
ì
SCIENCE

BASIC SCIEN CE
M l Comparison of the protein nutritional value of TVP, 

methionine enriched TVP and beef at two levels of 
intake for human adults—C. Kies and H.M. Fox

6 Measurement of the relative taste intensity of some 
L-a-amino acids and 5'-nucleotides—S. Yamaguchi, T. 
Yoshikawa, S. Ikeda and T. N inom iya

850 Reaction at limited water concentration. 2. Chlorophyll 
degradation—F. LaJollo, S.R. Tannenbaum and T.P. 
Labuza

854 Patterns of soluble peroxidase in ripening banana fruit—
N.F. Hoard and C.L. Tobin

858 Analysis of the pungent principles of Capsicum annuum by 
combined gas chromatography-mass spectrometry—Y. 
Masada, K. Hashimoto, T. Inoue and M. Suzuki

861 Properties of bixin and norbixin and the composition of 
annatto extracts—/.F . R eith  and J. W. Gielen

865 Composition of the lipids of cucumber and peppers—J.E. 
Kinsella

867 Flavonol glycosides of the cultivated strawberry—/./ .  Ryan

871 Phenolic and indole constituents of edible peas—/. M endez
• and M.I. Lojo

872 Chemical composition of the seed of sunflower hybrids and
open pollinated varieties-/.A. Robertson, J.K. Thomas 
and D. Burdick

877 Identification and quantitation of several nonvolatile or
ganic acids of cocoa beans—IP. Weissberger, T.E. Kava- 
nagh and P. G. Keeney

880 Studies of a method for determining organochlorine pesti
cide residues in animal tissue—/.C. Miller, J.D. Sink,
G. W. Sherritt and J.H. Ziegler

883 On the nature of cooked meat hemoprotein-D.A. Ledward

889 A comparison of salmonella excretion by stress-susceptible 
and stress-resistant pigs-/?. Y. T. Tsai, J.M. Goepfert,
R. G. Cassens and E.J. Briskey

892 Mode of action of ethylene oxide on spores of Clostridium 
botulinum 62A— F.G. Winarno and C.R. S tum bo

896 Effect of monovalent and divalent ions upon the germina
tion of bacillus spores in the presence of nisin— K.G. 
Gupta, R. Sidhu and N.K. Yadav

APPLIED  SCIEN CE and EN GIN EERIN G
899 Spiked-plate freeze drying—/./). Hatcher and J.E. Sunder

land

906 Vacuum-puff freeze drying of tropical fruit juices—/.//. M oy

911 Effect of radio-frequency energy at 60 MHz on food 
enzyme activity—A. L opez and N .A . Baganis

915 Prediction on the relative dielectric loss factor in aqueous 
solutions of nonfat dried milk through chemical simula
tion-/?./?. M udgett, A.C. Sm ith, D.I.C. Wang and S.A. 
Goldblith

919 Investigation into the theories of desorption isotherms for 
rough rice and peanuts—A. A. Agrawal, B.L. Clary and
G.L. Nelson

925 Effect of dietary fats on the fatty acid contents of chicken 
adipose tissue—/./ .  Jen, W.P. Williams Jr., J.C. A cton  
and V.A. Paynter

930 Food protein from meat and bone meal— H.A. Nash and
R.J. Mathews

936 Use of gas-liquid chromatography for quality evaluation of 
dry egg products—A. Lorenz and J. Maga

940 Retardation of oxidative color changes in raw ground 
beef—B.E. Greene, J-M. Hsin and M. W. Zipser

- CONTENTS CONTINUED (on the inside o f the front cover) . . .

U -4 4
wmimjpi muQvm'WMifli9

I FT A PUBLICATION OF THE INSTITUTE OF FOOD TECHNOLOGISTS



-C O N T E N T S  C O N T IN U ED — 
from front cover

943 Discoloration of sauerkraut probably caused by a leuco- 
an thocyan id in -N. Gorin and J.A. Jans

948 Evaluation of frozen boiled peanuts as affected by cook 
tim e, cool tim e and salt concentra tions-G .R . Am mer- 
man, R.C. Glenn and C.R. Owens

951 Effects o f a cryogenic and three home freezing m ethods on 
selected characteristics of pork loin chops—M.A. Ban
nister, D.L. Harrison, A.D. D ayton, D.H. K ro p f and H.J. 
Tuma

955 Microbiology of beef shell frozen w ith liquid n itrogen-C .R . 
Rey, A .A . K raft and R.E. R ust

959 Comparison of tex tu re of carrots frozen by airblast, foo< 
freezant-12 and nitrogen vapor—E.R. W olford and J.W  
Nelson

962 Stabilization of anthocyanins in frozen ta rt cherries b; 
blanching—A. Siegel, P. Markakis and C.L. Bedford

RESEARCH NOTES

964 Influence of extracting agents during th e  colorim etrii 
determ ination of pectic substances—C.J.B. Sm it

966 Cellulase in dates and its role in fruit so ften in g -5  
Hasegawa and D.C. Sm olensky

ii Letters to  the Scientific Editor

REPRINTS

Single reprints are not available from "Journal of Food Science" 
—send requests directly to the senior author (address appears 
near title).
Quantity reprints can be ordered from I F T  Reprint Department 
—minimum of 100 copies. Price schedule available upon request.

New Subscription Rates

To IF T  Members: $10 per year ($5 to  Emeritus
and student members).

To Non-M em ber Subscribers—pet year, includes
postage

USA & Pan-American U n io n ...................... $20
All O ther Destinations’ ..................................$25

Subscriptions accepted only on a calendar year 
basis. No Refunds. Reduced rates for 2- and 3-year 
subscriptions.
Single Copy or back issue price: $5.

NOTICE: Page Charges for Publication 
of Research Papers

O a t  IT S  March 1969 meeting, the Executive Com
m ittee  o f  IF T  voted to increase the page charge fo r  
research articles published in Food Technology or in 
the J o u r n a l  o f  Fo o d  Sc i e n c e . The page charge 
o f  $50 per printed page will be effective fo r  research 
manuscripts received AFTER April 1, 1969. The page 
charge shall not constitu te a bar to acceptance o f  re
search manuscripts because the au thor is unable to 
pay the charge.



S e p te m b e r-O cto b e r 1971 
V o lu m e  36 : N um ber 6

X % J

JOURNAL 
of FOOD SCIENCE
Director of Publications

John B. Klis 
Production Manager

Jon Day
Advertising Manager

Edward H. Hoffman 
Publisher

Calvert L. Willey

Scientific Editor
Bernard J. Liska 

I FT Copy Editors
Lois M. Orr 
Anna May Schenck

Board of Editors
E. F. Binkerd
E. J. Briskey 
R. G. Cassens 
A. E. Denton 
L. Dugan Jr.
F. J. Francis 
D. E. Goll

H. O. Hultin 
M. Karel 
T. P. Labuza 
J. Liston 
B. B. Marsh 
R. B. Maxcy 
P. E. Nelson

Z. John Ordal
R .  M. Pangborn 
J. J. Powers
W. H. Stahl 
W. L. Sulzbacher
S. R. Tannenbaum 
W. M. Urbain

•  M A N U S C R IP T S  (3 copies) should be submitted to:

Dr. Bernard J. Liska 

IF T  Scientific Editor

P.O. Box 3067 

Lafayette, IN 47906 U S A

N O  R ES P O N S IB ILITY  is assumed by the Institute o f Food Technologists for statements and opinions expressed by the 

contributors to its publications.

M A N U S C R IP T S  should conform to the style used in Journal o f Food Science. Authors should request from the Director 

of Publications the revised leaflet “ Style Guide for Research Papers.” Journal o f Food Science reserves the privilege of 

editing manuscripts to make them conform with the adopted style o f the journal or returning them to authors for revision. 

Editing changes may be reviewed by authors before publication.

P A G E  C H A R G E S  for Publication. The IFT  Executive Committee has established a page charge o f $50 per printed page 

for all papers published in Journal o f Food Science. The page charge shall not constitute a bar to acceptance o f research 

manuscripts because the author is unable to pay the charge.

•  SUBSCR IPTIO N S: A ll communications related to handling o f subscriptions, including loss claims, change o f address, 

orders for back issues, and 100 or more reprints should be sent to:

Subscription Department 

Institute o f Food  Technologists-Suite 2120 

221 N. LaSalle Street 

Chicago, IL  60601 USA  

Member Subscriptions- $ 10 per year.

Non-Member Subscriptions -  Accepted only on a calendar year basis-no refunds. Rates include postage. Payment must 

accompany order. Domestic and Pan American U n ion-$20 ; all other destinations—S25. Reduced rates for 2- and 3-year 

subscriptions.

Change o f address notice, with old address label, is required 4 weeks before issue date.

Claims for lost copies are allowed only i f  received within one month after publication (3 months for foreign subscribers). 

Single copies and available back issues: $5 each: remittance to accompany order.

•  R EP R IN TS : Request single reprints from A U T H O R S . Price Schedule for 100 or more reprints available upon request 
from Subscription Department.

© Copyright 1971 by Institute o f Food  Technologists. A ll rights reserved. J O U R N A L  O F  F O O D  S C IE N C E  (formerly Food 
Research) is published 7 times a year (bimonthly except during March and April) by Institute o f Food Technologists, Suite 

2120, 221 N. LaSalle Street, Chicago, Illinois 60601 USA . Printed in USA . Second class postage paid at Champaign, 111. and 

at additional mailing offices.

1 5 M .fl. W



TO THE SCIENTIFIC EDITOR

Letter to the Editor
May 7,1961  

Dear Sir:
The article by Jorge Chirife on “ Diffu- 

sional Process in the Drying of Tapioca 
R oot,” J. Food Sci. 36:327 (1971), has 
several gross misrepresentations that many 
people make in calculating drying coeffi
cients. The use of the resistance ratio S

is not justified, as this is not a dimension
less unit as is used in heat transfer. It has 
units of grams solids per gram water 
which cannot be cancelled out. The term , 
in fact, must be multiplied by the instan
taneous slope of the moisture sorption 
isotherm (dm /da) which occurs at the 
drying interface. This would account for 
the non-constant diffusivity found. There 
is no way, however, to understand what 
experiments the au thor is referring to in 
Figure 2 to  calculate his diffusivities, or 
why he has three curves with a 3x 
variation in diffusivity.

The final argument that drying is occur
ring solely by liquid diffusion is very 
weak. In fact, an inspection of the litera
ture of Kirscher and our previous work 
[Salas and Labuza, Food Technol. 22
(1968); Labuza and Simon, Food Tech
nol. 24 (1970)] suggests that liquid diffu
sion only predom inates in the constant 
rate period of drying and that vapor 
diffusion becomes more limiting as time 
increases. He states that the tapioca 
reaches constant diffusivity as tem pera
ture increases, but this cannot be found 
in his paper, and I don’t see how this 
applies to  extraction of seed with oil. The 
mechanisms are different.

His argument that Eq. 11 doesn’t hold is 
erroneous. The reason one finds an ex
ponential of D vs 1/T is that the limiting 
step is the vaporization of water or 
diffusion to  the drying front. In fact, 
using the initial differential equation ( 1) 
is also erroneous as it does not account 
for a phase change. It can be used, 
however, to make gross comparisons but 
not to  predict molecular mechanisms 
unless the Deff is expanded to  include the 
heat transfer effects.

Eq. 14 also should not hold since at 1 
atm the mean free path of water vapor is

at least 2 orders of magnitude smaller 
than the average pore diameter o f a food.

After this paragraph (page 329) the 
author says, Therefore diffusion is by 
liquid flow. There is no way this argu
ment holds. 1 don’t see how this paper 
was allowed to  be published in its present 
form as it is more of a lecture than a 
scientific paper.

THEODORE P. LABU ZA  
Massachusetts Institute of 

Technology

Letter to the Editor
July 23, 1971 

Dear Sir:
Dr. Labuza is right when he criti

cizes the use of the resistance ratio 
S = Dep s/kga, w ithout taking into ac
count the slope of the sorption isotherm. 
However, it is unlikely that this factor 
could change the conclusion of solely 
internal mass transfer control in this 
particular experimental situation.

Tem perature references in Figure 2 are 
missing. The curves correspond to  exper
iments perform ed at, respectively, 55, 84 
and 100°C, which can be inferred from 
the observation of Figure 3.

In my opinion, the experiments o f Salas 
and Labuza [Food Technol. 22 (1968)] 
and Labuza and Simon [Food Technol. 
24 (1970)] do not constitute a definite 
proof that the predom inant water trans
port mechanism is vapor diffusion. In 
these papers, effective diffusion coeffi
cients Deff are determined by means of 
the classical m ethod of Sherwood. Inci
dentally, the Salas and Labuza effective 
diffusion coefficients were evaluated by 
using the boundary condition C = CQ for 
all X at t = 0, which cannot be used here 
since the drying curves show an appre
ciable constant rate period.

On the other hand, in Simon and 
Labuza, the assumption of unidirectional 
diffusion does not seem to be justified in 
view of the sample dimensions ratio. The 
vapor diffusion mechanism is assumed a 
priori, and perhaps an experim ental dem 
onstration of this behavior would have 
been to  study Ihe tem perature coefficient 
of the Deff.

If the drying mechanism is assumed to  

ii

be some kind of activation liquid diffu
sion through the tapioca m atrix, this can 
certainly be com pared with the oil migra
tion through a similar natural system . Of 
course, this reasoning has no sense for Dr. 
Labuza because he assumes a priori a 
water vapor diffusion. In Figure 2 it can 
be seen that the experim ental points 
corresponding to higher tem peratures 
show a better agreement with the theo re t
ical curves for constant diffusivities. This 
behavior has been also observed in the oil 
extraction aforem entioned.

King [Food Technol. 22:509 (1968)] 
recently made a theoretical study of the 
drying mechanism in dried foodstuffs, for 
the limiting case in which vapor diffusion 
is the principal mode of transport and 
where the m oisture content corresponds 
to equilibrium with relative hum idities 
less than 100%. He showed that the Deff 
can be expressed as:

_ Mw D' Pw° _ P ___
Ueff p s Rv T P - p w

•(— ) (— ) IUV 5X /t \1  + a )

where

C • D = D'
and

C = constant less than unity
In this case the most tem perature-sensi

tive factor in Eq. 1 is Pw° ; hence, an 
exponential tem perature dependence of 
Deff can also be expected. However, the 
predicted activation energy should be 
close to  the heat o f vaporization of water, 
which is about 10 kcal/gmol. The exper
imental value for the tapioca root was 5.4 
kcal/gmol, which is not in agreement with 
the form er value.

In the work of Salas and Labuza, a 
constant D ef f  was observed. According to  
King’s ideas, this can only be explained if 
the factors (6 r/«X )x  and C in Eq. 1 vary 
in a compensating fashion. Therefore, as 
in Figure 6  (Salas and Labuza) there is no 
shrinkage below X = l ,  the experim ental 
constancy of D ef f  cannot be explained in 
terms of that analysis.

Haque and Eubank [Food Technol. 
18:390 (1964)] suggested a’ different 
hypothesis. They studied the drying of 
copra and found that the experim ental



water diffusion coefficient was very close 
to  tha t of the liquid water self-diffusion 
coefficient. According to  the Eyring for
mula (Bird, Stewart and Lightfoot. 1962. 
“Transport Phenom ena.” ):

D a a Ma  _ 1 /  N \  1/3 , ,
kT 2 n \ V A )  L J

where D a a  is the self-diffusion coeffi
cient o f liquid water. The tem perature 
dependence o f D a a  should be mainly 
related to that of the viscosity, which in 
turn  is exponential, w ith an activation 
energy of about 4.2 kcal/gmol. This value 
compares quite well w ith tha t found for 
tapioca root.

Although there are many studies which 
deal with the drying of food materials, I 
do not th ink that any of the many 
suggested mechanisms can be taken for 
granted, in view of the com plex situations 
that usually appear in food dehydration.

JO RG E CHI R IF E  
University of Buenos Aires

Letter to the Editor
May 1971 

Dear Sir:
I have a few com ments about an article 

entitled “ Alternate Storage Systems for 
the Production of Canned Black Ripe 
Olives” by J.W. Ralls et al., J. Food Sci. 
36:408 (1971).

1. It is surprising tha t in a research 
article published in 1971 of the work that 
was carried out in the 1 9 6 5 -6 7  period, 
the authors did not review at all what has 
happened in the last six years. During 
these last six years, Dr. Reese Vaughn and 
his co-workers at the University of Cali
fornia at Davis have not only developed a 
salt-free storage of olives and other veg
etables (in acidified sodium benzoate 
solution) but also have tested successfully 
this system on a commercial scale at the 
Oberti Olive Com pany (Div. o f Tri-Valley 
Growers), Madera, Calif.

2. The research of Vaughn et al., on 
this subject has been reported at several 
technical meetings of the California Ad
visory Board to  the entire olive industry. 
Incidentally, one paper was published in 
Food Technology itself.

3. Personally, I feel that in a research 
article (published in a professional journal 
such as ours), particularly so, when it is 
titled “ Alternate Storage . . .” has to  give 
due merit to  other alternate systems 
already existing, i.e., at least a brief 
reference to  the work of Vaughn et al. at
U. C. (Davis).

4. Furtherm ore, it is difficult for me to  
believe that reviewers on your editorial 
board could let pass a paper w ithout any 
proper in troduction of chronological 
events that have already occurred.

5. And last, but not least, any scien
tific paper that is published by a reputa
ble organization such as National Canners 
Association should be instrum ental in 
setting ideal examples to  the rest o f the 
scientific com m unity by giving proper 
reference in a paper.

I wanted to bring these points to  the 
atten tion  of all concerned.

B.A. DA VE'
Glendora, California

Letter to the Editor
June 30 ,1971  

Dear Sir:
Thank you for sending me a copy of Dr.

B.A. Dave’s letter of May 1971. I regret 
that we did not include a reference to  the 
im portant work of Vaughn and co-work- 
ers on salt-free storage of olives and other 
vegetables in the J. Food Sci. 36 (3):408 
(1971) article.

The original manuscript for this article 
was w ritten before any of Professor 
Vaughn’s work was published (see 47th 
Annual Technical Report of the Cali
fornia Olive Association, San Francisco, 
Calif., June 1968, pp 2 4 -3 0 ).

U nfortunately, the in troductory  section 
of the article was not updated. The 
update would have cited the publication 
of Vaughn and co-workers, as well as the 
related work of Rudolf A. Kellerman,
U.S. Patent 3 ,397,999.

The co-authors and I apologize to  the 
Institute of Food Technologists, former- 
Scientific Editor Dr. E.J. Briskey, the
U.S. Departm ent o f Agriculture, and the 
National Canners Association for the 
omission and any em barrassment that it 
may have caused.

JAC K  W. R A L L S  
National Canners Association

Letter to the Editor

May 17, 1971 

Dear Sir:
The paper entitled “ Chemical Composi

tion and Amino Acid Contents of Bra
zilian Beans (Phaseolus vulgaris) ” by 
Roberto M. deMoraes and Eidiomar 
Angelucci, J. Food Sci. 36:493 (1971), 
contains questionable amino acid data.

T ryptophan values as published range 
from 1 0 0  to  138 mg/g protein which is 
equivalent to  1 0 .0 -1 3 .8  g/lOOg protein 
or %. The values are in the range of those 
for aspartic acid and second only to 
glutamic acid in magnitude! The state
m ent in the summary that “ it (the prod
uct) was poor in m ethionine, isoleucine, 
valine, tryp tophane and leucine” is not 
supported by the tryp tophan  data. Is 
there not an error o f a factor o f ten, so
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tha t the values should be 1.0 to  1.4 
g/100 g protein? The sums o f the amino 
acids as published range from  99.7 to
140.4 g/100 g protein for the twelve 
varieties. When tryp tophan  values are 
reduced to  one-tenth of the published 
figures, the sums of the amino acids range 
from  8 8  to  128%. Reasonable values 
would be from  105 — 115% if all of the 
nitrogen (Kjeldahl determ ination?) was 
from  amino acids. Percentages greater 
than 1 0 0 % are to  be expected due to  the 
addition  of water in the hydrolysis o f the 
protein.

However, the wide range of values sug
gests analytical errors, probably in hy
drolysis. The sum of the amino acids is 
low for the varieties Goiano Precoce and 
Preto G -l: 8 8  and 92%. Values for 
m ethionine and cystine are very low for 
Carioca.

The description of the m ethod is inad
equate. Several o f the amino acids, partic
ularly tryp tophan  and cystine, are very 
labile in acid hydrolysis, yet no m ention 
is made in the description as to  any 
special treatm ent such as enzymatic 
hydrolysis for tryp tophan  or conversion 
of cystine to  cysteic acid before chrom a
tography. And was the hydrolysis time 
really only tw o hours, or was there a 
printing error and it should have been 2 2  
hours? And to  write that the hydrolysis 
was carried out “according to  the proce
dure outlined in the instruction manual 
which accom panied the amino acid an
alyzer” is naive. My impression is that the 
amino acid analyses are the work of 
technicians, not o f scientists.

B A R B A R A  M. K EN N ED Y
University o f California 

(Berkeley)

Letter to the Editor

July 7, 1971 

Dear Sir:
We wish to  acknowledge receipt o f the 

letter from  Professor Barbara Kennedy. 
In her letter she raised some questions 
regarding our manuscript.

With reference to  the above:
1. We agree with Professor Kennedy 

that the tryp tophan data are ten times 
less; tha t is, they are in the range of 1 .0  
to  1.4 g/100 g protein and not o f 10.0 to
13.8 as printed. That is the reason for the 
statem ent in the summary that “ it (the 
product) was poor in m ethionine, isoleu
cine, valine, tryp tophane and leucine.” 
U nfortunately the data in our paper 
showed a tenfold higher content in 
tryp tophan due to  a lapse which we did 
not see.

2. As for the question raised about the 
sums of amino acids, we obtained the 
best values for nine of the varieties, 
whereas not so good figures were ob



tained for Preto G - l , Goiano Precoce, and 
Chumbinho Opaco, in spite o f the re
peated tests perform ed.

3. Concerning the Caricoa variety, the 
value found for m ethionine is really very 
low. On the other hand, the correct value 
for cystine is 39.8 and not 9.8 as stated in 
the manuscript. This was a typing mis
take.

4. Regarding special treatm ents for 
tryp tophan , we used the Miller m ethod,

published in Journal o f  the Science o] 
F ood and Agriculture, 18, 1967. We did 
not make the conversion of cystine to 
cysteic acid because both  cystine and 
cysteine were determ ined as half cystine.

5. The hydrolysis tim e was really 22 
hours and not only 2  hours; this was a 
printing error.

6 . As for the procedure used for the 
hydrolysis, our paper shows the concen
tration  of HC1, time, and tem perature;

the other steps were the same as normally 
used for this type of analysis.

We are most grateful to  you for this 
opportunity  to  answer the questions 
raised by Professor Barbara M. Kennedy 
and wish to  thank  her for her interest in 
clarifying these points.

R OBER TO MA CHADO DE M OR AES  
and EIDIOM AR ANG ELU CCI 
Instituto de Technologia de Alimentos 

Sao Paulo, Brazil
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36, 841-845 (1971)-The objective of the study was to compare the 
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uct resembling beef (TVP) and a 1% DL-methionine-fortified TVP 
product at two levels of nitrogen intake. Experimental diets were main
tained adequate in calories, vitamins and minerals. Mean nitrogen bal
ances of subjects fed 8.0g nitrogen per subject per day from beef, TVP or 
methionine-fortified TVP were +0.74, +0.78 and +0.72g nitrogen per 
day, respectively, indicating that at this level of protein intake all three 
sources equaled or exceeded the protein requirements of adult men. 
Mean nitrogen balances of subjects fed 4.0g nitrogen per subject per day 
from beef, TVP or methionine-fortified TVP were -0.30, -0.70 and 
-0.45g nitrogen per day, respectively. While none of the test protein 
sources fully met the protein needs of the subjects at this level of nitro
gen intake, beef was superior to TVP on the basis of nitrogen balance 
data. DL-methionine fortification at the 1% level of the TVP was demon
strated to be partially effective in improvement in nitrogen balance.

MEASUREMENT OF THE RELATIVE TASTE INTENSITY OF SOME 
L-a-AMINO ACIDS AND 5'-NUCLEOTIDES. S. YAMAGUCHI,
T. YOSHIKAWA, S. IKEDA & T. NINOMIYA. J. Food Sci. 36, 846-849 
(1971)-Intensity of glutamate- and/or inosinate-like taste (umami in Jap
anese) of various flavor amino acids and flavor nucleotides was studied 
using sensory analysis and always found proportional to that of mono
sodium glutamate (MSG) and disodium S'-inosinate (IMP), respectively. 
Applying this fact to a previously obtained equation expressing the rela
tionship between the taste intensity of MSG-IMP mixture and that of 
MSG alone, the intensity of umami of the mixture of any flavor amino 
acids and nucleotides could be expressed as: y = u + y uv, where u and v 
are the concentrations of amino acids and nucleotides in terms of MSG 
and IMP, respectively, in the mixture; y is the equivalent concentration 
of MSG alone; and 7  is a positive constant. Interrelationships within 
each group of substances were additive.

REACTION AT LIMITED WATER CONCENTRATION. 2. Chlorophyll 
Degradation. F. LaJOLLO, S. R. TANNENBAUM & T. P. LABUZA. 
J. Food Sci. 36, 850-853 (1971)-Chlorophyll degradation was studied 
as a function of water activity (Aw) in freeze-dried spinach and model 
systems. Above Aw equal to 0.32, chlorophyll is converted mainly to 
pheophytin in a predictable manner. Below this Aw, pheophytin forma
tion is low, but other interfering substances are formed. It was shown in 
model systems that the basic reaction is hydrolytic removal of Mg from 
the ring even at limited water concentration.

PATTERNS OF SOLUBLE PEROXIDASE IN RIPENING BANANA 
FRUIT. N.F. HAARD & C.L. TOBIN. J. Food Sci. 36, 854-857 
(1971)-Total peroxidase activity and the spectrum of isoperoxidases sol
ubilized from the pulp of banana fruit were relatively constant when the 
extraction procedure was most efficient. When casein dispersion was pres
ent during extraction of green fruit, high levels of activity were detect
able. Other scavengers of condensed polyphenols were less effective in 
yielding activity in the soluble and particulate fractions. When collagen 
fibers were included with buffer during tissue maceration, no peroxidase 
was solubilized at all stages of ripening; however, the particulate fraction 
contained very high levels of peroxidase. Previous reports showing a con
comitant change in peroxidase activity with the respiratory upsurge of 
climacteric fruit may be anomalous because of differential phenol inhibi
tion.

ANALYSIS OF THE PUNGENT PRINCIPLES OF Capsicum annuum BY 
COMBINED GAS CHROMATOGRAPHY-MASS SPECTROMETRY. Y.
MASADA, K. HASHIMOTO, T. INOUE & M. SUZUKI. /  Food Sci. 36, 
858-860 (1971)-The pungent principles of Capsicum annuum include 
at least five closely related compounds. This paper describes a procedure 
whereby four of these five pungent compounds were separated and iden
tified by combined gas chromatograph and mass spectrometer. Separa
tion of these compounds into oleoresin capsicum by gas chromatography 
is also reported.

PROPERTIES OF BIXIN AND NORBIXIN AND THE COMPOSITION 
OF ANNATTO EXTRACTS. J.F. REITH & J.W. GIELEN. /. Food Sci. 
36, 861-864 (1971)-The melting point and E] %cm-values of a-bixin, 
/3-bixin and a-norbixin were determined and the stability of a-bixin ex
amined under different conditions. Total pigment content of butter color 
was determined. a-Bixin was the principal pigment; in addition, at least 
eight different pigments were present. The content of a- and (3-bixin in 
butter colors was also determined. Because of complex formation of 
bixin and norbixin with a yellow pigment, the simple chromatographic 
method became rather laborious. This complex formation did not occur 
in the annatto suspensions in oil and fat. These preparations were more 
concentrated, while the amount of decomposition products of a-bixin 
was relatively slight. The stability of the pigments in butter colors ap
peared to be great. Investigation of annatto cheese colors showed that 
these extracts contain at least seven color components. The total amount 
of red pigment and the principal pigment a-norbixin were determined.

COMPOSITION OF THE LIPIDS OF CUCUMBER AND PEPPERS. J.E. 
KINSELLA. J. Food Sci. 36, 865-866 (1971)-Samples of commercial 
cucumbers and green peppers contain 103 mg and 400 mg total lipid per 
100g raw vegetable tissue. The neutral lipids, phospholipids and glyco
lipids comprise 39, 49 and 15% of the cucumber lipids and 82, 2 and 16% 
of the pepper lipids respectively. The neutral lipids of both were com
posed mainly of glycerides. In the peppers the triglycerides accounted for 
60% of the total lipids. Cucumber, had less glycerides but contained 
several unidentified sterols. Phosphatidylcholine was the major class in 
both vegetables accounting for 46 and 76% of the phospholipids of cu
cumber and pepper respectively. Palmitic, linoleic and linolenic acids 
were the principal fatty acid components. The lipids of peppers were very 
rich in linoleic acid (70%) whereas those of the cucumbers contained 
relatively more linolenic acid.

FLAVONOL GLYCOSIDES OF THE CULTIVATED STRAWBERRY.
J.J. RYAN. J. Food Sci. 36, 867-870 (1971)-After extraction and sep
aration by thin-layer chromatography (TLC) on cellulose, nine flavonol 
glycosides were detected and purified in the fruit of strawberry from 
various sources. The structures of these were investigated by TLC, spec
tral properties and several types of hydrolysis. Four of them were com
pletely identified as the -3-/3-monoglucosides and -3-/3-glucuronides of 
quercetin and kaempferol. Three others were characterized less fully as 
kaempferol-7-monoglucoside, a kaempferol-7-glucoside and an unreport
ed quercetin-3-glucoside which was not the -3-/3-monoglucoside or a diglu- 
coside. A comparison between the flavonol glycosides and anthocyanins 
of this fruit was made with respect to the amounts and types present.
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PHENOLIC AND INDOLE CONSTITUENTS OF EDIBLE PEAS.
J. MENDEZ & M. I. LOJO. J. Food Sci. 36, 871-872 (1971)-p-Hy- 
droxybenzoic, ferulic and vanillic acids were isolated from hydrolyzed 
and nonhydrolyzed extracts of seeds of Pisum sativum L. var. Feltham 
and var. Lincoln. In the Feltham variety syringic acid was only present as 
the free compound but p-coumaric acid occurred in both the free and 
bound forms. Indole-3-acetic and, tentatively, indole-3-carboxylic acids 
were identified in the Lincoln variety. It is very doubtful if phenols 
present in the minimal concentration found could play any role in the 
edible characteristics of the peas.

CHEMICAL COMPOSITION OF THE SEED OF SUNFLOWER HY
BRIDS AND OPEN POLLINATED VARIETIES. J.A. ROBERTSON, 
J.K. THOMAS & D. BURDICK. J. Food Sci. 36, 873-876 (.1971)—The 
seed of high oil hybrids and open pollinatec sunflower varieties from 
experimental plantings at nine locations in six southern states in 1969 
was analyzed for moisture, crude protein, total oil and fatty acid compo
sition. Total oil content ranged from 28.8-44.7% with an average of 
35.3% for hybrids and 39.5% for open pollinated varieties. The crude 
protein ranged from 16.9-25.1%. The average oleic and linoleic acid 
content of the open pollinated varieties at the nine locations was 46.6 
and 41.6%, respectively, as compared to 49.4 and 39.6%- for the hybrids. 
The linoleic acid content of the sunflower oil varied inversely with tem
perature during development of the seed. A small number of confection
ery and birdfeed sunflower varieties from four locations also were ana
lyzed.

IDENTIFICATION AND QUANTITATION OF SEVERAL NONVOLA
TILE ORGANIC ACIDS OF COCOA BEANS. W. WEISSBERGER, T.E. 
KAVANAGH & P.G. KEENEY. J. Food Sci. 36, 877-879 (1971) Or
ganic acids precipitated as lead salts from water extracts of cocoa beans 
were converted to trimethylsilyl ethers. TMS ethers were then separated 
and identified using a combined gas chromatograph-mass spectrometer. 
Citric, phosphoric, lactic, oxalic, malic, tartaric, succinic and gluconic 
acids were present in every sample examined, irrespective of geographic 
origin. Five of the acids were quantitated using a GLC procedure which 
involved the preparation of methyl esters from freeze-dehydrated, water 
extracts. Concentration ranges found, g/lOOg beans, were: lactic, 
0.11-0.71; oxalic, 0.24-0.43; succinic, 0.02-0.07; malic, 0.02-0.10; 
citric, 0.56-1.32. Concentrations of lactic acid were lowest and citric 
acid levels tended to be highest in commercial samples from countries 
where cocoa beans usually are not subjected to a planned fermentation. 
These trends were confirmed in an experiment involving beans from Trin
idad which had undergone a carefully controlled fermentation. Only 
minor differences were found in organic acid concentrations between 
roasted and unroasted cocoa beans.

STUDIES OF A METHOD FOR DETERMINING ORGANOCHLORINE 
PESTICIDE RESIDUES IN ANIMAL TISSUE. J.C. MILLER, J.D. SINK,
G.W. SFIERRITT & J.H. ZIEGLER. /. Food Sci. 36, 880-882 
(1971)-Three different studies were conducted to evaluate the accuracy 
and reliability of a widely accepted method for determining organochlo- 
rine pesticide residues in animals’ tissues. These investigations involved 
laboratories of both state and federal regulatory agencies. Various adi
pose tissues, heat-extracted and non-heat-extracted, spiked and unspiked 
samples were analyzed by these laboratories. Results of these studies 
demonstrated many inaccuracies and inconsistencies associated with us
ing the current method. The laboratory performing the analysis, as well 
as the tissue sample used, was shown to significantly (P < .05) affect 
results. Further, the heat-extraction phase, as well as the subsequent 
analytical phase of the method, was observed (P < .05) to present prob
lems of repeatability.

ON THE NATURE OF COOKED MEAT HEMOPROTEIN. D A.
LEDWARD. J. Food Sci. 36, 883-888 (1971)-The hemoproteins pres
ent in mixtures of horse heart metmyoglobin (Mb) ar.d bovine serum 
albumin (BSA) in 5.5 M urea were complexes of hematin and either 
denatured BSA or aggregates of denatured apomyoglobin (ApoMb). The 
affinity of hematin for BSA was greater than for ApoMb. These com
plexes were spectrally similar to those formed on heating meat, aqueous 
muscle extracts and BSA-Mb mixtures. It is suggested that the complexes 
present in cooked meat are also denatured hemoproteins, where the pro
tein may be any of several of the denatured proteins found in cooked 
meat. The nature of possible bonding in the complexes is discussed.

A COMPARISON OF SALMONELLA EXCRETION BY STRESS- 
SUSCEPTIBLE AND STRESS-RESISTANT PIGS. R.Y.T. TSAI, J.M. 
GOEPFERT, R.G. CASSENS and E.J. BRISKEY. J. Food Sci. 36. 
889-891 (1971) A relatively high percentage of apparently healthy pigs 
were Salmonella carriers and excreted salmonellae in rhe feces. Stress 
imposed by trucking did not significantly alter the excretion of salmo
nellae by the pigs. The incidence of salmonellae in fecal samples from 32 
stress-resistant and stress-susceptible animals was investigated. There was 
a high incidence of salmonellae in cecum and colon contents, but salmo
nellae were not isolated from various muscles or from spleen, liver and 
kidney samples. Three of eight pigs were positive for Salmonella in the 
mesenteric lymph nodes. There was no apparent pattern of salmonella 
detection in regard to the stress-susceptible condition of the animal.

MODE OF ACTION OF ETHYLENE OXIDE ON SPORES OF Clostrid
ium botulinum 62A. F.G. WINARNO & C.R. STUMBO. J. Food Sci. 36, 
892-895 (1971)-Death of spores of Clostridium botulinum when ex
posed to gaseous ethylene oxide followed first order kinetics. Supplemen
tation of a synthetic medium with the purine and pyrimidine bases of 
DNA and RNA indicated, as judged by outgrowth from spores which had 
received sublethal ETO treatments, that the lethal action of ETO on the 
spores was through alkylation of the guanine and adenine components of 
DNA. Observed impairment of RNA and protein synthesis was consid
ered an indirect effect resulting from alkylation of DNA components; 
however, additional evidence bearing on this point is needed to support a 
more definite conclusion.

EFFECT OF MONOVALENT AND DIVALENT IONS UPON THE GER
MINATION OF BACILLUS SPORES IN THE PRESENCE OF NISIN.
K.G. GUPTA, R. SIDHU & N.K. YADAV. J. Food Sci. 36, 896-898 
(1971)-The effect of Ca, Mg, Fe, Cu, Mn and Na ions on the germination 
of spores of Bacillus stearothermophilus, B. cereus and 3. megatherium 
both in the presence and absence of nisin was investigated. Ca and Mg 
were found to reverse the inhibition of germination by nisin. This was 
correlated with the release of DPA. There was more DPA release by 
nisin-treated spores in the presence of Ca or Mg than in their absence. Mg 
was also more or less beneficial for germination in the absence of nisin. 
The rest of the ions were more or less inhibitory for germination both in 
the presence and absence of nisin.

SPIKED-PLATE FREEZE DRYING. J.D. HATCHER & J.E. SUNDER
LAND. J. Food Sci. 36, 899-905 (1971)—The acceleration of freeze- 
drying rates using spiked plates was observed experimentally and found 
to reduce overall drying times by as much as 24 hr. Experiments were 
conducted using different spike diameters, sample thickness, spike mate
rials and heater plate temperatures. Weight loss and temperature profiles 
were obtained as a function of drying times. These experimental results 
were used to develop a simplified mathematical model for predicting 
drying rates which will be of use to the designer of spiked-plate freeze
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drying systems. Results obtained using the mathematical model indicate 
spike diameter, spike spacing and plate temperature have significant 
effect on the drying rate, whereas sample thickness and spike material are 
not significant.

VACUUM-PUFF FREEZE DRYING OF TROPICAL FRUIT JUICES. 
J.H. MOY. J. Food Sci. 36, 906-910 (1971)-Guava and mango puree, 
passion fruit and pineapple juice were dehydrated by a vacuum-puff 
freeze-drying process. Sample preparations, freeze-drying conditions, 
process variables and the effect of loading density (0.25-1.0 lb/ft2) on 
drying are discussed. Freezing temperatures of various juice-sucrose mix
tures are measured. Sucrose in amount (25-40%) approximating nectar 
formulations was added to the juice or puree prior to drying to control 
puffing, to reduce product hygroscopicity and probably to retain flavor. 
Typical sample compositions are given which contain low concentrations 
of permissible calcium salts to improve the free flowing property of the 
finished products.

EFFECT OF RADIO-FREQUENCY ENERGY AT 60 MHz ON FOOD 
ENZYME ACTIVITY. A. LOPEZ & N.A. BAGANIS. J. Food Sci. 36, 
911-914 (1971)—Tlie effect of radio-frequency (R-F) energy at 60 MHz 
on peroxidase, polyphenolase, pectinesterase, catalase and alpha-amylase 
activity was determined in water solutions of purified enzymes as well as 
in foods containing those enzymes. The enzyme systems were exposed to 
R-F energy at temperatures of 20°C (6 8 °F) and 70°C (158°F) to differ
entiate enzyme inactivation caused by the heat effect of R-F energy from 
that which might be caused by R-F energy per se. Results showed that 
R-F energy per se did not affect the activity of the enzymes studied. The 
results further showed that, within the limits of the experimental condi
tions, enzyme concentration and pH of enzyme system were not factors 
in relation to lack of R-F energy effect on enzyme activity.

PREDICTION ON THE RELATIVE DIELECTRIC LOSS FACTOR IN 
AQUEOUS SOLUTIONS OF NONFAT DRIED MILK THROUGH 
CHEMICAL SIMULATION. R.E. MUDGETT. A.C. SMITH, D.l.C. 
WANG & S.A. GOLDBLITH. J. Food Sci. 36, 915-918 (1971)-Relative 
dielectric loss factor, an important property in microwave heating of 
foods, has been studied in reconstituted dried milk by means of chemical 
simulation based on proximate analysis. This study shows that milk di
electric loss cannot be predicted by its chemical composition alone be
cause of binding and nonbinding effects which may include interactions 
involving dissolved and colloidal milk particles in an aqueous solvent. 
These effects were studied close to a frequency of major commercial 
interest.

INVESTIGATION INTO THE THEORIES OF DESORPTION ISO
THERMS FOR ROUGH RICE AND PEANUTS. K.K. AGRAWAL, B.L. 
CLARY & G.L. NELSON. J. Food Sci. 36, 919-924 (1971)-Several ex
isting mathematical models of desorption isotherms are investigated with 
respect to their suitability and range of applicability to biological mate
rials. It is found that a logarithmic plot of vapor pressure of water in the 
material versus vapor pressure of pure water can best describe the sorp
tion phenomenon. The general form of the equation is: In P = f[ (W) In Ps 
+ f2 (W). The functions fj (W) and f2 (W) may differ significantly from 
material to material. The method of determining these functional rela
tionships is described in detail for rough rice and peanuts. The compar
ison of experimental and computed values for peanuts shows that this 
method can predict the required sorption isotherm data within 2% devia
tion from the experimental values.

EFFECT OF DIETARY FATS ON THE FATTY ACID CONTENTS OF 
CHICKEN ADIPOSE TISSUE. J.J. JEN, W.P. WILLIAMS JR., J.C. 
ACTON & V.A. PAYNTER. J. Food Sci. 36, 925-929 (19 71) -  Broiler- 
type chicks were reared from hatching to 4 wk of age on a low-fat ration 
and then fed diets containing 10% of either corn oil, lard, beef tallow or 
hydrogenated coconut oil. The fatty acid content of extracted total lipids 
was characteristic of the dietary fats, and dietary fatty acid patterns were 
incorporated into the adipose tissue within 2 wk after the experimental 
diets were fed. The total lipids when separated into solid fats and liquid 
oils also reflected the fatty acid pattern of the experimental diets. Neu
tral triglycerides from the adipose tissue contained less linoleic acid and 
more palmitic acid and oleic acid than the total lipid fraction. High 
amounts of palmitic and oleic acids were observed in all of the fractions 
analyzed. Cooking losses, TBA values and taste panel studies did not 
reveal any significant effect of dietary treatment on 10 wk-old broiler 
carcasses.

FOOD PROTEIN FROM MEAT AND BONE MEAL. H.A. NASH & R.J. 
MATHEWS. J. Food Sci. 36, 930-935 (1971)-Methods were developed 
for improving the nutritional quality and flavor of meat and bone meal. 
After concentration of protein by flotation in carbon tetrachloride, it 
was subjected to either size fractionation or extraction with 0 .1N base. 
The finer fractions had a more favorable amino acid balance than coarser 
fractions. Base extraction removed material of a collagen-like amino acid 
pattern and removed flavors as well. Both the fine fraction and the base- 
extracted fraction gave considerably better growth and protein efficiency 
ratios in rat feeding tests than did the unfractionated materials. Effects 
on growth rate and protein efficiency as a supplement to wheat flour or 
corn were more than additive.

USE OF GAS-LIQUID CHROMATOGRAPHY FOR QUALITY EVAL
UATION OF DRY EGG PRODUCTS. K. LORENZ & J. MAGA. /. Food 
Sci. 36, 936-939 (1971)-Changes in aroma and flavor of dry egg prod
ucts stored at different temperatures have been recognized for many 
years. These flavor changes, which are indicative of egg product quality, 
can be followed with GLC headspace techniques and correlated with 
baking performance of the ingredient. Egg white solids and dried whole 
eggs were stored at 5, 24 and 43°C and analyzed and evaluated at regular 
intervals. Total peak area increases with time and temperature of storage 
while baking performance decreases. Changes in carbonyl composition as 
well as free fatty acid composition have also been investigated and found 
to be indicative of baking performance.

RETARDATION OF OXIDATIVE COLOR CHANGES IN RAW 
GROUND BEEF. B.E. GREENE, I-M. HSIN & M.W. ZIPSER. J. Food 
Sci. 36, 940-942 (1971)-Meat pigments and the effect lipid oxidation 
has on their color are of paramount importance to meat packers, as is the 
relationship between objective color measurements and acceptability of 
meat to consumers. This study showed that ascorbic acid plus either BHA 
or PG effectively retarded both lipid and pigment oxidation in raw 
ground beef for up to 8 days of refrigerator storage in oxygen-permeable 
film. Both trained and consumer-type panels judged the additive-treated 
meat to be significantly better than controls. Percent metmyoglobin was 
found to be a useful objective measurement of color in raw beef, but 
total pigment concentration did not provide an adequate evaluation of 
color.
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DISCOLORATION OF SAUERKRAUT PROBABLY CAUSED BY A 
LEUCOANTHOCYANIDIN. N. GORIN & J.A. JANS. J. Food Sci. 36, 
9 4 3 -9 4 7  (1971 J—A series of experiments was conducted to determine 
what kinds of pigments bring about discoloration of sauerkraut. UV light 
altered the color of potential discolored sauerkraut but had no effect on 
normal or discolored sauerkraut. Spectrophotograms of HC1 extracts of 
potential discolored and discolored sauerkraut peaked at 540 nm whereas 
normal sauerkraut had an extinction at 540 nm but no peak. A specific 
profile for discolored sauerkraut was determined via thin-layer chroma
tography on silica gel. The compound causing the discoloration is appar
ently a leucoanthocyanidin.

EVALUATION OF FROZEN BOILED PEANUTS AS AFFECTED BY 
COOK TIME, COOL TIME AND SALT CONCENTRATIONS. G.R.
AMMERMAN, R.C. GLENN & C.R. OWENS. J. Food Sci. 36, 948-950 
(1971 )-Cooking time of 15 min or less resulted in peanuts which were 
too firm, based on shear press data. Peanuts cooked 20-25 min had 
acceptable texture. The best boiled frozen product resulted when peanuts 
were cooked 10-30 min at 212°F in brine containing 6-14 oz of table 
salt per gallon of water and cooled 9-29 hr in the same brine. Samples of 
boiled peanuts were frozen at -20°F  in a conventional blast freezer, 
vacuum sealed in 1.5-mil polyethylene pouches and stored at -20°F. No 
detectable degeneration of quality resulted from holding the frozen prod
uct for 8 months.

EFFECTS OF A CRYOGENIC AND THREE HOME FREEZING METH
ODS ON SELECTED CHARACTERISTICS OF PORK LOIN CHOPS.
M.A. BANNISTER, D.L. HARRISON, A.D. DAYTON, D.H. KROPF &
H. J. TUMA. J. Food Sci. 36, 951-954 (1971)-Thirteen pairs of pork 
loin chops from each of four carcasses were assigned randomly to 13 
treatments to study effects of freezing by liquid nitrogen vapor and by 
three home-freezing methods, and the effects of 1 and 4 wk of storage in 
three types of home freezers. Liquid nitrogen freezing produced superior 
appearance, but “quality” of the cooked product from home freezing 
was comparable to that of the liquid nitrogen-frozen product. All frozen 
chops were stored in home freezers at -18°C for 4 wk and at -9°C for 1 
wk without loss of quality.

MICROBIOLOGY OF BEEF SHELL FROZEN WITH LIQUID NITRO
GEN. C.R. REY, A.A. KRAFT & R.E. RUST./. Food Sci. 36, 955-958 
(1971)-The effect of freezing primal cuts of beef with liquid nitrogen on 
the subsequent microbiological quality of their retail cuts was studied. 
Cryovac-packaged loins were shell frozen and aged or cut into steaks 
without aging. Steaks from frozen and fresh loins were packaged and 
stored at about 5°C. Initial contamination on steaks increased with time 
of aging of loins at low temperature. High temperature-short time aging 
of loins promoted growth of some types of potential food poisoning 
organisms, but recovery of Salmonellae was more closely related to con
tamination of the fresh meat than to holding time and temperature of the 
loins.

COMPARISON OF TEXTURE OF CARROTS FROZEN BY AIR- 
BLAST, FOOD FREEZANT-12 AND NITROGEN VAPOR. E.R. WOL
FORD & J.W. NELSON./ Food Sci. 36, 959-961 (1971)-Carrot sticks 
were frozen by immersion in Food Freezant-12, in vapor from liquid 
nitrogen, in a fluidized bed tunnel and on trays. Those frozen in Food 
Freezant-12 were the firmest and most crisp. Texture was related to time 
needed to freeze the carrots. Either a puncture-testing device or shear 
press can be used to test for firmness.

STABILIZATION OF ANTHOCYANINS IN FROZEN TART CHER
RIES BY BLANCHING. A. SIEGEL, P. MARKAKIS & C.L. BEDFORD. 
/. Food Sci. 36, 962-963 (1971)-Unpitted red tart cherries (Prunus 
cerasus L. cv. Montmorency) were blanched in steam (100°C) for 0, 30, 
45 and 60 sec, then frozen at -20°C. The anthocyanin color of the fruit 
was determined periodically during frozen storage for 3 months in one 
experiment and 10 months in another. No anthocyanin color was lost 
during the frozen storage, whether the cherries were blanched or not. 
Upon thawing for 2 and 4 hr, the control cherries lost 14 and 25% of 
their color, respectively, while those blanched for 45 or 60 sec showed no 
appreciable color loss. Disintegration in a Waring Blendor for 30 min 
resulted in 70% color loss in the unblanched fruit, but practically com
plete color retention in the fruit blanched for 45 or 60 sec.

INFLUENCE OF EXTRACTING AGENTS DURING THE COLORI
METRIC DETERMINATION OF PECTIC SUBSTANCES. C.J.B. SMIT. 
/. Food Sci. 36, 964-965 (1971)—Pectic substances present in plant tis
sues are often characterized by successively extracting with different sol
vent systems and determining extracted galacturonides colorimetrically. 
Sodium (tetra) ethylenediamine tetraacetate, when used in the extracting 
medium, interferes with the borate-sulfuric acid-carbazole reaction and 
may be responsible for serious errors. With 20 jug anhydrogalacturonic 
acid and a 25-fold concentration of sodium (tetra) ethylenediamine tetra
acetate (technical grade) in the reaction mixture the error may be as high 
as 10%. At a 5-fold concentration, this is reduced to around 2%. On the 
other hand, ammonium oxalate in concentrations as high as 2.5 mg did 
not show any interference.

CELLULASE IN DATES AND ITS ROLE IN FRUIT SOFTENING.
S. HASEGAWA & D.C. SMOLENSKY. /  Food Sci. 36, 966-967 
(1971)-Cellulase activity, absent at the green stage, began to develop as 
maturity progressed. There was a significant increase in activity during 
ripening. The activity reached its maximum at the late red stage and 
remained fairly constant during the softening stages. The possible role of 
cellulase activity in the softening process of dates was discussed.
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C O N S T A N C E  K IE S  an d  H A Z E L  M . F O X  

Dept, o f  F o o d  &  N u tr it io n , Nebraska A g r ic u ltu ra l E xp e r im e n t  

S ta t ion  an d  Co llege  o f  H o m e  E conom ics , U n ive rs ity  o f  Nebraska, L in c o ln ,  N E  6 8 5 0 3

COM PARISON O F T H E  PR O TEIN  N U T R IT IO N A L V A L U E  O F TV P, M ETH IO N IN E E N R IC H ED  TVP  
AND B E E F  A T TWO L E V E L S  O F IN T A K E  FO R  HUMAN A D U L T S

S U M M A R Y — The  ob jec tive  o f  the s tu d y  was to  com pare  the p ro te in  n u tr it iv e  value fo r  a d u lt  m en  

o f  beef, an e x tru d ed  soybean  p ro d u c t  resem b ling  b ee f (T V P )  an d  a 1% D L -m e th io n in e -fo rt if ie d  

T V P  p ro d u c t  a t tw o  leve ls o f  n itrogen  in take. E xp e r im e n ta l d iets were m a in ta in ed  adequate in  

calories, v itam ins an d  m inera ls. M ean  n itrogen  balances o f  sub jects fe d  8.0g  n itrogen  p e r  sub ject 

p e r day from  beef, T V P  o r  m e th io n in e - fo rt if ie d  T V P  were +0.74, +0.78 an d  +0.72g n itrogen  p e r  

day, respective ly, in d ica tin g  th a t a t th is leve l o f  p ro te in  in ta k e  a ll three sources equa led  o r  e x 

ceeded  the p ro te in  requ irem en ts  o f  a d u lt  men. M ean  n itrogen  balances o f  sub jects fe d  4.0g n itro 

gen pe r sub jec t p e r  day from  beef, T V P  o r  m e th io n in e - fo rt if ie d  T V P  were —0.30, —0 .70  and  

—0.45g n itrogen  p e r  day, respective ly. W h ile  none  o f  the test p ro te in  sources fu lly  m e t the p ro te in  

needs o f  the sub jects a t  th is leve l o f  n itrogen  in take, b e e f was sup e r io r to  T V P  on  the basis o f  

n itrogen  ba lance data. D L -m e th ion ine  fo r t if ic a t io n  a t  the 1% leve l o f  the T V P  was dem onstra ted  to  

be p a r t ia lly  e ffe c tiv e  in  im provem en t in  n itrogen  balance.

INTRODUCTION

SOYBEAN textured foods offer great 
possibilities for the nu triture of humans 
because of their adaptability for various 
forms of highly palatable, economical 
products (Noyes, 1969). Soybean protein 
is considered to  be one of the most 
nutritious of the plant proteins; however, 
there has been little investigation of the 
nutritive value on textured products pre
pared from soybean isolates or extruded 
soybean mixtures. Variations in industrial 
processing may well alter the nutritive 
value of such products. Bressani et al. 
(1966, 1967) investigated the protein 
quality of a textured  food simulating 
ground beef (made from isolated soybean 
protein with added egg albumin and 
wheat gluten) in experim ental animals 
and in children. No significant differences 
were observed between the protein nutri
tive value of milk protein and the soy
bean isolated protein product when fed 
to  young children to  provide 2 g of 
protein/kg of body weight/day. However, 
with decreasing am ounts of these sources 
of dietary protein, it was found that 138 
mg of nitrogen was required from the 
soybean textured food as compared with 
97 mg from milk to  m aintain nitrogen 
equilibrium in young children (Bressani et 
al., 1966, 1967). Processes involved in 
preparation of extruded soybean prod
ucts are considerably different from those

involved in preparation of soy protein 
isolates (Noyes, 1969). Addition of ex
truded soybean products in the ordinary 
diets of low income families has been 
found to have beneficial effects on a wide 
range of physiological param eters (Simp
son and Jones, 1969). However, little 
inform ation based on controlled experi
ments is available on the comparative 
nutritive value of extruded soybean prod
ucts and products which they can logical
ly be expected to  replace.

Protein is one of the principal nutri
e n ts  provided by m eat; therefore, 
investigation of the com parative nutritive 
value of extruded soy protein products 
and meat is of particular interest.

Comparison of the amino acid pattern 
of soy protein (Orr and Watt, 1957) with 
that of the Rose amino acid requirem ent 
pattern for adult men (Rose, 1957) sug
gests m ethionine as being the essential 
amino acid furnished in lowest am ount in 
proportion to  need. It may be that the 
protein nutritional value of soy textured 
foods may be enhanced via purified me
thionine fortification.

The general objective of the current 
study was to  evaluate the protein value of 
one product produced from extruded soy 
bean protein processed to  resemble 
chopped beef, term ed in this study 
TVP—textured vegetable protein. The ex
truded soybean protein product proc
essed to  resemble chopped beef was

prepared and furnished gratis by the 
Archer Daniels Midland Co., Decatur, 111. 
The m ethionine-enriched TVP product 
was identical to  this except that DL- 
m ethionine was added at the 1% level 
(dry weight of product). This test protein 
source was also prepared and furnished 
gratis by the Archer Daniels Midland Co. 
[TVP products are made by subjecting a 
plasticized mix of defatted soy flour 
(50% protein), water coloring and flavor
ing materials to high tem perature and 
pressure in an extruder and extruding the 
mix through a die into a region of lower 
pressure and tem perature. On emergence, 
the steam is flashed off and an expanded 
textured product results which is dried to 
about 5% moisture. Upon rehydration, 
one part of textured  product absorbs 
approxim ately two parts water.)

The specific objective was to compare 
protein nutritive value of TVP, m ethio
nine-enriched TVP and ground beef at 
two levels o f nitrogen intake in ability to 
meet the protein needs of adult men.

PROCEDURE

THE STUDY consisted of two parts, designated 
as Part A and Part B. Each 31-day part included 
an introductory 10-day adjustment period and 
three experimental periods of 7 days each 
arranged at random for each subject. The two 
parts followed one another directly with no 
lapse in time and used the same subjects. Sub
jects 451-454 first followed the regimen im
posed by Part A followed by that imposed by 
Part B, while subjects 455-459 first followed 
the regimen of Part B followed by that of Part
A.

Dietary nitrogen intake was maintained con
stant during the introductory nitrogen adjust
ment period and experimental periods of Part A 
at 4.8g per subject per day and during the sim
ilar periods of Part B at 8 .8g per subject per 
day. During the two nitrogen adjustment peri
ods, an isonitrogenous mixture of ground beef 
and TVP provided either 4.0g nitrogen (Part A) 
or 8.0g nitrogen (Part B). An additional 0.8g 
nitrogen per subject per day was provided by
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Tab le  1—E xp e rim e n ta l p lan

Period3

No.
of

days

Source 
of dietary 
nitrogenb

Amount 
(g N/day)

Total 
dietary 

nitrogen0 
(g N/day)

Part A
Adj. A 10 50% beef/50% TVP 4.0 4.8

Exp. 1 7 Beef 4.0 4.8
Exp. 2 7 TVP 4.0 4.8
Exp. 3 7 TVP + 1% methionine 4.0 4.8

Part 13
Adj. B 10 50% beef/50% TVP 8.0 8.8

Exp. 4 7 Beef 8.0 8.8
Exp. 5 7 TVP 8.0 8.8
Exp. 6 7 TVP + 1% methionine 8.0 8.8

62 days
a For subjects 45 1 —4 5 4 , Fart A  fo llo w ed  by Part B. For subjects  

45  5 —4 5 9 , Part B fo llo w ed  by Part A . E xperim enta l periods w ere ran
d om ly  arranged for each subject w ith in  each part.

b B eef = ground lean b ee f, rum p cut; TVP = tex tu red  vegetab le  pro
te in , ex tru d ed  soy  produ cts sim ulating ground b ee f; TV P + 1% m eth io 
n ine = TVP fo r tified  w ith  1% D L -m eth ion in e.

c Total d ietary nitrogen (am ount per subject per d a y ) figures include  
the 0 .8 0 g  N /d ay  provided by th e basal d iet. The basal d iet con sisted  o f  
lOOg app lesauce, lOOg peaches, lOOg pears, lOOg green beans, lOOg 
stew ed  to m a to es , 20g  corn o il, lOg d eca ffe in a ted  co ffe e  and varying  
am ou n ts o f  w heat starch bread and cake, butter o il,  je lly , hard candy  
and carb onated  beverages. A  vitam in su p p lem en t provided each subject 
daily w ith  5 0 0 0  IU o f  vitam in A (sy n th etic );  9 0 0  IU o f  v itam in D; and 
(in m illigram s) th iam in e , 2; r iboflav in , 2 .5 ; ascorb ic  acid , 50 ; p yridox-  
in e, 1; n iacin , 2 0 , Ca p a n to th en a te , 1; and vitam in B 1 2 , 1 Mg- Mineral 
su p p lem en ts provided the fo llo w in g  per subject per day (in  gram s): Ca, 
1 .00; P, 1 .00 ; Mg, 0 .1 9 9 .  Fe, 0 .0 1 5 ;  C u, 0 .0 0 2 ;  K, 0 .0 0 0 0 5 ;  I, 0 .0 0 0 1 5 ;  
Mn, 0 .0 0 2 ;  and Zn, 0 .0 0 0 9 . NaCl was a llow ed  ad lib itum .

the basal diet as described in Table 1. The main 
purpose of these periods was to allow subjects 
to adjust both to the level of dietary nitrogen 
and to the dietary composition similar to that 
used in the following experimental periods. In 
addition, the first of these periods also provided 
time for introduction of the subjects to their 
duties and responsibilities and for determina
tion of individual subject’s caloric requirements 
for weight maintenance.

During the three experimental periods of 
each part, ground beef, TVP or methionine- 
enriched TVP were fed separately to provide 
4.0g nitrogen (Part A) or 8.0g nitrogen (Part B). 
Composition of these products is given in Table
2. The basal diet as described in Table 1 pro
vided an additional 0 .8g nitrogen per subject 
per day during each of these periods. In order 
to effectively compare the protein nutritional 
value of these three protein sources, all subjects 
received all experimental treatments. Within 
each part, the order of the three experimental 
periods was randomly arranged for each subject 
in order to eliminate the variable of order of 
presentation.
Diets

The ground beef, TVP or methionine-forti
fied TVP allotments for each subject were fed 
in a casserole form. The casserole, consisting of 
one-half the daily allotment of the test protein 
source (kind and amount as determined by the 
experimental design), lOOg green beans, lOOg 
stewed tomatoes and lOg corn oil was served to 
each subject at the noon meal. This was re
peated at the evening meal.

Additional calories were provided by a 
wheat starch bread and wheat starch cake pre

Table 2 —A m in o  a c id  com p o s it io n  o f  g rou n d  bee f , T V P  a n d  m e th io 

n ine-supp lem en ted  T V P

Amino acid composition
of test products3 Recommended

amino acid
Beef TVP TVP + Met. intake pattern15

Amino acid (g AA/4g product N) (g AA/day)
Lysine 2.194 1.571 1.619 1.60
Histidine 0.857 0 .668 0.677 —

Arginine 1.786 1.877 1.834 -

Aspartic acid 2.338 2.980 2.924 -

Threonine 1.154 1.079 1.047 1.00
Serine 1.063 1.408 1.368 -

Glutamic acid 4.317 6.538 6.431 -

Proline 1.740 1.457 1.371 -

Glycine 2.048 1.051 1.031 -

Alanine 1.688 1.086 1.063 -

Half cystine - 0.203 0.237 -

Valine 1.327 1.300 1.275 1.60
Methionine 0.673 0.294 0.656 2 .20
Isoleucine 1.193 1.225 1.204 1.40
Leucine 2.048 2.025 1.977 2.20
Tyrosine 0.821 0.803 0.800 -

Phenylalanine 1.015 1.293 1.268 2.20
Tryptophan (0.292) (0.344) (0.344) 0.50

Moisture, % 69.0 07.45 07.90
Fat,c % 9.16 0.69 0.93
Protein,0 % 21.58 49.70 50.38
Misc.,c,d % 0.26 42.16 40.79

aValues except tryptophan based ori analyses via column chroma-
tograph y. H an d b ook  value is basis for  listed  tryp top h an  c o n te n t (Orr 
and W att, 1 9 5 7 ). L isted values represent the intake o f  am in o  acids per 
day by subjects w hile  receiv ing the low er  protein  d iets; values on  the  
higher protein  d iets can be ob ta in ed  by m u ltip ly in g  each figu re by 2.

bR ose recom m en d ed  am in o acid intake pattern for y o u n g  m en  
(d o u b le  th e m in im um  req uirem ents o f  essen tia l am in o  acids as e s t i
m ated  by R ose and his assoc ia tes, R ose , 1 9 5 7 ).

c A n alysis  o f  m oistu re, fat and protein  exp ressed  as percent o f  sam 
ple are on an “as is” basis.

^ C alculated by d ifferen ce . It is assum ed that th is is largely carb o h y 
drate in th e TVP sam ples.

Analyses
The nitrogen balance technique was used as 

the principal method of evaluation. Urine, feces 
and food were collected and prepared for anal
ysis as described previously (Linkswiler et al.,
1958) and were analyzed for nitrogen content 
by the boric acid modification of the Kjeldahl 
method (Scales and Harrison, 1920). Urine sam
ples were preserved under toluene and analyzed 
daily for 24-hr excretion of nitrogen and creati
nine (Folin, 1914). Daily fecal nitrogen values 
were based on 7-day fecal composites.

Fasting venous blood samples were collected 
from each subject at the beginning of the study 
and at the end of each experimental period. 
These were analyzed by a hospital laboratory 
via routine clinical procedures as described pre
viously (Kies et ah, 1967) as a screening device 
for possible gross abnormalities in protein nutri- 
ture in particular and in normal health in gen
eral. Amino acid composition of the three test 
products, as shown in Table 3, were done by 
the Dept, of Agronomy, University of Nebras
ka, via auto analyzer methodology.

Statistical analyses of data, including analy
ses of variance and Duncan’s Multiple Range 
Test, were by the Statistical Lab. of the Ne
braska Agricultural Experiment Station, Univer
sity of Nebraska.

pared basically by the method of Steele et al.
(1965), butter oil, carbonated beverages, hard 
candy, jelly and low-protein fruits (Table 1). 
Caloric intake was maintained constant 
throughout the study for each subject at that 
level as individually determined as being neces
sary for weight maintenance. The percent calo
ries provided by fat was maintained constant 
for each subject (40%) throughout the study by 
altering intake of butter oil and corn oil as ap
propriate while receiving the various experimen
tal products. At lower protein intake levels, 
sucrose (hard candy) was used to equalize ca
loric intake to higher protein intake levels as 
dictated by the experimental design. Vitamin 
and mineral supplements as described in Table 
1 were also provided.
Subjects

Details regarding the nine men, inmates of 
the Nebraska Penal and Correctional Complex, 
who were subjects and satisfactorily completed 
the study are given in Table 3. Institutional 
health records, as well as physical examinations 
conducted at the beginning and end of the proj
ect by the institution’s physician indicated all 
were in good health. Subjects were housed and 
ate meals together in a separate part of the in
stitution; however, usual work assignments 
were maintained.
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Tab le  3 —Characteristics  o f  sub jects

Characteristic3 
(start of study)

Subject number
451 452 453 454 455 456 457 458 459

Sex Male Male Male Male Male Male Male Male Male
Weight (lbs) 180 170 147 190 157 182 140 153 180
Race/Nationality White/ White/ White/ White/ Black/ Indian/ Mexican/ White/ Black/

Am. Am. Am. Am. Am. Am. Am. Am. Am.
Blood glucose 82 92 98 88 92 86 92 93 80
Blood urea nitrogen 8 11 11 8 11 9 14 13 8
Total blood plasma protein 6.3 7.1 7.5 7.4 6.9 7.0 7.0 7.4 7.5
Blood albumin 4.9 4.7 4.6 4.9 4.9 4.5 4.7 5.0 5.0
Blood globulin 2.4 2.4 2.9 2.5 2.0 2.5 2.3 2.4 2.5
Albumin/globulin ratio 2.0 2.0 1.6 2.0 2.4 1.8 2.0 2.1 2.0
Blood cholesterol 215 185 156 238 214 284 310 204 226
SGPT 43 35 43 35 39 35 43 46 48
Hematocrit 47 44 49 45 44 48 40 49 46
Hemoglobin 16.2 15.2 16.7 15.2 14.5 16.1 12.8 17.1 15.4
Blood pressure 121/80 118/74 124/84 121/78 136/84 121/82 118/78 108/68 122/82

“Determinations o f blood constituents (fasting) were by standard laboratory procedures o f the St. E lizabeth’s Hospital Lab., Lincoln, Neb.

RESULTS & DISCUSSION
MEAN NITROGEN balances of subjects 
receiving the three protein sources at two 
levels of nitrogen intake are shown in 
Table 4.

At the 8 .8 g nitrogen intake level, mean 
nitrogen balances while receiving ground 
beef, TVP or m ethionine-fortified TVP 
were +0.74, +0.78 and +0.72g nitrogen 
per day, respectively. The lack of pat
terned trends among the subjects while 
receiving the three protein sources sug
gests that no true biological differences 
exist in protein nutritive quality of 
ground beef, TVP or m ethionine-fortified 
TVP for adult men when fed at the 8 .8 g 
nitrogen intake level. Analyses of variance 
indicated no differences due to  treatm ent 
at this level of intake.

At the 4.8g nitrogen intake level, mean 
nitrogen balances of subjects while receiv
ing ground beef, TVP or m ethionine-for
tified TVP were -0 .3 0 , —0.70 and —0.45, 
respectively. Analyses of variance indicat
ed differences in treatm ent to  be present 
O  5% level o f significance). Application 
of the D uncan’s Multiple Range Test 
indicated results o f each treatm ent to  be 
different from  each of the other two 
treatm ents (>  5% level of significance). It 
is generally assumed that a decrease in 
body nitrogen loss denoted by a less 
negative, more positive nitrogen balance, 
denotes a more favorable protein nutri- 
ture (NRC, 1110). This assum ption is the 
basis on which all data related to  protein 
and amino acid requirem ents of human 
adults is based (NRC, 711). If one accepts 
this assumption, then the apparent order 
of protein w orth from highest to  lowest 
of the three tested sources is as follows: 
ground beef, m ethionine-fortified TVP 
and TVP.

At the 8 .8 g nitrogen intake level, TVP. 
methionine-fortified TVP and ground

beef were seemingly of equal nutritional 
value while at the 4.8g nitrogen intake 
level, ground beef was seemingly superior 
to  bo th  m ethionine-fortified TVP and to  
the unenriched TVP. These results on 
first impression seem to be contradictory. 
However, it should be noted that differ
ences in protein nutritive quality can only 
be ascertained when the test materials are 
fed in insufficient am ounts to  meet the

organism’s (hum an or o ther) needs (NRC, 
1110). Similar nitrogen balance data 
would be obtained under conditions of 
feeding 1 0 0 % of the need as under 
conditions of feeding 125% of the need if 
maximal nitrogen reten tion  is used to 
define the meeting of protein require
ment. Since most subjects were in appar
ent positive nitrogen balance at the 8 .8 g 
nitrogen level while receiving all o f the

Tab le  4 —N itro g en  balances o f  sub jects m a in ta in ed  on  beef, T V P  an d  

m eth ion ine -supp lem en ted  T V P a

Nitrogen balance (g N/day) while receiving

4g N/day fromb 8g N/day fromb
Subject

No. Beef TVP
TVP + 
Met. Beef TVP

TVP + 
Met.

451 0.06 -0.58 -0.07 1.24 0.92 1.08
452 -0.71 -1.45 -0.98 0.13 -0.04 -0.61
453 -0.67 - 1.00 -0.83 0.61 0.43 - 0.11
454 -0.52 -0.83 - 0.66 0.16 1.52 1.84.
455 0.21 0.04 0.02 0.74 0.82 0.99
456 0.04 -0.38 0.01 1.87 1.95 1.62
457 -0.63 -0.95 -0.89 0.11 -0.31 -0.17
458 -0.46 -0.81 -0.55 0.62 0.45 0.38
459 0.01 -0.30 -0.08 1.20 1.26 1.42
Mean N
balance -0.30 -0.70 -0.45 0.74 0.78 0.72

Crude
protein
digest
ibility 81.4% 79.4% 79.2% 82.7% 81.6% 80.1%

“In form ation  su p p lied  by th e A rcher D aniels M idland C o., D ecatur, 
111., in d icated  rat PER values adjusted to  casein  (2 .5 0 )  o f  2 .1 2 , 2 .8 2 ,  
2 .3 7 , resp ec tiv e ly , for  th e  T V P  p rod u ct, the TVP + m eth io n in e  product 
and th e  ground b e e f product used in th is  s tu d y .

b If th e  con version  factor o f  6 .2  5 is used fo r  con vertin g  nitrogen  
in tak e to  protein  in tak e , protein  in tak e  from  th e three exp erim en ta l 
sou rces w ere 25g  and 5 0 g /su b jec t/d a y , resp ec tive ly , at th e tw o  leve ls  o f  
nitrogen in tak e . S in ce Orr and W att ( 1 9 5 7 )  suggested  th e conversion  
fa c to r  o f  5 .71  fo r  use w ith  so y b ea n s, 2 3  and 47 g  p ro te in /su b ject/d a y  
m ight be better estim ates  o f  th e protein  in tak e from  the so y  prod u cts  
at th e  tw o  levels o f  nitrogen in take.
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three test protein sources, evidently pro
tein needs were being met or exceeded at 
this level o f intake. Subjects were primar
ily in negative nitrogen balance while 
receiving the 4.8g nitrogen diets indicat
ing that dietary protein needs were not 
being met at this level. This, then, repre
sents a much more critical level for 
evaluations to  be made.

Evaluation of nitrogen balance data 
collected at the 4.8g nitrogen intake level 
indicates that ground beef is a superior 
protein source in com parison to  TVP 
when fed at equal levels of nitrogen 
intake. Methionine fortification at the 1% 
level resulted in improvement in protein 
value but not to the extent of equaling 
beef. That m ethionine supplem entation 
resulted in an apparent improvement is 
indicative tha t m ethionine is the first 
limiting amino acid in TVP. It may well 
be that m ethionine intake at this level 
was also inadequate for beef but to a 
lesser degree. (This point was not tested 
in the current project.) However, as 
shown in Table 2, a comparison of the 
essential amino acids provided by beef 
with the recommended essential amino 
acid intake pattern  for young men (Rose, 
1957) suggests that m ethionine intake at 
the lower intake level o f beef might have 
been less than optimal. It is sometimes 
overlooked that animal products as well 
as plant products have “ first limiting 
amino acids.” It is unknown whether 
higher levels of m ethionine supplem enta
tion would have resulted in nitrogen 
balance data equaling (or bettering) that 
obtained with the beef diets. The 1% 
DL-methionine fortification level was 
used because levels higher than this have 
been found to  adversely affect product 
palatability (Archer Daniels Midland Co., 
personal com m unication, 1970). The 
DL-form rather than the L-form was used 
since its lower cost makes its use more 
practical in industry situations at this 
time. The comparative effectiveness as an 
essential amino acid of D-form and L- 
form m ethionine for the human has not 
been extensively studied. For many ami
no acids only the L-form is biologically 
active for the human. If this is the case 
with m ethionine, it might be feasible that 
the effectiveness of the 1% fortification 
could be enhanced by straight L-methio- 
nine fortification rather than by use of 
the DL-mixture.

By making comparisons of the three 
test proteins on an equal nitrogen intake 
basis, the TVP products were actually 
placed at a disadvantage. This kind of 
com parison, the usual one, assumes that 
all test proteins are 16% nitrogen; thus, 
that protein content of a food can be 
found by multiplying the nitrogen con
tent by the conversion factor 6.25 (Orr 
and Watt, 1957). Amino acids range in 
nitrogen content from 8 —27% (NRC, 
719). Proteins vary in their amino acid
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com position. In addition, a food usually 
contains more than just one kind of 
protein. Also, the nitrogen content of a 
food is not necessarily all protein/am ino 
acid nitrogen. In the case of soybeans, the 
raw material from which the TVP prod
ucts were form ulated, the  conversion 
factor of 5.71 has been suggested (Orr 
and Watt, 1957). Thus, it could be 
assumed tha t at the lower nitrogen intake 
level o f this study, the protein nutritional 
value of 25g of beef protein (the 6.25 
figure conversion factor is fairly accurate 
for meat) was being compared against 
22.84g of TVP protein.

The recom m ended level of protein 
intake for young men has been set at 65g 
by the Food and N utrition Board, «Na
tional Research Council. The results of 
the current study suggest that the mini
mum (not necessarily recom m ended lev
el) requirem ent o f protein from any of 
the three test proteins for most subjects 
was less than 55g of crude protein 
(N x 6.25) from  any of the three test 
protein diets.

Mean crude digestibility figures o f the 
beef, TVP and m ethionine-fortified TVP 
at the 8 .0 g nitrogen intake level were 
82.7%, 81.6% and 80.1%, respectively; 
and at the 4.0g nitrogen intake level were 
81.4%, 79.4% and 79.2%. The individual 
subject range was wide and followed no 
apparent trend.

Subjects com pleted check-list type 
questionnaires each day of the study 
pertaining to  personal, m ental and phys
ical well-being. Data obtained from  these 
questionnaires indicated no problems re
lated to  the possible flatulent nature of 
the TVP products.

Mean blood constituent data o f sub
jects receiving the three protein sources at 
two levels o f intake are shown in Table 5. 
All values for all subjects while receiving 
all diets were w ithin normal range. Blood 
urea nitrogen values for all subjects while 
receiving the 8 .8 g nitrogen diet were 
higher than while receiving the 4.8g nitro
gen diets; however, a reflection of dietary 
protein level in blood urea level has been 
found to  be the usual response in this 
laboratory (Kies et al., 1967). Blood uric 
acid levels were slightly lower for subjects 
while receiving either m ethionine-forti
fied or unfortified TVP than when receiv
ing the beef diets; however, all uric acid 
values were within “norm al” range.

No effects on serum calcium levels 
were dem onstrated, indicating no pro
nounced adverse affect o f phytate con
tent of the TVP products. Phytate 
content of the TVP products was not 
measured in this study. Since calcium 
supplements were included in the diet, 
effects of phytates may have been 
masked. In an earlier study (Simpson and

Jones, 1969), the feeding of TVP prod
ucts was found to  have a lowering effect 
on blood cholesterol levels and on blood 
pressure levels. In the current study, the 
mean blood pressure of subjects was 
lowered while receiving the experim ental 
diets in comparison to  the pre-experimen- 
tal value. No difference in effect was 
dem onstrated relative to  level of dietary 
protein or test protein source. No consist
ent effect on blood cholesterol levels was 
dem onstrated. The lack of consistency in 
results between these two studies may be 
related to  variation in experim ental de
sign, variation in experim ental m ethodol
ogy and variation in experim ent subjects 
used. In this context, particular note 
should be made that dietary fat level and 
source rather than dietary protein level 
and source are more likely im portant 
determ inants affecting blood cholesterol 
and possibly blood pressure levels.

The current project was designed to 
investigate only one variable, i.e., that of 
variation in dietary protein (level and 
source). In order to reduce influence of 
other variables, a low-fat ground beef was 
used. The principal dietary fat for sub
jects receiving all three dietary protein 
sources was vegetable oil and percent 
calories furnished by fat was maintained 
constant at 40% in all experim ental diets. 
In field situations, individuals receiving 
beef-based diets in comparison to 
TVP-based diets most probably would 
receive a diet bo th  higher in to ta l fat and 
higher in animal fat. Obviously, valid 
com parison of the multiple variables of 
level and source of dietary fat and level 
and source of dietary protein from beef 
and TVP diets w ithin the same research 
design of a single study would lead only 
to  confusion.

Both the beef-based and TVP-based 
experim ental diets used in the current 
study were heavily fortified with vitamin 
and mineral supplem ents to  insure ad
equate intake of these nutrients. Both 
meat and soybeans are rich sources of 
nutrients other than protein. Meat is an 
im portant source of dietary iron; soy
beans contain high levels o f various B 
vitamins. These nutrients are not only 
independently im portant but also affect 
protein nutriture as well. Processing of 
soybeans into TVP products may well 
adversely affect the final product’s vita- 
min/mineral content due to  water leakage 
or destruction by oxidation.

The current project was designed only 
to  evaluate beef, TVP and m ethionine- 
fortified TVP as sources of dietary pro
tein. Under the experim ental conditions 
selected, adequate vitam in/m ineral intake 
was insured. Quite different results per
taining not only to  vitamin/mineral status 
but also to  protein nutritional status as

well might be dem onstrated under differ
ent experim ental conditions.

In summ ary, the results of the present 
study indicate that TVP, m ethionine-for
tified TVP and unfortified TVP all meet 
the protein requirem ents of adult men 
when fed at the 8 g nitrogen intake level. 
At the 4g nitrogen intake level, beef was 
found to  be superior to  a TVP product as 
a source of protein. However, this superi
ority could partially be overcome with 
1% fortification of the TVP product with 
DL-methionine.
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M EA SU R EM EN T O F TH E R E L A T IV E  T A S T E  IN T EN S IT Y  O F  
SOME L-a-AMINO A CID S AND 5 -N U C L E O T ID E S

S U M M A R Y —Intens ity  o f  g lu tam ate-like  and /o r inos ina te -like  taste (um am i in  Japanese) o f  various  

fla v o r am ino  ac ids an d  fla vo r nu c leo tid es  was s tu d ie d  using sensory ana lysis  a n d  a lw ays fo u n d  

p ro p o r t io n a l to  tha t o f  m onosod ium  g lu tam ate  (M SG ) an d  d iso d ium  5 '- inosina te  (IMP), respec

tively. B y  a p p lic a t io n  o f  th is fa c t to  a p rev iou s ly  o b ta in ed  equa tion  expressing the re la tion sh ip  

betw een  the taste in te n s ity  o f  M S G - IM P  m ix tu re  a n d  tha t o f  M S G  alone, the in ten s ity  o f  um am i o f  

the m ix tu re  o f  a n y  fla vo r am in o  acids a n d  nu c le o tid es  c o u ld  be expressed as an e lem entary  

equa tion : y = u + 7  uv, where u an d  v are the con cen tra tion s  o f  am ino  acids an d  nuc le o tid es  in  

terms o f  the con cen tra tio n s  o f  M S G  an d  IM P, respective ly, in  the m ix tu re ; y is the equ iva len t 
con cen tra tio n  o f  M S G  a lone; an d  7  is a po s it iv e  constant. In terre la tionsh ip s  w ith in  each g roup  o f  

substances were add itive.

INTRODUCTION

IT IS well known that free amino acids 
and 5'-nucleotides, among the com po
nents of foodstuffs, contribute greatly to 
the flavor; however, much emphasis 
should be placed on the fact that a 
remarkable synergistic effect occurs be
tween particular L-a-amino acids and 
5 -nucleotides. The typical substances of 
these two com pound series are m onoso
dium glutamate (MSG) and disodium 
5’-inosinate (IMP) or disodium 5 -guan- 
ylate (GMP), respectively. The character
istic taste of these substances is called 
“ umami” in Japanese. In previous papers 
(Yamaguchi, 1967; Yamaguchi et al., 
1968a), the authors investigated the taste 
of these typical substances in detail and 
reported that the synergistic effect be
tween them  could be expressed quantita
tively by equation ( 1 ): i.e., if u g /1 0 0 ml 
of MSG is mixed with v g/100ml of IMP 
or GMP solution, then the taste intensity 
of the resulting solution in terms of the 
concentration of MSG alone, y g/100ml, 
can be expressed as

y = u + 7  uv [ 1 ]

w h ere  7  is a positive constant, 
1.218 x 103 for IMP and 2.80 x 103 for 
GMP. If the concentrations are not ex
pressed in term s of g /1 0 0 ml but in terms 
of moles/liter, 7  becomes 6.42 x 104 for 
IMP and 1.48 x 10s for GMP (Yama
guchi, 1967; Yamaguchi et ah, 1968a).

However, it has already been found 
that the synergistic effect can also be 
caused by many pairs of underm entioned 
L-a-amino acids and 5 -ribonucleotides. 
Regarding the L-glutamic acid analogous 
substances, Akabori (1939) reported that 
the L-forms of the a-amino dicarboxylic 
acids with 4 —7 carbon atoms have a 
similar kind of taste (umam i) to that of 
L-glutamic acid. Kaneko et al. (1959) 
pointed out that the taste of L-hydroxy 
glutamic acid with —OH at the ^-position 
is more intense than at the 7 -position, and

that the threo form  is more intense than 
the erythro form. Kaneko et al. (1961) 
also discovered that L-homocysteic acid 
which is occupied by - S 0 3H at the
7 -position of glutamic acid, has the same 
characteristic taste. Takem oto and Naka
jima (1964) and Takem oto et al. (1964) 
found ibotenic acid and tricholom ic acid 
as new umami substances.

As to  flavor nucleotides, Kuninaka
(1960) first investigated systematically 
the taste of the naturally occurring ribo
nucleotide derivatives and reported that 
the chemical structure, in which a purine 
nucleus has a hydroxy group at the
6 -position and the 5 -position of ribose 
m oiety is esterified by phosphoric acid, is 
required for the flavoring action. How
ever, since the intensity of flavoring 
activity of 6 -hydroxypurine ribonucleo- 
side 5 -phosphate related com pounds 
(such as 5 -inosinic acid, 5 -guanylic acid 
and 5 -xanthvlic acid) differ considerably 
from one another, it was postulated that 
the group at the 2 -position would affect 
the magnitude of the taste intensity: for 
example, the —NH2 group for 5 -guanylic 
acid or the -O H  group for 5 -xanthylic 
acid. Noting this fact, several 2-substi-

tuted ribonucleotides which have the 
umami taste were synthesized in our 
laboratories (Yamazaki et al., 1968a). 
Furtherm ore, since the 6 -hvdroxy group 
is capable of existing in enol-keto tau to m 
ers, the flavoring activity of 5 -nucleo
tides (in which the 6 -position is fixed to 
keto form ) was also taken into considera
tion and several N 1-m ethyl-2-substituted 
purine nucleotide derivatives were synthe
sized (Yamazaki et al., 1968b). Several
6 -substituted ribonucleotides were also 
synthesized (Yamazaki, Kumashiro and 
Takenishi, unpublished data). Nakao and 
Ogata (1960) dem onstrated that 5 -deoxy 
inosinic acid and 5 -deoxy guanylic acid 
also have similar flavoring action. Honjo 
et al. (1963) reported that the 2,,3 ,-0-iso- 
propyliden-5'-inosinic acid has the fla
voring activity and tha t the 2 and 3 — 
hydroxy groups are not essential for the 
flavoring action.

The purpose of this investigation was 
to  determ ine the intensity of umami of 
various flavor amino acids and flavor 
nucleotides and to  relate the findings to  a 
previously obtained equation (expressing 
the synergistic effect of umami to  other 
substances).

EXPERIMENTAL
Test stimuli

The test substances were monosodium salts 
of L-glutamate • H20  (MSG), DL-threo-(3-hy- 
droxy glutamate • H20  (MSO). DL-homocy- 
state • HjO (MSH), L-aspartate • H20  (ASP) 
and L-a-amino adipate • H20  (AA) and diso
dium salts of 5'-inosinate ■ 7 5H20  (IMP),
2-methoxy-5'-inosinate • H20  (2-MeO-IMP), 
N1 -methyl-5'-inosinate • H2 O (N1 -Me-IMP) and
2-methyI-6-mercaptopurine riboside 5'-phos-

Tab le  1— R e la tive  um am i in ten s ity  o f  various fla vo r am ino  acids  

Cone of Equi-umami
Test

substance
test substance 
u' g/1 0 0  ml n

cone of MSG 
u g/1 0 0  ml

Std. dcv.a 
(1 + Au)

Ratio 
a = u/u'

MSO 0.1 25 0.089 1.06 0.89
0.3 25 0.255 1.05 0.85
1.0 25 0.860 1.07 0.86

MSH 0.1 50 0.079 1.04 0.79
0.3 50 0.223 1.03 0.74
1.0 50 0.783 1.05 0.78

ASP 1.0 50 0.073 1.07 0.073
AA 1.0 20 0.092 1.07 0.092
aIn  terms of the value of a ratio , i.e ., the upper and the lower 

deviations of observed u are given as u X (1 + Au) and u -r (1 + Au ), 
respectively.
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Tab le  2 —Re la tive  um am i in te n s ity  o f  various fla vo r am ino  ac ids in  the p resence o f  IM P

Cone of 
IMP

v g/1 0 0  ml
Test

substance

Cone of 
test substance 

u’ g/1 0 0  ml n

Equi-umami 
cone of MSG 
u g/1 0 0  ml

Std. dev.a 
(1 + Au)

Ratio 
a = u/u'

0.0025 MSO 0.0125 25 0.0116 1.04 0.93
0.0400 0.0125 25 0.0109 1.06 0.87
0.0025 0 .2000 25 0.1813 1.06 0.91
0.0400 0 .2 0 0 0 25 0.1421 1.05 0.71
0 .0100 0.0500 25 0.0431 1.06 0.86

0.0025 MSH 0.0125 50 0 .0100 1.04 0.80
0.0400 0.0125 50 0.0086 1.04 0.69
0.0025 0 .2000 50 0.1538 1.04 0.77
0.0400 0 .2000 50 0.1703 1.05 0.85
0 .0100 0.0500 50 0.0366 1.04 0.73

0.0500 ASP 0.0125 50 0.00095 1.06 0.076
0 .2000 0.0125 50 0.00107 1.04 0.086
0.0500 0 .2000 50 0.01340 1.06 0.067
0 .2000 0 .2000 50 0.01515 1.05 0.076
0 .1000 0.0500 50 0.00416 1.03 0.083

0.0500 AA 0.0125 20 0.00119 1.08 0.095
0 .2000 0.0125 20 0.00123 1.07 0.098
0.0500 0 .2000 20 0.02065 1.07 0.103
0 .2000 0 .2000 20 0.02175 1.06 0.109
0 .1000 0.0500 20 0.00439 1.07 0.088
aIn terms of the value of a ratio , i.e ., the upper and the lower deviations of observed u are given 

as u X (1 + Au) and u -f (1 + A u ), respectively.

Tab le  3 —R e la tive  in te n s ity  o f  um am i o f  various fla v o r am in o  acids

Relative intensity of umami
Substance u (g/g)a a' (moles/moles)b

Monosodium L-glutamate • H, O 1 1
Monosodium DL-threo-(3-hydroxy glutamate • H, O 0.86  ± 0.06 0.92
Monosodium DL-homocystate • H20 0.77 ± 0.04 0.92
Monosodium L-aspartate • H20 0.077 ± 0.007 0.071
Monosodium L-a-amino adipate • H20 0.098 ± 0.008 0 .10
L-Tricholomic acid (erythro form) 5-3 0e 4.3-26
L-Ibotenic acid 5-3 0e 4.2-25

C oncentration  (g/lOOml) ratio of MSG to other flavor amino acid at the point of subjective 
equality.

^Concentration (m oles/liter) ratio o f the same one as the above. 
cTerasaki et al.. 1965.

Table 4 —R e la tive  um am i in te n s ity  o f  various fla v o r n u c le o tid es  in  the p resence o f  M S G

Cone of 
MSG

u g/1 0 0  ml
Test

substance

Cone of 
test substance 
v' g/1 0 0  ml n

Equi-umami 
cone of IMP 
v g/1 0 0  ml

Std. dev.a 
(1 + Av) a = v/v'

0 .100 2-MeO-IMP 0 .0020 25 0.0080 1.06 4.00
0 .100 0.0005 25 0.0021 1.06 4.20
0.025 0 .0020 25 0.0079 1.05 3.95
0.025 0.0005 25 0.0023 1.04 4.60
0.050 0 .0010 25 0.0040 1.05 4.00

0 .100 N1-Me-IMP 0 .0 1 0 0 20 0.0076 1.06 0.76
0 .100 0.0025 20 0.0016 1.06 0.64
0.025 0 .0 1 0 0 20 0.0078 1.07 0.78
0.025 0.0025 20 0.0017 1.06 0.68
0.050 0.0050 20 0.0041 1.07 0.82

0 .100 2-Me-6-MPRP 0 .0020 25 0.0163 1.06 8.15
0 .100 0.0005 25 0.0040 1.05 8.00
0.025 0 .0020 25 0.0155 1.05 7.75
0.025 0.0005 25 0.0043 1.06 8.60
0.050 0 .0010 25 0.0075 1.05 7.50
aIn terms of the value of a ratio ; i.e ., the upper and the lower deviations of observed v are given 

as v X (1 + Av) and v -r (1 + A v ), respectively.

phate • HjO (2-Me-6-MPRP). All the samples 
(not less than 99% pure) were prepared in the 
laboratories or the factory of the Ajinomoto 
Co., Inc.
Sensory test panel and experimental 
conditions

Panel and experimental conditions were 
practically the same as reported previously 
(Yamaguchi, 1967; Yamaguchi et al., 1968a; b). 
The panel consisted of 100 people screened on 
the basis of their taste sensitivity from approxi
mately 1,000 employees of the Ajinomoto Co., 
Inc.

Distilled water was used for preparing the 
solutions and for oral rinsing. The solutions 
were presented in 40ml portions in randomly- 
coded glasses. All the tests were conducted in 
individual sensory test booths. Temperature 
and humidity of the rooms were kept constant 
at 20°C and 60%.
Measurement of the relative taste intensity 
of flavor amino acids

The relative intensity of umami of various 
flavor amino acids, as compared with MSG, was 
measured by a two-part procedure.

(1) A single solution of each test substance 
was compared with single solutions of MSG. 
The method used was similar to that described 
previously (Yamaguchi, 1967; Yamaguchi et al., 
1968a; b). A test solution (fixed sample) was 
paired with a set of MSG solutions (reference 
samples) consisting of five concentrations. The 
five concentrations were determined in loga
rithmically equal steps at 30% intervals. Con
centrations of the test samples are shown in 
Table 1. Five pairs of samples in a randomized 
order were presented to each panelist. Panelists 
were asked to indicate which in each pair had a 
stronger umami. Numbers of replications were 
from 20-50.

(2) Similar comparisons between the test 
substances and MSG were conducted in the 
presence of IMP; i.e., a mixture of each test 
substance and IMP (fixed sample) was paired 
with a set of MSG-IMP mixtures (reference sam
ples) which had IMP of the same concentration 
and constant as the fixed sample, but MSG of 
five different concentrations. The five concen
trations of MSG in a set of reference samples 
were determined at 30% intervals calculated in 
terms of y in equation ( 1), which expresses the 
relationship between the taste intensity of the 
MSG-IMP mixture and that of MSG alone. Con
centrations of the test samples are shown in 
Table 2.

In both cases, data were obtained as dichot
omous judgments which were then converted 
into the proportion of judgments that the fixed 
sample had a stronger umami than a reference. 
Using the probit method we calculated the con
centration of MSG required to attain the equiv
alent intensity of umami to that of the test 
substance.
Measurement of the relative intensity of 
flavoring activities of flavor 
nucleotides

As reported previously (Yamaguchi, 1967; 
Yamaguchi et al., 1968a; b), flavor nucleotides 
seem to give their taste only in the presence of 
flavor amino acids. Therefore, measurement of 
the taste intensity of any single solution was 
not derived, and the taste intensity or the inten
sity of tasting activities of the test substances 
was always measured in the presence of MSG.

In the experiment, IMP was selected as a 
standard substance of flavor nucleotides; i.e.,

*
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the relative intensity of flavoring activities of 
various flavor nucleotides, as compared with 
IMP, was measured. The procedure was similar 
to that of (2) above with one difference: in this 
case, MSG-IMP mixtures (reference samples) 
had MSG of the same concentration but IMP of 
different concentrations.

RESULTS & DISCUSSION
Taste intensity of various flavor 
amino acids

The data obtained are shown in Tables 
1 and 2. The intensity of umami of all 
flavor amino acids with which we were 
concerned in this paper was always pro
portional to  that o f MSG, even though 
the concentration is varied. For example, 
the concentration ratio of MSG to MSO 
at the point of subjective equality was
0.85 to  0.89 for each level of fixed 
sample, and the variation to  this extent 
was not significant (Table 1). From this 
fact, if u 'g /  1 0 0 ml of a substance is 
equivalent to  ug /100m l of MSG in 
umami intensity, then u = au ' holds, 
where a  is constant for any given flavor 
amino acid. The same relationship holds 
even when the m ixture of any flavor 
amino acid and IMP is compared with 
that of MSG and IMP (Table 2). Hence, 
only a single numerical value, a, can 
adequately represent the relative intensity 
of umami of any flavor amino acid in this 
instance. In other words, as regards the 
intensity of umami u 'g /  1 0 0 ml of flavor 
amino acid is always replacable with 
au ' g/100ml of MSG. As described above, 
the relationship between the taste inten
sity (umami) of the m ixture of MSG and 
IMP and that of MSG alone is expressed 
as equation (1). Therefore, by substitu t
ing au ' for u in equation ( 1 ), the intensity 
of umami of the m ixture of any flavor 
amino acid and IMP can also be expressed 
in an equation substantially equal to  
equation ( 1 ) which expresses the syner
gistic effect between MSG and IMP. 
Furtherm ore, the a  value was invariant 
not only for IMP but also for any flavor 
nucleotides. For example, even when 
GMP was used instead of IMP in the 
m ixture, the a  value for MSO was also 
0.86 (Yamaguchi, unpublished data). The 
a  values for various flavor amino acids are 
summarized in Table 3.

Taste intensity of various flavor 
nucleotides

The data obtained are shown in Table
4. The concentration of the test nucleo
tide with a particular MSG concentration 
was constantly proportional to  the con
centration of IMP with the same MSG 
concentration at the point of subjective 
equality, just as the above-mentioned 
flavor amino acid was constantly propor
tional to  MSG. Hence, if v' g/100ml of a 
substance is equivalent to  v g / 1 0 0 ml of 
IMP, then v = |3v' holds, where ¡3 is con
stant for any given flavor nucelotide.

Only the single numerical value, (3, can 
adequately represent the relative flavoring 
activity of any flavor nucleotide also in 
this instance. Therefore, by substituting

(3\' for v in equation ( 1 ), the intensity of 
umami of the m ixture of MSG and any 
flavor nucleotide can also be expressed in 
an equation substantially equal to  equa-

Tab le  5 —R e la tive  in ten s ity  o f  tasting ac tiv itie s  o f  various fla v o r n u c le o tid es

Substance Relative intensity of tasting activity
(dosodium salt) (3 (g/g)a (3' (moles/moles)b

5'-Inosinate • 7.5H20 1 1
5'-Guanylate • 7H20 2.3 ± 0.07c 2.3
5'-Xanthylate • 3H20 0.61 ± 0.04 0.53
5'-Adenylate 0.18 ± 0.03 0.13
Deoxy 5'-guanylate • 3H20 0.62 ± 0.07 0.52
2-Methyl-5'-inosinate • 6H20 2.3 ± 0.16d 2.2
2-Ethyl-5'-inosinate • 1.5H20 2.3 ± 0.14d 2.0
2-Methylthio-5'-inosinate • 6H20 8.0 ± 0.97d 8.2
2-Ethylthio-5'-inosinate • 2H20 7.5 ± 0.75d 6.9
2-Methoxy-5'-inosinate • H20 4.2 ± 0.33 3.5
2-Chloro-5'-inosinate • 1.5H20 3.1 ± 0.25 2.7
2-N-Methyl-5'-guanylate • 5.5H20 2.3 ± 0.15d 2.3
2-N-Dimethyl-5'-guanylate • 2.5H20 2.4 ± 0.13d 2.2
N1-Methyl-5'-inosinate • H20 0.74 ± 0.09 0.59
N1-Methyl-5'-guanylate • H20 1.3 ± 0.13 1.1
N1 -Methyl-2-methylthio-5'-inosinate 8.4 ± 0.75 7.4
6 -Chloropurine riboside 5’-phosphate • H20 2.0  ± 0 .20 1.6
6 -Mercaptopurine riboside 5'-phosphate • 6H20 3.4 ± 0.35 3.3
2-Methyl-6-mercaptopurine riboside 8.0 ± 0.83 6.7

5'-phosphate • H20
2-Methylthio-6 -mercaptopurine riboside 7.9 ± 0.69 7.5

5'-phosphate • 2.5H20
2',3'-O-Isopropylidene 5'-inosinate 0.21 ± 0.06 0.16
2' ,3'-0-Isopropyiidene 5 '-guanylate 0.35 ± 0.06 0.28

“Concentration (g/100 ml) ratio of IMP to other flavor nucleotide at the point of subjective
equality.

“Concentration (moles/liter) ratio of the same one as the above.
cYamaguchi et al., 1968a.
dYamaguchi et al., 1968b.

Table 6 —Exam p le  show in g  the add itive  p ro p e rty  o f  taste (um am i)

in ten s ity  am ong  fla vo r am ino  ac ids (p rob it analysis, n = 25)

Mixture of flavor amino acids Equivalent cone of MSG
Substances MSG + MSH + MSO Calc Obs
Concentrations 0.1 0.1 0.1 0.26 0.25
(u(.g/1 0 0  ml)
a,values 1 0.77 0.86  £ a,u.

(from Table 3) i

Tab le 7—Exam p le  show ing  the add itive  p ro p e rty  o f  taste in ten s ity am ong  fla vo r nu c le o tid es

(p rob it analysis, n  = 25) in  s o lu t io n  o f  0 .05g/100 m l o f  M S G

Mixture of flavor nucleotides Equivalent concentration
of IMP

Substances AMPa + GMP + XMPb + 2-CH3 Sc Calc Obs
IMP

Concentrations 0.01 0.001 0.005 0.0005 0 .0112 0 .012
(vjgJ 100  ml)
Rvalues 0.18 2.30 0.61 8.0 £ PjVj
(from Table 5) j

a 5'-adenylate  
b 5'-xan th y la te  • 3H 2 0  
c 2 -m etliy lth io -5 ’-in osin ate  • 6 H 2 0
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tion (1). Moreover, the j3 value was 
invariant not only for MSG but also for 
any flavor amino acids; for example, even 
when MSO was used instead of MSG in 
the m ixtures, the j3 values for, say, 2- 
MeO-IMP, was also 4.20 (Yamaguchi, 
unpublished data). The j3 values for vari
ous flavor nucleotides are summarized in 
Table 5. Some data previously obtained 
are also included.

From the results obtained, a universal 
relationship expressed by equation ( 1) 
could be expected for any com bination 
of all flavor amino acids and 5 -nucleo
tides; i.e., au ' for a particular concentra
tion of any flavor amino acid can be 
calibrated as u for a particular amino 
acid, say, MSG. Also, a similar conversion 
from /3v' to v of particular nucleotides, 
say, IMP can be made. Since an additive 
property of taste was recognized among 
flavor amino acids and flavor nucleotides, 
(as shown in Tables 6  and 7), in the case 
of the mixtures of two or more different 
flavor amino acids and two or more 
diffent flavor nucleotides, u and v in

equation ( 1 ) must be calculated as prod
uct sums of the concentration of each 
flavor amino acid and its a  value in Table 
3, 2  a-jUj, and of the concentration of 
each flavor nucleotide and its (3 value in 
Table 5, 2  j3;-Vy respectively.
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R EA C T IO N  A T  L IM IT E D  W A TER  C O N C EN TR A TIO N . 2. Chlorophyll Degradation

S U M M A R Y —C h lo ro p h y ll degradation  was s tu d ie d  as a fu n c t io n  o f  w ater a c t iv ity  IA m ) in  freeze- 

d r ie d  b la n ch e d  sp inach  pu ree  an d  in  m od e l system s c on ta in in g  ce llu lose-c itra te  b u ffe r  a n d  c h lo ro 

p h y l l  a. A t  37° C  an d  A m h ighe r than 0.32, the m ost im p o r ta n t m echan ism  o f  c h lo ro p h y ll degrada

tion  is conve rs ion  to  ph eop h y tin . The rate o f  c h lo ro p h y ll a tra n sfo rm a tion  is 2 .5  tim es faster than  

fo r  c h lo ro p h y ll b. The re la tion  betw een  A n  an d  log  tim e fo r  20% c h lo ro p h y ll degradation  is linear 

and  the c h lo ro p h y ll /p h e oph y tin  ra t io  is u se fu l fo r  storage p re d ic t io n  as a fu n c t io n  o f  A w  (dow n to 

A m 0.32). A t  A w  lo w e r than 0.32, the rate o f  p h e o p h y t in  fo rm a tio n  in  sp inach  is low . N ew  

p ro d u c ts  are fo rm ed  w h ich  can in te rfe re  w ith  spe c tro p h o to m e tr ic  d e te rm in a tion  o f  ch lo ro p h y lls  

an d  p heophy tin s . The p o s s ib ility  o f  rem ova l o f  M g  from  the p o rp h y r in  ring  o f  c h lo ro p h y ll a was 

show n  in  m o d e l system s even a t  A w  b e lo w  B E T  (B runnauer-Em m et-Te lle r) m o n o la ye r coverage.

INTRODUCTION
IN DEHYDRATED FOODS, deteriora
tive reactions depend on the state of 
water present. At high water activities, 
enzym atic reactions and growth of m icro
organisms take place (Acker, 1969). Re
actions such as nonenzym atic browning 
and lipid oxidation have their rates con
trolled by the water activity in the system 
(Labuza et al., 1970) and, even at water 
content below BET (Brunnauer-Emmet- 
Teller) m onolayer coverage, model sys
tems containing sucrose and organic acids 
undergo browning due to sucrose acid 
hydrolysis (Schoebel et al., 1969).

It is known that hydrogen ions can 
transform  chlorophylls into correspond
ing pheophytins by replacing the Mg 
atom  in the porphyrin ring. In solution, 
the reaction is first order with respect to 
chlorophyll concentration (Schanderl et 
al., 1962). Pheophytinization of chloro
phylls causes discoloration in vegetable 
foods and may occur under many proc
essing and storage conditions (Clydesdale 
et al., 1970; Buckle and Edwards, 1970) 
even when the water activity has been 
lowered by freezing (Olson, 1968). In 
freeze-dried blanched beans (3.5% mois
ture), Hamed (1967) found that storage 
under air in the presence of desiccant 
increased chlorophyll retention by 50%. 
However, his results did not indicate a 
parallel increase in the pheophytin  con
tent. Under nitrogen, the presence of 
water did not show much influence. In 
dried spinach with 1 8 % m oisture, D utton 
et al. (1943) found pheophytinization of 
chlorophyll which did not seem to occur 
at 2.5% moisture. The type of storage 
atmosphere did no t seem to influence the 
reaction. Bottrill and Hawker (1970) 
found that drying of sultana grapes in the 
dark causes a decrease in chlorophyll a 
and b, but the level of pheophytin a was 
constant and no pheophytin b was found, 
although the grapes were acidic.

Mechanisms other than pheophytiniza

tion can cause chlorophyll degradation in 
foods. The action of chlorophyllase and 
acid can lead to  pheophorbide form ation 
(White et al., 1963). Allomerized chloro
phylls can be formed by oxidation at Cj 0 
on the isocyclic ring. Com pounds w ithout 
the characteristic chlorophyll spectra may 
be form ed under lipoxidase activity and 
lipid oxidation (Holden, 1965; Buckle 
and Edwards, 1970). Walker (1964) 
showed tha t under anaerobic conditions 
pheophytinization of chlorophyll can also 
be related to lipid oxidation in beans.

The purpose of our work was to  study 
the influence of water activity on chloro
phyll degradation, since this was not 
c o n s id e re d  in  the above studies. 
Blanched, freeze-dried spinach was stored 
at 0.75, 0.62, 0.52, 0.32, 0.1 1 and 
— <  0.01 Aw under air or nitrogen at 37 
and 55°C; chlorophylls a and b were 
determined at various times. Studies were 
also conducted with pure chlorophyll a in 
a model system containing cellulose:cit
rate bufferflnert oil (Apiezon) with and 
w ithout addition of oxidizable substrate 
(m ethyl linoleate).

MATERIALS & METHODS
Spinach system

Fresh, commercially available spinach was 
trimmed, washed, blanched 1 min in boiling wa
ter. The blanched spinach was comminuted in a 
blender to a puree, transferred to 50-ml flasks, 
frozen in liquid nitrogen and freeze dried. The 
flasks were then exposed for 24 hr to various 
relative humidities (saturated salt solutions; 
Rockland, 1960), after which they were 
capped, stored under nitrogen or air at the de
sired temperature (37 or 55°C) in the dark. 
Moisture content was determined for each rela
tive humidity by weight increase of the bone- 
dry material, and is shown for each condition in 
Table 1.
Model system

Chlorophyll was dissolved in Apiezon oil 
and added to microcrystalline cellulose in a ra
tio of 1:6. To seven parts of this mixture was 
added 20 parts of 0.1 M citrate buffer, pH 5.

The whole was mixed in a Sorvall Omnimixer 
for 20  min, with the mixing cup packed in ice. 
In one system 0.8 part methyl linoleate was 
added at the same time as the Apiezon oil. Af
ter being mixed, the samples were freeze dried 
and stored under air or nitrogen at 0 and 15% 
RH, in the dark, at 55°C.
Preparation of chlorophyll A

Fresh spinach leaves were placed in boiling 
water for 1 min, extracted in a blender either 
with acetone or methanohpetroleum ether and 
filtered under vacuum. MgCC>3 was added to 
reduce pheophytin formation. The pigments 
were transferred from the initial solvent to pe
troleum ether by adding water and 5%Na2S 04 
solution and chromatographed on a dry packed 
sugar: 3% starch column after extraction of 
xanthophylls, according to Strain and Suec
(1966). The column was developed by petrole
um ether: 5% methanol under slight vacuum. 
The chlorophyll a band was cut out and rechro
matographed by the same method. Finally, the 
pigment was eluted with acetone, transferred to 
petroleum ether, washed several times with wa
ter, treated with anhydrous Na, S04 and evapo
rated to dryness under vacuum. The purity of 
the pigment was checked by thin-layer chroma
tography (method described below) and agreed 
with McKinney’s (1940) criteria for pure chlo
rophyll a preparation.
Pigment analysis

Spinach system. Portions (70-90 mg) of the 
stored samples were added to MgC03 and ex
tracted twice with 40 ml of 80% acetone solu
tion for 15 min in stoppered Tasks. After the 
extract was filtered under vacuum and the resi
due washed, the volume of filtrate was made up 
to 100 ml. From this solution, 10-ml aliquots 
were treated with 0.3 ml of saturated oxalic 
acid in 80% acetone solution to transform chlo
rophylls to pheophytins. After 3 hr, readings of 
the original and treated solutions were taken in 
a Hitachi-Perkin Elmer spectrophotometer at 
645, 662, 655, 666  and 700 nm. The difference 
of the readings at 645 and 662, before and after 
acid treatment, was used to determine chloro
phyll a and b concentration; absorbancies at 
655 and 666  were used to calculate total pheo
phytin concentration according to Vernon’s 
equations (1960).

The readings at 700 nm were used to correct 
light scattering of the solutions. Readings at

Tab le  1 — W ater so rp t ion  fo r  freeze-d ried  

sp inach  a t 37° C

RH
(%)

Moisture content 
(g H20/ 100g solids)

11 2.65
32 5.38
52 8.41
62 10.80
75 15.49

850 - J O U R N A L  O F  FO O D  S C IE N C E -V o lu m e  36  (1971)
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Fig. 1 —D egrada tion  o f  c h lo ro p h y ll in  sp inach  (37°C, a ir  atm osphere). 

T o ta l c h lo ro p h y ll cu rve  is average fo r  a ll storage cond ition s.

Fig. 2 —D egrada tion  o f  c h lo ro p h y lls  a a n d  b  in  

sp inach  (5f> C, a ir  atm osphere).

C h lo ro p h y ll a: a  62% R H ;  o  75% R H  

C h lo ro p h y ll b: *  62% R H ;  • 75% R H

558 nm (isobestic point) were also taken to 
check the composition of the samples.

Total chlorophyll was the sum of the respec
tive chlorophyll concentration and the pheo- 
phytin concentration and thus shows the 
amount of product converted to nonchloro
phyll-absorbing products by difference.

Model system. Analyses were made in pure 
acetone because of the low solubility of Apie- 
zon oil in 80% acetone (used for spinach sys
tem).

The total content of the stored flasks (500 
mg) was extracted twice with 20 ml of acetone, 
filtered, the filter washed to elute the pigment 
adsorbed on the paper and the volume made up 
to 50 ml. Appropriate dilutions were used when 
necessary.

Absorbancies of this solution at 662 and 
410 nm corrected from readings at 700 nm 
were used to calculate chlorophyll a and pheo- 
phytin a concentration using the following 
equation:

Chlorophyll a (rr^-) liter
_ A410 -0 .3 9  A , , ,

62.2
Pheophytin a (-2SS-)

'liter
_ A4 , 0 -  0.75 chlorophyll a

l3 l  ~

Using the extinction coefficient of chlorophyll 
a =92.6 cm ■ liter • g"2 (Vernon, 1960), the 
above equations were used to calculate the ap
propriate coefficients at other wavelengths for 
chlorophyll a and pheophytin a.

Thin-layer chromatography. The pigments 
present were followed by TLC on Whatman CE 
41 cellulose powder, 0.35-mm thick, dried 1 hr 
at 105°C, stored in a desiccator and activated 
30 min before use. The developing solvents 
were acetone:hexane:n-propanol (90:10:0.45) 
or hexane:acetone (80:20) according to Bacon 
and Holden (1965).

RESULTS & DISCUSSION

1. Spinach
Water activity showed a definite influ

ence on the rate of degradation of chloro
phyll in dried spinach. The color of 
samples stored at 37 and 55°C showed a 
rapid change of color from  bright-green 
to olive-brown, characteristic o f the pheo- 
phytins. The visible absorption spectra of 
stored samples also showed changes in 
maxima corresponding to pheophytin  for
mation. No other changes in absorbance 
occurred, which indicates a lack of signifi
cant am ounts of other chlorophyll-de
rived pigments. These results were in turn 
confirmed by chrom atographic analysis 
of extracted pigments on cellulose layers 
with a num ber of solvent systems after up 
to  40 days of storage. This confirms the 
earlier results of the investigations of 
D utton et al. (1943) on to tal chlorophyll 
content of dried spinach. These results 
showed that even down to very low 
moisture contents where water is bound 
tightly, this water is available for acid-cat
alyzed reactions, as has been previously 
indicated for sucrose hydrolysis (Schoe- 
bel et al., 1969).

The com plex kinetics of chlorophyll a 
degradation at 37°C are shown for the 
entire range of Aw investigated in Figure
1. The kinetics o f degradation of both 
chlorophylls a and b at 55°C for the high 
range of Aw are shown in Figure 2. Under 
all conditions studied, only the degrada
tion of chlorophyll a at Aw 0.75 showed 
simple pseudo-first-order kinetics over the 
entire range of concentration. This may 
indicate a com partm entalization of the 
chlorophylls at lower water activities,

with the more firmly bound pigment 
being more resistant to  conversion to  
pheophytin . On the other hand, other 
complex changes are also taking place in 
the spinach during storage, such as nonen- 
zym atic browning, loss of volatile com 
pounds and form ation of organic acids. 
All o f these tend to  cause a change in the 
hydrogen ion activity of the system , with 
a shift toward more acid pH, as shown in 
Table 2. A lthough there is apparently no 
simple relationship betw een change in pH 
and storage tem perature and water activi
ty , these fluctuations undoubtedly influ
ence the degradation kinetics of the 
chlorophylls.

The first-order rate constants for the 
initial degradation of chlorophylls a and b 
at 37 and 55°C and the calculated activa
tion energies are shown in Table 3. The 
reaction is 2.5 to  3 times faster for 
chlorophyll a than for chlorophyll b, 
which is somewhat smaller than the fac-

Tab le  2 —Change in  p H  o f  sp inach  du ring  

storagea
Final pH (°C)

Aw Storage time 37 55
0.75 15 Days 6.00 -

82 Hours - 5.70
0.62 40 Days 6.55 -

80 Hours - 6.25
0.52 120 Days 5.90 -
0.31 120 Days 6.30 -
0.11 128 Days 6.40 6 .00
Dry 128 Days 5.80 5.40

aInitia l pH 6.70.
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Tab le  3 —In flu en ce  o f  A w  on  rates o f  c h lo ro p h y ll degradation

Rate constant Activation energy
k x 10' 2 (hr-1) Ea (kcal/g mole)

Chlorophyll a Chlorophyll b
Aw 37°C 55°C 37°C 55°C Chlorophyll a Chlorophyll b
0.75 2.74 14.7 0.92 5.4 19 20
0.62 1.12 7.2 0.42 3.3 21 23

Tab le  4 —E ffe c t  o f  storage atm osphere on  re ten t ion  o f  c h lo ro p h y ll 

and  p h e o p h y t in  a t  55° C

Aw Days
Chlorophyll3 Total pheophytinb

Air n 2 Air n 2

.11 0 100 100 100 100
12 90.8 86 .0 86 .0 85.0
40 61.7 60.3 66.4 63.4
51 56.2 58.8 59.0 66.4

< 0.01 17 92.4 89.2 91.3 90.0
40 54.5 54.1 54.0 65.8
51 — 51.6 — 66 .0

a Percent o f  in itial.
15A fter acid treatm en t.

tor of 5.5 previously reported for ace
tone-water systems (Schanderl et al.,
1962), and close to  the factor of 2 
reported by Gupte et al. (1964) for 
therm al processing of spinach. Since the 
activation energies are measured over 
only two tem peratures, it is not possible 
to  determ ine if the differences at differ
ent Aw are truly significant.

In samples stored at Aw less than 0.32, 
the conversion of chlorophyll to  pheo
phytin is very slow. This cannot be 
ascribed primarily to  a change in the pH 
of the system, because very low pH values 
were found for some of the driest sam
ples. What is more likely is that at low 
activities the chlorophylls are strongly 
bound in nonreactive com partm ents, or 
that water is not available for the reaction 
to  form pheophytins. What seems more 
significant is the indication from Figure 1 
that the apparent loss of chlorophyll at 
low Aw is paralleled by a concom itant 
loss of to tal chlorophylls and pheophy
tins.

This latter effect is dem onstrated even 
more strongly at 55°C and is not signifi
cantly influenced by storage atmosphere 
(Table 4). Although bleaching of the 
pigments to  colorless products might have 
occurred, at least part of the effect seems 
to  be due to  an artifact of the spectro- 
photom etric m ethod. The absorption 
spectra of samples stored at low Aw and 
55°C showed a spectral shift correspond
ing to  pheophytin form ation (to 410 and 
667 nm). TLC also showed an increase in 
pheophytin in relation to  other pigments, 
but new pigments were found and repre
sented (after 50 days of storage) 20—30% 
o f the to tal pigments present. In the

sample stored at 37°C, this represented 
10-15%  of the total after 1 2 0  days of 
storage. In addition to  pheophytin a and 
b, two more pheophytin-like spots were 
found, moving above and below the 
lutein zone. Chlorophyll a' appeared just 
ahead of chlorophyll a and another blue- 
green pigment was seen just below chloro
phyll b. Some of these new pigments 
were isolated and their UV-visible spectra 
recorded. They appear to  have spectral 
characteristics similar to  the modified 
chlorophylls isolated from processed pea 
puree by Buckle and Edwards (1969) and 
from  legume seeds (Holden, 1965), but 
sufficient material could not be prepared 
for further characterization.

The storage life of dehydrated green 
vegetables is determined to  a great extent 
by the rate of loss of chlorophyll under 
conditions of storage. If we assume that 
the product would be acceptable when 
2 0 % of the chlorophyll was converted to 
pheophytin (concentration at which gray 
color begins to predom inate), the storage 
life of the product can then be deter
mined as a function of Aw . The locus of 
points describing the acceptable storage 
life for freeze-dried spinach as a function 
of Aw is shown in Figure 3. This relation 
is valid only at Aw greater than 0.32, 
because at lower Aw the mechanism of 
deterioration changes, and the reaction- 
limiting storage life is no longer the 
conversion of chlorophyll to  pheophytin. 
The chlorophyll/pheophytin ratio which 
is often used to  assess quality would also 
no t be a valid indicator for green vegeta
bles stored at very low Aw.

In light of the difficulties of interpre
ta tion  of pigment changes at low Aw in

spinach, the investigations with model 
systems containing pure chlorophyll a 
were undertaken and are discussed in the 
following section.

2. Model systems
The most striking difference between 

spinach and the chlorophyll-cellulose 
model system is the la tte r’s extrem ely 
rapid rate of pheophytin  form ation at all 
water activities. At Aw 0.75 and at 37°C, 
essentially all chlorophyll had reacted in 
15 hr. As shown in Figure 4, and in 
contrast to  spinach, even under dry con
ditions, the rate of form ation of pheo
phytin was high; in addition the reaction 
was accelerated by conditions conducive 
to  oxidation.

This observation again indicates that 
the location and form of chlorophyll in 
spinach must determ ine reactivity, and 
that even after freezing and drying there 
is some degree of protection  due to  
association in a lipoprotein com plex re
maining from  the original chloroplast 
structure. It is difficult to  explain the 
effect of oxygen and oxidizing m ethyl 
linoleate in accelerating removal of Mg 
from chlorophyll, but both the accelera
tive effect as well as a bleaching reaction 
are known to be of significance in a 
num ber of natural systems containing 
unsaturated lipid and lipoxidase (Buckle 
and Edwards, 1970). In addition, Walker 
(1964) has shown similar effects in sys
tems containing oxidized lipid resulting 
from nonenzym atic processes. If the in
fluence of peroxides arises via form ation

Fig. 3 — T im e re qu ired  fo r  20% loss o f  c h lo r o 

p h y l l  in  sp inach  a t d if fe re n t w ater ac tiv it ie s  

13 7 ° C, a ir  atm osphere).
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Tab le  5 —Characteristics o f  n e w  p igm ents  fo rm ed  from  c h lo ro p h y ll a t  lo w  w ater c on te n t

Model system Spinach

Principal'b Principal15
Zone V Absorption maxima Ratio Zone Rfa Absorption maxima Ratio“

1 .88 665.3 409.5 2.22 A .93 6 66 .0 410.0 2.21
2 .68 666.5 409.7 2.37 B .87 666.5 410.0 2.41
3 .55 665.2 401.1 2.71 C .74 6 6 6 .0 410.0 2.83
4 .16 660.2 407.7 2.47 D .67 665.5 402.0 3.14
5 .09 661.7 407.5 2.60 E .0 662.0 400.0 3.30
6 .00 662.2 408.6 2.02

aRj- on cellulose.
“Principal peaks in acetone solution. 
“ Ratio o f absorbance red/blue.

Fig. 4 -D e g ra d a t io n  o f  c h lo ro p h y ll in  a ce llu lo se  m od e l system  under 

c on d it io n s  o f  bone-dry  atm osphere (55? C, variab le atm osphere).

Storage con d it io n s:

C h lo ro p h y ll a: 0 a ir; ♦ n itrogen;  o a ir  w ith  m e th y l lino leate . 

P h e o p h y t in  a: □ a ir;  ■ n itrogen;  a a ir  w ith  m e th y l lino leate .

of a chlorophyll radical interm ediate, it 
might be possible for oxygen alone to 
exert a similar action.

