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ENZYME CROSS-LINKING OF 
FOOD PROTEINS

This correspondence is in reference to  an article entitled 
“Transglutaminase catalyzed crosslinking of myosin to  soya 
protein, casein, and gluten” by L. Kurth and P.J. Rogers 
(J. F o o d  Sci. 49: 573, 1984).

The following are my com m ents concerning Fig. 1.
1. Since protein molecules w ith larger molecular weight 

migrate at a slower rate than those with lower molecular 
weights in the SDS-PAGE system used by the authors, the 
last sentence of the Fig. 1 title would be more correct to 
read “ High molecular weight bands corresponding to  dim
ers, trimers and tetram ers of myosin heavy chain appear 
with Rm values of 0.19, 0.11 and 0.08, respectively.”

2. It is apparent when comparing peak heights of the 
various peaks of scan a and b tha t these two scans were of 
different protein loads, presumably the protein load of scan 
b was considerably higher than that of a. Therefore, the 
comparison of scan a and b may not be a fair one. Ideally, 
scans of similar protein loads should have been presented 
for this particular type of comparison.

3. Evidently, the myosin prep used in this experim ent 
contained a fair am ount of contam inating actin (peak with 
Rm between 0.52 and 0.60, scar. a). The near com plete 
disappearance of this presumed actin band and the greatly 
reduced peak height o f myosin light chain 1 (LC1) in scan 
b suggest that the newly formed high molecular weight 
bands are likely complexes of myosin heavy chain (HC), 
LC1 and actin with various degrees of polymerization,

rather than simply being the dimers, trimers and tetram ers 
o f myosin HC as suggested by the authors.
-  In g  C. P eng, Asst. Professor, Purdue Univ., Smith Hall, 

West Lafayette, IN 47907.

. . . and the reply

The authors thank Dr. Peng for drawing their attention 
to  the inversion error in the listed Rm values in Fig. 1.

Some reviewers have claimed that densitom eter scans 
should be presented with comparable attenuation  to allow 
ready identification of differences. However, the view that 
scans of equal protein load should be com pared, regardless 
o f peak height, is also valid.

Scope does exist for speculation as to  the fate of minor 
quantities of low molecular weight proteins on the gels. 
However, the major bands of higher molecular weight than 
myosin heavy chain appear as discrete bands differing in 
molecular weight by 200,000 daltons. Thus they corres
pond to  the molecular weight of myosin dimers, trimers 
and tetram ers and it was considered reasonable to  state in 
the tex t tha t this was their probable iden tity . If the bulk of 
the high molecular weight proteins appeared as a range of 
heteropolym ers, a broader d istribution of protein bands 
with more pronounced smearing would be expected.
-  L. K u r th , CSIRO Division of Food Research, Meat Re

search Lab., P.O. Box 12, Cannon Hill, 4170, Queens
land, Australia.

-  P.J. R o g e rs , School of Science, Griffith Univ., Nathan, 
4111, Queensland, Australia.

ERRATA NOTICE

J. F o o d  Sci. (1984) 49(1): 1 7 2 -176  + 187. Optimiza
tion of processing parameters for the preparation of 
flounder frame protein product by J. Montecalvo Jr., 
S.M. Constantinides, and C.S.T. Yang. Concerning 
authorship and attribution , to  insure proper credits to  all 
concerned, and to correct the official record, be advised:

1. All requests for reprints should be addressed to  Dr. 
Joseph Montecalvo Jr., Food Science Dept., California 
Polytechnic State Univ., San Luis Obispo, CA 93407.

2. Research was supported by the Univ. of Rhode 
Island Agricultural Experiment S tation and Dept, of 
Food Science.

3. Dr. C.S.T. Yang is a member of the Food Science 
Dept., Univ. of Maine, Orono, ME 04469.

/. F o o d  Sci. (1984) 49(2): 543—546. Air classification 
and extrusion of navy bean fractions by J.M. Aguilera, 
E.B. Crisafulli, E.W. Lusas, M.A. Uebersax, and M.E. 
Zabik. This manuscript was incorrectly labeled “A 
Research N ote” during production and unfortunately 
was not deleted prior to  printing. Please correct accord
ingly.

J. F o o d  Sci. (1984) 49(3): 6 6 8 -6 7 0  + 684. Characteri
zation of thixotropic behavior of soft cheeses by S. 
Massaguer-Roig, S.S.H. Rizvi, and F.V. Kosikowski. The 
unit of viscosity was inadvertantly abbreviated as Pa 
instead of P for Poise. Please correct accordingly.

J. F o o d  Sci. (1983) 48(6): 1617 -1621 . Dynamic 
optim ization of dehydration processes: Minimizing
browning in dehydration of potatoes by M. Mishkin, I. 
Saguy, and M. Karel. The authors advise there is an error 
in Table 1, page 1617, under b2 param eter (a necessary 
conversion factor was not included). The correct values 
for param eter b2 should be: < 0 .15 , -7 .0 7 2 ; > 0 .15 , 
— 10.24. Please correct accordingly.

J. F o o d  Sci. (1984) 49(3): 876—881. Flow properties of 
low-pulp concentrated orange juice: Serum viscosity and 
effect of pulp content by A.A. Vitali and M.A. Rao 
should have followed, in sequence, Flow properties of 
low-pulp concentrated orange juice: Effect o f tem pera
ture and concentration [1984, 49(3): 8 8 2 -8 8 8 ] ,  We 
trust that interested readers have not been confused or 
inconvenienced in any way by the sequence of these two 
m anuscripts in the Journal.

d m M .
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E v a l u a t i o n  o f  M e t h o d s  f o r  D e t e c t i n g  t h e  P r o d u c t i o n  o f  

H 2 S ,  V o l a t i l e  S u l f i d e s ,  a n d  G r e e n i n g  b y  L a c t o b a c i l l i

B. H. LEE and R. E. SIMARD

-------------------------------ABSTRACT--------------------------------
The ability to produce volatile sulfides by 41 lactobacilli was not 
associated with species but depended on the composition of the 
media and the sensitivity of the indicator. Only a restricted number 
of L. plantarum strains and seven isolates were H2S-positive on pep
tone iron, TSI and SIM agars. Lead acetate agar detected a greater 
number of H2S-positive lactobacilli but the lead acetate (or DTNB) 
paper method was superior in a modified motility sulfide broth. 
Cured meat agar detected the production of greening by H20 2- 
producing lactobacilli (/,. fructovorans, L. jensenii, L. lactis, L. 
viridescens, F-74, F-99). Such tests, however, were not applicable 
to detect lactobacilli producing green sulfmyoglobin.

INTRODUCTION
DURING COLD STORAGE of various vacuum- and n itro 
gen-packaged fresh or cured meats lactobacilli became a 
predom inant part of the psychrotrophs and the extent to  
which the package remained sensorily sound became a 
function of lactobacilli numbers (Lee et al., 1983a, b, c; 
Simard et al., 1983a, b, c). Chilled vacuum-packaged meats 
after 49 days often  gave off objectionable sulfide odors 
upon opening the pack. Despite the fact that hydrogen sul
fide production by lactobacilli is very rare, this form  of 
spoilage in m eats has been reported (Shay and Egan, 1981). 
The production of hydrogen sulfide from cheddar cheese 
(Kristoffersen and Nelson, 1955; Smith and Cunningham, 
1962; Law and Sharpe, 1977) and from peptides (Sharpe 
and Franklin, 1962) by lactobacilli has also been shown. 
Sharpe and Franklin (1962) indicated that many strains of 
lactobacilli can produce hydrogen sulfide under conditions 
of low pH, anaerobiosis and low carbohydrate concentra
tion. Hanna et al. (1983) also showed tha t sulfide odors and 
H2S are produced in beef steaks, heat sterilized meat and 
peptone iron agar inoculated with lactobacilli species such 
as L. plantarum, L. viridescens and L. coryneformis. Shay 
and Egan (1981) suggested tha t the ability of lactobacilli to 
produce hydrogen sulfide from cysteine is a plasmid-medi
ated character.

A nother problem in which color played an im portant 
role was greening of meats in vacuum packaging (Lee et al., 
1983b, c; Simard et al., 1983c). Green discoloration of 
cured meats by lactobacilli is due largely to hydrogen 
peroxide oxidation of meat pigment but sulfmyoglobin 
greening in fresh meats usually resulted from H2S produced 
by Pseudomonas mephitica  and Alterom onas putrefaciens 
when pH of meat is 6.0 and above (Nicol et al., 1970; 
Taylor and Shaw, 1 977).

However, vacuum-packed fresh meats of low pH (pH 5.8 
or lower) also showed a high incidence of greening (Lee et 
al., 1983b, c; Simard et al., 1983c). Thus the traditional 
association of greening spoilage of fresh meats with Pseu
domonas and Alterom onas spp. may not be correct if strains
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of lactobacilli are capable of producing hydrogen sulfide 
under commonly encountered conditions.

The objective of this study was to  establish the possible 
role o f lactobacilli in sulfide and greening spoilages o f pack
aged meats by evaluating m ethods for the detection of vola
tile sulfides and greening. There is also no inform ation avail
able which correlates the production of volatile sulfides and 
greening by individual strains of lactobacilli.

MATERIALS & METHODS

Bacterial strains and maintenance
The species of Lactobacillus used in this study are listed in Table 

1. Five strains were obtained from the American Type Culture Col
lection (ATCC), Rockville, MD. Eight strains were supplied by Dr. 
R.A. Holley, Food Research Institute, Agriculture Canada, Ottawa, 
some of which were meat starter isolates. Additional strains were 
kindly supplied by the Laboratoire de sante publique du Quebec. 
The other isolates were obtained from our culture collection of 50 
strains of lactobacilli isolated from spoiled vacuum- or nitrogen- 
packed fresh or cured meats which had been stored for 49 days at 
0-3° C. The numbers of psychrotrophs (composed mainly of lacto
bacilli) approached 108 cells/g at this period and some of the lacto
bacilli isolated from these products showed greening (g) as well as 
sulfide odors. Some of the isolates, however, were unable to sustain

Table 1—Strains and sources o f lactobacilli used

Strains Identification no. Sources

1. L .  p l a n t a r u m ATCC-1491 7 Pickled cabbage, ATCC
2. L .  p l a n t a r u m ATCC-4008 FRI, Ottawa
3. L .  p l a n t a r u m AN2-251 Human (intestine), LSPQa
4. L .  p l a n t a r u m Lactacel MC Meat starter, FRI, Ottawa
5. L .  p l a n t a r u m Hansen Meat starter, FRI, Ottawa
6. L .  c a s e i ATCC-334 Cheese, ATCC
7. L .  e a s e l ATCC-11443 FRI, Ottawa
8. L .  c a s e l - s s - a l a c t o s u s 1700C Human, LSPQ
9. L .  c a s e i - s s - c a s e l AN0-108A Human, LSPQ

10. L .  c a s e i - s s - r h a m n o s u s AN2-265B Human, LSPQ
11. L .  a c i d o p h i l u s ANO-158 Human (Pancreas), LSPQ
12. L .  h e l v e t i c u s ATCC-10797 Cheese, ATCC
13. L .  j e n s e n i i AN2-382 Human (pus), LSPQ
14. L .  l a c t i s ATCC-12315 Meat starter, ATCC
15. L .  s a l i v a r i u s ATCC-11742 Meat starter, ATCC
16. L .  b r e v i s 47 Food, LSPQ
1 7. L .  f e r m e n  t u r n AN2-255A Human (intestine), LSPQ
18. L .  f r u c t i v o r a n s ATCC-8288 Spoiled salad, ATCC
19. L .  v i r i d e s c e n s ATCC-12706 Sausage, ATCC
20. L a c t o b a c i l l u s Duploferment 66 Meat starter, FRI, Ottawa
21. L a c t o b a c i l l u s Fermentang BN1005 Meat starter, FRI, Ottawa
22. L a c t o b a c i l l u s Lyoflore L110 Meat starter, FRI, Ottawa
23. L a c t o b a c i l l u s R muc Salami isolate, FRI, Ottawa
24. L a c t o b a c i l l u s lsolate-F74 (g)b Frankfurter, Université Laval
25. L a c t o b a c i l l u s lsolate-F99 (g) Frankfurter, Université Laval
26. L a c t o b a c i l l u s Isolate-Fi 24 Frankfurter, Université Laval
27. L a c t o b a c i l l u s lsolate-B1 Ground beef, Université Laval
28. L a c t o b a c i l l u s lsolate-B2 Ground beef, Université Laval
29. L a c t o b a c i l l u s lsolate-B3 Ground beef. Université Laval
30. L a c t o b a c i l l u s lsolate-B6 (g) Ground beef. Université Laval
31. L a c t o b a c i l l u s lsolate-V21 Veal, Université Laval
32. L a c t o b a c i l l u s lsolate-V32 Veal, Université Laval
33. L a c t o b a c i l l u s lsolate-V34 Veal, Université Laval
34. L a c t o b a c i l l u s lsolate-H36 Ham, Université Laval
35. L a c t o b a c i l l u s lsolate-H40 Ham, Université Laval
36. L a c t o b a c i l l u s lsolate-H45 (g) Ham, Université Laval
37. L a c t o b a c i l l u s lsolate-H48 (g) Ham, Université Laval
38. L a c t o b a c i l l u s lsolate-P14 Pork, Université Laval
39. L a c t o b a c i l l u s Isolate-Pi 9 Pork, Université Laval
40. L a c t o b a c i l l u s lsolate-24 Pork, Université Laval
41. L a c t o b a c i l l u s lsolate-P161 Pork, Université Laval

a L S P Q  = L a b o r a to i r e  de  s a n té  p u b l iq u e  d u  Q u é b e c  
b (g ) —  is o lâ te s  f r o m  g re e n  m é a ts
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growth on MRS or APT agar on subsequent transfer. All isolates 
were gram-positive, catalase-negative rods or coccobacilli tested by 
the methods of Vanderzant and Nickelson (1969). Lyophilized cul
tures were reconstituted with MRS broth (Difco) at 30°C for 48 
hr before inoculation into test media. All cultures were streaked on 
plates of MRS agar (1.5% w/v), and incubated for 48 hr at 30°C 
using the Gas-Pak system (Oxoid). All strains were subcultured at
3-4 wk intervals in APT broth (Difco) and maintained at 0°C in 
MRS agar (0.5%) as stabs and at -30°C in 20% (v/v) glycerol diluted 
equally with growth medium.

Production of volatile sulfides
Strains were tested for their ability to produce hydrogen sulfide 

from different media: triple sugar iron agar (TS1, Difco), peptone 
iron agar (PIA, Difco), sulfide indole motility agar (SIM, Oxoid), 
lead acetate agar (LAA, Difco) supplemented with 0.1% (v/v) Tween 
80 and 0.005% (w/v) MnS04 • 4H20  (Shay and Egan, 1981). Dupli
cate screw-capped tubes (100 X 13 mm) containing 14 mL of each 
medium were inoculated by streaking the slant or by stabbing the 
agar and incubating at 30°C for 2 wk. The reactions were examined 
daily for blackening of media. The ability to produce hydrogen 
sulfide, methanethiol or dimethylsulfide from certain amino acids 
was tested by growing cells in MRS or nutrient broth containing 
0.1% (w/v) methionine and 0.02% (w/v) cysteine, (McMeekin et al.,
1978), peptone iron broth, a modified motility sulfide broth (MMS, 
Smith and Cunningham, 1962) containing 0.5% (w/v) tryptone, 
0.3% (w/v) yeast extract, 0.3% (w/v) sodium thiosulfate, 0.2% (w/v) 
sodium acetate, 0.1% (v/v) Tween 80, 0.05% (w/v) glucose and 0.5% 
(v/v) Rogosa salt solutions (Rogosa et al., 1951). Bacto-casitone 
medium (BC, Sutherland et al., 1975) containing DL-cystine was

Table 2—Detection o f volatile sulfide- and greening-producing 
lactobacilli in various mediaa

Sulfides Greening

Strains L A A M M S Meat agar (+nitrite)

1. L. plantarum + j_W -

2. L. p lantarum + + -
3. L. plantarum + + -
4. L. p lantarum + + -
5. L. p lantarum + - -
6. L. casei — + —

7. L. casei + + -

8. L. casei-ss-alactosus - + -
9. L. casei-ss-casei - + -

10. L. casei-ss-rhamnosus + + -

11 . L. acidophilus + + w -
12. L. helveticus + + w +
13. L. jensenii - + +
14. L. lactis + + w +
15. L. salivarius + + w -

16. L. brevis + + -

17. L. ferm entum + + _

18. Z_. fructivorans + + w +
19. L. viridescens + + w +P
20. Lactobacillus (Duploferment) - +w —

21. Lactobacillus (Fermentang) + + w -

22. Lactobacillus (Lyoflore) - + —

23. Lactobacillus (R muc) + + —

24. Lactobacillus (F-74) + +w +
25. Lactobacillus (F-99) + + w +
26. Lactobacillus (F - 1 24) + + _
27. Lactobacillus (B-1) + + _

28. Lactobacillus (B-2) + + _

29. Lactobacillus (B-3) + + —

30. Lactobacillus (B-6) + + _

31. Lactobacillus (V-21) _ — _

32. Lactobacillus (V -32) _ + _
33. Lactobacillus (V-34) — + _
34. Lactobacillus (H-36) + + _
35. Lactobacillus (H-40) + + w _
36. Lactobacillus (H-45) + + _

37. Lactobacillus (H-48) + + _
38. Lactobacillus (P-14) + + w _

39. Lactobacillus (P-19) - _J_W —

40. Lactobacillus (P-24) + + _

41. Lactobacillus (P-161) _ + w —

Data from two separate experiments which were run in duplicate; 
LAAC  (lead acetate agar), MMS (modified motility sulfide).

D Intensive greening 
w Weak reaction
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also used. Volatile sulfides were detected by placing a sterile filter- 
paper strip impregnated with a solution of DTNB (5:5'-dithiobis-2- 
nitrobenzoic acid; McMeekin et al., 1978), or lead acetate in the 
side-arms of the tubes. The cultures were incubated at 30°C for 10 
days. DTNB strips turn bright yellow in the presence of hydrogen 
sulfide, methanethiol or dimethylsulfide, whereas blackening of lead 
acetate paper indicates the presence of hydrogen sulfide. Uninocu
lated controls were prepared in a similar manner.

Analyses of volatile sulfides produced by lactobacilli were carried 
out by gas chromatography. Except for a capillary column (60m X 
0.25 mm i.d.) packed with SE54 and for a carrier gas (H2, flow rate
1.5 mL/min), the procedure was similar to that of Gardner and Pat
terson (1975).

Detection of greening
Fresh or cured meat agar was prepared as modified by Shank and 

Lundquist (1963); 250g of fresh lean beef was blended in a Waring 
Blendor with 500 mL of molten MRS agar (1.5%). For cured meat 
agar, 0.075g of sodium nitrite (100 ppm nitrite) was added to the 
similar preparation of slurry. The slurry was autoclaved for 10 min 
at 121°C and re-autoclaved for 25 min after the coagulum was 
blended into a smooth paste. After cooling to 45°C, pour plates 
were prepared and stored at 4°C. Lactobacilli strains were grown in 
MRS broth for 24 hr at 30°C and a sterile filter paper disc (!4 in. 
diarn, BBL) was dipped into the culture. Each plate was overlaid 
with nine culture discs and the discs were pressed slightly to ensure 
contact. Plates were also streaked with purified colonies without 
using discs. All plates were incubated for 48 hr at 30°C in an anaer
obic jar (Gas-Pak System, Oxoid) and were again incubated aero
bically for 24 hr at 30°C. Hydrogen peroxide concentration in MRS 
culture supernatants was determined by the method described by 
Price and Lee (1970). A second series of experiments was run to 
verify the results of volatile sulfides and greening.

RESULTS & DISCUSSION 

Detection of volatile sulfide
Among agar media for detecting hydrogen sulfide pro

duction by lactobacilli, lead acetate agar detected a greater 
range of hydrogen sulfide-producers that are potential 
spoilage lactobacilli (Table 1). Lead acetate agar showed a 
faint blackening in the presence of most lactobacilli but 
blackening of lead acetate agar was always strong in L. 
plantarum  (ATCC-4008, AN2-251) and isolates (26, 2 7 ,2 8 , 
29 and 30). Only a restricted range of strains such as L. 
plantarum  (ATCC-4008; AN2-251) and isolates (26, 27, 28, 
29, 30, 32, 34) were capable of forming hydrogen sulfide in 
triple sugar iron, peptone iron and SIM agars. Some isolates 
(29, 30, 34) showed a negative reaction on TSI. The main 
difference between TSI and other media appeared to  be the 
presence of sucrose, dextrose and lactose in TSI compared 
with PIA, LAA (dextrose) and SIM. F urther experiments 
using a more sensitive test with DTNB or lead acetate strips 
in Bacto-casitone and peptone iron broth  did not improve 
the detection of volatile sulfides. Except for L. plantarum  
AN2-251, L. casei-ss-rhamnosus,L. casei-ss-casei and isolates 
(26, 27, 28, 29, 30), poor growth was recorded in these 
media for the rest of the cultures. When tested with DTNB 
and lead acetate strips to  distinguish between H2S and 
other sulfides the results were com parable, suggesting that 
the sensitivities of two indicators are about the same and 
most o f volatile sulfides produced were hydrogen sulfide. 
However, blackening with lead acetate strips was more 
readily detectable than the faint yellow of DTNB strips. A 
modified m otility sulfide medium (Difco) gave superior 
growth of lactobacilli in liquid culture, which agreed with 
the results of Smith and Cunningham (1962). This medium, 
using a lead acetate strip, appeared to be a better substrate 
for the production of hydrogen sulfide, although blackening 
of the strips was not heavy and did not occur until the fifth 
to  the seventh day. With the exception of L. plantarum  
(Hansen) and isolate (V-21), most strains o f lactobacilli 
tested were able to produce hydrogen sulfide from this 
medium, similar to  lead acetate agar, but more strains (10)



were positive in MMS medium. This is in agreement with 
the finding of Sharpe and Franklin (1962) tha t many lacto- 
bacilli produced hydrogen sulfide under appropriate condi
tions (low pH, anaerobiosis, low sugar). By contrast, all 
lactobacilli grew very well in nutrient broth or MRS broth 
containing cysteine and m ethionine, but none of the lacto
bacilli strains showed evidence of producing volatile sulfides 
from these media when tested with DTNB or lead acetate 
strips. The negative reactions obtained with both DTNB 
and lead acetate strips indicate that all cultures did not 
metabolize cysteine and methionine. It is also probable that 
the acid products of fermentable carbohydrates may sup
press the activity of the enzyme which forms hydrogen 
sulfide (Bulmash and Fulton, 1964) or the genes governing 
hydrogen sulfide were not expressed in these media. To 
exclude the possibility of false positive results, gas chrom a
tography analyses of volatile sulfides produced by newly 
obtained 8 lactobacilli culture (ATCC) were done. Unpub
lished results confirmed that all of the lactobacilli produced 
H2S and other sulfides (CH3SH and COS) with less intense 
peaks in MMS medium, although quantitative data are not 
yet available. It is likely that hydrogen sulfide was produced 
from thiosulfate by sulfite reductase or from cysteine/ 
cystine by cysteine desulfhydrase (Barker, 1961) and 
hydrogen sulfide then reacted with free m ethionine to split 
the C-S bond and release m ethanethiol (Manning, 1979).

Detection of greening

In the absence of air (Gas-Pak), greening was not observed 
during 48 hr incubation at 30°C but when the plates were 
exposed to  air for 24 hr incubation, greening discoloration 
developed only on cured meat agar (Table 2). Green pig
ments then faded gradually during further 24 hr incubation.
L. viridescens always produced more intense greening than
L. fructovorans , L. helveticus, L. jensenii, L. lactis and iso
lates (F-74 and F-99).

When the lactobacilli are growing under aerobic condi
tions, oxygen becomes a hydrogen acceptor and hydrogen 
peroxide is form ed. Greening on cured meat agar is made 
possible through the inactivation of catalase by heat trea t
ment o f by the presence of nitrite. However, hydrogen per
oxide detection by the m ethod of Price and Lee (1970) was 
unsuccessful. Accumulation of hydrogen peroxide in 
culture medium during growth of lactobacilli was probably 
not sufficient to  be detected in the present experim ent. 
Hydrogen peroxide production was reported to  occur in 
Lactobacillus species such as L. plantarum, L. lactis, L. 
bulgaricus, L. acidophilus and L. viridescens (Dahiya and 
Speck, 1968).

All strains tested failed to produce green sulfmyoglobin 
from uncured meat, which is consistent w ith the findings 
that the same strains could not form H2S in certain media 
(e.g. nutrient broth + cysteine + m ethionine). Sharpe and 
Franklin (1962) however indicated that greening of raw 
m eat by lactobacilli may be caused by activation of H2 S 
under suitable conditions.

Any attem pts to  explain why sulfmyoglobin could not 
be detected, will be speculative until further studies have 
been perform ed on many variables such as the am ount of 
growth, the availability of the sulfur source, the oxidation- 
reduction potential or the presence of fermentable carbo
hydrates in this media.

So many factors influence the yield of H2S that a large 
num ber of genetic alterations during long term storage of

v ia d K j jf iL '.L T y iL 'f n s f r iu ï f iT î

vacuum-packaged raw meats could also affect the am ount 
o f H2S and greening pigments that lead to spoilage o f meats.
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-------------------------------ABSTRACT--------------------------------
Samples of enriched pasta were stored under controlled lighting con
ditions and the loss of riboflavin was determined. After an initial 
rapid degradation, the riboflavin level continued to decrease slowly. 
After 12 wk, more than 80% the riboflavin had degraded. When 
pasta samples with varied levels of riboflavin enrichment were 
exposed to light for 2 days, riboflavin losses ranged from 57.8- 
64.3%. Riboflavin leaching from pasta during cooking was also 
shown to be concentration independent with 34.5-37.6% of the 
riboflavin solubilized in the cooking water. Riboflavin in pasta 
which had been exposed to light for 2 days prior to cooking had a 
similar percentage of the undegraded riboflavin leached into the 
cooking water.

INTRODUCTION
WORK PREVIOUSLY REPORTED from this laboratory 
(Woodcock et al., 1982) has shown that riboflavin in en
riched pasta undergoes photodegradation in two phases 
with each phase proceeding by a first order mechanism. 
This is to  be distinguished from the single phase first order 
mechanism tha t describes the photodegradation of ribofla
vin in fluid milk (Allen and Parks, 1979). While a two-phased 
mechanism may best describe riboflavin degradation in 
pasta, a detailed and expanded evaluation of riboflavin de
gradation in pasta exposed to light would provide a better 
understanding of the stability of this vitamin. Quantifying 
riboflavin photodegradation in enriched pasta starting with 
several different riboflavin levels presents an alternative 
approach for determining if the degradation is first order. 
Determining riboflavin retention in pasta at regular in ter
vals through several m onths of light exposure would indi
cate if the rate of riboflavin degradation is constant after 
extensive degradation has already taken place.

As a water-soluble vitamin, riboflavin can leach from 
pasta into the cooking water; thus, leaching during prepara
tion is another major mode of riboflavin loss. Dexter et al.
(1982) reported only 45-52%  of the original riboflavin was 
retained by the spaghetti during cooking, while Abdel- 
Rahman (1982) reported 55% retention  after cooking for 
15 min. One possible source of variation in riboflavin reten
tion in cooked spaghetti is the variable enrichment levels of 
riboflavin in the uncooked pasta. The enrichm ent level 
range is from 3.8-4.9 /ug riboflavin/g pasta in the United 
States (Code of Federal Regulations, 1979) and from 6 .5-
19.5 jUg/g in Canada (Dexter et al., 1982). A dditional study 
may help to  clarify the extent of riboflavin leaching during 
cooking and the impact of the level of enrichment on ribo
flavin retention.

The photodegradation of riboflavin in pasta prior to  
cooking could influence the proportion of riboflavin re
tained in cooked spaghetti. By storing spaghetti in trans
parent containers or packages, an appreciable am ount of 
riboflavin may be degraded before the cooking process 
begins. Analysis o f riboflavin retained in spaghetti which
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M N  5 5 1 0 8 .

had been exposed to  light before cooking would indicate 
the extent o f additional riboflavin loss with cooking.

The objectives of this study were to  evaluate riboflavin 
photodegradation in pasta by m onitoring the change in 
concentration over short tim e intervals and over a period of 
three m onths. Riboflavin loss was also evaluated by quanti
fying riboflavin photodegradation in pasta with varied 
enrichment levels to determ ine if the reaction was first 
order. The leaching of riboflavin during the cooking of 
pasta was also determined using pasta with several different 
riboflavin enrichment levels and pasta which had been 
exposed to  light prior to  cooking.

MATERIALS & METHODS

Controlled light exposure
Chambers maintained at a constant light intensity of 150 ft-c, a 

relative humidity of 44% and room temperature were used in studies 
where light exposure conditions were controlled. Constant light in
tensity was regulated with variable intensity standard fluorescent 
lights (Cool White, General Electric No. F15T8-CW) and was moni
tored with aGeneral ElectricType 214 light meter. Saturated K2CO3 
was used to provide a constant relative humidity of 44% in the 
chambers.

Evaluation of photodegradation
To appraise the degradative behavior of riboflavin in pasta, 

enriched elbow macaroni was obtained fresh from a local processor 
and protected from light during handling. A single layer of this 
elbow macaroni was exposed to light and duplicate samples were 
taken every 3 hr from 0-24 hr, every 6 hr through 48 hr, every 12 
hr through 4 days and then once a day through 7 days. Samples 
were also taken once a week for 12 wk.

Evaluation of riboflavin photodegradation with varied initial 
concentrations of riboflavin enrichment was accomplished by 
exposing single layers of spaghetti to light. Spaghetti with five 
different levels of riboflavin were obtained by surveying commer
cially available products in the Minneapolis/St. Paul area, as well 
as Fort Francis, Ontario. Ten samples at each level of enrichment 
were exposed to light and five replicates of each were analyzed after 
2 and 7 days of exposure. Initial riboflavin contents in the spaghetti 
were 16.36 (A), 10.77 (B), 6.58 (C), 5.24 (D) and 3.75 (E) p g / g  

spaghetti. The samples were coded as indicated by the letters in 
parentheses. Only products that were packaged in paperboard car
tons with no detectable lumichrome were used. Lumichrome is a 
known photodegradation product of riboflavin and has been shown 
to occur in pasta after light exposure. (Woodcock et al., 1982). The 
mean retention values were compared using an F test followed by a 
least significant difference test with P = 0.05 (Steel and Torrie,
1980).

Leaching with cooking
Three of the five spaghetti samples discussed above (A, D and E) 

were used to determine the extent of leaching before and after 
photodegradation of riboflavin. After exposing a single layer of 
spaghetti to a light with an intensity of 150 ft-c for 2 days, the 
exposed and unexposed samples were cooked. Spaghetti was prepared 
according to the package directions by placing 50g spaghetti in 500 
mL rapidly boiling water for 10 min. After cooking and rinsing with 
20 mL water, the spaghetti was drained for 3 min. The draining and 
cooking water were combined, the volume was measured, and the 
water was analyzed for riboflavin. The cooked weight of spaghetti, 
which is a measure of the water absorbing characteristics, was
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determined to be about 2.7 times the dry weight of the spaghetti, 
indicating that normal water absorbance and complete cooking had 
occurred (Vasiljevic and Banasik, 1980).

The cooked spaghetti was frozen and then lyophilized for 18 hr. 
Preliminary tests showed that 18 hr was sufficient to reach constant 
weight. After freeze-drying, the samples were ground and weighed 
out for immediate vacuum oven moisture analysis (AOAC, 1980) 
and riboflavin analysis. Moisture and riboflavin analyses were done 
on the uncooked samples as well, and the results were reported as 
apparent retention (Murphy et al., 1975).

Apparent = Mg riboflavin/g cooked pasta (dry basis) x
retention riboflavin/g uncooked pasta (dry basis)

All cooking and handling procedures were conducted in a darkened 
room. Five replicate samples were cooked and analyzed in duplicate 
for each treatment.

.Quantification of riboflavin
Extraction of riboflavin from uncooked elbow macaroni, un

cooked spaghetti, and freeze-dried spaghetti was accomplished using 
a modified AO AC  (1980) riboflavin procedure. Samples were 
ground in a micromill to a particle size sufficiently small enough to 
pass through a No. 20 sieve. Samples weighing 1.50g were transferred 
into capped Pyrex test tubes that were wrapped in aluminum foil to 
prevent light exposure of the samples during handling. Fifteen mL 
0.1N HC1 was added, the samples were mixed, and then autoclaved 
for 30 min at 15 psi. The samples were remixed, centrifuged at 270 
x g  for 30 min, and the supernatants were decanted into 25 mL 
volumetric flasks. The sediments were rinsed with 10 mL 0.1N HC1, 
centrifuged and decanted. The extracts were brought to volume 
using 0.1N HC1. The extracts were filtered through 0.45 pm mem
brane filters, and riboflavin was quantified by high performance 
liquid chromatography (HPLC). The HPLC system consisted of a 
Model 6000A pump (Waters Associates, Inc.), a Model 7120 Rheo- 
dyne injector with a 10 pL sample loop, a Model FS Fluoromat 
fluorometer (Kratos, Inc.) and a Hewlett Packard Model 3380A 
recorder integrator. The separation of riboflavin was accomplished 
using a RP-8 column (10 micron, 200 mm x 4.6 mm, Hewlett Pack
ard) with a mobile phase of 43% methanol, 56% distilled water and 
1% glacial acetic acid at a flow of 1.0 mL/min. A  7-59 excitation 
filter and a 3-70 emission filter were used for the fluorescence 
detection of riboflavin.

Riboflavin was quantified by comparing the peak heights of the 
samples to the peak heights of standard riboflavin solutions. Stan
dard solutions were prepared by dissolving riboflavin in 0.1N HC1, 
using heat and stirring, and then serially diluting to a concentration 
of 0.15 pg riboflavin/mL.

The absence of lumichrome in pasta samples was established by 
the absence of a peak on the chromatogram at the expected lumi-

F ig .  1— R ib o f l a v in  c o n t e n t  i n  e l b o w  m a c a r o n i  e x p o s e d  t o  l i g h t  w i t h  

f r e q u e n t  s a m p l in g .

chrome elution time of 5.5 min. Lumichrome elution time was 
established by injection of a standard lumichrome solution (Aldrich 
Chemical Co.). This solution was prepared in methanol and then 
serially diluted with 0.1N HC1 to a concentration of 0.30 pg lumi- 
chrome/mL. For lumichrome analysis by HPLC, a mobile phase of 
49% methanol, 50% distilled water and 1% acetic acid was used at
1.5 mL/min with a F SA  403 excitation filter and a F SA  426 emis
sion filter.

RESULTS & DISCUSSION

Evaluation of photodegradation

When elbow macaroni was exposed to  a light intensity of 
150 ft-c at room tem perature, approxim ately 50% of the 
riboflavin photodegraded after only 3 hr (Fig. 1). This rapid 
rate of riboflavin loss is comparable to  riboflavin photo
degradation rates in acetone, ethanol or dioxane solutions 
where approxim ately 70% of the riboflavin was reported to 
be photodegraded after 3 hr of light exposure (Koziol and 
Knobloch, 1965). In contrast, when riboflavin solutions in 
water were exposed to  light for 3 hr, approxim ately 10% of 
the riboflavin was degraded. Analysis of riboflavin’s elec
tronic excitation in ethanol, acetone and dioxane relative 
to  water illustrated that these solvents caused a shift in 
the fluorescence maxima toward the ultraviolet wavelengths 
and were responsible for the decrease in riboflavin stability 
(Koziol and Knobloch, 1965). The speed of the initial 
riboflavin photodegradation when pasta is exposed to light 
indicates the riboflavin in pasta may be in a chemical en
vironm ent similar to  that of riboflavin in an organic solvent 
and therefore it readily degrades with light exposure.

