0.34 -0.49 -0.02 0.30 0.03 0.05 0.35 0.13 -0.09 -0.22 0.02033 -0.05 0.20 -0.20 -0.07 0.50 0.04 0.31 -0.36 0.15 -0.02 -0.05 0.27 0.23 -0.22 0.19 0.06 -0.02 -0.45 0.17 -0.28 -020037 0.14 0.67 0.41 0.37 0.36 0.03 0.C4 0.40 0.61 -0.06 0.67 0.19 0.45 0.49 0.76 0.40 0.64 0.01 0.34 0.10 0260.38 0.63 0.47 0.18 -0.31 0.00 -0.30 -0.37 0.18 0.24 0.58 0.51 -0.21 0.57 -0.07 0.47 0.32 0.38 0.24 0.44 0.05 0.560.17 -0.72 0.10 0.11 0.78 0.66 0.65 0.77 -0.11 0.08 -0.72 -0.07 0.68 -0.38 0.34 0.19 -0.19 -0.03 -0.47 0.06 -0.20 -0.42

-0.13 0.59 -0.13 -0.05 0.59 0.08 0.07 -0.46 0.01 0.03 0.03 0.31 0.50 -0.44 0.55 0.33 0.14 -0.58 0.31 -0.25 -025
0.27 0.15 -0.51 -0.44 -0.66 -0.70 0.40 0.26 0.89 0.37 -0.61 0.43 -0.06 -0.04 0.14 0.31 0.66 0.12 0.42 081

0.32 0.17 0.45 -0.02 0.00 0.02 0.25 0.21 0.22 0.18 0.44 0.08 0.66 0.21 0.37 -0.20 0.21 0.11 0.16
0.49 0.07 0.28 0.04 0.40 0.12 -0.13 0.12 0.26 0.13 0.23 0.30 0.29 0.50 0.32 0.32 0.43 0.30

0.58 0.61 0.70 0.27 0.04 -0.66 0.07 0.55 -0.35 0.55 0.22 -0.30 0.09 -0.08 0.10 -0.09 -0.07
0.62 0.76 -0.29 0.04 -0.39 -0.07 0.63 0.10 0.13 0.32 -0.18 -0.10 -0.62 0.03 -0.37 -0.32

0.71 -0.32 -0.22 -0.57 -0.33 0.80 -0.25 0.16 -0.01 -0.07 -0.29 -0.47 -0.23 0.02 -0.43
-0.17 -0.15 -0.72 -0.25 0.67 -0.24 0.35 0.02 -0.47 -0.36 -0.52 -0.20 -0.43 -0.49

0.52 0.14 0.71 -0.50 -0.05 0.67 0.11 -0.14 0.55 0.79 0.30 0.20 0.71
0.07 0.79 -0.24 0.20 0.59 0.52 0.32 0.66 0.17 0.42 0.17 0.32

0.18 -0.60 0.35 -0.31 -0.17 0.09 0.11 0.51 0.04 0.38 0.68
-0.35 0.18 0.59 0.46 0.24 0.72 0.42 0.51 0.01 0.61

-0.01 0.01 0.24 0.16 -0.22 -0.63 -0.12 -0.01 -0.54
-0 2 5 0.36 0.40 0.19 -0.06 0.12 0.23 0.14

0.20 -0.23 0.27 0.23 -0.03 -0.00 0.26
0.49 0.57 -0.26 0.59 -0.02 -0.04

0.61 -0.11 0.38 0.29 -0.06
0.34 0.72 0.12 0.41

0.20 0.42 0.86
-0.07 0.27

0.37

cool, cooling rancid
flat, dull sickly

those odor qualities rated significantly higher for the conven
tional sample than for the microwave sample were:

Odor qualitites generally rated higher for the roasted sam
ples than for the boiled samples were:

Bovril-like
burnt
meaty roast 
rubber, burnt 
savory

sharp, pungent
sweet
throaty
roastea
toasted
and odor strength

In addition to  the above generalizations, comparisons were 
made of selected conventional and microwave boiled beef sam
ples on the basis of equivalent and acceptable doneness, equal 
heating time and equal “ extraction” time.

Equivalent and acceptable doneness com parison—boiled 
beef, (samples C4 conventional and M2 microwave) Table 6 
shows that the conventional sample was rated significantly 
higher than the microwave sample for the odor qualities:

animal, goaty 
Bovril-like 
fragrant 
m eaty roast

sharp, pungent
spicy
sweet
and odor strength

The microwave sample was not rated significantly higher than 
the conventional sample for any odor qualities.

Equal heating time (1 hr) com parison—boiled beef, (sam
ples C3 conventional and M4 microwave) Table 6 shows that

animal, goaty 
cool, cooling 
m eaty boiled

Qualities rated significantly higher for the microwave sample 
were:

Bovril-like savory
fragrant sweet
m eaty roast and odor strength

Equal “extraction” time com parison—boiled beef, [samples 
C2 conventional vs M2 microwave, (15 min); C3 conventional 
vs M3 microwave, (30 min); C4 conventional v s  M4 microwave 
(1 h r ) ] . Odor qualities present to  a significantly greater extent 
in each sample compared with its counterpart of equal “ex
trac tion” time are given in Table 7.

From all these results it can be concluded tha t odor descrip
tions dom inating in the microwave boiled beef samples are 
similar to  those rated higher for boiling—whether conven
tionally or by microwaves. However, conventional boiling gave 
rise to higher scores for those qualities generally rated higher 
for roasting. This agrees with common observations that 
microwave cooking does not achieve ‘browned’ and savory fla
vors.

It is also clear tha t nonm eaty odor descriptions such as 
almond-like, blcod-like, flat dull, nasty smelling, oily fatty , 
paint-like and sickly occur in t h e  microwave cooked samples
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Table 6—Odor qualities showing significant difference between samples (Figures in brackets below each sample code are total panel scores)

Anim al, more intense c 5 c 6 c 4 m , c 2 c 3 m 7 m 8
goaty (52 ,48,46,39,34,33,32,31)

less intense C s M , M S C, M 6 C 7 M 2 M 4 
(29,27,26,26,22,21,21,15)

B lood  more intense M 3 M 5 M, C 5 C 3 M„ M 2 C 4 C„ M„ C 2 C 7
like (37,35,33,31,31,31,25,24.21,20,19,18)

less intense M s c , c 8 m 7

(17,17,13,12)

Bovril- more intense c 4
like (80)

c7 M8c2 c s m 7 m 4 m 6 c 6 c 8 m 3m 2
(52,48,45,40,38,36,36,34,34,32,24)

less intense C 3 C, M S M, 

(21,18,16,12)

B roth more intense c 4 m 4 c 7 m 6 m 8 c 3 m 2 c 2 c „ m 5 c 6 m 3

like (70,58,56,52,52,51,50,48,47,45,44,44)

c s m 7 c ,
(42,40,34)

less intense M,
(15)

Burnt more intense m 7 c 6
(108,104)

C 5 M„ C 2 

(65.61,48)

C 7 C 8 M 4 M 6 C 4 M s C 3 m 2 m 3 c , 

(31,22,20,19,18,12,10,8, 8, 3)

less intense M,

(0)

Buttery more intense C 4 M, M 5C, M 6 M 4 C 3C s IV, 
(69,60,59,58,51,48,43,41,41)

less intense m 3c 2 c , m s c 5 m 7 c 6
(35,32,31,28,25,15,13)

Cool. more intense C 3 M, C, M s C 4 C 2 C 6 M 3C 7 M 2
cooling (30,28,21,20,18,1 7,17,16,13,13)

less intense M 6C 8 c 5 m 4 m 8 m 7 
(1 0 ,8 ,  7, 6, 3, 2)

Flat, dull more intense M ,C ,  M 3 C 3M 4 

(56,45,37,33,33)

c 8 c 4 m 6 m s c 7 c 2 m 2 c s m 8 m 7

(29 ,28,28,23,13,10,10 ,8, 6, 4)

less intense c 6
(0)

Fragrant more intense c 4 m 4 c 7
(38,28,21)

less intense c 6 c 8 m 7 m 6 m 1 m 2 m 8 c , c 3m 3c .
(18,18,18,15,12,11,11,9, 9, 9, 7,

Meaty more intense c 4 m 2m 3c 3
boiled (120,89,88,87)

c, m 5 m 4 m 6 c 8 c „ m , c 7 c 2 M 8
(86,79,75,69,67,65,64,58,57,57)

less intense C 5 M , 
(48,37)

Meaty more intense C 4 m 7
roast (144,125)

M s C 2 C 7 C 6 C 5 c 8 m 4 m 6 

(109,100,98,91,87,82,72,72)

m 3 m 2 m 5 c 3 c ,
(62,56,52,49,37)

less intense M,
(20)

Oily, M, C 4 M 2 M 3C j more intense
fatty (60,46,43,40,38)

C 3 c 2 M 4 c 6 m s c 5 c 8 m 8 c 7 m 7
(32,31,24,23,23,18,11,11,9, 9)

(7)
less intense

Paint- M, m ore intense
like (19)

M 2 M s C, M 6 C 2 C 3 C 4 C s C 6 C 7 C 8 M 3 M 4 M 7 M s 
(9, 9, 4, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0)

less intense

Rubber C 5 M 7C 6 more intense
burnt (12, 7, 6)

m 8 c 4 m 3 c 3 c 8 c , c 2 c 7 m , m 2 m 4 m 5 m 6
(3, 2, 2, 1, 1, 0, 0, 0, 0, 0, 0, 0, 0)

less intense

Savory C 4 M„ C 7 M 7 M 2 C 2 C 6 M 4 M 6 
(106,102,87,83,78,75,73,72,71)

C 8 m 3 c s m s c 3 c ,
(66,61,60,51,50,40)

more intense

M,
(31)

less intense

Sharp, C 5 C 4 more intense
pungent (26,16)

c 6 m 6 m 4 c 2 c 3 m 3 m 2 m 7 c 8 m 5 m 8 c 7 m , c ,

(10,10, 8, 6, 6, 6, 5, 5, 4, 4, 3, 2, 2, 1)
less intense

S ic< ly M, M 5 
(33,21)

more intense

C| m 3 C 4 M , C 3 C 2 C 7 C 8 C 6 m 2 m 4 m 8 C 5 m , 

(14,13,12, 1 1 ,9 ,8 ,  8 ,8 ,  7, 6, 4, 4, 1, 0)
less intense

Spicy c 4 c 8 
(26,20)

more intense

c 3 m 8 m 4 m 7 m 3 m , m „ c , c 6 m 5 c 2 c 5 m 2 c 7

(11 ,9 , 8, 8, 7, 6, 6, 5, 5. 5, 4, 4, 3, 2)
less intense

Sweet m 5 c 4 m 4 m 6

(45,40,38,37)

more intense

C 6 c 8 m 7 c 5 m 3 c 7 c , c 3 m , m 8 c , m 2

(27,25,21,20,19,18,17,17,16,15,11,9)
less intense

Toasted c 6 m 7c 5 m 8

(49,45,42,38)

m ore intense

C 7 C8 m 6 c 4 c 2 m 5 m 2 m 4 m 3 c 3c , m ,

(22,19,19,18,17,13,12,11,8, 6, 3, 1)

less intense

Odor ^6 ^5 ^4 ^7  ^ 8  ^2 more intense
strength: (181,180,178,170,163,156)

c 7 m 2 m 6 c 8 m 3 m s m 4
(1 54 ,150 ,145,140,136,136,131)

C 3 M, C, 
(127,126,124)

less intense

and these qualities decreased with heating tim e. Although this 
project did not seek evidence regarding consumer preference 
for each odor quality, it is not unreasonable to  classify these 
terms as relatively undesirable qualities. This qualifies the use 
of the term ‘undesirable’ in this context. Thus, the microwave 
samples—even the overcooked ones—have more of the rela
tively undesirable qualities normally associated with under
done flavor. These dominate the qualities characteristic of con
ventional cooking since, even when high intensity ratings for 
qualities such as roasted, toasted , savory and Bovril-like did 
appear in the longer cooked microwave samples, these samples
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were also described as pungent, acrid, irritating on the nose 
and unpleasant. Thus, relatively undesirable qualities are 
present in microwave samples cooked for the normal required 
length of time for the mass of m eat—for either boiling or 
roasting. The principal cause of the difference is almost cer
tainly a time effect.

Analysis o f variance followed by D uncan’s Multiple Range 
Test was also perform ed in order to  give a gross com parison of 
the four subseries of samples, i.e., convenrional boiled beef, 
conventional roast beef, microwave boiled beef and microwave 
roast beef. The procedure was also repeated to  obtain a gross 
“two sample” com parison of the two main series of samples,
i.e., conventional vs microwave.

For the “ four sample” analysis, eight odor descriptions 
showed significant difference (<5% level) between groups of 
samples. These are shown, together with the results for overall 
odor strength in Table 8. The notes burnt, toasted and overall 
odor strength are all significantly greater in the roasted sam
ples. The aroma qualities flat dull, m eaty boiled, oily fatty  
are all significantly greater in the boiled samples. The micro- 
wave samples are overall significantly greater in the quality 
paint-like. The microwave boiled group of samples is signifi
cantly less m eaty roast than all others, a fact which will be 
discussed later regarding the correlation m atrix of odor qual
ities.

The “tw o sam ple” analysis of variance results (see Table 9) 
also shows tha t the microwave samples are rated significantly 
higher for the nonm eaty term s blood-like and paint-like. The 
terms Bovril-like, burn t, spicy and also overall odor strength 
are confined to  the conventional samples. These findings agree 
with deductions previously made.

It appeared from  the data that several interesting relation
ships existed between odor qualities. These were therefore 
tested as follows. Correlation coefficients were com puted to 
show how each odor quality correlated with each of the other 
odor qualities and with overall odor strength. In each case, the 
data used were the to ta l panel scores for each of the 16 sam
ples for each of the 41 odor qualities (and for overall odor 
strength). Thus a correlation m atrix (shown in Table 5) was 
prepared. Positive and negative correlations were interpreted as 
significant if r >  ±0.5.

Overall odor strength correlates positively with animal 
goaty, Bovril-like, burn t, Marmite-like, m eaty roast, rubber 
burnt, savory, sharp pungent and toasted. Thus it would ap
pear that the judges were chiefly influenced :n their assessment 
of odor strength by these few dom inating odor qualities, 
which tend to  be those which increased with heating tim e and 
were associated with doneness. Negative correlations exist 
between odor strength and bu ttery , flat dull and sickly. There
fore although these undoubtedly contribute to the overall 
aroma, they have had a neutralizing effect on the judges’ as
sessment of ‘overall’ odor strength. These were the qualities 
rated higher for the microwave than for the conventionally 
cooked samples.

Meaty boiled aroma correlates positively with buttery , 
herbal, metallic, oily fatty , spicy, sweaty and had negative 
correlations with burnt and toasted.

Meaty roast arom a correlates positively with arom atic, 
Bovril-like, broth-like, burnt, fragrant, Marmite-like, savory, 
toasted ar.d odor strength. It correlates negatively with al
mond-like, cool cooling, flat dull, m eaty raw, nasty smelling, 
paint-like, rancid and sickly. Thus it emerges that odor qual
ities rated higher for the microwave samples are those either 
associated with boiled beef arom a or else had a negative corre
lation with m eaty roast.

Comparing overall odor strength scores with the summed 
scores for the intensity of all the individual odor qualities gave 
a correlation coefficient o f r = +0.8. This agreement is reassur
ing, since it means that the judgem ents o f these sensory pa
rameters were relatively consistent and accurate.

Table 7 —O d o r qualities show ing sign ifica nt d iffe re n ce  b e tw ee n  sam 
p les o f  b o ile d  o e e f  on the basis o f  equal "extra ctio n  "  tim e

Extraction
Odor qualities rated significantly higher

time Conventional Microwave

Sam ple C 2 VS Sam ple M 2

15 m in
animal, goaty 
burnt
meaty roast 

odor strength

buttery 

meaty boiled 
o ily, fatty

Sam ple C 3 vs Sam ple M 3

30 min
animal, goaty 
buttery

Bovril-like 

o ily, fatty 
odor strength

Sam ple C 4 vs Sam ple M 4

1 hr

animal, goaty 

Bovril-like 

cool, cooling 
meaty boiled 

meaty roast 
oily, fatty 

sharp, pungent 
spicy

odor strength

flat, dull

Table 8 —O d o r qualities sh o w in g  sign ifica nt d iffe re n ce  b etw een  four  
series o f  sam ples—co n ven tio n a l b o ile d  b e e f  (C B ), co n ven tio n a l roast 
b e e f  (C B ) , m icrow ave b o ile d  b e e f  (M B ) and m icrow ave ro a st b e e f  
(M R )

Burnt C R  M R > C B  M B

Buttery C B  M B  M R > C R

Flat, dull C B  M B > C R  M R

Meaty boiled C B  M B > C R  M R

Meaty roast C B  C R  M R > M B

Oily, fatty C B  M B > C R  M R

Paint-like M B  M R > C B  C R

Toasted C R  M R > C B  M B

Odor strength C R  M R > CB  M B

Table 9 —O d o r qualities sh o w in g  sign ifica nt d iffe re n ce  b etw een  tw o  
series o f  sam ples—co n ventio n a l (C) and m icrow ave (M )

Blood-like M  >  C
Bovril-like C  >  M
Burnt C  >  M
Paint-like M  >  C
Sp icy  C  >  M
O dor strength C  >  M
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RELATIONSHIP OF 
WITH

SELECTED BEEF CARCASS TRA ITS  
MEAT PALATABIL ITY

— -----------------------------  ABSTRACT ----------- --— ----------— -
Relationships among selected carcass traits and cooked m eat palata- 
bility were studied on 240 carcasses obtained from steers o f different 
biological types produced under a wide range of feeding regimes. Breed 
type of steer or feeding regime had little or no effect on correlations 
among taste panel (TP) scores for tenderness, juiciness, flavor and gen
eral acceptability. T reatm ents also had little effect on nonsignificant (P 
>  0.05) correlations o f conform ation, lean color, lean texture and final 
m aturity with TP traits. Late maturing breeds o f steers and steers fed 
on low energy regimes were rated more youthful than early m aturing 
breeds o f steers, and steers fed on high energy regimes. Marbling, per
centage of longissimus muscle (LM) fat, quality grade and adjusted fat 
thickness independently accounted for 2 -3 %  of the variation in TP 
tenderness and 6 -8 %  of the variation in TP acceptability. Regression 
analyses indicate that an increase o f 30 units in marbling (scored: low 
Choice = 10; average Choice = 1 1 ;  high Choice = 12; etc.) would have 
been required to make a one-unit increase in TP tenderness (scored 1 
through 7). No evidence of quadratic effects was observed for TP traits 
regressed on marbling or percentage LM fat.

INTRODUCTION

THE USDA has recently implemented three major changes in 
standards for quality grading carcass beef (USDA 1976a). 
First, conform ation was eliminated in determ ining final qual
ity grades. Second, marbling requirem ents for the Good grade 
were narrowed to  include only carcasses w ith a slight am ount 
of marbling. Third, minimum marbling requirem ents for A 
m aturity carcasses in the Prime, Choice, Good and Standard 
grades no longer increase with increasing m aturity. These 
changes were the result o f research that has shown that m atu
rity , within youthful carcasses, and conform ation have little 
relationship to  palatability.

Campion et al. (1976b) have compared USDA (1965) and 
USDA (1976a) quality grade standards relative to  palatability 
o f steaks from  youthful carcasses obtained from  steers dif
fering greatly in growth rate and fattening characteristics. No 
obvious differences were found between the old and the re
vised quality grades for palatability characteristics.

Low positive correlations between marbling score or 
longissimus muscle (LM) lipid content with taste panel (TP) 
acceptability scores have been reported by Campion et al. 
(1976a), Dikeman and Crouse (1975), Berry et al. 1974, Huff
man (1974), Parrish et al. (1973), Dryden and Marchello
(1970), Breidenstein et al. (1968), McBee and Wiles (1967), 
Romans et al. (1965), Walter et al. (1965), Blumer (1963), 
Tuma et al. (1962b), Naumann et al. (1961), Alsmeyer et al.
(1959), Wellington and Stouffer (1959), and Palmer et al.
(1958). Breidenstein et al. (1968) and Hendrickson and Moore
(1965) have also suggested that fat content within the muscle 
is unim portant for steaks from youthful carcasses.

Results from  a num ber of studies (Breidenstein et al., 
1968; Rom ans et al., 1965; Walter et al., 1965) have indicated 
significant relationships between m aturity and TP palatability 
characteristics when evaluated over a range of youthful to 
mature carcasses. Berry et al. (1974) observed significant cor
relations (r >  0.2) between TP palatability scores and m aturity 
when evaluated over the full range of m aturity  groups. How
ever, these correlations were observed to  be low and non
significant (r <  0.1) when evaluated within the A m aturity

group. This very low association between m aturity  and palata
bility within a narrow m aturity range has also been reported 
by o ther workers (Campion et al., 1976a; Norris et al., 1971; 
Covington et al., 1970; Breidenstein et al., 1968; McBee and 
Wiles, 1967).

Because more than 97% of the “ fed” beef is w ithin A 
m aturity (USDA, 1976b), the effect o f m aturity  w ithin A 
m aturity on palatability of steak and roast m eat is o f most 
interest. In most previous studies, carcasses from animals w ith 
relatively similar growth rates and fattening characteristics 
typical of domestic beef breeds finished on medium to high 
energy density diets, have been sampled to  determ ine the 
efficiency of carcass criteria in estimating palatability. In the 
present study, relationships among carcass quality indicating 
criteria, relationships of carcass quality indicating criteria w ith 
palatability and how these relationships were affected by 
breed groups and nutritional environm ent were exam ined. 
Observations were made on carcasses obtained from steers that 
varied greatly in growth and fattening characteristics and pro
duced under a wide range of feeding regimes.

EXPERIMENTAL
Design

The experimental design ensured variation in carcass traits such as 
m aturity (within the A m aturity classification) and carcass com position 
with relatively low covariance among these traits. This variation allowed 
an evaluation o f independent as well as multivariate effects o f m aturity , 
marbling and other traits on palatability. Carcasses from 120 large, late 
m aturing (Chianina, Charolais, Brown Swiss and Limousin crosses) and 
120 small, early m aturing (Hereford, Angus and Red Poll crosses) steers 
were evaluated. At approxim ately 250 days o f age, steers were assigned 
to one of five feeding regimes:
A. Winter growing ration of 48% corn silage, 50% alfalfa haylage and 

2% supplement (metabolizable energy (ME) = 2.18 Mcal/kg) for 134 
days followed by 133 days grazing on cool and warm season grasses 
and then 98 days on a 60% corn silage ration (ME = 2.84 Mcal/kg).

B. Same as regime A, except a 20% corn silage ration (ME = 3.11 
Mcal/kg) was fed for the last 98 days.

C. Complete corn silage, except a 1.75% supplement and 1.60% soy
bean meal (ME = 2.40 Mcal/kg) was fed for 315 days.

D. Same as regime C, except a 60% corn silage ration (ME = 2.84 
Mcal/kg) was fed the last 105 days.

E. A 60% corn silage ration for 266 days (ME = 2.84 Mcal/kg).
Serial slaughter techniques were used. Steers were killed at about 90 
and 105% of the approxim ate m ature weights for females o f these 
biological types (small: 475 kg; large: 550 kg). An additional slaughter 
group was slaughtered at the beginning o f the higher concentrate 
feeding periods in regimes A, B and D. The experim ental design is 
summarized in Figure 1. The effects o f genotype and feeding regime on 
feed efficiency, growth rate and carcass characteristics have been 
presented by Smith et al. (1977).
Slaughter and carcass evaluation

All steers were slaughtered by a commercial packer. Carcasses were 
evaluated and quality graded by USDA (1965) (QG 65) and by USDA 
(1976a) (QG 76) standards after a 24-hr chill at 2°C. Traits evaluated 
and scoring systems used are shown in Table 1. The 6 th  to 12th rib 
section of the right side was removed according to procedures described 
by Hankins and Howe (1946), shipped to the University o f  Nebraska 
Meat Laboratory and placed in a 1.7°C cooler for a to ta l chill period of 
5 days. After chilling, ribs were frozen at -3 2 °C  for subsequent chem i
cal and taste panel analyses.
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Feeding
regime

A X 60% com silage X____ X

Winter growing
ration and----

grazing

B

98 days

X 20% corn silage X X
98 days

C Complete corn X X
silage

D X 60% corn silage X X
105 days

E 60% corn X X
silage , , ,— I____________________I___ ___I 

Ration 90 105
Change Maturity, %

Fig. 1—Ex p e rim e n ta l design. S laughter p o in ts  (X ) a t ration  changes  
and a t  9 0  a n d  105% a pproxim ate  m a ture  w eights fo r  fem ales.

Chemical and taste panel analyses
Soft tissues from the 9-10-11th rib section were thoroughly ground 

and mixed and analyzed for moisture, fat (ether extract), protein and 
ash by AOAC (1970) procedures. The other part of LM corresponding 
to the 12th rib was trimmed and analyzed for intramuscular fat by 
similar procedures.

A 5-cm section corresponding to the eighth rib was removed for 
taste panel evaluation. Warner-Bratzler shear determinations were made 
on a 3.8-cm thick section taken at the seventh rib. All rib sections for 
sensory panel and shear evaluations were placed on a metal rack (5-cm 
ht) in a 2.5-cm deep broiling pan and cooked in an oven roasting unit 
preheated to 163°C. Steaks were cooked to an internal temperature of 
71°C. Five 1.9-cm cores from each eighth rib section were halved for 
independent sensory evaluation by 10 panelists. Thus, each panelist 
received an internal and an external surface of the cooked sample. 
Panelists evaluated steaks for tenderness, juiciness, flavor and general 
acceptability. All traits were evaluated on a 7-point hedonic scale: 1 
was extremely undesirable and 7 was extremely desirable. Three 2.54- 
cm cores were removed from the cooked seventh rib section, allowed to 
cool at room temperature for 30 min and sheared in triplicate by a 
Warner-Bratzler shear apparatus.
Data analyses

Data were analyzed by correlation and regression techniques. 
Computations were made on variation resulting from deviations about 
the overall mean or residual variation. Residual variation was that varia
tion observed after removal of variation for the overall mean, biological 
type of steer, feeding regime, type by regime interaction; and linear 
covariates for steer starting age, deviations of initial steer weight from 
respective biological type subclass mean and the interaction between 
the latter covariate and breed type.

RESULTS & DISCUSSION
Means and variation

Unadjusted means and standard deviations (SD) for quanti
tative, qualitative and organoleptic traits of the 240 steer 
carcasses are given in Table 1. The overall SD includes varia
tion due to  treatm ent subclass means and covariates.

Steers were fed an average of 281.8 days, gained an average 
of 0.886 kg/day, and had an averaged weight o f 505 kg at 
slaughter. Average h o t carcass weight was 300.9 kg.

The unadjusted mean for QG 65 was 9.08 (high good), with 
a standard deviation (SD) of 1.74 (58% of a quality grade) and 
a coefficient o f variation (CV) of 19%. Mean marbling score 
9.53 (high slight) was lower than the average small reported by

Table 1—O verall m eans a n d  standard  deviations

Trait Mean
Overall

SD
Residual

SD

Conform ation3 11.48 1.26 1.20
Muscling scoreb 5.05 1.75 1.60
Lean co lor0 3.70 1.04 0.97
Lean textured 3.21 0.81 0.78
Lean maturity® 2.28 0.52 0.50

Skeletal maturity® 2.00 0.50 0.46
Final maturity® 2.05 0.51 0.46
Days on feed 281.8 58.7 3.9
Marbling score* 9.53 3.99 3.56
Longissim us fat, % 4.11 2.60 2.14
Quality grade 6 5 a 9.08 1.74 1.52

Quality grade 7 6 a 8.88 2.25 2.00
H ot carcass weight 300.9 43.6 35.57
Fat thickness, 12th rib, mm 8.42 4.63 3.64
Adjusted fat thickness, 12th rib, mm 8.58 4.60 3.67
Longissim us area, cm 2 79.2 10.8 8.2
K idney, pelvic and heart fat, % 2.54 0.82 0.70
Fat co lo r8 2.58 0.64 0.60
R ib  fat, % 30.11 8.54 6.38
R ib  p ro te in ,% 15.78 1.84 1.32
Moisture, % 53.35 6.53 5.03
Taste panel tenderness*1 4.90 0.76 0.74
Taste panel juiciness*1 4 .75 0.63 0.61
Taste panel flavor*1 5.15 0.39 0.37
Taste panel acceptability*1 5.01 0.53 0.50
Warner-Bratzler shear, kg 7.50 1.99 1.86
Retail product, % * 74.55 5.32 3.89
Slaughter weight 505 68 54
Average daily gain, kg/day 0.886 0.151 0.12
Dressing percentage 59.48 2.11 1.86

a Scored: 10 = low choice, 11 = average choice, 12 = high choice, 
etc.

bScored: 1 = extremely heavily muscled to 10 = extremely light 
muscled.

c Scored: 1 = very light cherry red to 7 = black.
4 Scored: 1 = very fine to 7 = very coarse.
e 1 = A- , 2 = A°, 3 = A+, etc.
* Scored: 10 = small- , 11= small0, 12 = small"1", etc.
8 Scored: 1 = extremely white to 5 = extremely yellow.
b 1 = extreme dislike to 7 = extremely acceptable.
1 Estimated percentage retail product = 87.0 — 8.01 (adj. FT, In) 

+0.33 (longissimus area, In2) —0.70 (Est. %  K & P fat) —0.399 (% 
rib chemical fat), Crouse and Dlkeman (1976).

Campion et al. (1976a) in a study of palatability o f steak meat 
of carcasses obtained from a diverse population of breeds.

The am ount of variation in organoleptic traits was greatest 
in taste panel (TP) tenderness (CV = 16%) and least in TP 
flavor (CV = 8%). Similar rankings in variability o f organo
leptic traits were observed by Campion et al. (1976a); how 
ever, the degree of variation was somewhat less in their study 
than in the present study.
Correlations

Correlations among selected carcass traits are presented in 
Table 2. Correlations above the diagonal were com puted from 
deviations from the overall mean, and correlations below the 
diagonal were com puted from  residual variation after fitting 
the least-squares model.

Residual correlations among TP response variables are of 
the same magnitude as overall correlations; thus subclass 
means for biological types and feeding regimes and the covari
ates had little effect on relationships among these traits. Sub
class means and covariates also had little effect on correlations 
of conform ation, lean color, lean texture or final m aturity  
with the TP traits. The very low correlation betw een final
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Table 2—Simple correlations among selected carcass traits andpalatabllity traitsa,b,c
Trait numberTrait

No. Trait 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

1 Conformation _ - 0.17 - 0.05 0.20 0.17 0.17 0.12 0.18 0.24 0.43 0,14 0.03 0.06 0.06 0.06 -0.03
2 Lean color -0.15 - 0.33 0.09 -0.15 - 0.22 - 0.18 -0.24 -0.18 0.05 -0.20 -0.18 -0.01 -0.14 - 0.19 0.16
3 Lean texture -0.14 0.35 - 0.44 0.13 -0.12 - 0.15 -0.10 -0.15 0.11 -0.13 -0.07 -0.03 -0.08 -0.08 0.11
4 Final maturity 0.24 0.17 0.09 - 0.47 0.25 0.17 0.26 0.22 0.15 0.19 0.02 -0.07 0.08 0.04 0.04
5 Days on feed 0.36 - 0.08 0.02 0.50 - 0.21 0.04 0.22 0.08 0.26 0.34 -0.06 -0.02 0.09 0.04 0.21
6 Marbling 0.17 - 0.18 - 0.02 0.27 0.54 - 0.72 0.96 0.66 - 0.21 0.73 0.22 0.24 0.32 0.33 0.15
7 Longissimus fat, % 0.08 - 0.19 - 0.04 0.23 0.55 0.69 - 0.69 0.70 - 0.18 0.74 0.22 0.34 0.38 0.37 0.11
8 Quality grade 76 0.17 - 0.18 0.00 0.28 0.55 0.95 0.64 _ 0.66 - 0.19 0.74 0.22 0.24 0.33 0.34 0.14
9 Adj. fat thickness 0.25 - 0.14 - 0.02 0.30 0.58 0.58 0.54 0.58 - - 0.21 0.70 0.27 0.29 0.38 0.38 0.12

10 Longissimus area 0.44 0.03 0.01 0.23 0.32 -0.02 -0.01 0.00 0.03 - -0.28 -0.07 -0.06 - 0.11 -0.08 0.10
11 Rib fat, % 0.12 - 0.16 0.01 0.29 0.62 0.68 0.64 0.70 0.76 - 0.05 - 0.25 0.32 0.39 0.39 0.12
12 Taste panel tenderness - 0.01 - 0.17 - 0.03 0.04 0.08 0.16 0.14 0.17 0.16 - 0.03 0.15 _ 0.32 0.55 0.78 0.63
13 Taste panel juiciness 0.04 0.02 0.03 -0.08 0.10 0.16 0.26 0.17 0.19 0.02 0.25 0.29 - 0.64 0.66 0.05
14 Taste panel flavor 0.03 - 0.12 - 0.03 0.07 0.26 0.23 0.29 0.24 0.27 - 0.04 0.31 0.54 0.61 - 0.84 0.23
15 Taste panel accept. 0.02 - 0.18 - 0.02 0.03 0.21 0.25 0.28 0.26 0.28 -0.02 0.32 0.78 0.65 0.88 - 0.39
16 Warner-Bratzler shear 0.00 0.24 0.07 - 0.02 -0.06 -0.11 0.00 -0.10 -0.01 0.07 0.02 -0.62 0.11 - 0.20 -0.37 -
a N = 240.b Correlations > 0.13, P < 0.05; Correlations > 0.17, P < 0.01.
c Overall correlations are above the diagonal and residual correlations are below the diagonal.

m aturity and TP traits in these A m aturity carcasses agrees 
w ith previous observations (Campion et al., 1976a; Berry et 
al., 1974) and supports recent m odifications of m aturity  in the 
USDA (1976a) grade standards.

Residual correlations (Table 2) among TP traits were 
0 .29—0.83. Variation in TP general acceptability was highly 
associated with TP tenderness (r = 0.78), TP juiciness (r = 
0.65) and TP flavor (r = 0.88). The lowest correlation among 
TP traits studied was between tenderness and juiciness (r = 
0.29). The correlation between TP tenderness and Wamer- 
Bratzler shear was —0.62, similar to  the —0.58 reported by 
Campion et al. (1976a). TP juiciness, flavor and acceptability 
were correlated less with Warner-Bratzler shear than with TP 
tenderness. This result indicates tha t taste panelists may be 
influenced by organoleptic characteristics other than tender
ness in determ ining m eat tenderness. Berry et al. (1974), in a 
study of m aturity and palatability, used a tenderness profile 
described by Cover et al. (1962) to  measure com ponents of 
tenderness. This procedure could possibly remove some of the 
covariance between TP tenderness and o ther TP organoleptic 
traits studied.

Correlations (Table 2) o f conform ation, lean color and lean 
tex ture with TP traits were generally very low and nonsignifi
cant (P >  0.05). Lean color, however, was correlated with TP 
tenderness (r = 0.17) and acceptability (r = 0.18) and thus 
indicates th a t lighter color longissimus muscles tend to  be 
more acceptable. These observations agree w ith those of Tuma 
et al. (1962b) who indicated that texture, w ithin A m aturity 
carcasses, was not associated with TP traits bu t that darker 
colored m eat from  more m ature animals was less tender than 
lighter colored meat from less m ature animals (Tum a et al., 
1962a). Nonetheless, very low correlation between final m atu
rity and TP traits in these A m aturity carcasses agrees with 
correlations in previous studies (Campion et al., 1976a; Berry 
et al., 1974).

Residual correlations (Table 2) indicate that variation in 
days on feed was more highly associated w ith TP traits than 
was carcass m aturity. This was no t the case, however, w ith the 
overall correlations in which the diverse feeding regimes 
obscured any relationship between days on feed and TP traits. 
Exam ination o f feeding regime means revealed tha t those that 
involved longer feeding periods were negatively associated with 
TP acceptability. However, length of tim e on feed w ithin a 
feeding regime was positively associated with TP acceptability. 
The effect o f feeding regimes was similar on the correlations 
between days on feed and other TP response variables. Feeding 
regimes affected the relation o f physiological m aturity to 
chronological m aturity. Analysis o f variance of effects of 
feeding regime on final m aturity  holding days on feed constant 
was highly significant (P <  0.01) and suggests th a t steers on a

low plane of nutrition  do not m ature physiologically as rapidly 
as those on a higher plane of nutrition. Mean final m aturity  
scores at constant days on feed for the five feeding regimes 
were; A = 1.73, B = 1.78, C = 2.07, D = 2.09, and E = 2.17. 
Biological type of steers also significantly affected final 
m aturity (P <  0.05). The observed effects o f biological type 
on physiological m aturity agree with data of Koch et al.
(1976) in a study of diverse sources o f germ plasm for beef 
production.

Carcass traits most highly associated with TP traits were 
measures of fatness. Positive correlations between marbling, 
percentage of LM fat and percentage of rib fat with TP traits 
were low. A low positive correlation between marbling and TP 
traits was also observed by McBee and Wiles (1967) and 
Wellington and Stouffer (1959); however, the am ount o f varia
bility in TP tenderness accounted for by marbling (3%) was 
similar to  those reported by Campion et al. (1976a), Dikeman 
and Crouse (1975), Berry et al. (1974), Huffman (1974), 
Parrish et al. (1973), Dryden and Marchello (1970), Breiden- 
stein et al. (1968), Romans et al. (1965), Walter et al. (1965), 
Blumer (1963), Tum a et al. (1962a), Naumann et al. (1961), 
Alsmeyer et al. (1959), Wellington and Stouffer (1959), Cover 
et al. (1958) and Palmer et al. (1958).

Interestingly, adjusted fat thickness (AFT) and actual fat 
thickness (not reported) were as highly correlated to  TP traits 
as measures of intram uscular fat content. This relationship was 
not appreciably affected by treatm ent subclass means. The 
covariance between marbling and AFT (r = 0.58) would partly 
account for the relation of AFT to the TP traits. Partial corre
lations between AFT and TP items holding marbling constant 
(Table 3) were low but significant (P <  0.05) for TP flavor and 
acceptability. Partial correlations between marbling and TP 
items holding AFT constant were lower than the form er 
correlations. Partial correlations between LM fat and TP traits 
holding AFT constant were similar to correlations between 
AFT and TP traits holding LM fat constant. These observa
tions indicate tha t AFT and marbling would be o f similar value 
in estimating TP panel evaluations of organoleptic traits. 
Studies (Marsh, 1972; McCrae et al., 1971; Marsh and Leet, 
1966; and Locker and Hagyard, 1963) in ovine muscle indicate 
that increased fat cover protects against toughening due to  the 
cold shortening phenom enon. The results of the present study 
indicating that AFT was as im portant as intram uscular fat in 
explaining variation in TP traits support previous observations 
and suggest that the insulation properties o f external fat in
crease tenderness.

Holding m aturity constant had little effect on correlations 
between marbling and TP traits (Table 3). However, variation 
in marbling appears to  be slightly less associated with TP traits 
at a constant tim e on feed than when tim e on feed is allowed
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Table 3—Partial correlations between carcass traits and pane! traits holding selected traits constant*'*3<c

Carcass traits ____________________________________ P a y a b il it y  trait

Carcass traits held constant Tenderness Juiciness Flavor Acceptability

Marbling Maturity 0.18 0.19 0.22 0.25

Maturity Marbling 0.00 - 0 . 1 3 0.01 - 0 . 0 4

Marbling Days on feed 0.14 0.13 0.11 0.17

Days on feed Marbling -0 .0 1 0.02 0.17 0.09

Marblirg Adj. fat thickness 0.08 0.06 0.09 0.11

Adj. fat thickness Marbling 0.08 0.12 0.17 0.17

Marbling Longissimus a'ea 0.16 0.16 0.23 0.25

Adj. fat thickness Longissimus area - 0 . 1 7 0.19 0.27 0.28

Longissimus fat Adj. fat thickness 0.07 0.19 0.18 0.16

Adj. fat thickness Longissimus fat 0.10 0.06 0.14 0.16

a N = 240 .
15 Residua l co rre la tion  m atr ix  used to  ca lcu late  partial co rre la tion s. 
c C o rre la t io n s  >  0 .1 3 , P <  0 .05 ; co rre la t ion s >  0 .17 , P <  0.01.

to vary within subclass treatm ents. The reduced correlation is 
the result of the covariance (r = 0.54) between marbling and 
days on feed. The m agnitude of the correlation between 
marbling and TP acceptability was greatly reduced when 
com puted at constant time on feed. However, overall partial 
correlation (partial r = 0.33) between marbling and TP accept
ability were not reduced. On an overall subclass basis, the 
covariance between marbling and days on feed was low (r = 
0 .2 1). This can be in terpreted to  mean that marbling is 
relatively less im portant, at constant lengths of tim e on feed, 
within a feeding regime than on different feeding regimes. 
Regressions

Simple regressions of TP tenderness and TP acceptability on 
carcass traits com puted from residual sums of squares and 
cross products matrix are shown in Table 4. Regression curves 
of TP traits on carcass traits were flat. Quadratic term s for TP 
tenderness and TP acceptability on percentage LM fat or 
marbling were not significant (P >  0.10). A change of 30 
degrees in marbling (scored 0 = devoid to  30 = very abundant) 
was required to  make a one-unit increase in TP tenderness 
values. Percentage LM fat had to  increase 20% to make a one- 
unit change in TP tenderness and adjusted fat thickness was 
required to  increase by 26 mm to make a similar change.

Marbling, percentage LM fat, QG 76 and AFT independ
ently accounted for 2—3% of the variation in TP tenderness 
and 6 -8 %  of the variation in TP acceptability. Equations with 
independent variables, conform ation, marbling and overall 
m aturity (Table 5, Eq 1 and 9) accounted for 2.7 and 6.4% of 
the variation in TP tenderness and TP acceptability, respec

tively. Substituting days on feed for m aturity  increased the 
percentage of variation accounted for in TP acceptability to
7.3 (Eq 10). When percentage LM fat replaced marbling (Eq 3 
and 11), percentage of variation accounted for in TP tender
ness decreased to  2.8% and increased to  8% for TP accepta
bility.

Equations including marbling and AFT accounted for 3.2 
and 9.0% o: the variation in TP tenderness and TP accepta
bility (Eq 5 and 13). Magnitude of standard partial regression 
coefficients for marbling and AFT shows that they were of 
equal im portance in explaining variation in TP tenderness. 
However, the standard partial regression coefficient o f 0.203 
for AFT explained 61% of the to ta l 9% (R 2 = 0.090) variation 
accounted for by regression equation for TP acceptability and 
the standard partial regression coefficient of 0.132 for 
marbling explains 39% of the to ta l variation. These observa
tions indicate tha t AFT was more im portant than marbling in 
describing variation in TP acceptability when used sim ultane
ously. The addition of days on feed made no practical im
provem ent in Eq 5 or 13. Equations involving Warner-Bratzler 
shear and AFT accounted for 40.8% o f the variation in TP 
tenderness and 21.3% of the variation in TP acceptability. No 
practical improvement in these equations was made with the 
addition o f marbling.
Frequency distributions

Tables 6 and 7 give frequency distributions of TP tender
ness scores and acceptability scores for each marbling score. 
The percentage of samples with or above a given level of 
desirability for each marbling score are shown. At a level of TP

T able 4 —R egression  e q u a tio n s  fo r  ta s te  p a n e l d e p e n d e n t  variables o n  s e le c te d  carcass tra itsa

Dependent

variable R 2 S E

Inter

cept

Carcass traits and coefficients

M arb ling15 L M  fat° O G  7 6 d A F T e

TP tenderness 0.03 0.753 4.60 0.033  ± 0.014

0.02 0.756 4.70 — 0.049 ± 0.023

0.03 0.753 4.39 — — 0.06 ± 0.024

0.03 0.753 4.57 - - - 0.039  ± 0.013

TP acceptability 0.06 0.506 4.68 0.036  ± 0.009

0.08 0.501 4.73 — 0.067 + 0.015

0.07 0.504 4.46 — — 0.066 + 0.016

0.08 0.501 4.65 — — - 0 .042  ± 0.009

a R egre ssion  co e ff ic ie n ts  co m p u te d  fro m  residual su m s  o f  squares and  c ross p ro d u c ts  m atrix, 
h  M a rb lin g  scored : 1 0  =  sm a ll- , 12 -  sm a ll4 , etc.
c Percentage lo n g ls s im u s  m usc le  fat.
d  U S D  A  q u a lity  grade (1 9 7 6 )  scored: 10  = c h o ice - , 11 =  c h o ice 0 , 12 =  ch o ice 4 , etc. 
e A d ju sted  fat th ickn e ss, m m .
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Table 5—Standard partial regressions o f taste panel traits on carcass traitsa

Dependent variable Regression coefficients

and Eq no. R 2 Conform ation M arbling L M  fatb A F T C M aturity  D  on W -B shear

Tenderness

1 0.027 0.039 0.165 — - 0.005 - -

2 0.027 0.040 0.164 - - — 0.006 -

3 0.020 0.024 - 0.139 - 0.014 - -

4 0.026 - - — 0.171 — - 0.019 -

5 0.032 - 0.101 - 0.101 — - -

6 0.034 - 0.118 - 0.124 — 0.056 -

7 0.408 — — — 0.154 — - - 0 . 6 1 8

8 0.408 - 0.004 - 0.151 - - - 0 . 6 1 8

TP  acceptability

9 0.064 0.016 0.263 - - - 0 . 0 3 7 — -

10 0.073 0.059 0.191 - - - 0.128 -

11 0.080 0.006 - 0.288 - - 0 . 0 3 8 — -

12 0.082 - - - 0.238 0.072

13 0.090 - 0.132 — 0.203 - — -

14 0.091 - 0.121 - 0.190 - 0.034 -

15 0.213 — — — 0.276 — — -0 . 3 6 7

16 0.217 - 0.076 - 0.233 - — -0 . 3 5 9

a A na lysis  was based on residual correlation matrix. c Adjusted fat thickness.
b Percentage longissim us muscle fat. <*Days on feed.

Table 6 - Frequency distribution o f  taste panel tenderness scores

Taste panel tenderness scores

Marbling No. of 3  or greater 4  or greater 5 or greater 6  or greater

score samples No. % Est. % a No. % Est. %  No. %  Est. % No. %  Est. %

P devoid 17 17 100 99 ±1 .2 13 76 74 ± 6.2 6 35  35  ±7.1 1 6  3 ± 8.4

Traces 47 4 6 9 8 99 ±1.1 37 79 82  ± 5.6 20 43  42  ± 6.6 4 9  6  ± 7.6
Slight 83 83 100 99 ±1 .0 72 87 87 ± 5.5 41 49  49  ± 6.3 4 5 8 ± 7 .3
Small 54 53 9 8 99 ±1.0 50 93 9 2  ± 5.4 27 50 56  ± 6.2 4 7 10 ± 7 .3
Modest 26 26 100 100 ±1.0 26 100 9 5  ± 5.5 19 73 63  ± 6.3 1 4  13 ± 7 .6
Moderate 8 8 100 100 ±1.1 7 88 9 6  ± 5.6 5 63  70  ± 6.6 2 25  15 ± 8 .4
>  S  abundant 5 5 100 100 ±1.2 5 100 97  ± 6.2 4 80  78  ±7.1 0 0
Number/score 28 88 106 16
Regression coefficient15 98 .86  + 0 . 1 4 (X ) 66.71 + 8 .7 3 (X )  - 0 . 6 3 IX 2 ) 27.71 + 7 . 1 2 (X ) 1 .13 + 2 .3 4 (X )

R 2 .10 .78 .88 .31
S E y  (%) 1.0 5.4 6.2 7.2

a Estimated percentage scored equal to or greater than given TP  response level based on com puted regressions plus or m inus standard error of
estimate.

b X  = marbling (scored P devoid = 1 to >  S  abundant := 7).

Table 7— Frequency distribution o f  taste pane1 overall acceptability scores

Taste panel acceptability scores

Marbling
score

No. of 
samples

3  or greater 4  or greater 5  or greater 6  or greater

No. % Est. %•a No. % Est. % No. %  Est. % N o. %

P devoid 17 17 100 100 15 88 88 ± 4 .8 3 18 21 ±13.1 0  0
Traces 47 47 100 100 43  91 93 ±4 .5 17 36  34 ± 12.2 2 4
Slight 83 83 100 100 82  99 97 ±4 .3 48  58  46 ± 1 1 .6 3 4
Small 54 54 100 100 5 4  100 99  ±4 .2 34 41 58  ± 1 1 .4 1 1
Modest 26 26 100 100 26 100 101 ±4 .3 21 81 71 ± 1 1 .6 0  0
Moderate 8 8 100 100 8 100 100  ±4 .5 6  75  83 ± 12.2 0 0
>  S  abundant 5 5 100 100 5 100 99  ± 4.8 5 100  96 ± 13.1 0  0
Number/score 7 99 128 6
Regression coefficient15 100 + 0 .0 0 (X ) 8 0 . 8 6 + 7 .3 4 IX ) — 0 .6 8 (X 2 ) 8 .86  +  12.391X) 1.50 + .30 (X )

R 2 1.00 .94 .87 .04
S E y  (%) 0 4.2 11.4 1.7

a Estim ated  percentage scored  equal to  o r  greater than  given T P  re sponse  level based o n  co m p u te d  regression s p lu s  o r  m in u s  s tan d a rd  e rro r  o f
estimate.

b X  =  m arb lin g  (scored P d evo id  =  1 to  >  S  a b u n d a n t  =  7).
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satisfaction for tenderness of three or over, the probability of 
attaining this level of satisfaction would be 100% at the 
practically devoid level of marbling. However, the probability 
of attaining a higher level o f satisfaction, say 5, would only be 
35% at the practically devoid level of marbling. To attain a TP 
tenderness score o f four or greater w ith an 87% probability, 
slight am ounts o f marbling would have been required.

Percentage of samples with or above a given level o f desira
bility was regressed on marbling score to  estimate minimum 
level o f acceptability associated with degrees o f marbling. 
Regression coefficients, R2 and standard errors are reported in 
Tables 6 and 7. Estim ated percentage levels o f desirability 
were estim ated by these equations for each minimum degree 
of satisfaction and reported with associated standard errors of 
estimate. The level predicted by regression was preferred to 
the point estimates because corresponding confidence intervals 
have been assigned. The equation estim ating TP overall accept
ability of six or greater was considered not valid because of the 
small num ber in each subclass and estim ated percentages were 
not reported. Quadratic term s for equations estim ated TP 
responses of four or greater were considered real (P <  0.05). 
The regression coefficient o f 12.39 for TP overall acceptability 
within the five or greater level of desirability is very steep 
(Table 7) in contrast to  the regression at a level of four or 
more. The curve indicates th a t with each increase in one 
degree of marbling an associated 12.39% ± SE increase in 
probability o f exceeding the TP score of five can be expected. 
At modest am ounts of marbling, 71 ± 11.6% of samples would 
have been expected to  have had a score o f five or greater for 
TP acceptability.

In the present study and in previous studies cited, the rela
tionship existed between carcass quality indicating criteria and 
TP traits was very low. For example, marbling accounted for 
only 6% of the variation in TP acceptability, and a 30-fold 
increase in marbling would be required to yield a one-unit 
change in TP responses. However, before final conclusions are 
drawn on the usefulness o f carcass criteria studied for esti
mating carcass palatability, the reader should remember tha t in 
the present study, a very palatable cut o f m eat was cooked 
under excellent conditions. Im portant sources of variation 
may exist in interactions of body com position, m aturity , loca
tion of cut and cooking m ethod. These sources of variation 
need a thorough exam ination before new or different criteria 
to estimate carcass beef palatability are established.
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MICROBIOLOG ICAL EVALUATION OF GROUND BEEF CONTAIN ING  
M ECH AN ICALLY  DEBONED BEEF

— ----------------------------- ABSTRACT -----------------------------------
Ground beef chub packs containing 0, 5, 10, 15, 20, 25 or 30% 
mechanically deboned beef (MDB) were examined for aerobic plate 
counts (5°C and 35°C), coliforms, Escherichia coli, Staphylococcus 
aureus, Clostridium perfringens and salmonellae after storage at two 
temperatures for various times. Chub packs were stored at -1.1°C for 
0, 6 , 12, 18 and 24 days and at -23.3°C for 2, 4 and 6 months. 
Isolation of Salmonella enteritidis serotype rubislaw from the pure 
MDB used in product formulation and from two (1%) of the chub 
packs containing MDB indicated that a large number of commercial 
samples of MDB from various sources should be evaluated. However, 
the aerobic plate counts, coliform, E. coli, S. aureus and C. perfringens 
counts in the seven formulations indicated that the addition of MDB to 
ground beef at levels up to 30% would not affect microbiological safety 
or shelf-life if the product were formulated and stored according to the 
procedures outlined in this study.

INTRODUCTION

MECHANICALLY DEBONED MEAT is a promising innova
tion for a world facing a protein crisis. Studies on the produc
tion, characterization and utilization of mechanically deboned 
red meat show th a t the potential of this technology to  increase 
the world’s protein supply is great (Field, 1974, 1976; Field 
and Riley, 1974; Field et al., 1974; Meiburg et al., 1976). At 
least one billion pounds of red m eat can be added to  the 
nation’s food supply each year through mechanical deboning 
(Fried, 1976). Mechanically deboned beef can be added to 
ground beef a t levels up to  20% w ithout adversely affecting 
palatability (Cross et al., 1977). Mechanically deboned poultry 
is being used in such processed products as bologna and frank
furters (Froning, 1976; Ostovar et al., 1971).

However, further studies are needed to  determ ine whether 
the use of mechanically deboned red m eat poses a health 
hazard. Mechanically deboned meat produced by the extrusion 
process is very finely minced and is an ideal medium for m icro
bial growth. USDA MPI Bulletin 865 (USDA, APHIS, 1974) 
specified requirem ents for the preparation, labeling and distri
bution of mechanically deboned red meat. APHIS (USDA,
1976) issued an interim  regulation for the use of mechanically 
deboned m eat in processed m eat products. This regulation did 
not allow mechanically deboned m eat in ham burger, ground 
beef or fabricated steaks. In September 1976, a Federal judge 
ruled that bone particles in mechanically deboned m eat are 
not a part o f “ m eat” and must be considered an additive and 
adulterant whose effect on health is undeterm ined. The deci
sion forced the USDA to  stop commercial firms from m anu
facturing and using mechanically deboned red meat.

The purpose of this study was to evaluate the microbiolog
ical quality of ground beef containing various levels of 
mechanically deboned beef after storage at two tem peratures 
for various times.

EXPERIMENTAL

Product formulation and storage
Seven batches of ground beef that contained either 0, 5, 10, 15, 20, 

25 or 30% mechanically deboned beef (MDB) were prepared. The 
ground beef was manufactured from USDA Utility triangles (chuck,

foreshank, brisket and plate) and USDA Choice plates that were 
fabricated for the Schedule AA USDA School Lunch Program under 
the supervision of a USDA meat grader. The hand boned meat was 
ground through a Weiler grinder (1.90-cm plate). Coarsely ground meat 
samples were randomly selected throughout the daily production 
(150,000 lb) until the quantity was sufficient for the seven formulations.

The MDB was prepared from necks, backs, ribs and pelvic girdles of 
USDA Utility carcasses that had been hand boned. The bones were 
passed through a Weiler bone cutter into a model AU 4171 Beehive 
boning machine with 0.46 mm diameter holes in the cylinder. The MDB 
was then boxed, quick frozen, and stored at -34“C for subsequent 
product formulation prior to formulation, the MDB was coarsley 
ground through a Weiler grinder (1.90-cm plate) and stored at -20°C.

The coarsely ground portions of beef and MDB were then mixed in 
a Chemetron mixer for 3-4 min. Carbon dioxide snow was injected 
twice during mixing to maintain an internal temperature of 7°C or less. 
Fat content of the mixture was determined with a Hobart Commercial 
Fat Tester (Hobart Manufacturing Company, Troy, OH). Fat or lean 
from USDA Choice plates was added to adjust the fat content to 23 ± 
1%. Each of the seven batches was mixed, then finely ground through a 
Weiler grinder (0.32-cm plate). The product was then stuffed into 2-lb 
Cryovac Keeper Casings via a Model 43 VeMag Pump. The chub packs 
were boxed, blast frozen at —45°C for 48 hr, and stored at —30°C until 
shipment. The frozen chub packs and a package of frozen MDB were 
shipped from the meat processing plant to the Meat Science Research 
Laboratory at Beltsville, MD, via truck at -20°C; transport time was 
approximately 2 0  hr.

Chub packs from each formulation were then stored at -1.1°C for 
0, 6 , 12, 18 and 24 days and at -23.3°C for 2, 4 and 6 months. Three 
chub packs from each of the seven formulations were evaluated for 
each storage time and temperature. In addition, the microbiological 
quality of the frozen MDB used in product formulation was evaluated.
Microbiological analyses

Three locations within each chub pack were sampled aseptically to 
obtain a 25-g sample that was blended 2 min in 225 ml of sterile 
Butterfield’s phosphate diluent (USDA, 1974b). Serial dilutions of the 
samples were plated in duplicate on plate count agar (Difco Labora
tories, Detroit, MI) in cluster dishes. Aerobic plate counts were 
determined after the plates were incubated 48 hr at 35°C or 10 days at 
5°C.

Coliforms, Escherichia coli and Staphylococcus aureus were 
enumerated according to the methods in the Microbiology Laboratory 
Guidebook (USDA, 1974b). All EC broth (Baltimore Biological Labora
tory, Cockeysville, MD) tubes showing gas after 24 hr at 45.5°C were 
streaked onto Levine eosin methylene blue agar (BBL) for detection of 
typical E. coli colonies.

Clostridium perfringens was isolated by two methods: (1) direct 
pour plating with tryptose-sulfite-cycloserine (TSC) agar (Harmon,
1976) and (2) selective enrichment in liquid sulfite medium prior to 
streaking on TSC agar with egg yolk (Emswiler et al., 1977). Suspect C. 
perfringens colonies from both the TSC agar pour plates and the TSC 
agar with egg yolk streak plates were confirmed by inoculation of tubes 
of buffered motility-nitrite medium and lactose-gelatin medium 
(Harmon, 1976). Tubes were incubated at 35°C for 24 hr (negatives 
incubated an additional 24 hr). Nonmotile, gram-positive bacilli that 
reduced nitrates to nitrites, produced acid and gas from lactose and 
liquified gelatin within 48 hr were identified as C. perfringens.

The salmonellae analysis was performed by adding 25g of meat to 
sterile Mason jars each containing 225 ml of lactose broth (Difco). The 
samples were blended for 2 min and incubated at 35°C for 24 hr. 
Inoculum (0.5 ml) from the lactose broth pre-enrichment was then 
transferred to 10-ml tubes of selenite cystine broth (BBL) which were 
incubated at 35°C for 24 hr. Plates of bismuth sulfite (BBL), XLD 
(Difco), and brilliant green-phenol red (Moats and Kinner, 1974) agars 
were streaked with inoculum from the selenite cystine broth enrich-
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T able 1—A e r o b ic  p la te  c o u n ts  (lo g l 0 ) in g ro u n d  b e e f  c o n ta in in g  M D B a f te r  sto ra g e  a t  — 1. T  Ca>b

D ays of 
storage

% M D B

0 5 10 15 20 25 30

0 4.59pq 4.89j-q 4.87k-q 4.96i-p 5.01 h-o 4.95Ì-P 5.02h-o
Aerobic plate 6 4.69nopq 4.68nopq 4.781-q - 4.89j-q 4.91 j-q 4.98i-p

count (35°C) 12 4.54q 4.82l-q 4.89j-q 4  87k-q 4.85k-q 4.77l-q 4.89j-q
18 4.98i-p 5.30d-i 5.46cdef 5 41defg 5.28d-j 5 .06g-n 5.37d-h
24 6.25a 6.27a 6.30a 6 34a 6.29a 5.81 be 5.58bcd

0 4.34 4.20 4.30 4 4 4 4.37 4.42 4.64
Aerobic plate 6 4.36 4.07 4.13 4.32 4.30 4.28 4.43

count (5°C) 12 4.12 4.01 4.27 4  50 4.38 4.17 4.38
18 4.51 5.52 4.65 4  74 4.93 4.55 4.57
24 5.97 5.67 6.00 6  10 6.19 5.85 5.71

a Each  value is the  m ean log, 0 count/g  o f  three ch u b  packs.
b  Va lue s In the sam e co lu m n  o r  ro w  fo llo w e d  b y  the  sam e letter(s) are n o t s ig n if ic a n t ly  d iffe ren t ( P <  0 .0 5 ) a cco rd in g  to  D u n c a n 's  ( 1 9 5 5 )  m u ltip le  

range test.

ment and incubated at 35°C for 24 and 48 hr. The suspected salmo- 
nellae colonies were picked and stab-streaked on triple sugar iron agar 
(Difco) and lysine iron agar (Difco) slants. Tubes showing typical reac
tions for salmonellae were confirmed by selective biochemical tests 
(indole, methyl red, Voges-Proskauer, citrate, urease, lysine decar
boxylase, malonate, lactose, sucrose, dulcitoi) and serotyping (Center 
for Disease Control, Atlanta, GA).

The logarithms (base 10) of the bacterial counts were analyzed 
statistically by analysis of variance (ANOVA) and Duncan’s (1955) 
multiple range test.

RESULTS & DISCUSSION

THE FROZEN MDB used in product form ulation had 35°C 
and 5°C aerobic plate counts of 3.4 X  10s and 3.0 X  104 /g, 
respectively. The one log difference between these counts was 
probably due to a greater num ber of mesophiles than 
psychrotrophs in the original unfrozen MDB product. Most 
Probable Numbers (MPN’s) of coliforms, E. coli and S. aureus 
were 100, 10 and 10/g, respectively. C. perfringens was not 
detected in the MDB. Salmonella enteritidis serotype rubislaw 
was isolated from the MDB and from  two (1%) of the chub 
packs. The tw o salmonellae-positive chub packs included one 
20% and one 30% MDB form ulation stored at -2 3 .3 °C . The 
pure MDB probably contained very few salmonellae which 
were further diluted during form ulation. No salmonellae were 
isolated from chub packs containing ground beef w ithout 
MDB.

Table 1 presents the 35°C and 5°C aerobic plate counts of 
the chub packs stored at —1.1°C. The ANOVA o f the 35°C 
aerobic plate counts showed tha t the counts were significantly 
affected by product form ulation (P <  0.01), days of storage (P 
<  0.01), days X  days (P <  0.01) and days X  days X  form ula
tion (P <  0.05). At day 0, the counts were significantly higher 
in the 20 and 30% MDB form ulations than in the ground beef 
without added MDB, but the m agnitude of the differences was 
of questionable im portance. Initial counts in the 5, 10, 15 and 
25% MDB form ulations were no t significantly different from 
counts in the regular ground beef (0% MDB). After 6 and 12 
days, counts did not differ significantly among the seven 
formulations. A fter 24 days, counts were lower for the 25 and 
30% than for the 0, 5 ,1 0 ,1 5  or 20% MDB form ulations, but the 
magnitude of the differences was also of questionable im port
ance. The 35°C aerobic plate counts for all form ulations 
gradually increased during storage and after 24 days were sig
nificantly higher than the initial counts. However, the higher 
the percentage of MDB, the lower the log increase in counts 
after 24 days. For example, there was a 1.66 log increase in 
counts from the 0% MDB after 24 days as compared to  0.86 
and 0.56 log increases in the 25 and 30% MDB form ulations,

respectively. Counts did no t differ significantly among the 0, 
5, 10, 15 and 20% form ulations after 24 days o f storage. The 
inverse relation between the increase in the 35°C aerobic plate 
counts during storage and the percentage of MDB in the form 
ulation is unexplained.

The ANOVA of the 5°C aerobic plate counts showed that 
neither form ulation (% MDB), days X  form ulation, nor days X  

days X  form ulation significantly affected the counts. The 
counts were significantly affected by days of storage (P <  
0.01). The counts gradually increased during storage, but did 
not differ significantly among the seven form ulations for any 
storage time. Log increases in counts after 24 days of storage 
ranged from  1.07/g for the 30% MDB form ulation to  1.82/g 
for the 20% form ulation.

MPN’s of coliforms, E. coli and S. aureus in the chub packs 
stored at —1.1 °C are presented in Table 2. MPN values 
did no t differ significantly for either coliforms or E. coli 
among the seven form ulations for any of the storage days. 
Coliform counts ranged from  10—464/g and E. coli counts 
ranged from 0—215/g. The low num bers o f viable coliforms 
and E. coli indicate tha t most of those cold-sensitive bacteria 
were probably killed when the chub packs were frozen after 
form ulation. The ANOVA of the S. aureus counts showed tha t 
form ulation (P <  0.01), days X  form ulation (P <  0.01), and 
days X  days X  form ulation (P <  0 .01) were significant. MPN’s 
of S. aureus were very low and ranged from 0 —215/g. Some 
differences among the counts were significant but were of 
unim portant size.

Clostridium perfringens counts o f the chub packs stored at 
—1.1 °C were all <10/g . This organism is very cold-sensitive 
and seldom survives frozen storage.

The aerobic plate counts in the ground beef with and w ith
out MDB after frozen storage are shown in Table 3. Both the 
35°C and 5°C aerobic plate counts decreased slightly from the 
initial values during 6 m onths of storage at —23.3°C. However, 
the counts did not differ significantly among form ulations or 
days of storage.

MPN’s of coliforms, E. coli and S. aureus after frozen stor
age appear in Table 4. Mean coliform counts ranged from
10—464/g; mean E. coli counts, from  2—215/g; and mean S. 
aureus counts, from 2 —100/g. Differences were not im portant 
in counts o f those microorganisms among form ulations or days 
of storage. The C. perfringens counts were very low (<10/g).

CONCLUSION

THE AEROBIC PLATE COUNTS, coliform, E. coli, S. aureus 
and C. perfringens counts in the seven MDB form ulations we 
evaluated indicate th a t MDB could be added to  ground beef at
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T able 2 —M o s t  
- 1 . 1 °

P ro b a b le  N u m b ers  o f  c o n fo rm s, E scherichia  c o li  a n d  S ta p h y lo c o c c u s  au reu s in g ro u n d  b e e f  c o n ta in in g  M D B a f te r  s to ra g e  a t

Bacteria
D ays of 
storage

% M D B

0 5 10 15 20 25 30

0 22 100 215 46 46 100 100

6 46 100 215 22 10 46 22

Conform s 12 10 4 6 4 215 10 22 4 6 22

18 46 100 100 100 46 46 22

24 46 46 464 100 100 215 22

0 10 22 215 46 22 10 100

Escherichia 6 22 22 46 22 2 5 5

c o li 12 10 22 10 5 22 5 0

18 10 22 10 10 5 2 2

24 22 10 10 22 5 0 2

0 5cd 22abcd 10bcd 22abcd 2d 100ab 46abc

S ta p h y lo c o c c u s 6 10bcd 22abcd 100ab 22abcd 2d 100ab 100ab

aureu s 12 22abcd 10bcd 46abc 2d 10bcd 22abcd 10bcd

18 2d 46abc 22abcd 2d 5cd 46abc 46abc

24 Od 22abcd 10bcd 46abc 2d 22abcd 215a

a Each  va lue  is the  m ean count/g  o f  three ch u b  packs.
b  S ta p h y lo c o c c u s  au reus c o u n ts  in the  sam e co lu m n  o r  row  fo llow e d  b y  the  sam e letter(s) are no t s ign if ic an t ly  d iffe ren t (P <  0 .0 5 )  a cc o rd in g  to 

D u n c a n 's  (1 9 5 5 )  m u ltip le  range test.

T able 3 —A e r o b ic  p la te  c o u n ts  (lo g , 0 ) in  g ro u n d  b e e f  c o n ta in in g  M D B a f te r  s to ra g e  a t  —2 3 .3 ° C a

D ays of 
storage

% M D B

0 5 10 15 20 25 30

0 4.59 4.89 4.87 4.96 5.01 4.95 5.02

Aerob ic  plate 56 4.76 4.78 4.95 4.82 4.86 4.86 4.99

count (35°C) 112 4.52 4.73 4.83 4.96 4.87 4.89 4.94

168 4.56 4.85 4.82 4.74 4.77 4.85 4.89

0 4.34 4.20 4.30 4.44 4.37 4.42 4.64

Aerob ic  plate 56 3.99 3.98 3.90 3.94 4.17 4.09 3.98

count (5°C) 112 4.19 4.19 4.57 4.77 4.57 4.04 4.05

168 3.82 3.80 3.81 3.70 3.80 3.63 3.66

1 Each  value is the  m ean  logj 0 coun t/g  o f  three chub  packs.

T able 4 —M o s t P ro b a b le  N u m b ers  o f  c o n fo rm s , E sch erich ia  c o l i  a n d  S ta p h y lo c o c c u s  aureu s in g ro u n d  b e e f  co n ta in in g  M D B a f te r  s to ra g e  a t  
-2 3 .3 ?  C *

Bacteria storage 0 5 10 15 20 25 30

0 22 100 215 46 46 100 100
Conform s 56 100 100 100 22 46 46 100

112 10 100 4 6 4 46 22 22 100
168 46 46 100 10 10 22 22

0 10 22 215 46 22 10 100
E scherichia 56 100 22 22 10 22 10 46
co li 112 10 10 46 10 10 22 22

168 10 5 22 2 5 5 22

0 5 22 10 22 2 100 4 6
S ta p h y lo c o c c u s 56 10 22 22 5 5 46 4 6

aureus 112 5 46 10 10 5 100 100
168 10 22 22 5 5 46 4 6

Each value is the m ean coun t/g  o f  three ch u b  packs.
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MICROBIOLOGY OF GROUND BEEF WITH MDB . . .

levels up to  30% w ithout affecting microbiological safety or 
shelf-life if the product is form ulated and stored according to  
our procedures. It is no t yet possible to  commercially market 
ground beef tha t is com pletely free of pathogens, and no 
immediate practical solution is in sight. The levels o f E. coli, S. 
aureus and C. perfringens in the MDB form ulations in this 
study are normally found in commercial ground beef. The 
incidence of salmonellae in ground beef is very low. 
Surkiewicz et al. (1975) isolated salmonellae from only three 
(0.4%) of 735 beef patties and from only one (0.1%) of 690 
production line samples collected from 42 federally inspected 
plants. Although there is no evidence that the incidence of 
salmonellae would be higher in MDB than in ground beef, a 
large num ber of MDB samples from various sources should be 
evaluated if commercial MDB again becomes available. 
Mechanically deboned beef is an ideal medium for microbial 
growth, but the conditions we specified limited the growth of 
the microorganisms to  levels tha t would not affect the whole
someness of the product.
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EFFECT OF EXTENDING BEEF PATTIES 
WITH M ILK  CO-PRECIPITATES

— — -------— —  A B S T R A C T  ■ ■■ -........ ...........
Granulated type calcium co-precipitates (CCP) with and without wheat 
flour were used to extend ground beef with fat levels of 20 and 30%. 
The hydrated CCP was added at the level of 30% by weight and the 
physical, chemical and sensory properties of the mixture were evaluated 
along with those of all-meat patties and patties extended with tex
turized soya protein. Results of physical and chemical analyses were 
variable and showed no definite trend. All-meat patties gave the highest 
yield, lowest shrinkage and highest fat content after cooking. Patties 
extended with CCP and wheat flour had the highest moisture content 
and lowest penetrometer values at both fat levels. Sensory evaluation 
revealed that patties extended with CCP and wheat flour had the best 
appearance, flavor and texture and were generally the most acceptable.

IN T R O D U C T IO N

THE EFFECTS of extending ground m eat w ith soya protein in 
bo th  texturized and flour form have been extensively evaluat
ed, especially in the United States. Such investigations have 
included: the effect o f varying the level o f soya protein, effect 
on consum er acceptability, the effect on fat and water binding 
and shrinkage after cooking. The findings o f these investiga
tions often varied.

Cross et al., (1975) reported that addition of texturized 
soya protein (TSP) to  the form ulation of m eat patties did not 
have an adverse effect on consumer preferences. In most 
instances, patties with 12.5 or 25% TSP received equivalent or 
better palatability ratings than the all-beef patties. Kotula et 
al., (1974) reported that patties containing 20% TSP were 
scored about equal to  all-beef patties, whereas patties con
taining TSP at 30% tended to  be scored lower than the 
all-meat patties. Drake et al., (1975) reported th a t all-meat 
patties were rated significantly higher than patties containing 
15 and 20% TSP. Increasing the TSP level to  25% resulted in a 
fu rther significant decrease in flavor ratings.

Judge et al., (1974) suggested th a t cook shrinkage (decrease 
in diam eter of a patty ) should be a criterion for the quality of 
ground beef and reported tha t soya additives substantially 
reduced shrinkage in samples containing 20 and 30% fat. 
Bowers and Engler (1975) found all-meat patties did not differ 
significantly in diam eter after cooking from  patties containing 
15 and 30% TSP.

Addition of TSP to  m eat patties decreases cooking losses 
(Anderson and Lind, 1975; Bowers and Engler, 1975; Drake et 
al., 1975). Although Anderson and Lind (1975) and Drake et 
al., (1975) reported th a t addition of TSP decreased moisture 
loss during cooking, Bowers and Engler (1975) reported that 
the am ount of added TSP had no influence on the moisture 
content of patties after cooking. Anderson and Lind (1975) 
reported that, irrespective of fat content, retention of fat in 
cooked all-beef patties is greater than in TSP-extended beef 
patties. The binding effect of TSP on fat content remained 
unchanged when TSP was increased from 0 -2 5 %  (Drake et al.,
1975).

1 C.S.I.R.O. Food Research Laboratory, North Ryde. N.S.W. 2113,
Australia

Neither the New South Wales Pure Food Act (1908) nor 
the Com monwealth Food Specification (1971) define or 
specify the addition of other food ingredients or the com posi
tion of m eat patties. However, companies m anufacturing m eat 
patties advertise their products as minced m eat containing 
bo th  soya flour and TSP.

In Australia, consideration has also been given to  the use of 
other materials as meat extenders, especially calcium co-pre
cipitates (CCP). CCP is a precipitate of casein and whey pro
teins, in which 95—97% of Lie milk proteins are recovered 
(Buchanan et al., 1965; Muller et al., 1967). By varying the 
calcium content, it is possible to produce several types o f co
precipitates with various functional properties (Muller et al.,
1967). Milk co-precipitates were successfully used in the 
m anufacture of com m inuted m eat products (Thomas et al.,
1973) and simulated m eat products (Thomas et al., 1976). 
Their functional properties are reported by Thomas et al.,
1974) .

This paper reports on shrinkage, m oisture and fat binding, 
penetrom eter values and eating quality o f minced beef patties 
extended with granular type milk co-precipitates. To allow 
comparison, all-meat patties and patties extended w ith TSP 
were also evaluated.

E X P E R IM E N T A L

TWO MEDIUM TYPE granulated CCP (87% protein) were used; these 
were (1) fine type of granule size 0.5-0.6 mm (30-35 mesh); (2) a 
coarse type with granule size of 1-4 mm (5-18 mesh). Both types 
were obtained from Drouin Co-operative Butter Factory Co. Ltd., 
Drouin, Victoria.

The commercially prepared, unflavored TSP used was Maxten CS 
(52% protein); granule size ranged from 1-4 mm (5-18 mesh). It is 
distributed by Miles Laboratories Inc., Elkhart, IN.
Flour

Plain wheat flour (WF), 12% protein, was used.
Preparation of patties

Ground beef (9.3% fat) and tallow (92% fat) obtained from a local 
butcher, were used in the preparation of the patties. The seven samples 
prepared comprised an all-meat control (mince and tallow) and six 
beef-protein blends. The blends consisted of a mixture of 30% hydrated 
proteins and 70% beef plus tallow by weight. Each of the above treat
ments consisted of two levels of fat, 20 and 30% in the final mix. 
Composition of the patties is reported in Table 1. Samples 1-7  had 
20% fat while samples 8-14 had 30% fat. Although the intention was 
to keep the fat content exactly at the level reported in Table 1, actual 
fat contents approximated these levels (see Table 2).

Meat, tallow and protein mixture were mixed thoroughly, ground 
twice through a 5 mm plate and sampled for fat and moisture. Patties 
(100 g, 10 cm diameter and 1.3 cm thick) were formed using a K-tel 
Pattie Stacker (Le Mark Industries Inc., St. Paul, MN). Patties were 
stacked in groups of four, separated by plastic sheets and snap-frozen at 
-30°C.
Flavorings

The following flavor compositicn was found to resemble the flavor 
of commercial patties; 20% beef spice powder, 19% hamburger flavor, 
38% barbecue flavor; 20% onion powder and 3% monosodium gluta
mate. (Flavors were supplied by Allied Falvors, Smithfield, N.S.W. and 
International Flavors and Fragrances (Aust.) Pty. Limited, Dee Why,
N.S.W.). Flavors were added uniformly to all treatments at the rate of
1.5%. Also added were 1% cooking salt and 0.2% tetra sodium diphos
phate.
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E X T E N D E D  B E E F  P A  T T I E S . . .

Table 1— Formulation o f  patties used for chemical, physical and 
sensory evaluation

Ingredients %

Fat T  reatment C C P b Wheat Added

% no. Meat Fine Coarse T S P C flour H 2 0

i a 80
2 50 10 20
3a 50 10 20

20 4 a 50 10 20
5 50 7.5 22.5
6 50 7.5 22.5
7a 50 5.0 2.5 22.5

8 70
9 40 10 20

10 40 10 20
30 11 40 10 20

12 40 7.5 22.5
13 40 7.5 22.5
14 40 5.0 2.5 22.5

a T reatm en ts  used fo r  se n so ry  eva luation  
b C a lc ium  co -p recip itate  
c T e x tu r ize d  so ya  p ro te in

Patties were cooked from the frozen state in a convection oven 
(General Electric Topchoice) at 200°C for 15 min. Total cooking loss 
of the patties (hence yield) was determined by weight difference. Mois
ture and fat loss were determined on the patties after cooking using the 
AOAC (1970) method. The values for percent retention of fat and 
moisture were derived (Anderson and Lind, 1975) from each of the 
average runs by multiplying the percent yield by percentage of fat or 
moisture in cooked patties and dividing the resulting product by per
centage of fat or moisture in the raw patties. Changes in the physical 
dimensions of the patties were measured at room temperature 1 hr after 
cooking using a vernier caliper. A representative diameter and height of 
each patty was determined by averaging the maximum and minimum 
readings. Four readings were taken on each of three replicated patties 
for each treatment.

Physical measurements of firmness of patties were determined 1 hr 
after cooking using a single-pin penetrometer (Huntington and 
Rutledge, 1974) with a 3 mm diameter blunt pin. Maximum resistance 
to penetration was recorded in grams weight and is referred to in this

article as penetrometer value. Three patties in each trial were used and 
10 readings on each patty were taken and the results averaged.

For sensory evaluation, four treatments (1, 3, 4, and 7, Table 1) 
were selected. A balanced incomplete block design was used for the 
sensory evaluation. Each of the 30 tasters on the panel received two 
samples at each session, for two sessions per day for three days. Each of 
the four treatments was presented with every other treatment giving 
three replications per treatment.

Standard taste testing conditions prevailed. Each member of the 
panel received hot, two half patties, one from each treatment. Tasters 
were required to assess the samples for appearance, flavor, texture and 
general acceptability using standard nine-point hedonic scales (9 = like 
extremely, 1 = dislike extremely). Separate analyses of variance were 
done for each of the four sensory variates assessed.

R E S U L T S  &  D IS C U S S IO N  

P h y sic a l a n d  c h e m ic a l e v a lu a t io n

Mean values for percent yield, shrinkage, fat and water 
binding and penetrom eter values of three replications and 14 
treatm ents are reported in Table 2.

The all-meat patties (treatm ent 1) gave the highest yield, at 
20 and 30% fat level, higher in fact than the TSP extended 
patties (treatm ents 4 and 11), a finding which is contrary to 
that of other workers (Anderson and Lind, 1975; Bowers and 
Engler, 1975; Drake et al., 1975). The yields for patties 
extended with CCP were generally lower, although the values 
for one CCP treatm ent (5.0% coarse CCP and 2.5% WF) were 
close to  those obtained for the TSP treatm ent. The patties 
which initially contained 20% fat had a higher average yield 
(70.80%) than those containing originally 30% fat (66.61%) 
and this is in accord with the findings of Drake et al. (1975), 
who showed that as the am ount of fat was reduced, to tal 
cooking losses were also reduced.

Changes in diam eter o f the patties during cooking showed 
some degree of negative correlation with % yield. The treat
ments with the highest yield (all-meat patties and patties 
extended w ith TSP) showed the smallest decrease in diameter. 
The TSP extended patties (treatm ents 4 and 11) dem onstrate 
the least increae in height during cooking.

It is interesting to  note tha t the difference in fat content 
between patties initially containing 20 and 30% fat disappears 
after cooking. In fact, the average fat content of the cooked 
patties was lower if they had originally contained a higher level 
of fat (22.48% for the 30% fat level, 23.64% for the 20% fat

Table 2— Average values of yield, fat and moisture in raw and cooked patties, percent retention o f fat and moisture, shrinkage and penetrometer 
values in cooked patties

%  Shrinkage

Treatments Diam eter Height %  Fat %  Moisture %  Retention Penetrometer
no. %  Yield decrease increase Raw Cooked Raw Cooked Fat Water value (g)

i a 83.09 14.61 26.46 23.95 27.51 62.91 54.03 95.44 71.36 763

2 68.86 23.34 28.08 18.82 20.59 61.86 54.01 75.34 60.12 688

3a 66.00 25.55 41.92 18.71 21.19 62.24 52.72 74.75 55.90 800

4a 74.02 19.73 19.46 20.63 22.64 62.57 56.43 81.23 66.76 783

5 63.98 23.51 28.23 20.93 26.78 63.20 53.92 81.86 54.59 677

6 66.73 25.28 19.77 21.45 21.50 63.57 55.49 66.89 58.25 639

7a 72.89 24.28 29.46 21.68 25.30 62.96 57.02 85.06 66.01 578

Average 70.80 22.33 27.63 20.88 23.64 62.76 54.80 80.08 61.86 704

8 72.63 24.68 31.69 29.05 29.18 56.21 52.34 72.96 67.63 760

9 67.78 28.19 32.31 27.19 17.73 55.37 53.40 44.19 60.55 792

10 65.85 26.95 27.15 28.59 23.92 54.36 53.13 55.09 64.36 761

11 70.89 23.01 21.85 28.34 20.08 54.64 55.09 50.23 71.47 730

12 58.70 29.36 28.54 30.67 22.18 56.67 53.20 42.45 55.11 707

13 66.58 28.51 28.69 28.04 22.49 57.10 52.18 53.40 60.84 705

14 68.84 26.28 42.92 29.84 21.79 56.62 55.11 50.27 67.00 570

Average 66.61 26.71 30.45 28.82 22.48 55.85 5 3.49 52.66 63.85 718

a T reatm en ts used fo r  se n so ry  eva luation
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level). These results are in agreement w ith those of Drake et al.
(1975) who showed tha t the am ount o f fat lost during cooking 
depended upon the level o f fat originally incorporated into 
raw ground beef patties before cooking.

The penetrom eter values indicate th a t the substitution of 
m eat by TSP or CCP alone did little to  systematically change 
the firmness of patties, at least at the level o f substitution used 
in this experim ent. However, the addition of WF did affect the 
treatm ents 7 and 14 (5.0% coarse CCP, 2.5% WF) quite sub
stantially. These treatm ents showed much less resistance to 
penetrom eter puncture and is reflected in the lower penetro
m eter values.
Sensory evaluation

Results of sensory evaluation are summarized in Table 3.

Table 3 — Mean sensory ratings o f  cooked patties for appearance, 
flavor, texture and general acceptability for each o f  the four treat

ments

Treat

ments Appearance0

Flavor

N.S. Texture0

General

acceptability

1 6.1a 5.3 3.4a 4.3a
3 6.7b 5.6 5.1b 5.2 be

4 6.8bc 5.2 5.0b 5.0b
7 7.1c 5.7 5.6c 5.5c

L.S.D . 0.33 - 0.45 0.41

a Treatm ents significantly different (P <  0.001); N.S.— Treatments
n o t  s ig n if ic a n t ly  d iffe ren t and  L .S .D . om itted ; L .S .D .— Least s ig 
n if ic an t  d ifference. A n y  pair o f  treatm ents w ith in g  a c o lu m n  w ith 
o u t  a letter in c o m m o n  are s ig n if ic a n t ly  d iffe ren t (P <  0.05).

Appearance
Panelists rated the appearance of all three extended treat

ments (3, 4 and 7) significantly higher (P <  0.05) than that of 
the all-meat patties (treatm ent 1). Comments from the panel 
about the extended treatm ents included “more even surface,” 
“more attractive,” “better color.” The appearance of the 
patties extended with 5.0% coarse CCP and 2.5% WF were 
liked m ost overall.

Flavor
There was no significant difference in flavor ratings be

tween any of the samples. This lack of difference was probably 
due to  the high level of flavoring used which was common to 
all treatm ents, i.e., the flavoring m aterial masked any changes 
in flavor which might have arisen from  the use of extenders. 
O ther workers (Kotula et al, 1974; Bowers and Engler, 1975; 
Drake et al., 1975) reported flavor changes due to addition of 
TSP, bu t only with unseasoned material.
Texture

Differences between treatm ents were m ost pronounced on 
the tex ture variate. Patties extended w ith 5.0% CCP and 2.5% 
WF (treatm ent 7) were significantly (P <  0.05) preferred by 
the panel because they were considered to  be “ softer” and 
more “ tender.” This is also in accord w ith the observed lower 
penetrom eter values. There was no significant difference be
tween patties extended w ith TSP (treatm ent 4) and those 
extended w ith 10% CCP (treatm ent 3); however, all extended 
treatm ents were rated higher than the all-meat patties (treat

m ent 1). These results are in agreement w ith earlier findings 
(Huffm an and Powell, 1970; K otula et al., 1974; Cross et al.,
1975). The panel disliked the texture of the all-meat patties 
because it was considered to  be “ too tough” and “ rubbery .” 
Cross et al., (1975) siate that factors responsible for toughness 
in ground beef have been related to  the myofibriller and 
stromal proteins. Extending the ground beef w ith CCP or TSP 
would, apart from  any other effect, have a “ diluting” influ
ence on the role o f these proteins and this provides a possible 
explanation for the increased tenderness.
General acceptability

The acceptability ratings followed much the same pattern  
as the ratings for appearance and texture. All extended trea t
ments (3, 4 and 7) were significantly preferred (P <  0.05) to 
the all-meat patties (treatm ent 1); the 5.0% coarse CCP plus 
2.5% WF treatm ent being the m ost liked.

C O N C L U S IO N

IT IS EVIDENT from the sensory testing tha t CCP does 
have potential as a meat extender. Patties containing CCP were 
found to  be m uch more acceptable than all-meat patties and 
slightly more acceptable than patties containing TSP, a m eat 
extender which is already widely used and accepted. The 
patties containing CCP and a low level o f WF were rated the 
highest on all sensory' variates, but the advantages of this trea t
m ent were no t restricted to sensory qualities. It also had the 
highest yield of all the CCP treatm ents and would be the 
cheapest to  m anufacture, bo th  im portant econom ic considera
tions. The viability of using CCP commercially as a m eat 
extender is open to  speculation, bu t these results do suggest 
tha t the possibility warrants further investigation.
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PRESS/CLEVE PORTIONING AND MECHANICAL TENDERIZAT IO N  OF BEEF TOP LOINS 
AS AFFECTED BY NUTRIT IONAL REG IME AND BIOLOGICAL TYPE

-----------------------------------------  A B S T R A C T ------------------------------------------

Eighty steers, forty each of two biological types (large, late maturing, 
and small, early maturing) were placed on nutritional regimes con
taining four levels of roughage. After slaughter, 40 top loins were press/ 
cleave portioned and mechanically tenderized, 40 top loins were press/ 
cleave portioned only, 40 top loins were mechanically tenderized only 
and 40 top loins remained untreated to serve as controls. Each 
nutritional regime and biological type was equally represented in each 
of the processing treatments. Taste panel evaluations indicated a prefer
ence for tenderized steaks (P < 0.05) over those not tenderized. Press/ 
cleave portioning had very little effect on the steaks. The combination 
of press/cleave portioning and mechanical tenderization appeared to be 
an acceptable industry practice.

IN T R O D U C T IO N

OVER THE LAST FEW YEARS the growth in the num ber of 
large, late maturing “grass finished” cattle appearing in the 
market place has been substantial. This growth has been 
accompanied by a concern for the tenderness and overall con
sumer acceptability of the beef from these cattle. With this in 
mind, work at the University of Nebraska has been initiated to 
evaluate the effects of mechanical tenderization, mechanical 
pressing and cleaving and the combined effects of these trea t
ments on beef top loins.

According to May et al. (1975), various types of cattle that 
have been m aintained on similar feeding rations and slaugh
tered at equal physiological ages have varying muscle fiber 
characteristics. Johnston et al. (1975) reported that longissi- 
mus muscle fibers were larger in diam eter in Charolais than in 
Angus steers. Earlier work by Berry et al. (1974) had corre
lated tenderness with muscle fiber size. They showed that 
larger muscle fibers tended to be less tender than smaller 
fibers.

Miller (1975) stated that if a general dissipation of con
nective and muscle tissue can be accomplished, such as 
through mechanical tenderization, an increase in tenderness 
will be perceived. Work by Hinnergardt et al. (1975) substan
tiated this finding by showing that mechanical tenderization 
increased tenderness of beef inside rounds. Work by Schwartz 
and Mandigo (1974) and Campbell et al. (1977) also reported 
similar findings.

Goldner et al. (1974) reported only small changes in the 
tenderness of pork loins due to  mechanical tenderization. 
However, very significant increases in tenderness have been 
associated with ram lamb and goat (Bowling et al., 1975). 
Bowling et al. (1975) further stated that little or no increase in 
tenderness was accomplished by more than one pass through 
the tenderizer. Therefore, mechanical tenderization will not

1 Present address: Dept, of Animal Science, Virginia Polytechnic In
stitute and State University, Blacksburg, VA 24061

2 Present address: Dept, of Food Science & Human Nutrition, Michi
gan State University, East Lansing, MI 48824

greatly improve the tenderness of m eat cuts which already 
possess acceptable tenderness (Huffm an, 1975).

It has been shown tha t mechanically tenderized cuts cook 
in a shorter time than do untenderized cuts (Schwartz and 
Mandigo, 1974; Goldner et al., 1974; Goldner, 1975). For this 
reason increased cooking losses have been associated with 
mechanically tenderized meat (Davis et al., 1975). However, 
Schwartz and Mandigo (1974) reported no difference in 
cooking loss between tenderized and untenderized inside 
round steaks.

Although very little work has been done which pertains to  
the cooking atributes o f press/cleave portioned m eat cuts, 
some work has been done which pertains to  the system itself. 
Projects at the University of Nebraska by Cheseney (1973), 
Goldner et al. (1974) and Schwartz (1975) all have pointed 
out the desirability of forming a uniform  log of m eat tha t can, 
in turn , be cleaved into uniform  chops or steaks. Such a sys
tem is being used extensively by the industry and is quite well 
adapted to  such cuts as boneless pork loins, boneless beef strip 
loins and boneless beef ribs.

The objective of this study was to  evaluate the effects of 
press/cleave portioning and mechanical tenderization on beef 
top loins from cattle of large and small body types which had 
been fed various feeding regimes.

E X P E R IM E N T A L

Source of meat
Forty large, late maturing steers and 40 small, early maturing steers 

were randomly assigned within type to one of four feeding regimes at 
approximately 205 days of age (Fig. 1A).

All steers were slaughtered by a commercial packer when they were 
between 90 and 105% of the mature dam’s weight. The carcasses were 
then chilled in a 2°C cooler. After 24 hr of chilling the carcasses were 
quartered between the 12th and 13 th ribs, graded by a USD A grader 
(quality and yield) and both hindquarters were shipped to the Uni
versity of Nebraska Meat Laboratory where they were placed in a 1.7°C 
cooler for further processing. The boneless beef top loins (longissimus) 
(two per animal) were removed 5 days postmortem, double wrapped in 
freezer paper ar.d frozen in a -32°C freezer. Following 14 days of 
storage the beef top loins were tempered in a -2°C cooler for 48 hr. One 
loin from each animal was mechanically tenderized, the other loin from 
the animal was r.ot. Loins from five animals within a ration-body type 
class were press/cleave portioned; loins from the other five animals of 
each class were not press/cleave portioned (Fig. IB).

Top loins were mechanically tenderized with a Bettcher TR-2 
reciprocating blade mechanical tenderizer set at a conveyor speed of
7.62 cm/penetra:ion. The top loins were passed through the TR-2 one 
time with the external surface of the top loin toward the conveyor. For 
press/cleave portioning, top loins were pressed with a Bettcher Model 
70 Hydraulic press that exerted 28 kg/cm2 (400 psi) to all surfaces of 
the top loin. The pressed loins were then sliced in a Bettcher power 
cleaver to a uniform thickness of 2.5 cm.

Those top loins that were to be both tenderized and press/cleave 
portioned were mechanical tenderized immediately prior to the pressing 
operation. Five top loins from each feeding regime-biological type sub
class served as controls and were never tenderized nor press/cleaved.
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A. Number of cattle per ration - body type class 
Rationa

Body Type A B C D
Large 10 10 10 10
Small 10 10 10 10

B. Treatment of boneless top loins within any ration - 
body type class.

5 animals 5 animals
M Tb N M T b M T b N M T b
loin 1 loin 2 loin 1 loin 2
PCC NPCC

a A  = A  w in te r  g ro w in g  ra tion  o f 4 8 %  co rn  silage, 5 0 %  alfalfa 
haylage and 2 %  sup p le m e n t (m etabo lizab le  ene rgy  (M .E .) =  2 .1 8  
M ca l/kg ) fo r 1 3 4  d a y s  fo llow e d  b y  1 3 3  d a y s  g ra z in g  o n  coo l and 
w a rm  season  grasses. B =  T he  sam e as regim e A  w ith  the ad d it ion  
o f  9 8  d a y s  o n  a h igh  concen tra te  ra tion  (M .E . =  3.11 M ca l/kg) 
after grazing. C  =  A  com p le te  fo rage  ration  excep t fo r  3 .3 5 %  
su p p le m e n t  and so yb e a n  m eal (M .E . =  2 .4 0  M ca l/kg ) fo r  3 1 5  days. 
D  =  A  6 0 %  fo rage  ra tion  fo r  2 6 0  d a y s  (M .E . =  2 .8 4  M ca l/kg ). 

b  M T  -  M e ch an ic a lly  tenderized , N M T  = n o t  m ech an ica lly  ten de r
ized

c PC  =  Press/cleaved, N P C  =  no t press/cleaved

Fig. 1— Experimental design

Table 1— Least squares means for quality and yield grades by nutri

tional regime

Nutritional regime

Traits A B c D S.E.

Quality graded 6.90a 9.25b 9.65b 9.90b 0.399
Yield grade 1,23a 2.10b 2.35b 2.80c 0.107

a,b,c. M e an s  w ith d iffe ren t sup e rsc r ip ts  in sam e row are sign if i-
can tly  d iffe ren t (P <  0.05).

d  L o w  C h o ice  = 10; H igh  G o o d  =  9; A ve rage  G o o d  =  8; L o w  G o o d
= 7.

Table 2 — Least squares means for quality and yield grades by  bio
logical type

Biological type

Trait Large Small S.E.

Quality grade3-** 8.10 9.75 0.282
Yield grade** 1.78 2.46 0.076

a L o w  C h o ice  =  10; H igh  G o o d  =  9; A verage  G o o d  =  8; L o w  G o o d  = 
7.

* *  M e an s  s ig n if ic a n t ly  d iffe re n t  (P <  0 .01 ).

Table 3 — Least squares means for physical properties by nutritional 
regime

Nutritional regime

Trait A B C D S.E.

Shear force (kg) 1.49 a 1.74b 1.34C 1.14d 0.059
Thawing loss {%) 4.54a 2.90b 2.93b 2.52b 0.184
Cooking loss (%) 16.88a’b 18.63a 16.30b 15.22b 0.657
Expressed fluids (%) 57.08a 54.43b 44.36° 52.78b <° 0.983

a,b,c,d. M e an s w ith  d iffe ren t su p e rsc r ip ts  in the  sam e row  are s ig 
n ific an t ly  d iffe ren t (P <  0.05).

One slice (approximately 0.83 cm) was removed from the anterior 
surface of all top loins to attain a flat surface, and the rest of the top 
loin was cut either by hand or by the power cleaver into 2.5 cm thick 
steaks. The first steak was used for raw proximate analysis and water
holding capacity (WHC) determinations. The second steak was used for 
organoleptic evaluation, cooking measurements, shear force determina
tions and cooked proximate analysis. Both steaks were vacuum 
packaged and heat sealed at -686 mm of Hg and frozen in a -32°C 
freezer.
Cooking

After 1 wk of storage at -32°C, the steaks were weighed and placed 
in a 1.7°C cooler to thaw. The steaks were reweighed 24 hr later to 
determine thawing loss. Each steak was placed on a metal rack (1.27 cm 
high) in a 5.0-cm-deep broiling pan and cooked in a Westinghouse oven 
roasting unit that had been preheated to 163°C. All samples were 
cooked to an internal temperature of 71°C as determined by a thermo
meter inserted into the center of each steak. All steaks were blotted and 
weighed to determine ccoking loss and cored with a 2.5 cm core. Five 
cores from each steak were cut in two, so each panelist received an 
external and an internal surface from each sample. The three other 
cores were sheared with a Warner-Bratzler shear to obtain an indication 
of tenderness. The rest c f the longissimus muscle was vacuum packaged 
and frozen as previously described until analysis for moisture, fat, pro
tein and ash content (AOAC, 1970) could be accomplished.

Organoleptic evaluation
Ten semi-trained panelists evaluated one sample from each steak for 

tenderness, juiciness, flavor and general acceptability. All traits were 
evaluated on a 7-point scale, 1 was extremly undesirable, and 7 was 
extremly desirable. The panelists evaluated the samples in a room 
lighted by red lights in an attempt to eliminate possible biases due to 
color of the samples.
Chemical analysis

All steaks, both raw and cooked, which were designated for chemical 
evaluation were analyzed for moisture, fat, ash and protein as described 
by AOAC (1970). Water-holding capacity (WHC) of the raw steaks was 
determined as the percentage of expressed fluids when the press 
method described by Wierbicki and Deatherage (1958) was used.
Statistical analyses

This study was a split plot arrangement of treatments. The main plot 
treatments, nutritional regime and biological type, were in a random
ized complete block design, and the sub-plot treatments, tenderization 
and press/cleave portioning, were in an incomplete block design. Data 
were analyzed by analysis of variance procedures as described by 
Harvey (1960). Correlation analyses were according to Snedecor and 
Cochran (1967). Differences were tested for significance using Duncan’s 
new multiple range test (Duncan, 1955).

R E S U L T S  &  D IS C U S S IO N

Effects of nutritional regime and biological type
The effects of nutritional regime on top loin steaks are 

shown in Table 1. Cattle receiving feeding regime A produced 
carcasses tha t were significantly lower concerning quality 
grade than those from  cattle which received feeding regimes B, 
C and D. As one might expect regime A carcasses, having the 
lowest quality, produced the most acceptable yield grades (P <
0.05) also the highest quality grade (regime D) had the poorest 
yield grades. These results were expected due to  the relative 
energy levels associated with each nutritional regime.

The effects of body type are contained in Table 2. The 
small, early maturing steers produced higher quality, but lower 
yielding carcasses than the large, late-maturing steers p ro
duced, as was expected.

The least squares means for physical properties by nu tri
tional regime are presented in Table 3. All regimes produced 
beef top  loin steaks w ith significantly (P <  0.05) different 
shear force values. Steaks from regime B produced the highest 
value and those from  regime A the next highest value. Thaw 
loss for steaks from regime A cattle was significantly higher (P 
<  0.05) than the other regimes. Cooking losses were greatest 
(P <  0.05) for steaks from regime B cattle which may partially 
explain the higher shear values. Steaks from regime A cattle
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also had high cooking losses and expressed the highest percent
age of fluids (P <  0.05). From these results it is apparent that 
regimes A and B produced the least desirable steaks.

Effects of mechanical tenderization
Table 4 shows the effects of mechanical tenderization of 

beef top loin steaks. Product tenderness, as evaluated by the 
taste panel, was not affected by mechanical tenderization. 
However, product juiciness was superior (P <  0.01) for those 
steaks v/hich had been tenderized. These results concerning 
juiciness are in agreement with those o: Hinnergardt et al.
(1975). The failure of mechanical tenderization to produce an 
increase in tenderness may be due to  the muscle which was 
utilized in this study. This theory is in agreement with Huff
man (1975).

Tenderization also resulted in increased general accepta
bility and improved flavor (P <  0.01). Cooking loss was the 
only other trait of those measured which was affected by 
tenderization. Cooking loss values were significantly higher (P 
<  0.01) for the tenderized steaks which is believed to be 
related to  the general cell disruption caused by mechanical 
tenderization (Miller, 1975).

Table 5 shows the least squares means for chemical com po
sition as affected by mechanical tenderization. None of the 
chemical com ponents, either raw or cooked, were changed by 
mechanical tenderization.
Effects of press/cleave portioning

Table 6 contains the least squares means for taste panel 
evaluations and physical properties as affected by press/cleave 
portioning. None c f  the param eters evaluated by the taste 
panel was affected by press/cleave portioning. The only physi
cal properties which were affected by press/cleave portioning 
were thawing loss and cooking loss. However, when thawing 
loss and cooking loss are com bined, as has been done in Table 
6, little difference between the treated and control products 
exists. This leads one to  conclude that there are very little if 
any, practical differences in the data.

The least squares means for chemical com position as 
affected by press/cleave portioning are presented in Table 7. 
Of the four chemical com ponents measured, only cooked pro
tein and cooked m oisture were affected by the portioning 
system. These differences do exist but are probably of little or 
no economic im portance. The feeding regime and biological 
type X  portioning m ethod and mechanical tenderization inter
actions were not significant.

C O N C L U S IO N S

THESE RESULTS showed beef top loin steaks from nutri
tional regimes B, C and D to  have higher quality grades and to 
be more tender than steaks from cattle fed regime A, low 
quality forage followed by grazing. The data also showed that 
small, early maturing cattle produced higher quality but lower 
cutability carcasses than did large, late maturing cattle.

Mechanical tenderization significantly improved product 
tenderness, juiciness and general acceptability. In addition, 
mechanical tenderization did not affect the chemical com po
sition of beef top  loin steaks.

Press/cleave portioning, a procedure by which uniform logs 
of meat are formed and mechanically sliced, did not affect 
product tenderness, flavor, juiciness, general acceptability or 
chemical com position.

Through the com bination of mechanical tenderization and 
press/cleave portioning, uniform  meat products, w ith en
hanced palatability traits can be achieved with only minor 
changes in chemical com position.

R E F E R E N C E S

AOAC. 1970. “Official Methods of Analysis,” 11th ed. Association of
Official Agricultural Chemists, Washington, DC.

— Continued on page 185

Table 4 — Least squares means for taste panel evaluation and physical 
properties by mechanical tenderization

Tenderization

Trait Tenderized Control S.E.

Tenderness 4.91 4.81 0.087
Ju ic iness** 5.09 4.66 0.082
F la vo r** 4.92 4.72 0.048

General acceptab ility** 4.74 4.44 0.054
Cook ing  lo s s * *  (%) 17.86 15.66 0.409

•• Means significantly different (P <  0.01)

Table 5 — Least squares means for chemical composition by mechan
ical tenderization

Tenderization

Trait Tenderized Control S.E.

Raw  ash (%) 0.97 0.95 0.016

Raw  fat (%) 4.52 4.62 0.083
Raw  protein (%) 22.03 22.15 0.062
Raw  m oisture* (%) 71.81 71.53 0.082
Cooked ash (%) 1.03 1.00 0.010

Cooked fa t* (%) 5.80 6.30 0.135
Cooked protein (%) 28.49 28.30 0.141
Cooked moisture (%) 64.15 63.95 0.160

* Means significantly different (P <  0.05).

Table 6— Least squares means for taste panel evaluations and phys
ical properties by portioning method

Portioning method

Traits Press/Cleave Control S.E.

Tenderness 4.89 4.82 0.061
Juiciness 4.93 4.82 0.082
Flavor 4.81 4.83 0.048
General acceptability 4.63 4.56 0.055
Thaw ing lo s s * * 3.60 2.85 0.138
Cooking loss 16.25 17.26 0.409
Total loss 19.75 20.11 N/A

* *  Means significantly different (P <  0.01).

Table 7— Least squares means for chemical composition by por-
tioning method

Portion ing method

Trait Press/Cleave Control S.E.

Raw  ash (%) 0.98 0.94 0.016
Raw  fat (%) 4.53 4.62 0.083
Raw  protein (%) 22.03 22.15 0.063
Raw  moisture (%) 71.56 71.78 0.061
Cooked ash (%) 1.01 1.02 0.011
Cooked fat (%) 6.06 6.06 0.135
Cooked p rote in * (%) 28.60 28.19 0.141

Cooked m oisture* (%) 63.78 64.31 0.160

* Means significantly different (P <  0.05).
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TRANSPORTATION AND COLOR M AINTENANCE OF HANGING BEEF

------------------------------------------ A B S T R A C T  ------------------------------------------

Environmental conditions (temperature, humidity and air velocity) 
were monitored inside refrigerated trailers loaded with beef carcasses 
during stationary and in-transit trials. The effects on meat color mainte
nance were followed on meat samples located throughout the trucks. 
The effect of initial carcass heat load on color maintenance during 
transport was studied utilizing a simulated trailer environment. Results 
show that an excellent environment is maintained in refrigerated trailers 
for beef color maintenance in-transit despite fluctuations in outside 
temperature and over-the-road conditions. Results from tests in which 
carcasses with elevated internal round temperature (15°C) were held in 
a simulated trailer environment suggests that shipping of such carcasses 
in refrigerated trailers could lead to bacterial growth and discoloration 
in-transit.

IN T R O D U C T IO N

DARKENING OR DISCOLORATION of beef quarters is 
sometimes encountered during transportation in refrigerated 
trailers. To accurately assess the cause of such discoloration, it 
is necessary to  investigate the carcass handling procedures and 
their effect on environm ental conditions during cooling and 
shipping.

In a previous study (Lanier et al., 1977), the effects of 
tem perature, air velocity and relative hum idity on color main
tenance of beef slices were examined. Results indicated that 
moisture as well as tem perature in the imm ediate environment 
of the beef surface were im portant in color m aintenance and 
that bacterial growth was the probable causative agent of 
accelerated discoloration at low tem perature. It should be 
noted that bacterial growth sufficient to cause discoloration 
need not result in concurrent production of slime or off-odors 
(Butler et al., 1953). Bacteria as the cause of discoloration 
during transport of hanging beef may thus be overlooked in 
the absence of such signs of microbial growth.

Usually, beef holding coolers in packing plants are designed 
such tha t carcass spacing, air movement, and tem perature are 
optim al for heat removal. Relative hum idity is also regulated 
at a level tha t minimizes shrink yet is low enough to  minimize 
bacterial growth also. However, when carcasses are transferred 
to  tractor trailers for transport, radical changes in the storage 
environm ent may occur. Data on environm ental conditions in 
refrigerated trailers during shipm ent of hanging beef other 
than some tem perature monitoring are no t available in the 
literature. Assuming tha t the design of most conventional re
frigerated trailers and their cooling systems are similar, it 
might be expected that the conditions inside a trailer would be 
affected only by outside am bient conditions and the initial 
heat (and m oisture) load of carcasses at the tim e of loading.

E X P E R IM E N T A L

Stationary trailer studies
Three separate part-loads of beef carcasses were monitored over

4-day periods in a refrigerated trailer at Greenwood Packing Co., Green
wood, SC. The trailer, a TrailmobUe trailer designed for the shipping of 
hanging beef, was loaded with 60 quarters of beef packed tightly into 
three sections of the trailer; front, middle and rear, to simulate actual 
packing conditions as closely as possible within these three sections.

1 Present address: Dept, of Food Science, North Carolina State 
Univ., Raleigh, NC 27607

The trailer was cooled by a Carrier Transicold refrigeration unit 
mounted on the front. Cool air was directed from the unit directly 
toward the top of the truck from the front with no ductwork to con
duct air to the back. After loading, air velocity was measured at various 
points within the truck, including the three positions in which test meat 
samples were located. Temperature and humidity were continuously 
monitored throughout each trial. A Honeywell multipoint potenti
ometer and thermocouples were used for temperature measurements 
while relative humidity was monitored with a Hygrodynamics hygrom
eter with recorder. Measurements of weight loss and pigment oxidation 
were made on meat samples placed in the trailer and held 1 -4  days. 
These samples, 1.3 cm thick and 5 cm in diameter, were obtained with 
a sterile knife from beef M. semkendinosus previously rinsed in 70% 
ethanol. The samples were then placed in aluminum dishes and sus
pended in a wire basket in the center of each group of carcasses. Pig
ment oxidation on the surface of meat samples was estimated by 
reflectance spectrophotometry using a modification (Lanier et al.,
1977) of the method of Franke and Solberg (1971).
In-transit trailer studies

In-transit environmental studies were made on trailers carrying full 
loads (ca 60 head of cattle) of quartered hanging beef. Two loads were 
monitored during the entire trips from the Iowa Beef Processor’s Plant 
in Amarillo, TX, to either Raleigh, NC, or Atlanta, GA. Monitoring 
equipment included temperature and humidity recorders, as previously 
described, powered by a DC-AC inverter. Temperature was measured 
inside and outside the trailer, on the walls, floor, and at different points 
within the interior space of the trailer. The humidity sensor was located 
near the ceiling directly in front of the air entrance duct. Air velocity 
measurements were made prior to loading at different points within the 
trailer. Cooling was provided by a standard ThermoKing unit. Air move
ment differed in these trailers from that in the stationary trailer in that 
canvas ductwork conducted air to the back of the trailer, causing the air 
velocity downward through the carcasses to be less.
Simulated loading of carcasses with elevated internal temperature

As industrial practices did not permit loading “hot” beef onto 
trailers for study, an experiment was devised to study the effects of 
such a loading practice on carcass cooling rates and bacterial growth. A 
small number of carcasses were cooled in a chill cooler maintained at
4 -5 °C, with high air velocity, overnight to an internal round tempera
ture of 15°C, then transferred to a holding cooler maintained at the 
same temperature with low air velocity. The carcasses were packed 
together tightly with both meat surfaces of adjacent pairs in contact to 
simulate actual loading patterns in trailers. Temperature at the exposed 
surface, deep center, and at the interface of contacting carcasses in the 
round area were monitored using thermocouples and a recorder. Swabs 
of each interface area, where the rounds had been in contact with one 
another, were taken each day until the carcasses were completely 
chilled and total aerobic plate counts were determined in plate count 
agar (Difco) using an incubation temperature of 37°C for 48 hr.

R E S U L T S  & D IS C U S S IO N

Environmental conditions and beef quality maintenance 
in a stationary trailer

Figure 1 shows the relationship between outside am bient 
tem perature and the tem perature, average relative hum idity , 
and low heat/cool cycling time inside a partially loaded sta
tionary truck for a typical 24-hr period. Cycling tim e is the 
time period between successive tem perature maxima as the 
tem perature fluctuated due to  alternating heat and cool cycles. 
Thus, cycle time is the inverse of the frequency with which the 
cooling unit switched to  low heat operation. The greatest in
fluence of outside tem perature was on the cycling tim e and 
thus on the average relative hum idity. Average relative h u 
m idity decreased slightly as the outside tem perature rose and 
cycling time increased. Inside tem perature remained fairly
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constant with a slight increase accom panying a large increase 
in the outside tem perature.

Tem perature remained fairly uniform  throughout the 
length of the trailer, cycling continuously (±2°C) at any point, 
due to alternating heat and cool cycles. Increased operation on 
the high speed cool cycle was noted during the first 2 days of 
the initial run. Outside tem perature was higher during this 
time period than at any other tim e during the experim ent and 
may have been the cause for the increased cooling.

Inside the trailer tested, the relative hum idity of the air 
cycled between 88 to  94 and 100% (±3%), probably resulting 
in an in term itten t drying and wetting of the meat surface. 
During the cooling cycle, air was partially dried as it passed 
through the cooling coils. This drier air would evaporate mois
ture from the surface of the m eat. A t each heating and de
frosting cycle of the refrigeration unit, w ater and ice on the 
coils were vaporized and humidified the warm air stream, 
which then allowed condensation of w ater on the relatively 
cooler m eat surface. The overall cycle, however, resulted in a 
net loss of water from the meat.

Air velocity vertically downward through each group of 
carcasses was 0 .1—0.2 meters per second (mps) at the low fan 
cycle and 0.2—0.3 mps at the high fan (high cool) cycle, w ith 
the exception of the m idpoint o f the trailer, where air flow 
was approxim ately twice that of the other two sections. The 
cooling unit o f the trailer in which these studies were con
ducted forced air from  the front blower horizontally along the 
ceiling at a velocity of 1 5—25 mps. A downward flow occurred 
through the hanging carcasses as the air stream progressed the 
length of the trailer, the greatest downward air velocity occur
ring at the m idpoint of the trailer. Air was eventually recycled 
through an intake port located at the front and near the floor 
o f the trailer.

Weight loss and extent of pigment oxidation in m eat sam
ples placed in each of three locations w ithin the three sta
tionary truck trials are given in Tables 1 and 2. Except for run 
1, weight loss was significantly greater (p <  0.05) for samples 
placed within the group of carcasses at the middle of the 
trailer due to  higher air flow in this region. However, contrary 
to the findings of our previous study of a model system 
(Lanier et al., 1977), these samples exposed to  the higher air 
flow did not have significantly higher (p <  0.05) pigment oxida
tion compared to  samples in the fron t and rear of the trailer 
where air velocity was lower.

Inside Air

Time

Fig. 1— Relationship between outside temperature and inside trailer 
environment for typical 24-hr time period in a stationary trailer.

The degree of shrinkage occurring in samples from runs 1 
and 3 was greater than that which occurred in samples from 
run 2. Trailer inside tem perature was 1°C in run 3 and 3°C in 
runs 1 and 2. The colder tem perature of run 3 lowered the 
average relative hum idity during the trial because of increased 
operation in the low speed cool mode. Increased operation of 
the cooling unit in the high speed cool m ode which occurred 
during run 1 undoubtably contributed  to  increased desiccation 
in these samples.

Table 1— Percent water loss o f samples from stationary truck trials

Day R u n

Sam ple  location®

Front M idd le Rear

1 1
*

1.82a 1.67a

2 0.83a 1.25b 1.61a

3 0.95a 1.99c 1.71a

2 1
* 2.62a 2.66a

2 1.40a 2.41a 1.85b

3 1.45a 3.30b 2.90a

3 1
* 3.65a 4.09a

2 1.79a 3.10a 2.42b

3 1.94a 4.67b 3.60c

4 1
* 2.86a 5.38a

2 2.45a 4.26a 3.40b

3 2.43a 6.20b 4.15c

a A ll m eans w ith in  a d ay  and  lo ca t ion  h av in g  d iffe ren t letters are 
s ign ifican tly  d iffe re n t  (P <  0 .0 5 ) fro m  each other, n =  3  fo r  each 
mean.

* D ata  n o t available fo r  f r o n t  lo ca t ion , R u n  1.