As can be seen in Figure 4, there 
appears to  be a decrease in to ta l chloro
phyll and pheophytin  under all condi
tions of storage, but chrom atography of 
the extracted pigments indicates that as 
in spinach this may be an artifact. After 
15 days of storage, new gray pheophytin
like bands appears in TLC. The new 
pigments were recovered and their spectra 
recorded and com pared with similar 
bands found in spinach stored at 55°C 
and low Aw. Absorption maxima and

chrom atographic behavior of these pig
ments are given in Table 5. In both cases, 
at least part of the apparent bleaching 
could be explained on the basis of form a
tion of pigments having shifted absorp
tion maxima and different red/blue ab
sorbance ratios. Although some of these 
pigments migrate on cellulose more slow
ly than the pheophytins, they do not 
spectrally resemble oxidation products of 
the purpurin type which have maxima at 
680 nm. They are more similar to  the 
pigments produced by alkaline treatm ent 
of peas (Buckle and Edwards, 1969). 
Since sufficient material could be recov

ered to  record only visible spectra, no 
further identification was possible.
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P A T T ER N S  O F S O L U B L E  P E R O X ID A S E  IN R IPEN IN G  BAN AN A F R U IT

S U M M A R Y — T o ta l pe rox idase  a c t iv ity  a n d  the spectrum  o f  isoperox idases so lu b iliz e d  from  the 

p u lp  o f  banana f ru it  were re la tive ly  con s tan t when the e x tra c tio n  p ro cedu re  was m ost e ffic ien t. 

When case in d ispersion  was p resen t du ring  e x tra c t io n  o f  green fru it, h igh  levels o f  a c t iv ity  were 

detectab le. O ther scavengers o f  condensed  p o ly p h e n o ls  were less e ffec tive  in  y ie ld in g  a c t iv ity  in  the 

so lu b le  a n d  p a rticu la te  fractions. W hen co llagen  fibers were in c lu d e d  w ith  b u ffe r  du ring  tissue 

m aceration , n o  perox idase  was s o lu b iliz e d  a t  a ll stages o f  r ip en in g ; however, the p a rt icu la te  frac

tion  c on ta in e d  very h igh  levels o f  perox idase. P rev ious reports  show ing  a co n co m ita n t change in  

p erox idase  a c t iv ity  w ith  the re sp ira to ry  upsurge o f  c lim a c te r ic  f ru it  m ay  be anom a lou s  because o f  

d iffe re n t ia l p h e n o l in h ib it io n .

INTRODUCTION
PEROXIDASES catalyze the oxidation of 
substrates such as phenols, aromatic-, 
primary-, secondary- and tertiary-amines, 
leuco-dyes, ascorbic acid and certain he t
erocyclic com pounds such as indoles in 
the presence of H2 0 2 . The enzyme ap
pears to  be ubiquitous to  the living state, 
yet its physiological role(s) are ill-under
stood. Peroxidases have been implicated 
in ethylene biogenesis (Goldacre et al., 
1953; Mapson and Wardale, 1968; Yang, 
1967; M attoo and Modi, 1969); horm one 
balance (G ortner and Kent, 1958; Schnei
der, 1970); membrane integrity (Dilley,
1970); and respiration control (Aylward 
and Haisman, 1969) and accordingly are 
implicated in plant senescence and phys
iological breakdown of fruits and vegeta
bles. Recent investigations dem onstrated 
that peroxidase activity increased with 
ripening of mango (M attoo and Modi,
1969); grape (Ivanova and Ivanova,
1968); apple (Kuhive, 1969) and pear 
fru it (Ranadive and Haard, 1971). 
Changes in the patterns of peroxidase 
isozymes have also been shown to occur 
with the climacteric rise of pear (Frenkel, 
1971; Ranadive and Haard, 1971) and 
tom ato  (Frenkel, 1971).

Here we show that peroxidase solubil
ized from  the pulp of ripening banana 
fruit at low ionic strength remained rela
tively constant throughout ripening when 
appropriate scavengers of condensed poly
phenols were incorporated in to  the assay 
medium.

MATERIALS & METHODS
Fruit ripening

Green (No. 2), preclimacteric banana fruit 
were generously supplied by the United Fruit 
Co. approximately 7-10  days postharvest un
der 13°C storage. Fruit were ripened at 20° C.

1 Present address: D ep t, o f  C hem istry , B elo it  
C ollege, B elo it, Wis.

85-90% relative humidity in a ventilated incu
bator after exposure to 100 ppm ethylene for 2 
hr. Fruit respiration was monitored by trapping 
carbon dioxide in 0.1N NaOH and estimating 
bicarbonate ion by a double end point titration 
(Haard, 1967).
Preparation of enzyme extracts

Banana pulp (20g) was prepared for extrac
tion by one of the following methods: (a) 1 
mm slices were frozen in liquid N2 and pow
dered in a chilled blender; (b) 1 mm slices were 
frozen in liquid N2, lyophilized and powdered 
in a blender; (c) preparation of an acetone pow
der (Nason, 1955); (d) extraction of 1 mm pulp 
slices after vacuum infiltration with isolation 
medium by intermittent evacuation and flush
ing in a desiccator attached to a water aspirator; 
and (e) extracting pulp directly by maceration 
in isolation medium. In all cases, the pulp was 
macerated in a Servall Omni-mixer blender for 
1 min at 15 sec intervals of mixing and rest. All 
operations were performed at 4°C.

The only parameter of the extraction media 
varied in this study was the tannin scavengers. 
The basic extraction medium contained sodium 
phosphate (0.5 mM, pH 7.0) in 50 ml of dis
tilled water. The following tannin complexers 
were incorporated into the medium at the in
dicated levels: polyethylene glycol carbowax 
400 (0.2, 1.0, 2.0g); polyvinylpyrrolidone 
(Polyclar, GAF Corp., 0.2, 1.0, 2.0g); collagen 
dispersion (Hochstadt and Lieberman, 1960, 
0 .2 , 1.0 , 2 .0g); and purified casein dispersion 
(Haard and Hultin, 1968, 0.2, 1.0, 2.0g). Colla
gen dispersion was dialyzed against 1000  vol
umes of 0.01 M Tris for 3 days at 4°C prior to 
use.

Pulp slurries were immediately filtered 
through 4 layers of cheese cloth centrifuged for 
15 min, 60,000 x G at 0°C. The resulting 
supernatants and pellets were retained at 4°C 
until assayed for peroxidase or electropho- 
resced.
Assay for peroxidase

Aliquots (0.010-1.0 ml) of extract were 
assayed for peroxidase at pH 7.1 in 0.03 mM 
sodium phosphate with o-dianisidine as H- 
donor and 0.001% H2 0 2 as oxidant. The oxida
tion of o-dianisidine was followed with a DU 
Beckman spectrophotometer at 460 mg and 
21°C (Guilbault, 1970).

Extracts were subjected to electrophoretic 
analysis on polyacrylamide gel with Tris 
(h y d r o x y methyl aminomethane)-barbi tal-so- 
dium barbitol buffer (pH 8 .8 , 0.05 ionic

strength) for 45 min. Gels were prepared from 
the following stock solutions: A (acrylamide, 
30g; bisacrylamide, 0.8g; H„0 to 100 ml); B 
(Tris, 18.15g; IN HC1, 12 ml; N,N,N'-tetra- 
methylene-ethylenediamine 0.24 ml and H20  
to 100 ml);C (ammonium persulfate, 0.14g and 
H20  to 100 ml). Stock solutions A, B and C 
were combined 1 :1:2 (v/v/v) at approximately 
25°C and pipetted into glass tubes (0.4 mm 
ID x 7.5 mm long). Electrophoresis was per
formed on a Buchler polyanalyst assembly at 4 
milliamps per tube with cooling to approxi
mately 10°C. Gels were incubated in the o-di- 
anisidine-H2 0 2 assay solution for approxi
mately 2 hr until all zones were visualized.

Centrifuge sediments of tissue macerates 
were incubated with the o-dianisidine-H2 O, 
medium and observed at 60X magnification 
with a binocular microscope to obtain a crude 
estimate of peroxidase activity in the pellets.

Protein was determined by a Biuret method 
described by Bailey (1967).

RESULTS & DISCUSSION 
Fruit ripening

Fruit underwent a respiratory upsurge 
and ripened approxim ately 6 days after 
being gassed with ppm levels of ethylene 
and stored at 20°C and 85 -9 0 %  relative 
humidity. The C 0 2 production and peel 
color of ripening fruit are shown in 
Figure la. In later experim ents, the peel 
color alone was used as an index to  the 
ontogenic stage. Fruit which failed to  
ripen normally (such as those slightly 
chilled or desiccated) were not used in 
these studies since peroxidase activation 
has been associated with physical stress 
(McCown et al., 1969; Monseliser and 
Kahan, 1968).

Tissue maceration
Pulp samples (20g) were taken from 

the inner two-thirds of the banana length 
on same fruit for comparison studies. The 
to tal activity of peroxidase extracted 
from lyophilized powder, liquid N2 pow 
der, acetone powder, infiltrated pulp 
which was Omnimix blended and O m ni
mix-blended fresh pulp are shown in 
Table 1. All of these preparations con
tained excess casein ( lg  dry weight) in 
the isolation medium. Lyophilization of 
pulp prior to  extraction and acetone 
powder had markedly lower levels of 
extractable peroxidase in both  preclim ac
teric and postclim acteric fruit. Extraction  
of liquid N2 powders from green and ripe 
pulp was effective although to ta l activity 
was consistently lower than fresh pulp 
extraction. Previous study showed that 
the liquid N2 powder was most effective

854 - J O U R N A L  O F  FO O D  S C IE N C E -V o lu m e  36 (1971)
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Fig. 1a -C a rb o n  d io x id e  evo lved  fro m  r ip en in g  banana f ru it  as a fu n c 

tion  o f  p ee l c o lo r:  No. 2 —s o lid  green; No. 4 —y e llo w  flush; No. 6 —fu ll 

ye llow ; No. 8  spe ck led  b ro w n  (co lo r sca le  o f  von Loesecke, 1950).

55

P E E L  C O L O R

Fig. 1 b —Perox idase  a c t iv ity  in  supernatan ts o f  iso la tes as a fu n c t io n  o f  

pee l co lo r. C o n tro l was ex tra c ted  w ith  sod ium  p ho sp ha te  (0.1 M , p H

7.0); o th e r  sam ples con ta in e d  1g o f  the  in d ic a te d  scavenger o f  c o n 

densed p o ly p h e n o ls  in  the phospha te  iso la t io n  m ed ium . (Peg = p o ly e th 

y lene  g ly co l;  P V P  = p o ly v in y lp y rro lid o n e .)  Pe rox idase  a c t iv ity  repre

sents ab so rbancy  change a t  4 6 0  m g  fo r  the to ta l e x tra c t in  1 m in  a t 

21° C.

in isolating active m itochondria from 
banana fruit (Haard and Hultin, 1968). 
The lesser efficiency observed here may 
be due to  lability of peroxidase to  such 
treatm ent or to  concom itant protection 
to  peroxidase inhibitor such as that re
ported by M attoo and Modi (1969) in 
mango fruit. Because of casein retention 
in the final preparation, meaningful in
dices of extractable pulp protein could 
not be obtained. When ripe fruit were 
extracted with an isolation medium de
void in casein, similar levels of peroxidase 
were observed as with casein (Table 1) 
and a measure of pulp extractable protein 
was obtained (Table 2). These results 
would suggest that the lyophilization and 
acetone treatm ents were specifically det
rimental to  peroxidase and did not de
crease the efficiency of protein extraction 
generally.

Cytochemical assay of centrifuge pel
let fractions which resulted from  the 
above preparations (60,000 x G, 15 min) 
dem onstrated measurable activity which 
was roughly parallel to  that observed in 
the supernatant fraction. This supports 
the interpretataion that efficiency of ex
traction was not related to  resulting 
localization in the particulate fraction but 
to  minimization of peroxidase inactiva
tion by condensed polyphenols.

Tannin scavengers in isolation media
The results reported in Tables 1 and 2 

were obtained from  preparations utilizing 
casein in the isolation medium as a tannin 
scavenger. Casein was previously reported 
to  be a highly effective tannin scavenger 
for isolating m itochondria from  banana 
fruit (Haard, 1967) when com pared with

other inert proteins such as bovine serum 
albumin, egg album in, gelatin and other 
agents which prevent tannin inhibition of 
enzymes, notably polyvinylpyrrolidone, 
polyethylene glycol and caffeine. The 
effect of incorporating casein, polyethyl-

ene glycol (carbowax 400), polyvinyl
pyrrolidone (Polyclar, GAF Corp.), and 
collagen fibers in to  an isolation medium 
containing sodium phosphate (0.5 mM, 
50 ml, pH 7.0) is summarized in Fig. lb . 
When no tannin com plexer was present

Tab le  1 —In flu en ce  o f  p u lp  p re trea tm en t on  ex tra c tab le  p e rox ida se  a c t iv ity a

Treatment

Preclimacteric 
(no. 2)

basic isolation 
medium*5

Preclimacteric 
(no. 2) 

casein free 
isolation medium0

Postclimacteric 
(no. 6)

basic isolation 
mediumb

Postclimacteric 
(no. 6 ) 

casein free 
isolation medium0

Fresh pulp 44 ~ 0 50 48
Infiltrated pulp 45 ~ 0 48 48
Liquid N2 powder 36 ~ 0 38 31
Acetone powder 10 ~ 0 8 11
Lyophilized powder 3 ~ 0 4 2

aT otal ab sorb an cy  change at 4 6 0  m/u in 1 m in w ith  o -d ian isid in e  as H donor. 
b Pulp was ex tra cted  w ith  basic iso la tio n  m ediu m  con ta in in g  0.1  M p h osp h ate  bu ffer  (5 0  m l) and  

casein  ( lg ) .  R esults are average o f  fou r exp erim en ts.
°P u lp  was ex tra cted  w ith  0 .1M  p h osp h ate  bu ffer  (5 0  ml). R esults are average o f  tw o  ex p er i

m ents.

Tab le  2 —In flu en ce  o f  p u lp  trea tm en t on  ex tra c tab le  p ro te in  from  

r ipe  fru it  ___________________________

Treatment Protein in extract (mg)a Peroxidaseb

Fresh pulp 60 48
Infiltrated 65 51
Liquid N2 powder 62 44
Acetone powder 48 18
Lyophilized powder 58 2

a Protein  d eterm in ed  by  Biuret m eth o d  (B ailey , 1 9 6 7 ) . R esu lts are 
an average o f  tw o  exp erim en ts . N eglig ib le  protein  w as present in e x 
tracts from  unripe (n o . 2 ) banana fru it pulp because o f  co -p recip ita tion  
w ith  co n d en sed  p o ly p h en o ls .

b T otal absorbancy  change at 4 6 0  mg in 1 m in for entire su p ern a
tan t. R esults are an average o f  tw o  exp erim en ts.
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Table 3—Relative extent of dye oxidation 
by particulate fractionsa__________________________

T a n n i n

S c a v e n g e r 1*

R e l a t i v e  p e r o x i d a s e  

a c t i v i t y  i n  p e l l e t s

P r e c l i m a c t e r i c C l i m a c t e r i c

— - + +

P V P - + +

P E G + + + +

C a s e i n + + + +

C o l l a g e n + + + + + + + + + + + +

“ Pellet f lu ff  w as in cu b ated  w ith  ex cess  
o-d ian isid in e-H 2 0 2 assay m ediu m  (see  E xp eri
m ental).

^ Iso la tion  m ediu m  co n ta in in g  50  m l p h o s
phate bu ffer  (1 0 0  mM , pH 7 .1 )  w ith  th e  in d i
cated  tannin  scavenger ( lg ) .

Fig. 2—Diagrams showing patterns of isoperoxidases as separated by 
polyacrylamide gel electrophoresis. Peroxidases were extracted from A 
(preclimacteric fruit); B (climacteric fruit); and C (postclimacteric fruit) 
with casein isolation medium.

d u r in g  e x t r a c t i o n ,  u n r ip e  f ru i t  sh o w e d  
negligible p e ro x id a se  a c t iv i ty  in  th e  s u p e r 
n a t a n t  f r a c t io n  u n t i l  th e  f ru i t  b e g a n  to  
tu r n  w h e n  p e ro x id a se  ac t iv i ty  su rged . T h e  
p a t t e r n  o f  ac t iv i ty  was n ea r ly  paral le l  to  
t h a t  o f  r e s p i ra t io n  d u r in g  th e  c lim ac te r ic .  
W hen  casein  was in c o r p o r a t e d  in to  th e  
e x t r a c t io n  m ed ia ,  th e  level o f  so lub il ized  
p e r o x i d a s e  was re la t ive ly  c o n s ta n t  
th r o u g h o u t  r ip en in g  a n d  o p t im a l  a t  all 
s tages e x c e p t  la te  p o s tc l im a c te r ic  w h e n  
sl ightly  h ig h e r  p e ro x id a se  a c t iv i ty  was 
ob se rv ed  w i th  e x t r a c ts  d evo id  o f  casein  as 
well as th o s e  c o n ta in in g  p o ly e th y le n e g ly 
col o r  p o ly v in y lp y r ro l id o n e .  P e ro x id ase  
o f  e x t r a c t s  p re p a re d  w i th  case in  s h o w e d  a 
slight,  b u t  c o n s i s te n t  rise p r io r  to  th e  
c l im ac te r ic  fo l lo w e d  b y  a d ec l ine  p o s t 
c lim ac te r ic .  T h e  casein  d isp e rs io n  u sed  in 
th ese  e x p e r im e n t s  sh o w e d  n o  m easu rab le  
p e ro x id a se  ac t iv i ty  w h e n  assay ed  a lone .

W hen  co llagen  was i n t r o d u c e d  as a 
ta n n in  scavenger  a n d  p u lp  was m a c e ra te d  
id en t ica l ly  to  th e  o th e r  p re p a ra t io n s ,  n o  
p e ro x id a se  ac t iv i ty  was obse rved  in  th e  
s u p e r n a ta n t  a t  all stages o f  f ru i t  s tu d ied .

P o ly v in y lp y r ro l id o n e  was f o u n d  t o  be 
least e ffec t ive  in  fac i l i ta t in g  p e ro x id a se  
so lu b i l iz a t io n  f r o m  p re c l im a c te r ic  f ru i t ;  
ho w ev e r ,  o p t im a l  a c t iv i ty  was p re s e n t  in 
p re p a r a t io n s  f r o m  p o s tc l im a c te r ic  f ru it .  
I n t r o d u c t i o n  o f  p o ly e th y le n e  g lyco l  in to  
th e  iso la t io n  m e d iu m  re su l te d  in  p re p a r a 
t io n s  w i th  i n t e r m e d ia t e  ac t iv i ty  p rec l i
m a c te r i c  a n d  ac t iv i ty  s im ila r  t o  PVP 
p re p a r a t io n s  p o s tc l im a c te r ic .  All e x t r a c ts  
sh o w e d  s im ila r  p e ro x id a se  a c t iv i ty  a t  
a b o u t  th e  c l im ac te r ic  a l th o u g h  d if fe r ing  
pre- an d  p o s tc l im a c te r ic .  P o ly e th y le n e  
g lycol (B a d ra n  a n d  Jo n es ,  1 9 6 5 )  a n d  
p o ly v in y lp y r ro l id o n e  (H u lm e  a n d  Jo n es ,
1 9 6 3 )  have b een  f o u n d  e f fec t iv e  in  p re 

v e n t in g  ta n n in  in h ib i t io n  o f  v a r ious  e n 
z y m e s  in  f ru i t  tissue.

I n t e r p r e t a t i o n  o f  th e se  resu lts  is c o m 
p lica ted  by  th e  in te rp la y  o f  several 
fa c to rs  w h ich  m ay  be va r ian t  t h r o u g h o u t  
r ipen ing .  T h e  o b se rv ed  p a t t e r n s  o f  so lub le  
p e ro x id a se  ac t iv i ty  are c e r ta in ly  in f lu 
en c e d  by  ta n n in  (G o ld s te in  a n d  Sw ain ,
1 9 6 3 )  in a c t iv a t io n  o f  th e  e n z y m e  d u r in g  
e x t r a c t io n  o f  u n r ip e  f ru i t .  T h e  in f lu e n c e  
o f  o t h e r  f a c to r s  su c h  as in  s i tu  lo ca l iza 
t i o n  o r  b in d in g  a t  p a r t ic u la te  loci,  sy n 
thes is  o r  a c t iv a t io n  o f  p e ro x id a se  w ith  
r ipen ing ,  o r  th e  d is a p p e a ra n c e  o f  a na tive  
in h ib i to r  o f  p e ro x id a se  w i th  r ip e n in g  c a n 
n o t  be  ju d g e d  a t  th is  t im e .

We have e x a m in e d  th e  levels o f  p e ro x i 
dase  in  th e  p a r t ic u la te  f r a c t io n  o f  tissue 
h o m o g e n a te s  a n d  th e  d is t r i b u t io n  o f  iso 
p e ro x id ases  d u r in g  r ip e n in g  t o  p ro v id e  a 
b e t t e r  u n d e r s ta n d in g  o f  th e se  d i f fe re n t  
p a t t e rn s  o f  so lub le  ac t iv i ty .

C y to c h e m ic a l  ana lys is  o f  cen tr i fu g a l  
pelle ts

T h e  h o m o g e n a t e  s e d im e ta b le  a t
6 0 .0 0 0  x  G in 15 m in  w ere  w ash ed  w ith  
i s o l a t i o n  b u f f e r ,  r e c e n t r i fu g e d  at
6 0 .0 0 0  x  G fo r  15 m in  a n d  a l iq u o ts  o f  
pelle t  d ispersed  d irec t ly  in  o -d ian is id ine  
assay s o lu t io n  in  a P e tr i  dish. In all cases, 
o n ly  th e  l igh tes t  o r  f lu f f  f r a c t io n  o f  th e  
pe lle ts  c o n ta in e d  m e a su ra b le  ac t iv i ty  a n d  
th is  was r o u t in e ly  s e p a ra te d  f ro m  th e  
heavy  f r a c t io n  w h ic h  was p r e d o m in a n t ly  
s ta rch .  T ab le  3 sh o w s th e  re la tive  e x te n t  
o f  dye  o x id a t io n  b y  p a r t ic u la te  f rac t io n s  
p re p a r e d  w i th  v a r ious  ta n n in  c o m p lex e rs .  
C learly ,  p e ro x id a se  ac t iv i ty  was los t  f ro m  
green  f ru i t  w h e n  n o  ta n n in  scavenger  was 
p resen t .  S im ila r  levels o f  d y e  o x id a t io n  
w ere  re ta in e d  b y  th e  p a r t ic u la te  f rac t io n s

w h en  P E G  o r  casein  were  p re s e n t  d u r in g  
e x t r a c t io n .  I t  was p a r t ic u la r ly  in te re s t in g  
th a t  p u lp  h o m o g e n iz e d  w i th  co llagen , 
w h ic h  c o n ta in e d  n o  ac t iv i ty  in  th e  s u p e r 
n a ta n t ,  c o n ta in e d  m a r k e d ly  h ig h e r  levels 
o f  p e ro x id a se  in  th e  p a r t ic u la te  f r a c t io n .  
While i t  is k n o w n  th a t  co l lagen  t e n d s  to  
b in d  e n z y m e s  ( L ie b e rm a n ,  p e rs o n a l  c o m 
m u n ic a t io n ) ,  s t u d y  o f  th e s e  h o m o g e n a te s  
w ith  a b in o c u la r  m ic ro sc o p e  c lea r ly  
sh o w e d  th a t  th e  o b se rv ed  a c t iv i ty  was n o t  
a sso c ia te d  w i th  co llagen  fibers  b u t  was 
a ssoc ia ted  w i th  cell wall a n d  sm alle r  
pa r t ic les  o f  d is ru p te d  cells. P re l im in a ry  
resu lts  have  sh o w n  t h a t  c o l lag en -p ro 
m o te d  b in d in g  o f  p e ro x id a se  t o  cell p a r 
t icu la te  m a t t e r  w as read i ly  reversed  by  
w ash ing  h o m o g e n a te s  w i th  gross levels o f  
C aCl2 (2M ). I t  w o u ld  a p p e a r  t h a t  co l la 
gen a c te d  to  lo w e r  io n ic  s t r e n g th  d u r in g  
ce l lu la r  d i s ru p t io n ,  p e rh a p s  w i th  r e s p e c t  
to  spec if ic  ions ;  a l th o u g h  f u r th e r  s t u d y  
will be  necessa ry  t o  c o n c lu d e  o n  th is  
p o in t .

P o ly a c ry la m id e  gel e le c t ro p h o re s is  o f  
p u lp  e x t r a c ts

Pu lp  e x t r a c ts  s e p a r a te d  in to  six  spec ies  
o f  p e ro x id ase  o n  p o ly a c r y la m id e  gel (Fig.
2). In  all cases t h e  fa s te s t  m o v in g ,  b a n d  
six, was o v e rw h e lm in g ly  p r e d o m in a n t  
su ch  th a t  th e  o t h e r  five zo n es  w ere  n o t  
read i ly  visualized . T h e  re la t ive  d i s t r i b u 
t io n  o f  th e se  iso zy m es  w as c o n s t a n t  w h e n  
th e  e x p e r im e n ta l  p ro c e d u r e s  fo r  p u lp  
e x t r a c t io n  w ere  va r ied  as d e sc r ib e d  in  th is  
c o m m u n ic a t io n .  A c c o rd in g ly ,  th e r e  a p 
p ea re d  to  be  n o  d if fe re n t ia l  r e s p o n se  o f  
iso zy m es  to  ta n n in  in h ib i t io n  o r  t o  be  a 
m a jo r  ch an g e  o f  th e se  p e ro x id a se  spec ies  
w ith  r ipening.

Species  o n e  t o  t h r e e  w ere  s l igh tly  
m o re  in ten se  in  e x t r a c t s  f r o m  ripe  f ru i t  
th a n  th o s e  f ro m  green  f ru i t  a l th o u g h  
species  six  was p r e d o m in a n t  a t  all stages. 
O th e r  r e p o r t s  have  n o t e d  ch an g es  in  
d is t r ib u t io n  o f  i s o p e ro x id a se s  w i th  r i p e n 
ing o f  pears  (R a n a d iv e  a n d  H aa rd ,  1 9 7 1 ) ;  
m an g o es  ( M a t to o  a n d  M odi ,  1 9 6 9 ) ;  a p 
ples (K u h iv e ,  1 9 6 9 ) ;  a n d  grapes  ( Iv an o v a  
a n d  Ivanova , 1968) .
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A N A LYSIS  OF TH E PUNGENT PRIN CIPLES OF Capsicum annuum BY COMBINED  
GAS CHROMATOGRAPHY-MASS SPECTRO M ETRY

SUMMARY-The pungent principles of Capsicum annuum includes at least five closely related 
compounds. Four of these pungent compounds—capsaicin, dihydrocapsaicin, nordihydrocapsaicin 
and homodihydrocapsaicin-were separated by gas chromatography with a 3% SE-30 column and 
identified by combined gas chromatography-mass spectrometry. Separation of these compounds 
into oleoresin capsicum by gas chromatography is also reported.

INTRODUCTION
F R U I T S  O F  Capsicum annuum o r  o le o 
res in  c a p s ic u m  are w id e ly  u sed  in  J a p a n  
fo r  th e i r  m a r k e d  p u n g e n c y ,  n o ta b l e  as a 
c ru d e  drug , a t r a d i t io n a l  spice o r  as a 
f o o d  add it ive .

E arly  w o r k  on  id e n t i f ic a t io n  o f  th e  
p u n g e n t  p r inc ip les  o f  Capsicum annuum 
in c lu d e d  su ch  c o n v e n t io n a l  m e a n s  as in 
f r a re d  o r  u l t ra v io le t  e x a m in a t io n  (K osuge  
e t  ah ,  1 9 5 8 a ) ,  th in - la y e r  c h r o m a to g r a p h y  
(R a n g o o n w a la ,  1 9 6 9 )  a n d  p a p e r  c h r o m a 
to g r a p h y  (K o su g e  e t  ah ,  1959).

In  1 9 6 8 ,  B e n e t t  a n d  K irb y  r e p o r te d  
th a t  capsa ic in ,  t h e  p u n g e n t  p r in c ip le  o f  
capsicum annuum, w as f o u n d  to  b e  a 
m ix tu r e  o f  five closely  re la te d  c o m 
p o u n d s ,  w h ic h  w ere  id e n t i f ie d  b y  mass 
sp e c t ro m e t r i c  s tud ies .

A nalysis  o f  th e se  p u n g e n t  p r inc ip les  
by  gas c h r o m a to g r a p h y  (G C ) w ere  s t u d 
ied by  T o d d  a n d  P e ru n  ( 1 9 6 1 ) ,  Morris
( 1 9 6 7 )  a n d  H ollo  et al. ( 1 9 6 9 ) .  H ow ever ,  
o n ly  o n e  o r  tw o  o f  t h e  five p u n g e n t  
p r in c ip le s  w ere  iso la ted  an d  id en t if ied .

R e c e n t  t e c h n iq u e  advances  in  c o m 
b in ed  use  o f  GC-MS c o n s id e ra b ly  im 
p ro v e d  th e  poss ib il i t ies  o f  o b ta in in g  sep 

a ra t io n  a n d  id e n t i f ic a t io n  o f  th e  p u n g e n t  
princ ip les .  Th is  p a p e r  d esc r ibes  th e  iso la 
t io n  a n d  id e n t i f ic a t io n  o f  f o u r  p u n g e n t  
p r in c ip le s  in  e x t r a c t  a n d  o le o re s in  d i r e c t 
ly  b y  GC-MS.

EXPERIM ENTAL
Preparation of the acetone extract

C a p s i c u m  f r u i t s  w e r e  e x t r a c t e d  w i t h  a c e 

t o n e ,  a s  d e s c r i b e d  b y  K o s u g e  e t  a l .  ( 1 9 5 8 b ) .  

T h e  d e t a i l e d  p r o c e d u r e  i s  o u t l i n e d ,  s t e p  b y  

s t e p ,  i n  F i g u r e  t .

Apparatus and experimental conditions
A  H i t a c h i  K - 5 3  m o d e l  g a s  c h r o m a t o g r a p h  

e q u i p p e d  w i t h  a  f l a m e  i o n i z a t i o n  d e t e c t o r  w a s  

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

f o l l o w i n g  c o l u m n  c o n d i t i o n s  w e r e  e m p l o y e d :

Column (1): 2 m  x  3 m m  ID g l a s s  U - t u b e  

p a c k e d  w i t h  3 %  O V - 1 7  o n  6 0 - 8 0  m e s h ,  a c i d  

w a s h e d ,  s i l a n i z e d  c h r o m o s o r b  W ;  c o l u m n  t e m 

p e r a t u r e  2 1 0 ° C  w i t h  a n  N 2 c a r r i e r  g a s  f l o w  r a t e  

4 0 m l / m i n .

Column (2a): 2 m  x  3 m m  ID g l a s s  U - t u b e  

p a c k e d  w i t h  3 %  S E - 3 0  o n  6 0 - 8 0  m e s h ,  a c i d  

w a s h e d ,  s i l a n i z e d  c h r o m o s o r b  W ;  c o l u m n  t e m 

p e r a t u r e  2 1 0 ° C  w i t h  a n  N 2  c a r r i e r  g a s  f l o w  r a t e  

4 0 m l / m i n .

Column (2b): 2 m  x  3 m m  ID g l a s s  U - t u b e  

p a c k e d  w i t h  3 %  S E - 3 0  o n  6 0 - 8 0  m e s h ,  a c i d  

w a s h e d ,  s i l a n i z e d  c h r o m o s o r b  W ,  c o l u m n  t e r n -

Capsicum fruits 1 kg
Acetone extraction, 1000 ml of acetone

Acetone extract Residue
| Evaporate to dryness

Residue
|Add 300 ml of acetone and evaporate to dryness

Acetone extract = oleoresin capsicum
Add 5% Na2C 0 3 and ether, 300 ml of each two times

Ether layer Water layer
| Evaporate to dryness

Residue
Add 300 ml of acetone and filter

Acetone solution Residue
JEvaporate to dryness

Residue
Add ether then 5% NaOH, 300 ml of each two times

Water layer Ether layer
Neutralize with 5% HCI and 
extract fatty float with 300 ml ether two times

Ether layer Water layer
| Evaporate to dryness

Residue
Add 100 ml of acetone and filter

Acetone solution Residue
j Evaporate to dryness

Residue = phenolic substances 
j Petroleum ether extraction

Petroleum ether extract = crude capsaicin

Fig. 1—Extraction of capsaicin from capsicum 
fruits.
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<L>

HO
c h n

CH , NH-R (R = acyl group)

R =
CH

^ CH (CH 2)5CO- Nordihydrocapsaicin 
MW 293

R =CH ^CH CH  =CH(CH2)4C0- Capsaicin
C H 3 MW 305

(III) R = C H î"CH(CH2).CO -
CH j

(IV) R -  CH ^LHCH = CH (CH 2 ),CO -
C H f
c h k

(V) R = CH (CH 2),C O
c H ,

Dihydrocapsaicin
M W 307 

Homocapsaicin
M IV 319

Homodihydrocapsaicin 
M W 321

Fig. 2-Mass spectra of crude crystalline pungent principles obtained with electrons of different energy: (a) 17 eV; (b) 70 e V.
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A N A L  Y S IS  O F  Capsicum  annuum —859

(min)

Fig. 3—Chromatogram of TMS der of crude capsaicin obtained using 
total ion current monitor of mass spectrometer. Column (1) apparatus 
and conditions. Sample volume 3gl- DC: TMS der o f dihydrocapsaicin; 
C: capsaicin.

I

Fig. 4—Partial mass spectrum of peak 3 in Figure 3. (m/e 377, TMS der 
o f capsaicin; m/e 379, TMS der of dihydrocapsaicin. I

Fig. 5—Chromatogram of TMS der of phenolic substances of Capsicum 
annuum obtained using total ion current monitor of mass spectrometer; 
Column (3) apparatus and conditions. Sample volume 3pl. Peak 9, TMS 
der of nordihydrocapsaicin (NDC); Peak 11, TMS der of capsaicin (C); 
Peak 12, TMS der of dihydrocapsaicin (DC); and Peak 15, TMS der of 
homodihydrocapsaicin (HOC).

p e r a t u r e  p r o g r a m m e d  f r o m  1 7 0 - 2 3 0 ° C  a t  

2 ° C / m i n ,  w i t h  a n  N 2  c a r r i e r  g a s  f l o w  r a t e  

4 0 m l / m i n .

Column (3): 2 m  x  3 m m  ID g l a s s  U - t u b e  

p a c k e d  w i t h  3 %  S E - 3 0  o n  6 0 - 8 0  m e s h ,  a c i d  

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

p e r a t u r e  2 3 0 ° C  w i t h  a  H e  c a r r i e r  g a s  f l o w  r a t e  

4 0 m l / m i n .

M a s s  s p e c t r o m e t r y  w a s  c o n d u c t e d  u t i l i z i n g  a  

H i t a c h i  R M U  6 E  s i n g l e  f o c u s i n g  m a s s  s p e c t r o m 

e t e r .

F o r  G C - M S ,  a  H i t a c h i  K - 5 3  g a s  c h r o m a t o 

g r a p h  i n  c o n j u n c t i o n  w i t h  a  H i t a c h i  R M U  6 E  

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

n e c t e d  w i t h  a  W a t s o n - B i e m a n n  t y p e  m o l e c u l a r  

s e p a r a t o r  w a s  e m p l o y e d .  T h e  t e m p e r a t u r e  o f  

t h e  c o l u m n  e x i t ,  c o n n e c t e d  t o  t h e  i o n  s o u r c e ,  

w a s  p r o g r a m m e d  1 0 ° C  h i g h e r  t h a n  t h a t  o f  t h e  

c o l u m n .  T h e  g a s  c h r o m a t o g r a m s  w e r e  r e c o r d e d  

b y  m e a s u r e m e n t  o f  t h e  t o t a l  i o n  c u r r e n t .  T h e  

s c a n n i n g  t i m e  o v e r  t h e  m a s s  r a n g e  2 - 5 0 0  w a s  

a p p r o x i m a t e l y  3  s e c .  O t h e r  a n a l y t i c a l  c o n d i 

t i o n s  w e r e :  a c c e l e r a t i o n  v o l t a g e ,  1 8 0 0  v ;  i o n  

b o m b a r d i n g  e n e r g y ,  7 0  a n d  1 7  e V ;  t o t a l  e m i s 

s i o n  c u r r e n t ,  80mA; m u l t i p l i e r  v o l t a g e ,  3  k v ;  i o n  

s o u r c e  t e m p e r a t u r e ,  2 5 0 ° C .

RESULTS & DISCUSSION
T H E  C R U D E  c ry s ta l l in e  p u n g e n t  p r in c i
p l e s  o f  Capsicum annuum (m p
6 3 . 0 - 6 4 . 5 ° C ) ,  e x t r a c te d  as in  F ig u re  1, 
were  a n a ly z e d  b y  th e  d irec t  in le t  sy s tem  
o f  th e  mass sp e c t ro m e te r .  T h e  re s u l ta n t  
mass s p e c t r u m  (Fig. 2 )  sh o w s  th e  p re s 
ence  o f  p e a k s  a t  m / e  2 9 3 ,  3 0 5 ,  3 0 7 ,  3 1 9  
a n d  3 2 1 .  A s e c o n d  mass s p e c t r u m  was 
o b ta in e d  a f t e r  re d u c in g  th e  io n  b o m b a r d 
m e n t  energy  to  17 eV. S ince  th e  ab o v e  
m e n t io n e d  peaks  a p p e a re d  in  t h e  mass 
sp e c t ru m  as re la t ive ly  s t ro n g  a n d  d is t in c t  
peaks ,  it m ay  be  a s su m ed  th a t  th is  c ry s ta l  
is, a t  least,  a m ix tu r e  o f  n o r d ih y d r o c a p s a 

ic in (m o l  w t 2 9 3 ) ,  cap sa ic in  (m o l  wt 
3 0 5 ) ,  d ih y d r o c a p s a ic in  ( m o l  w t 3 0 7 ) ,  
h o m o c a p s a ic in  (m o l  w t 3 1 9 )  a n d  h o m o d i 
h y d ro c a p s a ic in  (m o l  w t 32 1 ) .

F o r  th e  gas c h r o m a to g r a p h ic  s ep a ra 
t io n ,  th e  c ru d e  c ry s ta l  w as  co n v e r ted  
to  t r im e th y l s i ly l  de r iva tive  (TM S der)  
w i th  b is - t r im e th y l s i ly l t r i f lu o ro a c e ta m id e  
(B S T F A )  at r o o m  t e m p e r a tu r e .  T h e  gas 
c h r o m a to g r a p h ic  s e p a r a t io n  o f  TMS d e r  
w ith  a 3%  O V -17  c o lu m n  (Fig . 3 )  sh o w s

one  m a jo r  p eak  w h ich ,  u p o n  ana lys is  o f  
th e  m ass s p e c t r u m  (Fig . 4 )  can  be seen  to  
c o n ta in  a m i x tu r e  o f  cap sa ic in  a n d  d ih y 
d ro cap sa ic in .

W hen a 3%  SE-30 c o lu m n  was u ti l ized ,  
h o w ev e r ,  t h e  s e p a ra t io n  o f  capsa ic in  and 
d ih y d r o c a p sa ic in  w as o b ta in e d ,  as in d i
c a te d  by  GC-MS. O th e r  p u n g e n t  p r in c i
p les e x c e p t  h o m o c a p s a ic in ,  w h ic h  is a 
m in o r  c o m p o n e n t ,  w ere  also se p a ra te d  
a n d  id e n t i f ie d  by  GC-MS.
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Fig. 6 —Mass spectra o f  peaks 9, 11, 12 an d  15 o f  gas ch rom atog ram  in  F igu re  5  b y  GC-MS. Peak 9, 

T M S  der o f  n o rd ih yd ro cap sa ic in ; Peak 11,  T M S  der o f  capsa ic in ; Peak 12, T M S  de r o f  d ih y d ro 

capsa ic in ; a n d  Peak 15, T M S  der o f  h om od ihyd ro cap sa ic in .

R esu lts  o f  gas c h r o m a to g r a p h ic  a n a l 
ysis o f  th e  p h e n o l ic  su b s ta n c e s  e x t r a c te d  
f r o m  Capsicum annuum (see  Fig. 1) are 
given in  F ig u re  5. T h e  p e a k s  w ere  id e n t i 
f ied  by  th e i r  m ass sp e c t ra ,  o b t a i n e d  f ro m  
th e  e le c t ro n  m u l t ip l ie r .  T h e se  sp e c t r a  are 
given in  F igure  6.

F r o m  a review  o f  th e  ab o v e  re su lts ,  it 
ap p e a rs  a 3% SE-30  c o lu m n  is th e  m o s t  
o p t im a l  l iq u id  ph ase  fo r  th e  gas c h r o m a t 
o g rap h ic  s e p a ra t io n  o f  th e  p u n g e n t  p r in c i
ples o f  Capsicum annuum.

In v es t ig a t io n s  w ere  also ca r r ied  o u t  on  
e x t r a c te d  a n d  c o m m e rc ia l  sam p le s  o f  
o leo res in  cap s icu m . T h e  o leo re s in  cap s i
c u m  was c o n v e r te d  t o  TM S d e r  w i th  
B S T F A  at r o o m  te m p e r a tu r e .  T h e  gas 
c h ro m a to g r a p h ic  s e p a r a t io n  was ca r r ie d  
o u t  using  a 3% SE -30  c o lu m n .  T h e  ty p ic a l  
gas c h r o m a to g r a m  sh o w in g  s e p a r a t io n  o f  
th e  p u n g e n t  p r in c ip le s  o f  Capsicum 
annuum is p re s e n te d  in  F ig u re  7.

T hese  resu lts  c o n f i rm  th e  f a c t  t h a t  th is  
m e t h o d  is b o t h  a rap id  a n d  a c o n v e n ie n t  
w ay  o f  an a ly z in g  th e  p u n g e n t  p r in c ip le s  
o f  Capsicum annuum.

Fig. 7— L in e a r  tem perature-program m ed gas ch rom atog ram  o f  T M S  der 

o f  o leoresin  capsicum . C o lum n  2(b) apparatus a n d  cond it ion s. Sam ple  

vo lum e 1 pi. N D C , T M S  der o f  n o rd ih yd ro cap sa ic in ;  C, T M S  der o f  

capsa ic in ; DC , T M S  der o f  d ih yd rocap sa ic in ; a n d  H O C , T M S  der o f  

hom od ihyd ro cap sa ic in .
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PRO PERTIES OF BIXIN AND NORBIXIN AND THE  
COMPOSITION OF ANNATTO EX TRA CTS

S U M M A R Y — The m e lt in g  p o in t  a n d  E^ /o cm -vaiues o f  a -b ix in , 0 -b ix in  a n d  a -n o rb ix in  were deter

m in ed  an d  the s ta b ility  o f  a -b ix in  exam ined  und e r d if fe re n t cond it io n s . The to ta l p ig m e n t c on te n t  

o f  b u tte r co lo rs  was determ ined . a -B ix in  was the p r in c ip a l p igm en t; in  ad d it io n , a t  least e igh t 

d iffe re n t p igm ents  were present. The c o n te n t o f  a - a n d  (i-bixin in  b u tte r  co lo rs  was a lso deter

m ined. Because o f  c om p le x  fo rm a tio n  o f  b ix in  a n d  n o rb ix in  w ith  a y e llo w  p igm ent, the s im p le  

ch rom a tog raph ic  m e tho d  becam e ra ther laborious. Th is com p lex  fo rm a tio n  d id  n o t  o ccu r in  the 

anna tto  suspensions in  o i l  a n d  fat. These p repa ra tion s  were m ore  con cen tra ted , w h ile  the a m o u n t  

o f  d e com p os it ion  p ro d u c ts  o f  a -b ix in  was re la tiv e ly  slight. The s ta b ility  o f  the p igm ents  in  bu tte r  

co lo rs  appeared  to  be great. Investigation  o f  an n a tto  cheese co lo rs  sh o w e d  tha t these ex tracts  

con ta in  a t least seven c o lo r  com ponen ts . The to ta l a m o u n t o f  red  p ig m e n t a n d  the p r in c ip a l 

p igm e n t a -n o rb ix in  were determ ined.

r e m a i n e d  m i x e d  w i t h  t h e  o i l  t o o  l o n g  d u r i n g  

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

t o r y  s e p a r a t i o n .  A f t e r  a i r  d r y i n g  w e  e l u t e d  w i t h  

c y c l o h e x a n e ,  c h l o r o f o r m  a n d  a c e t i c  a c i d  

( 6 5 : 5 : 1 ) .

T h e  s u s p e n s i o n s  D ,  E  a n d  F  h a d  t o  b e  d i 

l u t e d  w i t h  c h l o r o f o r m  b e f o r e  t h e y  c o u l d  b e  

c h r o m a t o g r a p h e d .  A c e t i c  a c i d  b e i n g  a b s e n t  i n  

t h e  e l u e n t ,  b i x i n  a n d  n o r b i x i n  r e m a i n e d  o n  t h e  

s t a r t i n g  l i n e  ( F r a n c i s  1 9 6 5 ) .  S a m p l e s  A ,  B ,  C ,  

D ,  E  a n d  F  w e r e  c o m m e r c i a l l y  a v a i l a b l e .

Determining a- and (3-bixin

INTRODUCTION
A N N A T T O  f o o d  co lo rs  have  b e e n  used  
fo r  a co n s id e ra b le  t im e  in  th e  fo o d  
in d u s t ry ,  m a in ly  fo r  c o lo r in g  b u t t e r ,  m a r 
garine  a n d  cheese .  T h e  p ig m e n t  p re p a r a 
t io n s  are o b ta in e d  b y  e x t r a c t in g  th e  seed  
o f  th e  t ro p ic a l  a n n a t t o  t r e e  (B ixa  Orel
lana) .  T h e  p u lp  su r ro u n d in g  th e  seed  is 
r ich  in  p ig m e n t ,  co n s is t in g  o f  m o r e  th a n  
80%  a -b ix in  (M c K e o w n ,  1 9 6 1 ) .  (We th in k  
th e  n o ta t i o n s  a a n d  @ m o r e  c o r r e c t  th a n  
th e  o f t e n  used  te rm s  lab i le  a n d  s tab le) .

a -B ix in  is th e  m o n o m e th y l e s t e r  o f  th e  
d ic a rb o x y l ic  ac id  a -n o r b ix in .  T h e  co n f ig 
u ra t io n  (B a rb e r  e t  al. 1 9 6 1 ;  M c K e o w n  
1 9 6 5 )  is sh o w n  in F ig u re  1.

T o  p re p a re  b u t t e r  a n d  m arg a r in e  c o l 
ors f r o m  a n n a t t o ,  o n e  c o m m o n ly  uses 
v ege tab le  oil o r  p r o p y le n e  g lyco l  as th e  
e x t r a c t io n  Liquid a n d  so lven t .  S ince  an 
e lev a ted  t e m p e r a t u r e  is ap p l ie d ,  th e  a -b ix -  
in  can  fo r  th e  g re a te r  p a r t  d e c o m p o s e  
(Iversen  a n d  L am , 1 9 5 3 ;  M c K e o w n  a n d  
M ark, 1 9 6 2 ;  M c K e o w n ,  1 9 6 3 ) .  S u sp e n 
sions o f  a n n a t t o  in  v eg e ta b le  o il  are 
c o m m e rc ia l ly  ava ilab le ;  th e se  a re  fa r  m o re  
c o n c e n t r a te d  t h a n  th e  s o lu t io n s  m e n 
t io n ed .

A n n a t to  cheese  c o lo r  is p re p a r e d  by  
e x t r a c t in g  th e  a n n a t t o  seed  w i th  an  a q u e 
ous  a lk a l in e  s o lu t io n .  T h e  a -b ix in  is th u s  
h y d r o ly z e d  i n t o  th e  w a te r - so lu b le  sa lt o f  
a -n o r b ix in  (K a r re r  a n d  J u c k e r ,  1948) .

A n  a c c u ra te  p ic tu re  o f  th e  q u a l i ta t iv e  
a n d  q u a n t i ta t iv e  c o m p o s t i o n  o f  a n n a t t o  
b u t t e r  a n d  cheese  co lo rs  is n ecessa ry  to  
en ab le  d raw in g  u p  sp ec i f ic a t io n s  o n  
w h ich  to  base  to x ic o lo g ic a l  s t a te m e n ts .  
This p a p e r  a im s a t  c o n t r ib u t in g  to  this.

EXPERIM ENTAL
a-Bixin and derivatives

T h e  m e l t i n g  p o i n t  a p p a r a t u s  w a s  G a l l e n -  

k a m p  t y p e  n o .  8 8 9 3 3 9  w i t h  a n  a l u m i n i u m  h e a t 

e r  a n d  c a l i b r a t e d  t h e r m o m e t e r s .  M e a s u r e m e n t s ,  

o f  o p t i c a l  d e n s i t y  w e r e  m a d e  i n  a  Z e i s s  U V

s p e c t r o p h o t o m e t e r  M 4 Q  I I  3 0 9 3 .  C o m p l e t e  

s p e c t r a  w e r e  t a k e n  i n  a  Z e i s s  U V  s p e c t r o p h o 

t o m e t e r  M 4 Q  I I I  2 9 2 7 2 .

U s e  w a s  m a d e  o f  g l a s s  a n d  q u a r t z  c u v e t t e s  

o f  1 a n d  0 . 5  c m  p a t h  l e n g t h .  T h e  c h l o r o f o r m  

u s e d  w a s  s p e c i a l l y  p u r i f i e d  f o r  U V  s p e c t r o p h o 

t o m e t r y  ( J .  T .  B a k e r ,  n o .  7 0 1 9 ) .  T h e  I R  s p e c t r a  

w e r e  t a k e n  w i t h  a  P e r k i n - E l m e r  i n f r a c o r d  s p e c 

t r o p h o t o m e t e r  ( m o d e l  1 3 7 E ) .

Butter c o lo r

T h e  t o t a l  p i g m e n t  c o n t e n t  o f  t h e  d i f f e r e n t  

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

d e n s i t y  a t  5 0 1  a n d  4 0 4  m p  i n  c h l o r o f o r m  s o l u 

t i o n  a c c o r d i n g  t o  M c K e o w n  a n d  M a r k  ( 1 9 6 2 ) .  

T h e  p i g m e n t s  i n  b u t t e r  c o l o r  w e r e  s e p a r a t e d  b y  

m e a n s  o f  t h i n - l a y e r  c h r o m a t o g r a p h y :

p la te :

e lu e n t :

c h r o m a to g r a p h y  
c h a m b e r :  
e l u t i o n  t im e :

c e l l u l o s e ,  2 0  x  2 0  c m  

( E a s t m a n ,  c h r o m a g r a m  

s h e e t  6 0 6 5 )  

c y c l o h e x a n e - c h l o r o 

f o r m - a c e t i c  a c i d  

( 6 5 : 5 : 1 ) .

2 2  x  2 2  x  5  c m  

1 0 0 - 1 2 0  m i n

T h e  c h r o m a t o g r a p h y  c h a m b e r  w a s  p r o v i d e d  

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

m o i s t e n e d  w i t h  t h e  e l u e n t  t o  o b t a i n  a  r a p i d  l i q 

u i d - v a p o r  e q u i l i b r i u m  ( a b o u t  3 0  m i n ) .  T h e  c e l 

l u l o s e  p l a t e s  w e r e  u s e d  w i t h o u t  p r e t r e a t m e n t .  

T h e  b u t t e r  c o l o r s  A ,  B a n d  C  w e r e  a p p l i e d  u n 

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

a n d  e l u t e d  b r i e f l y  w i t h  c y c l o h e x a n e  ( f r o n t  d i s 

t a n c e  a b o u t  3  c m )  t o  s e p a r a t e  t h e  o i l  f r o m  t h e  

p i g m e n t s .  I f  t h i s  w e r e  o m i t t e d ,  t h e  p i g m e n t s

T h e  d e t e r m i n a t i o n  o f  a- a n d  (3 -b ix in  w a s  c a r 
r i e d  o u t  a s  f o l l o w s :  T h e  c e l lu lo s e  p l a t e  w a s  
s p o t t e d  w i th  a b o u t  1 5  m g  o f  b u t t e r  c o lo r  o v e r  
t h e  e n t i r e  w i d th  ( 2 0  c m )  b y  m e a n s  o f  a  c a p i l 
la ry .  B y  r e -w e ig h in g  th e  c a p i l la r y  t h e  s p o t t e d  
a m o u n t  w a s  k n o w n  a c c u r a t e ly .  A f t e r  b r i e f  e lu 
t i o n  w i th  c y c l o h e x a n e ,  f o l l o w e d  b y  e lu t io n  
w i th  c y c l o h e x a n e ,  c h l o r o f o r m  a n d  a c e t ic  a c id  
( 6 5 : 5 : 1 ) ,  t h e  a - b ix in  s p o t  w a s  s c r a t c h e d  o f f  a n d  
t r a n s f e r r e d  t o  a  g la s s  f i l t e r  ( G l ,  0 = 1  c m ) .  T h e  
a - b ix in  w a s  e x t r a c t e d  w i th  15 m l c h lo r o f o r m -  
a c e t i c  a c id  ( 9 : 1 )  a n d  f i l le d  u p  in  a  v o lu m e t r i c  
f la s k  t o  2 5  m l w i th  c h lo r o f o r m .  T h e s e  a m o u n t s  
f o r  (3 -b ix in  w e re  5  a n d  1 0  m l r e s p e c t iv e ly .  T h e  
o p t i c a l  d e n s i t y  o f  t h e  s o lu t io n s  o b t a i n e d  w a s  
d e t e r m in e d  a t  5 0 5  m/i ( a - b ix i n )  a n d  a t  5 0 9  mgi 
((3 -b ix in ) a f t e r  w h ic h ,  w i th  t h e  a id  o f  E n  
v a h ie s  ( 2 7 9 0  a n d  2 9 7 0  r e s p e c t iv e ly ) ,  w e  c a l c u 
l a t e d  t h e  a m o u n t s  o f  a- a n d  (3 -b ix in  in  th e  o r ig i
n a l s a m p le .

O n  a p p ly in g  th i s  p r o c e d u r e  t o  o u r  o w n  s o lu 
t i o n  o f  a- a n d  (3 -b ix in  ip  k n o w n  c o n c e n t r a t i o n  
in  c o r n  o i l ,  i t  a p p e a r e d  th a t  9 3 %  o f  b o t h  c -  a n d  
(3 -b ix in  w a s  r e c o v e r e d  v ia  t h e  T L C  s e p a r a t io n .  
I n  t h e  a b o v e  m e n t i o n e d  c a l c u l a t i o n  th e  f a c to r  
1 0 0 / 9 3  w a s  a p p l ie d .

P a r t i c u l a r ly  in  o t h e r  s a m p le s  a  d i s tu r b a n c e  
c o u ld  o c c u r  in  t h e  d e t e r m i n a t i o n  b e c a u s e  o f  th e  
c o m p le x  f o r m a t i o n  o f  a - b ix in ,  (3 -b ix in  a n d  a- 
n o r b ix i n  w i th  a  n o n i d e n t i f i e d  y e l lo w  p ig m e n t  
w i th  a b s o r p t i o n  m a x im a  a t  4 3 0  a n d  4 1 0  m g . 
T o  b e  a b le  t o  d e t e r m i n e  th e  a- a n d  (3 -b ix in  c o n 
t e n t ,  t h e  o r a n g e - c o lo r e d  c o m p le x  w i th  Rf = 
0 . 4 9  ( a n d  w h ic h  t h e r e f o r e  a r r iv e d  a t  a  p la c e  
o t h e r  t h a n  t h a t  o f  a -  a n d  (3 -b ix in ). w a s  
s c r a t c h e d  o f f  a n d  e x t r a c t e d  a s  d e s c r ib e d  f o r  
(3 -b ix in . F r o m  th e  o p t i c a l  d e n s i t y  a t  5 0 5  m g , 
t h e  s u m  o f  a- a n d  (3 -b ix in  c o n t e n t  o c c u r r in g  in

CH. CH. CH,

ch 3°

0 CH C=CH .CH CH XH C .CH X  .CH 0
'N /  'sN /  \  / /  \  / /  \  / /  \  / /  \  /  \  /  \  r  \  / /C XH CH C CH CH CH CH CH C

CH, X0H

Fig. 1—C o n fig u ra t io n  o f  a -b ix in .
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the complex was determined (the amount of 
a-norbixin in the complex was negligibly 
small). Next the solution was evaporated to 
dryness on the rotary evaporator (m ax bath 
temp at 40 °C ) and the residue dissolved in ace
tone and removed quantitatively to a cellulose 
plate, after which we eluted again. The complex 
then for the greater part decomposed. After 
elution a- and (3-bixin were again scratched o ff 
and determined spectrophotometrically. From  
the finally obtained ratio a//3-bixin and the sum 
of the a- and /3-bixin content in the complex 
after the first elution, the amount o f a-bixin 
and /3-bixin present in the complex was calcu
lated. By adding these amounts to those of the 
noncomplexed a- and /3-bixin in the sample, the 
total contents of a- and /3 were obtained. The 
results are given in Table 1. In  the suspensions 
D, E  and F  no complex formation occurred.

Fo r the separation we in itia lly  used streaked 
silica gel plates according to Dendy ( 1 9 6 6 ) .  

However, the Rj-values of a- and /3-bixin were 
then identical. A  good separation was possible 
on manufactured silica gel plates (Merck) with 
different eluents. However, these plates were 
less suitable for butter colors containing many 
pigments. O n  streaked cellulose plates (Camag) 
satisfactory separation o f a- and /3-bixin was not 
possible.

Because o f the oxidative decomposition of 
a-bixin on the thin-layer plates, especially after 
the elution on the dried plate, the time between 
the termination of the elution and removal of 
the components was kept as short as possible. It 
may be possible to prevent the decomposition 
by spraying the plate with an antioxidant or by 
adding an antioxidant to the eluent. However, 
attempts w ith hydrochinon appeared to be un
successful. To  prevent photochemical decompo
sition o f a- and /3-bixin the plates were protect
ed against U V  light as carefully as possible.
C h e e s e  c o l o r

T h e  d r y  w e i g h t  w a s  d e t e r m i n e d  b y  e v a p o r a t 

i n g  t o  d r y n e s s  a b o u t  2 . 5 g  o f  a c c u r a t e l y  w e i g h e d  

c h e e s e  c o l o r  o n  t h e  r o t a r y  e v a p o r a t o r  ( b a t h  

t e m p  8 0 °  C ;  2 0  m m  H g )  a n d  w e i g h i n g  t h e  r e s 

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

l a t e d  a s  a - n o r b i x i n  ( E j ^ ’c m  ( 4 8 2  m / u )  =  2 5 5 0 )  

f r o m  t h e  o p t i c a l  d e n s i t y  a t  4 8 2  m /u  o f  c h e e s e  

c o l o r ,  d i l u t e d  w i t h  0 . 1 N  N a O H .

T h e  p i g m e n t s  i n  c h e e s e  c o l o r  w e r e  s e p a r a t e d  

b y  m e a n s  o f  t h i n - l a y e r  c h r o m a t o g r a p h y .  T h e  

m e t h o d  w a s  a s  f o l l o w s :

plate:

eluent:

chromatography
chamber:

elution time:

s i l i c a  g e l  ( 1 0  X  2 0  c m .  

M e r c k )
c h l o r o f o r m - e t h a n o l  

( a b s > a c e t i c  a c i d  

(68 : 2 : 1)

2 2  X 2 2  X 5  c m  w i t h  

f i l t e r  p a p e r  

a b o u t  2 2 5  m i n

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

c h e e s e  c o l o r s  w e r e  s p o t t e d  o n  t h e  p l a t e s  w i t h  

t h e  a i d  o f  a  c a p i l l a r y .  T h e  a c e t i c  a c i d  c o n t a i n e d  

i n  t h e  e l u e n t  t r a n s f o r m e d  t h e  n o r b i x i n a t e  i n t o  

n o r b i x i n .

T o  d e t e r m i n e  t h e  a - n o r b i x i n  c o n t e n t  w e  

s p o t t e d  t h e  p l a t e  o v e r  t h e  e n t i r e  w i d t h  ( 1 0  c m )  

w i t h  1 0 - 1 5  m g  c h e e s e  c o l o r  b y  m e a n s  o f  a  

c a p i l l a r y .  B y  w e i g h i n g  t h e  c a p i l l a r y  b e f o r e  a n d  

a f t e r  s p o t t i n g  t h e  a m o u n t  a p p l i e d  w a s  k n o w n .  

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

f r o m  t h e  p l a t e ,  t r a n s f e r r e d  t o  a  g l a s s  f i l t e r  ( G l ,  

0  =  1 c m )  a n d  t h e  a - n o r b i x i n  e x t r a c t e d  f r o m  

t h e  s i l i c a  g e l  w i t h  1 0  m l  c h l o r o f o r m - a c e t i c  a c i d

Table 1-Total pigment content and the Table 2-Dry weight, red pigment and a-nor-
content of a- and ¡3-bixin of six samples o f but- bixin contents of four sampies o f cheese color

D r y  w e i g h t  R e d  p i g m e n t  a - N o r b i x i n

Total pigment a-Bixin /3-Bixin Sample in wt. % in wt. % in wt. %
content in % in % of in % of A 1 0 . 7 1 . 2 0 1 . 0 3

Sample o f weight weight weight B 1 1 . 1 1 . 4 8 1 . 2 7

Solution A 0 . 4 4 7 0 . 1 3 3 0 . 0 4 2 C 1 8 . 1 0 . 3 7 2 0 . 1 3 2

Solution B 0 . 6 4 0 0 . 1 9 6 0 . 0 7 2 D 1 8 . 1 0 . 5 2 5 0 . 2 9 0

Solution C 0 . 2 5 8 0 . 0 9 5 0 . 0 3 7

Suspension D 2 . 4 0 1 . 7 5 0 . 3 0

Suspension E 4 . 2 6 3 . 8 0 0 . 0

Suspension F 4 . 2 6 3 . 5 0 0 . 0

W A V ELEN G TH  ( MICRONS I

Fig. 2—IR spectrum of a-bixin (KBr disk) (recorded on Perkin-Elmer 
infracord spectrophotometer).

( 9 : 1 ) .  A  v o l u m e t r i c  f l a s k  c o n t a i n i n g  t h e  e x 

t r a c t  w a s  f i l l e d  t o  5 0  m l  w i t h  c h l o r o f o r m ,  

a n d  t h e  o p t i c a l  d e n s i t y  m e a s u r e d  a t  5 0 3  m p .  

I n  t h e  c a l c u l a t i o n  o f  t h e  a - n o r b i x i n  c o n t e n t  u s e  

w a s  m a d e  o f  E j % c m ( 5 0 3  m /a )  =  2 2 9 0 .

T h e  w h o l e  p r o c e d u r e  w a s  a p p l i e d  t o  o u r  

s o l u t i o n  o f  1 . 1 1 %  a - n o r b i x i n  i n  0 . 1 N  N a O H .  I t  

a p p e a r e d  t h a t  9 3 %  o f  t h e  a m o u n t  s p o t t e d  w a s  

r e c o v e r e d .  T h e  v a l u e s  f o u n d  e x p e r i m e n t a l l y  

w e r e  t h e r e f o r e  m u l t i p l i e d  b y  1 0 0 / 9 3 .  T a b l e  2  

s h o w s  t h e  r e s u l t s .

RESULTS & DISCUSSIONS
P ro p e r t ie s  o f  a -b ix in  a n d  deriva tives

a -B ix in .  a -B ix in  was o b ta in e d  f r o m  th e  
N e d e r lan d se  B o r te rk le u r se lf a b r ie k  L. van 
d e r  G r in te n .  T h e  s u b s ta n c e  was p u r i f ied  
by  rec ry s ta l l iz in g  f o u r  t im es  f r o m  ace 
to n e .  O n  f u r th e r  c ry s ta l l iz a t io n  th e  m e l t 
ing p o in t  a p p e a re d  to  be  u n c h a n g e d ,  
w hile  th in - la y e r  c h r o m a to g r a p h y  sh o w e d  
th e  su b s ta n c e  to  be  pu re .  T h e  m e l t in g  
p o in t  w as 18 9 .5  —1 9 0 .5 °C  (c o r r ) ;  th e  
h ea t in g -u p  sp e e d  was 1 .6°C  p e r  m in  in 
th is  reg ion . T h e  m e l t in g  p o in t  a p p e a re d  
to  be g rea t ly  d e p e n d e n t  u p o n  th e  h ea t-  
ing-up sp eed ,  p ro b a b ly  b ecau se  a -b ix in  
d e c o m p o s e s  a t  th e  m e l t in g  p o in t .  P re s u m 
ab ly  th is  is th e  rea so n  fo r  th e  d if fe ren ces  
in  th e  m e l t in g  p o in t  d a ta  in  th e  l i te r a tu re .

T h e  E j % cm values w ere  d e te r m in e d  in 
c h lo r o f o r m  a t  th e  a b s o r p t io n  m a x im a  
501 a n d  4 7 0  mp. We fo u n d :  E | % cm (501 
m/U) = 2 8 8 0  ± 3 0 ;  E \%cm (4 7 0  mp) = 
3 2 3 0  ± 30 . M c K e o w n  an d  M ark (1 9 6 2 )  
f o u n d  E } %cm (501 mp) -  2 8 2 6  in

c h lo r o fo rm .  If th e  c h lo r o f o r m  c o n ta in e d
2 - 4  vol % ace t ic  acid ,  th e  m a x im a  o f  
a -b ix in  w o u ld  sh if t  t o  505  a n d  4 7 4  mp. 
T h e  E j % crn values b e c a m e  2 7 9 0  a n d  
3 1 3 0  ± 3 0  respec tive ly .

T h e  s tab i l i ty  o f  a -b ix in  is lo w e r  t h a n  
o n e  w o u ld  e x p e c t  f r o m  th e  l i te r a tu re .  
W hen  th e  p o w d e r y  a -b ix in  w as s to re d  in 
air (in da rk n ess ,  a t  r o o m  t e m p e r a t u r e )  th e  
E } ® cra (501 m/U) va lue  reg u la r ly  de
creased  b y  d E | % cm (5 0 1  mp)/dt = 13 
d a y ' 1 . P ro b a b ly  o n  a c c o u n t  o f  th is ,  th e  
a -b ix in  c o n te n t s  o f  th r e e  t r a d e  p re p a r a 
t ions  o f  a -b ix in  w h ic h  we h a d  o b ta in e d  
f ro m  a n o th e r  so u rce ,  w ere  o n ly  2 1 ,  30  
a n d  31%.

Also, a -b ix in  d isso lved  in  c h lo r o f o r m  
a n d  s to re d  in  th e  d a rk  a t  r o o m  t e m p e r a 
tu r e  a p p e a re d  to  be  u n s ta b le .  T h e  r a te  o f  
d e c o m p o s i t io n  was g rea t ly  c o n c e n t r a t i o n  
d e p e n d e n t .  W ith  a -b ix in  in  c o n c e n t r a t i o n  
o f  3 /Ug/ml c h lo r o fo rm ,  th e  c o n t e n t  o f  
a -b ix in  a f t e r  9 0  d a y s  was 9 1 .4 %  o f  th e  
in itia l c o n c e n t r a t i o n .  W ith  an  in i t ia l  c o n 
c e n t r a t i o n  o f  150 /Ltg/ml c h lo r o f o r m  a f te r  
90  days,  o n ly  3 .7 %  o f  th e  o rig ina l  
a m o u n t  o f  a -b ix in  r e m a in e d .  T h e se  de 
c o m p o s i t io n  p h e n o m e n a  are p r o b a b ly  
d u e  to  o x id a t io n  b y  o x y g e n  f r o m  th e  
a tm o sp h e re .  W hen  a -b ix in  w as  s to r e d  at 
—2 0 ° C  in th e  d a rk ,  a f t e r  7 0  d a y s  no  
decrease  in  th e  E-\'°cm (5 0 1  mp) was 
observed .

T h e  1R s p e c t r u m  o f  a -b ix in  is given in 
F igure  2.

|3-Bixin. /3-Bixin is a s t e r e o i s o m e r  o f



BIXIN, NOR BIXIN AND ANNA TTO EXTRA CTS-863

a -b ix in ;  th e  d o u b le - b o n d e d  s y s te m  is in 
a ll - t rans co n f ig u ra t io n .  I t  was p re p a r e d  
a c c o rd in g  to  K u h n  a n d  W in te rs te in  
( 1 9 3 2 ) ,  s ta r t in g  f r o m  a -b ix in .  T h e  (3-bixin 
was o n c e  re c ry s ta l ly z e d  f r o m  96 %  e t h 
anol. T L C -e x a m in a t io n  sh o w e d  th e  s u b 
s tan ce  to  be  pu re .  T h e  m e l t in g  p o in t  was
2 0 4 . 0 - 2 0 6 . 0 °C  (c o r r )  w i th  a h ea t in g -u p  
speed  o f  2 .2 °C  p e r  m in  in  th is  region. 
K arre r  a n d  J u c k e r  ( 1 9 4 8 )  m e n t io n  m e l t 
ing p o in t  o f  2 1 6 —2 1 7 ° C  ( u n c o r r ,  h ea t in g  
ra te  n o t  given). S ince  (3-bixin also d e c o m 
poses a t  th e  m e l t in g  p o in t ,  i t  is p ro b a b le  
t h a t  th e  d if fe re n c e  in m e l t in g  p o in t  is due  
to  a d i f fe ren ce  in  ra te  o f  hea t in g .

(S -B ix in ,  d isso lved  in  c h lo r o fo rm  
sh o w ed  a b s o r p t io n  m a x im a  a t  5 0 7  and  
4 7 6  mix. E } %cm (5 0 7  m /t)  = 2 9 7 0  ± 4 0  
(in c h lo r o f o r m ) ;  E } %cm (501  mix) = 
2 6 6 0  ± 4 0  (in c h lo r o f o r m ) ;  a n d  E } ^ cm 
(4 7 6  mfx) = 3 2 4 0  ± 50 ( in  c h lo r o fo rm ) .

T he  IR  s p e c t ru m  o f  |3-bixin is given in 
F igure  3.

a -N o rb ix in .  a -N o rb ix in ,  th e  d ica rb o x -  
ylic acid o b ta in e d  by  ca re fu l  h y d ro ly s is  
o f  a -b ix in ,  was p re p a re d  a c c o rd in g  to  
K arre r  et al. ( 1 9 2 9 ) .  T h e  e n d  p r o d u c t  was 
o n ce  r e c ry s ta l ly z e d  f ro m  glacial ace t ic  
acid .  T L C -e x a m in a t io n  s h o w e d  th a t  th e  
a - n o r b ix in  w as v e ry  pure .

O n  h ea t in g  o f  a -n o r b ix in  in  a m e l t in g  
p o in t  a p p a ra tu s  n o  l iq u id  p h a se  o c c u r re d .  
Y ellow  c o lo r in g  w as o b se rv ed  a t  a b o u t  
2 4 0 °C ,  fo l lo w ed  b y  b lack  co lo r in g  (ca r
b o n iz a t io n )  f r o m  2 8 0 ° C  o n w a rd  ( ra te  o f  
h e a t in g  5 °C  p e r  m in  o n  an  average).

a -N o rb ix in ,  dissolved in  c h lo r o f o r m ,  
h ad  a b s o r p t io n  m a x im a  at 4 9 9  a n d  4 6 8  
mix. E p cm (4 9 9  mix) = 2 2 0 0  ± 30  (in 
c h lo r o fo rm )  a n d  E } % cm ( 4 6 8  mix) = 
2 4 7 0  ± 30  ( in  c h lo r o fo rm ) .

W hen th e  c h lo r o f o r m  c o n ta in e d  0 .5 
vol % ace t ic  ac id ,  th e  a b s o r p t io n  m a x im a  
o f  a -n o r b ix in  sh i f ted  to  503  a n d  4 7 3  mix. 
T h e  E | % cm values t h e n  b e c a m e  2 2 9 0  and  
2 6 2 0  ± 30  respec tive ly .

a -N o rb ix in ,  d issolved in  0 .1 N  N aO H , 
h ad  a b so r p t io n  m a x im a  a t  4 8 2  a n d  4 5 3  
mix. E } %cm (4 8 2  mix) = 2 5 5 0  ± 4 0  ( in 
0 .1 N  N a O H )  a n d  E } %cm (4 5 3  n ju )  = 
2 8 5 0  ± 4 0  ( in  0 . I N  N aO H ).

T h e  IR  s p e c t r u m  o f  a -n o r b ix in  is given 
in  F ig u re  4.

|3-Norbixin. (3-Norbixin is a s te re o iso 
m e r  o f  a -n o r b ix in ;  th e  d o u b le - b o n d e d  
sy s te m  is in  a ll - t rans c o n f ig u ra t io n .  T h e  
m e t h o d  o f  p re p a r a t io n  o f  K a rre r  e t  al. 
( 1 9 2 9 )  w as a p p l ied .  T h e  (3-norbixin o b 
ta in ed  was T L C  p u re .  O n  h e a t in g  (3-nor
b ix in  to  3 0 0 ° C  in a m e l t in g  p o in t  a p p a ra 
tu s ,  n o  l iq u id  ph ase  o c c u r r e d ;  f ro m  
2 5 0 ° C  o n  th e  red  co lo r  b e c a m e  g radua l ly  
darker .

/3-Norbixin, dissolved in  c h lo r o fo rm ,  
h a d  a b s o r p t io n  m a x im a  a t  5 0 6  a n d  4 7 5  
m ix. In  0 .1 N  N a O H  th e  a b s o r p t io n  m a x 
im a  w ere  f o u n d  a t  4 8 6  a n d  4 5 7  m/x. 
Because o f  th e  very  p o o r  so lu b i l i ty  o f
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Fig. 3—IR spectrum of p-bixin (KBr disk) (recorded on Perkin-Elmer 
infracord spectrophotometer).

Fig. 4—IR spectrum of a-norbixin (KBr disk) (recorded on Perkin- 
Elmer infracord spectrophotometer).
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Fig. 5—IR spectrum of (¡-norbixin (KBr disk) (recorded on Perkin-Elmer 
infracord spectrophotometer).

(3-norbixin in  th e s e  tw o  so lven ts  no  
E }% Cm values w ere  d e te r m in e d .

T h e  IR  s p e c t r u m  o f  (3-norbixin is given 
in  F ig u re  5.

C o m p o s i t io n  o f  b u t t e r  co lo r  p re p a r e d  
f r o m  a n n a t t o  seed

M c K e o w n  ( 1 9 6 1 ;  1 9 6 3 ;  1 9 6 5 )  a n d  
M c K e o w n  a n d  M ark  (1 9 6 2 ) - in v e s t ig a te d  a 
n u m b e r  o f  t r a d e  p r e p a r a t io n s  o f  a n n a t to  
b u t t e r  c o lo r  b y  m e a n s  o f  M c K e o w n ’s 
p a p e r  c h r o m a to g r a p h ic  m e t h o d .  T h e  to ta l  
p ig m e n t  c o n te n t  o f  b u t t e r  co lo r  o n  th e  
basis o f  v ege tab le  oils va r ied  f ro m  
0 . 2 5 0 —0 .6 8 7  w eigh t  %. T h e  to t a l  pig
m e n t  c o n t e n t  o f  a p r o p y le n e  g lyco l  so lu 

t i o n  w as 1.45%. T h e  p ig m e n t  c o m p o s i 
t io n  w as as fo l lo w s:  a -b ix in  1 2 —59%; 
(3-bixin 4 —19%; a - n o r b ix in  2 —4% ; 13-car- 
b o m e t h o x y - 4 .8 - d i m e t h y l  t r id e c a h e x a e n e -  
o ic  ac id  7 —4 0 % ; a n d  a p ig m e n t  o f  a 
s t ru c tu r e  n o t  y e t  d e te r m in e d  to  57%. 
This  u n k n o w n  m a te r ia l  c o n s is te d  o f  at 
leas t  seven c o m p o n e n t s .  T h e  d if fe ren ces  
in  c o m p o s i t io n  w ere  a t t r i b u t e d  to  th e  
so lv en t ,  e x t r a c t io n  t e m p e r a t u r e ,  h e a t in g  
p e r io d  a n d  th e  o r ig in  o f  t h e  seed.

In  t h e  sam p les  A, B a n d  C e x a m in e d  
b y  us,  a -b ix in ,  (3-bixin a n d  a -n o r b ix in  
w ere  d e m o n s t r a b l e  on  th e  g ro u n d  o f  
id e n t ic a l  R f  values a n d  V is-UV a b s o r p t io n  
sp ec t ra .  T h e  R f  values o f  a -b ix in ,  (3-bixin, 
a - n o r b ix in  (all ap p lied  in  c h lo r o f o r m )  an d
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0 -n o rb ix in  (ap p l ied  in  e th a n o l )  w ere  0 .3 9 ,  
0 .3 1 ,  0 .2 0  a n d  0 .0  respec tive ly .

In  th e se  th r e e  sam p les  a t  leas t six 
o t h e r  n o n id e n t i f i e d  p ig m e n ts  w ere  p res
en t .  A f te r  sc ra tch in g  o f f  a n d  dissolving 
these  c o m p o n e n t s  in c h lo ro fo rm -a c e t ic  
acid ( 9 :1 ) ,  m o s t  o f  th e s e  p ig m e n ts  co u ld  
be d e m o n s t r a t e d  to  be  c a ro te n o id s  by  
m e a n s  o f  C arr-Price  reag en t .

T L C -e x a m in a t io n  o f  an n a t to -su s p e n -  
s ions in fa t  an d  oil (sam ples  D, E a n d  F )  
sh o w e d  th a t  a fa r  lesser a m o u n t  o f  y e l lo w  
p ig m e n ts  ( d e c o m p o s i t io n  p r o d u c t s )  o c 
c u r re d  th a n  in th e  so lu t io n s  m e n t io n e d  
above . T h e  re p r o d u c a b i l i ty  was g o o d .  T h e  
a c c u ra c y ,  h o w e v e r ,  d e p e n d e d  s t ro n g ly  on  
th e  a m o u n t  o f  p ig m e n t  to  be  d e te rm in e d .  
R esu l t s  o f  th e  q u a n t i ta t iv e  m e a s u re m e n ts  
are given in  Tab le  1.

B u t t e r  co lo rs  s to re d  in  th e  d a rk  at 
ro o m  t e m p e r a t u r e  w ere  q u i t e  s tab le .  In 
2 1 9  days ,  th e  to t a l  p ig m e n t  c o n te n t  o f  
sam p le  A h a d  d ec reased  b y  o n ly  6.9%, 
w h ic h  decrease  was d u e  exclus ively  to  
d e c o m p o s i t io n  o f  th e  y e l lo w  p ig m en ts ,  
fo r  th e  o p t i c a l  d e n s i ty  h a d  n o t  d ec reased  
at 501 m/i.  T h e  g rea t s tab i l i ty  is p re s u m 
ab ly  to  b e  a t t r i b u t e d  to  th e  a n t io x id a -  
t ive ly -ac t ing  to c o p h e r o l s  n a tu ra l ly  o c c u r 
ring in v ege tab le  oils.

The composition of cheese color prepared 
from annatto seed

D iem a ir  a n d  Zacharias  (1 9 5 1 )  d e te r 
m in e d  s p e c t r o p h o to m e t r i c a l ly ,  w i th o u t  
p reced in g  s e p a ra t io n ,  th e  n o rb ix in  c o n 
te n t  o f  th e  p re c ip i t a te  resu lt in g  f ro m  
ac id ify in g  th e  cheese  ch o lo r .  T h e y  fo u n d  
a n o r b ix in  c o n te n t  o f  0 .3% ; th e  d ry  
w e igh t  o f  th e  e x a m in e d  sa m p le  was 
12 .33%.

V an  E sch  e t  al. ( 1 9 5 9 )  d e m o n s t r a t e d  
by  p a p e r  c h r o m a to g r a p h y  th a t  cheese  
c o lo r  c o n ta in e d  a t  leas t f o u r  c o lo r  c o m 
p o n e n ts .  T h e  to t a l  p ig m e n t  c o n t e n t  d e te r 
m in e d  b y  s p e c t r o p h o to m e t r y  a n d  ca lcu 
la ted  as n o rb ix in  w as  0 .1 5 %  in th e  
e x a m in e d  sam p le .

By m e a n s  o f  a th in - l a y e r  c h r o m a to g r a 
p h y  o n  silica gel p la tes  w e  w ere  ab le  to  
sh o w  th a t  f o u r  sam p les  o f  cheese  co lo r  
each  a p p e a re d  t o  c o n ta in  a t  leas t  seven to  
n in e  c o lo r  c o m p o n e n t s .  T h e  p r inc ipa l  
p ig m e n t  was a lw ays  a -n o r b ix in  w i th  R f  = 
0 .3 2 .  In  all s am p les  in v es t ig a ted ,  a c o m 
p o n e n t  also o c c u r r e d  w ith  t h e  sam e  R f 
va lue  as /3-norbixin, n a m e ly  0 .3 9 .  T h e  
V is-UV  s p e c t ru m ,  h o w ev e r ,  re s em b le d  
th a t  o f  a - n o r b ix in ,  so t h a t  po ss ib ly  a n 
o th e r  s t e re o is o m e r  p lays  a p a r t .  T h e  
re su lts  o f  th e  q u a n t i ta t iv e  m e a s u re m e n ts  
a re  given in  T ab le  2. F r o m  th e  las t tw o  
c o lu m n s  o f  T ab le  2 i t  a p p e a rs  t h a t  bes ide  
a -n o r b ix in  o t h e r  p ig m e n ts  w ere  a lso  p res 
en t .

T h e  s tab i l i ty  o f  cheese  c o lo r  is lo w e r  
th a n  th a t  o f  b u t t e r  co lo r .  In 35  d ay s  th e  
red  p ig m e n t  c o n t e n t  in  sam p le  B, s to red  
in  t h e  d a rk  a t  r o o m  t e m p e r a t u r e ,  d e 
creased  b y  4%. This  m ig h t  ex p la in  w h y  
th e  a -n o r b ix in  c o n te n t s  o f  sam p les  C an d  
D w ere  so  low . These  sam p les  w ere  a b o u t  
2 y ea rs  o ld ,  w h e reas  A a n d  B (a t  t h e  t im e  
o f  d e t e r m i n a t i o n )  w ere  o n ly  a few  w eek s  
old.

C heese  c o lo r  c o n ta in s  1 0 —20 %  solid 
m a te r ia l ,  c o n s is t in g  o f  1 5 - 3 0 %  a lka l ine  
(c a lc u la te d  as K O H )  a n d  u p  to  a b o u t  11% 
a - n o r b ix in .  T h e  res t  is u n k n o w n  m ate r ia l .

O n  ac id i fy in g  cheese  c o lo r  w i th  0 .1 N  
HC1 a b o u t  h a l f  o f  t h e  d issolved m ate r ia l  
p re c ip i t a te d .  A f te r  f i l te r ing  o f f  th e  v o lu 

m in o u s  re d - b ro w n  c o lo r e d  p re c ip i t a te ,  a 
co lor less  f i l t r a te  re m a in e d .
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COMPOSITION OF THE LIPIDS OF CUCUMBER AND PEPPERS

SU M M A RY—Cucumber and green peppers contain 103 mg and 400 mg total lipid per lOOg raw 
vegetable tissue. The neutral lipids, phospholipids and glycolipids comprise 39, 49 and 15% o f the 
cucumber lipids and 82, 2 and 16% o f the pepper lipids respectively. The neutral lipids o f both 
were composed mainly o f glycerides. In the peppers the triglycerides accounted for 60% o f the 
total lipids. Cucumber, had less glycerides but contained several unidentified sterols. Phosphatidyl
choline was the major class in both vegetables accounting for 46 and 76% o f the phospholipids o f 
cucumber and pepper respectively. Palmitic, linoleic and linolenic acids were the principal fatty 
acid components. The lipids o f peppers were very rich in linoleic acid (70%) whereas those o f the 
cucumbers contained relatively more linolenic acid.

INTRODUCTION
T H E  Q U A N T IT Y  a n d  c o m p o s i t io n  o f  
l ip id  m a te r ia l  c o n s u m e d  in  reg u la r  d ie ts  is 
o f  n u t r i t io n a l  a n d  m e d ic a l  im p o r t a n c e .  
M uch  o f  o u r  d ie ta ry  fa t  (6 0 % )  is invisible 
fa t  de r iv ed  f r o m  m e a t ,  m i lk ,  eggs a n d  t o  a 
lesser e x t e n t  vege tab les .  While a t t e m p t in g  
to  ca lc u la te  d ie ta ry  in t a k e  o f  essen tia l  
f a t t y  ac ids  a n d  o t h e r  l ip id  m a te r ia ls  we 
d iscovered  th a t  d a ta  o n  th e  l ip id  c o m p o s i 
t io n  o f  several vege tab les  w ere  n o t  avail
ab le  in  th e  l i te r a tu re  n o r  in  th e  A gricu l
tu ra l  H a n d b o o k  “ C o m p o s i t i o n  o f  F o o d s ”
(1 9 6 3 ) .  C o n s e q u e n t ly  w e a n a ly z e d  th e  
l ip id  c o n t e n t  a n d  c o m p o s i t io n  o f  tw o  
c o m m o n  vege tab les ,  th e  c u c u m b e r  a n d  
green  p e p p e r .

METHODS & M ATERIALS
M A T U R E  G O O D  q u a l i t y  p e p p e r s  a n d  c u c u m 

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

d i c e d  a n d  h o m o g e n i z e d  i n  a  W a r i n g  B l e n d o r  

w i t h  t w i c e  t h e i r  v o l u m e  o f  c h l o r o f o r m  m e t h 

a n o l  ( 2 : 1  v / v ) .  T h e  h o m o g e n a t e  w a s  t r a n s f e r r e d  

t o  s e p a r a t o r y  f u n n e l s  a n d  t h e  l i p i d s  e x t r a c t e d  

b y  t h e  m e t h o d  o f  F o l c h  e t  a l .  ( 1 9 5 7 ) .  T h e  e x 

t r a c t e d  l i p i d s  w e r e  d r i e d  u n d e r  n i t r o g e n ,  

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

c h r o m a t o g r a p h y  a c c o r d i n g  t o  t h e  m e t h o d  o f  

R o u s e r  e t  a l .  ( 1 9 6 7 . )  S i l i c i c  a c i d  a c t i v a t e d  b y  

t h e  m e t h o d  o f  H i r s c h  a n d  A h r e n s  ( 1 9 5 8 )  w a s  

p l a c e d  i n  3  c m  d i a m  g l a s s  c o l u m n s  t o  a  h e i g h t  

o f  a b o u t  1 5  c m .  T h e s e  c o l u m n s  f r a c t i o n a t e d  

1 0 0 - 2 0 0  m g  o f  t h e  l i p i d  e x t r a c t  w h i c h  w a s  

a p p l i e d  i n  2  m l  c h l o r o f o r m  a n d  w a s h e d  i n t o  t h e  

c o l u m n .  3 0 0  m l  e a c h  o f  c h l o r o f o r m ,  a c e t o n e  

( c o n t a i n i n g  5 %  w a t e r )  a n d  m e t h a n o l  w e r e  u s e d  

s e q u e n t i a l l y  t o  e l u t e  t h e  n e u t r a l  l i p i d s ,  g l y c o l i p -  

i d s  a n d  p h o s p h o l i p i d s  r e s p e c t i v e l y .  T h e s e  s o l 

v e n t s  w e r e  r e m o v e d  b y  a  r o t a r y  v a c u u m  e v a p 

o r a t o r  a t  4 5 ° C .  T h e  l i p i d s  w e r e  t h e n  t r a n s f e r r e d  

t o  t a r e d  v i a l s ,  d r i e d  u n d e r  n i t r o g e n  a n d  

w e i g h e d .  T h e  l i p i d  c l a s s e s  w e r e  s u b s e q u e n t l y  

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

a c t i v a t e d  s i l i c a  g e l  G  c o a t e d  p l a t e s  f o r  n e u t r a l  

l i p i d s  a n d  g l y c o l i p i d s  ( R o u s e r  e t  a l . ,  1 9 6 5 ) .  T h e  

p h o s p h o l i p i d s  w e r e  s e p a r a t e d  i n  s i l i c a  g e l  H R  

l a y e r s  o f  250m t h i c k n e s s .  S o l v e n t  s y s t e m s  u s e d  

w e r e :  ( 1 )  f o r  n e u t r a l  l i p i d s ,  p e t r o l e u m  e t h e r : d i -  

e t h y l  e t h e r : a c e t i c  a c i d ,  7 0 : 3 0 : 0 . 5  v / v ;  a n d  ( 2 )  

f o r  g l y c o l i p i d s ,  c h l o r o f o r m : m e t h a n o l :  w a t e r ,  

7 5 : 2 5 : 4  v / v .  T h e  p h o s p h o l i p i d s  w e r e  s e p a r a t e d

b y  t w o - d i m e n s i o n a l  c h r o m a t o g r a p h y  ( P a r s o n s  

a n d  P a t t o n ,  1 9 6 7 )  u s i n g  s o l v e n t  s y s t e m s  o f  

c h l o r o f o r m : m e t h a n o l : w a t e r : 2 8 %  a q u e o u s  a m 

m o n i a ,  ( 6 5 : 3 5 : 4 : 0 . 2  v / v )  a n d  c h l o r o f o r m  a c e 

t o n e  : m e t h a n o l  : a c e t i c  a c i d : w a t e r  ( 5 0 : 2 0 : 1 0 : 1 0  

v / v ) .

T h e  a p p r o x i m a t e  d i s t r i b u t i o n  o f  t h e  l i p i d s  

s e p a r a t e d  b y  o n e - d i m e n s i o n a l  c h r o m a t o g r a p h y  

w a s  d e t e r m i n e d  b y  d e n s i t o m e t r y  f o l l o w i n g  

c h a r r i n g  ( R o u s e r  e t  a l . ,  1 9 6 5 ) .  T h e  p h o s p h o 

l i p i d s  w e r e  q u a n t i f i e d  b y  d e t e r m i n i n g  p h o s 

p h o r u s  c o n t e n t  o f  s p o t s  o n  t h e  c h r o m a t o g r a m s  

( P a r s o n s  a n d  P a t t o n ,  1 9 6 7 ) .

A l i q u o t s  o f  t h e  l i p i d s  w e r e  s a p o n i f i e d  o v e r 

n i g h t  a t  6 0 ° C  ( 5  m g  l i p i d  +  2  m l  e t h a n o l i c  

K O H ,  1% s o i n ) .  F o l l o w i n g  d r y i n g ,  t h e  n o n -  

s a p o n i f i a b l e  m a t e r i a l s  w e r e  r e m o v e d  w i t h  h e x 

a n e  a n d  t h e  s o a p s  w e r e  t h e n  c o n v e r t e d  t o  

m e t h y l  e s t e r s  b y  t r a n s e s t e r i f i c a t i o n  w i t h  b o -  

r o n - t r i f l o u r i d e  m e t h a n o l .  T h e  m e t h y l  e s t e r s  

w e r e  t w i c e  e x t r a c t e d  f r o m  t h e  w a t e r / s a l t  s a t u 

r a t e d  e s t e r i f i c a t i o n  m i x t u r e  w i t h  h e x a n e .  T h e s e

w e r e  c o n c e n t r a t e d  u n d e r  a  s t r e a m  o f  n i t r o g e n  

a n d  i m m e d i a t e l y  a n a l y z e d  b y  g a s - l i q u i d  c h r o 

m a t o g r a p h y .

A  B a r b e r - C o l m a n  M o d e l  5 0 0 0  g a s  c h r o m a t o 

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

T h i s  c o n t a i n e d  a  1 . 8  m e t e r  U - s h a p e d  g l a s s  c o l 

u m n  p a c k e d  w i t h  g a s - c h r o m  P  w h i c h  c o n t a i n e d  

a  1 2 %  c o a t i n g  o f  h i g h  e f f i c i e n c y  d i e t h y l e n e  

g l y c o l  s u c c i n a t e  ( A p p l i e d  S c i e n c e ,  S t a t e  C o l 

l e g e ,  P a . ) .  A r g o n  c a r r i e r  g a s  w a s  u s e d  ( f l o w  r a t e  

6 0  c c / m i n )  a n d  t h e  t e m p e r a t u r e  p r o g r a m m e d  

f r o m  1 5 0 - 2 1 0 ° C  a t  1 0 °  p e r  m i n .  T h e  f a t t y  

a c i d s  w e r e  i d e n t i f i e d  b y  c o m p a r i s o n  w i t h  s t a n d 

a r d  m i x t u r e s  ( A p p l i e d  S c i e n c e ,  S t a t e  C o l l e g e ,  

P a . ) .  T h e  t r i a n g l u a t i o n  m e t h o d  w a s  u s e d  t o  

q u a n t i f y  t h e  f a t t y  a c i d s .

T h e  l i p i d  c o m p o n e n t s ,  s e p a r a t e d  b y  t h i n -  

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

c h r o m a t o g r a p h y  w i t h  p u r e  s t a n d a r d s  ( A p p l i e d  

S c i e n c e ,  S t a t e  C o l l e g e ,  P a . ;  S u p e l c o ,  B e l l e f o n t e ,  

P a . ;  A n a l a b s ,  N o r t h  H a v e n ,  C o n n . )  a n d  f r o m  

p u b l i s h e d  R f  v a l u e s  ( L e p a g e ,  1 9 6 7 ;  N i c h o l s  

1 9 6 4 ) .  I n  a d d i t i o n  s p e c i f i c  s p r a y s  w e r e  u s e d  t o  

i d e n t i f y  p h o s p h o l i p i d s  ( N i c h o l s  1 9 6 4 )  a n d  l i p 

i d s  c o n t a i n i n g  s t e r o l s  ( G a l l i a r d  1 9 6 8 a ;  b ) .

C h r o m a t o g r a p h i c  s u p p l i e s  a n d  e q u i p m e n t  

w e r e  p u r c h a s e d  f r o m  B r i n k m a n n ,  ( W e s t b u r y ,

N . Y .  a n d  A p p l i e d  S c i e n c e ,  S t a t e  C o l l e g e ,  P a . ) .  

P u r i f i e d  s o l v e n t s  w e r e  u s e d .

RESULTS
T O T A L  L IP ID  c o n t e n t  o f  b o t h  vegetab les  
was q u i t e  lo w  i.e.,  4 0 0  m g  a n d  103 mg

Table 1—Composition o f the neutral lipids and phospholipids of 
pepper and cucumber

C o m p o s i t i o n

P e p p e r

%

C u c u m b e r

%

N e u t r a l  l i p i d s

M o n o g l y c e r i d e s 2 . 1 4 . 1

D i g l y c e r i d e s 6 . 9 8 . 5

T r i g l y c e r i d e s 7 3 . 2 5 4 . 6

U n e s t e r i f i e d  f a t t y  a c i d s 5 . 0 4 . 3

S t e r o l s 6 . 7 1 6 . 7

S t e r o l  e s t e r s 2 . 8 3 . 8

P i g m e n t s  a n d  w a x e s 1 . 8 1 . 2

U n k n o w n t 6 . 8

P h o s p h o l i p i d s

P h o s p h a t i d y l c h o l i n e 7 5 . 8 4 5 . 6

L y s o p h o s p h a t i d y l c h o l i n e 2 . 8 3 . 2

P h o s p h a t i d y l i n o s i t o l 4 . 1 5 . 0

P h o s p h a t i d y l s e r i n e 2 . 1 2 . 2

P h o s p h a t i d y l e t h a n o l a m i n e 8 . 7 3 1 . 3

L y s o p h o s p h a t i d y l e t h a n o l a m i n e t 1 . 0

P h o s p h a t i d y l g l y c e r o l a 2 . 3 6 . 4

F h o s p h a t i d i c  a c i d t 0 . 7

U n k n o w n 4 . 2 4 . 6

te n ta t iv e ly  identified from its R f value.
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Table 2—Percentage distribution of glycolipids of pepper and cu
cumbera

A p p r o x i m a t e  c o n t e n t

R f T e n t a t i v e P e p p e r C u c u m b e r

v a l u e i d e n t i f i c a t i o n % %

0 . 9 9 P i g m e n t s 1 5 1 3

0 . 9 2 S t e r o l  g l y c o s i d e s 1 1 9

0 . 8 4 M o n o g a l a c t o s y l  d i g l y c e r i d e s 1 6 1 5

0 . 8 0 U n k n o w n  ( g l y c o s i d e ) 4 A b s e n t

0 . 7 0 C e r e b r o s i d e s  &  d i g a l a c t o s y l 2 8 3 1

d i g l y c e r i d e s

0 . 6 1 D i g a l a c t o s y l  d i g l y c e r i d e 3 1 4 0

0 . 4 8 U n k n o w n  ( s u l f o l i p i d s ) 2 0 1 5

0 . 3 0 U n k n o w n A b s e n t 2

a T e n t a t i v e  i d e n t i f i c a t i o n  f r o m  c o - c h r o m a t o g r a p h i c R f v a l u e s  o f

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

u e s  o f  o t h e r  c o m p o n e n t s .

Table 3--Fatty acid composition of the major lipid classes from green pepper and cucumber

F a t t y  A c i d

N e u t r a l  L i p i d s P h o s p h o l i p i d s G l y c o l i p i d s

P e p p e r C u c u m b e r P e p p e r C u c u m b e r P e p p e r C u c u m b e r

C l  2 : 0 0 . 1 t _ 0 . 5 t 0 . 3

0 4 : 0 0 . 4 1.0 t 0 . 8 0 . 4 0 . 4

0 6 : 0 1 5 . 1 2 9 . 5 1 9 . 8 4 7 . 3 1 1 . 5 2 3 . 5

0 6 : 1 0 . 1 t — 0 . 4 0 . 5 t

0 8 : 0 3 . 2 4 . 1 6 . 0 3 . 4 1 5 . 7 3 . 4

0 8 : 1 8 . 6 5 . 4 1 . 8 1 . 2 5 . 3 3 . 1

0 8 : 2 7 0 . 0 3 2 . 3 6 4 . 5 2 7 . 1 3 0 . 5 2 5 . 5

0 8 : 3 2 . 5 2 7 . 7 7 . 9 1 9 . 3 3 6 . 1 4 3 . 8

p e r  lOOg (w e t  w e ig h t)  o f  p e p p e r  an d  
c u c u m b e r  resp ec tiv e ly .  T h e  c o m p o s i t io n  
o f  each  e x t r a c t  as d e te r m in e d  b y  c o lu m n  
c h r o m a to g r a p h y  was m a r k e d ly  d if fe ren t .  
T h u s  n e u t r a l  lip ids p h o sp h o l ip id s  an d  
g lyco l ip ids  a c c o u n te d  f o r  8 2 ,  2 a n d  16% 
o f  th e  p e p p e r  l ip ids  a n d  3 9 ,  46  a n d  1 5% 
o f  th e  c u c u m b e r  lip ids respec tive ly .

D e n s i to m e t r ic  m e a s u re m e n ts  sh o w ed  
th a t  th e  n e u tr a l  l ipids w ere  variab le  in 
c o m p o s i t io n  (T a b le  1). In  th e  p e p p e r  
l ip id  e x t r a c ts ,  t r ig ly ce r id es  were  th e  p r e 
p o n d e r a n t  class co m p r is in g  60 %  o f  th e  
to ta l  l ip id  e x t r a c t ;  in  c u c u m b e rs  th e  
tr ig ly ce r id es  w ere  m u c h  low er .  T h e  u n 
k n o w n  s p o t  h a d  an  R f  value sim iliar  to  
t h a t  o f  k e to g ly c e r id e s  a n d  f r o m  c h r o m a t 
o g ra p h ic  b e h a v io r  it  a p p e a re d  th a t  som e 
a u to x i d a t i o n  o f  th e  c u c u m b e r  lip ids h ad  
o c c u r re d .

T h e  c u c u m b e r  l ipids s h o w e d  five dis
t in c t  s te ro l  sp o ts  (b lu e  sp o ts  w i th  su lfu ric  
ac id )  e x c lu d in g  th e  s te ro l  esters. T he  
c h ro m a to g r a m s  o f  th e  p e p p e r  l ipids 
sh o w e d  o n ly  o n e  free  s te ro l  a n d  one  
s te ro l  e s te r  spo t .

T h e  p e p p e rs  c o n ta in e d  very  sm all 
a m o u n t s  o f  p h o sp h o l ip id s  i.e.,  2% c o m 
pa red  to  46 %  o f  th e  c u c u m b e r  lipids. 
P h o sp h a t id y lc h o l in e  was th e  p r e p o n d e r 
a n t  c o m p o n e n t  in th e  p e p p e rs  w hereas

th e  c u c u m b e rs  sh o w e d  a m o r e  usual 
d i s t r ib u t io n  o f  p h o sp h o l ip id s  (T ab le  1).

T h e  g lyco l ip id  f r a c t io n s  f r o m  b o th  
vegetab les  h a d  v e ry  s im ila r  c h r o m a t o 
g raph ic  p a t t e r n s  a n d  d is t r ib u t io n  (T ab le
2). T h e  p e p p e rs  c o n ta in e d  a c o m p o u n d  
( R f  0 .8 )  t h a t  m ig ra te d  in th e  reg ion  o f  
s te ry l  g lucoside .  T h is  was a b s e n t  f r o m  the  
c u c u m b e r  g lycolip ids.

T h e  f a t ty  acid  c o m p o s i t io n  o f  b o th  
vegetab les  was q u i t e  ty p ica l  o f  p lan t  
tissue.  T h e  n e u t r a l  l ip ids a n d  p h o s p h o l ip 
ids f r o m  th e  p e p p e rs  w ere  very  r ich  in 
lino le ic  ac id  ( C l 8 :2 )  w hile  th e  c o r r e 
sp o n d in g  f r a c t io n s  o f  th e  c u c u m b e rs  p o s 
sessed m o re  l in o len ic  acid. T h e  g ly co l ip 
ids o f  b o t h  c o n ta in e d  g rea te r  q u a n t i t i e s  
o f  l in o len ic  acid  (T a b le  3).

D IS C U S S IO N

C U C U M B E R S  a n d  p e p p e rs  c o n ta in e d  lip
ids t h a t  were  qu a l i ta t iv e ly  s im ila r  t o  th o se  
r e p o r te d  fo r  o th e r  ed ib le  vegetab les ,  p o 
t a t o  a n d  ap p le  (G all ia rd ,  1 9 6 8 a ;  b ) ,  t u r 
n ip  (L epage ,  1 9 6 7 )  an d  fo r  p lan ts  in 
genera l (A llen  a n d  G o o d ,  1 965) .  T h e  
c o m p o s i t io n  a n d  d is t r ib u t io n  o f  th e  n e u 
tra l  lipids an d  p o la r  l ipids o f  th e  c u c u m 
b e r  w ere  c o m p a r a b le  to  th o se  o f  the  
p o t a t o  as r e p o r te d  b y  G alliard  (1 9 6 8 a ) .

H o w ev e r  th e  c u c u m b e r  t issue  c o n ta in e d  a 
m u c h  g rea te r  q u a n t i t y  o f  s te ro ls  th a n  
p o ta to e s  b u t  s o m e w h a t  less t h a n  r e p o r te d  
fo r  ap p le  t issues (G a ll ia rd  1 9 6 8 b ) .  T h e  
c u c u m b e rs  possess several u n k n o w n  s t e r 
ols w h ic h  are p re s e n t ly  b e in g  id e n t i f ie d  
and  f ro m  p re l im in a ry  an a ly ses  j3-sitosterol 
a n d  s t ig m as te ro l  a p p e a r  t o  be  th e  m a jo r  
c o m p o n e n t s .

T h e  t r ig lyce r ides  c o n s t i t u t e d  th e  p r e 
p o n d e r a n t  c o m p o n e n t  o f  th e  l ip ids f r o m  
w h o le  p e p p e rs  ( a b o u t  60% ). T h is  m a y  be  
a t t r i b u t e d  to  th e  seeds  w h ich  are a b u n 
d a n t ly  p re sen t  in  th e  p ep p e rs .  T h e  p e p p e r  
e x t r a c t  c o n ta in e d  a r e m a rk a b ly  lo w  c o n 
c e n t r a t i o n  o f  p h o sp h o l ip id s  o f  w h ich  
p h o s p h a t id y l  c h o l in e  was p r e p o n d e r a n t  
an d  th e  o th e r  c o m p o n e n t s  w ere  p re s e n t  
in very  sm all  q u a n t i t ie s .

T h e  g lyco l ip ids  o f  b o t h  v eg e tab les  
were  s im ilar  an d  m o n o -  a n d  d iga lac tosy l  
d ig lycer ides  w ere  a p p a r e n t ly  th e  m a jo r  
c o m p o n e n t s .  T h ese  are c o n c e n t r a t e d  in  
th e  p las t id  m e m b ra n e s  o f  th e  ch lo ro p la s t s  
and  are universal c o n s t i t u e n t s  o f  p h o t o 
sy n th e t i c  tissue (A llen  a n d  G o o d ,  1 9 6 5 )  
w h ich  is p re s e n t  in  a b u n d a n c e  in  b o t h  
g reen  p e p p e rs  a n d  c u c u m b e rs .

T h e  f a t t y  acids p re s e n t  in  th e  lip id  
f r ac t io n s  o f  b o t h  vegetab les  w ere  q u i te  
ty p ica l  fo r  p lan ts .  T h e  lip ids  e x t r a c te d  
f r o m  th e  p e p p e rs  w ere  v e ry  r ich  in 
lino le ic  acid. T h e  g ly co l ip id s  o f  b o th  
tissues c o n ta in  a re la t ive ly  g re a te r  c o n c e n 
t r a t i o n  o f  l in o len ic  acid .  T h is  ac id  u sua l ly  
o ccu rs  in  high c o n c e n t r a t i o n  in  p h o t o s y n 
th e t ic  tissue.

R E F E R E N C E S

A gricu ltural H a n d b o o k  N o . 8 . 1 9 6 3 . “ C o m p o si
tio n  o f  F o o d s .” U S D A , A R S , W ashington. 
D.C.

A llen , C .F . and G ood , P. 1 9 6 5 . P lant lip ids. J.
A m . Oil C hem . S o c . 42: 6 1 0 .

F o lch , J., L ees, M. and S lo a n e-S ta n ley , G .H . 
1 9 5 7 . A  s im p le  m eth o d  for  th e  iso la tio n  and  
pu rifica tion  o f  to ta l lip id s from  an im al tis
sues. J. B io l. C hem . 2 26 : 4 9 7 .

Galliard, T. 1 9 6 8 a . Id en tif ica tio n  and q u an tita 
tive d e term in ation  o f  th e lip ids in p o ta to  
tubers. P h y to ch em  7: 1 9 0 7 .

Galliard, T. 1 9 6 8 b . Id en tif ica tio n  and q u an tita 
tive  analysis o f  lip id s from  pu lp  o f  app les. 
P h y to ch em . 7: 1 9 1 5 .

H irsch, J. and A hrens, E .H . 1 9 5 8 . S ep ara tion  o f  
co m p lex  lip id  m ix tu res b y  s ilic ic  acid  ch ro
m atograp hy. J. B io l. C hem . 2 3 3 : 3 1 1 .

Lepage, M. 1 9 6 7 . Id en tif ica tio n  and co m p o s i
t io n  o f  turnip r o o t lip ids. L ip id s 2: 2 4 4 .  

N ich o ls , B.W. 1 9 6 4 . TLC o f  p la n t polar lip ids. 
In “ N e w  B ioch em ica l S ep a ra tio n s,”  ed. 
Jam es, A .T . and M orris, L. p . 3 2 2 . V an  
N ostran d , N ew  Y ork.

Parsons, J.P. and P atton , S . 1 9 6 7 . T w o  d im en 
sion a l th in -layer chrom atograph y o f  polar  
lip ids from  m ilk  and m am m ary tissu e. J. 
L ipid R es. 8 : 6 9 6 .

R ouser, G., K ritchevsky, G, G alli, C. and H eller, 
D. 1 9 6 5 . D eterm in ation  o f polar lip ids: 
qu antitative  co lu m n  and th in -layer ch rom a
tograph y. J. A m . O il C hem . S o c . 42 : 2 1 5 .  

R ouser, G., K ritchevsky , G ., S im o n , G. and N e l
son , G. 1 9 6 7 . Q uan tita tive  analysis o f  brain  
and sp inach  leaf lip id s e m p lo y in g  s ilic ic  acid  
co lu m n  chrom atograph y and a c e to n e  for  
e lu tio n  o f  g lyco lip id s. L ip id s 2: 3 7 .

Ms received  4 /1 9 /7 1 ;  revised 5 /3 0 /7 1 ;  a ccep ted  
6 /2 /7 1 .



J. J. R YA N
Food Division, Food & Drug Directorate 

Dept, o f National Health & Welfare, Tunneys Pasture, Ottawa, Canada K1AO L2

FLA VO N O L G LYCO SID ES OF TH E C U LT IV A TED  STRA W BERRY

SU M M A RY—A fter extraction and separation by thin-layer chromatography (TLC ) on cellulose, 
nine flavonol glycosides were detected and purified in the fruit o f  strawberry from various sources. 
The structures o f these were investigated by TLC, spectral properties and several types o f hydrol
ysis. Four o f them were completely identified as the -3-0-monoglucosides and -.3-0-glucuronides of 
quercetin and kaempferol. Three others were characterized less fully as kaempferol-7-monogluco- 
side, a kaempferol-7-glucoside and an unreported quercetin-3-glucoside which was not the -3-0- 
monoglucoside or a diglucoside. A comparison between the flavonol glycosides and anthocyanins 
o f this fruit was made with respect to the amounts and types present.

INTRODUCTION

T H E  R E D  P IG M E N T S  o f  th e  cu lt iv a ted  
s t ra w b e r ry ,  Fragaria ananassa, t h e  a n t h o 
cy an in s ,  have  b e e n  well s tu d ie d  over th e  
years ,  y e t  th e  re la ted  f lav o n o l  g lycos ides  
have  rece ived  o n ly  m in o r  a t t e n t i o n .  This 
p a p e r  is c o n c e rn e d  w i th  t h e  iso la t io n  an d  
id e n t i f ic a t io n  o f  t h e  f la v o n o l  g lycos ides  
o f  s t raw b err ie s  f r o m  several so u rces  and  
re la tes  th e se  f ind ings  to  th o s e  o f  p rev ious  
inves tiga tions .  Th is  s tu d y  o f  t h e  p h e n o l ic  
c o m p o s i t io n  o f  f ru i ts  ( R y a n  a n d  C off in ,
1 9 7 1 )  w as in i t i a te d  w i th  t h e  in t e n t i o n  o f  
using  th e s e  c o n s t i t u e n t s  as m o n i to r s  o f  
f o o d  q u a l i ty  a n d  a d u l te r a t io n .

T h e  earl ies t  e x a m in a t io n  o f  th e  flavo- 
no ls  f r o m  th e  c u l t iv a te d  s t r a w b e r ry  was 
a c c o m p lish e d  b y  Williams a n d  W ender  
(1 9 5 2 ) ,  w h o  c h a ra c te r i z e d  th e  ag lycones  
k a e m p f e ro l  a n d  q u e rc e t in .  N o  f lav o n o l  
g lycos ides  w ere  re p o r te d .  In  a s tu d y  o f  
th e  p h e n o l ic  c o n s t i t u e n t s  o f  th e  fam ily  
R o saceae ,  B a te -S m ith  ( 1 9 6 1 )  sh o w e d  b y  
p a p e r  c h r o m a to g r a p h y  th e  p re sen ce  o f  
q u e rc e t in  in  th e  leaves o f  t h e  c u l t iv a te d  
s t ra w b e r ry ,  Fragaria chiloensis, a n d  b o th  
q u e rc e t in  a n d  k a e m p f e ro l  in  th e  leaves o f  
h ig h b u s h  s t ra w b e r ry .  In  an  e x te n s io n  o f  
th e  above  w o rk ,  C reasy  e t  al. ( 1 9 6 4 )  
d e m o n s t r a t e d  th e  e x is te n c e  o f  a t  least 
f o u r  f lavonol g lycos ides  in  th e  leaves o f  
b o t h  wild an d  c u l t iv a te d  s t raw b err ie s ,  
tw o  be ing  q u e rc e t in  an d  tw o  k a e m p f e ro l  
g lycosides.  In  t h e  f ru i t ,  C o  a n d  M arkak is
( 1 9 6 8 )  id e n t i f ie d  a n d  c h a ra c te r i z e d  b o th  
k a e m p fe ro l -3 -m o n o g lu c o s id e  a n d  q u erce -  
t in -3 -m o n o g lu co s id e .  R e c e n t ly ,  D uggan
(1 9 6 9 )  r e p o r t e d  an  e x t r a c t i o n  a n d  p u r i f i 
c a t io n  m e t h o d  fo r  th e  e x a m in a t io n  o f  
f lavono l  g lycos ides  in  p la n t s  a n d  sh o w ed  
b y  th in - lay e r  c h r o m a to g r a p h y  (T L C )  th a t  
s t ra w b e r ry  c o n ta in e d  a t  leas t  five d isc re te  
glycosides,  w h o se  ag ly co n e s  w ere  q u e rc e 
t in  an d  k a em p fe ro l .  H en ce ,  u p  to  th e  
p re sen t  t im e ,  five g ly co s id es  have  b een  
in d ic a te d  in  s t r a w b e r ry ;  w hereas ,  o n ly  
tw o  o f  th ese  have  b e e n  id en t i f ied .  T h e  
ag lycones  o f  th e  g ly co s id es  a p p e a re d  to  
c o n ta in  b u t  tw o  m e m b e rs ,  q u e r c e t in  a n d  
k aem p fe ro l .

EXPERIM ENTAL
Fruit

M a t u r e  1 9 7 0  l o c a l l y  g r o w n  s t r a w b e r r i e s  

w e r e  o b t a i n e d  a t  O t t a w a  m a r k e t s ,  d e h u l l e d  a n d  

s t o r e d  a t  - 5 ° C  i n  p o l y e t h y l e n e  b a g s  u n t i l  u s e d  

( 1 - 2  w k ) .  O t h e r  s t r a w b e r r i e s  o f  d i f f e r e n t  o r i g i n  

w e r e  p u r c h a s e d  a s  u n s w e e t e n e d  f r o z e n  p a c k s  a t  

l o c a l  s u p e r m a r k e t s  a n d  k e p t  a t  - 5 ° C .  T h e  y e a r  

o f  o r i g i n  o f  t h e s e  w a s  u n c e r t a i n .

Authentic flavonoids
A  p u r e  s a m p l e  o f  q u e r c e t i n - 3 - | 3 - m o n o g l u c o -  

s i d e  w a s  s u p p l i e d  b y  D r .  S . H .  W e n d e r ,  U n i v e r 

s i t y  o f  O k l a h o m a ,  N o r m a n ,  O k l a .  Q u e r c e t i n - 7 -  

m o n o g l u c o s i d e  w a s  p r o v i d e d  b y  D r .  R .  

H o r o w i t z ,  U S D A ,  F r u i t  a n d  V e g e t a b l e  C h e m i s 

t r y  L a b o r a t o r y ,  P a s a d e n a ,  C a l i f .  D r .  I . A .  P e a r l ,  

I n s t i t u t e  o f  P a p e r  C h e m i s t r y ,  A p p l e t o n ,  W i s . ,  

c o n t r i b u t e d  a  l i b e r a l  s u p p l y  o f  q u e r c e t i n - 3 - g l u -  

c u r o n i c  a c i d .  T h e  a g l y c o n e s  q u e r c e t i n  a n d  

k a e m p f e r o l  a n d  t h e  e n z y m e s ,  ( 3 - g l u c o s i d a s e  a n d  

( 3 - g l u c u r o n i d a s e ,  w e r e  p u r c h a s e d  f r o m  c o m m e r 

c i a l  s o u r c e s .

Extraction and purification
T h e  e x t r a c t i o n ,  p u r i f i c a t i o n  a n d  c h r o m a t o g 

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

r i e s  w e r e  s i m i l a r  t o  t h e  m e t h o d s  d e s c r i b e d  

p r e v i o u s l y  f o r  r a s p b e r r i e s  ( R y a n  a n d  C o f f i n ,

1 9 7 1 ) .  S o m e  g l y c o s i d e s  r e q u i r e d  a s  m a n y  a s  s i x  

s e p a r a t e  e l u t i o n s  f r o m  T L C  f o r  p u r i f i c a t i o n  

s t a r t i n g  f r o m  t h e  c r u d e  e x t r a c t ;  o t h e r s  n e e d e d  

o n l y  t w o .  T h e  a m o u n t  o f  f l a v o n o l  p r e s e n t  e i 

t h e r  i n  a  c r u d e  e x t r a c t  o r  p u r i f i e d  f r a c t i o n  w a s  

e s t i m a t e d  b y  i t s  U V  a b s o r p t i o n  i n  t h e  r a n g e  

3 4 5 - 3 7 5  n m ,  a s s u m i n g  t h a t  t h e  m o l e c u l a r  e x 

t i n c t i o n  c o e f f i c i e n t  f o r  t h i s  p e a k  w a s  1 8 , 0 0 0  

c o r r e s p o n d i n g  t o  t h e  a c t u a l  v a l u e  o f  q u e r c e t i n -

3 - ( 3 - m o n o g l u c o s i d e  ( i s o q u e r c i t r i n ) .

Absorption spectra
T h e  a b s o r p t i o n  s p e c t r a  o f  t h e  g l y c o s i d e s  

w e r e  r e c o r d e d  i n  m e t h a n o l  s o l u t i o n  u s i n g  a  

C a r y  1 4  R e c o r d i n g  S p e c t r o p h o t o m e t e r  w i t h  t h e  

d i a g n o s t i c  r e a g e n t s  a n d  m e t h o d s  f o r  d e t e r m i n a 

t i o n  o f  s u b s t i t u t i o n  p a t t e r n s  a s  d e v e l o p e d  b y  

J u r d  ( 1 9 6 2 )  a n d  M a b r y  e t  a l .  ( 1 9 7 0 ) .

Acidic hydrolysis
P r i o r  t o  h y d r o l y s i s ,  a n d  b e c a u s e  o f  t h e  s m a l l  

a m o u n t  o f  m a t e r i a l  b e i n g  u s e d ,  a l l  s a m p l e s  w e r e  

f i l t e r e d  a s  m e t h a n o l  s o l u t i o n s  t h r o u g h  M i l l i p o r e  

F i l t e r s  ( M i l l i p o r e  F i l t e r  C o r p . ,  B e d f o r d ,  M a s s . ) .  

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

f i n e l y  d i v i d e d  c e l l u l o s e  w h i c h  w o u l d  i n t e r f e r e  

w i t h  t h e  s u g a r  a n a l y s i s .  T h e  m a t e r i a l  ( 0 . 1 - 0 . 5  

m g )  w a s  t h e n  r e f l u x e d  a n d  s t i r r e d  f o r  9 0  m i n

w i t h  a  5% a q u e o u s  s o l u t i o n  o f  t r i f l u o r o a c e t i c  

a c i d  ( T F A )  a c c o r d i n g  t o  t h e  m e t h o d  o f  W o s e l  

a n d  B a r z  ( 1 9 7 0 ) .  T h e  a g l y c o n e  w a s  e x t r a c t e d  

w i t h  t h r e e  e q u a l  p o r t i o n s  o f  E t O A c ,  l e a v i n g  a n  

a q u e o u s  s o l u t i o n  o f  p H  2 - 3 .  T h e  e v a p o r a t e d  

o r g a n i c  p h a s e  w a s  a n a l y z e d  q u a l i t a t i v e l y  b y  

T L C  i n  s e v e r a l  s o l v e n t  s y s t e m s  a n d  q u a n t i t a 

t i v e l y  b y  e i t h e r  G L C  o r  i t s  U V  s p e c t r u m .

T h e  w a t e r  p h a s e  f r o m  t h e  h y d r o l y s i s  w a s  

e v a p o r a t e d  a t  r o o m  t e m p e r a t u r e  e i t h e r  w i t h  a  

s t r e a m  o f  n i t r o g e n  o r  u n d e r  v a c u u m .  T h e  c o n 

s t i t u e n t  s u g a r s  w e r e  s i l y l a t e d  a n d  d e t e r m i n e d  

b y  G L C .  A  r e f e r e n c e  e x p e r i m e n t  c o n t a i n i n g  

o n l y  a g l y c o n e  a n d  s u g a r  w a s  p e r f o r m e d  f o r  

e v e r y  g l y c o s i d e  b y  m e a s u r i n g  h o w  m u c h  o f  

t h e s e  s u r v i v e d  t h e  e x p e r i m e n t a l  c o n d i t i o n s .

Gas chromatography conditions
T h e  s a m p l e  ( 0 . 0 5 - 0 . 2  m g )  w a s  t r e a t e d  w i t h  

T r i s i l  ( 0 . 1 - 0 . 5  m l )  a t  r o o m  t e m p e r a t u r e  f o r  a t  

l e a s t  5  m i n .

A  H e w l e t t - P a c k a r d  5 7 5 0  G L C  w a s  u s e d  w i t h  

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

c a r r i e r  g a s  ( 3 0  m l  p e r  m i n  a t  r o o m  t e m p e r a 

t u r e ) .  S t a i n l e s s  s t e e l  c o l u m n s  ( 4 - f t  b y  1 / 8 - in .  

o d )  w e r e  p a c k e d  w i t h  e i t h e r  3 %  O V - 1 7  o r  3% 
S E - 3 0  o n  C h r o m o s o r b  W / 6 0 - 8 0  m e s h .  S u g a r  

a n a l y s i s  w a s  p e r f o r m e d  u s i n g  a  t e m p e r a t u r e  

p r o g r a m  o f  1 2 0 - 1 7 5 ° C  a t  4 °  m i n  a n d  f l a v o n o l  

a n a l y s i s  u s i n g  a  p r o g r a m  o f  2 3 0 - 2 6 0 ° C  a t  2 °  

m i n .  S u c h  m e t h o d s  w e r e  s u f f i c i e n t  t o  m e a s u r e  

a l l  k n o w n  s u g a r s  a n d  f l a v o n o l s  c o m b i n e d  a s  f l a 

v o n o l  g l y c o s i d e s .