After an initial rapid loss, the photodegradation of ribo
flavin was shown to gradually decrease and then to  occur 
much more slowly over 3 m onths (Fig. 2). When the ribo
flavin levels are considered from week 1 through week 12, 
the riboflavin decreased linearly from approxim ately 1.6 to
1.0 jUg/g pasta. This slow rate of loss may be due to  light 
penetration limitations. Macaroni packaged in transparent 
material and exposed to  light would likely show extensive 
loss of riboflavin in the outer layers but relatively little 
riboflavin degradation in layers away from the surface.

Results from the study in which spaghetti samples with 
five different initial riboflavin contents were exposed to 
light showed higher levels of riboflavin remaining in samples 
with higher enrichment levels (Table l) .T h e  mean riboflavin 
content in the control (unexposed) samples ranged from

F ig .  2 — R ib o f l a v in  c o n t e n t  i n  e l b o w  m a c a r o n i  e x p o s e d  t o  l ig h t  w i t h  

s a m p l in g  o v e r  a n  e x t e n d e d  p e r i o d  o f  t im e .
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Table 1—Riboflavin content in spaghetti exposed to light for 0, 2, 
and 7 days

R iboflavin  content (;ug/g pasta)3

Sam ple 0 days 2 days 7 days

A 16.36 ± 0.29 6.69 ± 0.12 6.31 ± 0.21
B 10.77 ± 0.21 3.84 ± 0.16 2.94 ± 0.14
C 6.58 ± 0.28 2.78 ± 0.12 2.04 + 0,17
D 5.24 ± 0.16 2.17 ± 0.09 1.87 ± 0.07
E 3.75 ± 0.09 1.35 ± 0.13 1.00 ± 0.04

3 A ve rage  o f  5 d e te rm ina t ion s ± standard  deviations. 
b M eans are no t s ign if ic an t ly  d iffe ren t at P =  0.05.

Table 2 —Ordered percent retention of riboflavin in spaghetti ex
posed to light for 2  and 7 days

2 days 7 days

Sample %  Retention Sample %  Retention

C 42 .23 A 38.6 C
D 41.43 D 35.7C
A 40.93 C 31.0d
E 36.0 b B 27.3d
B 35 .7b E 26.7d

'd R e te n tion s  w ith  the sam e letter are not s ign if ic an t ly  d ifferent 
w ith in  each co lu m n . Each 7-day sam p le  was s ign if ic an t ly  low er 
than  the co rre sp o n d in g  2-day sam ple.

Table 3— Riboflavin retention and loss into the cooking water for spaghetti at varied initial riboflavin levels and for spaghetti exposed to light3

Sample

Unexposed to light Exposed to light

U ncooked  riboflavin 
content 

(,ug/g spaghetti)

Retention in 
cooked 

spaghetti (%)

Leached into 
cooking water 

(%)

Uncooked riboflavin 
content 

(g g / g  spaghetti)

Retention in 
cooked 

spaghetti (%)

Leached into 
cooking water 

(%)

A 16.36 56.7 ± 3.0 34.5 ± 1.3 6.69 61.9  ± 3.7 34.3 ± 1.4
D 5.24 56.7 ± 3.8 37.6 ± 1.7 2.17 59.6 ± 6.0 33.2 + 0.6
E 3.75 59.3 ± 2.7 37.5 ± 0.9 1.35 64.5 ± 3.8 32.1 ± 2.6

3 R e ten tion  is reported  as m ean + s tandard  dev iation

3.75-16.36 jUg/g pasta. After 2 days the riboflavin contents 
ranged from 1.35-6.69 ¿rg/gpasta, and after 7 days contents 
ranged from 1.00-6.31 /rg/g pasta. All of the mean ribo
flavin contents were significantly different from  each other 
except the levels found in samples C and D after 7 days.

When the data in Table 1 are converted to  percent reten
tion and ordered by magnitude (Table 2) it appears that the 
initial riboflavin content did not have a great influence on 
the percent retention with light exposure. Some significant 
differences between mean percent riboflavin retentions 
were observed, however, the overall difference in percent 
retention  for the five samples was relatively small. A fter 2 
days the retention ranged from 35.7-42.2% , and after 7 
days the range was 26.7-38.6% . Varying the concentration 
of the reactant over a broad range and observing a constant 
rate of degradation or a constant half-life provide kinetic 
evidence that the reaction is first order. Most foods have a 
relatively small range of nutrient contents, but because 
pasta may be fortified to  varied levels in the United States 
and Canada, this type of kinetic determ ination is possible. 
While the difference in riboflavin concentration in the 
enriched spaghetti samples used was about fourfold, the 
narrow range of percent retention after 2 days of light ex
posure confirmed the work of Woodcock et al. (1982) 
showing that the rapid degradation of riboflavin in pasta is 
first order. Previous work had only used rate constants and 
correlation coefficients to  determ ine reaction order. The 
percent retention after 7 days was representative of degra
dation that was well into the second (slower) phase. The 
decrease in percent retention  between day 2 and day 7 
averaged 7.5% across all samples. However, the retention 
in sample A was only 2% less with the additional 5 days of 
exposure, while sample C decreased by 11%. After 7 days 
of exposure and extensive degradation, there may be a 
small effect of spaghetti brand on riboflavin retention but 
no apparent effect of initial enrichment level on percent 
retention.

The percentage of riboflavin degraded in spaghetti sam
ples w ith five different enrichm ent levels was relatively 
constant; these results indicate that an increase in the 
enrichm ent level would increase the riboflavin content in 
consum er pasta products, even if photodegradation of ribo
flavin occurs.

Leaching with cooking
Table 3 shows that the retention  of riboflavin in cooked 

samples not previously exposed to  light was relatively con
stant regardless of the initial riboflavin content. Riboflavin 
retentions of 56.7%, 56.7% and 59.3% were observed with 
no significant differences among the am ounts of riboflavin 
retained in the samples.

Spaghetti corresponding to  the same samples discussed 
above were exposed to  light for 2 days and then cooked. 
These samples showed retentions of 59.6%, 61.9% and 
64.5% when retention for the exposed-cooked spaghetti 
was calculated from the ratio of riboflavin in the cooked 
exposed spaghetti (dry basis) to  the riboflavin in the un 
cooked exposed spaghetti (dry basis). Evaluation of the 
mean retention  values for cooking after light exposure in 
dicated there was no significant difference in percent reten
tion among the three exposed samples and there was no 
significant difference in percent cooking retention  between 
the exposed and unexposed samples.

The riboflavin found in the cooking water accounted 
for most of the riboflavin not retained in the spaghetti. 
Total recovery from the sum of the riboflavin in the cook
ing water and in the cooked spaghetti was approxim ately 
95%. Dexter et al. (1982) reported 45 -  52% riboflavin 
retention  with cooking and a to ta l recovery of only 60%. 
Since riboflavin has been reported to be therm ally stable 
during short periods of heating (Kearsley and Rodriguez,
1981), photodegradation of riboflavin during cooking and 
freeze drying may have been responsible for the low ob 
served recovery.

Dexter et al. (1982) also considered leaching of nu tri
ents in spaghetti using two enrichment levels. A weak in ter
action between enrichment level and riboflavin leaching was 
observed. However, nonconventional, high tem perature 
drying techniques used in the preparation of the spaghetti 
may have affected riboflavin leaching.

The cooking conditions were constant throughout the 
experiments discussed, although a change in the volume of 
cooking water or cooking tim e could affect retention  of 
riboflavin in cooked spaghetti. These results show that 
riboflavin retention  in cooked spaghetti was in the range of
56.7 -  64.5% and did not appear to  be strongly influenced

—Continued on page 998
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C h a r a c t e r i s t i c s  o f  I s r a e l i  C i t r u s  P e e l  a n d  C i t r u s  J u i c e

E. COHEN, R. SHARON, L. VOLMAN, R. HOENIG, and I. SAGUY

------------------------------- ABSTRACT-------------------------------
Data on the composition of Israeli orange juice, grapefruit juice, 
orange peel and grapefruit peel were analyzed. Significant differences 
were found mainly between the juice and peel in the content of 
isocitric acid, ash, minerals, total pectin, total flavonoids, chlorides, 
phosphates, chloramine-T number and arginine. The significance of 
these findings in detecting juice adulteration with peel extract solids 
is discussed. The chemical and amino acids characteristics of the 
citrus products analyzed may be used to establish guidelines required 
for detecting citrus juice adulteration.

INTRODUCTION
IN RECENT YEARS there has been world wide interest 
in methods for detecting adulteration of citrus products, 
mainly citrus juice and concentrate. Adulteration can range 
from a simple addition of sugar solution to  more sophisti
cated methods, such as addition of pulpwash solids or peel 
extract solids.

The com position of citrus juice (Cohen et al., 1983a, b; 
Petrus and Vandercook, 1980; Wallrauch, 1980, 1981a, b) 
and m ethods for detecting adulteration and verifying the 
authenticity  of citrus juice (Brown and Cohen, 1983; Lif- 
shitz et al., 1974; Petrus and Attaway, 1980; Schatzki and 
Vandercook, 1978; Vandercook et al., 1983) were widely 
docum ented. Most of the m ethods suggested for detecting 
adulteration of citrus juice are based on comparing charac
teristic values of an unknown sample with those of pure 
juice. However, there is normally large variability in natural 
fruit juice attributes due to  growing season, geographical 
origin, environmental and agrotechnical factors (Brown and 
Cohen, 1983; Brown et al., 1981; Cohen, 1982; Park et al., 
1983; Petrus and Vandercook, 1980; Wallrauch, 1980). 
This variability emphasizes the need for a wide base sample 
which would be useful in sensitive discriminant statistical 
analysis required for determ inations of the purity  of fruit 
juice (Brown and Cohen, 1983).

Citrus peel solids are a natural source which could be 
used in juice adulteration. Benk (1968) reported adultera
tion of citrus juices with rag and peel extracts and noted 
that detecting such adulteration should be quite easy, as 
pentose equivalent values are about three times higher than 
those obtained for orange juice. Sawyer (1963) included 
ascorbic acid and nicotinic acid in order to  detect orange 
juice adulteration by dilution or addition of peel extract. 
Park et al. (1983) and Vandercook et al. (1983) provided a 
broad base of com positional data on California Navel orange 
juice. This work was undertaken to  provide data on Israeli 
citrus juice and citrus peel composition.

Author Cohen is affiliated with the institute o f Quality Control & 
Extension Services for the Food Industry, 76 Mazeh St., Tel Aviv 
65789, Israel. Authors Sharon and Volman are with the Ministry o f 
Industry & Trade, P.O. Box 299, Jerusalem 91002, Israel. Author 
Hoenig is with the Standards Institution o f Israel, 42 University St., 
Ramat Aviv, Tel Aviv 69977, Israel. Author Saguy is affiliated with 
the Dept, o f Food Technology, Agricultural Research Organization, 
The Voicani Center, P.O. Box 6, Bet Pagan 50250, Israel.

MATERIALS & METHODS

Sampling
Samples of citrus juice (orange and grapefruit) and citrus peel 

were taken by official inspectors, directly from the extraction ma
chines (FMC, in-line juice extractor) in citrus plants located through
out Israel. The samples were taken at random, over the entire proc
essing season (Oct. 1981 through June 1982). The samples were 
frozen or pasteurized, and analyzed periodically.

Analytical methods
Samples of citrus peel (ca 300g) were cut into pieces approxi

mately lx l cm2, mixed with distilled water (1:1, w/w), crushed and 
blended. The resultant mixtures were analyzed. Citrus juice were 
analyzed without further treatment.

All the characteristics were analyzed according to standard 
methods used for quality control of citrus juice (Anon., 1982). The 
methods are summarized as follows:

Total soluble solids. AOAC (1980) method #31.011; Total 
sugars after inversion: AOAC (1980) methods #31.038, 31.042 and 
52.019; Acidity: AOAC (1980) method #22.060; Isocitric and 
malic acid: Enzymatic method (Boehringer and Mannheim, 1980); 
Ash: AOAC (1980) method #22.026; Calcium and magnesium: 
AOAC(1980) methods#22.044,2.019, 2.110 and 2.112¡Chlorides: 
Potentiometric measurement using a silver electrode (Best, 1950); 
Phosphorus: AOAC (1980) methods #22.042-22.045; Sulphates: 
AOAC (1980) methods #33.120—33.123; Potassium and sodium: 
The samples were filtered through Whatman #41 paper (ashless) 
and the transmittance at 769 nm and 589 nm were determined using 
an emission flame photometer (Varian Model 1000).

Formol number. 10 mL of sample was adjusted to pH 8.3 with 
0.1N NaOH. The acidity liberated by the addition of 10 mL 40% 
formaldehyde was determined by titration to pH 8.3 with 0.1N 
NaOH.

Chloramine T number. Titration with 0.01N ^ 2 8 3 0 3  of iodine 
liberated by 25 mL 0.01N chloroamine T solution in the presence 
of KI crystals added to 1 mL of sample.

Total flavonoids. Overnight extraction of flavonoids with alka
line methanol, filtration, and colorimetric determination at 420 nm 
(Davis, 1947).

Total pectin. Total pectic substances were precipitated by eth
anol and redissolved in an alkaline solution. The resulting galactur- 
onic acid was determined by carbazole reaction in the presence of 
sulfuric acid. The red color produced was measured at 525 nm 
(Anon., 1964; Bitter and Muir, 1962).

Free amino acids. Samples were centrifuged after celite addition. 
An aliquot was used for amino acid analyses (Technicon automatic 
amino acid analyzer, TSM; 0.1 mmol/L sensitivity).

For comparison purposes, all results are given on a weight basis.

Statistical analyses
Statistical analyses were carried out using a computer-aided 

statistical software (Dixon, 1981).

RESULTS & DISCUSSION
TO DIFFERENTIATE between natural citrus juice and 
other jucies which may contain peel extract solids, several 
im portant characteristics expressing the com position of 
Israeli single-strength citrus juice and citrus peel are pre
sented in Tables 1 through 4. These tables include the mean 
value (x) standard deviation (SD), coefficient of variation 
(CV = SD/x), limits (95% confidence interval) and the 
range of the samples analyzed.
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Comparison of citrus peel and citrus juice
Carbohydrates. Total sugars after inversion in both orange 

and grapefruit juice and peel were not found to be signifi
cantly different (Tables 1 and 3). D ifferentiation between 
specific sugars (i.e., glucose, fructose, sucrose) is not of 
interest, as their concentration depends on the processing 
and/or storage conditions (Wallrauch, 1980).

Acids. Total acidity in orange peel and orange juice 
(Table 1) was quite similar. No such similarity was found in

grapefruit products (Table 3). Isocitric acid was different in 
citrus juice and peel (15.0-63.5 and 64-1 59 mg/kg in orange 
peel and orange juice, respectively, Table 1; and 14.4-61.6 
and 125-237 mg/kg in grapefruit peel and grapefruit juice, 
respectively, Table 3). The wide difference in the isocitric 
acid content in citrus peel and citrus ju ice makes this 
characteristic very valuable for the detection of the addi
tion of peel extract to natural citrus juice. A similar phe
nom enon was found for the ratio of acidity/isocitric acid

Table 1—Comparison between Israeli orange pee! and orange juice: chemical characteristics

Characteristics Units

Orange peel (n = 33)a Orange ju Ice (n = 78)a

Mean SDb CV, %c Limits'1
Range

Min Max Mean SDb CV, %c Limits'1

Total soluble solids °Bx 12.5 1.95 15.6 8.6 - 16.4 9.4 17.0 12.0 0.6 5.0 10.8 - 18.2
Total sugars after

inversion % w/w 8.0 1.25 15.6 5.5 ■- 10.5 5.7 9.8 9.2 0.5 5.5 8.2 - 10.3
Acidity, as citric

acid anhydrous %  w/w 0.94 0.12 12.8 0.71 1.17 0.74 1.17 1.13 0.2 16.9 0.75 1.52
Isocitric acid mg/kg 32.1 8.6 26.8 15.0 - 63.5 21.0 59.0 112 23.5 21.0 64 - 159
L-Mallc acid g/kg 0.34 0.14 41.2 0.05 - 0.63 0.13 0.67 0.96 0.29 30.0 0.38 - 1.54
Ash % w/w 0.57 0.12 21.9 0.32 ■• 0.82 0.44 0.90 0.29 0.04 12.2 0.22 ■ 0.37
Potassium mg/kg 940 189 20.1 562 ■■ 1318 590 1440 1373 201 14.6 972 ■■ 1774
Sodium mg/kg 30 5 ■■60 5 90 8.0 ■ 20
Calcium mg/kg 1364 402 29.5 560 ■ 2170 860 2520 94 16 17.0 62 -127
Magnesium mg/kg 139 36 25.9 67 ■ 211 81 252 86 8.5 9.9 69 ■ 103
Chlorides mg/kg 159 34 21.4 91 ■ 227 98 228 84 13.5 16.0 57 ■111
Phosphates (P 04'3) mg/kg 506 55 10.9 392 -616 392 650 490 67 13.7 356 -625
Sulfates (S04) mq/kq 277 84 30.3 110--444 140 480 147 28 19.0 91 - 203
Formol No. mL NaOH

0.1 N/100g 27.5 4.6 16.7 18.3 -36.7 18.4 37.0 24.0 3.1 12.9 17.9 30.1
Chloramine No. mL chloramine-

T 0.01 N/g 17.3 1.2 6.9 14.9 - 19.7 15.6 29.4 12.0 1.06 8.8 9.6 - 13.9
Total flavonolds

* (as hesperidine) g/kg 18.5 2.5 13.5 13.45 - 23.6 14.6 23.9 1.38 0.28 20.4 0.82 -- 1.94
Total pectin g/kg 3.65 1.50 41.1 0.65-- 6.62 1.7 7.3 0.56 0.13 23.2 0.30 - 0.81
Acidity/isocitric acid 310 70 22.6 170 -450 170 460 102 11 10.8 80 - 124
Potasslum/ash % 16.6 2.3 13.9 12.0 - 21.3 12.7 21.2 45.1 3.1 6.8 39.0 - 51.3
Calclum/ash % 23.8 2.6 10.9 18.6 - 29.0 18.8 28.6 3.2 0.5 15.4 2.2 - 4.4
Magneslum/ash % 2.4 0.3 12.5 1.8 - 3.1 1.8 2.9 2.9 0.26 9.0 2.4 - 3.5
Phosphates/ash % 9.1 1.4 15.4 6.3 -11.9 6.3 11.9 16.8 2.1 12.5 12.3 -21.2
Formol/proline (g/L) 17.3 3.0 17.3 11.3 -23.3 12.4 24.9 19.0 3.3 17.4 12.4 - 25.6

j* n = number of samples 
DStandard deviation 
j  Coefficient of variation

95% confidence interval

Table 2’—Comparison between Israeli orange pee! and orange juice: amino acids content

Amino acids, mmol/kg

Orange peel (n = 33)a Orange juice (n = 78)a

Mean SDb CV, %c Limits'1
Range

Min Max Mean SDb CV, %c Limits'1

Lysine 0.48 0.12 25.0 0.23 - 0.73 0.28 0.74 0.35 0.12 34.3 0.10- 0.60
Arginine 1.79 0.57 31.8 0.80 - 3.05 0.70 3.28 4.00 1.08 27.0 2.09- 6.32
Aspartic acid 1.41 0.39 27.7 0.64 - 2.18 0.58 2.16 2.45 0.37 15.1 1.73- 3.17
Serine + threonine + asparagine 5.86 2.45 41.8 0.96 - 10.76 1.72 10.84 4.48 0.88 19.6 2.73- 6.23
Glutamic acid 0.32 0.17 53.1 traces - 0.71 0.06 0.74 0.94 0.16 17.0 0.62- 1.27
Prollne 14.17 2.85 20.1 8.47 - 19.87 7.46 20.10 11.38 2.64 23.2 6.09-16 .66
Glycine 0.37 0.09 24.3 0.20 - 0.55 0.14 0.54 0.27 0.08 29.6 0.13- 0.42
Alanine 1.37 0.48 35.0 0.41 - 2.32 0.80 2.96 1.40 0.45 32.1 0.50- 2.31
Valine 0.20 0.08 40.0 traces - 0.32 traces 0.32 0.19 0.06 31.6 traces - 0.32
Isoleucine 0.07 0.07 100.0 traces - 0.26 traces 0.26 0.07 0.05 71.4 traces - 0.23
Leucine 0.19 0.13 68.4 traces - 0.48 traces 0.48 0.05 0.04 80.0 traces- 0.18
Tyrosine 0.04 0.06 150.0 traces - 0.22 traces 0.22 0.04 0.04 100.0 traces - 0.15
Phenylalanine 0.09 0.09 100.0 traces - 0.26 traces 0.44 0.09 0.10 111.0 traces - 0.31
7-amlnobutyrlc acid 3.06 0.79 25.8 1.68 - 4.75 2.00 5.12 3.30 1.09 33.0 1.12- 5.47

a n = number of samples 
“ Standard deviation 
b Coefficient of variation 
“ 95% confidence interval
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(Tables 1 and 3). The concentration and the ratio o f acidity/ 
isocitric acid and citrate are in agreement with data reported 
previously (Petrus and Vandercook, 1980), suggesting pos
sible applicability of isocitric acid determ ination in detec
tion  of adulteration.

Malic acid content was not significantly different between 
citrus juice and citrus peel. The isocitric acid and malic acid 
data of Israeli orange juice are in agreement with the corre
sponding values found for California Navel orange juice 
(Park et ah, 1983).

Minerals. The ash content o f citrus peel was much higher 
than that o f citrus juice. The high concentration of calcium 
in the peel was the main reason for this significant difference 
(Tables 1 and 3). This finding is in agreement with Royo- 
Iranzo and Gimenez-Garcia (1974), who suggested using the 
serum to detect adulteration. They reported that sodium, 
calcium and phosphorus were higher in the pulp than in the 
serum. Park et al. (1983) indicated that the high content of 
potassium and calcium in pulpwash must reflect some 
leaching of potassium and calcium from the pulp. They

Table 3—Comparison between Israeli grapefruit pee! and grapefruit juice: chemical characteristics

Grapefruit peel (n = 21 )a Grapefruit juice (n = 48)a

Range

Characteristics Units Mean SDb CV, %c Limitsd Min Max Mean SDb CV, %c Limitsd

Total soluble solids O CD X 10.9 1.25 11.5 8.4 - 13.4 8.6 14.0 10.6 0.7 6.6 9.2 •■ 12.0
Total sugars after

inversion % w/w 6.7 0.9 13.4 4.9 - 8.5 3.9 7.9 7.5 0.5 6.5 6.5 ■ 8.5
Acidity, as citric

acid anhydrous % w/w 0.93 0.12 12.9 0 .6 8 -■ 1.18 0.72 1.14 1.63 2.8 17.2 1.07 -■ 2.18
Isocitric acid mg/kg 38.0 11.8 31.0 14.4 ■■ 61.6 23.0 64.0 181.0 28 15.4 125 •■ 237
L-Malic acid g/kg 0.43 0.16 37.2 0.11 0.75 0.19 0.82 0.42 0.13 31.0 0.16 ■ 0.71
Ash % w/w 0.57 0.07 12.3 0.43 • 0.71 0.49 0.73 0.25 0.03 11.7 0.19 •■ 0.32
Potassium mg/kg 1077 131 12.2 815 ■ 1340 830 1290 1145 109 9.5 928 ■ 1363
Sodium mg/kg 38 14 36.8 1 0 -•66 20 70 8.9 13.5 152 -30
Calcium mg/kg 1315 214 16.3 887 ■ 1743 970 1740 93 17 18.3 60 ■ 126
Magnesium mg/kg 134 24 17.9 86 ■ 182 108 196 83 9 10.8 64 ■ 101
Chlorides mg/kg 152 40 26.3 72 ■ 232 92 242 65 13 20.1 39 •91
Phosphates (P04"3) mg/kg 414 64 15.5 285 ■ 543 227 487 405 34 8.4 337 473
Sulfates (SO4 ) mg/kg 227 39 17.2 149 •305 160 290 129 19 14.7 91 ■ 167
Formol No. mL NaOH

0.1 N/100g 22.8 5.4 23.7 12.0 ■ 33.6 15.0 31.2 22.4 2.2 9.8 18.0 -26.8
Chloramine No. mL chloramine-

T 0.01 N/g 23.8 7.5 31.5 8.8 •■ 38.8 18.3 39.0 13.2 0.87 6.6 11.4 ■ 14.9
Total flavonoids

(as naringine) g/kg 12.3 2.5 20.3 7.3 • 17.3 7.2 18.1 0.80 0.14 17.5 0.50 •■ 1.09
Total pectin g/kg 2.95 1.34 45.4 0.27 5.63 1.22 5.84 0.43 0.11 25.6 0.20 ■ 0.64
Acidity/lsocitric acid 263 74 28.1 115 ■ 411 174 391 89 11 12.4 67 ■•111
Potassium/ash % 19.2 2.6 13.5 14.0 ■■ 24.4 15.1 23.7 46.5 2.6 5.6 41.3 ■ 51.8
Calcium/ash % 22.9 2.5 10.9 17.9 ■ 27.9 19.4 25.7 3.8 0.9 23.6 2.1 ■■ 5.5
Magnesium/ash % 2.3 0.3 13.0 1.7 •• 2.9 1.6 2.9 3.3 0.3 9.3 2.7 ■■ 3.9
Phosphates/ash % 7.3 1.5 20.5 4.3 10.3 3.3 9.6 16.3 2.2 13.6 11.9 • 20.8
Formol/proline (g/L) 21.9 4.2 19.2 13.5 ■ 30.3 15.1 31.6 34.7 8.8 25.4 17.1 ■ 52.3

f* n = number of samples 
b Standard deviation 
b Coefficient of variation

95% confidence interval

Table 4--Comparison between Israeli grapefruit pee! and grapefruit juice: amino acids content

Amino acids, mmol/kg

Grapefruit peel (n = 21 )a Grapefruit juice (n II 00 cu

Mean SDb CV, %c Limitsd

Range

Min Max Mean SDb CV, %c Limitsd

Lysine 0.39 0.13 33.3 0.13- 0.65 0.24 0.74 0.25 0.08 32.0 0.10-0.40
Arginine 1.11 0.46 41.4 0.19- 2.03 0.20 2.02 2.64 0.72 27.3 1.38-4.19
Aspartic acid 2.57 0.77 30.0 1.03 - 4.11 1.30 4.70 5.10 0.80 15.7 3.50 - 6.70
Serine + threonine + asparagine 7.37 2.20 29.9 2.97- 11.77 3.30 11.80 4.88 0.76 15.6 3.36-6.39
Glutamic acid 0.67 0.29 0.43 0.20 - 1.25 0.20 1.36 1.12 0.22 19.6 0.72 - 1.60
Proline 9.12 1.65 18.1 5.82- 12.42 5.76 12.54 5.86 1.18 20.1 3.49-8.22
Glycine 0.37 0.13 35.1 0.11 - 0.63 0.18 0.66 0.30 0.07 23.3 0.16-0.43
Alanine 1.49 0.62 41.6 0.25 - 2.73 0.74 2.76 1.53 0.26 17.0 1.01 - 2.10

Valine 0.19 0.08 42.1 traces - 0.32 traces 0.32 0.19 0.04 21.0 0.12-0.27
Isoleucine 0.09 0.09 100.0 traces - 0.32 traces 0.32 0.05 0.04 80.0 traces - 0.18
Leucine 0.16 0.08 50.0 traces - 0.34 traces 0.34 0.05 0.03 75.0 traces - 0.11

Tyrosine 0.05 0.04 80.0 traces - 0.16 traces 0.16 0.02 0.02 100.0 traces - 0.10

Phenylalanine 0.08 0.09 113.0 traces - 0.32 traces 0.32 0.08 0.05 62.5 traces - 0.16
7-aminobutyric acid 3.33 1.02 30.6 1.58 - 5.54 2.08 5.78 3.19 0.76 23.8 1.68-4.71

® n = number of samples 
b Standard deviation 
z Coefficient of variation 
d 95% confidence interval
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concluded that increased mineral content can be an indica
tion of pulpwash. Yet, these characteristics should be only 
a part of more com plete detection scheme, due to  the 
anticipated variability of minerals content in the water used 
in pulpwashing, and other factors which may play an active 
role -  such as location, season, etc.

Chlorides, sulphates. Two additional attributes exhibiting 
a wide difference in concentration between juice and peel 
were chlorides and sulphates. The mean values found in the 
peel of both  grapefruit and orange were roughly double 
than that of the corresponding juices (Tables 1 and 3).

Total pectin, to tal flavonoids. Total pectin is normally 
present in a higher concentration in the peel than in the 
juice. Royo-Iranzo et al. (1977) reported that the pectin 
content in orange peel extract was much higher than in 
orange juice. Results (Tables 1 and 3) showed concentration 
differences with an almost sevenfold ratio. The range for 
orange juice found (0.30-0.81 g/kg) is in close agreement 
with values reported for California Navel orange juice as 
reported by Park et al. (1983). They pointed out that a 
high pectin content may indicate the presence of pulpwash 
in orange juice. The broad range which seems to  characterize 
pectin content reduced the significance of this measurement 
as a simple and singular tool for detecting adulteration. 
Nevertheless, it is an im portant characteristic that should be 
considered.

Total flavonoids was found to  be approxim ately one 
order of magnitude higher in the peel than in juice, in both 
orange and grapefruit. Hence, the flavonoids may be an 
im portant factor in detecting the addition of peel extract to 
natural citrus juices or concentrates.

Chloramine-T number. Higher values were found in the 
peel (Tables 1 and 3). This finding is utilized in routine 
analytical parameters determined for establishing citrus juice 
adulteration (Cohen et al., 1983a, b; Lifshitz et al., 1974).

Form ol num ber, free amino acids. The form ol number is 
usually used in quality control or in detection of adultera
tion of citrus juices and concentrates (Cohen et al., 1983a, 
b; Lifshitz et al., 1974; Wallrauch, 1980, 1981a, b). The 
ratio of form ol num ber/proline may be used also to  detect 
gross dilution and adulteration with addition of amino 
acids. However, our data did not indicate significant differ
ences between juice and peel.

The main difference in the amino acids content between 
citrus peel and citrus juice was noticeable in the arginine 
concentration, which was much lower in the peel than in 
juice (Tables 2 and 4). Similar findings were reported by 
Petrus and Vandercook (1980). Hence, it is strongly sug
gested that arginine should be considered in tests to detect 
adulteration of orange and grapefruit juices.

In conclusion, significant differences between natural 
juices and peel extracts were observed mainly in the follow
ing attributes: isocitric acid, the ratio of acidity/isocitric 
acid, ash, calcium, to tal pectin, total flavonoids, chloramine- 
T num ber and arginine. These findings may be utilized as 
guidelines for detecting addition of peel extract to  natural 
citrus juice. However, almost all values studied had maxi
mum ranges in juice which overlapped with minimum ranges 
in peel extracts or vice versa. Thus, there do not appear to 
be many distinct levels of specific parameters that could be 
used individually for adulteration detection. Hence, a pro
file of several attributes will have to  be developed for this 
purpose. This projects the need for a wide data base of

citrus juice analyses and further research in combining sta
tistical m ethods and m ulticonstituents analyses for the 
determ ination of citrus juice purity.
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R e c o v e r y  o f  C i t r u s  C l o u d  f r o m  A q u e o u s  P e e l  E x t r a c t  b y  M i c r o f i l t r a t i o n

I LAN SHOMER and UZI MERIN

------------------------------- ABSTRACT-------------------------------
Microfiltration of reconsituted aqueous peel extract resulted in 
linear flux decline with time. Feed stream of reconstituted peel 
extract does not foul the membrane and flux decline is due solely to 
increased retentate viscosity. Cloud was concentrated up to 6.3% of 
washed dry matter, compared with 1.5% achieved by vacuum heat 
concentration. Permeate was at constant low viscosity during filtra
tion experiment, free of insolubles, and crystal clear. Soluble sugars 
do not contribute to fouling gel layer; their permeation flux is con
stant, and is only a function of viscosity. Soluble high-molecular- 
weight polymers, such as pectins, cause membrane fouling and flux 
depression. Fluxes for soluble constituents, sucrose and pectin, were 
higher than those of reconstituted peel extract with similar viscosity.

INTRODUCTION
EXTRACTED STABLE CLOUD which is derived from 
citrus fruit peel includes relatively very small but significant 
am ounts of insoluble particles in an aqueous media. The 
soluble constituents, mainly sugars, comprise most o f the 
solids and after a vacuum heat concentration process con
stitute the factor which is known to determ ine the cloud 
strength by the industry. This is true even when the concen
trated suspension is produced as an additive which is de
signed to  give the natural turbid appearance of beverages. 
The cloud is known to be marketed as a suspension which 
includes both  the to tal concentrated solubles and insolubles. 
It is reasonable to assume that differential removal of solu
bles and water may significantly increase the concentration 
of the insolubles and their stabilizing soluble agents.

Two separation techniques which are based on differen
tial concentration of com ponents due to their size, are dif
ferential continuous centrifugation and membrane filtration.

Continuous centrifugation is well established in the citrus 
industry, for the removal of coarse particles from a stream 
of suspension with stable insoluble particles. Further 
separation of a clear serum from fractions of stable insolu
bles by centrifugation is not economically feasible.

Membrane filtration could be adopted in the citrus in
dustry for differential separation of insolubles from solubles. 
Separation by membranes results in two main streams: (1) a 
concentrate of insoluble and some soluble constitutents, 
and (2) an aqueous perm eate with soluble solids of defined 
molecular size.

Continuous membrane filtration was applied to various 
foodstuffs in the form of reverse osmosis (RO), u ltrafiltra
tion (UF) and m icrofiltration (MF), and the variations 
between the different processes are well defined (Cooper, 
1980; Flinn, 1970; Mears, 1976). Subjecting milk and 
cheese whey to RO and UF is well docum ented (Fenton- 
May et al„ 1971, 1972; Glover et al„ 1978). O ther food 
streams which were processed using membrane filtration 
techniques include, for example, UF of vegetable protein 
(Cheryan, 1980; Manak et al., 1980) and RO of mandarin 
and tom ato juice (Watanabe et al,, 1979; Merson et al.,

A u t h o r s  S h o m e r  a n d  M e r i n  a r e  a f f i l i a t e d  w i t h  t h e  D e p t ,  o f  F o o d  

T e c h n o lo g y ,  A g r i c u l t u r a l  R e s e a r c h  O r g a n i z a t io n ,  T h e  V o l c a n i  

C e n t e r ,  P .O .  B o x  6 ,  B e t  D a g a n  5 0 2 5 0 ,  I s ra e l.

1980). Matthews et al. (1981) m entioned an UF process for 
treating single-strength cloud liquid prior to evaporation, in 
order to reduce the content of limonin and sugars while 
retaining the cloud principles. Recently, MF was introduced 
for the treatm ent of cheese whey and brine, and successfully 
removed fat, particles and microorganisms from the treated 
streams (Tanny et al., 1982; Merin et al., 1983a, b). Differ
ential membrane separation enables retention  of aroma, 
taste and color substances. Consequent concentration of 
solubles in the perm eate may be improved in the absence of 
insolubles and soluble polymers of high molecular weight.