Table 2 — Pigment oxidation (percent metmyog/obin) o f  samples 
from stationary truck trials

Day R un

Sam ple location®

Fron t M iddle Rear

1 1 *
19a 23a

2 9a 4b 9b
3 2a 0b 5b

2 1 ■ i 18a 23a
2 16a 11a 15b
3 4a 5a 5c

3 1 30a 39a
2 32a 25a 17b
3 7a 3b 5c

4 1 *
39a 46a

2 21a 23b 27b
3 14a 18c 11c

a A l l  m ean s w ith in  a d ay  and  location  hav ing  d iffe ren t letters are 
s ig n if ic a n t ly  d iffe ren t (p  <  0 .05) fro m  each other, n =  3  fo r  each 
m ean.

* D a ta  n o t available fo r  f ro n t  lo cation . R u n  1.
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Fig. 2 —R e la tio n sh ip  b e tw e e n  o u ts id e  tem p era 
tu re  a n d  in sid e  tra ile r  e n v ir o n m e n t d u rin g  a 
ty p ic a l in -tra n sit run. D o t te d  lin es in d ic a te  
irregu lar c y c lin g  du rin g  th a t  p e r io d , th e  c y c le  
tim es in d ic a te d  fo r  th a t  p e r io d  b e in g  m o d e  
values.

The cool, dry conditions to  which the meat was exposed in 
run 3 resulted in the lowest am ount o f pigment oxidation, 
although the color was a deeper red due to  desiccation. The 
conditions of run 2 resulted in the most desirable m eat color 
after 4 days storage; however, it was subjectively noted  that 
carcasses from  this run  deteriorated more rapidly in color than 
carcasses from  the o ther tw o runs upon further holding in a 
storage cooler for 3 days at 1°C. This was assumed to  be due 
to  bacterial growth stim ulated by the warmer, more moist 
environm ent as suggested by results o f a previous study 
(Lanier et al., 1977). Samples from  run 1 sustained the 
greatest color deterioration although the color still appeared 
quite acceptable after 4 days. Subjective observations revealed 
tha t the desiccation which occurred in samples from runs 1 
and 3 appeared to  increase the stability of the carcass m eat 
color upon further holding at 1°C, probably by reducing 
bacterial growth. There appears to  be no evidence of a correla
tion between drying of the m eat surface and increased pigment 
oxidation, as reported by Ledward (1971).

Environmental conditions inside 
refrigerated trailers in-transit

Conditions m onitored in the m eat trailers for a period of 
2 —3 days in-transit were very similar to  conditions m onitored 
inside stationary trailers over the same tim e period (Fig. 2). 
This similarity indicates th a t the differences in design of the 
refrigeration units on these trailers did no t have a significant 
effect on the actual conditions m aintained w ithin the trailers. 
Increasing outside tem perature resulted in little or no increase 
in  the inside air tem perature in-transit. Tem perature probes 
placed deep inside the round revealed continued cooling for 
the first 8 h r followed by a steady tem perature throughout the 
rem ainder o f the trip. The floor tem perature increased more 
than 5°C during the day, a factor which should be considered 
if products were packed tightly against the floor w ithout 
adequate air circulation. The relative hum idity again showed a 
cycling between approxim ately 90 and 100% ± 3% relative 
hum idity, the higher hum idity  resulting from  the heating and 
defrosting cycles. Therefore, an average relative hum idity of
94—98% was maintained. As in the stationary trailer, cycle 
time in a moving trailer also had an inverse effect on average

relative hum idity. The low heat cycle occurred less often  
during the day, due to  the need for more cool air to  m aintain 
the tem perature. Therefore, due to  the dryness of the cool air, 
the average relative hum idity during a ho t day was lower than 
during a cool day or night. A colder air tem perature was 
m aintained near the floor, as expected; however, this differ
ence was never more than 1—2°C. Air velocity through the 
meat was reduced due to  ductwork which conducted air fur
ther to  the rear of the trailer. Average air velocity down 
through the carcasses in the center region of the truck was 
0 .1—0.2 mps, measured in a loaded trailer.
Cooling of beef in a sim ulated trailer environm ent

It has been reported that an internal round tem perature of 
15°C might be desirable at time of loading to  support evapora
tive cooling, resulting in a dryer m eat surface during shipm ent 
(R obertson, 1975). Robertson (1975) stated tha t the overall 
heat transfer coefficient is a constant for the cooling of beef. 
Actually, the overall heat transfer coefficient is a function of 
the surface film heat transfer coefficient which depends 
greatly on air m ovement at the surface of the carcass.

Air movement through tightly packed carcasses in a trailer 
is much less than tha t in a well-designed chilling room . F ur
therm ore, tight packing of carcasses in a trailer reduces surface 
area available for transferring heat to  air because of tight 
contact between m eat interfaces. Figure 3 shows a 
representative cooling curve from an average size carcass (ca 
270 kg) in one of four separate storage trials in a sim ulated 
trailer environm ent, involving 3—4 carcasses in each trail. 
When transferred to  the simulated trailer conditions, the 
exposed surface of carcasses at the round increased several 
degrees in tem perature. The interface tem perature rose 
sharply, eventually equalling the internal round tem perature. 
At this point, cooling in the interface region evidently pro
ceeded more slowly than for either adjacent internal round 
region. This pattern  of cooling w'as observed for all carcasses in 
the experim ent with weights exceeding about 250 kg. Total 
aerobic plate counts increased up to  four or more log phases in 
the interface region (Table 3). the larger carcasses (carcasses b 
and c of each run in Table 3, 250—350 kg) showing greater 
bacterial growth due to  slower cooling. The interface of these 
carcasses became m oist and tacky and sometimes developed an

1
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Fig. 3 —T yp ica l c o o lin g  cu rve  fo r  large carcass 
( > 2 5 0  kg ) tra n sfe rre d  fro m  high  a ir v e lo c ity  
area (ch ill c o o le r )  to  lo w  a ir  v e lo c i ty  area  
(h o ld in g  c o o le r )  a n d  p a c k e d  t ig h t ly  in  a m ea t-  
to -m e a t fashion .

T able 3 —L o g  to ta l  a e ro b ic  b a c te r ia  (p er  c m 2 ) fro m  th e in te rfa ce  
area b e tw e e n  a d ja c e n t carcass s id e s  w h ich  w ere  in su ff ic ie n tly  
ch illed  a n d  tra n sferred  to  a s im u la te d  tra ile r  e n v ir o n m e n t3

Storage

time
(days)b

R u n  1 carcasses R u n  2 carcasses

a b c a b c

3 < 2 .0 < 2 .0 < 2 .0 < 2 .0 2.26 < 2 .0
1 <2 .0 5.11 4.48 < 2 .0 6.22 5.99
2 2.98 5.87 2.21 < 2 .0 6.33 5.23

a R e liab le  bacterio log ica l data fro m  R u n s  3  and  4  were no t 
available.

b B eg inn in g  at the t im e  o f transfer o f carcasses to  s im u la ted  trailer 
env ironm ent.

off-odor. Actual trailer conditions are more severe than those 
employed in the above experim ent since air m ovement is more 
restricted and more carcass surfaces are in contact. Heat trans
fer from hanging beef inside trailers would be substantially 
slower, surface tem peratures higher, and the air, as well as the 
carcass surface, would carry a higher m oisture load. All these 
conditions would prom ote deterioration of the beef color and 
quality, primarily due to  increased bacterial growth.

CONCLUSION

THE RESULTS of this study indicate that the environm ent 
inside conventional refrigerated trailers is excellent for m ainte
nance of beef color in high-quality carcasses when the initial

carcass tem perature is low and the refrigeration unit is oper
ating properly and m aintaining a tem perature near 0°C. When 
loaded with thoroughly chilled carcasses, conditions within a 
properly operating refrigerated trailer are m aintained at opti
mum conditions for beef color maintenance (Lanier et al.,
1977) despite fluctuations in outside tem perature and over- 
the-road conditions. This study suggests, however, that the 
norm al tight packing of carcasses in these trailers does not 
allow adequate air circulation to  all m eat surfaces to  permit 
extensive cooling of m eat having higher internal tem peratures 
G>15°C) when loaded. Loading o f carcasses w ith elevated 
internal tem perature risks the prom otion of a warm, high 
m oisture environm ent in the im m ediate vicinity of the meat 
surface which is conducive to  bacterial growth and surface 
discoloration.
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INFLUENCE OF THERM AL PROCESSING AND COOKING METHODS ON 
NATURALLY OCCURRING RESIDUES OF DDT AND ITS METABOLITES IN BEEF

---------------------- -------------  ABSTRACT ------------------------------------
The effects of two thermal processes and two cooking methods (broil
ing and microwave) on natural residues of DDT and its metabolites in 
beef were studied. Residue analysis was performed by aluminum oxide 
cleanup of fat and electron capture gas chromatography. Similar residue 
losses resulted from broiling, microwave preparation, and processing 
beef at 104°C for 342 min. Less residue loss occurred when beef was 
processed at 127°C for 66 min.

INTRODUCTION

THERMAL DEGRADATION of DDT during food processing 
is well known. Tressler (1947) m onitored the partial destruc
tion  of DDT during canning of various foods using the colori
metric m ethod of Schechter and Haller (1944). Farrow et al.
(1966), employing electron capture gas chrom atography, 
dem onstrated the dehalogenation of DDT to DDD during ther
mal processing of spinach. At 121°C, results showed a linear 
decline in p ,p '-D D T  concentration with time and a concom i
tant increase in am ount of p ,p '-D D D . As processing contin
ued, levels of p ,p '-D D T  and p,p*-DDD decreased. These data 
indicated that p ,p '-D D T  was converted to  p ,p '-D D D  and the 
latter underw ent further degradation to  com pounds that were 
not detected by electron capture gas chrom atography. Carter 
et al. (1948) studied the effects of five cooking m ethods on 
the DDT content of beef. Frying and pressure cooking re
moved 35 and 50%, respectively, of the residues present; but 
roasting, broiling and braising caused insignificant losses. It 
was speculated tha t higher tem peratures associated with frying 
and pressure cooking caused greater losses by rendering larger 
am ounts of fat. Liska et al. (1967) found that simmering hens 
in w ater for 3 hr removed up to  90% of the chlorinated hydro
carbons initially present, while autoclaving removed essentially 
all residues except heptachlor.

Ritchey et al. (1969) investigated the therm al stability of 
DDT during baking, frying and pressure cooking of chicken as 
well as heating in closed containers. All m ethods caused a 
decrease in DDT levels w ith a concom itant increase in DDD. 
DDE levels rem ained unchanged, indicating no therm al conver
sion of DDT to DDE. Ritchey et al. (1967) found tha t baking 
and frying resulted in decreases in bo th  DDT and DDE resi
dues. Hemphill et al. (1967) evaluated the effects of home 
preparation on residues of DDT and its m etabolites in green 
beans. Methods em ployed were pressure cooking, microwave 
cooking and boiling which resulted in reduction in DDT resi
due levels o f 62.9, 48.6 and 47.1%, respectively. Boiling and 
pressure-cooking partially degraded DDT to DDD. For the 
pressure cooking m ethods there was a mean increase in DDD 
of 11.8% over the level in the raw control with a correspond
ing decrease of 54.7% in DDT. Similar results were reported by 
Elkins et al. (1972) concerning therm al processing and storage 
of apricots and spinach containing DDT among other pesti
cides.

1 Present address: Mississippi State Chemical Laboratory, Mississippi 
State, MS 39762

2 Present address: Dept, of Nutrition & Food Science, University of 
Kentucky, Lexington, KY 40502

Raw agricultural commodities containing pesticide residues 
above the FDA tolerances have been seized and destroyed. If 
processing and preparation of foods could be relied upon to 
reduce am ounts of residues to  levels below the FDA tolerance, 
significant quantities of these contam inated foods could be 
salvaged. This study was undertaken to  investigate the effect 
of therm al processing, cooking by microwave, and cooking by 
broiling on residues of DDT and its m etabolites in beef when 
present at levels above the FDA tolerance.

EXPERIMENTAL

Materials
Experimental material for this study was obtained from beef cattle 

fed a daily ration for 216 days consisting of gin trash containing high 
levels of p ,p ,1 -DDE, p,p‘ -DDD and p,p' -DDT residues (Martin, 1974). 
After a 56-day waiting period, during which the depletion rates of the 
pesticides were monitored, two animals were slaughtered, deboned, and 
the total edible portion from each, consisting of fat and lean tissue, was 
composited and ground. The beef was frozen and held in storage at 
-23°C. The two lots of ground beef were chosen for this study on the 
basis of pesticide residue analyses of fat from each composite. Samples 
from these two lots were designated Low (5.02 ppm) and High (8.11 
ppm), representing total residue levels (DDE + DDD + DDT) in the fat.
Analytical method

Raw beef samples and cooked samples were lyophilized for 72 hr to 
remove moisture and were then ground with granular anhydrous sodi
um sulfate using a mortar and pestle. The mixture was packed lightly in 
25 X 100 mm Whatman cellulose extraction thimbles, covered with a 
plug of glass wool and extracted with petroleum ether (distilled in glass) 
by Soxhlet reflux for 24 hr. The petroleum ether was allowed to evapo
rate at ambient temperature and the extraction flasks were weighed 
until a constant weight was reached. Three grams of extracted fat were 
weighed into a 10 ml graduated cylinder fitted with a ground glass 
stopper. The cylinder was made to volume with petroleum ether and a
1-ml aliquot was pipetted directly onto a chromatographic column 
(Kontes, 37.1 X 1.3 cm) containing 5g aluminum oxide (woelm neutral 
grade for column chromatography, activity grade IV) deactivated by 
the addition of 10% water by weight and shaken until free flowing. The 
column was eluted with 50 ml petroleum ether into a 100 ml beaker 
and the eluate was concentrated with a Kudema-Danish concentration 
(Kontes) to the appropriate volume for gas chromatographic analysis.

All gas chromatographic data were obtained from a Barber Coleman 
Model 5360 Pesticide Analyzer equipped with an electron capture, 
Ni63 concentric-type detector. A column, 6 ft x 1/4 in., containing a 
1:1 mixture of 10% DC-200 anc 15% OF-1 on Gas Chrom Q was 
maintained at an operating temperature of 200°C for separation of 
residues. Levels of residues were oased on peak height. Results were 
expressed in parts per million (ppm) on a fat basis. The identity of the 
residues in the raw beef were confirmed on a second gas chromato
graphic column (10% DC-200).

Heat penetration studies were conducted on six samples of raw- 
ground beef to determine process times for equivalent lethal cooks at 
104°C and 127°C (Fc = 6; Z = 18). For each temperature studied, six 
303 X 406 cans were fitted with thermocouples at the coldspot in the 
cans and filled at room temperature to 95% capacity with 400g ground 
beef. The cans were closed with an American Can Company Steam-Flo 
closing machine and placed in an FMC Steritort. Heat penetration 
curves were plotted based on data obtained by measurement of temper
atures which were recorded at one minute intervals with a strip chart 
recorder. The slowest heating and fastest cooling curves were selected 
for calculation of process times at the two temperatures.
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Analyses of raw samples
Each of the two lots of beef was mixed thoroughly to obtain homo

geneity. Each lot was quartered and three portions discarded until a 
quantity of beef was obtained which could be handled easily. From 
these portions, four samples were chosen at random for residue analysis 
of raw beef; and subsequent samples were chosen at random for the 
replications of each treatment.
Steritort processing study

For each of the two levels of pesticide (Low and High), four 303 x 
406 tin cans were filled at room temperature with 400g of ground beef 
and closed with a Steam-Flo closing machine. The cans were processed 
in the Steritort at 4 rpm for the calculated time at each temperature 
(342 min at 104°C and 66 min at 127°C. Each can was opened and the 
contents transferred quantitatively to 800 ml beakers. The beakers were 
placed on a steam bath and stirred until a homogeneous mixture was 
obtained. Aliquots were taken from each beaker and analyzed by the 
previously described method.
Microwave cooking study

Four 25-g patties for each of the two levels of pesticide were cooked 
by microwave energy (1560 watts, 14.5 amps). Grills consisting of four 
15 mm glass rods were placed over tared 94 mm glass petri dishes and 
the four patties were cooked simultaneously for 2 min. The drip from 
each patty was collected in a separate petri dish. After microwave cook
ing, the glass rods were rinsed with petroleum ether into the dishes 
which were covered with aluminum foil and stored at -18°C until 
analyzed. Cooked patties were weighed to obtain cooking losses (vola
tile, drip and total) and analyzed as described above.

The petri dishes containing the drip were alternately warmed to 
65°C in an oven and cooled until they reached constant weight. 
Samples of rendered fat were weighed into 10 ml graduated cylinders, 
made to volume with pet ether, and stoppered. Aliquots were pipetted 
onto an aluminum oxide column, eluted with pet ether, and residues 
were determined by electron capture gas chromatography.
Broiling study

Four 25-g beef patties from both levels of pesticide were cooked by 
broiling. The electric oven was preheated for 30 min at the “Broil” 
setting. Each patty was placed on a metal grill (4 in. from coil) over a 
tared aluminum pan to collect the drip and cooked 4 min per side. The 
patties and drippings were weighed and analyzed for residues by the 
aluminum oxide method described earlier.

RESULTS & DISCUSSION

THERMAL PROCESSES for ground beef at two tem peratures 
were calculated from  heat penetration data. Calculated process 
times of 342 min at 104°C and 66 min at 127°C represented 
equivalent lethal cooks with each process the equal o f F0 
= 6.0.

Recoveries greater than 90% were obtained by the alumi
num oxide m ethod for fats spiked at 0.5 ppm. A standard 
deviation of 0.07 ppm and a coefficient of variation of 13% 
were calculated from a set of 14 results.

Results from the residue analyses, in term s of ppm , fat 
basis, of raw and cooked samples for Low and High levels of 
the p ,p ‘ isomers of DDE, DDD, DDT and Total Residues 
(DDE + DDD + DDT) are presented in Table 1. Total levels for 
DDT plus its metabolites for Low and High samples of the raw 
product were 5.02 and 8.11 ppm , respectively (means of four 
replicates for each of the two levels). The mean fat percent 
levels for Low and High samples were 28.4% and 29.92%, 
respectively.

Analysis of variance of the DDE means for bo th  pesticide 
levels and the four m ethods of preparation indicated there was 
an interaction between pesticide levels and cooking methods. 
Separation of DDE means by D uncan’s New Multiple Range 
Test (DNMRT) indicated for bo th  Low and High levels of 
pesticide there was no difference (P <  0.01) between micro- 
wave cooking and broiling (Table 2). For each level o f pesti
cide the mean was significantly greater (P <  0.01) when 
thermally processed at 127°C than when processed at 104°C. 
DDE means for each Steritort process were greater (P <  0.01) 
than means for microwave cooking and broiling.

T able 1—P estic id e  leve ls  o f  b e e f  b e fo r e  a n d  a f te r  p ro c e ss in g  a n d  
c o o k in g

Pesticides found, ppm , fat basis 
M ethod  o f Pesticide ----------------------------------------------------
preparation level D D E D D D D D T Total

Raw  product Low 3.21 0.27 1.54 5.02
104° C  Steritort Low 2.63 0.94 0.09 3.66
127° C  Steritort Low 3.09 0.60 0.47 4.15
M icrowave Low 2.23 0.31 1.22 3.76
Broil Low 2.13 0.43 1.03 3.58

R aw  product High 5.56 0.74 1.81 8.11
104° C  Steritort High 4.52 1.36 0.10 5.97
127° C  Steritort High 4.92 1.27 0.91 7.10
Microwave High 3.85 0.76 1.35 5.96
Broil High 3.74 0.90 1.22 5.86

T able 2 —M eans o f  D D E  as in flu e n c e d  b y  p e s t ic id e  le ve l a n d  m e th o d  
o f  p ro c e ss in g  a n d  c o o k in g a

Pesticide level (ppm)
M ethod  of ------------------------------------------------------------------------
preparation Low %  Reduction H igh %  Reduction

104°C  Steritort 2.63 b A 18 4.52 b B 19
127°C  Steritort 3.09 a A 4 4.92 a B 12
M icrowave 2.23 c A 30 3.85  c B 31
Broil 2.13 c A 34 3.74 c B 33
Raw  product 3.21 5.56

a M e an s  fo llow e d by the sam e low er case letters in a c o lu m n  and
capital letters in a row  are n o t  d iffe ren t (P <  0 .01 ) b y  D N M R T .

T able 3 —D D D  m ean s as in flu e n c e d  b y  p e s t ic id e  le v e l a n d  m e th o d  o f  
p ro c ess in g  a n d  c o o k in g a

Pesticide level (ppm) 
M ethod  o f -------------------------------------------- _ —

preparation Lo w %  Gain H igh %  Gain

104°C  Steritort 0.94 d A 248 1.36 d B 84
127° C  Steritort 0 .60  c A 122 1.27 c B 72
Microwave 0.31 a A 15 0.76 a B 3
Broil 0.43 b A 59 0.90 b B 22
R aw  product 0.27 0.74

a M e an s  fo llo w e d  b y  the  sam e low er case letter in a c o lu m n  and  
cap ita l letter in a ro w  are no t d iffe ren t (P <  0 .01 ) b y  D N M R T .

Both S teritort processes and cooking m ethods produced 
some loss o f DDE in contrast to  reports by Ritchey et al.
(1969) and Farrow et al. (1966). Broiling and cooking by 
microwave produced the greatest loss of DDE, while the 
127°C S teritort process had the least effect o f DDE loss, as 
shown in Table 2.

A significant interaction between pesticide levels and m eth
ods of preparation was indicated for DDD means for bo th  
levels of pesticide. Separation of DDD means by DNMRT 
showed all means were different (P <  0.01) for the four 
processes and for each pesticide level (Table 3).
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T able 4 —M eans o f  D D T  as in flu e n c e d  b y  le ve l o f  p e s t ic id e  a n d  
m e th o d  o f  p ro c ess in g  a n d  c o o k in g 3

M ethod  of 
preparation

Pesticide level (ppm)

Low %  Reduction H igh %  Reduction

104°C  Steritort 0 .09  a A 94 0 .1 0 a  A 95
127° C  Steritort 0.46 b A 70 0.91 b B 50
M icrowave 1.22 d A 21 1.35 d B 25
Broil 1.03 c A 33 1.22 c B 33
Raw  product 1.54 1.81

3 M e an s  fo llow e d  by  the  sam e low e r case letters in a c o lu m n  or 
cap ita l letters in a ro w  are n o t  d iffe ren t (P  <  0 .0 1 ) b y  D N M  R T .

T able 5 —T o ta l re sid u e  m ean s as in flu e n c e d  b y  le ve l o f  p e s t ic id e  a n d  
m e th o d  o f  p ro c ess in g  a n d  c o o k in g 3

Pesticide level (ppm) 
M ethod  o f ____________________________________
preparation Lo w  %  Reduction H igh  %  Reduction

104°C  Steritort 3.66 a A 27 5.97 a B 26
127° C  Steritort 4 .15  b A 17 7.10 b B 12
M icrowave 3.76 a A 25 5.97 a B 27
Broil 3.58 a A 29 5.86 a B 28
R aw  product 5.02 8.11

a M e an s  fo llow e d by the sam e low e r case letters in a c o lu m n  and
cap ita l letters in a ro w  are n o t  d iffe ren t ( P <  0 .01 ) b y  D N M R T .

T able 6 —T o ta l p e s t ic id e  c o n c e n tr a tio n  o f  ra w  a n d  c o o k e d  b e e f

C ook ing

method
Pesticide

level

Wt o f beef 

patty

(g)

W to f

fat

(g)

Total
pesticide

cone

(pg)

R aw  product Low 25.00 7.10 35.64
M icrowave Low 13.79 3.34 12.56
Broil Low 11.51 2.80 10.02
R aw  product High 25.00 7.48 60.66
M icrowave High 13.57 3.19 19.01
Broil High 11.75 2.54 14.88

T able 7 —M ean re s id u e  le ve ls  a n d  to ta l  p e s t ic id e  c o n c e n tra tio n  
in  c o o k in g  d rip

Pesticides in fat drip  (pm)

C ook ing
method

Pesti
cide
level D D E D D D D D T

Total
resi
dues

W to f
drip

(g)

pesticide
cone

(pg)

Microwave Low 2.15 0.28 1.10 2.52 3.64 12.81
Broil Low 0.71 0.16 0.38 1.23 1.29 1.59
Microwave High 3.86 0.89 1.39 6.14 4.33 26.59
Broil High 0.76 0.24 0.25 1.25 0.90 1.13

DDD levels increased during each S teritort process and 
cook for bo th  levels of pesticide indicating dechlorination of 
DDT to  DDD. A similar transform ation has been reported by 
Hemphill et al. (1967), O tt and G unther (1964), Thornberg
(1963), Elkins et al. (1972), Langlois et al. (1964), R itchey et 
al. (1967, 1969). The greatest conversion of DDT to  DDD 
appeared to  occur during the S teritort processes which indi
cated that reductive dechlorination is a function of tim e rather 
than tem peratures in the range of 104°C to  127°C (Table 3).

Analysis o f variance of DDT data indicated an interaction  
between level o f pesticide and m ethod of preparation. Separa
tion of DDT means by DNMRT (Table 4) revealed there was a 
difference (P <  0.01) in all DDT means within each pesticide 
level for bo th  Steritort processes and cooks. There was no 
difference in DDT means (P <  0.01) for Low and High levels 
of pesticide for the 104°C S teritort process. The greatest 
reduction in DDT (94%, Low level; 95%, High level) occurred 
during the 104°C Steritort process while the least reduction 
(21%, Low level; 25%, High level) resulted from microwave 
treatm ent. The higher percent loss during the 104°C S teritort 
process was in agreement with the report o f Maul et al. (1971) 
that longer heating tim es were the most effective in reducing 
pesticide levels.

Analysis o f variance of means for Total Residues indicated 
there was an interaction between pesticide levels and m ethods 
of preparation. Separation of the Total Residue means by 
DNMRT showed tha t for each level of pesticide, there was no 
difference (P <  0.01) in reduction of to ta l residues by steritort 
processing at 104°C, cooking by microwave or by broiling 
(Table 5). For each pesticide level, these three m ethods of 
preparation were m ore effective (P <  0.01) in reducing to ta l 
residues than processing at 127°C. These data showed tha t 
when therm al processing m ethods of equal lethality  were 
em ployed, greatest maximum removal o f to ta l pesticides oc
curred at low tem perature-long tim e, rather than  at high 
tem perature-short tim e processing.

Total concentration of pesticides in beef patties before and 
after cooking by broiling and microwave energy is shown in 
Table 6. There was no difference (P <  0.01) in Total Residue 
levels in fat from  patties cooked by either of these m ethods; 
however, greater loss of fat during broiling was reflected by 
lower levels o f to ta l residues Gig) in broiled patties.

For bo th  Low and High Level samples, approxim ately the 
same level o f DDE, DDD, DDT and Total Residues was found 
in the fat drip from beef cooked by microwave energy (Table 
7) as was found in the fat from  the beef patties (Tables 1, 2, 3 
and 4) cooked by the same m ethods. This trend was not seen 
in residue analysis o f drip from cooking by broiling. These 
results were considerably lower, suggesting that the m ore in
tense heat encountered in broiling caused greater pesticide 
destruction. Moreover, to ta l concentration of residues in raw 
samples of Low and High level beef were not accounted for by 
adding the levels found in cooked patties and collected drip. It 
appeared tha t some therm al destruction of residues occurred 
and possibly co-distillation of pesticides with m oisture during 
cooking (Tables 6 and 7). Similar findings have been reported  
by Ritchey et al. (1967), Maul et al. (1971), Funk et al.
(1971) and Yadrich et al. (1971).

Preparation by all m ethods caused reduction of pesticide 
residues in beef. Cooking by microwave, broiling and therm al 
processing at 104°C were more effective in reducing pesticide 
residue levels than therm al processing at 127°C.
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EFFECTS OF RESTRAINT  DURING  COOKING ON THE 
SHEAR PROPERTIES OF COOKED MEAT

-----------------------------------------  A B S T R A C T  ------------------------------------------
Stretched muscle samples restrained from thermal shortening along the 
muscle fiber length, when cooked at 80°C, have significantly (P < 
0.001) greater peak shear force values than those obtained for samples 
free to shorten. Restraint during cooking increased peak shear force 
values in samples subjected to a pressure-heat treatment, known to 
substantially reduce myofibrillar strength, to the same extent as in 
control samples. The magnitude of the restraint effect increased with 
animal age. As cooking time at 90°C was increased, in order to reduce 
the connective tissue contribution to peak shear force values, the effect 
of restraint during cooking was reduced and after 8 hr of cooking was 
neglible. The results were interpreted as showing that restraint during 
cooking increased the connective tissue contribution to peak shear 
force values possibly by changing the stress-strain characteristics of the 
collagen fibers.

IN T R O D U C T IO N

POST-RIGOR BOVINE MUSCLE samples decrease in length 
when cooked at tem peratures greater than 60°C (Hostetler and 
Landmann, 1968; Giles, 1969; Dubd et al., 1972; Bouton et 
al., 1974a; Hegarty and Allen, 1975). Samples with long sar
comeres decrease more in length during cooking at 80°C than 
those with short sarcomeres (Dubd et al., 1972; Bouton et al., 
1974a; Hegarty and Allen, 1975). It has been found that sam
ples with long sarcomeres, when restrained during cooking 
(and thus prevented from  shortening along the direction of the 
muscle fibers), had significantly (P <  0.001) larger peak shear 
force values than those obtained for samples allowed to  con
tract freely during cooking (Bouton et al., 1976a). Restrained 
samples shrank more perpendicular to  muscle fiber direction 
so the fiber packing density was increased by restraint (Bouton 
et al., 1976a). The increased fiber packing density in the re
strained samples was, however, not entirely responsible for the 
increase in peak shear force value because an increase in peak 
shear force values, albeit reduced, was still observed even when 
the restrained and unrestrained samples had equal muscle fiber 
packing density (Bouton et al., 1976a).

Since the increase in fiber packing density produced by 
restraint does not account for the increase in peak shear force 
values, the explanation must be sought elsewhere. It is known 
that the collagen fibers in stretched meat are closely aligned 
with the main muscle fiber axis (Rowe, 1974; Swatland, 1975) 
so tha t restraining samples of streched m eat, from therm al 
shortening, should prevent or reduce the shortening of both  
muscle and collagen fibers. Recently it was shown that isolated 
collagen fibers restrained from  shortening when heated to  
80°C had markedly different stress-strain properties from 
those allowed to contract i.e. the greater the contraction the 
greater the extension for a given load (Snowden et al., 1977). 
There is thus a possibility tha t restraint during cooking could 
cause changes in the collagen fibers in situ which increases the 
effective contribution of the connective tissue to  peak shear 
force values.

This present work describes experim ents carried out to  
determine whether restraint during the cooking of samples of 
stretched meat could affect the connective tissue contribution

to the shear strength of the cooked m eat. In the first experi
ment use has been made of the fact tha t pressure-heat treat
ment weakens the m yofibrillar structure with negligible effect 
on the connective tissue (B outon et al., 1977; Ratcliff et al.,
1977). The effect of restraint during cooking was thus investi
gated in samples with low myofibrillar strength. In the second 
experim ent the effects o f restraint parallel or perpendicular to 
the muscle fiber direction on shear force values were investi
gated. The third experim ent com pared results obtained with 
samples from animals o f widely different ages to  determine 
w hether age-related changes in the connective tissue influenced 
the extent of the increase in shear force produced by restraint. 
In the final experim ent, prolonged cooking at 90°C was used 
to weaken the connective tissue and, hence, reduce its possible 
contribution to  the restraint effect.

M A T E R IA L S  & M E T H O D S

Selection and treatm ent o f  m uscles
Eight pre-rigor semitendinosus (ST) muscles from eight steers, aged

2 -4  yr, were obtained, within 1 hr of slaughter, for Experiment 1. 
Each muscle was stretched by about 50% and the ends nailed to a 
plastic-covered wooden board. These stretched samples were then 
stored in polyethylene bags at 0 -l°C  until 2 days after slaughter. Each 
stretched samp.e was then cut into four sub-samples. The four sub
samples were then randomly assigned to four treatments. Two of each 
set of four sub-samples were pressurized (Bouton et al., 1977) at 150 
MNm'1 for Vi hr at 60°C after preheating for 1 hr at 45°C. The other 
two were left unpressurized as controls. One pressurized and one con
trol sample, selected at random, were cooked, at 80°C for 90 min, 
restrained on racks designed to prevent thermal shortening of the 
muscle fibers (Bouton et ah, 1976b) while the others, also cooked al 
80°C for 90 min, were free to contract during cooking. The samples 
were cooked by total immersion in a water bath controlled at 80° ± 
0.5°C.

For Experiment 2, eight cows 8-10 yr old were used. A side from 
each animal was hung from the aitch bone within 1 hr of slaughter and 
the semitendinosus (ST) muscles removed from the carcass 48 hr post 
slaughter, after storage at 0 -l°C . Each muscle was divided into three 
sub-samples. Two sub-samples measuring about 4 x 4 x 12 cm (with 
muscle fibers 12 cm in length) were randomly assigned to cooking (at 
80°C for 90 mm) either with or without restraint as described earlier. 
The remaining sub-sample was taken across the entire cross section of 
the muscle (ca 10 cm wide) and was about 8 cm in muscle fiber length. 
This sample was nailed around the circumference to restrain shrinkage 
perpendicular to the muscle fiber direction, i.e. perpendicular restraint. 
Unless otherwise stated when ‘restraint’ is mentioned in the text it 
means ‘parallel restraint’.

The effect cf restraint on the shear properties of meat from animals 
of widely different age groups was investigated using deep pectoral (DP) 
muscles because (a) they were known to have sarcomere lengths near 3 
¿im, when removed from the post-rigor carcass, and (b) the DP muscle 
samples from the very young animals were long enough to fit the re
straining racks. Six animals were used in each age group i.e. calves (3-4 
months), steers (2 -4  yr) and old cows (8-10 yr). Both DP muscles 
were removed from each of the calves and one DP muscle from each of 
the steers and old cows after the carcasses had been chilled at 0 -l°C  
for 2 days. All muscles were trimmed of extraneous fat and tissue 
before cutting into rectangular blocks measuring approximately 3 x 2  
cm in cross section and 10-12 cm along muscle fiber direction. The 
muscles from the calves were, in some cases, slightly thinner than 2 cm
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T able 1—E ffe c ts  o f  re s tra in t d u rin g  c o o k in g  a n d /o r  p re ssu re -h ea t 
tr e a tm e n t on  th e  shear fo rce  p r o p e r tie s  o f  s tr e tc h e d  S T  m u scles  
c o o k e d  a t  8 ( f  C fo r 9 0  m in

Contro l3 Pressure-heat treated*5
Parameter -----------------------------  --------------------------------
measured Free Restrained Free Restrained L S D C

Initial yield 
force (kg) 4 .70 4.68 2.20 2.35 0.59

Initial yield 
distance (cm) 0.53 0.41 0.47 0.36 0.03

Peak force 

(kg) 6.60 9.55 4.93 7.93 1.34

Final yield 
distance (cm) 0.77 0.83 0.83 0.86 0.03

Slope at yield 

(kg/cm) 21.3 25.3 9.4 13.2 0.8

3 C o n tro l sam p le  i.e. n o t  p re ssu rized
h  Pressure-heat treatm en t v iz pre-heat at 4 5 ° C  fo r  6 0  m in  then  p re s

surized  at 1 5 0  M N m '2 fo r  3 0  m in  at 6 0 ° C  
c S a m e  L S D  (least s ign ific an t  d iffe rence  at P <  0 .0 5 ) is valid  fo r 

p ressure -heat and restra in t effects.

but the time taken for their internal temperature during cooking to 
reach the temperature of the water bath was only about 10 min less 
than the times for the samples from the older animals. One of each pair 
of calf DP muscles was cooked unrestrained and the other restrained. 
For the older animals each DP muscle yielded two samples, one cooked 
restrained and the other unrestrained.

For Experiment 4 a DP muscle was removed from the carcass of 
each of 12 old cows (8-10 yr) after 2 days storage at 0—1°C. Four 
rectangular shaped samples measuring approximately 3 x 2 cm in cross 
section and 10-12 cm along muscle fiber direction were cut from each 
muscle. Two of the four samples from each animal were restrained on 
racks and the others were left unrestrained. One pair i.e. a restrained 
and an unrestrained sample from each animal was then assigned to one 
of four cooking treatments i.e. 1, 2, 4 or 8 hr at 90°C; each animal 
being thus represented by a block in a balanced incomplete block 
design (Cochran and Cox, 1957, Plan 11.1).

Pins were inserted in the post-rigor samples before mounting on the 
racks and cooking. Changes in the distance between pins inserted in the 
samples were measured in all experiments after the restraint and/or 
cooking of the sample. These measurements were necessary to ensure 
that the samples had been sucessfully restrained.
M easurement o f  pH and sarcomere length
A Philips PW 9405 digital pH meter equipped with a Philips C64/1 
probe-type combined electrode was used to measure pH on the raw 
meat before cooking to ensure only samples of normal pH (5.4-5.8) 
were used. Sarcomere lengths were measured on the cooked meat sam
ples, used for the shear force measurements, using a light diffraction 
method (Bouton et al., 1974b).
Shear force m easurem ents
Five-to-six samples measuring 1.5 x 0.67 X 4-6 cm with fibers lying 
along the 4—6 cm length were prepared from each cooked sample for 
shear force measurements. The parameters measured from the force- 
deformation curves have been described elsewhere (Bouton et al., 
1975a, b).
Statistical m ethods
Analysis of variance has been used to ascertain treatment effects and to 
calculate standard errors and, where appropriate, least significance dif
ference (LSD) values at P < 0.05 level between treatement means.

R E S U L T S  &  D IS C U S S IO N

E x p e r im e n t  1

The results in Table 1 confirm  tha t the pressure-heat trea t
ment has reduced initial yield force and peak force values. 
Restraint had no significant effect on the initial yield force 
values obtained for either the pressure-treated or control. Peak 
shear force values for bo th  pressure-heat treated and control

T able 2 —Changes in p a ra m e te rs  o f  th e  sh ear fo rc e -d e fo rm a tio n  
cu rves o b ta in e d  fo r  s tr e tc h e d  S T  m u sc les (from  8 — 10 y r  o ld  c o w s  
hung fro m  a itch  b o n e )  c o o k e d  a t  8 0 ° C fo r 9 0  m in  e ith e r  free  to  
sh o r ten  o r  re s tra in ed  e ith e r  pa ra lle l to  th e  m u sc le  fib ers  o r  p e r p e n 
d icu la r to  th e  m u sc le  fibers

Parameter

measured

Restraint during cooking

Free Parallel Perpendicular L S D 3

Initial yield 
force (kg) 7.10 7.68 6.10 1.03

Initial yield 
cistance (cm) 0.54 0.42 0.60 0.03

Peak force (kg) 10.53 15.73 8.50 2.45

Final yield 
cistance (cm) 0.80 0.84 0.75 0.06

Slcpe at yield 

(kg/cm) 31.9 36.9 32.3 3.8

Sarcomere length of 

cooked meat (pm) 1.98 2.61 1.75 0.20

3 Least s ign ifican t d iffe rence  at P <  0 .0 5  level.

samples were, however, significantly increased by restraint.
The connective tissue should be equally restrained for bo th  

the pressure-heat treated and control samples so that any in
crease, attribuable to  restraint, in the connective tissue contri
bution to  peak shear force values should be the same for both . 
The increases in peak shear force values produced by restraint 
were the same for bo th  the control and the pressure-heat 
treated samples (2.95 and 3.00 kg respectively). This result 
thus accords w ith the suggestion th a t restraint increases the 
connective tissue contribution.

Initial yield distrance values are significantly reduced by 
restraint. This could be due to  restraint removing the kinks 
which occur during pre-rigor shortening, during the release of 
tension when the raw stretched samples were cut from  the 
boards, and during cooking. There is little variation in final 
yield distance values and the peak force values occur when the 
shear blade is part way through the slit of the shearing device.

Experiment 2
The different m ethods of restraint were intended to  study the 
effects on shear force values of stressing m eat samples, during 
cooking, in directions parallel or perpendicular to  the main 
muscle fiber axis. In stretched m eat the collagen fibers lie 
almost parallel to  the muscle fiber axis (Rowe, 1974; Swat- 
land, 1975) so tha t prevention of shortening along tha t axis 
(i.e. parallel restraint) should have a greater restraining effect 
on the collagen fibers than either the samples cooked w ithout 
restraint or those prevented from contraction perpendicular to  
the muscle fiber axis (i.e. perpendicular restraint). For the 
latter samples the material, close to the nails maintaining the 
perpendicular restrain:, was obviously partially restrained from  
contraction along the muscle fiber axis by the nails themselves, 
which were not perfectly sm ooth. However, the samples for 
shear force measurem ent were taken only from  the central 
section to  avoid those edge effects. The results in Table 2 
showed tha t the perpendicularly restrained samples had signifi
cantly shorter sarcomeres after cooking than the unrestrained 
samples. Thses results thus show tha t perpendicular restrain t 
increased therm al contraction along the muscle fiber axis and 
might thus have allowed greater contraction of the collagen 
fibers than would occur in samples cooked w ithout restraint.

Perpendicular restraint reduced initial yield and peak force 
values (close to  significance at P <  0.05 level) while parallel 
restraint significantly (P <  0.001) increased peak shear force
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values. Peak shear force values appeared to  increase w ith in
crease in sarcomere length—the reverse of the norm al shear 
force-sarcomere length relationship found for cooked meat. 
Initial yield distance values decreased significantly (P <  0.001) 
with increase in sarcomere length, although final yield distance 
values were not greatly affected. Parallel restraint increased 
‘slope at yield’ values.

Experiment 3
The results obtained for the DP muscles from  the three age 

groups are shown in Table 3.
It should be noted tha t the restraint effect, already shown 

to occur for stretched ST muscles (Tables 1 and 2), also 
occurs for DP muscles (Tables 3 and 4). It also occurs for 
stretched semimembranosus (SM) and, albeit m uch reduced, 
for psoas major (PM) muscles (P.E. Bouton and P.V. Harris, 
unpublished work). The effect is, thus no t confined to  just 
the ‘stretched’ ST muscles but also occurs in other ‘stretched’ 
muscles. Initial yield force values are not significantly affected 
by either animal age or by restraint. Peak shear force and the 
difference between peak and initial yield values all increased 
with animal age. Restraint increased these values significantly 
(P <  0.05) for each age group. These results also show that 
restraint produces the largest increase in peak-shear force 
values when the connective tissue contribution  was greatest
i.e. for the older animals.
Experiment 4

The results obtained w ith prolonged cooking at 90°C are 
listed in Table 4. Initial yield force values were not signifi
cantly affected by restraint bu t were reduced by cooking 
tim e—the reduction being slightly greater for the restrained 
samples. The differences between peak and initial yield force 
values decreased with cooking tim e for bo th  restrained and 
unrestrained samples. However, although restrained samples 
had increased values at the shorter cooking times, the effect of 
restraint was gradually reduced until at 8 hr it had been 
eliminated. Similarly peak shear force values decreased with 
cooking tim e and the restraint effect was eliminated by pro
longed cooking. The results thus show th a t, when the con
nective tissue contribution  has been reduced by prolonged 
cooking, restraint does not significantly affect shear force 
values.

C O N C L U S IO N S

IN THE FIRST EXPERIMENT it was shown tha t, whether or 
not myofibrillar strength was minimised w ith a pressure-heat 
treatm ent, restraint increased peak shear force values (Table
1). The increase in peak shear force values produced by re
straint for the pressure-heat treated samples of stretched meat 
was almost the same as that produced in the controls. This 
result indicated tha t myofibrillar structure per se was no t re
sponsible for the increase in peak shear force values produced 
by restraint and supports the suggestion that restraint in
creased the connective tissue contribution. In Experim ent 2 it 
was shown (Table 2) th a t restraint had to  be parallel to  the 
muscle fiber axis (and hence to  the predom inant collagen fiber 
direction) before peak shear force values were increased.

The third experim ent, using DP instead of ST muscles, 
showed (Table 3) that increasing animal age substantially in
creased the effect of restraint on peak shear force values. It 
was also shown that increasing animal age had little effect on 
initial yield force values, but substantially increased the differ
ences between initial yield and peak force values.

In the last experim ent (i.e. 4) prolonged cooking at 90°C 
was used to  reduce the connective tissue contribution. The 
results (Table 4) showed that the restraint effect was reduced 
by cooking time until, after 8 hr, there was no difference in 
peak shear force values obtained for restrained or unrestrained 
samples.

T able 3 —M eans o f  th e  sh ear fo rc e  p a ra m e te rs , a n d  th e ir  s ta n d a rd  
errors, fo r  D P m u sc le  sa m p le s  o b ta in e d  fro m  an im als o f  d if fe r e n t  
ages (3—4  m o n th s , 2 —4  y r  a n d  ca 10  y r )  w ith  s ix  a n im a ls In each  age  
grou p . The sa m p le s  w ere  c o o k e d , b o th  u n res tra in ed  (F) an d  
re s tra in ed  (PH, a t  8 0 ° C  fo r  9 0  m in

Parameter

measured
C ook ing
method

An im al age

3 —4  m onth 2 - 4  yr 10 yr

Peak shear F 5.55 7.47 12.96

force (kg) R 6.79 9.56 20.73

S.E.a 0.15 0.45 1.90

Initial yield F 4.77 4.56 4.81

force (kg) R 5.03 4.49 4.32
S.E.a 0.21 0.28 0.36

Peak-initial F 0.78 2.91 8.15
yield force (kg) R 1.76 5.07 16.41

S.E.a 0.19 0.32 2.10

a S tan d a rd  errors

T able 4 —S h ear fo rce  p a ra m e te rs  o b ta in e d  fo r  D P m u sc le  sa m p les  
fro m  8 —10 y r  o ld  c o w s  a n d  c o o k e d , u n res tra in ed  (FI a n d  re stra in ed  
(R ), a t  9 0 ° C  fo r  1, 2 , 4  o r  8  hr

Parameter

measured
Cook ing

method

C ook ing  time (hr)

S.E .a1 2 4 8

Peak shear F 8.40 7.45 4.16 3.15 0.39
force (kg) R 14.85 11.33 7.08 2.64 1.34

Initial yield F 5.49 4.79 3.61 3.07 0.29
force (kg) R 5.64 4.95 3.47 2.54 0.66

Peak-initial F 2.91 2.66 0.55 0.08 0.41
yield force (kg) R 9.20 6.38  3.60 0.10 1.50

a S tan d a rd  e rro r as ob ta ined  b y  an a ly s is  o f  variance  o f  the  balance 
in co m p le te  b lo ck  de s ign  o f  P lan 11.1 In C o c h ra n  and C o x  (1 9 5 7 ).

The results from all four experim ents thus provided evi
dence that the restraint effect was not affecting the mechan
ical properties of the myofibrillar com ponent. The evidence 
supported the suggestion th a t the connective tissue contribu
tion was affected by restraint since the effect increased with 
animal age and decreased on prolonged cooking. The increase 
in peak shear force values was not entirely due to  changes in 
muscle fiber packing density (and the concom itant increase in 
num ber of connective tissue sheaths) since the effect still 
occurred for equal muscle fiber packing densities (Bouton et 
al., 1976a). It seems probable that changes in the stress-strain 
properties o f the collagen fibers of the connective tissue net
work, when heated under restraint, could have greatly in
creased the connective tissue contribution  to  peak shear force 
values.

It is unlikely, even when cooking a jo in t where the muscles 
are still attched to the bone, th a t the restraint will be suffi
cient to  affect the tenderness of the cooked m eat. However, 
any treatm ent which affects one com ponent o f m eat structure, 
such as the connective tissue, to a m uch greater extent than 
the other main structural com ponent, is a potentially  useful 
experim ental tool. Pressure-heat treatm ent o f post-rigor meat 
offers a m ethod of altering the myofibrillar contribution. 
Restraint of samples during cooking would appear to  offer the 
opportunity  of altering the connective tissue contribution 
albeit only for stretched meat. Restraint has little effect on the 
shear properties o f cold-shortened m eat (Bouton et al., 1976a)

—C o n tin u e d  o n  p a g e  1 9 6
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INFLUENCE OF A N IM A L AGE ON THE M ECHANICAL PROPERTIES 
OF RESTRAINED, HEAT-TREATED COLLAGENOUS TISSUE

------------------------------------  ABSTRACT ------------------------------------
It has been shown that restraining collagenous tissue from contraction 
during heating influences elasticity and final yield strain but has little 
effect on tensile yield strength or relative yield length. The tension 
developed in collagenous tissue from old animals heated at temper
atures above 60°C was linearly dependent on temperature. The tension 
developed during heating of collagenous tissue from young animals 
reached a peak and then rapidly declined. The temperature at which the 
peak occurred was dependent on both restrained length and animal age. 
The loss of tension was greater when the amount the samples were 
allowed to contract during heating was increased.

INTRODUCTION

THE EFFECT OF HEATING, at tem peratures greater than the 
shrinkage tem perature, on the mechanical properties o f col
lagenous tissue has been the subject of a recent investigation 
(Snowden et al., 1977). It was shown (Snowden et al., 1977) 
tha t the stress-strain characteristics o f collagenous tissue, meas
ured after heating and cooling, were markedly influenced by 
the constraint tha t the tissue was under during heat treatm ent,
i.e., restraint from  contraction increased the stress required to  
produce a given strain. Collagen fibers, in situ, in m eat are 
partially restrained during the cooking of the m eat by the 
presence of the interstitial myofibrillar structure so th a t their 
mechanical properties after cooking should be d ifferent from 
those of unrestrained fibers cooked and measured ex situ. It 
thus appears tha t collagen in m eat is no t as easily converted to  
gelatin in situ as it would ex situ. It might consequently retain 
sufficient mechanical strength to  make a significant contri
bution to  the strength of the cooked meat.

It has been shown (Bouton et al., 1976a) tha t restraining 
stretched m eat (i.e., m eat w ith long sarcomeres >  c2.5 m u) 
from contraction during cooking increased peak shear force 
values. In a fu rther investigation (B outon et al., 1978) it was 
shown tha t the increase in peak shear force values of restrained 
samples was greater as animal age increased. It appeared likely 
tha t the increase produced by restraint was due to  changes in 
the stress-strain characteristics o f the collagenous connective 
tissue (Bouton et al., 1978).

The earlier study (Snowden et al., 1977) was concerned 
w ith the effects o f restraint during heating (at tem peratures > 
shrinkage tem perature) on the mechanical properties o f col
lagen from  m ature animals. There is, however, more than ade
quate evidence tha t animal age affects the physical properties 
o f collagen fibers (Verzar, 1964; Boros-Farkas and Everitt, 
1967; Diam ant et al., 1972; Vidiik 1967a, b). However, none 
of these authors studied the changes which occur at the tem 
peratures likely to  be encountered during the cooking of meat 
and with the collagen fibers under the restraints which occur 
in meat.

In this present w ork the effect o f restraint and animal age 
on the yield strength of coEagenous tissues has been investi
gated.

MATERIALS & METHODS

Experimental material
Strips of collagenous tissue have been obtained from epimysial/ 

tendinous tissue of the longissimus dorsi muscle from young (9-12 
months) and mature (6-8  yr) sheep and from beef animals of different 
ages (1, 10, 16, 27, 42 and 120 months). The tissue used, although 
often called epimysial, is actually tendon and is eashy separated into 
strips, consisting of bundles of parallel fibers, suitable for mechanical 
measurements. These strips were equilibrated in buffer (0.14M NaCl, 
0.01M PO“ adjusted to pH 5.5 with lactic acid) for 16-24 hr at 5°C 
prior to use. A pH of 5.5 was selected because it is within the pH range 
of ‘normal’ meat i.e., 5.4-5.6. The strips were mopped dry to remove 
free moisture, cut into samples 5 cm long, weighed and samples with a 
weight of between 9 and 11 mg/cm were then selected for examination. 
As shown later the cross sectional area of the collagenous tissue could 
then be calculated from the mopped weight per unit length (g/cm), the 
known density of collagen and the estimated collagen content. 
Experimental procedures and measurements

Samples were heated at 2°C/min to a pre-selected temperature i.e., 
65, 70, 75, 80 or 90°C using the apparatus, described by Bouton et al., 
1976b, mounted on an Instron Universal Testing Machine (Type 
TM-M). This equipment allowed measurements of length and applied 
tensile load to be carried out with the samples completely immersed in 
buffer solution. Temperature was measured with a copper/constantan 
thermocouple adjacent to the samples.

When required some samples were extended, before heating, by 3% 
of their natural (i.e., unstressed) length LOJ at a cross head speed of 0.5 
cm/min, so that their original, untreated, load-deformation curves could 
be obtained. In most instances, however, the initial, unstressed length 
L0 was measured then the Instron controls were set so that, during 
subsequent heating, the sample could contract to any length L* which 
was a desired fraction R (0.6-1.03) of the initial, unstressed length L0. 
After reaching the desired temperature the sample was rapidly cooled 
to about 5°C by circulating iced water round the system. When the 
sample was at 5°C the load was reduced to zero and the new, unstressed 
sample length Lj determined. After the heating and cooling treatment 
some samples were extended at 0.5 cm/min until they yielded. The 
yield length Ly and yield strain (Ly -  Lf) could then be determined.

Essentially four separate groups of experiments were carried out. 
They investigated (1) the effect of animal age on the tension developed 
during the heating of coEagenous tissue, (2) the effect of restraint on 
yield stress values, (3) the tensile properties of collagenous tissue from 
animals of different ages and (4) the changes in elasticity produced by 
the maximum temperature of heating and by animal age.
Parameters measured

Stress has been calculated in N/mm2 according to the equation 
Stress = Fa /Aq where FA is the applied load (kg) and A0 is the cross- 
sectional area of the collagenous tissue as calculated from the mopped 
weight of the unheated sample per unit length (g/cm) assuming a den
sity of 1.4 g/cm3 for ccUagen and a coUagen content of 30% of the wet 
weight of the coEagenous tissue.

Moduli of elasticity have been calculated using the equation (Elden,
1966) Stress = K|_f (ALf/Lf)2 where K|_f is a constant for a particular 
sample. The corresponding value for the raw, untreated samples was 
K0. This equation was only used for strains < 10%.

Yield stress was defined as stress at which the sample yielded and 
corresponded to the maximum stress. The tensEe stress T developed 
during heating has been expressed as T = FM/AQ where FM -  max
imum force developed during heating and A0 was as defined earlier.
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Statistical treatment of results
Unless otherwise stated all sample means quoted are the means of at 

least three replicates. Analysis of variance has been used where appro
priate to work out the significance of treatment effects and to calculate 
least significant differences (LSD) at P < 0.05 level.

RESULTS & DISCUSSION

Tension developed during heating
The tensile stress developed during the heating of collage

nous samples from beef animals o f 1, 10. 16, 27, 42 and c 120 
m onths is shown in Figure 1. The samples were heated while 
restrained either at the original length (R = 1.0) or at 80% of 
this length (R = 0.8). For the oldest animals tension increased 
almost linearly with tem perature up to  over 85°C. The tension 
developed during heating of samples from the younger animals 
reached a peak then declined. The tem perature at which this 
peak tension occurred was dependant on animal age and on 
restraint. Over the age range 1—42 m onths the tem perature at 
which the peak occurred increased from  71°C to  81°C at R =
1.0 and from 62 to  76°C respectively for R = 0.8.

A more detailed comparison of the effect o f age on the 
mechanical properties of the collagenous tissue has been car
ried out using material from ten sheep, five about 9 -1 2  
months and five 6 —8 yr of age. After heating to  80°C the 
samples from the younger animals did not retain sufficient 
mechanical strength to  allow satisfactory characterization. At 
70°C the loss of mechanical strength was less drastic so sam
ples from young and old sheep were compared at 70°C for 
different levels of restraint. The results (in Table 1) show that 
the maximum tension developed in young and old samples was 
not affected by restraint. The maximum tension, however, de
veloped in the samples from  the older animals was nearly 2 Vi 
times tha: obtained for the younger animals (Table 1).

In the material from  the older animals once maximum ten
sion was achieved it remained constant for the 15 min during 
which observation was m aintained but for the younger animals 
there was a rapid decrease of the maximum tension w ith time. 
The rate of this tension decrease was highly dependent on 
restraint as the results in Figure 2, obtained from two different 
sheep (<1 yr), show. This decrease in tension could be taken 
as an indication that there is a decrease in the am ount of 
mechanically effective collagen in the sample. This loss in me
chanical effectiveness could be due to  breakages occurring 
within individual collagen fibrils and/or dissolution of collagen 
per se.

Effect of restraint on yield stress values
The stress vs extension curves obtained for samples of col

lagenous tissue from a m ature beef animal heated to  70 or 
80°C, and subsequently cooled, are shown in Figure 3. The 
samples were restrained during heat treatm ent at 0.7, 0.8, 0.9 
and 1.0 of their initial length (Lo). The samples extensions

T able 1—Mean m a x im u m  ten sio n  d e v e lo p e d  d u rin g  h ea tin g  to  7< f C  
o f  sa m p les o f  co lla g en o u s tissu e , fro m  five  m a tu re  (6 —8  y r )  a n d  five  
yo u n g  (< 1  y r )  sh ee p , w h ile  b e in g  re s tra in ed  a t  d if fe r e n t  values o f  
Lx/Lq

M ax im um  tension developed (N/m m 2 ) 
Restraint ---------------------------------------------------------------------

Lr/Lo Mature Y o u n g  L S D a

1.03 2.0 0.9 0.3
1.0 2.2 0.9
0.9 1.9 0.9
0.8 2.1 0.8

a Least significant difference at P <  0.05 level.

Fig. 1—T ension  (N /m m 2) d e v e lo p e d  w ith  in creasin g  te m p e ra tu re  in  
co lla g en o u s tissu e fro m  b e e f  an im a ls a g e d  fro m  1, 10, 16, 2 7 , 4 2  o r  
1 2 0  m o n th s  re s tra in ed  a t  d if fe r e n t  fra c tio n s  R (i.e ., 0 .8 —1.0) o f  
in itia l, u n stre ssed  len g th  L 0 .

Fig. 2 —D ep en d en ce  o f  ten sio n  d e v e lo p e d  w ith  h ea tin g  u p  to  7Cf C  
on  tim e  a t  7Cf C fo r  co lla g en o u s sa m p le s  fro m  y o u n g  sh e e p  (< 1  y r )  
re s tra in ed  a t  d if fe r e n t  fra c tio n a l values (R ) o f  in itia l, u n stre ssed  
len g th  (L 0). The se p a ra te  s e ts  r e p re s e n t th e  re su lts  o b ta in e d  fo r  tw o  
d i  fferen  t  an im als.

Fig. 3 —S tress  'N /m m 2) vs L /L 0 values o b ta in e d  fo r  sa m p le s  o f  o ld  
(8 —10  y r )  b o v in e  co lla g en o u s tissue h e a te d  to  7 ( f  o r  8CT C  w h ile  
re s tra in ed  a t  d i f fe r e n t  fra c tio n s R (i.e ., 0 .7 , 0 .8 , 0 .9 , 1 .0 ), re la tiv e  to  
th e  in itia l, u n stre ssed  len g th  L q. The cu rves o b ta in e d  are  sh o w n  u p  
to  th e  p o in t  o f  failure i.e ., final y ie ld .
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(m e a n  o f  th r e e  r e p lic a te s  a t e a c h  restr a in t)  h a v e  b e e n  p lo t te d  
as L /L 0 ( i .e . ,  a c tu a l le n g th  L /n a tu ra l u n str esse d  (o r  in it ia l)  
le n g th  L o )  ra th er  th a n  ‘tr u e ’ stra in  (L  — L f ) /L f  in  ord er  to  
sh o w  th a t  re la tiv e  y ie ld  le n g th  v a lu e s  L y /L 0 w e re  n o t  g r ea tly  
a f fe c te d  b y  res tra in t. T h e  r esu lts  (F ig . 3 )  sh o w  th a t , w h ile  
res tr a in t m a rk ed ly  a f fe c ts  th e  stress-stra in  c h a r a c te r is t ic s  o f  
th e  c o lla g e n o u s  t is su e , r e s tra in t h as l it t le  e f fe c t  ( fo r  sa m p le s  
restr a in e d  at le n g th s  <  L o ) o n  th e  v a lu e s  o b ta in e d  fo r  y ie ld

Fig. 4—Dependence o f log (yield stress) in N/mm2 on L f/ L 0 values 
obtained for samples o f collagenous tissue from young sheep (*l, 
mature sheep and old cow (•) heated to 70°C or 8 ( f C. The values 
for young sheep (&) have been corrected for collagen dissolution as 
described in text.

10
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Fig. 5—Dependence o f  relative yield length (Ly/L0) on L f/L 0 values 
obtained for samples o f collagenous tissue from young sheep (*i, 
mature sheep (•), o ld cow (•), all heated to 70°C and for mature 
sheep samples heated to 80°C (o).

stress. In  a sep a ra te  e x p e r im e n t  sa m p le s  o f  c o lla g e n o u s  t is su e  
fr o m  m a tu re  b e e f  w ere  res tra in ed  at 0 .8  and 1 .0  Lo an d  su b 
je c te d  to  th e  sa m e  h e a t in g -c o o lin g  c y c le  (u p  to  7 0 ° C )  as th o s e  
sh o w n  in F igu re  3 . T h e  y ie ld  stress v a lu e s  o b ta in e d  (±  sta n d a rd  
d e v ia t io n  a n d  n =  6 )  w ere  1 1 7  ±  8 an d  1 3 0  ± 16  N /m m 2 
r e s p e c t iv e ly . T h ere  w a s th u s  n o  s ig n if ic a n t  d if fe r e n c e  d u e  to  
restra in t.

T h e  s im ila r ity  o f  th e  y ie ld  str ess  v a lu e s  is  c o n s is te n t  w ith  a 
m o d e l p r o p o se d  (S n o w d e n  e t a l.,  1 9 7 7 )  to  a c c o u n t  fo r  th e  
e la s t ic  b e h a v io r  o f  p a r tia lly  h e a t-sh r u n k e n  c o lla g e n o u s  t is su e .  
In th is  m o d e l  it  w a s su g g e s te d  th a t e a ch  c o lla g e n  f ib r il in  par
t ia lly  h e a t-sh ru n k en  t is su e  w a s c o m p o s e d  o f  r e g io n s  o f  m e lte d  
a n d  u n m e lte d  c o lla g e n  w ith  th e  ra tio  o f  m e lte d  to  u n m e lte d  
c o lla g e n  in c re a sin g  w ith  in c re a se d  sh r in k a g e . F o r  su c h  a sy s te m  
th e  s tr e n g th  o f  th e  w e a k e r  r eg io n  (w h e th e r  it  b e  th e  m e lte d  o r  
th e  u n m e lte d )  w o u ld  d e te r m in e  th e  y ie ld  s tr e n g th  o f  th e  sa m 
p le . rather  th a n  th e  r e la tiv e  q u a n tit ie s  o f  th e  d if fe r e n t  r e g io n s .  
It h as a lso  b e e n  su g g ested  (S n o w d e n  an d  W ie d e m a n n , 1 9 7 7 )  
th a : o n c e  su f f ic ie n t  th e r m a l e n e rg y  is su p p lie d  t o  in it ia te  
m e lt in g  (c o n tr a c t io n )  in  a c o lla g e n  sa m p le  th e n  m e lt in g  w ill  
c o n t in u e  u n t il  su f f ic ie n t  t e n s io n  is d e v e lo p e d  w ith in  th e  c o l 
la g en  fib ers to  p r e v en t fu r th er  m e ltin g .

E ffe c t  o f  age o n  th e  te n s ile  p r o p e r t ie s  o f  c o lla g e n o u s  tis su e

T h e  str ess  v s  L f/ L 0 cu rves o b ta in e d  fo r  r e p lic a te  sa m p le s  
fr o m  y o u n g  an d  o ld  a n im a ls are m a r k e d ly  d if fe r e n t ,  as are 
sh o w n  in  th e  p lo t s  o f  th e  lo g  o f  y ie ld  stress a g a in st L f/Lo  (F ig .
4 ) .  T h e  sa m p le s  fro m  th e  o ld e r  a n im a ls s h o w e d  th a t  y ie ld  
stress v a lu e s  w e re  in d e p e n d e n t  o f  L f/Lo  fo r  v a lu e s  o f  L f/Lo  <
1. T his resu lt w as c o n s is te n t  w ith  th e  m o d e l  p r o p o s e d  fo r  
p a rtia lly  h e a t  sh ru n k en  c o lla g e n o u s  t is su e  (S n o w d e n  e t  a l.,
1 9 7 7 ) .

T h e  y ie ld  stress v a lu e s  o b ta in e d  fo r  th e  sa m p le s  fr o m  th e  
y o u n g  sh ee p  w ere  (a )  v e ry  m u c h  lo w e r  th a n  th o s e  o b ta in e d  
fr o m  th e  o ld e r  a n im a ls  an d  (b )  d e c re a se d  w ith  d e c r e a se  in  
v a lu e s  fo r  Lf/Lo- I f  th e  te n s io n  d e v e lo p e d  at all t im e s  is d e 
p e n d e n t  o n  th e  a m o u n t o f  m e c h a n ic a lly  e f fe c t iv e  c o lla g e n  
p r e se n t  th e n  th e  y ie ld  stress v a lu e s  o b ta in e d  fo r  sa m p le s  fro m  
y o u n g  a n im a ls c o u ld  b e  a d ju ste d  fo r  th e  d e c re a se  in  te n s io n  
(se e  F ig . 2 )  th a t  o c cu rr ed  b e fo r e  c o o lin g  ( i .e . ,  a fte r  h a v in g  
a c h iev e d  m a x im u m  te n s io n )  b y  m u lt ip ly in g  th e  e x p e r im e n ta lly  
d e te r m in e d  v a lu e s  b y  th e  ra tio  o f  p ea k  (m a x im u m )  t e n s io n  
d e v e lo p e d  i .e . ,  T p to  th e  f in a l t e n s io n  T f  i .e . ,  th e  t e n s io n  v a lu e  
to  w h ic h  it h a d  d ecrea sed  p r ior  to  c o o lin g  d o w n . U s in g  th is  
c o r r e c t io n  fa c to r  th e  d er iv ed  v a lu e s  fo r  th e  y o u n g  a n im a ls  
sh o w e d  v e ry  sim ilar  b e h a v io r  to  th a t  o b ser v e d  fo r  th e  o ld e r  
a n im a ls (se e  F ig . 4 ) .  T h e  c o r r e c te d  y ie ld  stress v a lu e s  o b ta in e d  
fo r  th e  y o u n g  a n im a ls at Lf/Lo  v a lu e s  <  1 w ere  le s s  th a n  20% 
o f  th e  e q u iv a le n t  v a lu e s  o b ta in e d  fo r  th e  o ld e r  a n im a ls.

S u rp risin g ly  l it t le  v a r ia tio n  w a s fo u n d  fo r  th e  v a lu e s  o f  re la 
tive  y ie ld  le n g th  o b ta in e d  fo r  th e  h e a t-tr e a te d  sa m p le s  fr o m  
b o th  y o u n g  an d  o ld  a n im a ls ( i .e . ,  L y / L 0 ) ( se e  F ig . 5 ) .  A ll 
sa m p le s  w ith  v a lu e s  o f  L f/L o  <  1 h a d  v a lu e s  o f  Ly /L o  in  th e  
range 1 .0 0 —1 .0 6 . F o r  v a lu e s  o f  L f /L 0 >  1 th e  Ly /L 0 v a lu e s  
w ere  c lo se r  to  1 .1 0 . T h ere  w a s c o n s id e r a b le  v a r ia t io n  in  th e  
Ly /L 0 v a lu e s  o b ta in e d  fo r  u n tr e a te d  sa m p le s  a n d  th e se  v a lu e s  
w ere  in  th e  range 1 .1 0 —1 .3 0 .

T h e  y ie ld  stra in  i .e . ,  (L y — L f)/L f, w h ic h  r ep re se n ts  th e  
a m o u n t o f  d e fo r m a t io n  th e  h e a te d  an d  c o o le d  t is su e  u n d e r 
g o e s  b e fo r e  y ie ld in g , w as lin ea r ly  d e p e n d a n t  o n  L o /L f s in c e  
L y /Lo w as e f fe c t iv e ly  c o n s ta n t . S in ce  L y/Lo = C, w h er e  C is a 
c o n s ta n t , th e n  su b s t itu t in g  fo r  Ly in  y ie ld  stra in  =  ( L y — 
L f) /L f g iv es y ie ld  stra in  =  C (Lo /L f)  — 1.

T h e  e x p e r im e n ta l r esu lts  sh o w  su c h  a lin ea r  r e la t io n sh ip  
e x is ts  (F ig . 6 ) .

C h an ges in  e la s t ic ity  p r o d u c e d  b y  te m p er a tu r e  
a n c  b y  a n im a l age

In a p re v io u s  s tu d y  (S n o w d e n  e t  a l., 1 9 7 7 )  it  w a s  fo u n d  
th a : th e  e la s t ic ity  o f  sa m p le s  su b je c te d  t o  th e  sa m e  h e a t in g -  
c o o lin g  c y c le  w a s d e p e n d e n t  o n  th e  re la tive  restra in ed  le n g th
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M EC H A N IC A L  P R O PER T IE S  O F C O LLA G EN O U S T ISSU E. . .

Fig. 6—Yield strain (Ly — L f)/Ly vs L 0/Lf for samples o f collage
nous tissue. The symbols used are young sheep (*■ ), mature sheep (•) 
and old cow (•) heated to 70°C and mature sheep (o) heated to 
80° C.

( fo r  restra in ed  le n g th s  >  0 .6  Lo). T h e  p r e se n t s tu d y  h a s in v e s
tig a ted  th e  e f fe c t s  o f  h e a t in g  r e p lic a te  sa m p le s  fr o m  fo u r  
m atu re sh ee p  ( 6 —8 y r ) to  m a x im u m  te m p e r a tu r e s  o f  6 5 ,  7 0 ,  
7 5  or  8 0 °C  w h ils t  res tra in ed  at a le n g th  o f  0 .8  L 0 (T a b le  2). 
T h e  d ec re a se  in K l ì /'Ko v a lu e s  o b ta in e d  w ith  in crea se  in  te m 
peratu re  (T a o le  2) w as sim ilar  to  th e  d e crea se  in  K L f/ K 0 val
u e s  p r o d u c e d  w h e n  sa m p le s , w h ic h  h a d  b e e n  su b je c te d  to  
h e a tin g  to  7 0  or 8 0 ° C  and th e n  c o o le d ,  w e re  a llo w e d  t o  c o n 
tract to  restra in ed  le n g th s  >  0 .6  Lo d u rin g  h e a t in g  (S n o w d e n  
e t a l., 1 9 7 7 ) .  T h e  Lf/Lo  v a lu e s  o b ta in e d  a p p ea red  t o  b e  in d e 
p e n d e n t  o f  h e a t  tr e a tm e n t te m p er a tu r e .

T h e  sa m p le s  fro m  th e  o ld e r  a n im a ls  h e a te d  to  7 0 ° C  sh o w e d  
a very  sim ilar  d e p e n d e n c e  o f  K l ì /K 0 o n  L f/Lo  (F ig . 7 )  as th a t  
fo u n d  fo r  s im ila r  sa m p le s  h e a te d  to  8 0 ° C . F o r  th e  sa m p le s  
from  th e  y o u n g e r  a n im a ls th e  K l {/K0 v a lu e s  w ere  d e p e n d e n t  
o n  Lf/Lo  b u t th e  K L f/K o  v a lu e s  w ere  su b s ta n tia lly  le s s  th a n  
th e  K L f/Ko v a lu e s  o b ta in e d  fo r  sa m p le s  fr o m  th e  o ld e r  an i
m als w ith  c o m p a r a b le  L f/Lo  v a lu e s  (F ig . 7 ) .  A s p r e v io u s ly  
d iscu ssed  a fr a c t io n  o f  th e  c o lla g e n  in  th e  sa m p le s  fr o m  th e  
y o u n g  a n im a ls  m ig h t b e  regard ed  as ren d ered  m e c h a n ic a lly  
in e f fe c t iv e  b y  h e a tin g . A llo w a n c e  fo r  th is  lo s s  h as b e e n  m a d e  
b y  u s in g  th e  c o r r e c t io n  fa c to r  T p / T f  su g g e s te d  earlier . T h e  
co rr ec ted  K l ì /K 0 v a lu e s , fo u n d  b y  m u lt ip ly in g  th e  e x p e r i
m en ta l v a lu e s  b y  T p / T f , are sim ila r  to  th o s e  fo u n d  fo r  th e  
sa m p les fr o m  th e  o ld e r  a n im a ls  (F ig . 7 ) .

D isc u ss io n  o f  th e  p o s s ib le  s ig n if ic a n c e  o f  th e  r esu lts  
to  th e  m e c h a n ic a l p r o p e r tie s  o f  m e a t.

W here th e r e  is n o  lo s s  o f  m e c h a n ic a lly  e f fe c t iv e  c o lla g e n  th e  
relative  restra in ed  le n g th  (L f/Lo ) in f lu e n c e s  th e  e la s t ic ity  o f  
th e  sam p le  ( K l ì ), th e  re la tiv e  y ie ld  stra in  (Ly -  L f) /L f a n d , 
h e n c e , th e  stress-stra in  c h a r a c te r is t ic s  o f  th e  h e a t  tr ea te d  c o l 
la g en o u s tis su e  u p  t o  w h e r e  it  y ie ld s . H o w e v er  th e  f in a l le n g th ,  
a fter  h e a t tr e a tm e n t, r e la tiv e  to  th e  in it ia l ,  u n str esse d  le n g th

Fig. 7—Dependence o f  log (K^f/Ko) on L f/L 0 values obtained for 
collagenous samples from different sources, i.e., mature sheep and 
old cows (•), young sheep (•) and corrected values for young sheep 
(M. Each experimental point represents the means o f two to three 
replicates. The curve shown is the theoretical curve derived else
where (Snowden et a!., 1977).

Table 2—The influence o f  maximum heating temperature (65, 70, 75 or 
8 tf C) on the elastic properties and Lf/Lo values obtained for samples 
o f collagenous tissue, restrained at R = 0.8 o f original length L 0, from 
four mature sheep (6—8 yr)

Measured
parameter

Heating temperature (°CI

65 70 75 80 LSDa

Lf/Lo

KLf/Ko

0.79
2.3 X 10‘2

0.78
1.6 X 10‘2

0.77
1.2 X 1C2

0.77
0.7 X 10‘2

0.2
0.9 X 10'2

a Least s ig n if ic an t  d iffe rence  at P <  0 .0 5  leve'

(L f/Lo ) h as l it t le  in f lu e n c e  o n  th e  te n s ile  y ie ld  s tr e n g th  or  
re la tiv e  y ie ld  le n g th  ( L y /L 0) o f  sa m p le s  in  w h ic h  so m e  sh r in k 
age h as o c cu rr ed  i .e . ,  L f/Lo  <  1. F o r  sa m p le s  w h er e  a lo s s  o f  
m e c h a n ic a lly  e f fe c t iv e  c o lla g e n  o c c u r s  d u rin g  h e a t in g  th e  re
str a in e d  le n g th  L r r e la tiv e  t o  th e  in it ia l  u n str esse d  le n g th  
(Lr/Lo) h as th e  a d d itio n a l e f f e c t  o f  in f lu e n c in g  th e  rate  o f  lo s s  
o f  m e c h a n ic a lly  e f fe c t iv e  c o lla g e n .

In  o rd er  t o  e x p la in  th e  y ie ld  str e n g th s  and e la s t ic  p r o p e r tie s  
o f  th e  sa m p le s  o f  h e a t  tr e a te d  c o lla g e n o u s  t is su e s  e x a m in e d  in  
th e se  s tu d ie s  it  is  n e c e ssa r y  to  in v o k e  a sp e c tr u m  o f  c o lla g e n  
s ta te s . T h e  o b ser v e d  b e h a v io r  is c o n s is te n t  w ith  c h a n g e s  from  
S ta te  1 (u n h e a te d )  -*■ S ta te  2 (h e a te d  b u t  u n m e lte d )  -*■ S ta te  3 
( m e lt e d )  -*• S ta te  4  (m e c h a n ic a lly  in e f f e c t iv e ) .  T h e  m e ch a n ica l  
s tr e n g th  w o u ld  b e  r e d u c e d  as a r esu lt  o f  d is s o lu t io n  or  b reak 
age o f  th e  fib r il. S ta te s  2 ,  3 a n d  4  can  all c o -e x is t  (S n o w d e n  
an d  W eid em a n n , 1 9 7 7 )  an d  th e  m e ch a n ica l p r o p e r t ie s  o f  th e  
h e a t-tr e a te d  sa m p le s  w o u ld  b e  d e te rm in e d  b y  th e  re la tiv e  p r o 
p o r t io n s  o f  th e se  s ta te s  i .e . ,  2 ,  3 and 4 .  T h e  y ie ld  stress r esu lts  
in d ic a te  th a t th e  p r o p e r t ie s  o f  s ta te s  2 and 3 are a g e -d e p e n d e n t  
fo r  a g iv en  t issu e . T h is  a g e -d e p e n d e n c e  m a y  s im p ly  r e f le c t  d if 
fe r e n c e s  in  th e  d egree  o f  c ro ss lin k in g  o f  th e  c o lla g e n  p r e se n t  in

—Continued on page 201
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Y IELD  AND COMPARISON OF NU TR IT IVE AND ENERGY VALUES', FATTY ACID  
AND CHOLESTEROL CONTENT OF RAW AND COOKED CH ITTERLINGS

— -------------  --------- ABSTRACT ------------------------------------
Three brands of frozen raw chitterlings were used to determine yield, 
total waste and distribution of waste in preparation and cooking based 
on purchased weights. Raw and cooked tissue were compared for proxi
mate composition, minerals, vitamins, amino acids, estimated protein 
efficiency ratios (Est. PER), saturated and polyunsaturated fats and 
cholesterol. The yield was 37.8%, while the total wastage was 62.2%. 
The moisture content was significantly lower for the cooked tissue. 
Cooking produced significant losses of protein and fat. The caloric 
content for the cooked tissue was significantly higher than for the raw 
tissue. There were some changes in minerals, vitamins, amino acids, 
saturated fats and cholesterol content due to cooking. The raw and 
cooked tissue revealed no significant difference for riboflavin and nia
cin. The estimated PER’s Alsmeyer et al. (1974) [Food Technol. 28(7): 
34] using Eq 3 indicated lower values than Eq 1 and 2. There was no 
significant difference in C l8:2 in raw and cooked tissue. There'was a 
significant decrease in cholesterol content in the cooked tissue.

INTRODUCTION

S IN C E  V E R Y  L IT T L E  h a s b e e n  r ep o rte d  o n  th e  n u tr it iv e  
v a lu e  o f  s e le c te d  p o r k  b y -p r o d u c ts , th is  s tu d y  is  th e  first in  a 
ser ie s  t o  d e te r m in e  th e  y ie ld  as w e ll as th e  n u tr it iv e  v a lu e  o f  
c h itte r lin g s  as th e  first s e le c te d  p o r k  b y -p r o d u c t .

A s d e sc r ib ed  b y  L ev ie  ( 1 9 7 0 ) ,  c h it te r lin g s  are m a d e  fr o m  a 
h o g ’s  large  a n d  sm a ll in te s t in e s , w h ic h  are c o m p le te ly  e m p tie d ,  
r in sed  th o r o u g h ly ,  an d  are c o o k e d  in  th is  fo r m . O ur b e s t  e s t i
m a te s  are th a t  c h itter lin g s  are e a te n  b y  a b o u t  5 — 10% o f  th e
U .S . p o p u la t io n . C u rren tly  th e  d o c u m e n te d  s ta t is t ic s  o n  th e  
c o n s u m p t io n  o f  c h it te r lin g s  in  th e  U n ite d  S ta te s  are very  
sp arse  an d  w ere  ta k e n  p r ior  to  th e  m a r k e tin g  o f  th e  fr o z e n  
p r o d u c t . H o w e v e r , c h it te r lin g s  are l is te d  as a fr o z e n  v a r ie ty  
m e a t a n d  p r ice d  in  “ C a r lo t B e e f  a n d  P o rk  P r ic e s ,”  N a tio n a l  
P ro v is io n e r  ( s e e  M arch  2 6 ,  1 9 7 7  p a g e  3 0 ) .

A c c o r d in g  t o  a p e r so n a l c o m m u n ic a t io n  fr o m  th e  C o n 
su m er  a n d  F o o d  E c o n o m ic s  In s t i tu te ,  A R S  (W a tt, 1 9 7 2 ) ,  
n u m e r o u s  r e q u e s ts  h a v e  c o m e  fr o m  d ie t it ia n s  a n d  w e lfa r e  and  
p u b lic  h e a lth  w o r k e rs  c o n d u c t in g  d ie ta ry  su rv e y s  fo r  d a ta  o n  
th e  c o m p o s it io n  a n d  n u tr it iv e  v a lu e  o f  a v a r ie ty  o f  p o rk  
b y -p r o d u c ts , su c h  as c h itter lin g s .

Agriculture H andbook, No. 102  (P e c o t  an d  W att, 1 9 5 6 )  
r ep o rts  th a t  u n t il  r e c e n t ly  l i t t le  w o r k  h as b e e n  r e p o r te d  o n  
y ie ld s  o f  e d ib le  c o o k e d  o r  p rep a red  f o o d s  o b ta in e d  u n d e r  
p r a c tic a l w o r k in g  c o n d it io n s ,  an d  th a t  fo r  m a n y  o f  th e  f o o d s  
l is t e d  th e  n u m b e r  o f  sa m p le s  is  t o ta l ly  in a d e q u a te  fo r  d e v e lo p 
in g  re lia b le  averages. C o n sp ic u o u s  a m o n g  su c h  ite m s  are b o n e ,  
sk in , a n d  o th e r  lo sse s .

A c c o r d in g  to  Agriculture Handbook, No. 8  (W att and  
M errill, 1 9 6 3 ) ,  n o  d a ta  are in c lu d e d  o n  th e  c o m p o s it io n  v a lu e s  
o f  p o r k  c h itte r lin g s . The American Meat Institute Foundation  
Bulletin  ( 1 9 6 4 )  r e p o r te d  th e  p r o x im a te  c o m p o s it io n  an d  c a lo r 
ic  c o n t e n t  o f  ra w  c h itte r lin g s:  m o is tu r e , 69 .2 % ; p r o te in , 9.9% ; 
fa t ,  20 .3 % ; a sh , 0 .5% ; a n d  2 2 3  c a lo r ie s  p er  1 0 0 -g  sa m p le . T h e  
sa m e  p u b lic a t io n  r e p o r te d  d a ta  fo r  o n e  m in e ra l an d  o n e  v ita 
m in  b u t  n o  d a ta  fo r  th e  a m in o  a c id  p r o f i le  fo r  c h itter lin g  
t is su es . N o  in fo r m a t io n  w a s g iv en  in  r e fe r e n c e  to  th e  n u m b e r  
o f  sa m p le s  a n a ly z e d .

A  p re lim in a ry  m in era l s tu d y  o n  c h it te r lin g  t is su e  sh o w e d  
th a t c o o k e d  c h itte r lin g s  c o n ta in e d  12  t im e s  as m u c h  so d iu m  as 
th e  raw  t issu e . T h is  w a s d u e  t o  th e  a d d ed  sa lt  du rin g  c o o k in g .

F e e le y  e t  al. ( 1 9 7 2 )  su g g es ted  th a t  s tu d ie s  to  d e te r m in e  th e  
c h o le s te r o l  c o n te n t  o f  p a ired  raw  an d  c o o k e d  m e a ts  are b a d ly  
n e e d e d . In  th is  s tu d y  all c o m p o s it io n  v a lu e s  w il l  b e  d e te r m in e d  
o n  p a ired  raw  an d  c o o k e d  c h itte r lin g  tis su e . T h is  d a ta  c o u ld  b e  
u se fu l fo r  th e  n u tr it iv e  d a ta  b a n k  fo r  Agriculture H andbook,  
No. 8, C o m p o s it io n  o f  F o o d s .

EXPERIMENTAL

P r e l im in a r y

After a determination of the proximate composition, minerals and 
vitamins from ten different frozen raw chitterling samples the standard 
deviation of the most variable component value (fat) was used to calcu
late the number of sample analyses to be used. Using standard statistical 
procedures with a 95% level of confidence, four analysis values were 
needed to assure the precision desired.

Three brands of frozen raw chitterlings purchased from four differ
ent sources of the Lower Eastern Shore of Maryland were used to 
determine yield, total waste and distribution of waste in preparation 
and cooking on the basis of purchased weights. Four composite raw and 
cooked chitterling tissue samples were analyzed for proximate composi
tion, minerals, vitamins, amino acids, saturated and polyunsaturated 
fats, and cholesterol. Food energy was calculated from the proximate 
composition. The estimated prctein efficiency ratio (Est. PER) was 
calculated for each replication of raw and cooked products from amino 
acid data using Eq No. 3 of Alsmeyer et al. (1974).
P r e p a r a t io n  o f  s a m p le s

There were three available sources of frozen raw chitterlings based 
on brand name. The A, B and C brands were available in various loca
tions. A sample of each brand was purchased from four different loca
tions, giving a total cf 12 different purchased samples in 5- or 10-lb 
plastic buckets.
Y ie ld

Samples were coded with an equal number of raw samples for cock
ing purposes. The weight of the chitterlings as purchased was ascer
tained. Thawing was initiated in the refrigerator at 1.1° C during a 
period of 48 hr, and, when necessary, completed in cold water used for 
the first washing. Only large pieces of fat were trimmed from the chit
terlings during washing. Although the chitterlings were purchased as 
cleaned, constant inspection was desirable. Occasionally fiber was 
removed. With the use of double stainless steel sinks and cold water, the 
chitterlings were washed through five different changes of water. As the 
chitterlings were removed from one wash to another, draining was 
accomplished by squeezing the water from the product. At the end of 
the fifth washing, the chitterlings were drained in a colander for 5 min. 
The drained, washed, trimmed chitterlings were weighed in order to 
determine the raw edible weight and to calculate the thawed and 
trimmed losses.

A 12-qt stainless steel covered pot was used for the cooking process. 
After cold water was added to cover the chitterlings, they were sim
mered for 3 hr or until tender, removed from heat, and drained in a 
colander for 5 min. Afterwards the cooked weight and the losses during 
cooking were calculated, (Table 1).
P r e p a r a t io n  f o r  c h e m ic a l  a n a ly s e s

The cooled, drained cooked chitterlings were stored in polyethylene 
freezer bags, air-exhausted, sealed, and chilled in a refrigerator at 1.1° C. 
The chilled chitterlings were chopped rapidly in an electric meat 
chopper which had a Vi-in. blade and the capacity to chop 10 lb of meat 
per minute. The chitterlings were passed through the electric meat 
chopper three times and mixed thoroughly after each grinding. 
Individual samples were mixed in an extra powerful electric mixer with 
a 5-qt stainless steel bowl (Kitchen Aid Model K5-A); the composite 
was mixed in a 60-qt electric mixer (Hobart mixer, Model 21 600
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T-Timed Mixer). For chemical analyses, lOOg composite raw and 
cooked chitterling tissues were sealed in polyethylene freezer bags and 
stored at -23.3°C in plastic freezer boxes.

C h e m ic a l  a n a ly s e s

All chemical analyses were accomplished by means of four replicate 
determinations on raw and cooked composite samples.

Official methods of the AOAC (1975) for meat and meat products 
were used to determine moisture (24.003), protein (24.024), fat 
(petroleum ether extractables (24.005), and ash (31.013). Percentage 
protein was calculated from the total Kjeldahl nitrogen using the factor 
for the protein(s) analyzed, i.e., N x 6.25 for meat protein. Protein and 
fat factors from USD A Agriculture Handbook No. 74 (Merrill and Watt,
1955) were used to calculate the caloric content.

The methods described in “Meats and Fish,” Food Analysis by 
Atomic Absorption (Rowe, 1973), were used to determine the miner
als. Prior to the mineral determination the wet-ashing technique (2—5g) 
samples were digested with 30 ml of 3:2:1 nitric-percholoric-sulphuric 
acids in a long-necked Kjeldahl digestion flask. The Varian Techtron 
Model 1200 was used to determine calcium, magnesium, iron, phos
phorus, sodium and potassium.

Phosphorus was determined by estimation of molybdenum content 
of certain molybdate complexes. The method depends upon the separa
tion of two heteropoly acids by means of extraction with dimethyl- 
ether. The molybdophosphoric acid was retained in the organic phase 
and back-extracted with a basic aqueous buffer solution. The hetero- 
poly acid complex was decomposed to leave the molybdenum in the 
aqueous phase. Standard phosphorus solutions were treated in a like 
manner, and the molybdenum absorbance was calculated against known 
amounts of phosphorus. The phosphorus content of the original sample 
was then calculated by comparison with the phosphorus standards. 
Minerals were calculated in milligrams per 100-g sample.

Official methods of the AOAC (1975) were used for vitamin 
determinations. Chemical methods were used to determine vitamin A
(43.001), thiamine (43.024), riboflavin (43.039), niacin (43.044), and 
vitamin C (ascorbic acid) (43.051).

The amino acid profile for the 18 most frequently occurring amino 
acids were determined by the Wisconsin Alumni Research Foundation 
(WARF) Laboratory, Madison, WI. These were run on the amino acid 
analyzer by the methods of Moore et al. (1958). Alkaline hydrolysis 
was used for tryptophan determination by the method of Henderson 
and Snell (1948) versus acid hydrolysis for the other amino acids. Each 
amino acid in Table 3 was calculated in grams of amino acid per 100 
grams of amino acids.

The combined AOAC (1970) (28.052) and Food and Drug Adminis
tration methodology, Sheppard et al. (1974) were used to determine 
saturated triglycerides and cholesterol.

The saturated triglycerides, trilaurin, trimyristin, tripalmitin and 
tristearin (C12-C 1S) were determined by gas-liquid chromatography. 
The saturated fats were determined by fat extraction, saponification, 
and conversion to fatty acid methyl esters by a boron trifluoride-metha
nol reagent. The dried fatty acid methyl esters were taken up in 
N-hexane (pure grade). This solution also contains the sterols present in 
the original food extract. The sterols are in the “free state.” A weight 
response plot for each component of interest was obtained using an 
equal weight mixture of the saturated fatty acid methyl esters 
(C1 2 - C 1S).

The polyunsaturated triglyceride (trilinolein) was determined by an 
enzymatic method, Sheppard et al. (1974). Fatty acids were saponified 
to potassium salts. The salts of the cis, cis-methylene interrupted poly
unsaturated fatty acids were then conjugated and oxidized to hydro
peroxides by atmospheric oxygen in the presence of lipoxidase. The 
weight in grams of total cis, cis-methylene interrupted polyunsaturated 
acids per lOOg of sample was calculated from the absorbance of the 
conjugated diene hydroperoxide.
P r o te i n  e f f ic ie n c y  r a t io s

Estimated protein efficiency ratios (Est. PER) were calculated from 
grams of amino acid per lOOg of amino acids. The estimated protein 
efficiency ratio (Est. PER) was calculated for each replicate of 
composite raw and cooked tissue by personnel frcm theUSDA Eastern 
Regional Research Center, ARS by means of equations for predicting 
PER from amino acid analysis (Alsmeyer et aL, 1974).
S ta t is t ic a l  a n a ly s e s

Statistical analyses of the data were made by the paired t test for 
means. The significance of the differences of the means of the raw and 
cooked composition values were calculated from the formula of Dixon 
and Massey (1957). According to t values from Snedecor (1946) for

Table 1—Yield, proximate composition and caloric content o f  
thawed, trimmed, raw and cooked chitterling tissue

Component

Raw After cooking
Losses due 
to cooking

%a g/kgb %a g/kgb g/kg

Thaw-juice 14.5 145 — — —

Fat trim 5.2 52 - - -

Yield® 80.3 803 37.8<1 378 425
Moisture 67.3 540 62.4 236 304
Dry matter 32.7 263 37.6 142 121
Protein 7.2 58 9.2 35 23

(N X 6.25)
Fat 25.1 202 29.4 111 91
Ash 0.2 1.6 0.3 1.1 0.5

Calories/100g 257 304

a A s  is basis
b  O f  sta rting  m aterial
c Based on  orig ina l sta rting  m aterial
d  R ep re sen ts  a c o o k in g  lo ss  o f  4 2 . 5 %  and  a tota l w astage o f  6 2 .2 %  

o f the  p ro d u c t  as p u rchased

significance at the 5% level, t must be > 2.447. For significance at the 
1% level, t must be > than 3.707.

RESULTS & DISCUSSION

Y IE L D  D A T A  are p r e se n te d  in  T a b le  1. T h e  p e r c e n t  b y  w e ig h t  
o f  th a w  ju ic e  o f  B rand  A  in d ic a te d  a range o f  1 3 .4 —4 0 .3 ,  
B rand  B , 5 .3 —2 3 .7  an d  B rand C, 3 .7 —6 .

P r o x im a te  c o m p o s it io n  an d  c a lo r ic  c o n te n t  d a ta  are 
p r e se n te d  in  T a b le  1. B ased  o n  fo u r  r e p lic a te s , th e  p a ired  t te s t  
fr o m  v a r ia n ce  o f  m e a n s  o f  th e  raw  a n d  c o o k e d  t is su e  in d ic a te d  
a s ig n if ic a n t  d if fe r e n c e  o f  m o is tu r e  a n d  p r o te in  a t th e  1% lev e l. 
T h e  fa t  c o n te n t  w a s n o t  s ig n if ic a n t ly  d if fe r e n t  a t th e  1 % lev e l. 
T h e  ash  c o n te n t  sh o w e d  n o  s ig n if ic a n t  d if fe r e n c e  at th e  1% 
le v e l. T h e  A M I F  ( 1 9 6 4 )  B u lle t in  r e p o r te d  n o  a p p a re n t d if fe r 
e n c e  in  ash  c o n te n t  o f  raw  an d  c o o k e d  p o rk  b ra in , h ea r t, 
k id n e y , lu n g , p a n crea s, sp le e n , a n d  to n g u e . F ro m  th e  y ie ld  
d a ta  o f  raw  an d  a fter  c o o k in g  in  T a b le  1 , c o o k in g  p r o d u c e d  
s ig n if ic a n t  lo s se s  o f  p r o te in  an d  v e ry  d ra stic  lo s se s  o f  fa t . 
T h ere  w as a grea ter  v a r ia tio n  o f  m o is tu r e  an d  fa t  in  th e  raw  
sa m p le s .

T h e  c a lo r ic  c o n te n t  w a s s ig n if ic a n t ly  d if fe r e n t  a t th e  1% 
le v e l. T h e  h ig h  ca lo r ic  c o n te n t  o f  raw  an d  c o o k e d  tissu e  w a s  
d u e  to  th e  h ig h  fa t  c o n te n t .  F a t  a c c o u n te d  fo r  m o re  th an  
th r e e -fo u r th s  o f  th e  c a lo r ies .

M in era l c o n te n t  d a ta  are p r e se n te d  in  T a b le  2 . T h e  t te s t  
in d ic a te d  a s ig n if ic a n t  d if fe r e n c e  o f  raw  an d  c o o k e d  m e a n s  at 
th e  1% le v e l fo r  c a lc iu m , m a g n e s iu m , ir o n , p h o sp h o r u s  and  
so d iu m . P o ta ss iu m  rev e a le d  n o  s ig n if ic a n t  d if fe r e n c e  at th e  1% 
le v e l. P o ta ss iu m  in d ic a te d  a d ec re a se  o f  17% . S in ce  4 .7  m g o f  
p o ta s s iu m  w as lo s t  t o  th e  c o o k in g  d rip , all o f  th e  p o ta s s iu m  
w a s a c c o u n te d  fo r . In  a p r iv a te  c o m m u n ic a t io n  fr o m  W A R F  
In s t itu te  (A u lik , 1 9 7 6 ) ,  it  w a s s ta te d  th a t  a lo s s  o f  p o ta ss iu m  
b u t n o t  o th e r  m in e ra ls  is  o c c a s io n a lly  o b ser v e d  a fter  c o o k in g .  
It w as s ta te d  th a t th is  p h e n o m e n o n  h a s b e e n  o b ser v e d  fo r  12  
v e g e ta b le s  an d  o n e  m e a t  p r o d u c t . O n  a b a s is  o f  lOOg o f  raw  
and c o o k e d  c h itte r lin g  t is su e  in  th is  s tu d y  as c o m p a r e d  to  a 
c o m p o s ite  o f  tr im m e d  lea n  c u ts:  h a m , lo in ,  sh o u ld e r , and  
sp arer ib s as r e p o r te d  in  A g r ic u l tu r e  H a n d b o o k , N u m b e r  8
( 1 9 6 3 ) ,  th e r e  w a s h ig h er  c a lc iu m ; lo w e r  m a g n e siu m , p h o s 
p h o r u s , so d iu m , a n d  p o ta ss iu m ; and a sim ilar  iron  c o n te n t  in  
th e  c h it te r lin g  tis su e .

V ita m in  c o n te n t  d a ta  are a lso  p r e se n te d  in  T a b le  2 . T h e  t 
t e s t  in d ic a te d  n o  s ig n if ic a n t d if fe r e n c e  o f  raw  an d  c o o k e d  
m e a n s  at th e  1% lev e l fo r  r ib o fla v in  an d  n ia c in . A n  o v e r a ll
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e v a lu a tio n  o f  th e se  d a ta  in d ic a te s  th a t c h it te r lin g  tis su e  has a 
r e la t iv e ly  lo w  v ita m in  B n u tr it io n a l v a lu e  as c o m p a r ed  to  
c o n v e n t io n a l  p o rk  cu ts .

D a ta  are p r e se n te d  in  T a b le  3 fo r  th e  a m in o  a c id  p r o f ile .  
T h e  t te s t  in d ic a te s  a s ig n if ic a n t  d if fe r e n c e  o f  th e  raw  and  
c o o k e d  m e a n s  at th e  1% lev e l fo r  t r y to p h a n , th r e o n in e , i s o le u 
c in e , le u c in e ,  p h e n y la la n in e , ty r o s in e , a la n in e , g lu ta m ic  a c id , 
g ly c in e  an d  p r o lin e . M e th io n in e , v a lin e , a r g in in e , h is t id in e ,  
a sp a rtic  a c id , ly s in e  an d  ser in e  in d ic a te d  n o  s ig n if ic a n t  d if fe r 
e n c e  a t th e  1% le v e l. T h e  c y s t in e  c o n te n t  w a s n o t  c a lc u la b le .

Table 2—Mineral and vitamin content o f a composite sample o f  
thawed, trimmed, raw and cooked chitterling tissue

Component

Raw
Mean value 
mg/100g

Cooked 
Mean value 
mg/100g

Calcium 19.9 ± 0.05 27.4 ± 2.09
Magnesium 5.5 ± 0.14 10.3 ± 0.72
Iron 1.6 ± 0.64 3.7 ± 0.39
Phosphorus 28.5 ± 1.74 47.2 ± 2.97
Sodium 19.9 ± 0.99 38.6 ± 1.60
Potassiuma 9.4 ± 0.74 7.8 ± 0.47

Vitamin Ab 0.00c 0.00c
Thiamine 0.01 ± 0.01 (Trace)**
Riboflavin 0.07 ± 0.00 0.08 ± 0.01
Niacin 0.08 ± 0.00 0.10 ± 0.04
Ascorbic acid 0.00 0.00

a T h e  c o o k in g  lo ss a ccou nted  fo r  4 .7  m g/10 0  g o f  p o ta ss iu m  
b  Ind ica te s I.U / 1 0 0 g  
c (0 .00 ) Ind ica te s none
** (T race) In d ica te s less than  0.01 m g/ 1 0 0 g

Table 3—Amino acid composition and estimated protein efficiency 
ratio o f a composite sample o f thawed, trimmed raw and cooked 
chitterling tissue (g amino acid/100g amino acid)

Raw Cooked
Amino acid Mean values Mean values

Tryptophan 0.90 ± 0.06 0.6 ± 0.03
Threonine 4.2 ± 0.03 4.4 ± 0.03
Isoleucine 3.9 ± 0.01 4.1 ± 0.04
Leucine 7.6+ 0.01 7.9 ± 0.04
Lysine 6.4 ± 0.03 6.4 ± 0.03
Methionine 1.7 ± 0.09 1.9 ± 0.02
Cystine _a _a
Phenylalanine 3.7 ± 0.02 4.0 ± 0.02
Tyrosine 3.2 ± 0.02 3.7 ± 0.03
Valine 4.7 ± 0.06 4.9 ± 0.06
Histidine 2.0 ± 0.03 2.1 ± 0.02
Alanine 7.4+ 0.03 7.1 ± 0.02
Aspartic acid 9.4 ± 0.05 9.4 ± 0.02
Glutamic acid 13.4+ 0.15 12.9 ± 0.20
Glycine 11.8 ± 0.08 10.7 ± 0.03
Proline 7.5 ± 0.01 7.0 ± 0.03
Serine 4.7 ± 0.08 4.8 ± 0.03
Arginine 8.0 ± 0.05 8.2 ± 0.05

Estimated PER
Equation 1 2.23 ± 0.01 2.39 ± 0.02
Equation 2 2.45 ± 0.01 2.53 ± 0,03
Equation 3 1.93 ± 0.00 1.88 ± 0.06

a (— ) Ind ica te s n o t  ca lcu lab le

M ore th a n  50%  o f  th e  a m in o  a c id s  s tu d ie d  s h o w e d  a s ig n if ic a n t  
d if fe r e n c e  in  th e  c o o k e d  as c o m p a r e d  to  th e  raw  t issu e .

In th e  c o o k e d  tissu e  m o r e  th a n  50%  o f  th e  a m in o  a c id s  
s tu d ie d  rev ea led  a s ig n if ic a n t  d if fe r e n c e  a t th e  1% le v e l.  M ore  
th a n  30%  in d ic a te d  n o  s ig n if ic a n t  d if fe r e n c e  a t th e  1% le v e l.

R a w  an d  c o o k e d  c h itte r lin g  t is su e  in d ic a te d  a v e r y  h ig h  
c o n te n t  o f  th e  n o n e s se n t ia l  a m in o  a c id s: a r g in in e , a sp a rtic  
a c id , g lu ta m ic  a c id  an d  g ly c in e . T h e  g ly c in e  c o n t e n t  w a s 1 1 .8%  
an d  10 .7% , r e sp e c t iv e ly , fo r  raw  an d  c o o k e d  t is s u e ,  w h ic h  
a p p a r e n tly  in d ic a te s  a h ig h  a m o u n t  o f  c o lla g e n . W ith  c o lla g e n  
p r e se n t , th e r e  sh o u ld  b e  h y d r o x y p r o l in e  an d  h y d r o x y ly s in e .

It ap p ears th a t th e  su lfu r  a m in o  a c id s  an d  t r y to p h a n  are  
th e  f irs t t w o  lim it in g  e sse n tia l a m in o  a c id s . O n  an  o v e ra ll b a s is  
th e  e s se n tia l a m in o  ac id  c o n te n t  o f  c h it te r lin g  t is su e  w a s  s im i
lar t o  a m in o  a c id  c o n te n t  o f  b e e f  in te s t in e s  as c o m p a r e d  t o  a 
s tu d y  b y  O lsen  ( 1 9 7 0 ) .

S in ce  th e  e q u a t io n s  o f  A lsm e y e r  e t  al. ( 1 9 7 4 )  w e re  b a sed  
o n  an a m in o  a c id  c o m p o s it io n  in c lu d in g  h y d r o x y p r o l in e  an d  
h y d r o x y ly s in e ,  th e  p e r c e n ta g e s  o f  to ta l  a m in o  a c id s  a n d  o f  
h is t id in e , m e th io n in e ,  le u c in e ,  p r o lin e  an d  ty r o s in e  w e re  r ec a l
c u la ted  ta k in g  in to  a c c o u n t  o f  h y d r o x y p r o l in e  e s t im a te d  fr o m  
th e  p r o lin e  c o n te n t  in  c o lla g e n o u s  t is su e  (6 .0 9 %  fo r  th e  raw  
an d  5.6%  fo r  th e  c o o k e d  c h itte r lin g s )  an d  1% h y d r o x y ly s in e  in  
e a c h  r e p lic a te . R e su lts  o f  e s t im a te d  P E R  v a lu e s  as c a lc u la te d  
fr o m  a m in o  a c id  a n a ly se s  are p r e se n te d  in  T a b le  3 . T h e  m e a n  
e s t im a te d  P E R ’s fo r  raw  t is su e  as c a lc u la te d  fr o m  E q  1, 2  an d  
3 w e re  2 .2 3 ,  2 .4 5  and 1 .9 3 ,  r e s p e c t iv e ly , as c o m p a r e d  to  
c o o k e d  sa m p le s  sh o w in g  m ea n  v a lu e s  o f  2 .3 9 ,  2 .5 3  a n d  1 .8 8 .  
T h e  r esu lts  fr o m  E q  1 an d  2  are h ig h . T h e  e s t im a te d  P E R ’s 
c a lc u la te d  fr o m  E q  3 are lo w e r . A lsm e y e r  e t  al. ( 1 9 7 4 )  re
p o r te d  th a t  E q 3 is a r e lia b le  e s t im a to r  o f  P E R  w h e n  it  is  u se d  
w ith  p r o d u c ts  th a t c o n ta in  p r im a rily  m e a t, p o u ltr y ,  gra in , or  
y e a s t  o r ig in  an d  th a t  E q 1 a n d  2 w e re  in e f fe c t iv e  in  p r e d ic t in g  
th e  e s t im a te d  P E R  o f  f o o d s  c o n ta in in g  l i t t le  o r  n o  m e a t  or  
p o u ltr y .

T h e  P E R  o b ser v e d  range fo r  m o st  m e a ts  is  fr o m  2 .3 —2 .9 .  
Or. an o v era ll b asis , e s t im a te d  P E R ’s fo r  c h it te r lin g  t is su e , as 
c a lc u la te d  fr o m  E q  3 ,  w a s sim ilar  to  e s t im a te d  P E R ’s as c a lc u 
la te d  fo r  cer ta in  so y  p r o d u c ts . H a p p ic h  e t  al. ( 1 9 7 5 )  r e p o r te d  
c a lc u la te d  P E R ’s fo r  70%  lea n  b e e f  an d  30%  s o y  p r o te in  c o n 
c e n tr a te , 2 .4 ;  60%  lea n  b e e f  a n d  40%  s o y  p r o te in  c o n c e n tr a te ,  
2.2% ; m ea t p a tt ie s  w ith  te x tu r e d  v e g e ta b le  p r o te in ,  1 .9 ;  t e x 
tu r e d  v e g e ta b le  p r o te in , 2 .3 ;  and 25%  le a n  b e e f ,  25%  c o lla g e n  
an d  50%  w h e y  p r o te in  c o n c e n tr a te , 1 .8 .

R e su lts  o f  sa tu ra te d  a n d  p o ly u n sa tu r a te d  fa ts  a n d  c h o le s 
te r o l  are p r e se n te d  in  T a b le  4 . T h e  t te s t  in d ic a te d  a s ig n if ic a n t  
d if fe r e n c e  o f  raw  an d  c o o k e d  m e a n s  fo r  C l 2 : 0 ,  C l 4 : 0 ,  and  
C 1 6 :0  at th e  1% le v e l an d  th a t C 1 8 :0  e f fe c t e d  n o  s ig n if ic a n t

Table 4—Fat and cholesterol composition o f a composite sample o f 
thawed, trimmed raw and cooked chitterling tissue

Saturated and polyunsaturated fats and cholesterol

Raw Cooked
Mean values Mean values

Fata g/TOOg g/100g

12:0a 0.01 ± 0.01 0.05 ± 0.00
14:0 0.29 ± 0.01 0.36 ± 0.01
16:0 5.13 ± 0.22 6.32 ± 0.21
18:0 3.76+ 0.19 4.27 ± 0.31
1S:2b 3.06 ± 0.50 2.90 ± 0.27
Cholesterol0 160+ 2.26 143 ± 3.02

a 1 2:0 = trilaurln; 1 :̂0 = trimyristin; 16:0 = tripalmitin; 18:0 =
tnstearin . 

b  T rilln o le in  
c m g/100g
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d iffe re n c e  at th e  1% le v e l. O n  a gram  o f  fa t p er  lOOg b asis  
C 1 6 :0  a c c o u n te d  fo r  m o r e  th a n  50%  o f  th e  to ta l  sa tu ra te d  fa ts  
stu d ied  fo r  th e  raw  a n d  c o o k e d  t is su e . M ore th a n  90%  o f  th e  
to ta l sa tu ra ted  fa ts  w a s a c c o u n te d  fo r  in  C l 6 : 0  and C l 8 :0  
c o m b in e d . A n d e r so n  ( 1 9 7 6 )  r e p o r te d  sa tu ra te d  fa t  d a ta  fo r  
C 1 4 :0 , C 1 6 :0 ,  an d  C l 8 :0  fo r  raw  p ig  ta ils  s im ila r  to  th is  raw  
c h itter lin g  t is su e  s tu d y .

T h e  t t e s t  d e ta ile d  n o  s ig n if ic a n t  d if fe r e n c e  in  p o ly u n 
sa tu r a te d  fa ts  ( 0 8 : 2 )  o f  raw  and c o o k e d  m e a n s  at th e  1% 
leve l. A g r ic u ltu re  H a n d b o o k  N o . 8  ( 1 9 6 3 )  r ep o rte d  0  8 :2  d a ta  
o n  cu red  p o r k  (w ith  a n d  w ith o u t  b o n e )  in  a g r e e m e n t w ith  o u r  
fin d in g s o n  c h itte r lin g  t is su e .

T h e t te s t  c o n f ir m e d  a s ig n if ic a n t  d if fe r e n c e  in  c h o le s te r o l  
c o n te n t  o f  raw  a n d  c o o k e d  m e a n s  a t th e  1% le v e l. T h e  c o o k e d  
sa m p les s h o w e d  an 11%  lo s s  o f  c h o le s te r o l.  T h e  A M I F  B u lle t in
( 1 9 6 4 )  r e p o r te d  th a t  raw  c h itte r lin g  t is su e s  c o n ta in s  1 5 8  
m g/lO O g o f  c h o le s te r o l.  L o b a n o v  e t  a l. ( 1 9 5 8 )  r e p o r te d  th a t  
c o o k in g  ( i .e . ,  b o il in g )  lo w e r s  th e  c h o le s te r o l  c o n te n t .  T h e  
a u th o rs c o n c lu d e  th a t c o o k in g  m e a t  ( b e e f  an d  c h ic k e n )  and  
f il le t  o f  o c e a n  p erch  are p r o n e  t o  lo s e  a p p r o x im a te ly  20%  o f  
th e ir  c h o le s te r o l.  In th e se  s tu d ie s  as w e ll  as o u r s , c h o le s te r o l  
w as p r o b a b ly  lo s t  d u rin g  th e  c o o k in g  p r o c e ss .
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EFFECT OF SPICES AND SALT ON FERMENTATION OF LEBANON
BOLOGNA-TYPE SAUSAGE

------------------------------------  ABSTRACT ------------------------------------
Spices and different concentrations of NaCl added to sausage mixtures 
are shown to affect the course of fermentation during manufacture of 
Lebanon bologna. A mixture of nine spices used in Lebanon bologna 
formulation enhanced fermentation of these sausages. Sterile or non- 
sterile spices enhanced fermentation to the same extent. Similar stimu
latory effects of spice were observed when sausages were prepared by 
natural flora fermentation or by addition of starter culture (a mixture 
of P ediococcus cerevisiae and Lactobacillus plantarum ). Increasing con
centrations of NaCl from 1 to 7% resulted in an inhibition of fermenta
tion with an attendant decrease in lactic acid production. Use of less 
than 2% NaCl resulted in poor texture in the sausage. Sausages contain
ing 7% NaCl showed very little fermentation in the absence of spices 
and showed enhanced fermentation when spices were added. From the 
standpoint of fermentation, texture, color and palatability, sausages 
containing 2 and 3% NaCl were the best. Generally, formation of cured 
meat pigment, using either nitrite or nitrate, and texture of the sausages 
were related to the degree of fermentation attained during processing.

INTRODUCTION

A L T H O U G H  F E R M E N T E D  S A U S A G E S , su c h  as L e b a n o n  
b o lo g n a , su m m e r  sa u sa g e , a n d  p e p p e r o n i, rep re se n t a s ig n if i
c a n t p o r t io n  o f  th e  v a r ie ty  o f  m e a t  p r o d u c ts  a v a ila b le  to  th e  
c o n su m e r , th e  s ig n if ic a n c e  o f  th e  v a r io u s  fa c to r s  im p o r ta n t  to  
th e ir  p r o d u c t io n  h a s n o t  b e e n  c o m p le te ly  e lu c id a te d . In  ord er  
to  d e v e lo p  a b e t te r  u n d e r s ta n d in g  o f  th e se  fa c to r s , w e  s tu d ied  
th e  e f fe c t s  o f  th e  n o n m e a t  in g r e d ie n ts  o n  th e  fe r m e n ta t io n  
p r o c e s s  and f in a l p r o d u c t  q u a lity .

S p ic e s  an d  sa lt p la y  im p o r ta n t  r o le s  in  sa u sa g e  p r o d u c t io n  
b e s id e s  th e ir  o b v io u s  fu n c t io n  as fla v o r  c o m p o n e n ts .  S in ce  
a n c ie n t  t im e s ,  b o th  h a v e  b e e n  regard ed  as fo o d  p reserv a tiv es . 
A n t io x id a n t  p r o p e r t ie s  o f  sp ic e s  h a v e  b e e n  r e p o r te d , and a 
n u m b e r  o f  sp ic e s  h a v e  b e e n  fo u n d  to  b e  e f fe c t iv e  in  reta rd in g  
r a n c id ity  du rin g  fr o z e n  s to r a g e  o f  g ro u n d  p o rk  an d  b e e f  
(D u b o is  an d  T ressler , 1 9 4 3 ) ,  g r o u n d  p o rk  (C h ip a u lt  e t  a l.,
1 9 5 6 ) ,  an d  p o r k  sa u sa g e  (A tk in s o n  e t  a l.,  1 9 4 7 ) .  A n tim ic r o b ia l  
a c t iv ity  o f  sp ic e s  h as b e e n  d e m o n s tr a te d  (F a b ia n  e t  a l.,  1 9 3 9 ;  
C orran an d  E d gar, 1 9 3 3 ;  W ebb an d  T a n n er , 1 9 4 5 ;  D o ld  and  
K n a p p , 1 9 4 8 ;  B u lle r m a n , 1 9 7 4 ;  B e u c h a t , 1 9 7 6 ) .  T h e  resp o n ses  
o f  d if fe r e n t  m ic r o o r g a n ism s  to  a g iv en  sp ic e  varied  c o n s id e r 
a b ly , w ith  c lo v e s , c in n a m o n , a n d  m u sta rd  h a v in g  th e  m o st  
in h ib ito r y  e f fe c t  o n  a v a r ie ty  o f  m ic r o o r g a n ism s.

S a lt is th e  m o s t  c o m m o n  a n d  th e  m o s t  im p o r ta n t  n o n m e a t  
in g r ed ie n t o f  sa u sa g e . Its fu n c t io n s  in c lu d e  f la v o r in g , preserva
t io n ,  an d  p r o d u c t io n  o f  th e  p ro p er  te x tu r e  b y  s o lu b iliz a t io n  o f  
m ea t p r o te in s . T h e  to le r a n c e  o f  d if fe r e n t  sp e c ie s  o f  m ic r o 
o r g a n ism s to w a r d  sa lt varies o v e r  a w id e  ran ge o f  c o n c e n tr a 
t io n s . S o m e  m ic r o o r g a n ism s  are in h ib ite d  b y  sa lt c o n c e n tr a 
t io n s  o f  le s s  th a n  1%, w h ile  o th e r s  can  g ro w  in  sa tu ra ted  
b r in es . L a c t ic  a c id  p r o d u c in g  b a c te r ia , im p o r ta n t  in  fe r m e n te d  
fo o d s ,  are r e p o r te d  to  b e  fa ir ly  to le r a n t  o f  sa lt and  s o m e  are  
ev en  s t im u la te d  b y  lo w  c o n c e n tr a t io n s  (Irv in e  and P r ice ,
1 9 6 1 ) .