Peroxide oxidation of -3-glycosides
T h e  m e t h o d  o f  C h a n d l e r  a n d  H a r p e r  ( 1 9 6 1 )  

w a s  u s e d  t o  r e m o v e  s u g a r s  a t t a c h e d  t o  t h e  3  

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

w i t h  h y d r o g e n  p e r o x i d e  f r o m  8 - 2 4  h r  a t  r o o m  

t e m p e r a t u r e .  S u g a r  a n a l y s i s  w a s  a c c o m p l i s h e d  

b y  G L C ,  t a k i n g  n o t e  t h a t  p e r o x i d e  c a n  o x i d i z e  

s u g a r s  t o  t h e  c o r r e s p o n d i n g  s u g a r  a c i d s .

Enzyme hydrolysis
T h e  g l y c o s i d e  ( 0 . 1 - 0 . 5  m g )  w a s  d i s p e r s e d  i n  

1 m l  o f  a n  a c e t a t e  b u f f e r  ( p H  4 . 6 )  c o n t a i n i n g  

t h e  e n z y m e  ( 0 . 5  m g ) .  T h e s e  w e r e  i n c u b a t e d  

w i t h  a g i t a t i o n  a t  3 7 ° C  f o r  1 8  h r .  T h e  h e t e r o 

g e n e o u s  m i x t u r e  w a s  t h e n  e x t r a c t e d  w i t h  

E t O A c  a n d  t h e  a g l y c o n e  a n d  s u g a r s  a n a l y z e d  b y  

G L C  a n d  T L C .

RESU LTS & DISCUSSION
F R O M  1.8 kg o f  s t raw b err ie s ,  a c ru d e  
e x t r a c t  w as o b ta in e d  w h ic h  c o n ta in e d  
a b o u t  55 m g  o f  f lav o n o l  g lycosides.  A f te r  
T L C  p u r i f ic a t io n ,  o n ly  a b o u t  13 m g  to ta l  
o f  g lycos ides  w ere  reco v e red .  T h ese  re 
su l ts  are sh o w n  in T ab le  1 a lo n g  w i th  th e  
n u m b e r  o f  f lavono ls  iso la ted  an d  th e i r  
re la tive  in tens i t ie s .  T h e  values in  c o lu m n s  
3 an d  4  d e p e n d  o n  th e  n u m b e r  o f  T L C  
e lu t io n s  a n d  are o n ly  a g u id e  as to  th e  
a m o u n t s  c a p a b le  o f  b e in g  iso la ted . C o l
u m n  5 gives an  e s t im a te  o f  th e  re la tive  
a m o u n t s  in a c ru d e  e x tr a c t .
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S o m e  o f  th e se  losses c a n  be a t t r i b u t e d  
to  in c o m p le t e  reco v e ry  o f  th e  g lycos ides  
f ro m  th e  ce llu lose  layers ,  a loss a c c e n tu 
a ted  by  th e  n u m e r o u s  e lu t io n s  necessary  
fo r  u l t im a te  p u r i ty .  O th e r  losses can  be 
a t t r i b u t e d  to  th e  in s ta b i l i ty  a n d  d e c o m 
p o s i t io n  o f  th e  g lycosides.  A n  ad d i t io n a l  
p ro b le m  arises in  th e  p u r i f ic a t io n  o f  
f lav o n o l  g lycos ides  as th e y  c h e la te  e ffec 
tive ly  an d  ir revers ib ly  w i th  m o s t  m eta l l ic  
ions  (F e ,  Z n ,  Sn). T h e se  in so lu b le  c o m 
p lexes  a re  u l t im a te ly  los t  to  th e  re a c t io n  
pool.  T h u s ,  all so lven ts  a n d  a b s o r b e n ts  
m u s t  be  free  f ro m  th ese  in te r fe r in g  ions. 
M oreover ,  o n  e lu t io n  o f  f lavono ls  f ro m  
T L C  p la te s  w i th  m e th a n o l ,  s ign ifican t 
a m o u n t s  o f  ce llu lose  o r  its o l igom ers  are 
e x t r a c te d .  T h e se  im p u r i t i e s  cause  a bias 
b o th  in  t h e  ac tu a l  w e igh t  o f  f lavonol

g lycos ide  a n d  in  th e  sugar  ana lys is  a f te r  
hydro lys is .

G ly co s id e  1 was believed t o  be  th e  
m o s t  p le n t i fu l  c o m p o n e n t  as e s t im a te d  
by  T L C  o f  a c ru d e  e x t r a c t ,  b u t  in  th e  
f inal p u r i f ic a t io n  was o n ly  th e  seco n d  
m o s t  c o m m o n  c o m p o n e n t .  W hen  it  was 
s to re d  d ry  u n d e r  n i t ro g e n  a t  5 °C  fo r  1 
m o n t h ,  th e  a m o u n t  as d e te r m in e d  b y  UV 
d r o p p e d  f ro m  3 . 0 - 1 . 9  mg. N ine  g ly co 
sides w ere  f o u n d  in s t ra w b e r ry ,  a l th o u g h  
f lavono ls  3 a n d  6 c o u ld  n o t  b e  iso la ted  in  
p u re  fo rm ,  suggesting  th e y  w ere  u n d e r 
go ing  change. F o r  th is  reason ,  th e i r  s t ru c 
tu re s  w ere  n o t  d e te r m in e d .  G ly co s id e  4 
was a n o n se p a r a b le  m ix tu r e  o f  tw o  c o m 
p o n e n ts .

T h e  T L C  b e h a v io r  o f  th e  g lycos ides  
a f fo rd e d  m u c h  in f o r m a t io n  o n  th e  n u m 

ber  a n d  ty p e s  in  th e  c r u d e  e x t r a c t .  T h e  
R f va lues  o f  th e s e  are sh o w n  in T ab le  2, 
a long  w ith  so m e  re p r e se n ta t iv e  s ta n d a rd s .  
In a d d i t io n ,  th e  tw o -d im e n s io n a l  c h r o 
m a to g ra m  o f  th e  g ly co s id es  f r o m  s t r a w 
b e r ry  (Fig. 1) sh o w s  a w e ll- reso lved  p a t 
t e r n  o f  sp o ts  w h o se  m o s t  p r o m in e n t  
m e m b e rs  a re  th e  g ly co s id es  1 a n d  4. T h is  
p a t t e r n  is s im ila r  t o  o n e  r e p o r t e d  by 
D uggan ( 1 9 6 9 ) ,  e x c e p t  fo r  th e  n u m b e r  
a n d  in te n s i ty  o f  c o m p o u n d s .  C o m p a r i s o n  
o f  R f  values o f  th e s e  c o m p o u n d s  w i th  
th o s e  o f  k n o w n  g ly co s id es  a n d  r e p o r t e d  
values ( H a rb o rn e ,  1 9 6 7 )  gave so m e  in d i 
c a t io n  as to  t h e  n a tu r e  o f  th e  a g ly c o n e ,  
th e  n u m b e r  o f  sugars  a n d  th e i r  p o s i t io n  
o f  a t t a c h m e n t .

G ly co s id es  1 a n d  2
T h e  U V  sp ec t ra  o f  g ly co s id es  1 a n d  2 

w i th  th e  a d d i t io n  o f  d iag n o s t ic  reag en ts  
(T a b le  3) p o in t e d  to  a q u e rc e t in -3 -  a n d  a 
k a e m p fe ro l -3 -g ly co s id e .  H y d ro ly s is  o r  
cleavage, o r  b o th ,  u n d e r  a v a r ie ty  o f  
c o n d i t io n s  (T ab le  4 )  (e .g  , T F A ,  H 2 0 2 
o x id a t io n  a n d  e n z y m e  h y d ro ly s is )  c o n 
f i rm e d  th e  s t ru c tu r e s  o f  1 a n d  2 as 
quercet in-3-/3-glucuronide and  k a e m p fe ro l -
3-/3-glucuronide, re spec tive ly .

T h e  h y d ro ly s is  w i th  T F A  p r o c e e d e d  
s m o o th l y  to  give a r e p r o d u c ib l e  m e a s u re 
m e n t  o f  th e  ag ly co n e  t o  sugar  ra t io .  T F A  
is a w e a k e r  ac id  t h a n  HC1 a n d  less 
d e s t ru c t iv e  to  sugars  b u t  s t ro n g  e n o u g h  to  
c leave f lav o n o l  g lycos ides .  N o  m a t t e r  
w h a t  s teps  are t a k e n  fo r  p u r i f ic a t io n  a n d  
f i l t ra t io n ,  t r ace s  o f  g lu co se  a re  e n c o u n 
te re d  in th is  h y d ro ly s is .  T h is  has  b e e n  
n o te d  p rev io u s ly  by  R ib e re a u -G a y o n
( 1 9 6 4 )  in  a s tu d y  o f  grapes . T h e  p e r o x id e  
o x id a t io n  o f  f lavono l-3 -g lycos ides  is n o t  
as c lean  a m e t h o d  as ac id ic  h y d ro ly s is  a n d  
sugar y ie lds  are lo w er ,  p a r t ic u la r ly  in 
g lu c u ro n ic  acid. T h e  e n z y m e  cleavage o f  
g lycos ides  p ro c e e d e d  s m o o th l y  w i th  b o th  
/3-glucosidase a n d  /3-glucuronidase. A u 
th e n t ic  sam p le s  o f  querce t in -3-/3 -m onoglu-

8 0 %  p h e n o l : w a t e r — »•

Fig. 1 — Two-dimensional chromatogram o f
glycosides in strawberry.

Table 1 —Amounts and relative intensities o f isolated glycosides

G l y c o s i d e

N o .  o f

T L C  e l u t i o n s

A m o u n t 3

( m g )

% o f

T o t a l *3

V i s u a l  e s t .  

o f  r e l a t i v e  i n t . c

1 3 3 . 0 2 3 1

2 4 0 . 7 5 4

3 5 < 0 . 2 < 1 . 5 7

4 4 7 . 1 5 5 2

5 4 0 . 4 3 6

6 6 < 0 . 1 < 1 3

7 2 1 . 2 9 5

8 2 0 . 3 2 8

aFrom  1.8  kg berries; estim ated  by U V .
'’ By ad d ition  o f  co lu m n  3.
c A fter spraying plate o f  crude extract w ith  A1C13 .

Table 2—R f  Values o f strawberry glycosides on cellulose layers

G l y c o s i d e

S o l v e n t 3

A B C D E F

1 . 4 8 . 7 6 . 2 9 . 4 7 . 4 3 . 6 0

2 . 5 6 . 8 4 . 4 3 . 6 3 . 6 0 . 6 9

3 . 5 0 . 1 4 . 8 2 - - -

4 . 5 8 . 2 6 . 5 8 - , 6 2 . 0 8 .6 1 . 7 3

5 . 4 9 . 1 9 . 4 8 . 0 6 . 5 0 . 6 7

6 . 6 0 . 8 8 . 6 0 - - -

7 . 2 1 . 0 5 . 5 8 - . 4 7 . 5 6

8 . 1 5 . 0 3 . 3 5 - - . 4 8

Q - 3 - g l . 4 8 . 2 1 . 5 3 . 0 5 . 4 8 . 6 5

Q - 7 - g l . 1 4 . 0 4 . 3 2 < . 0 3 . 1 7 . 4 2

Q - 3 - g a b . 4 8 . 7 8 . 3 0 . 4 9 . 4 3 . 6 0

K - 3 - g a b . 5 7 . 8 2 . 4 5 . 5 9 . 5 7 . 6 7

aCf. experim enta l.
b O btained  from  raspberry; R yan and C offin  (1 9 7 1 ) .

Q -  q u ercetin , K = kaem p fero l, gl -  m o n o g lu co sid e , ga = g lucuronic  
acid.

So lvent: A -3 0 %  HOAC D - H 2 0
B—3% p h en ol in H 2 0  E —n-butanol - HOAC - H 2 0 :  6-1-2
C -8 0 %  p h en o l in H 2 0  F -H O A C -c o n c . HCI - H 2 0 :  3 0 -3 -1 0  (F orresta l)
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Table 3—UV Spectra o f isolated glycosides

S h i f t  H y d r o x y l  p a t t e r n

G l y c o s i d e

A b s o r p t i o n  

m a x .  i n  

M e O H  

( n m ) A I C I 3

B a n d  I I

A I C I 3 N a O A c  

H C 1  H 3 B 0 3

B a n d  I

N a O M e  N a O A c F r e e S u b s t .

1 2 5 5 3 5 5 5 0 3 0 2 8 5 0 1 7 7 , 5 , 3 ' , 4 ' 3

2 2 6 2 3 4 8 4 5 4 5 0 5 0 1 0 7 , 5 , 4 ' 3
4 2 6 0 3 5 0 5 5 4 5 1 0 5 0 1 2 7 , 5 3

5 2 5 8 3 5 4 7 0 4 0 3 5 6 5 1 2 7 , 5 , 3 ' , 4 ' 3

7 2 6 2 3 6 5 5 9 5 8 3 6 3 2 5 , 4 ' , 3 7

8 2 6 8  3 2 5  

3 7 0

5 8 5 8 — 5 5 0 5 , 4 ' , 3 7

Table 4—Hydrolysis products o f glycosides

A c i d i c  h y d r o l y s i s  n  r
___________________ _______ _____ P e r o x i d e  E n z y m e

G l y c o s i d e A g l y c o n e S u g a r R a t i o o x i d a t i o n h y d r o l y s i s C o n c l u s i o n

1 Q g a 1:1 g a g a Q - 3 - i J - g a

2 K g a 1:1 g a g a K - 3 - Ö - g a

4 Q , K g l 1:0.8 g l g l ,  Q - g l K - 3 - 3 - g l

Q - 3 - g l u

5 Q g l 1:1 g l g l Q-3 -jS-gl
7 K g l 1:1 N A N D K - 7 - g l

8 K g l N D N A N D K - 7 - g l u

Q = q u ercetin , K = k aem p fero l, gl = g lu cose, ga = g lu cu ron ic  acid. 
N A  = not app licab le , ND  = not determ in ed , glu = g lu cosid e .

GLYCOSIDE 4

Q = quercetin , K= kaempferol 
gl=glucose

Fig. 2—Chemistry o f glycoside 4.

coside  ( i so q u e rc i t r in )  a n d  g e n t io b io se  
(6-0-(3-glucosyl-D-glucose) w ere  h y d r o 
ly zed  b y  th e  fo r m e r  e n z y m e  q u a n t i t a 
tively.

G ly co s id e  5
In  a s im ilar  m a n n e r ,  g lycos ide  5 f r o m  

s t r a w b e r ry  w as p ro v e n  t o  be  q u e rc e t in -3 -  
|3 -m onoglucos ide  ( i so q u e rc i t r in ) .

G lycos ides  7 a n d  8
T hese  c o m p o n e n t s  w e re  o b ta in e d  in  

sm all a m o u n t s  f r o m  t h e  f ru i t .  T h e i r  UV 
a n d  T L C  in d ic a te d  f lavonol-7-g lycos ides .  
A c id ic  h y d ro ly s is  c o n f i rm e d  g ly co s id e  7 
as k a e m p fe ro l -7 -m o n o g lu c o s id e  a n d  g ly co 
side 8 as a k aem p fe ro l -7 -g lu co s id e .  In s u f 
f ic ien t  m a te r ia l  was available  f o r a  d e ta i led  
in v es t ig a t io n  o f  th ese  c o m p o u n d s .

G ly co s id e  4

T h e  id e n t i t y  o f  g ly co s id e  4  w as  p a r t ic 
u la r ly  d if f icu l t  t o  resolve. I ts  T L C  in 
v a r ious  so lven t  sy s te m s  s h o w e d  a single 
sp o t  e x c e p t  in  80 %  p h e n o l ,  w h e re  th e r e  
w as  a slight e lo n g a t io n  o f  t h e  p a t t e rn .  
T h e  U V  sp e c t r a  w as am b ig u o u s ,  in  t h a t  
t h e  te s t  fo r  an  o r t h o - d ih y d r o x y  g ro u p  in  
t h e  B ring  w as in co n c lu s iv e ;  t h e  sh if t  o f  
t h e  long  w a v e le n g th  p e a k  a f t e r  a d d i t io n  
o f  AIC13 /HC1 o r  N a O A c /H 3 B 0 3 w as  o n ly  
h a l f  t h a t  e x p e c t e d  fo r  an  o r t h o - d ih y 
d r o x y  g ro u p in g .  A c id ic  h y d ro ly s is  o f  th e  
m i x tu r e  w as m o r e  revealing , sh o w in g  th e  
p re sen ce  o f  b o t h  k a e m p f e r o l  a n d  q u e rc e 
t in  in  t h e  r a t io  o f  a p p r o x i m a t e ly  1:1. T h e  
sugar p re s e n t  w as  g lucose ,  a l t h o u g h  th e r e  
a p p e a re d  t o  b e  m o r e  a g ly c o n e  t h a n  sugar 
o n  a m o la r  basis ( r a t io  1 :0 .8 ) .  W ith  th is  
resu lt ,  a n d  th e  i n f o r m a t io n  f r o m  th e  UV 
and  T LC , t h e  m ix tu r e  a p p e a re d  to  c o n 
ta in  k a e m p f e rb l -3 -m o n o g lu c o s id e  p lus  a 
q u e rce t in -3 -g lu co s id e  w h ic h  w as n o t  iso 
q u e rc i t r in  n o r  a d ig lu co s id e  ( R f  values 
an d  hy d ro ly s is ) .  (¡-Glucosidase  h y d ro ly s is  
o f  th e  m ix tu r e  y ie ld e d  k a e m p f e ro l ,  g lu
cose  p lus an  in t a c t  q u e r c e t in  g lucoside.  
F u r t h e r  h y d ro ly s is  w i th  ac id  c leaved  th is  
g lucos ide  t o  q u e rc e t in  a n d  g lucose.  T h ese  
a re  sh o w n  sc h e m a tic a l ly  in  F ig u re  2. 
T h u s ,  th e  l inkage  o f  t h e  g lu co se  in  
k a e m p f e ro l  was /3 b u t  t h a t  in  q u e rc e t in

w as no t .  P a r t ia l  h y d ro ly s is  o f  th e  m ix tu r e  
w i th  a ce t ic  ac id  o r  T F A  a f f o rd e d  o n ly  
ag ly co n e ,  g lu co se  a n d  s ta r t in g  m ater ia l .  
Mild ac id  a t  r o o m  te m p e r a t u r e  le f t  th e  
m ix tu r e  u n c h a n g e d .  H y d ro ly s is  in a lka 
line  m e d ia  a n d  th e  U V  sp e c t ra  p o in t e d  to  
th e  ab se n c e  o f  c in n a m ic  acids.

T h is  u n k n o w n  m a y  be id e n t ic a l  to  a 
q u e rc e t in  g lucos ide  iso la ted  b u t  n o t  c h a r 
ac te r ized  b y  Williams a n d  W en d er  ( 1 9 5 3 a ;  
b )  f r o m  a p r ic o ts  a n d  p lum s.  H o w ev e r ,  th e  
ag ly co n e  to  sugar  r a t io  o f  t h e  q u e rc e t in -  
g lu co s id e  a p p e a r s  to  b e  2 :1  f r o m  b o th  
ac id ic  an d  e n z y m a t ic  h y d ro ly s is .  Since 
th is  ty p e  o f  f lav o n o l  g ly co s id e  has  n o t  
b e e n  r e p o r te d ,  a n d  as t h e  e x p e r im e n t  was 
p e r f o r m e d  o n  a m ix tu r e ,  th i s  va lue  m u s t  
b e  t a k e n  w i th  c a u t io n .  W ro ls tad  et al. 
( 1 9 7 0 a )  r e p o r te d  t h e  p re sen ce  o f  an  
a n th o c y a n in  p ig m e n t ,  pe la rgonid in-3-g lu-  
cos ide ,  in s t ra w b e r r i e s  w h ic h  w as d if fe r 
e n t  f r o m  th e  p e la r g o n id in -3 -m o n o g lu c o -  
side u su a l ly  f o u n d  in  th is  f ru i t .  T h e i r  new  
p ig m e n t  was n o t  a c h r o m a to g r a p h ic  a r t i 
fac t ,  a n d  c o u ld  easi ly  be  c o n v e r te d  to  th e  
k n o w n  pe la rgon id in -3 -(3 -m onog lucoside  
b y  acid. In  a d d i t io n ,  i t  c o n ta in e d  a 1:1 
m o le  r a t io  o f  a g ly c o n e  to  sugar a n d  d id  
n o t  possess a c y la t in g  ac ids  o r  so lvents .  It 
w as sugges ted  t o  b e  p e la rg o n id in -3 -m o n o -  
g lu co s id e  w h e re  th e  g lucose  w as  e i th e r  in 
th e  fu ra n o se  f o r m  o r  th e  a lp h a  a n o m e r .  
T hus ,  th e r e  ex is ts  th e  rea l  p o ss ib i l i ty  th a t  
su ch  a p h e n o m e n o n  c o u ld  ex is t  in  th e

re la ted  f lav o n o l  g lycos ides .  H o w ev e r ,  d u e  
t o  t h e  p a u c i ty  o f  m a te r ia l ,  th is  g lu co s id e  
w as n o t  in v es t ig a ted  f u r th e r .

T h u s ,  th e  -3- |3 -m onoglucosides and  
-3-j3-glucuronides o f  k a e m p f e r o l  a n d  q u e r 
c e t in  as well as a -7 -m o n o g lu c o s id e ,  a 
-7 -g lucoside  o f  k a e m p f e r o l  a n d  a q u e rce -  
t in -3 -g lucoside  h ave  b e e n  is o la te d  an d  
c h a ra c te r i z e d  f r o m  s t ra w b e r ry .  T h e  first 
tw o  c o m p o u n d s  h ave  a l r e a d y  b e e n  id e n t i 
fied f r o m  th is  f ru i t  b y  C o  a n d  M arkak is
( 1 9 6 8 ) ;  w h e reas ,  C reasy  e t  al. ( 1 9 6 4 )  and  
D uggan  ( 1 9 6 9 )  have  in d ic a te d  th a t  th is  
f ru i t  c o n ta in e d  m o re ,  b u t  id e n t i f ic a t io n  
has  o n ly  n o w  b e e n  fo r th c o m in g .

F lav o n o l  g lu co s id es  a re  q u i t e  c o m m o n  
in p la n t s  b u t  th e  g lu c u ro n id e s  h av e  b een  
d e te c te d  in  o n ly  seven  o r  e igh t species  
in c lu d in g  th e  e d ib le  b ean ,  Phaseolus 
(E n d re s  e t  al., 1 9 3 9 ) ,  r e d  g rapes ,  Vitis 
vinifera ( R ib e r e a u -G a y o n ,  1 9 6 4 )  a n d  in  
t h e  red  raspberry,»  Rubus idaeus ( R y a n  
a n d  C o ff in ,  1 9 7 1 ) .  T h is  is t h e  f irs t  r e p o r t  
o f  th e s e  ra re r  g lycos ides  in  th e  s t ra w 
berry .

P a r t  o f  th e  overs igh t  in id e n t i f ic a t io n  
o f  g lu c u ro n id e s  lies w i th  t h e  c o m p o u n d s  
them se lves .  M an y  o f  t h e  c o m m o n  t e c h 
n iq u e s  fo r  iso la t io n  a n d  c h a ra c te r i z a t io n  
o f  g lycos ides  re su l t  in  th e  loss o f  g lu cu 
ro n id es ,  b e c a u se  th e y  c o n ta in  a c a r b o x 
y lic  ac id  g ro u p .  T h e re  have  b e e n  re p o r t s  
(D u m o w ,  1 9 6 9 )  t h a t  g lu c u r o n id e s  are 
ir revers ib ly  b o u n d  t o  p o ly a m id e  c o lu m n s
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and  c a n n o t  be  iso la ted  in  th is  m an n e r .  
H ow ever ,  th e i r  c h a ra c te r i z a t io n  has also 
b een  r e p o r te d  by  ju s t  su ch  a te c h n iq u e  
(W agner e t  a l . , 1970) .  In  a n y  case, e x p e r 
im e n ta l  t e c h n iq u e s  m u s t  be  a d ju s te d  in 
th e  iso la t io n  and  c h a ra c te r i z a t io n  o f  glu- 
c u ro n id e s  to  ta k e  in to  a c c o u n t  th e i r  
ac id ic  n a tu re .

A n a to m ic a l  a n d  g eo g rap h ic  d if fe ren ces
Because  o f  th e  h igh  c o n c e n t r a t i o n  o f  

f lavono l  g lycos ides  in th e  r o o t s  a n d  leaves 
o f  p lan ts ,  th e y  can  so m e t im e s  b e  o b 
ta in e d  f r o m  th ese  p a r t s  by  d ir e c t  c ry s ta l 
l iza t ion .  H o w ev er ,  w h e n  th e  f ru i t  o r  p u lp  
o f  a spec ies  is th e  so u rce  o f  f lavono id  
c o m p o u n d s ,  th is  p ro c e d u r e  is n o t  poss i
ble, d u e  to  th e  low  levels in th e se  parts.  
As a c o m p a r iso n ,  th e  f lavono ls  f ro m  th e  
leaves o f  Vaccinium myrtillus (h u c k le 
b e r r y )  (Ice  and  W ender ,  1 9 5 3 )  w ere  
iso la ted  a t  t h e  c o n c e n t r a t i o n  o f  a b o u t  
1 ,500  m g /k g  leaf. O n  th e  o t h e r  h a n d ,  th e  
f lavono l  c o n te n t  o f  w h o le  g rapes is a b o u t  
1 0 - 1 5  m g /k g  (Williams a n d  W ender,  
1 9 5 2 )  a n d  th a t  o f  pears  in  th e  o r d e r  o f  10 
m g /k g  (N o r t je  an d  K o e p p e n ,  1965) .  In 
th is  s tu d y  th e  f lav o n o l  c o n te n t  o f  s t ra w 
berr ies  f ro m  var ious  so u rces  has b een  
fo u n d  to  vary  b e tw e e n  37 a n d  7 9  m g /k g  
f ru i t .  C o m p a r i so n  o f  th e  f lavono l  g ly co 
side c o n te n t  w i th  th e  a n th o c y a n in s  f ro m  
th e  sam e so u rce  also show s a c o n s id e rab le  
d if fe ren ce .  W rolstad  et al. ( 1 9 7 0 b )  has 
f o u n d  an  a n th o c y a n in  value b e tw e e n  343  
an d  9 6 6  m g /k g  w i th  a m e a n  o f  5 7 3 ,  
values m u c h  larger th a n  th o s e  o f  f lavo
nols.

All o f  th e  sam p les  o f  s t raw b err ie s  
derived f ro m  C an ad ian ,  A m e r ic a n  and 
Polish  sources  c o n ta in e d  g lycos ides  1 to  7 
inclusive. G ly co s id e  8 w as n o t  d e te c te d  in 
Polish  f ru i t .  In  all in s tan ces  g lycos ides  1, 
2, 4  a n d  7 w ere  th e  m a jo r  c o m p o n e n t s ,  
w h ereas  th e  rela tive  a m o u n t s  o f  3, 5, 6

a n d  8 a p p e a re d  to  vary  f r o m  so u rce  to  
source .  Overall th e r e  w ere  o n ly  m in o r  
d if fe ren ces  b e tw e e n  th e  f ru i t  f ro m  d if fe r 
e n t  regions.

W ith  th e se  re su lts  in  h a n d ,  a c o m p a r 
ison can  b e  m a d e  to  th e  c o lo r in g  pig
m e n ts ,  th e  a n th o c y a n in s ,  w h ic h  give th e  
s t r a w b e r ry  its a t t ra c t iv e  a p p ea ran ce .  If 
a t t e n t i o n  is fo cused  o n  th e  h y d r o x y la t io n  
p a t t e r n  in  th e  B ring  o f  th e se  ag lycones ,  
th e  m a in  a n th o c y a n in  f o u n d  in  s t ra w 
b e rry  is p e la rg o n id in  ( m o n o h y d r o x y ) ,  
w hile  cy a n id in  ( d i h y d r o x y )  is a m in o r  
c o m p o n e n t .  H o w ev er ,  in th is  s tu d y  it has 
b e e n  sh o w n  th a t  k a e m p f e r o l  ( m o n o h y 
d r o x y )  a n d  q u e rc e t in  ( d i h y d r o x y )  o c c u r  
in  a b o u t  eq u a l  a m o u n ts .  T h e  t r ih y d r o x y  
ag lycones ,  m y r ic e t in  and  d e lp h in id in ,  are 
b o t h  a b se n t  in  th is  g e n u s  (H a rb o rn e ,  
1967).  T h e  g lycos id ic  p o r t io n  o f  a n t h o 
c y a n in s  in s t r a w b e r ry  has b e e n  f o u n d  to  
b e  o n ly  -3 -glucosid ic  w h ereas  t h e  f lav o 
n o ls  a re  c o m b in e d  as -3- an d  -7-glucosides 
and  -3 -g lucuron ides .  T hus ,  th e r e  ap p ea rs  
t o  b e  no  d irec t  c o r r e la t io n  b e tw e e n  th ese  
tw o  classes o f  f lav o n o id  in  s t raw b erry .
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PHENOLIC AND INDOLE CON STITUEN TS OF ED IB LE  PEAS

SU M M A RY—p-Hydroxy benzoic, ferulic and vanillic acids were isolated from hydrolyzed and non- 
hydrolyzed extracts o f seeds o f  P i s u m  s a t i v u m  L . var. Feltham and var. Lincoln. In the Feltham 
variety syringic acid was only present as the free compound but p-coumaric acid occurred in both 
the free and bound forms, lndole-3-acetic and, tentatively, indole-3-carboxylic acids were identi
fied in the Lincoln variety. It  is very doubtful i f  phenols present in the minimal concentration 
found could play any role in the edible characteristics o f the peas.

IN T R O D U C T I O N

M A N Y  C L A S S E S  o f  c o m p o u n d s  are 
f o u n d  in  peas (K a r re r ,  1 9 5 8 ;  B u ch ,  1 9 6 0 ;  
M e n tz e r  a n d  F a t i a n o f f ,  1 9 6 4 ;  M e n tz e r ,  
1 9 6 6 ;  K a r iy o n e ,  1 9 6 1 - 1 9 6 7 ) .  K aem p -  
fe ro l a n d  q u e rc e t in  3 - (p -co u m aro y lg lu -  
c o sy l - so p h o ro s id e )  have  b e e n  f o u n d  in 
pea  t issue  ( F u r u y a e t  al. , 1 9 6 2 )  b u t  very  
few  s im p le  p h e n o ls  (ca f fe ic ,  fe ru l ic  a n d  
c h lo ro g e n ic  ac ids)  have  b e e n  r e p o r te d  
f r o m  th is  so u rce  (E le m a ,  1 9 6 0 ) ,  even 
th o u g h  p h e n o l ic  ac ids  as th e i r  lab ile  este rs  
o r  g lycos ides  a re  o f  w id e sp re a d  o c c u r 
ren ce  in  p lan ts .

F e ru l ic ,  caffe ic  a n d  s inap ic  acids are 
p re s e n t  in  m a n y  seeds  a n d  th e y  have  b een  
r e fe r re d  to  as g e rm in a t io n  in h ib i to r s  (V a r 
ga a n d  Koves, 1 9 5 9 )  a l th o u g h  th e i r  ro le  is 
still u n c le a r  (H a rb o rn e ,  1 9 6 4 ) .  T h e  c o n 
c e n t r a t i o n  o f  p h e n o ls  in peas  c o u ld  be 
e x p e c t e d  to  m a k e  a s u b s ta n t i a l  c o n t r i b u 
t io n  to  th e  ta s te  ( H o r o w i t z ,  1 9 6 4 )  or 
to x ic i ty  (S in g le to n  a n d  K ra tz e r ,  1 9 6 9 )  o f  
th is  f o o d ,  w h ic h  f in d s  w id e sp re a d  use in 
th e  h u m a n  d ie t .  A c c o rd in g ly ,  th is  s tu d y  
was ca rr ied  o u t  to  a sc e r ta in  w h e th e r  
p h e n o ls  are p re s e n t  in s ig n if ican t  a m o u n t s  
in  im m a tu r e  pea  seeds.

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

Extraction and fractionation

d r o u s  N a 2 S 0 4 , f i l t e r e d  a n d  e v a p o r a t e d  t o  

d r y n e s s  i n  v a c u o  a t  3 6 - 3 8 ° .  T h e y  w e r e  r e 

d i s s o l v e d  i n  5  m l  m e t h a n o l  a n d  c h r o m a t o 

g r a p h e d .

Hydrolysis
T h e  o r i g i n a l  a c i d i c  e x t r a c t  w a s  r e d u c e d  t o  a  

s m a l l  v o l u m e  ( 5 0  m l ) ,  d i l u t e d  w i t h  1 5 0  m l  

m e t h a n o l  a n d  h y d r o l y z e d  f o r  2  h r  w i t h  1 5 0  m l  

1 0 N  H 2 S 0 4 .

T h e  m e t h a n o l  w a s  e v a p o r a t e d  a n d  t h e  

h y d r o l y s a t e  f i l t e r e d ,  e x t r a c t e d  w i t h  e t h e r  a n d

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

f r a c t i o n s  w e r e  d r i e d ,  e v a p o r a t e d  a n d  c h r o m a t o 

g r a p h e d  a s  a b o v e .

Chromatography
T h e  p h e n o l - c a r b o x y l i c  a n d  p h e n o l i c  f r a c 

t i o n s  f r o m  b o t h  s e e d  v a r i e t i e s  w e r e  c h r o m a t o 

g r a p h e d  o n  W h a t m a n  N o .  1 p a p e r  u s i n g  2 %  

a c e t i c  a c i d  ( 2 %  H O A c )  o r  i s o p r o p a n o l / a m m o -  

n i a / w a t e r  ( I A W )  ( 1 0 : 1 : 1 )  a s  d e s c e n d i n g  s o l 

v e n t s .  D i f f e r e n t  z o n e s  o f  t h e  c h r o m a t o g r a m s  

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

p h e n o l  o r  i n d o l e  l o c a t i n g  r e a g e n t s .  T h e s e  r e 

g i o n s  w e r e  e l u t e d  f r o m  t h e  c h r o m a t o g r a m s  w i t h  

m e t h a n o l .

T h e  m o s t  c o m m o n l y  u s e d  r e a g e n t s  f o r  p h e 

n o l s  w e r e :  ( 1 )  2 , 6 - d i c h l o r o q u i n o n e c h l o r i m i d e  

o v e r s p r a y e d  w i t h  s a t u r a t e d  b o r a x  s o l u t i o n ;  ( 2 )  

d i a z o t i z e d  p - n i t r o a n i l i n e  o r  ( 3 )  s u l f a n i l i c  a c i d ,  

b o t h  ( 2 )  a n d  ( 3 )  w i t h  a n  o v e r s p r a y  o f  2 0 %  

N a 2 C 0 3 . E h r l i c h  r e a g e n t  w a s  u s e d  f o r  i n d o l e s .

Table 1—R f values o f authentic samples and pea seeds eluates (descending paper chromatog
raphy)

A c i d

1 A W 2 %  H O A c E A W a B A a

L i n c o l n F e l t h a m L i n c o l n R e i t h a m F e l t h a m F e l t h a m

E l u a t e 0 . 1 9 0 . 2 9 ( 0 . 2 4 0 . 6 2 0 . 1 0

1 0 . 5 3

F e r u l i c 0 . 1 9 0 . 2 8 1 0 . 2 6 0 . 5 8 0 . 0 9

* 0 . 5 2

E l u a t e 0 . 1 5 0 . 1 5 0 . 4 5 0 . 4 3 0 . 5 5 0 . 0 9

V a n i l l i c 0 . 1 7 0 . 1 7 0 . 4 5 0 . 4 5 0 . 5 7 0 . 0 7

E l u a t e 0 . 2 1 0 . 2 0 0 . 5 1 0 . 4 9 0 . 5 9 0 . 1 1

p - H y d r o x y  b e n z o i c 0 . 2 0 0 . 2 2 0 . 5 2 0 . 5 2 0 . 5 9 0 . 1 0

E l u a t e 0 . 4 2 ( 0 . 3 7 0 . 1 5

( 0 . 5 9

p - C o u m a r i c 0 . 3 5 ( 0 . 3 6 0 . 1 6

( 0 . 5 9

S e e d s  o f  Pisum sativum  L .  v a r .  L i n c o l n  

( 1 9 6 2 - c r o p )  o r  v a r .  F e l t h a m  ( 1 9 6 3 - c r o p ) ,  d r i e d  

a t  r o o m  t e m p e r a t u r e  f o r  s e v e r a l  w e e k s ,  w e r e  

s o a k e d  i n  m e t h a n o l  a n d  h o m o g e n i z e d  i n  a  

b l e n d e r .

T h e  s e e d s  w e r e  t h e n  e x t r a c t e d  w i t h  m e t h 

a n o l  i n  t h e  d a r k  f o r  2 4  h r  a t  r o o m  t e m p e r a t u r e  

w i t h  o c c a s i o n a l  s h a k i n g .  T h e  s u p e r n a t a n t  w a s  

d e c a n t e d  a n d  t h e  e x t r a c t i o n  r e p e a t e d  t w i c e .  

T h e  c o m b i n e d  e x t r a c t s  w e r e  r e d u c e d  i n  v o l u m e  

a t  3 6 - 3 8 °  i n  v a c u o ,  u n t i l  o n l y  t h e  e x t r a c t e d  

w a t e r  r e m a i n e d .  T h e  a q u e o u s  s o l u t i o n  w a s  a c i d 

i f i e d  w i t h  I N  H C 1  t o  p H  1 - 2 ,  a n d  e x t r a c t e d  

t h r e e  t i m e s  w i t h  e t h e r  i n  t h e  r a t i o  1 : 1 .  T h e  

e t h e r e a l  p h a s e  w a s  t h e n  w a s h e d  ( 3  t i m e s )  w i t h  

7 %  N a H C 0 3 . T h e  a q u e o u s  b a s i c  f r a c t i o n  w a s  

a d j u s t e d  t o  p H  1 - 2  w i t h  6 N  H C 1  a n d  b a c k - e x 

t r a c t e d  w i t h  e t h e r  t o  y i e l d  t h e  p h e n o l - c a r 

b o x y l i c  f r a c t i o n .  T h e  N a H C 0 3 e x t r a c t e d  e t h e r  

p h a s e  c o n t a i n e d  t h e  n e u t r a l  a n d  p h e n o l i c  c o m 

p o u n d s .

B o t h  f r a c t i o n s  ( c a r b o x y l i c  a n d  p h e n o l - n e u 

t r a l  o n e s )  w e r e  d r i e d ,  i n  t h e  d a r k ,  o v e r  a n h y 

a EAW = e th a n o l/a m m o n ia /w a ter  (3 5 :2 :1  3 ); BA = bu tanol/1%  am m onia .

Table 2—Ultraviolet data o f authentic and unknown compounds in 
pea var. Feltham seeds

A c i d

'S n a x n m

N e u t r a l  p H A l k a l i n e  p H

U n k n o w n 2 5 6 - 7 ;  2 8 8 - 9 0 2 7 6 - 7 ;  2 9 6

U n k n o w n  • H y d r o l y s a t e 2 5 9 2 7 6

V a n i l l i c 2 5 7 ; 2 9 0 2 8 2

U n k n o w n 2 5 4 2 7 4 ; 3 3 0

U n k n o w n  • H y d r o l y s a t e 2 5 2 - 4 ;  3 2 5 2 7 4 - 6 : 3 2 5 - 3 0

p - H y d r o x y  b e n z o i c 2 5 1 2 7 4 - 6

U n k n o w n 2 8 5 - 7 ;  3 0 5 3 0 5 ;  3 4 0 - 2

F e r u l i c 2 9 1 ; 3 1 4 3 0 6 ; 3 4 7

U n k n o w n 2 9 0 - 3 3 3 2

p - C o u m a r i c 2 9 1 3 3 4 - 5
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Table 4—R f values o f unknown and authentic IAA ( TLC  on silica 
gel) ____________________

S y s t e m E l u a t e I A A

I s o b u t a n o l / m e t h a n o l / w a t e r  ( 7 5 : 1 0 : 1 5 ) 0 . 4 9 0 . 4 8

I s o p r o p a n o l / a m m o n i a / w a t e r  ( 1 0 : 1 : 1 ) 0 . 5 5 0 . 6 0

C h l o r o f o r m / a c e t i c  a c i d  ( 9 5 : 5 ) 0 . 6 8 0 . 6 8

2 %  N a C l 0 . 8 0 0 . 8 3

Table 3—R f values o f methylated and re
duced products o f unknown and authentic feru- 
lic acid (descending paper chromatography)

F e r u l i c

C o m p o u n d a c i d U n k n o w n S y s t e m

O r i g i n a l 0 . 1 5 0 . 1 5 I A W

R e d u c e d ( 0 . 1 8 ( 0 . 1 8
I A W

( 0 . 6 9 1 0 . 6 9

O r i g i n a l ( 0 . 2 6

1 0 . 5 2

1 0 . 2 4

( 0 . 5 3
2 %  H O A c

M e t h y l a t e d ( 0 . 4 4

( 0 . 6 6

( 0 . 4 4

1 0 . 6 7
2 % H O A c

Spectroscopy and fluorimetry
T h e  s p e c t r a  o f  t h e  e l u a t e s  f r o m  t h e  z o n e s  

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

r e c o r d e d  i n  t h e  r a n g e  2 2 0 - 3 2 5  n m  a t  n e u t r a l  

a n d  t h e n  a t  a l k a l i n e  p H .

A  Z e i s s  s p e c t r o p h o t o f l u o r o m e t e r  Z F M  4 C  

w i t h  t w o  m o n o c h r o m a t o r s  a n d  a  X e n o n  a r c -  

l a m p  w a s  u s e d  t o  r u n  t h e  a c t i v a t i o n  a n d  f l u o r e s 

c e n c e  s p e c t r a .

Micro-scale reactions
I n  s o m e  c a s e s ,  f o r  a  f u l l  c h a r a c t e r i z a t i o n  

e l u a t e  a l i q u o t s  c o n t a i n i n g  a p p r o x i m a t e l y  2 0  p g  

o f  u n k n o w n  w e r e  r e d u c e d  w i t h  L i A l H 4  o r  

m e t h y l a t e d  w i t h  d i a z o m e t h a n e  ( S e o a n e  a n d  

C a r n i c e r ,  1 9 6 7 )  a n d  t h e i r  d e r i v a t i v e s  a n a l y z e d  

b y  c h r o m a t o g r a p h y .

R E S U L T S  & D IS C U S S IO N

T H E  A C ID IC  f r a c t io n s  f ro m  th e  h y d r o 
ly zed  a n d  u n h y d r o ly z e d  e x t r a c t s  were  
c h r o m a to g r a p h e d  w i th  2% H O A c. W hen a 
g o o d  r e s o lu t io n  was n o t  ach ieved ,  a sec
o n d  c h ro m a to g r a p h ic  s e p a r a t io n  was ca r 
ried o u t .

T h e  c o m p o u n d s  w ere  iso la ted  and  
c h a ra c te r i z e d  b y  c o - c h r o m a to g ra p h y  w ith  
a u th e n t i c  sam ples ,  c h ro m o g e n ic  re a c t io n s  
and  uv sp ec t ra  in  n e u tr a l  a n d  a lkal ine  
m e th a n o l  (T ab les  1 a n d  2).

A d d i t io n a l ly ,  fe ru lic  ac id  was d e te c te d  
by  its  g reen  f lu o re scen ce  u n d e r  uv light 
o n  fu m in g  w i th  a m m o n ia ,  an d  its  id e n t i f i 
c a t io n  c o n f i rm e d  by  T L C  w i th  2% NaCl 
as so lven t  ( u n k n o w n  Rf 0 .8 7 ;  a u th e n t i c  
sam p le  Rf 0 .8 6 ) .  Its f lu o re scen ce  sp ec t ra  
w ere  in d is t in g u ish ab le  f r o m  th o s e  o f  
sy n th e t i c  fe ru l ic  acid  e i th e r  a t  n e u t r a l  o r  
a lka l ine  pH . F u r t h e r m o r e ,  u n k n o w n  c o m 

p o u n d  was m e th y la t e d  w ith  d i a z o m e th 
ane  o r  re d u c e d  w ith  L iA lH 4 o n  a m ic ro 
scale p ro c e d u r e  (S e o a n e  a n d  C arn ice r ,  
1 967) .  T h e  r e a c t io n  p r o d u c t s  w ere  c h ro 
m a to g ra p h e d  o n  p a p e r  w i th  IAW o r  2% 
H O A c  (T ab le  3).

p -H y d ro x y b e n z o ic  acid w as id en t i f ied  
b y  T L C  in c h lo r o f o r m /a c e t i c  ac id  ( 9 5 : 5 )  
( u n k n o w n  a n d  a u th e n t i c  sam p le  R f  0 .9 6 ) .  
Syring ic  an d  vanil l ic  acids w ere  c h a ra c t e r 
ized b y  th e  d is t in c t iv e  c o lo r  w i th  d iazo-  
t ized  p -n i t ro an i l in e  (d a rk  b lue  a n d  red  
v io le t ,  re spec tive ly ) .  T h e  r e p o r te d  p res 
ence  o f  caffe ic  a n d  c h lo ro g en ic  acid  
(E lem a ,  1 9 6 0 )  was n o t  c o r r o b o r a te d .

IA A  was d e te c te d  w ith  E h rl ich  reag en t  
and  id e n t i f ie d  b y  T L C  (T a b le  4) .  Indo le-
3 -ca rb o x y l ic  ac id  ( IC A ) was p r o b a b ly  
p re sen t  as ju d g e d  by  c h ro m a to g r a p h ic  
da ta .

T h e  negligible c o n c e n t r a t i o n s  o f  p h e 
no ls  w ere  sp ec tra l ly  eva lua ted .  F e ru l ic  
acid (5 0  /rg/kg d .w . in  b o t h  th e  h y d r o l y 
sa te  and  n o n h y d r o ly z e d  e x t r a c t  o f  peas 
var. L in c o ln  a n d  3 and  1 gtg/kg, re sp ec 
t ive ly ,  in var. F e l th a m )  a n d  vanillic  acid  
(6 a n d  2 ptg/kg d .w . in  b o t h  e x t r a c ts  o f  
var. F e l th a m )  w ere  p re s e n t  in b o t h  varie
t ies  o f  pea ,  b o t h  in  th e  h y d ro ly s a te s  and  
in  th e  n o n h y d r o l y z e d  ex tr a c ts .  F ree  and  
c o m b in e d  p -co u m aric  a n d  syr ingic  acids 
w ere  d e te c te d  in P. sativum var. F e l th a m ,  
b u t  th e i r  sp ec t ra l  ev a lu a t io n  sh o w e d  te c h 
nical d if f icu l ties .

In  P. sativum var. L inco ln ,  IA A  was 
c h a ra c te r i z e d  a t  R f  0 .4 9 —0 .56 .  IC A  was 
po ss ib ly  p re sen t  in  t h e  sam e  z o n e  b u t  in 
such  sm all  a m o u n t s  t h a t  its id e n t i f ic a t io n  
req u i re s  f u r th e r  c o n f i rm a t io n .

In  peas, th e r e fo re ,  th e  c o n c e n t r a t i o n s  
o f  p h e n o l ic  acids a n d  th e i r  derivatives do  
n o t  a p p e a r  to  be  p re s e n t  in su ff ic ien t  
q u a n t i t i e s  to  cause  a n y  h a rm fu l  e f fec ts  in 
h u m a n  beings (S in g le to n  an d  K ra tze r ,

1 9 6 9 )  as o th e r  ed ib le  seeds a re  m u c h  
r ich e r  in th is  class o f  c o m p o u n d  w i th o u t  
causing  d e le te r io u s  e f fec ts

S im ilarly ,  it  seem s m o s t  u n l ik e ly  t h a t  
a t  so low  c o n c e n t r a t i o n s  th e y  c o u ld  m a k e  
a su b s ta n t ia l  c o n t r ib u t io n  t o  th e  ta s te  o f  
th e  peas.
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CHEM ICAL COMPOSITION OF TH E SEED  OF SUNFLOW ER H YBRIDS  
AND OPEN PO LLIN A TED  V A R IET IES

SU M M A RY—The seed o f high oil hybrids and open pollinated sunflower varieties from experimen
tal plantings at nine locations in six southern states In 1969 was analyzed for moisture, crude 
protein, total oil and fatty acid composition. Total oil content ranged from 28.8—44.7% with an 
average o f 35.3% for hybrid varieties and 39.5% for open pollinated varieties. The crude protein 
ranged from 16.9—25.1%. A ll the introductions were relatively low in palmitic and stearic acids. 
Small amounts o f palmitoleic, linolenic, arach/dic, behenic and lignoceric acids were present in all 
samples. Oleic acid ranged from 33.4—62.7% and linoleic acid from 27.3—54.2%o. The average oleic 
and linoleic acid content o f the open pollinated varieties at the nine locations was 46.6 and 41.6%, 
respectively, as compared to 49.4 and 39.6% for the hybrids. The linoleic acid content o f 
sunflower oil varied inversely with temperature during development o f the seed. The oil o f the 
sunflowers grown at the warmer locations and at the lower latitudes had a tower linoleic acid 
content than o f those grown at somewhat cooler locations and higher latitudes.

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

S U N F L O W E R  S E E D  is a h ig h -q u a l i ty  
vegetab le  oil w h ic h  ra n k s  s e c o n d  o n ly  to  
so y b e a n  oil in  w o r ld  ed ib le  veg e ta b le  oil 
p r o d u c t io n  (U S D A , 1 9 7 1 ) .  P re se n t ly ,  
th e re  is c o n s id e ra b le  in t e re s t  in  su n f lo w e r  
oil in  th e  U n i te d  S ta te s  fo r  use  in  
p ro cessed  f o o d s  fo r  h u m a n  c o n s u m p t io n .

T h e  f a t t y  ac id  c o m p o s i t io n  o f  s u n 
f lo w e r  seed  oil has  b e e n  r e p o r t e d  b y  a 
n u m b e r  o f  s c ien tis ts  t o  vary  w i th  p la n t in g  
lo c a t io n  a n d  w i th  c l im a t ic  c o n d i t io n s  
d u r in g  th e  g ro w in g  sea so n  ( C u m m in s  et 
al., 1 9 6 7 ;  E arle  e t  al. , 1 9 6 8 ;  K in m a n  a n d  
Earle , 1 9 6 4 ;  P u t t  e t  al. , 1 9 6 9 ) .  Using 
c o n s t a n t  te m p e r a tu r e s  o f  10, 16, 21 a n d  
2 6 .5 ° C  fo r  th e  p e r io d  o f  seed  d e v e lo p 
m e n t ,  C anvin  (1 9 6 5 )  f o u n d  th e r e  was a 
dec rease  in  lino le ic  ac id  a n d  an  inc rease  in  
ole ic  ac id  w i th  an  in c rease  in  t e m p e r a 
tu re .  P u t t  e t  al. ( 1 9 6 9 )  r e p o r t e d  f in d in g  a 
s ign if ican t  v a r ia t io n  in  th e  s tea r ic ,  ole ic  
a n d  lino le ic  ac id  c o m p o s i t io n s  o f  su n 
f lo w e r  oils o f  e ig h t  s u n f lo w e r  varie ties  
w h ic h  th e y  be l ieved  w ere  m o s t  likely  
u n d e r  gen e t ic  c o n t r o l .  E ar le  e t  al. ( 1 9 6 8 )  
f o u n d  t h a t  s u n f lo w e r  oil f r o m  seed  o f  
varie ties  ra ised  in  n o r t h e r n  U n i te d  S ta tes  
o r  s o u th e r n  C a n a d a  ty p ic a l ly  c o n ta in e d  
a b o u t  70 %  lino le ic  ac id .  C u m m in s  e t  al.
(1 9 6 7 )  f o u n d  th a t  th e  seed  oil o f  20  
su n f lo w e r  i n t r o d u c t io n s  g ro w n  a t  E x p e r 
im e n t ,  Ga.,  h a d  a n  average lino le ic  acid 
c o n te n t  o f  4 5 .9% . K in m a n  a n d  Earle 
(1 9 6 4 )  r e p o r t e d  th a t  th e  l ino le ic  acid 
c o n te n t  o f  e ig h t  s u n f lo w e r  i n t r o d u c t io n s  
g ro w n  a t  College S ta t io n ,  T ex . ,  ran g ed  
f ro m  3 1 .6 —52.8%.

S u n f lo w e r  oil p ro d u c e d  in  th e  s o u t h 
e rn  p a r t  o f  th e  U n i te d  S ta te s  w i th  a lo w e r  
c o n te n t  o f  lino le ic  ac id  a n d  lo w  io d in e  
value m a y  have  b e t t e r  k e e p in g  qua li t ie s  
a n d  s tab il i ty  c h a rac te r i s t ic s  th a n  oil w i th  
a h ig h e r  lino le ic  ac id  c o n te n t .  I n f o r m a 
t io n  is th e r e fo re  n e e d e d  o n  th e  c o m p o s i 

t io n  o f  th e  oil o f  n e w  var ie t ie s  o r  h y b r id s  
o f  su n f lo w e rs  t o  aid in  b re e d in g  fo r  oil 
q u a l i ty  in  th e  c ro p .  A c c o rd in g ly ,  a s tu d y  
o f  th e  ch em ica l  c o m p o s i t io n  o f  se lec ted  
su n f lo w e r  var ie ties  g ro w n  a t  n in e  lo c a 
t io n s  in  th e  C o t t o n  Belt d u r in g  19 6 9  was 
u n d e r t a k e n .

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

T H E  S E E D  o f  h i g h  o i l  h y b r i d  a n d  o p e n  p o l l i 

n a t e d  s u n f l o w e r  v a r i e t i e s  w a s  o b t a i n e d  f r o m  e x 

p e r i m e n t a l  p l a n t i n g s  a t  n i n e  l o c a t i o n s  i n  s i x  

s o u t h e r n  s t a t e s  i n  1 9 6 9 .  T h e s e  p l a n t i n g s  w e r e  

p a r t  o f  t h e  1 9 6 9  U . S .  R e g i o n a l  S u n f l o w e r  Y i e l d  

T e s t s  c o n d u c t e d  b y  D r .  M u r r a y  K i n m a n ,  O i l 

s e e d  a n d  I n d u s t r i a l  C r o p s  R e s e a r c h  B r a n c h ,  

U S D A ,  A R S ,  C o l l e g e  S t a t i o n ,  T e x .

S i n g l e  2 5 - g  s a m p l e s  o f  s e e d  w e r e  a n a l y z e d  

f o r  t o t a l  o i l  c o n t e n t ,  c r u d e  p r o t e i n ,  m o i s t u r e  

a n d  f a t t y  a c i d  c o m p o s i t i o n  o f  t h e  o i l .  T h e  

w h o l e  s e e d s  w e r e  f i n e l y  g r o u n d  i n  a  h i g h - s p e e d  

m i c r o - m i l l .  M o i s t u r e  w a s  d e t e r m i n e d  b y  h e a t i n g  

1 0 - g  s a m p l e s  o f  w h o l e  s e e d  i n  a  f o r c e d - d r a f t  

o v e n  a t  1 3 5 ° C  f o r  3  h r ,  t o t a l  o i l  b y  e x t r a c t i n g  

2 g  o f  g r o u n d  s a m p l e  w i t h  p e t r o l e u m  e t h e r  i n  a  

B u t t  e x t r a c t o r  f o r  6  h r  a n d  n i t r o g e n  b y  t h e  

s e m i m i c r o - K j e l d a h l  p r o c e d u r e  ( C o c k s  a n d  v a n  

R e d e ,  1 9 6 6 ) .  T h e  o i l s  w e r e  c o n v e r t e d  t o  m e t h y l  

e s t e r s  b y  t h e  B F 3 - m e t h a n o l  p r o c e d u r e  o f  M e t 

c a l f e  e t  a l .  ( 1 9 6 6 ) .  T h e  m e t h y l  e s t e r s  w e r e  a n 

a l y z e d  b y  g a s - l i q u i d  c h r o m a t o g r a p h y  u s i n g  a  

V a r i a n  1 7 4 0  c h r o m a t o g r a p h  e q u i p p e d  w i t h  

f l a m e  i o n i z a t i o n  d e t e c t o r s .  A n  8 - f t  b y  1 / 4 - i n .  

s t a i n l e s s  s t e e l  c o l u m n  p a c k e d  w i t h  1 0 %  s t a b i 

l i z e d  d i e t h y l e n e  g l y c o l  s u c c i n a t e  ( D E G S )  o n  

6 0 / 7 0  m e s h  c h r o m o s o r b  W - A W - D M C S  w a s  u s e d  

a t  2 0 0 ° C .  T o  q u a n t i t a t e  l i n o l e n i c  a c i d ,  a  6 - f t  b y  

1 / 4 - i n .  s t a i n l e s s  s t e e l  c o l u m n  p a c k e d  w i t h  1 0 %  

b u t a n e - 1 ,  4 - d i o l  s u c c i n a t e  ( B D S )  o n  6 0 / 7 0

Table 1 —Sunflower hybrids and introduced varieties tested in 1969 
E n t r y

N o . D e s c r i p t i o n  a n d  i d e n t i t y T y p e

1 P - 2 1  m x  x  H A  6 0 H i g h  o i l ,  h y b r i d

2 P - 2 1  m s  x  H A  6 1 H i g h  o i l ,  h y b r i d

3 V a l l e y  ( C M  9 0 R R  x  P e r e d o v i k ) H i g h  o i l ,  h y b r i d

4 P e r e d o v i k H i g h  o i l ,  o p e n  p o l l i n a t e d

5 P e r e d o v i k  ( 6 6 ) H i g h  o i l ,  o p e n  p o l l i n a t e d

6 V N I I M K  8 9 3 1 H i g h  o i l ,  o p e n  p o l l i n a t e d

7 V N I I M K  8 9 3 1  ( 6 6 ) H i g h  o i l ,  o p e n  p o l l i n a t e d

8 K r a s n o d a r e t s H i g h  o i l ,  o p e n  p o l l i n a t e d

9 N K  H O  1 H i g h  o i l ,  o p e n  p o l l i n a t e d

1 0 M a j a k H i g h  o i l ,  o p e n  p o l l i n a t e d

1 1 M i n g r e n C o n f e c t i o n e r y  a n d  b i r d f e e d

1 2 A r r o w h e a d C o n f e c t i o n e r y  a n d  b i r d f e e d

1 3 D - 6 7 2 C o n f e c t i o n e r y  a n d  b i r d f e e d

1 4 C M  9 0 R R  x  M e n n .  R R - 1 8 - 1 C o n f e c t i o n e r y  a n d  b i r d f e e d

1 5 P - 2 1  m s  s e l  x  M e n n .  R R - 1 8 - 1 C o n f e c t i o n e r y  a n d  b i r d f e e d

1 6 M a n c h u r i a n C o n f e c t i o n e r y  a n d  b i r d f e e d

1 7 G r e y s t r i p e C o n f e c t i o n e r y  a n d  b i r d f e e d

1 8 P - 2 1 - 4 - l # - 4 - 1 8 #  x  H A  6 0 H i g h  o i l ,  h y b r i d

1 9 P - 2 1 - 4 - 4 - 6 #  x  H A  6 0 H i g h  o i l ,  h y b r i d

2 0 P - 2 1 4 - 4 - 1 2 #  x  H A  6 0 H i g h  o i l ,  h y b r i d

2 1 P - 2 1 - 4 - 1  # - 2 x 3  x  H A  6 0 H i g h  o i l ,  h y b r i d

2 2 P - 2 1 - 4 - 1  # - 4 - 6 #  x  H A  6 0 H i g h  o i l ,  h y b r i d

2 3 P - 2 1 - 4 - l # - 4 - 1 8 #  x  H A  6 1 - 1 H i g h  o i l ,  h y b r i d

2 4 P - 2 1 - 4 - 4 - 6 #  x  H A  6 1 - 1 H i g h  o i l ,  h y b r i d

2 5 P - 2 1 - 4 - 1  # - 2 x 3  x  H A  6 1 - 1 H i g h  o i l ,  h y b r i d

2 6 P - 2 1 - 4 - l # - 4 - 6 #  x  H A  6 1 - 1 H i g h  o i l ,  h y b r i d
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Table 2-Average composition data o f sunflower open pollinated varieties grown at different planting locations in the South in 1969a

P l a n t i n g  F a t t y  a c i d  c o m p o s i t i o n  o f  o i l  ( a r e a ,  % )

d a t e  N o .  o f  M o i s t u r e  P r o t e i n *3  O i l *3 ------------------------------------------------------------------------------------------------------------

P l a n t i n g  l o c a t i o n ( 1 9 6 9 ) v a r i e t i e s ( % ) ( % ) ( % ) 1 6 : 0 1 6 : 1 1 8 : 0 1 8 : 1 1 8 : 2 2 0 : 0 2 2 : 0 U n k n o w n 0

R o c k y  M o u n t ,  N . C . 5 / 6 4 5 . 4 2 3 . 0 3 8 . 8 5 . 3 0 . 2 4 . 0 4 7 . 9 4 1 . 2 0 . 4 0 . 9 0 . 2

C l e m s o n ,  S . C . 4 / 3 0 7 6 . 1 2 5 . 1 4 0 . 6 5 . 4 0 . 1 4 . 4 4 2 . 7 4 6 . 6 0 . 4 0 . 9 0 . 3

E x p e r i m e n t ,  G a . 4 / 8 7 6 . 0 2 1 . 0 3 8 . 1 6 . 7 0 . 2 4 . 3 4 0 . 6 4 7 . 1 0 . 4 0 . 8 0 . 2

T i f t o n ,  G a . 4 / 1 0 7 5 . 3 2 4 . 7 3 8 . 2 6 . 0 0 . 2 4 . 4 5 0 . 5 3 7 . 1 0 . 4 1 . 0 0 . 2

C r o s s v i l l e ,  A l a . 4 / 1 7 6 5 . 1 1 9 . 6 4 3 . 3 5 . 9 0 . 2 4 . 2 4 4 . 1 4 4 . 3 0 . 3 3 . 8 0 . 2

C r o s s v i l l e .  A l a . 5 / 2 2 6 4 . 7 2 2 . 4 4 0 . 2 5 . 9 0 . 1 4 . 7 3 7 . 3 5 0 . 5 0 . 4 0 . 9 0 . 2

C a m p  H i l l ,  A l a . 4 / 2 4 6 5 . 8 2 5 . 0 3 4 . 9 6 . 0 0 . 2 4 . 8 4 5 . 1 4 2 . 3 0 . 5 1 . 0 0 . 2

B r e w t o n ,  A l a . 4 / 2 6 5 . 8 2 4 . 9 3 4 . 9 6 . 2 0 . 3 4 . 6 4 8 . 0 3 9 . 2 0 . 5 1 . 0 0 . 2

B a t o n  R o u g e ,  L a . 4 / 1 4 6 5 . 2 2 2 . 4 4 0 . 8 5 . 6 0 . 2 3 . 7 5 4 . 0 3 3 . 9 0 . 3 0 . 7 0 . 2

C o l l e g e  S t a t i o n ,  T e x . 4 / 1 7 4 . 3 1 9 . 7 4 4 . 7 5 . 7 0 . 2 3 . 4 5 5 . 7 3 3 . 8 0 . 3 0 . 8 0 . 2

A v e r a g e 5 . 4 2 2 . 8 3 9 . 5 5 . 9 0 . 2 4 . 3 4 6 . 6 4 1 . 6 0 . 4 0 . 9 0 . 2

aHigh oil type sunflower varieties.
^Percent dry basis.
c Less than 0.1% is linolenic acid ; remainder is unidentified component.

m e s h  c h r o m o s o r b  W - A W - D M C S  w a s  u s e d .  T h e  

D E C S  l i q u i d  p h a s e  d i d  n o t  s e p a r a t e  l i n o l e n i c  

a c i d  a n d  a n  u n i d e n t i f i e d  f a t t y  a c i d ,  w h e r e a s  t h e  

B D S  l i q u i d  p h a s e  s e p a r a t e d  t h e m .  T h e  a r e a s  u n 

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

d e t e r m i n e d  b y  a n  e l e c t r o n i c  i n t e g r a t o r .  A r e a s  

a n d  p e r c e n t a g e s  t h u s  o b t a i n e d  w e r e  i n  g o o d  

a g r e e m e n t  w i t h  t h o s e  o f  m i x t u r e s  o f  k n o w n  

c o m p o s i t i o n s .  A n a l y s i s  o f  f a t t y  a c i d  s t a n d a r d s  

a g r e e d  w i t h  t h e  s t a t e d  c o m p o s i t i o n ,  w i t h  a  r e l a 

t i v e  e r r o r  o f  < 2 . 0 %  f o r  o l e i c  a n d  l i n o l e i c  a c i d s .

R E S U L T S  & D IS C U S S IO N

SE E D  C O M P O S IT IO N  was s tu d ie d  on  26 
high oil ( o p e n  p o l l in a te d  an d  h y b r id ) ,  
c o n fe c t io n e r y  an d  b ird fe e d  su n f lo w e r  va
rie ties  g ro w n  a t  n ine  lo c a t io n s  in  th e  
C o t to n  Belt in 1969 (T ab le  1). Six  o u t  o f  
seven o f  th e  h igh  oil o p e n  p o l l in a te d  
varie ties  were  c o m m o n  at e igh t loca t ions ,  
tw o  o u t  o f  12 h igh  oil h y b r id s  were  
c o m m o n  a t  n ine  lo c a t io n s ,  all o f  th e  12 
high oil h y b r id s  were  c o m m o n  a t  th ree  
lo ca t io n s ,  a n d  f ro m  o n e  to  five c o n fe c 
t io n e ry  o r  b ird feed  varie ties  were  c o m 
m o n  a t  f o u r  lo ca t io n s .  O n  th e  basis o f  o u r

d a ta  o n  ind iv idua l  varie ties ,  we have 
c o n c lu d e d ,  as d id K in m an  a n d  Earle 
( 1 9 6 4 ) ,  t h a t  e n v i r o n m e n ta l  c o n d i t io n s  
in f lu e n c e  th e  f a t t y  ac id  c o m p o s i t io n  
m u c h  m o re  th a n  th e  g e n o ty p e  o f  th e  
var ie ty .  T h e re fo re ,  s ince  th e  ch em ica l  
c o m p o s i t io n  o f  th e  su n f lo w e r  seed  did 
n o t  a p p e a r  to  be in f lu e n c e d  by  va r ie ty  
w ith in  a ty p e ,  th e  average c o m p o s i t io n  o f  
th e  d i f f e re n t  var ie ties  g ro w n  a t  each  
lo c a t io n  is r e p o r t e d  here.

T h e  average ch em ica l  c o m p o s i t io n  
d a ta  o f  o n ly  th e  h igh  oil o p e n  p o l l in a te d  
an d  h y b r id  s u n f lo w e r  varie ties  are sh o w n  
in T ab les  2 a n d  3, re spec tive ly .  T h e  o p e n  
p o l l in a te d  varie ties  were  11 .3%  h igher  in 
oil c o n t e n t  t h a n  th e  d o m e s t i c  h y b r id  
varie ties  (3 9 .5  vs. 35 .5% ).  A lso, th e  oil o f  
th e  o p e n  p o l l in a te d  varie ties  c o n ta in e d  
m o re  lino le ic  acid an d  less oleic ac id  th a n  
d id th e  oil f r o m  th e  h y b r id s .  T he  o p e n  
p o l l in a te d  varie ties  an d  h y b r id s  h a d  a 
m e a n  p ro t e in  c o n te n t  o f  22 .8  a n d  21.3% , 
respec tive ly .  T h e  d if fe ren ces  b e tw e e n  
these  values are n o t  c o n s id e re d  signifi
can t ,  since p ro t e in  va r iab il i ty  a m o n g  the

sam ples  w ith in  a v a r ie ty  was f r e q u e n t ly  as 
g rea t as b e tw e e n  varieties.

All th e  varie ties  w ere  re la t ive ly  lo w  in 
th e  s a tu ra te d  f a t t y  acids p a lm i t ic  a n d  
s tearic .  Sm all  a m o u n t s  o f  p a lm ito le ic ,  
l ino len ic ,  a rach id ic  a n d  b e h e n ic  acids 
w ere  p re s e n t  in  all sam ples.  L ignocer ic  
acid was p re s e n t  a t  a c o n c e n t r a t i o n  o f
0 . 2 - 0 . 4 % ;  ho w ev e r ,  we d id  n o t  an a ly z e  
all sam ples  fo r  th is  ac id  b ecau se  o f  its 
long  r e t e n t io n  t im e .  L ino leic  ac id  an d  
o l e i c  a c i d  t o g e t h e r  ran g ed  f ro m
8 6 . 8 - 9 1 . 3 %  o f  th e  f a t t y  ac id  c o n te n t  o f  
th e  oils. T h e  ole ic  ac id  c o n s e n t  o f  in d iv id 
ua l high  oil varie ties  ran g ed  as fo l low s:  
o p en  p o l l in a te d  v a r ie t ie s—3 4 .5 %  a t  Cross- 
ville, Ala.,  to  5 9 .0%  a t  C ollege S ta t io n ,  
T ex .,  a n d  h y b r i d s —3 7 .1 %  a t  Crossville , 
Ala.,  to  6 2 .7 %  a t  C ollege S ta t io n ,  Tex. 
T he  linole ic  ac id  c o n t e n t  o f  in d iv id u a l  
high  oil varie ties  ran g ed  as fo l low s:  o p en  
p o l l in a te d  v a r i e t i e s - 3 0 .4 %  a t  College S ta 
t io n ,  T ex . ,  to  5 3 .0%  a t  Crossville, Ala.,  
an d  th e  h y b r i d s —2 7.3%  a t  C ollege S ta 
t io n ,  T ex . ,  to  5 0 .1%  at Crossville, Ala.

Prev ious re p o r ts  (C u m m in s  e t  al.,

Table 3-Average composition data o f sunflower hybrids grown at different planting locations in the South in 1969a

P l a n t i n g  l o c a t i o n

P l a n t i n g

d a t e

( 1 9 6 9 )

N o .  o f  

h y b r i d s

M o i s t u r e

( % )

P r o t e i n *3

( % )

O i l *3

( % ) 1 6 : 0

F a t t y  a c i d  c o m p o s i t i o n  o f  o i l  ( a r e a ,  % )  

1 6 : 1  1 8 : 0  1 8 : 1  1 8 : 2  2 0 : 0  2 2 : 0 U n k n o w n 0

R o c k y  M o u n t ,  N . C . 5 / 6 2 6 . 1 2 3 . 1 3 4 . 3 5 . 3 0.1 3 . 8 5 1 . 3 3 8 . 1 0 . 3 0 . 9 0 . 2
C l e m s o n ,  S . C . 4 / 3 0 3 6 . 4 2 4 . 9 3 3 . 3 5 . 2 0.1 4 . 3 4 5 . 8 4 3 . 1 0 . 4 0 . 9 0 . 2
E x p e r i m e n t ,  G a . 4 / 8 1 2 5 . 4 2 0 . 3 3 5 . 6 6 . 0 0.1 4 . 2 4 7 . 6 4 0 . 7 0 . 4 0 . 9 0 . 2
T i f t o n ,  G a . 4 / 1 0 1 2 5 . 5 2 2 . 0 3 5 . 7 5 . 7 0 . 2 3 . 9 5 4 . 5 3 4 . 2 0 . 4 0 . 9 0 . 2
C r o s s v i l l e ,  A l a . 4 / 1 7 2 5 . 2 2 0 . 0 3 6 . 8 5 . 5 0.1 4 . 2 4 7 . 4 4 1 . 6 0 . 3 0 . 9 0 . 2
C r o s s v i l l e ,  A l a . 5 / 2 2 2 5 . 0 1 9 . 3 3 7 . 2 5 . 7 0.1 4 . 7 3 8 . 3 4 9 . 7 0 . 4 0 . 9 0 . 2
C a m p  H i l l ,  A l a . 4 / 2 4 2 6 . 0 2 2 . 9 2 8 . 8 5 . 8 0 . 2 4 . 5 4 7 . 0 4 0 . 9 0 . 5 1 0 0 . 2
B r e w t o n ,  A l a . 4 / 2 2 6 . 1 2 3 . 5 3 2 . 2 6 . 0 0 . 2 4 . 0 4 8 . 0 4 0 . 4 0 . 4 0  9 0 . 2
B a t o n  R o u g e ,  L a . 4 / 1 4 2 5 . 4 2 0 . 2 3 6 . 7 5 . 5 0.1 3 . 2 5 4 . 8 3 5 . 9 0 . 2 0  7 0 . 2
C o l l e g e  S t a t i o n ,  T e x . 4 / 1 1 2 4 . 2 1 6 . 9 4 4 . 3 5 . 4 0 . 2 3 . 0 5 8 . 8 3 1 . 4 0 . 2 0  7 0 . 2

A v e r a g e 5 . 5 2 1 . 3 3 5 . 5 5 . 6 0 . 1 4 . 0 4 9 . 4 3 9 . 6 0 . 4 0  9 0 . 2
aHigh oil type sunflowers.
DPercent dry basis.
c Less than 0.1%  is linolenic acid; remainder is unidentified component.
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Table 4—Effect o f planting date on total oil and fatty acid composition 
o f sunflower varieties grown at Crossville, Ala., in 1969"'

P l a n t i n g T e m p e r a t u r e  ( ° F ) b T o t a l  o i l c F a t t y  a c i d  ( a r e a ,  % )

d a t e  ( 1 9 6 9 ) M a x i m u m  M i n i m u m ( % ) S a t u r a t e s O l e i c L i n o l e i c

A p r i l  1 7 9 5 . 9 6 7 . 0 4 1 . 7 1 1 . 2 4 4 . 9 4 3 . 6

M a y  2 2 9 2 . 2 6 4 . 2 3 9 . 4 1 1 . 8 3 7 . 6 5 0 . 3

“*Data are average of two hybrid and six open pollinated high oil varieties. 
“ Average daily temperature from fertilization to m aturity. 
c Percent dry basis.

1 9 6 7 ; E arle  e t  al. , 1 9 6 8 )  have in d ic a te d  
t h a t  s u n f l o w e r  seed  oil co n ta in s  
0 . 1 - 0 . 5 %  lino len ic  acid .  O n  th e  10% 
D EG S c o lu m n ,  we o b ta in e d  c h r o m a t o 
gram s w h ich  sh o w e d  a p eak  w ith  th e  
p ro p e r  r e t e n t i o n  t im e  fo r  m e t h y l  linole- 
n a te ,  a n d  o n  s u b s e q u e n t  ana lys is  o n  the  
10% BDS c o lu m n ,  th e  p e a k  was se p a ra te d  
in to  l in o len ic  ac id  a n d  an  u n id e n t i f ie d  
c o m p o n e n t .  A c o m p o n e n t  s im ila r  to  th e  
la t te r  was id e n t i f ie d  as e ico sen o ic  ac id  by  
C u m m in s  e t  al. ( 1 9 6 7 ) .  H o w ev e r ,  u s ing  a 
f a t ty  acid m e t h y l  e s te r  s t a n d a r d  c o n ta i n 
ing m e th y l  e ic o s e n o a te ,  we w ere  u n a b le  
to  c o n f i rm  th e  id e n t i t y  o f  th is  c o m p o 
n e n t  as e ico sen o a te .  L in o len ic  ac id  was 
fo u n d  to  be p re s e n t  in all o f  th e  s u n 
f low er  seed  sam p les  a t  a c o n c e n t r a t i o n  o f  
0 .1%  o r  less.

T h e  e f fec t  o f  p la n t in g  lo c a t io n  o n  th e  
f a t ty  ac id  c o m p o s i t io n  o f  s u n f lo w e r  culti-  
vars can  be seen  b y  c o m p a r in g  th e  a n a ly 
ses o f  sam p les  f r o m  six lo c a t io n s  (T ab le s  
2 and  3). T h e  oil o f  b o t h  th e  o p e n  
p o ll in a ted  varie ties  a n d  h y b r id s  g ro w n  at 
the  w a rm e r  lo c a t io n s  ( s o u th e r n  G eorg ia ,  
L ouis iana  an d  so u th e a s t  T ex as)  h a d  a 
lo w er  lino le ic  acid c o n t e n t  th a n  o f  those  
g row n a t  th e  s o m e w h a t  c o o le r  lo c a t io n s  
(S o u th  C aro lina ,  n o r t h e r n  A la b a m a  and  
cen tra l  G eorg ia) .  In fac t ,  th e  su n f lo w e r  
seed oil f r o m  th e  m a jo r i ty  o f  th e  p lan t in g  
lo ca t io n s  c o n ta in e d  e i th e r  a b o u t  th e  sam e 
o r  a h igher  o le ic  th a n  lino le ic  ac id  c o n 
te n t .  T h e  o n ly  e x c e p t io n  in  b o th  th e  
o p e n  p o l l in a te d  var ie ties  a n d  h y b r id s  was 
th e  la te  p lan t in g  in  n o r t h e r n  A lab am a ,  
w here  th e  linole ic  acid c o n te n t  was s u b 
s tan t ia l ly  h igher. T h e  ra t io  o f  ole ic  acid  
to  linole ic  ac id  a t  th e  n ine  lo c a t io n s  was 
0 .9 :1  a n d  0 .8 :1  fo r  th e  o p e n  p o l l in a te d  
varie ties  a n d  h y b r id s ,  re spec tive ly .  Th is  
can be c o m p a r e d  w ith  p lan t in g s  in  n o r t h 
ern  U n i te d  S ta te s  o r  s o u th e r n  C an ad a ,  
w h e re  th e  ra t io  was a p p r o x im a te ly  4:1 
(E arle  e t  al., 1968) .

T h e  e f fec t  o f  d a te  o f  p la n t in g  and  
e n v i ro n m e n ta l  t e m p e r a tu r e  o n  th e  c h e m 
ical c o m p o s i t io n  o f  s u n f lo w e r  seed  is 
sh o w n  in T ab le  4. T h e  oil f ro m  th e  
su n f lo w e r  seed  m a tu r in g  a t  th e  h igher  
t e m p e r a tu r e s  a n d  ea r l ie r  p la n t in g  d a te  
h ad  a h igher  oleic ac id  a n d  a lo w er  
lino le ic  acid c o n t e n t  th a n  seed  f ro m  th e

la te r  p la n t  d a te ,  w h ich  m a tu r e d  d u r in g  
th e  c o o le r  p a r t  o f  th e  g ro w in g  season .

T h e  d a ta  in  T a b le  4 also seem  to  
in d ic a te  t h a t  th e  s u n f lo w e r  seed  g ro w n  at 
th e  h ig h e r  t e m p e r a t u r e  has th e  h igher  oil 
c o n te n t .  T h e  A pril  17 p la n t in g  w i th  a 
m e a n  da ily  t e m p e r a t u r e  o f  8 1 .5 ° F  f ro m  
fe r t i l iz a t io n  to  m a t u r i t y  had  a 5 .5%  g rea t
er to t a l  oil c o n t e n t  (4 1 .7  vs. 39 .4 % ) th a n  
th e  May 2 2  p la n t in g ,  w h ic h  h ad  an 
average daily  t e m p e r a tu r e  o f  7 8 .2 ° F  d u r 
ing th e  sam e  g r o w th  p e r io d .  Canvin
( 1 9 6 5 )  has r e p o r te d  th a t  th e  to ta l  oil 
c o n te n t  o f  s u n f lo w e r  seed  p r o d u c e d  in 
t e m p e r a tu r e - c o n t r o l l e d  g ro w th  cab in e ts  
inc rea sed  w i th  inc reas ing  te m p e ra tu re s  
f ro m  5 0 - 7 0 ° F  b u t  th e n  d ecreased  a t  a 
t e m p e r a t u r e  o f  8 0 ° F .  H o w ev e r ,  th e  d a ta  
in  T ab les  2 a n d  3 s h o w e d  th a t  th e  tw o  
p lan t in g s  in  G eorg ia  h a d  a p p r o x im a te ly  
th e  sam e  oil c o n te n t ,  a l th o u g h  th e  m e a n  
te m p e r a tu r e s  w ere  a p p r o x im a te ly  3 ° F  
h ig h e r  a t  T i f to n  th a n  a t  E x p e r im e n t ,  Ga. 
T h u s ,  o th e r  fa c to rs  su c h  as th e  availabil
i ty  o f  n i t ro g e n  a n d  c o m p e t i t i o n  fo r  c a r 
b o n  fo r  p ro t e in  sy n th es is  m a y  be a f f e c t 
ing th e  oil c o n t e n t  o f  th e  s u n f lo w e r  seed.

A n u m b e r  o f  e x p la n a t io n s  have been  
m a d e  to  ex p la in  th e  e f f e c t  o f  t e m p e ra tu re  
o n  th e  b io s y n th e s i s  o f  u n s a tu r a te d  f a t ty  
acids. H i ld i tch  ( 1 9 6 4 )  has sugges ted  th a t  
th e  s a tu r a te d  f a t t y  acids are sy n th e s iz e d  
by  a d i f fe re n t  p a th w a y  f r o m  th a t  o f  th e  
u n s a tu r a te d  f a t t y  acids. S ince  th e  m o re  
u n s a tu r a te d  f a t t y  ac ids  have  b een  fo u n d  
to  be  m o s t  a b u n d a n t  in  seed  g ro w n  in 
c o o l  c o n d i t io n s  w h e re  th e  ra te  o f  s y n t h e 
sis was re la t ive ly  s low , h e  p o s tu la t e d  th a t  
th e  m o s t  u n s a tu r a te d  f a t t y  ac id  ( l inole ic  
o r  l in o len ic )  is fo r m e d  b e fo re  th e  m o n o -

e th e n o id  ac id  (o le ic) .  C anvin  (1 9 6 5 )  t h e o 
r ized  th a t  th e  e n z y m e s  re sp o n s ib le  fo r  
c o n v e r t in g  ole ic  acid  to  l ino le ic  ac id  were 
in a c t iv a te d  b y  th e  h igh  t e m p e r a t u r e ,  a n d  
f u r th e r  c o n v e rs io n  o f  o le ic  ac id  was p r e 
v e n te d .  T h e  e f f e c t  o f  t e m p e r a tu r e  o n  th e  
b io sy n th e s is  o f  f a t t y  acids n e e d s  to  be 
in v es t ig a ted  fu r th e r .

P lan tings  o f  c o n f e c t io n e r y  o r  b i rd fe e d  
su n f lo w e r  var ie ties  w ere  m a d e  a t  o n ly  
f o u r  lo c a t io n s  in  th e  C o t t o n  Belt in 1969. 
R esu lts  f r o m  th e  ana lyses  o f  sam ples  
f ro m  th ese  p lan t in g s  a re  s h o w n  in Tab le
5. T h e  var ie ties  h a d  a n  average p ro te in  
c o n t e n t  o f  19 .5%  a n d  an  average oil 
c o n t e n t  o f  26 .7% . T h e  p e rc e n t  f a t t y  acid 
c o m p o s i t io n  o f  th e  oil o f  th e  var ie ties  was 
s im ila r  t o  t h a t  o f  b o t h  th e  h igh  oil o p e n  
p o l l in a te d  a n d  h y b r id  ty p e  cultivars .
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IDEN TIFICATIO N  AND QUANTITATION OF S E V E R A L  
N O N VO LA TILE ORGANIC ACIDS OF COCOA BEANS

SU M M A RY—Organic acids precipitated as lead salts from water extracts o f cocoa beans were 
converted to trimethylsilyl ethers. TMS ethers were then separated and identified using a combined 
gas chromatograph-mass spectrometer. Citric, phosphoric, lactic, oxalic, malic, tartaric, succinic 
and gluconic acids were present in every sample examined, irrespective o f geographic origin. Five o f 
the acids were quantitated using a G LC  procedure which involved the preparation o f methyl esters 
from freeze-dehydrated, water extracts. Concentration ranges found, g/WOg beans, were: lactic, 
0.11—0.71; oxalic, 0.24—0.43; succinic, 0.02—0.07; malic, 0.02—0.10; citric, 0.56—1.32. Concen
trations o f lactic acid were lowest and citric acid levels tended to be highest in commercial samples 
from countries where cocoa beans usually are not subjected to a planned fermentation. These 
trends were confirmed in an experiment involving beans from Trinidad which had undergone a 
carefully controlled fermentation. Only minor differences were found in organic acid concentra
tions between roasted and unroasted cocoa beans.

. INTRODUCTION
A L T H O U G H  P H O S P H O R IC  A C ID  a n d
lact ic ,  t a r ta r ic ,  malic ,  succ in ic ,  oxa lic ,  a n d  
citr ic  acids have  b e e n  f o u n d  in  co c o a  
beans (M o s im an n ,  1 9 4 7 ;  K a d e n ,  1 9 5 5 ;  
Wolf, 1 9 5 8 ;  D ie tr ich  et al. , 1 9 6 4 ;  R o h a n  
an d  S tew ar t ,  1 964) ,  o n ly  th e  l a t t e r  tw o  
have b e e n  q u a n t i t a t e d .  M o s im a n n  ( 1 9 4 7 )  
r e p o r te d  th e  shel l-f ree  m ass  to  be 
0 . 3 2 —0 .5 0 %  b y  w eigh t  o x a l ic  ac id  and  
0 . 4 5 - 0 . 7 5 %  c it r ic  acid. Diverse ag ro 
n o m ic ,  harves t ing , f e r m e n t in g  a n d  d ry in g  
p rac t ice s  fo r  c o c o a ,  a c o m m o d i t y  o f  
t ro p ic a l  ag r icu ltu re ,  m ig h t  b e  e x p e c t e d  to  
a f fec t  th e  c o n c e n t r a t i o n  o f  th e se  acids 
w h ic h  c o u ld  u l t im a te ly  in f lu e n c e  q u a l i ty  
c h a rac te r i s t ic s  in  c h o c o la te .  A w aren es s  o f  
a n eed  fo r  m o r e  i n f o r m a t io n  a b o u t  th e  
o rgan ic  acids o f  c o c o a  b ean s ,  especia lly  
q u a n t i ta t iv e  asp ec ts ,  p r o m p t e d  th e  inves
t ig a t io n  r e p o r te d  he re in .

In i t ia lly ,  o rgan ic  acids w e re  iso la ted  
f ro m  c o co a  bean s  as lead salts  an d  sepa
ra te d  by  G L C  o f  t r im e th y l s i ly l  (TM S) 
e thers .  T h is  a p p r o a c h  w as  u se fu l  fo r  
id e n t i f ic a t io n  p u rp o se s ,  b u t  it d id  n o t  
y ie ld  re l iab le  q u a n t i t a t iv e  d a ta .  C o n c e n 
t r a t io n s  o f  five o f  t h e  ac ids  w ere  e s t a b 
lished  by  G L C -m e th y l  e s te r  an a ly ses  o f  
w a te r  e x t r a c ts  o f  th e  beans.

EXPERIM ENTAL
Samples

S e l e c t e d  f o r  a n a l y s i s  w e r e  b e a n s  f r o m  

G h a n a ,  B r a z i l  ( B a h i a ) ,  T r i n i d a d ,  D o m i n i c a n  

R e p u b l i c  ( S a n c h e z ) ,  M e x i c o  ( T a b a s c o ) ,  E c u a 

d o r  ( A r r i b a ) ,  S a m o a  a n d  N e w  G u i n e a .  M o s t  

a n a l y s e s  w e r e  c o n d u c t e d  o n  u n r o a s t e d  b e a n s .  

T h e  e f f e c t  o f  t h e  r o a s t i n g  v a r i a b l e  w a s  a s s e s s e d  

b y  c o m p a r i n g  c o c o a  b e a n s  b e f o r e  a n d  a f t e r

'P resen t address: C arlton & U n ited  B rew er
ies L td ., M elbourne, Australia.

r o a s t i n g  3 0  m i n  i n  a  l a b o r a t o r y  f o r c e d - a i r  o v e n  

a t  a  c i r c u l a t i n g  a i r  t e m p e r a t u r e  o f  1 5 0 ° C .

Lead salt method
P r o c e d u r e s  d e s c r i b e d  b y  F i t e l s o n  a n d  B o w 

d e n  ( 1 9 6 8 )  f o r  v a n i l l a  a n d  B r u n e l l e  e t  a l .

( 1 9 6 7 )  f o r  w i n e  w e r e  m o d i f i e d  f o r  t h e  a n a l y s i s  

o f  c o c o a  b e a n s .  1 5 g  o f  b e a n s  w e r e  p u l v e r i z e d  

( i n  a  W a r i n g  B l e n d o r  f o r  5  m i n )  w i t h  1 0 0  m l  o f  

w a t e r  a n d  1 0  m l  o f  a  s o l u t i o n  o f  i n t e r n a l  s t a n d 

a r d  (T O O  m g  g l u t a r i c  a c i d ) .  T h e  w a t e r  d i s p e r s i o n  

w a s  p a s s e d  t h r o u g h  a  b e d  o f  C e l i t e  5 4 5 ,  a n d  

l e a d  s a l t s  w e r e  p r e c i p i t a t e d ,  w a s h e d  a n d  d r i e d  

a c c o r d i n g  t o  t h e  p r e s c r i b e d  p r o c e d u r e s .

A  p o r t i o n  o f  t h e  o v e n - d e h y d r a t e d  m a s s  ( 2 0  

m g )  w a s  d i s s o l v e d  i n  2  m l  p y r i d i n e  a n d  r e a c t e d  

w i t h  1 m l  h e x a m e t h y l d i s i l a z a n e  a n d  0 . 6  m l  t r i -  

m e t h y l c h l o r o s i l a n e .  T M S  e t h e r s  w e r e  s e p a r a t e d  

o n  a  6 - f t  b y  1 / 8 - i n .  s t a i n l e s s  s t e e l  c o l u m n  

p a c k e d  w i t h  5 %  S E - 3 0  o n  8 0 / 1 0 0  m e s h  H i - P e r -  

f o r m a n c e  A W D M C S - t r e a t e d  C h r o m o s o r b  G  

( S u p e l c o  C o . ,  B e l l e f o n t e ,  P a . ) .  T h e  c o l u m n  w a s  

p r o g r a m m e d  9 0 - 2 6 0 ° C  a t  6 ° C / m i n  i n  a  H e w 

l e t t - P a c k a r d  M o d e l  5 7 5 0  g a s  c h r o m a t o g r a p h  

e q u i p p e d  w i t h  a  h y d r o g e n  f l a m e  d e t e c t o r .  N i 

t r o g e n  w a s  t h e  c a r r i e r  g a s  a t  3 0  m l / m i n .

Methyl ester method
T h e  p r o c e d u r e  o f  H a r v e y  e t  a l .  ( 1 9 7 0 )  f o r  

t o b a c c o  l e a f  w a s  a d a p t e d  t o  c o c o a  b e a n s .  lO O g  

o f  b e a n s  w e r e  p u l v e r i z e d  w i t h  4 7 5  m l  w a t e r  a n d  

2 5  m l  i n t e r n a l  s t a n d a r d  s o l u t i o n  ( 5  m g  g l u t a r i c  

a c i d / m l  w a t e r )  f o r  6  m i n  i n  a  W a r i n g  B l e n d o r .  

T h e  m i x t u r e  w a s  f i l t e r e d  t h r o u g h  W h a t m a n  N o .  

1 p a p e r  a n d  4 0  m l  o f  t h e  e x t r a c t  w a s  f r e e z e  

d e h y d r a t e d  t o  c o n s t a n t  w e i g h t .  A  r e l a t i v e l y  

m o i s t u r e - f r e e  s a m p l e  i s  a  r e q u i r e m e n t  f o r  a  s u c 

c e s s f u l  e s t e r i f i c a t i o n  r e a c t i o n .

T h e  f r e e z e - d e h y d r a t e d  m a s s  a n d  5 0  m l  e s t e r 

i f i c a t i o n  s o l u t i o n  ( H a r v e y  e t  a l . ,  1 9 7 0 )  w e r e  

m e c h a n i c a l l y  s h a k e n  f o r  3 0  m i n  a n d  t h e n  h e l d  

2 4  h r  a t  r o o m  t e m p e r a t u r e .  T h e  r e a c t i o n  m i x 

t u r e  w a s  f i l t e r e d  t h r o u g h  W h a t m a n  N o .  1 p a p e r  

i n t o  a  s e p a r a t o r y  f u n n e l ,  5 0  m l  w a t e r  a d d e d ,  

a n d  t h e  m e t h y l  e s t e r s  r e c o v e r e d  b y  e x t r a c t i o n  

w i t h  4  X  1 0  m l  d i s t i l l e d  c h l o r o f o r m .  A f t e r  d r y 

i n g  o v e r  M g S O ,  t h e  c h l o r o f o r m  e x t r a c t  w a s  f i l 

t e r e d  a n d  c o n c e n t r a t e d  t o  h a l f  v o l u m e .

S e p a r a t i o n  o f  m e t h y l  e s t e r s  w a s  o b t a i n e d  o n  

a n  8 - f t  b y  l / 8 - i n .  s t a i n l e s s  s t e e l  c o l u m n  p a c k e d  

w i t h  2 %  H 3 P 0 4 - t r e a t e d  d i e t h y l e n e g l y c o l a d i -

p a t e  ( 1 0 % )  o n  8 0 -  1 0 0  m e s h  G a s  C h r o m  A  ( A p 

p l i e d  S c i e n c e  L a b s . ,  S t a t e  C o l l e g e ,  P a . ) .  T h e  c o l 

u m n  w a s  p r o g r a m m e d  9 0 - 1 9 0 ° C  a t  6 ° C / m i n  

a n d  t h e n  h e l d  i s o t h e r m a l l y  f o r  9  m i n .  N i t r o g e n  

w a s  t h e  c a r r i e r  g a s  a t  3 0  m l / m i n .

T h i s  p r o c e d u r e  p r o v e d  s a t i s f a c t o r y  f o r  l a c 

t i c ,  m a l i c ,  s u c c i n i c  a n d  c i t r i c  a c i d s .  H o w e v e r ,  

b e c a u s e  o x a l i c  a c i d  s u b l i m e s ,  a n  a l t e r n a t i v e  

m e t h o d  w a s  f o u n d  n e c e s s a r y  f o r  q u a n t i t a t i o n  

o f  t h i s  a c i d .  T h e  m o d i f i c a t i o n  c o n s i s t e d  o f  m a k 

i n g  t h e  e x t r a c t  a l k a l i n e  w i t h  N a O H  a n d  f r e e z e  

d e h y d r a t i n g  a  s o l u t i o n  o f  s o d i u m  s a l t s  r a t h e r  

t h a n  f r e e  a c i d s .  T h e r e a f t e r ,  t h e  m e t h y l  e s t e r  

m e t h o d  w a s  t h e  s a m e  a s  f o r  t h e  o t h e r  a c i d s .

S i n c e  t h e  s a m e  a m o u n t  o f  g l u t a r i c  a c i d  w a s  

a d d e d  t o  a l l  s a m p l e s ,  p e a k  a r e a  f o r  e a c h  a c i d  o n  

a  c h r o m a t o g r a m  d i v i d e d  b y  p e a k  a r e a  o f  g l u t a -  

r a t e  g a v e  v a l u e s  t h a t  r e f l e c t e d  q u a n t i t a t i v e  d i f 

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

c u r v e  f o r  e a c h  a c i d  w a s  t h e n  u s e d  t o  c o n v e r t  

t h e s e  v a l u e s  t o  c o n c e n t r a t i o n  e x p r e s s e d  a s  g  

a c i d  p e r  l O O g  b e a n s .  T h e  s t a n d a r d  c u r v e  w a s  

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

o f  s o l u t i o n s  w h i c h  c o n t a i n e d  v a r y i n g  l e v e l s  o f  

t h e  a c i d  i n  c o m b i n a t i o n  w i t h  t h e  s a m e  a m o u n t  

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

T h e s e  s o l u t i o n s  w e r e  f r e e z e  d e h y d r a t e d ,  m e t h 

y l a t e d ,  e x t r a c t e d  a n d  a n a l y z e d  b y  G L C  e x a c t l y  

a s  d e s c r i b e d  f o r  c o c o a  b e a n s .  P l o t s  o f  a c i d  c o n 

t e n t  r e l a t i v e  t o  g l u t a r a t e  w e r e  l i n e a r  o v e r  t h e  

r a n g e  o f  c o n c e n t r a t i o n s  f o u n d  f o r  e a c h  a c i d  i n  

c o c o a  b e a n s .

Mass spectrometry
P e a k s  a p p e a r i n g  o n  t h e  c h r o m a t o g r a m s  o f  

o r g a n i c  a c i d s  r e c o v e r e d  b y  b o t h  t h e  l e a d  s a l t  

a n d  m e t h y l  e s t e r  m e t h o d s  w e r e  i d e n t i f i e d  u s i n g  

a n  L K B  M o d e l  9 0 0 0  c o m b i n e d  g a s  c h r o m a t o 

g r a p h - m a s s  s p e c t r o m e t e r .  M a s s  s p e c t r a  a n d  r e 

t e n t i o n  t i m e s  w e r e  c o m p a r e d  t o  d a t a  o b t a i n e d  

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

s p e c t r a  f o r  T M S  a n d  m e t h y l  e s t e r  d e r i v a t i v e s .  

G l a s s  c o l u m n s ,  6 - f t  b y  l / 4 - i n . ,  c o n t a i n i n g  t h e  

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

u s e d  i n  t h e  G L C - M S  p h a s e s  o f  t h e  i n v e s t i g a t i o n .

RESULTS & DISCUSSION
S E V E N  O R G A N I C  A C ID S  a n d  p h o s 
p h o r ic  ac id  w ere  id e n t i f ie d  in  th e  lead  salt 
p re c ip i t a te  o f  co c o a  beans .  G lu c o n ic  acid  
h ad  n o t  b e e n  r e p o r t e d  p rev iously .  While 
th e  o th e r  acids , lac t ic ,  oxa lic ,  succ in ic ,  
malic , ta r ta r ic ,  c i t r ic  a n d  p h o s p h o r ic ,  h ad  
b een  f o u n d  in  c o c o a  b ean s  b y  o th e r s ,  th e  
l i te r a tu re  o n  th e  su b jec t  is q u i t e  m eager  
a n d  c o n t r a d ic to r y .  T h e  c u r r e n t  inves tiga
t io n  c o n t r ib u t e d  a m o r e  po s i t iv e  id e n t i f i 
c a t io n  fo r  each  acid .

F igure  1 is re p re se n ta t iv e  o f  th e  c h r o 
m a to g ra m s  o b ta in e d  fo r  e x t r a c ts  o f  co c o a  
beans  using  th e  lead  sal t-TM S m e th o d .  
T h e  sam e acids w ere  p re s e n t  in  all s a m 
ples, i r resp ec t iv e  o f  g eo g rap h ic  origin. In
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RETENTION TIME (MIN) RETENTION TIME (MIN)

Fig. 1 — Typical G LC  chromatogram o f organic acids extracted with 
water from cocoa beans, precipitated as lead salts and separated as 
TMS ethers, a) Lactic; b) oxalic; c) phosphoric; d) succinic; e) glutaric 
(internal standard); f) malic; g) tartaric; h) citric; i) gluconic.

Fig. 2—Typical G LC  chromatogram o f organic 
acids extracted with water from cocoa beans 
and analyzed as methyl esters, a) Lactate; b) 
oxalate; c) succinate; d) glutarate (internal 
standard); e) malate; f) citrate.

every  in s tan ce ,  p h o s p h o r ic  a n d  citric  
acids were  th e  d o m i n a n t  acids as ju d g e d  
by re la t ive  p e a k  areas. Th is  c o n fo r m s  
w i th  th e  o b se rv a t io n s  o f  R o h a n  ( 1 9 6 4 ) ,  
w h o  fo u n d  th a t  th e  largest sp o ts  w ere  
caused  by  citr ic  and  p h o s p h o r ic  acids on  
p a p e r  c h ro m a to g r a m s  w h ic h  also sh o w ed  
ta r ta r ic ,  lac t ic  an d  tw o  u n id e n t i f ie d  acids.

T h e  lead salt m e t h o d  was fo u n d  n o t  
ap p licab le  t o  q u a n t i t a t iv e  m ea su re m e n ts .  
P re c ip i ta t io n  was n o t  c o m p le te  an d  losses 
o c c u r re d  w h en  th e  salts w ere  w ashed  to  
rem o v e  t races  o f  sugars and  o th e r  su b 
stances.

T h e  m e th y l  e s te r  m e t h o d  fo r  organ ic  
acids y ie ld ed  c h r o m a to g r a m s  s im ilar  to  
t h a t  sh o w n  in F igure  2. S e p a ra t io n s  su i t 
ab le  fo r  q u a n t i ta t iv e  p u rp o s e s  w ere  o b 
ta in e d  fo r  lac t ic ,  oxa lic ,  succ in ic ,  m alic  
and  c itr ic  acids. O th e r  peaks  a p p e a r in g  on 
th e  c h r o m a to g r a m s  are th e  in te rn a l  s t a n d 
ard  (g lu ta ra te )  a n d  th e  m e th y l  este rs  o f  
p a lm it ic ,  s tearic  a n d  ole ic  acids arising 
f r o m  traces  o f  l ip id  e x t r a c te d  w i th  th e  
o rgan ic  acids. All peaks ,  in c lu d in g  th e  
f a t ty  ac id  esters ,  w ere  id en t i f ied  a c c o rd 
ing to  r e t e n t i o n  t im es  an d  m ass spec tra .

C o co a  fa t  c o n ta in s  3% b y  w eigh t

lino le ic  ac id  w h ic h  w o u ld  e lu te  n e a r  
c i t ra te  u n d e r  th e  G L C  c o n d i t io n s  e m 
p lo y e d  in  th is  in v es t ig a t io n .  H o w ev e r ,  
m ass  sp ec t ra l  scan n in g  d id  n o t  revea l any  
lino lea te  u n d e r  th e  c i t r a te  p eak ,  a n d  no 
a l lo w an ce  fo r  th is  m in o r  c o m p o n e n t  was 
d e e m e d  n ecessa ry  in  ca lc u la t in g  c itr ic  
acid c o n c e n t r a t io n .

C o n c e n t r a t io n s  o f  in d iv id u a l  acids 
f o u n d  in  c o c o a  b e a n s  o f  d i f f e re n t  g eo 
g raph ic  orig ins a re  p re s e n te d  in  T a b le  1. 
F o r  so m e  varie ties , bean s  f r o m  several 
m a n u f a c tu r e r s  a re  r e p o r t e d ;  fo r  o th e r s  
o n ly  single sam ples  w ere  ava ilab le  fo r  
s tu d y .  In  m o s t  in s tan ces ,  va lues  sh o w n  
are averages o f  th r e e  o r  m o re  c o m p le te  
ana lyses s ta r t in g  w i th  th e  raw  b e a n  sa m 
ple. Based o n  14 tr ials using  S an ch ez  
beans,  s ta n d a rd  dev ia t io n s ,  g/lOO g beans ,  
w ere : la c ta te ,  ± 0 .0 2 ;  su cc in a te ,  ± 0 .0 0 7 ;  
m a la te ,  ± 0 .0 1 7 ;  c i t ra te ,  ± 0 .0 4 2 .  S ta n d 
ard d ev ia t io n  fo r  o x a la te ,  d e te r m in e d  
sep a ra te ly  o n  e x t r a c ts  n e u t r a l i z e d  p r io r  to  
freeze  d e h y d ra t io n ,  was ± 0 .0 2 8 g /1 0 0 g  
beans.

A m o n g  th e  five ac ids  m e a s u re d  b y  th e  
m e th y l  e s te r  m e t h o d ,  c i t r ic  ac id  w as 
p re sen t  in th e  h ighes t  c o n c e n t r a t i o n  ra n g 
ing f ro m  0 .5 6 g /1 0 0 g  in a Bahia  sam p le  to
1 .3 2 g /1 0 0 g  in  o n e  lo t  o f  S a n c h e z  beans .  
C o n c e n t r a t io n  ranges  fo r  lac t ic  a n d  oxalic  
acids w ere  0 . 1 1 - 0 . 7 1  a n d  0 . 2 4 —0 .4 3 g /-  
lOOg beans ,  re spec tive ly .  Succ in ic  ac id  
and  m alic  acid were  p re s e n t  o n ly  in trace  
a m o u n ts .  V a lues  fo r  o x a l ic  a n d  citr ic  
acids agree  q u i t e  well w i th  M o s im a n n
(1 9 4 7 ) .

As re f lec ted  in  T ab le  1, c o n c e n t r a t i o n s

Table 1—Concentrations o f several organic acids in cocoa beans, 
extracted with water and measured as methyl esters

T y p e  o f  b e a n L a c t i c

A c i d  c o n c e n t r a t i o n ,  g / 1 0 0 g  b e a n s  

O x a l i c 3  S u c c i n i c  M a l i c C i t r i c

S a n c h e z 0 . 1 4 - 0 . 0 3 0 . 1 0 1 . 3 2

S a n c h e z 0 . 1 2 0 . 2 4 0 . 0 2 0 . 0 5 0 . 6 7

S a n c h e z 0 . 1 4 - 0 . 0 3 0 . 1 0 1 . 0 4

T a b a s c o 0 . 1 1 0 . 2 8 0 . 0 3 0 . 0 5 0 . 6 8

T a b a s c o 0 . 1 1 - 0 . 0 4 0 . 0 7 0 . 5 8

A r r i b a 0 . 4 3 0 . 3 9 0 . 0 4 0 . 1 0 0 . 7 9

T r i n i d a d 0 . 7 1 0 . 2 9 0 . 0 5 0 . 0 4 0 . 6 2

T r i n i d a d 0 . 5 5 0 . 3 5 0 . 0 5 0 . 0 5 0 . 6 8

G h a n a 0 . 3 1 0 . 3 6 0 . 0 4 0 . 0 6 0 . 5 9

G h a n a 0 . 2 2 0 . 4 3 0 . 0 3 0 . 0 5 0 . 6 2

B a h i a 0 . 4 2 0 . 3 8 0 . 0 4 0 . 0 4 0 . 5 6

B a h i a 0 . 2 9 0 . 4 1 0 . 0 7 0 . 0 2 0 . 6 4

B a h i a 0 . 1 3 - 0 . 0 3 0 . 0 3 0 . 6 3

B a h i a 0 . 1 9 - 0 . 0 3 0 . 0 4 0 . 5 7

S a m o a 0 . 6 6 ~ 0 . 0 5 0 . 1 0 1 . 0 5

aNot determined.
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Table 2—Concentrations o f several organic 
acids in unfermented and fermented beans from 
Trinidad

U n f e r m e n t e d  F e r m e n t e d

A c i d  ---------------- ( g / 1 O O g  B e a n s )

L a c t i c 0 . 1 5 2 . 3 4

O x a l i c 0 . 2 5 0 . 2 8

S u c c i n i c 0 . 0 6 0 . 0 3

M a l i c 0 . 1 1 0 . 0 9

C i t r i c 0 . 9 8 0 . 4 2

o f  in d iv id u a l  acids var ied  as m u c h  a m o n g  
d i f f e re n t  lo ts  o f  bean s  f r o m  th e  sam e 
loca le  as b e tw e e n  sam p le s  c h o se n  to  
rep re sen t  th e  m a jo r  g e o g ra p h ic  reg io n s  o f  
th e i r  p r o d u c t io n .  M ost b e a n s  a re  su b je c t 
ed to  a p la n n e d  f e r m e n t a t io n  w h ic h  
m ig h t  las t as lo n g  as 8 days.  M o is tu re  
c o n te n t  is th e n  re d u c e d  to  less t h a n  8%, a 
s to ra b le  level, m o s t  c o m m o n ly  b y  su n  
d ry in g  ( R o h a n ,  1 9 6 3 ) .  In  th e  p e r io d  
b e tw e e n  o p e n in g  o f  th e  p o d s  a n d  final 
d ry ing ,  m a n y  b io c h e m ic a l  c h an g es  re la ted  
to  o rgan ic  ac id  c o n te n t  w o u ld  o ccu r ,  th e  
m a g n i tu d e  o f  w h ic h  w o u ld  b e  in f lu e n c e d  
by  th e  p rocesses  e m p lo y e d ,  t h e  d egree  to  
w h ich  th e s e  p rocesses  are s t a n d a rd iz e d  
and  by  th e  va r iab leness  o f  c l im a t ic  c o n 
d i t io n s  in th e  t rop ics .  C o n se q u e n t ly ,  d if 
fe rences  sh o w n  in  Tab le  1 w ere  n o t  
u n e x p e c te d .

T h e  o n ly  o b v io u s  c o r r e la t io n  re la t ing  
to  b ean  ty p e  o r  o r ig in  involves t h e  S an 
ch ez  a n d  T a b a sc o  b e a n s  w h ic h  t r a d i t i o n 
ally are n o t  su b je c te d  t o  a f e r m e n ta t io n ,  
a l th o u g h  th e y  u n d o u b te d l y  d o  receive a 
p a r t ia l  o r  q u a s i f e r m e n ta t io n  d u r in g  th e  
ear ly  stages o f  su n  d ry ing . T hese  bean s  
w ere  c o n s i s te n t ly  lo w  in lac t ic  ac id  c o n 
c e n t r a t i o n  a n d  tw o  o f  th e  th r e e  S an ch ez  
sam ples  w ere  high in c i t r ic  ac id  c o n te n t .

F o r t u n a t e l y ,  th r o u g h  th e  c o o p e r a t io n  
o f  V.C. Q uesnel ,  C ocoa  R e se a rc h  D ep t . ,  
U nivers i ty  o f  West Ind ies ,  St.  A u g u s t in e ,  
T r in id a d ,  w e  w ere  ab le  t o  e x a m in e  bean s  
w h ic h  h ad  u n d e rg o n e  a r ig id ly  c o n tro l l e d  
f e r m e n ta t io n .  A b a tc h  o f  beans ,  a f t e r  
o p e n in g  o f  th e  p o d s ,  w as d iv ided  a n d  o n e  
p o r t io n ,  re p re se n t in g  u n f e r m e n t e d  beans ,  
was w ash ed  w i th  w a te r  t o  re m o v e  th e  
p u lp  a n d  th e n  ra p id ly  d r ied .  T h e  o th e r  
p o r t io n  was f e r m e n te d  fo r  8 d ay s  in a 
sw ea t  b o x  a n d  th e n  d r ied  as p e r  th e  
u n f e r m e n t e d  sam p le .  T h e  o rgan ic  acid 
d is t r i b u t io n  in  th e se  u n f e r m e n t e d  and  
fu l ly  f e r m e n te d  b e a n s  is p re s e n te d  in 
T ab le  2.

This  single, b u t  c o n t r o l l e d  e x p e r im e n t ,  
s u p p o r t s  th e  i n t e r p r e ta t i o n  given fo r  th e  
d a ta  in T ab le  1 c o n c e rn in g  lac t ic  a n d  
citr ic  ac ids ;  n a m e ly ,  t h a t  th e  c o n c e n t r a 
t io n  o f  la c t ic  acid increases  a n d  c itr ic  acid  
decreases  d u r in g  f e r m e n ta t io n .  R esu lts  
also in d ic a te  t h a t  th e  acids m e a su re d  in 
th e  s tu d y  are n o rm a l  c o m p o n e n t s  o f  ripe 
c o c o a  b ean s  a n d ,  e x c e p t  fo r  lac t ic  acid ,  
th e y  re m a in  re la t ive ly  u n c h a n g e d  (o x a l ic  
ac id )  o r  d ec rease  in  c o n c e n t r a t i o n  d u r in g  
f e r m e n ta t io n  (succ in ic ,  m alic  and  citr ic  
acids). R o h a n ’s ( 1 9 6 3 )  rev iew  o f  th e  
l i te r a tu re  o n  c o co a  p ro cess in g  s ta te s  t h a t  
c it r ic  ac id  in  th e  p u lp  is c o n s u m e d  and  
decreases  d u r in g  f e r m e n ta t io n .

T h e  e f f e c t  o f  ro a s t in g  o n  th e  o rgan ic  
acids w as assessed b y  c o m p a r in g  bean s  
b e fo re  and  a f t e r  ro a s t in g  u n d e r  c o n d i 
t io n s  believed  to  s im u la te  c o m m e rc ia l  
co n d i t io n s .  A slight d o w n w a r d  t r e n d  was 
ob se rv ed ,  b u t  th e  m a g n i tu d e  o f  ch an g e  
was w i th in  th e  ran g e  o f  e x p e r im e n ta l  
e rro r .  I t  was c o n c lu d e d  th a t  ro a s t in g  do es  
n o t  m a te r ia l ly  a f fec t  t h e  c o n c e n t r a t i o n  o f  
o rg an ic  acids.

C o n c e n t r a t io n s  o f  o rgan ic  acids fo u n d  
in  co c o a  bean s  w ere  re la t ive ly  h igh  even 
w h en  c o m p a r e d  to  m a n y  acid ty p e  foods .  
H ow ever ,  c h o c o la te  u su a l ly  is n o t  d is t in 

g u ished  as hav ing  a t a r t  ta s te .  Th is  is 
a t t r i b u t a b l e  in p a r t  to  th e  d i lu t in g  e f f e c t  
o f  sugar an d  c o c o a  b u t t e r  a d d e d  d u r in g  
its m a n u f a c tu r e .  T h e  h igh  fa t  c o n te n t  an d  
n o n a q u e o u s  c h a ra c te r  o f  c h o c o la te ,  its 
b i t t e r  a n d  sw ee t  ta s tes  an d  th e  ex is ten ce  
o f  th e  acids in  b o u n d  a n d  salt fo rm s  
w o u ld  f u r th e r  su p p re ss  ta r tn e ss .  N ever
the less ,  th e  var iab le  a n d  h igh  c o n c e n t r a 
t io n s  f o u n d  suggest t h a t  th e  o rgan ic  acids, 
espec ia l ly  c i t r ic  a n d  lac t ic ,  c o u ld  be c o n 
sidered  as p o te n t i a l ly  i m p o r t a n t  fa c to rs  
c o n t r ib u t in g  to  d if fe re n c e s  in f lavor n o t 
ed  a m o n g  so m e  c h o c o la te  sam ples.
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STU D IES OF A METHOD FOR DETERM INING ORGANOCHLORINE  
PESTICID E RESID U ES IN ANIMAL TISSU E

SUM MAR Y— Three different studies were conducted to evaluate the accuracy and reliability o f a 
widely accepted method for determining organochlorine pesticide residues in animals' tissues. 
These investigations involved laboratories o f both state and federal regulatory agencies. Various 
adipose tissues, heat-extracted and non-heat-extracted, spiked and unspiked samples were analyzed 
by these laboratories. Results o f these studies demonstrated many inaccuracies and inconsistencies 
associated with using the current method. The laboratory performing the analysis, as well as the 
tissue sample used, was shown to significantly (P < .051 affect the results. Further, the heat-extrac
tion phase, as well as the subsequent analytical phase o f the method, was observed (P < .05) to 
present problems o f repeatability.

IN T R O D U C T I O N

PU B L IC  A T T E N T IO N  is c u r r e n t ly  fo 
cused  o n  th e  w id e sp re a d  use o f  ch em ica l  
pes t ic ides  in  th e  e n v i r o n m e n t  (T ra in ,
1 9 7 0 )  an d  o n  th e i r  r e la t io n sh ip  t o  env i
r o n m e n ta l  h e a l th  (M rak ,  1 9 6 9 ;  Kay,
1970) .  M a n ’s fo o d  ch a in  is p r o b a b ly  th e  
m o s t  im p o r t a n t  a sp ec t  o f  his e n v i r o n m e n t  
t h a t  b e c o m e s  c o n ta m in a t e d  f ro m  pes t i
c ide  use (W estlake  and  G u n th e r ,  1966).  
C o n s e q u e n t ly ,  th e re  is a lw ays  a pressing  
n eed  fo r  rap id  and  re l iab le  an a ly t ica l  
p ro c e d u r e s  to  id e n t i f y  m in u te  t races  o f  
u n w a n te d  chem ica ls  in n a tu r a l  p r o d u c t s  
(L isk , 1970) .  W ith  th e  ad v e n t  o f  e le c t ro n  
c a p tu r e  gas c h r o m a to g r a p h y ,  Mills et al.
(1 9 6 3 )  o f  th e  F o o d  a n d  D rug A d m in i s t r a 
t io n  ( F D A )  revised an  earlier m e t h o d  
(Mills, 1 9 5 9 )  fo r  d e te r m in in g  o rg a n o c h lo 
r ine  pes t ic ide  res idues  in  fo o d s .  S u b se 
q u e n t  m o d i f i c a t io n s  o f  th is  revised p ro c e 
d u re  have b e e n  a t t e m p t s  a t  im p ro v in g  
e x t r a c t io n  (K ro g er ,  1 9 6 6 ;  P o r t e r  et al., 
1 967) ,  c lean-up  (L anglo is  et al. , 1964: 
B urke  an d  M alone , 1 9 6 6 ) ,  c o n c e n t r a t i o n  
(B u rk e  e t  al., 1 9 6 6 )  an d  at re d u c in g  the  
sam p le  size (K roger ,  1 9 6 6 ;  F u r m a n  an d  
F eh r in g e r ,  1 967) .  C u r re n t ly ,  th e  FD A , 
th e  U.S. D e p a r tm e n t  o f  A g r ic u l tu re ’s 
Meat In s p e c t io n  D ivision (M ID ) and  th e  
P en n sy lv an ia  D e p a r tm e n t  o f  A g r icu l tu re  
(P D A ) la b o ra to r ie s  use a m o d if ie d  Mills 
p ro c e d u r e  in  th e i r  re g u la to ry  e ffo r ts .  
T hese  agencies ro u t in e ly  sam p le  m a n ’s 
f o o d  su p p ly  an d  s u b s e q u e n t ly  c o n d e m n  
p ro d u c t s  in  w h ich  th e  a m o u n t  o f  p e s t i 
c ide  res idues  ex ceed s  t h e  m a x im u m  legal 
to le ran ces  es tab lished  b y  th e  F D A
(1 9 6 9 ) .

This p a p e r  re p o r ts  re su lts  f ro m  several 
s tud ies  o f  th e  m o d i f i e d  Mills p ro c e d u r e  
involving la b o ra to r ie s  o f  b o t h  s t a te  (P D A ) 
an d  federa l (M ID ) r e g u la to ry  agencies  and  
th e  U nivers i ty  (PSU ). T h ese  s tu d ie s  were

1 Present address: D ep t, o f A nim al S cien ce, 
U niversity  o f Idaho C aldw ell Branch S tation , 
C aldw ell, ID 8 3 6 0 5 .

c o n d u c te d  to  ev a lu a te  th e  ac c u ra c y  a n d  
re l iab i l i ty  o f  re p e a ta b i l i ty  o f  th e  c u r r e n t  
p ro c e d u r e  b e tw e e n  lab o ra to r ie s .

E X P E R IM E N T A L

Experimental design
T h r e e  d i f f e r e n t  s t u d i e s  w e r e  c o n d u c t e d  i n  

w h i c h  a l l  a n a l y s e s  w e r e  d o n e  i n  d u p l i c a t e .  A l l  

s a m p l e s  w e r e  c o d e d  t o  p r o t e c t  t h e i r  i d e n t i t y .  

S o l v e n t s  u s e d  w e r e  t r i p l e  d i s t i l l e d .

I n  t h e  f i r s t  s t u d y ,  e a c h  o f  f o u r  c o o p e r a t i n g  

l a b o r a t o r i e s  r e c e i v e d  o n e  h e a t - e x t r a c t e d  f a t  

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

s i t e s  ( 2 - i n t e r n a l  s i t e s :  o m e n t a l  o r  i n t e s t i n a l ,  

a n d  k i d n e y  o r  p e r i r e n a l ;  4 - e x t e r n a l  s i t e s :  t h e  

s c r o t a l  o r  c o d  a r e a ,  c h e s t  o r  b r i s k e t ,  b a c k  o r  

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

m e n t a l  a n i m a l  c a r c a s s  w a s  t h a t  o f  a  c a s t r a t e d  

m a l e  ( s t e e r )  A b e r d e e n  A n g u s  (Bos taunts )  c o n 

t a m i n a t e d  b y  i n g e s t i n g  D D T .  B a s e d  o n  t h e  p e s 

t i c i d e  r e s i d u e  d e t e r m i n a t i o n s  i n  o u r  l a b o r a t o r y ,  

a  s t a t i s t i c a l  a n a l y s i s  i n d i c 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 s  ( P  >  . 0 5 )  b e t w e e n  s i t e s ,  b u t  a l l  s a m p l e s  

e x c e e d e d  t h e  m a x i m u m  l e v e l  o f  5  p p m  p e r m i t 

t e d  b y  F D A  r e g u l a t i o n s  ( 1 9 6 9 ) .  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  e v a l u a t e  t h e  r e p e a t a b i l i t y  o f  

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

w h i c h  d i d  n o t  d i f f e r  i n  p e s t i c i d e  c o n t e n t .

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

t e r m i n i n g  t h e  a m o u n t  o f  H E p ,  D D E ,  D D D ,  

p , p ' - D D T  a n d  t o t a l  D D T  ( D D E  +  D D D  +  p , p ' -

D D T )  i n  e a c h  o f  t h e  s i x  a d i p o s e  t i s s u e  s a m p l e s  

u s e d  i n  t h e  f i r s t  s t u d y  w a s  e v a l u a t e d  i n  o u r  l a b 

o r a t o r y .