The present work examined the application of membrane 
filtration to citrus fruit peel extract in order to increase the 
differential concentration of insoluble com ponents and 
soluble solids of high molecular size.

MATERIALS & METHODS

Aqueous peel extract
Reconstituted aqueous peel extract of citrus fruit was used for 

the filtration trials. The liquid was adjusted from 60°Brix to 5°Brix 
by dilution with deionized water.

Pectin solution
High methoxy pectin (HMP) was dissolved in distilled water or in 

the permeate of the reconstituted peel suspension after filtration. 
Pectinase (Ultrazyme-100) was added in order to degrade the pectin. 
This degradation was done in order to adjust the concentration of 1 
and 2% of HMP to viscosity levels which were obtained by 0.5% of 
nondegraded HMP solution. High concentrations of sucrose solutions 
of 40 and 50°Brix were compared for their filtration performance, 
with a viscosity similar to that of 0.5% HMP solution. The viscosity 
was measured by an Oswald viscometer 30°C and results are ex
pressed in centistokes (cs). Pectinase inactivation was done by 
heating to 90° C for 10 min and the untreated solution was incubated 
and heat-treated as above. The solutions were immediately cooled to 
5°C before further processing.

F ig .  1— A  s c h e m a t ic  d ia g r a m  o f  t h e  f i l t r a t i o n  a p p a r a t u s :  (1 )  F e e d  

t a n k ;  (2 )  F e e d  p u m p ;  (3 )  S u r g e  t a n k ;  (4 )  C o o l in g  s y s t e m ;  (5 )  C i r c u 

l a t i o n  p u m p ;  (6 )  I n l e t  p r e s s u r e  g a u g e ;  (7 )  F i l t r a t i o n  m o d u le ;  (81 

O u t l e t  p r e s s u r e  g a u g e ;  (9 )  T e m p e r a t u r e  g a u g e ;  ( 1 0 )  F l o w  m e t e r s ;  

( 1 1 )  R e t e n t a t e  l in e ;  ( 1 2 )  P e r m e a t e  l in e ;  ( 1 3 )  B y p a s s  l o o p ;  (> 4) 

va lve s .
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Filtration apparatus and procedure
A tangential flow Acroflux (TM) microfiitration device with a 

<lpm pore size membrane was obtained from Gelman Sciences Inc. 
(GSI, Ann Arbor, Ml). A schematic diagram of the filtration setup is 
shown in Fig. 1. The centrifugal pump was a 15 L/min 316 SS 
pump, operated at 85 kPa PAv  (135 kPa -  P;n ; 35 kPa -  P0ut)> 
resulting in 12 L/min crossflow feed velocity, which is well in the 
turbulence flow region for the Acroflux capsule. Variables measured 
included: flux (L/m2 hr), average pressure (PAy , kPa), solution 
viscosity (centistokes), percent of washed dry matter and °Brix. 
Cloud concentration was expressed as percent washed dry matter.

Membrane cleaning procedure
Membrane cleaning was accomplished using an enzyme wash 

(0.005% Ultrazyme-100) followed by 0.1N NaOH. The cleaning 
cycle was as follows: H20  rinse, 2 min; enzyme wash, 5 min; NaOH 
wash, 5 min; H20  rinse, 5 min.

RESULTS & DISCUSSION
THE CONCENTRATION PROCESS of the reconstituted 
aqueous peel is shown in Fig. 2. There was a steady decrease 
in the perm eation flux while there was a constant increase 
in the retentate viscosity; a phenom enon which is different 
from tha t reported for other MF feed streams (Merin et al., 
1983a, b,). Unlike other membrane processes, where flux 
was reported to drop rapidly in the initial stages of the runs 
(Donnelly et al., 1974; Kuo and Cheryan, 1983; Lim et al., 
1971; Merin and Cheryan, 1980), the flux depression in this 
case was due mainly to  increased viscosity of the retentate. 
At the same tim e, permeate viscosity was very low and 
steady, and the perm eate was crystal clear. Permeation flux 
decline was in direct proportion to the percent of washed 
dry m atter (Fig. 2), which represents the cloud concentra
tion. However, it should be noted that the permeate viscosity 
remained constant at 0.76 cs. This type of flux decline 
curve does not fit any of the pore-blocking mechanisms 
suggested by Grace (1956), or the flux decline equations 
suggested by Matthews et al. (1978) and by Merin and 
Cheryan (1980). This phenom enon points to  the possible 
presence of particles with a consdierably larger size than the 
membrane pore size. The direct relationship of the percent 
dry m atter and viscosity of the retentate to  the average 
operating pressure (Fig. 3) suggests a nonfouling behavior 
of the feed stream in the 100-140 kPa PAV operating pres
sure region practiced.
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It may be concluded, that an operating pressure above 
that which was tested (which was lim ited by the filtration 
apparatus) would have resulted in a higher perm eate flux. 
This finding is of interest when com pared with heat vacuum 
concentration. In the latter, only water is removed from the 
concentrating stream, and the final cloud concentration is 
limited by the solubles, mainly sugars, to 1.5% insoluble 
cloud constituents. In the case of membrane filtration, a 
greater than 400% increase in soluble cloud concentration 
was observed. It is obvious that the main contributor to  the 
viscosity of the retentate was the insoluble com ponents 
which are being retained by the m em brane due to  their 
molecular size. This assumption is based on the comparison 
of fluxes for an 8.0 cs peel extract reten tate , which con
tained about 4.6% washed dry m atter (Fig. 4A), compared 
with a 50°Brix sucrose solution of 8.1 cs and approxim ately 
70% dry m atter (Fig. 4).

So far, it can be stated that two major factors affected 
aqueous peel extract perm eation rates: (1) the viscosity of 
the solution per se, which is attributed  to the density and 
the molecular size of the soluble com ponents; and (2) the 
dimensions and content o f the insoluble particles as well as 
possible physical and chemical binding. In order to  better 
understand the above m entioned phenom enon, two types 
of soluble feed streams were examined: (1) a sucrose solu
tion of two concentrations, 40 and 50°Brix, w ith viscosity 
of 4.0 and 8.1 cs, respectively; and (2) high m ethoxy pec
tin (HMP) solution of various concentrations and molecular 
sizes — 0.5% nondegraded HMP, and 1 and 2% HMP solu
tions degraded by a pectinase, with viscosities o f 4.2, 1.5 
and 2.7 cs, respectively.

With a sucrose solution of 40 and 50°Brix, an increase 
in pressure resulted in increased flux (Fig. 4). This linear 
increase in flux with pressure suggests free perm eation of 
solutes through the m embrane, which was expected for the 
low molecular weight sucrose. Permeation fluxes were 
steady for a long period of tim e at the different average 
operating pressures used. When the data points of the same 
viscositites and pressure of the peel extract were compared 
with the sucrose perform ance, they corresponded to  a

40
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o  o  
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>
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Fig. 2—Flux decline and concentrate viscosity o f reconstituted 
aqueous peel extract with increase in dry matter, using a pilot-scale 
microfiltration module: F  = Flux; CV  = concentrate viscosity. F: 
y = —9.95x + 75.78, r2 = -0.98; CV: y = 13.48x -  53.46, r2 
= 0.97.

Fig. 3—Increase in dry matter and concentrate viscosity o f  recon
stituted aqueous peel extract with an increase in average operating 
pressure, using a pilot-scale microfiitration module: DM = dry mat
ter; CV  = concentrate viscosity. DM: y = 0. lOx — 7.66, r2 = 0.99; 
CV: y= 1.32x -  152.5, r2  = 0.97.
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much lower flux (Fig. 4-A, B). Since the contribution of 
sucrose to the solution is limited to  viscosity and it does 
not have the effect of a large molecular size com ponent, 
HMP solutions were prepared as described earlier. Pectin, 
besides contributing to  elevated viscosity, has a large mole
cule which is supposed to be larger than the m em brane’s 
pores size. High m ethoxy pectin, in which most of the 
charged carboxylic groups are m ethoxylated, seemed to 
behave as an unlinked polysaccharide. This soluble pectin 
was used as a model feed solution. The degraded polymer, 
obtained by the pectinase action, resulted in a smaller 
molecular size and thus in lowered viscosity. The viscosities 
of the three treatm ents and their perm eation rates are 
presented in Fig. 5. The perm eation fluxes of the 1 and 2% 
degraded HMP solutions were in close approxim ation to 
one another when corrected for their viscosities, and, 
although with a much higher HMP concentration, had 
fluxes similar to  those of the nondegraded solution. It is 
suggested that the degree of degradation affected the per
meation flux and obviously the retentate and permeate 
viscosities.

The nondegraded polymer was totally  retained by the 
membrane, since its permeate viscosity was equal to that of 
pure water. The degraded polymers permeated the mem
brane to a certain degree, as is shown in their respective 
permeate viscosities. The examination of the contribution 
of HMP to the viscosity of the solution and to  the conse
quent flux decline may be indicative of the role and func
tion of the soluble polymeric com ponents present in the 
juice suspension during the concentration process. It is 
postulated tha t nondegraded HMP has a pronounced effect 
on the filtration performance. When the polymer was 
broken down to small molecules, viscosity decreased and 
permeation flux increased. Nevertheless, if the degradation 
is limited (as is the case in the 2% HMP solution, Fig. 5), 
there may be some large enough molecules which will 
eventually block the pores (despite being soluble, as is the 
case with cheese whey proteins), and thus result in a de
creased flux. When the degradation is more com plete (Fig.

Fig. 4—Flux as a function o f average operating pressure o f 40 and 
50°Brix sucrose solutions, using a pilot-scale microfiltration module: 
A  = flux o f a 4 cs aqueous peel extract; B = flux o f an 8 cs aqueous 
peel extract.

5 - 1 %  HMP solution), viscosity is much lower and conse
quently flux is much higher.

In order to understand the influence of pectin on the 
filtration performance, permeate-HMP solutions of per
m eate of peel extract and varying am ounts of HPM were 
prepared. The contribution of the added HMP to the vis
cosity and its filtration perform ance is shown in Fig. 6. An 
increased viscosity with increased HMP concentration was 
expected, as was a decrease in perm eation flux. Interesting 
is the flux decline behavior, which suggests the form ation 
of a fouling layer which agrees with the phenom ena dis
cussed by Merin et al. (1983a, b) for the MF of cheese

Fig. 5—A schematic diagram of viscosities and flux o f different 
concentrations o f HMP solutions: V -  viscosity; A  ]/= before pectin
ase treatment; B\/ = after pectinase treatment; C\/= permeate; F  = 
flux.

HMP(%)
Fig. 6—Flux decline and concentrate and permeate viscosity with 
increased HMP concentration, using a pilot-scale microfiltration 
module: F  = flux; C V  = concentrate viscosity; P V = permeate viscos
ity. CV: y = 0.000032x + 0.78, r2 = 0.94; PV: y = 0.0048x + 0.49, 
r2 = 0.98.
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Fig. 7—Flux decline and increase in viscosity o f permeate-HMP and 
reconstituted peel extract with an increase in average operating pres
sure, using a pilot-scale microfiltration module: F/ /̂yjp = flux o f 
permeate-HMP (see text); F r e  = flux o f reconstituted peel extract; 
Vh m P = viscosity o f permeate-HMP retentate (see text); Vr e  = 
viscosity of reconstituted pee! extract retentate.

brine and cheese whey. Despite the increase in viscosity 
over 0.15% added HMP in the permeate-HMP solution (Fig.
6), there was almost no decrease in perm eation flux after 
that point. It is assumed that the formed fouling gel layer 
achieved equilibrium. At this stage, the rate of deposition 
of a substance from the feed stream on the fouling layer is 
equal to  the rate of back diffusion from the gel layer to  the 
bulk (Cheryan, 1977; Kuo and Cheryan, 1983; Merin and 
Cheryan, 1980).

When the two systems (the reconstituted peel extract 
and the permeate-HMP solutions) were plo tted  on the same 
coordinates (Fig. 7), they com plem ented one another in a 
reciprocal manner. Flux declined very fast at very low vis
cosities (in the permeate-HMP solution), while viscosity 
increased sharply at low fluxes (compared with the per
meate-HMP solution) of reconstituted peel extract. The 
dotted  lines suggest the behavior of missing data points of 
various degrees of pectin concentration and their corre
sponding viscosities.

In conclusion, the m icrofiltration of reconstituted aque
ous peel extract achieved a much higher concentration of 
insoluble peel extract constituents than could be obtained 
by heat vacuum concentration. Nevertheless, filtration of 
reconstituted peel extract is limited by the viscosity of the 
concentrated stream, which is due mainly to  the insoluble 
com ponents of the juice. The pectin in the juice, although

being soluble, might also be a lim iting factor during concen
tration , but its retention contributed significantly to  the 
stability of the insolubles in the possible reconstituted 
beverage. Soluble sugars, on the other hand, do not seem to 
interfere with the perform ance of the m icrofilter.
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A p p l i c a t i o n  f o r  N e a r  I n f r a r e d  S p e c t r o s c o p y  f o r  P r e d i c t i n g  

t h e  S u g a r  C o n t e n t  o f  F r u i t  J u i c e s

E. LANZA and B. W. LI

------------------------------ ABSTRACT--------------------------------
Near infrared spectroscopy, operated in the transmission mode, 
was used to predict the total sugar content of a variety of fruit 
juices. Attempts were made to determine individual sugars in some 
of the juices. The best results were obtained for total sugar determi
nation when separate calibrations were used for each type of juice. 
For orange juice, when n=35, r=0.87, the standard error of cali
bration = 0.22, and the bias and standard error of prediction = 
0.04 and 0.25 respectively. Minimal amount of sample preparation 
was required for the rapid and nondestructive analysis of the total 
sugar content of juices. The potential application and limitations 
of the method are discussed.

INTRODUCTION
ACCORDING TO Beverage World (Anon., 1977) the an
nual per capita consum ption of fruit juices in the United 
States is 6.5 gallons; while to ta l production is 1.4 billion 
gallons. The sugar content of juices is usually estimated 
with a hydrom eter and reported as degrees Brix. This is 
really a measure of to tal solutes including sugar, and gives 
no data on the concentration of either individual sugars or 
total sugars. Near infrared spectroscopy (NIR) has proven 
itself to be a rapid, nondestructive, and accurate technique 
for a wide range of analytical applications (Osborne, 1981), 
and has emerged as a viable alternative to  the slower more 
laborious wet-chemical m ethods (Cooper, 1983). NIR 
instrum entation requires calibration of the instrum ent by 
a primary laboratory m ethod for each particular com pound. 
Linear least squares regression analysis between NIR data 
and traditional chemical data yields a prediction equation 
which is then used to  quantitate the same constituent in 
unknow n samples. This makes NIR an ideal choice for qual
ity control m onitoring and for the analysis of a large num 
ber of similar samples. NIR has been used for determining 
to ta l reducing sugars in tobacco (McClure et al., 1977), 
and individual sugars in dry fruit model systems (Gian- 
giacomo et al., 1981).

Conventional NIR reflectance measurem ents are unsuit
able for fruit juice samples because their high water content 
allows most of the NIR light to  pass through the sample 
w ithout being reflected. We, therefore, investigated the 
possibility of using NIR transmission measurem ents to 
quantitate the sugar content of juices. The to ta l sugar con
ten t and the individual sugars; glucose, fructose, and suc
rose of various types of ready-to-serve juices were examined 
in this study.

MATERIALS & METHODS

Instrumentation
All near infrared (NIR) measurements were made with a Pacific

Author L i  is affiliated with the USDA Nutrient Composition Labor
atory, Beltsville Human Nutrition Research Center, Beitsviiie, MD  
20705. Author Lanza, formerly with the USDA, is now with the 
Diet, Nutrition and Cancer Branch, NIH, 9000 Rockville Pike, Blair 
Building, Room 617, Bethesda, MD 20205. Reprint requests should 
be addressed to Dr. B. W. Li.

Scientific Model 6350 Spectrocomputer (Pacific Scientific, Silver 
Spring, MD). This instrument has a single-beam scanning mono
chromator that provides a linear scan over the 1100-2500 nm region. 
The Model 6350 comes equipped with both reflectance and trans
mission capability, in the transmission mode one lead sulfide cell 
is positioned directly beneath the sample. An empty quartz trans
mission cell was used as the reference standard. The absorbance 
data for both the sample and standard were recorded as log 1/T 
(T=transmittance).

NIR procedure
Four distinct steps are required for using NIR for quantitative 

analysis. First, NIR as currently used is a semiempirical technique 
and requires calibration using data from a primary or a secondary 
method (Cooper, 1983). Therefore, a set of samples, a calibration 
set, is analyzed by a recognized laboratory method. Fruit juice 
samples were analyzed by gas-liquid chromatography (GLC) for 
quantitation of individual sugars, and a flow injection analysis 
system was used for total sugar determination. The NIR spectra 
for each calibration set is then correlated with the chemical labora
tory data. A step-foward linear least square regression yields an 
equation of the form:

n
Y = bg + E K; oq 

i=l
where Y is the concentration of a constituent in the product, n is 
the number of terms in the equation, b is a constant, K is the re
gression coefficient, and a is a mathematical transformation of the 
raw optical data measured at any wavelength. Instead of correlating 
the chemical data to the log(l/T) data were correlated to the second 
derivative transformation of the log(l/t) data, since derivative trans
formation of spectral data not only sharpens the details in the 
spectra, but also reduces baseline shifts (Norris and Barnes, 1976). 
This chooses the wavelengths at which the absorption data best 
correlates to the concentration, and calculates the regression coeffi
cients. The specific form of the multiple regression equation used 
in our study to select from one to four wavelengths is:

d2log (l/TXl) d2log q /T ^ )
( d ^ ) 2 (dx3)2

Y = bQ + K ! ----------------- +K2 ---- --------------
d2log (1/Tjlj) d2log (1/TÀ4)

(d \2)2 (d \4)2

A different calibration equation is needed for each constituent being 
quantitated. The calibration is evaluated in terms of accuracy and 
precision using another set of samples, usually called the prediction 
set. These samples, after being analyzed by the same chemical 
technique as the calibration set, are run on the NIR instrument and 
the sugar concentration predicted using the recently derived cali
bration equation. A comparison of the bias and standard error be
tween the chemical and NIR data is then performed. A more de
tailed description of the instrument, the instrument calibration, and 
the mathematical transformation of the spectral data were published 
previously (Lanza, 1983).

Chemical analysis
The total sugar content (the sum of glucose, fructose, and suc

rose) of fruit juices was determined by an automated, flow-injec
tion technique for the colorimetric analysis of sugars. This total 
sugar analyzer (TSA), which was developed in our Laboratory, ini
tially hydrolyzes sucrose to glucose and fructose in 1.0N HC1. The 
reaction of glucose and fructose with p-hydroxybenzoic acid hydra- 
zide is then quantitated colorimetrically. For a selected number of 
juices the individual sugars, glucose, sucrose, and fructose were
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determined by a gas-liquid chromatographic (GLC) method using 
trimethylsilylated oxime derivatives. Li and Schuhmann (1983) 
described both of these procedures in more detail.

Fruit juice samples
Eleven different types of fruit juices -  apple, citrus blend, cran

berry, grape, grapefruit, lemonade, orange, pineapple, prune, tomato, 
and vegetable — were analyzed. Our calibration for total sugar for 
all juices were derived using 6 samples from each of these 11 types 
of juices. The prediction set for all juices consisted of 3 samples 
of each type except for orange juice which had 4 samples. The cali
bration for individual sugars for all juices consisted of 33 samples,
3 from each of the eleven types. The only sample preparation 
required for juices before NIR analysis was centrifugation at 1000 
rpm for 10 min to remove pulp. Three milliliters of the resultant 
supernatant were pipetted into the NIR sample cell (pathlength 
= 2.2 mm) for NIR scanning.

Standard sugar solutions
Twenty aqueous solutions each containing different amounts 

of glucose, fructose, and sucrose were made up to resemble the 
sugar content of the eleven types of juices analyzed in this study.

Statistics
The standard error of calibration (SEC) measures how well the 

instrument matches calibration samples and is calibrated by

SEC = /  S (Yi-Y;)2

\  n^3
The bias is calculated as ^

BIAS =— . £ (Yj-Yj) 
n i_1

S U G A R  C O N T E N T  O F  F R U I T  J U IC E S  B Y  N IR  . . .

Table 1 —Wavelengths selected and statistical summary o f glucose, 
sucrose and fructose solutions determined by NIR analysisa

^lb
(nm)

\2
(nm)

Xe
(%) r

SECd
<%)

Glucose 1402 15.0 1.00 0.08
Fructose 2274 15.0 1.00 0.02
Sucrose 2268 2254 15.0 1.00 0.07

a F o r  each N IR  ca lib ra tion  2 0  aq ue ou s so lu t io n s  of a particu lar 
sugar co n ta in in g  1- 20%  sugar were prepared.

D \ l ,  A-2 refer to the  w ave lengths selected fo r  the  ca lib ra tion  equa
t ion  described  in M ateria ls & M e thod s.

^ M ean  value fo r  the  ca lib ra tion  sam ples. 
a S tandard  error o f  the  ca lib ra tion  sam ples.

WAVELENGTH CNM)

The standard error of prediction (SEP) is the standard deviation of 
the prediction error

SEP = / £ [(Yj-Ÿj) -  Bias] 2 |

n-1
where n = number of samples, Y = laboratory concentration, and 
Y = NIR predicted concentration.

RESULTS & DISCUSSION
IN ORDER TO DETERMINE the applicability of NIR for 
sugar analysis in fruit juices, we first examined aqueous 
solutions containing only one sugar, either glucose, fruc
tose, or sucrose. Even though the transm ission spectra of 
50% aqueous solutions of each of these sugars were not very 
different from the spectra o f water, except for small differ
ences in the 2270 nm region (Fig. 1), these solutions still 
had a correlation coefficient of 1.00 and a low standard 
error of calibration (SEC) (Table 1). However, solutions 
containing various com binations of all three sugars had SEC 
values at least 5 tim es higher than when only a single sugar 
was present (Table 2). Since the overlap in the NIR spectra 
of these sugars in the 2270 nm region (Fig. 1) could not 
even be resolved using second derivative transform ation of 
the spectra (Fig. 2), it appears that the increased SEC 
shown in Table 2 was due to interferences between the 
sugars. Previous studies quantitating sugars by NIR have 
been done in dry materials, such as tobacco or freeze- 
dried fruits. In these substances sugars are in their crystal
line form and have considerably m ore spectral detail, as 
illustrated in Fig. 3. The above figures illustrate the difficul
ties in using NIR for quantitative analysis of high m oisture 
samples. The well known water absorptions around 1450 
nm and 1900 nm are so intense tha t they obscure other 
spectral detail, and, in addition, since the sugar absorbances 
in the NIR region are more sugar-water than sugar-sugar 
interactions observed in crystalline structures, all sugars 
appear quite similar.

The quantitation  of total sugar by NIR was done using 
either one calibration for all 11 different types of juices, or 
using separate calibrations for orange juice, apple juice, and 
lemonade (Table 3). When a single calibration was used for 
all 11 types of juices the standard error of prediction (SEP) 
was 50% larger than the SEC. Most of this error was pro
duced by two types of juices, pineapple and grape. Pine
apple juice even after centrifugation had more pulp than 
other samples, which could lead to  an increased am ount of

WAVELENGTH CNM)

Fig. 1—NIR spectra o f 50% solutions o f glucose, fructose, sucrose
and pure water: Glucose Sucrose----------; Fructose.........;
Water..............

Fig. 2-Second derivative plots o f the NIR spectra o f 50% solutions
o f glucose, fructose, and sucrose: Glucose ---- ; Sucrose----------;
Fructose....... ; Water............ .
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light scattering, and grape juice had a much higher propor
tion of fructose than the other juices. The best results 
were obtained for orange juice, in  which the SEC was 
nearly the same as the SEP and the bias was relatively small 
indicating the correctness of the calibration equation. For 
apple ju ice and lemonade the SEC and the SEP were nearly 
the same, however, the bias was higher probably due to  the 
limited sample size for these two juices. The SEP for orange 
juice was 0.25%, indicating a 0.25% difference between 
NIR procedure and the TSA procedure for determining 
to ta l sugar content. In order to  decide if the magnitude of 
this error was acceptable we compared the difference be
tween the TSA procedure and the analysis o f to ta l sugar by 
GLC (the summ ation of glucose, fructose, and sucrose), 
using a paired-t test (Snedecor and Cochran, 1967). The 
difference in this case was only 0.12%. Since for random  
errors, Sy = Sy/n, the SEP for NIR could be reduced to  the 
lower value by analyzing additional samples. This could 
be easily done since NIR analysis time was less than a min
ute per sample.

At least one of the wavelengths selected by the regres
sion equation should correspond to  an area of significant 
absorption by the constituent being measured compared to 
that of any other term s in the prediction equation. This 
avoids indirect measurem ent of a constituent and helps 
guard against possible overfitting of the calibration equa
tion (Cooper, 1983). Since the first term  of the regression 
usually carries most of the weight of the multiple regres
sion equation, should correspond to  a sugar peak. The 
role o f X2 is not yet fully understood, but Norris (1983) 
has conjectured that the denom inator measures the to tal 
am ount o f material rather than a specific constituent. For 
both orange juice and lemonade, sucrose was the predom i
nate sugar and the wavelengths chosen were quite similar, 
but for apple juice, with 50% of its sugar content as fruc
tose, the wavelengths were quite different (Table 3). The 
wavelengths found for orange juice and apple juice were 
2268 nm and 2270 nm  respectively, similar to  the Xj 
found for pure aqueous sucrose (Table 1), but quite differ
ent from  the wavelengths for sucrose in sugar m ixtures, 
which indicated th a t the com puter was selecting different 
wavelength regions to  com pensate for interferences from 
other sugars.

Analysis of individual sugars across all juices and for 
orange juice is given in Table 4. The low r values indicate 
tha t individual sugars could not be quantitated  using these 
calibration equations, since in regression analysis when r  = 
0.7 only about one-half of the variance of the independent 
variable ‘y ’ was associated with the calibration line. The low 
correlations were probably due to  the overlap in the NIR 
spectra o f individual sugars (Fig. 2). Although the SEP 
found for individual sugars in orange juice were com par
able to  the SEP for to ta l sugar, they were merely a reflec
tion  of the narrow range of individual sugars in these sam
ples. In fact, the standard errors for GLC replicate analyses 
for fructose, glucose, and sucrose were found to  be +0.03%, 
+0.02%, and +0.05%, respectively.

CONCLUSION
FOR RAPID and nondestructive determ ination of the to tal 
sugar content, NIR spectroscopy, when operated in the

Fig. 3—Second derivative plots o f  the NIR spectra o f powders o f
glucose, fructose, and sucrose: Glucose ---- ; Sucrose — ---- —;
Fructose.........; Water...............

Table 2—Wavelengths selected and statistical summary o f aqueous solutionsa containing mixtures o f glucose, sucrose and fructose determined 
by NIR spectroscopy

M b
(nm)

\2
(nm)

3̂
(nm)

\ 4
(nm)

Xe
(%) r

SECd
(%)

Glucose 2290 2198 1800 2190 2.67 0.98 0.41
Fructose 2256 2314 1898 1260 3.40 0.99 0.21
Sucrose 1772 1704 2282 1348 2.33 0.98 0.38
TOTAL 2240 2186 1402 2236 8.40 0.99 0.25

a Twenty aqueous solutions containing various concentrations of all bration equation described in Materials & Methods.
3 sugars as described in Materials and Methods. Mean value for the calibration samples.

b A.i, \2, -̂3 and ^4 refer to the wavelengths selected for the cali- Standard error of calibration.

Table 3—Wavelengths selected and statistical summary o f total reducing sugar content o f fruit juices by NIR spectroscopy

Xe Min — Maxf

xi a \ 2 x3 \4 ni b (%) SECd r n2b Bias SEPe (%)

All juices 2258 2240 1238 2268 66 10.02 0.48 0.99 34 0.14 0.73 2.22-14.90
Orange 2268 1206 — - 35 10.40 0.22 0.87 10 0.04 0.25 9.31-11.30
Apple 1236 2272 2260 1964 9 11.30 0.42 0.97 8 0.11 0.46 9.12-13.50
Lemonade 2270 1212 - - 13 11.20 0.32 0.98 10 0.14 0.39 9.66-13.04

a Xj, \ 2, x3- 4̂ refer to the wavelengths selected for the calibration 
equation described In Materials & Methods.

“ nj equals the number of calibration samples, n2 equals the num
ber of prediction samples. 

c Mean value for the calibration samples.

d S tan d a rd  error o f  the  ca lib ra tion  sam ples.
® S tan d a rd  e rro r o f  the  p red ict ion  sam ples.
f M in  and  M a x  %  sugar fo r b o th  the  ca lib ra tion  and  p red iction  sam 

ples.
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Table 4—Wavelengths selected and statistical summary o f individual sugar analysis in fruit juices by N IR  spectroscopy

Sugar Juice V \ 2 ^3 ^4 n l b

X e
(%) r S E C d n2 b Bias S E P e

M in — M ax 
(%)

Glucose A ll types 2290 1394 1496 2312 3.02 3.02 0.66 0.60 8 0.32 0.49 1 .2 -7 .9
Fructose A ll types 2254 1810 2310 1644 3.32 3.32 0.68 0.60 8 0.23 0.61 1 .5 -6 .7
Sucrose A ll types 2284 1680 1802 1486 3.23 3.23 0.51 0.43 8 -0 .4 3 0.58 0 - 5 . 6
Glucose Orange 2270 1400 23 2.22 0.72 0.13 6 0.09 0.20 2 .1 -2 .5
Fructose Orange 2274 1400 23 3.03 0.68 0.24 6 0.20 0.26 2.8— 3.3
Sucrose Orange 2264 1748 23 5.25 0.71 0.35 6 0.09 0.35 5.0— 5.6

3 ^ 2* ^ 3» -̂4 refer to  the w ave lengths selected fo r  the ca lib ration.
eq u a tion  described  in M ateria ls & M e th od s.

13 n^ equals the  n um b e r o f ca lib ra tion  sam ples, v\2  equals the  n u m 
ber o f p red ict ion  sam ples. 

c M ean  value fo r  the  ca lib ra tion  sam ples.

d Stan d a rd  error o f the  ca lib ra tion  sam ples.
® Stan d a rd  error o f  the  p red ict ion  sam ples.

M in  and  M a x  %  sugar fo r b o th  the  ca lib ra t io n  and p red ict ion  
sam ples.

transmission mode has potential application for the analysis 
o f fruit juices or aqueous samples and could be used for 
routine quality control of food products. Individual sugars, 
however, cannot be determined with acceptable accuracy 
and precision under the conditions we have investigated.
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M a l i c  A c i d  D e g r a d a t i o n  a n d  B r i n e d  C u c u m b e r  B l o a t i n g

R. F. McFEETERS, H. P. FLEMING, and M, A. DAESCHEL

------------------------------- ABSTRACT--------------------------------
Bloater formation of brined cucumbers increased as more malic acid 
was degraded to CO2 and lactic acid. CO2 production by the brined 
cucumber, unrelated to malic acid degradation, was 12.5 mM. This 
was just sufficient to bring cucumbers to the point of bloating. CO2 
from malic acid provided the marginal increase required to cause 
significant bloating. Fermentation with a strain of Lactobacillus 
plantarum, which did not degrade malic acid, prevented cucumber 
bloating. Oxygen exchange of cucumbers before brining increased 
the amount of CO2 required to initiate bloating damage by 8 mM. 
Nonmalic acid-degrading starter cultures and/or oxygen exchange 
may be useful alternatives to C02 purging from brines to prevent 
bloater damage.

INTRODUCTION
MALIC ACID degradation to  lactic acid and C 0 2 is the 
major reaction which results in C 0 2 production in cucumber 
juice by lactic acid bacteria (McFeeters et al., 1982). How
ever, when cucumber fruit are brined, a substantial am ount 
o f C 0 2 is produced by the fruit in the absence of microbial 
ferm entation (Fleming et al., 1973). Multiple sources of 
C 0 2 evolution in cucumber ferm entations may elevate C 0 2 
concentrations enough to cause bloater defects (hollow 
centers). The relative contribution of C 0 2 from different 
sources is im portant in devising ways to minimize C 0 2 
production in ferm entations. Since C 0 2 production from 
malic acid is caused by the ferm entation bacteria, it is of 
interest to find organisms which do not degrade malic acid 
to determine whether bloating could be prevented by elimi
nating that source of gas production.

The objectives of this study were: (1) to determine the 
relationship between malate decarboxylation and bloater 
form ation during ferm entation of brined cucumbers, and
(2) to  compare the effects on bloater damage of lactic acid 
bacteria that decarboxylate malic acid with those that do 
not. For this purpose, 19 strains o f Lactobacillus plantarum  
and 5 strains of Pediococcus cerevisiae were surveyed in an 
attem pt to  obtain nonmalic acid-degrading lactic cultures.

MATERIALS & METHODS
FOURTEEN STRAINS OF BACTERIA, designated as Lactobacillus 
plantarum with culture numbers 82, 340, 341, 343, 352, 354, 363, 
963, 965, 1193, 1194, 1752, 1939, and 1988 were obtained from 
the National Institute for Research in Dairying (Reading, England). 
Lactobacillus plantarum YIT-0068 was obtained from Yakult 
Institute for Microbiological Research (Tokyo, Japan). Pediococcus 
cerevisiae 20 was provided by Dr. J.B. Evans, Dept, of Microbiology, 
North Carolina State Univ. (Raleigh, NC). Pediococcus cerevisiae 23 
was from the late Dr. J.O. Mundt, Dept, of Microbiology, Univ. of 
Tennessee (Knoxville, TN). Pediococcus cerevisiae ABC was from 
A.B.C. Research Corporation (Gainesville, FL). Lactobacillus 
plantarum WSO, 15, 16, 442, and P. cerevisiae 61 were from the 
culture collection of this laboratory. Lactobacillus cellobiosus 
ATCC 11739, a heterofermentive species, was obtained from the 
USDA-ARS Northern Regional Research Center culture collection.

Authors McFeeters, Fleming, and Daeschel are affiliated with the 
USDA-ARS, Food Fermentation Laboratory, and North Carolina 
Agricultural Research Service, Dept, o f Food Science, North Caro
lina State Univ., Raleigh, NC  27695-7624.

A nutritive medium was designed to test for malic acid degrada
tion in the bacteria listed above. The main factors considered 
for selection of an appropriate medium were that lactic acid bacteria 
would grow, the medium did not contain major sources of CO2 
other than malic acid, and it did not contain components that 
would interfere with HPLC determination of malic acid and lactic 
acid. One liter of medium contained lOg Difco peptone, 5g yeast 
extract, 2g KH2P04, 0.2g MgS04-7 H20, 0.05g MnS04-H?0 , lOg 
glucose, and 6.6g L-malic acid. Each organism was grown in MRS 
medium (De Man et al., 1960) and then inoculated into the test 
medium. They were incubated at 30°C for 6 days, then fermenta
tion products were analyzed.

Cucumber juice was prepared as described previously (McFeeters 
et al., 1982). NaCl (5% w/v) was added to the nondiluted juice. The 
juice was sterile-filtered into a Vacutainer tube through a Millipore 
0.22 pm Millex filter. Lactobacillus plantarum strains WSO, 963, 
and 965 were grown in MRS medium with 2% NaCl (w/v), washed 
with sterile saline, resuspended in 4°C cucumber juice, and inocu
lated into triplicate tubes. After 7 days’ incubation at 30°C, fermen
tation products were analyzed.

