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K . B . DALAL, D . K . SA LU N K H E, and  L. E. OLSON
food Science and Technology Program Utah State University, Logan, Utah 84321

Certain Physiological and Biochemical Changes in Greenhouse- 
Grown Tomatoes (Lycopersicon Esculentum Mill.)

SUM M ARY
T om a to es o f  V. R . M oscow  and  F ireb all 

varieties grow n in  a g reen h o u se  varied  m ark 
ed ly  from  p rev iou sly  rep orted  data on  field- 
grow n lo ts o f  th e sam e varieties w ith  regards  
to to ta l titra tab le  a c id ity , co lor d ev e lo p m en t, 
free  red u cin g  su gars, p ec tin s , v o la tile  red u cin g  
su b sta n ces (V R S ) , o rg an ic  ac id s, and ascorb ic  
acid . C on cen trations o f  a ll th e n o n v o la tile  a t
trib u tes ex c ep t total titratab le acid ity  ( % ) w ere 
low as com p ared  w ith  fie ld -rip en ed  tom a toes. 
Lower co n cen tra tion s o f  V R S, o rg a n ic  acid s  
(m g /1 0 0  g ) ,  and sugars ( % )  co n sid erab ly  
affected  flavor, a rom a, and  taste in g reen h o u se  
tom a toes. C olor (b eta -ca ro ten e  and ly c o p e n e )  
d ev elo p m en t was d efectiv e . In g en era l, to m a 
toes grow n in  the g re en h o u se  w ere “ fla t” and  
tasteless.

INTRODUCTION
A previous paper (Dalai c t  a! . , 1965) 

dealt with the various physiological and bio
chemical changes occurring in the field- 
grown tomatoes. This article deals mainly 
with the studies p e r ta in in g  to various 
changes such as acidity, color development, 
sugars, volatile reducing substances, organic 
acids, and ascorbic acid of the greenhouse- 
grown tomatoes.

EXPERIMENTAL
Tomatoes (variety V. R. Moscow and Fireball) 

were grown in the glass greenhouse in the winter 
of 1964. Sunshine during the winter months (De
cember through March) averaged 5 y2 hr per day. 
No supplemental lighting was provided during the 
growing months (January to March 1964). Day 
and night temperatures were kept at 70 and 65 °F 
during the growing period. Tomatoes were har
vested at different stages of maturation. The fruits 
were sorted and classified into nine categories ac
cording to size, weight, and color (Table 1). 
Alcohol slurries were prepared by grinding 250 g 
(4-40 fruits, depending on maturity stages) of 
fruit in 250 ml of ethanol. The slurries were pre
served at 40°F and analyzed for the free reducing 
sugars, pectins, organic acids, and ascorbic acid. 
Fresh fruits were used for the determinations of 
the total titratable acidity, color measurement, and

volatile reducing substances. The following ana
lytical procedures were followed.

Total titratable acidity. Ten grams of fresh 
fruit from each category were homogenized with 
100 ml distilled water and then titrated to pH 8.1 
with 0.1Ar sodium hydroxide. Each sample was 
tested on a Beckman pH meter.

Color measurement. Fresh samples of tomatoes 
were obtained for determination of total chloro
phylls and carotenoids.

Total chlorophylls and chlorophyll a and b were 
determined according to AOAC (1960) procedures. 
Total carotenoids and beta-carotene were deter
mined according to procedures outlined by the 
Assoc, of Vitamin Chemists (1951).

Free reducing sugars. Free reducing sugars were 
determined by the Shaffer-Somogyi micro-method 
(AOAC, I960).

Total pectic materials and soluble pectins.
Total pectic materials and soluble pectins were re
spectively determined according to procedures out
lined by McCready and McCornb (1952) and Ruck 
( 1956).

Volatile reducing substances (VRS). Fresh 
samples of tomatoes were obtained for VRS deter
minations. Fruit (250 g ; number of fruits varied 
from 4-40, depending upon maturity stages) was 
blended with a minimum quantity of distilled water 
and analyzed for VRS content according to the 
procedure outlined by Luh (1961).

Organic acids. Organic acids were separated by 
ion-exchange column chromatography and were 
identified by the method outlined by Marvel and 
Rands (1950).

Ascorbic acids (vitamin C). Ascorbic acid was

Table 1. Classification of tomatoes (variety V. R. Moscow) according to size, color, and average weight of individual fruit.
D e g re e  S iz e  (d i a m , in  A v . w t .  o f

m a t u r a t i o n  in c h e s )  a n d / o r  c o lo r  f r u i t  ( g )

1 (4 or below, greenish 2.1
l )4 to 1, greenish 6.2
3 1 to 1)4, greenish 9.0
4 V/4  to 1)4, greenish 33.3
5 2 to 3 or large green 40.1
6 B reakers 45.4
7 Pink 50.0
8 Red 71.4
9 Red-ripe 83.3

[ 461 |



462 FIELD-GROWN VS. GREENHOUSE TOMATOES

determined according to the AOAC (1960) 
procedure.

RESULTS AND DISCUSSION
Total titratable acidity. Fig. 1 shows the 

percent total titratable acidity of tomatoes. 
Total titratable acidity increased consistently 
up to pink stage, and then declined slightly 
as the fruit became red. Total titratable 
acidity was calculated as citric acid. Percent 
acidity of greenhouse-grown tomato (both 
varieties) was quite similar to that found 
in the field-grown tomatoes. Total titratable 
acidity of tomatoes represents the total 
amount of free acids present ; however, it 
provides no information about their presence 
in other forms. Free acids in greenhouse- 
grown tomatoes were found to increase with 
fruit maturation.

Color measurement. Total chlorophylls 
and chlorophyll a and b  continued to in
crease with the size and maturity of the 
fruit, but decreased as the fruit started ac
quiring a pink color (Fig. 2). The decrease 
of green pigment was considerably less than 
in field-ripened tomatoes. Greenish-yellow 
spots were prominent in the pink stage, indi
cating inadequate color development in fruit

during the ripening process. The ratio of 
chlorophyll a  to b  was slightly less than 2:1, 
as also observed in the field-grown tomatoes. 
The beta-carotene and lycopene contents of 
the greenhouse tomatoes are shown in Fig. 3. 
Beta-carotene content was maximum at the 
pink stage. Greenhouse tomatoes lacked the 
intense bright-red color usually found in the 
field tomatoes. Nonuniform environmental 
conditions, chiefly light, could be considered 
as the primary reason for the inadequate 
color development in the greenhouse toma
toes (McCollum, 1946).

Free reducing sugars. The content of free 
reducing sugars in greenhouse tomatoes 
is shown in Fig. 4. Percent free reducing 
sugars was significantly less than in field- 
ripened tomatoes. A lower concentration of 
free reducing sugars in greenhouse tomatoes 
could be considered as one of the reasons 
for inferior quality of fruit flavor. Forshey 
and Alban (1954) indicated that restricted 
photosynthetic a c tiv ity  due to shading 
causes the lower sugar concentration in 
greenhouse tomatoes. Concentrations of free 
reducing sugars were greater in unshaded 
tomato fruits than in shaded fruits. The to
mato fruit itself may serve as a photosyn-

F ig .  1. T o ta l  t i t r a t a b le  a c id ity  o f V . R . M o sco w  a n d  F i r e b a l l  to m a to e s  ( g r e e n h o u s e - g ro w n )  a t  v a r i 
o u s  s ta g e s  o f m a tu ra t io n .
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Fig. 2. Chlorophyll content of V. R. Moscow and Fireball tomatoes (greenhouse-grown ) at various stages of maturation.
thetic organ even though there are no sto
mata or lenticels (McCollum, 1946).

Total pectic materials and water-soluble 
pectins. Total pectic materials increased up 
to the large green stage, and declined slightly 
with the ripening of fruit, while water-solu
ble pectins showed a steady increase (Fig. 
5 j , Quantitatively, both of these attributes 
were less than in field-grown tomatoes. 
Lack of sunlight during the growing period, 
lower concentration of sugars, and soluble 
solids have been found responsible for the

softer fruit (Forshey and Alban, 1954). 
Moore e t  a !. (1958) indicated that the quan
tity of soluble solids and firmness of toma
toes was reduced by higher fertilization, soil 
moisture levels, and temperatures. The en
zyme protopectinase hydrolyzes the proto
pectins to water-soluble pectins and pectinic 
acids, causing softening of fruit with the 
ripening process.

Volatile red u cin g  substances (VRS).
Flavor development is closely associated 
with the growth of fruit. Environmental

Fig. 3. Beta-carotene and lycopene content of V. R. Moscow and Fireball tom ato es (g reen - house-grown) at various stages of maturation.M aturity stages
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Fig. 4. Free reducing sugars content of V. R. Moscow and Fireball tomatoes (greenhouse-grown) at various stages of maturation.
factors have considerable bearing upon plant 
growth and the flavor of fruit. VRS in
creased proportionately with the rate of 
maturity of the fruit (Fig. 6). The concen
tration of VRS, partially responsible for

typical tomato flavor, was significantly less 
in greenhouse-grown tomatoes. The distinct 
aroma and flavor of field-grown tomatoes 
were lacking. VRS. because of their very 
sensitive characters, are highly susceptible

F ig . 5. P e c t ic  v a lu e s  of V . R . M o sc o w  a n d  F i r e b a l l  t o m a t o e s  ( g r e e n h o u s e - g ro w n )  a t  v a r io u s
s ta g e s  of m a tu ra t io n .
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Fig, 6. Volatile reducing substances of V. R. Moscow and Fireball tomatoes (greenbuose-grown) at various stages of maturation.
to variable environmental conditions. Slight 
alterations in day or night temperatures 
during the growing period could result in 
loss of the typical aroma and flavor of 
tomatoes.

Organic acids. Malic and citric acids were 
found to he the two major organic acids in 
the greenhouse tomatoes. The concentra
tions of malic and citric acids were greater 
in red-ripe tomatoes than in the other de-

F ig . 7. P e rc e n t  m il l ig ra m s  of m a lic  a n d  c i t r ic  a c id s  c o n te n t  o f V . R . M o sc o w  a n d  F i r e b a l l  to m a to e s
a t  v a r io u s  s ta g e s  o f m a tu ra t io n .
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Fraction
Fig. 8. Schematic representation of chromatographic separation of organic acids from red-ripe V. R. Moscow and Fireball tomatoes (greenhouse-grown).

grees of maturation (Fig. 7). Concentra
tions of both acids were smaller in these 
tomatoes than in field-grown tomatoes. Fig. 
8 represents a typical chromatogram of red- 
ripe tomato fruit grown in the greenhouse. 
The areas under the peaks, representing 
malic and citric acids, increased progress
ively with increasing maturity. Quantita
tively the total titratable acidity of green
house tomatoes was more or less similar to 
that of field-grown tomatoes, while the con
centration of organic acids was considerably 
lower.

Ascorbic acid (vitamin C). Ascorbic acid 
increased progressively with ripening (Fig. 
9). No decline of vitamin C content was 
observed in these tomatoes (ascorbic acid 
content in the field-ripened tomatoes in
creased up to pink stage and then declined 
slightly as the fruit attained the red-ripe 
stage). Ascorbic acid is thought to be con
sumed in the later stages of the ripening 
process. No decrease was found in these 
tomatoes, indicating a different ripening 
process. Certain ex p erim en ta l re su lts  
(Schopfer, 1949) indicate that biosynthesis

Fig. 9. Percent milligrams of ascorbic acid content of V. R. Moscow and Fireball tomatoes (greenhouse-grown) at various stages of maturation.
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of ascorbic acid and photosynthesis are in
terrelated. However, nothing definite is 
known as to how enzymatic synthesis of 
ascorbic acid is connected with the photo
synthetic activity. Tombesi c t  a t . (1952) 
reported that the ascorbic acid oxidase ac
tivity of the tomato fruit decreases rapidly 
with ripening and reaches a minimum at the 
yellowing stage. Light has been recognized 
as an important environmental factor in de
termining the ascorbic acid content of fruits 
and vegetables. Frazier c t  a t . (1954), 
McCollum (1946), and Somers c t  a t. (1945) 
all indicated that light energy impinging di
rectly on the fruits determines their ascorbic 
acid content. Brown and Moser (1941) re
ported that greenhouse fruit had only about 
half the vitamin C concentration of tomatoes 
grown in the field.
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The Influence of Metallic Ions on the 
Autoxidation of Oxymyoglobin

SUM M ARY
T h e a u to x id a tio n  rate o f  p u r ified  o x y m y o 

g lo b in  is ex trem ely  var ia b le . P art o f  th e  vari
a b ility  h as now  b een  traced to co n ta m in a tio n  o f  
th e o x y m y o g lo b in  p rep a ration s w ith  m eta ls, 
p articu larly  co p p er . C op p er added  in  am ou n ts  
eq u im o la r  to th e o x y m y o g lo b in  con cen tra tion  
resu lted  in  a 25X  in crea se  in  th e  a u tox id a tio n  
rate con stan t. Iron and  zin c w ere m u ch  less  
active th an  co p p er  in ca ta ly z in g  th e  a u to x id a 
tion . A variety  o f  co n d itio n s  k n ow n  to a cce ler 
ate th e  a u tox id a tio n  o f  o x y m y o g lo b in  w ere 
tested  to see  w h eth er th e accelera tion  w as d u e  
to co n ta m in a tio n  w ith m eta ls.

INTRODUCTION
An interest in the autoxidation rate of 

oxymyoglobin ( MbCB ) has been stimulated 
by the direct connection between this reac
tion and meat or fish discoloration ( Snyder 
and Ayres, 1961 ; Brown and Dolev, 1963- 
a,b). (The abbreviations used are Mb for 
reduced mvoglobin, Mb+ for metmyoglobin, 
MbOo for oxymyoglobin, and similarly for 
hemoglobin derivatives, i Previous studies 
have shown the effect of partial pressure of 
oxygen, pH, and temperature (George and 
Stratmann, 1952a.b: 1954), the effect of so
dium hydrosullite concentration and temper
ature (Snyder and Ayres, 1961), and the 
effect of degree of purification of MbOo, 
temperature, buffer strength, and freezing 
(Brown and Dolev, 1963a,b) on the autoxi
dation rates of MbCH.

Despite careful control of the above-named 
factors, unexplained variations still occur in 
autoxidation rate constants. A greatly in
creased rate of autoxidation was observed in 
this laboratory for an MbCR solution which 
had been Seitz-filtered, and the cause of the 
increased rate was found to be the metal fil
ter holder. Consequently, a series of experi
ments were done to evaluate the effect of 
trace metals on the autoxidation rates of 
MbCC and IlbCD. This paper reports the 
results.

Weiss c t  a l . (1953) reported that the au

toxidation of HbCD was markedly increased 
by copper, somewhat increased by iron, and 
retarded by zinc. Copper and iron were 
found to be effective catalysts for the reduc
tion of lib ' by ascorbic acid (Gibson. 1943: 
Weiss <’/ a !.. 1953). An extensive study of 
the binding of copper and zinc by myoglobin 
has been completed by Breslow and Gurd 
(1963 ) and by Breslow (1964).

METHODS
The myoglobin used was obtained from beef 

skeletal muscle as reported previously ( Snyder 
and Ayres, 1961) and from sperm whale (Sigma 
Chemical Co. Type II). Both myoglobin prepara
tions had been crystallized in the oxidized form, 
and no difference in behavior was noted for the 
two types of myoglobin.

Hemoglobin was obtained by homogenizing bo
vine liver with an equal weight of 0.6.1/ phosphate 
buffer at pH 5.7. The homogenate was heated at 
55°C for 5 min, cooled, and centrifuged. The hemo
globin solution was diluted with the buffer used 
for extraction to give an absorbancy of about 0.8 
at 574 mg (1 cm path length). Also, oxyhemo
globin solutions were prepared by precipitating the 
liver extract with (NH.,)2SO i and by dialyzing 
the rehydrated hemoglobin overnight at room 
temperature against 0.6.1/ phosphate, pH 5.7. As 
a result of precipitation with (XHiCSO, and 
overnight dialysis, the hemoglobin preparation had 
autoxidized to mcthemoglobin, and it was necessary 
to reduce the hemoglobin solution with Na-SsOi 
prior to measuring the autoxidation rate. The 
autoxidation rate constant for a crystallized sample 
of bovine hemoglobin (Sigma Chemical Co. Type 
1 ) was also measured.

Autoxidation rate constants were determined for 
both hemoglobin and myoglolvn preparations by 
using phosphate buffer at a pH of 5.7 and 30°C 
as previously described (Snyder and Ayres, 1961).

For adsorption of MbOs, a CM cellulose (Sigma 
Chemical Co., medium-mesh, 0.62 mequiv/g) col
umn was prepared by equilibrating with 0.005.1/ 
acetate at pH 5.7. MbO- was adsorbed on the 
column, washed with approximately 1 L of distilled 
water to remove anions, and eluted from the 
column by using 0.6.1/ phosphate at pH 5.7. The 
adsorption and elution were done at 2°C, but the 
eluting buffer was at room temperature.

I 468 1
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Three 4-g samples of CM-cellulose were wet 

ashed and analyzed for iron and copper. One 
sample was used without any pretreatment, one 
sample was washed with 3 L of distilled water 
and ashed, and the third sample was washed with 
3 L of distilled water followed by 3 L of 0.00SM 
acetate at pH S.7 containing 0.1% EDTA. The 
■ wet ashing was done with concentrated HNCh at 
the beginning and was finished with a 5:1 mix
ture of concentrated HNO3 and HCIO3 (70%). 
Analysis for iron was according to Diehl and 
Smith (1960), using bathophenanthroline, and 
analysis for copper was according to Diehl and 
Smith (1958), using bathocuproine.

RESULTS
An attempt to remove contaminating micro

organisms from an M b02 solution by Seitz filtra
tion resulted in a very rapid autoxidation of the 
MbOs. The rapid autoxidation was found to be 
due to the metal filter holder, and a qualitative 
check of several metal salts (Fe, Z11, Al, Cu) 
indicated that Cu was extremely active in pro
moting the autoxidation of M b02, while the other 
metals were less active.

The autoxidation rate of M b02 was measured 
in the presence of varying concentrations of cupric 
ion, with the results shown in Fig. 1. The MbO« 
concentration was 0.23mA/ for this series of ex
periments. The copper was added as CuSO.j after 
reduction and oxygenation of the myoglobin. The 
rates were found to be first-order with respect 
to MbO» for all concentrations of copper shown. 
The copper seemed to be acting as a catalyst for 
the autoxidation rather than as a direct oxidant 
such as ferricyanide. A qualitative experiment was 
done to determine if the cupric ion was directly 
oxidizing the heme iron and then being reoxi
dized by oxygen, or if the cupric ion was catalyzing 
the autoxidation. Myoglobin was reduced by add
ing an excess of sodium hydrosulfite ( Na2S20 4). 
A large crystal of CuSCh was added to the Mb, 
which was contained in a 13-mm test tube. If the 
cupric ion were directly oxidizing the heme iron, 
Mb" should have formed first at the bottom of 
the tube, where the cupric ion concentration was 
high. The amount of CuSo-i added far exceeded 
the amount of Na2S20 4, so even if the Na2S20 4 
had to be used up prior to the appearance of MbH, 
there was sufficient CuSCh present to oxidize all 
of the Na2S20 4 and heme iron. If the cupric ion 
were acting as a catalyst for the autoxidation,

Fig. 1. The effect of Cu+* on the autoxidation of M b02 at pH 5.7, 0.6M phosphate buffer and 30° C. The arrow indicates equimolar concentrations of MbO's and Cu++.
then 0 2 would still be the oxidizing agent, and 
Mb+ would appear first at the surface of the test 
tube. In the several times this experiment was 
done, the Mb+ each time appeared first at the 
surface exposed to 0 2. Therefore, cupric ion acts 
as a catalyst for the autoxidation rather than as 
a direct oxidant.

Measurements of autoxidation rate constants for 
MbOs in the presence of small amounts of iron 
and copper at pH 8.0 are shown in Table 1. Iron 
had no influence on the autoxidation rate, and 
the influence of copper was very much less than 
at pH 5.7. Tris buffer was used to maintain the 
pH at 8.0. When experiments were done to 
measure the autoxidation rate constant of MbOa 
with added iron and zinc at pH 5.7, these metals 
formed insoluble salts with the phosphate buffer. 
Consequently, 0.5M  acetate buffer at pH 5.7 was 
used in place of phosphate buffer, with the result 
that the autoxidation rate constant of M b02 with
out any added metals was increased severalfold. 
Sometimes the autoxidation rate in acetate buffer 
was not first-order. At least some of the increased 
autoxidation rate with acetate buffer could be con
trolled by the addition of 0.1% EDTA. Other 
methods of decreasing the autoxidation rate con
stant in acetate buffer were by making up the 
buffer using deionized glass-distilled water or by 
treating the acetate buffer with dithizone. Rate

Table 1. Autoxidation rate constants for MbO» in 0.1M Tris, pH 8.0, in the presence of 
Fe and Cu.

N o  m e ta l  5 p p m  F e  10 p p m  F e  1 p p m  C u  2 p p m  C u  4  p p m  C u

Rate constant hr-1 0.09 0.09 0.09 0.28 0.34 0.36
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constants resulting from these treatments are 
shown in Table 2. It appeared that the increased 
autoxidation rates obtained with acetate buffer 
could be attributed to contaminating cations. Good 
reproducibility of autoxidation rates was not ob
tained when iron and zinc were added to MbO» in 
acetate buffer. However, both iron and zinc were 
less effective than copper in catalyzing the autoxi
dation.

The effect of excess Na»S»0.i on the autoxidation 
rate of MbO» was described in an earlier paper 
(Snyder and Ayres, 1961). An obvious method 
to remove oxidation by-products of Na»S»04 and 
contaminating metallic cations would be dialysis. 
Several experiments with dialysis of Mb+ and 
MbOa were done with the following results.

When a preparation of Mir which had been 
crystallized from beef skeletal muscle was found 
to autoxidize with a rate constant higher than 
normal (0.4-0.5 h r'1, compared with 0.2 hr'1), the 
autoxidation rate constant could be decreased by 
extensive dialysis first against 0.01 M  NaCN in 
0.6M phosphate buffer, pH 5.7, and then against 
buffer alone until the spectrum of Mb' showed no 
evidence of the cyanide derivative. However, if 
Mb+ was first reduced with Na»S«04 and oxyge
nated, dialysis against buffer to remove oxidation 
products of Na-S-Oi resulted in an autoxidation 
rate constant higher than with control samples of 
MbCh which had not been dialyzed. Simply incu
bating MbO» with dialysis tubing overnight in the 
cold was sufficient to increase the autoxidation 
rate constant. These results are shown in Table 2. 
The effect could not be decreased by presoaking 
or washing of the dialysis tubing with deionized 
water. The effect of dialysis tuhing on the autoxi

dation rate of MbOa could be nullified by incu
bating the MbOa and dialysis tubing with 0.1% 
EDTA.

Another technique which was used to free MbOa 
of oxidation products of Na2S20 4 was the adsorp
tion of MbOs on a CM cellulose column, washing 
the adsorbed MbOa free of any anionic by-products 
from Na2S20 4, then eluting M b02 by using 0.6M 
phosphate buffer and measuring the autoxidation 
rate. The result was a striking increase in autoxi
dation rate due to adsorption on the CM cellulose 
column. The rate constant was 3.72 hr"1 for ad
sorbed M b02, compared with 0.21 hr"1 for a con
trol sample of MbO» which did not receive the 
column treatment. Washing the CM-cellulose col
umn with buffer containing EDTA was sufficient 
to decrease the autoxidation rate constant to control 
values. Further, CM cellulose which had been 
treated with single-distilled water or with buffer 
containing EDTA and CM-cellulose which had 
received no treatment was ashed and analyzed 
for iron and copper. The results are shown in 
Table 3. The copper content of the column ma
terial was decreased to undetectable amounts by 
the EDTA treatment. Since copper has a con
siderable effect on the autoxidation rate of MbO» 
(Fig. 1), it was concluded that copper eluted with 
MbO» was responsible for the striking increase 
in autoxidation of MbO» adsorbed on CM-cellulose.

The MbO», which had been adsorbed on CM 
cellulose, washed with water and then eluted with 
buffer, containing EDTA, still autoxidized with 
a rate constant of 0.2 hr.-1. Consequently, it was 
concluded that oxidation by-products of Na»S»04, 
which would have been washed free of the adsorbed 
M b02 had little effect on the autoxidation of MbO=.

Table 2. Autoxidation rate constants for M b02 using various buffers and buffer treatmentsto remove metals. General pH 5.7, temperature 30°C. conditions : Phosphate buffer 0.6M, pH 5.7, acetate buffer 0.5M,

P h o s p h a te
u n t r e a t e d

A c e ta te
P h o s p h a t e  A c e ta te  A c e ta te  t r e a t e d  w ith  

+  0 .1 %  E D T A  u n t r e a t e d  + 0 . 1 %  E D T A  d i th iz o n e »
A c e ta te  

w ith  d e io n iz e d  
d i s t i l l e d  I D O  b

Mb( h 0.29 h r 1 0.25 hr'1 0.50 h r 1 0.39 0.46 0.36
0.31 0.23 1.10 0.32 0.43 0.36
0.29 often rapid but 0.35
0.35 not first order

MbO»
incubated 0.39 0.29
with dialysis 0.44 0.23
tubing c 0.40 0.20

0.40
0.44

“ Portions of the buffer were shaken with 0.001% dithizone in chloroform until there was no color change in the dithizone. The buffer was then heated to remove traces of chloroform.b The water used to make up this buffer was distilled, passed over a deionizing column, glass-distilled, and stored in a polyethylene container.1 The MbO» was incubated for 24 hr in the presence of dialysis tubing at 4°C. Subsequently, the dialysis tubing was removed and the autoxidation rate measured.
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Table 3. Analysis for iron and copper in CM- cellulose.

C M -c e llu lo s e
T  r e a t m e n t Fe Cu

Washed with 
distilled H20 ' 40 ppm 18 ppm

Washed with 
0.1% EDTA 35 0

No special 
treatment 51 5
“ A 4 g sample of CM-cellulose was washed with 3 liters of distilled H20  or EDTA solution and ashed. The metal concentrations are averages for duplicate samples taken from each acid digest.
The observations on the effect of metallic ions 

and EDTA on the autoxidation of MbO» led to 
questions concerning other anomalies in the autoxi
dation of heme pigments. For example, NaCl has 
been known to increase the autoxidation rate of 
MbOa and H b 0 2 (Coleman, 1951). Conceivably, 
this effect may have been due to trace metals 
added with the NaCl. Experiments were done to 
test this hypothesis. The autoxidation of M b02 
was measured with and without the addition of 
109c NaCl and in the presence of 10% NaCl plus 
0.1% EDTA. The results are shown in Table 4, 
and they indicate that part of the NaCl effect on 
the autoxidation rate is due to cations being com- 
plexed by EDTA. However, there is an effect 
of NaCl not counteracted by the EDTA.

Another possible effect of trace metals which 
seemed worth exploring was the well-known differ
ence in autoxidation rate between M b02 and H b02. 
Usually, HbC>2 autoxidizes at a lower rate than 
MbOs. The lower rate could be due to the differ
ent methods of preparation of purified hemoglobin 
and myoglobin. Most studies on the autoxidation 
of HbO» have been done with lysed red blood cells, 
but for M b02 the preparation involves one or more 
precipitations with (NHCjsSO-i. M easu rem en ts  
were made on the autoxidation rate of an unpuri
fied HbOa preparation extracted from bovine liver 
and of the same preparation after precipitation with 
(N H 4)»S04 and extensive dialysis. Also, the 
autoxidation rate was measured for a commercial 
preparation of bovine HbCC which had been crys
tallized and lyophilized. The results (Table 5) 
indicate that crude tissue extracts of HbOs autoxi- 
dize very slowly. After a purification procedure 
similar to the procedures used for M b02, H b 0 2

Table 4. Autoxidation rate constants for M b02.
N o 1 0 %  N a C l  +

E x p e r im e n t a d d e d  s a l t 1 0 %  N a C l 0 .1 %  E D T A

l 0.25 hr“1 1.47 hr“1 0.71 hr“1
2 0.18 0.86 0.62

Table 5. Autoxidation rate constant for different H b02 preparations at pH 5.7 and 30°C.
No measurable rate

1. Crude beef liver extract after 3 hr
2. Same as 1 after (NHi)sSOt 0.16 hr“1

precipitation 0.18
0.14

3. Crystallized bovine H b02 0.41
0.41
0.41

4. Crystallized bovine HbO» 0.12
+  EDTA 0.22

0.28

autoxidizes at a rate quite comparable to that for 
MbOa. Also, HbOs shows a response to added 
EDTA similar to that of MbO». Added EDTA 
will decrease the rate of autoxidation, but only 
to a point, and never is the autoxidation rate 
constant decreased to the extent which can be 
achieved in crude tissue extracts.

The increase in autoxidation rate constant with 
purification of heme pigments might be attributed 
to the removal of some component which inhibits 
the autoxidation or the addition of something 
(possibly trace amounts of copper) which catalyzes 
the autoxidation. The latter possibility was tested 
experimentally by purifying myoglobin from beef 
skeletal muscle in the presence of EDTA. The 
purification procedure was the same as previously 
reported (Snyder and Ayres, 1961) except that 
the muscle extract was kept continually in contact 
with solutions containing 50 ppm EDTA. After 
crystals were obtained, the autoxidation rate con
stant was 0.25 hr“1. Consequently, the presence of 
EDTA during purification of myoglobin had no 
effect on the autoxidation rate constant.

DISCUSSION
The effect of cupric ion on the autoxida

tion of purified MbOo could be attributed 
to a direct oxidation of MbO? by Cu++ and 
subsequent autoxidation of Cu+ to Cu++. 
This does not seem to be the mechanism, for 
two reasons: 1) if MbOa were oxidized di
rectly by Cu++, the rate of the reaction for 
equimolar mixtures of the myoglobin and 
copper would be expected to be much greater 
than that shown in Fig. 1 ; and 2) Mb oxi
dized only in the presence of excess C uS04 
if CU were also present.

The removal of oxidation products of 
minimal amounts of Na2S2 0 4 had no effect
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on the autoxidation rate constant of M b02- 
It has been shown that products of Na2S20 4 
autoxidation can take up considerable 0 2 
(Matsuura et al., 1963). Consequently, for 
best reproducibility, a u to x id a tio n  rates 
should be measured with sufficient exposure 
to air so that the partial pressure of 0 2 in 
solution is not lowered during the measure
ment.

Numerous experiments (Table 2) showed 
that the incorporation of EOT A in an autox- 
idizing solution of M b02 is sufficient to lower 
abnormally high autoxidation rate constants 
to approximately 0.2 hr-1. However, all 
attempts failed to decrease rate constants 
even further by careful exclusion or removal 
of metal ions. Yet, for unpurified HbOo and 
M b02 (Brown and Dolev, 1963a), rate 
constants are frequently lower than those 
for crystallized HbOo or M h02. The reason 
for the increased susceptibility to autoxida
tion upon purification of a heme pigment is 
not known. An attempt to purify MetMb 
in the presence of EDTA and thereby to 
minimize contamination with trace metals 
did not result in a decreased rate constant 
for autoxidation. Consequently, the presence 
of protective factors in crude extracts seems 
the preferable explanation for the slow oxi
dation found in crude extracts. Perhaps an 
enzyme system such as that recently de
scribed by Stewart et al. (1965) may be 
responsible for the slow autoxidation.

With regard to the effect of salt on the 
autoxidation of M b02, the results shown 
here indicate that some of the influence can 
be attributed to metals which can be chelated 
by EDTA. Yet there remains an effect due 
to salt which cannot be attributed to metallic 
cations. Wang (1961) has attributed the 
stability of HbOo to the apolar environment 
immediately surrounding the heme group. 
Added salt could be expected to modify the 
environment of the heme, either directly or 
indirectly, which may account for the effect 
of salt on the autoxidation.

The discoveries that M b02 autoxidizes 
rapidly after adsorption and elution from a 
CM-cellulose column, and that the increased 
autoxidation rate is probably due to con
tamination of the preparation with copper, 
indicate the ease with which M b02 solutions

can pick up small amounts of metals. This 
information may be helpful in explaining the 
multiple myoglobins as revealed by CM- and 
DEAE-cellulose chromatography (Rumen, 
1959; Perkoff et al., 1962; Quinn et al., 
1964; Atassi, 1964; Akeson and Theorell,
1960).
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Nordrcco AB. Bjuv, Sweden

Lipid Hydrolysis in Unblanched Frozen Peas (Pisum sativum)

SUM M ARY
D ata on  h y d ro ly tic  ch a n g es  in  th e  lip id s  o f  

u n b lan ch ed  (en zy m a tica lly  a c tiv e ) p ea s in  th e  
ran ge 5 to —20°C  are p resen ted . T h e Q.  
v a lu e  fo r  th e  fo rm a tio n  o f  fr e e  fa tty  acid s b e
tw een  th ese tem p eratu res is ab o u t 2 .5 . T he  
co rresp on d in g  va lu e fo r  d ev e lo p m en t o f  o ff- 
flavor is  ab o u t 3 .0 . B oth  v a lu es are co n sid er
ab ly  low er th an  th o se  ty p ica l fo r  d eteriorative  
n on -en zy m atic  reaction s in  b la n ch ed  v eg eta b les.

Gas ch rom a to gra p h ic  an a ly sis  o f  th e  fr e e  
fa tty  acid  fraction  d em o n stra tes  fu r th er  that 
th ere is an ap p a ren t p re fer en c e  fo r  h yd rolysis  
o f  p olyu n sa tu rated  acid s. T h is  ten d en cy  is  
esp ec ia lly  ev id en t in  th e low er p art o f  th e  tem 
p erature ra n ge stu d ied . A co rresp o n d in g  in 
crease o f  th e  p ro p ortio n  o f  satu rated  acid s in  
th e  u n h y d ro ly zed  fa t can be sh ow n . N o n et  
ch a n g e o f  an y  s in g le  acid in th e  co m b in ed  lip id  
fraction s is ob served , e x c ep t fo r  lin o le ic  and  
lin o le n ic  acid s, w hich  d ecrease som ew h at a fte r  
lo n g  storage a t th e  h ig h er  tem p era tu res. T his  
in d icates  a su b sta n tia l b reak d ow n  in to  sm aller  
m o lecu les .

INTRODUCTION
It has been known for many years that 

lipids of unblanched peas undergo great 
changes during storage at freezing tempera
tures (Lee et ai, 1955, 1956). In only about
2-3 weeks at — 18°C the formation of free 
fatty acids and peroxides can be shown. At 
the same time, characteristic off-flavor can 
be detected. These changes are catalyzed 
by enzymes and do not occur in blanched 
peas at comparable rates. During further 
storage the hydrolytic and oxidative changes 
continue, leading eventually to extensive 
h y d ro ly s is  of the lipids and marked de
crease of the amount of polyunsaturated 
fatty acids. A simultaneous formation of 
characteristic lipid breakdown products can 
be shown by ordinary chemical methods or 
indicated by gas chromatographic headspace 
analysis (Bengtsson and Bosund, 1964).

Data from Lee and Mattick (1961) on 
fractionated pea lipids indicate further, how
ever, that the decrease of polyunsaturated 
fatty acids is balanced by a corresponding 
increase of palmitic acid in the combined pea

lipids. In pea material stored for long peri
ods more than a doubling of the original 
amount of palmitic acid was observed. This 
is astonishing since one should not expect 
a direct transformation of unsaturated Cig 
acids into a saturated Cm acid. Such changes 
might occur under dramatic chemical condi
tions but have never been observed in metab
olizing or frozen tissues of any type. In this 
work the studies of Lee and Mattick were 
repeated using somewhat different methods 
for extraction and fractionation of the pea 
lipids. The hydrolytic changes as well as 
the off-flavor development were followed at 
different storage temperatures in the range 
— 5°C to —26°C in order to determine the 
temperature effect on the rate of hydrolysis 
and on the composition of the free fatty acid 
fraction.

The studies will be continued on raw 
materials such as fish and meat and will also 
include the effect of freezing rate. The latter 
is of special interest considering the ten
dency toward such freezing techniques as 
flow-freezing and freezing in liquid nitrogen, 
both involving considerably higher freezing 
rates than conventional methods.

EXPERIMENTAL
Pea material. Peas (Pisum sativum sensu amp. 

(L) Govorov var. pachylobom, the wrinkled type) 
of normal harvesting maturity (tenderometer read
ings 90-100) were used throughout except in ex
periments comparing different degrees of maturity. 
In order to secure a uniform material, ordinary 
factory peas were sampled from the processing line 
after mechanical vining and size grading imme
diately before the blanching step. Part of the 
sampled material was blanched to a negative per
oxidase reaction and used as reference. The mate
rial was frozen in a blast freezer to —40°C and 
immediately stored at the temperatures in question.

Organoleptic evaluation. Five experienced 
judges graded the cooked samples according to a 
scale from 1 to 7, where 7 denoted very high 
quality and 5 just acceptable. The ranks were 
treated statistically by analysis of variance.

Extraction and fractionation of the lipids. 
The crude lipids were extracted with chloroform- 
methanol by three successive 1-min treatments in

[ 474 ]
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a Waring blender. For the first treatment the peas 
were placed in the organic solvent without previous 
thawing. The first extraction was made wdth a 
more polar mixture than the second and third 
(chloroform-methanol 1:1 compared with 2:1) in 
order to break the bonds between phospholipids 
and protein. After each extraction the solvent 
phase was separated from the water phase and the 
pea solids by centrifugation for IS min. The pooled 
solvent phases were evaporated to dryness under 
reduced pressure at temperatures not exceeding 
40°C. The wdiole procedure of extraction and sub
sequent fractionation is shown in Fig. 1. The re
sulting three fractions of reasonably pure neutral 
fat, phospholipids, and free fatty acids were ana
lyzed with regard to dry weight, phosphorus con
tent, and fatty acid composition.

In a few experiments the phospholipids were 
further fractionated into crude fractions of lecithin, 
cephalin, and inositol phosphatides according to the 
scheme in Fig. 1.

Extracted lipids. The amount of extracted lip
ids was determined by drying in an oven at 80° C 
for 20 hr.

Phosphorus. Phosphorus was determined accord
ing to the method of Allen (1940).

Fig. 1. Extraction and fractionation of crude pealipids. Arrows (----») indicate that determinationof dry weight, phosphorus, and amount and composition of fatty acids were made on aliquots of the fractions.

Gas chromatographic analysis of fa tty  acids.
The fatty acid composition of the various fractions 
was determined at 200°C in a Perkin-Elmer vapor 
fractometer, model 116E, with a hot-wire detector. 
The column was 6-ft packed with 20% butanediol 
succinate polyester on 60-80-mesh chromosorb W. 
For identification the retention times of the various 
peaks were compared with those of pure commer
cial samples. The detector response was calibrated 
with known mixtures. Esterification of the fatty 
acids was achieved either by refluxing in 0.5N 
HC1 in methanol during 2 hr in an atmosphere of 
nitrogen after hydrolysis by refluxing in IN  KOFI 
in methanol during 3 hr in an atmosphere of nitro
gen, or directly by refluxing in 0.41V sodium meth
ylate during 30 min in an atmosphere of nitrogen. 
The two methods gave identical results when tested 
on the same material. Direct esterification was 
preferred in the latter part of the work, because 
of its simplicity. In the case of free fatty acids 
the first-mentioned method was used throughout, 
omitting the hydrolysis.

RESULTS AND DISCUSSION
Extraction and fractionation. Fig. 2 

shows the amounts of crude lipid, phos
phorus, and fatty acids in the material from 
6 successive extractions. Of the total amount 
of lipid present in the peas, 90-95% was re
covered in the first 3 extractions. It is evi
dent, however, that a large portion of the 
crude lipid consists of non-lipid material 
(higher for each extraction). Most of this 
is separated from the phospholipids later in 
the procedure, as chloroform-methanol in-

Fig. 2. Composition of crude lipids in repeated extractions.
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soluble material, according to Fig. 1. In any 
case some contamination is tolerable since it 
does not affect the validity of the results 
obtained on the composition of the lipids in 
terms of individual fatty acids.

Fig. 2 also shows that the ratio of polyun
saturated fatty acids to other fatty acids 
decreases slightly with the number of ex
tractions.

Fractionation of the crude lipids into 
neutral fat and phospholipids by precipitation 
of the phospholipids by addition of acetone 
in the presence of MgCL resulted in a neu
tral fat fraction nearly completely free from 
phosphorus. The phosphorus content in the 
phospholipids was close to 4% when calcu
lated on the amount of fatty acids as deter
mined by gas chromatography (assuming 
that % of the phospholipid weight consists 
of fatty acids).

Fractionation of the crude phospholipids 
as described in Fig. 1 resulted in inositol 
phosphatides and cephalin phosphatides es
sentially free from other material (at least 
when judged from the phosphorus content), 
but a very crude lecithin fraction with sugar 
as the main contaminant. No further purifi
cation was attempted, since the main reason 
for the fractionation was only to give a rough 
idea of the extent to which each phospho
lipid group was affected by hydrolytic 
enzymes.

Fatty acid composition of lipids of fresh 
peas. A large number of determinations 
were made throughout this work of the fatty 
acid composition in fresh peas of varying 
maturity and in various parts of the pea 
(cotyledons and skin).

The average fatty acid composition in peas 
of ordinary harvesting maturity is shown

in Table 1. The proportion of, especially, 
palmitic acid was higher in phospholipids 
than in neutral fat, while the contrary was 
true for oleic and linolenic acids. The same 
picture was obtained by Lee and Mattick
(1961). It is interesting to note that the 
1961 peas contained twice as much oleic acid 
as linolenic acid, whereas no significant 
difference was observed in the 1962 material.

Fig. 3 shows the variation of palmitic, 
linoleic, and linolenic acids with maturity 
(here measured as the diameter of the pea) 
in two experiments. The remaining fatty 
acid of quantitative importance, oleic acid, 
did not vary significantly with maturity. 
Linoleic acid apparently increases with ma
turity, wdiile palmitic acid and linolenic acid 
decrease. The total amount of fatty acids, 
calculated on a dry-weight basis, was about 
30% higher in more mature peas (compare 
Table 2.) The changes of fatty acid compo
sition with varying maturity are not very 
great, but it should be pointed out that the 
peas used in this work were of a narrow 
range of maturities from a physiological 
point of view.

A comparison of the fatty acid composition 
of lipids from cotyledons and skins revealed 
great differences, especially with regard to 
oleic and linolenic acids. In the cotyledons 
these acids occurred in about equal amounts 
(8.3 and 9.7% of the total amount of fatty 
acid, respectively) while in the skins the 
amount of linolenic acid was about 9 times 
as great (2.5 and 22.5%, respectively).

Influence of temperature, oxygen, and 
pea maturity on rate of off-flavor develop
ment. Before the analytical work was started 
some studies were made on the effect of stor
age conditions (as temperature and oxygen

Tab'e 1. Fatty acid composition in peas oi ordinary harvesting maturity.

F a t t y  a c id

P r o p o r t io n  ( % )
1961 h a r v e s t 19 62  h a r v e s t

N e u t r a l
f a t

P h o s p h o 
l ip id s

N e u t r a l
f a t

P h o s p h o 
l ip id s

Lower fatty acids " 2 i 2 i
Palmitic acid 21 27 20 25
Stearic acid 2 2 1 1
Oleic acid 16 13 10 7
Linoleic acid 51 51 55 58
Linolenic acid 8 6 12 8

:l Mainly myristic acid.
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Z

PEA DIAMETER, mm
Fig. 3. Content of palmitic, linoleic, and linolenic acids as a function of pea diameter.-|------------- f- Experiment T• -----------•  Experiment II

availability) and of pea maturity on the rate 
of off-flavor development. In these studies 
the off-flavor was evaluated by a trained 
taste panel. Pea samples stored at —8, —18, 
— 20, and —26°C showed a detectable off- 
flavor after 4.5, 15, 17, and 35 days. It is 
evident from Fig. 4 (line 4) that these values 
correspond to a temperature coefficient ( Qm) 
of about 3.0. This figure for enzymatically 
active material is much lower than that ob
tained for blanched peas by Boggs et al.
(I960), who reported a Qi„ value of about 
13 for non-enzymatic changes in the same 
temperature range. The considerably lower 
value for our material is consistent with the 
fact that enzymatically catalyzed reactions 
proceed with lower energies of activation 
than the same reactions in the absence of 
enzymes. Additional illustration of this is 
given in Fig. 4, which summarizes data for 
off-flavor development in various frozen 
foods. An examination reveals that high 
On, values are typical for blanched vege
tables. Low Qi« values seem to be typical 
for enzymatically active material such as un
blanched peas, raw chicken, fish, etc. Berries 
treated with sugar fall within the group of

x.

Fig. 4. Time-temperature relationship for storage changes in frozen foods.
1. <2io 10-20 Strawberries; raspberries; beans; peas ; spinach; cauliflower. D ata: Guadagni ct al. (1937a) ; Guadagni ct al. (1957b) ; Dietrich ct al.(1959) ; Boggs ct at. (1960); Dietrich et al.(1960) ; Dietrich ct al. (1962).
2. Qio 3-3.5 Raw chicken. Data: Jul (1963); Klose ct al. (1959).
3. Q,o 2.5 Fatty fish. Data: Jul (1963).
4. Q,<i 3.0 Unblanched peas. Data: From this work.
5. Qw 2.5 Unblanched peas. Data: Fig. 5 in this work.

blanched vegetables and present very differ
ent conditions, which makes a comparison 
with the other materials difficult.

According to theories of Lee et at. (1955 ), 
the compounds that contribute off-flavor are 
formed via peroxidation of unsaturated fatty 
acids. The formation of these peroxides is, 
for acids with methylene-interrupted double 
bonds, catalyzed by lipoxidase. Anyhow, 
oxygen should be necessary for at least one 
step in the reaction chain involved. The de
pendence on oxygen could be easily tested 
with a biological material completely free 
from oxygen. Efforts to carry out experi
ments with such material have been made 
recently by Fuleki and David (1963) with 
snap-beans. They showed that the accumu
lation of certain compounds as acetaldehyde 
and ethanol could be affected by removing 
most of the oxygen, but they did not suc
ceed in proving that the rate of off-flavor
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development was also affected. An additional 
difficulty in these experiments is that a com
plete exchange of air with, for instance, nitro
gen might very well lead to the formation of 
new compounds and off-flavors not easily 
distinguished from those obtained in the 
presence of oxygen.

Some attempts were also made along these 
lines in our studies. The material was frozen 
in ordinary cans, and air was removed before 
freezing as completely as possible by repeated 
evacuation followed by replacement with 
nitrogen carefully freed from all traces of 
oxygen. Only when the evacuation procedure 
was repeated 4 times or more, a significantly 
(at the 5% level) slower rate of off-flavor 
development could be demonstrated in the 
treated material. It was not possible to es
tablish whether the type of off-flavor was 
different from that developed in the untreated 
cans.

It has been claimed in the literature that 
less mature peas deteriorate more rapidly 
than more mature ones at room temperatures. 
In our experiments at temperatures below 
0°C such a relationship was not observed by 
the taste panel. During the work it was, 
however, repeatedly borne out that the hy
drolysis is more rapid in less mature peas 
than in more mature peas (Table 2).

The studies summarized above indicate 
that many factors might affect the chemical 
changes of pea lipids at low temperatures. 
The following report on hydrolytic changes 
in pea lipids at freezing temperatures deals 
only with experiments on peas of ordinary 
harvesting maturity (tenderometer readings 
90-100) frozen in normal atmosphere.

Influence of temperature on rate of hy
drolysis. The taste thresholds in water 
phase for short-chain fatty acids are com
paratively high, about 5 ppm. It is therefore 
improbable that free fatty acids should con
tribute to the off-flavor, especially since hy
drolysis of pea lipids at all temperatures

to<
UJ

Fig. 5. Rate of free fatty acid information at various temperatures.
studied here was barely detectable when off- 
flavor was first noticed. The rate of hydroly
sis might nevertheless be of prime impor
tance, since lipoxidase is generally considered 
to attack only free fatty acids.

The influence of temperature on the rate 
of free fatty acid formation is illustrated in 
Fig. 5. Calculation of Qi0 values, based on 
the linear part of the curves, is uncertain be
cause of the rather few and scattered points. 
The value obtained is, however, in the neigh
borhood of 2.5 (compare lower part of Fig.
4). Repeated experiments have given similar 
results, and it is clear that the value for this 
enzyme-catalyzed process is of the same 
magnitude as for off-flavor development and 
considerably lower than for deterioration of 
blanched peas. It is further obvious that the 
rate of hydrolysis rapidly decreases after a 
certain time, approximately the same at all 
temperatures. This means that the rapid 
phase proceeds to nearly complete hydroly
sis of the fat at high temperature, whereas 
at low temperatures the final degree of hy
drolysis is small. The reason for this is 
further discussed below. Similar results 
have been reported by other investigators, as

Table 2. Rate of hydrolysis in small, medium, and large-sized peas kept for 7 months at — 15°C.
______________F a t t y  a c id s ____________

P e a  d i a m e te r  C r u d e  l ip id s  m g / 2 5 0  g  m g / g  d r y
( m m )  ( m g / 2 5 0  g  p e a s )  p e a s  w e ig h t  b a s i s  %  h y d r o ly s i s

7.0- 8.0
8.0- 9.5
More than 9.5

2,940
5,680
3,520

960
1,500
1,840

22.2
29.5
30.4

32
23
16
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for instance for fish by Olley and Lovern
(1960) and for cereals by Acker and 
Beutler (1965).

It could be added that a possible influence 
of pH changes in the peas is ruled out by 
the fact that even at extensive hydrolysis the 
pH does not drop more than 0.2-0.3 unit 
from the original value of 6.8 in fresh peas.

Influence of temperature on composition 
of the free fatty acid fraction. Of great 
interest is the data obtained on the composi
tion of the free fatty acid fraction in terms 
of individual acids. Fig. 6 shows the ratio 
of polyunsaturated fatty acids to other fatty 
acids in free fatty acids formed at various 
times at different temperatures. It is quite 
evident that at all temperatures investigated 
the free fatty acids have a higher degree of 
unsaturation than the average value for fat 
in unchanged pea material (1.9 ; compare 
Fig. 6). The only exception is the value 
obtained after about 50 days at — 5°C. This 
is, however, a very long storage time at such 
a high temperature, and the low ratio was 
due to break-down of considerable amounts 
of especially linoleic acid (compare Table 4).

Anyhow, it is of interest to note that the 
ratios were highest at the lowest tempera-

Fig. 6. Ratio of polyunsaturated fatty acids to other fatty acids in the free fatty acids as a function of temperature and degree of hydrolysis. Figures at beginning and end of each curve give the total amount of free fatty acid formed in mg per 
250 g of peas.

tures. This might to some extent be due to 
the fact that the amounts of lipids hydrolyzed 
were smaller as the temperature was lower 
(figures at the beginning and the end of each 
curve give the total amount of free fatty acids 
in mg fatty acid/250 g of peas at the times 
indicated). The data show, however, that 
there is an increasing specificity for hydroly
sis of polyunsaturated fatty acids with de
creasing temperature, even at comparable 
levels of free fatty acid formation. One pos
sible explanation could be that unsaturated 
fat has a low crystallization point and stays 
longer than saturated fat as a liquid phase 
when the temperature is lowered. This 
would facilitate enzymatic reactions by allow
ing the substrate to diffuse to the enzyme. 
Such an explanation has been suggested by 
Acker and Beutler (1965) for all material 
with a low content of free water on the basis 
of work with cereals and model mixtures 
at various levels of relative humidity. Ob
viously the same explanation could apply to 
the results in Fig. 5, assuming that the for
mation of free fatty acids stops when the 
liquid fat at each temperature has been 
hydrolyzed.

The high percentage of polyunsaturated 
fatty acids in the free fatty acids recovered 
in the above experiment should necessarily 
result in a percentage below average in the 
remaining unhydrolyzed fat (the neutral fat 
and the phospholipid fractions). Such an 
effect has repeatedly been observed in pea 
lipids stored at low temperatures.

Rate of hydrolysis with regard to type 
of lipid. No detailed analysis was made of 
the influence of factors other than tempera
ture on the hydrolytic rate. Nevertheless it 
might be worthwhile to point out some ob
servations made during the work.

A comparison between the rate of hydroly
sis of neutral fat and phospholipids reveals 
no significant difference at low storage tem
peratures but indicates a somewhat more 
rapid attack on phospholipids than on neu
tral fat at —5°C and —8°C (compare 
Table 4). It is doubtful whether this obser
vation has a real significance or is in some 
way connected with the extraction and frac
tionation procedure.

A more clear-cut difference is shown in
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Table 3. Hydrolysis of different types of phospholipids. The — 20 and — 40°C before analyzing. peas were kept 9 months at

S t o r a g e L ip id s  — P h o s p h o r u s
te m p e r a - ( m g /2 5 0  g m g / 2 5 0  g %  o f

F r a c t i o n t u r e  ( ° C ) p e a s ) p e a s l ip id s

Inositol phosphatides -2 0 273 11.5 4.2
-4 0 295 11.8 4.0

Lecithin “ -2 0 355 4.4 1.2
-4 0 535 9.2 1.7

Cephalin -2 0 154 6.5 4.2
-4 0 446 14.5 3.3

" A large part of this fraction consists of sugar.

Table 3 between the three main phospholipid 
fractions. As is clearly indicated, inositol 
phosphatides are very resistant to hydrolysis 
compared with the lecithin and cephalin phos
phatides. In the case of lecithin phosphatides 
it must be remembered that this fraction was 
very contaminated (note the low phosphorus 
content ) and, consequently, the apparent de
crease from 535 to 355 mg, must have been 
considerably proportionally greater. The 
resistance of inositol phosphatides to hy
drolysis is consistent with the fact that at 
least phospholipase-A is unable to attack this 
molecule (Dawson, 1962). A corresponding

resistance of inositol phosphatides in cod has 
been reported by Bligh (1961) and Lovern 
and Olley (1962).

Net changes of palmitic and linoleic 
acids. One objective of this work was to re
investigate the puzzling observation by Lee 
and Mattick (1961) that a very large de
crease of linoleic acid is balanced by a corre
sponding net increase of palmitic acid. 
Table 4 summarizes the results obtained for 
the total amount of these acids present in 
reference material (at —70°C) and in ma
terial stored under various conditions. The 
degree of hydrolysis in these materials in

Table 4. Content of palmitic and linoleic acids in deteriorated pea lipids.

S t o r a g e
te m p .
( ° C )

S t o r a g e
tim e

( d a y s )
%  o f f a t  

h y d r o 
ly z e d F r a c t io n

T o ta l  
a m o u n t  o f 
f a t t y  a c id  

( m g /2 5 0  g  
p e a s )

A m o u n t  o f 
p a lm i t ic  

a c id
( m g / 2 5 0 g  

p e a s )

A m o u n t  o f  
l in o le ic  

a c id
( m g / 2 5 0  g  

p e a s )

-7 0 60 0 Neutral fat 538 121 297
Phospholipids 709 195 423
Free fatty acids 0
Total 1247 316 720

-2 0 781 41 Neutral fat 316 94 153
Phospholipids 426 137 210
Free fatty acids 520 49 353
Total 1262 280 716

-1 8 788 64 Neutral fat 206 66 91
Phospholipids 238 87 100
Free fatty acids 782 124 471
Total 1226 277 662

-  8 81 59 Neutral fat 270 84 133
Phospholipids 252 76 132
Free fatty acids 736 162 426
Total 1258 322 691

— 5 56 68 Neutral fat 201 63 75
Phospholipids 189 74 92
Free fatty acids 819 204 402
Total 1209 341 569
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terms of free fatty acids as percent of total 
amount was within the range 41-68%. Al
though the extent of the hydrolysis is well 
comparable with the one reported by Lee 
and Mattick (62%) no substantial decrease 
of linoleic acid was demonstrated, and conse
quently no increase of palmitic acid. Only in 
the material stored at — 5°C is there a ten
dency in this direction. It is doubtful whether 
the small increase of the palmitic acid peak 
should be regarded as real or within the 
experimental error ; in any case it could very 
well be due to contamination with breakdown 
products from linoleic acid or other transfor
mations. Considering the long storage time 
and the extensive hydrolysis involved, it was 
not regarded as worthwhile to investigate 
this possibility further.
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SUM M ARY
A crylam ide g e l d isc  e lec tro p h o retic  p atterns  

o f  w ater-solub le ex tracts co n sisten tly  show ed  
th e p resen ce  o f  2 —4  fa st-m o vin g , fa in t co m 
p on en ts  w h ich  in crea sed  in  re la tive in ten sity  
w ith p ost-m ortem  a g in g . T h e elec tro p h oretic  
p attern s o f  sa lt-so lu b le and  u rea-so lu b le e x 
tracts show ed  n o  co rresp on d in g  pattern  
ch a n ges. T h e e x t r a c t a b i l i t y  o f  u n b u ffered  
w ater-solub le p rote in s was less at 2 4  h r p ost
m ortem  than  at 3 0  m in  p ost-m ortem  in  breast 
m u scle  o b ta in ed  from  seven  7 10-w eek-old  
ch ick en s . T h e  p ercen tag e  o f  d ia ly za b le  p e p 
tides in  th e w ater-solub le extracts and  th e  p er
cen tages o f  sa lt-so lu b le and  u rea-so lu b le  p ro 
te in s in  th o se  ex tracts rem ain ed  fa ir ly  con stan t 
d u rin g  a 2 4 -h r  p ost-m ortem  a g in g  p eriod .

INTRODUCTION

Changes have been reported in the chem
ical and physical properties of muscle and 
muscle proteins during the post-mortem ag
ing period of poultry (de Fremery and Pool, 
1960 ; May e t  a !., 1962 ; Scharpf and Marion,
1964). Studies using various fractionation 
procedures have been made on the extracta
bility of chicken muscle proteins at various 
times after slaughter (Weinberg and Rose, 
1960; Fischer, 1963 ; Khan and van den 
Berg, 1964), as well as in the aged muscle 
(Khan, 1962). Electrophoretic patterns of 
chicken muscle proteins determined with the 
free-boundary (Weinberg and Rose, 1960) 
and starch-gel (Neelin, 1964; Neelin and 
Rose, 1964) techniques have also been 
reported.

This research was initiated to study 
chicken breast muscle proteins during post
mortem aging. Acrylamide gel disc electro
phoresis, a high-resolution method of zone 
electrophoresis introduced recently (Orn- 
stein, 1964; Davis, 1964), was utilized in 
this research. An extraction method was 
selected which utilized unbuffered solvents 
and followed a sequential scheme in order 
to minimize interactions among protein com
ponents of the various classes. Muscle sam
ples were extracted successively with water, 
1 M  potassium chloride, and 8M  urea. Pro

tein concentrations of the various extracts 
were determined by the Folin phenol method 
(Lowry e t  a l., 1951), and total protein was 
based on micro-Kjeklahl nitrogen.

EXPERIMENTAL METHODS

Peterson X Arbor Acres day-old chicks were 
obtained and raised in wire cages to 7-10 weeks 
old. Commercial starter and grower rations and 
water were made available ad libitum. The birds 
were slaughtered by severing the neck veins, and, 
following bleeding, were scalded for 1 min at 50°C. 
The feathers were removed by hand, and the birds 
were eviscerated. A muscle sample was removed 
from the posterior end of one of the pectoralis 
major muscles 30 min post-mortem. The carcasses 
were then aged in ice water for 24 hr, and, follow
ing removal of the second muscle sample, the 
breasts, with bone structure intact, were cooked in 
boiling water for y, hr. The chilled breasts were 
placed in rapidly boiling water, and the j/J-hr timed 
cooking period was begun when the water recom
menced to boil. Tenderness evaluations were made 
on the pectoralis major by three members of the 
laboratory on a 10-point scale, with 7 and above 
being considered acceptable.

The extraction procedure is outlined in Fig. 1. 
The muscle sample was weighed and minced with 
scissors into a VirTis homogenizing flask. Four 
volumes of iced deionized water were added to the 
flask, and the mixture was homogenized at high 
speed for 1 min and at low speed for 5 min. All 
procedures were carried out at approximately 2°C 
to minimize protein dénaturation. The homogenate 
was then centrifuged for 20 min at approximately 
35,000 X G in a refrigerated centrifuge. The su
pernatant, consisting of water-soluble substances, 
was decanted and retained for further study, while 
the precipitate was returned to the homogenizing 
flask for washing to remove as completely as pos
sible any water-soluble material remaining. This 
procedure consisted of homogenizing the precipitate 
with an additional four volumes of iced deionized 
water, followed by centrifugation. The supernatant 
wash was discarded, and the washed precipitate 
was returned to the homogenizing flask, homog
enized with four volumes of 13/ potassium chloride, 
and centrifuged. The supernatant, consisting of 
the salt-soluble proteins, was retained for further 
experiments. The precipitate was then washed with 
13/ potassium chloride to remove the residual salt- 
soluble material and was returned to the homog-

f 482 1
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MUSCLE SAMPLE

I
WATER HOMOGENIZED 

CENTRIFUGED

P RE C IP IT A T E

W AS HE D
CENTRIFUGED

PR EC IP IT AT E

- S U P E R N A T A N T - -  DIALYZED
I

S ARC OP LAS MI C DIALYZABLE 
P R O T E IN S  MATERIAL

- S U P E R N A T A N T -

1 .0 M KCL H O M O G E NI ZE D  
CE NTRIF UGED

P RE C IPI TA TE

- S U P E R N A T A N T - - M Y O F IB R IL L A R
P R O T E I N S

W A S H E D
CENTRIFUGED

- S U P E R N A T A N T -

PRECIPITATE

8 M UREA HOMOGENIZED 
CENTRIFUGED

PRECIPITATE

- S U P E R N A T A N T - - U R E A  S O L U B L E  
P R O T E IN S

( Barka, 1961). The water- and urea-soluble ex
tracts were applied directly onto the top of the gel, 
while the salt-soluble extracts were applied in a 
diluent of polyethylene glycol. Gel tubes of 8 mm 
ID were used instead of the standard tubes of S mm 
ID since the larger diameter resulted in the migra
tion of a flatter protein disc, with less tendency to 
trail off along the sides of the tube. Used in addi
tion to the 7p>% acrylamide standard gels were 
4% and 15% acrylamide gel systems, respectively, 
resulting in larger and smaller average pore sizes. 
All extracts were subjected to electrophoresis on 
the day prepared so as to minimize pattern varia
tions resulting from secondary and tertiary dena- 
turation. The destaining procedure consisted of 
diffusion of the unbound stain from the gels by 
successive changes of 7% acetic acid rather than 
an electrophoretic migration, since it was found 
that some of the fast-moving bands in the water- 
soluble extracts were decolorized somewhat if the 
electrophoretic destaining was allowed to proceed 
too long.

RESULTS AND DISCUSSION

Fig. 1. Chicken breast muscle protein extraction procedure.

Protein determinations on the various 
chicken breast muscle extracts are summar
ized in Table 1 and Fig. 2. Table 1 shows

etiizing flask and homogenized with four volumes 
of 84/ urea. Following centrifugation, the super
natant was decanted and retained as the urea- 
soluble fraction, and the precipitate (consisting of 
substances not soluble in urea) was discarded. This 
extraction procedure permits rapid separation of 
the major solubility classes of muscle proteins with 
a minimum of interaction between classes. Por
tions of the water-soluble fractions were dialyzed 
for three days against deionized water in the cold, 
with the water replaced at the end of each day.

Protein determinations were made on the various 
fractions, both before and after dialysis, utilizing 
the Folin phenol reagent. Protein values for the 
water-soluble dialyzable material were calculated 
as the undialvzed value minus the nondialyzable 
value. The optical-density measurements were 
made in a Beckman spectrophotometer, model DU, 
at 750 mg. Total nitrogen was determined in all 
samples of intact muscle by the micro-Kjeldahl 
method.

Acrylamide gel disc electrophoresis was per
formed on the water-soluble, 1M  potassium-chlo
ride-soluble, and 84/ urea-soluble-fractions. The 
method used was essentially that of Davis (1964) 
with a few minor modifications. The large-pore 
gel containing the sample material was omitted, 
and the samples were applied by pipette directly to 
the surface of the spacer gel underneath the buffer

Table 1. Protein content of chicken breast muscle extracts as determined by the Folin method (averages of 7 birds).
S a m p le

g  p r o t e i n / 100 g 
t i s s u e

%  o f  t o ta l  
p r o te in

Total protein 21.6” 100
Water-soluble total

30 min post-mortem 6.59 31
24 hr post-mortem 5.23 24

Water-soluble protein— 
nondialyzable

30 min post-mortem 5.59 26
24 hr post-mortem 4.19 19

Water-soluble dialyzable b
30 min post-mortem 1.00 5
24 hr post-mortem 1.04 5

Salt-soluble protein
30 min post-mortem 9.25 43
24 hr post-mortem 10.1 47

Urea-soluble protein
30 min post-mortem 3.0U 14
24 hr post-mortem 3.37" 16

Insoluble protein
30 min post-mortem 2.750 12
24 hr post-mortem 2.90° 13
“ Based on Kjeldahl nitrogen. b Primarily small peptides.'' Based on 6 birds.
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( K J E L D A H L
3 0  MIN 2 4  HR 3 0  MIN 2 4  HR 3 0  MIN 2 4  HR  3 0  MIN 2 4  HR

NITROGENI

DIALYZED

TOTAL  W A T E R  S O L U B L E  W A T E R  S O L U B L E  S A L T  S O L U B L E  U R E A  S O L U B L E

P R O T E I N  P R O T E I N  O IA L Y Z A B L E S  P R O T E I N  PROTEIN

Fig. 2. Variation of Folin values among birds. Data for urea-soluble protein missing for bird 1.

the average values determined by the Folin 
method for the seven birds. Fig. 2 shows 
the variation in values among all the birds, 
each composite column representing the data 
from birds 1 through 7, left to right. It can 
be seen that extractable water-soluble mate
rial decreases with post-mortem aging. Un
der the same conditions the extractable salt- 
soluble and urea-soluble material is seen to 
remain more nearly constant. The decrease 
in the water-soluble material may be the 
result of the decrease in pFl between the 
30-min and 24-hr extracts, since the extrac
tions are carried out in an unbuffered sys
tem. The relatively small change in the salt- 
soluble protein concentration may be due to 
the lack of water-solubles (including A TP), 
since they are extracted first. Therefore, the 
30-min salt-soluble extract may contain a 
large proportion of actomyosin, since little 
ATP remains to produce the dissociation. 
This may allow much of the actin, combined 
with myosin as actomyosin. to be extracted 
at this time. At 24-hr post-mortem, acto

myosin also would predominate. The aver
age values obtained for the protein content 
of the various 24-hr extracts are in good 
agreement with values reported by Khan for 
a buffered system, allowing for variation 
among birds. The protein values of the dia- 
lyzable water-soluble fractions as determined 
by the Folin method most likely represent 
small peptides. The decrease in the extracta- 
bility of the water-soluble proteins with post
mortem aging reported here for chicken may 
correspond to the decreases reported for 
pork (Wasilewski, 1961) , beef (Fujimaki 
and Deatherage. 1964; Goll ct a!., 1964), 
and rabbit (Sharp, 1963).

Evaluations of the cooked pectoralis major 
muscles by three members of the laboratory' 
showed that all seven samples were within 
the range of acceptable tenderness, with no 
sample being exceptionally tender or tough.

Acrylamide gel disc electrophoresis showed 
that characteristic band configurations were 
obtained for each type of extract. There 
were no major variations observed either
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among samples obtained from various chick
ens or for samples obtained from the same 
chicken at the same time post-mortem. The 
electrophoretic patterns obtained with the 
water-soluble extracts utilizing gels contain
ing 71/ 2% acrylamide (standard gels) con
sisted of four heavy bands, A  through D , and 
additional light bands (see Figs. 3A, 3B). 
These heavy bands showed some slight 
changes in relative intensities with post
mortem extraction times, but no consistent 
pattern change developed. The material 
which accumulated at the pH front (band F, 
Figs. 3A, 3B), representing those compo
nents migrating with maximum mobility by 
reason of molecular size and charge, was ob
served to increase in relative intensity in the 
extracts prepared 24 hr post-mortem as com
pared to the extracts prepared 30 min post
mortem. In a group of 29 birds processed

Fig. 3. Acrylamide gel disc electrophoretic patterns of chicken breast muscle protein extracts. A and B, 7y2% \ C and D, 15%; E and F, 4%; G and H, 7%% acrylamide gels.

and extracted under similar conditions over 
several months, an increase in this material 
was observed in 27 cases, the remaining two 
appearing to show no change. In order to 
separate the components of this band, since, 
as the front, it was expected to consist of 
more than one component, electrophoresis 
was performed in gels containing 15% acryl
amide, resulting in a smaller average pore 
size and thus providing more resistance to 
the migrating molecules. The patterns ob
tained with this technique were similar to 
those obtained with the standard gels, except 
that the relative mobilities of all the bands 
were proportionately reduced (Figs. 3C, 
3D ). A number of faint bands located be
tween the fastest heavy band (band D , Figs. 
3A, B, C, D ) and the new front (band F, 
Figs. 3C, 3D ) were demonstrated by in
creasing the total quantity of protein applied 
to the gels. The slow-moving bands were 
obscured by this technique. These faint bands 
represented those components which had not 
been resolved by the use of standard gels, 
and which had accumulated at the front. A 
certain amount of material still remained 
unresolved at the new front, even with the 
15% acrylamide gel. It was observed that 
a number of faint, fast-moving bands resolved 
by the 15% acrylamide gel system increased 
in relative intensity with post-mortem aging. 
In Figs. 3C and 3D, Bands 1, 2, and 3 are 
seen to increase with aging, being below the 
level of visibility in the 30-min post-mortem 
extract. In these figures it may be seen that 
the material migrating at the front is also 
increasing in relative intensity with post
mortem aging, indicating that additional com
ponents increasing in relative intensity with 
aging are present but unresolved in the 15% 
acrylamide system. Bands 1, 2, and 3 and 
the front F (Fig. 3D), which increase in 
relative intensity with post-mortem aging of 
the muscle, may represent peptide fragments 
of larger molecules, either sarcoplasmic or 
myofibrillar, which have undergone enzy
matic hydrolysis during the post-mortem ag
ing process, as postulated by Whitaker 
(1964 ). The non-dialyzable nature of these 
components indicates that their various mo
lecular weights range above 5,000, allowing 
the possibility that they may be H-meromyo-
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sin contractile polypeptides (Davies, 1963) 
which have been released from the actomyo- 
sin by post-mortem hydrolysis. A similar 
increase in fast-moving electrophoretic com
ponents, as determined by the moving
boundary method, has been reported (Zender 
et al.. 1958) for myofibrillar extracts of rab
bit and lamb aged aseptically at elevated 
temperatures.