I n  t h e  t h i r d  s t u d y ,  e a c h  o f  t h e  s e v e n  c o o p e r 

a t i n g  l a b o r a t o r i e s  r e c e i v e d  2 0  s c r o t a l  a d i p o s e  

t i s s u e  s a m p l e s .  T h r e e  h e a t - e x t r a c t e d  a n d  t h r e e  

r a w  t i s s u e  s a m p l e s  f r o m  e a c h  o f  t h r e e  A n g u s  

s t e e r  c a r c a s s e s  w e r e  s e n t  t o  e a c h  l a b o r a t o r y .  I n  

a d d i t i o n ,  f r o m  o n e  o f  t h e s e  c a r c a s s e s  e a c h  l a b 

o r a t o r y  r e c e i v e d  o n e  u n s p i k e d  h e a t - e x t r a c t e d  

t i s s u e  s a m p l e ,  a n d  o n e  s a m p l e  s p i k e d  w i t h  2  

p p m  o f  p , p ' - D D T .  T h e  p , p ' - D D T  w a s  a d d e d  t o  

t h e  l i q u i d ,  h e a t - e x t r a c t e d  s a m p l e  a n d  t h e  s a m 

p l e  t h o r o u g h l y  m i x e d  b e f o r e  c o o l i n g .  T h i s  

s t u d y  w a s  d e s i g n e d  t o  e v a l u a t e  t h e  r e p e a t a b i l i t y  

o f  t h e  e x t r a c t i o n  p h a s e  a s  w e l l  a s  t h e  a n a l y t i c a l  

p h a s e  o f  t h e  p r o c e d u r e .

Sample preparation
F r e s h  a d i p o s e  t i s s u e  s a m p l e s  w e r e  e x c i s e d  

f r o m  t h e  c a r c a s s e s  4 8  h r  p o s t - m o r t e m .  T h e y  

w e r e  t h e n  p l a c e d  i n  g l a s s  j a r s ,  f l u s h e d  w i t h  n i 

t r o g e n  g a s  a n d  s t o r e d  a t  2 9 ° C .  S u b s e q u e n t l y ,  

t h e  h e a t - e x t r a c t e d  s a m p l e s  w e r e  p r e p a r e d  b y  

g r i n d i n g  lO O g  o f  t h e  f r o z e n  t i s s u e  t w i c e  

t h r o u g h  a  0 . 6 5 - c m  p l a t e  i n  a  2 ° C  c o l d  r o o m .  

T h i s  g r o u n d  s a m p l e  w a s  t h e n  e x t r a c t e d  a t  

1 0 5 ° C  f o r  2 4  h r  i n  a  f o r c e d - a i r  o v e n ,  t h e  r e s i 

d u e  f i l t e r e d  a w a y ,  t h e  r e m a i n i n g  l i q u i d  e x t r a c t  

t h o r o u g h l y  m i x e d ,  1 0 - g  l i q u i d  s a m p l e s  w e i g h e d  

o u t ,  c o o l e d ,  r e w e i g h e d  a n d  s t o r e d  u n d e r  n i t r o 

g e n  a t  2 9 ° C .  A l l  s a m p l e s  ( h e a t - e x t r a c t e d ,  r a w  

t i s s u e ,  s p i k e d ,  u n s p i k e d )  w e r e  s h i p p e d  u n d e r  

d r y  i c e  t o  t h e  c o o p e r a t i n g  l a b o r a t o r i e s .  D e t a i l e d  

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

h e a t - e x t r a c t i o n  p r o c e d u r e s  a n d  s u b s e q u e n t  a n a 

l y t i c a l  d e t e r m i n a t i o n s  a c c o m p a n i e d  e a c h  s h i p 

m e n t .

Pesticide analysis
T h e  e n t i r e  1 0 - g  s a m p l e  w a s  e x t r a c t e d .  A l l  

t h e  l a b o r a t o r i e s  i n v o l v e d  i n  t h i s  s t u d y  f o l l o w e d  

t h e  m o d i f i e d  M i l l s  p r o c e d u r e  ( F D A ,  1 9 6 8 ) ,  a s  

d e t a i l e d  i n  t h e  i n s t r u c t i o n s .  E l e c t r o n  c a p t u r e

Table 1—Total D D T (in ppm) analysis o f bovine adipose tissue 
samples by the four cooperating laboratories and our laboratory (ML)

T i s s u e
L a b o r a t o r y

s a m p l e A B M L C D D e v i a t i o n  b

I n t e r n a l

O m e n t a l 1 6 . 0 0 7 . 9 9 7 . 3 9 3 . 1 4 1 . 6 3 6 5 . 0

P e r i r e n a l 1 5 . 1 0 1 2 . 8 2 7 . 6 1 2 . 8 8 0 . 8 3 7 9 . 5

E x t e r n a l

S c r o t a l 1 4 . 6 0 9 . 3 7 8 . 8 0 2 . 9 5 2 . 3 5 5 3 . 0

C a u d a l 1 5 . 2 0 8 . 9 1 7 . 9 3 2 . 9 4 0 . 4 1 6 5 . 4

B a c k 1 2 . 7 0 6 . 0 3 8 . 7 0 3 . 0 8 1 . 2 3 5 6 . 8

B r i s k e t 1 6 . 0 0 7 . 1 1 8 . 3 5 3 . 1 0 1 . 0 6 6 4 . 2

A l l  s a m p l e s 3 1 4 . 9 3 8 . 7 0 8 . 1 3 3 . 0 1 1 . 2 5 5 9 . 6

D e v i a t i o n *3 8 3 . 6 7 . 0 —  6 3 . 0 8 4 . 6

aAny two means not connected by the same solid line are signifi
cantly different (P < .05) from each other.

^Average deviation (in percent) from the M L values.
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Table 2—Repeatability o f procedure for determining the amount 
fin ppm) o f various organochlorines in bovine adipose tissue samplesa

O r g a n o c h l o r i n e  r e s i d u e  t y p e

T i s s u e

s a m p l e H E p D D E D D D

T o t a l

D D T  D D T

S c r o t a l 0 . 2 4 2 . 3 6 0 . 6 0 5 . 8 4 8 . 8 0

B a c k 0 . 2 5 2 . 6 6 0 . 5 7 5 . 4 7 8 . 7 0

B r i s k e t 0 . 2 5 2 . 3 2 0 . 5 4 5 . 4 9 8 . 3 5

C a u d a l 0 . 2 7 2 . 1 5 0 . 7 0 5 . 0 8 7 . 9 3

P e r i r e n a l 0 . 2 2 2 . 0 0 0 . 5 6 5 . 0 5 7 . 6 1

O m e n t a l 0 . 2 2 1 . 9 3 0 . 6 1 4 . 8 5 7 . 3 9

M e a n  ( p p m ) 0 . 2 4 2 . 2 4 0 . 6 0 5 . 3 0 8 . 1 3

D e v i a t i o n  ( % ) 8 . 3 1 2 . 5 1 0 . 0 2 . 5 7 . 1

aA n y tw o  m eans n o t co n n ected  by th e sam e so lid  line are sign ifi
can tly  d ifferen t (P <  .0 5 )  from  each other.

Table 3—Repeatability o f extraction and detection procedures for 
determining the amount Iin ppm) o f D D T in bovine adipose tissue 
samples

_ .  C o o p e r a t i n g  l a b o r a t o r y
I  i s s u e  -----------------------------------------------------------------------------------

s a m p l e A B c D E F G

E x t r a c t i o n

s a m p l e s 3

M L E X b 1 4 . 8 1 7 . 5 4 4 . 1 1 9 . 4 1 4 . 4 8 . 5 8 . 6

R T S S E C 8 . 8 2 0 . 9 4 2 . 8 2 0 . 1 1 4 . 9 8 . 1 8 . 4

6 . 0 3 . 4 1 . 3 0 . 6 0 . 5 0 . 4 0 . 2

D e t e c t i o n

s a m p l e s

S P l K E d 1 1 . 4 1 1 . 6 3 0 . 9 1 3 . 7 9 . 8 6 . 6 6 . 7

U N S P K e 9 . 6 1 0 . 7 2 7 . 3 1 1 . 5 7 . 9 6 . 4 6 . 5

O b s e r v e d 1 . 8 0 . 9 3 . 6 2 . 2 1 . 9 0 . 2 0 . 2

A c t u a l 2 . 0 2 . 0 2 . 0 2 . 0 2 . 0 2 . 0 2 . 0

0 . 2 1 . 1 1 . 6 0 . 2 0 . 1 1 . 8 1 . 8

a A n y  t w o m e a n s  n o t c o n n e c t e d  b y t h e  s a m e s o l i d  l i n e a r e s i g n i f i -

can tly  d ifferen t (P <  .0 5 )  from  each oth er. 
bML h eat-ex tracted  (1 0 5 °C ) fat sam ples.
c R aw  tissue sam ples su b seq u en tly  heat ex tracted  (1 0 5 °C ) by each

laboratory.
d ML h eat-ex tracted  fat sam p le , sp iked w ith  2 ppm  o f  p ,p '-D D T . 
e ML h eat-ex tracted  fa t sam p le , unspiked.

( E C )  g a s  c h r o m a t o g r a p h y  w a s  e m p l o y e d  i n  t h e  

d e t e r m i n a t i v e  s t e p .  H o w e v e r ,  n o t  e v e r y  l a b o r a 

t o r y  u s e d  t h e  s a m e  m a k e  o r  m o d e l  i n s t r u m e n t .  

N e v e r t h e l e s s ,  o p e r a t i n g  c o n d i t i o n s  w e r e  s i m i l a r .  

S e p a r a t i o n  w a s  p e r f o r m e d  o n  6 -  b y  1 . 8 - m m  c o l 

u m n s  c o a t e d  w i t h  1 0 %  D C - 2 0 0  ( D o w  C o r n i n g  

S i l i c o n e  F l u i d  1 2 , 5 0 0  c s t )  o n  6 0 - 1 0 0  m e s h  

s u p p o r t  ( A n a k r o m  A B S  o r  G a s  C h r o m  Q ) .  T h e  

c a r r i e r  g a s  w a s  e i t h e r  n i t r o g e n  o r  h e l i u m ,  d e 

p e n d i n g  o n  t h e  l a b o r a t o r y .  C o l u m n  t e m p e r a 

t u r e s  w e r e  2 2 5 ° C  a n d  i n j e c t i o n  t e m p e r a t u r e s  

2 5 0 ° C .  Q u a n t i t a t i v e  a n d  q u a l i t a t i v e  s t a n d a r d s ,  

t h i n - l a y e r  c h r o m a t o g r a p h y  a n d  o t h e r  G L C  c o l 

u m n s  w e r e  u s e d  t o  v e r i f y  i d e n t i f i c a t i o n  o f  t h e  

o r g a n o c h l o r i n e  c o m p o u n d s  ( F D A ,  1 9 6 8 ) .

D a t a  a n a l y s i s

Q u a n t i f i c a t i o n  o f  a l l  r e s u l t s  i n v o l v e d  p e a k  

a r e a  d e t e r m i n a t i o n s  u s i n g  t h e  t r i a n g u l a t i o n  

m e t h o d .  T h e  p p m  c o n c e n t r a t i o n  f o u n d  i n  d i f 

f e r e n t  t i s s u e  s i t e s  w a s  o b t a i n e d  u s i n g  t h e  f o l 

l o w i n g  f o r m u l a :

_ 1.67 x P w  x C s  x Au 
ppm A k x F x W

w h e r e  1 . 6 7  =  a  c o r r e c t i o n  f a c t o r  b a s e d  o n  t h e

3 - g  w e i g h t  o f  5  m l  o f  e t h e r ;  P w  =  w e i g h t  i n  

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

p e s t i c i d e  r e s i d u e s  u s e d  i n  i n j e c t i o n  o f  G L C  c o l 

u m n ;  C s  =  c o n c e n t r a t i o n  o f  k n o w n  s t a n d a r d  i n  

n a n o g r a m s ;  A u  =  a r e a  o f  u n k n o w n  p e a k  i n  

s q u a r e  c e n t i m e t e r s ;  A ^  =  a r e a  o f  s t a n d a r d  p e a k  

i n  s q u a r e  c e n t i m e t e r s ;  F  =  f r a c t i o n  o f  P w  

w e i g h t  i n j e c t e d  i n  p i ;  W  =  t i s s u e  s a m p l e  w e i g h t  

i n  g r a m s .  T h e  d a t a  c o l l e c t e d  w e r e  a n a l y z e d  b y  

t h e  a n a l y s i s  o f  v a r i a n c e  ( S n e d e c o r ,  1 9 5 6 )  u s i n g  

a n  I B M  3 6 0 / 6 7  C o m p u t i n g  S y s t e m .  B e t w e e n  

m e a n  d i f f e r e n c e s  f r o m  g r o u p  t o  g r o u p  w e r e  

c o m p a r e d  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  

( D u n c a n ,  1 9 5 5 ) .

R E S U L T S

Firs t  s t u d y
T h e  to t a l  D D T  analyses  o f  b ov ine  

ad ip o se  t issue  sam p les  by  th e  f o u r  c o 
o p e ra t in g  la b o ra to r ie s  ( r e p re se n t in g  b o th  
s t a te  a n d  fed e ra l  agencies)  as well as o u r

o w n  la b o r a to r y  are su m m a r iz e d  a n d  p re 
se n te d  in T ab le  1. S ta t is t ic a l ly  s ign if ican t  
( P < . 0 5 )  d if fe re n c e s  b e tw e e n  l a b o r a to 
ries fo r  th e  an a ly ses  w ere  obse rved .  T he  
a m o u n t  o f  d e v ia t io n  f ro m  th e  values 
o b ta in e d  in o u r  la b o r a to r y  w ere  ca lcu 
la ted  a n d  are  r e c o r d e d  in th is  table.

S e c o n d  s tu d y

T h e  r e p e a ta b i l i ty  o r  d i f f ic u l ty  in  d e te r 
m in in g  th e  in d iv id u a l  ty p e  o f  o r g a n o c h lo 
rine  p e s t ic id e  res idue  in  b o v in e  ad ip o se  
tissue sam ples  can  be o b se rv ed  b y  e x a m 
ining th e  d a ta  t a b u la te d  in  T ab le  2. No 
s ta t i s t ic a l ly  s ign if ican t  ( P > . 0 5 )  d if fe r 
en ces  w ith in  re s id u e  ty p e  w ere  n o ted .  
T h e  e r r o r  p e rc e n t  a s so c ia te d  w i th  th e  
d e te r m in a t io n  o f  e ach  ty p e  ranged  f ro m  
2 .5%  fo r  D D T  to  12 .5%  fo r  D DE. M ost o f  
th e  values w ere  10% o r  less.

T h i rd  s t u d y
T ab le  3 su m m a r iz e d  th e  d a ta  c o m p i le d  

f ro m  seven  s t a te  a n d  fed e ra l  c o o p e ra t in g  
lab o ra to r ie s .  T h e  r e p e a ta b i l i ty  o f  th e  
h e a t - e x t r a c t io n  phase  was n o te d  to  d if fe r  
s ta t i s t ic a l ly  (P <  .0 5 )  b e tw e e n  th e  various 
lab o ra to r ie s .  I t  c a n  also be  o b se rv ed  th a t  
th e  la b o r a to r ie s  w h ic h  sh o w e d  so m e t r o u 
ble in  a d e q u a te ly  h e a t  e x t r a c t in g  th e  
sam p les  w ere  n o t  necessarily  th o s e  th a t  
h ad  t r o u b le  w i th  th e  an a ly t ica l  phase.

D IS C U S S IO N

R E S U L T S  O F  T H E  S T U D Y  ta b u l a te d  in 
T ab le  1 in d ic a te  th e  m e t h o d  i tse l f  is n o t  
c o n s i s te n t ly  a c c u ra te  a n d  re l iab le  w h e n  
th e  an a ly ses  o f  v a r io u s  la b o r a to r ie s  are 
c o m p a r e d .  A l th o u g h  th e  s ta t i s t ic a l  an a l
yses  c o u ld  n o t  d e m o n s t r a t e  (P  >  .0 5 )  a n y  
d if fe re n c e  b e tw e e n  th e  m e a n  D D T  values 
o f  all sam p le s  a n a ly z e d  b y  L a b o r a to r y  B 
a n d  o u r  la b o r a to r y  (M L), re su lts  o f  th e  
ana lyses  f ro m  th e  o t h e r  c o o p e r a t in g  la b 
o ra to r ie s  d id  d if fe r  s ign if ican tly  (P  <  .05 )  
f ro m  ours .  V a lu es  r e p o r te d  by  L a b o ra 
to r y  A w ere  h ig h e r ,  w h e reas  th o s e  f r o m  C 
a n d  D w ere  lo w e r  th a n  ML values. A n a l
yses  f r o m  b o t h  L a b o ra to r ie s  A a n d  D 
d ev ia ted  a p p r o x i m a t e ly  84%  f r o m  o u r  
o w n .  A 63 %  d e v ia t io n  w as n o te d  fo r  
th o s e  f r o m  L a b o r a to r y  C. Based o n  th e  
c o m p o s i t e  an a ly se s  o f  all sam p les  b y  ML, 
th e  to t a l  D D T  value  o f  8 .1 3  p p m  in d i
ca te s  th is  carcass  sh o u ld  be  c o n d e m n e d  
fo r  h u m a n  f o o d ,  s ince it  ex c e e d s  th e  
m a x im u m  p erm iss ib le  legal (F D A ,  1 9 6 9 )  
l im it  o f  5 p p m .  H o w ev e r ,  th e  d a ta  sh o w  
th a t  o n ly  L a b o ra to r ie s  A a n d  B w o u ld  
r e c o m m e n d  c o n d e m n a t io n ,  w h e reas  C 
an d  D w o u ld  pass it as a c c e p ta b le  fo r  
h u m a n  c o n s u m p t io n .  S u ch  re su lts  a p p e a r  
to  in d ic a te  t h a t  th e  d a ta  f r o m  fo o d  
su rve illance  p ro g ra m s  a re  q u e s t io n a b le  
an d  c e r ta in ly  suggest law  e n f o r c e m e n t  
a n d  c o m p l ia n c e  e f f o r t s  will b e  d if f icu l t .

A n o th e r  o b s e r v a t io n  (see Tab le  1) is 
t h a t  th e  lo c a t io n  o r  ty p e  o f  sam p le  m a y  
a f fec t  t h e  re su lts  o b ta in e d .  M ore dev ia
t io n  f r o m  M L D D T  values w as n o te d  fo r
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t h e  in te rn a l  (7 2 .3 %  average) as c o m p a r e d  
to  t h e  e x te r n a l  (5 9 .9 %  average) t issue  
sam ples.  T h is  is q u i t e  in te re s t in g ,  since it  
is th e  u su a l  p ra c t ic e  o f  s t a te  an d  federa l 
r e g u la to ry  agencies  t o  use  th e  ana lyses  o f  
in te rn a l  carcass  t is su e  sam p le s  as t h e  basis 
fo r  e i th e r  a c c e p ta n c e  o r  c o n d e m n a t io n  o f  
m e a t  fo r  fo o d .  O u r  resu lts  w o u ld  suggest 
e x te r n a l  sam ples  sh o u ld  be  used  an d  
p re f e ra b ly  s c ro ta l  sam ples ,  s ince  these  
sh o w e d  th e  leas t  v a r ia t io n  (5 3 .0 % ).  P e r
h a p s  a n  e x p la n a t io n  o f  th is  sam p le  ty p e  
e f fec t  is r e la te d  t o  t h e  c h e m ic a l  and  
m o r p h o lo g ic a l  d i f fe ren ces  b e tw e e n  tis
sues. We h ave  n o te d  th a t  th e  m o r e  s a tu 
r a t e d  l ipids are f o u n d  in in te rn a l  ra th e r  
t h a n  e x te r n a l  si tes ( H u s to n  e t  al., 1965) .  
L isk  ( 1 9 7 0 )  c o m m e n t s  t h a t  t h e  so lu b il i ty  
o f  D D T  in th e  fa t  is a f f e c te d  b y  th e  
degree  o f  h a rd n e s s  ( s a tu ra t io n )  o f  t h e  fat. 
We have  also ob se rv ed ,  a l th o u g h  n o t  
re p o r te d ,  t h a t  m o r e  n o n l ip id - e x t ra c ta b le  
t issue  res idues  a re  a ssoc ia ted  w i th  th e  
in te rn a l  ad ip o se  tissue.

I t  is r a th e r  o b v io u s  f r o m  th e  da ta  
p r e s e n te d  in  T a b le  2 t h a t  th e  p ro c e d u r e  
was q u i t e  re p e a ta b le  fo r  d e te rm in in g  th e  
in d iv id u a l  a m o u n t  o f  e a c h  p es t ic id e  resi
d u e  species. W ith th e  e x c e p t io n  o f  D D E, 
all s am p les  w ere  w i th in  10% o f  th e  m e a n  
value. I t  also a p p ea rs  t h a t  D D E  is th e  
p r im a ry  m e ta b o l i t e  o f  D D T  an d  th is  
s u p p o r t s  th e  d e g ra d a t io n  p a th w a y  o f  
D D T  m e ta b o l i s m  sugges ted  b y  D a t ta
(1 9 7 0 ) .

A s ta t is t ica l  analys is  o f  t h a t  p o r t io n  o f  
th e  th i rd  s tu d y  r e la te d  t o  ex am in in g  th e  
h e a t - e x t r a c t io n  ph ase  (see T a b le  3 )  d e m 
o n s t r a te d  s ign if ican t (P <  .0 5 )  d i f fe ren ces  
b e tw e e n  lab o ra to r ie s .  R esu lts  r e p o r te d  by  
L a b o r a to r y  A sh o w e d  a 6 p p m  d isc rep 
a n c y  in  th e i r  ab i l i ty  to  sa t is fac to r i ly  hea t  
e x t r a c t  th e  t issue  sam ple .  T h e  bes t  c o r r e 
s p o n d e n c e  b e tw e e n  th e  va lues  o f  M L E X  
(M L  h e a t - e x t r a c te d  sam ples)  a n d  R TSSE  
( raw  tissue  sam ples  su b s e q u e n t ly  h ea t  
e x t r a c te d  by  each  l a b o r a to r y )  was r e c o r d 

ed  fo r  L a b o ra to r ie s  F  a n d  G. A lth o u g h  
th e  re su lts  o f  L a b o r a to r y  A as c o m p a r e d  
to  F  a n d  G w ere  s ign if ican tly  d if fe re n t  
(P  <  .05 ) ,  th o s e  b e tw e e n  o th e r  l a b o r a to 
ries w ere  n o t  ( P > . 0 5 ) .  T h e  sp iked-un-  
sp ik ed  c o m p a r iso n s  in d ica ted  th a t  th o s e  
la b o ra to r ie s  w h ic h  h a d  t r o u b le  w i th  th e  
h e a t - e x t r a c t in g  ph ase  d id n o t  necessarily  
have  p ro b le m s  in  p e r f o rm in g  th e  su b se 
q u e n t  analysis. H o w ev er ,  th e se  resu lts  do  
suggest in c o n s is te n c ie s  in  th is  p o r t io n  o f  
th e  p r o c e d u r e  to o .  T h ree  la b o ra to r ie s  
(A ,D ,E )  w ere  a c c u ra te ,  th r e e  (C ,F ,G )  
in a c c u ra te  a n d  o n e  (B) in t e rm e d ia t e  in  
d e te r m in in g  th e  a m o u n t  o f  D D T  in th e  
sp ik ed  sam ple .

A l th o u g h  de ta i led  in s t ru c t io n s  w ere  
s e n t  t o  every  l a b o r a to r y ,  h u m a n  e r ro rs  in 
in te rp re t in g  a n d  e x e c u t in g  th e se  in s t ru c 
t io n s  c a n n o t  be  d is c o u n te d  as a so u rce  o f  
v a r ia t io n  in  th e  re su lts  o b ta in e d .
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ON THE N ATURE OF COOKED MEAT HEMOPROTEIN

SU M M A RY—Reflectance spectra o f cooked meat and the precipitates obtained on heating aqueous 
muscle extracts, mixtures o f bovine serum albumin (BSA) and horse heart metmyoglobin (Mb) at 
60° C, and Mb alone at > 80° C were all similar. BSA-Mb mixtures in 5.5 M urea at pH 6.0 yielded 
soluble complexes that were spectrally the same as those present in cooked meat. Sephadex 
chromatography showed these complexes to be denatured hemoproteins where the protein could 
be denatured BSA or dimers or higher aggregates o f denatured apomyoglobin (ApoMb). The 
affinity o f the hematin for denatured BSA was much greater than for the ApoMb aggregates. No 
evidence was obtained for complexes o f a type where hematin was coupled with both denatured 
ApoMb and denatured BSA. It  is suggested that the complexes present in cooked meat are also 
denatured hemoproteins, where the protein may be any o f several o f the denatured proteins 
present in cooked meat. An electron-spin resonance (ESR ) spectra o f cooked meat indicated that 
at — 1961°C  the ferric ion in the hematin was essentially low-spin. The mechanism o f formation and 
the nature o f the possible bonding between hematin and denatured protein are discussed.

IN T R O D U C T I O N

W H EN  M E A T  is h e a te d ,  th e  h e m o p r o 
te ins  (m a in ly  m y o g lo b in  p lus so m e  h e m o 
g lob in )  reac t  to  f o r m  th e  b r o w n  inso lub le  
p ig m en ts  ty p ic a l  o f  c o o k e d  m ea t .  It is 
well e s tab l i sh ed  th a t  th e  i ro n  in  th e  
p o rp h y r in  is in  th e  fe r r ic  s t a te  (T a p p e l ,
1957) .  O nly  te n ta t iv e  sugges tions ,  using  
analyses o f  th e  re f le c ta n c e  sp e c t ra  o f  
c o o k e d  m e a t  (T ap p e l ,  1 9 5 7 ;  Tarladgis ,  
1 96 2 ) ,  have b e e n  m a d e  a b o u t  th e  n a tu r e  
o f  th e  tw o  ligands o n  th e  fe r r ic  io n  a t  th e  
p o s i t io n s  n o t  b o n d e d  to  th e  f o u r  n i t ro g e n  
a to m s  o f  th e  p o r p h y r in .

W ith  th e  in c rea s in g  t e n d e n c y  to  m a r 
k e t  p re c o o k e d ,  p a r t ia l ly  c o o k e d  a n d  
p a s te u r iz e d  m e a t s ,  it  is d es i rab le  to  k n o w  
th e  n a tu r e  o f  th ese  c o o k e d  m e a t  h e m o 
p ro te in s ,  ex p ec ia l ly  s ince th e y  a l legedly  
ca ta ly z e  lipid o x id a t io n  a n d  so  decrease  
s to rage  life (T arladg is ,  1962) .

T a p p e l  ( 1 9 5 7 )  sugges ted  th a t  the  
h e m o p r o te in s  in  c o o k e d  m e a t  w ere  m ix e d  
d e n a tu r e d  g lob in  n ic o t in a m id e  hem i-  
ch ro m es .  Tarladg is  ( 1 9 6 2 )  a rgued  th a t  
su ch  c o m p o u n d s  w o u ld  y ie ld  low -sp in  
ferric  io n  (Brill  a n d  Williams, 1 9 6 1 ) ,  i.e., 
o n e  u n p a i r e d  d e le c t ro n .  S ince  th e  re f le c t 
ance  s p e c t r u m  o f  c o o k e d  m e a t  was 
ty p ica l  o f  high-spin  ferric  io n ,  i.e. ,  five 
u n p a i r e d  d e le c t ro n s ,  T ar ladg is  suggested  
th a t  th e  ligands at th e  f i f th  a n d  s ix th  
p o s i t io n s  were  a c a r b o x y la te  g ro u p  f ro m  
d e n a tu r e d  g lob in  a n d  w a te r .

T h u s ,  b o th  w o rk e rs  p o s tu la t e d  d e n a 
tu r e d  g lob in  as o n e  o f  th e  l igands in  the  
c o m p le x .  H o w ev er ,  m y o g lo b in  is p re c ip i
t a t e d  in m e a t  a t  t e m p e r a tu r e s  o f  6 0 °C  
a n d  above ,  a l th o u g h  in  p u re  so lu t io n ,  at 
th e  sam e pH, m a r k e d  d e n a tu r a t i o n  an d  
p re c ip i t a t io n  o c c u r  o n ly  a t  te m p e ra tu re s  
above  7 5 °C  (B e rn o f sk y  e t  al. , 1959) .  
D ra u d t  ( 1 9 6 9 )  f o u n d  th a t  th e  p re c ip i t a 
t io n  o f  m y o g lo b in  in  m e a t  was d e p e n d e n t  
on  th e  n a tu r e  o f  th e  l igand  a t  the  s ix th

p o s i t io n ,  a n d  on  th e  o x id a t io n  s ta te  o f  
th e  i ro n .  T h e  s tab il i t ie s  o f  th e  various 
m y o g lo b in  derivatives w ere  in  th e  sam e 
o rd e r  as in  p u re  so lu t io n ,  a l th o u g h  p re c ip 
i t a t i o n  in  m e a t  o c c u r r e d  a t  t e m p e ra tu re s  
a b o u t  15 — 3 0 ° C  b e lo w  th a t  re q u i re d  in 
th e  p u re  sy s te m  a t  th e  sam e  pH. He 
c o n c lu d e d  th a t  m y o g lo b in  a p p a re n t ly  
c o -p re c ip i ta te s  w i th  o th e r  p ro te in s  and  
p a r t  o f  th e  th e r m a l  d e n a tu r a t i o n  b eh av io r  
o f  m y o g lo b in  has  to  be a t t r i b u t e d  to  th e  
d e n a tu r a t i o n  o f  th e  o th e r  p ro te in s  in 
m ea t .

T h e  th e r m a l  d e n a tu r a t i o n  o f  m y o g lo 
b in ,  in a q u e o u s  s o lu t io n ,  has b e e n  e x t e n 
sively  s tu d ie d  ( A c a m p o r a  a n d  H erm an s ,  
1 9 6 7 ;  A w a d  a n d  D e ra n le a u ,  1968) ,  as has 
th e  s tab i l i ty  o f  m y o g lo b in  in th e  p resen ce  
o f  in o rg an ic  ions  a n d  o rgan ic  so lven ts  
(e .g .,  C a n n ,  1 9 6 4 ;  H ersk o v i ts  a n d  Ja i l le t ,
1 969) .  O n  th e  o th e r  h a n d ,  l i t t le  w o rk  
ap p ea rs  to  have b e e n  d o n e  o n  th e  s tab i l
i t y  o f  m y o g lo b in  in  m e a t ,  viz., in th e  
p re sen ce  o f  an  excess  o f  o th e r  p ro te in s .  It 
is k n o w n ,  h o w e v e r ,  t h a t  th e  h e m a t in  o f  
h e m o g lo b in  is t r a n s fe r r e d  to  gela t in  if 
in c u b a te d  w i th  a large excess o f  ge la t in  at 
3 7 ° C  (B ly u m e n fe T d  a n d  C h a rn y i ,  1 9 5 0 )  
a n d  th a t  a lb u m in  can  c o m b in e  w ith  
h e m a t in  to  y ie ld  m e t h e m a l b u m i n ,  th e  
a lb u m in  b e in g  a t t a c h e d  by  m e a n s  o f  the  
c a r b o x y l  g ro u p s  o f  th e  p r o t o p o r p h y r i n  
( O ’H agan ,  1959) .

T h e  p re s e n t  s tu d y  was u n d e r t a k e n  to  
e x p la in  the  n a tu r e  o f  the  h e m a t in  c o m 
p l e x e s )  p re s e n t  in  c o o k e d  m e a t  a n d  th e  
ro le  o f  th e  o th e r  w a te r - so lu b le  p ro te in s  in 
its  ( th e i r )  f o r m a t io n .

E X P E R IM E N T A L

M a t e r i a l s  &  M e t h o d s

B o v i n e  s e r u m  a l b u m i n  ( B S A )  ( C o h n  f r a c t i o n  

V ,  S i g m a  C h e m i c a l  C o . )  a n d  s a l t - f r e e  h o r s e  

h e a r t  m e t m y o g l o b i n  ( M b )  ( M a n n  R e s e a r c h  

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

A n y  i n s o l u b l e  M b  w a s  r e m o v e d  b y  f i l t r a t i o n  

a f t e r  p r e p a r a t i o n  o f  t h e  s o l u t i o n .  T h e  u r e a  s o l u 

t i o n s  u s e d  i n  t h e  c h r o m a t o g r a p h y  e x p e r i m e n t s  

w e r e  f r o z e n  a f t e r  1 2 0  h r ,  s t o r e d  a t  - 2 0 ° C  a n d  

t h a w e d  w h e n  r e q u i r e d .

A q u e o u s  m u s c l e  e x t r a c t s  w e r e  p r e p a r e d  b y  

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

w i t h  a n  a p p r o x i m a t e l y  e q u a l  v o l u m e  o f  e i t h e r  

d i s t i l l e d  w a t e r  o r  0 . 0 5  M  p h o s p h a t e  ( p H  6 . 0 )  a t  

4 ° C  a n d  f i l t e r i n g  a f t e r  s t a n d i n g  o v e r n i g h t .  T h e  

e x t r a c t  u s u a l l y  h a d  a  t o t a l  h e m o p r o t e i n  c o n c e n 

t r a t i o n  o f  3 - 7  m g  m l ' 1 . T h e  d i s t i l l e d  w a t e r  

e x t r a c t s  w e r e  a d j u s t e d  t o  t h e  r e q u i r e d  p H  w i t h  

0 . 1  N  H C 1  o r  0 . 1  N  N a O H .  T h e  p h o s p h a t e  

e x t r a c t s  w e r e  u s e d  i n  t h e  c h r o m a t o g r a p h y  

e x p e r i m e n t s ,  a s  a t  t h e s e  d i l u t i o n s  a  m a r k e d  

c h a n g e  i n  p H  o c c u r r e d  o n  h e a t i n g .  T h i s  w a s  n o t  

o b s e r v e d  i n  t h e  c o n c e n t r a t e d ,  u n f r a c t i o n a t e d  

s a m p l e s .

1 0 - m l  a l i q u o t s  o f  t h e  d i s t i l l e d  w a t e r  e x t r a c t s  

w e r e  h e a t e d  i n  p r e h e a t e d ,  s t o p p e r e d  t h i n - w a l l e d  

g l a s s  t e s t - t u b e s  a t  t h e  r e q u i r e d  t e m p e r a t u r e  

( ±  0 . 0 5 ° C ) .  A f t e r  t h e  a p p r o p r i a t e  t i m e  ( u s u a l l y  

2  h r )  t h e  t e s t - t u b e s  w e r e  c o o l e d  i n  i c e - w a t e r  

a n d  t h e  c o n t e n t s  f i l t e r e d .  W h e n  n e c e s s a r y ,  t h e  

t o t a l  w e i g h t  o f  p r o t e i n  p r e c i p i t a t e d  w a s  d e t e r 

m i n e d  b y  w e i g h i n g  t h e  e t h e r - w a s h e d  f i l t r a t e ,  

d r i e d  a t  3 7 ° C .  T h e  t o t a l  h e m o p r o t e i n  c o n c e n 

t r a t i o n  i n  t h e  s o l u t i o n s  w a s  d e t e r m i n e d  f r o m  

t h e  a b s o r p t i o n  a t  5 2 5  n m ,  a n  i s o b e s t i c  p o i n t  

f o r  t h e  o x y ,  r e d u c e d  a n d  o x i d i z e d  f o r m s  o f  

b o t h  h e m o g l o b i n  a n d  m y o g l o b i n  ( B o w e n ,  1 9 4 9 ;  

L e m b e r g  a n d  L e g g e ,  1 9 4 9 )  (  £  =  7 . 5 ) .

S e p h a d e x  c h r o m a t o g r a p h y

A l l  s o l u t i o n s  w e r e  f r a c t i o n a t e d  a t  2 2  ± 1 ° C ,  

o n  S e p h a d e x  G - 1 0 0  ( s u p e r f i n e )  ( b e d  v o l u m e  

3 6 0  m l ,  h e i g h t  4 3  c m  a n d  f l o w  r a t e  a b o u t  1 2  

m l  h r ' 1 i n  u r c a / p h o s p h a t e ;  b e d  v o l u m e  3 5 0  m l ,  

h e i g h t  4 2  c m  a n d  f l o w  r a t e  a b o u t  1 5  m l  h r ' 1 i n  

p h o s p h a t e ) .

T o  d e t e r m i n e  w h i c h  s p e c i e s  w e r e  r e s p o n 

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

i n  a q u e o u s  m u s c l e  e x t r a c t s ,  t h e  f o l l o w i n g  

e x p e r i m e n t s  w e r e  p e r f o r m e d .  5 - m l  a l i q u o t s  o f  a  

c o n c e n t r a t e d  m u s c l e  e x t r a c t ,  i n  0 . 0 5  M  p h o s 

p h a t e  b u f f e r  ( p H  6 . 0 )  w e r e  f r a c t i o n a t e d ,  a n d  

t h e  a b s o r b a n c e s  o f  t h e  5 - m l  e l u t e d  f r a c t i o n s  

d e t e r m i n e d  a t  4 1 0  n m  ( f o r  t h e  h e m o p r o t e i n )  

a n d  2 8 0  n m  ( f o r  a l l  p r o t e i n s ) .  F r o m  e a c h  s e p 

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

( M b )  w e r e  c o m b i n e d  a n d  4 - m l  a l i q u o t s  o f  t h i s  

M b  s o l u t i o n  w e r e  m i x e d  w i t h  4  m l  o f  t h e  f r a c 

t i o n s  c o r r e s p o n d i n g  t o  t h e  o t h e r  p r o t e i n - r i c h  

p e a k s  i n  t h e  e l u t i o n  p r o f i l e .  T h e s e  m i x t u r e s ,  

p l u s  s o l u t i o n s  c o n t a i n i n g  o n l y  t h e  s e p a r a t e d  

h e m o g l o b i n  ( H b )  a n d  s e p a r a t e d  M b ,  w e r e  

h e a t e d  a n d  t h e  a m o u n t  o f  H b  a n d  M b  p r e c i p i 

t a t e d  d e t e r m i n e d .

T o  d e t e r m i n e  t h e  c o m p l e x e s  p r e s e n t  i n  t h e  

M b - B S A  s o l u t i o n s ,  i n  5 . 5  M  u r e a  ( >  9 9 . 5 %  

p u r e )  a t  p H  6 . 0 ,  5 - m l  a l i q u o t s  o f  t h e s e  s o l u t i o n s  

w e r e  f r a c t i o n a t e d  a n d  t h e  h e m a t i n  a n d  p r o t e i n  

c o n t e n t s  o f  t h e  e l u t e d  f r a c t i o n s  d e t e r m i n e d  a s  

t h e  a b s o r b a n c e s  a t  4 1 0  n m  ( h e m a t i n )  a n d  2 8 0  

n m  ( p r o t e i n ) .  I n  a l l  c a s e s  t h e  e l u t e d  f r a c t i o n s  

w e r e  c o l l e c t e d  b y  c o u n t i n g  1 2 8  d r o p s .
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Fig. 1 -Reflectance spectra o f -------cooked m eat;------------- precipitate from
aqueous muscle extract heated to 60°C ; .....................precipitate from a
solution o f  Mb-BSA heated to 60°C; — • -  • precipitate after heating 
Mb to 9CT C ; ........................ uncooked meat (mainly M b 0 2).

Fig. 2—The effect o f heating an aqueous muscle extract for 2 hr at pH  
6.0 on the amount o f hemoprotein remaining in solution (o—o) (meas
ured as the absorption o f the solution) and the precipitation o f the 
other water-soluble proteins (a—a) (determined by the weight o f pre
cipitate). a — a  is the amount o f hemoprotein remaining in solution after 
2 hr at 60° C after preheating at the temperature shown for 2 hr. In all 
cases the change in pH after heating was less than 0.05 pH unit.

Dialysis
2 0  m l  o f  a  4 - d a y - o l d  m i x t u r e  o f  1 0  m g  m l ' 1 

B S A  a n d  1 . 4 6  m g  m l " 1 M b  i n  5 . 5  M  u r e a  a t  p H

6 . 0  w a s  d i a l y z e d  a g a i n s t  0 . 0 5  M  p h o s p h a t e  ( p H

6 . 0 ) .  T h e  d i a l y s i s  w a s  p e r f o r m e d  o v e r  4  d a y s  a t  

0 ° C  u s i n g  f o u r  c h a n g e s  o f  8  l i t e r s  o f  p h o s p h a t e .

Spectral analysis
A l l  a b s o r b a n c e s ,  a t  s i n g l e  w a v e l e n g t h s ,  w e r e  

d e t e r m i n e d ,  i n  1 - c m  c e l l s ,  w i t h  a  P e r k i n - E l m e r  

M o d e l  1 3 9  S p e c t r o p h o t o m e t e r .

R e f l e c t a n c e  s p e c t r a ,  o n  m e a t  c o o k e d  t o  t h e  

r e q u i r e d  t e m p e r a t u r e  i n  p o l y t h e n e  p o u c h e s  

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

o b t a i n e d  o n  h e a t i n g  a q u e o u s  m u s c l e  e x t r a c t  o r  

M b - B S A  s o l u t i o n s  t o  6 0 - 6 5 ° C ,  w e r e  d e t e r 

m i n e d  w i t h  a  S h i m a d z u  S e i s a k u s h o  M o d e l  

M P S - 5 0 L  S p e c t r o p h o t o m e t e r  w i t h  r e f l e c t a n c e  

a t t a c h m e n t .  A b s o r p t i o n  s p e c t r a  o n  t h e  s o l u 

t i o n s  o n  B S A  a n d  M b  w e r e  d e t e r m i n e d  w i t h  t h e  

s a m e  i n s t r u m e n t .

R E S U L T S

R e f le c ta n c e  sp e c t ra  o f  c o o k e d  b e e f  an d  
p re c ip i t a te  f r o m  h e a t e d  m u sc le  e x t r a c t

T y p ic a l  re f le c ta n c e  sp ec t ra  o f  c o o k e d  
b e e f  a n d  th e  p re c ip i t a te  o b ta in e d  on

h e a t in g  an  a q u e o u s  m u sc le  e x t r a c t  are 
sh o w n  in F igure  1.

In th e  ran g e  6 0 - 9 0 ° C  th e  sp e c t ra  o f  
th e  p re c ip i t a te s  ch an g ed  li t t le  w i th  t e m 
p e ra tu re ,  b u t  a t  t e m p e r a tu r e s  b e lo w  
a b o u t  75 C th e  s p e c t r u m  o f  th e  in te r io r ,  
b u t  n o t  e x te r io r ,  o f  a c o o k e d  b e e f  sam ple  
in d ic a te d  th e  p re se n c e  o f  u n r e a c t e d  o xy-  
a n d  m e t -h e m o p ro te in s .  U p o n  re d u c t io n  
w i th  d i th io n i t e ,  b o t h  th e  p re c ip i t a te s  an d  
c o o k e d  m e a t s  y ie ld e d  sp ec t ra  id en t ica l  
w i th  th o s e  d esc r ib ed  b y  T a p p e l  (1 9 5 7 )  
fo r  d i th io n i t e - t r e a t e d  c o o k e d  m e a t .  T r e a t 
m e n t  w i th  fe r r ic y a n id e  h a d  negligible 
e f fec t  o n  th e  sp e c t ra  o f  b o t h  th e  p rec ip i
ta te s  a n d  c o o k e d  m ea ts .  T h u s ,  th e  h e m o -  
p ro te in s  f o r m e d  in  b o th  c o o k e d  m e a t  a n d  
in t h e  e x t r a c ts  a p p e a r  to  be  th e  s a m e ,  a n d  
it  is r e a so n a b le  to  as su m e  th a t  m usc le  
e x t r a c t s  m a y  b e  u sed  t o  s tu d y  th e  r e a c 
t io n s  o f  m y o g lo b in  d u r in g  th e  c o o k in g  o f  
m e a t .

S p e c tr a l  analys is  o f  th e  f i l te red  so lu 
t io n ,  b e fo re  an d  a f t e r  o x id a t io n  w ith  
f e r r ic y a n id e ,  in d ic a te d  th e  p re se n c e  o f  
o n ly  th e  o x y -  a n d  m e t -h e m o p ro te in s .

T h u s ,  fo r  all p rac t ica l  p u rp o s e s ,  all th e  
c o o k e d  m e a t  h e m o p r o te i n s  f o r m e d  are 
p re c ip i t a te d  f r o m  th e  s o lu t io n .

S light sp e c t ra l  d i f fe ren ces  a m o n g  s a m 
ples were  o b se rv ed  fo r  b o t h  th e  m e a t  an d  
th e  p re c ip i t a te .  F o r  e x a m p le ,  a s l ight 
s h o u ld e r  a t  a b o u t  5 7 0  n m  was a p p a r e n t  
in  a few  o f  th e  m e a t  sam p le s  a n d  p re c ip i
ta tes  an a ly z e d .  T h e  p o s i t io n  o f  th e  S o re t  
a b s o r p t io n  m a x im u m  also varied  f ro m  
4 0 9 —4 1 7  nm .

P re c ip i t a t io n  o f  c o o k e d  m e a t  h e m o p r o te i n  
f r o m  a q u e o u s  m u sc le  e x t r a c ts

E ffe c t  o f  te m p e r a tu r e .  T h e  resu lts  o f  a 
ty p ic a l  e x p e r im e n t  d e m o n s t r a t in g  the  
e f f e c t  o f  t e m p e r a tu r e  o n  th e  p r e c ip i t a t i o n  
o f  h e m o p r o te i n  f r o m  so lu t io n  are s u m 
m a r iz e d  in F ig u re  2. T h e  s o lu t io n s  were 
h e a te d  fo r  2 hr ,  a f t e r  w h ic h  n o  f u r th e r  
p r e c ip i t a t io n  o c c u r re d .

I t  is a p p a r e n t  t h a t  a t  pH  6 .0  m o s t  o f  
th e  w a te r - so lu b le  n o n -h e m e  p ro te in s  
p re c ip i t a te  a t  t e m p e r a t u r e s  b e lo w  6 0 °C , 
w h ereas  th e  h e m o p r o te i n s  (m a in ly  m y o 
g lo b in )  p re c ip i t a te  o n ly  a t  h ig h e r  t e m p e r 
a tu re s .  T h e se  tw o  p h e n o m e n a  are  c lose ly  
re la ted ,  as p re h e a t in g  a sam p le  in  th e  
range  5 0 - 5 8  C, w h e re  m o s t  o f  th e  w a te r -  
so lub le  p ro te in s  o t h e r  th a n  th e  h e m o 
p ro te in s  p re c ip i t a te ,  r e s u l te d  in  less 
h e m o p r o te in  p r e c ip i t a t io n  o n  s u b s q u e n t  
h e a t in g  a t  6 0 ° C  (F ig .  2). T h is  w as verif ied  
o n  f u r th e r  e x t r a c t s  (T a b le  1) a t  o th e r  pH 
values a n d  w i th  o th e r  t e m p e r a t u r e  re 
gimes.

E ffe c t  o f  d i f f e r e n t  p r o t e in  f r a c t io n s .
T h e  c h r o m a to g r a m  o f  an  a q u e o u s  m u sc le  
e x t r a c t  o n  S e p h a d e x  G -1 0 0  is sh o w n  in 
F igure  3. T h e  m o le c u la r  w e ig h t  f r a c t io n s  
re sp o n s ib le  fo r  th e  p r e c ip i t a t i o n  o f  th e  
h e m o p r o te in s  s e p a r a te d  f ro m  th is  e x t r a c t ,

Table 1—Effect o f temperature changes on the precipitation of
hemoprotein from aqueous muscle extracts

S o l u t i o n

I n i t i a l

P H

H e m o p r o t e i n

m M

T e m p e r a t u r e  h i s t o r y  

( ° C ) a

P r e c i p i t a t e d

( % )

A 5 . 5 5 0 . 2 2 7 5 2  t h e n  6 0 4 1
A 5 . 5 5 0 . 2 2 7 6 0 6 1
B 5 . 8 0 . 1 0 1 6 0  t h e n  7 0 6 9

B 5 . 8 0 . 1 0 1 7 0 9 6

B 5 . 8 0 . 1 0 1 6 0  t h e n  7 0  t h e n  7 5 9 0

B 5 . 8 0 . 1 0 1 7 5 9 8

a T h e  s o l u t i o n s  w e r e  h e l d  o n l y  f o r  2 0  m i n  a t  7 5 ° C  a n d  f o r  2  h r  a t  
e a c h  o f  t h e  o t h e r  t e m p e r a t u r e s .
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Fig. 3—Elution profile o f 5.0 ml o f an aqueous muscle extract (pH 6.0) 
after fractionation on Sephadex G-100 (bed volume approx 350 ml, 
height approx 42 cm and flow rate approx 15 ml h r ' ) .  The absorb
ances o f the eluted fractions (5 ml) were recorded at 280 nm (o) and 
410 nm (a). The fractions marked t  are the ones described in Table 2  
and the fractions between l  and l  in the two hematin-positive peaks 
were combined to yield the hemoglobin and myoglobin solutions used.

Table 2—The amount o f myoglobin (Mb) precipitated by the frac
tions obtained by chromatography o f a muscle extract ( 2 X 5  ml) on 
Sephadex G-100 after heating for 2 hr at 60 or f i 5 ° C .  The concentra
tion o f Mb in 0.05 M phosphate (pH 6.0) after mixing with an equal 
volume o f the fraction was 0.0157 mM at 60°C and 0.0151 mM at 
657C
E l u t i o n  v o l ,  V e , a  

o f  f r a c t i o n  ( m l )

A b s o r b a n c e s  a t  2 8 0  n m  

o f  t h e  a d d e d  f r a c t i o n

T e m p

( ° C )

M b  l o s t

( % )

1 3 0 A p p r o x 2 . 2 6 0 1 0 . 2

1 2 9 1 . 7 8 6 5 6 1 . 0

1 5 0 A p p r o x 2 . 4 6 0 2 0 . 5

1 5 0 1 . 9 3 6 5 3 8 . 0

1 7 6 ( H b ) 0 . 8 8 6 0 4 . 0 b

1 7 8  ( H b ) 0 . 7 0 6 5 1 4 . 0 b

2 1 7 0 . 8 2 6 0 6 . 0

2 1 4 0 . 7 0 6 5 1 7 . 5

3 5 8 0 . 8 0 6 0 6 . 8

3 5 8 0 . 8 5 6 5 2 3 . 0

E l u a n t 0 . 0 0 6 0 3 . 0

E l u a n t 0 . 0 0 6 5 1 6 . 0

a Ve for Mb = 2 3 7  ± 2 m l. A ll th e  Mb was co lle c ted  in  a vo lu m e o f  
app rox 30  m l in  b oth  exp erim en ts . Spectral analysis sh o w ed  it to  be 
>  80% m etm y o g lo b in  in all sam ples.

“C orrected  for h em o g lo b in  p recip ita tion  (see te x t) .

a t  6 0  a n d  6 5 °C , can  b e  seen  in  T ab le  2. 
T h e  sam ples  c o n ta in in g  th e  f r a c t io n a te d  
h e m o g lo b in  ( H b )  h a d  to t a l  h e m a t in  c o n 
c e n t r a t io n s  o f  0 .0 1 9 5  a n d  0 .0 1 7 7  m M  at 
6 0  a n d  65  C. S o lu t io n s  o f  th e  se p a ra te d  
H b gave 75%  h e m o p r o te i n  p r e c ip i t a t io n  
w h e n  h e a te d  to  6 0 ° C  a n d  96 %  w h en  
h e a te d  to  65 C. If th is  a m o u n t  o f  H b was 
los t  in  th e  H b-M b so lu t io n s ,  t h e n  th e  % 
M b los t w o u ld  be  a b o u t  4%  a t  6 0 ° C  a n d  
14% a t  65  C, i.e.,  a negligible inc rease  in 
th e  a m o u n t  o f  Mb p re c ip i t a te d  c o m p a r e d  
to  th e  a m o u n t  los t  in so lu t io n s  c o n ta in in g  
o n ly  Mb (T a b le  2). T h u s ,  H b  has  n o  
m a rk e d  e f fec t  o n  th e  p re c ip i t a t i o n  o f  M b.

T h ese  resu lts  in d ic a te  t h a t ,  in  m usc le  
e x tr a c ts ,  m o s t  o f  th e  m y o g lo b in  p re c ip i
ta t io n ,  a t  6 0 —6 5 ° C ,  is c au sed  by  th e  
h igher  m o le c u la r  w e ig h t  p ro te in s ,  al
th o u g h  slightly  in c rea sed  p r e c ip i t a t io n  
also o ccu rs  w i th  so m e  o f  th e  sm alle r  
m o le c u la r  w e ig h t  p ro te in s .  A t  60  C m o s t  
o f  th e  m y o g lo b in  is p re c ip i t a te d  b y  th e  
p ro te in (s )  e lu t in g  a t  a b o u t  150  m l ,  w h e re 
as a t  65 C th e  m a jo r  p r e c ip i t a t io n  is 
caused  by  th e  p ro t e in ( s )  e lu t in g  in th e  
p e a k  a t  a b o u t  130 ml.

M odel sy s tem s
It is d if f icu l t  t o  d e te r m in e  th e  ro le  o f  

th e  o th e r  p ro te in s  in  th e  f o r m a t io n  o f  
c o o k e d  m e a t  h e m o p r o te i n  f r o m  m e a t  o r  
m usc le  e x t r a c ts ,  d u e  to  th e  c o m p le x i ty  o f  
re a c ta n ts  a n d  in so lu b i l i ty  o f  th e  c o m p le x .  
T h u s ,  a t t e m p t s  w ere  m a d e  to  p re p a re  a 
s imilar,  b u t  so lu b le ,  c o m p le x  f r o m  k n o w n  
re a c ta n ts  to  gain  f u r th e r  in s igh t  in to  th e  
f o r m a t io n  a n d  n a tu r e  o f  c o o k e d  m e a t  
h e m o p r o te in .

M ix tu re s  o f  B SA a n d  M b, a t  p H  6 .0  
a n d  6 0 - 6 5 ° C ,  y ie ld ed  p re c ip i t a te s  t h a t  
w ere  s imilar,  as ju d g e d  b y  re f le c ta n c e

s p e c t r o p h o to m e t r y ,  t o  th o s e  o b ta in e d  on 
h e a t in g  m e a t  (F ig . 1) b u t  w i th  th e  S o re t  
p e a k  a lw ays  a t  4 1 0 —4 1 2  n m .  T h e  sp ec 
t r u m  b e h av ed  sim ila rly  t o  t h a t  o f  m e a t  
u p o n  re a c t io n  w i th  d i th io n i t e  o r  fe r r icy -  
an ide .  Mb ( >  99 %  o f  w h ic h  e lu te d  as o n e  
p e a k  o n  S e p h a d e x  G -1 0 0 )  h e a te d  
to  >  8 0 ° C  y ie ld e d  a sp e c t ra l ly  s imilar 
p re c ip i t a te  (Fig. 1 ).

S o lu b le  c o m p le x .  B o th  ac id  (0.1 N 
HC1) a n d  a lkal i  (5  N N a O H )  so lub il ized  
th e  o rig ina l h e m o p r o te i n  in th e  p re c ip i
ta te  f r o m  h e a te d  a q u e o u s  m e a t  e x t r a c ts ,  
y ie ld in g  a b s o r p t io n  sp e c t ra  ty p ic a l  o f  acid 
h e m a t in  a n d  a lk a l i -d e n a tu re d  m e t m y o g l o 
b in ,  re sp ec t iv e ly  (L e m b e rg  a n d  Legge,
1 949) .  P y r id in e  (4 0 %  v/v), w h e n  b le n d e d  
w i th  th e  p re c ip i t a te  a t  n e u t r a l  pH , so lu 
b i l ized  o n ly  a sm all  a m o u n t  o f  th e  h e m a 
t in ,  y ie ld in g  o n  r e d u c t io n  th e  ty p ica l  
p y r id in e  h e m o c h r o m e .

T h e  p re c ip i t a te  was so lu b il iz ed  to  an  
a p p re c ia b le  e x t e n t  b y  8 M u re a ,  y ie ld in g  
an  a q u e o u s  s o lu t io n  w h o se  a b s o r p t io n  
sp e c t r a  w ere  s im ila r  t o  t h e  re f le c ta n c e  
sp e c t r a  o f  th e  in so lu b le  c o o k e d  m e a t  
h e m o p r o te in .

T h e  ra t io  o f  E 5 3 8 ( a b s o r p t io n  m a x i 
m u m  fo r  c o o k e d  m e a t  h e m o p r o te i n )  to  
E s o s  ( a b s o r p t io n  m a x i m u m  fo r  M b ) 
sh o w e d  th a t  m a x i m u m  f o r m a t io n  of 
c o o k e d  m e a t  h e m o p r o te i n  in B SA  (6  mg 
m l"1 ) —M b (1 .7  m g  m l"1 ) o c c u r r e d  at 
u re a  c o n c e n t r a t i o n s  o f  5 .0 —5.5 M b u f f 
e red  to  pH  6 .0  by  0 .0 5  M p h o sp h a te .  
A f te r  2 0  h r  a t  2 2 ° C  th e  ra t io s  were  
0 .7 5 0 ,  0 .9 9 0 ,  1 .016  a n d  0 .9 8 6  a t  4, 5,
5.5 an d  6 M u re a ,  re sp ec tiv e ly .  All th e  
ra t io s  in c rea sed  b y  2 —5% o ver  a f u r th e r  
24  hr. T h e  lo w e r  c o n c e n t r a t i o n s  o f  u rea  
y ie ld e d  sp e c t r a  r ich  in  u n r e a c t e d  M b, 
w h e reas  th e  h ig h e r  c o n c e n t r a t i o n s  y ie ld ed

Table 3—Influence o f BSA concentration on formation o f soluble 
cooked meat hemoprotein at 22°C in 5.5 M urea (pH 6.0) at an Mb 
concentration o f 1.46 mg mT'. Spectra recorded after 23 and 120 hr

( B S A )  

m g  m l ' 1

2 3  h r

^ 5  3 8 / E 5 0 5

1 2 0  h r

■̂ 5 3 8 / ^ 5  0 5

S o r e t

A m a x  ±  0 . 5 a E A  m a x

0 0 . 9 5 5 0 . 9 4 0 3 9 9 0 . 3 9 2

1 0 . 9 6 4 0 . 9 5 6 3 9 8 0 . 3 9 0

2 0 . 9 8 1 0 . 9 7 8 3 9 7 0 . 3 8 7

5 1 . 0 0 8 1 . 0 0 4 3 9 8 0 . 3 8 6

1 0 1 . 0 3 8 1 . 0 3 9 4 0 3 0 . 4 0 6

1 5 1 . 0 4 2 1 . 0 5 7 4 0 7 0 . 4 1 9

2 0 1 . 0 5 1 1 . 0 6 9 4 0 8 0 . 4 4 2

5 0 1 . 0 8 2 1 . 1 1 3 4 1 1 0 . 5 2 5

aS o lu tio n  d ilu ted  1 :1 0  to  record this region  o f  th e spectra  after  120  
hr.

E = A bsorb ance, and A. = w avelen gth  (n m ).



8 8 6 -JO U R N A L  O F  FO O D  S C IE N C E -V o lu m e  36 (1971)

Fig. 4—Absorption spectra o f Mb-BSA mixutres in 5.5 M urea and 0.05 
M phosphate (pH 6.0) after standing for 120 hr. The Mb concentration 
was 1.46 mg m l'1 and BSA concentrations were 0 mg m l'1 — • — • ;  10
mg m T l --------;  50 mg m l'1 — and • • • • 10 mg ml"' after dialysis against
0.05 M phosphate. To record the spectra from 380—440 nm the solu
tions were diluted 1:10.

sp ec t ra  w i th  dec reased  S o re t  ab so rp t io n .
A t f ix ed  M b (1 .4 6  m g  m l ' 1 ) a n d  urea  

(5 .5  M ) c o n c e n t r a t i o n s ,  m a r k e d ly  in
creased  f o r m a t io n  o f  c o o k e d  m e a t  h e m o -  
p ro t e in  o c c u r r e d  o n  increas ing  th e  BSA 
c o n c e n t r a t i o n  (F ig .  4 a n d  T ab le  3).

Dialysis o f  th e  u rea  so lu t io n  agains t 
0 .0 5  M p h o s p h a te  y ie ld ed ,  a f t e r  f i l t ra 
t io n ,  a so lu t io n  w h o se  s p e c t r u m  was even 
m o re  c h a rac te r i s t ic  o f  th e  inso lub le  
c o o k e d  m e a t  h e m o p r o te i n  (cf .  Fig. 1 and
4 )  .

C h r o m a to g r a p h y  o n  S e p h a d e x  G -100 .
T h e  p r o t e in  c o n c e n t r a t i o n s  o f  th e  f rac 
t io n s  e lu te d  f ro m  th e  c o lu m n  w ere  m eas 
u re d  as th e  a b so r b a n c e  a t  2 8 0  n m  (Fig .
5 )  . D ue  to  c o n f o r m a t io n a l  d if fe ren ces ,  
ch an g es  in  th e  U V  sp e c t ra  o f  p ro te in s  are 
k n o w n  to  o c c u r  u p o n  d e n a tu r a t i o n  (e.g.,  
S c h e c h te r  a n d  E p s te in ,  1968) .  It was 
f o u n d  th a t ,  a t  pFl 6 .0 ,  th e  changes  o f  2 8 0  
n m  fo r  u rea  so lu t io n s  o f  BSA were 
c o m p le te d  well b e lo w  4  M u rea ,  n o  
f u r th e r  ch an g es  o c c u r r in g  up  to  a t  leas t 6 
M u rea .  T h u s ,  th e  2 8 0  n m  a b so rb a n c e  
co u ld  be  used  to  m easu re  BSA c o n c e n t r a 
t io n  in  th e  5.5 M u rea  e m p lo y e d  h ere .

I t  has b een  sh o w n  th a t  th e  h e m a t in  
c o n t r ib u t e s  s ign if ican tly  t o  th e  2 8 0  n m  
a b s o r p t io n  o f  h e m o p r o te i n  (D ra b k in ,
1 9 5 9 )  ( E 2 8 o f o r  M b is a b o u t  2 x  E 280 
fo r  A p o M b ) .  T h e  A p o M b  f r ac t io n s  s e p 
a ra te d  a f t e r  c h r o m a to g r a p h y  o f  u re a  so lu 
t ions  o f  BSA-M b all had  sim ilar ,  and  
in s ig n if ican t ,  h e m a t in  c o n te n t s  as ju d g e d  
by  th e  negligible a b s o r p t io n  at 4 1 0  n m  
(T ab le  4) .  T h u s ,  q u a n t i ta t iv e  c o m p a r iso n s  
a t  2 8 0  n m  fo r  these  h e m a t in - f re e  A p o M b  
fra c t io n s ,  w h ic h  are c o m p le te ly  d e n a 
tu r e d  b e lo w  5 M u re a  ( S c h e c h te r  a n d  
E p s te in ,  1 9 6 8 ) ,  are valid.

F igure  5 sh o w s th e  c h r o m a to g r a m s  o f  
so m e o f  th e  so lu t io n s  desc r ib ed  in th e  
p rev io u s  sec t io n .

T h e  c en tr a l  e lu t io n  p rof ile  o f  F igu re  5 
sh o w s th a t  th e  BSA e lu tes  as tw o  peaks ,  
th e  d im e r  a n d  h ig h e r  aggregates  e lu t in g  in 
th e  vo id  v o lu m e ,  fo l lo w e d  closely  b y  th e  
m o n o m e r i c  BSA. T h e  o t h e r  e lu t io n  p ro 
files in  F igure  5 sh o w  th a t  th e  A p o M b  
e lu tes  as tw o  m a in  peaks ,  th e  beh av io r  
b e in g  i n d e p e n d e n t  o f  BSA c o n c e n t r a t i o n ,  
a l th o u g h  in th e  m ix tu r e s  h e m a t in  is 
s t ro n g ly  a ssoc ia ted  w ith  th e  BSA. This  
h e m a t in -B S A  asso c ia t io n  do es  n o t  a f fec t  
th e  e lu t io n  b eh av io r  o f  th e  BSA. R esu lts  
fo r  all t h e  m ix tu r e s  are su m m a r iz e d  in 
T ab le  4. S p e c t r a  o f  th e  m o r e  c o n c e n 
t r a te d  h e m a t in -B S A  f r a c t io n s  d isp layed  
sm all a b s o r p t io n  m a x i m a  a t  5 3 0 —545 n m  
a n d  a b o u t  6 3 0  n m  an d  s t ro n g  a b so r p t io n  
in th e  3 9 0 - 4 1 0  n m  range ,  cf. c o o k e d  
m e a t ,  th e  S o re t  p eak  b e c o m in g  m o re  
in ten se  a n d  sh i f t in g  to  longer  w ave leng ths  
w i th  increas ing  p ro t e in  c o n c e n t r a t i o n .  
“ F r e e ”  h e m a t in  was a p p a re n t ly  a b so rb e d  
in  th e  c o lu m n  d u r in g  th e  f r a c t io n a t io n  of 
th e  s o lu t io n s  c o n ta in in g  li t t le  o r  n o  BSA, 
s ince on  s u b s e q u e n t ly  e lu t in g  w i th  a BSA 
s o lu t io n  th e  f irs t  BSA p e a k  c o n ta in e d  
so m e ty p ica l  h e m a t in  c o m p le x .  All the  
free h e m a t in  was scavenged  in th is  m a n 
n e r ,  as n o  c o m p le x  was o b se rv ed  in  th e  
s u b s e q u e n t  p r o t e in  f ra c t io n s .  These  
e x p e r im e n ts  in d ic a te d  th a t  in  0 m g  m l"1 
BSA >  90 %  o f  th e  h e m a t in  was free ,  
a b o u t  60%  a t  2 m g  m l"1 B SA , a b o u t  10% 
a t  10 m g m l“1 a n d  <  5% a t  th e  h igher  
BSA c o n c e n t r a t io n s .

T h e  m a in  h e m a t in - d e n a tu re d  A p o M b  
p e a k  e lu tes  a f t e r  th e  m o n o m e r i c  BSA (V e 
fo r  BSA = 1 3 3 —142 m l an d  Ve fo r  glo-

Fig. 5—Elution profile of BSA-Mb mixtures in 
5.5 M urea and 0.05 M phosphate (pH 6.0) 
after fractionation on Sephadex G-100 (super
fine) (bed volume approx 360 ml, height 
approx 43 cm and flow rate approx 12 ml 
h r '  I. The absorbances o f the eluted fractions 
(128 drops) were recorded at 280 nm (open 
symbols) and 410 nm (closed symbols), o, •  

1.46 mg m l'1 Mb, no B SA ;  o ,  ■  no Mb. 2 mg 
ml ' B SA ; and A  *  1.46 mg ml ' Mb and 2 mg 
m i BSA. Volume, rather than fraction num
ber, is plotted as the decreased surface tension 
o f the fractions o f high protein content caused 
the volume o f 128 drops to be less.

bin = 155 — 164 m l)  an d  p r o b a b l y  consis ts  
o f  d im er ic  A p o M b ,  s ince  sm all  p e a k s  are 
p re s e n t  w h ic h  c o u ld  c o r r e s p o n d  to  th e  
t r im e r  a n d  t e t r a m e r ,  h ig h e r  aggrega tes  
e lu t in g  in  th e  v o id  v o lu m e  ( 9 7 —105 m l)  
(Fig. 5).  T h e  a m o u n t  o f  “ d im e r ic ”  d e n a 
tu r e d  A p o M b  a n d  h e m a t in - f re e  d e n a tu r e d  
A p o M b  (as ju d g e d  by th e  a b s o r p t io n  a t  
2 8 0  n m )  is, w i th in  e x p e r im e n ta l  e r ro r ,  
i n d e p e n d e n t  o f  th e  c o n c e n t r a t i o n  o f  BSA 
in th e  u n f r a c t io n a te d  s o lu t io n  (T a b le  4) .  
As these  tw o  f r a c t io n s  a c c o u n t  fo r  o ver  
85%  o f  th e  to t a l  d e n a tu r e d  A p o M b ,  a n d  
since th e  scavenging  e x p e r im e n t s  sh o w e d  
th a t  m o s t  o f  th e  h e m a t in  was b o u n d  to  
p ro t e in ,  a t  least in th e  m o s t  c o n c e n t r a t e d  
BSA so lu t io n s ,  it  w o u ld  a p p e a r  t h a t  th e  
h e m a t in -B S A  c o m p le x (e s )  d o  n o t  invo lve  
g lob in .
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Table 4—Total absorbances o f the heme-free and hemoproteins fractionated on Sephadex 
G-100 from Mb-BSA in 5.5 M urea at pH 6.0. The initial Mb concentration was 1.46 mg m i1 in all 
samples, temperature 22  ± 1 C

(BSA) 
mg ml"1

BSAa Dimeric ApoMbb Heme-free ApoMbc
FJ-'2 8 0 F̂4 1 0 F̂2 8 0 F■̂4 1 0 F̂2 8 0

0 0.12 ± 0.01 0.14 ± 0.01 0.32 ± 0.02 0.05 ± 0.01 0.37 ± 0.05
1 0.86 ± 0.06 0.63 ± 0.05 0.35 ± 0.04 0.06 ± 0.01 0.39 ± 0.04
2 1.48 ± 0.12 1.20 ± 0.10 0.37 ± 0.06 0.08 ± 0.01 0.39 ± 0.08
5 4.05 t  0.15 1.94 ± 0.10 0.32 ± 0.08 0.08 ± 0.01 0.37 ± 0.06

10 6.80 ± 0.15 3.63 ± 0.10 0.38 ± 0.06 0.05 ± 0.01 0.40 ± 0.08
15 8.20 ± 0.30 5.51 ± 0.10 0.36 + 0.06 0.07 ± 0.01 0.39 ± 0.05
20 8.50 ± 0.40 6.24 ±0.15 0.37 ± 0.06 0.07 ± 0.01 0.38 ± 0.06
50 > 25 >6.8 -----------N o t r e c o r d e d -
10d 6.70 ± 0.10

2d 1.60 ± 0.10
E = A bsorbance o f  each fraction  cm"1 .
a This is th e to ta l E o f  th e  fraction s in th e  first tw o  peaks o f  th e  chrom atogram s, i .e .,  the 

m on om er and higher aggregates o f  B SA  and trace am ou n t o f  high m olecu lar w e igh t denatured Mb.
'’ This is th e  to ta l E o f  th e fraction s in th e  th ird m ajor peak in th e  chrom atogram s, i.e ., th e  first 

main Mb fraction .
e This is th e  to ta l E o f  th e fraction s in th e fou rth  m ajor peak in th e chrom atogram s, i.e ., the  

oth er  main Mb fraction  (h em atin -free).
‘'T h ese  so lu tio n s  con ta in ed  no  Mb.
Where necessary , corrections w ere app lied for any slight d ifferen ces in vo lu m e b etw een  the 

fractions from  d ifferen t runs; these correction s w ere a lw ays less than 10% o f  th e to ta l E.

T h e  p e rc e n ta g e  o f  m o n o m e r i c  B SA in 
th e  m ix tu r e s ,  w h ic h  dec reased  f ro m  
a b o u t  54%  a t  a c o n c e n t r a t i o n  o f  1 mg 
m l '1 t o  a b o u t  6% a t  20  m g  m l '1 w as th e  
sam e ,  w i th in  e x p e r im e n ta l  e r ro r ,  w h e th e r  
d e te r m in e d  f r o m  th e  a b so rb a n c e s  a t  2 8 0  
n m  o r  4 1 0  n m .  A lso , th e  p e rcen tag e  
m o n o m e r i c  BSA was th e  s am e  in b o t h  th e  
p resence  an d  ab sen ce  o f  Mb a t  c o n c e n t r a 
t io n s  o f  2 m g m l '1 (Fig. 5) an d  10 mg 
m l '1 . T h e se  resu lts  in d ic a te  t h a t  th e  
m o n o m e r  an d  h ig h e r  p o ly m e rs  o f  BSA 
have e q u a l  a f f in i ty  fo r  h e m a t in  a n d  th a t  
c o m p le x e s  o f  th e  ty p e  B S A -h em atin -B S A  
are n o t  p re s e n t  in  th e  m ix tu r e s  to  any  
ap p rec iab le  e x te n t .

S e p h a d e x  c h r o m a to g r a p h y ,  in  p h o s 
p h a te  b u f f e r ,  o f  th e  d ia ly zed  B SA (1 0  mg 
m l '1 ) — M b (1 .4 6  m g  m l '1 ) so lu t io n ,  
y ie ld e d  an  e lu t io n  p ro f i le  s imilar to  th a t  
o b ta in e d  in  u rea  (F ig . 5) ,  e x c e p t  t h a t  th e  
h em a t in -B S A  c o m p le x e s  e lu te d  ju s t  b e 
fo re  th e  h e m a t in - f re e  “ r e n a t u r e d ” BSA. 
S o m e  r e n a tu r e d  m o n o m e r i c  A p o M b  was 
b o u n d  to  h e m a t in  a f te r  dialysis,  th e  
b in d in g  b e tw e e n  th e  d im er ic  A p o M b  and  
h e m a t in  be ing  u n c h a n g e d .

D IS C U S S IO N

T H E  S P E C T R A L  s im ila r i ty  b e tw e e n  th e  
c o m p le x e s  o f  h e m a t in  a n d  BSA in u rea  
s o lu t io n  a t  p H  6 .0  a n d  th e  in so lu b le  
c o o k e d  m e a t  h e m o p r o te in s  suggests  t h a t  
th e  h e m a t in  e n v i r o n m e n t  is v e ry  s im ila r  
in  b o t h  cases, a l th o u g h  th e  b e h a v io r  o f  
th e  S o re t  b a n d  in d ic a te s  d ec reased  h em - 
a t in -p ro te in  in t e r a c t io n  in  u rea  (F ig . 4).

T h e  p o s i t io n  a n d  in te n s i ty  o f  th e  S o re t  
b a n d  in  m e t h e m o p r o te in s  is d e p e n d e n t  
on  th e  n a tu r e  o f  th e  ligands a t  th e  f i f th

a n d  s ix th  p o s i t io n s  (Brill a n d  Williams,
1 9 6 1 ) .  A lso ,  th e  in t e n s i ty  o f  th e  b a n d  is 
m a r k e d ly  d ec reased  a n d  its p o s i t io n  
sh i f te d  t o  s h o r te r  w av e len g th s  if th e  
h e  m a t in - p ro te in  in te ra c t io n s  are de 
c reased  by  u re a ,  g u a n id in e  h y d ro c h lo r id e  
( S c h e c h te r  a n d  E p s te in ,  1 9 6 8 ) ,  am ides ,  
a lco h o ls  (H e rsk o v i ts  a n d  Ja i l le t ,  1 9 6 9 ) ,  
in o rg an ic  io n s  (C a n n ,  1 9 6 4 )  a n d  ac id  o r  
h e a t  ( A c a m p o r a  a n d  H e rm a n s ,  1 9 6 7 ;  
A w a d  a n d  D e ra n le a u ,  1 9 6 8 ) .  W ith  h e a t ,  
th e  in te n s i ty  inc reases  again o n  d é n a tu r a 
t io n  a t  p H  6 (A w a d  an d  D eran leau ,
1 9 6 8 ) .  N o  su ch  in c rease  o ccu rs  o n  d é 
n a tu r a t i o n  b y  th e  o th e r  m eans .

T h e  c h r o m a to g r a p h ic  re su lts  sh o w e d  
th e  c o m p le x e s  in  u rea  t o  be  h e m a t in -  
d e n a tu r e d  p ro te in s ,  n o  ev idence  be ing  
f o u n d  f o r  c o m p le x e s  o f  th e  ty p e  A p o M b - 
h em a t in -B S A .  I t  is well e s tab l i sh ed  th a t  in 
a lka l ine  so lu t io n  h e m a t in  can  c o m b in e  
w i th  e -a m in o  g ro u p s  o f  d e n a tu r e d  A p o M b  
o r  a lb u m in  (K a z iro  a n d  T su sh im a ,  1959) .  
T h e  p re s e n t  re su lts  in d ic a te  t h a t  c o m b in a 
t io n  can  also o c c u r  a t  p H  6 .0 ,  a l th o u g h  
th e  a t t a c h m e n t  is p re s u m a b ly  n o t  b y  th e  
e -am in o  g ro u p s ,  w h ic h  c o m b in e  o n ly  w i th  
h e m a t in  a t  p H  >  10.

In c reas in g  u rea  c o n c e n t r a t i o n  w e a k e n s  
th e  in t e ra c t io n s  b e tw e e n  th e  h e m a t in  a n d  
A p o M b  (S c h e c h te r  a n d  E p s te in ,  1 9 6 8 ) ,  
a n d  d is p la c e m e n t  b y  d e n a tu r e d  B SA  can 
p re s u m a b ly  occu r .  T h u s ,  re su lts  in  T ab le  
3 are e x p la in e d  as a b r e a k d o w n  o f  Mb 
w i th  t im e  a n d  th e  fo r m a t io n ,  increas ing  
w i th  t im e ,  o f  h em a t in -B S A .  T h e  v a r ia t io n  
in  th e  S o re t  a b s o r p t io n  m a x im a  in  T ab le  
3 a n d  F igure  4  are in d ica t iv e  o f  inc rea sed  
h e m a t in - p r o te in  in t e r a c t io n  o n  inc reas ing  
B SA c o n c e n t r a t i o n ,  o r  re m o v a l  o f  u rea  
(S c h e c h te r  a n d  E p s te in ,  1 9 6 8 ) .

In  a q u e o u s  M b so lu t io n s ,  inc reas ing  
t e m p e r a tu r e  leads to  c o n f o r m a t io n a l  
changes  in  th e  h e m a t in  e n v i r o n m e n t ,  
these  ch an g es  o c c u r r in g  well b e lo w  th e  
d e n a tu r a t io n  t e m p e r a t u r e  (A w a d  an d  
D eran leau ,  1 9 6 8 ;  A ta n a so v  e t  al. , 1968) .  
T hese  c o n f o r m a t io n a l  ch an g es  m a y  a l low  
a t t a c k  b y  th e  d e n a tu r e d  p r o t e in  o n  th e  
h e m a t in ,  t h e  A p o M b  b e in g  d isp laced  by  
th e  o t h e r  p r o t e in  a n d  s u b s e q u e n t ly ,  o r  
s im u l ta n e o u s ly ,  d e n a tu r e d .  A l te rn a t iv e ly  
th e  d e n a tu r e d  p r o t e in s  m a y  d ecrease  th e  
s tab i l i ty  o f  M b, a l lo w in g  “ n o r m a l”  d e 
n a t u r a t i o n  to  o c c u r  a t  lo w e r  t e m p e r a 
tu res .  R e c e n t  ev id en ce  ( A ta n a s o v  a n d  
M itova, 1 9 7 0 )  suggests  t h a t  in  th e r m a l ly  
d e n a tu r e d  m y o g lo b in  th e  h e m a t in  re 
m a in s  f i rm ly  b o u n d  to  th e  A p o M b .  T h u s ,  
if  th e  e f f e c t  o f  th e  o t h e r  p ro te in s  is 
m ere ly  to  d es tab il ize  th e  g lo b in ,  th e  o n ly  
h e m o p r o te i n  in  c o o k e d  m e a t  will be 
d e n a tu r e d  A p o M b  h e m ic h r o m e  w h ic h ,  a t  
c o n s t a n t  p H , w o u ld  be  e x p e c t e d  to  y ie ld  
a c h a ra c te r i s t ic  s p e c t r u m  w i th  u n iq u e  
a b s o r p t io n  ( r e f le c ta n c e )  b a n d s .  T h is  is 
n o t  so ,  as d i f fe ren ces  a re  o b se rv e d  in  th e  
p o s i t io n  o f  th e  S o re t  a b s o r p t io n  m a x i 
m u m  fo r  d i f f e re n t  c o o k e d  m ea ts  (Tar-  
ladgis, 1 9 6 2 )  a n d  p re c ip i t a te s  f ro m  d if fe r 
e n t  h e a te d  m usc le  e x t r a c ts .  A lso ,  th e  
r e f le c ta n c e  sp e c t r a  o f  s o m e  o f  th e  p rec ip i
ta te s  f r o m  m u sc le  e x t r a c ts  h a d  a sh o u ld e r  
a t  a p p r o x im a te ly  5 7 0  n m .  T h ese  sp ec t ra l  
d i f fe ren ces  suggest t h a t  th e  h e m a t in  
e n v i r o n m e n t  in  c o o k e d  m e a t  h e m o p r o 
te in  is n o t  u n iq u e  a n d  o n  p re s e n t  evi
d en ce  it  w o u ld  a p p e a r  t h a t  a t t a c k  o n  th e  
h e m a t in  b y  th e  d e n a tu r e d  p ro te in s  causes 
d is p la c e m e n t  a n d  d e n a tu r a t i o n  o f  th e  
g lob in .  T h e  g rea t a f f in i ty  o f  u re a -d e n a 
tu r e d  B SA fo r  th e  h e m a t in  o f  u rea- 
d e n a tu r e d  m y o g lo b in  w o u ld  s u p p o r t  th is  
ty p e  o f  m e c h a n ism .

T h e re fo r e ,  w h e n  m e a t  is h e a te d  a 
range  o f  d e n a tu r e d  h e m o p r o te i n s  will 
fo r m ,  w h ic h  aggrega te  a n d  p re c ip i t a te  
w i th  t h e  o t h e r  u n r e a c t e d  d e n a tu r e d  p r o 
te in s  t o  y ie ld  th e  b ro w n  c o o k e d  m e a t  
p igm en ts .

T arladg is  ( 1 9 6 2 )  sugges ted  th a t  d e n a 
tu r e d  A p o M b  w as a t t a c h e d  to  th e  ferric  
io n  o f  th e  h e m a t in  b y  a c a rb o x y la te  
g ro u p  w i th  a w a te r  m o le c u le  a t  th e  s ix th  
p o s i t io n  o n  th e  fe r r ic  io n ,  re su l t in g  in  a 
h igh-sp in  fe r r ic  h e m a t in  c o m p le x .  Hol-  
lo c h e r  ( 1 9 6 6 )  f o u n d  th a t  th e  E S R  sp ec 
t r u m  o f  h e a t - d e n a tu r e d  M b, w h ic h  has a 
re f le c ta n c e  s p e c t r u m  s im ila r  to  t h a t  o f  
c o o k e d  m e a t  (F ig . 1), h a d  n o  high-spin  
fe r r ic  h e m a t in  signal a t  g = 6. T h e  spec
t r u m  was s im ila r  to  t h a t  o f  a h e m a t in -  
im id a z o le  c o m p le x .  D u r in g  th e  c o u rse  o f  
th e  p re s e n t  w o rk  an  E S R  s p e c t r u m ,  at 
—1 9 6 °C ,  o f  m e a t  c o o k e d  to  7 0 ° C  was 
r e c o r d e d  b y  Dr. M.E. W infield  (C S IR O  
D ivision o f  A p p l ie d  C h e m is t r y ,  F is h e r 
m e n ’s B en d ,  V ic to r ia ,  A u s tra l ia ) .  As w i th  
d e n a tu r e d  M b, th is  h a d  n o  signal a t  g V 6. 
Th is  signal w as p re s e n t ,  h o w e v e r ,  in  u n 
c o o k e d  m e a t  d u e  to  th e  h igh-spin  ferric
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io n  o f  m e tm y o g lo b in  (H o l lo c h e r ,  1966) .  
As th e  fe r r ic  io n  in c o o k e d  m e a t  w o u ld  
a p p e a r  to  be  p r e d o m in a n t ly  low -sp in  a t  
— 1 9 6 °C , i t  is u n l ik e ly  t h a t  th e  ligands a t  
th e  f i f th  a n d  s ix th  p o s i t io n s  are ca rb o x y l -  
a te  a n d  w a te r  (Brill  a n d  Wil liams, 1961) .  
If  th e  d e n a tu r e d  p ro t e in  is a t t a c h e d  
d irec t ly  t o  th e  fe r r ic  ion ,  m o re  p ro b a b le  
l igands t h a t  w o u ld  a c c o u n t  fo r  th e  low- 
spin  c h a ra c te r  o f  th e  c o o k e d  m e a t  c o m 
p lexes  are an  N a to m  o f  h is t id in e  o r  an  S 
a to m  o f  a m e th io n y l  o r  cy s te in e  res id u e ,  
o r  b o th .  T h e  re f le c ta n c e  sp e c t ra  of 
c o o k e d  m e a t  a t  2 0 ° C  possess so m e  ap 
p a re n t ly  high-spin  c h a ra c te r  (Tarladg is ,
1 9 6 2 ) ,  in c lu d in g  th e  a b s o r p t io n  b an d  at 
a b o u t  6 3 0  n m  w h ic h  is ch a ra c te r i s t ic  o f  
l ig an d ed  w a te r  (Brill  an d  Williams, 1961).  
I f  w a te r  a n d  a lo w -sp in - in d u c in g  ligand 
are b o n d e d  to  th e  fe r r ic  io n ,  th is  cou ld  
give rise to  a m ix e d  h igh- a n d  low-spin 
e q u i l ib r iu m ,  be ing  a b o u t  100% low spin 
a t  - 1 9 6 ° C  a n d  th e  p r o p o r t i o n  o f  high- 
sp in  c o m p le x  increas ing  w i th  t e m p e r a 
tu re .  T h is  ty p e  o f  e q u i l ib r iu m  is well 
e s tab li sh ed  fo r  o th e r  ferr ic  h e m a t in  c o m 
p o u n d s  (e .g . ,  G eo rg e  e t  al., 1959) .

I t  is also poss ib le  th a t  th e  h e m a t in -  
p ro t e in  linkage  in  th e  c o o k e d  m e a t  h e m o -  
p ro t e in  d o es  n o t  involve th e  fe r r ic  ion  
b u t ,  as w i th  m e th e m a lb u m in  ( O ’Hagan , 
1 9 5 9 ) ,  is fo r m e d  b e tw e e n  th e  p ro te in  and  
th e  side cha ins  on  th e  h e m a t in ,  e .g .,  th e  
c a rb o x y la te  g roups  a n d  su i tab le  sites on  
th e  d e n a tu r e d  p ro te in .  E ven  if  an  iron  
p ro t e in  b o n d  is invo lved  th e se ,  o r  o th e r  
l inkages, e .g .,  h y d r o p h o b i c  h e m a t in -  
p r o t e in  in te ra c t io n s  w h ic h  w o u ld  be 
a b s e n t  in u re a ,  m a y  c o n fe r  a d d i t io n a l  
s tab i l i ty  o n  th e  c o m p lex es .  Th is  w o u ld

e x p la in  th e  l im i ted  reac t iv i ty  to w a rd s  
p y r id in e  o f  th e  h e m a t in  in  th e  p re c ip i t a te  
f r o m  th e  m u sc le  e x t r a c ts .  T h e  h e m a t in  
e n v i r o n m e n t  in  su ch  s t ru c tu r e s  w o u ld  
p ro b a b ly  be  s im ilar  t o  t h a t  o b ta in e d  u p o n  
dialysis o f  th e  u rea  f r o m  th e  BSA-Mb 
sy s te m ,  a l th o u g h  f u r th e r  w o rk  to  re la te  
th is  m o d e l  sy s te m  to  c o o k e d  m e a t  w o u ld  
be  des irab le .

F u r t h e r  s t u d y  will also be  n ecessa ry  to  
d e te r m in e  w h a t  are th e  a c tu a l  ligands 
a t t a c h e d  to  th e  f i f th  a n d  s ix th  p o s i t io n s  
o f  th e  fe r r ic  h e m a t in  in  c o o k e d  m e a t ,  b u t  
i t  is like ly  t h a t  th e se  will be a n y  o f  the  
poss ib le  side ch a in s  a long  th e  d if fe re n t  
d e n a tu r e d  p ro te in s  o r  w a te r ,  o r  b o th .
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A COMPARISON OF SALMONELLA EXCRETION BY STRESS-SUSCEPTIBLE
AND STRESS-RESISTANT PIGS

SU M M A RY—A relatively high percentage o f apparently healthy pigs were Salmonella carriers and 
excreted salmonellae in the feces. Stress imposed by trucking did not significantly alter the excre
tion o f salmonellae by the pigs. The incidence o f salmonellae in fecal samples from 32 stress-resist- 
ant and stress-susceptible animals was investigated. There was a high incidence o f salmonellae in 
cecum and colon contents, but salmonellae were not isolated from various muscles or from spleen, 
liver and kidney samples. Three o f eight pigs were positive for  S a l m o n e l l a  in the mesenteric lymph 
nodes. There was no apparent pattern o f salmonella detection in regard to the stress-susceptible 
condition o f the animal.

INTRODUCTION

D O M E S T IC  L IV E S T O C K  c o n s t i t u te  o n e  
o f  th e  ch ie f  reservoirs  o f  sa lm o n e l lae ,  a n d  
th e  p re sen ce  o f  sa lm o n e l lae  in  th e  gu t 
c o n te n t s  o f  f o o d  an im als  is a se r ious  
p ro b le m  in th e  m e a t -p a c k in g  in d u s t ry .  
Several g ro u p s  have e x a m in e d  th e  in c i
d ence  o f  sa lm o n e l lae  in  p o u l t r y ,  c a t t le  
an d  sw ine. O n e  o f  th e  m o re  in te re s t in g  
aspec ts  o f  th e se  s tud ies  has  b e e n  th e  
o b se rv a t io n  th a t  th e  in c id e n c e  o f  s a lm o 
nellae  in  th e  e x c re t a  o f  an im als ,  p a r t ic 
u lar ly  sw ine  a t  th e  fa rm ,  is m u c h  lo w er  
th a n  in  th e  sam e  an im als  a f t e r  t r a n s p o r t  
to  m a r k e t .  F o r  e x a m p le ,  G a l to n  e t  al. 
( 1 9 5 4 ) ,  M c D o n a g h  an d  S m i th  ( 1 9 5 8 ) ,  
L e is tn e r  e t a l .  ( 1 9 6 1 ) ,  H an sen  e t  al. (1 9 6 4 )  
a n d  S h o t t s  e t  al. ( 1 9 6 2 )  d e m o n s t r a t e d  th a t  
th e  in c id e n c e  o f  s a lm o n e l lae  in  rec ta l  
sw abs  o f  pigs o n  fa rm s  was q u i t e  low , b u t  
a su d d e n  in c rease  o c c u r re d  w h e n  th e  pigs 
w ere  t r a n s p o r t e d  to  m a r k e t .  T h e  o b se rv ed  
in c id en ce  in  t r a n s p o r t e d  pigs r a n g e d  f ro m  
3 0 - 8 0 %  by  rec ta l  sw ab  e x a m in a t io n .  
Williams a n d  N ewell  ( 1 9 7 0 )  o f f e re d  tw o  
a l t e rn a te  e x p la n a t io n s  fo r  th e se  f indings:
1) th e  su d d e n  in c rease  in sa lm o n e l la  e x 
c re t io n  is d u e  to  an im als  in fe c t in g  each  
o th e r  in th e  t r u c k s  a n d  in  th e  h o ld in g  
pen s  o r  2 ) th e  t r u e  in c id e n c e  o f  s a lm o 
nellae  in  pigs o n  th e  fa rm  c a n n o t  be 
assessed b y  m ean s  o f  rec ta l  sw abs  b ecau se  
sa lm o n e l lae  a re  e i th e r  a b se n t  in  th e  r e c 
t u m  o r  if  p re s e n t  th e y  are  in  e x t r e m e ly  
low  n u m b e r .  W hen  sw ine  a re  d i s tu rb e d  by  
t r a n s p o r t ,  o v e rc ro w d in g  in  h o ld in g  pen s  
o r  by  ro u g h  h a n d l in g  b e fo re  s lau g h te r ,  
cecal c o n te n t s  re a c h  th e  r e c t u m  a n d  th e  
p rev iously  h id d e n  o r  m a s k e d  sa lm o n e l lae  
b e c o m e  m o re  read i ly  d e te c ta b le .  T h is  
increase  c o u ld  be  c o n s id e re d  th e  resp o n se  
o f  th e  an im als  to  im p o se d  stress.

Stress also in f lu e n c e s  b o d y  w e ig h t  a n d  
p i tu i t a ry  a n d  a d re n a l  g land  ch a rac te r is t ic s  
as d esc r ibed  by  Ju szk iew icz  a n d  Jo n es
(1 9 6 1 )  an d  King e t  al. ( 1 9 5 8 ) .  T hese  
changes a re  e v id e n t  in  p o s t m o r t e m  e x a m 
in a t io n  a n d  th e  c o n d i t io n  is te r m e d  pale ,  
so f t ,  e x u d a t iv e  (P S E )  m u sc le  (B riskey ,

1 964) .  R e d d y  e t  al. ( 1 9 7 0 )  have sh o w n  
th a t  leakage  in to  th e  b lo o d  o f  sa rco p la s 
m ic e n z y m e s  f r o m  m u sc le  a f t e r  s tress is 
c h a ra c te r i s t ic  o f  th e  s t ress -suscep t ib le  
s y n d r o m e  in sw ine . Sayre  e t  al. ( 1 9 6 3 )  
n o te d  a h ig h e r  in c id e n c e  o f  PSE  m u sc le  in 
th e  P o la n d  C h in a  b re e d  o f  pigs t h a n  in 
th e  C h e s te r  W hite  b reed .

T h e  p u rp o s e  o f  th is  s t u d y  was to  
d e te r m in e  w h e th e r  th e r e  was a d if fe ren ce  
in  th e  in c id e n c e  o f  sa lm o n e l lae  in  th e  
in te s t in a l  c o n te n t s  o f  s t ress -res is tan t  an d  
s t ress -suscep t ib le  pigs a n d  to  a sce r ta in  
w h e th e r  e x p o s u r e  to  s tress re s u l te d  in  an  
in c rea sed  e x c re t io n  ra t e  a n d  a l t e r e d  d is tr i 
b u t io n  o f  sa lm o n e l lae  in  th e  m u sc le  a n d  
o rgans  o f  th e se  pigs.

MATERIAL & METHODS
Animal handling

Thirty-two market-age pigs (16 Chester White 
and 16 Poland China) were used in this experi
ment, conducted during June and July, 1970. 
The animals were delivered from farm sources 
and held in group pens for 1 wk and fed an 
antibiotic-free ration. The ration-constitutents 

were ground corn, soybean oil meal, alfalfa leaf 
meal, brewer’s yeast, bonemeal, trace mineral 
salt and zinc. Follow ing this 1 wk equilibration 
period, each pig was placed in an individual pen 

and fed ad libitum  during the experimental pe
riod. Three fresh fecal samples were taken con
secutively at 24-hr intervals from the piggery 
floor. On the fourth day o f experiment, four 
Chester White and 10 Poland China pigs were 
loaded on a truck and separated in individual 
pens by moveable gates. The truck and gates 
were steam-cleaned before use. The truck was 
then driven for 60 miles for the purpose o f 
stressing the pigs. Fecal samples were obtained 
from each pig upon completion o f the transpor
tation. After the fecal samples were examined 
for salmonellae, eight pigs were selected for fur
ther investigation. This group included four pigs 
that had excreted salmonellae (two Chester 
White and two Poland China) and four pigs that 
had not excreted salmonellae (two Chester 
White and two Poland China) after stress. A
1-wk recovery period was allowed before the 
animals were slaughtered. Stress susceptibility 
o f these eight animals was estimated by follow
ing pH and rigor patterns o f the muscle post
mortem (Schmidt et al., 1968).

Muscle and organ sampling
Longissimus, trapezius and biceps femoris 

muscles, liver, spleen and mesenteric lymph 

nodes and cecum and colon contents were ob
tained from the slaughtered animals (Kampel- 

macher et al., 1961). The viscera were placed 
on a tray which had been washed and steamed 
before use. Forceps and knives were cleaned 

and immersed in boiling water 2 min before 
sampling. Mesenteric lym ph nodes were col
lected by removing several lym ph nodes togeth
er with surrounding tissue from the viscera. 
Cecum and colon contents were obtained by 
tying o ff a segment o f cecum or colon prior to 
incising with a sterile knife. A  portion o f the 
contents was removed with a sterile spatula 
without touching the sides o f the intestinal 
wall. Muscle, liver, spleen, kidney samples and 
lym ph nodes were immersed in boiling water 
for 10 sec to eliminate surface contamination 

(Chung and Frost, 1969).

Testing for salmonellae
Muscle, liver, spleen and kidney were cut 

into small pieces with sterile scissors. The con
nective tissue surrounding the mesenteric 
lymph nodes was removed using sterile scissors 
and the lym ph nodes were homogenized in a 
precooled sterile blender with M-tetrathionate 
broth for 2 min. lOg o f fecal samples, cecum 
and colon contents and 20g from muscle, liver, 
kidney and lym ph nodes were inoculated into 
200 ml o f modified M-tetrathionate broth 

(Difco). The medium was modified by addition 
of one-half the recommended quantity o f 
iodine solution. This modification was made be
cause preliminary trials showed that when the 
recommended level o f iodine solution was used, 
more than 24 hr o f incubation was necessary 
for recovery o f salmonellae. The enrichments 
were incubated at 37°C for 20 ± 2 hr. Subse
quently, a loop from the enrichment medium  
was streaked on to Brilliant Green (BG) agar 
plates, which were then incubated at 41°C for 
20 + 2 hr (Spino, 1966). Tw o suspect colonies 
were picked from the B G  agar plates and inoc
ulated into 9 ml o f brain heart infusion broth 
(BHI) and lysine iron agar. Each medium was 
incubated at 37°C for 24 hr. A  polyvalant fla
gellar antigen test (Silliker et al., 1965) was per
formed on the cultures that gave a typical sal
monella reaction in lysine iron agar. Serotyping 
of the isolates was carried out by the Wisconsin 
State Laboratory o f Hygiene.

RESULTS & DISCUSSION
T ab le  1 sh o w s  t h a t  o n  in d iv id u a l  days  

th e  n u m b e r  o f  pigs d e te c te d  as sh ed d in g  
sa lm o n e l lae  was h igh. 75%  o f  th e  C h es te r  
W hite  pigs a n d  6 2 .5 %  o f  th e  P o la n d  C h ina  
pigs sh ed  sa lm o n e l lae  in  th e  feces in  at 
leas t o n e  o f  th e  th r e e  fecal sam p les  t a k e n  
b e fo r e  s tressing. T h re e  C h e s te r  W hite  a n d  
f o u r  P o la n d  C h in a  pigs e x c r e t e d  sa lm one l-
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Table 1 -Salmonella excretion pattern o f healthy plgsa

Breeds ................

Pig N o ......................

Chester White Poland China

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Treatments

Prior Day 1 + -  -  -  + - -  + - + + + + + + - -  + -  -  + + + - - +

to Day 2 + -  -  -  + + + + + + - + + -  -  - + + -  + - + _ _ _ _ _ + + — + +

stress Day 3 - -  -  -  + + -  + - - - -  + + -  - + + + + - + +

After Day 1 + -  -  - b -  -  + _ _ _ _ _

stress Day 2 - -  -  - - -  -

Day 3 — _  _ _
- + -

a N ine sero ty p es  o f  S a lm o n e lla  w ere iso la ted  from  various positive  sam ples. T hese in c lu d ed  S. n e w in g to n , S. H eidelberg, S. th o m p s o n , S. s a in t  paid , 
S. lo n d o n , S. a n a tu m , S. s e n fte n b e rg , S. ty p h im u r iu m  and S. siegburg . 

b A nim al d ied  due to  stress.

lae in  all th re e  p re-s tress  sam plings ,  
w h ereas  th e  re m a in in g  pigs sh ed  i n t e r m i t 
t e n t ly ;  i.e. ,  sa lm o n e l lae  w ere  p re s e n t  in 
o n ly  o n e  o r  tw o  o f  th e  th re e  fecal 
sam ples .  T h ese  resu lts  es tab lish ,  t h e r e 
fo re ,  t h a t  a re la t ive ly  h igh  p e rc e n ta g e  o f  
th e  a p p a r e n t ly  h e a l th y  pigs w ere  s a lm o 
nella  carr ie rs  a n d  w ere  e x c re t in g  sal
m o n e l la e  in  th e  feces.

T h e  h igh  in c id e n c e  o f  sa lm o n e l la  ex- 
c re te rs  in  th is  s t u d y  is in  c o n t r a s t  w i th  
d a ta  p rev io u s ly  r e p o r te d  b y  o th e rs .  O ne  
poss ib le  e x p la n a t io n  is t h e  d if fe re n c e  in  
th e  m e t h o d  o f  o b ta in in g  sam ples ;  i.e. ,  th e  
e x a m in a t io n  o f  10g o f  feca l  m a te r ia l  
r a th e r  th a n  r e c ta l  swabs. H a d d o c k  (1 9 7 0 )  
d e m o n s t r a t e d  six sa lm o n e l la  carr iers  in  16 
m ark e t-ag e  pigs a f t e r  th r e e  rec ta l  sw abs 
f r o m  each  pig. S ix  m o r e  carr ie rs  w ere  
d e te c te d  a f t e r  16 rec ta l  sw abs  f r o m  each  
pig h a d  b e e n  e x a m in e d .  Cecal sw abs  o f  1 5 
o f  th e  16 pigs w ere  posi t ive  fo r  Salmo
nella. M cCall e t  al. ( 1 9 6 4 ;  1 9 6 6 )  p o in t e d  
u p  th e  r a th e r  p o o r  e f f ic ien cy  o f  rec ta l  
sw abs  c o m p a r e d  to  fecal sam ples  in d e 
te c t in g  carr ie rs  o f  sa lm one l lae .  O u r  resu lts  
in d ic a te  t h a t  a m o r e  s ign if ican t  p ro b le m  
th a n  p rev io u s ly  in d ic a te d  m a y  exis t .  T h e  
in c id e n c e  o f  sh e d d in g  sa lm o n e l lae  on  th e  
fa rm  by  th e  m ark e t-ag e  pigs used  in  th is  
s tu d y  was n o t  a sce r ta in ed .  Th is  is u n f o r 
tu n a t e ,  b ecau se  th e  s tress  im p o se d  o n  th e  
pigs b y  t r u c k in g  f r o m  th e  fa rm s  to  th e  
U n ivers i ty  m a y  have a l te red  th e  sa lm o 
nella  e x c re t io n  p a t t e r n .  I t  is conce ivab le  
t h a t  t r a n s p o r t  f r o m  th e  fa rm s  m a y  have 
e n h a n c e d  th e  sh e d d in g  o f  sa lm o n e l lae ,  
t h e r e b y  a c c o u n t in g  fo r  th e  h igh  in c id e n c e  
o f  sa lm o n e l lae  w h e n  th e  pigs w ere  e x a m 
ined. H o w ev e r ,  Williams e t  al. ( 1 9 6 7 )  
sh o w e d  th a t  a h o ld in g  p e r io d  m a y  n eg a te  
th is  e f fec t .

A n o th e r  f a c to r  t h a t  m a y  have  in f lu 
e n c e d  th e  sh e d d in g  p a t t e r n  w as t h e  feed . 
W hen th e  an im als  w ere  rece ived  a t  th e  
U n iv ers i ty ,  th e y  w ere  fed  a r a t io n  free  o f  
a n t ib io t ic s .  Th is  a n t ib io t ic - f re e  feed  was 
u sed  th r o u g h o u t  th e  e x p e r im e n ta l  p e r io d .  
B ecause th e  ra t io n  c o n ta in e d  so m e  an im a l  
b y - p r o d u c t  m a te r ia l ,  i t  q u i t e  like ly  c o n 
t r ib u t e d  to  th e  sa lm o n e l la  p o p u la t io n  o f  
th e  pigs. P rev ious  te s ts  o n  th e  feed

m a te r ia l  h a d  revea led  th a t  i t  was c o n t a m 
in a te d  w i th  sa lm o n e l lae  (G o e p fe r t ,  u n 
p u b l i sh e d  da ta) .

T ab le  1 sh o w s th e  e f f e c t  o f  stress-by- 
t r u c k in g  o n  th e  sa lm o n e l la  e x c re t io n  
p a t t e r n  o f  th e  h e a l th y  pigs. O n ly  o n e  o f  
n in e  pigs t h a t  h a d  n o t  p rev io u s ly  e x c re te d  
sa lm o n e l lae  d id  e x c re t e  th e se  o rgan ism s  
a f te r  stress. T h e re fo r e ,  i t  was c o n c lu d e d  
th a t  stress  as im p o s e d  b y  t r u c k in g  d id  n o t  
s ign if ican tly  a l te r  th e  e x c re t io n  o f  s a lm o 
nellae  b y  th ese  pigs. T h ese  re su lts  c o n 
t ra s t  w i th  earl ie r  s tu d ie s  (Williams e t  al. ,
1 9 7 0 ) ,  w h ic h  f o u n d  th a t  th e  s tress  i m 
p o se d  b y  t r a n s p o r t a t i o n  d id  s ign if ican tly  
increase  th e  in c id e n c e  o f  sa lm o n e l lae  in 
th e  feces  o f  th e  pigs e x a m in e d .  R esu lt s  o f  
th e  p re s e n t  e x p e r im e n t  m a y  be due  to  the  
h igh  p e rc e n ta g e  o f  pigs (6 8 .7 5 % )  th a t  
were  a l read y  e x c re t in g  sa lm o n e l lae  b e fo re  
th e  a p p l i c a t io n  o f  stress.

O n e  P o la n d  C h in a  pig d ied  d u r in g  th e  
p rocess  o f  t r a n s p o r t a t i o n  ( t e m p e r a tu r e  
was 8 5 ° F ) .  T h is  i l lu s t ra te s  t h e  e x t r e m e  
sens i t iv i ty  o f  so m e  pigs to  th e  stress  o f  
t r a n s p o r t a t i o n ;  it is n o t  u n u s u a l  to  have

stress -suscep t ib le  pigs die  d u r in g  h a n d l in g  
o r  t r a n sp o r t .

E igh t  pigs, r a n d o m ly  se lec ted ,  r e p r e 
sen t in g  e q u a l  n u m b e r s  o :  th e  tw o  b reeds ,  
w ere  se lec ted  fo r  s tu d y  o f  th e  a s so c ia t io n  
o f  s t ress -su scep t ib i l i ty  w i th  s a lm o n e l lae  
c o n te n t  o f  m u sc le ,  v a r io u s  o rg an s  a n d  
cecum  a n d  c o lo n  c o n te n t s .  T h e  pigs were  
res ted  1 w k  b e fo re  s lau g h te r .  F o u r  h a d  
b een  sh o w n  p rev io u s ly  to  be  e x c re t in g  
sa lm one l lae  a n d  f o u r  w ere  nega tive .  P o s t 
m o r t e m  m u sc le  c h a ra c te r i s t ic s  o f  p H  d e 
cline a n d  r igor m o r t i s  p a t t e r n  (B r isk e y ,
19 6 4 )  o f  e ig h t  s l a u g h te re d  pigs sh o w e d  
th r e e  s t ress -suscep t ib le  a n d  five s tress -re 
s i s tan t  (T ab le  2). A  very  h igh  in c id e n c e  o f  
sa lm o n e l lae  was f o u n d  in  th e  c e c u m  a n d  
co lo n  c o n te n t s  o f  th e  s la u g h te re d  pigs. 
T w o  C h e s te r  W hite  a n d  tw o  P o la n d  C h in a  
pigs t h a t  w ere  n o t  sh e d d in g  s a lm o n e l lae  
h i  th e  feces  h a d  sa lm o n e l la -p o s i t iv e  cecal 
an d  c o lo n  c o n te n t s .  T h re e  o f  th e  fo u r  
pigs t h a t  w ere  sh e d d in g  s a lm o n e l la e  also 
h a d  sa lm o n e l la  c o n ta in in g  c e c u m  a n d  
c o lo n  c o n te n t s .  S a lm o n e l lae  w ere  n o t  
iso la ted  f r o m  long iss im us ,  t r a p e z iu s  or

Table 2—Salmonella detection in muscle and organs o f  healthy pigs

Feces salmonella-negative Feces salmonella-positive

Samples_______________Chester White3 Poland Chinab Chester White0 Poland China'1

L .D . - _ _ _ _ _
Trapezius - - - - - - — —

Biceps - N T e - N T N T N T N T NT
Spleen - - - - - — _ _

Liver - - - - _ _ _ _

Kidney

Mesentric
— N T - N T N T N T N T N T

lym ph nodes - - - + + + _ _
Cecum N T - N T + N T + N T +
Colon + - + — + + + +
Muscle p H f 5.8 6.5 5.4 6.2 5.8 6.2 5.4 6.1
Classification8 SS SR SS SR SR SR SS SR

“̂ Numbers 1 and 5 from  Table 1.
^N um bers 4 and 5 from  Table 1. 
c N um bers 4 and 3 from  Table 1.
1 N um bers 1 0 and 9 from  Table 1.
®Not tested .
*3 hr p ost-m ortem .
gStress-suscep tib le  (S S) or stress-resistant (S R ) based on  m u scle  pH  

and rigor pattern  p ost-m ortem .
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biceps fem o ris  m usc les  o r  f r o m  th e  
sp leen , liver a n d  k id n e y  sam p les  o f  a n y  o f  
th e  s la u g h te re d  pigs. T h re e  o f  th e  e ight 
pigs were  posi tive  fo r  sa lm o n e l lae  in  th e  
m e sen te r ic  ly m p h  n o d e s  (T a b le  2). T h e re  
was n o  a p p a re n t  p a t t e r n  o f  sa lm o n e l la  
d e te c t io n  in  regard  to  th e  s t ress -suscep t i
ble  c o n d i t io n  o f  th e  an im al.  T h e  h y p o t h 
esis fo r  th is  e x p e r i m e n t  was t h a t  th e  
s tress -suscep tib le  an im a ls  m ig h t  u n d e rg o  
physio log ica l  ch an g es  (su ch  as m e m b ra n e  
p e rm e a b i l i ty )  t h a t  w o u ld  a l low  in fe c t io n  
by  sa lm o n e l lae  o f  c e r ta in  o rgans  o f  th e  
b o d y .  This  d id  n o t  a p p e a r  to  be  th e  case, 
a t  leas t w i th in  th e  l im i ta t io n s  o f  th e  
e x p e r im e n t .
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MODE OF ACTION OF ETHYLENE OXIDE ON SPORES OF Clostridium botulinum 62A

SU M M A RY—Death o f spores o f  C l o s t r i d i u m  b o t u l i n u m  when exposed to gaseous ethylene oxide 
followed first order kinetics. Supplementation o f a synthetic medium with the purine and pyrim i
dine bases o f DNA and RNA indicated, as judged by outgrowth from spores which had received 
sublethal ETO  treatments, that the lethal action o f ETO  on the spores was through alkylation o f 
the guanine and adenine components o f DNA. Observed impairment o f RNA and protein synthesis 
was considered an indirect effect resulting from alkylation o f DNA components; however, addi
tional evidence bearing on this point is needed to support a more definite conclusion.

IN T R O D U C T I O N

E T H Y L E N E  O X ID E  (E T O )  in  th e  v a p o r  
p h a se  has  b e e n  sh o w n  t o  be  an  e ffec tive  
s te r i la n t  b y  m a n y  w o rk e rs  d u r in g  th e  pas t  
f o u r  decades .  D e a th  k in e t ic s  o f  a w ide 
v a r ie ty  o f  m ic ro b ia l  spec ies ,  as well as 
e n v i r o n m e n ta l  fa c to rs  a f f e c t in g  th ese  k i
n e t ic s ,  h ave  b e e n  q u i t e  th o r o u g h ly  inves
t ig a te d  (K ay e  a n d  Phillips, 1 9 4 9 ;  Phillips, 
1 9 4 9 ;  O pfe l l  e t  al. , 1 9 5 9 ;  E rn s t  a n d  Shull ,  
1 9 6 2 ;  G i lb e r t  e t  al. , 1 9 6 4 ;  L IU  e t  al., 
1 9 6 8 ;  K u z m in s k i  e t  a l ,  1 9 6 9 ;  K e re lu k  e t  
al. , 1 9 7 0 a ,  b ;  Blake a n d  S t u m b o ,  1 9 7 0 ;  
M ar ie t ta  a n d  S tu m b o ,  1 9 7 0 ;  M ichae l a n d  
S tu m b o ,  1 9 7 0 ;  a n d  Savage a n d  S tu m b o ,
1 971) .  N o tw i th s ta n d in g  th e  th o r o u g h n e s s  
o f  th e s e  k in e t ic  s tu d ie s ,  o n ly  l im i ted  
s tu d ie s  reg a rd in g  th e  m o d e  o f  le th a l  
a c t io n  o f  E T O  have b e e n  r e p o r te d .

T h e re  is l i t t le  d o u b t  t h a t  th e  m o d e  o f  
a c t io n  is a lk y la t io n  (R o ss ,  1 9 6 2 ;  W heeler , 
1 9 6 2 ;  A le x a n d e r  e t  al. , 1 9 5 7 ,  196 1 ) '  
H o w ev e r ,  th e r e  h as  b e e n  o n ly  o n e  re p o r t  
dea ling  spec if ica lly  w i th  w h a t  is a lk y la te d  
to  cause  th e  m ic ro b ia l  cell t o  lose r e p r o 
d u c t iv e  ab il i ty .  M ichae l a n d  S tu m b o
( 1 9 7 0 )  s tu d y in g  th e  m o d e  o f  a c t io n  o f  
E T O  o n  Salmonella senftenberg and  
Escherichia coli c o n c lu d e d  t h a t  i t  was 
a lk y la t io n  o f  th e  g u an o s in e  t r ip h o s p h a te  
o f  D N A  t h a t  c au sed  th e  b ac te r ia l  cells to  
lose th e i r  p o w e r  o f  r e p r o d u c t io n .

K u z m in sk i  e t  al. ( 1 9 6 9 )  r e p o r t e d  on  
th e  d e a th  k in e t ic s  o f  sp o re s  o f  C. botu
linum T y p e  A, s t ra in  6 2 ,  w h e n  e x p o se d  
to  E T O  u n d e r  d i f f e re n t  c o n d i t io n s  o f  
t e m p e r a t u r e  a n d  re la tive  h u m i d i t y ;  h o w 
ever, th e i r  s tu d ie s  d id  n o t  co n s id e r  th e  
m o d e  o f  a c t io n  w h ic h  in a c t iv a te d  th e  
spores.  T h e re fo r e ,  th e  p re s e n t  s tu d y  was 
u n d e r t a k e n  w i th  th e  h o p e  o f  e lu c id a t in g  
th is  p o in t .

M A T E R IA L S  & M E T H O D S

Test organism
C lo s tr id iu m  b o tu l in u m  Type A, strain 62.

1 Présent address: D ep t. o f  F o o d  S cien ce  & 
T ech n o lo g y , B ogor In stitu te  o f  A gricu lture, 
B ogor, Indonesia .

That the organism was Type A  was verified by 
mouse protection tests employing specific anti
toxin.

Sterilant gas
A  mixture o f ethylene oxide (12%) dichlo- 

rodifluoromethane (88%), by weight, was em
ployed throughout.

Growth and sporulation media
A  trypticase medium developed by Day

(1960), with some modifications, was em
ployed. A  growth medium was prepared as fo l
lows: 40.Og trypticase and 0.5g/glucose were 
added to 1 liter o f 0.067M phosphate buffer. 
After solution o f these ingredients, the pH was 
adjusted to 7.2, the medium distributed in bot
tles or tubes and sterilized by autoclaving for 
20 min at 121°C. In any study, just prior to 
spore inoculation, sufficient sterile thiamine 
solution, in phosphate buffer (pH 7.2) was 
added to give a thiamine concentration o f 1 
ppm. The thiamine solution was sterilized by 
filtration using a 0.2 jam filter membrane (Milli- 
pore Corp., Bedford, Mass.).

For sporulation, this medium was further 
supplemented with (N H 4)2S 0 4 to a concentra
tion o f 0.5%. It has been shown that the joint 

effect o f (N H 4)2S 0 4 and thiamine is to in
crease spore yield (Schmidt, 1964).

Subculture medium for colony development
This was prepared by adding 0.05% sodium  

thioglycollate and 1.5% agar to the growth 
medium. Prior to sterilization the pH was ad
justed to 7.2 and the medium distributed in 
Prickett tubes (20 ml per tube).

Medium for studying repair process
A  synthetic medium supplemented with 

purine and pyrimidine bases or their nucleo
sides was used to follow growth patterns of 
progeny o f E T O  treated spores. The medium 
was composed o f Bacto Synthetic Broth A O A C  
supplemented with biotin, p-aminobenzoic 
a c id , F e S 0 4 • 7H 20, C aC l2 - 2 H 20, and 
M n S 0 4 • H 20 at concentrations per 10 ml of 
medium o f 0.005 Mg, 0.10 Mg, 0.02 Mg, 0.02 Mg 
and 0.10 Mg, respectively. The chemical com
position o f the dehydrated Bacto Synthetic 
Broth A O A C  was as given by A O A C  (1964). 
Seventeen grams of this dehydrated broth were 
dissolved in 1 liter o f distilled water and the 
solution heated to boiling. Quantities (0.10 ml 
each) of stock solutions o f biotin, p-aminoben
zoic acid, F e S 0 4 * 7 ^ 0 ,  C aC l2 • H 20, and 
M n S 0 4 ■ H 20 were added to give the desired 
concentrations. The broth was then tubed and 
sterilized. Just prior to inoculation, 0.1 ml o f

sterile 10% dextrose solution was added asepti- 
cally to each tube (containing 20 ml broth).

Spore production
Tubes o f trypticase medium were inoculated 

with spores from a stock suspension, heated at 
80° C  for 15 min, and incubated overnight at 
30° C. The resulting cultures were used for the 
first o f three cell transfers, 6 - 7  hr apart. The  

first transfer was to 100 ml o f growth medium, 
the second to 2.5 liters, and the third to 7.5 
liters. Each o f the successive inoculations was 
approximately 10% by volume. Incubation was 
at 30°C and anaerobiosis was maintained by 
continual slow passage o f nitrogen gas through 

the incubating cultures.
The third culture was incubated until sporu- 

lation was virtually complete as judged by peri
odic microscopic examinations (bright field, 
phase contrast and malachite green spore 

stains). This required about 60 hr, but the cul
ture was held an additional 3 days at 30°C to 
permit lysis o f any remaining vegetative cells 

and/or sporangia containing forespores. M icro
scopic examination revealed no regermination 

during the 3 day holding period.
This culture containing mature spores was 

dispensed in centrifuge bottles and centrifuged 
(5000G) for 20 min at 2°C. The supernatants 
were then discarded, the spores resuspended in 
cold sterile distilled water and again centri
fuged. This washing procedure was repeated 
three times. (After each centrifugation, the 
dark extraneous material was removed from the 
surface o f the sediments.) These washed spores 
were then further cleaned by the method o f 
Powers (1968) employing a 300 Mg/ml filter- 
sterilized solution o f lysozyme in 0.067M phos
phate buffer (pH 7). Finally, the cleaned spores 
were suspended in 0.05 M hydroxy me thy larr.i- 
nomethane (pH 7.2 Tris buffer) and stored at 
2°C until needed.

Production of germinated spores
The procedure followed was essentially that 

described by Simmons and Costilow  (1962). 
About lOg (wet weight) o f the cleaned spores 
were suspended in 15 ml o f a sterile solution of 
4% trypticase and 0.1% sodium bicarbonate in 
0.067M phosphate buffer (pH 7.0) and heated 
at 80°C for 15 min. This suspension was then 
added to 4 liters o f the same medium and incu
bated at 30°C. During incubation, nitrogen gas 
was passed slowly through the culture tc main
tain anaerobiosis and provide mild agitation. 
After about 3 hr incubation more than 95% o f 
the spores had germinated as judged by micro
scopic examination. These germinated spores 
were harvested by centrifugation at 5000G and 
washed three times with cold sterile distilled 
water. After the final washing, the germinated 
spores were resuspended in 0.05M Tris buffer 
and stored at 2°C until needed.

Preparation of test samples for ETO 
exposure and exposure procedure

The procedures employed were essentially 
as described by Kuzminski et al. (1969). H ow 
ever, in this study, relative humidities o f 11%,
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Fig. 2—Survivor curves tor dormant spores o f C. botulinum 62A, when 
exposed 140°Cl to CTO 1700 mg/L).

Fig. 1 —Schematic diagram o f growth system.

23% and 33% only were employed and all ex
posures were at 40°C. Ethylene oxide concen
tration in all exposure atmospheres was main
tained at 700 ± 20 mg per liter by keeping the 
exposure atmosphere at 5 psig (within limits o f 
control).

Death kinetic studies
Absorbent paper discs were inoculated with 

ungerminated or germinated spores and ex
posed for varying lengths o f time. The exposed 
discs were placed in tubes o f sterile distilled 
water and pulverized on a Vortex Genie Mixer. 
The slurries were then appropriately diluted 
and subcultured in trypticase agar for incuba
tion at 30°C. Colony counts were made after
4 -6  days incubation. Survivor curves were con
structed by plotting logarithms o f survivors 
against corresponding times o f exposure. Lines 
of best fit were located by the method o f least 
squares and D values (times for inactivation o f 
90% of the spores) obtained from the resulting 

regression coefficients.

Technique for studying growth patterns
A  system was devised whereby optical den

sity measurements could be made periodically 
during incubation with minimum disturbance 
of growing cultures. A  schematic diagram of the 
simple apparatus is shown in Figure 1. Basically 

the system consisted o f a growth tube (A) con
nected with glass tubing to another tube 

(B) containing an oxygen absorbing reagent. 
Before use, the empty tubes (A and B) were 
cotton plugged and sterilized by autoclaving. 
Sterile medium (7.5 ml) was placed in tube A  
and the cotton stopper replaced with a sterile 

rubber diaphram stopper. Prior to inoculation 
the tube was placed at 30°C for 2 hr to attain 
temperature equilibrium. Just before inocula
tion o f the medium in tube A, 2g of pyrogallic 
acid and 2.0 ml o f 20% Na2C 0 3 were placed in 
tube B. Tube B was then connected to tube A  
as shown in the diagram. The medium in tube A  
was inoculated via syringe through the rubber 
diaphram. Periodically during incubation at 
30°C, growth was followed by making optical 
density (O.D.) measurements with a Bausch & 
Lom b spectronic 20 colorimeter set at 600 nm.

Repair process studies
The synthetic medium described above, un

supplemented and supplemented with one 
purine or pyrimidine base, or a combination 
of two, was employed for studying growth

patterns o f progeny o f ETO-treated spores. 
Exposure was in an atmosphere containing 
700 ± 20 mg per liter o f E T O  maintained at a 
relative humidity o f 23% and a temperature of 
40°C. Time o f exposure was 7.4 min, the time 

according to kinetic studies, which was required 
to inactivate 90% of the spores in the popula
tion (1 D value). Grow th at 30°C was followed 
by O.D. measurements as explained above.