Pickling cucumbers (3.8-5.1 cm diameter) from commercial 
sources were fermented in 1-gal (3.78 liter) jars with a tightly closed 
lid to prevent CO2 loss during fermentations. Rubber septa were put 
into the lids to make additions or take samples from jars without 
opening the lid. Jars were filled with an equal weight of cucumbers 
and a brine which contained 10% NaCl and 0.32% acetic acid. If 
malic acid were added, 20, 40 or 60 mL of a 17.6% solution of L- 
malic acid was added to the brine solution to give equilibrated malic 
acid concentrations 7, 14, and 21 mM higher than the concentration 
originating from the cucumbers. The cucumbers were held in this 
brine for 3 days to allow the salt concentration in the liquid to 
fall below 6%. The low pH and high salt concentration prevented 
initiation of a natural fermentation during this time. To raise the 
pH before inoculation of culture, 24g of sodium acetate trihydrate 
were dissolved in 30 mL of water. This was injected into the jars 
through the septum. If malic acid had been added to the cover 
brine, sufficient 50% NaOH solution was added to neutralize the 
malic acid. Half of the NaOH was added at the same time as the 
acetate. The remainder was added 2 days later. Once the pH had 
been raised to approximately 4.5, each jar was inoculated with 2 mL 
of a 16-hr culture of the appropriate organism grown in MRS 
medium with 2% NaCl. The cucumbers were held at 27°C for 3 wk 
and then analyzed.

Cucumbers were oxygen-exchanged for 30 min at a rate of 300 
mL/min according to the procedure of Fleming and Pharr (1980). 
After brine was added to the exchanged fruit, the expansion tower 
was removed and replaced with a lid with a single rubber septum, as 
described above.

Before the closed jars of fermented cucumbers were opened, 
triplicate 10-mL brine samples were removed through the septum 
for CO2 analysis. The cucumbers could not bloat in the closed jars 
because there was no space available for expansion. When lids were 
removed from the jars, a pressure differential developed, and the 
cucumbers bloated. Three hours after opening the jars, the fruit 
were examined for bloater damage. A sample for fermentation prod
uct analysis was prepared by blending an equal weight of brine and 
cucumber tissue. A half cross-sectional piece was cut from 10-12 
cucumbers in each jar to obtain a representative tissue sample.

CO2 analysis was done with the method of Fleming et al. (1974). 
The percentage of bloater damage was expressed as a bloater index 
value calculated according to Fleming et al. (1977). Concentrations 
of reducing sugars were determined with the dinitrosalicylic acid 
reagent (Sumner and Sisler, 1944). Malic acid, lactic acid, and 
acetic acid were analyzed by HPLC with an 8 x 100 mm, 10 
Cjg, reversed-phase Radial-Pak column (Waters Associates, Milford, 
CT) with pH 2.5, 0.05M phosphoric acid as the eluant (McFeeters 
et al., 1984).
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RESULTS & DISCUSSION
OF THE 19 STRAINS of L. plantarum  and 5 strains of 
P. cerevisiae that were evaluated for their ability to  degrade 
malic acid in the nutritive medium, only L. plantarum  963 
and 965 were found to  lack the ability to  completely 
degrade malic acid.

These presumptive, nonmalic acid-degrading strains were 
then compared with L. plantarum  WSO for their ability to 
degrade malic acid and ferm ent cucumber juice contain
ing 5% NaCl. The WSO strain, as has been previously 
shown (McFeeters et al., 1982), degraded all of the malic 
acid in cucum ber juice (Table 1). However, less than 3% of 
the initial malic acid disappeared during a 7-day incubation 
period with strain 965. Strain 963 showed interm ediate 
characteristics in that it degraded 22% of the malic acid. 
C 0 2 production by WSO was equivalent on a molar basis 
to  the malic acid metabolized. Both the 965 and 963 strains 
produced less C 0 2 than WSO, but more C 0 2 than could be 
accounted for by malic acid degradation. The difference 
between the to ta l lactic acid formed during ferm entation 
and the malic acid degraded by each strain was considered 
to be the lactic acid production from sugar metabolism. 
The WSO strain produced nearly twice as much lactic acid 
as the other two strains.

The three strains of L. plantarum  shown in Table 1, 
along w ith a heteroferm entative organism, L. cellobiosus, 
were used to ferm ent cucumbers to  observe the relationship 
between C 0 2 form ation and bloating. Analysis of duplicate 
jars for malic acid and sugar degradation and lactic acid 
production is shown in Table 2. Cucumbers did not ferm ent 
initially when they were covered with salt and acetic acid. 
When the pH was raised and no inoculum was added, a 
natural ferm entation occurred. However, when lactic acid 
bacteria were inoculated immediately after pH adjustm ent, 
the inoculated organism apparently dom inated the ferm enta
tion. This was indicated by the fact that malic acid remained 
at the end of ferm entation, whereas, malic acid is not found

in natural ferm entations because the natural lactic acid 
bacteria degrade malic acid. The fact tha t nearly 80% of the 
malic acid was degraded in ferm entation A w ith the 963 
culture indicated that some com petition by natural malic 
acid-degrading organisms may have occurred.

Even though the 963 and 965 strains were isolated from 
cheddar cheese (Sherwood, 1939; strains 1.1 and 4.3, 
respectively), they did carry out an active ferm entation of 
cucumbers under the conditions described. This is indicated 
by the fact that 85% of the sugars present in the cucumbers 
were fermented by 965 and 90-92%  of the sugars by strain 
963. This compares to  com plete sugar removal by the WSO 
strain, which is com monly used for cucum ber ferm enta
tions. The fact that the 965 and 963 strains produced more 
acid in cucumbers than in juice ferm entations was attrib 
uted to  the fact that the acetate added buffered the cucum
ber ferm entation.

The relationship between bloater index and brine C 0 2 
concentration when cucumbers were ferm ented with differ
ent organisms was linear (Fig. 1). The critical point below 
which bloating did not occur (Fleming et al., 1978; Fleming,
1979) was 12.6 mM C 0 2 . The 965-ferm ented cucumbers 
reduced the C 0 2 production relative to the control WSO 
strain to the point that bloating was eliminated by use of 
the nonmalic acid degrading lactic culture. The C 0 2 pro
duction in the jars 3 days after brining, before inoculation 
with 965, was 8.2 mM. Therefore, a mean of 4.4 mM C 0 2 
was produced during the ferm entation period, compared to 
a mean of 10.3 mM C 0 2 production for the WSO ferm enta
tions.

An experiment was then conducted to  determine the 
relationship between malic acid degradation and C 0 2 pro
duction in ferm ented cucumbers. Cucumbers with the 
natural level of malic acid were ferm ented with both  L. 
plantarum  965 and WSO strains. Cucumbers supplemented 
w ith 7, 14, and 21 mM malic acid were fermented only 
with the WSO strain. A linear relationship between C 0 2 
production and malic acid degradation was observed (Fig.

Table 1—Malic acid, CC>2, and lactic acid in cucumber juice + 5% NaC! after fermentation with strains o f L. plantarum for 7 days at 30° C

Strain
Malic acid 

(m M)
C 0 2
(m M)

Total
(m M)

Lactic acid 

From
malic acid3 

(mM)

From
sugar3
(m M )

Noninoculated 14.7 ± 1.0 0.3 ± 0.1 _ b _ b _ b

W SO _ b 15.1 ± 0.3 134.1 ± 0.4 14.7 119.4
965 14.3 ± 0.6 2.5 ± 0.3 62.9 ± 1.6 0.4 62.5
963 11.5 ± 1.2 6.3 ± 1.5 64.4 ± 3.8 3.2 61.2

a Calculated on the assumption that one mole of 
. lactic acid was produced by sugar fermentation.

lactic acid was formed for each mole of malic acid degraded and that the remainder of the

N ondetectab le .

Table 2—Malic acid degradation, 
bacteria3

sugar degradation. and lactic acid production during fermentation o f cucumbers with different lactic acid

Organism
Fermenta-

tionb

Malic acid 
degradation

(%)

Sugar
degradation

(%)

Lactic acid 
production 

(m M)

L. plantarum W SO A 100 100 140.7
B 100 100 128.4

L. plantarum 965 A 7 85 100.4
B 26 85 99.1

L. plantarum 963 A 79 93 122.7
B 19 90 102.6

L. cellobiosus A 93 100 91.5
B 93 100 51.2

Natural ferm entation0 A 100 78 85.7
B 100 97 63.8

3 C a lcu lated  on  a brined, equ ilib rated  basis, the fresh  cu cu m be rs  con ta ined  10 .0  m M  m alic  acid and 85.8  m M  reduc ing  sugar. 
°  A  and  B ind icate  dup lica te  fe rm entation  jars.
c B r in e  a d d it io n s  and  ad justm ents were the sam e as the o the r fo u r  treatm ents, but n o  starter cu ltu re  w as added.
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2). However, only 0.8 moles of C 0 2 was produced per mole 
of malic acid degraded. This suggested that a small am ount 
o f the malic acid may have been utilized by either cucum 
ber enzymes or the ferm entation microorganisms by a 
reaction other than the malolactic reaction. In cucumber 
juice ferm entations, a 1:1 ratio was observed (McFeeters et 
al., 1982). The juice used for those experiments had been 
heated to  inactivate cucumber enzymes. The intercept of 
the curve in Fig. 2 provides an estimate of C 0 2 produced in 
the ferm entation from sources other than malic acid.

Fig. 3 shows the relationship between C 0 2 form ation 
and bloating in oxygen-exchanged and nonexchanged 
cucumbers. The relationship between bloater index and 
C 0 2 production in the nonexchanged fruit was not linear, 
as occurred in the experiment shown in Fig. 1, even though 
the range of C 0 2 production was similar. This probably 
represents differences in the physical strength of the 
cucumber carpels and the way in which carpel separation 
occurs in different lots of cucumbers. F urther work is 
needed to  characterize quantitative relationships between 
physical characteristics of cucumbers and bloating in re
sponse to  C 0 2 . The cucumbers ferm ented with strain 965 
showed slight bloating. Extrapolation to zero bloater 
index in the nonexchanged condition indicated that the 
critical C 0 2 concentration was 12.4 mM. This bloating 
threshold was very close to  that found in the experiment 
shown in Fig. 1. In bo th  experiments, the C 0 2 production 
attributable to the cucumber was sufficient to  bring the 
cucumbers to  the point at which bloating could begin. C 0 2 
production from malic acid provided the margin which

C 07 , m M
Fig. 1—Relationship between CO 2  production and bloater damage 
in cucumbers fermented with different microorganisms. The or
ganisms used for each fermentation are indicated as follows: L. 
plantarum WSO, l/l/SO; L. plantarum 963, 963; L. plantarum 965; 
965; L. cellobiosus, LC; and natural fermentation, N. Cover brines 
were not supplemented with malic acid.

caused significant bloating of the fruit. Prevention of malic 
acid degradation would, therefore, prevent most bloating in 
a controlled, hom olactic acid ferm entation of cucumbers.

Fleming and Pharr (1980) have shown that oxygen ex
change of cucumbers before brining, to  replace the air nor
mally present in the gas spaces of the fruit with oxygen, 
reduces the susceptibility of cucumbers to  bloating during 
ferm entation. The results in Fig. 3 show an 8 mM increase 
in the concentration of C 0 2 required to  initiate bloating 
(20.8 mM vs 12.4 mM for nonexchanged fruit). This differ
ential was maintained as the C 0 2 concentration was in
creased by degradation of larger am ounts of malic acid until 
extensive bloating had occurred. Thus, 0 2 exchange could 
provide a margin of protection against bloating, even if 
some malic acid were degraded. The com bination of 
ferm entation with nonmalic acid-degrading bacteria and 0 2 
exchange in cucumber brining tanks could provide a con
siderable margin for prevention of bloating w ithout the 
need to  remove C 0 2 by purging. A problem which remains 
to  be solved before 0 2 exchange can be applied under com
mercial conditions relates to  undesirable bacteria being 
drawn into the cucumbers (Daeschel, 1982). Daeschel and 
Fleming (1981) have shown tha t bacteria enter the fruit 
through stom atal openings due to  the partial vacuum which 
develops when 0 2-exchanged fruit are put into brine 
(Corey et al., 1983).

Though the results with L. plantarum  965 dem onstrate 
the desirability of using nonmalolactic bacteria in cucumber 
ferm entations, it is not suitable as a ferm entation organism 
with current procedures because sugars are not completely 
ferm ented. Results of our survey of 24 hom oferm entative 
lactic acid bacteria and the results of Caspritz and Radler

Fig. 2—Relationship between malic acid degradation and CO2  

formation in cucumber fermentations: A — L. plantarum 965 
without malic acid added to the cucumbers; o — L. plantarum l/VSO 
with 0, 7, 14, and 21 mM malic acid added to the cucumbers.
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Fig. 3—Effect o f O2  exchange on bloater damage o f fermented cu
cumbers: a, * — L. plantarum 965 without malic acid added to the 
cucumbers; o — L. plantarum WSO with 0, 7, 14, and 21 mM  
malic acid added to the cucumbers.

(1983) indicate that inability to  degrade malic acid is not a 
com m on characteristic among this group of bacteria. How
ever, Daeschel et al. (1984) have developed a rapid selection 
procedure for nonmalic acid-degrading lactic acid bacteria 
and have dem onstrated the isolation of such m utants from 
L. plantarum  WSO. Therefore, it may be possible to  obtain 
low C 0 2-producing organisms w ith better ferm entation 
characteristics than the L. plantarum  965 strain now avail
able.

SUMMARY
TWO STRAINS of L. plantarum  (963 and 965) from 24 
strains o f L. plantarum  and P. cerevisiae tested did not 
degrade all malic acid from a test medium. Lactobacillus 
plantarum  965, which degraded the least malic acid, pre
vented significant bloating of cucumbers by reducing the 
am ount of C 0 2 produced during ferm entation in com pari
son w ith L. plantarum  WSO, which com pletely degraded 
malic acid.

The to ta l C 0 2 production during a ferm entation could 
be divided into two parts. C 0 2 from sources other than 
malic acid, primarily cucum ber tissue metabolism, am ounted

to 12.5 mM. This concentration o f C 0 2 was sufficient to 
bring the cucumbers to the critical po in t above which 
measurable bloating damage would occur. C 0 2 form ation 
above 12.5 mM was directly related to  the am ount of malic 
acid degraded. This additional C 0 2 provided the marginal 
increase in gas production required to cause bloater damage. 
Bloating damage increased w ith the increase in C 0 2 form a
tion from  malic acid degradation.

Previous work had shown that oxygen exchange of cu
cumbers prior to brining increased their resistance to b loat
ing during ferm entation (Fleming and Pharr, 1980). Com 
parison of exchanged and nonexchanged cucumbers showed 
th a t exchange 0 2 increased the concentration of C 0 2 
required to  initiate bloating by 8 mM.

These results indicate that ferm entation of cucumbers 
w ith nonmalic acid-degrading starter cultures and/or use of 
oxygen exchange procedures may make it possible to  pre
vent bloater damage in cucumbers w ithout the need to 
remove C 0 2 from the brines by purging (Fleming, 1979).
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D e t e r m i n a t i o n  o f  E q u i v a l e n t  P r o c e s s e s  f o r  t h e  P a s t e u r i z a t i o n  

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

D. R. WARD, M. D. PIERSON, and M. S. MINNICK

------------------------------ ABSTRACT--------------------------------
Equivalent processes were determined for the pasteurization of 
crabmeat, from the blue crab (Callinectes sapidus), in cans and 
flexible pouches containing 113.5g, 227.0g, and 454.0g of product. 
F jg s values were calculated for z values of 8, 10, 12, 14, 16, 18, 
20, and 22. Based on the heating characteristics of the traditional 
container used for pasteurized crabmeat (401 x 301), equivalent 
processes for nontraditional containers were determined.

INTRODUCTION
THE PROCESS of pasteurizing meat from the blue crab 
(Callinectes sapidus) was first developed by Anzulovic and 
Reddy (1942); however, the process was refined and pa
tented by Byrd (1951). Byrd’s patent covered pasteuriza
tion tem peratures from 77° -  99°C). Tatro (1970) pub
lished a guideline of 85 C for 1 min for the pasteurization 
of crabmeat. Tatro’s work was done w ith 401 x 301 cans 
holding 16 oz (454g) of crabmeat. According to the guide
line, 110 -  115 min in an 87.8° -  88.9°C water bath  is 
usually needed to  achieve 85°C for 1 min at the cold point 
o f can. Furtherm ore, Tatro (1970) recom m ended imme
diately cooling the crabmeat to  37.8°C in an ice water bath  
prior to  refrigerated storage.

Most processors o f pasteurized crabmeat have adhered 
to  T atro’s (1970) guidelines and have successfully produced 
a pasteurized product in 401 x 301 cans. In recent years, 
however, several factors have prom pted the industry to  
evaluate can sizes o ther than  the 401 x 301, as well as con
tainers other than m etal cans. Some of these factors are; 
a 1-lb can of crabmeat is relatively expensive; therefore, 
in order to  reduce the purchase price they have reduced 
the am ount of product which must be purchased; the cost 
of m etal cans has made plastic containers o f interest to  the 
industry; and the energy efficiency of retortable pouches 
has also been noted w ith interest w ithin the industry. 
Developing processes for new containers, however, pre
sents problems. The guidelines are not based on inactivation 
of specific microorganism(s) or enzymes; rather they are 
based on the production of a product w ith 6-m onth refrig
erated shelf-life that has acceptable sensory attributes. 
There is currently no recommended process for containers 
other than the 401 x 301 can.

The purpose of this work was to  evaluate the F 185. 
for different z.values by the therm al process traditionally 
used in the pasteurization of crabmeat, and to  determine 
equivalent processes for nontraditional can sizes and 
containers.

MATERIALS & METHODS
CANS USED for processing 113.5g and 227.Og of crabmeat were 
211 x 114 and 307 x 206, respectively. Both 401 x 301 and 303 x 
406 cans were used to process 454.Og of crabmeat. Flexible pouches 
were a three-ply laminate consisting of an outer layer of polyester,

Authors Ward, Pierson, and Minnick are associated with the Dept, o f 
Food Science & Technology, Virginia Polytechnic Institute & State 
Univ., Blacksburg, VA 24061.

a middle layer of aluminum and an inner layer of polypropylene 
(Reynolds Metals Co., Richmond, VA). The pouch dimensions for 
113.5g, 227.0g, and 454.0g of crabmeat were 12.7 x 11.4 x 2.6 cm,
12.7 x 12.6 x 3.4 cm, and 17.8 x 14.6 x 4.5 cm, respectively.

Internal temperatures of crabmeat in cans were measured during 
processing with rigid type T (copper constantan) molded bakelite 
thermocouples (0. F. Ecklund, Cape Coral, FL). Thermocouples 
were installed with the temperature-sensitive tip located at the geo
metric center of the can. Internal temperatures of crabmeat in flex
ible pouches were measured using 24 gauge nylon insulated, copper- 
constantan thermocouple wire (O. F. Ecklund). Flexible pouches 
were prepared for thermocouple installation by cutting an 8 mm 
diameter hole in the side seam. Thermocouple wire lengths were 
inserted into the pouch to the geometric center, a stuffing box 
(O. F. Ecklund) consisting of brass fittings and rubber gaskets was 
used to seal each thermocouple in the pouch. Pouches were placed 
vertically into compartments of wire-mesh racks to control pouch 
thickness during pasteurization. These compartments were config
ured such that the wire-mesh racks fit snugly against both sides of 
the filled pouches. Although no attempt was made to measure 
the dimensions of the pouch during heating, it was assumed that 
the thickness of the pouch was adequately controlled during heating 
using this procedure.

Pasteurization was done in a steam-heated water bath preheated 
to 87.8°C. Packaged crabmeat was heated to an internal tempera
ture of 85°C for 1 min and immediately cooled in an ice water bath 
(0°C) to less than 10°C within 1 hr. Thermocouples were monitored 
during heating and cooling; all data were recorded at 1-min intervals 
(Monitor Labs, Inc., Data Logger, model 9300).

Process lethalities were obtained using time-temperature data 
from the various processed containers. Based on the “improved” 
general method, temperatures were converted to equivalent lethal 
values and summed together to obtain F values (Patashnik, 1953).

RESULTS & DISCUSSION
FIG. 1 gives the heating and cooling curves for 454g, 
227g, and 113.5g containers at the cold point. Cold points 
for all containers were experimentally determ ined. These 
curves are composite curves derived from  statistical inter
polation of 8 replicates of each container size. Additionally, 
Table 1 shows the heating and cooling param eters for the 
various containers. Fig. 2 shows the process lethalities 
(F j 85) at different z values for the various containers.

The 401 x 301 can containing 454g of crabmeat is the 
container from which Tatro (1970) derived the data which 
led to  the publication of the original guidelines for the pas
teurization of crabmeat. Furtherm ore, this container has 
traditionally been the container of choice by most of the 
pasteurized crabmeat industry (Nelson, 1983) and by using 
this container according to  T atro’s (1970) recom m endations 
crabm eat has been safely and successfully m arketed. There
fore, the 401 x 301 container and T atro’s process can be 
considered as the “ standard” for crabmeat pasteurization. 
If a z value of 16 is assumed for the standard 401 x 301 
container and process, the resulting equivalent process 
tim e at 85°C (185°F) is 31 min. Should a processor desire 
to  use a 303 x 406 can, containing 454 .Og of crabmeat 
according to  the data presented in Fig. 2, once the cold 
point reaches 85 C the processor must hold the product for 
an additional 7 min in order to  achieve an F j1̂  = 3 1 ,  
which would then be equivalent to  the “ standard” process. 
Similarly, the 454.Og pouch, the 227 .3g (307 x 206) can,
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the 227.9g pouch, the 113.5g (211 x 114) can and the 
113.5g pouch would need to  be held for 14, 15, 22, 20, and 
24 min, respectively. Although additional holding time at

0  4 0  8 0  120 160 2 0 0

0  2 0  4 0  6 0  8 0  100 120 140

TIME (minutes)
Fig. 1— Heating and  cooling curves for (A) 454 .Og crabmeat in 
pouches (*■ ) and  3 0 3  x  4 0 6  (•) and  401  x  301  (•) cans. (B) 227 .Og 
crabm eat in pouches (*■ ) and 3 0 7  x  2 0 6  cans (•); (C) 113.5g crab- 
meat in pouches (*■ ) and  211  x  114 ( *)  cans; pasteurized to 85° C  
(185° F) for 1 min.

85°C would be required for containers to  achieve an 
F j ^5 = 3 1 , the to ta l processing tim e (heating and cooling) 
would be reduced. For example, the standard 401 x 301 
can required 145 min to ta l process tim e to  heat to  85 C, 
hold for 1 min, and then cool to  37.8°C (Fig. 1 A). On the 
other hand, the 454.Og pouch and 303 x 406 can required 
a to ta l process time of 118 min and 135 min, respectively; 
these times included the 14 min (pouch) and 7 min (303 
x 406 can) additional holding at 85 C required to  achieve 
a process lethality equivalent to  the “ standard” process. 
Total processing time required to  achieve an equivalent 
process in the 227.Og pouch was 75 min and 109 min in 
the 307 x 206 can (Fig, IB). Additionally, the 113.5g 
pouch required 62 min and the 211 x 114 can required 
77 min (Fig. 1C). Should F values be required w ith z values 
other than the 16 used in these examples, Fig. 2 provides 
a basis for their calculations.

Very little inform ation regarding the lethality of pasteur
ized crabmeat has been published. Dickerson and Berry
(1974) evaluated the lethality of a crabm eat pasteurization 
process in Virginia to  be equivalent to  an Fjgo = 18 for a 
401 x 301 can. Lynt et al. (1977) reported tha t this process 
level was considerably above that required to  destroy 
10s -  106 spores of Clostridium botulinum  type E. Lynt et 
al. (1977) reported that the D value at 85°C for the Beluga 
strain of C. botulinum  type E was 0.29 (upper value = 0.41, 
lower value = 0.16); the authors went on to  state, however, 
that 1 min at 85 C did not appear to  be sufficient to  de
stroy all spores of type E in crabmeat. This la tter statem ent 
has caused some confusion among state control agencies

— Continued  on page 1017

8  I 0  I 2  14 I6  18 2 0  2 2

z(°F)

Fig. 2 — F  values for containers pasteurized to 85° C  (185° F )  for 1 
m in and  subsequently cooled  to less than 10° C  (50° F).

1 0 0 4 - J O U R N A L  O F  F O O D  S C I E N C E - V o l u m e  4 9  ( 1 9 8 4 )



Manufacture and Quality of Venezuelan White Cheese

IVELIO ARISPE and DENNIS WESTHOFF

--------------------------- ABSTRACT-----------------------------
A survey of the manufacture of queso bianco, the most popular 
cheese in Venezuela, confirmed a lack of standardization. Based on 
compositional factors, four desired cheese types were established 
and prepared in a pilot plant. Significant (p < 0.05) variation in 
moisture, salt, fat and protein were noted. During storage at 15°C 
for up to 8 days, variation in cheese composition including an in
crease in acidity was also significant (p < 0.05). Increases in acidity 
were not high enough to prevent growth of native Staphylococci, 
fecal coliforms, and lactobacilli.

INTRODUCTION
VENEZUELAN QUESO BLANCO is considered the most 
popular cheese in the country. In spite o f its high consum p
tion and increased production in Venezuela, several re
searchers (Escoda and Hernandez, 1968; Boscan, 1978) 
have shown that there does not exist defined, standardized 
commercial manufacturing procedures for queso bianco 
production. Presently there are many different types of this 
cheese, w ith a high percentage still made at the farm level.

A survey of the Venezuelan market (Arispe and West- 
hoff, 1983) showed that compositional factors (including 
fat, protein, salt and moisture) varied significantly. Micro
biological findings suggested that considerable improvement 
could be made in the m anufacture and handling of queso 
bianco. The current research was conducted: (1) to  study 
the actual commercial m anufacturing conditions of Vene
zuelan queso bianco; (2) to  standardize a pilot plant m anu
facturing procedure; and (3) to study the effect of process 
variables on cheese quality.

MATERIALS & METHODS

Survey of the industrial procedures for queso bianco manufacture
A questionnaire was completed to provide a description of the 

processing conditions at each of several important cheese plants 
located in the West and Northwest of Venezuela. Additionaly, qual
ity control parameters were determined in collaboration with plant 
personnel. These results were analyzed and used as the basis for 
experimentation in our pilot plant.

Pilot plant process and manufacture
Moisture and salt contents are considered the most important 

compositional factors related to the microbial content and stability 
of cheese. Using the information obtained regarding these param
eters from industrial processors, several queso bianco manufacture 
procedures were designed. Fig. 1 outlines the pilot plant operation 
used initially. Fourteen vats of cheese were made to ensure that the 
selected procedures would result in a product with the desired 
moisture and salt concentration.

Experimental variables studied included: rennet, calcium chlor
ide and sodium chloride concentrations; time and form of cutting, 
stirring and treatment of the curd in the vat, time of draining and

A u th o r Arispe is with the Facu lty  o f  Science, Dept, o f  F o o d  Tech
nology, Central Univ. o f  Venezuela Caracas, Venezuela. A u th o r  
W esthoff is with the Univ. o f  Maryland, F o o d  Science Program, 
Dept, o f  A n im a l Sciences, College Park, M D  20742. Requests for 
reprints shou ld  be sent to Dr. Westhoff.

volume of the first whey, time and method of salting, and method 
and characteristic of pressing (Fig. 1).

All cheese was made in 30-liter stainless steel vats. The vats, 
knives, and curd shovels were constructed by the E.A. Kastner Com
pany (Baltimore, MD). The pressing operation was done in a stain
less steel perforated mold, with 0.5 cm diameter holes and total 
volume of 5,625 cm3 (25 cm x 15 cm x 15 cm). Pressure was ob
tained using 10, 20, and 30 kg weights, resulting in pressures of 
approximately 0.044, 0.088, and 0.133 kg/cm3, respectively. The 
loss of moisture, weight and the yield under each condition was 
determined.

As a result of preliminary experiments, 0.15 g/L of CaCl and 
0.025 g/L of rennet was considered suitable for a firm curd in 35 
min at 32°C. To standardize the salting procedure a total whey 
volume equal to 75% of the milk was drained, followed by the addi
tion of 15% salt whey brine solution. A combination of agitation 
for 10 min and a hold of 20 min or agitation for 1 min and hold for 
4 min was necessary to obtain a concentration of 3% and 2% salt, 
respectively, in the fresh cheese.

Monitoring of pilot plant processes
Information obtained from the processors’ survey indicated that

rennet: 0.025, 0.05 g/1
CaCl2: 0. 15, 0. 30 g/1

SETTING THE MILK (32 C ± 1UC) 

-------  agitation

COAGULATION
-coagulation time:
25» 30, 35 or 40 min

-first whey draining time: 
10, 15, 20 or 25 min 
volune: 66%, 75% of milk

CURD

4-

dry salting - 
450 g/25 1 milk

-agitation time: 1, 2, 5, 10 or 12 min

4 , 3 , 25 , 20 or 18 min
salt brine - 

(salt/whey) 15% 1
SECOND WHEY DRAINING 7, 10 or 12 min

i
CURD SALTED

. no prepress or 
prepressed 5 min

-weight: 10, 20 or 30 kg/cm 
time: 5, 10, 15,30,45 or 90 min

FRESH CHEESE

Fig. 1— Schem atic o f  the queso b ianco p ilo t  plant procedures used 
in the prelim inary experiments.
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four variations should be selected for evaluation. A total cf 12 vats 
of cheese were made, 3 of each of the following types: (1) high 
moisture (59 ± 1%), low salt (1.5 -  2.2% NaCl); (2) high moisture 
(59 ± 1%), high salt (3 -  3.5% NaCl); (3) low moisture (52 ± 1%), 
low salt (1.5 -  2.2% NaCl); and (4) low moisture (52 ± 1%), high 
salt (3-3.5%  NaCl).

Cheese analysis
Cheese types were stored at 3°C and 15°C for up to 8 days. 

During various stages of manufacture and storage, the following 
parameters were monitored: moisture, fat, total protein, salt, acid
ity and pH (Kosikowski, 1977), total and fecal coliforms, Staphylo
coccus aureus (AOAC, 1978) and lactobacilli (Mean et al., 1960).

Statistical analysis
Two-way analysis of variance (Snedecor and Cochran, 1967) 

and a multiple comparison (Duncan, 1955) were performed.

Table 1 -C o m p a r ison  o f  three com m ercial m anufacturing proce 
dures for Venezuelan queso bianco

Commercial Cheese Plants

Step A B C

Milk
Pasteurization 77° C - 77° c - 72°C -

15 sec. 18 sec. 20 sec.
Acidity (%) 0.17 0.16 -  

0.22
0.18 -  
0.20

Fat (%) 2.8 -  
4.4

3.2 4.3 -
4.4

Standardization (Fat %) 4.4 3.8 2.8

Vat
Size (liters) 4,000 4,600 2 B00
Inoculating temperature

(°C) 35-36 32 36
Time to reach temp (min) 35-40 35 30

Coagulation
CaCI2 (g/1,000L) 150 152 87
Rennet (per 100oL) 20g 20g 26g
Coagulation time (min) 35 35 25

Cutting
Method Mechanical Mechanical Manual
Agitation (min) 15 8 9

First draining
Time (min ) 20 44 40

Salting
Method spreading immersion spreading
Amount (g/L) 18,8 75 32.6

Second draining
Prepress ? yes no no
Time (min) 15 10 25

Pressing
Type force hydraulic weights nydraulic
Amount of force ? 20 kg/400 cm2 ?

Storage
Time (days) 2 2 2
Temperature (°C) 5 5 5

Yield (kg/100L) 13.5 14 15

Total process (hr-min)
without storage 3:12 3:10 3:24

Characteristics of cheese
NaCl (%) 2.5 3.0 2.6
Moisture (%) 52-54 55-56 55-58
Fat (%) 23 16 19
pH 6.1 6.0 6.1

RESULTS & DISCUSSION

Survey of current m ethods of queso bianco m anufacture

Table 1 summarizes the inform ation collected at three 
major queso bianco producing plants coded as A, B and C. 
These plants m anufacture mainly a soft queso bianco with a 
high moisture content, ranging from  54 -  58%. The coagula
tion process was essentially enzymatic and no starter 
cultures were used. All of the plants had high tem perature- 
short tim e (HTST) pasteurizing systems. Normally, the 
three plants held the fresh cheese about 2 days at 5 C 
before salt, 1 day at the plant and another in refrigerated 
distribution by truck.

The variation in the process used in these plants and 
inform ation collected in tw o smaller cheese plants con
firmed the lack of standaridzed procedure for the m anu
facture of queso bianco (Escoda and Hermandez, 1968; 
Boscan, 1978). The wide com positional variation and qual
ity  currently found in this cheese (Arispe and Westhoff,
1983) might be attributed  to  these processing differences.

Pilot p lant m anufacture of queso bianco
Fig. 2 illustrates the m oisture lost during different 

pressing conditions. The decrease in m oisture was rapid 
only during the first 15 min. Prolonged pressing, up to  
75 min, had minimal effect. In order to  obtain  a lower 
m oisture (about 52%) in the fresh cheese, pressure was 
applied for 5 min to  the curd in vat. S tarting w ith 63% 
curd m oisture and 30 kg/225 cm2 pressure for 75 min, 
a fresh cheese moisture of 52% was obtained (Fig. 2). Cor
responding weight losses for these same pressing condi
tions are shown in Fig. 3.

The procedure outlined in Fig. 4 perm itted the m anu
facture of four different types of soft queso bianco w ith 
the following characteristics: (1) relatively high m oisture 
(59 ± 1%) low salt con ten t (1.5 -  2.2%) cheese, to ta l m anu
facture tim e of 107 m in; (b) high m oisture (59 ± 1%), 
high salt (3 -  3.5%), 132 m in; (c) relatiely low moisture 
(52 ± 1%), low salt (1.5 -  2.2%), 192 m in; and (d) relatively 
low m oisture (52 ± 1%), high salt (3 -  3.5%), 217 min.

The m anufacture procedure for queso bianco differs 
from  other Latin American white cheese (Siapantas and 
Kosikowski, 1967; Chandan and Marin, 1979). For exam
ple, coagulation occurs at relatively low tem perature

Fig. 2 — Loss o f  moisture from Venezuelan queso b ianco during  
pressing: (□ -  □) 10 kg: 0 .044  kg/cm 2 ; (■  - '• )  2 0  kg: 0 .089  kg/  
cm 2; (• — •) 3 0  kg: 0 .133  kg/cm2  p lus 5  m in  o f  prepressure to the 
cu rd  in the vat; ( * - * ■ )  3 0  kg: 0 .133  kg/cm2 .
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(32°C) and rennet is used. Additionally, queso bianco has 
a very short shelf life and possesses a unique taste.

The curd and cheese yields obtained by the pilot plant 
procedures are summarized in Table 2. Starting with 100 
liters o f milk about 17.8 kg of curd could be obtained, 
which yielded approxim ately 13.5 kg fresh cheese. Com
position of the milk, the moisture content of the final 
cheese, and the degree of recovery of fat and casein by the 
curd are considered the three most im portant factors 
influencing cheese yield (Kosikowski, 1977). Chandan and 
Marin (1979) reported an average yield value of 11.6% 
for Latin American white cheese. These yield values were 
dependent on the type of acid used as coagulant. Kosikow
ski (1977) suggested that an average yield for cheddar 
cheese would be about 9.5%.