L e b a n o n  b o lo g n a , a fe r m e n te d  h e a v ily  sm o k e d  an d  sp ic e d  
a ll-b e e f  sau sage  o r ig in a lly  p r o d u c e d  in  th e  L e b a n o n  V a lle y  area  
o f  P en n sy lv a n ia , w a s c h o s e n  as a m o d e l  sy s te m  fo r  th e  s tu d y  
o f  fe r m e n ta t io n  p r o c e s se s  in  m e a t. In th e  tr a d it io n a l m e th o d  
o f  L e b a n o n  b o lo g n a  m a n u fa c tu r e  u s in g  n itr a te  as th e  cu r in g

a g e n t , f e r m e n ta t io n  is  p r o d u c e d  b y  n a tu ra l m ic r o f lo r a  p r e se n t  
in  g ro u n d  m e a t. S o m e  m a n u fa c tu r e r s  are n o w  u s in g  la c t ic  a c id  
starter  c u ltu r e s  to  a c h iev e  fe r m e n ta t io n  w ith  n itr a te  a n d /o r  
n itr ite  fo r  cu r in g .

T h e  p r e p a r a tio n  o f  L e b a n o n  b o lo g n a  (P a lu m b o  e t  a l.,
1 9 7 3 ) ,  th e  m ic r o b io lo g y  o f  th e  p r o c e s s  (S m ith  an d  P a lu m b o ,
1 9 7 3 ) ,  and th e  r o le  o f  n itr ite  an d  n itr a te  in  fe r m e n ta t io n  a n d  
cu red  m e a t  c o lo r  fo r m a t io n  in  L e b a n o n  b o lo g n a  (Z a ik a  e t  a l.,
1 9 7 6 )  h a v e  b e e n  r e p o r te d . W e n o w  r ep o rt th e  e f f e c t  o f  sa lt  
and sp ic e s  o n  th e  c o u r se  o f  f e r m e n ta t io n  o f  L e b a n o n  b o lo g n a  
p rep ared  w ith  a c o m m e r c ia l  starter  c u ltu r e  c o n ta in in g  L a c t o 
b a c illu s  p la n ta ru m  and  P e d ic o c c u s  c e re v is ia e .

EXPERIMENTAL  

P r e p a r a t io n  o f  L e b a n o n  B o lo g n a

The sausages were prepared essentially as described by Palumbo et 
al. (1973).

Spices. The spice mixture used in the sausage formulation was pre
pared from commercially available spices (referred to as regular spices) 
according to the following concentrations:

black pepper 25,0g
nutmeg 12.5g
allspice 12.5g
red pepper 6.2g
cloves 6.2g
cinnamon 6.2g
ginger 6.2g
mustard 6.2g
mace 0.2g

A similar mixture was prepared using purified spices (Griffith Labora
tories, Inc., Union, NJ). Total aerobic plate counts were determined on 
APT agar (Difco) incubated 3 days at 25°C. The count was 1 O'* /g for 
the regular spice mixture and less than 100/g for the purified spice 
mixture.

S t a r t e r  c u l tu r e  m e t h o d .  Beef was ground through a 3/32 in. plate 
and divided into 2-kg batches. The sausages were prepared according to 
the formulation given in Table 1. All sausages were prepared with the 
addition of 2% glucose and 2% sucrose. Starter culture (Lactacel MC, 
Merck and Co., Inc., Rahway, NJ) containing both Lactobacillus 
plantarum  and P ediococcus cervisiae was added at a level of 0.1%.

N a tu r a l  m ic r o f lo r a  m e t h o d .  Beef ground through a 3/4-in. plate was 
mixed with 3% NaCl, aged for 10 days at 5°C, and then ground through 
a 3/32-in. plate. The aged meat was divided into 2-kg batches and 
mixed with 2% glucose, 2% sucrose, 200 ppm NaNO,, and 0.8% spice 
mixture (if used).

P r o c e s s in g  o f  s a u s a g e s .  In order to facilitate analysis, the sausage 
mixtures were stuffed into 55 mm moisture impermeable fibrous cas
ings (Union Carbide Co.) and the sausages were incubated for 4 days at 
35°C.
A n a ly t ic a l  m e t h o d s

Determination of pH, titratable acidity (expressed as percent lactic 
acid), cured meat pigment, and nitrite concentration during 4 days of 
fermentation of the sausages was carried out as described previously 
(Zaika et al., 1976).

Evaluation of the flavor, texture and firmness of the sausages was 
carried our informally by experienced laboratory personnel by compari
son with sausages prepared by the formulation developed by Palumbo 
et al. (1973) in our laboratory.
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SP ICES A N D  S A L T  IN  FE R M E N T E D  SA  U S A G E . ..

Fig. I—Effect o f spices on changes in pH  during 
fermentation o f Lebanon bologna prepared 
with and without starter culture (sausage Series 
A).

Fig. 2—Effect o f spices on formation o f cured 
meat pigment during fermentation o f Lebanon 
bologna prepared with and without starter cul
ture (sausage Series A).

Fig 3—Effect o f regular and purified spices on 
changes in pH  during fermentation o f Lebanon 
bologna prepared with and without starter cul
ture (sausage Series B).

RESULTS & DISCUSSION

T H E  C H A R A C T E R IS T IC  F L A V O R  o f  a g iv en  ty p e  o f  sau sage  
d e p e n d s to  a large e x te n t  o n  th e  sp ic e s  u sed  in  its  fo r m u la t io n .  
O ur sp ic e  fo r m u la t io n  c o n s is ts  o f  n in e  sp ic e s:  b la c k  p e p p e r ,  
n u tm e g , a llsp ic e , red  p e p p e r , c lo v e s , c in n a m o n , g in g er , m u s-  

• tard an d  m a c e . In  o u r  p r e v io u s  resea rch  o n  L e b a n o n  b o lo g n a ,  
w e  n o t ic e d  th a t w h e n  sp ic e s  w e re  o m it te d  fr o m  th e  sau sage  
fo r m u la t io n , le s s  f e r m e n ta t io n  w a s o b ta in e d , e v e n  w ith  th e  use  
o f  starter  c u ltu r e , th a n  in  sa u sa g es c o n ta in in g  sp ic e s . T o  in v e s
t ig a te  th e  e f fe c t  o f  sp ic e s  o n  fe r m e n ta t io n ,  sa u sa g es (S e r ie s  A , 
T ab le  1 ) w ere  p rep a red  fr o m  fresh  m e a t  w ith  or  w ith o u t  th e  
a d d itio n  o f  th e  sp ic e  m ix tu r e  and sta r ter  c u ltu r e , L a c ta ce l M C. 
T h e  r esu lts  are sh o w n  in  F ig u res  1 and 2 . In sa u sa g es fr o m  
w h ic h  b o th  th e  sp ic e  m ix tu r e  and th e  sta r ter  c u ltu r e  w ere  
o m itte d , th e r e  w a s l i t t le  fe r m e n ta t io n  (F ig . 1 ). T h e  pH  d e 
creased  from  6 .0  to  o n ly  5 .2  a fte r  4  d a y s  a t 3 5 ° C . W ith  sp ic e s  
a lo n e , th e  d e c re a se  in  p H  w a s a lm o s t  as large  as w ith  starter  
cu ltu re  a lo n e . A d d it io n  o f  b o th  sp ic e s  an d  sta r ter  c u ltu r e  to  
th e  sau sage m ix tu r e  r e su lte d  in  v e ry  rap id  fe r m e n ta t io n  and  
th e  lo w e s t  f in a l pH  o f  4 .1 .

In th e se  sa u sa g es , a s w e ll as in  th o s e  fr o m  o th e r  e x p e r i
m e n ts , th e  d e v e lo p m e n t  o f  c u r ed  m e a t  p ig m e n t p a ra lle led  th e  
p r o d u c tio n  o f  a c id . T h e  m o s t  rapid  fo r m a t io n  o f  cu red  m ea t  
p ig m e n t w a s in  sa u sa g es c o n ta in in g  b o th  sp ic e s  an d  sta r ter  
c u ltu re  (F ig . 2 ) . S er ies  A  sa u sa g e s  w ere  p rep ared  w ith  1 0 0 0  
p p m  N a N 0 3 as th e  cu r in g  a g e n t;  h o w e v e r , s im ila r  r esu lts  w ere  
o b ta in e d  w ith  sa u sa g es p rep a red  w ith  7 8  p p m  N a N 0 2 in ste a d  
o f  N a N 0 3 . We h a v e  p r e v io u s ly  r ep o rte d  (Z a ik a  e t  a l.,  1 9 7 6 )  

, th a t sa t is fa c to r y  L e b a n o n  b o lo g n a  w ith  g o o d  cu red  m e a t c o lo r  
ca n  b e  prepared  u s in g  n itr ite  a lo n e .

S in ce  sp ic e s  are k n o w n  t o  b e  h e a v ily  c o n ta m in a te d  w ith  
m icro -o rg a n ism s, th e  p o s s ib il ity  th a t  th e se  m a y  c o n tr ib u te  to  
fe r m e n ta t io n  o f  L e b a n o n  b o lo g n a  w a s in v e st ig a te d . S au sages  
(S er ie s  B , T ab le  1 ) w e re  p rep ared  w ith o u t  sp ic e s , w ith  regu lar  
sp ic e s  and w ith  p u r if ied  sp ic e s  e ith e r  w ith  or  w ith o u t  th e  a d d i
t io n  o f  starter  c u ltu r e . M ic ro b io lo g ic a l a n a ly s is  o f  th e  p u r if ied  
sp ic e  m ix tu r e  in d ic a te d  th a t  th e  t o ta l  b a c ter ia l c o u n t  w a s less  
th a n  1 0 0 /g  co m p a r ed  to  a c o u n t  o f  a p p r o x im a te ly  1 0 4 /g  fo r

Table 1 —Formulation o f sausages prepared by the starter culture 
method

Sausage
series

NaCI
<%)

NaNOj
(ppm)

NaN03
(ppm)

Spices
(%)

Lactacel 
MC (%)

A 3 1000 0 or 0.8a 0 or 0.1
B 3 — 200 0 or 0.8a’b 0 or 0.1
C 3 78 — 0 -1 ,6b 0.1
D (M 78 — _ 0.1
E 3-7 78 — 0 or 0.8b 0.1

a R egu la r  com m erc ia l spices 
b  Pu rif ied  sp ice s

th e  regu lar  sp ic e  m ix tu r e . C h a n g es in  pH  d u rin g  th e  fe r m e n ta 
t io n  o f  th e se  sa u sa g es are sh o w n  in  F ig u re  3 . T h e se  r esu lts  
su g g est th a t th e  e n h a n c e d  fe r m e n ta t io n  in  th e  sp ic e -c o n ta in in g  
sa u sa g es, b o th  in  th e  p r e se n c e  an d  in  th e  a b se n c e  o f  starter  
c u ltu r e , w a s n e t  d u e  t o  m ic r o b ia l  c o n ta m in a n ts  in  sp ic e s , s in c e  
th e  regu lar  an d  th e  p u r if ied  sp ic e s  b eh a v e d  s im ila r ly . In  an  
e x p e r im e n t  u s in g  sta r ter  c u ltu r e , regu lar  sp ic e s  s te r iliz e d  b y  
a u to c la v in g  gave th e  sa m e  e n h a n c e m e n t  o f  fe r m e n ta t io n  as d id  
u n ste r iliz e d  sp ic e s .

T h e  e f fe c t  o f  sp ic e s  in  L e b a n o n  b o lo g n a  p rep a red  b y  th e  
tr a d it io n a l m e th o d , w h ic h  in v o lv e s  f e r m e n ta t io n  b y  m icr o  flo ra  
n a tu ra lly  p r e se n t in  g ro u n d  m e a t , w a s a lso  in v e s t ig a te d . S au 
sages w ere  p rep ared  b y  th e  n a tu ra l f lo ra  fe r m e n ta t io n  m e th o d  
w ith  regu lar  s p ic e s , p u r if ie d  sp ic e s , or  w ith o u t  sp ic e s . A s in  
th e  p r e v io u s  e x a m p le  w ith  sta r ter  c u ltu r e , th e  r e su lts  o f  th is  
e x p e r im e n t  (F ig . 4 )  sh o w  th a t  p u r if ie d  sp ic e s  gave th e  sa m e  
e n h a n c e m e n t  o f  f e r m e n ta t io n  as d id  th e  regu lar sp ic e s . D e v e l
o p m e n t  o f  cu red  m e a t  c o lo r  d u rin g  fe r m e n ta t io n  o f  sau sages  
b y  n a tu ra l m ic r o f lo r a  is sh o w n  in  F igu re  5 , w h ic h  is a c o m 
p o s ite  o f  severa l e x p e r im e n ts . In  e a c h  case  2 0 0  p p m  N a N 0 3 
w a s u sed  as th e  cu r in g  a g e n t. C o n v ersio n  t o  cu red  m e a t  p ig 
m e n t w a s b e tte r  an d  p r o c e e d  d  at a fa ste r  ra te  in  sp ic e -c o n -
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Fig 4 — Effect o f  regular an d  purified spices on  Fig. 5 — Effect o f  spices on formation o f  cured Fig. 6 — Effect o f  spice concentration on  p ro 

changes in p H  during fermentation o f  Lebanon meat pigm ent during natural flora fermentation duction o f  lactic acid  du ring  fermentation o f

bologna b y  natural flora. o f Lebanon  bologna in presence o f  2 0 0  ppm  Lebanon bo logna (sausage Series C).

added N a N O ,.

t a i n i n g  s a u s a g e s  t h a n  i n  s a u s a g e s  p r e p a r e d  w i t h o u t  s p i c e s .  
G e n e r a l l y ,  a n  a c c e p t a b l e  c u r e d  m e a t  c o l o r  w a s  p r o d u c e d  i n  

s a u s a g e s  w i t h o u t  s p i c e s  a f t e r  4  d a y s  o f  f e r m e n t a t i o n .
A l t h o u g h  w e  a r e  u n a b l e  t o  o f f e r  a  s a t i f a c t o r y  e x p l a n a t i o n  

f o r  t h e  s t i m u l a t o r y  e f f e c t  t h a t  s p i c e s  h a v e  o n  f e r m e n t a t i o n  o f  

L e b a n o n  b o l o g n a ,  a l l  o u r  e x p e r i m e n t s  s u g g e s t  t h a t  s o m e  c h e m 
ic a l  c o n s t i t u e n t  o f  o n e  o r  m o r e  o f  t h e  s p i c e s  u s e d  i n  o u r  
f o r m u l a t i o n  m a y  b e  i n v o l v e d .  P r e v i o u s l y ,  C o r r a n  a n d  E d g a r  

( 1 9 3 3 )  s u g g e s t e d  t h a t  b l a c k  p e p p e r  c o n t a i n s  a  y e a s t  s t i m u l a n t .  
W r i g h t  e t  a l .  ( 1 9 5 4 )  s h o w e d  t h a t  a  n u m b e r  o f  s p i c e s  a t  l o w  
l e v e l s ,  n a m e l y  c a r a w a y ,  c a r d a m o n ,  c i n n a m o n ,  g i n g e r ,  m a c e ,  
n u t m e g  a n d  t h y m e ,  e x h i b i t e d  m a r k e d  p r o m o t i n g  e f f e c t s  o n  g a s  
p r o d u c t i o n  i n  y e a s t - s u g a r  s u s p e n s i o n s ,  a s  w e l l  a s  i n  m o r e  

c o m p l e x  m e d i a .
A l t h o u g h  t h e  a m o u n t  o f  s p i c e  m i x t u r e  n o r m a l l y  u s e d  i n  o u r  

s a u s a g e  f o r m u l a t i o n  i s  0 . 8 % ,  t h e  e f f e c t  o f  s p i c e  c o n c e n t r a t i o n  
o f  0 - 1 . 6 %  o n  t i t r a t a b l e  a c i d i t y  w a s  e x a m i n e d  ( s a u s a g e  S e r i e s  
C ,  T a b l e  1 ) .  T i t r a t a b l e  a c i d i t y ,  e x p r e s s e d  a s  %  l a c t i c  a c i d ,  i n 
c r e a s e d  w i t h  i n c r e a s i n g  s p i c e  c o n c e n t r a t i o n ,  t h e  g r e a t e s t  
i n c r e a s e  i n  a c i d i t y  w a s  p r o d u c e d  b y  t h e  f i r s t  i n c r e m e n t  o f  

s p i c e s  u s e d  ( F i g .  6 ) .

Fig. 7— Effect o f  N aC ! concentration on production  o f  lactic acid  
during fermentation o f  Lebanon  b  ilogna prepared with starter cu l

ture but w ithout spices (sausage S t  ies D).

S o m e  a s p e c t s  o f  t h e  e f f e c t  o f  s a l t  o n  t h e  p r e p a r a t i o n  o f  

L e b a n o n  b o l o g n a  b y  t h e  n a t u r a l  m i c r o f l o r a  m e t h o d  h a v e  b e e n  

r e p o r t e d  p r e v i o u s l y  ( P a l u m b o  e t  a l . ,  1 9 7 3 ;  S m i t h  a n d  P a l u m 
b o ,  1 9 7 3 ) .  W e  c o n d u c t e d  e x p e r i m e n t s  t o  s t u d y  t h e  e f f e c t  o f  

s a l t  o n  f e r m e n t a t i o n  u s i n g  t h e  s t a r t e r  c u l t u r e  o r g a n i s m s  L a c t o 

b a c i l l u s  p l a n t a r u m  a n d  P e d i o c o c c u s  c e r e v i s i a e .  P . c e r e v i s i a e  

a p p a r e n t l y  g r o w s  w e l l  i n  s o l u t i o n s  c o n t a i n i n g  u p  t o  5 . 5 %  s a l t  

a n d  p o o r l y  i n  c o n c e n t r a t i o n s  o f  s a l t  u p  t o  1 0 %  ( F r a z i e r ,

1 9 5 8 ) .  L .  p l a n t a r u m  w a s  r e p o r t e d  t o  g r o w  i n  s o y  s a u c e  c o n 

t a i n i n g  1 0 %  N a C l  ( Y o s h i i  a n d  K a t o ,  1 9 6 6 ) .  S a u s a g e s  ( S e r i e s  D ,  

T a b l e  1 )  w e r e  p r e p a r e 'd  w i t h  0 ,  1 ,  2 ,  3  a n d  4 %  N a C l ,  u s i n g  
L a c t a c e l  M C  s t a r t e r  c u l t u r e  b u t  n o  s p i c e s .  F i g u r e  7  s h o w s  t h e  

c h a n g e s  i n  t i t r a t a b l e  a c i d i t y  d u r i n g  4  d a y s  o f  f e r m e n t a t i o n  o f  
t h e s e  s a u s a g e s .  I n c r e a s e d  a m o u n t s  o f  N a C l  i n h i b i t e d  f e r m e n t a 

t i o n  a n d  d e c r e a s e d  l a c t i c  a c i d  p r o d u c t i o n .  U s i n g  7 8  p p m  

N a N 0 2 , c o n v e r s i o n  t o  c u r e d  m e a t  p i g m e n t  w a s  8 5 %  o r  b e t t e r  
i n  s a u s a g e s  c o n t a i n i n g  u p  t o  3 %  N a C l ;  i n  s a u s a g e s  c o n t a i n i n g  

4 %  N a C l ,  i t  w a s  o n l y  7 0 % ,  a c c o m p a n i e d  b y  a  s l o w e r  d i s a p p e a r 

a n c e  o f  N a N 0 2 .

A  c e r t a i n  a m o u n t  o f  N a C l  i s  n e c e s s a r y  f o r  t h e  p r o d u c t i o n  
o f  s a u s a g e  h a v i n g  t h e  p r o p e r  t e x t u r e .  S a u s a g e s  c o n t a i n i n g  
2 - 4 %  N a C l  a n d  s t a r t e r  c u l t u r e  h a d  a  g o o d  f i r m  t e x t u r e .  U s e  o f  
l e s s  t h a n  2 %  N a C l  r e s u l t e d  i n  p o o r  t e x t u r e .  F r o m  t h e  s t a n d 
p o i n t  o f  t e x t u r e ,  f l a v o r  a n d  f e r m e n t a t i o n ,  s a u s a g e s  c o n t a i n i n g  
2  a n d  3 %  N a C l  w e r e  t h e  b e s t .

T o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  t h a t  h i g h e r  l e v e l s  o f  N a C l  m a y  

c o m p l e t e l y  i n h i b i t  t h e  a c t i v i t y  o f  t h e  s t a r t e r  c u l t u r e ,  s a u s a g e s  
( S e r i e s  E ,  T a b l e  1 )  w e r e  p r e p a r e d  c o n t a i n i n g  3 ,  5  a n d  7 %  N a C l .  
A  m i x t u r e  o f  t h e  p u r i f i e d  s p i c e s  w a s  a d d e d  t o  s o m e  o f  t h e  
s a u s a g e s  t o  s e e  w h e t h e r  o r  n o t  t h e  s t i m u l a t o r y  e f f e c t  o f  s p i c e s  
w o u l d  c o u n t e r a c t  t h e  i n h i b i t o r y  e f f e c t  o f  h i g h e r  l e v e l s  o f  s a l t .  
T h e  r e s u l t s  o f  t h i s  e x p e r i m e n t  a r e  s u m m a r i z e d  i n  T a b l e  2 .

T h e r e  w a s  v e r y  L t t l e  f e r m e n t a t i o n  i n  s a m p l e s  c o n t a i n i n g  5 
a n d  7 %  N a C l  i n  t h e  a b s e n c e  o f  s p i c e s .  W i t h  t h e  a d d e d  s p i c e s  
t h e r e  w a s  c o n s i d e r a b l e  i n c r e a s e  i n  l a c t i c  a c i d  p r o d u c t i o n  i n  
s a u s a g e s  w i t h  3  a n d  5 %  N a C l  a n d  a  s m a l l  i n c r e a s e  i n  s a u s a g e s  
w i t h  7 %  N a C l .

I n  t h e  S e r i e s  E  e x p e r i m e n t ,  7 8  p p m  N a N 0 2 w a s  u s e d  a s  t h e  
c u r i n g  a g e n t .  C o n v e r s i o n  t o  c u r e d  m e a t  p i g m e n t  w a s  g o o d  
(  > 8 4 % )  i n  s a u s a g e s  c o n t a i n i n g  3 %  N a C l  b o t h  i n  t h e  p r e s e n c e  
a n d  i n  t h e  a b s e n c e  o f  s p i c e s .  A t  t h e  5 %  N a C l  l e v e l ,  e i t h e r  w i t h  

o r  w i t h o u t  s p i c e s ,  a n d  a t  t h e  7 %  N a C l  l e v e l  w i t h  s p i c e s  t h e  

c o l o r  c o n v e r s i o n  w a s  /W 0 % .  H o w e v e r ,  i n  s a u s a g e s  p r e p a r e d
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Table 2 — Effect o f  N a d  and  spices on the properties o f  Lebanon  
bologna isausage Series E ) during fermentation at 3E>‘ C.

NaCl Days

No spices Spices (0.8%, purified)

PH
Lactic 

Acid, %
NaN02
ppm

Color
0//O

con
version pH

Lactic NaN02 
acid, % ppm

Color
%

con
version

3% 0 _ _ _ _ 6.06 0.18 49 _

1 5.40 0.25 7 46 4.75 0.42 6 74
2 4.80 0.43 7 70 4.15 1.03 2 81
3 4.55 0.61 4 79 4.10 1.24 0 86
4 4.44 0.75 4 84 4.06 1.39 2 88

5% 0 - - - - 6.05 0.18 49 -
1 5.83 0.22 19 36 5.56 0.26 20 41
2 5.30 0.29 11 54 4.63 0.50 5 73
3 5.25 0.32 9 62 4.36 0.75 3 74
4 4.92 0.42 8 72 4.24 0.98 2 73

7% 0 - - - - 6.05 0.18 51 —
1 6.15 0.17 20 32 6.14 0.17 23 33
2 5.80 0.23 15 40 5.73 0.23 16 38
3 5.55 0.27 10 47 4.89 0.41 7 66
4 5.40 0.30 10 56 4.64 0.54 6 69

w i t h  7 %  N a C l  w i t h o u t  s p i c e s ,  c o l o r  c o n v e r s i o n  w a s  o n l y  5 6 % .  
F r o m  t h e  s t a n d p o i n t  o f  a c i d  p r o d u c t i o n ,  t e x t u r e  a n d  c o l o r ,  

s a u s a g e s  c o n t a i n i n g  5 %  N a C l  w e r e  s a t i s f a c t o r y .  T h e  u s e  o f  7 %  

N a C l  r e s u l t e d  i n  s a u s a g e s  o f  b o r d e r l i n e  a c i d i t y  w i t h  p H  v a l u e s  

o f  4 . 6 '  4 . 8 .  I n  o u r  o p i n i o n ,  a  f e r m e n t e d  s a u s a g e  s h o u l d  h a v e  a  

p H  v a l u e  o f  4 . 7  o r  l e s s  t o  a s s u r e  m i c r o b i o l o g i c a l  s a f e t y .  C o n 

s i d e r a t i o n s  o f  p a l a t a b i l i t y ,  a s  w e l l  a s  p o t e n t i a l  a d v e r s e  e f f e c t s  
o n  t h e  h e a l t h  o f  i n d i v i d u a l s  w i t h  h i g h  b l o o d  p r e s s u r e ,  m a k e  
t h e  u s e  o f  5  o r  7 %  N a C l  i m p r a c t i c a l  f o r  s a u s a g e  p r e p a r a t i o n .

S U M M A R Y

F E R M E N T A T I O N  o f  L e b a n o n  b o l o g n a - t y p e  s a u s a g e s  c o n t a i n 

i n g  f r o m  1 t o  7 %  N a C l  w a s  s t u d i e d .  F e r m e n t a r i o n  w a s  i n h i b i t e d  
b y  i n c r e a s i n g  a m o u n t s  o f  N a C l .  A  m i x t u r e  o f  n i n e  s p i c e s  e x 

e r t e d  a  s t i m u l a t r o y  e f f e c t  o n  f e r m e n t a t i o n  b o t h  b y  L a c t a c e l  
M C  s t a r t e r  c u l t u r e  a n d  b y  n a t u r a l  m i c r o f l o r a .  I n c r e a s e d  f e r 
m e n t a t i o n  w a s  n o t  d u e  t o  m i c r o b i a l  c o n t a m i n a t i o n  o f  s p i c e s .
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INFLUENCE OF TUMBLING AND SODIUM TRIPOLYPHOSPHATE  
ON SALT AND N ITRITE D ISTRIBUTION IN PORCINE MUSCLE

--------------------------------  ABSTRACT --------------------------------
The effect of tumbling and sodium tripolyphosphate on the migration 
of salt and nitrite in pork muscle tissue was studied using the semi
membranosus muscles from 20 matched hams. Uniform sections of 
these muscles were injected with a column of cure placed in the geo
metric center of the muscle section perpendicular to the muscle fibers. 
Portions of these muscle samples were subsequently analyzed after 
tumbling or holding for extent of cooked cured color development. 
Uncooked portions were analyzed for salt and nitrite concentration at 
specific distances from the injection site. Both sodium tripolyphosphate 
and tumbling independently significantly increased the migration of salt 
and nitrite and resulted in a significant increase in color development. 
Although percent cured color area was significantly increased, both 
tumbling and sodium tripolyphosphate increased the residual nitrite 
content. Sodium tripolyphosphate added to the effect of tumbling on 
the percent of cured area.

INTRODUCTION
T H E  M E A T  I N D U S T R Y  h a s  e x p e r i e n c e d  n u m e r o u s  i n n o v a 
t i o n s  i n  t h e  c u r i n g  o f  p o r k  p r o d u c t s .  O n e  s u c h  i n n o v a t i o n  is  
t h e  t u m b l i n g  o r  m a s s a g i n g  o f  m e a t  t i s s u e  b y  m e c h a n i c a l  a g i t a 
t i o n .  A t  t h i s  p o i n t  i t  w o u l d  b e  r e l e v a n t  t o  e s t a b l i s h  t h e  d i f f e r 
e n c e  b e t w e e n  t u m b l i n g  a n d  m a s s a g i n g .  W e i s s  ( 1 9 7 3 )  h a s  

r e p o r t e d  t h a t  t h e  t e r m  t u m b l i n g  h a s  b e e n  u s e d  i n  t h e  d o m e s t i c  
c u r e d  m e a t  i n d u s t r y  t o  i n c l u d e  b o t h  t h e  t u m b l i n g  a n d  
m a s s a g i n g  a c t i o n .

T u m b l i n g  a c t u a l l y  i n v o l v e s  t h e  i n f l u e n c e  o f  i m p a c t  e n e r g y  

o n  t h e  m u s c l e  t i s s u e .  T h i s  o c c u r s  w h e n  t h e  m e a t  f a l l s  f r o m  t h e  
u p p e r  p a r t  o f  a  r o t a t i n g  d r u m  o r  i t  c a n  b e  c a u s e d  b y  s t r i k i n g  
t h e  m e a t  w i t h  p a d d l e s  o r  b a f f l e s .  T h i s  i m p a c t  e n e r g y  t h e o r e t i 
c a l l y  l e a d s  t o  t h e  t r a n s f e r  o f  k i n e t i c  e n e r g y  t o  t h e  m u s c l e  
t i s s u e  m a s s  a n d  r e s u l t s  i n  a  t e m p e r a t u r e  r i s e  i n  t h e  p r o c e s s i n g  

m a t e r i a l .
M a s s a g i n g  i s  a  l e s s  p h y s i c a l l y  r i g o r o u s  p r o c e s s  a n d  i n v o l v e s  

f r i c t i o n a l  e n e r g y  r e s u l t i n g  f r o m  t h e  r u b b i n g  o f  o n e  m e a t  s u r 
f a c e  o n  a n o t h e r  o r  o n  a  s m o o t h  s u r f a c e  o f  a  c o n t a i n e r .

V i s k a s e  ( 1 9 7 4 )  h a s  s t a t e d  t h a t  t u m b l i n g  h a s  s e v e r a l  f u n c 

t i o n s :  ( 1 )  t o  a i d  i n  t h e  d i s t r i b u t i o n  o f  t h e  c u r i n g  i n g r e d i e n t s  
a n d  ( 2 )  t o  i n c r e a s e  t h e  e x t r a c t i o n  o f  t h e  s a l t  s o l u b l e  p r o t e i n s  
d u e  t o  t h e  a d d i t i o n  o f  s a l t  a n d  t h e  t u m b l i n g  a c t i o n  a s  p r e 
v i o u s l y  d e f i n e d .

Fig. 1— Experim ental design

T h e  f u n c t i o n  o f  p h o s p h a t e  i n  t u m b l e d  p r o d u c t s  i s  o f  m a j o r  

i n t e r e s t  t o  t h e  m e a t  i n d u s t r y .  P o l y p h o s p h a t e s  h a v e  b e e n  
s h o w n  t o  i n c r e a s e  t h e  p H  o f  m e a t  a n d  t o  i m p r o v e  t h e  w a t e r 

h o l d i n g  c a p a c i t y  d u e  t o  t h e i r  s e q u e s t e r i n g  a b i l i t y  o f  t h e  a l k a 

l i n e - e a r t h  a n d  h e a v y  m e t a l  i o n s  n a t u r a l l y  p r e s e n t  i n  m e a t  
( E l l i n g e r ,  1 9 7 2 ;  H a m m  a n d  G r a u ,  1 9 5 5 ) .  T h i s  l a t t e r  e f f e c t  

r e s u l t s  s u b s e q u e n t l y  i n  l e s s  s h r i n k a g e  d u r i n g  h e a t  p r o c e s s i n g  
p a r t i c u l a r l y  i n  t h e  p r e s e n c e  o f  l o w  c o n c e n t r a t i o n  ( 1 ,  2 . 4  a n d  
2 . 1 5 % )  o f  s o d i u m  c h l o r i d e  ( W i e r b i c k i  e t  a l . ,  1 9 7 6 ;  K r a u s e  e t  

a l . ,  1 9 7 6 ) .
I n  t h e  p r e s e n c e  o f  s o d i u m  c h l o r i d e ,  p o l y p h o s p h a t e s  i n 

c r e a s e d  t h e  b i n d i n g  p r o p e r t i e s  o f  c u r e d  m e a t  b y  i n c r e a s i n g  t h e  
s o l u b i l i t y  o f  m y o s i n  a n d  a c t o m y o s i n  ( E l l i n g e r ,  1 9 7 2 ;  Y a s u i e t  
a l . ,  1 9 6 4 ) .  T h i s  b i n d i n g  e f f e c t  i s  f u r t h e r  e n h a n c e d  b y  
m e c h a n i c a l  a c t i o n s  s u c h  a s  t u m b l i n g  o r  m a s s a g i n g  ( R a h e l i c  e t  

a l . ,  1 9 7 4 ;  S i e g e l  e t  a l . ,  1 9 7 6 ;  K r a u s e  e t  a l . ,  1 9 7 6 ) .
P o l y p h o s p h a t e s  h a v e  b e e n  c r e d i t e d  w i t h  p r e v e n t i n g  d is 

c o l o r a t i o n  o f  c u r e d  m e a t s  ( W a t t s ,  1 9 5 4 ;  1 9 5 7 ;  S a v i c  e t  a l . ,

1 9 6 5 ) .  R a h e l i c  e t  a l .  ( 1 9 6 6 )  r e p o r t e d  t h a t  p o l y p h o s p h a t e s  i n 
c r e a s e d  c u r e d  p i g m e n t  q u a n t i t y .  A l l e n  ( 1 9 3 8 )  s u g g e s t e d  t h a t  

s o m e  p h o s p h a t e s  h a v e  t h e  a b i l i t y  t o  m a i n t a i n  t h e  f l o w  p r o p e r 
t i e s  o f  t h e  s p i c e s  a n d  t h e  c u r i n g  s a l t  m i x t u r e s  i n  m e a t .

T h e s e  r e p o r t s  s u g g e s t  t h a t  t h e  c o m b i n e d  a c t i o n  o f  t u r n b i i n g  

a n d  p o l y p h o s p h a t e s  m i g h t  p e r m i t  t h e  d e v e l o p m e n t  o f  s t a b l e  
c u r e d  m e a t  c o l o r  u s i n g  r e d u c e d  l e v e l s  o f  s o d i u m  n i t r i t e .

T h i s  p r o j e c t  w a s  d e s i g n e d  t o  d e t e r m i n e  t h e  e f f e c t  o f  
t u m b l i n g  a n d  s o d i u m  t r i p o l y p h o s p h a t e  o n  t h e  m i g r a t i o n  o f  
s a l t  a n d  n i t r i t e  i n  p o r k  m u s c l e  t i s s u e .

MATERIALS & METHODS
THE SEMIMEMBRANOSUS MUSCLES from 20 paired hams were 
assigned to four treatment groups (see Fig. 1). Each muscle was 
trimmed to a section, 15 cm long, 10 cm wide and 7.5 cm deep. T.rese 
sections were pumped 3% by weight with a single injection curing 
needle placing a column of cure in the geometric center and parallel to 
the long axis of the muscle section which was perpendicular to the 
muscle fibers (Fig. 2). Sections from ten hams were pumped with a 
brine containing 76.8% water, 16.5% salt, 3.3% sugar, 3.3% sodiurrj 
tripolyphosphate and 0.092% nitrite. Sections from ten iu,ms were 
pumped with a brine containing 80.1% water, 16.5% salt, 3.3% sugar 
and 0.092% nitrite. Following this injection, ten hams (5 with NaTPP

Fig. 2 — Schem atic representation o f  m uscle p r io r to injection
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and 5 without NaTPP) were tumbled 10 min out of each hour for 18 hr 
at a room temperature of 20°C. The remaining ham sections were held 
at 20°C for 18 hr. This temperature was selected in order to duplicate 
tumbling practices found in many American and European Meat Plants. 
After the 18-hr period, a 1.4 cm slice was taken from each muscle 
section perpendicular to the cure column (Fig. 3) and baked at 121°C 
for 15 min. Tracings were then made of the cured surface area and total 
muscle surface area and these areas were calculated using the compen
sating polar planimeter. At that time samples (6.35 mm slices) were also 
taken perpendicular to the previous slice (Fig. 3), from the remaining 
uncooked muscle section in eight areas:

1. site of injection
2. site of injection
3. 1.27 cm to the right of the injection site
4. 1.27 cm to the left of the injection site
5. 3.17 cm to the right of the injection site
6. 3.17 cm to the left of the injection site
7. 5.46 cm to the right of the injection site
8. 5.46 cm to the left of the injection site

These samples were analyzed for salt and nitrite content using pro
cedures outlined by AOAC (1965) as modified by Ockerman (1974).

Statistical analysis of the salt and nitrite data was performed using 
the Statistical Analysis System (SASS) (Barr and Goodnight, 1972). 
The data on cured area were subjected to simple correlation analysis 
(Snedecor and Cochran, 1971).

RESULTS & DISCUSSION
T H E  R E S U L T S  r e p o r t e d  i n  T a b l e  1 d e m o n s t r a t e  t h a t  

t u m b l i n g  i n c r e a s e d  t h e  m i g r a t i o n  o f  s a l t .  S i g n i f i c a n t l y  ( P  <  
0 . 0 5 )  g r e a t e r  c o n c e n t r a t i o n s  o f  b o t h  s a l t  a n d  n i t r i t e  ( T a b l e s  1 

a n d  2 )  w e r e  f o u n d  a t  t h e  i n j e c t i o n  s i t e  a n d  a t  1 . 2 7  a n d  3 . 1 7  
c m  b e y o n d  t h e  i n j e c t i o n  s i t e .  T h e r e  w a s  n o  s i g n i f i c a n t  d i f f e r 

e n c e  a t  t h e  5 . 4 6  c m  s i t e  f o r  n i t r i t e  c o n t e n t  b u t  t h e r e  w a s  a  
s i g n i f i c a n t  d i f f e r e n c e  f o r  s a l t  a t  t h i s  p o i n t .  T h i s  i n c r e a s e d  c u r e  
m i g r a t i o n  m a y  b e  i n f l u e n c e d  b y  t h e  i m p a c t  e n e r g y  o n  t h e  

m u s c l e  t i s s u e  d u r i n g  t u m b l i n g .  I n  a  n o r m a l  c u r i n g  o p e r a t i o n  

t h e  b r i n e  m o v e m e n t  w o u l d  b e  d u e  t o  o s m o t i c  p r e s s u r e  a l o n e .  
W h e n  t u m b l i n g  i s  e m p l o y e d ,  t h e  d i s t r i b u t i o n  o f  t h e  c u r i n g  

i n g r e d i e n t s  i s  n o t  o n l y  i n f l u e n c e d  b y  o s m o t i c  p r e s s u r e  b u t  a l s o  

b y  t h e  m o v e m e n t  o f  t h e  m u s c l e  t i s s u e  d u e  t o  t u m b l i n g  a n d  b y  
t h e  d i s r u p t i o n  o f  t h e  m u s c l e  s a r c o l e m m a  a s  r e p o r t e d  b y  T h e n o  

e t  a l . ,  ( 1 9 7 6 ) .  T h i s  w i l l  p r o m o t e  t h e  m i g r a t i o n  o f  t h e  c u r i n g  
i n g r e d i e n t s  b o t h  b e t w e e n  m u s c l e  b u n d l e s  a n d  f i b e r s  a n d  i n t o  

t h o s e  f i b e r s  w i t h  f r a g m e n t e d  s a r c o l e m m a ,  r e s u l t i n g  i n  a  
q u i c k e r  a n d  m o r e  u n i f o r m  d i s t r i b u t i o n  o f  t h e  c u r i n g  i n g r e d 
i e n t s .

T u m b l i n g  a l s o  h a d  a  s i g n i f i c a n t  e f f e c t  o n  r e s i d u a l  n i t r i t e  
c o n c e n t r a t i o n  ( T a b l e  2 ) .  G r e a t e r  n i t r i t e  c o n c e n t r a t i o n s  w e r e  
n o t e d  a t  t h e  s i t e  o f  i n j e c t i o n  a n d  a t  b o t h  1 . 2 7  a n d  3 . 1 7  c m  

d i s t a n t  f r o m  t h a t  s i t e .  W i t h  t h e  e f f e c t s  o f  p h o s p h a t e ,  d i s t a n c e ,  
a n d  h a m  s e c t i o n  v a r i a t i o n  s t a t i s t i c a l l y  r e m o v e d ,  t u m b l e d  h a m  
s e c t i o n s  a v e r a g e d  3 9 . 7  p p m  r e s i d u a l  n i t r i t e ,  w h i l e  n o n t u m b l e d  
h a m  s e c t i o n s  a v e r a g e d  2 6 . 0 5  p p m  ( P  <  0 . 0 1 ) .

T h e  i n f l u e n c e  w h i c h  t u m b l i n g  h a d  o n  i m p r o v i n g  t h e  d i s t r i 
b u t i o n  o f  t h e  c u r i n g  i n g r e d i e n t s  r e s u l t e d  i n  t h e  s i g n i f i c a n t  ( P  <  
0 . 0 1 )  i n c r e a s e  i n  p e r c e n t  c u r e d  c o o k e d  c o l o r  a r e a  s h o w n  i n  
T a b l e s  3  a n d  4 .  E x a m i n a t i o n  o f  t h e s e  d a t a  i n d i c a t e s  t h a t  

t u m b l i n g  h a d  a  f a r  g r e a t e r  e f f e c t  o n  p e r c e n t  c o o k e d  c u r e d  
c o l o r  a r e a  t h a n  d i d  s o d i u m  t r i p o l y p h o s p h a t e  a l o n e .  I t  is  

i n t e r e s t i n g  t o  n o t e  t h a t  a l t h o u g h  t h e  c u r e d  c o o k e d  c o l o r  a r e a  
w a s  m o r e  e x t e n s i v e  i n  t h e  t u m b l e d  m u s c l e  s e c t i o n s ,  t h e r e  w a s  
a l s o  a  h i g h e r  l e v e l  o f  r e s i d u a l  n i t r i t e  ( T a b l e  2 )  a t  t h r e e  o f  t h e  

f o u r  s a m p l e d  s i t e s  i n  t h e s e  m u s c l e  s e c t i o n s .
W i t h  t u m b l i n g  c a u s i n g  a  d i s r u p t i o n  o f  t h e  s a r c o l e m m a  a s  

r e p o r t e d  b y  T h e n o  e t  a l .  ( 1 9 7 6 ) ,  m y o g l o b i n  f r o m  w i t h i n  t h e  
m u s c l e  f i b e r  i s  m o r e  q u i c k l y  a v a i l a b l e  t o  t h e  n i t r i t e  i n  t h e  
s p a c e s  b e t w e e n  t h e  c e l l s  a n d  a n  a c c e p t a b l e  c o l o r  i s  m o r e  

r a p i d l y  d e v e l o p e d  a s  t h e  n i t r i t e  i s  r e d u c e d  t o  n i t r i c  o x i d e .  T h e  

e f f i c i e n c y  o f  t h e  s y s t e m  i s  i n c r e a s e d .
T h i s  w o u l d  s u g g e s t  t h a t  t u m b l i n g  c o u l d  p e r m i t  a  r e d u c t i o n

Fig. 3 — Schem atic representation o f  sam ple areas

Table 1—Salt concentration at distances from  the injection site as 
influenced b y  tum bling

Distance from 
injection site Salt cone (%)

(cm) T umbled Nontumbled

0 3.92 4.18
1.27 2.56 1.88
3.17 1.38 0.80
5.46 0.71 0.05
X 2.14* 1.73

• S ig n if ic a n t  P <  0 .0 5  (E ffe c ts  o f  P 0 4 , d istan ce  and  ham  variation  
sta tistica lly  rem oved)

Table 2 —Nitrite concentrations at distances from the injection site 
as influenced b y  tumbling

Distance from 
injection site

Nitrite, ppm

(cm) Tumbled Nontumbled

0 60.3 47.2
1.27 60.4 305
3.17 20.9 15.3
5.46 8.6 10.8 -
X 39.7** 26.05

* *  S ig n if ic a n t  P <  0.01 (E ffe c ts  o f  P 0 4 , 
t ion s  sta tistica lly  rem oved)

, d istance  and ham  varia-

Table 3 — Cooked, cured area o f  ham  sections as 
tum bling w ithout sod ium  tripolyphosphate

influenced b y

Nontumbled Tumbled

Total muscle section 69.72 71.85
cooked area (sq cm)

Cured cooked color 11.00 25.72
area (sq cm)

Cured cooked color area (%) 1.68 36.00**

• *  S ig n if ic a n t  (P <  0.01 )
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in the am ount o f nitrite put into the curing solution w ithout 
adversely affecting cured cooked color development or could 
significantly reduce the tim e required for color development.

The effect which NaTPP had on the migration of the curing 
ingredients is presented in Table 5. With the effects of 
tum bling, distance and ham statistically removed, the presence 
of sodium tripolyphosphate resulted in a_ significant (P <  0.05) 
increase in percent salt (X = 2.20 vs X = 1.67) and a highly 
significant (P <  0.01) increase in residual nitrite (X = 48.2 
ppm vs X = 15.4 ppm).

By comparing the mean percent cured areas in Tables 3 and 
4, it is apparent that NaTPP improved the area of color 
development in bo th  tum bled and nontum bled porcine muscle 
in addition to  increasing the residual nitrite. The polyphos
phate effect on area of color development was more dramatic 
for nontum bled hams since tumbling independently has a 
significant effect on cure migration and color development. 
These data support the reports which indicated that polyphos
phates increased the cooked cured pigment quantity  (Rahelic 
et al., 1966).

The means by which NaTPP increased cure migration is not 
com pletely elucidated. If phosphate has the ability to  break 
the actom yosin complex of the myofibril it should provide 
more opportun ity  for the free migration of salt and nitrite. It 
is also suggested that the increased migration of salt and nitrite 
due to  NaTPP may be aided by the increased migration of 
actin and myosin. Siegel et al. (1976), Vartorella, (1975) and 
Krause et al. (1976) have reported that NaTPP increased the 
level of muscle exudate independent of the effect o f salt or 
mechanical action. The effect of phosphates on muscle water 
retention  is well docum ented in the literature.
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IMPROVEMENT IN THE O X ID A T IVE  STAB IL ITY  OF PORK BY D IETARY  
SUPPLEMENTATION OF SWINE RATIONS

-------------------------------- ABSTRACT --------------------------------
The extent of improvement in the oxidative stability of pork through 
dietary supplementation was determined by feeding pigs rations con
taining a-tocopherol acetate and ascorbic acid. Approximately 7.7, 5 
and 4.3 jug of a-tocopherol per gram of tissue were deposited in the 
renal fat, the subcutaneous fat and the triceps muscle respectively by 
200 ppm a-tocopherol acetate supplementation of the ration fed be
tween beginning weights of 9-20  kg and a slaughter weight of 91 kg. 
The oxidative stability of the pork tissues was unaffected by ascorbic 
acid supplementation. However the stability of the adipose tissues was 
significantly increased (P  < 0.01) by a-tocopherol acetate supplementa
tion as indicated by the oxygen bomb stability test. There was a linear 
relationship between the stability of adipose tissues and their a-toco- 
pherol content. Supplementation of 100 ppm of a-tocopherol acetate 
in the ration appeared to be the optimum level for improvement of the 
oxidative stability of the muscle.

INTRODUCTION

UNDESIRABLE ODORS AND FLAVORS result from the 
oxidation of meat lipids. This is frequently accompanied by 
the discoloration of pigments. In fact oxidation has been one 
of the major problems in maintaining high m arket quality. 
This is particularly the case with pork because of its larger 
proportion of polyunsaturated fatty  acids.

Lipid oxidation can be inhibited by antioxidants and the 
tocopherols are classified among the natural antioxidants 
(Bauernfeind and Cort, 1947). The antioxidant effect on rat 
body tissues following dietary supplem entation with toco
pherol was shown in 1943 by Barnes et al. The dietary applica
tion of tocopherol to  stabilize pork fat has been investigated 
by Watts et al. (1946) and Hvidsten and Astrup (1963). It was 
found that a slight im provem ent in keeping quality could be 
achieved by this m ethod although the improvement was felt to 
be too small for practical significance. More recently the effec
tiveness of dietary supplem entation for the improvement of 
meat quality in turkeys fed on tuna oil was extensively studied 
by several additional workers (Crawford et al., 1975, 1974; 
Webb et al., 1972a, 1973; Webb et al., 1972b).

Ascorbic acid, which functions by oxygen scavenging, has 
frequently been used as an antioxidant. These applications of 
ascorbic acid have been in closed systems to remove the oxy
gen in a package head space or for the removal o f oxygen from 
solutions (Bauernfeind and Pinkert, 1970). In the dietary 
supplementation of ascorbic acid together with a-tocopherol 
acetate a synergistic effect has been reported that enhanced 
the deposition of a-tocopherol in the adipose tissues of chicks 
fed cod liver oil (Prange, 1949). However, there are no similar 
reports of this synergistic effect with pigs.

The objectives of this study were first to  find the individual 
effect of ascorbic acid and a-tocopherol acetate as dietary 
supplements in swine rations upon the oxidative stability of 
pork and second to  determ ine whether there might be a syner-

1 P resen t ad d re ss : F o o d  S c ien ce  & N u tr i t io n  D e p t.,  P ro v id en c e  C o l
lege, T a ich u n g , T a iw an

gistic effect influencing the deposition of a-tocopherol by the 
sim ultaneous feeding of ascorbic acid.

MATERIALS & METHODS

A n im a ls  a n d  d i e t s

Four levels of a-tocopherol acetate and two levels of ascorbic acid, 
factorially arranged as eight treatments, as shown in Table 1, were 
added to a basic swine ration and fed ad libitum to random groups of 
four pigs each.

The basic diet was a commercial type maize-soybean meal based diet 
supplemented with vitamins and minerals to meet nutritional require
ments. Ascorbic acid and a-tocopherol acetate dissolved in corn oil 
were added during the mixing of the basic ration. Batches of feed were 
prepared in quantities to last 2 -4  wk with ad libitum consumption. 
The mixed feed was stored in polyethylene bags.

The pigs were kept on concrete floors and each pen was equipped 
with self-feeders and waterers. During the early portion of the feeding 
period the basic ration contained 18% protein. After 1 month the pigs 
were switched to a 16% protein ration. The latter ration was fed until 
the animals were slaughtered at 91 kg.
T is s u e  s a m p l in g

Slaughtering was done according to standard procedures. After evis
ceration, renal or leaf fat samples were removed. The carcasses were 
then placed in a chilling room (0°C) where they were cooled over 30 hr 
to an internal temperature of 0°C. Following chilling, 15 x 15 cm 
sections of the subcutaneous fat that covered the Bostom butt and the 
triceps muscle (caput longum, caput mediale and caput lateral) were 
removed. Skin and any muscle tissue or blood vessels accompanying the 
subcutaneous fat sample were discarded. Covering fat and intermuscular 
fat were trimmed from the triceps muscle as completely as possible. 
The trimmed tissue samples were vacuum packaged in a plasticized 
vinylene chloride-vinyl chloride polymer pouch by means of a Cryovac 
vacuum machine (Cryovac Division, W.R. Grace & Co.) and stored at 
-23°C for 1-3 days prior to grinding.
G r in d in g ,  m ix in g  a n d  p r e p a r a t i o n

Before grinding, the frozen samples were allowed to warm and sof
ten at 0°C. Next the tissue samples were cut into approximately 19 mm 
cubes and held below freezing. They were mixed with pulverized dry 
ice and ground through a 9.5 mm grinder plate which provided a spa
ghetti-like product. The samples were ground a second time and held at 
-23°C overnight to eliminate any dry ice residue. The samples were

Table 1—Dietary supplementation to the basic diet

Treatment
no.

Ascorbic acid 
(ppm)

a-tocopherol acetate 
(ppm)

1 0 0
2 0 50
3 0 100
4 0 200

5 2000 0
6 2000 50
7 2000 100
8 2000 200
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Fig. 1 — Effect o f  supplim ental dietary ascorbic acid  and  a-tocopherol acetate on  the a-tocopherol content o f  selected tissues. Vertical lines denote  

9 5 %  C.l. o f  the treatment means: (a) with 2 ,000  ppm  ascorbic acid  supplement; (b) w ithout ascorbic acio supplement. A -S u b c u ta n io u s  fat; 

B — Leaf fat; C — Triceps muscle fat.

then vacuum packaged in a polyester Saran-type pouch using a Multivac 
vacuum packaging machine and stored at -23°C.

For thiobarbituric acid and peroxide value measurements, approxi
mately 250g of the frozen ground meat were evenly spread into a thin 
layer (approximately 5 mm) on a meat packaging paper tray and then 
covered with polyvinyl chloride film. The packaged samples were stored 
at 0°C. After 9 days sub-samples were taken from each package for 
analysis.
L a b o r a to r y  p r o c e d u r e s

Lipid extraction for iodine number measurement and fatty acid 
composition analyses were conducted according to Ostrander and 
Dugan (1962). Iodine number was determined according to the Official 
Hanus method (AOAC, 1965). Esters of fatty acids were prepared 
according to Van Wijngaarden (1967) and fatty acid composition anal
ysis was conducted on a Perkin-Elmer Model 881 gas liquid chromato
graph with a column of 15% diethylene glycol succinate coated on 
Chromasorb P of 100-120 mesh.

For the determination of a-tocopherol, the procedure included 
saponification, extraction, separation and quantitation. The saponifica
tion and extraction were essentially conducted according to Bro-Ras- 
mussen and Hjarde (1957). The extract was evaporated to dryness in a 
water bath under prepurified nitrogen and the residue was dissolved in 
2 ml analytical benzene for separation. The separation of a-tocopherol

Table 2 —Sum m ary  o f  the effect o f  supplemental dietary ascorbic  
acid and a-tocopherol acetate on  the fatty acid  com position and  its 
saturationa

Fatty acid

Subcutaneous fat Leaf fat Triceps fat

E C E C E C

C 14:0 + + + + + ±
C 15:0 / / / / ± ±
C 16:0 ± + ± P < 0.05 ± ±
C 16:1 ± + ± ± ± +
C 18:0 + + ± P <0.01 ± ±
C 18:1 + + ± ± ± +
C 18.2 ± ± ± + ± +
C 18:3 ± ± ± + ± P < 0.05
C 20:4 / / / / ± +
Satur. ± + ± ± ± ±
Mono "=" ± + ± ± ± ±
Poly "=" ± + ± ± ± +
Iodine ± ± ± ± / /

a ± N o  effect; P —S ig n if ic a n t  level; 1 — N o t  m easured ; E —a - t o c o 
phero l acetate supp lem ent; C — A sc o rb ic  acid sup p le m e n t

from cholesterol was conducted on a florisil column. The procedure 
used was essentially that of Pudelkiewicz et al. (1960), except that 
activated Florex (Sigma Chemical Company) was layered with a pipette 
to attain a column 12.5 cm long and 20 ml of eluant were collected. 
The eluant was then evaporated to dryness under nitrogen and the 
residue was redissolved :n 1 ml of methanol for quantitation of a-toco
pherol by gas-liquid chromatograph with a column of 3%QF-1 on Gas 
Chromo. Q of 60-80 mesh (Applied Science Laboratories).

The oxidative stability of fresh samples was evaluated by three 
methods. The oxygen bomb was used to predict the stability of fat 
tissues and a standard procedure, No. 1 3A of Eastman Food Labora
tory, Kingsport, TN (1973) was followed. In this method 20-g samples 
were used and the temperature of the oven and the oxygen pressure 
were set at 100°C and 110 psi respectively. Oxidative stability of the 
triceps muscle was measured by the peroxide value (AOCS, 1975) and 
the TBA value (Witte et al., 1970).

RESULTS & DISCUSSION 
Fatty acid composition

The influence of dietary supplem entation of ascorbic acid 
and a-tocopherol acetate on :he fatty  acid com position are 
summarized in Table 2. There were no effects of supplem enta
tion of a-tocopherol acetate on the fatty  acid distribution nor 
on the am ount of unsaturation. The observations thus are in 
agreement with those of Hvids:en and Astrup (1963) that the 
degree of unsaturation of the body fat is unaffected by the 
supplem entation of a-tocopherol acetate. In addition, Bunnell 
et al. (1956) concluded tha t there is little evidence to  show an 
effect of vitamin E on the overall fatty  acid com position of 
the tissues.

Dietary supplem entation v/ith ascorbic acid seemed to 
show some effect on the fatty  acid d istribution in tissues 
studies. Ascorbic acid tended to increase the C 16:0, C 16:1 
and to  decrease the C 18:0 and C 18:2 in the subcutanious fat. 
However, none of these trends was sufficient to  be statistically 
significant. With the leaf fat, a significant increase (P <  0.05) 
in C 16:0 compensated for the significant decrease in C 18:0 
and no change in the saturation or iodine value could be a ttr ib 
uted to  the ascorbic acid supplem entation. A significant in
crease (P <  0.05) in C 18:3 was found in the triceps intram us
cular fat. However, this increase in degree of unsaturation was 
too small (0.07%) to be statistically significant.
a-tocopherol content

It is well known that a-tocopherol is the predom inant toco
pherol in animal tissues. Thus in this study only the a-toco 
pherol was analyzed. Figure 1 shows the influence observed of 
dietary supplem entation of ascorbic acid and a-tocopherol 
acetate upon the a-tocopherol contents of selected tissues.

194 -JO U R N A L  OF FO OD  SC IENCE-Vo lum e 43 (1978)



0 X 1  D A  T I  V E  S T A B I L I T Y  O F  P O R K . . .

T h e r e  w a s  n o  s i g n i f i c a n t  e f f e c t  f r o m  a s c o r b i c  a c i d  s u p p l e m e n 
t a t i o n  u p o n  t h e  t i s s u e  a - t o c o p h e r o l  c o n t e n t .  T h e  s y n e r g i s t i c  

e f f e c t  o f  a s c o r b i c  a c i d  s u p p l e m e n t a t i o n  c n  a - t o c o p h e r o l  c o n 

t e n t  o f  c h i c k e n  t i s s u e s  a s  r e p o r t e d  b y  P r n a g e  ( 1 9 4 9 )  w a s  n o t  
o b s e r v e d  i n  t h e  t i s s u e s  o f  s w i n e .  I t  i s  u n k n o w n  w h e t h e r  t h i s  
d i f f e r e n c e  i n  e f f e c t  f r o m  a s c o r b i c  a c i d  s u p p l e m e n t a t i o n  w a s  

d u e  t o  d i f f e r e n c e s  i n  s p e c i e s ,  i n  e x p e r i m e n t a l  c o n d i t i o n s ,  o r  
p o s s i b l y  d u e  t o  b o t h .

T h e  s u p p l e m e n t a t i o n  o f  a - t o c o p h e r o l  a c e t a t e  s i g n i f i c a n t l y  
( P  <  0 . 0 0 5 )  i n c r e a s e d  t h e  c o n t e n t  o f  a - t o c o p h e r o l  o f  a l l  t i s s u e s  
s e l e c t e d  f o r  a n a l y s i s .  I t  c a n  b e  o b s e r v e d  f r o m  t h e  s l o p e s  o f  t h e  
c u r v e s  t h a t  t h e  d e p o s i t i o n  o f  a - t o c o p h e r o l  b y  s u p p l e m e n t a t i o n  
o f  a - t o c o p h e r o l  a c e t a t e  i s  r e l a t i v e l y  i n e f f i c i e n t  a n d  t h e  e f f i 
c i e n c y  o f  d e p o s i t i o n  w a s  d e c r e a s e d  w h e n  t h e  c o n c e n t r a t i o n  o f  
a - t o c o p h e r o l  a c e t a : e  s u p p l e m e n t  w a s  i n c r e a s e d .  O f  t h e  t h r e e  

t i s s u e s  s t u d i e d ,  t h e  i n c r e a s e  i n  a - t o c o p h e r o l  c o n t e n t  w a s  m o s t  
m a r k e d  i n  l e a f  f a t  a n d  l e a s t  i n  t h e  t r i c e p s  m u s c l e .  B r a t z l e r
( 1 9 5 0 )  r e p o r t e d  t h a t ,  a m o n g  t i s s u e s  h e  s t u d i e d ,  l i v e r ,  l e a f  a n d  
r u f f l e  f a t  s h o w e d  t h e  l a r g e s t  i n c r e a s e s  i n  a - t o c o p h e r o l .

T h e  s m a l l  a m o u n t  o f  a - t o c o p h e r o l  i n  t i s s u e s  f r o m  a n i m a l s  
t h a t  r e c e i v e d  n o  s u p p l e m e n t a t i o n  o f  a - t o c o p h e r o l  a c e t a t e  s u g 
g e s t s  t h a t  t h e  b a s i c  r a t i o n s  c o n t a i n e d  l o w  l e v e l s  o f  a - t o c o 
p h e r o l .  B y  d i e t a r y  s u p p l e m e n t a t i o n  o f  2 0 0  p p m  a - t o c o p h e r o l  
a c e t a t e ,  a b o u t  5 . 0 ,  7 . 7  a n d  4 . 3  / i g  o f  a - t o c o p h e r o l / g  t i s s u e  

w e r e  d e p o s i t e d  i n  s u b c u t a n e o u s  f a t ,  l e a f  o r  r e n a l  f a t  a n d  t r i 

c e p s  m u s c l e  r e s p e c t i v e l y .  T h e  l i p i d  c o n t e n t  o f  a d i p o s e  t i s s u e s  
w a s  a b o u t  2 0  t i m e s  a s  h i g h  a s  t h a t  o f  t r i c e p s  m u s c l e .  I n  t e r m s  
o f  t h e  a - t o c o p h e r o l  c o n t e n t  p e r  u n i t  o f  f a t ,  t h e  c o n c e n t r a t i o n  
i n  t h e  t r i c e p s  t i s s u e  w a s  f o u n d  t o  b e  g r e a t e r  ( 1 0 7  ¡1g )  t h a n  i n  
a d i p o s e  t i s s u e  ( 8 . 5  ¡ ig ) .

O x i d a t i v e  s t a b i l i t y

A d i p o s e  t i s s u e s .  T h e  e f f e c t  o f  d i e t a r y  s u p p l e m e n t a t i o n  
w i t h  a s c o r b i c  a c i d  a n d  a - t o c o p h e r o l  a c e t a t e  o n  t h e  s t a b i l i t y  o f  

s u b c u t a n i o u s  f a t  a n d  l e a f  f a t  a s  m e a s u r e d  b y  t h e  o x y g e n  b o m b  
a t  1 0 0 ° C  a n d  1 1 0  p s i  o f  O 2 p r e s s u r e  i s  s h o w n  i n  F i g u r e  2 .  T h e  

o x i d a t i o n  i n d u c t i o n  p e r i o d  w a s  d e f i n e d  a s  t h e  e l a p s e d  t i m e  
b e t w e e n  t h e  p l a c i n g  o f  t h e  b o m b  i n  t h e  c o n t r o l l e d  t e m p e r a 

t u r e  o v e n  a n d  t h e  d e c l a r e d  e n d p o i n t  o f  a  2  p s i  d r o p  i n  p r e s 
s u r e .  F r o m  t h e s e  d a t a ,  a s c o r b i c  a c i d  s u p p l e m e n t a t i o n  s e e m e d  
t o  b e  i n e f f e c t i v e  f o r  i m p r o v e m e n t  o f  o x i d a t i v e  s t a b i l i t y .  T h i s  

w a s  e x p e c t e d  b e c a u s e  t h e  a d d i t i o n  o f  a s c o r b i c  a c i d  f a i l e d  t o  
c h a n g e  e i t h e r  t h e  d e g r e e  o f  s a t u r a t i o n  o f  l i p i d  o r  t h e  a - t o c o 

p h e r o l  c o n t e n t  o f  t i s s u e s .  N e v e r t h e l e s s ,  a s  s h o w n  i n  F i g u r e  2 b ,  
t h e  a d d i t i o n  o f  a s c o r b i c  a c i d  d i d  s h o w  a  t e n d e n c y  t o  i m p r o v e  

t h e  s t a b i l i t y  o f  l e a f  f a t  a t  l o w  l e v e l s  o f  a - t o c o p h e r o l  a c e t a t e  
s u p p l e m e n t a t i o n .  I n  c o n t r a s t  t o  a s c o r b i c  a c i d ,  a - t o c o p h e r o l  

s u p p l e m e n t a t i o n  w a s  e f f e c t i v e  i n  i n c r e a s i n g  t h e  t o c o p h e r o l  

c o n t e n t  o f  t i s s u e s ,  a n d  t h u s  s i g n i f i c a n t l y  i n c r e a s e d  ( P  < 0 . 0 1 )  

t h e  s t a b i l i t y  o f  f r e s h  a d i p o s e  t i s s u e s .

T h e  e f f i c i e n c y  f o r  t h e  i m p r o v e m e n t  i n  o x i d a t i v e  s t a b i l i t y  
b y  a - t o c o p h e r o l  s u p p l e m e n t a t i o n  t e n d s  t o  d e c r e a s e  w h e n  t h e  
c o n c e n t r a t i o n  o f  t h e  s u p p l e m e n t  i s  i n c r e a s e d  a s  s h o w n  b y  t h e  

s t a b i l i t y  c u r v e s .  I n  t h e  c a s e  o f  s u b c u t a n e o u s  f a t ,  a n  i n c r e a s e  o f  
a b o u t  3 0  m i n  o n  t h e  O B M  s t a b i l i t y  t e s t  c o u l d  b e  a c h i e v e d  w i t h  
t h e  f i r s t  5 0  p p m  o f  a - t o c o p h e r o l  a c e t a t e  s u p p l e m e n t a t i o n ,  
w h i l e  o n l y  a b o u t  1 8  m i n  c o u l d  b e  i n c r e a s e d  b y  a n  a d d i t i o n a l  
5 0  p p m  o f  s u p p l e m e n t a t i o n .  A t  t h e  s a m e  l e v e l  o f  a - t o c o -  

p h e r o l  a c e t a t e  s u p p l e m e n t a t i o n  t h e  s t a b i l i t y  o f  l e a f  f a t  w a s  
u s u a l l y  h i g h e r  t h a n  t h a t  o f  s u b c u t a n e o u s  f a t .  T h i s  w a s  p r e d i c t 
a b l e  b e c a u s e  t h e  l e a f  f a t  h a d  a  h i g h e r  a - t o c o p h e r o l  c o n t e n t  a n d  
a  h i g h e r  d e g r e e  o f  s a t u r a t i o n  o f  l i p i d s .

T h e  l i n e a r  r e l a t i o n s h i p s  b e t w e e n  t h e  O B M  s t a b i l i t y  t e s t  f o r  
t i s s u e s  a n d  t h e i r  a - t o c o p h e r o l  c o n t e n t  a r e  g i v e n  i n  F i g u r e  3 .  

A  h i g h  c o r r e l a t i o n  w a s  o b s e r v e d  b e t w e e n  o x i d a t i v e  s t a b i l i t y  

a n d  a - t o c o p h e r o l  c o n t e n t .
> T r i c e p s  m u s c l e .  T h e  o x i d a t i v e  s t a b i l i t y  o f  t r i c e p s  m u s c l e  

c o u l d  n o t  b e  p r e d i c t e d  b y  t h e  O B M  m e t h o d  d u e  t o  i t s  l o w  f a t  
c o n t e n t .  T h u s  i t s  o x i d a t i o n  c o u l d  n o t  b e  s h o w n  b y  a n  o b v i o u s  
d r o p  in  p r e s s u r e .  P e r o x i d e  v a l u e s  a n d  T B A  v a l u e s  o f  t h e  t r i c e p s

Concentration of supplemental dietary alpha tocopherol 
acetate I ppm.)

Fig. 2 —Effect o f supplemental dietary ascorbic acid and a-toco
pherol acetate on the stability o f fat tissues. Vertical lines denote 
95% C.l. o f the treatment means, la) with 2,000 ppm ascorbic acid 
supplement; (b) without ascorbic acid supplement. A —Subcuta
neous fat; B—Leaf fat.

Fig. 3—linear relationships between the OBM (oxygen bomb meth
od) stability times o f tissues and their concentration o f a-tocopherol 
content.

m u s c l e  a r e  s h o w n  i n  T a b l e  3 .  T h e r e  w e r e  r e l a t i v e l y  l a r g e  d e v i a 
t i o n s  i n  t h e s e  o b s e r v a t i o n s .  N o  s t a t i s t i c a l l y  s i g n i f i c a n t  e f f e c t s  
w e r e  f o u n d  o n  t h e  s t a b i l i t y  o f  t r i c e p s  m u s c l e  a s  r e l a t e d  t o  

t r e a t m e n t s .  O b v i o u s l y ,  t h e  e f f e c t  o n  t h e  s t a b i l i t y  f r o m  a d d i n g  
a - t o c o p h e r o l  a c e t a t e  w a s  h i g h e r  t h a n  f r o m  t h e  a d d i t i o n  o f
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Table 3—Effect o f supplemental dietary ascorbic acid and a-toco- 
phero/ acetate on the stability o f triceps muscle

Treatment no.

Stability

Peroxide value TBA value

1 32.68 ± 21,60a 2.42 + 1.26
2 16.91 ± 16.62 1.20 ± 1.56
3 10.66 ± 7.33 0.46 ± 0.43
4 15.30 ± 8.45 1.34 ± 033
5 24.94 ± 26.40 1.69 ± 1.64
6 13.65 ± 1.58 0.8’ ± 0.22
7 11.58 ± 7.33 0.56 ± 0.48
8 16.17 ± 9.34 1.06 ± 1.03

a T re a tm en t m ean ± s tan d a rd  dev ia t ion

a s c o r b i c  a c i d .  T h u s  t o  s t a t i s t i c a l l y  e v a l u a t e  t h e  t r e n d ,  t h e  r e 
s u l t s  w e r e  c o n s i d e r e d  a s  a  s i n g l e  f a c t o r  e x p e r i m e n t  w i t h  d i f f e r 
e n t  l e v e l s  o f  a - t o c o p h e r o l  a c e t a t e  s u p p l e m e n t a t i o n  a n d  w i t h  

t h e  e f f e c t  o f  a s c o r b i c  a c i d  i g n o r e d .  T h e  d a t a  s u g g e s t  t h a t  t h e r e  
i s  a n  o p t i m u m  l e v e l  o f  t h e  a - t o c o p h e r o l  a c e t a t e  s u p p l e m e n t a 
t i o n  f o r  i n c r e a s e d  s t a b i l i t y .  S u p p l e m e n t a t i o n  a t  1 0 0  p p m  o f  

a - t o c o p h e r o l  a c e t a t e  a p p e a r s  t o  b e  n e a r  t h i s  o p t i m u m .
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b e c a u s e  t h e  c o l l a g e n  f i b e r s ,  i n  t h i s  c a s e ,  a r e  n e a r l y  p e r p e n 
d i c u l a r  t o  t h e  m a i n  m u s c l e  f i b e r  a x i s  ( R o w e  1 9 7 4 ,  S w a t l a n d ,

1 9 7 5 )  s o  t h a t  p r e v e n t i o n  ( o r  r e d u c t i o n )  o f  s h o r t e n i n g  a l o n g  
t h a t  a x i s  w i l l  h a v e  l i t t l e  o r  n o  r e s t r a i n i n g  e f f e c t  o n  t h e  c o l l a g e n  

f i b e r s .  I t  c o u l d  b e  h e l p f u l  t o  t h e  e l u c i d a t i o n  o f  t h e  s t r u c t u r a l  
s i g n i f i c a n c e  o f  o t h e r  t r e a t m e n t s  o n  m e a t  t o  h a v e  m e t h o d s  
a v a i l a b l e  f o r  s e l e c t i v e l y  a l t e r i n g  e i t h e r  t h e  c o n n e c t i v e  t i s s u e  o r  

m y o f i b r i l l a r  c o n t r i b u t i o n s  t o  t h e  s t r u c t u r a l  s t r e n g t h  o f  m e a t  
s a m p l e s .
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EFFECTS OF LEVELS OF FAT AND PROTEIN ON THE STAB IL ITY  AND V ISCOSITY  

OF EMULSIONS PREPARED FROM M ECH AN ICALLY  DEBONED POULTRY MEAT

--------------------------------  ABSTRACT --------------------------------
A temperature controlled, capillary extrusion viscometer was used 
to compare meat batters prepared from mechanically deboned poultry 
meat (MDPM). Protein levels of 12% produced more viscous batters and 
less release of gel water and fat during emulsion stability tests than 11% 
protein. Product formulated with 21% fat gave less stable batters than 
meat with 16% fat; however, the viscosity of the meat batter increased 
with increased level of fat. Although meat batters prepared from two 
different sources of MDPM exhibited similar emulsion stability and 
extrusion capillary viscometry characteristics, a mixture of the meat 
from the two sources was lower in all components released during the 
emulsion stability test.

INTRODUCTION

M E C H A N I C A L  D E B O N I N G  o f  r a w  p o u l t r y  m e a t  h a s  b e e n  o n e  
o f  t h e  m o s t  i m p o r t a n t  a d v a n c e s  i n  p o u l t r y  p r o c e s s i n g .  B a c k s  
a n d  n e c k s  o f  b r o i l e r s ,  t u r k e y  f r a m e s ,  a n d  w h o l e  s p e n t  l a y e r s  
a r e  n o w  i m p o r t a n t  s o u r c e s  o f  e d i b l e  p o u l t r y  m e a t .  B e c a u s e  o f  
s m a l l  p a r t i c l e  s i z e  t h i s  p r o d u c t  i s  m o s t  u s e f u l  i n  c o m m i n u t e d  

p r o d u c t s  s u c h  a s  f r a n k f u r t e r s  a n d  s a u s a g e .  T h e  p r o d u c t i o n  o f  
s t a b l e  r a w  m e a t  b a t t e r s  i n  w h i c h  t h e  w a t e r  a n d  f a t  d o  n o t  
s e p a r a t e  d u r i n g  p r o c e s s i n g  a n d  c o o k i n g  is  e c o n o m i c a l l y  

i m p o r t a n t .
T h e  e f f e c t  o f  f a t  a n d  p r o t e i n  l e v e l s  o f  m e c h a n i c a l l y  

d e b o n e d  p o u l t r y  m e a t  ( M D P M )  o n  e m u l s i f i e d  p r o d u c t s  i s  o f  
s i g n i f i c a n t  i m p o r t a n c e  f r o m  t h e  s t a n d p o i n t  o f  o b t a i n i n g  

q u a l i t y  p r o d u c t s .  T h e  e f f e c t  o f  f a t  l e v e l s  i n  e m u l s i o n - t y p e  
p r o d u c t s  i n c l u d e s  w o r k  w i t h  b e e f  b o l o g n a  ( S w i f t  e t  a l . ,  1 9 5 4 ) ;  
h a n d - d e b o n e d  c h i c k e n  m e a t  f r a n k f u r t e r s  ( B a k e r  e t  a l . ,  1 9 6 9 ) ;  

b e e f  f r a n k f u r t e r s  ( T o w n s e n d  e t  a l . ,  1 9 7 1 ) ;  b e e f ,  p o r k  a n d  m u t 
t o n  f r a n k f u r t e r s  ( C a r p e n t e r  e t  a l . ,  1 9 6 6 ) ;  a n d  m e c h a n i c a l l y  

d e b o n e d  t u r k e y  m e a t  f r a n k f u r t e r s  ( B a k e r  a n d  D a r f l e r ,  1 9 7 5 ) .  
R e s e a r c h  o n  t h e  e f f e c t  o f  l e v e l  o f  p r o t e i n  o n  t h e s e  p r o d u c t s  

i n c l u d e s  s t u d i e s  w i t h  b e e f  f r a n k f u r t e r s  ( S i m o n  e t  a l . ,  1 9 6 5 ) ,  
t u r k e y  f r a n k s  m a d e  f r o m  M D P M  ( B a k e r  a n d  D a r f l e r ,  1 9 7 5 ) ,  
a n d  h a n d - d e b o n e d  c h i c k e n  m e a t  f r a n k f u r t e r  ( B a k e r  e t  a l . ,

1 9 6 9 ) .
V i s c o s i t y  m e a s u r e m e n t s  o f  r a w  m e a t  b a t t e r s  h a v e  a l s o  b e e n  

u s e d  t o  h e l p  d e t e r m i n e  t h e  f u n c t i o n a l  p r o p e r t y  c h a r a c t e r i s t i c s  
o f  m e a t  m i x t u r e s .  M a n y  m e t h o d s  o f  m e a s u r e m e n t  h a v e  b e e n  
e m p l o y e d  i n c l u d i n g  w o r k  w i t h  t h e  B r o o k f i e l d  v i s c o m e t e r  

( T o w n s e n d  e t  a l . ,  1 9 7 1 ;  A c t o n  a n d  S a f f l e ,  1 9 7 0 ) .  M e a s u r e 
m e n t  o f  v i s c o s i t y  b y  e x t r u s i o n  t h r o u g h  a n  a p e r t u r e  w i t h  t h e  
K r a m e r  s h e a r  p r e s s  w a s  p e r f o r m e d  b y  B a k e r  e t  a l . ,  ( 1 9 7 4 )  a n d  
S c h n e l l  e t  a l .  ( 1 9 7 3 ) .  H o w e v e r ,  e x t r u s i o n  c a p i l l a r y  v i s c o m e t e r s  
h a v e  b e e n  f o u n d  t o  b e  m o r e  s u i t a b l e  f o r  d e t e r m i n i n g  v i s c o s i t y  

o f  t h i c k  m a t e r i a l s  s u c h  a s  m e a t  b a t t e r s  ( B a d a k h s h ,  1 9 7 6 ) .
V i s c o s i t y  o f  m e a t  e m u l s i o n s  ( b e e f )  w a s  d e t e r m i n e d  u s i n g  a  

c a p i l l a r y  v i s c o m e t e r  a t t a c h e d  t o  a n  I n s t r o n .  T h e  t e m p e r a t u r e

1 P resen t a d d re ss : P o u lt ry  S c ien ce  D e p t.,  C le m so n  U n iv e rs ity , 
C lem son , SC 2 9 3 6 1

2 P resen t a d d re ss : I n s t i tu to  de  In v e s tig a c io n e s  V e te r in a ria s , P ro 
g ram a  N acio n a l de P ro d u c c ió n  A v ico la , A p a rta d o  7 0 , M aracay , V e n e 
zu e la

o f  t h e  v i s c o m e t e r  a p p a r a t u s  w a s  k e p t  a t  a p p r o x i m a t e l y  2 ° C  b y  
i m m e r s i o n  i n  i c e ,  b u t  f l u c t u a t i o n s  i n  t e m p e r a t u r e  o f t e n  
o c c u r r e d  d u e  t o  t h e  t i m e  r e q u i r e d  t o  e x t r u d e  t h e  m a t e r i a l .

I n  t h i s  s t u d y  t h e  e f f e c t s  o f  s e l e c t e d  c o m p o s i t i o n  l e v e l s  ( f a t  
a n d  p r o t e i n )  o f  M D P M ,  d i f f e r e n t  m e a t  s o u r c e s ,  a n d  v a r i o u s  
c h o p p i n g  t i m e s  o n  t h e  e m u l s i o n  s t a b i l i t y  a n d  v i s c o s i t y  o f  
M D P M  b a t t e r s  w e r e  s t u d i e d .  A  n e w l y  d e s i g n e d  c y l i n d e r  

G a c k e t e d )  w h i c h  c o u l d  b e  t e m p e r a t u r e  c o n t r o l l e d  t o  w i t h i n  ±  
0 . 5 ° C  w a s  u s e d  i n  d e t e r m i n i n g  v i s c o s i t y .

MATERIALS & METHODS
Sources of meat

Mechanically deboned poultry meat (MDPM) processed the previous 
week was obtained frozen from two local producers (A and B) and a 
mixed source was produced by combining equal amounts of A and B. 
Both producers A and B used primarily a combination of skinless necks 
and frames from broiler chickens for mechanical deboning. These 
sources of meat were stored at -25°C and used within 2 wk. Protein, 
fat and moisture of the MDPM was determined by the methods of 
AOAC (1970). The fat source utilized in this study was abdominal fat 
of broilers.
Methods

The experimental design included a factorial arrangement of treat
ments with two fat levels (16 and 21%), two protein levels (11 and 
12%), three sources of MDPM (A, B, and Mix), and three chop times (5, 
10 and 15 min). Fat and protein levels were adjusted by combining 
broiler abdominal fat, ice and MDPM according to the information 
presented in Table 1.

The MDPM, fat and ice combinations of Table 1 were allowed to 
reach an average temperature of -12°C before combining with 58g of 
salt, 12.8g of a commercial spice mixture, 0.58g of sodium nitrite and 
0.5 8g of ascorbic acid. The batters were prepared by chopping the 
mixture in a 45 cm diameter Hobart cutter. Raw emulsion samples were 
collected after 5,10 and 15 min of chop time (-6°, -1° and 6°C batter 
temperatures, respectively) for the emulsion stability tests and viscosity 
measurements. The samples were stored in sealed containers at 4°C for 
about 4 hr until evaluated.
Objective tests

Emulsion stability. The method of Townsend et al. (1968) was used

Table 1 —A m ou n ts  o f  M D P M , fat an d  water com b ined  to obtain desired 
fat an d  protein com position  levels.

Fat
level
(%)

Protein
level
(%)

Source

A Mix B

MDPM Fat
(a)

h 2o MDPM Fat
(9)

H20 MDPM Fat
(9)

h 2o

16 11 1719 43 236 1572 115 313 1457 172 371
16 12 1875 14 110 1714 92 194 1589 154 257
21 11 1719 159 122 1572 230 198 1457 287 256
21 12 1875 125 — 1714 207 79 1589 269 142
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to evaluate the mixture from each treatment. The amount ofgel-H20 , 
fat and total volume released during cooking was used as an indicator of 
emulsion stability.

Viscosity of raw emulsion. Viscosity of the raw meat batter was 
measured by extrusion through a capillary. The extrusion instrument 
was designed and constructed at the Machine Shop of the University of 
Georgia and all instrument parts were made from high grade aluminum 
alloy. The viscosity device included the following: (A) piston (Teflon); 
(B) cylinder (jacketed for temperature control); (C) capillary attach
ment; (D) orifice attachment (Fig. 1). The piston-cylinder assembly was 
fitted to a Model 1122 Instron (Fig. 2).

A temperature-controlled circulating water bath was connected to 
the jacketed cylinder portion of the apparatus in order to maintain a 
constant temperature of 5 ± 0.5°C for the viscosity device and meat 
batter throughout the experiment. Meat mixtures were removed from 
refrigerated storage at 4°C and stuffed into the cylinder as quickly as 
possible using care to eliminate air-pockets.

The principle objective in this part of the experiment was to 
determine the force required to extrude the material through the capil
lary. This force was determined by extruding the batter once through 
the orifice attachment and once with the capillary attachment for the 
same crosshead speed. The force attained for the case with the orifice 
attachment was subtracted from the force with the capillary attach
ment and the result was recorded as the force necessary to extrude the 
material through the capillary. This procedure accounts for corrections 
such as the kinetic energy loss, and effect and the entrance pressure loss 
(Van Wazer et al., 1963).

The measurements were replicated two times at each speed for the 
orifice and the capillary attachments. The experiment was performed 
using crosshead speeds of 0.1, 0.5, 1.0, 5.0 and 10.0 mm per min.

Adequate material for density and weight measurements for every 
replication at each speed was collected into a preweighed aluminum pan. 
The time of extrusion and average peak force were measured directly 
from the Instron output. Collection of material (and subsequent 
weight) was carefully coordinated with time of extrusion and stabilized 
force readings for each crosshead speed.

The weight of the extruded batter was recorded and the volume was

calculated from the density. Density was measured by immersing a 
quantity of emulsion in a weighed graduated cylinder containing water. 
The difference in weight was divided by the volume of water displaced 
in the cylinder and the result was taken as the density in each replica
tion. The above procedure was repeated three times for each treatment 
and the average in each case was recorded as the density of the batter.

However, initial data analysis indicated that the above procedure 
can be modified. One can directly calculate the volumetric flow rate 
(Q) by knowing the crosshead speed and the area of the cylinder as long 
as there are no air pockets in the extrusion process. Volumetric flow 
rate is then calculated as follows:

Q = crosshead speed x area of cylinder

Calculation of Q by this method eliminates (1) the numerous weighings 
of each replication at each crosshead speed, (2) the calculation of 
volume from the density and (3) the determination of time of extrusion 
for each replicate. Therefore, the overall procedure is made faster, 
simpler, and there exists less possibility for error.
Analysis of data

Data obtained from the capillary extrusion viscometer assembly 
attached to the Instron, comprises volumes of material extruded 
through the capillary during specific lengths of time and the corre
sponding forces measured by the Instron force transducer. The shear 
stress, r, was evaluated as:

APR

where AP is the corrected pressure drop across the capillary

A
where Fc is the force required to extrude the material through the 
capillary; F0 is the force required to extrude the material through the 
orifice; A = area of cylinder (1140 mm2); R is the radius of the capil
lary (1.6 mm); and L is the length of the capillary (50.8 mm).
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FUNCTIONAL PROPERTIES OF MDPM . . .

The shear rate, y > was evaluated following the general approach of 
Van Wazer et al. (1963) using the Rabinowitsch’s equation. Assuming a 
generalized single valued functional form of shear stress and shear rate, 
such that

7 = (dV/dr) = f(r)

The volumetric flow rate, Q is
R

Q = J"  2-m V(r) dr 
o

where V(r) is the velocity as a function of the radial coordinate r. 
Integrating by parts and using the boundary conditions at r = o and r = 
R yields

4 Q

ttR3
d T

Differentiating with respect to r, and rearranging
Q

7  = (dV/dr) =—  (3 + b)
7rK

where b = [d log (4 Q/rrR3)]/d log (AP R/2L). The term b is referred to 
as the correction factor. In the case of Newtonian fluid the value of b 
would be unity. The correction factor b was obtained as the slope of 
the linear regression of log Q on log (AP/L). After obtaining the shear 
stresses and corresponding shear rates a generalized power law model 
was assumed to fit the data. The model is

T = kyn

where t  is the corrected shear stress including yield stress; y  is shear 
rate; k is the coefficient of shear rate; and n is the flow index.

The parameters of the flow model were evaluated using the steepest 
ascent method. The computer program and description of the pro
cedure are given by Rao (1974). The apparent viscosity of the meat 
batters was evaluated at two shear rates (0.5 and 5.0 mm/min) as the 
ratio of shear stress to Newtonian shear rate. Apparent viscosity,

(AP-R)/2L t
V app = --------- =—  = -----------

40/ttR3 4Q/rrR3
During initial analysis of the data, crosshead speeds of 0.1, 1.0 and 10.0 
mm/min gave relative values similar to 0.5 and 5 mm/min and were not 
used in further analysis. Data from emulsion stability tests, and the 
parameters of the flow model were subjected to a BMD 02V factorial 
analysis program (Dixon, 1970). Significant differences between means 
were determined by the method of Student-Newman-Keuls as outlined 
by Steele and Torrie (1960). The 0.05 level of probability was used for 
all statistical tests.

RESULTS & DISCUSSION
P R O T E I N ,  F A T  A N D  M O I S T U R E  c o m p o s i t i o n  f o r  t h e  d i f 
f e r e n t  m e a t  s o u r c e s  a r e  p r e s e n t e d  i n  T a b l e  2 .  D a t a  f r o m  T a b l e  

3  i n d i c a t e d  t h a t  p r o d u c t  m a d e  w i t h  h i g h e r  f a t  ( 2 1 % )  o r  l o w e r  
p r o t e i n  ( 1 1 % )  l e v e l s  a s  w e l l  a s  1 5  m i n  c h o p p i n g  t i m e s  r e l e a s e d  
s i g n i f i c a n t l y  g r e a t e r  a m o u n t s  o f  g e l - w a t e r ,  f a t  a n d  t o t a l  l i q u i d .  

T h e  m i x t u r e  o f  m e a t  s o u r c e s  A  a n d  B  w a s  f o u n d  t o  b e  l o w e r  i n  
a l l  c o m p o n e n t s  r e l e a s e d  t h a n  e i t h e r  s o u r c e  A  o r  B .  H o w e v e r ,  i t  
w a s  n o t e d  t h a t  s o u r c e  A  w a s  h i g h e r  i n  f a t  r e l e a s e d  t h a n  s o u r c e
B .

D a t a  f r o m  t h e  s i g n i f i c a n t  i n t e r a c t i o n  o f  p r o t e i n  X s o u r c e  X 
c h o p  t i m e  f o r  g e l - w a t e r  a n d  f a t  r e l e a s e d  ( F i g .  3 )  i n d i c a t e d  t h a t  
t h e  m i x t u r e  f o r m e d  t h e  m o s t  s t a b l e  p r o d u c t  o v e r  t h e  c h o p p i n g  
r a n g e s  a t  b o t h  p r o t e i n  l e v e l s .  T h i s  m a y  b e  r e l a t e d  t o  t h e  d i f 
f e r e n c e  i n  p a r t i c l e  s i z e  o f  t h e  t w o  s o u r c e s  o f  m e a t .  S o u r c e  A  
w a s  o b s e r v e d  t o  h a v e  l a r g e r  m e a t  p a r t i c l e s  t h a n  s o u r c e  B  a n d  i t  
s e e m e d  a p p a r e n t  t h a t  t h e  m i x t u r e  o f  t h e s e  t w o  s o u r c e s  p r o 
d u c e d  a  m o r e  s t a b l e  p r o d u c t .  I n  g e n e r a l ,  t h e  1 2 %  p r o t e i n  l e v e l  
p r o d u c e d  a  m o r e  s t a b l e  p r o d u c t  t h a n  t h e  1 1 %  l e v e l .  H o w e v e r ,  

i t  w a s  n o t e d  t h a t  s o u r c e  A  w a s  m o s t  s t a b l e  a t  h i g h  p r o t e i n  
l e v e l s  w h i l e  s o u r c e  B  w a s  o b s e r v e d  t o  b e  m o s t  s t a b l e  a t  l o w  

p r o t e i n  l e v e l s .
T h e  s i g n i f i c a n t  i n t e r a c t i o n  o f  f a t  X s o u r c e  X c h o p  t i m e  f o r  

g e l - w a t e r  a n d  f a t  r e l e a s e d  ( F i g .  4 )  d e m o n s t r a t e d  t h a t  l i t t l e  d i f 

Table 2—Moisture, fat and protein content o f various sources o f 
M DPM a

Source Moisture Fat Protein

A 69.1 16.4 12.8
Mixb 70.3 14 14
B 71.5 11.7 15.1

a M D P M — M e ch an ic a lly  d eb one d  p o u lt ry  m eat 
b  V a lu e s  fo r  m ix  are the average o f  A  and  B.

Table 3—Effect o f fat, protein, source o f meat and chop times on 
the stability o f batters made from MDPM*

Components released per 100g emulsionb

Variable <%) Gel-H20  (ml) Fat (ml) Total (ml)

Fat 16 3.71b 0.06b 3.77b
21 6.02a 0.69a 6.71a

Protein 11 5.94a 0.58a 6.52a
12 3.79b 0.17b 3.96b

Source A 4.85b 0.81a 5.68a
Mix 3.75c 0.13b 3.87b
B 5.99a 0.18b 6.17a

Chop time 5 4.37b 0.16b 4.53b
10 3.65b 0.14b 3.79b
15 6.57a 0.82a 7.39a

a M D P M — M e ch an ic a lly  D e b o n e d  P o u lt ry  M e a t
b  D iffe ren t letters w ith in  the  sam e c o lu m n  and  va riab le  ind icate  that 

va lues are s ig n if ic a n t ly  d iffe ren t (P  <  0 .05 ).

f e r e n c e s  e x i s t e d  b e t w e e n  m e a t  s o u r c e s  u s i n g  t h e  1 6 %  f a t  l e v e l  
i n d i c a t i n g  t h a t  i t  w a s  m o r e  d i f f i c u l t  t o  o v e r c h o p  a t  t h i s  l o w e r  
f a t  l e v e l .  H o w e v e r ,  w i t h  t h e  h i g h e r  f a t  l e v e l  o f  2 1 % ,  c h o p p i n g  
t i m e s  o f  1 5  m i n  p r o d u c e d  b a t t e r  i n s t a b i l i t y .  T h e  m i x t u r e  o f  
m e a t  f r o m  s o u r c e s  A  a n d  B  w i t h s t o o d  c h o p p i n g  b e t t e r  a t  b o t h  

f a t  l e v e l s .  A l t h o u g h  t h e  t w o  s o u r c e s  o f  M D P M  u s e d  f o r  t h i s  
s t u d y  w e r e  p r o c e s s e d  f r o m  s i m i l a r  p a r t s  ( p r i m a r i l y  s k i n l e s s  
n e c k s  a n d  f r a m e s ) ,  t h e  d i f f e r e n c e s  i n  t h e  d e b o n i n g  p r o c e s s e s  
m a y  h a v e  y i e l d e d  d i f f e r e n t  p r o t e i n s  o r  o t h e r  c o m p o n e n t s  t h a t  
c o m p l e m e n t e d  t h e i r  e m u l s i o n  s t a b i l i t y  c h a r a c t e r i s t i c s .

T h e  s i g n i f i c a n t  i n t e r a c t i o n  o f  f a t  X p r o t e i n  X c h o p  t i m e  f o r  

g e l - w a t e r  a n d  f a t  r e l e a s e d  ( F i g .  5 )  i n d i c a t e d  t h a t  t h e  h i g h e r  
p r o t e i n  l e v e l  o f  1 2 %  e x h i b i t e d  b e t t e r  s t a b i l i t y  t h a n  t h e  1 1 %  
l e v e l .  T h e  l o w - p r o t e i n - l o w - f a t  p r o d u c t  s e e m e d  t o  h a v e  a n  o p t i 
m u m  c h o p p i n g  t i m e  o f  a r o u n d  1 0  m i n .  T h e  1 6 %  f a t  l e v e l  w a s  

n o t  g r e a t l y  a f f e c t e d  b y  c h o p p i n g  t i m e  a n d  t h e  2 1 %  l e v e l  
f o l l o w e d  b a s i c a l l y  t h e  s a m e  t r e n d  e x c e p t  t h a t  m o r e  “ f a t t i n g  
o u t ”  o c c u r r e d  a t  1 5  m i n  o f  c h o p p i n g  t h a n  w i t h  5  o r  1 0  m i n  
c h o p p i n g  t i m e .  T h e  h i g h - f a t / h i g h - p r o t e i n  p r o d u c t  w a s  p r o 
t e c t e d  f r o m  b r e a k d o w n  f o r  a b o u t  1 0  m i n  b u t  b e c a m e  u n s t a b l e  
a f t e r  1 5  m i n  o f  c h o p p i n g .

E f f e c t s  o f  f a t  a n d  p r o t e i n  l e v e l s ,  s o u r c e s  o f  m e a t  a n d  
c h o p p i n g  t i m e s  o n  a p p a r e n t  v i s c o s i t y ,  f l o w  i n d e x  a n d  c o e f 
f i c i e n t  o f  s h e a r  r a t e  a r e  s u m m a r i z e d  i n  T a b l e  4 .  H i g h e r  f a t  a n d  

h i g h e r  p r o t e i n  l e v e l s  p r o d u c e d  m o r e  v i s c o u s  e m u l s i o n s .  T h e s e  
r e s u l t s  w e r e  s i m i l a r  t o  t h e  t u r k e y  f r a m e  d a t a  o f  Baker and 
D a r f l e r  ( 1 9 7 5 ) ,  b u t  a p p e a r  t o  b e  i n  o p p o s i t i o n  t o  t h e  f i n d i n g s  

o f  T o w n s e n d  e t  a l .  ( 1 9 7 1 )  w h o  n o t e d  l i t t l e  d i f f e r e n c e  i n  v i s 
c o s i t y  d u e  t o  f a t  l e v e l .  T h e  m e a s u r e m e n t s  o f  T o w n s e n d  e t  a l .

( 1 9 7 1 )  w e r e  t a k e n  a t  t h e  e n d  o f  c h o p p i n g  a n d  a t  t e m p e r a t u r e s  
w h i c h  i n t e n t i o n a l l y  v a r i e d  c o n s i d e r a b l y ,  w h e r e a s  i n  t h i s  s t u d y  

m e a s u r e m e n t s  w e r e  o b t a i n e d  a t  5 ° C  a b o u t  4  h r  a f t e r  c h o p p i n g .
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I n  a d d i t i o n ,  T o w n s e n d  e t  a l .  ( 1 9 7 1 )  u s e d  t h e  B r o o k f i e l d  

v i s c o m e t e r  t o  m e a s u r e  v i s c o s i t y .
T h e r e  w e r e  p r o p o r t i o n a l  i n c r e a s e s  i n  a p p a r e n t  v i s c o s i t y  a s  

c h o p p i n g  t i m e s  i n c r e a s e d  ( T a b l e  4 ) .  T h e  l o w  v a l u e  f o r  v i s c o s i t y  
a t  5  m i n  c h o p p i n g  t i m e  i n d i c a t e s  t h a t  a  s t a b l e  b a t t e r  h a d  n o t  

y e t  b e e n  f o r m e d .  N o  d i f f e r e n c e s  i n  v i s c o s i t y  f o r  m e a t  s o u r c e s  
w e r e  f o u n d .  V a l u e s  f o r  t h e  f l o w  i n d e x  ( n )  w e r e  s i m i l a r  f o r  a l l  
b a t t e r s  i n d i c a t i n g  t h e  s a m e  t y p e  o f  f l o w  c h a r a c t e r i s t i c s .  T h e  
c o e f f i c i e n t  o f  s h e a r  r a t e  f o l l o w e d  t h e  s a m e  t r e n d  a s  a p p a r e n t  
v i s c o s i t y  s i n c e  t h e  f l o w  i n d e x  w a s  s i m i l a r  f o r  a l l  v a r i a b l e s .

I t  w a s  o b s e r v e d  t h a t  t h e  v i s c o s i t y  d a t a  f o r  f a t  l e v e l  r e 

s p o n d e d  s o m e w h a t  d i f f e r e n t l y  f r o m  t h e  g e l - w a t e r  d a t a  f o r  f a t  
l e v e l .  T h e  h i g h e r  l e v e l  o f  f a t  t e n d e d  t o  d e c r e a s e  e m u l s i o n  

s t a b i l i t y  w h i l e  i n c r e a s i n g  f a t  i n c r e a s e d  a p p a r e n t  v i s c o s i t y .  

T h e s e  d i f f e r e n c e s  i n  e m u l s i o n  s t a b i l i t y  a n d  v i s c o s i t y  m a y  b e  
a t t r i b u t e d  t o  t h e  f a c t  t h a t  ( 1 )  f a t  i s  m o r e  v i s c o u s  t h a n  w a t e r  a t  

t h e  t e s t i n g  t e m p e r a t u r e  o f  5 ° C  t h e r e b y  r e s u l t i n g  i n  a  m o r e  

v i s c o u s  p r o d u c t ,  a n d  ( 2 )  h i g h e r  l e v e l s  o f  f a t  m a y  b e  c a u s i n g  
g r e a t e r  g e l - w a t e r  a n d  f a t  r e l e a s e  d u e  t o  i n s u f f i c i e n t  f a t  e n t r a p 
m e n t  b y  t h e  p r o t e i n - w a t e r  n e t w o r k  ( B r o w n ,  1 9 7 2 ) .

B a s e d  u p o n  t h e s e  f i n d i n g s ,  i t  i s  e v i d e n t  t h a t  a p p a r e n t  v i s 
c o s i t y  o f  m e a t  b a t t e r s  i s  a f f e c t e d  b y  f a t  a n d  p r o t e i n  c o n t e n t  o f  

t h e  m e a t  m i x t u r e  a n d  t i m e  c h o p p e d .  C o r r e s p o n d i n g  g e l - w a t e r  

a n d  v i s c o s i t y  v a l u e s  w e r e  p l o t t e d ,  b u t  n o  o b v i o u s  o r  r e a d i l y  

d i s c e r n i b l e  r e l a t i o n s h i p s  w e r e  n o t e d  t o  e x i s t .  A t t e m p t s  a t  
r e g r e s s i o n  a n d  c o r r e l a t i o n  a n a l y s i s  d i d  n o t  p r o v e  a n y  s t r o n g  
r e l a t i o n s h i p s  e i t h e r .  F r o m  t h e  r e s u l t s  o f  t h i s  s t u d y ,  i t  a p p e a r s  
t h a t  c a p i l l a r y  v i s c o m e t r y  i s  a  t o o l  w h i c h  c a n  b e  u s e d  t o  i n v e s t i 
g a t e  t h e  f u n c t i o n a l  a n d  r h e o l o g i c a l  p r o p e r t i e s  o f  m e a t  e m u l 

s i o n s .  H o w e v e r ,  i n  o r d e r  t o  u s e  v i s c o s i t y  a s  a  f u n c t i o n a l  
p r o p e r t y  m e a s u r e m e n t ,  i t  i s  p r o b a b l y  n e c e s s a r y  t o  f i x  v a r i a b l e s  
s u c h  a s  f a t ,  p r o t e i n ,  a n d  c h o p  t i m e  i n  o r d e r  t o  i n v e s t i g a t e  
o t h e r  v a r i a b l e s  i n d i v i d u a l l y .

Table 4 — Effect o f  fat, protein, source o f  m eat an d  chop  times on  
the apparent viscosity, flow  index an d  coefficient o f  shear rate o f  
batters m ade from M D P M a

Variable

Apparent Apparent Flow Coefficient 
viscosity viscosity index of shear rate 

Level (0.5 mm/min) (5.0 mm/min) (n) (k)

Fat 16% 33.0b 5.2b 0.15a 83.7b
21% 41.6a 6.4a 0.15a 103.7a

Protein 11% 34.2b 5.3b 0.15a 83.8b
12% 40.5a 6.3a 0.14a 103.6a

Source A 35.4a 5.7a 0.16a 89.4a
Mix 39.2a 5.9a 0.15a 96.4a
B 37.5a 5.8a 0.15a 95.2a

Chop time 5 31.4c 5.2c 0.17a 80.0b
10 38.2b 5.9b 0.15a 95.9ab
15 42.5a 6.3a 0.13a 105.2a

a Means within the same column and variable followed by 
different letters are significantly different from each 
other (P < 0.05).

D e t e r m i n a t i o n  o f  t h e  f u n c t i o n a l  a n d  r h e o l o g i c a l  p r o p e r t i e s  
o f  m e a t  b a t t e r s  b y  t h e  u s e  o f  c a p i l l a r y  v i s c o m e t e r s  s h o u l d  f i n d  

w i d e r  u s e  i n  t h e  f u t u r e  b y  r e s e a r c h e r s  a n d  i n d u s t r y  e s p e c i a l l y  
w h e n  u s e d  i n  c o n j u n c t i o n  w i t h  o t h e r  m e t h o d s  s u c h  a s  t a s t e  

p a n e l  e v a l u a t i o n s ,  s t a b i l i t y  t e s t s ,  a n d  t e x t u r e  m e a s u r e m e n t s .  
T h i s  a r e a ,  h o w e v e r ,  n e e d s  f u r t h e r  i n v e s t i g a t i o n .
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the various samples. Some variation in properties between col
lagenous tissues obtained from animals o f similar age would be 
anticipated where the collagen in these tissues had differing 
degrees of crosslinking. This is of particular relevance in the 
m eat context as it has been shown (Mohr and Bendall, 1969) 
tha t the intramuscular connective tissue is more heavily cross 
linked than the tendinous tissue from  the same animal. How
ever isolation of samples of this intram uscular tissue suitable 
for the investigations of the type described in this present 
paper would be extremely difficult.

It is often assumed that collagen in meat is converted to 
gelatin during cooking and thus its contribution to  the me
chanical strength of the cooked m eat is likely to  be low. Col
lagen fibers in situ will be, at least, partly restrained from 
thermal shrinkage by the interstitial m yofibrillar structure. 
The properties o f collagen fibers measured ex situ and w ithout 
restraint are able to  contract to  <  0.3 Lo and would thus be 
expected to  display different mechanical behavior to  the col
lagen in intramuscular connective tissue. The relative re
strained length (Lr/Lo) of the collagen fibers in situ will be 
determined, in part, by the physical properties o f the m yo
fibrillar structure. The stress-strain properties o f the col- 
agenous network in m eat will thus not only be determ ined by 
he intrinsic properties of the collagen itself and by cooking 
conditions but also by the changes produced in the myofi- 
Villar structure by cooking. O ther work (Bouton et al., 
■976b) has shown th a t m yofibrillar contraction state has con- 

lerable influence on the dimensional changes which occur in

meat during cooking so it would not appear surprising if myo
fibrillar contraction state had an effect, albeit indirect, on the 
connective tissue properties.
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APPLICATION OF SCANNING ELECTRON MICROSCROPY TO TEXTURE  
DEFIN IT ION IN NATURAL AND FABRICATED SHRIMP

------------------------------------  ABSTRACT ------------------------------------

Scanning electron microscopy (SEM) was used to investigate the micro- 
structure of two geographic sources of shrimp, binding matrix agents 
and their mixtures. Observed SEM microstructural differences were 
related to the Instron textural characteristics of cooked shrimp patties; 
microstructure differences were related to more intact and longer myo
fibrils in the natural shrimp. Slight differences among micro structures 
were observed in singular matrix agent cooked gels. Observed micro- 
structures of shrimp-matrix agent mixtures showed differences which 
related to measured textural parameters and matrix agent choice.

INTRODUCTION

F A B R I C A T I O N  O F  S H R I M P  P A T T I E S  i n v o l v e s  c o m b i n i n g  
c o m m i n u t e d  s h r i m p  w i t h  a  s u i t a b l e  b i n d i n g - m a t r i x  a g e n t  a t  a  
l e v e l  r e q u i r e d  t o  p r o d u c e  a n d  r e t a i n  t h e  d e s i r e d  s h a p e  u s i n g  a  
m e c h a n i c a l ,  l o w  t e m p e r a t u r e ,  l o w  p r e s s u r e  e x t r u d e r  ( S a n d e r  e t  
a l . ,  1 9 7 6 ) .  T h e  s h r i m p  a n d  t h e  b i n d i n g - m a t r i x  a g e n t  a r e  t h e  
t w o  m a j o r  c o m p o n e n t s  i n  f a b r i c a t e d  s h r i m p .  T h e r e f o r e ,  g e o 
g r a p h i c  s o u r c e  o f  s h r i m p ,  c h o i c e  o f  b i n d i n g - m a t r i x  a g e n t ,  a n d  
l e v e l s  o f  e a c h  u s e d  i n  s h r i m p - b i n d i n g  m a t r i x  c o m p o s i t i o n s  a r e  
i m p o r t a n t  p a r a m e t e r s  w h i c h  c o n t r i b u t e  t o  t h e  t e x t u r e  o f  t h e  

f i n a l  p r o d u c t  ( S o o  a n d  S a n d e r ,  1 9 7 7 b ) .
I n  o r d e r  t o  e v a l u a t e  h o w  t h e s e  p a r a m e t e r s  c o n t r i b u t e  t o  

t e x t u r e ,  i t  i s  e s s e n t i a l  t o  d e f i n e  t h e  m i c r o s t r u c t u r e  c h a n g e s  
w h i c h  a c t u a l l y  d e t e r m i n e  t h e  s e n s o r y  a n d  m e c h a n i c a l  

c h a r a c t e r i s t i c s  o f  f o o d s .  T h i s  t y p e  o f  s t u d y  w a s  d i s c u s s e d  i n  
e x c e l l e n t  a n d  c o m p r e h e n s i v e  r e v i e w s  b y  S t a n l e y  a n d  T u n g
( 1 9 7 6 )  o n  v a r i o u s  t y p e s  o f  f o o d s .  H o w e v e r ,  n o  s i m i l a r  i n f o r 
m a t i o n  f o r  n a t u r a l  a n d  f a b r i c a t e d  s h r i m p  a p p e a r s  t o  b e  
a v a i l a b l e .

T h e  p u r p o s e  o f  t h i s  s t u d y  w a s  t o  i n v e s t i g a t e  t h e  m e r i t s  o f  

t w o  s c a n n i n g  e l e c t r o n  m i c r o s c o p y  ( S E M )  t e c h n i q u e s  ( D a v i s  e t  
a l . ,  1 9 7 6 )  a s  a p p l i e d  t o  t h e  s t u d y  o f  n a t u r a l  a n d  f a b r i c a t e d  
s h r i m p  m i c r o s t r u c t u r e .  S p e c i f i c  o b j e c t i v e s  w e r e  ( 1 )  t o  u s e  o n e  
o f  t h e s e  S E M  m e t h o d s  i n  t h e  i d e n t i f i c a t i o n  o f  m i c r o s t r u c t u r a l  

d i f f e r e n c e s  t h a t  r e s u l t  i n  t h e  o b s e r v e d  I n s t r o n  t e x t u r a l  d i f f e r 

e n c e s  i n  n a t u r a l  a n d  f a b r i c a t e d  s h r i m p ,  a n d  ( 2 )  t o  i n v e s t i g a t e  
t h e  e f f e c t s  o f  s h r i m p  f r o m  d i f f e r e n t  g e o g r a p h i c  s o u r c e s  a n d  
b i n d i n g  m a t r i x  a g e n t s  o f  d i f f e r e n t  t y p e s  o n  t h e  t e x t u r a l  
p r o p e r t i e s  o f  n a t u r a l  a n d  f a b r i c a t e d  s h r i m p .

EXPERIMENTAL

Preparation of natural and fabricated shrimp
Shrimp from two geographic sources (from waters surrounding India 

and from the Gulf of Mexico) in frozen blocks of whole and broken 
pieces (400-600 count/kg) were obtained from seafood processors. A 
frozen block (2.3 kg) tempered to —1°C was used to prepare the 
natural and fabricated shrimp sample. The cooked natural shrimp was 
prepared by cooking in boiling water for 1 min. Two binding-matrix 
agents were used: (1) Hercules 30, a commercial product containing 
starch and gums, and (2) isolated soy protein (ISP), (Supro 620T, 
Ralston Purina Co.).

The cooked fabricated shrimp patties (which contain 95% shrimp 
and 5% binding-matrix agent) were prepared by the method of Soo and 
Sander (1977a). When the contribution of geographic source of shrimp 
to the texture and microstructure was investigated, cooked shrimp 
patties were prepared using comminuted shrimp without matrix agent.

Instron measurement of TP A parameters
The objective (Instron) textural characteristics (hardness, cohesive- 

neis and springiness values) of cooked shrimp patties were ob
tained by using previously described method (Soo and Sander, 1977a). 
SEM preparation methods

Two methods of sample preparation as described in detail by Davis 
et al. (1976) were used in this investigation. One set of samples of 
shrimp and of shrimp with binding matrix samples was prepared using 
mechanical excision. The pieces were no larger than 3 mm on any side. 
Another similar set was prepared by liquid N2 cryofracture (Cryo- 
fracture technique) which resulted in pieces no bigger than 3 mm on 
any one side. Both sets of samples were subsequently fixed in glutar- 
aldehyde and osmium tetroxide, and were critical-point dried after 
successive dehydration with acetone. All samples were coated with 
carbon and platinum-palladium prior to viewing in a JEOL JSM-36 
(JEOL Analytical Instruments, Inc., Cranford, NJ) operated at 15 kv, at 
various magnifications.

RESULTS & DISCUSSION

C o m p a r i s o n  o f  t h e  t w o  S E M  s p e c i m e n t  p r e p a r a t i o n  m e t h o d s

T h e  m e c h a n i c a l  e x c i s i o n  a n d  c r y o f r a c t u r e  m e t h o d s  f o r  

S E M  s a m p l e  p r e p a r a t i o n  w e r e  e v a l u a t e d  o n  r a w  a n d  c o o k e d  
n a : u r a l  s h r i m p  a n d  f a b r i c a t e d  s h r i m p  p a t t i e s .  F i g u r e  1 i s  a  

s e r i e s  o f  m i c r o g r a p h s  c o m p a r i n g  t h e s e  m e t h o d s .  T h e  c r y o f r a c -  

t u r e d  s a m p l e s  ( F i g .  1 A ,  1 C ,  I E )  h a d  a  m o r e  i n t a c t ,  l e s s  
d a m a g e d  a p p e a r a n c e  t h e n  t h o s e  t h a t  w e r e  m e c h a n i c a l l y  

e x c i s e d  ( F i g u r e s  I B ,  I D ,  a n d  I F ) .  T h e  c r y o f r a c t u r e  m e t h o d  

c l e a v e d  c l e a n l y  a n d  s m o o t h l y  t h r o u g h  m u s c l e  f i b e r s ,  w h i l e  

t h o s e  t h a t  w e r e  m e c h a n i c a l l y  e x c i s e d  a p p e a r e d  j a g g e d ,  a n d  
f i b e r s  a n d  m y o f i b r i l s  w e r e  r a n d o m l y  p u l l e d  a p a r t  a n d  

d a m a g e d .  I t  i s  b e l i e v e d  t h a t  i n  t h e  c r y o f r a c t u r e  m e t h o d  t h e  

m u s c l e  w a s  f i x e d  f r o z e n  i n  p l a c e  w i t h o u t  d a m a g e  p r i o r  t o  

c h e m i c a l  f i x a t i o n ,  s o  t h a t  l o n g i t u d i n a l  f i b e r  b r e a k s  o c c u r r e d  
a l c n g  l i n e s  o f  l e a s t  r e s i s t a n c e  ( S c h a l l e r  a n d  P o w r i e ,  1 9 7 1 ) .  

T h u s  t h e r e  i s  e x p o s u r e  o f  m o r e  i n t a c t  f i b e r  s t r u c t u r e .  T h i s  w a s  
s i m i l a r  t o  t h e  r e s u l t s  f o u n d  b y  D a v i s  e t  a l .  ( 1 9 7 6 )  o n  t h e  
c e l l u l a r  i n t e g r i t y  o f  c a r r o t  x y l e m  a n d  p h l o e m  t i s s u e .  I c e  c r y s t a l  
d a m a g e  i s  b e l i e v e d  t o  b e  m i n i m a l  d u e  t o  t h e  r a p i d  r a t e  o f  
f r e e z i n g  i n  l i q u i d  n i t r o g e n  a n d  m o d e r a t e  t h a w  r a t e  i n  t h e  
c h e m i c a l  f i x a t i v e s .  T h i s  w a s  s t u d i e d  b y  M o h r  a n d  S t e i n  f o r  
t o m a t o e s  ( 1 9 6 9 ) .  A l s o ,  B a k e r  ( 1 9 6 2 )  r e p o r t e d  t h a t  t h a w i n g  o f  
f r o z e n  m o u s e  k i d n e y  t i s s u e  i n  c h e m i c a l  f i x a t i v e s  p r o d u c e d  
m i c r o s t r u c t u r e s  c o m p a r a b l e  t o  t h a t  o f  n o r m a l l y  f i x e d  t i s s u e .  I t  
w a s ,  t h e r e f o r e ,  c o n c l u d e d  t h a t  t h e  c r y o f r a c t u r e  m e t h o d  w a s  
b e s t  f o r  o u r  s h r i m p  s a m p l e s ,  a n d  a l l  s u b s e q u e n t  S E M  m i c r o 
g r a p h  d i s c u s s i o n  w i l l  r e l a t e d  t o  s a m p l e s  p r e p a r e d  b y  t h i s  
m e t h o d ,  u n l e s s  o t h e r w i s e  i n d i c a t e d .