Effect of ETO exposure of spores on protein, 
RNA and DNA synthesis of progeny

The synthetic medium was inoculated with 

exposed ( I D  value) and unexposed spores. The 
same system used in growth pattern experi
ments was employed for culturing. During incu
bation at 30°C, protein (Lowry et al., 1951), 
R N A  (Ceriotti, 1955) and D N A  (Burton, 1956) 
determinations were made at selected time in
tervals (2 -3  hr) to ascertain the effects o f E T O  
treatment on synthesis.

RESULTS & DISCUSSION
K IN E T IC S  o f  d e a th  o f  m a tu r e  ( d o r m a n t )  
spo res  o f  C. botulinum  T y p e  A, s t ra in  6 2  
e x p o se d  a t  4 0 ° C  to  an  a tm o s p h e r e  c o n 
ta in in g  7 0 0  m g  o f  E T O  p e r  l i ter  are 
d e p ic te d  in  F igure  2. T h e  s t r ik ing  e f fec t  
o f  re la tive  h u m i d i t y  o n  d e a th  ra tes  o b 
served in  th is  s tu d y  was c o n s i s te n t  w i th  
t h a t  o b se rv ed  by  K u z m in sk i  e t  al. (1 9 6 9 ) .  
F o r  e x a m p le ,  in th is  s tu d y ,  fo r  re la tive  
h u m id i t ie s  o f  33 and  23%, D values o f
11.8 a n d  7 .4  m in  re sp ec tiv e ly ,  w ere  o b 
served ; w he reas  K u z m in s k i  e t  al. ( 1 9 o 9 )  
u n d e r  th e  sam e c o n d i t io n s  o f  e x p o su re  
o b se rv ed  values o f  13 .75  a n d  8 .1 8  m in . 
T h e  s o m e w h a t  lo w e r  D values ob se rv ed  
he re  m ig h t  well be  d u e  to  t h e  fac t  t h a t  
sp o re s  fo r  th is  s t u d y  w ere  p r o d u c e d  in  a 
t r y p t i c a se  b r o t h ;  spo res  used  b y  K u z m in 
ski e t  al. ( 1 9 6 9 )  w ere  p r o d u c e d  in  a bee f  
h e a r t  casein  m e d iu m  w h ich  h a d  a m u c h  
h ig h e r  fa t  c o n te n t  t h a n  th e  t ry p t i c a se

b ro th .  T h a t  cell re s is tan ce  to  E T O  in 
creases w ith  increases  in  c o n c e n t r a t i o n  o f  
fa t  a n d  fat- like  m a te r ia ls  has  b een  r e p o r t 
ed  (C h u rc h  e t  al. , 1956) .

F u r t h e r  k in e t ic  s tu d ie s  w i th  g e rm i
n a te d  sp o re s  sh o w e d  th a t  g e rm in a t io n  
r e d u c e d  re s is tan ce  to  E T O  s o m e w h a t ,  b u t  
n o th in g  like  i t  re d u c e s  res is tance  to  h ea t .  
In  th is  s t u d y ,  d e a th  o f  g e rm in a te d  spores ,  
e x p o se d  u n d e r  th e  sam e c o n d i t io n s  as was 
th e  d o r m a n t  sp o re s ,  w as c h a ra c te r i z e d  by  
D values o f  9 .8 ,  4 .5  a n d  4 .3 m in  at 
re la tive  h u m id i t ie s  o f  3 3 ,  23 a n d  11%, 
re spec tive ly ,  as c o m p a r e d  w i th  th e  D 
values o f  1 1 .3 ,  7 .4  a n d  6 .0  m in  fo r  
d o r m a n t  spores.

M ichael a n d  S tu m b o  ( 1 9 7 0 ) ,  f ro m  
th e i r  s tu d ie s  w i th  S. senftenberg a n d  E. 
coli, c o n c lu d e d  t h a t  a lk y la t io n  o f  th e  
g u an o s in e  t r ip h o s p h a te  c o m p o n e n t  o f  
D N A  was th e  p r o b a b le  a c t io n  o f  E T O  
th a t  caused  th e  b ac te r ia l  cells t o  lose  th e i r  
p o w e r  o f  r e p r o d u c t io n .  T h e re fo r e ,  a 
s tu d y  was des igned  to  d e te r m in e  if  th e  
le th a l  a c t io n  o f  E T O  o n  sp o res  o f  C. 
botulinum m ig h t  be  th e  sam e  o r  s imilar.  
T he  s y n th e t i c  m e d iu m  d esc r ib ed  above  
was s u p p le m e n te d  w i th  o n e  p u r in e  or 
p y r im id in e  base  (o r  a c o m b i n a t i o n  o f  
tw o )  a n d  in o c u la te d  w i th  spores  o f  C. 
botulinum w h ic h  h a d  b e e n  u n t r e a t e d  o r  
t r e a te d  w i th  E T O  fo r  a t im e  e q u iv a le n t  to  
1 D value (a c c o rd in g  to  k in e t ic  s tud ies  
using  t r y p t i c a se  agar as th e  s u b c u l tu re  
m e d iu m ) .  T h e  p u r in e  a n d  p y r im id in e  
bases e m p lo y e d  (in  0.1 m M  c o n c e n t r a 
t io n )  w ere  t h y m in e ,  cy to s in e ,  u racy l ,  
ad en in e  a n d  g u an in e  (o r  th e i r  n u c le o 
sides). T h e  o u tg r o w t h  p a t t e r n  f r o m  e x 
p o se d  sp o re s  was n o t  im p ro v e d  b y  su p p le 
m e n t in g  th e  m e d iu m  singly w i th  th e  
bases, th y m in e ,  c y to s in e ,  u ra c y l  o r  ade-
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Fig. 3-Grow th patterns o f progeny o f ETO  exposed and unexposed 
spores o f C. botulinum 62A in synthetic medium.

Fig. 4—Effect o f ETO  exposure o f spores o f C. 
botulinum 62A on cell mass and protein 
synthesis.

n ine .  G u a n in e  s u p p l e m e n t a t i o n  im p ro v e d  
o u tg r o w t h  o n ly  sl ightly.

In an  e x p e r im e n t  us ing  d if fe re n t  c o m 
b in a t io n s  o f  tw o  bases, o n ly  s u p p le m e n ta 
t io n  w ith  th e  c o m b in a t io n  o f  g u a n in e  and  
a d en in e  re su l te d  in  g o o d  o u tg r o w t h  f ro m  
th e  E T O  “ d a m a g e d ”  spores .  S u p p le m e n 
ta t io n  w i th  e q u im o la r  c o n c e n t r a t i o n s  o f  
g u an in e  an d  a d e n in e  re su l te d  in  best 
recovery .  R esu lts  o f  th is  s tu d y  are d e 
p ic te d  in  F igure  3. I t  sh o u ld  be  n o te d ,  in 
c o m p a r in g  resu lts  in  F igu res  3, 4 a n d  5 
th a t  th e  c o n c e n t r a t i o n  o f  p o te n t ia l ly  via
ble sp o res  in  th e  t r e a te d  in o c u lu m  was 
o n ly  a o b u t  0.1 t h a t  o f  th e  u n t r e a te d ,  
E T O  t r e a tm e n t  having d e s t ro y e d  viabili ty  
o f  a b o u t  90 %  o f  th e  sp o re s  in i t ia lly  
c o n t r ib u t in g  to  o p t ica l  den s i ty .

T hese  resu lts  sh o w  th a t ,  even  th o u g h  
a d e n in e  a lone  c o u ld  n o t  im p ro v e  o u t 
g ro w th  f r o m  t r e a te d  sp o re s ,  i t  was essen
tial in  c o m b in a t io n  w ith  g u an in e  fo r  goo d

Fig. 5—Effect o f ETO  exposure o f spores o f C. 
botulinum 62A on FtNA and DNA synthesis.

reco v e ry .  F u r t h e r  s tu d y  d e m o n s t r a t e d  
th a t  s u p p le m e n ta t io n  w i th  a d e n o s in e  t r i 
p h o s p h a te  a n d  g u an o s in e  t r ip h o s p h a te  
gave th e  sam e results .

F r o m  th ese  resu lts  it  ap p ears  m o s t  
p ro b a b le  t h a t  th e  le th a l  a c t io n  o f  E T O  on 
spores  o f  C. botulinum  is th r o u g h  a lk y la 
t io n  o f  b o th  g u an o s in e  t r ip h o s p h a te  and  
ad en o s in e  t r ip h o s p h a te  o f  D NA. S tacey  
e t  al. ( 1 9 5 8 )  r e p o r te d  t h a t  t h e  m o s t  
reac t ive  s ite  in  D N A  is th e  p h o s p h a te  
g ro u p  a n d  c o n te n d e d  th a t  th is  was b e 
cause it is th e  o n ly  read i ly  accessible 
g ro u p  by  w h ic h  th e  m o le c u le  can  be 
a t t a c k e d —all o t h e r  reac t iv e  sites be ing  
h id d e n  by  a lp h a  helical s t ru c tu re s .  T h ey  
h y p o th e s iz e d  th a t  in i t ia l  a lk y la t io n  o f  
D N A  is o f  th e  p h o s p h a te  g ro u p  a n d  th a t  
the  t r ie s te r  so fo r m e d  in  tu r n  a lk y la te s  a 
n i t ro g e n  a to m  in o n e  o r  m o re  o f  the  
m o ie t ie s  (in th is  case g u an in e  an d  a d e 
nine) .  T h e  q u a r te rn iz e d  p u r in e  th e n  rap-

id lv  sp l its  o f f  th e  D N A , leaving a su g ar  
p h o s p h a te  res idue . (T h e  f in d in g  in  th is  
s tu d y  th a t  g u an in e  a n d  a d e n in e  are e q u a l 
ly as e f fec t iv e  as g u an o s in e  t r ip h o s p h a t e  
a n d  a d e n o s in e  t r ip h o s p h a te  w o u ld  suggest 
th a t  a d d e d  g u an in e  a n d  a d e n in e  r e a c t  
w i th  in t race l la r  p h o s p h a te s  p r io r  t o  th e i r  
i n c o r p o r a t io n  in  d a m a g e d  D N A .)

F u r t h e r  s tu d ie s  o f  th e  d a m a g e  a n d  
rep a i r  p rocesses ,  d e m o n s t r a t e d  t h a t  in 
e x p o se d  sp o res  D N A , R N A  an d  p r o t e in  
sy n th es is  im p a i r m e n t  c o u ld  be o v e rc o m e  
by g u an in e  a n d  a d e n in e  s u p p l e m e n t a t i o n  
o f  th e  s y n th e t i c  m e d iu m  (see Fig. 4  a n d
5). T h o u g h  E T O  t r e a i m e n t  d e f in i t e ly  
im p a ir e d  R N A  a n d  p r o t e in  sy n th e s is ,  i t  is 
believed  th a t  su ch  im p a i r m e n t  w as an  
in d i r e c t  e f f e c t  a n d  t h a t  th e  m a in  e f f e c t  
was m o s t  like ly  on  D N A . D am ag ed  D N A  
c o u ld  b r ing  a b o u t  a d is tu rb e d  p ro cess  o f  
t r a n sc r ip t io n  a n d  t r a n s la t io n ,  w i th  th e  
resu lt  t h a t  R N A  a n d  p r o t e in  sy n th e s is  
w o u ld  be  d is tu rb e d .  C hanges  in  p u r in e  
and p y r im id in e  s e q u e n c e s  c o u ld  also 
cause  a b n o rm a l i t i e s  in  R N A  a n d  p r o t e in  
syn thes is .  A d d i t i o n a l  ev id en ce  b ea r in g  on  
th is  p o in t  is n e e d e d  to  s u p p o r t  a m o re  
d e f in i te  co n c lu s io n .
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EFFECT OF MONOVALENT AND DIVALENT IONS UPON THE GERMINATION 
OF BACILLUS SPORES IN THE PRESENCE OF NISIN

SU M M A RY—The effect o f a monovalent ion like Na and divalent ions like Cu, Fe, Mn, Mg and Ca 
on the germination o f spores o f  Bacillus stearothermophilus, B. cereus and B. megatherium both in 
the presence and absence o f nisin was investigated. In the absence o f nisin, Cu, Fe and Mn ions 
were more inhibitory than Ca and Na ions for the germination o f all three kinds o f spores. A t 1M, 
Mg increased germination o f different spores 3 —9%. In the presence o f nisin, both Ca and Mg 
increased the germination o f  B. stearothermophilus by 10.8 and 14.2%, o f  B. cereus by 30.4 and 
19.9%, and  B. megatherium by 6.6 and 30.9%, respectively. The rest o f the ions increased inhibi
tion o f germination by nisin. The increase in germination by Ca and Mg was correlated with the 
release o f DP A and is discussed.

INTRODUCTION
N IS IN  is k n o w n  to  in h ib i t  th e  g e rm in a 
t i o n  o f  all  ty p e s  o f  spo res ,  b u t  so  fa r  th e  
m e c h a n ism  o f  in h ib i t io n  is u n e x p la in e d .  
T h e  genera l  o p in io n  is t h a t  th e  o u tg r o w t h  
o f  g e rm in a te d  sp o re s  is in h ib i t e d  ( T r a m 
m er ,  1964) .  T r a m m e r  has also p o in t e d  
o u t  t h a t  n is in  i t se l f  do es  n o t  b in d  t o  th e  
su rface  o f  t h e  sp o re s  o f  B a c i l l u s  s t e a r o 
t h e r m o p h i l u s .  A c c o rd in g  t o  H itch in s  e t  
al. ( 1 9 6 3 )  nis in  p re v e n ts  th e  r u p t u r e  o r  
lysis o f  sp o re  c o a ts  b u t  n o t  th e  g e rm in a 
t io n  o f  th e  spores  o f  B . c e r e u s  a n d  B . 
s u b t i l i s .  R e c e n t ly  m a n y  re p o r t s  a p p e a re d  
dea l ing  w i th  th e  reversal o f  th e  e f fec t  o f  
su rface  ac t ive  a n t ib io t ic s  like  n is in  an d  
v a n c o m y c in  o n  vege ta t ive  cells by  d iva
len t  ions  like m a g n e s iu m  (R u sse l l  an d  
T h o m a s ,  1 9 6 6 ;  G u p ta ,  1 969) .  T h e  m o n o 
va len t  a n d  d iv a len t  io n s  have  a lso  b een  
sh o w n  to  in f lu e n c e  th e  g e rm in a t io n  o f  
spores.  A c c o rd in g  to  C u r ra n  e t  al. ( 1 9 4 3 )  
spores  c o n ta in  m o re  c a t io n s  th a n  th e  
vege ta t ive  cells. F o e r s te r  a n d  F o s t e r
( 1 9 6 6 )  r e p o r t e d  in c rea sed  g e rm in a t io n  o f  
sp o re s  o f  th e  B a c i l l u s  spec ies  in  th e  
p resen ce  o f  ions . H y a t t  a n d  L evinson
( 1 9 6 1 )  a n d  L ev inson  a n d  Sevag (1 9 5 3 )  
f o u n d  m an g an e se  a n d  a n u m b e r  o f  o th e r  
a n io n s  to  s t im u la te  th e  g e rm in a t io n  o f  B. 
m e g a t h e r i u m  spores .  R o d e  a n d  F o s te r
( 1 9 6 2 )  sh o w e d  th a t  in  th e  ab sen ce  o f  
ions ,  sp o res  o f  B . c e r e u s  a n d  B . m e g a t h e r 
i u m  QMB 1551 sh o w e d  dec reased  o r  p o o r  
g e rm in a t io n .  N H 4 + h as  b e e n  sh o w n  t o  be  
essen tia l  fo r  th e  g e rm in a t io n  o f  B . s u b t i l i s  
spores  by  W olf a n d  M o h m o n d  (1 9 5 7 ) .  
G ibbs  ( 1 9 6 7 )  r e p o r t e d  C l. b i f e r m e n t a n s  
re q u i r e d  so d iu m  fo r  sp o re  g e rm in a t io n .

In th e  p re s e n t  r e p o r t  th e  e f f e c t  o f  
m o n o v a le n t  a n d  d iv a len t  io n s  u p o n  th e  
g e rm in a t io n  o f  sp o res  o f  so m e  B a c i l l u s  
species  b o t h  in  th e  p re sen ce  a n d  ab sen ce  
o f  n is in  is r e p o r te d .

EXPERIMENTAL
Organism

B a c illu s s te a r o th e r m o p h ilu s  N C A  1518 was

obtained from Alpin and Barrett Ltd., Yeovil, 
Sommerset, England. B. ce reu s  and B. m eg a 
th e r iu m  were laboratory strains. These cultures 
were maintained on nutrient agar at 4°C.

Nisin was obtained from Alpin  & Barrett, 
Ltd., Yeovil, Sommerset, England.

Culture media
In addition to the usual nutrient broth/agar, 

Thorpe’s (1960) medium was used for s p o l ia 
tion.

Preparation of spores
Spores were prepared according to the pro

cedure o f Thorpe (1960). After 8 -1 0  days’ 
incubation at 55°C in the case o f B. s te a ro 
th e r m o p h ilu s  and 45° C  in the case o f B. cereu s  
and B. m e g a th e r iu m , the spores were harvested. 
The stock suspension of spores was made in 
sterile water as described by Trammer (1964). 
Spore count was made according to Vinter
(1957).

Salts 0.0 0.01

B a c illu s s te a r o th e r m o p h ilu s
CaC lj 61.0 52.0

C u S 0 4 • 5H 20 61.0 6.4

M g S 04 • 7H 20 61.0 63.1

FeSO„ • 7 H jO 61.0 3.23

MnSO„ • H 20 61.0 4.35
NaCl 61.0 18.4

B a c illu s cereus
C aC l2 52.0 52.0
C u S 0 4 • 5H 2 O 52.0 15.3
M g S 0 4 • 7H 20 52.0 37.3
F e S 0 4 • 7H 20 52.0 19.4

MnSO„ • H20 52.0 13.6
NaCl 52.0 18.9

B a c illu s m e g a th e r iu m
C aC l2 54.0 4.0
CuSO„ • 5H 2 O 54.0 8.7
M g S 0 4 • 7H 20 54.0 46.6
F e S 0 4 • 7H 2 O 54.0 5.2
M n S 0 4 • H 20 54.0 17.0
NaCl 54.0 15.0

Effect of ions on germination of spores
Nutrient broth was tubed in 9 ml lots in 

15 x  125 mm tubes and sterilized. To  9.0 ml 
sterile broth 1.0 ml o f spore suspension was 
added and the number o f spores and vegetative 
cells in 0.01 ml o f the suspension determined 
by differential staining technique. Various con
centrations o f ions (e.g., Ca and Na as chlorides; 
Cu, Mn, Mg and Fe as sulphates) were added to 
the tubes containing 100 p i  ml nisin or no nisin. 
The tubes were incubated at 37°C in the case o f 
B. s te a r o th e r m o p h ilu s  and at 2 8 -3 0 °C  in the 
case o f B. cereu s  and B. m e g a th e r iu m  for 24 hr. 
Again the number o f spores and vegetative cehs 

in 0.01 ml o f the suspension was determined by 
differential staining and the percentage o f ger
mination calculated.

Determination of DPA release
D PA release from spores treated with nisin 

or without nisin in the presence or absence of 

various ions was studied by the method o f 
Janssen et al. (1958).

RESULTS & DISCUSSION
T H E  E F F E C T  o f  d i f f e re n t  ions  a t  v a r ious  
c o n c e n t r a t i o n s  o n  th e  g e rm in a t io n  o f  
spores  o f  B . s t e a r o t h e r m o p h i l u s ,  B . c e r e u s  
a n d  B . m e g a t h e r i u m  is ex p re s sed  in  T ab le
1. I t  was f o u n d  th a t  th e  p re se n c e  o f  Cu, 
F e  a n d  Mn in h ib i t e d  th e  g e rm in a t io n  o f

0.05 0.08 0.1 0.5 0.8 1.0

50.5 45.6 40.6 31.8 20.2 18.5

5.1 2.0 3.2 1.08 1.07 1.05

69.8 68.7 69.4 70.1 69.0 69.9

4.2 7.5 7.2 7.6 7.7 7.5

3.0 9.5 15.4 22.0 21.9 14.0

17.5 17.9 18.9 24.0 14.3 14.3

55.0 31.0 40.0 39.0 39.0 39.5

20.4 16.7 21.2 21.3 20.7 21.6

51.1 52.9 55.0 55.4 56.1 55.3

20.5 29.4 34.1 29.7 26.5 27.0
14.1 17.0 17.2 17.04 16.5 16.9
20.5 22.9 30.5 31.2 35.4 34.9

31.0 32.0 39.0 33.0 31.0 21.0
9.5 9.9 9.5 8.2 9.3 8.8

50.8 50.9 52.8 57.2 58.0 53.3
5.4 5.9 7.3 7.4 7.7 8.6

17.4 18.5 18.2 18.8 18.9 19.0
18.1 20.2 21.3 19.5 19.9 20.0

Table 1 —Effect o f salts upon the germination o f Bacillus spores

Percent germination at various concentrations 

(molar)
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Table 2 -E ffe c t o f salts upon the germination o f Bacillus spores in the presence o f 100 pg/ml o f nisln

Percent germination at various concentrations 

(molar)

Salts 0.0 0.01 0.05 0.08 0.1 0.8 1.0

B a cillu s s te a r o th e r m o p h ilu s
C a d , 6.8 11.4 15.3 15.6 17.2 17.2 17.6
C u S 0 4 • 5H 20 6.8 3.2 2.0 4.1 3.0 3.6 3.0
M g S 0 4 • 7 H jO 6.8 21.2 23.4 20.8 21.2 19.8 21.0

F e S 0 4 • 7H 2 O 6.8 4.2 3.9 4.8 3.0 3.4 4.0
MnSO„ • H 20 6.8 3.0 3.7 3.6 4.0 2.9 3.2
NaCl 6.8 3.9 3.8 4.0 3.7 3.0 4.2

B a cillu s cereu s
C aC l2 5.0 29.2 31.3 30.0 33.4 36.3 35.4

C u S 0 4 • 5H 2 O 5.0 6.4 6.6 5.9 5.3 6.0 5.9

M g S 0 4 • 7H 2 O 5.0 25.3 26.2 21.6 25.8 24.9 24.9

F e S 0 4 • 7H 20 5.0 3.2 3.6 4.0 3.9 5.2 5.0

M n S 0 4 • H 20 5.0 2.9 3.2 3.5 3.0 3.3 3.5

NaCl 5.0 4.0 3.8 3.6 3.7 3.8 3.6

B acillu s m e g a th e r iu m
C aC l2 5.7 15.1 11.2 14.3 12.6 10.8 12.3

C u S 0 4 • 5H 2 O 5.7 4.0 4.1 3.9 3.7 4.8 3.9

M gS 04 • 7H 2 O 5.7 31.1 32.3 32.0 36.0 29.0 36.6

F e S 0 4 • 7H 20 5.7 3.3 3.9 5.2 4.9 4.8 5.0

NaCl 5.7 5.2 4.3 5.6 5.2 5.0 4.9

all th re e  k in d s  o f  spores .  Ca a n d  Na were  
less in h ib i to ry .  T h e re  was a s low  b u t  
de f in i te  increase  in  th e  g e rm in a t io n  o f  
spores  o f  B. stearothermophilus w ith  an 
increase  in Mg c o n c e n t r a t i o n .  H o w ev er ,  
Mg dec reased  th e  g e rm in a t io n  o f  th e  
spores  o f  B. cereus a n d  B. megatherium a t  
0 . 0 1 —0 .0 5 %  c o n c e n t r a t i o n  ab o v e  w h ich  
g e rm in a t io n  inc reased .

R esu lts  su m m a r iz e d  in  T ab le  2 sh o w  
th a t  in  th e  p resen ce  o f  100 ju/ml nis in  Ca 
a n d  Mg ions  in c rea sed  sp o re  g e rm in a t io n .  
T h e  increase  b y  Ca ions  o b se rv ed  in  the  
case o f  B. stearothermophilus, B. cereus 
a n d  B. megatherium was a b o u t  10 .8 ,  3 0 .4  
a n d  6 .5%  respec tive ly  a t  1M c o n c e n t r a 
t io n  a n d  w i th  re s p e c t  to  Mg ions  the  
increase  in g e rm in a t io n  o f  sp o res  o f  B. 
stearothermophilus, B. cereus a n d  B. meg
atherium was 14.2 ,  19.9 a n d  3 0 .9 %  re 
spec t ive ly  a t  1.0M c o n c e n t r a t i o n .  T h e  
resu lts  in d ic a te  t h a t  Mg a n d  Ca ions

c o m p e te  w i th  n is in ,  t h e r e b y  lessen ing  the  
h a rm fu l  e f f e c t  o f  n is in  o n  sp o re  g e rm in a 
t io n .  In  th e  p re se n c e  o f  o t h e r  ions  like 
Cu, Fe, Mn a n d  Na nis in  was m o re  
in h ib i to ry  fo r  th e  g e rm in a t io n  o f  spores.

I f  Mg a n d  Ca h e lp  in  th e  g e rm in a t io n  
o f  spo res  in  th e  p resen ce  o f  nis in  th e n  
th e y  m u s t  also he lp  in  th e  release o f  DPA. 
R esu lts  o f  s tu d ie s  o n  D PA  re lease  f ro m  
spores  t r e a te d  w i th  nis in  in th e  p resence  
o r  ab sen ce  o f  Ca o r  Mg ions  are s u m m a 
r ized  in T ab le  3. I t  can  be seen  th a t  Mg o r  
Ca h e lp s  in  th e  re lease  o f  D PA  w h ereas  in 
th e  p resen ce  o f  nis in  o n ly  very  l i t t le  D PA 
is re leased . T h e re fo r e ,  i t  is c o n c lu d e d  th a t  
th e  nis in  in h ib i t s  th e  sp o re  g e rm in a t io n  
by  p rev en t in g  D PA  release.

Inc reas ing  c o n c e n t r a t i o n s  o f  Ca w ere  
o b se rv ed  to  dec rease  g e rm in a t io n  o f  all 
th re e  k in d s  o f  sp o re s  (T ab le  1). B ut w h en  
spores  w ere  t r e a te d  w i th  n is in ,  it h e lp e d  
to  c o u n te r a c t  th e  in h ib i t io n  o f  sp o re

Table 3 —Release o f DPA in the presence and absence o f nisin and 
Ca and Mg ions

Organism

Nisina 

(m/ml) Ions3

D P A  released 

(Mg)

B. s te a r o th e r m o p h ilu s 100 0.5M Mg 72

100 - 0.05

- - 53.0

B. cereu s 100 Q.05M Ca 22.5

100 - 3.5

- - 43.5

B. m e g a th e r iu m 100 0.8M Mg 28.5

100 - 3.5

- - 37.5

aDash indicates the absence of antibiotic or ions.

g e rm in a t io n  by  th e  a n t ib io t ic .  Mg ions  are 
a rea l  s t im u la n t  (T a b le  1 an d  2),  in 
c o n f o r m a n c e  w i th  th e  f ind ings  o f  F oers -  
te r  a n d  F o s t e r  ( 1 9 6 6 ) .  Russel l  a n d  T h o m 
as ( 1 9 6 6 )  a n d  G u p ta  ( 1 9 6 9 )  have  r e p o r t 
ed  th a t  th e  in c rease  o f  g e rm in a t io n  o f  
spo res  t r e a te d  w i th  a n t ib io t i c  in  th e  
p resen ce  o f  ions  m a y  be d u e  to  c o m p e t i 
t io n  b e tw e e n  th e  tw o  fo r  th e  sam e  site. 
T h e  o b se rv ed  in h ib i t io n  o f  sp o re  g e rm in a 
t io n  by  Mn ions  is in  c o n t r a d ic t io n  w ith  
th e  ea r l ie r  re p o r t s  o f  L ev inson  a n d  Sevag
( 1 9 5 3 ) .  T h e y  h ave  sh o w n  th a t  Mn ions  
s t im u la te  a n u m b e r  o f  sp o re  en zy m e s .  
A c c o rd in g  to  R o d e  a n d  F o s t e r  ( 1 9 6 6 )  th e  
ion ic  c o n d i t io n s  o f  b ac te r ia l  sp o res  a f fec t  
th e i r  g e rm in a b i i i ty .  Ca, Sr an d  Ba are 
m o s t  e f fec t iv e  in  c o n d i t io n in g  sp o re s  fo r  
g e rm in ab i i i ty .  Ions  m a y  po ss ib ly  p lay  a 
ro le  b y  a l te r ing  th e  sp o re  c o a t  p ro te in s .  
NaCl was o b se rv ed  to  be  in h ib i to r y  fo r  all 
th re e  k in d s  o f  sp o re  g e rm in a t io n  in  th e  
p resen ce  a n d  ab sen ce  o f  n is in  (T ab le  1 
a n d  2). H o w ev e r ,  I a n d o lo  a n d  O rda l
(1 9 6 4 )  r e p o r t e d  th a t  an  inc rease  in  NaCl 
in th e  p re sen ce  o f  C aD P A  d ec reased  th e  
lag in  th e  g e rm in a t io n  resp o n se  a n d  th a t  
c o m p le te  g e rm in a t io n  o c c u r r e d  m o re  r a p 
id ly  as th e  c o n c e n t r a t i o n  was inc reased .  
S u ch  e f fec t  was also o b se rv ed  b y  R o d e  
a n d  F o s t e r  ( 1 9 6 2 ) .

M u r ty  e t  al. (cf .  Lee a n d  O rd a l ,  1 9 6 3 )  
r e p o r te d  th a t  v a r ious  ca t io n s  like Cu 
in h ib i te d  th e  g e rm in a t io n  o f  B. cereus 
spores .  Lee a n d  O rd a l  ( 1 9 6 3 )  f o u n d  th a t  
th e  g e rm in a t io n  o f  a c t iv a te d  spores  o f  B. 
megatherium was in h ib i t e d  by  c o p p e r ,  
i ron ,  silver o r  m e r c u ry  salts . A c c o rd in g  to  
th e m  th e  in h ib i t io n  re su l te d  in th e  d is in 
te g ra t io n  o f  sp o re  co a ts .  H o w ev e r ,  c a t io n  
salts o f  C aCl2 , M nC l2 , N i S 0 4 , C o C l2 and  
M g S 0 4 w ere  n o t  in h ib i to r y  fo r  th e  g e rm i
n a t io n .  In  th is  s t u d y  besides F e ,  C u  and  
Na, Mn was also in h ib i to r y  fo r  sp o re  
g e rm in a t io n .
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SPIKED-PLATE FREEZE DRYING

SU M M A RY—The acceleration o f freeze-drying rates using spiked plates 
was observed experimentally and found to reduce overall drying times 
by as much as 24 hr. Experiments were conducted using different spike 
diameters, sample thickness, spike materials and heater plate tempera
tures. Weight loss and temperature profiles were obtained as a function 
o f drying times. These experimental results were used to develop a 
simplified mathematical model for predicting drying rates which will be 
o f use to the designer o f spiked-plate freeze-drying systems. Results 
obtained using the mathematical model indicate spike diameter, spike 
spacing and plate temperature have significant effect on the drying rate, 
whereas sample thickness and spike material are not significant.

INTRODUCTION
C O N D U C T IO N  m e t h o d s  fo r  su p p ly in g  h e a t  t o  t h e  ph ase  
ch an g e  f r o n t  in  f reeze  d ry in g  w ere  p ro p o s e d  b y  H ay  (1 9 5 5 )  
a n d  la te r  im p ro v e d  b y  F o r r e s t  ( 1 9 6 2 ) .  T h ese  m e t h o d s  cons is t  
o f  using  c o n d u c t i o n  to  su p p ly  h e a t  to  t h e  su b l im a t in g  ice 
phase .  A m a jo r  p ro b le m  asso c ia te d  w i th  th is  t e c h n iq u e  fo r  
th ic k  p r o d u c t s  w as th e  c o n t in u o u s ly  in c rea s in g  d ry  lay er  
w h ic h  a c te d  as a very  g o o d  th e r m a l  in s u la to r  b e tw e e n  th e  
su rface  a n d  th e  su b l im a t in g  ice phase .  T h is  p ro b le m  w as 
o v e rc o m e  b y  B ry n k o  a n d  S m ith ie s  ( 1 9 5 8 ) .  T h e  p rocess  
co n s is ted  o f  p lac ing  th e  b e e fs te a k s  b e tw e e n  tw o  sp ik ed  h e a te r  
p la tes .  T h e  sp ikes  t h u s  t r a n s m i t  h e a t  b y  c o n d u c t i o n  f ro m  th e  
h e a te r  p la te  th r o u g h  th e  d r ied  o u te r  lay e r  i n t o  th e  f r o z e n  co re  
a n d  t h u s  inc rease  th e  d ry in g  ra te .  B a l l a n ty n e  e t  al. ( 1 9 5 8 )  
c o n d u c te d  a c c e p ta b i l i ty  s tu d ie s  o f  b e e f  f reeze  d r ied  using  
sp ik ed  p la tes  a n d  f o u n d  t h e m  to  be  as a c c e p ta b le  to  ta s te  
p an e ls  as m e a t  c o n v e n t io n a l ly  f reeze  d r ied  us ing  ra d ia n t  
hea t in g .  M ink  a n d  Sachse l ( 1 9 6 1 )  p re s e n te d  a m a th e m a t ic a l  
m o d e l  w h ic h  p re d ic ts  d ry in g  t im e s  o f  m e a t  p lace d  o n  sp ik ed  
p lates.

T h e  sp ik ed  p la te  s y s te m  p r e s e n te d  b y  B ry n k o  a n d  S m ith ies
( 1 9 5 8 )  e x h ib i te d  h a n d l in g  p ro b le m s  w h e n  a t t e m p t s  w ere  m a d e  
to  use  t h e  sp ik ed  p la tes  in  ex is t in g  freeze -d ry in g  e q u ip m e n t .  
T h e re fo re ,  th e  c u r r e n t  in v e s t ig a t io n  was u n d e r t a k e n  to  deve lop  
a feas ib le  s y s te m  w h ic h  c o u ld  be  used  w i th  c o n v e n t io n a l  
f reeze -d ry in g  e q u ip m e n t  w i th o u t  m a jo r  m o d i f i c a t io n  o f  th e  
freeze  d ry e r .  S tu d ie s  o f  th e  in te rn a l  d ry in g  p r o b le m  w ere  m a d e  
e x p e r im e n ta l ly  a n d  a m a t h e m a t ic a l  m o d e l  w as d e v e lo p e d  to  
eva lua te  t h e  e f fec t  o f  th e  design  p a ra m e te r s  o n  d ry in g  ra tes .

EXPERIMENTAL

Spiked plate
The experiment conducted by Brynko and Smithies (1958) used a 

spiked plate system in which spikes were alternately attached to the top

P r e s e n t  address: C ollege o f  Industria l M anagem ent and T extile  S c i
ence, C lem son  U niversity , C lem son , SC 2 9 6 3 1

and bottom plate. Stripper plates were placed between the plates and 
meat to aid in the removal o f the meat at the completion o f freeze
drying. Electric resistance heaters were placed on the back o f each plate 

and the pins were secured in place by a force fit in holes drilled in the 
plate. The entire spiked plate unit was cumbersome and difficult to use 
in existing radiantly heated freeze-drying units. As a result o f the alter
nating top and bottom plate mounted spikes, the placement o f the 

meat sample between the plates was difficult. The stripper plates acted 
as a resistance to thermal radiation which may be added to the meat 
sample from the heated plate.

An effort was made in the current investigation to eliminate some o f 
the mechanical difficulties exhibited by Brynko and Smithies’ design. 
The spiked plates for these experiments were constructed from two 
1 /8-in. thick aluminum plates with holes drilled in one plate for the 
spikes. The spikes were inserted and the plates were bolted together to 
secure the spikes in place. The spikes were constructed from different 
cold drawn materials in different diameters and lengths. One end o f the 
spike was sharpened and the other enlarged to prevent the spike from  
falling out o f the holes in the first plate. The plate was easily con
structed in thin wafers and the problem o f sample placement was elim
inated. The stripper plates used by Brynko and Smithies were elimi
nated because it was decided that means for product removal could be 
provided externally to the freeze-drying equipment upon completion o f 
the drying process. There appears J o  be little advantage gained from  

having two spiked plates when conadering heat transfer to the product. 
When using spikes o f high thermal conductivity (such as aluminum) the 
advantage gained from two plates in increased heat transfer appears to 

be small when considering the handling problems created with the 
second plate. Also, when only one plate is used the upper exposed 
surface o f the product can gain radiant heat from the platen above each 
tray in the freeze dryer. When no stripper plate is used between the 
product and the spiked plate during the drying process, radiation from  
the plate will add heat to the product in addition to the heat added by 

conduction through the spikes.
The spiked plate was 10 in. x  10 in. for these experiments; however, 

much larger plates could be used. The spikes were constructed from

Fig. 1 -Spiked-plate freeze-drying apparatus.
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three different diameter rods: 1/16, 3/32, and 1/8 in. and were 1-1/2-2 
in. long. The 1/16 in. diam pins were made from stainless steel having a 
thermal conductivity o f 9 BTU/hr-ft-°F. Three different plates were 
constructed to accommodate the three different spike diameters. The 

spike spacing was 1 /2 in. for each o f these plates.
The spiked plate was placed on a 1700 watt electrical heater which 

was then placed on a load cell just below the bottom  heating platen in a 
freeze dryer as shown in Figure 1. The heater was controlled by a 
variable transformer. The electrical heater was used because it could be 
easily suspended from a load cell. Under normal production procedures 
the spiked plates would be placed directly on the heating platens in the 

freeze dryer.

Instrumentation

Temperature measurement. Temperatures were measured at loca
tions within the meat, on the spikes, plate and platen using 36 guage 
copper-constantan thermocouples. The wire was supplied by Thermo
electric Corp.„Saddle Brook, N.J. on special order and was individually 
coated with teflon. The thermocouples were constructed by a resistance 
welding process. The thermocouples were placed on the spikes, plate 
and platen by using a fine-pointed punch to make a hole along the 

surface and placing the thermocouple junction in place, then the junc
tion was peened into the surface o f the metal. The emf produced by 
these thermocouples was recorded with a 24-point recording potenti
ometer. The thermocouples were calibrated using mercury in glass 
precision thermometers.

1WWW \\\VPLATEN XWWWWNT

Fig. 2 —Sp iked-p late d ry in g  m odel.

I TORR CHAMBER PRESSURE  
3/32" DIAMETER ALUMINUM PINS

Fig. 3 —Pe rcen t w e igh t loss vs. d ry in g  tim e w ith  3/32-in. d iam  pins.

Weight measurement. A  force transducer supplied by Schaevitz 

Engineering, Pennsauken, N.J., type FTA-5-10 with a range o f ± 10 lb 
was used on a cantilever pivot beam to increase the sensitivity o f the 
weight change. The system is shown in Figure 1. The resolution o f the 

load cell was less then lg. The load cell was driven with a Schaevitz 
Engineering signal conditioner model SCM-025 having a ± 10 V dc out
put. The signal conditioner output was measured with a digital volt
meter. Calibration was accomplished before each test run by placement 
o f known weights on the load cell system. The linearity o f the load cell 
was tested by Schaevitz Engineering and found to be less than 0.12% 

deviation over the full range of the impressed voltage. The overall 
weight loss o f each sample was checked with a Mettler P1200N balance 

by weighing before and after drying.
Total pressure measurement. The total pressure of the drying cham

ber was controlled to 1 torr and this pressure was determined using a 
Wallace and Tiernan absolute pressure guage. Calibration o f the gauge 

was conducted prior to each experimental run and immediately follow 
ing.

Sample preparation

The beef used was obtained from a “ top o f the round”  cut o f U.S. 
Choice beef. The entire cut was frozen in a 0°F food freezer and 
samples were sawed out o f the frozen meat using a Globe meat saw. 
The samples were cut such that the grain direction was parallel to the 

spikes when the sample was placed on the spiked plate. The samples 
were cut to approximately 3 X 4 in. and to the thickness required for 
each experiment. The edge effects were minimzed by properly sizing 
the sample such that the edge o f the sample was just at the center o f  a 
row o f pins. Very little over-hang o f the sample was allowed behind the 
last row o f spikes on each side. The sample was allowed to thaw on a 
stainless plate in a refrigerator at 40° F. This thawing procedure was 

necessary to allow insertion o f thermocouples within the meat. For 
production purposes this thawing step may be eliminated. The meat was 

placed on the spikes by forcing the spikes down on the stainless plate 
allowing the spikes to come just through the top surface o f the meat. 
Thermocouples were placed between the spikes on the top and bottom  
surfaces o f the sample. Thermocouples were also placed between the 
spikes half way between the top and bottom surface o f the sample. 
Three thermocouples were placed in this manner within the meat 2 in. 
from the side, thus placing the thermocouples approximately in the 
center o f the sample. Follow ing placement of the thermocouples the 

spiked plate holding the sample was placed in a food freezer at 0°F  and 
allowed to refreeze for at least 6 hr prior to the experiments.

ANALYTICAL INVESTIGATION
A m a th e m a t ic a l  m o d e l  is d ev e lo p e d  to  p red ic t  d ry in g  t im e  

fo r  sp ik ed -p la te  freeze  d ry in g  in  w h ich  th e  p r o d u c t  su r face  
t e m p e r a tu r e  a n d  spike te m p e ra tu re s  vary  f r o m  th e  in itia l 
f ro zen  p r o d u c t  t e m p e r a t u r e  to  a t e m p e r a t u r e  s l igh tly  less th a n  
th e  p la te  an d  p la te n  t e m p e r a tu r e .  T h e  p la te  a n d  p la te n  
t e m p e r a tu r e  is c o n s ta n t  fo r  th is  analysis. T h e  m o d e l  is sh o w n  
in F ig u re  2.

H ea t  a d d e d  by  th e  f in  to  th e  p r o d u c t  th r o u g h  c o n d u c t i o n  is 
f o u n d  by  c o n s id e r in g  th e  h e a t  p e r  u n i t  t im e  c ross ing  b o u n d a r y

~ k p A p
( T h  -  T p )

b H I

I TORR CHAMBER PRESSU RE  
1 /8 "  DIAMETER ALUMINUM PINS

Fig. 4 —P e rcen t w e igh t loss vs. d ry in g  tim e w ith  1/8-in. d iam  pins.
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It is a s su m e d  t h a t  th e  p in  is at a c o n s t a n t  t e m p e r a t u r e  T p a t  
a n y  lo c a t io n  w ith in  th e  m e a t .  T h is  a s s u m p t io n  is r e a s o n a b le  as 
will b e  i l lu s t ra te d  w h e n  th e  e x p e r im e n ta l  d a ta  a re  p re s e n te d  in 
a la te r  sec t io n .  T h e  h e a t  leaving th e  p in  i n to  t h e  sam p le  a t  
b o u n d a r y  2 is

Q2 =
27r, k rnn  (Tp T f )L 

ln (s /a )
[2]

assum ing  a rad ia l  h e a t  f lo w  a ro u n d  th e  p in  i n to  th e  dried

p o r t io n  o f  t h e  beef .  T h u s  a t  a n y  in s ta n t  o f  t im e  th e se  tw o  h ea t  
f lo w s  sh o u ld  b e  eq u iv a len t .  E q u a t io n s  [1 ]  a n d  [2 ]  a re  solved 
fo r  t h e  p in  t e m p e r a t u r e  w i th in  th e  m e a t ,

Tf + 7 (ln  s / a )T H
T n = —— —---- i— JL [3]

p 1 + 7  In s /a

w h ere  7  is a c o n s ta n t .  T h e  en ergy  re q u i r e d  t o  su b l im a te  a 
d i f fe re n t ia l  e le m e n t  ds a t  th e  phase  c h an g e  f r o n t  (p o s i t io n  3) 
p e r  u n i t  t im e  is

(is
q 3 = 277 L s p  X H [4 -l

I TORR CHAMBER PRESSURE
N eg lec t in g  th e  e n e rg y  n e e d e d  to  raise th e  t e m p e r a t u r e  o f  th e  
d r ied  reg ion ,  q 3 will eq u a l  q 2 a n d  e q u a t io n s  [ 2 ] ,  [3 ]  a n d  [4 ] 
can  be c o m b in e d  to  y ie ld

ds _  7 ( T h  -  T f)

d t  B(s +  7 s In s /a )  ^

In  e q u a t io n  [5 ]  7 , B a n d  a are c o n s t a n t s  w h ich  are
i n d e p e n d e n t  o f  t im e  a n d  rad ia l  p o s i t io n .  T h e  t e m p e r a t u r e  o f  
th e  ice p h a se  f r o n t  T f  d e p e n d s  o n  th e  to t a l  a n d  p a r t ia l  p ressure  
o f  th e  w a te r  v a p o r  w i th in  th e  d ry in g  c h a m b e r  a n d  is nea r ly  
c o n s t a n t  if  th e  c h a m b e r  p ressu re  re m a in s  c o n s t a n t  th r o u g h o u t  
t h e  p rocess .  T h u s ,  in  e q u a t i o n  [5 ]  o n ly  s an d  t  a re  variables . 
In te g ra t in g  e q u a t io n  [5 ] b y  p a r t s ,

----------  PLATE
---------- FACE OF MEAT ON PIN
-----------1/2" IN MEAT ON PIN
--------- TOp FACE 0F MEAT
-----------FACE OF MEAT TOWARD PLATE
-----------1/2" IN MEAT BETWEEN SPIKES

I TORR CHAMBER PRESSURE 
1/8" DIAMETER ALUMINUM PINS 
f  THICK SAMPLE 
IIO 'F PLATE TEMPERATURE
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Fig. 6 —Tem peratu re th rou g h ou t sam ple vs. d ry in g  tim e w ith  1/ 8 -in. 

d iam  pins.

I TORR CHAM8ER PRESSURE 
3/32" DIAMETER ALUMINUM PINS 
f  THICK SAMPLE 
110*F PLATE TEMPERATURE

----------  PLATE
--------- FACE OF MEAT IN PIN
---------- IN PIN 1/2" FROM MEAT FACE
---------- FACE OF MEAT BETWEEN SPIKES TOWARD PLATE
—  ----- FACE OF MEAT NEXT TO FREEZE DRYER HEATER
---------- 1/2“ IN MEAT BETWEEN SPIKES STRAIGHT IN
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DRYING TIME (HOURS)
Fig. 7 — Tem perature th rou g h ou t sam ple vs. d ry in g  t im e  w ith  3 /32-in. 

diam  pins.

t = B
7 (T h  -  Tf )

lns/a [6 ]

E q u a t i o n  [ 6 ] gives t h e  t im e  re q u i r e d  f o r  th e  ph ase  ch an g e  
f r o n t  to  re a c h  a rad ia l  p o s i t io n  s.

H ea t  is su p p l ied  b y  th e r m a l  ra d i a t i o n  t o  t h e  sam p le  f ro m  
th e  p la te  a n d  p la ten .  T o  a c c o u n t  fo r  th is  h e a t  a m a th e m a t ic a l  
analys is  o f  slab freeze  d ry in g  d e v e lo p e d  b y  C h o  a n d  S u n d e r 
lan d  ( 1 9 7 0 )  is used  (see  A p p e n d ix ) .  T h e  d ry in g  t im e  re q u i re d  
fo r  th e  p h a se  ch an g e  p o s i t io n  t o  r e a c h  a d e p th  z w i th in  th e  
slab d u e  to  th e r m a l  ra d i a t i o n  f r o m  th e  p la te  a n d  p la te n  is given 
by

X p H 
T H - T t

72 Z +  C i
r ^  + C2z + (C3 — C1C2)ln( p )
Kmp '-1

[7]

W ith e q u a t io n s  [ 6 ] a n d  [ 7 ] ,  all t h e  h e a t  in p u t s  t o  t h e  sam p le  
a re  c o n s id e re d .  M ost o f  th e  h e a t  i n p u t  is o b ta in e d  f ro m  
c o n d u c t i o n  th r o u g h  t h e  p ins ;  h o w e v e r ,  to  o b t a i n  a c c u ra te  
w e ig h t  loss d a ta  f r o m  t h e  ana lys is ,  c o n s id e ra t io n  m u s t  b e  given 
t o  t h e  a d d i t io n  o f  th e r m a l  ra d i a t i o n  f r o m  th e  p la te  a n d  p la ten .  
S h o u ld  le n g th  o f  d ry in g  be  t h e  o n ly  c o n c e r n  in  t h e  analys is ,  
th e  use  o f  e q u a t i o n  [ 6 ] is all t h a t  is r e q u i re d .  T h e  c o n tro l l in g  
var iab le  f o r  t o t a l  d ry in g  t im e  is t h e  rad ia l  d ry in g  d e p th  s, an d  
th e  slab d ry in g  f o u n d  f r o m  e q u a t i o n  [7 ]  is n o t  n ecessa ry .  F o r  
e x a m p le ,  t h e  t im e  r e q u i r e d  to  d ry  a 1-in. th i c k  s lab  is 30  h r  
w i th  a 1 1 0 ° F  p la te  t e m p e r a t u r e  a n d  th e  h e a t  t r a n s fe r  f ro m  th e  
p in s  will d ry  th e  s am e  sam p le  in a b o u t  6 —8 h r ,  d e p e n d in g  
u p o n  th e  p in  d ia m e te r  a n d  spacing.

T h e  m e t h o d  o f  ca lc u la t in g  p e rc e n t  w e ig h t  loss  involves 
ca lc u la t in g  th e  d e p th  o f  p e n e t r a t i o n  o f  t h e  p h a se  f r o n t  f ro m  
e q u a t i o n  [ 6 ] a n d  fo r  t h e  s am e  t im e  d e te r m in in g  th e  d e p th  o f  
d ry in g  z o b ta in e d  f r o m  e q u a t io n  [ 7 ] .  F r o m  F ig u re  2 i t  m a y  be 
o b se rv ed  th a t  d ry in g  p ro c e e d s  f r o m  th e  p ins  a n d  f r o m  th e  
su rface  b e tw e e n  th e  p ins . T h u s ,  t h e r e  is a c o n t i n u o u s  ch ang ing  
o f  th e  area  o f  th e  f r o z e n  m e a t  e x p o s e d  to  t h e  p in  a n d  to  th e  
p r o d u c t  surfaces .  A n  a c c o u n t  is m a d e  fo r  th is  in  th e  analys is  
b y  r e d u c in g  th e  area  o f  h e a t  t r a n s fe r  f r o m  th e  su r face  o f  th e  
sa m p le  t o  t h e  f ro z e n  s e c t io n  in  an  a m o u n t  eq u a l  to  t h e  rad ia l  
area  d r ied  a r o u n d  th e  pin. T h e  r e d u c t io n  o f  t h e  slab h e a t  
t r a n s fe r  a rea  was c h o se n  b e c a u se  th e  p in  d ry in g  is m u c h  fas te r
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th a n  th e  slab d ry in g  a n d  th is  area  is chan g in g  m u c h  fa s te r  th a n  
th a t  o f  t h e  p in .  T h e  phase  ch an g e  f r o n t  re c e e d s  rad ia l ly  f ro m  
th e  p in  a n d  s im u l ta n e o u s ly  a phase  change  f r o n t  re c e e d s  f r o m  
th e  free  su r face .  Using th e  v o lu m e  c re a te d  b y  th e  e q u iv a le n t  
rad ia l  d ry in g  d ia m e te r  a n d  th e  m e a t  th ic k n e ss ,  a n d  c o n s id e r in g  
th e  rad ia l  a n d  slab d ry in g  v o lu m es ,  a s im p le  c a lc u la t io n  w as 
used  to  d e te r m in e  w e igh t  loss f r o m  th e  fo l lo w in g  e q u a t io n :

% w t loss =
100  A(vol d r ied  b y  p in  + vol d r ied  b y  r a d i a t i o n )  

7t(D 2 -  a 2 )L
[8]

This  e q u a t io n  gives t h e  w e ig h t  loss a t  a spec if ic  d ry in g  t im e  at 
w h ic h  th e  d r ied  v o lu m e s  o f  p in  a n d  slab w ere  o b ta in e d .  T h e  
v o lu m e  d r ied  b y  th e  p in  w as d e te r m in e d  f r o m  e q u a t i o n  [ 6 ] 
a n d  th e  v o lu m e  d r ied  b y  r a d ia t io n  f r o m  p la te  a n d  p la te n  was 
f o u n d  b y  us in g  tw ic e  t h e  value o b ta in e d  f r o m  e q u a t io n  [ 7 ] ,  
By ca lc u la t in g  each  v o lu m e  f r o m  d ry in g  d is ta n c e  s a n d  z a t  th e  
sam e  d ry in g  t im e  t in  e q u a t io n s  [ 6 ] a n d  [7 ]  th e  w e ig h t  loss 
was f o u n d  a t  a n y  t im e.

RESULTS & DISCUSSION
W E IG H T  L O SS  as a f u n c t io n  o f  d ry in g  t im e  is p re s e n te d  in 
F igures  3 — 5 fo r  e ach  set o f  te s t  c o n d i t io n s .  T h e  d ry in g  
c h a m b e r  to t a l  p ressu re  was m a in ta in e d  a t  1 t o r r  d u r in g  each  
e x p e r im e n t .

T h e  t e m p e r a t u r e s  o f  th e  p la te  a n d  p la te n  a re  t h e  sam e  a n d  
are  in d ic a te d  o n  th e  figures. T h e  sp ik e d  p la tes  hav ing  th e  
a lu m in u m  p ins w ere  o p e r a t e d  a t  1 1 0 °F .  T h e se  p in s  have  a h igh  
th e r m a l  c o n d u c t iv i ty  so t h a t  th e  p ins in  th e  m e a t  rea c h  a 
t e m p e r a t u r e  o f  a b o u t  100 F  very  ra p id ly .  S h o u ld  a h igher  
p la te  t e m p e r a t u r e  have b e e n  u sed ,  sc o rc h in g  th e  d r ied  b ee f  
a r o u n d  th e  p ins m a y  have  re su l te d .  T h e  s c o rc h  t e m p e r a t u r e  fo r  
b e e f  m a y  vary  f r o m  sam p le  to  sam p le ,  b u t  a su rface  
t e m p e r a t u r e  o f  1 0 0 ° F  will n o t  re su lt  in  d a m a g e  to  th e  beef. 
B ry n k o  a n d  S m ith ie s  ( 1 9 5 8 )  used  a p la te  t e m p e r a t u r e  o f  
125 F  a n d  o b se rv ed  s o m e  d am ag e  d u e  to  sco rch in g  o f  th e  
su rface  o f  t h e  m e a t  in  c o n ta c t  w i th  t h e  pins. P la te  a n d  p la te n  
te m p e r a tu r e s  w i th  th e  s ta in less  p ins w ere  h e ld  a t  1 2 0 ° F  a n d  
1 2 5 ° F .  A n  in s p e c t io n  o f  F ig u re  5 reveals t h a t  a d i f fe re n c e  in 
p la te  a n d  p la te n  t e m p e r a t u r e  o f  5 F  m a k e s  very  l i t t le  
d i f fe ren ce  in  d ry in g  ra te  using  th e  s ta in less  pins.

T h e  re su lts  o f  th e  3 /3 2 - in .  d iam  p in  using  d i f f e re n t  sam p le  
th ick n esse s  o f  3 /4  an d  1 in. sh o w n  in F ig u re  4 in d ic a te  t h a t  
th e  sam p le  th ic k n e ss  has  l i t t le  e f fec t  o n  d ry in g  ra te .  T h e  sam e 
resu lt  is in d ic a te d  w i th  th e  1 / 8 -in. d ia m  p ins using  1 a n d  1- 1/ 2 - 
in. th ic k  sam ples.

T h e  d if fe re n c e  in t e r m in a l  p e rc e n ta g e  w e ig h t  loss ranges 
f r o m  6 8 —71 %  in d ic a te s  th e  v a r ia t io n  o f  th e  in i t ia l  m o is tu re  
a n d  fa t  c o n t e n t  o f  th e  sam ples .

T h e  t im e  a t  w h ic h  n o  f u r th e r  d ry in g  t a k e s  p lace  is d if f icu l t  
t o  d e te r m in e  as in d ic a te d  by  F igure  4 .  T h e  d a ta  im p ly  6 h r  as 
th e  d ry in g  t im e  r e q u i r e d ;  h o w ev e r ,  f r o m  6 —7 h r  o f  d ry ing ,  
th e r e  is a ch an g e  o f  0 .5%  in  w e ig h t  loss in d ic a t in g  f u r th e r  
d ry in g  o f  t h e  sam p le .  T h is  s am e  genera l  re su lt  h o ld s  w i th  th e  
o th e r  m e th o d s  o f  d ry ing . Several te s ts  w ere  c o n d u c te d  w here  
d ry in g  was t e r m i n a t e d  a t  6 h r  as in  th e  case o f  t h e  e x p e r im e n t  
in d ic a te d  in  F igure  5. T h e  sam p le  was d is sec ted  a n d  in s p e c te d  
fo r  se c t io n s  o f  u n d r i e d  b eef .  Ir> th ese  te s ts ,  n o  w e t  sec t io n s  
were  f o u n d  by  visual in s p e c t io n .  T h e re fo r e ,  th e  e n d  p o in t  was 
c h o se n  to  b e  th e  t im e  a f t e r  w h ic h  th e  p e rc e n ta g e  w e ig h t  loss 
was less th a n  0 .5% . F o r  e x a m p le ,  in  F igu re  5 ,  th e  t im e  
re q u i re d  t o  d ry  th e  sam p le  w o u ld  be  6.5 hr.

Temperature distribution
T h e  te m p e r a tu r e s  m e a s u re d  d u r in g  th e  e x p e r im e n t s  are 

p re s e n te d  in  F igures 6 , 7 a n d  8 . T h ese  t e m p e r a tu r e s  are very  
use fu l  in  d ev e lo p in g  a m o d e l  t o  desc r ibe  th e  d ry in g  process .  I t  
m a y  be  ob se rv ed  f ro m  F igures  6 a n d  7 w i th  a lu m in u m  pins 
t h a t  t h e  t e m p e r a tu r e  d i f fe ren ces  o f  th e  p ins  w i th in  th e  m e a t  
are very  small .  H o w ev e r ,  w i th  th e  sta in less  p ins s h o w n  in 
F igure  8 , t h e  t e m p e r a tu r e  d is t r i b u t io n  in  th e  p in  is m u c h

larger. This  sh o u ld  have  an adverse  e f fec t  o n  th e  resu lts  o f  th e  
m a th e m a t ic a l  m o d e l  d u e  to  th e  a s s u m p t io n  o f  a u n i f o r m  
t e m p e r a t u r e  o f  th e  p in  in  th e  m ea t .

A c o m p a r iso n  o f  th e  d ry in g  t im es  in d i c a te d  in  F ig u re s  3 
an d  4 an d  th e  t im e s  a t  w h ic h  th e  t h e r m o c o u p l e s  in  th e  c e n te r  
o f  th e  m e a t  sam p le  b e tw e e n  th e  sp ikes  sh o w n  in F ig u re s  6 a n d  
7 gives an  in d ic a t io n  o f  th e  e n d  p o in t .  I f  th e  d ry in g  t im e  at 
w h ich  th e  t e m p e r a tu r e  s ta r ts  to  a p p r o a c h  th a t  o f  th e  p la te  a n d  
p la te n  s h o w n  in F igure  6 is c o m p a r e d  to  t h e  p e r c e n t  w e ig h t  
ch an g e  d a ta  o f  F ig u re  4 ,  a g o o d  c o r r e la t io n  m a y  be  o b ta i n e d  
fo r  d e te r m in in g  th e  e n d  p o in t  o f  d ry ing .

Comparison of analytical and experimental results
T h e  c a lc u la t io n s  based  o n  th e  m o d e ls  d e v e lo p e d  f o r  rad ia l  

a n d  slab d ry in g  are c o m p a r e d  w i th  th e  e x p e r im e n ta l  w e ig h t  
loss d a ta  us in g  th e  fo l low ing  p h y s ic a l  p r o p e r t ie s  o f  th e  
sam ples :

P ro p e r t ie s_____________________ R e fe ren ce

p = 57 .4  l b m / f t 3 D ick e rso n  (1 9 6 8 )
k m p = 0 .0 4 9  B T U /h r - f t - ° R L a b o ra to ry
k m n = 0 .0 1 9 3  B T U /h r - f t -°R L a b o ra to ry
H =  14 8 8  B T U /lb m D y e r  e t  al.  ( 1 9 6 6 )
X =  0 .7 0 L a b o r a to r y
6 =  0 .7 4 M cC u llo ch  a n d  S u n d e r la n d  

( 1 9 7 0 a )
Tsc =  10 0 ° F H a tc h e r  e t  al. ( 1 9 7 1 )
Tf =  5 .5 ° F H a tc h e r  e t  al. ( 1 9 7 1 )

I TORR CHAMBER PRESSURE
1/16" DIAMETER STAINLESS STEEL PINS
l" THICK SAMPLE
120* PLATE TEMPERATURE

------  PLATE
------ PIN AT FACE OF SAMPLE
------ SURFACE BETWEEN SPIKES TOWARD PLATEN
------ SURFACE BETWEEN SPIKES TOWARD PLATE
------ PIN AT 1/2" FROM SAMPLE SURFACE
------ MEAT BEWEEN SPIKES 1/2“ FROM SAMPLE SURFACE

DRYING TIME (HOURS)
Fig. 8—Temperature throughout sample vs. drying time with 1/16-in. 
diam pins.

1/8“ DIAMETER ALUMINUM PINS 
1/2“ PIN SPACING

DRYING TIME (HOURS)
Fig. 9-Percent weight loss vs. drying time at different plate tempera
tures using mathematical model.
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1/8* CHAMETEN ALUMINUM PINS 
1/2" PIN SPACING

»*

Fig. 10—Percent weight loss vs. drying time at different sample thick
ness using mathematical model.

T h e  freeze -d ry in g  l a b o r a to r y  a t  N o r th  C a ro l in a  S ta te  
U n iv ers t iy  is p re s e n t ly  engaged  in  re sea rch  to  d e te r m in e  th e  
th e r m a l  c o n d u c t iv i ty  o f  f reeze -d r ied  b e e f  u n d e r  c o n d i t io n s  
w h e re  th e  p a r t ia l  p ressu re  o f  w a te r  v a p o r  is e q u iv a le n t  to  t h a t  
ex is t in g  d u r in g  a c tu a l  d ry ing .  T h e  c o n d u c t iv i ty  n o rm a l  an d  
parallel t o  grain d i r e c t io n  is m e a s u re d  w i th  a g u a rd e d  h o t  
p la te .  A n  e x p e r im e n ta l  m e t h o d  is u sed  to  m e a su re  th e  p o ro s i ty  
o f  freeze -d r ied  beef.  T h e  d a ta  re f e re n c e d  as la b o r a to r y  was 
o b ta in e d  us in g  th is  e q u ip m e n t .

T h e  c o m p a r i s o n  o f  th e  a n a ly t ic a l  re su l ts  to  th e  e x p e r i 
m e n ta l  d a ta  is sh o w n  in F igures  3 —5. T h e  a s s u m p t io n  o f  an  
i s o th e rm a l  p in  w i th in  th e  b e e f  th o u g h  n o t  vaiid fo r  th e  
s ta in less  p in  d o es  n o t  a f f e c t  th e  re su lts  o f  th e  m o d e l  as sh o w n  
by  th e  close a g re e m e n t  o f  th e  a n a ly t ic a l  a n d  e x p e r im e n ta l  
re su lts  o f  F ig u re  5. T h e  m o d e l  ap p e a rs  a d e q u a te  fo r  design 
p u rp o s e s  w i th in  th e  range o f  p in  c o n d u c t iv i t ie s  o f  9 —94 
B T U /h r - f t - ° F .  T h is  range  o f  c o n d u c t iv i t ie s  covers m o s t  m a te 
rials u sed  fo r  p in  c o n s t r u c t io n .  S h o u ld  a m a te r ia l  hav ing  a 
c o n d u c t iv i ty  o f  less th a n  9 B T U /h r - f t - ° F  be used  th e re  m a y  be 
l i t t le  ad v an ta g e  o f  th e  sp ik e d  p la te  m e t h o d  o ver  o t h e r  fo rm s  o f  
h e a t  a d d i t io n  su c h  as r a d ia n t  hea t in g .

T h e  ch o ic e  o f  rad ia l  d ry in g  d is tan ce  s fo r  use in  th e  m o d e l  
to  p red ic t  th e  e n d  p o in t  o f  d ry in g  is im p o r t a n t .  T h e re  
a p p e a re d  to  be  th r e e  ch o ice s :  th e  d iag o n a l  c e n te r  b e tw e e n  
o p p o s in g  sq u a re s  o f  sp ikes  ( t h e  las t  p o in t  to  d ry  in  th e  c u b e  o f  
m e a t  b e tw e e n  th e  sp ik es) ;  th e  rad ia l  d is tan ce  f o r m e d  b y  a 
circle eq u iv a le n t  in area  to  th e  area  b e tw e e n  f o u r  o p p o s in g  
sp ikes ; o r  t h e  rad ia l  d is ta n c e  eq u a l  t o  h a l f  th e  d is tan ce  
b e tw e e n  th e  sp ikes .  T h e  las t o f  th e se  rad i i  s e e m e d  to  give th e  
bes t  a g re e m e n t  b e tw e e n  c a lc u la te d  a n d  e x p e r im e n ta l  resu lts .

M in k  a n d  Sachse l ( 1 9 6 1 )  p re s e n te d  th e  fo l lo w in g  e q u a t io n  
fo r  p re d ic t in g  th e  to t a l  d ry in g  t im e :

=  3 V 3 M D 2 L 
87rk f (T H -  Tf )a

This  e q u a t io n  p re d ic ts  t h a t  th e  d ry in g  t im e  is p r o p o r t i o n a l  to  
th e  sq u a re  r o o t  o f  th e  sa m p le  th ick n ess  w h e reas  o u r  results  
in d ic a te  t h a t  th e  d ry in g  t im e  is nea r ly  in d e p e n d e n t  o f  
th ick n ess  fo r  sam p les  g rea te r  th a n  3 /4 - in .  th ic k .  T h is  e q u a t io n  
also uses th e  th e r m a l  c o n d u c t iv i ty  o f  th e  f ro z e n  reg ion . O u r  
s tu d ie s  sh o w  th a t  d ry in g  ta k e s  p lace  a ro u n d  th e  sp ikes so  th a t  
th e  th e r m a l  c o n d u c t iv i ty  o f  th e  d r ied  reg io n  se e m s  to  be m o re  
re levan t .  A l th o u g h  th is  e q u a t io n  a d e q u a te ly  p re d ic ts  th e  
e x p e r im e n ta l  re su lts  o f  B ry n k o  an d  S m ith ie s  ( 1 9 5 8 ) ,  it  gives

1/8" DIAMETER PINS 
1/2" PIN SPACING 
I" THICK SAMPLE 
IIO*F PLATE TEMPERATURE

Fig. 11 —Percent weight loss i/s.  drying time at different pin thermal 
conductivities using mathematical model.

erro rs  as m u c h  as 60%  fo r  th e  d a ta  p re s e n te d  in th e  c u r r e n t  
in v es t ig a t io n .  T h u s  it do es  n o t  a p p ly  t o  as m a n y  s i tu a t io n s  as 
th e  e q u a t io n s  w e have p re se n te d .

Extension of model to design considerations
T h e  m a th e m a t ic a l  m o d e l  is u sed  to  inves t iga te  th e  fo l lo w in g  

design variables :  p la te  t e m p e r a t u r e ,  p r o d u c t  th ic k n e ss ,  p in 
th e r m a l  c o n d u c t iv i ty ,  p in  sp ac in g  a n d  p in  d ia m e te r .  T h e  
p ro p e r t ie s  o f  th e  sam p le  are th e  sam e  as th o s e  used  in th e  
p rev io u s  sec t io n .

Plate temperature. T h e  re su lts  o f  th e  m o d e l  u s ing  d i f fe re n t  
p la te  t e m p e r a tu r e s  are sh o w n  in F igure  9. T h e  150 F  p la te  
t e m p e r a t u r e  red u ces  th e  d ry in g  t im e  to  4 .7  h r  f ro m  6 .4  h r  fo r  
a 1 1 0 °F  p la te  t e m p e r a tu r e .  T h u s ,  th e  p la te  t e m p e r a t u r e  has a 
large e f f e c t  o n  d ry in g  t im e .  H o w ev e r ,  th e  use  o f  p la te  
t e m p e r a t u r e  ab o v e  1 1 0 ° F  resu lts  in re d u c e d  p r o d u c t  q u a l i ty .  
A lso ,  th e  p r o d u c t  m ay  be th e r m a l ly  d a m a g e d  a r o u n d  th e  p ins 
b ecau se  o f  th e  high p in  t e m p e r a tu r e  w i th  h igh  p la te  t e m p e r 
a tu re s .  T h u s ,  e lev a tio n  o f  th e  p la te  t e m p e r a t u r e  to  achieve 
fa s te r  d ry in g  sh o u ld  be  d o n e  o n ly  w i th  c o n s id e ra t io n  o f  
re su l t in g  p r o d u c t  q u a l i ty .

Product thickness. T h e  e f f e c t  o f  sa m p le  th ic k n e ss  o n  d ry in g  
ra te  b e c o m e s  very  sm all  w h e n  th ic k  sam p le s  are used  as sh o w n  
in F igure  10. F o r  e x a m p le ,  th e  1-in. th ic k  sam p le  dries  in 6.7 
h r  a n d  th e  3-in. sam p le  dries in 7 h r .  T h u s ,  th is  design 
p a r a m e te r  has  l i t t le  e f fec t  o n  d ry in g  ra te s  a n d  is o f  sm all 
im p o r t a n c e  w i th  th ic k  p ro d u c t s  w h e n  sp ik e d  p la te  d ry in g  is 
be ing  co n s id e red .

Pin thermal conductivity. T h e  re su lts  o f  d i f f e re n t  p in 
th e r m a l  c o n d u c t iv i t ie s  is i l lu s t ra te d  in F igure  1 1. A c h an g e  o f  
p in c o n d u c t iv i ty  f ro m  50 t o  9 4  B T U /h r - f t - ° F  a f f e c ts  th e  
d ry in g  t im e  very  l i t t le ;  h o w e v e r ,  u s ing  p ins  h av ing  a th e r m a l  
c o n d u c t iv i ty  o f  9 B T U /h r - f t - ° F  ( d a ta  n o t  sh o w n  o n  g ra p h )  
inc reases  th e  d ry in g  t im e  b y  50%. T h e  s im ila r i ty  o f  th e  d ry in g  
t im es  fo r  c o n d u c t iv i t ie s  o f  94  an d  50  B T U /h r - f t - ° F  suggests 
t h a t  a specia l  c o a t in g  o n  th e  p ins  m ig h t  n o t  su b s ta n t i a l ly  
increase  d ry in g  t im e s  a n d  w o u ld  o f f e r  re d u c t io n s  o f  th e  
s t ick in g  fo rce  o f  th e  p r o d u c t  o n  th e  pins.

Pin spacing. T h e  p in  sp ac in g  has  a d ra s t ic  e f f e c t  o n  d ry in g  
ra te  as s h o w n  by F ig u re  12. W ith  th e  1 /4 - in .  spac ing ,  th e  
d is ta n c e  b e tw e e n  p ins is o n ly  1/8  in. w i th  1 / 8-in. d iam  pins. 
T h is  c o n f ig u ra t io n  gives very  fas t  d ry in g ;  h o w e v e r ,  ob v io u s  
p ro b le m s  re su l t  f r o m  th is  c lose sp ac in g  su ch  as p r o d u c t  
a c c e p ta b i l i ty  an d  d am ag e  d u e  to  d if f icu l t ie s  o f  r e m o v in g  th e  
sp ikes  a f t e r  d ry in g  is c o m p le te .  W ith  a p in  sp ac in g  o f  1 in. th e  
d ry in g  t im e  is o n ly  slightly  in f lu e n c e d  by  th e  sp ikes. A f te r
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c o n s id e r in g  th e  h ea t  t r a n s fe r  a n d  th e  sam ple  p r o d u c t  rem o v a l  
p ro b le m s ,  th e  w r i te rs  w o u ld  r e c o m m e n d  a p in spac ing  o f  
a b o u t  1/2  in. fo r  m o s t  ap p lica t io n s .

P in  d ia m e te r .  T h e  e f fec t  o f  th is  design variable  o n  d ry ing  
ra te  is sh o w n  in F igure  13. A sm all ch an g e  o f  p in  d ia m e te r  has 
a large e f f e c t  o n  p r o d u c t  d ry in g  t im e. C o n s id e r in g  th e  1 / 8-in. 
d ia m  p ins ,  a c h an g e  o f  ± 1/3 2 in  p in  d ia m  changes  th e  d ry ing  
t im e  ± 20%. T h e  se lec t io n  o f  p in d ia m e te r  m a y  be in f lu e n c e d  
by  th e  des i red  p h y s ica l  a p p e a ra n c e  o f  th e  f in ish ed  p ro d u c t ,  
re su l t in g  f ro m  th e  ho les  c re a te d  b y  th e  pins.

In co n c lu s io n  th e  p in  d ia m e te r ,  spac ing  a n d  p la te  t e m p e r a 
tu re  have a large e f fec t  o n  d ry in g  t im e  a n d  sh o u ld  be 
c o n s id e re d  w h e n  design ing  sp ik ed -p la te  f reeze r  driers .  T h e  p in 
c o n d u c t iv i ty  an d  p r o d u c t  th ick n ess  are o f  l i t t le  im p o r ta n c e  
w h e n  c o n s id e r in g  d ry in g  times .

N O T A T IO N

Ap cross se c t io n a l  area  o f  p in ,  f t 2 
a rad ius  o f  p in ,  f t
b d is tan ce  o f  sam p le  above  p la te ,  ft

g  P-XJH , a c o n s t a n t ,  ( h r ° R ) / f t 2
k m n

Q  c o n s t a n t  d e f in e d  b y  E q . [ 19 ] ,  ft 
C 2 c o n s t a n t  d e f in e d  b y  Eq. [ 2 0 ] ,  h r - f t2 - ° R /B T U  
C 3 c o n s t a n t  d e f in e d  b y  E q . [21 ] ,  h r - f t3 - ° R /B T U  
D d is tan ce  b e tw e e n  c e n te r  o f  p ins , ft
h  h e a t  t r a n s fe r  co e f f ic ie n t  fo r  ra d ia t io n  d e f in e d  by  E q . 

[ 1 4 ] ,  B T U / f t2 -h r-°R
H la te n t  h e a t  o f  su b l im a t io n  o f  f ro zen  b e e f  ju ices ,  B T U /

Ibm

h 0 h e a t  t r a n s fe r  co e f f ic ie n t  a t  z = 0, B T U /f t2 -h r -°R
hTC h e a t  t r a n s fe r  co e ff ic ien t  a t  z = B T U / f t2 -h r-°R
h sc h e a t  t r a n s fe r  co e ff ic ien t  a t  z = zs c , B T U / f t2 -h r -°R  
k f  th e r m a l  c o n d u c t iv i ty  o f  f ro z e n  b eef ,  B T U /f t -h r - ° R  
k p th e r m a l  c o n d u c t iv i ty  o f  p in ,  B T U /f t -h r - ° R  
k m p th e r m a l  c o n d u c t iv i ty  o f  d r ied  b e e f  paral le l  to  grain 

d i r e c t io n ,  B T U /f t -h r - °R
k m n  th e r m a l  c o n d u c t iv i ty  o f  dried  b ee f  n o rm a l  to  grain 

d ir e c t io n ,  B T U /f t -h r - °R  
L len g th  o f  p in w ith in  sam p le ,  ft
M en ergy  o f  su b l im a t io n  fo r  o n e  cu b ic  f o o t  o f  beef ,  

B T U /f t3
q h e a t  t r a n s fe r  ra te ,  B T U /h r  th e  su b sc r ip t  on  q  d e n o te s  

lo c a t io n s  in d ic a te d  in F igure  2. 
s rad ia l  in te r fa ce  p o s i t io n ,  f t

t t im e ,  hr
T  te m p e r a tu r e  in d ried  reg ion ,  R
T f  t e m p e r a tu r e  o f  in te r fa ce  an d  f r o z e n  b ee f ,  R 
T h  p la te  an d  p la ten  t e m p e r a tu r e ,  R 
T p pin te m p e r a tu r e ,  R
T s su r face  te m p e r a tu r e  o f  b e e f  b e tw e e n  p ins ,  R 
T sc s co rch  te m p e ra tu re s  o f  b e e f  su r face ,  °R  
x d is tan ce  f ro m  e x p o se d  su r face  o f  sa m p le ,  ft 
z slab in te r fa c e  p o s i t io n ,  f t
zsc d ry in g  d e p th  w h e n  sam p le  su rface  is a t  th e  s c o rc h  

t e m p e r a t u r e ,  ft
“  th e r m a l  d if fus iv ity  o f  d r ied  reg ion ,  f t 2 / h r
(3 t e m p e r a tu r e  g ra d ie n t ,  R / f t
e to ta l  e m i t t a n c e

k A
y -------2-----P—  , d im en s io n less  c o n s ta n t

2 7T kj^ Lb
X p o ro s i ty ,  ra t io  o f  p o re  v o lu m e  to  to t a l  v o lu m e ,  

d im ens ion less
p  d en s i ty  o f  ice a t  given p ressu re ,  lb m / f t 3 
a S te f a n -B o l tz m a n n  c o n s ta n t  B T U / f t2 -hr-c R 4

A P P E N D IX

C h o  a n d  S u n d e r la n d  ( 1 9 7 0 )  have  d e te r m in e d  a s im ple  
a n d  c o n v e n ie n t  a p p r o x im a te  s o lu t io n  to  th e  ra d i a t i o n  b o u n d 
ary  c o n d i t io n  fo r  slab freeze  d ry in g  using  th e r m a l  ra d i a t i o n  
f ro m  a h e a te r  a t  c o n s t a n t  t e m p e r a tu r e .  T h e  fo l lo w in g  ana lys is  
app lies  th is  m a th e m a t ic a l  m o d e l  to  th e  s lab  d ry in g  o f  th e  
p ro d u c t .

I f  th e  in f lu e n c e  o f  co n v e c t io n  o f  th e  v a p o r  is n e g le c te d ,  
th e  energy  e q u a t i o n  fo r  th e  d r ied  reg io n  is

a = | î - ,  t  >  0 , 0 <  x <  z [ 9]
ox at

T h e  th re e  b o u n d a r y  c o n d i t io n s  are

T  = T f a t  x = z, t >  0  [ to ]

, 9 T  ,  „  dz
k = - X p H  —  at  x = z, t >  0 [ 11]

a n d

- k  = e o (T^j +  T 4 ) a t  x = 0, t >  0 [ 12]

1/8" DIAMETER ALUMINUM PINS
I" THICK SAMPLE

N O T  PLATE TEMPERATURE

Fig. 12—Percent weight loss vs. drying time at different pin spacing 
using mathematical model.

ALUMINUM PINS  
I/2* PIN SPACING  
l" THICK SAMPLE
II0 °F  P LA T E  TEM PERA TU RE

Fig. 13-Percent weight loss vs. drying time at different pin diameters 
using mathematical model.
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E q u a t i o n  [ 1 2 ]  is c h a n g e d  to

k m p  U  = h ( T s - T H ) [1 3 ]

w here  h  is d e f in e d  by

h  = e a ( T 2 + T 2 ) ( T h  + T s ) [1 4 ]

Since T s is a f u n c t io n  o f  t im e ,  h  is also a f u n c t io n  o f  
t im e .  I t  has  b e e n  s h o w n  in o t h e r  w o rk  su ch  as M cC u llo ch  a n d  
S u n d e r la n d  ( 1 9 7 0 b )  t h a t  th e  su r face  t e m p e r a t u r e  is a fu n c t io n  
o f  d e p th  o f  d ry in g ,  th u s  a fu n c t io n  o f  t im e  in d i r e c t ly  th r o u g h  
th e  d r ied  th ick n ess .  T h e re fo r e ,  a n  a s s u m p t io n  is m a d e  f o r  h  in  
te rm s  o f  z, w h ic h  is u sed  t o  o b ta in  a c losed  fo r m  s o lu t io n  fo r  
th e  d ry in g  p o s i t io n  as a f u n c t io n  o f  t im e .  T h u s ,  a ssu m e th a t

, z + C i
h = cIFT q  [15J

S u b s t i t u t i n g  e q u a t i o n  [ 1 5 ]  in to  [ 2 5 ]  a n d  p e r f o r m in g  th e  
in d ic a te d  in te g ra t io n ,  w e  o b ta in

Xp  H

t h  - t ,
+ C 2 z + ( C 3 — C i C 2 ) In (

z +  Cj

~ c r ~ }
[2 6 ]

T h e  sc o rc h  d e p th  ( t h e  d e p th  o f  d ry in g  a t  w h ic h  th e  su rface  
reach es  th e  sc o r c h  t e m p e r a t u r e )  zsc is o b ta in e d  f r o m  e q u a t io n  
[ 2 2 ]  b y  o b se rv ing  t h a t  a t  x = 0 ,  th e  fo l lo w in g  re la t io n  is o b 
ta in ed

T x T f  — ßz

T h e n  f r o m  e q u a t i o n  [1 2 ]  w e o b ta in

[2 7 ]

w h ere  C i , C 2 a n d  C 3 are  c o n s t a n t s  o b ta in e d  f r o m  th e  th re e  
c o n d i t io n s :

h  = h G = e  a  ( T ^  + T j ) ( T h  + T f ) a t  z = 0 [ 16]

h = boo = 4 e f f T H a t z = “  [ 1 7]

T 4 + ^m£. T _  (T + ^mP_ T ) = 0 [28]
s z e a  s H z e a  *

T h u s ,  th e  d ry in g  d e p th  zse a t  w h ic h  th e  su r fa c e  t e m p e r a t u r e  
reach es  th e  s c o rc h  t e m p e r a tu r e  T sr is f o u n d  f r o m  e q u a t io n  
[ 2 8 ]  t o  be

h  = h sc = e  a (T& + T S2C) ( T H + T s c ) a t  z = z sc [ i s ]

Solving e q u a t io n s  [ 1 6 —1 8 ] ,

P  _  ^o. h sc — h^
'-1 h h — h Zsc

n«, n o n sc
[1 9 ]

_ h m p T sc — T f 
Zsc e 0  T 4 -  T S4C

T h e  a p p r o x im a te  so lu t io n  given in  e q u a t i o n  [ 2 6 ]  was 
s h o w n  b y  C h o  a n d  S u n d e r l a n d  ( 1 9 7 0 )  t o  y ie ld  e r ro rs  less th a n  
1% fo r  p re d ic t in g  t h e  in te r fa c e  p o s i t io n .

C 2 [20]

c3 zsc hsc h„

h 0 — h sc

[ 21]

A ssu m in g  a “ q u a s i - s t e a d y ”  so lu t io n  in  w h ic h  a l in ea r  t e m p e r 
a tu re  p ro f i le  is a s su m e d  w h ic h  sat isf ies  e q u a t io n s  [1 0 ]  a n d  
[ 12] ,

T  = T f + j3(X -  z), 0 <  x <  z [ 22]

T h e re fo r e  f r o m  e q u a t io n  [ 1 3 ]  w e o b ta in  

h ( T H -  T f ) 

k m p  +  hz

F r o m  e q u a t i o n  [ 1 1 ] ,

In teg ra t in g ,

1i ( T h  -  Tf ) _  X p  H dz 
k m p  + h z  k m p d t

Xp  H 
T H - T f dz

[2 3 ]

[2 4 ]

[2 5 ]
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VACUUM-PUFF FREEZE DRYING OF TROPICAL FRUIT JUICES

SU M M A R Y -A  study was made to develop high quality juice powders from four tropical fruits. 
Guava and mango puree, passion fruit and pineapple juice were dehydrated in a vacuum-puff 
freeze-drying process. Sucrose in amount 125-40%) approximating nectar formulations was mixed 
with single-strength juice or puree samples, blended 2 min, and frozen. Freezing temperatures o f 
various samples were measured in a constant temperature bath o f —21.6 "  F. Samples initially frozen 
in blast freezers at -4 0 °F  or 0 °F  with 0 .25 -1 .0  Ib/ft2 were vacuum-puffed and freeze dried on 
aluminum trays at 50p Hg and 120-130° F  shelf temperature for 6 - 9  hr to 1-2% moisture. 
Puffing was affected by (1) rapid freezing o f the juice-sucrose m ixture; 12) artificially entrapping 
some gas in the mixture before freezing; (3) changing the pressure or temperature in the chamber 
to effect gas expansion; and (4) increasing the mixture viscosity to limit bubble sizes. Results of 
drying over 160 different samples showed that: I I )  added sucrose to give a 40 ± 5° Brix in the 
mixture resulted in a stable "pu ffed" structure; (2) several permissible calcium salts and silica at 
0.1—0.5% Iw/w) added to the mixture before drying, improve the free-flowing properties o f the 
dried product. Process variables are discussed and typical sample compositions given.

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

T R O P IC A L  fru i ts  a re  e x o t i c  in  f lavor ,  b u t  
th e i r  ju ices  a n d  p u re e s  are s e ld o m  avail
ab le  in  d e h y d r a t e d  p o w d e r  fo rm .  P in e 
app les  g ro w n  in H awaii ,  f o r  e x a m p le ,  are 
e x p o r t e d  f resh  o r  p ro ces sed  as c a n n e d  
f ru i t ,  c a n n e d  ju ice  o r  f r o z e n  ju ice  c o n c e n 
tra te .

C i t ru s  ju ic e  c o n c e n t r a te s  w e re  p r o 
d u c e d  d u r in g  W orld  War II in  p o w d e re d  
f o r m  in  th e  U.S. b y  sp ray ,  d ru m ,  vac 
u u m - p u f f ,  an d  freeze  d ry in g  (U S D A ,
1 962) .  F r o m  th e  la te  1 9 4 0 ’s to  th e  
1 9 5 0 ’s, v a c u u m  d ry ing ,  in c lu d in g  v a c u u m  
freeze  d ry ing ,  rece ived  c o n s id e rab le  a t t e n 
t io n  a n d  stud ies .  R eview s a n d  d iscussions 
o f  v a c u u m  d ry in g  o f  var ious  f r u i t  a n d  
v ege tab le  ju ice s  have b een  p re s e n te d  by  
L eg au l t  ( 1 9 5 4 ) ,  T a lb u r t  ( 1 9 6 1 ) ,  a n d  
P o n t in g  e t  al. ( 1 9 6 4 ) .  N o t t e r  e t  al. ( 1 9 5 9 )  
s tu d ie d  fa c to rs  a f f e c t in g  b e h a v io r  o f  f ru i t  
a n d  vege tab le  ju ice s  d u r in g  v a c u u m - p u f f  
d ry ing ,  a n d  f o u n d  t h a t  f r u i t  ju ices  c o n 
ta in in g  a h igh  p r o p o r t i o n  o f  su c ro se  w ere  
easie r  to  d ry  th a n  th o s e  c o n ta in in g  inver t  
sugar.

F o a m - m a t  d ry in g  a n d  th e  M icro f lake  
p rocess  w ere  n e w  d e v e lo p m e n ts  in  ju ice  
d e h y d r a t io n  in  th e  1 9 6 0 ’s. H e r tz e n d o r f  
an d  M oshy  ( 1 9 7 0 )  m a d e  a co m p re h e n s iv e  
an d  c r i t ica l review  o f  v a r ious  t e c h n iq u e s  
o f  d ry in g  fo o d  fo am s,  co n c lu d in g  th a t  
l im i te d  c o m m e rc ia l i z a t io n  o f  fo a m  d ry in g  
was m a in ly  a co s t -q u a l i ty  p ro b le m .

B erry  a n d  V e ld h u is  ( 1 9 6 8 )  p o in t e d  
o u t  t h a t  c o n s id e rab le  d if f ic u l ty  has  b een  
e x p e r ie n c e d  in  ach iev ing  des ired  s to rage  
s tab i l i ty  w i th  fo a m -m a t  d r ied  o range  
po w d ers .  T h e  a d d i t io n  o f  p in e a p p le  to  
o ran g e  was f o u n d  to  im p ro v e  th e  s to rage  
s tab i l i ty  a t  e lev a ted  te m p e ra tu re s .

T h e  a d a p t io n  o f  f reeze  d ry in g  to  c itrus  
o r  o th e r  f ru i t  ju ice s  has b e e n  slow  w h en  
c o m p a r e d  w i th  o th e r  f reeze -d r ied  f o o d

p ro d u c t s .  B u rk e  a n d  D eca reau  (1 9 6 4 )  
c i ted  s to rag e  s tab i l i ty  as th e  m a in  p r o b 
lem . B erry  a n d  F ro s c h e r  (1 9 6 8 )  p o in t e d  
o u t  tw o  o t h e r  reasons:  (1 )  d i f f ic u l ty  in 
freeze  d ry in g  s o lu t io n s  c o n ta in in g  h igh  
p r o p o r t i o n s  o f  sugars ( lo w  e u te c t ic s ) ;  a n d
(2 )  th e  re la t ive ly  lo w  va lue  o f  c i t ru s  
so l ids  w h e n  c o m p a r e d  to  o t h e r  p ro d u c t s .

B erry  e t  al. ( 1 9 6 7 ) ,  an d  B erry  an d  
F ro s c h e r  (1 9 6 8 )  s tu d ie d  f reeze  d ry in g  o f  
c i t ru s  ju ice  b y  g r ind ing  v a r ious  f r o z e n  
sucrose  so lu t io n s  a n d  g ra p e f ru i t  a n d  o r 
ange ju ic e  o f  1 0 —60 °  Brix in to  tw o  
par t ic le  size ranges  (ca. 20  a n d  6 0  m esh ) ,  
a n d  th e n  f reeze  d ry in g  th e se  f ro z e n  p a r t i 
cles a lo n g  w i th  f r o z e n  slabs.  I t  was 
o b se rv ed  th a t  f r o z e n  ju ice  p a r t ic les  o f  60  
m esh  d r ied  easier  a n d  m o r e  ra p id ly  th a n  
th e  o t h e r  tw o  fo rm s  o f  sam p le s  and  
m o is tu re  re m o v a l  w as m o r e  nea r ly  c o m 
p le te  a t  lo w e r  °B rix .  A lso ,  n o  s ig n if ican t  
d i f fe ren ces  w ere  f o u n d  in  s to rage  s tab il i ty  
o f  f reeze -d r ied  c i t ru s  ju ice s  regard less  o f  
ty p e  o f  a tm o s p h e r e  w h ic h  th e  d r ied  
m a te r ia l  f i rs t  c o n ta c t e d  o r  ty p e  o f  a tm o s 
p h e re  in  w h ic h  th e  d r ied  m a te r i a l  was 
p ack ag ed .  All f reeze -d r ied  sam p les  devel
o p e d  flavor  ch an g es  w h ich  w ere  signifi
c a n t ly  d if f e re n t  f ro m  th e  c o n t r o ls  ( s to re d  
a t  —2 1 ° C )  in  a b o u t  4  wk.

T h a t  th e  freez ing  p o in t  o f  a s o lu t io n  
decreases  p rogress ive ly  w i th  h ig h e r  so lu 
ble so l ids  c o n c e n t r a t i o n  is well r e c o g 
n ized ,  w h ic h  m e a n s  t h a t  a f r u i t  ju ic e  w ith  
a d d e d  sugar will freeze  a t  a t e m p e r a t u r e  
a p p re c ia b ly  lo w e r  th a n  t h a t  o f  an  u n 
sw e e te n e d  ju ice .  I f  k e p t  ab o v e  its  freez ing  
tem p e ra tu re , !  o r  lo a d e d  o n t o  a w a rm  
p la te n ,  a ju ice -suga r  m ix tu r e  will p u f f  
easily  u n d e r  v acu u m .  A ty p ic a l  t im e - te m 
p e r a tu r e  cu rve  was given b y  S t r a s h u n  a n d  
T a lb u r t  ( 1 9 5 4 )  fo r  v a c u u m - p u f f  d ry in g  a 
6 0 °  Brix o ran g e  c o n c e n t r a te .  A v acu u m - 
p u f f e d  ju ic e  s t r u c tu r e  m ig h t  have  th e  
d isadvan tages  o f  hav ing  m a n y  large b u b 

bles, a b a r r ie r  to  h e a t  t r a n s fe r  a n d  po ss i
b ly  los ing  so m e  vo la t i les  d u r in g  p u f f in g  
a n d  drying.

T e c h n iq u e s  f o r  f r u i t  ju ic e  d e h y d r a t io n  
m e n t io n e d  ab o v e  a p p e a r  to  have  so m e  
p ro b le m s  a n d  l im i ta t io n s ,  m a in ly  in  f lav o r  
a n d  s to rage  s tab i l i ty .  Besides e c o n o m ic s ,  
a des i rab le  d e h y d r a t io n  t e c h n i q u e  f o r  
f r u i t  ju ices  sh o u ld ,  th e r e fo re ,  re s u l t  in 
f lavor  s tab i l i ty  a n d  free - f lo w in g  c h a r a c t e r 
istics o f  th e  f in ish ed  p ro d u c t s .  S u c ro se  
an d  several p e rm iss ib le  an t i -cak in g  agen ts  
co u ld  be  u se fu l  to  ach ieve  th e se  goals . In  
a d d i t io n ,  if a v a c u u m  t e c h n iq u e  is t o  be  
e m p lo y e d  in  p u ff in g  a n d  d ry in g ,  s t a b i l i ty  
o f  th e  “ p u f f e d ” s t r u c tu r e  d u r in g  d ry in g  
will also be  im p o r t a n t .

C o m b in in g  v a c u u m  p u f f in g  a n d  freeze  
d ry in g  m ig h t  c o n c e iv a b ly  p r o d u c e  a ju ic e  
p o w d e r  hav ing  so m e  o f  th e  a d v an ta g es  o f  
each  p rocess .  A m a jo r  c o n s id e r a t io n  fo r  
v a c u u m - p u f f  f reeze  d ry in g  is e f f e c t in g  
p u f f in g  o f  a f ru i t  ju ic e  u n d e r  v a c u u m  so 
th a t  th e  b u b b le s  are k e p t  re la t ive ly  small ,  
a n d  th e  e n t i r e  p u ffed - ju ice  s t r u c tu r e  f r o 
zen  w ith in  a sh o r t  p e r io d  o f  t im e  b y  
e v ap o ra t iv e  freez ing . T o  ach ieve  th is  c o m 
b in a t io n  p ro cess  a n d  to  assure  s to rag e  
s tab i l i ty  a n d  free -f lo w in g  p ro p e r t ie s ,  s u i t 
ab le  a m o u n t s  o f  ad d it iv e s  can  b e  i n c o r p o 
ra te d  in to  th e  p r o d u c t  t o  b e  d r ied .

M A T E R IA L S  & M E T H O D S

S a m p l e  p r e p a r a t i o n

Four tropical fruit juices and purees were 
used in this study: guava, mango, passion fruit 
and pineapple. Some o f their characteristics, in
cluding the varieties used, are shown in Table 1. 
After being prepared by slicing, pulping and fin
ishing, all samples were pasteurized at 
190-200° F  for 1 min, frozen in No. 2 

(307 x  409) or No. 10 (603 X  700) cans at 0°F  
then thawed as needed.

Additives used included: sucrose (cane, 
granulated, commercial grade); corn syrup sol
ids and malto-dextrin (80.3% and 77.5% solids 
respectively, 24-37%  D .E ., HubingerCo.. Koe- 

kuk, Iowa); tricalcium phosphate (reagent 
grade, Matheson, Coleman & Bell); calcium ox
ide (powder, analytical grade, Mallinckrodt); 
calcium silicate (purified, C ity  Chem, N .Y .C .)  
and synthetic silica (Micron-sized, Grade 68, 
Syloid 224, W. R. Grace).

Frozen juice or puree samples were thawed 
and mixed with various amounts o f sugar, cal
cium salts and silica in a blending jar. The  

amount o f sugars added varied from 10-40%  
wet wt; the amount o f calcium salts varied from
0-0.15%  wet wt; and the amount o f synthetic 

silica used was 0-0.5%  wet wt. The mixtures 
were blended for 2 min in a Waring Blendor. 
The samples were transferred to aluminum  

trays with copper-constantan thermocouples
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Table 1—Some characteristics o f tropica! fruit juices and purees

Fruit Guava Mango

Passion

fruit Pineapple

Generic Psidium Mangifera Passiflora Ananas
Name guajava L. indica L. edulis L. cosmosus M. 

Smooth
Variety Beaumont Haden Flavicarpa Cayenne
Form Puree Puree Juice Juice
°Brix 6 .5 -9 .0 1 4 -17 15-18 11-14

PH

% Acid

3.0-3 .5 3 .9 -4 .4 2 .9-3.1 3.0-3 .5

(as citric) 0 .5 -1 .5 0 .3 -0 .4 1 .9-3.2 0 .5 -0 .9

Table 2-Composition o f some vacuum-puff freeze-dried tropicaI 
fruit juice samples

Juice/sucrose Additive, percent by weight

Fruit wt ratio C a3(P 0 4)2 CaO C a S i0 3 S i0 2

Mango 75/25 0.15 0.10 0.10 —

66.5/33.5 0.15 0.10 - 0.50
Guava 60/40 0.05 0.05 0.05 -

65/35 0.15 0.10 - 0.40
Passion 60/40 0.15 0.10 0.05 -

fruit 66.5/33.5 0.10 0.10 0.10 -

Pineapple 60/40 0.10 0.10 - 0.20

66.5/33.5 0.10 0.10 0.10 -

planted at points varying from 1/8-1 in. from  
the bottom  o f the trays. Samples were frozen in 
a forced convection freezer at either -4 0 °  F  or 
0°F before being loaded into the freeze dryer.

Several typical formulations from more than 
160 tested are shown in Table 2.

Freezing temperature determination
The freezing temperatures o f various sam

ples were measured in a heat-sink o f constant 
temperature, low boiling bath. A  large reservoir 

o f Freon-12 (dichlorodifluoromethane, N.B.P. 

-2 1 .6 °F , E.I du Pont) in a wide-mouth Dewar 
flask (7 in. diam) provides rapid freezing o f 
samples having a freezing point as low as 3°F, 
e.g. passion fruit-sucrose mixture with 56% to
tal soluble solids (T.S.S.). 150g o f sample at 
room temperature was placed in a 6 oz can 
(202 x  314) with a copper-constantan thermo
couple at the geometric center o f the liquid vol
ume (ca. 2 in. diam x  3-1/4 in. high). The ther
mocouple was connected to an electronic, 
automatic cold junction compensating, 6-point 
Honeywell temperature recorder, calibrated at 
-2 1 .6 ° F  with Freon-12 and at 32°F with ice- 
water mixture. The can, covered with alumi
num foil, was lowered into the Dewar flask un
til the top was about 1/2 in. above the 
Freon-12 level. Cooling and freezing continued

Fig. 1—Freezing curves o f some tropical fruit 
juice-sucrose mixtures frozen in a Freon-12 
bath at —21.6°  F. (Sucrose and coffee solutions 
included for comparison. I

until sample temperature reached — 20° F. 

Vacuum-puff freeze drying conditions
With the condenser o f the freeze dryer oper

ating at - 6 0 ° F, sample trays were transferred 
from the freezer into the three-platen Model 15 
RePP (a division o f V irtis Co., Gardner, N.Y.) 
freeze dryer. The platens were precooled to
3 0 -5 0 ° F. After loading, the chamber was evac
uated immediately with a mechanical vacuum 
pump. Generally, it took 5 min to reach 3.5 
mm Hg in the chamber, and another 5 min to
1.0 mm Hg or lower. The juice or puree samples 
puffed slowly and the structure gradually stabi
lized . Temperature o f the sample rose 

1 0-15 °F , then dropped to below 0°F within 
10 min. When the puffed foam and its tempera
ture stabilized, radiant and conductive heat at a 
temperature o f 1 20 -1 30°F  was supplied to the 
platen for drying. Chamber pressure was main
tained at 2 5 -5 0 m Hg during the drying cycle, 

drying cycle.
Sample temperatures, monitored through

out the drying cycle, became asymptotic at 
1 0 0 -1 10°F. Drying was continued for 2 hr af
ter the sample temperature reached 100°F. 
Drying rates were determined gravimetrically 
by removing samples from the freeze dryer at 
various time intervals. Samples were easily

SOLUBLE SOLID CONCENTRATION PERCENT

Fig. 2—Freezing temperatures o f various trop
ical fruit juice-sucrose mixtures as a function o f 
soluble solids concentration.

scraped from the trays with a spoon and filled 

directly into glass jars at ambient temperature 
and humidity (7 0 -8 0 °F , 60-90%  RH) without 
grinding or classifying.

R E S U L T S  & D IS C U S S IO N

T H E  F R E E Z I N G  p o in t s  o f  v a r ious  ju ice  
m ix tu r e s  w ere  m e a s u re d  in  a F re o n -1 2  
h ea t- s in k  th r o u g h  c o n d u c t iv e  h e a t  t r a n s 
fer. T h e  f ina l f reez in g  p o in t  o f  a sam p le  is 
t a k e n  as th e  t e m p e r a t u r e  a t  w h ic h  so l id 
if ic a t io n  o f  th e  m ix tu r e  is essen tia l ly  
c o m p le te ,  i.e. th e  i n t e r c e p t  b e tw e e n  th e  
f reez ing  ( fu s io n )  cu rve  a n d  co o l in g  ( p o s t 
freez ing )  cu rv e  o f  th e  f r o z e n  m ate r ia l .  
B elow  th e  f ina l f reez in g  p o in t ,  t h e  ra te  o f  
t e m p e r a t u r e  c h an g e  is a f u n c t io n  o f  th e  
th e r m a l  d if fu s iv i ty  o f  th e  f ro z e n  m ix tu re .  
Several ty p ic a l  f reez in g  curves o b ta in e d  
w i th  th is  t e c h n iq u e  are  s h o w n  in  F igure
1. T h ese  in c lu d e  s o lu t io n s  w i th  T .S.S. o f  
4 5 %  guava-sucrose ,  4 6 .8 %  p ass ion  fru i t-  
su c ro se ,  4 5 %  so lu b le  c o f fe e  a n d  4 5 %  
su c ro se  ( w /w )  fo r  p u rp o s e s  o f  c o m p a r i 
son. T h e  e n t i r e  co o l in g  a n d  freez ing  
p rocess  req u i re s  a b o u t  2 5 - 6 0  m in .

W ith F re o n - 1 2  b o il ing  c o n s t a n t ly  at 
—2 1 .6 ° F ,  th e  t e m p e r a t u r e  g ra d ie n t  b e 
tw e e n  th e  sam p le  a n d  th e  h ea t- s in k  is 
large a n d  re p r o d u c ib le .  H ea t  t r a n s fe r  is 
ach ieved  b y  th e  t u r b u le n c e  o f  th e  bo il ing  
b a th .  T h e se  fa c to rs  re s u l te d  in  s t a n d a rd iz 
ing th e  r a te  o f  h e a t  rem o v a l ,  a n d  u n i f o rm  
freez ing  o f  th e  sam ples .  F ig u re  2 sh o w s 
th e  freez ing  t e m p e r a t u r e s  o f  v a r ious  f ru i t  
ju ice -su c ro se  m ix tu r e s  as a f u n c t io n  o f  
th e i r  so lu b le  so l ids  c o n c e n t r a t i o n s .

T a b le  3 sh o w s  d a ta  o f  t h e  freez ing  
z o n e  a n d  th e  t im e  o f  p h a se  change  o f  
v a r ious  ju ic e  m ix tu r e s ,  r e p r e s e n t in g  re 
m ova l  o f  h e a t  o f  fu s io n  in  th e  sam ple .  
T h ese  d a ta  e n a b le d  in t e r p r e t a t i o n  o f  th e  
s t a te  o f  th e  m ix tu r e  w h e n  p u f f e d  u n d e r  
v acu u m .

F ig u re  3 sh o w s  sam p le  t e m p e r a tu r e  
p ro f i le s  fo r  th e  f i rs t  6 h r  o f  d ry in g  fo r  
th re e  sam p le s :  a p ass ion  f ru i t  ju ice -su 
crose  m ix tu r e ,  a guava-sucrose  m ix tu r e  
an d  a su c ro se  s o lu t io n ,  all w i th  4 5 —47 %
T.S.S . I t  c a n  be  seen  th a t  t e m p e r a t u r e s  o f  
th e  sam p le s  rose  1 0 - 1 5 ° F  d u r in g  lo ad in g  
an d  in i t ia l  p u m p - d o w n ,  b u t  re m a in e d
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Table 3-Freezing zone and time o f phase change o f various fruit
juice-sucrose mixtures 
-21.67 F

measured in a constant temperature bath o f

Base Mixture Freezing Tim e o f phase

component, % T.S.S.,% zone, ° F change, min

Guava

100 6.8 31-26 6.5

90 16.1 2 8 -24 5.9

80 25.2 2 7 -2 2 8.0

70 35.1 2 4 -2 0 9.5

60 44.4 2 2 -1 8 10.5

50 53.6 8 -4 12.7

Mango

100 16.9 27-25 6.8

85 29.4 24-21 8.6

75 37.7 2 0 -18 9.8

65 46.0 19-16 10.0

55 54.3 8 -5 16.6

Passion Fruit

100 17.4 28-23 6.8

90 25.7 26-21 7.7

80 33.9 2 3 -19 8.0

70 42.2 17-15 8.9

66.5 45.1 16-13 10.6

65 46.8 15-13 11.1

60 50.4 1 2 -8 11.8

55 54.6 5 -3 14.2

Pineapple

100 12.5 27-24 14.5

85 25.6 26-23 16.2

75 36.9 2 3 -20 17.0

65 43.1 19-16 18.9

55 51.9 15-12 23.9

Sucrose

10 10.0 3 1 -27 13.9

20 20.0 2 8 -26 15.1

25.5 25.5 2 6 -2 4 15.5

30 30.0 2 5 -23 16.2

40 40.0 2 2 -1 8 18.6

50 50.0 14-12 20.7

b e lo w  th e i r  f reez in g  t e m p e ra tu re s .  In i t ia l  
su b l im a t io n  o f  w a te r  v a p o r  c o o le d  th e  
sam p le  to  b e lo w  0 ° F ,  w h ic h  was a p p re c ia 
b ly  lo w e r  th a n  th e  f reez in g  te m p e r a tu r e  
o f  th e  sam ple .  W hen  p u ff in g  s to p p e d  a n d  
th e  ju ice  s t r u c tu r e  s tab i l ized ,  h e a t  was 
t h e n  s u p p l i e d  t o  t h e  p l a t e n s  
( 1 2 0 - 1 3 0 ° F )  f o r  freeze  drying. A f te r  th e  
s a m p l e  t e m p e r a t u r e  h a s  re a c h e d  
1 0 0 —1 1 0 ° F , d ry in g  was e x te n d e d  t o  al
lo w  a sa fe ty  f a c to r  o f  a c o u p le  o f  h o u r s  in  
th e  ab sen ce  o f  a b e t t e r  e n d -p o in t  in d ic a 
to r .

L im i te d  degree  o f  b le n d in g  d uring  
p re p a r a t io n  fo l lo w e d  by ra p id  freez ing  o f  
a ju ice -suc rose  m ix tu r e  to  b e lo w  its  f reez 
ing p o in t  a llows su f f ic ie n t  a ir  t o  be 
e n t r a p p e d  in  th e  m ix tu r e .  W hen  th e  
sam ple  was t r a n s fe r re d  f r o m  th e  f reeze r  
t o  th e  f reeze  d ry e r ,  p a r t  o f  th e  sam p le  
w o u ld  t e n d  to  w a rm  u p  d u e  t o  th e  
te m p e r a tu r e  g ra d ie n t  in  th e  su r ro u n d in g s .  
U n d e r  rap id  p u m p - d o w n  in th e  freeze  
d ry e r ,  th e  e n t r a p p e d  air e x p a n d s  an d

Fig. 3—Temperature profiles o f two tropical fruit juices and one sucrose 
sample during vacuum-puff freeze-drying cycle; platen temperature 
120-130° F  and 50p Hg.

m ass t r an s fe r .  E x p a n d in g  f ro m  a sm all  t o  
a large b u b b le ,  th e  inc rease  in  su r face  a rea  
is ( A r )2 an d  th e  increase  in  v o lu m e  is 
( A r ) 3 , w h e re  r is th e  rad iu s  o f  a b u b b le .  
A ssu m in g  an  average o f  th r e e fo ld  in c rease  
in  b u b b le  size f r o m  th a t  o b ta in e d  in  
v a c u u m - p u f f  f reeze  d ry in g  t o  t h a t  in  
v a c u u m - p u f f  d ry ing ,  th e  ch an g e  in  su r face  
to  v o lu m e  ra t io  f r o m  th e  sm all  b u b b le  to  
th e  large b u b b le  will be  a dec rease  o f  
f ro m  3 to  1. T h e re fo re ,  t o  ach ieve  e ff i
c ien t  h e a t  t r a n s fe r  in  d ry ing ,  k e e p in g  th e  
b u b b le  size sm all seem s to  b e  an  a d v a n 
tage  in  te r m s  o f  h av ing  a large su r fa c e  to  
v o lu m e  ra t io .  In  discussing  th e  r e l a t i o n 
ship b e tw e e n  b u b b le  size a n d  d ry in g  t im e  
in th e  M icro f lake  p ro cess ,  H e r t z e n d o r f  an d  
M oshy  ( 1 9 7 0 )  s t a te d  th a t  “ d ry in g  t im e  
was f o u n d  to  be  p r o p o r t i o n a l  t o  th e  
sq u a re  r o o t  o f  th e  b u b b le  size. T h e re fo r e ,  
inc reas ing  th e  average b u b b le  size f r o m
2 5 -1 0 0 /U  in d ia m e te r  d o u b le d  th e  d ry in g  
t im e  re q u i r e d  to  a t t a in  2% m o is tu re .  
F o a m  s tab il i ty  is q u i t e  i m p o r t a n t ,  a n d  
even a slight co l lapse  o f  th e  fo a m  can  
inc rease  d ry in g  t im e  b y  2 5 —5 0 % .” 

F igure  4 sh o w s d ry in g  curves in  re s id 
ua l m o is tu re  c o n te n t  vs. d ry in g  t im e  o f  
pass ion  f r u i t  ju ice -su c ro se  sam p le s  w i th  
4 7 .1 °  Brix  a t  th r e e  d i f f e re n t  lo ad in g  
densi ties :  1.0, 0 .5 0  a n d  0 .2 5  l b / f t 2 . I t  is 
a p p a r e n t  t h a t  lo w e r  lo ad in g  den s i t ie s  r e 
su l ted  in  h ig h e r  d ry in g  ra tes .  H o w ev e r ,  
sh o u ld  th e  s t r u c tu r e  be a l lo w ed  to  c o l 
lapse  d u r in g  d ry in g  (e.g. i n t e r r u p t e d  o r  
in su ff ic ien t  v a c u u m ) ,  case h a rd e n in g  will 
o c c u r  a n d  th e  m a te r i a l  will be  d r ied  in  a 
slab fo rm ,  re sem b lin g  s o m e w h a t  o rd in a ry  
freeze  d ry ing . R e -p u f f in g  will be q u i t e  
l im i ted  in  th e  ab sen ce  o f  e n t r a p p e d  air , 
a n d  d ry in g  is n o t  like ly  to  be  c o m p le te  as 
i l lu s t ra te d  in  F ig u re  4 w i th  0 .2 5  l b / f t 2 o f  
lo ad ing  d e n s i ty  o f  p ass ion  f ru i t - su c ro se  
m ix tu r e .  Th is  p o in t s  u p  o n e  o f  th e  m a in  
p ro b le m s  fo r  freeze  d ry in g  o f  f r u i t  ju ice s ,  
n a m e ly ,  a slab o f  f r o z e n  ju ic e  is d i f f icu l t

c re a te s  b u b b le s  in  th e  ju ice  m ix tu r e ,  
m a k in g  th e  ju ic e  s t ru c tu r e  s o m e w h a t  less 
r igid, m o re  e las tic  an d  m o re  like ly  to  
fo am . P u ff in g  f o r  freeze  d ry in g ,  th e r e 
fo re ,  is p r o b a b ly  in f lu e n c e d  b y  a c o m b i 
n a t io n  o f  fa c to rs :  (1 )  rap id  f reez in g  o f  a 
low  f reez in g  m ix tu r e ;  (2 )  a rt i f ic ia l ly  e n 
t r a p p in g  so m e  a ir  (o r  gas) in  th e  m ix tu r e  
b e fo re  f reez ing ;  (3 )  ch an g in g  th e  p ressure  
o r  t e m p e r a t u r e  in  th e  su r ro u n d in g s  o f  th e  
f r o z e n  m ix tu r e  to  e f f e c t  gas e x p a n s io n  in 
th e  m ix tu r e ;  a n d  (4 )  m a k in g  th e  m ix tu r e  
su f f ic ien t ly  v iscous so  t h a t  w h e n  sl ightly  
w a rm e d  u p ,  th e  b u b b le  sizes o f  th e  fo a m  
c o u ld  be l im ited .

H e a t  t r a n s fe r  c o u ld  be m o re  e f f ic ien t  
w i th  sm alle r  b u b b le s  p r o d u c e d  u n d e r  th e  
v acu u m -p u f f in g  c o n d i t io n s  desc r ib ed  here  
th a n  is th e  case o f  larger b u b b le s  p r o 
d u c e d  f r o m  th e  regu la r  v a c u u m -p u f f in g  
te c h n iq u e .  Small  b u b b le s  fo r m e d  a t  low  
t e m p e r a tu r e  sh o u ld  re su l t  in  a u n i f o rm  
c o m p o s i t io n ,  a u n i f o r m  ice f r o n t  a n d  
re a s o n a b ly  u n i f o r m  c o n d u c t iv e  h e a t  a n d
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Fig. 4—Drying curves o f passion fruit-sucrose samples with 47.1° Brix Fig. 5—Drying curves o f guava-sucrose samples with 46.0° Brix at three 
at three loading densities; dotted curve shows effect o f foam collapse loading densities, 
on a sample dried at loading density o f 0.25 lb/ft2.

to  d ry  t o  c o m p le t io n .  F ig u re  5 show s 
d ry in g  curves  fo r  guava-sucrose  m ix tu r e s  
a t  4 6 °  Brix. T h e re  is a c o n s t a n t  ra te  
p e r io d  fo r  b o t h  th e  p ass io n  f ru i t  a n d  th e  
guava sam p les ,  a n d  th e  le n g th  o f  th e  
p e r io d  is d i r e c t ly  r e la te d  t o  th e  lo ad in g  
d en s i ty .  F r o m  F igures  4  a n d  5 i t  c an  also 
be  seen  th a t  a p ass ion  f ru i t - su c ro se  m i x 
tu r e  dries  fa s te r  t h a n  guava-sucrose  
m ix tu r e  a t  th e  sam e lo a d in g  d e n s i ty .  T h e  
rea so n  fo r  th is  d i f fe re n c e  re q u i re s  f u r th e r  
s tu d y .  C o n s id e r in g  th e  e f f ic ie n t  use  o f  a 
freeze  d ry e r  a n d  th e  p o ss ib i l i ty  o f  in c ip 
ie n t  m e l t in g ,  a lo a d in g  d e n s i ty  o f  
0 . 5 0 - 1 . 0  l b / f t 2 w o u ld  p ro b a b ly  be  c o n 
s id e red  o p t im a l .

R ey  a n d  B astien  ( 1 9 6 2 )  r e p o r t e d  th e i r  
s t u d y  o n  freeze  d ry in g  sing le -s treng th  
o ran g e  ju ice .  R eg a rd in g  th e  q u e s t io n  o f  
poss ib le  in te r s t i t ia l  m e l t in g ,  t h e y  fe l t  th a t  
“ m o s t  o f  th e  i r reg u la r  b e h a v io r  o f  th e  
ju ic e  is d u e  to  th e  fa c t  th a t ,  d u r in g  
freez ing , so m e o f  th e  in te r s t i t ia l  f lu ids do  
n o t  r e a c h  an  a d e q u a te  so l id i ty .  T h e ir  
v iscosity  increases  a n d  th e y  lo o k  like a 
so l id ,  b u t  as s o o n  as th e  t e m p e r a tu r e  
increases,  th e y  b eg in  to  so f te n  a n d  give 
b i r th  t o  a n e t  o f  m o r e  o r  less v iscous o r  
s t ick y  m a te r ia l  w h ic h  de lays  s u b l im a t io n  
an d  o f t e n  p re v e n ts  an  a d e q u a te  d e s o r p 
t io n  o f  w a te r  m olecu les .  A c tu a l ly  in  th e  
co u rse  o f  d ry ing ,  i t  is f r e q u e n t  t o  see an  
e n o rm o u s  b u b b le  all o ver  th e  t r a y .”

(T h e i r  o ran g e  ju ic e  sa m p le  was 10 m m  
th i c k  f r o z e n  o n  m eta l l ic  t r a y s  to  —50°C  
b e fo r e  freeze  d ry in g .)  T h e se  s t a te m e n ts  
w o u ld  im p ly  th a t  a ju ic e  sam p le  m ig h t  
n o t  a lw ay s  be  c o m p le te ly  so l id i f ied  even 
a t  te m p e r a tu r e s  b e lo w  its  freez ing  p o in t .

E ar l ie r  e x p e r im e n ta l  ru n s  led  to  th e  
fo l lo w in g  o b se rv a t io n s :  ( 1 )  guava p u ree ,  
m a n g o  p u re e ,  p a ss io n  f ru i t  ju ic e  and  
p in e a p p le  ju ic e  d id  n o t  b y  them se lves  
v a c u u m - p u f f  t o  give a s a t is f a c to ry  s t ru c 
tu re  fo r  dry ing . T h e  b u b b le s  w e re  large, 
a n d  th e  “ p u f f e d ”  s t r u c tu r e  was glassy and  
d if f icu l t  to  d ry  to  c o m p le t io n ;  (2 )  w i th  
th e  sam e  d egree  o f  b len d in g  d u r in g  s a m 
ple p r e p a r a t io n ,  th e  p u f f in g  d e p e n d e d  
largely  o n  th e  ty p e  a n d  a m o u n t  o f  so lub le  
so l ids  a d d e d ;  a n d  (3 )  th e  e x p e c t e d  h y gro -  
s c o p ic i ty  o f  th e  d r ied  sam p le  d ic ta te d  
th a t  in -package  d es iccan t  be  u sed ,  o r  
an t i -cak in g  agen ts  be  a d d e d  to  th e  sam p le  
b e fo re  o r  a f t e r  dry ing .

Based o n  th e se  o b se rv a t io n s ,  th e  c o n 
s id e ra t io n s  fo r  a sa t i s f a c to ry  d e h y d r a t e d  
ju ice  p o w d e r  w ere  : ( 1 ) to  use  it as a ju ice  
base  w i th  g o o d  c o lo r  a n d  f lavor;  an d
(2 )  to  m a in ta in  its f ree -f low ing  c h a ra c te r 
is tics. Su cro se  a n d  several pe rm iss ib le  
ca lc iu m  salts  a n d  silica w ere  f o u n d  use fu l  
to  ach ieve  th e  d es i red  p ro p e r t ie s .  S o m e  
d if f ic u l ty  was e x p e r ie n c e d  in  dissolving 
c o rn - sy ru p  sol ids  a n d  m a l to - d e x t r in  w h en  
th e y  w ere  p a r t ia l  s u b s t i tu te s  o f  suc rose  in

th e  sam p le .  A lso , th e  f lav o r  o f  d e h y 
d r a t e d  p ro d u c t s  a p p e a re d  to  have 
c h a n g e d  s o m e w h a t  as a resu lt  o f  ad d in g  
th e  c o rn - sy ru p  sol ids  o r  m a l to - d e x t r in  to  
th e  m ix tu r e  b e fo r e  d ry ing . Since th e y  
have b e e n  used  su ccess fu l ly  in  o t h e r  ju ice  
a n d  beverage  p ro d u c t s ,  f u r th e r  s tu d ie s  o f  
th e i r  use  in  t r o p ic a l  f ru i t  ju ic e  d e h y d r a 
t io n  w o u ld  be  w o r th w h i le .

S u c ro se  a p p ea rs  to  p lay  several im p o r 
t a n t  ro les  in  th e  ju ic e  m ix tu r e  f o r  vac
u u m - p u f f  f reeze  d ry ing . Besides h e lp ing  
to  r e d u c e  th e  h y g ro s c o p ic i ty  o f  th e  ju ice  
p o w d e r ,  i t  he lps  k e e p  th e  vo la t i le  c o m p o 
n e n ts  in  th e  f ru i t  ju ice  a n d  th u s  helps 
re ta in  th e  f lavor  a n d  a ro m a .  In  dev e lo p in g  
a g rape  ju ice  p o w d e r ,  E sk e w  e t  al. ( 1 9 5 4 )  
f o u n d  su c ro se  u se fu l  in  p re v e n t in g  off-  
f lavor d e v e lo p m e n t ,  a n d  r e ta in in g  th e  
g rape  ju ic e  essence. R ey  a n d  B ast ien
( 1 9 6 2 )  p o s tu la t e d  a m e c h a n is m  fo r  sugar 
as “ an  a b s o r b a n t  b o d y  w h ic h  s t ro n g ly  
b in d s  th e  a r o m a t ic  c o m p o n e n t s  to  th e  
d ry  m a te r i a l ,”  a n d  d e m o n s t r a t e d  in  a 
series o f  th e i r  e x p e r im e n t s  in  w h ich  ace 
to n e  was a d d e d  to  an  Earle -g lucose  so lu 
t io n  fo r  freeze  dry ing . T h e y  f o u n d  th a t  
th e  p e rc e n ta g e  o f  res id u a l  a c e to n e  was 
d e p e n d e n t  o n ly  o n  th e  a m o u n t  o f  g lucose 
p re s e n t  in  th e  so lu t io n .