Cheese analysis

The moisture, acidity, salt, fat, and protein contents, 
and the pH in four different types of cheese were evalu
ated. Additionally, the cheese was stored at 3°C and 15°C 
for up to  8 days. The different manufacturing conditions 
produced significant (p <  0.05) variation in cheese mois
ture, salt, fat and protein contents (Table 3). Cheese com
position was also significantly (p <  0.01) affected by stor
age. There was a significant (p < 0 .0 5 )  interaction between 
m oisture and type of cheese made (relatively high m oisture 
and relatively low m oisture). When each of these param
eters was considered separately during storage (Table 4), 
the decrease in moisture was significant (p <  0.05) for 
high moisture cheese. For relatively low m oisture cheese,

Table 2 — Yields o f  cu rd  and  cheese during the p ilo t  p lant m anufac
ture o f  Venezuelan queso bianco

Yield (kg/100 liters of milk) 

Curda Cheese0,c

X 17.8 13.5
Range 15.3-20.2 10.5 - 15.3
Standard deviation 1.8 1.6
Coefficient of variation (%) 9.9 11.5
Number of samples 14 14

a C u rd  m o istu re  averaged 6 6 .3 % .  
“ Cheese m o istu re  averaged 5 5 .0 % .  
c Fat con ten t averaged 2 4 .0 % .

Fig. 3 - Decrease in weight o f  Venezuelan queso bianco during press
ing: (□ -  a) 10 kg: 0.044  kg/cm2 ; (■  -  •) 2 0  kg: 0 .089  kg/cm2 ; 
(• -  •) 3 0  kg: 0 .133  kg/cm 2  plus 5  m in o f  prepressure to the 
curd  in the vat; (*■  — *■ ) 3 0  kg: 0 .133  cm 2 .

the decrease in moisture was only significant following 
storage on 8 days at 15°C. The variation in salt content 
and the corresponding statistical analyses is presented in 
Tables 3 and 4. For each type of cheese, decreasing mois
ture was all types of cheese, a significant (p <  0.05) salt 
content increase was observed during storage for 8 days 
at 15 C. This increase was also significant for relatively 
low salt cheese when stored at 3°C for 8 days. The increase 
in salt content was the result of the m oisture loss during 
cheese storage.

The moisture content o f cheese is directly related to  its 
nutritional, biological and survey (Van Slyke and Price,
1949). The higher the moisture content, the lower the 
concentration of nutrients. For economic reasons, the 
cheese industry in Venezuela encourage regulations that 
could permit higher moisture cheese. The Venezuelan 
Regulatory Agency and the consumer are concerned with 
the variation and the stability of the same cheese in the 
m arket. There is a significant relationship (Arispe and 
Westhoff, 1983) between the microbial quality and the 
moisture content o f market quaso bianco.

The salt content is one of the most im portant factors 
influencing ripening and final quality o f cheese (Davis, 
1965; Pearce and d ie s ,  1979). The ratio of salt to  moisutre 
(3W) should be between 4.2 and 5.2. Salt in cheese also has 
the function of suppressing the growth of unwanted organ
isms. In addition, lactose utilization and lactic acid pro
duction by starter bacteria are affected by variation in salt 
to  m oisture (S/M) in cheddar cheese (Turner and Thomas,
1980).

Fig. 4 —Schem atic o f  the queso bianco plant procedures used to pro 
duce the experimental samples.
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The loss of moisture during storage resulted in an in
crease of the salt concentration by 25% at 3°C and 33% at 
15°C (Table 4). The consequence of the loss of moisture in 
cheese suggests the need to  regulate the salt content in fres 
queso bianco and to define and standarize the proper 
m oisture level for the soft Venezuelan queso bianco.

During cheese ripening, a small am ount of neutral fats 
are hydrolyzed to butyric, caproic, caprylic and low chain 
fatty  acids. These are known to contribute mainly to the 
development of a more aromatic flavor of cheese. Queso 
bianco is an unripened cheese, therefore the fats contrib
ute mostly to  the nutritional and textural characteristics of 
the cheese. Fat content variation in queso bianco stored at 
different conditions is presented in Table 4. Low moisture 
cheese had more fat than high moisture cheese and as a 
consequence of moisture loss during storage, the fat con
centration increased more than in high moisture cheese. 
This was also true for the protein content (Table 4). In 
addition, there were low levels of soluble proteins which 
did not change significantly during 8 days of storage (data 
not shown).

The different m anufacturing conditions did not produce 
significant variations in pH and acidity (Table 4). The 
variations observed were due to the tim e and tem perature

of storage. The higher variations were mainly produced in 
cheese stored for 8 days at 15°C. A significant (p <  0.05) 
increase in pH was observed during 8 days of storage at 
3°C and at 15°C.

The coagulation activities of rennet vary with the acid
ity of the milk and the acidity produced by the lactic 
starter bacteria. The rate of acid development depends on 
the type starter and on the milk com position. The acidity 
produced influences the texture, taste and flavor during 
subsequent ripening of the cheese. Acidity also helps to  
control unwanted microorganisms. Acidity produced during 
the cheese making has been studied by several authors 
(Brown and Price, 1934; Price et al., 1971; Olson, 1976). 
Desired changes in titratable acidity and pH values during 
the m anufacture of good quality cheddar cheese have been 
established (Price et al., 1971). A pH between 5.0 -  5.3 
in 1 day old cheese was sufficient to  produce a good cheese. 
In queso bianco m anufacture, starting with a 0.19% titra t
able acidity in the milk, the acidity in the whey is usually 
0.12%. During manufacture, no significant increase (p >  
0.05) of acidity in the whey after 2 hr was observed. A 
significant (p <  0.05) increase in acidity occurred during 
storage for 8 days (Table 4), which was attributed  to the 
growth of the native lactic microflora.

Table 3 —Statistical summary (two-way analysis of variance) of the effect of manufacturing conditions on queso bianco composition

Moisture pH
Compositional factors

A c id it y  N aC I Fat Prote in

T re a tm en t (T )a 0.001* 0.368 0.154 0.001* 0.001* 0.002*
Storage conditions (S)b 0.001* 0.001* 0.001* 0.003* 0.001* 0.004*
In te ract ion  (T X S ) 0.05** 0.124 0.124 0.990 0.990 0.990

3 T y p e  o f  cheese: T y p e  1, m o istu re  59 ± 1 % ,  salt 1.5 - 2.2%. k S to rage  co n d it io n s  were 0, 2, 5 and 8 d a y s  at 3 ° C  and  5 and 8 d ays  at 15°<
T y p e  II, m o istu re  59  ± 1 % ,  salt 3.0 -  3 .5% . *D iffe re n ce s  are s ign ifican t at p <  0.01.
T y p e  II I,  m o istu re  52 ± 1 % ,  salt 1.5 -  2.2% . * *D if fe re n c e s  are s ign ifican t at p <  0.05.
T y p e  IV ,  m o istu re  52  ± 1 % ,  salt 3.0 -  3 .5 % .

Table 4 — Variation 
(mean values)

in moisture, salt, fat, protein, p H  and acidity during storage of the four types of experimental Venezuelan queso bianco

Parameter
Type of
cheese0

Days (d) and temperature of storage
0 day 2 days 5 days 8 days 5 days 8 days

3°C 3°C 3°C 15° C 1 5°C

Moisture (%) I 59a 58.1 56.5 55.1b 56.3 53.8°
II 58.7a 57.9 56.4 55.8b 55.3 53.6°
III 53.1a 54.1 53.2 51,6a 52.8 50.2b
IV 52.9a 54.4 53.3 52.1a 52.5 50.2b

NaCI (%) I 1,9a 2.1 2.8 2.4b 2.5 2.5°
II 3.0a 3.1 3.1 3.2a 3.2 3.3b
III 2.1a 2.2 2.4 2.4b 2.4 2.5b
IV 3.3a 3.1 3.1 3.4a 3.5 3.6b

Fat (%) I 23.5 23.6 23.8 25.2a 25.5 26.8a
II 23.5a 24.8 24.5 24.8a 27.1 27.5a
III 25.5a 26.8 28.6 28.3b 27.0 30.0b
IV 24.7a 27.5 27.5 29.0b 28.3 30.0b

Protein (%) I 16.9a 17.4 17.2 1 7.2a 18.9 18.5a
II 16.4a 17.1 17.5 17.9a 17.9 19.2a
III 18.5a 18.6 17.6 19.0a 17.9 19.9a
IV 18.4a 18.2 19.8 19.8a 19.2 21,5b

pH I 6.6 6.5 6.5 6.41a 6.4 6.2b
II 6.5a 6.5 6.5 6.4a 6.4 6.3a
III 6.5a 6.5 6.5 6.4a 6.5 6.5a
IV 6.5a 6.5 6.5 6.4a 6.5 6.42ab

Acidity (%) I 0.06a 0.12 0.11 0.1 2b 0.12 0.15°
II 0.06a 0.11 0.10 0.11 b 0.12 0.13b
III 0.09a 0.10 0.11 0.11 b 0.13 0.15°
IV 0.07a 0.10 0.10 0.1 2b 0.10 0.13b

^ ^ Su p erscrip ts  w hich  share a com m on letter w ith in  each treatm ent indicate that they were not sign ificantly  d ifferent (p >  0 .0 5 ) ;  however, 
o n ly  8 day values were com pared to day zero  values. 

c T y p e  cheese — See foo tnote to  T ab le  3.
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Monitoring the native microflora

The growth of staphylococci, to ta l coliforms, fecal con
forms and lactobacilli in queso bianco during various stages 
of m anufacture and storage was determ ined. Initial num
bers of each microbial group were significantly different 
between vats (p <  0.05), therefore logjo counts were con
verted to percent so the initial count in the milk for each 
group and replications was considered as 100%. Subsequent 
counts were expressed as percent of change from the initial 
counts.

The different cheese m anufacturing conditions produced 
a highly significant (p <  0 .01 ) effect on the growth of 
staphylococci and total coliforms (Tables 5 and 6 ). Addi
tionally, growth of staphylococci, to ta l and fecal coliforms 
and lactobacilli was significant (p < 0 .0 5 )  during storage for 
8 days (Tables 7 and 8).

During the manufacturing process, from the milk to zero

days of storage for all the queso bianco types, there was an 
increase of at least one log cycle in the num ber of staphylo
cocci (Table 5). Although some microorganisms were re
moved in the whey, many of them  were concentrated 
during the curd form ation (Takahashi and Johns, 1959; 
Thatcher and Ross, 1960). The observed increase was sig
nificant (p <  0.05) for the low moisture cheese (Table 5). 
This could be due to a longer pressing tim e and consequent
ly longer m anufacture time (220 min) compared to 135 
min for the high m oisture cheese types. Growth of staph
ylococci was not significant (p >  0.05) for all types of 
cheese when they were stored at 3 C for up to 8 days. 
However, when the low moisture cheese types were stored 
at 1 5 C, there was an increase in growth, which was signifi
cant (p <  0.05) (Table 5). The significantly higher growth 
observed in the low moisture cheese as compared to  the 
high moisture can be attributed  to the longer m anufactur
ing tim e and also to a significant difference (p <  0.05) in

Table 5— Fate o f  S taphylococci during m anufacturing and  storage o f  the four experimental types o f Venezuelan queso bianco

C heese  t y p e e 
(T r e a tm e n t )

Stages  o f  m a n u f a c tu r e Days (d) an d  t e m p e r a t u r e  (°C) o f  s to rage

Milk W hey Curd
S a l ted
c u rd

0  day 2 days  
3°C

5 days  
3°C

8 days  
3°C

5 days  
1 5° C

8  days  
1 5° C

i L o g 1 0 f 4 .0 0 2 .9 2 4 .8 6 4 .8 5 5 .0 0 5 .0 6 5 .1 2 5.51 6 . 0 8 6 .8 6
P e rc e n t9 1 0 0 a4 73 121 121 1 2 5 ab 1 2 6 ab 1 2 7 ab 1 3 7 ab 1 5 2 ab 1 7 1 b

h Log 10 4 .0 0 2 .73 3 .7 4 4 .0 5 4 .0 7 4 . 0 8 4 . 3 2 4 . 6 0 5 .3 5 6 .6 0
Percen t 1 0 0 a 6 8 93 101 1 0 1 a 10 2 a 10 6 a 11 5 a 1 3 4 ab 1 6 5 b

i n L o g i c 1 .36 1 .94 2 .2 4 2 .8 6 3 .2 5 4 .1 3 4 . 2 6 4 .6 3 6 .1 3 7.01
Percen t 1 0 0 a 166 2 0 5 2 37 2 5 7 b 3 5 9 bc 3 4 9 bc 3 5 9 bc 4 6 9 d 5 4 0 d

IV L o g i o 1 .36 1 .99 2 .7 7 3 .0 2 3 .3 0 4 . 1 4 4 . 5 8 4.51 5 .0 6 6 .3 6
P e rcen t 1 0 0 a 11 9 2 1 5 231 2 4 7 b 3 2 0 bc 3 5 7 bc 3 4 3 bc 3 3 7 bc 4 9 0 d

a -d Superscrip ts w hich share a com m on letter w ith in  each treatm ent Mean of counts (log10/g).
indicate that they w ere not sign ificantly  d ifferent (p >  0 .0 5 ). 9 Assum ing mean count in m iik to be 100%  other counts expressed

e Cheese typ e  — See foo tnote to Tab le  3. as the percentage of in itial count.

Table 6 -F a t e  o f  coliform s during m anufacturing and  storage o f the four experimental types o f  Venezuelan queso bianco

Cheese  t y p e d 
( T re a tm en t )

S tages  o f  m a n u f a c tu r e Days (d) a n d  t e m p e r a t u r e  (°C) o f  s to rage

Milk W hey C urd
S a l ted
c u rd

0  day 2 days  
3°C

5 days  
3°C

8 days  
3°C

5  days  
1 5°C

8  days  
1 5° C

I Log i o 3 .13 2 .2 9 4 .8 0 4 .6 9 5 .0 2 4.61 5 .2 6 4 .7 3 5 .2 4 6 .2 8

P e r c e n t f 1 0 0 a 2 1 0 2 1 4 19 2 1 8 1 ab 2 0 3 ab 2 0 7 ab 2 2 4 ab 2 4 4 ab 2 9 6 ab

II L o g i o 3 .1 3 1 .60 4.31 3 .4 6 3.91 2 .9 2 2 .13 3.11 3 .9 0 4.91

P e rcen t 1 0 0 a 72 2 1 4 1 6 5 17 8 a 1 4 3 a 1 5 0 a 1 8 6 a 19 9 ab 2 5 7 b

III 1 .20 1 .75 2 .5 0 2 .1 3 3 .1 3 2 .6 5 2 .7 4 3 .1 3 3 . 3 4 4 .3 8

P e rcen t 1 0 0 a 80 2 1 0 22 3 2 7 0 b 2 4 5 b 2 4 1 b 2 6 8 b 2 7 9 b 3 8 3 c

IV L o g i o 1 .20 1 .90 2 .6 5 2 .2 2 2 .0 2 2 .2 4 2 .4 9 2 .03 2 .8 8 2 .5 0

P e rc e n t 1 0 0 a 110 2 3 2 197 17 9 a 1 8 4 a 1 9 1 a 2 1 0 a 2 2 4 b 2 6 3 b

^ -S u p e rsc r ip ts  w hich share a com m on letter w ith in  each treatm ent . Mean of counts ( lo g ^ /g ) .
indicate that they were not s ign ificantly  d ifferent (p >  0 .0 5 ). Assum ing mean count in m ilk  to be 100%  other counts expressed

d Cheese typ e  — See footnote to T ab le  3. as the percentage of initial count.

Table 7 - -Fate o f  fecal conform s during m anufacturing and storage o f  the four experimental types o f  Venezuelan queso bianco

Cheese  t y p e b 
( T re a tm en t )

Stages  o f  m a n u f a c tu r e Days (d) an d  t e m p e r a t u r e  (°C) o f  s to rage

Milk W hey C u rd
Sa l ted
c u rd

0  day 2 days  
3°C

5 days  
3 °C

8 days  
3 °C

5 days  
1 5° C

8  days  
1 5 °C

I L o g i o 2 .9 8 1 .9 2 3 .4 8 3 .5 0 3.91 3 .8 9 3 .1 7 2 .63 4.71 4 . 0 6

Percent*3 1 0 0 a 9 8 143 13 9 10 7 a 1 9 1 a 16 7 a 17 5 a 13 3 a 2 3 5 a

II L o g i o 2 .9 8 0 . 6 5 2 .4 4 2 .0 9 2 .0 0 1 .45 1 .20 1 .20 2 .4 4 3 . 4 6

P e rcen t 1 0 0 a 5 8 157 15 0 1 0 8 a 60  a 5 6 a 7 2 a 1 6 1 a 16 8 a

III L o g i o 1 .00 1 .00 2 .1 8 1 .89 1 .74 1 .20 1 .00 1 .0 0 2.31 1 .79

P e rcen t 1 0 0 a 58 193 15 9 17 4 a 1 2 0 a 1 0 0 a 1 0 0 a 2 3 1 a 1 7 9 a

IV L o g m 1.00 1 .0 0 1 .40 0 . 6 5 1 .00 0 .7 8 1 .30 0.91 2.11 2 .6 5

P e rcen t 1 0 0 a 6 0 157 1 3 2 1 4 1 a 6 0 a 7 2 a 7 4 a 1 6 1 a 1 4 5 a

a Superscripts w hich share a com m on letter w ith in  each treatm ent d Mean of counts (log^o/g).
indicate that they were not s ign ificantly  d ifferent (p >  0 .0 5 ). Assum ing mean count in m ilk to be 100%  other counts expressed

b Cheese type — See foo tnote to T ab le  3. as the percentage of in itial count.
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Table 8 - F a t e  o f  lactobacilli during m anufacturing and  storage o f  the four experimental types o f  Venezuelan queso bianco

________ Stages of manufacture_________  ____________ Days (d) and temperature (°C) of storage____________

Cheese typed Salted 0 day 2 days 5 days 8 days 5 days 8 days
(Treatment) Milk Whey Curd curd 3 C  3 C  3 C  1 5 C  1 5 C

1 Logic® 2.54 2.65 4.67 4.56
Percent' 100a 86 119 117

II L°9 io 2.54 2.55 3.94 3.82
Percent 100a 85 113 110

III r o CO o 2.07 1.64 3.21 3.23
Percent 100a 88 36 181

IV Log10 2.02 2.12 3.44 3.08
Percent 100a 87 199 177

a _ c Su perscrip ts w hich  share a com m on letter w ith in  each treatm ent 
ind icate  that they were not s ign ificantly  d ifferent (P >  0 .0 5 ).

°  Cheese typ e  — See foo tnote to T ab le  3.

the initial staphylococci population of the milk. The effect 
of initial microbial load and its behavior during survival in 
cheese has been studied (Frank et al., 1977).

During m anufacture, there was at least a one log cycle 
increase in to ta l coliform numbers from  the milk to curd 
(Table 6). For the four treatm ents, there was an average of 
a 25-fold increase, compared to an approxim ate ten-fold 
increase from normal concentration in the curd (Taka- 
hashi and Johns, 1959). The difference indicated a rapid 
growth of to ta l coliforms in the 90-min period following 
salting of the curd. Storage of the cheese revealed little 
growth following the pressing operation. The general in
crease in to ta l coliforms from the milk to  0 day cheese was 
significant (p <  0.05) only for low salt, low moisture 
cheeses. This could be attributed to the salt effect and 
longer tim e period for making this type of cheese (195 
min compared to  110 min for the high moisture cheeses). 
No statistically significant increase in to tal coliforms was 
observed (p >  0.05), when the cheese types were stored 
at 3 C for 0 to 8 days. However, there was a significant 
change (p <  0.05) during 8 days storage at 15 C for both 
low and high m oisture, low salt cheese.

The behavior of fecal coliforms (Table 7) during m anu
facture was almost the same as that for to ta l coliforms. An 
increase in fecal coliform numbers during storage of the 
cheese was observed. However, the m anufacturing condi
tions (type cheese) did not affect significantly (p >  0.05) 
the growth of these organisms. This can be attributed  to  the 
wide variation in viable counts.

During the m anufacture period, an increase in the num
ber of lactobacilli was observed (Table 8), mainly due to  
the concentration effect (10-fold). The num ber of lacto
bacilli decreased slightly in the salted curd, maintaining 
almost the same num ber as in the fresh cheese. During 
storage, there was a significant (p <  0.05) increase at 15°C 
(Table 8). The manufacturing variations (type cheese) did 
not significantly (p >  0.05) affect the growth of lactobacilli 
(Table 8 ).

Growth of native lactobacilli was rapid during the early 
stages of m anufacture. However, growth did not result in 
sufficient acid production to lower the pH to a level that 
would prevent the growth of undesirable microorganisms. 
Additionally, the lactobacilli isolated were not com mon 
“ starter culture” types but were an adventitious microflora 
as suggested by Ayres et al. (1980).

The pH of fresh queso bianco or the stored cheese sug
gests a product highly susceptible to  microbial growth. 
Obviously, w ithout any benefits o f an inherent low pH, 
the shelf stability of this product is highly dependent on 
the tem perature of storage. The results confirm  that the 
tem perature is the most im portant control factor during 
storage.

3.89 5.35 4.91 5.64 6.19 7.38
210ab 264b 311b 321bc 328bc 390c

3.70 4.31 4.30 4.32 5.52 6.71
145ab 254b 280b 276b 340bc 392c
3.48 3.78 3.73 4.52 5.26 6.84
202ab 221ab 204a b 254b 283 bc 396®
3.45 3.57 4.12 3.96 4.33 6.24
199ab 206ab 253b 228b 227b 370®

*  Mean of counts (log^g/g).
' Assum ing mean count in m ilk  to be 100%  other co u nts expressed  

as the percentage of initial count.

Conclusions based on observing the fate of the native 
m icroflora may be misleading. It could be argued tha t the 
wide variation in starting populations, biotypes, strains, and 
even recontam ination during the process would make it 
difficult to  study the m anufacturing variables. This point 
was acknowledged and dealt with by using pure cultures; 
the results will be presented in future work. However, the 
point to be stressed here is tha t there is nothing in the 
normal manufacturing procedure for Venezuelan queso 
bianco to  ensure its microbiological safety.
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Electrical Stimulation of Mutton

P. E. BOUTON, P. V. HARRIS, and W. R. SHORTHOSE

--------------------------- ABSTRACT----------------------------
Electrically stimulated ovine muscles, restrained from shortening 
during rapid chilling at 0-1 or 15-16°C, had lower Warner-Bratzler 
(WB) shear force values after 1 and 2 days aging at 0-l°C than un
stimulated controls, but were not significantly different at >4 days 
aging. Direct measurement of muscle fiber length showed that con
traction values obtained for muscles assigned to go into rigor at 0, 
15, 30 or 40°C were significantly less for stimulated muscles than 
for control muscles at 0°C, but of same magnitude or at rigor 
temperatures >15°C. WB shear force values indicated that, at tem
peratures >15°C, increase in tenderness due to stimulation became 
small after 7 days aging at 0-l°C, whereas at 0°C aging further 
increased improvement due to stimulation. Results were thus con
sistent with electrical stimulation reducing myofibrillar shortening 
at rigor temperature <15°C but at temperature >15°C stimulation 
had the same effect as a few days aging.

INTRODUCTION
THE TENDERIZING EFFECT of electrical stim ulation has 
been attributed  to a variety of causes including (a) the 
reduction or avoidance of the effects of cold shortening 
(Chrystall and Hagyard, 1976; Davey et ah, 1976), (b) an 
acceleration of the aging process (Saveli et ah, 1978, 1981 ; 
George et ah, 1980; Elgasim et ah, 1981), (c) increased 
activity of acid proteases (Dutson et ah, 1980), (d) physical 
disruption of the m yofibrillar structure (Saveli et ah, 1978; 
Will et ah, 1980) and (e) alterations in the therm al stability 
of collagen (Judge et ah, 1980).

Evidence for electrical stim ulation reducing or preventing 
cold shortening is equivocal; some authors (Smith et ah, 
1977, 1979; Bouton et ah, 1978, 1980; George et ah, 1 980; 
Whiting et ah, 1981; Salm et ah, 1983) have found evi
dence in sarcomere length data to support it, while others 
(Demeyer et ah, 1980; Salm et ah, 1981 ; Saveli et ah, 1 977, 
1979; Elgasim et ah, 1981; Smith et ah, 1977) have found 
no significant difference in sarcomere lengths between 
electrically stim ulated and unstim ulated meat. Much of the 
work was, however, carried out using beef under chilling 
conditions where cold shortening was unlikely (e.g. Elgasim 
et ah, 1981) and it was more likely that muscle samples 
were going into rigor at tem peratures> 1 5°C. Comparatively 
recent work (Locker and Daines, 1975, 1976) indicated 
that, for beef sternom andibularis muscle, muscle going into 
rigor shortened almost as much at 37°C as at 2°C, but had 
shear values of the same order of magnitude as those ob
tained for samples conditioned at 15°C. There was thus the 
possibility tha t, if stim ulated muscles were going into rigor 
at tem peratures greater than 30°C, then shortening would 
still occur w ithout the concom itant toughening which 
would normally occur at tem peratures near 0°C.

In this present paper the effect of allowing stimulated 
and unstim ulated muscles to  go into rigor at a wide range of 
tem peratures (0-42°C ) was investigated.

Authors Bouton, Harris, andShorthose  are affiliated with the C S IR O  
Division o f F o o d  Research, Meat Research Laboratory, P.O. B o x  12, 
Cannon Hill, Queensland, 4 1 7 0  Australia.

MATERIALS & METHODS

Electrical stimulation
Electrical stimulation of the dressed sheep carcasses (all full 

mouth wethers -  at least 4 yr old) was carried out with the carcass 
suspended from the Achilles tendon via an insulated hook. The live 
electrode was inserted in the neck while the earth electrodes were 
inserted in both back legs. Stimulation was carried out for 2 min 
within 20 min of slaughter. The RMS voltage was 800V with a peak 
voltage of 1140V at a frequency of 14.3 Hz. In experiments 2, 3 
and 4 the gracilis muscles were, prior to stimulation, carefully peeled 
back to enable pins to be inserted into the then exposed semimem
branosus (SM) muscles, so that length measurements of that muscle 
could be made before and after removal from the carcass. In experi
ments 5 and 6 the longissimus dorsi (LD) and semimembranosus 
(SM) muscles were removed from one side of each carcass prior to 
stimulation (to serve as unstimulated controls) -  the carcass was 
then stimulated with these muscles missing. Deep butt temperatures 
were measured before and after electrical stimulation using a therm
istor probe (Ebro-therm T181).

Conditioning, aging and cooking
Samples removed at 0.5 or 2 hr post slaughter for conditioning 

at 0, 15, 30, 35, 37, 40 or 42°C, were very loosely wrapped in poly
ethylene bags and totally immersed in either ice slush, at 0°C, or in 
water baths controlled at the selected temperature (±0.5°C). The 
conditioning times were 24 hr at 0 and 15°C. For the other temper
atures the times used were 10 hr at 30 and 35°C, 7 hr at 37°C, and 
6 hr at 40° and 42°C followed by the remainder of the time to 24 
hr at 0°C. These times were selected as being sufficient to complete 
rigor mortis (Locker and Daines, 1975, 1976).

Carcasses used in one experiment were conditioned in chillers 
at 0-l°C or 15-16°C. These carcasses were hung via the pelvis and 
were placed in the chillers approximately 90 min post slaughter and 
after removal of the fat layer over the LD muscles. Temperature 
measurements indicated that the center muscle temperature of the 
LD and deep butt was <1°C in less than 6 hr and 9 hr, respectively, 
in the 0-l°C chiller and, correspondingly, <20°C within 2 hr and 
5 hr in the 15-16°C chiller.

Where muscle samples were aged, they were vacuum sealed in 
gas impermeable bags and stored at 0-1° C for the selected period.

Samples were cooked in polyethylene bags totally immersed in 
water baths, temperature controlled at 80 ± 0.5°C for 60 min. 
Samples weighed between 50 and 80g.

Measurement of pH
The pH of muscles was measured using a probe type combined 

electrode (Phillips C64/1) with a portable pH meter (Watson Victor 
Model 5004). The pH was measured just prior to cooking but mea
surements were also made, when necessary, just before samples 
were placed in the chiller or immediately after removal of the mus
cle from the carcass, in order to determine the effect of electrical 
stimulation.

Experimental design
Experiment 1. Twenty sheep were assigned, 5 per group, to 4 

treatments, i.e. electrical stimulation or no stimulation followed 
by conditioning at 0-l°C or 15-16°C. After slaughtering, dressing 
and stimulation (where required) all the carcasses were hung from 
the pelvis within about 20 min after slaughter. Approximately 90 
min after slaughter (during which time the carcasses were at room 
temperature i.e. 20-25°C) the deep pectoral (DP) muscles were 
removed from each carcass and the carcass was then stored in the 
appropriate chiller. The LD, biceps femoris (BF) and SM muscles
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were removed from the carcasses after 24 hr storage. Each pair of 
LD  muscles provided 6 samples which were assigned, at random, to 
aging at 0-l°C  for 1, 2, 4, 8, 16 or 32 days. Each pair of BF  or SM  
muscles provided 4 samples which were similarly assigned to aging at 
0-l°C  for 1, 2, 4 or 8 days. After completion of each aging period 
the samples were cooked (at 80°C for 60 min), stored overnight at 
0-l°C  then prepared for Warner-Bratzler (WB) shear force measure
ments.

Each pair of DP muscles yielded 4 samples which were assigned 
to conditioning at 0°C and for 24 hr, 15° or 37°C for 7 hr, and 0°C 
for 24 hr plus 7 hr at 37°C (Locker and Daines, 1975, 1976). Each 
sample had pins placed at a known distance apart so that contraction 
along the muscle fiber length, produced by the various conditioning 
treatments, could be measured. These samples were cooked and pre
pared for WB shear force measurements as described previously.

Experiment 2. Twenty sheep were assigned to 2 treatments (10 
per treatment), i.e. electrically stimulated or unstimulated (control). 
The pairs of LD  and SM  muscles were removed immediately after 
stimulation and/or about 30 min after slaughter from each carcass. 
Each LD  muscle was split into 2 across its length and each SM  mus
cle was split lengthwise. The 4 sub-samples from each pair of muscles 
were then assigned to conditioning at 0, 15, 30 or 40°C (42°C for 
the LD  muscle). Pins were placed in the SM  muscles on the carcass 
(after exposing the surface by careful dissection of the gracilis mus
cle which normally overlies it) prior to stimulation and the distances 
between the pins measured with the carcass first in its normal 
(Achilles tendon hung) position and again when hung via the pelvis. 
Distances between the pins were measured after excision and the 
amount of shortening in the control and stimulated muscles deter
mined. Length changes in the SM  muscle due to conditioning were 
measured as described previously. Each LD  muscle sub-sample was 
halved after conditioning and aged for 1 or 7 days at 0-l°C. After 
treatment the samples were cooked and prepared from WB shear 
force measurements as previously.

Experiment 3. This experiment used 20 sheep and was similar 
to Experiment 2 except that the muscles were removed at 2 hr after 
slaughter.

Experiment 4. Eight sheep were electrically stimulated and the 
SM  muscles were removed from one side of each carcass immediately 
after stimulation (as in Experiment 2) and from the other side 2 hr 
afterwards (as in Experiment 3). After removal from the carcass 
each SM  muscle was split lengthwise into 3 sub-samples of approxi
mately equal size which were then assigned to conditioning at 0, 15, 
or 40°C for the times previously used. Length changes during stimu
lation and conditioning were measured as previously described.

Experiment 5. The LD  and SM muscles were removed from one 
side of each of 16 sheep carcasses, within 10-15 min of slaughter, 
before stimulation, while the muscles from the other side were 
removed after stimulation. Each muscle (both control and stimu
lated) was then divided into 4 approximately equal pieces. The 
4 pairs of control and stimulated sub-samples from each muscle (SM 
and LD) from each of 8 animals were assigned at random to condi
tioning in polyethylene bags in a water bath at 39°C for 0, 30, 60 or 
90 min. The zero time was approx. 30 min after slaughter. The 4 
pairs of control and stimulated LD  and SM muscles from each of the 
remaining 8 carcasses were similarly assigned but this time at 35°C 
fo 0, 30, 60 or 120 min. After conditioning for the required time at 
35 or 39°C the samples were transferred to another water bath at 
15°C for 24 hr. After conditioning at 15°C the samples were cooked

and prepared for WB shear force measurements as previously de
scribed.

Experiment 6. One LD and SM muscle was removed from one 
side of each of 8 carcass before stimulation and the remaining LD 
and SM muscles within 5 min of electrical stimulation. Each LD was 
cut into 5 approximately equal sized samples and assigned at ran
dom to conditioning at 15, 30, 35, 40 or 42°C. Each SM muscle 
was divided into 4 approximately equal sized samples and assigned 
at random to 15, 30, 35 or 40°C. A small quantity of oil or water at 
the same temperature as the water bath was added to each sample 
bag to ensure free contraction. After conditioning for the appro
priate time the samples were cooked and prepared, as before, for 
WB shear force measurements.

Shear force measurements
The WB shear force device used has been described previously 

(Bouton et al., 1975). Initial yield force values were measured from 
the WB shear force deformation curves. They were taken as the point 
at which the samples first began to yield. Throughout the test only 
initial yield force values have been quoted or used.

Statistical methods
Analysis of variance was used to determine the treatment effects, 

appropriate standard errors and least significant differences (L SD ’s), 
at the P <  0.05 level, between treatment means.

R E S U L T S  & D IS C U S S IO N

E x p e r im e n t 1

The WB shear force results obtained for the control sam
ples of BF and SM muscles were significantly greater than 
those obtained for the stimulated muscle samples, at up to 4 
days aging for the samples conditioned at 0°C, and up to 2 
days for those conditioned at 15°C (Table 1). At 8 days 
there was no longer a significant effect due to  stimulation. 
The results obtained for the LD muscle samples were simi
lar, although the control samples conditioned at 0°C had 
relatively high values compared to those conditioned at 
1 5°C (Table 2). After 8 days, differences due to  stim ula
tion and conditioning tem perature were small.

In work with ovine muscle (M011er et al., 1983), which 
had been effectively restrained from cold shortening, the 
tenderizing effect of electrical stim ulation was small and 
not significant. O ther work (George et al., 1980) with a 
restrained bovine muscle showed a small, albeit significant, 
decrease in shear force values with electrical stim ulation — 
which became nonsignificant at 14 days aging. Thus differ
ence could be attributed  to  chilling rates which were fairly 
rapid for the former (deep bu tt tem perature reached <1°C  
in 11-12 hr) and relatively slow for the latter (8 hr at 1 6°C 
before storage in still air at 1°C). The data reported in 
Tables 1 and 2 contrasted the effect of stim ulation followed 
by rapid chilling (deep bu tt tem perature <20°C  in 5 hr) on 
the shear properties of stretched (Table 1) and partially 
restrained (Table 2) muscle. The effect of using slow- chilling

T able 1 —WB in itia l y ie ld  fo rce  resu lts  o b ta in e d  fo r  S M  a n d  BF m u scles fro m  m u tto n  carcasses hung from  th e p e lv is  a n d  h e ld  a t  e i th e r  0  o r  15°C  
fo r  2 4  h r  a f te r  e ith e r  n o e lec tr ica l s tim u la tio n  o r  s tim u la tio n . S a m p les w ere c o o k e d  a t  8 0 ° C fo r  1 hr a f te r  aging fo r 1, 2 , 4  o r  8  d a ys  sto ra g e  a t  
0 - 1  °C

Muscle
Muscle

treatment3

Days aged LSDb

1 2 4 8 Aging _ reatment

SM OC 3.90 3.56 2.77 2.24 0.14 0.27
OS 3.32 2.85 2.25 2.00

15C 3.07 2.70 2.16 1.97
15S 2.29 2.39 2.18 1.95

BF OC 3.53 2.95 2.38 2.02 0.04 0.18
OS 3.33 2.41 2.12 1.99

15C 3.30 2.50 2.02 1.89
15S 2.44 2.29 1 .98 2.00

3 C o n d it io n in g  tem peratu re  0 and 15°C . C  —  C on tro l (u n stim u la ted ); S  —  stim ulated. 
D Least s ign ific an t  d iffe rence  at P < 0 .0 5 .
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w ithout stim ulation was about the same as obtained by 
stim ulation and then fast chilling.