C o n t r i b u t i o n  o f  g e o g r a p h i c  s o u r c e  o f  s h r i m p  t o  
t e x t u r e  a n d  m i c r o s t r u c t u r e  o f  n a t u r a l  
a n d  f a b r i c a t e d  s h r i m p

T h e  c o n t r i b u t i o n  o f  g e o g r a p h i c  s o u r c e  o f  s h r i m p  t o  t e x t u r e  
o f  f a b r i c a t e d  s h r i m p  w a s  d i s c u s s e d  e a r l i e r  b y  S o o  a n d  S a n d e r  
( I S 7 7 b ) .  I t  w a s  c o n c l u d e d  t h a t  f r o z e n  b l o c k s  o f  s h r i m p  f r o m  

d i f f e r e n t  g e o g r a p h i c a l  r e g i o n s  o f  t h e  w o r l d  a f f e c t  t h e  f i n a l  
I n s t r o n  t e x t u r e  o f  c o o k e d  s h r i m p  p a t t i e s  a n d  s e n s o r y  p r e f e r 
e n c e s  o f  f a b r i c a t e d  s h r i m p  ( S o o  a n d  S a n d e r ,  1 9 7 7 a ) .  T h e  

m i c r o s t r u c t u r e ,  o r i g i n a t i n g  f r o m  c h e m i c a l  c o m p o s i t i o n  a n d
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S E M  O F  N A T U R A L  A N D  F A B R I C A T E D  S H R I M P . . .

Fig. 1 —Observed SEM microstructures o f raw and cooked natural 
and fabricated shrimp prepared by cryofracture and mechanical 
excision methods: (A! cryofracture preparation method for raw 
natural shrimp; (B) mechanical excision for raw natural shrimp; IC) 
cryofracture for cooked natural shrimp; (Dl mechanical excision for 
cooked natural shrimp; IE) cryofracture for cooked fabricated 
shrimp; and (F) mechanical excision for cooked fabricated shrimp.

physical forces, actually determ ines the texture characteristics 
of foods (Stanley and Tung, 1976). It was of interest to  inves
tigate the m icrostructure of natural shrimp and to  see if there 
was a correlation between the observed texture changes in 
cooked patties which result from  using different geographic 
source of shrimp and the corresponding alternation in micro
structure.

Two geographic sources (from waters surrounding India 
and Gulf of Mexico) of frozen block shrimp with significant 
(at 1% level) textural differences were investigated. Texture 
Profile Analysis (TPA) values of cooked shrimp patties for 
Instron hardness, springiness, and cohesiveness (Soo and 
Sander, 1977a) prepared from  these two geographic sources of 
shrimp are presented in Table 1. The shrimp patties, prepared 
using Indian shrimp, showed higher Instron TPA values than

Fig. 2 —Microstructures o f raw natural shrimp from water around 
India and Gulf o f Mexico, singular binding matrix agent cooked gels, 
and shrimp-binding matrix agent mixtures: (A) raw Indian shrimp; 
IB) raw Gulf shrimp; (C) ISP; ID) Hercules 30; IE) Indian 
shrimp-ISP mixture; and ID) Indian shrimp-Hercules 30 mixture.

did patties prepared using Gulf shrimp. For example, the 
Instron hardness values of shrimp patties prepared from Indian 
and Gulf shrimp were 51.69 and 17.97 kg force, respectively.

The SEM micrographs of raw Indian and Gulf shrimp are 
presented in Figure 2. The Indian shrimp (Fig. 2A) appeared 
more intact with longer and less broken myofibrils than those 
of the Gulf shrimp (Fig. 2B). Similar m icrostructure differ
ences were observed between the cooked Indian and Gulf 
shrimp (micrographs no t shown). Stanley (1974) showed SEM 
micrographs of beef muscle myofibrils taken at various stages 
of aging, and dem onstrated a correlation among certain tex
tural properties of beef muscle and myofibrils. He reported 
that in the initial specimens (at 0 day postm ortem ) myofibrils 
are unbroken, and result in higher shear values and sensory 
texture response (Stanley and Tung, 1976). The higher TPA
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v a l u e s  o b t a i n e d  f o r  c o o k e d  I n d i a n  s h r i m p  p a t t i e s  m i g h t  t h u s  

b e  e x p l a i n e d  o n  t h e  b a s i s  o f  o b s e r v e d  m i c r o s t r u c t u r a l  d i f f e r 

e n c e s  o f  t h e  n a t u r a l  s h r i m p .  T h e  u s e  o f  r a w  s h r i m p  w h i c h  h a v e  
m o r e  i n t a c t ,  l o n g e r  a n d  u n b r o k e n  m y o f i b r i l s  c o u l d  r e s u l t  i n  
h i g h e r  T P A  v a l u e s  a n d  b e t t e r  s e n s o r y  p r e f e r e n c e  f o r  f a b r i c a t e d  

s h r i m p .

Effect of shrimp-binding matrix composition on texture 
and SEM microstructure of cooked patties

T h e  e f f e c t  o f  b i n d i n g  m a t r i x  a g e n t  o n  t e x t u r e  o f  f a b r i c a t e d  

s h r i m p  a n d  o n  e x t r u d e r  p e r f o r m a n c e  c a n  b e  e x p l a i n e d  o n  t h e  

b a s i s  o f  m a t r i x  a g e n t  c o m p o s i t i o n a l  d i f f e r e n c e s  ( S o o  a n d  
S a n d e r ,  1 9 7 7 b ) .  T h e  u s e  o f  a  p r o t e i n  s o u r c e  s u c h  a s  I S P  f o r  
f a b r i c a t e d  s h r i m p  g e n e r a t e d  h i g h e r  I n s t r o n  T P A  a n d  s e n s o r y  
t e x t u r e  v a l u e s ,  w h i l e  t h e  u s e  o f  s t a r c h - g u m  b a s e  ( H e r c u l e s  3 0 )  

p r o d u c e d  l o w e r  v a l u e s  ( S o o  a n d  S a n d e r ,  1 9 7 7 a ) .  T h e  d a t a  i n  
T a b l e  1 s h o w  I n s t r o n  v a l u e s  f o r  h a r d n e s s ,  c o h e s i v e n e s s  a n d  
s p r i n g i n e s s  o f  t h e s e  t w o  c o o k e d  s h r i m p - b i n d i n g  m a t r i x  m i x 
t u r e  p a t t i e s :  I S P  g e n e r a t e d  s i g n i f i c a n t l y  ( a t  1 %  l e v e l )  h i g h e r  
v a l u e s  t h a n  d i d  H e r c u l e s  3 0 .

S E M  m i c r o g r a p h s  o f  i n d i v i d u a l  m a t r i x  a g e n t  c o o k e d  g e l s  
a n d  c o o k e d  s h r i m p - m a t r i x  a g e n t  m i x t u r e s  a r e  p r e s e n t e d  i n  
F i g u r e  2 .  S i n c e  t h e  s h r i m p  a n d  m a t r i x  a g e n t  f o r m  a  c o m p l e x  
p h y s i c a l  m i x t u r e ,  t h e  m i c r o s t r u c t u r e  o f  m a t r i x  a g e n t  g e l s  a l o n e  
w a s  s t u d i e d  i n  a n  a t t e m p t  t o  b e t t e r  e v a l u a t e  t h e  e f f e c t s  o f  
c o m p o n e n t  v a r i a t i o n s .  I n d i v i d u a l  m a t r i x  a g e n t  g e l  ( 1 5 %  s o l u 
t i o n )  w a s  p r e p a r e d  i n  t e s t  t u b e s  ( P y r e x ,  15 X 150 m m ) .  T h e  
t e s t  t u b e  p l u s  c o n t e n t  w e r e  p l a c e d  i n  b o i l i n g  w a t e r  f o r  5 m i n .  
T h e  c o o k e d  s t a r c h - g u m  b a s e  m a t r i x  a g e n t  ( H e r c u l e s  30) 
a p p e a r e d  t o  h a v e  a  g u m m y  s t r u c t u r e  ( F i g .  2 D ) ,  w h e r e a s  t h e  

I S P  g e l  a p p e a r e d  t o  h a v e  a  p o r o u s  o r  s p o n g y  s t r u c t u r e  ( F i g .  

2 C ) .  H e a t  d e n a t u r a t i o n  o f  p r o t e i n  ( I S P )  s o l u t i o n  w h i c h  r e s u l t s  
w h e n  i n t e r m o l e c u l a r  c r o s s l i n k s  a r e  f o r m e d  b y  s u l f h y d r y l -  
d i s u l f i d e  i n t e r c h a n g e  a n d / o r  i n t r a m o l e c u l a r  d i s u l f i d e  b o n d s  

( W o l f  a n d  C o w a n ,  1975) p r o b a b l y  s t a b i l i z e s  t h e  p r o t e i n  n e t 
w o r k  a n d  f o r m s  t h e  S E M  s p o n g y  a p p e a r a n c e  ( F i g .  2 C ) .  

P r e g e l a t i n i z e d  c o r n  s t a r c h  a n d  c o r n  f l o u r  a r e  t h e  k e y  
c o m p o n e n t s  o f  H e r c u l e s  30; t h e  h e a t  g e l a t i n i z a t i o n  o f  s t a r c h  i s  

c h a r a c t e r i z e d  b y  g r a n u l a r  s w e l l i n g  w i t h  w a t e r  a n d  r e s u l t s  i n  a  

g u m m y  a p p e a r a n c e  i n  t h e  m i c r o g r a p h s .

T h e  m i c r o s t r u c t u r e  o f  c o o k e d  s h r i m p - I S P  m i x t u r e  ( F i g .  

2 E )  a p p e a r e d  l e s s  c o m p a c t  a n d  m o r e  s p o n g y  t h a n  t h e  m i c r o -  
s t r u c t u r e  o f  s h r i m p - H e r c u l e s  3 0  m i x t u r e  ( F i g .  2 F ) .  T h e s e  

o b s e r v e d  m i c r o s t r u c t u r a l  d i f f e r e n c e s  s e e m e d  t o  c o r r e l a t e  w e l l  

w i t h  t h e  h i g h e r  I n s t r o n  t e x t u r a l  v a l u e s  i n  a l l  t h e  p a r a m e t e r s  
s t u d i e d  ( T a b l e  1 ) .  S p o n g y  p r o t e i n  f i b e r s  w h i c h  m i g h t  a s s i s t  i n  

m a i n t a i n i n g  c o n f o r m a t i o n s  o f  m i x t u r e  s t r u c t u r e  s e e m  r e s p o n 
s i b l e  f o r  t h e  t e x t u r a l  a n d  S E M  m i c r o s t r u c t u r a l  d i f f e r e n c e s .  
H o w e v e r ,  t h e  g u m m y  s t a r c h  m o l e c u l e s  o f  H e r c u l e s  3 0 ,  w h i c h  

i n c r e a s e d  g e l  s t r e n g t h  a n d  w a t e r - h o l d i n g  c a p a c i t y  i n  c o o k e d  
s h r i m p  p a t t i e s  ( S o o  a n d  S a n d e r  1 9 7 7 b )  b y  h e a t  g e l a t i n i z a t i o n  
o f  s t a r c h ,  p r o b a b l y  r e s u l t e d  i n  t h e  m o r e  c o m p a c t e d  m i c r o -  
s t r u c t u r e  a n d  l o w e r  I n s t r o n  T P A  v a l u e s .

W e  c o n c l u d e  t h a t  s a m p l e s  p r e p a r e d  b y  t h e  c r y o f r a c t u r e  
t e c h n i q u e  f o r  S E M  a r e  l e s s  d a m a g e d  t h a n  t h o s e  p r e p a r e d  b y  
t h e  m e c h a n i c a l  e x c i s i o n  m e t h o d .  A l s o  t h e  u s e  o f  n a t u r a l  
s h r i m p  w i t h  m o r e  i n t a c t ,  l o n g e r  a n d  l e s s  b r o k e n  f i b e r s  a n d  
m y o f i b r i l s  w i l l  g i v e  s i g n i f i c a n t l y  d i f f e r e n t  t e x t u r a l  a n a l y s i s  
f r o m  s h r i m p  t h a t  a r e  m o r e  f r a g i l e  a n d  w h i c h  t h e r e f o r e  r e s u l t  i n  
s h o r t e r  a n d  b r o k e n  f i b e r s  a n d  m y o f i b r i l s .  O b s e r v e d  S E M  
m i c r o s t r u c t u r a l  d i f f e r e n c e s  u s i n g  d i f f e r e n t  g e o g r a p h i c  s o u r c e s

Table 1 —Contribution o f geographic source o f raw shrimp, and 
binding-matrix agent to the texture o f cooked shrimp patties 
measured by Instron texture profile analysis (TPA)

Mean Instron TPAC

Treatment
Springiness

(mm) Cohesiveness
Hardness

(kg)

Geographic
Indian 9.31 0.473 51.69

sourcea Gulf of Mexico 6.49 0.365 17.97

Binding
matrix

ISP 8.40 0.284 26.44

Egentb Hercules-30 2.20 0.076 9.14

a S h r im p  patties c o n ta in in g  1 0 0 %  o f  co m m in u te d  sh r im p  
b  S h r im p  patties c o n ta in in g  9 5 %  o f c o m m in u te d  In d ian  sh r im p  and  

5 %  b in d in g -m a trix  agent
c M ean  represents the  average f  ve ob se rvation s. M e an s  w ith in  each 

textu ra l param eter and co n t r ib u t io n  are s ig n if ic a n t ly  d iffe ren t at 
1 %  level.

o f  s h r i m p  w e r e  c o n s i s t e n t  w i t h  t h e  I n s t r o n  t e x t u r a l  c h a r a c t e r 

i s t i c  d i f f e r e n c e s  o f  c o o k e d  s h r i m p  p a t t i e s .  T h e  e f f e c t  o f  
b i n d i n g  m a t r i x  a g e n t  c o m p o s i t i o n  o n  t e x t u r e  a n d  S E M  m i c r o -  
s t r u c t u r e  s e e m e d  t o  b e  r e l a t e d  t o  ( 1 )  t h e  a p p a r e n t l y  s p o n g y  
S E M  m i c r o s t r u c t u r e  o f  c o o k e d  I S P  g e l  a n d  s h r i m p - I S P  m i x 
t u r e ,  a n d  ( 2 )  t h e  a p p a r e n t l y  g u m m y ,  c o m p a c t e d  a n d  s o f t e r  

m i c r o s t r u c t u r e  o f  H e r c u l e s  3 0  c o o k e d  g e l  a n d  s h r i m p - H e r c u l e s  

3 0  m i x t u r e .
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PRODUCTION OF CORN AND LEGUME MALTS 
FOR USE IN HOME FERMENTATION

-----------------------------------------  A B S T R A C T  ------------------------------------------

Aqueous extracts of amylases from germinated corn, cowpeas, chick
peas and Great Northern beans were made to determine the optimum 
pH, temperature and time of incubation for their activity. Starch 
hydrolysis, measured by starch-iodine reaction, and amount of glucose 
liberated from soluble starch and from the seed starches were measured. 
Alpha-amylase from corn had a lower pH and a higher temperature 
optima than cowpeas, chickpeas and Great Northern beans. The amyl
ase (total dextrinizing) activities measured at the optimum pH and 
temperature were 18.4, 14.3 and 2.66 for com. cowpeas and Great 
Northern beans respectively. Chickpeas had a very low alpha-amylase 
activity. Corn and cowpea malts are more practical to use in home 
fermentation because they converted the starch to dextrin much faster. 
More reducing sugars were produced from the bean starches by com 
and cowpea malts than by chickpea and Great Northern bean malts.

IN T R O D U C T IO N

TODAY, a deficiency of animal proteins prevails in many parts 
of the world and this will becom e more serious as the growth 
in world population rapidly increases. Therefore, more plant 
proteins should be used to  m eet the required am ount of pro
tein as already being done in many developing countries.

Because of availability, low cost and acceptability, corn and 
legumes are an im portant source of protein and calories in 
countries where animal proteins are lim ited. However, it is well 
recognized that protein from  these sources is of lower quality 
than those from animals.

Because of the im portance of corn and legumes as food 
sources and with increased emphasis on the nutritive value of 
foods, better use of legumes for home preparations should be 
made for the improvement o f the diet and nutrition of the 
people (Patwardhan, 1962).

Current research is being done to  improve the amino acid 
balance in corn and legumes (Hackler and Dickson, 1973). One 
method which is worthwhile nutritionally and economically is 
mixing different plant protein such that the resulting com bina
tion will give a good balance and recom m ended levels of amino 
acid (Bandemer and Evans, 1963).

Another possible m ethod of improving the nutritive quality 
of corn and legumes is by yeast ferm entation of the flour and 
meals of these materials. The starch from the corn and legumes 
should be hydrolyzed to  sugars which the yeast can m etabo
lize. This yeast ferm entation is a means by which the protein 
quality of corn and some of the legumes can be improved.

Industrially, conversion of starch to  ferm entable sugars is 
frequently done by commercially available amylases. But since 
the emphasis on this research was for home preparation, the 
corn (Zea mays), cowpeas ( Vigna sinensis), chickpeas (Cicer 
arietinum) and Great Northern beans (Phaseolus vulgaris) were 
germinated for possible sources of alpha-amylase which can be 
used in home ferm entation. Sprouting can be easily carried out 
at home with minimum utensils and materials. Sprouting does 
not need sunlight or soil so it can be done indoors in any 
season.

This work was instituted to  determ ine the optim um  pH, 
temperature and time of incubation for degradation o f starch 
with alpha-amylase produced in germinated corn, cowpeas,

chickpeas and Great Northern beans and measure the alpha- 
amylase (to ta l dextrinizing activity).

E X P E R IM E N T A L

Production of malts
Corn, cowpeas, chickpeas and Great Northern beans which were 

purchased from the University of Missouri Central Food Stores were 
used for this study. They were washed several times in running water 
and soaked overnight in tap water. The water was drained and the seeds 
were put in trays covered with wet paper towels. They were incubated 
at 30°C for 4 days. The seeds were moistened everyday and pans of 
water were placed in the incubator to prevent the seeds from dehydrat
ing. After 4 days, when the sprouts were about 2 in. long, the seeds 
were dried at 503C and ground through 1 mm mesh screens in a Wiley 
Mill.
Extraction of enzyme from germinated corn and beans

Aqueous enzyme extracts were prepared from ground malt by the 
procedure of Tauber (1949) with the following modifications: A 10% 
aqueous enzyme solution was prepared by constant stirring of the 
water-ground malt mixture for 30 min at room temperature. The solu
tion was centrifuged at 2.5G for 15 min in a refrigerated centrifuge 
(model B 20A, International Equipment Co., MA). The supernatant was 
taken as the enzyme extract.
Preparation of buffered soluble starch solutions

A 2% soluble starch (Fisher Certified Soluble Starch for Iodometry) 
solution was made by boiling the starch in each of the 9 buffers (pH 4 
to 12) prepared. For pH 4 to pH 8, the required amounts of 0.1M citric 
acid and 0.2M Na, HPO., were mixed. To prepare pH 9 buffer, 0.25M 
borax and 0.1M HC1 were used. Buffers of pH 10 and 11 were prepared 
by mixing 0.05M NaHC03 and 0.1M NaOH. A 0.2M KC1 and 0.2M 
NaOH were used in preparing buffer of pfl 12.
Determination of pH and temperature optima

The pH, temperature and time of incubation at which the activity of 
the enzymes was optimal were determined. Five ml of aqueous enzyme 
extract from each type of malted seeds were added to 10 ml of 2% 
buffered soluble starch solution at pH 5-12. For com alpha-amylase, 
pH 4 was also tested. Incubation temperatures of 40°, 50° and 60°C for 
30, 60, 90 and 120 min were tested.
Determination cf reducing sugars (expressed as glucose)

The concentration of reducing sugars (calculated as glucose) was 
determined as described by Dubowski (1962).
Determination of starch-iodine reaction

Quantitation of the starch-iodine reaction was performed as de
scribed by Schwimmer (1947), with the following modifications: 5 ml 
of a solution of iodine in potassium iodide (0.005M iodine and 0.23M 
potassium iodide) was added to the starch enzyme solution after incu
bating at different temperatures and times. One ml of this was pipetted 
into 10 ml distilled water. The transmittance was read at 660 nm in a 
Bausch and Lomb Spectronic 20 using distilled water to set the instru
ment to 100%.
Production of starches from beans and corn

The ungermmated seeds were ground through 1 mm mesh screen in 
a Wiley Mill. Water (v/w, lOx) was added to the ground seeds and 
stirred constantly for 30 min. The mixture was strained through cheese
cloth to remove large pieces, and the filtrate was centrifuged at 2.5G for 
15 min in a refrigerated centrifuge (Model B 20A, International Equip
ment Co., MA). The precipitate was dried at 50°C.
Hydrolysis of the seed starches

Two percent buffered starch suspensions from corn, cowpeas, chick -
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peas and Great Northern beans were prepared by boiling the seed 
starch-buffer mixture. Enzyme hydrolysis of the seed starches was 
tested at the optimum pH, temperature and time of incubation deter
mined from the pure starch-buffer systems.

The starches from the four types of seeds were hydrolyzed by auto
claving at 121°C for 60 min in 0.5% H2 S04 to determine the maximum 
amount of reducing sugars which could be formed. This was used as a 
control treatment. The starch-water mixtures were boiled to gelatinize 
the starch so that the starch was made available for hydrolysis with the 
alpha-amylases. The amount of reducing sugars liberated from the 
starches in all treatments was determined. The reducing sugars present 
in the malt extract were measured to correct for the amount deter
mined from the hydrolysis of starch by the enzyme. As another con
trol, the amount of reducing sugars in the nontreated starch was 
measured.

The percent effectiveness of the malt was calculated as follows: the 
amount of reducing sugar in the starches was determined. This amount 
was subtracted from the acid- and enzyme-treated starch. Since it was 
assumed that the acid-treated starch would yield the maximum amount 
of reducing sugar, the enzyme-treated starch reducing sugar values were 
divided by the acid-treated starch reducing sugar values, multiplied by 
100 to yield the effectiveness of the malt at its optimum conditions.
Determination of alpha-amylase (total dextrinizing activity) 
of com and legume malts

The reagents and procedure followed were that of Tauber (1949), 
with the following modifications: the 5% aqueous solution of malt was 
filtered and 5 ml of the filtrate was mixed with 10 ml of 2% soluble 
starch solution in a test tube. The starch was buffered at pH 5 for corn, 
pH 7 for chickpeas and pH 8 for cowpeas and Great Northern beans. 
These were the pH levels found optimum for the corn and legumes. The 
tubes were incubated at 40°C for chickpeas, cowpeas and Great North
ern beans and 50°C for corn. At different intervals of time, 1 ml of the 
mixture was added to 5 ml of dilute iodine solution. This procedure 
was repeated until the color of the tube matched the standard.

Calculation. In this experiment, 1 ml of 2% starch was hydrolyzed 
by 0.5 ml of the 5% malt extract. If hydrolysis of starch to dextrin 
occurred in c min, 1ml of malt extract will convert in 1 hr 60/c x 
1/0.5 ml of starch solution.

R E S U L T S  &  D IS C U S S IO N

Effect of pH, tem perature and time of incubation 
on amylase activities

Alpha-amylase from corn showed maximum activity (both 
by color o f iodine-starch and am ount o f reducing sugar) at pH 
5 when incubated at 50°C after 90 min incubation (Fig. 1). 
This closely agrees with the results of Wahl (1971) who con
cluded tha t the maximum activity was at pH 5.2. Greenwood 
and Milne (1968) also said that the optim um  activity of alpha- 
amylases from  higher plants is between 5 and 6. It was ob

Fig. 1—Starch hydrolysis (blue value-reduction o f starch-iodine 
reaction measured as percent transmittance) and amount o f reduc
ing sugars (expressed as glucose) produced by corn alpha-amylase 
after 90 min incubation at different pH  and temperature combina
tions.

served in this study that the optim um  pH for the corn amylase 
activity was near the pH of the ungerminated corn which was
5.2 and corn malts which was 5.5. There was a slight decrease 
in activity at pH 4. At 40° and 50°C, the lowest activity also 
occurred at pH 7—11. The activity at 60°C appeared to  be 
lcwest at all pH levels.

The effect of other incubation tim e was not shown in the 
graph because it did not seem to affect the enzym e activity. 
The readings were almost the same at different incubation 
times at the particular pH and tem perature.

Figure 1 also shows the am ount of reducing sugar produced 
at different pH’s and tem peratures of incubation. The am ount 
of reducing sugar was highest at pH 5. Production of reducing 
sugar reflected the hydrolyzing power of the amylase at pH 
values and tem peratures tested. The starch-iodine and reducing 
sugar tests com plem ented each other.

The activity of cowpea alpha-amylase gradually increased 
from pH 5 to  pH 8 with optim um  at pH 8—9 as measured by 
starch-iodine reaction (Fig. 2). This optim um  is above the 
normal pH of the ungerminated cowpeas and malt which was
6.2. As the tem perature was increased from 40° to  60°C, m ore 
inactivation of amylase probably occurred. This was reflected 
more at pH values between 5—9 than at higher pH levels with 
the starch-iodine reaction. The am ount of reducing sugar 
produced at 40°C, however, was not the maximum. More re
ducing sugar was detected a: 50°C at pH 8 than at o ther pH 
values.

The optim um  pH for the activity of chickpea alpha-amylase 
was at pH 7 at 40°C, although there was only a slight decrease 
in activity at pH 8 — 12 as measured by the starch-iodine reac
tion. In contrast, there was a rapid increase in activity from pH 
5 to  7 (Fig. 3).

Mucn more reducing sugar was produced at 40°C regardless 
of pH than at 50° or 60°C. At 40°C more reducing sugar was 
produced at pH 7 than at other pH units; the least reducing 
sugar was produced at pH 5. Quantities of reducing sugar liber
ated were nearly constant at 50° and 60°C (Fig. 3).

The behavior of alpha-amylase from Great N orthern beans 
was similar to  tha t of chickpeas and cowpeas (being least 
active at pH 5 and more active at pH above 7). The alpha- 
amylase from these beans was the only one that was affected 
by tim e of incubation. At the tem peratures tested, 120 min 
incubation was found suitable for this enzyme. At 120 min 
incubation and 40°C, regardless of pH, there was m uch m ore

•  Z Transmittance 

■ Glucose

Fig. 2—Starch hydrolysis (blue value-reduction o f starch-iodine reac
tion measured as percent transmittance) and amount o f reducing 
sugars (expressed as glucose) produced by cowpea alpha-amylase 
after 90 min incubation at different pH  and temperature combina
tions.
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starch hydrolysis (by the starch-iodine reaction) and reducing 
sugar produced than at 50° and 60°C (Fig. 4). Whitaker
(1972) stated that protein denaturation is increased 6 to 5000 
times for each 10°C change in tem perature. This could be 
occurring at 50° and 60°C.

As in all enzymes, the amylases from corn, cowpeas, chick
peas and Great Northern beans exhibit pH and tem perature 
optima. The decrease in activity below and above the pH opti
mum is due either to  reversible or irreversible effects on pro
tein structure (Allen and Spradlin, 1974). Except for corn, the 
other alpha-amylases showed more activity above pH 7. This 
did not follow the conclusion of several authors who stated 
that the pH optim um  for most alpha-amylases is between 5 
and 6. Thoma and Spradlin (1971), however, said that the 
alpha-amylases from higher plants are generally stable from pH
5 .5 -8 .0 . Below pH 5, irreversible inactivation occurs. This 
type of inactivation of alpha-amylases of cowpeas, chickpeas 
and Great Northern beans might have occurred at pH 5 or 6 
since the activity was very low at those pH values.

The anions present in the buffer might have had an effect in 
shifting the pH optim um  to about pH 7—9 as compared to  the 
optimum pH 5 - 6  of the alpha-amylases found by other 
workers. Chloride ions are very effective in activating alpha- 
amylases (Whitaker, 1972; Greenwood and Milne, 1968). 
Whitaker (1972) m entioned that when monovalent anions 
were present, the optim um  pH of near 6 of alpha-amylase was 
shifted to near pH 7. Buffer for adjustm ents to  pH 9 contained 
chloride ions which might have affected the activity of the 
alpha-amylases. The same reason might be suggested for the 
observed activity at pH 12, since the buffer contained chloride 
ions.
Reducing sugars from  corn and bean starches

As expected, the am ount of reducing sugar in the extracted 
starch w ithout the enzyme or acid was the lowest for all the 
seeds. Also, more reducing sugars were formed when the 
starches were autoclaved with 0.5% H2S 0 4 (Table 1).

Using the percent effectiveness of the enzyme on the starch 
of the seed from which the m alt was made, it was clear that 
the cowpea malt was the m ost effective followed by the corn 
malt. The effectiveness of the amylase from the Great N orth
ern bean and chickpea malts was exceedingly low.
Amylase values of corn and legume amylases

It took 6.5, 9 and 45 min for corn, cowpeas and Great 
Northern bean amylases respectively, to  convert 10 ml of 2% 
soluble starch to  dextrin. The corresponding amylase values 
for those times were 18.4 for corn, 13.3 for cowpeas and 2.66 
for Great Northern beans. It took several hours for the chick
pea amylase to  act on the soluble starch. The end point was 
reached after incubating the starch-enzyme solution overnight. 
The amylase value, therefore, was very low and no units were 
calculated.

The amylase activities determ ined for corn and cowpeas 
were higher than for chickpeas and Great Northern beans. 
These activities were reflected in the am ount o f reducing 
sugars formed when the seed starches were hydrolyzed with 
their respective enzymes (Table 1). More reducing sugars were 
produced from corn and cowpea starches than from the 
starches of chickpeas and Great Northern beans.

The data show tha t the corn and bean malts can hydrolyze 
the starch. It would also be feasible to mix the raw grains and 
malts although studies should be done to determ ine the pro
portion of malts and raw grains to  be mixed to achieve a good 
degree of conversion of the seed starches to  sugars.

C O N C L U S IO N S

CORN, COWPEAS, CHICKPEAS and Great Northern bean 
amylases exhibited pH and tem perature optim a. The optim um  
conditions observed for com  amylase were pH 5 at 50°C.

—Continued on page 214

----w°c
•  Z Transmittance _

Fig. 3—Starch h/drolysis (blue value-reduction o f starch-iodine reac
tion measured as percent transmittance) and amount o f reducing 
sugars (expressed as glucose) produced by chickpea alpha-amylase 
after 90 min incubation at different pH  and temperature combina
tions.

•  Z Transmittance

5 6 7 8 9  10 1 1 1 2
pH

Fig. 4—Starch hydrolysis (blue value-reduction o f  starch-iodine reac
tion measured as percent transmittance) and amount o f reducing 
sugars (expressed as glucose) produced by Great Northern bean 
alpha-amylase after 120 min incubation at different pH  and temper
ature combinations.

Table 1—Reducing sugars produced from corn and bean starchesa

Substrate and pH
w/0.5%
h 2s o 4

w/o enzyme
(g/100g starch) w/enzyme % effective^

Corn starch 
pH 5 12.6 1.8 3.6 16.6

Cowpea starch 
pH 8 12.0 1.2 3.2 18.5

Chickpea starch 
pH 7 7.8 0.7 1.0 4.2

Great Northern 
bean starch 
pH 8 11.0 0.7 1.51 7.8

In cu b a t io n  t im e s and  tem peratu re s were: co rn , 9 0  m in, 50°C ; 
cow p eas anc  ch ickpeas, 9 0  m in, 4 0 ° C ; G reat N o rth e rn  beans, 1 2 0  
m in, 40° C.

b  R e d u c in g  sugar p roduced  b y  m a lt —  w /o e n zym e  

R e d u c in g  sugar p rod uced  b y  acid h y d ro ly s is  —  w /o e n zym e
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NUTRIT IONAL AND SENSORY EVALUATION OF M IXTU RES OF SOYBEAN  
(Glycine max L.) AND COMMON BEAN (Phaseolus vulgaris L.),

FOR D IRECT USE AS HUMAN FOOD

--------------------------------  ABSTRACT --------------------------------
The objective of this investigation was to study some acceptability 
parameters and nutritional improvement of common beans by mixing 
them with different proportions of soybeans. Difference tests showed 
that mixtures of 20% soybeans and 80% common beans did not differ 
from 100% common beans. On the other hand, preference tests 
(Hedonic scale) indicated practically the same mean value for mixtures 
with 20, 30, 40 and 50% soybeans. Regarding the improvement of the 
protein quality (PER), 50% soybeans in the mixture increased the PER 
value by 65%, while 80% soybeans doubled the PER as compared with 
the common beans alone.

INTRODUCTION
IN LATIN AMERICAN COUNTRIES as in many other devel
oping regions the protein deficiency in the human diet ranks 
next to  the deficiency in the dietary calories. Legume seeds 
and in particular soybeans constitute an excellent source of 
protein and energy to  improve the cereals and roots based 
diets of low income countries (Bressani et al., 1973; Bressani, 
1973, 1975; Souza and Dutra de Oliveira, 1959; Dutra de 
Oliveira and Zappelini de Menezes Salata, 1971). The spectacu
lar increse of soybean production in Brazil in the last decade, 
followed by the increase in the cultivation of this legume in 
other Latin American countries, has given rise to  attem pts to  
include soybeans in the diet of populations with a limited 
purchasing power. The present low human consum ption of 
soybeans in Latin America and in the Western World as a 
whole is due to  several reasons, according to  Bourne (1972). 
Apart from  dietary customs, the low acceptability of soybeans 
is the result o f their poor texture when cooked, their “greasy” 
feel in the m outh and occasional development o f strong 
“beany” flavors which are undesirable. Defatting of soybeans 
with hexane after dehulling and splitting in halves reduced 
their fat con ten t, after which their acceptance when cooked 
was greatly increased (Bourne, 1972). However, an extraction 
time of 2 —3 wk is needed to  reduce the fat content of half 
split beans to  about one-tenth of the original value, which 
turns a large scale production economically unviable; even the 
reduction of the fat con ten t to  one-half requires several days.

Nevertheless, the idea of substituting soybeans for com mon 
beans appears sound, especially in countries in which the 
consum ption of the la tte r is considerable. This applies in the 
first place to  Brazil, where common beans together with rice 
form the staple diet o f the majority o f the population.

Apart from  the much greater protein content of soybeans — 
about 40% against 18—25% of com mon beans — there is also 
the price factor to  be considered. Soybeans are at least 2—3 
times cheaper and their cultivation and harvesting is much 
easier.

However, the introduction  o f new alimentary habits is 
fraught w ith difficulties which are inversely proportional to 
the educational level o f a population. As already stated, soy
beans do not constitute a common food item in the Western 
world and those social classes who would nutritionally and 
financially benefit most from their consum ption show, as a 
rule, the greatest resistance against their adoption.

These considerations prom pted an attem pt to  make soy
beans acceptable in the form of a m ixture with com m on 
beans. The present work shows the results o f a sensory evalua
tion of such mixtures containing up to  80% of soybeans, and 
presents their protein efficiency ratio (PER) obtained from  
animal experim ents. In addition, PER values for m ixtures of 
soybeans, common beans and rice were determ ined in view of 
the dietary habits prevailing in Brazil.

MATERIALS & METHODS
SOYBEANS of the variety “Santa Rosa” and common beans variety 
“Rosinha” of a pink color were obtained from the Agronomical Insti
tute in Campinas, State of Sao Paulo, Brazil. The rice used was a regular 
commercial white rice of the variety “Goiano.”

For the sensory evaluation soybeans were mixed with common 
beans in various proportions up to 80% and after soaking in water for 6 
hr they were cooked in autoclave (1.5 kg/cmJ , 121°C) for 15 min. The 
methods used in the sensory analyses were the Directional Paired Test 
(Guilford, 1954; Dawson, et al. 1963) for detecting differences and the 
Hedonic Scale (Peryam and Pilgrim, 1957; Ellis, 1968) for preference. 
The experimental designs were paired and randomized blocks with six 
replicates. The laboratory panel was composed of 10 trained members, 
five men and five women.

Chemical analyses of crude protein, petroleum ether extractable 
material, fiber, ash and moisture were performed in both soybeans and 
common beans by procedures described in AOAC (1970).

The amino acid composition of the protein was determined by the 
method of Spackman et al. (1958) using the Beckman 120C Amiro 
Acid Analyzer and the procedure described by the manufacturer.

Protein Efficiency Ratios (PER) were determined on groups of six 
weaning rats of the Wistar strain using essentially the method of 
Osborne and Mendel (1917). The animals weighing an average of 45g 
were caged individually with diet containing approximately 10% pro
tein and allowed to diet and water “ad libitum”. Diet consumption and 
body weight gain were recorded twice a week during 4 wk. For all the 
biological assays a group of six rats was maintained on a 10% casein 
control diet.

RESULTS & DISCUSSION
A SERIES of sensory evaluation tests has been carried out 
with the purpose of establishing to  what extent soybeans 
could be added to  com m on beans w ithout affecting the 
acceptability of the product.

Table 1 contains the statistical analyses of sensory evalua
tion tests for differences among samples using the Directional 
P ared  Test. The results show clearly that a m ixture with 20% 
soybeans could not be distinguished from the com mon beans. 
On the other hand, 20% soybeans did not differ from 40% and 
40% was not different from 60% soybeans in the m ixture. 
However, when the difference in soybean concentration was 
greater than 20% of the sample taken as com parison, the 
panelists were able to find significant differences among sam
ples.

When preference tests (Hedonic scale, 0 —9 points) were 
carried ou t, the results were quite different and no significant 
differences were found between the m ixture with 20% soy
beans, used as a standard and mixtures with 30, 40 and 50% 
soybeans. The analysis of variance for the preference tests 
appears in Table 2. On the basis of the results obtained it can
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Table 1—Difference in flavor and preference for mixtures of soy
beans and common beans (Directional Paired Test)*

Comparisoi
of

mixtures

™ Difference Preference11

TJ CJ 1 2 3 4 5 Total

1 X 2 26 16ns 11ns 5 16
1 X 3 25 22*** 17** 4 21
1 X 4 24 23*** 17* 6 23
1 X 5 16 16*** 13* 3 16
2 X 3 15 11ns 6ns 5 11
2 X 4 15 13** 9ns 4 13
2 X 5 15 15*** 10ns 5 15
3 X 4 15 11 ns 7ns 4 11
3 X 5 16 15*** 13** 2 15
4 X 5 16 13* 9 4 13
Total 157 137*** 58 30 29 23 14 136
% 76.3 54.5 50.0 38.3 23.7

a ns = not significant; T J  = total judgements; CJ = correct judge-
m ents

b  1 = 0 % ;  2 = 2 0 ;  3 = 4 0 ;  4 = 6 0 % ;  5 = 8 0 %  so yb e a n s  
* p = 0 .0 5

♦ *  p = 0.01 
• ' *  p =  0 .001

Table 3—Proximate composition o f  soybeans, common beans and 
the mixture o f soybeans plus common beans (50 + 50%)

Products

Components Soybeans Common beans Mixture

Crude protein 36.6 19.4 27.9
Total lipid 22.7 3.5 13.2
Water 7.5 4.9 7.3
Ash 5.3 3.4 4.5
Crude fiber 5.2 4.6 5.1
Carbohydrate 27 9 68.8 47.2

be stated tha t the addition of 20% soybeans to  com mon beans 
did not produce significant difference from the standard 
(100% common beans). Taken the m ixture with 20% soybeans 
as the new standard and using preference tests for the evalua
tion of m ixtures w ith 30, 40 and 50% soybeans, the mean 
values for preference were essentially the same showing no 
significant difference in preference for the different mixtures 
(Table 2). One could go perhaps beyond 50% addition of soy
beans but this could impair the flavor and weaken the viscosity 
of the broth. It seems therefore tha t a m ixture of 50% soy
beans and 50% com m on beans is most indicated from the 
practical point o f view.

The proximate com position of precooked, dried and 
ground soybeans, com mon beans and the m ixture of 50% soy
beans and 50% common beans is shown in Table 3. The main 
characteristics o f the m ixture in comparison with the common 
beans are higher protein and lipid contents. Both the protein 
and the lipid contents were increased by a quantity  of approxi
mately 10% in the 1:1 (w/w) m ixture in relation to the 
common beans. The elevation of the lipid content is very 
im portant because it would increase the calories of the diet of 
the low income group in Brazil, bu t it is also advantageous 
because of the addition to  the diet of essential fatty  acids, 
phospholipids and vitamin E.

The amino acid profiles of soybeans, com mon beans, rice 
and some mixtures o f these products are shown in Table 4. As 
could be expected, a m ixture of 50% soybeans and 50%

Table 2—Analysis o f  variance for preference and mean values o f 
mixtures o f soybeans and common beans (Hedonic scale)*

S.V. D.F. S.S. M.S. F.

Total 23 3.36986
Mixtures 3 0.10341 0.03447 0.22337ns
Blocks 5 0.95166 0.19033 1,23337ns
Error 15 2.31479 0.15432

%Soybeans Mean valuesb

20 7.22
30 7.32
40 7.14
50 7.22

a ns =  n o t  s ign ifican t 
b  M e an  o f  s ix  replicates

Table 4—Amino acid composition 
(g/16gN)

o f proteins from different sources

Protein sources'. Beans (A); Soybeans (B); Rice (C)

Amino
acid

100A 
+ 0B

65A 
+ 35B

50A 
+ 50B

20A 
+ 80B

0A
+ 100B

20A + 10B 
+ 70C

0A + 0B 
+ 100C

Lys 7.9 8.9 8.5 8.4 8.4 5.6 3.1
His 2.2 2.5 2.8 2.8 2.4 2.1 1.7
NHj 2.2 2.4 2.7 3.1 2.4 2.4 2.8
Arg 5.6 6.3 6.4 6.6 6.5 5.8 6.0
Asp 16.2 16.1 16.9 15.6 16.3 13.3 10.9
Thr 4.8 4.5 5.0 4.6 4.4 3.8 3.3
Ser 6.8 6.2 6.6 6.4 6.4 5.8 5.5
Glu 23.3 26.0 27.8 25.3 32.5 23.1 27.9
Pro 3.8 4.5 5.3 5.3 5.5 4.4 4.5
Gly 4.3 4.6 5.2 5.2 5.0 4.5 4.6
Ala 4.3 4.6 5.3 5.2 49 5.2 5.9
1/2Cys 0.6 09 1.2 1.3 1.5 1.3 1.4
Val 5.0 5.3 5.6 5.5 5.1 5.4 5.5
Met 0.7 09 1.2 1.3 1.3 1.4 19
lie 4.5 4.8 5.4 5.3 5.1 4.1 3.8
Leu 9.3 9.3 9.3 10.0 9.6 9.2 9.8
Tyr 2.8 3.0 3.3 3.4 3.5 2.7 3.4
Phe 5.5 5.3 5.7 4.9 5.0 5.1 4.9

common beans (w/w) is an excellent source of protein 
regarding both  quantity  and amino acid com position. The 
addition of soya to  com mon beans increases the proportion of 
m ethionine ar.d cystine (limiting amino acids in beans), which 
improves the biological value of the proteins. Table 4 also 
includes the amino acid com position of rice and its mixture 
with beans in the proportion of 2:1 (w/w) as com monly con
sumed in Brazil. The addition of rice increases the nutritional 
value of the m ixture still further owing to the considerable 
am ount of sulphur-containing amino acids in tha t cereal. The 
low lysine conten t o f rice is com pensated for by the high 
proportion of this amino acid in the beans and soybeans.

The results o f experim ents with rats held on various rations 
are shown in Table 5 and Figure 1. The exam ination of data in 
Table 5 shows clearly tha t the PER values increase with in
creasing proportion of soybeans up to  80% in the m ixture. For 
the 1:1 m ixture it is 60% higher than the value for 100% 
com mon beans and the PER for the m ixture with 80% soy
beans and 20% common beans reached a value which was the 
double of tha t found for common beans alone. It is w orth 
mentioning that our results differ considerable from  those of

Volume 43 (1978)-JOU RNAL O F  FO O D  S C IE N C E -  209



Bressani (1975) for a m ixture of black beans and soybeans. He 
showed maxim um  protein quality for a m ixture containing 
72% black beans and 28% soybeans with a protein distribution 
of 60% from black beans and 40% from full-fat soybeans. It is 
also interesting th a t the m ixture of 20% com m on beans, 10% 
soybeans and 70% rice had a PER value of 2.14 and thus 
higher than 2.0 found for 100% soybeans, based on the cor
rected value 2.5 for casein. The elevation of the PER value of 
common beans by adding soybeans and rice reflects the 
im provem ent of the amino acid profiles particularly in relation 
to  the sulphur-containing amino acids. The improvement of 
PER correlates well w ith the improved rate of growth as 
shown in Figure 1.

As has already been emphasized in the in troductory  
remarks the progressive introduction of soybeans into the diet 
of lower income groups of Brazil and Latin America would be 
of great nutritional as well as economical im portance. For this 
reason large scale consum ption trials utilizing the above mix
ture are being carried out and their results will be reported in a 
separate com m unication.
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Table 5—Biological values (PER/ o f proteins from different sources

Protein sources

Beans
(%) + Soybeans

<%)
+ Rice

(%)
PER Corrected 

(casein 2.5)

100 + 0 1.0
65 + 35 1.3
50 + 50 1.6
20 + 80 2.0
0 + 100 2.0

20 + 10 + 70 2.1

FEEDING PERIOD 
(WEEKS)

Fig. 1—Growth rate curves for rats (6per group) on diets containing 
tne following ingredients (%) as source o f protein: A , casein; B, 
common beans 20, soybeans 10 and rice 70; C, soybeans 10; D, 
common beans 50 and soybeans 50; E, common beans 65 and soy
beans 35; and F, common beans 100.
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EFFECTS OF POST-HARVEST STORAGE ON THE 
QUALITY OF CANNED SNAP BEANS

-------------------------------- ABSTRACT --------------------------------
A study was conducted to simulate conditions that exist in loaded 
trailers and bulk bins during transport and storage of snap beans to 
study the effects of post-harvest storage on quality of canned snap 
beans. Post-harvest variables were 2 air flow rates, 3 storage times, 4 
storage temperatures and 2 methods of blanch. Respiration rates were 
higher in beans that were held under high temperatures and a fast flow 
rate. Sensory ratings for color and general appearance were higher on 
beans stored under a slow flow rate. Beans stored under a fast flow rate 
were higher in % seed, fiber, hemicellulose and cellulose. Browning was 
more severe in beans stored at a fast flow rate. As storage times and 
temperatures were increased, beans decreased in greenness (‘- a ’) and 
sensory scores. Shear press values, % seed, fiber, total sugar and cellu
lose increased in the canned beans as storage times and temperatures 
were increased. The beans that were blanched in rotary steam were 
lighter in color and less firm than those blanched in water.

INTRODUCTION
SNAP BEANS have become a highly mechanized crop in 
recent years. Since harvesting and processing schedules can be 
readily controlled, delays in handling and transport should be 
kept to a minimum. However, the raw product is frequently 
produced farther from the processing plant and in greater 
quantities than most other vegetables. Snap beans are com
monly loaded into bulk trucks and transported without 
refrigeration. Holding after harvest for 12—48 hr is not un
common and these long holding times are detrimental to 
quality of fresh and canned beans.

During post-harvest holding, plant cells continue to respire 
and lose nutrients. Snap beans have a high respiration rate, 
averaging 212 ml C 02/kg/hr (Parker and Stuart, 1935). One 
visual sign of quality loss in plant tissue is the decrease in 
greenness or loss of chlorophyll (James, 1953). Significant 
losses in chlorophyll have been demonstrated in snap beans 
that were stored at 10° and 21°C for 10 days (Guyer and 
Kramer, 1950), and in asparagus that was stored at 10°C for 4 
days (Kramer et al., 1949).

Browning of cut ends or damaged pods had a detrimental 
effect on color of snap beans during post-harvest storage 
(Groeschel et al., 1966). However controlled atmosphere stor
age in 3—10% C 02 atmospheres retarded chlorophyll break
down and color degradation. When 0 2 levels were reduced to 
2.5% with N2 during storage, fermentation occurred (Hender
son, 1977). One-day storage in 10, 20 and 30% C 02 atmos
pheres greatly reduced the amount of discoloration in fresh 
snap beans without affecting quality of canned beans. 
Reitmeier (1975) demonstrated that levels o f C 02 of 10 and 
20% reduced browning at 24°C and effectively prevented 
browning for 48 hr at 16°C. Concurrently, reducing the tem
perature to 16°C in the air control was as effective in inhibi
ting browning as 20% C 02 at 24° C.

Weight losses in snap beans during storage for 2 days were 
1.3% at 2° and 10°C and 3.5% at 21°C (Parker and Stuart, 
1935). Moisture loss in cellophane packages was insignificant 
during storage at 21°C, while unpackaged lots lost considera
ble weight in 3 days (Lieberman et al, 1950).

Changes in quality of snap beans during post-harvest stor

age are reflected in changes in carbohydrates. Parker and 
Stuart (1935) found that low temperature storage of snap 
beans caused an increase in sucrose and reducing sugars. Lutz 
(1938) indicated that total sugars of snap beans decreased in 
4 days at ambient temperature.

According to Guyer and Kramer (1950), there was no 
change in % fiber and seed in bush snap beans stored at differ
ent temperatures for periods up to 10 days. Time and tempera
ture of storage affected the color, drained weight and 
sloughing in canned snap beans (Sistrunk, 1965a). There was a 
net loss o f Calgon-soluble pectin, hemicellulose and cellulose 
in the pods and an increase in % seed and hardness of seed in 
beans that were canned after 3 and 5 days of storage (Sistrunk, 
1965b). Concurrently, there were large increases in hemicellu
lose and cellulose in the seed. Snap beans blanched in steam 
were comparable in quality attributes to those blanched in 
water (Freeman and Sistrunk, 1973). Ten second exposure to 
live steam followed by 2 min at 74°C in a steam-heated 
chamber was an adequate blanch.

In preliminary studies, bulk loads of snap beans were 
probed by means of a grain sampler equipped with a thermo
couple and an air hose to obtain air samples at different depths 
and time intervals. While temperatures were taken, a sample of 
air was pulled into a gas collection chamber by a hand oper
ated pump. A syringe of air was taken from the collection 
chamber and these were taken immediately to the laboratory 
for analysis of C 02 by gas chromatography. Temperatures 
within the loads ranged from 18—40°C with C 02 content 
ranging from C.5 —10%.

The present study was designed to simulate conditions that 
were found in loaded trailers during transport and storage in 
order to determine the effects of storage time, storage temper
ature, air flow rate and method of blanching on quality 
attributes of canned snap beans.

EXPERIMENTAL
THE CULTIVAR CASCADE used for this study was obtained from 
commercial processors. The bush-type beans were grown within 100 mi 
of the processing plants under commercial cultural practices. All beans 
were mechanically harvested and hauled in bulk trailer trucks to the 
processing plants where random samples were obtained for processing 
at our laboratory.

This experiment was designed as a 4-way factorial involving 3 stor
age times, 4 storage temperatures, 2 air flow rates and 2 methods of 
blanch. The experiment was replicated 4 times during the spring of
1975.
Post-harvest handling and storage

Snap beans were graded by a commercial grader into sieve sizes. 
Sieve size 4 beans were dipped into a solution of 1% Botran 
(2,6-dichloro-4-nitroaniline), to retard mold growth, air dried to remove 
surface moisture, divided into 1.5-kg lots and placed into respiration 
chambers. The chambers were stored at 13, 21, 29 and 38°C (±1°C) for 
0, 24 and 48 hr. Two rates of air flow, low and high, were circulated 
through the chambers at each temperature. The low flow rate was 
maintained at 900 cc/hr and the fast flow rate at 20,000 cc/hr. No 
external adjustments of C02 were made. At each sampling time the 
beans were removed from the chambers and weighed to obtain weight 
loss.
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Fig. 1—In te ra c tio n  o f  f lo w  ra te  X  sto ra g e  
te m p e ra tu re  o n  C 0 2 a n d  re sp ira tio n  o f  s to r e d  
sn ap  b ea n s (2 4  hr).

Fig. 2 —In tera c tio n  o f  s to ra g e  t im e  X  f lo w  ra te  
on  % s e e d  a n d  ce llu lo se  o f  ca n n ed  sn a p  bean s.

Fig. 3 —In tera c tio n  o f  s to ra g e  te m p e r a tu r e  X  
f lo w  ra te  a n d  s to ra g e  te m p e ra tu re  X  sto rage  
tim e  o n  ce llu lo se  o f  ca n n ed  sn ap  bean s.

P ro c e s s in g

T h e  1 .5 -k g  lo t s  w e re  s n ip p e d  a n d  c u t  w i t h  c o m m e rc ia l - s iz e  e q u ip 
m e n t .  T w e n t y - f o u r  l o t s  w e r e  b l a n c h e d  in  s te a m  a t  8 0 ° C  f o r  2  m in  in  a  
p e r f o r a t e d  s ta in le s s  s te e l  d r u m  (2 5  c m  d ia m  x  6 0  c m  l e n g th ) ,  s u s 
p e n d e d  in  a  s t e a m  b o x .  T h e  d r u m  w a s  r o t a t e d  a t  a p p r o x i m a t e l y  2 0  
r p m .  A ls o ,  2 4  lo t s  w e r e  b l a n c h e d  in  w a te r  a t  8 0 ° C  f o r  2  m in  in  a n  
a u t o m a t i c a l l y  c o n t r o l l e d  s te a m - ja c k e te d  k e t t l e .

A f t e r  b la n c h in g ,  t h e  b e a n s  w e r e  c o o le d  a n d  p a c k e d  in  3 0 3  J - e n a m e l  
c a n s  t o  a  c o n s t a n t  f i l l  o f  2 5 5 g .  A  5 0 -g r a in  s a l t  t a b l e t  w a s  a d d e d  t o  e a c h  
c a n  a n d  t h e  f i l l  c o m p le t e d  w i th  b o i l in g  w a t e r .  C a n s  w e r e  c lo s e d  w i th  a  
s e m i - a u to m a t i c  c lo s e r ,  p r o c e s s e d  2 0  m in  a t  1 1 6 ° C ,  c o o le d  in  c o ld  t a p  
w a te r  a n d  s to r e d  a t  2 4 ° C  u n t i l  a n a ly s e s  w e re  m a d e .

A n a ly t i c a l  p r o c e d u r e s

S e n s o r y  e v a l u a t io n s  w e re  m a d e  b y  a  p a n e l  o f  4  t r a in e d  ju d g e s  o n  a  
s c a le  o f  1 ( p o o r )  t o  1 0  ( b e s t ) .  P e r c e n ta g e s  o f  s e e d  a n d  f ib e r  w e re  
o b t a in e d  b y  t h e  m e t h o d  d e s c r ib e d  in  U .S .  S t a n d a r d s  f o r  G ra d e s  o f  
C a n n e d  G r e e n  a n d  W a x  B e a n s  (U S D A , 1 9 7 2 ) .  R e s i s ta n c e  t o  s h e a r  w a s  
m e a s u r e d  b y  p la c in g  1 5 0 g  o f  b e a n s  in  a  s t a n d a r d  c e l l  o f  t h e  A llo -  
K ra m e r  Q u a l i t o m e te r  s h e a r  p r e s s  f i t t e d  w i th  a  1 3 6  k g  p r o v in g  r in g .

T h e  s h e a r e d  b e a n s  w e r e  r e c o v e r e d  a n d  b l e n d e d  f o r  2  m in  w i th  1 5 0  
m l d i s t i l l e d  w a te r .  C o lo r  w a s  d e t e r m i n e d  o n  a  b l e n d  b y  a  C o lo r  D i f f e r 
e n c e  m e t e r  (C D M ), u s in g  a  s t a n d a r d  r e f e r e n c e  p l a t e :  ‘L ’- 5 0 .6 ,  ‘- a ’ 3 0 .2  
a n d  ‘b ’-7 .2 .

T o t a l  s u g a r s ,  s t a r c h ,  p e c t i n s ,  h e m ic e l lu lo s e  a n d  c e l lu lo s e  w e re  
d e t e r m in e d  o n  t h e  b l e n d  b y  p r o c e d u r e s  d e s c r ib e d  b y  S i s t r u n k  ( 1 9 6 5 b ) .

T h e  s to r a g e  c h a m b e r s  a t  1 3 ,  2 1 ,  2 9  a n d  3 8 ° C  (± 1 ° C )  w e r e  m o n i 
t o r e d  f o r  C 0 2 a t  1 2  h r  in te r v a l s  b y  a  g a s  c h r o m a to g r a p h .

D a ta  c o l le c te d  w e r e  a n a l y z e d  a s  a  f a c to r i a l  e x p e r im e n t .  M e a n s  o f  
m a in  e f f e c t s  o f  s to r a g e  t im e ,  s to r a g e  t e m p e r a t u r e ,  f lo w  r a t e  a n d  b l a n c h  
m e th o d  a r e  r e c o r d e d  in  t a b le s .  W h e re v e r  s ig n i f i c a n t  i n t e r a c t io n s  
o c c u r r e d  t h e  d a t a  w e re  g r a p h e d .  D u n c a n ’s m u l t i p l e  r a n g e  t e s t  (D M R T )  
w a s  a p p l i e d  t o  t h e  m e a n s  w h e n  F  v a lu e s  w e re  s ig n i f ic a n t .

RESULTS & DISCUSSION
S N A P  B E A N S  s to r e d  u n d e r  fa s t  ra tes  o f  a ir f lo w  d id  n o t  d iffe r  
in  C 0 2 at d if fe r e n t  s to r a g e  te m p e r a tu r e s  (F ig . l a ) .  H o w e v e r , at 
s lo w  ra tes o f  air f lo w  th e r e  w a s an  in c r e a se  in  C 0 2 at h ig h  
te m p er a tu r e s . T h ere  w e re  n o  d if fe r e n c e s  in  C 0 2 b e y o n d  2 4  hr  
so  n o  d a ta  are g iv en  fo r  s to r a g e  t im e . R e sp ir a t io n  ra te  (m l

C 0 2 /k g /h r )  w a s lo w e r  in  b e a n s  s to r e d  u n d e r  s lo w  ra tes  o f  air 
f lo w  as c o m p a r e d  t o  fa s t  f lo w  ra tes. R e sp ir a tio n  ra te  in c re a se d  
in  b e a n s  a t b o th  f lo w  ra tes w h en  s to r a g e  te m p e r a tu r e  w a s  
in c re a se d  a b o v e  2 1 ° C  (F ig . l b ) .  K id d  ( 1 9 1 7 )  r e p o r te d  th a t  
s to r a g e  o f  v e g e ta b le s  u n d e r  h ig h er  C 0 2 d e c re a se d  r esp ira tio n  
ra tes.

W eigh t lo s se s  in c re a se d  as s to r a g e  t im e  w a s  in c r e a se d , an d  
a lso  as s to r a g e  te m p er a tu r e  w a s in c re a se d  a b o v e  2 1 ° C  (T a b le  
la ,  l b ) .  S lo w  f lo w  ra tes  r e su lte d  in  sm a ller  lo s se s  th a n  fa st  
f lo w  ra tes (T a b le  l c ) .  T h is  w a s a ttr ib u te d  t o  a h ig h er  tr a n s
p ir a tio n  r a te  at fa ste r  air f lo w .

S to ra g e  o f  b e a n s  fo r  4 8  hr p rior  to  p r o c e s s in g  r e su lte d  in  a 
lo s s  o f  g r e e n n e ss  ( lo w e r  ‘—a ’) ,  an d  an  in c re a se  in  d is c o lo r a t io n  
( lo w e r  ‘L ’) as s h o w n  in  T a b le  la .  T h ere  w a s n o  d if fe r e n c e  in  
C D M  v a lu e s  b e tw e e n  f lo w  ra tes  (T a b le  l c ) .  T h e  C D M  ‘L ’ and  
‘b ’ v a lu es w ere  h ig h er  in  b e a n s b la n c h e d  in  r o ta r y  s te a m  th a n  
th o s e  th a t  w ere  b la n c h e d  in  w a te r . (T a b le  I d ) .

P er ce n t se e d  a n d  fib er  in c re a se d  in  th e  b e a n s  as sto ra g e  
t im e  w a s in c re a se d  (T a b le  la ) .  F ib er  an d  se e d  w e r e  lo w e r  w h en  
b e a n s w e re  s to r e d  a t  1 3 °  as c o m p a r ed  t o  2 9 ° C  (T a b le  l b ) .  
T h e se  r e su lts  c o n f l ic t  w ith  th o s e  r e p o r te d  b y  G u y e r  and  
K ram er ( 1 9 5 0 )  w h o  fo u n d  n o  c h a n g e  in  % se e d  an d  f ib e r  
d u rin g  sto r a g e . P ercen t se e d  an d  f ib e r  w e re  lo w e r  in  b e a n s  
s to r e d  u n d e r  s lo w  f lo w  r a tes  (T a b le  l c ) .  T h is  w a s  a ttr ib u te d  to  
th e  h ig h  le v e ls  o f  C 0 2 fo u n d  in  b e a n s s to r e d  u n d e r  s lo w  f lo w  
ra tes. T h e  s ig n if ic a n t  in te r a c t io n  s to r a g e  t im e  X f lo w  r a te  (F ig . 
2 a )  illu s tr a te s  th a t  %  se e d  d id  n o t  in c re a se  a fte r  th e  f irs t 2 4  hr 
o f  s to r a g e  u n d e r  s lo w  f lo w  ra tes b u t  in c r e a se d  a t b o th  2 4  and  
4 8  h r  u n d e r  fa st  f lo w  rates.

B ea n s in c re a se d  in  sh ear  p ress  v a lu e s  as sto ra g e  t im e  and  
te m p er a tu r e  w ere  in crea sed  (T a b le  l a ,  l b ) .  R o ta r y  s te a m  
b la n ch in g  r esu lted  in  le ss  firm  b e a n s as sh o w n  b y  lo w e r  sh ear  
press v a lu e s  (T a b le  l b ) .

T h ere  w a s an  in c re a se  in  t o t a l  su gars and c e llu lo se  d u r in g  
sto ra g e  an d  a d e c r e a se  in  s ta r ch  an d  h e m ic e llu lo s e  (T a b le  2 a ) .  
P ec tin  c o n te n t  w a s lo w e r  in  b e a n s  s to r e d  fo r  4 8  hr. P ark er an d  
Stu art ( 1 9 3 5 )  o b ser v e d  a s im ila r  d ecrea se  in  sta r ch  in  b e a n s  
du rin g  sto ra g e .
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Q U ALITY OF CANNED SNAP B E A N S .. .

Table 1 -M a in  e f fe c ts  o f  s to ra g e  t im e , s to ra g e  tem p era tu re , f lo w  ra tes a n d  b lan ch  m e th o d  on  ca n n ed  sn ap  bean s a n d  w e ig h t lo ss o f  fresh b e a n sa

Shear press CDM
% weight13 
loss (fresh)Main effects (1b/150g) % Fiber % Seed 'L ' '—a' V

a. Storage time (hr)
0 55.3c 0.017c 3.9c 39.7a 7.5a 19.8a 0.0c

24 58.8b 0.024b 4.4b 39.5a 7.4a 19.6b 1.0b
48 62.6a 0.030a 4.9a 38.8b 6.9b 19.4c 1.7a

b. Storage temperature (°C)
13 56.6b 0.021b 4.2b 39.5a 7.3a 19.6ab 1.0c
21 57.9b 0.022b 4.3ab 39.4a 7.2a 19.5b 1.0c
29 60.0a 0.028a 4.5a 39.1a 7.3a 19.5b 1.4b
38 61.1a 0.024ab 4.5a 39.3a 7.2a 19.8a 1.8a

c. Flow rate
slow 59.1a 0.020b 4.2b 39.3a 7.2a 19.6a 1.0b
fast 58.7a 0.024a 4.6a 39.2a 7.3a 19.6a 1.6a

d. Blanch method
water 60.0a 0.025a 4.3a 31.1b 7.2a 19.5b —

steam lotary) 57.8b 0.024a 4.4a 34.5a 7.3a 19.7a -

a  M ea n s  s e p a r a te d  w i th in  m a in  e f f e c t s  a n d  c o lu m n s  f o l lo w e d  b y  t h e  s a m e  l e t t e r  o r  l e t t e r s  a re  n o t  s ig n i f i c a n t ly  d i f f e r e n t  a t  t h e  5 %  lev e l b y  D u n c a n 's  
m u l t ip  e  r a n g e  t e s t .

b  C a lc u la te d  o n  f r e s h  b e a n s  a t  e a c h  s to r a g e  p e r io d

Sn ap b ea n s s to r ed  at 1 3 °C  w e re  h ig h er  in  W S p e c t in  th a n  
th o s e  s to r ed  at 2 9  an d  3 8 ° C  (T a b le  2 b ) .  H e m ic e llu lo s e  w a s  
lo w e r  in  b ea n s s to r e d  at 3 8 ° C  th a n  th o s e  s to r ed  at th e  o th e r  
te m p er a tu r e s . C e llu lo se  in c re a se d  w ith  e a ch  in crea se  in  te m p e r 
ature . T h e  s ig n if ic a n t  in te r a c t io n  o f  s to r a g e  te m p e r a tu r e  X 
storage t im e  in d ic a te s  th a t th e r e  w a s n o  d if fe r e n c e  in  c e llu lo se  
b e tw e e n  21 an d  2 9 ° C  at e ith e r  2 4  or  4 8  h r  b u t  th e r e  w ere  
large d if fe r e n c e s  b e tw e e n  1 3 , 21  an d  3 8 ° C  (F ig . 3 b ) .

B eans s to r e d  u n d e r  s lo w  f lo w  ra tes  w e re  lo w e r  in  h e m i
c e llu lo se  and c e llu lo se  th a n  b e a n s  s to r e d  u n d e r  fa st  f lo w  ra tes  
(T a b le  2 c ) .  T h e  s ig n if ic a n t  in te r a c t io n  o f  s to r a g e  t im e  X f lo w  
rate illu s tra te s  th a t th e r e  w ere  larger in c re a se s  in  c e llu lo se  
during sto ra g e  at th e  fa st  f lo w  ra te  th a n  at th e  s lo w  f lo w  rate  
(F ig . 2 b ) . H e m ic e llu lo se  d e c re a se d  m o r e  at th e  s lo w  th a n  th e  
fa st f lo w  rate b e tw e e n  2 4  an d  4 8 h r . T h e  s ig n if ic a n t  in te r a c t io n  
b e tw e e n  sto ra g e  te m p e r a tu r e  X f lo w  rate  w a s ca u se d  b y  th e

large in c re a se  in c e llu lo se  at 2 1 ° ,  2 9 °  an d  3 8 ° C  at th e  fa st  f lo w  
rate  as c o m p a r ed  t o  th e  s lo w  f lo w  rate  (F ig . 3 a ) .

T h e  W S p e c t in  w a s h ig h er  w h e n  b e a n s  w e re  b la n c h e d  in  
r o ta ry  s te a m  c o m p a r e d  t o  b e in g  b la n c h e d  in  w a te r , o th e r w ise  
b la n ch  m e th o d  d id  n o t  a f f e c t  th e  o th e r  c a r b o h y d r a te s .

S e n so r y  ra tin gs fo r  c o lo r , a b se n c e  o f  b r o w n in g , g en era l 
a p p ea ra n ce  ar.d fla v o r  w ere  lo w e r  a fter  b e a n s w e re  s to r e d  fo r  
4 8  hr (T a b le  3 a ). T h e  d if fe r e n c e s  w e re  n o t  s ig n if ic a n t  fo r  
fla v o r  and a b se n c e  o f  b r o w n in g  at 2 4  hr . R a tin g s  fo r  th e  se n 
so r y  a ttr ib u te s  d ec re a se d  as th e  te m p e r a tu r e  w a s in crea sed  
fro m  13 to  2 9  an d  3 8 ° C  b u t  ra tin g s  fo r  g en era l ap p earan ce  
a lso  d e c re a se d  b e tw e e n  13 an d  2 1 ° C  (T a b le  3 b ) .

A ll se n so r y  a ttr ib u te s  w e re  ra ted  lo w e r  w h e n  b ea n s w ere  
s to r e d  u n d e r  s lo w  f lo w  ra tes as c o m p a r e d  t o  fa st  f lo w  rates  
e x c e p t  fla v o r. T h e  b e a n s s to r e d  u n d e r  s lo w  f lo w  o f  air w ere  
o ff-f la v o r  p r o b a b ly  b e a c u se  o f  lo w  0 2 le v e ls  and a n a e r o b ic

Table 2 —M ain e f fe c ts  o f  s to ra g e  tim e , s to ra g e  te m p e ra tu re , f lo w  ra te  a n d  b la n ch  m e th o d  o n  c a r b o h y d ra te s  o f  c a n n ed  sn ap  b ea n sa

Main effects
% Total 
sugars % Starch

% WSb 
Pectins

% CSb 
Pectins

% Hemi
cellulose % Cellulose

a. Storage time (hr)
0 1,469b 1.044a 0.269b 0.258a 0.327a 1,085c

24 1,633a 0.979b 0.280a 0.216b 0.295b 1.204b

48 1,678a 0.913c 0.256b 0.215b 0.258c 1.277a

b. Storage temperature (°C)
13 1.543a 0.969a 0.282a 0.255a 0.301a 1,089d
21 1,629a 0.982a 0.276ab 0.266a 0.297a 1,202c

29 1,633a 1.001a 0.251b 0.240a 0.295a 1.214b

38 1,568a 0.962a 0.265b 0.232a 0.281b 1,250a

c. Flow rate
slow 1.581a 0.977a 0.266a 0.225a 0.289b 1.137b

fast 1.605a 0.980a 0.271a 0.234a 0.298a 1.241a

d. Blanch method
water 1,566a 0.986a 0.257b 0.236a 0.292a 1.184a

steam (rotary) 1.621a 0.980a 0.280a 0.223a 0.295a 1.194a

a  M ean s  s e p a r a t e d  w i th in  m a in  e f f e c t s  a n d  c o lu m n s  f o l lo w e d  b y  t h e  s a m e  l e t t e r  o r  l e t t e r s  a r e  n o t  s ig n i f ic a n t ly  d i f f e r e n t  a t  t h e  5 %  lev e l b y  D u n c a n 's  
m u l t ip l e  r a n g e  t e s t .

b W S - W a te r  s o lu b le ;  C S —C a lg o n  s o lu b le
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T able 3 —M ain e f fe c ts  o f  s to ra g e  tim e , s to ra g e  tem p era tu re , f lo w  ra te  
a n d  b lan ch  m e th o d s  o n  se n s o ry  q u a li ty  o f  ca n n ed  sn a p  b ean s^ A

Main effects Color
Absense of 
browning

General
appearance Flavor

a. Storage time (hr)

0 8.5a 8.0a 8.6a 7.3a
24 7.6b 7.8a 7.5b 7.2a
48 5.8c 6.7b 5.2c 6.8b

b. Storage temperature (“Cl
13 8.3a 8.2a 8.4a 7.6a
21 8.0a 7.8a 7.8b 7.6a
29 7.2b 7.2b 7.0c 7.0b
38 5.6c 6.7c 5.3d 6.3c

c. Flow rate
slow 7.8a 7.9a 7.7a 6.3b
fast 6.7b 7.0b 6.5b 7.8a

d. Blanch method
water 7.4a 7.4a 7.2a 7.1a
steam (rotary) 7.2a 7.5a 7.0a 7.1a

a  S e n s o r y  r a t in g s  m a d e  o n a  s c a le o f  1 (p o o r ) t o  1 0  (b e s t ) b y  a
t r a in e d  p a n e l ,  c o m p a r in g  e a c h  s a m p le  a g a in s t  a  s t a n d a r d  r e f e r e n c e ,  

h  M e a n s  s e p a r a te d  w i th in  m a in  e f f e c t  a n d  c o lu m n s  f o l lo w e d  b y  t h e  
s a m e  l e t t e r  o r  l e t t e r s  n o t  s ig n i f i c a n t ly  d i f f e r e n t  a t  t h e  5%  leve l b y  

D u n c a n 's  m u l t i p l e  r a n g e  t e s t .

r esp ira tio n . H ig h  C 0 2 in  b e a n s s to r ed  at s lo w  f lo w  ra tes is an 
in d ic a t io n  o f  a n a e r o b ic  c o n d it io n s  (F ig . la ) .

In c o n c lu s io n , h o ld in g  sn a p  b ea n s a fter  h a rv est in  lo a d e d  
tr u c k s  fo r  2 4  hr  or lo n g e r  is d e tr im e n ta l to  q u a lity , e sp e c ia lly  
at te m p e r a tu r e s  a b o v e  2 1 ° C . Snap b ea n s h e ld  at th e  h ig h er  
te m p e r a tu r e s  u n d e r  fa st  f lo w  ra tes o f  air h a d  h ig h er  r esp ira tio n  
r a tes , sh ea r  p ress v a lu e s  an d  w e ig h t lo s se s  as w e ll as h ig h er  %  
se e d , f ib e r , h e m ic e llu lo s e  an d  c e llu lo se . F a st air f lo w  a c c e le r 
a ted  b r o w n in g  a lth o u g h  c o lo r  w a s n o t  a f fe c te d  at lo w e r  te m 
p era tu res . E x te n d in g  th e  s to r a g e  t im e  o f  b e a n s m a g n ified  th e  
c h a n g e s  in  q u a lity . B ea n s s to r e d  u n d e r  lo w  air f lo w ,  w h ic h  w as  
c o m p a r a b le  to  c o n d it io n s  fo u n d  in  lo a d e d  tr u c k s , lo s t  less  
w e ig h t du rin g  s to r a g e  an d  w ere  lo w e r  in  % fib e r , se e d , h e m i-

c e llu lo se  an d  c e llu lo se  b u t  th e  c a n n e d  b e a n s w ere  o ff- f la v o r e d .  
T h e r e fo r e , m o v e m e n t  o f  air th r o u g h  lo a d e d  tr u c k s  d u rin g  lo n g  
p e r io d s  o f  h o ld in g  is n e c e ssa r y  to  p r e v en t a n a e r o b ic  c o n d i
t io n s . H igh  C 0 2 a tm o sp h e r e s  are b e n e f ic ia l  in  th e  in h ib it io n  o f  
b r o w n in g  w h e n  a d e q u a te  air c ir c u la tio n  is p r o v id e d  (R e itm e ie r  
and B u e sc h e r , 1 9 7 5 ) .  H o ld in g  th e  b e a n s at te m p e r a tu r e s  b e lo w  
2 1 c C w a s le s s  d e tr im e n ta l t o  q u a lity  th a n  th o s e  h e ld  at h ig h er  
te m p er a tu r e s .
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H igher pH  o p t im a  w ere  o b ser v e d  fo r  c o w p e a s , c h ic k p e a s  and  
G reat N o r th e r n  b ea n  a lp h a -a m y la se s . T h e se  e n z y m e s  w ere  
m o re  a c t iv e  at 4 0 ° C  th a n  at 5 0 °  o r  6 0 ° C . E x c e p t  fo r  G reat 
N o r th e rn  b ea n  a m y la se , th e  t im e  o f  in c u b a tio n  d id  n o t  seem  
to  a f f e c t  th e  to ta l  a c t iv ity  o f  th e  e n z y m e .

T h e  to ta l  d e x tr in iz in g  a c t iv it ie s  fo r  c o rn  and c o w p e a s  w ere  
m u c h  h ig h er  th a n  fo r  G reat N o r th e rn  b e a n s  and c h ic k p e a s ,  
w h ic h  w o u ld  m a k e  th e m  m o r e  su ita b le  in  h y d r o ly z in g  sta rch es  
fr o m  v a r io u s  so u rc e s  fo r  u se  in  h o m e  fe r m e n ta t io n .
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EFFECT OF STORAGE ON THE AM INO  ACID  COMPOSITION AND BIOLOGICAL QUALITY  
OF IRRA D IA TED  MACAÇAR BEANS Vigna unguiculata (L.) WALP

--------------------------  ABSTRACT ---------------------------
T h e  e f f e c t s  o f  t w o  d o s e s  o f  g a m m a  r a d i a t i o n  ( 1 0 0  a n d  1 ,0 0 0  k r a d )  
u p o n  t h e  s t a b i l i t y  o v e r  a  6 - m o n t h  s to r a g e  p e r io d  o f  t h e  a m in o  a c id  
c o m p o s i t io n  a n d  p r o t e i n  e f f i c i e n c y  r a t i o  (P E R )  o f  t h e  m a c a q a r  b e a n  
V igna u n g u ic u la ta  ( L .)  W a lp  w e r e  in v e s t i g a t e d .  N o  i m p o r t a n t  d i f f e r 
e n c e s  w e re  n o t e d  w h e n  t h e  a m in o g r a m s  o f  i r r a d i a t e d  a n d  n o n i r r a d i a t e d  
b e a n s ,  e i t h e r  r a w  o r  c o o k e d  w e re  c o m p a r e d .  N e v e r th e l e s s ,  t h e  lo s s e s  o f  
ly s in e ,  a rg in in e  a n d  h i s t i d in e  d u e  t o  c o o k in g  w e r e  g r e a t e r  in  t h e  i r r a d i 
a te d  b e a n s .  T h e  P E R  o f  n o n i r r a d i a t e d  w a s  h ig h e r  t h a n  t h a t  o f  i r r a d i a t e d  
b e a n s  b e f o r e  a n d  a f t e r  t h e  6  m o n t h s  o f  s to r a g e ,  a n d  w a s  a lw a y s  lo w e s t  
in  t h e  b e a n s  s u b je c t e d  t o  t h e  h ig h e r  d o s e  o f  r a d i a t i o n .  Q u a l i t a t i v e ly ,  a n  
a s s o c ia t io n  w a s  o b s e r v e d  b e t w e e n  t h e  n u t r i t i o n a l  v a lu e  (P E R )  a n d  s m a l l  
d e c r e a s e s  in  t h e  c o n t e n t  o f  c e r ta in  a m in o  a c id s  w h ic h  r e s u l t e d  m a in ly  
f r o m  in c r e a s e d  t h e r m a l  l a b i l i t y  o f  t h e  i r r a d i a t e d  b e a n  p r o t e i n .

INTRODUCTION
L E G U M IN O S A E  R E P R E S E N T  an  im p o r ta n t  so u r c e  o f  v e g e ta 
b le  p r o te in  fo r  h u m a n  c o n s u m p t io n  (C h a v es  e t a l.,  1 9 5 2 ) .  In  
th e  ca se  o f  b e a n s , p r e se rv a tio n  m e th o d s  h a v e  b e e n  e m p lo y e d  
in  an  a t te m p t  t o  r e d u c e  th e  lo s s e s  th a t  r e su lt  fr o m  d e te r io r a 
t io n  du rin g  sto r a g e  (Z o n e n s c h a in , 1 9 7 5 ) .  T h e  u se  o f  ga m m a  
ra d ia tio n  fo r  th is  p u r p o se  h a s  le d  to  s o m e  b e n e f it s  su c h  as 
p reserv a tio n  o f  th e  p h y s ic a l  a p p ea r a n c e  (M assa e t  a l.,  1 9 7 3 ) ,  
r e d u c tio n  o f  th e  c o o k in g  t im e  (K iss  e t a l.,  1 9 7 4 ;  S reen iv a sa n ,
1 9 7 4 ) ,  d e s tr u c t io n  o f  th e  so -c a lle d  f la tu le n t  fa c to r s , and  h ig h er  

■digestibility d u e  t o  p a rtia l h y d r o ly s is  o f  th e  p r o te in s  (S r e e n i
vasan , 1 9 7 4 ) .  T h e  c h e m ic a l c o m p o s it io n  (M assa  e t  a l.,  1 9 7 3 ) ,  
and th e  p r o te in  c o n te n t  o f  b e a n s  (R e v e t t i ,  1 9 7 3 ;  S reen iv a sa n , 
1 9 7 4 ; M etta  e t a l.,  1 9 5 7 )  h a v e  b e e n  fo u n d  t o  b e  u n a f fe c te d  b y  
gam m a r a d ia tio n . A lth o u g h  th e  a m in o g ra m  h a s  n o t  b e e n  fo u n d  
a ltered  in  so m e  ca ses  (A d ria n  a n d  F r a y s s in e t ,  1 9 7 4 ;  S r e en i
vasan , 1 9 7 4 ) ,  m a rk ed  lo s se s  o f  ly s in e  a n d  a rg in in e  in  lim a  
b ea n s h a v e  b e e n  r e p o r te d  b y  J o h n s o n  e t  a l. ( 1 9 5 8 ) .  A s  t o  th e  
e f fe c ts  o f  g a m m a  r a d ia tio n  o n  th e  n u tr it io n a l v a lu e  o f  b e a n s ,  
th e  ava ilab le  d a ta  s h o w  th a t  th e  d ig e s t ib ility  and th e  b io lo g ic a l  
va lu e  (B V ) o f  lim a  b e a n s (M e tta  e t  a l.,  1 9 5 7 )  w e re  n o t  a f fe c te d  
b y  th is  k in d  o f  t r e a tm e n t . A ls o ,  n o  h a r m fu l e f fe c t s  o n  th e  
n u tr it io n a l v a lu e  o f  c o w p e a s ,  h a v e  b e e n  o b ser v e d  (A d r ia n  and  
F ra y ss in e t, 1 9 7 4 ) .

In  th e  p r e se n t w o r k , w e  h a v e  e x a m in e d  th e  e f fe c t s  o f  tw o  
d o se s  o f  ga m m a  r a d ia t io n  ( 1 0 0  an d  1 ,0 0 0  krad ) u p o n  th e  
c h e m ic a l c o m p o s it io n ,  a m in o  a c id  c o m p o s it io n ,  an d  n u tr i
t io n a l v a lu e  o f  th e  m acd?ar b e a n , an d  e v a lu a te d  i t s  s ta b il ity  o n  
th e  b a sis  o f  th e se  p a r a m e te r s . O ur r e su lts  sh o w  th a t  lo s se s  
greater th a n  th o s e  fo u n d  b y  sto r a g e  a lo n e  ca n  o c c u r  as a r esu lt  
o f  th e  irra d ia tio n  w ith  g a m m a  rays.

M ATERIALS & METHODS
S e m p r e  V e r d e  ( K r u t m a n  e t  a l . ,  1 9 6 8 )  m a c a q a r  b e a n  s e e d s  C o w p e a ,  
V igna u n g u ic u la ta  (L .)  W a lp ,  w e r e  o b t a i n e d  f r o m  E m p r e s a  B ra s i le ir a  d e  
P e s q u isa  A g r o p e c u i r i a  (E M B R A P A ) .  A f t e r  s e le c t io n  a n d  h o m o g e n iz a 
t io n ,  2 7  k g  o f  s e e d s  w e r e  d iv id e d  in t o  3 b a t c h e s  o f  9  k g  e a c h .  T w o  o f  
th e s e  b a t c h e s  w e r e  p l a c e d  i n t o  p la s t i c  c o n ta in e r s  a n d  i r r a d i a t e d  w i th  a

6 0 C o  s o u r c e  o f  4 3 7  C i  b y  m e a n s  o f  a  G a m m a  C e l l  I r r a d i a t o r  ( R a d io n ic s  
L a b o r a t o r y ,  N e w  J e r s e y ) .  I r r a d i a t i o n  w a s  c o n d u c t e d  a t  2 5 ° C ,  a t  a  d o s e  
r a t e  o f  0 .8 8  k r a d  p e r  m i n u t e .  T h e  d o s e  r a t e  w a s  c a l c u l a t e d  a c c o r d in g  to  
F r ic k e  a n d  H a r t  ( 1 9 6 6 ) .  T w o  d i f f e r e n t  d o s e s  ( 1 0 0  a n d  1 ,0 0 0  k r a d )  w e re  
e m p lo y e d  ( G o r e s l in e ,  1 9 7 3 ;  H a n s e n ,  1 9 6 6 ;  H o e d a y a  e t  a l . ,  1 9 7 3 ;  
I n g r a m  a n d  R h o d e s ,  1 9 6 2 ;  K o v a ls k a y a ,  1 9 7 1 ;  M o h y u d d in  a n d  S k o r o -  
p a d ,  1 9 7 0 ;  M o rg a n ,  1 9 5 9 ) .  T h e  t h i r d  b a t c h ,  n o n i r r a d i a t e d ,  w a s  u s e d  a s  
c o n t r o l .

F lo u r s  w e re  p r e p a r e d  f r o m  e a c h  b a t c h  b y  2 -h r  b o i l in g  in  d is t i l l e d  
w a te r .  A f t e r  th is ,  t h e  s e e d s  w e re  o v e n - d r ie d  o v e r n ig h t  a t  6 0 ° C ,  g r o u n d  
a n d  s ie v e d .

A l i q u o t s  o f  r a w  s e e d s  f r o m  e a c h  b a t c h  w e r e  s t o r e d  in  t i g h t l y  c lo s e d  
c o n ta in e r s  w i t h  e q u i l i b r iu m  h y g r o s c o p ic  s o lu t io n s  ( G r i n s p u n ,  1 9 7 4 )  t o  
e n s u r e  c o n s t a n t  h u m i d i t y ,  a r o u n d  8 5 % . T h e  t e m p e r a t u r e  w a s  m a in 
t a in e d  a t  2 8 ° C ,  t h e  a v e r a g e  t e m p e r a t u r e  o f  t h e  r e g io n .

W a te r ,  f a t ,  a s h e s  a n d  f i b e r  w e re  m e a s u r e d  a c c o r d i n g  t o  A O A C
( 1 9 7 0 )  m e th o d s .  P r o t e i n  w a s  d e t e r m i n e d  b y  a  K je ld a h l  p r o c e d u r e  
(A O A C , 1 9 7 0 ) ,  w h i le  c a r b o h y d r a t e s  w e r e  o b t a i n e d  b y  d i f f e r e n c e .

T h e  a m in o  a c id  c o m p o s i t i o n  w a s  d e t e r m i n e d  b y  a n  io n  e x c h a n g e  
c h r o m a to g r a p h y  m e t h o d  ( B e c k m a n  I n s t r u m e n t s ,  1 9 7 0 )  u s in g  a n  U n i-  
c h r o m  A m in o  A c id  A n a ly z e r  (B e c k m a n  I n s t r u m e n t s ,  G M B H , F r a n k 
f u r t e r ,  G e r m a n y ) .  T r y p t o p h a n  w a s  m e a s u r e d  s e p a r a t e ly  (V il le g a s  a n d  
M e r tz ,  1 9 7 1 ) ,  a f t e r  p r o t e i n  h y d r o ly s i s  w i t h  p a p a i n .  A l l  t h e  a n a ly s e s  
w e re  r u n  in  t r i p l i c a t e .

F o r ty - e ig h t  m a le  S p r a g u e -D a w le y  r a t s ,  2 3 - d a y s  o ld ,  w e r e  u s e d  t o  
m e a s u re  t h e  p r o t e i n  e f f i c ie n c y  r a t i o  (P E R )  o v e r  a  2 8 - d a y  p e r io d  (A lli
s o n ,  1 9 5 5 ;  C a m p b e l l ,  1 9 6 3 ) .

T h e  d i e t s  u s e d  in  t h e  e x p e r im e n t s  c o n t a i n e d  b e a n  p r o t e i n  
( 1 0 . 1 0 - 1 0 . 4 8 % ) ,  v e g e ta b le  o i l  ( 1 0 . 0 8 - 1 0 . 2 6 % ) ,  m in e r a l  s a l t s  ( N u t r i 
t i o n a l  B io c h e m ic a ls  C o r p . ,  C le v e la n d ,  O H )  a n d  v i ta m in s  ( N u t r i t i o n a l  
B io c h e m ic a ls  C o r p . ,  C le v e la n d ,  O H )  a n d  c o r n  s ta r c h .  T h e  d i e t s  d i f f e r e d  
a s  t o  t h e  s o u rc e  o f  t h e i r  p r o t e i n  ( c a s e in  f o r  t h e  c o n t r o l  d i e t  a n d  t h e  
d i f f e r e n t  b e a n  T o u r s  f o r  t h e  o t h e r  d i e t s ) .  T h e  c o n t r o l  d i e t  a ls o  c o n 
t a in e d  2 %  c e l lu lo s e .

A t  t h e  e n d  o f  t h e  2 8 - d a y  b io a s s a y  p e r i o d ,  t h e  a n im a ls  w e re  f a s te d  
f o r  1 0  h r ,  a n e s th e s i z e d  b y  in t r a - p e r i t o n e a l  i n j e c t i o n  o f  s o d iu m  p e n t o 
b a r b i t a l  (3  m g /lO O g  b o d y  w e ig h t )  a n d  s u b m i t t e d  t o  b i l a t e r a l  l a p a r o t 
o m y  f o r  c o l l e c t i o n  o f  b lo o d  f r o m  t h e  a b d o m in a l  a o r t a  a n d  r e m o v a l  o f  
t h e  l iv e r s  f o r  m a c r o s c o p ic  e x a m in a t i o n .  S e ru m  w a s  o b t a i n e d  b y  c e n t r i f 
u g a t io n  o f  t h e  b l o o d  p r e v io u s ly  a l lo w e d  to  c lo t  a t  r o o m  t e m p e r a tu r e .  
T o t a l  s e r u m  p r o t e i n  (W o lf s o n  e t  a l . ,  1 9 4 8 )  a n d  p r o t e i n  f r a c t i o n s  ( B e c k 
m a n  I n s t r u m e n t s ,  1 9 6 5 )  w e re  a ls o  d e t e r m in e d .

T h e  a m in o  a c id  s t a n d a r d s  w e r e  o b t a i n e d  f r o m  B e c k m a n  I n s t r u m e n t s  
I n c .  (P a lo  A l to ,  C A ) .  T h e  a lb u m in  s t a n d a r d  s o lu t io n  w a s  p u r c h a s e d  
f r o m  S ig m a  C h e m ic a l  C o .  ( S t .  L o u i s ,  M O ) . A l l  t h e  o t h e r  r e a g e n t s  u s e d  
w e re  o f  a n a l y t i c a l  g r a d e .

RESU LTS & DISCUSSION
IT IS  A P P A R E N T  th a t  b o th  s to r a g e  an d  irr a d ia tio n  d id  n o t  
ca u se  su b s ta n tia l a l te r a t io n s  in  th e  c h e m ic a l c o m p o s it io n  o f  
th e  raw  o r  c o o k e d  se e d s  o f  th e  m acdqar b e a n , w h en  a llo w a n c e  
is  m a d e  fo r  e x p e r im e n ta l error (T a b le  1 ). O n a d r y -w e ig h t  
b a s is , th e r e  se e m e d  t o  b e  a d ro p  in  th e  f ib e r  an d  an  in crea se  o f  
th e  c a r b o h y d r a te  an d  l ip id  c o n te n ts  o f  th e  c o o k e d  as c o m 
pared  t o  th e  raw  se e d s . N e v e r th e le ss , th e  c o e f f ic ie n t s  o f  varia
t io n  w ere  a ll w ith in  a c c e p ta b le  ra n g es, w ith  th e  e x c e p t io n  o f  
th a t o f  th e  fa t  (1 5 .3 % ). T h is  is  in  k e e p in g  w ith  p r e v io u s  r e su lts  
o n  o th e r  ty p e s  o f  b e a n s (R e v e t t i ,  1 9 7 3 ) .
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T able 1 —C h em ica l c o m p o s it io n  o f  th e  various flo u rs fro m  macaçar 
b ea n s ' s e e d sa

Carbo-
Storage yyater pat Ash Fiber Protein hydrate

Radiation time -------------------------------------------------------
Sample (krad) (months) (g/IOOg dry beans)

Raw 0 0 9.25 1.07 3.69 6.03 29.65 59.18
Cooked 0 0 2.56 1.84 4.25 5.32 30.11 58.46
Raw 100 0 10.36 1.47 3.91 6.14 30.27 58.19
Cooked 100 0 3.20 1.75 4.28 5.34 31.85 56.77
Raw 1,000 0 12.93 1.51 4.05 6.26 29.57 58.60
Cooked 1,000 0 6.38 2.06 4.60 5.50 28.86 59.04
Raw 0 6 12.36 1.61 3.81 6.46 29.90 58.22
Cooked 0 6 3.84 1.87 4.22 5.00 29.06 59.85
Raw 100 6 10.99 1.62 3.88 6.13 29.74 58.62
Cooked 100 6 3.41 1.76 4.24 5.79 29.00 59.20
Raw 1,000 6 10.74 1.56 4.15 6.05 29.07 59.17
Cooked 1,000 6 1.68 1.52 3.92 5.62 30.72 58.21

a  E a c h  v a lu e  r e p r e s e n t s  t h e  m e a n  o f  t w o  d e t e r m in a t io n s .

A n o th e r  a p p ro a c h  to  ev a lu a tin g  th e  e f fe c t s  o f  irr a d ia tio n  
u p o n  th e  n u tr it io n a l v a lu e  o f  th e  b e a n s w o u ld  b e  th e  a n a ly sis  
o f  th e  a m in o  a c id  p a tte r n . T h e  n o n s to r e d  b e a n s  irra d ia ted  w ith  
1 0 0  krad h a d  lo w e r  v a lin e  (3 .9 5  ±  0 .1 7  vs 5 .0 8  ±  0 .5 2 ) ,  p h e n 
y la la n in e  ( 4 .3 4  ± 0 .2 1  v s  4 .8 0  ±  0 .0 6 ) ,  ly s in e  (4 .9 1  ± 0 .0 6  vs 
5 .9 1  ±  0 .3 3 ) ,  le u c in e  ( 6 .0 7  ±  0 .0 6  vs 6 .9 1  ± 0 . 1 7 )  an d  arg in in e  
( 5 .4 2  ±  0 .3 2  v s  6 .5 9  ±  0 .3 4 )  c o n te n t s  as c o m p a r e d  to  th e  
n o n irr a d ia ted  c o n tr o l.  H o w e v e r , th is  p a tte r n  d o e s  n o t  a p p ly  to  
th e  se e d s  irra d ia ted  w ith  1 ,0 0 0  k ra d , as s h o w n  in  F ig u re  1. T h e  
la ck  o f  a d o se -r e sp o n se  a s s o c ia t io n  m a k e s  th e  in te r p r e ta t io n  o f  
th e se  c h a n g e s  d if f ic u lt .  T h e se  o b se r v a tio n s  are in  k e e p in g  w ith  
th o s e  o f  J o h n so n  e t  a l. ( 1 9 5 8 ) .  L eav in g  ap art sm a ll v a r ia tio n s  
o f  d isc r e te  im p o r ta n c e , irr a d ia tio n  d id  n o t  a f f e c t  th e  s ta b il ity  
to  s to r a g e  o f  th e  a m in o g ra m  o f  th e  raw  se e d s  (F ig .  2 ) .

T h e  d a ta  in  F ig u re  2 , su g g est  th a t  th e  irr a d ia tio n  in crea sed  
th e  la b i l i ty  o f  so m e  o f  th e  a m in o  a c id s  to  h e a t  (c o o k in g ) .  
P a rticu la r ly  n o ta b le  are th e  r e d u c t io n s  in  ly s in e  and arg in in e  
c o n te n ts ,  n o t  o b ser v e d  w h e n  th e  a m in o g r a m s o f  th e  n o n irra d i
a ted  raw  an d  c o o k e d  b e a n s  are c o m p a r e d . Irra d ia tio n  m ig h t  
a f fe c t  th e  s tr u c tu r e  o f  th e  b e a n  p r o te in  so  as t o  p r o m o te  
g rea ter  e x p o su r e  o f  th e  th e r m o la b ile  a m in o  a c id s  d u rin g  c o o k -

A M I N O  A C I D

Fig. 1—E ffe c t o f  g a m m a  ra d ia tio n  u p o n  th e  a m in o g ra m  o f  ra w  se e d s  
o f  n o n s to r e d  macaçar bean .

in g . In su p p o r t  o f  th is  h y p o th e s is ,  irra d ia tio n  o f  b e a n s  w ith
1 ,0 0 0  krad w a s  fo u n d  to  in c re a se  th e  p r o p o r t io n  o f  fr e e  a m in o  
a c id s , p o s s ib ly  as a r esu lt o f  fr a g m e n ta t io n  o f  th e  b e a n  p ro 
te in s  in to  lo w e r  m o le c u la r  w e ig h t  sp e c ie s  (S r e e n iv a sa n , 1 9 7 4 ) .  
A  sim ila r  r esu lt w a s o b ta in e d  b y  S r in ivas e t  a l.,  ( 1 9 7 2 )  w ith  
w h ea t p r o te in s  su b m itte d  to  a r a d ia t io n  d o s e  o f  1 ,0 0 0  k ra d . 
T h e  n u tr it io n a l v a lu e  o f  c o n tr o l  an d  irra d ia ted  b e a n s  w a s  
s tu d ie d  th r o u g h  th e  e f f ic ie n c y  o f  th e  b e a n  p r o te in  in  p r o m o t 
in g  g r o w th  o n  ra ts . T h e  p r o te in  e f f ic ie n c y  r a t io n  o f  th e  n o n 
irra d ia ted , n o n s to r e d  b ea n s w a s in  g o o d  a g r ee m en t w ith  p r e 
v io u s  v a lu e s  fo r  th is  t y p e  o f  b e a n s  (L ie n e r , 1 9 7 6 ) .  T h e  s to r a g e

Fig. 2 - E f f e c t  o f  ga m m a  ra d ia tio n  u p o n  th e  s ta b i l i ty  o f  th e  am in ogram  o f  th e  maca'çar b ea n  to  co o k in g . The se e d s  w e re  s to r e d  fo r  6  m o n th s  b e fo r e  
cook in g .
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I R R A D I A  T I O N  O F  M A C À Ç A R  B E A N . . .

during 6  m o n th s  c a u se d  a d r o p  in  th e  e f f ic ie n c y  r a tio  o f  56% ; 
th is  d rop  w a s  m o r e  m a rk ed  in  th e  irra d ia ted  b e a n s , b ea r in g  
so m e  r e la t io n sh ip  w ith  th e  r a d ia tio n  d o se :  7 4  an d  89%  fo r  th e  
1 0 0  and 1 ,0 0 0  krad  tr e a tm e n ts . T h e  e f fe c t s  o f  irr a d ia tio n  a lso  
sh o w e d  in  th e  n o n s to r e d  sa m p le s:  th e  P E R  v a lu es w e re  7 8 .7  
and 68%  o f  th e  n o n irr a d ia ted  c o n tr o l  in  th e  b e a n s  irra d ia ted  
w ith  1 0 0  and 1 ,0 0 0  krad  r e s p e c t iv e ly  (T a b le  2 ) .  C le a r ly , th e  
irra d ia tio n  d id  n o t  b r in g  a b o u t  a n y  b e n e f it s  t o  th e  s ta b il ity  o f  
th e  b ea n  p r o te in  t o  s to r a g e , b u t  in s te a d , c a u se d  an  im p o r ta n t  
d ecrea se  o f  th e  n u tr it io n a l v a lu e  o f  th e  n o n -s to r e d  se e d s . T h e se  
r esu lts  s tr o n g ly  su p p o r t  th e  c o n te n t io n  o f  R e v e t t i  ( 1 9 7 3 )  th a t  
b io lo g ic a l m e th o d s  sh o u ld  b e  u sed  fo r  in v e stig a tin g  th e  p o s s i
b le  h a r m fu l e f fe c t s  o f  irra d ia tio n  u p o n  th e  n u tr it io n a l v a lu e  o f  
fo o d s ,  s in c e  th e se  e f fe c t s  are o f t e n  n o t  d e te c te d  b y  u s in g  
c h e m ic a l m e th o d s  a lo n e .

J o h n so n  ( 1 9 6 0 )  an d  V id a l ( 1 9 7 4 ) ,  w h e n  c o n s id e r in g  irradia
t io n  as a m e th o d  fo r  fo o d  p r e se r v a tio n , s ta te  th a t ,  as far as th e  
n u tr it io n a l v a lu e  is c o n c e r n e d , it  le a d s  t o  fu l ly  sa t is fa c to r y  
resu lts. M etta  e t a l. ( 1 9 5 7 )  c o u ld  n o t  f in d  a n y  s ig n if ic a n t  d if 
fe re n c es  in  th e  b io lo g ic a l  v a lu e  (B V )  o f  lim a  b e a n  p r o te in s  
cau sed  b y  irr a d ia tio n . It is  q u ite  p o s s ib le  th a t  th e  B V  h a d  b e e n  
a less  e f f ic ie n t  m e a n s  fo r  e v a lu a tin g  th e  n u tr it io n a l v a lu e  o f  th e  
f o o d s tu f f  th a n  th e  P E R . In  fa c t ,  fo r  a n u m b e r  o f  f o o d s t u f f s  in  
w h ic h  b o th  th e  b io lo g ic a l  v a lu e  an d  th e  p r o te in  e f f ic ie n c y  
ra tio  h a v e  b e e n  d e te r m in e d  (O r g a n iz a c ió n  d e  la s  N a c io n e s  
U n id a s, 1 9 7 0 ) ,  th e  b io lo g ic a l  v a lu e  f lu c tu a te d  b e tw e e n  4 4 .5  
and 9 3 .5 % , a range o f  v a r ia t io n  o f  2 .1  t im e s .  In c o n tr a s t ,  th e  
p r o te in  e f f ic ie n c y  r a t io  var ied  b e tw e e n  0 .6  and 3 .8 6 ,  a 6 .4 - fo ld  
f lu c tu a t io n . F u r th e r m o r e , th e r e  is  n o  f ix e d  r e la t io n  b e tw e e n  
th e  B V  and th e  P E R  (O r g a n iz a c ió n  d e  la s N a c io n e s  U n id a s ,
1 9 7 0 ) .

T a b le  3 sh o w s  th a t  th e  r e la tiv e  liv er  w e ig h ts  ( g /1 0 0 g  b o d y  
w e ig h t)  w ere  e s se n t ia lly  th e  sa m e  in  all g r o u p s  o f  ra ts  u sed  in  
th e se  e x p e r im e n ts . In  a d d itio n  t o  th a t , th e  b io c h e m ic a l p aram 
e ter s  s tu d ie d  (p r o te in e m ia  an d  a lb u m in e m ia )  d id  n o t  s h o w  a n y  
c o n s is te n t  v a r ia tio n s . H o w e v er , th is  can  b e  e x p la in e d  e ith e r  b y  
th e  sh o r t p e r io d  o f  th e  e x p e r im e n ts  ( 2 8  d a y s ) ,  or  b y  an  ad a p 
ta t io n  o f  th e  a n im a ls  t o  th e  p o o r  q u a lity  p r o te in .

It is  all t o o  c lea r  th a t  c h e m ic a l a n a ly se s  a lo n e  are n o t  su f f i 
c ien t to  ev a lu a te  irr a d ia tio n  as a p r e se r v a tio n  m e th o d . In  fa c t ,  
a lth o u g h  d r o p s in  th e  c o n te n t s  o f  s o m e  o f  th e  a m in o  a c id s  
c o u ld  b e  d e te c te d ,  c a u se d  e ith e r  b y  sto r a g e , irra d ia tio n  or  
b o th , th e se  d r o p s c a n n o t  e x p la in  th e  d e c re a se  in  th e  p r o te in  
e f f ic ie n c y  r a t io . T h is  w a s a lw a y s  lo w e r  in  th e  b e a n s irra d ia ted  
w ith  1 ,0 3 0  k rad , w h ile  th e  d a ta  in  F ig u re  1 sh o w  th a t  th e  d ro p  
in  so m e  o f  th e  e sse n tia l a m in o  a c id s  w a s b ig g er  in  th e  se e d s  
irrad ia ted  w ith  1 0 0  k ra d . T h e r e fo r e , n o th in g  m o r e  th a n  a 
q u a lita tiv e  a ss o c ia t io n  c a n  b e  c la im e d  t o  e x is t  b e tw e e n  th e  
d e te r io r a tio n  o f  th e  a m in o g r a m  an d  th a t  o f  th e  p r o te in  e f f i 
c ie n c y  r a tio , w h ic h  is in  k e e p in g  w ith  p r e v io u s  r e p o r ts  (L ie n e r ,
1 9 7 6 ) .  T h e  c o n tr a s t  b e tw e e n  th e  r e su lts  o f  o u r  c h e m ic a l d e te r 
m in a tio n s  an d  th o s e  o f  th e  e x p e r im e n ts  o n  a n im a ls  sh o w  th a t  
th e  fo r m e r  ca n  b e  h ig h ly  m is le a d in g . L o sse s  m u c h  g rea ter  th a n

T able 2 —P ro te in  e f f ic ie n c y  
maca$ar b e a n s ' se ed s

ra tio (PE RI o f  flo u rs fro m  c o o k e d

Radiation Weight gain

Sample (krad) (g) PER

Non stored 0 12.42 ± 2.73a 0.94 ± 0.16
Stored 6 months 0 4.82 ± 1.73 0.41 ± 0.13
Non stored 100 10.15 ± 2.20 0.74 ± 0.13
Stored 6 months 100 1.75 ± 1.29 0.16 ± 0.12
Non stored 1,000 7.58 ± 1.40 0.64 ± 0.10
Stored 6 months 1,000 1.35 ± 1.98 0.07 ± 0.19
10% casein standard diet — 78.40 ± 5.13 2.98 ± 0.13

a  M ea n  ± S t a n d a r d  e r r o r

th o s e  fo u n d  u p o n  n o r m a l s to r a g e  resu lt  fr o m  irr a d ia tio n , th u s  
ru lin g  o u t  th is  m e th o d  o f  p r e se r v a t io n , a t le a s t  fo r  macagar 
b e a n s . A  w o rd  o f  c a u t io n  is  in  o r d e r  fo r  o th e r  f o o d s tu f f s  o f  
h igh  p r o te in  c o n te n t  w h ic h , as is  th e  ca se  o f  b e a n s , c o n s t i tu te  
s ig n if ic a n t so u rc e s  o f  d ie ta r y  p r o te in .
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Beans' sample
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(krad)
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(g/IOOg body wt)
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Nonstored 0 4.90 ± 0.18a 4.77 ± 0.14 1.87 ± 0.08
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a  M ean  ± S ta n d a r d  e r r o r
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COLOR CHANGES OF HOT HOUSE GROWN TOMATOES DURING STORAGE

--------------------------- ABSTRACT ---------------------------
C o lo r  c h a n g e s  o f  h o t - h o u s e  g r o w n  to m a to e s  s t o r e d  f o r  p e r io d s  u p  t o  8  
d a y s  a t  t e m p e r a t u r e s  f r o m  6 - 2 0 ° C  w e re  in v e s t ig a te d .  C o lo r  w a s  m e a s 
u r e d  b y  l ig h t  t r a n s m is s io n  a t  t w o  w a v e  le n g th s  ( 5 7 5  a n d  6 7 5  n m )  a n d  
c h a r a c t e r i z e d  b y  a  d e f in i t e  c o l o r  i n d e x .  A  d e p e n d e n c e  b e tw e e n  t h e  
c o l o r  i n d e x  c h a n g e ,  t h e  t e m p e r a t u r e  a n d  t h e  s to r a g e  t i m e  w a s  e s ta b 
l i s h e d .  O n  th e  b a s is  o f  t h i s  i n d e x  a n  in s t r u c t i o n  f o r  s o r t i n g  h o t - h o u s e  
g r o w n  t o m a t o e s  w a s  w o r k e d  o u t .  B y  m e a n s  o f  t h i s  i n s t r u c t i o n  th e  
p r e f e r r e d  m a r k e t  m a t u r i t y  o f  t o m a t o e s  c a n  b e  d e t e r m i n e d  a n d  a c c e p t 
a b le  d i f f e r e n c e s  o f  t o m a t o e s  in  o n e  p a c k a g e  a c h ie v e d .

INTRODUCTION
T H E  A IM  o f  th is  in v e s t ig a t io n  w a s to  d e te r m in e  th e  d e p e n d 
e n c e  o f  t o m a to  c o lo r  o n  te m p e r a tu r e  a n d  t im e  o f  sto ra g e . 
H o t-h o u s e  g r o w n  to m a to e s ,  e x p o r te d  fr o m  B u lgaria , rea ch  th e  
c o n su m e r  a fte r  2 —6 d a y s  o f  tr a n sp o rt b e c a u se  o f  th e  lo n g  
d is ta n c e  t o  m a r k e t.

T h e  r ip e n in g  o f  th e  to m a to e s  (o n  th e  v in e  an d  a fte r  h a r v e st)  
d e p e n d s  u p o n  e n v ir o n m e n ta l c o n d it io n s  and h as b e e n  in v e sti
g a te d  a n d  r e p o r te d  b y  m a n y  a u th o r s  (G a f fn e y  a n d  J a h n , 1 9 7 0 ;  
K o sk ita lo  an d  O rm ro d , 1 9 7 2 ;  R y a ll a n d  L ip to n , 1 9 7 2 ;  W u et 
a l., 1 9 7 2 ) .  T h e  id e a l m ea n s o f  d e te r m in in g  th e  sta g e  o f  r ipe
n e ss  o f  th e  to m a to  fru it a f te r  h a rv est is  th e  u t i l iz a t io n  an d  
a p p lic a t io n  o f  m e th o d s  a n d  in s tr u m e n ts  th a t a l lo w  fo r  n o n d e 
s tr u c t iv e  m e a su r e m e n ts . T h is  h as b e e n  a c h ie v e d  b y  d e te r m in 
in g  th e  e x te r n a l a n d  in te r n a l c o lo r  o f  th e  fr u it  b y  c o lo r im e tr y ,  
s p e c tr o p h o to m e tr y  or  a b r id g ed  s p e c tr o p h o to m e tr y  (B ir th  e t  
a l., 1 9 5 7 .  B irth  a n d  N o rris , 1 9 5 8 ;  D e m p ster , 1 9 7 4 ;  K irv o sh iev , 
1 9 7 4 ;  W o r th in g to n  e t a l., 1 9 7 4 ) .

A  b ic h r o m a tic  in d e x  o f  th e  in te r n a l c o lo r  is u se d  as an  
in d ic a to r  o f  m a tu r ity , s in c e  th e  in te r n a l c o lo r  o f fe r s  m o r e  in 
fo r m a t io n  o n  th e  r ip e n in g  p r o c e s s  th a n  th e  su r fa c e  c o lo r .  
M o reo v er  th is  in d e x  r e p r e se n ts  th e  b a sis  fo r  th e  p r in c ip le  o f  
o p e r a t io n  o f  th e  a u to m a t ic  c o lo r  so r t in g  m a c h in e s  A S C  u sed  
fo r  h a n d lin g  o f  h o t -h o u s e  an d  f ie ld -g r o w n  to m a to e s  as w e ll  as  
in  th e  c a n n in g  in d u str y  (K r iv o sh ie v  e t  a l., 1 9 7 5 ) .

M A TER IA LS & METHODS
E X P E R IM E N T S  w e r e  c a r r i e d  o u t  d u r in g  t h e  1 9 7 3  a n d  1 9 7 4  s e a s o n s  
w i th  s o u n d  to m a t o e s  ( n e i t h e r  b r u i s e d  n o r  d e c a y e d )  o f  t h e  E x t a s e  v a r i
e t y ,  o b t a i n e d  f r o m  h o t  h o u s e s  i n  t h e  P lo v d iv  d i s t r i c t  a n d  h a r v e s t e d  a t  
d i f f e r e n t  s ta g e s  o f  m a t u r i t y .  T h e  h o t - h o u s e  c o n d i t i o n s  w e r e  m a in t a in e d  
a t  2 4  ± 2 ° C , a  r e la t iv e  h u m i d i t y  o f  6 5  ± 5%  a n d  n a t u r a l  l ig h t .  B a tc h e s  
o f  6 0  f r u i t  w e re  p l a c e d  in  c h a m b e r s  w i th  c o n s t a n t  t e m p e r a t u r e s  ( 2 0 ,  
1 6 , 1 2 ,  8 ,  6  a n d  4 ° C  ± 0 .5 ° C )  a n d  a  v e lo c i ty  o f  a i r  f lo w  o f  O . lm /s e c .  
T h e  f r u i t  c o l o r  w a s  m e a s u r e d  o n c e  a  d a y  o n  t o m a t o e s  h e l d  a t  t h e  h ig h e r  
t e m p e r a t u r e s  a n d  o n c e  e v e r y  o t h e r  d a y  f o r  t o m a t o e s  h e l d  a t  t h e  lo w e r  
t e m p e r a tu r e s .

T h e  c o lo r  i n d e x  w a s  d e t e r m i n e d  b y

l o g P  = lo g
( P /P s t )  a t  6 7 5  n m  

( P /P s t )  a t  5 7 5  n m

t r a n s m i t t a n c e  o f  a  k n o w n  s t a n d a r d .  T h i s  i n d e x  m a y  c h a r a c t e r i z e  t h e  
i n t e r n a l  c o lo r  o f  t o m a to e s ,  s in c e  i t  h a s  b e e n  s h o w n  t o  c o r r e l a t e  w i t h  
t h a t  o f  j u i c e  e x t r a c t e d  f r o m  t h e  s a m e  f r u i t  (K r iv o s h ie v ,  1 9 7 4 ) .

T h e  f r u i t  t r a n s m i t t a n c e  w a s  m e a s u r e d  b y  a n  S F P -1  s p e c t r o p h o t o 
m e te r ,  s im i la r  t o  t h e  R e f o b io s p e c t  u s e d  b y  B i r th  e t  a l. ( 1 9 5 7 ) .  D u r in g  
th e  s e c o n d  y e a r ,  r e s u l t s  w e r e  c o n f i r m e d  w i th  a  la rg e r  q u a n t i t y  o f  t o m a 
to e s .

RESU LTS & DISCUSSION
F IG U R E  1 ( a —e ) p r e se n ts  th e  r e la t io n sh ip  b e tw e e n  c o lo r  in 
d e x  a n d  sto ra g e  p e r io d  fo r  in d iv id u a l fru it fr o m  e a c h  b a tc h  
in v e s t ig a te d . T h ere  is a tr en d  to w a r d  d e c re a s in g  th e  s lo p e  o f  
th e  curve as th e  te m p e r a tu r e  d e c re a se d  in  th e  ran ge in v e s t i
g a te d  ( 2 0 —4 ° C ) . A t  a te m p e r a tu r e  lo w e r  th a n  6 ° C , i f  c o lo r  is  
ta k e n  as th e  in d e x  o f  r ip en in g , th e  fru it d id  n o t  r ip en  a n d  n o  
c h a n g e  o f  th e  in d e x ,  lo g  P, du rin g  s to r a g e  w as n o te d .

A t f ix e d  te m p e r a tu r e s  c o lo r  c h a n g e s  in  e a ch  fru it are su b 
je c t  to  b io lo g ic a l  v a r ia tio n  w h e th e r  th e  fr u it  are h a r v e s te d  at 
d if fe r e n t  m a tu r it ie s  o r  n o t . T h e  rate  o f  c o lo r  c h a n g e  o r  lo g  P =  
f ( t )  o f  a c er ta in  fru it is  ta k e n  as a s e c t io n  o f  th e  cu rv e  o f  th e  
fo l lo w in g  e q u a tio n :

lo g  P =  lo g  P m ax ( l - e f )  ( 3 .1 )

w h ere  lo g  P max =  m a x im u m  c o lo r  in d e x ;  r  =  t im e  fa c to r , ( r l T )  
w h er e  T  =  te m p e r a tu r e ; a n d  t =  A t  o r  r ip en in g  p e r io d  in  2 4 -h r  
in terv a ls .