T h e  th i rd  ro le  p la y e d  b y  sucrose  in 
th is  p ro cess  is believed  to  be  t h a t  o f  
in f lu en c in g  th e  p u f f in g  an d  stab il iz ing  th e
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“ p u f f e d ”  s t r u c tu r e  by  m in im iz in g  su rface  
su b l im a t io n  o f  th e  f r o z e n  m ix tu r e  w h en  
p ressu re  in  th e  c h a m b e r  was re d u c e d .  
Th is  is b ecau se  th e  p re sen ce  o f  a re la 
tive ly  high c o n c e n t r a t i o n  ( 2 5 —40% ) o f  
d issolved su c ro se  in  th e  ju ic e  increases  th e  
v iscosity  o f  th e  ju ice -su c ro se  m ix tu r e  
a p p r e c i a b l y  w h e n  c o o l e d .  F ro m  
7 7 - 3 2 ° F ,  fo r  e x a m p le ,  th e  v iscosity  o f  a 
4 0 %  su c ro se  s o lu t io n  increases  a b o u t  
th r e e fo ld  t o  14.8 cp , a n d  th a t  o f  a 60%  
su c ro se  s o lu t io n  increases  m o r e  th a n  five
fo ld  to  2 3 8  cp  (H o d g m a n ,  1 9 5 4 ) .  S u b se 
q u e n t  rap id  freez ing  o f  th e  ju ice -su c ro se  
m ix tu r e  resu lts  in a fa ir ly  u n i f o rm  mass. 
L im i te d  in i t ia l  su r face  su b l im a t io n  w o u ld  
also h e lp  m in im ize  ch an ces  fo r  case h a r 
den ing ,  t h e r e b y  m a k in g  d ry in g  m o r e  u n i 
fo r m  a n d  c o m p le te .

T h e  c r i te r io n  o f  a d d in g  perm iss ib le  
ca lc iu m  salts  a n d  silica to  th e  ju ice  
m ix tu r e  was to  use  th e  m in im a l  a m o u n t  
to  ach ieve  th e  f ree -f lo w in g  p ro p e r ty  o f  
th e  d r ied  p r o d u c t  d u r in g  s to rage .  R esu lts  
f r o m  th is  s tu d y  sh o w e d  th a t  all f o u r  
t ro p ic a l  f ru i t  ju ice s  a n d  p u rees  can  be 
m a d e  in to  a s a t is f a c to ry  d e h y d r a t e d  p r o d 
u c t  by  a d d in g  su i tab le  a m o u n t  o f  sucrose  
( 2 5 —4 0 % ),  u p  to  0 .1 5 %  tr ica lc iu m  p h o s 
p h a te ,  0 .1 0 %  ca lc iu m  o x id e  a n d  0 .1 0 %  
ca lc iu m  silicate  to  th e  w e t  m ix tu re .

T h e  ju ice -su c ro se  p o w d e r s  w ere  d r ied  
t o  1 - 2 %  m o is tu re  (b ased  on  v acu u m  
d ry in g  a t  1 3 0 ° F  fo r  24  h r) ,  th e n  fi lled 
an d  s to re d  in  glass ja r s  a t  preva iling  
t e m p e r a t u r e  a n d  h u m id i ty ,  7 0 —8 0 ° F  and  
6 0 —90%  RH. T h e  glass ja r s  w ere  cap p ed  
m a n u a l ly ;  n o  in -package  d es iccan t  was 
a d d e d .  F o r m u la t io n s  sh o w n  in T ab le  2 
re p r e se n t  ty p ic a l  v a c u u m - p u f f  f reeze- 
d r ied  sam p les  o u t  o f  57 , all o f  w h ich  
re ta in e d  a f ree -f low ing  p r o p e r ty  a f t e r  
1 0 —16 m o n th s .  All o f  these  sam p les  have 
m a in ta in e d  g o o d  co lo r  a n d  so lu b i l i ty  in 
co ld  w a te r .  A fo rm a l  ta s te  p a n e l  eva lua 
t io n  has n o t  b een  ca rr ied  o u t ,  b u t  se lec

tive ta s te  te s ts  s h o w e d  th a t  so m e flavors 
are stil l  e x c e l le n t ,  so m e  have ch an g ed  
s l igh tly ,  p r o b a b ly  d u e  to  o x id a t io n  in the  
glass c o n ta in e r .

In  te rm s  o f  th e  a m o u n t  o f  sucrose  
a d d e d  to  th e  p ro d u c t s ,  th e  fo r m u la t io n s  
used  here  are c o m p a r a b le  to  th o s e  o f  th e  
t ro p ic a l  f ru i t  n e c ta r  o r  n e c ta r  base. S in 
g le -s treng th  ju ice ,  espec ia l ly  pass ion  f ru i t ,  
carr ies  su f f ic ie n t  a ro m a  a n d  flavor,  b u t  
each  o f  th ese  f o u r  ju ice s  a n d  p u re e s  is 
g enera l ly  c o n s u m e d  in  sw e e te n e d  fo rm . 
T h e  ju ice  p o w d e rs  p ro d u c e d  he re  have 
th e  fo l lo w in g  a p p a r e n t  b u lk  densi t ie s  in  
g m /m l :  guava, 0 .3 8 ;  m a n g o ,  0 .3 9 ;  pass ion  
f r u i t ,  0 .2 3 ;  a n d  p in e a p p le ,  0 .2 4 .  T h e y  are 
p r o b a b ly  c o n s id e re d  lo w  as c o m p a r e d  
w i th  o t h e r  s im ila r  p ro d u c t s .  N o  c o n t r o l  
o f  th e  b u lk  d e n s i ty  was a t t e m p t e d  in th is  
s tu d y .  H o w ev e r ,  fo r  poss ib le  c o m m e rc ia l  
a d a p ta t io n ,  so m e  d egree  o f  d e n s i f ic a t io n  
w o u ld  seem  necessary .

C O N C L U S IO N S

B A S E D  o n  e x p e r im e n ta l  re su lts  o b ta in e d  
f ro m ,  a n d  o b se rv a t io n s  m a d e  o n  th e  
v a c u u m - p u f f  f r eeze -d ry in g  process ,  t e n t a 
tive c o n c lu s io n s  can  be m a d e  as fo l low s:
(1 )  V a c u u m -p u f f  freeze  d ry in g  m a y  be  a 
use fu l  p rocess  fo r  p ro d u c in g  q u a l i ty  d e 
h y d r a t e d  ju ice  p o w d e r .  P ro p e r  c o n t r o l  o f  
b o t h  th e  in i t ia l  p r o d u c t  t e m p e r a t u r e ,  an d  
th e  degree  o f  v a c u u m  will be  necessa ry  to  
o b ta in  a d e q u a te ,  b u t  n o t  over-p u ff in g ;  
a n d  (2 )  F a c to r s  a f f e c t in g  th is  p rocess  
are: th e  ch em ica l  a n d  p h y s ica l  n a tu r e  o f  
th e  in i t ia l  m a te r ia l ;  th e  a m o u n t  o f  gas in, 
a n d  th e  a m o u n t  a n d  ty p e  o f  sugars  a d d e d  
to  th e  m a te r i a l ;  th e  in i t ia l  p r o d u c t  t e m 
p e ra tu re ;  th e  r a te  o f  ch an g e  a n d  degree  o f  
v a c u u m ;  an d  p r o d u c t  lo ad in g  d e n s i ty .
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EFFECT OF RADIO-FREQUENCY ENERGY AT 60 MHz 
ON FOOD ENZYME ACTIVITY

SU M M A RY—The effect o f radio-frequency (R-F) energy at 60 MHz on peroxidase, polyphenolase, 
pectinesterase, catalase and alpha-amylase activity was determined in water solutions o f purified 
enzymes as well as in apple juice, milk and sweet potato extract. The apparatus used consisted o f 
an R-F generator coupled to an evaporator and condenser. Temperature was kept constant at a 
desired level by evaporating water from the system. Results showed that while the enzymes were 
partially or totally inactivated by heat at 70° C, or 65° C {149° F )  in the Instance o f milk, exposure 
to R-F energy at 20°C caused essentially no loss o f enzyme activity. Within the limits o f the 
experimental conditions, pH and enzyme concentration were not factors in relation to lack o f 
effect o f R-F energy on enzymes. Overall, the results indicate that per se, R-F energy at 60 MHz 
does not have any significant effect on the enzymes studied, aside from that caused by the heat 
effects o f R-F energy.

INTRODUCTION
T H E  B ASIC P R IN C IP L E S  o f  m ic row aves ,  
p a r t ic u la r ly  in  th e  R -F  reg io n ,  have  b een  
s tu d ie d  fo r  a n u m b e r  o f  y ears .  G o ld b l i th
(1 9 6 7 )  ex ten s iv e ly  rev iew ed  th e  su b jec t .  
T he  e lec tro n ic s  o f  R -F  e n e rg y ,  as well as 
i ts  a p p l i c a t io n ,  were  desc r ib ed  in  a vo l
u m e  e d i t e d  b y  O kress  ( 1 9 6 8 ) .  T h e  e f fec ts  
o f  R -F  en e rg y  o n  b io log ica l  sy s te m s  have 
b een  p re s e n te d  in  a m o n o g r a m  e d i t e d  by 
P e y to n  ( 1 9 6 1 ) .

Izar a n d  M o r e t t i  ( 1 9 3 3 )  e x p e r im e n te d  
w ith  so lu t io n s  o f  p ep s in  e x p o s e d  to  f r e 
q u en c ie s  o f  2 0 ,  37 .5  a n d  75 m c /se c .  N o  
e f fec t  was f o u n d  at 2 0  a n d  75 m c /se c ;  
ho w ev e r ,  an  increase  in  p r o t e o ly t i c  ac t iv 
i ty  was n o te d  a t  37 .5  m c /se c .  C o p s o n
( 1 9 5 4 )  r e p o r te d  c o m p le te  in a c t iv a t io n  o f  
p e c t in -m e th y l -e s te ra se  in  o range  ju ice  
c o n c e n t r a te  a t  a f r e q u e n c y  o f  2 ,4 5 0  
m c/sec .

B ach  e t  al. ( 1 9 6 2 )  s tu d ie d  th e  e ffec ts  
o f  R -F  en e rg y  o n  a lp h a -am y la se  in  tw o  
g ro u p s  o f  e x p e r im e n ts .  O n e  was c o n 
d u c te d  by  e x p o s in g  e n z y m e  sam ples  to  
variab le  R -F  f r e q u e n c y  u n d e r  c o n s ta n t -  
te m p e r a tu r e  c o n d i t io n s ;  th e  o th e r ,  to  a 
c o n s t a n t  f r e q u e n c y  w hile  th e  te m p e r a tu r e  
was varied . T h e y  f o u n d  a p a r t ia l  in ac t iv a 
t io n  o f  th e  e n z y m e  a t  c e r t a in  c o m b in a 
t io n s  o f  t e m p e r a t u r e  a n d  f r e q u e n c y .  
C o o k  a n d  S m i th  ( 1 9 6 4 )  e x p o s e d  t ry p s in  
so lu t io n s  to  m a g n e t ic  fie lds  a n d  f o u n d  an 
inc rease  in e n z y m a t ic  ac t iv i ty .  E d w a rd s  
( 1 9 6 4 )  e x p o s e d  f lo u r  to  R -F  en e rg y  at 
2 4 5 0  m c /se c  a n d  r e p o r t e d  t h a t  2 -m in  
t r e a tm e n ts  in a c t iv a te d  am y la se s  a n d  d e 
n a tu r e d  th e  g lu ten .  B ach  ( 1 9 6 5 )  sugges t
ed  poss ib le  m e c h a n ism s  b y  w h ic h  b io lo g 
ical sy s tem s  m a y  be in f lu e n c e d  b y  R-F 
energy . T a k a sh im a  ( 1 9 6 6 )  s tu d ie d  th e  
e ffec ts  o f  R -F  en e rg y  o n  a lc o h o l  d e h y d r o 
genase a n d  D N A . H e f o u n d  n o  a l t e ra t io n  
in  th e  ac t iv i ty  o f  th e  e n z y m e  o r  o n  th e  
s t ru c tu r e  o f  D N A  even  b y  th e  p ro lo n g e d  
i r ra d ia t io n  a t  h igh  f ield  in te n s i ty .

N y ro p  ( 1 9 4 6 ) ,  u s ing  a f r e q u e n c y  o f  20  
m c /se c ,  k il led  9 9 .5 %  o f  Bacillus coll in  
l iq u id  m e d iu m  a f t e r  7 sec o f  ex p o su re .  He 
c la im ed  9 9 .9 8 %  kill in  10 sec in  an  
im p ro v e d  a p p a ra tu s .  B ro w n  a n d  M o rr iso n  
( 1 9 5 4 )  f o u n d  n o  sign if ican t  le th a l  e ffec ts  
o n  b ac te r ia  in a q u e o u s  s o lu t io n s  e x c e p t  
t h a t  o f  h ea t .  C a rro l l  a n d  L o p ez  (1 9 6 9 )  
s tu d ie d  th e  e f f e c ts  o f  R -F  en ergy  a t  60  
m c /se c  o n  m ic ro o rg a n ism s  in  several 
sy s tem s .  T h e y  f o u n d  n o  le th a l  e f fec ts  o f  
R -F  energy  p e r  se a n d  n o  synerg is t ic  
e f f e c t  o f  R -F  e n e rg y  a n d  h e a t  u p o n  
m ic ro o rg a n ism s .

M ellon  e t  al. ( 1 9 3 0 )  s tu d ie d  th e  e f fec t  
o f  sh o r t  e lec tr ic  waves o n  d ip h th e r ia  
to x in .  T h e y  f o u n d  a p a r t ia l  in a c t iv a t io n  
o f  th e  to x i n  in  as s h o r t  a t im e  as 15 m in . 
T h e y  c o n c lu d e d  th a t  th e  e f f e c t  was d u e  
to  R -F  e n e rg y  r a d ia t io n ,  w h ic h  e x c lu d e d  
th e  p o ss ib i l i ty  o f  in a c t iv a t io n  d u e  to  hea t .  
N y ro p  ( 1 9 4 6 )  also r e p o r t e d  th a t  fo o t -  
a n d - m o u th  d isease virus was c o m p le te ly  
in a c t iv a te d  b y  R -F  en e rg y  a f t e r  a 10-sec 
t r e a tm e n t .  T h e  a p p a ra tu s  a n d  th e  e x p e r i 
m e n ta l  design  used  w ere  n o t  d e sc r ibed .

B ach  e t  al. ( 1 9 6 0 )  e x p o se d  h u m a n  
g am m a-g lo b u l in  to  R -F  energy  in  th e  
range  o f  1 0 - 2 0 0  m c /sec .  T h e y  o b se rv ed  a 
ch an g e  in th e  p a p e r  e l e c t r o p h o r e t i c  p a t 
te rn s ,  a n d  also in th e  an t ig en ic  reac t iv i ty .  
T h ey  c o n c lu d e d  th a t  R -F  en e rg y  h ad  
p ro d u c e d  an  u n fo ld in g  e f fec t  o n  th e  
p r o t e in  h e l ix  w h ic h  re s u l te d  in  loss o f  
sp ec if ic i ty .

As sh o w n  ab o v e ,  th e  l i te r a tu re  is c o n 
trovers ia l  o n  th e  su b jec t  o f  e f f e c t  o f  R -F  
en e rg y  o n  b io log ica l  sy s tem s .  T h e  m ain  
o b jec t ive  o f  th is  re s ea rch  w o rk  was to  
d e te r m in e  w h e th e r  th e  ac t iv i ty  o f  ce r ta in  
e n z y m e s  f o u n d  in  fo o d s  is a f f e c te d  by 
R -F  e n ergy  p e r  se, in d e p e n d e n t  o f  t e m p e r 
a tu re  increases.  T h e  s tu d y  w as d o n e  in 
m o d e l  e n z y m e  sy s te m s  a n d  in  fo o d s .  T h e  
e n z y m e s  u n d e r  in v es t ig a t io n  w ere  p e r o x i 
dase ,  p o ly p h e n o la se ,  p e c t in e s te ra se ,  al

ph a -am y la se  a n d  ca ta lase .  T h e  fo o d s  used  
w ere  m ilk ,  app le  ju ice  an d  sw e e t  p o t a 
toes .

EXPERIMENTAL
Radio-frequency energy apparatus

The apparatus used for generating R-F en
ergy at 60 MHz and for exposing enzymes to its 
effect was described in a previous paper by Car- 
roll and Lopez (1969). Constant temperature 
was achieved by having the system under a se
lected vacuum, allowing small amounts o f water 
to evaporate. The condensed vapor was col
lected and measured. Equivalent amounts o f 
distilled water were added to the system to 
maintain a constant volume o f approximately 4 
liters. Electric heating elements were wrapped 
around the steel pipes. The amount o f heat de
livered was varied by a Powerstat variable trans
former. The sample was heated by: a) applying 
R-F energy; b) using the heating elements or c) 

both means simultaneously. A ll surfaces in con
tact with the experimental samples were glass 

or stainless steel.

Preparation of samples
Salt-free, lyophilized peroxidase was pur

chased from Nutritional Biochemicals Corp., 
Qeveland, O. The following purified enzymes 

were purchased from Sigma Chemical Co., St. 
Louis, Mo.: Catalase stock C-100, 2x crystal
lized; alpha-amylase type 1-A, crystalline; poly
phenolase, Grade III and pectinesterase, 
P-4750. The enzyme solutions were prepared 
by weighing specific amounts o f  the above-men
tioned enzymes, adding distilled water and ad
justing the pH  to 7.0 with phosphate buffer. 
The pH o f raw apple juice was modified by 
addition o f sodium hydroxide solution and by 
adjusting with citric acid. The m ilk used was 
unpasteurized. A  sweet potato extract was pre
pared by blending 200g o f sweet potatoes with 
400 ml water. This was diluted 4:100 for the 
sample solution. A ll o f  the purified enzyme 
solutions and food enzyme systems were pre
pared within 2 hr before testing and held refrig
erated until used.

Exposure to R-F energy
Each sample was introduced into the appa

ratus as follows: First, the vacuum pump was 
turned on until a vacuum of approximately 27 
in. was achieved in the system. The feed valve 
was opened and the liquid transferred by vac
uum suction into the evaporation chamber. 
When 4 liters were introduced, the valve was 
closed and the circulating pump turned on for 
about 1 min to ensure further mixing and to 
eliminate empty spaces in the pipes.

The R-F generator was allowed to warm up 
for 5 min. A t that time the R-F energy was 
applied and the current to electrodes adjusted 
to between 280 and 300 ma, D .C. After 10, 20, 
30 and 40 min o f circulation, the R-F energy 
was cut off, the circulating pump stopped and
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the vacuum broken. Samples were collected and 
refrigerated. For the reason explained in the 

following paragraph, 10, 20, 30 and 40 min o f 
circulation correspond respectively to 2.87, 
5.75, 8.62 and 11.50 min o f actual R-F expo
sure. Control samples were run for the same 
periods o f time and under the same tempera
ture and pressure, except without R-F energy. 
Temperatures used were 20°C (68°F) and 70°C  
(158° F). When the higher temperatures were 
used, the apparatus was brought up to the de
sired temperature by circulating an adequate 
amount o f sample solution using the heating 
means described. After the temperatures were 
reached, this solution was discarded and a fresh 

solution was introduced. Thus, systems were 
not affected by temperature changes while the 
temperature was being raised.

The electrodes occupied only a portion of 
the apparatus. The sample was exposed to R-F  
energy only while it was flowing through the 
electrodes, and not while flowing throughout 
the total pipeline circuit. Circulation time refers 
to the total time that the sample was circulated 
in the apparatus. Time exposed to R-F was the 
time the sample was actually irradiated while 
circulating in the apparatus. Exposure time was 
calculated by estimating the percentage o f time 
a sample o f 4 liters was irradiated while circu
lating in the apparatus, as follows:
The flow  rate through the electrode was:

1.15 liters/min 

Then 4 liters were exposed:

= 0.2875 or 28.75% of circulation time. 

Analytical procedures
A. Determination of peroxidase activity.

The activity o f peroxidase in all the systems 
was determined according to the method de
scribed by Luck (1963). The change in optical 
density (O.D.) was observed in a Bausch & 
Lom b Spectronic 20 colorimeter at intervals o f

TOTAL CIRCULATION TIME (MIN.)

Fig. 3—Peroxidase activity Ik " ) in a buffered 
solution containing 0.1 g /ml purified peroxi
dase exposed and unexposed to R-F energy irra
diation for various periods o f time at 20°C 
(68° F ) and 70° C (158° F ).

Fig. 1 —Peroxidase activity (k") in raw apple 
juice exposed and unexposed to R-F energy 
irradiation for various periods o f time at 20°C 
(68° F ) and 70° C (158° F).

30 sec for 2 min. The activity was expressed as 
k''/ml.

B. Determination of polyphenolase activity.
Polyphenolase activity was measured by the 

method o f Ponting and Joslyn (1948), modified 
as follows. The sample was buffered and 0.5 M 
catechol was added. Instead o f an Evelyn color
imeter, a Bausch & Lom b Spectronic 20 col
orimeter was used. Observations were made at 
420 m/i. O .D. readings were taken at 1-min in
tervals for 20 min. The activity was expressed 
as change in optical density per minute 
(O.D./min).

C . Determination of pectinesterase activity.
Determination o f pectinesterase was by the 
method of MacDonnell et al. (1945) modified

Fig. 4—Polyphenolase activity  ( A  O.D./min) in 
raw apple juice exposed and unexposed to R-F 
energy irradiation for various periods o f time at 
20° C (68° F  ! and 70° C (158° F).

Fig. 2—Peroxidase activity (k ") in unpasteur
ized milk exposed and unexposed to R-F en
ergy irradiation for various periods o f time at 
20° C (68° Ft and 65° C (149° F).

as follows: 25 ml o f sample was pipetted into a 
beaker equipped with a magnetic stirrer and pH  
electrodes. The pH was adjusted to 7.5 with 
20% sodium hydroxide solution. NaCl was 
added to a 0.15 M  concentration. After an addi
tion of 0.5% N .F. pectin, the pH was adjusted 
with 0.1 sodium hydroxide. Optim um activity 
occurred during the first 5 min. Activity was 
exp ressed  as pectinesterase units (P.E.- 
j u / m l  x  1 0 ‘ 4 ) .

D. Determination of catalase activity. It is
customary to express catalase activity o f foods 
as “ Katalase Fähigkeit,” which is the catalase 
activity (k) per gram of food (K f = k/g). Cata
lase activity determination in apple juice was 
carried out according to Official Methods of

TOTAL CIRCULATION TIME (MIN )

Fig. 5—Polyphenolase activity  ( A  O.D./min) in 
purified enzyme solutions exposed and unex
posed to R-F energy irradiation for various peri
ods o f time at 20°C (68° F ) and 70° C (158° F I.
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Fig. 6 —Pectinesterase activity (P.E. g/ml) in 
raw apple juice exposed and unexposed to R-F 
energy irradiation for various periods o f time at 
20° C (68° F I and 70° C (158° F  ).

TOTAL CIRCULATION TIME (MIN I

Fig. 7—Pectinesterase activity (P.E. p/mi) in 
purified enzyme solutions exposed and unex
posed to R-F energy irradiation for various peri
ods o f time at 20° C (68° F) and 70° C (158° FI.

Fig. 8—Catalase activity (K f) in raw apple juice 
exposed and unexposed to R-F energy irradia
tion for various periods o f time at 20°C (68°F ) 
and 70° C (158° F).

Analysis o f the A .O .A .C . (1965). Catalase activ
ity in purified enzyme solutions was deter
mined spectrophotometrically according to the 

method described by Luck (1963), since it is 
more accurate for purified solutions.

E . Determination o f alpha-amylase activity. 
The activity o f alpha-amylase was determined 
by the method o f Bernfeld (1955).

RESULTS & DISCUSSION
T H E  R -F  E N E R G Y  i r ra d ia t io n  a p p a ra tu s  
e m p lo y e d  fo r  th is  re s ea rch  a f f o r d e d  e x 
ce l len t  c o n t r o ls  f o r  th e  t e m p e r a t u r e  an d  
c u r r e n t  de l ivered  to  th e  e lec tro d es .  I t  also 
a f fo rd e d  an  e f fec t iv e  m e a n s  fo r  h ea t in g  
th e  sam ples .  T h e  te m p e r a tu r e  a n d  p re s 
su re  in  th e  sy s te m ,  as well as th e  c u r r e n t  
de livered  to  th e  e le c tro d e s ,  w e re  c o n t i n 
u o u s ly  o b se rv ed  a n d  c o n t r o l l e d .  T h u s ,  
these  fa c to rs  were  a lw ay s  k n o w n ,  a n d

TOTAL CIRCULATION TIME (MI N)

Fig. 9—Catalase activity (K f) in buffered solu
tions o f purified catalase exposed and unex
posed to R-F energy irradiation for various peri
ods o f time at 20°C (68° F ) and 70° C (158° F).

d u p l ic a t io n  o f  an  e x p e r i m e n t  was p o s 
sible.

Five e n z y m e s  w ere  in v es t ig a ted  in 
th e i r  p u r i f ied  f o r m  as well as in  fo o d s .  
W ith  th e  e x c e p t io n s  o f  a lp h a -am y la se  a n d  
p e c t in e s te ra se ,  th e r e  are n o  re p o r t s  in  th e  
l i te r a tu re  o n  th e  e f fec ts  o f  R -F  e n e rg y  on 
th ese  e n z y m e s .  A d d i t i o n  o f  a b u f f e r  t o  
p u r i f ie d  s o lu t io n s  was necessa ry  because  
o f  th e  a rc in g  e f fec t  t h a t  re s u l te d  in  th e  
c a p a c i to r  w h e n  n o  ions w ere  p re sen t .  
P e ro x id ase ,  p o ly p h e n o la s e ,  p e c t in e s t e r 
ase, ca ta lase  a n d  a lp h a-am y lase  ac t iv i ty  
d a ta  are p re s e n te d  in  F igures  1 th r o u g h  
11. N o n e  o f  th e  e n z y m e s  i r ra d ia te d  by 
R -F  energy  a t  2 0 ° C  ( 6 8 ° F )  fo r  d i f fe re n t  
p e r io d s  o f  t im e  los t  an y  s ig n if ican t  ac t iv 
i ty .  D u p l ica te  c o n t r o l  sam p les  h e ld  a t  th e  
s am e  t e m p e r a t u r e  b u t  w h ich  w ere  n o t  
i r ra d ia te d  w ith  R -F  en ergy  h a d  essen tia l ly

Fig. 10—Alpha-amylase activity (mg malt- 
ose/ml) in sweet potato juice exposed and un
exposed to R-F energy irradiation for various 
periods o f time at 20°C (68°F) and 70°C 
(158° F).

th e  sam e  e n z y m e  ac t iv i t ie s  as th e  i r ra d i
a te d  sam ples .  S im ila r  e x p e r im e n t s ,  b u t  
w i th  a t r e a t m e n t  t e m p e r a t u r e  o f  7 0 ° C  
( 1 5 8 ° F )  sh o w e d  s u b s ta n t i a l  loss o f  ac t iv 
i ty  b o t h  in th e  i r r a d ia te d  a n d  n o n ir ra d i-  
a te d  sam ples .

T h u s ,  th e  re su l ts  sh o w e d  t h a t  th e  o n ly  
sam p les  w h ic h  los t  e n z y m e  ac t iv i ty  w ere  
th o s e  h e a te d  to  a t e m p e r a t u r e  su f f ic ie n t  
to  p r o d u c e  p a r t ia l  o r  to t a l  loss o f  ac t iv i ty  
o f  th e  e n z y m e s .  E n z y m e s  i r r a d ia te d  w ith  
R -F  e n e rg y  b u t  m a in ta in e d  a t  2 0 °C  
( 6 8 ° F )  d id  n o t  s ig n if ican tly  lose  ac t iv i ty .  
R -F  en e rg y  i r r a d ia t io n  d o n e  a t  t e m p e r a 
tu re s  a t  w h ich  e n z y m e s  are  h e a t  s tab le  
d id  n o t  have a n y  s ig n if ican t  in ac t iv a t in g  
e f fec t  w h ich  c o u ld  be  a t t r i b u t e d  to  R -F  
en ergy  p e r  se.

A s e c o n d  ph ase  o f  th is  re s e a rc h  was 
c o n d u c te d  to  d e te r m in e  w h e th e r  e n z y m e

Fig. 11-Alpha-amylase activity (mg malt-
ose/ml) in buffered solutions o f purified alpha- 
amylase exposed and unexposed to R-F energy 
irradiation for various periods o f time at 20°C 
(68° F) and 70° C (158° F ).
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c o n c e n t r a t i o n  a n d  p H  value are c r i t ica l 
fa c to rs  in  r e la t io n  to  R -F  energy  e f fec ts  
o n  e n z y m e s .  Pu r i f ied  p e ro x id a se  so lu t io n s  
were  p re p a r e d  a t  c o n c e n t r a t i o n s  o f  0 .1 ,  
0.01 a n d  0 .0 0 1  / ig /m l.

E ssen t ia l ly  c o m p le te  in a c t iv a t io n  o c 
c u r r e d  a t  7 0 ° C  ( 1 5 8 ° F )  w i th  o r  w i th o u t  
e x p o s u r e  to  R -F  en e rg y ,  w hile  a t  2 0 °C  
( 6 8 ° F )  th e re  was n o  s ig n if ican t  loss o f  
a c t iv i ty  u n d e r  a n y  c o n d i t io n s .  T h e re fo r e ,  
th e re  w as n o  r e d u c t io n  o f  e n z y m e  ac t iv 
i ty  a t  a n y  -of th e  e n z y m e  c o n c e n t r a t i o n s  
s tu d ie d  th a t  co u ld  be  a t t r i b u t e d  to  R-F 
energy  p e r  se.

A p p le  ju ic e  a t  pH  3 .8 ,  as well as th e  
sam e  ju ic e  w ith  pH  a d ju s te d  to  5.5 a n d
7 .0 ,  was su b je c te d  to  R -F  energy  t r e a t 
m e n ts .  A t each  pH , th e  e f fec ts  o f  R-F 
en e rg y  o n  th e  ap p le  ju ice  p e ro x id a se ,  
p o ly p h e n o la se  a n d  p e c t in e s te ra se  were  
s tu d ie d  a t  2 0 ° C  ( 6 8 ° F )  a n d  7 0 ° C
( 1 5 8 ° F ) .  N o  e f f e c t  was e v id e n t  a t  a n y  pH 
a t  2 0 ° C  ( 6 8 ° F ) ,  w hile  a t  7 0 ° C  ( 1 5 8 ° F )  
th e re  was a su b s ta n t ia l  in ac t iv a t in g  e f fec t  
o n  e ach  e n z y m e .  T h e re  was n o  r e d u c t io n  
o f  e n z y m e  a c t iv i ty  a t  a n y  o f  th e  pH 
values s tu d ie d  th a t  c o u ld  be  a t t r i b u t e d  to  
R -F  en e rg y  p e r  se.

O verall ,  th e  resu lts  in d ic a te  t h a t  p e r  se, 
R -F  en e rg y  a t  6 0  M Hz does  n o t  have  a n y  
s ig n if ican t  e f f e c t  o n  th e  e n z y m e s  s tu d ie d ,  
aside f r o m  th a t  c au sed  b y  th e  h e a t  e f fec ts  
o f  R -F  energy .

T h e  e f fec ts  o f  m ic ro w av es  a t  o th e r  
f r e q u e n c ie s  o n  e n z y m e  a c t iv i ty  sh o u ld  be

in v es t ig a ted .  R esu lt s  o b ta in e d  in  the  
co u rse  o f  th e  w o rk  p re s e n te d  h e re  in d i 
ca te  th a t  in in d u s tr ia l  a p p l i c a t io n s  th e  
e f fec ts  o f  R -F  en e rg y  a n d  m ic ro w av es  o n  
e n z y m e s  in  fo o d  sy s te m s  w o u ld  o n ly  be 
th o s e  c au sed  b y  e lev a t io n  o f  th e  fo o d  
t e m p e r a tu r e  to  a level su ch  th a t  e n z y m e  
ac t iv i ty  is a f f e c te d .  T h e  t im e - te m p e ra tu r e  
e f fec ts  o n  e n z y m e  ac t iv i ty  a p p e a r  t o  be 
th e  sam e  regardless  o f  w h e th e r  th e  h e a t  
o r ig in a te s  f r o m  a b s o r p t io n  o f  ra d io -f r e 
q u e n c y  en ergy  o r  is a p p l ied  b y  o th e r  
m eans .
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PREDICTION ON THE RELATIVE DIELECTRIC LOSS FACTOR IN AQUEOUS SOLUTIONS 
OF NONFAT DRIED MILK THROUGH CHEMICAL SIMULATION

SU M M A RY—The relative dielectric loss factor in aqueous solutions o f nonfat dried milk has been 
studied through chemical simulation o f its major constituents. This study shows that milk dielec
tric loss cannot be predicted simply on the basis o f its chemical composition. It  does, however, 
provide a conceptual basis for milk modeling which leads to a more general understanding o f food 
dielectric properties. The focal point in milk simulation was shown to be a complex relationship o f 
solute-solute and solute-solvent interactions which reduce the dielectric loss factors to levels sub
stantially lower than those predicted by considering only chemical composition. These include 
both binding and nonbinding interactions o f the solutes. The binding effects are believed to result 
from the incomplete dissociation o f milk salts in a saturated ionic environment and are reflected by 
a reduction o f specific ion activities in solution. Nonbinding effects, on the other hand, are seen to 
result from the formation o f hydrated ion complexes. These effects, in conjunction with chemical 
composition, are shown to completely determine the dielectric loss level in dried milk solutions.

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

T H E  A B IL IT Y  to  p re d ic t  d ie lec tr ic  loss 
in fo o d s  o n  th e  basis o f  th e i r  chem ica l  
c o m p o s i t io n  w o u ld  o f f e r  an  a t t ra c t iv e  
m e a n s  to  e s t im a te  h e a t in g  ch a rac te r i s t ic s  
o f  fo o d s  f o r  a w id e  v a r ie ty  o f  m ic ro w av e  
p rocess ing  ap p l ica t io n s .  O ne  m e a n s  o f  
eva lua t ing  th is  poss ib i l i ty  is th e  chem ica l  
s im u la t io n  o f  spec if ic  f o o d  sy s te m s  based 
o n  th e i r  c o m p o s i t io n  as d e te r m in e d  by  
p ro x im a te  analys is .  A r e c e n t  review  o f  
th e  l i te r a tu re  sh o w s very  few  s tu d ie s  have 
b een  m a d e  in th e  d ie lec tr ic  p ro p e r t ie s  o f  
fo o d s tu f f s ,  p a r t ic u la r ly  a t  m ic ro w av e  f re 
q u en c ie s  a l lo c a te d  to  c o m m e rc ia l  p ro c 
essing (i.e .,  9 1 5  a n d  2 4 5 0  M Hz). O n e  o f  
th e  earl ies t  d ie lec tr ic  m e a s u re m e n ts  was 
by  D u n lap  a n d  M a k o w e r  ( 1 9 4 5 )  t o  d e te r 
m in e  th e  m o is tu re  o f  ca r ro ts .  M easure
m e n t s  o f  f o o d s tu f f s  f r o m  1 0 0 —4 0  MHz 
w ere  m a d e  b y  E d e  a n d  H a d d o w  (1 9 5 1 ) .  
T h ey  r e p o r te d  h e te r o g e n e o u s  h e a t in g  ef
fec ts  w h ich  gave rise t o  “ r u n a w a y  h e a t 
ing”  in m ic ro w av e  th a w in g  o f  m e a t s  a n d  
fish. Sim ilar  m e a s u re m e n ts  a t  1 0 —2 0 0  
MHz were  m a d e  fo r  f ro z e n  a n d  d e f r o s te d  
m ea ts  a n d  fish b y  B en g tsso n  et al. (1 9 6 3 ) .  
M icrow ave  m e a s u re m e n ts  w ere  m a d e  fo r  
fo o d s  o f  h igh  w a te r  c o n te n t  b y  d e  L o o r  
a n d  M e i jb o o m  ( 1 9 6 6 ) ,  fo r  p o t a t o e s  a n d  
c o m m e rc ia l  fa ts  a n d  oils b y  Pace et al. 
( 1 9 6 8 a ;  b )  a n d  fo r  g ro u n d  b e e f  b y  V an  
D yke ,  Wang a n d  G o ld b l i th  ( 1 9 6 9 ) .  D u r 
ing th is  p e r io d ,  re la te d  s tu d ie s  o f  c h e m 
ical c o m p o u n d s  h a d  also b e e n  m a d e  by  a 
n u m b e r  o f  inves t iga to rs .  A l th o u g h  these  
s tu d ie s  w ere  n o t  d irec t ly  c o n c e rn e d  w ith  
th e  d ie lec tr ic  p ro p e r t ie s  o f  fo o d s ,  these  
c o m p o u n d s  are f r e q u e n t ly  e n c o u n te r e d  in 
f o o d  p ro d u c t s .  T h ese  in c lu d e  m e a s u re 
m e n t s  o f  w a te r  b y  Collie  e t  al. ( 1 9 4 8 ) ;

1 D ept, o f A nim al Industries, U niversity  o f  
C on n ecticu t, Storrs, C onn.

a q u e o u s  ion ic  s o lu t io n s  b y  H a s te d  et al.
( 1 9 4 8 ) ;  lo n g -ch a in  f a t t y  ac ids  b y  B u
c h a n a n  ( 1 9 5 4 ) ;  a n d  o f  a m in o  acids , p e p 
t id e s  a n d  p r o t e in s  b y  T a k a sh im a  an d  
S ch w an  (1 9 6 5 ) .

I t  is th e  i n t e n t  o f  th is  p a p e r  to  p re sen t  
re su lts  o f  t h e  ch em ica l  s im u la t io n  o f  a 
fo o d  p r o d u c t  a t  a m ic ro w av e  f r e q u e n c y  
close to  th e  f r e q u e n c y  o f  m a jo r  c o m m e r 
cial in te re s t  in th e  U n i te d  S ta tes .  Milk 
was c h o se n  f o r  s tu d y  since it c an  be 
c h em ica l ly  s im u la te d  in  a q u e o u s  so lu t io n s  
b y  th e  use o f  ch em ica l  analogs . In  a d d i 
t io n ,  s tu d ie s  o f  th is  ty p e  are believed to  
be  d ie lec tr ica l ly  ap p licab le  to  a n u m b e r  
o f  o th e r  fo o d s  w h ich  m ig h t  be  p rocessed  
in b a tc h  o r  c o n t in u o u s - f lo w  m icro w av e  
h e a t in g  a p p l ic a t io n s .  T h e  s im u la t io n  o f  
t h e  physica l  a n d  ch em ica l  p ro p e r t ie s  o f  
m ilk  a n d  its  c o n s t i t u e n t s  is ba sed  o n  d a ta  
p re s e n te d  b y  J en n es s  a n d  P a t t o n  (1 9 5 9 ) .  
T he  m o le c u la r  basis o f  d ie lec tr ic  p ro p e r 
ties  is rev iew ed  by  V o n  H ip p e l  ( 1 9 5 4 ) .  
T hese  a re  k n o w n  to  d e te r m in e  th e  energy  
c o u p l in g  by  a d ie lec tr ic  m a te r ia l  in an 
e le c t ro m a g n e t ic  field w h ich ,  in  t u r n ,  d e 
te rm in e s  p o w e r  a b s o r p t io n  a n d  t e m p e r a 
tu r e  rise o f  t h e  m a te r ia l  an d  d e p th  o f  
p e n e t r a t i o n  b y  th e  field . T h e  r e la t io n 
sh ips  b e tw e e n  d ie lec tr ic  p ro p e r t ie s  and  
h e a t in g  ch a rac te r i s t ic s  o f  fo o d s  a re  re 
v iew ed  b y  G o ld b l i th  ( 1 9 6 7 ) .  While results

o f  th is  s tu d y  are based  so le ly  o n  m e a su re 
m e n ts  at 3 0 0 0  M Hz a n d  a t e m p e r a t u r e  o f  
2 5 °C , t h e  e f f e c ts  o f  f r e q u e n c y  a n d  t e m 
p e ra tu re  v a r ia t io n  are c u r r e n t ly  be ing  
in v es t ig a ted  a n d  will b e  r e p o r te d  in  a 
s u b s e q u e n t  paper .

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

Milk analogs
Samples were prepared over a wide range o f 

concentrations with maximum levels well above 
those normally found in reconstituted m ilk and 
diluted to lower levels with distilled water. The 
concentration range o f the various components 
are shown in Table 1.

Nonfat dried milk
Nonfat dried m ilk was manufactured freshly 

by the low-temperature drying o f condensed 
skim milk, sealed in amber glass bottles and 
stored at -2 0 °C . Proximate analysis o f the 
product showed total solids o f 97.6% consisting 
of 0.8% milkfat, 8.1% ash content, 34.1% pro
tein and 54.6% lactose.

Chemicals
Sodium caseinate was purchased from Math- 

eson, Coleman and Bell o f  Cincinnatti, Ohio. 
D-(+>lactose (monohydrate) was purchased 
from J. T. Baker, Phillipsburg, N.J. Inorganic 

chemicals o f analytical reagent grade were pur
chased from various commercial houses.

Proximate analysis methods
Protein and ash content were determined in 

accordance with A O A C  (1965) methods; total 
solids and m ilkfat by the method o f Mojonnier 
and Troy (1925) and sodium by the method o f 
Baird Associates (undated). Lactose was esti
mated by difference. Values were averaged 

from duplicate analyses.

Dielectric measurements
Standing wave measurements were made at 

a temperature o f 25°C and a frequency o f 3000 
MHz. The method and the equipment used have 
been previously described by Pace et al. (1968a; 

b).

Table 1-Chemical compounds and concentrations used in dielectric
measurements

Com ponent Chemical analog

Range o f concentration studied 

(g/100ml)

Ash Sodium chloride 0.5 1.0 1.5 2.0

Protein Sodium caseinate 1.5 3.0 4.5 6.0

Carbohydrate Lactose 2.5 5.0 7.5 10.0

Dried milk - 4.5 9.0 13.5 18.0

Synthetic milk Mixture o f analogs 4.5 9.0 13.5 18.0

Volume 36 (1971)-JO U R N A L  OF FOOD  S C / E / V C f - 9 1 5



916- J O U R N A L  O F  FO O D  S C IE N C E - V o lu m e  36 (1971)

Table 2—Chemical composition o f  milk salts 
analog

Compounds

Concentration 

(mg/100 ml)

Calcium phosphate 190

Calcium chloride 275
Sodium citrate 177
Potassium citrate 130

Magnésium chloride 32
Magnésium sulfate 12

Total 816

Data reduction
Dielectric properties were determined from 

standing wave measurements by means o f a 
Fortran IV program for data reduction and was 
performed at the M.I.T. Computation Facility 
on an IBM 360 digital computer.

Milk salts analog
The distribution and concentration o f ions 

found in normal m ilk salts were simulated by a 
mixture o f the composition shown in Table 2. 
A  stock solution o f this mixture was prepared 
at a ten-fold concentration and adjusted to pH  
2 for solubilization. Sodium chloride at 1.0% 
was also prepared at pH values to 12 to deter
mine possible effects o f pH  on dielectric prop
erties in the simulation studies o f m ilk analogs.

Free cation measurements
Ion activities were measured by ion-selective 

electrodes for sodium, potassium and calcium 
manufactured by Corning Glass Works, Med- 
field, Mass. Potential measurements were made 
against a Corning silver/silver chloride reference 
electrode at controlled levels o f pH  and ionic 
strength. Measurements were calibrated by 
standard dilutions o f chloride salts with ten
fold scale expansion on a PH M 26C pH  meter 
manufactured by the Radiometer Corp., Copen
hagen, Denmark.

Total monovalent cation measurements
Total sodium and potassium levels were 

measured on a Model 143 Flame Photometer 
manufactured by the Instrumentation Lab.,

Fig. 1-Relative dielectric loss factor (E " r) for 
chloride salts o f major milk cations.

Lexington, Mass, with calibration by standard 
dilutions o f chloride salts.

Total divalent cation measurements
Total calcium and magnesium levels were 

measured on a Model 303 Atom ic Absorption 
Spectrophotometer manufactured by the Per- 
kin-Elmer Corp., Norwalk, Conn, using calibra
tion by standard dilutions o f chloride salts.

Isoelectric precipitation
An aqueous solution of nonfat dried milk at 

pH 6.4 was reduced to pH  4.4 with concen
trated hydrochloric acid. The resulting precip
itate was removed in a Model BD-2 ultracentri
fuge manufactured by the International 
Equipment Co., Needham, Mass. Centrifugation 
was at 100,000 x  G  for 2 hr.

R E S U L T S  & D IS C U S S IO N

V A R I A T I O N  o f  t h e  d ie lec tr ic  loss f a c to r  
w i th  re sp ec t  to  th e  c o n c e n t r a t i o n  o f  th e  
c h lo r id e  salts o f  th e  m a jo r  m ilk  c a t io n s  is 
sh o w n  in F ig u re  1. A l inear  re la t io n sh ip  
w as o b ta in e d  a t  lo w  c o n c e n t r a t i o n s  w ith  
inc reas ing ly  n o n l in e a r  v a r ia t io n  at h igher  
c o n c e n t r a t i o n s .  D ie lec tr ic  loss fa c to rs  
w ere  very  n ea r ly  th e  sam e  fo r  all o f  th e  
salts a t  c o n c e n t r a t i o n s  o f  in te re s t  in  m ilk  
s im u la t io n ,  i.e.,  u p  to  2%  (w /v) .  S o d iu m  
c h lo r id e  was t h e n  c o m p a r e d  w i th  th e  
sy n th e t i c  m ix tu r e  o f  n o rm a l  m ilk  salts  
c o m p o s i t io n ;  re su lts  are sh o w n  in F igure
2. T h e  d ie lec tr ic  loss b eh av io r  o f  so d iu m  
ch lo r id e  w as m u c h  th e  s am e  as th e  
sy n th e t i c  m ix tu r e .  A m a jo r  d isad v an tag e  
o f  th e  s y n th e t i c  salts m ix tu r e  was t h a t  its 
pFl h a d  to  be  re d u c e d  a p p re c ia b ly  in 
o r d e r  to  dissolve all o f  th e  salts .  T h is  
lo w e r  pH  w o u ld  a l te r  su b s ta n t i a l ly  th e  
p ro p e r t ie s  o f  m ilk .  H o w ev er ,  loss m eas
u r e m e n ts  over a w ide  p H  range  w ith  
so d iu m  ch lo r id e  s h o w e d  no  v a r ia t io n  o f  
loss w i th  pH . In  view o f  th e s e  s tu d ies ,  
so d iu m  ch lo r id e  was se lec ted  as an  a p p r o 
p r ia te  ch em ica l  an a lo g  fo r  ash  c o n te n t  in 
m ilk .  S o d iu m  case ina te  an d  lac to se  were  
se lec ted  as th e  o th e r  ana logs  o f  m ilk  on  
th e  basis t h a t  p r o t e in  a n d  c a rb o h y d r a te

Fig. 2—Dielectric loss comparison o f sodium 
chloride and a synthetic salt mixture.

c o n te n t  o f  m ilk  are la rge ly  c o m p o s e d  o f  
th e se  c o m p o n e n t s .  T h e  so d iu m  fo r m  o f  
case in a tes  was c h o se n  o ver  th e  ca lc iu m  
fo r m  b e c a u se  o f  th e  genera l ly  lo w e r  
b in d in g  ac tiv ity  o f  so d iu m  as c o m p a r e d  
w ith  ca lc iu m .

T h e  re la t ive  d ie le c tr ic  loss f a c to r s  o f  
var ious  m a te r ia ls  m e a su re d  a t  3 0 0 0  M H z 
a n d  2 5 °C  are  g rap h ica l ly  sh o w n  in F ig u re
3. In  th is  figure  th e  re la tive  d ie le c tr ic  loss 
fa c to rs  o f  a q u e o u s  s o lu t io n s  o f  so d iu m  
ch lo r id e ,  lac tose ,  so d iu m  case in a te  a n d  
n o n f a t  d r ied  m ilk  a re  p re s e n te d  in d iv id 
ually . I f  o n e  a ssu m es  th a t  th e  d ie lec tr ic  
loss f a c to r  o f  th e  a q u e o u s  m ilk  p re p a r a 
t i o n  is c o m p o s e d  o f  t h e  su m  o f  its 
c o m p o n e n t  p a r t s ,  co n s is t in g  o f  so d iu m  
ch lo r id e ,  la c to se  a n d  so d iu m  case in a te ,  a 
p re d ic te d  re la tive  d ie lec tr ic  loss f a c to r  
co u ld  be c o n s t r u c te d  a n d  w o u ld  be  t h a t  
sh o w n  as th e  d o t t e d  line in F ig u re  3. It 
can  be seen  th a t  th e  a c tu a l  loss f a c to r s  are 
su b s ta n t ia l ly  lo w e r  t h a n  th o s e  p r e d ic te d  
based  o n  a linear ad d i t iv e  r e la t io n sh ip  o f  
th e  c o m p o n e n t  par ts .

T o  e lu c id a te  th e  re a s o n  fo r  th e  dis
c re p a n c y  o f  th e  re su l ts  sh o w n  in F ig u re  3, 
a series o f  s tu d ie s  was p e r f o r m e d  us in g  a 
“ s y n t h e t i c ”  m i lk  so lu t io n .  T h is  s o lu t io n  
was p re p a re d  by  c o m b in in g  th e  a p p r o p r i 
a te  c o n c e n t r a t i o n s  o f  so d iu m  ch lo r id e ,  
la c to se  a n d  so d iu m  case ina te .  T h e  re la tive  
d ie lec tr ic  loss fa c to rs  a t  3 0 0 0  M H z an d  
2 5 ° C  w ere  again  m e a su re d  an d  are sh o w n  
in F igure  4. T h e  in d iv id u a l  c o m p o n e n t s ’ 
d ie lec tr ic  loss fa c to rs  o f  th e  s y n th e t i c  
m ix tu r e  are also sh o w n  in th is  f igure. 
Here  again ,  t h e  a s s u m p t io n  th a t  o n e  can  
p red ic t  th e  d ie lec tr ic  loss f a c to r  using  th e  
sum  o f  th e  c o m p o n e n t  d ie lec tr ic  loss 
fa c to rs  w as m a d e  a n d  is sh o w n  as th e  
d o t t e d  line in  F ig u re  4. O n ce  again  it  can  
b e  ob se rv ed  th a t  th e  m e a s u re d  va lues  are 
lo w er  th a n  th o s e  f ro m  p re d ic t io n .

F r o m  th e  resu lts  sh o w n  in  F igures  3 
a n d  4 ,  it  was s u s p e c te d  th a t  ion ic  b in d in g  
e f fec ts  m a y  be r e sp o n s ib le  fo r  th e  dis-

Fig. 3—Relative dielectric loss factor (E " r) o f 
aqueous dried milk and its chemical analogs.
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Fig. 4—Relative dielectric loss factor (E " r) o f 
synthetic milk and its chemical constituents.

crep an c ies  in  t h e  p re d i c t i o n  o f  d ie lec tr ic  
loss fac to rs .  T h a t  is, if  m i lk  sa lts  w e re  n o t  
c o m p le te ly  d is so c ia ted  b ecau se  o f  ion ic  
s a tu r a t i o n  a t  th e  l im it  o f  so lu b i l i ty  o r  if 
d is so c ia ted  salts w e re  b o u n d  b y  o th e r  
m ilk  c o n s t i t u e n t s  su c h  as p ro te in s ,  th e n  
th e  m ilk  d ie lec tr ic  loss f a c to r  w o u ld  be 
r e d u c e d  t o  s ig n if ican tly  lo w e r  levels th a n  
e x p e c te d  o n  th e  basis o f  ch em ica l  c o m 
p o s i t io n .  A m ilk  sa lts  e q u i l ib r iu m  b e 
tw e e n  th e  co llo ida l  an d  d isso lved  s ta te s  
had  b een  d e m o n s t r a t e d  b y  th e  w o rk  o f  
V e rm a  a n d  S o m m e r  ( 1 9 5 7 )  a n d  o th e r s .  In 
a d d i t io n ,  th e  c o m p le x in g  o f  casein ,  ca l
c iu m  o r  m ag n es iu m ,  a n d  p h o s p h a te  p a r 
tic les  to  fo r m  m ilk  m icelles  h a d  also b een  
sh o w n  b y  N o b le  a n d  W augh ( 1 9 6 5 )  a n d  
W augh a n d  N o b le  ( 1 9 6 5 ) .  A cco rd in g ly ,  
specif ic  m o n o v a le n t  a n d  d iv a len t  c a t io n  
b in d in g  levels w ere  m e a s u re d  in  dried  
m ilk  s o lu t io n s  b y  c o m p a r i s o n  o f  t o t a l  a n d  
free p o ta s s iu m  a n d  ca lc iu m  levels.

In  o rd e r  to  assess q u a n t i ta t iv e ly  th e  
degree  o f  so lu te  b in d in g  in m ilk  p re p a r a 
tio n s ,  t h e  fo l lo w in g  ser ies  o f  e x p e r im e n t s  
was p e r f o rm e d .  A n  18% (w /v )  p re p a r a 
t i o n  o f  th e  d r ied  m ilk  p re p a r a t io n  was 
an a ly z e d  fo r  th e  re spec tive  levels o f  p o 
ta s s iu m  a n d  ca lc iu m  w h ic h  w ere  e i th e r  
b o u n d  o r  f ree  in  so lu t io n .  T h e se  t w o  io n s  
w ere  se lec ted  as re p re se n ta t iv e  b in d in g  o f  
m o n o v a le n t  a n d  d iv a len t  c a t io n s  w h ich  
are p re s e n t  in m ilk .  T h e  to ta l  levels o f  th e  
respec tive  ions  w ere  d e te r m in e d  th r o u g h  
a to m ic  a b s o r p t io n  sp e c t ro s c o p y .  T h e  lev
els o f  free  io n s  in  s o lu t io n  w ere  d e te r 
m in e d  us ing  io n  se lec tive  e le c tro d e s .  T w o  
p H  values o f  th e  m i lk  sam p le  w ere  te s te d :  
p H  = 6 .4 ,  n o rm a l  p H  o f  m i lk  a n d  
p H  = 4 .4 ,  t h e  a p p r o x im a te  isoe lec tr ic  
p o in t  o f  th e  caseins. T h e  re su lts  o f  th ese  
s tu d ie s  are sh o w n  in T ab le  3. It c an  be 
seen  th a t  at n o rm a l  p H  o f  m ilk  6 .4 ,  16% 
o f  th e  p o ta s s iu m  a n d  71 %  o f  t h e  ca lc ium  
are  in  b o u n d  fo rm .  In te re s t in g ly ,  even at 
th e  iso e lec tr ic  p o in t  (p H  4 .4 )  th e  degrees 
o f  b in d in g  fo r  th e s e  ca t io n s  a re  very  
m u c h  s im ilar  t o  th e  p rev io u s  findings.  
Th is  w o u ld  suggest an  in c o m p le t e  d issoci
a t in g  o f  t h e  m i lk  sa lts  r a th e r  t h a n  d irec t  
b in d in g  o n t o  m i lk  p ro te in s .  A ssu m in g  th e  
b in d in g  o f  o t h e r  m o n o v a le n t  a n d  d iva len t  
ca t io n s  b eh av es  q u a n t i ta t iv e ly  s im ila r  to  
p o ta s s iu m  a n d  ca lc iu m ,  it  was e s t im a te d  
th a t  a p p r o x im a te ly  33 %  o f  th e  to t a l  m ilk  
salts will be  in  t h e  b o u n d  o r  u n d is so c ia te d  
fo rm .  This  p h e n o m e n o n  o n  th e  u n d is so c i
a t i o n  o f  sa lts  w o u ld  th e r e f o r e  sh o w  a 
lo w e r  re la t ive  d ie lec tr ic  loss f a c to r  fo r  an 
ac tu a l  d r ied  m ilk  p r e p a r a t io n  as c o m 
p a red  t o  a p r e d ic te d  va lue  based  o n  a 
s im plif ied  c h e m ic a l  s im u la t io n .  H ow ever ,  
th e  to t a l  level o f  u n d is s o c ia t io n  o f  33%  
c a n n o t  a c c o u n t  fo r  t h e  e n t i r e  d is c rep an cy  
as sh o w n  in F ig u re  3. It w as th e r e fo re

Table 3—Association studies o f salts o f 18% (w/v) dried milk

Concentration o f cations

Potassium (K +) Calcium (Ca++)

In % In %

Total solution Associated Total solution Associated

PH (mg/100) (mg/100) (% ) (mg/100) (mg/100) (%)

6.4 (Normal) 280 234 16 123 36 71

4.4 (Isoelectric) 300 236 21 118 36 70

Table 4—Measurement o f  binding o f solute in 18% synthetic milk 
preparation

Sodium ion concentration

Sodium

chloride

(%)

Lactose

(%)

Sodium

caseinate

(%)

Total

(mg/100 ml)

In

solution 

(mg/100 ml)

Degree o f 

association 

(%)

2 10 6 810 829 0

re a so n a b le  t o  a s su m e  th a t  t h e  r e d u c t io n  
o f  re la t ive  d ie lec tr ic  loss f a c to r  f r o m  th e  
p r e d ic te d  v a lu e  m u s t  b e  d u e  to  o th e r  
fa c to rs  in  a d d i t i o n  to  a s so c ia t io n  o f  th e  
salts. T o  e lu c id a te  th is  u n k n o w n ,  th e  
fo l lo w in g  e x p e r im e n t s  w e re  p e r f o rm e d ,  
w i th  a c c o m p a n ie d  resu lts .

T h is  series  o f  e x p e r im e n t s  was p e r 
fo r m e d  in  o r d e r  to  es tab lish  th e  level o f  
salt b in d in g  in  a s y n th e t i c  m ilk  p re p a ra 
t io n .  T h e  d egree  o f  d is so c ia t io n  in a 
sy n th e t i c  m i lk  p re p a r a t io n  w as an a ly z ed  
b ecau se  t h e  d ie lec tr ic  loss f a c to r  p red ic 
t i o n  as sh o w n  in F ig u re  4  w as in  b e t t e r  
a g re e m e n t  w i th  m e a s u re d  va lues  t h a n  th a t  
fo r  s o lu t io n s  o f  n o n f a t  d r ied  m ilk .  O n e  
c o u ld  su sp ec t  t h a t  th e  level o f  salt d issoci
a t i o n  in  a s y n t h e t i c  sy s te m  m ig h t  be 
lo w e r  t h a n  t h a t  e n c o u n te r e d  w ith  th e  
d r ied  m ilk  p re p a r a t io n .  T h e  resu lts  o f  th is  
s tu d y  can  be seen  in  T ab le  4.

T h e  d is so c ia t io n  s tu d y  o f  t h e  sy n th e t i c  
m ilk  w as p e r f o r m e d  us ing  an  18 w t  % 
sam ple .  Th is  p r e p a r a t io n  is c o m p o s e d  o f  
2% so d iu m  ch lo r id e ,  10% la c to se  a n d  6% 
so d iu m  case in a te .  I t  can  b e  seen  f r o m  th e  
resu lts  in  Table  4 t h a t  th e r e  was essen
t ia lly  n o  a s s o c ia t io n  o f  so d iu m  in th is  
s y n th e t i c  m ilk  p r e p a r a t io n .  O n e  is t h e r e 
fo re  led  to  believe th a t  th e  d if fe re n c e s  in 
th e  p re d i c te d  t o  th e  m e a s u re d  rela tive  
d ie lec tr ic  loss f a c to r  fo r  s y n th e t i c  m ilk  
s o lu t io n s  a re  d u e  to  o th e r  fa c to rs  th a n  
salt a sso c ia t io n .

A poss ib le  e x p la n a t io n  in  th e  r e d u c 
t i o n  o f  th e  d ie lec tr ic  loss fa c to rs  w h ich  
w ere  e n c o u n te r e d  in  th e  n o n f a t  an d  
s y n th e t i c  m ilk  p re p a r a t io n s  is n o n b in d in g  
so lu te  in te ra c t io n s .  In  o r d e r  to  te s t  
w h e th e r  a n o n b in d in g  e f f e c t  w h ic h  m ig h t  
r e d u c e  t h e  re la t ive  d ie lec tr ic  loss f a c to r  is 
o p e ra t iv e ,  a series  o f  e x p e r im e n t s  w as 
p e r f o rm e d  o n  th e  d ie lec tr ic  m e a s u re 
m e n ts  o f  s o lu te  c o m b in a t io n s .  A l th o u g h  a 
large v a r ie ty  o f  c o m b in a t io n s  w as e x a m 
ined ,  o n ly  a s u m m a r y  o n  th e  q u a n t i ta t iv e  
r e la t io n sh ip s  o f  th e  so lu te  c o m b in a t io n s  
will b e  p re s e n te d .  T h ese  w ere :  so d iu m  
c h lo r id e  2%  + la c to se  10%; so d iu m  case in 
a te  6%  + la c to se  10%; a n d  so d iu m  c h lo 
ride  2% + so d iu m  ca se in a te  6%. T h ese  
values r e p r e s e n t  th e  re sp ec tiv e  c o n c e n t r a 
t i o n  re la t io n sh ip s  o f  t h e  ch em ica l  ana logs  
fo r  a s y n t h e t i c  m i lk  p re p a r a t io n .

T h e  re su lts  o n  th e  re la t ive  d ie lec tr ic  
loss f a c to r s  a t  3 0 0 0  M H z a n d  2 5 ° C  o f  th e  
so lu te  c o m b in a t io n s  are sh o w n  in  Tab le  
5. T h e  loss fa c to r s  are r e p o r t e d  as a ra t io  
o f  th e  p re d ic te d  t o  th e  m e a s u re d  value. It 
can  b e  seen  th a t  all o f  th e  so lu te  c o m b i 
n a t io n s  p r o d u c e d  d ie lec tr ic  loss fa c to rs  
lo w e r  th a n  w h a t  o n e  w o u ld  e x p e c t  based  
o n  a w e ig h t  f r a c t io n  o f  th e  so lu te  w h en  
m e a su re d  ind iv id u a l ly .  T h e se  f ind ings  
a lo n g  w i th  th e  p rev io u s  i n f o r m a t io n  in 
T ab le  4  all t e n d  to  s u p p o r t  a r e d u c t io n  o f  
d ie lec tr ic  loss f a c to r  d u e  to  poss ib le  
so lu te -so lv en t  a n d  so lu te - so lu te  in te ra c 
t ions .  T h is  p h e n o m e n o n  has  b e e n  d e 
sc r ibed  b y  V o n  H ip p e l  ( 1 9 6 5 )  in  a discus-
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Table 5—Effect o f solute interactions o f 
synthetic milk preparation on the relative di
electric loss factors (3000 MHz, 25° C, 
pH  =  6.1)

Solute mixture

Ratio o f predicted 

to measured relative 

dielectric loss factor

2% Sodium chloride 

+ 10% lactose

1.07

6% Sodium caseinate 

+ 10% lactose

1.06

2% Sodium chloride 

+ 6% sodium  
caseinate

1.07

s ion  o f  ion ic  c o n d u c ta n c e  in  a q u e o u s  
so lu t io n s .  In  d i lu te  s o lu t io n ,  io n s  are well 
s e p a ra te d  f r o m  each  o th e r  w i th  o n e  or 
m o r e  layers  o f  so lven t  m o lecu le s  f i rm ly  
b o u n d  to  fo r m  a h y d r a t io n  sh ea th .  As 
c o n c e n t r a t i o n  is in c rea sed ,  th e  h y d r a t e d  
ions  t e n d  t o  aggrega te  in to  c o m p le x e s  
w h o se  size increases  n o n l in e a r ly  w i th  
c o n c e n t r a t i o n .  This ,  in  t u r n ,  w o u ld  resu lt  
in  a n o n l in e a r  v a r ia t io n  o f  th e  ion ic  
c o m p o n e n t  o f  d ie lec tr ic  loss w i th  c o n c e n 
t r a t io n .  T h e  d ip o le  loss c o m p o n e n t  is 
c o n s id e re d  to  b e  re la t ive ly  u n a f f e c te d  by  
su ch  c o m p le x e s .  T h e  n o n b in d in g  e f fec t  
m a y  b e  v isua lized  p h y s ica l ly  in  t e r m s  o f  a 
d rag  fo rce  a t  th e  m o le c u la r  level w h ich  
varies w i th  th e  c ross-sec t ion  o f  th e  h y d r a 
t io n  c o m p le x e s .  T h ese  c o m p le x e s  are 
t h e n  seen  to  be  d ragged  th r o u g h  th e  
so lven t  in  th e  field d i r e c t io n  o f  o p p o s i te  
p o la r i ty  to  t h a t  o f  t h e  c o m p le x  w hile  th e  
b u lk  o f  th e  so lven t  m o le c u le s  o r ien t  
th em se lv es  t o  th e  field by  d ip o le  ro t a t i o n .

In  view o f  th e  f ind ings  o n  th e  levels o f  
so lu te  as so c ia t io n  a n d  so lu te -so lv en t  in 
te r a c t io n s ,  it  is n o w  poss ib le  t o  f o r m u la te  
a m o d e l  t h a t  q u a n t i ta t iv e ly  re p re se n ts  th e  
d ie lec tr ic  b e h a v io r  o n  th e  s im u la t io n  o f  
m ilk  th r o u g h  i ts  ch em ica l  analogs . In  th is  
m o d e l  th e  c o m p o n e n t s  o f  m i lk  w h ich  
c o n t r ib u t e  to w a r d  th e  re la t ive  d ie lec tr ic

Fig. 5—Simulated relative dielectric loss factor 
(E " r) for aqueous dried milk excluding binding 
and nonbinding effects.

loss fa c to rs  are th e  sal ts ,  p r o t e in  (case in )  
a n d  lac tose .  T h o se  m ilk  salts , w h ic h  are 
p a r t ia l ly  a sso c ia te d ,  q u a n t i ta t iv e ly  r e p re 
sen t  a r e d u c t io n  o f  33%  o f  th e  re la tive  
d ie lec tr ic  loss fa c to r  as c o m p a r e d  to  its 
c o n t r ib u t io n  w h e n  p re d ic te d  f r o m  p r o x 
im a te  analys is .  T h e  so lu te s  w h ich  are in 
so lu t io n  u n d e rg o  f u r th e r  r e d u c t io n  in th e  
d ie lec tr ic  m e a s u re m e n t  d u e  to  so lu te-sol-  
v en t  in te ra c t io n s .  T h is  r e d u c t io n  r e p r e 
sen ts  an  a d d i t io n a l  26%  o f  th e  d ie lec tr ic  
loss f a c to r  based  o n  th e  p r o x im a te  an a l
ysis o f  th e  m ilk  sam ple .  W hen  b o t h  o f  
th e se  fa c to rs  are co n s id e re d ,  th e  b eh av io r  
o f  th e  p re d ic te d  re la tive  d ie lec tr ic  loss 
f a c to r  w i th  re sp ec t  to  c o n c e n t r a t i o n  can 
n o w  b e  a d e q u a te ly  r e p r e se n te d .  T h e  final 
c o r r e la t io n s  o f  th e  m e a su re d  a n d  p re 
d ic ted  d ie lec tr ic  loss fa c to rs  are n o w  
sh o w n  in F igure  5. It c an  be seen  th a t  an 
ex ce l len t  a g re e m e n t  w as o b ta in e d  in  p re 
d ic t in g  th e  d ie lec tr ic  p ro p e r t ie s  o f  m ilk  
based  o n  p r o p e r  m o d i f i c a t io n s  o f  p r o x 
im a te  analys is .
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INVESTIGATION INTO THE THEORIES OF DESORPTION 
ISOTHERMS FOR ROUGH RICE AND PEANUTS

SU M M A RY—Several existing mathematical models are investigated 
with respect to their range o f applicability to biological materials. It is 
found that a logarithmic plot o f vapor pressure o f water in the material 
vs. vapor pressure o f pure water can best describe the sorption phenom
enon. The general form o f the equation is: In P = f , IIW) In Ps + f 2 (W). 
The functions f l (W) and f ,  !W) may differ significantly from material 
to material. The method o f determining these functional relationships is 
described in detail for rough rice and peanuts. The comparison o f ex
perimental and computed values for peanuts shows that this method 
can predict the required sorption isotherm data within 2% deviation 
from the experimental values.

INTRODUCTION
M O IS T U R E  s o r p t io n  i s o th e rm s  o f  h e te r o g e n e o u s  b io log ica l 
m a te r ia ls  re p r e se n t  th e  in te g ra te d  h y g ro s c o p ic  p ro p e r t ie s  o f  
n u m e r o u s  c o n s t i t u e n t s  w h ic h  vary  f ro m  sa m p le  t o  sam p le  fo r  a 
given p ro d u c t .  In ten s iv e  s t u d y  is revea ling  ever inc reas ing  
in te r re la t io n sh ip s  o f  th e s e  i s o th e rm s  to  ch em ica l ,  physica l,  
t h e r m o d y n a m ic  a n d  s tab i l i ty  c h a ra c te r i s t ic s  o f  d e h y d r a t e d ,  
d r ied ,  f ro z e n  a n d  s to re d  f o o d  p ro d u c t s .  Several p h e n o m e n o n  
such  as t h e  e f fec t  o f  a m b ie n t  re la t ive  h u m i d i t y  o n  p r o d u c t s  at 
c o n s t a n t  te m p e r a tu r e ,  e f fec t  o f  t e m p e r a tu r e  ch an g es  on  
p ro d u c t s  a t  c o n s t a n t  m o is tu re  c o n te n t ,  m ic ro b ia l  act iv i t ies  in 
s to rage  o f  c ro p s  a n d  e x t e n t  o f  d ry in g  u n d e r  c o n s t a n t  a m b ie n t  
c o n d i t io n s  a re  d ir e c t ly  d e te r m in e d  f r o m  th e  s t u d y  o f  m o is tu re  
so r p t io n  iso th e rm s .  T h e  s o r p t io n  i s o th e rm s  m a y  b e  classif ied 
in  tw o  ca tegories :  a d s o r p t io n  a n d  d e s o r p t io n .  T h is  p a p e r  will 
b e  c o n c e rn e d  o n ly  w ith  m o is tu re  d e s o r p t io n  i s o th e rm s  o f  tw o  
f o o d  c ro p s :  ro u g h  r ice  a n d  p e a n u ts .

S ince  th e  p u b l ic a t io n  o f  H e n d e r s o n ’s ( 1 9 5 2 )  sem i-em pir ica l

i s o th e rm  e q u a t io n ,  several in v es t ig a to rs  h ave  t r ie d  to  p re s e n t  
m o re  prec ise  m a th e m a t ic a l  re la t io n sh ip s  to  d esc r ib e  th e  
eq u i l ib r iu m  m o is tu re  c o n te n t  d a ta .  H o w ev e r ,  e ach  o f  th ese  
re la t io n sh ip s  has  b e e n  c o n s id e re d  in a d e q u a te  b y  s u b s e q u e n t  
inves t iga to rs .  This n e c e ss i ta te d  a th o r o u g h  in v es t ig a t io n  in to  
th e  ex is t in g  m o d e ls  o f  d e s o r p t io n  i s o th e rm s  u t i l iz in g  th e  d a ta  
available  in  th e  l i te r a tu re .

EXPERIMENTAL
Characteristics o f desorption isotherms

The desorption isotherms o f biological materials are generally type 
II (Fig. 1) or sigmoid shape, depicting one inflection point, a linear 
portion and a reflection point. Some isotherms are o f type 111 (Fig. 2) 
that behave parabolically or exponentially. Rough rice belongs to type 
II and peanuts fall in the type III class.

Our aim in this paper will be to test each model o f desorption 

isotherms to determine i f  it will fit available data on the two crops. No 
attempt will be made to ascertain the validity o f underlying theory o f 
development o f the models whether derived from empirical or thermo
dynamic considerations or based on capillary, kinetic or potential theo
ries. We shall not restrict the scope o f this investigation to models with 
a certain number o f parameters.

Each o f these models must be able to predict the shift in the curve 
due to temperature variation and compute either equilibrium vapor 
pressure ratio, 0 , or equilibrium weight fraction water, W, in grains. 
Preferably it will be simple to use and offer no difficulty in evaluation 
of unknown parameters. The resulting deviations between the observed 
vs. calculated values will be small and consistent throughout the range 

o f vapor pressure ratio from 5-95% .
We hypothesize that finite values o f W exist in the vicinity o f 

end points o f the EW F curve and that in the lim it W can be regarded to 
approach zero and infinity at zero and 100% relative humidity values,

Fig. 1 -Desorption isotherms for swollen rough rice by various workers.

Relative Humidity-Percent

Fig. 2—Desorption isotherm o f swollen pea
nut pods. IData from Beasley, 1962.)
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respectively. It is assumed that presently no known reliable data are 
available in the range 0-5%  and 95-100%  0  to disprove the hypothesis. 

Any data on desorption isotherms taken when the material is undergo
ing structural or chemical changes will be excluded from this investiga
tion. The term temperature implies environment or material temperature.

Investigation

As we trace the trend in development o f the isotherm equations, we 

find that Langmuir (1918) gave an equation to describe the mono- 
molecular adsorption from the assumptions that adsorption is con
fined to definite points o f attraction on the adsorbing surface and 
that adsorption is lim ited to a single molecular layer. By balancing the 
rate o f adsorption on the surface against the evaporation he obtained an 

equation o f the form:

V /V m = bP/(l +bP) [1]

This equation gives an isotherm that is hyperbolic in form (type I 
shape) rising rapidly at low pressures but becoming parallel to the pres
sure axis as bP becomes large compared with unity. The curve exhibits a 
saturation effect at high pressures, the adsorbed volume not increasing 
with a further increase o f pressure. In the case o f biological materials, 
its range o f applicability is lim ited to vapor pressure ratios not greater 
than 0 .2 0 .

Later Brunauer et al. (1938) (BET) studied a wide variety o f iso
therm shapes o f different materials and classified biological materials 
into the sigmoid or type II shape. They described the inflection point as 
the one where adsorption ceases to be confined to a monomolecular 
layer with adsorption beginning in the second layer long before the first 
layer is filled. This means that above the inflection point adsorption 
takes place concurrently in the first and second layers until the first 
layer is complete. By applying Langmuir’s assumptions to the second 
and higher layers, they derived the following isotherm equation for 
multimolecular adsorption on a free surface:

r  V  P
V= __________  m ___________ r 2ai

(Po — P)[ 1 + (C — 1) P/P0 ]

Letting P/PQ be analogous to 0  and V  analogous to W it can be written 
in the form:

0  1 (C -  1)
-----------  = ------+  ---------  0  12bl
Ws (1 — 0) cwm cwm

In effect the B E T  model assumes that a plot o f 0 /[Ws( l -  0 )] against 0  

will be a straight line with a slope o f (C -  l)/CWm and an intercept o f 
l/CW m . For most biological materials these lines are curved beyond 
vapor pressure ratios o f 0.30.

Herkins and lura (1944) proposed a simpler form o f equation for 
the sorption isotherms, the validity o f which is restricted to regions in 
which the adsorbed molecules form a condensed film. Assuming the 
process similar to that o f condensation o f vapor on a liquid surface he 
proposed the relationship,

log (P/Pg) = B -  (A/V2) [3]

which will be linear if log (P/Ps) is plotted against (1/V2) giving an 
intercept B and slope - A .  The Herkins and Jura model does yield a 
sigmoid shape for biological materials but differs from experimental 
values as much as 3-4%  throughout the range o f vapor pressure ratios. 
It does not describe the temperature dependence o f the equilibrium  
moisture curves also.

Subsequently, Smith (1947) studied the behavior o f the sorption o f 
water vapor on high polymers and suggested that a model o f the form,

IVs = Wb -  W 'In (1 -  0 ) [4 ]

will adequately describe the sorption data with a linear relationship 
between VF and ln ( l -  0 ), W' being the slope and the intercept. 
Sm ith’s model fits the data on biological materials beyond vapor pres
sure ratios o f 0 . 2 0  with an error o f 2 - 3 %.

Each o f the above models has had some degree o f success in repre
senting experimental data. However, none ol these has been able to give 
consistently accurate results throughout the range o f vapor pressure 
ratios at all temperatures.

A  breakthrough was introduced by Henderson (1952) who gave a 
remarkably useful model relating temperature, relative humidity and 
weight fraction o f adsorbate (water) in biological materials,

( 1 - 0 ) =  Exp [ -K '(W d)N ] [ 5 a]

It can be transformed in the linear form as,

log [ — 1 n(l -  0 )] = N log Wd + log K T  [5b]

Where K' is replaced by K T  to account for the temperature variation. A  

log-log plot o f Wd or Ws and - l n ( l  - 0 ) however, retains a slightly 
sigmoid shape which accounts for some error in reproducing experimen
tal data. Also, it does not adequately describe the temperature depend
ence, since K  and N have different values at different temperatures. It 
will be noted that due to the nonlinearity o f the plot, two points 
cannot be used for constructing the full isotherm since the shape o f the 
isotherm will depend upon the location where these two points were 

selected.
Becker and Sallans (1956) suggested a method, by graphically com

bining the B E T , linear and Smith equations for obtaining the complete 
desorption isotherms. This method has some merit but it requires six 

constants to be evaluated separately (two each for the concave, linear 

and convex portions o f the curve) at each temperature.
Haynes (1961) reported a remarkably simple yet accurate empirical 

equation to describe the sorption isotherm for biological materials at 
any temperature:

ln(P) = C  + C j  InPs + C 2 Wd + C 3 W d + C 4 lnPs Wd 16]

He fitted the test data to this general equation by means o f the 
modified Doolittle system to procure regression equations for each o f 
the seven seed species. Correlation coefficients for six o f these equa
tions were in the range of 0.98621-0.99658, indicating that test data 
conformed to the derived equations. This model, however, required 
that five constants be determined for each material. Note that Haynes
(1961) did not measure EW F beyond 80% to 85% relative humidity in 
his experiments.

Day and Nelson (1965) expressed the constants in Henderson’s 
equation as functions o f temperature which are valid for vapor pressure 
ratios up to 0.70. A  separate equation for defining the maximum grain 

moisture was formulated by plotting W vs T  for 0  levels o f 30%, 50% 
and 70% and extrapolating the slopes of these lines for 0  = 100%.

The equations are o f the form:

Wsat = Pi (T )P2 17]
and  ̂ p

(1 -  0 ) = Exp ( - P , T P2 (W)P3 T  4) [8 a]

Chung and Pfost (1967) presented an isotherm equation from the con
siderations o f free energy changes during the sorption process as,

ln(P/Ps) = -(A / R T ) Exp(-B W ) 191

Equation 9 reveals that a semilog plot o f In ( - ln 0 ) with W will be a 
straight line with a slope - B  and an intercept o f ln(A/RT). This equa
tion gives a good correlation with existing data for values o f 0  between 
30% and 70%.

Strohman (1965) and Strohman and Yoerger (1967) obtained an 

equation from Othmer’s plot o f the equilibrium weight fraction of 
water (EW F) data for corn. He described the slopes and intercepts of 
straight lines as some functions of moisture content,

In P = f , (W) lnPs + f ,  (W) 1 1 0 a]

After authentic arguments he proposed an equation relating equilibrium  
and saturation vapor pressures o f water in corn, to a characteristic 
vapor pressure, PQ, and another function o f EW F,

ln(P/Ps) = - ln (P s/P0 )f3 (W) [ 1 0 b]

He used an additional equation to fit the Rodriguez-Arias data on corn
by using a function originally proposed by Gallaher (1951) for the
slope as,

f, (W) = 1 + a Exp(bW) [1 0 c]

and a function for the intercept as,

f2 (W) = c Exp(dW) [ lOd]

The additional equation was,

ln(P/Ps) = a Exp(bW) lnPs + c Exp(dW) UOe] .

Equation 10a is similar in form to Haynes equation, and equation 10b 
to Chung and Pfost’s equation. Equation lOe did not fit experimental 
data outside the range o f 10-85%  relative humidity.

Several other workers have shown the linearity o f Othmer plots for 
corn (Strohman, 1965; Rodriquez-Arias and Hall, 1965; Haynes, 1961)
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blue lupine, crimson clover, rescue, sorghum (Haynes, 1961), wheat 
(Gallaher, 1961; Haynes, 1961), dehydrated eggs (Makower, 1945), 
rough rice (Agrawal, 1967; Hogan and Karon, 1955) and peanuts (Beas
ley, 1962). It should be possible to obtain a generalized solution o f 
equation 10a for any material after considering the limitations on the 
form o f the functions f , (W) and f2 (W) and evaluating constants from  
experimental data.

Concurrent to this work Young and Nelson (1967) gave a math
ematical basis for explaining the hysteresis phenomenon during the 
adsorption and desorption processes. They derived the equation by 
combining the B E T  and Smith equations and thus it includes the advan
tages o f both. A  serious lim itation in addition to having temperature- 
dependent constants is that the equation is complex enough to prohibit 
its use in closed form mathematical solutions o f problems.

Ngoddy et al. (1968) presented a moisture adsorption model based 

on B E T  and capillary condensation theories and claimed that the char
acteristic isotherms can be constructed through the variation o f a single 

parameter. This analysis indicates that the isotherm shape is a function 

of pore structure o f the product and is thus independent o f tempera
ture. The isotherm equation appears to be no less complicated than 

Young and Nelson’s equations.
Chen (1969) presented an isotherm equation relating the drying 

parameters implicitly,

K  -  ln0 = m Exp(-nW ) [11a]

which can also be written as,

0 = A  E x p [ -m  Exp(-nW )] [ l ib ]

where K, m and n are found to be temperature dependent parameters 

and A  is close to unity. Equation 11a or l i b  has the required properties 
o f type II isotherms at the end points including a reflexion point. 
However, none o f these equations permits the evaluation o f the shift in 
the curve due to temperature variation. Later Chen (1970) expressed 
the parameters m and n as functions o f temperature similar to equation 
8a and showed that the root mean square error computed from equa
tion 11c was smaller than the error given by equation 8b for the same 
data.

In0 = - P 1T P2 E x p ( -P 3TP4W) [ l ie ]

Evidently equations 11a, l i b  and 11c are improvements'over the Hen
derson and Day-Henderson models but they add to the existing com
plexity in computation and do not give thermodynamic temperature 
dependence. Note the similarity between equation 9 and 11c. It appears 
that the Rodriquez-Arias data on corn are better represented by equa
tion lOe than equation 11c.

Materials and m ethods o f analysis
Extensive data in the literature are available on several materials o f 

common interest. Rough rice and peanuts are selected because each o f 
these fall in two separate classes o f isotherms: namely, rough rice in 
type II (Fig. 1) and peanuts in type III (Fig. 2). We wish to investigate 

several theories outlined in the previous section on desorption equilib
rium isotherms using the available data.

Day-Henderson model. The most widely used model is the Hender
son model which after expressing the constants K ', and N  as some 

functions o f temperature can be written as,

log [—ln( 1 -  0)) = log P, + P2 log T  + P3 T P4 log W [8b]

A  plot o f equation 5b on logarithmic paper does not yield straight lines 
and K' and N vary with temperature. It was found that the correlation 
coefficients using and normal temperature are higher than those 

using Wd and absolute temperature.
The data for rough rice were arranged to represent the full curve 

from 10-95%  relative humidity and the linear portions o f the curves 
between 30-75%  relative humidity. The values o f the coefficients K 1 
and N were obtained from intercepts and slopes o f each o f these curves 
which are plotted in Figures 3 and 4 as functions o f temperature. The  
best values o f the constants P , , P2, P3 and P4 were found by a least 
square regression analysis in each case. It is noted from Figures 3 and 4 
that the regression correlation coefficient is higher for the linear por
tion o f the curve than for the full curve. The percent deviations in 
computing the weight fraction o f water for swollen grain lie in the 
range o f 4% for the linear portion and 6% for the full curve.

The data for peanut pods, hulls and kernels were analyzed in the full 
range o f relative humidities. From  this analysis it was found that the 
weight fractions VA  o f the hull and kernel when added together gave 
more precise EW F for the whole pod than did the values computed

Fig. 3—Dependence o f exponent-N and coefficient-K' on temperature 
in Henderson's equation for 10—95% relative humidity. Weight fraction 
moisture o f swollen rough rice was used for correlation.

Fig. 4—Coefficient-K' and exponent-N as functions o f temperature in 
the range o f  relative humidities between 30—75%. Weight fraction mois
ture o f swollen rough rice was used for correlation.

from the data on the pod alone.
Though the EW F for the whole pod lies between the values for the 

hull and kernel at all temperatures, K' did not turn out to be a regular 
function o f temperature which accounted for additional errors in 
E W F ’s. The values o f constants P , , P2, P3 and P4 are reported in Figure 
5 with deviations up to 4.5% as compared to experimental values.

Modified Chung and Pfost model. During the analyses o f data it was 
noticed that if  slopes and intercepts in equation 10a are expressed 
arbitrarily as f, (W) = a Exp(bW) and f 2 (W) = c Exp(dW) then the con
tribution o f f2 (W) is approximately equal to the average o f ln(Ps) for the 

peanut kernel. This transforms equation 10a into the form,

ln(P/Ps) = a Exp(bW) ln(Ps) [12]

Equation 12 is similar in form to equation 9 with -(A / R T )  analogous 
to a[ln(Ps) ]. The constants a and b were evaluated by minimizing the 

sum, S, in equation 13,

S = £  [Pi/Psi -  Exp(a InPsi Exp(bWi)] 2 [13]
i= l

The final forms o f the equations are:

ln(P/Ps) = 1.9682 e- 0-4063W ln(Ps) [12b]
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Fig. 5— Coefficient-K' and exponent-N as functions o f temperatures for 
the kernel and hull o f peanut. The pod EW F is found by adding the 
weight fraction EW F o f each o f the hulls and kernels. Weight fraction 
ratio o f kernels and hull is 0.748 and 0.252 respectively (Karon and 
Hillery, 1949).

for peanut kernels and

ln(P/Ps) = 2.3978 e- ° - 232W ln(Ps) [12c]
for rough rice.

The computed value o f relative humidities had 3.5% and 5% devia
tions from experimental values for peanut kernels and rough rice re
spectively. Equation 9 did not adequately satisfy the data for rough rice 
and peanuts. The parameters A  and B were functions o f temperature 
and the equation was valid only for the linear portion o f the isotherms.

Modified Strohman model. Although Strohman (1965) lists several 
functions for f3(W) in equation 10b that might fit the isotherm data, he 
did not use any o f them. By solving equation 10a for f, (W) and f2(W) 
and considering the lim it as W -* °° and W -> 0, ie., at two extremes of 
the EW F curve, we find that.

lim f, (W) = lim ln(P2) In fP j) _ [14a]

W->°° P —> Ps ln(Ps2) -  ln (P s„) 1

and
lim f2(W) = lim (InP) -  lim (f, (W)lnPs) [14b]
W -  <*> P -> Ps f, (W) — 1 0

When W -* 0 both P and Ps are finite hence f , (W) and f2 (W) will also be 

finite. The task lies in determining these functions to satisfy the lim it
ing conditions. These functions may vary from material to material, 
desired degree o f accuracy, availability o f data reduction facilities, and 
the humidity range o f available data.

The values o f f ( (W) and f 2 (W) were evaluated from the Othmer 

plots for peanut pods. Table 1 clearly indicates that the summation 
f, (W) + f2(W) is approximately a constant (K  = 1.12). This means that 
when W * °°, f2 (W) = K  -  1. This satisfies equations 14a and 14b 
keeping in mind that W in practice could never be infinite, hence f, (W) 
and f2 (W) can not be one and zero, respectively. After plotting f, (W) 
against W it was found that a function o f the form,

f ,( W ) = l+ a W - b [14c]

very nearly satisfied the tabulated values and the limiting conditions.

Table 1-Com puted values o f  7 ,  (W) and f 2 (W) from Othmer's p lot 
for peanut poda

W

Wet basis %

f,(W )  

Slope (b) M W ) - i f 2(W)

Intercept

(a) fi(W ) + f 2(W)

6 1.2105 0.2105 -0 .0984 0.9063 1.1121

8 1.1334 0.1334 -0 .0127 0.9874 1.1207

10 1.0918 0.0918 0.0288 1.0293 1.1206

12 1.0699 0.0699 0.0584 1.0607 1.1283

14 1.0510 0.0510 0.0708 1.0733 1.1218

16 1.0378 0.0378 0.0851 l.O SSi1 1.1229

a B easley , 1 9 6 2 .

This finding permitted us to write equation 10a in the general form as, 

or ln(P) = (1 + aW'b) ln(Ps) + K  -  (1 + aW'b) [14d]

ln(P/Ps) = aW'b (ln(Ps) -  1) + ( K - l )  [14e]

The constants a, b and K  were evaluated using an existing program 

which minimized the sum o f the squares o f the deviations between the 
observed vs. calculated values o f ln(P/Ps) for the peanut pod data. The 
final equation is,

<t>= Exp [4.215 W “ 1-672 (ln(Ps) -  1.0) + 0.119] [14f]

It may be noticed that the chosen function and equation 14f fits the 
data (Beasley, 1962), Table 2, remarkably well with deviations o f less 

than 1%. Note that equation 14f can be solved directly for W.
Attempts were made to investigate the validity o f models proposed 

by Young and Nelson (1967) and Ngoddy et. al. (1968) using data on 
rough rice. The required constants could not be easily evaluated with
out the expense o f considerable computing time. Additional investiga
tion may be necessary to arrive at the systematic procedure for evaluat
ing the constants.

0-W-T diagrams. T o  illustrate the interactions between temperature, 
relative humidity and moisture content, the data on rough rice and 
peanuts have been plotted in Figures 6 and 7. We shall refer to these 
figures as 0-W-T diagrams which will be useful in studying the relation
ships between relative humidity vs. moisture content at constant tem
perature and temperature vs. moisture content at a constant relative 
humidity. It may be noted from the 0-W-T diagram for rough rice (Fig.
6) that the moisture content decreases with an increase in temperature. 
Also the constant relative humidity lines on the 0-W-T surface are 
straight and nearly parallel to each other.

The 0-W-T diagram for peanuts shows three surfaces. One each for 
the hull, pod and kernel. It may be noted that at lower temperatures 

changes in moisture content are more erratic than at higher tempera
tures, yet the lines o f constant relative humidity for each hull, pod and 
kernel are parallel and straight. Perhaps the effectiveness o f this diagram 
lies in selecting an empirical relationship with coefficients that will best

Table 2 —Comparison o f calculated and experimental values o f relative vapor pressures against 
weight fraction water in swollen peanut pods at test temperatures

W

Wet Basis

%

32.22°C 2 i . r c 10° C

0 Cal.

%

0 Exp .a

%

Error

%

0 Cal.

%
0 Exp .a

%

Error

%

0 Cal.

%

0 Exp .a

%

Error

%

6 48.30 48.00 0.62 42.10 41.80 0.71 36.20 36.00 0.55
8 66.80 66.00 1.20 61.30 60.00 2.12 55.09 55.00 0.16

10 78.33 78.00 0.42 74.10 73.00 1.48 69.40 68.80 0.86
12 86.38 86.70 0.37 82.70 82.60 0.12 78.90 78.80 0.12
14 93.23 92.00 1.31 88.76 89.00 0.27 85.59 85.80 0.24
16 95.51 95.20 0.32 93.10 93.00 0.11 90.40 90.40 0.00

a0 E x p . in terp o la ted  from  B easley , 1 9 6 2 ; Ps at 3 2 .2 1 °C  = 0 .0 4 8 7 9 3 9  K g f/cm 2 ; P„ at 2 1 .1 °C  = 
0 .0 2 5 3 6 5  K g f/cm 2 ; Ps at 10°C  = 0 .0 1 2 4 3 6 1  K g f/cm 2 .
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fit the data. We postulated that a polynomial o f the following form  

would be adequate for mathematically describing the data on peanut
hulls,

Ws = C ,0  + C 2 0 j + C 3T  + C 40T [15]

where,

Ws = Weight fraction water o f swollen hull, % # v

0 = Relative humidity, %

T  = Test temperature, °C

A  modified Doolittle technique was used to evaluate the constants 
C , through C 4 in equation 15. It was found that this polynomial fits 
the data with a regression correlation coefficient o f 0.989 and standard 
deviation o f 0.606. The final constants are,

C , = 3112.1 X 10'4 C 2 = -9 .6  x  10"4

C 3 = -23 .3  X 10'4 C 4 = -13 .1  x  10'4

Equation 15 is similar to Haynes’ model but it is more direct and 
can be used for closed form solutions.

A  close analysis o f Figures 6 and 7 reveals that the sorption iso
therms can also be represented in the following general form:

W = gI (0) + g2(0)T [16]

Fig. 6—Relative humidity, equilibrium weight fraction and tempera
ture ((p-l/V-T) diagram for rough rice. I Data from Bakharev, 1960.)

Looking back in the literature we found that Henderson (1952) has 
plotted the moisture content data o f shelled corn against temperature 
from 10-90%  relative humidity. These form straight lines with nearly 
constant slopes. No attempt so far has been made to determine the 

functions g, (0) and g2(0) for any crop. It is possible that this 0-W-T 
model may overcome some o f the shortcomings associated with existing 

ones.

DISCUSSION
SEVERAL difficulties were encountered in using the available 
data. Earlier workers (Coleman and Fellows, 1925) considered 
that the effect of tem perature on EWF was negligible. Some of 
the data reported at 25°C (Breese, 1955; Coleman and 
Fellows, 1925; Haynes, 1961; Henderson, 1969; Karon and 
Adams, 1949) have invariably been taken at laboratory 
am bient conditions where the tem perature does not always 
remain 25°C. Any change in tem perature at the tim e of 
measurem ent directly affects the relative hum idity but not the 
moisture content since the process o f desorption from  the 
kernel is slow. In effect, one is studying a very slow changing 
param eter (W) with the very fast changing parameters (0 and 
T). The errors in the measurem ent of 0-W-T largely depend 
upon the m ethod used. Lai and Agrawal (1968) have summa
rized various m ethods for moisture measurem ent that have 
been internationally accepted as standards for different crops.

Fig. 7—Relative humidity, equilibrium weight fraction and tempera
ture (<t>-W-T) diagram for peanut hulls, kernels and pods. IData from 
Beasley, 1962; Beasley and Dickens, 1963.)

Table 3-Range o f applicability o f various desorption isotherm models and their approximate 
grouping according to state o f water present

Range o f applicability, 0%

Model Good Poor Type o f bond Specifications

Langmuir (1918) 0 -1 5 0 -2 0 Polar3 -  I Dry, hard, shrunken

Brunauer (1938) 0 -2 0 0 -3 0 microbicidal, rancid

odor and flavor.

Herkins and Jura (1944) 25-55 2 0 -9 0 Nonpolar -  II Optimum, dry surface,

Henderson (1969) 2 5 -75 10-95 microbiostatic, normal

Day and Nelson (1965) 1 0 -7 0 5 -9 0 odor and flavor.

Chung and Pfost (1967) 3 0 -7 0 2 5 -80

Smith (1947) - >20 Nonbonded -  III Moist, soft, swollen,

Becker and Sallans (1956) - 5 -9 5 (Also covers II and I) microbial growth,

Haynes (1961) - 5 -9 5 o ff odor and flavor.

Polynomials 5 -9 5 5 -9 5

Strohman (1965) 1 0 -90 5 -9 5

R ockland , 1969 .
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The ASAE yearbook (1966) even gives correlations between a 
few of these methods. Evidently, all the m oisture methods 
cannot be used satisfactorily for every crop.

Most o f these m ethods assume tha t the samples in the oven 
are dried to zero percent m oisture content. This cannot be 
true, particularly in whole grain where bound water cannot be 
evaporated w ithout effecting chemical changes in the structure 
of the seed. However, none of these moisture measuring 
m ethods are designed to  effect chemical changes in the seed. 
Likewise, the relative hum idity in the ovens, even when 
operated at 130°C, does not become zero, hence the moisture 
con ten t cannot be zero.

The current science of m oisture measurem ent is more 
accurate than the science of vapor pressure m easurem ent and 
the major errors associated with desorption equilibrium data 
can be attribu ted  to  the relative hum idity values. Therefore, 
the selection of a vapor pressure measurem ent m ethod is 
extremely im portant in collecting data on moisture desorption 
isotherms. Lai and Agrawal (1968) surveyed a wide range of 
vapor pressure measuring devices that have been used in the 
past by several workers. It appears tha t the most satisfactory 
results were obtained by using the Dubrovin M anometer and 
Isotenscope m ethod. Haynes (1961) in fact, outlines difficul
ties associated with some of these devices and shows the 
resulting isotherm s that criss-cross each other. This difficulty, 
however, was overcome by the Isotenscope m ethod. The 
ranges of relative hum idity from 0 —5% and 95 — 100% are not 
amenable to  com m on measuring devices. The static m ethod 
using the saturated salt solution has been the most unsatisfac
tory way of collecting data on moisture sorption isotherms.

Most o f the desorption isotherm models considered in this 
study have had some success in representing experimental 
results, but none of these accurately predicts the effects of all 
the physical variable. It is hoped that O thm er’s development 
can be used successfully for biological materials after selecting 
the proper functions of EWF in equation 10a from  experimen
tal data.

CONCLUSIONS
SEVERAL models proposed for evaluating the moisture 
isotherms of food products have been investigated using the 
available data on rough rice and peanuts. An approxim ate 
range of applicability of each of these models is tabulated in 
Table 3. The models are grouped so that they fall in a specific 
state o f water bond and represent the physical and chemical 
conditions of food crops. It is concluded that most of the food 
crops will fall within these limits. At least tw o approaches 
(equations 1 0 a and 15) of empirically defining the moisture 
desorption isotherms appear encouraging. Both of them  have a 
very high degree of success. The third approach (equation 16) 
needs to  be investigated further. Most o f the published data on 
both products have been used in this analysis. The evaluated 
constants for rough rice, peanut pods, kernels and hulls will be 
very useful in future work.

EW F

P

PO

P

P

s

w

pws

NOM ENCLATURE
= Equilibrium  weight fraction o f water in grain. (Same as 

equilibrium moisture content.)

= Characteristic vapor pressure may be P o f water in seeds, 
Kgf/cm2.

= Reference vapor pressure, may be Pg or Pws, Kgf/cm2.

= Vapor pressure o f pure water at saturation, Kgf/cm2.

= Partial pressure o f water vapor in the air, Kgf/cm2.

= Vapor pressure o f water in the saturated moist air, 
Kgf/cm2.

P/Ps = 0 = Vapor pressure ratio or relative hum idity, decimals.

R

T

V

W

= Gas constant, MKgf/Kg°K also correlation coefficient.

= Temperature °C or ° K.

= Volum e o f adsorbate.

= Average weight fraction o f water in seeds, percent.

= Constant in B E T  Equation defined as average weight frac
tion water required to form a unimolecular layer.

Superscripts s and d refer to swollen grain and dry grains. 
Subscripts o and s refer to initial and saturation conditions.
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E F F E C T  O F D IE T A R Y  FA T S  ON TH E F A T T Y  A CID  
C O N TEN TS  O F C H IC K EN  A D IPO SE T IS S U E

SU M M A RY—150 broiler-type chicks were reared from hatching to 4 wk o f age on a low-fat ration 
before being fed diets containing 10% o f either corn oil, lard, beef tallow or hydrogenated coconut 
oil. Analyses o f treatment effects were made at 2 wk intervals until the chicks were 10 wk old. The 
fatty acid content o f extracted total lipids were characteristic o f the dietary fats and dietary fatty 
acid patterns were incorporated into the adipose tissue within 2 wk after the experimental diets 
were fed. The total lipids when separated into solid fats and liquid oils at room temperature also 
reflected the fatty acid pattern o f the experimental diets. Neutral triglycerides from the adipose 
tissue contained less linoleic acid and more palmitic and oleic acids than the total lipid fraction. 
High amounts o f palmitic and oleic acids were observed in all o f the fractions analyzed. No 
significant differences were found in total cooking loss, drip loss, taste preference, or TBA values 
o f skin or adipose tissue among the 10 wk old chickens fed different experimental diets.

INTRODUCTION
THE COMPOSITION of the depot fat in 
fowl can be changed by ingesting large 
am ounts of dietary fat (Cruickshank, 
1934). Feigenbaum and Fisher (1959) 
concluded that dietary linoleic acid ap
pears to  exert the greatest influence on 
body and egg fat in hens. The changes 
brought about by dietary oils were qual
itatively, but not quantitatively, related 
to  their fatty  acid com position. A num 
ber of other investigators [Machlin and 
Gordon (1961); Marion and W oodroof
(1963); Mickelberry et al. (1966); Sell et 
al. (1968); and Schuler and Essary
(1971)] have studied the effect o f dietary 
proteins and fats on the fat com position 
of different organs of chicken or hens. 
Adipose tissue was analyzed along with 
muscle, liver and skin tissues in these 
studies. Sell and Hodgson (1962) pro
posed the possibility o f direct deposition 
of unaltered dietary fatty  acids as depot 
fat in chicken. More recently, Yoshida 
and M orimoto (1970) changed young 
chicks from lipogenic diets to  lipolytic 
diets and vice versa, and concluded that 
changes in whole carcass fat level were 
rapid and reversible.

Carcass com position variation resulting 
from feeding of dietary fats has been 
shown to influence poultry flavor (Holdas 
and May, 1966; Carlson et al., 1957; 
Miller and Robisch, 1969; Miller et al.,
1969), stability o f carcass fat to  oxida
tion (Marion and Woodroof, 1966; Mar
ion et al., 1967; Schuler and Essary,
1971), tenderness (Schuler and Essary,
1971) and overall storage quality (Darrow 
and Essary, 1955).

This study was designed to  study the 
turnover rate of dietary fat into depot fat 
in chicken adipose tissue together with 
detailed characterization of the lipid of 
the adipose tissue to  gain insight in the 
mechanism of the metabolism of dietary

fat in broiler chicks. Cooking loss, TBA 
values (2 -thiobarbituric acid) and taste 
preference studies of frozen chickens 
from each dietary treatm ent were con
ducted.

EXPERIMENTAL
M A L E  B R O I L E R  chicks (150 White Rock  
Cross) were reared to 4 wk o f age in electrically 

heated batteries. A  starter ration (Table 1) low  
in fat but containing 1.5% safflower oil to meet 
essential fatty acid requirements was fed for the 
first 4 wk. A t 28 days o f age, 120 chicks 
nearest to the average weight were randomly 

assigned to treatments and fed 5 experimental 
diets (Table 1) in replicate for 6 wk.

After 2, 4 and 6 wk on the experimental 
diets, 4 chicks from each pen were sacrificed, 
processed, immediately frozen and stored at 
-2 0 ° C . A ll carcasses were thawed immediately 
before analysis and the abdominal adipose tis
sue was removed from the carcasses. The adi
pose tissue o f 8 chicks from each treatment (4 
per replicate) at each age were pooled as one 
sample and dried to a constant weight under 
vacuum. Total lipids were extracted from 20g 
samples using the Soxhlet method described by 
Borgman (1964). The feeds and the supple
mented fats were extracted by the same meth
od except the sample sizes were 40g and 5g 
respectively.

The extracted lipids were methylated by the 
methanol-HCl method o f Stoffel et al. (1959). 
The fatty acid methyl esters were then fraction
ated on a Microtek MT-220 dual column gas 
c h ro m a to g ra p h . Stainless steel columns 
(72 x  1/8 in.) packed with 15% Butanediol suc
cinate polyester and 3% OV-101 on 100/120 
mesh Chromosorb G , AW /DMCS, were used at 
an isothermal oven temperature o f 195°C. The  

samples were introduced in 0 .5 -1 .0  jul carbon 
disulfide. The fatty acids were identified by 
comparing the retention values with the authen
tic fatty acid standards (Hormel Institute, Aus
tin, Minn.). Percentages o f individual fatty acid 
methyl esters were calculated from the peak 
area computed by a C R S  digital-type integrator 
(Infotronics Corp., Houston, Tex.) and checked 
by planimetric readings.

Part o f the lipid samples were fractionated

on preparative thin-layer plates o f silica gel 
GF-254 to separate neutral triglycerides from  
other lipids. The loaded plates were developed 
in hexane:ethyl ether:acetic acid (90:10:2, v/v) 
for 3 hr. The fractions were detected with 
iodine vapor and recovered from the plates by 
methanol extraction on Soxhlet apparatus for 
12 hr.

The total lipids o f the adipose tissue were 
separated into solid fat and liquid oil fractions 
at room temperature by a modification o f the 

method o f Nagai and Nishikawa (1969). 40g o f 
adipose tissue was cut into small pieces and re
fluxed with 150 ml deionized distilled water. 
After filtering, the aqueous layer was removed 
and the lipid fraction was allowed to stand at 
room temperature for 24 hr. Petroleum ether 
was used to facilitate all transfers quantita
tively, and was removed by passing dry nitrogen 
through the sample at 37°C. A t the end of the 
24 hr period, the solid fats were separated from  
the liquid oils and the two were separated.

Whole 10-wk old broilers (6 wk on the ex
perimental diets) which had been frozen for 4 

months at -2 0 ° C  were thawed at room temper
ature for 12 hr. The carcasses were halved, 
rinsed, drained and blotted dry. The left half o f 
each carcass was wrapped in a heavy duty alu
minum fo il package and baked cavity side down 

at 178°C to an internal breast temperature o f 
85°C. Immediately after cooking, the package 
was tilted approximately 30° and the bottom  
perforated to allow the juices and condensate 

(drippings) to drain o ff (Moran and Orr, 1969). 
Cooking losses were expressed as the total per
cent weight loss and percent drip loss from the 

uncooked weight o f the broiler half. Taste pref
erence panels consisting o f 10 members were 
conducted on breast muscle samples from each 
treatment using a 9-point hedonic scale from  
nine (like extremely) to one (dislike ex
tremely). Skin and adipose tissues from the 
uncooked right broiler half were analyzed for 
T B A  values following the method o f Tarladgis 
et al. (1960). In several cases where lOg of adi
pose tissue was not available, 5g samples were 
used and the T B A  value adjusted accordingly. 
Duplicate halves o f broilers on each dietary 
treatment were evaluated for cooking losses, 
taste preferences and tissue T B A  values. These 
results were analyzed statistically by analysis o f 
variance and the significance o f means tested by 
the least significant difference (LSD) method 

following Ostle (1963).

RESULTS
THE FATTY ACID contents o f the total 
lipids extracted from  the experim ental 
rations are shown in Table 2. Note that 
the low fat control diet has a fatty  acid 
pattern  proxim ate to  that of the corn oil 
supplemented diet. The weight gains of 
all groups were similar. The digestibility 
of the five feeds were all good.
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Table 1 -Composition o f starter, basal and 
experimental rations

% content (g/lOOg feed)

Ingredient
Starter
ration

Basal
ration

Fat
supplemented

Corn starch 28.85 37.35 11.55
Dextrose 20.00 20.00 20.00
Soybean meal3 44.00 31.00 31.00
Phosphorus 2.75 2.25 2.25
Safflower oil 1.50 1.50 1.50
Salt 0.25 0.25 0.25
Trace minerals1* 0.15 0.15 0.15
DL-Methionine 0.20 0.20 0.20
Vitamin premixc 0.30 0.30 0.30
Solka-flocd 2.00 2.00 22.25
Casein - 5.00 5.00
Fate - - 10.00

aC uraphos brand.
b M ineral m ixtu re co n ta in s: F e , 2%; Zn, 

6.5% ; Cu, 0.45% ; C o, 0.05% ; M o, 0 .01% ; Mn, 
5.03% ; I, 0.44% ; Ca, 14.56% .

c V itam in  prem ix provides per kg o f  feed:  
V itam in  A , 3 ,0 0 0  USP un its; vitam in  D 3 , 7 5 0  
IC u n its; vitam in  E, 1 IU; v itam in  B 1 2 , 4  m g; 
r iboflavin , 2 .5  mg; n iacin , 10 m g; d -p an toth en ic  
acid, 4 mg; ch o lin e  ch lor id e , 2 5 0  m g: m enad i
on e sod iu m  b isu lfied  c o m p le x , 1 m g; fo lic  acid , 
0.1 m g; e th o x y q u in , 25 mg.

^ N on -n u tritive  ce llu lo se . 
e Fats used w ere e ither corn  o il, lard, b ee f  

ta llo w  or h yd rogen ated  c o co n u t oil.

Table 2 -Fa tty  acid patterns o f the total lipids obtained from the 
experimental rations

Rations3

Fa tty  Acids'3 L F C B L H

Saturated fatty acids

8:0 — - - - 7.11
10:0 - - - 0.03 6.18
12:0 0.32 - 0.08 0.03 39.68
14:0 0.10 0.01 3.33 0.83 16.75
16:0 19.49 14.14 32.18 27.94 10.33
18:0 0.98 2.58 14.75 12.48 7.42
Total 20.89 16.73 50.34 41.31 87.47

Unsaturated fatty acids

14:1 — - 1.14 - -

16:1 1.47 0.79 2.92 1.92 0.47
16:2 - - 0.64 - -
18:1 56.67 33.91 39.83 46.78 8.86
18:2 20.97 48.33 5.13 9.99 3.20
18:3 - 0.24 - - -

Total 79.11 83.27 49.66 58.69 12.53
aDiet designations: L F -  low fat basal diet; c = corn oil-supple-

merited diet; B = beef tallow-supplemented diet; L = lard-supplemented
diet; H = h yd rogen ated  c o co n u t o il-su p p lem en ted  diet. 

^ N u m ber o f  carb ons:num ber o f  d ou b le  b on ds.

From Table 3, it can be seen that the 
fatty  acid contents of the to ta l lipids 
from  adipose tissue of chicken fed differ
ent dietary fats are quite different. How
ever, the characteristics of each dietary 
fat were incorporated into the adipose 
tissue in less than 2  wk after the chickens 
were fed the experim ental rations. The 
fatty  acid contents and patterns for 
chickens of different ages receiving the 
same diet were very close to  each other. 
The variations of individual fatty  acids in

the adipose tissue of the 6 -, 8 - and 1 0 -wk 
old birds were w ithin biological variation 
and experim ental error. In chickens fed 
corn oil or hydrogenated coconut oil, a 
high content of linoleic acid or lauric acid 
was incorporated into the adipose tissues, 
respectively. High am ounts of palmitic 
and oleic acids were observed in all 
adipose tissue. The com bined percentage 
of palmitic and oleic acids in the adipose 
tissue was always higher than that in the 
feeds.

The fatty  acid patterns of the neutral 
triglycerides separated from each total 
lipid extract were similar to  that of total 
lipids in the corresponding adipose tissues 
(Table 4). Two points of interest were 
noticed. First, a higher percentage of 
saturated fatty  acids was observed in the 
neutral triglycerides than in the total 
lipids; and second, a decrease in linoleic 
acid content was observed in all triglycer
ide samples in com parison with corre
sponding total lipid samples. The decrease

Table 3 —Fatty acid patterns o f total lipids from adipose tissue o f chicken fed different dietary fats

L F -2 a LF-4 LF-6 C-2 C^l C-6 B-2 B-4 B-6 L-2 L-4 L-6 H-2 H-4 H-6

Saturated fatty acids 

8:0 0.06 0.06 0.10
10:0 - - - - - - - - - - - - 0.77 1.36 1.40
12:0 - - - - - 0.02 0.02 0.04 - — — 19.24 18.09 22.71
14:0 0.16 0.29 0.31 0.52 0.10 0.23 1.89 2.16 2.15 0.51 0.75 0.24 10.10 15.22 15.43
16:0 35.01 36.76 34.03 23.10 19.87 21.43 37.91 28.50 27.84 31.02 30.05 30.25 26.94 25.20 23.41
18:0 8.20 7.84 2.69 4.31 4.08 5.83 7.78 9.14 9.50 5.78 5.42 6.28 5.69 8.52 6.38

Total 43.37 44.89 37.03 27.93 24.05 27.49 47.60 39.82 39.53 37.31 36.22 36.77 62.80 68.45 69.43

Unsaturated fatty acids 

14:1 0.11 0.18 0.28 0.38 0.33 0.37 0.45
16:1 5.18 5.37 7.84 0.74 0.25 2.54 2.33 2.78 2.94 2.45 2.41 2.09 2.86 2.00 2.93
16:2 - - - - - - - 0.10 0.30 — _ _ _ _
18:1 47.81 44.40 50.77 31.59 31.67 29.15 46.12 53.17 52.82 51.05 52.23 54.28 27.79 23.40 23.12
18:2 3.64 5.34 4.25 39.74 44.03 40.82 3.77 3.85 4.03 9.19 9.14 6.86 6.22 5.78 4.07

Total 56.63 55.11 62.97 72.07 75.95 75.21 52.40 60.18 60.47 62.69 63.78 63.23 37.20 31.55 30.57

For design ation  o f  d iets , see  Table 2 . The num ber fo llo w in g  th e d iet in d ica tes th e num ber o f  w eek s on  th e exp erim en ta l d ie ts , i.e ., LF-2 = ad ip ose  
tissue from  ch ick en s fed  low -fat d iet for  2 w k .
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Table 4-Fatty acid patterns of neutral triglycerides from adipose tissue of chicken fed different diets

LF-2a LF-4 LF-6 C-2 CA C-6 B-2 BA B-6 L-2 LA L-6 H-2 HA H-6
Saturated fatty acids 

8:0
10:0 - - - - - - - - - - - - 0.82 2.21 2.51
12:0 - - 1.91 - - - - - - - - - 28.82 35.67 35.82
14:0 8.24 1.35 2.50 0.39 0.11 1.27 5.87 2.77 2.90 0.35 1.05 0.72 11.02 18.19 18.36
16:0 41.54 40.04 36.00 35.54 41.34 37.65 38.66 36.12 32.47 40.74 35.52 33.10 28.24 25.64 24.51
18:0 6.08 7.01 2.44 5.49 4.49 6.33 6.25 10.64 10.39 3.70 4.68 6.24 5.02 4.14 2.96
Total 55.86 48.40 42.85 41.42 45.94 45.25 50.78 49.53 45.76 44.79 41.25 40.06 73.90 85.85 84.16
Unsaturated fatty acids 

14:1 0.35 0.09 0.25
16:1 6.29 9.84 8.21 0.95 1.11 1.81 1.49 2.21 3.33 1.09 2.55 2.64 2.01 0.56 1.15
16:2 - - - - - - - - 0.17 - - - - - -

18:1 36.43 39.06 48.18 37.71 37.21 36.65 47.24 48.02 49.30 51.67 51.10 51.90 21.11 13.20 14.22
18:2 1.42 2.70 0.76 19.92 15.74 16.29 0.49 0.24 1.44 2.45 5.10 5.40 2.63 0.30 0.22

Total 44.14 51.60 57.15 58.58 54.06 54.75 49.22 50.47 54.24 55.21 58.75 59.94 26.10 14.15 15.84

aFor designation of diets, see Table 2.

of linoleic acid was generally coupled 
with an increase in palmitic acid content. 
In chickens receiving a hydrogenated co
conut oil-supplemented diet, the neutral 
triglycerides showed a large increase in 
lauric and myristic acids and a decrease in 
oleic and linoleic acids in comparison 
with the total lipids. In chickens fed a 
corn oil supplem ented-diet, an increase in 
oleic acid was also observed in the same 
comparison.

From a practical viewpoint, the 
am ount of solid fat relative to liquid oil 
in the chicken adipose tissues is im por
tant. The percentage of solid fats and 
liquid oils are influenced by dietary fat 
sources (Table 5). The fatty  acid patterns 
of the solid fat and liquid oil fractions 
from adipose tissue of 1 0 -wk old chicks 
are presented in Table 6 . Although the 
oils always contain more unsaturated 
fatty  acids than their solid fats counter
part, it is interesting to  observe that there 
are over 50% saturated fatty  acids in one 
oil sample and over 50% unsaturated 
fatty  acids in two fat samples. The fatty  
acid content of the oils and fats seem to 
be the same but the quantities of fatty  
acids involved differ substantially. The 
differences are mainly in the palmitic and 
oleic acid contents except in the case of 
the corn oil and hydrogenated coconut 
oil samples in which linoleic and lauric 
acids also differ in the oil and fat frac
tions.

No significant differences ( P < 0 .0 5 )  
were found for cooking losses, taste 
preference or TBA values among broilers 
from the experim ental diets. Mean values 
for these analyses are given in Table 7 
with the minimum values (LSD) required 
for significance at the 5% level of proba
bility. Large values for within treatm ent

variations (from analysis of variance) 
were likely the result of analyzing only 
two broilers from each dietary treatm ent. 
Larger sampling would be required to 
determ ine if the variation remains the 
same. Panel ratings showed a higher pref
erence for the low-fat control broilers in 
comparison to  broilers of the other die
tary groups. Cooking losses and TBA 
values did not appear to be related to 
preference ratings. This may be due to 
the use o f broiler muscle tissue (which is 
relatively low in fat content) for panel 
analysis.

D IS C U S S IO N

RESULTS of this study suggest that most 
of the dietary fats were deposited in the 
adipose tissue with m inor changes in their 
fatty  acid contents. When the fatty  acid 
contents of the dietary fats are suitable 
for direct deposition, the chicken seems 
to  do so to  conserve energy expenditures 
as in the case of corn oil-, lard-, and beef 
tallow-fed chickens. The direct deposition 
theory was m entioned by Sell et al.
(1968) in their studies of hens. In the 
case of the hydrogenated coconut oil-sup
plemented ration, direct deposition of 
this oil onto  the depot fat seems to  be 
limited and some fatty  acid transform a
tions might have occurred. Feigenbaum 
and Fisher (1959) noticed that coconut 
oil produced a profound change in body 
fat but no change of consequences in the 
egg fat. Mickelberry et al. (1966) con
cluded that coconut oil influenced the 
adipose lipid more than liver fat. How
ever, if one compares the fatty  acid con
tents of the adipose tissue of chicks fed a 
hydrogenated coconut oil-supplemented 
diet to that of the feed, there are more

changes quantitatively than the adipose 
tissue from chicks fed corn oil-, lard- or 
beef tallow-supplem ented diets.

The overall changes of the fatty  acid 
contents in all adipose tissues favor the 
accum ulation of palmitic and oleic acids. 
High contents of palmitic and oleic acids 
in all adipose tissues analyzed were no
ticed by Miller and Robisch (1969) as 
well. The reasons for this have not been 
elucidated. Bottino et al. (1965) used 
isotope tracers and concluded that the 
increase of linoleic acid in body tissue

Table 5—Percentage o f solid fats and liquid 
oils in total lipids

Samples3 % fats (w/w) % oils (w/w)
LF-2 40.80 59.20
LF-4 29.58 70.42
LF-6 23.37 76.63

Average 31.25 68.75

C-2 9.40 90.60
C-4 12.33 87.67
C-6 11.74 88.26

Average 11.16 88.84

B-2 39.32 60.68
BA 45.61 54.39
B-6 37.31 62.69

Average 40.75 59.25
L-2 35.61 64.39
L-4 41.83 58.17
L-6 22.60 77.40

Average 33.35 66.65
H-2 69.80 30.20
HA 89.17 10.83
H-6 88.42 11.58

Average 82.46 17.54
aFor diet designation, see Table 2.
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Table 6-Fatty acid patterns o f solid fats and liquid oils

LF-6,a C-6 B-6 L-6 H-6

fat oil fat oil fat oil fat oil fat oil

Saturated fatty acids

8:0 _ __ _ _ — — — - - 0.04
10:0 _ - — - - - - - 0.84 1.18
12:0 — - 0.03 - 0.07 - - - 38.93 28.34
14:0 0.02 0.63 0.55 - 1.87 0.64 2.62 1.90 14.73 11.88
16:0 59.20 32.32 51.85 19.10 30.02 29.06 31.28 26.95 23.89 18.69
18:0 4.38 3.54 3.77 2.22 16.85 4.97 14.80 8.43 4.08 4.43

Total 63.60 36.49 56.20 21.32 48.81 34.67 48.70 37.28 82.47 64.56

Unsaturated fatty acids

14:1 _ 0.03 — — — 0.02 0.09 0.22 0.08 0.88
16:1 2.60 6.15 0.27 1.37 2.82 2.46 3.02 3.31 1.05 3.38
16:2 - - - - - - - 0.03 - -
18:1 33.80 54.49 33.51 33.10 44.74 57.69 47.33 56.32 16.18 26.56
18:2 - 2.84 10.02 44.21 3.63 5.16 0.86 2.84 0.22 4.62

Total 36.40 63.51 43.80 78.68 51.19 65.33 51.30 62.72 17.53 35.44

aFor diet designation, see Table 2.

Table 7—Cooking losses, preference ratings, and skin and adipose 
TBA values of chicken fed different dietary fatsa

Evaluation LF-6 C-6 B-6 L-6 H-6 (LSDd)
Total cooking 

loss, % 31.88 33.50 34.12 33.94 33.88 (3.90)
Cooking loss 

as drip, % 8.55 9.46 7.16 7.46 5.93 (3.95)
Preference

ratings’3 7.2 5.8 6.7 6.6 6.4 (1.90)
TBA values0 

Skin 7.68 6.57 4.94 5.14 3.68 (4.44)
Adipose 5.54 4.70 3.58 4.74 4.68 (4.29)

aFor diet designations, see Table 2.
'’Panel scores range from 1 = dislike extremely to 9 = like ex

tremely.
cmg malonaldehyde per lOOOg tissue.
dLeast significant difference (LSD) among treatment means at 

P « 0.05.

was at the expense of fatty  acids of en
dogenous origin. In low-fat controls, no 
linoleic acid was found in depot fats by 
Machlin and Gordon (1961).

Separation of to tal lipids into neutral 
triglycerides and phospholipids have been 
studied by Katz et al. (1966) and by 
Marion et al. (1967). The fatty  acid 
contents from muscle, skin, and depot fat 
were the same. When compared with 
phospholipids, the neutral triglycerides 
contained more palmitic, oleic and lino
leic acid but less longer-chain fatty  acids. 
In this study, less linoleic acid was found 
in neutral lipids than to tal lipids, indicat
ing a higher content of linoleic acid in 
phospholipids. The fact that the unsatura
tion of fatty  acid in adipose tissue was 
influenced by the am ount of unsaturated 
fatty  acids in the diet, especially with 
18-carbon fatty  acids, was stressed by 
Schuler and Essary (1971). The physical 
state of the depot fats does not seem to 
depend on either the individual fatty  acid 
or the to tal am ount of saturated or 
unsaturated fatty  acids.