It was observed that the electrophoretic 
patterns obtained with the salt-soluble ex
tracts in a 7 /%  acrylamide system showed 
low relative mobilities, and that much of the 
material did not move beyond the immediate 
vicinity of the origin. The use of a 4% ac
rylamide system with the corresponding in
crease in average pore size allowed the vari
ous components to migrate further into the 
gel. No consistent pattern changes with post
mortem extraction times were observed un
der the conditions of these experiments. 
Typical 30-min and 24-hr extract patterns 
are shown in Figs. 3E and 3F.

The / J/2% acrylamide gel system provided 
a well-distributed band pattern for the sepa
ration of the protein present in the urea- 
soluble extracts. It was observed that with 
the regular buffer and gel formulations, how
ever, the bands were not migrating as flat 
discs but were moving faster in the centers 
than at the edges, resulting in irregular 
miniscus-like shapes. Since it was possible 
that the various protein components were 
becoming less soluble as they moved from 
the urea extract into the gels, both the pri
mary and spacer gels were prepared with 
solid urea such that the polymers in the tubes 
were SM  with respect to urea. This resulted 
in sharp, flat bands (Figs. 3G, 3H). No 
significant pattern changes between the 30- 
min and 24-hr samples have been noted thus 
far. Further studies are now in progress on 
the salt- and urea-soluble fractions under 
varied acrylamide gel disc electrophoretic 
conditions.
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Changes in Color and other Characteristics of Green Beans 
Stored in Controlled Refrigerated Atmospheres
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SUM M ARY
T h e va lu e o f  co n tro lled  a tm o sp h ere  fo r  h o ld 

in g  o f  green  beans p rior to m a rk etin g  or p ro
cess in g  was stu d ied . R esp ira tion  rates and co lor  
ch a n ges w ere stu d ied  in b ottles u n der a tm os
p h eres ran gin g  from  0 to 10%  CO_> and 2 to 
2 0 %  0 2. T h e b ottles w ere flu sh ed  p er io d ica lly . 
O ther stu d ies in volved  stor in g  green  b ean s at 
4 5 ° F  up  to 1 5  days in  a 1 0%  CO 2 and  3%  O 2 

a tm o sp h ere  co n tin u o u sly  p rod uced  by a g en 
erator and in  air. T h e tests u sed  to eva lu ate  
p rod uct in c lu d ed  v isu a l co lor and  ch lo ro p h y ll 
d eterm in a tio n s; o rg a n o lep tic  ev a lu a tio n ; p late  
co u n ts; pH m ea su rem en ts  and n itro gen  a n 
a lyses.

O x yg en  con cen tra tion  had  to be red uced  to 
2%  to decrease resp ira tion  to 6 0 %  o f  that in  
a ir , w h ile carbon d io x id e  had little  or no effect  
on  resp ira tio n . T h e greatest a d van tage o f  con- 
tro lled -a tin osp h ere  storage fo r  b ean s lies  in 
im p rov in g  th e co lo r  o f  stored  p rod u ct by re
tard ing  ch lo ro p h y ll breakdow n.

F lavor and tex tu re  scores and  m icro b io lo g ica l 
stu d ies  show ed  n o  d ifferen ces  betw een  con- 
tro lled -atin osp h ere and a ir storage .

INTRODUCTION
It has been known for a long time that 

controlled atmospheres consisting of rela
tively high carbon dioxide concentrations and 
low oxygen levels retard undesirable post
harvest changes in apples and certain other 
fruits in refrigerated storage. In the past 
forty years , many experiments have been 
carried out on controlled-atmosphere (CA) 
storage of apples, pears, and other fruits. 
This work has resulted in successful CA 
storage practices for several fruit products. 
However, only a very limited amount of 
work has been conducted in the area of CA 
storage of green beans. In light of the in
creasing importance of commercial CA stor
age and the development of generators used 
in the production of artificial atmospheres, 
an investigation was undertaken of quality 
changes in green beans stored in CA.

Post-harvest storage results in a general 
reduction in the quality reflected by a loss 
of water (transpiration), biological oxidation 
( respiration ), various chemical changes, and
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physiological b r e a k do w n . Microorganisms 
are also important in that they cause the 
deterioration of plant material in storage.

A storage temperature of approximately 
45°F in air was found to be optimum for 
green beans (Lewis, 1958; Platenius ct al., 
1954), while the optimum relative humidity 
was 85-90%. Guycr and Kramer (1950) 
found a significant loss in the green color of 
green beans stored 10 days in air at 50-70°F. 
The loss in color was not significant at 54° F. 
Kramer ct al. (1949) showed a loss of 
chlorophyll in asparagus at an air storage 
temperature above 50°F after four days. 
Lieberman and Hardenburg (1954), work
ing with broccoli at 75 °F, found that the pres
ence of some oxygen could cause yellowing 
and that COL> retarded yellowing. Lyons 
and Rappaport (1962) found no change in 
the color of Brussels sprouts over a 16-day 
storage in air at 52° I-'. At 41 and 50°,F, an 
increase in carbon dioxide at 21% oxygen 
delayed the loss of chlorophyll. A lowering 
of the oxygen content below 10%, in the ab
sence of carbon dioxide, was also effective in 
retention of the green color. The combina
tion of increased carbon dioxide and reduced 
oxygen concentration was slightly more bene
ficial in maintaining quality than the same 
concentrations applied independently.

James (1955) stated that yellowing is 
caused by a breakdown of chlorophyll. He 
suggested that breakdown of the protein 
which is attached to the chlorophyll molecule 
within the chloroplasts removes the natural 
protection it affords the chlorophyll. The 
chlorophyll is then labile. Michael (1955) 
and Wood ct al. (1945) showed a similar 
protein-chlorophyll relationship in regard to 
the yellowing of excised grass and leaves.

Respiration, as measured bv carbon diox
ide output, does not give a clear indication 
as to what specific chemical and quality 
changes are occurring within the tissue. In 
Brussels sprouts, Lyons and Rappaport 
( 1959) found that the total carbon dioxide 
respired was an indication of quality. How
ever, no general rule exists as to the relation
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ship between respiration and quality; and 
each product should be considered individu
ally.

Few investigators have studied respiration 
as a function of carbon dioxide tension be
cause of the difficulties involved in measuring 
small changes in relatively high concentra
tions of carbon dioxide. Platenius (1943) 
studied the effect of oxygen on respiration of 
various vegetables and found that reducing 
the oxygen to 4.4% at 20°C had little effect 
on snap beans. No sign of anaerobic respira
tion appeared even when the oxygen concen
tration was as low as 0.8%. In the air storage 
of green beans, Parker and Stuart (1935 ) 
showed that over a four day storage period 
only a very slight change in nitrogen distribu
tion occurred. Platenius (1943) found that 
protein breakdown in asparagus was less as 
the level of oxygen in the storage atmosphere 
was lowered.

Thornton (1933) determined the pH of 
the saps of various living tissues exposed to 
various concentrations of carbon dioxide. 
Contrary to expectation, when carbon dioxide 
was increased in the presence of normal oxy
gen concentrations, the alkalinity of the sap 
increased. Fife and Frampton (1935) con
cluded that the effect of carbon dioxide in 
raising the pH was due to a release of am
monia from organic nitrogen compounds.

This paper covers the effects of air and 
CA as well as other factors on the storage 
characteristics of whole green beans. Visual 
color, chlorophyll determinations, organolep
tic evaluations and plate counts were used in 
this study to determine the effect of con
trolled atmosphere on the quality of green 
beans. Respiration studies, nitrogen meas
urements, and pH determinations were car
ried out in an attempt to gain some insight 
on the mechanisms of the actual changes 
which were occurring.

MATERIALS AND METHODS
The majority of green beans used in this project 

were Harvester variety grown in the Pompano 
area of Florida and shipped to Urbana by air ex
press. They always arrived within 36 hr of being 
picked. Lot 4, Harvester beans, and lot 5, Tender- 
green beans, were grown on the University of Illi
nois farm. The beans were sorted immediately 
after receipt, and all beans larger than No. 5 and

smaller than No. 3 were removed. Also, any dis
colored and infected beans were discarded. After 
this operation the initial sample was taken and the 
beans were placed in the various storage conditions.

In the studies designed to determine the effect of 
various carbon dioxide and oxygen levels, 250 g 
of beans were placed on a suspended perforated 
stainless-steel disk in brown 4-L glass bottles fitted 
with rubber stoppers. When 0% carbon dioxide 
was desired, KOH solution was held below the 
stainless disk.

The gas mixtures were obtained with commercial 
cylinders of high-purity nitrogen, carbon dioxide, 
and oxygen. Each tank was connected in series to 
two pressure-reducing valves and a flow manometer. 
Flow rates could be held relatively constant over 
a long period, and it was possible to duplicate the 
gas mixture to 0.1% as measured on the Orsat 
(Haldane Cabinet Model VC, Burrell Corp., Pitts
burgh, Penn.) apparatus.

Gas samples were taken from the product sample 
bottles using 50-ml-displacement sample tubes. All 
lines were thoroughly flushed before the sample 
was taken. The Orsat apparatus was used to de
termine oxygen and carbon dioxide contents. The 
confining liquid in the sampling tubes and the Orsat 
apparatus was mercury. The product sample bottles 
were flushed every 12-18 hr to maintain the desired 
gas concentration. A maximum of 1.5% increase 
in carbon dioxide and decrease in oxygen was thus 
obtained.

For comparison of air and CA storage, the 
whole green beans were weighed into small wire 
baskets. The baskets, containing about 6 lb each, 
were then placed in air and CA chambers at 
45±1°F with the relative humidity at 90-95%. The 
10% CCW3% Os (10-3) atmosphere in the CA 
chamber was continuously maintained by a small 
commercial-type CA generator (Tectrol Division, 
Whirlpool Corp., Benton Harbor, Michigan).

The beans to be processed as frozen product were 
snipped and cross-cut into one-inch lengths. This 
was followed by a wash in cold water, steam
blanching for 2 min at 212°F, and cooling immedi
ately to 70° F in cold water. The beans were then 
drained, packaged, frozen, and stored at — 40°F. 
Unblanched beans needed for various chemical 
analyses were snipped, packaged in aluminum-foil 
containers, frozen, and stored at — 40°F.

Prior to extraction for chlorophyll analysis, both 
blanched and unblanched beans were freeze-dried 
to a moisture content of about 4%. Four 80%-ace- 
tone extractions were made starting with an accu
rately weighed 5-g sample of dried bean powder. 
After each addition of acetone the mixture was 
centrifuged for 5 min at 30,000 rpm, and the liquid 
was decanted and filtered through fritted glass. The
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final volume of the extract was adjusted to 250 ml. 
A 1:1 80% acetone dilution of the extract was 
read at 663 and 645 mg on a Beckman DU spectro
photometer. The chlorophyll values were then 
calculated with the equation of Mackinney (1941).

The method of Sweeney and Martin (1561) was 
used to calculate the amount of pheophytin present. 
Three hours after adding the oxalic acid the sam
ples were read at 642.5, 558, 560, and 535 mg. The 
results of this method were checked with those of 
Tan and Francis (1962). and agreement between 
the methods was good.

Total and soluble nitrogen were determined by 
Nesslerization (Umbreit ct al., 1957). The beans 
were blended with 200 ml of water for 3 min in 
a Waring blender. One aliquot of the resulting 
suspension was diluted and used to determine total 
nitrogen. Another aliquot was added to an equal 
portion of 20% trichloroacetic acid ( TCA) and 
placed in an ice bath for 15 min. The TCA solu
tion was then centrifuged, and the TCA.-soluble 
or non-protein nitrogen content of the supernatant 
was determined.

The pH of the beans was determined with a 
Beckman glass electrode pH meter, model H-2 
(National Technical Laboratories, South Pasadena, 
California). About 100 g of beans were ground 
twice in a food chopper. Juice was obtained with 
a hand press and used to determine pH.

A panel (10 members from the Department of 
Food Science) organoleptically evaluated blanched 
and frozen samples. The samples were defrosted 
and examined for color. They were then cooked 
in boiling 2% salt water for exactly 10 min, and 
graded for flavor, texture, and color. Samples were 
scored on a basis of 1 to 9, with 9 excellent, 5 just 
acceptable, and 1 completely unacceptable.

Plate counts for bacteria and molds were made 
by standard methods for analysis recommended by 
the Am. Public Health Assoc. (1948).

RESULTS AND DISCUSSION 
Cold damage. Previous investigations 

(Lewis, 1958) on green beans stored in air

showed that this product is subject to low- 
temperature damage. When green beans 
were stored at temperatures below 45°F and 
then tra n s fe r re d  to room temperature 
(70°F), russeting generally developed on the 
beans within one day. The effect of tempera
ture on the quality of beans stored in 10% 
CCL and 3% CL and in air was studied. No 
russeting developed in beans stored in either 
air or controlled atmosphere at 45°F and 
subsequently transferred to 70°F for one day. 
However, below 45 °F the beans developed 
russeting after removal from both air and CA 
storage to room temperature. Thus, since 
CA storage did not eliminate cold damage, all 
further studies were made at 45°F.

Studies in bottles. Respiration. The 
respiration rate is a good measure of the 
metabolic activity of the product. Since meta
bolic rate during storage generally parallels 
loss of quality, it was of interest to measure 
the respiration of green beans stored in bot
tles under various concentrations of carbon 
dioxide and oxygen. The rate was expressed 
as output of carbon dioxide per unit of time 
per unit product weight. Table 1 gives the 
average rates in the various atmospheres 
for an 8-day storage of two lots. To allow 
for acclimation of the product to the atmo
sphere, all data through the first day were 
excluded. It is obvious from Table 1 that lot 
7 respired at a higher rate than lot 6. How
ever, good agreement between lots is shown 
hv the figures in parentheses. These are rela
tive rates based on the rate in 20% oxygen 
and 0% carbon dioxide taken as 100.

Table 1 clearly demonstrates that reduc
tion of the oxygen concentration from 20 to 
10% did not reduce respiration rate appre
ciably. At 5% oxygen the rate was reduced

Table 1. Effect of oxygen and carbon dioxide concentrations in the atmosphere on respiration rate of Harvester variety green beans from Florida averaged over an eight-day period. ( Numbers in parentheses are relative rates based on “air” as 100.)
C a rb o n
d io x id e(%)

O x y g e n  ( %  )
2 0 10 5 2

R e s p i r a t i o n  r a t e , m g  C O a / h r / k i l o
Lot 6 0 40.2(100) 39.9(98) 33.2(83) 25.6(64)

5 34.7(86) 33.9(84) 30.4(76) 23.3(58)
10 40.6(101) 39.6(99) 30.5(76) 25.2(63)

Lot 7 0 55.0(100) 46.3(84) 34.5(63)
5 48.1(87) 38.4(70) 33.6(61)

10 52.8(96) 44.6(81 ) 32.7(58)
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to about 80%, and at 2% oxygen to about 
60% that at the 20-0 gas composition. These 
results are in agreement with those of Pla- 
tenius (1943).

The effect of carbon dioxide on respira
tion (Table 1) was more complicated. The 
respiration rates at 5% CO2 were generally 
lower than those for 0 and 10% CO2 at 20% 
and 10% Oo. The reason why the 5% CO2 
depressed the rate of respiration more than 
the 10% level of COo is not obvious. A spe
cial study would be needed to explore this 
further. At low O2 levels, 5% and 2%, this 
trend of the depressing effect of 5% CO2 is 
not consistent. Probably the lower oxygen 
level is more important in suppressing res
piration rate than a higher carbon dioxide 
level. Therefore, it is concluded that, within 
the range studied, carbon dioxide exerted 
little effect on the respiration rate of the 
green beans.

Color. One of the most important changes 
affecting the quality of green beans during 
storage is that of color. Two methods for the 
measurement of color were used : chlorophyll 
determination and visual evaluation. Stor
age time was 14 days.

Data from the chlorophyll determinations 
are shown in Fig. 1. The sample stored in 
air retained 68% of the original, or 0-day, 
chlorophyll content. The sample stored at 
20% oxygen and 0% carbon dioxide, a com
position close to that of air, showed a similar

cc0 .700 -

o

ATMOSPHERE COMPOSITION

Fig. 1. Total chlorophyll content for green beans stored under various atmospheres.

retention. All other samples showed much 
higher chlorophyll contents, with retentions 
of 84-96%. The reduction of oxygen to 5 
and 2% improved retention at 0% carbon 
dioxide. Both the 5 and 10% carbon dioxide 
levels were more effective in preserving 
chlorophyll than the 0% carbon dioxide level. 
It was concluded that the presence of carbon 
dioxide in the storage atmosphere is the 
important factor in preventing chlorophyll 
degradation.

Duplicate sets of blanched bean samples 
were evaluated visually for color. Each set 
of samples was presented to each panel mem
ber in three booths. For the first set of sam
ples, each booth represented a single level 
of carbon dioxide with oxygen concentration 
as the variable, and for the second set, each 
booth held the samples stored under the same 
oxygen level but with different carbon diox
ide concentrations.

Before considering the visual color data 
(Fig. 2) it should be noted that the only 
valid comparisons are among samples rated 
in the same booth. For example, when scores 
for individual samples in Booth 1 of Fig. 2 
are compared, it will be noted that the 2% 
O2 and 0% COo sample rated nearly 9, com
pared to about 5.5 for the air and 20% O2 
and 0% CO2 samples. It is believed that the 
high value given the sample held in 2% O2 
and 0% CO2 was due to the fact that the other 
samples in this booth were substantially in
ferior by comparison. With samples in Booth 
6, (Fig. 2), the 2% and the 0% CO2 sample 
rated about 7.5, which is less than that of 
the other samples held under low oxygen and 
5 or 10% CO2, which is about 1.5 organolep
tic units less than the value given this same 
sample in Booth 1. Fig. 2 also shows that 
air and atmospheres containing 20% O2 and 
0% CO2 are generally inferior to other modi
fied atmospheres. The effect of oxygen and 
carbon dioxide in the atmosphere is not 
shown as clearly by visual color data as by 
chlorophyll values. However, the favorable 
effect of carbon dioxide at 5 or 10% concen
tration is evident when in combination with 
5 % or less oxygen content.

CA storage of green beans. Results on 
respiration and color reported above were 
obtained by storage of beans in bottles with
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Control samples were stored in air at the 
same temperature.

Color. Four lots of beans were evaluated 
for color. All samples had been blanched 
and frozen after storage for periods to 15 
days. The samples were examined after 
thawing, and again after cooking in prepara
tion for serving. In most of the individual 
samples there was considerable variation in 
the green color. In the 15-day air-stored 
samples, which generally appeared quite yel
lowish, about 5% of the beans still possessed 
a good green color.

Table 2 indicates a marked loss in green 
in air-stored beans over a 15-dav period: at 
least a slight change was always noticeable 
after 5 days. The CA-stored beans showed 
a definite loss of color in lot 2, a slight loss 
in lot 4, and no loss in lots 3 and 5. However, 
in every lot, CA storage was superior to air 
storage, usually by a wide margin. The data 
for the cooked beans (Table 2) were gener
ally similar to those for the blanched beans. 
Since blanched beans were not presented to 
the panel in the same evaluation booth with 
the cooked beans, the data for each are not 
directly comparable.

Chlorophyll. Four lots of beans were ana
lyzed for total chlorophyll, and the data for 
a typical lot are presented in Fig. 3. These 
data indicate a much greater loss of chloro
phyll in air-stored samples than in CA sam
ples, confirming the visual data. The amounts 
of chlorophyll degradation in the CA samples 
varied with the different lots of beans. It is 
believed that growing conditions and ma-

Table 2. Visual color scores for green beans stored in air and controlled atmosphere for periods to two weeks.
S to r a g e

tim e
( d a y s )

L o t 2
H a r v e s t e r ,  F l a .

L o t  3
H a r v e s t e r ,  F l a .

L o t  4
H a r v e s t e r ,  Til.

L o t  5
T e n d e r g r e e n ,  111.

A i r C A A i r C A A i r C A A i r C A

Blanched beans
0 8.4 8.4 7.3 7.3 8.7 8.7 8.7 8.7
5 6.6 8.6 7.1 8.0 8.0 8.6 7.4 8.5

10 6.9 7.0 5.7 8.8 6.4 8.5 5.2 8.7
15 4.9 6.4 3.9 7.9 5.7 7.5 5.1 8.2

Cooked beans
0 7.6 7.6 5.9 5.9 8.4 8.4 8.6 8.6
5 6.5 8.2 5.4 8.2 7.3 8.4 7.4 8.6

10 5.2 7.6 5.4 7.7 6.4 8.5 5.1 8.3
IS 4.7 6.1 3.2 7.9 5.8 8.0 5.3 8.3

I SAMPLES SEGREGATED BY CARBON DIOXIDE LEVEL
0% CO2 5%C02 10% C02

11 SAMPLE SEGREGATED BY OXYGEN LEVEL
20% 0 2 5% 0 2 2% 0 2

Fig. 2. Organoleptic color scores for green beans stored under various atmospheres for 14 days (Harvester variety, Florida).

intermittent flushing to restore the desired 
atmosphere. It was desired to expand this 
work to include continuous control of the 
atmosphere with a CA gas generator. The 
gas composition could be regulated over a 
substantial range. An atmosphere o: 10% 
carbon dioxide and 3% oxygen was chosen 
on the basis of the results reported above.
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turity account for this difference. In some 
of the air samples an off-green color, possibly 
caused by pheophytin formation, was noted 
after blanching.

C h l o r o p h y l l  d e g r a d a t i o n .  The method of 
Sweeney and Martin (1961) was used to 
determine the conversion of chlorophyll to 
pheophytin. The results in Table 3, ex
pressed as percent chlorophyll converted to 
pheophytin, indicated that a small percent of 
pheophytin was formed in the fresh beans. 
However, this may be present as an artifact. 
The amount of pheophytin present appears 
to depend on the lot of beans, on the storage 
time, and the atmosphere. Conversion of 
chlorophyll to pheophytin was greater in the 
samples stored 10 and 15 days in air and 
then blanched.

Although no conclusive data were obtained 
linking nitrogen metabolism with chlorophyll 
degradation, it was shown that there was a 
definite increase in the non-protein nitrogen 
content in the air-stored beans while a much 
smaller increase occurred in the CA-stored 
beans. Also, green plant material, when 
blended with 0.5M  sucrose solution, forms a 
suspension of nuclei and chloroplasts which 
is less stable as chloroplast breakdown in
creases (Rabinowitch, 1945). Such suspen
sions from the 10- and 15-dav air-stored 
samples were very unstable, thus indicating 
chlorophyll degradation, while those from 
all the CA-stored samples were quite stable.

It was also of interest to examine the data

to see if the rate of respiration was related 
to chlorophyll breakdown. The respiration 
rate of the sample in CA storage was about 
35% lower than that in the air samples. It is 
also shown that the chlorophyll retention was 
much greater in the CA samples (Fig. 3). A 
lowering of the oxygen concentration also 
reduced both the rates of respiration and 
chlorophyll degradation. The re sp ira tio n  
rate at 20% 0 2 and 10% C 0 2 was nearly 
identical to that at 20% 0 2 and 0% C 0 2; 
however, the color data indicated a greater 
chlorophyll degradation in the latter sample.

F l a v o r  a n d  o f f - f l a v o r .  Flavor and off- 
flavor scores indicated that the CA samples 
were generally superior to the air samples. 
However, these scores seemed to follow the 
visual color scores which were obtained si
multaneously. A separate test for flavor and 
off-flavor was then conducted under a very 
dim light. These results (Table 4) showed 
that the panel did not prefer CA- over air- 
stored samples in regard to flavor and off- 
flavor. Texture scores are not presented, be
cause they also showed no differences between 
CA and air storage.

p H  c h a n g e s .  pH determinations of lots 1, 
2 and 6, tabulated in Table 5, showed that 
the pH of the CA samples increased by about
0.5 unit in two weeks, while that of the air 
samples remained fairly constant. These re
sults are in agreement with those reported 
by Thornton (1933 ) and Fife and Frampton 
(1935).

Table 3. Pheophytin formation in green beans stored under air and CA atmospheres for various times as measured both before and after blanching.
S t o r a g e

t im e
( d a y s ) A tm o s p h e r e

P h e o p h y t in  f o r m a t  
f r e s h  b e a n s

io n  ( r/( ) 
b la n c h e d  b e a n s

Lot 4 0 6 13
Harvester, 5 CA 3 16

111. Air 7 16
1 0 CA 5 16

Air 1 0 26
Lot 6 0 2 12

Harvester, 5 CA i 1 0Fla. Air i 13
1 0 CA i 1 0

Air 3 18
15 CA 1 1 0

Air 3 20
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Table 4. Flavor and off-flavor scores for green beans stored in air and CA for various times. Evaluation conducted under dim light to eliminate color prejudice.
S t o r a g etime
( d a y s )

L o t  2
H a r v e s t e r ,  F l a .

L o t  4
H a r v e s t e r ,  111.

A i r C A A i r C A

Flavor scores 
0 7.4 7.4 7.0 7.0
5 6.3 7.4 7.1 7.3

10 6 .8 7.1 7.2 6.3
15 6 .6 6 .8 7.1 7.0

Off-flavor
0

scores 
7.3 • 7.3 6 .8 6 .8

5 6.4 7.1 7.4 7.3
10 6.7 7.0 6.9 6.0
15 6 .6 6 . 6 6 .8 7.1

Changes in soluble nitrogen. It has been 
reported that a relationship exists between 
chlorophyll breakdown and protein content 
(Wood et al., 1943). Fig. 4 indicates the 
percent change in the fraction soluble in

trichloroacetic acid (TCA) from that of the 
initial or zero-day sample with storage time 
and atmosphere. Each point represents the 
average of three samples analyzed in dupli
cate. The standard deviation was ±1.7%, 
Thus, even though the variation is fairly 
large, the data showed more soluble nitrogen 
in the air samples than in the CA samples 
after 10 and 15 days of storage. The CA data 
also indicated the possibility of a decrease 
in TCA-soluble nitrogen between 5 and 10 
days of storage.

Other chemical and m icrob io log ica l 
changes in CA- and air-stored beans. Carbo
hydrate analyses were performed for re
ducing sugar, sucrose, dextrins, and acid- 
hydrolyzable fraction. The results showed 
the variation within a given sample to exceed 
the difference between the air and CA 
treatments.

The titratable acid and total acid anion 
content increased during storage in air and
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Table 5. Changes in the pH units of Harvester variety green beans stored for various times in air and CA.

S t o r a g e
t im e

( d a y s )
L o t  1 L o t 2 L o t  6

A i r C A A i r C'A A i r C A

0 6.1 6.1 6.0 6.0 6.2 6.2
3 6.2 6.2 6.2 6.4
5 6.2 6.5
7 6.2 6.4 6.4 6.4

10 6.3 6.6 6.2 6.3 6.2 6.6
14 6.2 6.7 6.2 6.7
15 6.2 6.7

decreased slightly in CA. A general increase 
of acid content rather than a specific increase 
in any single acid was indicated by the re
sults of a study in which the organic acids 
were separately determined.

The results of the microbiological studies 
indicated no real differences between the CA 
and air treatments in total plate count or 
potato agar (mold) plate count over a one- 
week period. Supplementary visual data on 
mold growth in lots 2 and 3 showed that

some mold growth was noticeable under both 
storage conditions. However, slightly less 
growth was found in the CA samples than 
in the air-stored samples.

Usefulness of CA storage for green 
beans. The primary advantage of CA stor
age for beans is prevention of the fading of 
the green color. This is a real advantage for 
both fresh-produce handlers and freezing 
companies. At 45°F, visual differences were 
apparent after approximately 4-5 days. The

Fig. 4. Change in acid-soluble nitrogen content of green beans during storage for 15 days in air and in CA.
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differences became greater with time until 
the maximum storage period of approxi
mately two weeks was reached. The flavor 
and texture remained nearly constant for the 
entire storage period.

The optimum atmosphere for storage of 
green beans would be low in oxygen content,
2-3%, with 5-10%; in carbon dioxide. It 
seems unlikely that higher concentrations of 
carbon dioxide would 'improve the product 
at low oxygen levels and that carbon dioxide 
injury could result.

R E F E R E N C E S
Am. Public Health Assoc. 1948. Standard Meth

ods for the Examination of Dairy Products. 
9th ed. New York.

Fife, J. M., and V. L. Frampton. 1935. The effect 
of carbon dioxide upon the pH and certain 
nitrogen fractions of the sugar beet plant. 
J. Biol. Chem. 109, 643.

Guyer, R. B., and A. Kramer. 1950. Factors 
affecting the quality measurements of raw and 
canned green and wax beans. A preliminary 
report. Proc. Am. Soc. Hort. Sci. 56, 303. 

James, W. O. 1953. Plant respiration. Oxford at 
the Clarendon Press, Great Britain.

Kramer, A., I. C. Huat, and I.. E. Scott. 1949. 
Objective method for measuring quality factors 
of raw, canned, and frozen asparagus. Proc. 
Am. Soc. Hort.. Sci.. 53, 411.

Lewis, W. E. 1958. Refrigeration and handling 
of two vegetables at retail, green snap beans 
and southern yellow summer squashes. U. S. 
Dept. Agr. Marketing Service, Marketing Re
search Div. Marketing Research Rept. No. 276. 

Lieberman, M., and R. E. Hardenburg. 1954. 
Effect of modified atmospheres on respiration 
and yellowing of broccoli at 75 "F. Proc. Am. 
Soc. Hort. Sci. 63, 409.

Lyons, J. M., and L. Rappaport. 1959. Effect of 
temperature on respiration and quality of Brus

sels sprouts during storage. Proc. Am. Soc. 
Hort. Sci. 73, 361.

Lyons, J. M., and L. Rappaport. 1962. Effect of 
controlled atmospheres on storage quality of 
Brussels sprouts. Proc. Am. Soc. Hort. Sci. 
81, 324.

Mackinney, G. 1941. Equation for chlorophyll esti
mations in 809c acetone. J. Biol. Chem. 140, 
315.

Michael, G. 1935. Z. Botan. 29, 385 (Discussed by 
Bonner, 1950).

Parker, M. W., and N. W. Stuart. 1935. Changes 
in the chemical composition of green snap 
beans after storage. Maryland Univ. Agr. 
Expt. Sta. Bull. 383.

Platenius, H. 1943. Effect of oxygen concentra
tions on the respiration of some vegetables. 
Plant Physiol. 18, 671.

Platenius, H., F. S. Jameson, and H. Cl. Thompson. 
1934. Studies on cold storage of vegetables. 
Cornell Univ. Agr. Expt. Sta. Bull. 603. 

Rabinowitch, E. I. 1945. Photosynthesis and re
lated processes. Vol. 1. Interscience Pub
lishers, New York.

Sweeney, J. P., and M. E. Martin. 1961. Stability 
of chlorophyll in vegetables as affected by pH. 
Food Technol. 15, 263.

Tan, C. T., and F. J. Francis. 1962. Effect of 
processing temperature on pigments and color 
of spinach. / .  of Food Sci. 27, 232.

Thornton, N. C. 1933. Carbon dioxide storage. 
IV. The influence of carbon dioxide on the 
acidity of plant tissue. Contribs. Boyce Thomp
son Inst. 5 , 403.

Umbreit, W. W., R. H. Burris, and J. F. Staufer. 
1957. Manometric Techniques. 3rd ed., p. 238, 
274. Burgess, Minneapolis.

Wood, J. G., D. H. Chuickshank, and R. H. Kuchel. 
1943. The metabolism of s ta rv in g  leaves. 
Changes in amounts of total and chloroplast 
proteins chlorophyll, ascorbic acid and soluble 
nitrogen compounds. Australian J. Exptl. Biol. 
Med. Sci. 21, 37.

Ms. rec’d 11/8/65.



C. F . COOK and  R . F . L A N G SW O R T H  *
M. C. Franklin Laboratory, Department of Animal Husbandry, 

University of Sydney, Camden, N.S.W ., Australia

The Effect1 of Pre-Slaughter Environmental Temperature and 
Post-Mortem Treatment Upon Some Characteristics of 

Ovine Muscle. I. Shortening and pH

SUM M ARY
A stu d y  was m a d e  o f  th e  effec t o f  various  

p ostm o rtem  in cu b a tio n  tem p era tu res u p o n  som e  
p h ysica l and  ch e m ica l ch aracter istics  o f  o v in e  
m u sc le  o b ta in ed  fro m  a n im als  su b jected , b e fo r e  
sla u g h ter , to various en v iro n m en ta l tem p era 
tu res. U n fro zen  and  p re-rigor fro zen  m u sc les  
w ere stu d ied .

P re-slau gh ter trea tm en t d id  not s ig n ific a n tly  
a ffe c t m u sc le  sh o rten in g  or pH  a fte r  2 4  hr o f  
in cu b a tio n  o f  u n fro zen  o r  p re-rigor frozen  
m u sc le . In cu b a tio n  tem p era tu res s ig n ifica n tly  
in flu en ce d  th e  rate o f  ch a n g e o f  pH  and  sh ort
en in g  as w ell as th e fin a l va lu es o b ta in ed  a fter  
2 4  hr. T h ese  va lu es w ere a lso  a ffected  by p re
r igor fr ee z in g  and  su b seq u en t th aw in g. M in i
m u m  sh o rten in g  in  u n fro ze n  m u sc le  occurred  
at in cu b a tio n  tem p era tu res betw een  5 and  2 0°C . 
F or p re-rigor fro zen  m u sc le , sh o rten in g  values  
in creased  w ith in crea sin g  th aw in g  tem p era tu res. 
U n fro zen  and  p re-rigor fro zen  m u sc le  in cu b ated  
at tem p era tu res betw een  0  and  4 0 °C  show ed  
s im ila r  p H  p attern s a fte r  2 4  hr, w ith m in im u m  
values fo r  tem p era tu res b etw een  5 and  2 0 °C .

I N T R O D U C T IO N
Two major factors cited as affecting the 

post-mortem biochemical and biophysical 
properties of muscle, and ultimate meat qual
ity, are variable pre-slaughter temperatures 
and post-mortem storage temperature. Hall 
e t  a l . (1944) observed that calves adapted to 
mild en v iro n m en ta l temperatures often 
showed dark muscles after being exposed to 
extreme temperatures immediately prior to 
slaughter. Ludwigsen (1954), Judge e t  a l .
(1959), and Wismer-Pedersen (1959) have 
shown a significant relationship between high 
ante-mortem environmental te m p e ra tu re s  
and the occurrence of soft watery pork mus
cle. More recently, Forrest e t  a l . (1963) 
have shown a similar effect due to extreme 
diurnal temperature fluctuation.

The rate of post-mortem biochemical
* Present address: T. A. Field Pty. Ltd., Sydney, Australia.

changes in muscle, which in the pig can be 
altered by subjecting the live animal to ele
vated pre-slaughter temperatures or the car
cass to variations in storage temperature, 
can have a profound effect on the chemical 
(Bate-Smith, 1948; Bendall, 1951; Marsh, 
1954; Bate-Smith and Bendall, 1956; Sayre 
c t  a l . 1963a,b, 1964; Sayre and Briskey,
1963) and biophysical or structural proper
ties of muscle (Bendall, 1951; Marsh, 1954; 
Locker and Hagyarcl, 1963; Cassens e t  a l . .  
1964; Cook and Wright, 1966).

Most of the intensive work on the effect 
of pre- and post-slaughter temperatures upon 
post-mortem changes in muscle have been 
done on rabbits and pigs, with little done on 
sheep. The experiment described in this 
paper was designed to investigate the effects 
of a range of pre- and post-slaughter tem
perature treatments upon some chemical and 
physical characteristics of ovine muscle.

E X P E R I M E N T A L
P r e - s l a u g h t e r  t r e a t m e n t s .  Twelve Dorset Horn 

X Border Leicester-Merino lambs were allocated 
at random to 3 pre-slaughter treatment groups, each 
of 4 lambs. Each group was held for 48 hr prior 
to slaughter at one of the following temperatures 
( ±2°C) : 0, 21, and 38°C.

P o s t - s l a u g h t e r  t r e a t m e n t s .  The following post
slaughter measurements were made: 1) Muscle 
fiber shortening and pH of muscle mince of un
frozen semitendinosus incubated at 0, S, 10, IS, 20, 
30, and 40°C for 0, 1, 2, 4, 8, 12, and 24 hr post
mortem. 2) Muscle fiber shortening and pH of 
muscle mince of pre-rigor frozen biceps femoris 
after incubation for 24 hr at 0, 5, 10, 15, 20, 30, and 
40° C.

M e th o d s .  Within 10 min of slaughter, both 
semitendinosus and biceps femoris muscles were 
removed and cut into strips, parallel to the long 
axis of the fibers, as outlined by Locker and Hag- 
yard (1963). Seven strips of biceps femoris which 
had previously been attached to a thin rod at either 
end in order to maintain rest length were placed in 
sealed plastic bags and frozen in a dry ice-ethanol 
mixture for 40 min. The strips of frozen muscle,

[ 497 ]
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together with 7 strips of unfrozen semitcndinosus 
muscle, were incubated for 24 hr at 0, 5, 10, IS, 20, 
30, and 40°C under an atmosphere of moist nitro
gen. The unfrozen samples were placed in the incu
bation chambers within 20 min of slaughter.

Percent muscle shortening was calculated by 
measuring the rest lengths of the muscle strips 
prior to incubation (20 min post-mortem) and after 
the various time-temperature treatments.

Muscle pH values were determined on ground 
samples of unfrozen and pre-rigor frozen muscle 
by the method of Locker and Hagyard (1963) with 
a Radiometer 25 expanded-scale pH meter. The 
initial pH values of unfrozen muscle were evalu
ated within 15 min of slaughter, whereas the pH 
values of the pre-rigor frozen mince were deter
mined by placing a 1-g sample of frozen muscle in 
10 ml of 0.0053/ sodium iodoacetate (pH 7.0) and 
recording the pH of the sample after it had thawed.

Prior to incubation and grinding, all samples 
were dipped in a 10.0-ppm solution of chlortetra- 
cycline to inhibit bacterial growth.

The data were statistically analyzed with a 
mixed nested design according to Steel and Torrie
(1960). Multiple-range analyses were done by 
the method of Duncan (1955).

R E S U L T S  A N D  D I S C U S S I O N
Tables 1 and 3 present the mean percent 

shortening values. For simplicity, data either 
for post-slaughter or pre-slaughter treat
ments are pooled. Tables 2 and 4 present 
data for ultimate (24 hr) pH, similarly 
pooled. Tables 5 and 7 are analyses of 
variance of the full data for shortening and 
pH.

Pre-slaughter treatment. The percent 
shortening values and ultimate pH decreased 
with increase in pre-slaughter temperatures 
(Tables 1 and 2), but these differences failed 
to attain statistical significance. The initial 
pH values were indistinguishable for all pre
slaughter treatments (Table 2). These re
sults differ from those obtained in the pig

Table 1. Mean percent shortening values of unfrozen and pre-rigor frozen muscle at 24 hr post-mortem, grouped according to pre-slaughter treatment.*
P r e - s l a u g h t e r  te m p e r a t u r e

T r e a t m e n t  a n d  m u s c le o 3 2 1 ° 3 8 °
Unfrozen 30.07 29.51 27.71
Pre-rigor frozen 65.17 61.60 60.00

* Data pooled for post-slaughter incubation tern-perature treatment within each pre-s!1 a u g h t e itreatment.

by Sayre e t  a l . (1963a,b) and Briskey
(1963). It appears that treatments such as 
those imposed in this experiment do not de
press muscle glycogen sufficiently to affect 
ultimate pH, as can be achieved in cattle and 
sheep by the pre-slaughter administration of 
chemical agents (Hedrick e t  a l . , 1959, 1961; 
Forrest e t  a l . , 1964).

Post-slaughter treatment. P e r c e n t  m u s 
c le  s h o r t e n i n g  a j t c r  2 4  h r . Post-mortem in
cubation temperature had a highly significant 
effect ( P <0.001) on 24 hr shortening values 
of both unfrozen and pre-rigor frozen muscle 
(Tables 3, 5; Fig. 1).

The percentage shortening of frozen mus
cle increased rapidly from 0° to 5° to 10°C 
(P<0.05), more slowly to 15°C (P<0.05), 
and thereafter did not alter significantly, al
though a slight increase is evident from 
69.5% shortening, at 15°C, to a maximum 
of 72.2%, at 40°C. There was a significant 
interaction (P<0.01) between incubation 
temperature and pre-slaughter tre a tm e n t 
(Table 5). Examination of the mean effects 
of post-mortem incubation temperature and 
pre-slaughter treatment showed that the 
degree of fiber shortening increased with 
decreasing pre-slaughter temperatures (Ta
ble 6).

Fig. 1. The percentage of shortening of pre-rigor frozen and unfrozen muscle strips incubated for 24 hr post-mortem at different temperatures.
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Table 2. Mean pH values of unfrozen and pre-rigor frozen muscle minces, at slaughter and 24 hr post-mortem, grouped within each pre-slaughter treatment,“

P r e - s l a u g h t e r  t e m p e r a t u r e
21 ° 38 °

T  r e a tm e n t  
a n d  m u s c le

I n i t i a l  
2 4  h r

T o ta l  d e c r e a s e 1*
I n i t i a l  
2 4  h r

T o t a l  d e c r e a s e 1*
I n i t i a l  
2 4  h r

T o ta l  d e c r e a s e 1*
Unfrozen

semitendinosus 6.72 6.24 0.48 6.71 6.12 0.59 6.71 6.11 0.60
Pre-rigor frozen 

biceps femoris 7.07 6.20 0.87 6.99 6.08 0.91 6.88 6.03 0.85
* Means of four animals pooled within each pre-slaughter treatment. b Initial pH minus final pH.

Table 3, Mean percent shortening values of unfrozen and pre-rigor frozen muscle at 24 hr post-mortem, grouped within each incubation temperature treatment.“
I n c u b a t i o n  te m p e r a tu re '*

and muscle 0° 5° 10° 15° 20° 30° 4 0 °
Unfrozen

semitendinosus 33.6* 25.4b 26.0b 26.1b 28.2" 32.2“ 32.6*
Pre-rigor frozen 

biceps femoris 28.2“ 54.5b 67.2' 69.5 '■  “ 70.3 71.7“ 72.2“
” Means of four animals pooled within each pre-slaughter treatment.b All means within a treatment followed by the same postscript do not differ significantly. All others differ significantly ( P<0.05).

Table 4. Mean pH values of unfrozen and pre-rigor frozen muscle minces at 24 hr postmortem, grouped within each incubation temperature treatment.“
T r e a t m e n t

i r  l 2 4 - h r  p H  in c u b a t io n  t e m p e r a t u r e 1*
M u s c le  p H 0° 5° 10° 15° 20° 3 0 °  4 0 °
Unfrozen

semitendinosus 6.72* 
Pre-rigor frozen

6.18b 6.1511 6.07" 6.09h 6.07b 6.45 6.89“
biceps femoris 6.97* 6.21 ' 6.01“ 5.91“ 5.93“ 5.96“ 6.18° 6.49b

“ Means of four animals pooled within each pre-slaughter treatment.b All means within a treatment followed by the same letter do not differ significantly. All others differ significantly (P<0.05).

Table 5. Analysis of variance of data for percent shortening at 24 hr post-mortem of strips of unfrozen semitendinosus and pre-rigor frozen biceps femoris muscles.
D e g r e e s

o f
f r e e d o m

M e a n  s q u a r e s

S o u rc e  o f  v a r i a t i o n
U n f r o z e n

s e m i te n d in o s u s
P r e - r i g o r  f r o z e n  

b ic e p s  f e m o r is
Pre-slaughter treatment 
Animals within pre-

2 51.18 235.87
slaughter treatment 9 206.08*** 194.81***

Incubation temperature 
Incubation temperature X

6 158.95*** 3100.21***
pre-slaughter treatment 

Incubation temperature X
12 24.51 68.11**

animals within pre-slaughter
treatment 54 16.75 24.74

Total 83
** P<0.01. *** P<0.001.
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Table 6. Effect of pre-slaughter treatment and post-mortem incubation temperature upon the percent shortening of pre-rigor frozen muscle.
P o s t - m o r te m  in c u b a t io n  t e m p e r a t u r e  ( ° C )

t r e a t m e n t  ( ° C ) 0 C 5° 10° 15° 20° 30° 40°
38°C 24.00 56.00 64.00 6 6 .0 0 6 8 .0 0 70.00 72.00
21 °C 30.40 52.00 67.00 68.00 73.00 72.40 68.40

0°C 30.00 6 6 .0 0 69.40 73.40 69.00 72.00 76.40

The pattern for the unfrozen muscle was 
quite different. There was a sharp decrease 
in shortening, from a value of 33.6% at 0°C 
to 25.4% at 5°C (P < 0 .5 ), followed by a 
slight but nonsignificant rise to 28.2% at 
20°C, followed in turn, by a significant rise 
to a maximum of 32.6% at 40°C (P<0.05). 
No significant difference existed among the 
24 hr shortening values for muscle incubated 
at 0, 30, and 40°C.

Observations on unfrozen muscle are in 
agreement with those of Locker and Hag- 
yard (1963), who observed minimum short
ening of unfrozen beef muscle after incuba
tion at 19°C, whereas maximum shortening 
occurred at 0 and 3/°C.

R a t e  o f  m u s c l e  s h o r t e n i n g  o v e r  a  2 4  h r  
p e r i o d .  Fig. 2 shows the rate at which un
frozen semitendinosus muscle strips short
ened over the 24 hr post-mortem period when 
held at various temperatures. The slopes of 
the curves for 5, 10, 15, and 20°C are indis
tinguishable. There was very little delay be
fore contraction commenced, at a rate of 
about 3.5% per hr for 4 hr, reducing to about
1.5% per hr to 8 hr, and continuing there

after at a reduced rate, stabilizing from 12 hr 
onward.

The patterns for 0, 30, and 40°C were 
similar from 8 hr onward, by which time 
maximum shortening had occurred. Before
hand, however, they differed greatly. At 
0°C there was little, if any. delay in the 
onset of contraction, 16 and 24% being 
reached in 1 and 2 hr. By 8 hr, maximum 
shortening of 33.6% had been reached. At 
30 and 40°C, a slight delay period was ob
served before significant shortening was evi
dent. Shortening was most rapid between 
1 and 4 hr post-mortem, and ultimate values 
of 32% were attained by 8 and 4 hr.

The shortening curves illustrated for ovine 
muscle differ slightly from those of Locker 
and Hagyard (1963) for beef muscle, pos
sibly because of species differences.

p H  v a l u e s  a t  2 4  h r  p o s t - m o r t e m .  Post
mortem incubation temperature had a highly 
significant effect ( P <0.001) on 24 hr pH 
values of both unfrozen and pre-rigor frozen 
muscle minces (Tables 4, 7).

Fig. 3 illustrates the mean 24 hr pH values 
attained at the various incubation tempera-

Table 7. Analysis of variance of data for pH values at 24 hr post-mortem for unfrozen semitendinosus and pre-rigor frozen biceps femoris muscles.
D e g r e e s

o f
f r e e d o m

M e a n s q u a r e s

S o u r c e  o f  v a r i a t i o n U n f r o z e n
s e m i te n d in o s u s

P r e - r i g o r  f r o z e n  
b ic e p s  f e m o r is

Pre-slaughter treatment 
Animals within pre-

2 0.52 0.24
slaughter treatment 9 0 4 7 * * * 0.17***Incubation temperature a 

Incubation temperature X
7 1.29*** 1.60***

pre-slaughter treatment 
Incubation temperature X

14 0.04 0.01
animals within pre-slaughter 
treatment 63 0.03 0.03Total 95

* Includes initial pH values. *** P<0.001.
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Fig. 2. The rate of shortening of unfrozen semitendinosus muscle during incubation for 24 hr postmortem at various temperatures.
tures. The slope of the curves for the un
frozen and pre-rigor frozen muscles are simi
lar. The absolute pH values at each incuba
tion temperature for unfrozen and pre-rigor 
frozen muscle do not differ significantly. 
The excessively high values noted at 40°C, 
despite the precautions taken, may have been 
caused by partial decomposition of the muscle

Fig. 3. The pH values attained by unfrozen (semitendinosus) and pre-rigor frozen (biceps fe- moris) muscles after incubation for 24 hr postmortem at various temperatures.

tissue by bacterial action (Ingram, 1965).
R a t e  o f  c h a n g e  o f  m u s c l e  p H  o v e r  a  2 4 - h r  

p e r i o d .  Fig. 4 shows the rate at which the 
pH of unfrozen semitendinosus muscle mince 
changed over a 24-hr post-mortem period, 
when held at various incubation tempera
tures. The rate of fall of pH at all tempera
tures during the first hr post-mortem shows 
a positive temperature coefficient. Between
1 and 2 hr post-mortem, the slopes of the 
curves for 0, 5, 10, and 15°C show a marked 
reduction in the rate of fall. After 2 hr the 
rate increases to a maximum at 4 hr, con
tinuing thereafter at a reduced rate until the 
final 24 hr values are reached. The pattern 
for 20°C was similar to those for 0, 5, 10, 
and 15°C, except that no reduction in the 
rate of fall of pH was noted between 1 and
2 hr post-mortem.

The slopes of the curves for 30 and 40°C 
differed significantly from the others. Mini
mum pH values at 30 and 40 °C were at
tained 4 and 8 hr post-mortem, after which 
the values increased steadily at the rate of
0.02 and 0.04 pH unit per hr. A similar 
phenomenon was reported by Briskey and 
Wismer-Pedersen (1961) in isolated sam
ples of pork muscle that had been subjected 
to elevated temperatures during the onset of 
rigor. Although it is generally accepted that
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Fig. 4. The rate of change of pH of unfrozen semitendinosus muscle during incubation for 24 hr postmortem at various temperatures.

the ultimate pH value of muscle is associated 
with glycogen and lactic acid reserves at the 
time of slaughter, Bendall (1963) postu
lated that the increase in ultimate pH ob
served in muscle subjected to elevated tem
peratures during the onset of rigor may be 
due to a decrease in the pK value of histidine.

The curves in Fig. 4 show that the rate of 
fall of pH, at all temperatures, during the 
first 2 hr post-mortem is more rapid than 
expected. These observations were made on 
muscle minces, rather than on intact muscles. 
Newbold (1965) showed that the initial rate 
of glycolysis in muscle minces is approxi
mately 2-3 times as rapid as in intact muscle. 
Although the initial rate of fall in pH differs 
significantly betw een intact muscle and 
mince, the ultimate values attained are not 
significantly different.
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SUM M ARY
S am p les o f  u n fr o z e n  and  p re-rigor fro zen  

o v in e  lo n g iss im u s  d orsi m u sc le , o b ta in ed  fro m  
a n im a ls  su b jected  to  variou s p re -s lau g h ter  te m 
p eratu res, w ere i n c u b a t e d  at tem p era tu res  
ra n g in g  fr o m  0  to 4 0 °C  fo r  2 4  h r p ost-m ortem .

P re -slau g h ter  trea tm en t h ad  n o  effec t u p on  
sh ear v a lu e , ex u d a te  lo ss  d u rin g  storage or 
c o o k in g  lo ss .

P ost-m o rtem  treatm en ts— in cu b a tio n  tem p er
a tu re and p re-rigor fr ee z in g — ea ch  h ad  a s ig n i
fica n t e ffe c t u p o n  a ll traits ex a m in ed . T h e  
sh ear va lu es o f  u n fro ze n  m u sc le  d ecreased  w ith  
in crea sin g  in cu b a tio n  tem p era tu res fr o m  0  to  
1 0 ° C, rem a in ed  co n sta n t fr o m  1 5  to 3 0 °C, 
and fe ll  fo r  4 0 °C . B y con trast, sh ear values fo r  
pre-rigor fr o z en  m u sc le  in creased  fo r  tem p era 
tures fr o m  0  to 2 0 °C and  fe ll  sh a rp ly  betw een  
2 0  and 4 0 °C. E xu d a te  and  c o o k in g  lo sses  in 
creased  w ith  in crea sin g  in cu b a tio n  tem p eratu res  
fo r  b oth  u n fro ze n  and  p re-rigor fr o z en  m u sc le . 
P re-rigor fr e e z in g  b ro u g h t a b o u t an  in crease  
in  ex u d a te  and co o k in g  lo ss .

INTRODUCTION
The rate and extent of post-mortem bio

chemical and biophysical changes in muscle 
have been cited as affecting ultimate meat 
quality. The rate of fall of pH in porcine 
musculature has been shown to influence its 
color, texture, flavor, and water-binding ca
pacity (Wismer-Pedersen, 1959; Briskey 
and Wismer-Pedersen, 1961 ; Briskey, 1963 ; 
Sayre and Briskey, 1963; Sayre ct al., 
1963a,b, 1964). Locker (1960) and Herring 
e t  a l. (1965) have postulated that beef ten
derness is associated with the contracture 
band patterns of the fibers and the extent of 
shortening, while Marsh (1963) presented 
evidence that variations in tenderness of beef 
muscle are associated with the phase of rigor 
mortis.

The experiment described in this paper 
was designed to investigate the effect of vari
ations in pre-slaughter environmental tem-

a Present address : T. A. Field Pty. Ltd., Sydney, Australia.

perature and post-mortem incubation tem
perature upon shear value, exudate, and 
cooking loss of unfrozen and pre-rigor frozen 
muscle.

EXPERIMENTAL
Pre-slaughter treatment. The animals described 

in Part I of this investigation were used ( Cook 
and Langsworth, 1966).

Post-slaughter treatments. Shear value, exudate 
loss during storage, and cooking loss were mea
sured on samples of unfrozen and pre-rigor frozen 
longissimus dorsi which had been incubated for 
24 hr post-mortem at one of the following tem
peratures : 0, 5, 10, 15, 20, 30, and 40°C.

Methods. The complete longissimus dorsi mus
cles were removed from each animal within 10 min 
of slaughter. Eight samples, approximately 8 cm 
long and 4 cm2 in cross-section, were prepared 
immediately from each muscle.

The eight samples from one muscle from each 
lamb were placed in separate plastic bags, sealed, 
and frozen for 90 min in a dry-ice-ethanol mixture 
(pre-rigor frozen samples). Seven of these sam
ples, together with 7 samples from the other 
muscle from each lamb (unfrozen) were then 
placed in incubation chambers at the various 
temperatures for 24 hr. Incubation of the un
frozen samples began 15 min after slaughter.

Prior to incubation, all samples were dipped in 
a 10.0-ppm solution of chlortetracycline to inhibit 
bacterial growth.

At the conclusion of the incubation period the 
samples were cooked in boiling water until an 
internal temperature of 82 °C was reached. The 
samples were then cooled for 6 hr at 10°C, and 
their shear values were determined, in triplicate, 
on i^-inch cores of muscle with a Warner- 
Bratzler shear.

The remaining two samples of unincubated 
muscle (unfrozen and pre-rigor frozen) were 
cooked in a similar manner and their shear values 
determined. The unfrozen sample was cooked 15 
min post-mortem, whereas the pre-rigor frozen 
samples was cooked upon removal from the 
freezing mixture.

Exudate losses and cooking losses u’ere cal
culated from the loss of weight incurred during 
incubation and during cooking and subsequent 
cooling.
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The data were handled as described earlier (Cook 

and Langsworth, 1966).
RESULTS AND DISCUSSION  

Pre-slaughter treatment. Pre-slaughter 
treatments had no significant effects on shear 
value, exudate loss, or cooking loss. The 
data are therefore pooled for presentation.

Post-slaughter treatment. Tables 1 and 4 
present data for mean shear values and exu
date and cooking losses, with data for pre
slaughter treatment pooled. Tables 2 and 5 
present analyses of variance for the total data.

S h e a r  v a lu e . Post-mortem incubation tem
perature and freezing pre-rigor each had a 
highly significant (P<0 .001) effect upon 
shear values (Tables 1, 2), and there was 
a significant interaction  between them 
(P<0.001, Table 2, Fig. 1) . The shear 
values for the unfrozen samples fell from a 
value of 19.10 at 0°C to a minimum of 8.26 
at 40°C with an intermediate plateau between

10 and 30°C. Thus at 5°C values were sig
nificantly lower than those at 0°C (P<0.05) ; 
there were no significant differences between 
the values at 10, 15, 20, and 30°C, while the 
40°C value was significantly lower. By con
trast, the shear values for the pre-rigor 
frozen samples rose significantly from 0°C 
to a maximum at 20°C (P<0.05) and then 
fell to a minimum at 40°C (P<0.05).

The initial shear values for the unfrozen 
and pre-rigor frozen samples were not sig
nificantly different from each other, nor was 
there a difference between these values and 
that for the unfrozen sample incubated at
40°C.

Numerous inherent properties of muscle, 
both chemical and physical in nature, have 
been cited as influencing meat tenderness. 
Marsh (1963) recently presented evidence 
that the tenderness of bovine musculature 
varies concomitantly with the phases of rigor

Table 1. The mean shear values of unfrozen and pre-rigor frozen muscle at 24 hr post-mortem, grouped within each incubation treatment.3
T r e a t m e n t  

a n d  m u s c le
I n i t i a l
s h e a r

I n c u b a t i o n  t e m p e r a t u r e 1'
0° 5° 10° 15° 2 0 ° U> o o

Unfrozen 8 .97' 19.09 14.95b 12.11“ 13.05b,c 11.67“ 11.70“ 8.26“
Pre-rigor

frozen 8.24“ 8.09* 9.83“ 12.31ta 12.75b 12.61” 8.45“ 4.31
3 Means of 12 animals. b All means within a treatment followed by the same postscript do not differ significantly.All others differ significantly.

Table 2. Analysis of variance of data for shear values 24 hr post-mortem.

S o u r c e  o f  v a r i a t i o n
D e c r e e s

o f
f r e e d o m

M e a n
s q u a r e

Pre-slaughter treatment 
Animals within pre-slaughter

2 23.50
treatment 9 247.31***

Freezing treatment 1 2129.40***
Freezing X pre-slaughter treatment 2 113.75
Animals X  freezing 9 52.72
Incubation temperature 
Temperature X  pre-slaughter

7 760.31***
treatment 14 37.21

Animals X  temperature 63 38.49
Temperature X  freezing 
Pre-slaughter treatment X  freezing X

7 450.57***

temperature 14 52.97
Animals X  freezing X  temperature 63 31.87

Total 191
*** P<0.001.



TEMPERATURE °C

Fig. 1. Shear values of unfrozen and pre-rigor frozen longissimus dorsi after incubation for 
24 hr post-mortem at various temperatures.

development. Maximum shear values were 
observed while the muscle was in full rigor, 
while the lower shears were reported for 
muscle in the pre- and post-rigor phases. 
Data presented in Part I of this investigation 
(Cook and Langsworth, 1966) and unpub
lished results of Cook and Wright (1966) 
suggest that variations in post-mortem incu
bation temperature bring about differences in 
the extent of muscle shortening and in the 
nature of the contracture band patterns of 
the fibers.

Simple correlation coefficients between the 
percent shortening values presented in Part I 
and shear values show no statistically signifi
cant relationship at the 5% level of prob

ability between these two variables when 
calculated either within a temperature treat
ment or pooled over all incubation tempera
tures (Table 3).

It thus appears that the variation in shear 
values observed among samples incubated at 
the various temperatures may be partially 
due to the different phases of rigor develop
ment (Marsh, 1963), or variations in the 
contracture band pattern of the fibers (Cook 
and Wright, 1966) which affect the ordered 
structure of the myofibrilar proteins (Man- 
delkern e t  a l., 1965), or subsequent post
rigor changes of the proteins (Wierbicki 
e t  a !., 1954).

E x u d a t e  lo s s  a n d  c o o k in g  lo s s . Post-
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Table 3. Simple correlation coefficients between the percent shortening of unfrozen semi- tendinosus and the shear value of the longissimus dorsi after 24 hr of post-mortem incubation.

I n c u b a t i o n  t e m p e r a t u r e  °C
0° 5° 10° 15° 20° 30° 4 0 °

S h e a r  v a lu e s P o o le d

% shortening of 
muscle -0.16 -0.36 -0.45 -0.28 -0.49 -0.15 -0.51 -0.11
Value greater than 0.55 significant at P<0.05.

mortem incubation temperature and freezing 
pre-rigor each had highly significant effects 
on exudate and cooking losses (P<0.001, 
Tables 4, 5) and there were highly significant 
interactions between them (P <0 .0 1 and 
<0.001). In both the unfrozen and pre-rigor 
frozen muscle there was a significant increase 
in the percent exudate lost with increasing

incubation temperatures ( P <0.001). There 
was no significant difference between them 
at the lower temperatures, 0 and 5°C, but at 
10 °C and above the percent exudate was 
significantly greater in the pre-rigor frozen 
than in the unfrozen samples (Table 4, 
Fig. 2).

These data are consistent with the observa-

6 0

55

O  5 IO 15 2 0  3 0  4 0  non-incubated

O 1 = 1  EXUDATE L0SS DUB'NG STORAGE(NON-FROZEN)
TEMPERATURE C | g  e x u d a t e  l o s s  d u r in g  s t o r a g e  ( p r e -r ig o r  f r o z e n )

LOSS IN WT. AFTER COOKING & COOUNG (N O N -F R O Z E N ) 
£773 LOSS IN WT. AFTER COOK MG & COOLING ( PRE-RIGOR

f r o z e n )

Fig. 2. Exudate loss during incubation and cooking loss after cooling of unfrozen and pre-rigor frozen longissimus dorsi incubated for 24 hr post-mortem at various temperatures.
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Table 4. The mean exudate loss curing storage and cooking loss at 24 hr post-mortem, grouped within each incubation treatment.“
I n c u b a t i o n  t e m p e r a t u r e 11

0° 5° 10° 15° 2 0 ° 30 ° 40 °
% exudate loss

Unfrozen 1.5* 1.3“ 1.6* 3.1b 2.1* 2.9b 6.1
Pre-rigor frozen 1.8“ 1.5* 5.9 17.8b 16.5b 24.3“ 28.2'

% cooking loss
Unfrozen 30.0*'b 2 9 .4 » . t 28.5* 29.3*'” 32. l b 37.1“ 36.4'
Pre-rigor frozen 32.1“ 30.7* 37.5 44.4b 44.0" 47.2b 46.8b
* Means of 12 animals.b All means, within a treatment, followed by same postscript do not differ significantly. All others do differ significantly (P<0.05).

tions of Marsh and Thompson (1958), who 
reported that pre-rigor freezing caused the 
formation of larger quantities of exudate 
during thawing.

Similarly, the percent cooking loss in
creased with increasing incubation tempera
tures for both the pre-rigor frozen and un
frozen samples ( P <0.001, Table 4). The 
percent cooking losses were higher for the 
pre-rigor frozen samples than for the un
frozen samples at incubation temperatures 
above 10 °C (Fig. 2)

Numerous investigators (Hamm, 1960; 
Briskey, 1963; Howard, 1963; Jay, 1964) 
have reported that high ultimate muscle pH 
in muscle, not subjected to elevated temper
atures post-mortem, is associated with in
creased water-binding capacity. The data 
presented in this study substantiate these 
observations for pre-rigor samples incubated

at 10°C or below ; however, for samples incu
bated at temperatures above 10°C a positive 
relationship exists between total moisture 
loss and pH. Hence, samples of unfrozen 
muscle incubated at 30 and 40 °C had respec
tive 24 hr pH values of 6.45 and 6.89, re
leased the highest quantities of exudate 
during incubation, and also lost the greatest 
percentage weight during cooking. The 
differences reported in this study and those 
of the literature may have been due to slight 
bacterial decomposition in samples incubated 
at high temperatures, resulting in a decrease 
in water-binding capacity of the muscle as 
postulated by Jay and Kontou (1964) and 
Jay (1965), or because of severe protein 
denaturation due to the combined effect of 
elevated post-mortem temperatures and high 
pH (Cook, 1966).

Table 5. Analysis of variance of data for percentage exudate and cooking loss.
D e iu;e e s  __________________ M e a n  s q u a r e s

S o u rc e  o f  v a r i a t i o n f r e e d o m  %  e x u d a te  lo s s a %  c o o k in g  lo ss

Pre-slaughter treatment 2 0.07 28.17
Animals within pre-slaughter treatment 9 0.56** 45.70***
Freezing treatment 1 119.16*** 4069.53***
Pre-slaughter X freezing 2 0.04 0.95
Animals X freezing 9 0.52 26.63*
Temperature of incubation 6 21.11*** 705.33***
Pre-slaughter X temperature 12 0.06 23.20
Animals X temperature 54 0.20 11.85Freezing X temperature 6 9.2** 152.52***
Pre-slaughter X freezing X temperature 12 0.29 118.13***Animals X freezing X temperature 54 0.15 10.46

Total 167
“ Analysis of variance conducted on * P<0.05. V X -(- 1 transformed data.

*** P<0.001.
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Effects of Modified Storage Atmospheres on Ascorbic Acid 
and Other Quality Characteristics of Spinach

SUM M ARY
It h as b een  show n th at gas co m p o s it io n  and  

tem p era tu re  o f  th e  a tm o sp h ere  can  a ffec t re s
p ira tio n  and  th e  q u a lity  o f  v eg eta b le s. T h is  
stu d y  was u n d erta k en  to d eterm in e  th e e ffe c t  
o f  th ese  fa ctors  o n  th e  storage q u a lity  o f  sp in 
a ch  and  N ew  Z ealan d  sp in a ch . B oth  show ed  
ty p ica l resp ira tory  d r ift cu rves. In creasin g  C 0 2 
arou n d  N ew  Z ealan d  sp in a ch  red uced  resp ira 
tio n  ra te , and  p ro d u ct in  1 3%  C 0 2 was n o t a c
cep ta b le  a fter  o n e  w eek . A gas c o n ta in in g  9 .5 %  
COs and  3 .3 %  O- was co m p ared  w ith  a ir a t 3 4  
and  4 5 °F . T h e  leav es ten d ed  to in crea se  in  
o x a la te  b u t th is in crea se  w as n o t re la ted  to  
ascorb ate red u ctio n . S am p les in  co n tro lled  a t
m o sp h ere  h ad  few er m icro org an ism s th an  a ir  
sam p les  at th e  sam e tem p era tu re .

T h e a scorb ic  acid  c o n te n t o f  th e  leav es  was 
a ffected  by  a tm o sp h ere , tem p era tu re , and  tim e. 
O x y g en  d ep le tio n  o f  th e  a tm o sp h ere  resu lted  
in  a m a rk ed  d ecrease  o f  a scorb ic acid . W h en  
o x y g e n  c o n te n t was m a in ta in ed  a t 3 .3 %  by  
in term itten t f lu sh in g , th e  leav es re ta in ed  th e ir  
a scorb ic acid . T h is  p h en o m e n o n  was in ten sive ly  
in v estig a ted  w ith  a d d itio n  o f  a n a ly sis  fo r  deh y- 
d roascorb ic acid . S in ce  th e  to ta l o f  d eh ydro- 
a scorb ic and  a scorb ic a cid s d id  n o t  vary w ith  
a tm o sp h ere  co m p o s it io n , it  was co n clu d ed  that 
m o d ified  storage a tm o sp h eres  n e ith er  im p rove  
n or im p a ir  a n tisco rb u tic  v a lu e .

INTRODUCTION

Retention of the original quality of fresh 
fruits and vegetables is a problem of primary 
concern. Most of these products are grown 
on a seasonal basis, so that only one crop is 
harvested per year and made available to the 
public as “fresh” produce. Various preserva
tion methods are used to assure a continuous 
supply to consumers. However, these prac
tices modify the raw materials, and the pre
served products are often considered to be 
less desirable than the fresh. Modified atmo
spheres of controlled concentrations of CO2 
and O2 have been used as an aid in maintain
ing the quality of fresh produce.

McKenzie (1931), in studying the effect 
of temperature on the respiration rate of 
lettuce, noted that as the CO2 increased there

was a decrease in rate of CO2 evolution. 
Thornton (1931) studied the effect of stor
age in CO2 on several vegetables. The re
sponse of the vegetable was found to vary 
with both temperature and CO2 in the stor
age atmosphere. At 4°C, beans showed no 
injury at 18% CO2 but did show injury at 
30% CO2. The ability of beans to withstand 
C 0 2 injury was reduced when the tempera
ture was lowered; beans stored in 18% C 0 2 
at 0°C developed injury. Cauliflower in 25% 
C 02 showed no injury at 0° and 10°C, but 
was damaged when the temperature was 
increased to 15°C. Celery stored in 50-80% 
C 02 showed greater injury at 0° than at 4°C. 
Lettuce was injured by any concentration 
of C 0 2 above 7%. Spinach tissues became 
soft and developed off odors when concen
trations greater than 20% COo were used at 
temperatures above 0°C.

Platenius  ̂1943) found that lowering the 
O2 concentration to 1.2% could reduce the 
respiration rate of asparagus by 55%. De
creasing the 0 2 below the normal atmo
spheric level was also found effective for 
other vegetables such as snapbeans and peas. 
Claypool and Allen (1948) found that when 
oxygen levels were reduced below that of 
normal air the respiration rates of apricots, 
grapes, peaches, pears, and plums were re
duced. Lieberman and Hardenburg (1954) 
stored broccoli at 75 °F and at various oxy
gen concentrations. Their results indicated 
a reduction in respiration rate as oxygen 
concentration was lowered from 20.9 to 0%.

This study was initiated to determine the 
extent to which gas composition, storage 
temperature, and storage time affect the 
chemical, physiological, microbiological, and 
organoleptic quality of New Zealand Spin
ach (Tetragonia expansa) and true spinach 
(Spinacia oleracea).

MATERIALS AND METHODS
New Zealand spinach was grown in the green

house and harvested periodically throughout the 
late fall, winter, and spring months. Only leaves 
with a surface area of greater than 2 in.2 were

[ 510]
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used in this study. Regular spinach was grown 
out of doors; American variety was used for the 
spring crop, and Early Hybrid No. 7 for the 
fall crop.

The leaves were harvested and immediately 
sorted to remove yellow , injured, or diseased 
leaves. This was followed by a thorough washing 
in cold water. After draining, the leaves were 
placed in refrigerated storage (34°F) for at least 
2 hr, but no longer than 6 hr, in order to equilibrate 
the temperature.

Initial product respiration rates were determined 
by using the method and equipment described by 
Platenius (1942). Carbon dioxide and oxygen 
analyzers manufactured by Thermco Instrument 
Corporation, La Porte, Indiana, were used to 
measure concentrations of gases in the storage 
chambers. The instruments were calibrated peri
odically by the Orsat method, using the Burrell- 
Haldane Gas Analyzer. The storage chambers used 
in these studies were 4-L bottles. One-hundred- 
gram samples were placed in each test chamber, in 
which the RH was maintained at 100%. A screen 
stand was placed in each chamber to prevent product 
from coming in direct contact with the water that 
usually accumulated on the bottom of the chambers. 
In the initial studies the desired atmospheres were 
obtained by mixing CO=, O2, and Na cylinder gases. 
In later studies, cylinders of specific gas mixtures 
were used.