T h e  fru it sh o u ld  b e  h a r v e sted  w h e n  it  p o s se sse s  th e  o p t i
m u m  c h a n c e  o f  r ip en in g  d u rin g  sto r a g e , p r o v id e d  th e  te m p e r a 
tu r e  is fa v o r a b le . T h is  o p t im u m  c h a n c e  o f  r ip e n in g  h as b e e n  
d e s ig n a te d  th e  m in im u m  m a tu r ity  sta g e  an d  is c h a r a c te r iz ed  
b y  th e  in d e x  lo g  P m in . F o r  v a r io u s  s to r a g e  te m p e r a tu r e s  (T ) ,  
P m in  d iffe r  a n d  c a n  b e  d e te r m in e d  e x p e r im e n ta lly .  T h u s  
th e  s e c t io n  o f  th e  cu rve  w h ic h  f its  th e  e q u a t io n  lo g  P =  f ( t )  
w ill in d ic a te  c o lo r  in d e x  ch a n g e s  w ith  t im e  ( t )  at a c o n s ta n t  
te m p e r a tu r e  (T )  an d  c o u ld  b e  e x p r e s se d  in  th e  fo l lo w in g  m a n 
ner:

t'

lo g  P =  lo g  P max -  ( lo g  P max -  lo g  P m in )  e - ( 1' l T ) ( 3 . 2 )

w h er e  t ’ -  A t  -  t — t min ( t min b e in g  th e  p e r io d  d u r in g  w h ic h  
th e  c o lo r  in d e x  h a s rea c h e d  th e  v a lu e  lo g  Pm in ).

A t h a r v e st, th e  m a tu r ity  o f  th e  fr u it  can  b e  c h a r a c te r iz e d  
b y  th e  in d e x  lo g  PQ (w h e r e  lo g  Pmax  >  lo g  PG >  lo g  Pm in ) an d  
b y  th e  p e r io d  n e c essa ry  t o  rea ch  th e  m a tu r ity  a t h a r v e st  t im e  
t 0 . D u rin g  th e  s to r a g e  p e r io d  ts , w h er e  t s =  t — t 0 . th e  c o lo r  
in d e x  w ill  in c re a se  a c c o r d in g  t c  th e  e q u a t io n

lo g  P =  lo g  P m ax -  ( lo g  P max lo g  P0 ) e -
*S

T I T
( 3 .3 )

w h e r e  p / p st  is  t h e  r a t i o  o f  t h e  t r a n s m i t t a n c e  o f  t h e  s a m p le  t o  t h e T h e  t im e  n e c essa ry  fo r  fr u it  w ith  a g iv en  in it ia l m a tu r ity  to
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Fig. 1 (a—e ) —D ep en d en ce  o f  th e  c o lo r  in
d e x  o f  in d iv id u a l to m a to e s  on  sto ra g e  
p e r io d  a t  d if fe r e n t tem p era tu re  c o n d i
tions.

reach  a d e f in ite  c o lo r  in d e x  (e .g . m a r k e t m a tu r ity )  c o u ld  b e  
d e te r m in e d  fr o m  th e  e q u a tio n

t s =  2 .3 0 3  ( r l T )  lo g ( l o g  P max ~  lo g  P 

( l ° g  f m a x  “  l ° g  ^
( 3 .4 )

t s = ( r l T ) l n ( lo g  P m a x  ~  lo g  ?

V l°g  I’m ax — log P* )
( 3 .4 a )

t s =  ( r l T ) l n / — .1>rnax^>0\
V log Pmax/P / (3 .4b )

T h e  n u m e r ic a l v a lu e s  o f  lo g  Pmax , lo g  P min a n d  r l T  w ere  
d e te r m in e d  c n  th e  b a s is  o f  th e  e x p e r im e n ta l d ata . T ab le  1 
sh o w s  th e  s ta t is t ic a lly  m o s t  p r o b a b le  v a lu e s  o f  lo g  Pmax and T, 
as w e ll  as th e  v a lu e s  fo r  lo g  P m in- It ca n  b e  se e n  th a t  th e  
m a x im u m  c o lo r  in d e x ,  lo g  Pma x :, is  d e crea sin g , lo g  Pmin is 
in c re a sin g , an d  th e  t im e  fa c to r  r  te n d s  to  in c re a se  w ith  d e 
crea sin g  te m p e r a tu r e  T .

T h e  sta n d a rd  d e v ia t io n  o f  th e  su m m ed  ra tes o f  c o lo r  fo r m a 
t io n  (e q  3 .2 )  fo r  a 3 - 4  d a y  sto ra g e  p e r io d  r Iog p =  0 . 1 - 0 . 2 5 .  
O n th e  b a sis  o f  th e  d e p e n d e n c e  o f  lo g  P =  fi(X r> ), w h er e  XD =  
th e  d o m in a tin g  w ave le n g th  in  n m  (K r iv o sh ie v , 1 9 7 4 ) ,  i t  w a s  
e sta b lish e d  th a t in  95%  o f  th e  ca ses  th e  to m a to  c o lo r  a fte r
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Storage period in days

Fig. 2 —S u m m e d  u p  d e p e n d e n c e s  o f  th e  c o lo r  in d e x  on  s to ra g e  p e r io d s .

transport will differ from the predicted (Eq 3 .3 ) by not more 
than ±3 nm for T = 8°C and ±7 nm for T = 20°C.

In order to  reach the appropriate market maturity log Pk , 
the authors established a linear dependence o f 0 .7 6 —0.88  
(m arket tim e ì k , determined by means o f  individual rates o f 
color form ation) betw een log P0 and ts = ì k - The tim e ìr  
necessary for an individual fruit to  reach a fixed color index 
log Pr  can be determ ined accurately beforehand for 95% ± 1 
day.

The sum m ed rates o f  color form ation (Fig. 2 ) based on Eq

T able 1- V a lu e s  o f  lo g  Pmax, t I T  a n d  lo g  P m in  /„ E q  (3 .3 ), ch ar

a c te r iz in g  th e  c o lo r  ch an ge o f  h o t-h o u se  to m a to e s  d u rin g  tra n sp o r t

Storage 
temp °C 1°9 Pmax T  I T lo9 Pmina

20 6.763 6.7 -1.137
16 6.183 7.6 -1 .0
12 4.680 11.5 -0.32
8 3.888 10.85 -0.1

a  lo 9 P m ax  >  lo 9 p o  >  lo 9 pm in

(3 .2 ) and Table 1 can be used in the form ulation o f  color  
sorting instructions o f  hot-house grown tom atoes. An exam ple 
o f such instructions is given in Table 2. Since during handling 
tom atoes are sorted in a certain number o f fractions, the color  
index log PK will be taken in a given range. The log Pk  range 
was determ ined with the aid o f research data in such a way 
that the color differences o f tom atoes in a single package 
would be acceptable to the consumer. On the basis o f  the 
lim iting value o f log Pk for each fraction and the curves in 
Figure 2, we determined the limiting values o f the color index  
at harvest tim e and during handling log PD. Table 2 has been  
worked out for tw o stages of market maturity and for 3 and 6 
days transport.

The instructions for color sorting o f tom atoes could be 
used in practice in three ways:

1. The workers are furnished w ith tom ato standards, w ith  
color chosen by means o f :he Internal Quality Analyzer, 
Model 170 (Dem pster, 1974) or by the Gardner C olorim eter 
(Bontovits et al., 1972).

2. The workers are furnished w ith standard color charts, 
relying on the correlation betw een the surface and internal 
tom ato color.

3. The tom atoes are color sorted by means o f  the A SC -11 
instrument.

The authors applied the third m ethod o f  sorting. After stor
age at the respective temperature conditions, the color o f  the

T able 2 - E x a m p le  o f  th e  in s tru c tio n  fo r  c o lo r  so r tin g  o f  h o t-h o u se  to m a to e s —b e fo re  (log  P 0 ) a n d  a f te r  (log  P K ) s to r a g e -g iv in g  a c c e p ta b le  c o lo r  
d iffe ren ces  to  to m a to e s  in  o n e  p a ck a g e  a f te r  tra n s p o r t a t  d if fe r e n t tem p era tu re s

Temperature conditions

Storage
time
days

20° C 16° C 12° C 8°C

log P 
from

K a
to

log PGb 
from to

log PK 
from to

log P, 
from

□
to

log PK 
from to

log P 
from

O
to

log PK 
from to

log P( 
from

0
to

3 1.1 1.92 -1 .14  -0.32 0.85 1.58 -1 .0  --0.19 0.85 1.58 0.09 0.73 0.85 1.58 0.4 1.04
6 2 .6 2 3.3 -1 .14  -0.14 1.92 2.87 -1 .0  --0.19 1.24 2.06 -0.28 0.52 0.85 1.58 -0.1 0.62
3 1.45 2.48 -0 .49 0.51 1.16 2.05 -0.45 0.24 1.24 2.06 0.56 1.37 1.18 2.03 0.85 1.72
6 - - -  - 2.26 3.16 -0.41 0.52 1.54 2.51 0.24 1.44 1.3 2.13 0.46 1.44

a  R a n g e  o f  c o lo r  in d e x  p r e f e r r e d  b y  t h e  c o n s u m e r  
°  N e c e s s a ry  ra n g e  o f  c o lo r  in d e x  d u r in g  h a n d l in g
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tom atoes sorted according to  the instructions was close to the 
predicted one.

If temperature conditions differ from the above m entioned  
are used in practice, the values o f log Pmax t IT  and log Pmin

can be determ ined from  the graphs using the data contained in 
Table 1. Table 3 shows the sorting instructions worked out on 
the basis o f  the present investigation and recom m ended for 
Bulgarian hot-house grown tom atoes.

T able 3 —S o rtin g  in s tr u c tio n  fo r  Bulgarian h o t-h o u se  g ro w n  to m a to e s ,  
re c o m m e n d e d  fo r  tra n s p o r t te m p e ra tu re  9  ± T c

Color
fraction

Range of color 
index during 

handling log P0

Destination of fractions

Duration of 
cooling and 
refrigerated 
transport 

daysfrom to

1 - -0.23 Not exported -

Export by refrig, cars to
Basel, Switzerland 4
Malmo, Sweden 5

II -0.23 0.4 Stockholm, Sweden 6
Moscow, USSR 5
Leningrad, USSR 6

Export by refrig, cars to
Munich, FRG 3

III 0.3 0.91 Hamburg, FRG 4
Vienna, Austria 3

IV 0.87 1.80 Export by airplane 1-2

REFERENCES
B irth , G .S ., N o rr is , K .H . an d  Y e a s tm a n , J .N .  1 9 5 7 . N o n d e s tru c tiv e  

m e a s u re m e n t o f  in te rn a l c o lo r  o f  to m a to e s  b y  s p e c tra l  tra n sm iss io n . 
F o o d  T e c h n o l. 1 1 : 5 5 2 .

B ir th , G .S . a n d  N o rris , K .H . 1 9 5 8 . A n  in s tru m e n t  u s in g  l ig h t tra n s m it
ta n c e  fo r  n o n d e s tru c t iv e  m e a s u re m e n t o f f r u i t  m a tu r i ty .  F o o d  T e c h 
n o l. 1 2 : 592 .

B o n to li ts ,  B ., G e rb o , I. a n d  H o rv a th , L. 1 9 7 2 . A p a ra d ic so m a tv é te l  es 
m in o s ité s  ta n u lm a e y o z a s a  O la sz o rszag b en . 1. K o n se rv -es  P a p rik a i 
p a r ,  3.

D e m p s te r , D .P . 1 9 7 4 . N o w —A n ew  in s t ru m e n t  series  fo r  fa s t, a c c u ra te  
“ q u a l i ty ”  an a ly sis . F o o d  in  C an a d a  1: 22 .

G a ffn e y , J .J .  a n d  J a h n ,  O .L . 1 9 7 0 . P h o to e le c tr ic  c o lo r  so rtin g  o f  v ine- 
r ip e n e d  to m a to e s .  M ark e tin g  R e s e a rc h  M -868 . U .S . D e p t, o f  A g ricu l
tu re .

K o sk i ta lo , D .N . an d  O rm ro d , D .P . 1 9 7 2 . E f fe c ts  o f s u b -o p tim a l r ip e 
n in g  te m p e ra tu re s  o n  th e  c o lo r  q u a li ty  an d  p ig m e n t c o m p o s i t io n  o f 
to m a to  f r u i t .  J .  F o o d  Sci. 3 7 : 56.

K riv o sh iev , G .P  1 9 7 5 . B ritish  P a te n t  M -1 3 7 0 1 4 7 ; U .S . P a te n t  N o . 
3 7 3 1 5 5 4 .

K riv o sh iev , G .P . 1 9 7 4 . A u to m a tic  c o lo r  so rtin g  o f to m a to  fru its . C on- 
f r u c ta  1 9 : 1 4 0 .

R y a ll,  A .D . a n d  L ip to n ,  W .J. 1 9 7 2 . “ H a n d lin g , T r a n s p o r ta t io n  an d  
S to rag e  o f F ru its  a n d  V e g e ta b le s ,”  V o l 1, p . 1 6 6 .

W o rth in g to n  e t  al. 1 9 7 4 . A S A E  P u b lic a tio n  1—7 6 . (A m erican  S o c ie ty  o f 
A g ric u ltu ra l E n g in ee rs , S t. J o s e p h , M ich.

W u, M .T ., J a d h a v , S .L . a n d  S a lu n k h e , D .K . 1 9 7 2 . E f fe c ts  o f  su b -a tm o s
p h e r ic  p re s su re  s to ra g e  o n  r ip e n in g  o f  to m a to  f r u its .  J .  F o o d  Sci. 
3 7 : 9 5 2 .

M s re c e iv ed  1 1 /1 8 /7 5 ;  rev ised  8 /1 8 /7 6 ;  a c c e p te d  8 /2 5 /7 6 .

I R R A D I A T I O N  O F  M A C A C A R  B E A N  . . . F r o m  p a g e  2 1 7

J o h n so n , B .C ., M etta , V .C . an d  T s ien , W .S . 1 9 5 8 . T h e  e f fe c t  o f  ir ra d ia 
t io n  s te r i l iz a t io n  o n  th e  n u tr i t iv e  va lue  o f  th e  p ro te in  a n d  en e rg y  
c o m p o n e n ts  o f  fo o d s . In  “ U n ite d  N a tio n s  In te rn a t io n a l  C o n fe re n ce  
o n  th e  P eace fu l U ses o f  A to m ic  E n e rg y .”  2 7 : 4 1 0 . U n ite d  N a tio n s , 
G eneva.

Kiss, I . ,  F a rk a s , J .  F e re n c z i ,  S ., K á lm á n , B. an d  B ec z n e r, J . 1 9 7 4 . E f
fe c ts  o f  ir r a d ia t io n  o n  th e  te c h n o lo g ic a l  a n d  h y g ie n ic  q u a litie s  o f  
several fo o d  p ro d u c ts .  In  “ Im p ro v e m e n t o f  F o o d  Q u a lity  b y  I r ra d ia 
t i o n ,”  p .  1 5 7 . In te rn a t io n a l  A to m ic  E n e rg y  A g en cy , V ien n a .

K o v a lsk ay a , L .P . 1 9 7 1 . I r ra d ia t io n  o f  s u c c u le n t p la n t  raw  m a te r ia l  (in  
R u ss ian ). R ad ia ts . G b ra b . P ish ch . P ro d . D o k l. V ses. N a u ch . T e k h . 
K o n f. p . 9 5 . [ In  C h em . A b s tr . 1 9 7 2 , 7 7 (3 ) :  3 8 6 .]

K ru tm a n , S ., V ita l, A .F . a n d  B as to s , E .G . 1 9 6 8 . “ V a ried ad es  d e  fe ijao  
m a c ác a r  (V igna  s in en sis  L .) ”  (M a n u a l) . IP E A N E , R ec ife , B rasil.

L iene r, I.E . 1 9 7 6 . L eg u m e to x in s  in  r e la t io n  to  p ro te in  d ig e s t ib il i ty —A 
rev iew . J . F o o d  Sci. 4 1 (5 ) :  1 0 7 6 .

M assa, M .H .L .M ., C o s ta , M .H .L .M ., R o d rig u e s , H .R . a n d  F a g u n d e s , 
C .C .L . 1 9 7 3 .  “ In flu & ic ia  da  irrad iac jao  s o b re  a  c o m p o s ic a o  q u im ic a  
d o s  a l im e n to s .”  C om issao  N a c io n a l d e  E n erg ia  N u c lea r. R io  de  
J an e iro , B rasil.

M etta , V .C ., N o r to n ,  H .W . a n d  J o h n s o n ,  B .C . 1 9 5 7 . T h e  e f fe c t  o f  ra d ia 
t io n  s te r i l iz a t io n  o n  th e  n u tr i t iv e  va lue  o f  fo o d s . 2 . B io log ical va lue  
o f  p ea  a n d  lim a  b e a n  p ro te in s .  J .  N u tr .  6 3 (1 ) :  1 4 3 .

M o h y u d d in , M. a n d  S k o ro p a d , W .P. 1 9 7 0 . E f fe c t o f  60 Co g a m m a  ir r a 
d ia tio n  o n  th e  su rv iva l o f  so m e  fu n g i in  single  sam p les  o f  e ac h  o f 
th re e  d if f e r e n t  g rad es  o f  w h e a t. C an. J . B o t.  4 8 : 2 1 7 . [ In  N u c lea r 
Sci. A b str . 1 9 7 0 ,  2 4 (1 7 ) :  3 4 3 3 .] .

M organ, B .H . 1 9 5 9 . R a d ia t io n  c h e m is try  o f  fo o d s . In  “ U n ite d  N a tio n s  
In te rn a t io n a l  C o n fe re n c e  o n  th e  P eace fu l Uses o f  A to m ic  E n e rg y ,”  
2 7 : 4 2 3 . U n ite d  N a tio n s , G eneva .

O rgan izac ión  d e  las N a c io n e s  U n id as  p a ra  la  A g ric u ltu ra  y  la  A lim e n 
ta c ió n . 1 9 7 0 . C o n te n id o ,e n  a m in o á c id o s  d e  lo s  a lim e n to s  y  d a to s  
b io ló g ico s  so b re  la s  p ro te in a s .  R o m e , I t^ ly .

R e v e tti ,  L .M . 1 9 7 3 . P re se rv ac ió n  d e  m a iz  (Z ea  m a is  L .)  y  c a ra o ta s  
(P h aseo lu s  vu lgaris  L .)  p o r  i r r a d ia c ió n  g a m m a . In  “ R a d ia tio n  P rese r
v a tio n  o f  F o o d ,”  p . 3 3 9 . V ien n a .

S reen iv a san , A . 1 9 7 4 . C o m p o s i t io n a l a n d  q u a l i ty  ch an g es  in  so m e  ir r a 
d ia te d  fo o d s . In  “ Im p ro v e m e n t o f  F o o d  Q u a lity  b y  I r r a d ia t io n ,”  p . 
1 2 9 . In te rn a t io n a l  A to m ic  E n e rg y  A g e n cy , V ien n a .

S rin iv as, H ., A n a n th a s w a m y , H .N ., V ak il, U .K . a n d  S reen iv a san , A. 
1 9 7 2 . E f fe c t  o f  g am m a r a d ia t io n  o n  w h e a t p ro te in s .  J . F o o d  Sci. 
3 7 : 7 1 5 .

V id a l, P. 1 9 7 4 . L ’ir r a d ia tio n , n o u v e a u  p ro c é d é  de  c o n se rv a tio n . In d . 
A lim e n t. A grie . 9 1 (1 ) :  11 .

V illegas, E . a n d  M ertz , E . 1 9 7 1 . C h em ica l sc reen in g  m e th o d s  fo r  m a ize  
p ro te in  q u a li ty  a t  C IM M Y T . R e s e a rc h  B ull. 2 0 , C en tro  In te rn a c io n a l 
e M e jo ram ien to  de  M aiz y  T rig o , M ex ico .

W o lfso n , W .Q ., C o h n , C ., C alv ary , E . an d  Ic h ib a , F . 1 9 4 8 . S tu d ie s  in 
s e ru m  p ro te in s .  5 . A  ra p id  p ro c e d u re  fo r  th e  e s tim a tio n  o f  to ta l  
p ro te in ,  t ru e  a lb u m in ,  t o t a l  g lo b u lin ,  a lp h a  g lo b u lin , b e ta  g lo b u lin  
a n d  g am m a  g lo b u lin  in  1 .0  m l o f  s e ru m . A m . J .  C lin . P a th . 1 8 : 7 2 3 .

Z o n e n s c h a in , L . 1 9 7 5 . P re p a ra tio n  fo r  th e  in t r o d u c t io n  o f  fo o d  ir ra d ia 
t io n  in  B razil. In  “ R e q u ire m e n ts  o f  th e  I r ra d ia t io n  o f  F o o d  o n  a 
C o m m e rc ia l S c a le ,”  p .  1 4 1 . In te rn a t io n a l  A to m ic  E n e rg y  A g en cy , 
V ien n a .

Ms re c e iv ed  1 1 /S O /7 6 ; rev ised  5 /1 7 /7 7 ;  a c c e p te d  5 /2 5 /7 7 .

P a rtia lly  f in a n c e d  b y  g ra n ts  7 1 0 -0 3 2 8  o f  t a e  F o rd  F o u n d a t io n  an d  
2 3 6 /C T  o f  F IN E P .

A jo in t  E m p resa  B ra sile ira  de  P esq u isa  A g ro p e c u ir ia  (E M B R A P A )/ 
C o o rd e n a^ a o  de A p e rfe i^ o a m e n to  d e  P essoal d e  E n s in o  S u p e rio r  
(C A P E S ) fe llo w sh ip  to  o n e  o f  u s  (L .C .B .B .C .) is g ra te fu lly  a c k n o w l
ed g ed . E M B R A P A  su p p lie d  th e  seeds u sed  in  th is  s tu d y . T h a n k s  a re  d u e  
to  t h e  D e p a r ta m e n to  de  E n erg ia  N u c lea r d a  U n iv e rs id ad e  F e d e ra l de 
P e rn a m b u c o , fo r  lo o k in g  a f te r  th e  i r r a d ia tio n  p ro cesses.

P re s e n te d  b y  L .C .B .B . C o elho  in  p a r tia l  fu lf i l lm e n t o f  th e  r e 
q u ire m e n ts  fo r  a n  M .Sc. deg ree  in  B io c h em is try  fro m  th e  U n iv e rs id ad e  
F e d e ra l d e  P e rn a m b u c o .

Volume 43 (1 978 )-J0U R N A L  O F  FO O D  S C IE N C E -  221



J. S A V A N I ' a n d  N .D . H A R R I S 1 2 
D e p t, o f  F o o d  & N u tr itio n , F lorida  S ta te  U n iv e rs ity , T allahassee, FL 3 2 3 0 6

a n d  W .A . G O U L D

D e p t, o f  H o r ticu ltu re , O h io  S ta te  U n ive rs ity , C o lu m b u s, O H  4 3 2 1 0

SU R V IV A L  OF CLOSTRID IUM  SPOROGENES PA 3679 
IN HOME-CANNED TOMATOES

----------------------------- ABSTRACT -----------------------------
C. s p o r o g e n e s  P A  3 6 7 9  a n d  v a r io u s  a c id s  in c lu d in g  R e a L e m o n  ( a  r e c o n 
s t i t u t e d  l e m o n  j u i c e ) ,  c r e a m  o f  t a r t a r ,  a n d  c i t r i c  a c id  w e re  a d d e d  to  
h ig h  p H  t o m a t o e s  (p H  >  4 .6 )  p r i o r  t o  c a n n in g .  Q u a r t  t o m a t o  j a r s  w e re  
p ro c e s s e d  f o r  2 0  m in  t o  d e t e r m i n e  t h e  e f f e c t iv e n e s s  o f  d i f f e r e n t  a c id s  
o n  i n h ib i t i n g  t h e  g r o w th  o f  P A  3 6 7 9  a n d  f o r  4 5  m in  to  d e t e r m i n e  t h e  
s a f e ty  o f  u s in g  th e  p r o c e d u r e s  r e c o m m e n d e d  in  U S D A  H o m e  a n d  G a r 
d e n  B u l le t in  N o .  8 . R e a L e m o n  p r e v e n te d  a n d  a c id s  i n h ib i t e d  t h e  
g r o w th  o f  P A  3 6 7 9  in  t h e  2 0 -m in  h e a t  t r e a t m e n t .  S in c e  t h e  r e c o m 
m e n d e d  p r o c e d u r e s  i n  H o m e  a n d  G a r d e n  B u l le t in  N o .  8  f o r  h o m e 
c a n n in g  r a w  p a c k  t o m a t o e s  in  q u a r t  j a r s  w e re  m o d i f i e d ,  t h i s  s t u d y  d id  
n o t  p r o v e  o r  d i s p r o v e  t h e  s a f e ty  o f  u s in g  th e  U S D A  r e c o m m e n d a t i o n s  
f o r  h o m e - c a n n in g  to m a to e s .

INTRODUCTION
IN THE UNITED STATES from 1899 to 1973, 89% o f food- 
borne botulism  outbreaks o f  known food sources were due to  
home-processed foods (Lynt et al., 1975).

The water-bath m ethod has been considered safe and practi
cal for preserving home-canned high-acid food (Extension  
Home Econom ics 58 , 1975; Heriteau, 1975; USDA Hom e and 
Garden Bulletin N o. 8, 1976). Nevertheless, recent outbreaks 
of botulism  in high-acid food  (pH <  4 .6 ) indicate that the 
conventional m ethods o f home-canning may need to be reeval
uated (MMWR, 1967; 1969; 1973; 1974a, b). Tom atoes are 
considered a high-acid food with an average pH o f  4 .3  (Far
row, 1963; Lehninger, 1975). Tom atoes were involved in tw o  
o f the botulism  outbreaks (MMWR, 1973; 1974b). The low est 
pH levels for germination and for growth o f  C. botulinum  vary 
from 4 .8  to greater than 5.0 (Hauschild et al., 1975; Baird- 
Parker and Freame, 1967; Ingram and R obinson, 1951; Ingram 
and Handford, 1957; Ohye and Christian, 1966; Wagenaar and 
Dack, 1954; Townsend et al., 1954). As a result o f  unpub
lished data by the National Canners Association Western 
Branch Laboratory in 1927—1931 from studies on acidification  
to  prevent the growth o f  C. botulinum, the maximum pH for 
control purposes was agreed to be 4 .6  (Townsend et al., 1954).

A study concerning the hom e canning o f  high-acid food  
preserved by the water-bath m ethod appeared warranted. In 
using the water-bath m ethod for home-canning foods in a 
questionable pH range, the m ost effective and practical m eth
ods for preventing the growth o f  C. botulinum  spores are to 
lower the pH or to  increase the processing tim e. This study 
investigated the safety o f  using the USDA recom m endations in 
Home and Garden Bull. No. 8 for tom atoes and the 
effectiveness o f adding various acids to decrease the pH to  
inhibit the growth o f  C. sporogenes PA 3679.

EXPERIMENTAL
T H E  N A T IO N A L  C A N N E R S  A S S O C IA T IO N  (N C A )  s t r a in  o f  P u t r e f a c 
t iv e  A n a e r o b e  3 6 7 9  o b t a i n e d  f r o m  t h e  N a t io n a l  C a n n e r s  A s s o c ia t io n  
w a s  u s e d  in  t h i s  s t u d y  b e c a u s e  P A  3 6 7 9  d o e s  n o t  p r o d u c e  a  le th a l

1 P re se n t a d d re ss : A m e ric a n  H o m e  F o o d s , M ilto n , PA  1 7 8 4 7
2 T o  w h o m  re q u e s ts  fo r  r e p r in t s  s h o u ld  b e  d ire c te d

t o x i n .  W ith  r e s p e c t  t o  t h e  A m e r ic a n  T y p e  C u l tu r e  ( A T C C ) ,  t h e  o r g a n 
ism  is  c la s s if ie d  a s  C. s p o r o g e n e s  A T C C  7 9 5 5 .  S p o r e s  w e re  p r e p a r e d  a n d  
e n u m e r a t e d  (1 x  1 0 6 s p o re s  o f  P A  3 6 7 9  p e r  1 0  m l o f  s t e r i l e  d i s t i l l e d  
w a te r )  b y  th e  N a t io n a l  C a n n e r s  A s s o c ia t io n .  F o r  p r o d u c t i o n  o f  s p o r e s ,  
t h e  o rg a n is m  w a s  g ro w n  in  p o r k  b r o t h  a n d  th e  s p o re s  h a r v e s te d  M a y  2 4 ,  
1 9 6 6 .  S p o r e s  h a d  a D 2 s 0 v a lu e  o f  0 . 9 8  in  p h o s p h a t e  b u f f e r .

C. s p o r o g e n e s  P A  3 6 7 9  h a s  b e e n  f o u n d  t o  h a v e  s im i la r  c u l t u r a l ,  
b io c h e m ic a l ,  h e a t  r e s i s ta n c e ,  n u t r i t i o n a l  a n d  s e r io lo g ic a l  c h a r a c t e r i s t i c s  
t o  C. b o tu l in u m  t y p e  A  (C R C  H a n d b o o k  o f  M ic r o b io lo g y ,  1 9 7 3 ;  S m i th  
a n d  H o ld e m a n ,  1 9 6 8 ;  K in d e r  e t  a l . ,  1 9 5 6 ) .

T o m a to e s  s e le c te d  w e re  O h io  7 5 8 4 ,  a  h ig h  p H  b r e e d in g  l in e  v a r ie ty  
n o t  a v a i la b le  c o m m e r c ia l ly .  T h e  m e a n  p H  o f  c o m m in u te d  O h io  7 5 8 4  
to m a t o e s  w a s  4 .6  a n d  t h e  p H  w a s  m e a s u r e d  w i t h  a  B e c k m a n  Z e r o m a t i c  
p H  M e te r .

C a n n in g  p r o c e d u r e s

T h e  c a n n in g  p r o c e d u r e  w a s  t h e  m e t h o d  r e c o m m e n d e d  b y  th e  
U n i te d  S t a t e s  D e p a r t m e n t  o f  A g r ic u l tu r e  in  H o m e  a n d  G a r d e n  B u l le t in  
N o .  8  ( 1 9 7 6 ) .  M o d i f ic a t io n s  t o  t h e  r e c o m m e n d e d  p r o c e d u r e  i n c lu d e d  
u s in g  f i r m  b u t  o v e r r ip e  t o m a t o e s  t o  o b t a i n  h ig h e r  p H  t o m a t o e s ,  u s in g  a 
w a te r - ly e  s o lu t io n  t o  r e m o v e  t o m a t o  s k in s ,  a n d  r e m o v in g  th e  t o m a t o  
c o re s  m e c h a n ic a l ly  t o  d e c r e a s e  p r e p a r a t i o n  t im e  f o r  p r o c e s s in g .  W h o le  
p e e l e d  t o m a t o e s  w e re  r a w  p a c k e d  i n t o  c le a n ,  q u a r t ,  B a ll j a r s .  T h e  t o m a 
to e s  w e re  g e n t ly  p re s s e d  b y  h a n d  i n t o  t h e  j a r s  a n d  t o m a t o  ju i c e  w a s  
a d d e d  le a v in g  a  0 .5 - in c h  h e a d s p a c e .  O n e  t e a s p o o n  o f  s a l t  w a s  a d d e d  t o  
e a c h  q u a r t  j a r .

T h e  e x p e r im e n ta l  d e s ig n  is  s h o w n  in  T a b le  1 . O n e  t r e a t m e n t  h a d  n o  
a c id  a d d e d  w h ic h  s e rv e d  a s  c o n t r o l  f o r  a c id  t r e a t m e n t s .  T h e  q u a n t i t i e s  
o f  a c id s  u s e d  w e r e  d e t e r m in e d  b y  t h e  a m o u n t  o f  R e a L e m o n  o r  c re a r r .  
o f  t a r t a r  n e e d e d  t o  d e c r e a s e  t h e  p H  a p p r o x im a te ly  0 .3  p H  u n i t s  ir. 
c o m m e r c ia l ly  c a n n e d  t o m a t o  j u i c e .  S ix  m l ( o n e  t e a s p o o n )  o f  r e c o n s t i 
t u t e d  l e m o n  ju i c e  a n d  0 .9 g  ( o n e - h a l f  t e a s p o o n )  o f  c r e a m  o f  t a r t a r  w e re  
a d d e d  t o  t h e  q u a r t  t o m a t o  j a r s .  T w o  o t h e r  a c id  t r e a t m e n t s  w e re  p r e 
p a r e d  b y  a d d in g  c i t r i c  a c id  o r  c i t r i c  a c id  p lu s  3 .4 g  s u c r o s e  ( o n e  t e a 
s p o o n ) .  T h e  c i t r i c  a c id  a d d e d  w a s  in  t h e  f o r m  o f  t w o  t o m a t o  c a n n in g  
t a b l e t s  m a r k e t e d  b y  t h e  M o r to n  S a l t  C o m p a n y , C h ic a g o ,  IL  6 0 6 0 6 .  T h e  
to m a t o  c a n n in g  t a b l e t  c o n ta in e d  s o d iu m  c h lo r id e ,  c a l c iu m  s u l f a t e ,  
a n h y d r o u s  c i t r i c  a c i d ,  m ic r o c r y s ta l i in e  c e l lu lo s e ,  s o r b i t o l  s o l u t i o n ,  m a g 
n e s iu m  s t e a r a t e  a n d  s i l ic o n  d io x id e .  T h e  r e c o n s t i t u t e d  l e m o n  ju ic e .  
R e a L e m o n ,  m a r k e t e d  b y  B o r d e n ,  I n c . ,  C h ic a g o ,  I L ,  c o n t a i n e d  w a te r ,  
l e m o n  j u i c e ,  c o n c e n t r a t e d  l e m o n  o i l ,  3 / 1 0 0 t h s  o f  1%  s o d iu m  b e n z o a te  
a n d  l / 4 0 t h  o f  1%  s o d iu m  b is u l f i te .

E ig h t  j a r s  in  e a c h  a c id  t r e a t m e n t  a n d  n o  a c id  t r e a t m e n t  w i th  a  2 0  
a n d  4 5  m in  h e a t  t r e a t m e n t  w e re  i n o c u l a t e d  w i th  1 0*  s p o re s  o f  P A  
3 6 7 9 .  F o r  c o n t r o l s ,  e ig h t  j a r s  in  e a c h  a c id  t r e a t m e n t  a n d  n o  a c id  t r e a t 
m e n t  w i th  a  4 5 - m in  h e a t  t r e a t m e n t  w e re  n o t  i n o c u l a t e d  w i th  P A  3 6 7 9 .  
A f t e r  t h e  t o m a t o e s  h a d  b e e n  p a c k e d  a n d  a c id  a n d  s p o r e s  a d d e d  f o r  
c e r ta in  t r e a t m e n t s ,  t h e  j a r s  w e r e  c lo s e d  w i th  a  tw o - p ie c e  B a ll l id .

Q u a r t  j a r s  w e re  h e a t e d  in  a n  in d u s t r i a l  c a n n e r  c o n ta in in g  b o i l in g  
w a te r .  T h e  c a n n e d  to m a t o e s  w e re  b o i le d  g e n t ly  f o r  2 0  a n d  4 5  m in .  
T w e n ty  m in u te s  w e re  s e le c te d  b e c a u s e  t h i s  is  t h e  p ro c e s s in g  t im e  u s e d  
in  a  r e p o r t e d  b o tu l is m  c a s e  (M M W R . 1 9 7 4 b ) .  A ls o , 2 0  m in  w e re  s e le c te d  
f o r  a p ro c e s s in g  t im e  t o  d e t e r m in e  t h e  e f f e c t iv e n e s s  o f  d i f f e r e n t  a c i d s  in  
i n h ib i t i n g  b a c t e r i a l  g r o w th  w h e n  u s in g  a  m a rg in a l  h e a t  t r e a t m e n t .  T h e  
4 5 -r r  in  p ro c e s s  w a s  s e le c te d  b e c a u s e  t h i s  is  t h e  p ro c e s s in g  t i m e  r e c o m 
m e n d e d  f o r  h o m e - c a n n in g  q u a r t  j a r s  o f  t o m a t o e s  b y  th e  U S D A . J a r s  w e re  
t r a n s p o r t e d  in  a  n o n  a i r - c o n d i t i o n e d  a u t o m o b i l e  f r o m  C o lu m b u s ,  O H  t o  
T a lla h a s s e e ,  F L  w h e re  t h e y  w e re  s to r e d  a t  a m b i e n t  t e m p e r a t u r e  f o r
3 - 7  m o n th s .

B a c te r io lo g ic a l  t e s t s

T h r e e  t o  s e v e n  m o n t h s  a f t e r  c a n n in g  a t  v a r io u s  t im e  in te r v a l s ,  1 0  m l 
o f  t o m a t o  b r in e  f r o m  i n o c u la t e d  j a r s  w e re  s u b c u l t u r e d  in t o  S c h a e d l e r
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PA 3679 IN  HOME-CANNED TOMA TOES. ..

ag ar (B B L )  a n d  w e re  a n a l y z e d  f o r  v e g e ta t iv e  c e l ls  o f  P A  3 6 7 9 .  S c h a e d -  
le r  a g a r  w a s  r e c o m m e n d e d  b y  A b r a m s o n  ( 1 9 7 5 )  f o r  t h e  e n u m e r a t i o n  o f  
v e g e ta t iv e  c e l ls  o f  P A  3 6 7 9 .  S c h a e d le r  a g a r  c o n ta in s  t r y p t i c a s e  s o y  
b r o th ,  p o l y p e p t o n e  p e p t o n e ,  d e x t r o s e ,  y e a s t  e x t r a c t ,  T r is  ( h y d r o x y 
m e th y l )  a m in o m e th a n e ,  h e m in ,  L - c y s te in e  a n d  a g a r .

T o  m in im iz e  th e  e f f e c t  o f  lo n g -c h a in  f a t t y  a c id s  in  in h ib i t i n g  
s p o re  g e r m in a t io n ,  0 .2 %  c o rn  s t a r c h  w a s  a d d e d  to  t h e  m e d iu m  ( S m i th ,
1 9 7 5 ) .  Q u a n t i t a t i v e  p l a t e  c o u n t s  w e r e  d e t e r m in e d  f r o m  t h e  s a m p le s  o f  
t o m a t o  b r in e .  P la te s  w e re  i n c u b a t e d  a t  3 0 ° C  f o r  7 2  ± 2  h r  in  a n a e r o b ic  
j a r s  (B B L ) .  P la t in g  w a s  d o n e  in  d u p l i c a t e .

A ll  c o lo n ie s  f r o m  th e  t o m a t o  s a m p le s  r e s e m b l in g  t h e  m o r p h o l o g ic a l  
c h a r a c te r i s t i c s  o f  a  p u r e  c u l tu r e  o f  C . s p o ro g e n e s  w e re  id e n t i f i e d  a s  t h e  
s a m e . G r a m  s ta in s  w e re  t a k e n  p e r io d i c a l ly  f r o m  s u r f a c e  a n d  s u b s u r f a c e  
c o lo n ie s  r e s e m b l in g  t h e  m o r p h o l o g ic a l  c h a r a c t e r i s t i c s  o f  a  p u r e  c u l tu r e  
o f  C. s p o ro g e n e s  a n d  g r a m  p o s i t iv e  r o d s  g r o w n  a n a e r o b i c a l ly  w e re  p r e 
s u m e d  to  b e  C . s p o ro g e n e s . R a n d o m ly  s e le c te d  o r g a n is m s  g r o w n  in  a n  
a n a e r o b ic  e n v i r o n m e n t  o n  S c h a e d l e r  a g a r  r e s e m b l in g  t h e  m o r p h o l o g ic a l  
c h a r a c te r i s t i c s  o f  a  p u r e  c u l tu r e  o f  C. s p o ro g e n e s  w e r e  f o r  t e n t a t i v e  
id e n t i f i c a t i o n  f o r  C. s p o ro g e n e s .

pH determinations
T h r e e  t o  s e v e n  m o n t h s  a f t e r  c a n n in g ,  t h r e e  p H  d e t e r m i n a t i o n s  w e re  

d e te r m in e d  u s in g  a  B e c k m a n  C e n t u r y  p H  M e te r  f o r  e a c h  u n s p o i le d  
t o m a to  j a r  a n d  t h e  a v e r a g e  p H  p e r  j a r  a n d  t h e  a v e r a g e  p H  p e r  a c id  
t r e a t m e n t  c a l c u la te d .

Statistical analysis
A  o n e -w a y  a n a ly s is  o f  v a r ia n c e  w a s  u s e d  t o  d e t e r m i n e  s ig n if ic a n t  

d i f f e r e n c e s .  D u n c a n ’s M u l t ip le  R a n g e  T e s t  w a s  u s e d  t o  c o m p a r e  t r e a t 
m e n ts  f o r  t h e  e f f e c t  o f  v a r io u s  a c id s  o n  g r o w th  in h ib i t i o n  o f  t h e  o r g a n 
ism  ( S te e l  a n d  T o r r i e ,  1 9 6 0 ) .

RESULTS & DISCUSSION
FIGURE 1 summarizes average colony counts per ml for C. 

s p o r o g e n e s  PA 3679 for the 8 jars in each acid and no acid 
treatment for a 20-m in heat treatm ent. Data in Figure 1 show  
growth o f vegetative cells o f  PA 3679  when subcultured from  
inoculated jars stored at ambient temperature for 3 —7 m onths 
into Schaedler agar in an anaerobic environm ent.

Additional acids had an inhibitory effect on growth o f the  
organism and canned lem on juice prevented growth. The 
lem on juice treatment was expected to  give a low  bacterial 
count since it contained sodium  benzoate and sodium  bisul
fite. The lem on juice treatm ent was significantly different at 
the 0.05 level from the other acid treatm ents and from the no  
acid treatment in inhibiting the growth o f  PA 3679 . Cream o f  
tartar was found to be the second m ost inhibitory to PA 3679  
and to be significantly more inhibitory at the 0.05 level than 
citric acid, citric acid with sugar, and no acid added. Citric acid 
was not as inhibitory to growth o f the organism as ReaLemon 
or cream o f tartar, but was significantly more inhibitory at the 
0.05 level than citric acid with sugar or no acid treatments. 
The number o f organisms o f  PA 3679  w hich grew in the citric 
acid with sugar treatment and no acid added treatment were 
significantly greater at the 0.05 level than other treatm ents, 
but no significant differences at the 0.05 level existed betw een  
the citric acid with sugar treatm ent and the no acid added 
treatment. Since all jars w ith added sugar in the 20 and 45-m in  
heat treatments were spoiled, sugar should not be added to  
home-canned tom atoes.

In the 45-m in heat treatm ent no colonies o f PA 3679  were 
detected after subculturing from the stored tom ato jars into 
Schaedler agar. Perhaps the longer heat treatment w ith a 
decrease in pH during processing, prevented the growth o f  PA 
3679.

Many jars in the 20-m in heat treatment and 45-m in heat 
treatments w ith and w ithout PA 3679  added to  the quart 
tom ato jars showed liquid spurting from the jars, gas bubbles, 
soft, slim y tom atoes, cloudy liquid, sedim ent, malodorous 
tom atoes, leaking jars, and bulging tops. Spoilage was visually 
observed in the quart jars while transporting the jars from  
Ohio to  Florida.

Spoilage was m ost likely the result o f  transporting the jars

T able 1—E x p e r im e n ta l design

No. of
Acid group jars

Samples inoculated with 104 
20 min

spores of PA 3679

Heat treatment citric acid 8
citric acid and sugar 8
lemon juice 8
cream of tartar 8
no acid added 8

45 min
Heat treatment citric acid 8

citric acid and sugar 8
lemon juice 8
cream of tartar 8
no acid added 8

Samples to which no organism was added

45 min
Heat treatment citric acid 8

citric acid and sugar 8
lemon juice 8
cream of tartar 8
no acid added 8

Fig. 1—E ffe c t  o f  a d d in g  a c id  t o  O h io  7 5 8 4  to m a to e s  to  in h ib it C. 
sp o ro g en es FA 3 6 7 9  w ith  a 2 0 -m in  h e a t tre a tm e n t. A c id  tre a tm e n ts  
(R ange): (A ) c itr ic  a c id  (8 .6  X  1 0 ' ) ,  (b ) c itr ic  a c id  w ith  sugar (2 .1  X  
10s ) , (C) cream  o f  ta r ta r  (4 .6  X  1 0 ' ) ,  (D) R e a L em o n  (0 .0 ), an d  (E) 
n o a c id  a d d e d  (1 .0  X  10s ).

from Ohio to  Florida in a warm (> 43°C ) environment which  
allowed for the growth o f therm ophilic anaerobes. No therm o
philic anaerobes were recovered from spoiled tom ato jars when  
subcultured into Schaedler agar and incubated anaerobically at 
45°C  and 5 5 DC  for 3 days. The therm ophilic anaerobes prob-
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Table 2—Average pH per acid treatment in unspoiled tomato jars
after 3—7 months’ storage

Avg
Acid treatment pH (Range)

Citric acid 4.8 (0.1)
Cream of tartar 4.8 (0.1)
ReaLemon 4.8 (0.2)
No acid 4.8 (0.1 )

ably died while stored at ambient temperature for 3 —7 
m onths.

Random ly selected organisms grown on Schaedler agar 
resembling the morphological characteristics o f a pure culture 
o f C. sporogenes PA 3679  were tentatively identified as C. 
sporogenes PA 3679 . All organisms examined were hem olytic, 
actively ferm ented glucose and m altose, were highly proteo
lytic, and produced lipase; but none produced indole, or 
lecinthinase (Sm ith and Holdeman, 1968).

The mean pH o f  comm inuted Ohio 7584  tom atoes was 4 .6 . 
After treating the overripe tom atoes with a water-lye solution  
to remove tom ato skins, the average pH o f com m inuted Ohio 
7584  tom atoes was 5.1. In Table 2 are shown average pH read
ings for acid and no acid treatm ents in unspoiled tom ato jars 
after 3 to  7 m onths storage at ambient temperature.

In the no acid and acid treatments the average pH was 4 .8 . 
Processing m ost likely accounts for the lower pH in the no 
acid and acid treatm ents (Adams, 1961). The added acids may 
have had little  or no effect on Ohio 7584  tom atoes because o f  
the addition o f a water-lye solution to remove tom ato skins or 
the buffering capacity o f  the tom atoes. Data in Table 2 show  
the quantities o f  acids added were not sufficient to decrease 
the pH to an acceptable level o f 4 .6  for processing acid foods 
to prevent the growth o f  C. botulinum.

Since com m inuted Ohio 7584  tom atoes had an average pH 
o f 5.1 after preparation for processing and were overripe and 
tom ato jars had an insufficient quantity o f  acid added to  de
crease the pH to an acceptable level o f 4 .6  for processing acid 
foods, this study did not prove or disprove the safety o f using 
the USDA recom m endations in Home and Garden Bulletin  
No. 8 for tom atoes or the effectiveness o f adding acid to  de
crease the pH in tom atoes.

This study does show ReaLemon is effective in preventing 
the growth o f  PA 3679 . Possibly, a canning tablet could be 
developed and marketed for tom atoes and other acid foods 
processed by the water-bath m ethod which contains citric acid 
and the preservatives sodium  benzoate and sodium bisulfite 
(all GRAS) to prevent the occurrence o f  a public health prob
lem in home-canned foods. Since sulfite can cleave and inacti
vate the thiamine m olecule, a canning tablet for home-canned  
foods most likely should not contain sodium bisulfite (De 
Ritter, 1976).

All known cases o f  botulism  from 1967 to  1974 involving 
home-canned high-acid food occurred when people failed to  
follow  the procedures recom m ended in Hom e and Garden 
Bulletin No. 8 (MMWR, 1967 1969; 1973; 1974a, b). Since 
80% o f the outbreaks o f  botulism between 1967 and 1974  
occurred in rural areas, the goverment agencies should make 
available in grocery stores, general stores and seed stores their 
publications concerning home-canning. These publications 
should be widely distributed and readily available to all parts 
o f the country.
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J . M. A G U I L E R A ' a n d  F. V. K O S IK O W S K I  

D e p t, o f  F o o d  S c ien ce , C o rn ell U n iv e rs ity , I th aca , N Y  1 4 8 5 3

EXTRUSION AND ROLL-COOKING OF CORN-SOY-WHEY M IXTU RES

----------------------------  ABSTRACT -----------------------------
A  p a r t i a l ly  d e m in e r a l i z e d ,  d e l a c to s e d  w h e y  p r o d u c t  c o n ta in in g  a b o u t  
3 6 %  p r o t e i n  a n d  5 6 %  l a c to s e  w a s  u s e d  t o  s u p p le m e n t  c o r n  m e a l  t o 
g e th e r  w i th  s o y  f l o u r  a n d  s o y  i s o l a t e .  A ll  f o u r  m i x t u r e s  p r e p a r e d  c o n 
t a in e d  7 5 %  c o r n  m e a l .  M ix tu r e s  A  a n d  B  h a d  5 %  a n d  2 2 %  la c to s e -  
h y d r o ly z e d  w h e y  r e s p e c t iv e ly ,  m i x t u r e  D ,  5 %  u n h y d r o l y z e d  w h e y  a n d  
m ix tu r e  C  u s e d  s k im  m i lk  a s  i n  C S M . P r o t e i n  c o n t e n t  w a s  s t a n d a r d i z e d  
t o  2 0 %  p r o t e i n .  A m in o  a c id  a n a ly s is  r e v e a l e d  a n  in c r e a s e  in  a l l  a m in o  
a c id s  e x c e p t  le u c in e  w i t h  r e s p e c t  t o  c o r n .  P r o c e s s in g ,  e i t h e r  r o l l - c o o k in g  
o r  e x t r u s io n  r e d u c e d  t h e  q u a n t i t y  o f  e s s e n t ia l  a m in o  a c id s .  P E R  v a lu e s  
o f  a l l  m ix tu r e s  w e re  n o t  s ig n i f i c a n t ly  d i f f e r e n t  (P  >  0 .0 5 )  f r o m  c a s e in .  
F u n c t io n a l ly ,  t h e  w h e y  p r o d u c t  r e d u c e s  w a te r  a b s o r p t i o n  c a p a c i ty  b u t  
in c r e a s e s  w a t e r  a n d  n i t r o g e n  s o lu b i l i t y .  P r o d u c t s  f r o m  h y d r o ly z e d  
w h e y ,  s u i t a b le  f o r  s n a c k s  o r  b r e a k f a s t  c e r e a ls ,  s h o w e d  in c r e a s e d  s w e e t 
n e ss .

INTRODUCTION
CORN is the second world supplier of vegetable protein. Y et, 
the quality o f  corn protein is poor mainly due to  deficiencies 
in lysine and tryptophan.

Supplem entation, or the addition o f  the deficient amino 
acids as protein, has been successfully accom plished in corn by  
blending heat-processed cornmeal, toasted soy flour and non
fat dry milk. The resulting blend is the base o f CSM (Blended  
Food Products, Formula No. 2) a high protein food  for pre
school children used in international programs (Senti, 1969). 
The com bination gives a minimum protein level o f  19% with  
an adjusted protein efficiency ratio o f 2 .4 2 —2 .4 8 , comparable 
to  that o f casein. R ecent shortages o f nonfat dry milk available 
to  the U.S. Department o f  Agriculture together with a tw o
fold price increase since 1972 have stimulated the search for a 
substitute to  be used in the U.S. Food-for-Peace Program 
(Pallansch, 1974; A nonym ous, 1975).

A partially demineralized, delactosed (PPD) whey product 
similar to  nonfat dry milk in protein and lactose contents, 
ForeTein, 35, (Form ost Co., San Francisco, CA) is claimed to  
be particularly high in lysine and tryptophan and to  have a 
PER value o f 3 .2 , adjusted to casein 2 .5 , better than the 3.13  
value o f  nonfat dry milk. A lso, since it can be produced at a 
lower price than nonfat dry milk its use as a replacement is 
apparently justified.

Lactose intolerance in members o f  non-Caucasian races 
severely Emit the use o f m ilk and som e dairy products such as 
whey. Hydrolysis o f  lactose into digestible mono-sugars (glu
cose and galactose) em ploying lactase from microbial sources 
would allow the utilization o f  higher levels o f  whey products 
and at the same tim e increase sw eetness (N ickerson, 1974).

Gelatinization o f  corn by passing it betw een heated steam  
rolls (roll-cooking) is the m ost econom ical comm ercial m ethod  
according to Anderson et al. (1969 ). R ecently, cooking  
extruders have becom e popular and are extensively used in 
achieving controlled starch gelatinization o f cereal products. 
Anderson et al. (1 9 6 9 ) studied the processing o f  corn grits by 
roll- and extrusion-cooking under different operating condi
tions, including those for producing corn meal suitable for

1 P resen t A d d re ss : J .M . A g u ile ra , In s t i tu to  T e c n o ló g ic o  d e  C hile 
IN T E C , C ad illa  6 6 7 , S a n tia g o , C hile

CSM. The cooked corn was dry blended with the other ingredi
ents o f the instant GSM food  blend.

There is a need for high-protein foods other than floury 
products. Snacks and breakfast cereal-type products can be 
very efficient nutritional carriers but they should withstand  
heat-treatments that may damage heat-labile proteins.

The objective o f  this study was to  evaluate the nutritional 
and functional properties o f  three m ixtures, similar in com po
sition to  CSM, that contained the PDD w hey product and that 
were roll- and extrusion-cooked.

MATERIALS & METHODS
L a c to s e  h y d r o ly s i s  in  P D D  w h e y

A  c o m m e r c ia l  la c ta s e  ( (3 -D -g a la c to s id a se , E C  3 .2 .1 .2 3 )  d e r iv e d  f r o m  
S a c c h a r o m y c e s  l a c t i s - M a i l a c t  ( E n z y m e  D e v e lo p m e n t  C o r p . ,  N e w  Y o r k ,  
N Y ) - w a s  u s e d  f o r  l a c to s e  h y d r o ly s i s  o f  P D D  w h e y  s o lu t io n s .  S in c e  t h e  
o b je c t iv e  w a s  n o t  t o  o p t im iz e  e n z y m a t i c  c o n d i t i o n s  b u t  t o  o b t a i n  a  
lo w - la c to s e  p r o d u c t ,  o n ly  3 0  a n d  5 0 %  P D D  w h e y  d i s p e r s io n s  w e re  
e n z y m e - t r e a t e d .  E n z y m e  c o n c e n t r a t i o n s  o f  8 0  a n d  1 2 0  m g /lO O g  w e re  
u s e d  f o r  t h e  5 0 %  d is p e r s io n s  a n d  2 0 ,  4 0  a n d  6 0  m g /lO O g  f o r  t h e  3 0 %  
d is p e r s io n s .

O n e  h u n d r e d  m l  o f  e a c h  P D D  w h e y  s o l u t i o n  w e r e  p la c e d  i n  2 5 0  m l  
E r l e n m e y e r  f la s k s .  T h e  p H  w a s  r a i s e d  f r o m  a b o u t  5 .0  t o  a p p r o x i m a t e l y
6 .4  u s in g  a  5 %  N a O H  s o lu t i o n .  E n z y m e  w a s  a d d e d  a n d  i n c u b a t i o n  w a s  
p e r f o r m e d  in  a n  i n c u b a t o r  s h a k e r  ( G y r o t o r y  M o d e l  R  2 5 ,  N e w  B ru n s 
w ic k  S c ie n t i f i c  C o . ,  I n c . ,  N e w  B r u n s w i c k ,  N J )  a t  3 5 ° C  a n d  2 0 0  r p m  f o r  
4  h r .  A f t e r  i n c u b a t i o n  s a m p le s  w e r e  s t a n d a r d i z e d  t o  1 0 %  s o l id s  f o r  
l a c to s e  h y d r o ly s i s  a n a ly s is .  T h e  e n z y m e  w a s  i n a c t iv a t e d  b y  h e a t in g  f o r  
2  m i n  a t  8 0 °  C .

I n c o r p o r a t i o n  o f  m a te r ia l s

C o m p o s i t i o n  o f  t h e  f o u r  m i x t u r e s  is  p r e s e n t e d  in  T a b le  1 . M ix tu r e s  
p r o v id e d  a b o u t  2 0 %  p r o t e in .

C o r n m e a l  w a s  s i f t e d  t o  p a s s  1 8  m e s h .  I n g r e d i e n t s  w e re  d r y - b le n d e d  
in  a  H o b a r t  m ix e r  f o r  a b o u t  1 0  m in .  A  5 0 %  h y d r o l y z e d  P D D  w h e y  
s o lu t io n  w a s  s p r a y e d  o n t o  t h e  o t h e r  in g r e d i e n t s  w i th  a n  e l e c t r i c  s p r a y e r  
t o  a s s u r e  u n i f o r m  d i s t r i b u t i o n .  P r e p a r e d  m i x tu r e s  w e r e  s to r e d  in  
C r y o v a c  S b a g s  a t  5 ° C  u n t i l  n e e d e d .

P r o c e s s in g  m e t h o d s

E x t r u s i o n  w a s  p e r f o r m e d  in  a  8 -h e a d  W e n g e r  X -5  e x t r u d e r  (W e n g e r  
M fg .,  S a b e th a ,  K S ) u n d e r  t h e  f o l l o w in g  c o n d i t i o n s :  s c r e w  s p e e d - 6 0 0  
r p m ;  f e e d  r a t e - 2 2 0 -  2 4 0  g / m in ;  d i e - 5 / 3 2  in .  ( 0 .4  c m ) ;  m o i s t u r e  c o n 
t e n t  o f  t h e  f e e d - 3 5 % .  T h e  tw o  h e a d s  o f  t h e  f e e d  s e c t io n  w e r e  w a te r -  
c o o le d  w h i le  t h e  r e s t  w e r e  m a i n t a in e d  a t  1 3 5 ° C .  P r o d u c t  t e m p e r a t u r e

T able 1—C o m p o s itio n  o f  co r n -s o y -w h e y  m ix tu re s

Mixture components (%)

Nonfat
Corn PDD Whey PDD Soyafluff Promine dry Protein

Mixture meal hydrolyzed whey 200T -D milk content

A 70 5 — 25 — 19.6a
B 70 22 - 8 - 21.0
C 70 — - 25 5 20.4
D 70 - 5 25 - 18.3

a  A v e ra g e  v a lu e  f o r  t h e  t h r e e  p r e p a r e d  A  m ix tu r e s :  A —u n c o o k e d  
(A -U C ) = 1 9 .3 %  p r o t e in ;  A - e x t r u d e d  (A -E ) =  1 9 .7 %  p r o t e in ;  A — 
r o l l - c o o k e d  (A -R C ) = 1 9 .9 %  p r o t e in .
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T able 2 —C o m p o s itio n  o f  c o rn -so y -w h e y  d ie ts

Diet3

Casein A-UC A-E A B C
%

B-E C-E

tuI□

Protein
source 11.6 51.5 50.7 50.3 47.6 49.0 54.4

Alphacelb 1.0 0.3 0.3 0.3 0.3 0.3 0.3
Corn o ilc 7.7 6.5 6.5 6.5 6.5 6.5 6.5
Vitamin mix'* 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Mineral mixe 5.0 3.8 3.8 3.8 4.2 3.8 3.8
Corn starch* 73.7 36.9 37.7 38.1 40.4 39.4 34.0

3 V i ta m in - f r e e  c a s e in  (G e n e ra l  B io c h e m ic a ls ,  C h a g r in  F a l ls ,  O H ) 
b A c e l lu lo s e  p r o d u c t  ( N u t r i t i o n a l  B io c h e m ic a ls  C o r p . ,  C le v e la n d ,

O H )
c M a z o la  (C o rn  P r o d u c t s ,  N Y )
d  V i ta m in  m ix  A O A C , C a t .  N o . 4 0 0 5 5  (T e k la d ,  T e s t  D ie ts ,  M a d is o n ,  

W l)
e  M in e ra l S a l t  m ix ,  R o g e r -H a rp e r  (T e k la d  T e s t  D ie ts ,  M a d is o n ,  W l) 
* S t a n d a r d  ty p e

T able 3 —A n a ly se s  o f  in g red ien ts  fo r  c o rn -so y -w h e y  m ix tu re s

Moisture Protein Fat Lactose Ash
Ingredients (%> (%) (%> (%) (%)

C o r n a 9.3 9.8 4.1 _ 1.3
S o y a f lu f f  200Tb 6.3 53.2 3.2 - 6.5
P r o m in e -D c 7.2 93.4 0.2 - 4.1
ForeTein 35d 3.8 36.5 3.4 56.6 2.2
N o n f a t  d r y  m i lk e 8.8 35.9 0.8 52.3 7.7

a  L o c a l s to r e  ( I t h a c a ,  N Y ) 
b  C e n t ra l  S o y a  (C h ic a g o , I L) 
c  C e n t r a l  S o y a  (C h ic a g o ,  I L) 
d  F o r e m o s t  F o o d s  (S a n  F r a n c i s o ,  C A ) 
e  D a iry  P la n t ,  C o rn e l l  U n iv . ( I t h a c a ,  N Y )

T able 4 —A m in o  a c id  co m p o s itio n  
w h e y  m ix tu re s  (g /1 6  gN )

i o f  ra w  m a ter ia ls  fo r co rn -so y -

Amino acid Corn
PDD

whey Promine-D
Soyafluff 

200T
Nonfat dry 

milk

Essential amino acids
Lysine 3.02 10.45 5.40 5.72 6.79
Threonine 3.67 7.98 3.50 4.48 4.10
Valine 4.10 5.22 4.67 4.80 6.15
Methionine 1.80 2.56 1.30 1.47 3.34
Isoleucine 3.02 7.81 4.66 4.59 4.99
Leucine 13.45 11.61 8.11 8.12 9.97
Phenylalanine 4.55 3.29 5.32 5.05 4.63
Tryptophan 0.58 1.60 1.50 1.10 1.75

Nonessential amino acids
Histidine 2.76 1.81 2.17 2.27 2.36
Arginine 4.42 2.61 6.96 6.74 1.96
Aspartic acid 6.92 12.61 12.03 12.63 7.54
Serine 5.18 6.68 5.31 3.87 5.20
Glutamic acid 20.32 17.56 20.10 19.30 21.48
Proline 8.74 5.38 5.18 4.89 9.03
Glycine 3.68 2.24 4.00 3.92 1.74
Alanine 7.37 5.30 3.92 4.40 3.04
Tyrosineb 3.35 3.20 3.92 3.88 4.50
1 /2 Cystineb 1.34 1.91 1.20 1.92 0.79

Ammonia 1.73 1.32 0.41 N.D.3 0.85

3 N o t d e te r m in e d
b  C y s t in e  a n d  ty r o s i n e  h a v e  a  s p a r in g  e f f e c t  o n  m e t h io n in e  a n d  

p h e n y la la n in e ,  r e s p e c t iv e ly ,  a n d  t h u s  c a n  b e  c o n s id e r e d  as 
s e m ie s s e n t ia l  (F A O , 1 9 7 0 ) .

v a r ie d  b e tw e e n  8 5  a n d  9 0 ° C .  T o t a l  r e s id e n c e  t im e  o f  t h e  p r o d u c t  in  t h e  
e x t r u d e r  w a s  a b o u t  3 0  s e c .  S in c e  t h i s  is  a  l a b o r a t o r y  e x t r u d e r ,  e x t r a 
p o la t i o n  o f  d a t a  t o  la rg e r  e x t r u d e r s  s h o u ld  b e  c a r e f u l ly  a n a ly z e d .

F o r  r o l l - c o o k in g ,  a  l a b o r a t o r y  a tm o s p h e r i c  d o u b le  d r u m - d r i e r  w i th  
tw o  6 in .  ( 1 5 .2 4  c m )  d ia m  x  5 5 / 8  in .  ( 1 4 .3  c m )  l e n g th  c h r o m e  p l a t e d  
d r u m s  (B la w -K n o w  C o . ,  B u f f a lo ,  N Y )  w a s  u s e d .  I t  w a s  o p e r a t e d  a t  a  
s te a m  p r e s s u r e  o f  4 0  p s ig  ( 2 .9  k g /c m 2 ) a n d  d r u m  s p e e d  o f  4  r p m  t h a t  
e x p o s e d  t h e  m a te r i a l  t o  h e a t  f o r  1 0 —15  s e c .  F e e d  m o i s t u r e  c o n t e n t  w a s  
a d ju s t e d  t o  3 5 % .

A f t e r  p ro c e s s in g ,  m ix tu r e s  w e re  d r ie d  t o  a p p r o x i m a t e l y  8 %  m o s i t u r e  
in  a  4 5 ° C  o v e n  a n d  g r o u n d  in to  a  f i n e  p o w d e r  f o r  a n a ly s is .

O n ly  m i x t u r e  A  w a s  e x t r u d e d  a n d  r o l l - c o o k ,  (M ix tu r e s  A -E  a n d  
A -R C ) .  M ix tu r e s  B , C  a n d  D  w e re  o n ly  e x t r u d e d  (B -E , C -E  a n d  D -E ) .  
U n c o o k e d  m i x t u r e  A  (A -U C ) w a s  u s e d  a s  r e f e r e n c e  f o r  e v a lu a t in g  
p ro c e s s in g  e f f e c t s .

A n a ly t ic a l  t e s t s

M o is tu r e ,  n i t r o g e n ,  f a t  a n d  a s h  a n a ly s e s  w e re  p e r f o r m e d  a c c o r d in g  
to  A O A C  ( 1 9 7 5 ) .  T h e  f a c t o r  6 .2 5  w a s  u s e d  to  c o n v e r t  K je ld a h l  n i t r o 
g e n  t o  p r o t e i n  in  t h e  m ix tu r e s .

L a c to s e  a n d  i t s  p r o d u c t s  f r o m  h y d r o ly s i s  w e r e  a n a l y z e d  b y  t h in -  
la y e r  c h r o m a to g r a p h y  f o l lo w in g  a  p r o c e d u r e  b y  W ie rz b ic k i  a n d  
K o s ik o w s k i  ( 1 9 7 1 ) .  D i r e c t  r e a d in g  o f  t h e  o p t i c a l  d e n s i t y  o f  t h e  s p o t s  
w a s  o b t a i n e d  f r o m  a  s p e c t r o d e n s i t o m e t e r  m o d e l  S D  3 0 0 0  (S c h o e f e l l  
I n s t r u m e n t  C o r p . ,  W e s tw o o d ,  N J ) .

A ll  m i x tu r e s  a n d  r a w  m a te r ia l s  w e re  a n a l y z e d  f o r  t h e i r  a m in o  a c id  
c o m p o s i t i o n .  T h e  a m in o  a c id s  w e re  o b t a i n e d  f r o m  a c id  h y d r o ly s i s  a n d  
a n a ly z e d  a c c o r d in g  t o  t h e  m e t h o d  o f  M o o re  a n d  S t e in  ( 1 9 5 7 )  u s in g  a  
B e c k m a n  M o d e l  1 2 0  C  a m in o  a c :d  a n a ly z e r  (B e c k m a n  I n s t r u m e n t s ,  
P a lo  A l to ,  C A ) .  T r y p t o p h a n  w a s  d e t e r m in e d  a c c o r d in g  to  S p ie s  a n d  
C h a m b e r s  ( 1 9 4 8 ,  1 9 4 9 ) - p r o c e d u r e  N .

F u n c t i o n a l i t y  t e s t s

W a te r  s o lu b i l i t y  a n d  w a te r  a b s o r p t i o n  in d e x e s  w e re  d e t e r m i n e d  b y  
th e  m e t h o d  o f  A n d e r s o n  e t  a l .  ( 1 9 5 9 ) .  N ig ro g e n  s o lu b i l i t y  i n d e x  (N S I )  
w a s  d e t e r m in e d  a c c o r d in g  to  m e t h o d  B A  1 1 -6 5  o f  t h e  A O C S  ( 1 9 7 0 ) .

N u t r i t i o n a l  e v a lu a t io n s

T o  d e t e r m in e  t h e  n u t r i t i o n a l  v a lu e  o f  t h e  m i x t u r e s ,  a  r a t  f e e d in g  
e x p e r im e n t  w a s  p e r f o r m e d .

S e v e n  g r o u p s  o f  s ix  w e a n l in g  m a le  r a t s  o f  t h e  S p r a g u e -D a w le y  s t r a in  
( H o l tz m a n  L a b .  C o . ,  M a d is o n ,  W l)  w i th  a n  a v e ra g e  b o d y  w e ig h t  o f  5 0 g  
w e re  a s s ig n e d  r a n d o m ly  to  e x p e r im e n ta l  d i e t s  a f t e r  f e e d in g  th e m  f o r  3 
d a y s  o n  a  c o m m e r c ia l  s t o c k  d i e t .  E a c h  r a t  w a s  h o u s e d  s e p a r a t e ly  in  
w i r e - b o t t o m e d  c a g e s  a n d  f e d  f r o m  p o r c e la in  f o o d  c u p s  c o v e r e d  w i t h  a  
w ire  s c r e e n  to  p r e v e n t  s p i l la g e .  D r in k in g  w a te r  w a s  a v a i la b le  f r o m  b o t 
tle s  a t t a c h e d  t o  t h e  c a g e s .

S e m i- p u r i f i e d  d i e t s  c o n ta in e d  a p p r o x i m a t e l y  1 0 %  p r o t e i n .  T h e  
c o m p o s i t i o n  o f  t h e  e x p e r im e n ta l  d i e t s  a n d  th e  r e f e r e n c e  s t a n d a r d  c a s e in  
d ie t  a re  p r e s e n te d ,  T a b le  2 . D ie ts  w e re  f e d  t o  t h e  r a t s  a d  l ib i tu m  d u r in g  
2 8  d a y s .  I n d iv i d u a l  c o m s u m p t io n  a n d  b o d y  w e ig h ts  w e r e  r e c o r d e d  a t  2 - 
o r  3 -d a y  in te rv a ls .

P r o t e i n  e f f i c ie n c y  r a t i o  (P E R )  w a s  c a l c u l a t e d  f r o m  t h e  f o r m u la :

G a in  in  b o d y  w e ig h t  
r b R  — ________________________________

W e ig h t  o f  p r o t e i n  c o n s u m e d

D a ta  o n  P E R  w a s  t r e a t e d  s ta t i s t i c a l l y  b y  a n  a n a ly s i s  o f  v a r ia n c e  a n d  
a  T u k e y  t e s t  o f  s ig n if ic a n c e .

RESULTS
HIGHEST LACTOSE HYDROLYSIS was achieved in a 50% 
PDD w hey solution using 80 mg o f  enzyme/lOOg sam ple. 
Fifty-six percent conversion o f  lactose into glucose and galac
tose was obtained under these conditions. This material was 
used in the mixtures.

Statistical analysis o f data o f  a 10 member sensory evalua
tion panel showed that this sample o f hydrolyzed PDD w hey  
was not significantly different (P >  0 .05 ) from an unhydro
lyzed sample that had 7% o f the whey replaced by sugar.

Proximate analysis o f  the ingredients is shown in Table 3. 
Nonfat dry milk and PDD w hey have very similar lactose and 
protein content although they differ markedly in their ash and 
fat content.

Amino acid analyses o f raw materials are presented in 
Table 4. As expected, corn is particularly deficient in lysine
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E X T R U S I O N / R O L L - C O O K I N G  C O R N - S O Y - W H E Y  M I X T U R E S . . .

a n d  t r y p t o p h a n .  P D D  w h e y  s h o w s  a  v e r y  h i g h  l y s i n e  c o n t e n t .  
I t s  t r y p t o p h a n ,  a l t h o u g h  m u c h  h i g h e r  t h a n  c o r n ,  i s  l o w e r  t h a n  
t h e  3 . 3 g / 1 6 g  N  v a l u e  l i s t e d  f o r  t h e  p r o d u c t .

S o y b e a n  p r o d u c t s  p r e s e n t  a  b e t t e r  b a l a n c e d  a m i n o  a c i d  
p a t t e r n  t h a n  c o r n ,  b u t  a r e  s t i l l  d e f i c i e n t  i n  s u l f u r  a m i n o  a c i d s .  
M i x t u r e s  o f  c o r n  a n d  s o y  s h o u l d  b e  c o m p l e m e n t a r y  i n  t h i s  
r e g a r d .  N o n f a t  d r y  m i l k  h a s  a  w e l l  b a l a n c e d  a m i n o  a c i d  p a t t e r n  

f a v o r e d  i n  t h i s  c a s e  b y  a n  a b n o r m a l l y  h i g h  m e t h i o n i n e  c o n t e n t  
t h a t  c o m m o n l y  c o n s t i t u t e s  i t s  l i m i t i n g  a m i n o  a c i d  t o g e t h e r  

w i t h  c y s t i n e .
A m i n o  a c i d  c o m p o s i t i o n  o f  t h e  m i x t u r e s  is  s h o w n  i n  T a b l e  

5  t o g e t h e r  w i t h  t h e  a m i n o  a c i d  p a t t e r n  r e c o m m e n d e d  b y  t h e  
F A O - W H O  e x p e r t  g r o u p  ( F A O ,  1 9 7 3 ) .  A  s i g n i f i c a n t  i m p r o v e 

m e n t  i n  t h e  l e v e l  o f  a l l  t h e  e s s e n t i a l  a m i n o  a c i d s  e x c e p t  l e u c i n e  
c a n  b e  o b s e r v e d ,  b a s e d  o n  t h e  e s s e n t i a l  a m i n o  a c i d  p r o f i l e  o f  

c o m .  L y s i n e  c o n t e n t  w a s  r a i s e d  f r o m  a  v a l u e  o f  3 . 0 2 g / 1 6 g  N  i n  
m i x t u r e  A - E .  A s  a  c o n s e q u e n c e ,  s u l f u r  a m i n o  a c i d s  b e c a m e  t h e  

l i m i t i n g  a m i n o  a c i d s  i n  a l l  t h e  m i x t u r e s  e x c e p t  B - E  w h e r e  
l y s i n e  i s  l i m i t i n g .  T h e  e x c e s s i v e l y  h i g h  l e u c i n e  c o n t e n t  o f  c o r n  

w a s  r e d u c e d  t o  1 0 . 8 8 g / 1 6 g  N  o r  l e s s .
E x t r u s i o n  o r  r o l l - c o o k i n g  o f  m i x t u r e  A  r e d u c e d  t h e  q u a n t i 

t y  o f  e s s e n t i a l  a m i n o  a c i d s  a s  o b s e r v e d  i n  T a b l e  5 .  R o l l 

c o o k i n g  w a s  l e s s  d e l e t e r i o u s  t h a n  e x t r u s i o n .  R e s u l t s  f r o m  
s t a t i s t i c a l  a n a l y s i s  o n  P E R  v a l u e s ,  s h o w n  i n  T a b l e  6 ,  d e m o n 
s t r a t e d  n o  s i g n i f i c a n t  d i f f e r e n c e  ( P  >  0 . 0 5 )  b e t w e e n  t h e  s e v e n  

s a m p l e s .  A l l  w e r e  e q u a l l y  s a t i s f a c t o r y  a s  c a s e i n  ( P E R  =  2 . 5 ) .

W a t e r  a b s o r p t i o n  ( W A ) ,  w a t e r  s o l u b i l i t y  ( W S ) ,  a n d  n i t r o g e n  
s o l u b i l i t y  ( N S ) ,  i n d e x e s  a r e  p r e s e n t e d  i n  T a b l e  7 .  E x t r u s i o n  o f  

m i x t u r e  A  i n c r e a s e d  W A  t h r e e  t i m e s  w h i l e  r o l l - c o o k i n g  
d o u b l e d  i t .  W a t e r  s o l u b i l i t y  w a s  l e s s  a f f e c t e d  b y  p r o c e s s i n g  a n d  
s a m p l e  v a l u e s  s h o w e d  o n l y  s m a l l  v a r i a t i o n s .  A s  e x p e c t e d ,  
p r o c e s s i n g  o f  m i x t u r e  A  r e d u c e d  t h e  n i t r o g e n  s o l u b i l i t y  i n d e x  
i n  t h e  r a w  m i x t u r e  b y  a l m o s t  h a l f .

D IS C U S S IO N

L A C T O S E  H Y D R O L Y S I S  w i t h  M a x i l a c t  l a c t a s e  w a s  a f f e c t e d  
b y  p H  a n d  n e u t r a l i z a t i o n  w i t h  s o d i u m  h y d r o x i d e .  H i g h e r  c o n 

v e r s i o n  t o  m o n o s a c c h a r i d e s  c o u l d  b e  a c i e v e d  b y  a d j u s t i n g  t h e  
p H  c l o s e r  t o  7 . 0  a n d  b y  u s i n g  p o t a s s i u m  h y d r o x i d e  ( B o u v y ,

1 9 7 5 ) .
I n c r e a s e  i n  s w e e t n e s s  t h r o u g h  l a c t o s e  h y d r o l y s i s  i s  h i g h l y  

d e s i r a b l e  s i n c e  t h e  a c c e p t a b i l i t y  o f  t h e  m i x t u r e s  c a n  b e  i m 
p r o v e d  i f  s w e e t e n e d  ( S e n t i ,  1 9 6 9 ) .  A t  p r e s e n t  s u g a r  p r i c e s ,  
l a c t o s e  h y d r o l y s i s  i n  w h e y  f o l l o w e d  b y  d e m i n e r a l i z a t i o n  a n d  

c o n c e n t r a t i o n  p r o c e d u r e s  m a y  b e  p r o v e n  e c o n o m i c a l l y  

f e a s i b l e .  T h e  a b s e n c e  o f  t h i s  t y p e  o f  w h e y  p r o d u c t  i n  t h e  

m a r k e t  r e q u i r e d  t h a t  h y d r o l y s i s  b e  p r e f o r m e d  o n  r e d i s p e r s e d  

P D D  w h e y .
N o t  o n l y  d e f i c i e n c i e s  b u t  a l s o  e x c e s s e s  o f  a m i n o  a c i d s  m a y  

b e  d e t r i m e n t a l  b e s i d e s  b e i n g  w a s t e f u l .  L e u c i n e ,  p r e s e n t  i n  l a r g e  

a m o u n t s  i n  c o r n  ( T a b l e  4 ) ,  i n c r e a s e s  t h e  r e q u i r e m e n t s  f o r  

v a l i n e  o r  i s o l e u c i n e .  T h u s ,  m i x t u r e s  a r e  n o t  o n l y  b e n e f i c i a l  
b e c a u s e  t h e y  i n c r e a s e  t h e  l e v e l s  o f  d e f i c i e n t  a m i n o  a c i d s  b u t  

a l s o  d e c r e a s e  t o t a l  l e u c i n e  c o n t e n t .
E x a m i n a t i o n  o f  t h e  a m i n o  a c i d  p a t t e r n s  o f  t h e  m i x t u r e s  

a n d  t h e i r  c o m p a r i s o n  t o  t h e  F A O / W H O  p a t t e r n  a s s u r e s  a  s i g 
n i f i c a n t  i m p r o v e m e n t  i n  t h e  n u t r i t i o n a l  v a l u e  o f  c o r n .  T h e  
P E R  o f  c o r n  v a r i e s  b e t w e e n  1 . 4 0  a n d  1 . 6 0  ( F A O ,  1 9 7 0 )  w h i l e  
a l l  t h e  m i x t u r e s  p r e p a r e d ,  r e g a r d l e s s  o f  p r o c e s s i n g  a n d  r a w  
m a t e r i a l  c o m b i n a t i o n s ,  h a v e  a  P E R  s i m i l a r  t o  t h a t  o f  c a s e i n .  

S i n c e  s u l f u r  a m i n o  a c i d s  a r e  l i m i t i n g  i n  a l l  s a m p l e s  b u t  m i x t u r e  
B - E ,  t h e  r e d u c t i o n  i n  l y s i n e  c o n t e n t  s h o w n  i n  T a b l e  5  i s  n o t  
f o l l o w e d  b y  a  c o r r e s p o n d i n g  l o w e r  P E R .  T h e  n u t r i t i o n a l  e v a l u 
a t i o n  a l s o  s h o w e d  t h a t  t h e  l e v e l s  o f  w h e y  p r o d u c t s  u s e d  i n  
d i e t s  d i d  n o t  i n d u c e  a n y  a b n o r m a l i t y  i n  t h e  g r o w t h  p a t t e r n  o f  

t h e  r a t s ,  s u c h  a s  d i a r r h e a  ( W o m a c k  a n d  V a u g h a n ,  1 9 7 4 ) .
F u n c t i o n a l i t y  i s  o n l y  s l i g h t l y  a f f e c t e d  b y  l a c t o s e  h y d r o l y s i s  

a s  c a n  b e  i n f e r r e d  b y  c o m p a r i n g  m i x t u r e s  A - E  a n d  D - E  i n  
T a b l e  7 .  U s e  o f  h i g h e r  l e v e l s  o f  h y d r o l z e d  P D D  w h e y  ( m i x t u r e

T able 5 —A m in o  a c id  c o m p o s it io n  o f  ra w  a n d  p r o c e s s e d  co rn -so y -  
w h e y  m ix tu re s  (g /1 6 g  N)

Amino acid A-UC A-E A R C B-E C-E FAOa

Essential amino acids

Lysine 5.07 4.54 4.81 4.32 5.08 4.52 5.44
Threonine 4.21 4.27 4.36 4.86 3.90 4.10 4.00
Valine 5.02 4.56 4.83 5.36 4.85 4.53 4.96
Methionine 1.71 1.51 1.46 1.95 1.60 1.76 (3.52)b
Isoleucine 4.75 4.04 4.65 4.91 4.50 3.91 4.00
Leucine 10.45 9.80 10.03 10.88 9.85 9.61 7.04
Phenylalanine 5.02 4.64 4.99 4.34 5.04 4.59 (6.08 )b
Tryptophan 0.87 0.85 0.87 0.92 1.18 1.13 0.96

Nonesential amino acids

Histidine 2.48 2.25 2.36 1.88 2.42 2.18
Arginine 6.05 6.41 6.18 4.50 5.85 6.25
Aspartic acid 10.79 10.80 10.92 12.46 10.26 10.39
Serine 5.34 5.41 5.19 4.89 5.24 5.42
Glutamic acid 16.56 20.16 20.16 19.80 19.94 19.72
Proline 6.16 6.05 5.14 6.00 4.65 6.41
Glycine 3.92 3.77 3.77 3.11 3.84 3.92
Alanine 5.80 5.45 4.98 5.38 5.32 5.46
Tyrosinec 3.94 3.73 3.83 3.02 3.67 3.55
1 /2 Cystinec 1.26 1.27 1.11 1.30 1.08 1.06

Ammonia 0.83 1.04 1.18 1.04 1.11 1.01

a  F A O  (1 9 7 3 )
b  (M e th io n in e  + c y s t i n e )  a n d  ( p h e n y la l a n in e  + t y r o s in e )  
c  C y s t in e  a n d  ty r o s i n e  h a v e  a  s p a r in g  e f f e c t  o n  m e t h i o n i n e  a n d  

p h e n y la la n in e ,  r e s p e c t iv e ly ,  a n d  th i s  c a n  b e  c o n s id e r e d  a s  s e m ie s 
s e n t i a l  (F A O , 1 9 7 0 ) .

T able 6 —B io lo g ica l re sp o n se  o f  ra ts  fe d  various co r n -s o y -w h e y  d ie ts3

Experimental diet

Weight
gain

(g)

Protein
intake

(g) PER

I Casein 129.9 44.5 2.50
II Mixture A —uncooked 111.3 39.8 2.41
III Mixture A —extruded 108.6 34.9 2.66
IV Mixture A —roll-cooked 138.4 48.0 2.47
V Mixture B—extruded 110.7 39.7 2.39
VI Mixture C—extruded 116.9 39.3 2.54
VII Mixture D—extruded 146.4 46.5 2.70

a Six r a t s  p e r  d  e t a r y  t r e a t m e n t  f o r  2 8  d a y s

T able 7 - W a te r  a b so r p tio n  (W A ), W ater (W S). a n d  N itrogen  (NSI) 
so lu b i l i ty  in d ex es  o f  c o r n -s o y -w h e y  m ix tu re s

Mixture

WA
Gel weight, 

g/g dry weight

WS
% of dry sample 
in supernatiant

NSI
% soluble 
nitrogen

A-UC 1.55 12.8 24.9

A-E 5.05 10.2 14.2

A-RC 2.86 15.4 16.5

B-E 3.16 14.9 25.0

C-E 4.66 13.2 13.5

D-E 4.45 12.2 15.0

B ,  2 2 % ,  w h e y  p r o d u c t ) ,  r e d u c e s  t h e  w a t e r  a b s o r p t i o n  c a p a c i t y  
b u t  i m p r o v e s  w a t e r  s o l u b i l i t y  a n d  n i t r o g e n  s o l u b i l i t y .  T h i s  
o c c u r s  b e c a u s e  P D D  w h e y  h a s  m i n i m a l  w a t e r  a b s o r p t i o n ,  is  

e x c e p t i o n a l l y  w a t e r  s o l u b l e ,  a n d  h a s  a  h i g h  N S I .
—C o n tin u ed  o n  p a g e  2 3 0
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DETERM INATION OF THE POTENTIAL FOR MYCOTOXIN CONTAMINATION  
OF PASTA PRODUCTS

-------------------------------------------A B S T R A C T  ------- -------------  ■ --------------

F r e s h ly  e x t r u d e d  m a c a r o n i  a n d  n o o d le  d o u g h s ,  d u s t e d  w i th  f l o u r  t o  
w h ic h  s p o r e s  o f  t h e  t o x ig e n ic  m o ld s  A s p e r g i l lu s  f la v u s ,  A .  c la v a tu s ,  A .  
v e r s ic o lo r ,  P e n ic i l l iu m  u r t ic a e ,  P. c y c lo p iu m  a n d  P. c i t r in u m  h a d  b e e n  
a d d e d ,  w e r e  h e ld  a t  t e m p e r a t u r e - h u m i d i t y  c o m b in a t io n s  [ 3 0 ,  3 5 , 4 0 ° C  
a n d  8 5 ,  9 0 ,  9 5 %  re la t iv e  h u m i d i t y  ( R H ) j  e x p e c t e d  to  s im u la te  c o n d i 
t i o n s  t h a t  m ig h t  p r e v a i l  in  a  f u l l y  l o a d e d  p a s t a  d r ie r  s h u t  d o w n  b y  a  
p o w e r  f a i lu r e .  A  s o u r  o d o r  a t  t h e  h ig h e s t  R H  (9 5 % )  s u g g e s te d  in i t ia l  
b a c t e r i a l  a c t i o n .  M o ld  g r o w th  w a s  o b s e r v e d  o n  a ll  p r o d u c t s  u n d e r  a ll 
c o n d i t i o n s ;  t h e  e x t e n t  o f  g r o w th  a f t e r  5  d a y s  w a s  d i r e c t l y  r e la te d  t o  
b o t h  t e m p e r a t u r e  a n d  R H . U n d e r  a ll  c o n d i t i o n s ,  A . f la v u s  w a s  t h e  
d o m i n a n t  m o ld ;  o f  t h e  m y c o t o x i n s  ( a f l a to x in s ,  s t e r ig m a to c y s t in ,  p a tu -  
l i n ,  p e n ic i l l ic  a c id ,  c i t r i n in )  e x p e c t e d  f r o m  t h e  s p e c ie s  in c lu d e d  in  t h e  
i n o c u lu m ,  o n ly  a f l a to x in s  w e r e  d e t e c t e d .  A t  t h e  s e le c te d  c o n d i t i o n  o f  
3 0 ° C  a n d  9 5 %  R H , m o ld  g r o w th  w a s  e v id e n t  a f t e r  2 4  h r  a n d  a f la to x in s  
c o u ld  b e  d e t e c t e d  a f t e r  4 8  h r .  T h e  le v e l o f  a f l a to x in s  w a s  l o w  f o r  t h e  
e x t e n t  o f  m o ld  g r o w t h  o b s e r v e d ,  p r o b a b ly  a s  a  r e s u l t  o f  t h e  p r e s e n c e  o f  
t h e  m ix e d  c u l tu r e .  B e c a u s e  o f  t h e  s o u r in g  a n d  o b v io u s  m o ld  g r o w th ,  
n o n e  o f  t h e  p a s t a  c o u ld  b e  c o n s id e r e d  u s a b le  e v e n  b e f o r e  a f l a to x in  w a s  
d e t e c t e d .  W h e n  t h e  a f l a t o x i n - c o n t a m i n a t e d  p a s t a  w a s  c o o k e d  1 0  m in  in  
b o i l in g  w a te r ,  a p p r o x im a te ly  1 /3  o f  t h e  a f l a t o x i n  w a s  f o u n d  in  th e  
w a te r .  B a s e d  o n  t h e s e  s tu d ie s  a n d  t h e  r a r i t y  o f  e n c o u n t e r in g  a f l a to x in  
in  w h e a t ,  t h e  p o s s ib i l i ty  o f  f in d in g  a f l a t o x i n  in  c o m m e r c ia l  p a s t a  p r o d 
u c t s  is  h ig h ly  r e m o te .

IN T R O D U C T IO N

E X T R U D E D  W E T  P A S T A  o n  t r a y s  o r  h u n g  f r o m  r a c k s  i n  a  
d r y i n g  o v e n  f o r m s  a  n a t u r a l  f i l t e r  f o r  t h e  a i r  f o r c e d  t h r o u g h  
t h e  s y s t e m ,  a d d i n g  t o  t h e  n o r m a l  l o a d  o f  m o l d  s p o r e s  c a r r i e d  
b y  t h e  p a s t a  i n g r e d i e n t s .  M o l d  p r o f i l e  s t u d i e s  o f  p a s t a  p r o d u c t s  
( C h r i s t e n s e n  a n d  K e n n e d y ,  1 9 7 1 ;  v a n  W a l b e e k  e t  a l . ,  1 9 6 8 ;  
M i s l i v e c ,  1 9 7 6 b )  h a v e  d e m o n s t r a t e d  t h e  p r e s e n c e  o f  p r o p a -  

g u l e s  o f  v a r i o u s  t o x i g e n i c  m o l d s ,  i n c l u d i n g  t h e  m o l d  s p e c i e s ,  
A s p e r g i l l u s  f l a v u s ,  t h a t  p r o d u c e s  a f l a t o x i n s .  G i v e n  t h e  n o r m a l  
l o w  m o i s t u r e  l e v e l s  o f  t h e  f l o u r  a n d  o f  t h e  d r i e d  p a s t a  p r o d u c t  
( < 1 2 %  m o i s t u r e ) ,  a n d  t h e  r e l a t i v e l y  s h o r t  r e s i d e n c e  t i m e  ( < 1 2  

h r )  o f  t h e  p a s t a  a t  h i g h  m o i s t u r e  l e v e l s ,  g r o w t h  o f  t h e  m o l d  

p r o p a g u l e s  w o u l d  n o t  b e  e x p e c t e d .  I n  f a c t  n o  a f l a t o x i n s  h a v e  
b e e n  f o u n d  i n  a n y  o f  1 0 1  s a m p l e s  o f  w h e a t  p a s t e  p r o d u c t s  
a n a l y z e d  f o r  t h e s e  t o x i n s  b y  t h e  F o o d  &  D r u g  A d m i n i s t r a t i o n  

( 1 9 7 5 - 1 9 7 6 ) .  T h e r e  i s ,  h o w e v e r ,  a  t h e o r e t i c a l  p o s s i b i l i t y  t h a t  
m o l d  g r o w t h  w i t h  t o x i n  p r o d u c t i o n  c o u l d  o c c u r  s h o u l d  a  
p o w e r  f a i l u r e  t a k e  p l a c e  w h i l e  a  f r e s h  l o a d  o f  w e t  p a s t a  d o u g h  
i s  i n  a  d r y i n g  o v e n .

E X P E R IM E N T A L

P h a s e  I

T o  e x p lo r e  t h i s  t h e o r e t i c a l  p o t e n t i a l ,  e x t r u d e d  m a c a r o n i  ( d u r u m  
s e m o l in a  a n d  w a te r )  a n d  eg g  n o o d l e  ( d u r u m  s e m o l in a  p lu s  e g g  y o lk  
s o l id s  a n d  w a te r )  d o u g h s ,  d u s t e d  w i th  s p o r e s  o f  to x ig e n ic  m o ld s ,  w e re  
h e ld  a t  a ll c o m b i n a t i o n s  o f  3 0 ,  3 5  a n d  4 0 ° C  a n d  8 5 ,  9 0  a n d  9 5 %  
re la t iv e  h u m i d i t y  (R H ) .

T h e  w a te r  c o n t e n t  o f  e a c h  d o u g h  w a s  a d ju s t e d  f o r  b e s t  e x t r u s io n  
c o n s i s te n c y  ( a b o u t  3 0 % )  a n d  t h e  d o u g h  w a s  e x t r u d e d  in  t h e  fo r m  o f

b o t h  s p a g h e t t i  a n d  e lb o w  m a c a r o n i .  P o r t i o n s  ( 2 5 0 g )  o f  e a c h  e x t r u d e d  
p r o d u c t  w e re  s p r e a d  o n  s ta in le s s  s te e l  w ir e  t r a y s  (1 1  in .  X 15 in . )  a n d  
d u s t e d  a s  e v e n ly  a s  p o s s ib le  w i th  O .lg  o f  f l o u r  c o n ta in in g  t h e  fo l l o w in g  
a p p r o x i m a t e  n u m b e r s  o f  v ia b le  m o ld  s p o re s :  A .  f la v u s ,  3 .5  x  1 0 6 ; . 4 .  
c la v a tu s ,  9 .8  x  1 0 4 ;/4  v e r s ic o lo r  2 .9  x  1 0 “ ; P e n ic i l l iu m  u r t ic a e ,  6 .5  x  
1 0 3 ; F*. c y c lo p iu m ,  6 .1  x  1 0 4 ; a n d  P. c i t r in u m ,  3 .6  x  1 0 4 . T h e s e  m o ld s  
w e re  d e m o n s t r a t e d  p r o d u c e r s  o f  a f la to x in s ,  p a t u l i n ,  p e n ic i l l i c  a c id  a n d  
c i t r i n in ,  r e s p e c t iv e ly .  L o a d e d ,  d u s t e d  t r a y s  w e r e  t r a n s f e r r e d  t o  c o n 
t r o l l e d  a tm o s p h e r e  c a b i n e t s  (A i r e - R e g u la to r ,  F o o d  T e c h n o lo g y ,  I n c . ,  
C h ic a g o ,  I L  6 0 6 3 1 )  s e t  f o r  t h e  d e s i r e d  t e m p e r a t u r e - h u m i d i t y  c o n 
d i t i o n s .  D a ily  o b s e r v a t io n s  w e r e  m a d e  f o r  5 d a y s  f o r  g ro s s  a p p e a r a n c e  
a n d  e v id e n c e  o f  m o ld  g r o w th  o r  d e c o m p o s i t i o n ;  o n  t h e  f i f t h  d a y  a ll  
s a m p le s  w e re  r e m o v e d  f o r  m y c o t c x i n  a n a ly s is .

P h a s e  II

F r o m  t h e  fo r e g o in g  e x p e r im e n t s ,  a  t e m p e r a t u r e  o f  3 0 ° C  a n d  R H  o f  
9 5 %  w e re  c h o s e n  a s  l ik e ly  t o  r e s u l t  in  e x te n s iv e  m o ld  g r o w t h  o n  th e  
p a s t a  p r o d u c t s  a n d  r e p r e s e n t i n g ,  a c c o r d in g  t o  p r a c t i c in g  e x p e r t s  in  t h e  
f ie ld  (H o s k in s ,  1 9 7 6 ;  S k in n e r ,  1 9 7 6 ) ,  a  s e t  o f  c o n d i t i o n s  l i k e ly  t o  b e  
e n r o u n t e r e d  in  a  p a s ta  p r e - d r y e r  a  s h o r t  t im e  a f t e r  a  p o w e r  f a i lu r e .  
M a c a ro n i  a n d  n o o d l e  c o u g h s  w e r e  p r e p a r e d  a s  b e f o r e  b u t  t h e  s h a p e  w a s  
c o n f in e d  t o  “ e lb o w s ,”  t h e  s p o r e  m o c u lu m  d e n s i t y  w a s  1 /3  o f  t h a t  u s e d  
in  t h e  in i t ia l  e x p e r im e n t s  a n d  t h e  m o n o la y e r  lo a d  p e r  t r a y  w a s  in 
c r e a s e d  to  1 .5  k g .  O n e  t r a y  o f  e a c h  t y p e  o f  d o u g h  w a s  i m m e d ia t e ly  
d r ie d  t o  a  m o i s tu r e  c o n t e n t  o f  a p p r o x im a te ly  1 0 % ; t h e  r e m a in in g  t r a y s  
w e re  p la c e d  in  t h e  c o n t r o l l e d  a tm o s p h e r e  c a b i n e t  s e t  a t  t h e  s e le c te d  
t e m p e r a t u r e  a n d  h u m i d i t y .  A f te r  2 4 ,  4 8 ,  7 2  a n d  9 6  h r  e x p o s u r e  t o  t h e  
s e le c te d  c o n d i t i o n s ,  o r .e  t r a y  o f  e a c h  t y p e  o f  p a s t a  d o u g h  w a s  r e m o v e d  
a n d  d r ie d  t o  a p p r o x im a te ly  10%  m o i s t u r e  i n  t h e  s a m e  m a n n e r  a s  t h e  
f i r s t  s e t  o f  t r a y s  o f  p a s ta .  B e f o re  d r y in g ,  e a c h  t r a y  o f  p a s t a  w a s  o b 
s e r v e d  f o r  m o ld  g r o w th  a n d  a  p o r t i o n  r e m o v e d  f o r  m o i s t u r e  d e t e r m i 
n a t i o n ;  a f t e r  d r y in g  a  p o r t i o n  w a s  r e m o v e d  f o r  m y c o t o x i n  a n a ly s is .  T h e  
r e m a in in g  p r o d u c t  w a s  u s e d  f o r  P h a s e  I I I .

P h a s e  I I I

T o  d e t e r m i n e  th e  e f f e c t  o f  c o o k in g  o n  a n y  a f l a t o x i n s  t h a t  h a d  b e e n  
p r o d u c e d ,  4 0 0 g  o f  d r ie d  p a s ta  w a s  a d d e d  t o  a p p r o x i m a t e l y  3 L  o f  
b o i l in g  t a p  w a te r  a n d  b r ie f ly  s t i r r e d .  T h e  p o t  o f  b o i l i n g  w a t e r  w a s  
re m o v e d  f r o m  t h e  h e a t  1 0  m in  a f t e r  b o i l in g  r e s u m e d  a n d  t h e  c o n t e n t s  
w e r e  d r a in e d  t h r o u g h  a  c o l la n d e r .  T h e  c o o k e d  p a s t a  w a s  w e ig h e d  a n d  
t h e  v o lu m e  o f  c o o k in g  w a t e r  m e a s u r e d  a f t e r  i t  h a d  c o o le d  to  r o o m  
t e m p e r a tu r e .  P o r t i o n s  o f  e a c h  w e re  t a k e n  f o r  a f l a t o x i n  a n a ly s is .  

A n a ly t i c a l  m e t h o d s

T h e  w e t  p a s t a  p r o d u c t s  f r o m  P h a s e  I w e re  a n a ly z e d  f o r  t h e  p r e s e n c e  
o f  a f l a to x in s ,  s t e r ig m a to c y s t in ,  p a t u l i n ,  p e n ic i l l ic  a c id  a n d  c i t r i n i n  b y  
e x t r a c t i o n  w i th  w a te r , 'c h lo r o f o r m  a n d  th in - l a y e r  c h r o m a t o g r a p h y  o f  
t h e  c o n c e n t r a t e d  e x t r a c t .  P o r t i o n s  o f  e a c h  c h lo r o f o r m  e x t r a c t  w e r e  
s p o t t e d  o n  s e p a r a te  s .l ic a  g e l t h in - la y e r  p l a t e s ,  t o g e t h e r  w i t h  a p p r o 
p r i a t e  r e f e r e n c e  s t a n d a r d s ,  f o r  q u a l i t a t i v e  d e t e r m i n a t i o n  o f  t h e  p r e s e n c e  
o f  a f la to x in s  (A O A C , 1 9 7 5 ,  S e c t io n  2 6 .0 1 9 ( b ) ) ,  s t e r ig m a to c y s t in  
( S ta c k  a n d  R o d r ic k s ,  1 9 7 1 ) ,  p a tu l in  ( S c o t t  a n d  K e n n e d y ,  1 9 7 3 ) ,  p e n i 
c il l ic  a c id  (C ie g le r  a n d  K u r t z m a n ,  1 9 7 0 )  a n d  c i t r i n in  ( H a ld  a n d  K r o g h ,
1 9 7 3 ) ,  f o l lo w in g  o n ly  t h e  th in - l a y e r  c h r o m a to g r a p h ic  s te p s  o f  t h e  r e f e r 
e n c e d  m e th o d s .

B e c a u s e  a f l a to x in s  w e re  t h e  o n ly  m y c o t o x i n s  d e t e c t e d ,  t h e  P h a s e  I I  
a n d  I I I  q u a n t i t a t i v e  a n a ly s e s  w e re  c o n f in e d  t o  th i s  g r o u p .  T h e  m e t h o d  
u s e d  w a s  o n e  o r ig in a l ly  a d o p t e d  f o r  p e a n u t  p r o d u c t s  (A O A C , 1 9 7 5 ,  
S e c t io n s  2 6 .0 1 4 —2 6 .0 1 9 )  b u t  f o u n d  t o  b e  g e n e r a l ly  a p p l i c a b l e  t o  
g ra in s .  I t  w a s  m o d i f i e d  b y  g r in d in g  t h e  s a m p le  w i th  t h e  e x t r a c t i n g  
c h lo r o f o r m  in  a  W a n n g  B le n d e r  b e f o r e  a d d i t i o n  o f  t h e  s p e c i f i e d
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P O T E N T I A L  F O R  M Y C O T O X I N S  IN  P A S T A  . . .

a m o u n t  o f  w a te r .  P r io r  a d d i t i o n  o f  t h e  w a t e r  h a d  r e s u l te d  in  a  g u m m y  
m a ss  t h a t  c o u ld  n o t  b e  g r o u n d .  T h is  m o d i f i c a t i o n  a ls o  e l im in a t e d  th e  
n e e d  to  d r y  g r in d  e a c h  s a m p le .

T h e  c o o k in g  w a te r s  w e re  e x t r a c t e d  b y  l i q u i d / l i q u i d  p a r t i t i o n  w i th  
c h lo r o f o r m  in  a  s e p a r a to r y  f u n n e l ,  f o l l o w e d  b y  s i l ic a  g e l  c o lu m n  c le a n 
u p  o f  t h e  c h l o r o f o r m  e x t r a c t s  in  t h e  s a m e  m a n n e r  a s  w i th  t h e  e x t r a c t s  
f r o m  th e  p a s ta .

M y c o lo g ic a l  e x a m in a t i o n

W h e n  m o ld  g r o w th  w a s  e n c o u n t e r e d ,  t y p i c a l  p o r t i o n s  o f  p a s t a  w e re  
e x a m in e d  m ic r o s c o p ic a l ly  f o r  d e t e r m i n a t i o n  o f  t h e  i d e n t i t i e s  o f  t h e  
m o ld s  p r e s e n t .

R E S U L T S  &  D IS C U S S IO N

P h a s e  I

T h e  r e s u l t s  o b s e r v e d  w e r e  i n d e p e n d e n t  o f  d o u g h  s h a p e  a n d  
c o m p o s i t i o n ,  a n d  w e r e  r e l a t e d  o n l y  t o  t e m p e r a t u r e  a n d  h u m i d 
i t y .  T h e  o b s e r v a t i o n s  a r e  t h e r e f o r e  p r e s e n t e d  f o r  t h e  f o u r  c o m 

b i n a t i o n s  o f  s h a p e  a n d  c o m p o s i t i o n  a s  i f  t h e y  w e r e  o n e  ( T a b l e
1 ) .  M o l d  g r o w t h  w a s  o b s e r v e d  a f t e r  5  d a y s  u n d e r  a l l  t e s t  c o n 

d i t i o n s ,  r a n g i n g  f r o m  t h a t  b a r e l y  v i s i b l e  t o  t h e  n a k e d  e y e  a t  
t h e  l o w e s t  h u m i d i t y - t e m p e r a t u r e  c o m b i n a t i o n  t o  p r o l i f i c  
g r o w t h  a t  t h e  h i g h e s t  h u m i d i t y - t e m p e r a t u r e  c o m b i n a t i o n .  A l 

t h o u g h  R h i z o p u s  s p . ,  M u c o r  s p . ,  A .  n ig e r ,  P .  u r t i c a e  a n d  P . 

v i r i d i c a t u m  w e r e  i d e n t i f i e d  i n  s o m e  s a m p l e s ,  t h e y  w e r e  c l e a r l y  

d o m i n a t e d  i n  a l l  c a s e s  b y  A .  f l a v u s .  T h e s e  o b s e r v a t i o n s  a r e  
c o n s i s t e n t  w i t h  t h e  p u b l i s h e d  t e m p e r a t u r e  a n d  w a t e r  a c t i v i t y  
o p t i m a  a n d  l i m i t s  f o r  t h e  g r o w t h  o f  A .  f l a v u s  ( D i e n e r  a n d  
D a v i s ,  1 S 6 7 ;  N o r t h o l t  e t  a l . ,  1 9 7 6 ;  S c h i n d l e r  e t  a l . ,  1 9 6 7 ;  

S c h r o e d e r  a n d  H e i n ,  1 9 6 7 ;  S o r e n s o n  e t  a l . ,  1 9 6 7 )  a n d  i t s  c o m 
p e t i t i v e  r e p u t a t i o n .  T h e  p r o d u c t i o n  o f  d e t e c t a b l e  a m o u n t s  o f  
a f l a t o x i n s  i s  r e l a t e d  t o  t h e  e x t e n t  o f  m o l d  g r o w t h ,  e x c e p t  a t  

t h e  h i g h e s t  t e m p e r a t u r e  ( 4 0 ° C )  w h e r e  a b u n d a n t  m o l d  g r o w t h  

i s  a s s o c i a t e d  w i t h  a  t r a c e  o f  a f l a t o x i n s  o r  n o  d e t e c t a b l e  a f l a 
t o x i n s .  T h i s  i s  i n  a g r e e m e n t  w i t h  t h e  r e p o r t s  t h a t  4 0 ° C  e x c e e d s  

t h e  t e m p e r a t u r e  o p t i m u m  f o r  a f l a t o x i n  p r o d u c t i o n ,  b u t  n o t  
f o r  m y c e l i u m  p r o d u c t i o n .  T h e s e  o b s e r v a t i o n s  p l u s  t h e  t e c h n o 

l o g i c a l  c o n s i d e r a t i o n s  g i v e n  i n  t h e  i n t r o d u c t i o n  w e r e  t h e  b a s i s  
f o r  s e l e c t i n g  3 0 ° C  a n d  9 5 %  R H  f o r  P h a s e  I I  o f  t h e  s t u d y .

A  s t r o n g ,  s o u r  o d o r  w a s  n o t i c e d  w i t h  a n  R H  o f  9 5 %  a t  a l l  
t e m p e r a t u r e s  a f t e r  2 4  h r  i n c u b a t i o n .  T h e  s o u r  o d o r  w a s  l e s s  
i n t e n s e  w i t h  a n  R H  o f  9 0 %  a n d  w a s  b a r e l y  n o t i c e a b l e  w i t h  
8 5 %  R H .  B a c t e r i a l  a c t i v i t y  w a s  s u s p e c t e d  b u t  n o t  c o n f i r m e d .  
A t  9 5 %  R H  t h e  p a s t a  l o s t  m o i s t u r e  ( T a b l e  2 ) .  T h u s ,  t h e  i n i t i a l  
w a t e r  a c t i v i t y  w a s  g r e a t e r  t h a n  0 . 9 5 ,  a d e q u a t e  f o r  t h e  g r o w t h  
o f  m o s t  b a c t e r i a  ( D u c k w o r t h ,  1 9 7 5 ) .  S o u r i n g  o f  t h i s  m a g n i 
t u d e ,  w i t h o u t  v i s i b l e  m o l d  g r o w t h ,  s h o u l d  p r o v i d e  a  s t r o n g  

d e t e r r e n t  t o  t h e  u s e  o f  p a s t a  d o u g h  h e l d  u n d r i e d  f o r  a  p r o 

l o n g e d  p e r i o d .

P h a s e s  I I  a n d  I I I

T able 1—R e la tiv e  m o ld  g ro w th  a n d  a fla to x in  p r o d u c t io n  on m o ld -  
in o c u la te d , e x tr u d e d  p a s ta  do u g h  h e ld  5  d a y s  a t  various tem p era tu re  
a n d  R H  c o m b in a tio n s

Temp RH Mold Aflatoxin Molds
(°C) (%) growth3 production1* detected

30 85 1 + ND A . fla vu s,c A . u rticae.
P. v ir id ica tu m

30 90 2+ ND A . flavu sc
30 95 5+ + A . fla vu sc
35 85 1 + ND A . flavu sc
35 90 2+ ND A . flavu sc
35 95 5+ + A . flavu sc c
40 85 3+ ND A . flavu s,c R h iz o p u s  sp.
40 90 5+ TR A . fla vu s,0 A . niger.

M u cor sp.
40 95 5+ ND A . flavu s,c R h izo p u s  sp.

a Barely visible mold growth = 1 + ; abundant mold growth = 5+
b TR  = trace; ND = not detectable; + = easily detectable quantities
c Dominant mold

T able 2 - R ela tive m o ld  g ro w th  o n  a n d m o is tu r e  le ve l o f  m o ld -
in o cu la ted , e x tr u d e d  m a ca ro n i a n d  n o o d le  d o u g h s h e ld  fo r  various  
t im e s  a t  3 0 °  C an d  9 5 %  H R  a n d  le ve l o f  a f la to x in s  p r o d u c e d  in d r ie d  
p r o d u c ts

Dough
type

Incubation
time
(hr)

Moisture
(%)

Mold
growth3

Aflatoxins1* in 
dried product 

(ng/g)

Macaroni 0 31.3 _ NDC
24 28.2 2+ ND
48 27.8 2+ 1.0
72 26.9 3+ 1.5
96 26.3 4+ 2.4

Noodle 0 26.2 — ND
24 23.8 2+ ND
48 23.4 3+ ND
72 23.2 4+ 2.2
96 22.6 5+ 2.6

3 Barely visible mold growth = 1 + ; abundant mold growth = 5+ 
b Primarily aflatoxin B, 
c ND = not detectable

T h e  p r o g r e s s i o n  o f  s o u r i n g  a n d  m o l d  d e v e l o p m e n t  f o l l o w e d  
t h e  s a m e  c o u r s e  a s  i n  P h a s e  I  f o r  t h e  t e m p e r a t u r e - h u m i d i t y  
c o n d i t i o n  s e l e c t e d .  T h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  a f l a 

t o x i n s ,  h o w e v e r ,  s h o w e d  s u r p r i s i n g l y  l o w  l e v e l s  f o r  t h e  m a g n i 
t u d e  o f  m o l d  g r o w t h  o b s e r v e d .  T h i s  c o u l d  h a v e  b e e n  c a u s e d  b y  
f a i l u r e  o f  t h e  a n a l y t i c a l  t e c h n i q u e  o r  b y  t h e  m i x t u r e  o f  m o l d s  
p r e s e n t  a s  o b s e r v e d  b y  C h r i s t e n s e n  e t  a l .  ( 1 9 7 3 )  i n  s t u d i e s  o f  
s t o r e d  g r a i n  w i t h  n a t u r a l l y  m i x e d  m o l d  p o p u l a t i o n s .

T h e  a n a l y t i c a l  t e c h n i q u e  w a s  e l i m i n a t e d  a s  a  c a u s e  b y  c u l 

t u r i n g  A .  f l a v u s  a l o n e  o n  w e t  p a s t a ;  a f l a t o x i n s  i n  t h e  h i g h  / i g / g  
r a n g e  c o u l d  b e  r e c o v e r e d  f r o m  t h e  p a s t a  a f t e r  7 2  h r  i n c u 
b a t i o n .  S u b s e q u e n t  s t u d i e s  ( M i s l i v e c ,  1 9 7 6 a )  s h o w e d  a  m a r k e d  
i n t e r a c t i o n  b e t w e e n  t h e  m o l d  s p e c i e s  u s e d  f o r  t h i s  w o r k ,  r e 

s u l t i n g  i n  a  r e d u c t i o n  o f  d e t e c t a b l e  a f l a t o x i n s .
A l t h o u g h  p a s t a  p r o d u c t s  t h i s  b a d l y  d a m a g e d  w o u l d  n o t  

c o n c e i v a b l y  b e  u s e d  a s  f o o d ,  t h e  c o o k i n g  e x p e r i m e n t s  w e r e  
c a r r i e d  t h r o u g h  t o  o b t a i n  i n f o r m a t i o n  o n  a f l a t o x i n  s t a b i l i t y  
a n d  d i s t r i b u t i o n  u n d e r  c o n d i t i o n s  o f  f o o d  p r e p a r a t i o n .  T h e r e  
w a s  a n  o b v i o u s  d i s t r i b u t i o n  o f  a f l a t o x i n  b e t w e e n  t h e  c o o k e d  
p a s t a  a n d  d r a i n e d  w a t e r  ( T a b l e  3 ) ;  a b o u t  1 / 3  o f  t h e  a f l a t o x i n  
w a s  f o u n d  i n  t h e  d r a i n e d  w a t e r .  G i v e n  t h e  a n a l y t i c a l  u n c e r -

T able 3 —D is tr ib u tio n  o f  a f la to x in s  b e tw e e n  c o o k e d  p a s ta  a n d  
co o k in g  w a te r  a f te r  h o ld in g  4 0 0 g  d r ie d , e x tr u d e d  m a ca ro n i a n d  
n o o d le  d o u g h s 10  m in  in 3 L  b o ilin g  w a te r

Dough
type

Dried

(pg)

Pasta

Cooked
Drained
water

(pg) (%) (Wl) (%)

Macaroni 0.37 0.14 38 0.16 43
0.58 0.34 59 0.20 34
0.95 0.47 49 0.34 36

Avg 49 3 8

Noodle 0.90 0.53 59 0.30 33
1.03 0.75 73 0.25 24

Avg 66 29
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t a i n t y  ( a  c o e f f i c i e n t  o f  v a r i a t i o n  o f  a b o u t  3 0 % )  o f  t h e  m e t h o d  
u s e d  ( S c h u l l e r  e t  a l . ,  1 9 7 6 ) ,  t h e  a p p a r e n t  d i f f e r e n c e  b e t w e e n  
m a c a r o n i  a n d  n o o d l e  d o u g h s  i n  r e t a i n i n g  a f l a t o x i n s  m a y  n o t  
b e  r e a l ,  n o r  i s  t h e  a p p a r e n t  l o s s  o f  a f l a t o x i n  o u t s i d e  t h e  p o s 
s i b i l i t y  o f  a n a l y t i c a l  e r r o r .

S i n c e  a f l a t o x i n  c o n t a m i n a t i o n  o f  m a r k e t a b l e  p a s t a  p r o d u c t s  
a p p e a r s  u n l i k e l y  a s  a  r e s u l t  o f  f a u l t y  m a n u f a c t u r e  a n d  s i n c e  
a f l a t o x i n  c o n t a m i n a t i o n  o f  w h e a t  i s  s o  r a r e l y  e n c o u n t e r e d  
( S h o t w e l l  e t  a l . ,  1 9 7 7 ;  S t o l o f f ,  1 9 7 6 ) ,  t h e  p o s s i b i l i t y  o f  

f i n d i n g  a f l a t o x i n  i n  p a s t a  p r o d u c t s  i s  h i g h l y  r e m o t e .