For the DP muscles removed from the carcasses at about 
90 min post slaughter, electrical stim ulation had significant
ly decreased shear force values at 0, 15 and 37°C (Table 3). 
Shear force values were significantly lower at 15° than at 
either 0 or 37°C for both stim ulated and control samples. 
Holding the ‘0°C’ samples for a further 7 hr at 37°C had no 
large tenderizing effect as has been suggested (Locker and 
Daines, 1975, 1976). The extent of contraction with tem 
perature was less at 15°C than at 0° or 37°C. While there 
was no significant difference between the contraction of 
stimulated and control samples at 15°C the former con
tracted considerably less at 0°C and slightly less at 37°C. 
The samples subjected to  further conditioning at 37°C, 
after initially conditioning at 0°C (i.e. 0/37 in Table 3), 
contracted similarly and had similar shear force values to 
those conditioned at 0°C only.

The average pH values obtained for the stimulated LD, 
ST and DP muscles were 6.05, 5.80 and 5.97, respectively, 
at 90 min post slaughter. The equivalent control muscles 
had values of 6.94, 6.50 and 6.74.

E x p e r im e n t  2

The results obtained for the LD muscles conditioned at 
0, 15, 30 and 42°C then aged for 1 or 7 days (from slaugh
ter) at 0 -  1 C are shown in Fig. 1. Compared to  controls, 
stim ulated animals had significantly lower LD shear force 
values for the 1 day aged, and 0°, 15° and 30° conditioned 
samples, but values of the same magnitude for the 42°C 
treatm ent. Aging for 7 days significantly reduced shear 
force values of all the 0°C and 15°C samples and for the 
30 C samples from the control animals only but had no 
effect on values obtained for the samples conditioned at 
42 C. In agreement with earlier results (Experim ent 1 — 
Tables 1 and 2), aging for 7 days reduced the effect of 
stimulation to  nonsignificance for samples conditioned at 
15 or above. Aging did, however, significantly reduce the 
shear force values obtained for the samples conditioned at 
0 C and, in fact, enhanced the effect o f electrical stim ula
tion (Fig. 1).

Stimulation of the SM muscles significantly reduced 
shear force values obtained at 0, 15, 30 and 40°C with

the largest reduction at 0°C, relative to  unstim ulated mus
cles (Fig. 2). The measurem ent o f the contraction in length 
of the raw samples during the conditioning treatm ents 
showed no significant effect due to  stim ulation for tem 
peratures of 15 C and above but a highly significant reduc
tion in the am ount o f shortening at 0 C. No significant 
difference was found between lengths of SM muscles before 
and after removal from carcasses which had or had not been 
stim ulated (Table 4).

The mean pH values obtained for the stimulated LD and 
SM muscles, measured at about 30 min post slaughter, were 
6.26 and 6.07, respectively. The corresponding control 
samples had pH values of 6.87 and 6.78 at this time.

E x p e r im e n t  3

An attem pt was made to simulate conditions which 
could pertain to  muscles removed in a commercial-type hot 
boning operation; i.e. the muscles were removed at about 2

0  15 3 0  42

CONDITIONING TEMP (°C )
Fig. 1—E ffe c t o f  aging fo r  1 o r  7  d a y s  a t  0  -  10° C a n d  e lec tr ica l  
s tim u la tio n  on  th e W B sh ear fo rce  p ro p e r tie s  o f  o v in e  L D  m u scle  
r e m o v e d  im m e d ia te ly  a f te r  s t im u la tio n  a n d  h e ld  a t  0  a n d  1 5 °C  
fo r  2 4  hr, 3 0 °  C  fo r  10 hr a n d  4 2 °  C fo r  6  h r b e fo r e  c o o k in g  a t  
8 0 °  C fo r  1 hr. S ta n d a rd  e rro r  o f  m ean s is 0 .3 1  kg.

T able 2 —WB in itia l y ie ld  fo rce  re su lts  o b ta in e d  fo r  L D  m u sc les fro m  m u tto n  carcasses hu n g  fro m  th e  p e lv is  a n d  h e ld  a t  e i th e r  0  o r  1 5°C  fo r 2 4  
hr a f te r  e ith e r  n o e lec tr ica l s t im u la tio n  o r  s tim u la tio n . S a m p les  w ere c o o k e d  a t  8 0 ° C  fo r 1 h r  a f te r  aging fo r  1, 2 , 4 , 8 ,  16  o r  3 2  d a ys  sto ra g e  a t  
0 - 1 °  C

Days aged LSDb
Muscle _________________________________________________________________  _____ _______________

treatment3 1 2 4 8 16 32 Aging Treatment

OC 7.91 4.60 4.03 2.94 2.16 2.75 0.57 1.22
OS 5.44 3.55 2.42 2.42 2.76 2.93

15C 4.36 3.34 2.88 2.54 2.07 2.20
15S 2.66 3.01 2.25 2.09 3.07 3.57

3 C o n d it io n in g  tem peratu re s 0 and  15°C . C  —  C o n tro l (un stim u la ted ) S  —  Stim u la ted . 
b Least s ign ifican t d iffe rence  at P < 0 .0 5 .

T able 3 —WB in itia l y ie ld  fo rce  values a n d  len g th  c o n tra c tio n  o b ta in e d  fo r D P m u scles re m o v e d  p re -r igor, from  s tim u la te d  a n d  u n s tim u la te d  
(co n tro l)  m u tto n  carcasses, a n d  h e ld  a t  0 ° C  (2 4  h r), 15 ° C  (24  hr), 3 7 ° C (7  hr) a n d  0  C (2 4  hr) + 3 7  C  (7  hr). S a m p les  w ere c o o k e d  a t  8 0  C 
fo r  1 hr

Parameter
measured Treatment3

Conditioning temperature (°C) LSDb

0 15 37 0/37 Temp. Stim.

WB initial yield C 12.78 6.74 8.67 10.99 1.25 0.88
force (kg) S 6.12 4.18 5.75 4.24

% Raw contraction c 31.9 10.3 25.6 30.0 .3.6 2.5
s 11.3 8.8 20.6 8.1

3 C  —  C o n tro l (u n s t im u la te d ); S  —  Stim u la ted . 
° Least s ign ifican t d ifference at P < 0 .0 5 .
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hr post slaughter. The results obtained for the LD (Fig.
3) and SM (Fig. 4) muscles when this treatm ent was used 
contrasted m arkedly w ith the results obtained for the LD 
(Fig. 1) and SM (Fig. 2) when muscles were removed (Exp.
2) soon after dressing and stim ulation. The stim ulated LD 
muscles conditioned at 15 C had higher shear values (albeit 
not significantly so for the fresh samples) than obtained 
for the unstim ulated controls (Fig. 3). The difference was 
significant in the LD muscle sampled after 7 days aging. 
S tim ulation significantly reduced shear force values for 
bo th  SM and LD muscles conditioned at 0 C (Fig. 3 and 4) 
bu t was clearly ineffective for samples conditioned at the 
higher tem peratures. The length contraction (%) values for 
the SM appeared to  show that stim ulation had reduced 
contraction during conditioning at 0, 30 and 40 C. Length 
measurem ents showed, however, that SM muscles excised 
from the carcass 2 hr after stim ulation were significantly

Fig. 2 —E ffe c t o f  e le c tr ica l s tim u la tio n  o n  th e  WB sh ear fo rce  a n d  
len g th  (ra n ) c o n tra c tio n  o f  ov in e  SM  m u sc le  r e m o v e d  Im m ed ia te ly  
a f te r  s tim u la tio n  a n d  h e ld  a t  0 °  a n d  15° C  fo r  2 4  hr, 3 0 °  C  fo r  10  
h r  a n d  4 0 °  C  fo r  6  h r  b e fo re  c o o k in g  a t  8 0 °  C fo r  1 hr. S ta n d a rd  
e rro r  o f  m ea n s is 0 .4 5  k g  fo r  WB shears a n d  2 .1  fo r  % len g th  c o n 
tra c tio n .

CONDITIONING TEMP (°C )
Fig. 3 —E ffe c t o f  aging a t  0  - 1° C  fo r  1 o r  7  d a y s  a n d  e lec tr ica l 
s tim u la tio n  on  the WB sh ear fo rce  p r o p e r tie s  o f  o v in e  L D  m u scle  
r e m o v e d  2  h r  a f te r  s la u g h ter a n d  h e ld  a t  0  a n d  15° C fo r  2 4  hr, 
3 0 °  C  fo r  10  h r a n d  4 2 °  C  fo r  6  h r b e fo re  c o o k in g  a t  8 0 °  C  fo r  1 hr. 
S ta n d a rd  e r ro r  o f  m ea n s is 0 .3 1  kg.

(P <  0.001) shorter than the muscles from  the control ani
mals (Table 4) so tha t the stim ulated muscles had shortened 
on the carcass prior to  removal.

The average pH values obtained for the stim ulated SM, 
LD and BF muscles measured at about 2 hr post slaughter 
were 5.73, 5.72, and 5.75 compared w ith the controls 
6.52, 6.64, and 6.77, respectively, at the same time.

Experiment 4
The excised lengths of SM muscles removed im m ediately 

after stim ulation (Treatm ent A) were com pared w ith  those 
removed 2 hr later (Treatm ent B). The results (Table 5) 
showed that the muscles removed at 2 hr (B) were appre
ciably and significantly shorter than those removed earlier 
from  the carcass (A).

The shear force values obtained for the samples condi
tioned at 1 5 C were significantly higher for those muscles 
removed at 2 hr from the carcass. There was no significant 
difference, attributable to  the tim e when the muscles were 
removed, for the samples conditioned at 0 or 40 C. The 
contraction of the raw samples during conditioning was 
markedly greater for those removed im m ediately. Initial 
pH values were well below 6.0 for bo th  treatm ents although 
the  samples from the B treatm ent had significantly lower 
values.

Experiment 5
Control (unstim ulated) and stim ulated LD and SM 

muscles were removed from carcasses w ithin 30 min of

T able 4 —L en g th  c o n tra c tio n  values o b ta in e d  fo r  sh eep  S M  m u sc les  
e x c is e d  fro m  th e  carcasses e ith e r  b e fo r e  o r  a f te r  e le c tr ica l s t im u la 
tio n  w ith in  e ith e r  3 0  m in  o f  s la u g h ter  (E xp . 2 )  o r  2  h r o f  s la u g h ter  
(E xp . 3 )

Parameter Exp. Treatment
measured No. Control Stimulated LSDb

L L̂AT
2 1.17 0.96 0.15
3 1.08 1.05 0.10

L/Lts
2 0.65 0.58 0.04
3 0.64 0.60 0.05

a L  —  Exc ise d  length ; L^-;-----Len gth  w hen  carcass h u n g  via the
A c h ille s  te n d o n ; L -p s  —  Len gth  w hen  carcass h u n g  via pelvis. 

b Least s ign ifican t d ifference at P < 0 .0 5 .

Fig. 4 —E ffe c t o f  e le c tr ica l s t im u la tio n  o n  th e  W B sh ear fo rc e  a n d  
len g th  (raw) c o n tra c tio n  o f  o v in e  S M  m u sc le  r e m o v e d  2  h r  a f te r  
sla u g h ter a n d  h e ld  a t  0  a n d  1 5 °C  fo r  2 4  hr, 3 0 ° C  fo r  10  h r  a n d  
4 0 °  C fo r  6  h r  b e fo re  c o o k in g  a t  8 0 °  C  fo r  1 hr. S ta n d a rd  e r ro r  o f  
m ea n s is 0 .4 5  kg  fo r  WB sh ear a n d  1 .7  fo r  % len g th  co n tra c tio n .
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slaughter and held at 39° or 35°C before they were trans
ferred to  15 C. For the control LD muscles shear force 
values were not significantly affected by prior holding time 
at 39 C (Fig. 5). The shear force values obtained for the 
stimulated LD muscle samples, however, increased with 
holding tim e at 39°C. The SM muscles behaved a little 
differently since the shear force values obtained for the 
control muscles declined with tim e while the values ob
tained for the stimulated muscles increased with time at 
39°C.

The differences between ultim ate pH and the pH values, 
after removal from the 39 C environm ent, (i.e. ApH), of 
the control SM muscles were significantly less than those 
of the LD muscle at each sampling tim e (Fig. 6). The ApH 
values obtained for the stimulated muscles were very much 
lower than the equivalent values for the control muscles. 
Both stimulated muscles had effectively reached ultim ate 
pH at 60 min postm ortem . The ultim ate pH values obtained 
for the control SM and LD muscles were 5.50 and 5.51, 
respectively, which were significantly (P <  0.01) less than 
corresponding stimulated muscles (both 5.58).

T able  5 —W B in itia l y ie ld  fo rce , ra w  c o n tra c tio n  (%) d u rin g  c o n d i
tio n in g , in itia l p H , len g th  c o n tra c tio n  w hen  th e  S M  m u scles w ere  
e x c is e d  fro m  th e  carcass im m e d ia te ly  a f te r  e le c tr ica l s tim u la tio n  
(A ) an d ' 2  h r a f te r  s t im u la tio n  (B) b e fo re  co n d itio n in g  a t  0 ° C  (2 4  
hr), 1 5°C  (2 4  hr) a n d  4 0 ° C  (6  hr)

Parameter
measured

Treat
ment

Conditioning temp. (°C) 

0 15 40 LSDa

WB initial A 6.62 4.34 9.10 1.44
yield force (kg) B 6.32 5.94 8.86

% Raw A 16.7 15.7 25.0 4.6
contraction B 6.7 5.5 4.9

Initial pH A 5.88 — — 0.04
B 5.75 - -

L/LATb A 1.16 - — 0.13
B 0.99 - -

l/ ltsc A 0.64 - - 0.06
B 0.56 - -

a Least s ign ifican t d iffe rence  at P < 0 .0 5 .
“ L  —  Exc ised  length; ---- Len gth  w hen  carcass h u n g  via A ch ille s

tendon.
c L y s  —  Len gth  w hen  carcass h u n g  via pelvis.

The shear force results for the stimulated and control 
LD and SM muscles held at 35 C are similar to  those ob
tained for the muscles held at 39°C (Fig. 7). At this 35°C 
holding tem perature the shear force values obtained for the 
control muscle samples decreased w ith sample holding tim e 
while shear force values obtained for the stim ulated samples 
increased. The ApH values (Fig. 8) obtained for the SM 
muscles were again lower than those obtained for the LD 
muscles (see ApH values in Fig. 6) for bo th  the control and 
stim ulated samples. The ultim ate pH values obtained for 
the control SM (5.48) and LD (5.50) were significantly 
(P <  0.01) less than the corresponding stimulated muscles 
(5.53 and 5.55 respectively).

Measurements of length changes for bo th  the samples 
held at 39 and 35 C were more variable than in earlier 
experim ents due to  the small sample sizes. At 39 C, how
ever, the stimulated samples contracted significantly 
(P <  0.05) more during conditioning than the controls 
(16.8% vs 9.6%) and the contraction of the stimulated 
samples was significantly (P <  0.05) greater between 0 and

Fig. 6 —A p H  (in itia l-u ltim a te  p H ) values o b ta in e d  fo r s t im u la te d  a n d  
u n s tim u la te d  L D  a n d  SM  m u sc les r e m o v e d  fro m  carcass ju s t  b e fo re  
o r  ju s t  a f te r  s t im u la tio n  a n d  m e a su re d  a f te r  h o ld in g  a t  3 9 °  C  fo r  0 , 
3 0 , 6 0  o r  9 0  m in . S ta n d a rd  e r ro r  o f  m ea n s is 0 .0 3  fo r  th e  L D  a n d  
0 .0 4  fo r  th e  S M  m uscles.

LD

cna
10-

UJ
(_>
oc
o

e

tr
<
LU
X
u~.
œ
$

6-

L.

10-

SM

«----«CONTROL
»---- »STIMULATED

2 ! I____________ I_____________I_____________I  2 l— I------------------1--------------------- .-------------------
0  3 0  6 0  9 0  0  3 0  6 0  9 0

HOLDING TIME (MIN)

LD SM

«---- »CONTROL
-------STIMULATED

3 0  6 0  9 0  120 3 0  6 0  9 0  120

HOLDING TIME (MIN)
Fig. 5 —l/VB shear fo rce  values o b ta in e d  fo r  L D  a n d  S M  m u sc les re 
m o v e d  fro m  sh ee p  carcasses e ith e r  w ith in  a fe w  m in u te s  o f  e le c tr ica l  
s tim u la tio n  o r  ju s t  b e fo re  s tim u la tio n  a n d  h e ld  a t  3 9 °  C fo r  0 , 3 0 , 
6 0  o r  9 0  m in  b e fo re  tran sferrin g  to  1 5 °C  fo r  2 4  h r th en  c o o k in g  a t  
8 0 ° C fo r  1 hr. S ta n d a rd  e r ro r  o f  m ea n s is 0 .4 1  k g  fo r  th e  L D  a n d  
0 .3 2  kg  fo r  th e  S M  m u scles.

Fig. 7 - W B  sh ear fo rce  values o b ta in e d  fo r  s t im u la te d  a n d  u n s tim u 
la te d  L D  a n d  SM  m u sc les re m o v e d  fro m  carcass e ith e r  b e fo re  o r  
so o n  a f te r  s tim u la tio n , h e ld  a t  3 5 °  C fo r  0 , 3 0 , 6 0  o r  1 20  m in  b e 
fo re  h o ld in g  a t  15° C  fo r  2 4  h r th en  c o o k in g  ( fo r  shear) a t  8 0 °  C 
fo r  1 hr. S ta n d a rd  e rro r  o f  m ean s is 0 .3 0  k g  fo r  th e L D  a n d  0 .3 2  
k g  fo r  th e  SM.
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SM

»— «CONTROL 
»-—«STIMULATED

0 30 60 90 To
HOLDING TIME (MIN)

F ig . 8 —A p H  (in it ia l-u lt im a te  p H )  va lu es o b ta in e d  fo r  s t im u la te d  a n d  
u n s t im u la te d  L D  a n d  S M  m u s c le s  r e m o v e d  fro m  ca rca ss , e ith e r  b e 
fo re  o r  s o o n  a f te r  s t im u la t io n , a n d  h e ld  a t  3 5 °  C  f o r  0 , 3 0 ,  6 0  o r  
1 2 0  m in  b e fo r e  h o ld in g  a t  1 5 ° C  fo r  2 4  h r. In it ia l  p H  w as m e a s u re d  
a t  th e  e n d  o f  th e  h o ld in g  p e r io d  a t  3 5 °  C . S ta n d a r d  e r r o r  o f  m e a n s  is 
0 .0 6  f o r  th e  L D  a n d  0 .0 5  f o r  th e  S M  m u sc le s .

SM

15 30 35 40
CONDITIONING TEMPERATURE (°C )

«—«CONTROL 
----STIMULATED

F ig . 9 —W B  sh e a r  fo r c e  va lu es o b ta in e d  f o r  L D  a n d  S M  m u s c le s  re 

m o v e d  e i t h e r  a f te r  s t im u la t io n  o r  b e fo r e  s t im u la t io n  th e n  h e ld  a t  
15, 3 0 ,  3 5 ,  4 0  o r  4 2 ° C  ( L D )  o r  15, 3 0 ,  3 5  o r  4 0 ° C  f o r  th e  S M  
m u s c le . H o ld in g  t im e s  w e re  2 4  h r  f o r  1 5 °  C , 1 0  h r  fo r  3 0  a n d  
3 5 °  C  a n d  6  h r  f o r  4 0  a n d  4 2 °  C . S a m p le s  w e re  c o o k e d  a t  8 0 °  C  
f o r  1 hr. S ta n d a rd  e r r o r  o f  m e a n s  is  0 .3 9  k g  f o r  th e  L D  a n d  0 .5 9  
k g  fo r  th e  S M  m u scle s .

90 min holding times (9.6 -  22.8%). For the 35°C samples 
the stim ulated samples contracted more than the controls 
(12.7% vs 8.7%) bu t the difference was not significant. 
There was an increase in contraction (9.4 vs 14.4%) with 
holding time for the stim ulated samples but the difference 
was not significant.

E x p e r i m e n t  6

The WB shear force results obtained for the control and 
stim ulated LD and SM muscles conditioned at tem peratures 
between 15 and 42°C indicated (Fig. 9) a steep increase 
w ith rigor tem perature in shear force values for both  con
tro l and stim ulated muscles. Muscles going into rigor at 
tem peratures well above 30 C could show a poor reaction 
to  electrical stim ulation.

Average deep bu tt tem peratures o f the sheep before 
stim ulation, 39.4 C, rose to  41.2 C after it. In a few cases 
the increase was considerably greater than 1.8 C. It was 
evident, however, tha t stim ulation significantly (P <  
0.001) increased deep bu tt tem peratures.

CONCLUSIONS
IT HAS BEEN SHOWN (Tables 1 and 2) that electrical 
stim ulation significantly reduced shear force values for 
sheep carcasses subjected to either fast or slow chilling but 
after 4 days aging for the form er and 2 days for the latter 
the effect of stim ulation was no longer significant. These 
results thus indicated that if myofibrillar shortening was 
avoided or minimized by restraint or by conditioning at 
15 C then the effect o f stim ulation was transient. Stimula
tion thus appeared to  produce a decrease in shear force 
values which after a few days aging disappeared. It could, 
therefore, be said to  accelerate aging.

The results obtained for the DP muscles (Table 3) con
trasted the effect o f using different conditioning tem pera
tures viz. 0, 15 and 37 C. Stimulation significantly reduced 
shear values at all 3 tem peratures. The changes in muscle 
fiber length during conditioning indicated that the greatest 
effect of stim ulation occurred at 0°C and that there was 
considerable contraction at 37°C for both  control and stim 
ulated samples. It has been suggested (Locker and Daines, 
1975, 1976) tha t the high shear values obtained for samples 
cold shortened by being held at 0°C for 24 hr could be sub
stantially reduced by holding for a further 7 hr at 37°C. In

Table 3 it can be seen that holding at 37°C significantly 
reduced shear force values but not to  the level obtained 
by conditioning at 15 C.

The results obtained for muscles removed w ithin 30 min 
of slaughter and conditioned at different tem peratures (Fig. 
1 and 2) showed that aging for 7 days at 0 -  1 C virtually 
eliminated the differences due to  stim ulation which existed 
for the unaged samples conditioned at 15 or 30 C but for 
those samples conditioned at 0 C aging accentuated the dif
ference due to  stim ulation. This result indicates that stim u
lation and aging had virtually the same effect for samples 
conditioned at 15 C or higher while at 0 C stim ulation has 
reduced myofibrillar shortening. Support for this suggestion 
came from  the direct measurements of length changes dur
ing conditioning (Table 3) since it was shown tha t, at tem 
peratures of 15 C or more, stim ulated and unstim ulated 
samples contracted by similar am ounts. At tem peratures 
below 15 C where cold shortening could occur stim ulation 
greatly reduced contraction.

When muscles were removed from the carcass about 2 hr 
after stim ulation the shear force and length contraction 
results (Fig. 3 and 4) were m arkedly different from those 
obtained when the muscles were removed very soon after 
stim ulation (Fig. 1 and 2). Delay in removing the muscles 
from the carcass apparently meant that the stimulated 
muscles contracted far less than the controls. It also seemed 
that stim ulation actually increased the shear force values 
obtained for samples conditioned at 15°C. Other results, 
however, (Table 4 and 5) showed tha t the stim ulated mus
cles had already shortened on the carcass prior to  removal.

Stimulated muscle held at relatively high tem peratures 
(35 or 39 C) for more than about 60 min before cooling to  
15 C had higher shear values than similarly treated controls 
(Fig. 7 and 9). It thus appeared that on a carcass, under 
norm al chilling conditions, stimulated muscles could go 
into rigor at tem peratures higher than unstim ulated control 
muscles and, in consequence, undergo greater shortening 
and have higher shear force values. For stressed animals and 
others which can go into rigor at relatively high tem pera
tures shear values could be high.

In the ‘In troduction’ it was pointed out tha t the evi
dence for electrical stim ulation preventing cold shortening 
was equivocal. The evidence put forward in this paper has 
indicated (a) that if chilling rates were fast enough to  p ro
duce cold shortening in unstim ulated samples free to shor
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ten then stim ulation reduced the am ount o f cold shortening 
and (b) tha t, if chilling rates were such tha t stim ulated and 
unstim ulated samples went into rigor at tem peratures above 
15 C, stimulation had little influence on myofibrillar 
shortening and the main effect was to  accelerate aging — 
an effect which disappeared after a few days aging.

Since stimulated samples shortened nearly as m uch as 
unstim ulated samples when bo th  went into rigor at the 
same tem perature (for tem peratures >  15 C) it appeared 
that under normal chilling conditions stimulated muscles 
could go into rigor at higher tem peratures than unstim u
lated controls. The rate at which muscles go into rigor 
could depend on factors other than stim ulation or tem pera
ture such as stress. Muscles from stressed animals after 
stim ulation could go into rigor at tem peratures consider
ably higher than w ithout stim ulation w ith resulting higher 
shear force values and toughness.
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and food technologists working in the marine area. The 
statem ent is true for work with therm al death tim e tubes: 
however, in the “standard” process o f heating 401 x 301 
cans containing 454g of crabmeat to  a tem perature of 
85 C and holding 1 min before cooling results in a process 
tha t is more than adequate since there is significant lethal
ity  in heating and cooling o f the product. Our data suggest 
that F jg f = 31 could be considered for use by the pas
teurized crabmeat industry as the standard process, irre
spective of can size or container type.
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Table 1—Heating and cooling parameters for the various containers 
o f crabmeat pasteurized to 85° C (185° F) for 1 min

Weight of 
meat (g)

Size of 
containers fh ih fc ic

454.0 pouch3 51.5 1.4 56.7 i. i
454.0 303 x 406 55.5 1.5 75.6 1.4
454.0 401 x 301 62.0 1.5 93.0 1.4

227.0 pouchb 25.5 1.5 27.6 1.0
221.0 307 x 206 42.3 1.5 59.0 1.2

113.5 pouch0 16.7 1.5 24.6 1.0
113.5 211 x 114 24,0 1.6 34.5 1.2

* 1 7 .8  x 1 4 .6  x 4 .5  cm  
b 1 2 .7  x 1 2 .6  x 3 .4  cm  
c 1 2 .7  x 1 1 .4  x 2 .6  cm
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An Enzyme Immunoassay Technique for Detection of
Salmonellae in Meat and Poultry Products

B. EMSWILER-ROSE, W.D. GEHLE, R.W. JOHNSTON, A. OKREND,
A. MORAN, and B. BENNETT

— ---------------------------------  A B S T R A C T ----------------------------------------

A commercially available enzyme immunoassay (ELISA) in which a 
myeloma protein (MOPC 467) is used for detection of Salmonellae 
was compared with two conventional cultural methods for detec
tion of salmonellae in naturally contaminated meat and poultry 
products. Products tested included mechanically deboned poultry, 
chitterlings, poultry carcass rinsings, chicken necks, luncheon loaf 
emulsion, pork sausage and basturma. There was 100% agreement 
between ELISA and cultural methods. The ELISA technique is 
specific and rapid. Identification of Sa/moneWrz-contaminated meat 
and poultry products was accomplished in 2-3 days compared to the
4-6 days required by conventional cultural methods.

IN T R O D U C T IO N

T H E R E  IS a p ressing  need  in t h e  f o o d  in d u s t r y  fo r  an  
a c c e le ra ted  p r o c e d u r e  w h ich  will d e te c t  th e  p re sen c e  o f  
sa lm o n e l lae  in a p ro d u c t .  W hen p re sen t  in  fo o d s  these  
b a c te r ia  o f t e n  a re  su b le th a i ly  in ju re d  a n d  n ear ly  a lw ays  are 
lo w  in n u m b e r  in c o m p a r is o n  w i th  t h e  t o t a l  b a c te r ia l  f lora.  
C o n v e n t io n a l  m e th o d s  o f  analys is  o f  fo o d s  f o r  sa lm one l lae  
involve t h e  use  o f  o n e  o r  m o re  se lective  b r o th s ,  u sua l ly  p r e 
ced ed  b y  n o n se lec t iv e  e n r ic h m e n t ;  selective e n r ic h m e n t  
b r o th s  have to  be  s t re ak e d  o n to  p la te s  o f  d i f fe re n t ia l  m e 
d iu m .  By th e  t im e  th e  p la te s  have b e en  in c u b a te d  an d  
e x a m in e d ,  a n d  p ro v id ed  sa lm one l lae  a re  n o t  fo u n d .  72  hr 
have e lapsed  in t h e  a t t e m p t  to  d ec la re  t h e  sam ple  sa lm o n e l 
la-free. O n  th e  o t h e r  h a n d ,  if  co lon ies  re sem b l in g  sa lm one l lae  
a re  seen on  th e  p la te s ,  t h e  use  o f  se lective  m ed ia  and  
v a r ious  b io ch e m ic a l  a n d  serological  t e s ts  a d d  f ro m  24-72  
a d d i t io n a l  h r  t o  t h e  analysis.  T h e  to t a l  t im e  r e q u i r e d  to  
c o m p le te  analysis  o f  a sa lm one l la -posi t ive  sam ple  d e p e n d s  
o n  w h e th e r  i t  is co n s id e re d  necessa ry  fu l ly  to  s e ro ty p e  a 
s tra in  t h a t  has  b e e n  iso la ted .  O f te n  th e  in d u s t r y  need  is n o t  
so m u c h  ac tu a l ly  t o  iso la te  s tra ins  o f  sa lm o n e l lae  as it is to  
k n o w  w h e th e r  o r  n o t  th e  o rg an ism s  are  p re se n t  in th e  
c u l tu r e d  p r o d u c t .

A n t ig e n - a n t ib o d y  re ac t io n s  o f fe r  a m ea n s  o f  r e c o g n i t io n  
o f  t h e  p re sen c e  o f  sa lm one l lae  in a b r o t h  c u l tu re ;  f lu o re sce n t  
a n t i b o d y  t e s ts  have b e en  in use  fo r  a n u m b e r  o f  yea rs  an d  
m o re  r e c e n t ly  a t t e n t i o n  has tu rn e d  to  e n z y m e  i m m u n o 
assays (E L IS A ,  E IA ).  K rys insk i  a n d  H e im sch  ( 1 9 7 7 )  used 
e n zy m e- lab e led  a n t ib o d ie s  t o  d e te c t  sa lm o n e l lae  o n  m e m 
b ra n e  f i lters.  M in n ich  e t  al. ( 1 9 8 2 )  d ev e lo p ed  an E L IS A  
m e t h o d  w h ic h  used  i m m u n o g lo b u l in  G (IgG )  c o n c e n t r a t e d  
f ro m  c o m m e rc ia l  S a l m o n e l l a  p o ly v a le n t-H  a n t i s e ru m  by  
r e m o v a l  o f  t h e  IgM c o n te n t .  IgM is t h e  p r im a r y  i m m u n o 
g lo b u l in  class e lic ited  by  so m a tic  an tigens .  H o w ev e r ,  t h e y  
r e p o r t e d  t h a t  h igher  t i t e r  an tif lage lla  a n t i b o d y  w o u ld  be  
he lp fu l .  T w o  o t h e r  S a l m o n e l l a  e n z y m e  im m u n o a s sa y  
m e th o d s ,  b o t h  o f  w h ic h  use  c o m m e rc ia l  p o ly v a len t-H  a n t i 
se ru m ,  have r e c e n t ly  b e en  r e p o r t e d  (A le ix o  et al., 19 8 3 ;  
A n d e rso n  a n d  H a r tm a n ,  19 8 3 ) .

A u t h o r s  E m s w i/ e r - R o s e ,  J o h n s t o n ,  O k r e n d ,  M o r a n ,  a n d  B e n n e t t  a re  

a f f i l i a t e d  w i t h  t h e  U S D A ,  F o o d  S a f e t y  &  I n s p e c t io n  S e r v ic e ,  B e / ts -  

v i l le ,  M D  2 0 7 0 5 .  A u t h o r  G e h le  is  a f f i l i a t e d  w i t h  L i t t o n  B io n e t i c s ,  

I n c . ,  L a b o r a t o r y  P r o d u c t s  D iv is i o n ,  C h a r le s t o n ,  S C  2 9 4 0 5 .

R o b iso n  et al. ( 1 9 8 3 )  d e v e lo p ed  a n  E L IS A  p r o c e d u r e  
w h ic h  uses a n t i b o d y  p r o d u c e d  in m ic e  b y  th e  m in e ra l  oil-  
in d u c e d  p l a s m a c y to m a  (M O PC  4 6 7 )  o f  P o t t e r  ( 1 9 7 ) ) .  T h is  
a n t i b o d y  a p p ea rs  to  b ind  to  an  a n t ig e n  t h a t  is un iversal ,  o r  
n ea r ly  so, a m o n g  th e  sa lm one l lae  and  is r e g a rd e d  as a flagel- 
la-re la ted  a n tig en  ( P o t te r ,  1 9 7 1 ;  S m i th  et al. ,  1 9 7 9 ;  S m i th  
a n d  P o t t e r ,  1975) .  T h e  p r o c e d u r e  has  b e en  re f in e d  b y  
M a tt in g ly  and  G eh le  ( 1 9 8 4 )  a n d  is n o w  availab le  as t h e  
S a l m o n e l l a  B io -E n zab ead  Test  Kit ( L i t t o n  B ionet ics ,  Inc . ,  
L a b o r a to r y  P r o d u c t s  Division, C h a r le s to n ,  SC 2 9 4 0 5 ) .

T h e  p re se n t  s tu d y  was u n d e r t a k e n  to  eva lu a te  th is  Kit 
a n d  to  c o m p a re  re su l ts  o b t a in e d  b y  c u l tu ra l  p r o c e d u re s  
used in o u r  l a b o r a to r y  fo r  d e te c t io n  o f  sa lm o n e l lae  m  m e a t  
a n d  p o u l t r y  p r o d u c t s  w i th  th e  E L IS A  resu lts .

M A T E R IA L S  & M E T H O D S

Samples
All samples except the poultry carcass rinsings were divided into 

subsamples of 25g each. A sample of basturma, a fermented meat 
product that was known to be contaminated with salmonellae, was 
obtained from an FS1S field service laboratory; it was divided into 
two subsamples. The other material analyzed was selected without 
knowledge of whether it contained salmonellae. Five separate lots of 
chitterlings were each divided into two subsamples. A raw luncheon 
loaf emulsion containing pork was divided into 12 subsamples. One 
lot of mechanically deboned poultry was divided into 10 sub
samples. One lot of chicken necks (skin included) was divided into 
12 subsamples. Three different brands of fresh pork sausage ob
tained at a retail store were each subdivided into four subsamples. 
Six poultry carcass rinsings in lactose broth (about 80g each) were 
collected at a poultry processing plant. All samples were kept frozen 
until time of analysis.