Spinach leaves were analyzed for dextrose, su
crose, and starch. All three determinations were 
made on the same extract of leaf material by the 
Official Methods of AO AC (19SS). Total oxalic 
acid was measured by a method of Kiharo (1952). 
The ascorbic acid procedure used in this study 
consisted of the extraction procedure of Loeffler 
and Ponting (1942), modified by using an Na atmo
sphere (Assoc. Vitamin Chemists, 1951), and titra
tion with 2,6-dichlorophenol-indophenol (McKenzie, 
1931). Dehydroascorbic acid was determined on the 
filtrate from the ascorbic acid analysis. The de
hydroascorbic acid in the extract was reduced to 
ascorbic acid using H aS according to the procedure 
of Rubin ct al. (1945). Moisture of shredded leaf 
material was determined by drying in a vacuum 
oven for 16 hr at 70°C. The dried material was 
saved for the oxalic acid analysis. Chlorophyll 
analysis followed the method of Jacobson and Oestli
(1956). Chlorophyll concentrations were calcu
lated by using the optical densities observed and 
the specific adsorption coefficients for chlorophyll 
a and b published by MacKinney (1941).

The standard method of analysis recommended 
by the Am. Public Health Assoc. (1948) was fol
lowed for bacteriological total plate counts. Twenty 
grams of leaves were aseptically transferred into

a presterilized, chilled Waring blender jar with 
180 ml of 1.0% sterile peptone and the material 
blended for 3 min. Decimal dilutions were made 
in 0.1% peptone solution. Triplicate plates were 
poured for each dilution using tryptone glucose 
extract agar. The plates were incubated 3 days at 
20°C before counting.

Samples were prepared for organoleptic evalua
tion by simmering 50 g of leaves in one cup of 
water for 10 min. The cooked materials were 
arranged in random order and presented on a blind
fold basis to ten experienced panel members from 
the Department of Food Science.

Respiratory drift curves were determined for 
New Zealand and regular spinach leaves at 34°F 
under conditions which allowed continual adsorp
tion of carbon dioxide and continual replacement of 
utilized oxygen.

New Zealand spinach was held in atmospheres 
containing various CO2 and O» concentrations at 
34° F to determine the effect of initial gas compo
sition on respiration rate and organoleptic qualities. 
Initial atmospheres of 25, 13, 7.5, 4.0, and 0.03% 
C 02, all in conjunction with 20% O», were used to 
determine the effect of CO2. To determine the 
effect of oxygen, initial atmospheres of 4, 10, 14, 
and 18% 0 2 were used in conjunction with 4% 
CO». Normal air was used as the control.

RESULTS AND DISCUSSION

Both types of spinach demonstrated typical 
respiratory drifts (James, 1953) with the 
New Zealand type generally showing a 
slightly lower rate.

Increasing carbon dioxide in the atmo
sphere around the product reduced rates of 
respiration. Twenty-five percent CO2 caused 
rapid physiological breakdown of the prod
uct, and product in 13% CO2 was not accept
able after one week. As the oxygen level 
was decreased to 4%, respiration was slightly 
reduced but the effect was less than that with 
increased CO2. However, reduction of res
piration rate did not result in improved 
flavor, color, or texture of the spinach. The 
organoleptic evaluation showed that samples 
stored in air were generally as good as the 
best products stored in modified atmospheres.

Several experiments were carried out to 
determine the effect of various storage atmo
spheres and temperatures on certain chemical 
constituents. In one of the experiments, 
100 g of New Zealand spinach leaves were 
placed in 4-L bottles at 34 and 45 °F. Half 
of the bottles at each temperature were sealed
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in air and labeled 34-A and 45-A, while the 
other bottles were purged with a gas mixture 
of 9.5% C 0 2 and 3.3% 0 2 and labeled 34-CA 
and 45-CA. A large sample of leaves on a 
perforated stainless screen was exposed to 
normal air at 34°F and labeled 34-Control.

Sucrose, which was zero at the beginning, 
showed no increase. Chemical analyses for 
this experiment are presented in Table 1. 
Starch content of all samples varied with 
storage time but showed no definite trends. 
The reducing sugar analyses showed consid
erable variation, without any consistent pat
terns related to storage time, atmosphere, or 
temperature. This variation may be caused 
by the formation of other reducing sub
stances. Since some apparent discrepancies 
had appeared in the reducing sugar results 
from earlier experiments, a check on the 
precision of reducing sugar measurements 
was made during this study. After extraction 
of the sugars, the solutions were divided into 
two aliquots and a standard glucose solution 
was added to one of the aliquots. The glucose 
recovery was generally very good, averaging 
104%- over all the experimental samples. 
Therefore, the tendency for samples to in
crease in reducing sugar cannot be attributed 
to faulty measurements in the latter two 
storage periods.

Dry matter (Table 1) decreased with stor
age time in all samples except the 34-Control. 
Since the latter sample was opened to the 
storage atmosphere, it is conceivable that 
desiccation of the leaves resulted in an in
crease in percentage of dry matter.

Total chlorophyll data (Table 1) were 
erratic, and no trends were evident which 
could be related to storage atmosphere, time, 
and temperature. Chlorophyll a and b data 
varied in a similar manner, and are not pre
sented in Table 1.

Oxalate, initially lower in these samples 
than in earlier experiments, was maintained 
or slightly increased in concentration during 
the experiment (Table 1). The data seemed 
to suggest that oxalic acid is not readily oxi
dized during the storage of New Zealand 
spinach leaves. This characteristic of the 
stored leaves to retain or show increases in 
oxalate seems to contradict the theory that 
oxalic acid is used by the leaves as respirable

substrate. Oxalic acid may be formed as a 
result of the oxidation of ascorbic acid. Thus, 
ascorbic acid is reversibly oxidized to dehy- 
droascorbic acid, which is unstable in an 
environment above pH 5 and breaks down 
to form oxalic and threonic acids. The New 
Zealand spinach leaves have a pH of about
6.5, so the formation of oxalate from ascor
bate is a possibility. Table 1 discloses that 
the changes of oxalic acid are apparently not 
closely related to the loss of ascorbic acid. 
Therefore, the accumulation of oxalate at this 
time can only be attributed to leaf anabolism. 
Bonner (1950) suggested that oxalic acid 
formation takes place through glycolic and 
glyoxylic acids.

The ascorbic acid content of the leaves 
was found to be affected by storage time, 
temperature, and atmosphere (Table 1). 
All samples showed a loss of ascorbic acid 
with time. The ascorbic acid content was 
reduced more quickly at the higher storage 
temperature. The 34-Control and the 34-A 
samples showed similar asco rb ic  acid 
changes. The more rapid reduction of ascor
bic acid in CA samples than in A  samples 
presented an unexpected change. The lower 
initial oxygen concentration in the CA 
bottles was expected to give a longer reten
tion of the ascorbic acid in storage. The 
opposite was shown to be tru e ; when the 
oxygen was depleted to levels near zero, the 
ascorbic acid appeared to be more easily 
oxidized.

Microbial plate counts made on all 34-Con
trol, 34-A, 34-CA, 45-A, and 45-CA samples 
covering the 14-day storage period are shown 
in Fig. 1. These are the same samples as 
described in Table 1. Examination of these 
data reveals that both temperature and at
mosphere affected microbial plate counts 
during storage. The 45-A samples showed 
the most rapid rate of microbial increase, and 
the CA samples always had fewer microor
ganisms than the similar A  samples. The 
45-CA condition, although at a higher tem
perature, gave less microbial growth than 
the 34-Control. This suggests that part of 
the effectiveness of “controlled atmosphere” 
in prolonging the quality of some products 
in storage may be in the reduction in growth 
of microorganisms.



Table 1. Gas and chemical analyses based on fresh weight of New Zealand spinach leaves stored for periods to two weeks at two temperatures and in
itially controlled atmospheres.

Storage 
tem

p. 
(°F) and 

atm
osphere

Storage
tim

e
(days)

CO=
(%)

02(%)
D

ry
m

atter
(%)

Ascorbic
acid

(m
g/100 
g)

O
xalate
(%)

Reduc
ing

sugar
(%)

Starch
(%)

Total
chloro
phyll

(m
g/g)

34-Controla
0

7.0
19.1

1.41
.024

.32
.77

34-A
0

0.03
20.8

7.0
19.1

1.41
.024

.32
.77

34-CA
0

9.5
3.3

7.0
19.1

1.41
.024

.32
.77

45-A
0

0.03
20.8

7.0
19.1

1.41
.024

.32
.77

45-CA
0

9.4
3.3

7.0
19.1

1.41
.024

.32
.77

34-Control
5

6.6
15.1

1.54
.063

.41
.89

34-A
5

2.0
18.8

5.4
13.6

1.20
.030

.33
.55

34-CA
5

11.7
2.2

6.1
12.5

1.64
.020

.33
.58

45-A
5

2.8
17.1

5.0
9.9

1.10
.017

.26
.56

45-CA
5

12.4
1.7

5.1
7.7

1.38
.016

.33
.70

34-Control
7

6.0
10.3

1.83
.009

.20
.59

34-A
7

2.6
16.5

5.7
9.5

1.28
.009

.28
.73

34-CA
7

12.2
0.3

5.7
9.5

1.59
.023

.37
.67

45-A
7

3.3
15.5

5.5
6.3

1.67
.006

.31
.78

45-CA
7

13.1
0.0

4.9
5.0

.008
.28

.52
34-Control

11
7.6

7.9
1.41

.016
.28

.63
34-A

11
3.3

17.0
5.4

7.1
2.12

.012
.33

.74
34-CA

11
13.1

1.2
5.4

4.9
1.89

.037
.36

.67
45-A

11
6.0

13.5
5.0

4.6
2.58

.015
.39

.59
45-CA

11
13.7

0.7
5.4

0.0
1.79

.069
.36

.73
34-Control

14
8.9

7.8
0.59

.025
.34

.69
34-A

14
4.0

14.7
4.3

5.7
1.96

.026
.34

.57
34-CA

14
12.9

0.0
5.5

4.0
1.29

.027
.38

.70
45-A

14
7.6

9.9
5.3

4.0
2.09

.033
.46

.62
45-CA

14
13.3

0.0
5.3

0.0
1.69

.052
.36

.53
“ Control means samples exposed to normal air atmosphere.
A Means samples sealed in air.
CA Means samples sealed in a mixture of 9.5% C02 and 3.3 Os.
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Fig. 1. Effect of temperature and atmosphere on the increase in total plate count during storage of New Zealand spinach leaves.

The previous experimental conditions were 
duplicated in a second study except that the 
bottles were flushed at various intervals to 
renew the initial atmospheres. The primary 
objective was to prevent anaerobic conditions 
from developing in the storage chambers. 
This procedure more nearly approaches the 
state of “controlled atmosphere.” During the 
first 36 hr of storage, the atmosphere was

renewed after each 12-hr period. Thereafter, 
the respiration rate slowed and longer peri
ods elapsed between atmosphere renewals. 
Carbon dioxide and oxygen concentrations 
were determined before each renewal of the 
atmosphere in each bottle. The samples were 
labeled as before, but no 34-Control sample 
was used in this study.

Chemical analyses (Table 2) revealed that 
the changes in dry matter, reducing- sugar, 
sucrose, chlorophyll, and oxalate were simi
lar to changes in the previous section.

The starch content of the stored leaves 
was much higher here than in the other 
studies. In contrast to earlier observations, 
it showed a steady decline as storage pro
gressed. This approaches agreement with 
results from other la b o ra to rie s  (James,
1953). The previous study had indicated 
that when oxygen was depleted to a very low 
level, such as in the CA samples after longer 
storage times, the remaining ascorbic acid 
was lost more rapidly from the product; in 
addition, ascorbic acid was lost more readily 
at the higher storage temperature. In the 
second experiment (Table 2), similar effects 
of temperature and time were obtained; 
however, the CA samples retained ascorbic 
acid at about the same level as the A  sam
ples. Since in this experiment a given oxy
gen level was intermittently maintained in 
the CA samples, the conclusion follows that 
when the atmospheric conditions approach or

Table 2. Changes in chemical constituents based on fresh weight of New Zealand spinach as affected by storage time, temperature, and periodically controlled atmosphere.
S t o r a g e  

te m p .  ( ° F )  
a n d

a tm o s p h e r e
S t o r a g e

t im e
( d a y s )

D r y
m a t t e rc%)

A s c o rb ic
a c id

( m g / 1 0 0  g )
O x a la te(%)

R e d u c in g
s u g a r(%) S t a r c h(%)

T o ta l
c h lo r o p h y l l

( m g / g )
34-A 0 7.3 22.3 1.98 .064 .69 .63
34-CA 0 7.3 22.3 1.98 .064 .69 .6345-A 0 7.3 22.3 1.98 .064 .69 .63
45-CA 0 7.3 22.3 1.98 .064 .69 .63
34-A 7 6.1 17.6 2.54 .011 .33 .5734-CA 7 6.2 15.0 1.81 .016 .26 .6045-A 7 6.2 13.4 2.44 .019 .43 .5545-CA 7 6.4 11.0 2.36 .033 .42 .56
34-A 14 5.9 8.1 2.50 .025 .25 .5234-CA 14 6.1 8.9 2.48 .047 .27 .5545-A 14 5.8 4.0 3.02 .031 .35 .4845-CA 14 6.1 5.2 2.62 .035 .29 .43
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become anaerobic the ascorbic acid is lost 
more rapidly.

Another study was made using 100 g of 
regular spinach sealed in 4-L bottles. This 
experiment was conducted to determine 
whether the ascorbic acid in regular spinach 
reacted to low oxygen concentrations in the 
same manner as the New Zealand spinach. 
The atmospheres were not renewed during 
this study, and samples were examined after 
8 and 15 days of storage. Storage tempera
tures of 34 and 45 °F and atmospheres of 
normal air and a standard gas mixture of 
9.5% CO2 and 3.3% 0 2 were used.

The results are shown in Table 3. The
34-CA, 45-A and 45-CA samples lost the 
oxygen from their atmosphere during the 
first 8 days. The two samples which initially 
had low oxygen concentrations, 34-CA and 
45-CA, contained no ascorbic acid at the end 
of the 8-day storage period. The only one 
containing ascorbic acid at 15 days of storage 
was the 34-A sample, which still retained 
over half the original ascorbic acid at a final 
oxygen content of 3.4%.

The phenomenon of an increase in the rate 
of loss of ascorbic acid from leaves stored in 
low oxygen was investigated. Regular spin
ach was stored under atmospheres of 0 2, 
CO2, N2, and normal air, while New Zealand 
spinach was stored only under normal air. 
The spinach samples were sealed in 4-L

Table 3. Ascorbic acid content of regular spinach during storage at two temperatures and initially controlled atmospheres.
S t o r a g e  

te m p . ( ° F )  
a n d

a tm o s p h e re
S t o r a g e

t im e
( d a y s )

C 0 2(%) O 2(%)
A s c o rb ic

a c id
( m g / 1 0 0  g 
f r e s h  w t . )

34-A 0 0.03 20.8 71.3
34-CA 0 9.5 3 .5 71.3
4S-A 0 0.03 20.8 71.3
45-CA 0 9.5 3.5 71.3
34-A 8 °o00 8.0 53.1
34-CA 8 14.8 0.2 0.0
45-A 8 15.4 0.0 31.2
45-CA 8 14.6 0.0 0.0
34-A 15 11.8 3.4 37.3
34-CA 15 13.4 0.2 0.0
45-A 15 16.6 0.0 0.0
45-CA 15 14.0 0.0 0.0

brown jars. At 24-hr intervals, carbon diox
ide, oxygen, and nitrogen from commercial 
gas cylinders were flushed through the jars 
for 10 min at a rate in excess of 2 L/min. 
The spinach and New Zealand spinach sam
ples stored in normal air were placed on 
screens with water below the screens. All 
samples were stored at 34° F, and samples 
were analyzed for ascorbic and dehydro- 
ascorbic acid.

Table 4 shows the results of storage 
through seven days. The high-oxygen atmo
sphere appeared to have caused a more rapid 
loss of ascorbic acid after 7 days than did 
the normal-air atmosphere. However, there 
was no tendency for the dehydroascorbic 
acid to increase in the oxygen atmosphere. 
The samples stored in carbon dioxide con
tained less ascorbic acid after seven days 
than either the oxygen or air samples. How
ever, dehydroascorbic acid in the product 
stored in carbon dioxide was found to have 
increased substantially. The nitrogen sam
ples showed a very rapid decrease in ascorbic 
acid, with conversion of most of the lost 
ascorbic acid to dehydroascorbic acid. By 
measuring both ascorbic and dehydroascorbic 
acid, regular spinach leaves stored in air, 
nitrogen, oxygen, and carbon dioxide for 7 
days were found to have total “ascorbic” 
acid contents between 47 and 68 mg/100 g 
(Table 4).

These findings are in agreement with 
those in the previous studies, where the as
corbic acid was found to disappear more 
rapidly when spinach samples were stored 
in oxygen-depleted atmospheres. Ascorbic 
acid is considered to be reversibly oxidized 
to dehydroascorbic acid in plant tissues. 
The analysis for dehydroascorbic acid demon
strated that, under such conditions, the loss 
of ascorbic acid is generally accompanied by 
proportionate increases in dehydroascorbic 
acid. Since the original leaf samples con
tained a predominance of ascorbic acid, we 
may assume that the normal equilibrium in 
the leaf is toward a high concentration of as
corbic acid and low concentration of de
hydroascorbic acid. Table 4 shows that this 
equilibrium was upset toward the dehydro
ascorbic acid when only minute quantities 
of oxygen were present in the atmosphere.
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Table 4. Ascorbic acid content on fresh-weight basis of spinach and New Zealand spinach stored seven days in several initially controlled atmospheres at 34° F.

S a m p le
S t o r a g e

a tm o s p h e r e
S t o r a g e

t im e
( d a y s )

A s c o rb ic
a c id

( m g / 100 g )

D e h y d r o 
a s c o r b icacid

( m g / 1 0 0 g )

T o ta l
“ a s c o r b ic ”

a c id
( m g / 100 g )

D e h y d r o 
a s c o r b ic  

a c id  ( p e r c e n t  
o f  to t a l )

Spinach 0 77.7 7.0 84.6 8.2
New Zealand 

spinach 0 28.5 2.2 30.7 7.2
Spinach 0 2 3 69.3 6.6 75.9 8.7
Spinach C 02 3 73.2 12.7 85.9 14.8
Spinach NG 3 1.5 74.0 75.6 98.0
Spinach Normal air 3 65.4 9.6 75.0 12.7
New Zealand 

spinach Normal air 3 29.6 3.8 33.4 11.3
Spinach 0 2 7 40.6 6.3 46.9 13.5
Spinach CO= 7 27.0 29.6 56.7 52.3
Spinach n 2 7 1.8 62.5 64.3 97.2
Spinach Normal air 7 58.7 9.3 68.0 13.7
New Zealand 

spinach Normal air 7 15.9 5.2 21.1 24.9

This suggests that oxidation by transfer of 
hydrogen from ascorbic acid is proceeding 
normally, while the reductase system required 
to reduce dehydroascorbic acid to ascorbic 
acid is not functioning properly and abnor
mally low oxygen concentrations appear to 
be causing this change in metabolism.

As shown in Table 4, storage time exerted 
a similar effect on the ascorbic and dehydro
ascorbic acid contents of both regular and 
New Zealand spinach stored in air.

Dehydroascorbic acid content as a percent 
of the total “ascorbic” acid (last column in 
Table 4), showed that nitrogen storage gave 
nearly complete conversion to the dehydro 
form after 7 days of storage, while oxygen 
storage showed a very low percent increase 
during storage. Upon checking back to ini
tial dehydroascorbic contents, it is found that 
oxygen storage gave essentially no conver
sion to the dehydro form over the 3-day 
storage and only a moderate increase over 
the 7-day storage. The important considera
tion, however, is that there is relatively little 
difference among all samples at 3 days of 
storage in total “ascorbic” or antiscorbutic 
content. Modified storage atmospheres do 
not appear to give added protection to total 
“ascorbic” acid, but neither do they seriously 
reduce the vitamin content.
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A. L E T A N “
Low Temperature Research Station, Cambridge, U.K.

The Relation of Structure to Antioxidant Activity of 
Quercetin and Some of Its Derivatives

I. Primary Activity

SUM M ARY
T h e prim ary  a n tio x id a n t activ ity  o f  q u erce

tin  and  som e o f  its d erivatives was stu d ied  in  
th e 3 6 —7 0 °C ra n g e  in  dry system s, u sin g  two  
fa tty-ester sub stra tes, re sp ective ly  w ith  lin o le a te  
and lin o le n a te , as th e  m a in  c o n stitu e n t u n d e r
g o in g  o x id a tio n . M etal co n ta m in a tio n  was 
avo id ed  as fa r  as p o ssib le , and  any  resid u a l 
traces o f  m eta ls  in th e th o ro u g h ly  p u r ified  es 
ters w ere ch e la ted  w ith  c itr ic  acid .

M eth ylation  o f  th e 3 , or 5 , or 3 a n d  7 , or 5  
and 7 h yd rox y ls  o f  th e q u ercetin  m o lec u le  led  
to co n sid era b le  red u ction  o f  th e  a n tio x id a n t  
activ ity , w h ile  red u ction  d u e to  m eth y la tio n  o f  
th e  7 h y d rox y l was s lig h t. M eth ylation  o f  th e  
3', or 4 ', or 3' and 4' h yd ro x y ls, or o f  a n y  s in g le  
h yd rox yl o f  th e  B r in g , and  o f  an  a d d itio n a l 
h y d rox y l or h y d rox y ls  o f  th e  A  r in g , le d  to  a 
drastic red u ction  (to  11%  o r le s s )  ; th e  3 ,7 ,3 ',4 ' 
te tram eth ox y  d erivative was fo u n d  to b e co m 
p le te ly  in a ctive . H y d rog en a tion  o f  th e  2 ,3  d o u 
b le  bon d  resu lted  in  a n  a n tio x id a n t (d ih y d ro 
q u ercetin ) w ith  o n ly  a b o u t h a lf  th e  activ ity  o f  
q u ercetin .

T h e prim ary  a n tio x id a n t activ ity  o f  q u erce
tin  seem s to b e a fu n c tio n  o f  th e  m o lec u le  as a 
w h ole  and  ca n n ot be regard ed  as an  add itive  
p rop erty  o f  active h yd ro x y ls. T h e e ffe c t p ro 
d u ced  by m eth y la tion  o f  a p articu la r  h yd rox y l 
m a y, h ow ever, b e re la ted  to  th e  p ro b ab ility  o f  
fo rm a tio n  o f  a stab ilized  fr e e  rad ical by th e  
h y d rox y l in  q u estio n .

T h e ty p e o f  th e  su b stitu ted  a lk y l rad ica l had  
little  or no  e ffe c t o n  th e  activ ity  o f  th e  d eriva
tive, but rep la cem en t o f  a h y d r o x y l w ith  h y d ro 
g en  fa iled  to p rod u ce th e sam e effec t as 
m eth y la tio n  o f  th e  sam e h yd rox y l.

N o in d ica tio n  was fo u n d  o f  p ro -o x id an t a c
tivity  o f  th e  m eta -h y d ro x y l g ro u p in g  in  th e  
A rin g .

I N T R O D U C T IO N
Among naturally occurring substances of 

potential antioxidant activity, flavonoids are 
of particular interest. They are widely dis
tributed in the plant kingdom (Bate-Smith,
1954) and some of them combine in their

“ Present address: Department of Food- andBiotechnology, Technion-Israel Institute of Technology, Haifa, Israel.

molecules both chain-breaking and metal
deactivating functions (Lea, 1956, 1958).

Relation between the structure of flavo
noids and their antioxidant activity has been 
investigated by several workers. Heimann 
and Reiff (1953) studied the antioxidant 
effect of a number of flavonoids in ethyl lin
oleate at 25°C and deduced that the a,/3- 
unsaturated ketone structure of the pyrone 
ring, the free 3-hydroxyl group, and the 3',4'-
o-diphenolic grouping in the B ring were the 
main contributors to antioxidant capacity in 
flavonoids, while the meta-diphenolic group
ing in the A ring impaired that capacity. 
Simpson and Uri ( 1956) used aqueous emul
sions of methyl linoleate for evaluation of 
flavonoids as antioxidants. They also claimed 
that meta-diphenolic groupings either had a 
pro-oxidant effect or were of no importance. 
These conclusions were not supported by 
Mehta and Seshardi (1958), who compared 
the antioxidant activities of 27 flavonoids 
with lard as substrate. Their results showed 
that gossypetin (3,5,7,8,3',4'-hexahydroxy- 
flavone) was a particularly powerful anti
oxidant, confirming findings of Lea and Swo- 
hoda ( 1956). The arrangements of hydroxyl 
groups mainly responsible for the activity 
seemed to be a 7,8- or 5,7,8-grouping in the 
A ring, and a 3’,4'- or 3',4',5'-grouping in the 
B ring.

Crawford et al. (1961) investigated the 
overall (chain-breaking and metal-deactivat
ing ) effect of quercetin and some of its de
rivatives as antioxidants in lard at 97.8°C. 
They found that methylation of one or more 
hydroxyl groups (and of the 4'- and/or 3'- 
hydroxyls in particular), or hydrogenation 
of the 2,3 double bond, resulted in decrease 
of the antioxidant activity, while benzylation 
of the 7-hydroxyl yielded an antioxidant su
perior to quercetin. Rhamnetin (the 7-0- 
methylated derivative of quercetin) was 
found by Heimann and Reiff (1953), Simp
son and Uri (1956), and Uri (1958) to be 
also slightly superior to quercetin.

[S18]
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The experiments described here are a fur

ther contribution to the study of the relation
ship between the molecular structure of poly- 
hydroxyflavones and their primary (chain- 
breaking) antioxidant activtiy. The effects of 
the secondary (metal-complexing) antioxi
dant activity of the investigated compounds 
were eliminated as far as possible by prelimi
nary chelation (with citric acid) of trace 
amounts of metals possibly present in the 
substrate.

Quercetin (3,5,7,3',4'-p e n t a h y d r o xy fl a - 
vone) was chosen for this study as one of 
the commonest and apparently nontoxic plant 
phenols (Bate-Smith, 1954). Its antioxidant 
properties were compared with those of a 
number of O-alkylated and dehydroxylated 
derivatives in a dry ester system. The im
portance of the 2,3 double bond of the a,/3- 
unsaturated ketone structure was studied by 
including in the series dihydrocjuercetin 
(3,5,7,3',4'-pentahydroxyflavanone), a nat
urally-occurring dihydro-derivative of quer
cetin.

Both quercetin and dihydroquercetin qual
ify as quite good antioxidants, the former 
being considered the more powerful of the 
two (Kurth and Can. 1951 ; Heimann et a!., 
1953; Heimann and Reiff, 1953; Crawford 
et a l.. 1961).

EXPERIMENTAL
Preparation of fatty-acid methyl esters. Five g 

of sodium were dissolved in 1,150 ml of absolute 
methanol, and the solution was refluxed for 1.5 hr 
with 1,000 g of sunflower or linseed oil. The meth
anol was then driven off in vacuo below 50°C, and 
the residual esters were washed with warm water 
until free from alkali, dried over anyhydrous 
NasSOi, and passed through a colum (8 X 1-inch) 
of anhydrous alumina. The purified esters were 
distilled and redistilled at a few mm pressure (with 
COs “bleed” ) at a temperature not exceeding 200°C. 
A short fractionation column charged with glass 
beads was used, and small initial and final portions 
of the distillate were rejected. A single distillation 
removed 97% of the reducing substances (estimated 
as alpha-tocopherol by the Emmerie and Engel 
method, 1938), while two distillations removed them 
completely.

The distilled esters were immediately ampouled 
under vacuum (with minimum exposure to air 
and light) and stored at — 20°C until required.

The composition of the esters was determined by 
gas chromatography. Those prepared from sun

flower oil contained 10.0% saturated, 21.5% mono- 
unsaturated, and 68.5% diunsaturated constituents; 
those prepared from linseed oil contained 8.5% sat
urated, 16.5% monounsaturated, 15.0% diunsatu
rated, and 60.0% triunsaturated constituents.

Stock solutions of antioxidants. Stock solutions 
of the following antioxidants in purified ethanol 
(13.4 /J.M/ml at 15°C) were prepared and stored 
in darkness at — 20°C: quercetin and its various 
methoxy-, benzoxy-, and allyloxy-derivatives, lute- 
olin and fisetin (dehydroxylated derivatives), and 
dihydroquercetin.

Pretreatment of the esters. The ampoules with 
the esters were heated 15 min at 210° C to destroy 
any peroxide present, cooled to room temperature, 
and opened. A calculated volume of a solution of 
citric acid in ethanol (2600 ,ug/ml) was added to 
the esters to yield a concentration of 130 gg (0.67 
/iM ) anhydrous citric acid per gram of autoxidizing 
esters. The ethanol was subsequently driven off 
under vacuum at 50° C in a rotary evaporator. An 
aliquot of the same esters, previously oxidized in 
the presence of the same proportion of citric acid 
to a peroxide value of about 25 fiM 02/g, was 
added to the heat-treated esters in an amount suffi
cient to yield after mixing a peroxide value of 
about 1 02/g. As a result of the procedures
described above, a fatty substrate was obtained, free 
from catalytically active metal and with a standard
ized concentration of a pre-formed fat hydroperox
ide as starter.

The prepared esters were then divided into 5-ml 
portions, to which were added 0.25-ml portions of 
the ethanolic stock solutions of the antioxidants. 
One sample, serving as control, received pure eth
anol. The solvent was driven off in the manner 
already described. The antioxidant concentration 
was 0.67 ftM/g ester.

Ten to twelve 0.2-ml portions of each of the 
stabilized esters and of the control samples were 
carefully delivered (without touching) into 12-mm- 
diameter flat-bottomed glass cups with a calibrated 
pipette, and stored in thermostatically-controlled 
ovens at 36, 50, 60, or 70° C.

Precautions. Accurate temperature control dur
ing incubation of the samples was found essential. 
Only the center of an accurately-controlled oven 
was used. Samples were removed soon after the 
end of the induction period, to prevent accelerated 
oxidation of other samples by volatile reaction 
products.

The glassware was cleaned with utmost care. 
Hot concentrated sulfuric acid yielded the best 
results, after preliminary cleaning with hot deter
gent solution.

As an example of the error sources involved, it 
was found that results were erratic with glass cups
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rinsed with glass-distilled water and oven-dried. 
Ethanol was used for final rinsing, and it is believed 
that alkali, leached from the glass and trapped in 
some of the cups, was responsible.

Determination of oxidation level. Individual 
samples were withdrawn from the oven at suitable 
intervals and subjected to iodometric determination 
of hydroperoxides by the Lea (1952) method 
(which calls for deaeration of the dissolved sam
ple), or, alternatively, by a less accurate rapid 
method adequate after the induction period. In 
the latter procedure the reaction time is reduced 
(3 min) and no deaeration is required. According 
to the author's experience the error involved was 
comparatively small, presumably due to offsetting 
of the slightly incomplete reaction by the oxygen 
error.

RESULTS
Calculation of protection factors and quercetin 

indices. The activity of the various antioxidants 
was compared by means of the protection factor 
(P F ) and the quercetin index (Q I) (Tables 1, 2). 
The former is defined as PF =  (t„ — tc) / t c, and 
the latter as QI =  ( ta — fc )/(L  — 1»), where:

/„ =  time to reach an arbitrarily chosen peroxide 
level, with antioxidant. 

tq =  ditto, with quercetin. 
tc =  ditto, without antioxidant (control).
Evaluation of antioxidants. A "good" (G) 

rating was assigned to substances with QI above
0.67; “fairly good” (F ) to those with QI =  0.26- 
0.67; “poor" (P ) to those with QI =  0.11-0.25; 
"very poor" (V P) to those with QI =  0.02-0.10; 
“inactive" (I) to those with QI below 0.02.

Relative activities of the antioxidants. Figs. 1 
and 2 show, for illustration only, a very small 
fraction of the actual results (autoxidation curves 
obtained by plotting peroxide value vs. time). The 
calculated results of the experiments (averaged 
protection factors and quercetin indices) are sum
marized in Tables 1 and 2.

Table 3 shows the antioxidants in order of de
creasing efficiency, those of similar activity (aver
aged QI of all experiments) being grouped together.

DISCUSSION
It can be seen (Table 3) that alkylation 

of the 7-hydroxyl in the quercetin molecule
Table 1. Relative antioxidant activities of quercetin and its derivatives in sunflower oil esters.”

A n t io x id a n t
36 c 50° c 60 C 6 0 ° C

P F QI P F QI P F QI P F QI
3-OMeQ 7.4 0.64 16.4 0.59 6.0 0.53
5-OMeQ 4.8 0.45 14.0 0.42 7.0 0.48 18.9 0.53
7-OMeQ 8.4b 1.02 31.4 0.94 13.3 1.03 26.7 0.76
3'-OMeQ 1.7 0.16 4.8 0.14 2.5 0.19
4'-OMeQ 0.6 0.05 1.3 0.04 0.9 0.07
3,5-diOMeQ 0 .2 0.01 1.9 0.06 1.2 0.09
3,7-diOMeQ 5.7» 0.66 17.3 0.52 7.5 0.59
3,3'-diOMeQ 0.3 0.02 0.4 0.01 0.8 0.06
5,7-diOMeQ 1.4 0.12 7.7 0.23 3.0 0.22 4.7 0.13
3',4'-diOMeQ 0.3 0.01 2.0 0.06 0.8 0.06
3,5,7-triOMeQ 0.3 0.03 2.5 0.08 3.4 0.10
3,5,3'-triOMeQ 0.1 0.01 0.3 0.01 0.3 0.02
3,7,4'-triOMeQ 0.0 0.00 0.2 0.01 0.4 0.02
3,3',4'-triOMeQ 0.5 0.04 1.5 0.05 1.0 0.07
7,3',4'-triOMeQ 0.2 0.01 0.7 0.02 0.8 0.08
3,7,3',4'-tetraOMeQ -0.1 -0.01 0.1 0.00 0.4 0.02
7-OBeQ 8.4» 1.02 26.3 0.78 12.2 0.95 30.8 0.86
7,4'-diOBeQ 0.4 0.02 1.8 0.05 0.8 0.06
7,4'-diOAllQ 1.5 0.12 3.6 0.11 1.2 0.09
2,3-dihydroquercetin (taxifolin) 7.0 0.67 22.3 0.66
5-desoxvquercetin ( fisetin) 6.3» 0.76 25.2 0.75
Quercetin (Q) 10.8 1.00 33.6 1.00 12.9 1.00 36.0 1.00

Luteolin (3-desoxyquercetin) was compared with quercetin at 70°C.The PF of luteolin was 8.8, and QI 0.26; the P F  of quercetin was 33.8.“ The PF  and QI are averaged results at peroxide values 20, 50, and 100, except for the results in the first experiment at 60° C; there, the results were averaged at peroxide values 20 and 50 only.» Results at peroxide value 20; the PF of quercetin at that peroxide value was 8.2.
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Table 2. Relative antioxidant activities of quercetin and its derivatives in linseed oil esters."

A n t io x id a n t
3 6 ° C 3 6 °C 6 0 ° C

P F QI P F QI P F QI
3-OMeQ 6.0b 0.34 5.3 0.33
5-OMeQ 4.6 0.26 11.6 0.70
7-OMeQ 16.4 0.85 15.4 0.93
3’-OMeQ 1.9 0.10 1.4 0.08
4'-OMeQ 0.6 0.03 0.5 0.03
3,5-diOMeQ 0.8 0.04 1.2 0.07
3,7-diOMeQ 5.4b 0.30 5.6 0.33
3,3'-diOMeQ 0.5 0.02 0.1 0.01
5,7-diOMeQ 2.4 0.12 3.2 0.15 7.1 0.16
3',4'-diOMeQ 0.4 0.02 0.3 0.02 1.0 0.02
3,5,7-triOMeQ 0.6 0.03 1.0 0.06 3.3 0.07
3,5,3'-triOMeQ 0.2 0.01 0.1 0.00
3,7,4'-triOMeQ 0.4 0.02 0.1 0.00
3,3',4'-triOMeQ 0.5 0.03 0.4 0.02
7,3',4'-triOMeQ 0.4 0.02 0.3 0.02
3,7,3',4'-tetraOMeQ 0.3 0.02 -0 .2 -0.01
7-OBeQ 12.3b 0.68 16.0 0,96
7,4'-diOBeQ 0.6 0.03 0.2 0.01
7,4'-diOAUQ 1.6 0.08 0.9 0.05
2,3-dihydroquercetin (taxifolin) 7.3 0.38 6.1 0.36
5-desoxyquercetin (fisetin) 18.2 0.95 13.2 0.80
Quercetin (Q) 19.1 1.00 16.6 1.00 41.0 1.00

Luteolin (3-desoxyquercetin) was compared with quercetin at 50°C. The P F  of luteolin was 3.6, QI 0.23; the PF  of quercetin was 15.6.“ The PF  and QI are averaged results at peroxide values 20, 50, and 100. b Averaged results at peroxide values 20 and 50; the average PF of quercetin for these peroxide values was 18.1.

Fig. 1. Autoxidation of linseed esters at 36°C. Antioxidants added at 0.67 ¡¡.M/ g:Q, quercetin (O ) ; 7-OMeQ, rhamnetin (□ ) ; 3-OMeQ (A ) ; 5,7-diOMeQ ( • ) ;  none (X ).

Fig. 2. Autoxidation of sunflower esters at 60°C. Antioxidants added at 0.67 fiM /g: Q, quercetin (O) 1 7-OMeQ, rhamnetin (□ ) ; 5-OMeQ ( V ) ;  5,7-diOMeQ (A ) I 3,5,7-triOMeQ ( • ) ;  none 
(X ).



522 ANTIOXIDANT ACTIVITY OF QUERCETIN—I

Table 3. Relative activities of quercetin and its derivatives as primary antioxidants in dry ester system.
C la s s  a n d  r a n g e  o f  Q I C o m p o u n d Q I  ( a v . )

G (good), (above 0.67) Q (quercetin) 1.00
7-OMeQ (rhamnetin) 0.93
7-OBeQ 0.88
5-HQ (fisetin) 0.81

F (fair), (0.26-0.67) 2,3-dihydroQ ( taxifolin ) 0.52
3-OMeQ 0.48
5-OMeQ 0.47
3,7-diOMeQ 0.47

P (poor), (0.11-0.25) 3-HQ (luteolin) 0.24
5,7-diOMeQ 0.16
3'-OMeQ 0.11

VP (very poor), (0.02-0.10) 7,4'-diOAllQ 0.09
3,5,7-triOMeQ 0.06
3,5-diOMeQ 0.05
4'-OMeQ 0.05
7,4'-diOBeQ 0.04
3,3'-diOMeQ 0.03
3',4'-diOMeQ 0.03
3,3',4'-triOMeQ 0.03
7,3',4'-triOMeQ 0.03

I (inactive), (below 0.02) 3,5,3'-triOMeQ 0.01
3,7,4'-triOMeQ 0.01
3,7,3',4'-tetraOMeQ 0.00

had very little effect on the antioxidant ac
tivity, rhamnetin (7-OMeQ) and 7-OBeO 
being only slightly (about 10%) inferior to 
quercetin. The type of the alkyl group, me
thyl or benzyl, also had little or no effect. 
Rhamnetin has been reported by several 
workers to be superior to quercetin (Hei- 
mann and Reiff, 1953; Simpson and Uri,
1956), whereas Crawford et al. (1961), 
using lard as substrate, found its activity to 
be only 70% of that of quercetin. On the 
other hand, the last-named found the 7-0  
benzyl derivative to be slightly (about 7%) 
superior to quercetin.

Since the 7-hydroxyl contributes little to 
the antioxidant activity of quercetin, it seems 
that a long-chain 7-0  alkyl derivative might 
be its equivalent in antioxidant properties 
while conveniently more soluble in oil.

Méthylation of the 3. or 5, or 3 and 7 
hydroxyls has nearly the same effect, reduc
ing activity to about 50% of that of querce
tin. Again, the indication is that the 7- 
hydroxyl contributes compartively little to

activity, while both the 3- and 5-hydroxyls 
are obviously of importance. Surprisingly, 
however, méthylation of both the 5- and the
7-hydroxyls reduces activity still further (to 
below 20%).

The 3- and 5-hydroxyls are supported by 
stronger conjugation systems than the 7- 
hydroxyl, and their hydrogens are therefore 
given up more easily. It seems that méthyla
tion of any hydroxyl reduces the antioxidant 
activity of the derivative, and that this effect 
is related to the probability of formation of 
stabilized free radical from the hydroxyl in 
question.

Hydrogenation of the 2,3 double bond 
(leading to destruction of the a,/?-unsaturated 
ketone structure, and to breaking up of the 
conjugated chain between the B ring and the
4-keto group) reduces the activity to about 
50% (in good agreement with Crawford’s 
figure, 66%). This indicates that the struc
ture of the molecule as a whole is of primary 
importance and not only the number and 
position of the hydroxyls (identical in quer
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cetin and dihydroquercetin). It is of interest 
that replacement of a hydroxyl with hydro
gen did not necessarily have the same effect 
as méthylation of the same hydroxyl group. 
Fisetin (5-H Q ), for example, proved to be 
a considerably better antioxidant than 5- 
OMeQ (81 and 47%, respectively), whereas 
luteolin (3-HQ) was markedly inferior to
3-OMeQ (23 and 48%, respectively).

Our results show no indication that the 
meta-hydroxyl grouping of the A ring has 
any pro-oxidant effect, as suggested by Hei- 
mann and Reiff (1953).

Méthylation of the three hydroxyls (3, 5, 
and 7) of the A ring reduces the activity to 
6%, despite the fact that the important 3',4' 
orthodiphenolic grouping in the B ring is 
still intact. On the other hand, méthylation 
of the 3', or 4', or 3' and 4' groups also dras
tically reduces activity (to 3-11% ), indicat
ing the expected and very marked contribu
tion of the o-dihydroxyl grouping in the B 
ring. Obviously, the functions of the two 
parts of the molecule cannot be considered 
as additive in any way.

These observations are incompatible with 
those of Heimann and Reiff (1953), who 
found that 3,5,7-triOMeQ showed about 
two-thirds, and 3',4'-diOMeQ about one 
third, of the activity of quercetin.

Méthylation of the single 4'-hydroxyl re
duces activity quite considerably (to 5% ), 
while, when the 3' hydroxyl alone is methyl
ated, some activity (11%) is retained. The 
4'-hydroxyl is more important, being sup
ported by a stronger conjugated system than 
3', and thus tends to form stabilized free 
radicals more easily. Blocking of both the 
3'- and 3-hydroxyls reduces activity to 3%. 
This result was also obtained when both the 
3'- and 4'-hydroxyls were methylated.

While it was observed occasionally that 
the relative activity of a series of antioxi
dants depends in some degree on the fatty- 
acid composition of the oxidizing substrate, 
no considerable differences were observed in 
the present work for the quercetin deriva
tives in the linoleate (sunflower) and lino- 
lenate (linseed) systems. The only striking- 
exception was dihydroquercetin, which was 
66% as active as quercetin in the linoleate

system, and only 37% as active in the lino- 
lenate system.
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Anthocyanins of the Garden Huckleberry, Solanum guineese

SUM M ARY
T h e a n th o cy a n in  p ig m en ts  o f  th e  garden  

h u ck leb erry  (S o la tiu m  g u in e e s e )  w ere iso la ted  
and id e n tified  fr o m  th e ir  ch rom a to gra p h ic , 
spectra l and ch e m ica l p ro p er tie s. T h e  m a jo r  
p ig m en t w as p e ta n in  (p e tu n id in -3 -(p -c o u m a r-  
o y l ru tin o s id e )-5 -g Iu co sid e ) ( 9 3 % ) .  T h e  m i
nor p ig m en ts  w ere p etu n id in -3 -ru tin o sid e-5 - 
g lu co sid e  ( 3 .3 % ) ,  n eg re te in  (m aIv id in -3  (p -  
c o u m a r o y l  r u t in o s id e ) -5 -g lu c o s id e  ( 2 . 0 % ) ,  
and a n ew  co m p o u n d , g u in e e s in , p etu n id in -3 -  
ru tin osid e-5 -g lu cosid e  acy la ted  w ith  two m o le 
cu les o f  p -cou m aric acid  ( 1 .5 % ) .

INTRODUCTION
The attractive black fruits of the garden 

huckleberry (Solatium guineese) have been 
used for preserves and pies, and as a colorant 
for apple sauce and fruit juices. They are 
particularly appropriate as colorants because 
the pigment is present in high concentration, 
and the plants are vigorous and easy to grow, 
and yield berries in great abundance. This 
paper is concerned with the identity of the 
anthocyanin pigments.

MATERIALS AND METHODS
The berries were grown at Amherst, Mass. One 

kilogram was macerated with 1% cone HC1 in 
methanol and the filtered extract was concen
trated under vacuum for chromatography.

Chromatographic methods. Whatman No. 3 
paper was used for pigment purification, and No. 1 
for determining Rf data by descending method in 
all cases. The following solvents were used for 
chromatography.

1. BAW n-butanol, glacial acetic acid,
water (4:1:5). Upper phase.
Made up fresh for Rr data.

2. BAcW n-butanol, glacial acetic acid,
water (6:1:2). Upper phase.

3. BEW n-butanol, 95% ethanol, water
( 4 :2 :2.2) .

4. BuHCl n-butanol, 2,V hydrochloric acid
(1:1). Upper phase. Paper
equilibrated 24 hr after spot
ting and before running, in

* Present address: Dept, of Botany, Univ. of Liverpool.

tank containing aqueous phase 
of BuHCl mixture.

5. BuN n-butanol, 2% ammonium hy
droxide (1:1). The papers 
were dipped in a saturated 
solution of boric acid in water 
and dried prior to use.

6. BBPW n-butanol, benzene, pyridine, 
water (5 :1 .3 :3).

7. Forestal glacial acetic acid, cone, hydro
chloric acid, water (30:3:10).

8. Formic formic acid, cone, hydrochloric 
acid, water (5:2:3).

9. HAc-HCl water, glacial acetic acid, 12N  
hydrochloric acid (82:15:3).

10. Phenol phenol, water (4:1).
11. 15% HAc glacial acetic acid, water 

(15:85).
12. 50% HAc glacial acetic acid, water 

(50:50).
13. PrN n-propanol, cone, ammonium hy

droxide (7:3).
14. TAW toluene, g la c ia l acetic acid, 

water (4:1:5).
15. 1% HC1 cone, hydrochloric acid, water 

(3:97).
Aglycones. The aglycones were obtained by 

heating approximately 1 mg of purified pigment 
with 2N  HC1 in a water bath for 30 min. The 
aglycones were extracted with u-amyl alcohol, 
evaporated to dryness, and spotted on No. 1 
paper together with authentic markers. The papers 
were run in Forestal, formic, and BAW solutions.

Sugars. The solutions remaining after extrac
tion of the aglycones were treated with di-n-octyl- 
methylamine (Harborne, 1958a) to remove the 
mineral acid, evaporated to dryness at room tem
perature, and spotted on No. 1 paper together with 
authentic markers. The papers were run in BAW, 
BEW, BBPW, and phenol. After development 
for 24 hr the papers were dried, dipped in aniline 
hydrogen phthalate (Partridge, 1959), and heated 
in an oven at 105°C for 2 min. The spots were 
clearly visible when examined under ultraviolet 
light.

Acyl groups. Approximately 1 mg of purified 
pigment was dissolved in aqueous 2N  NaOH solu
tion and allowed to stand for 2 hr at room tempera
ture. Oxygen was removed from the reagents and 
headspace by flushing with nitrogen since petunidin 
is easily decomposed by oxygen in alkaline media.

( 524 ]
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The mixture was acidified with 2N HC1 and 
extracted 3 times with ethyl ether. The ether 
extracts were combined, concentrated, spotted on 
No. 1 paper, and run in BAW, TAW, PrN, and 
BuN. Authentic markers, caffeic, coumaric, and 
ferulic acids had been synthesized for previous 
work (Harborne, 1958b).

Peroxide hydrolysis. Hydrolyses for removal 
of the sugars at the 3 position were performed 
by the method of Chandler and Harper (1961). 
Approx. 1 mg of purified pigment was dissolved 
in methanol, treated with hydrogen peroxide and 
then ammonia, concentrated, and spotted directly 
on No. 1 paper with authentic sugar markers. 
Authentic rutinose was obtained by carrying rutin 
through the same hydrolysis procedure. Chromato
graphic solvents were the same as listed for sugars 
above.

Controlled hydrolyses. Acid hydrolyses for de
termination of intermediate pigments were per
formed by dissolving approx. 5 mg of purified 
pigment in 2N  HC1 and heating in a water bath. 
Portions were withdrawn at intervals of 1, 2, 4, 
8 min, etc., up to 1 hr, and spotted directly on 
No. 1 paper. The papers were run in BAW, 
BuHCl, 1 % HC1, formic, and Forestal.

Authentic pigments. Negretein, petanin, petu- 
nidin-3-rutinoside-5-glucoside (abbreviated here as 
Pt3RG5G), and malvidin-3-rutinoside-5-glucoside 
(Mv3RG5G) were available from previous work, 
on the potato variety “Congo” (Harborne, 1959).

Spectral data. All spectral data were determined 
with a Unicam SP500 spectrophotometer. The 
AlSh shifts were determined by dissolving the 
purified pigment in 0.1% HC1 in methanol and 
adding one drop of 5% A ids in ethanol to 3 ml. 
Determination of spectral maxima and visible color 
before and after addition of A1CU showed the 
presence or absence of the shift.

RESULTS AND DISCUSSION
Chromatographic separation. The crude 

pigment mixture in 1% HC1 in methanol was 
streaked on No. 3 paper and run in BAW 
for 16 hr. Three bands appeared, a major 
one at R f 0.3 (2), and two minor bands at
0.2 (1) and 0.4 (3). The minor band 1 was 
cut out, eluted with methanol, glacial acetic 
acid, and water (90:5:5, MAW ), and rerun 
in \ °/c HC1. The band was eluted again with 
MAW, and rerun in BAW. After a fourth 
purification, in 15% HAc, the pigment was 
used in identification. The major band 2 was 
eluted with MAW and purified by successive 
development and elution through BAW, 1%

Table 1. Chromatographic data {Rf) for antho- cyanins.
S o lv e n t  s y s t e m

Band BAW BuHCl Forestal 1% HCl
1 0.22 0.06 0.79 0.37
1 (alk hyd.) 0.22 0.06 0.80 0.36
2.1 0.32 0.32 0.85 0.54
2.1 (alk hyd.) 0.23 0.06 0.81 0.38
2.2 (alk hyd.) 0.29 0.05 0.83 0.39
3 0.40 0.67 0.88 0.30
3 (alk hyd.) 0.20 0.06 0.80 0.37
Pt3RGSG 0.22 0.06 0.80 0.37
Mv3RG5G 0.29 0.05 0.84 0.40
Negretein 0.34 0.32 0.86 0.20
Petanin 0.30 0.29 0.82 0.19

HCl, BAW, and 15%, HAC. During the 
third purification in BAW, the pigment 
would often separate into two widely sepa
rated bands which upon subsequent purifica
tion would recombine. This was probably 
due to the acid-front phenomenon described 
by Albach ct al. (1965). Band 2 contained 
petunidin and malvidin derivatives which 
could not be separated by chromatography 
without excessive labor because even a fifth 
purification in BuHCl failed to separate the 
two. Band 2 after four purifications was hy
drolyzed with NaOH under nitrogen and 
chromatographed in BAW for 60 hr. The 
alkaline hydrolysis removed the acyl group, 
and the petunidin and malvidin derivatives 
could be separated with prolonged chroma
tography. The pure petunidin derivative 
(Pt3RG5G) crystallized very easily when 
its methanol concentrate was allowed to 
stand in the refrigerator for three days. The 
minor band 3 was purified by successive de
velopment and elution through BAW, 1%

Table 2. Chromatographic data (Rt) for antho- cyanidins.
Solvent system

Band BAW » Forestal Formic
1 0.50 0.45 0.21
2.1 0.50 0.45 0.21
2.2 0.55 0.58 0.28
3 0.51 0.46 0.20
Petunidin 0.52 0.46 0 20
Malvidin 0.56 0.59 0.28
Delphinidin 0.42 0.30 0.13
Peonidin 0.70 0.63 0.29
“ Paper washed with dilute HCl and dried prior to use.
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Table 3. Chromatographic data (R„ ; glucose =  1 ) for sugars.
S o lv e n t  s y s te m

B a n d B A W B E W B B P W P h e n o l

Acid hydrolysis
1 1.02, 2.20 1.00,2.00 1.00,2.10 1.01, 1.72
2.1 1.02, 2.19 1.00, 2.10 1.00,2.10 1.02, 1.73
2 .2 1.01, 2.18 0.99,2.10 0.98, 2.15 1.00, 1.74
3 1.01, 2.18 0.98, 2.05 0.98, 2.15 1.02, 1.72

Peroxide hydrolysiis
2 .1 0.74 0.71 0.50 0.56
Rutin 0.74 0.70 0.50 0.55

Markers
(ialactose 0.85 0.90 0.81 1.14
Glucose 1.00 1.00 1.00 1.00
Arabinose 1.29 1.23 1.23 1.49
Xylose 1.48 1.40 1.50 1.28
Rhamnose 2.14 2.00 2.10 1.74

Table 4. Chromatographic data (Rr) for cinnamic acids.
S o lv e n t s y s t e m

B a n d B A W T A W P r N B u N

1
2.1 0.91 0.36 0.68 0.49
2.2 0.91 0.36 0.68 0.49
3 0.91 0.36 0.68 0.49
p-Coumaric acid 0.91 0.36 0.68 0.49
Caffeic acid 0.82 0.02 0.50 0.30
Ferulic acid 0.89 0.98 0.60, 0.66* 0.38

1 Cis and trans ferulic acid.

HC1, BAW, 15% HAC, BuHCl, and 50% 
HAC.

Pigment identification. The R f data in 
Table 1 for band 1 are similar to those for 
Pt3RG5G (Harborne, 1960). Alkaline hy
drolysis did not change the R f data, indicat
ing the absence of an acyl group. The R f 
data for band 2 are similar to those for pet- 
anin, whereas those for band 3 are sugges
tive of the same pigment with two acyl 
groups. Alkaline hydrolysis of both bands 
2 and 3 produced a pigment identical with 
band 1.

Acid hydrolysis of bands 1, 2.1, 2.2, and 3 
provided evidence (Table 2) that the agly- 
cones were respectively petunidin, petunidin, 
malvidin, and petunidin. A positive AICI3 
shift for bands 1, 2.1, and 3 and a negative 
result for 2.2 supported the above conclu
sion. The purple color of the aglvcones from 
1, 2.1, and 3 and the bright red of 2.2, when 
viewed under ultraviolet light, provided fur

ther evidence. The sugars in all four bands 
were identical, with the spots approximately 
twice as dense for glucose as for rhamnose 
as judged by visual examination. Glucose 
and galactose were clearly distinguished be
cause of the reversal of the R f values in 
BBPW and phenol.

The peroxide analysis provided evidence 
that the sugar at position 3 was rutinose 
(rhamnosyl a—>6 glucose), since this proce
dure specifically removes the sugar at the 3 
position. Since acid hydrolysis gave twice as 
much glucose as rhamnose, the sugar at the 
5 postion must be glucose.

Table 5. Spectral data for anthocvanidins in methanolic 0.01% HC1 solution.
B a n d

Xrnstx
( t u n )

E-Uft/Em;(%) nx E 3 0 s/E m a x  (%) P i g m e n t
1 538 10 10 Pt3RG5G2 540 10 70 Petanin
3 540 12 130 Guineesin
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Table 6. Products of controlled hydrolysis of band 2.1 in order of appearance (R /).

S o lv e n t
P i g m e n t B A W B u H C l 1 %  H C l F o r m ic F o r e s t a l

Petanin 0.32 0.32 0.19) 0.91 j 0.82Pt3RG5G 0.22 0.08 0.36)
Pt3RG 0.30 0.18 0.13 0.84) 0.70Pt3G5G 0.20 0.04 0.09 0.86 (
Pt3G 0.31) 0.14 0.04) 0.66 \ 0.61PtSG 0.34 ( 0.03 ( 0.62 (
Pt O.SO 0.42 0.01 0.22 0.44

The chromatographic data for cinnamic 
acids (Table 4) indicate that the acyl group 
in pigments 2.1, 2.2, and 3 is p-coumaric 
acid. This acid is easily recognized on a 
chromatogram because of its deep-blue fluo
rescence under ultraviolet light in the pres
ence of ammonia. The Rf data provided in 
Table 5 differ somewhat from those of Al- 
bach et a!. (1965), possibly because descend
ing chromatography was used.

The spectral data (Table 5) are in agree
ment with the pigments suggested by the Rf 
data. The E440/ E niax values indicate that the 
5 position is substituted (Harborne, 1958b). 
Since rutinose is on the 3 position, glucose 
must be on the 5 position. The E^os/Emax 
ratio for pigment 1 indicates the absence of 
an acyl group, whereas that for pigment 2 
indicates one acyl group. The data for pig
ment 3 indicate two acyl groups (Harborne, 
1958b). The acylated petunidin derivatives 
were very difficult to purify since cinnamic 
acids were present in the berries in large 
quantities and fluorescent impurities were 
evident during the purification steps. Pig
ment 2 was probably contaminated with a 
small amount of negretein, but it could not 
be separated by the usual chromatography.

The products of controlled hydrolysis 
(Table 6) of pigment 2.1 are in agreement 
with the proposed structure of the pigment. 
.All the theoretical intermediates were iso
lated in at least one of the five solvent sys
tems and identified by their R f values (H ar
borne, 1960). The data for pigment 1 were 
identical with those in Table 6 except that 
the acylated compound was not present. Pig
ment 3 is a new compound, for which the 
name “guineesin” is proposed. It could not 
be obtained in sufficient quantity for further 
analysis, so that the positions of the two acyl 
groups in the molecule still remain to be 
determined.

The approximate concentrations of each 
pigment are listed in Table 7. The total pig
ment was estimated by measuring the ab
sorbance of a berry extract in an 0.1 A  HC1 
and 95% ethanol (15:85) solution, and as
suming an E (1%, 1cm, 540 nm) value of 
900. The Pt3RG5G concentration was de
termined by measuring the ratio of absorb
ances of pigment 1 to that of 2 and 3 after 
elution from the original BAW chromato
gram. The concentration of negretein was 
estimated from the absorbance of pigments
2.1 and 2.2 after alkaline hydrolysis and

Table 7. Approximate concentration of anthocyanins in fresh berries.
N u m b e r

P i g m e n t  
t r i v i a l  n a m e S t r u c t u r e

°/c o f  to t a l  
p ig m e n t

l Pt3RG5G Petimiclin-3-rutinoside-S-
glucoside 3.5

2.1 Petanin Petunidin-3- ( p-coumaroy 1 
rutinoside ) -5-glucoside 93

2.2 Negretein Malvidin-3- ( p-coumaroyl 
rutinoside) -5-glucoside 2.0

3 Guineesin Di-p-coumaroyl petunidin-3- 
rutinoside) -5-glucoside 1.5
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chromatography. The concentration of gui- 
neesin was estimated from the ratios of ab
sorbance of pigment 3 to those of 1 and 2 
from the original BAW chromatogram. The 
total pigment was approximately 0.1% of 
the fresh weight.

Acylated anthocyanins are common among 
members of the Solanaceae family. Harborne
(1960) identified the 3-(p-coumaroyl rutino- 
side)-5-glucosides of pelargonidin, cyanidin, 
peonidin, malvidin, petunidin, and delphini- 
din in the potato, Solarium tuberosum. Saka- 
mura ( 1963) reported the presence of del- 
phinidin-3-(p-coumaroyl rutinoside)-5-glu- 
coside in eggplant. Solarium rnelongena L., 
and Harborne (1965) discussed the occur
rence of this type of compound in many 
other members of the genus, and also in other 
genera of the Solanaceae. All the pigments 
now found in the garden huckleberry are 
thus characteristic of this family.
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Deterpenation of Citrus Essential Oils by Solvent 
Partition with Dimethyl Sulfoxide

SUM M ARY
A co m p arison  o f  d eterp en a tion  o f  cold- 

p ressed  le m o n  and  o ra n g e o ils  by s ilic ic  acid , 
s te a m  d i s t i l l a t io n ,  a n d  d im e t h y l  s u l f o x i d e  
(D M S O ) p artitio n  is p resen ted . T h e recoveries  
by each  m eth o d  fo r  lem o n  and  o ra n g e o ils  and  
th e  u ltra v io le t a b sorb an ce o f  th e o ra n g e o il 
fra c tio n s  are g iv en . D eterp en a tio n  by DM SO  
com p ared  fa v orab ly  w ith  th e steam -d istilla tio n  
and  silic ic  acid  m eth od s. T h e recoveries  o f  3 4  
n atu ra lly  occu rrin g  citrus co n stitu en ts  fr o m  
a q u eou s D M SO  a fte r  so lv en t p artitio n  w ith  
p en ta n e  are p resen ted  to in d ica te  th e sep ara 
tion  ca p a b ilit ies  o f  DM SO  fo r  flavor and  arom a  
stu d ies in  c itrus and  c itrus p rod u cts and  p o s
s ib le  a p p lica tio n  to re sid u e  a n a ly ses.

INTRODUCTION
Essential oils are present in a number of 

fruits and vegetables upon which the residue 
analyst is required to work. Essential oils 
are composed mainly of terpene hydrocar
bons and their oxygenated derivatives—the 
terpene hydrocarbons generally predominat
ing. In citrus, terpene hydrocarbons make 
up 80-90% of the total essential oils. Essen
tial oils are readily extracted from plant tis
sue by a variety of aliphatic, aromatic, or 
chlorinated solvents. The terpene hydro
carbons can be separated from oxygenated 
components by steam distillation (Langenau, 
1948; Burchfield and Storrs, 1962: Roton- 
daro, 1964) or silicic acid chromatography 
(Kirchner and Miller, 1952).

Dimethyl sulfoxide (DMSO) is a polar 
solvent in which most aromatic and unsatu
rated hydrocarbons are soluble but in which 
paraffinic hydrocarbons are only slightly 
soluble. It is used as an extraction solvent 
for highly unsaturated condensed aromatic 
hydrocarbons (Haenni et a!., 1962a,b;
Crown Zellerbach, 1963a; Howard and 
Haenni, 1963, 1965) and for many organic 
pesticides (Crown Zellerbach, 1963b; Beroza 
and Bowman, 1965a,b). In connection with 
cleanup studies on citrus extracts, the oxy
genated terpenes and other oxygenated or 
aromatic components were found to be pref

erentially soluble in DMSO when citrus con
stituents were partitioned with pentane. This 
solvent partition permitted the selective re
moval of the major terpene fraction. This 
paper compares deterpenation by steam dis
tillation, silicic acid, and solvent partition 
between DMSO and pentane and presents 
data on the recovery of several natural citrus 
constituents (Kirchner et al., 1951 ; Stanley 
et al., 1961 ; Miller and Kirchner, 1963 ; 
Peyron, 1963; Stanley, 1963) from aqueous 
DMSO after solvent partition with pentane. 
Information of this type indicates the separa
tion capabilities of DMSO for citrus con
stituents and is useful both in flavor and in 
aroma studies and in developing cleanup pro
cedures for residue analyses in citrus and 
citrus products.

METHOD
Apparatus

a) Rotary flash evaporator. Buchler Instru 
merits Model PTDE-1.

b) Spectrophotometer. Bausch and Lomb Model 
505.

c) Gas chromatograph. Loenco Model 150- 
15A equipped with dual hydrogen flame ionization 
detectors, temperature programming, and a Cary 
Model 31 vibrating reed electrometer and a Minne
apolis Honeywell Model 143X 10-mv recorder.

d) Gas Chromatographic columns. Dual col
umns, 12-ft X Mi-inch ID, stainless steel, contain
ing 10% SE-30 silicone rubber on 50-60-mesh 
Anakrom ABS.

c) Gas chromatographic gas flows. Nitrogen 
carrier gas, 50 ml/min ; hydrogen, 20 ml/min; and 
air, 300 ml/min.

f) Separatory funnels. 125-ml capacity equipped 
with tetrafluoroethylene polymer stopcocks.

g) Steam distillation apparatus. Standard appa
ratus equipped with a modified Clevenger trap as 
described by Stanley et al. (1957).
R e a g e n t s

a) n-Pentane. Pure grade (Phillips Petroleum 
Co.), redistill and pass through activated silica gel 
before use. Pre-equilibrate with DMSO for par
titions.
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b) DMSO. Spectrophotometric grade (Crown 
Zellerbach Co.). Pre-equilibratc with n-pentane.

c) Silica gel. Grade 08. mesh 12-28 (Davison 
Chemical Co.). Activate for 2 hr at 550°C imme
diately before use.

d) Silicic acid. 100-mesh. Mallinckrodt No. 
2847. Activate the silicic acid by heating 3 hr at 
105°C and cool in a desiccator.

e) Sodium sulfate. Anhydrous, granular.
f) Citrus constituents. Dodge & Olcott, Glidden 

Co., Eastman, Matheson Coleman & Bell, and Aid- 
rich Chemical Co. Cold-pressed lemon and orange 
oils and crude lemon wax were obtained from the 
Sunkist Research Department, Ontario, California.

Procedure. Dcterpenation by silicic and. Ten 
ml of essential oil was weighed and added to 75 ml 
of pentane and 15 g silicic acid. The mixture was 
allowed to stand at room temperature with occa
sional shaking for 2 hr. The pentane fraction was 
filtered through a sintered-glass funnel under re
duced pressure, and evaporated to dryness on a 
flash evaporator. The oxygenated fraction retained 
on the silicic acid was eluted with absolute ethanol 
and the ethanol evaporated to dryness on a flash 
evaporator. The residue from each fraction was 
weighed.

Dcterpenation by steam distillation. Ten ml cold- 
pressed oil was placed in a 250-ml distilling flask 
with 50 ml water and 0.1 ml IN  HC1. The flask 
was connected to an all-glass distillation assembly 
with a modified, graduated Clevenger trap. The 
mixture was distilled until the volatile fraction 
was completely separated. The distillate in the 
trap was allowed to cool and the volume of oil 
read.

Dcterpenation by solvent partition. Ten ml cold- 
pressed oil was weighed and quantitatively trans
ferred to a 125-ml separatory funnel. n-Pentane 
pre-equilibrated with DMSO was added to make a 
total volume of 50 ml. The mixture was shaken 
vigorously with 3 successive 10-ml portions of 
DMSO pre-equilibrated with n-pentane ( Haenni 
et al., 1962a,b; Howard and Haenni, 1963; Beroza 
ct al., 1965a,b). After each lower DMSO phase 
had separated it was removed and these fractions 
were combined in a clean separatory funnel. The 
combined DMSO fractions were diluted with 2 
volumes of cold 10% NaCl. The aqueous DMSO 
was extracted with 3 successive 10-ml portions 
of n-pentane. The combined pentane extracts were 
washed with 3 successive 10-ml portions of dis
tilled water. The pentane extracts and the original 
oil-pentane mixture were filtered through anhy
drous sodium sulfate into fared 50-ml round- 
bottom flasks. The pentane was evaporated off 
on a flash evaporator and the residue weighed.

Partition of citrus constituents. Known concen

trations of each citrus constituent were prepared 
in n-pentane; 1 mg in 100 ml was usually sufficient. 
An appropriate aliquot was transferred to a 125-ml 
separatory funnel. The mixture was extracted as 
described under deterpenation by solvent partition. 
The residue was dissolved in 10.0 ml n-pentane for 
spectrophotometric measurements. A few of the 
citrus constituents lacked sufficient spectral detail 
for quantitative spectrophotometric measurements. 
Recoveries of these compounds were determined by 
weighing the residues or by gas chromatographic 
measurements.

For gas chromatographic measurements, the 
residues were dissolved in 2.0 ml of carbon disul
fide containing 20 mg/ml of n-butyl benzene (Ikeda 
ct al.. 1962) as an internal standard. Column tem
peratures for separation of butyl benzene from 
some citrus constituents were 75 °C for beta-pinene, 
p-cymene, and linalool; 95° for alpha-terpineol; 
140° for geranyl acetate; and 75° programmed to 
150° for alpha-citral.

The percent recovered from aqueous DMSO

WAVELENGTH, mg

Fig. 1. Ultraviolet absorbance of orange oil fractions in purified n-pentane after: A) silicic acid; B) steam distillation; and C) dimethyl sulfoxide deterpenation. Terpene fraction: solid line. Oxygenated fraction: dotted line.
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Table 1. Deterpenation of crude orange and lemon oils by three procedures.

%  r e c o v e ry  n
P r o c e d u r e F r a c t io n O r a n g e  o il L e m o n  oil

Silicic acid adsorption Pentane eluate 11 
Ethanol eluate 1

90.0 ±  1.2 
5.3±0.4

85.5+2.4 
7.0+0.4

Steam distillation Volatile b 
Non-volatile c

93.1+1.8 
6.9+1.8

95.5+0.7 
4.5+0.7

Solvent partition Pentane b
Dimethyl sulfoxide c

96.8+1.9 
3.2+1.9

94.1 +  1.9 
5.9+1.9

“ Mean of 3 determinations, expressed as percentage ±  standard deviation. "Terpene fraction. c Oxygenated fraction.
was calculated from the absorbance, weight, or gas 
chromatographic peak area of the sample before 
and after extraction.

RESULTS

Table 1 gives the recovery of cold-pressed orange 
and lemon oils deterpenated by silicic acid, steam 
distillation, and DMSO partition. Steam distilla
tion and DMSO partition gave a higher percent 
recovery of the terpene fraction than silicic acid

adsorption. Fig. 1 presents the ultraviolet absorb
ance of cold-pressed orange oil deterpenated by the 
3 methods. Dimethyl sulfoxide and steam distilla
tion gave the cleanest separation of the oxygenated 
fraction, whereas the terpene fraction separated by 
silicic acid had a higher absorption between 250 
and 290 m/x, indicating the presence of a small 
amount of oxygenated compounds in the terpene 
fraction.