R E F E R E N C E S
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SENSORY AND SELECTED TEXTURAL PROPERTIES OF PASTA  
FORTIFIED  WITH PLANT PROTEINS AND WHEY

--------------------------------  ABSTRACT --------------------------------
S e n s o ry  a n d  m e c h a n ic a l  p r o p e r t i e s  e v a l u a t io n  w e r e  r u n  o n  p a s ta  p r o d 
u c ts  f o r t i f i e d  w i th  e ig h t  d i f f e r e n t  h ig h  p r o t e i n  s o u rc e s .  S o m e  m e c h a n i 
ca l a n d  c o m p o s i t i o n a l  p r o p e r t i e s  w e re  a n a l y z e d  f o r  t h e  e x p r e s s e d  
p u r p o s e  o f  u s in g  t h e m  a s  p r e d i c t o r s  o f  t e x t u r e  a s  e v a lu a te d  b y  a  t r a in e d  
s e n s o ry  p a n e l .  T h e  c o m b i n a t i o n  o f  t h e  r u p t u r e  f o r c e  a n d  a  c r e e p  r e 
c o v e ry  f a c to r  p r o v e d  to  b e  a  r e la t iv e ly  g o o d  p r e d i c t o r  o f  t h e  t e x t u r a l  
q u a l i ty  o f  t h e  c o o k e d  p r o d u c t s .  A n  a n a ly s i s  o f  v a r ia n c e  i n d i c a t e d  t h a t  
in  o r d e r  t o  o b t a in  a n  a c c e p ta b l e  p r o t e i n  f o r t i f i e d  p a s t a  p r o d u c t ,  a t t e n 
t io n  s h o u ld  b e  g iv e n  t o  t h e  s o u r c e  o f  p r o t e i n .  T h e  le v e l o f  s u b s t i t u t i o n  
o f  f o r t i f i c a t i o n  w a s  f o u n d  t o  b e  o f  l i t t l e  s ig n i f ic a n c e  a s  f a r  a s  t e x t u r e  is 
c o n c e rn e d .

INTRODUCTION

P A S T A , w h e th e r  it  b e  in  th e  fo r m  o f  a f la t  n o o d le ,  e lb o w  
m a ca ro n i o r  sp a g h e tt i,  is  a fo o d  p r o d u c t  w h ic h  is c o n su m e d  
w o r ld -w id e . P asta , w h ic h  is b a sed  u p o n  d u ru m  w h e a t  s e m o lin a  
as i t s  m a in  in g r e d ie n t , c a n  a lso  h a v e  as in g r e d ie n ts  m a ter ia ls  
su ch  as hard  a n d /o r  s o f t  w h e a t  f lo u r  an d  v a r io u s  p r o te in  
so u rc e s . T o  im p r o v e  th e  n u tr it iv e  q u a lity  o f  th e  fin a l p asta  
p r o d u c t  th r o u g h  th e  a d d it io n  o f  h ig h  q u a lity  p r o te in  so u rc e s  
(m ilk  p o w d e r , d r ied  m ilk  w h e y , o r  f ish  f lo u r )  an d  so u r c e s  r ich  
in  p r o te in  ( s o y  f lo u r , s o y  c o n c e n tr a te ,  y e a s t  p r o te in )  h a s b e e n  
th e  g o a l o f  m u c h  resea rch  b o th  w ith in  th e  U n ite d  S ta te s  and  
arou n d  th e  w o r ld .

A fte r  in v e st ig a t in g  sev era l f o o d  sy s te m s  w h ic h  are d esig n e d  
to  deliver p r o te in  in  b o th  q u a n t ity  and q u a lity , C lausi ( 1 9 7 1 )  
c h o se  e lb o w  m a c a r o n i as th e  fo o d  s y s te m  s in c e  it  is  c o n s id e r e d  
to  b e  a fo o d  w ith  u n iv ersa l a p p ea l an d  is a fa b r ica te d  fo o d  
w h ic h  ca n  b e  m a n u fa c tu r e d  fr o m  m a ter ia ls  g r o w n  a n d /o r  
p r o c essed  lo c a l ly .  T h e  p a sta  p r o d u c t  h e  te s te d  w a s b a sed  u p o n  
w h ea t s e m o lin a , c o r n  f lo u r  an d  s o y  f lo u r . O th er  resea rch ers, 
G lab e  e t a l. ( 1 9 6 7 )  and P a u lsen  ( 1 9 6 1 )  h a v e  p r o d u c e d  fo r t if ie d  
pasta  p r o d u c ts  u s in g  n o n fa t  d ry  m ilk  a n d  s o y  f lo u r , r e sp e c 
t iv e ly . B o th  o f  th e  a b o v e  a u th u r s  s ta te d  th a t  th e  fo r t if ie d  p a sta  
p r o d u cts  te n d e d  to  y ie ld  a h ig h er  so lid s -in -c o o k in g  w a te r  v a lu e  
th a n  d id  u n fo r t if ie d  p a sta  a n d  th a t  th e ir  o v era ll a c c e p ta b il ity  
and te x tu r e  w ere  n o t  as g o o d  as e v id e n c e d  in  th e  u n fo r t if ie d  
p r o d u ct.

M cC orm ick  ( 1 9 7 5 )  d e sc r ib ed  th e  u se  o f  a c o m m e r c ia lly  
p r o d u ced  y e a s t  p r o te in  (52%  p r o te in )  an d  s o y  is o la te  t o  e n 
h a n ce  th e  n u tr it io n a l v a lu e  o f  e lb o w  m a c a ro n i. T h e  c o m b in a 
tio n  o f  85%  se m o lin a , 9% y e a s t  p r o te in  a n d  6% s o y  iso la te  
gave a f in a l p r o d u c t  w ith  a c o r r e c te d  P E R  o f  2 .2 3  an d  a p ro 
te in  c o n te n t  o f  24% , w h e r e a s  a p r o d u c t  m a d e  fr o m  94%  
se m o lin a  an d  6% y e a s t  p r o te in  h a d  a P E R  o f  2 .0  and an 18%  
p r o te in  c o n te n t .  S e n so r y  e v a lu a t io n  o f  th e  tw o  p r o d u c ts  a fter  
c o o k in g  in d ic a te d  th e  p r o d u c ts  w e re  s lig h t ly  e la s t ic  and h a d  a 
favorab le  cream  c o lo r  an d  s lig h t ly  “ m e a ty ”  ta s te . T h e  p r o d u c t  
c o n ta in in g  y e a s t  an d  s o y  p r o te in  a b so r b e d  m o r e  w a te r  u p o n  
c o o k in g  th a n  d id  th e  c o n tr o l  or  th e  y e a s t  p r o te in  p r o d u c t .  
U sin g  an  In str o n  U n iv ersa l T e ste r  w ith  a b a c k  e x tr u s io n  c e ll ,  
the  “ s tr e n g th ”  o f  th e  c o n tr o l  an d  y e a s t  p r o te in  p r o d u c t  w ere  
sim ilar  and th e  y e a s t  p lu s  s o y  fo r t i f ie d  p a sta  w a s to u g h e r .

M atsuo  e t  a l. ( 1 9 7 2 )  fo u n d  th a t  fo r  a  n u m b e r  o f  d u ru m  
w h ea t v a r ie tie s , p r o te in  q u a n t ity  h a d  a p r o n o u n c e d  e f fe c t  o f

1 A g ric u ltu ra l E n g in ee rin g  D e p t .,  U n iv e rs ity  o f  N e b ra sk a -L in co ln .
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th e  c o o k in g  q u a lity  o f  sp a g h e tt i. In  a ll c a se s  th e  c o o k in g  
q u a lity  im p r o v e d  w ith  h ig h er  p r o te in  c o n te n t .  T h is  is su b 
sta n tia te d  b y  D a h le  an d  M u e n c h o w  ( 1 9 6 8 )  w h o  r em o v e d  vari
o u s  a m o u n ts  o f  l ip id  an d  p r o te in  fr o m  sp a g h e tt i  b e fo r e  
c o o k in g . T h is  r em o v a l r e su lte d  in  in c re a se d  a m o u n ts  o f  
a m y lo se  in  th e  c o o k in g  w a te r  an d  im p a ire d  c o o k in g  q u a lity .

M o lin a  e t  a l. ( 1 9 7 5 )  in v e s t ig a te d  th e  in f lu e n c e  o f  th e r m a l  
p r o c ess in g  o n  th e  q u a lity  o f  a s e m o lin a  b a sed  p a sta  c o n ta in in g  
c o m  f lo u r . A  p a sta  p r o d u c t  c o n ta in in g  60%  c o m  f lo u r , 40%  
s e m o lin a  an d  0 .3%  ly s in e  p o s se sse d  th e  b e s t  a m in o  a c id  p r o f i le  
and th e  b e s t  P E R  ( 1 .9 1 ) .  M a x im u m  h e a t  tr e a tm e n t  o f  th e  c o rn  
f lo u r  p r ior  t o  in c o r p o r a tin g  it  in to  th e  p a sta  lo w e r e d  th e  so lid s  
lo s t  du rin g  p a sta  c o o k in g  an d  e n h a n c e d  th e  o r g a n o le p t ic  ev a lu 
a t io n  sc o r e  o f  th e  c o o k e d  p r o d u c t .

T h is  p r o je c t  s tu d ie d  th e  e f f e c t s  o f  th e  p r e v io u s ly  m e n 
t io n e d  p r o te in s  o n  th e  s e n s o r y  a n d  p h y s ic a l  c h a r a c te r is t ic s  o f  
p asta  p r o d u c ts  in  th e  fo r m  o f  e lb o w  m a c a r o n i. O n ly  l im ite d  
resea rch  h a s b e e n  r e p o r te d  o n  th e  m o d e lin g  o f  p h y s ic a l  ch arac
te r is t ic s  o f  p a sta  p r o d u c ts .

B in n in g to n  e t  a l. ( 1 9 3 9 )  d e te r m in e d  a “ te n d e r n e ss  sc o r e ”  
fo r  m a c a ro n i p r o d u c ts  u s in g  a c o m p r e s s io n /c r e e p - ty p e  te s t .  
K a ra c so n y i an d  B o r o s  ( 1 9 6 1 )  d e v e lo p e d  a to r s io n m e te r  to  
m e c h a n ic a lly  m e a su re  m a c a r o n i an d  sp a g h e tt i  q u a l ity .  H o lliger
( 1 9 6 3 )  d e v e lo p e d  an  a p p a ra tu s  t o  m e a su re  th e  s tr e tc h in g  and  
b e n d in g  p r o p e r t ie s  o f  c o o k e d  a n d  u n c o o k e d  sp a g h e tt i.  A  
“ te n d e r n e ss  in d e x ”  w a s d e v e lo p e d  b y  M atsu o  an d  Irvine
( 1 9 6 9 )  to  d e sc r ib e  th e  te n d e r n e ss  o f  c o o k e d  sp a g h e tt i.  T h eir  
te n d e r n e ss  w a s an  in d ic a t io n  o f  th e  le n g th  o f  t im e  i t  t o o k  a 
lo a d e d  c u tt in g  e d g e  t o  c u t  th r o u g h  th e  sp e c im e n . S h im iz u  et  
al. ( 1 9 5 8 )  s tu d ie d  so m e  p h y s ic a l p r o p e r t ie s  o f  n o o d le s  m a d e  
fr o m  J a p a n ese  d o m e s t ic  w h e a t  f lo u r . T h e y  fo u n d  th a t th e  
e la s t ic  m o d u lu s , b rea k in g  s tr e n g th  a n d  s tr e ss  r e la x a t io n  in 
crea sed  w ith  in crea sed  c ru d e  p r o te in  c o n te n t  and b o il in g  t im e .

W alsh  e t a l. ( 1 9 7 1 )  u sed  l in e a r  p r o g r a m m in g  t o  s tu d y  th e  
in te r r e la t io n sh ip  a m o n g  e x tr u d in g  o p e r a t io n s  a n d  f in ish ed  
sp a g h e tt i q u a lity . P ro c ess in g  c o n s tr a in ts  a n d  q u a lity  e q u a tio n s  
w ere  u sed  t o  c o n s tr u c t  an  L .P . m a tr ix  to  d e sc r ib e  th e  e x tr u 
s io n -q u a lity  s y s te m . F u r th e r  r e f in e m e n ts  w e re  r e c o m m e n d e d  
fo r  im p r o v ed  a c c u r a c y .

In th is  p r o je c t ,  e lb o w  m a c a r o n i fo r t i f ie d  w ith  a n u m b e r  o f  
d if fe r e n t  p r o te in s  w a s su b je c te d  t o  a ta s te  p a n e l e v a lu a t io n  and  
va r io u s m e c h a n ic a l te s t s  t o  d e te r m in e  i f  th e r e  w ere  so m e  
c h a r a c te r is t ic  s e n s it iv e  to  th e  p r o te in  so u r c e  a n d /o r  q u a n ity  o f  
p r o te in  a d d ed . A n  in v e s t ig a t io n  w a s m a d e  to  d e te r m in e  a 
r e la t io n sh ip  b e tw e e n  th e  ta s te  p a n e l e v a lu a t io n  o f  te x tu r e  an d  
c er ta in  m e c h a n ic a l an d  in g r ed ie n t p r o p e r tie s .

MATERIALS & METHODS
P r o te i n  s o u r c e s  u s e d

B o th  c o m m e r c ia l  a n d  e x p e r i m e n t a l  p r o t e i n  s o u r c e s  w e r e  u s e d  in  th is  
s t u d y .  T h e  c o m m e r c ia l  p r o t e i n  s o u r c e s  w e r e :  s p r a y - d r ie d  s w e e t  w h e y  
(1 9 %  p r o t e i n ) ,  n o n f a t  d r y  m i lk  (3 3 %  p r o t e i n ) ,  s o y  c o n c e n t r a t e  (7 0 %  
p r o t e i n ) ,  s o y  g r i t s  (5 0 %  p r o t e i n ) ,  a n d  s o y  i s o la te  (9 1 %  p r o t e i n ) .  T h e  
s o y  g r i t s  h a d  a  p r o t e i n  d ig e s t ib i l i ty  i n d e x  (P D 1 ) o f  6 0  a n d  w e r e  o n ly  
m o d e r a t e ly  h e a t  t r e a t e d  ( h e x a n e  e x t r a c t e d ) .  T h e  s o y  i s o la te  w a s  
P o m in e  D  f r o m  C e n t r a l  S o y a ,  C h ic a g o ,  I L  a n d  t h e  s o y  c o n c e n t r a t e  w a s  
f r o m  G r i f f i t h  L a b o r a to r i e s ,  C h ic a g o ,  I L .  T h e  e x p e r im e n ta l  p r o t e in  
s o u rc e s  u s e d  w e re  a  d r y  e d ib le  b e a n  p r o t e i n  c o n c e n t r a t e  ( 8 4 %  p r o t e in )  
a s  d e s c r ib e d  b y  S a t t e r l e e  e t  a l .  ( 1 9 7 5 ) ,  c o t to n s e e d  m e a l  ( 5 6 %  p r o t e i n )  
s u p p l ie d  b y  t h e  O ils e e d  P r o d u c t s  L a b o r a t o r y ,  T e x a s  A & M  U n iv e r s i ty  
a n d  a  y e a s t  p r o t e i n  c o n c e n t r a t e  (7 0 %  p r o t e i n ) .  T h e  c o t t o n s e e d  m e a l  
h a d  a  n i t r o g e n  s o lu b l i ty  i n d e x  (N S I )  o f  2 8 .5 4 % .  T h e  s o lv e n t  u s e d  t o  
r e m o v e  th e  o i l  f r o m  th e  c o t to n s e e d  t o  p r o d u c e  t h e  m e a l  w a s  h e x a n e .  
T h e  y e a s t  p r o t e i n  c o n c e n t r a t e  u s e d  w a s  p r o d u c e d  b y  e x t r a c t i n g  h a m -
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Fig. 1—La Parm igina la b o ra to r y  m o d e l  p a s ta  ex tru d e r .

m e r -m il le d  b r e w e r s  y e a s t  w i t h  a q u e o u s  s o d iu m  h y d r o x i d e  p H  1 2 .5 ,  
t h e n  p r e c ip i t a t i n g  t h e  s o lu b i l i z e d  y e a s t  p r o t e i n  w i th  h e a t  ( 9 0 ° C )  a t  p H
4 .0 .  T h e  p r o t e i n  w a s  s p r a y  d r ie d .

P a s ta  p r o d u c t i o n

T h e  p a s ta  w a s  p r o d u c e d  in  t h e  f o r m  o f  e lb o w  m a c a r o n i ,  u s in g  
d u r u m  s e m o l in a  a s  t h e  b a s e ,  T h e  s e m o l in a  w a s  a  U .S .  s o u r c e  f r o m  
N o r t h  D a k o ta  d u r u m  w h e a t  m i l le d  in  M in n e a p o l i s ,  M N . T h e  c o n t r o l  
p a s ta  ( 1 0 0 %  s e m o l in a )  w a s  p r o d u c e d  b y  a d d in g  4 7  m l  w a te r  t o  1 5 0 g  o f  
s e m o l in a  (1 4 %  m o i s tu r e ) ,  m ix in g  in  a  H o b a r t  K i tc h e n  A id  M ix e r  M o d e l  
K 4 5  f o r  15 m in  a n d  t h e n  e x t r u d e d  in  a  L a  P a rm ig in a  l a b o r a t o r y  m o d e l  
p a s ta  e x t r u d e r  (F ig .  1 ) . T h e  e x t r u s io n  d ie  w a s  b r a s s  a n d  t h e  in d iv id u a l  
n o z z l e s  h a d  in n e r  d i a m e te r s  o f  3 .8 1  m m  a n d  o u t e r  d i a m e te r s  o f  5 .0 8  
m m .  W h ile  t h e  p a s t a  w a s  b e in g  e x t r u d e d  f r o m  t h e  d i e ,  r o o m  a i r  w a s  
b lo w n  o v e r  t h e  p r o d u c t  t o  s u r f a c e  d r y  t h e  p r o d u c t .  T h e  m a c a r o n i  w a s  
t h e n  p la c e d  in  a  c a b i n e t  e q u i l i b r a t e d  t o  3 3 ° C  a n d  9 5 %  re la t iv e  
h u m i d i t y .  O v e r  a  t i m e  p e r io d  o f  2 4  h r  t h e  r e la t iv e  h u m i d i t y  w a s  s lo w ly  
lo w e re d  to  6 5 % . A f t e r  2 4  h r ,  t h e  p r o d u c t  w a s  r e m o v e d  f r o m  th e  
c a b i n e t  a n d  a l lo w e d  to  e q u i l i b r a t e  t o  r o o m  t e m p e r a t u r e  ( 2 3 ° C )  a n d  
r e la t iv e  h u m id i ty  ( 4 5 - 5 5 % )  f o r  a n  a d d i t i o n a l  2 4  h r .  A f t e r  d r y in g ,  t h e  
p r o d u c t  w a s  s to r e d  in  p la s t i c  b a g s  a t  r o o m  t e m p e r a t u r e .  T h e  f in a l  
m o is tu r e  c o n t e n t  w a s  o f  t h e  o r d e r  o f  7 - 8 %  o n  t h e  d r y  b a s is .

F o r t i f i e d  p a s t a  p r o d u c t s  w e re  m a d e  u s in g  s e m o l in a  a s  t h e  b a s e  a n d  
r e p la c in g  a  p o r t i o n  o f  t h e  s e m o l in a  w i t h  t h e  p r o t e i n  s o u r c e .  E a c h  p r o 
t e i n  s o u r c e s  w a s  a d d e d  a t  t h r e e  r e p l a c e m e n t  le v e ls  ( 6 . 6 6 ,  1 3 .3 3 ,  2 0 % ) .  
T h e  a m o u n t  o f  w a t e r  a d d e d  to  t h e  s e m o l in a - p r o te in  m i x t u r e  w a s  a ls o  
v a r ie d  s o  t h a t  a l l  d o u g h s  w o u ld  h a v e  t h e  s a m e  c o n s i s te n c y  p r io r  t o  e x 
t r u s io n .  T h i s  c o n s i s t e n c y  is  b e s t  d e s c r ib e d  a s  “ s o f t  d o u g h  p a r t i c l e s ”
2 —3 m m  in  d i a m e t e r  t h a t  w e r e  m o i s t  t h r o u g h o u t .  T h e  a p p e a r a n c e  a n d  
t e x t u r e  o f  t h e  m a c a r o n i  b e in g  e x t r u d e d  f r o m  t h e  d ie  w a s  a ls o  n o t e d  f o r  
e a c h  p r o t e i n  s o u r c e  a t  e a c h  le v e l t e s t e d .

M o is tu r e  a n d  p r o t e i n  a n a ly s e s

A l l  m o i s tu r e  a n d  K je ld a h l  p r o t e i n  a n a ly s e s  w e re  p e r f o r m e d  a c c o r d 
in g  to  th e  A O  A C  ( 1 9 7 5 )  p r o c e d u r e s .  T h e  K je ld a h l  f a c t o r  o f  5 .7  w a s  
u s e d  f o r  c o n t r o l  p a s t a ,  a  f a c t o r  o f  6 . 3 8  w a s  u s e d  f o r  n o n f a t  d r y  m i lk

a n d  w h e y  a n d  a  f a c to r  o f  6 .2 5  w a s  u s e d  f o r  a ll  p a s t a s  c o n ta in in g  a d d e d  
p r o t e in  a s  w e ll  a s  t h e  y e a s t  p r o t e i n  c o n c e n t r a t e ,  t h e  s o y  p r o t e i n  p r o d 
u c e  a n d  t h e  d r y  e d ib le  b e a n  p r o t e in  c o n c e n t r a t e .

S e n s o ry  e v a lu a t io n

T h e  s e n s o ry  p r o p e r t i e s  o f  c c l o r ,  a r o m a ,  t e x t u r e  a n d  f la v o r  w e re  
m e a s u r e d  o n  a ll  p a s t a  p r o d u c t s  u s in g  a  f iv e  m e m b e r  t r a i n e d  p a n e l .  T h e  
s e n s o ry  p a n e l  c o n s i s te d  o f  tw o  m a le s ,  a g e s  2 2  a n d  3 3 ,  a n d  th r e e  f e 
m a le s ,  a g e s  2 2 ,  2 3  a n d  3 2 .  A ll p a n e l i s t s  w e re  c o n s id e r e d  a v e ra g e  c o n 
s u m e r s  o f  p a s t a .  T w o  '. r a in in g  s e s s io n s  w e re  h e ld  w h e r e  “ p a s t a  c o l o r  ,”  
t e x t u r e ,  f l a v o r  a n d  a r o m a  w e re  d i s c u s s e d  a n d  q u a n t i f i e d  u s in g  k n o w n  
s a m p le s .  T w o  p a n e l i s t s  w e re  e l im in a t e d  f r o m  a n  in i t i a l  s e v e n  d u r in g  t h e  
t r a in in g  s e s s io n s .  T h e  f iv e  r e m a in in g  p a n e l i s t s  w e re  u s e d  o n  a ll  s u c c e s 
s ive  p a n e l s  a n d  w e re  c o n s id e r e d  g o o d  p a s t a  ju d g e s .  F o u r  s a m p le s  w e re  
s e rv e d  h o t  o n  a  w a rm in g  t r a y  t o  t h e  p a n e l i s t s  a t  o n e  t im e .  T h e  t a s t e  
p a n e l  r o o m  c o n s is te d  o f  in d iv id u a l  b o o t h s  f o r  t h e  p a n e l i s t s .  T h e  b a l l o t  
u s e d  f o r  s e n s o ry  e v a lu a t io n  w a s  b a s e d  o n  a  s e v e n -p o in t  h e d o n ic  s c a le ,  
w i th  1 b e in g  p o o r  a n d  7 b e in g  e x c e l l e n t  f o r  c o lo r ,  a r o m a  a n d  f la v o r .  A 
s c c r e  o f  7  i n d i c a t e d  a  b r ig h t  a m b e r  c o lo r  o f  p a s t a .  T e x t u r e  a ls o  u s e d  a  
s e v e n -p o in t  s c a le  w i th  1 b e in g  a  m u s h y  a n d  7 b e in g  a  r u b b e r y  t e x t u r e .  
A n  a n a ly s is  o f  v a r ia n c e  w a s  u s e d  to  d e t e r m i n e  th e  s ig n i f ic a n c e  
(P  <  0 .0 5 )  o f  a n y  d i f f e r e n c e s  n o t e d  in  t h e  s e n s o ry  s c o re s .

T e x t u r a l  p r o p e r t i e s

S e v e ra l  d i f f e r e n t  t e s t s  w e re  r u n  o n  e a c h  o f  t h e  p a s t a  p r o d u c t s  b o t h  

in  t h e  c o o k e d  a n d  u n c o o k e d  f o r m .  T h e  s p e c im e n  p r e p a r a t i o n  c o n s i s te d  
o f  b o i l in g  t h e  p a s t a  f o r  1 2  m in  ju s t  p r io r  t o  te s t in g .

T e s t s  w e r e  r u n  o n  m a c a r o n i  b y  p la c in g  a  s in g le  m a c a r o n i  o n  t h e  lo a d  
c e ll o f  a n  I n s t r o n  t e s t in g  m a c h in e  a n d  c u t t i n g  w i th  b o t h  a  %  in c h  s q u a r e  
m e ta l  b a r  i n d e n t e r  a n d  a  b l u n t e d  6 0 °  w e d g e - ty p e  m e ta l  i n d e n t e r .  T h e  
lo a d in g  r a t e  w a s  1 0  m m /m i n .  T h e  f o r c e - d e f o r m a t i o n  c u rv e s  w e re  r e 
c o r d e d  a n d  t h e  to u g h n e s s  o f  e a c h  s p e c im e n  w a s  d e t e r m i n e d  w i t h  a n  
i n t e g r a t o r .  A  s e r ie s  o f  c r e e p  t e s t s  w e re  a lso  r u n  o n  t h e  d i f f e r e n t  p a s t a  
p r o d u c t s .  T h i s  t e s t  c o n s i s te d  o f  lo a d in g  5 m a c a r o n i s ,  e a c h  15  m m  in  
l e n g th  a lo n g  t h e  n e u t r a l  a x is ,  w i th  a  7 5 0  g ra m  d e a d  lo a d  f o r  4  m in  a n d  
th e n  u n lo a d in g .  T h e  lo a d in g  a n d  a p p r o x i m a t e l y  1 m in  o f  t h e  u n lo a d in g  
c u rv e s  w e re  r e c o r d e d .

T h e  m a c a r o n i  w a s  t e s t e d  im m e d ia t e ly  a f t e r  1 2  m in  o f  b o i l in g ;  h o w 
e v e r ,  d u r in g  t h e  a c t u a l  t e s t s  n o  a t t e m p t  w a s  m a d e  to  k e e p  t h e  p r o d u c t  
w a rm  o r  m o i s t .  E a c h  t e s t  w a s  r e p e a t e d  f iv e  t im e s  a n d  a ll  d a t a  w e re  
s u b je c te d  to  C h a u v e n e t ’s c r i t e r io n  f o r  r e j e c t i o n  o f  d a t a  ( H e t e n y i ,
1 9 5 0 ) .

D a ta  a n d  A n a ly s is

T h e  r u p t u r e  f o r c e  a n d  to u g h n e s s  v a lu e s  w e re  o b t a i n e d  f r o m  th e  
f o r c e - d e f o r m a t i o n  c u rv e s .  T h e  r u p t u r e  f o r c e  w a s  t a k e n  a s  t h e  p e a k  
f o r c e  o n  t h e  f o r c e - d e f o r m a t i o n  c u rv e  a n d  to u g h n e s s  w a s  t h e  w o r k  r e 
q u i r e d  to  c a u s e  r u p t u r e ,  i .e . ,  t h e  a re a  u n d e r  t h e  f o r c e - d e f o r m a t i o n  c u rv e  
u p  t o  t h e  p o i n t  o f  r u p t u r e .  T h e  r u p t u r e  f o r c e s  a re  r e p o r t e d  in  N e w t o n s  
(N )  a n d  to u g h n e s s  is  g iv e n  in  k i lo g r a m - m e te r s  ( k g - m ) .  T h e  c r e e p  t e s t  
g av e  a  d e f o r m a t i o n  v e r s u s  t im e  d ia g ra m  f r o m  w h ic h  a c t u a l  c r e e p  c u rv e s  
w e re  d r a w n .  T h r e e  d i f f e r e n t  v a lu e s  w e re  t a k e n  f r o m  th e s e  c u rv e s ,  t h e  
p e r c e n t  r e c o v e r y  15 a r .d  3 0  s e c  a f t e r  t h e  lo a d  w a s  r e m o v e d  a n d  t h e  
s t r a in - a x is  i n t e r c e p t  c o r r e s p o n d in g  to  a  t a n g e n t  a t  t h e  p o i n t  o f  c o n s t a n t  
c r e e p .

T h is  a n a ly s is  u s e d  m u l t i p l e  r e g r e s s io n  a n d  t h e  a n a ly s i s  o f  v a r ia n c e  
(B a r r  a n d  G o o d n ig h t ,  1 9 7 2 ) .  A n  a n a ly s i s  o f  v a r ia n c e  w a s  u s e d  to  
d e t e r m in e  w h e th e r  t h e  t a s t e  p a n e l ’s e v a l u a t io n  o r  a n y  o f  t h e  m e c h a n ic a l  
m e a s u re s  o f  t e x t u r e  w e re  s e n s i t iv e  e n o u g h  to  d e t e c t  d i f f e r e n c e s  b e 
tw e e n  p r o t e i n  s o u r c e s  a n d  le v e ls  o f  s u b s t i t u t i o n .  M u l t ip le  r e g r e s s io n  
a n a ly s e s  w e r e  r u n  o n  v a r io u s  c o m b in a t io n s  o f  t h e  p h y s ic a l  a n d  in 
g r e d ie n t  p r o p e r t i e s  w i t h  t h e  s e n s o ry  p a n e l ’s e v a l u a t io n  o f  t e x t u r e  a s  t h e  
d e p e n d e n t  v a r ia b le .  B e s id e s  t h e  r u p t u r e ,  to u g h n e s s  a n d  c r e e p  p a r a m 
e t e r s ,  t h e  a m o u n t  o f  w a te r  a d d e d  in  t h e  p a s ta  m ix e s ,  t h e  p r o t e i n  c o n 
t e n t ,  q u a d r a t i c  a n d  c e r ta in  i n t e r a c t io n s  a n d  th e  c o m m o n  lo g a r i t h m  o f  
t h e  m e c h a n ic a l  p r o p e r t i e s  w e re  c o n s id e r e d  in  t h e  r e g r e s s io n .  A f t e r  s o m e  
in i t i a l  a n a ly s e s  a n d  t h e n  c a r e f u l  c o n s id e r a t i o n  o f  t h e  p r o p e r t i e s ,  t h e  
p a r a m e te r s  c o n s id e r e d  in  t h e  f in a l  a n a ly s i s  w e re  a s  g iv e n  in  T a b le  1 . 
T o  c o m p l im e n t  t h e  r e g r e s s io n  a n a ly s is  a n  a n a ly s is  o f  v a r ia n c e  w a s  p e r 
f o r m e d  o n  t h e  p a r a m e te r s  c o n s id e r e d  in  t h e  r e g r e s s io n .

RESULTS & DISCUSSION
T H E  A D D IT IO N  o f  th e  v a r io u s  p r o te in  so u rc e s  to  th e  b a s ic  
p asta  fo r m u la t io n  y ie ld e d  d ry  e lb o w  m a c a ro n i p r o d u c ts  
ran gin g  in  p r o te in  c o n te n t  fr o m  14 .1  to  2 9 .4 %  (T a b le  2 ) ,  as 
co m p a r ed  to  a 13 .5%  p r o te in  c o n te n t  fo r  th e  c o n tr o l  p a s ta .  
T h e  a d d itio n  o f  th e  p r o te in  so u r c e s  to  th e  d u ru m  se m o lin a  
cau sed  d rastic  c h a n g e s  in  w a te r  n e e d e d  to  fo rm  th e  d o u g h
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PR O PER T IE S  O F  PRO TE IN/W H EY-FO RT IF IED  PASTA  . . .

T a b le  1 —P a r a m e te r s  c o n s id e r e d  in  th e  f in a l r e g r e s s io n  a n a ly s is

Parameter3 Description

Texture score

Frcb (N), F rcb, Frcb, log Frcb

Tcb (kg - m X 10-4 ), T |b , log T cb

C].15 (decimal), CJ, 5, log C]., 5

H jO  (gs H20/150g of pasta mix) 
PP (percent protein)

Sensory panel evaluation of texture 
Rupture force of cooked macaroni 

loaded with square bar 
Toughness of cooked macaroni 

loaded with square bar 
Percent recovery 15 sec after creep 

load was removed 
H2 0  added to pasta mix 
Protein content of macaroni

a T h e  s u p e r s c r ip t s  i n d ic a te  t h a t  t h e  in i t ia l  p a r a m e te r ,  i .e . ,  F r c b  w a s  
s q u a r e d  (2 )  o r  c u b e d  (3 )  a n d  lo g  is a n  a b b r e v ia t i o n  f o r  t h e  c o m m o n  
lo g a r i th m  o f  t h e  r e s p e c t iv e  p a r a m e te r .

p rior  t o  e x tr u s io n . W hen s o y  g r its  at th e  20%  le v e l and s o y  
c o n c e n tr a te  at all th r e e  le v e ls  w ere  a d d ed  to  th e  se m o lin a , 
ex tra  w a te r  w a s req u ired  t o  fo r m  th e  d o u g h . A ll o f  th e  o th e r  
ad d ed  p r o te in s  r eq u ired  e q u a l o r  lo w e r  a m o u n ts  o f  w a te r  to  
form  d o u g h , w h e n  c o m p a r e d  t o  th e  c o n tr o l.  N e ith e r  th e  p r o 
te in  le v e l o f  th e  f in a l m a c a r o n i p r o d u c t , a t th e  le v e ls  t e s te d ,  
n or th e  a m o u n t o f  w a te r  in  th e  d o u g h  p r ior  t o  e x tr u s io n  s ig n if
ic a n tly  a f fe c te d  th e  c o lo r , a ro m a , f la v o r  or  te x tu r e  o f  th e  fin a l 
m a ca ro n i p r o d u c ts . Y e t  th e  a d d itio n  o f  v a r io u s  p r o te in  so u rc e s  
did  h a v e  a s ig n if ic a n t  e f f e c t  o n  o n e  or  m o r e  o f  th e  se n so r y  
p r o p e r tie s  o f  th e  p a sta  in  th a t  th e  o th e r  c o n t i tu e n t s  p r e se n t  in  
th e  p r o te in  so u r c e s , i .e . ,  c a r b o h y d r a te s , p ig m e n ts , l ip id , h a d  an  
e f fe c t  o n  f in a l p r o d u c t  c o lo r , a ro m a , fla v o r  an d  te x tu r e  
( t a b le s  3 and 4 ) .

T h e  p r o te in  so u rc e s  th a t  h a d  th e  g r ea te s t  d e tr im e n ta l e f fe c t  
o n  c o o k e d  p r o d u c t  c o lo r  w ere  Y P C , w h ic h  im p a r ted  a g o ld -  
b r o w n  c o lo r  a n d  w h e y , c o t to n s e e d  an d  B P C , w h ic h  b le a c h e d  
th e  p r o d u c t . A r o m a  an d  f la v o r  o f  th e  c o o k e d  p r o d u c t  w ere  
d ra stica lly  a f fe c te d  b y  Y P C  a n d  B P C  (T a b le  3 ) .

T e x tu r e  o f  th e  c o o k e d  m a c a ro n i, a s m e a su r ed  b y  th e  
se n so ry  p a n e l, w a s g r e a tly  a f fe c te d  b y  Y P C , B P C , an d  s o y  
grits , c rea tin g  a so f te r  m a c a r o n i an d  c o t to n s e e d  w h ic h  
to u g h e n e d  th e  m a c a r o n i (T a b le  3 , F ig . 2 ) .

T h e  var iab les in  T a b le  1 w ere  e n te r e d  in to  a s te p w is e  re
g ressio n  a n a ly sis . T h e  r eg r ess io n  e q u a t io n  fo r  th e  p r e d ic t io n  o f  
a se n so ry  p a n e l’s  e v a lu a t io n  o f  t e x tu r e  o f  p r o te in  fo r t if ie d  
p asta  p r o d u c ts  w as

Texture Score = 1.821 + 0 .4 2 1 8  Frcb + 21 .79  Cj!, 5

T h e  m e a n  v a lu es o f  F rcb a n d  C r , s an d  a c o m p a r iso n  o f  th e  
a c tu a l versu s p r e d ic te d  te x tu r e  s c o r e s  are s h o w n  in  T a b le  5 . 
T h e  F va lu es fo r  th e  e n te r in g  v a lu e s  s h o w e d  th a t  a fter  th e  first  
tw o  variab les w ere  in  s o lu t io n  th e  res t  o f  th e  v a r ia b les d id  n o t  
c o n tr ib u te  s ig n if ic a n t ly  t o  e x p la in in g  th e  v a r ia tio n  in  th e  t e x 
tu re  sc o r e . T h e  v a lu e  o f  R 2 w a s  0 .6 7  an d  th e  sta n d a rd  error o f  
th e  e s t im a te  w a s 0 .5 4 3 .  F ig u re  3  s h o w s  th e  te x tu r e  r e sp o n se  
su rfa ce  as a fu n c t io n  o f  F rcb a n d  C r , 5 . T h e  su r fa c e  w as  
p lo t te d  u s in g  a F O R T R A N  p ro g ra m  c a lle d  P L O T 3 D  (S c h w a r z  
and H eik e s).

A  lo o k  at th e  r es id u a ls  o f  th e  r eg r ess io n  e q u a t io n  an d  th e  
p lo ts  o f  te x tu r e  s c o r e , F rcb an d  Cr , 5 v ersu s le v e l  o f  p r o te in  
su b s t itu t io n  in  F ig u res  2 ,  4  an d  5 led  t o  an  a n a ly s is  o f  vari
an ce . T h e first a n a ly s is  o f  v a r ia n ce  c o n s id e r e d  o n ly  th e  p r o te in  
so u rc e , q u a n t ity  o f  p r o te in  a d d e d  a n d  th e  so u r c e -q u a n t ity  
in te r a c t io n . T h is  a n a ly s is  s h o w e d  th a t th e  so u r c e  and n o t  th e  
q u a n tity  o f  p r o te in  g e n e ra lly  r e f le c te d  m o r e  o f  th e  d if fe r e n c e s  
in  th e  se n so r y  p a n e l ’s e v a lu a t io n  o f  t e x tu r e .  T h e  se n so r y  
p a n e l’s r e sp o n se  t o  q u a n t ity  d e p e n d e d  o n  th e  so u r c e . S o m e  
s ig n ifica n t in te r a c t io n s  in d ic a te d  th a t  th e  q u a n t ity  o f  p r o te in  
ad d ed  m a y  o r  m a y  n o t  e f fe c t  th e  se n so r y  p a n e l’s e v a lu a t io n  
and th is  in c r e a se  in  th e  le v e l  m a y  or  m a y  n o t  in c re a se  th e  ta s te  
p an el sc o r e . R e v ie w in g  T a b le  4  sh o w s  th a t  th e  ta s te  p a n e l w a s

T a b le  2 —L e v e l  o f  r e p la c e m e n t ,  q u a n t i t y  o f  w a te r  n e e d e d  a n d  th e  

f in a l p r o t e i n  c o n t e n t  o f  c o n t r o l  a n d  p r o t e i n  f o r t i f i e d  p a s ta

Protein source

Level of 
replacement 

(%)

Water added per 
150g semolina- 
protein mixture 

(ml)

Protein content 
of dry pasta 

(%)

Control - 47 13.5

BPC—Bean protein 6.7 30 18.2
cone 13.3 26 23.6

20.0 23 28.4

YPC—Yeast protein 6.7 44 16.9
cone 13.3 39 19.9

20.0 36 22.0

Cottonseed 6.7 45 16.8
13.3 40 19.8
20.0 35 22.7

Whey 6.7 40 14.1
13.3 35 14.4
20.0 32 14.7

NFDM —Nonfat dry 6.7 30 15.4
milk 13.3 29 16.8

20.0 31 18.3

Soy grits 6.7 47 16.5
13.3 46 19.1
20.0 50 21.7

Soy cone 6.7 60 17.8
13.3 65 21.6
20.0 68 25.5

Soy isolate 6.7 35 19.0
13.3 40 24.2
20.0 45 29.4

T a b le  3 —S e n s o r y  s c o r e s  f o r  c o n t r o l  a n d  f o r t i f i e d  p a s ta  p r o d u c t s

Level of
Protein
source

replacement
<%) Color Aroma Texture Flavor

Control - 5.2 4.7 4.2 4.0

BPC 6.7 4.6 4.8 4.6 5.0
13.3 4.8 4.2 3.0 3.4
20.0 3.2 4.4 2.4 2.8

YPC 6.7 2.2 2.8 2.8 3.0
13.3 2.0 2.2 3.0 2.0
20.0 1.2 1.3 1.8 1.8

Cottonseed 6.7 5.0 5.4 4.2 5.0
13.3 3.4 4.4 5.0 4.2
20.0 2.0 4.4 5.6 3.8

Whey 6.7 3.8 5.0 4.6 4.0
13.3 3.8 5.0 4.4 5.0
20.0 3.8 5.4 4.6 5.8

NFDM 6.7 5.2 4.7 4.0 3.8
13.3 5.2 4.7 3.0 4.0
20.0 5.2 4.7 3.2 5.0

Soy grits 6.7 5.2 4.8 3.7 4.8
13.3 4.5 4.7 3.7 4.3
20.0 4.7 4.2 3.0 3.8

Soy cone 6.7 5.3 5.0 4.0 4.2
13.3 4.7 5.3 4.7 3.8
20.0 5.0 5.3 4.2 4.0

Soy isolate 6.7 5.0 5.0 4.3 4.8
13.3 5.9 5.7 4.7 5.2
20.0 5.8 4.7 4.7 4.7
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T a b le  4 —A n a ly s i s  o f  v a r ia n c e  ta b le

Source of 
Variance

Texture
Score ^rcb Cri s

d.f. M.S. d.f. M.S. d.f. M.S.

Total 135 — 109 — 73 —

Source 7 9.67* 7 0.348* 7 391.6*
Quantity 2 0.770 2 0.024* 2 122.5*
Source x Quantity 14 1.56 14 0.051 * 14 26.73*
Q/BPCa 2 6.47* 2 0.0028 2 1.37
Q/COTT 2 2.47 2 0.062* 2 7.67
Q/GRIT 2 0.889 2 0.0040 2 1.32
Q/ISO 1 0.167 2 0.111* 2 94.4*
Q/NFDM 2 1.72 2 0.0013 2 76.0*
Q/SOYC 2 0.722 2 0.0057 2 0.35
Q/WHEY 2 0.067 2 0.168* 2 110.3*
Q/YPC 2 0.948 2 0.023* 2 18.2
Residual 112 1.09 86 0.0046 50 14.56

Grand Mean 3.85 0.455 14.6

a  Q /B P C  d e n o t e s  " q u a n l t y  o f  B P C "  
* S ig n i f i c a n t  a t  t h e  0 .0 5  le v e l.

g e n e r a lly  u n a b le  t o  d e te c t  d if fe r e n c e s  d u e  to  th e  q u a n t ity  o f  
p r o te in  a d d e d . H o w e v er , th e  r u p tu re  fo r c e  an d  c re ep  r e c o v e r y  
b o th  w e r e  s ig n if ic a n t ly  se n s it iv e  to  th e  q u a n t ity  a d d e d . B e 
c a u se  o f  th is ,  a s e c o n d  a n a ly s is  o f  v a r ia n ce  w a s c o n d u c te d  t o  
d e te r m in e  t h e  s e n s it iv ity  o f  th e  m e a su r ed  p a ra m eters  to  th e  
th r e e  le v e ls  o f  p r o te in  w ith in  e a c h  o f  th e  e ig h t  d if fe r e n t  
so u r c e s .

A s  h a s b e e n  fo u n d  m a n y  t im e s  in  te x tu r e  s tu d ie s , th e  d iffe r -

P e r c e n t  s e m o lin a  r e p l a c e d  by p r o t e in  s o u rc e

Fig. 2 —E f f e c t  o f  q u a n t i t y  o f  p r o t e i n  s o u r c e  p r e s e n t  o n  th e  s e n s o r y  
p a n e l's  e v a lu a tio n  o f  te x tu r e .

Fig. 3 —T e x tu r e  r e s p o n s e  s u r fa c e  in  te r m s  o f  r u p tu r e  fo r c e  a n d  a  
c r e e p  r e c o v e r y  fa c to r .

er .tia l th r e sh h o ld  fo r  th e  m e c h a n ic a l p r o p e r t ie s  w a s  fo u n d  t o  
be lo w e r  th a n  th a t  o f  th e  ta s te  p a n e l. T h e se  r esu lts  are a lso  
in c lu d e d  in  T a b le  4 . T h e  ta s te  p a n e l w a s  a b le  t o  d e te c t  d if fe r 
e n c e s  d u e  to  th e  le v e l  o f  B PC  a d d ed  b u t  w a s n o t  se n s it iv e  :o  
th e  le v e ls  o f  th e  o th e r  se v e n  so u r c e s . T h e  r u p tu re  fo r c e  w a s  
se n s it iv e  t o  th e  a m o u n ts  o f  c o t to n s e e d ,  s o y  i s o la t e ,  w h e y  a n d  
Y PC  a d d ed  w h ile  th e  c reep  r e c o v e r y  fa c to r  w a s s e n s it iv e  t o  th e  
le v e ls  o f  s o y  is o la te ,  N F D M  an d  w h e y . T h e  s e n s it iv ity  o f  b o th

T a b le  5 —R u p tu r e  f o r c e ,  c r e e p  r e c o v e r y ,  o b s e r v e d  a n d  c a lc u la te d  

t e x tu r e  s c o r e s  f o r  p r o t e i n  f o r t i f i e d  e l b o w  m a c a r o n i

Semolina

Protein
source

replaced by 
protein source

(%)

Obs
texture
score

Est
texture
score

^ r c b

(N)

C r i  s 

(%)

Cottonseed 6.67 4.20 4.31 5.74 14.46
13.33 5.00 4.65 6.62 11.34
20.00 5.60 5.26 8.05 12.29

Whey 6.67 4.60 4.83 6.91 16.29
13.33 4.40 3.83 4.41 18.96
20.00 4.60 3.62 3.13 27.97

NFDM 6.67 4.00 3.37 3.53 13.84
13.33 3.00 3.48 3.41 21.54
20.00 3.16 3.66 3.73 22.94

Soy cone 6.67 4.00 4.26 5.55 16.77
13.33 4.66 4.58 6.25 18.07
20.00 4.16 4.40 5.87 16.60

Soy grits 6.67 3.67 3.74 4.79 17.34
13.33 3.67 3.49 3.72 16.76
20.00 3.00 3.68 4.20 16.02

Soy isolate 6.67 4.33 3.72 4.33 14.73
13.33 4.66 5.24 7.60 21.39
20.00 4.66 4.77 6.10 25.88

YPC 6.67 2.83 3.00 2.79 3.88
13.33 3.00 2.95 2.68 5.75
20.00 1.80 2.40 1.36 2.65

BPC 6.67 4.60 3.30 3.49 7.13
13.33 3.00 3.26 3.37 8.10
20.00 2.40 3.12 3.04 8.90

Control - 4.16 4.25 2.41 40.19
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P R O PER T IE S  O F  PRO TE IN/W H EY-FO RT IF IED  PASTA .

Fig. 4 —R u p tu re  fo rce  s e n s i t iv i ty  to  th e  a m o u n t o f  p r o te in  so u rce  
a d d e d  to  th e  sem olin a .

t h e  r u p t u r e  f o r c e  a n d  c r e e p  r e c o v e r y  f a c t o r  t o  t h e  l e v e l s  o f  s o y  
i s o l a t e  a n d  w h e y  i s  w h a t  m a d e  t h e  o v e r a l l  q u a n t i t i e s  s e n s i t i v e .  

O t h e r  t h a n  s h o w i n g  w h i c h  s o u r c e s  o f  p r o t e i n  c o n t r i b u t e d  t o  

t h e  o v e r a l l  s i g n i f i c a n c e  o f  t h e  q u a n t i t y  o f  p r o t e i n  a d d e d ,  l i t t l e  

c a n  b e  d e r i v e d  f r o m  t h e  a n a l y s i s  b e c a u s e  i t  d o e s  n o t  n e c e s s a r i l y  

s u p p o r t  t h e  t r e n d s  p r e v i o u s l y  d i s c u s s e d .

C O N C L U S IO N S

T H E  F O R T I F I C A T I O N  o f  d u r u m  w h e a t  s e m o l i n a  w i t h  h i g h  
q u a l i t y  p r o t e i n  s o u r c e s  a n d  s o u r c e s  r i c h  i n  p r o t e i n  r e s u l t e d  i n  
p a s t a  p r o d u c t s  e x h i b i t i n g  d i f f e r e n c e s  i n  t e x t u r e  a s  e v a l u a t e d  

b y  a  t r a i n e d  s e n s o r y  p a n e l .  A  f a i r l y  g o o d  c o r r e l a t i o n  w a s  o b 
t a i n e d  w h e n  t w o  m e c h n i c a l  p r o p e r t i e s  w e r e  u s e d  t o  p r e d i c t  t h e  
s e n s o r y  p a n e l ’s  e v a l u a t i o n  o f  t e x t u r e .  A  r e g r e s s i o n  a n a l y s i s  a n d  

t h e n  a n  a n a l y s i s  o f  v a i a n c e  i n d i c a t e d  t h a t  t h e  s o u r c e  o f  p r o t e i n  
w a s  m o r e  d e t e c t a b l e  t h a n  t h e  l e v e l  o f  f o r t i f i c a t i o n  t o  t h e  s e n 

s o r y  p a n e l .  T h e  m e c h a n i c a l  p r o p e r t i e s  w e r e  g e n e r a l l y  s e n s i t i v e  
t o  b o t h  s o u r c e  a n d  l e v e l .  E v i d e n t l y  t h e  s e n s o r y  p a n e l  w a s  m o r e  
s e n s i t i v e  t o  s u b s t a n c e s  i n  t h e  p r o t e i n  s o u r c e  o t h e r  t h a n  t h e  

p r o t e i n  c o m p o n e n t s .
T h e s e  r e s u l t s  i n d i c a t e  t h a t  t o  o b t a i n  a n  a c c e p t a b l e  p r o t e i n  

f o r t i f i e d  p a s t a  p r o d u c t ,  t h e  g r e a t e s t  c o n c e r n  s h o u l d  b e  t h e  
s e l e c t i o n  o f  t h e  s o u r c e ,  a n d  n o t  t h e  d e t r i m e n t a l  e f f e c t s  d u e  t o  
t h e  l e v e l  o f  f o r t i f i c a t i o n ,  f o r  t h e  l a t t e r  a r e  i n s i g n i f i c a n t .

Fig. 5 —C reep fa c to r  s e n s i t iv i ty  to  th e  a m o u n t o f  p r o te in  so u rce  
a d d e d  to  th e  sem olin a .
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ON THE APPLICATION OF FICK'S LAW FOR THE
A IR  DRY ING  OF FOODS

KINETIC A N A LYSIS  OF

-----------------------------------------  A B S T R A C T  ------------------------------------------

A n a ly s is  o f  l i t e r a t u r e  d a t a  o n  a i r  d r y in g  o f  f o o d s  d u r in g  t h e  f i r s t  f a l l in g  
r a t e  p e r io d ,  s h o w e d  t h a t  t h e  t h ic k n e s s  d e p e n d e n c e  o f  d r y in g  r a t e  is 
s o m e w h a t  l o w e r  t h a n  is  p r e d i c t e d  b y  F i c k ’s la w .  A n  e x p la n a t io n  b a s e d  
o n  h e a t  t r a n s f e r  e f f e c t s  is  p r o p o s e d  to  e x p la in  t h i s  “ a n o m a l y ”  a n d  a  
q u a n t i t a t i v e  m o d e l  w a s  a c c o r d in g ly  d e v e l o p e d .  T h e  m o d e l  w a s  t e s t e d  
w i th  e x p e r i m e n t a l  d a t a  o n  s u g a r  b e e t  r o o t  d r y in g  a n d  a n  e x c e l l e n t  
a g r e e m e n t  w a s  n o w  f o u n d  b e tw e e n  t h e o r e t i c a l  ( F i c k ’s la w )  a n d  e x p e r i 
m e n ta l  t h i c k n e s s  d e p e n d e n c e  o f  d r y in g  r a t e .

IN T R O D U C T IO N

R E C E N T L Y ,  w e  h a v e  s h o w n  t h a t  F i c k ’s  l a w  o f  d i f f u s i o n ,  i n  
t e r m s  o f  m o i s t u r e  g r a d i e n t ,  m a y  b e  u s e d  t o  p r e d i c t  a v e r a g e  
d r y i n g  t i m e s  a n d  m o i s t u r e  d i s t r i b u t i o n s  d u r i n g  t h e  f i r s t  f a l l i n g  
r a t e  p e r i o d  o f  s u g a r  b e e t  r o o t  d r y i n g  ( V a c c a r e z z a  e t  a l . ,  

1 9 7 4 a ) .  I t  w a s  a l s o  s h o w n  ( V a c c a r e z z a  e t  a l . ,  1 9 7 4 b )  t h a t  a n  
i m p r o v e d  a n a l y s i s  t h r o u g h  F i c k ’s  l a w  w a s  p o s s i b l e  w h e n  t h e  

e f f e c t  o f  c h a n g i n g  s a m p l e  t e m p e r a t u r e  w a s  c o n s i d e r e d .  F i n a l l y ,  
a  s i m p l i f i e d  w a t e r  t r a n s p o r t  m e c h a n i s m  b a s e d  o n  l i q u i d  d i f f u 
s i o n  w a s  p r o p o s e d  f o r  t h e  f i r s t  f a l l i n g  r a t e  p e r i o d  o f  s u g a r  b e e t  

r o o t  d r y i n g  ( V a c c a r e z z a  a n d  C h i r i f e ,  1 9 7 5 ) .  T h i s  w o r k  p r e 
s e n t s  t h e  r e s u l t s  o f  f u r t h e r  a n a l y s i s  o f  d r y i n g  d a t a  i n  t h e  f i r s t  
f a l l i n g  r a t e  p e r i o d  o f  s u g a r  b e e t  r o o t  d r y i n g ,  a n d  o f  f o o d s  i n  

g e n e r a l .  T h e  a n l a y s i s  i s  c o n c e r n e d  w i t h  t h e  a b i l i t y  o f  F i c k ’s  
l a w  f o r  p r e d i c t i n g  t h e  i n f l u e n c e  o f  s a m p l e  t h i c k n e s s  o n  d r y i n g  
r a t e  o f  f o o d  d e h y d r a t i o n .

T H E O R Y

S O L U T IO N  o f  F i c k ’s la w  f o r  o n e - d im e n s io n a l  t r a n s p o r t  c o n s id e r in g  
in i t i a l  u n i f o r m  m o i s tu r e  d i s t r i b u t i o n  a n d  n e g lig ib le  e x t e r n a l  m a s s  t r a n s 
f e r  r e s i s ta n c e ,  y ie ld s  t h e  w e ll  k n o w n  e x p r e s s io n ,

W *
W - W e

W 0 - W e

8  ~  1 

"tr2 i = b  ( 2 i  +  l ) 2
„2 D07r -----

L 2 1
(1 )

w h e re ,  L  =  th i c k n e s s  o f  t h e  s la b ;  W = m o i s tu r e  c o n t e n t ,  d r y  b a s is ;  W Q = 
in i t i a l  m o i s t u r e  c o n t e n t ,  d r y  b a s is ;  W e  =  e q u i l ib r iu m  m o i s tu r e  c o n t e n t ,  
d ry  b a s is ;  B =  d r y in g  t i m e ;  a n d  D  =  d i f f u s io n  c o e f f i c i e n t .

F o r  W * <  0 .6  E q  ( 1 )  r e d u c e s  t o :

8
W * =  —  e x p (-7 r2 D 0 / L 2 ) ( 2 )

!T2

C o n s e q u e n t ly ,  a  s t r a ig h t  J i n e  s h o u ld  b e  o b t a i n e d  w h e n  p l o t t i n g  th e  
e x p e r im e n ta l  d a t a  a s ,  In  W * v e rs u s  t im e .  F u r t h e r ,  t h e  s lo p e ,  s ,  o f  t h e  
e x p e r im e n ta l  s t r a ig h t  l in e s  s h o u ld  b e  a  f u n c t i o n  o f  t h e  s q u a r e  o f  t h e  
t h ic k n e s s ,  f o r  E q  ( 2 )  t o  b e  s a t i s f i e d .

A l th o u g h  s e v e ra l  a u t h o r s  h a v e  u t i l i z e d  E q  ( 2 )  f o r  c a l c u la t in g  d i f f u 
s io n  c o e f f i c i e n t s  f r o m  d r y in g  d a t a  in  t h e  f i r s t  f a l l in g  r a t e  p e r io d  o f  
f o o d s  d r y in g  ( J a s o n ,  1 9 5 8 ;  S a r a v a c o s  a n d  C h a r m ,  1 9 6 2 ;  S a la s  a n d  
L a b u z a ,  1 9 6 8 ;  L a b u z a  a n d  S im o n ,  1 9 7 0 ;  C h i r i f e ,  1 9 7 1 ;  V a c c a re z z a  e t  
a l . ,  1 9 7 4 a ) ,  t h e  t h i c k n e s s  d e p e n d e n c e  o f  t h e  e x p e r im e n ta l  s lo p e ,  s ,  w a s  
n o t  a lw a y s  in v e s t i g a t e d .  I n s t e a d  a  ( t h i c k n e s s ) 2 r e l a t i o n s h ip  w a s  
a s s u m e d .  I f  w e  s u p p o s e  a  t h i c k n e s s  d e p e n d e n c e  o f  t h e  t y p e ,

s -  L*n  ( 3 )

b y  p l o t t i n g  lo g  s v e r s u s  lo g  L  t h e  v a lu e  o f  n m a y  b e  a d e q u a t e l y  c a l c u 
la te d  a n d  c o m p a r e d  t o  t h e  e x p e c t e d  t h e o r e t i c a l  v a lu e ,  n  =  2 .  V a c c a re z z a

( 1 9 7 5 )  f o r  s u g a r  b e e t  r o o t  d r y in g ,  a n d  J a s o n  ( 1 9 5 8 )  fo r  f is h  m u s c l e ,  
u t i l i z e d  th i s  p r o c e d u r e  f o r  e v a lu a t in g  n  f r o m  e x p r e s s io n  ( 3 ) .  B o th  
a u t h o r s  r e p o r t e d  v a lu e s ,  w h ic h  a l t h o u g h  c lo s e  to  2  w h e r e  s o m e w h a t  
lo v /e r ,  b e in g  1 .8 0  f o r  s u g a r  b e e t  r o o t  a n d  1 .8 5  f o r  f is h  m u s c l e .  N e v e r 
th e le s s ,  t h e  v a lu e  n  =  2  w a s  a d o p t e d  d u e  t o  t h e  la c k  o f  a n  a d e q u a t e  
t h e o r e t i c a l  e x p la n a t io n  a t  t h a t  t im e  a n d  s in c e  t h e  d i f f e r e n c e  w a s  n o t  
r e le v a n t .  S a r a v a c o s  a n d  C h a r m  ( 1 9 6 2 )  u s in g  a  s o m e w h a t  le ss  r i g o r o u s  
s ta t i s t i c a l  p r o c e d u r e ,  r e p o r t e d  a  ( t h i c k n e s s ) 2 d e p e n d e n c e  f o r  t h e i r  
e x p e r im e n t s  o n  p o t a t o  s la b  d ry in g .  T h e y  p l o t t e d  8  ( t i m e  t o  d r y  b e 
tw e e n  s p e c i f i e d  m o i s tu r e  v a lu e s )  v e rs u s  ( L ) 2 , a n d  f o u n d  a  s t r a ig h t  l in e  
w h ic h  w a s  c o n s id e r e d  a  p r o o f  o f  t h e  v a l id i ty  o f  t h e  ( t h i c k n e s s ) 2 d e 
p e n d e n c e  p r e d i c t e d  b y  E q  ( 2 ) .  F lo w e v e r ,  t h e  s t r a ig h t  l in e  so  o b t a i n e d  
s h o u ld  p a s s  t h r o u g h  t h e  o r ig in  a c c o r d in g  to  t h i s  w a y  o f  p lo t t i n g .  B y  
in s p e c t in g  t h e  p l o t  r e p o r t e d  b y  t h e m ,  i t  c a n  b e  s e e n  t h a t  i t  is  n o t  s o . 
C o n s e q u e n t ly ,  w e  r e p r o c e s s e d  th e _ r  d a t a  a c c o r d in g  to  e x p r e s s io n  ( 3 )  f o r  
c a l c u la t in g  t h e  c o r r e c t  v a lu e  o f  n .  L in e a r  r e g r e s s io n  a n a ly s is  w a s  e m 
p lo y e d  a n d  a  v a lu e  o f  n  =  1 .4 1  w a s  o b ta in e d ,  w h ic h  is s ig n i f i c a n t ly  
lo w e r  t h a n  t h e  r e p o r t e d  v a lu e  o f  2 . T h e  m o s t  u s u a l  r e a s o n  g iv e n  in  t h e  
l i t e r a t u r e  f o r  e x p la in in g  a n  n  v a .u e  lo w e r  t h a n  2  is  t h e  e x i s t e n c e  o f  
e x t e r n a l  m a s s  t r a n s f e r  r e s i s ta n c e s  (K in g ,  1 9 6 8 ) .  T h i s  m a y  a c c o u n t —a t  
le a s t  p a r t i a l l y —f o r  t h e  d a t a  o f  S a ra v a c o s  a n d  C h a r m  ( 1 9 6 2 ) .  T h e  r e l a 
t iv e ly  lo w  a ir  v e lo c i ty  (2  m / s e c )  a n d  th ic k n e s s  r a n g e  ( 0 . 1 4 - 0 . 5 9  c m )  
u s e d  b y  th e s e  a u t h o r s  s t r o n g ly  s u g g e s t t h e  p o s s ib i l i ty  o f  e x t e r n a l  m a s s  
t r a n s f e r  r e s i s ta n c e s  (V a c c a r e z z a  e t  a l . ,  1 9 7 4 a ) .  E x t e r n a l  m a s s  t r a n s f e r  
r e s i s ta n c e s  a r e  n o t  l ik e ly ,  h o w e v e r ,  t o  e x p la in  t h e  d a t a  r e p o r t e d  b y  
V a c c a re z z a  e t  a l .  ( 1 9 7 4 )  f o r  s u g a r  b e e t  r o o t .  I n  th e s e  e x p e r i m e n t s  t h e  
a b s e n c e  o f  e x t e r n a l  m a s s  t r a n s f e r  r e s i s ta n c e s  w a s  t h e o r e t i c a l l y  (V a c 
c a r e z z a  e t  a l . ,  1 9 7 4 b )  a n d  e x p e r im e n ta l l y  v e r i f i e d .  F u r t h e r ,  r e c e n t  r e 
s u l ts  o n  a v o c a d o  s la b  d r y in g  ( A lz a m o r a ,  1 9 7 7 )  p e r f o r m e d  w i th  v e ry  
h ig h  a ir  v e lo c i t ie s  a ls o  y ie ld e d  a n  n  v a lu e  a g a in  s o m e w h a t  lo w e r  t h a n  2 . 
C o n s e q u e n t ly ,  a d i f f e r e n t  e x p la n a t io n  is  p r o p o s e d  w h ic h  is  b a s e d  o n  th e  
h e a t  t r a n s f e r  e f f e c t s  w h ic h  a c c o m p a n ie s  m a s s  t r a n s f e r  d u r in g  d r y in g .  
F o r  t h i s  p u r p o s e  a  q u a n t i t a t i v e  a n a ly s i s  is m a d e  t o  a c c o u n t  f o r  t h e  
o b s e r v e d  d i f f e r e n c e s  in  t h e  n  v a lu e s .  J a s o n  ( 1 9 5 8 ) ,  a ls o  s u g g e s t e d -  
q u a l i t a t i v e l y - t h a t  a  h e a t  e f f e c t  m a y  b e  r e s p o n s ib l e  f o r  t h e  lo w e r  v a lu e  
o f  n .

T h e  r e s u l t s  r e p o r t e d  b y  V a c c a re z z a  e t  a l .  ( 1 9 7 4 a ,  b )  a n d  V a c c a r e z z a  
( 1 9 7 5 )  w il l  b e  u t i l i z e d  to  d e v e lo p  a  m o d e l  w h ic h  is  b a s e d  o n  h e a t  

t r a n s f e r  e f f e c t s  a n d  w il l  e x p la in  t h e  a f o r e m e n t i o n e d  “ a n o m a l y . ”  A l 
t h o u g h  th e  m o d e l  is  t e s t e d  o n ly  w i th  e x p e r im e n ta l  d a t a  o n  s u g a r  b e e t  
r o o t  d r y in g ,  i t  m a y  a ls o  b e  v a lid  f o r  a i r  d r y in g  o f  o t h e r  f o o d s t u f f s .  
V a c c a re z z a  e t  a l .  ( 1 9 7 4 a )  d id  n o t  f in d  s ig n i f i c a n t  i n t e r n a l  t e m p e r a t u r e  
g r a d ie n t s  d u r in g  s u g a r  b e e t  r o o t  d r y in g ,  s o  t h e  s la b  t e m p e r a t u r e  m a y  b e  
c o n s id e r e d  t o  v a ry  w i t h  t im e  b u t  n o t  w i th  p o s i t i o n  w i th in  t h e  s la b .  T h e  
s a m p le  t e m p e r a t u r e  w a s  f o u n d  to  in c r e a s e  r a p id ly  a t  t h e  b e g in n in g  o f  
d ry in g  to w a r d s  t h e  a i r  d r y  b u lb  t e m p e r a t u r e .  H o w e v e r ,  t h e  d i f f e r e n c e  
b e tw e e n  t h e  m a te r i a l  a n d  d r y  b u lb  t e m p e r a t u r e  b e c o m e s  n e g lig ib le  o n ly  
w h e n  a b o u t  9 0 %  o f  t h e  i n i t i a l  w a te r  h a s  b e e n  e v a p o r a t e d .  B y  th i s  
r e a s o n ,  d u r in g  t h e  t im e  in te r v a l  ir. w h ic h  th e  s lo p e ,  s ,  is  e x p e r im e n ta l l y  
d e t e r m in e d ,  t h e  f o o d  t e m p e r a tu r e  is  v a ry in g  c o n t in u o u s ly  b e in g  a lw a y s  
lo w e r  t h a n  th e  a ir  d r y  b u lb  t e m p e r a tu r e .  I f ,  in  a  f i r s t  a p p r o x i m a t i o n ,  i t  
is a c c e p te d  t h a t  t h e  s lo p e ,  s ,  d e p e n d s  o n  ( t h i c k n e s s ) 2 , i t  c a n  b e  d e m o n 
s t r a t e d  (V a c c a re z z a  e t  a l . ,  1 9 7 4 b )  t h a t  f o r  m o s t  o f  t h e  f i r s t  f a l l in g  r a t e  
p e r io d  t h e  f o l l o w in g  r e l a t i o n s h ip  is v a lid :

T *
a 2 7  W

e  W 0
(4 )

w h e r e ,  T *  =  (T  -  T „ ) / ( T 0  -  T „ ) ;  0  =  h 2 A L 2 / m W j C p w D „ ;  a n d  

7  = k / [ C p w ( T _ - T 0 ) ] .
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K I N E T I C  A N A L Y S I S  O F  A I R  D R Y I N G  O F  F O O D S .  . .

S u b s t i t u t i n g  in  E q  ( 4 ) ,

T  = Ti  i  a

\  D c  rr2 m WQ W  

2 h  A  I T  W 0

H o w e v e r ,
(m Wo + ms>

A L  =  V o lu m e  = --------------------
Po

S u b s t i tu t in g  r e s u l t s ,

A Dooir2 p0 W
T  =  To.. - -------------------------

2 h (W 0  +  1) L

E q  (5 )  in d ic a te s  t h a t  f o r  a  g iv e n  a ir  d r y  b u lb  t e m p e r a t u r e ,  T oo , t h e  
s a m p le  t e m p e r a t u r e - a t  a  g iv e n  m o i s u t r e  c o n t e n t  W —o f  a  t h i n  s a m p le  
w ill b e  lo w e r  t h a n  t h a t  o f  a  t h i c k  o n e .

R E S U L T S  &  D IS C U S S IO N
w /w 0

F I G U R E  1 s h o w s  t h e  p r e d i c t e d  [ u s i n g  E q  ( 5 ) ]  s a m p l e  t e m p e r 
a t u r e  o f  t w o  s u g a r  b e e t  r o o t  s l a b s  o f  d i f f e r e n t  t h i c k n e s s  w h i l e  
b e i n g  d r i e d  a t  a n  a i r  d r y  b u l b  t e m p e r a t u r e  o f  6 7 ° C .  I t  c a n  b e  

s e e n  t h a t  t h e  t e m p e r a t u r e  o f  t h e  t h i c k e r  s a m p l e  i s  a l w a y s  
h i g h e r —i n  t h e  m o i s t u r e  r a n g e  c o n s i d e r e d —t h a n  t h a t  o f  t h e  

t h i n n e r  o n e .  T h i s  f a c t  a l l o w s  u s  t o  p r o p o s e  t h e  f o l l o w i n g  e x 
p l a n a t i o n  f o r  t h e  “ a n o m a l o u s ”  n  v a l u e s  r e p o r t e d .  T h e  t h i c k 

n e s s  d e p e n d e n c e  o f  t h e  d r y i n g  s l o p e ,  s ,  i s  c a l c u l a t e d  f r o m  d r y 

i n g  r a t e  d a t a  o f  f o o d  s a m p l e s  o f  d i f f e r e n t  t h i c k n e s s  d r i e d  a t  
t h e  s a m e  a i r  d r y  b u l b  t e m p e r a t u r e .  H o w e v e r ,  t h e  t i m e - a v e r a g e  
t e m p e r a t u r e  o f  t h e  t h i c k e r  s a m p l e s  w i l l  b e  h i g h e r  t h a n  t h a t  o f  
t h e  t h i n n e r  o n e s .  B y  t h i s  r e a s o n ,  e v e n  i f  t h e  a i r  d r y  b u l b  t e m 

p e r a t u r e  i s  k e p t  c o n s t a n t ,  t h e  m a t e r i a l  t e m p e r a t u r e  o f  t h e  d i f 

f e r e n t  s a m p l e s  w i l l  n o t  b e  t h e  s a m e .  A s  i t  w i l l  b e  s h o w n  b e l o w ,  
t h i s  p h e n o m e n o n  m a y  b e  r e s p o n s i b l e  f o r  t h e  d e c r e a s e  i n  t h e  n  
v a l u e s .

T h e  e n e r g y  b a l a n c e  m a y  b e  w r i t t e n  i n  a  s i m p l i f i e d  f o r m  
n e g l e c t i n g  t h e  s e n s i b l e  h e a t  ( V a c c a r e z z a  e t  a l . ,  1 9 7 4 b )  a s :

d m w
A h ( T o o - T )  = - \  — —  ( 6 )

□0

V a c c a r e z z a  e t  a l .  ( 1 9 7 4 a )  s h o w e d  t h a t ,

-S 0

w h e r e  a  «  1 . T h e n  i t  f o l l o w s  t h a t ,

T  =  T ,

A m W os e-*0 

2 h A

C o n s i d e r i n g  t h a t ,

i t  r e s u l t s ,

( m W o +  m s )
A  =  ----------------------

P q F

T  = T
A p 0  L W 0 s e 's® 

2 h (W 0  +  1)
( 7 )

E q  ( 7 )  a l l o w s  c a l c u l a t i o n  o f  t h e  s a m p l e  t e m p e r a t u r e  a s  a  f u n c 

t i o n  o f  d r y i n g  t i m e .
A s  m e n t i o n e d  b e f o r e ,  s  i s  p r o p o r t i o n a l  t o  t h e  d i f f u s i o n  c o 

e f f i c i e n t  w h i c h  i n  t u r n  i s  r e l a t e d  t o  t e m p e r a t u r e  ( i n  a  f i r s t  

a p p r o x i m a t i o n )  t o  ( V a c c a r e z z a  e t  a l . ,  1 9 7 4 a )

Fig. 1—P red ic tio n  o f  sa m p le  te m p e r a tu r e  o f  tw o  sugar b e e t  r o o t  
slabs o f  d if fe r e n t th ick n ess  d r ie d  a t  th e  sa m e  a ir  d r y  b u lb  te m p e r a 
ture.

D ( a t  T  =  T J  

D ( 8 )

w h e r e ,  J  D (T  =  g (0 ) ) d 0

D = 0 > ------------------------  <9 >
fl2 - 0 ,

w h e r e ,  e 2 — 0 , i s  t h e  t i m e  i n t e r v a l  i n  w h i c h  t h e  s l o p e  s  i s  
e x p e r i m e n t a l l y  d e t e r m i n e d .  W i t h  t h i s  p r o c e d u r e  i t  i s  p o s s i b l e  
t o  a c c o u n t  f o r  t h e  d i f f e r e n t  t e m p e r a t u r e s  w h i c h  p r e v a i l e d  i n  
t h e  s l a b s  o f  d i f f e r e n t  t h i c k n e s s .  C o n s e q u e n t l y ,  i n  o r d e r  t o  
a d e q u a t e l y  e v a l u a t e  t h e  t h i c k n e s s  d e p e n d e n c e  o f  s ,  w e . s h o u l d  
p l o t  l o g  ( s  f )  v e r s u s  l o g  L .  T h i s  w i l l  b e  d o n e  b y  u s i n g  t h e  
e x p e r i m e n t a l  d a t a  r e p o r t e d  b y  V a c c a r e z z a  e t  a l .  ( 1 9 7 4 a )  a n d  
V a c c a r e z z a  ( 1 9 7 5 )  f o r  s u g a r  b e e t  r o o t ,  w h i c h  m a y  b e  s u m 
m a r i z e d  a s  f o l l o w s :

T o o  =  6 7 ° C
h  = 1 . 2 1 0 " 3 c a l / s e c  c m 2 ° C
E  =  6 ,9 0 0  c a l /g  m o le
A  =  4 0  c m 2

p o  = 1 . 1  g / c m 3

W 0  = 3 . 1

T a b l e  1 s h e w s  t h e  e x p e r i m e n t a l  v a l u e s  o f  s  f o r  s u g a r  b e e t  

r o o t  s l a b s  o f  d i f f e r e n t  t h i c k n e s s  ( V a c c a r e z z a ,  1 9 7 5 ) .  I n  t h e  
s a m e  T a b l e  a r e  s h o w n  t h e  c o r r e s p o n d i n g  v a l u e s  o f  t h e  c o r r e c 
t i o n  f a c t o r s ,  / ,  c o m p u t e d  t h r o u g h  E q  ( 8 )  a n d  ( 9 ) .  I f  t h e  e x p e r i 
m e n t a l  s l o p e s —w i t h o u t  a n y  c o r r e c t i o n  f o r  h e a t  e f f e c t s —a r e  
c o r r e l a t e d  w i t h  t h i c k n e s s ,  t h e  f o l l o w i n g  e x p r e s s i o n  is  o b t a i n e d  
( V a c c a r e z z a ,  1 9 7 5 ) :

s = 9 . 9 8  1 0 ' 5 L "  ‘ -80

H o w e v e r ,  w h e n  t h e  c o r r e c t i o n  f a c t o r ,  / ,  i s  i n t r o d u c e d  a  l i n e a r  
r e g r e s s i o n  a n a l y s i s  y i e l d s  t h e  f o l l o w i n g  e x p r e s s i o n :

D  = D 0  e x p ( - E / R T ’) s =  1 . 7 3  H T 4 L ’ 1- 9 6

T h e n ,  i t  f o l l o w s  t h a t  s  i s  n o t  o n l y  a f f e c t e d  b y  L  b u t  a l s o  b y  T .  T h e  e x p o n e n t ,  n  =  1 . 9 6  i s  n o w  a l m o s t  i d e n t i c a l  t o  t h e  t h e o -  
T h i s  m a y  b e  a c c o u n t e d  f o r ,  b y  d e f i n i n g  a  f a c t o r ,  f ,  r e t i c a l  v a l u e  o f  2  p r e d i c t e d  b y  F i c k ’s  l a w .

Volume 43 (1978 Ì-JO U RN A L O F  FO O D  S C IE N C E -  237



C O N C L U S IO N S

I N  A  S E R I E S  o f  p r e v i o u s  p a p e r s  ( V a c c a r e z z a  e t  a l . ,  1 9 7 4 a ,  b ;  
V a c c a r e z z a  a n d  C h i r i f e ,  1 9 7 5 )  w e  h a v e  i n v e s t i g a t e d  t h e  v a l i d 

i t y  o f  F i c k ’s l a w  f o r  d e s c r i b i n g  t h e  d r y i n g  b e h a v i o r  o f  s u g a r  
b e e t  r o o t  i n  t h e  f i r s t  f a l l i n g  r a t e  p e r i o d .  S o m e  “ a p p a r e n t ”  

e x p e r i m e n t a l  d i s c r e p a n c i e s  w i t h  F i c k ’s  l a w ,  l i k e  t h e  v a l u e  o f  
t h e  i n t e r c e p t  o f  t h e  d r y i n g  c u r v e s  ( V a c c a r e z z a  e t  a l . ,  1 9 7 4 b )  
a n d  t h e  t h i c k n e s s  d e p e n d e n c e  o f  t h e  d r y i n g  r a t e  ( p r e s e n t  
w o r k )  h a v e  b e e n  a d e q u a t e l y  e x p l a i n e d  b y  t a k i n g  i n t o  a c c o u n t  
t h e  h e a t  t r a n s f e r  w h i c h  a c c o m p a n i e s  m a s s  t r a n s f e r .

I t  m a y  b e  c o n c l u d e d  t h a t  d e s p i t e  t h e  c o m p l i c a t e d  m i c r o 

s c o p i c  n a t u r e  o f  t h e  d r y i n g  m e c h a n i s m  o f  f o o d s ,  F i c k ’s  l a w —i n  
t e r m s  o f  m o i s t u r e  g r a d i e n t —c o n s t i t u t e s  a  v e r y  g o o d  m o d e l  f o r  
d e s c r i b i n g  t h e  d r y i n g  b e h a v i o u r  o f  s u g a r  b e e t  r o o t  d u r i n g  t h e  

f i r s t  f a l l i n g  r a t e  p e r i o d .

N O M E N C L A T U R E

A  = a r e a  o f  t h e  s la b ,  c m 2
C P w  = s p e c i f i c  h e a t  o f  w a te r ,  c a l /g  °C
D  =  d i f f u s io n  c o e f f i c i e n t  d e f in e d  b y  E q  ( 9 ) ,  c m 2 /s e c
D 0  =  c o n s t a n t ,  c m 2 /s e c
Do„ =  d i f f u s io n  c o e f f i c i e n t  e v a l u a te d  a t  t h e  a ir  d r y  b u l b  t e m p e r a t u r e ,  

c m 2 /s e c
E  =  a c t iv a t i o n  e n e r g y ,  c a l /g  m o le
h  =  h e a t  t r a n s f e r  c o e f f i c i e n t ,  c a l / s e c  c m 2 °C  
m s  =  d r y  m a s s ,  g
m w  =  m a s s  o f  w a te r ,  g
s  =  s lo p e  o f  t h e  e x p e r im e n ta l  s t r a ig h t  l in e s ,  In  W *  v e rs u s  0 ,  1 /s e c  
T  =  a b s o lu t e  t e m p e r a t u r e ,  ° K
T « , =  a ir  d r y  b u l b  t e m p e r a t u r e ,  °C
T  =  s a m p le  t e m p e r a t u r e ,  °C

G r e e k  l e t t e r s

k  =  l a t e n t  h e a t  o f  v a p o r i z a t i o n ,  c a l /g
p  = d e n s i t y  o f  t h e  f o o d ,  g / c m 3

S u b s c r ip t s

o = in i t i a l

R E F E R E N C E S

A lzam o ra , S . 1 9 7 7 . U n p u b lish ed  re su lts . D e p a r ta m e n to  d e  In d u s tr ia s ,  
F a c u lta d  d e  C iencias  E x a c ta s  y  N a tu ra le s , B u en o s  A ire s , A rg e n tin a .

T a b le  1 —C o r r e c t io n  f a c to r s ,  f, f o r  s u g a r  b e e t  r o o t  s la b s  o f  d i f f e r e n t  
th ic k n e s s .  A i r  d r y  b u ib  te m p e r a tu r e :  6 7 ° C

Thickness
(cm)

S
(104 1/sec)

s = D(67°c )/D 

(dimensionless)

0.359 6.59 1.57

0.376 5.10 1.57

0.428 4.83 1.76

0.437 4.79 1.59

0.496 3.26 1.54

0.638 2.41 1.53
0.671 1.90 1.55

0.681 1.94 1.41

0.891 1.25 1.36

0.926 1.14 1.41

C h irife , J . 1 9 7 1 . D iffu s io n a l p ro c e ss  in  th e  d ry in g  o f  ta p io c a  r o o t .  J . 
F o o d  S ci. 3 6 : 3 2 7 .

J a s o n , A .C . 1 9 5 8 . A s tu d y  o f  e v a p o ra t io n  a n d  d if fu s io n  p ro c e ss e s  in  
d ry in g  o f  f ish  m u sc le . In  “ F u n d a m e n ta l  A sp e c ts  o f  th e  D e h y d ra t io n  
o f  F o o d s tu f f s ,”  p . 1 0 3 . S o c ie ty  o f C h em ica l In d u s try ,  L o n d o n .

K ing , C .J . 1 9 6 8 . R a te s  o f  m o is tu re  s o rp t io n  a n d  d e s o r p t io n  in  p o ro u s ,  
d r ie d  fo o d s tu f f s .  F o o d  T e c h n o l. 2 2 : 5 0 9 .

L ab u za , T .P . a n d  S im o n , I.B . 1 9 7 0 . S u rface  te n s io n  e f fe c ts  d u r in g  d e h y 
d ra t io n .  1. A ir d ry in g  o f  a p p le  slices. F o o d  T e c h n o l. 2 4 : 7 1 2 .

Salas, F . a n d  L a b u z a , T .P . 1 9 6 8 . S u r fa c e  ac tiv e  a g en ts . E f fe c ts  o n  d r y 
in g  c h a ra c te r is t ic s  o f  m o d e l fo o d  sy ste m s . F o o d  T e c h n o l.  2 2 : 1 5 7 6 .

S a rav aco s , G .D . a n d  C h a rm , S .E . 1 9 6 2 . A  s tu d y  o f  th e  m e c h a n is m  o f 
f r u i t  a n d  v e g e tab le  d e h y d ra t io n .  F o o d  T e c h n o l. 1 6 : 7 8 .

V acca rezza , L .M ., 1 9 7 5 . C in é tic a  y m e c a n is m o  d e  t r a n s p o r te  d e l ag u a  
d u ra n te  la  d e s h id ra ta c ió n  d e  re m o la c h a  a z u c a re ra .  T h e s is , D e
p a r ta m e n to  d e  In d u s tr ia s ,  F a c u lta d  d e  C ien c ias  E x a c ta s  y N a tu ra le s , 
B u en o s  A ires , A rg en tin a .

V acca rezza , L .M . a n d  C h irife , J . 1 9 7 5 . O n  th e  m e c h a n is m  o f  m o is tu re  
t r a n s p o r t  d u r in g  a ir  d ry in g  o f  su g a r b e e t  r o o t .  J .  F o o d  S ci. 4 0 : 
1 2 8 6 .

V acca rezza , L .M ., L o m b a rd i,  J .L . a n d  C h ir ife , J . 1 9 7 4 a . K in e tic s  o f 
m o is tu re  m o v e m e n t d u rin g  a ir d ry in g  o f  su g a r b e e t  r o o t .  J . F o o d  
T e c h n o l. 9 : 3 1 7 .

V acca rezza , L .M ., L o m b a rd i,  J .L . a n d  C h ir ife , J . 1 9 7 4 b .  H e a t  t r a n s fe r  
e f fe c ts  o n  d ry in g  r a te  o f  fo o d  d e h y d ra t io n .  C an . J .  C h em . E n g n g . 
5 2 : 5 7 6 .

Ms rece iv ed  4 /1 1 /7 7 ;  rev ised  6 /1 6 /7 7 ;  a c c e p te d  6 /2 1 /7 7 ,________________

T h e  a u th o r s  a ck n o w le d g e  th e  f in a n c ia l s u p p o r t  f ro m  th e  C o n se jo
N ac io n a l d e  In v e s tig a c io n e s  C ie n tíf ic a s  y T é c n ic a s  d e  la  R e p ú b l ic a
A rg e n tin a  (L eg a jo  6 8 9 6  a /7 6 ) .
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L. R E  S E L L A T O
L L a b o ra to rio  p e r  la T ecnica d e i F red d o  d e l C .N .R ., C orso  S ta t i  U n iti, 3 5 1 0 0  P adova , I ta ly

S. D E L  G IU D IC E
F a c o ltà  d i  Ingegneria d e ll'U n ivers ità , I s t i tu to  d i  F isica T ecnica, Via M a rzo lo  9 ,

3 5 1 0 0  P adova , I ta ly  

a n d  G. CO M  INI
F a co ltà  d i  Ingegneria d e ll'U n ivers ità , I s t i tu to d i  F isica T ecn ica , Via A . Valerio

10. 3 4 1 2 7  T rieste , I ta ly

FINITE ELEMENT A N A LY SIS  OF 
FREEZING PROCESSES IN FOODSTUFFS

-----------------------------------------  A B S T R A C T  ------------------------------------------
F in i te  e l e m e n t  a n a ly s is  c o n c e r n i n g  f r e e z in g  p r o c e s s e s  o f  i n t e r e s t  t o  f o o d  
e n g in e e r in g  a l lo w s  th e  s o lu t io n  o f  p r a c t i c a l l y  a n y  p h a s e - c h a n g e  p r o b le m  
d e s c r ib e d  in  t e r m s  o f  tw o - d im e n s io n a l  g e o m e t r ie s .  S p e c ia l  f e a tu r e s  o f  
t h e  p ro g r a m  u s e d  in c lu d e  i s o p a r a m e t r i c  e le m e n ts ,  c o n t r o l  o f  n u m e r ic a l  
o s c i l la t io n s  a n d  a n  a c c u r a t e  p r o c e d u r e  f o r  t h e  e s t i m a t i o n  o f  t h e r m a l  
p r o p e r t i e s .  I n  t h e  e x a m p le s  o f  a p p l i c a t i o n s  p r e s e n te d  in  t h e  p a p e r ,  
r e f e r e n c e  is  m a d e  to  a i r - b l a s t  f r e e z in g  o f  f o o d s tu f f s  h a v in g  i r r e g u la r  
s h a p e s .

IN T R O D U C T IO N

F R E E Z I N G  P R O C E S S E S  e n t e r  m a n y  a s p e c t s  o f  r e f r i g e r a t i o n  
t e c h n o l o g y  a n d  i t  i s  g e n e r a l l y  r e c o g n i z e d  t h a t  t h e  m a n n e r  i n  
w h i c h  p h a s e - c h a n g e  t a k e s  p l a c e  i s  o f  p r i m e  i m p o r t a n c e  b o t h  

w i t h  r e s p e c t  t o  t h e  c o r r e c t  d e s i g n  o f  r e f r i g e r a t i o n  p l a n t s  a n d  t o  
t h e  q u a l i t y  o f  t h e  p r o d u c t s .  T h e r e f o r e  f r e e z i n g  t i m e s ,  r a t e s  o f  
f r e e z i n g  a r . d ,  i f  p o s s i b l e ,  t e m p e r a t u r e  d i s t r i b u t i o n s  i n  m a t e r i a l  
b e i n g  p r o c e s s e d ,  m u s t  b e  p r e d i c t e d  w i t h  f a i r  a c c u r a c y .

E x a c t  a n d  a p p r o x i m a t e  a n a l y t i c a l  s o l u t i o n s  t o  p h a s e -  
c h a n g e  p r o b l e m s  e x i s t  b u t  a r e  l i m i t e d  t o  g e o m e t r i c a l l y  r e g u l a r  

s h a p e s  a n d  t o  v e r y  s p e c i a l  b o u n d a r y  c o n d i t i o n s  ( L u i k o v ,  1 9 6 8 ;  

I I F / I I R ,  1 9 7 2 ) .  F i n i t e  d i f f e r e n c e  a p p r o x i m a t i o n s  w o r k  q u i t e  
w e l l  i f  s i m p l e  g e o m e t r i e s  a r e  c o n s i d e r e d ,  b u t  f l e x i b i l i t y  o f  
p r o b l e m  d e s c r i p t i o n  w i t h  f i n i t e  d i f f e r e n c e  c o d e s  i s  v e r y  p o o r  
w h e n  c o m p l i c a t e d  s h a p e s  a r e  c o n s i d e r e d  ( C o m i n i  a n d  
B o n a c i n a ,  1 9 7 4 ) .

A c c o r d i n g l y ,  C o m i n i  e t  a l .  ( 1 9 7 4 )  s u g g e s t e d  t h e  f i n i t e  e l e 
m e n t  m e t h o d  a s  t h e  m o s t  p r a c t i c a l  w a y  t o  s i m u l a t e  f r e e z i n g  
p r o c e s s e s .

I n  t h i s  p a p e r  w e  d e s c r i b e  a p p l i c a t i o n s  o f  t h e  m e t h o d  t o  t h e  
c o m p u t a t i o n  o f  t e m p e r a t u r e  d i s t r i b u t i o n s  i n  f o o d s t u f f s  o f  i r 
r e g u l a r  s h a p e  d u r i n g  f r e e z i n g  i n  a n  a i r - b l a s t  t u n n e l .

P H Y S IC A L  A S P E C T S

IN  F O O D  M A T E R IA L S ,  w a te r  is  th e  m a jo r  c o m p o n e n t .  T h u s  w h e n  
f o o d s  a re  c c o l e d  b e lo w  0 ° C ,  ic e  f o r m a t i o n  o c c u r s ,  s t a r t in g  a t  a  t e m p e r a 
t u r e  b e tw e e n  0  a n d  - 3 ° C  w h ic h  d e p e n d s  o n  t h e  m o la r  c o n c e n t r a t i o n  o f  
s o lu b le  c e ll c o m p o n e n t s .  A s  t h e  t e m p e r a t u r e  is  p r o g r e s s iv e ly  r e d u c e d ,  
m o r e  a n d  m o r e  w a te r  is  t u r n e d  i n t o  ic e  a n d  th e  l a t e n t  h e a t  o f  ic e  
f o r m a t io n  a d d s  t o  t h e  s e n s ib le  h e a t  in v o lv e d  in  c o o l in g  b o t h  ic e  a n d  th e  
u n f r o z e n  p a r t .  T h is  le a d s  t o  la rg e  v a r ia t io n s  in  h e a t  c a p a c i t i e s  w h ile  
th e r m a l  c o n d u c t iv i t i e s  t o o  c h a n g e  c o n s id e r a b ly ,  m a in ly  b e c a u s e  t h e  
th e r m a l  c o n d u c t iv i ty  c o e f f i c i e n t  o f  ic e  is  a lm o s t  f o u r  t im e s  g r e a te r  t h a n  
t h a t  o f  w a te r .  F o r  m o s t  b io lo g ic a l  m a te r ia l s  t h e  la rg e s t  p a r t  o f  th e  
f r e e z in g  p ro c e s s  ta k e s  p la c e  in  a  t e m p e r a t u r e  in te r v a l  b e tw e e n  - 1  a n d  
- 8 ° C ,  w h ile  la rg e s t  v a r i a t i o n s  o f  h e a t  c a p a c i ty  o c c u r  b e t w e e n  - 1  a n d  
—3 ° C . O n ly  a t  t e m p e r a t u r e s  r a n g in g  f r o m  - 2 0  t o  - 4 0 ° C  a n d  b e lo w  
th e r e  is n o  m o r e  m e a s u r a b le  c h a n g e  w i th  t e m p e r a t u r e  in  t h e  a m o u n t  o f  
ic e  p r e s e n t ,  a n d  t h e  r e m a in in g  w a te r ,  i f  a n y ,  c a n  b e  c o n s id e r e d  as n o n -  
f r e e z a b le  ( I I F / I I R ,  1 9 7 2 ) .  H o w e v e r ,  f o r  p r a c t i c a l  p u r p o s e s ,  a  lo w e r  
l im i t  t o  th e  p h a s e - c h a n g e  in te r v a l  c a n  b e  d e f in e d  o n  t h e  b a s is  o f  a  r a t i o  
o f  ic e  t o  t o t a l  w a te r  c o n t e n t  o f ,  s a y ,  9 0 % . T h is  c h o ic e ,  in  a d d i t i o n  to  
p r o v id in g  a n  e a s ily  a p p l ic a b le  c r i t e r i o n ,  a l lo w s  o n e  t o  a p p r o x im a te  h e a t  
c a p a c i ty  a n d  th e r m a l  c o n d u c t i v i t y  c u rv e s ,  a b o v e  a n d  b e lo w  th e  p h a s e -  
c h a n g e  z o n e ,  b y  m e a n s  o f  c o n s t a n t  v a lu e s .  I n  th e  p h a s e - c h a n g e  z o n e  a

Fig. 1—E stim a tio n  o f  h e a t c a p a c ity  a n d  th e rm a l c o n d u c tiv i ty  
in freez in g  p ro b le m s .

t r i a n g le  a n d  a  s t r a ig h t  l in e  c a n  b e  u s e d  t o  i n t e r p o l a t e  h e a t  c a p a c i ty  a n d  
t h e r m a l  c o n d u c t iv i t y  a s  s h o w n  in  F ig u r e  1 ( B o n a c in a  e t  a l . ,  1 9 7 4 ) .

F o r  h o m o g e n e o u s  f o o d  m a te r i a l s  a p p r o x i m a t e  v a lu e s  o f  th e r m a l  
p r o p e r t i e s  a b o v e  a n d  b e lo w  f r e e z in g  a r e  g iv e n  b y  t h e  f o r m u la e  (C o m in i  

e t  a l . ,  1 9 7 4 ) :

Cg =  p  Cw g +  (1  -  p )  c d (1 )

k C =  p k w g +  (1  -  p )  k d (2 )

c s  =  P  c w 8  +  (1  -  P ) c d (3 )

a n d

k s  =  p  k w E +  (1  -  p )  k d (4 )

w h e r e  c d  a n d  k d  r e p r e s e n t  s p e c i f i c  h e a t  c a p a c i ty  a n d  th e r m a l  c o n d u c 
t i v i ty  o f  t h e  d r y  s o l id ,  w h i le  c w g , k w g a n d  cw s , k w s  in d i c a t e  t h e r m a l  
p r o p e r t i e s  o f  ( l i q u id )  w a te r  a n d  ic e  a n d  p  is t h e  m a s s  f r a c t i o n  o f  w a te r .  
A  g o o d  c h o ic e  o f  v a lu e s  f o r  t h e  a b o v e  m e n t i o n e d  s e t  o f  p r o p e r t i e s  is 
( C o m in i  e t  a l . ,  1 9 7 4 ) :  c w g = 4 1 8 7  J / k g - K ;  c w s  =  2 0 9 3  J / k g - K ;  c d  = 
1 2 5 6  J / k g - K ;  k wC =  0 .5 9  W /m - K ;  k w s  =  2 .4 4  W /m - K ;  a n d  k d  =  0 .2 6  
W /m - K .

T h e  l a t e n t  h e a t  e f f e c t  c a n  b e  e v a l u a t e d  as:

^  P ^  w (5 )

w h e re  \ w  =  3 3 5  k J / k g  is t h e  h e a t  o f  f u s io n / s o l id i f i c a t i o n  o f  w a te r .  
S im p le  a lg e b ra  c a n  th e n  b e  u s e d  t o  c o m p u t e  t h e  v a lu e  o f  t h e  p e a k  o f  
h e a t  c a p a c i ty  i f  T , ,  T p  a n d  T f  a r e  k n o w n .
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(12)U s u a l ly ,  a  f a i r l y  s a f e  c o u r s e  is t o  a s s u m e  T ; =  —1 ° C , T p  =  - 3 ° C  a n d  
t o  e s t i m a te  T f  as t h e  v a lu e  t h a t  g iv e s  t h e  b e s t  f i t  b e tw e e n  e x p e r im e n ta l  
a n d  c o m p u t e d  v a lu e s  o f  t e m p e r a tu r e s .  D i f f e r e n t  s h a p e s  f o r  t h e  i n t e r p o 
la t i n g  c u rv e s  a n d  d i f f e r e n t  v a lu e s  o f  t h e  r e f e r e n c e  t e m p e r a t u r e s  h a v e  
a ls o  b e e n  t e s t e d  b u t  im p r o v e m e n t s  o b t a i n e d ,  i f  a n y ,  d o  n o t  j u s t i f y  
a d d i t i o n a l  c o m p l i c a t io n s  ( C o m in i  e t  a l . ,  1 9 7 4 ) .

F O R M U L A T IO N  O F  T H E  P R O B L E M

F O R M U L A T I O N S  o f  t h e  f i n i t e  e l e m e n t  m e t h o d  f o r  n o n l i n e a r  

h e a t  c o n d u c t i o n  p r o b l e m s  h a v e  b e e n  r e p o r t e d  b y  C o m i n i  e t  a l .  

( 1 9 7 4 )  a n d  D e l  G i u d i c e  e t  a l .  ( 1 9 7 6 ) .  T h e  f o r m u l a t i o n  u t i l i z e d  
f o r  t h e  p r e s e n t  r e s e a r c h  f o l l o w s  t h e  u s u a l  p a t t e r n .

T h e  p r o b l e m  c o n s i d e r e d  i n  t h i s  p a p e r  i s  g o v e r n e d ,  i n  a  t w o -  
d i m e n s i o n a l  r e g i o n  i t , b y  t h e  n o n l i n e a r  p a r a b o l i c  e q u a t i o n :

3 T  3 3 T  3 3 T

p C ~ a7  ^ x ,  a ^o t  d x  o x  d y  d y
( 6 )

s u b j e c t e d  t o  b o u n d a r y  c o n d i t i o n s :

T  =  T b

o n  p a r t  o f  t h e  b o u n d a r y  1^ a n d :

3 T  3 T
(kx— »x + ky----8y) + q + <*(T -  Ta) = O

3 X 3y

( 7 )

(8 )

o n  p a r t  o f  t h e  b o u n d a r y  £  .

E q  ( 6 ) ,  ( 7 )  a n d  ( 8 )  r e f e r  t o  u n s t e a d y  t h e r m a l  f i e l d s  i n  b i o 
l o g i c a l  m a t e r i a l s  w h e r e  p c  i s  t h e  v o l u m e t r i c  h e a t  c a p a c i t y  a n d  
k  i s  t h e  t h e r m a l  c o n d u c t i v i t y .  T h e  t e r m s  e x , e y  a r e  t h e  d i r e c 
t i o n  c o s i n e s  o f  t h e  o u t w a r d  n o r m a l  t o  t h e  b o u n d a r y  s u r f a c e ,  
w h i l e  q  r e p r e s e n t s  t h e  i m p o s e d  h e a t  f l u x  p e r  u n i t  a r e a  a n d  a  i s  
t h e  c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t .

P h y s i c a l  r e a s o n s  f o r  t a k i n g  i n t o  a c c o u n t  a n  i m p o s e d  h e a t  
f l u x  i n c l u d e  t h e  p o s s i b i l i t y  o f  r e p r e s e n t i n g  r a d i a t i o n  b o u n d a r y  
c o n d i t i o n s  ( C o m i n i  e t  a l . ,  1 9 7 4 ) .  I f  n o  b o u n d a r y  c o n d i t i o n s  

a r e  s p e c i f i e d  o n  a  g i v e n  p o r t i o n  o f  a n  e x t e r n a l  s u r f a c e ,  t h e n  a n  
i n s u l a t e d  s u r f a c e  c o n d i t i o n  is  a s s u m e d  a u t o m a t i c a l l y ,  i . e . ,  
q = a = 0 .

T h e  s p a c e w i s e  d i s c r e t i z a t i o n  o f  E q  ( 6 ) ,  s u b j e c t e d  t o  

b o u n d a r y  c o n d i t i o n s  ( 7 )  a n d  ( 8 ) ,  c a n  b e  a c c o m p l i s h e d  u s i n g  
G a l e r k i n ’s  m e t h o d  a s  s h o w n  b y  Z i e n k i e w i c z  a n d  P a r e k h
( 1 9 7 0 ) .

L e t  t h e  u n k n o w n  f u n c t i o n  T  b e  a p p r o x i m a t e d ,  t h r o u g h o u t  
t h e  s o l u t i o n  d o m a i n  a t  a n y  t i m e  t ,  b y  t h e  r e l a t i o s h i p :

n
T  =  2  N j ( x ,y )  T j ( t )  =  N T  (9 >

j= l

w h e r e  N j  i s  t h e  u s u a l  s h a p e  f u n c t i o n  d e f i n e d  p i e c e w i s e  e l e m e n t  

b y  e l e m e n t ,  a n d  T j  o r  X  i s  t h e  n o d a l  p a r a m e t e r .  T h e  s i m u l 
t a n e o u s  e q u a t i o n s ,  a l l o w i n g  t h e  s o l u t i o n  f o r  n  v a l u e s  o f  T j ,  a r e  

o b t a i n e d  t y p i c a l l y ,  f o r  p o i n t  j  b y  e q u a t i n g  t o  z e r o  t h e  i n t e g r a l ,  
o v e r  t h e  d o m a i n  i 2 , o f  t h e  p r o d u c t  o f  t h e  w e i g h t i n g  f u n c t i o n  
N j  b y  t h e  r e s i d u a l  r e s u l t i n g  f r o m  s u b s t i t u t i o n  i n t o  E q  ( 6 )  o f  
E q  ( 9 ) .  A f t e r  m a k i n g  u s e  o f  G r e e n ’s  t h e o r e m ,  i n  o r d e r  t o  a v o i d  
s e c o n d  d e r i v a t e s  i n  t h e  i n t e g r a l s  i m p o s i n g  u n n e c e s s a r y  c o n t i 
n u i t y  c o n d i t i o n s  b e t w e e n  e l e m e n t s ,  t h e  n  e q u a t i o n s  c a n  b e  
w r i t t e n  d o w n  i n  m a t r i x  f o r m  a s :

k T  +  C T + E  = 0  ( 1 0 )

T y p i c a l  m a t r i x  e l e m e n t s  a r e :

kj£ = 2 f
a e

d N i d N p

a x  + k ’

3 N j  3 N jj 

' 3 y  3 y
) d£2

( 1 1 )

+  s  f  « N j N ß d r  
J  ç e

C jg  =  S i *  p c N j N e d i î  

F j  =  2  f  N j  ( q  -  a T a ) d r  ( 1 3 )
J Ç e

w h e r e  ( j , e  =  l , n ) .
I n  t h e  a b o v e ,  t h e  s u m m a t i o n s  a r e  t a k e n  o v e r  t h e  c o n t r i 

b u t i o n s  o f  e a c h  e l e m e n t ,  i î e  i s  t h e  e l e m e n t  r e g i o n  a n d  Ç e  r e 

r e f e r s  o n l y  t o  e l e m e n t s  w i t h  e x t e r n a l  b o u n d a r i e s  f o r  w h i c h  E q

( 8 )  s p e c i f i e s  t h e  c o n d i t i o n .
I t  m u s t  b e  n o t e d  t h a t  t h e  s e t  o f  E q  ( 1 0 )  i s  h i g h l y  n o n l i n e a r  

s i n c e  t h e r m a l  p r o p e r t i e s  a r e  s t r o n g l y  d e p e n d e n t  o n  T .
T h e  s e t  o f  o r d i n a r y  d i f f e r e n t i a l  E q  ( 1 0 ) ,  w h i c h  d e f i n e s  t h e  

d e s c r e t i z e d  p r o b l e m ,  c a n  b e  s o l v e d  u s i n g  t h e  t h r e e - l e v e l  

s c h e m e  d e s c r i b e d  b y  C o m i n i  e t  a l . ,  ( 1 9 7 4 ) .

S A M P L E  P R O B L E M S

I N  T H I S  P A P E R  p a r a b o l i c  i s o p a r a m e t r i c  e l e m e n t s  h a v e  b e e n  

u s e d  ( Z i e n k i e w i c z  a n d  P a r e k h ,  1 9 7 0 ) .

I n  o r d e r  t o  c h e c k  t h e  p r o g r a m ,  c o m p a r i s o n s  h a v e  b e e n  
m a d e  w i t h  e x i s t i n g  a n a l y t i c a l  s o l u t i o n s  f o r  s o l i d i f i c a t i o n  o f  

i n f i n i t e  s l a b s  a n d  c o r n e r  r e g i o n s .  F i n i t e  e l e m e n t s  a n d  a n a l y t i c a l  

s o l u t i o n s  c o r r e l a t e d  t o  w i t h i n  1 %  o r  b e t t e r  i n  a l l  t h e  t e s t  p r o b 
l e m s  r u n  ( C o m i n i  a n d  D e l  G i u d i c e ,  1 9 7 6 ) .

T h e  a c c u r a c y  o f  t h e  s o l u t i o n s  o b t a i n e d  h a s  a l s o  b e e n  e v a l u 
a t e d  e x p e r i m e n t a l l y .  S e v e r a l  f r e e z i n g  t e s t s  h a v e  b e e n  c a r r i e d  

o u t  o n  s a m p l e s  o f  d i f f e r e n t  b i o l o g i c a l  m a t e r i a l s  w h e r e  o n e 
d i m e n s i o n a l  t h e r m a l  f i e l d s  h a v e  b e e n  r e a l i z e d .  T h e  c e n t e r  a n d  
t h e  e n d  s u r f a c e  t e m p e r a t u r e s  o f  t h e  s a m p l e s  h a v e  b e e n  r e 

c o r d e d  d u r i n g  e a c h  t e s t  ( B o n a c i n a  e t  a l . ,  1 9 7 4 ) .  T h e n ,  w i t h  
r e f e r e n c e  t o  k n o w n  i n i t i a l  c o n d i t i o n s ,  t e m p e r a t u r e - t i m e  c u r v e s  
h a v e  b e e n  c o m p u t e d  b y  m e a n s  o f  t h e  f i n i t e  e l e m e n t  p r o g r a m .

E x p e r i m e n t a l ,  a s  w e l l  a s  a p p r o x i m a t e  v a l u e s  o f  t h e r m a l  
p a r a m e t e r s  e s t i m a t e d  f r o m  f o r m u l a e  ( 1 )  t o  ( 5 ) ,  h a v e  b e e n  u s e d  
i n  t h e  c a l c u l a t i o n s .  T h e  a g r e e m e n t  b e t w e e n  m e a s u r e d  a n d  
c o m p u t e d  v a l u e s  i s  o f  t h e  o r d e r  o f  1 %  w h e n  e x p e r i m e n t a l  

v a l u e s  o f  t h e r m a l  p a r a m e t e r s  a r e  u t i l i z e d  a n d  o f  t h e  o r d e r  o f  
2 %  i f  a p p r o x i m a t e  v a l u e s  a r e  e m p l o y e d .

R e s u l t s  t h a t  a r e  t y p i c a l  o f  f r e e z i n g  t e s t s  o n  “ T y l o s e , ”  t h e  

w a t e r  a n d  m e t h y l c e l l u l o s e  m i x t u r e  w h o s e  t h e r m a l  p r o p e r t i e s  
a r e  a b o u t  t h e  s a m e  a s  t h o s e  o f  l e a n  b e e f  ( B o n a c i n a  e t  a l . ,
1 9 7 4 ) ,  a r e  r e p o r t e d  i n  T a b l e  1 .

T able 1—M easu red  a n d  ca lc u la te d  values o f  te m p e r a tu r e s  fo r  a t y p i 
ca l freez in g  te s t  o f  a " T y lo se"  sa m p le . C o m p u ta tio n s  a re  m a d e  fo r  
e x p e r im e n ta l a n d  a p p ro x im a te  values o f  th e rm a l p r o p e r t ie s

Center T  (°C)

Computed

t(s)
Surface
T(°C) Measured

Exp
properties

Approx
properties

0 20.8 20.8 20.8 20.8
500 -1.14 19.8 19.6 19.7

•ooo -5.39 13.7 14.2 14.3
•500 -9.25 7.4 7.7 8.0
2000 -12.5 2.0 2.2 2.5
2500 -14.9 -C.8 -0.6 -0.9
3000 -17.2 -1.1 -1.7 -1.6
3500 -19.4 -1.7 -2.7 -2.3
¿000 -21.6 -7.0 -6.6 -4.1
¿500 -24.4 -17.3 -17.1 -18.8
5000 -28.3 -25.9 -25.1 -25.9
5500 -32.2 -3C.7 -29.8 -30.1
6000 -35.2 -34.1 -33.3 -33.5
6500 -37.3 -36.6 -36.1 -36.2
7000 -38.8 -38.2 -38.1 -38.1
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Fig. 2 —F in ite  e le m e n t  m esh  u se d  fo r  s tu d y in g  a ir-b la s t freez in g  
o f  a ia m b  carcass.

I n  t h e  f o l l o w i n g  e x a m p l e s  w e  i l l u s t r a t e  s o m e  a p p l i c a t i o n s  o f  

t h e  p r o g r a m  w h i c h  a r e  o f  c o n s i d e r a b l e  s i g n i f i c a n c e  t o  f o o d  
e n g i n e e r i n g .

F r e e z i n g  o f  a  l a m b  c a r c a s s

I n  t h e  m e a t  i n d u s t r y  i t  i s  i m p o r t a n t  t o  u n d e r s t a n d  t h e  
p h y s i c a l  f a c t o r s  w h i c h  g o v e r n  f r e e z i n g  p r o c e s s e s .  T h e  r a t e  o f  
f r e e z i n g  a n d  t h e  f i n a l  t e m p e r a t u r e  o f  p r o d u c t s  a r e  i m p o r t a n t  
s i n c e  t h e y  a f f e c t  o p e r a t i o n s  s u c h  a s  c u t t i n g  a n d  m a y  h a v e  
e f f e c t  o n  t h e  q u a l i t y  o f  t h e  m e a t .  F r e e z i n g  r a t e s  a r e  a l s o  
i m p o r t a n t  f o r  t h e  d e s i g n  o f  e q u i p m e n t  t o  f r e e z e  m e a t  i n  t h e  
m o s t  e c o n o m i c a l  w a y .

I n  t h e  p r e s e n t  c a s e  t h e  p r o b l e m  is  t h e  i n v e s t i g a t i o n  o f  
t e m p e r a t u r e  d i s t r i b u t i o n s  i n  a  l a m b  c a r c a s s  d u r i n g  a i r - b l a s t  
f r e e z i n g .  A  c r o s s  s e c t i o n  a t  t h e  b a s e  o f  a  h i n d  l e g  w a s  c o n 
s i d e r e d  a n d ,  b e c a u s e  o f  t h e  e x i s t i n g  s y m m e t r y ,  c a l c u l a t i o n s  
w e r e  m a d e  o n l y  f o r  t h e  l e f t  l e g .

T h e  m e s h  u t i l i z e d  is  r e p r e s e n t e d  i n  F i g u r e  2 :  4 0  p a r a b o l i c  

e l e m e n t s  a n d  1 4 1  n o d a l  p o i n t s  w e r e  u s e d .  B o u n d a r y  c o n d i 
t i o n s  a t  t h e  e x p o s e d  s u r f a c e  w e r e  d e f i n e d  b y  a  c o n s t a n t  a i r  
t e m p e r a t u r e  T a  =  — 1 8 ° C  w i t h  a  c o n v e c t i v e  h e a t  t r a n s f e r  

c o e f f i c i e n t  a  =  2 3  W / m 2 K .
A  l o w e r  v a l u e  o f  t h e  c o n v e c t i v e  h e a t  t r a n s f e r  c o e f f i c i e n t  a  =  

1 4  W / m 2 K  w a s  u s e d  f o r  t h e  a n a l  c a v i t y  ( z o n e  A  i n  F i g .  2 ) .
A n  i n i t i a l  v a l u e  o f  t e m p e r a t u r e  o f  2 0 ° C ,  c o n s t a n t  t h r o u g h 

o u t  t h e  d o m a i n ,  w a s  a s s u m e d  s i n c e  i t  i s  c o m m o n  p r a c t i c e  t o  
h o l d  l a m b  c a r c a s s e s  a t  a b o u t  2 0 ° C  f o r  1 2 — 1 5  h r  b e f o r e  

f r e e z i n g ,  i n  o r d e r  t o  a v o i d  “ c o l d  s h o r t e n i n g . ”
T h e r m a l  p r o p e r t i e s  o f  l a m b  m e a t  h a v e  b e e n  c o m p u t e d  f r o m  

f o r m u l a e  < 1 — 5 )  a s s u m i n g  ( F l e m i n g ,  1 9 7 1 ) :  p  = 0 . 7 0 ;  p  =  1 0 0 6  

k g / m 3 ; T j  =  — 1 ° C ;  T p  =  - 3 ° C ;  T ,  =  - 8 ° C .
T h e r m a l  p r o p e r t i e s  o f  t h e  l e g  b o n e  h a v e  b e e n  e s t i m a t e d  a s  

f o l l o w s  ( F l e m i n g ,  1 9 7 1 ) :

k  =  0 . 2 6  W / m - K ;  p c  =  8 . 8 •  1 0 s K J / m 3 K .

T h e  i s o t h e r m  f i e l d s  d u r i n g  f r e e z i n g  a r e  d r a w n  d i r e c t l y  b y

Fig. 3—Isotherm fields during air-blast freezing of a lamb carcass.

Fig. 4 —F reezin g  ra te s  in  ia m b  carcasses: T im e-tem p era tu re  
cu rv es  fo r  re p re sen ta tiv e  p o in ts  I, II a n d  III in  Fig. 3.

t h e  c o m p u t e r  a n d  a r e  s h o w n  i n  F i g u r e  3 .  T i m e - t e m p e r a t u r e  
c u r v e s  c o n c e r n i n g  r e p r e s e n t a t i v e  p o i n t s  o f  t h e  d o m a i n ,  s u c h  a s  
I ,  I I  a n d  I I I  i n  F i g u r e  2 ,  a r e  s h o w n  i n  F i g u r e  4 .

C o m p u t i n g  t i m e  w a s  t h e  o r d e r  o f  1 4 0  s e c  w i t h  1 4 1  t o t a l  
t i m e  s t e p s  o n  a  C D C  7 6 0 0  m a c h i n e .

A n  a n a l y s i s  f o r  a  p r o b l e m  w h i c h  i s  v e r y  s i m i l a r  t o  t h e  o n e  
d i s c u s s e d  h e r e  i s  p r e s e n t e d  b y  F l e m i n g  ( 1 9 7 1 ) .  I n  h i s  w o r k  a  
f i n i t e  d i f f e r e n c e  m o d e l ,  w i t h  3 1 4  m e s h  p o i n t s  a n d  2 5 6  t i m e  
s t e p s ,  i s  u t i l i z e d  f o r  t h e  s o l u t i o n .
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Fig. 5 —F in ite  e le m e n t  m esh  u sed  fo r  s tu d y in g  a ir-b la st freez in g  
o f  a b e e f  s ide .

A g r e e m e n t  b e t w e e n  t h e  f i n i t e  e l e m e n t  a n d  t h e  f i n i t e  d i f f e r 
e n c e  m o d e l  c a n  b e  d e f i n e d  a s  g o o d ,  a l t h o u g h  a  p r o p e r  q u a n t i 

t a t i v e  c o m p a r i s o n  w i t h  F l e m i n g ’s  r e s u l t  w a s  n o t  p o s s i b l e  
b e c a u s e  t h e  g e o m e t r i c a l  d a t a  u s e d  b y  F l e m i n g  w e r e  n o t  
a v a i l a b l e  t o  u s .  S l i g h t  d i s c r e p a n c i e s  i n  c o m p u t e d  t e m p e r a t u r e  

d i s t r i b u t i o n s  a r e  m o r e  t h a n  j u s t i f i e d ,  i n  t h e  a u t h o r s ’ o p i n i o n ,  
b y  d i f f e r e n c e s  i n  t h e  r e p r e s e n t a t i o n  o f  t h e r m a l  p r o p e r t i e s  a n d  

b o u n d a r y  c o n d i t i o n s .