Two observations from the taste pref
erences and cooking losses of broilers 
from the experimental diets (Table 7) 
should be noted. Although the TBA 
values of skin and adipose tissue were 
higher for the low-fat treatm ent, the taste 
panel showed a higher preference for the 
breast meat from this treatm ent. Rancid 
odors were not detected on cooking or 
noted by panelists. It has been stated that 
at a TBA value of one, off-odors become 
detectable in meat and meat products 
(Watts, 1962). Secondly, if the percent 
drip loss is ranked from least to  highest, 
th e  f o llo w in g  order is obtained: 
H-6  <  B-6 <  L-6  <  LF -6  <  C-6 . The same 
order is obtained if the percentage of 
liquid oil in the adipose tissue is ranked 
from least am ount to  highest am ount 
(Table 5), suggesting a relationship be
tween the solids-to-liquid ratio  of tissue 
lipid and the am ount of drip occurring 
during cooking.
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FOOD P R O TEIN  FROM  M EA T AND BONE M EA L

SUMMARY—Studies were undertaken to develop a nutritious and aesthetically attractive protein 
concentrate from commercial meat and bone meal. Flotation in carbon tetrachloride was used to 
separate meat residues from the bulk of the bone. The meat residues had moderate nutritional 
merit in rat feeding trials. Further improvement was achieved by size separation or by base 
extraction. The finer fraction from size separation had a more favorable amino acid balance and 
gave better growth rates and protein efficiency ratios (PER) than did the unfractionated material. 
Growth rates increased markedly as the amount in the diet was increased to give 15 and 20% 
protein. It had more than an additive effect on growth and PER as a supplement to wheat flour or 
whole corn. Extraction with base improved amino acid balance, growth response and flavor. 
Addition of 9% of the base-extracted material to rice or biscuits had little effect on flavor; a 
gray-red color remained prominant. Overall yields of the base-extracted material starting with meat 
and bone meal were about 34%. The protein content o f the product v/as about 88% on a dry 
weight basis. Its PER when 2% methionine was added was 75% o f that o f casein (without added 
methionine) in a rat feeding experiment. The cost of production is estimated at about $0.13/lb 
when allowance is made for methionine addition and for sale of residues from the production 
process as an animal feed supplement.

IN T R O D U C T IO N

THE RENDERING industry salvages var
ious by-products from meat processing as 
a source of fat. These include viscera, fat 
trimmings, bone scraps and fallen and 
unsound animals from the livestock dress
ing process and shop-fat, bone and grease 
from stores and restaurants. After the fat 
has been removed by a com bination of 
cooking and applied pressure, the remain
ing residue is ground and sold to  the 
animal feed industry as a source of 
protein and minerals under the name 
“ meat and bone meal.” This constitutes a 
satisfactory utilization of the material but 
considering world protein shortages it was 
decided to determ ine if a good quality 
protein concentrate could be recovered 
from the meal for use in human food. 
Total annual production in the United 
States is in excess of two million tons. 
The com position of meat and bone meal 
and other animal by-product meals has 
been reported recently by Doty (1969). 
The amino acid com position of meat and 
bone meal indicates that approxim ately

half the protein is derived from collag
enous material. The viscera proteins pres
ent are of high nutritive quality as shown 
by Olson (1970). If the muscle and 
viscera protein could be separated from 
the collagenous proteins in the meal, the 
protein concentrate should approach 
m eat in nutritional quality. Additional 
requirem ents are removal of the bulk of 
the bone, removal of hair, improvement 
in taste and im provem ent o f physical 
properties. Fractions removed in recover
ing a protein concentrate for human use 
will still have value as animal feed.

M A T E R IA L S  & M E T H O D S

MEAT AND BONE meal used in this study was 
obtained from commercial lots prepared by the 
Van Hoven Co., St. Paul, Minn. The proximate 
analysis of two lots is shown in Table 1. The 
bulk of the work reported here was done with 
Lot B.

A first step in preparing the meat and bone 
meal for fractionation was in all cases extrac
tion of residual fat. In the preparation of 
smaller lots of material, this was done by over
night extraction in a Soxhlet apparatus with

ethyl alcohol. In the preparation of lots of sev
eral pounds size, extraction was carried out on 
a batch basis using two extractions with 1.5 vol 
of 60-90°C petroleum ether and four extrac
tions with ethyl alcohol.
Fractionation

Three fractionation techniques proved of 
value. One was notation in carbon tetrachloride 
as developed by Criswell, et al. (1964). This 
involved adding the fat-free meat and bone 
meal to CCI,and collecting separately the mate
rials that float and the materials that sink to the 
bottom. The float fraction (MBF) was rich in 
protein and served as the starting point for all 
further work. To make certain that all CC14 was 
removed before use in feeding studies, the MBF 
material was placed in a vacuum oven overnight 
at 40°C.

One technique of subfractionating the MBF 
material was by size fractionation with standard 
screens and a RoTap apparatus. The second 
technique of subfractionation was by extrac
tion with. 0.IN NaOH. This was done by adding 
10 ml of 0.1 N base for each gram of MBF, 
stirring, allowing to stand 0.5 hr, centrifuging 
and washing the precipitate twice with 10 ml 
portions of water, followed by a 10 ml wash 
which was neutralized with HC) before centri
fuging. The precipitate was dried in an oven at 
50°C, ground in a meat grinder and then with a 
mortar and pestle. In preparing the large lots of 
material used for feeding studies, handling 
problems were underestimated and material re
mained in basic conditions for as long as 7 hr. 
Washing was also less thorough than in the 
standard preparations.
Amino acid analyses

To prepare samples for amino acid analysis, 
100 mg of material was refluxed for 18 hr in 
100 ml of 6 N HC1 with carbon dioxide bub
bling through the solution to prevent any con
tact with oxygen. The volume was reduced 
nearly to dryness several times on a rotary evap
orator, with addition of water after each evapo
ration to aid in removing residual HC1. The final 
solution was made to volume and aliquots 
taken for Kjeldahl nitrogen determination and 
determination of amino acids. The amino acid

Table 1—Composition of two 
and bone meal

lots of meat

Constituent
Lot A

%
Lot B

%
Moisture 5.7 2.6
Fat 12.0 10.1
Ash 29.2 27.8
Protein 54.0 59.5

Table 2—Flotation o f two lots of meat and bone meal
Percentage on moisture and fat-free basis

Lot A Lot B
Float

fraction
Sink

fraction
Float

fraction
Sink

fraction
Percentage of original mix 57 43 60.0 40.0
Ash content 7.7 61.2 6.5 67.8
Protein content 86.4 32.0 90.4 31.6
Percentage of ash of 

original mix 14.3 85.7 12.5 87.5
Percentage of protein 

of original mix 78 22 81 19
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Table 3-Am ino acid analyses o f M BF and o f fractions obtained from it by screening

Grams of amino acid per 16 grams nitrogen
MBF Fractions by screening Lot B
Lot B < 24 > 60-mesh < 60 > 115-mesh < 115-mesh

Lysine 6.3 4.0 3.7 5.5
Histidine 2.2 1.3 1.1 1.9
Ammonia 1.2
Arginine 6.6 6.6 6.7 6.1
Aspartic acid 7.3 6.1 7.2 7.7
Threonine 3.3 2.7 3.2 3.5
Serine 3.7 3.4 3.8 3.5
Glutamic acid 12.6 11.3 12.3 12.6
Prolinea 7.0 7.8 7.8 6.6
Glycine 12.0 12.9 12.7 10.1
Alanine 7.0 7.0 7.1 6.6
Half-cystine 0.9 0.8 0.8 0.9
Valine 4.3 4.0 4.2 4.6
Methionine 1.5 1.3 1.4 1.6
Isoleucine 2.9 2.8 2.9 3.3
Leucine 6.3 5.4 6.1 6.6
Tyrosine 2.5 2.5 2.5 2.6
Phenylalanine 3.4 2.9 3.1 3.5
Tryptophan 0.5 0.4 0.5 0.8

Total 91.5 83.2 87.1 88.0

in c lu d e s  h yd ro x y p ro lin e

analyses were conducted on an amino acid an
alyzer by Dr. Irvin Liener of the Dept, of Bio
chemistry, University of Minnesota.

Tryptophan analyses were made using 
21.4N H2S04 and p-dimethylaminobenzalde- 
hyde to effect color development (Spies and 
Chambers, 1949). An 18-hr period was allowed 
for development. NaN03 solution was added to 
complete color development. Corrections were 
made for color developed by H2S04 with the 
protein in the absence of p-dimethylaminobenz- 
aldehyde.
Feeding trials

Feeding trials were conducted using wean
ling male rats of the Sprague Dawley strain. 
Animals were individually housed and fed; wa
ter was available ad lib. Feed wastage was mini
mized by use of a floating disk with six half
inch holes to cover the feed in the feed cups. 
Daily weighings were made of feed consump
tion; weekly or twice weekly weighings were 
made of the rats. Eight rats were used in each 
dietary group.

Diets were mixed to contain the desired pro
tein level, 8% fat (cottonseed oil), 5% minerals 
(“Jones and Foster Salt Mixture” from Nutri
tional Biochemicals Corp., Cleveland, Ohio), 1% 
fiber (“Alpha Cel”) and vitamins (2% of “Vita
min Diet Fortification Mixture” from Nutri
tional Biochemicals). The fat, fiber and ash con
tent of the protein source was taken into 
account in determining the amount of cotton
seed oil, cellulose, or minerals to be added. 
Corn starch was used as a variable in bringing 
the diets up to weight. DL-methionine was 
added to all diets except the casein control in 
an amount equivalent to 2% of the protein. The 
objective of keeping fat, fiber and mineral con
tent constant had to be slightly compromised in 
diets that used wheat and corn as protein 
sources because the low protein content of 
these materials reduced flexibility. The wheat 
flour used was one manufactured for general

home use by Old Fashioned Millers Inc., St, 
Paul, Minn. It was sold under the brand name, 
“Big Shot.” The corn was obtained from a local 
farmer and ground in the laboratory.

In calculating protein consumption and pro
tein efficiency ratios, values of nitrogen content 
obtained analytically on the mixed feed were 
used as a basis for calculation. Nominal values 
of protein content were high in several in
stances because of greater than expected mois
ture gain. A factor of 6.15 was used in convert
ing nitrogen to protein contents except for 
wheat and corn, where a factor of 5.70 was 
used.

R E S U L T S

Fractionation
CC14 flotation. Results of flotation of 

samples of two lots of meat and bone 
meal are given in Table 2. In each case, 
the material used had been subjected to 
drying and fat extraction. It is seen that 
about 59% of the weight floated and that 
the float fraction contained about 80% of 
the protein and 13% of the ash of the 
original meat and bone meal.

Screening. The meat and bone meal 
had been subjected to  hammer-milling to  
effect size reduction by the m anufacturer 
as part of his normal processing opera
tions. It was noted microscopically that 
the finest particles of the MBF fraction 
had a different appearance than the 
coarser materials in tha t they were much 
more irregular in outline and had less 
sheen. It was therefore hypothesized that 
they might differ qualitatively. To test 
this hypothesis, a sample was graded for 
size and key fractions subjected to amino 
acid analysis. Values obtained are shown

Table 4—Fractionation o f M B F material by
particle size

Fraction 
(mesh size)

Percentage of 
original MBF

> 24 5
< 24 > 60 22
< 60>  115 25
< 115 48

Table 5—E ffec t o f base extraction 
acid analysis o f M BF

on amino

Grams per 16 grams N
MBF 
Lot B

Base
extract Residue

Lysine 6.3 5.3 5.5
Histidine 2.2 1.5 2.0
Ammonia 1.2 - 2.5
Arginine 6.6 8.8 5.8
Aspartic acid 7.3 5.9 7.4
Threonine 3.3 2.1 3.4
Serine 3.7 3.0 4.2
Glutamic acid 12.6 11.1 12.4
Prolinea 7.0 9.1 3.7
Glycine 12.0 16.2 9.7
Alanine 7.0 7.0 6.5
Half-cystine 0.9 0 1.3
Valine 4.3 2.7 5.0
Methionine 1.5 1.0 1.6
Isoleucine 2.9 1.8 3.3
Leucine 6.3 3.8 7.0
Tyrosine 2.5 1.7 3.5
Phenylalanine 3.4 2.0 3.6
Tryptophan 0.5 0.1 0.9

Total 91.5 83.1 89.3
in c lu d e s  h yd ro x y p ro lin e

in Table 3, together with values obtained 
on the starting MBF material. The frac
tions were obtained from Lot B. The 
yield of the several fractions is shown in 
Table 4. In a larger scale preparation of 
fractions from the same starting material, 
52% of the to ta l was recovered in the 
< 1 1 5  mesh fraction. Inspection of the 
amino acid analysis data in Table 3 shows 
that the amino acid balance in the finest 
fraction is considerably more favorable 
than in the two coarser fractions. This is 
as would be expected if the coarser 
fractions contained more connective tis
sue material. The finest fraction had 
appreciably higher levels of tryptophan, 
lysine and histidine and m oderately high
er levels of phenylalanine, leucine, iso- 
leucine, valine, m ethionine and threonine. 
Levels of proline and glycine are lower in 
the finer fraction than  in the others.

Analytical data on the size fractions 
are consistent among fractions but incon
sistent in some respects with analyses on 
the starting materials. The worst incon-
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Fig. 1—Effects o f dietary protein variations on growth rate o f rats. A ll 
diets except casein diets had added methionine. Percentage figures refer 
to percentage o f protein in the diet from the indicated source.

Fig. 2—Effects o f dietary protein variations on protein efficiency ratio 
(PER) in feeding experiments with rats. A ll diets except casein diets 
had added methionine. The dotted line in Bar 13 retains two rats that 
were otherwise rejected as atypical because o f a low feed consumption 
and lack o f weight gain.

sistencies are in lysine and histidine, and 
it is suspected that the values for these 
two amino acids are in error in the 
analysis of Lot B of MBF. There are 
minor inconsistencies in the analyses on 
glutamic acid.

Base extraction. Extraction of MBF 
with base solution was initially under
taken as a means of removing undesirable 
flavors and is discussed in more detail in a 
later section. It was found in feeding 
trials that the base-extracted material 
gave an unexpectedly good growth re
sponse. Analysis of the residue and of the 
extract showed that the base extraction 
had indeed removed material o f low 
nutritional quality, with consequent en
hancem ent of the quality of the residue. 
Results of amino acid analyses are given 
in Table 5, together with a repetition of 
analysis on the starting MBF, for ease of 
comparison.

For the most part, changes in composi
tion as a result of base extraction are 
internally consistent. Exceptions are ly
sine, histidine and glutamic acid. It is 
believed these lack consistency because of 
incorrectly high values for the starting 
MBF material. It is thought that, in 
actuality, the extraction caused little 
change in lysine and a slight increase in 
histidine. The most dram atic changes 
have been marked decreases in proline (+ 
hydroxyproline) and glycine concentra
tions and a marked increase in try p to 
phan concentration. O ther changes are 
decreases in arginine and alanine, and 
increases in threonine, serine, half-cys
tine, valine, m ethionine, isoleucine, leu
cine, tyrosine and phenylalanine. The 
fraction removed has a collagen-like ami

no acid composition.
Yields of residue after base-extraction 

have varied from 6 5 -8 5 %  in 14 measure
ments. Preparation of two large lots 
(500g) gave yields of 65 and 6 8 %. These 
lots were exposed to basic conditions for 
6  hr, so yields may be low for that 
reason. Several small-scale preparations 
(2 g quantities) have given recoveries of 
73, 6 8 , 70 and 70%. The higher yields 
were obtained using procedures involving 
less thorough washing. The effect of time 
of exposure to  basic conditions on 
am ount o f material extracted with base 
was explored using the “ fines” fraction. 
Yields were corrected for the part of the 
total loss that was due to  changes in 
moisture content. Results are given in 
Table 6 . They give little evidence that 
losses are increased by m oderately pro
longed exposure to  basic conditions.

An experim ent was conducted to  de
term ine the am ount of material that 
could be extracted from MBF that had 
been carried through the entire base 
extraction and washing procedure. The 
material used was from one of the larger 
scale preparations and had involved a 32% 
loss of material in the initial base extrac
tions. Carrying out the base extraction 
procedure a second time resulted in an 
additional 7% loss.

Analysis of two lots o f base-extracted 
material have shown 81 and 81% protein 
as equilibrated with the room atmosphere 
and 8 6  and 90% protein on a dry weight 
basis. The ash content was 12.0 and 
1 1 .8 % on a dry weight basis.

Hair removal. To produce an aesthet
ically acceptable product, hair must be 
removed. Removal of longer hairs is

readily accomplished by screening or 
combing techniques but removal of short 
hairs is a more difficult problem. Re
moval by density differences was investi
gated and found unsuitable. A broad 
spectrum  of densities were found to be 
present. E lectrostatic removal showed 
some promise. The most successful tech
nique was sequential screening. A fine 
fraction (<  1 2 0  mesh) could be recovered 
with very few hairs if only m oderate 
vibration on a screen was used. The bulk 
of the hairs from the coarser fractions 
could be removed by causing the fraction 
to  roll gently across a screen coarse 
enough that the rounded particles would 
readily drop through. Ha.r passes through 
much less readily. Cleanup can be accom
plished by vigorous shaking of these 
coarser fractions on screens that they will 
not normally pass. The hair fragments 
upend and pass through lengthwise. In 
trials of such sequential screening, 91% of 
the MBF material was recovered in frac
tions containing 4.8% of the hairs on a 
number basis. The fraction of hairs re
tained on a weight basis was much less 
since the longer hairs were com pletely 
removed.

Table 6—Extraction o f M BF materials with 
0.1N NaOH

Exposure time Percent solubilized
min MBF- < 115-mesh
10 22
20 21
30 21
60 21



FO O D  P R O T E IN  F R O M  M E A T  A N D  B O N E  M E A L - 9 3 3

Pines
Source of Protein Source of Protein

Fig. 3—Effects o f dietary protein variations on the amount o f weight 
gain per gram o f diet in rat feeding studies. AH diets except casein had 
added methionine.

Fig. 4—Effects o f substituting M BF fines for 
part o f wheat protein on growth and protein 
efficiency ratio. Performance o f 50—50 mixture 
indicated by X.

Physical properties
Solubility. Since one is dealing with a 

heterogeneous m ixture of materials, solu
bility measurements have a different 
meaning than do solubility measurem ents 
on a pure com pound. In many cases they 
measure the fraction of the whole tha t is 
of a particular class of structures rather 
than measuring solubility of the whole 
per unit weight of solvent.

Solubilities in water were determ ined 
as a function of tem perature using 1 0 0  
mg aliquots of MBF material and 50 ml 
of water. Solubility increased as a straight 
line function from 21% at 25° to  27% at 
100°C. Solubility as a function of pH 
showed a minimum at pH 4 (10%) with 
increase to  19% at pH 2 and to  32% at pH
13. Solution occurred only very slowly 
and incom pletely in 18 hr in IN  NaOH at 
40°C. Solubility in 6 N guanidine hydro
chloride was less than 10% even after 3 
days at room  tem perature.

Taste. MBF had a taste like tha t of 
overripe meat and would surely be judged 
objectionable by many people. A ttem pts 
to  improve flavor included coating with 
gums, fats and zein, enzyme treatm ent, 
and extraction with acid, base and or
ganic solvents. Extraction w ith base was 
by far the most effective treatm ent. Ex
traction with 0.1N HC1 gave considerable 
improvement and even extraction with 
water was of some benefit. Base of 0. IN 
concentration was more effective than 
0.05N base but more concentrated solu
tions, or longer periods of exposure than 
10  min, or repeated extractions with 
base, or extraction with base and then 
with acid did not give further improve
ment. Almost no residual taste could be 
detected after extraction with base in 
coarsely ground material. Fine grinding 
uncovered some taste, which might be 
described as a chicken soup flavor.

An additional com ponent of “ taste” is

m outh feel. Because it is insoluble and 
relatively nonhydroscopic, MBF has a 
degree of sandy feel. This is partially 
removed by fine grinding. It is unaffected 
by base extraction. The use of additives 
to remove the sandy feel in the m outh 
was investigated. Coating with guar gum 
or gum karaya was partially successful as 
was addition of disodium hydrogen phos
phate. Coating with casein, soy protein, 
soy flour, soluble starch or a hydrogen
ated fat were not beneficial.

Nutritional value
Results of the three feeding experi

m ents conducted are shown graphically in 
Figures 1, 2 and 3. These summary graphs 
include groups from all three feeding 
trials and it is not necessarily true that 
results from one feeding experim ent to  
another are strictly com parable, but the 
replication was at least fairly good in 
instances for which data are available. 
Bars 15, 16, and 17 in the figures 
represent replication of the 1 0 % casein 
diet; Bars 3 and 4 represent replication of 
the 15% MBF diet.

Animals receiving 10% protein from 
MBF made poor gains (Fig. 1), showed 
poor protein efficiency ratios (PER) (Fig.
2) and poor feed efficiency (Fig. 3). All 
were improved by increasing the protein 
content of the diets to  15%, but a further 
increase to  2 0 % gave poorer perform ance 
than was attained at 15%. A level o f 15% 
protein in the diet may represent the 
lim it to  which quantity  of protein can 
substitute for protein quality with this 
material. An attem pt to  improve quality 
by adding tryp tophan  and isoleucine met 
with limited success. It is to  be noted that 
m ethionine was added to  all diets except 
the casein control diets.

When the fines fraction (<  115-mesh) 
of MBF was used as the protein source, 
better growth, PER values and feed effi-

1 0 0 -

1

J 5 0 -  
s >-< >-

°IOO%  100%
Corn MBF

Fin«*
Source of Protein

Fig. 5—Effects o f substituting M B F fines for 
part o f corn protein on growth and protein effi
ciency ratio. Performance o f 50—50 mixture 
indicated by X. The dotted lines retain two 
animats that were otherwise discarded as atyp
ical.

ciency were attained at all concentrations 
used than when the original MBF fraction 
was used. The PER value was raised to 
about 2.0. The growth rate was markedly 
greater when the am ount of protein from 
the fines fraction was increased from 10 
to  15 to  20% of the diet. 15% MBF fines 
protein gave a growth response similar to 
10% casein protein. No differences in 
PER values were seen as protein level of 
the diet was increased using the fines 
fraction.

Base-extracted MBF material was used 
in only one diet and tha t at the 15% level. 
It gave the second highest rate o f gain 
seen among the diets. Only MBF fines at 
the 2 0 % level gave a greater rate of gain. 
The protein efficiency ratio was 2.35. It 
was exceeded only by casein.

In each case, the higher levels of gain 
were associated with high levels of feed 
intake.

The experim ents with wheat flour and 
ground corn were undertaken to  find if 
MBF fines have an additive effect on 
response when they are used together. It
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is seen that both  in the case of corn and 
wheat, use of 5% cereal protein and 5% of 
MBF fines protein has given a better 
response than when 1 0 % of cereal protein 
was used alone. The relationships can be 
seen graphically in Figures 4 and 5. Wheat 
flour alone gave very poor rates o f gain 
and poor protein efficiency ratios. Sub
stituting MBF fines for half the wheat 
flour protein gave marked improvement 
in bo th  criteria of perform ance. Perform
ance was as good as with the same total 
am ount of protein in the form of MBF 
fines. When 5% MBF fines were added to 
a wheat flour diet instead of being substi
tuted for part of its protein, a further 
increase in growth rate was obtained. The 
PER value was increased only insignifi
cantly. (See Fig. 1 and 2.)

Ground whole corn has given as good 
perform ance as MBF fines at the same 
protein level. The substitution of MBF 
fines for half the protein of ground corn 
has significantly increased the growth rate 
and given a PER value insignificantly 
better than ground corn.

Microbiology
It was expected that the com bination 

of solvent extraction to  remove fat and 
extraction with 0. IN base would kill any 
microorganisms present. This proved not 
to  be the case. A relatively large fraction 
of both vegetative forms and spores sur
vived. Alcohol extraction was the most 
effective treatm ent.

Food formulations
MBF and base-extracted MBF were 

tried in two food form ulations. Rice and 
“ Bisquick” (a commercial biscuit mix) 
were chosen as examples of a boiled and a 
baked food product of relatively bland 
taste and sm ooth tex ture in which any 
undesirable contributions of meat and 
bone fractions would be apparent. In all 
trials, meat and bone products were 
added at the 9% level by weight.

Additions to  rice before cooking 
caused remarkably little change in taste. 
The base-extracted material changed the 
taste and aroma almost not at all. The 
material which had not been base-extract
ed contributed  a slightly m eaty taste. 
MBF fractions contributed a light brown 
color. A slight sandy feel was evident. 
The use of base-extracted MBF coated 
with guar gum eliminated the sandy feel 
and gave a product distinguishable from 
rice alone only in color.

Addition of the meat and bone frac
tions to  Bisquick and then baking gave a 
clear-cut result. Use of MBF material that 
had not been base-extracted yielded a 
product of quite unacceptable taste. Use 
of base-extracted MBF had only a very 
slight effect on taste. The biscuits were 
bland; the only discernible effect on taste 
was masking of one of the favorable 
flavors appearing in biscuits to  which

additions had not been made. The flavor 
com ponent so affected might be de
scribed as a buttered  taste. Sandiness was 
not discernible. The base-extracted MBF 
fraction contributed a gray color.

DISCUSSION
ALTHOUGH it has some obvious limita
tions, the product obtained by flotation 
to remove the bone, screening to  remove 
the hair, and base extraction to remove 
disagreeable tastes does show definite 
promise as a protein supplem ent for 
human use. It is of high protein content, 
nearly tasteless when used in cooked 
foods, is of fair nutritional quality, and 
supplem ents cereal proteins in more than 
an additive manner. The basis for the 
statem ent on successful supplem entation 
of cereal proteins rests on work actually 
done with the fines fraction of MBF, but 
the base-extracted material gave an even 
better growth response in work done on 
it and appears to  have a slightly better 
amino acid pattern than the fines frac
tion. Probably the greatest lim itation of 
any MBF fraction in use in human foods 
will prove to  be its color. Its color is 
sufficiently intense tha t it is likely to 
change the appearance of all foods except 
those that are initially highly colored in 
themselves.

The objective of the present study has 
been to  determine whether a meritorious 
product for human use can be salvaged 
from the residues from  the standard 
rendering process. A lternate approaches 
to  salvaging protein from slaughtering and 
m eat trimming wastes might avoid ex
posure to  the heat o f the usual rendering 
operation with its deleterious effects on 
physical properties. With some invest
ment of labor, the more desirable and 
acceptable wastes for processing as a 
source of protein for human consum ption 
could be kept separate from the less 
desirable ones.

Fractionation

The separation of bone and meat 
materials to give a fraction of high pro
tein and low ash conten t (MBF) by 
flo tation in CC14 worked very well in
deed. Separation was accomplished in a 
few m inutes even w ithout application of 
centrifugal force. Hair removal by sequen
tial screening seems reasonably efficient 
and should be accomplished even more 
expeditiously using commercial equip
ment.

Subfractionation of the MBF material 
to  improve protein quality has been 
successfully achieved by two techniques. 
F ractionation by size achieved a rem ark
able degree of im provem ent in quality 
and would be worth further pursuit if it 
were not deemed essential that base 
extraction be conducted to  remove un
pleasant flavors. The base extraction in

itself achieves an equally great or possibly 
greater improvement in protein quality 
and gave a better yield It is, o f course, 
true that further work might improve the 
yield of good quality material by size 
fractionation techniques. The yield of 
material of good protein quality taking 
the particular split that we explored was 
about 50% of the MBF fraction. The 
yield obtained by base extraction was 
about 70% of the MBF fraction.

Physical properties
The physical characteristics of MBF 

and its subfractions are those of a protein 
that has undergone denaturation  and 
probably some cross-linking. It is largely 
insoluble in even such effective protein 
dispersants as guanidine hydrochloride or 
strong base. There is, at the same tim e, a 
fraction that am ounts to from 20 -3 0 %  
of the MBF that is fairly readily soluble 
in acid or base or even in water. This 
fraction, as determ ined from analysis of 
the material extracted by base, is similar 
to  collagen in amino acid distribution.

The most undesirable facet of the low 
solubility is the sandy tex ture that may 
be contributed to  food form ulation by an 
inso lub le, nonhygroscopic ingredient. 
This property is, however, present in only 
m oderate degree in finely ground material 
and is efficiently masked by 1 0 % guar 
gum. Perhaps the physical property which 
will prove most limiting in the long run is 
the fairly intense grayish-brown color.

The taste of the MBF m aterial w ithout 
further treatm ent is considered probably 
too  flavorsome for most palates. Even 
this strong flavor does not, however, 
come through strongly in some cooked 
foods. It does show up very adversely in 
others. It was only noticeable in cooked 
rice but was highly objectionable in bis
cuits made from Bisquick and MBF. 
Extraction of MBF with acid or even with 
water lowered the flavor intensity  in 
some degree. E xtraction with base proved 
even more successful and lowered the 
intensity to  about that o f a chicken soup. 
When base-extracted material was used in 
either rice or biscuits, the flavor o f these 
foods was scarcely m odified at all. Re
peated extraction w ith base or extraction 
with base and then with acid did not 
further reduce the flavor in any impres
sive degree.

Nutritional value
In summarizing the nutritional value 

of the MBF material itself, one must 
conclude that it has less value as a protein 
source than does casein. This is true 
whether one looks at growth rates or at 
PER values. Increasing the percentage of 
MBF in the diet is only m oderately 
helpful and at the 2 0 % protein level 
appears to  be deleterious. The protein 
quality of the MBF fraction appears to lie 
between that o f the whole corn and
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Fig. 6—Material balance in process for produc
tion o f base-extracted MBF.

wheat flour materials we examined. A 
considerable improvement is achieved by 
using only the fines fraction from MBF. 
The improvement is evident both  in 
growth response and PER values. The 
improvement would be forecast by in
spection of the amino acid analysis itself. 
One can still not conclude that the fines 
fraction is equivalent to  casein in protein 
nutritional value, but it is of respectable 
value and improved growth responses 
were obtained as the am ount in the diet 
increased, at least up to  a 2 0 % protein 
level. Substituting it in wheat flour or 
ground corn diets for an equivalent 
am ount of protein resulted in greater 
than additive effects. Adding it to  wheat 
flour to  enrich the to ta l protein content

of the flour resulted in an even greater 
effect on growth rate. Experience is less 
extensive with the base-extracted material 
but it did excellently in the single group 
in which it was used. The PER value was 
78% of that of casein. The good response 
seen in the experim ents in which it was 
added to  the diet is reinforced by its 
amino acid analysis. Its amino acid pat
tern is even more favorable than that of 
the MBF fines fraction and the extract 
had the pattern of a very poor quality 
protein.

In judging the usefulness o f a protein 
concentrate for human nutrition, the 
PER values give an indication of the 
efficiency with which a unit weight o f the 
protein will be utilized. If, however, the 
protein is not so badly unbalanced that 
further enrichm ent o f the diet with the 
protein source will result in a deleterious 
response, then the protein efficiency ratio 
is principally a factor that should be 
applied to the price of the protein in 
comparing it w ith other patterns. A pro
tein of lower protein efficiency ratio 
must be used in larger quantity  to  achieve 
the same nutritional effect. The markedly 
greater growth rates seen as the MBF 
fines were added in increasing concentra
tion gave promise that either the fines 
fraction or the base-washed material 
could be used in larger am ounts to  offset 
some deficiency in quality. The success of 
the MBF fines fraction in supplementing 
wheat flour and corn indicates usefulness 
in supplementing cereals generally. This is 
an area of general need. In comparing the 
amino acid analysis of the MBF fines 
fraction and the wheat and corn used in 
the diets, it seems likely that the supple
m entary effects came principally from 
the lysine conten t of the MBF fines 
fraction.

It is to  be noted that in all cases the

rate of gain and to ta l food intake are well 
correlated. The animals that gained more 
did so because they ate more food. This 
could be a palatability factor, but it is a 
com mon observation tha t animals re
spond to feed quality by eating more of a 
high quality feed and less o f a poor 
(Albanese, 1959).

Process considerations
The process steps and expected yields 

for the production of MBF base-extracted 
material are represented in Figure 6 . 
Range-finding economic estim ates show 
the cost o f producing the base-extracted 
material to  be about 18c/lb, starting with 
meat and bone meal costing 4.5^/lb. If 
allowance is made for resale of the 
by-products at 3.5p/lb, the cost of pro
ducing the base-extracted protein concen
trate is reduced to  about 11.5p/lb. Addi
tion of m ethionine would increase the 
cost to about 13i/lb and addition of guar 
gum, to  15£/lb.
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U SE O F G A S-LIQ U ID  C H R O M A TO G R A PH Y FO R Q U A L IT Y  
EV A L U A T IO N  O F D R Y  EG G  PRO D U CTS

SU M M A RY—Egg white solids and dried whole eggs were stored at 5, 24 and 43°C and analyzed 
and evaluated at regular intervals. Changes in aroma and flavor o f dry egg products with storage at 
different temperatures have been recognized for many years. These flavor changes, indicative o f egg 
product quality, could be followed with G LC  headspace techniques and correlated with baking 
performance o f the ingredient. Total peak area increased with time and temperature o f storage 
while baking performance decreased. Changes in carbonyl composition as well as free fatty acid 
composition were also investigated and found to be indicative o f baking performance.

INTRODUCTION
MAJOR ATTENTION of research in the 
field of dry egg products appears to  have 
been directed towards improvement of 
storage life as indicated in a review by 
Lightbody and Fevold (1948). A com pre
hensive review of the literature and dis
cussion of egg dehydration was presented 
by Bergquist (1964).

Dried egg products are used in many 
areas of food processing. The effect of 
m oisture level, com position of the head- 
space gas and storage tem perature on the 
shelf life of the products have been 
reported. Banwart and Ayres (1956) 
found that it is possible to  store dried 
albumen containing 1.5, 3 or 6 % moisture 
at 60 or 70°C for 90 days w ithout 
significant change of functional proper
ties, including angel food cake-baking 
properties. Carlin and Ayres (1951) held 
egg white solids at 22°C for 16 wk 
w ithout detrim ental effect on angel food 
cake-baking properties; at 40°C cake vol
ume decreased 5% after only 2 wk. 
Baldwin et al. (1967) reported no loss of 
functional properties of spray-dried egg 
whites during 60 days at 54°C. Haw
thorne (1943) used flavor changes to 
express product deterioration. The flavor 
score of egg products decreased by 
36—75% from the initial score when 
stored at 98°F. Increased moisture levels 
at tem peratures between 55 —100°F re
sulted in an increased rate o f deteriora
tion as reported by White and Thistle 
(1943). Low moisture levels have been 
found to increase the shelf life of the 
product (Pearce et al., 1946).

Rolfes et al. (1955) reported that 
freeze drying had no detrim ental effect 
on functional properties o f egg white 
solids, but that spray drying increased 
beating times and slightly decreased cake 
volume. Brown and Zabik (1967) found 
that exposure time of egg albumen to 
preheating, spray drying, or high tem pera
ture storage brought about the following 
significant changes: decrease in surface 
tension, increase in specific gravity of

bo th  egg albumen foam and angel food 
cake batter, decrease in foam stability 
and decrease in volume of angel food 
cakes.

Kline et al. (1951a, b) identified a glu
cose-lipid interaction as the principal 
cause of off-flavor development of whole 
egg powders and reported in a later 
publication (1953) that acidification of 
whole egg powder retards glucose-induced 
phospholipid and protein deterioration.

Bennion et al. (1942) attem pted to  
correlate results of a beating test and the 
baking quality of whole egg solids. Thistle 
et al. (1943) reported a fair correlation of 
the beating test with other quality tests 
such as fluorescence, solubility and pH. 
In each case, however, a baking test was 
required to  establish the baking quality of 
the egg products with certainty.

Headspace vapor analysis of foods and 
food ingredients would eliminate the 
need for time consuming chemical, phys
ical and rheological measurements. The 
possibility o f using this technique for the 
quality evaluation of dry egg products 
was explored as well as changes in car
bonyl com position and fatty  acid com po
sition as possible quality indicators of 
baking performance.

EXPERIMENTAL
STORAGE STUDIES were conducted using 
commercially available pasteurized dried whole 
egg solids and egg white solids. The whole egg 
solids were received in a cardboard container 
and transferred to screw-top glass jars, 5 lb per 
jar. The egg white solids were received in small 
cardboard containers, 3 lb per container and 
stored in these containers. Samples of these dry 
egg products were stored at 5, 24 and 43°C for 
4 months. At regular intervals, moisture and pH 
of 3% suspensions were determined of samples 
stored at different temperatures.
Determination of total carbonyl 
compounds

Carbonyl compounds were extracted with 
chloroform and determined by the method of 
Lappin and Clark (1951). The optical density 
of the hydrazones was measured at 480 mp us
ing a Bausch and Lomb Model 20 spectropho

tometer. A standard curve was prepared using 
butanal as the standard and results were ex
pressed as ppm relative to the color of that 
standard.

Headspace volatiles
2 ml of water, 1.2g of sodium sulfate and 

0.5g of the egg white solids were placed into 5 
ml serum vials closed with rubber septa. These 
vials were heated for 15 min in a 60° C water 
bath and a 1 ml vapor sample was injected into 
the gas chromatograph.

This procedure was simplified for whole egg 
solids. lOg of whole egg solids were placed into 
125 ml Erlenmeyer flasks which were stoppered 
and stored at 5, 24 and 43°C. At regular inter
vals, 2 ml vapor samples were taken from these 
flasks and injected into the gas chromatograph. 
A Hewlett-Packard Model 5750 gas chromato
graph equipped with an 8-ft long, 1/8  in. OD 
column was used. The liquid phase was Carbo- 
wax 20 M (weight % 20) and the solid support 
was Chromosorb P (AW-HMDS) with a mesh 
size of 60/80. The carrier gas was nitrogen with 
a flow rate of 15 ml per minute. Column tem
perature was 98° C isothermal, injection port 
195°C and the detector 245°C. The total area 
under the peaks was calculated by multiplying 
the height of each peak by its width at one-half 
height and adding the individual peak areas.

Fatty acid composition
lOg of the dry egg products (whole egg sol

ids and egg white solids) were extracted for 30 
min with 100 ml of a mixture of 60:40 petro
leum ether-diethyl ether. The ether extract, 
along with 100 ml of 1% cone sulfuric acid in 
methanol, was placed in a 300 ml round-bot
tom flask and refluxed for 1-1/2 hr. After cool
ing, the condenser was rinsed with 50 ml of 
distilled water. The total mixture was saturated 
with sodium chloride and transferred to a sep
aratory funnel to collect the ether layer con
taining the methylesters. That was followed by 
three additional extractions with 5 ml of petro
leum ether. All ether extracts were combined 
and evaporated to 10 ml final volume. Sodium 
sulfate was added to absorb any residual mois
ture.

Resolution and identification was accom
plished using a Hewlett-Packard Model 5750 gas 
chromatograph equipped with a dual column 
hydrogen flame ionization detector. The col
umn was 8 ft long, 1 /8  in. OD packed with 
60/80 mesh Chromosorb G AW-DMCS and 
coated with 7.5% Hl-EPP 1 BP (diethylene 
glycol succinate). Injection port temperature 
was 195°C, column temperature 175° isother
mal and the flame detector 265°C. The total 
peak area was calculated by multiplying the 
height of each peak by its width at one-half 
height and adding the individual peak areas.

Identification of the individual fatty acids 
was made by measuring relative retention times 
of pure commercial fatty acids separated under 
the same gas chromatographic conditions.
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Fig. 1—Changes in pH with storage at different 
temperatures (3% suspensions).

Fig. 2—Changes in total carbonyl content 
(ppm/g) with storage at different temperatures.

Fig. 3—G LC  headspace profiles o f whole egg 
solids stored for 4 months.

Cake preparation
The standard cake formula consisted of 

216g cake flour, 275g sugar, lOg baking pow
der, 7.6g salt, 154g liquid shortening, 14g non
fat dry milk, 370 ml water and 85g whole egg 
solids for yellow layer cakes or 56g egg white 
solids for white cakes. The dry ingredients were 
sifted into a 12-qt bowl of a Hobart A-120 
mixer. The liquid shortening and water were 
added and the batter mixed for 2 min at speed 
3 followed by 3 min at speed 2 using a wire 
whip. 400g batter were poured in 8 in. paper- 
lined cake pans and baked at 375°F for 20-23 
min. The cakes were evaluated approximately 1 
hr after baking. External and internal cake char
acteristics such as volume (15), crust color (5), 
symmetry (10), character of crust (5), grain 
(15), crumb color (10), aroma (10), taste (20) 
and texture (10) were scored. (The number in 
parenthesis indicates the maximum number of 
points for each characteristic.)

R E S U L T S  & D IS C U S S IO N

THE MOISTURE CONTENT of dry egg 
samples has been found to  have a signif
icant effect on storage stability (Pearce et 
al., 1946) and, therefore, has been includ
ed in this investigation. Forsythe (1964) 
reported m oisture contents of 14% max 
for albumen and 5% max for whole egg 
solids.

Our samples were below these values 
as they arrived and decreased in m oisture 
with tim e and tem perature of storage 
(Table 1). A storage tem perature of 5°C 
resulted in the least loss of m oisture while 
storage at 43°C resulted in maximum 
moisture loss of whole egg solids as well 

r as egg white solids. The changes in pH of 
3% suspensions of egg white solids in

creased slightly after 1 m onth  storage at 
each storage tem perature but then de
creased with time. The final pH value 
after 4 m onths’ storage was approxim ate
ly the same for all samples and only 
slightly lower than the original pH. 3% 
suspensions of whole egg solids under
went more drastic pH changes with time 
indicating changes in chemical com posi

tion. The pH of whole egg solid samples 
decreased with time. The changes at 5°C 
of storage were slight while the pH 
changes at 43°C were considerable (Fig. 
1).
Total carbonyl content

Egg white solids. The to ta l carbonyl 
content (ppm /g) of egg white solids in-

Table 1—Effect o f time and temperature on moisture content o f dry 
egg products

Moisture Moisture

Time (months)

of egg white solids (%) of whole egg solids (%)
Storage temperature 

5°C 24° C 43°C
Storage temperature 

5°C 24° C 43°C
0 10.2 10.2 10.2 4.8 4.8 4.8
2 9.4 5.4 4.1 3.7 3.0 3.0
3 7.3 5.2 3.8 3.7 3.0 2.0
4 7.1 4.9 3.3 3.9 3.3 2.4

Table 2—Effect o f storage time on cake quality and total carbonyl content

Storage
time

(months)

Whole egg solids® Egg white solids®

Yellow cake 
specific voi.

Cake
score

Total carbonyl 
content 
(ppm/g)

White cake 
specific voi.

Cake
score

Total carbonyl 
content 
(ppm/g)

0 3.85 88 250 3.49 92 8
1 3.79 81 1160 3.43 88 44
2 3.44 75 1320 3.45 80 105
3 2.96 70 3000 2.91 72 190
4 2.98 69 3000 2.86 71 210

aSam ples stored  at 2 4 ° C.
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creased gradually with time at each tem 
perature of storage (Fig. 2). At 5°C 
storage the changes in to ta l carbonyl 
content were slight for the first 3 months. 
During the fourth m onth the total car
bonyl value more than tripled. The total 
carbonyl value of egg white solids stored 
at 24°C increased more rapidly with time 
than that o f the sample stored at 5°C. 
After 4 m onths, storage at 24°C pro
duced approxim ately twice the to ta l car
bonyl value as storage at 5°C. Storage at 
43°C produced the highest final total 
carbonyl value of all samples.

Whole egg solids. The initial and final 
total carbonyl values of whole egg solids 
were considerably higher than those of 
egg white solids at each time and tem per
ature of storage. Storage at 5°C produced 
the lowest final to ta l carbonyl value while 
storage at 43°C produced the highest 
value (Fig. 2).

It was possible to  correlate to ta l car
bonyl value and baking perform ance of 
the egg white solids and whole egg solids. 
The higher carbonyl values after extended 
storage times coincided with decreased 
specific cake volumes, a more open and 
nonuniform  grain, and a harsher texture. 
Our results indicated that for satisfactory 
baking perform ance the to tal carbonyl 
value should not exceed 1 0 0  ppm/g in egg 
white solids or 1 2 0 0  ppm/g in whole egg

Fig. 5 -E ffe c t o f time and temperature on the 
fatty acid content o f egg white solids.

solids. Table 2 shows the decrease in 
specific volume and in to tal cake score as 
the to tal carbonyl content of the egg 
products increased.

Headspace profiles
Whole egg solids. Headspace profiles of 

whole egg solids stored for 4 m onths at 5, 
24 and 43°C are shown in Figure 3. Total 
GLC peak area increased with time and 
tem perature of storage and was indicative 
of the baking perform ance of whole egg 
solids. Yellow layer cakes which were 
baked from the stored whole egg solids at 
the same time the samples were analyzed 
by gas-liquid chrom atography are shown 
in Figure 4. Cake No. 1 was baked from 
whole egg solids stored at 5°C. The

Fig. 6—Separation o f methyl esters o f fatty 
acids in egg white solids stored for 4 months. 
Identification o f peaks: 1-solvent, 2-m yristic, 
3—pentadecanoic, 4—palmitic, 5—palmitoleic, 
6—stearic, 7—oleic and 8—linoleic acid.

sample stored at 24°C was used in Cake 
No. 2 and that stored at 43°C was used to  
bake Cake No. 3. With our formula and 
procedure a to ta l GLC peak area of 1.7 
cm 2 produced a very good cake (Cake 
No. 1) while an area of 5.8 cm 2 produced 
a poor cake (Cake No. 3 in Fig. 4). 
Critical total peak areas will have to  be 
established for each cake form ula and 
procedure.

Egg white solids. Headspace profiles of 
egg white solids stored for up to  4 
m onths at 5, 24 and 4 3 3C perm itted the 
same conclusion. Total GLC peak area 
increased with time and tem perature of 
storage and was indicative of the baking 
perform ance of the egg white solids in 
white cakes and angel food cakes.

Fig. 7—Changes in saturated vs. unsaturated . 
fatty acid composition with storage o f whole 
egg solids.

1 2 3
Fig. 4—Yellow cakes baked with whole egg solids stored for 4 months 
at 5 °  C (Cake No. 1), 24° C (Cake No. 2) and 43° C (Cake No. 3).
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Table 3—Change in fatty acid composition 
o f whole egg solids during storage

Fatty acid
0

Storage (months) 
1

1

3
(%) (%) (%)
5°C Storage

C-14 0.6 0.7 0.5
C-15 0.4 0.3 0.3
C-16 28.3 27.6 14.6
C-16:1 4.1 3.7 0.5
C-18 7.0 6.3 10.3
C-l 8 :1 41.2 37.7 60.1
C-18:2 14.2 19.8 11.4
C-20 1.0 1.7 1.4
C-22 3.2 2.2 0.9

24°C Storage

C-14 0.6 0.4 0.4
C-15 0.4 0.1 0.2
C-16 28.3 26.4 19.8
C-16:1 4.1 5.1 4.9
C-18 7.0 8.9 6.3
C-18:1 41.2 43.2 59.4
C-18:2 14.2 13.3 7.6
C-20 1.0 0.8 0.7
C-22 3.2 1.8 0.7

43°C Storage
C-14 0.6 0.6 0.3
C-15 0.4 0.1 0.1
C-16 28.3 26.0 19.8
C-16:l 4.1 4.8 4.0
C-18 7.0 11.1 6.0
C-18:1 41.2 42.7 60.2
C-18:2 14.2 10.8 7.8
C-20 1.0 2.1 0.7
C-22 3.2 1.8 1.1

Fatty acid com position
Egg white solids. Egg white solids are 

reported to  be free of fat while whole egg 
solids should not contain more than 40% 
fat (Forsythe, 1964). Traces of fatty  
acids were found in egg white solids at 
the start of this study. Measuring total 
GLC peak areas of m ethylesters of these 
fatty  acids after different lengths of 
storage indicated that fatty  acid content 
increased slightly but steadily when egg 
white solids were stored at 5 or 24°C for 
up to  3 m onths (Fig. 5). A very rapid 
increase in fatty  acid content was ob
served when the product was stored at 
43°C. After 3 m onths’ storage, the fatty  
acid content of the sample stored at 43°C 
was approxim ately eight times as high as

that stored at 5°C. The samples stored at 
5 and 24°C produced good and fair 
quality white cakes, respectively, after 3 
m onths at those tem peratures. The 43°C 
sample made a cake of poor quality.

The following fatty  acids were ten ta
tively identified in all stored samples of 
egg white solids: myristic, pentadecanoic, 
palmitic, palmitoleic, oleic and linoleic 
acid. Oleic was the major com ponent in 
egg white solids at each tem perature and 
after each time of storage. A separation 
of methylesters of fatty  acids in egg white 
solids is presented in Figure 6 .

Whole egg solids. The changes in fatty 
acid com position of whole egg solids 
during storage at 5, 24 and 43°C are 
reported in Table 3. Besides the fatty 
acids found in egg white solids, arachic 
acid and behemic acid were tentatively 
identified in whole egg solids.

Several definite trends are noticeable 
from Table 3. At each time and tem pera
ture of storage oleic was found to be the 
major com ponent of the m ixture of fatty 
acids. Palmitic acid, linoleic acid and 
behemic acid decreased while the percent
age of oleic acid increased with time of 
storage. After 3 m onths’ storage, oleic 
acid made up approxim ately 60% of the 
m ixture of fatty  acids in samples at each 
tem perature of storage. One would ex
pect that the percentage of unsaturated 
fatty  acids in the to tal m ixture decreases 
with increasing storage time and that was 
found to  be true for fatty  acids of higher 
unsaturation (linoleic acid). Flowever, it is 
interesting to  note that the percentage of 
unsaturated fatty  acids in whole egg 
solids actually increased due to  the pre
ponderance of oleic acid while the per
centage of saturated fatty  acids de
creased. This was found to  be true 
regardless of the tem perature of storage 
and has been illustrated in Figure 7. 
Although the to ta l am ount of fatty  acids 
extractable from the samples stored at 
43°C was considerably higher than that 
of the 5°C whole egg solid samples, the 
to tal com position of the fatty  acid mix
ture of the samples stored at 5, 24 and 
43°C varied very little.

C O N C L U S IO N

GLC EQUIPMENT has been introduced 
into many food laboratories during the 
last decade as a research tool. It might 
also be possible to  use the equipm ent for

the quality control of food ingredients as 
dem onstrated.
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R E T A R D A T IO N  O F O X ID A T IV E  C O LO R  CH A N G ES  IN RAW G RO U N D  B E E F

SU M M A RY-A scorb ic acid plus either BHA or PG effectively retarded both lipid and pigment 
oxidation in raw ground beef for up to 8 days o f refrigerator storage in oxygen-permeable film. 
Both trained and consumer-type panels judged the additive-treated meat to be significantly better 
than controls. Percent metmyoglobin was found to be a useful objective measurement o f color in 
raw beef, but total pigment concentration did not provide an adequate evaluation o f color. Treat
ment with these additives did not appear to mask bacteria! spoilage.

IN T R O D U C T IO N

THE COLOR of raw meat is a primary 
factor used by the consumer to judge 
meat quality. In order to  reveal the fresh 
red color (oxym yoglobin), meat is com 
monly covered with an oxygen permeable 
wrapping in the display counter. How
ever, this type of wrapping renders meat 
susceptible to  m etmyoglobin form ation 
(brown discoloration) and rancidity dur
ing refrigerated storage (Landrock and 
Wallace, 1955; Greene, 1969). When meat 
color changes from bright red to  brown, 
the meat loses much of its appeal to  the 
consumer and is not purchased. Since 
meat packers wish to  use central packag
ing, suitable m ethods of reducing non- 
microbial changes are needed to  avoid 
economic loss.

Many studies, in bo th  foods and in 
model systems, provide evidence that 
lipid and pigment oxidation (m etm yoglo
bin form ation) are closely interrelated. 
Ferric pigments are catalysts for lipid 
oxidation (Younathan and Watts, I960;, 
Brown et al., 1963). The free radical 
products of lipid oxidation are known to 
damage pigments (Haurowitz et al., 
1941). Researchers have reported a pos
itive correlation (rs = 0.73) between m et
myoglobin accum ulation and lipid oxida
tion in raw meat (Hutchins et al., 1967), 
but it has not been established whether 
oxidation of the pigment precedes and 
causes lipid oxidation or whether pig
ments are damaged in the presence of 
oxidizing lipids. Greene (1969) attem pted 
to  retard rancid odor form ation in refrig
erated ground raw beef with the common 
lipid antioxidants propyl gallate (PG) and 
butylated hydroxyanisole (BHA). Not 
only were lipid oxidation and rancid odor 
form ation retarded in treated samples, 
but these samples retained their red color 
somewhat longer than controls. Low con
centrations of the com mon reducing 
agent, ascorbic acid (AH2), have a color 
preservative effect, although higher levels

1 P resent address: S c h o o l o f  H om e E co 
n om ics , U niversity  o f G eorgia, A th en s, Ga.

often accelerate pigment oxidation and 
destruction (Watts and Lehmann, 1952; 
Rickert et al., 1957). A com bination of 
additives may be extrem ely effective in 
preserving both  pigments and lipids.

The objective of this work was to 
study the effects of antioxidants and 
ascorbate alone and in com bination 
toward prolonging the shelf-life of refrig
erated raw ground beef. Meat pigments 
and the effect lipid oxidation has on their 
color are of param ount im portance to the 
packer, as is the relationship between 
objective color measurem ents and accept
ability of meat to  consumers; rancidity is 
a secondary problem which can be easily 
remedied if phenolic antioxidants are 
approved for use in fresh meat.

E X P E R IM E N T A L

FRESH BEEF eye of round or top round (U.S. 
Choice) of unknown history was purchased at a 
local supermarket. These cuts were removed 
from the intact hindquarter shortly before sam
ple preparation. The initial pH was between
5.6-5.7. The meat was trimmed of external fat 
and excess marbling or connective tissue and 
ground twice in a stainless steel Hobart meat 
grinder (Hobart Co. Model 4812). Immediately 
after grinding, the meat was mixed thoroughly 
and aliquots taken for addition of the various 
additives. PG and BHA were used at a concen
tration of 0.01%; AH2 at 0.05%. Amounts of 
reagents used in combination were additive. PG 
and AH2 were dissolved in glass-distilled water, 
but BHA was dissolved in propylene glycol 
(propylene glycol itself was found to have no 
effect on color or flavor properties of the 
meat). Since microbiological spoilage can con
tribute to color change, 30 ppm chlortetracy- 
cline (CTC) was added in most variables to pre
vent interference from this source during 
storage. Hutchins et al. (1967) determined that 
CTC does not interfere with metmyoglobin re
ducing activity or oxygen consumption in raw 
ground beef. 80g portions from each aliquot 
were wrapped in highly oxygen-permeable 
“Prime Wrap” by Goodyear (950 ml/100 sq 
in./hr) after being shaped in a hamburger press 
to obtain uniform surface area. The meat pat
ties were immediately stored at the test temper
ature of 3-5°C.
Analyses

Analyses run on samples initially and after 
several days of storage included:

Objective color measurement. Percentage of 
meat pigments as metmyoglobin (MetMb) was 
determined by reflectance spectrophotometry 
(Stewart et al., 1965) using an Hitachi Perkin- 
Elmer 139 spectrophotometer.

Objective lipid oxidation measurement. Mil
ligrams of malonaldehyde per lOOOg meat 
(TBA number) was determined by the method 
of Tarladgis et al. (1960).

Determination of total pigment content. 
Milligrams of total pigment per g meat were 
determined by a water extraction method de
veloped by Rickansrud and Henrickson (1967).

Subjective judgments of rancidity in raw 
and cooked meat and of raw meat color. A 
trained panel was used to evaluate rancidity and 
color on an intensity scale of 6 (no detectable 
rancidity, very good color) to 1 (very strong 
rancid odor; very badly discolored). This tech
nique has been described by Tarladgis et al.
(1959). In addition to the trained panel, 12-36 
freshman home economics students were asked 
to evaluate the color of meat samples after
8-days storage. The students were not asked to 
make a purchase-reject decision on each sample, 
but merely to indicate which samples they 
would purchase or reject in a self-service super
market situation. All correlations were calcu
lated using the Spearman rank-order correlation 
coefficient (rs) (Siegel, 1956).

R E S U L T S  & D IS C U S S IO N

REPRESENTATIVE data for eye of 
round are in Table 1. All antioxidant- 
treated samples had TBA num bers of less 
than 0.5, indicating that lipid oxidation 
was prevented. In samples with only BHA 
or PG treatm ent, pigment oxidation was 
greatly reduced (approxim ately 50% over 
controls), but it was not prevented. When 
only AH2 was used, both pigment and 
lipid oxidation were slowed. Ascorbic 
acid may have been able to  function as a 
MetMb reductant until lipid oxidation 
free radicals became num erous and either 
destroyed the AH2 activity or overpow
ered AH2. Lipid oxidation in these sam
ples may have been retarded by m aintain
ing the pigment largely in the ferrous 
state.

When the com bination of antioxidant 
and AH2 was used, pigment oxidation 
was greatly retarded throughout the 8 
days of storage (11% MetMb vs. 82% for 
control; 16% and 26% vs. 77%). Usually 
the effects o f antioxidant and AH2 to 
gether were greater than those of either 
additive alone. To determ ine if phenolic 
antioxidants were protecting AH2 from 
destruction by free radicals from lipid 
oxidation, samples containing PG + AH2, 
BHA + AH2 alone were assayed for AH2 
loss over a period of 10 days (Loeffler

940- J O U R N A L  O F  FO O D  S C IE N C E -V o lu m e  36  (1971)



COLOR CHANGES IN R A W  GROUND  S F E F -9 4 1

Table 1—Effect o f additives on pigment and lipid oxidation in refrig
erated raw ground beef eye o f round stored 8 days

Variable
MetMb

%
Color
score“

TBA
numberd

Total pigment
mg/g Loss, 

sample %
Control-initial 11 - 1.2 3.19 0
Control 89 1.3 11.9 2.54 20.4
PG 47 3.6b 0.6 2.78 12.7
a h 2 50 3.3b 5.4 2.75 14.1
Control-initial 14 - 0.9 3.04 0
Control 82 1.2 10.0 2.40 21.1
PG 41 4.1b 0.3 2.56 15.7
AH2 46 3.9b 2.8 2.67 12.2
PG + AH2 11 5.2b 0.2 2.73 10.0
Control-initial 0 - 0.3 3.22 0
Control 77 - 8.9 2.57 20.2
BHA 38 3.9 0.3 2.77 13.6
a h 2 28 4.4 2.7 2.80 14.3
BHA + AH2 16 5.3C 0.3 2.99 7.3
PG + AH2 26 4.9C 0.4 2.89 10.5

“C olor scores: 6 (very go o d  co lo r ) to  1 (very badly d isco lored ). 
“ S ign ificant >  con tro l.
“ S ign ifican t >  BHA.
^Higher in itia l T BA  num bers reflect tim e lapse b e tw een  grinding o f  

m eat and c o m p le tio n  o f  sam ple preparation.

Table 2—Color acceptability o f refrigerated 
raw ground beef to a consumer panel after 8 
days storagea'b

MetMb Purchase Reject Variable
% % %

11 100 0 PG.+ A H 2

16 100 0 B H A  + A H 2

26 100 0 PG + A H 2

26 94 0 PG + A H 2

28 94 0 a h 2

32 75 8 B H A  + A H 2

34 100 0 B H A  + A H 2

41 48 4 PG

46 50 4 a h 2

47 55 0 PG

50 74 3 a h 2

57 17 42 B H A

59 0 100 B H A  + PG

60 19 50 PG + A H 2

89 0 100 Control

aData are taken from five experiments. 
^Judges were not asked to make a pur

chase-reject decision on each sample, but mere
ly to indicate which samples they would pur
chase or reject in a self-service supermarket
s itu ation .

and Ponting, 1942). All samples lost 
6 0 —80% of the AH2 within 6 days. 
Phenolic antioxidants were not protecting 
AH2. The effectiveness of the com bina
tion cannot be readily explained except 
as synergism.

In relating lipid and pigment oxidation 
to  actual pigment loss, it can be seen 
(Table 1) that am ount of pigment loss is 
dependent upon am ount of pigment ox
idation. A highly significant correlation 
(rs = 0.72; significant at 0.0005 level) was 
found between % MetMb and % total 
pigment loss. Less overall pigment loss 
and less ferric pigment were found in 
samples containing BHA or PG plus AH2 
than in samples treated with BHA or PG 
alone. Ferric pigment form ation and total 
pigment loss were greatest in control and 
AH2 samples where lipid oxidation was 
apparent. If denaturation of globin had 
been the primary target of lipid oxidation 
free radicals, it should have been observed 
in the to ta l pigment determ ination where 
a water extraction is made. Precipitation 
of denatured proteins or tu rb id ity  in 
extracts would be logical expectations, 
but they were not found. This suggests 
that lipid oxidation free radicals act by 
first oxidizing the heme to MetMb rather 
than by initially damaging the globin.

Figure 1 is a graphic representation of 
the relationship between color scores and 
% MetMb. The area enclosed within the 
dotted lines shows that the larger propor
tion of samples considered by trained 
judges to  have a good or very good color 
contained between 0 —40% MetMb. In 
Table 2, which shows acceptability to  the 
consumer panel, the line of rejection

again appears to be between 3 0 —40% 
MetMb. The relationship between % 
MetMb and color scores (Fig. 1) is highly 
significant at the 0.0005 level (rs = 0.73). 
This indicates that measurem ent of % 
MetMb by the m ethod of Stewart et al.
(1965) is a useful criterion for meat color 
acceptability.

No apparent relationship exists be
tween to tal pigment concentration and 
degree of discoloration as measured by 
color scores. Samples with color scores 
below 4 (slightly discolored) had more 
than 45% MetMb regardless of pigment 
concentration. This suggests that the rela
tive am ount of ferric pigments rather 
than pigment concentration is the deci
sive factor in color acceptability.

Raw and subsequently cooked samples 
were rated for rancid odor by the trained 
panel. Results were in general agreement 
with previously reported findings, i.e., 
antioxidant-treated samples rated higher 
than untreated controls; sensory scores 
correlated significantly with TBA num 
bers (rs = 0.43 for raw, significant at 
0.005 level; rs = 0.59 for cooked, signif
icant at 0.0005 level).

In order to  recommend use of these 
additives in fresh meat on a commercial 
basis (although use of phenolic antioxid
ants in food is generally under attack), it 
is im portant to  know whether or not the 
additives will obscure bacterial change. 
Bacterial counts on each variable (Service 
Lab., CSU Microbiology Dept.) were in
cluded in several experiments. Samples 
with and w ithout antioxidants and AH2 
and each of these variables with and 
w ithout CTC were included. In general,

spoiled samples were noticeably brown or 
green w hether or not they contained the 
antioxidant and AH2 . Thus, it appears 
likely that the consumer would be able to 
detect spoiled meat even though the color 
and flavor would be protected during its 
unspoiled shelf life. Further studies of 
this type should be carried out in con
junction w ith use of these additives. A 
significant finding is the length of time 
required for bacterial spoilage to  become

Fig. 1 —Relationship o f % MetMb to color 
scores. Unshaded symbols represent determi
nations at 3 days o f storage; shaded at 8 days. 
(rs =  0.73, significant at 0.0005 level.)
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apparent. Meat ground to  order at the 
supermarket contained 3 — 10 times the 
microbial flora initially found in meat 
ground in the laboratory. Shelf life of 
laboratory-ground meat was considerably 
longer than that of superm arket-ground 
beef (6  days vs. 3 days). Therefore, 
sanitation at the place of cutting and 
packaging meats play a more im portant 
role in shelf life than may be realized. 
(This topic is well reviewed by Brody, 
1970.) CTC did not influence lipid oxida
tion, but it did retard pigment oxidation 
resulting from bacterial action.

CONCLUSIONS
THIS STUDY clearly indicates that a 
com bination of PG or BHA and AH2 is 
effective in prolonging the shelf life o f 
refrigerated ground beef. Treated meat 
was judged to  be significantly better in 
color than controls by both trained and 
consum er-type panels. When MetMb lev
els were greater than 40%, judges down

graded or rejected samples for purchase. 
Use of these additives does not appear to 
mask bacterial spoilage.
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D ISC O LO R A T IO N  O F S A U E R K R A U T  P R O B A B LY  C A U SED  B Y A LEU C O A N TH O C Y A N ID IN

SU M M A RY—A series o f experiments was conducted to determine what kinds o f pigments bring 
about discoloration o f sauerkraut. U V light altered the color o f potential discolored sauerkraut but 
had no effect on normal or discolored sauerkraut. Spectrophotograms o f HCI extracts o f potential 
discolored and discolored sauerkraut peaked at 540 nm whereas normal sauerkraut had an extinc
tion at 540 nm but no peak. A specific profile for discolored sauerkraut was determined via 
thin-layer chromatography on silica gel. The compound causing the discoloration is apparently a 
leucoan thocyanidin.

INTRODUCTION

IN SOME YEARS, the discoloration of 
sauerkraut causes considerable econom 
ical losses for the Dutch industry (Stein- 
buch, 1970). Staden (1963) found an 
uncolored yeast that is very often  present 
in discolored sauerkraut and identified it 
as Saccharomyces exiguus ; Steinbuch 
(1965, 1969) corroborated these findings.

Steinbuch and Staden (1964) assumed 
that undesirable microorganisms pro
duced enzymes which, in the presence of 
oxygen, converted substrates of cabbage 
into discolored material. When we tried 
to  obtain discolored sauerkraut by incu
bating with the liquid from a pink batch 
it was not always possible to  obtain a 
discolored product.

Pederson and Albury (1969) reported 
that the general use of potash fertilizer 
for cultivation of cabbage lessened the 
production of discolored sauerkraut. 
Steinbuch (1970) remarked about the 
im portance of manganese, among other 
factors, for an increased growth of lactic 
acid bacteria. This rapid lactic acid fer
m entation retards the development of 
undesired yeasts and thus no discolora
tion appears.

In this paper we are referring to  the 
discoloration which varies from  a pink- 
purple to  a dirty pink or gray. When the 
vat is opened the sauerkraut presents an 
abnormal odor but color appears to  be 
normal; however, after exposure to  air 
(1 —48 hr) it begins to  discolor. The entire 
batch of sauerkraut may discolor when 
removed from the vat. Consequently we 
are not considering the discoloration 
brought about by pink yeasts (Fred and 
Peterson, 1922; Pederson and Kelly,
1938) or inappropriate packing or storage 
(Steinbuch, 1968).

So far as we know, there is no clear 
explanation for the mechanism which 
leads to  the production of discolored

sauerkraut; accordingly we decided to  try 
to  determ ine what kinds of pigments 
bring about the discoloration of sauer
kraut. This paper reports results of the 
first part of a biochemical study on the 
pink discoloration of sauerkraut.

MATERIALS & METHODS
Sauerkraut

Discolored. Batches of pink sauerkraut were 
obtained from the industry when such a batch 
occurred.

Potential discolored. Refers to that portion 
of a batch of pink sauerkraut (inside the vat) 
that had not become discolored as it was not 
exposed to light.

Normal (good quality). This was either pur
chased or prepared by the Department of Tech
nology of our Institute.

We did not know whether any of these sub
strates were prepared from one variety of 
cabbage or several. Usually the industry pre
pares sauerkraut from various varieties. Later 
our Department of Technology furnished a 
batch of pink and normal sauerkraut from the 
same variety of cabbage.

Lyophilized. Both normal and discolored 
sauerkraut were homogenized in a Waring 
Blendor for several minutes at 5°C. The homog

enate was either lyophilized directly or frozen 
at -20°C and lyophilized when possible.

Batches of fresh sauerkraut which were im
possible to lyophilize were kept at -20°C but 
not homogenized.
UV light treatment

Sauerkraut (normal, potential discolored 
and discolored) was exposed at room tempera
ture, for 30-60 min at a distance of 30-40 cm 
from the UV light source (3500 A: Philips TL 
20W/08; 2537 A: Philips TL 30W).
Characterization of the discolored 
sauerkraut

This proof is based on the test developed by 
Nicolaisen and Pieper (1956) but modified by 
the determination of spectrophotograms to ob- 
jectivize the result. All spectrophotograms pre
sented in this article were determined with the 
aid of a Bausch and Lomb spectrophotometer, 
model Spectronic 505, band-width 5 A.

Fresh pink (or potential discolored) sauer
kraut (wet weight) was suspended in 12N HCI 
(1:4 w/v). After 30 min the suspension was fil
tered and the spectra of the liquid phase deter
mined with respect to 12N HCI (see Fig. 1). 
The cuvettes used were organic resistent and 
hermetically sealed to avoid damage to the 
spectrophotometer by vapors of the cone HCI. 
A discolored batch of sauerkraut which did not 
present the spectra of Figure 1 was discarded. 
As control, the same procedure was followed 
but using normal sauerkraut.
Stability of pigment vs. temperature

Sauerkraut (discolored and normal) was sus
pended in 12N HCI (1:4 w/v). After 30 min the 
suspension was filtered and aliquots of the liq
uid phase (ca. 5 ml) heated for 45 min at 40, 
50, 60, 70 and 80°C. Spectrophotograms of the 
aliquots were determined at room temperature

 ̂1cm

‘ S tu d en t at th e  A gricu ltural U n iversity , p- ; —Spectrophotograms o f HCI extracts o f normal, discolored or
W ageningen (D ep artm en t o f  F o o d  C hem istry  & 3
M icrob io logy). potential discolored sauerkraut.
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Table 1-Extraction o f pigment from Iyophiiized sauerkraut with 
various solvents

Dielectric Peak with max at 540-550 nmc 
constant ----------------------------------------

Solvent3 at 20°Cb Discolored Normal
n-Pentane 1.844 - -
Petroleum ether (40-60) 
Carbon tetrachloride 2.238

—
_

Benzene 2.284 - -
Diethyl ether 4.335 - -
Chloroform 4.806 + -
Ethyl acetate 6 .02 - -
Acetic acid 6.15 + -
Dichloromethane 9.08 + -
Pyridine 12.3 + -
Propanol-1 20.1 ++ -
Acetone 20.7 ++ -
Ethanol 24.30 ++ -
Methanol 33.62 ++ -
Distilled water 80.37 ++ -

aAll solvents are A .R . Merck.
b Data from  C hem ical R ubber C o. ( 1 9 7 0 —7 1 ).
cData deduced from Figure 3. (+) slight peak; (++) clear peak; ( -)

no peak.

Table 2—Extraction o f pigment from wet 
sauerkraut with various polar solvents

Solvent

Color of extract after 
mixing at room temp 

with 12» HCI (1:1 v/v)
Discolored
sauerkraut

Normal
sauerkraut

Propanol-1 intense red pale rose
Ethanol intense red pale rose
Methanol intense red pale rose
Distilled water intense red pale rose

Table 3 -E ffe c t o f UV light (2537 A or 
3500 A ) on various kinds o f sauerkraut

Sauerkraut Color after treatment
Normal no change
Potential discolored becomes pink
Discolored no change

with respect to 12N HC1. The spectra of heated 
and unheated 12N HC1 samples are identical.
Extraction of pigment

1.50g portions of Iyophiiized discolored 
sauerkraut (as well as normal) were suspended 
in darkness (at room temperature) in 30 ml of 
various solvents ranging from nonpolar to polar 
(Table 1) (Neher, 1958) and reordered accord
ing to the dielectric constants mentioned by 
Karrer (1950). After one night, suspensions 
were filtered through fluted filter paper, and 
the liquid phase (4 ml) evaporated to dryness 
with the aid of a rota-evaporator. 4 ml of 12N 
HC1 was added. If turbidity arose, the suspen

sion was centrifuged at 30,000 x G for ca. 1 hr. 
The spectra of the supernatants were deter
mined. All spectrophotograms were determined 
with respect to an appropriate blank, i.e., using 
the same solvent and procedure as previously 
mentioned but without Iyophiiized sauerkraut.

In another experiment, wet sauerkraut (dis
colored and normal) was extracted with the 
polar solvents mentioned in Table 2. After fil
tration, the respective liquid phases were mixed 
with 12N HC1 (1:1 v/v) and the color registered 
visually.
Ethanolic extract

Either discolored or normal Iyophiiized

sauerkraut (ca. 20g) was suspended in (ca. 200 
ml) absolute ethanol (A. R. Merck) and shaken 
mechanically for 16 hr. The ethanol was de
canted and the sediment suspended in another 
portion (150 ml) of absolute ethanol. After 
shaking for 3 hr, the liquid phase of the suspen
sion was decanted and the sediment again ex
tracted as previously mentioned. The three 
portions (ca. 500 ml) of ethanol were collected 
and filtered through filter paper. The filtrate 
was concentrated with the aid of a rota-evapo- 
rator at 30°C to a volume of ca. 3 ml. The 
concentration process brought about a precip
itate which was removed by centrifuging at 
700 x G for 5 min at room temperature. The 
supernatant (ca. 2.5 ml) was kept in a centri
fuge tube and the sediment washed four times 
with absolute ethanol by centrifuging for 5 min 
at 700 X G (room temperature) and resuspend
ing the sediment in absolute ethanol.

The supernatant from the four washings 
(total ca. 6 ml) was added to the 2.5 ml of 
extract and concentrated in a rota-evaporator at 
30°C. The concentration process again brought 
about a precipitate which was removed by cen
trifuging at 700 X G for 15 min at room tem
perature. The supernatant (ca. 1.5 ml) consti
tutes the ethanolic extract. In this work it was 
important that the ethanol extract from discol
ored sauerkraut contained a leucoanthocy- 
anidin.

We preferred absolute ethanol to methanol 
as ethanol extracted less salt from the sauer
kraut than the methanol. When employing 
methanol, tailing due to salt was obtained in 
the chromatograms.
Thin-layer chromatography

Ethanolic extract from discolored sauer
kraut (as well as from normal) was applied on 
preparative plates (20 X 20 cm) on silica gel 
(DO, Camag), coating thickness 1 mm. They 
were prepared according to Graveland (1970). 
The solvent used was a mixture of chloro
form: methanol: acetic acid (65:20:4 v/v). We 
found acetic acid better than water as it avoids 
dissociation of compounds; this is also advised

E 1cm

X (nm)

Fig. 2-Spectrophotograms o f HCI extracts o f discolored  / -------- ) and
normal (— ) sauerkraut heated for 45 min at various temperatures: (U) 
unheated; (50°) heated at 50° C; (80° I heated at 80° C.
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Fig. 3—Spectrophotograms o f various solvent extracts o f pigment from 
lyophilized discolored sauerkraut. Different portions o f lyophilized 
sauerkraut (discolored and normal) were extracted with the solvents 
indicated. A fter solvent removal, HCI was added and spectra deter
mined with respect to an appropriate blank (see text).

by Hathway (1969). Leucoanthocyanidin was 
detected by spraying the chromatograms with 
an ethanolic solution of 20% p-toluenesulfonic 
acid (PTS) (A. R. Merck) and leaving it for 3-5 
min at ca. 103°C. We found that a concentra
tion of 20% PTS (Stahl, 1967) was better than 
3% (Roux, 1957). The reaction of leucoantho
cyanidin with the PTS reagent gave an intense 
red color.

R E S U L T S

RESULTS of experim ents with various 
kinds of sauerkraut (normal, potential 
discolored and pink) under UV light 
(Table 3) show that only potential discol
ored sauerkraut becomes pink, whereas 
the color of normal and discolored sauer
kraut is not altered.

The spectrophotogram s (Fig. 1) of HCI 
extracts of potential discolored as well as 
of discolored sauerkraut possess a X max 
at 540 nm, i.e., there is a clear peak, 
while the spectrophotogram  of the nor
mal sauerkraut has an extinction at 540 
nm but not a peak. Therefore, we charac
terized the substrate with the aid of the 
whole spectrophotogram  and not with 
the extinction value at 540 nm.

In addition, we found that batches of 
sauerkraut which became pink under ef
fect of UV light (potential discolored, 
Table 3) also gave a positive result with 
the HCI test (X max at 540 nm, Fig. 1).

In Figure 2 are presented the spectro
photograms pertaining to  HCI extracts of 
normal and discolored sauerkraut heated 
at various tem peratures. For a clearer 
presentation, only spectrophotogram s of

the extracts heated at 50 and 80°C are 
included. We observe that in the case of 
discolored sauerkraut, the higher the tem 
perature the lower the peak at 540 nm 
(region 520—550 nm) whereas the extinc
tion values in the region of 4 0 0 —500 nm 
increase. In the case of normal sauerkraut 
the picture is different, w ith extinction 
values increasing in both  m entioned re
gions.

The observations made with the spec
trophotogram s of the heated HCI extracts 
of discolored sauerkraut with respect to  
the unheated extract allowed us to  as
sume that the main com ponent is a 
leucoanthocyanidin (Ranganna and Go- 
vindarajan, 1966).

Data pertaining to  the extraction of 
pigment from pink sauerkraut w ith var
ious solvents (ranging from nonpolar to 
polar) are given in Table 1. Figure 3 
records the spectra leading to  the com 
position of Table 1. The spectra of 
normal sauerkraut were om itted because 
they have no peak at 540 nm.

From Table 1 we see that the pigment 
of discolored sauerkraut is soluble in 
polar solvents; therefore it is a polar 
com pound. It is interesting to  note that 
ethyl acetate does not extract the pig
ment from the lyophilized discolored 
sauerkraut; however, when the leucoan
thocyanidin has already been extracted 
with another solvent, it can then be 
extracted from an aqueous solution by 
means of ethyl acetate. This indicates 
that the leucoanthocyanidin “ in situ” is 
bound in some way and ethyl acetate

cannot extract it, suggesting tha t the 
leucoanthocyanidin is probably a flavan-
3,4-diol (Clark-Lewis, 1962).

Results o f the chromatograms o f the 
ethanolic extracts o f discolored and nor
mal sauerkraut (bo th  prepared with the 
same variety of cabbage) are presented in 
Figure 4, which is a representative photo 
of various experim ents. Moreover, the 
chromatograms of discolored and normal 
sauerkraut tha t were not prepared with 
one variety of cabbage are the same as 
those of discolored and normal sauer
kraut prepared with the same variety of 
cabbage.

The color o f the band marked with the 
le tter L (Fig. 4) is bright red after treating 
the chrom atogram  with PTS. This is the 
only way to  detect this band as under UV 
and visible light it is invisible. This band 
(Rf 0.46) appears only in the chrom ato
gram of discolored sauerkraut.

D IS C U S S IO N

TO DETERMINE whether a batch of 
sauerkraut would or would not become 
pink, our Departm ent o f Technology 
would leave the samples under natural 
light which was filtered by the glass of 
the roof. If a batch was potential discol
ored it became pink after 1 —2 days. The 
same batch exposed to  UV light (3500 A 
or 2537 A) became pink after 3 0 —60 
min. These results indicate tha t the effect 
o f light is im portant. The appearance of 
the pink color is probably catalyzed by a 
photochem ical reaction. This is specific 
for potential discolored sauerkraut as 
normal and discolored sauerkraut are not 
affected (Table 3). This indicates that 
the ferm entation process (enzymes in
volved ?) of cabbage leading to  the form a
tion of sauerkraut leaves the substrate in 
such a condition that light can bring 
about the pink color.

Furtherm ore, we found a close correla
tion between the UV test and the charac
terization of the substrate by the HCI test 
(Fig. 1). We may say that the peak at 540 
nm developed by the treatm ent o f the 
substrate (potential discolored and discol
ored) with HCI at room  tem perature is 
due to  the form ation of an oxonium -type 
structure (Blessin et al., 1963), which 
would pertain to  an anthocyanidin arising 
from a leucoanthocyanidin. As this oc
curs at room tem perature (treatm ent with 
cold HCI) the leucoanthocyanidin is in a 
“ pseudo-base” form. The observation 
that the spectrophotogram  of the HCI 
extract from  normal sauerkraut presents a 
slight extinction value at 540 nm but not 
a peak, indicates that the precursor is 
present in the cabbage but that some 
change must occur to  obtain an oxonium- 
type structure. This is supported by our 
experience that after treating an ethanolic 
extract of shredded cabbage w ith cone 
HCI, the extract becomes red with a X
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Fig. 4 Photo o f chromatograms o f discolored (top) and normal (bottom) sauerkraut after treat
ment with PTS. Band L is bright red and appears only in the chromatogram o f discolored sauer
kraut.

max at 540 nm, as well as by the work of 
Ranganna and Govindarajan (1966) who 
found leucoanthocyanin in cabbage.

Considering that: (1) the pigment of 
pink sauerkraut is rather polar; (2 ) the 
ethanol extract of discolored sauerkraut 
becomes red after treatm ent with cone 
HC1 at room tem perature (similar to  the 
experience of Blessin et al., 1964);
(3) that when the HC1 extract o f discol
ored sauerkraut is heated the peak of the 
spectrophotogram  at 540 nm decreases 
while the extinction  values in the region 
of 400—500 nm increase (similar to  re
sults of Ranganna and Govindarajan,
1966) ; and (4) that when HC1 extract is 
brought to pH 3 the color changes from 
red to  yellow, perm it us to  conclude that 
the pink discoloration is brought about 
mainly by a leucoanthocyanidin.

Once we knew that a leucoanthocy
anidin was im portant in the pink discol
oration, we started to screen for this kind 
of com pound and also tried to  obtain (via 
chrom atography) a profile for pink and 
normal (control) sauerkraut.

We also screened for anthocyanm s and 
anthocyanidins originating from  antho- 
cyanins according to  Harborne (1959,
1967) and slightly for phenolic acids 
according to Ribereau-Gayon (1968). 
However, we obtained a qualitative differ
ence between the profiles o f pink and 
normal sauerkraut only with leucoantho- 
cyanidins (Fig. 4).

The chromatograms of Figure 4 pre
sent profiles o f pink and norm al sauer
kraut, both prepared with the same 
variety of cabbage, to avoid the probabil
ity that some differences would be due to 
varietal differences. It is interesting to 
note that the profile of pink sauerkraut 
obtained with one variety of cabbage is 
the same as the profile o f pink sauerkraut 
obtained from industry (a m ixture of 
varieties). The same occurs with the 
chrom atogram  of normal sauerkraut pre
pared with one variety of cabbage and 
normal sauerkraut prepared with various 
varieties. This means that the profile of 
Figure 4 is specific for pink sauerkraut. 
The typical band of this profile is the one 
which becomes bright red after treatm ent 
with PTS (band L of Fig. 4).

We purified to  some extent the com 
pound contained in the previously m en
tioned band. We did this via thin-layer 
chrom atography on silica gel, succes
sively: (a) twice with chloroform  meth- 
anoTacetic acid (65 :12 :4  v/v); (b) once 
with chloroform :m ethanol:acetic acid 
(65 :20 :4  v/v); and (c) with chloro-
form :propanol-l (65:20 v/v). This com 
pound when checked on cellulose plates 
(,A. R. Merck, Art. 5716/0025) using sec. 
butanol:acetic acid:w ater (4 :1 :5  v/v) as 
solvent showed two im purities which 
were detected under UV light: one spot 
was yellow the other blue. This com-
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Fig. 5—Spectrophotograms o f the partly purified compound from band
L chromatograms o f discolored sauerkraut. I— fin  ethanol; (--------) in
12N HCI; and I ---------------) in 0.1 N NaOH.

pound (not yet chromatographically 
pure) in absolute ethanol, 12N HCI and 
0.1N NaOH showed the spectrophoto- 
grams recorded in Figure 5. We see that 
the peak with A max at ca. 2 2 2  nm 
remains in the three solvents; in addition 
there is no subsidiary peak above 300 nm, 
indicating a possible flavan-3,4-diol struc
ture (Harborne, 1964). The slight peak at 
ca. 280 nm in NaOH and ethanol would 
represent the polyphenol structure which 
contains no carbonyl conjugation as men
tioned by Blessin et al. (1963), or it could 
be a consequence of the impurities. The 
12N HCI solvent, in addition to  the two 
peaks in the UV region, presents a clear 
peak at 540 nm. This is typical of an 
oxonium -type structure pertaining to  an 
anthocyanidin which in this case arises 
from a leucoanthocyanidin in the pseu
do-base form. This dem onstrates that the 
com pound purified by us to  some extent 
is bringing about the typical spectra of 
the HCI extract pertaining to  discolored 
sauerkraut (Fig. 1). The content of the 
“ pure” com pound is ca. 1 mg/1  kg of wet 
discolored sauerkraut, i.e., 1 ppm. The 
purification of this leucoanthocyanidin is 
being completed.

Before concluding, we would like to 
point out that proofs were done in order 
to  assure that the main substance of band 
L (Fig. 4) was not an indole com pound 
reacting with PTS (Prabhakar, 1965).

The alcohol of the ethanolic (95%) 
extract of discolored sauerkraut, as well 
as of normal, was removed under pres

sure. The remaining water solution was 
extracted four times with pentane, five 
times with diethyl ether and five times 
with ethyl acetate. The first fraction of 
each solvent was concentrated, chrom ato
graphed and treated with PTS as previ
ously described under “ Materials & Meth
ods.” Only the ethyl acetate fraction of 
discolored sauerkraut presented the typ 
ical band L. If indole com pounds were 
present, they should appear in the chro
matogram of diethyl ether extracts. More
over the Rf values (0 .9—1.0) of indole,
3-indoleacetic acid, 3-indolealdehyde and 
3-indoleacetonitrile were different from 
the com pound of band L (Rf 0.46).
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EV A L U A T IO N  O F FR O Z EN  B O IL E D  P EA N U TS AS A F F E C T E D  BY  
C O O K T IM E, C O O L T IM E AND S A L T  C O N C EN TR A TIO N S

SU M M A RY—Frozen boiled peanuts were evaluated in terms o f the variables, cooking time, cooling 
time and salt concentration. Cooling was accomplished in the same brine used for cooking. The 
three variables were evaluated in a triple-cube experimental design, and the data were analyzed on 
the Mississippi State University computer. Titratable salt below 2.3% in the finished product was 
generally considered too low. Salt concentrations lower than 4 oz per gallon o f water in the 
cooking and cooling brine always resulted in peanuts too low in salt. 8 oz o f salt per gallon o f 
water resulted in salt content in the finished product that was too low, wnen either the cooking or 
cooling time was short. 10 oz o f salt per gallon o f water resulted in a satisfactory salt content over 
a cooking time range o f from 20—30 min with a cooling time o f 13 hr. Cooking time o f 15 min or 
less resulted in peanuts which were too firm, based on shear press data. Peanuts cooked 20—25 min 
were usually judged by the taste panel to have satisfactory texture, although taste panel results 
were not significantly correlated with the independent variables. The best boiled frozen product 
resulted when peanuts were cooked 10—30 min at 212P F  in brine containing 6—14 oz o f table salt 
per gallon o f water and were cooled 9—29 hr in the same brine. Samples were packaged in 1.5-mil 
polyethylene, vacuum-sealed pouches and stored at —20°F. No detectable degeneration o f the 
product resulted from holding the frozen boiled peanuts in storage 8 months. The most time- 
consuming step in processing was cooling to get salt absorption. Future research will be aimed at 
reducing cooling times to practical commercial limits.

Malphrus, 1968), roasting, frying and the 
m anufacture of peanut bu tte r and peanut 
oil (Thomas et al., 1968). Ram am uriti et 
al. (1964) described preparation of a 
cheese-like product from  peanut protein 
and Milner (1962) has considered peanuts 
as a protein resource in in ternational 
feeding programs.

Willich et al. (1954a,b) evaluated the 
stability of peanut oils to oxidative ran
cidity and the effect of processing and 
storage on vitamin A added to  peanut 
butter.

The literature, however, yields little 
inform ation concerning the factors affect
ing boiling of peanuts in the shell and 
subsequent freezing of the boiled prod
uct.

IN T R O D U C T IO N

IN 1933, August Chevalier wrote, “The 
problem of the origin of the peanut has 
made floods of ink flow” (Higgens, 
1951). This excellent food crop probably 
originated in the Gran Caco area of 
Paraguay and was distributed throughout 
the tropical regions of the Americas at a 
very early date. There is no proof that the 
peanut was present in the United States 
in the pre-Columbian era. Available evi
dence indicates tha t some types were 
im ported from  Africa, Spain, Mexico and 
Central America.

The peanut is an excellent source of 
oils, protein and some carbohydrates, lg 
of a typical boiled peanut yields 3.8 
calories as com pared to 2.3 for beef, 3.6 
for whole wheat, 2 .6  for white bread and
4.0 for cane sugar (Anonym ous, 1946). 
Peanut oil is of excellent quality, contain
ing up to 25—35% linoleic acid.

Proteins of the peanut contain all of 
the essential amino acids, but some are 
present in less than optim um  amounts. 
The nutritive value of peanut protein is 
lim ited by its con ten t o f lysine and 
m ethionine and it is marginal in try p to 
phan and threonine. The amino acid 
conten t of peanut protein makes it partic
ularly well suited for com bination with 
dry skim milk protein (Milner, 1962).

The carbohydrate conten t of peanuts 
is about 2 0 % and includes starch, sucrose, 
cellulose and some pectic substances.

'D e p t , o f H orticu lture. 2 D ep t, o f  A gron om y.

Peanuts are an excellent source of th ia
mine, riboflavin, nicotinic acid and vita
min E; however, they are almost devoid 
of vitamins A, C and D.

The literature reveals many studies 
concerning the storage and packaging of 
fresh or cured peanuts (Cobb et al., 1969; 
Davis, 1966; Mitchell and Malphrus, 
1968; Schenk, 1959; Woodroof, 1966), 
the preparation of flakes (Mitchell and

M A T E R IA L S  & M E T H O D S

NINE LEVELS of cooking time from 5 through 
45 min at 5-min intervals were studied. Nine 
cooling variables, ranging from 1 through 33 hr, 
at 4-hr intervals, also were evaluated. Salt con
centration in the cooking and cooling brine 
ranged from 0-16 oz per gallon of water at
2-oz increments. These variables constituted 
nine levels of cooking time, nine levels of cool
ing time and nine levels of salt concentration, as 
shown in the triple-cube design in Table 1

Table 1 -Triple-cube experimental design showing relationship o f 
the independent variables o f cooking time, cooling time and salt con
centration in the cooking and cooling water. Values in the cells repre
sent salt concentration in ounces o f sodium chloride per gallon o f water

Cooking Cooling time (hr)
time (min) 1 5 9 13 17 21 25 29 33

Salt concentration (oz per gal)
5

2
8

2
10 14

4 4
14

15 12
6 6

12

20 10
0

10

8
25 8

6
16

6
8

30
4

10 10
4

35
2

12 12
2

40 14 14

45 8

M S - J O U R N A L  O F  FO O D  S C IE N C E -V o lu m e  36 (1971)
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(Trammel, 1957). Numbers in the cells of the 
table represent salt concentration in ounces per 
gallon of water.

Peanuts of the Valencia variety were grown 
on the Agronomy farms at Mississippi State 
University. They were planted on May 27 and 
harvested on October 1, 1969. The peanuts 
were held at 32° F and were processed within 
48 hr from harvest.

The peanuts were cooked at 212° F for the 
indicated times and cooled in the cooking solu
tion. l ,200g of peanuts to each gallon of brine 
was the ratio used in cooking and cooling each 
lot. The peanuts were washed, cooked, cooled, 
vacuum-packaged in polyethylene pouches, fro
zen and stored at -20° F until analyzed. They 
were processed in October, 1969, and analyzed 
in June, 1970. 82 lb of peanuts were utilized in 
processing the 31 experimental variables.

After 8 months in storage, the frozen pea
nuts were thawed, shelled and evaluated for salt 
content by titration, flavor by taste panel, ten
derness by shear press and color in terms of 
Hunter “L,” “a” and “b” values.

Taste panel values were the average of scores 
assigned by 10 panel members for each sample. 
The peanuts were heated to about 85° F and

served to the panel members in the shell. The 
10 panel members rated the coded samples on a 
1 to 9 hedonic scale, with 1 representing pea
nuts “liked extremely” and 9 indicating 
peanuts “disliked extremely.” Panel members 
were instructed to indicate the reason they 
liked or disliked the product, giving particular 
attention to salt concentration and firmness.

All the other values were the average of two 
determinations for each treatment combina
tion. Shear press values were obtained on the 
Model S-2HE Shear Press equipped with a
1,000-lb ring with the selector set on the 100 
range. A 30-g sample of peanuts was used in 
making each shear determination, and all values 
were expressed as pounds of pressure required 
to shear the sample.

Salt was determined by the official method 
of the AOAC for soluble chlorine (AOAC,
1965).

The data were analyzed using a regression 
program developed at Mississippi State Univer
sity. Regression coefficients, correlation coeffi
cients and analysis of variance for the regression 
were determined for six dependent variables 
and six computed variables as related to the 
three independent variables.

R E S U L T S  & D IS C U S S IO N

RELATIONSHIPS among the three in
dependent variables of cooking tim e, salt 
concentration and cooling tim e, and the 
dependent variables of taste panel values, 
percent titratable salt, H unter “ L,” “ a” 
and “ b” values, and shear values are 
shown in Table 2.

Salt concentrations of 6  oz or less per 
gallon of water resulted in concentrations 
of salt in the peanuts that were too low 
to be acceptable, unless the cooking time 
was 2 0  min or longer and the cooling 
time longer than 13 hr. Peanuts cooked 
for 30 min in a solution containing 6  oz 
of table salt per gallon were higher in 
finished product salt, 3.34 and 3.10%, as 
compared to  samples boiled 2 0  min, 
which contained 2.28 and 1.66% salt. The 
2 0 -min sample with 2.28% salt was 
cooled 21 hr; the sample with 1 .6 6 % salt 
was cooled 13 hr (Table 2).

A titratable salt in the finished prod
uct of 2.28% or less was generally consid
ered too  low. Concentrations of 4 oz of 
salt per gallon of water in the cooking 
and cooling brines always resulted in a 
concentration of 1.48% salt or less, re
gardless of cooking or cooling time (Table
2 ). 8 oz of salt per gallon in the brine 
resulted in unacceptable salt content 
when either the cooking or cooling times 
were short. The data indicated tha t 6—14 
oz of table salt per gallon of water 
produced peanuts with generally accept
able salt levels over a range of from 
10—30 min cooking and 9—29 hr cooling 
time. Peanuts cooked for 20 min in 
boiling brine containing 10  oz of salt per 
gallon and cooled in the brine for 21  hr 
had a salt con ten t o f 3.08% by weight, 
and were rated good in terms of bo th  salt 
and texture. Finished product salt above 
3.80 was generally considered too high. 
Salt concentrations between 8 and 16 oz 
per gallon of cooking solution resulted in 
high salt con ten t in the peanuts when 
bo th  long cooking and cooling times were 
used (Table 2). For example, a sample 
cooked 30 min in a solution containing 
1 0  oz of salt per gallon and cooled 21  hr 
had a salt content of 4.08%, whereas a 
sample cooked the same length of time at 
the same concentration and cooled 13 hr 
had a salt content of 3.32% (Table 2).

The shear press data suggested an 
interaction between cooking time and salt 
concentration and tenderness, although 
th is  r e la t io n s h ip  w as n o t close 
(R = 0.342). A trend was noted  that high 
salt and long cooking tim e resulted in 
higher shear values. A 40-min cook at 14 
oz of salt per gallon of water resulted in 
the highest shear values, 493 and 520. By 
contrast, a cook of 45 min in a brine 
containing 8 oz of salt per gallon resulted 
in a shear value of 293. The average brine 
concentration for the 1 5 lots having the 
lowest shear value was 6 .2  oz of salt per

Table 2—Relationship between the three independent variables o f cooking time, salt concentra
tion and cooling time and the six dependent variables o f taste panel, percent salt. Hunter " L , ”  "a "  
and "b "  and shear values

Independent variables Dependent variables
Cooking

time
(min)

Salt cone 
(oz/gal)

Cooling time 
(hr)

Taste panel 
scores3

Percent salt 
by titration

Shear
press

(lb/force)
Average Hunter values
“L” “a” “b”

45 8 17 5.0 3.82 293 32.1 1.9 10.3
40 14 29 5.6 6.64 520 36.9 1.7 12.3
40 14 5 6.0 6.32 493 37.2 1.7 12.9
40 2 29 4.2 0.90 235 30.0 1.3 9.2
40 2 5 4.8 0.58 220 35.0 2.3 10.4
35 12 25 5.2 4.12 270 32.1 2.8 10.5
35 12 9 6.3 3.60 275 35.5 2.1 11.3
35 4 25 6.3 1.48 220 32.0 2.6 10.0
35 4 9 4.4 1.12 200 31.3 4.2 10.3
30 10 21 6.0 4.08 370 29.3 3.1 10.5
30 10 13 3.7 3.32 340 37.7 2.9 12.9
30 6 21 5.6 3.34 333 34.0 2.7 10.6
30 6 13 5.0 3.10 383 32.9 2.3 10.9
25 16 17 4.0 3.68 348 36.7 2.8 13.2
25 8 33 2.9 2.04 323 33.9 1.9 10.9
25 8 17 2.9 2.28 363 32.8 0.1 10.6
25 8 1 3.8 1.40 393 36.3 3.1 12.5
25 0 17 7.6 0.64 293 39.2 0.6 11.7
20 10 21 3.8 3.08 383 34.6 2.3 11.7
20 10 13 3.8 2.36 370 39.0 2.5 12.3
20 6 21 3.6 2.28 358 31.9 1.9 10.6
20 6 13 3.1 1.66 320 36.0 1.7 11.8
15 12 25 4.5 2.50 333 33.7 2.1 12.2
15 12 9 5.6 2.86 405 31.9 1.9 10.4
15 4 25 5.2 1.28 325 36.5 0.9 10.4
15 4 9 4.1 0.90 333 39.3 2.0 11.7
10 14 29 3.5 2.42 395 36.0 1.0 11.3
10 14 5 4.4 2.20 425 38.4 1.3 12.3
10 2 29 6.4 1.30 350 38.3 1.5 10.8

10 2 5 4.5 0.88 395 32.8 2.0 10.0

5 8 17 5.2 1.08 395 38.9 2.1 11.5
aLow  numbers indicate good peanuts (1 = excellent, 10 -  poor).
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gallon of water, as com pared to  an 
average salt concentration of 1 1 .2  for the 
15 lots w ith the highest shear values 
(Table 2). It is reasonable to  expect that 
longer exposure times at higher salt con
centrations would result in cell plasmol- 
ysis and a tendency tow ard toughness.

The analysis of variance of the regres
sion for the independent and com puted 
variables versus salt con ten t in the fin
ished product is presented in Table 3. The 
variance ratio of 21.275** was significant 
at the 1% level of probability. The evalua
tion showed that 90% of the variance was 
due to  regression (R = 0.901). Interaction 
of cooking time and salt concentration 
was found to  be the most im portant 
factor as regards final salt content of the 
peanuts.

Analysis of variance for the regression 
for the independent and com puted varia
bles versus the shear press values is shown 
in Table 3. The variance ratio of 3.599** 
was significant at the 1% level of prob
ability. 60% of the variance was shown to 
be due to regression (R = 0.607). Analysis 
for the standardized partial regression 
coefficients showed that cook time was 
the most im portant contributor to ten
derness as measured by shear press. The 
interaction of cook time and salt concen
tration in the brine was the second most 
im portant factor influencing tenderness.

The analysis of variance for regression 
for the independent and com puted varia
bles versus the Hunter “ b” values is 
shown in Table 3. The data showed that 
58% of the variation was due to  regres
sion (R = 0.581). The variance ratio of 
3.237* was significant at the 5% level of 
probability. The standardized partial re
gression coefficient of -1 .1 4 3  indicated 
that the cook time was the most im por
tan t factor affecting the color o f the 
boiled peanuts; however, salt concentra
tion also was a significant factor.

The analysis of variance for the regres
sion for the independent and com puted 
variables versus H unter “ a,” H unter “ L” 
and panel scores showed these relation
ships to  be nonsignificant (Table 3).

Table 3—Analysis o f variance for regression for the independent and 
computed variables as related to the cut-out salt concentration, shear 
press values, Hunter " L , "  "a”  and "b "  values and taste panel scores for 
frozen boiled peanuts

Variables
R

value
Degrees of 
freedom

Variance
ratio-regression

Percent cut-out salt vs. 
independent and calc, variables 0.901 9 21.275**

Shear press values vs. 
independent and calc, variables 0.607 9 3.599**

Hunter “b” vs. independent 
and calc, variables 0.581 9 3.237*

Hunter “L” vs. independent 
and calc, variables 0.397 9 1.537 ns

Hunter “a” vs. independent 
and calc, variables 0.351 9 1.264 ns

Taste panel scores vs. 
independent and calc, 
variables 0.410 9 1.618 ns

^Significant at 5% level o f  probab ility . 
Sign ificant at 1% level o f  probab ility , 
n s—N on sign ifican t.
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E F F E C T S  O F A C R Y O G E N IC  AND T H R E E  HOME F R E E Z IN G  M ETH ODS  
ON S E L E C T E D  C H A R A C T E R IS T IC S  O F PO R K  LOIN  CHOPS

SUMMA R Y — Thirteen pairs of pork loin chops from each o f four carcasses were assigned randomly 
to 13 treatments to study effects o f freezing by liquid nitrogen vapor and by three home methods, 
and effects o f 1 and 4 wk o f storage in three types o f home freezers. Regardless o f freezing 
method, cooking losses (total, volatile and dripping) were higher (P < 0.01) and water-holding 
capacity o f the LD  muscle lower (P < 0.05) for frozen than for fresh chops. A cid  number, flavor 
scores and over-all acceptability scores were higher IP < 0.05, P < 0.01, P < 0.01) for fresh than 
for frozen chops. Both immediately after freezing and after 1 and 4 wk o f storage, liquid nitrogen 
freezing produced chops superior in appearance to home-frozen chops. Total and dripping cooking 
losses were greater (P < 0.05 and 0.01), and total moisture o f the LD  lower (P < 0.05) for liquid 
nitrogen-frozen than for home-frozen chops. Free fatty acid was higher (P < 0.05) in liquid nitro
gen-frozen than in home-frozen chops. Tenderness and over-all acceptability scores were higher 
IP < 0.05) for chops stored in a one-door refrigerator-freezer than for those stored in a two-door 
refrigerator-freezer or an upright household freezer. Regardless o f freezing method or storage 
conditions, volatile cooking losses and free fatty acids increased (P <  0.05), and over-all acceptabil
ity  and tenderness scores decreased IP < 0.01) between 1 and 4 wk o f storage. The interaction 
between storage conditions and storage time resulted in greater IP < 0.05) increase in free fatty 
acids between 1 and 4 wk for chops stored in a one-door refrigerator-freezer than for those stored 
in the two other types o f home freezers. Flavor and over-all acceptability scores decreased 
(P < 0.05) between 1 and 4 wk for chops stored in either refrigerator-freezer combination, but did 
not decrease during 4 wk o f storage for chops in the upright household freezer.

INTRODUCTION

ADVANCES in cryogenic freezing tech
nology have improved quality in many 
food products (Aref, 1967). Many early 
researchers investigated the effects of 
freezing on the quality of meat, stressing 
the value of rapid freezing rates and low 
storage tem peratures. Hankins and Hiner 
(1938) reported increased tenderness in 
steaks frozen at —23 and —40°C com
pared with those frozen at —7°C. Brady 
et al. (1942) found that the smallest total 
cooking losses in steaks resulted from 
“ quick” freezing at —26°C and cooking 
from the frozen state com pared with 
those frozen at -1 8 °C  or thawed before 
cooking. Dubois et al. (1940) reported 
that pork stored at - 1 2  and -9 ° C  be
came rancid in 4 months. Modern com 
mercial cryogenic freezing processes are 
much more rapid than the freezing rates 
used in those studies.

Gray (1967) claimed advantages of 
little loss of m oisture, good color and 
absence of dehydration with liquid n itro 
gen-frozen ham burger patties. When fro
zen lamb chops were thawed before 
cooking, Lind et al. (1971) reported 
significantly higher tenderness scores for 
chops frozen in moving air at —29°C and 
by liquid nitrogen vapor at — 107°C than 
for those frozen in still air at — 18°C. 
However, when the lamb chops were 
cooked from the frozen state, tenderness

scores and Warner-Bratzler shear values 
did not differ significantly for chops 
frozen by the three methods.

Some consumers purchase frozen meat 
from superm arkets as well as purchase 
fresh meat and freeze it at home. Williams
(1966) found that about 80% of all red 
meat purchased in superm arkets is frozen 
at home. A nother study (Anonym ous, 
1967) indicated that 94% of the consum
ers interviewed froze some fresh meat at 
home. Kansas Agricultural Experiment 
Station workers (1969) found that about 
61% of the consumers interviewed some
times bought frozen meat, and that over 
90% froze meat after taking it home. 
Weidenhamer et al. (1969) reported that 
87% of their respondents sometimes froze 
fresh meat at home, but few homemakers 
were interested in purchasing previously 
frozen raw meat. Research is needed to 
evaluate the relative effects of cryogenic 
freezing and freezing by m ethods availa
ble in the home on the acceptability of 
red meats. This study was designed to 
investigate the effects of freezing by a 
commercial liquid nitrogen process and in 
three types of home freezers on selected 
characteristics of pork loin chops stored 
in the three types of home freezers for 1 
and 4 wk.

EXPERIMENTAL
PORK LOINS from each of four animals were

removed posterior to the 11th thoracic vertebra 
and anterior to the 6 th lumbar vertebra and cut 
into 13 pairs of chops 1 in. thick, numbered 1 
to 13 from the anterior to the posterior end of 
the loin. A pair consisted of one chop from the 
left loin and one from the same region of the 
right loin. Pairs from each animal were ran
domly assigned to 13 treatments. One pair from 
each animal was held unfrozen and cooked 
fresh to provide a basis for studying the effects 
of the freezing-storage treatment combinations. 
Each of the remaining 12 pairs was processed 
by a commercial liquid nitrogen-freezing proce
dure or by one of three home-freezing pro
cedures. All frozen chops were stored for 1 or 4 
wk in each of the three types of home freezers.

For home-freezing treatments, six pairs of 
chops per animal were packaged in styrofoam 
trays with an overwrap of polyvinyl film
0.005-in. thick to simulate retail market wrap
ping. Home treatments employed three house
hold freezers for which temperature fluctuation 
ranges and average temperatures were deter
mined in preliminary work. These were: H j, 
the freezing compartment of a one-door refrig
erator-freezer with a temperature range o f— 10 
to - 8°C and an average temperature of —9°C; 
H j, the freezing section of a two-door refrigera
tor-freezer with a temperature range of - 2 2  to 
-16°C and an average temperature of -20°C; 
and H3, an upright household freezer with a 
temperature range of -28  to -14°C and an 
average temperature of -22°C.

Six pairs of chops per animal were packaged 
in Dupont Iolon skin-tight film with gas-perme
ability values ranging from 46.5-77.5 cc per 
sq m per 24 hr. They were frozen in a simulated 
liquid nitrogen freezer. Freezing required 8 -9  
min using the following temperature program: 
-18°C, 0.5 min; -46°C, 0.5 min; -73°C, 1 
min; -101°C, 1 min; -129°C, 1 min; temper 1 
min with no more liquid nitrogen vapor enter
ing the cabinet. The time in each step was taken 
when the cabinet reached a given temperature.

One chop from each pair was selected ran
domly for sensory evaluation of the longissimus 
dorsi (LD) muscle and the matching chop was 
used for objective measurement of the LD mus
cle. Back fat from both chops was used to 
measure free fatty acids.

Data for each measurement used to evaluate 
the chops were analyzed by analysis of variance 
for a randomized complete block design in 
which carcasses (animals) were blocks. Data for 
cooking time of frozen chops were analyzed 
separately to determine differences among the 
freezing and storage treatment combinations.

Two pairs of fresh chops were cooked and 
evaluated at each of two experimental periods, 
and four pairs of frozen chops were cooked and 
evaluated at each of 12 experimental periods. 
Fresh chops were held in the original package in
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Table 1—Means and F-values for objective and subjective measure
ments of fresh and frozen pork loin chops

M e a s u r e m e n t F r e s h F r o z e n F - v a l u e

C o o k i n g  t i m e  ( m i n )  

C o o k i n g  t i m e  ( % )

3 6 5 1 6 0 . 0 0 * *

T o t a l 1 5 . 7 1 2 1 . 3 1 2 9 . 9 0 * *

V o l a t i l e 1 0 . 0 7 1 3 . 3 9 1 3 . 5 0 * *

D r i p p i n g 5 . 2 6 7 . 5 8 2 3 . 5 6 * *

T o t a l  m o i s t u r e  ( % ) 6 6 . 5 6 5 . 9 < 1

W a t e r - h o l d i n g  c a p a c i t y ® 0 . 7 1 0 . 7 5 6 . 9 1 *

J u i c i n e s s  s c o r e b 5 . 3 4 . 5 2 . 5 0

S h e a r  v a l u e  ( l b / 1 . 3 - c m  c o r e ) 6 . 5 6 . 8 < 1

T e n d e r n e s s  s c o r e *3 5 . 2 4 . 8 2 . 4 2

O l e i c  A c i d  ( % ) 0 . 7 2 0 . 5 4 2 0 . 2 7 * *

A c i d  n u m b e r 0 1 . 0 2 0 . 7 9 7 . 3 2 *

F l a v o r  s c o r e *3 5 . 5 4 . 7 9 . 2 2 * *

O v e r - a l l  a c c e p t a b i l i t y  s c o r e *3 5 . 4 4 . 5 1 1 . 6 8 * *

*P <  0 .0 5 . **P <  0 .0 1 .
® 1.0—(exp ressib le-liq u id  in d ex ); th e larger th e  value, th e greater the 

am ou n t o f  liq u id  expressed .
b 7 (ex trem ely  desirab le, ju icy  or ten d er) to  1 (ex trem ely  undesir

ab le , dry or tou gh ). 
c mg KOH per g fat.

Table 2—Means and F-values for objective and subjective measure
ments of liquid nitrogen- and home-frozen pork loin chops

M e a s u r e m e n t

L i q u i d

n i t r o g e n -

f r o z e n

H o m e -

f r o z e n F - v a l u e

C o o k i n g  l o s s e s  ( % )

T o t a l 2 1 . 9 2 2 0 . 7 1 4 . 5 2 *

V o l a t i l e 1 3 . 5 0 1 3 . 2 7 < 1

D r i p p i n g 8 . 0 7 7 . 0 8 1 3 . 9 2 * *

T o t a l  m o i s t u r e  ( % ) 6 5 . 5 6 6 . 4 4 . 2 6 *

W a t e r - h o l d i n g  c a p a c i t y ® 0 . 7 5 0 . 7 5 < 1

J u i c i n e s s  s c o r e *3 4 . 4 4 . 7 2 . 3 9

S h e a r  v a l u e  ( l b /  1 . 3 - c m  c o r e ) 6 . 9 6 . 6 1 . 5 5

T e n d e r n e s s  s c o r e *3 4 . 8 4 . 8 < 1

O l e i c  A c i d  ( % ) 0 . 5 6 0 . 5 2 6 . 3 6 *

A c i d  n u m b e r 0 0 . 8 4 0 . 7 4 5 . 0 4 *

F l a v o r  s c o r e *3 4 . 8 4  6 1 . 9 3

O v e r - a l l  a c c e p t a b i l i t y  s c o r e *3 4 . 5 4  5 < 1

*P <  0 .0 5 . **P <  0 .0 1 .
a l .0 —(expressib le-liqu id  in d ex ); the larger th e  va lue, th e  greater th e  

am ou nt o f  liquid  expressed .
b 7 (ex trem ely  ju icy , tend er or desirab le) to  1 (ex trem ely  u n desir

able, dry or tou gh ). 
c mg KOH per g fat.

a  r e f r i g e r a t o r  a t  5 ° C  f o r  4 8  h r  b e f o r e  c o o k i n g ;  

f r o z e n  c h o p s  w e r e  c o o k e d  f r o m  t h e  f r o z e n  

s t a t e .  E a c h  p a i r  o f  c h o p s  w a s  p l a c e d  o n  a  4 - i n . -  

h i g h  w i r e  r a c k  s e t  i n  a  s h a l l o w  p a n  a n d  c o o k e d  

i n  a  r o t a r y  h e a r t h  o v e n  a t  1 7 6 ° C  t o  a n  i n t e r n a l  

t e m p e r a t u r e  o f  7 5 ° C  m e a s u r e d  i n  o n e  c h o p  o f  

e a c h  p a i r .  C o o k i n g  t i m e  w a s  t h e  m i n u t e s  r e 

q u i r e d  t o  r e a c h  7 5 ° C .  T i m e  f o r  f r o z e n  c h o p s  t o  

r e a c h  5 ° C  a l s o  w a s  r e c o r d e d  t o  c o m p a r e  w i t h  

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

o f  5 ° C .

C o o k i n g  l o s s e s  ( t o t a l ,  v o l a t i l e  a n d  d r i p p i n g )  

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

f r e s h  o r  f r o z e n  w e i g h t  o f  a  p a i r  o f  c h o p s .

T w o  1 . 3 - c m  c o r e s  f r o m  l a t e r a l  a n d  m e d i a l  

p o s i t i o n s  i n  t h e  L D  m u s c l e  w e r e  s h e a r e d  o n c e  

o n  t h e  W a r n e r - B r a t z l e r  s h e a r i n g  a p p a r a t u s  w i t h  

a  1 1 . 4 - k g  d y n a m o m e t e r .

P e r c e n t a g e  t o t a l  m o i s t u r e  w a s  d e t e r m i n e d  

b y  d r y i n g  d u p l i c a t e  1 0 - g  s a m p l e s  o f  g r o u n d  L D  

m u s c l e  i n  a  C . W .  B r a b e n d e r  S e m i a u t o m a t i c  

R a p i d  M o i s t u r e  T e s t e r  f o r  6 0  m i n  a t  1 2 1 ° C .

W a t e r - h o l d i n g  c a p a c i t y  ( W H C )  w a s  m e a s 

u r e d  b y  t h e  m e t h o d  d e s c r i b e d  b y  M i l l e r  a n d  

H a r r i s o n  ( 1 9 6 5 )  o n  0 . 3 - g  s a m p l e s  f r o m  t h e  c e n 

t e r  o f  t h e  c o r e s  u s e d  f o r  W a r n e r - B r a t z l e r  s h e a r  

v a l u e s .  E i g h t  s a m p l e s  ( t w o  p e r  c h o p )  w e r e  

m e a s u r e d  a t  o n e  t i m e .  T h i s  i s  a  p r e s s  m e t h o d  i n  

w h i c h  t h e  e x p r e s s i b l e - l i q u i d  i n d e x  i s  c a l c u l a t e d  

a s  a  r a t i o  o f  t h e  a r e a  o f  p r e s s e d  m u s c l e  t o  t h e  

a r e a  o f  e x p r e s s e d  l i q u i d .  U n i t y  a r b i t r a r i l y  i s  a s 

s u m e d  a s  t h e  m a x i m u m  e x p r e s s i b l e - l i q u i d  i n d e x  

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

t i v e  W H C  e x p r e s s e d  a s :  1 . 0 - ( e x p r e s s i b l e - l i q u i d  

i n d e x ) .  T h e  e x p r e s s i b l e - l i q u i d  i n d e x  i s  i n v e r s e l y  

r e l a t e d  t o  t h e  a m o u n t  o f  l i q u i d  e x p r e s s e d  f r o m  

t h e  s a m p l e ;  t h e r e f o r e ,  t h e  l a r g e r  t h e  v a l u e  f o r  

W H C ,  t h e  m o r e  l i q u i d  e x p r e s s e d .

T h e  o u t s i d e  f a t  c o v e r i n g  o n  t h e  c h o p s  w a s  

g r o u n d  a n d  e x t r a c t e d  b y  t h e  m e t h o d  o f  W a t t s  

a n d  P e n g  ( 1 9 4 7 ) .  F r e e  f a t t y  a c i d s  w e r e  m e a s 

u r e d  b y  t i t r a t i n g  a n  a l i q u o t  o f  t h e  f a t  e x t r a c t s  

i n  n e u t r a l  a l c o h o l .  R e s u l t s  w e r e  e x p r e s s e d  a s  

p e r c e n t a g e  o l e i c  a c i d  a n d  a c i d  n u m b e r  ( m g  

K O H  p e r  g  e x t r a c t e d  f a t ) .

T h e  L D  m u s c l e  w a s  c u t  i n t o  1 . 3 - c m  c u b e s  

f o r  s e n s o r y  e v a l u a t i o n .  C u b e s  w e r e  p l a c e d  i n  

t h e  t o p  o f  a  0 . 5 - l i t e r  e n a m e l  d o u b l e  b o i l e r  a n d  

s e t  o v e r  h o t  w a t e r .  T h e  e n t i r e  s y s t e m  w a s  h e l d

a t  a  c o n s t a n t  l o w  h e a t  ( 3 5  ±  1 ° C )  o n  a  G e n e r a l  

E l e c t r i c  h o t  t r a y  u n t i l  a l l  p a n e l i s t s  h a d  j u d g e d  

t h e  s a m p l e s  ( n o  l o n g e r  t h a n  3 0  m i n ) .

A  f i v e - m e m b e r  l a b o r a t o r y  p a n e l  s e l e c t e d  

c u b e s  a t  r a n d o m  a n d  e v a l u a t e d  t h e m  f o r  f l a v o r ,  

j u i c i n e s s ,  t e n d e r n e s s  a n d  o v e r - a l l  a c c e p t a b i l i t y .  

F l a v o r  a n d  o v e r - a l l  a c c e p t a b i l i t y  w e r e  e v a l u a t e d  

o n  a  d e s i r a b i l i t y  s c a l e  o f  7  ( e x t r e m e l y  d e s i r a b l e )  

t o  1 ( e x t r e m e l y  u n d e s i r a b l e ) .  J u i c i n e s s  a n d  t e n 

d e r n e s s  w e r e  s c o r e d  o n  a n  i n t e n s i t y  s c a l e  o f  7  

( e x t r e m e l y  j u i c y  o r  t e n d e r )  t o  1 ( e x t r e m e l y  d r y  

o r  t o u g h ) .  E a c h  p a n e l i s t  s t a n d a r d i z e d  h i s  t e n 

d e r n e s s  s c o r e s  b y  t h e  n u m b e r  o f  c h e w s  r e q u i r e d  

t o  m a s t i c a t e  t h e  c u b e  c o m p l e t e l y .

R E S U L T S  & D IS C U S S IO N

T H R O U G H O U T  th e  d iscu ssio n , H ! re fe rs  
to  a o n e -d o o r  re f r ig e ra to r- fre e z e r ; H 2 , a 
tw o -d o o r  re f r ig e ra to r- fre e z e r ; an d  H 3 , an  
u p rig h t h o u se h o ld  freeze r.

A p p e a ra n c e  o f  f ro z e n  ch o p s
All ch o p s  fro z e n  b y  liq u id  n itro g e n  

a p p e a re d  m u c h  like  fre sh  c h o p s  and  h ad  a 
d es irab le  co lo r . N o  “ b le a c h in g ” o r  c ra c k 
ing  w as o b se rv ed  in  a n y  c h o p , as in  ea rlie r 
w o rk  re p o r te d  b y  th e  K ansas A g ric u ltu ra l 
E x p e rim e n t S ta t io n  (1 9 6 9 ) . D uring  s to r 
age, liq u id  n itro g e n -f ro z e n  c h o p s  s to re d  
in  H j d a rk e n e d  an d  d ev e lo p e d  a g ray ish  
c o lo r ; th o s e  in  H 2 also  d a rk e n e d , b u t  to  a 
lesser d eg ree ; w h ereas, th o s e  in  H 3 m a in 
ta in e d  th e ir  o rig in a l lig h t co lo r. T h e  c o lo r 
o f  liq u id  n itro g e n -f ro z e n  c h o p s  w as su p e 
r io r  to  th a t  o f  h o m e -fro z e n  c h o p s  a f te r  
freez in g  a n d  a f te r  1 o r  4 w k o f  s to ra g e  in  
an y  freeze r. A m o n g  h o m e -fro z e n  ch o p s , 
th o s e  fro z e n  in  F lj w ere  d a rk e r  im m e d i
a te ly  a f te r  freez in g  th a n  th o s e  fro z e n  in  
th e  tw o  o th e r  ty p e s  o f  h o m e  freezers. 
C h o p s  fro z e n  in  H 2 an d  H 3 w ere  ligh t 
an d  h ad  g o o d  co lo r . D u rin g  s to ra g e , 
ch o p s  in  b o th  H i an d  H 2 d a rk e n e d  so m e, 
w h e reas  c h o p s  in  H 3 re ta in e d  g o o d  co lo r. 
O ccasio n a lly , sp o ts  o f  d e h y d ra t io n  o r

fro s tin g , o r  b o th ,  w ere  o b se rv ed  o n  b o th  
liq u id  n itro g e n -f ro z e n  a n d  h o m e -fro z e n  
ch o p s , b u t  n e ith e r  d e h y d ra t io n  n o r  f r o s t 
ing  w as ex ten s iv e .

C o o k in g  tim e  a n d  losses
M ean  to ta l  c o o k in g  tim e  fo r  fresh  

c h o p s  w as 36  m in  a n d  fo r  f ro z e n  ch o p s  
w as 51 m in  (T a b le  1), s ig n ific a n tly  
(P <  0 .0 1 )  lo n g e r (a b o u t o n e - th ird )  fo r  
c o o k in g  fro m  th e  f ro z e n  s ta te  th a n  fo r 
fre sh  ch o p s . T h is is c o n s is te n t w ith  re 
p o r ts  o f  o n e - th ird  to  o n e -h a lf  m o re  tim e  
n e e d e d  to  c o o k  fro z e n  m e a t th a n  to  c o o k  
fre sh  o r  th a w e d  m e a t (L in d  e t a l., 1 9 7 1 ; 
L o w e e t al., 1 9 5 2 ; V ail e t a l., 1 9 4 3 ). 
T im e re q u ire d  to  re a c h  5°C  w as s ig n ifi
c a n tly  less (P  <  0 .0 5 )  fo r  c h o p s  s to re d  in  
H t (1 4  m in )  th a n  fo r  th o s e  s to re d  in  H 2 
o r  H 3 (1 6  m in ).