Table 2 summarizes the recovery of several
Table 2. Partition of terpenes and other citrus constituents between dimethyl sulfoxide (DMSO) and pentane.“

C i t r u s
c o n s t i t u e n t s

T o ta l  
r e c o v e r y  

f r o m  D M S O  (%) C i t r u s
c o n s t i t u e n t s

T o ta l  
r e c o v e r y  

f r o m  D M S O  (%)
Crude orange oil b 3.2 Esters
Crude lemon oil b 5.9 Ethyl anthranilate 80.2
Crude orange terpenes b 9.6 Linalyl proprionate 73.5
Crude lemon wax b 7.0 Geranyl formate 71.9

Methyl anthranilate 71.4Terpenes Citronellyl 70.9gamma-T erpinene 20.3 Methyl-N-methyl anthranilate 70.7p-Cymene c 5.2 Octyl formate 47.9Myracene 5.0 Geranyl acetate 23.1Camphene 4.8 Geranyl butyrate 40.8Limonene b 4.6 Methyl isoferulate 18.8beta-Pinene c 0.7
Aldehydes Flavones

Citralc 89.7 Pentamethoxyflavone 29.3
Cinnamaldéhyde 65.9 PsoralensCitronellal 44.7 Imperatorin 103.5Laurie 0 Bergapten 97.2

Ketones Xanthotoxin 80.7
L-carvone 63.3 Pigments

Alcohols beta-Carotene 0
Linalool0 63.4 Chlorophyll 100.3
alpha-Terpineolc 60.9 Xanthophyll 98.9

* All measurements are spectrophotometric unless otherwise stated.b Measured by weight. c Measured by gas chromatography.
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natural citrus constituents from aqueous DMSO 
after solvent partition with pentane. All measure
ments are spectrophotonietric unless otherwise 
stated. The terpenes were only slightly soluble in 
DMSO. The recovery of the aldehydes, esters, 
ketones, and alcohols varied from approximately 
20 to 90 % in 3 DMSO extractions. Beta-carotene 
remained in the pentane fraction, whereas DMSO 
extracted 100% of the chlorophylls and 99% of 
the xanthophylls. Only 7% of crude lemon wax 
was recovered by DMSO.

DISCUSSION

Preliminary separation and concentration 
of the oxygenated fraction are essential steps 
in flavor and aroma studies. Solvent parti
tion between DMSO and pentane is com
parable to steam distillation for separating 
the oxygenated fractions from the terpene 
hydrocarbons. This separation facilitates the 
analysis of essential oils. Solvent partition 
has the advantage over steam distillation 
in that it is faster and eliminates possible 
decomposition or structural rearrangement 
of heat-labile compounds. Terpene hydro
carbons may also isomerize when passed 
through silica gel columns (Hunter and 
Brogden, 1963). The recovery values of the 
natural citrus constituents from aqueous 
DMSO after solvent partition with pentane 
indicate the separation capabilities of DMSO 
for studies of essential oils (Table 2).

The separation capabilities of DMSO sug
gest potential application in the develop
ment of residue analyses of citrus. The 
number of DMSO extractions was set arbi
trarily at three. The optimum number of 
extractions would be dependent upon the 
solubility of the particular residue under 
study in relation to the solubility of the 
naturally occurring citrus constituents.
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Pressure Losses and Rheological Properties of Flowing Butter
SUMMARY

T h e pressure lo sses  and  rh e o lo g ic a l p ro p er
ties o f  b u tter flow in g  th ro u g h  sta in less-stee l 
tu b in g  w ere in v estig a ted . S in ce  v isco sity  is  a 
m easu re o f  in tern a l re sistan ce  to flow , an ex tr u 
sion  v isco m eter  was co n stru cted  to m ea su re  
ap p a ren t v isco sity . T h e a p p a ren t v isco sity  was 
ca lcu la ted  fro m  th e  ex tru sio n  v isco m eter  data  
u sin g  th e H a g en -P o iseu ille  eq u a tio n  fo r  flow  
th rou gh  tu b in g . F low  p ro files  w ere o b ta in ed  
by a ltern a te ly  fo rc in g  b u tter o f  d iffer en t co lors  
th rou g h  th e  variou s le n g th s  o f  tu b in g  a t d iffe r 
en t tem p era tu res. T h e v e lo c ity  g ra d ien t was 
sm all w ith in  th e b u tter ex c ep t n ea r  th e w all. 
A lin ea r  re la tio n sh ip  was fo u n d  b etw een  th e  
lo g ar ith m  o f  a p p a ren t v isco sity  and  th e  lo g a 
rith m  o f  b u lk  v e lo c ity  fo r  a ra n ge o f  0 .0 0 1  to  
1 f t /s c c .  T h e average s lo p e  o f  th e regression  
lin e  was —0 .8 4 6 . As th e  le n g th  o f  th e  tu b in g  
in crea sed , th e  avera ge  a p p a ren t v isco sit ies  d e 
creased , th o u gh  a t a d ecreasin g  ra te . Very  
sm all d ifferen ces  w ere fo u n d  betw een  th e  a p 
p aren t v isco sities  o b ta in ed  w ith  1 0 .5 -in . and
1 4 .0 -in . le n g th s  o f  tu b in g . T h e in flu e n c e  o f  
tem p eratu re on  th e lo g ar ith m  o f  th e  a p p a ren t 
viscosity  was fo u n d  to be lin e a r , h a v in g  a s lo p e  
o f  —0 .0 5 9  fo r  th e  ra n ge o f  5 5 —7 5 °F . A g e n 
eral em p ir ica l eq u a tio n  was d eterm in ed  re la t
in g  th e in flu en ce  o f  b u lk  v e lo c ity  ( v , f t / s e c )  
and tem p era tu re (T , °F ) to th e d ecrease  in  
ap p a ren t v isco sity  (ij, I b /f t  s e c )  :

lo g  v =  4 .7 6 2  -  0 .8 4 6  lo g  r  -  0 .5 9 T  
w hich is co n sid ered  valid  fo r  tem p eratu res b e 
tw een 5 5  and 7 5 °F .

INTRODUCTION

Butter has been transferred from the 
churn to the printer or bulk container pri
marily by manual methods in the United 
States. Attempts have been made to de
velop methods of emptying the churn me
chanically to eliminate the labor involved 
and to reduce the possibility of contamina
tion. The two main methods are the butter 
truck and the gear-type pump. Both of these 
methods are utilized with churns incorpo
rating specific designs.

To develop better methods of handling 
butter mechanically, a knowledge of the 
physical characteristics of flowing butter 
would be very important. Butter is usually

subjected to empirical tests which evaluate 
characteristics of immediate interest to the 
consumer, and, except in isolated cases, 
little effort has been made to consider the 
fundamental flow properties.

The rheological properties of butter (those 
associated with flow) will be influenced by 
the volume of both the dispersed phase (fat 
globules and aqueous solution) and the con
tinuous phase (fat crystals), by the flow 
properties of the continuous phase, by the 
deformability of the dispersed phase, and by 
the proportion, form, and arrangement of the 
dispersed particles.

King (1964) described the structural ele
ments of the butter as a complicated type 
of emulsion. The fat globules and crystals, 
moisture droplets, and cured particles are 
about 0.5 to 20 g in size. He stated that 
under the microscope in polarized light the 
crystalline fraction of free fat in conventional 
butter can be perceived as minute crystals 
resulting from an eventual partial crystalli
zation taking place in the free fat.

Several authors have stressed the forma
tion of a three-dimensional network from 
the needle-like fat crystals. The high struc
tural viscosity of butter was explained by 
Dolby (1941) as a crystalline network. Mul
der (1953) stated that, because milk fat can 
easily be supercooled and liquid fat often 
occurs in freshly churned butter in the 
supercooled state, the increase in hardness 
is due to the formation of a “skeleton-like 
structure” as a result of the growing together 
of the fat crystal. As pointed out by deMan 
and Wood (1958), the minute fat crystals 
are responsible for the thixotropic changes 
in butter because of their anisometric shape 
(needles) and size (below 1 g ) .  Upon mov
ing, working, or stirring of butter, the links 
between the interlaced crystals, presumably 
van der Waals’ forces, are broken, and the 
system becomes softer. On standing, the 
crystals in the butter rearrange into a con
tinuous pattern and the system becomes 
harder. This process is known as “setting.” 
Sone et al. (1962) related the recovery of

[ 534 ]
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viscosity with the recrystallization of the fat 
and the formation of a crystalline network.

X-ray studies by Knoop and Samhammer
(1962) indicated less than 20% of the fat 
in butter is in the crystallized form. They 
suggested this amount does not significantly 
influence hardness of butter. Haighton
(1965) reported that the fat crystals in but
ter do not move in respect to each other. 
They are fixed in a tridimensional network. 
This network causes about 60-80%> of the 
hardness. It can be measured by kneading 
the sample isothermally. Prentice’s studies
(1953) showed that changes in spreadability 
were similar to changes of butter firmness. 
He reported that sweet cream butter 1 wk 
old with a 1% deformation at 9.5°C had to 
increase to 14.0° C to remain at 1% deforma
tion when held 19 wk.

PROCEDURE

Three manufacturers supplied 60 lb of butter 
processed commercially on two days. The boxes 
of bulk butter were stored at 34° F until all were 
received. Each sample was cut into 2- to 3-lb 
blocks to facilitate tempering. The blocks were 
wrapped in parchment paper. Portions were stored 
at SO, 55, 60, and 70°F for at least 48 hr. The 
composition was determined by the Kohman 
method (Milk Industry Foundation, 1949). The 
iodine value was determined by the Hanus method 
(AOAC, 1960). The density of the blitter was 
determined by extruding a sample from the tubing 
in a weighed container of known volume.

The equipment for extrusion viscometer (Fig.
1) consisted of four interchangeable stainless-steel 
tubings of equal diameter (0.313 in.) and lengths 
of 3.5, 7.0, 10.5, and 14.0 in. (Fig. 1). A disc 
containing a hole in its center was made to fit 
the tubing. The disc was attached to a sample 
container by a 1.5-in. stainless-steel female fitting. 
The container was made from a 1.5-in.-diameter 
stainless-steel tubing. Compressed nitrogen was 
used as a source of pressure.

The shape of the velocity profile was obtained 
by forcing dark-blue and regular butter through 
various lengths of tubing at several temperatures. 
The resulting cylindrical samples were conditioned 
at a low temperature and cut in half to show the 
flow profiles.

The apparent viscosity of flowing butter was 
determined from the extrusion viscometer data 
using the Hagen-Poiseuille equation:

t t A  PR>
11 ------------ where y is theSQL

viscosity ; 4P is the pressure loss; R  is the radius 
of the tubing; Q is the volumetric flow ra te ; and 
L  is the length of the tubing. The equipment and 
supplies were tempered and the data were obtained 
from tests conducted in rooms with controlled 
temperatures.

A test was conducted by placing the butter in 
the sample container and attaching it to the pres
sure equipment. The tubing was connected to the 
other end. Pressure was applied directly to the 
surface of the butter by increments of 1 or 2 lb/sq 
in. at 70°F and increments of 5 lb/sq in. at 65, 60, 
and 55°F. Data were gathered for each length of 
tubing at 55-70° F. But, some studies were limited 
to three temperatures.

The pressure loss for the sample container was 
determined by forcing the butter through a disc 
similar to the disc holding the tubing except that 
the diameter of the hole in its center was equal to 
the diameter of the inside of the tubing (Fig. 1). 
The pressure loss was determined by slowly apply
ing pressure to the system until the butter started 
to flow out of the hole in the disc. After several 
replicates, the gauge pressure noted just before the

I. P re ssu re  so u rce  co n n e c to r

2 . P ressu re  gauge
3. A i r  c y lin d e r  

4 -  S h u to f f  va lve  
5 . P re s s u re  gauge

6 . P re s s u re  re g u la to r
7. T w o - w a y  va lve

8 . S ta in le s s  s te e l te e
9 . S a m p le  c o n t a i n e r

10. S ta in le s s  s te e l tu b in g

Fig. 1. Extrusion viscometer and tubing equipment arrangement.
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Fig. 2. Flow profiles obtained from the 7.0-in. length of tubing for various temperatures.

For laminar flow the friction factor is :
64 DvPj — — and Re =  -----  (Reynolds number).Re X!

The apparent viscosity and bulk velocity data 
from the extrusion viscometer were used to calcu
late the Reynolds number and friction factor. An 
equation for calculating the apparent viscosity at 
various temperatures and bulk velocities was also 
determined. The above relationships were used to 
calculate the loss of head and power requirements 
of butter at 55, 60, and 65°F when forced through 
tubing with 1.5- and 3.0-in. diameter.

RESULTS AND DISCUSSION
The flow profiles (Figs. 2, 3) revealed 

that a variation in velocity occurs in the but
ter across the diameter of the tubing. The 
velocity gradient is small in the butter except 
near the wall. The plug flow profile becomes 
flatter as the temperature is lowered from 70 
to 55°F, because of the increase in the viscous 
properties of the continuous phase. As the 
distance of butter-flow increased, the profile 
became more cone-like in shape (Fig. 3), 
indicating that the velocity gradient, even

observed movement was recorded to the nearest 
lb/sq. in. The sample container loss was subtracted 
from the measured pressure loss obtained for each 
tubing length to obtain the pressure loss along the 
tubing.

The extruded butter was cut at the exit of the 
tubing with a spatula. At the end of 15 sec the 
edge of the weighed container was used to cut the 
butter at the exit of the tubing. Three samples 
were taken for each pressure. The temperature of 
the butter was determined by inserting the thermom
eter into the butter within the tubmg after each test.

The regression coefficients and the standard error 
of estimate were used in the equation: Y = a -\- 
bX ±  SH where Y — log y and X  =  log v.

The continuous loss of pressure resulting when a 
fluid flows in a tube must be determined. Many in 
vestigators have established experimentally that, for 
adiabatic flow, the pressure loss (h. ft) due to fric
tion is a function of the length (L. ft) and diameter 
(D, ft) of the tube and of the velocity (v, ft/sec) of

L  ?<*.the fluid (King, 1954). Thus, h = f----------. InD  2
flow calculations, D, and v  are usually known ; 
therefore, if the friction factor (/) can be deter
mined, the pressure loss or loss of head can be 
calculated.

7 .0

10.5

14 .0

'*........ F LO W -------

Fig. 3. Flow profiles obtained at 65 °F for various lengths of tubing.
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though small, is still present. Mulder et al.
(1956), using colored butter in their mois
ture dispersion studies, concluded that the 
gradient of velocity was large in the butter 
near the walls of a perforated disc through 
which it was forced, and small for the 
remainder.

The relationship between the logarithm of 
apparent viscosity and the logarithm of ve
locity was found to be linear. The average 
slope of the regression lines was —0.846. 
This linear relationship is in agreement with 
results of Sone et al. (1962 ) with a parallel- 
plate plastometer at lower rates of shear and 
68 and 77°F. The results of the correlation 
and regression analysis on the apparent vis
cosity versus velocity are presented in Table
1. The correlation coefficients ranged from
0.9738 to 0.9975. The regression equations 
have negative slopes ranging from —0.764 to 
—0.924. The decrease in apparent viscosity 
with an increase in bulk velocity can be illus
trated by comparing the results from the
10.5-in. length of tubing at 62.2°F for vari
ous velocities. The average apparent vis
cosity was 4,380 lb/ft sec at 0.001 ft/sec, 
while at 0.01 ft/sec it had decreased to 582 
lb/ft sec for the length of tubing. Likewise, 
for 0.1 ft/sec the apparent viscosity is only 
77 lb/ft sec.

Fig. 4. Effect of temperature on the apparent viscosity of flowing butter with the dotted lines showing the standard error of estimate (10.5-in. tube length).
The influence of the length of tubing on 

the apparent viscosity for butter flowing at 
different temperatures is also shown in Table
1. At a constant velocity of 0.1 ft/sec and at 
62°F the apparent viscosity is 142 lb/ft sec 
for a distance of 3.5 in. For a distance of
7.0 in. the apparent viscosity is 89 lb/ft sec,

Table 1. Results of the correlation and regression analysis for the apparent viscosity versus velocity.
A p p a r e n t  v i s c o s i ty

T u b e
le n g th

( i n . )
T e m p e r 

a tu r e(°F)
R e g r e s s io n
c o e ff ic ie n ts

S t a n d a r d  
e r r o r  o f 
e s t im a te  

S E
C o r r e l a t io n  
c o e f f ic ie n ta

D e g re e s
o f

f r e e d o mDF

( l b / f t  s e c )
B u lk

v e lo c i ty  
0 .0 1  f t / s e c

B u lk  
v e lo c i ty  

0 .1  f t / s e ca b
3.5 72.9 0.732 -0 .8 6 1 0.034 0.998 88 254 31
3.5 66.4 1.120 - 0 .8 1 9 0.055 0.995 70 573 87
3.5 62.3 1.246 - 0 .9 0 6 0.081 0.990 82 1140 142
3.5 56.6 1.194 -0 .9 2 4 0.131 0.976 67 1100 131
7.0 72.9 0.482 -0 .8 6 2 0.044 0.992 88 160 22
7.0 66.4 1.040 - 0 .7 6 4 0.064 0.984 85 369 64
7.0 62.4 1.089 - 0 .8 6 4 0.080 0.976 88 655 89
7.0 57.2 1.096 -0 .8 8 1 0.094 0.974 82 719 95

10.5 72.6 0.484 - 0 .8 3 4 0.027 0.997 88 142 21
10.5 66.4 0.889 -0 .8 1 5 0.064 0.984 85 328 so
10.5 62.2 1.013 - 0 .8 7 6 0.031 0.996 85 582 77
14.0 72.9 0.439 -0 .8 2 9 0.035 0.993 88 125 18
14.0 66.4 0.850 -0 .8 2 5 0.036 0.994 88 317 47
14.0 62.1 0.951 - 0 .8 9 9 0.037 0.994 85 560 71

a DP corrected.
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Fig. 5. The effect of temperature on the apparent viscosity of butter flowing at 0.01 ft per sec for different lengths of tubing.
which is a decrease of 53 lb/ft sec as the 
distance increased 3.5 in. Less decrease (39 
lb/ft sec) is found between the 7.0- and 10.5- 
in. lengths of tubing, and only 3 lb/ft sec 
between the 10.5- and 14.0-in. lengths of 
tubing. Fig. 4 shows the influence of temper
ature on the apparent viscosity of flowing 
butter at various bulk velocities. Fig. 4 illus
trates the location of the standard error of 
estimate for the regression lines for the data 
obtained with the 10.5-in. tube.

The apparent viscosity versus temperature 
is shown in Fig. 5 for a constant rate of shear 
of 0.01 ft/sec. The slope of the lines is 
—0.059. Thus, apparent viscosity decreases 
rapidly as the temperature increases. The 
apparent viscosity with the 10.5-in. length of 
tubing at 55°F is 1,150 lb/ft sec. It decreases 
to 773 lb/ft sec at 60° F, and to 396 lb/ft sec 
at 65 °F. This relationship is in agreement 
with the equation given by Weltmann (1960) 
for some non-Newtonian materials.

The results on the apparent viscosity from 
the different samples of butter showed a 
variation, but no definite pattern (Table 2).

The variation was small within a given sam
ple of butter, as indicated by the high cor
relation coefficients (ranged from 0.994 to
0.999). However, the variations among the 
samples of butter were greater (correlation 
coefficients ranged from 0.974 to 0.992). The 
variations among the results from different 
samples of butter also became greater at 55 
and 60°F. The variations within the same 
sample are probably due to temperature fluc
tuations and small differences in the amount 
of softening which occurred just prior to 
flowing through the tubing. The variations 
between the samples are probably due to 
variation of triglycerides, which have differ
ent melting points, and to the effects of the 
processing conditions upon them.

The general relationship for apparent vis
cosity versus bulk velocity and temperature 
for flowing butter is :

log v = 4.762 -  0.847 log v  -  0.059T
which is considered valid for temperatures 
between 55 and 75°F.

Pressure loss versus logarithm of velocity 
was a linear relationship. The results of the 
correlation and regression analysis on the 
pressure loss versus velocity for different 
lengths of tubing and temperatures are pre
sented in Table 3. The correlation coefficients 
ranged between 0.351 to 0.938. The low cor
relation coefficients were from data obtained 
with the shorter tubing (3.5 and 7.0 in.) and 
the lower temperatures (55 and 60°F). The

Fig. 6. Friction factor versus Reynolds number flowing through stainless-steel tubing for butter.
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Table 2. Results of the correlation and regression analysis on the apparent viscosity versus velocity of butter.

B u t t e r
s a m p le

T e m p e r -  
a  t u  r e(°F)

R e g r e s s io n
c o e ff ic ie n ts

a  b

S t a n d a r d  
e r r o r  o f  
e s t im a te  

S E
C o r r e l a t io n  
c o e f f ic ie n ta

D e g r e e sof
f r e e d o m

D F

A p p a r e n t  v i s c o s i ty  
( l b / f t  s e c )

B u lk  B u lk  
v e lo c i ty  v e lo c i ty  

0 .0 1  f t / s e c  0 .1  f t / s e c
A 72.8 0,473 -0.879 0.022 0.998 13 170 23
B 72.3 0.469 -0.900 0.016 0.999 13 160 22
C 73.3 0.492 -0.868 0.014 0.999 13 170 23
D 72.6 0.530 -0.808 0.027 0.994 13 140 22
E 73.3 0.512 -0.815 0.022 0.997 13 139 21
F 72.8 0.697 -0.730 0.018 0.994 13 144 26
A 65.4 1.067 -0.816 0.028 0.997 13 500 76
B 66.6 1.139 -0.691 0.024 0.996 13 333 68
C 67.5 0.990 -0.733 0.013 0.999 10 286 53
D 65.2 0.985 -0.776 0.026 0.998 13 345 58
E 66.4 1.026 -0.775 0.015 0.999 13 372 63
F 66.0 1.049 -0.769 0.019 0.998 13 388 66
A 62.6 1.237 -0.753 0.020 0.998 13 554 98
B 63.7 1.022 -0.839 0.021 0.999 13 502 73
C 61.7 1.150 -0.828 0.026 0.997 13 641 95
D 61.0 1.110 -0.860 0.021 0.998 13 854 117
E 60.8 1.110 -0.821 0.028 0.994 13 712 108
F 62.4 1.115 -0.797 0.016 0.999 13 513 82
A 56.9 1.262 -0.854 0.015 0.999 13 934 131
B 57.2 1.221 -0.835 0.009 0.999 13 780 114
C 56.6 1.237 -0.852 0.016 0.999 13 874 123
D 57.3 1.027 -0.865 0.020 0.999 10 772 78
E 56.9 1.106 -0.835 0.018 0.999 13 597 85
F 57.1 0.998 -0.868 0.021 0.999 10 542 73

* DF  corrected.

Table 3, Results of the correlation and regression analysis on pressure loss versus velocity.

T u b e
le n g th(in.)

T e m p e r -
a t u r eCF)

R e g r e s s io n
c o e ff ic ie n ts

a  b

S t a n d a r d  
e r r o r  o f  
e s t im a te  

S E
C o r r e l a t io n
co effic ien t®

D e g r e e s
o f

f r e e d o m
D F

P r e s s u r e  lo s s  
( I b / s q  i n . )

B u lk  B u lk  
v e lo c i ty  v e lo c i ty  

0 .0 1  f t / s e c  0 .1  f t / s e c

3.5 72.9 11.641 2.397 0.583 0.918 88 6.9 9.2
3.5 66.4 33.950 8.110 2.382 0.916 70 17.7 25.8
3.5 62.3 50.368 7.803 6.817 0.582 82 34.8 42.6
3.5 56.6 47.390 6.548 10.497 0.351 67 34.3 40.8
7.0 72.9 16.431 3.424 1.050 0.782 88 9.6 13.0
7.0 66.4 52.363 14.950 4.511 0.838 85 22.5 37.4
7.0 62.4 67.569 13.879 8.359 0.559 88 39.8 53.7
7.0 57.2 67.614 11.633 9.804 0.470 82 44.4 56.0

10.5 72.6 24.591 5.954 0.988 0.938 88 12.7 18.6
10.5 66.4 58.668 14.326 5.160 0.771 85 30.0 44.3
10.5 62.2 86.098 16.957 4.000 0.852 85 52.2 69.1
14.0 72.9 29.073 7.053 1.203 0.906 88 15.0 22.0
14.0 66.4 72.766 17.111 2.999 0.916 88 38.5 55.7
14.0 62.1 102.006 17.486 6.170 0.728 85 67.0 84.5

DF  corrected.



540 RHEOLOGY OF FLOW ING BUTTER

Table 4. Loss of head and power requirements for various quantities of butter at different temperatures flowing through tubing of various lengths.
Insidediameter(in.)

Temperature(°F) W eight3 (lb/min) Length(ft)
Bulkvelocity(ft/sec)

Apparent viscosity ( lb /f t sec) Reynoldsnumber Frictionfactor
Loss of head (ft)

Horsepower(hp)
1.402 65 10 10 0.262 30 0.0613 1,045 10 0.05

10 20 0.262 30 0.0613 1,045 19 0.09
10 30 0.262 30 0.0613 1,045 29 0.14
50 20 1.310 8 0.1130 567 1,974 46.80

100 20 2.620 1 0.4030 159 2,900 137.00
1.402 60 10 10 0.262 58 0.0315 2,030 191 0.91

10 20 0.262 58 0.0315 2,030 382 1.81
10 30 0.262 58 0.0315 2,030 764 3.62
50 20 1.310 16 0.0580 1,100 5,020 119.00

100 20 2.620 9 0.2080 308 5,620 226.00
1.402 55 10 10 0.262 112 0.0162 3,950 358 1.70

10 20 0.262 112 0.0162 3,950 716 3.39
10 30 0.262 112 0.0162 3,950 1,074 5.08
50 20 1.310 30 0.0298 2,150 9,800 232.00

100 20 2.620 17 0.1060 603 11,000 521.00
2.870 65 10 10 0.0626 105 0.0084 7,600 19 0.09

10 20 0.0626 105 0.0084 7,600 39 0.18
10 30 0.0626 105 0.0084 7,600 60 0.27
50 20 0.3130 27 0.1640 390 50 1.17

100 20 0.6260 15 0.5900 108 55 2.60
2.870 60 10 10 0.0626 205 0.0043 14,800 38 0.18

10 20 0.0626 205 0.0043 14,800 75 0.35
10 30 0.0626 205 0.0043 14,800 113 0.53
50 20 0.3130 53 0.0843 760 98 2.31

100 20 0.6260 29 0.3030 211 107 5.07
2.870 55 10 10 0.0626 400 0.0022 28,800 73 0.35

10 20 0.0626 400 0.0022 28,800 146 0.69
10 30 0.0626 400 0.0022 28,800 220 1.04
50 20 0.3130 102 0.0435 1,470 187 4.43

100 20 0.6260 57 0.1560 411 209 9.90
" Density of butter : 59.3 lb/cu ft.

pressure losses increased as the velocity in
creased. For the 7.0-in. length of tubing at 
66.4°F the increase was from 22.5 to 37.4 
Ib/sq in. as the velocity increased from 0.01 
to 0.1 ft/sec. The pressure increased as the 
length of tubing increased. The increase was 
from 42.6 to 84.5 lb/sq in. for lengths of 
tubing of 3.5 to 14.0 in. at a bulk velocity of
0.1 ft/sec and approximately 62°F. The 
pressure increased from 18.6 to 69,1 lb/sq in. 
as the temperature decreased from 72.6 to 
62.2°F at a bulk velocity of 0.1 ft/sec.

Large variations in pressure losses were 
found among the various samples of butter 
(correlation coefficients ranged from 0.351 to
0.938 ). Flowever, no pattern could be found

for composition or processing influences to 
explain the variations. The variation within 
the same sample was small as indicated by 
the correlation coefficients, which ranged 
from 0.866 to 0.994.

The calculated friction factor versus the 
calculated Reynolds number is illustrated in 
Fig. 6. Since the data were determined for 
laminar flow, a logarithm scale was used for 
the friction factor to show a wider range of 
values.

The power requirements and loss of head 
are presented in Table 4 for butter flowing 
under various conditions. The calculated 
power requirements revealed that a 5°F 
decrease in temperature about doubles the
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horsepower (0.18, 0.35, and 0.69 hp at 65, 
60, and 55°F) required to move the butter. 
Increasing the diameter from 1.5 to 3.0 in. 
reduced the power required from 1.81 to 0.35 
hp for moving butter at 60° F through 20 ft 
of tubing at 10 lb/min. This reduction is 
even greater as the quantity of flow of butter 
increases.
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Seasonal Variation of Naringin and Certain Other Flavanone 
Glycosides in Juice Sacs of Texas Ruby Red Grapefruit

SUM M ARY
A recen tly  d ev elop ed  ch rom a to gra p h ic-flu o-

rom etric  m eth od  was u sed  fo r  in d iv id u a l q u a n ti
ta tive d eterm in ation  o f  n a r in g in , n eo h esp er id in , 
p on e ir in , n aringen in-7-^ 3-rutinoside, h esp er id in , 
and  isosa k u ran etin -7 -^ -ru tin osid e  in  ju ice  sacs 
o f  T exas R u by R ed  g ra p efru it h arvested  in  la te  
J u ly  and  la te  S ep tem b er, 1 9 6 4 , and  m o n th ly  
th erea fter  th rou g h  la te  A p ril, 1 9 6 5 . T h e c o n 
cen tra tion s o f  th e  six  g ly co sid es in  th ese  ju ice  
sacs w ere fo u n d  to  d ecrease rap id ly  and  a p 
p ro x im ately  p orp o r tio n a llv  d u rin g  the p eriod  
from  late J u ly  th rou gh  la te  N ovem b er. In  
D ecem b er-A p ril, th e  co n cen tra tion s o f  a ll s ix  
g ly co sid es ten d ed  to d ecrease , a lth o u g h  th e  
m o n th ly  ch a n ges w ere s lig h t. T h ese  resu lts are  
com p ared  w ith data o b ta in ed  from  th e sam e  
sam p les by th e D avis m eth od  fo r  “ n a r in g in ” 
d eterm in a tio n  and with taste-p an el eva lu atio n s  
o f  g ra p efru it ju ic e  b itterness.

INTRODUCTION
Naringin, the 7-/8-neohesperidosicle of nar- 

ingen in  (4',5,7-trihydroxyflavanone), has 
long been known to be a major bitter con
stituent of grapefruit, and until recently was 
the only flavanone glycoside known to be 
present in this fruit. Recent studies, how
ever, have shown grapefruit to contain sig
nificant quantities of naringenin-7-j8-rutino- 
side, which is a tasteless isomer of naringin, 
as well as lesser quantities of several other 
flavonoid compounds (Mizelle et a!.. 1965 ; 
Horowitz and Gentili, 1961 ; Dunlap and 
Wender, 1962). These include two other 
bitter flavanone glycosides, namely poneirin 
(7-/3-neohesperidoside of iso sa k u ra n e tin  
[5 ,7 -dihydroxy-4'-methoxyflavanone] j and 
neohesperidin (7-,8-neohesperioside of hes- 
p e re t in [3',5,7-trihydroxy-4'-methoxyflava- 
none]), and their tasteless isomers, isosaku- 
ranetin-7-/3-rutinoside and hesperidin (7-/8- 
rutinoside of hesperetin). The discovery of 
these compounds in grapefruit has indicated 
a need for information concerning the con
centrations of naringin and these other bitter 
and tasteless glycosides in grapefruit of 
different stages of maturity. Such informa
tion is necessary for clarification of the

" Present address : Pillsbury Company, Research and Development Laboratory, 311 2nd Street S. E., Minneapolis, Minnesota 55414.

effect of maturity on the flavanone glycoside 
content of grapefruit, and for elucidation of 
the effect of the individual glycosides on 
grapefruit bitterness, including their role in 
the debittering of grapefruit which occurs 
with maturity. Several previous investiga
tions of the seasonal variation of flavanones, 
measured as naringin, in grapefruit have 
been reported (Harvey and Rygg. 1936; 
Maurer et al., 1950; Kesterson and Hen
drickson, 1953; Lime et al., 1954), but the 
quantitative methods employed in these stud
ies were incapable of determining concen
trations of the individual flavanone glyco
sides. Therefore, a study has been conducted 
in our laboratory to determine the individual 
quantities of the neohesperidosides and ru- 
tinosides of naringenin, hesperetin, and 
isosakuranetin in the juice sacs of Texas 
Ruby Red grapefruit harvested in late July 
and late September, 1964, and monthly 
thereafter through late April, 1965. A re
cently developed chromatographic-fluoromet- 
ric procedure (Hagen et al., 1965) has been 
employed for quantitative determination of 
the individual glycosides. “Naringin” values 
have also been obtained for these same sam
ples by means of a slight modification of the 
much used colorimetric method of Davis
(1947) in order that the effectiveness of the 
Davis method for quantitative determination 
of naringin and other flavanone glycosides 
in grapefruit might be evaluated. This paper 
presents the results of these studies.

EXPERIMENTAL
Sample preparation. The fruit employed in this 

study was obtained from Ruby Red grapefruit trees 
in an orchard at the Texas Agricultural Experi
ment Sub-Station at Weslaco, Texas. Fruit sam
ples representative of the orchard were harvested 
on July 28, 1964, and on about the 28th of each 
month from September, 1964, through April, 1965. 
Samples consisted of 28 fruit each, except for the 
July sample (16 fruit) and April sample (20 fruit).

Grapefruit samples were shipped immediately 
after harvest to the University of Oklahoma for 
processing and analysis. When a shipment was 
received, the fruit were scrubbed in water and 
dried, and weights and diameters for individual

[ 5 4 2 ]
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whole fruit were recorded. The peel (albedo and 
flavedo) and core were removed by hand from 
the segments, which consisted of the juice sacs, 
segment walls, and seeds. Juice-sac samples for 
flavanone glycoside analysis were prepared by 
careful removal of segment walls and seeds from 
the juice sacs of four segments from each fruit in 
a shipment. The combined juice sacs comprising 
a sample were placed in tared polyethylene bags, 
weighed, quick-frozen in powdered dry ice, and 
stored at —10° C until needed for analysis. The 
remaining whole segments were also weighed, 
quick-frozen, and stored.

Analysis of juice sacs for flavanone glycosides. 
A chromatographic-fluorometric procedure which 
has recently been described in detail (Hagen et al., 
1965) was employed, with slight modification, for 
quantitative determination of the individual rutino- 
sides and neohesperidosides of naringenin, hespere- 
tin, and isosakuranetin in the grapefruit juice-sac 
samples. The essential steps of this procedure 
were: preparation of a stock solution from each 
sample by macerating the juice sacs with 2-propa
nol and thoroughly extracting the solid residue 
with hot 2-propanol and methanol; chromatog
raphy of stock-solution aliquots on columns packed 
with Polyclar AT polyvinylpyrrolidone (General 
Aniline and Film Corp., Grasselli, N. J .), with 
water, and with 25% methanol-75 % water as 
solvents, to achieve preliminary quantitative iso
lation of the desired flavanone glycosides; further 
separation and purification of these flavanone 
glycosides by chromatography on thin-layers of 
Polyamide Woelm (Alupharm Chemicals, New 
Orleans, La.), with nitromethane-methanol (5:2) 
as solvent; removal of the adsorbent zones con
taining the individual flavanone glycosides from 
the thin-layer plates and elution with methanol 
of the glycosides from the polyamide; and quanti
tative determination of each individual compound 
by measurement with a Turner model 110 fluorom- 
eter of the fluorescence of the complex formed by 
addition of A1CL to the flavanone solution. In 
this work, the Turner fluorometer was equipped 
with an ultraviolet phosphor lamp (Westinghouse 
FS4T5), with a 325-mg. interference filter (Baird 
Atomic, Inc., 33 University Road, Cambridge, 
Mass.) as primary (activation) filter, and with a 
Wratten 2A-12 filter, which passes all wavelengths 
greater than 510 mg, as secondary (emission) 
filter. With this lamp and filter system, the high 
sensitivity conversion kit for the Turner Fluorom
eter which was used in the original procedure was 
not required.

The stock solutions prepared from the grape
fruit juice-sac samples were also analyzed for 
flavanone content, as naringin, by a slight modifica

tion of the Davis method (Davis, 1947) in order 
to compare values obtained by this method with 
those produced by the chromatographic-fluoromet
ric method. Aliquots of stock solution (25 or 50 
gl) were mixed with 0.2 ml of 4N  NaOH and 
sufficient 90% diethylene glycol to give a final vol
ume of 10 ml, and the solutions were allowed 
to stand for 10 min before optical density was 
measured. The absorbances of these solutions at 
420 mg, as determined with a Beckman DU spectro
photometer using blanks consisting of stock solu
tions and diethylene glycol but no added alkali, 
were compared with absorbances obtained for 
similar alkaline diethylene glycol solutions con
taining known quantities of pure naringin.

Other analyses. Solutions for acid and Brix 
determination and organoleptic evaluation were pre
pared as needed from frozen whole segments not 
used for the preparation of juice-sac stock solu
tions. Segment walls and seeds were carefully 
removed from a representative sample (at least 
one segment from each fruit in a monthly ship
ment), and the partially frozen juice sacs thus 
obtained were thoroughly macerated in a Waring 
blender to obtain a purée.

For acid determination, 10-ml samples of strained 
juice from the juice-sac purée were titrated to pH 
8.2 with 0.1479JV sodium hydroxide. Acidity was 
calculated as percent citric acid.

Brix was determined with an Abbé refractom- 
eter ; appropriate corrections were made for tem
perature and acid content of the juice sac prepara
tions.

A taste panel of 12 members conducted organo
leptic evaluations of the juice sac samples. Panel 
members were selected from a group of 17 candi
dates on the basis of their ability to distinguish 
between dilute citric acid solutions, distilled water, 
and solutions of naringin in distilled water rang
ing in concentration from 1 part/6,250 to 1 part/ 
50,000. The grapefruit juice-sac purées were fil
tered through fluted filter paper prior to tasting 
in order to remove excess solids. Samples were 
evaluated according to the following scoring sys
tem :

10—extremely high bitterness 
—high bitterness

7), 1 —medium-high bitterness
6 )5—standard medium bitterness
4)V—medium-low bitterness

j j  —trace of bitterness
0—no detectable bitterness
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Table 1. Monthly variation in concentrations oi six flavanone glycosides in juice sacs of Texas Ruby Red grapefruit.
C o n c e n t r a t io n  in  j u i c e  s a c s  

( H g / g  w e t  w e ig h t)

H a r v e s t
d a te

N a r i n g i n1
N a r in g e n i n

r u t in o s id e2
N e o h e s -
p e r id in

3
H e s p e r id in  P o n c i r i n  

4  5
I s o s a k u r a n e t i n

r u t in o s id e6 S u m  o f  1 a n d  2
S u m  o f  1 t h r u  6

“ N a r i n g i n ”  
b y  D a v is  

m e th o d

7/28/64 1630 836 79.5 45.5 59.9 25.1 2466 2676 3370
9/28/64 1010 501 45.4 27.9 42.7 17.5 1511 1645 2100

10/28/64 786 370 35.5 21.0 31.7 12.9 1156 1257 1770
11/28/64 615 288 27.6 15.7 22.4 9.30 903 978 1270
12/28/64 642 264 31.4 15.9 23.9 8.57 906 986 1290

1/28/65 494 249 24.2 14.4 18.8 8.80 743 809 1090
2/28/65 499 207 29.4 12.5 21.3 7.20 706 776 995
3/28/65 507 230 21.4 13.1 20.0 8.74 737 800 1030
4/28/65 484 195 26.2 13.3 25.7 5.37 679 750 879

The November sample was arbitrarily assigned 
a score of S and presented to the panel as a com
parison standard. It was also included as one of 
the coded samples to be evaluated by the panel 
members. No organoleptic evaluation was made 
of the April sample.

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

Table 1 gives the concentrations of the 
rutinosides and neohesperidosides of narin- 
genin, isosakuranetin, and hesperetin deter
mined by the chromatographic-fluorometric 
procedure in the various grapefruit juice-sac 
samples, together with the concentrations of 
flavanones, as naringin, indicated by the 
modified Davis method. Table 2 presents 
acid, brix, and taste-panel data for the juice- 
sac samples. Fig. 1 shows the concentration

Table 2. Acid, Brix, and taste-panel data for Texas Ruby Red grapefruit juice sacs analyzed for flavanone glycosides.

H a r v e s t
d a te

A c id
a s

c i t r i c(%) 0 B r i x
B r ix - a c id

r a t io
A v .  t a s t e  

p a n e l  
s c o re s  a

7/28/64 1.96 11.2 5.7 9.3
9/28/64 1.15 11.2 9.7 7.0

10/28/64 1.18 11.2 9.5 6.2
11/28/64 0.79 9.2 11.6 4.2
12/28/64 0.88 10.3 11.7 3.6
1/28/65 0.93 10.7 11.5 3.4
2/28/65 1.06 11.6 10.9 3.9
3/28/65 1.02 12.0 11.8 3.1
4/28/65 0.74 11.0 14.9 —
° Scoring system : 10, extremely high bitterness ; 8,9, high bitterness; 6,7, medium high bitterness ; 5, standard, medium bitterness; 3,4, medium low bitterness; 1,2, trace of bitterness; 0, no detectable bitterness.

Month o f H a rvest 
( 1964-65 S easo n)

Fig. 1. Concentrations of flavanone glycosides determined to be present in juice sacs of Texas Ruby Red grapefruit by the chromatographic- fluorometric method and the Davis method: A,“naringin” by Davis method; B, sum of concentrations of rutinosides and neohesperidosides of narin- genin, h e sp e re tin , and isosakuranetin (6 glycosides) ; C, naringin fl- naringenin-7-/3-rutinoside; D, naringin.
of naringin, the sum of the concentrations 
of the two naringenin glycosides, the sum 
of the concentrations of all six glycosides 
measured, and Davis “naringin” values.

These data show that the change in con
centration of flavanone glycosides in the 
grapefruit juice sacs was most significant
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during the period from late July through late 
November. During this period the concen
trations of the glycosides decreased rapidly 
and approximately proportionally until, at 
the end of November, the concentrations of 
all six glycosides were in the range of 34- 
58% of their July concentrations. In Decetn- 
ber-April all six glycosides tended to de
crease in concentrations in the juice sacs, 
but the magnitudes of the decreases were 
generally much less than those occurring 
earlier in the season, and concentration 
changes from month to month, particularly 
those of the neohesperidosides, were more 
erratic than earlier.

Although the concentrations of the flava- 
none glycosides in juice sacs of the grape
fruit harvested at different stages of maturity 
were often found to be quite different, the 
average quantities of flavanone glycosides in 
the juice sacs of a single grapefruit appeared 
not to be subject to much seasonal variation, 
as shown in Table 3. This suggests that the

Table 3. Average quantities of flavanone glycosides in the juice sacs of a single grapefruit.

H a r v e s t  d a te

W e ig h t  o f  g ly c o s id e s  ( m g )

N a r in g in
N a r in -

g e n in -7 -ß -
r u t in o s id e

T o ta l
n a r i n g e n i n
g ly c o s id e s

T o ta l  s ix  
f la v a n o n e  

g ly c o s id e s

7/28/64 158 81 239 260
9/28/64 177 88 265 288

10/28/64 168 79 247 269
11/28/64 169 79 248 268
12/28/64 192 79 271 295
1/28/65 150 75 225 245
2/28/65 160 66 226 249
3/28/65 156 71 227 246
4/28/65 169 68 237 261

Av. 167 76 243 265

decrease in flavanone glycoside concentra
tion of the juice sacs which occurred with 
maturity may have been principally a mat
ter of dilution resulting from increased size 
of the fruit, as postulated by Kesterson and 
Hendrickson (1953). However, the average 
quantities of glycosides in the juice sacs per 
single fruit recorded in Table 3 show enough 
variation at different intervals within the 
growing season that the possibility cannot 
be eliminated that other factors in addition 
to dilution are involved in the changes in 
flavanone glycoside concentrations.

The ratios of the concentrations of the six 
flavanone glycosides in the grapefruit juice 
sacs did not, in most cases, appear to be sig
nificantly different for fruit harvested at dif
ferent stages of maturity. This suggests that 
the relative concentrations of the six glyco
sides were probably established early in the 
development of the grapefruit, and remained 
relatively constant throughout the period 
studied. Analyses of small samples of juice 
sacs from fruit harvested in late December, 
1963, and early April, 1964, from the orchard 
providing fruit for this study, indicated that 
the neohesperidoside-rutinoside ratios were 
somewhat higher in the 1963-64 fruit than 
in the 1964—65 fruit, which may indicate that 
these ratios were controlled at least partially 
by exterior factors other than heredity, such 
as weather and husbandry techniques. There 
is no evidence in these data of significant in
terconversions between either rutinosides and 
neohesperidosides or glycosides of different 
aglycones, but no detailed experiments have 
been undertaken specifically designed to ex
plore this possibility in depth. Horowitz 
(1961, 1964) postulated that the decrease in 
bitterness of grapefruit with maturity might 
be the result of a trans-glycosylation reaction 
which changes the bitter flavone neohesperi
dosides to tasteless rutinosides, but this did 
not appear to be the case in the grapefruit 
utilized in this study. If anything, the ratio 
of the bitter naringin to the tasteless 
naringenin-7-/?-rutinoside appeared to in
crease very slightly with maturity of the 
fruit.

The minor neohesperidosides, poncirin and 
neohesperidin, usually comprised only about 
8% of the total measured neohesperidosides 
in the grapefruit juice sacs studied in this 
investigation. Since poncirin has been re
ported to be about equal in bitterness to nar
ingin, and neohesperidin to be only one-tenth 
as bitter as the latter compound (Horowitz 
and Gentili, 1963), it appears likely that the 
contribution of these minor neohesperido
sides to the bitterness of the grapefruit stud
ied was small compared to the contribution 
of naringin.

The concentrations of flavanones, as nar
ingin, indicated by the slightly modified 
Davis method to he present in the grapefruit
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juice-sac samples were proportional to, but 
considerably higher than, the concentrations 
of naringin and other flavanone glycosides 
determined to be present in these samples by 
the chromatographic-fluorometric procedure. 
“Naringin” concentrations obtained by the 
Davis method were about 2.1 times the true 
naringin concentrations, about 1.4 times the 
combined concentrations of naringin and 
naringenin-7-/?-rutinoside, and about 1.3 
times the combined concentrations of the 
neohesperidosides and rutinosides of narin- 
genin, hesperetin, and isosakuranetin. Al
though the Davis method gave absolute 
values which were high, it did accurately re
flect the decrease, with maturity, of flavanone 
glycoside concentrations in the juice sacs 
studied here, as shown in Fig. 1. Obviously, 
substances in the juice-sac samples in addi
tion to the neohesperidosides and rutinosides 
of naringenin, hesperetin, and isosakuranetin 
contributed to the values obtained by the 
Davis method. The ratios of the concentra
tions of these substances in the grapefruit 
juice sacs to those of the six flavanone glyco
sides apparently remained approximately 
constant throughout the study. Qualitative 
studies of the grapefruit juice sacs samples 
employed in this work have shown that they 
probably contained several other flavanones, 
but the quantities of these compounds ap
peared so small that they were likely to ac
count for, at most, only a very small fraction 
of the difference between flavanone concen
trations obtained for the samples by the 
Davis method and the total concentrations 
of the neohesperidosides and rutinosides of 
naringenin, hesperetin, and isosakuranetin in 
these samples. The juice-sac samples also 
contained several flavone and flavonol-like 
compounds which appeared to he present in 
relatively small quantities. The extent to 
which these compounds contributed to “nar
ingin'' values obtained by the Davis method 
is not known.

Taste-panel evaluations of the bitterness 
of the juice-sac samples analyzed in this 
study showed good correlation with “narin
gin” content determined by the Davis 
method, as well as with true naringin con
tent. However, by clearly showing the lack 
of specificity of the Davis method for bitter

flavanone neohesperidosides, this study does 
suggest a possible explanation for the rather 
frequent inability of taste panels to correlate 
bitterness of grapefruit with Davis “narin
gin" values (Hendrickson and Kesterson, 
1958; Griffiths and Lime, 1963). It is evi
dent that a change in concentration of any 
of the non-bitter components of grapefruit 
measured by the Davis method which was 
not accompanied by a directly proportional 
change in flavanone neohesperidoside con
centration, would result in poor correlation 
of Davis values with flavanone neohesperido
side content, and hence, probably with bit
terness. No such non-proportional concen
tration changes occurred in the grapefruit 
juice sacs studied in this investigation, but 
fruit grown in a different year, or obtained 
from other trees grown in a different loca
tion might not he the same in this respect. 
Another possible explanation for poor Davis 
“naringin” value-bitterness correlations is 
suggested by the recent report that grape
fruit juice contains a significant quantity of 
limonin (Maier and Dreyer, 1965 ), a bitter 
limonoid which would probably not he mea
sured by the Davis method. The extent to 
which limonin contributed to the bitterness 
of the grapefruit studied in this investigation 
is not known.

The data obtained provide a relatively 
good picture of the seasonal variation of 
naringin, naringenin-7-/?-rutinoside, and four 
minor flavanone glycosides in the particular 
grapefruit juice sacs studied, but there is no 
way of knowing at present if the variation 
pattern noted here is typical of all grapefruit. 
A need is clearly indicated for similar sea
sonal studies of other grapefruit, grown in 
other locations and in other seasons.
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Effect of Wet and Dry Heat on Structure of Cellulose
SUM M ARY

H ea tin g  o f  ce llu lo se  (p u r ifie d  co tton  and  
cu p ra n im o n iu n i-reg en erated  c e llu lo s e )  u n d e r  
n itro g en  in  th e  p resen ce  o f  liq u id  w ater a t 1 00 °  
a n d  a t 1 5 0 °C  b ro u g h t abou t a sm a ll a m ou n t o f  
h yd rolysis and  som e d eh y d ratio n , th e e x te n t o f  
w h ich  was d irectly  p ro p ortio n a l to th e tem p era 
ture. H ea tin g  in th e a b sen ce  o f  w ater cau sed  
a m u ch  greater a m ou n t o f  h yd rolysis and  d eh y 
d ra tion , w hich  was p articu larly  m ark ed  at th e  
h ig h er  tem p eratu re. H ea tin g  a ffects  th e  a m or
p h ou s reg io n s  o f  ce llu lo se  m ore than  th e  crys
ta llin e  reg io n s; h en ce  ch a n ges are m ore ev id en t 
in  th e  less cry sta llin e reg en erated  ce llu lo se  than  
in  p u r ified  co tton  ce llu lo se .

INTRODUCTION
It has been shown that heat degrades cellu

lose (Burney. 1954; Fletcher and Houston, 
1940; Higgins, 1958). It has also been 
claimed (Wiegerink, 1940) that moisture ac
celerates this thermal breakdown, particu
larly in the presence of air (Waller e t  al.,
1948). On the other hand, high-temperature 
treatment decreases the swelling power of 
cellulose, reportedly by the formation of new 
junction points in the network of the gel 
(Hermans, 1949). In seeming substantia
tion of this interpretation, the tensile strength 
of viscose was increased by heating at 120°C 
even though the tensile strength of other 
cellulosic materials was lowered by the same 
treatment (Rogovin et al., 1943).

In baking, frying, roasting, and similar 
processes, cellulose may be heated to tem
peratures in excess of the boiling point of 
water. The changes that occur in the physi
cal structure of cellulose during these proc
esses are largely unknown. It seemed useful 
to explore the effects of heating in model 
systems. Thus it could be determ ined  
whether any different evidence exists for the 
formation of new associations in the gel net
work of cellulose. In these experiments, 
native and regenerated celluloses were heated 
in the absence of oxygen, both with and with
out moisture. The methods of analysis in
volved determination of molecular weight, 
measurement of crystallinity, infrared spec

ie

trometry, and chromatography of the hydro
lytic products.

MATERIALS AND METHODS
Absorbent cotton was extracted with ethanol, 

l c/c HC1, and 2% NaOH (with intervening wash
ings in water), dried in air, and ground to pass a 
60-mesh sieve ( Shimazu and Sterling, 1961). A 
cuprammonium-regenerated cellulose was prepared 
from the extracted cotton by dispersal in the 
Döring cuprammonium reagent (Jayme and Lang, 
1963), dilution, adjustment to pH 7, and precipita
tion in an ice-water bath (Sharpies, 1958). The 
regenerated cellulose was washed and centrifuged 
10 X, lyophilized, and reground to pass a 60-mesh 
sieve.

Two g of each sample were placed in glass tubes, 
under a positive pressure of dry Ns, and the tubes 
were sealed. Other 2-g samples were placed in 
tubes with 2 ml H»0, also under N. gas, and those 
tubes were likewise sealed. Two tubes of each 
sample remained at room temperature, two were 
heated 5 hr at 100°C, and two were heated 5 hr 
at 150°C. The samples were removed from the 
tubes, dried in air if necessary, and held at room 
temperature and humidity for 5 days.

Intrinsic viscosity was determined in cupriethyl- 
ene diamine solutions (Swenson, 1963) at 25.0±  
0.01°C, with concentrations of 0.5, 0.3, 0.2, and 
0.1% air-dry cellulose. The concentrations were 
later corrected for the moisture content of the 
air-dry material ( determined at 70°C, under a vac
uum of 100 mm Hg). Intrinsic viscosity was con
verted to degree of polymerization (D.P.) on the 
basis: D.P. =  150 [•»] (Gloor and Klug, 1954). 
Similar determinations were made as a check with 
solutions of the control celluloses in cuprammonium 
solvent (Jayme and Lang, 1963), the D .P ./[77] 
relational constant being 200 (Gloor and Klug, 
1954). There was close agreement of the values 
from cuprammonium solutions of the control speci
mens with those from cu p rie th y  1 ene diamine 
solutions.

Crystallinity was estimated by 3 different 
methods. Sorption ratio. Water vapor sorption 
was measured dynamically, with oil-pumped N» 
being bubbled first through 3 solutions of sulfuric 
acid and water, of appropriate concentration to 
give the desired w'ater vapor content in the N2 
atmosphere, and then through the sample. The 
sample and the 2 immediately preceding sulfuric 
acid-water solutions were held in a water bath at 
25.0±0.01°C. The sample was weighed after equili-
1
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bration at 20, 40, 60, and 80% RH. The values of 
the sorption ratio (based on sorption of purified 
cotton) were averaged and converted to percent 
crystallinity on the basis that the relative amount 
of sorption is proportional to the relative amount 
of amorphous material.

X-ray diffraction. X-ray determinations of crys
tallinity were made at 40% RH by the method of 
Hermans and Weidinger (1948, 1949) with samples 
in a stream of Ns. The moisture content of the
N. stream was achieved through the same system 
that was used in water vapor sorption measure
ments.

Deuteration. Infrared sp e c tro g ra m s  (single 
beam) were obtained for cellulose deuterated by 
immersion in liquid D20  for 24 hr (1 sample: 
5 DjO by gross weight) and then dried at 10“* mm 
Hg vacuum (room temperature) for 48 hr. N= gas 
was introduced, and the sample was suspended in 
hexachloro-1,3-butadiene (HCBD) under positive 
nitrogen pressure. HCBD (CC12 =  CC1CC1 =  
CCB) can supply no protons and has minimal ab
sorption in the range 2000-4500 cm“1. Crystallinity 
was given by the relative areas under the peaks at 
the stretching frequencies of OH (at ca. 3350 cm“1, 
interpreted as inaccessible or crystalline region) 
and OD (at ca. 2550 cm“1, interpreted as represent
ing the accessible or amorphous region) : percent 
crystallinity =  O H /(20 D  +  O H). [Theoreti
cally the OH intensity is greater than the OD 
intensity by a factor of 2 (Wilson et at., 1955).] 
Peak areas were calculated on the basis of optical 
density and wave-number.

Infrared spectrograms were also made of cellu
lose in the air-dry, protonated state. The samples 
were mixed with KC1 and compressed into pellets, 
for examination in a double-beam infrared spec
trometer.

For paper chromatography, each sample was dis
solved in 72% H 2SOi, which was diluted after 
1 hr, and then hydrolyzed by heating at 100°C for 
4 hr. The mixture was neutralized, diluted, and 
centrifuged (Saeman et al., 1963). The supernatant 
was concentrated and refrigerated. Thirty /eg were 
spotted on Whatman No. 1 paper. The chromato
graphic solvent was ethyl acetate-acetic acid-water 
(3:1:3 v/v) epiphase. Development of the spots 
was made with AgNOs-saturated acetone, 5% 
NaOH in ethanol, and photographic fixing solu
tion, in succession. Sensitivity of this method, by 
experimentation, is 0.8 7 of reducing sugar (glu
cose). Standard substances used for comparison 
were glucose, galactose, mannose, xylose, arabinose, 
and cellobiose.

RESULTS
Color changes in the treated specimens are given 

in Table 1. In all cases, dry heating produced a

Table 1. Color appearance of treated celluloses.
P u r i f i e d R e g e n e r a te d

T r e a t m e n t c o tto n c e llu lo s e

Air dry white white
100°C, wet white white
100°C, dry white light yellow-brown
150°C, wet white light brown
150° C, dry light yellow brown

darker coloration than heating in the presence of 
water.

Values for the intrinsic viscosities of the cellu
lose samples and the derived D.P. values are pre
sented in Table 2. To a small extent, the process 
of regeneration reduced the intrinsic viscosity. 
Heating at 100° C scarcely affected the moist cellu
lose, but in the dry state a slight decrease was 
noted for both purified cotton and regenerated 
cellulose. Heating at 150°C caused a greater drop 
in the intrinsic viscosity of regenerated cellulose 
than in that of purified cotton. The effects of mois
ture were opposite in the 2 different celluloses at 
150° C.

The results of the crystallinity determinations 
are summarized in Table 3. By virtually all meth
ods of measurement, treatment at 100°C caused 
an increase in cellulose crystallinity, and to be sure, 
the dry treatment gave a somewhat greater increase 
than the wet. At 150°C there was virtually no 
further change in X-rajr crystallinity of wet or 
dry samples. However, in the determinations by 
sorption ratio and deuteration, dry heating at 150°C 
produced a marked increase in crystallinity over 
wet heating.

The infrared spectrum of deuterated samples 
may be evaluated further. If the areas under the 
OD- and OH-stretching peaks be compared with 
the height of the CH-stretching peak, an estimate 
may be made of the relative change in total OH 
groups [(20D  % O H )/C H  treated]/[ (20D  +  
O H )/C H  control] as well as the relative change 
in the amount of OH groups in both the crystalline 
and amorphous regions, co n s id ered  separately 
[(O H /C H  treated)/(O H /C H  control) and 20D / 
CH treated)/(20D /C H  control), respectively].

Table 2. Intrinsic viscosity and D.P. of treated celluloses in cupriethylene diamine.
T  r e a tm e n t P u r i f i e d  c o tto n

R e g e n e r a t e d
c e llu lo s e

HI D .P . HI D .P .

Air dry 1.07 161 0.96 144
100°C, wet 1.07 161 0.94 141
100°C,dry 1.05 158 0.89 134
150°C, wet 1.03 155 0.67 100
150°C, dry 1.02 153 0.75 112
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Table 3. Estimates of percent of crystallinity for treated celluloses.

T r e a t m e n t
P u r i f i e d  c o tto n R e g e n e r a te d  c e llu lo s e

S o rp t io n X - r a y D e u te r a t io n S o r p t io n X - r a y D e u te r a t io n

Air dry 70 68 67 40 40 35
100°C, wet 71 69 67 42 43 37
100°C, dry 73 74 69 44 45 38
150°C, wet 72 73 68 43 45 37
150°C, dry 78 74 72 58 45 46

The results are shown in Table 4. It is apparent 
that the total OH decreases with treatment at 
150°C and particularly in the dry state. Also, the 
apparent increase in crystallinity with dry heating 
at 150°C is shown to be the result primarily of the 
loss of amorphous OH. Thus, X-ray determina
tions showed no change, while those based on 
accessible OH groups indicated a relative increase 
in crystallinity in dry heating at 150°C.

The infrared spectra of the undeuterated samples 
were virtually identical with one another, regard
less of the experimental treatment. There were 
slight differences, however, between the spectra of 
samples of purified cotton and those of regenerated 
cellulose. In all, there was no evidence for a real 
change in any of the chemical groups or for the 
appearance of any new group.

The chromatograms of all the hydrolyzed cellu
loses were also identical, and no new sugars were 
found after any of the treatments. Only 3 spots 
appeared upon hydrolysis and chromatography: 
one of these was identified as glucose, and the sec
ond as cellobiose, and the third appeared to be 
cellotriose, but no standard was available for com
parison. All 3 spots appeared in the hydrolyzed 
starting materials (Table 5).

DISCUSSION
The results show that a major breakdown 

occurs in samples of cellulose exposed to 
150°C, that the breakdown is more pro
nounced in the dry than in the wet state, and 
that it takes place predominantly in the amor
phous regions, particularly in regenerated 
cellulose. Results cited above (Wiegerink, 
1940 ; Waller et al., 1948) indicate that ther

mal breakdown is accelerated by the presence 
of moisture. One difference, however, be
tween this experiment and the previous ones 
is the immersion of the samples here in liquid 
water. It is perhaps possible to speculate that 
if the heating process produces free radicals 
in cellulose (Pakhomov, 1958), these are 
rapidly quenched when water is abundantly 
available.

The nature of the breakdown is indicated 
in the analyses. Some of the changes (de
cline in intrinsic viscosity, unchanged infra
red spectrum, and occurrence of glucose and 
its polymers as the sole hydrolytic products) 
point to a simple hydrolysis of the 1-4 glu- 
cosidic linkage. Other changes (decrease in 
relative area of the OD-stretching peak in 
infrared spectra of deuterated specimens, 
marked drop in water-vapor sorption capac
ity, and darker color of the clry-heated 
specimens) suggest a further chemical reac
tion. This reaction seemingly involves the 
splitting off of hydroxyl groups.

According to the investigations of Golova 
et al. (1958, 1960), the main product of the 
thermal decomposition of cellulose in vacuo 
is l,6-anhydro-l,5-glucopyranose (levoglu- 
cosan), involving therefore a simultaneous 
dehydration, rearrangement of the glucopyra- 
nose moiety, and rupture of the 1-4 gluco- 
sidic bond. These reactions are indicated 
by the data of this experiment. Levoglucosan 
is also the breakdown product upon pyrolysis

Table 4. Estimates of total, crystalline, and amorphous OH (as fraction of air dry control) for treated celluloses.

T r e a t m e n t
P u r i f i e d  c o tto n R e g e n e r a te d  c e llu lo s e

T o t a l  OTI
C r y s ta l l in e

O H
A m o r p h o u s

O H T o ta l  O H
C r y s ta l l in e  

'  O H
A m o r p h o u s

O H
Air dry 1.00 1.00 1.00 1.00 1.00 1.00100°C, wet Lost Lost Lost 1.02 1.03 0.99100°C , dry 1.00 1.02 0.96 0.95 1.03 0.91150°C, wet 0.99 1.02 0.96 0.98 1.03 0.93150°C, dry 0.89 1.03 0.84 0.86 1.06 0.72



SH I MA ZI' AND STERLING 551

Table 5. R/ and R„* values of identified spots in paper chromatograms of hydrolyzed cotton cellulose.

S u g a r
R e p o r te d

v a lu e

M e a s u r e d  v a lu e
P u r i f i e d  R e g e n e r a te d  

c o t to n  c e llu lo s e

Glucose 0.17 0.17 0.17
Galactose 0.15
Mannose 0.21
Xylose 0.32
Arabinose 0.27
Cellobiose 0.38* 0.38* 0.38*
Cellotriose ( ?!) 0.24* 0.24*

of starch (Horton, 1965). Further confirma
tion is given by the work of Murphy (1962 ). 
Levoglucosan was not detected in paper chro
matography, possibly because not enough 
was present, possibly because its R f value 
was not sufficiently different from that of 
glucose under the conditions of this experi
ment.

No evidence was found for increased abso
lute crvstallinitv nor for appreciable cross- 
linking in cellulose as a result of beating. 
To be sure, any cross-linking that involved 
small changes in di- or trisaccharide struc
ture might lie undetected in paper chroma
tography here. However, there was no indi
cation by viscosity m easu rem en ts of an 
increase in molecule size that would be a 
consequence of cross-linking, nor was there 
any marked change of the infrared spectrum 
that would show a new type of bonding or 
grouping.
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Thiobarbituric-Acid-Reactive Substances from Autoxidized or 
Ultraviolet-Irradiated Unsaturated Fatty Esters and Squalene

SUM M ARY
T h e w ater-solub le 2-tliiob arb itu ric-acid -reac- 

tive su b stan ces (T B R S ) fr o m  o x id ize d  and  
U V -irradiated  u n satu rated  fa tty  acid  esters and  
sq u a len e  w ere frac tion a ted  o n  S ep h a d ex  G-10  
co lu m n s, and  th e fra c tio n s  w ere ch aracter ized  
by e lu tio n  v o lu m e , U V -absorp tion  spectra , and  
b eh avior o n  TLC p la te s . B y th ese  criteria  th e  
m a in  c o m p o n e n t in  a ll cases was u n eq u iv oca lly  
id en tified  as m a lo n a ld ch y d e  (M A ). O ther  
T B R S  a ccom p an ied  MA b u t w ere clearly  d is
t in g u ish a b le . T h ey  w ere n o t id e n tif ied , h ow 
ever. W ith  sq u a len e , th e  to ta l T B R S  p er d ou b le  
bon d  w ere o n ly  o n e-six th  o f  th o se  o f  th e  fa tty  
acid  esters , and  MA a cco u n ted  fo r  a b o u t h a lf .

INTRODUCTION
The pink chromogen (max. 532 m/a) ob

tained from the reaction of 2-thiobarbituric 
acid (TBA) with oxidized lipids is used 
widely as a measure of extent of lipid oxi
dation. During the earl}' stages of oxida
tion, the amounts of TBA-reactive sub
stances (TBRS) in oxidized unsaturated 
fatty acids are closely correlated with perox
ide value, oxygen uptake, diene conjugation, 
etc. (Ivenaston et al,, 1955; Tarladgis and 
Watts, 1960; Dahle et al., 1962). It has 
been assumed that malonaldehyde (MA) 
was the TBRS. Recently, however, Saslaw 
et al, ( 1963) and Saslaw and Waravdekar 
(1965 ) reported that several different TBRS 
were produced when unsaturated fatty acids 
were irradiated, and that none of these were 
MA.

The experiments to be described were de
signed to investigate the nature of the TBRS 
produced during autoxidation and UV-ir
radiation of polyunsaturated fatty esters and 
squalene, and to clarify the relationship be
tween TBRS and MA. We have already 
reported that MA is the principal TBRS in 
oxidized methyl linolenate (Kwon and Ol
cott, 1966). Some limitations of the TBA 
reaction as an index of lipid oxidation are 
discussed.

EXPERIMENTAL
Materials and analytical methods. Methyl lino

lenate ('Mann Research Lab., IV 260), methyl

arachidonate (Cal. Biochem., IV 322), and squa
lene (Eastman), purified by silicic acid column 
chromatography (Olcott and Van der Veen, 1963), 
were used. MA was prepared by acid hydrolysis 
of the distilled acetal (Kay-Fries) (Kwon and 
Watts, 1963) or by distillation of the bisulfite addi
tion product (Saslaw and Waravdekar, 1957). 
TBRS were determined by heating equal volumes 
of sample and TBA reagent (0.02M TBA in 90% 
acetic acid) for 35 min at 100° or, for the eluants 
from the Sephadex G-10 columns with citrate- 
phosphate buffer, by allowing the reaction mixtures 
to stand at room temperature for 22 hr. When Tris- 
HC1 or KC1-HC1 buffer was used as eluant, the 
color was developed with 0.023/ aqueous TBA so
lution. Glass-distilled water was used throughout. 
Thin-layer chromatography (TLC) was conducted 
with silica-gel G (E. Merck AG, Darmstadt, Ger
many). Solvents used were n-butanol-dichloro- 
methane-water (20:4:1 v/v) and n-butanol-di- 
chloromethane (1 :10 v/v). After development, 
plates were allowed to dry, sprayed with TBA re
agent, and heated at 100° for several minutes.

Autoxidation of fa tty  acids and squalene in 
air. Several 100-mg portions of the polyunsatu
rated substrates in covered 10-ml Pyrex beakers 
were allowed to oxidize in air at room temperature. 
At intervals, samples were weighed to determine 
the amount of oxygen absorbed (Olcott and Einset, 
1958) and were extracted five times with 2 ml of 
water. The com bined extracts were filtered 
through wet Whatman No. 42 filter paper and 
made up to 10 ml. Saslaw and Waravdekar (1965) 
reported that more than 95% of the TBRS were 
extracted by a similar procedure. The extracts 
were subjected to the TBA reaction and UV ex
amination. All measurements were made with a 
Cary recording spectrophotometer, model 15.

Fractionation of the water-soluble TBRS. Five 
g of methyl linolenate was allowed to oxidize at 
40° in a 10-ml Pyrex beaker with continuous me
chanical stirring. At intervals, 2 ml of water was 
added to the rancid sample and the mixture was 
stirred for 5 min. The water extract was sepa
rated by centrifugation. The residue was returned 
to the beaker and allowed to oxidize further. Squa
lene was treated in the same manner. Methyl ara
chidonate (0.17 g) was oxidized at room tempera
ture without stirring for 20 days, and then ex
tracted with water. Water extracts were subjected 
to fractionation in a column (2 X 75 cm) contain

[ 552 ]
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ing Sephadex G-10 (Pharmacia) by elution with
0.054/ Tris-HCl buffer containing 0.1 / NaCl, pH 
7.4, as described by Kwon and Olcott (1966), or 
in a longer column (2 X 105 cm ) of the same 
material by elution with 0.054/ KC1-HC1 buffer 
containing 0.1,1/ NaCl, pH 2.3.

In a separate experiment, 2-g quantities of methyl 
linolenate and squalene were respectively irradiated 
with UV light for 18 and 40 hr, as described by 
Saslaw ct at. (1963). The irradiated samples were 
extracted with 2 ml of water and the extracts 
were separated by centrifugation as described 
above. They were then separately eluted from the 
longer Sephadex column with 0.0064M citrate-
0.086.1/ phosphate buffer containing 0.1.1/ NaCl, 
p H  7.