F r e e z i n g  o f  a  b e e f  s i d e

B e c a u s e  o f  t h e  d i f f e r e n t  s i z e s  o f  c a r c a s s e s ,  t h e  f r e e z i n g  

c y c l e  f o r  b e e f  s i d e s  i s  d i f f e r e n t  f r o m  t h e  f r e e z i n g  c y c l e  u t i l i z e d  
f o r  l a m b  c a r c a s s e s .

T h e  p r e v a i l i n g  m e t h o d  i n  I t a l y  i s  t o  c h i l l  “ h o t ”  b e e f  s i d e s  
f o r  1 — 3  d a y s  a f t e r  s l a u g h t e r .  T o  a v o i d  t o u g h e n i n g  d u e  t o  c o l d  
s h o r t e n i n g ,  t h e  a i r  t e m p e r a t u r e  i s  m a i n t a i n e d  a b o v e  8 ° C  d u r i n g  
t h e  f i r s t  2 0  h r  o f  c h i l l i n g .  A f t e r w a r d s  t h e  a i r  t i e p e r a t u r e  i s  
s l o w l y  r e d u c e d  t o  0 — 1 ° C .

A  c r o s s  s e c t i o n  o f  t h e  h i n d  l e g  w a s  a g a i n  c o n s i d e r e d  f o r  t h e  

f i n i t e  e l e m e n t  a n a l y s i s .  T h e  m e s h  u t i l i z e d  i s  r e p r e s e n t e d  i n  

F i g u r e  5 :  3 5  p a r a b o l i c  e l e m e n t s  a n d  1 2 0  n o d a l  p o i n t s - w e r e  
u s e d .

C o n v e c t i v e  b o u n d a r y  c o n d i t i o n s  w i t h  T a  =  —4 0 ° C  a n d  a  =  
1 8  W / m 2 K  w e r e  a s s u m e d ,  t o g e t h e r  w i t h  a n  i n i t i a l  t e m p e r a t u r e  

v a l u e  o f  1 ° C ,  c o n s t a n t  t h r o u g h o u t  t h e  d o m a i n .

T h e r m a l  p r o p e r t i e s  o f  b e e f  w e r e  e v a l u a t e d  f r o m  f o r m u l a e  
( 1 - 5 )  a s s u m i n g  ( I 1 F / 1 I R ,  1 9 ^ 2 ) :

p  = 0 .7 7 ;  p  =  1 0 0 6  k g / m 3 ; T i  = - 1 ° C ;  T p  =  - 3 ° C ;  T f  =  - 8 ° C ;

w h i l e  f o r  t h e  l e g  b o n e  t h e  s a m e  p r o p e r t i e s  r e p o r t e d  i n  t h e  
p r e v i o u s  s e c t i o n  w e r e  u s e d .

T h e  i s o t h e r m  f i e l d s  o b t a i n e d  d i r e c t l y  a s  a  c o m p u t e r  o u t p u t  
a r e  s h o w n  i n  F i g u r e  6 .  T i m e - t e m p e r a t u r e  c u r v e s  f o r  t h e

Fig. 6 —Iso th erm  f ie ld s  du rin g  a ir-b la st 

freez in g  o f  a b e e f  s ide .
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r e p r e s e n t a t i v e  p o i n t s  o f  t h e  d o m a i n  i n d i c a t e d  i n  F i g u r e  5 ,  a r e  
r e p o r t e d  i n  F i g u r e  7 .

O n  a  C D C  7 6 0 0  m a c h i n e  c o m p u t i n g  t i m e  w a s  o f  t h e  o r d e r  
o f  1 8 4  s e c  w i t h  1 9 2  t o t a l  t i m e  s t e p s .

CONCLUSIONS
T H E  F I N I T E  E L E M E N T  m e t h o d  f o r m u l a t e d  f o r  n o n l i n e a r  
h e a t  c o n d u c t i o n  a l l o w s  t h e  s o l u t i o n  o f  a  g r e a t  n u m b e r  o f  
f r e e z i n g  p r o b l e m s  i n  f o o d  e n g i n e e r i n g .

T h e  p r o c e d u r e  u s e d  i n  t h i s  p a p e r  i s  f a s t ,  a c c u r a t e  a n d  s u f f i 

c i e n t l y  f l e x i b l e  t o  a c c o m o d a t e  p r a c t i c a l l y  a n y  p r o b l e m  d e 

s c r i b e d  i n  t e r m s  o f  t w o - d i m e n s i o n a l  g e o m e t r i e s .

NOMENCLATURE
c  = S p e c i f ic  h e a t  c a p a c i ty  ( J /k g  K )
C  =  H e a t  c a p a c i ty  m a t r ix
F  = H e a t  l o a d  v e c t o r
H  = E n t h a lp y  p e r  u n i t  v o lu m e  ( J / m 3 ) 

k  = T h e r m a l  c o n d u c t i v i t y  (W /m - K )
K  = T h e r m a l  c o n d u c t i v i t y  m a t r ix

2X, Ey  = D i r e c t io n  c o s in e s  o f  t h e  o u t w a r d  n o r m a l  t o  t h e  b o u n d a r y  s u r 
f a c e

N  =  S h a p e  f u n c t i o n  v e c t o r
p  =  M ass  f r a c t i o n  o f  w a te r

q  = H e a t  f l u x  d e n s i t y  (W /m 2 )
s = D is ta n c e  i n  t h e  d i r e c t i o n  o f  t h e  t e m p e r a t u r e  g r a d i e n t  (m )  
t  =  T im e  (s)
T  =  T e m p e r a tu r e  ( ° C )

T  = V e c to r  o f  n o d a l  t e m p e r a t u r e s
x ,y  =  C a r te s ia n  c o o r d in a t e s  (m )

a  =  C o n v e c t iv e  h e a t  t r a n s f e r  c o e f f i c i e n t  (W /m 2 -K )
T = B o u n d a r y  s u r f a c e  ( m 2 )
\  =  L a t e n t  h e a t  e f f e c t  ( J /k g )
P = D e n s i ty  ( k g / m 3 )

n  = D o m a in  o f  d e f i n i t i o n  ( m 3 )

Ŝubscripts and superscripts
a  = A ir
b  =  B o u d a r y
d  =  D ry
e  =  E le m e n t
f  =  F in a l
i  =  I n i t ia l
1 =  L iq u id

p  =  P e a k

s = S o lid

t  =  A t  t h e  t im e  i n s t a n t  t

w  = W a te r
x ,  y  =  In  t h e  x ,  y  d i r e c t i o n
/v> = V e c to r  q u a n t i t y
<  >  =  A v e ra g e  v a lu e

APPENDIX-SPECIAL FEATURES OF 
THE NUMERICAL MODEL

I f  i t  i s  a s s u m e d  t h a t  t h e  t e m p e r a t u r e  v a r i e s  l i n e a r l y  i n  t h e  

s m a l l  t i m e  i n t e r v a l  b e t w e e n  t  — A  t  a n d  t  +  A  t ,  E q  ( 1 0 )  c a n  

b e  a p p r o x i m a t e d  a s :

K t ( T t r-A t + T t  +  T t . A t ) / 3  +  C t ( T t + A t - T t . A t ) / ( 2 A t )

+  ( £ t + A t  +  F t + E t - A t ) / 3  = 0  (1 4 )

T h i s ,  a f t e r  s o m e  a l g e b r a ,  r e s u l t s  i n  t h e  f o l l o w i n g  r e c u r r e n c e  

f o r m u l a  f o r  f i n a l  i n t e g r a t i o n :

Fig. 7 - F r e e z in g  ra te s in  b e e f  s id e s:  T im e-tem p era tu re  cu rves  
fo r  re p re se n ta tiv e  p o in ts  IV , V  a n d  V! in  Fig. 5.

i n  w h i c h  i t e r a t i o n s  a r e  a v o i d e d  s i n c e  o n l y  c e n t r a l  v a l u e s  o f  
m a t r i c e s  K  a n d  C  o c c u r .  T h e  s c h e m e  i s  a p p a r e n t l y  n o t  s e l f  

s t a r t i n g ,  b u t  a s  w e  s h a l l  a l w a y s  r e f e r  t o  k n o w n  s t a t i o n a r y  c o n 
d i t i o n s ,  t w o  s t a r t i n g  v a l u e s  c a n  b e  e a s i l y  a s s u m e d .

A l g o r i t h m  ( 1 5 )  h a s  b e e n  f o u n d  t o  b e  u n c o n d i t i o n a l l y  
s t a b l e .  O s c i l l a t i o n s  a r i s i n g  f r o m  s u d d e n  v a r i a t i o n s  i n  b o u n d a r y  
c o n d i t i o n s  c a n  b e  k e p t  u n d e r  c o n t r o l ,  f o r  e x a m p l e ,  b y  
a d o p t i n g  t h e  a u t o m a t i c  t i m e  s t e p  a d j u s t m e n t  f e a t u r e  d e s c r i b e d  

b y  C o m i n i  e t  a l .  ( 1 9 7 4 ) .  U n d u l a t i o n s  a r i s i n g  f r o m  t h e  “ n u m e r 
i c a l  n o i s e ”  i n h e r e n t  i n  t h e  a p p r o x i m a t i o n  m a d e  c a n  b e  g r e a t l y  
r e d u c e d  i f ,  a t  e a c h  t i m e  s t e p  a f t e r  t h e  f i r s t  o n e ,  i n s t e a d  o f  

l e t t i n g  s i m p l y :

J t - A t  =  T t  (1 6 )

v e c t o r  T t - A t  i s  r e d e f i n e d  a s :

I t - A t  =  ( T t+ A t +  I t  +  I t - A t ) / 3  ( 1 7 )

b e f o r e  s t a r t i n g  a g a i n  t h e  c a l c u l a t i o n s  i n d i c a t e d  i n  f o r m u l a  ( 1 5 )  

( W o o d  a n d  L e w i s ,  1 9 7 5 ) .
T h e  p r o g r a m  f o r  i m p l e m e n t i n g  a l g o r i t h m  ( 1 5 )  f o l l o w s  t h e  

u s u a l  p a t t e r n  ( Z i e n k i e w i c z ,  1 9 7 1 ) .  H o w e v e r ,  m a t r i c e s  K  a n d  C  
a r e  n o w  t i m e  d e p e n d e n t ,  t h r o u g h  t h e  v a r i a t i o n s  o f  c o e f f i c i e n t s  

w i t h  t e m p e r a t u r e ,  a n d  a  c o m p l e t e l y  n e w  s o l u t i o n  h a s  t o  b e  

o b t a i n e d  a t  e a c h  s t a g e .
T h e  e v a l u a t i o n  o f  t e m p e r a t u r e  d e p e n d e n t  q u a n t i t i e s  i n  

i n t e g r a l s  ( 1 1 )  a n d  ( 1 2 )  r e q u i r e s  s p e c i a l  c a r e ,  p a r t i c u l a r l y  i f  a  
r a t h e r  c o a r s e  m e s h  i s  e m p l o y e d  a n d  s p a t i a l  v a r i a t i o n  o f  t h e  

q u a n t i t i e s  i s  a b r u p t .  N u m e r i c a l  i n t e g r a t i o n  h a s  o b v i o u s l y  t o  b e  

a d o p t e d  h e r e  a n d  t h e r e f o r e  p c  a n d  k  m u s t  b e  e s t i m a t e d  a t  
i n t e g r a t i n g  p o i n t s  i n  n  e .

I n  t h e  p r o g r a m ,  a  n e w  v a r i a b l e  H  ( e n t h a l p y ) ,  i s  d e f i n e d  a s  

a n  i n t e g r a l  o f  t h e  h e a t  c a p a c i t y  v s  t e m p e r a t u r e  c u r v e  ( s e e  F i g .

1 ) :

s i n c e ,  i n  t h e  p h a s e  c h a n g e  z o n e ,  e n t h a l p y  i s  a  m u c h  s m o o t h e r  
f u n c t i o n  o f  t e m p e r a t u r e  t h a n  h e a t  c a p a c i t y .  T h u s  i t  i s  
r e a s o n a b l e  t o  i n t e r p o l a t e  e n t h a l p y  r a t h e r  t h a n  h e a t  c a p a c i t y  
d i r e c t l y ,  w r i t i n g  t h e  r e l a t i o n s h i p :

I t + A t  = - l K t + 3Ct/(2At)]-> [K t lt  + K tIt-A t/(2A t) (15) 

+ Et+At + E t  + E t-A t l

H =  2 N j ( x , y )  H j ( t ) = N H  (1 9 )
j = l

—C o n tin u e d  o n  p a g e  2 5 0
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DETERM INATION OF FACTORS CONTROLLING ACCURATE MEASUREM ENT OF Aw 
BY THE VAPOR PRESSURE MANOMETRIC TECHNIQUE

----------------------------- ABSTRACT -----------------------------
The precision and reproducibility of the VPM method has been im
proved by the simultaneous measurement of water vapor pressure and 
temperature of the food sample. It has been shown that evacuation of 
the system substantially lowers food temperature due to evaporation of 
water. The drop in sample temperature is dependent on water activity 
of the material and is large at high water activities. Even at steady 
readings of the manometer, the temperature of the sample is not equal 
to room temperature. Therefore, calculation of water activity based on 
room temperature gives erroneous results which are significantly lower 
than the results based on the measured sample temperature.

INTRODUCTION
THE MEASUREMENT and control of w ater activity (aw) of 
food products is extrem ely im portant to  many phases of the 
food industry. As more foods are developed using control of 
aw as a technique for preservation, and as more regulations are 
passed setting aw limits on food products, the need for an 
accurate reproducible standard m ethod becomes essential.

A collaborative study conducted between labs at the Uni
versity of Minnesota, Massachusetts Institu te of Technology 
and Arm our and Co. (Labuza et al., 1976) showed that 
measurem ent o f aw by the vapor pressure m anom etric (VPM) 
technique was the best and most accurate o f seven m ethods 
evaluated. The report also stated tha t more accurate control of 
the tem perature during measurem ent by the VPM should 
increase the precision reported as ±0.01 as well as the accu
racy.

The fact th a t tem perature control is critical to  the method 
has been recognized since its initial publication (Makower and 
Myers, 1943) and throughout its subsequent development 
(Taylor, 1961; Karel and Nickerson, 1964; Labuza, 1974). 
However, there has never been a com plete evaluation of the 
factors which influence the limits of the VPM m ethod. This 
study was conducted to  determ ine what factors contribute to 
inaccuracy and how those factors may best be controlled using 
currently available technology.

MATERIALS & METHODS
REAGENT GRADE SALTS and selected food products were used in 
this study. The reagent grade salts were dissolved in hot distilled deion
ized water and left at room temperature for crystallization to form a 
saturated solution. The food products were ground before the aw 
measurement.

The VPM device used in this study and described by Labuza (1974), 
was modified in the following way. The sample flask was equipped with 
a side-arm through which a thermocouple was inserted. This was sealed 
with a rubber stopper to prevent air leakage into the vacuum. A second 
thermocouple was inserted into the leg of the manometer, and a third 
thermocouple was hung in the vicinity of the sample flask (Fig. 1). 
ISA-T thermocouples were used (Thermo Electric, Saddle Brook, NJ) 
and a digimite (Thermo Electric, Saddle Brook, NJ) was used to display 
temperatures in Centigrade to ±0.1°C.

1 D e p t, o f  F o o d  T e c h n o lo g y , W arsaw  A g ric u ltu ra l U n iv e rs ity  
(S .G .G .W .), W arszaw a u l. R a k o w ie c k a  2 6 /3 0 ,  P o la n d

Measurement of water activity
A 10-50g sample was put in the sample flask and sealed onto the 

apparatus. The air-space in the apparatus was evacuated to less than 200 
microns with the sample flask excluded from the system. Then, the 
temperatures measured by thermocouples were recorded and the sam
ple flask was connected with the evacuated air-space. The space in the 
sample flask was evacuated for 1 min. Thereafter the stopcock across 
the manometer was closed, and the temperatures were read. The level 
o: the oil in the manometer, as well as temperatures were read at 
1 >min intervals until the difference in height of the legs of the manom
eter was constant. The final reading is AH,. The stopcock over the 
sample was closed and the air-space was connected with the desiccant 
flask. The adsorption process was conducted for 10 min and the differ
ence in levels of the oil in the manometers legs was read to give a H2.
Calculation of water activity

Water activity of the sample was calculated from the following 
formula:

aw

(AH, -  AH,)- 273.16+ TS 
273.16+ T0

Po

(1)

where: AH, = manometer reading with the sample flask connected in 
centimeters of Apiezon B oil; a H2 = manometer reading with the 
desiccator flask connected in centimeters of Apiezon B oil; Ts = tem
perature of the sample, °C; T0 = temperature of the manometer leg, °C; 
P0 = saturated water vapor pressure at the sample temperature in 
centimeters of Apiezon B oil.

If no temperature is measured other than that of the room tempera
ture, Tr , then Eq 1 becomes:

aw (2)

where PQ is calculated at Tr  as was done by Labuza et al. (1976). It 
should be noted that either the average room temperature during the 
test or the final rocm temperature when the height of the legs is 
measured have been used previously.

RESULTS & DISCUSSION
EVACUATION of the sample flask leads to  evaporation of 
some water from the sample, and the heat for which is p ro
vided by the sample. In consequence a drop in tem perature of 
the sample is observed as seen in Figure 2. The decrease in the 
sample tem perature is also dependent on the initial mass of the 
solution. For example, in the first 2 min, a saturated solution 
o: BaCl2 cools down by 4.4°C at an initial mass of 47.8 lg  and 
by 12.6°C when 14.12g is used. The resultant difference 
between solution tem perature and room  tem perature ensures 
an unsteady state heat flux towards the sample flask and thus 
a slow increase in sample tem perature is observed. To reach 
tem perature equilibrium between the sample and surrounding 
air, times as long as 120 min were necessary for some o f the 
salts tested. In general, it can be stated that the tim e of tem 
perature equilibration is dependent on the sample mass, the 
state and tem perature of the surrounding air and the water 
activity of the sample. Therefore, it cannot be predicted easily. 
Thus a long measurem ent tim e is needed if the sample tem 
perature is not measured.

The water activity determ ination accomplished through the 
use of the actual sample tem perature only requires less than 70
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ACCORA TE M EASUREM ENT OF BY VPM METHOD . . .

T able 1—T em p era tu re s a n d  A H l va lu es d u rin g  aw m e a su re m e n t fo r  
tw o  sa to r a te d  s a l t  so lu tio n s

Salt
Time
min

Temperature °C

Room  Manometer 

T r  T 0
Sample

Ts AH ,

40 21.5 21.8 20.8 22.2
NaCI 50 21.5 21.8 21.1 22.6

aw 60 21.8 21.7 21.3 23.0
-V0.76 70 21.3 21.6 21.4 23.0

80 21.6 21.7 21.5 23.0

M g (N 0 3 )j 30 21.4 21.5 20.5 16.0
aw 40 21.3 21.6 20.8 16.3

'X/0.32 50 20.8 21.4 21.0 16.3

min. The equilibrium time for measurem ent, as seen in Table 
1, depends primarily on the water activity of the sample. At 
high water activity a longer tim e is needed to  achieve a 
constant AH, However, there are other factors affecting the 
time at which the calculated aw attains a constant value be
cause there is no straight relationship between the time of 
measurement and the w ater activity of the sample as was 
found for four different salts.

It can also be noted from  Table 1 tha t the apparent steady 
state of the m anom eter legs is not an indication of tem pera
ture equilibrium between sample and surrounding air. For 
Mg(NC>3)2 a steady state in the m anom eter legs was observed 
at a tem perature difference as large as 0.5°C. However, in most 
cases it was found tha t the differences in sample and room 
tem perature am ounted to  only 0 .1— 0.2°C, but only in very 
few instances was it noted tha t tem perature equilibrium 
coincided with the steady state o f the m anom eter legs. The 
lack of tefnperature equilibrium at the steady state o f the 
manometer legs is due to  the inertia o f the VPM apparatus. 
The response of the apparatus to  a fluctuating room tem pera
ture is very slow. The reproducibility of the aw value based on 
room tem perature will be strongly affected by the am plitude 
of room tem perature fluctuations which were variable in our 
laboratory. The standard deviation of water activity calculated 
on the basis of using the average room tem perature for calcula
tion of Pc. am ounts to  ±0.0232 and ±0.0091 at tem perature 
fluctuation am plitudes of 2.84 and 0.48°C respectively as seen 
in Table 2 for seven salt solutions. Water activity based on the 
final room tem perature is even more unprecise, but is not 
significantly different from th a t based on the average room 
tem perature. In the collaborative study of Labuza et al.
(1976), final room tem perature was used for standardizing the 
salt solutions’ aw values, thus the reported values are suspect.

Calculation of aw on the basis o f the actual sample tem per
ature for P0 and accounting for the water vapor expansion due 
to the tem perature difference between the sample and manom
eter space as indicated by Eq 1, yields a standard deviation of 
only ±0.0011. The precision of the measurem ent is increased 
by a factor of 70 com pared to  the values based on the average 
or final room tem perature. In effect, the water activity can be 
measured to  the third decimal place w ith a high degree of 
confidence.

The food materials investigated in this study were of solid 
nature. Heat transfer in these products proceeds entirely due 
to  conduction, and the inertia of the system to  the tem pera
ture changes is m uch larger than that of saturated salt solu
tions. Although the tem perature probe can be inserted into a 
solid piece of m aterial or immersed in a ground food product, 
the measured tem perature is not exactly equal to the water

T able 2 —a w  value fo r  sa tu r a te d  s a l t  so lu tio n s  a t  tw o  e x te r n a l tem p era 
tu re s  a n d  b a se d  on  d if fe r e n t  m e a su re d  te m p e r a tu r e s  f o r  ca lcu la tio n  o f  
P 0  (d u p lic a te  sa m p les)

Avg T r  22.53 ± 1,42°C Avg T R  21.65 ± 0.24°C

Water activity calculated on the basis of

Salt

Avg

T r 3

Final

T r ®

Avg

T R a

Final

T r ® T  b 1 s

LiCI 0.1065
0.1092

0.1060
0.1079

0.1180
0.1180

0.1200
0.1174

0.1190
0.1164

C H jC O O K 0.2032
0.1901

0.2038
0.1871

0.2334
0.2334

0.2361
0.2334

0.2313
0.2298

MgCI, 0.3226
0.3276

0.3180
0.3255

0.3333
0.3270

0.3320
0.3272

0.3365
0.3348

M g (N 0 3 )j 0.6756
0.6022

0.6703
0.6022

0.5369
0.5383

0.5467
0.5396

0.5457
0.5475

CuCI, 0.7218
0.7066

0.7218
0.7066

0.7013
0.7200

0.7212
0.7195

0.6740
0.6742

NaCI 0.7540
0.7557

0.7577
0.7643

0.7537
0.7603

0.7567
0.7566

0.7633
0.7638

Li2SO„ 0.8083
0.8492

0.7890
0.8504

0.8382
0.8733

0.8470
0.8798

0.8545
0.8557

Variance

Std

53613-10-864474 -10’8 8344 -10-8 11930-1 O'8 121-10-8

dev ± 0.0232 ± 0.0254 ± 0.0091 ± 0.0109 ± 0.0011

a Eq (2)
b  E q  (1)

T able 3 —W ater a c tiv it ie s  o f  fo o d s  b a s e d  o n  u se  o f  th e  m ea su red  
tem p era tu re s .

Avg T r  21.86 ± 0.54° C

Water activity calculated on the basis of

Food sample Avg T R a Final T r ® T Sb

Rough and Ready Natural 0.9605 
Hickory smoked beef sticks 1.0694

0.9549
0.9492

0.9245
0.9198

Rough and Ready Pickled 
Beef sausage

0.9692
0.9789

0.9740
0.9628

0.9947
0.9841

Ken-L-Ratlon Burger 
Dog food

0.8712
0.8846

0.8567
0.8946

0.8454
0.8604

Kellogg Corn Flakes 
Breakfast cereal

0.0936
0.0935

0.0927
0.0933

0.0895
0.0912

Sun-Maid California 
Seedless raisins

0.5784
0.5619

0.5859
0.5646

0.5516
0.5604

Gelatin gel 47.57%  solids 0.9863
0.9738

0.9908
0.9712

0.9841
0.9609

Distilled water 0.9803 
1.0099

0.9836 
1.0233

0.9988 
1.0034

Variance 9 5 9 8 2 -10-8 28 63 3 -10-8 7137-10-8

Std dev ± 0.0310 ± 0.0169 ± 0.0085

® E q  (2) 
b  Eq  (1)

evaporation tem perature in the system due to  this inertia from 
the surface to  the inside of the material. In addition, the het
erogeneity of food products, the degree of grinding and the
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presence of volatiles all will contribute to  random  error in the 
aw measurement.

Table 3 shows tha t the precision of measurem ent in 
food systems is m uch lower than in the case of saturated salt 
solutions. However, the sample tem perature m easurem ent is 
very beneficial, and it increases the precision of the m ethod by 
a factor o f more than 10 compared with values calculated on 
the basis o f average room  tem perature.

The am ount of w ater which is evaporated from  the sample 
depends prim arily on the sample w ater activity as seen in 
Figure 3. At low water activities a small am ount o f w ater is 
evaporated, b u t at high w ater activities a substantial change in 
dry m atter conten t of material may take place. The am ount of 
w ater lost from  the material during the aw measurem ent will 
depend also on the sample size, surface area o f material, the 
air-space of the VPM apparatus and final vacuum attained in 
the system at the end of the evacuation process. Therefore, it 
is recom m ended tha t water content of the m aterial under 
investigation be measured after the aw measurem ent and not 
before.
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A SIM PL IF IED  METHOD FOR H ISTAM INE A N A LYSIS  OF FOODS1

-----------------------—  ABSTRACT------------------------------
The described analytical method for histamine determination in foods 
requires sample homogenization in methanol, heating, centrifuging or 
filtering, several extractions, and fluorometric detection of histamine 
with o-phthalaldehyde. The method eliminates potential interference 
by other amines through a selective extraction step. Samples of 20 
foods, including seafood products (fresh, frozen and canned), com
minuted meats, cheeses and sauerkraut (canned), were analyzed for 
histamine content. Canned sauerkraut and tuna fish had the highest 
average histamine content among tested foods. This method can be 
used to detect histamine in food samples that contain as little as 0.02 
mg histamine/100g of food.

INTRODUCTION
SOME FOOD POISONING incidents resulting from the con
sumption o f  various types o f fresh and processed fish have 
been associated with high levels o f  histamine in the im plicated 
products (Kawabata et al., 1955; Merson et al., 1974; Sakabe,
1973) . Histamine occurs in food  primarily as the result o f  
microbial decarboxylation o f histidine. Consequently, hista
mine is a normal constituent o f  ferm ented foods such as sauer
kraut (Mayer and Pause, 1972), cheeses (V oigt et al., 1974) 
and wines (Ough, 1971) and food with a relatively high histi
dine concentration that has been exposed to microbial de
gradation, such as tuna fish (Lerke and Bell, 1976). The small 
amounts o f  histamine normally occurring in foods present no 
appreciable hazard to  consumers. The ingestion o f an esti
mated 7 0 —1000 mg o f  histamine in one meal is necessary for 
the onset o f the clinical sym ptom s o f intoxication  (Henry,
1960). An outbreak o f scom broid fish poisoning in 1973 was 
attributed to com m ercially canned tuna fish that contained  
6 8 —280 mg histamine per lOOg o f  fish muscle (Merson et al.,
1974) .

The possibility o f histamine-associated food  poisoning ou t
breaks has necessitated im plem entation o f  histamine analysis 
as a routine quality control procedure, particularly in the tuna 
fish processing industry. The currently accepted m ethod o f  
histamine analysis in foods (AOAC, 1975) is tedious and time- 
consuming. This m ethod requires colum n chromatographic 
separation in addition to hom ogenization, heating, filtration, 
and several extractions before detection  o f the histam ine. A 
variety of other procedures for histamine analysis have been 
developed which em ploy variations in the chromatographic 
separation step (Lerke and Bell, 1976; Ough, 1971; Voigt and 
Eitenmiller, 1974), the hom ogenization and extraction condi
tions (R ice et al., 1975; Shore, 1971; Shore et al., 1959; Voigt 
et al., 1974), and the detection m ethod (Lerke and Bell, 1976; 
Shore, 1971; Voigt et al., 1974). Lerke and Bell (1 9 7 6 ) have 
shown that the AOAC (1 9 7 5 ) histamine detection m ethod is 
unreliable for the analysis o f  food  samples that contain less 
than 5 mg histamine per lOOg. A recent study has shown that 
the fluorometric procedure o f Shore (1 9 7 1 ) is the m ost sensi
tive and specific histamine detection m ethod available (Taylor 
and Lieber, 1977). Even with the advent o f more sensitive and

1 R e p r in t  re q u e s ts  t o :  C o m m a n d e r ,  L e t te rm a n  A rm y  In s t i tu te  o f  
R esearch , A T T N : L ib ra ry , P re s id io  o f  S an  F ra n c is c o , C A  9 4 1 2 9

specific histamine detection m ethods, the analysis o f histamine 
in foods still requires a tedious chromatographic separation 
step. Due to the presence o f  interfering substances, simplified 
histamine analysis procedures similar to  those used in tissue 
histamine analysis (Shore et al., 1959) have not proven useful. 
This report describes a study o f various hom ogenization and 
extraction procedures which has resulted in developm ent o f  a 
simplified m ethod for histamine analysis in foods whereby the 
cumbersome chromatographic separation step has been elimi
nated.

MATERIALS & METHODS
Food samples

Food samples were obtained from local retail markets. Canned 
foods were stored at room temperature and opened immediately before 
analysis. Refrigerated foods, such as cheese and luncheon meats, were 
stored at 4°C until analysis. Raw meat samples were either stored at 
4°C and analyzed within 24 hr after purchase or stored frozen at 
-20°C and thawed at 4°C approximately 18 hr before analysis.
Histamine analysis method

The homogenization and heating portions of the procedure were 
carried out with minor modifications of the AOAC (1975) procedure. 
Ten grams of a well-mixed food sample were homogenized with 50 ml 
of reagent grade methanol for 2 min in a Waring Blendor. The homo
genized sample was transferred to a 100 ml volumetric flask. The blend
er cup was rinsed with methanol, and the rinsings were added to the 
volumetric flask. The flasks were stoppered and placed in a 60°C water 
bath for 15 min. After cooling, the contents of the flasks were adjusted 
to 100 ml with methanol and transferred to capped polypropylene 
centrifuge tubes. The samples were centrifuged at 2000 rpm for 5 min 
in an IEC PR-6000 centrifuge. A 2 ml portion of the supernatant was 
diluted 1:20 with deionized water. The extraction of histamine from 
these aqueous solutions was performed with conditions similar to those 
described by Shore et al. (1959) except that Na2C 03 replaced NaCl, 
water-saturated n-butanol was used, and heptane was eliminated. A 5 
ml portion of the diluted supernatant was added to a 16 x 150 mm test 
tube containing 1 ml of 5N NaOH. Saturating amounts of granular 
Na2CO, were added, and the samples were mixed thoroughly. Six ml 
of water-saturated n-butanol were added, and histamine was extracted 
into the butanol phase by vigorous mixing. Three ml of this organic 
phase were transferred to a second set of test tubes that contained 3 ml 
of 0.1N HC1. After mixing of these samples and aspiration of the upper, 
organic layer, a 2 ml portion of the acid phase was used for histamine 
detection by the fluorometric o-phthalaldehyde (OPT) procedure of 
Shore (1971). Fluorescence instrumentation and calibration have been 
described previously (Taylor and Lieber, 1977).

Histamine concentrations were calculated from comparison of the 
fluorescence intensities of the sample and an external histamine stand
ard after correction for the fluorescence intensity of the blank. The 
external histamine standard was prepared by substituting 5 ml of a 5 
mM aqueous solution (25 nmoles) of histamine dihydrochloride for the 
sample supernatant at the butanol extraction step. The blank was pre
pared by substituting 5 ml of water for the sample supernatant at the 
butanol extraction step. The external standard and blank were then 
treated identically to the other samples during both extraction and 
fluorescence development. Histamine recoveries were estimated from 
internal standards prepared by the addition of 25 nmoles of histamine 
to a duplicate food sample before homogenization. Histamine concen
trations are expressed in mg histamine per lOOg food product. 
Homogenization procedures

Ir. addition to the method described, a modification of the per
chloric acid homogenization procedure (Shore, 1971), which Rice et al.
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T able 1—E ffe c t o f  sa tu ra tin g  c o n c e n tr a tio n s  o f  various sa lts  o n  h is 
ta m in e  e x tr a c t io n a

Relative fluorescence intensity
Partition

Salt Aqueous Organic coefficient

Na2C 0 3 3.2 92 29
NaCl 36 127 3.5
Na2 HPO„ 55 111 2.0
Na2 B „ 0 2 44 105 2.4

a T h e  aq u e o u s  phase  w as 1 .0 N  N a O H  w ith  the  va riou s  sa lts and  1 0 0  
n m o le s  o f h istam ine  added. T h e  so lve n t used fo r  e x tra c t io n s  w as 
w ater-saturated n -butano l.

Table 2 —E ffe c t  o f  N a 2 C 0 3 c o n c e n tra tio n  o n  h is ta m in e  e x tr a c t io n a

Molar Na2 C 0 3 
cone in

Relative fluorescence intensity
Partition

aqueous phase Aqueous Organic coefficient

0 99 7 0.07
0.10 51 77 1.5
0.25 44 83 1.9
0.50 46 95 2.1
1.0 20 103 5.2
2.0 7 139 20

Saturated 5 127 25

a T h e  aq u e o u s  phase  co n ta in ed  1 0 0  n m o le s  h istam ine  and  1 .0N  
N a O H . T h e  so lve n t used fo r  ex tra c t ion  w as w ater-saturated  n- 
b u tan o l.

Table 3 — Effect o f  N a O H  concentration on  histam ine extractiona

Normality of NaOH 
in aqueous phase

Relative fluorescence intensity
Partition

coefficientAqueous Organic

0 10 99 10
0.05 7 117 17
0.10 7 123 18
0.50 5 114 23
1.0 5 127 25
2.5 5 126 25
5.0 5 123 25

a T h e  aq u e o u s  phase  co n ta in ed  1 0 0  n m o le s  h istam ine  and a sa tu ra t
ing co n ce n tra t ion  o f  N a 2 C O s . T h e  so lve n t used fo r  e x tract ion  w as 
w ater-satura ted  n -bu tano l.

T able 4 —E ffe c t o f  so lv e n ts  o n  h is ta m in e  e x tr a c t io n a.b

Relative fluorescence intensity 
_________ ____________________ Partition

Solvent Aqueous Organic coefficient

n-Butanol 4 132 33
Benzene: n-butanol 13 87 6.7

(3:2)
n-Butanol :chloroform 114 4 0.04

(3:2)
Chloroform 34 2 0.06
Hexane 38 1 0.03

a T h e  aq u e ou s  phase  w a s  1 .0 N  N a O H  w ith  a sa tu ra t in g  co n ce n tra 
t ion  o f  N a 2 C 0 3 and 1 0 0  n m o le s  h istam ine , 

b  A ll so lven ts  were w ater-saturated.

(1975) used with food products, was tried. Ten-gram tuna fish samples 
were homogenized in 75 ml of 0.4N perchloric acid. After homoge
nization, the samples were allowed to stand at room temperature for 5 
min. The homogenates were centrifuged at 2000 rpm for 5 min. The 
extraction conditions were identical to the conditions employed in the 
usual histamine analysis except 5 ml of heptane were added during the 
acid extraction (Rice et al., 1975; Shore, 1971). The o-phthalaldehyde 
detection method (Shore, 1971) was used. Standards were prepared as 
described in the preceding section with perchloric acid substituted for 
methanol.

A modification of the homogenization procedure, devised by Lerke 
and Bell (1976), was also tried. Ten-gram tuna fish samples were ho
mogenized in 50 ml of 10% trichloroacetic acid (TCA). Homogenates 
were transferred to a 100 ml volumetric flask, and the final volume was 
brought to 100 ml with additional 10% TCA. Centrifugation, extrac
tion, and detection conditions were identical to the conditions em
ployed in the usual histamine assay. Standards were prepared as de
scribed previously except that 10% TCA was substituted for methanol. 
Effect of various extraction conditions

During attempts to optimize the initial solvent extraction step, nu
merous extraction conditions were tested including the use of various 
salts, the effect of Na2C03 concentration, the effect of NaOH concen
tration, and the use of various solvents. For these experiments, 100 
nmoles of histamine dihydrochloride were placed in 2 ml of the appro
priate aqueous phase. Two ml of the appropriate solvent were added, 
and the mixtures were extracted ty  vigorous stirring on a Vortex mixer. 
After allowing several minutes for phase separation, 100 pi aliquots of 
the aqueous and organic phases were taken for histamine analysis. In 
these experiments histamine was detected with fluorescamine using the 
optimal reaction conditions for fluorochrome development (Taylor and 
Lieber, 1977). Fluorescamine was used in these experiments so that 
histamine could be detected directly in the organic phase. The partition 
coefficient was calculated as the ratio of the corrected relative fluores
cence intensity of the organic phase to that of the aqueous phase.
Specificity of solvent extraction

To determine the specificity of the solvent extraction, 100 nmoles 
of several potentially interfering amines were placed in tubes with 2.0 
ml of a 1.0N NaOH-2.0M Na2C03 solution. The amines utilized were 
histidine, histidyl-L-leucine, histidyl-L-tyrosine, histidyl-L-serine, sper
midine, cysteine, carnosine, glycylglycine, norepinephrine and glu
cosamine. Mixtures were extracted with 2 ml of water-saturated n- 
butanol. Following separation of the phases, 100 pi aliquots of each 
phase were taken for amine analysis. Since not all of the listed amines 
are easily detected with OPT, the samples were assayed with flúores- 
camine, a more general amine detection reagent, as described by Taylor 
and Lieber (1977).

RESULTS & DISCUSSION
MANIPULATION o f various factors in the aqueous phase had 
a profound effect on histamine extraction (Tables 1, 2 and 3). 
The key factor in optimizing the extraction o f  histamine was 
the use o f  saturating concentrations o f sodium  carbonate. 
Table 1 indicates that other salts, such as NaCl, Na2 H P 04 , and 
Na2 B4 0 7 , were not adequate replacements. The advantage o f  
sodium carbonate addition over either saturating concen
trations o f  NaCl (R ice et al., 1975; Shore, 1971; Voigt et al., 
1S74) or no salt addition (AOAC, 1975) is obvious from Table
1. Table 2 shows that the optim al concentration o f  Na2 C 0 3 
for the extraction o f histamine is near saturation. The lim iting  
molar concentration o f Na2 C 0 3 in 1.0N NaOH at room  tem 
perature is slightly over 2.0M. Table 3 shows that NaOH is also 
critical for the extraction o f histamine. A final concentration  
of 1.0N NaOH in the aqueous phase was chosen for the rou
tine procedure. Most previous procedures (AOAC, 1975; Rice 
et al., 1975; Shore et al, 1959) utilized similar NaOH concen
trations.

The choice o f  solvent was also critical for a successful ex
traction o f histamine. As shown in Table 4, the best solvent 
for histamine extraction was water-saturated n-butanol. The 
AOAC (1975) procedure used the benzenein-butanol solvent, 
while m ost other m ethods (R ice et al., 1975; Shore, 1971) 
have used n-butanol. Shore (1 9 7 1 ) suggested the use o f  n-buta
nol: chloroform  (3 :2 ) for samples that contained high concen-
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trations o f histadine. When the partition coefficient achieved 
with this solvent (Table 4 ) is considered, the use o f  n-butanol: 
chloroform should be seriously questioned.

A recent study o f  amines (Taylor and Lieber, 1977) showed  
that histidine, histidyl dipeptides, sperm idine, cysteine, 
glycylglycine, norepinephrine, and glucosamine could poten
tially interfere w ith the Shore (1 9 7 1 ) m ethod for histamine 
detection. Other amines known to  occur in foods such as tyr- 
amine and tryptam ine (V oigt et al., 1974) did not interfere 
with histamine detection w ith the o-phthalaldehyde reagent 
(Taylor and Lieber, 1977). Therefore, any successful ex
traction procedure should selectively separate histamine from  
these interfering com pounds. Table 5 suggests that the stand
ard histamine extraction procedure described in MATERIALS 
& METHODS selectively concentrates histamine in the butanol 
phase while leaving the other interfering amines in the aqueous 
phase. While som e sperm idine, histidyl-L-leucine, and histidyl- 
L-tyrosine are extracted into the butanol phase, any interfer
ence would be markedly decreased by this extraction step. 
While the effect o f various food  chem ical com ponents on the 
extraction o f histamine and interfering amines into the buta
nol phase was not determ ined, the use o f this selective extrac
tion would seem to preclude the necessity o f any chroma
tographic separation step. Other less selective preparative 
m ethods (AOAC, 1975; Lerke and Bell, 1976; Ough, 1971; 
Voigt et al., 1974) have required the inclusion o f a cumber
some chromatographic separation for the removal o f these in
terfering materials.

Several different hom ogenization media have been used for 
the initial solubilization o f  histamine from foods or tissues 
including m ethanol (AOAC, 1975), 0 .4N  perchloric acid (R ice 
et al., 1975; Shore, 1971), and 10% trichloroacetic acid (Lerke 
and Bell, 1976). In a comparison o f  these three hom oge
nization media in the extraction of histamine from tuna fish, 
the m ethanol hom ogenization resulted in a 103% histamine 
recovery, while 86% and 43% recoveries were obtained by the 
trichloroacetic acid and perchloric acid treatments, respec- 

' tively. C onsequently, the m ethanol hom ogenization procedure 
(AOAC, 1975) was adopted as the routine m ethod for all food  
samples. An average histamine recovery o f 106% was achieved 
by using the m ethanol hom ogenization procedure with 11 ad
ditional samples (Table 6).

The utility o f  the described m ethod based on m ethanol 
hom ogenization and selective solvent extraction was tested in 
a variety o f foods. In Table 6 the average histamine levels and 
recoveries in canned tuna, canned mackerel, canned sardines, 
lobsters, crabs, clams, oysters, canned sauerkraut, various meat 
items and cheddar cheese are presented. The highest average 
histamine level was found in canned sauerkraut w ith 4 .07  
mg/lOOg. Tuna, mackeral, salami, thuringer-cervelat and 
cheddar cheese also exhibited rather high average hista
mine concentrations (1 .8 6 - 3 .4 6  mg/lOOg). The presence of 
reasonably high levels o f  histamine in foods other than fish is 
not unexpected since occurrences o f  poisoning due to hista
mine have been reported w ith other foods such as sauerkraut 
(Mayer and Pause, 1972) and cheese (Doeglas et al., 1967). 
Considerable variability was observed among the food samples 
in most groups. However, more com plete surveys w ith a larger 
number o f samples will be required to  determine if such differ
ences are significant and to  ascertain the frequency o f  occur
rence o f samples w ith unusually high histamine contents w ith
in each food group.

A comparison o f  the histamine content o f  foods analyzed 
with this simplified procedure (Table 6) w ith earlier estimates 
from more tedious procedures indicates that the simplified 
method is equally appropriate. In a survey o f commercially 
canned tuna, Mietz and Karmas (1 9 7 7 ) found histamine levels 
in the range o f 0 .1 - 8 .0  mg/lOOg which compares favorably 
with the range o f  0 .7 —7.4  mg/lOOg reported in Table 6. Van- 
dekerckhove (1977) determ ined that dry fermented sausages

Table 5—Specificity o f histamine extractiona

Relative fluorescence intensity
Partition
»efficientAmine Aqueous Organic c

Histamine 5 116 23
Histidyl-L-leucine 19 44 2.3
Histidyl-L-tyrpsine 10 15 1.5
Histidyl-L-serine 10 0 0
Histidine 36 0 0
Spermidine 18 58 3.2
Cysteine 27 1 0.04
Glycylglycine 16 0 0
Norepinephrine 8 0 0
Glucosamine 6 1 0.17
Carnosine 29 0 0

a T h e  aq u e ou s  phase co n ta in ed 1 0 0  n m o le s  of am ine in 1 .ON
N a O H — 2 .0 M  N a 2 C 0 3 so lu t ion . T h e  so lve nt used fo r  isxtraction
w as w ater-saturated  n -butano l.

Table 6—Histamine content in food products

No. of
Avg Range 

histamine histamine
Avg

histamine
Food product samples conca conca recovery*5

Light tuna. 11 3.46 1.60-7.41 106
canned

Albacore tuna. 11 1.45 0.66-2.21 92
canned

Mackerel, canned 18 2.25 1.20-4.50 101
Sardines, canned 10 0.79 0.31 -1.38 99
Lobsters, frozen 4 0.16 0.09-0.27 96
Crabs,fresh 5 0.13 0.05 -0.24 98
Clarrs, fresh 6 0.19 0 .06 -0.32 92
Oysters, fresh 7 0.18 0 .04 -0.64 93
Comminuted beef. 24 0.58 0.40 -0.79 98

fresh
Comminuted beef-soy. 16 0.48 0.37-0.67 106

fresh
Comminuted turkey. 10 0.15 0 .00 -0.26 98

frozen
Communited por<. 30 0.12 0.03 -0.36 101

fresh
Salami 10 2.34 0.36-18.4 102
Bologna 10 0.52 0.19-0.84 111
Thüringer 6 0.58 0.31-1.09 113
Thuringer-Cervelat 6 2.14 1.13-3.63 108
Beef summer sausage 8 0.98 0.69-1.31 110
Cheddar cheese. 11 1.86 0.17-7.81 101

mid-mellow
Cheddar cheese. 16 2.76 0.57 -11 .3 99

sharp-aged
Sauerkraut, canned 10 4.07 3.53 -4.52 90

a m g h istam ine  per 1 0 0 g  fo o d  p roduct.
b  Percent recove ry  ca lcu lated  fro m  the  ratio  o f  the corrected  relative 

fluo re scence  o f  an internal standard  to  the  sum  o f  the  corrected  re la 
tive fluo re scence  o f  the  sam p le  and  th e  exte rna l standard  as described  
in M A T E R I A L S  & M E T H O D S .  B o th  stand a rd s w ere  prepared  w ith  25  
n m o le s  o f  h istam ine.

have an average histamine content o f  4 .10  mg/lOOg while Rice 
et al. (1 9 7 4 ) reported average histamine concentrations o f  
0.36 mg/lOOg for semi-dry sausage and 0.29 mg/lOOg for dry 
sausages. In tests on five types o f  sausage (Table 6 ), the hista
mine content ranged from 0 .1 9 —18.4 m g/100g. Voigt et al.
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(1974 ) reported histamine in Cheddar cheese to range from  
nondetectable levels to  21 m g/100g which is som ewhat higher 
than the range o f  0 .1 7 -1 1 .3  m g/100g reported in Table 6.

The described m ethod is considerably less tedious than 
other histam ine analysis m ethods used with foods (AOAC, 
1975; Lerke and Bell, 1976; Mietz and Karmas, 1977; Ough, 
1971; Voigt et al., 1974; Vandekerckhove, 1977) due to the 
elim ination o f  the cumbersome chromatographic separation 
step. Certain elem ents o f  this simplified procedure are similar 
to  those o f previous m ethods including the m ethanol hom oge
nization procedure (AOAC, 1975), portions o f  the extraction  
procedure (Shore et al., 1959), and the detection o f  histamine 
with OPT (Shore, 1971). However, the inclusion o f  saturating 
levels o f  Na2 C 0 3 during the extraction procedure resulted in a 
more highly selective extraction o f  histamine which eliminated 
the need for any chromatographic separation step. The opti
m ization o f other analysis conditions, such as the use o f  NaOH 
in extraction (Shore et al., 1959), the choice o f  n-butanol 
(Shore, 1971) over benzene:n-butanol (AOAC, 1975), and the 
use o f m ethanol in sample hom ogenization (AOAC, 1975) 
rather than perchloric acid (Shore, 1971) or TCA (Lerke and 
Bell, 1976), was also important in developm ent o f  this selec
tive extraction procedure. In addition the simplified procedure 
has proven useful for histamine analysis in a wide variety o f  
foods.
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where again N is the shape function and H is the enthalpy 
value at nodal points.

By definition it is:

p c  = dH/dT (20)

Therefore, evaluation o f  the above derivative w ith reference to  
the oriented directions o f  the temperature gradient yields:

3H 3T / 3H
p c  =  — / —  = (  2

3s' 3s '  3x sx (21)

where 2SX, 2sy are the direction cosines o f  s_. 
Since we have:

and:

3T ,3T
esx = — / —; 

3x 3s

3T,3T
e s y  “ — /

3y as

3T r /3 T V  / a T V l ^
3s L \3 x / + \3 y /  J

(22)

(23)

from Eq (2 0 ) it follow s that:

(pc) /3 H 3 T + 3 H 3 T \ / r / 3 T y  + / 3 T \ H  
\3 x  3x 3y 3y / /  L ' 3x /  \3 y  /  J

(24)

This averaging process always gives representative values o f  
heat capacity and preserves a correct heat balance by avoiding 
the possibility o f  missing peak values o f the quantity pc. 
Obviously, in zones at constant temperature (3 T /3s ss 0 ), re
course is made to  direct evaluation o f  heat capacity.

Similar techniques are used in the program also for the best 
determ ination o f  thermal conductivity values.
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L E A  H Y V O N E N , R A K E L  K U R K E L A , P E K K A  K O IV IS T O IN E N  a n d  A N N I  R A T IL A IN E N

D e p t, o f  F o o d  C h e m is try  & T ech n o lo g y  

U n ivers ity  o f  H elsin k i, 0 0 7 1 0  H elsin k i 7 1 , F in land

FRUCTOSE-SACCHARIN AND XYLITOL-SACCHARIN  SYNERG ISM

----------------------------  ABSTRACT -----------------------------
Synergism in fructose-saccharin and xylitol-saccharin mixtures whose 
sweetness in solution corresponded to that of a 5% sucrose solution was 
measured at three temperatures (5°C, 23°C and 50°C). In the sensory 
evaluations a procedure consisting of a magnitude estimation, a paired 
comparison and a triangle test was applied. Synergism between fructose 
and saccharin and xylitol and saccharin was found to be greatest when 
the sweeteners were almost equal in the mixture in relation to their 
sweetness at the prevailing temperature. Mixtures of saccharin and fruc
tose or xylitol without the aftertaste typical of saccharin were pre
pared. The sweetness of fructose-saccharin and xylitol-saccharin mix
tures in coffee was enhanced compared with that in the corresponding 
water solutions. It is concluded that coffee, tea and juices can be pre
pared to conventional taste and sweetness standards using these mix
tures, but with 40-70% less energy than when sucrose is used as the 
sweetener.

INTRODUCTION
SYNERGISM is inferred when the sweetness o f a m ixture is 
greater than the sum of the sweetnesses of its com ponents. 
Synergistic effects have been found in m ixtures of sweeteners 
at certain concentrations (Stone and Oliver, 1969; Yamaguchi 
et al., 1970; Moskowitz and Klarman, 1975). However, the 
quantitative measurem ent o f synergism is difficult. The 
am ount of synergism depends on the calculation of the sum of 
the com ponent sweetnesses. In calculating the sweetness, its 
intensity vs concentration should be taken into account. Mos
kowitz (1973) has proposed equations which can be applied to  
mixtures of sweeteners. It seems tha t there are optim al com bi
nations of sweeteners as to  the extent o f synergism. According 
to Weickmann et al. (1969) synergism has its maximum when 
the com ponents of a m ixture contribute about the same 
amount to  the sweetness of the m ixture.

The objectives o f this study were to  determ ine the ratio o f 
the com ponents in fructose-saccharin and xylitol-saccharin 
mixtures where the synergism was maximal and when the 
sweetness corresponded to  a concentration com monly used in 
coffee and tea. Estimates o f the sweetnesses of the com po
nents of the m ixture were obtained from  the sweetness value 
vs concentration graphs drawn on the basis o f the m agnitude 
estimation tests. It was thought th a t the  sensory system sums 
up subjective intensities by summing the sweetnesses of the 
two com ponents of the m ixture. The sweetness of the m ixture 
was predicted to  be isosweet w ith a 5% sucrose solution, and 
synergism was inferred when the sweetness o f the m ixture was 
greater than this. The sweetnesses o f the m ixtures were deter
mined by a paired com parison m ethod and expressed as iso
sweet sucrose concentrations. The study was perform ed at 
three tem peratures and the m ixtures were applied in some 
foods having a low energy value.

MATERIALS & METHODS
SUCROSE, purity > 99.9%, fructose and xylitol, purity 99.5%, prod
ucts of Finnish Sugar Co. Ltd. and Na-saccharin (APODAN), purity > 
97%, were used.

In the sensory evaluations the following methods were applied: mag
nitude estimation, paired comparison and triangle test.

The taste panel consisted of 10 experienced members from the 
personnel of the University laboratories. Each evaluation in the magni

tude estimation was repeated twice by the panel with the exception of 
the saccharin solutions at 23°C, which were evaluated three times. 
Paired comparisons and triangle tests were also repeated twice by the 
panel. The judges were asked not to swallow the samples and to rinse 
their mouths with distilled water (at 23°C) between samples. In the 
magnitude estimation tests four to five fructose, xylitol or saccharin 
solutions and four to five sucrose solutions were evaluated per session. 
In paired comparison tests four pairs of samples, with a randomized 
presentation order and order within pairs, were given to each judge at 
each session. The judges were asked to indicate the sweeter member of 
each pair. The mixture-sweetened sample was always one member of 
the pair and the other was a sucrose solution in a concentration which 
varied in an appropriate way from pair to pair (Table la).

The entire procedure consisted of three main phases.
1. Determination of relative sweetness of fructose, xylitol and sac

charin solutions in terms of a reference sucrose solution.
2. Determination of concentrations of fructose and saccharin mix

tures and those of xylitol and saccharin mixtures in solutions giving the 
sweetness of the reference sucrose solution.

3. Determination of synergism between fructose and saccharin and 
xylitol and saccharin.

First, the relative sweetnesses of fructose, xylitol and saccharin in 
water solutions were determined by magnitude estimation. The judges 
were asked to give numerical values to the sweetness of solutions of 
four to five concentrations of fructose, xylitol or saccharin as well as of 
sucrose, using one of the solutions of their own choice as the reference 
and an arbitrary scale. The assigned values were afterwards normalized 
to the standard value 10 which represented the sweetness of the 5% 
sucrose in each test.

Graphs were drawn in which the abscissa represents fructose, xylitol 
or saccharin concentrations and the ordinate the sweetness values. Rela
tive sweetness graphs were determined at three temperatures 5°C, 23°C 
and 50°C (Fig. 1).

Secondly, mixtures of fructose and saccharin and those of xylitol 
and saccharin whose theoretical sweetness would correspond to that of 
the 5% sucrose solution and therefore to the sweetness value 10 on the 
graph, were determined in the following way: e.g., fructose concentra
tion 3% would correspond on the fructose graph to a sweetness value
6.5, which is subtracted from 10. The difference, 3.5, indicates the 
sweetness value cf saccharin needed in the mixture. The corresponding 
concentration of saccharin is obtained from the saccharin graph, in the 
reference case 0X058% (Fig. 2)

Thirdly, because synergism between fructose and saccharin and xyli
tol and saccharin was anticipated (Weickmann et al., 1969; Yamaguchi 
et al., 1970), whereby the sweetness of a mixture is greater than the 
sum of the sweetness of its components, mixtures were prepared in 
which the proportions of fructose and saccharin or xylitol and saccha
rin were varied, but in which the calculated sweetness value was main
tained as 10 (Table la). Solutions of these mixtures were then 
compared to a series of sucrose solutions of various concentrations by a 
paired comparison (Table lb). The judges were asked to indicate, which 
of the two solutions compared in a pair was the sweeter one. A paired 
comparison rather than a direct scaling technique was used to find out 
synergism, since mixture solutions were estimated to be isosweet with a 
5% sucrose solution and since it was believed that small differences in 
sweetness could be detected by the paired comparison method.

In the graphic evaluation of the results the percentage of judges who 
had regarded the sucrose solutions of the pairs as sweeter than the 
respective fructose-saccharin or xylitol-saccharin mixture, was plotted 
against sucrose concentrations (as an example, Fig. 3). From the result
ing curve one can determine the sucrose concentration of the solution 
which was regarded by 50% of the judges as sweeter than the solution 
sweetened with the fructose-saccharin or xylitol-saccharin mixture. In 
other words the two solutions can be regarded as isosweet at that point.
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Table 1a—Composition of theoretically derived solutions of fructose-saccharin and xylitol-saccharin mixtures isosweet with a 5% sucrose solution,
the sweetness of which was given the value 10, and the empirical sweetness of the mixture solutions at three temoeratures.

Component sweetness
Sum Empirical

Temp Mixture composition Fructose Saccharin oredicted sum

5°C 1 %  Fructose + 0.0109%  Saccharin 0.6 9.4 10 13.0

2 %  Fructose +0 .0 079 %  Saccharin 3.9 6.1 10 15.2

3 %  Fructose + 0.0049%  Saccharin 7.2 2.8 10 15.8

23° C 1%  Fructose + 0.0132%  Saccharin 1.1 8.9 10 13.4

2 %  Fructose + 0.0096%  Saccharin 3.7 6.3 10 14.8

3 %  Fructose + 0.0058%  Saccharin 6.5 3.5 10 15.0

4%  Fructose + 0.0016%  Saccharin 9.5 0.5 10 12.6

50° C 1 %  Fructose + 0.0205%  Saccharin 0 10.0 10 11.2

2 %  Fructose + 0.0173%  Saccharin 1.8 8.2 10 13.4

3%  Fructose + 0.0130%  Saccharin 4.2 5.8 10 14.0
4 %  Fructose +  0.0088%  Saccharin 6.6 3.4 10 14.4

5 %  Fructose + 0.0045%  Saccharin 9.0 1.0 10 13.0

5°C 2 %  Xylitol +0 .0 103 %  Saccharin 1.4 8.6 10 15.0

3%  Xylitol + 0.0073%  Saccharin 4.5 5.5 10 15.4
4 %  Xylitol + 0 .0044%  Saccharin 7.6 2.4 10 16.0

23° C 1%  Xylitol + 0 .0 1 4 %  Saccharin 1.0 9.0 10 11.8
2 %  Xylitol +  0.011% Saccharin 3.1 6.9 10 14.4
3 %  Xylitol + 0 .008%  Saccharin 5.2 4.8 10 13.8
4 %  Xylitol +  0 .005%  Saccharin 7.3 2.7 10 14.2
5 %  Xylitol + 0 .002%  Saccharin 9.4 0.6 10 13.4

50° C 3 %  Xylitol +  0.0172%  Saccharin 1.9 8.1 10 13.4
4 %  Xylitol +  0.0132%  Saccharin 4.1 5 S 10 14.0
5%  Xylitol + 0.0093%  Saccharin 6.3 3.7 10 15.0
6 %  Xylitol +0 .0 065 %  Saccharin 8.5 1.5 10 14.8

Fig. 1—R e la tiv e  s w e e tn e s se s  o f  fru c to se , x y l i to l  a n d  saccharin  a t  5 ° ,  
2 3 °  a n d  5 0 ° C. T he sw e e tn e s s  values w e re  o b ta in e d  b y  th e  m e th o d  
o f  m a g n itu d e  e s tim a tio n . R egression  tin es w e re  c a lcu la ted  using th e  
averages fro m  2 0  ju d g m e n ts  p e r  sa m p le  (3 0  ju d g m e n ts  fo r  th e  sac
charin g raph  a t  2 3 °  C).

RESULTS
THE RELATIVE SWEETNESS of fructose, xylitol and sac
charin solutions at various tem peratures as functions of con
centration is illustrated in Figure 1. Using these graphs, 
solutions of fructose and saccharin and xylitol and saccharin 
m ixtures were prepared, the sweetness of which theoretically 
corresponded to  the sweetness of the 5% sucrose solution, 
since the sensory system was thought to  sum up subjective 
intensities by summing the sweetnesses of the com ponents of 
the m ixture (Table la ). In Figure 4 the sweetnesses of solu
tions of the test fructose-saccharin and in Figure 5 those of

2 U 6 8 10 12 K  16

FRUCTOSE %  OR 
SACCHARIN 10"3 %

Fig. 2 —D ete rm in a tio n  o f  a  m ix tu r e  o f  fru c to se  a n d  sacch arin  w h o se  
th e o re tic a l s w e e tn e s s  in so lu tio n  co rre sp o n d s  to  th a t o f  a  5%  su cro se  
so lu tio n  a t  23!° C  a n d  th e  sw e e tn e ss  value 10.

xylitol-saccharin m ixtures are expressed as percent concentra
tions of isosweet sucrose solutions. Synergism was inferred, 
when the sweetnesses of the mixtures were greater than  the 
sweetness of the 5% sucrose solution. At 5°and 23°C the 
maxima of synergism were fcund in the solutions of the fruc-
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SY N E R G ISM  O F  SW EETEN ER  M IX T U R E S ...

Table 1b—F ru ctose-sacch arin  a n d  x y lito l-sa cch a rin  s o lu tio n s  c o m p a r e d  in  p a irs  w ith  su cro se  so lu tio n s  o f  various c o n c e n tr a tio n s

Temp Mixture composition
Conc of sucrose 

soin (%) Mixture composition
Conc of sucrose 

soin (%)

5°C 1 %  Fructose + 0.0109%  Saccharin 
2 %  Fructose + 0.0079%  Saccharin 
3 %  Fructose + 0 .0049%  Saccharin

5/6/7/8 or 6/7/8/9 
6/7/8/9 or 7/8/9/10 
6/7 /8/9

2 %  Xylitol + 0 .0103%  Saccharin 
3%  Xylitol + 0 .0073%  Saccharin 
4 %  Xylitol + 0 .0044%  Saccharin

5/6/7/8 or 6/7/8/9 
5/6/7/8 or 6/7/8/9 
677/8/9

oOCOCN 1 %  Fructose + 0 .0 1 3 2 %  Saccharin 
2 %  Fructose + 0 .0096%  Saccharin 
3 %  Fructose + 0 .0058%  Saccharir 
4 %  Fructose + 0 .0 0 1 6 %  Saccharir

4Æ/6/7 
5/6/7/8 
7/8/9/10 
5/6/7/8

1%  Xylitol + 0.014% Saccharin 
2%  Xylitol + 0 .011%  Saccharin 
3 %  Xylitol + 0 .008%  Saccharin 
4 %  Xylitol + 0 .0 0 5 %  Saccharin 
5 %  Xylitol +  0.002%  Saccharin

5/6/7/8 
5/6/718
5/6/718 or 6/7/8/9 
5/6/718 or 6/7/879 
5/6/7/S

50° C 1 %  Fructose + 0 .0205%  Saccharir 
2 %  Fructose +  0.0173%  Saccharir 
3 %  Fructose + 0.0130%  Saccharir 
4 %  Fructose + 0 .0088%  Saccharin 
5 %  Fructose + 0 .0045%  Saccharin

5/6/7/8 
5/6/718
5/6/7/8 or 6/718/9  
5/6/7/8 or 6/7/8/9 
5/6/718

3 %  Xylitol +0 .0 172 %  Saccharin 
4 %  Xylitol +0 .0 132 %  Saccharin 
5 %  Xylitol + 0 .0093%  Saccharin 
6 %  Xylitol + 0 .0065%  Saccharin

5/6/7/8 
5/6/7/8
5/6/7/8 or 6/7/8/9 
5/6/7/S or 6/7/8/9

tose-saccharin m ixtures containing 2 .5—3% fructose and at 
50°C in a solution containing 4% fructose. Increasing tem pera
ture from 5° to  50°C decreased synergism. At 5° and 23°C the 
maxima of synergism were found in the solutions of the xyli- 
tol-saccharin m ixtures containing 2—4% xylitol and at 50°C in 
a solution containing 5—6% xylitol. The synergism at 5°C was 
greater than tha t at 23° and 50cC.

The results obtained in fructose-saccharin m ixture solutions 
in particular support the assumption that synergism is greatest 
when the two com ponents of a m ixture contribute about the 
same am ount to  the sweetness of the solutions (Weickmann et 
al., 1969). As can be seen in Figure 1, 2 .5—3% fructose solu
tion at 5° and 23°C produces about half of the sweetness in 
the solution of the fructose-saccharin m ixture isosweet with 
the 5% sucrose solution, whose sweetness is regarded as 10. At 
50°C the sweetness of fructose is lower and therefore 4% fruc
tose is needed to  produce half of the sweetness in the m ixture

7 8 9 10
SUCROSE %

Fig. 3 —D eterm in a tio n  o f  th e  su cro se  c o n c e n tr a tio n  o f  a  so lu tio n  
w h ich  is iso s w e e t w ith  o n e  s w e e te n e d  w ith  a fructose-sacch arin  m ix 
ture. The p ercen ta g es  are  b a se d  o n  2 0  ju d g m e n ts  in tw o  p a ir e d  c o m 
parison  te s ts .

solution. In the solutions of the xylitol-saccharin m ixtures the 
tendency was no t so clear, but the maxima of synergism were 
also broader in those m ixtures.

For reducing the sweetness o f the solutions of those mix
tures, whose synergism was greatest to  the level o f the 5% 
sucrose solution, the mixture-sweetened solutions were recon
stitu ted  taking in to  account the ex ten t of the synergism while 
keeping the ratio of the sweeteners in the m ixture unchanged. 
The sweetness o f the solutions thus obtained were compared 
by a triangle test to  the 5% sucrose solution. After this revision 
no significant difference was observed at any tem perature 
between the sucrose solution and those sweetened w ith either 
the fructose-saccharin or xylitol-saccharin m ixtures. No sac
charin after taste was observed by the panel (Table 2).

The relation of the concentration to  sweetness intensity of 
the m ixture-sweetened solutions (at 23 °C) was measured by 
magnitude estim ation. In normalizing the assigned values the 
5% sucrose solution with a sweetness value of 10 was used as 
the reference. The sweetness intensity  of the mixture-sweet
ened solutions grew as a function of concentration such that in 
the equation, S = kCn , n = 1.6 for the fructose-saccharin mix
ture and n = 1.3 for the xylitol-saccharin m ixture. The mix
ture-sweetened solutions behaved like sugar solutions, the 
n-values of which in most cases are greater than 1.

FRUCTOSE %  IN SOLUTIONS OF FRUCTOSE- 
SACCHARIN MIXTURES

Fig. 4 —S w e e tn e s s  o f  fru c to se -sa cch a rin -sw ee ten ed  so lu tio n s  e x 
p re ss e d  a s c o n cen tra tio n  p e rcen ta g es  o f  th e  iso s w e e t su cro se  so lu 
tion s. The p o in ts  p l o t t e d  a re  th e  averages o f  2 0  ju d g m e n ts  in  tw o  
p a ire d  c o m p a r iso n  tes ts .

Volume 43 (1978)-JOU RNAL O F  FO OD  S C IE N C E -  253



XYLITOL %  IN SOLUTIONS OF XYLITOL-SACCHA- 
RIN MIXTURES

Fig. 5 —S w e e tn e ss  o f  x y lito l-sa cch a r in -sw ee ten ed  so lu tio n s  ex p re sse d  
as c o n c e n tr a tio n  p ercen ta g es  o f  th e  is o s w e e t  su cro se  so lu tio n s . The  
p o in ts  p l o t t e d  are th e  averages o f  2 0  ju d g e m e n ts  in tw o  p a ire d  c o m 
parison  tes ts .

T ab le  2 —C o m p a riso n  o f  a 5%  su cro se  so lu tio n  w ith  th e  m ix tu re -  
s w e e te n e d  s o lu tio n s  ca lc u la te d  as iso sw e e t. D ata  fro m  th e  triangle  
te s ts

Temperature Revised solutions
Proportion of 

correct separations

5° ± 2°C 1.9% Fructose 
0.0031%  Saccharin

6/20

23° ± 2°C 2%  Fructose 
0.0039% Saccharin

9/20

50° ± 3°C 2.8% Fructose 
0.0061 %  Saccharin

5/20

5° ± 2°C 2 %  Xylitol 
0.0047%  Saccharin

7/20

23° ± 2°C 1.4% Xylitol 
0.0077%  Saccharin

8/20

50° ± 3°C 2.9%  Xylitol 
0.0092%  Saccharin

9/20

Applications
Coffee, tea and juice were sweetened with fructose-saccha

rin and xylitol-saccharin m ixtures. Mixtures respectively con
taining 2.8% fructose and 0.0061%  saccharin or 2.9% xylitol 
and 0.0092% saccharin which were isosweet with 5% sucrose 
in 50°C water solutions were used. The sweetness of the mix
tures was significantly enhanced in coffee, the difference being 
significant at the 0.01% risk level. Tea and black-currant juice 
sweetened with the m ixtures were not distinguishable by tri
angle test from  those drinks sweetened w ith sucrose (Table 3).

T able 3 —C om p a riso n  o f  m ix tu re -sw e e te n e d  c o f fe e , tea  a n d  b la c k 
cu rran t ju ic e  w ith  th e  sa m e  d r in k s  s w e e te n e d  w ith  5%  su cro se  a t  
5Cf C in a trian g le  te s t. T est m ix tu re s  w e re  p r o v e d  is o s w e e t w ith  5%  
su crose  in a q u eo u s  so lu tio n  a t  5 0 °  C  (T ab le  2 )

Proportion of 
sv/eeteners 

in test drinks
Test

drink
Proportion of 

correct separations

2.8% Fructose Coffee 15/20*

0.0061% Saccharin Tea 6/20
Juice 8/20

2.9% Xylitol Coffee 18/20*
0.0092%  Saccharin Tea 10/20

Juice 7/20

*  D iffe ren ce  is s ign ifican t at the  0.01% risk level

T able 4 -S a c c h a r in  /fru c to se  (S/F ) a n d  sa c c h a r in /x y li to l  (S /X )  ra tio s  
in th e  m ix tu re s , a m o u n ts  o f  th o se  m ix tu re s  o f  g re a te s t sy n e rg ism  
n ecessa ry  t o  sw e e te n  a d r in k  to  th e  c o m m o n  sw e e tn e s s  le v e l  ( iso 
s w e e t  w ith  5%  su crose ) a t  5 ° ,  2 3 °  a n d  5 0 °  C , a n d  th e  co rre sp o n d in g  
en erg y  values

Amt of mix./ Corresponding Energy value

Temp
r o

S/F and S/X 
(%) in mix.

150 ml drink 

<9)

amt of sucrose

<g>
of mix. 

(kJ)

5° ± 2° 0.16 2.85 7 45OCN+10COCM 0.19 3.00 7 47

50° ± 3° 0.22 4.20 7 66

5° ± 2° 0.24 3.00 7 52oCN+1oCOCN 0.55 2.11 7 36

5C°± 3° 0.32 4.36 7 75

In addition, the am ounts of fructose-saccharin and xylitol- 
saccharin mixtures of the greatest sweetening power which 
were necessary to  sweeten 150 ml of a drink to  the com m on 
sweetness level (isosweet with 5% sucrose) at three tem pera
tures, were calculated (Table 4 ).

Comparing the energy content of isosweet solutions, energy 
savings of 4 0 —60% were achieved w ith the fructose-saccharin 
m ixture, and 30—70% with the xylitol-saccharin m ixture over 
the 7g (116 kJ) of sucrose in the sucrose sweetened solution.
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COMPOSITION OF PAPAYA SEEDS

------------------------------------ ABSTRACT ------------------------------------
Papaya see is, which constitute 22% of the waste product from the 
papaya puree industry in Hawaii, were characterized in a preliminary 
study to evaluate their possible utilization. Oil was extracted from the 
seeds, and its fatty acid composition determined. Crude protein and 
crude fiber contents of the defatted meal were especially high, 40.0% 
and 48.9%. Benzylisothiocyanate content in the seed oil was 0.56% 
(w/w), and the benzylglucosinolate content in the seed meal was 1.08% 
(w/w).

INTRODUCTION

O V E R  5 0 %  o f  t h e  w e i g h t  o f  p a p a y a s  t h a t  a r e  p r o c e s s e d  i n t o  
p u r e e  a p p e a r s  a s  w a s t e  p r o d u c t  ( B r e k k e  e t  a l . ,  1 9 7 7 ) .  T h e  
c h a r a c t e r i z a t i o n  o f  t h i s  w a s t e  i s  n o w  i n  p r o g r e s s  s o  t h a t  i t  
m i g h t  b e  u t i l i z e d .  W e  r e p o r t  o u r  w o r k  o n  t h e  c h a r a c t e r i z a t i o n  
o f  t h e  s e e d  c o m p o n e n t  o f  t h e  w a s t e ,  s p e c i f i c a l l y  o f  t h e  s e e d  

o i l s  a n d  t h e  d e f a t t e d  s e e d  m e a l .
H e l d  a n d  C u r l  ( 1 9 4 4 )  r e p o r t e d  t h a t  p a p a y a  s e e d s  a r e  e d i b l e  

a n d  h a v e  a  s p i c y ,  p u n g e n t  f l a v o r .  T h e y  a l s o  r e p o r t e d  t h a t  s e e d s  

a n d  p e e l  r e s i d u e s  h a v e  b e e n  u s e d  i n  p o u l t r y  f e e d .  E t t l i n g e r  a n d  
H o d g k i n s  ( 1 9 5 6 )  a t t r i b u t e d  t h e  s p i c y ,  p u n g e n t  f l a v o r  t o  t h e  
p r e s e n c e  o f  b e n z y l i s o t h i o c y a n a t e  ( B I T C ) ,  w h i c h  h a s  b e e n  

s h o w n  b y  T a n g  ( 1 9 7 3 )  t o  b e  f o r m e d  f r o m  b e n z y l g l u c o s i n o l a t e  
b y  t h e  a c t i o n  o f  t h i o g l u c o s i d a s e .

MATERIALS & METHODS

Obtaining and preparing seeds for analyses
Seeds of Solo papaya (Carica papaya), obtained from the fresh fruit 

and from the waste line of a papaya puree processing line, were soaked 
in water overnight to swell the membrane (sarcotesta) for easier re
moval. After manual removal of the sarcotesta, the seeds were air dried 
in a forced-draft oven at room temperature, then stored under N2 in 
glass bottles at -18°C.
Moisture determination

Fresh, wet seeds with sarcotesta were weighed and air dried for 2—3 
days in a forced-draft oven at 25°C. They were reweighed and ground 
with a mcrtar and pestle. A weighed portion was then dried in a 
vacuum oven at 60°C overnight.
Lipid extraction

Air-dried seeds were ground in a Waring Blendor and placed in 
Whatman cellulose extraction thimbles (80 mm X 20 mm). The powder 
was extracted in a Goldfisch apparatus with refluxing diethyl ether for 
3 hr. The ether was evaporated from several such extracts, and the 
residues were then pooled and filtered through Watman #4 filter paper 
under dimmed light and N2 flow. The oil was stored under N2 in glass 
vials at -18°C.
Methylation

One gram of seed oil was dissolved in 10 ml benzene, and the fatty 
acids were transmethylated in a 40-ml, screwcapped glass centrifuge 
tube (Metcalfe and Schmitz, 1961) with 20 ml BF,-methanol (14%). 
The tube was capped tightly and boiled for 20-30 min. The solution 
was then cooled, mixed well with 20 ml water and 10 ml hexane, and

1 D e p t, o f  A g ric u ltu ra l B io c h e m is try
1 D e p t, o f  A g ro n o m y  & S o ils  S c ien ce
3 D e p t, o f  A n im a l S c ien ces

centrifuged at 511 x  G for 5—10 min. The upper hexane layer was 
pipetted into another centrifuge tube, washed 3 times with water; dried 
over anhydrous Na2 S04, and concentrated with N2 flow to ca 1 ml. 
The sample was stored under N2 in a glass vial at -18°C.
Gas-liquid chromatography (GLC)

A Hewlett Packard model HP5831A Reporting Gas Chromatograph 
with dual flame ionization detectors was used. The carrier gas (nitro
gen) flow rate was 27 ml/min and the hydrogen flow rate was 20 
ml/min. The methylated fatty acids were tentatively identified by GLC 
on dual 6-ft x C.093-in.-i.d. stainless steel columns packed with 10% 
Silar 5-CP Chromosorb W 70/80. The columns were operated iso- 
thermally at 125°C for 1 min, then programmed to 250°C at 2°C/min, 
then held for 1 min. The injector temperature was 220°C and detector 
260°C. For the separation, identification and quantitation of the 
methyl esters of the fatty acids, dual 9-ft x  0.093-in.-i.d. stainless steel 
columns were packed with 20% DEGS on Chromosorb W 70/80. The 
columns were run isothermally at 190°C. The detector and injector 
temperatures were 225°C and 205°C, respectively.

The retention times for the methyl esters were compared to those of 
known esters (Applied Science). Peak areas and retentions of the 
methyl esters were calculated and reported by the digital processor. Gas 
chromatographic determination of BITC in seed oil and seed meal was 
based on the method of Tang (1973).
Characteristics of the seed oil

Values for the refractive index, specific gravity, percent gravity, 
percent unsaponifiable matter, saponification value, and iodine number 
were obtained by AOCS methods (1962).
Mineral analysis

Mineral analyses was done by X-ray fluorescence spectrometry with 
an ARS model 73,000 X-ray fluorescent Quantometer (Applied Re
search Laboratories.
Protein nitrogen

Nitrogen was determined with a Technicon Autoanalyzer by the 
principles of Kjeldahl digestion and the colorimetric determination of 
NH4 + (Schuman et al., 1973).
Gude fiber, dry matter, ash and carbohydrate

Crude fiber, dry matter, and ash were determined by AOAC (1975) 
methods 7.050, 7.003 and 7.010, respectively. Soluble carbohydrate 
was determined by difference.

RESULTS & DISCUSSION

S E E D S  a c c o u n t e d  f o r  a b o u t  1 4 . 3 %  o f  t h e  w e i g h t  o f  f r e s h  
p a p a y a s .  T h e  p r o m i x a t e  c o m p o s i t i o n  o f  p a p a y a  s e e d s  i s  s h o w n  
i n  T a b l e  1 .  O n  a  d r y  w e i g h t  b a s i s  t h e  o i l  c o n t e n t  o f  p a p a y a s  
s e e d s  w a s  3 2 . 9 7 % ,  w h i c h  i s  r e l a t i v e l y  h i g h  a s  c o m p a r e d  w i t h  
t h a t  o f  s e e d s  f r o m  o t h e r  f r u i t ,  s u c h  a s  f i g s  ( 2 3 . 5 % ) ,  p e a r s  
( 1 4 . 1 % ) ,  a p p l e s  ( 1 9 - 2 3 % ) ,  g r a p e s  ( 1 2 - 2 2 % )  a n d  c a n t a l o u p e  
( 3 0 . 4 % )  ( J a c o b s ,  1 9 5 1 ) .  A l s o ,  o n  a  d r y  w e i g h t  b a s i s  t h e  p r o -

T abie 1 —P e rc e n t c o m p o s it io n  o f  p a p a y a  se e d s

Moisture 71.89%
Fat 9.50
Protein 8.40
Ash 1.47
Total carbohydrate 9.44
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Table 2—Characteristics of papaya seed oil Table 3—Fatty acid cor, position of papaya seed oil

Refractive index (40°C) 1.4627
Specific gravity (25° C) 0.9130
Unsaponifiable matter 2.11%
Saponification value 193.4
Iodine no. 74.77
Free fatty acids 1.11%
Viscosity (centipoises) 339.41

T able 4 —C o m p o s itio n  o f  p a p a y a  s e e d  m ea l

Crude protein 40.0

Crude fiber 48.9

Ash 6.86

tein content of papaya seeds, 29.16%, is com parable to  tha t of 
soybeans, 35% (Jacobs, 1951), a highly tou ted  vegetable pro
tein source.

Ether extraction of papaya seeds yielded a slightly green 
oil. The results o f a further analysis of this oil is shown in 
Table 2. The saponification num ber (193) indicates tha t the 
average chain length of the fatty  acids in the papaya seed oil 
was com parable to  tha t in oils from  other sources, such as 
soybeans (192), co tton  seed (195), sesame (192), and olive 
seed (192) (Jacobs, 1951). The iodine num ber for papaya seed 
oil was 74.8, and indicated tha t the oil was relatively low in 
polyunsaturated fatty  acids. The indication was supported by 
the GLC analysis o f the fatty  acids (Table 3). The major fatty  
acids in order of decreasing abundance was oleic acid, palmitic, 
linoleic and stearic acid. Trace quantities of lauric, myristic, 
arachidic, linolenic and behenic acids were also found. The 
fatty  acid profile and iodine num ber of the papaya seed oil 
were similar to  those of teaseed, olive, cashew nu t, pistachio, 
macadamia and almond oils (Jacobs, 1951; Hilditch and 
Williams, 1964; Cavaletto et al., 1966) and all these oils have 
high concentrations of oleic acid. The presence of high concen
trations of oleic and palmitic acids in papaya agrees with the 
observation of Hilditch and Williams (1964) tha t the concen
trations o f these acids definitely tend to  be high in plants 
native to  subtropical and tropical regions.
BITC conten t

The BITC content in the seed oil was 0.56% (w/w), and the 
content o f benzylglucosinolate in the defatted seed meal was 
1.08% (w/w). While the goitrogenic effect of products con
taining certain isothiocyanates and their derivatives is of major 
concern in the cruciferous oil seed industry such as that of 
rape oil (Niewiadomski, 1970), the physiological effect of 
BITC on animals has not been clearly defined. Thus, feeding 
experiments are necessary for evaluation of those products as 
animal feed.
Proximate and mineral analyses of papaya seed meal

Table 4 shows tha t the defatted papaya seed meal con
tained high am ounts of crude protein (40.0%) and crude fibers 
(49.9%). These values seem especially high when compared 
with those for pineapple bran and pineapple leaf meal, which 
are o ther by-products o f Hawaiian agriculture. Ross (1966) 
reported th a t pineapple bran and pineapple leaf meal contain
3 .4—4.5%, and 7.51% protein, respectively, and that they also 
contain 14.3—18.2, and 23.43% crude fiber, respectively.

The principal minerals o f the papaya seed meal were'Ca, P 
and Mg (Table 5).
Commercial potential availability of papaya seeds

A recent study of the processing of papaya puree (Brekke 
et al., 1977), showed tha t every ton  of papayas produced

Fatty acid Percent

Lauric 0.13

Myristic 0.16

Palmitic 15.13

Stearic 3.61

Oleic 71.60

Linoleic 7.68

Linolenic 0.60

Arachidic 0.87

Behenic 0.22

T able 5 —M ineral a n a lysis  o f  p a p a y a  s e e d  m ea l

Element % Element %

P 0.84 Mn 0.0053
K 0.33 Fe 0.0111
Ca 1.66 Cu 0.0031
Mg 0.64
S 0.46

about 1280 lb of waste of which 286 lb or 22.3% was due to 
seeds. Hence, about 27 lb o f oil might be recovered from  every 
ton of fru it being processed.

The statewide industry projection for papaya production in 
Hawaii by 1980 is 40,000 to rs  per year (Souza, 1976). If such 
a goal is realized, there should be 11,000 tons of waste 
available for by-product utilization.

CONCLUSION

THE RESULTS of this study indicate th a t papaya seeds are a 
potential source of useable oil and seed meal. However, further 
studies must be conducted on the possible toxic effects of 
BITC before any recom m endation be made on consum ption or 
utilization of papaya seed products.
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EVALUATION OF PRODUCTS MADE FROM  
CITRUS PROCESSING PLANT GRAD ING  LINE REJECTS

— ----- --— ----------------  ABSTRACT — ----------- -----------
Products were manufactured from cull oranges rejected from processing 
plant grading lines. Cull fruit juice yields were 20% less than from 
sound fruit. Frozen concentrate had a detectable stale fruit off-flavor. 
Total reducing sugars were 10% higher and vitamin C was 8% lower in 
the juice from the cull fruit, while color, cloud and viscosity were about 
the same as in juice from sound fruit. The aldehyde content of cold 
pressed oil from cull oranges was too low to meet U.S.P. specifications. 
Dried pulp cattle feed and molasses yields from culls were greater than 
from sound fruit. Crude protein content of the cull dried pulp was 6.6% 
and total sugars (reducing and sucrose) of cull fruit molasses was 58%; 
while the cull orange molasses had a viscosity of over 20,000 c.p.

INTRODUCTION
C I T R U S  F R U I T  t o  b e  u s e d  f o r  p r o c e s s i n g  a r e  c o m m o n l y  
d r o p p e d  f r o m  t h e  t r e e s  t o  t h e  g r o u n d  b y  t h e  p i c k e r s ,  l o a d e d  
b y  h a n d  i n t o  c o n t a i n e r s  a n d  t r a n s p o r t e d  f r o m  t h e  g r o v e  i n t e 
r i o r  t o  a  l a r g e  t r u c k  t r a i l e r  f o r  h a u l i n g  t o  t h e  p r o c e s s i n g  p l a n t .  

T h e s e  t r a i l e r s  c o n t a i n  a p p r o x  2 0  m e t r i c  t o n s  ( m t )  o f  f r u i t  
w h i c h  a r e  u n l o a d e d  i n  l e s s  t h a n  1 5  m i n  a t  t h e  p l a n t  b y  d u m p 
i n g  i n t o  a  c o n v e y o r  s y s t e m .  T h e  u n l o a d e d  f r u i t  a r e  i m m e d i 
a t e l y  i n s p e c t e d  a n d  g r a d e d  t o  r e m o v e  i n j u r e d ,  s p l i t  a n d  

d e c a y e d  f r u i t .  T h e  s o u n d  f r u i t  a r e  s t o r e d  i n  b i n s  a n d  r e c e i v e  a  

f i n a l  i n s p e c t i o n  a n d  g r a d i n g ,  a f t e r  w a s h i n g ,  p r i o r  t o  j u i c e  e x 
t r a c t i o n  ( U S D A ,  1 9 6 2 ) .  F r u i t  r e j e c t e d  b y  t h e  g r a d e r s  a r e  c o n 

s i d e r e d  c u l l s  a c c o r d i n g  t o  r e g u l a t i o n s  ( F l a .  D e p t ,  o f  C i t r u s ,

1 9 7 5 )  a n d  a r e  e i t h e r  d e s t r o y e d  o r  s e n t  t o  a  f e e d  m i l l .
P r e s e n t  p i c k i n g ,  h a u l i n g  a n d  h a n d l i n g  o p e r a t i o n s  r e s u l t  i n  

s o m e  f r u i t  d a m a g e ;  h o w e v e r ,  t h e  f u t u r e  u s e  o f  a b s c i s s i o n  
c h e m i c a l s  a n d  m e c h a n i c a l  h a r v e s t i n g  m a c h i n e r y  c o u l d  r e s u l t  i n  
i n c r e a s e d  q u a n t i t i e s  o f  i n j u r e d  f r u i t  d e l i v e r e d  t o  t h e  p r o c e s s i n g  

p l a n t s .  G r i e r s o n  ( 1 9 6 8 )  r e p o r t e d  t w o  t o  t h r e e  t i m e s  m o r e  p o s t 
h a r v e s t  d e c a y  ( d u r i n g  s t o r a g e  f o r  t h e  f r e s h  f r u i t  m a r k e t )  i n  

m e c h a n i c a l l y  p i c k e d  o r a n g e s  t h a n  i n  h a n d  p i c k e d  c o n t r o l s .  

O t h e r  w o r k e r s  h a v e  s h o w n  t h a t  d r o p p i n g  f r u i t  t h r o u g h  t h e  t r e e  
b r a n c h e s  t o  t h e  g r o u n d  i s  a  s i g n i f i c a n t  f a c t o r  i n  d a m a g i n g  t h e  

f r u i t ,  a l l o w i n g  m o l d s  a n d  o t h e r  s o i l - b o r n e  o r g a n i s m s  t o  e n t e r  

t h e  f r u i t ,  t h u s  d e c r e a s i n g  t h e  p a c k o u t  o f  f r e s h  f r u i t  ( S m o o t  
a n d  M e l v i n ,  1 9 7 5 ) .  I n  s t u d i e s  c o n d u c t e d  a t  a  c o m m e r c i a l  p r o c 
e s s i n g  p l a n t ,  C o p p o c k  ( 1 9 7 7 )  f o u n d  t h a t  m e c h a n i c a l l y  h a r 
v e s t e d  f r u i t  t r e a t e d  b e f o r e  h a r v e s t  w i t h  a n  a b s c i s s i o n  c h e m i c a l  
s h o w e d  t w o  t o  t h r e e  t i m e s  a s  m a n y  c u l l s  a s  u n t r e a t e d  c o n t r o l s .  
I n c r e a s e d  q u a n t i t i e s  o f  c u l l  f r u i t  r e s u l t i n g  f r o m  m e c h a n i c a l  
h a r v e s t i n g  a n d  u s e  o f  a b s c i s s i o n  c h e m i c a l s  m a y  b e  d i f f i c u l t  t o  
r e m o v e  b y  h a n d  g r a d i n g ,  t h u s  m e c h a n i c a l  g r a d i n g  s y s t e m s  h a v e  
b e e n  p r o p o s e d  ( B r y a n  e t  a l . ,  1 9 7 4 ) .  B a s e d  o n  t h e  a u t h o r s ’ 
o b s e r v a t i o n s ,  m e c h a n i c a l  g r a d i n g  r e s u l t s  i n  i n c r e a s e d  a m o u n t s  
o f  r e j e c t e d  f r u i t  b e c a u s e  o f  t h e  i n c r e a s e d  n u m b e r s  o f  s o u n d  
f r u i t  i n c l u d e d  w i t h  t h e  c u l l s .  H a n d  g r a d e r s  a l s o  t e n d  t o  r e j e c t  

m a n y  s o u n d  f r u i t .
F a c t o r s  s u c h  a s  o v e r m a t u r i t y  a n d  f r e e z e  d a m a g e  a l s o  c o n 

t r i b u t e  t o  i n c r e a s i n g  t h e  n u m b e r  o f  c u l l s ,  n e c e s s i t a t i n g  d a t a  
c o n c e r n i n g  t h e  q u a n t i t y  a n d  q u a l i t y  o f  t h e s e  f r u i t .  T h i s  p a p e r  

r e p o r t s  s u c h  d a t a  o b t a i n e d  f r o m  a  c o o p e r a t i v e  s t u d y  w i t h  a  
c o m m e r c i a l  c i t r u s  p r o c e s s o r .  I n f o r m a t i o n  is  i n c l u d e d  t o  s h o w

y i e l d  a n d  q u a l i t y  d i f f e r e n c e s  w h i c h  e x i s t  b e t w e e n  s o u n d  a n d  
c u l l  f r u i t  c o n c e n t r a t e d  j u i c e ,  c o l d  p r e s s e d  p e e l  o i l ,  d r i e d  p u l p  

a n d  m o l a s s e s .

EXPERIMENTAL

Fruit
Cull fruit were taken from a commercial processing plant on three 

occasions, Jan. 26 (midseason oranges), Apr. 14 and May 3, 1976 
(Valencia oranges). On each occasion, every fruit rejected by the grad
ers at the fruit unloading conveyors was taken until approx 1 mt of 
culls were collected (2—4 hr). After collection, the fruit were brought 
to our pilot plant for processing. For all experiments, controls were 
processed by the plant and consisted of sound fruit from the same loads 
sent to the processing plant storage bins. Sample sizes are listed in Table
1.
Processing

The cull fruit collected at the processing plant were washed at our 
pilot plant with a detergent (fruit cleaner 220, FMC Corp.) in a brush 
washer and rinsed with a water spray. After the washing operation, the 
juice and peel oil emulsion were recovered using a commercial extractor 
(Model 391-FMC Corp.). The pulp, peel, membrane and seeds were 
saved for processing into dried cattle feed and molasses.
Frozen concentrate

The raw juice was passed through a finisher (screen size 0.5 mm) in 
preparation for concentrate manufacture and held in a refrigerated tank 
for feeding to the evaporator. Evaporation was performed on a pilot 
plant high temperature (90°C) short time (2 min) evaporator (Gulf 
Machinery Corp.) with approx 230 kg/hr water evaporation capacity. 
The cull fruit juice evaporator pump-outs (65 °Brix) were blended with 
12 °Brix commercial cut-back (fresh raw juices) from sound fruit to 
yield 44.8 °Brix final products. A good quality cold pressed Valencia 
oil meeting U.S.P. specifications (USP, 1975) was added to the final 
products in amounts sufficient to have 0.015% oil in the reconstituted 
single-strength products. Commercial concentrates were made by the 
cooperating plant from sound fruit using the same lots of raw juices for 
Brix cut-back as we used for the cull fruit juices. The concentrates 
made by the plant from sound fruit were used as controls for all com
parisons with cull fruit concentrates.
Cold pressed oil

Oil emulsions from the juice extractor oil recovery system were 
pumped to holding tanks (200L) and allowed to partially separate by 
standing for 4 -5  hr, an oil rich emulsion floating to the top third of the 
tank. The dilute bottom layer was drained off, the emulsion held in a

T able 1—A m o u n t  o f  cu ll f ru it a n d  to ta l  fru it u n lo a d e d  a t  a c o m 
m erc ia l p ro c ess in g  p la n t  in  3  h r

Unloaded Culls
Date (mt) (mt)

1 /26/76 184 1.1

4/14/76 375 1.2

5/3/76 138 0.5
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Dried pulp and molasses
The peel residues from the extractors were limed, chopped, pressed 

and dried in our pilot plant in the conventional manner for making 
dried citrus cattle feed and molasses (Kesterson and Braddock, 1976). 
This involves curing the peel with lime, pressing to recover soluble 
solids which are concentrated to 72 °Brix in a vacuum steam evapo
rator, and drying the press cake in a furnace-heated rotating triple-pass 
drum dehydrator (Vincent Proc., Inc.).
Material balances

Total fruit weights were obtained from the processing plant where 
the fruit were unloaded. Culls rejected by the graders were weighed 
(Table 1). Juice yields from the sound fruit were obtained by the 
processor while we determined yields from the culls. Actual weights of 
juice, wet peel residue, cold pressed oil, dried cattle feed, juice finisher 
pomace, peel frits and molasses were recorded. Peel frits are small bits 
(1 -2  mm) of peel shredded by the juice extractor during peel oil 
recovery.
Analyses

Certain analytical tests, common to citrus processing, were per
formed on the juices and other products manufactured from both cull 
fruit and the sound fruit controls. Analyses on juices and concentrates 
included the following determinations described by Praschan (1976): 
soluble solids (°Brix), acid, pH, % oil, color, sinking pulp, cloud and 
vitamin C. Finished product plate counts on orange serum and potato 
dextrose agars were made by the commercial processor. Apparent vis
cosities were determined by Brookfield viscometer with appropriate 
rpm and spindle. Total reducing sugars, glucose, fructose and sucrose 
were measured in juices and molasses by the method of Ting (1956). 
Alcohol content of raw juices was determined by ebulliometer.

Cold pressed oils were compared on the basis of chemical and physi
cal properties described in the USP (1975). Additionally, aldehyde, 
acid, ester and free alcohol contents were determined as described by 
Braddock and Kesterson (1976).

Dried pulp cattle feed and molasses were analyzed for protein, fat, 
fiber, ash and nitrogen-free extract. Aflatoxin analyses were made on

cold room (2°C) overnight, further concentrating the oil rich emulsion
layer. The concentrated oil emulsion was separated by centrifugation.

T able 2 —P ro d u c t m a teria l ba lan ces fo r  p r o c e s s e d  s o u n d  a n d  cu ll 
fru it

Product

kg product/mt fruit® 

Sound fruit Cull fruit

Juice 544 422
Wet peel residue 373 478
Finisher pomace 33 40
Peel frits 50 60
Juice soluble solids 63 49
Dried pulp (10% H2 O) 35 61
Molasses (72° B) 16 22
Cold pressed oil 3 2

® Data are averages for three processing dates.

T able 3 —Q u a lity  d a ta  o f  ra w  ju ic e  fro m  so u n d  a n d  cu ll oranges fo r  
th ree  p ro c ess in g  d a te s

Sound Cull

1/26 4/14 5/3 1/26 4/14 5/3

Soluble solids (° B) 12.0 12.4 10.4 11.2 11.7 11.7
Acid (%) 0.78 1.01 0.71 0.80 1.04 0.82
Ratio (° B/A) 15.4 12.3 14.6 14.0 11.3 14.2
Color no. 37 37 38 38 37 39
Alcohol (%w/w) tr tr tr 0.24 0.18 0.26

the dried pulp and juice concentrates using the procedures of the 
AOAC (1975). For concentrate or dried pulp, 50g of either the 45 
°Brix concentrate or pulp sample were extracted with 2 x 500 ml of 
dichloromethane to obtain samples for aflatoxin analysis.

RESULTS & DISCUSSION

Product yields
Exam ination of Table 1 will show tha t on the occasions 

m entioned, from 0 .3—0.6% of the fruit delivered to  the 
processing plant were rejected during the initial grading. These 
culls should not be confused with fruit from second grading 
lines just prior to  the juice exrractors. If fruit from the second 
grading operation had been included, the percentage of culls 
would have increased. The plant o f this study processes
400,000 mt of fruit per year; at 0.5%, the culls would am ount 
to  2000 mt.

The data in Table 2 show the relationship of product yields 
between sound and cull fruit. Cull fruit juice yields were about 
20% less and waste (residue + pomace + frits) 20% greater than 
from sound fruit. Increased quantities of dried pulp and m olas
ses and decreased am ounts o f juice solids and cold pressed oii 
were recovered from the cull fruit. The major reason for yield 
differences in Table 2 was the soft condition of the fruit 
caused by decay and injury. This resulted in poor juice and oil 
recovery efficiencies in the extractors.
Product quality

Quality of products m anufactured from  cull oranges dif
fered from  those of sound oranges, since the culls contained 
some mandarins, grapefruit, rootstock lemons, sour oranges 
and unripe fruit, as well as partially decayed, split and dried 
fruit. Proportions of sound fruit were also included with the 
culls. A classification of cull fruit, similar to  our observations, 
has been published by Bryan (1974).
Juice

The ferm ented condition of the cull fruit resulted in soured 
raw juice with a disagreeable aroma and flavor. However, the 
color was as good as that from sound fruit. Some quality data 
for the raw juices are listed in Table 3.

During concentration of the raw juice in the evaporator, the 
volatile ferm entation aromas were removed, resulting in signifi
cant flavor im provem ent of the concentrated pum p-out over 
the raw juice. Additional flavor improvement was m ade by 
blending the pum p-out with cut-back and cold pressed oil. 
However, the disagreeable flavor could not be entirely elimi
nated by concentration in the evaporator or masked by addi
tion of good cut-back and flavoring oil. General quality data of 
finished reconstituted juices are listed in Table 4. Differences 
in ratios (°Brix/acid) between the raw (Table 3) and processed 
juices (Table 4) are results of cut-back addition to  the concen
trates and evaporative loss of volatile acids from the raw cull 
fruit juices. The major difference between the reconstitu ted  
cull fruit juices and that of the sound fruit was flavor. The 
flavor score (Table 4) classification of 32—35 points is con
sidered U.S. Grade B (USDA, 1968). The cull fruit product 
off-flavor was described by panelists as stale, old fruit charac
teristic, biting and bitter.

Microorganism plate counts after processing did not indi
cate any sanitation problems with either product concentrate 
(Table 5). Plate counts may be as high as 200,000 before plant 
operators become concerned. We attach little significance to 
the data in Table 5 showing plate count differences between 
cull and sound fruit samples on Jan. 26 and May 3. Frozen 
concentrated orange juice is not a sterile product, heat trea t
ment to  90°C during evaporation is primarily for pectic 
enzyme inactivation.

Aflatoxin analyses were performed on all samples in our lab 
and additionally by a private lab, because of the considerable 
quantity  of fluorescing substances (bioflavonoids, coumarins, 
etc.) present in orange juice which interfere with the test.
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PROCESSING/CULL O R A N G E S ...

Table 4 —Q u a lity  o f  r e c o n s t i tu te d  c o n c e n tr a te  fro m  s o u n d  a n d  c u ll  fru it  
for th ree  p ro c ess in g  d a te s

Sound Cull

1/26 4/14 5/3 1/26 4/14 5/3

Soluble sclids 12.0 12.8 12.8 12.0 12.8 12.8
(° B)

Acid (%) 0.78 0.93 0.89 0.76 0.99 0.99
Ratio 15.5 13.8 14.4 15.8 12.9 13.2
pH 3.96 3.80 3.70 4.10 3.80 3.91
Oil (%) 0.013 0.012 0.017 0.013 0.017 0.017
Color no. 37 37 38 38 37 39
Cloud (%T) 5 4 5 5 3 5
Serum vise. 2.3 2.0 2.0 1.6 15.3 1.7

(c.p.)
Cone vise. 1215 940 1130 1700 1785 1040

(c.p.)
Flavor (U SDA ) 36 36 37 34 32 34
Red. sugars (%) 4.4 4.2 4.0 4.7 4.3 4.9
Sucrose (%) 5.0 4.7 4.8 4.5 4.4 5.4
Glucose (%) 2.1 2.4 1.6 2.2 1.8 1.9
Fructose (%) 2.3 1.9 2.4 2.5 2.6 2.9
Vit. C 52 58 41 48 44 47

(mg/100 ml)

Additionally, unidentified mold mycelia could be found upon 
close microscopic exam ination of the cull fruit processed juice. 
The tests proved negative for aflatoxins B i , B2 , Gi and G2 in 
either the cull fruit or the sound fruit concentrate.
Cold-pressed oil

Cold-pressed oil yields from  processing the cull oranges 
averaged 1 kg oil/m t fruit less than from the sound fruit (Table
2). The flavor and quality o f oil recovered from  cull fruit was 
poor, the aldehyde conten t being in the range 0 .3 —0.7%, too  
low to meet USP specifications. The free acid content o f the 
cull oil was 0.24%, com pared with 0.16% for the sound fruit 
oil; esters averaged 1.3% (culls) vs 0.9% (sound); while, the 
free alcoiiol content varied from 1.6% for cull to 1.1% for 
sound fruit oil. The cull fruit oil did no t m eet the quality 
criteria as described by Braddock and Kesterson (1976) and 
would not be suitable for m arketing as commercial cold 
pressed oil. However, the oil emulsions could be steam 
stripped and the terpene hydrocarbon, (+)-limonene, recovered 
as a by-product, since the physical properties of refractive 
index, specific gravity and optical ro tation  were within USP 
specifications.
Dried pulp and molasses

Cattle feeds made from  citrus processing residues are 
economically im portant by-products to  the Florida industry, 
am ounting to  approx $85,000,000 yearly in sales to  markets 
all over the world. Analytical data in Table 6 include some of 
the properties o f dried pulp and molasses m anufactured from 
cull oranges. These differences shown could affect the eco
nomic im portance of the products. For instance, the higher 
reducing and to ta l sugar content of the cull fruit molasses 
would be im portant to  distillers using this product for alcohol 
production. The higher protein nitrogen content of the dried 
pulp and molasses would be an im portant plus for use in live
stock feeding. However, the higher viscosity of cull fruit 
molasses would be a detrim ent, causing seme handling diffi- 

- culties.
Aflatoxin content of the dried pulp was determ ined by 

analysis to be negative. Occasionally, during bulk storage, 
improperly dried pulp will become m oldy, thus the rationale

T able 5 —M icroorgan ism  p la te  c o u n ts  fo r  s o u n d  a n d  cu ll fro zen  
c o n c e n tr a te d  oran ge  ju ices

Organisms/mla

Orange serum Potato dextrose

Cull 1/26 5000 5000 (1 yeast)
4/14 Neg 1 0 0 0
5/3 4000 4000

Sound 1/26 1 0 0 0 1 0 0 0
4/14 1 0 0 0 Neg
5/3 23000 3000

a C on ce n tra te  (45° B) d ilu ted  b y  1 / 1 0 0 0  fo r  p la t in g

T able 6 —C o m p o s itio n  o f  d r ie d  c itru s  p u lp  a n d  m o lasses m a d e  fro m
cu ll fru it a n d  c o m p a r e d  w ith  p u b lis h e d  d a ta

Published3 Cullb

Dried pulp
Moisture (%) 9.9 10.4
Protein (%) 5.9 6.6
Fiber (%) 11.5 13.4
N.F.E. (%) 62.7 62.3
Fat (%) 3.1 2.4
Ash (%) 6.9 4.9
Aflatoxin Neg Neg

Molasses
° Brix 72.0 72.0
Sucrose (%) 2 1 .0 17.0
Glucose (%) 11.5 19.5
Fructose (%) 1 2 .0 21.3
Moisture (%) 29.0 29.9
Protein (%) 4.1 5.8
N.F.E. (%) 62.0 60.8
Fat (%) 0.2 0.5
Fiber (%) 0 .0 0.2

Ash (%) 4.7 4.7
Glucoside (%) 3.0 2.4
Pectin (%) 1.0 0.9
pH 5.0 5.7
viscosity at 25° C (cp) 2 0 0 0 2 2 2 0 0

3 Data  fro m  Ke ste rson  and  B ra d d o ck , 1 9 7 6  
b  A verage  o f th ree  p roce ssin g  run s o n  d iffe re n t  dates

for our aflatoxin analyses. We attributed  the higher protein 
conten t to  growth of yeasts in the peel prior to and after juice 
extraction, as well as in the press liquid. Microorganism growth 
in the raw press liquid also may have been responsible for the 
increase in reducing sugar content of the molasses through 
breakdown of the carbohydrate material in the peel prior to  
recovering and concentrating the press liquid.

CONCLUSIONS

OUR DATA showed tha t from  0 .3 —0.6% culls were rejected 
by the graders; at tim es, this figure is probably as high as 2%. 
If, instead of being destroyed, the culls were m anufactured 
into cattle feed and molasses, an econom ic return could be 
obtained. This should be considered by processors currently 
dumping grading line culls in a pasture or other remote site. 
From the 2000 m t/y r o f cull fruit m entioned in this study, the 
dried pulp (Table 2) alone would have a m arket value of about 
$14,000 at today’s prices. With the advent o f abscission chem
icals and mechanical harvesting, the am ount o f culls will in-

—C o n tin u ed  on  p age  2 6 9
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USE OF A MACERATING PECTIC ENZYME  
IN APPLE NECTAR PROCESSING

------------------------------------  ABSTRACT ------------------------------------
The use of a commercial enzyme in the production of apple pulp for 
nectar beverages was investigated. During enzymatic treatment, apple 
pulp Theologically behaved initially as a pseudoplastic body with a yield 
value and later gradually shifted towards a pseudoplastic fluid. The pulp 
was separated by centrifugation into serum and insoluble residue frac
tions. Pectin analyses of the serum and residue showed that pectic 
substances were solubilized from the cell wall matrix essentially as 
highly esterified pectins. Viscosity measurements of the serum indi
cated some decrease in pectin chain length. The presence of water- 
soluble, highly esterified pectins is believed to be responsible for the 
desired cloud stability of apple nectar.

INTRODUCTION

FRU IT NECTARS are produced by blending fruit pulp with 
water, sugar and food acids. The fruit pulp conten t in the 
resulting viscous beverages can vary considerably, but must not 
be less than 40% according to  Codex Alimentarius (Anon.,
1971) and the U.S. authorities (Anon., 1968). Besides a fresh, 
original fruit flavor and a nonoxidized fruit color, fruit nectars 
should exhibit cloud stability and acceptable flow properties.

Most m ethods of fruit pulp preparation are based on the 
fact tha t many fruits soften sufficiently during ripening. With 
these fruits, a short blanching treatm ent followed by m echan
ical com m inution and hom ogenization is sufficient to  produce 
the desired cloud stability in the final beverage (Bertuzzi, 
1961; Luh, 1971b; Gantner, 1972). Nectars from a wide range 
o f tem perate zone, subtropical and tropical fruits are m anu
factured by these processes (Kardos, 1966; Kuusi and 
Kiesvaara, 1968; Sulc and Ciric, 1968; Luh, 1971a, b; Seale,
1967).

These processes are not very suitable for the production of 
nectars from  apples. This is probably due to  the insufficient 
disintegration o f the apple tissue during ripening. Because of 
this, a very intensive com m inution and hom ogenization is 
necessary to  reach the required pulp fineness which unfortu
nately results in a high degree of enzym atic browning. If the 
tissue is softened by prolonged blanching, the flavor of a 
cooked apple sauce rather than of a fresh apple nectar occurs. 
An alternative m ethod of producing apple pulp for nectars 
became possible when pectic enzyme preparations for macer
ation or cell separation of plant tissue became commercially 
available (Gram pp, 1969, 1972). Struebi et al. (1975) reported 
the successful application of m acerating enzymes (Irgazyme 
M-10, Ciba-Geigy; R oham ent P, Roehm & Haas). These nectars 
possessed no t only the original fruit color and flavor, but also 
good tex tural qualities (flow properties) and cloud stability 
over a sufficient period of tim e. Struebi (1976) found that the 
nectars contained largely undamaged cells and cell aggregates.

Various reports are available on studies o f the relation be
tween com position of fruit purees or fruit juice concentrates 
and their flow properties (Holdworth, 1971; Mizrahi and Berk, 
1971). Changes in insoluble particle size (fruit cell agglom
erates), in the am ount of soluble pectin and in to tal solid

1 P re se n t a d d re ss : D e p t. S c ie n tif ic  & In d u s tr ia l  R ese a rch , P ro cessin g  
an d  P o m o lo g y  S e c tio n , P la n t D iseases D iv is io n , A u c k la n d , N .Z .

2 T o  w h o m  re q u e s ts  fo r  re p r in ts  s h o u ld  b e  d ire c te d

content o f purees or concentrates are the main factors in
fluencing flow properties. Also, several theories on cloud 
stability have been proposed especially for citrus juices (Joslyn 
and Pilnik, 1961; Baker and Bruemmer, 1972; Krop 1974). 
Sulc and Vujicic (1973) showed tha t certain pectic enzymes 
solubilize highly esterified pectins from apple pulp. Due to  a 
high degree of esterification of these pectins a coagulation 
with ions such as calcium and a sedim entation of clouding 
particles are prevented. Joslyn and Pilnik (1961) have sug
gested a similar mechanism for the cloud stability in citrus 
juices.

Based on the findings of the studies discussed above, this 
paper investigates the rheological behavior and pectin com posi
tional changes in apple pulp during the enzym atic m aceration 
process, and discusses the influence of these changes on nectar 
quality.

EXPERIMENTAL

Preparation of apple pulp for nectars
The procedure described by Struebi et al. (1975) was used for 

preparing apple pulp. Fruits of the Glockenapfel variety were received 
from the Swiss Federal Research Station Waedenswil and stored at 4°C 
and 84% RH until ready for use. Batches of 10 kg of chilled apples were 
washed and milled to a mash with a fruit mill (Model Central 2, Bucher- 
Guyer Ltd., Niederweningen, Switz.). 30 mg/kg NaHS03 were added to 
the mash to prevent initial enzymatic browning.

To inactivate natural enzymes, the mash was heat-treated by 
pumping it with a Moineau type pump into a tubular swept heat ex
changer (Thermalizer system, Luwa-SMS, Zurich, Switz.). The heat 
exchanger consisted of a heating part (1 Thermalizer unit, 0.1 m2 heat 
exchange surface, 800 cm3 product volume), a holding tube (25 mm
I.D., 385 cm3 product volume) and a cooling part (2 Thermalizer 
units). Saturated steam at 3.6 bar and water at 8°C were used for 
heating and cooling, respectively. The necessary holding time and the 
flow rate were derived from the time required to inactivate polyphenol- 
oxidase as calculated by Dimick et al. (1951). At a flow rate of 2 
kg/min, the mash was heated within 30 sec to 85° C, held at 85° C for 
12 sec and cooled within 60 sec to 35°C.

The enzyme treatments were carried out on 5 kg of blanched mash 
in a reaction vessel at 38-40°C, A commercial enzyme preparation, 
Irgazyme M-10 (Ciba-Geigy Ltd., Basel, Switz.), at concentrations 
ranging from 63-1000 mg/kg mash was added as suspension in water. 
The mash was then stirred for 4 hr (2 hr at 72 rpm followed by 2 hr at 
36 rpm). The enzyme-treated mash was passed through a 2.38 mm 
screen using a continuously working pulper finisher (Longsenkamp 
Ltd., Indianapolis, IN) :o remove hard skin and core parts. For viscosity 
measurements, the mash was screened before enzyme treatment to 
avoid interference by skin and core parts. For the production of apple 
pulp which served as a nectar base, the mash was screened after the 
enzyme treatment, as the yield of finished pulp was higher in this case.

The enzyme-treated and screened pulp was used to prepare the final 
nectar beverage as described by Struebi et al. (1975).
Characterization of the macerating process

Flow property changes of apple pulp during enzyme treatment were 
determined with a rotational coaxial viscosimeter (Epprecht system, 
Rheomat-15, Contraves Ltd., Zurich, Switz.) at 20 ± 0.1°C. Shear stress 
and shear rate values were also used to determine the power law func
tion constants for shear rates between 20 and 100 sec'1 using the 
graphical methods described by Charm (1960; 1963) (Eq 1).
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where r  = shear stress (dyne/cm2); dv/dy = shear rate; b = proportion
ality or consistency factor; s = flow behavior index; and C = yield value 
(dyne/cm2).

The apparent viscosity of apple pulp was calculated at shear rates 50 
and 100 sec'1 (Eq 2), first by using the values of the flow curves, and 
secondly by using the constants C, b and s of Eq 1.

7,8 -(dv/dy) ^ )

where vs = apparent viscosity at a defined shear rate (dyne- cm/cm2).
A shear rate of 50 see"1 was chosen because there is a good correl

ation between sensory evaluation (mouthfeel) and rheological measure
ments (Wood, 1968). A shear rate of 100 sec-1 was selected to 
demonstrate the influence of increasing shear rates on the viscosity, and 
because higher shear rate values are important in the design of food 
processing equipment (Saravacos, 1970).

Apple pulp sampled at various stages of the enzyme treatment was 
separated into a serum and a water-insoluble marc fraction by centrifu
gation (20 min at 1500 x G). The relative viscosity of the serum, 
compared to that of water, was measured with an Ubbellohde capillary 
viscosimeter at 20 ± 0.1°C (water value 12.8 sec). The alcohol-insoluble 
residues were isolated from the serum and marc fraction by repeated 
washing with 95% ethanol and then dried in vacuo. The total pectin 
content of these residues and the degree of esterification of the pectins 
were analyzed by determining the carboxyl groups before and after 
saponification of the methylesters (Raunhardt and Neukom, 1965; 
Deuel et al., 1954).

RESULTS & DISCUSSION

Flow curves for apple pulp incubated w ith enzyme concentra
tions ranging from  63—1000 mg/kg for 4 hr at 38°C are shown 
in Figure 1. The power law values C, b and s are reported in 
Table 1. The yield value C decreased from  the beginning of the 
treatm ent for all enzyme concentrations. For low and medium 
enzyme concentrations (63 and 250 mg/kg) the proportion
ality factor b first increased, and decreased only after 1 h r of 
the treatm ent, whereas at high concentrations (1000 mg/kg), b 
dropped from the beginning of the treatm ent. The flow 
behavior index s first dropped, and at a later stage of the 
incubation increased again with all enzyme concentrations. At 
enzyme concentrations of 250 and 1000 mg/kg, the value of s 
returned to that of nontreated  pulp. Therefore, fresh as well as 
macerated apple pulp shows non-Newtonian flow properties 
and behaves Theologically as a pseudoplastic body with a yield 
value. With advancing m aceration, the system changes more 
and more towards a true pseudoplastic fluid, as the yield value 
C is decreasing.