T o ta l, v o la tile  a n d  d rip p in g  lo sses w ere  
h ig h e r ( P < 0 . 0 1 )  fo r  f ro z e n  th a n  fo r 
fre sh  ch o p s  (T a b le  1). T h e  m e th o d  o f  
freez in g  a lso  a f fe c te d  c o o k in g  losses (T a 
b le  2). T o ta l a n d  d rip p in g  losses w ere  
h ig h e r (P  <  0 .0 5  a n d  P <  0 .0 1 )  fo r  ch o p s  
fro z e n  by  liq u id  n itro g e n  th a n  fo r  ch o p s  
fro z e n  b y  h o m e  m e th o d s . L in d  e t al.
(1 9 7 1 )  re p o r te d  h ig h e r c o o k in g  losses fo r  
lam b  rib  c h o p s  fro z e n  b y  liq u id  n itro g e n  
v a p o r a t — 1 0 7 °C  th a n  fo r  th o s e  fro z e n  in 
m ov ing  a ir a t - 2 9 ° C  o r  in  s till a ir at 
- 1 8 ° C .

T o ta l and  v o la tile  lo sses in c rea sed  w ith  
s to rag e  fro m  1 to  4  w k , b u t  d rip p in g  
losses d ec reased . D iffe ren ces  in  c o c k in g  
losses b e tw e e n  s to rag e  p e r io d s  w ere  sig
n if ic a n t (P  <  0 .0 5 )  o n ly  fo r  v o la tile  lo sses 
(T ab le  3).

T o ta l m o is tu re , w a te r-h o ld in g  c a p a c ity  
a n d  ju ic in ess

T o ta l m o is tu re  o f  th e  LD  w as n o t 
a f fe c te d  s ig n ific a n tly  by  freez in g  p e r  se 
(T ab le  1), s to rag e  tim e  (T a b le  3 ) o r
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Table 3—Means and F-values for objective and subjective measure
ments of pork loin chops after 1 and 4 wk of storage

M e a s u r e m e n t 1  w k 4  w k F - v a l u e

C o o k i n g  l o s s e s  ( % )  

T o t a l 2 0 . 7 5 2 1 . 8 8 3 . 9 4

V o l a t i l e 1 2 . 7 2 1 4 . 0 6 7 . 0 1 *

D r i p p i n g 7 . 6 0 5 . 5 7 < 1

T o t a l  m o i s t u r e  ( % ) 6 6 . 4 6 5 . 6 4 . 0 2

W a t e r - h o l d i n g  c a p a c i t y 3 0 . 7 4 0 . 7 6 3 . 6 4

J u i c i n e s s  s c o r e *3 4 . 7 4 . 3 2 . 8 3

S h e a r  v a l u e  ( l b / 1 . 3 - c m  c o r e ) 6 . 6 7 . 0 3 . 0 5

T e n d e r n e s s  s c o r e *5 5 . 0 4 . 5 1 0 . 0 5 * *

O l e i c  A c i d  ( % ) 0 . 5 2 0 . 5 6 4 . 6 7 *

A c i d  n u m b e r 0 0 . 7 4 0 . 8 4 4 . 0 5

F l a v o r  s c o r e *3 4 . 9 4 . 6 < 1

O v e r - a l l  a c c e p t a b i l i t y *3 4 . 8 4 . 2 1 1 . 6 1 * *

*P <  0 .0 5 . **P <  0 .0 1 .
a l .0 —(exp ressib le-liq u id  in d ex ); th e larger th e  value, th e  greater the  

am ou nt o f  liquid  expressed .
b 7 (ex trem ely  ju icy , tend er or desirab le) to  1 (ex trem ely  undesir

ab le , dry or tou gh ). 
c mg KOH per g fat.

Table 4—Means, F-values and LSD's for objective and subjective 
measurements o f pork loin chops stored in three types of home freezers

S t o r a g e  c o n d i t i o n s

M e a s u r e m e n t  H 1 H 2 H 3 F - v a l u e  L S D a

C o o k i n g  l o s s e s  ( % )

T o t a l 2 1 . 3 6 2 0 . 9 0 2 1 . 9 8 < i -

V o t a t i l e 1 3 . 5 2 1 3 . 1 1 1 3 . 5 4 < i -

D r i p p i n g 7 . 4 4 7 . 4 8 7 . 8 3 < i -

T o t a l  m o i s t u r e  (%) 6 5 . 6 6 6 . 1 6 6 . 3 1 . 1 6 -

W a t e r - h o l d i n g  c a p a c i t y *3 0 . 7 6 0 . 7 4 0 . 7 5 < 1 -

J u i c i n e s s  s c o r e 0 4 . 6 4 . 7 4 . 4 < 1 -

S h e a r  v a l u e  ( l b / 1 . 3 - c m  c o r e ) 6 . 8 6 . 8 6 . 7 < 1 -

T e n d e r n e s s  s c o r e 0 5 . 3 » 4 . 5 4 . 8 3 . 8 6 * 0 . 4

O l e i c  A c i d  ( % ) 0 . 5 7 0 . 5 1 0 . 5 5 1 . 9 8 —

A c i d  n u m b e r d 0 . 8 6 0 . 7 2 0 . 7 8 2 . 1 3 -

F l a v o r  s c o r e 0 5 . 2 4 . 5 4 . 6 < 1 -

O v e r - a l l  a c c e p t a b i l i t y  s c o r e 0 4 . 8
i____

» 4 . 3  
---------* -------—

4 . 4
______i

5 . 8 6 * 0 . 4

*P <  0 .0 5 .
a LSD, Least s ign ifican t d ifferen ce  at 5% level.
b 1 .0 -(e x p r ess ib le - liq u id  in d ex ); th e  larger th e va lue, th e  greater th e  

am ou n t o f  liq u id  expressed .
c 7 (ex trem ely  ju icy , tender or desirable to  1 (ex trem ely  undesirable, 

dry or tou gh ).
d mg KOH per g fat.
H ( , on e-d oor  refrigerator-freezer. H 2 , tw o-d oor  refrigerator-freezer. 

H 3 , upright h o u seh o ld  freezer.

sto rag e  c o n d it io n s  (T ab le  4 ) , b u t  w as 
h ig h e r ( P < 0 . 0 5 )  fo r  h o m e -fro z e n  ch o p s 
th a n  fo r  liq u id  n itro g e n -f ro z e n  ch o p s  
(T ab le  2 ). M ore (P <  0 .0 5 )  liq u id  was 
re ta in e d  (w a te r -h o ld in g  c a p a c ity , T ab le  1) 
by  L D  m u sc le  f ro m  fre sh  th a n  fro m  
fro z e n  ch o p s , b u t w a te r-h o ld in g  c a p a c ity  
w as n o t a f fe c te d  s ig n ific a n tly  b y  m e th o d  
o f  freez in g  (T ab le  2 ), s to ra g e  tim e  (T ab le
3) o r  s to rag e  c o n d it io n s  (T a b le  4 ). T aste  
p a n e l e v a lu a tio n  in d ic a te d  fre sh  ch o p s  
w ere  s lig h tly  m o re  ju ic y  th a n  fro z e n  
m e a t, an d  h o m e -fro z e n  c h o p s  w ere  s lig h t
ly  ju ic ie r  th a n  liq u id  n itro g e n -f ro z e n  
ch o p s . Ju ic in ess  d ec rea sed , b u t  n o t  s ig n if

ic a n tly , b e tw e e n  1 an d  4  w k o f  s to rag e . 
Ju ic in ess  sco res w ere  n o t  a f fe c te d  s ig n ifi
c a n tly  by  s to ra g e  c o n d it io n s  (T ab le  4).

T en d e rn e ss
T e n d e rn e ss , as m e a su re d  b y  W arner- 

B ra tz le r  sh ea r va lues, w as n o t  a ffe c te d  
s ig n ific a n tly  by  freez in g  p e r se, m e th o d  
o f  freez in g , s to ra g e  tim e  o r  s to rag e  c o n d i
tio n s  (T ab le s  1, 2, 3 , 4 ). T aste  panel 
sco res  fo r  te n d e rn e ss  w ere  a f fe c te d  sig n if
ic a n tly  o n ly  b y  s to ra g e  tim e  an d  c o n d i
tio n s  (T a b le  1, 2, 3 , 4 ). T e n d e rn e ss  sco res 
d ec rea sed  (P <  0 .0 1 )  b e tw e e n  1 an d  4  w k 
o f  s to ra g e , a n d  m e a n  sco res  w ere  h ig h er

( P < 0 . 0 5 )  fo r  c h o p s  s to re d  in  H i th a n  
fo r  th o s e  s to re d  in  JJ2 o r  H 3 .

F ree  f a t ty  ac id , f lav o r an d  over-a ll 
a c c e p ta b ili ty

B o th  p e rc e n ta g e  o le ic  ac id  a n d  acid  
n u m b e r  (m g  K O H /g  fa t)  a re  m easu re 
m e n ts  o f  h y d ro ly t ic  d e c o m p o s it io n  o f  fa t 
a ro u n d  th e  L D  m uscle . A lth o u g h  ca lc u la 
tio n s  fo r  b o th  va lu es w ere  m a d e  w ith  th e  
sam e t i t r a t io n  d a ta , h ig h e r F -va lues w ere  
o b ta in e d  fo r  free  f a t ty  ac id  w h e n  r e p o r t 
ed as p e rc e n ta g e  o le ic  ac id  th a n  w h en  
re p o r te d  as ac id  n u m b e r . J io w ev e r , b o th  
m e th o d s  o f  re p o r tin g  free  f a t ty  ac id s 
in d ic a te d  th e  sam e tr e n d s  (T ab le s  1, 2 , 3,
4 ). F ree  f a t ty  ac id  w as h ig h e r in  fa t o n  
fre sh  c h o p s  (p e rc e n ta g e  o le ic  acid , 
P <  0 .01  ; ac id  n u m b e r , P < 0 . 0 5 )  th a n  
fo r  f ro z e n  c h o p s  (T a b le  1). V a lu es fo r  
b o t h  m e a s u r e m e n t s  w e r e  h ig h e r  
( P < 0 . 0 5 )  fo r  liq u id  n itro g e n -f ro z e n  
c h o p s  th a n  fo r  h o m e -fro z e n  ch o p s . T aste  
p a n e l sco res  fo r  fla v o r o f  th e  LD  m u sc le  
w ere  h ig h e r (P  <  0 .0 1 )  fo r  fre sh  th a n  fo r 
f ro z e n  c h o p s  (T a b le  1), an d  a p p ro x im a te 
ly  th e  sam e fo r  liq u id  n itro g e n -  and  
h o m e -fro z e n  c h o p s  (T a b le  2).

P e rcen tag e  o le ic  ac id  va lu es in c rea sed  
( P < 0 . 0 5 )  b e tw e e n  1 a n d  4  w k o f  s to r 
age, a c id  n u m b e rs  a lso  in c rea sed  d u rin g  
s to ra g e , b u t  n o t  s ig n ific a n tly . F lav o r 
sco res  d id  n o t  ch an g e  s ig n ific a n tly  b e 
tw e e n  1 an d  4 w k  o f  s to rag e  (T a b le  3). 
N e ith e r  free  f a t ty  ac id  in  th e  fa t  a ro u n d  
th e  LD  m u sc le  n o r  fla v o r sco res  fo r  LD  
m u sc le  w ere  a f fe c te d  s ig n if ic a n tly  by  
s to ra g e  c o n d it io n s  (T a b le  4 ).

T h e  in te ra c t io n  b e tw e e n  s to ra g e  c o n d i
tio n s  an d  s to ra g e  tim e  (T a b le  5 ) w as 
s ig n ifican t fo r  free  f a t ty  ac id s , fla v o r and  
o v er-a ll a c c e p ta b ili ty  sco res. F re e  f a t ty  
ac id s in c re a se d  s ig n if ic a n tly  ( P < 0 . 0 5 )  
b e tw e e n  1 an d  4  w k  o f  s to ra g e  fo r  ch o p s  
s to re d  in  H ! ; in c re a se d  s lig h tly  fo r  th o se  
in  H 2 an d  d ec rea sed  s lig h tly  fo r  c h o p s  in  
H 3 . M ean fla v o r a n d  over-a ll a c c e p ta b ili ty  
sco res d e c re a se d  (P  <  0 .0 5 )  b e tw e e n  1 
an d  4  w k fo r  c h o p s  s to re d  in  H i a n d  H 2 , 
b u t re m a in e d  a b o u t  th e  sam e  fo r  th o s e  
s to re d  in  H 3 .

H all e t al. (1 9 6 1 )  r e p o r te d  th a t  sam 
p les  o f  p o rk  fa t w ith  th e  h ig h e s t free  
f a t ty  ac id  d id  n o t  a lw ay s  rece ive  th e  
lo w e s t f lav o r sco res. F o r  f re sh  p o rk  fa t ,  
th e  h ig h es t fla v o r sco res  o f te n  w ere  given 
fo r  sam p les w ith  th e  h ig h es t free  f a t ty  
ac id  values. A f te r  24  w k  o f  freeze r 
s to ra g e , sam p le s  w ith  free  f a t ty  ac id  levels 
in  th e  sam e ran g e  as in  th e  fre sh  sam p les 
w ere  given lo w e r fla v o r sco res. T h o se  
re se a rc h e rs  p o in te d  o u t  th a t  th e  d irec t 
e f fe c t o f  f re e  f a t ty  ac id s o n  fla v o r and  
a ro m a  w o u ld  d e p e n d  o n  th e  ty p e  o f  acids 
l ib e ra te d  as a re s u lt o f  a t r e a tm e n t.  In  th is  
s tu d y , th e  h ig h e s t free  f a t ty  ac id s in  
e x te rn a l fa t a n d  h ig h e s t f lav o r sco res  fo r  
LD  m u sc le  w ere  fo r  f re sh  c h o p s  h e ld  in  
th e  re f r ig e ra to r  48  h r  b e fo re  c o o k in g  an d  
e v a lu a tin g ; w h ereas, an  in c rea se  in  free
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Table 5—Mean values for percentage oleic acid, acid number, flavor 
and over-all acceptability scores attributable to the interaction of 
storage conditions and time
S t o r a g e  c o n d i t i o n s  

a n d  t i m e

O l e i c  

a c i d  ( % )

A c i d

n u m b e r 3

F l a v o r

s c o r e *3

O v e r - a l l

a c c e p t a b i l i t y *3

H ,

1 w k 0 . 5 0 - ,

*

0 . 6 4  J

0 . 7 0  -,
*

5 ' 4 1
*

4 . 9 J

5 . 3 ]

*

4 . 4  J4  w k 0 . 9 9 - 1

h 2

1 w k 0 . 5 0 0 . 7 0 1----*----
1

OO 4 . 6 1

*

3 . 9 -14  w k 0 . 5 1 0 . 7 6

h 3

1 w k 0 . 5 7 0 . 8 0 4 . 4 4 . 3

4  w k 0 . 5 3 0 . 7 5 4 . 6 4 . 4

L S D C 0 . 0 7 0 . 1 6 0 . 5 0 . 5

*P <  0 .0 5 .
amg KOH per g fat.
bRange, 7 (extrem ely desirable) to 1 (extrem ely undesirable).
CLS D , Least significant difference at 5% level.
H , ,  one-door refrigerator-freezer. H 2 , two-door refrigerator-freezer. 

H 3, upright household freezer.

f a t ty  ac id  b e tw e e n  1 an d  4  w k o f  freeze r 
s to ra g e  w as a c c o m p a n ie d  b y  a sligh t 
d ec rea se  in  f lav o r sco res  fo r  th e  LD 
m u sc le  (T a b le  3). S h re w sb u ry  e t  al. 
(1 9 4 2 )  p o in te d  o u t  th a t  d e v e lo p m e n t o f  
free  f a t ty  ac id  d o es  n o t  n ecessa rily  p a ra l
lel d e v e lo p m e n t o f  o x id a tiv e  ra n c id ity ;  it 
u su a lly  a c c o m p a n ie s  an  o x id a tiv e  re a c 
tio n , an d  in d ic a te s  ra n c id if ic a tio n .

E ach  so u rc e  o f  v a r ia tio n  th a t  a f fe c te d  
flavor o r  te n d e rn e ss  o f  ch o p s  s ig n ifican tly  
also  s ig n ific a n tly  a f fe c te d  over-all a c c e p t
ab ility . O ver-all a c c e p ta b ili ty  sco res w ere 
h ig h e r (P  <  0 .0 1 )  fo r  fresh  ch o p s  th a n  fo r 
f ro z e n  c h o p s  (T ab le  1), b u t d id  n o t d if fe r  
s ig n ific a n tly  b e tw e e n  h o m e- a n d  liq u id  
n itro g e n -f ro z e n  ch o p s  (T a b le  2). A c c e p t
a b ility  sco res  d ec rea sed  ( P < 0 . 0 1 )  b e 
tw een  1 an d  4  w k o f  s to rag e  (T ab le  3). 
T h e  ty p e  o f  s to ra g e  a f fe c te d  over-all 
a c c e p ta b ili ty  (T a b le  4 ) ;  sco res  fo r  ch o p s 
s to re d  in  H [ w ere  h ig h e r ( P C 0 . 0 5 )  th a n

fo r th o se  s to re d  in  H 2 a n d  H 3 . O ver-all 
a c c e p ta b ili ty  w as a f fe c te d  ( P < 0 . 0 5 )  by  
th e  in te ra c t io n  b e tw e e n  s to ra g e  c o n d i
tio n s  an d  tim e  (T a b le  5). M ean sco res fo r  
ch o p s  s to re d  in  H j an d  H 2 d ecreased  
( P < 0 . 0 5 )  b e tw e e n  1 a n d  4  w k o f  s to r 
age, b u t w ere  a p p ro x im a te ly  th e  sam e fo r 
ch o p s  s to re d  in  H 3 .

L iq u id  n itro g e n  freez in g  re su lte d  in 
su p e r io r  a p p e a ra n c e , b u t th e  c o o k e d  
p ro d u c t  fro m  h o m e  freez in g  w as c o m 
p a ra b le  in  q u a lity . A ll fro z e n  c h o p s  w ere  
s to re d  in  h o m e  freeze rs  a t — 18°C  fo r  4 
w k an d  a t —9 °C  fo r  1 w k w ith o u t  se rio u s 
loss o f  q u a lity .
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M ICROBIOLOGY OF B EEF  S H ELL  FROZEN WITH LIQUID NITROGEN

SUMMARY—The effect of freezing primal cuts of beef with liquid nitrogen on the subsequent 
microbiological quality o f their retail cuts was studied. Cryovac-packaged loins were shell frozen by 
spraying with liquid nitrogen and held for 2 or 3 days at room temperature (25—27°C) in insulated 
styrofoam boxes. Frozen packaged loins were also aged at 2°C for 21 days and at 22°C for 3 days 
before being cut into steaks. Steaks from each treated loin and steaks from fresh loins (controlsI 
were packaged and stored in a display case at about 5°C. Examination was made of the loins and 
packaged steaks during storage to determine total anaerobes, fluorescent Pseudomonas, conforms, 
enterococci, Clostridium perfringens, and incidence of Salmonellae and coagulase-positive staphylo
cocci. Initial contamination on steaks increased with loins aged for a long time at low tempera
tures. Aging of loins at 22pC for 3 days promoted multiplication of C. perfringens and resulted in 
the steaks having the highest occurrence of coagulase positive Staphylococcus. Recovery of Sal mo- 
nella from the steaks was more closely related to the source and level of contamination of the fresh 
meat than to time and temperature o f holding of the wholesale cuts. These findings have applica
tion to shell freezing o f beef with liquid nitrogen for air transport and to possible commercial aging 
practices.

IN T R O D U C T IO N

T H E  U SE O F  liq u id  n itro g e n  as a re frig 
e ra n t is a fa irly  re c e n t d e v e lo p m e n t in  th e  
fo o d  in d u s try  fo r  p reserv in g  fo o d s  (R e y n 
o ld s  and  W agner, 1 9 6 4 ; B rey e r e t al., 
1 9 6 6 ; T ra u b e rm a n , 1 9 6 6 ; G ray , 19 6 7 ). 
T h e  h igh  freez in g  ra te  p ro v id ed  by  th e  
lo w  te m p e ra tu re  o f  th e  liq u id  n itro g e n  
can  re d u c e  tissu e  d am ag e  (M ery m an ,
1 9 5 6 ). As a c o n se q u e n c e , th e re  c o u ld  be 
less sh rin k ag e , d rip  loss, an d  c o lo r  loss 
c h a ra c te r is tic  o f  d e fro s te d  fo o d s , r e s u lt

ing in  im p ro v e d  q u a li ty  (B en g tsso n , 
1967).

In c rea sed  a m o u n ts  o f  p e rish ab le , h igh 
v a lu e  fo o d s  m ay  b e  m o v ed  b y  a ir  in  
ju m b o  je t  a ir lin e rs  in  th e  fu tu re ;  m e a t is 
su ch  a c o m m o d ity  (W alra th  an d  K o n icek , 
1 9 6 7 ; G ill, 1 9 6 9 ). L iq u id  n itro g e n  sp ray s 
h av e  b e e n  su ccessfu lly  u sed  fo r  p reserv ing  
p e rish ab le  ca rg o es d u rin g  tr a n s p o r t  (D ix 
o n  a n d  R o b e , 1 9 6 6 ).

In te re s t  in  th e  u se  o f  c ry o g en ic  p ro c 
essing o f  m e a ts  fo r  a ir t r a n s p o r t  s t im u 
la te d  th e  p re se n t s tu d y . T h is  w o rk  w as

u n d e r ta k e n  to  in v e s tig a te  th e  e ffe c t o f  
sh e ll freez in g  p rim a l c u ts  o f  b e e f  in  liq u id  
n itro g e n  o n  s u b s e q u e n t b a c te r io lo g ic a l 
q u a li ty  o f  th e  re ta il c u ts  p re p a re d  fro m  
th e  b eef. C o n s id e ra tio n  w as a lso  g iven to  
d e lay s  an d  h o ld in g  c o n d it io n s  th a t  th e  
p ro d u c t m ig h t e n c o u n te r  d u rin g  d is tr ib u 
tio n . P rev io u s w o rk  (R e y  e t a l., 1 9 7 0 ) 
w as a im ed  a t s tu d y in g  ch an g es in  m ic ro 
o rg an ism s o n  carcasses su b je c te d  to  e le
v a te d  te m p e ra tu re  fo r  ra p id  aging; th is  
a sp e c t w as a lso  c o n s id e re d  fo r  b e e f  fro z e n  
w ith  liq u id  n itro g e n  in  th e  p re s e n t w o rk .

M A T E R IA L S  & M E T H O D S

B E E F  L O I N S  f r o m  d i f f e r e n t  p r o c e s s i n g  p l a n t s  

w e r e  d i v i d e d  i n t o  t h r e e  w h o l e s a l e  c u t s  i n  t h e  

U n i v e r s i t y  M e a t  L a b o r a t o r y ;  e a c h  c u t  w e i g h e d  

a b o u t  7  l b .  F o r  m e a s u r i n g  t h e  i n i t i a l  q u a l i t y  o f  

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

s e p a r a t e d  a t  r a n d o m ,  c u t  i n t o  s t e a k s  a n d  s t o r e d  

u n d e r  c o n d i t i o n s  s i m i l a r  t o  t h o s e  i n  a  r e t a i l  

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

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

w e r e  v a c u u m  p a c k a g e d  i n  C r y o v a c  b a g s  ( C r y -  

o v a c  D i v . ,  W . R .  G r a c e  a n d  C o . ,  D u n c a n ,  S . C . ) .  

A i r  w a s  r e m o v e d  f r o m  t h e  b a g s  w i t h  a  C r y o v a c  

m a c h i n e  t o  o b t a i n  a  v a c u u m  o f  8 - 1 0  i n .

A  s p r a y  m e t h o d  w a s  u s e d  f o r  f r e e z i n g  w i t h  

l i q u i d  n i t r o g e n  i n  a  H e a t h  f r e e z e r  t u n n e l ,  1 5  f t

Table 1—Bacteriological procedures employed
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 ® G r o w t h  m e d i a P l a t i n g  t e c h n i q u e I n c u b a t i o n C o n f i r m a t o r y  t e s t s

T o t a l  a e r o b e s T r y p t i c a s e  s o y P o u r  p l a t e s 1 5 ° C , 5  d a y s

a g a r  ( B B L ) b

F l u o r e s c e n t M e d i u m  B  o f  K i n g S u r f a c e  p l a t i n g 1 5 ° C , 6  d a y s F l u o r e s c e n c e  u n d e r

Pseudomonas e t  a l . ,  1 9 5 4 U V  l i g h t

E n t e r o c o c c i K F  S t r e p t o c o c c u s P o u r  p l a t e s 3 7 ° C ,  2  d a y s G r o w t h :  4 5 ° C ,  1 0 ° C ,

m e d i u m  ( D i f c o ) c 6 . 5 %  N a C l ,  p H  9 . 6 .

R e d u c t i o n  o f  0 . 1 %

m e t h y l e n e  b l u e

( K e n n e r  e t  a l . ,  1 9 6 0 )

C o l i f o r m s V i o l e t  r e d  b i l e  a g a r P o u r  p l a t e s 3 7 ° C ,  2 4  h r L e v i n e  E M B  a g a r

( D i f c o ) c ( o v e r l a y e d ) ( D i f c o ) c

Clostridium S P S  a g a r  ( A n g e l o t t i A n a e r o b i c  p o u c h e s 3 7 ° C ,  2 4  h r M o t i l i t y  a n d  H 2 S

perfringens e t  a l . ,  1 9 6 2 ) ( B l a d e l  a n d ( A n g e l o t t i  e t  a l . .

G r e e n b e r g ,  1 9 6 5 ) 1 9 6 2 )

Q u a l i t a t i v e

d e t e r m i n a t i o n s 0 E n r i c h m e n t I s o l a t i o n C o n f i r m a t o r y  t e s t s

Salmonella P r o c e d u r e  f o r  m e a t s B G S  a g a r  ( G a l t o n  e t  a l . ,  1 9 6 8 ) T S I  a n d  a g g l u t i n a t i o n

( G a l t o n  e t  a l . ,  1 9 6 8 ) ( G a l t o n  e t  a l . ,  1 9 6 8 )

C o a g u l a s e B r o t h  m e d i u m  o f  W i l s o n S t a p h  1 1 0  m e d i u m  w i t h  e g g  y o l k T u b e  c o a g u l a s e  t e s t

p o s i t i v e e t  a l . ,  1 9 5 9 ( H e r m a n  a n d  M o r e l l i ,  1 9 6 0 )

Staphylococcus

aA swab tech n iq u e  was used for sam pling 10 c m 2 o f  surface. 
b BBL D ivision o f  B ioQ uest, C o ck eysv ille , Md. 
c D ifco  L aboratories, D etro it, M ich.
dA swab tech n iq u e  was used for sam pling 6 0 - 8 0  c m 2 o f  surface.
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Table 2—Experimental design for treatments applied to the meat

W h o l e s a l e  c u t s

T i m e  o f  h o l d i n g

f r o z e n  m e a t P a c k a g e d  s t e a k s

a t  r o o m  t e m p A g i n g  ( R e t a i l  c o n d i t i o n s )

C r y o v a c -  n i t r o g e n 2 ° C  2 2 ° C 5 ° C

C o n d i t i o n s  s i m u l a t e d p a c k a g e d  f r e e z i n g  2  d a y s  3  d a y s 2 1  d a y s  3  d a y s 7  d a y s

F r e s h  c o n t r o l s X

S h o r t  t r i p  w i t h X X  X X

i m m e d i a t e  d i s t r i b u t i o n

S h o r t  t r i p  w i t h X X  X X X

s u b s e q u e n t  h o l d i n g

L o n g  t r i p  w i t h X X  X X

i m m e d i a t e  d i s t r i b u t i o n

L o n g  t r i p  w i t h X X  X X X

s u b s e q u e n t  h o l d i n g

H i g h  t e m p e r a t u r e  a g i n g X X X

L o w  t e m p e r a t u r e  a g i n g X X X

Table 3—Analysis o f variance o f bacteria recovered from steaks

M e a n  s q u a r e s

T o t a l  F l u o r e s c e n t E n t e r -  C o l i - C l o s t r i d i u m

S o u r c e  o f  v a r i a t i o n d . f .  a e r o b e s  P s e u d o m o n a s  c o c c i  f o r m s p e r f r i n g e n s

( A )  T r e a t m e n t s  o f  t h e 8  1 0 5 . 1 2 7 a  1 3 4 . 2 3 3 a 1 1 6 . 5 9 3 a  2 1 6 . 1 6 1 a 3 3 . 8 7 3 a

w h o l e s a l e  c u t s

( B )  S t o r a g e  t i m e  o f  t h e  s t e a k s 4  3 1 0 . 0 0 5 a  3 7 7 . 2 8 3 a 0 . 6 2 7  1 0 8 . 3 9 8 a 2 . 5 7 9 a

u n d e r  r e t a i l  c o n d i t i o n s

( A )  x  ( B ) 3 2  3 . 6 5 8 a  5 . 5 5 4 a 0 . 7 0 7  8 . 4 3 2 a 0 . 8 6 3 a

E r r o r 4 0 5  1 . 0 3 9  2 . 2 4 4 0 . 6 3 9  2 . 4 8 3 0 . 4 4 6

S i g n i f i c a n t  a t  5% l e v e l .

l o n g  ( U n i o n  C a r b i d e  C o r p . ,  C h i c a g o ,  111 .). B e 

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

t o  - 1 7 0 ° C ;  e a c h  f r e e z i n g  c y c l e  c o n s i s t e d  o f  6  

m i n  f o r  p r e c o o l i n g  a n d  s p r a y i n g .  T h e s e  o p e r a 

t i o n s  r e s u l t e d  i n  s h e l l  f r e e z i n g  o f  t h e  l o i n s  s o  

t h a t  a n  i c e  c r u s t  a b o u t  'A i n .  t h i c k  w a s  f o r m e d  

o n  t h e  s u r f a c e .  S t y r o f o a m  b o x e s  ( 2  x  V/i X  2 'A 
f t  a n d  2 Vi i n .  t h i c k ) ,  p r e c o o l e d  w i t h  l i q u i d  n i 

t r o g e n ,  w e r e  u s e d  f o r  s t o r i n g  f r o z e n  l o i n s .

S h o r t  a n d  l o n g  p e r i o d s  o f  a g i n g  w e r e  c o m 

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

t u r e .  S h o r t  a g i n g  i n v o l v e d  h o l d i n g  o f  t h e  b o x e d  

C r y o v a c - p a c k a g e d  l o i n s  i n  a  c h a m b e r  a t  2 2 ° C  

( ±  1 . 5 ° )  f o r  7 2  h r .  L o n g  t i m e  a g i n g  c o n s i s t e d  o f  

s t o r a g e  o f  t h e  s a m p l e s  i n  a  c o o l e r  a t  2 ° C  

( ±  1 . 5 ° )  f o r  2 1  d a y s .

S t e a k s  a p p r o x i m a t e l y  %  i n .  t h i c k  w e r e  c u t  

f r o m  e v e r y  p r i m a l  c u t  i m m e d i a t e l y  a f t e r  a r r i v a l  

o f  t h e  m e a t  f o r  t h e  f r e s h  c o n t r o l s ,  o r  a t  t h e  e n d  

o f  e a c h  o f  t h e  s t o r a g e  t i m e s  f o r  t h e  a g e d  s a m 

p l e s .  T h e  s t e a k s  w e r e  i n d i v i d u a l l y  p l a c e d  i n  

6  X  5Vi i n .  p l a s t i c  t r a y s  a n d  w r a p p e d  w i t h  1 9 5  

M S A D - 8 0  c e l l o p h a n e  ( E .  I .  D u P o n t  d e  N e m o u r s  

a n d  C o . ,  I n c . ,  W i l m i n g t o n ,  D e l . ) .  P a c k a g e s  w e r e  

s t o r e d  i n  a  d i s p l a y  c a s e  a t  5 ° C  ( ±  1 . 5 ° )  u n d e r  

s o f t  w h i t e  f l u o r e s c e n t  l i g h t s  t o  s i m u l a t e  r e t a i l  

h o l d i n g  c o n d i t i o n s  f o r  t h e  m e a t .  S a m p l e s  w e r e  

a n a l y z e d  a t  i n t e r v a l s  t o  d e t e r m i n e  t h e  p r o g r e s s  

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

t i a l  f o o d  p o i s o n i n g  o r g a n i s m s  d u r i n g  s t o r a g e .

P r o c e d u r e s  u s e d  f o r  b a c t e r i o l o g i c a l  a n a l y s e s  

a r e  s u m m a r i z e d  i n  T a b l e  1 .

R e c o r d s  w e r e  k e p t  o f :  ( 1 )  t h e  t e m p e r a t u r e  

o f  t h e  e n v i r o n m e n t  o f  t h e  i n s u l a t e d  b o x e s  i n  

w h i c h  t h e  f r o z e n  w h o l e s a l e  c u t s  w e r e  s t o r e d ;

( 2 )  t h e  i n t e r n a l  t e m p e r a t u r e  o f  t h e  f r o z e n ' s a m 

p l e s ;  a n d  ( 3 )  t h e  a m b i e n t  t e m p e r a t u r e  o f  t h e  

r o o m  w h e r e  t h e  i n s u l a t e d  b o x e s  c o n t a i n i n g  t h e  

f r o z e n  m e a t  w e r e  l o c a t e d  f o r  h o l d i n g .  A n  a u t o 

m a t i c  r e c o r d e r  ( H o n e y w e l l  P o t e n t i o m e t e r ,  F t .  

W a s h i n g t o n ,  P a . )  a n d  p r o p e r l y  c a l i b r a t e d  c o p -  

p e r - c o n s t a n t a n  t h e r m o c o u p l e s  w e r e  u s e d  f o r  

t e m p e r a t u r e  m e a s u r e m e n t s .

T r e a t m e n t s  g i v e n  t o  t h e  m e a t  w e r e  d e s i g n e d

t o  s t u d y  e f f e c t s  t h a t  v a r i o u s  c o n d i t i o n s  o f  h a n 

d l i n g  o f  t h e  w h o l e s a l e  c u t s  w o u l d  h a v e  o n  t h e  

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

t h e  c o n s u m e r .  A  s u m m a r y  o f  t h e  t r e a t m e n t s  i s  

p r e s e n t e d  i n  T a b l e  2 .

A n a l y s i s  o f  v a r i a n c e  d e s c r i b e d  b y  S n e d e c o r  

( 1 9 6 5 )  w a s  p e r f o r m e d  f o r  a l l  d e t e r m i n a t i o n s .  A  

m o d i f i c a t i o n  o f  t h e  t e s t  o f  T u c k e y  g i v e n  b y  

S n e d e c o r  ( 1 9 6 5 )  f o r  a l l  c o m p a r i s o n s  a m o n g  

m e a n s  w a s  a p p l i e d  t o  a l l  q u a l i t a t i v e  d e t e r m i n a 

t i o n s .  T h e  f r e q u e n c y  o f  o c c u r r e n c e  o f  c o a g u l a s e  

p o s i t i v e  Staphylococcus w a s  e v a l u a t e d  b y  a  

C h i - s q u a r e  t e s t .

R E S U L T S  &  D IS C U S S IO N

F IG U R E  1 sh o w s th a t  th e  m in im u m  
te m p e ra tu re  o b se rv ed  a t th e  c e n te r  o f  th e  
lo in s  w as — 2 2 .5 °C , re c o rd e d  3 h r  a f te r  
shell freez in g . A f te r  th a t  t im e , th e  te m 
p e ra tu re  o f  th e  lo in s  in c re a se d  fa irly  
ra p id ly  an d  th e n  g ra d u a lly , m a in ta in in g  
an  a lm o s t c o n s ta n t d if fe re n c e  w ith  th e  
te m p e ra tu re  o f  th e  b o x  a tm o sp h e re . T h e  
n o rm a l te m p e ra tu re  v a r ia tio n s  in  th e  s to r 
age ro o m  d id  n o t seem  to  in f lu e n c e  th e  
te m p e ra tu re  o f  e n v iro n m e n t o f  th e  b o x e s  
o r  o f  th e  m e a t. W ith  s to ra g e  in  in su la te d  
b o x es , th e  m e a t te m p e ra tu re  w as m a in 
ta in e d  b e lo w  5°C  fo r  7 2  hr.

A n a n a ly s is  o f  v a ria n c e  (T a b le  3 ) 
in d ic a te d  th a t  th e  t r e a tm e n ts  a p p lie d  to  
th e  lo in s  h ad  a s ig n ific a n t e f fe c t o n  th e  
c o n ta m in a t io n  o f  s teak s  su b s e q u e n tly  c u t 
fro m  th e  lo ins. T ests  fo r  c o m p a r iso n s  
a m o n g  m ean s  d e m o n s tra te d  th a t  th e  d if 
fe ren ces  o b se rv ed  in  in itia l c o n ta m in a t io n  
o f  s teak s  in c rea sed  w ith  in c reases  in  tim e  
invo lved  in  th e  tr e a tm e n ts .  A ll freez in g  
an d  h o ld in g  t r e a tm e n ts  fo r  lo in s  p ro 
d u ced  g re a te r  in itia l lo ad s o n  s te a k s  th a n  
d id  fresh ly  c u t lo ins.

A reg ressio n  line  re la tin g  tr e a tm e n ts  o f  
lo in s  to  su b se q u e n t in itia l lo a d s  o n  s teak s  
a t th e  tim e  th e y  w ere  c u t fro m  th e  lo in s, 
an d  th e ir  k eep in g  tim e  is sh o w n  in  F ig u re
2. T h is  aga in  p o in ts  o u t  th a t ,  in  g en era l, 
th e  lo n g e r th e  t im e  in vo lved  in  tr e a tm e n t,

Fig. 1—Changes in temperature o f environment and shell-frozen loins 
during storage in insulated boxes.
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LOG NO, TOTAL AEROBES PER cm2 ON STEAKS AT 

BEGINNING OF STORAGE AT 5° C,

Fig. 2—Relation of treatment of loins to initial contamination and 
keeping time of steaks during storage at 5° C.

th e  g re a te r  th e  in itia l b a c te r ia l lo a d s  o n  
s teak s an d  th e  m o re  ra p id ly  th e  m e a t 
b ecam e sp o iled . L o w es t n u m b e rs  o f  to ta l  
a e ro b es  p re se n t in itia lly  o n  s te a k s  c o rre 
sp o n d e d  to  fresh  lo ins. E ffe c ts  o f  freez in g  
and  h o ld in g  a p p e a re d  to  be a d d itiv e . T h e  
in f lu e n c e  o f  aging o f  lo in s  a t 2 °C  fo r  21 
d ay s ca rr ied  ov er to  th e  s te a k s  d u rin g  
la te r  s to rag e  a t  5°C . A ging o f  f ro z e n  lo in s  
re su lte d  in  s h o r te r  k e e p in g  tim e  fo r  re ta il 
c u ts  th a n  o b ta in e d  w h e n  th e  f ro z e n  lo in s 
w ere  n o t aged.

G ro w th  cu rv es fo r  v a rio u s  ty p e s  o f  
b a c te ria  o n  s teak s  fro m  fre sh  lo in s , lo in s  
fro z e n  w ith  liq u id  n itro g e n  an d  h e ld  fo r  2 
o r  3 d ay s, a n d  lo in s aged a t e lev a ted  
te m p e ra tu re  a re  sh o w n  in  F ig u re  3. T h e  
an a ly s is  o f  v a rian ce  in d ic a te d  th a t  th e se  
tr e a tm e n ts  p ro d u c e d  s ig n ific a n t d if fe r 

en ces in  n u m b e rs  o f  f lu o re sc e n t Pseudo
monas, c o lifo rm s , e n te ro c o c c i an d  Clos
tridium perfringens, re co v e red  fro m  
s teak s  d u rin g  su b se q u e n t s to ra g e  a t 5°C . 
A ging o f  lo in s a t 2 2 ° C re su lte d  in  g re a te s t 
n u m b e rs  o f  all ty p e s  o f  b a c te r ia  o n  th e  
s teak s. T h is t r e a tm e n t  also  p ro d u c e d  
so m e w h a t g re a te r  in itia l lo ad s  o f  c o li
fo rm s  th a n  f lu o re sc e n t Pseudomonas on  
s teak s , b u t  th e  la t te r  ty p e  o f  o rg an ism s 
fo rm e d  a g re a te r  p ro p o r t io n  o f  th e  a e ro 
b ic  f lo ra  d u rin g  la te r  s to rag e . R egard less 
o f  t r e a tm e n t o f  th e  lo in s , c o u n ts  o f  
f lu o re sc in g  o rg an ism s in c re a se d , m o re  
c lo se ly  a p p ro x im a tin g  th o s e  o f  to ta l  ae r
o b es  th a n  d id  th e  o th e r  ty p e s . C o lifo rm s 
w ere  n o t  a lw ay s d e te c te d  o n  fre sh  m e a t, 
an d  e n te ro c o c c i w ere  reco v e red  even less 
f re q u e n tly . D u rin g  s to ra g e  o f  s te a k s  fro m

aged lo in s , levels o f  e n te ro c o c c i w ere  
q u ite  c o n s ta n t. C o u n ts  fo r  C. perfringens, 
sim ila r to  th o s e  fo r  e n te ro c o c c i, in d ic a te d  
th a t  ag ing  o f  w h o le sa le  c u ts  a t 2 2 °C  fo r  3 
days p ro m o te d  m u ltip lic a tio n  o f  th e  o r
gan ism . H o w ev er, s to ra g e  o f  th e  s te a k s  a t 
5 °C  s ig n ific a n tly  re d u c e d  th e  n u m b e rs  o f  
C. perfringens d u rin g  th e  7 -d ay  p e rio d . C. 
perfringens a n d  e n te ro c o c c i w ere  p re se n t 
in  su ch  low  n u m b e rs  o n  fre sh  o r  fro z e n  
u n ag ed  b e e f  th a t  th e y  are  n o t sh o w n  
h ere .

Salmonellae w ere  re c o v e re d  fro m  o n ly  
14 o f  4 7 0  s te a k  sam p les, w ith  a n  in c i
d en ce  o f  a b o u t 3% . S am p les y ie ld in g  
Salmonellae m o s t f r e q u e n tly  d u rin g  h o ld 
ing a t 5 °C  c o rre sp o n d e d  to  th e  se ts  o f  
f re sh  s te a k s  w ith  th e  h ig h e s t in c id e n c e  o f  
e n te ro c o c c i an d  c o lifo rm s  as in itia l c o n 
ta m in a n ts . H o w ev er, n o  Salmonellae w ere  
reco v e red  fro m  s te a k s  p re p a re d  fro m  
fre sh  b e e f  lo in s. In c id e n c e  o f  th e  p o te n 
tia l p a th o g e n  w as in f lu e n c e d  m o re  by  
d eg ree  o f  c o n ta m in a t io n  o f  th e  lo in s th a n  
b y  su b s e q u e n t t r e a tm e n ts  given to  th e  
lo ins. T h e re  w as m o re  d if fe re n c e  in  reco v 
eries o f  Salmonellae b e tw e e n  d if fe re n t 
lo ts  o f  lo in s  th a n  b e tw e e n  tr e a tm e n ts  
w ith in  th e  lo ts.

As m a y  b e  e x p e c te d , co ag u la se  p o s
itiv e  s ta p h y lo c o c c i w ere  reco v e red  fro m  
s teak s  m o re  f re q u e n tly  th a n  Salmonellae 
w ere. In c id e n c e  o f  s ta p h y lo c o c c i ran g ed  
fro m  a b o u t 60%  fo r  s te a k s  fro m  lo in s 
h e ld  a t h ig h  te m p e ra tu re  fo r  a sh o r t  tim e  
to  a b o u t 5%  fro m  s te a k s  p re p a re d  fro m  
lo in s  k e p t a t  2 °C  fo r  21 d ays. F o r  
tr e a tm e n ts  in v o lv ing  lo w  te m p e ra tu re ,  in 
c lu d in g  liq u id  n itro g e n  freez in g , s ta p h y lo 
co cc i w ere  re c o v e re d  m o s t f r e q u e n tly  
fro m  s teak s  p re p a re d  fro m  lo in s  h e ld  fo r  
th e  s h o r te s t  tim e . D u rin g  s to ra g e  o f  th e  
re ta il c u ts  a t 5 °C , in c id e n c e  o f  s ta p h y lo 
c o c c i also  d e c re a se d , as th e  s to ra g e  p e rio d  
p ro g ressed . D iffe ren ces  w ere  s ig n ific a n t as 
n o te d  in  T ab le  4.

F ro m  th e  re su lts  p re s e n te d  h e re , th e  
f o l l o w i n g  c o n c lu s io n s  w ere  m ad e :
(1 ) S h ell fre e z in g  w ith  liq u id  n itro g e n  
m ay  b e  used  to  a d v a n ta g e  w ith o u t  u n d u e  
h e a lth  h a z a rd  fo r  t r a n s p o r ta t io n  o r  h o ld -

b

Fig. 3—Effect of treatment of loins on growth o f various bacteria on 
steaks stored at 5° C.

Table 4—Tests for significance of occurrence of coagulase positive 
staphylococci on steaks

V a r i a b l e s  t e s t e d d . f . C h i - s q u a r e
L e v e l  o f  

s i g n i f i c a n c e  ( % )

T r e a t m e n t  o f  l o i n s 6 8 2 . 3 8 9 0 . 5

S t o r a g e  o f  s t e a k s  a t  5 ° C  f o r  7  d a y s  

L o i n s  a f t e r  f r e e z i n g  a n d  h o l d i n g  

a t  r o o m  t e m p  f o r  2  o r  3  d a y s

4 1 5 . 2 0 3 0 . 5

v s .  f r e s h  l o i n s 1 4 . 7 5 9 5 . 0

v s .  a g e d 3  l o i n s 1 2 7 . 3 1 0 0 . 5

F r e s h  v s .  a g e d 3  l o i n s 1 9 . 4 5 2 0 . 5

A g i n g  a t  2 ° C  f o r  2 1  d a y s  

v s .  a g i n g  a t  2 2 ° C  f o r  3  d a y s

1 3 6 . 9 6 6 0 . 5

aL ow -tem perature-lon g tim e aging ( 2 ° C  for  2 1  d a y s ) .
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ing o f  w h o le sa le  b e e f  c u ts  fo r  1—3 d ay s 
w ith  no  fu r th e r  re f r ig e ra tio n , b u t w ith  
in su la te d  p ack ag in g , w h en  e n v iro n m e n ta l 
te m p e ra tu re s  a re  n o t excessive ly  h igh ;
(2 )  P ro lo n g ed  ag ing  o f  fre sh  w h o lesa le  
c u ts  a t 2 °C  fo r  21 d ay s  d o es  n o t  in crease  
p ro b a b ili tie s  o f  o c c u rre n c e  o f  Salmonel
lae, C. perfringens, o r  co ag u lase  p o sitiv e  
s ta p h y lo c o c c i o n  th e  su b s e q u e n tly  p re 
p a re d  re ta il c u ts  b u t  d o es p ro p o r tio n a te ly  
d e c rea se  th e ir  sh e lf  life  b ecau se  o f  devel
o p m e n t o f  spo ilage ty p e s  o f  p sy c h ro p h ilic  
b a c te r ia ;  (3 )  A ging o f  w h o lesa le  c u ts  a t 
2 2 °C  fo r  3 d ay s p ro m o te s  g ro w th  o f  C. 
perfringens an d  in c reases  th e  p ro b a b ili ty  
o f  in c id e n c e  o f  co ag u la se  p o sitiv e  s ta p h 
y lo c o c c i o n  th e  re ta il cu ts . It a lso  re su lts  
in  re ta il  c u ts  w ith  a h ig h  in itia l c o n ta m 
in a tio n , th u s  a c c e le ra tin g  sp o ilag e ; and
(4 ) N e ith e r  aging a t 2 2 °C  fo r  3 d a y s  n o r 
aging a t 2 °C  fo r  21 d ay s p ro v id es  d es ir
ab le  k eep in g  q u a li ty  fo r  sh e ll-f ro zen  m e a t 
w h ich  is k e p t in  in su la te d  c o n ta in e rs  fo r  2 
o r  3 d ay s , s im ila r to  c o n d it io n s  d e sc rib ed . 
L iq u id  n itro g e n  freez in g  o f  b e e f  lo in s 
s u b s e q u e n tly  h e ld  in  in su la te d  c o n ta in e rs  
a t ro o m  te m p e ra tu re  fo r  2 o r 3 d ay s  does 
n o t  re ta rd  spo ilag e  o f  re ta il c u ts  if  th e  
lo in s  a re  aged fo r  a lo n g  p e rio d  (21 d ay s) 
b e fo re  c u ttin g .

S tu d ie s  a re  c o n tin u in g  o n  th e  e ffe c ts  
o f  f lu c tu a tin g  te m p e ra tu re s , su ch  as

m ig h t be e n c o u n te re d  d u rin g  d iu rn a l v a r
ia tio n s  in  t r a n s p o r t  a n d  h o ld in g  o f  m e a ts  
shell f ro z e n  w ith  liq u id  n itro g e n .
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COMPARISON OF T EX T U R E  OF CARRO TS FROZEN BY A IR BLA ST, 
FOOD FREEZANT-12 AND NITROGEN VAPOR

SUMMARY-Carrot sticks were frozen by immersion in Food Freezant-12, in vapor from liquid 
nitrogen, in a fluidized bed tunnel and on trays. Those frozen in Food Freezant-12 were the 
firmest and most crisp. Texture was related to time needed to freeze the carrots. Either a punc
ture-testing device or shear press can be used to test for firmness.

IN T R O D U C T IO N

R E C E N T  IN N O V A T IO N S  have re su lte d  
in m o re  rap id  fre e z in g  o f  fo o d s , a lo n g  
w ith  im p ro v e m e n t in  th e ir  te x tu re .  T h e  
e ffe c t o f  rap id  freez in g  o f  g reen  b e a n s  on  
te x tu re  has b een  d e m o n s tra te d  b y  W ol
fo rd  a n d  B row n  (1 9 6 5 ) . T h e y  sh o w ed  
th a t  ra p id  freez in g  in  liq u id  n itro g e n  
re su lte d  in  less tissu e  dam ag e an d  c o n se 
q u e n tly  b e t te r  te x tu re  th a n  fo u n d  in 
c o n v e n tio n a lly  fro z e n  b ean s . B row n
(1 9 6 7 )  sh o w e d  tissu e  d am ag e  d u rin g  
freez in g  was re la te d  to  sp eed  o f  freez in g . 
W hen th e  ra te  w as ch an g ed  d u rin g  fre e z 
ing, th e  p a r t f ro z e n  m o s t s lo w ly  sh o w ed  
th e  m o s t tissu e  dam ag e .

In  e x p lo ra to ry  e x p e r im e n ts  o n  f re e z 
ing  v eg e tab les  b y  im m e rs io n  in  liq u id  
n itro g e n  o r  in  F o o d  F reezan t-1  2 (d ic h lo ro - 
d if lu o ro m e th a n e , o r  F -1 2 ), w e o b se rv ed  
th a t  c a r ro t  s tick s  fro z e n  b y  im m e rs io n  in  
e ith e r  m e d iu m  re ta in e d  m u c h  firm er, 
c risp e r te x tu re  a n d , a f te r  th a w in g , w ere  
su ita b le  as a sn ack  ite m  to  b e  e a te n  o u t  o f 
h an d .

T h e  w o rk  re p o r te d  h e re  c o m p a re s  c a r
ro t  s tick s  f ro z e n  by  im m e rs io n  in  F -1 2  o r 
by  e x p o su re  to  v a p o riz e d  liq u id  n itro g e n  
as in  a co m m e rc ia l liq u id  n itro g e n  freeze r 
w ith  th o se  fro z e n  b y  a irb la s t o n  a tra y  
w ith  — 1 6 ° F  a ir b lo w in g  o v er th e  p ro d u c t 
o r  in  a f lu id iz e d  b ed  tu n n e l  a t  - 3 2 ° F .

E X P E R IM E N T A L

F R E S H L Y  H A R V E S T E D  R o y a l  C h a t e n a y  v a r i 

e t y  c a r r o t s  o f  2 -  t o  3 - i n .  d i a m e t e r  w e r e  w a s h e d ,  

p e e l e d  a n d  c u t  i n t o  4 - i n .  s e c t i o n s .  T h e  s e c t i o n s  

w e r e  c u t  i n t o  4 - i n .  j u l i e n n e  s t r i p s  o f  3 / 8 - i n . -  

s q u a r e  c r o s s  s e c t i o n .  M o s t  o f  t h e  c a r r o t s  w e r e  

s t e a m  b l a n c h e d  a t  2 0 5 °  F  f o r  2 . 5  m i n .  R a w ,  u n 

b l a n c h e d  c a r r o t s  a l s o  w e r e  f r o z e n .

T h e  f r e e z i n g  m e t h o d s  u s e d  w e r e :  1 )  T r a y  

f r e e z i n g  ( T F ) ,  i n  w h i c h  t h e  c a r r o t  s t i c k s  w e r e  

s p r e a d  i n  a  s i n g l e  l a y e r  o n  a  w i r e - m e s h  t r a y  p u t  

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

- 1 0  t o  - 1 6 °  F  w i t h  a i r  v e l o c i t y  a t  8 4 0  f t / m i n .  2 )  

I n d i v i d u a l  q u i c k  f r e e z i n g  ( I Q F ) ,  i n  w h i c h  t h e  

c a r r o t s  m o v e d  o n  a  w i r e - m e s h  b e l t  t h r o u g h  a  

t u n n e l  i n  w h i c h  r e f r i g e r a t e d  a i r  a t  - 2 0  t o  - 3 0 °  F  

w a s  f o r c e d  u p w a r d  t h r o u g h  t h e  p r o d u c t  a t  a  

r a t e  t h a t  k e p t  t h e  p r o d u c t  i n  a  f l u i d i z e d  c o n d i 

t i o n .  A i r  v e l o c i t y  i n  t h e  t u n n e l  w a s  m e a s u r e d  a t

1 , 6 0 0  l i n e a l  f e e t  p e r  m i n u t e .  T h e  m e a s u r e m e n t  

w a s  m a d e  w i t h  n o  l o a d  i n  t h e  t u n n e l .  H o w e v e r ,

t h e  e n g i n e e r  w h o  d e s i g n e d  t h e  t u n n e l  e s t i m a t e d  

8 0 0  f t / m i n  v e l o c i t y  w i t h  t h e  b e l t  l o a d e d .  3 )  

N i t r o g e n  v a p o r  ( N 2 ) ,  i n  w h i c h  t r a y l o a d s  o f  c a r 

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

l i q u i d  n i t r o g e n  w a s  v a p o r i z e d .  T h e  c h a m b e r  

w a s  d e s i g n e d  t o  s i m u l a t e  t h e  t u n n e l s  i n  w h i c h  

f r e e z i n g  w i t h  v a p o r i z e d  l i q u i d  n i t r o g e n  i s  d o n e  

c o m m e r c i a l l y .  T h e  s t a r t i n g  t e m p e r a t u r e  i n  t h e  

f r e e z i n g  c h a m b e r  w a s  - 3 0 ° F  a n d  d r o p p e d  t o  

- 1 3 0 ° F  d u r i n g  t h e  f r e e z i n g  p r o c e s s .  I t  w a s  n o t  

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

c h a m b e r  a t  t h e  t i m e  w e  h a d  u s e  o f  i t .  H o w e v e r ,  

t h e  l e n d e r  o f  t h e  e q u i p m e n t  e s t i m a t e d  g a s  

m o v e m e n t  r o u g h l y  e q u a l  t o  a  1 5 - m i l e - p e r - h o u r  

w i n d .  4 )  F - 1 2  f r e e z i n g ,  a c c o m p l i s h e d  b y  l o w 

e r i n g  t h e  c a r r o t s  i n  a  c l o s e d  b a s k e t  i n t o  l i q u i d  

F o o d  F r e e z a n t - 1 2  a t  - 2 2 °  F .  W h e n  t h e  f r e e z a n t  

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

i n g  a c t i o n  t o o k  p l a c e .  2 . 5  l b  o f  F - 1 2  w e r e  

b o i l e d  o f f  f o r  e v e r y  p o u n d  o f  f o o d  f r o z e n .  

T h e  h e a t  r e m o v e d  f r o m  t h e  p r o d u c t  p r o v i d e d  

o n l y  h e a t  o f  F - 1 2  v a p o r i z a t i o n ,  a n d  t h e  t e m 

p e r a t u r e  s t a y e d  a t  t h e  F - 1 2  b o i l i n g  p o i n t .

W h e n  N 2 a n d  F - 1 2  l o t s  w e r e  f r o z e n ,  t h e  

c e n t e r  t e m p e r a t u r e  o f  a  c a r r o t  s t i c k  i n  t h e  

b a t c h  w a s  f o l l o w e d  b y  m e a n s  o f  a  t h e r m o c o u 

p l e  i n s e r t e d  i n t o  t h e  c e n t e r  o f  t h e  c a r r o t  s t i c k .  

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

c a l i b r a t e d  t o  r e a d  t e m p e r a t u r e s  i n  d e g r e e s  F a h r 

e n h e i t .  W h e n  t h e  t e m p e r a t u r e  a p p r o a c h e d  0 ° F ,  

t h e  b a s k e t  w a s  r e m o v e d  f r o m  t h e  f r e e z a n t .  T e s t  

r u n s  w e r e  m a d e  u s i n g  t h e  t h e r m o c o u p l e  i n  c a r 

r o t s  a s  t h e y  w e r e  f r o z e n  b y  T F  o r  I Q F  t o  d e t e r 

m i n e  t h e  s p e e d  o f  t r a v e l  o f  t h e  f l u i d i z e d  b e d  

b e l t  f o r  I Q F  a n d  t h e  m i n i m u m  t i m e  o f  r e t e n 

t i o n  u n d e r  t h e  b l o w e r  f o r  l o w e r i n g  t h e  t e m p e r a 

t u r e  o f  T F  c a r r o t s  t o  0 ° F .

T h e  f r o z e n  c a r r o t s  w e r e  s e a l e d  i n  l a m i n a t e d  

a l u m i n u m - c l a d  b a g s  a n d  s t o r e d  a t  - 1 0 ° F .  W h e n  

t h a w i n g  f o r  t e x t u r a l  m e a s u r e m e n t s ,  t h e  p a c k 

a g e s  o f  f r o z e n  c a r r o t s  w e r e  i m m e r s e d  i n  w a r m  

r u n n i n g  w a t e r  a t  1 0 0 - 1 1 0 ° F  u n t i l  t h a w e d .  

T h a w i n g  w a s  a c c o m p l i s h e d  i n  1 h r .  W h e n  t h a w 

i n g  f o r  d r i p  t e s t i n g ,  f r o z e n  c a r r o t s  w e r e  w e i g h e d  

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

t h a w i n g  w o u l d  b e  c a u g h t  i n  g r a d u a t e d  c y l i n d e r s  

f o r  m e a s u r e m e n t .  T e s t i n g  o f  f r o z e n  c a r r o t s  w a s  

d o n e  a f t e r  3 - 6  m o n t h s  o f  1 0 ° F  s t o r a g e .

Characteristics of thawed carrots
F l e x i b i l i t y  o f  t h a w e d  c a r r o t s  w a s  d e t e r 

m i n e d  b y  h o l d i n g  a  c a r r o t  s t i c k  b y  o n e  e n d  t o  

s e e  i f  i t  r e m a i n e d  e r e c t ,  o r  b y  b e n d i n g  t h e  s t i c k  

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

C o i l i n g  is  t h e  t e r m  w e  u s e d  t o  d e n o t e  t h a t  t h e  

c a r r o t  s t i c k  c o u l d  b e  b e n t  t h r o u g h  3 6 0  d e g r e e s  

o r  m o r e  w i t h o u t  b r e a k i n g .

L o s s  o f  f l u i d  f r o m  t h a w e d  c a r r o t s  w a s  d e t e r 

m i n e d  b y  a l l o w i n g  l O O g  o f  c a r r o t s  t o  t h a w  i n  a

f u n n e l  d r a i n i n g  i n t o  a  g r a d u a t e d  c y l i n d e r .  T h e  

d r i p p i n g s  w e r e  c a u g h t  a n d  m e a s u r e d .  T h e  c a r r o t  

p i e c e s  w e r e  a l s o  c o i l e d  s o  t h a t  a n y  l i q u i d  

s q u e e z e d  f r o m  t h e m  i n  t h e  p r o c e s s  w o u l d  b e  

c o l l e c t e d  i n  a  g r a d u a t e d  c y l i n d e r  f o r  m e a s u r e 

m e n t .

Puncture resistance
A  B a l l a u f  P u n c t u r e  T e s t e r  e q u i p p e d  w i t h  a  

0 . 3 1  l - i n . - d i a m e t e r  p l u n g e r  w a s  u s e d  t o  t e s t  

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

p l a c e d  i n  a  b l o c k  c o n t a i n i n g  a  g r o o v e  s l i g h t l y  

l a r g e r  i n  c r o s s  s e c t i o n  t h a n  t h a t  o f  t h e  c a r r o t  

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

u n t i l  t h e  t i s s u e  w a s  r u p t u r e d  a n d  t h e  p l u n g e r  

s n a p p e d  t h r o u g h  t h e  c a r r o t  s t i c k .  T h e  p u n c t u r 

i n g  p r e s s u r e  w a s  r e a d  o n  f i v e  p u n c t u r e s  i n  e a c h  

o f  2 0  c a r r o t  s t i c k s  p e r  s a m p l e ,  w i t h  s a m p l i n g  a s  

a v a i l a b l e  m a t e r i a l  p e r m i t t e d .

Shear values
S h e a r  v a l u e s  w e r e  d e t e r m i n e d  b y  u s i n g  s i x  

c a r r o t  s t i c k s  a r r a n g e d  a t  r i g h t  a n g l e s  t o  t h e  d i 

r e c t i o n  o f  t h e  s l o t s  i n  t h e  s t a n d a r d  c e l l  o f  t h e

L . E . E . - K r a m e r  S h e a r  P r e s s .  T r i p l i c a t e  r e a d i n g s  

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

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

T h e  1 , 0 0 0 - l b  s c a l e  w i t h  3 , 0 0 0 - l b  r i n g  w a s  u s e d  

f o r  t h a w e d  c a r r o t s .

R E S U L T S

F reez in g  tim es
T h e  tim e  re q u ire d  fo r  th e  c a r ro t s tick s  

to  re a c h  z e ro  c e n te r  te m p e ra tu re  varied  
fro m  1 m in  in  F -1 2  e x p e rim e n ts  to  a b o u t 
12 m in  w h en  tra y  freez in g  w as u sed  (F ig .
1). T h e  f lu id iz e d  bed  freez in g  w as ac 
co m p lish e d  in  6 m in . T h e  te m p e ra tu re  in  
N2 v a p o r- fro z e n  c a rro ts  w as lo w ered  to  
+ 9 ° F  in  6 .5  m in , w ith  th e  te m p e ra tu re  
fa llin g  ra p id ly  a t  th a t  t im e . C e n te r  te m 
p e ra tu re  read in g s  d u rin g  freez in g  a re  p re 
se n te d  in  F ig u re  1.

T h a w e d  c a r ro t  c h a ra c te r is tic s
F ig u re  2 show s th a w e d  F -1 2  a n d  IQ F  

c a rro t s tick s . T h e  fo rm e r  re ta in e d  e n o u g h  
r ig id ity  to  s ta n d  u p r ig h t w ith  v e ry  l i t t le  
b en d in g , w h ile  th e  a irb la s t-f ro z e n  c a r ro t 
sagged. T h is illu s tra te s  th a t  c o r re s p o n d 
ing ly  l i t t le  s t ru c tu r a l  dam ag e w as d o n e  to  
th e  tissu e  ra p id ly  fro z e n  in  F -1 2 , w h ereas 
c o n s id e rab le  ch an g e  o c c u rre d  in  th e  ca r
ro t s tick s  f ro z e n  in  a p e r io d  six  tim es  as 
long  as th a t  re q u ire d  to  freeze  in  F - l 2.

F -1 2 -fro z e n  c a r ro t s t ic k s , a f te r  th a w 
ing, c o u ld  n o t  be b e n t d o u b le  w ith o u t 
b reak in g . M ore s lo w ly  fro z e n  sam p les 
c o u ld , a f te r  th a w in g , be tw is te d  th ro u g h  
3 6 0  deg rees o r  m o re  w ith o u t b re a k in g  
(F ig . 3).

A n o th e r  in d ic a tio n  th a t  less tissu e
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TIME IN MINUTES
Fig. 1—Center temperature o f carrot sticks during freezing operation.

Fig. 2—Thawed carrot sticks showing loss o f rigidity in air-blast-frozen 
and retention o f rigidity in F-12-frozen carrots.

d am ag e  w as d o n e  b y  freez in g  in  1 m in  
th a n  in  6 m in  w as th e  a m o u n t o f  liq u id  
lo s t d u rin g  th a w in g  an d  b e n d in g  o r  c o il
ing  th e  th a w e d  c a rro ts . W hen b la n c h e d  
c a rro ts  w ere  te s te d , a d rip  loss o f  1—2% 
d u rin g  th aw in g  w as fo u n d , reg ard less  o f  
freez in g  m e th o d s . H o w ev er, w h en  b e n t o r 
c o iled , c o n s id e ra b le  d if fe re n c e  w as re 
c o rd e d  (F ig . 4 ) . L iq u id  loss d u rin g  b e n d 
ing o f  F -1 2 -fro z e n  s tick s  w as in  th e  o rd e r  
o f  1%. W ith  all o th e r  freez in g  tr e a tm e n ts ,  
m an y  tim es  th is  a m o u n t o f  liq u id  w as lo st 
d u rin g  b e n d in g  o r  co ilin g  th e  th a w e d  
stick s. F -1 2 -fro z e n  u n b la n c h e d  c a rro ts  
b eh av ed  m u c h  d if fe re n tly  d u rin g  th aw in g  
th a n  d id  an y  o f  th e  b la n c h e d  sam p les. As 
t h e  u n b l a n c h e d  F -1 2 -fro zen  s tick s  
th a w e d , d ro p s  o f  liq u id  o o z e d  fro m  th e  
c a rro ts . R o u g h ly  te n  tim es th e  a m o u n t o f  
d rip  loss cam e fro m  u n b la n c h e d  th a n  
fro m  th e  b la n c h e d  F -1 2 sam p les. T he

u n b la n c h e d  F -1 2 -fro z e n  c a r ro ts  m a in 
ta in e d  th e ir  r ig id ity , h o w ev e r, a n d  b e n d 
ing  th e m  u n ti l  th e y  sn a p p e d  p ro d u c e d  
v e ry  l i t t le  m o re  f lu id  loss. A su rface  
b leed in g  was n o te d  w h en  u n b la n c h e d  
tra y -fro z e n  c a r ro ts  w ere  th a w e d . T h e  d rip  
loss w as g re a te r  fo r  th is  t r e a tm e n t th a n  
fo r b la n c h e d  tra y -fro z e n  c a rro ts . U n 
b la n c h e d  tra y -f ro z e n  c a rro ts  lo s t m o re  
f lu id  w h en  co iled  ( th e y  d id  n o t  b reak  
w h en  b e n t d o u b le )  th a n  d id  th e  u n 
b lan ch e d  F -1 2 -fro z e n  c a rro ts , w h ich  
b ro k e  b e fo re  b e in g  b e n t d o u b le . L ack  o f 
tu rg id i ty  a n d  f lu id  loss fro m  th e  m o re  
s lo w ly  fro z e n  c a r ro t s tick s  in d ic a te  g re a t
er tissu e  d am ag e  d u rin g  freez in g  th a n  
o c c u rre d  in  F-1 2 -fro zen  c a rro ts .

T e x tu ra l m e a su re m e n ts
T h e  q u a n ti ta t iv e  m e a su re m e n t o f  t e x 

tu ra l p ro p e r tie s  as d e te rm in e d  b y  sh ea r

press o r  p u n c tu r e  te s t sh o w e d  h ig h es t 
read in g s in  F-1 2 -fro zen  c a rro ts . P u n c tu re  
values o f  c a r ro t s t ic k s  f ro z e n  b y  th e  
v a rio u s tr e a tm e n ts  a re  sh-own in T ab le  1. 
T h e  d a ta  p re s e n te d  in  T ab le  1 sh o w  th e  
m ean  an d  s ta n d a rd  e r ro r  o f  th e  m e a n  o f  
p u n c tu re  values o f  4 0 —80 c a rro t s tick s , 
o r  o f  2 0 0 - 4 0 0  p u n c tu re  read in g s  p e r 
freez in g  tr e a tm e n t.  W hen  a n a ly z e d  by  
T u k e y ’s p ro c e d u re  fo r  m u ltip le  c o m p a r 
ison  (1 9 5 3 ) ,  all p o ss ib le  c o m p a r iso n s  
w ere  s ig n ific a n tly  d if fe re n t a t th e  0.01 
level.

S h ear p ress d a ta  fo r  th e  sam e lo ts  o f 
c a r ro t s tick s  as w ere  te s te d  fo r  th e  p u n c 
tu re  te s ts  su m m a riz e d  in  T ab le  1 a re  
p re se n te d  in  T ab le  2. T h ese  d a ta  re p re 
se n t m ean s  an d  m ean  s ta n d a rd  o f  e rro r  
fo r  a t  leas t n in e  sh ea r p ress d e te rm in a 
tio n s  o f  each  tr e a tm e n t ,  w ith  th e  e x c e p 
tio n  o f  th e  b la n c h e d  T F  sa m p le , fo r

Fig. 3-Coiling o f carrot sticks. F-12-frozen carrots broke when bent 
double; air-blast-frozen sticks could be coiled without breaking.

10 F BLANCHED 

TF BLANCHED 
TF RAW

N2 BLANCHED

"TW IST” LOSS 
J__________ I__________L

300 5 10 15 20 25

FLUID LOSS mg/100 g
Fig. 4—Fluid loss from carrots during thawing and twisting or coiling.
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w h ich  su f f ic ie n t T F  c a r ro t s tick s  w ere 
ava ilab le  fo r  o n ly  fo u r  read in g s. S ig n ifi
c a n t d iffe ren ces  (0 .0 5  level) w ere  fo u n d  
b e tw e e n  th e  F -1 2  an d  IQ F , a n d  b e tw e e n  
1QF an d  N 2 F (0 .01  leve l), b u t  n o t  b e 
tw e e n  N2 F  a n d  T F  va lues w h en  th e  fo u r  
freez in g  tr e a tm e n ts  o f  b la n c h e d  c a rro ts  
w ere  te s te d . S h ear v a lues o f  u n b la n c h e d  
c a r ro t s tick s  w ere  s ig n ific a n tly  d if fe re n t 
a t th e  .01 level f ro m  th e ir  b la n c h e d  
c o u n te rp a r ts . T u k e y ’s p ro c e d u re  w as also  
used  in  c o m p a r in g  sh e a r d a ta .

W hen ta s tin g  th a w e d  s tic k s , th e  c r isp 
ness o f  th e  F -1 2 -fro z e n  sam p les m ad e  
th e m  th e  p re d o m in a n tly  fav o red  ones. 
B lan ch ed  F -1 2 -fro z e n  c a r ro t s t ic k s  w ere  
p re fe rre d  to  u n b la n c h e d , ev en  th o u g h  th e  
u n b la n c h e d  h a d  a l i t t le  m o re  sn ap  w h en  
ch ew ed . T h e  u n b la n c h e d  sam p les h a d  an  
u n n a tu ra lly  sw ee t flav o r. A lso , th e  liq u id  
w h ich  o o z e d  fro m  th e  su rfa c e  m ad e  th e  
u n b la n c h e d  s tick s  u n p le a s a n t to  h a n d le  
w hen  e a tin g  th e m  o u t  o f  h a n d . T h e  c a rro t 
s tick s  fro z e n  by  a irb la s t , w h e th e r  by  
tu n n e l o r by  tra y , an d  by  n itro g e n  v ap o r 
w ere less sa t is fa c to ry  fo r  e a tin g  o u t  o f  
h a n d , as th e y  la c k e d  th e  c risp n ess o f  th e  
F -1 2 -fro zen  c a rro ts .

D IS C U S S IO N

O F  T H E  F R E E Z IN G  M E T H O D S  u sed  in  
th is  s tu d y , F -12  fre e z in g  w as c lea rly  th e  
m o s t im p ress iv e  in  p ro d u c in g  fro z e n  c a r
ro ts  re ta in in g  m u c h  o f  th e  te x tu ra l  q u a l
ity  o f  fre sh  c a rro ts . R e te n t io n  o f  firm  
te x tu re  is a fu n c t io n  o f  sp eed  o f  freez ing . 
E a rlie r e x p e rie n c e  in  th is  la b o ra to ry  w ith  
liq u id  n itro g e n  im m e rs io n  freez in g  p ro 
d u ced  c a r ro t  s t ic k s  w h ich  m a in ta in e d  
firm , c ru n c h y  te x tu ra l  c h a ra c te r is tic s  a f 
te r  th aw in g . T h is  LN  freez in g  w as a c c o m 
p lish ed  in  less th a n  a m in u te . W ith  liq u id  
n itro g e n  im m e rs io n  freez in g , h o w ev e r, 
th e  d an g e r o f  c rack in g  o r  sh a tte r in g  o f

Table 1 —Effect o f freezing method on punc
ture values of thawed carrot sticks

F r e e z i n g

m e t h o d

P u n c t u r e  v a l u e s

B l a n c h e d R a w

F - 1 2 2 0 . 8 8  ±  0 . 3 3 2 4 . 8 4  ±  0 . 3 8

I Q F 1 7 . 6 9  ± 0 . 3 1

N 2 F 1 5 . 1 2  ±  0 . 2 9

T F 1 3 . 0 8  ±  0 . 3 1 1 8 . 9 8  ±  0 . 3 0

Table 2—Effect o f freezing method on shear 
value o f thawed carrot sticks

F r e e z i n g

m e t h o d

S h e a r  v a l u e

B l a n c h e d R a w

F - 1 2 8 0 5  ±  5 7 1 0 3 3  ± 6 3

I Q F 6 0 5  ±  6 0

N j  F 3 3 4  ±  2 4

T F 3 0 0  ±  1 0 6 4 4  ±  9 5

th e  p ro d u c t is g rea t u n less  th e  o p e ra t io n  
is c a re fu lly  c o n tro lle d . F re e z in g  w ith  n i
tro g e n  v a p o r e lim in a te d  th e  g rea t te m p e r
a tu re  d if fe re n c e s , b u t  s lo w ed  freez in g  to  
th e  p o in t  w h ere  th e re  w as l i t t le  ad v an ta g e  
o v er a irb la s t freez in g . T h is  m u s t b e  b a l
a n c e d  ag a in s t th e  e lim in a tio n  o f  sh a tte re d  
p ro d u c t .  By c o n tro lle d  sp ra y  a p p lic a tio n  
o f  liq u id  n itro g e n  to  th e  p ro d u c t ,  as is 
d o n e  in  so m e  o th e r  c o m m e rc ia l a p p lic a 
tio n s  o f  liq u id  n itro g e n  to  fo o d  freez in g , 
sp l it tin g  m ay  be m in im iz e d  w ith o u t s lo w 
ing  th e  freez in g  tim e  to  th e  p o in t  w h ere  
th e re  is n o  te x tu ra l  ad v an ta g e  o v er air- 
b la s t freez in g . S p ray -freez in g  e q u ip m e n t 
w as n o t  ava ilab le  to  us a t th e  tim e  th is  
w o rk  w as d o n e .

B o th  m e th o d s  fo r  d e te rm in in g  th e  
n u m e r ic a l va lues o f  f irm n ess  o f  th e  p ro d 
u c t  w ere u se fu l. T h e  B a llau f P u n c tu re  
T e s te r  sh o w e d  d if fe re n c e s  in  c a r ro t s tick s  
w h ich  ag reed  w ith  o th e r  o b se rv a tio n s  o f  
th e  p ro d u c t . T h e  L .E .E .-K ra m e r S h ear 
Press d a ta  a lso  ag reed  w ith  th e  o b se rv a 
t io n  th a t  s h o r te r  freez in g  tim e s  p ro d u c e  
f irm e r p ro d u c ts . T h e  sh e a r  p ress can  give 
u sab le  d a ta  in  a s h o r te r  tim e . T h e  p re s
su re  te s te r  re q u ire s  a s te a d y  h a n d  an d  
re p lic a te d  read in g s . In  th e  m a n n e r  in 
w h ich  th e  tw o  in s tru m e n ts  w ere  u sed , 20  
c a r ro t s t ic k s , each  p u n c h e d  five tim es ,

w ere fo u n d  ro u g h ly  to  e q u a l a tr ip l ic a te d  
read in g  o f  th e  sh e a r p ress. T h e re  w as 
co n s id e ra b le  v a r ia tio n  in  d a ta  f ro m  b o th  
in s tru m e n ts . I t  m u s t b e  c o n s id e re d , h o w 
ever, th a t  th e re  is v a r ia tio n  in  th e  c a rro t 
s tick s  d e p e n d in g  o n  th e  a m o u n t o f  co re  
tissu e  in  th e  in d iv id u a l p iece  o f  c a rro t. 
C o re  tissu e , giving lo w e r read in g s  th a n  th e  
o u te r  p o r t io n  o f  th e  c a r ro ts , w as e lim i
n a te d  w h en ev e r p o ss ib le , b u t  m u c h  o f  th e  
p ro d u c t b e in g  te s te d  h ad  so m e c o re  tissu e  
in  each  s tic k  a n d  th is  a lso  v a ried  w ith in  
th e  in d iv id u a l c a r r o t  s tic k .
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STA BILIZA TIO N  OF ANTHOCYANINS IN FROZEN TA R T C H ER R IES  BY BLANCHING

SUMMARY—Unpitted red tart cherries (Prunus cerasus L. cv. Montmorency) were blanched In 
steam (100°C) for 0, 30, 45 and 60 sec, then frozen at -2 0 °C. The anthocyanin color of the fruit 
was determined periodically during frozen storage for 3 months in one experiment and 10 months 
in another. When the cherries were not allowed to thaw before the analysis, no color loss due to 
anthocyanin destruction was observed in either the blanched or unblanched cherries. When they 
were thawed at room temperature (22?CI in single layer for 2 and 4 hr, the unblanched cherries 
lost 14 and 25% anthocyanin color, respectively; cherries subjected to 45- or 60-sec blanching 
showed no significant color loss. When the cherries were disintegrated in a Waring Blendor for up 
to 30 min, the unblanched cherries lost considerable color (70%) after 30 min under oxygen or air, 
but those blanched for 45 or 60 sec suffered no color loss. Some anthocyanin destruction was 
observed in the 30-sec blanch lot. Blending under oxygen was slightly more deleterious to the color 
than blending under air. Blending under nitrogen minimized the color loss but did not eliminate it. 
Blanching resulted in a 4—7.5% loss of weight.

IN T R O D U C T IO N

T H E  R E D  C O L O R  o f  M o n tm o re n c y  ta r t  
ch e rrie s  is due  to  several a n th o c y a n in  
p ig m en ts  (D e k a z o s , 1 9 7 0 ). T h ese  p ig
m e n ts  are  r a th e r  u n s ta b le  an d  su sc e p tib le  
to  e n z y m a tic  d e g ra d a tio n  (H u an g , 1 9 5 5 ; 
van  B u ren  e t  a l., 1 9 5 9 ; P eng  a n d  M ar- 
k ak is , 1 9 6 3 ; G ro m m e c k  an d  M arkak is, 
1 9 6 4 ). A p ro cess  w h ich  in h ib its  o r  in a c t i
v a tes  th e  e n zy m e s re sp o n s ib le  fo r  th e  
a n th o c y a n in  d e g ra d a tio n  m ig h t be e f fe c 
tive in  p re v e n tin g  th e  c o lo r  loss d u e  to  
e n z y m e -a n th o c y a n in  in te ra c t io n s . A lso , 
o t h e r  e n z y m e -c a ta ly z e d  d e te r io ra tiv e  
ch an g es (e .g ., b ro w n in g ) m ay  be c o n 
tro lle d  by  su ch  a p ro cess .

B lan ch in g  o f  v eg e tab les  b e fo re  s to r 
age in  th e  fro z e n  s ta te  is an  e s ta b lish e d  
in d u s tr ia l p ra c tic e . B lan ch in g  b e fo re  
freez in g  h as a lso  b e e n  re c o m m e n d e d  fo r 
so m e  f ru its  (B a u e rn fe in d  e t a l., 1 9 4 7 ; 
C ruess a n d  S eag rav e-S m ith , 1 9 4 6 ; L ee, 
1 9 4 4 ; S o rb e r , 1 9 4 3 ), m a in ly  ap p le  slices.

L arge q u a n ti t ie s  o f  red  ta r t  ch e rr ie s  are 
fro z e n  fo r  s u b s e q u e n t p ro cess in g . If  th e  
fro z e n  f ru it  is h e a te d  q u ic k ly  a f te r  r e 
m oval f ro m  th e  fre e z e r a t  te m p e ra tu re s

su ff ic ie n tly  h ig h  to  in a c tiv a te  th e  e n 
zy m es , th e  c o lo r  m ay  be p rese rv ed . S low  
th a w in g  is a f r e q u e n t o c c u rre n c e , h o w 
ever, an d  c o m m in u tio n  o f  th e  u n h e a te d  
f ru it  fo r  th e  p re p a ra tio n  o f  in fa n t fo o d s  is 
a lso  a c o m m o n  p ra c tic e . In  th is  s tu d y , 
s te a m  b la n c h in g  b e fo re  freez in g  w as e x 
p lo re d  as a poss ib le  w ay  o f  m in im iz in g  
p o s t-fre e z in g  c o lo r  loss in  M o n tm o re n c y  
ch errie s .

M A T E R IA L S  & M E T H O D S

T H E  R E D  T A R T  c h e r r i e s  (Prunus cerasus L .  c v .  

M o n t m o r e n c y )  w e r e  o b t a i n e d  f r o m  W e s t e r n  

M i c h i g a n .  T h e y  w e r e  r e c e i v e d  a t  t h e  l a b o r a t o r y  

w i t h i n  2  h r  a f t e r  h a r v e s t .  U p o n  a r r i v a l  a t  t h e  

l a b o r a t o r y  t h e  f r u i t  w a s  s o a k e d  f o r  4  h r  i n  v a t s  

c o n t a i n i n g  c o l d  ( 7 - 1 0 ° C )  r u n n i n g  w a t e r ,  s o r t e d  

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

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

t r a y s  o f  k n o w n  t a r e  a n d  w e i g h e d .  T h r e e  p e r i o d s  

o f  b l a n c h i n g  i n  1 0 0 ° C  s t e a m  w e r e  u s e d ,  3 0 ,  4 5  

a n d  6 0  s e c .  T h e r e  w a s  a l s o  a n  u n b l a n c h e d  c o n 

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

w i t h  t h e  f r u i t  w e r e  p l a c e d  i n  a  - 2 0 ° C  f r e e z e r  

w i t h  l o w - v e l o c i t y  a i r  m o v e m e n t .  1 6  h r  l a t e r  t h e  

f r u i t  a n d  t h e  t r a y s  w e r e  r e w e i g h e d ,  t h e  c h e r r i e s  

w e r e  t r a n s f e r r e d  i n t o  3 0 - l b  c a n s  a n d  r e t u r n e d  t o  

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

B la n c h in g ,  sec . 

* —  0

S to ra g e , Days

Fig. 1 -Differential absorbance values, A a 5 1 8  (see Table 1), o f Mont
morency cherries steam blanched for various periods and periodically 
analyzed during 100 days of frozen storage (average o f triplicate read
ings).

w e r e  h e l d  i n  f r o z e n  s t o r a g e .  T h e  s t o r a g e  l a s t e d  

3 0 0  d a y s  f o r  t h e  c r o p  h a r v e s t e d  i n  1 9 6 8 .  T h e  

e x p e r i m e n t  w a s  r e p e a t e d  i n  1 9 6 9  a n d  t h e  s t o r 

a g e  t h a t  t i m e  l a s t e d  1 0 0  d a y s .

T o t a l  a n t h o c y a n i n  c o n t e n t  o f  t h e  f r u i t  w a s  

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

p r o c e d u r e  w h i c h  c o m b i n e d  t h e  m e t h o d s  o f  

S o n d h e i m e r  a n d  K e r t e s z  ( 1 9 4 8 )  a n d  F u l e k i  a n d  

F r a n c i s  ( 1 9 6 8 ) .  R a n d o m l y  p i c k e d  c h e r r i e s  w e r e  

q u i c k l y  p i t t e d  b y  h a n d  o v e r  a  w e i g h e d  b e a k e r  

t o  o b t a i n  a  5 0 - g  s a m p l e  o f  s t i l l  f r o z e n  t i s s u e .  

1 0 0  m l  o f  e x t r a c t i n g  s o l v e n t  c o m p o s e d  o f  8 5  

m l  o f  9 5 %  e t h a n o l  a n d  1 5  m l  o f  1 .5  N  H C 1  w a s  

a d d e d  t o  t h e  s a m p l e ,  t h e  m i x t u r e  b o i l e d  1 m i n  

a n d  t h e n  d i s i n t e g r a t e d  i n  a  W a r i n g  B l e n d o r  f o r  

2  m i n  a t  h i g h  s p e e d .  T h e  b l e n d e d  m i x t u r e  w a s  

t r a n s f e r r e d  t o  a  b e a k e r  q u a n t i t a t i v e l y  b y  u s i n g  

a n o t h e r  2 5  m l  o f  e x t r a c t i n g  s o l v e n t  a n d  s t o r e d  

o v e r n i g h t  i n  t h e  r e f r i g e r a t o r .  T h e  f o l l o w i n g  

m o r n i n g  t h e  m i x t u r e  w a s  f i l t e r e d  t h r o u g h  

s h a r k s k i n  p a p e r  u n d e r  s u c t i o n ,  t h e  r e s i d u e  

w a s h e d  w i t h  a n o t h e r  5 0  m l  o f  e x t r a c t i n g  s o l 

v e n t  a n d  t h e  c o m b i n e d  f i l t r a t e  m a d e  u p  t o  2 5 0  

m l  b y  a d d i n g  e x t r a c t i n g  s o l v e n t .

3  1 - m l  a l i q u o t s  o f  t h e  a b o v e  e x t r a c t  w e r e

Table 1 -Differential absorbance values, 
AA5i 8a, of Montmorency cherries steam 
blanched for four different periods and period
ically analyzed during 300 days of frozen stor
age. (Average of triplicate readings)

S t o r a g e  t i m e  

( d a y s )

B l a n c h i n g  t i m e  ( s e c )

0 3 0 4 5 6 0

0 0 . 2 9 3 0 . 3 0 6 0 . 3 3 0 0 . 3 0 0

1 5 0 . 3 2 3 0 . 3 0 5 0 . 3 1 2 0 . 3 3 3

3 0 0 . 2 7 5 0 . 3 1 9 0 . 3 3 3 0 . 3 1 6

4 5 0 . 2 9 2 0 . 3 0 5 0 . 2 9 8 0 . 2 9 5

6 0 0 . 2 9 7 0 . 3 0 6 0 . 3 1 1 0 . 3 1 3

7 5 0 . 3 1 4 0 . 3 0 4 0 . 3 1 8 0 . 3 0 7

1 3 5 0 . 2 8 3 0 . 3 0 3 0 . 3 2 3 0 . 3 2 3

1 5 0 0 . 3 1 8 0 . 3 0 0 0 . 3 1 5 0 . 3 2 7

1 8 0 0 . 2 7 6 0 . 3 1 6 0 . 2 9 3 0 . 3 3 5

2 4 0 0 . 3 0 3 0 . 3 0 9 0 . 3 1 8 0 . 3 1 0

3 0 0 0 . 2 9 5 0 . 3 1 7 0 . 3 3 5 0 . 3 3 5

A v e r a g e 0 . 2 9 7 0 . 3 0 8 0 . 3 1 7 0 . 3 1 8

aA A 5 j g = absorbance at £ 18 nm of fru it ex
tract adjusted to pH 1.0 minus absorbance at 
51 8 nm of same extract adjusted to pH 4.5.

Table 2—Effect o f blanching on the antho
cyanin retention in red tart cherries during 
thawing at 22° C

B l a n c h i n g  t i m e  ( s e c )

T h a w i n g  t i m e

( h r ) 0 3 0 4 5 6 0

P e r c e n t  a n t h o c y a n i n  r e t e n t i o n

0 1 0 0 1 0 0 1 0 0 1 0 0

2 8 6 9 7 1 0 0 1 0 0

4 7 5 9 2 9 8 1 0 0
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Fig. 2 -Anthocyanin color loss in red tart cher- Fig. 7 — Anthocyanin color loss in red tart cher- Fig. 4—Anthocyanin color loss in red tart cher-
ries steam blanched for 0, 30, 45 and 60 sec. ries steam blanched for 0, 30, 45 and 60 sec. ries steam blanched for 0, 30, 45 and 60 sec.
frozen and thawed in a Waring Blendor under 
oxygen.

frozen and thawed in a Waring Blendor under 
air.

frozen and thawed in a Waring Blendor under 
nitrogen.

e a c h  d i l u t e d  w i t h  9  m l  o f  0 . 0 5  M  K C 1  - 0 . 1 3  M  

H C 1  b u f f e r ,  p H  1 . 0 .  S i m i l a r l y ,  a n o t h e r  3  1 - m l  

a l i q u o t s  o f  e x t r a c t  w e r e  d i l u t e d  w i t h  4  m l  0 . 1 6  

M  s o d i u m  a c e t a t e  - . 2 5  M  H C 1  b u f f e r ,  p H  4 . 5 .  

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

1 h r  b e f o r e  t h e i r  a b s o r b a n c e  w a s  m e a s u r e d  i n  a  

B e c k m a n  D U  s p e c t r o p h o t o m e t e r  a t  5 1 8  n m ,  

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

t r a c t ,  a g a i n s t  a  w a t e r  b l a n k .  T h e  d i f f e r e n c e  

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

a t  p H  1 . 0  a n d  h a l f  ( d i l u t i o n  c o r r e c t i o n )  t h e  a b 

s o r b a n c e  o f  t h e  s a m p l e  b u f f e r e d  a t  p H  4 . 5  w a s  

t a k e n  a s  a  m e a s u r e  o f  t h e  t o t a l  a n t h o c y a n i n  

c o n t e n t  o f  t h e  f r u i t .

I n  t h e  r a p i d  o x i d a t i o n  t e s t ,  l O O g  p i t t e d  

c h e r r y  s a m p l e  w a s  m i x e d  w i t h  1 0 0  m l  d i s t i l l e d  

w a t e r  i n  a  W a r i n g  B l e n d o r  a t  h i g h  s p e e d  f o r  2  

m i n .  A f t e r  3  a d d i t i o n a l  m i n  o f  b l e n d i n g  a t  l o w  

s p e e d ,  a  2 0 - m l  a l i q u o t  w a s  r e m o v e d  f r o m  t h e  

m i x t u r e  a n d  a d d e d  t o  2 0  m l  o f  e x t r a c t i n g  s o l 

v e n t .  S i m i l a r  a l i q u o t s  w e r e  r e m o v e d  a n d  m i x e d  

w i t h  e x t r a c t i n g  s o l v e n t  a f t e r  1 0 ,  1 5 ,  2 0  a n d  3 0  

m i n  o f  t o t a l  b l e n d i n g  t i m e .  S u b s e q u e n t  e x t r a c 

t i o n ,  f i l t r a t i o n ,  m i x i n g  w i t h  b u f f e r s  a n d  a b s o r b 

a n c e  m e a s u r e m e n t  w e r e  p e r f o r m e d  a s  p r e v i 

o u s l y  d e s c r i b e d .

I n  t h e  t h a w i n g  e x p e r i m e n t  t h e  c h e r r i e s  w e r e  

a l l o w e d  t o  t h a w  f o r  2  a n d  4  h r  i n  s i n g l e  l a y e r  a t  

r o o m  t e m p e r a t u r e  ( 2 2 ° C )  b e f o r e  a n a l y s i s  w i t h  

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

R E S U L T S  & D IS C U S S IO N

LO SS O F  W E IG H T  re su ltin g  fro m  th e  
b lan ch in g  a n d  th e  fo llo w in g  16-hr s to rag e  
in  th e  fre e z e r w as 0 .6%  fo r  th e  c o n tro l,  
4 .6%  fo r th e  30-sec  b la n c h  lo t ,  6 .3%  fo r 
th e  45-sec  b la n c h  lo t  an d  8 .1%  fo r th e  
60-sec b la n c h  lo t. S om e o f th is  loss is 
c e r ta in ly  due  to  d rip p in g  a n d  so m e  m ay 
be cau sed  b y  th e  h ig h e r e v a p o ra t io n  fro m  
th e  h e a te d  f ru it. Q u ick e r freez in g , su ch  as 
th e  h ig h -v e lo c ity  c o ld  b la s t, c o u ld  red u c e  
th e  w e ig h t loss.

T h e  a n th o c y a n in  c o n te n t  o f  th e  red  
ta r t  ch e rr ie s  d u rin g  th e  3 0 0 -d ay  sto rag e

p e rio d  is p re s e n te d  in  T ab le  1. S ince  th e  
average d e v ia tio n  o f  th e  a n th o c y a n in  d e 
te rm in a tio n  m e th o d  is ± 5%, th e  d if fe r
en ces o b se rv ed  e i th e r  a m o n g  p e rio d s  o f  
s to rag e  fo r  th e  sam e t r e a tm e n t o r  a m o n g  
tr e a tm e n ts  fo r  th e  sam e p e rio d  ap p e a r 
in s ig n ific a n t. T h e  d a ta  o n  th e  1 0 0 -d ay  
s to ra g e  e x p e r im e n t are  il lu s tra te d  in  F ig
u re  1 an d  again  in d ic a te  n o  s ig n ifican t 
d iffe ren ces  e ith e r  a m o n g  s to ra g e  p e rio d s  
o r a m o n g  tr e a tm e n ts  fo r  th e  0-, 3 0 - and  
4 5 -sec  b la n c h  p e r io d s ; th e  60 -sec  d a ta  are 
c o n s is te n tly  lo w er, b u t  th e  m ean  d if fe r 
en ce  b e tw e e n  th is  t r e a tm e n t a n d  th e  
average o f  th e  o th e r  th re e  is o n ly  10% 
an d  it  c o u ld  be d u e  to  excessive  d rip . 
T h e re fo re , it c an  be c o n c lu d e d  th a t  s team  
b lan ch in g  d id  n o t  re su lt in  b e t te r  a n th o 
cy a n in  r e te n tio n  in  fro z e n  red  ta r t  c h e r
ries w h ich  w ere  n o t  a llo w ed  to  th aw  
b e fo re  p ig m e n t w as d e te rm in e d .

V isua l o b se rv a tio n  also  rev ea led  no  
c o lo r  loss, b ro w n in g  o r  scald  s to rag e .

R a p id  o x id a tio n  te s ts  o n  th e  fro z e n  
ch e rr ie s  o f  th e  1968  c ro p  w ere  c o n d u c te d  
o n  th e  se c o n d , 2 0 th  an d  4 0 th  w k o f 
s to rag e . R esu lts  o f  all th re e  te s ts  w ere 
v e ry  s im ila r an d  are  su m m a riz e d  in  F ig
u res  2, 3 an d  4. T h e  d a ta  re p re se n t 
p e rc e n ta g e  loss o f  c o lo r  d u e  to  a n th o c y 
an in  d u rin g  30  m in  o f  b len d in g .

U n b la n c h e d  ch e rr ie s  su b je c te d  to  m ix 
ing  w ith  air o r  o x y g e n  w hile  th e y  w ere 
be ing  b le n d e d  su ffe re d  severe  losses in  
a n th o c y a n in  c o lo r (6 5  to  70%  a f te r  30 
m in  o f  b le n d in g ). T h e  losses w ere  sm alle r 
( 5 0 - 5 5 %  a t 30  m in ) w h en  th e  b len d in g  
was d o n e  u n d e r  n itro g e n . T h e  30 -sec  
b la n c h  d ec rea sed  th e  loss c o n s id e ra b ly  
( 1 5 —25%  a t 30  m in ) fo r  th e  a ir an d  
o x y g en  b le n d in g  a n d  to  a neg lig ib le  level 
fo r  b le n d in g  u n d e r  n itro g e n . T h e  45-sec  
b la n c h  re d u c e d  to  an  in s ig n ific a n t level

th e  loss o f  c o lo r  u n d e r  n itro g e n  a n d  a ir ; a 
sm all loss w as o b se rv ed  in  th e  o x y g en  
b len d in g . T h e  60-sec  b la n c h  p re v e n te d  
th e  loss o f  c o lo r  u n d e r  all c o n d it io n s  o f  
b len d in g  tr ie d .

R esu lts  o f  th e  th a w in g  te s ts  a re  sh o w n  
in  T ab le  2. T h ey  in d ic a te  th a t  u n b la n c h e d  
ch e rr ie s  lo se  a n th o c y a n in  c o lo r  d u rin g  
slo w  th a w in g  a n d  th a t  s te a m  b lan ch in g  
fo r 45  o r 6 0  sec can  p re v e n t a n th o c y a n in  
d is c o lo ra tio n  fo r  4  h r  o f  th a w in g  a t  ro o m  
te m p e ra tu re .
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A Research Note
INFLUENCE OF EXTRACTING AGENTS DURING THE COLORIMETRIC 

DETERMINATION OF PECTIC SUBSTANCES

IN T R O D U C T IO N

T H E  C A R B A Z O L E  re a c tio n  d ev e lo p ed  
by  D ische  (1 9 5 0 )  fo r  th e  s tu d y  o f  p o ly 
u ro n id e s  was u se d  b y  M cC om b an d  
M cC ready  (1 9 5 2 )  fo r  th e  d e te rm in a tio n  
o f  p e c tic  su b s ta n c e s  in  p la n t m a te ria l. 
C o n sid e rab le  use  o f  th is  p ro c e d u re  has 
b e e n  m ad e  since  th a t  tim e  in  s tu d ie s  
in v o lv ing  th e  c h a ra c te r iz a tio n  o f  p e c tic  
su b s ta n c e  in  f ru its  a n d  v eg e tab les . S u ch  
w o rk  u su a lly  in v o lv ed  th e  successive  e x 
t r a c t io n  o f  a n  a lco h o l-w ash ed  sam p le  
w ith  w a te r , a se q u e s te r in g  ag e n t su ch  as 
a m m o n iu m  o x a la te  o r  versen e  ( tra d e  
n am e  fo r  e th y le n e d ia m in e te tr a c e tic  acid  
te tra s o d iu m  sa lt)  a n d  f in a lly , e x tr a c tio n  
u n d e r  very  a lk a lin e  c o n d it io n s  (R o u se  
an d  A tk in s , 1 9 5 5 ) o r a t r e a tm e n t w ith  
v ersene a t p H  11.5  fo llo w e d  by  d ig es tio n  
w ith  p e c tin a se  a t  p H  5 .0 —5.5 (M cC read y  
an d  M cC om b, 1 9 5 2 ).

A  m o d if ic a tio n  o f  th e  u ro n ic  ac id -ca r- 
b a z o le  p ro c e d u re  p ro p o s e d  by  B it te r  an d  
M uir (1 9 6 2 )  re s u lte d  in  in c re a se d  sen s itiv 
ity , im p ro v e d  s ta b il i ty  o f  th e  c o lo r  an d  
less in te r fe re n c e  b y  c h lo r id e s  an d  o x i
d an ts .

T h e  v e rsen e  so lu b le  o r  o x a la te  so lu b le  
f ra c tio n  is o f te n  o n ly  a very  sm all p e r 
cen ta g e  o f  th e  to ta l  p e c tic  su b s ta n c e s  
p re se n t in  a f ru it  (S h e w fe lt, 1 9 6 5 ) a n d ,

fo r  th is  re a so n , a sam p le  o f  su c h  an  
e x tr a c t  c a n n o t b e  d ilu te d  w ith  w a te r  
b e fo re  p ro c e e d in g  w ith  th e  c o lo r im e tr ic  
d e te rm in a tio n . In  su ch  in s ta n c e s , re la 
tiv e ly  large  q u a n ti t ie s  o f  th e  se q u e s te rin g  
ag en t are  p re se n t d u rin g  c o lo r d e v e lo p 
m e n t an d  it  m ay  be fa r in  ex cess  o f  th e  
2 0 0  /ug o f  v e rsen e  w h ich  gave n o  in te r f e r 
en ce  w h en  p re se n t in  1 5 m l o f  re a c tio n  
m ix tu re  (M cC o m b  a n d  M cC ready , 1 9 5 2 ).

T h is  re p o r t  deals w ith  th e  e f fe c t o f  
v e rsen e  c o n c e n tra t io n  o n  c o lo r  d e v e lo p 
m e n t w h en  u sin g  th e  c a rb a z o le  re a c tio n .

E X P E R IM E N T A L

Reagents

(a) 0.025M sodium tetraborate • 1 0 H ,O  (ACS  

cert.) in cone, sulfuric acid (ACS reagent).
(b) 0.125% carbazole (Eastman Organic Chem

icals) in absolute methanol (ACS spec).
(c) 0.1% a-D-galacturonic acid monohydrate 

(Sigma Chemical Co.).
(d) 0.5% versene [sodium (tetra) ethylenedi- 

amine tetraacetate; technical grade].
(e) 0.5% sodium (di) ethylenediamine tetra

acetate; analytical reagent.
(0 0.5% ammonium oxalate (ACS spec).

Procedure

The procedure described by Bitter and Muir
(1962) was used with minor modifications. 
Tubes containing the sulfuric acid reagent were

Table 1—Effect o f versene and sodium (di) ethylenediamine tetra
acetate (AR) concentrations on determination o f anhydrogalacturonic 
acid (AHA)

Mg in 
sample

Versene
Sodium (di) ethylenediamine 

tetraacetate (AR)

Absorbance

A G A  equi

valent Mg Absorbance

A G A  equi

valent Mg

1000 .073 4.6 .032 2.0
500 .035 2.0 .016 1.0
250 .014 0.9 .008 0.5
100 .007 0.35 .003 0.2

50 .002 0.18 - -

covered with parafilm and stored at -3 0 ° C  un
til needed. Further, after adding the sample and 

also after heating, tubes were cooled in an ice 
bath.

Absorption spectra were obtained using a 
Shimadzu Model MPS-50L recording spectro
photometer and a distilled water blank. Optical 
density readings at 530 nm were made with a 
Bausch and Lom b spectronic 20 colorimeter us
ing all the reagents with 1 ml water as a blank.

R E S U L T S  & D IS C U S S IO N

IN  F IG U R E  1 a b s o rp tio n  sp e c tra  are 
p re s e n te d  u sin g  th e  ca rb a z o le  p ro c e d u re  
w ith  sam p les c o n ta in in g  v e rsen e , a m m o 
n iu m  o x a la te  a n d  c o m b in a tio n s  o f  th e se  
reag en ts  w ith  g a la c tu ro n ic  ac id  m o n o h y 
d ra te . F ro m  th is  i t  is c lea r  th a t  th e  p re s 
en ce  o f  2 .5  m g a m m o n iu m  o x a la te  in  th e  
re a c t io n  m ix tu re  h a d  n o  e f f e c t o n  th e  a b 
s o rp tio n  sp e c tru m  o b ta in e d  w ith  g a la c tu 
ro n ic  ac id . H o w ev e r, th e  sam e  c o n c e n tra 
tio n  o f  versene  gave a p u rp lish -b lu e  c o lo r  
w ith  h igh  g en e ra l a b s o rp tio n  th r o u g h o u t 
th e  visib le ran g e . T h e  e ffe c t o f  v e rsen e  
c o n c e n tra t io n  o n  th e  d e te rm in a tio n  o f  
g a la c tu ro n ic  ac id  is given in  T ab le  1.

W ith  in c reas in g  v e rsen e  c o n c e n tr a t io n , 
th e  o p tic a l d e n s ity  a t  5 3 0  n m  in c rea sed  
w ith  v e rsen e  sam p les a n d  v e rsen e  sam p le s  
c o n ta in in g  a f ix e d  a m o u n t o f  g a la c tu ro n ic  
acid . In  fa c t, 20  /ig  a n h y d ro g a la c tu ro n ic  
ac id  in  th e  p re sen ce  o f  5 0 0  gig v e rsen e  
gave a v a lu e  o f  22  /tg. In  th e  p re se n c e  o f  
100 jug versene  th is  w as re d u c e d  to  2 0 .3 5 , 
w h ich  w as s till an  e r ro r  o f  c lose  to  2% . 
O n th e  o th e r  h a n d , a m m o n iu m  o x a la te  in  
c o n c e n tra tio n s  o f  0 —10 m g p e r  sam p le  
d id  n o t  have an  e f f e c t o n  th e  o p tic a l 
d e n s ity  a t 5 3 0  n m  a n d  its  p re se n c e  d id  
n o t a f fe c t th e  re a d in g s  o b ta in e d  w ith  
g a la c tu ro n ic  ac id .

It is p o ss ib le  to  c o rre c t fo r  th e  e f f e c t 
o f  v e rsen e  b y  su b tra c tin g  th e  a b so rb a n c e  
read in g  a t  4 2 0  n m  fro m  th e  read in g  
o b ta in e d  a t  5 3 0  n m  (see  F ig. 1). Y e t, 
c a re fu l c o n tr o l  o f  h e a tin g  a n d  co o lin g
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Fig. 1—Color produced with carbazole reagent (distilled water blank). 
(A) H2 O;  (B) 2.5 mg versene; (C) 2.5 mg ammonium oxalate; (D) 74 gg 
anhydrogalacturonic acid; (E) 2.5 mg versene + 14 gg anhydrogalac- 
turonic acid;  and (F) 2 .5 mg ammonium oxalate + 14 gg anhydroga
lacturonic acid.

w o u ld  be n ecessa ry  if  su ch  a p ro c e d u re  is 
u sed . T h e  fin a l 1 5 -m in  h e a tin g  tim e  gives 
m ax im u m  c o lo r  d e v e lo p m e n t w ith  galac- 
tu ro n ic  ac id  a n d  v a r ia tio n s  in  h e a tin g  
tim e  b e tw e e n  12 an d  18 m in  do  n o t 
a f fe c t a b so rb a n c e  m a te r ia lly . H ow ever, 
c o lo r  in te n s i ty  an d  a b so rb a n c e  w ith  v e r
sene  in c rea sed  m a rk e d ly  w ith  in c reas in g

h e a tin g  tim es . A b so rb a n c e  va lues , u sing  
ca 4 m g v ersen e  w ere  0 .1 1 8 , 0 .1 5 0  an d  
0 .2 1 0 , re sp e c tiv e ly , fo r  fin a l h e a tin g  
tim es o f  12, 15 a n d  18 m in .

As sh o w n  in  T ab le  1, in te r fe re n c e  was 
a b o u t h a lf  o f  th a t  o b ta in e d  w ith  versene 
w h en  a n a ly tic a l g rad e  so d iu m  (d i)  e th y l-  
e n e d ia m in e  te t ra a c e ta te  was u sed . W h e th 

e r in te r fe re n c e  w ith  th e  la t te r  w as due  to  
im p u ri tie s  s till le f t in  th e  re a g e n t o r  to  
in te r fe re n c e  b y  th e  re a g e n t i ts e lf  is n o t  
c lea r. H o w ev er, it is e v id e n t fro m  th e  d a ta  
th a t  0 .5%  v ersen e  e x tr a c t io n  o f  p e c tic  
m a te ria ls  can  o n ly  be u sed  in  cases w here  
th e  c o n c e n tra t io n  o f  g a la c tu ro n ic  ac id  is 
h igh  e n o u g h  to  a llo w  d ilu tio n  o f  th e  
v e rsen e  to  very  lo w  levels. I f  th is  is n o t 
feas ib le , p ro c e d u re s  sh o u ld  r a th e r  be 
s ta n d a rd iz e d  u sin g  an  a lte rn a tiv e  e x tr a c t
ing  ag en t su c h  as a m m o n iu m  o x a la te .
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A Research Note
CELLULASE IN DATES AND ITS ROLE IN FRUIT SOFTENING

IN T R O D U C T IO N

IT  IS g en e ra lly  b elieved  th a t  so f te n in g  o f  
f ru it  d u rin g  r ip e n in g  is re la te d  to  a lte ra 
tio n s  in  th e  p e c tic  su b s ta n c e s  th ro u g h  th e  
a c tio n  o f  p e c tic  e n zy m e s. T h is  a p p ea rs  to  
be th e  case in  d a te s , since  w e sh o w ed  n o t 
o n ly  th a t  m a tu re  d a te s  possess c o n s id e r
ab ly  h ig h e r p o ly g a la c tu ro n a se  a c tiv ity  b u t 
also  d e m o n s tra te d  th e re  is a close  c o rre la 
t io n  b e tw e e n  p o ly g a la c tu ro n a se  ac tiv ity  
a n d  f ru it  so f te n in g  (H aseg aw a e t al., 
1 9 6 9 ). I t  h as b e e n  sug g ested  also  th a t  
ce llu lase , in  a d d it io n  to  p e c tic  e n zy m e s, 
m ig h t c o n tr ib u te  to  so f te n in g  o f  fru it 
(D ic k in so n  a n d  M cC o llu m , 1 9 6 4 ; M ac- 
la c h la n  an d  P e rra u lt, 1 9 6 4 ; H all an d  
M ullins, 1 9 6 5 ). In  th is  re p o r t  w e sh o w  
th a t  ce llu lase  is p re se n t in  D eglet N o o r 
d a te s  a n d  th a t  its  a c tiv ity  in c reases  d ra 
m a tica lly  d u rin g  r ip e n in g , a n d  w e d iscuss 
th e  p o ss ib le  ro le  o f  ce llu lase  in  th e  
s o f te n in g  p ro cess .

E X P E R IM E N T A L

D A T E S  (P h o e n ix  d a c ty li fe r a  L. var. Deglet 
Noor) used in this study were the same samples 
used previously for polygalacturonase (Hase
gawa et al., 1969) and invertase (Hasegawa and 
Smolensky, 1970) analyses. Na-carboxymethyl 
cellulose (DP = 1000, D S=  0.7) used as a sub
strate for cellulase assay was purchased from  
Hercules Incorporated, Wilmington, Delaware.

Six dates were pitted and ground for 2 min 
in a Waring Blendor with 100 ml o f 4% NaCl 
solution containing lg  o f presoaked insoluble 

polyvinylpyrrolidone. The mixture was adjust
ed to pH  7, placed in an ice bath for 10 min 
and then centrifuged at 20,000 g  for 15 min. 
The residue was washed with 100 ml o f the 
same solution and the mixture centrifuged. The 
washing was repeated. A  50-ml portion o f the 
pooled extracts was dialyzed against running 
distilled water at 2°C for 6 hr. To  the dialysate 
was added 0.1 M CaC l2 solution sufficient to 
precipitate pectic substances which interfere 
with subsequent cellulase assays. The precipi
tate formed was removed by centrifugation, 
and the supernatant was dialyzed again against 
cold distilled water and used as the enzyme 
source.

Routinely, enzymic reaction mixtures con
sisted o f 2 ml o f the extract, 7 ml o f 0.25% CM  
cellulose and 1.0 ml o f 0.4 M  acetate buffer at 
pH 5. A  4-ml portion o f the mixture was 
withdrawn, incubated at 30°C and changes in 

viscosity measured with an Ostwald viscometer. 
Boiled extracts were used as control. Figure 1 
shows the typical curves for the action o f the 
extract and boiled extract on the changes in 
viscosity o f C M  cellulose solution. There was a 

linear relation between 1/p sp. (reciprocal o f

the specific viscosity) and reaction time at least 
within 18 hr o f incubation under the conditions 
used. Thus, the activity was measured within 
this period o f incubation. One unit o f enzyme 
was defined as the amount that caused the 
change in viscosity o f 1 centipoise per hr under 

the above conditions.

R E S U L T S  & D IS C U S S IO N

D A T E  C E L L U L A S E  w as re la tiv e ly  h e a t 
s ta b le . T h e  a c tiv ity  w as te s te d  b y  e x p o s 
ing  th e  e n z y m e  e x tr a c t  a t p H  7 to  
d if fe re n t te m p e ra tu re s  fo r  5 m in  and  
m e asu rin g  su b s e q u e n t a c tiv ity  u n d e r  th e  
s ta n d a rd  c o n d it io n s . A tr e a tm e n t a t 4 0 °C  
h ad  no  e ffe c t o n  a c tiv ity , a 6 0 °C  t r e a t
m e n t cau sed  27%  loss, w h e reas  an  8 0 °C  
t r e a tm e n t cau sed  an  84%  loss w h en  c o m 
p a red  to  a c o n tro l h e ld  a t 0°C .

T ab le  1 sh o w s ce llu lase  a c tiv ity  o f  
d a te s  a t v a rio u s  stages d u rin g  m a tu ra t io n

an d  rip en in g . M a tu re  d a te s  possess c o n s id 
e rab le  ce llu lase  a c tiv ity ;  im m a tu re  d a te s  
sh o w  l i t t le  to  n o n e . T h e  ran g e  o f  ce llu lase  
a c tiv ity  va lues o b ta in e d  a t a g iven  m a tu 
r i ty  stage  w as w id e ly  sp re a d . T e c h n ic a l 
d iff ic u ltie s  in vo lved  in  th e  p re p a ra tiv e  
p ro c e d u re s  u sed  fo r  e n z y m e  e x tr a c t io n  
m ig h t be re sp o n s ib le  to  so m e  e x te n t  fo r 
th is  w id e  ran g e  o f  v a lu es , b u t  th e se  va lues 
are n o t u n u su a l, as in d ic a te d  by  re s u lts  o f  
o t h e r  in v es tig a tio n s  (D ic k in so n  and
M cC o llu m , 19 6 4 ).

T h e  a c tiv ity  w as a b se n t a t  th e  g reen  
stage an d  b eg an  to  d ev e lo p  d u rin g  th e  
p e rio d  th a t  th e  fru it  m a tu re d  fro m  th e  
g reen  to  th e  ea rly  red  stag e . T h e  sh a rp  
in c rease  in  a c tiv ity  o c c u rre d  d u rin g  th e  
p e r io d  w h e n  th e  f ru it  r ip e n e d  fro m  th e  
early  red  to  th e  la te  red  stage an d  th e  
a c t i v i t y  w as fa irly  s im ila r a t th e
50 ~  100%  so f t stag e . D iffe re n c e s  in  th e

TIME (HOURS)
Fig. 1—Effect o f date cellulase on viscosity o f carboxymethyl cel,ulose 
solution. Soiled extract — a — and extract The assay was carried
out under the standard conditions by using 23-m units o f enzyme. The 
incubation was carried out at 30° C.

Table 1—Cellulase activity in Deglet Noor dates at different stages o f maturity

Activity (m units/date)
Fresh wt Sample3

Maturity (g/date) 1 2 3 4 5 Average

Green 12.7 0 0 0 0 0 0
Early red 12.3 8.28 0 0 4.58 0 2.57
Late red 14.0 65.4 29.7 150.0 191.0 215.0 130.2
50 ~ 100% Soft 12.5 64.3 293.0 256.0 60.0 - 134.7

aEach sample represents an extract obtained from six dates selected for uniformity o f size.
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ac tiv ity  b e tw e e n  th e  la te  red  stage  and  
th e  50  ~  100%  so f t stage  w ere  n o t s ta tis 
tica lly  s ig n ifican t.

T his d ra m a tic  o n se t o f  ce llu lase  ac tiv 
ity  b eg in n in g  at th e  early  red  stage 
paralle ls th e  cases o f  p o ly g a la c tu ro n a se  
(H asegaw a e t a l., 1 9 6 9 ) and  so lu b le  in- 
vertase  (H asegaw a an d  S m o le n sk y , 19 7 0 ). 
T he o n se t o f  th e se  h y d ro ly tic  en zy m e s 
and sh a rp  in c reases  in  th e i r  ac tiv itie s  
du ring  th e  ea rly  s tages o f  rip e n in g  are  a 
ty p ica l p h e n o m e n o n  o c c u rr in g  in  c lim ac 
te r ic  f ru its  (P ra tt  an d  G o esch l, 1 9 6 9 ). 
T hese ch an g es c o u p le d  w ith  ch an g es in  
co lo r, ch em ica l c o m p o s it io n  in c lu d in g  
c a rb o h y d ra te s  (R y g g , 1 9 4 6 ; C oggins and  
K n ap p , 1 9 6 9 ), cell w all p o ly m e rs  (C og
gins an d  K n ap p , 1 9 6 9 ) a n d  p ro te in s  
(H asegaw a e t a h , 1 9 6 9 ), an d  cell s tru c 
tu res  (C oggins e t ah , 1 9 6 7 ) su p p o r t th e  
p rev ious su g g es tio n  th a t  d a te s  a re  a cli
m ac te ric  fru it (H asegaw a a n d  S m o len sk y ,
1 9 7 0 ).

M ore im p o r ta n t ,  th e  o n se t a n d  devel
o p m e n t o f  th e se  h y d ro ly tic  en z y m e s  ap 
p ear to  be c lo se ly  re la te d  to  so f te n in g  o f 
dates . E v id en ce  o f  su ch  a re la tio n  has 
b een  d e m o n s tra te d  p rev io u sly  by  M aier 
and M etz le r (1 9 6 1 ) , w h o  o b se rv ed  th e  
im p o rta n c e  o f su g ar h y d ro ly s is  o n  th e  
te x tu ra l q u a li ty  o f  d a te s  a n d  used  th e  
e x te n t o f  in v e rta se -c a ta ly z e d  su cro se  
h y d ro ly s is  as an  in d e x  o f  h y d ro ly tic  
en zy m e  a c tiv ity . H asegaw a e t ah  (1 9 6 9 )  
d e m o n s tra te d  b y  using  sam p les o b ta in e d  
fro m  a single f ru it  th a t  th e  d e v e lo p m e n t 
o f  p o ly g a la c tu ro n a se  an d  so f te n in g  o c 
cu rred  s im u lta n e o u s ly  in  d a te s .

T h e  a n a to m ic a l s tu d ie s  o f  L o n g  (1 9 4 3 )  
and  C oggins e t ah  (1 9 6 7 )  sh o w ed  th e  
o c c u rren ce  o f  c o n s id e ra b le  cell w all d isso 
lu tio n  d u rin g  th e  p re h a rv e s t so f te n in g  o f

d a te s . T h is d is so lu tio n  o f  cell w alls m ay  
be d u e  to  th e  a c tio n  o f  h y d ro ly t ic  e n 
zy m es o r it m ay  o c c u r  b y  m ean s  o f  som e 
o th e r  m ech a n ism s. R e c e n tly , C oggins and  
K n ap p  (1 9 6 9 )  m a d e  a c o m p re h e n s iv e  
s tu d y  o f  ch em ica l ch an g es asso c ia te d  w ith  
fru it  d e v e lo p m e n t an d  rip en in g . T h ey  
sh o w ed  th a t  a su d d e n  in c rea se  in  b re a k 
d o w n  p ro d u c ts  o f  cell w all p o ly m e rs  
o c c u rre d  d u rin g  th e  la te  red  stag e , sug
g estin g  th a t  h y d ro ly t ic  e n z y m e s  p lay  a 
p a r t in  th e  cell w all d is so lu tio n  d u rin g  th e  
so f te n in g  p ro cess . S ince w e o b se rv ed  th e  
d e v e lo p m e n t o f  ce llu lase  a c tiv ity  a t th is  
stag e , it is re a so n a b le  to  assu m e th a t  
ce llu lase  is in v o lv ed  in  th e  r ip e n in g  p ro c 
ess o f  d a tes .

In  p ea rs  (J e rm y n  an d  Ish e rw o o d , 
1 9 5 6 ) an d  p each es  (S te rlin g , 1 9 6 1 ), as 
c o n tra s te d  w ith  d a te s , ce llu lo se  m icelles 
u n d e rg o  a v e ry  lim ite d  d e g ra d a tio n  d u rin g  
th e  rip e n in g  p e rio d . P re su m a b ly , th is  lim 
ite d  d e g ra d a tio n  o f  ce llu lo se  c a n n o t c o n 
tr ib u te  g re a tly  to  th e  d ra m a tic  so f te n in g  
d u rin g  rip e n in g . H o b so n  (1 9 6 8 )  suggested  
also  th a t  ce llu lase  is n o t  a p rin c ip a l fa c to r  
c o n tro ll in g  th e  so f te n in g  o f  to m a to  fru it 
d u rin g  r ip en in g . T h e  g re a te r  a p p a re n t 
in v o lv e m e n t o f  ce llu lase  a c tiv ity  in  d a te  
so f te n in g  as c o m p a re d  w ith  th e se  o th e r  
f ru its  m ig h t be b ecau se  d a te s  u n d e rg o  a 
m u c h  m o re  ex ten s iv e  tissu e  b re a k d o w n .

P re se n tly , it is very  d if f ic u lt  to  su rm ise  
h o w  c lo se ly  th e  in  v itro  ce llu lase  a c tiv ity , 
d e te rm in e d  b y  u sin g  CM ce llu lo se  as a 
su b s tra te , c o rre la te s  w ith  th e  in vivo 
a c tiv ity  o f  n a tiv e  ce llu lase , since  its  su b 
s tra te  sp e c if ic ity  is n o t y e t k n o w n . H o w 
ever, it seem s lik e ly  th a t  th e  ce llu lase  ac ts  
in  c o n ju n c t io n  w ith  o th e r  h y d ro ly t ic  en 
zy m es to  cause  so f te n in g  d u rin g  r ip en in g  
o f  d a te s .
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