RESULTS AND DISCUSSION
Production of TBRS. The production of 

TBRS by the autoxidation of arachidonate, 
linolenate, and squalene increased linearly, 
with apparent respective zero-order rate con
stants of 9.6 X 10 4.4 X ICC0 and 1.1 X
1(C0 M l  min during the early stages of autox
idation (Fig. 1 ). Later, the rate of produc
tion decreased, as has been shown previously 
with irradiated fatty acids (Saslaw and War-

f \  methyl 
/ \  arachidonate

12 14
Days

Fig. 1. Production of TBRS during autoxidation of methyl linolenate, methyl arachidonate, and squalene at room temperature.

avdekar, 1965 ) and with autoxidizing lipids 
(Tarladgis and Watts, 1960). The amounts 
of TBRS at the peaks were 9.6, 6.3, and 3 
ymoles MA equivalents per g substrate for 
arachidonate, linolenate, and squalene, re
spectively. The increment of TBRS par
alleled that of weight gain, indicating a 
close correlation between oxygen uptake 
and TBRS production. TBRS production 
reached a peak at about the same time that 
the rate of oxygen uptake started to decline 
(Fig. 1 and 2) ; Tarladgis and Watts (1960) 
observed similar phenomena.

Properties of the water extracts of oxi
dized fatty acids and squalene. The water 
extracts from the autoxidized or UV-irradi- 
ated methyl linolenate, arachidonate, and 
squalene all gave the typical pink color after 
TBA reaction, identical to that seen with MA 
(max. 532 my). However, there was an 
additional absorption band at 455 my, par
ticularly evident in the water extracts from 
oxidized squalene, and the ratio A435nl(1/  
AB32nw gradually increased during oxidation.

The water extract from methyl linolenate 
which had been oxidized for 1 day at room 
temperature had a UV-absorption spectrum 
before the addition of TBA with maxima at 
234, 260, 270, and 280 my. (Fig. 3). With 
the extract made after 4 days, however, the 
latter 3 absorption bands were no longer dis-

Days
Fig. 2. Increase of weight during autoxidation of methyl linolenate, methyl arachidonate, and squalene at room temperature.
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tinct but formed a broad shoulder around 
270 m/x, while the band at 234 m/x had 
shifted to 225 m/x. The latter pattern was 
seen with a water extract of methyl linolen- 
ate that had been UV-irradiated for 18 hr 
at 40°. Water extracts of autoxidized methyl 
arachidonate and squalene also had absorp
tion spectra with maxima at 225 him and 
shoulders at 270 m/x (Fig. 3), and the shape 
of the spectra did not change further with 
time of oxidation.

In no case was there a correlation between 
the absorbances at 532 m/x after TEA reac
tion and the UV absorbances at 225 m/x of 
the water extracts ; this differs from observa
tions of Saslaw and Waravdekar ( 1965 ). 
The compound with the absorption band at 
225 m/x was isolated by gel-filtration of the 
water extracts (see below) and did not give 
a pink color with TEA.

W a v e le n g t h  ( m / j )

Fig. 3. Ultraviolet absorption spectra of the water extracts of autoxidized methyl linolenate, methyl arachidonate, and squalene. 100 mg of substrates were oxidized at room temperature for 1 day and extracted with 10 ml of water. Squalene was oxidized for 4 days.

Fractionation of water extracts from 
autoxidized substrates. When water ex
tracts of autoxidized methyl linolenate were 
fractionated on Sephadex, MA was the 
principal TEES of the three obtained (Kwon 
and Olcott, 1966). Further extended oxida
tion of linolenate (10 days at 40° with con
tinuous stirring) showed only one TBA-pink 
peak (max., 532 m/x) with elution volume 
(Ve), 148 ml, from the short column (Fig. 
4 ). However, this peak was overlapped by a 
TBA-vellow peak (max. 445 m/x; Ve, 152 
ml). With continued oxidation of linolenate, 
the yellow peak gradually increased while the 
pink peak decreased. The yellow peak coin
cided with an intense l IV absorption at 225 
m/x before the TEA reaction. The absorption 
band at 267 m/x of the fractions disappeared 
upon acidification, but the typical absorp
tion band at 245 m/x for acidified MA was 
not observed, probably because of the over
lapping intense absorption at 225 mix. The

Fig. 4. Fractionation of the water extract obtained from autoxidized methyl linolenate by Sephadex G-10 column (2 X 75 cm) with 0.053/ Tris-HCl buffer containing 0.1M NaCl, pH 7.4. Five g of methyl linolenate was oxidized at 40° for 10 days with continuous stirring, and extracted with 2 ml water.
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pink peak is assigned to MA by the follow
ing criteria (Kwon and Olcott, 1966) : 1) the 
elution volume at neutrality was the same 
as that of M A ; 2) the ratio of A532mF/  
A287m(I was about 2; 3) on acidification, the 
absorption maximum at 267 m/x disappeared;
4) with elution by the KC1-HC1 buffer (pH
2.3) from the longer Sephadex column, the 
pink peak appeared at the same elution vol
ume (Ve, 275 ml) as did authentic MA.

The water extract from the 20 days’ autox- 
idized arachidonate had a chromatographic 
pattern similar to that of the linolenate which 
had been oxidized for 16 hr at 40° (Kwon 
and Olcott, 1966).

The water extract made from squalene, 
oxidized for 16 hr at 40°, showed two TBA- 
pink peaks in the chromatogram, eluted from 
the short column. The elution volume of the 
first peak (Ve. 148 ml) was the same as 
that of M A ; that of the second was 225 ml. 
The first peak was overlapped by a TBA- 
yellow peak (max., 445 m/x). A water ex
tract made from squalene that had been oxi
dized for 5 days at 40° had a similar pattern, 
but the absorbance at 455 m/x for the first 
peak was higher than that at 532 m/x and 
for the second peak was lower. The UV- 
absorption spectra without TBA of the first 
peak had an intense absorption at 225 m/x 
with a shoulder around 270 m/x. Addition of 
acid or base to this fraction did not give the 
characteristic pH-dependent UV-absorption 
spectra of MA, but this may also have been 
interfered with by the intense absorption at 
225 m/x. A water extract eluted by KC1-HC1 
buffer from the long column had two TBA- 
pink peaks with elution volumes at 206 and 
275 ml. The first peak was overlapped by 
a TBA-yellow peak. The second peak had 
the same elution volume as that of authentic 
MA. The base difference spectrum had an 
absorption maximum at 267 m/x, and could 
thus be assigned to MA. MA can be differ
entiated from the TBA-yellow peak from 
water extracts of oxidized linolenate and 
squalene, because the Ve of MA is pH- 
dependent (Kwon, 1966) while that of the 
TBA-yellow peak is pH-independent. Pro
duction of MA from autoxidation of squalene 
has thus been demonstrated without ques
tion, but MA accounts for only about half of

the total TBRS. The other TBA-pink peak 
has not yet been identified.

Fractionation of water extracts from 
UV-irradiated substrates. The water ex
tracts from the irradiated substrates were 
fractionated by the longer Sephadex column 
with citrate-phosphate buffer. For the TBA 
reaction with these fractions, 0.02M TBA 
in 90% acetic acid gave full color develop
ment. The Ve of MA was 221 ml. The 
water extract from the irradiated linolenate 
showed two TBA-pink peaks with respective 
Ve of 179 and 221 ml. The second main 
peak coincided with absorbance at 267 m/x 
before TBA reaction, and was identified as 
MA by the criteria described previously. A 
TBA-yellow peak, coincident with absorb
ance at 225 m/x, had a Ve of 234 ml. Saslaw 
et al. (1963) isolated two pink and one yel
low spots on a TLC plate in the water ex
tracts obtained from irradiated fatty acids, 
but they reported that neither of the pink 
spots was MA. The water extract of irradi
ated squalene gave a pattern similar to that 
of autoxidized squalene.

Polymerization of MA. MA prepared 
from acid hydrolysis of its acetal or from 
distillation of its bisulfite addition compound, 
and MA acetal could be separated on TLC 
plates. When n -bu tano l -dichloromethane- 
water was used to develop the samples, MA 
prepared from acid hydrolysis of its acetal 
gave two spots (R f 0.77 and 0.16), and MA 
prepared from distillation of the bisulfite 
addition product had only one spot (R f 0.16) 
with tailing, as Saslaw et al. (1963) reported. 
The acetal gave one spot with R( 0.82. Al
though the Rf values of the first spot of MA 
obtained by acid hydrolysis of its acetal and 
that of the acetal itself were very close, a 
mixture of the two could be clearly separated 
with n-butanol-dichloromethane. Thus, the 
spot of Rf, 0.77, was monomeric MA, and 
that of Rf, 0.16, appeared to be polymeric 
MA (Kwon and Olcott, 1966), as was the 
distillate of the bisulfite addition product.

When 15 ml of 0.3M aqueous MA-bisulfite 
solution was distilled to collect 10 ml of the 
distillate, IMA concentration in the distillate 
was 1.83 X  lO- Akf and the UV absorption 
maximum was 245 m/x, as Saslaw and War- 
avdekar (1957) reported. In basic solution
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the maximum was at 267 mp. However, the 
ratio A267m»/A24r,m/i was 13.4, while mono
meric MA has a ratio of 2.3 (Kwon and 
Watts, 1963). In a separate experiment in 
which the solution had been subjected to 
somewhat more heat, the distillate had its 
absorption maximum at 275 m/A and upon 
acidification the absorbance was increased. 
When the acidified distillate was heated for 
15 min at 100°, the maximum was at 245 m/i 
with increased absorbance and it was shifted 
to 267 ni/x in alkaline solution. The same 
distillate was eluted from the longer Sepha- 
dex column with citrate-phosphate buffers. 
As shown in Fig. 5 when the fractionation 
was carried out at pH 2.6, Ve was 131 ml 
and the UV absorption was negligible. At 
pH 2.6, monomeric MA was eluted at 275 
ml. At pH 7, Ve was 207 ml, close to that 
of monomeric MA (Ve, 221 ml). These and 
other findings strongly suggest that the dis
tillate was polymeric MA and that the poly
mer can be partially depolymerized by either 
acid and heat, or by alkali treatment.

Fate of TBRS in the oxidizing systems. 
The kinds of TBRS produced depend on the 
substrate and the conditions used for oxida
tion. In several cases. MA was the most 
important component. The other TBRS are 
not yet identified, but appear to be unstable

malonaldehyde-sodium bisulfite addition product by Sephadex G-10 column (2 X  105 cm) with sodium citrate-phosphate buffers containing 0.1.1/ NaCl, pH 2.6 (—) and 7. (---- ).

precursors of MA, possibly 2,4-dienals or 
vinyl ketones. The concentrations of TBRS 
in the oxidized substrates at the peaks 
(Fig. 1) were equivalent to from 10-3 to 
10_22kf MA and may possibly be polymerizing 
under the oxidizing condition. Furthermore, 
MA and the other TBRS may react with 
other oxidation products during the oxida
tion. At the latter stages of the oxidation in 
these experiments both the residual fatty 
acid esters and squalene formed a layer 
under water after centrifugation, indicating 
that the yellowish residues had higher densi
ties than those of the original substrates. 
Highly polymerized MA is not water-soluble. 
Thus, the reduction in the amounts of water- 
soluble TBRS in the latter stages of the 
oxidation may be explained by the high reac
tivity of MA and other TBRS in the oxidiz
ing system. These observations support the 
concept that use of the TBA test as a quanti
tative measure of lipid oxidation may be 
meaningful only during the initial stages of 
oxidation.

On the other hand, the fate of TBRS 
produced in complicated food systems is 
somewhat different from that in the pure 
lipid systems. According to Watts (1962), 
the amounts of TBRS recovered from meat 
products during storage never reach a peak, 
but form a plateau following a rapid initial 
increase. The differences are probably ex
plainable as follows. MA occurs in both free 
and bound forms with food constituents 
(Kwon et al., 1965). Bound MA can be 
completely recovered through acid and heat 
treatments, if the foods had been stored at 
low temperature. Thus, the reactivity of MA 
with other constituents is responsible for the 
plateau in the recovery of MA from such 
food systems. In the later stages the un
saturated fatty materials are exhausted, but 
the accumulated TBRS have reacted with 
food constituents and are thus protected from 
the polymerization or other reactions which 
account for the loss in total TBRS seen in 
the pure systems. Despite the above draw
backs the TBA test can be meaningful as a 
measure of lipid oxidation if the limitations 
are kept in mind.

The chromatographic p a tte rn  obtained 
with the water-soluble TBRS produced from
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UV-irradiated linolenate was slightly differ
ent from that of autoxidation, although, 
again, MA was the main TBRS. The failure 
of Saslaw et al. (1963) and Saslaw and 
Waravdekar (1965) to identify MA among 
the TBRS obtained from irradiated fatty 
acids appears to be due to their use of poly
meric MA as a standard in the TLC sepa
rations. Their MA had been obtained by 
distillation of the MA-bisulfite addition com
pound.

During a u to x id a tio n  or irradiation of 
squalene the amount of TBRS produced per 
double bond of squalene was about 1/6 of 
those of fatty acids. MA accounted for about 
half of the total TBRS. The occurrence of 
MA in oxidized squalene was unexpected 
since squalene contains only ethylene-inter
rupted double bonds. Some migration of 
bonds presumably precedes the oxidative 
scission.

These combined observations demonstrate 
that the water-soluble extracts from oxi
dizing unsaturated esters or squalene can be 
satisfactorily fractionated on Sephadex col
umns. that MA is the most important TBRS 
of these substances and that it is accom
panied in oxidizing esters or squalene by 
other water-soluble compounds, some of 
which give pink and some yellow colors with 
TEA. The structures of all of these other 
than MA have yet to be identified.
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SUM M ARY
D irect sa m p lin g  o f  vo la tiles  em a n a tin g  from  

p ears is show n to be a p o ten tia lly  u se fu l and  
n on -destru ctive m ea n s o f  a ssessin g  fr u it r ip e
n ess as it is a ffected  by tim e or trea tm ent such  
as ex p o su re  to io n iz in g  ra d ia tion .

INTRODUCTION

Maturation before harvest and ripening 
thereafter are recognized as important 
complex physiological processes that directly 
affect the ultimate quality of fruit (Lott,
1956). The need is manifest for objective 
measures of fruit maturity and ripeness, and 
especially for measures that relate well with 
taste acceptance (Lim and Romani, 1964; 
Romani et al., 1962). Volatiles offer consid
erable promise in this regard, on the assump
tion that they contribute to the aroma and 
taste of either fresh or processed fruit.

Early attempts at utilizing volatiles as in
dices to maturity or ripeness were thwarted 
by the lack of sensitive analytical techniques 
(Gerhardt, 1954). With the advent of gas 
chromatography (GC ), emphasis was placed 
on the analysis of extracted pear essence 
(Jennings et al., 1964). This work has re
sulted in the identification of many volatile 
fractions as well as an evaluation of their 
contribution to aroma (Heinz ct al., 1964). 
Esters of trails :2-cis :2-decadienoate have 
been found to lie especially important con
tributors to pear aroma (Jennings ct al.,
1964), and the parent compound has been J  
shown to lie readily extractable from pears ^ 
and potentially useful as a fruit maturity □  
index (Heinz ct al., 1965). ^

However, a maturity index is generally 2 
most functional if it is non-destructive and 
allows for repetitive monitoring of fruit as 
they ripen or respond to some imposed con
dition. Direct GC sampling of volatiles meets 
this requirement. Using direct sampling 
techniques, Lim and Romani (1964) demon
strated that degree of maturity at time of 
harvest will greatly influence the subsequent 
production of volatiles by ripening peaches.
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In this present study, direct sampling meth
ods have been used to characterize emana
tions from normal ripening pears as well 
as from pears that have been previously 
irradiated.

MATERIALS AND METHODS

Mature pre-climacteric Bartlett pears (Pyrus 
communis, L.) were obtained from local orchards 
at the time of commercial harvest. These were 
placed in cold storage (32°F) for several weeks 
until used, accounting for the immediate onset of 
the climacteric when placed at 20°C (Fig. 3).

Detailed experimental methods have been de
scribed elsewhere (Lim, 1963; Lim and Romani, 
1964). Duplicate batches of approximately 1.5 kg 
of fruit were placed in gallon jars and thereafter 
kept at 20°C. A measured continuous flow of water- 
saturated air was passed through the jars. Fruit 
respiration (CCL evolution) was determined by the 
method of Claypool and Keefer (1942). At daily 
intervals the jars were sealed for 30 min, and then 
5-ml samples of air were removed with a syringe 
and injected into a Loenco gas chromatograph 
equipped with a flame ionization detector. Gas 
chromatographic conditions were as follows: 

Column; 8% diethylene glycol succinate (DECS) 
on acid-washed chromosorb 1’ (30/60-mesh) 

Column size: % inch x  10 feet 
Oven temperature: 95 ±  2°C

RFTFNTION TIME (m in)

Fig. 1. Schematically presented gas chromatographic traces of volatiles emanating from pearsripened for 10 days at 20° with (----- ) and without(--------) prior irradiation. Each fraction is numbered sequentially as eluted through the gas chromatographic column.
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Injector temperature: 150°C
Recorder: 1-millivolt full-scale Minneapolis 

Honeywell
Chart speed: J4 inch/min
Carrier gas and flow ra te : Nitrogen at 12.5

ml/min.
Hydrogen gas flow ra te : 20 ml/min
Air flow rate: 30 ml/min
Quantitative estimates of the volatile components 

were made by a method of approximating triangles 
(Pecsok, 1959) and expressed in square centimeters 
of chromatographic peak area per kilogram fruit. 
Ethylene was identified by absorption in mercuric 
perchlorate as described by Young ct nl. ( 1952). 
Other volatiles were tentatively identified by co
chromatography with known standards.

RESULTS AND DISCUSSION
GC traces of volatiles from normal ripe 

pears and pears treated with a large dose of 
gamma radiation are shown in Fig. 1. Fol
lowing the elution of ethylene each peak is 
numbered sequentially according to elution 
time. The known inhibition of pear ripening 
by ionizing radiation (Maxie and Nelson,
1959) is well reflected in the suppressed 
production of volatiles. Direct GC analysis 
of the volatiles suggests itself as a plausible 
method with which to assess the influence of 
radiation, or other treatments, on the devel
opment of aroma and. indirectly, on fruit 
quality.

Fig. 2 shows production rates of several 
low-boiling volatile fractions by ripening 
Bartlett pears. Table 1 gives tentative iden
tification of each volatile fraction by co
chrom atography with known standards. 
These data have been substantiated in more 
extensive studies by Jennings and Sevenants
(1964). Beginning on the second day, vol
atile fractions 1, 2, 3, and 4 increase in their

Table 1. Tentative identification of volatiles emanated by ripening Bartlett pears.
F r a c t io n  (p e a k )  

no .
R e te n t io n  tim e

C o m p o u n dsec m in
G H i 2 4 3 ethylene

1 4 1 acetaldehyde
2 4 3 6 methyl acetate
3 5 2 4 ethyl acetate
4 7 12 propyl acetate
5 10 4 0 butyl acetate
6 18 2 amyl acetate
7 31 6 hexyl acetate

Fig. 2. Emanation of volatile fractions from ripening Bartlett pears. Each fraction is numbered sequentially as eluted through the gas chromatographic column as shown in Fig. 1.

rates of production throughout the ripening 
period. Fractions 5, 6, and 7, on the other 
hand, increase for the first 3-4 days but grad
ually decline thereafter. Divergencies in the 
pattern of volatile production have also been 
observed with ripening peaches (Lim and 
Romani, 1964 1 and ripening apples (Brown 
ct al., 1966).

Fig. 3 compares the total production of 
volatiles (less ethylene) with the climacteric 
respiration sequence and ethylene production 
by the ripening pears. The maximum pro
duction rates of volatile fractions 5, 6, and 7 
(Fig. 2) is coincident with the maximum 
ethylene production in the general region of 
the climacteric respiratory peak. Flowever, 
because of the pronounced and sustained in
crease in the rate of production of fraction 3, 
total volatiles evolved continue to increase 
with time and ripening to a point when the 
fruit is yellow, soft, and overripe.

Total volatile production, as such, may ob
viously be misleading as a quality index. 
What is required at this point, beyond the 
obvious desirability of increased instrumental 
sensitivity, is a correlation of the volatile
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Fig. 3. Total volatiles, carbon dioxide, and ethylene produced by Bartlett pears during their climacteric sequence.
fractions with tangible quality attributes 
along the lines initiated by Heinz et al. 
(1964). With such correlations established, 
direct sampling GC could well facilitate the 
non-destructive monitoring and selection of 
those stages of ripeness most desirable for 
the processing or marketing of specific lots 
or varieties of fruit.
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The Thermal Degradation o f  Sugars
I. Thermal Polymerization of Glucose

SUM M ARY
T h is p ap er  d escr ib es sep aratio n  and  id e n ti

fica tio n  o f  o lig o sa cch a r id es  in  caram el m ad e by  
h ea tin g  g lu co se  at 1 5 0 °C  w ith ou t a cata lyst. 
K o jib io se , so p h o ro se , n ig er o se , la m in a r ib io se , 
m a lto se , ce llo b io se , iso m a lto se , g en tio b io se , and  
1 ,6 -a n h y d ro g lu cose  w ere iso la ted , and  id en tified  
as th e ir  cry sta llin e  /3-acetates fr o m  th e  pyro- 
ly sa te  o f  g lu co se . T reh a lo se , iso m a lto tr io se , 
a n d  p a n o se  w ere ten ta tively  id e n tified  bv p ap er  
ch rom a to gra p h y  and  p ap er io n o p h o res is .

INTRODUCTION
One of the oldest problems of food manu

facture is the thermal degradation of sugars 
during processing at elevated temperature. 
While the caramelization of sugars by heat
ing is well known, previous investigations of 
caramel have dealt almost exclusively with 
browning of sugars (Zerban, 1947; Wata- 
nabe and Hase, 1956) , and little attention 
has been paid to thermal polymerization of 
sugars.

This investigation is concerned with the 
composition of oligosaccharides in caramel 
made by heating glucose without a catalyst. 
Pictet and Castan (1920) reported that 
a-D-glucose readily loses one mole of water at 150°C, yielding a-glucosan ( 1,2-anhyclro- 
glucose ). Those workers, and later Cramer 
and Cox (1922 ), produced evidence in sup
port of a-l,2-anhydroglucose structure for 
this material. However, Hurd and Edwards 
(1949) reported that the thermal dehydra
tion of a- and /3-glucose predominantly gave 
materials of higher molecular weight, and no 
evidence was found for the formation of an 
a-glucosan. O ’Colla and Lee (1956) and 
Mora and Wood (1958) reported that a-D- 
glucose is transformed to high-molecular 
polymer by heating over 100°C in the pres
ence of a catalyst, cation-exchange resin or 
phosphorus acid (H3PO3). O ’Colla et al. 
(1962) recently reported that nigerose, lami- 
naribose, cellobiose, isomaltose, gentiobiose, 
and 1,5-linked disaccharide were isolated

a Present address: Research laboratory, Asahi Electro Chem. Co. Ltd., Arakawa, Tokyo.

from the polymerization product made by 
heating glucose with resin-catalyst at 130°C.

EXPERIM ENTAL
Pyrolysis of glucose and ether extraction.

Dried glucose (TOO g) was heated in a retort 
connected with suction at 150°C until it softened 
to a brown semi-liquid (2.5 hr). The pyrolysate 
was dissolved in 200 ml of water and then extracted 
with ether for 24 hr to remove the ether-soluble 
substances.

Fractionation of oligosaccharides by carbon 
column chromatography. The pyrolysate solution, 
after ether extraction, was adjusted to pH 6.8 by 
the addition of sodium carbonate solution, and the 
neutralized solution was then placed on a carbon- 
Celite column (1 :1 w /w ; 12.5 X 50 cm) (Whistler 
and BeMiller, 1962). After standing overnight the 
column was eluted successively with water and 
dilute ethanol (2.5-30%) as shown in Table 1. 
The change of ethanol concentration was made 
when the effluent reacted negatively to Molisch’s 
reagent (Dische, 1962). The effluent was collected 
in 5-L fractions which were concentrated to 5 ml 
under reduced pressure. The sugar components of 
each fraction were examined by paper chromatog
raphy and paper ionophoresis. From the results of 
chromatography, the effluent portions containing the 
same sugar component were combined, and classified 
as fractions I through X (Table 1). The a-linked 
sugars emerged before the /3-linked sugars, and the 
order within the former group was 1,6- and 1,2— 
linked sugars before 1,4- and 1,3-, and in the latter 
group, 1,6-, 1,2-, 1,4-, 1,3- as reported by Aso and 
Shibasaki (1955).

Paper chromatography and paper ionophoresis.
The sugar components of each fraction were tenta
tively identified by paper chromatography irrigated 
in a solvent, pyridine-n-butanol-water (4:6:3 v /v). 
The chromatograms were developed with aniline 
hydrogen phthalate for reducing sugars, and am- 
moniacal silver nitrate for reducing and non-reduc
ing sugars.

Paper ionophoresis was carried out by the method 
of Aso and Hamada (1955). Borate buffer solution 
consisted of 0.05.V borax and 0.LY sodium hydrox
ide adjusted to pH 9.8. This ionophoresis was oper
ated with constant voltage (600 VDC) and currents 
(15-25 mAmp), requiring about 3 hr. The acidic 
aniline hydrogen phthalate was used chiefly as 
spraying reagent, and the ionophoretogram was de
veloped by heating for 10 min at 120-130°C. The

[ 5 6 1  ]
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Table. 1. Fractionation of the sugars by carbon column chromatography.

F  r a c t io n
N u m b e r  o f  

e lu a te  
f r a c t i o n

V o lu m e  o f  
e lu a te  
( l i t e r s ) S o lv e n t

S u g a r
c o m p o n e n t

Y ie ld
(K )

I l 5 Water No sugar 0
2-4 15 Water Glu 8.0
5 5 Water Glu, Levoglu Ì 21i i 6-10 25 Water Levoglu

i n 19-25 35 2.5% EtOH Treha, Isomal, Koji 2.9
IV 26-27 10 5% EtOH Mai, Niger 1.3
V 28-30 15 5% EtOH Mai, Niger, Gentio 2.9
VI 31-34 20 5% EtOH Gentio, Sopho, Cello 1.4
VII 35 5 5% EtOH Cello 0.2

36-39 20 7.5% EtOH Cello, Isomaltotriose 1.1
V ili 40-41 10 10%,EtOH Lami, Isomaltotriose 0.5

42-44 15 10%EtOH Lami, Isomaltotriose, Oligo 1.3
IX 45-50 30 10% EtOH Isomaltotriose, Panose, Oligo 2.5
X 51-54 20 15%; EtOH Oligo

55-56 30 30% EtOH Oligo
Abbreviations '. Glu =  glucose, Levoglu =  levoglucosan, Isomal — isomaltose, Koji =  kojibiose, Trcha =  trehalose, Mai =  maltose, Niger —- nigerose, Gentio =  gentiobiose, Soplio =  sophorose, Cello =  cellobiose, Oligo =  higher oligosaccharides.

ammoniacal silver nitrate was used in cases of 
levoglucosan and trehalose. The R, values of paper 
chromatography and the Mo values of ionophoresis 
are shown in Table 2.

Quantitative analysis of disaccharides. The
amount of disaccharides in each fraction was deter
mined according to the method of Dimler cl al. 
(1952), in conjunction with paper chromatography. 
The areas corresponding to those on chromatogram 
were eluted with water, and determined approxi
mately by Anthrone method. The summation of 
those sugars is shown in Table 3

Acetylation of oligosaccharides and identifica

tion. Acetylation was accomplished by heating 
sugar fraction and anhydrous sodium acetate with 
acetic anhydride ( Wolfrom and Thompson, 1963), 
and the acetates thus obtained were identified by 
mixed melting point with authentic compounds. 
Infrared spectra of the acetates were determined 
on KBr disc, on a Shimadzu infrared photometer 
IR-27C.

Further separation by Magnesol-Celite column.
The procedure followed that of Thompson ct ah 
(1954). For fraction III, the mother liquor from 
the crystallization of /3-isomaltose octaacetate was 
concentrated to a sirup. This sirup was dissolved

Table 2. R, and .1/1; values of the sugars found in glucose caramel, and tabulation of the order of their emergence from carbon column.
C o m m o n  n a m e L in k a g e Rr Mr,
Glucose 0 .7 5 1.00
Levoglucosan 0.88 - 0 . 1 0
Trehalose u - 0 .5 6 0.10
Isomaltose 1, 6 - a 0 .4 8 0 .6 7
Koj ibiose 1, 2 - a 0 .5 6 0 .3 0
Maltose 1 ,4 - a 0 .6 0 0 .3 0
Nigerose 1 ,3 - a 0 .6 5 0 .6 7
Gentiobiose 1 .6 -/3 0 .4 8 0 .6 7Sophorose U -ß 0 .6 0 0 .3 0Cellobiose 1,4-6 0 .5 6 0 .2 7Laminaribiose U -ß 0 .7 0 0 .6 5Isomaltotriose 1, 6 - a - 1 ,6 - a 0 .2 7 0 .5 5Panose 1, 6 - a - l , 4 - a 0 .4 0 0 .2 3

Rr values were determined by four times multiple paper chromatography irrigated in a solvent system of pyridine-w-butanol-water (4:6:3 v /v).Mo values were determined as the ratio of the distances traveled by sugar and glucose from 2,3,4,6-tetramethylglucose.* Levoglucosan was traveled to the cathode side in paper ionophoresis.
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in 20 ml of benzene, and the mixture was placed 
on a column (30 X 4 cm) of Magnesol-Celite 
(5 :1 w/w) and chromatographed with 1 L of 
benzene-f-butanol (100:1 v/v) as a developer. The 
column was extruded from a tube and streaked 
with indicator (1% potassium permanganate in 
10(4 sodium hydroxide) to locate the zones.

Sugar components of fractions I  through X. 
fraction I. Analysis by paper chromatography indi
cated the presence of glucose, and 8 g of glucose 
was recovered.

Fraction II. Paper chromatogram showed the 
presence of levoglucosan and a trace of glucose. 
Amorphous white powder (2.1 g) was acetylated 
by the ordinary method described above. Crystal
lization from ethanol gave 1.3 g of levoglucosan 
triacetate, tnp 110°C.

Fraction III. Chromatogram analysis indicated 
the mixture of isomaltose, kojibiose and a trace of 
trehalose. The presence of trehalose in this frac
tion was confirmed by paper ionophoresis. Acetyla
tion gave 2.5 g of white amorphous powder; 
/3-isomaltose octaacetate (1.3 g) was crystallized 
directly from ethanol, tnp 144-145°C. After separa
tion of isomaltose acetate, the mother liquid was 
e v ap o ra ted  to a sirup which was rechromato
graphed with Magnesol-Celite column. The zone 
appeared in the upper part of the column, 5-12 cm 
from the top. This zone was sectioned and eluted 
with acetone. The acetone eluate was evaporated 
to a sirup and crystallized from ethanol, and 0.2 g 
of isomaltose was obtained as crystalline /3-acetate. 
The effluent from the column left 0.2 g of sirup 
on removal of the solvent. The sirup was crystal
lized slowly from ethanol at 25 °C, and gave 20 mg 
of /3-kojibiose octaacetate, mp 118°C.

Fraction II'. White amorphous powder (1.3 g) 
containing nigerose and maltose was obtained from 
fraction IV. After acetylation, the acetate was 
treated by the same procedure using Magnesol- 
Celite column as above. The zone appeared in 
the upper part of the column, 3-11 cm from the 
top. Elution with acetone and removal of the sol
vent left 0.9 g of sirup. /3-Nigerose octaacetate 
(60 mg) was obtained upon crystallization from 
ethanol, nip 149-150°C. The effluent from the col
umn left 0.2 g of sirup on removal of the solvent. 
The sirup gave 60 mg of /3-maltose octaacetate 
upon crystallization from ethanol. Recrystallized 
product showed an mp of 158-159°C.

Fruction V. Fraction V, 2.9 g amorphous pow
der containing gentiobiose, nigerose, and maltose, 
was acylated and crystallized from ethanol to give 
0.9 g of (3-gentiobiose octaacetate, mp 193°C. After 
separation of gentiobiose, 1 g of crystalline sub
stance was recovered as the mixture of their 
acetates from the mother liquor.
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Fraction VI. White amorphous powder (1.4 g) 
containing sophorose and gentiobiose was obtained 
from fraction VI. These disaccharides were sepa
rated by thick-paper chromatography. The sample 
was dissolved in 5 ml of 20% ethanol, and 1 ml 
was spotted on each paper (Toyo filter paper 
No. 527, 40 X 40 cm, 0.7 mm thick) and irrigated 
in the same solvent as above. The areas corre
sponding to those of sophorose and gentiobiose on 
the chromatogram were eluted with water. An 
amorphous powder (0.3 g) of sophorose was col
lected from the eluate, acylated, and crystallized 
from ethanol, giving 50 mg of (¡-sophorose octa- 
acetate, mp 189-190°C. Gentiobiose acetate ( 3.1 g) 
was obtained from this fraction by the same 
procedure.

Fraction VII. The fraction of cellobiose, treated 
by the same procedure, upon thick-paper chroma
tography gave 0.3 g of /3-cellobiose octaacetate on 
acetylation. Recrystallized product from ethanol 
showed an mp of 193-194°C.

Fraction VIII. White amorphous powder (0.5 g) 
containing laminaribiose and isomaltotriose was 
acylated by the ordinary method, and gave 20 mg 
of (¡-laminaribiose octaacetate, mp 160°C. However, 
the separation of isomaltotriose acetate from the 
mother liquor could not be achieved.

Fraction IX . This fraction contained isomalto- 
triose, panose and a trace of higher oligosaccharides. 
Isomaltotriose and panose were separated by mul
tiple chromatography on thick paper. These tri
saccharides were tentatively identified by paper 
chromatography and paper ionophorcsis, although 
an attempt to obtain crystalline derivatives, acetate 
and benzoate, was unsuccessful.

Fraction X. This fraction was collected from 
15% ethanol and finally 30% ethanol eluate por
tions, yielding 32 g of sirup. The fraction consisted 
of the mixture of higher oligosaccharides, and the 
fractionation is still in progress.

RESULTS AND DISCUSSION
The results are summarized in Table 1. 

The sugar fractions obtained from glucose 
caramel are numbered I through X, in the 
order of the eluate from carbon column. Two 
monosaccharides, nine of the possible eleven 
pyranose disaccharides, and two trisaccha
rides have been found. Most of the sugars 
described herein were isolated as their crys
talline acetates, and identified by melting 
point, mixed melting point with authentic 
substance, paper ch ro m ato g rap h y , paper 
ionophoresis, and infrared sp ec tra . The 
acetylation condition employed herein leads 
to an equilibrium mixture in which the

/6-acetate predominates; in this work the 
a-acetate could not be isolated. Three ano- 
mers of trehalose, a,a-, a,¿8-, and P,(3-linkages, 
are known, and it is necessary to obtain them 
in crystalline form for identification of the 
structure. In this work, since isolation of 
trehalose could not be identified.

It has been known for many years that glu
cose undergoes condensation to form the oli
gosaccharide when treated with mineral acid 
or cation-exchange resin ; one was designated 
“reversion” (Thompson et al., 1954; Peat 
ct al., 1958; Anno et al.. 1959), the other 
“catalytic polymerization” (Mora and Wood, 
1958; O’Colla et al.. 1962). Hence it is of 
interest to compare the disaccharides of re
version product or catalytic polymerization 
product with the product obtained in this 
work (see Table 3). It can be seen that
1,6-linked sugars are formed predominantly 
in reversion, and 1,3- and 1,6-linked sugars 
are formed more readily than other linked 
sugars in catalytic polymerization or thermal 
polymerization. O ’Colla et al. (1962) did 
not find ko jib io se  (1,2-a) and maltose 
(1,4-a) in their catalytic polymerization, but 
did find a 1,5-linked disaccharide. Kojibiose 
and laminaribiose ( 1,3-/3) were found in re
version product (Peat et al,, 1958). the lat
ter in resin-catalyzed reversion (Anno ct al.,
1959). However, 1,3-linked sugars in re
version product were much less than those 
in catalytic or thermal polymerization, yield 
of 1,3-linked sugars 0.1% in reversion, over 
2% in this work.

The thermal polymerization mechanism 
cannot be declared definitely herein, but it 
is evident that the glucosidic hydroxyl group 
reacted with the alcoholic hydroxyl group of 
another glucose, the carbonium ion at the 
first carbon as in glucose reversion might 
react with any of hydroxyl group of another 
glucose molecule. However, the formation of 
trehalose indicates the probability of dehy
dration in each glucosidic hydroxyl group. 
Levoglucosan was isolated, and the formation 
of this substance is predictable. Wolfrom 
et al. (1959) reported that levoglucosan is 
capable of polymerization when heated at 
235-240°C, and some of the disaccharides 
were separated from the acid hydrolysate of 
this polymer.
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Table 4. Composition of the sugar fraction in glucose caramel.

Saccharide Recovery ( A ) a
(9b)

Separated amount (B) (i?)
Calcd. amount (C) C = B / A  X 100 (ff)

Mono- 100 10.1 10.1
Di- 80 10.7 13.7
Tri- 60 4.3 7.3
Higher oligo- 50 32.0 64.0

■ Aso ct a!. (1960).
Table 4 shows the amounts of oligosaccha

rides formed by the pyrolysis of glucose. 
These amounts were estimated approxi
mately according to the rates of sugar recov
ery by carbon column chromatography (Aso 
ct a!., 1960).

The fractionation of higher oligosaccha
rides could not be achieved, because of diffi
culty in chromatographic separation of this 
fraction. However, it is hoped that the work 
still in progress will determine at least some 
of these.
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Idenfification of Components in the Stale Flavor 
Fraction of Sterilized Concentrated Milk

SUM M ARY
T h e m ore v o la tile  co m p o n en ts  o f  th e sta le  

flavor fraction  o f  s ter ilized  con cen tra ted  m ilk  
(SC M ) w ere stu d ied  by a n itro gen -p u rge on- 
co lu m n  trap p in g  tech n iq u e . H ig h er-b o ilin g  
co m p o n en ts  w ere iso lated  by so lv en t ex traction  
o f  th e  fa t from  ly o p h iliz ed  SCM , fo llo w ed  by  
low -pressure red u ced -tem p eratu re steam  d istil
la tion  o f  th e  ex tracted  fa t. C om p on en ts  in  the  
resu ltin g  flavor ex tract w ere id en tified  by gas  
ch rom a to gra p h y  and m ass spectrom etry .

T h e fo llo w in g  co m p ou n d s w ere id en tified  in  
th e  ex tract from  stale  SCM: 2 -h ep ta n o n e , 2-
n o n a n o n e , 2 -tr id ecan o n e, b en za ld eh y d e , a ceto 
p h en o n e , n a p h th a len e , a d ich lo ro b en zen e , 5- 
d eca lacto n e , b en zo th ia zo le  and  o-am in oaceto - 
p h en o n e . O f th ese co m p o u n d s, o n ly  th e  
d ich lo ro b en zen c  and 2 -h ep ta n o n e  w ere id e n ti
fied  in  th e  ex tract fr o m  th e co n tro l SCM.

INTRODUCTION
Development of a stale flavor upon stor

age is the major obstacle to successful com
mercial utilization of sterilized concentrated 
milk (SCM ). The stale flavor develops 
within 2-3 months of storage at 70°F. Patel 
ct al. (1962) have referred to the defect as 
an ‘‘old rubber flavor."

The volatile flavor components of SCM 
have been studied to a limited extent (Patel 
ct al., 1962; Bingam, 1964), but the com
pounds responsible for the stale flavor defect 
as it occurs in this product have not been 
identified. The purpose of this work was to 
identify these compounds to better under
stand the staling phenomenon.

LITERATURE REVIEW
Whitney and Tracy (1950) initiated the study

of stale flavor with the discovery that the stale 
flavor components of dry whole milk could be 
partitioned into the fat phase by solvent extraction 
of the fat. It was further discovered that the stale 
flavor components could be steam-distilled from 
the extracted fat (Whitney ct al., 1950). The stale 
flavor components were not identified, however.

“ Present address : International Flavors and Fragrances. Inc., 521 West 57th Street, New York, New York 10019.

Numerous studies have been reported relating to 
identification of the flavor volatiles of stored milk 
products, particularly dried milk products. The 
various flavor compounds identified in these prod
ucts are summarized in Table 1.

Kurtz (1965) made an important observation 
related to the nature of stale flavor components. 
In attempting to recover the volatile components 
from foam-dried milk powder by short-path migra
tion at one-micron pressure to a cold finger, he 
found that powders exhibiting an oxidized flavor 
could be improved by this treatment, whereas stale 
powders were not improved. This observation sug
gests that the compounds responsible for the stale 
flavor defect are of low volatility, or are in some 
manner tightly bound by the milk powder.

EXPERIMENTAL METHODS
Commercially processed samples of SCM were 

obtained. A portion of each sample was stored at 
21 °C to hasten the development of stale flavor. 
Control samples were stored at 1°C.

That there was a significant difference between 
the stale and control samples was determined by 
subjecting the samples to evaluation by a trained 
flavor panel. The panel and score card used were 
similar to those described by Sather ct al. (1965). 
The stale and control samples, along with a sample 
of fresh whole milk, were scored by the panel on 
three different occasions.

The nitrogen-purge on-column trapping tech
nique described by Morgan and Day (1965) was 
used to compare the more volatile components of 
the stale and control samples. The equipment and 
operating parameters used were identical to those 
described by those authors. The volatile com
ponents from 6 ml samples of both fresh and stale 
SCM were analyzed by this technique.

The success of Whitney and Tracy ( 1950) in 
fractionating the stale flavor components of dry 
whole milk into the fat phase by extraction of the 
fat with organic solvents, and of Parks ct al, 
(1964) in isolating o-aminoacetophenone from non
fat dry milk by solvent extraction, suggested that 
this was the most suitable method for isolation of 
the less-volatile compounds. It was determined 
that stale SCM could he lyophilized prior to sol
vent extraction without loss of the stale flavor 
components. Hydration of the lyophilized SCM 
to the concentration of whole milk yielded a prod
uct possessing the same characteristic stale flavor

[ 566 ]
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Table 1. Volatile flavor compounds of stored milk products as reported in the literature.

A u t h o r P r o d u c t C o m p o u n d s  id e n t i f ie d
Bassette, 1958 Instant Nonfat 

Dry Milk
«-aldehydes : Ci,C2,G,G,C8,Cio,G2,Ci4 
«-methyl ketones : C3,G,G 
furfuraldéhyde, 2-methyl heptanal

Parks and Patton, 
1961

Dry Whole Milk «-aldehydes : G-C3,G-G,C(i,Go,G2 
»-methyl ketones : G,C4,G,Gi,Ci5 
furfuraldéhyde, benzaldehyde

Nawar et al., 1963 Dry Whole Milk »-aldehydes : G -G ,G  
»-methyl ketones : Cs,G

Muck et al, 1963 Aged Evaporated 
Milk

»-methyl ketones : G,G,Cs>,Cu,G3 
»-fatty acids: C6,Cs,Cio,G2,Ci4,Cio 
(5-decalactone, 5-dodecalactone, 
Y-dodecalactone

Parks et al., 1964 Nonfat Dry Milk <?-aminoacetophenone
Patel et al., 1962 SCM ethanal, dimethyl sulfide, acetone, 

2-pentanone, pentyl acetate “
Bingam, 1964 SCM ethanal, propanal, pentanal, acetone, 

2-hexanone, 2-heptanone, dimethyl 
sulfide

* Pentyl acetate shown by Bingam to be artifact from antifoam.
as the original stale SCM diluted to the concen
tration of whole milk.

Various solvent extraction techniques were at
tempted. The procedure finally adopted was simi
lar to that of Parks et al. (1964). One-hundred- 
gram quantities of the lyophilized SCM were added 
to 400 ml of hexane (high-purity-grade, Phillips 
Petroleum Co.; treated for removal of carbonyls 
by method of Hornstein and Crowe (1962) and 
subsequently redistilled) in a Waring blender and 
mixed for 5 min, whereupon 10 ml of distilled 
water was added, and blending continued for an
other 5 min. The resulting mixture was then 
placed in the extraction thimble of a large Soxhlet 
extractor, and extracted for 4 hr. The extraction 
thimble was of sufficient capacity to hold 800 g of 
the lyophilized powder. Three 800-g batches of 
both stale and control SCM were extracted in this 
manner. The bulk of the solvent was evaporated 
in the Soxhlet apparatus after removal of the 
sample. The three extracts were then pooled, and 
the remaining hexane evaporated on a rotary 
evaporator.

The extracted fat was subjected to a reduced- 
pressure (2-3 mm Hg) re d u c e d - te m p e ra tu re  
(40°C) steam distillation. The distillate was col
lected in liquid-nitrogen-cooled Dewar-type traps, 
and subsequently extracted with ethyl chloride 
(U.S.P.-grade; Matheson Company). The ethyl 
chloride extract was dried overnight with sodium 
sulfate, and the ethyl chloride then evaporated.

The resulting flavor extracts were studied by 
gas chromatography and mass spectrometry. 
A Barber-Colman Series 5000 temperature- 
programming gas chromatograph with a hydrogen

flame detector was used for the GLC work. A 
12-ft X )i-inch-OD stainless-steel GLC column 
packed with 3.8 g of 20% Apiezon M on 80-100- 
mesh Celite 545 was used for the initial GLC 
separation of components. A temperature program 
of 50°C per minute from 100°C (5-min hold) to 
200'C  was selected as optimum for chromatograph
ing the flavor extracts. It was found that certain 
peaks, which appeared to be the result of fatty 
acids in the flavor extract, were overshadowing 
other components of the extract. Consequently a 
2-ft X ks-inch-OD stainless-steel GLC column 
was packed with 0.6 g of 20% Apiezon M on 
80-100-mesh Celite 545 which had been impreg
nated with 5% sodium hydroxide by weight. When 
inserted in front of the regular GLC column, this 
base-treated pre-column successfully removed fatty 
acids from the flavor mixture, allowing the reso
lution of components previously hidden by the 
fatty acid peaks.

Mass spectra were obtained on an Atlas-MAT 
CH-4 Nier-type mass spectrometer (a 9-inch 60- 
degree-sector single-focusing instrument). The op
erating parameters of the mass spectrometer w ere:

Filament current 60 g-amps
Electron energy 35 eV
Analyzer pressure 2 X 10̂ Tm m Hg
Scanning speed 5 seconds to scan m/e 25

to m/e 250
Accelerating voltage 3000 V 
Multiplier voltage 1.85 KV

The mass spectrometer was equipped with a Hon
eywell 1508 Visicorder, enabling the recording of 
rapid-scan mass spectra of the GLC effluent.
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Some of the earlier eluting components of the 
Apiezon chromatogram were identified from the 
mass spectral patterns obtained from the Apiezon 
column effluent. It became apparent that some 
means of improving separation of the later-eluting 
components and of increasing their concentration 
was needed. These requirements were satisfied by 
the development of a technique for trapping the 
Gl.C effluent. Components eluting from the Apie
zon column, which appeared to be of significance 
because of their odor properties, were collected 
from several successive Apiezon chromatograms in 
l/C-ft X Vs-inch-OD stainless-steel GLC columns 
packed with 20% Apiezon M on 80-100-mesh 
Celite 545. The collection traps were immersed in 
methyl cellosolve-dry ice, and were sealed with 
Swagelok caps between collections. The compo
nents in two regions of the Apiezon chromatogram 
were collected in separate traps from six successive 
chromatograms.

The components collected in this manner were 
subsequently rechromatographed by inserting the 
collection traps in front of a 12-ft X /x-inch-OD 
stainless-steel GLC column packed with 3.8 g of 
20%, Carbowax 20M on 80-100-mesh Celite 545. 
The repeated trapping technique was effective in 
building up the concentration of components in the 
absence of any solvent, and rechromatographing on 
the polar GLC column greatly improved separation 
of the components for mass spectral analysis.

R E S U L T S  A N D  D ISC U SSIO N
Flavor-panel evaluations are shown in Ta

ble 2. Analysis of variance of the data indi
cated a significant difference between sam
ples at the 1% level of significance, for both 
total score and stale-flavor criticism. Cal
culation of the least-significant difference

Table 2. Average scores for each criticism and average total scores of milk samples evaluated by trained panel.“
F r e s h  w h o le  C o n tr o l  s t e r i l e  S t a l e  s te r i le  

m ilk  c o n c e n t r a te  c o n c e n t r a te
Criticism

Astringent 10.0 9.70 8.87
Caramelized 10.0 9.73 7.90
Chalky 10.0 9.63 9.40
Cooked 9.20 8.33 8.33
Lactone 9.67 9.27 8.67
Scorched 9.80 9.30 7.70
Stale b 9.84 6.97 5.36

Total score c 8.24 5.86 3.20
* Score scale from 1, flavor-criticism intense,10, no criticism.b LSD (.01) == 1.30 (stale criticism).‘ LSD (.01) == 0.786 (total score).

(LSD) indicated that the stale SCM was 
significantly different from the control SCM 
at the 1% level for both total score and stale 
criticism. It was concluded that the stale and 
control samples were indeed different, and 
that a comparison of the flavor components 
of these two samples would give some indi
cation of the compounds contributing to the 
development of a stale flavor.

Fig. 1 compares the more volatile compo
nents of the stale and control SCM as de
termined by the nitrogen-purge on-column 
trapping technique. It can be seen that there 
is little difference between the composition 
of the more volatile components of the stale 
and control SCM. This finding supports the 
hypothesis that the compounds contributing 
to the stale flavor defect are relatively 
nonvolatile.

Some of the more volatile components ap
pearing in the chromatograms in Fig. 1 
were tentatively identified on the basis of 
GLC retention times. These components are 
listed in Table 3. The largest peak in these 
chromatograms, peak 8, as well as peak 21, 
was present in a blank sample consisting of 
distilled water, sodium sulfate, and antifoam. 
It was concluded that these peaks came from 
the antifoam emulsion.

Fig. 2 shows chromatograms of the flavor 
extracts obtained by the solvent extraction 
technique from stale and control SCM. Peak 
5 of the fresh SCM ( Fig. 2A) and peak 7 
of the stale SCM (Fig. 2B) were identified 
as 2-heptanone by GLC and mass spec
trometry. These peaks are of comparable 
size in the flavor extracts from fresh and 
stale SCM, while a number of the later elut
ing peaks (peaks 18-34) appearing in the 
stale SCM are not present in the fresh SCM, 
or are considerably smaller in the fresh 
SCM. Since the two flavor extracts were 
obtained in an identical manner, these com
ponents appear to be of importance in the 
stale flavor defect.

The effluent from the Apiezon chromato
gram was collected from two different re
gions of the chromatogram, as indicated by 
Trap I and Trap II in Fig. 2B. Fewer than 
10 components appear to be present in the 
region of tire Apiezon chromatogram where 
Trap II was used. When the components



RE
CO

RD
ER

 
R

ES
PO

N
SE

ARNOLD, LIBBEY, AND DAY 569
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Fig. 1. Chromatograms of volatile headspace components of (A) fresh and (B) aged sterile concentrated milks; 1,2,3-tris-(2-cyanoethoxy) propane column, 80°C.

Table 3. Tentative identity of peaks shown in Fig. 1 (chromatogram of volatile headspace, 80°C, on 1,2,3-tris-(2-cyanoethoxy) propane column).

P e a k
n o .

R e la t iv e
r e te n t i o n

tim e
( to  a c e to n e )

T e n t a t iv e
id e n t i t y

R e la t iv e  
r e te n t i o n  
t im e  o f  
k n o w n

A g r e e m e n t  
in  5 0 °C  

c h r o m a to 
g r a m s

7 0.438 Acetaldehyde 0.443 +
8 0.549 From antifoam 0.552 +
9 0.755 Isobutyraldéhyde 0.748 +

o rethyl formate 0.770 —

10 0.950 Ethyl acetate 0.947 +
11 1.00 Acetone 1.00 +
12 1.10 Ethanol 1.12 ?
13 1.41 2-Butanone 1.43 +
14 1.59 Methyl butyrate 1.57 +
16 1.93 2-Pen tanone 1.92 +
17 2.10 Dimethyl disulfide 2.10 +
21 3.36 From antifoam 3.43 +
24 4.92 2-Heptanone 4.94 +
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Fig. 2. Chromatograms of flavor extracts from (A) fresh and (B) stale sterile concentrated milks; Apiezon column, temperature-programmed at 5°C/min from 100°C (5-min hold) to 200°C.

collected in Trap II were rechromatographed 
on the Carbowax 20M column (Fig. 3), 
26 components were resolved. This illus
trates the utility of the trapping and rechro
matographing technique in improving the 
resolution of components.

The components of Trap II were chro
matographed isothermallv at 200°C on the 
Carbowax 20M column in order to elute the 
slower-moving components, several of which 
possessed significant odors, as sufficiently 
sharp peaks to obtain usable mass spectra.

Consequently, several of the earlier eluting 
components of Trap II were not sufficiently 
separated to obtain good spectra. Tempera
ture programming of the Trap II compo
nents should achieve optimum separation of 
these components.

As an example of the identification of 
stale flavor components bv these techniques, 
Fig. 4 shows the background mass spectrum 
and the mass spectrum of peak 22 of the 
components from Trap II (Fig. 3). The 
m e 135 and m/e 108 peaks are increased

Fig. 3. Chromatogram of components trapped in trap II ; Carbowax 20M column, 200°C.
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Fig. 4. Background mass spectrum and mass spectrum of peak 22 of the components of Trap II (Fig. 3), and mass spectrum of known benzothiazole.

considerably in the spectrum of the un
known compound. The peaks at m/e 58, 73, 
and 88, the result of column bleed from the 
Car bo wax column, remain constant in both 
spectra. Similarly, the peaks at m/e 28, 32, 
40, and 44, respectively the results of carbon 
mo toxide and nitrogen, oxygen, argon, and 
carbon dioxide, remain constant. Peaks 
wh ch are increased to some extent are those 
at m/e 37, 38, 39, 45, 63, 69, and 82. The 
double-charged ion 135++, appearing as m/e
67.5, is new to the spectrum of the unknown. 
With this information the ASTM Index 
(Am. Soc. for Testing and Materials, 1963) 
was consulted. The most probable identity 
of the unknown compound appeared to be 
benzothiazole, which has a base and parent 
peak of m/e 135, with m/e 108 equal to 35/2

of the base peak. Good agreement was also 
shown for the other m/e peaks mentioned 
above. Hence, a sample of benzothiazole 
was obtained from a chemical supplier, and 
the retention time was determined under 
identical GLC conditions. The retention 
times agreed on both the Apiezon and Carbo- 
wax columns. A mass spectrum of the known 
compound was obtained, again showing 
agreement with that of the unknown. This 
mass spectrum is also shown in Fig. 4. The 
unknown peak was thus presumed identified 
as benzothiazole.

The compounds identified in this manner 
in the flavor extract from stale SCM are 
listed in Table 4. Only the dichlorobenzene 
and 2-heptanone were identified in the ex
tract from the control SCM.
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Table 4. Summary of compounds identified trated milk. in the flavor extract from stale steril concen-
R e te n t io n  
t im e  d a ta M a s s  s p e c t r a l  

id e n t i f ic a t io n
A g r e e m e n t  

o f  o d o rC o m p o u n d s A p ie z o n C a rb o w a x

2-FIeptanone + Positive +
2-Nonanone + + Positive +2-Undecanone + + Positive +
2-Tridecanone + + Positive
Benzaldehyde + Positive +
Acetophenone + + Tentative ?
Naphthalene + Positive ?
A dichlorobenzene + + Positive ?
5-Decalactone + + Positive +Benzothiazole + + Positive +
o-Aminoacetophenone + + Positive +

it is of interest to consider the significance has a characteristic “rubber” odor, which
of the compounds identified. The dichloro- might be the cause of the “old rubber flavor"
benzene is considered to be of no signifi- of stored SCM reported by Patel et al.
cance in the stale flavor defect, in that it (1962).
was identified in both the stale and control REFERENCES
samples. Its origin is unknown. The longer- 
chain methyl ketones, S-deca-lactone, benzal- 
dehyde, and o-aminoacetophenone, are likely 
of significance in the stale flavor defect. 
These compounds had previously been iden
tified in stored dried milk products. Their 
identification in stale SCM in this study 
further implicates them as important com
pounds in the stale flavor defect.

The significance of o-aminoacetophenone 
in the stale flavor defect was further deter
mined by including a sample of fresh sterile 
concentrate containing five ppb added o- 
aminoacetophenone in the flavor-panel stud
ies. The average stale-criticism score and 
average total scores of the samples were as 
follows :

F r e s h  S C M  +  
5 p p b  e -a m in o -

F r e s h  S C M S ta le  S C M a c e to p h e n o n e
Stale criticism 6.97 5.36 5.75
Total score 5.86 3.20 4.63
The scores received by the fresh SCM con
taining 5 ppb o-aminoacetophenone were 
similar to those of the stale SCM, particu
larly the stale-criticism score. These results 
indicate that o-aminoacetophenone is indeed 
an important compound in the stale flavor 
defect.

The significance of benzothiazole in SCM 
is currently being studied. This compound

Am. Soc. for Testing and Materials. 1963. Index 
of mass spectral data. (ASTM special tech
nical publication number 356).
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The Effect of Environmental Variables on the Processing of 
Sweetpotatoes into Flakes and on Some Properties

of Their Isolated Starches

SUM M ARY
F resh ly  harvested  u n cu red  sw eetp o ta to es w ere 

su c ce ssfu lly  p ro cessed  in to  p reco o k ed  d eh y 
drated  sw eetpota to  flak es by th e  con tro lled  
ad d itio n  o f  a m y lo ly tic  en zym es to  th e co o k ed  
p u ree  p rior to d ry in g . T h e  en zym e co n cen tra 
tion  req u ired  d ecreased  as th e h arvestin g  sea 
son  and  storage p er io d  p rogressed . R eaction  
tim e was n o t cr itica l w h en  th e  en zym e co n cen 
tration  was n o t ex cess iv e . T h e  p u ree  w as read 
ily  liq u e fie d  b y  co m m ercia l am ylases , but th e  
red u cin g  su g a r co n ten t o f  th e  flak es was n ot  
in creased .

T o d eterm in e w h eth er th ere  m ig h t be a cor
re la tion  b etw een  starch  p ro p erties  and  th e d e 
crea sin g  en zym e req u irem en t, th e  e ffects  o f  
p osth a rv est trea tm en ts o f  th e  sw eetp ota to  w ere 
stu d ied . T h e a m y lo se  co n ten t, p a stin g  p rop er
ties , and  su scep tib ility  to a m ylo ly s is  o f  th e  
iso la ted  starch w ere d eterm in ed . C uring w ith  
b oth  o p tim u m  and p ro lo n g ed  storage effected  
ch an ges in  th e  p astin g  p ro p erties  o f  th e iso 
la ted  starch es. H ow ever, n e ith er  th e  su scep ti
b ilitie s  o f  th e starch es to a m ylo ly s is  n o r  th e ir  
a m y lo se  co n ten ts  w ere a ffected . T im e o f  h ar
vest and  short-term  storage o f  th e  u n cu red  roots  
did n o t a lter any  o f  th e  starch  p ro p erties  in 
v estigated . T h e p ro cess in g  character istics o f  
th e sw eetp ota to  co u ld  n o t b e correlated  d irectly  
to th e  p rop erties o f  th e  iso la ted  starch es. I t  
was observed , h ow ever, th at a lth o u g h  th e starch  
fra c tio n  in  th e  co o k ed  p u ree  w as n o t sacch ari
fied  by th e  a m y lo ly tic  en zy m es u sed  in  p ro cess
in g , /3-am ylase was n o t in h ib ited  in  its action  
o n  th e iso la ted  starch es.

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

At present an acceptable precooked dehy
drated sweetpotato flake with excellent re
hydration properties can be produced from 
cured sweetpotatoes stored approximately 
three weeks or more after curing. Flakes 
produced from uncured or inadequately cured 
or stored sweetpotatoes, using the basic pro
cess described by Deobald et a!. (1962), 
have a thick, pasty consistency and a bland 
starchy taste when reconstituted. Process

modification which would permit the utiliza
tion of uncured sweetpotatoes would elimi
nate the regular curing step, permit process
ing of sweetpotatoes to begin immediately 
after harvest, and significantly broaden the 
range of raw product from which an ac
ceptable flake could be produced.

The present investigation consists of two 
phases. The first involved a study of the 
use of amylolytic enzymes during processing 
as a means of producing a flake with ac
ceptable rehydration properties from uncured 
sweetpotatoes. During these experiments it 
was demonstrated that the processing char
acteristics of the sweetpotato were altered by 
time of harvest, short-term storage of the 
uncured roots, curing, and prolonged storage 
of the cured roots. Tire second phase of the 
study consists of an investigation of the 
effect of these postharvest environmental 
variables on the nature of the isolated starch 
fraction. The starch properties investigated 
were amylose content, pasting properties, 
and susceptibility to amylolytic attack.

Schermerhorn and Hinz (1952) developed 
a method of treating sweetpotato puree with 
a diastatic enzyme in order to produce 
a commercially acceptable canned mashed 
product. Hoover (1965 ) has developed a 
technique for blending with untreated puree 
a puree whose starch has been hydrolyzed 
by an amylolytic enzyme, so as to obtain a 
puree from which an acceptable precooked 
dehydrated flake can be produced.

Carbohydrate transformations in the sweet
potato during curing and storage have been 
studied by a number of investigators ( Has- 
selbring and Hawkins, 1915 ; Culpepper and 
Magoon, 1926; Hopkins and Phillips, 1937; 
Sistrunk ct a!., 1954). Changes in the na
ture of the starch itself have also been stud
ied. Barham et al. (1944) investigated the 
effects of time of harvest and curing on 
granule size, granule size distribution, gela-

[ 574 ]
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tinization temperature, and the viscosity of 
starches isolated from five varieties of sweet- 
potatoes grown in Kansas, and concluded 
that curing lowered both the temperature of 
transition and peak viscosity. Barham and 
Wagoner (1946) studied the effect of time 
of cure over a period of 19 weeks on moisture 
content, granule diameter, and pasting prop
erties of the starches isolated from sweet- 
potatoes of the improved Big Stem Jersey 
variety. They found that the “rate of gela- 
tinization” varied directly with granule di
ameter and density. Hammett and Barren- 
tine ( 1961 ) studied the effect of curing on 
the amvlose contents of starch of the Allgold 
and Porto Rico varieties grown in Missis
sippi, and reported that both varieties de
creased in amylose during curing. Doremus 
et al. (1951) demonstrated that the amylose 
contents of the starch from 22 varieties of 
sweetpotatoes grown in Louisiana fell within 
the narrow range of 17.5-21.7%, the ma
jority of the varieties falling between 20.0 
and 21.7%. Hodge ct al. (1948) presented 
evidence that sweetpotato starch might con
tain molecules intermediate between amylose 
and the average amylopectin in extent of 
branching.

The Goldrush variety of sweetpotatoes 
was selected as the source of raw material 
since it is the principal variety from which 
precooked dehydrated sweetpotato flakes are 
produced. The process modification involved 
in the first phase of this study, named “en
zyme curing,” consists essentially of treating 
the whole puree with a commercial amylo- 
lytic enzyme to effect partial starch hydroly
sis prior to drying on a double-drum dryer. 
Four commercial amylase preparations were 
evaluated. The principal variables investi
gated were enzyme concentration and reac
tion time. The properties of the starch frac
tion isolated by a standardized procedure 
from sweetpotatoes harvested, cured, and 
stored for varying periods were amylose 
content, pasting properties, and susceptibility 
to amvlolytic attack. These investigations 
were undertaken to provide information upon 
which to base further variations in process
ing techniques and to explain observed dif
ferences in processing characteristics attrib
uted to curing and storage variables.

E X P E R IM E N T A L
Enzyme curing. The first phase of the study 

was conducted from August 28, 1962, through 
( Ictober 22, 1962. The Goldrush sweetpotatoes 
used were grown in the vicinity of St. Francis- 
ville, Louisiana. They were harvested and shipped 
to the Laboratory at weekly intervals from August 
27, 1962, to October IS, 1962. They were stored 
immediately at 60°F. The basic processing tech
nique used in the production of the flakes is that 
described by Deobald ct al. (1962). The enzymes 
were incorporated as part of the dilution water 
added to reduce the solids content of the puree to 
20%. The reaction temperatures used were those 
recommended as optimum by the respective sup
pliers of the commercial enzymes employed. The 
optimum enzyme concentration and reaction times 
required to produce an acceptable flake product 
from uncured sweetpotatoes were determined ex
perimentally in the pilot plant.

Four amylolytic enzyme preparations were evalu
ated. Mylase P, derived from the fungus Asper
gillus oryzae, was purchased from Wallerstein 
Company, Staten Island, New York. It had a 
diastatic power of 1300° Lintner and optimum 
activity between 125 and 135°F.

Rhozyme S is derived from the fungus Asper
gillus oryzae. It has a diastatic power of 340° 
Lintner and optimum activity between 121 and 
132°F. Rhozyme H39 is derived from a bacterial 
source and is heat-stable. It had a diastatic power 
of 1940' Lintner and optimum activity at 170°F. 
Rhozyme 33 had a diastatic power of 600° Lintner 
and optimum activity between 122 and 131°F. The 
latter three preparations were purchased from 
Rohm and Haas Company, Philadelphia, Pennsyl
vania. The diastatic powers were determined by 
the procedure described in the AOAC (1960).

The flakes were packaged in 211x300 metal 
cans in an atmosphere of nitrogen containing less 
than 2% oxygen. They were evaluated by an ex
perienced panel of 3-5 persons whose ratings on 
both flavor and consistency were restricted to 
either “acceptable" or “off."

Starch properties. The Goldrush sweetpotatoes 
used were grown in the vicinity of St. Francisville, 
Louisiana. They were harvested and shipped to 
the laboratory on the same day, arriving at weekly 
intervals from September 3, 1963, through October 
29, 1963. Three of the six 50-lb crates received 
were immediately stored at 60°F, and three were 
cured for 14 days at 90°F and 85-90% relative 
humidity, after which they were also stored at 
60 °F.

Starch was isolated from each shipment of the 
uncured sweetpotatoes (stored immediately at 
60°F) 1, 3, and 7 days after harvest, and from the



576 PROCESSING OF SWEETPOTATOES INTO FLAKES

cured sweetpotatoes 90 days after liarvest, when 
the roots had optimum processing characteristics, 
and again between March 25, 1964, and April 6, 
1964, when the sweetpotatoes began to show signs 
of deterioration. The technique used to isolate the 
starch is essentially that given by Doremus ct al. 
(1951). However, a “tabling” step was introduced 
between the initial screening out of the pulp and 
the five washings to remove the residual pigments. 
The "table" was a cypress trough 10 ft long, 3 
inches wide, and 2 inches deep inclined at about 
0°8', A distilled-water slurry of the starch was 
permitted to flow slowly down the table, allowing 
the starch granules to settle. This procedure was 
repeated three times by reslurrying the settled 
starch. Starch samples prepared in this way were 
free of color, contained less than 0.01% nitrogen 
as determined by the Kjeldahl method, and were 
shown to he 98.78 and 98.94% pure by methods of 
Balch (1941) and Clendenning (1945), respec
tively. Approximately 2 kg of peeled sweetpotatoes 
were utilized for each isolation during and imme
diately after the harvesting season. As much as 
4 kg were required for cured sweetpotatoes which 
had undergone prolonged storage, since the yield 
per kg of these sweetpotatoes was significantly 
lower.

The amylose contents of the starch samples were 
determined colorimetricallv by the method of Mc- 
Cready ct at. (1950) as modified hy Williams 
ct al. (1958). However, in order to permit the 
determination of optical density of the starch- 
iodine complex on the spectrophotometer, the vol
ume of the iodine reagent was reduced from 2 to 1 
ml, and the starch concentration from 5 to 1 mg. 
The standard curve was prepared hv mixing amy

lose and amylopectin in the following quantities: 
0.0, 1.0: 0.2, 0.8: 0.4. 0.6: 0.6, 0.4: 0.8. 0.2; and 
1.0, 0.0 mg. The amylose and amylopectin used to 
prepare the standard curve were obtained from a 
pooled sample of the isolated starches by the method 
of McCready and Hassid (1943).

The pasting properties of the starch samples were 
determined with the Brabendcr viscograph (C. W. 
Brabender, South Hackensack, Xew Jersey). The 
concentration of starch in the paste was set at 27 g 
(dry basis) in 450 ml distilled water to accommo
date the requirements of the instrument and to 
facilitate the determination of susceptibility to 
liquefaction by a-amylase. The viscograph was 
programmed so that the temperature of the starch 
slurry was elevated from 25 to 95°C at the rate of 
1.5° per minute, held at 95°C for 15 min, and then 
cooled at the same rate to 35°C and held there for 
15 min, after which the gelatinized slurry was used 
in determination of susceptibility to liquefaction 
hy a-amylase.

The a-amylase used in determination of relative 
susceptibility to liquefaction was purchased from 
Nutritional Biochemicals Corporation, Cleveland, 
Ohio. Its source was bacterial, and it had an ac
tivity of 1800° Lintner and 2500 SKB units per 
gram. The rate of decrease in viscosity when the 
gelatinized slurry was treated with 1 ml of a water 
solution containing 0.135 mg a-amylase (5 ppm with 
respect to the starch) was followed for 30 min at 
35°C. The results are expressed as percent of the 
original viscosity remaining after the incubation 
period (Fig. 1).

The susceptibilities to saccharification by ft- 
amylase were also determined. The /3-amylase 
used was purchased from Wallerstein Company,

Fig. 1. Typical Brabender curve illustrating origin of the pasting properties and measurement of susceptibility to a- amylase.

T IM E  IN M IN U T E S
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Staten Island, New York. It was isolated from 
barley and had an activity of 2000° Lintner. The 
starch samples were prepared by the following 
procedure. Five grams (dry basis) of the starch 
sample was suspended in approximately 100 ml of 
a phosphate-citrate buffer pH 6.1, heated with 
constant stirring to 80° C, cooled, and diluted to 
250 ml with the buffer. Five ml of a 1 mg/ml solu
tion of /3-amylase in deionized water was added to 
50 ml of the 2% starch substrate which had been 
preheated to 30° C—the temperature at which the 
incubation was carried out. Hydrolysis was per
mitted to proceed for 20 min and was stopped by 
the addition of 10 ml of 0.5Ar NaOH. The reacted 
sample was diluted to 100 ml with distilled water, 
and the reducing substances present were deter
mined by the Lane-Eynon general volumetric 
method (AOAC, 1960). Because of the extremely 
low concentration of reducing substances in the 
control samples, where the 10 ml of the 0.5N  NaOH 
was added prior to the /3-amylase, the following 
modification was made. A 10-ml portion of the 
sample was added to 10 ml of the Soxhlet reagent, 
and the titration was completed with the standard 
maltose hydrate solution. The difference between 
the mg maltose hydrate needed to reduce the 
Soxhlet reagent and that required to complete the 
titration represents the reducing substances present 
in the aliquot. In the determination of suscepti
bility to saccharification, the differences between 
the mg maltose hydrate in the reacted and control 
samples, multiplied by the dilution factor 10, rep
resent the total reducing substances formed by the 
action of /3-amylase.