The apparent viscosities at shear rates of 50 and 100 sec"1 
are summarized in Table 2, on one hand as calculated from  the 
tabulated values of C, b and s, and on the other as directly 
measured with the rotational viscosimeter. There is good corre
spondence between the com puted and the directly measured 
values for apparent viscosities; the correspondence improved 
with increasing incubation time.

Changes in the am ount of serum separated by centrifuga
tion of pulp and in the relative viscosity of the serum during 
the maceration process are reported in Figures 2 and 3, 
respectively. The initial changes which are im portant in 
maceration occurred too  rapidly to  be conveniently followed 
at high enzyme concentrations. Therefore, the results for treat
ment at low enzyme concentrations are more suitable for 
interpreting m aceration changes. Up to  1-hr incubation at 63 
mg/kg Irgazyme M-10, the am ount o f serum separated 
continued to  decrease (Fig. 2), whereas its relative viscosity 
continued to  increase (Fig. 3). In contrast, for an enzyme 
concentration of 1000 mg/kg, the serum separated increased 
and the serum viscosity decreased from the beginning of the 
treatm ent.

Figure 4 summarizes the relative changes of the water and 
alcohol-insoluble marc fraction and the alcohol-insoluble 
serum fraction. With increasing enzym e concentrations and 
incubation tim e, the yield of the insoluble marc fraction

T able 1—Changes in y ie ld  s tre ss  C , f lo w  b e h a v io u r  in d e x  s  a n d  p r o 
p o r t io n a li ty  fa c to r  b  o f  a p p le  p u lp  in c u b a te d  a t  d i f fe r e n t  e n z y m e  
co n en tra tio n s

Enzyme
cone

Img/kg)

Incubation
time
(min)

Yield value 
C

(dyne/cm2 )

Flow behavior Proportionality 
index factor 

s b

0 0 240 0.47 105
63 240 81 0.34 120

125 240 64 0.44 50
250 240 36 0.46 31
500 240 31 0.41 22

1000 240 28 0.44 14

63 15 210 0.39 126
30 170 0.30 184
60 120 0.28 205

120 100 0.31 165
240 81 0.34 120

250 15 180 0.34 176
30 144 0.31 174
60 90 0.28 168

120 50 0.35 90
240 36 0.46 31

1000 15 80 0.37 95
30 71 0.38 49
60 54 0.48 18

120 34 0.48 14
240 28 0.44 14

250 500 750 1000 1250
S H E A R  S T R E S S ,  dyne/cm

Fig. 1—F lo w  cu rv e  o f  a p p le  p u lp  in c u b a te d  w ith  d if fe r e n t  e n z y m e  
c o n c e n tra tio n s  fo r  4  h r  a t  3 8 ° C.

decreased, and the yield of the insoluble serum fraction in
creased.

Figure 5 reports the pectin conten t o f the insoluble marc 
and the serum fractions. The pectin content of the marc frac
tion decreased w ith increasing enzyme concentration and 
incubation tim e. The percentage of the pectin in the serum 
fraction initially increased at low enzyme concentrations and, 
although subsequently declining, remained above 60% for all 
enzyme concentrations. Figure 6 shows that the degree of 
esterification of pectins remaining in the insoluble marc frac
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tion dropped continuously, whereas the degree of esterifica
tion  of all serum pectins always remained above 50%.

It is im portant to  correlate the com positional changes of 
apple pulp during m aceration (Fig. 2—6) w ith the changes of 
the power law values (Table 1). In the initial phase of the 
enzym e treatm ent, increases in the am ount of soluble pectin 
and in relative serum viscosity coincided with increases in the 
proportionally factor b. At a later stage the serum viscosity 
and the proportionality  factor b declined. This decrease of b 
seems to  be due to  a decrease in chain length of the pectins. A 
decrease in pectin chain length is believed to  have occurred 
because the dried alcohol-insoluble residues were fibrous at 
low enzym e concentration and short treatm ent, bu t became 
grainy and sandy at higher enzym e concentrations and longer 
treatm ent. The yield value C is also influenced to  some extent

T able 2 —A p p a r e n t  v is c o s ity  a t  sh ear ra te s  o f  5 0  a n d  1 0 0  s e c '1 o f  
a p p le  p u lp  in c u b a te d  a t  d if fe r e n t  e n z y m e  co n cen tra tio n s

Apparent viscosity r/s  (dyne-sec/cm2 )

Enzyme
cone

(mg/kg)

Incubation
time
(min)

D = 50 sec '1 D = 100 sec '1

a b a b

0 0 18.20 17.74 11.40 11.34
63 240 10.60 10.52 6.50 6.42

125 240 6.88 6.76 4.35 4.34
250 240 4.50 4.46 3.00 2.94
500 240 2.82 2.76 1.72 1.73

1000 240 2.26 2.25 1.34 1.44

63 15 16.14 15.56 9.55 9.52
30 15.70 15.30 9.10 9.03
60 14.44 14.42 8.52 8.47

120 13.10 12.88 7.84 7.72
240 10.60 10.52 6.50 6.42
420 8.60 8.48 5.32 5.32

1000 15 10.04 9.68 5.96 6.02
30 5.70 5.66 3.45 3.42
60 3.60 3.44 2.20 2.18

120 2.62 2.52 1.60 1.62
240 2.26 2.25 1.34 1.44

a M easu red  d ire c tly
^  C a lcu lated  fro m  values o f C , b and s in T ab le  1

Fig. 2 —A m o u n t o f  se ru m  s e p a ra te d  fro m  a p p le  p u lp  tre a te d  w ith  
d if fe r e n t c o n c e n tr a tio n s  o f  Irg a zy m e  M -1 0  a t  d i f fe r e n t  len g th s  o f  
tim e.

by the am ount of soluble pectin present in the product. As 
Struebi (1976) showed, the decline of the yield stress C also 
coincided with the continuing separation of larger cell 
agglomerates. No conclusive explanation for the changes in the 
flow behavior index s during the m aceration was found. 
Changes in solid m atter, which are suggested by Mizrahi and 
Berk (1971) to  be the reason for changes of s, did no t occur 
during the whole incubation period.

The initial increase in serum viscosity and decrease in 
percentage of serum separated at low enzyme concentration 
indicate swelling of the fruit tissue as well as rapid solubiliza
tion of long chain pectin molecules. A fter 1 hr enzyme trea t
m ent, the am ount of serum increased whereas little change 
occurred in the marc and in the alcohol-insoluble serum frac
tion (Fig. 2 and 4). Since the apparent viscosity of the pulp 
continued to  drop during this period (Table 2), it appears th a t 
solubilized pectin fractions which contribute to  the viscosity 
were degraded. This would also explain the changes in 
appearance of the dried alcohol precipitates. At high enzym e 
concentrations, the solubilization and degradation process 
most probably occurred simultaneously resulting in the 
im m ediate drop in serum viscosity.

The results summarized in Figure 6 indicate, tha t highly 
esterified pectins were solubilized specifically, and tha t low- 
esterified pectins remained either in the cell wall m atrix or 
were com pletely degraded. This supports the findings of Sulc 
and Vujicic (1973) m entioned :n the in troductory  part. These 
authors were also able to  isolate soluble highly esterified 
peccins from  apple pulp after enzym atic treatm ent.

The rheological data and the analytical results o f the 
m aceration experiments perm it some conclusions as to  what 
changes in the apple mash lead to  the desired textural qualities 
and to  the necessary cloud stability of apple nectars (Struebi 
et al., 1975). The smoothness of the product is obtained by 
the initial enzymatic disintegration of apple into small groups 
of cells, which permits the final breakdown of large particles 
by mechanical screening and hom ogenization. Because the cell 
walls generally remain intact and strongly hydrated , the cells 
remain suspended in a serum containing a large proportion  of 
water-soluble long-chain pectins. The cell hydration  and the 
high degree of polym erization of pectins contribu te to  the 
apparent viscosity of the nectar base and to  the characteristic 
consistency of the nectar beverage. Also, the presence of high 
esterified pectins seems im portant for cloud stability as was 
already outlined in the introduction. Therefore, it is essential 
to  inactivate pectinesterases naturally present in fruits during

Fig. 3 —Change o f  re la tiv e  v isc o s ity  o f  se ru m  d u rin g  in cu b a tio n  w ith  
I 'g a zy m e  M -10. In itia l v isco s ity  = 1 6 .2 5  x  w a te r  value.
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Fig. 4 —R e la tiv e  ch an ges in w e ig h t o f  w a te r  a n d  
a lco h o l-in so lu b le  m a rc  fra c tio n  a n d  o f  a lc o h o l  
in so lu b le  se ru m  fra c tio n  d u r in g  in cu b a tio n  o f  
a p p le  p u lp  w ith  Irg a zy m e  M -10 . M arc: 100%  =  
1.50g d r ie d  w a te r  a n d  a lco h o l-in so lu b le  m arc  

p e r  100g m o is t  p u lp ;  S eru m : 100%  = 0 .3 2 g  
d rie d  a lco h o l-in so lu b le  so lid s  p e r  100g m o is t  
pu lp .

Fig. 5 —Changes in c o n c e n tr a tio n  o f  p e c t ic  s u b 
sta n ces in th e  w a te r  a n d  a lco h o l-in so lu b le  m a rc  
frac tion  a n d  in th e a lco h o l-in so lu b le  se ru m  frac
tio n  d u rin g  in cu b a tio n  o f  a p p le  p u lp  w ith  
Irg a zym e  M -10.

p e c t ic  su b s ta n ces  in  th e  w a te r  a n d  a lco h o l-in 
so lu b le  m a rc  fra c tio n  a n d  in th e  a lco h o l-in so lu 
b le  se ru m  fra c tio n  d u rin g  in c u b a tio n  o f  a p p le  
p u lp  w ith  Irg a zy m e  M -10.

the blanching operation. The am ount of esterified pectin in 
the serum is sufficient to  m aintain the cloud stability even 
after the nectar base has been diluted w ith sugar-acid solution.

No analyses were made of the non-pectin fraction (i.e. 
cellulose and hemicelluloses) in the water-insoluble marc. 
Their degradation might contribute to  the cell separation and 
maceration of apple tissue. In their w ork on to ta l liquefaction 
of fruits and vegetables, Pilnik et al. (1975) m ention the 
importance of cellulolytic as well as pectolytic enzymes. How
ever, it is not clear what the relationship between m aceration 
and liquefaction is. Further research is required to  elucidate 
the role and mechanism of these enzymes in producing nectars 
and liquefied fruit products.

REFERENCES
A n o n y m o u s . 1 9 6 8 . C an n ed  f r u i t  n e c ta rs : O rd e r  e s ta b lish in g  d e f in it io n s  

an d  s ta n d a rd s  o f  id e n t i ty .  F e d e ra l R eg is te r  3 3 : 6 8 6 2 . M ay 7. 
A n o n y m o u s . 1 9 7 1 . F A O /W H O  C o d ex  A lim e n ta r iu s : N o rm e  in te rn a 

tio n a le  re c o m m a n d é e  p o u r  le s  n e c ta r s  d ’a b r ic o t ,  de  p è ch e  e t  de 
p o ire , co n se rv é  e x c lu s iv e m e n t p a r  d e s  p ro c é e d s  ]h y s iq u e .  C A C /R S  
4 4 . .

B aker, R .A . a n d  B ru e m m e r, J .H . 1 9 7 2 . P e c tin a se  s ta b i l iz a tio n  o f  o ran g e  
ju ice  c lo u d . J .  A gr. F o o d  C h em . 2 0 : 1 1 6 9 .

B e r tu z z i ,  A . 1 9 6 1 . H o m o g e n e  F r u c h tc re m e —T ech n o lo g ie  u n d  
V e rw en d u n g . F ru c h ts a f t - In d u s tr ie  6 : 2 6 9 .

C h arm , S .E . 1 9 6 0 . V isco s im e try  o f  n o n -N e w to n ia n  fo o d  m a te ria ls . 
F o o d  R es. 2 5 : 3 5 1 .

C harm , S .2 . 1 9 6 3 . T h e  d ire c t  d e te rm in a t io n  o f  sh ea r  s tre ss -sh ea r ra te  
b e h a v io r  o f  fo o d s  in  th e  p re s e n c e  o f  a y ie ld  s tre ss . J . F o o d  Sei. 28 : 
1 0 7 .

D eu el, H ., A nyas-W eisz, L . a n d  S o lm s, J .  1 9 5 4 . G e w in n u n g  u n d  
C h a rak te r is ie ru n g  v o n  N a tr iu m p e k ta te n  au s  Z u c k e rrü b e n s c h n i tz e l .  
M itt. L eb en sm . U n te rs . H yg. 4 5 : 5 0 9 .

D im ick , K P ., P o n tin g , J .D . a n d  M ak o w er, B. 1 9 5 1 . H e a t in a c tiv a t io n  o f 
p o ly p h e n o la se  in  f r u i t  p u re e s . F o o d  T e c h n o l. 5 : 2 3 7 .

G a n tn e r , A . 1 9 7 2 . D ie H e rs te llu n g  v o n  F r u c h tn e k ta re n .  F lü ssiges O b st 
3 9 : 4 0 6 .

G ra m p p , E . 1 9 6 9 . D ie V e rw e n d u n g  v o n  E n z y m e n  in  d e r  L e b e n s m itte l
in d u s tr ie . D e u t. L e b e n sm .-R u n d s c h . 6 5 : 3 4 3 .

G ra m p p , E. 1 9 7 2 . “ D ie V e rä n d e ru n g  d e r  T e c h n o lo g ie  am  B eisp ie l d e r  
O bst- u n d  G e m ü se v e ra rb e itu n g  m it  e in em  sp ez ie llen  P e k tin a se - 
p r ä p a ra t .”  D e ch em a  M o n o g ra p h  S eries , V o l 7 0 , p .  1 7 5 . V erlag  
C hem ie, W ein h e im /B e rg s tra s se , G e rm an y .

H o ld s w o r th , S .D . 1 9 7 1 . A p p lic a b ility  o f  rh e o lo g ic a l m o d e ls  to  th e  
in te rp r e ta t io n  o f  f lo w  a n d  p ro c e ss in g  b e h a v io u r  o f  f lu id  fo o d  p r o d 
u c ts . J . T e x tu re  S tu d ie s  2 : 3 9 3 .

J o s ly n , M .A . a n d  P iln ik , W. 1 9 6 1 . E n z y m e s  a n d  e n zy m e  a c t iv ity . In  
“ T h e  O ran g e , its  B io c h em is try  a n d  P h y s io lo g y ,”  E d . S in c la ir , H.W. 
U n iv e rs ity  o f  C a lifo rn ia  P r in tin g  D e p a r tm e n t ,  D avis, CA.

K a rd o s , E . 1 9 6 6 . “ O b st- u n d  G e m ü se s ä f te .”  V E B  F a c h b u ch v e rlag , 
L e ipz ig , G e rm a n  D e o m cra tic  R e p u b lic .

K ro p , J .J .P . 1 9 7 4 . “ T h e  M ech an ism  o f  C lo u d  L oss  P h e n o m e n a  in  
O range J u ic e ,”  A g ric u ltu ra l R ese a rch  R e p o r ts  8 3 0 . C en tre  fo r  A gri
c u ltu ra l  P u b lish in g  a n d  D o c u m e n ta t io n ,  W agen ingen , N e th e r la n d s .

K u u si, T . a n d  K iesvaara , M. 1 9 6 8 . E rg eb n isse  v o n  V e rsu ch en  z u r  
H e rs te llu n g  v o n  F r u c h tn e k ta re n  a u s  O b s t u n d  W ild frü ch ten  
f in n isc h e r  H e rk u n f t .  F lüssiges O b s t 3 5 : 5 1 9 .

L u h , B .S . 1 9 7 1 a . T ro p ic a l f r u i t  b ev e rag es . In  “ F r u i t  a n d  V eg etab le  
J u ic e  P ro cessin g  T e c h n o lo g y ,”  2 n d  e d , p .  3 0 2 , E d . T ressler, D .K . 
a n d  J o s ly n , M .A . T h e  A vi P u b lish in g  C o ., In c .,  W e s tp o r t , CT.

L u h , B .S . 1 9 7 1 b . N e c ta rs , p u lp y  ju ic e s  a n d  f r u i t  ju ic e  b le n d s . In  “ F ru i t  
a n d  V e g e ta b le  J u ic e  T e c h n o lo g y ,”  2 n d  ed , p .  3 4 7 , E d . T ress ler, D .K . 
a n d  J o s y ln , M .A . T he A vi P u b lish in g  C o ., In c ., W es tp o rt , CT.

M izrah i, S. a n d  B erk , Z. 1 9 7 1 . F lo w  b e h a v io u r  o f  c o n c e n tr a te d  o ran g e  
ju ice : M a th e m a tic a l t r e a tm e n t .  J .  T e x tu re  S tu d ie s  3: 69.

P iln ik , W ., V o ra g e n , A .G .J . a n d  d e  V os, L . 1 9 7 5 . E n z y m a tisch e  
V e rflü ss ig u n g  v o n  O b st u n d  G em ü se . F lü ss iges  O b s t 4 2 : 4 4 8 .

R a u n h a rd t ,  O . a n d  N e u k o m ,H . 1 9 6 5 . U e b e r  V e rä n d e ru n g en  d e r  P e k tin 
s to f fe  v o n  A e p fe ln  u n d  B irn e n  w ä h re n d  des R e ifep ro zesse s . M itt. 
L e b e n sm . U n te rs . H yg. 55 : 4 4 5 .

S a rav aco s , G .D . 1 9 7 0 . E f fe c t  o f  te m p e ra tu re  o n  v isco s ity  o f f r u i t  ju ices  
a n d  p u re e s . J .  F o o d  Sei. 3 5 : 1 2 2 .

S ea le , P .C . 1 9 6 7 . P ro cessin g  th e  r a re r  t ro p ic a l  f ru its . F o o d  T e c h n o l. 
A u s t. 1 9 : 2 3 3 .

S tru e b i ,  P. 1 9 7 6 . U n te rs u c h u n g e n  ü b e r  d ie  H e rs te llu n g  v o n  A p fe ln e k ta r  
m it  e in e m  p e k to ly t is c h e n  E n z y m p rä p a ra t ,  D o c to r  o f  T e c h n ic a l 
S c ien ce  th e s is , Sw iss F e d e ra l In s t i tu te  o f  T e c h n o lo g y , Z u rich .

S tru e b i . P .. Eischer. F . a n d  N e u k o m , H . 1 9 7 5 . N e u e re  A rb e ite n  ü b e r  d ie 
T ec h n o lo g ie  d e r  A p fe ln e k ta r-H e rs te llu n g . In d .  O b st- u n d  G em ü se 
v e rw e r tu n g  5 0 : 3 4 9 .

S u lc , D. a n d  C iric , D . 1 9 6 8 . H e rs te llu n g  vo n  F r u c h t-  u n d  G e m ü se m a rk t
k o n z e n t r a te n .  F lü ss iges  O b st 35 : 2 3 0 .

S u lc , D. an d  V u jic ic , B. 1 9 7 3 . U n te rs u c h u n g e n  d e r  W irk sam k e it v o n  
E n z y m p rä p a ra te n  a u f  P e k t in s u b s t ra te n  u n d  F ru c h t-  u n d  G em ü se
m a isch e n . F lü ss iges  O b st 4 0 : 7 9 .

W o o d , F.W . 1 9 6 8 . P s y c h o p h y s ic a l s tu d ie s  o n  th e  c o n s is te n c y  o f liq u id  
fo o d s . In  “ R h eo lo g y  a n d  T e x tu re  o f  F o o d s tu f f s ,”  S .C .I. M o n o g rap h  
N o. 2 7 . S o c ie ty  o f  C h em ica l In d u s t ry ,  L o n d o n .

Ms rece iv ed  4 /1 /7 7 ;  rev ised  6 /1 6 /7 7 ;  a c c e p te d  6 /2 1 /7 7 .

B ased  o n  a  p a p e r  p re s e n te d  a t  th e  3 6 th  A n n u a l M ee ting  o f  th e  
I n s t i tu te s  o f  F o o d  T e c h n o lo g is ts , A n a h e im , C A , J u n e  6 -9 , 1 9 7 6 .

O n e  o f  th e  a u th o rs  (P .S .) th a n k s  th e  N e stle  A lim e n ta n a  L td .,  V evey , 
S w itz e rla n d , fo r  p ro v id in g  h im  w ith  a  re sea rc h  g ra n t. T h e  a u th o rs  are 
a lso  in d e b te d  to  M r. A . D en z le r, D e p t, o f  F o o d  S c ien ce , Sw iss F ed . 
In s t .  T e c h n o l.,  fo r  te c h n ic a l  a ss is tan ce , a n d  to  D rs. U. S c h o b in g e r  a n d
K . S to ll,  Sw iss F e d e ra l R esearch  S ta t io n  W aedensw il, fo r  su p p ly in g  
a p p le  sam p le s  an d  fo r  h e lp in g  w ith  te c h n ic a l  e q u ip m e n t,  a n d  to  D r. 
D .A . H e a th e rb e ll,  D .S .I .R ., P la n t D iseases D iv is io n , A u c k la n d , N .Z . fo r  
h is  c ritic a l rev iew  o f  th e  m a n u sc rip t.

Volume 43 (1978 )-J0U RN A L  O F  FO O D  S C IE N C E -  263



R. W. B U E SC H E R  a n d  R . J. F U R M A N S K I  

D e p t, o f  H o rticu ltu ra l F o o d  S c ien ce  

U n iversity  o f  A rk a n sa s , F a y e tte v il le , A R  7 2 7 0 1

ROLE OF PECTINESTERASE AND POLYGALACTURONASE  
IN THE FORMATION OF W OOLLINESS IN PEACHES

------------------------------------  ABSTRACT ------------------------------------
Chilling injury symptoms do not appear in nonripe peaches (P runus  
p ersica  L.) while stored at low temperatures, but a dry-mealy texture 
(woolliness) appears in chill-injured fruits after ripening. Reduced 
pectinesterase and polygalacturonase activities were associated with 
reduced juiciness, reduced levels of water soluble pectins, poor texture 
and enhanced levels of insoluble pectins in peaches which were ripened 
after storage at 1°C for more than 3 wk. Pectinesterase and polygalactu
ronase activities and levels of pectic substances were unaltered in non- 
ripened fruits held at 1°C. Fruits transferred to 20°C for 24 or 48 hr 
after 1 and 3 or 2 and 4 wk of storage at 1°C did not exhibit woolliness 
after 5.5 wk of storage. Warming for 12 hr was inadequate to prevent 
the development of woolliness. The effect of intermittent warming on 
providing a desirable texture in subsequently ripened fruits was related 
to enhanced pectinesterase and polygalacturonase activities. Low 
temperatures appeared to induce this physiological disorder by reducing 
the capacity to provide adequate levels of pectin-esterase and poly
galacturonase during subsequent ripening at nonchilling temperatures. 
Intermittent warming appeared to prevent injury by protecting the 
capacity to produce adequate levels of pectolytic enzymes during 
ripening.

INTRODUCTION

FRESH MARKET PEACHES are usually harvested prior to  
being ripe and stored at low tem peratures (0 —8°C) during 
marketing. Low tem peratures are necessary for retarding 
ripening and maintaining salable fruits; however, nonripe 
peaches are subject to  chilling injury when exposed to  tem 
peratures below 10°C (Harding and Haller, 1932, 1934; Lutz 
and Hardenburg, 1968). Chilling injury in peaches results in a 
dry-mealy (woolly) texture although injured fruits appear 
normal. Since the presence of woolliness is no t obvious until 
consum ption, it is detrim ental to  consumer acceptance and 
demand for peaches (Davies et al., 1937; Boyes, 1955).

Woolliness becomes evident in peaches ripened after stor
age for 1—4 wk at 0 —10°C depending on the cultivar 
(Furm anski and Buescher, 1976; de Haan, 1957; Haller and 
Harding, 1939). F ruits pre-ripened prior to  storage are resis
tan t to  injury (de Haan, 1957; O’Reilly, 1947; Scott et al., 
1969; Ben-Arie and Lavee, 1971) while all nonripened stages 
of m aturity  are equally susceptible (Buescher and Griffith,
1976). In term itten t warming of peaches stored at chilling 
tem peratures has been shown to reduce the development of 
wooliness and allows for extended storage (Anderson and 
Penney, 1975; Ben-Arie et al., 1970; Scott et al., 1969).

Form ation o f woolliness has been associated with impaired 
solubilization of pectic substances (Ben-Arie and Lavee, 1971; 
de Haan, 1957). Ben-Arie and Lavee (1971) have indicated 
that pectinesterase (PE) dem ethylates pectins during low 
tem perature storage which results in an insoluble low 
m ethoxyl pectin of high molecular weight that holds water in 
a gel. Thus, juiciness is reduced and the sym ptom  of woolliness 
is expessed.

Polygalacturonase (PG) has been associated with softening 
and solubilization of pectins in peaches during norm al ripening 
(Pressey et al., 1971). Anomalous pectolytic enzyme action 
induced by chilling could account for impaired depolymeriza
tion of pectins and concom itant expression of woolliness.

The objectives of the study reported herein were to

determine if pectolytic enzyme (PG and PE) activities were 
associated with the form ation of woolliness in peaches. 
Solubility of pectic substances, taste panels, and expressible 
juice were used for characterizing woolliness in peaches 
allowed to  ripen after storage at 1°C. In term ittent warming, 
which prevented woclliness, was also used to  substantiate the 
hypothesis tha t depressed pectolytic enzyme activities were 
associated w ith the form ation of this disorder.

EXPERIMENTAL

Preparation and treatment
Firm (USDA, 1969) peach frui.s (cvs. Red Haven and Jefferson) of 

uniform size were obtained from the University of Arkansas Fruit 
Substation and placed in storage at 1°C and approximately 90% relative 
humidity. Two samples (each sample consisted of 16 fruits separated 
into four replicates of four fruits each) were taked after 0, 1 ,2 , 3, 4, 
and 5 wk of storage. One sample was assayed immediately after storage 
for pectic substances, PE, and PG activities while fruits in the other 
sample were allowed to ripen for 3 days at 20°C in humidified air. 
After ripening, fruits were assayed for PE and PG activities, pectic 
substances, expressible juice, taste and texture.

Effects of intermittent warming were determined by exposing fruits 
to 20°C for 0, 12, 24 or 48 hr after 1 and 3 wk or after 2 and 4 wk at 
1°C. Each treatment consisted of 12 fruits which were separated into 
three replicates of four fruit each. After 5.5 wk in storage all fruits were 
transferred to 20°C, allowed to ripen for 3 days, and then assayed for 
flavor, texture, PE and PG activities

PE and PG assays
Pectolytic enzymes were extracted by homogenizing peach flesh in 

an aqueous solution containing 0.5M NaCl and 1% polyvinylpyrroli
done. The homogenates were centrifuged at 11,300 X G for 10 min, 
filtered and used for the enzyme assays.

PE activity (microequivalents/g fresh wt-min) was determined from 
the amount of 0.05N NaOH required to maintain a 1% citrus pectin 
solution containing 0.01% chloramphenicol in 0.1M sodium acetate 
buffer (pH 5.0) and the enzyme maintained at 30°C (Kertesz, 1951). 
Distilled water at 30°C was used to standardize the viscometers.
Pectic substances

Pectic substances in peach flesh were extracted by sequentially 
extracting the material insoluble in 80% ethanol with water, 0.5% 
sodium hexametaphosphate (SHMP), and 0.05N NaOH. Three extrac
tions were made with each solvent. The uronide content in each frac
tion was determined by the colorimetric procedure described by 
McComb and McCready (1952).
Expressible juice

Juiciness was estimated by determining weight loss from tissue disks 
(18 mm diam, 3 mm thickness) after centrifuging for 10 min at 1700 X
G. Tissue disks were supported over a wad of absorbant paper by a 
polyethylene net during centrifugation. From preliminary studies, re
sults from this method correlated very well (r = 0.88) with sensory 
scores for juiciness.
Sensory evaluation

A sensory panel with six members was used for evaluating flavor and 
texture of ripened peaches. Samples were rated on a scale from 1 (poor) 
to 10 (excellent).

RESULTS

PE ACTIVITY declined in peaches during storage at 1°C (Fig. 
1A). The greatest decline occurred in fruits stored for 1 wk 
and then after the third week, PE activity continuted to  de-
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P E  A N D  PG IN  P E A C H  W O O L U N E S S  . . .

W E E K S  in STO RAG E (l°C )

Fig. 1—PE, PG  a c tiv it ie s , a n d  le ve ls  o f  p e c t ic  
su bstan ces in 'R ed  H aven ' p e a c h e s  s to r e d  a t
1°C. (A ) P E  a c t iv i ty  ( •---- ml, P G  a c t iv i ty
fo o); IB) 0 .0 5 N  N aO H  so lu b le  p e c tin s  
(o— o j ,  SH M P  so lu b le  p e c t in s  ( •  • )  a n d
w a te r  so lu b le  p e c t in s  (is----- A).

W E E K S  in STORAGE (l°C)

Fig. 2 —P E , PG  a c tiv it ie s , a n d  leve ls  o f  p e c t ic  
su b s ta n ces  in  'R ed  H a v e n 'p e a c h e s  r ip e n e d  fo r  3  
d a y s  a f te r  c o ld  sto ra g e . (A ) P E  a c t iv i ty
(m---- m), P G  a c t iv i ty  (o-----o); (B) 0 .0 5 N  N aO H
so lu b le  p e c t in  (o— o ) , SH M P  so lu b le  p e c t in  
( • — • )  a n d  w a te r  so lu b le  p e c t in  Us A )

65

55 OTin

3
45 o

35

25

W E E K S  in ST O RA G E  (l°C)

Fig. 3 —T ex tu re  ( • — • ) ,  f la vo r  (o— o) a n d  
ju ic in ess  (% e x p r e ss ib le  ju ic e , m— m) o f  'R ed  
H aven ' p e a c h e s  r ip e n e d  a f te r  s to r a g e  a t  1°C.

cline. While PG activity is low in peach fruits (Pressey et al.,
1971) it was measurable after allowing the enzyme extract to  
react with the substrate for 24 hr. PG activity increased during 
the first 2 wk of storage at 1°C and then tended to  decline.

Changes in pectolytic enzyme activities during 1 °C storage 
were not reflected in altered solubility o f the pectic substances 
(Fig. IB). This would be expected, since PE and PG activities 
in fruits stored at 1°C would be much lower than those 
measured at 30°C.

In fruits ripened for 3 days at 20°C following storage at 
1°C for 0, 1 ,2 , and 3 wk, PE and PG activities remained fairly 
constant (Fig. 2A). A fter 4 and 5 wk of storage, PE and PG 
activities were substantially reduced in the ripened fruit. Re
duced pectolytic enzyme activities were associated with en
hanced levels o f 0.05N NaOH soluble pectins (protopectin) 
and reduced levels of water-soluble pectins (Fig. 2B). Levels of 
SHMP soluble pectins were no t affected by storage. Juiciness 
and sensory scores for flavor and tex ture were markedly re
duced in peaches which had been ripened after storage for 4 
and 5 wk at 1°C (Fig. 3). Sensory panel members judged fruits 
stored for 4 and 5 wk to  be dry and mealy with poor flavor, 
while fruits stored for 1, 2, or 3 wk had norm al flavor and 
texture. Juiciness declined in fruits which had been stored for 
3 wk, however, this was no t detected by the sensory panel. It 
appears tha t a critical tim e of storage at chilling tem perature is 
necessary for woolliness to  becom e apparent after ripening. 
The appearance of woolliness is indicated to  be closely 
associated with reduced PE and PG activities which results in 
reduced solubilization of pectic substances, loss of juiciness, 
and a dry, mealy texture. In this study, storage for more than 
3 wk at 1°C was necessary to  induce woolliness.

Our results substantiate tha t in term itten t warming prevents 
the development of woolliness in peaches stored at chilling 
tem peratures (Anderson and Penney, 1975; Ben-Arie et al., 
1970; Scott et al., 1969). Woolliness was prevented in peaches 
exposed to  20°C for 24 or 48 hr after 1 and 3 wk or 2 and 4

wk in storage at 1°C (Fig. 4A). Texture and flavor scores were 
higher in peaches ripened at 20°C for 12 hr than in those 
continuously chilled, which indicated th a t the severity of 
woolliness was reduced; however, additional time of 
in term ittent warming was necessary to  elim inate the appear
ance of this disorder.

PE and PG activities were greater in fruits which did not 
exhibit woolliness than in fruits w ith woolliness (Fig. 4B). 
Fruits exposed to  in term itten t warming after 1 and 3 wk in 
storage at 1°C contained higher activities o f PE and PG than 
did fruits warmed after 2 and 4 wk in storage, regardless o f the 
time of exposure to  20°C. The effects o f in term itten t warming 
on tex ture and flavor qualities o f ripened fruit appears to  be 
directly related to  protecting against depressed pectolytic 
enzyme activity.

DISCUSSION

CHANGES in pectic substances and pectolytic enzyme 
activities during chilling tem perature storage does no t appear 
to  be responsible for the form ation of woolliness. Instead, the 
ability to  com plete norm al ripening is affected during chilling 
and injury becomes apparent in chill-injured fruits when 
transferred to  tem peratures suitable for ripening. We find that 
woolliness is associated w ith reduced levels o f soluble pectins 
and enhanced levels o f insoluble pectins in ripened fruits 
which substantiate the finding of o ther investigators (Ben-Arie 
and Lavee, 1971; de Haan, 1957). During norm al ripening, PE 
(Ben-Arie and Lavee, 1971) and PG (Pressey et al., 1971) 
activities increase and pectic substances become soluble. In 
chill injured peaches, we find tha t PE and PG activities in
crease during ripening bu t to  a lower level than in noninjured 
fruit. Thus, reduced PE and PG activities appear to account for 
reduced depolym erization and reduced solubilization of pectic 
substances. Ben-Arie and Lavee (1971) have indicated that 
insoluble low m ethoxyl pectins are high in woolly fruit due to
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Fig. 4 —E ffe c ts  o f  in te r m it te n t  w arm in g  o f  'Jefferson  'p e a c h e s  s to r e d  
a t  1 °C  o n  te x tu re , f la vo r, P E  a n d  PG  a c tiv it ie s  a f te r  ripen in g . In te r
m i t t e n t  w arm in g  a f te r  1 a n d  3  w k  (open  p o in ts )  o r  2  a n d  4  w k  
( so lid  p o in ts ) .  (A ) fla vo r  (o  —o ) a n d  te x tu r e  (a— a ); (B) PG  
a c t iv i ty  (o -o) a n d  P E  a c t iv i ty  (a— a).

continuous dem ethylation by PE. This suggests tha t the action 
of PE is not lim iting but tha t the level of PG activity is the 
lim iting factor.

Recently, Strand et al. (1976) reported tha t PG is 
responsible for releasing cell wall bound enzymes. Thus, 
pectolytic enzymes may be involved in regulating other reac
tions necessary for normal ripening in addition to  degradation 
of pectic substances. Abnormal ripening of tom atoes has been 
associated with little or no PG activity (Hobson, 1964; 
Buescher and Tigchelaar, 1975) which emphasizes the 
im portance of PG in providing norm al ripening.

Very low or no detectable PG activity in im m ature green 
fruits with large increases in activity during ripening indicate 
that synthesis of PG accounts for its increased activity (Pressey 
et al., 1971). Li and Hansen (1964) reported that the failure of 
pears to  ripen after extensive cold storage was related to  
supressed capacity for synthesizing proteins. Reduced capacity 
to  synthesize proteins elicited by low tem perature storage 
might also account for reduced levels of pectolytic enzyme 
activities in chill-injured peaches during ripening.

We confirm the results of other workers tha t interm ittent 
warming during storage of nonripened fruits prevents the 
appearance of woolliness after ripening. (Ben-Arie et al., 1970; 
Scott et a., 1969; Anderson and Penney, 1975). In addition,

we show tha t 24 hr of warming after every 2 wk of storage 
prevented woolliness as well as warming for 48 hr. Preventing 
woolliness by in term ittent warming appears to  be associated 
with the development of adequate PE and PG activities during 
ripening. Exposing fruit to  in term itten t warming after 1 and 3 
wk in storage resulted in higher PE and PG activities than afte r 2 
and 4 wk in storage which indicates tha t the tim e in storage 
prior to  in term itten t warming is related to  subsequent PE and 
PG activities during ripening. The effect o f in term itten t 
warming on protection against woolliness and preventing re
duced PE and PG activities provides additional support for the 
hypothesis that woolliness is caused by reduced pectolytic 
enzyme activity during ripening.
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SENSORY EVALUATIONS ON TANGERINE-GRAPEFRU IT JUICE BLENDS

-----------------------------------  ABSTRACT ------------------------------------
Tests were conducted on blends of tangerine and grapefruit juices re
constituted from concentrates. Flavor thresholds, preferences and influ
ences of °Brix and “Brix/acid ratio on tangerine-grapefruit juice blends 
were established from evaluations by panelists who were familiar with 
citrus juices. Flavor thresholds of tangerine in grapefruit juice were
14-15%. Blends at concentrations of 15-35% differed significantly 
from and were preferred over unblended grapefruit juice. Increasing 
°Brix of the blends caused a significant difference among blends, but 
the influence of °Brix/acid ratio was negligible.

INTRODUCTION

THE VALUE OF GRAPEFRUIT for canned juice products 
has decreased in recent years (Weekly Citrus Statistical Report 
1973 — 1976) and harshness, acidity and bitterness o f the juices 
apparently were partially responsible. Over the years the in
dustry has developed new products from citrus, such as blends 
of juices, to reduce surpluses, or to  establish new markets. The 
first such product was a blend of orange and grapefruit juices. 
Consumers’ taste reactions to  three experim ental blends were 
described (U.S. Bureau of Agricultural Economics, 1949). 
Sweetened grapefruit juices (sugar added) also were developed. 
Consumer preferences for these canned grapefruit juices were 
reported (Bell, 1955) and widening m arkets for these products 
have helped increase the value of grapefruit. Other grapefruit 
products with wide consumer appeal are needed to provide 
new markets.

The consumer’s familiarity with the delightful flavors of 
tangelos has been limited to  the fresh fruit. These citrus are 
hybrids of tangerine and grapefruit. Processed juices from 
many of these hybrids have been unacceptable. In addition, 
small crop sizes, seasonal changes in fruit quality, and process
ing problems such as low juice yields and excessive peel oil 
limit the potential for processing these hybrids as juice prod
ucts. However, another possible approach for obtaining the 
pleasant flavors o f these hybrids would be the blending of 
tangerine and grapefruit concentrates. The blend of tangerine 
with grapefruit might be m utually beneficial.

Results for this report encompass sensory evaluations on 
tangerine-grapefruit juice blends evaluated by taste panelists 
who were familiar with citrus juices. Thresholds were deter
mined to  establish the minimum concentration of tangerine 
needed for blends, and comparisons were made between 
blends and grapefruit juice. Also the influences of °Brix and 
°Brix/acid ratios on preferences for tangerine-grapefruit blends 
were examined.

EXPERIMENTAL

Materials
Blended and unblended juices were prepared from retail 6-oz cans of 

grapefruit concentrate and sweetened concentrated tangerine juice. In 
addition, grapefruit and tangerine evaporator pumpouts (concentrate 
devoid of flavor fractions usually added to retail concentrates) were 
used for the blended juices. Water at 7-8°C was used for reconstituting 
these concentrates. Sucrose or crystalline citric acid was used to adjust 
juice °Brix/acid ratios and cold-pressed grapefruit or tangerine oil from 
commercial sources was used to adjust oil concentration.

Methods
Analyses of juices. °Brix (total soluble solids) values were measured 

with a Zeiss refractometer with a sucrose scale and were corrected for 
temperature and acid. Citric acid levels in juice were determined on 
10-g samples titrated with standardized sodium hydroxide solution to 
pH 8.2. Recoverable oil was measured by the bromate titration method 
(Scott and Veldhuis, 1966).

Calculations for juices. Amounts of chilled water for diluting con
centrates were calculated from the corrected total soluble solids of the 
concentrates. °Brix/acid ratios were calculated by dividing corrected 
total soluble solids by the citric acid content, and were used to deter
mine amounts of sucrose or crystalline citric acid that would be re
quired to adjust °Brix/acid ratios.

Preparation of juices. Juice samples were compared with a Zeiss 
refractometer and a thermometer to be within 0.1 °Brix and 0.3°C 
before sampling. Samples (25 ml each ) were then dispensed into dark 
red glasses that were then randomized on trays. These trays were dis
tributed to tasters in individual booths illuminated by red lights to 
eliminate possible color bias. There were four booths within an air 
conditioned room to eliminate extraneous odors.
Tests on juices

Our objective in these tests were to determine: (1) minimum detect
able concentration of each juice in the other; (2) whether blends were 
preferred over grapefruit juice; (3) whether °Brix and °Brix/acid ratios 
influence preferences for these blends; and (4) whether there is a pre
ferred optimum concentration of tangerine in grapefruit juice. Thresh
olds on juices were determined using paired comparison taste tests. The 
definition of threshold used by Guilford (1936) which was the basis for 
these tests, states that threshold is the concentration of the test com
ponent for which there are 50% more correct identifications than 
would be expected by chance. All thresholds were obtained with a 
series of four to five tests representing the same number of concentra
tions compared each time to an unblended sample. A high concentra
tion was used for the first test in the series to familiarize tasters with 
the flavor for which the threshold was sought. In the next test in the 
series the concentration was low to bracket the threshold, and concen
trations for subsequent tests were refined gradations within the ex
tremes. All tests in a series were given on consecutive days, and in all 
tests the 12 judges were asked to identify the blended sample.

Preferences fcr juices were determined by use of ranking tests. The 
same 12 tasters who had evaluated juices in the threshold tests were 
asked to rank four samples at a time from 1 to 4; 1 indicated the 
sample most liked, and 4 indicated the sample least liked.

These preference tests were used to investigate the influence of 
°Brix, °Brix/acid ratio and concentration on blends. In addition tri
angular taste tests (Boggs and Hanson, 1949) were used to determine 
whether oil concentrations affected thresholds. In these tests the three 
blends at their threshold concentrations were each tested with and 
without an increase in oil content equivalent to the maximum differ
ence experienced with blended and unblended juices.
Analyses of tests

Threshold concentrations were interpolated from the linear regres
sion of the log of concentration versus probability for each series of 
threshold tests; and correlation coefficients were calculated for the 
linear regressions Significance of contrasts from the statistical analysis 
of the rank means for samples in the preference testing was tested by 
Scheffe’s (1953) procedure. Significance of triangular taste tests was 
determined from standard tables (Roessler et al., 1948).

RESULTS & DISCUSSION

SENSORY EVALUATIONS on blends of tangerine and grape
fruit juices were conducted to  determine whether the blends 
were preferred over grapefruit juice alone. These blends if pre-
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Table 1—A n a ly se s  o f  co n c e n tra te s  u sed  fo r  tan gerin e-grapefru it ju ice  
b len d s

°Brix/acid
Concentrates °Brix %  Acid ratio %  Oil

Commercial tangerine 42.6 2.42 17.6 0.012
Tangerine pumpout 58.6 4.31 13.6 0.002
Tangerine pumpout 59.4 4.50 13.2 0.005
Commercial grapefruit 37.6 3.65 10.3 0.011
Commercial grapefruit 38.0 4.49 8.47 0.009
Commercial grapefruit 38.9 4.16 9.36 0.011
Grapefruit pumpout 59.6 6.68 8.92 0.002

T able 2 —T h resh o lds fo r  tan gerin e-grapefru it ju ic e  b le n d s

Blends
°Brix/acid

ratio Tests
Concen
tration3

Correlation
coefficient

R 2

Grapefruit in tangerine 17.6 5 16.1 ± 2.1 0.73»
Tangerine in grapefruit 8.47 4 15.3 ± 0.2 0.93*»
Tangerine in grapefruit 10.3 5 13.7 ± 0.1 0 .96 **

a T h re sh o ld  co ncen tra t ion  is ob ta ined  fro m  the linear regression  of 
p ro b a b ilit y  versu s log o f co ncen tra t ion  and is expre ssed  as the 
in terval at the  9 5 %  co n f id en ce  lim its  (C .L .). C o n ce n tra t io n  repre
sen ts the  percentage o f total so lu b le  so lid s  co n tr ib u ted  b y  the  first 
nam ed ju ice  in these b lends.

* 9 0 %  C .L .
* *  9 5 %  C .L .

T able 3 —A vera g e  p re fe ren ce  ran kin gs o f  ta n g erin e-g ra p e fru it b le n d s  
w ith  a n d  w ith o u t  ra tio  a d ju s tm e n ta

°Brix/acid
% Tangerine

ratio 0 15 20 25

8.47 3 .4 * * * 2.4 2.0 2.2
8.47 -9.35 3 .4 * * * 2.5 2.2 1.8
9.36 3 .1 * * * 2.4 2.4 2.1
9.36-10.1 3 .6 * * * 2.3 2.3 1.7

10.3 3 .0 ** 2.6 2.1 2.2
1 0 .3 -1 1.0b 3 .4 * * * 2 .6 * *  2.3 1 .7 **

a Sca le  o f 1 to 4  used fo r  ra n k in g  sam ples, w here  1 is the  m ost  liked 
and 4  is the  least liked.

b In  ad d it ion  to  d iffe rence  betw een  0 %  tange rine  and the  other 
b lend s, a d iffe rence  betw een  the 1 5 %  and  2 5 %  b lend s w as fo u n d . 

* *  9 5 %  C o n fid e n c e  lim its  
* * *  9 9 %  C on fid e n ce  lim its

T able 4 —In flu en ce  o f  °B rix  o n  average p re fe r e n c e  ran kin gs o f  tan ge
rin e -g ra p e fru it ju ic e  b le n d s3

% Tangerine

°Brix 20 25 30 35

10.5 2.4 2.8 2.3 2.4
12.0 3 .0 * * 2.7 2.3 1.9

a Sca le  o f 1 to  4  used fo r  ra n k in g  sam ples, w here  1 is the  m ost  liked 
and 4  is the  least liked.

* *  9 5 %  C o n fid e n c e  level

ferred could indicate the possibilities for new m arkets for 
grapefruit juice.

The inventory and analyses of concentrates used to  prepare 
juice blends are shown in Table 1. The lack of flavor fractions 
in “ pum pout” is indicated by the low concentrations of oil. 
Because the commercial tangerine concentrate was a sugar- 
added product, its °Brix/acid ratio was higher than the ratios 
for the two tangerine “pum pouts.” The three commercial 
grapefruit concentrates represent two USD A grades (USD A,
1968). The concentrate with an 8.47 °Brix/acid ratio is grade 
B, while the other two with °Brix/acid ratios above 9 are grade
A.

Thresholds determ ined for reconstituted juices from grape
fruit concentrate in a sweetened concentrated tangerine juice, 
and for tangerine concentrate in bo th  grade A and B grapefruit 
concentrates are listed in Table 2. All juices for each threshold 
were tasted at the ratio shown. °Brix of the juices used for the 
grapefruit in tangerine was 12.0, while °Brix of juices for tan
gerine in grapefruit was 10.0. Results indicate tha t thresholds 
for tangerine in grapefruit are in the range of 14-15%  on a 
to ta l soluble solids basis. The correlation coefficient for the 
linear regression used to  obtain the threshold for grapefruit in 
tangerine is 0.73, this larger unexplained error in com parison 
to  the other two might be attributed  to  using a sweetened 
tangerine product. Natural tangerine concentrate has not been 
available to  the consumer in recent years.

Although the usual taste panel variables (such as tem pera
ture, light, etc.) as well as °Brix and °Brix/acid ratio  o f the 
juices were controlled in these threshold tests, differences in 
oil content between blended and unblended juices varied from
0—0.003%. For determ ination of the influence of oil content, 
blends at their threshold concentrations with and w ithout an 
increase of 0.003% in oil content were evaluated by triangular 
taste tests, and the difference was not detected by the panel.

We compared the threshold concentration (15%) for tange
rine in grapefruit and two additional concentrations (20 and 
25%), to  the unblended grapefruit juice. Table 3 presents aver
age preference rankings for these comparisons. In all tests the 
unblended grapefruit juice differed significantly from  the three 
blends and was the least liked sample. The tendency for the 
25% blends to  have good (m cst liked) average rankings is evi
dent between those samples with and w ithout ratio adjust
ment; and with the high °Brix/acid ratio grapefruit a signifi
cant difference was found between the 15% and 25% blends. 
This suggested tha t tasters might prefer concentrations of tan
gerine above 25%. In other tests the 15% blend was replaced 
with a 35% blend.

Before preference for the 35% blends was tested, a three- 
member taste panel screened the influence of °Brix on these 
blends. Blends of 35% tangerine in grapefruit were tasted at
9.0, 10.5 and 12.0 °Brix. While 10.5 °Brix (norm al for recon
stituted grapefruit concentrate) had been used for the previous 
juice blends, 1.5 °Brix increm ents on either side of this would 
include a 12.0 °Brix (normal for reconstituted tangerine con
centrate) blend and a 9.0 °Brix juice blend. Results showed 
that the 9.0 °Brix juice blend was too  bland for fu rther test
ing.

Juice blends at both 10.5 and 12.0 °Brix were evaluated by 
full taste panels and results are shown in Table 4. The juice 
blends at 10.5 °Brix showed no significant differences among 
the 20, 25, 30 and 35% tangerine-grapefruit juice blends. This 
finding confirmed results from the USDA (1949) on consumer 
responses to  orange-grapefruit juice blends. In those tests, con
sumers showed no significant preference among blends con
taining 40, 50 and 60% orange. When our tangerine-grapefruit 
juice blends were tasted at 12.0 °Brix the 20% samples were 
ranked significantly lower than the others at a confidence level 
of 95%. This difference may reflect a relationship between the 
am ounts of grapefruit solids in these juices and flavor. Bell’s
(1955) work on preferences for canned grapefruit juice
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showed significant differences between sweetened and natural 
juices at the same °Brix/acid ratio. In tha t work the percentage 
of grapefruit solids contributing to  flavor of the sweetened 
juice was reduced by the added sugar.

In a test to  further determ ine the influence of changes in 
°Brix/acid ratios, grapefruit blends were prepared with added 
sugar. Results o f this test showed taste panelists could easily 
discern differences in ratios. The °Brix/acid ratios for these 
sweetened juice blends prepared with the 9.36 °Brix/acid ratio 
grapefruit were the same as the tangerine-grapefruit blends 
listed in Table 3 with a range of 9 .3 6 -1 0 .1 . Results indicated 
that the juice by itself differed significantly from  the sweet
ened blends and th a t the sweetened blend w ith a °Brix/acid 
ratio of 10.1 differed significantly from the other two blends 
with °Brix/acid ratios o f 9.78 and 9.94. (Both of those differ
ences were at the 99% confidence level). The finding that 
panelists could not distinguish among tangerine blends at the 
same °Brix/acid ratios bu t could distinguish among blends 
with sugar added supports panelists’ com m ents on tangerine 
blends. These com m ents indicated tha t tangerine masked the 
undesirable bitterness of grapefruit juice w ithout the addition 
of unnecessary sweetness.

Preference tests, by panelists familiar w ith citrus juices, on 
tangerine-grapefruit blends showed the potential for a new 
grapefruit juice product. Threshold concentrations of 14-15%  
tangerine were established for these blends and all blends of
15—35% tangerine in grapefruit juice differed significantly 
from and were preferred over unblended grapefruit juice. Tests 
on blends w ith and w ithout °Brix/acid ratio adjustm ent showed

that °Brix/acid ratio  did no t influence those differences. How
ever, increasing the °Brix of the 20, 25, 30 and 35% blends 
made a significant difference among them . As with o ther citrus 
blends in previous studies no preferred optim um  concentration 
was determ ined. Results from  these studies could be incorpo
rated into a sensory testing program to  determ ine consumer 
taste responses to  tangerine-grapefruit blends.
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crease, especially if the fruit is no t handled rapidly. Thus, it 
will be necessary to  remove larger num bers o f fruit to  maintain 
high quality in the industry’s major product, frozen orange 
juice.

From the chemical analyses, the frozen concentrate made 
from cull fruit was com parable to  the sound fruit product, but 
sanitation and flavor requirem ents would preclude direct 
human consum ption of such a product. However, this would 
not limit its usefulness as a chemical o r ferm entation substrate 
for manufacture of certain food or chemical products viz 
alcohol or single-cell protein production by ferm entation, or 
chemical purification to  m anufacture sugars. The peel oil was 
o f inferior quality for use as a flavoring, ye t could be m anu
factured from the oil emulsion and sold as (+)-limonene, a 
chemical used in the m anufacture of chemicals, plastics and 
adhesives. In some plants, which send culls to  the feed mill, 
(+)-limonene is recovered from  the press .liquor during- molas
ses manufacture.

We have shown that processing cull oranges in the same 
manner as sound fruit is feasible. From the volume of culls 
expected, a citrus plant might be justified in setting up a 
special processing line to  handle these fruit, rather than de
stroying or diverting them  to  a feed mill. Production of eco
nomical by-products from  culls might also stim ulate processing 
plants to  do more efficient grading of fruit streams, segregating 
greater proportions of these fruit from the sound fruit. The 
net result would be quality improvement o f frozen concen
trated orange juice.
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A Research Note
EFFECTS OF PROCESSING TREATMENTS ON CHEM ICAL  
AND ORGANOLEPTIC PROPERTIES OF CORNED BEEF

------------------------------------  ABSTRACT —  -----------------— —
Eighteen beef briskets obtained from USDA Choice carcasses were 
boned and randomly assigned to either a 4°C or -10°C storage treat
ment for 72 hr. The frozen briskets were then placed in a 4°C cooler 
and held until attaining an internal temperature of 3-4°C. After thaw
ing, all briskets were pumped to 0, 10 or 20% of their green weight (3 
briskets/group/pumping treatment) and held for 2 days in a cover 
pickle of the same salinity. Weight losses were determined after a 2-day 
immersion period and chemical and organoleptic samples were obtained 
2, 7 and 14 days after pumping. These data indicate that processing 
yields were not significantly affected by degree of pump, storage at 
-10°C prior to processing or specific gravity values. Residual nitrite 
values were not significantly affected by freezing treatments prior to 
processing or specific gravity values. Nitrite levels were similar at 2 and 
14 days after pumping at all pumping levels. After 7 days of storage, 
residual nitrite levels were less than 50 ppm in all briskets. Sensory 
ratings for tenderness and juiciness were observed to increase as time 
after pumping increased.

INTRODUCTION

CORNED BEEF is a cured meat product which is generally 
produced by pumping beef briskets or rounds with a curing 
solution composed of salt, sugar, sodium nitrite and corned 
beef seasoning. It is a common commercial practice to  pump 
the individual cuts prior to  packaging in a plastic bag contain
ing additional curing solution. The product is shipped imme
diately to the retail stores, thus allowing the product to  cure 
during transit. Currently, there is little inform ation available 
concerning the effects o f brisket quality or m ethods of proc
essing on the characteristics of the finished product. The pres
ent study was designed to  investigate the effects of freezing, 
fat content of the brisket, percentage of brine injected and 
length of storage on the quality of the final product as meas
ured by processing shrinkage, residual nitrite levels and organo
leptic characteristics.

MATERIALS & METHODS

EIGHTEEN BEEF BRISKETS (0.79-1.79 kg) from USDA Choice 
cattle were purchased from a commercial packing plant and transported 
to the University of Georgia Meat Science Laboratory in a refrigerated

track. Nine randomly selected briskets (Group I) were placed in a 
-10°C freezer for a 2-day period while the remaining nine briskets 
(Group II) were placed in a 4°C holding cooler. After 2 days, the frozen 
briskets (Group I) were transferred to the 4°C cooler and held until an 
internal temperature cf 3-4°C was attained (approximately 216 days). 
The briskets (Groups I and II) were then stitch pumped to 0, 10 or 20% 
of their green weight (3 briskets/group/pumping treatment) and held 
for 2 days in a cover pickle of the same salinity. The pumping and cover 
pickles were composed of water (94.2 kg), salt (22.7 kg), sugar (0.45 
kg), ascorbic acid (0.45 kg) and nitrite (0.14 kg). The level of corned 
beef seasoning was reduced as the level of pumping was increased for 
each treatment to compensate for differences in flavor intensity; how
ever, no adjustments were made in the amount of nitrite added to each 
brine solution. Upon completion of the immersion period, individual 
briskets were air dried (15 min), weighed for weight loss determina
tions, then equally subdivided into 3 equal segments so that samples for 
nitrite determination could be obtained 2, 7 and 14 days after pump
ing. The segments remaining after nitrite samples were obtained were 
doubled wrapped in freezer paper and held in a —10°C freezer for 
organoleptic determinations.

The following individual brisket weights were obtained: (1) green 
weight, (2) weight in water, (3) after pumping, (4) after immersion, (5) 
after storage, (6) prior to cooking, and (7) after cooking. The fat con
tent of each brisket was estimated by the specific gravity procedure of 
Kraybill et al., 1952. Nitrite analyses were conducted according to 
AOAC procedures (1970).

Six randomly selected samples were individually cooked in boiling 
water to an internal temperature of 72°C, sliced and served hot to panel 
members at each sensory panel session. A 12-member trained panel 
evaluated corned beef slices (0.3 cm thick) using 8-point scales for 
tenderness (1 = extremely tough, 8 = extremely tender), flavor intensity 
(1 = extremely undesirable, 8 = extremely desirable) and juiciness (1 = 
extremely dry. 8 = extremely juicy), and a 4-point scale for saltiness (1 
= lacking salt, 4 = extremely salty).

All data were subjected to analysis of variance according to the 
methods of Steel and Torrie (1960). Simple correlations were made to 
determine the relationship between treatments and quality attributes of 
the finished product (Snedecor and Cochran, 1967).

RESULTS & DISCUSSION

MEAN VALUES and standard deviations for processing yields 
and nitrite levels for briskets pum ped three different levels of 
brine are reported in Table 1. Processing yields did not differ 
significantly between the three pumping levels although the

T able 1—M ean values a n d  s ta n d a rd  d e v ia tio n s  fo r  p ro cess in g  y ie ld s  a n d  n itr i te  levels o f  b e e f  b r isk e ts  p u m p e d  w ith  th ree  d if fe r e n t leve ls  o f  b r in e*

Pumping 
levels (%)

Processing 
yields (%)

Nitrite levels (ppm)b

2 days 7 days 14 days

X SD X SD X SD X SD

0 101.77a 9.86 76.68a 25.3 22.71a 5.5 20.68a 4.4
10 107.8a 3.67 113.14a 24.2 44.71fc 28.8 29.12a 41.0
20 110.46a 6.10 78.40a 30.5 29.71a 26.9 28.51a 23.9

a M ean  values in the  sam e c o lu m n s  bearing d iffe ren t letters d iffe r s ign ific an t ly  (p <  0 .05). 
b  S a m p le s  ob ta in ed  at 2, 7 and  14 -d ay  in tervals after p u m p in g
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higher numerical difference observed for those briskets 
pumped 10 and 20% of their green weight when compared 
with those pumped 0% may be o f economical significance in 
actual commercial production. The small differences in proc
essing yields of briskets pumped to  10 and 20% levels indicate 
that at the higher pumping levels (20%) an excessive am ount 
of the injected brine may be lost. While values for nitrite levels 
(ppm) were similar for all pumping treatm ents after 2 and 14 
days, nitrite levels were significantly higher after 7 days for the 
briskets pumped to  10% of their green weight. Because of the 
large standard deviations among values for nitrite, this signifi
cant value in itself is not as im portant as the general decrease 
in concentration of nitrite in all treatm ents 2, 7 and 14 days 
after pumping. It is im portant to  note that nitrite levels (ppm ) 
were within the APHIS allowances (200 ppm) only 2 days 
after pumping and all briskets contained less than 50 ppm 7 
days after pumping.

Analysis of variance procedures were perform ed to  deter
mine the effects o f using fresh or frozen briskets in the m anu
facturing of corned beef on processing yields and nitrite levels 
of the final product. These data indicate tha t the freezing of 
briskets prior to  processing does not alter the processing yields 
(fresh, x = 107%; frozen, x = 106%) or significantly affect the 
level of residual nitrite in the product. Residual nitrite levels 
for briskets frozen prior to  processing were always w ithin 5 
ppm of those values determ ined for corned beef produced 
from fresh briskets. Similarly, values for specific gravity deter
mined by the Kraybill et al. (1952) m ethod did not signifi
cantly affect processing yields or nitrite levels in the final 
product. These data indicate that if  the specific gravity deter
minations measured were accurate, levels of fatness in briskets 
are not im portant in determining processing yields or nitrite 
levels. There is a possibility that the specific gravity m ethod 
employed is not a good indicator of fatness in beef briskets.

Mean values for nitrite levels, tenderness and juiciness 
ratings at 2, 7 and 14-day intervals after pumping are reported 
in Table 2. Although values for residual nitrite were reduced 
significantly (p <  0.05) between 2 and 7 days, there appears to 
be no advantage in holding corned beef beyond 2 days after 
pumping as residual nitrite levels were well within the limits 
specified by APHIS. Since corned beef would be 2—5 days in 
the sales chain before reaching the consumer, only minimal 
traces of residual nitrite would be present at the tim e of con
sumption. Tenderness ratings were higher (p <  0.05) 14 days 
after pumping than those ratings obtained for the 2-day sam
ples. The increased ratings for tenderness could have been due 
to  the natural tenderization which occurs w ith beef held for 2 
wk at refrigerated tem peratures. Similarly, juiciness ratings al
so increased as the time after pumping increased; however, 
juiciness scores did no t increase significantly after 7 days.

A further analysis of these data indicated that the level of 
pump (0 , 10 or 20% of green weight) did not significantly 
affect any of the sensory panel ratings w ith the exception of 
juiciness scores. Juiciness ratings observed 2. days after pum p
ing were significantly higher for those briskets pumped to  10 
and 20% of their green weights; however, these differences 
dissipated after 7 and 14 days. Values for percent cooking loss 
were also not affected by the level of pum p used which would 
be expected since the processing yields for the three pumping 
levels did not vary significantly. Juiciness ratings observed for 
the 14-day samples were significantly higher for the fatter bris-

T able 2 —O vera ll m ean  values a n d  s ta n d a r d  d e v ia tio n s  fo r  n itr i te  
levels , ten d ern ess  a n d  ju ic in ess  ra tin gs fo r  c o r n e d  b e e f  sa m p le s  taken  
a t  2 , 7  a n d  14-day in terva ls  a f te r  p u m p in g *

Traits

Sampling intervals after pumping (days)

2> 7 14

X SD X SD X SD

Nitrite (ppm) 89.4a 39.0 32.4a 13.5 26.1a 9.6
Tendernessb 4.2a 0.76 4.6ab 0.57 4.8b 0.76
Juiciness13 4.2a 0.50 4.5b 0.65 5.1b 0.60

a Mean values in the same rows bearing unlike letters differ signifi
cantly (p <  0.05).

b Means based cn 8-point scales where: 8 = very tender or juicy; 1 = 
very tough or dry; 12 judgments per sample mean.

kets as estim ated by specific gravity methods. Values for spe
cific gravity did not significantly affect any sensory panel 
traits or percent cooking loss. No differences were noted by 
panel members for flavor desirability or flavor intensity.

Several significant correlations between quality and proc
essing factors and organoleptic responses were observed in the 
present study. Green weights (brisket weight prior to  pump
ing) were significantly correlated with specific gravity values (r 
= 0.48) and with percent cooking loss at 2, 7 and 14-day 
intervals after pumping (r = 0.49, 0.65 and 0.48, respectively). 
These findings indicate that the heavier briskets were fatter 
and sustained a higher percentage of cook loss than the lighter 
weight briskets. Heavier briskets were also associated with 
higher juiciness and flavor intensity ratings for samples ob
tained 14 days after pumping (r = 0.53 and 0.60, respectively). 
Weight after pumping was significantly (p <  0.05) correlated 
with percent overall shrink (r = —0.74) and with percent cook 
loss (r = 0.56) and flavor intensity (r = 0.50) after 14 days. 
Levels of brine injection were associated w ith only tenderness 
(r = 0.47) and juiciness (r = 0.56) at 2 days after pumping. 
Ratings for flavor intensity were positively correlated with 
overall shrinkage at 2, 7 and 14-day intervals (r = 0.74, 0.55 
and 0.58, respectively). Higher levels o f shrinkage should tend 
to  concentrate the spices remaining in the product.

In conclusion, these data indicate tha t the levels of pump 
utilized in the present study did n o t significantly affect proc
essing yields, residual nitrite levels or sensory panel traits with 
the exception of juiciness ratings for the 2-day samples. Simi
lar processing yields and residual nitrite levels were observed 
for corned beef produced from  fresh and frozen briskets.
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A Research Note
V ISCOM ETRIC BEHAVIOR OF GUAVA PUREES AND CONCENTRATES

— --------------------- — —  ABSTRACT  ------- ----------- ---------- —
Guava purees and concentrates had flow characteristics of pseudoplastic 
fluids as determined with a tube viscometer. Puree treated with a pec- 
tinolytic enzyme could be concentrated significantly more than un
treated puree.

INTRODUCTION

PUREES of tropical fruits are used in nectars, breakfast 
drinks, jams and preserves, and other fruit products. A high 
quality concentrate would be a desirable form in which to 
transport purees from  the tropics to  m arkets in the tem perate 
zone. An im portant characteristic of a concentrate is its con
sistency or thickness, which is limiting in the perform ance of 
some evaporators, and can be a problem during pumping or 
filling of the product into containers. To investigate this char
acteristic further, we determined the rheological properties of 
guava purees and puree concentrates with a tube viscometer.

O ther purees and concentrates have been shown to be non- 
Newtonian fluids (Harper, 1960; Saravacos, 1968; Rao and 
Palomino, 1974) with pseudoplastic flow characteristics. The 
flow of these fluids follow the power-law equation, t  = K/yn, 
relating shear stress (r) and shear rate (7 ) (M etzner, 1956). K 
(fluid consistency coefficient) characterizes the thickness of 
the fluid, and n (flow behavior index) denotes the extent of 
deviation from  Newtonian flow behavior. Depending on the 
magnitude of n, the fluid can be classified: n = 1 Newtonian; n 
<  1 pseudoplastic; and n >  1 dilatant.

EXPERIMENTAL

Tube viscometer
The tube viscometer used was similar to the one used by Saravacos

(1968) and consisted of a 9.5L stainless steel reservoir connected with a
4-mm diam stainless steel tube 92.2-cm long through large diameter 
fittings and a ball valve. Compressed air was admitted to the reservoir 
through a pressure regulator, and air pressure was measured by a gauge. 
Guava puree

Guavas of the Beaumont variety and its seedlings were harvested 
from University of Hawaii experimental plots. The fruits were stored 
overnight at 7.2°C then sorted, washed, and comminuted in a Fitzmill 
Model D6. The seeds were removed by a paddle-type pulper fitted with 
a 0.033-in. (0.838-mm) screen. Stone cells were then removed by a 
paddle-type pulper fitted with a 0.020-in. (0.508-mm) screen. The 
finished puree was packed in 30-lb tins lined with 3-mil polyethylene 
bags and stored at -18°C for 6 months to 3 yr before viscometric 
measurements were made.
Preparation of concentrate

Frozen puree was brought to room temperature and thoroughly 
mixed with a power stirrer. It was concentrated at low pressure (62-72 
mm Hg) in a Centritherm CT-1B. Some samples were treated with 
Pectinol 10-M (0.15-0.20% of the weight of the puree), which reduced 
their viscosity or consistency. Those samples were held at room temper
ature for 1 hr and concentrated to the desired extent by recycling 
through the evaporator.
Viscometric measurements

Puree or concentrate was filled into the viscometer reservoir, the lid

was securely fastened, and compressed air was admitted through a pres
sure regulator. At the desired pressure, the system was allowed to equi
librate for 15 sec. The ball valve was opened fully, and the material was 
allowed to flow for a few seconds until flow rate was steady. Then the 
fluid outflow was collected for a measured period of time (10-180 
sec); lOOg or more was collected. The pressure was varied from 5-60 
psig, and the temperature was 24° ± 1°C.

RESULTS & DISCUSSION

THE NOTATIONS and mathem atical analysis used were sub
stantially those of Saravacos (1968). For each m easurem ent, 
the air pressure in the reservoir was noted, and the rate of flow 
of puree from  the tube was measured. Using data for puree not 
treated with pectinolytic enzyme and for concentrates o f dif
ferent solids content prepared from this puree after enzyme 
treatm ent, we found that plots of the logarithms of shear 
stress vs shear rate were straight lines (Fig. 1). The slopes 
represent n, the flow behavior index. Changes in consistency 
were indicated by changes in the slopes of the lines. T reatm ent 
with pectinolytic enzyme was necessary to  facilitate concen
tration  to  more than threefold. The concentrates had lower 
flew rates than the puree and their n <  1 values indicated that 
they were pseudoplastic fluids.

Table 1 lists data for six different lots of purees, tw o of 
which were no t treated with pectinolytic enzyme (A and B). 
Lots A, B and F were pseudoplastic fluids. Like dilatant fluids, 
the enzym e-treated purees, C, D, E, had n values well above 1; 
for these, K values were less than 1 and were no t recorded. 
Concentrates of puree not treated with pectin-degrading en
zyme were much thicker than those of enzym e-treated purees. 
K values increased with degree of concentration more rapidly

CD
cr

2.5

2.0 2.5 3 0  3 .5  4 .0

LOG SHEA1? RATE-^r . (SEC-1)

Fig. 1 - F lo w  d a ta  o f  (1) gu ava  p u re e  8 .9 “ B rix , (2 ) 2 - fo ld  co n cen 
tra te  17.6? Brix a n d  (3) 4 .6 - fo la  c o n c e n tr a te  4 0 .8 ?  Brix.
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for untreated purees than for enzym e-treated ones. Concen
trates with a K value of 400—500, such as B-3, E-5 and F-3,

Table 1— Viscom etric values for guava purees and  concentrates

Sample ° Brix K n

A. 1. Puree 7.2 2.6 0.68
2. Concentrate 2.2-fold 15.9 50 0.47

B. 1. Puree 7.4 2.8 0.68
2. Concentrate 1 ,7-fold 12.3 16 0.55
3. Concentrate 3.1-fold 22.7 410 0.32

C. 1. Puree + 0.15%  enzyme 8.8 <1 1.65
2. Concentrate 1,7-fold 15.1 3 0.71
3. Concentrate 2.7-fold 24.3 16 0.62

D. 1. Puree + 0.1 5 %  enzyme 8.9 <1 1.78
2. Concentrate 3.5-fold 31.4 23 0.59

E. 1. Puree + 0.20%  enzyme 8.6 <1 1.75
2. Concentrate 2.1-fold 18.5 6.7 0.67
3. Concentrate 3.2-fold 27.5 35 0.58
4. Concentrate 3.9-fold 34.0 226 0.42

F.
5. Concentrate 4.5-fold 
1. Puree (before enzyme

39.5 458 0.37

preatment)
2. Concentrate (after 0.15%

8.9 1.6 0.77

enzyme) 2-fold 
3. Concentrate (after 0.15%

17.6 8.9 0.64

enzyme) 4.6-fold 40.8 495 0.34

were so thick tha t they were difficult to  pum p or pour; more
over, they could not practically be concentrated further by the 
evaporator. A 3.9-fold concentrate (E-4) had a K value o f 226 
and was fluid enough to  be concentrated further in the evapo
rator w ithout difficulty.

SUMMARY

GUAVA PUREES and concentrates were pseudoplastic fluids 
as determ ined by viscometric measurem ents w ith a tube vis
com eter. Pectinolytic enzymes reduced the consistency of 
purees substantially, and this effect was reflected by the low
ered consistency of its concentrates. A 3.9-fold concentrate of 
de-pectinized puree was easily pum ped, and flowed readily in 
an evaporator, a 3.1-fold concentrate o f untreated  puree was 
too thick to  handle in this manner.
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A Research Note
FLUORINE CONTENT OF TEAS CONSUMED IN IRAN

------------------------------------  ABSTRACT ------------------------------------
The objective of this investigation was to find out the fluorine content 
of teas consumed in Iran and to evaluate the potentiality of tea as a 
contributor of fluorine. The fluorine content of eight samples of tea 
were determined by two methods in dry and infused forms. The results 
obtained showed a low variation. The variation of fluorine in dry tea 
was 10.25-15.25 mg/lOOg. The fluorine content of the infusions 
showed a range of 0.89-1.15 ppm. The amounts of fluorine extracted 
into infusions varied from 68.85-86.83%. The daily ration of 3.8 g/day 
contributes from 0.34-0.44 mg fluorine. No specific relation was 
found between the fluorine content of tea and percent of its extraction. 
Drinking tea and feeding infants with diluted infused tea in between 
breast feedings in Iran may account for some dental benefit in this 
country.

INTRODUCTION

THE MAJORITY OF foods found in the average diet contain 
0 .2—0.3 ppm or less fluorine in the food as consumed. Tea and 
sea foods are notable exceptions (McClure, 1949). Different 
values are reported for fluorine content of various teas by 
different investigators (Wang et al., 1949; Fabre and de 
Campos, 1950; de Campos, 1950; Zimmerman et al., 1957; 
Quentin et al., 1960; Stankoviansky and Biely, 1965; Okada 
and Furuya, 1969; Cook, 1970; Venkateswarlu and Sita, 1971). 
The fluorine content of tea depends on the origin of the plant, 
type of soil and fertilizer, age of the leaves and tne time of 
harvesting (Wang et al., 1949; Zimmerman et al., 1957; 
Garber, 1962; Okada and Furuya, 1969).

Tea is normally consumed in the infused form. The fluorine 
content o f the infused tea depends on the percent of extrac
tion of fluorine, which in turn is a function of type, strength 
and duration of infusion, but not proportionately (Harrison,
1949). Boiling increases the fluorine extraction but affects the 
flavor of the tea (Zimmerman et al., 1957). Five minutes of 
infusion produces the best flavor with least extraction of 
tannin (Harrison, 1949). The value of the infused tea as a 
source of fluorine has been evaluated by some of investigators. 
Ham and Smith (1960) found tha t one cup of tea increases the 
fluorine content of the diet by 0.2 mg. Quentin et al. (1960) 
stated that a person drinking seven cups of tea/day consumes 
about 1 mg of fluorine. Cook (1970) found that the fluorine 
intake from tea in British children was 1.26 mg as compared to
2.35 mg in adults.

Tea is an im portant item in the Iranian diet and drunk 
mostly by laborers and peasants; furtherm ore, diluted infused 
tea is used as a supplem ent in between breast feedings of in
fants. The annual consum ption of tea in Iran is about 48000 
tons (Iran Tea Organization). Approximately half of this 
am ount is produced inside the country and the other half 
im ported from other countries. The objective of this investiga
tion was to  find out the fluorine content of teas consumed in 
Iran and to  evaluate the potentiality of tea as a contributor of 
fluorine.

MATERIALS & METHODS

ACCORDING TO information from Iran Tea Organization, almost all 
types of tea consumed in Iran are a blend of 60% Iranian product with 
40% imported Ceylon and Indian teas.

In this investigaticn three brands of pure Iranian tea (Ghoncheh, 
Pcuneh, Noush) and three brands of pure imported teas (Assam, Darjee
ling, Ceylon) and two blended teas (Irano-India, Irano-Ceylon) were 
analyzed. The fluorine content of the samples was estimated by two 
colorimetric and potentiometric methods. In the former, the samples 
were ground and ashed by the method of Harrison, (1949). The fluo
rine was estimated by the distillation and colorimetric method of 
AOAC (1970) with some modification. In the later, the method of 
•Baker, (1972) was used. In this method the fluorine was measured after 
a NaOH fusion, using the specific ion electrode.

The infusions were prepared in a strength of 1 g/100 ml with dis
tilled water and infused for 5 m:n. Since it was aimed to estimate the 
fluorine content of infused tea without considering the fluorine content 
of the water supplies, the infusicns were prepared with distilled water. 
The infusions were filtered, made up to volume with fluorine-free dis
tilled water and the fluorine content was measured using methods 
described for dry tea.

RESULTS &  DISCUSSION

THE VALUES OBTAINED are given in Tables 1 and 2. Com
parison of the results obtained by two different m ethods 
showed a low variation. Therefore, both m ethods could be 
used with the same advantages.

The variation of fluorine content of various teas obtained in 
this investigation was from 10.25 — 15.25 mg/lOOg. Values 
given for fluorine content of various teas by different investi
gators do not agree with each other. The fluorine contents 
obtained in these analyses for Indian and Ceylon teas were 
consistent with those given by Harrison (1949) for teas with 
the same origin. The fluorine content of the Iranian teas was 
wdthin the ranges reported by Zimmerman et al. (1957) for 
Chinese tea; Iranian teas are mostly from that origin.

The fluorine content of tea infusions ranged from 
0.89 — 1.15 ppm. The am ounts of fluorine extracted in to  in
fusions varied from 68.85—85.83%. No significant relation was 
found between the fluorine content of dry tea and percent o f 
its extraction. However, a tendency was observed towards a 
decrease of fluorine extraction with an increase of the fluorine 
content of the teas.

The values for the daily intake of fluorine were calculated 
considering the percentage of fluorine extraction  o f the daily

Table J — Fluorine and water content o f  teaa

Variety of 
tea

Fluorine (mg/100g)

Water
(%)

A O A C
method

Fusion
method Mean

Ghoncheh Iran 5.9 14.8 15.3 15.05
Noush Iran 5.3 15.5 15.0 15.25
Pouneh Iran 5.9 12.0 13.5 12.75
Assam India 6.2 10.0 10.5 10.25
Darjeeling India 4.6 10.8 11.8 11.30
Ceylon Ceylon 6.7 13.5 14.0 13.75
Irano-India Iran-lndia 4.9 11.8 11.0 11.40
Irano-Ceylon Iran-Ceylon 5.0 14.0 15.5 14.75

Average of five aralyses
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F L O U R /N E  C O N T E N T  O F  T E A S . .  .

ration of 3.8g tea. The daily ration was obtained by dividing 
the total consum ption of tea by the population w ithout con
sidering the variation of consum ption among different groups 
of the people. The daily ration of tea provides quantities of 
fluorine from  0 .34—0.44 mg (Table 2).

Considering the optim al intake of fluorine (1 m g/day) sug
gested for p rotection  from  dental caries, it may be said that 
drinking tea in Iran provides half of this am ount w ithout con
sidering the fluorine content o f water and other sources. Fur
therm ore, the habit o f tea drinking and feeding infants with 
diluted tea may account for some dental benefit in Iran.

Table 2 —Fluorine content o f  tea infusionsa and daily fluorine intake 
provided b y  a ration o f  3.8g tea

Variety 
of tea

A O A C
method
(ppm)

Fusion
method
(ppm) Mean

Extr of 
fluorine

(%)

Fluorine
provided

(mg)

Ghoncheh 1.10 1.20 1.15 76.41 0.44

IMoush 1.10 1.00 1.05 68.85 0.40
Pouneh 1.20 0.92 1.06 83.13 0.40
Assam 0.88 0.90 0.89 86.82 0.34
Darjeeling 0.98 0.96 0.97 85.84 0.37
Ceylon 0.98 0.94 0.96 69.81 0.37

Irano-lndia 0.95 0.93 0.94 82.45 0.36
Irano-Ceylon 1.10 1.00 1.05 71.18 0.40

a S tren gth  1 g/100  ml in d istilled  w ater, in fu s io n  d u ra t io n  5 m in
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A Research Note 
NITROSAM INE FORMATION

--------------------------------  ABSTRACT --------------------------------
Randomized slices of bacon were cooked at home by 25 consumers by 
their usual method of preparation and the edible portions were ana
lyzed for nitrosamines. N-nitrosodimethylamine (DMNA) and N-nitro- 
sopyrrolidine (NPyr) were found in ail samples. Of the 25 preparations, 
five contained DMNA and five contained NPyr in concentrations 
greater than 10 qg/kg; only one sample contained both nitrosamines in 
concentrations greater than 10 Mg/kg. Although the association between 
nitrosamine concentration, time and amount of heat is not strong, it 
appears that frying bacon at low or medium heat for less than 10 min 
can result in less than 10 Mg/kg DMNA or NPyr.

INTRODUCTION
N-NITROSOPYRROLIDINE (NPyr) forms in bacon on the 
application of heat during preparation for consum ption. Al
though the precursor(s) o f the nitrosamine and the mechanism 
of form ation are still unknow n, it has been observed that 
greater concentrations of the NPyr form in the adipose tissue 
than in the lean (Fiddler et al., 1974) and that nitrosoproline 
(NPro) is present in raw bacon (Kushnir et al., 1975; Ivey,
1974). The conversion o f NPro to  NPyr occurs through 
decarboxylation at elevated tem peratures (Pensabene et al., 
1974; Huxel et al., 1974). Several studies have dem onstrated 
the form ation of NPyr in bacon prepared by frying, broiling, 
or baking, w ith the lowest concentration in the product pre
pared in the microwave oven at, presum ably, a lower tem pera
ture than the other m ethods (Herring, 1973; Pensabene et al.,
1974). Pensabene et al. (1974) investigated the effects of tim e 
and tem perature on NPyr form ation and suggested that lower 
tem peratures reduced the concentration of NPyr produced.

Practically all studies in the United States on the form ation 
of NPyr in bacon have been carried out by frying for 3 min on 
each side in preheated electric fry-pans set at 172°, which is 
approxim ately the tem perature recommended on most com 
mercial packages o f bacon. For research purposes such a stand
ardized time and tem perature program is essential, but it does 
not take into consideration the variations occurring during the 
preparation in the hom e. The form ation of nitrosamines in 
bacon prepared by consumers was investigated and the results 
are reported here.

MATERIALS & METHODS
Bacon

For the first experiment a slab of bacon was obtained from a proc
essor, sliced, and randomized into packages containing 10 slices each. 
The packages were given to 12 members of the Eastern Regional Re
search Center with instructions to prepare the bacon as they normally 
would cook it for family use. The participants completed the form 
shown in Figure 1 and returned it with the fried bacon strips. One 
package of bacon (control) was fried in the laboratory at 175DC in a 
preheated, calibrated electric fry-pan. This bacon was fried for 4 min on 
each side instead of the standardized 3 min in order to obtain a more 
edible-appearing product. The degree of doneness of the bacon samples 
was subjectively evaluated by the member of the staff responsible for 
preparing and evaluating bacon in the laboratory for the last 3 yr.

In the second experiment, carried out several months later, 1-lb 
packages of a nationally distributed bacon were purchased at a retail 
market, the slices were randomized as described above and distributed

IN HOME-COOKED BACON

P le a s e  c o o k  t h i s  b a c o n  i n  t h e  w a y  y o u  n o r m a l l y  p r e p a r e  i t  f o r  y o u r  f a m i l y .  
K e e p  a  r e c o r d  o f  t h e  l e n g t h  o f  t im e  o f  c o o k in g .  W ra p  c o o k e d  b a c o n  s t r i p s  
i n  a lu m in u m  f o i l  and  r e t u r n .

P le a s e  f i l l  i n  q u e s t i o n n a i r e  b e lo w .

1 )  T y p e  o f  h e a t :

G as  E l e c t r i c

2 )  M e th o d :

F r i e d  B r o i l e d  B a k e d  O t h e r

3 )  P r e - h e a t  c o o k in g  u t e n s i l :

Y e s  No

4 )  H e a t  s e t t i n g  (g a s  f la m e  o r  e l e c t r i c ) :

L o w  M e d iu m  H ig h  B r o i l
Tem p .

5 )  T im e  o f  h e a t i n g  ( f r o m  t im e  b a c o n  i s  p la c e d  i n  t h e  h e a t ) :

Fig. 1—Form used to collect information on home cooking condi
tions.

to 13 members of the Center staff who had not participated in the . 
previous study. The instructions and evaluations of degree of doneness, ( 
carried out by the same evaluator, were as described above.
Nitrosamine analysis

Each bacon sample was ground and thoroughly mixed. Aliquots of 
each sample were analyzed for nitrosamines by a modification of a 
previously described procedure (Pensabene et al., 1974) in which direct 
extraction was used to remove nitrosamine from the sample instead of 
the methanolic-KOH digestion. The gas chromatographic detector used 
for the first part of the study was the alkali-flame ionization detector in 
the Perkin-Elmer Model 3920 GC. The second set of samples was ana
lyzed with a Therma'. Energy Analyzer (Fine et al., 1975) interfaced 
with the Varian-Aerograph Model 1720 GC. Confirmation of positive 
nitrosamines was carried out with the DuPont Model 492 GC-mass 
spectrometer (Pensabene et al., 1974) operated with a resolution of 1 in 
12,000 in the peak matching mode.

RESULTS & DISCUSSION
THE DATA on the form ation of nitrosamines during frying of 
bacon in consumers’ homes are shown in Table 1. Electric heat 
was used by 10 of the 25 participants (40%) and gas by the 
remainder. One bacon sample was baked for 47 min and tv/o 
were broiled for 5 and 9 min; the remainder were fried in the 
conventional manner for preparing bacon. Approxim ately 50% 
of the participants frying with gas (8 of 15) estim ated low heat 
was used and the frying tim e ranged from 1 0 -2 8  min. The five 
participants using medium heat fried the bacon from 4 - 9  min; 
one sample was fried at a high gas heat for 6 min. Electrically, 
one sample was fried at low heat for 14 min and four were 
prepared at a medium setting for tim es ranging from 5 min to 
15 min. Two bacon samples were fried for 10 min at a medi- ^  
um-high heat. Only three samples (#2, 14 and 16) were pre
pared in preheated fry-pans. Five samples were judged to  be 
well-done and 17 were either medium or medium-well done;
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three samples were medium-rare. The degree of doneness cor
responded roughly with the am ount of heat used and the tim e 
of heating.

Although the study was established to  evaluate NPyr form a
tion in the bacon samples, n-nitrosodim ethylam ine (DMNA) 
was also found. However, the form ation o f these nitroso com
pounds does no t appear to  follow a discernible pattern . In the 
first experim ent, 5 of the 12 samples contained more than 10 
jug/kg NPyr; only one of all the samples had more than 5 /ig/kg 
DMNA. The most undesirable bacon, containing 31 /xg/kg 
DMNA and 13 jxg/kg NPyr, was fried electrically at a medium- 
high heat for 10 min, whereas the other four samples with 
more than 10 /xg/kg NPyr were fried on low gas heat from
14—25 min. In the second experim ent, however, there were no 
samples with 10 or more jug/kg NPyr. Two samples with high 
(39 and 28 /xg/kg) DMNA concentrations were fried electri
cally at medium-high and high settings for 11 and 8 min, 
respectively. Two gas-fried bacon samples w ith 15 and 24 
jug/kg DMNA were cooked at low heat for 28 and 10 min, 
respectively.

The form ation of nitrosamines in random  samples of bacon 
fried under home conditions emphasizes our lack of knowl
edge about the mechanism of form ation of these com pounds. 
While it is true tha t the am ount of heat applied was estimated 
by those cooking the bacon, there is no obvious correlation 
between nitrosamine form ation and the tim e and estimated 
heat applied. It appears, however, that frying at low to  medi
um heat settings for less than 10 min could result in lower 
nitrosamine concentrations. The variation in nitrosamine con
tent was probably no t caused by the variation in com position 
of the bacon used since the strips were random ized, and 
greater random ization was achieved in the second experiment 
in which commercial bacon, presumably from  different bellies, 
was used.

Nitrosamines were determ ined only in the edible product 
in this study. However, since larger concentrations of these 
com pounds have been reported to  occur in the rendered fat 
than in the lean tissue, the m ethod of draining or blotting the 
fat from the edible portion could affect the residual n itro
samines determined.

No inform ation is available on the possible health signifi
cance in the hum an diet of trace quantities of nitrosamines in 
the concentrations reported in this study.
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Table 1—Formation o f nitrosamines in bacon fried by consumers

Sample
no. Heat applied

Time
(min)

Degree of 
doneness

D M NA3 NPyrb 

ß g/kg

Experiment No. 1

Electric heat
Control 175°C 8 Well 3 7

1 Eake (175°C) 47 Well 3 3
2 Low 14 Medium 3 5
3 Medium 5 Medium 2 6
4 Medium 15 Med-rare 3 5
5 Med-high 10 Well 31 13

Gas heat
6 Low 14 Med-well - 14
7 Low 15 Med-well 3 12
8 Low 20 Well 5 14
9 Low 25 Well 4 12

10 Medium 7 Med-well 4 7
11 Medium 9 Med-well 3 9
12 High 6 Well 4 7

Experiment No. 2
Electric heat

Control 175° C 8 Well 5 5
13 Medium 10 Med-rare 3 4
14 Medium 10-15 Medium 6 3
15 Med-high 11 Med-well 28 7
16 High 8 Medium 39 8
17 Broil 5 Med-well 4 4

Gas heat
18 Low 10 Medium 24 5
19 Low 12 Medium 5 5
20 Low 20 Medium 3 8
21 Low 28 Med-well 15 8
22 Medium 4 Med-rare 4 1
23 Medium 5 Medium 3 2
24 Medium 6 Med-well 9 8
25 Broil 9 Med-well 5 7
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A Research Note
STUDY ON CASEIN DEGRADATION BY A GAMMA-RADIATION INDUCED MUTANT

OF LACTOBACILLUS BULGARICUS

--------------- ---------------- ABSTRACT --------------------------------
Results of starch gel electrophoresis of degraded whole casein by a 
gamma-radiation induced mutant of L. bulgaricus showed that the mu
tant degraded whole casein much faster than the parent culture.

INTRODUCTION

IN AN EARLIER STUDY (Singh and Ranganathan, 1974a), it 
was shown th a t gamma-radiation induced m utants o f Lacto
bacillus bulgaricus exhibited 50—70% higher proteolytic activ
ity in milk than the unirradiated parent culture. The present 
paper reports the caseinolytic activity of one such m utant on 
whole casein and its purified fractions.

EXPERIMENTAL
MUTANT AND PARENT cultures of Lactobacillus bulgaricus were 
selected for the present study. The cultures were propagated in steri
lized (120°C/20 min) reconstituted nonfat milk and stored in the refrig
erator until use. The test inoculum was prepared by transferring the 
cultures from milk into enriched medium devised by varying the com
position of ingredients in tomato juice broth (Singh and Ranganathan, 
1974b). The cells were harvested by centrifuging at 8000 X G for 30 
min in an International Refrigerated Centrifuge (Model PR-6), washed 
twice with phosphate buffer (0.05M, pH 7.0) and centrifuged at 14,600 
X G for 15 min to collect cells following each wash. They were then 
suspended in the same buffer and adjusted to 0.50-0.55 optical density 
at 525 nm in a photoelectric colorimeter. The inoculum used for study
ing degradation of casein and its fractions consisted of 2% of cell sus
pension.

Acid casein was prepared from fresh milk according to the precipita
tion method at isoelectric point, pH 4.7; a s-, (I- and K-caseins were 
prepared according to the procedures of Zittle et al. (1959) and Zittle 
and Custer (1963). The purification of individual casein fractions was 
monitored by using DEAE cellulose column chromatography at pH
8.6 in the presence of 4.0M urea. Solutions of acid casein and its 
purified fractions were adjusted to pH 7.0 with 0.1N NaOH heated to 
80°C for 5 min to destroy any protein-associated proteolytic activity as 
described by Moreno and Kosikowski (1973) and cooled rapidly to 
25° C. Then these solutions were seitz filtered and adjusted to final 
concentration of 1.0% with 0.1M phosphate buffer. A 10-ml aliquot of 
each substrate was individually inoculated with the test inoculum. So
dium chloride (3%) and merthiolate (0.025 mg/ml) was added to the 
inoculated solutions according to Rymaszewski et al. (1972) and the 
mixtures were incubated at 37° C for 10 days. Cells were centrifuged in 
each case and the supernatants were analyzed for proteolytic activity 
according to the method of Hull (1947). In case of degraded casein 
samples, pH of the supernatants was adjusted to 4.6 and the insoluble 
fraction containing approximately 100 mg was suspended in 0.5 ml 
vernol buffer (pH 8.6) containing 20% urea for starch gel electrophore
sis (Ganguli and Majumdar, 1967).

RESULTS & DISCUSSION
RESULTS o f starch gel electrophoresis o f degraded whole ca
sein by a gamma-radiation induced m utant of L. bulgaricus 
have shown tha t the m utan t degraded whole casein much 
faster than the parent culture (Fig. 1). These findings are com
parable to  similar observations on lactic acid bacteria by Sato 
and Ohmiya (1966). The present studies have also shown that 
the m utant culture released significantly higher amounts of 
tyrosine in casein substrates namely, a s-, (3- and K-caseins as 
compared to L. bulgaricus (Table 1). There appears to  be some

- h

Fig. 1—Starch gel electrophoretic pattern o f whole casein after incu- - 
bation for 10 days with washed cell suspensions o f L. bulgaricus and 
its mutant: (a) L. bulgaricus, 0 day; (b) Mutant, 0 day; (cl L. bulgar
icus, 10 days; and (d) Mutant, 10 days.

Table 1—Proteolytic breakdown o f as-, (3- and K-caseins by L. bul
garicus and its gamma-radiation induced mutanta

1ncrease in free tyrosine content (mg/ml) of medium

L. bulgaricus
Parent Mutant

as-casein 0.343 0.560
/3-casein 0.183 0.243
K-casein 0.575 0.840

a C u ltu re s  were exam in ed  after 1 0  d a y s  o f in cu b a tio n  at 37°C . 
R e su lts  represent an average o f three trials.

divergence of opinion in regard to  the preferential breakdown 
of casein fractions by lactic cultures. The results reported  in 
the present study indicate tha t L. bulgaricus and its m utan t 
degrade k -casein more readily than a s- or /3-fraction, while Poz- 
nanski et al. (1965), Ohmiya and Sato (1968) observed th a t 
lactic acid bacteria degraded the o^- or K-casein fractions more 
readily than the /3-fraction. On the other hand, Shidlovskaya 
and Dyachenko (1968) and Rymaszewski et al. (1972) found 
that 13- and K-casein fractions were easily hydrolyzed as com 
pared to a s-fraction. In the light of above reports, it w ould,

—Continued on page 280
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PROTEOLYTIC ENZYMES AND THE FUNCTIONALITY OF CHICKEN EGG ALBUMEN

--------------------------------  ABSTRACT --------------------------------
Egg white was subjected to proteolysis by ficin, bromelin, papain, 
trypsin and protease; changes in functional properties were monitored. 
Many of the changes observed were due to the addition of enzyme 
rather than actual proteolysis (e.g., foam volume increase, foam stabil
ity decrease, and angel cake volume increase). The angel cake volume 
showed a further increase with proteolysis; however, off-flavors were 
also noted. In experiments with ficin and bromelin, proteolysis by both 
enzymes decreased the coagulum strength while only ficin decreased 
the amount of noncoagulable protein.

INTRODUCTION
THE WORK OF GRUNDEN et al. (1974) using proteolytic 
enzymes as a m ethod of improving egg albumen functionality 
has been continued, including the use of an additional control: 
a zero time sample with enzyme added. In many cases, the 
changes observed in the original work can be accounted for by 
the addition of the enzyme preparation rather than by the 
effect of further proteolysis.

METHODS & MATERIALS
THE METHODS of Grunden et al. (1974) were used with the following 
exceptions and additions:

0.001%, 0.05%, 0.1% and 0.3%, Sigma Type II ficin, bromelin, pa
pain, trypsin and protease were used. Samples were incubated for 12 hr 
at 34°C unless otherwise noted. The Biuret method of Gornall et al. 
(1949) was used to determine protein.

Emulsification capacity was measured by the modified method of 
Swift et al. (1961). Forty grams of a 1% (w/v) albumen sample were 
mixed with 10 ml soybean oil for 15 sec in a Model 541 Osterizer (John 
Oster Mfg. Co., Milwaukee, WI) at 15,000 rpm. Oil was then added at 1 
ml/sec until the emulsion broke. Emulsifying capacity is expressed as 
ml of oil added/mg protein.

Noncoagulable protein was measured by diluting 2g egg albumen 
with 10 ml water, cooking 10 min at 90 °C in a water bath, cooling 5 
min in an ice-water bath, and spinning for 20 min at 5000 rpm, then 
measuring the protein content of the supernatant.

Coagulum strength was measured by weighing a lOOg aliquot of 
albumen, into a 250 ml Griffin beaker, covering with a petri dish cover, 
cooking for 30 min at 90°C in a water bath, chilling for 10 min in an 
ice-water bath, then measuring on an Instron Universal Testing Machine 
(Instron Corp., Canton, MA) equipped with a CCT 381 Compression 
Load Cell. The head from a Curd Meter (Submarine Signal Co., Boston, 
MA) was attached to the load cell. Measurements were made at a cross
head speed of 39.4 cm/min. Coagulum strength was measured as the 
maximum pounds of force peeded to penetrate 1.7 cm into the sample.

RESULTS & DISCUSSION
THE INTENSITY of albumen off-color and off-odor develop
ment after 12 hr increased as the enzyme concentrations in
creased. Egg albumen treated with 0.05% or more bromelin, 
ficin or protease developed a brownish color. Trypsin and pa
pain treated albumen developed this color at 0.1% and higher. 
With the exceptions of ficin, a “ fermenting fru it” off-odor was

1 Present address: General Foods Corp., Tarrytown, NY 10591

detected in albumen treated with 0.1% or higher levels of en
zymes. This odor was detected in the ficin-treated albumen 
only at the 0.3% level.

Nonprotein nitrogen (NPN) released by the enzyme prote
olysis was estimated by the Lowry method (Lowry et al.,
1951) and expressed as tyrosine equivalents (Table 1). Both 
peptide bonds and tyrosine and tryptophan were measured. 
Thus, NPN could show a peak since hydrolysis of soluble pep
tides can cause a decrease in color. Trypsin released very little 
NPN, papain and ficin released interm ediate quantities, and 
bromelin and protease released the greatest quantities of NPN.

Changes in pH from the zero time control with enzyme are 
also shown in Table 1. The most marked changes were ob
served with bromelin and protease, the two enzymes which 
also showed the greatest changes in NPN.

Foam volume was influenced by the addition of the en
zyme (638 m l/100g albumen for the no-enzyme control up to 
767 ml/100g albumen for 0.05% ficin). In general, increasingly 
greater volumes of foam were obtained as enzyme preparation 
concentration increased. However, the zero time control with 
enzyme and the 12 hr treated samples had about the same 
foam volume, suggesting that the results were not due to  pro
teolysis. It rema.ns to  be shown what com ponent of the crude 
enzyme preparations is responsible for this result. Upon addi
tion of the enzymes at concentrations of 0.05% or higher ex
cept for trypsin, foam stability was decreased from 2 5 -5 0  ml 
drainage/lOOg control up to 70—71 m l/100g of 0.01% prote
ase treated albumen. Foam stability o f no-enzyme albumen 
treated with 0.05% trypsin was still comparable to albumen 
w ithout enzyme treatm ent. Addition of the enzyme rather 
than proteolysis was found to  cause foam stability losses.

Volumes of cakes made from albumen treated with the 
various enzyme preparations at various concentrations is pre
sented in Table 1. Only at the highest level of added enzyme

Table 1—Effect o f Enzyme Preparation on pH, Net NPN and Cake 
Volume o f Enzyme-treated Egg Albumen (0.3% enzyme at 34° C for 
12 hrs)

Net NPNa 
Enzyme (pg Tyr/g 
(0.3%) Albumen)

pHb Cake volume (ml)c

Zero time 
with enzyme

Incu
bated

Zero time 
with enzyme

Incu
bated

No enzyme — 8.6 8.6 426 —

Papain 580 8.4 8.3 422 474
Ficin 560 8.2 7.8 526 484
Trypsin 110 8.2 8.2 514 454
Bromelin 920 8.2 6.8 410 482
Protease 900 8.3 7.4 516 509

a Net NPN = NPM after incubation --  NPN of zero time control.
Each  va lue  is a m ean o f three rep lication s; each repl icate  con sists 
o f tw o  observations.

b  Each  va lue  is a m ean o f three rep lications; each replicate consists  
of one observation.

c Each  value is a mean o f three rep lication s; each replicate co n s is ts  
o f three observations.
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Table 2 —N o ncoa gu la b le  p ro te in  a n d  coagu lum  strength o f  brom elin-

a n d  fic in -trea ted  egg a lbum en [0.05%, 1.5 h r  a t  25°  C)a'b,

Treatment

Noncoagulable 
protein 

(mg protein/g)
Coagulum strength 

(lb of force)

No-enzyme control 11.6 3.3
Bromelin control 11.4 3.0
Ficin control 11.3 3.2
Bromelin 11.4 1.9
Ficin 6.2 1.3

a Each value is a mean of two replications; each replicate consists of 
three observations.

b Means connected by the same vertical line are not significantly 
different (p < 0.01).

(0.3%) did the cake volumes show a significant change from 
that of the zero time control with enzyme, except for protease 
which did no t change. Except for brom elin and papain, the 
final cake volumes after proteolysis were higher than the con
tro l w ithout enzyme. Zero time control w ith enzyme trea t
m ent volumes in all cases were higher than the no-enzyme 
control. Ficin and trypsin, however, showed further improve
m ent with proteolysis. It was also observed tha t the zero time 
volume peaked at 0.05% with the addition of papain, bromelin 
or trypsin; while with ficin it peaked between 0.05% and 0.1%. 
This suggests th a t for these enzymes the volume maximizing 
effect o f material addition has an optim um .

It was also observed tha t above 0.05% enzyme preparation, 
the angel cakes from all enzyme treatm ents (zero time and 
incubated) had off-flavors which were described as being b itter 
and sour. These cakes also had a darker appearance and coars
er, gummier texture tha t angel cakes made from untreated  egg 
albumen.

Em ulsification capacity, noncoagulable protein, 
and coagulum  strength

These studies were undertaken w ith ficin and brom elin only 
at a treatm ent level of 0.05% for 1.5 hr at 25°C. Both enzymes 
produced relatively high NPN values. Ficin caused a pH change 
during hydrolysis while brom elin did not.

Emulsification capacity which ranged between 57.0 and
62.0 ml oil/mg protein was not significantly affected by en
zyme addition (zero tim e control with enzym e) or by p ro te
olysis.

The noncoagulable protein of the incubated ficin-treated 
sample decreased significantly while the coagulum strength o f 
both  of the incubated ficin and brom elin-treated samples was 
decreased (Table 2). The incubated enzym e-treated album en 
did not form  a continuous proteineous netw ork when heated, 
but rather a coagulum o f independent, irregular pieces.

It is evident from the foregoing data and earlier w ork 
(Gründen et al., 1974) tha t proteolytic enzymes do have some 
activity on egg albumen. However, m ost o f the changes in the 
foaming ability (i.e., foam volume and stability and angel cake 
perform ance) reflected the addition o f enzym e preparation 
and no t proteolysis. Although at high enzym e concentrations, 
effects due to  proteolysis become apparent in angel cake vol
umes. P roteolytic activity did affect the heat coagulating prop
erties of egg albumen.
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however, be interesting to  use such m utant cultures to study 
the nature and extent o f degradation of casein and its com
ponent fractions during cheese ripening w ith a view to achiev
ing a shorter ripening period.

REFERENCES

Ganguli, N.C. and Majumdar, G.C. 1967. A simple petridish device for 
resolving milk protein by starch gel electrophoresis. Indian J. Bio- 
chem. 4: 232.

Hull, M.E. 1947. Studies on milk proteins. 2. Colorimetric determina
tion of the partial hydrolysis of the proteins in milk. J. Dairy Sei. 
30: 881.

Moreno, V. and Kosikowski, F.V. 1973. Degradation of /3-casein by 
micrococcal cell-free preparations. J. Dairy Sei. 56: 33.

Ohmiya, K. and Sato, Y. 1968. Studies on the proteolytic action of 
dairy lactic acid bacteria. 4. Changes of the casein treated with 
Lactobacillus bulgaricus, L. helveticus, or Str. lactis. Agri. Biol. 
Chem. (Takyo) 32: 291.

Poznanski, S., Lenior, J. and Mocquot, G. 1965. Proteolysis of casein 
by the intracellular enzymes of certain bacteria. Le Lait 45: 3.

Rymaszewski, J., Poznanski, S. and Markowicz-Robaczewska, M. 1972. 
Degradation dealphas, beta et kappa-caseine par la suspension de 
germs des bacetries de la fermentation lactique. Le Lait 52: 571.

Sato, Y. and Ohmiya, K. 1966. Study on proteolytic action of dairy 
bacteria. Part 2. Action of intracellular protease of lactic acid bac
teria on paracasein. Agri. Biol. Chem. 30: 731.

Shidlovskaya, V.N. and Dyachenko, P.F. 1968. Properties of a- and 
/3-casein by lactic acid bacteria. Prikl. Biokhim. Microbiol 4: 56.

Singh, J. and Ranganathan, B. 1974a. Studies of selected gamma mu
tants of Lactobacilli. 19th Int. Dairy Congr., IE: 385: brief com
munication.

Singh, J. and Ranganathan, B. 1974b. Effect of some chemical muta
gens on proteolytic activity in Lactobacilli. Acta Micro. Pol. (B) 6 : 
15.

Zittle, C.A., Cerbulis, J., Pepper, L. and Dellamonica, E.S. 1959. Prep
aration of calcium sensitive a 5-casein. J. Dairy Sci. 42: 1897.

Zittle, C.A. and Custer, J.H. 1963. Purification and some of the proper
ties of a s-casein and k-casein. J. Dairy Sci. 46: 1183.

Ms received 5/11/77; revised 6/1/77; accepted 6/21/77.

280 -  Volume 43 (1 9 7 8 )-JO U R N A L  O F  FO O D  S C IE N C E



n w u f ic i - î
I

JL? »•> Ox

)


	JOURNAL OF FOOD SCIENCE 1978 VOLUME 43 NO.1
	CONTENTS
	CHEMICAL AND SENSORY CHANGES IN FREEZE-DRIED CHICKEN AND PORK DURING HIGH TEMPERATURE, OXYGEN-FREE STORAGE
	FACTORS AFFECTING OXYGEN UPTAKE IN MODEL SYSTEMS USED FOR INVESTIGATING LIPID PEROXIDATION IN MEAT
	HEATING EFFECTS ON BOVINE SEMITENDINOSUS: SHEAR, MUSCLE FIBER MEASUREMENTS, AND COOKING LOSSES
	HEATING EFFECTS OF BOVINE SEMITENDINOSUS:PHASE CONTRAST MICROSCOPY AND SCANNING ELECTRON MICROSCOPY
	EFFECTS OF POSTMORTEM STORAGE CONDITIONS ON MYOFIBRILLAR ATPase ACTIVITY OF PO RCINE RED AND WHITE SEMITENDINOSUS MUSCLE
	STABILITY OF MYOGLOBIN TO ACETONE TREATMENT CHARACTERIZED BY DIFFERENTIAL SCANNING CALORIMETRY ANDRESOLUBILITY IN WATER
	WETTABILITY AND SURFACE PRESSURE OF MYOGLOBIN TREATED WITH ACETONE
	ACTIVITY AND RESISTANCE TO THERMAL INACTIVATION OF PEROXIDASEIN THE BLUE CRAB (Callinectes sapidus)
	POSTMORTEM BIOCHEMICAL CHANGES AND MUCSLE PROPERTIES IN SURF CLAM (Spisula solidissima)
	ACCELERATION OF LIPID OXIDATION IN FROZEN MACKEREL FILLET BY PRETREATMENT WITH MICROWAVE HEATING
	PAIRED COMPARISON AND TIME-INTENSITY MEASUREMENTS OF THE SENSORY PROPERTIES OF BEVERAGES AND GELATINS CONTAINING SUCROSE OR SYNTHETIC SWEETENERS
	DESCRIPTIVE ANALYSIS OF THE SENSORY PROPERTIES OF THE BEVERAGES AND GELATINS CONTAINING SUCROSE OR SYNTHETIC SWEETENERS1
	STUDIES ON  WHEAT STARCH AND WHEAT FLOUR MODEL PASTE SYSTEMS
	HOT-PASTE VISCOSITY AND ALPHA-AMYLASE SUSCEPTIBILITY OF HARD RED WINTER WHEAT FLOUR
	EFFECTS OF GAMMA-IRRADIATION ON COMPOSITION OF WHEAT LIPIDSAND PUROTHIONINES
	EFFECT OF GAMMA-IRRADIATION OF WHEAT ON VOLATILE FLAVOR COMPONENTS OF BREAD
	PECTIN CONTENT OF LIME AND LEMON PEEL AS EXTRACTED BY NITRIC ACID
	DEMETHYLATION OF PECTIN USING ACID AND AMMONIA
	MICROSTRUCTURE OF SOYBEAN PROTEIN AGGREGATES AND ITS RELATION TO THE PHYSICAL AND TEXTURAL PROPERTIES OF THE CURD
	COOKING CHARACTERISTICS OF SOME GERMINATED LEGUMES: CHANGES IN PHYTINS, CA++, Mg++ AND PECTINS
	PHYSICOCHEMICAL ASSESSMENT OF SHORT TERM CHANGES IN THE QUALITY CHARACTERISTICS OF STORED INSTANT NAVY BEAN POWDER
	INTERACTIONS OF METAL IONS WITH LACTOSE
	CHEMICAL CONSTITUTION OF N-ACYLETHANOLAMINEPHOSPHATIDESIN PEA SEED
	EFFECTS OF GERMINATION ON COTTONSEED PROTEIN
	COMPARISON OF COLD-, ACID- AND SALT-PRECIPITATED SOY PROTEINS
	STRUCTURE AND CHEMICAL COMPOSITION OF CRANBERRY CELL WALL MATERIAL
	IDENTIFICATION OF STARCH AND PROTEIN COMPONENTS OF GREEN BANANA TISSUE BY SCANNING ELECTRON MICROSCOPY AND USING SELECTIVE STAINS FOR X-RAY FLUORESCENT MICROANALYSIS
	MATHEMATICAL APPROACH FOR THE DETERMINATION OF DYES CONCENTRATION IN MIXTURES
	COMPUTER-AIDED DETERMINATION OF BEET PIGMENTS
	LEUCOANTHOCYAIMIDIN OXIDATION IN PECAN KERNELS: RELATION TO DISCOLORATION AND KERNEL QUALITY
	BLOOD LIPID LEVELS OF ADULT MEN ON VITAMIN D-SUPPLEMENTEDAND UNSUPPLEMENTED DIETS
	LIMITATIONS OF LEAD ACETATE FOR SEPARATION OF METHANETHIOL AND HYDROGEN SULFIDE FROM FOOD SYSTEMS
	QUANTITATIVE ASSAY OF SPECIFIC PROTEOLYTIC ACTIVITY IN FOOD PROTEIN HYDROLYZATES BY SINGLE RADIAL IMMUNODIFFUSION
	SEDATIVE ACTIVITY OF CELERY OIL CONSTITUENTS
	SENSORY PROPERTIES OF THE AROMA OF BEEF COOKED CONVENTIONALLYAND BY MICROWAVE RADIATION
	RELATIONSHIP OF SELECTED BEEF CARCASS TRAITS WITA MEAT PALATABILITY
	MICROBIOLOGICAL EVALUATION OF GROUND BEEF CONTAINING MECHANICALLY DEBONED BEEF
	EFFECT OF EXTENDING BEEF PATTIES WITH MILK CO-PRECIPITATES
	PRESS/CLEVE PORTIONING AND MECHANICAL TENDERIZATION OF BEEF TOP LOINS AS AFFECTED BY NUTRITIONAL REGIME AND BIOLOGICAL TYPE
	TRANSPORTATION AND COLOR MAINTENANCE OF HANGING BEEF
	INFLUENCE OF THERMAL PROCESSING AND COOKING METHODS ON NATURALLY OCCURRING RESIDUES OF DDT AND ITS METABOLITES IN BEEF
	EFFECTS OF RESTRAINT DURING COOKING ON THE SHEAR PROPERTIES OF COOKED MEAT
	INFLUENCE OF ANIMAL AGE ON THE MECHANICAL PROPERTIES OF RESTRAINED, HEAT-TREATED COLLAGENOUS TISSUE
	YIELD AND COMPARISON OF NUTRITIVE AND ENERGY VALUES', FATTY ACID AND CHOLESTEROL CONTENT OF RAW AND COOKED CHITTERLINGS
	EFFECT OF SPICES AND SALT ON FERMENTATION OF LEBANONBOLOGNA-TYPE SAUSAGE
	INFLUENCE OF TUMBLING AND SODIUM TRIPOLYPHOSPHATE ON SALT AND NITRITE DISTRIBUTION IN PORCINE MUSCLE
	IMPROVEMENT IN THE OXIDATIVE STABILITY OF PORK BY DIETARY SUPPLEMENTATION OF SWINE RATIONS
	EFFECTS OF LEVELS OF FAT AND PROTEIN ON THE STABILITY AND VISCOSITY OF EMULSIONS PREPARED FROM MECHANICALLY DEBONED POULTRY MEAT
	APPLICATION OF SCANNING ELECTRON MICROSCROPY TO TEXTURE DEFINITION IN NATURAL AND FABRICATED SHRIMP
	PRODUCTION OF CORN AND LEGUME MALTS FOR USE IN HOME FERMENTATION
	NUTRITIONAL AND SENSORY EVALUATION OF MIXTURES OF SOYBEAN (Glycine max L.) AND COMMON BEAN (Phaseolus vulgaris L.),FOR DIRECT USE AS HUMAN FOOD
	EFFECTS OF POST-HARVEST STORAGE ON THE QUALITY OF CANNED SNAP BEANS
	EFFECT OF STORAGE ON THE AMINO ACID COMPOSITION AND BIOLOGICAL QUALITY OF IRRADIATED MACAÇAR BEANS Vigna unguiculata (L.) WALP
	COLOR CHANGES OF HOT HOUSE GROWN TOMATOES DURING STORAGE
	SURVIVAL OF CLOSTRIDIUM SPOROGENES PA 3679 IN HOME-CANNED TOMATOES
	EXTRUSION AND ROLL-COOKING OF CORN-SOY-WHEY MIXTURES
	DETERMINATION OF THE POTENTIAL FOR MYCOTOXIN CONTAMINATION OF PASTA PRODUCTS
	SENSORY AND SELECTED TEXTURAL PROPERTIES OF PASTA FORTIFIED WITH PLANT PROTEINS AND WHEY
	ON THE APPLICATION OF FICK'S LAW FOR THEAIR DRYING OF FOODSKINETIC ANALYSIS OF
	FINITE ELEMENT ANALYSIS OF FREEZING PROCESSES IN FOODSTUFFS
	DETERMINATION OF FACTORS CONTROLLING ACCURATE MEASUREMENT OF Aw BY THE VAPOR PRESSURE MANOMETRIC TECHNIQUE
	FRUCTOSE-SACCHARIN AND XYLITOL-SACCHARIN SYNERGISM
	COMPOSITION OF PAPAYA SEEDS
	EVALUATION OF PRODUCTS MADE FROM CITRUS PROCESSING PLANT GRADING LINE REJECTS
	USE OF A MACERATING PECTIC ENZYME IN APPLE NECTAR PROCESSING
	ROLE OF PECTINESTERASE AND POLYGALACTURONASE IN THE FORMATION OF WOOLLINESS IN PEACHES
	SENSORY EVALUATIONS ON TANGERINE-GRAPEFRUIT JUICE BLENDS
	A Research Note EFFECTS OF PROCESSING TREATMENTS ON CHEMICAL AND ORGANOLEPTIC PROPERTIES OF CORNED BEEF
	A Research Note VISCOMETRIC BEHAVIOR OF GUAVA PUREES AND CONCENTRATES
	A Research Note FLUORINE CONTENT OF TEAS CONSUMED IN IRAN
	A Research Note NITROSAMINE FORMATION IN HOME-COOKED BACON
	A Research Note PROTEOLYTIC ENZYMES AND THE FUNCTIONALITY OF CHICKEN EGG ALBUMEN