Cultural methods
Half the subsamples, except for poultry carcass rinsings, were 

placed directly into TT broth, the tetrathionate medium cf Hajna 
and Damon (1956); the rest were nonselectively enriched ir lactose 
broth (Fig. 1). The procedures were those described in the “Micro
biology Laboratory Guidebook” (USDA, 1974), with the fcllowing 
exceptions: (1) 0.2 mL instead of 0.5 mL of the lactose broth pre
enrichment culture was transferred to 10 mL TT broth; (2) TT 
broth was incubated at 42-43°C instead of 35°C; and (3) double- 
modified lysine iron agar (DMLIA) was used in addition to EGS and 
XLD agars as selective differential plating media. DMLIA was pre
pared as described by Rappold and Bclderdijk (1979), with the 
addition of 6.76 g/L sodium thiosulfate and 0.3 g/L ferric ammoni
um citrate (Chiu et al., 1983).

Antigen preparation
Antigens for ELISA were prepared at three different siages of 

the conventional cultural process: (1) lactose broth nonselective 
enrichment; (2) TT broth selective enrichment; and (3) TT broth 
direct enrichment. One-tenth milliliter of each of the enrichment 
broths was transferred to separate tubes containing 10 mL of M 
broth (Difco). M broth was devised by Sperber and Deibel (1 969) to 
enhance flagellar production by bacteria. All M broth cultures were 
incubated at 37°C lor 6 hr before antigen extraction. The bacteria 
were harvested from the M broth cultures by centrifugation at 
1000 x g for 20 min. The cell pellets were resuspended in 2 mL 
phosphate buffered saline (PBS, pH 7.4) and heated for 1 hr (20 
min is sufficient) in a boiling water bath. The heat-treated cell 
suspensions thus obtained were the antigens used in the ELI 8A test 
and were stored at 4°C until needed.
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Sample

Lactose broth 
18-24 hr at 35° C

TT broth
18-24 hr at 43° C
________ L - _

M broth TT broth
6 hr at 37° C 18-24 hr at 43° C

M broth BGS.XLD.DMLIA
6 hr at 37° C 22-24 hr at 35° C

ELISA ELISA

M broth 
6 hr at 37° C

ELISA

BGS.XLD.DMLIA 
22-24 hr at 35° C

TSI and LIAI18-24 hr at 35° C
I
I

"O" and "H" Serology

TSI and LIA 
18-24 hr at 35° C

"O" and "H" Serology

Fig. 1—Protocol used for detection o f Salmonella in naturally con
taminated meat and poultry products by conventional cultural 
techniques and ELISA.

ELISA procedure
The Salmonella Bio-Enzabead Test Kit makes use of the double 

antibody sandwich technique for the ELISA test by means of plastic- 
coated, ferromagnetic beads that have MOPC 467 antibody ad
sorbed to the plastic surface. The tests are performed in 96-well 
plastic flat-bottom micro titration plates. Antigen is added, 
in the wells, to 200 mL of PBS diluent containing 0.05% Tween-20, 
bovine serum and Thimerosal. Antibody-coated beads are placed 
in another 96-well plate. To start the assay, the beads are added to 
the diluted antigen preparations in the sample plate, using a Mag
netic Transfer Device (Litton Bionetics, Inc.). The plates are in
cubated at 37°C for 20 min with gentle agitation after which the 
Magnetic Transfer Device is used to lift the beads and release them 
into another plate where they are washed in 0.05% Tween-20 wash 
solution (300 pL/well). The wash procedure is performed by raising 
and lowering the beads in the wash solution 12 times. The washed 
beads are raised once more with the Magnetic Transfer Device and 
transferred to another plate which contains horseradish peroxidase- 
labeled MOPC 467 antibody conjugate (200 mL per well). The plate 
is incubated at 37°C for 20 min with gentle agitation to permit 
attachment of conjugate to antigen. The beads are then washed as 
before and transferred to a plate containing 200 pL/well of 0.03% 
ABTS(2,2'-Azino-di[3-ethyl-benzthiazoline-sulfonate]) substrate 
dissolved in hydrogen peroxide solution. In the presence of horse
radish peroxidase and hydrogen peroxide, ABTS is oxidized with 
development of an emerald green color. After a 5- or 10-min incuba
tion period (without agitation) at room temperature, the enzyme 
reaction is stopped by addition of 25 pL of 1.25% sodium fluoride 
solution to each well. The beads are removed from the plate with 
the Magnetic Transfer Device, and the test results can be read visual
ly against a white background or quantitated by measuring absor
bance at 405-415 nm on an ELISA microplate reader.

In these experiments we put 25 or 100 mL of antigen preparation 
into the diluent and conducted the test by the Kit procedure 
described above. Positive wells were emerald green in color; negative 
wells were colorless. The intensity of color from negative ( - )  to 
4+ was recorded. Known positive and negative control cultures were 
tested in each 96-well plate.

R E S U L T S  &  D IS C U S S IO N

RESULTS OBTAINED by ELISA agreed 100% w ith the 
lactose bro th /T T  broth  cultural m ethod (Table 1). All 16 
subsamples which were Salmonella-positive by the cultural 
m ethod were also positive by ELISA; there were no false
positive ELISA results. ELISA results were obtained in 
3 days; cultural m ethod results of positive subsamples in 5 
days, negative subsamples in 4 days.

When samples for ELISA testing were taken one step

Table 1-Comparison o f the ELISA with the lactose broth preen- 
richment/TT broth selective enrichment cultural method for Sal
monella detection

Product
Subsample

no.
Cultural method 

Lactose/TT

E L IS A

Lactose/TT/M Lactose/M 
broth broth

MDPa 1 + (B)b 4+c 3+c (4+)d
2 + (B) 3+ 3-M4+)
3 -MB) 3+ -(3+ )
4 -MB) 2+ 1-M4+)
5 -MED 2+ 1-M4+)

Chitter-
lings 6 -MB) 4+ -(2+)

7 — — - ( - )
8 -MB) 4+ M - )
9 — - - ( - )

10 - -
Poultry

carcass
rinsings 11 - - - ( - )

12 — — - ( - )
13 — - - ( - )
14 - - - ( - )
15 — — - ( - )
16 - - - ( - )

Chicken
necks 17 -MB) 4+ ~l->

18 -MB) 4+ -(1+)
19 — — - ( - )
20 -MB) 4+ - ( - )
21 -MB) 4+ -(1+)
22 - - - ( - )

Luncheon
loaf 23 - - - ( - )

24 - - - ( - )
25 — - - ( - )
26 - - - ( - )
27 - - - ( - )
28 - - -< - )

Pork Sau-
sage A 29 -Mb ) 4+ - ( - )

30 -MB) 4+ - ( - )

Pork Sau-
sage B 31 +(C1,C2) 4+ - ( - )

32 +(C2) 4+ - ( - )

Pork Sau-
sage C 33 - - - ( - )

34 - - ( - )

Basturma 35 -ME) 4+ - ( - )

a MDP = Mechanically deboned poultry.
b Letters in parentheses represent 0-Groups of the Salmonella isolates. 
b 25 /iL antigen; 5-min incubation in A BTS. 
d 100 /iL antigen; 10-min incubation in ABTS.

earlier in the culturing procedure from  the lactose broth 
cultures, only 50% (8/16) of the subsamples which were 
positive by the cultural m ethod were also positive by 
ELISA (Table 1). It is estimated that there must be a con
centration of 106 salmonellae/mL of M broth culture in 
order for a sample to  be positive by the ELISA method 
(Robison et al., 1 983), and growth in lactose broth  at 35 C 
overnight followed by a 6-hr incubation at 37 C in M broth 
apparently did not result in sufficient numbers of salmonel- 
lae for ELISA detection. This was not a surprising result for 
nonselective growth in the presence of competing micro
organisms. The ELISA results were obtained in 2 days, but 
only half of the Salmonella-positive subsamples were de
tected; subsamples negative by the cultural m ethod were 
also negative by ELISA.

Table 2 provides a comparison of ELISA results with 
those obtained by the TT broth  direct enrichm ent cultural 
m ethod. There was 100% agreement between the two 
methods. All 14 meat and poultry subsamples which were 
Salmonella-positive by the cultural m ethod were also posi
tive by ELISA. The ELISA results were obtained in 2 days;
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E N Z Y M E  I M M U N O A S S A  Y  F O R  S A L M O N E L L A E

Table 2—Comparison o f the ELISA with the TTbroth direct enrich
ment cultural method for Salmonella detection

Subsample Cultural method E L IS A
Product no. T T  Direct TT/M broth

M D P a 36 + (B )b 4+c
37 +(B) 1 +
38 +(B) 2+
39 + (B) 1 +
40 +(B) 3+

Chitterlings 41 +(B) 4+
42 — -

43 — —

44 — —

45 - -

Chicken necks 46 — —

47 -MB) 2+
48 — —

49 -MB) 4+
50 — —

51 +(B) 2+

Luncheon loaf 52 — —

53 - —

54 — —

55 — —

56 — —

57 - -

Pork sausage A 58 -MB.Cj) 4+
59 +(B) 4+

Pork sausage B 60 +(C2 ) 4+
61 +(C2 ) 4+

Pork sausage C 62 — —

63 - -

Basturma 64 +(E) 4+

a M D P  = m ech an ica lly  deboned  pou ltry .
D Letters in parentheses represent 0 -G ro u p s  o f  the Sa lm on e lla  

isolates.
c 25  M L  an tigen ; 5 -m in  in cu b a tio n  in A B T S .

cultural m ethod results of positive subsamples in 4 days, 
negative subsamples in 3 days. Again, there were no false 
negatives.

The MOPC 467 antibody used in this ELISA m ethod is 
unique in the broad spectrum of Salmonella serotypes it 
reacts w ith; it recognizes a large number of different sero
types. Of 100 strains tested by Robison et al. (1983), 94% 
were detectable with this antibody. No cross-reactivity with 
other enterics, such as Escherichia coll, has yet been found.

Because handling and storage of food products are costly 
to  industry, application of this ELISA technique in labora

tories monitoring food production should prove to be tim e
saving and therefore more economical. Sample analyses 
can be com pleted in 2-3 days com pared to  the 4-6 days 
currently required by cultural methods. Testing is necessary 
to  assure the microbiological safety o f products which 
could be subject to recall or seizure, and this quicker 
m ethod of salmonellae detection would perm it more rapid 
release of finished product and may even encourage in 
creased monitoring of critical control points.
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Effects of Beef Carcass Electrical Stimulation and Hot Boning 
on Muscle Display Color of Polyvinylchloride Packaged Steaks

J. R. CLAUS, D. H. KROPF, M. C. HUNT, C. L. KASTNER, and M. E. DIKEMAN

--------------------------------------- A B S T R A C T -----------------------------------------

Ninety-six beef sides from 48 carcasses were used to determine the 
effects of control (C, chilled 48 hr at 5°C), electrical stimulation 
(ES, 45 min postmortem, 400 volts for 2 min, pulsed), hot boning 
(HB, 2 hr postmortem), and combination (ESHB) treatments on 
muscle color of longissimus (LD) and semimembranosus (SM) 
steaks packaged in polyvinylchloride film. LD from HB was mostly 
visually darker, had less oxymyoglobin, and more metmyoglobin 
than other treatments as was the SM, but SM had fewer differences 
between HB and ESHB. ES and ESHB muscles were visually similar, 
suggesting ES minimized the darkening effect of HB. Regardless of 
treatment, muscle color was acceptable at 0, 1, 3 and 5 days of 
display.

IN T R O D U C T IO N

BESIDES LEANNESS (Jerem iah et al., 1972), the single 
most im portant merchandising characteristic of meat, par
ticularly fresh beef, is meat color (Landrock and Wallace,
1955). If product is rejected because of color, the rem ain
ing sensory attributes may never be experienced.

Muscle visual color is largely due to  relative proportions 
of oxymyoglobin, metmyoglobin, and reduced myoglobin. 
These are affected by packaging, length of display time 
(Pirko and Ayres, 1957; Pierson et al., 1970; Livingston and 
Brown. 1981), and processing. Electrical stim ulation of 
carcasses, imposed early postm ortem , has improved the 
color of beef and lamb muscles (Cross et al., 1979; Riley 
et al., 1980), with some exceptions (Grusby et al., 1976). 
ES carcasses at 24 hr had a brighter colored, firmer lean, 
and did not exhibit “heat ring” at 24 hr as compared to 
conventionally handled calf carcasses (Smith et al., 1977). 
ES on unsplit calf carcasses did not affect muscle color at 
68 -  72 hr postm ortem  (Smith et al., 1979). Hall et al.
(1980) found no differences between muscles from ES 
and non-ES carcasses in muscle color, surface discoloration, 
or overall appearance for ground beef up to  3 days of dis
play. However, at 5 days of display ES round steaks were 
brighter and exhibited less surface discoloration than those 
from non-ES sides. Hall et al. (1980) proposed that the 
grinding and mixing process allowed for more com plete 
oxygenation.

Kastner et al. (1973) and Henrickson et al. (1974) 
investigated the effects o f hot boning (HB) on muscle color 
of beef carcass muscles excised after a 2, 3, 5 or 7 hr post
m ortem  conditioning period at 16C, then stored in cryovac 
bags until 48 hr postm ortem . Muscles excised at 2 and 3 
hr were darker than conventionally processed counterparts.

In order to  improve the success of hot boning, research
ers have combined ES with HB since ES minimizes the un
desirable effects o f early postm ortem  muscle excision and 
chilling on tenderness (Gilbert and Davey, 1976; Seide- 
man et al., 1979). Taylor et al. (1980) studied the effects 
of ES and HB on lean color and pigment content. Neither

Authors Kropf, Hunt, Kastner, and Dikeman are affiliated with the 
Dept, o f Animal Science & industry, Kansas State Univ., Weber 
Hall, Manhattan, KS 66505. Author Claus is with Sugardaie Foods 
Inc., Canton, OH 44711.

lean color nor to ta l pigment of the semimembranosus 
muscle were affected by treatm ent after 5 and 21 days of 
storage. Hot boning coupled with more rapid chilling pro
duced a more even color across large muscles. This benefit 
was diminished when ES was incorporated.

Our objectives were to  determ ine the effects of ES and 
HB, alone and in com bination, on display muscle color of 
polyvinylchloride packaged beef steaks.

M A T E R IA L S  & M E T H O D S

FORTY-EIGHT CROSSBRED STEERS sired by 7/8 Simmental x 
1/8 Hereford or Angus bulls and out of crossbred dams were obtained 
from the R.L. Hruska US Meat Animal Research Center in Clay 
Center, NE. The cattle were about eight months old and averaged 
263 kg when placed on a feeding trial at Kansas State University.

Cattle were fed ad libitum under one of two feeding regimens. 
First, three accelerated groups (ACC) were stepped-up to a finish
ing diet over a 58 day period. The final diet (dry matter basis) 
consisted of 9.6% forage sorghum silage, 84.4% corn, and 6.0% 
protein and mineral supplement. ACC cattle were slaughtered in 
three groups after reaching either 441 kg (139 days, ACC 1), 494 
kg (178 days, ACC2), or 560 kg (242 days, ACC3). Secondly, the 
conventionally (CONV) fed cattle were fed a high roughage diet for 
110 days, followed by a 21 day pre-finishing adjustment phase and 
then finished on the same diet as the ACC groups. These cattle 
were slaughtered after 284 days feeding the same final diet at a 
mean live weight of 596 kg.

Cattle were slaughtered at the Kansas State University meat 
laboratory. Carcasses ranged from a group mean yield grade of 2.2 
to 3.1, a quality grade of Good 21% to Good 95%, and had average 
carcass weights of 262 kg (ACC 1), 309 kg (ACC 2), 351 kg (ACC
3), and 358 kg (CONV).

Animals were stunned and bled. Bleeding time was used as time 
zero for all treatments. Each side was randomly assigned to one of 
four treatments: control (C), electrical stimulation (ES), hot boning 
(HB), or electrical stimulation plus hot boning (ESHB).

The C sides were chilled at 5°C until 48 hr postmortem. ES was 
applied through 6 mm diameter stainless steel probes, one inserted 
in the inside round about 8 cm below the proximal attachment of 
the achilles tendon and the other inserted laterally along the hu
merus. Sides were stimulated 45 min postmortem with 400 to 600 
volts of alternating current (60 hertz and 0.6 amp delivered through 
the carcass) for 2 min with a sequence of 1.6 sec on and 0.8 sec off 
and chilled until 24 hr postmortem at 5°C. The longissimus (LD) 
and semimembranosus (SM) muscles from the HB and ESHB sides 
were excised 2 hr postmortem and stored until 24 hr postmortem 
at 5°C in an oxygen impermeable bag.

After the cold storage period, one steak (2.5 cm) was cut from 
both the LD and SM muscles. The LD steaks were cut from over 
the 2nd to 3rd lumbar vertebral region and the SM steaks were 
obtained from the distal portion of the SM. Steaks were pack
aged in conventional 0.8 mil polyvinylchloride film (PVC) and 
allowed to oxygenate for 2 hr before being displayed continuously 
(24 hr/day) at 2 -  4° C under General Electric Natural fluorescent 
(40 watt, 1076 lux) lighting.

Visual appraisal under the display lighting individually done by 
four member trained panelists and reflectance spectrophotometry 
were used to evaluate muscle color on days 0 (before light exposure), 
1, 3 and 5 of display. Visual scores were estimated to the nearest 
0.5 on a five point scale: 1 = bright red, 2 = dull red, 3 = slightly 
dark red or brown, 4 = dark red or brown, and 5 = very dark red or 
brown. Reflectance at 474, 525, 580, and 630 nm was measured 
using a Bausch and Lomb 600 reflectance spectrophotometer ad
justed to 100% reflectance with a MgC03 block.
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Reflectance values were used to indicate oxymyoglobin (%R630 
nm-%R580 nm), metmyoglobin (%R630 nm/%R525 nrr.) and re
duced myoglobin (%R474 nm/%R525 nm). Additionally, the re
flectance values collected at wavelengths 474 nm and 525 nm were 
converted to K/S values (Francis and Clydesdale, 1975) and the 
ratio K/S 474 nm / K/S 525 nm was calculated to estimate percent 
reduced myoglobin (Snyder, 1965).

R E S U L T S  &  D IS C U S S IO N

Visual color score
HB steaks (Table 1) from  the LD muscles were visually 

darker (P <  0.05) than from all other treatm ents; except 
on day 1 of display, HB steaks were not darker (P >  0.05) 
than C steaks (1.7 vs 1.6). HB SM steaks were also visually 
darker in most comparisons except that HB SM steaks were 
not different (P >  0.05) than ESHB steaks on day 0 and 1, 
or ES steaks on day 5. Our data agree with those of Kastner 
et al. (1973) and Kastner and Russell (1975) who found 
that muscles HB early postm ortem  ( 2 - 6  hr) resulted in 
darker colored muscles than those cold boned at 48 hr. 
Since the HB muscle may have a tendency to  chill faster 
(Axe et al., 1983), this may alow oxidation and conserve 
certain biochemical reducing pathways in the muscle. This 
would help keep muscle in a more reduced state, causing 
darker appearance. The darker appearance of the HB 
steaks also may be due, in part, to  higher pH (Axe et al.,
1983) which results in a higher water-holding capacity 
(Forrest et al., 1975). Greater binding ability of the p ro
teins and/or a greater structural integrity of the muscle cell 
membranes as a result o f the inhibition of proteolytic en
zyme activity may also be involved. With a greater water
holding capacity (i.e. less free water) and a tighter muscle 
structure, light is absorbed more readily by the muscle 
tissues, producing a darker appearance (Forrest et al., 1975) 
and inhibiting oxygen diffusion.

ES LD steaks were brighter (P <  0.05) than C LD steaks 
on day 1 but were not different at the other display times. 
The ES SM steaks were similar to  C steaks in visual color,

regardless of the day of display. Mixed results have been 
reported on the effect of ES on muscle color (Cross et al., 
1979; Smith et al., 1979). Grusby et al. (1976) stimulated 
beef carcasses w ith 320 volts (5 amps) and founc that ES 
did not affect the color of the LD or SM. McKeith et al.
(1980) determ ined that stimulating w ith  550 volts was 
more effective in improving lean color than 150 volt stim u
lation.

Some of the differences in the effects of ES on color 
may be accounted for by the differences in the tim e at 
which muscles were evaluated. It appears tha t more color 
differences are found when color is evaluated soon after 
death.

The ESHB LD steaks were not different (P >  0 .05) 
than C steaks. However, the ESHB SM steaks were darker 
(P <  0.05) than C steaks on days 0 and 1. Evidently, ES 
alleviated the undesirable effects o f HB on the color o f the 
LD but was not as effective in the SM. This might suggest 
the am ount of current reaching the SM, or responsiveness 
to  ES was different from  the LD.

Estimated oxymyoglobin (%R630 nm-%R 580 nm)

Following the same pattern established in the visual 
color score data, the HB LD steaks had lower reflectance 
difference values (indicating less oxym yoglobin) than all 
other treatm ents at all times except for the C steaks on day 
0. The SM steaks were somewhat less responsive. However, 
HB SM steaks were lower in estimated oxym yoglobin (P <  
0.05) than C and ES steaks except on day 0.

ESHB LD steaks had greater difference values (P <  
0.05) indicating more oxym yoglobin (brighter) than HB 
steaks. However, the ESHB SM steaks were not different 
(P >  0.05) than the HB SM steaks. This again suggests 
that ES was less effective on the SM.

Both ES LD and SM steaks were similar (P >  0.05) 
to  counterpart C steaks except on day 0, when ES LD 
steaks had more oxymyoglobin. Tang and Henrickson
(1980) stim ulated carcasses for 30 min at 1 hr postm ortem , 
then excised and froze muscles at 4 hr postm ortem . LD and

Table 1-Effects o f electrical stimulation and hot boning on the visual color score3 and reflectance measurements o f PVC  packaged beef steaks

Day C ES HB
Carcass treatments15 
ESHB C ES HB ESHB

Visual color score
Longissimus Semimembranosus

0 1.4° 1.3C 1,6d 1,4C 1.5C 1.3C 1,8d 1.8d
1 1.6de 1.4C 1.7e 1,5cd 1,6C 1.5C 2.0d 1.8d
2 2.0C 1.8° 2.4d 2.0C 2.0C 2.0C 2.6d 2.2C
5 2.5C 2.3C 2.8d 2.4C 2.5C 2.6cd 2.9d 2.6C

%R630 nm --  %R580 nm

0 24.9cd 27.1e 23.3° 26.2de 25.1cd 25,7d 23.7cd 23.1c
1 23.2d 24.2d 21.1c 24.4d 24.0C 24.0a 21,2C 22 9cd
3 21.5d 22.3d 17.8C 22.0d 22.2e 21,1d 18.2C 19.6cd
5 19.5d 20.0d 15.7C 19.4d 20.0d 19.5d 16.9C 18.7cd

%R630 nm — %R525 nm

0 2.72cd 2.89e 2.65c 2.85de 2.91d 2.93d 2.71c 2.73c
1 2.60d 2.57d 2.26c 2.52d 2.83e 2.69de 2.39c 2.61d
3 2.40d 2.34d 2.19° 2.38d 2.58d 2.42cd 2.28c 2.38c
5 2.15d 2.1 5d 1.93c 2.08d 2.3 7d 2.31cd 2.20° 2.23cd

%R474 nm - %R525 nm

0 1.09d 1,05c 1,08cd 1,06cd 1.05 1.03 1.08 1.05
1 1,02c 1,04cd 1.07d 1.07d 1.00c 1,03cd 1.07d 1.06d
3 1.03 1.05 1.04 1.03 1.03c 1 02c 1.07d 1,04cd
5 1.07 1.05 1.07 1.07 1.0 2C 1,05cd LOT13 1.07d

® V isu a l c o lo r  score: 1 =  b righ t red, 2 = dull red, and  3 =  s ligh t ly  d a rk  red o r b row n.
° C  =  c o n tro l, E S  =  electrical st im u la t ion , H B  = ho t b on ing, and E S H B  = electrical st im u la t ion  p lu s  h o t bon ing. 
cd eM e a ns fo r  the  sam e m usc le  and  row  w ith  the  sam e or no  sup e rsc rip t  letter are n o t d iffe ren t (P  >  0 .05 ).
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SM muscles from ES carcasses had higher oxymyoglobin 
content (measured by electrophoresis) than the nonstimu- 
lated controls. These carcasses were stim ulated for an un
usually long period and this may explain why they observed 
a color difference in the SM. However, Sleper et al. (1983) 
calculated oxymyoglobin from  K/S values and found no 
difference between L samples from  C and ES. They noted 
higher Hunter CIE “L values” indicating more light scatter 
for ES samples.

Some o f the apparent muscle color differences between 
treatm ents may be due to  differences in oxygen penetration 
into the muscle. It has been proposed that ES improves 
tenderness as a result o f some chemical or direct physical 
alteration in the muscle tissue (Gilbert and Davey, 1976; 
Saveli et al., 1979; Dutson et al., 1980; Judge et al., 1980). 
Therefore, the color improvement of ES seen early in dis
play suggests tha t ES may have allowed for more and 
deeper oxygen penetration, possibly due to  a m ore open 
structure. However, w ith additional display tim e, C steaks 
may achieve the same level o f oxygen penetration, thereby 
eliminating the color differences.

E stim a te d  m e tm y o g lo b in  (% R 6 3 0  n m /% R 5 2 5  n m )

HB LD steaks had lower reflectance ratio values (P <  
0.05) indicating more m etmyoglobin th a t all o ther trea t
m ents at all times except C steaks (P >  0.05) on day 0. 
A similar trend (P >  0.05) in m etm yoglobin accum ulation 
was apparent in the SM; however, there were fewer signifi
cant differences.

Metmyoglobin levels were similar between ES and C 
for the SM steaks at all times and for the LD on days 1, 
3 and 5. On day 0, the ES LD steaks had higher reflectance 
ratio values (P < 0 .0 5 )  than the C steaks which suggests the 
ES steaks had less metmyoglobin. Also, since reflectance at 
630 nm is both  a reflectance peak for oxym yoglobin and a 
reflectance valley for metm yoglobin, a higher ratio of 
%R630 nm/% R525 nm could indicate more oxym yoglo
bin, which would support the visual score data.

A greater accum ulation of m etm yoglobion in HB mus
cles may be a result o f lower oxygen diffusion into the 
muscle. Brooks (1938) and George and Stratm ann (1952) 
reported that a lower partial pressure of oxygen favors the 
form ation of metmyoglobin. Consequently, a slightly lower 
am ount o f oxygen in HB muscle may prom ote the autoxi- 
dation of myoglobin to  metmyoglobin.

E stim a te d  r ed u c ed  m y o g lo b in  (% R 4 7 4  n m /% R 5 2 5  n m )

Very few differences were found between treatm ents in 
the %R474 nm/%R525 nm reflectance ratio for both  mus
cles. Although not statistically analyzed, this reflectance 
ratio remained fairly constant w ith display tim e, while 
percentage o f oxym yoglobin and metmyoglobin changed. 
Therefore, the reduced myoglobin content was either 
extrem ely stable across these treatm ents and times, or this 
reflectance ratio is a poor indicator of changes in reduced 
myoglobin.

A d d it io n a l r e f le c ta n c e  m e a su r e m e n ts

Conversion o f reflectance values at 474 nm and 525 nm 
to  K/S values did not improve sensitivity to  changes in re
duced myoglobin compared to the ratio of %R474 nm/ 
%R525 nm (data not given). The second estim ator of oxy
myoglobin (%R580 nm/%R525 nm) did not add any 
insight to  the effects of ES and HB on muscle color as there 
were fewer differences between treatm ents.

S U M M A R Y

HB STEAKS, when compared to  C, ES and ESHB steaks, 
were generally the darkest, had the least oxymyoglobin, 
and developed more metmyoglobin.

Although ES steaks were statistically similar (P >  0.05) 
to  C steaks, they tended to  be brighter. Nevertheless, 
stim ulation was sufficient to  alleviate the undesirable ef
fects o f HB on muscle color.

Regardless o f treatm ent, muscle color was acceptable 
at all display times of this study and would not present any 
practical merchandising problems.
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Sensory Considerations in the Replacement in Dark 
Chocolate of Sucrose by Other Carbohydrate Sweeteners

OLUGBENGA A. OGUNMOYELA and GORDON G. BIRCH

---------------------------------------- A B S T R A C T ----------------------------------------

Texture, taste, aroma and flavor-related profile descriptors in dark 
chocolate samples sweetened with different carbohydrates (sucrose, 
maltose hydrate, B-D-fructose, L-sorbose and sorbitol) were evalu
ated using a sensory profiling technique. Differences in mouthfeel 
characteristics of the chocolates were found to reflect the impor
tance of the hedonic component and the relationship between sapid 
stimulus and physiological response. Most of the sensory differences 
were found to occur in the profiles of the texture and flavor-related 
descriptors reflecting the importance of flavor-taste interactions. 
The results are discussed in terms of the roles of the sweeteners in 
the acceptance of chocolate sensory qualities.

IN T R O D U C T IO N

CHOCOLATE, like most confectionery products, is readily 
digestible and thus provides easily absorbable energy, which 
makes a valuable contribution to  the nutritive com ponents 
of the diet. However, with the convincing body of evidence 
built up by nutritionists in the past two decades, calorie
watching has become almost a compulsion to  the extent 
that many consumers now generally favor nonnutritive 
sweeteners which virtually pass through the gastro-intestinal 
trac t unaffected (Wingard et ah, 1978). Yet, chocolate still 
retains its attraction  primarily because of the desirable 
flavor and the aesthetic pleasure derived from its consum p
tion.

With the growing controversy over sucrose-related health 
problems (Yudkin, 1972), and the increasing uncertainty 
over the safety of artificial sweeteners, many of the so- 
called ‘rare food sugars’ are now finding increasing food 
applications in the chocolate and sugar confectionery indus
try  (Wiggall, 1981) particularly in designed products e.g. 
noncariogenic and diabetic products. Greater awareness is 
therefore being generated of the wider spectrum of bulk 
carbohydrate sweeteners at the disposal o f the m anufacturer.

Much of the evidence relating high sugar consum ption to  
a num ber of physiological conditions appears to  be mere 
speculations supported only by epidemiological findings 
(MacDonald, 1978), but Grenby (1975) has established 
from investigations with experim ental animals, tha t one of 
the associated diseases, dental caries, is closely linked to 
sucrose consum ption. As sucrose is the com m onest food 
carbohydrate, he suggested sucrose replacement by other 
sweeteners as one of the m ethods of com bating dental 
caries, and noted tha t this would inevitably involve refor
mulation of sweet foods and drinks and thus could not 
easily be applied to  all sucrose-containing foods.

The production of greater ranges of chocolate products, 
utilizing different com binations of sweeteners is now be
coming increasingly popular. Owing to the variations in 
sensory and physicochemical attributes o f various sweeten
ers, these products will be expected to  generate variations 
in quality characteristics as well as m anufacturing practices. 
Author Ogunmoyela formerly with the National College o f Food 
Technology, Weybridge, England, is now affiliated with the Crop 
Utilization Division, Cocoa Research Inst, o f Nigeria, P.M.B. 5244, 
ibadan, Nigeria. Author Birch, is with the Dept, o f Food Technol
ogy, Univ. o f Reading, Whiteknights, Reading RG6 2AP, Berks, 
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Indeed, if sucrose consumption should subsequently be
come restricted, other nutritive sweeteners or com binations 
filling this role would be expected to  provide, in addition to  
sweetness, the bulk, solubility, crystallinity and a variety of 
textural attributes for which sucrose has traditionally  been 
employed by the m anufacturer.

The objective of this study therefore was to  assess the 
profile sensory differences in dark chocolates prepared 
using different carbohydrate sweeteners, including sucrose, 
and thus the relationship between physicochemical proper
ties of different carbohydrate sweeteners and the desirable 
sensory qualities in chocolate.

M A T E R IA L S  & M E T H O D S

ALL THE SAMPLES of carbohydrate sweeteners used in the study 
were of analytical grade in order to avoid any unusual taste effects 
in the prepared chocolates due to the presence of impurities. These 
were sucrose (obtained from May & Baker Ltd., Dagenham, England), 
maltose hydrate, B-D-fructose, L-sorbose and sorbitol (obtained 
from Sigma Chemical Co., England). The ‘Bournville’ dark chocolate 
used in this study was obtained from Woolworth Co., Weybridge, 
England.

Preparation and analysis of dark chocolate 
samples for sensory testing

The chocolate samples were prepared with the selected carbohy
drates under the same conditions in order to ensure that differences 
in physicochemical attributes of the samples were not due to varia
tions in manufacturing practices. However, slight variations were 
found necessary in the preparation of chocolates sweetened with 
B-D-fructose as well as sorbitol, due mainly to their hygroscopic 
properties. Samples containing maltose hydrate had lecithin and 
butter oil added at the initial mixing stage in order to obtain a suit
able mix and corresponding adjustment was made in the final 
mixing stage.

Preparation was in small batches, generally as outlined below 
with slight variations, based on the following ingredient composi
tion: sweetener = 50.0%, cocoa liquor = 45.0%, butter oil = 4.0%, 
cocoa butter = 0.5% and soya lecithin = 0.5%. The sugar and molten 
cocoa mass were mixed to a homogeneous mass at 5°C in a Hobart 
mixer. The mixture was then refined using a small three-roll refiner 
and the refined flake, transferred to the Hobart mixer, was mixed 
into a stiff paste at 50°C. Butter oil and cocoa butter were then 
added and the mixing continued for a further two hours at the same 
temperature. Lecithin was finally added and mixed in for a further 
half-hour at 50°C. The resulting chocolate samples were tempered 
and molded into uniform-sized bars about lOg each. Each of these 
was cut into equal halves and wrapped in thin foil for storage at 
12°C prior to presentation.

Final moisture content, total extractable fat, mean fusion point 
(°C) and equilibrium relative humidity (ERH) were determined for 
each of the samples according to Pearson (1976).

Sensory testing/profiling procedure
Ten panelists were selected from a group of 25 on the basis of 

sensitivity to chocolate flavor differences. A profile technique based 
on the modified numerical-descriptive scaling procedure recom
mended by Cartwright and Kelley (1951) was developed for use in 
this work. Sensory profile descriptors and numerical scales outlined 
on questionnaires presented to panelists for the evaluation of the 
test samples were constructed from the glossary compiled by the ten 
panelists at initial trials in which ‘Bournville’ dark chocolate of 
similar appearance as the test samples, but of unknown composi
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tion, was examined. Selection of these descriptors was based primar
ily on clarity of expression, relevance to the desired objectives, and 
lack of repetitiveness and subjectiveness of measurement.

In evaluating the test samples, no special lighting was required. 
The samples were coded in such a way as to be unidentifiable to 
each of the panelists. Panelists were requested to pause for 60 sec 
between samples.

Boiled and cooled tap water was presented to panelists for rinsing 
between samples during taste sessions. By controlling the number 
and size of samples at each sitting, flavor carry-over effects and 
panelist fatigue, which may reduce individual sensitivity to flavor 
differences, were eliminated.