RESULTS AND DISCUSSION
Enzyme curing. The extent to which the 

starch fraction is hydrolyzed during ‘‘enzyme 
curing” significantly affects both the drying 
characteristics of the treated puree and the 
consistency of the reconstituted flake. If the 
hydrolysis is permitted to proceed until all 
of the starch has been hydrolyzed to the dex
trin stage, the resulting puree is extremely 
fluid and difficult to dry. It tends to caramel
ize when subjected to the high temperatures 
of the drum surface, yielding a wet sticky 
sheet. The resulting flakes have an unac
ceptable fluid consistency when reconstituted. 
If, however, the starch fraction is not suffi
ciently hydrolyzed, the resulting flakes will 
be light colored and have a very low bulk 
density. When reconstituted, they have an 
unacceptable pasty consistency and a starchy 
taste. Fortunately, neither the drying char

acteristics of the puree nor the quality of the 
flake product are overly sensitive to the ex
tent of starch hydrolysis in the puree, and 
thus enzyme curing can be readily incorpo
rated into the existing processing technique.

The extent of hydrolysis of the starch 
fraction of the puree can be controlled by 
varying the enzyme concentration and/or 
reaction time when the whole puree is 
treated. When the amylase concentration 
was not excessive, however, the length of 
time the enzyme was permitted to act on the 
puree was not critical. A series of flake 
samples with acceptable rehydration proper
ties were produced using reaction times of 5 
to 90 minutes where Mvlase P was utilized 
at 50 ppm. These results are included in 
Table 1. The particular lot of sweetpotatoes 
used was harvested October 1, 1962, and had 
been stored 3 days at 60°F. Although all 
the enzyme-treated flakes in this series were 
acceptable, those produced from puree which 
had been incubated with the enzyme less than 
15 min had a slightly pasty consistency when 
reconstituted, whereas those whose incuba
tion period was in excess of 30 min tended 
to be slightly fluid. The best flakes were 
obtained when the reaction time was approxi
mately 20 min. Therefore, this holding time 
was used in evaluation of the other commer
cial enzyme p re p a ra tio n s  and in deter
mination of the effect of the environmental 
variables on the concentration of enzyme 
required to produce a flake with acceptable 
rehydration properties.

It was found that the concentration of the 
amylase with respect to sweetpotato (dry- 
weight basis) required to produce an ac
ceptable flake from uncured sweetpotatoes 
depended upon both time of harvest and the 
length of the storage period at 60°F after 
harvesting. In general, the range of the con
centration had to be decreased steadily as 
the harvesting season progressed, and, simul
taneously, the specific concentration required 
daily had to be decreased as the length of 
the storage period increased. The concentra
tions of Mylase P required throughout the 
harvesting season are presented in Table 2. 
The same trends held for all of the enzyme 
preparations evaluated. The diastatic powers 
( “Lintner) of the individual preparations
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Table 1. The effect of the specific enzyme employed, reaction time, and enzyme concentration on the taste and on the sugar content of precooked dehydrated sweetpotato flakes.

P u r e e  t r e a tm e n t c/o  s u g a r  a

T a s t eE n z y m e
E n z y m e

c o n c e n t r a t io n
( p p m ) a

R e a c t io n  
t im e  

(n i  n  ) N o n  r e d u c in g R e d u c in g

Control 0 0 14.6 17.3 off
Mylase P 50 5 15.3 17.4 acceptable
Mylase P 50 20 15.5 17.3 acceptable
Mylase P 50 30 15.9 16.8 acceptable
Mylase P 50 50 14.9 17.7 acceptable
Mylase P 50 70 15.8 17.4 acceptable
Mylase P 50 90 15.6 18.0 acceptable
Control 0 0 18.2 14.7 off
Mylase P 50 20 18.0 14.5 acceptable
Mylase P 75 20 18.1 14.5 acceptable
Mylase P 100 20 17.2 14.6 acceptable
Control 0 0 20.4 14.4 off
Mylase P 25 20 20.0 14.9 acceptable
Rhozyme S 100 20 20.5 14.2 acceptable
Rhozyme H39 7 20 20.8 14.7 acceptable
Rhozyme 33 80 20 20.5 14.6 acceptable

" Dry-solids basis.
were helpful in determining the equivalent 
concentrations required only when the en
zymes had been obtained from the same 
organism.

Of the four enzymes evaluated, Mvlase P 
or the equivalent concentration of Rhozyme 
S, both of which are obtained from the fungus 
Aspergillus orysae, were the most efficient 
with respect to ease of handling of the puree 
during processing. They effect liquefaction 
of the puree at a relatively rapid but con
trollable rate. The only apparent disadvan
tage is that the puree temperature must be 
lowered to 120-130°F since the enzymes are 
rapidly inactivated at higher temperatures.

Table 2. Relative concentrations of Mvlase P required to produce an acceptable precooked dehydrated sweetpotato flake from uncured sweetpo- tatoes.
Date

harvested
(1962)

Days stored at 60°F

1 5 3 7

Aug. 27 150a 150 125 75
Sept. 4 150 150 125 75
Sept. 10 125 125 100 60
Sept. 17 125 125 100 60
Sept. 24 100 100 75 40
Oct. 1 100 100 75 40
Oct. 8 75 75 50 25
Oct. 15 75 75 50 25

11 ppm based on the dry-solids content of the puree.

Rhozyme H39 has the advantage of elimi
nating the necessity for cooling the puree to 
130°F. However, liquefaction is so rapid 
and extensive that the puree is difficult to 
control during the drying step. This amylase 
must be used at a much lower concentration 
than would be indicated by its diastatic 
power relative to the amylases from Asper
gillus orysae.

Although an acceptable flake was produced 
from puree which had been treated with 
Rhozyme 33, some difficulty was encountered 
in the drying step during the early part of 
the harvest season. It had to be used at a 
higher concentration than was indicated by 
its diastatic power relative to the enzymes 
from Aspergillus oryzae.

Organoleptic evaluation was the only re
liable criterion for flake quality. Although 
an acceptable flake was produced using the 
enzyme curing technique, these flakes did 
not possess the same degree of sweetness as 
those made from naturally cured sweetpo- 
tatoes and lacked the typical sweetpotato 
flavor.

Table 1 shows the effects of the specific 
enzyme used, the relative concentrations of 
Mylase P, and the length of the reaction 
time on the reducing and nonreducing sugar 
content of sweetpotato flakes. Although both
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the reducing and nonreducing sugar content 
of the flakes varied with the particular lot of 
fresh sweetpotatoes from which they were 
produced, the reducing sugar content was 
not increased by “enzyme curing.” The 
purees, however, were rapidly liquefied by 
these treatments.

In order to attempt to account for both 
the observed decrease in enzyme require
ments as the harvest season and storage pe
riod progressed and to explain the contrast 
between the susceptibility of the sweetpotato 
puree to saccharification and liquefaction by 
the commercial enzyme preparations, the 
starch fraction of the sweetpotato was se
lected for the initial investigation into the 
factors influencing the processing of sweet- 
potatoes into flakes.

Starch properties. Amylose content. The 
quantities of amylose in each of the starch 
samples are compiled in Table 3. Since amy- 
lopectin is determined by difference, the 
amylose-amylopectin ratio was thus unal
tered. No trends were detected which could 
be related to the environmental v ariab les  
investigated.

Pasting properties. The following four 
measurements, taken from the Brabender vis
cograms as illustrated in Fig. 1, are presented 
in Table 4 :1 )  the temperature at which the 
first perceptible increase in viscosity occurs 
[temperature of transition (Cook and Axt- 
mayer, 1937)]: 2) the peak (maximum) 
viscosity: 3) the temperature at which peak 
viscosity occurred; and 4) the extent of in
crease in viscosity on cooling to and holding 
at 35°C (setback viscosity).

Curing with optimum storage lowered the 
temperature of transition of the starches.

However, neither time of harvest nor storage 
of the uticured sweetpotatoes for 1-7 days at 
60°F altered this property, and prolonged 
storage of the cured roots did not result in a 
further decrease in the temperature. Barham 
et al. (1944) demonstrated that curing low
ered the transition temperature of starch 
samples isolated from sweetpotatoes of the 
Nancy Hall, Improved Big Stem Jersey, 
Little Stem Jersey, Big Stem Jersey, and 
Red Bermuda varieties grown in Kansas. 
Evidently the starch from cured sweetpota
toes swells at a faster rate, and thus the initial 
increase in viscosity is registered at a lower 
temperature.

Curing with optimum storage resulted in 
an elevation of the peak viscosity of the 
starches, indicating an increase in the extent 
of granule swelling and solubilization (Kite 
et al., 1957). Prolonged storage of the cured 
roots caused an additional increase, but nei
ther time of harvest nor short-term storage 
of the uncured roots had any noticeable effect. 
Barham et al. (1944), however, reported that 
curing lowered the peak viscosity of the 
starches of the five varieties of sweetpotatoes 
grown in Kansas.

Peak viscosity occurred at a higher tem
perature in starch samples isolated from 
cured sweetpotatoes. Prolonged storage of 
the cured roots did not result in a further 
increase, and neither time of harvest nor 
short-term storage of the uncured sweet
potatoes had an}- effect. Thus, curing with 
optimum storage can be simultaneously cor
related with a lowering of the temperature 
at which the initial rapid and unrestricted rise 
in viscosity occurred and an elevation of the

Table 3. Effect of harvesting, curing, and storage variables on the amylose content of the isolated starches.
________________ S u c c e s s io n  o f  s w e e tp o ta to  s h ip m e n ts ________________________________

__________________________________________ A m y lo s e  c o n te n t  ( % )  a t : _______________________________________
D a y s  a f t e r  1s t  2 n d  3 r d  4 th  5 th  6 th  7 th  8 th  9 th

h a r v e s t  w k  w k  w k  w k  w k  \v k  w k  w k  w k

Uncured
1 17.4 18.6 19.5 17.1 19.8 21.3 17.8 17.4 17.4
3 17.2 18.2 17.6 18.4 19.6 18.6 18.6 17.9 16.1
7 19.7 20.5 18.8 19.6 18.9 19.6 18.5 18.2 18.5

Cured 14 days
90 17.1 17.0 17.9 17.4 16.7 18.0 17.4 17.0 19.6
I50—200 17.4 17.2 18.2 18.1 17.6 18.3 18.1 17.9 18.2
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Table 4. Effect of harvesting, curing, and storage variables on the pasting properties of the isolated starches.
S u c c e s s io n  o f  s v v e e tp o ta to  s h ip m e n ts

B a y s  a f t e r  
h a r v e s t

1s t
\vk

2n d
w k

3 rd
w k

4 th
w k

5 th
w k

6t h
w k

7 th  
w k

8t h
w k

9 th
w k

Transition temperatures ( °C)
Uncured

1 73.8 73.0 73.8 73.0 73.0 72.6 73.0 71.5 72.3
3 73.8 73.8 73.4 73.0 72.3 72.3 73.3 72.3 73.0
7

Cured 14 days
73.8 73.8 73.0 73.4 71.7 73.0 72.3 72.5 72.3

90 72.3 71.9 71.5 71.5 70.8 72.3 71.5 70.8 71.5
150-200 71.5 71.5 71.5 70.8 70.8 71.5 70.0 70.8 71.5

Peak viscosity temperatures (°C)
Uncured

1 79.0 79.0 80.5 79.0 77.5 77.5 79.0 79.0 79.0
3 79.0 79.0 79.0 79.0 77.5 77.5 77.5 80.5 79.0
7

Cured 14 days
79.0 79.0 79.0 80.5 77.5 77.5 77.5 80.5 80.5

90 82.0 82.0 82.0 80.5 79.0 83.5 80.5 82.0 82.0
150-200 82.0 82.0 82.0 83.5 83.5 85.0 82.0 82.0 82.0

Peak viscosity (Brabender units)
Uncured

1 690 660 670 660 675 665 695 730 680
3 690 660 660 675 675 665 630 740 685
7

Cured 14 days
680 660 610 695 650 640 665 725 695

90 775 688 715 730 675 735 820 795 745
150-200 820 720 775 795 795 780 880 735 695

Setback viscosity ( Brabender units )
Uncured

1 750 685 740 730 785 735 785 800 800
3 740 740 710 745 710 760 695 780 820
7 785 690 700 775 715 695 755 820 835

Cured 14 days
90 815 820 800 820 770 880 890 915 920
150-200 880 930 900 960 940 1000 990 910 950

temperature at which maximum swelling 
takes place.

Setback viscosity is essentially a measure 
of gel rigidity. Kite etal. (1957) and Majurs 
et al. (1957) related the formation of a gel 
to the association of the ends of the linear 
molecules to give an interlacing network- 
through the paste. Setback viscosity was 
increased by curing with optimum storage, 
and further increased by prolonged storage 
of the cured roots.

Susceptibility to amylolysis. The rela
tive susceptibilities of the starches to lique
faction by a-amylase and saccharification by 
/3-amylase are presented in Table 5. The 
viscosity curves were also studied and com

pared with respect to the average lowering 
of viscosity per minute, the rate of dropoff 
during the first 10 min of the incubation, 
when the major portion of the viscosity is 
lost, and the time required to reduce the 
original viscosity by 50%. These criteria 
gave results similar to those presented in 
Table 5. It can be concluded that environ
mental conditions do not alter the suscepti
bility of sweetpotato starch to amylolytic 
attack, since neither time of harvest, short
term storage of the uncured sweetpotatoes, 
curing with optimum storage, nor prolonged 
storage of the cured roots altered the relative 
susceptibilities of the starches isolated from 
them to either liquefaction by a-amylase or 
saccharification by /8-amylase.
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Table 5. Effect of harvesting, curing, and storage variables on the susceptibility of the isolated starches to amylolysis.

S u c c e s s io n  o f  s w e e tp o ta to  s h ip m e n ts
D a y s  a f t e r  

h a r v e s t
1s t
w k

2nd
w k

3rd
w k

4 th
w k

5 th  
w k

6th
w k

7 th  
w k

8th
w k

9 th
w k

Residual viscosity“ ( % of original )
Uncured

1 34.3 31.0 35.4 33.9 31.7 34.5 37.7 42.9 64.5
3 33.3 40.3 47.0 52.9 40.0 35.5 35.3 62.5 40.6
7 31.9 34.1 46.9 42.2 40.1 46.0 37.8 41.0 35.2

Cured 14 days
90 29.1 38.5 33.0 48.9 49.0 35.7 34.5 39.9 32.1
150-200 32.6 36.5 50.3 42.3 56.2 36.5 40.3 41.8 38.7

Maltose1' (mg) 
Uncured

1 344 342 343 342 347 350 341 319 332
3 340 322 342 343 326 315 340 339 334
7 338 348 342 337 353 322 318 337 330

Cured 14 days
90 326 332 329 319 315 332 325 337 312
150-200 328 324 318 314 323 318 332 327 332

a After 30 min of incubation with a-amylase. b Formed by /3-amylase.

General discussion. The changes effected 
by curing on the pasting properties of the 
isolated starches could not be related di
rectly to the observed differences in pro
cessing characteristics. Although the rela
tive quantities of amylase required to produce 
an acceptable flake from uncured sweetpo- 
tatoes had to be decreased steadily as the 
harvest season progressed and as the length 
of the storage period at 60°F increased, and 
can be eliminated after natural curing, the 
isolated starches did not differ in their re
spective susceptibilities to amylolytic attack. 
The starch content of the sweetpotato has 
been shown to decline continually during 
curing and storage (Sistrunk et al., 1954; 
Scott and Matthews, 1957 ; Hammett and 
Barrentine, 1961). It would therefore be 
expected that the enzyme concentration 
would have to be decreased steadily in order 
to maintain a constant concentration with 
respect to the quantity of starch present. 
The extent of this decrease, however, was 
significantly in excess of what would be an
ticipated based on a normal pattern of starch 
decline during storage and curing. Although 
neither curing nor storage altered the sus
ceptibility of the isolated starch to saccharifi
cation by /8-amylase, it was demonstrated 
that these isolated starches could be sacchari-

fied, whereas treatment of the puree with 
commercial enzyme preparation which con
tained both a- and /8-amylase did not increase 
the reducing sugar content of the resulting 
flakes. Both the puree and the isolated 
starches were, however, rapidly liquefied by 
a-amylase. These observed differences be
tween isolated and sweetpotato starch in a 
puree with respect to susceptibility to amy
lolysis cannot, therefore, be accounted for by 
changes in the properties of the starch itself, 
and the explanation for the observed differ
ence in processing characteristics must be 
sought in changes in other constituents of 
the root.
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Anthocyanins in the Lowbush Blueberry, 
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SUM M ARY
F iftee n  a n th o cy a n in  p ig m en ts  w ere iso lated  

from  th e low b u sh  b lu eb erry , V accin iu m  a n g u s
ti fo liu m  A it., and  id e n tified  by ch rom a to 
g ra p h ic , sp ectra l, and  ch e m ica l p ro p erties. T he
3 -m o n o g lu co sid es  and  3 -m o n o g a lac to sid es  o f  
d e lp h in id in , m a lv id in , p e tu n id in , p e o n id in , and  
cy a n id in  w ere iso la ted ; a lso  p resen t in  sm all 
q u an tities  w ere th e  3 -m o n o a ra b in osid es o f  th e  
sam e five a n th o cy a n id in s. T h e g lu co sid es  w ere 
p resen t in  m u ch  greater q u an tity  th an  the 
g a la cto sid es or th e  a ra b in osid es. Several d i
g ly co sid es  w ere a lso  p resen t, b u t in  q u an tities  
too low  fo r  id e n tifica tio n .

INTRODUCTION
The lowbush blueberry of northeastern 

North America, V a c c i n i u m  a n g u s t i f o l i u m  
Ait., grows in acid soils on barren lands over 
extensive areas. It is currently receiving 
considerable research attention because it 
represents a cash income in depressed areas. 
It is sold in the canned, frozen (Hard 
and Ross, 1959), and fresh fruit markets 
(Hruschka and Kushman, 1963 ) , and is also 
suitable for freeze-drying and puff-drying 
(Eisenhardt e t  a ! ., 1964). It has been sug
gested as a source for a sweet wine (Fuleki, 
1963, 1965), blended juices (Abdalla e t  a ! .,  
1963; Chandler and Highlands, 1950), and 
fruit pie fillings (Strachan e t  a ! ., 1960).

Suomalainen and Keranen (1961) re
ported the presence of arabinose and glucose 
derivatives of cyanidin, petunidin, malvidin, 
and delphinidin in V .  m y r t i l l u s  L.. a close 
relative of the lowbush blueberry, but the 
pigments were not fully characterized. Wood 
and Barker (1963 a, b ) found that the pig
ments present in one-year-old shoots of V. 
a n g u s t i f o l i u m  showed clonal variation. This 
paper is concerned with the pigment content 
of the ripe fruits of V .  a n g u s t i f o l i u m .

MATERIALS AND METHODS
The berries for this work were grown in Fred

ericton, N. B. Five hundred g were extracted with
a Present address : Dept. Botany, Univ. Liverpool.

1% HC1 in methanol and concentrated, and the 
extract was shipped to the John Innes Laboratory.

Chromatographic methods. Whatman No. 3 
paper was used for all separation and purification 
steps, and Whatman No. 1 for rt data in the de
scending manner in both cases. The following 
solvents were used for chromatography:
1) BAW

2) BEW

3) BuHCl

4) BBPW

5) Forestal

6) Formic

7) HAc-HCl

8) 1% HC1

9) Phenol

»¡-butanol, glacial acetic acid, water 
(4:1 :5). LTpper phase. Made up 
fresh for rt data.

»¡-butanol, 95% ethanol, water
( 4 :2 :2.2 ) .

»¡-butanol, 2 N  hydrochloric acid 
(1 :1 ) . Upper phase. Paper 
equilibrated 24 hr after spotting 
and before running in tank con
taining aqueous phase of BuHCl 
mixture.

»¡-butanol, benzene, pyridine, water 
(5:1:3 :3).

glacial acetic acid, cone, hydro
chloric acid, water (30:3:10). 

formic acid, cone, hydrochloric 
acid, water (5 :2 :3). 

water, glacial acetic acid, 12N  hy
drochloric acid (82:15:3). 

cone, hydrochloric acid, water 
(3:97).

phenol, water (4:1).
Aglycones. The aglycones were obtained by 

heating approx. 1 mg of purified pigment with 2N  
HC1 in a water bath for 30 min. The aglycones 
were extracted with amyl alcohol, evaporated to 
dryness, and spotted on No. 1 paper together with 
authentic markers. The papers were run in For
estal, formic, and BAW solutions.

Sugars. The solutions remaining after extrac
tion of the aglycones were treated with di-n- 
octylmethylamine (Harborne, 1958) to remove the 
mineral acid, evaporated to dryness at R.T., and 
spotted on No. 1 paper together with authentic 
markers. The papers were run in BAW, BEW, 
BBPW, and phenol. After development the papers 
were dried, dipped in aniline hydrogen phthalate 
(Partridge, 1949), and heated in an oven at 105°C 
for 2 min. The spots were clearly visible when 
viewed under ultraviolet light.

[ 583 1
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Authentic pigments. The 3-glucosides of del- 
phinidin, petunidin, malvidin, peonidin, and cyani- 
din were available from previous work (Harborne, 
1957). The 3-galactosides of cyanidin and peoni
din were extracted from cranberries ( Zapsalis and 
Francis, 1965).

Spectral data. All spectral data were deter
mined with an Unicam SP500 spectrophotometer. 
The AlCla shifts were determined by dissolving 
the purified pigment in 0.01% HC1 in methanol 
and adding 1 drop of 5% AlCla in ethanol to 3 ml.

RESULTS AND DISCUSSION
Pigment separation. In preliminary work 

(Barker, Wood and Harborne, unpub
lished), a crude acid methanol pigment ex
tract was streaked on No. 3 paper and run 
overnight in BAW. The bands were eluted 
with MAW (methanol, glacial acetic acid, 
water 90:5:5), combined, and rerun in 1% 
HC1. The bands were eluted with MAW, 
concentrated, hydrolyzed in 2N  HC1. and 
analyzed for aglycones and sugars. The data 
indicated that five aglycones (delphinidin.

petunidin, malvidin, peonidin, cyanidin) and 
three sugars (glucose, galactose, and arabi- 
nose) were present. The E44(,/Em;ix ratios 
indicated that the pigments were probably 
all monoglycosides.

The preliminary observations were con
firmed in this work, and it was evident that, 
with such a complex pigment mixture, ex
tensive paper chromatography was necessary. 
For adequate isolation and purification, the 
scheme listed in Fig. 1 was developed.

Thirty-two sheets of No. 3 paper were 
streaked with the crude pigment extract and 
developed in BAW overnight. The five 
bands were eluted with MAW and rerun in 
BAW, producing 19 bands. The first 16 
bands were run in 1 % HC1 and then in 
Forestal. Each of the 20 bands from the 
first Forestal purification were analyzed for 
aglycones, using the four routine solvents 
(Forestal, formic, BAW, BuHCl) and 
for sugars with the four routine solvents 
(BBPW, phenol, BAW. BEW ). It was

Crudeextract

Solvent System
B A W B A W 1 %  H C 1 F o r e s t a l F o r e s t a l

"l0 (0.20) 1111 (0.49) i Dp Gal 
)  Dp Glc

T (0.34) - 11 (0.23)
12 (0.28)

111 (0.40) 
121 (0.05)

1112 (0.51 )
1113 (0.52)

Dp, Pt, Glc, Gal f Pt Gal 1 Pt GlcL13 (0.34) 131 (0.06)
(20 (0.34) (added to 1 above) 2111 (0.49) Dp Glc, Gal

2 (0.40) 121 (0.37) 211 (0.04) 2112 (0.52) Pt Glc, Gal122 (0.41)123 (0.46) 221 (0.06) 2113 (0.63) Cy Glc, Gal

3111 (0.56) Pt Glc, Galr30 (0.39) ( added to 2 above) 3112 (0.60) Cy Glc, Gal
3 (0.46)

<

< 31 (0.44) 311 (0.06) 3113 (0.66) j Cy Gal i Cy Glc
32 (0.48) 321 (0.06) 3211 (0.74) j Mv Gal 1 Mv GlcA3 (0.51) 3212 (0.78) Mv Glc, Gal

(40 (0.43) (added to 3 above) 4111 (0.66)4112 (0.70) Cy Glc, Gal41 (0.46) (411 (0.10) Mv Glc, Gal1 4113 (0.74) Pn Glc, Gal4121 (0.68) Mv Glc, Gal
4 (0.50) Ul2 (0.12) 4122 (0.70) Cy Glc, Gal4123 (0.74) Pn Glc, Gal

42 (0.50) 4211 (0.66) Cy Glc, Gal[421 (0.10) 4212 (0.70) Mv Glc, Gal
,43 (0.55) [422 (0.12) 4213 (0.79) f Pn Gal 1 Pn Glc
151 (0.53) 15 (0.60) 52(0.60)153 (0.65)

Fig. 1. Separation scheme for blueberry anthocyanins. The figure in parentheses after the band number indicates the rf value.
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apparent at this stage that all ten possible 
combinations of delphinidin, petunidin, mal- 
vidin, peonidin, and cyanidin derivatives of 
glucose and galactose were present. The band 
which provided each pigment in the largest 
quantity was isolated and rerun in Forestal.

The products of acid hydrolysis for these 
bands are presented in Table 1, and rt data 
for the pigments in Table 2. Spectral data 
(Table 3) for the same pigments were ob
tained on the bands eluted from the first 
Forestal purification. These solutions were

Table 1. Hydrolysis products of blueberry pigments.

B a n d
A n th o c y a n id in

S u g a r s
S o lv e n t

A g ly c o n e S u g a rF o r e s t a l F o r m ic B B P W P h e n o l
D i s t a n c e  t r a v e l l e d  ( c m )

16  h r 16 h r 16 h r 40  h r

m i l 14.6 11.7 10.0 29.0 Dp Glc
11112 14.7 11.6 12.5 26.2 Dp Gal
11131 22.9 19.0 9.9 28.9 Pt Glc
11132 23.0 19.1 12.4 26.2 Pt Gal
31131 30.0 27.2 10.0 29.0 Mv Glc
31132 29.8 27.0 12.5 26.0 Mv Gal
32111 24.0 20.6 10.1 26.2 Cy Glc
32112 23.8 20.4 12.5 29.1 Cy Gal
42131 30.6 26.6 10.0 26.0 Pn Glc
42132 30.5 26.6 12.4 28.9 Pn Gal

Markers
Dp 14.8 11.8
Pt 22.9 19.0
Mv 20.0 27.2
Cy 23.8 20.4
Pn 30.5 26.6
Glc 12.4 26.2
Gal 10.0 29.0

Table 2. Chromatographic data for blueberry anthocyanins.
P i g m e n t rj in  s o lv e n t  :

B a n d a s B A W B u H C l 1 %  H C l H A c - H C l F o r m ic F o r e s t a l B E W

11112 Dp3Gal 0.20 0.12 0.03 0.15 0.42 0.49 0.16
m i l Dp3Glc 0.23 0.12 0.03 0.15 0.43 0.51 0.18
11131 Pt Gal 0.28 0.13 0.04 0.18 0.56 0.61 0.20
11132 Pt Glc 0.31 0.15 0.04 0.20 0.58 0.65 0.22
31131 Mv Gal 0.34 0.20 0.06 0.28 0.62 0.79 0.39
31132 Mv Glc 0.36 0.20 0.06 0.29 0.64 0.80 0.41
32111 Cy Gal 0.32 0.24 0.07 0.26 0.66 0.64 0.36
32112 Cy Glc 0.34 0.25 0.07 0.26 0.68 0.66 0.38
42131 Pn Gal 0.34 0.29 0.10 0.31 0.73 0.77 0.42
42132 Pn Glc 

Markers
0.36 0.31 0.10 0.32 0.75 0.79 0.46

Dp3Glc 0.21 0.11 0.03 0.15 0.44 0.50 0.18
Pt3Glc 0.30 0.20 0.04 0.21 0.59 0.65 0.23
Mv Glc 0.35 0.20 0.04 0.29 0.62 0.79 0.38
Cy Glc 0.33 0.24 0.07 0.27 0.68 0.66 0.38
Cy Gal 0.31 0.24 0.08 0.29 0.66 0.64 0.36
Pn Glc 0.37 0.30 0.10 0.33 0.75 0.80 0.47
Pn Gal 0.34 0.27 0.09 0.31 0.73 0.77 0.43
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Table 3. Spectral data for in 0.01% HC1 in methanol. blueberry anthocyanins

B a n d
m ax 

( lira)
Eno/Eni ax 

( Vf ) A 1 Cl:l s h i f t
m i 532 2 0 +
1113 532 20 +
2 1 1 1 535 2 2 +
2113 528 2 5 4 -
3111 531 2 0 +3113 528 24 +
3211 533 2 0 —

4111 532 1 9 +4123 520 27 —

4211 532 19 +
4213 520 2 9 —

a mixture of the glucoside and galactoside of 
each aglycone, but the E «o/E mnx ratios in
dicate that they were all monoglycosides.

Comparison of the rf data with authentic 
pigments suggested that all pigments were 
monosubstituted in the 3 position.

The glucosides and galactosides of each 
aglycone were separated with difficulty in 
Forestal solvent, but sufficient pigment was 
obtained to get ;y data. In each case the 
glucoside was present in much larger amounts 
than the galactoside.

Band 5 in the first BAW separation was 
very broad and had an ;y value suggestive 
of a pentoside. This band was rerun in 
BAW, and three hands developed. Band 51 
was obviously similar to the pigments in 
band 4, 53 appeared to contain degradation 
products, and 52 was the purified pentoside 
material. This band was present in only 
trace amounts. In order to obtain a larger 
quantity, 50 ml of the original crude extract 
were neutralized with cone. NaOH solution, 
buffered to pi I 4.0 with sodium acetate buf
fer, and mixed with 50 mg of anthocyanase 
(Rohm & Haas, Phil., Pa.) (Harborne,
1965). The mixture was incubated at 30°C 
for 1 hr, concentrated under vacuum, 
streaked on No. 3 paper, and run in BAW. 
The enzyme treatment destroyed most of 
the glycosides, and the pentosides were easier 
to recover. However, it was still not possible 
to recover a sufficient quantity of the pento
sides to isolate and purify each band; there
fore the pentoside fraction was treated as 
one pigment. Acid hydrolysis indicated the 
presence of five aglycones, delphinidin, pe-

tunidin, malvidin, peonidin, and cyanidin. 
Sugar analyses yielded only arabinose. The 
Vf data indicated that all were monosubsti
tuted ; therefore, this fraction was com
posed of the 3-monoarabinosides of the five 
aglycones.

Band 10 contained pigments which had 
rf values indicative of diglycosides, but the 
band was grossly contaminated. Attempts 
to purify these pigments in quantities suffi
cient for identification were unsuccessful, 
because of the extremely low concentration. 
None of the bands showed an absorption 
maximum at 308-12 mm, indicating that 
acvlated pigments were absent. The rf data 
also supported this conclusion.

The occurrence of over fifteen anthocya- 
nins in the berries of V. angiistifolium is 
noteworthy, since such complex mixtures of 
pigments are rare in nature; in fact, no 
other plant has been recorded as having so 
many pigments in a single tissue. Berries 
of other Vaccinium species examined appar
ently have fewer pigments. Hayashi (1949) 
found only malvidin 3-galactoside in V. 
ulu/inosum, and Francis and co-workers 
( Sakamura and Francis, 1961 ; Zapsalis and 
Francis, 1965) found four pigments, the
3-galactosides and 3-arabinosides of cyanidin 
and peonidin, in the American cranberry, 
V. macrocarpon; V. myrtillus probably has 
more than these two species, but cyanidin
3-galactoside is the only pigment completely 
identified in its berries (Suomalainen and 
Keranen, 1961). / ’. ancjustifoUum shows
many similarities in its anthocyanin pattern 
with the other three species studied, and it 
seems that the genus is characterized by the 
berries containing galactosides and arabino- 
sides of cyanidin, delphinidin, and/or their 
methyl ethers.
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Lemon Oil Analysis. I. Two-Dimensional 
Thin-Layer Chromatography

SUM M ARY
R ecen t re fin em en ts  in  th in -layer ch rom a to g 

raphy (T U C ) p rovid e th e a n a ly tica l ch em ist  
w ith an in e x p en s iv e , co n v e n ien t , and  rapid  
m eth od  fo r  o b ta in in g  basic in fo r m a tio n  on  th e  
co n d ition  o f  co ld -pressed  citrus o il sam p les. 
S im p le  TLC d istin g u ish ed  lem o n  and  lim e  o ils  
from  a ll o th er citrus o ils . T w o-d im en sion a l 
TUC was u sed  to d istin g u ish  b etw een  lem on  
and lim e  o ils . D istilled  lem o n  o ils  w ere charac
terized  by th eir d efic ien cy  o f  UV flu o rescen ce .

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

Since its earliest development, thin-layer 
chromatography (T L C ) has been employed 
to analyze citrus oils. The chromatostrips 
developed by Kirclmer e l  a l. (1951) and 
Miller and Ivirchner (1953) and later used 
by Stanley (1959), Stanley e t  a l. (1957), 
Stanley and Vannier ( 1957a,b), and Van- 
nier and Stanley ( 1957) have evolved into 
present day chromatoplates such as those 
used by Attaway e t  a l. ( 1965a,b) and Fisher 
and Nordby (1965) to separate typical cit
rus constituents.

Insofar as lemon oil is concerned, perhaps 
the most useful T LC  application is that re
ported by Stanley and Vannier (1957b). 
Among the many separated components in 
a thin-layer chromatogram of cold-pressed 
lemon oil, certain compounds were found to 
fluoresce when viewed under ultraviolet 
(U V ) light. These fluorescent spots, caused 
by variously substituted natural coumarins 
(Stanley and Vannier. 1957a) formed a 
definite pattern on the developed chromato- 
strip. Stanley (1961) also noticed that cer
tain adulterants that are sometimes added 
to simulate the LTV spectrum of authentic 
lemon oil give brightly colored T LC  spots 
when exposed briefly to HC1 vapor. Ad
vantageous features of the above studies as 
well as subsequent improvements in TLC 
technology have been incorporated into the 
qualitative and semiquantitative procedure 
described herein to provide analysts with a

convenient and informative way of evaluat
ing the condition of cold-pressed lemon oil.

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

E q u i p m e n t  a n d  r e a g e n t s .  Two types of TLC 
plates were successfully employed: a) home-made 
8 X 8-in. chromatoplates coated with a 0.25-mm 
layer of Silica Gel G prepared in the usual manner 
on Brinkmann-Desaga apparatus; and b) Eastman 
Chromagram K301R2 8 X 8-in. precoated sheets 
cut to 4 X 4 in. All TLC plates were stored in 
a dry box or desiccator as a precaution against 
deactivation by moisture. Long-wavelength UV 
light was provided by a 15-watt, self-filtered, 
3660-AU lamp. All chemicals and solvents used 
were reagent-grade. Other essential TLC equip
ment included standard development tanks, sample 
syringes, and a drying oven.

C h r o m a t o g r a m  p r e p a r a t i o n  a n d  d e v e l o p m e n t .  
Standard TLC procedures were followed through
out ( Bobbitt, 1963). Citrus oil samples to be ana
lyzed were applied in submicroliter increments to 
the sample origin located in the lower right-hand 
corner of the plate at least /  in. from either edge. 
Plate type a received a total sample of 5 gl of 
citrus oil, and type b received 2 gl, except in the 
case of lime oil, where the sample size was halved. 
The oils were applied in increments sufficiently 
small (ea. 0.1-0.2 gl) to keep the origin spot diam
eter at 5 mm. Sample application usually required 
about 3 min.

The plates were developed by ascending elution 
with 30% v/v CHCL in CCh containing 1% v/v 
glacial acetic acid, dried briefly in air, then rotated 
90° clockwise, and developed in the second dimen
sion with 20% v/v ethyl acetate in cyclohexane 
containing 1% v/v glacial acetic acid. Plate type b 
required 20 min for completion of solvent ascension 
in each direction. Plate type a took about twice as 
long. Prior to use, the development tanks were 
carefully equilibrated with the development solvent 
vapor. Lining of the tanks with blotter paper 
helped ensure chamber saturation. The plates were 
introduced with tongs into the tanks through slots 
in aluminum foil fitted tightly across the mouth of 
the tank between it and the lid. In this manner, 
disequilibration of the solvent vapor during plate 
introduction was minimized, particularly if the lid 
was removed by sliding rather than by lifting.

f 588 ]
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C h r o m a t o g r a m  e v a l u a t i o n .  A developed plate 
was first scanned under long-wavelength UV light 
to record the position and color of the fluorescent 
spots. To detect certain types of adulteration 
(Stanley, 1961), the plate was then placed for 
1 min in a tank saturated with wet HC1 vapor, 
originating from a container of cone. HC1 pre
viously placed inside the tank. Only one faint pink 
spot should result from such treatment. Changes 
in the UV fluorescence pattern were then recorded 
in a second UV scan. Following brief exposure to 
ammonia vapor, further changes in the visible and 
UV fluorescent spots were recorded. After the 
ammonia evaporated, the plate was sprayed with 
a solution of 5% w/v vanillin and 30 % v/v of 
85% w/w phosphoric acid in methanol until the 
plate surface just appeared shiny. Then the plate 
was heated in an oven for 1 min at 100°, saturated 
with wet HC1 vapor for 15 min and reheated at 
100° for 1 min. The colored spots resulting from 
this treatment were also recorded.

If the plate was immersed for 2 min in a tank 
saturated with iodine vapor rather than sprayed, 
brown absorption spots appeared in the same posi
tions as the varicolored spots resulting from spray 
treatment.

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

The mixture of non-volatile substituted 
coumarins naturally present in cold-pressed 
citrus oils (Stanley and Vannier, 1957b), 
but either absent or sharply diminished in 
distilled oils, separated on both types of TLC  
plates into characteristic patterns of vari
ously colored UV fluorescent spots. Com
binations of 15-30% v/v ethanol, dioxane, 
acetone, ethyl acetate, tetrahydrofuran, or 
CHCI3 in cyclohexane or CC14, with or with
out 1 % v/v acetic acid, served as developing 
solvent pairs, with success ranging from 
adequate to good. Every combination sepa
rated the fluorescent compounds of berga
mot. grapefruit, orange, and tangerine cold- 
pressed oils into T LC  spot patterns dis
tinctly different from that of cold-pressed 
lemon oils. Only cold-pressed lime oil re
sembled lemon oil so closely as to require 
two-dimensional development to differentiate 
between them. Best suited for this purpose 
were the solvent pairs of 30% v/v CHCL in 
CCU containing 1% v/v acetic acid, and 
2 0 % v/v ethyl acetate in cyclohexane con
taining 1 % v/v acetic acid.

Both the home-made and commercial TLC  
plates provided essentially the same analyt

ical results when used in the prescribed man
ner. Developed two-dimensional chromato
grams of cold-pressed citrus oils were 
analyzed successively by UV light, exposure 
to HC1 vapor, exposure to ammonia vapor, 
and vanillin-phosphoric acid spray. Figs. 1 
and 2  indicate the results obtained with lemon 
and lime oils. The purpose of HC1 exposure 
was to detect the presence of certain com
pounds added to lemon oil (Stanley, 1961) 
to simulate the UV spectrum characteristic 
of natural cold-pressed lemon oil (Sale e t  a l., 
1953). No bright colors such as red or 
yellow should result from the HC1 treat
ment, only a faint pink spot located just 
above the upper blue-white fluorescent spot,
5 -geranoxy-7 -methoxycoumarin (G M C  ) 
(Fig. 1) . After HC1 exposure only the two 
large blue-white fluorescent spots GMC and 
L, were readily discerned under U V light. 
When the plate was subsequently exposed 
to wet ammonia vapor, the pink spot result
ing from the HC1 treatment disappeared, 
whereas the lavender fluorescent spot to the 
right of it and above GMC reappeared under 
U V light. In lime, the spot due to HC1 ex
posure was blue instead of pink.

Differences between the U V  fluorescence 
patterns of cold-pressed lemon and lime oils 
were revealed in the first UV scan. For in
stance, the relative positions of the lavender 
and purple spots just below and to the left 
of the lower large blue-white fluorescent

T h in - la y e r  c h ro m a to g ra m s  o f  c o ld - p re s s e d  o ils , 

p la t e  ty p e  (b ), tw o  d im e n s io n a l d e v e lo p m e n t w ith  (1) C H C I3 , 

a c e t ic  a c id , C C I 4 (3 0 :1 :6 9 )  a n d  (2 )  e t h y l  a c e t a t e ,  a c e t ic  a c id , 

c y c lo h e x a n e  (2 0 :1 :7 9 ) .
C o lo r  c o d e ;

UV Fluroescence V am llin -H j P 0 4 Spray

□  =  Blue-white 

H I  =  Purple

[_ J —  Green 

=  Purple

W i = Blu'
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spot, limettin (L ), were reversed (see fig
ures). Between these spots and the sample 
origin, other differences were evident in the 
pattern of the small blue-white fluorescent 
spots. Distilled lemon and lime oils showed 
only faint fluorescence spots in the positions 
of the two large blue-white spots, GMC 
and L.

In the final diagnostic test, the vanillin- 
phosphoric acid spray reagent (Bobbitt, 1963, 
p. 1 0 2 ) afforded several colored spots which 
could be used to distinguish semi-quantitative 
differences in the terpenoid composition of 
cold-pressed lemon oils versus other oils. 
For example, the green oxyterpene (OT) 
spot (Fig. 1 ) was slightly more intense than 
the purple citral (C) spot just to the left 
and below it, whereas with lime oil (Fig. 2) 
OT was much less intense than C. Con
versely, the lime chromatogram also had a 
large light-green spot overlapping GMC, 
which was small and scarcely visible in cold- 
pressed lemon oil chromatograms.

These T LC  procedures provide analysts 
of lemon oils with a convenient and fairly 
rigorous series of characteristic diagnostic 
tests. Within the limits of experimental re
producibility, known authentic samples of 
natural cold-pressed lemon oil from Argen
tina, Arizona, Australia, coastal and inland 
California, Florida, Israel, and Italy exhib
ited essentially the same patterns when 
treated as specified. Any unknown sample 
of lemon oil deviating from the general TLC  
pattern would probably warrant further ex
amination before it could he accepted as an 
authentic cold-pressed lemon oil. When ana
lyzing lemon oils with this method, occa
sional control comparison chromatograms on 
separate T LC  plates should he performed 
simultaneously with authentic samples to 
check the operating conditions. The spray 
reagent should be refreshed daily.
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Lemon Oil Analysis. II. Gas-Liquid Chromatography on a 
Temperature-Programmed, Long, Open Tubular Column

SUM M ARY
L em on  o il was ana ly zed  o n  a h ig h ly  effic ient 

m o d ified  A p iezon  L o p en  tu b u lar co lu m n  w ith  
a s in g le  in je c tio n . A lm ost a ll o f  the m ore than  
forty  in d iv id u a l p eak s w ere id en tified  by co m 
p ar ison  o f  m ass spectra  and  reten tio n  tim es  
w ith th o se  o f  k now n co m p o u n d s. L em on  
o ils  from  th ro u g h o u t th e  world w ere fo u n d  
very s im ila r  in  th e ir  gas ch rom a to gra m s; d if 
feren ces  w ere p rim arily  q u an tita tiv e rather than  
q u alita tive .

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

With the rapid development of gas-liquid 
chromatography (GLC) in the past decade, 
numerous gas chromatograms of lemon oil 
volatiles have appeared among the publi
cations of Bernhard (1958, 1960), Clark 
and Bernhard (1960a,b), Stanley e t  a l., 
(1961a,b), Slater (1961, 1963), Ikeda e t  a l. 
(1962a,b), Ikeda and Spitler (1964), and 
Hunter and Brogden (1965), as well as in 
the advertising literature of gas-chromato
graph manufacturers. The analytical tech
niques described therein represented a defi
nite advance over the more cumbersome and 
less accurate distillation methods formerly 
used to analyze lemon oil in detail. Never
theless. the complexity of lemon peel oil pre
sented such a problem in effectively resolving 
the mixture into its component parts that the 
GLC columns employed were unequal to the 
task without some sort of preliminary frac
tionation of the oil. Mostly, fractionation 
was accomplished by adsorption chromatog
raphy ; however, a modification of Girard’s 
procedure (Stanley e t  a l., 1961a; Ikeda and 
Spitler, 1964) was used twice to separate the 
aldehydes as a class. Since all these auxiliary 
steps required extensive precautions to pro
tect the various sensitive lemon oil constitu
ents from acidic, basic, hydrolytic, oxidative, 
and thermal decomposition, it was obvious 
that a more direct and efficient method of

analysis which minimized such complications 
would he desirable.

In an intensive examination of delicate 
volatiles from various fruit sources, Tera- 
nishi e t  a l. (1960, 1963a,b) found that 
temperature-programmed capillary GLC ef
ficiently analyzed complex natural volatiles. 
Their success made it conceivable that the 
volatiles of whole lemon oil could he largely 
resolved into individual components in a 
single sampling, provided a suitable column 
coating and temperature program could be 
found. In addition, by initiating the chro
matogram at moderate temperatures, the 
sample could be vaporized under mild con
ditions and swept into the capillary with 
minimal sample spreading. After some ex
perimentation, Averill (1965) developed a 
system which largely fulfilled these needs 
and provided the basis for our further 
investigation.

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

The GLC system described by Averill (1965) 
was used with minor modification. GLC operations 
were performed on a Perkin-Elmer hydrogen flame 
ionization gas chromatograph, model 226, equipped 
with a 300-ft-long 0.010-in.-ID stainless-steel open 
tubular column coated with a mixture of 5% w/w 
IGEPAL CO-880 (nonyl phenoxypolyoxyethylene 
ethanol) and 1% w/w Eastman DOPC (diisoocta- 
decylparacresol) in decolorized Apiezon L (puri
fied by elution from a column of chromatographic 
alumina in cyclohexane). A special carrier gas 
mixture, 8.5r ó v/v hydrogen in helium, obtained 
from Matheson Scientific, was employed at an 
inlet pressure of 40 psig. In addition to the normal 
gas filters, the carrier gas line contained an Engel
hard Dcoxo catalytic hydrogen purifier cartridge. 
The injector block containing the annular stream 
splitter was maintained at 120°, and the initial 
column temperature was controlled at 60°. A
0.5-id sample of whole cold-pressed lemon oil was 
injected into the chromatograph and split 100:1. 
The smaller portion was swept onto the column 
which was held at 60° for 1 min, then temperature- 
programmed at the rate of l°/min up to 150° and“ Address: Western Regional Research Laboratory, Albany. California 94710.
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maintained there until completion of the chromato
gram. A total of 2 hr was required.

GLC operations in conjunction with the Bendix 
time-of-flight mass spectrometer were carried out 
essentially in the manner described by McFadden 
and Teranishi (1963) and McFadden et a!. (1963). 
However, in this instance the inlet carrier gas 
pressure was reduced to 20 psig, the sample size 
raised to 30 gl (split 100:1), the initial column 
temperature raised to 80°. and the initial isothermal 
period extended to 10 min. The entire effluent of 
the GLC column was introduced directly into the 
ionization chamber of the mass spectrometer.

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

Apiezon L, decolorized by liquid-solid 
chromatography on alumina, has been found 
by Averill (1965) to be a highly suitable 
partitioning stationary liquid phase for open 
tubular (capillary) GLC analysis of cold- 
pressed lemon oil volatiles when modified 
with a peak tail-reducer such as IG E P A L  
CO-880 (nonyl phenoxvpolyoxyethylene eth
anol ) and an antioxidant such as DOPC 
(diisooctadecylparacresol). The carrier gas 
mixture used with this column contained 
8.5% v/v hydrogen, which could react in 
the catalytic cartridge with possible traces 
of oxygen to form harmless traces of water. 
The remaining hydrogen was available for 
regeneration of the hindered phenolic anti
oxidant, DOPC. Although the effectiveness 
of hydrogen for these purposes has not been 
conclusively demonstrated, it is neither in
convenient nor dangerous. The efficiency of 
the column ranked around 80,000 theoretical 
plates when measured with p-cymene by the 
formula 5.545 ( V w /d )- , according to Pur
nell (1962).

Known authentic samples of cold-pressed 
lemon oils from Argentina, Arizona. Aus
tralia, coastal and inland California, Florida, 
Israel, and Italy were analyzed hv the method 
described and found to have very similar 
GLC patterns. Differences between the 
chromatograms were primarily quantitative 
rather than qualitative. A  lien appropriately 
programmed, the column was able to resolve 
the important lemon oil volatiles into indi
vidual peaks (Fig. 1)  comprising three 
main groupings : terpene hydrocarbons, oxy
genated terpenes, and sesquiterpene hydro
carbons. The straight-chain aldehydes, peaks

3. 14, 19, and 24 (Table 1) , were inter
spersed among the first two groups at regu
lar intervals of increasing molecular weight. 
The majority of the peaks listed in Fig. 1 
and Table 1 were identified by comparison 
of their GLC retention times with those of 
known pure standards, and confirmed by 
comparison of their mass spectra with known 
spectra. Peaks 8 and 9 were confirmed only 
as terpenes by the mass spectrometer. The 
GLC retention time of peak 9 agreed with 
that of A3-carene. Peaks 29, 30, 33, 34, 35, 
36, 37, 38, and 40 were identified by the 
mass spectrometer only as sesquiterpenes. 
The retention time of peak 36 suggested that 
it was £-cadinene. No mass spectral data 
were obtained for peaks 24 and 25 ; however, 
their respective retention times correspond 
to undecanal and nonyl acetate, previously 
identified in lemon oil (Ikeda e t  a !., 1962; 
Ikeda and Spitler, 1964). The only known 
instance of simultaneous elution was peak 
17, which, according to both GLC retention 
times and mass spectra, was a 4 :1 mixture 
of terpinolene and citronellal.

Despite this one drawback, which should 
be overcome by making the stationary liquid 
phase either more or less polar, this method

Table 1. Identities of peaks in Fig'. 1, as determined by mass spectral and retention time comparisons. Asterisks (*) indicate incomplete mass spectral confirmation.
1. a-thujene 21. neral2, a-pinene 22. a-terpineol
3. octanal 23. geranial
4. camphene 24. undecanal*
5. sabinene 25. nonyl acetate*
6. myrcene 26. citronellyl acetate
7. /3-pinene 27. neryl acetate
8. Ck.Hm a terpene 28. geranyl acetate
9. A'-carene* 29. G.,H24

10. a-phellandrene a sesquiterpene
11. a-terpinene 30. CI5H,4
12. p-cymene 31. bergamot cne
13. limonene 32. carvophyllene
14. nonanal 33. C M ,
15. linalool 34. C,5H24
16. -y-terpinene 35. g j t ,
17. terpinolene :citro- 36. f-cadinene*

nellal ca. 4 :1 37. c ,bh ..,4
18. p,a-dimethylstyrene 38. G.,Hm
19. decanal 39. jS-bisabolene
20. terpineol-4 40. G sH 24
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Fig. 1. Temperature-programmed gas chromatogram of inland California cold-pressed lemon oil on an open tubular column. Modified Apiezon L stationary liquid phase, 300 ft long, 0.010 in. ID.
reveals information about the composition 
of whole cold-pressed lemon oil not pre
viously available from a single injection. 
Furthermore, it also shows promise of being 
shortened for rapid routine survey and qual
ity control. It is possible that a routine 30- 
min GLC run displaying 25-30 principal 
lemon oil volatiles could be adapted from 
this method by shortening the column and 
using a combination of temperature and flow 
programming (Zlatkis e t  a l., 1965). Efforts 
are being directed toward this objective.
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Removal of Bacteria from Food Raw Materials
by Electrophoresis

I. Factors Affecting the Electrophoretic Mobility
of Certain Species of Bacteria

SUM M ARY
T o  d eterm in e  p ro p er  co n d itio n s  fo r  rem ova l 

o f  b acteria  fr o m  fo o d  by e lec tro p h o res is , a 
m icro scop ic  stu dy  was m ad e o f  th e  in flu en ce s  
o f e lec tr ica l d o u b le  la y er , in ten sity  o f  e lectrica l 
fie ld , e lectric  d en sity  g ra d ien t, pH  o f  th e b u ffer  
so lu tio n , io n ic  s tren gth  o f  b u ffer so lu tio n , stage  
o f  grow th o f  b acteria , and  a n io n  surface-active  
a g e n t u p o n  th e  e lec tro p h o retic  m o b ility  o f  som e  
sp ecies  o f  b acteria . T h e e ffe c t o f  th e  elec trica l 
d o u b le  layer b etw een  the e lec tro p h o retic  ce ll 
w all and  b acteria l so lu tio n  was d eterm in ed . 
T h e observed  m o b ility  o f  th e  b acteria  was 
sm a ller  a t the u p p er  and b otto m  sid es o f  th e  
ce ll than  th e  true m o b ility , and was la rg er  at 
th e  cen ter  o f  th e  ce ll . T h e  m ig ra tio n  velo city  
( g / s e c )  o f  the b acteria l ce ll is p ro p ortio n a l to  
th e  in te n sity  o f  th e  e lec tr ic  fie ld . T h e m o b ility  
o f  th e b acteria  in creased  at ran d om  w ith in 
creased  vo lta ge . T h e  m o b ility  o f  th e bacteria  
varied d irectly  w ith  th e  p H  valu e o f  th e b uffer  
so lu tio n  in  w hich  th ey  w ere su sp en d ed . W ith  
in crease o f  io n ic  s tren gth  o f  b u ffer  so lu tio n , th e  
m o b ility  o f  b acteria l ce lls  d ecreased  fo r  each  
sp ecies  o f  b acteria  u sed . T h e m o b ilit ie s  o f  som e  
sp o re fo rm in g  b acteria  varied  a t various stages  
o f  th e grow th p er io d : m o b ility  in creased  rap id ly  
a fter  g erm in a tio n  and  d u rin g  th e lo g a r ith m ic  
p h a se , d ecreased  fo r  v eg eta tive ce lls  in  th e  sta
tion ary  p h a se , and  d ecreased  m u ch  m ore as th e  
ce lls  en tered  th e  sp o re fo rm in g  stag e . B acteria l 
m o b ility  was in creased  su b sta n tia lly  by sod iu m  
tetrad ecy l su lfa te .

INTRODUCTION
The region of a biological particle which is 

accessible to electrophoretic study is its sur
face. Particles in solution acquire a charge 
through ionization of their surface and ad
sorption of ions. Because most of the ionizing 
groups are weak electrolytes, and because 
binding energies for adsorption are of the 
order of magnitude of thermal energies, the 
surface-charge situation must be described 
as an equilibrium between ions bound to the 
surface and ions in solution. Ionizable groups 
on the particle surface become charged by the

gain or loss of hydrogen ions and other ions. 
Hydrogen ions receive special attention be
cause their concentration is easily controlled 
and measured, and they readily combine with 
biological substrates, e.g. the amino, carboxyl, 
and other groups of proteins (Brinton and 
Lauffer, 1959).

The surfaces of bacterial cells also have a 
negative charge. If they are suspended in a 
solution with a pH higher than their iso
electric point (about pH 3.0), and an electric 
current is allowed to pass through the solu
tion, they are attracted to the anode. Electro
phoresis is used most advantageously in ana
lyzing heterogeneous populations of bacteria, 
measuring adsorption of charged substances 
onto the cell surface, and following changes 
in the surface as a function of time. Other 
than a way of identification of heterogeneous 
populations of bacteria, electrophoresis can be 
applied in the field of the food industry. If 
the surface of food material or the intestines 
of shellfish are contaminated with bacteria, 
electrophoresis would be one good method 
for removing the bacteria. In removing bac
teria by electrophoresis, neither food raw 
materials nor shellfish are damaged by the 
operation. However, the electric current to 
be applied and the design of the instrument 
of electrophoresis should be determined ac
cording to the properties of the food. We 
have studied it in the removal of bacteria 
from foods or food raw materials.

This paper reports the influences of some 
factors upon the mobility of bacteria in the 
electrophoretic operation.

EXPERIMENTAL
The rate of motion of living bacterial cells in an 

electric field in water can be designated as mobility 
(¡a). Mobility can be defined as the distance moved 
by particles (cells) in a unit electric potential in 
a unit time. Even for a single bacterial strain, the 
mobility differs according to physiological conditions
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of handling before the estimation, i.e. incubation 
period, pH, ionic strength, etc. When those condi
tions were held constant, the mobilities of various 
species of bacteria were found to be specific.

Two methods are available for estimating the 
mobility of particles by electrophoresis. In the 
moving-boundary method of Tiselius (1930), the 
migration of phase boundaries between the aqueous 
buffered solution of proteins and the dispersion 
medium in a U-shaped channel caused by the pass
age of the electric current is observed optically. In 
another method the migration of charged particles 
in solution or dispersion is observed directly in a 
microscope field (Mattson, 1922; Abramson, 1929). 
The latter was convenient for the present study 
because the movement of the bacterial cells could 
be observed directly.

C e l l  u s e d  f o r  e l e c t r o p h o r e s i s .  The cell used for 
electrophoresis by the microscope method was one 
described by Abramson (1929), available from 
the Klett Mfg. Co. The authors experimented with 
three types of cells (Fig. la-c).

The simplest cell was a glass slide (25x75 mm) 
as shown in Fig. la. This was easily handled. For

E lectro d e

example, the distance between the two electrodes 
could be easily changed. If buffer solution having 
a high ionic strength was used for electrophoresis, 
however, polarization of the electrodes occurred 
during the passage of electric current, and air 
bubbles formed near the anode. Hence, mobility 
estimates with this cell were unreliable. The au
thors used this cell for experiments with buffer 
solutions having low ionic strength.

Fig. lb shows a cell and agar bridge placed 
between the electrodes and the buffer solution to 
prevent polarization. The upper part of the cell 
could not be covered, hou'ever, and the buffer solu
tion flowed out, so mobilities could not be deter
mined accurately.

E le c t r o d e
i t

ggg ]l_J31 1de  g la s s

E le c t r o d e  A g a r -b r ld g e

Fig. lb. An electrophoresis cell having agar bridge.
Fig. lc shows the cell made according to Abram

son (1929). It is essentially a glass tube in which 
the observation position under the microscope is 
flat. The cell has the disadvantage that it requires 
too much buffer solution to fill the cell.

The electrodes of these cells were made of thin 
carbon plate. As stated above, each cell has some 
merits and disadvantages. In each case we used 
the cell most suitable for the particular experiment.

s t o p p e r
Fig. lc. An electrophoresis cell according to Abramson (1929).
C a l c u l a t i o n  o f  t h e  m o b i l i t y .  If a bacterial cell 

moves h  i ¡±) in t (second) in the electric field to 
which li (volt) is given per one cm along the cell 
of electrophoresis, the mobility, /x, is shown by the 
following' equation:

n =  h /t-E  (g/sec/volt/cm) [1]
Unstained bacterial cells were observed under a 

phase-contrast microscope (X400). Stained cells 
differed significantly from unstained cells in their 
properties. The direct-current source (6—24 volts) 
was a selenium rectifier.

M a n i p u l a t i o n  o f  t h e  c e l l .  The electrophoretic 
cell is filled with a suspension of the bacterium and 
covered with a cover glass. Excess solution is 
removed with filter paper to prevent the cover 
glass from floating. The electrodes are connected 
with the electric source, and direct current is ap
plied at various voltages. The distance traveled by 
the bacterial cells in the suspension is accurately 
measured with the ocular micrometer in a definite 
time (sec). One graduation of an ocular micrometer 
is 2.4 fi under X400 of a microscope. A single 
bacterial cell is fixed at the zero point of the ocular 
micrometer, then the electric current is passed 
through the solution, and the time (sec) required 
to pass 100 graduations is measured with a stop 
watch.
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The migration of a bacterial cell from anode to 
cathode is indicated as positive ( +  ), and the oppo
site as negative ( —). The mobilities are obtained 
by inserting the values (sec) into Eq. 1. For ex
ample, with an electrophoretic cell having a 2-cm 
distance between the electrodes, and with 12 volts, 
if one bacterial cell requires 12.1 sec to pass 240 g 
(100 graduations of ocular micrometer), the mo
bility is calculated as follows:

g =  240/12.1/12/2 =  3.31 (g/sec/volt/cm)
S p e c i e s  o f  b a c t e r i a .  The bacteria used for the 

experiments were Sarcina lúteo ACTT 9341, Bacil
lus subtilis NRRL S58, Pseudomonas fluorescens 
33F, Acrobacter aerogenes, Escherichia coli (0-26), 
Bacillus circulans, and Bacillus coagulant. The 
strains of B. subtilis N RRL  558, Ps. fluorescens 
33F, and E. coli (0-26) were received from the 
Laboratory of Microbiology of our Faculty. The 
strain of S. lútea ATCC 9341 was received from 
Eli Lilly and Co., Indianapolis, Indiana, U.S.A. 
The strains of B. circulans and B. coagulant were 
originally isolated from spoiled fish sausage and 
identified by us. The strain of SG-2 (Bacillus sp.) 
was isolated from blackened and swollen canned 
baby clam meat in our laboratory.

The particular species were selected because 
these species are usually isolated from various kinds 
of foods, and are concerned with spoilage; the 
differences of the shapes and biological character
istics of these bacteria would cause the difference 
of behavior in electrophoresis; the spores from 
some of these bacteria are important in their elec- 
trophoretical behavior.

E s t i m a t i o n  o f  i n f l u e n c e  o f  e l e c t r i c a l  d o u b l e  
l a y e r .  The test strains of the bacteria were A. aero- 
gcncs, B subtilis NRRL 558, Ps. fluorescens 33F, 
S. lútea ATCC 9341, and E. coli (0-26). Except 
for Ps. fluorescens 33F, the strains were newly 
cultivated on an agar slant (1% beef extract, 1% 
peptone, 0.5% NaCl, 2% agar, pH 7.2) at 37°C. 
After incubation for 24 hr, the bacterial colonies 
grown on the agar slant were collected and sus
pended in phosphate-citric acid buffer (M /5 
Na/HPOt 0.17 ml +27/10 citric acid 0.02 ml +  
HoO 19.8 ml, pH 7.2, ionic strength 0.01). Ps. 
fluorescens 33F was cultivated on an agar slant at 
30°C, and a suspension of the bacteria was prepared 
as described above. The electrophoresis cell (type 
in Fig. la) was filled with the suspension. The 
distance between the two electrodes of the cell was 
1 cm. A direct current of 6 volts and 4.0 ma was 
applied to the field. First, the cell (depth 0.6 mm) 
w'as placed on the stage of the phase-contrast micro
scope. A focus was adjusted to the under side of 
the cover glass, and the scale of the fine adjustment 
was read. Next, a focus was adjusted to the bottom 
of the cell, and the scale of the fine adjustment was

read again. The difference in the reading of the 
scales is the cell depth (d =  280). From the value 
of d. the stationary level (x )  was calculated to be 
59 or 221. The migration velocity (g/sec) of the 
bacterial cells was estimated under these conditions.

E s t i m a t i o n  o f  i n f l u e n c e  o f  t h e  e l e c t r i c  f i e l d  
i n t e n s i t y .  Bacterial suspensions of N. lutca ATCC 
9341, E. coli (0-26), B. subtilis NRRL 558, and Ps. 
fluorescens 33F were prepared from an agar slant 
in phosphate-citric acid buffer (pH 7.2, ionic 
strength 0.01) by the method described above. The 
electrophoresis cell (type in Fig. la) was filled with 
the suspension. The distance between the two elec
trodes of the cell was varied from 1 cm to 5 cm, 
and the voltage was varied from 6 to 24 volts, ac
companied by variation in amperage from 4.0 to 
16.0 ma.

E s t i m a t i o n  o f  i n f l u e n c e  o f  t h e  e l e c t r i c  d e n s i t y  
g r a d i e n t .  The newly cultivated strains of S. lutea 
ATCC 9341, E. coli (0-26), and B. subtilis NRRL 
558 were used in the experiment. The bacterial 
suspensions from these bacteria were prepared in 
buffer solution of phosphate-citric acid buffer (pH
7.2, ionic strength 0.01). The sectional areas of 
two carbon electrodes of the electrophoresis cell 
(type in Fig. l b )  were varied from 0.013 cm2 to 
0.05 cm2. The direct current of 6 volts was passed 
through the bacterial suspension in the cell. Thus, 
the amperages of the electric current were varied 
from 1.5 ma to 4.0 ma. The mobility of the bacteria 
was estimated by the same method as described 
above.

E s t i m a t i o n  o f  i n f l u e n c e  o f  p H  o f  t h e  b u f f e r  
s o l u t i o n .  Bacterial cells were A. aerogenes, S. lutca 
ATCC 9341, and E. coli (0-26) grown on agar 
slants to the end of the logarithmic period and 
washed 5 times in sterile fresh water. Washing 
was done by centrifugation using 10 cc of sterile 
fresh water (3000 rpm, 15 min). At last the water 
was centrifuged off and the cells were resuspended 
in phosphate-citric acid buffers of differing pH 
values. The proportions of the composition of the 
phosphate-citric acid buffers are shown in Table 1. 
The ionic strength of the buffer solutions was 0.10. 
The buffer solutions suspending the bacterial cells

Table 1. Composition of buffer solutions for various pH values.
M /5 N a aH P O *

(n il)
M /1 0  

c i t r ic  ac id  
(m l) p H

0.40 19.60 2.2
4.49 15.51 3.2
8.28 11.72 4.2

10.72 9.28 5.2
13.22 6.78 6.2
17.39 2.61 7.2
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were transferred into an electrophoresis cell (type 
in Fig. lc). The electric current passed through 
the field was 12 volts and 8 ma. After estimation 
of the velocity of the bacterial cell in the buffer 
solution, the mobility of the bacterial cell was 
calculated.

E s t i m a t i o n  o f  i n f l u e n c e  o f  i o n i c  s t r e n g t h  o f  
b u f f e r  s o l u t i o n .  The bacteria employed for this 
experiment were S. lutea ATCC 9341, E. coli 
(0-26), and B. subtilis NRRL 558. The strains of 
these bacteria grown on an agar slant after cultiva
tion for 48 hr were suspended in sterile fresh water. 
The sterile fresh water suspending the bacterial 
cells was centrifuged (3000 rpm, 15 min). The 
centrifugation was repeated 3 times, each time 
adding a new sterile fresh water. The bacterial 
cells deposited on the bottom of the tube of centri
fuge were then suspended in phosphate-citric acid 
buffers of various ionic strengths. The constituents 
of the phosphate-citric acid buffers are shown in 
Table 2. The buffer solutions suspending the bac-

Table 2. Composition of buffer solutions with different ionic strengths.
M / 5

N.t j I I P O i
(m l)

M / 1 0  
c i tr ic  a c id  

(m l)
H i-0
(m l) p H

I c n ic
s tr e n g th

8.69 1.31 10.00 7.2 0.60
4.35 0.65 15.00 7.2 0.30
2.88 0.44 16.68 7.2 0.50
1.44 0.22 18.36 7.2 0.10
1.20 0.16 18.64 7.2 0.08
0.72 0.11 19.17 7.2 0.05
0.45 0.03 19.52 7 .2 0.03
0.17 0.02 19.80 7.2 0.01

terial cells were poured into an electrophoresis cell
( type in Fig. lb ) . The electric current passed
through the field was 12 volts and 8 ma. After
estimation of the velocity of the bacter ial cell in
the buffer solution, the mobility of the bacterial cell
was calculated.

E s t i m a t i o n  o f  i n f l u e n c e  o f  s t a g e  o f  g r o w t h  o f  
b a c t e r i a .  B. subtilis NRRL 558 was inoculated 
on agar slants and incubated at 37°C. Cells at the 
stages of logarithmic, stationary, decreasing, and 
bacterial spores were respectively obtained at about 
48, 96, 144, and 240 hr. The bacteria at each stage 
were suspended in separate test tubes containing 
phosphate—citric acid buffer (1.74 ml M /5 Na^HPO.! 
+  0.26 ml .17/10 citric acid +  18.00 ml H-O, pH
7.2, ionic strength 0.10) and each bacterial suspen
sion was introduced into the electrophoretic cell 
for microscopic observation. The electric current 
was 12 volts and 8 ma. The electrophoresis cell 
used was the type showing in Fig. lb.

The strains of B. circidans, B. coagidans, A. 
acrogcncs, and A. lutea ATCC 9341 were also incu

bated on separate agar slants in order to obtain 
bacterial cells at the stages of logarithmic growth 
and decreasing growth. The mobilities of these 
bacteria at the stages of logarithmic and decreasing 
growth were determined by microscope as described 
above.

E s t i m a t i o n  o f  e f f e c t  o f  a n i o n  s u r f a c e - a c t i v e  
a g e n t .  The species were .S', lutea ATCC 9341,
A. acrogcncs, B. subtilis NRRL 558, B. circidans,
B. coagulans, E. coli (0-26), and SG-2 (Bacillus 
sp). They had been incubated at 37° C for 24—36 
hr on agar slant. The colonies grown on the agar 
slant were washed with sterile fresh water into 
separate test tubes. Centrifugation (3000 rpm, 15 
min) was done to obtain the bacterial cells. The 
bacterial cells obtained were resuspended in phos
phate-citric acid buffers (1.74 ml JI//5 NaJTPCh 
+  0.26 ml M / 10 citric acid +  18.00 ml H»0, pH
7.2, ionic strength 0.10) containing the anionic 
surface-active agent (sodium tetradecyl sulfate) 
(STS). The STS contents of the buffer solution 
were 5 or 10 ppm. The biological effects of the 
STS level on the bacterial cells in the buffer solu
tion were none or few. The bacterial suspensions 
containing STS were poured into the electrophoresis 
cell (type in Fig. lc). The electric current passed 
through the field was 12 volts and 8 ma.

R E S U L T S

D e s i g n  o f  t h e  i n s t r u m e n t .  In the electrophoresis 
of biological particles, the effect of the electrical 
double layer between the electrophoretic cell wall 
and solution must be considered. The solution near 
the cell wall flows from anode to cathode, and is 
counterbalanced by a flow in the opposite direction 
in the center of the cell, as shown in Fig. 2a.

Fig. 2a. Electro-osmosis streaming of the liquid along the glass wall.

The migration velocity of bacterial cells near 
the cell wall is then obtained as the difference be
tween the electrophoretic velocity and the velocity 
of streaming of the solution. In contrast, that at the 
center is the sum of the velocities of electrophoresis 
of bacterial cells and streaming of the solution. 
Fig. 2b shows a cross section of a flat electrophore
sis cell showing the magnitude and direction of 
liquid flow as a function of cell depth. A and B 
are respectively the top and the bottom of the cell.
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A

Fig. 2b. Cross section of a flat electrophoretic cell showing magnitude and direction of liquid flow as a function of cell depth. A) Top of the cell; B) Bottom of the cell; O) Point of observation; P,Q) Points of liquid flow; d) Depth of the cell.
The abscissa shows the velocity of bacterial cells. 
Right of the 0 , the velocity observed is larger than 
the true velocity, and left of O, vice versa. At 
points P and Q, however, there is no liquid flow. 
Hence, the velocity of bacterial cells observed at 
P and Q should be the true velocity. The levels 
of P and Q in an electrophoresis cell can be calcu
lated as follows (Komagata, 1932).

x  =  d (p2 ±  1/V12) [2]
x  — distance from top of the cell (P and Q) 
d — depth of the cell

The stationary level x  is 0.211 d from the top 
or the bottom of the cell ( Komagata, 1932 ).

The observed mobility was smaller at the upper 
and bottom sides of the cell than the true mobility, 
and was larger at the center of the cell (Table 3, 
Fig. 3).

Table 3. Mobility at the levels of P  and Q in the electrophoresis cell.
T e s t

o r g a n i s m s
M o b il i ty

L e v e ls  ( / ¿ / s e c / v / c m )

Aerobacter aerogenes p -1.65
Q — 1.65

Bacillus subtilis NRRL 558 P -4.4
Q -4.4

Pseudomonas fluorescens 33F P -4.0
Q -4 .7

Sarcina lutea ATCC 9341 P -4.1
Q -3.7

Escherichia cnli (0-26) P -3.1
Q -3.0

This result suggests that they should be controlled 
by putting the electrodes and sample rack at a 
definite place in an instrument. There is a stream
ing of the medium near the cell wall that is without 
effect on electrophoresis. The streaming of medium 
is caused by an electrical double layer between 
medium and cell wall. Thus, if the electrodes and 
sample rack are placed near the cell wall, the

Fig. 3. Changes in the mobility according to change in the depth of electrophoretic cell (Aero- barter aerogenes).
streaming of the medium would be concerned with 
the velocity of bacteria. The size of electrodes and 
sample rack follow the size of cell of electrophoresis, 
and can be calculated from Eq. 2.

The migration velocity of bacterial cells could 
be changed by changing the electric pressure and 
the distance between the two electrodes. The elec
tric pressure per cm distance along the electro
phoretic cell is defined as electric-field intensity, 
which corresponds to the value obtained when the 
voltage is divided by the distance between two 
electrodes. Table 4 indicates the influence of inten
sity of electric-field upon the velocity of bacteria.

Table 4. Relation between the migration velocity and distance of two electrodes and voltage.

T e s t
o r g a n i s m s V  o l ta g e

D is ta n c e  
b e tw e e n  

a n o d e  a n d  
c a th o d e  ( c m )

M ig r a  t io i  
v e lo c i ty  
(¿ ¿ /s e c )

Sarchia lutea 6 l 21.1
ATCC 9341 2 10.5

3 6.9
4 5.5
5 4.6

12 1 42.1
2 20.3
3 14.2
4 10.0
5 10.0

24 1 —

2 38.7
3 29.6
4 20.0
5 18.9

Escherichia coli 6 1 14.8
(0-26) 2 8.3

3 4.1
4 5.9
5 2.8

(continued)
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Table 4 (continued)
12 1 36.4

2 24.2
3 15.6
4 14.5
5 4.7

24 1 —

2 43.4
3 30.0
4 27.3
5 12.0

Bacillus subtilis 6 1 19.9
NRRL558 2 12.6

3 7.8
4 7.3
5 4.9

12 1 47.6
2 30.4
3 18.2
4 17.4
5 12.8

24 1 —

2 57.1
3 33.3
4 29.6
5 21.6

Pseudomonas
fluorescens 33F 6 1 16.6

2 10.2
3 6.4
4 6.1
5 3.9

12 1 34.3
2 25.3
3 14.3
4 12.8
5 6.5

24 1 —

2 45.3
3 29.3
4 25.0
5 13.2

From Table 4, the following equation can be
obtained :

H • D =  E' • b [3]
Here, D is the migration velocity of the bacterial 
cells (/x/sec), H  (cm) is the distance between two 
electrodes, E  (volts) is the electric pressure sup
plied, and b is a coefficient which depends on the 
species of bacteria.

As seen in Table 4, the relation between the

distance, H, and migration velocity, D, differed 
with the voltage applied. These results show the 
migration velocity (g/sec) of the bacterial cells to 
be proportional to the electric-field intensity, hence 
the mobility of the bacteria could he expressed as 
/x/sec/volt/cm. Further, the results suggest that 
shortening the distance of two electrodes or in
creasing the voltages applied is effective in increas
ing the velocity of bacteria.

In moving-boundary electrophoresis, the mobility 
of the bacterial cells can be estimated as follows: 
if (/ is a cross-section area of the electrophoresis 
cell, i is the strength of electric current through 
the electrophoresis cell, K  is specific electric con
ductivity of the particles ( bacterial cells), and the 
particle moved h (¡x) for t sec, the mobility of the 
bacterial cells would be obtained by the following 
equation (Isemura and Nakauma, 1957) :

fi =  hqK/i ■ t [4]
From Eq. 4 the velocity of bacterial cells should

depend on the electric density in moving-boundary 
electrophoresis.

The relation between the mobility of the bacterial 
cells and electric density by microscopic electro
phoretic method is shown in Fig. 4.

3

S ip
&O»

X

0
o

X
X

X
O

O o A
0 . 0  X

<1X< A A

O S a r c in a lu t e a
A E s c h e r i c h ia  c o l l
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■
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E l e c t r i c  d e n s i t y (m a/cm¿ )
Fig. 4. Relation between the mobility and various electric density gradient.
In general, mobility increased with voltage in

creased at random. Thus the relationship expressed 
in Eq. 4 by the moving-boundary method was not 
the same as that obtained by the microscopic 
method. In the microscopic method, the mobility 
could be calculated from the electric-field intensity 
because the specific electric conductivity of the 
buffer solution in the electrophoretic cell is uniform.

Larger electric density gradient depends on higher 
amperage and smaller cross-section area of elec
trode. Thus, in order to obtain as large a velocity 
of bacteria as possible a small cross-section area of 
electrode and high amperage seems to be effective.

Electrophoresis medium. The net number of 
charges on the surface of a bacterial cell or other 
biological particle depends upon the number of
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ionized acidic and basic groups. The number of 
charged ions on the surface would vary with the 
pH of the solution in which such a particle is in 
contact, and the mobility would vary. We have 
determined the influence of pH of the buffer solu
tions upon the mobility of bacterial cells. As seen 
in Fig. 5, the mobilities of A. lutea and E. coli in
creased with increases in pH value. Above pH 2.8, 
the mobility of S. lutea was greater than that of
E. coli. The mobilities of A. aero genes were differ
ent from those of the other two species. Mobility 
decreased gradually with a decrease in pH, and in
creased gradually with an increase in pH. The 
isoelectric points were pH 2.2 for S. lutea ATCC 
9341 and E. coli (0-26), and 1.8 for A. aerogenes 
(Table 5).

Fig. 5. Variation of the mobilities of some bacteria in buffer solutions at different pH levels.

Table 5. Isoelectric points of various species of bacteria.
Name of species

Isoelectric 
point (pH)

Aerobacter aerogenes 1.8
Escherichia coli (0-26) 2.2
Sarcina lutea ATCC 9341 2.2

The isoelectric point of E. coli (0-26) was close 
to that found by Moyer (1936) (pH 2.5). Winslow 
and Upton (1926) reported the isoelectric point of
A. aerogenes to be pH 3.5, differing from our result. 
The differences may be due to methods of washing 
of bacterial cells or to the growth stage of the 
bacteria used, as pointed out by Moyer (1936).

Thus, a higher pH range above the isoelectric 
point of bacteria in the electrophoresis medium is 
effective for obtaining a higher velocity of bacteria.

The mobility of bacterial cells may vary with the 
ionic strength of the buffer solution as well as the 
pH value. We have studied the influence of ionic 
strength of the buffer solution upon the migration 
velocity of some species of bacteria. The results

Fig. 6. Relation between the mobility of bacteria and ionic strength of the buffer solution.
are shown in Fig. 6. With increase of ionic strength, 
the mobility of bacterial cells decreased for each 
species of bacteria used. This may be due to the 
following: the pH of the buffer solution (pH 7.2) 
was higher than the isoelectric point of the bac
teria, hence the surface of the cells carried a nega
tive charge. In buffer solutions having a high ionic 
strength, there are many H + ions, so the negatively 
charged surface of bacteria tends to be decreased 
electrically. When the effective volume of the 
charged ion is decreased, mobility will also decrease. 
In contrast, when ionic strength is low, there is no 
decrease in effective volume, and mobility increases. 
By considering practical electrophoresis, the results 
indicate that higher concentrations of salt solutions 
as the electrophoresis medium would not be effective 
in increasing the velocity of bacteria, nor the fitness 
limit of the instrument.

Conditions of bacteria influencing velocity.
Mobility is known to vary with the various stages 
of growth of bacteria (Moyer, 1936; Watrous, 
1937; Stearns and Roepke, 1941 ; Barry and James, 
1952, 1953). However, there are few investigations 
with sporeforming bacteria through the various 
growth stages. We studied the influence of the 
stage of growth of bacteria employing B. subtilis. 
Results are shown in Table 6. The electrophoretic 
mobility of old spores of B. subtilis was —0.08. 
After germination and during the logarithmic phase 
the mobility increased rapidly. It decreased for 
vegetative cells in the stationary phase, and de-

Table 6. The electrophoretic mobilities of Bacillus subtilis at various growth stages.
Growing
period

Growing
stage

MobilityO/sec/v/cm)
Decreasing phase Old spore -0.80
Logarithmic phase Germinated

bacterial cells -3.20
Stationary phase Vegetative cells -2.78
Decreasing phase Newly-formed

spores -1.73
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creased much more as tire cells entered the spore
forming stage. Douglas and Parker (1958) made 
similar observations on B. megatherium. The mo
bility of the bacteria may be changed because of 
the thickening of cell wall of spores. The authors 
have also estimated the electrophoretic mobility 
of B. circulans, B. coagulans, A. aerogenes, and 
S. lutea in the logarithmic phase and the decreasing 
phase. Results are summarized in Table 7. Except

Table 7. Electrophoretic mobility of some species of bacteria of two stages of growth.
Mobility in Mobility in 
logarithmic decreasing 

stage stage
Strain (/¿/sec/v/cm) ( j i / see/v/cm)

Bacillus circulans -3.25 —2.42
Bacillus coagulans -2.18 -1.34
Aerobacter aerogenes -2.30 -2.52
Sarcina lutca ATCC 9341 -3.47 -2.25

for A. aerogenes, electrophoretic mobility was 
higher in the logarithmic phase. This is similiar 
to the result with B. subtilis.

With A. aerogenes, mobility was somewhat larger 
in the decreasing phase than in the logarithmic 
phase. The reason is not clear. Barry and James 
( 1952) reported that the electrophoretic mobility of 
A. aerogenes was almost the same at all stages of 
the growth cycle.

From the result, general determination of the 
operation time in practical electrophoresis should 
be based on the velocity of spores or old vegetative 
cells.

Finally, the electrophoretic mobility of some spe
cies of bacteria isolated from foods was estimated. 
Table 8 indicates that the electrophoretic mobility 
of .S', lutca, A. aerogenes, B. subtilis, and E. coli has 
been measured by many investigators, and their 
results were almost the same as reported in this 
paper.

There are few reports on B. circulans and B. 
coagulans. The mobility of B. coagulans was some
what lower than the mobilities of the other bacteria. 
This value, however, is close to that of B. mega
therium as obtained by Buggs and Green (1935).

The net charges of bacterial cells are affected in 
the presence of anionic and cationic detergents 
(Dyar, 1948). An experiment was carried out with 
5 or 10 ppm of the anionic surface-active agent 
(sodium tetradecyl sulfate) (STS) to the electro
phoretic medium to determine the changes in the 
mobilities of several species of bacteria. From the 
results (Table 9), STS caused a substantial in
crease in the mobilities of the bacteria. The larger 
amount of the agent caused the greater increase.

Table 9. Electrophoretic mobility (¿‘/sec/v/cm ) of various species of bacteria with anionic surface active agent (STS).
Cone, of STS

Strain 5 ppm 10 ppm

Sarcina lutea -4.78 -5.32
Aerobacter acrogcnes -4.81 -5.77
Bacillus subtilis -6.60 -6.75
Bacillus circulans -4.94 -5.60
Bacillus coagulans -2.74 -3.12
Escherichia coli -6.33 -6.44
SG-2 (Bacillus sp.) -5 .72 -6.15

DISCUSSION
In order to determine electric current sup

plied and the design of the instrument, the 
factors affecting the mobility of the bacteria 
by electrophoresis were determined by micro
scopic method. The influence of electrical 
double layer is important to design of a prac
tical instrument of electrophoresis. The size 
and area of electrodes and sample rack are 
calculated from a given size of electrophoresis

Table 8. Electrophoretic mobility of various species of bacteria (present and other findings).

Strain

Mobility
(present

investigation)
Mobility 

(other authors)

Sarcina lutca -2.25 Buggs & Green (1935) 
g =  —2.0 (pH 7.3,1 =0.016)

Aerobacter acrogcnes -2.31 Lowick ct al. (1956)
----- 2.51 M= -2.36 (pH 7.3, I =  0.016)

Bacillus subtilis -3.60 Buggs & Green (1935)
M =  —3.5 (pH 7.3, I =  0.016)

Bacillus circulans -2.42
Bacillus coagulans -1.34
Escherichia coli -3.38 Brinton ct al. (1954)

B. coli non-filamented 
M =  —3.6 (pH 7.0, I =  0.018)
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cell to increase the effectiveness of electro
phoresis.

Shortening the distance between two elec
trodes or increasing the voltages applied 
increases the mobility of bacteria. However, 
the distance between two electrodes cannot 
be shortened extremely, because the sample 
rack on which food raw material should be 
held, is placed between them. The voltages 
applied also cannot be greatly increased over 
30 volts, because the increase may increase 
the resistance of the electric current through 
the electrophoresis medium, which would 
damage the selenium rectifier.

A greater electric density gradient is ob
tained by larger amperage and smaller cross- 
section area of electrode. The result in Fig. 4 
shows that increased velocity of bacteria de
pends on a greater electric density gradient. 
From these, in designing instrument of elec
trophoresis, as small a cross-section area of 
electrode as possible is effective. However, 
when removing bacteria from a large quan
tity of food raw material in one operation of 
electrophoresis is considered, an extremely 
small cross-section area of electrode seems 
impractical. On the other hand, strength of 
electric current depends on voltage in a defi
nite electrophoresis medium, and is con
trolled by an effective voltage applied to elec
trophoresis. The size of electrode of which 
cross-section area is small, should be designed 
by considering the effect of electrical double 
layer.

The pH value of the electrophoresis me
dium should be decided by considering the 
velocity of bacteria and the influence on the 
quality of food raw material. In general, the 
velocity of bacteria increases with an increase 
of pH value in higher pFI range from iso
electric point of bacteria (Fig. 5). Leaving 
food raw material in alkali solution, how
ever, would cause deterioration, and in acid 
solution would decrease the effect of remov
ing bacteria. Thus, the pH value of the elec
trophoresis medium is properly neutral or, 
rather, slightly acid. If living shellfish are 
held in such a medium for electrophoresis, lit
tle effect of pumping activity is found rather 
than the effect of medium temperature.

A lower amount of salts dissolved in the 
electrophoresis medium increases the effec

tiveness of bacteria removal, because the 
velocity of bacteria decreases with an increase 
in ionic strength of the medium (Fig. 6). 
Consequently, in consideration of the influ
ences of pH value and ionic strength of the 
electrophoresis medium upon the removal of 
bacteria from food raw material, fresh water 
is preferred to salt solutions for use in the 
medium.

It would not be realistic to select repre
sentative species and a definite growth stage 
of bacteria for electrophoresis standards. The 
velocities of the bacteria used in the experi
ment were within the range from —0.80 
(/¿/sec/volt/cm) to —3.60 (^/sec/volt/cm) 
(Tables 6, 7, 8). From the results, however, 
velocity showed no order among different 
species of bacteria. In representative bacteria, 
however, spore and old vegetative cells are 
generally slower than newly-formed vegeta
tive cells. Thus, the time that the electric 
current should be supplied will be based on 
the velocity of spores or old vegetative cells.

Surface-active agents have themselves a 
sterilizable effect, and are utilized in the food 
industry. The velocity of bacteria increases 
within increased concentrations of sodium 
tetradecyl sulfate up to 10 ppm. Thus, usage 
of this kind of surface-active agent for re
moval of bacteria from food raw material 
would be more effective.
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Immunofluorescent Detection of Staphylococcal Enterotoxin B
II. Detection in Foods

SUM M ARY
S p ecific  s tap h y lo co cca l e n tero to x in  B  a n ti

seru m  co n ju g a ted  w ith  flu o resce in  iso th io cy a 
n ate was u sed  su c ce ssfu lly  fo r  d etectin g  to x in  
in  fo o d  sm ears o r  fo o d  ex tracts  in  ab o u t 4—5 
hr. T h e flu o rescen t a n tib od y  tech n iq u e  d e
tected  m in u te  a m ou n ts o f  en tero to x in — m u ch  
less th an  1 or 0 .0 5  g g /m l, w h ich  are th e  sen si
tiv ity  lim its  o f  s in g le  or d o u b le  g e l d iffu sio n  
tu b e tests— w ith o u t in v o lv in g  an y  ex traction  
p roced ures.

INTRODUCTION
Staphylococcal enterotoxin B has been 

demonstrated in culture media by the use of 
antienterotoxin B serum conjugated with 
fluorescein isothiocyanate (FITC ) (Geni- 
georgis and Sadler, 1966). Detection of the 
enterotoxin in smears prepared from fluid 
culture media requires a concentration of 
toxin higher than 15 g g /ml. A technique 
was developed (drop technique), however, 
which detected enterotoxin around living 
staphylococcal cells when its concentration 
was greater than 1 p,g/ml as determined by 
a quantitative single gel diffusion technique 
(Hall et ai, 1963). Impression smears made 
from colonies growing on solid agar media 
gave minimum specific immunofluorescence 
because of diffusion of the toxin into the 
agar. With the drop technique, purified 
enterotoxin B in solution was demonstrated 
and the toxin from the fluid medium was 
demonstrated in the presence or absence of 
enterotoxic cells. The possibility of apply
ing the fluorescent an tibody  technique 
(FA T) to the detection of enterotoxin B in 
food smears or food extracts was investi
gated, and the results are reported here.

MATERIALS AND METHODS
Staphylococcal strains. The strains used in this 

study were the same strains used to investigate the 
application of FAT to detect enterotoxin B in 
culture media (Genigeorgis and Sadler, 1966). 
These staphylococcal strains produce types A, B, 
A  and B, or no enterotoxin.

Preparation of conjugate. Enterotoxin-S-spe- 
cific antiserum was conjugated with fluorescein iso

thiocyanate and fractionated through a diethyl- 
aminoethyl cellulose column according to a method 
described by Corstvet and Sadler (1964).

Preparation and inoculation of foods. The fol
lowing foods were used: commercially vacuum-
packed ham, both with and without sterilizing, a 
variety of hams prepared in the laboratory, com
mercially canned ham, raw and boiled chicken 
breasts, and Cheddar cheese. Discs (14-mm diam
eter and 2-tnm thick) of the different food items 
were prepared as described by Casman et at. 
(1963). The discs were placed in sterile Petri 
dishes, inoculated with staphylococcal strains, cov
ered with another disc, and then incubated for dif
ferent periods at 24, 30, and 37°C, either aerobically 
or anaerobically (hydrogen atmosphere), in a high- 
humidity chamber.

Immunofluorescent demonstration of entero
toxin B. In smears. At the end of the incubation 
period the two discs of each set were separated, and 
thin impression smears were prepared on clean 
coverslips. The coverslips were dried for 30 min 
at 37°C and then fixed in ethanol for 1 hr at 
—20° C, dried at the same temperature, and kept 
there until staining. Frozen sections of the set of 
the two discs were also prepared with a cryostat 
and fixed the same way. Six twofold dilutions of 
the conjugate in phosphate buffer (pH 7.2, 0.02M) 
ranging from 1 :S to 1 :160 were made. Six cover- 
slips prepared from the same sample were each 
stained with two drops of one of the dilutions, 
placed in a moist chamber for 30 min at 37°C, or 
for 30 min at 37°C followed by 4 hr at 4°C, and 
then washed with phosphate buffer and distilled 
water for S min, respectively, air-dried, and mounted 
on clean slides with 10% buffered glycerol.

In food slurries (living cells). A 50% slurry was 
prepared by homogenizing 2-3 sets of discs with 
phosphate-buffered saline (pH 7.2, 0.02M) in a 
graduated centrifuge tube. One drop of the slurry 
was placed on each of six coverslips and mixed 
thoroughly with two drops of one of the conjugate 
dilutions. These coverslips were incubated like 
those with smears. The washing differed in that 
the fluid from each coverslip was poured onto wet 
Millipore filter membranes (0.22-g pore size and 
13-mm diameter), placed on absorbing filter paper, 
and then washed with 20 drops of buffer. Impres
sion smears were finally made from each mem
brane on slides (Genigeorgis and Sadler, 1966). 
Millipore filter membranes have also been used to
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catch detached parts of smears made on coverslips 
or demonstrate enterotoxin in food extracts.

Serological demonstration of enterotoxin B. The 
same discs used for the preparation of smears or 
the slurry were also used for the demonstration of 
enterotoxin B by the single-tube gel diffusion (Hall 
et al., 1963) and microdiffusion (Crowle, 1958) 
techniques. The toxin was extracted from the food 
by first making a 5091 slurry in phosphate-buffered 
saline. The slurry was heated for 25 min at 50°C, 
left at room temperature for 30 min, and then cen
trifuged at high speed for 30 min at 30,000 X G. 
The clear supernatant was further analyzed quan
titatively and qualitatively as described ( Genigeor- 
gis and Sadler, 1966; Hall ct a!., 1963) without any 
concentration and with purified enterotoxin B as 
a reference.

Controls. To check for nonspecific immuno
fluorescence, smears from uninoculated food were 
first checked for autofluorescence and then stained 
the same way as smears from inoculated foods. A 
second control was based on the demonstration of 
enterotoxin produced in the food, by single or 
double gel diffusion in tubes or by the double micro
diffusion tests ( Hall et al.. 1965 ). As a third con
trol, the same foods were inoculated with non- 
type-B enterotoxin-producing strains and then com
pared with the foods inoculated with type B strains. 
Finally, positive smears were treated first with 
antienterotoxic antiserum and then the conjugate 
and checked for positive staining.

All preparations were examined by Zeiss fluores
cent microscope with an Osram HBO 200-W 
maximum-pressure mercury-vapor arc. The UG5 
filter was used as an ultraviolet excitation filter, 
and the combination 0/41 as a barrier filter.

RESULTS AND DISCUSSION
Demonstration of enterotoxin B. En

terotoxin B was demonstrated in well-fixed 
thin food smears by the FAT around the 
bacterial cells producing it. The microscopic 
appearance of the smears positive for entero
toxin was the same as that described for 
smears prepared from broth cultures (Geni- 
georgis and Sadler, 1966). There were halos 
of amorphous precipitates around the toxin- 
producing cells, sometimes in the form of 
clouds covering them completely or precipi
tates only in the interstitial spaces or com
pletely separated from the cells (Figs. 1, 2). 
Depending on the dilution of the conjugate 
used, there was a variation in the morphology 
of the fluorescent precipitates or clouds. The 
problem of optimum proportions of the re
agents which was found in the studies with
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Fig. 1. Positive Reaction. Growth and enterotoxin B production by strain S-6 in ham after 48 hr of incubation at 37“C. Impression smear fixed in cold ethanol and stained with 1 :20 diluted conjugated antienterotoxin-B. 2500 X.
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Fig. 2. Positive Reaction. Growth and entero-toxin B production by strain S-6 in chicken meat after 48 hr of incubation at 37°C. Impression smear fixed with gentle heat and stained with 1 :40 diluted conjugated antienterotoxin-B. 2500X.

broth cultures was not so critical here. 
Smears prepared from the same sample but 
stained with different dilutions of the conju
gate showed a wide range of positive reac
tions. Smears from meats with more than 
120 /*g toxin/ml were stained positively with 
dilutions of the conjugate ranging from 1 :5 
to 1 :80 and sometimes even to 1 :160. 
Smears from broth cultures with the same 
toxin concentration were positive only with 
conjugate diluted 1 :5. The results obtained 
with food smears seem to simplify the method 
of staining by eliminating the use of many 
conjugate dilutions to get optimum propor
tion with the antigen. The wider range of 
positive reactions would appear to be due to 
the different amounts of toxin present around 
the individual cells or colonies. Sugiyama 
ct al. (1960) demonstrated a variation in the
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amount of toxin produced by different cells. 
Good positive reactions can, therefore, usually 
be obtained since some of the bacterial col
onies will have toxin in optimum proportions 
with the conjugated antibody.

With food smears as with broth smears, 
washing decreased the brilliancy of the fluo
rescent precipitates. This effect depended 
greatly on the thickness of the smears and 
the amount of enterotoxin present. The pre
cipitates were denser in the presence of more 
enterotoxin, so the effect of washing was 
minimal. The zone of optimum staining was 
narrower for smears prepared from foods 
with small toxin concentration than for 
smears prepared from foods with higher 
toxin concentration. Positive reactions were 
better when there was an additional 4 hr of 
incubation of coverslips at 4°C.

Frozen section gave the same results as 
smears. Cross sections of the set of two in
oculated discs demonstrated the growth of 
cells and presence of enterotoxin between 
the two layers, and a decrease in fluorescent 
precipitates as the distance increased from 
the interface.

Sensitivity of the tests. The demonstra
tion of enterotoxin B in food smears by the 
FAT appeared to be more sensitive than the 
presently applied method of extraction and 
gel diffusion. A series of sterile ham discs 
were inoculated with the same number of 
cells of strain S-6 (producing both A and B 
enterotoxins) and checked for toxin produc
tion at 3-hr intervals by the FA and gel dif
fusion (single and double) techniques. Food 
samples were demonstrated positive for en
terotoxin by the FAT much earlier than the 
time when 1 /xg toxin/ml had been produced, 
the amount needed for its detection by gel 
diffusion (Genigeorgis, 1965). The FA test 
showed fluorescent precipitates and clouds 
around the cells which became denser as the 
concentration of toxin increased. The FAT 
showed masses of cells covered with precipi
tates while the food extract was still negative 
for enterotoxin by gel diffusion, although 
enterotoxin could be demonstrated by the 
latter technique if the food extract was first 
concentrated 5 times or more. Strongly FA- 
positive smears were obtained when the ex

tracts were weakly positive by gel diffusion 
technique. It is considered that the toxin in 
the extract is the average amount of toxin 
per unit of volume of the food buffer mixture, 
and this amount should be many many times 
smaller than the amount of toxin around the 
toxic cells per unit volume of food in that 
area. This may also explain the difference in 
the sensitivity of FAT when applied to 
smears prepared from broth cultures or solid 
foods.

Demonstration in impression smears or 
drops from toxic food slurries. Smears 
prepared from slurries (50% in phosphate- 
buffered saline) were positive for fluorescent 
precipitates when the concentration of entero
toxin was greater than 5 /xg/rnl. With 
smaller concentrations, results were variable. 
The sensitivity was increased when less than 
1 :1 buffer was used to prepare the slurry. It 
appears that, during the preparation of the 
slurry, the foci of the toxin concentration are 
destroyed, and so the toxin becomes evenly 
distributed. It is obvious that if the concen
tration of toxin around the cells was already 
small, it would become smaller, and with the 
added effect of washing, the smear could be 
negative or be only weakly positive even 
though the food contained enterotoxin.

Smears made from centrifuged slurry were 
FA-negative when the supernatant liquid 
showed small amounts of toxin by gel diffu
sion. Possibly, homogenization and centrifu
gation completely removed toxin that was 
only loosely associated with the cells. This 
seems to be substantiated by the fact that the 
cell walls were intensely stained, showing 
little or no toxin, and the appearance was 
the same as a nontoxic strain stained as a 
result of the naturally occurring antibodies 
in the conjugate reacting with surface anti
gens (Genigeorgis and Sadler, 1966).

The results were more consistent when the 
drop technique was used. Since the amount 
of slurry used is more than can be used to 
make a smear, more toxin was available to 
react with the conjugate in an unfixed fluid 
medium. This aided in the formation of pre
cipitates which were caught later by the filter 
membrane.

Demonstration in food extracts. Clear 
food extract from which the fat was removed
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by cooling at 4°C was tested for the presence 
of enterotoxin by the drop technique. Large 
precipitates were formed with low dilutions 
of the conjugate. Positive results were more 
consistent than those obtained with undiluted 
supernatants from broth cultures. These 
broths, with over 120 /xg toxin/ml, were 
negative or weakly positive by the drop 
F A T ; however, they proved to be positive 
when they were diluted 1 :3 or 1 :5 with 
buffer, and an increased range of dilutions 
giving positive reactions was obtained (Geni- 
georgis and Sadler, 1966). This may be ex
plained by both an excess of antigen and by 
the effect of constituents in the broth itself. 
Food extracts gave better reactions by far 
with the conjugate than did broth cultures. 
Smaller amounts of toxin were also detected, 
possibly because there were less soluble solids 
to affect the antigen-antibody reaction.

Staining of controls. Foods tested for 
enterotoxin following inoculation with 
enterotoxin-B-producing strains, S-6 and 
243, were also tested for toxin after in
oculation with non-enterotoxin-B-producing 
strains. The inoculations were heavy to 
assure good growth. Sterile foods (cheese, 
ham, and chicken meat) which were inocu
lated with strains that do not produce type B 
enterotoxin were negative for precipitates or 
clouds around the bacterial cells by the FAT. 
Depending on the strain, the cells demon
strated varying classical fluorescence, and the 
microscopic appearance was the same as that 
of smears made from broth cultures. Ham, 
vacuum-packed commercially, showed a va
riety of rods, cocci, and yeast in addition to 
the cells of the inoculum. Some of the yeasts 
were stained intensely green, while the rods 
and other cocci were blue-violet or gray with 
an amorphous, thin, uniform cloud of fluores
cence which was easily distinguished from 
specific fluorescent precipitates or clouds 
around enterotoxin-B-producing cells.

Smears were made from uninoculated non- 
sterile foods and treated the same way as 
smears made from foods inoculated with 
strains S-6 and 243. No typical fluorescent 
precipitates or clouds were demonstrable. A 
nonspecific fluorescence was obvious in mus
cle fibers. Natural flora composed of rods 
and cocci did not show any typical precip

itates or clouds around the bacterial cells. 
With sterile food there was little nonspecific 
staining, if any, and when present it was 
weak.

Smears made from foods which had been 
found to contain large amounts of enterotoxin 
B by the FA and gel diffusion techniques 
were treated with 2 drops of 1 :5 unconju
gated antiserum, incubated for 30 min at 
37°C, washed once with buffer for 10 min, 
air dried, and stained with various dilutions 
of the conjugate (1:5-1:160). Smears so 
treated were negative for fluorescent precip
itates or clouds, but there were cells showing 
varying fluorescence in the walls. It is be
lieved that surface antigens of these cells 
reacted with anti-staphylococcal antibodies 
normally existing in the conjugate after spe
cific precipitates were washed off during the 
first washing.

Smears made from foods positive for large 
amounts of enterotoxin were stained with 
normal conjugated antiserum obtained from 
a young rabbit never used before for any 
immunization. The smears were negative for 
enterotoxin, but individual cells were stained 
green. It was difficult to demonstrate the 
presence of enterotoxin in smears made from 
nonsterile meat products or their slurries pre
viously inoculated with type B strains when 
the toxin was present only in small amounts. 
In this case, it was difficult to identify fluo
rescent particles as being specific precipitates 
rather than autofluorescent meat material. 
As the concentration of toxin around the 
cells increased, the morphology of the spe
cific precipitates became characteristic, per
mitting identification. As with culture media 
(Geuigeorgis and Sadler, 1966) the demon
stration of enterotoxin B by FAT in foods 
is based only on the presence of morphologi
cally specific fluorescent precipitates around 
the bacterial cell and not on the presence of 
fluorescent cells alone. Efforts to prepare 
a conjugated antienterotoxin B serum which 
will specifically stain the enterotoxin-produc- 
ing cells even in the absence of enough toxin 
to form precipitates, were unsuccessful. Such 
a conjugated antiserum will, of course, be 
ideal since precipitates can be washed off 
while an antigen attached on the cell cannot.
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SUM M ARY
A new m ed iu m  and “ m im ic ”  M PN m eth od  

fo r  the iso la tio n  and  en u m era tio n  o f  C lo str i
d iu m  p e r fr in g e n s  are d escr ib ed . A M PN tech 
n iq u e is em p lo y ed , fo llow ed  by th e co n firm a 
tion  o f  each  M PN tithe fo r  th e  p resen ce  or a b 
sen ce  o f  su lfite -red u cin g  a n a ero b es. T h e m ed 
iu m  and  m eth od  w ere com p ared  statistica lly  
with the ex is tin g  su lfite -p o ly m y x in -su lfa d ia z in e  
(S P S )  agar m eth o d , and  fo u n d  sig n ifica n tly  
b etter by a factor o f  2.

INTRODUCTION AND 
LITERATURE REVIEW

Vegetative cells of certain Clostridium per
fringens strains, probably arising from ger
minated spores in cooked food products, have 
been shown to be the causative agent in an 
acute gastroenteritis type of food poisoning 
and have been described by Hobbs (1965), 
Hall et al. (1.963), Nygren (1962). Hobbs 
et al. (1953), and others. A sulfite-poly
m yxin-sulfadiazine (SPS) agar devised 
( Angelotti et al., 1962 ) for isolation and pre
sumptive identification of C. perfringens has 
been considered one of the best solid-agar 
methods for the recovery of sulfite-reducing 
clostridia (Gibbs and Freame, 1965).

Current recovery methods for clostridia 
attempt to isolate and often differentiate 
these anaerobes by use of threshold concen
trations of selective agents in the primary 
medium. P rob lem s involved with these 
methods and the limitations of solid agar 
primary recovery media are cited by Gibbs 
and Freame (1965).

Green and Litsky (1964) proposed a new 
medium and “mimic” most-probable-number 
(M PN ) method for the isolation of C. per
fringens vegetative cells. The new medium, 
described herein, compared equally well with 
and in most cases better than fluid thioglycol- 
late medium (Difco), RCM (Oxoid ), pork- 
pea-infusion medium (Andersen, 1951), or 
beef heart infusion medium ( Society of 
American Bacteriology, 1944) for the re

covery of C. perfringens. The method uses 
a very selective and confirming secondary 
medium to identify which tubes of the pri
mary MPN isolation contain sulfite-reducing 
clostridia. This present investigation further 
defines this medium and method and deter
mines the statistical validity as compared 
with existing procedures.

MATERIALS AND METHODS
Organisms. Strains of C. perfringens associated 

with foods and food poisoning were obtained from 
Drs. Angelotti and Hall (Robert A. Taft Sanitary 
Engineering Center ) and are designated by their 
code system. The species of Streptococcus jaecalis 
and Proteus mirabilis used in the simulated food- 
sampling experiment are from our laboratory 
collection.

Cultures were grown and maintained on fluid 
thioglycollate medium with indicator (Difco) at 
37DC. Inocula for all experiments were 4-6-hr 
cultures.

Media and dilution blanks. 1) The primary 
isolation medium (herein designated as TYD-C) 
consists of the following : trypticase ( Baltimore 
Biological Laboratories, BBL) 4%, yeast extract 
1%, dextrose 0.5%, soluble starch 0.1%. sodium 
thioglycollate 0.2%, thiamine hydrochloride 1 ppm, 
Bacto agar 0.15%, and clostrisel broth, powdered, 
(BBL) 0.3%. The ingredients were added to dis
tilled water, pH adjusted to 7.2 with dilute NaOH, 
steamed to melt agar, tubed in 16 X 150-mm 
culture tubes, capped with Bacti-Capall polypro
pylene closures (Biological Research, Inc., St. 
Louis, Mo.) and sterilized at 121°C, 15 min. This 
medium was used within three days of preparation.
2) Sulfite-polymyxin-sulfadiazine (SPS) agar de
scribed by Angelotti et al. (1962) was commer
cially p rep a red  by BBL. 3) Niiiety-nine-ml 
dilution blanks contained 0.2% sodium thioglycol
late in distilled water.

E x p e r im e n ta l  m e th o d s . The TYD-C plus 
"mimic" M PN method. The MPN technique, using 
the T5 D-C medium, was employed for primary 
isolation. Tubes for 4-6 tenfold serial dilutions, 
5 MPN tubes per dilution, were arranged in a MPN 
rack. All inoculations of a given dilution were 
made at one time, and each MPN tube was inocu-
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lated deep below the surface of the medium. The 
MPN racks were incubated for 24 hr at 37°C.

Following incubation, each MPN tube was vigor
ously mixed for 5-10 seconds (Vortex Jr. Mixer), 
three loopfuls of culture were transferred into ap
proximately 0.5 ml sterile water blank (16 X 
150-mm culture tube), and 5-7 ml of melted SPS 
agar poured into the blank. These confirmation 
tubes were arranged in the same order ( “mimic” ) 
as the primary isolation tubes of the original MPN 
racks. After 14-18 hr of incubation at 37°C, the 
appearance of a solid black butt or black colonies, 
in the SPS tube, confirmed the presence of sulfite- 
reducing clostridia in the corresponding primary 
isolation tube. The MPN counts for the primary 
isolation (s) were obtained from the “mimic” (con
firmed) M PN’s by use of a standard five-portion 
MPN table (Hoskins, 1934). The SP S  method. 
The SPS agar method described by Angelotti et al. 
(1962) was employed with the following excep
tions : illuminating gas was substituted for the N2 
and C 0 2 mixture in the Brewer anaerobic jars 
(BBL), and the motility-nitrate medium was not 
used, since known C. pcrfringens strains were used 
in these experiments.

The two methods were compared by employing 
10 strains of C. perfringens. MPN racks, and Petri 
plates, six replicas each per strain, were inoculated 
by appropriate dilutions from the same set of serial 
dilution blanks and treated as described above. To 
compare the two methods further, a simulated food
sampling experiment was carried out. A No. 2 can 
of either chicken, beef vegetable, or clam chowder 
soup (Campbell Soup Co.) was aseptically opened 
and mixed with 150 ml of sterile water. In a 
blender jar, a 10-ml portion of a dilute C. per
fringens culture was added to 70 ml of the soup. 
Two 10-ml portions of dilute nonclostridial culture 
and/or sterile water were added to make a total 
volume of 100 ml. One experiment consisted of 
several such jars, each had the same size of inocu
lum of C. pcrfringens strain, while some jars were 
inoculated with an estimated excess of a nonclos
tridial species of 10-1 to 1000-1.

A jar containing soup mix and culture(s) was 
blended for 1 min in an Oster blender (John Oster 
Mfg. Co., Milwaukee, W is.) and samples removed: 
Four replicas each of MPN racks and Petri plates 
were inoculated for comparison of the two methods.

Statistical treatment of data. Two statistical 
methods were employed in these experments: 1) 
Student's f-test was applied to individual observa
tions (M PN ’s and plate counts) to compare the 
differences observed between the two methods for 
either a given strain of C. perfringens in the com
parison of methods or for a given condition in 
the simulated food-sampling experiment. 2) For

an entire experiment either all strains in the com
parison of methods or all conditions in a given 
simulated food sampling experiment, the compari
son of sample means by paired observations method 
was used. In this method, averages of M PN’s, and 
the plate counts, for a given strain or condition, 
were considered as a paired observation.

In both statistical treatments, the null hypothesis 
was assumed, and significant differences (*) con
sidered as probabilities (P ) of 0.05 or less, highly 
significant (**), P =  0.01 or less. Both statistical 
methods are described by Steel and Torrie (1960).

RESULTS AND DISCUSSION
Table 1 shows the results of the compari

son of methods. When the individual strains 
of C. perfringens are statistically treated by 
Student’s f-test, the observed differences be
tween the two methods ranged in significance. 
These varying responses are probably due 
to individual strain differences. When the 
entire group of 10 strains are statistically 
treated by comparison of sample means, 
paired observations, the difference of twofold 
greater recovery by the TYD-C plus “mimic” 
MPN over the SPS method is highly signifi
cant (P  =  0.0016). This latter statistical 
comparison, which involves all 10 strains, is 
more representative of the performance of 
these methods for the recovering C. per
fringens.

Similar statistical treatments were applied 
to the simulated food-sampling experiments. 
Results of one of these typical experiments 
are shown in Table 2. In all of these experi
ments, the TYD-C plus “mimic” MPN 
showed greater recovery that was signifi
cantly different from the SPS method when 
the over-all comparison of sample means by 
paired observations was applied. Differences 
within a given condition, as analyzed by Stu
dent’s f-test, varied in their significance. 
These latter variations may be due to a com
bination of strain differences and microbial 
interactions with nonclostridial species.

In two other simulated food-sampling ex
periments in which the numbers of viable
C. perfringens were very low, food debris 
interfered with the ease of SPS agar plate 
counting, and plates often contained either 
no colonies or colony counts of less than 30. 
The TYD-C plus “mimic” MPN method not 
only revealed (enumerated) the presence of
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Table 1. Statistical comparison of the two methods.*
S t a t i s t i c a l  t r e a t m e n t :

A v . v ia b le  c e ll c o u n ts  o f  
C. p e r f r in g e n s  X  108

s t u d e n t ’s t  t e s t  o n  X i  — X2 
d f  =  6 (>n -\r m  — 2 )

S t r a i n
(c o d e )

M e th o d  A  
X i

M e th o d  B Xz S t a t i s t i ct P

A-19 5.35 3.42 1.81 0.1
#75 9.43 4.13 2.80 0.02*
S-45 9.20 3.35 3.40 <0.01**
A-51 7.60 5.92 1.13 0.3
S-34 7.00 5.93 0.59 0.5
IU -2826 3.77 2.20 2.56 0.02*
S-40 8.52 2.60 2.64 0.02*
E-8 5.70 3.08 2.28 ^0.05*
IU-686 1.11 0.07 6.01 0.001**
#62 1.07 3.68 4.24 >0.01*

2x 68.24 34.38 comparison of sample means,
x2 6.82 3.44 X ,  —  X 2 : statistic t =  4.63,

Ratio xx —  2 d f  =  9, P = 0.0016**
Xi

* Method A : the TYD-C plus “mimic” MPN method described SPS method (Angelotti et al., 1962).Statistic t  =  calculated t  distribution, one tail. 
d f  =  degrees of freedom.P =  probability of null hypothesis, one-tailed test.

in text. Method B : the

* Significant difference.** Highly significant difference.

C . p e r f r i n g e n s ,  but would probably have had 
an even greater advantage over the SPS 
method in recovering low viable numbers of
C . p e r f r i n g e n s ,  if greater volumes of TYD-C 
contained in larger vessels had been used and 
larger samples (e.g. 10 ml or more) had been 
taken for the first dilution.

In all of the experiments described, known 
strains of C . p e r f r i n g e n s  were used. Both 
methods, as described here, would suffice to 
presumptively identify and enumerate sulfite- 
reducing clostridia from a sample with un
known microflora. In unknown samples, 
additional procedures, such as using the 
motility-nitrate medium (Angelotti e t  a l . ,
1962), would be required to confirm the 
presence of C . p e r f r i n g e n s  or other species 
of sulfite-reducing clostridia.

The use of approximately 45 °C incubation 
for selective isolation of C . p e r f r i n g e n s  from 
foods has been reported by Hall and Ange
lotti (1965), Hobbs (1957), and others. 
Preliminary experiments in our laboratory, 
employing the TYD-C plus “mimic” MPN 
method, indicate that C . p e r f r i n g e n s  are re
covered equally well and grow faster with 
profuse gas formation in TYD-C at 45°C

than at 37°C, whereas the nonclostridial 
microorganisms tested grow sparsely (or not 
at all) and without gas formation at 45°C. 
These preliminary experiments suggest that 
a 45 °C incubation be employed in the pri
mary isolation step employing the TYD-C 
medium, to obtain a presumptive enumera
tion for C . p e r f r i n g e n s .  Along with the cul
tural transfer step of the “mimic” MPN 
procedure we have also streaked solid SPS 
agar plates, incubated them anaerobically, 
and obtained isolated black colonies. These 
isolated colonies could be used for further 
identification procedures.

We suggest that the above modifications 
(45°C incubation and SPS agar plate streak
ing) be incorporated into the TYD-C plus 
“mimic” MPN method for isolation, enumer
ation, and identification of C . p e r f r i n g e n s  
from samples of unknown microflora.

Our proposed TYD-C plus “mimic” MPN 
method has the disadvantage of requiring 
more operational steps, more materials, and 
more time than the SPS method. However, 
our method has the advantage of recovering 
twice the number of viable cells and of being 
better suited for low population levels of
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Table 2. Typical simulated food sampling experiment recovering C. perfringens. Strain =  A-19, soup =  clam chowder.“

S t a t i s t i c a l  t r e a t m e n t :
A v .  n u m b e r  o f  v ia b le  A -1 9  S t u d e n t ’s t  t e s t  o n  X i  — X 2

_______ c e lls  re c o v e re d ________  ___________ d f  —  ( m  -f- 1 1 2  — 2 )

C o n d i t io n  : M e th o d  A  Xi M e th o d  B  X2 S t a t i s t i ct P
1. C. perfringens only 41 32.8 1.71 0.1
2. plus P. mirabolis 62 44.3 5.17 <0.01* **
3. plus A. faecalis 56.5 34.3 2.34 5=0.05*
Sx 159.5 111.4 Comparison of sample means
X 53.2 37.1 on Xi — X2 

Statistic t — 11.3, df = 2,
P =  0.01**

* Method A : the TYD-C pluc “mimic” MPN method described in text. Method B : the SPS method (Angelotti ct ai, 1962).Statistic t =  calculated t distribution, one tail. df =  degrees of freedom.P =  probability of null hypothesis, one-tailed test.* Significant difference.** Highly significant difference.

C. perfringens than the SPS method. This 
advantage of our method has suitable merits 
for quality control of cooked foods which 
may initially have low viable numbers of
C. perfringens.

The tenfold dilution MPN method is less 
accurate than the equivalent plate counting 
methods (Cochran, 1950; Taylor, 1962). 
Some workers have criticized use of the 
MPN technique for sampling food, etc. 
These criticisms have been reviewed by 
Mossel et al. (1956). Other workers express 
a preference for the MPN technique in cer
tain situations, especially for clostridia, which 
are often difficult to grow anaerobically on 
agar plates (Gibbs and Freame, 1965). Ex
periments in our laboratory reveal that the 
TYD-C medium employing the MPN tech
nique is more conducive to clostridial growth.
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Growth and Sporulation of Smooth and Rough Variants of 
Bacillus Stearothermophilus in Pea Extract and on Pea Agar

SUM M ARY
T h e in flu en ce  o f  ro u gh  and  sm o o th  variants  

o f  B acillu s  s te a ro th e rm o p h ilu s  o n  grow th  and  
spo ru la tion  o f  ea ch  w as in v estig a ted . T h e  
sm o o th  variant grew  fa ster  fr o m  sp ore in o cu lu m  
than  th e  ro u gh  variant and  p ro d u ced  m o re acid  
th an  th e ro u gh  w h en  grow n sep arate ly . H ow 
ever, w h en  grow n to g eth er , th e  grow th  was s im i
lar to  th e  sm o o th ; and  acid  p ro d u c tio n , as m ea 
sured  b y  p H , was a lso  th e  sa m e . W h en  th e  
in o cu lu m  w as veg eta tive  ce lls , th e  grow th  o f  
ro u g h  and  sm o o th  w ere s im ila r  to th e  ro u gh  
b oth  in  grow th  and  p H . M ore sp ores w ere p ro 
d u ced  by  th e  ro u g h  v arian t th an  by th e  sm o o th  
variant w h en  grow n sep arately  o n  p ea  agar or 
in  pea ex tract. W h en  grow n to g eth er  o n  pea  
agar or in  p ea  ex tract, th e  to ta l n u m b er  o f  
spores was le ss  than th e  ro u gh  variant b u t th ey  
w ere o f  th e  ro u gh  variant typ e.

INTRODUCTION
Flat-sour spoilage may occur in canned 

peas and other low-acid foods such as corn, 
string beans, beets, spinach, pork and beans, 
hominy, lima beans, asparagus, and succo
tash. In the canning of peas, the blancher 
provides an environment in which 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  can grow. Knock (1954 ) 
used flat-sour counts from water of the 
blancher, in addition to other line counts, as 
an index to the level of contamination of 
the peas. From these counts, he predicted 
the percentage of infected cans after process
ing. Knock reported that the temperature of 
the blancher is above the thermophilic growth 
range, but the bacteria grow during short 
shut-down periods. He also noted that the 
bacteria multiplied during periods of non
operation if the steam inlet valve was faulty 
or was not tightly closed.

During blanching, water-extractable mate
rials are removed from the peas, and this ma
terial is dissolved in the water and provides 
nutrients for the growth of spoilage bacteria. 
As Knock (1954) has pointed out, growth 
can occur in the blancher during shut-down 
periods. Assuming that flat-sour organisms 
entering the processing plant on the peas are

a mixture of rough aud smooth variants, 
which variant will gain the ascendancy ? 
Although no data are available on the distri
bution of these variants of flat-sour bacteria 
“in nature,” one may assume that both are 
encountered rather frequently since Smith 
e t  a l . (1952) listed both rough and smooth 
colony types in their description of B .  s t e a r o 
t h e r m o p h i l u s .

The question of which variant will gain the 
ascendancy and will dominate and produce 
spores is very important from a practical 
consideration of flat-sour spoilage. Research 
in our laboratory showed that there are con
siderable differences in the heat resistance of 
the rough and smooth variant of B .  s t e a r o 
t h e r m o p h i l u s .  The smooth variant of NCA 
1518 is resistant to heat, while the rough is 
comparatively nonresistant (Fields, 1963). 
Because of differences in resistance, growth 
of the variants in food extracts is of interest 
to the food microbiologist. The research re
ported herein was designed to study the 
influence of one variant on another during 
growth and sporulation in pea extract and 
on pea agar.

EXPERIM ENTAL METHODS
Preparation of pea extract. The pea extract 

was made by weighing 100 g of frozen peas and 
adding 400 ml of distilled water in a 1-L beaker. 
A watch glass was placed over the top of the 
beaker, and the peas were boiled for 1 hr. Distilled 
water was used to readjust the volume of the 
extract to 400 ml after the peas were removed by 
filtration. The extract was dispensed in screw-top 
test tubes in 9-ml and 50-ml quantities in flasks for 
growth studies by turbidimetric methods and plate 
counts and in 100-ml portions in Roux flasks for 
sporulation investigations. Pea agar was prepared 
by adding 15 g of agar to a liter of extract. The pH 
of the pea extract and agar for sporulation studies 
was 6.4. The pH’s of other extracts were 6.0 and 
5.4, respectively.

Spore and vegetative cell inocula. The methods 
of growing, cleaning, washing, and general prepara
tion of spores used in this study were reported 
previously (Fields, 1963). Both the rough and the

[ 615 ]
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smooth variant of strain NCA 1518 of B. stcaro- 
thermophilus were used. Both variants conformed 
to the species pattern of Smith et al. (1952) for 
B. stearothermophilns. The number of spores of 
each variant was adjusted to the same number for 
the inoculum in the growth experiments by plating 
in dextrose tryptone agar.

To prepare vegetative cells for inocula in s p o l 
iation studies, a loop of cells from nutrient agar 
slants was used to inoculate test tubes of pea ex
tract which were incubated 18 hr at 55°C. The 
number of vegetative cells of each variant was 
adjusted by use of standard curves in which tur- 
bidimetric values were plotted against plate counts 
from previous experiments ( Fields, 1964).

Growth measurements. The amount of growth 
of both variants was measured by taking readings 
on a Bausch and Lomb Spectronic 20 in test tubes 
containing 10 ml of pea extract. Readings were 
made at 650 m/r, with an uninoculated tube as a 
blank. In the second experiment, the amount of 
growth was measured by turbidimetric means by 
removing a 10-ml aliquot from 250-ml Erlenmeyer 
flasks containing 50 ml of pea extract and by plate 
counts made at selected intervals during the incu
bation period from the same flasks.

Measurement of pH and titratable acidity. 
All pH measurements were made on a Beckman 
Zeromatic pH meter. The pH of pea agar, after 
growth of the rough and smooth variants on the 
surface of the agar, was measured by gently lower
ing the electrodes down into the agar. Thirty ml 
of extract were used in the titrations. Samples 
were titrated to an end point of pH 7.0 using 
0.031V NaOH.

Sporulation studies. Sporulation was studied in 
a pea extract and on pea agar. Both the pea extract 
and the pea agar contained 30 ppm of manganese 
sulfate to aid in sporulation ( Ordal, 1957). One 
hundred ml of pea extract were added to each 
Roux flask and sterilized. Three Roux flasks were 
used for each variant and for the combination of 
variants.

The Roux flasks were inoculated with 1 ml of 
an 18-hr culture of each variant and a combination 
of rough and smooth which had been adjusted to 
the same number of vegetative cells. An aliquot 
was removed from each Roux flask after 24 hr, 
and the amount of growth was measured on the 
Bausch and Lomb Spectronic 20. The pH was 
measured on this aliquot. To determine the number 
of spores, another aliquot of pea extract was re
moved and boiled for 5 min and then plated in 
dextrose tryptone agar. The plates were incubated 
48 hr at 55°C.

When pea agar was used as the sporulation 
medium, Petri plates containing the agar were in

oculated with 1 ml of an 18-hr culture of each 
variant, and with a combination of rough and 
smooth with the same number of vegetative cells. 
The Petri plates were rotated so that the surfaces 
of the agar were completely covered with the 
inoculum. The plates were incubated 24 hr at 55°C.

After the incubation period, each of the five repli
cate plates were flooded with 10 ml of sterile water 
and the surface growth removed by scraping with 
an inoculating needle, The contents of each plate 
were pooled in a sterile Erlenmeyer flask. The 
contents were boiled for 5 min and readjusted to the 
original amount of sterile water and then plated 
in dextrose tryptone agar.

RESULTS AND DISCUSSION
Growth studies. Pelczar et al. (1955) 

list several methods of determining bacterial 
growth. Two of these methods were used in 
this study, namely, by determining the den
sity of a cell suspension by optical measure
ments and by plate counts. Optical density 
gives both dead and living cells while the 
plate count data give only viable counts.

Earlier e x p e rim e n ts  (Fields, 1964) 
showed that a higher optical density of the 
rough variant did not mean that there were 
more cells of the rough variant but that the 
longer cells which were present in the sus
pension were stopping more light than the 
smooth variant cells. A plot of the optical 
densities against cell concentration of both 
of these variant forms when cells were grown 
in nutrient broth, centrifuged, diluted and 
optical density measured, yielded a straight 
line (Fields, 1964). These data agree with 
Lamanna and Mallette (1965) who stated 
that if the population is not statistically con
stant in size, cell shape and chain length, the 
turbidity measurements will be altered. Such 
differences in size and length of cells do exist 
between these variants (rough variant is 
longer than the smooth, Fields 1963) but 
these differences do not negate the use of 
turbidimetric measurements if one is aware 
of these differences.

Growth studies, as shown in Fig. 1, were 
repeated three times with each variant being 
grown in five replicate tubes each run. The 
data showed that the smooth variant, when 
grown by itself increased the total optical 
density rapidly, and the optical density re
mained at this level throughout the remaining
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Fig. 1. The growth of rough and sm ooth  variants of Bacillus stearo- thermophilus in pea extract.

times tested. The growth of the rough vari
ant lagged behind the growth of the smooth 
variant when the tubes were inoculated with 
the same number of unheated viable spores. 
When the two variants were mixed and the 
number of spores of each variant were ad
justed so that the tubes contained the same 
number of rough and smooth variants, as in 
the individual treatments, the growth curve 
followed that of the smooth variant after 
71 hr of incubation. The optical density in 
this experiment at 1 8 and 44 hr was less 
for the mixture than for the smooth, while 
the optical densities of the mixtures in other

work (not reported here) were the same as 
the smooth.

In order to check on the influence of acid 
production and tolerance of vegetative cells 
to acid pH values, titratable acidity and 
plate counts were made at selected time in
tervals. These results are given in Fig. 2. 
The shapes of the growth curves of the rough 
and smooth variant were similar to those in 
Fig. 1. although a plateau was reached at a 
lower optical density than in the former ex
periment. This is probably due to the fact 
that the original pH of the pea extract in 
this experiment (Fig. 2) was 5.4 whereas

Fig. 2. The growth of rough and sm ooth  variants of Bacillus stearo- thermophilus showing the influence of acid production on pH and viable cells.
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the data in Fig. 1 were obtained from an 
extract with an original pH of 6.0. With a 
lower original pH of the extract, less growth 
was needed to produce an inhibitory pH. At 
17p2 hr after the start of the experiment, the 
smooth variant changed the pH from 5.4 to
4.5 in the pea extract, and there were
1.3 X 10° viable cells per ml as determined 
in dextrose tryptone agar. By 26 hr, the 
vegetative cell count of the smooth variant 
had fallen to only 4.4 X 103 cells. Titratahle 
acidity was also measured at the same time 
the pH was taken. The amount of .03N 
NaOH at 17 / ,  26, and 50 hr for the smooth 
variant was 1.7, 2.5 and 2.5 ml, respectively. 
The acidity was probably influencing the re
covery of the smooth cells. Not only is the 
difference in acid production noted here, but 
it also may be observed when the variants 
are plated in dextrose tryptone agar.

B ased on p la te  co u n ts , th e re  w ere
2.4 X 104 rough variant cells per ml at 
\7 x/ i  hr, and at this time the pH of the pea 
extract was 5.4, with no acid production. At 
30 hr, the cell count had in creased  to
4.8 X 105 cells as determined by plate counts 
and still no measurable acid production. 
However, the rough variant had decreased 
the pH to 5.0 by 50 hr (1.1 ml of 0.03N 
NaOH) as contrasted to a pH of 4.5 (1.7  ml 
of 0.03N  NaOH) for the smooth variant at 
17]/2 hr.

These data demonstrate that there is a 
difference in the lag and generation time of 
the two variants. The smooth variant be
cause of its acid production and/or other 
metabolites inhibited the growth of the rough

in pea extract. This difference in the rate 
of growth may be explained on the type of 
cell division. According to Bisset (1955) 
the smooth variant types of bacteria divide 
by the constriction of the cell wall while the 
rough variant by the formation of a complete 
cross-wall which subsequently splits.

Sporulation studies. Table 1 shows spor- 
ulation of the variant forms when grown by 
themselves and together in pea extract and 
on pea agar. The amount of growth of the 
rough variant either by itself or in combina
tion with the smooth variant was heavy 
when the inoculum was actively growing 
vegetative cells. This is in sharp contrast to 
the growth of the combined variants from 
spore inoc.ula as given in Fig. 1, in which 
the growth of the combined variants was 
similar to the smooth when grown by itself. 
This greater growth of the rough variant in 
Petri plates than in test tubes was probably 
associated with increased oxygen availability.

The largest number of spores was pro
duced by the rough variant when grown by 
itself either in pea extract or on pea agar. 
The pH ’s of the pea extract and the pea agar 
of the rough variant were also higher than 
the smooth variant. The next largest num
ber of spores was produced in the mixture 
of rough and smooth. The pH of these media 
were similar to the pH of media which sup
ported growth of the rough variant. The 
least amount of spores was produced by the 
smooth variant and the lowest pH ’s of the 
extract and agar were recorded with this 
variant.

Table 1. pea agar. Sporulation of variants of Bacillus stearoth ermophilus in pea extract and on

S p o r u la t io n p H  o f  m e d iu m
O p t ic a l  
d e n s i ty  
o f  p e a

A v .  n o . 
o f  s p o re s

m e d iu m V  a r i a n t in  2 4  h r  a e x t r a c t p e r  m l b
Pea extract Rough 5.2 0.39 4,956
Pea extract Smooth 4.8 0.09 >1Pea extract Rough and Smooth 5.2 0.35 910
Pea agar Rough 5.25 c 57,000
Pea agar Smooth 4.9 d 42
Pea agar Rough and Smooth 5.3 0 5,650

* pH of extract and of ag ar: original pH of extract was 6.4.“ Spores per ml of extract in Roux flasks and of suspension prepared from five replicate Petri plates.c Heavy growth by visual observations. d Light growth by visual observations.
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According to Ordal (1957), environmental 

factors affecting sporulation a re : tempera
ture, pH, oxygen tension, carbon sources, 
nitrogen source, and growth factors. From 
the data in Table 1, the increase from 4,956 
spores per ml to 57,000 per ml may be attrib
uted to oxygen level. The temperature, car
bon source and available growth factors were 
the same for both variants. There was growth 
of the smooth variant in the extract and on 
the agar. Ordal (1957) stated that the opti
mum for sporulation is similar to that for 
growth but the range is narrower. The data 
show that the pH was lower and may be the 
main reason for the lack of sporulation but a 
mineral or a vitamin requirement may also 
be a possibility.

The mixture of rough and smooth pro
duced a pH which was similar to the rough. 
Apparently some of the rough variant cells 
were producing basic substances or, since the 
rough dominated the mixture, lesser amounts 
of acid were produced. Certainly the growth 
of a mixture of vegetative cells in extract 
(Table 1) was different from the growth of 
vegetative cells from spores (Figs. 1 and 2).

The smooth variant even though it grew 
rapidly did not sporulate in pea extract and 
on pea agar even though the number of cells 
were numerous. When two sporeforming 
variants are competing for dominance in a 
food extract, there are two kinds of domi
nance. The first of these is vegetative domi
nance and the second is spore dominance. 
Although one variant may gain the ascen
dancy in terms of the total numbers of cells 
in an extract or on an agar, spore dominance

may not be correlated with vegetative domi
nance.

Although the results of this research indi
cate that the comparatively lower resistant 
spores predominated in pea extract and on 
pea agar, studies on the ratio of rough to 
smooth variants under conditions of actual 
canning are needed because the environment 
of the canning plant might allow the smooth 
variant to dominate.
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Formation of Higher Alcohols During Grape Juice 
Fermentations at Various Temperatures

SUM M ARY
S ig n ifica n t e ffects  o f  fe rm e n ta tio n  tem p era 

ture on  th e  fo rm a tio n  o f  fu se l o ils  in  grap e  
ju ic e  m ed ia  w ere d em o n stra ted . Iso a m y l a lco 
h o l was fo rm ed  m ost a b u n d an tly  at 7 0 -8 0 ° F ,  
and n -p rop yl a lco h o l lea st a b u n d an tly . Iso 
b u ty l a lco h o l fo rm a tio n  seem s fa ir ly  in d ep e n 
d en t o f  ferm en ta tio n  tem p era tu re . T h e fo rm a 
tion  o f  active am yl a lco h o l was a ffec ted  b u t 
s lig h tly , in  a m a n n er s im ila r  to isoa m y l. T h e  
lev e ls  o f  th e  su m  o f  the two am yl a lco h o ls  
fo rm ed  w ere 6 -1 3 1  % (a v era g in g  4 7 %  ) h ig h er  
w ith ferm en ta tio n  at 7 0  o r  8 0 ° F  than  w ith  
ferm en ta tio n  a t 5 0 °F . T h is e ffec t is  co n sid ered  
s ig n ific a n t fo r  co m m ercia l p ra ctice . P o ssib le  in 
terp reta tion s o f  th e resu lts are d iscu ssed  a lo n g  
w ith  p athw ays o f  h ig h er  a lco h o l fo rm a tio n .

I N T R O D U C T I O N
Studies to influence or control the secon

dary natural products of wine fermenta
tion have held much interest in these and 
other laboratories. In particular, effective 
methods of controlling the levels of the 
major higher alcohols [n-propyl. isobutyl, 
active amyl (3-methyl 1-b u tan o l) , and 
isoamyl (2-methyl 1-b u ta n o l)  alcohols] 
are desirable. From the s ta n d p o in t of 
beverage  wines, complete elimination of 
these components of fusel oil cannot be con
sidered wholly advantageous, but any tech
nique which permits a wine maker to control 
their production within certain limits is po
tentially advantageous. Distillers of grape 
brandy, especially in California, are generally 
interested in minimizing higher-alcohol for
mation in distilling wines.

Guymon and Heitz (1952) reported a 
mean fusel oil content (by a colorimetric 
method not reflecting propyl alcohol con
tents) of 250 mg per liter (range 162-366 
mg) in 120 samples of California white table 
wines, and a mean of 287 mg per liter 
(range 140-417 mg ) for 130 samples of Cali
fornia red table wines.

In review, Webb and Ingraham (1963) 
cited several factors which appear to influ
ence fusel oil production. Guymon et al.

(1961h) compared the fusel oils of aerobi
cally fermented grape juice with those pro
duced under anaerobic c o n d itio n s . They 
found that grape juice produces 4-fold more 
fusel oil when fermented aerobically, con
trary to results of Hough and Stevens
(1961) with wort. These results are not 
necessarily in conflict if the probable vast 
differences of the amino acid contents of the 
two media and degree of aeration employed 
are considered.

Dietrich and Klammerth (1941) and Cro
well and Guymon (1963) found that the 
fusel oil produced during fermentation was 
greater in the presence of suspended solids 
such as grape pidp. The latter suggested that 
the increase is due to partially aerobic con
ditions from oxygen adsorbed by or trapped 
within the solid material.

The influence of yeast strain has been 
studied by Guymon ct al. (1961), Hough 
and Stevens (1961), and Peynaud and 
Guimberteau (1962). Commonly employed 
strains of Saccharomyces do not appear to 
vary excessively, but enough to speculate that 
proper strain selection might be of industrial 
value. Pevnaud and Guimberteau found 
fivefold differences in amounts of fusel oil 
formed by diverse strains of yeasts, but a 
range of only about 2-fold for Saccharo
myces cUipsoideus. An in tr ig u in g  pos
sibility is the possib le  use of amino- 
acid-deficient mutant strains of Saccharo
myces cerevisiae of the type described by 
Tngraham and Guymon (I960), Guymon 
ct al. (1961a), and Ingraham et al. (1961) 
to control or possibly to eliminate fusel oil 
formation from fe rm e n ta tio n s . Unfortu
nately, the mutants employed so far are such 
slow fermenters that wild types would he ex
pected to rapidly dominate any commercial- 
type wine fermentation.

The composition of the medium under
going fermentation has been studied exten
sively particularly from the standpoint of 
naturally-occurring or added amino acids.

[620 1
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The implications of these studies have been 
reviewed by Webb and Ingraham (1963).

Castor (1953) measured the amino acids 
in seven different varieties of California 
grape must. The amino acid composition of 
some French grape juices was reported by 
Lafon-Lafourcade and P ey n au d  (1959). 
Good data are lacking on the naturally- 
occurring amino acids in grape must as re
lated to various varieties and growing condi
tions. If amino acid contents were readily 
available, must composition might be better 
correlated with fusel oil formation during 
fermentation.

The influence of fermentation temperature 
was co n sid ered  by Hough and Stevens
(1961) in conjunction with studies of yeast 
strains, using wort. Those workers found 
an optimum temperature of about 75° F for 
total fusel oil production. Peynaud and 
Guimberteau reported mean values for di
verse species of Saccharomyces in various 
media, including grape musts and synthetic 
media of different nitrogen composition, for 
fermentation temperatures ranging from 59 
to 95°F. They found maximum amounts of 
both isobutyl and isoamyl alcohols at 68°F, 
and the second highest level was at 77°F. 
Otsuka et al. (1963) found that the forma
tion of both isobutyl alcohol and combined 
amyl alcohols was maximum at 77°F. Webb 
and Ingraham (1963) stated that the bene
fits to be derived from fermenting at a tem
perature lower than 75°F are not enough to 
be of industrial value.

This study was made to determine the 
influence of the temperature of fermentation 
on the production of each individual higher 
alcohol, using more advanced methods of 
analysis and carefully controlled fermenta
tion temperatures and standardized ferment
ing techniques.

M A T E R I A L S  A N D  M E T H O D S
F e r m e n ta t i o n .  Juices from six different varie

ties of grapes grown in two different climatic 
regions—warm (Davis) and cool (Oakville)—were 
obtained by crushing and pressing fresh-picked 
fruit. The juice was treated with a standard 
amount of sulfur dioxide, 100 mg/L, and then 
yeasted with a pure culture of Saccharomyces 
ccrcvisiac var. cllipsoideus, s tr a in  Montrachet. 
Sufficient culture was added to give about 1 O' to

105 viable cells per ml of grape juice. Under these 
conditions past experience has shown the inoculated 
culture to remain true.

Two-and-one-half gallons of juice for each vari
ety from each region was divided into five one- 
gallon containers and fermented in water baths con
trolled to ±1/2°F. The temperatures used were 
50, 60, 70, 80, and 91 °F.

The fermentations were allowed to go to dryness 
with sufficient °Brix measurements to determine 
rates of fermentation ( Ough, 1964). At the end of 
fermentation the wines were stored at 70°F for 
24 hr, and then the supernatant liquid was siphoned 
off and stored in full bottles at 32°F until the 
analyses were made.

C h e m ic a l  a n a ly s is .  The routine analyses re
ported were made by the methods of Amerine 
(1965). The analysis considered in this paper in
cluded measurement of the must for °Brix and of 
the wines for ethyl alcohol.

F u s e l  o i l  a n a ly s is .  An F & M dual-column gas 
chromatograph, model 700-12, with dual-flame ioni
zation detectors was employed for fusel oil analysis 
of 1 :1 distillates of each wine. The completeness of 
the distillation of the fusel oils was verified by 
direct injection of several of the wine samples. 
The distillates were found to represent the wine 
accurately with respect to higher alcohol content. 
Three-/d samples were injected onto a UCON 
50-4B-400, 10% substrate on 60-80-mesh firebrick 
packing, 6-ft X j4-'nch-OD copper column. Peaks 
for n-propyl, isobutyl, and the combined amyl alco
hols (active plus isoamyl) were obtained with re
spective retention times of about 7.2, 10.4, and 23 
min. No peaks were observed under these condi
tions for other higher alcohols which are usually re
ported in concentrated fusel oils, such as »-butanol, 
»-pentanol, and .«v-butyl alcohol. The amyl alcohols 
were separated into the active and isoamyl isomers 
on a 10% diglycerol column, 6 ft X 14 inch. For runs 
with both columns, the oven temperature was main
tained at 80°C and the injection ports and detectors 
at 200°C. The helium carrier gas flow was 60 
ml/min in the sample column. Three-^1 samples of 
standard solutions containing increasing amounts of 
»-propyl, isobutyl, and isoamyl alcohols in 10% 
ethyl alcohol were injected, and the peak areas 
were plotted versus concentration of each higher 
alcohol component. From these plots the peak 
areas resulting from the injection of the 1 :1 wine 
distillate were related to each higher alcohol, 
expressed as mg per liter. It was found necessary 
to make at least daily injections of one or two of 
the standards to ensure against slight differences in 
instrument response to a given fusel oil concen
tration.
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RESULTS
The initial 0 Brix and the final ethyl alcohol 

concentrations are given in Table 1. The range 
represents what could normally be expected of 
commercial juices. The decline of the alcohol with 
increasing temperature is expected and normal.

A complete report of the individual higher- 
alcohol analysis oi the wines is shown in Table 2 
for the results of the 60 fermentations. Total fusel 
oil formation seems to be maximum at an intermedi
ate temperature of about 75 °F, in general agree
ment with most of the previously cited literature. 
However, exceptions were noted. Several individual 
wine series had maxima at lower temperatures or 
showed very little change over the temperature 
range studied. In order to assess the general 
effect, the levels of the individual fusel oils were 
averaged for each temperature value for the 
twelve fermentations. The results of the averaging 
for both amyl alcohols are given in Fig. 1. The 
values do change with temperature, and have maxi- 
mums at about 75°F. The averaged results for 
re-propyl alcohol and isobutyl alcohol (Fig. 2) 
show a different pattern. The re-propyl forms a 
minimum value at about 75°F, and it appears in 
general that the temperature response is opposite 
to that of the amyl alcohols. The isobutyl changes 
very little with temperature, and what small changes 
there are seem to be erratic.

A rather complete chemical analysis was done on 
these wines, and the results are reported elsewhere

(Ough and Amerine, 1965). These data were in
vestigated for correlation with the fusel oil data.

Fig. 1. The distribution of over-all values of active amyl and isoamyl alcohols by temperature for six wines, and the distribution of average values of the combined amyl alcohols by temperature for 12 wines.

Table 1. Initial dimatic regions. “Brix of juice and ethyl alcohol in wines from six grape varieties from two

Fei

Ethyl alcohol 
(vol/v)

•mentation temperatures

Variety and source 0 B rix 50° F 60° F 70° F 80°F 91°F

Sauvignon blanc 
Davis 21.5 12.5 12.3 12.1 11.9 11.7Oakville 26.0 15.7 15.2 15.0 14.9 14.5White Riesling
Davis 18.8 10.7 10.6 10.2 10.4 10.3Oakville 21.6 12.7 12.0 12.4 12.4 12.0Semilion
Davis 22.4 13.2 13.1 12.8 12.8 12.5Oakville 23.2 13.9 13.8 13.5 12.9 13.2Chenin blanc
Davis 23.2 13.8 13.4 13.3 13.0 12.9Oakville 22.8 13.8 13.3 13.3 13.3 12.6French Colombard
Davis 21.0 11.0 11.6 11.3 11.1 11.0Oakville 23.0 13.4 13.2 12.3 12.7 12.7Pinot blanc
Davis 23.6 14.5 14.3 14.4 14.0 13.5Oakville 21.6 12.5 12.5 12.3 12.4 12.2
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FERMENTATION TEMPERATURE, -F

Fig. 2. The effects of fermentation temperature on the average value of the isobutyl and «-propyl alcohols in twelve wines.

D I S C U S S I O N

Fig. 3 shows an abbreviated outline of the 
known pathways for amino acid and higher- 
alcohol formation via a-ketoacids formed 
from carbohydrate. In light of this scheme, 
certain possible conclusions may be de
rived from the data. Since isoamyl alcohol 
is formed during grape juice fermentation 
from an intermediate, a-ketoisocaproate, via 
the pathway for leucine synthesis, the en
zymes responsible for the production of this 
ketoacid must be at optimum activity at 75 °F. 
Similarly, active amyl alcohol, also formed 
in greatest amount at this temperature, is 
d eriv ed  from a-keto-jS-methylvalerate, and 
the same explanation could be made.

Yeast growth, which generally reaches a 
maximum at 70-80°F in fermenting wines, 
would logically be accompanied by an in
creased demand for amino acid synthesis for 
protein formation at these same temperatures. 
If higher alcohols are viewed as spill-over 
products of amino acid synthesis, as sug
gested by Lewis (1964) and others, the data

presented for the amyl alcohols appear rea
sonable. That is, the highest levels for these 
alcohols are formed at the same temperatures 
as those at which maximum yeast growth oc
curs and, hence, maximum synthesis of leu
cine and isoleucine.

Referring to Fig. 2, no such explanation 
for isobutyl or »-propyl alcohol formation 
can be advanced. The isobutyl alcohol values 
show no clear relationship to fermentation 
temperature. Lacking information on the 
yeast cell’s need for individual amino acids, 
one cannot relate isobutyl alcohol formation 
to valine synthesis. Furthermore, Fig. 3 
shows that a-ketoisovalerate, a precursor of 
isobutyl alcohol, is also an intermediate for 
isoamyl alcohol synthesis via a-ketoisocapro
ate. Perhaps cellular demand for leucine pre
vents any large accumulation of a-ketoiso
valerate.

Ayrapaa (1965), testing .S', carlsbergensis 
in a synthetic medium, found that the concen
tration of the nitrogen source regulated the 
production of the fusel oils. If the medium 
contained more than a minimum amount of 
leucine or isoleucine, the formation of iso
amyl, active amyl, and isobutvl alcohols de
creased with increasing amino acid concen
tration. However, using several nitrogen 
sources in the medium, he showed that 
»-propanol concentration increased with in
creasing nitrogen concentration.

The n-propanol-fermentation temperature 
relationship ( Fig. 2) can be partially ex
plained. As the natural amino acid source 
is depleted and the demand for isoleucine for 
cellular protein synthesis increases, the reac
tions along the isoleucine synthesis pathway 
toward isoleucine are favored (see Fig. 3). 
In the fermentation tem perature range 
where yeast cell multiplication is greatest 
(70-80°F), demand for the amino acid syn-

T H R E O N IN E --------- . ■ K ET O BU TYR ATE  -■

I
n-PRO PYL ALCOHOL I

î 1
• KETO • P M ETH Y LV ALER ATE

1
I ACTIVE AMYL ALC0H 0L~ |

YAUME-
î I

-K E T 0 1 S 0 V A L E R A T E --------

ISOBUTYL ALCOHOL

LEUCINE

Î 1
- KETOISOCAPROATE

I
1 ISOAMYL ALCOHOL I

Fig. 3. Condensed pathways for amino acid and higher-alcohol formation from a-ketoacids.



Table 2. Fusel oil alcohols produced at five fermentation femperatures for six grape varieties from two climatic regions.”
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Sauvignon blanc
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Chenin blanc
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Pinot blanc

____________A
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l__________________

»-Propyl
Isobutyl
Comb'd, amyls b
»-Propyl 
Isobutyl 
Comb'd, amyls 
Fraction active amyl
»-Propyl 
Isobutyl 
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Fraction active amyl
»-Propyl 
Isobutyl 
Comb’d, amyls 
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»-Propyl 
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n
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60° F_________________70°F_________________80° F_________________91°F

D
O

D
O

D
O

D
o

D
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43
80

28
62

29
62

28
63

43
60

36
42

31
36

37
32

41
30

29
28

174
210

210
240

250
240

250
220

160
176

23
52

18
24

18
26

20
29

21
32

42
30

37
22

47
27

57
28

53
28

162
176

205
175

285
218

310
298

220
185

0.23
0.19

0.20
0.19

0.21
23
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24
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24

27
24

28
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35
46

42
40

37
44

33
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190
250
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272
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210
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0.24
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33
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29
16

32
16

39
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56
48
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0.19
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40

64
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30
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170
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0.16

0.15
0.16
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50
41

36
30

30
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31
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34
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44
53

48
35

40
39
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130

193
195
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200
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192
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0.22

0.20
0.19

0.21
0.20

D = Davis; O = Oakville. 
Isoamyl plus active amyl alcohols.



OUCH, GUYMON, AND CROWELL 625

thesis is highest. Less a-ketobutyrate would 
accumulate, and therefore smaller amounts 
of w-propanol would be formed. At the fer
mentation temperatures where there is a 
smaller demand for amino acid synthesis, 
then a larger pool of a-ketobutyrate could 
exist and a greater amount of w-propanol 
formed. This agrees with observations of 
Guymon and Kunkee (1966), that w-pro
panol is formed earlier in fe rm en ta tio n  
whereas the other three fusel oils are accu
mulated up to the end of the fermentation.

From the standpoint of applications, these 
data show that levels of fusel oil alcohols in 
wines may be partially controlled by limiting 
the temperature of fermentation. Affected 
most are the combined amyl alcohols, the 
most significant components of fusel oils from 
a sensory standpoint. Comparing the wines 
fermented at 50°F with those fermented at 
70-80°F, there is an increase of 6-131% 
(average 47%) at the higher temperatures. 
Aside from the obvious economic disadvan
tage of fermenting wines more slowly, be
cause of the effect of lower temperatures, 
this practice provides a positive reduction in 
the formation of fusel oil alcohols.

R E F E R E N C E S

Amerine, M. A. 1965. Laboratory procedures for 
enologists. U n iv e rs ity  of California, Davis. 
100 p.

Äyräpää, T. 1965. Über die bieden Isomere des 
Isoamylalkohols bei der Vergärung syntheti
scher Substrate. Brauwissenschaft. 18, 161. 

Castor, J. G. B. 1953. The free amino acids of 
musts and wine. Food Research 18, 146. 

Crowell, E. A., and J. F. Guymon. 1963. Influence 
of aeration and suspended material on higher 
alcohols, acetoin, and diacetyl during fermen
tation. Am. J. Enol. & Viticult. 14, 214. 

Dietrich, K. R., and D. Klammerth. 1941. Über 
die Bildung des Fuselöls im Verlauf der alko
holischen Gärung. Z. Spiritusind. 64, 160.

Guymon, J. F., and J. E. Heitz. 1952. The fusel 
oil content of California wines. Food Technol. 
6, 359.

Guymon, J. F., J. L. Ingraham, and E. A. Crowell. 
1961a. The formation of »-propyl alcohol by
Saccharomyces c e re v is ia e . Arch. Biochem. 
Biophys. 95, 163.

Guymon, J. F., J. L. Ingraham, and E. A. Crowell. 
1961b. Influence of aeration upon the forma
tion of higher alcohols by yeasts. Am. J. Enol. 
& Viticult. 12, 60.

Guymon, J. F., and R. E. Kunkee. 1966. Unpub
lished data.

Hough, J. S., and R. Stevens. 1961. Beer flavor. 
IV. Factors affecting the production of fusel 
oil. / . Inst. Brew. 67, 488.

Ingraham, J. L., and J. F. Guymon. 1960. The 
formation of higher aliphatic alcohols by mu
tant strains of Saccharomyces cerevisiae. Arch. 
Biochem. Biophys. 88. 157.

Ingraham, J. L., J. F. Guymon, and E. A. Crowell. 
1961. The pathway of formation of «-butyl 
and »-amyl alcohols by a mutant strain of Sac
charomyces cerevisiae. Arch. Biochem. Bio
phys. 95, 169.

Lafon-Lafourcade, S., and E. Peynaud. 1959. Dos
age microbiologique des acides aminés des 
moûts de raisin et des vins. Vit is 2, 45.

Lewis, M. J. 1964. Aspects of nitrogen metabolism 
of brewers yeast. Wallcrstein Labs. Comms. 
27. 29.

Otsuka, K., S. Hara, and S. Imai. 1963. Effect of 
temperature on fermentation of wine. Nippon. 
Jozo Kyokai Zasshi 58, 631.

Ough, C. S. 1964. Fermentation rates of grape 
juice. I. Effects of temperature and composi
tion on white juice fermentation rates. Am. J. 
Enol. & Viticult. 15, 167.

Ough, C. S., and M. A. Amerine. 1966. Effect of 
temperature on wine making. (In press) 
Division of Agr. Sci. Agr. Expt. Sta. Univ. of 
California, Davis.

Peynaud, E., and G. Guimberteau. 1962. Sur la 
formation des alcools supérieure par les levures 
de vinification. Ann. Technol. Agric. 11, 85. 

Webb, A. D., and J. L. Ingraham. 1963. Fusel oil. 
Advances in Appl. Microbiol. 5. 317.

Ms. rec'd 1/10/66.



R IC A R D O  B R E SSA N I and  LIJ1Z G. ELIAS
Institute of Nutrition of Central America and Panama (IN C AP), Guatemala, C. A.

All-Vegetable Protein Mixtures for Human Feeding. The 
Development of INCAP Vegetable Mixture 14

Based on Soybean Flour

SUMMARY
Study o f  th e co m p lem en ta ry  va lu e o f  soyb ean  

and corn  p ro te in s  in  y o u n g  gro w in g  rats r e 
su lted  in  th e fo rm u la tio n  o f  INC A P V eg etab le  
M ixture 1 4 : 5 8%  corn  flo u r , 3 8 %  soyb ean
flo u r , 3%  toru la  yea st, 1%  ca lc iu m  p h o sp h a te , 
and 4 ,5 0 0  I .U . v ita m in  A p er  1 0 0  g . T h e m ix 
ture co n ta in s a p p r o x im a te ly  2 7  % p ro te in . 
F orm u la  1 4 , ev a lu ated  in  y o u n g  g row in g  d og s, 
was s lig h tly  lo w er in  p ro te in  q u a lity  th a n  ca 
se in . Its m a in  lim it in g  a m in o  acid  is m eth io 
n in e , h u t o n ly  w h en  fed  at a low  le v e l o f  p ro 
te in . T h e  a d d itio n  o f  ly sin e  and  th reo n in e  in  
th e p resen ce  o f  m eth io n in e  ca u sed  a h ig h ly  
s ig n ific a n t in crea se  in  p ro te in  effic ien cy  ra tio . 
O nly a sm a ll re sp o n se  was o b ta in ed  w h en  m ilk  
p ro te in  rep la ced  F orm u la  1 4  p ro te in  in  iso- 
p ro te ic  d iets.

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

The widespread p rev a len ce  and great 
public-health significance of protein-calorie 
malnutrition among young children in pro
tein-poor areas of the world is now well 
recognized. During the last few years, sev
eral laboratories throughout the world have 
developed vegetable-protein  mixtures for 
supplementär}^ feeding of children and adults 
as a means of controlling protein-calorie 
malnutrition in underdeveloped areas (N a
tional Academy of Sciences, 1961). These 
mixtures usually consist of various combina
tions of a cereal grain with a vegetable pro
tein concentrate. The vege tab le  protein 
concentrates that have received the greatest 
attention are soybean, cottonseed, peanut, 
and sesame flour (Altschul, 1958).

In our laboratories, a great deal of atten
tion has been given to vegetable-protein 
mixtures based on cottonseed flour and corn 
(Bressani et al., 1961). One of the mixtures 
developed was tested extensively in experi
mental animals (Bressani et al., 1962) and 
children (Scrimshaw et al., 1961) and is 
now being produced on an industrial scale 
under the commercial name of Incaparina 
(Behar, 1963). Emphasis was placed on 
using cottonseed flour because of its avail

ability in the Central American countries 
(Bressani, 1965) and other parts of the 
world (USDA, 1963) where protein-rich 
foods are needed.

Vegetable-protein mixtures c o n ta in in g  
other vegetable-protein c o n cen tra tes  are 
highly desirable because the availability of 
such concentrates varies from one area to 
another. Therefore, soybean flour was tested 
as the main vegetable-protein concentrate to 
develop mixtures with cereal grain protein.

The literature on the nutritive value of 
soybean protein has been reviewed in an 
excellent manner by several workers (e.g. 
Cicle and Johnson, 1958). Also, a consider
able amount of work has been reported on 
the supplementary effect of soy flour on the 
protein of wheat flour (Jarquin et al.. 1966) 
and other cereal grains (Dean, 1958). In 
this report, soybean flour protein was tested 
for its complementary value to corn proteins, 
resulting in the development and testing of 
INCAP Vegetable Mixture 14.

M A T E R I A L S  A N D  M E T H O D S
The experiments were done with a toasted soy

bean flour (kindly supplied by General Mills) con
taining 50% protein and local whole corn flour. 
On the basis of the nitrogen content of both 
ingredients, the complementary and supplementary 
value of soybean protein to corn protein was stud
ied. For the experiments on the complementary 
value of soybean flour protein, a series of diets 
were prepared in which protein level was kept at 
approximately 9%. In one of the diets, all the pro 
tein was derived from corn flour, while in remain 
ing diets, corn protein was replaced progressively 
by soybean flour protein, so that the protein of the 
last diet of the series was all derived from soy
bean flour and all contained equal amounts of total 
protein. The partial composition of the diets fed 
is shown in Table 1.

The supplementary value of soybean flour to 
corn protein was studied by adding increasing levels 
of soybean flour, from 0 to 20%, to a fixed level 
of corn in the diet. In this case, the protein content 
of the diet increased with increasing levels of soy
bean protein. As before, the partial composition of 
the diets used is shown in Table 2.

[ 6 2 6 ]
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Table 1. Optimum combination between the proteins of corn and of soybean flour.
P e r c e n ta g e  p r o te in  
d i s t r i b u t io n  in  d ie t

P r o t e i n  d i s t r i b u t io n  
in  d i e t

W e ig h t  d i s t r i b u t io n  
in  d i e t '1 W e ig h t

g a i n 1“(g) PERC o rn S B F C o rn S B F C o rn S B F

100 0 8.0 0 90.0 0 33 1.43
80 20 6.4 1.6 72.0 3.2 57 2.15
60 40 4.8 3.2 54.0 6.4 73 2.53
40 60 3.2 4.8 36.0 9.6 83 2.71
20 80 1.6 6.4 18.0 12.8 83 2.61
0 100 0 8.0 0 16.0 68 2.33

“ The other ingredients of the diets were: 4.0% mineral mixture (Hegsted et al.. 1941), 5% refined cottonseed oil, 1% cod liver oil, and cornstarch to adjust to 100%. All diets were supplemented with 4 ml of a complete vitamin solution (Manna and Hauge, 1953) per 100 g. b Average initial weight: 48 g (12 animals per group).
A procedure similar to that described above was 

followed in studies to find the complementary effect 
between skim milk and the best corn-soybean flour 
mixture. These experiments were done at the 10 
and 20% protein levels in the diet. The partial 
composition of the diets used is described in 
Table 3.

Finally, the limiting amino acids in Mixture 14 
were determined in young growing rats with diets 
containing 10 and 20% protein. The amino acids 
added, as well as the amounts, are shown under 
“Results.” The other components of the diets are 
also shown in Table 4.

In all these studies, assays were carried out with 
young growing rats of the Wistar strain of the 
INCAP colony. Six to 12 rats were assigned at 
random to each experimental diet. The rats were 
placed in individual all-wire cages, with raised 
screen bottoms. Both feed and water were pro
vided ad libitum, and the experimental period lasted 
28 days. Weight of the rats and consumption of

food was recorded every 7 days. Protein efficiency 
ratios (PER ) were used to assess the effect of 
the different treatments. Partial description of the 
diets used is given in the results section, together 
with the performance of the experimental animals.

The best protein combination between corn and 
soybean flour served as the basis for the formula
tion of Mixture 14, which was then fed to 4 young 
growing dogs to determine its nitrogen balance 
index (N BI).

The animals were fed decreasing levels of pro
tein from a diet made of: 87% Formula 14; 10% 
hydrogenated vegetable fat, 2% mineral mixture 
(Hegsted et al., 1941), 1% cod liver oil, and 3 ml 
of a complete vitamin solution (Manna and Hauge, 
1953) per 100 g. The intake of calories was main
tained at 135 Kcal/kg/day throughout the study. 
When needed, the intake of calories was adjusted 
with an N-free diet made o f : 20% cornstarch, 40% 
dextrose, 24% sugar, 3% cellulose, 10% hydro
genated vegetable fat, 2% mineral mixture (Heg-

Table 2. Effect of complementing and supplementing corn protein with soybean flour 
protein in rats.

P e r c e n ta g e  p r o t e in  
d i s t r i b u t io n  in  d ie t

P r o t e i n  d i s t r i b u t io n  
in  d ie t P r o t e i n  

in  d ie t  (%)
W e ig h t  d i s t r i b u t io n  

in  d ie t W e ig h t
g a i n “ P E RC o rn S B F C o rn S B F C o rn S B F

100 0 7.82 0 7.82 90.0 0 36 1.60
80 20 6.41 1.60 8.01 72.0 3.2 58 2.29
60 40 4.70 3.13 7.83 54.0 6.3 74 2.72
40 60 3.20 4.79 7.99 36.0 9.5 88 2.91
20 80 1.63 6.54 8.17 18.0 12.7 79 2.67
0 100 0.00 8.07 8.07 0.0 16.0 77 2.56

100 0 6.99 0.00 6.99 70.0 0.0 22 1.31
76.0 24.0 6.32 2.00 8.32 70.0 4.0 62 2.30
59.8 40.2 5.96 4.00 9.96 70.0 8.0 101 2.61
48.4 51.6 5.63 6.00 11.63 70.0 12.0 129 2.59
39.6 60.4 5.24 8.00 13.24 70.0 16.0 158 2.69
33.2 66.8 4.96 10.00 14.96 70.0 20.0 154 2.55
57.9 42.1 5.64 4.10 9.74 70.2 8.2 100 2.63
15.8 84.2 2.14 11.39 13.53 32.4 22.9 141 2.40
15.1 84.9 2.26 12.70 14.96 36.0 25.4 139 2.21

‘ Average initial weight: 47 g (6 animals per group).
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Table 3. Complementation between the proteins of Formula 14 and skim milk at two levels of protein in the diet.
P e r c e n ta g e  p r o te in  
d i s t r i b u t io n  in  d ie t

P r o t e in  d i s t r i b u t io n  
in  d ie t

W e ig h t  d i s t r  
in  diet*

ib u t io n
P r o te in  
in  d ie t  (%)

W e ig h t
g a in
( g ) P E R

F o r m u la
14

.Sk im
m ilk

F o r m u la
14

S k im
m ilk

F o r m u la
14

S k im
m ilk

100 0 9.65 0.00 36.40 0.0 9.65 123 2.79
80 20 8.00 2.00 29.12 6.06 10.00 135 2.88
60 40 6.12 4.08 21.84 12.12 10.20 122 2.84
40 60 4.20 6.30 14.56 18.18 10.50 137 2.95
20 80 2.23 8.92 7.28 24.24 11.16 131 2.82
0 100 0.00 12.00 0.00 30.30 12.00 129 2.73

100 0 19.10 0.00 72.80 0.00 19.10 143 1.77
80 20 15.92 3.98 58.24 12.12 19.90 151 1.76
60 40 12.00 8.00 43.68 24.24 20.00 154 1.83
40 60 8.12 12.18 29.12 36.36 20.30 157 1.81
¿0 80 4.00 16.00 14.56 48.48 20.00 146 1.84
0 100 0.00 20.80 0.00 60.60 20.80 138 1.67

* The diets were supplemented with : 4.0%i mineral mixture ( Hegsted ct al.. 1941), 5%refined cottonseed oil, 1% cod liver oil, and cornstarch to adjust to 100%. All diets were also supplemented with 4 ml of a complete vitamin solution (Manna and Hauge, 1953) per 100 g.
sted ct al.. 1941), 1% cod liver oil, and 4 ml of a 
complete vitamin solution ( Manna and Hauge, 
1953) per 100 g of diet. The Formula 14 diet 
contained 3.62% nitrogen and 435 calories per 100 g. 
The N-free diet contained 435 calories per 100 g.

Each level of protein was fed for 8 days, pro
viding two 4-day balance periods. Feces and urine 
were pooled every 4 clays and homogenized before 
obtaining a subsample for nitrogen analysis. From

the nitrogen intake and fecal and urinary nitrogen 
excretion, nitrogen absorption and balance, were 
calculated.

R E S U L T S

C o m p l e m e n t a t i o n  b e t w e e n  c o r n  a n d  s o y b e a n  
p r o t e i n s .  Table 1 shows the results of the first 
study designed to determine the best protein com
bination between corn and soybean protein. From

Table 4. Limiting amino acids in mixture 14 at two levels of protein in the diet.“
P r o t e i n  W e ig h t
in  d i e t  R a in

A m in o  a c id  s u p p le m e n t ( %) ( k ) PER

None 10.10 110 2.56
+ 0.20% L-lysine HC1 10.30 93 2.35
+ 0.20% I—threonine 10.80 102 2.31
+ 0.20% DL-methioniné 10.10 139 2.93
+ 0.20% L-lysine HC1 + 0.20% L-threonine 10.10 121 2.69
+ 0.20% L-lysine HC1 + 0.20% DL-methionine 10.40 126 2.74
+ 0.20% L-threonine + 0.20%, DL-methionine 
+ 0.20% 1 .-lysine HCl + 0.20% L-threonine

10.00 142 3.05
+ 0.20% DL-methionine 10.10 164 3.39

None 18.04 145 2.01+ 0.20% L-lysine HC1 18.36 156 1.99
+ 0.20%r L-threonine 17.80 169 2.11
+ 0.20%c DL-methionine 18.00 171 2.20+ 0.20%- L-lysine HC1 + 0.20%r L-threonine 17.34 162 2.11
+ 0.20%r L-lysine HC1 + 0.20% DL-methionine 17.00 168 2.25
+ 0.20% L-threonine +  0.20%; DL-methionine 
+ 0.20% L-lysine HC1 +0.20% L-threonine

17.56 178 2.30
+ 0.20% DL-methionine 18.05 164 2.19

“ All diets were supplemented with: 4.0% mineral mixture (Hegsted et al.. 1941), 5% refined cottonseed oil, 1% cod liver oil, and cornstarch to adjust to 100%,. All diets were also supplemented with 4 ml of a complete vitamin solution (Manna and Hauge, 1953) per 100 g.
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both weight gained and PER values, it is evident 
that the proteins complement each other when corn 
provides 20-40% of the protein of the diet and 
soybean flour 60-80%. Front these results, and by 
selecting the higher level of soybean flour and the 
lower of corn, Mixture 14 was formulated to con
sist of a mixture of 58 g of corn and 38 g of 
soybean flour per 100 g of mixture.

Table 2 shows the supplementary effect of soy
bean flour to corn. Complementation of soybean 
and corn proteins occurred as before when 60% of 
the dietary protein was derived from soybean and 
40% from corn. It can be seen from the PER 
values that supplementation was optimum when 
8.0% soybean flour was added to 70% corn. Larger 
amounts of soybean flour did not increase PEP, 
although weight gain increased up to a level of 
16% soybean flour in the diet.

Fig. 1A shows the relation between nitrogen in
take and nitrogen retained, while Fig. IB shows 
the relation between nitrogen absorbed and nitrogen 
retained in four days as carried out in dogs. From 
the slope of the lines, the nitrogen balance index 
was found to be 0.62 for the mixture of 56 g of 
corn and 38 g of soybean flour. Nitrogen equi
librium is obtained at a nitrogen intake of 230 
mg/kg body weight/day. The biological value of 
Formula 14 was 73.1 calculated from the NBI, and 
73.3% from the direct determination. Apparent

Fig. 1. Relationship between nitrogen intake and nitrogen balance and between nitrogen intake and nitrogen absorbed in dogs fed Mixture 14.
•  dog No. 36; x dog No. 37; o dog No. 38; 
▲  dog No. 39.A ) * =  -145.61 +  0.6189 XB) f  =  126.48 +  0.7260 X

and true protein digestibilities were respectively 
78.6 and 80.2%.

Dogs fed decreasing levels of a casein diet gave 
a regression equation equal to F =  —90.28 +  0.64 X  
when nitrogen intake was plotted against nitrogen 
balance, and of 3’ =  —82.43 +  0.69 X  when nitrogen 
absorbed was plotted against nitrogen balance (F 
=  nitrogen retention; X  =  nitrogen intake). On 
this basis, the protein value of Formula 14 was 
found to be very close to the nutritive value of 
casein.

Table 3 shows results based on the best protein 
combination between Formula 14 and skim milk at 
two levels of protein in the diet. It appears, from 
both weight gained in 28 days and PER values, 
that all combinations between Formula 14 and 
skim milk have a high nutritional value, although 
slightly higher values for both parameters were 
found when Formula 14 provided 40% of the di
etary protein and skim milk 60%.

Table 4 presents the results on the amino acid 
supplementation of Formula 14 at two levels of 
dietary protein. The addition of methionine caused 
a significant increase in both weight gained and 
PER at the lower level of protein in the diet, 
while the addition of lysine and of threonine alone 
caused a slight decrease in PER and weight gained. 
The addition of the three amino acids together 
brought about a highly significant response in both 
weight gained and PER over the unsupplemented 
diet and the diet supplemented with methionine. 
Amino acid supplementation at the higher level of 
dietary protein brought about only a small increase 
in weight gained and PER.

D I S C U S S I O N

The findings of the present investigation 
show that soybean flour protein and corn 
proteins complement each other, yielding a 
mixture having a nutritive value higher than 
that of either component fed alone. The 
type of response obtained when the protein 
of one component is replaced by the protein 
of the second component in isoproteic diets 
is different from the response obtained from 
mixtures of cottonseed flour and corn pro
teins (Bressani, 1965). In this case, replace
ment of cottonseed protein by corn protein 
results in a sharp decrease in the nutritive 
value of the mixture where corn protein con
tributes more than 60% of the protein in 
the diet.

Soybean protein supplements corn pro
tein, as has been shown by several workers 
(Gilbert and Gillman, 1959), but the sup-
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plementarv effect is not as great as the com
plementary value between the two proteins, 
as indicated by the PER values. There is, 
therefore, a basic difference between the two 
methods of combining soybean and corn pro
teins. In one case, that of supplementation, 
soybean protein is supplying the limiting 
amino acids in corn protein ; however, at the 
same time other amino acids are added in 
the form of protein, which may limit the 
effect of the beneficial amino acids, which 
in this case are lysine and tryptophan. The 
situation is similar to that taking place when 
a fixed level of casein is supplemented with 
increasing levels of gelatin (Harper, 1959), 
although the effect is not as marked. In the 
case of complementation, the amino acid pat
tern of one protein component adapts with 
the amino acid pattern of the other compon
ent, resulting in a more efficient mixture of 
amino acids in the form of protein.

A further difference between the two types 
of protein enrichment is that, with comple
mentation, mixtures ranging in protein con
tent of equal nutritive value from 8 to 30% 
can be formed, whereas with supplementa
tion the protein content is limited by the 
amount of the supplement added, to give the 
highest PER.

From the results on complementation, 
Mixture 14 was developed. It consists of a 
mixture of 56% corn and 38% soybean flour. 
Since these mixtures are being developed 
for the supplementary feeding of infants and 
young children whose diets are also deficient 
in vitamins and minerals, 3% torula yeast is 
added, as with previous mixtures (Scrim
shaw et al,, 1962), and 1% calcium phos
phate as source of Ca and P. Since vitamin 
A has also been found deficient in rural diets 
(Flores et al., 1964), 4,500 I.U. per 100 g 
are also added.

The NBI of this mixture is superior to 
that of the Vegetable Mixture 9 (Bressani,
1966) and very similar to that of casein. 
Furthermore, its true protein digestibility is 
slightly higher, which may be the reason that 
its nutritive value is higher than that of 
Vegetable Mixture 9.

Even though the PER of the mixture be
tween corn and soybean is superior to that 
of either component fed alone, the mixture is
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deficient in methionine at low levels of pro
tein in the diet. However, the cost of this 
amino acid is low, and if its addition is con
sidered practical, it will have only a slight 
effect on the cost of the final product. Lysine 
and threonine increased the nutritive value 
of Mixture 14 only after supplementation 
with methionine to about the same degree. 
The addition of three amino acids which 
appear to be deficient in the mixture of soy
bean flour and corn, produced a blend of a 
relatively high protein quality.

From the complementation experiments be
tween milk and Mixture 14, protein mix
tures containing some animal protein may 
be developed. It was of interest to learn that 
only a small improvement in nutritional 
value was obtained when skim milk replaced 
the protein of Formula 14 in isoproteic diets. 
This may be due to the fact that, at low 
levels of protein in the diet, methionine 
would be also the first-limiting amino acid 
in skim milk, although it contains slightly 
more of it than in Formula 14. The use of 
milk has several advantages, and allows the 
larger distribution of more milk to more 
people suffering from protein malnutrition.
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SUM M ARY
B ean s and  p u lp  fr o m  cocoa  w ere su b jected  

to lab oratory  ferm en ta tio n  rep ro d u cin g  fa rm 
p ro cess in g  co n d itio n s . A p a ra lle l was n oted  
betw een  th e gradu a l d ecrease  o f  th e sugars  
co n ten t and th e  p ro gressive  d isap p ea ra n ce  o f  
im m u n o lo g ic a l activ ity  w h en  u n fer m en te d , in 
co m p le te ly -fer m en te d , and  fu lly -fe rm en ted  b ean  
extracts w ere co m p ared . T h e sacch ar id ic  n atu re  
o f  th e  a n tig en s  was ev id en ced  th rou g h  sta in in g  
w ith  S c h iif’s rea gen t on  g e l e lec tro p h oreto -  
gram , p ap er  ch ro m a to gra p h y , and  acid  h y 
d ro ly sa tes.

O ne o f  th e  two a n tig en s, F raction  A, is p res
en t in  u n ferm en ted  b ean  ex tr a c ts; b oth  a n tig en s  
y ie ld  g lu co se  o n ly  w hen  th ey  are su b jected  to 
an acid  h yd rolysis .

D ia ly sis  show ed that th e o n ly  a n tig en  (F ra c
tion  E ) fo u n d  in  in c o m p le te ly  ferm en ted  bean  
extracts is a m o lec u le  sm aller than  that o f  the  
F raction  B fo u n d  in  u n ferm en ted  ex tracts. 
B ea n s a d eq u a te  fo r  th e  ch o co la te  in d u stry  did  
n ot show  an  im m u n o g e n ic  co m p o n en t. A rap id  
and sim p le  r in g  test is p ro p osed  fo r  d eterm in 
in g  th e d eg ree  o f  ferm en ta tio n  (q u a lity  o f  th e  
fa rm  p ro d u c t) o f  cocoa  beans.

INTRODUCTION
Levanon and Martelli (1964) noted that 

extracts of unfermented cocoa beans were 
immunogenic, while beans adequately fer
mented for the chocolate industry were not. 
Upon this basis, Levanon (1965) proposed 
a serological method for determining the de
gree of fermentation of cocoa beans. This 
method represents a test for cocoa bean 
classification which is influenced by personal 
bias less than in previous classification, and 
the basic test offers an accurate and repro
ducible procedure for controlling the quality 
of the farm product. In this respect, early 
classification of cocoa beans for industrial use 
was based upon the physical aspect of the 
whole beans or upon internal color deter
mined after sectioning. The present paper 
records a further study of the immuno
genicity of farm-processed cocoa beans.

MATERIALS AND METHODS
Beans were collected from the “Forastero,” 

“Catongo," and “Criollo" varieties of Thcobroma 
cacuti plants grown at the Cocoa Experimental 
Station, Uruçuca, State of Bahia, Brazil. Beans of 
each variety were collected separately, rinsed with 
tap water to eliminate the pulp, then dried at 37° C, 
and finally stored at room temperature. In addi
tion, commercial samples of cocoa beans were col
lected from export dealers in the cities of Itabuna 
and Ilheus (State of Bahia). In this respect, com
mercial samples are mixtures of beans from plants 
of several varieties. The estimation of bean quality 
was done according to De Witt (1953). Fruit pulp 
(cocoa honey) was collected separately from fruits 
of each variety in Erlenmeyer flasks and frozen at 
—45°C. Thawed pulp showed a pH of approxi
mately 3.8.

A strain of Saccharomyces sp. isolated from 
fermentation boxes in the Cocoa Experimental 
Station at Uruçuca and maintained in Sabouraud 
medium was used in the laboratory fermentation. 
Portions of 200' ml of cocoa pulp were sterilized 
by filtration through a Seitz filter, placed in 1000- 
ml Erlenmeyer flasks, and incubated 72 hr at 37°C 
to disclose an eventual turbidity due to undesirable 
microbial growth. Two hundred unfermented cocoa 
beans, previously washed with a solution of 1 % 
merthiolate and then with sterile distilled water, 
were added to each flask. These flasks were incu
bated with 1 ml of yeast-cell suspension whose 
turbidity was equivalent to tube no. 3 of the 
McFarland scale, and the flasks were incubated at 
room temperature. During fermentation, samples 
were withdrawn every 24 hr and the antigen was 
prepared and tested by an immunoprécipitation 
technique (see below). When advisable, bean ex
tracts were concentrated by freeze-drying after 
being dissolved in the required volume of saline.

Laboratory preparations from fully fermented 
batches of cocoa beans were marked F ; those from 
incompletely (partially) fermented batches, PF  ; 
preparations from unfermented batches, ATF ; and 
those from over-fermented batches, OF. Besides, 
the percentage of well fermented ("good-quality") 
beans contained in the batch was represented by a 
superscript number, while the duration of fermenta
tion in hours was represented by a subscript num
ber. For instance, PF°. indicates that this prep

[ 632 ]
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aration was made from a batch of beans fermented 
for 72 hr (partial fermentation, incomplete fer
mentation) and contained 70% good-quality cocoa 
beans.

Total polysaccharides were determined by the 
anthrone method (Trevelyan and Harrison, 1952), 
and polyphenols by the permanganate method (For
syth, 1926). Fat substances were determined in 
10-g samples by Soxhlet extractions and direct 
weighing.

Ascending chromatography was run on a strip 
of 36 x 11-cm Whatman no. 1 filter-paper using 
phenol-water (8+2) solvent to which 0.01% of 
Merck Triplex (sodium ethylenediaminetetraace- 
tate) was added to avoid oxidation. Of the antigen 
solution tested, 0.01 ml was placed at the chroma
tography origin and processed for 24 hr. After 
drying at 90°C, the chromatogram was developed 
with the anthrone reagent (Sunderwirth ct al., 
1964) or the anilin-diphenylaminophosphate reagent 
( E. Merck A.G.). The places corresponding to 
the previously developed spots on 25 paper strips 
were cut and eluted with 10 ml of distilled water by 
mechanical shaking overnight, then freeze-dried, 
and finally dissolved in 0.5 ml of saline solution.

A 30-cm-high 2.7-cm-diameter chromatographic 
glass column was filled with DEAE-cellulose (di- 
ethylaminoethylcellulose). This material was re
peatedly washed with a 0.02M  phosphate buffer 
until the washing had a pH of 7.4. Then, 5 ml of 
cocoa-pulp preparation were poured on the top of 
the column. This was adapted to a fraction col
lector, and samples of 6 ml were collected by adding 
0.02M phosphate buffer of pH 7.4. Each tube was 
tested with the anthrone reagent. The tubes show
ing a positive reaction were pooled and labeled 
“Fraction C.” The column was then eluted with 
0.02M citrate buffer (pH 3.8), and the fractions 
which gave a positive anthrone test were pooled 
and labeled “Fraction D." Fractions C and D 
were dialyzed separately against distilled water, 
freeze-dried, and dissolved in 5 ml of saline. The 
fractions isolated from PF  samples were labeled E.

Samples of 10 ml of the purified fractions con
taining 500 mg of polysaccharide were hydrolyzed 
by adding 44/ HC1, to make a final two-molar 
concentration. The tubes were incubated for 6 hr 
in a boiling-water bath. After cooling, the pH of 
the solution was adjusted to 7.0 with 40% NaOH. 
Phenylosazones were prepared by adding 0.5 ml of 
phenylhydrazine and 0.5 ml of glacial acetic acid 
to 2 ml of the solution tested, followed by incuba
tion in a boiling-water bath for 30 min. The crys
tals were tested for their specific melting point 
and form.

Antigens for injection of animals were prepared 
from /•' 144, PF 11 and NF  by adding 90 nil of

0.15M solution of sodium chloride to 1 g of washed 
beans, and the mixture was homogenized in a 
Waring blender. It was then spun in a centrifuge 
for 20 min at 3000 rpm. The supernatant was sepa
rated and made up to 100 ml (1% solution). 
Antigens from fruit pulp were obtained by cen
trifugation of unfermented pulp for 30 min at 3000 
rpm and separation of the clear, fiberless super
natant. Equal parts of this supernatant and 
Freund’s adjuvant (1947) were emulsified for in
jection into animals. Each rabbit was injected 
with 0.5 ml, and each guinea pig with 0.25 ml of 
the emulsion in each foot pad at intervals of seven 
days during six weeks. Ten days after the last 
injection, the animals were bled and the serum was 
separated and stored in a refrigerator, after addi
tion of merthiolate at the rate of 1 to 10000.

Specific precipitates were determined, according 
to Heidelberger and MacPherson (1943), in 0.5-rnl 
portions of antigen preparation by adding anti-ArF 
antiserum, followed by incubation at 37°C for 2 hr 
and later at 2°C for 18 hr. The precipitates were 
separated by centrifugation, and a ring test (see 
below ) was carried out with various dilutions of 
antiserum. If antigen was still detectable, the ab
sorption was repeated. The precipitates were 
washed three times with cold saline solution and 
dissolved in 0.EV NaOH. The nitrogen content of 
the antigen-antibody complex was determined by a 
micro-Kjeldahl method (Elec and Sobotka, 1926).

Absorption of immune serum was done by adding 
PF?i extracts to immune (anti-AFF) sera followed 
by incubation for 30 min at 37°C and 18 hr at 2°C. 
The precipitate was separated by centrifugation, 
and a ring test was carried out with various dilu
tions of extract as antigen. If antibody was still 
detectable, the absorption was repeated.

Immunoprécipitation was done according to 
ouchterlony (1949), and the immunoelectrophoresis 
and gel electrophoresis according to Grabar and 
Williams (1955) using veronal buffer of pH 8.6 
ft =  0.05. Bands were stained with the Schiff re
agent (Uriel and Grabar, 1956).

RESULTS
Chemical analysis of beans. Table 1 shows 

nitrogen, fats, glycide, and polyphenols in beans of 
the Forastero variety. Data were essentially simi
lar for the other varieties. It can be seen that the 
fermentation process does not modify the nitrogen 
content appreciably until it reaches the overfer
m e n ta tio n  stage, when there is a significant 
decrease in nitrogen. On the other hand, fer
mentation determines a progressive decline of the 
content of glycide and polyphenols (Table 1).

Chromatographic analysis of bean extract and 
fruit pulp. The paper chromatography of NF
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Table 1. Chemical composition (g per 100 g) of cocoa beans extracts.
S a m p le N i t r o g e n F a t s G ly c e r id e P o ly p h e n o ls O th e r s

OF102 7.2 47.7 6.3 2.0 36.8
F 144 12.0 49.0 10.8 2.4 25.8
PFn 12.0 50.7 15.3 7.2 14.8
N F 12.0 51.7 19.7 9.8 6.8

bean extracts and unfermented cocoa fruit pulp 
revealed two spots after treatment with the an- 
throne reagent: one, with Rr — 0.37, was denom
inated “Fraction B,” and the other, with R/ =  0.50, 
was denominated “Fraction A .” After staining 
with Merck’s aniline-diphenylamine-phosphate re
agent, Fraction A  exhibited blue spots and Fraction 
B showed brown spots. According to the monogra- 
phy (E. Merck A.G.), this would indicate the 
presence of 1-4 linkages in polysaccharide A  and 
of 1-6 linkages in polysaccharide B, though these 
results must be verified by other physicochemical 
methods. After hydrolysis, both purified Fractions 
A  and B exhibited only one spot, with R/ =  0.41, 
corresponding to d-glucose. The eluates of the 
chromatographic spots at the level of Fractions A 
and B showed a neat positive “ring test.” When 
these eluates were tested against the antisera on 
ouchterlony plates, they yielded the corresponding- 
precipitation lines. Similar tests of the hydrolysates 
did not yield precipitations.

Separations of antigens from fruit pulp. Be
cause fruit pulp contains a larger proportion of 
Fraction A  and B than beans, these antigenic frac
tions were separated in purified form by using the 
raw pulp as starting material. Preparations of 
fruit pulp yielded two antigenic fractions in chro
matographic columns of DEAE-cellulose. The first 
fraction was eluted with phosphate buffer pH 7.4 
and showed, in paper chromatography, an R r =  
0.50, equal to that of Fraction A. The second 
fraction was eluted with citrate buffer pH 3.6, and 
yielded a spot with Rr — 0.37, corresponding to 
Fraction B. Fractional precipitation with ethanol 
allowed separations of these fractions. With 1.5% 
ethanol, a fraction with R f =  0.50 precipitated, 
while with 15% ethanol a fraction of R f — 0.37 
precipitated. This fractionation procedure did not 
yield results as neat as those of chromatographic 
separations.

When osazones were obtained from Fractions C 
and D, two different crystalline forms were ob
served. Fraction C osazone showed small square 
crystals whose melting point was 183.0° C, while 
Fraction D showed round crystals with wrinkled 
borders whose melting point was 198.5°C. The 
hydrolysates of Fractions C and D yielded needle- 
shaped osazones corresponding to glucosazone, and 
they had a melting point of 204.5°C. Fractions C 
and D from NF  bean extracts or fruit pulp did not

dialyze against saline solution or distilled water, 
while Fraction E separated from PI-ft extracts dia
lyzed and showed an Rr — 0.63 in chromatograms.

The antibody-nitrogen content of specific pre
cipitates. The antibody-nitrogen content of spe
cific precipitates of unfermented bean extracts de
creased in approximately linear relationship as 
fermentation time increased (Fig. 4). Precipitates 
of extracts fermented for 144 hr did not show de
tectable antibody-nitrogen.

Immunochemical analysis of bean ex
tracts and fruit pulp. Rabbits injected with 
N F  extracts yielded antisera (anti-AIF) 
showing two precipitation lines on Ouchter
lony plates when tested against N F  extracts, 
one line against PF  extracts, and no line 
against F  or OF extracts. The PF77% extract 
yielded one precipitation line (Fraction E ) 
when tested against anti-ArF  antiserum. This 
line corresponds to one of the components 
(Fraction B j of the N F  extract or of 
cocoa fruit pulp (Fig. 3). The Fraction 
E in F/'™ bean extract does not differ im- 
munologically from the Fraction B present 
in N F  extracts, in spite of these two frac
tions differing in immunologic properties, in 
Rf. and in behavior during dialysis. Deter
mination of anti-ATF antibody nitrogen 
yielded 0.8-1.0 mg of nitrogen per ml of 
antiserum, when a mixture of purified poly
saccharides isolated from cocoa fruit pulp 
was used as antigen. Immunization of rab
bits with a cocoa pulp preparation yielded an 
anti-Hi (anti-fruit pulp) antiserum behaving 
similarly to the anti-VF antiserum. The 
anti-M  antiserum showed 0.8 mg of antibody 
nitrogen per ml. Finally, F and PF^X extracts 
dit not provoke response in precipitating 
antibody.

Im m unoelectrophoresis yielded results 
(Fig. 2) in agreement with those of immuno
diffusion on Ouchterlony plates (Fig. 3). 
In the presence of anti-AfiF antiserum, the 
N F  extract showed one line, and the F  ex
tract exhibited no line. The two precipita
tion arcs observed in immunoelectrophoresis
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corresponded to two bands stainable by the 
Schiff reagent in parallel tests on agar-gel 
electrophoresis. One of the bands was lo
calized at the level of the origin, and another 
hand was oriented toward the anode (Fig. 1).

Fig. 1. Electrophoresis of cocoa immunologically active substances developed with Schiff’s reagent. A )  Fraction A ;  B) Fraction B. Electrophoretic migration 120 min, 8 V per cm.

Ring' test for determining degree of fer
mentation. Ring tests (immunoprécipitation 
in a capillary tube ) were done by carefully 
layering an antigen solution over Anti
fraction A  antiserum in capillary tubes. The 
appearance of a definite turbidity in the in
terphase was taken as a positive result. A 
negative ring test indicated absence of Frac
tion A, and this result was interpreted as 
corresponding to “good-quality” cocoa beans 
in the classification of De W itt (1953), be
cause of the findings made in the immuno
chemical analysis of bean extracts and fruit 
pulp. Anti-AF antiserum absorbed with 
purified Fraction B yielded essentially the 
same results, but the procedure was more 
complicated. Anti-fraction A may be ob
tained by injecting purified Fraction A , in 
which case the absorption of the antiserum

would not be necessary. Anti-AF antiserum 
might also be absorbed with extracts of in
completely fermented (F F ) beans that pre
viously d em o n stra ted  only one line on 
Ouchterlony plates.

D ISC U SSIO N
The amount of sugars and polyphenolic com

pounds decreased as the degree of fermentation 
increased. The parallelism between the gradual 
decrease of the glycides and the progressive dis
appearance of the immunological activity is ex
plainable by the polysaccharide nature of the 
antigens. This was evidenced through specific 
staining with Schiff's reagent in the gel-electro- 
phoretogram, paper chromatography, and in the 
hydrolysate.

The absence of cross-reaction between the two 
antigens evidenced in unfermented cocoa bean ex
tracts or fruit pulp may be attributed to the fact 
that one of the antigens, Fraction A, could perhaps 
contain 1-4 linkages while the other antigen, Frac
tion B, could contain 1-6 linkages ; these two 
polymers are formed only by glucose units as 
shown by acid hydrolysis, osazone formation, chro
matographic and electrophoretic analyses.

Dialysis evidenced that the only antigen (Frac
tion E) found in incompletely fermented cocoa 
bean extract is a molecule smaller than that of 
Fraction B found in unfermented extracts. This 
would explain the failure of Fraction E, present 
in incompletely fermented extracts, to provoke 
precipitating antibody response in rabbits. Since 
fermentation of cocoa beans and cocoa fruit pulp 
results from enzymatic action, it might be pre
sumed that at first there is a depolymerization of 
a macromolecule, and, at the beginning of this 
depolymerization, the resulting product could not 
stimulate production of precipitating antibodies

Fig. 2. Immunoelectrophoresis of N F  extract of cocoa beans. N F : unfermented extract. An-A  : antiserum anti-AF previously absorbed with incompletely fermented (PF) extract. An-NF: antiserum anti-unfermented extract. Electrophoretic migration 120 min, 8 V per cm.
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Fig. 3. Comparative double-diffusion test of cocoa fruit pulp and completely fermented, incompletely fermented, and unfermented cocoa bean extracts. M  : cocoa fruit pulp ; N F  : unfermented cocoa bean extract ; PF7= : incompletely fermented cocoa bean extract ; Fa« : Fully fermented cocoa bean extract; An-NF: antiserum anti-unfermented cocoa beans.

although it would provoke a precipitation reaction. 
Later, when fermentation is fully accomplished, no 
immunoprécipitation could be observed. It seems

clear that fermentation of cocoa beans destroys the 
antigenic molecules and also modifies various com
ponents of the cocoa bean and cocoa fruit pulp. 
These components are necessary for the growth of 
microorganisms responsible for the production of 
the enzymes yielding the chocolate flavor and the 
acetic acid permeating the tegument (Levanon 
and Rossetini, 1965).

It is known that excessive fermentation (“over- 
fermentation”) of cocoa beans yields NFL. This 
probably happens because the main factors for 
microbial growth are carbohydrates (fermenta
tion), and when these substances are exhausted the 
adoptive enzymes begin to metabolize the nitrogen- 
containing compounds (putrification). This hy
pothesis is supported, in the present study, by a 
decrease of nitrogen content in the “overferinented“ 
bean extracts. Besides, the antigen of bean extracts 
decreased as the fermentation progressed. First, 
Fraction A was inactivated from the standpoint of 
immunoprécipitation, and, later, Fraction B was 
inactivated. It may be noted that well fermented 
extracts of commercial batches of cocoa beans do 
not contain Fraction A, thus differing from in
sufficiently fermented samples (Levanon and Mar
telli, 1964).

It seems that the disappearance of the antigen 
here called Fraction A indicates the end of the

Fig. 4.
A N T I B O O Y  N I T R O G E N  (jug  p * r  m l)

Quantitative determination of antigen-antibody complex in relation to fermentation time.



LEVANON AND RO SSETIN I 637
biofermentation stage described by Levanon and 
Rossetini n96S). As this moment, the beans are 
ready to be withdrawn from the fermentation 
boxes or piles, and the “curing” begins. It thus 
appears that the presence or absence of Fraction 
A  may be used to determine the degree of fer
mentation of cocoa beans. Levanon and Martelli 
(1964) tested commercial batches of “good-quality” 
beans and evidenced only one precipitation line on 
Ouchterlony plates. The corresponding antigen 
(Levanon and Martelli’s Fraction B ) did not 
stimulate antibody production and was dialyzable. 
Even if c o n c e n tra te d  twenty times, the well- 
fermented extracts of bean batches tested in the 
present work failed to show the antigen corre
sponding to Fraction A. It is worthy of mention 
that commercial batches used by Levanon and 
Martelli (1964) were composed generally of 70- 
90% good fermented cocoa beans and that the 
samples used in the present study were fermented in 
the laboratory, this yielding samples of known uni
form degree of fermentation.

The gel immunoprécipitation technique used by 
Levanon and Martelli (1964) requires a relative 
long time, some 24 hr, while the ring test employed 
in the present work requires only a few minutes. 
The latter test may be useful in two steps of the 
cocoa bean preparation for industrial use. When 
the beans are still in the fermentation boxes or 
piles, the ring test may determine the end of the 
required biofermentation step. “Cured” cocoa beans 
may also be tested to determine if the previous 
fermentation was sufficient, since the chemofer- 
mentation does not destroy the antigens (Levanon 
and Martelli, 1964).
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Direct Olfactory Demonstration of Fractions of Chicken Aroma

SUM M ARY
A g en era l m eth o d  o f  d iv id in g  and  su b jectiv e ly  

ev a lu a tin g  th e  fra c tio n s  o f  co o k ed  ch ick en  
arom a was d ev e lo p ed . T h e fra c tio n s  w ere sep a 
rated  by p assin g  n itro gen  gas la d en  w ith  th e  
fresh ly  fo rm ed  arom a th rou g h  so lid  ab sorb 
en ts  or so lu tio n s  o f  m eta l sa lts. T h e  u n a b 
sorbed  efflu en ts  w ere th en  ch aracter ized  or 
id e n tified  in  term s o f  th e  d o m in a n t o d o r by a 
train ed  p a n e l. A b sorb en ts w ere se lected  fo r  
th eir  a b ility  to p erm it p assage o f  ea s ily  id e n ti
fied  arom a fra c tio n s  and  fo r  th eir g en era l in a 
b ility  to fo rm , react w ith , or co n cen tra te  o n  a 
v o lu m e b asis th e u n ab so rb ed  fra c tio n s  o f  in te r
est. T h e ro le  o f  h yd rog en  su lfid e  was esta b 
lish ed  in  two w ays: 1 )  w h en  essen tia lly  a ll
arom a co n stitu en ts  ex c ep t h yd rog en  su lfid e  
w ere rem oved  fro m  th e  n itro g en  stream  b y  a n 
h yd rou s ca lc iu m  su lfa te  (o r  ca lc iu m  ch lor id e  
or ca lc iu m  c a r b o n a te ), th e  resid u a l arom a was 
ea sily  reco g n ized  as h yd rogen  su lf id e ;  and  2 )  
w h en  h yd rog en  su lfid e  was rem oved  by an y  o f  
a variety  o f  h ea vy  m eta l sa lts , a co m p le te ly  
fo re ig n  d isag reea b le  arom a rem ain ed  that in 
d icated  th e  b le n d in g  or m a sk in g  effec t o f  th e  
h yd rog en  su lfid e . W h en  h yd rogen  su lfid e  and  
o th er co m p o n en ts  w ere rem oved  by  m a g n esiu m  
o x id e , an a m m o n ia ca l odor ch aracter istic  o f  
a m m on ia  or a lip h a tic  a m in es  was ex p o sed . 
M any ab sorb en ts or co m b in a tio n s  o f  ab sorb en ts  
w ere fo u n d  th at trap p ed  a ll fra c tio n s  o f  th e  
co o k ed  ch ick en  arom a.

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

In an editorial, Stewart (1963 ) called at
tention to the critical challenge in flavor 
research—to balance chemical identification 
studies with tests of sensory significance. His 
remarks are particularly pertinent to the field 
of research on poultry flavor, where more 
than 100 chemical constituents of cooked 
poultry volatiles have been separated ( Pip- 
pen, 1965), but very few if any have been 
unequivocally shown to contribute signifi
cantly to the blend that we recognize as 
cooked-chicken aroma. Many investigators 
have concentrated, trapped, and identified 
volatiles from cooking chicken, but none has 
clearly demonstrated the importance of any

volatile at its concentration in the vapors 
over cooking or cooked chicken.

Minor et al. ( 1965a,b), in a detailed study 
of the volatile c o n s titu e n ts  of cooking 
chicken, subjectively characterized a “meaty 
odor" that was eliminated by either mercuric 
chloride or cyanide solution traps, and a 
“chickeny aroma" that was removed by di- 
nitrophenyl hydrazine traps, and which they 
attributed to carbonyls. Since the dinitro- 
phenyl hydrazine is used in fairly strong acid 
media, it would also remove amines and other 
bases present.

In the present study, certain gross chemi
cal fractions from aroma-laden nitrogen in 
equilibrium with cooking chicken were ab
sorbed by solid absorbents or solutions, and 
panelists then smelled the unabsorbed effluent 
gaseous mixtures. In general, solid absorb
ents were used that would neither chemically 
modify the unabsorbed components nor con
centrate them on a volume basis. Hence, we 
believe that familiar simple odors such as that 
of hydrogen sulfide or ammonia that were 
easily recognized in the unabsorbed fractions 
of the aroma make a contribution to the 
unfractionated whole aroma, although they 
could not be identified in the original com
plete mixture. This approach to the analysis 
of complex aromas is in some respects funda
mentally different from previous and current 
ones in which gas chromatography, infrared 
and mass sp e c tro p h o to m e try , and odor 
threshold tests have been used, first to iden
tify and measure chemical constituents, and 
subsequently to attempt to determine quanti
tative relationships between amount present 
and minimum amount detectable under some 
arbitrary condition of smelling. In the first 
place, the present approach utilizes the nose 
immediately after the aroma fractionation to 
characterize gross fractions in terms of 
known odors of compounds previously estab
lished to be present in the total volatiles 
[hydrogen sulfide and ammonia (amines) in 
cooked chicken volatiles]. Secondly, condi
tions are maintained in the fractionation that

[ 638 ]
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will minimize the formation of artifacts such 
as might develop under the high tempera
tures of some gas chromatographic analyses. 
Fractionations are carried out at room tem
perature on relatively inert solids such as 
calcium carbonate and calcium sulfate. Fi
nally, under the present approach, the un
absorbed aroma fractions of interest come 
through the absorbent immediately, without 
a time lag that might indicate absorption and 
then elution at a higher concentration on a 
gas volume basis. Hence, on a gas volume 
basis, the concentration at which the unab
sorbed aroma fraction is smelled is no 
greater than the concentration at which it 
existed in the original complete aroma blend. 
In contrast, gas chromatography, through 
fractional absorption and elution, is almost 
sure to drastically modify the concentration 
of a particular component on a gas volume 
basis.

PROCEDURES
The general procedure is illustrated in Fig. 1, 

and a typical arrangement of the apparatus is 
shown in Fig. 2. Diced breast or thigh meat, free 
of gross fatty tissue, from commercial cut-up 
broiler chickens held at —10°F 1-2 months prior 
to use, is added to twice its weight of cold tap 
water in a 1-L round-bottomed flask. Very pure 
water-pumped nitrogen gas, further treated by 
successive passages through activated alumina and 
water, bubbles through the mixture of meat and 
water for about 5 min. The temperature of the 
mixture is then raised to boiling, by a heating 
mantle. The mixture is heated intermittently for 
about 10 min, until the foaming stops. Heat is 
then reduced by means of a variable transformer to 
maintain a gentle simmer throughout the remainder 
of the experiment. The nitrogen gas passes through 
the simmering mixture of meat and water, where 
it picks up a burden of volatiles that represents a

WATER
CONDENSER

Fig. 1. The absorption train for the subjective evaluation of effluent aroma fractions from cooking chicken. Flask contains simmering mixture of 1 part chicken muscle and 2 parts water.

characteristic cooking chicken-broth aroma, and 
then the aroma-laden nitrogen flows through a 
short, tap-water-cooled reflux co n d en se r, then 
through a sintered disc to a column of the selected 
absorbent, and finally out through a cup from 
which the effluent can be smelled at intervals by 
removing a glass cap. During a sensory evaluation 
of the effluent the entire apparatus except the 
smelling cup is shielded from the panel’s view. 
Rate of flow of nitrogen through the system is regu
lated by a needle valve at the tank and is measured 
by a ball flow meter inserted between the initial 
alumina column and the water scrubbing tower.

We chose nitrogen, rather than air, as a carrier 
gas, to limit the aroma to those compounds that 
would form under relatively non-oxidative condi
tions. Preliminary trials, in which nitrogen and air 
were compared, indicated very little difference in 
effluent aroma during the first 1-2 hr of cooking. 
The aroma that formed in the presence of nitrogen 
had a characteristic chicken broth odor.

The odor panel was 8-10 laboratory workers 
unselected for acuity in detection or identification 
of odors. Each panel member was made familiar 
with the following odors by repeated exposures to 
controlled concentrations of known identified ma
terials. The panel was acquainted with the odor
less nitrogen stream, and the positive control, that 
is, the aroma carried by the nitrogen stream after 
passing through the simmering meat and a short 
condenser but through no traps. Recognition of low 
concentrations of hydrogen sulfide and ammonia 
was established by introducing, from condensed 
sources in liquid nitrogen (Fig. 3), known partial 
pressures of these gases into a 5-L bulb and making 
the total pressure up to atmospheric with highly 
pure nitrogen. The final gaseous mixture was dis
placed from the S-L bulb to a smelling cup by 
highly pure nitrogen. Based on the nitrogen flow 
rate (about 100 ml/min) and the total elapsed 
time during which the nitrogen was flowing and 
the panel was smelling the displaced gas (5-8 min), 
the maximum dilution of the displaced mixture by 
the propelling gas would amount to less than a 
20% decrease in concentration of hydrogen sulfide 
(or ammonia) on a volume basis. Panel members 
detected and identified concentrations ranging from 
0.1 to 0.3 fj. pressure of hydrogen sulfide, and 100 
to 200 ¡i of ammonia. Although no attempt was 
made to establish individual thresholds, thresholds 
evidently varied widely between members within 
the panel.

Unknown vapor samples were submitted to the 
panel of 9 members in random order and with at 
least 4 replications per treatment.

Chemicals used were reagent grade. The calcium 
sulfate was an anhydrous type used as a desiccant, 
and was 8-mesh.
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Fig. 2. Photograph of apparatus diagrammed in Fig. 1. Flask containing cooking chicken is on extreme left ; absorbent column and smelling cup are on extreme right.

RESULTS AND DISCUSSION  
Fractionation of a hydrogen-sulfide-like 

aroma and an ammoniacal aroma. Panel 
results which established the contribution of 
these two fractions to cooked chicken aroma 
are in Table 1. Panel members had no diffi
culty in recognizing the typical hydrogen sul
fide odor of the effluent from the calcium 
sulfate column. When the calcium sulfate 
column was connected to the condenser exit 
from which the nitrogen-chicken aroma was 
flowing, the time lag before hydrogen sulfide 
could be detected in the effluent stream from 
the calcium sulfate (about 2-3 min) corre
sponded roughly to the time required to dis
place the air in the trap, smelling cup, and 
connecting lines. Thus there was no oppor
tunity for the hydrogen sulfide to be concen
trated on a volume basis before smelling. 
The calcium sulfate column had a great

capacity for the fraction that it absorbed, so 
that the effluent hydrogen-sulfide-like aroma 
fraction flowed continuously for many hours. 
Dark meat produced a higher concentration 
of hydrogen sulfide than light meat, in cor
respondence with results of Mecchi et al. 
(1964). Recognition of an am m oniacal 
aroma in the effluent gas from the magnesium 
oxide column was somewhat difficult for 
those members of the panel who had higher 
threshold values for pure ammonia. Here 
again, the dark meat produced higher con
centrations of ammoniacal components than 
did the light meat. The panel’s recognition 
of an ammoniacal aroma could involve many 
aliphatic amines in addition to ammonia.

Several compounds absorbed aroma frac
tions in the same way as anhydrous calcium 
sulfate: anhydrous calcium chloride, anhy
drous calcium carbonate, and, to a limited
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Table 1. Identification of aroma fractions from chicken cooking in water.
S a m p le

N o . o f 
ju d g m e n ts Id e n tif ic a t io n

Unfractionated control
Dark meat 33 28 as control
Light meat 43 43 as control

Fraction through calcium sulfate
Dark meat 24 24 as hydrogen

sulfide
Light meat 44 44 as hydrogen

sulfide
Fraction through magnesium oxide

Dark meat 51 38 as ammonia
Light meat 33 22 as ammonia

extent, phosphorus pentoxide and O.SiV hy
drochloric acid. This list suggests that the 
fraction which blends with and masks the 
hydrogen sulfide in the total aroma, and 
which is absorbed by all of these reagents, 
is predominantly basic. However, it is well 
known that calcium can complex many com
pounds other than basic amines, including 
hydroxyl and carbonyl compounds. A large 
number of carbonyl compounds have been 
found in v o la tile s  from cooking chicken 
(Pippen, 1965).

Effect of heavy metal ions. To provide 
supporting evidence for the contribution of 
hydrogen sulfide, a series of informal odor 
tests were made on the effluents obtained by

passing the total aroma-laden nitrogen 
through aqueous solutions of heavy metal 
ions that have small solubility products for 
their sulfides. The salts included manganous 
chloride, ferrous chloride, nickelous chloride, 
cobaltous chloride, zinc chloride, cadmium 
chloride, lead chloride, cupric sulfate, mer
curous nitrate, cuprous chloride, and silver 
nitrate, all listed in decreasing order of sul
fide solubility products. C o n c en tra tio n s  
ranged from 10 1 to 1CH Molal. In general 
the effluent fraction coming through the solu
tion of metal salt had a characteristic unpleas
ant aroma not identified with any compound 
or type of compound, and therefore herein 
referred to as aroma fraction X. The metal 
salts of low sulfide solubility product pro
duced an easily detectable modification of the 
aroma at considerably lower concentration 
than did the salts of metals with high solu
bility product ( 1CL3 to 10'4 M  for cuprous, 
compared to 1(H to 10~2 M  for manganous). 
Many of the ions can both remove hydrogen 
sulfide and also complex ammonia, amines, 
and other compounds. Only one, cuprous 
chloride in complete equilibration with the 
entering aroma constituents, could remove 
essentially all of the aroma components.

Effects of combinations of absorbents. 
The two groups of absorbents discussed 
above had somewhat opposite effects: the

Fig. 3. Vacuum system desig n ed  to in tro d u c e  known partial pressures of compounds condensable in liquid nitrogen into S-L bulb for odor identification. Partial pressure was red u ced , step  by step , below  ran g e  of p ira n i vacuum gauge by first esta b lish in g  pressure in manifold above condensed sources in Dewar flasks, then e q u il ib ra t in g  contents of m an ifo ld  with evacuated S-L bulb.
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calcium salts and acids removed enough of 
certain aroma components so that hydrogen 
sulfide could be easily identified; the metal 
salts removed enough hydrogen sulfide (and 
possibly other components) to expose a 
completely foreign aroma, fraction X. Mag
nesium oxide does not fit into either cate
gory ; it appears to absorb hydrogen sulfide 
and some of X, to expose a clearly ammo- 
niacal aroma fraction. It was of interest at 
this stage to determine what absorbents or 
combinations of absorbents in series would 
be able to absorb all of the aroma compo
nents from the complete cooked chicken 
aroma. These are listed in Table 2, in three 
groups. First are the single solid absorbents 
which have both the basic quality to hold 
back the acidic, hydrogen sulfide, fraction, 
and a complexing quality necessary to trap 
the amine-type fraction. The second group 
represents the combinations of two solid ab
sorbents, one metallic or fairly basic to trap 
the hydrogen sulfide fraction, and the other 
to complex the amine fraction. The third 
group is essentially the same as the second, 
except that the heavy-metal salts were in
Table 2. Absorbent systems that remove all aroma.
Alumina (activated, powder)
Calcium hydroxide (powder)
Barium oxide (powder)
Zinc oxide (powder) +  calcium sulfate (anhy

drous, granular)
Calcium sulfate (anhydrous, granular) cupric 

oxide (granular)
Magnesium oxide (powder) -f calcium sulfare * 

(anhydrous, granular)
Ferrous chloride (0.01M) -f- calcium sulfate 

anhydrous, granular)
Zinc chloride (O.OlAf) +  calcium sulfate (anhy

drous, granular)
Calcium sulfate (anhydrous, granular) +  cobalt 

chloride (0.01 M)
Cuprous chloride (0.01 m ole/L)b -|- calcium sulfate 

(anhydrous, granular)
Cuprous chloride (0.01 mole/L)'> +  calcium 

chloride (anhydrous, granular)
Cuprous chloride (0.01 m ole/L)b with slow gas 

flow rate to give complete equilibration
* A faint cabbage odor, suggestive of methyl mercaptan, came through this system after a period of several hours.b 0.01 mole of cuprous chloride added to 1 L of water, not all soluble.

the form of a dilute solution. It is of interest 
that cuprous chloride, when permitted to 
thoroughly e q u ilib ra te  with the effluent 
aroma, can hold back essentially all of the 
aroma. This suggests that cuprous ion 
forms a weak complex with fraction X.

Recombination. Although the various 
fractions developed in these studies have 
been recombined and smelled, to a limited 
extent the subjective estimates of the recom
binations in terms of original aroma are 
too indefinite to warrant discussion at this 
time. Efforts will continue in this direction.

The trapping reagents were smelled by the 
senior author when the absorption train was 
dismantled after each experiment. Reagents 
which were absorbing all of the influent 
coming to them, of course, had no odor. Re
agents which were allowing a certain frac
tion to pass through them always had a trace 
odor of this fraction. Absorbents carrying a 
load of the absorbed fraction X  below their 
saturation point had no odor corresponding 
to this fraction; however, the odor could be 
developed at high concentrations by heating 
the absorbent with a stream of nitrogen pass
ing through, or by adding water to the ab
sorbent and then heating to boiling" with a 
stream of nitrogen passing through. Exami
nation of these recovered fractions is in 
progress.
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