Details of procedures to be adopted by the panelists for the 
assessment of each descriptor were discussed and agreed upon at the 
initial trials in order to ensure uniformity both in the meaning of 
the terms used and the methods by which they were evaluated, thus 
minimizing within and between panelist variations.

Three final profile sessions were held on each sample and the 
results of these three sessions were averaged arithmetically to 
establish the final profile data subjected to statistical treatment.

Sweetness was assessed using the numerical scale 0-10 where 0 = 
no sweetness and 10 = extremely sweet. Flavor and aroma characters 
were assessed on a six-point numerical-descriptive scale where 0 = 
not detectable, 1 = just detectable, 2 = moderate, 3 = moderately 
strong, 4 = strong and 5 = very strong. Textural parameters were 
evaluated by category scales of varying magnitudes depending on 
the attribute concerned, each based on the general concensus of 
panelists, (e.g. nine-point numerical-descriptive scale for hardness 
where 1 = extremely soft and 9 = extremely hard, similarly five 
point scale for ‘adhesiveness’ and seven-point scale ‘chewiness’).

‘Melt time’ (sec) was estimated as a mouthfeel characteristic 
related to the moisture and fat contents of the samples, and taken 
as the time for a standard 5-g sample to melt completely into a 
flowing mass when held in the mouth, as determined with a stop
watch.

It was observed that a pleasurable sensory experience resulted 
from chocolate tasting and that the enhanced physiological response

PROFILE PROFILI
DESCRIPTOR DESCRIPTOR

Fig. 1—Texture profile descriptors l-V I are as follows:

(I) SENSO RY HARDNESS: evaluated on a 1-9 category scale. 
Standard error o f difference between two means ISEM = 1.24). (II) 
ADHESIVENESS: evaluated on a 1-5 category scale (SEM = 0.87).
(III) CHEWINESS: evaluated on a 1-7 category scale (SEM = 1.14).
(IV) ENSALIVATIO N: evaluated on a 1-9 scale (SEM = 2.11). (V) 
O RAL VISCOSITY: evaluated on a 1-7 scale (SEM = 2.14). (VI) 
O R AL M E L T  TIME (xIO), evaluated In seconds (SEM = 1.44). 
Means o f 15 judgments are presented. FS = B-D-fructose, SL = sor
bitol, BV  = Bournville, MS = maltose hydrate, SS = sucrose, and SE 
= L -sorbose.

of increased salivary secretion varied from sample to sample. Thus, 
the degree o f‘ensalivation’induced by the test samples when chewed 
in the mouth was evaluated on a nine-point numerical-descriptive 
scale with ‘little or no ensalivation’ and ‘extreme ensalivation’ 
anchoring both ends of the scale.

Experimental design
Because of the limitations imposed by quantities of prepared 

samples available, a Balanced Incomplete Block design (Brownlee, 
1957) was used, thus giving six treatments (samples) in ten blocks 
(panelists) of three units (i.e. three out of six samples were evaluated 
by each panelist), resulting in five replications per sample.

Each panelist, therefore, evaluated three samples at three differ
ent sittings in a balanced, pre-determined order of presentation (e.g. 
abc, bca and cab respectively) thus ensuring that each sample was 
tested exactly the same number of times but no panelist evaluated 
all the samples. The limitation of this design is normally the require
ment of fairly large numbers of panelists for increasing accuracy but 
its greatest advantage is in ensuring that panelist fatigue and flavor 
carry-over effects are eliminated as a result of limited sample size.

The arithmetic averages were analyzed statistically according to 
the analysis of variance technique of Yates (Brownlee, 1957). The 
relative weightings of the flavor descriptors were also subjected to 
multivariate analysis of variance (Morrison, 1967) to assess signifi
cance of variations between panelists and sweeteners.

R E S U L T S  &  D IS C U S S IO N

ON EACH CHOCOLATE SAMPLE, the means of 15 
judgm ents (five panelists x three different orders) and the 
standard error o f difference between the means (SEM) were 
calculated for each descriptor. Means of the six samples 
obtained for each descriptor did not appear to  show wide 
fluctuations in many cases, and sensory profiles were thus 
drawn from these values for a ready comparison of the im 
portant differences between the samples.

The individual profile descriptors for each of the choco
late samples were presented as histograms as shown (Fig. 1 
for texture-related descriptors; Fig. 2 for aroma intensity

PROFILE DESCRIPTOR 
(0-5 SCALE)
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I ■
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Fig. 2—Aroma profile descriptors l- V  are as follows:

(I) O V E R A LL  F LA V O R  /AROM A: evaluated on a 0.5 category 
scale as all other profile characters. Standard error o f difference 
between two means SEM  = 0.99. (II) = COCOA FAT: SEM  = 0.37.
(Ill) = SWEET: SEM  = 0.76. (IV) = CHOCOLATE: SEM  = 1.07.
(V) = BITTER: SEM  = 1.40. Means o f 15 judgments are presented. 
The symbols FS, SL, BV, MS, SS and SE are as outlined in legend to 
Fig. 1.
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notes and Fig. 3 for flavor intensity notes), thus allowing 
adequate comparisons to  be made with respect to the 
profiles of the different samples.

Table 1 also shows the differences between the samples 
due primarily to  the sweeteners. While not much difference 
existed between the samples in the to tal extractable fat, the 
samples differ in final m oisture content, particularly B-D- 
fructose and maltose hydrate. Sorbitol-sweetened chocolate 
had a higher fusion point than the other samples, indicating 
its suitability for the m anufacture of tropically designed 
chocolates. B-D-fructose-sweetened chocolate was found to 
have a higher ERH than the others which probably reflects 
the hygroscopic nature of the sweetener. It is therefore 
inevitable that chocolate m anufacture w ith B-D-fructose 
requires a strict control of tem perature and hum idity in 
order to reduce m oisture uptake.

Texture-related parameters
The use of the profile technique for assessing the relative 

im portance of texture-related descriptors in the alteration 
of perceived stimulus has not h itherto  been investigated. 
Yet it is known that the physical state o f a food may affect 
its taste since tex ture may partially control the rate at 
which sapid stimuli accede to  the taste cells, and when 
added to  foods and beverages, the relative sweetness of dif
ferent sweeteners varies according to differences in their 
textures (Crocker, 1945). From  Fig. 1, chewiness of B-D- 
fructose was significantly different (p <  0.001) from that 
o f other chocolate samples. This is probably attributable 
to  the high hygroscopicity of B-D-fructose.

On the basis of the degree of ensalivation induced by the 
samples, panelists judged the maltose hydrate-sweetened 
sample to cause less ensalivation, although not significantly 
less, than other samples. This is an attribu te that is seldom 
measured but reflects the differences in m outhfeel due to 
the different sweeteners. It is an im portant hedonic com
ponent which indicates the close relationship between sapid 
stimulus and physiological response, the maltose hydrate- 
sweetened chocolate being the least sweet o f all the samples 
considered here. The oral melt time was found to correlate 
well w ith oral viscosity (r = 0.72), molecular weight o f the 
sweeteners (r = 0.64), sweetness (r = 0.66) and sensory 
hardness and degree o f ensalivation (r = 0.58). This indicates 
that it interacted with many chocolate attributes that con
stitu te the hedonic com ponent.

Sweetness
Table 2 lists the mean sweetness values for the sweetened 

chocolate samples. Sweetness of the B-D-fructose, L-sor- 
bose, sorbitol- and sucrose-sweetened samples (b) were of 
similar magnitude and significantly different from the 
maltose hydrate-sweetened chocolate (a) (p <  0.001). The 
low sweetness of the maltose hydrate-sweetened sample 
reflected the low relative sweetness of that carbohydrate. 
The inability o f panelists to  detect sweetness differences

Table 1 —Analytical data on some important physical-chemical 
parameters in sample dark chocolates

Sweetener

Total
extractable 

fat (%)

Final
moisture
content

(%>

Mean
fusion
point
(°C)

ERH
(%)

Sucrose 31.08 0.85 32.5 32
Maltose hydrate 30.57 3.83 30.5 33
B-D-fructose 30.04 6.03 30.3 45
L-sorbose 30.32 1.21 32.6 34
Sorbitol 28.73 1.05 39.5 35
Bournville 28.08 0.54 31.7 33

between B-D-fructose, sucrose, L-sorbose and sorbitol may 
be due to  the high sweetness masking in dark chocolates. It 
is thus possible that in a milder flavored system like milk 
chocolate, the sweetener differences may become very 
apparent.

Although B-D-fructose is the sweetest sugar know n, the 
sweetness intensity of its chocolate sample was found to  be 
lower than those of sorbitol, L-sorbose and sucrose. Al
though the difference was not statistically significant, the 
depression of sweetness intensity of B-D-fructose reflected 
the basis difference between the sweetness o f the sapid 
com pounds in water and in food products. This is consis
ten t with the observation of Mackey and Valassi (1956) 
that threshold values of sapid com pounds in water were 
lower than in foods and th a t tex ture appeared to  affect the 
ease of discernment of added sweet, sour or salty sub
stances. If synergism or suppression effects are o f signifi
cance in foods, as in aqueous sugar m ixtures (Bartoshuk, 
1975), due to  the interaction of food com ponents, then the 
sweetness effects observed, e.g. apparent enhancem ent of 
sorbitol sweetness and suppression of fructose sweetness, 
relative to  sucrose, are probably attributable to  these ef
fects. Thus estimations of sweetness effects of different 
carbohydrate sweeteners, based on the relative sweetness 
of the sweeteners alone or o f those sweetener m ixtures in 
aqueous systems, would undoubtedly be inappropriate for 
prediction of sweetness in chocolate and confectionery.

Sweetness intensity ratings were found to  correlate very 
highly w ith the degree of ensalivation (r = 0.96). This con
firms tha t salivary secretion, which is physiologically 
controlled, is an im portant indicator o f a pleasurable ex
perience during gustation.

Flavor-related parameters

According to Solms (1969), sugars round and blend 
flavor com ponents and provide m outhfeel effects. A lthough, 
these are secondary effects (Wasson, 1969) sugars often 
cause pronounced flavor effects in some confectionery 
products. However, Fig. 2 shows tha t there were no signifi
cant differences in the odor com ponents or arom a profile 
descriptors o f the different chocolate samples which were 
ascribable to  the sugars. Maltose hydrate-sweetened choco
late had a higher rating than other samples in the ‘b itte r’ 
note of its odor com ponent. This probably reflects the o u t
standing sensitivity of the b itter quality due to  flavor-taste 
interaction, since maltose hydrate was the least sweet o f the 
sweeteners under consideration. Significant differences 
were found between the samples in term s of the overall 
am plitude rating which also exemplify the im portance of 
flavor-taste interaction. Maltose hydrate sweetened choco
late was significantly different from o ther samples (p <  
0.001) while sorbitol was less significantly different (p <  
0.005).

Fig. 3 shows the differences among the flavor profile 
descriptors o f the chocolate samples. Differences among the 
samples due to  the different carbohydrate sweeteners were 
mostly evident in the taste com ponent o f the flavor. The

Table 2—Mean sweetness intensities o f sweetened dark chocolate 
samples. Means o f 15 judgments are presented (Standard Error o f 
difference between two means = 2.00)

Mean sweetness intensity 
Sweetener (0-10 scale)

Maltose hydrate 1.62 (a)

6-D-fructose 4.69
L-Sorbose 4.80 (b)Sorbitol 4.82
Sucrose 4.96
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PROFILE DESCRIPTOR Table 3-F-statistics for significant differences between panelists 
and sweeteners

Source of variation df F-Statistic

Between panelists 54,56 3.74***

Between sweeteners
(eliminating panelists) 30,42 2.59***

Table 4—Relative weightings o f profile parameters for unidimen-
sional variations between panelists and sweeteners

Flavor profile 
parameter

Relative weightings

Differences between 
panelists

Differences between 
sweeteners

Chocolate 2.281 1.631
Sweet 0.315 0.854
Fat 0.892 0.622
Bitter-sweet -0.870 -0.896
Bitter 0.881 0.149
Roast 1.228 0.617

Fig. 3—Flavor profile descriptors l-V II were all evaluated on a 16- 
point) category scale and are described below:

(I) O V E R A LL  FLAVO R/ARO M A: standard error o f difference 
between two means (SEM) = 0.99. (II) SWEET: SEM  = 1.12. (Ill) 
BITTER: SEM  = 1.75. (IV) COCOA FAT: SEM  = 1.69. (V) BIT
TER-SWEET: SEM  = 1.20. (VI) CHOCOLATE: SEM  = 0.98. (VII) 
COCOA ROAST: SEM  = 0.94. Means o f 15 judgment are presented. 
The symbols FS, SL, B V, MS, SS and SE are as outlined in legend to 
Fig. 1.

individual panelists. Thus ‘chocolate’ accounted for most of 
the observed variations bo th  between panelists and between 
sweeteners, apparently confirming the complicating effects 
of sugars on this flavor note.

The ‘sweet’ com ponent of the flavor gave a high correla
tion with the overall am plitude rating (r = 0.96) and reflects 
the im portance of the taste com ponent in the overall 
acceptability of the flavor o f chocolate. Both the ‘b itte r’ 
and ‘bitter-sweet’ com ponents also gave some correlation 
with the ‘fa t’ com ponent (r = 0.88 and R = 0.69 respec
tively) thus confirming that fats exert considerable indirect 
taste effects due to their lipophilic properties (Forss, 1969) 
which is evident here primarily because of the high sensitiv
ity and lingering nature of bitterness.

sweet and bitter com ponents of the flavor were significantly 
different (p <  0.001) for the maltose-hydrate sweetened 
chocolate, compared with other samples, reflecting the 
same trend of sweetness scores observed in Table 3. This 
explains why it is generally believed that the combined 
sensations of taste and odor lead to  flavor (Moncrieff,
1967), although the perceived flavor may be modified by 
m outh  effects causing changes in the order o f appearance 
of the character notes as well as a m odification of the after
taste of flavor (Wasson, 1969). This significance of the 
sweeteners in the observed flavor is well illustrated in Fig.
3. Notably prom inent (p <  0.001) differences were found 
in the taste-related descriptors, namely ‘sweet’, ‘b itte r
sweet’ and ‘b itte r’, illustrating the differences in relative 
sweetness of the sugars.

When the six flavor descriptors evaluated were subjected 
to  multivariate analysis using the m ethod of Morrison
(1967) to  assess the significance of differences between 
panelists and sweeteners and the relative contribution of 
each flavor note or com bination of flavor notes to  the 
recognition of such differences, it was found (Table 3) that 
bo th  sets of variations were significant (p <  0.001). Con
sidering the relative weightings of the six descriptors 
accounting for unidim ensional variations between both  
panelists and sweeteners (Table 4), most of the variations 
were found between panelists. It was noted that variations 
in term s of the ‘sweet’ com ponent were higher between the 
sweeteners than between panelists, probably due to the 
synergistic effects of flavor-taste interactions. It appears 
that considerable differences exist in the ways individuals 
react to  the chocolate flavor note, perhaps reflecting the 
variations in m outhfeel characteristics of the samples for

C O N C L U S IO N

THE USEFULNESS of the sensory profiling technique in 
the appraisal of sensory qualities of chocolate products 
cannot be over-emphasized from the foregoing considera
tions. Because of the variations in their physicochemical 
properties, different carbohydrate sweeteners show wide 
variations in their sensory effects in chocolate, especially 
w ith respect to taste and flavor and thus the hedonic 
quality o f the products.

Sorbitol is already used for special chocolate designs, e.g. 
diabetic products, but it is unlikely that such products can 
replace sucrose-sweetened chocolates. However, L-sorbose, 
which compares favorably with sucrose, m ay be a promising 
carbohydrate to  provide the many advantages desired in 
chocolate products such as texture, flavor and sweetness, 
as well as reduction of dental caries, since it is not ferm ented 
by oral bacteria.
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A New Method for Sensory Evaluation of Red Pepper Heat

M. H. GILLETTE, C. E. APPEL, and M. C. LEGO

--------------------------------------- A B S T R A C T -----------------------------------------

A replacement for the Scoville heat test for the sensory determina
tion of pungency in capsicum products has been developed. Ground 
red pepper was steeped in 90°C water for 20 min, filtered and the 
filtrate diluted in 20°C water. Trained panelists compared the heat 
of pepper extracts with a known concentration of a standard, 
synthetic capsaicin, (N-vanillyl-n-nonamide). The reproducible 
results correlated highly with high pressure liquid chromatography.

IN T R O D U C T IO N

THE TERM “ CAPSICUM” refers to the fruit of numerous 
species of the genus capsicum. These fruits vary widely in 
size, shape, flavor and sensory heat, Included in this genus 
are: red pepper (also called cayenne or chillies), paprika, 
and sweet peppers. The food industry is the largest user of 
capsicums, where the spice is used as a coloring and flavor
ing agent in sauces, soups, processed meats, snacks, candies, 
soft drinks and alcoholic beverages (Mathew et al., 1971) 
either in the ground form , or as an oleoresin (concentrated 
extract).

The chemical com pound “ capsaicin” is the primary 
contributor of heat to capsicums. Other com pounds, struc
turally similar to  capsaicin, also contribute to  the heat of 
red pepper. This family of com pounds, including capsaicin, 
is term ed “ capsaicinoids.”

In order to  produce a consistent product, the heat level 
o f capsicums is m onitored by sensory or chemical/instru- 
m ental methods. The most com monly used sensory m ethod 
for determining heat in capsicum products is the Scoville 
Heat Test (Scoville, 1912) which has been adopted, with 
modifications, by the American Spice Trade Association 
(ASTA) Analytical Method 21.0 and by International 
Organization for Standardization (ISO). O ther modifica
tions to  the Scoville Method have been proposed by Govin- 
dajaran et al. (1977), Todd et al. (1977) and Rhyu (1978).

The Scoville Method has been severly criticized (Suzuki 
et al., 1957; Maga, 1975; Govindajaran et al., 1977; Todd 
et al., 1977; Rhyu, 1978) but continues to  be employed as 
the only sensory assessment of capsicum heat. Specific 
problems noted with the Scoville Heat Test are: build up 
of heat, rapid taste fatigue, increased taste threshold, 
ethanol bite in the samples, lack of statistical validity, lack 
of reference standards, extraction tim e (16 hr), poor repro
ducibility, and the error of central tendency. Chemical and 
instrum ental m ethods for monitoring the chemical heat 
in capsicum are being developed with increased frequency 
(Masada et al., 1971; Di Cecco, 1976; Palacio, 1977; Sticher 
et al., 1978; Bajaj, 1980). These values are often  converted 
to  Scoville Heat Units for expression in a sensory, rather 
than chemical, mode.

The purpose of this study was to  develop a sensory 
m ethod for the evaluation of heat in ground red pepper as a 
replacem ent for the Scoville m ethod of pungency deter
m ination, for use in the quality control of red pepper heat,

Authors Gillette, Appel and Lego are with the Corporate Research 
& Development Laboratories, McCormick and Company, Inc., 202 
Wight Ave., Hunt Valley, MD 21031.

and for the accurate evaluation of chem ical/instrum ental 
measurements of red pepper heat.

M A T E R IA L S  & M E T H O D S

Sample preparation
To test the accuracy of the new method, a series of 15 “artifi

cial” red peppers of known heat principle concentration were pre
pared by blending varying levels (0-12.5%) of oleoresin capsicum on 
ground paprika. The 15 samples were tested by high pressure liquid 
chromatography (Hoffman et al., 1983) for homogeneity. A 35-g 
aliquot of each “pepper” sample was removed for further chemical 
and sensory evaluation.

Five grams of each artificial pepper sample were added to 1995g 
“Polar” brand spring water at 20°C, extracted for 20 min at 20°C, 
filtered through “Mr. Coffee” brand filter paper, and diluted ten
fold in spring water at 20°C (20g filtrate in 180g water).

A standard, or “control” sample was prepared using a ground red 
pepper known to have a “slight” amount of heat (20,000 Scoville 
Heat Units); 0.25g of this pepper was added to 99.75g spring water 
at 20°C and extracted, filtered, and diluted as above.

To evaluate the extraction procedure, ground red pepper was ex
tracted with one of the following: (1) spring water at 20°C; (2) 
spring water at 20°C plus 20-2000 mg/L Polysorbate -80 ; (3) 
spring water at 75°C; (4) spring water at 75°C plus 20-200 mg/L 
Polysorbate -80 ; (5) spring water at 75°C plus Polysorbate -80  
and a 20 min 90°C simmer; (6) 95% ethanol.

When the polysorbate -8 0  was used, it was blended directly 
with the red pepper. All aqueous dilutions were prepared as 
described above for the “control” sample. For the ethanol extrac
tion, 0.50g of pepper was placed in a flask with 100 mL of 95% 
ethanol, a condensor attached, and the material was stirred at 
55-60°C for 5 hr. A 50 mL aliquot of the supernatant was trans
ferred to a 100 mL flask and concentrated under vacuum to yield 
0.086g of residue. The residue was diluted to 100 mL with water at 
20°C and, after 20 min, filtered through coffee filter papers. The 
filtrate was diluted 10-fold with spring water at 20°C.

The final calculated concentration of pepper was 250 mg/L, the 
same as for the aqueous extractions. The residue remaining on the 
filter papers was re-extracted with ethanol and water as described 
above and evaluated for remaining sensory heat.

To correlate sensory and instrumental responses, samples from 
60 lots of ground red pepper were selected to represent the normal 
range of Scoville Heat Units found in red pepper. Scoville Heat 
Values for these 60 peppers were determined by ASTA method
21.0. Using the new method, samples (0.25g) of each lot and 0.02g 
Polysorbate —80 were diluted to lOOg with spring water at 75°C 
and simmered at 90°C for 20 min on a Corning Hot Plate Stirrer 
PC-351, with stirring. The extracted pepper was filtered through 
coffee filter papers and lOg of the filtrate diluted to 200g with 
spring water at 20°C. Final concentration of extracted pepper was 
125 mg/L and 10 mg/L Polysorbate -80.

To replace the ground red pepper “control” , N-vanillyl-n-nona
mide (N-[(4-hydroxy-3-methoxyphenyl)methyl] -n-nonamide) was 
selected as a standard reference for the sensory evaluation of red 
pepper heat. A series of solutions containing varying amounts of 
N-vanillyl-n-nonamide was prepared by adding 0.6g of the chemical 
to 20g Polysorbate -80 , blending well and diluting to 1 liter with 
spring water at 20°C. Ten ml of this solution were further diluted 
to 1 liter with spring water at 20° C, and then to concentrations 
ranging from 0.11 mg/L to 1.32 mg/L N-vanillyl-n-nonamide.

Sensory evaluation
For development of the method, a 12 member trained panel, ex

perienced in the method of measurement and in the evaluation of
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pepper heat, was used in all sensory tests. Pepper heat was rated 
on a 15 cm line scale anchored at 0 (no heat), 1.25 cm (threshold 
heat), 5.0 cm (slight heat), 10.0 cm (moderate heat), and 15 cm 
(strong heat). The tests were conducted in a descriptive panel room 
on a round table. Red lights were used to eliminate the possible 
effect of variation in the color of the products. Two samples were 
evaluated per test, the known control and a pepper extract. The 
control, coded “C” was served first followed by an unknown test 
sample identified with a random double letter code. All samples 
were presented as 10 ml portions in plastic medicine cups. Panelists 
evaluated all samples using the following procedure:

1. Cleanse palate before first sample (control) with unsalted 
cracker and 20° C spring water.

2. Take entire 1st sample (control) in mouth, hold for about 5 
sec, swallow slowly.

3. Wait 30 seconds (timed).
4. Rate 1st sample at “slight” on ballot.
5. Cleanse palate with unsalted cracker and 20°C spring water 

for 60 seconds (timed).
6. Rinse with 20°C spring water immediately prior to 2nd 

sample.
7. Take entire 2nd sample (test sample) in mouth, hold for 

about 5 seconds, swallow slowly.
8. Wait 30 seconds (timed).
9. Rate 2nd sample.

10. Panel dismissed if only one sample is to be evaluated. If two 
samples are to be evaluated:

11. Wait 5.0 minutes. Cleanse palate well with water and crackers 
during this time.

12. Repeat steps 1 through 9 for the second set of samples.
Panelists placed a mark on the scale expressing their impression

of the heat in the test sample. Sensory Heat Ratings were obtained 
by measuring the distance in cm from the “0” mark to the pane
list’s rating for each sample. The mean of all panelists ratings for 
each sample represents its sensory heat rating.

For evaluation of the 60 natural peppers, two sets of samples 
were evaluated per session.

An interlaboratory study was conducted using five panels in 
three separate intercompany laboratories. The laboratories each 
evaluated six ground red pepper samples following the new method 
as described above.

Chemical analyses
The capsaicinoids capsaicin (N-[(4-hydroxy-3-methoxyphenyl) 

methyl]-8-methyl-6-nonenamide), nordihydrocapsaicin (N-[(4-hy- 
droxy-3-methoxyphenyl)methyl] -7-methyl-octanamide) and dihy- 
drocapsaicin (N-[(4-hydroxy-3-methoxyphenyl)methyl] -8-methyl- 
nonamide) were extracted from the ground red pepper with 95% 
ethanol, then separated by reverse phase HPLC, identified by their 
absorption at 280 nm and quantitated relative to an external stan
dard (N-vanillyl-n-nonamide) according to the method developed by 
Hoffman et al. (1983). These quantitative measures were combined 
with the individual capsaicinoid sensory values determined by Todd 
et al. (1977) to obtain “Calculated Scoville Heat Units” (Hoffman 
et al., 1983).

Moisture content of the samples was determined on 25g of 
ground red pepper by azeotropic distillation (American Spice Trade 
Association Method #2.0), and by vacuum oven (American Spice 
Trade Association Method #2.1). The values from the two methods 
were averaged and reported as a mean value.

The surface color (L, a, b, AE) of the ground red pepper was 
measured directly on a Hunter Colorimeter model D25M-9. The 
samples were placed in a sample cup having an optically clear glass 
base and the sides protected from light by black tape. This was 
placed on top of the optical sensing device and the measurements 
made and recorded automatically.

Water activity of the samples was determined in duplicate at 
25 ± 0.1°C using a Beckman Sina Hygrometer-Hygroline (Model 
#8-0011). Standard salt calibration samples were run simultaneously.

Particle size distribution (m ) and surface area (m2/cm3) were 
measured using an ATM sonic sifter (Model #L3-P) and screens of 
420m, 297m, 210m, 149m, 105m, and 74m.

Statistical analysis of data
The sensory data were analyzed by ANOVA and Duncan’s 

Multiple Range Test. For the “artificial” red peppers, the sensory 
data and the percent oloeresin capsicum were analyzed by linear and 
curvilinear regression analysis.

For the first 40 of the 60 ground red peppers evaluated, all 
possible single and multiple regression analyses were performed 
using the sensory data as the dependent variable and the analytical 
data including “calculated” Scoville Heat Values (Hoffman et al.,
1983) as independent variables. The data on the remaining 20 red 
pepper samples were used to test the predictive strength of the re
gression equations. The regressions were also calculated on the 
entire set of 60 ground red peppers. Additionally, response surface 
methodology (CompuServe, CS-307, 1978) was performed on 
sensory vs % capsaicinoids and moisture content and on sensory vs 
% capsaicinoids and water activity of the 60 peppers.

For the interlaboratory study, laboratory means and standard 
deviations were calculated, as well as inter-lab means, standard 
deviations and coefficients of variation, for the six ground red 
peppers tested.

R E S U L T S  &  D IS C U S S IO N

THE SENSORY HEAT VALUES of the artificial red 
peppers were highly correlated (r2 = 0.92) with the percent 
oleocapsicum in the “artificial” set of red peppers (Fig. 1).

The r 2 value indicates tha t 92% of the variation in the 
sensory heat values can be explained by the variation in 
oleocapsicum content. The equation relating Sensory Heat 
Value to  Percent Oleocapsicum is: Sensory = 1.16 (% Oleo- 
resin) + 1.10. The relationship between sensory heat value 
and percent oleoresin was linear within the range tested.

P E R C E N T  O LE O RE SIN  CAPSICUM  ON PAPRIKA

Fig. 1—Sensory heat ratings versus concentration o f oleoresin cap
sicum on paprika.

Table 1—Means and standard deviations for sensory heat ratings of 
15 artificiala red peppers

%  O leo cap s icu m S e n s o ry  h e a t  ra t ing 95%* 99% **

12.5 1 4 .2  ± 0 .8 a a
1 1 .5 13 .0  ± 1.5 ab a be
10 .4 13 .4  ± 0 .7 a b ab

9 .4 11 .6  ± 2 .0 cde b ed e
8 .2 10 .9  + 2 .2 de f cde
7.1 9 .9  + 2 .3 fg de
6 .9 12 .0  ± 1.7 bed a b e
5 .8 10 .4  + 1.7 defg de
4 .6 7 .0  ± 1 .4 h e
3 .6 5 .5  + 2 .6 i ef
2 .6 4 .2  ± 2 .5 i t
1.2 1.3 + 1.7 j g
1.0 0 .5  ± 0 .9 j g
0 .4 1.5 ± 1 .8 i g
0 0 .8  ± 0 .9 j g

a A rtif ic ia l Red Pepper = Paprika plated w ith varying levels of oleo
resin capsicum .

* Means fo llow ed by the sam e letter are not s ign ificantly  d ifferent at 
the 95%  level of confidence.

* *  Means fo llow ed by the sam e letter are not slgn ifcantly  different 
at the 99%  level of confidence.
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S E N S O R Y  E V A L U A T I O N  O F  R E D  P E P P E R  . . .

There was no significant difference among panelists; 
therefore, the panelists were reacting in a similar manner to  
each sample. Perhaps this particular group was behaving in a 
cohesive manner due to  the training, experience, and/or the 
presence of a reference sample.

There were significant differences in the sensory heat 
ratings among the 15 samples of artificial red pepper (Table
1). The 15 samples can be clustered into four groupings: a 
threshold heat group (1.3 <  % oleocapsicum); a weak heat 
group (2 <  % oleocapsicum <  6); a m oderate heat group 
(7 <  % oleocapsicum <  10) and a strong heat group (10 <  
% oleocapsicum <  12). Scoville Heat Units (S.H.U.) cal
culated from the capsaicinoid content of the samples 
(Hoffm an et al., 1983) were: approxim ately 25,000 for the 
“ slight” rating; 50,000 for “m oderate;” and 75,000 for 
“ strong.”

Table 2 summarizes the results of the various solvent and 
extraction  procedures for the heat principles in red pepper. 
The use of 20 ppm polysorbate-80 significantly ( p < 0 .0 5 )  
increased the am ount o f heat extracted from  red pepper in 
w ater at 20°C. A simmering extraction, with or w ithout 
polysorbate-80, provided significantly more sensory heat 
than a 20°C extraction. The melting point of capsaicin has 
been reported to  be about 64 C (Newman, 1953), which

Table 2—Sensory heat ratings for ground red pepper extracted by 
several means

Test # Extraction method5
Sensory 

heat rating

1 20°C Spring Water6 5.0
20°C Spring Water + 20 mg/l 

Polysorbate-80
6.6*

2 20°C Spring Water 7.1
75°C Spring Water 9.1*

3 75°C Spring Water 8.3
90°C Simmering Spring Water 13.4**

4 20°C Spring Water + 20 mg/'l 
Polysorbate-80

7.5

90°C Simmering Spring Water + 
20 mg/l Polysorbate-80

13.3**

5 20°C Spring Water 7.5
Ethanol 7.0

6 20°C Spring Water 5.2
Ethanol 5.0

7 Ethanol extraction of residue from 
ethanol extraction

1.25c

8 Ethanol extraction of residue from 
ethanol extraction

1.0

9 Ethanol extraction of residue from 
aqueous extraction

2.4d

10 Ethanol extraction of residue from 
aqueous extraction

2.2d

11 Aqueous extraction of residue from 
aqueous extraction

2.2d

a G ro u n d  red pepper w as extracted  u sing  the so lvents  and  p ro ce 
du re s described. F o r  the  aq u e ou s  e x tract ion s, 0 .25  g o f pepper w as 
d ilu ted  to  100 g w ith  water, stirred fo r  20 m inutes, filtered  and 
d ilu ted  20 -fo ld  w ith  2 0  C  water. F o r  the ethano l ex traction , 0 .50  
g o f pepper w as extracted  w ith  1 0 0  m l o f 9 5 %  ethano l at 55° - 
60  C fo r  5 hours. 5 0  m l o f th is w as concentrated  to 0 .C 86  g resi
due, d ilu ted  to 1 0 0  ml w ith  w ater at 20°C , and  after 20  m in. 
filtered  and  d ilu ted  2 0  fo ld  w ith  2 0  C  water.

°  Po lar B ra n d  S p r in g  W ater
c S ig n if ic a n t ly  d iffe ren t fro m  p lain  w ater at the  9 5 %  level o f con fi- 

dence.
d S ig n if ic a n t ly  d ifferen t fro m  p lain  water at the 9 9 %  level of c o n f i

dence.
*  S ig n if ic a n t ly  d iffe ren t fro m  other sam ple  in test at the 9 5 %  level 

o f con fid ence .
* *  S ig n if ic a n t.y  d iffe ren t fro m  other sam p le  in test at the 9 9 %  level 

o f con fidence .

may explain why more heat was extracted w ith hot rather 
than w ith room  tem perature water. E thanol did not extract 
any more sensory heat from  red pepper than the hot w ater/ 
polysorbate-80 extraction did. After extracting red pepper 
with simmering 90°C water and 20 mg/L polysorbate-80, 
the filtered residue yielded only threshold sensory heat on 
re-extraction w ith water or ethanol.

Sensory heat ratings for varying concentrations of N- 
vanillyl-n-nonamide are shown in Table 3. A concentration 
of 0.44 mg/L was selected to  represent “ slight” (5 cm), 
0.77 mg/L to  represent “ m oderate” (10 cm), and 1.32 
mg/L to  represent “approaching strong” (13 cm) pepper 
heat on the 15 cm line scale. Since taste thresholds vary 
significantly between people, the threshold level was de
fined by concept rather than by attem pting to  find one 
dilution to  represent a threshold concentration of pepper 
heat for all panelists. Similarly, it was considered desirable 
to  leave room  at the “ strong” end of the scale for an un
usually hot red pepper sample and define “ strong” by 
concept only.

The analytical and sensory data collected on the 60 
ground red peppers are shown in Table 4. Excellent correla
tions were obtained between the sensory data and the 
analytical data gathered on the natural ground red peppers 
(Table 5).

For predictive purposes, the independent variable “% 
capsaicinoids” (Fig. 2) was selected as the most desirable 
indicator of sensory heat, as only one m easurem ent need be 
taken to  predict sensory heat. The predictive strength of 
the regression equation relating sensory heat to  percent 
capsaicinoids was good; the mean average deviation be
tween actual and predicted sensory values was 0.78 cm on 
the 15 cm line scale (Table 6). Thus, the regression equa
tion  “ Sensory Heat = 31.26 (% capsaicinoids) -  0 .21” 
accurately predicts sensory heat via to ta l capsaicinoid 
content of the pepper.

No correlation was found between the laboratory 
determ ined Scoville heat units and the sensory heat ratings 
(r = 0.40,) or between the laboratory determ ined Scoville 
heat units and the % capsaicinoids (r = 0.48,) of the 60 red 
peppers. An excellent correlation was found between the 
sensory data and the calculated S.H.U. Using this correla
tion, the sensory heat rating scale was divided into seven 
classifications of heat levels (Fig. 3). This enables descrip
tion of the pepper with a verbal rather than numerical 
description of the heat level.

The RSM analysis indicated that 89.8% and 89.9%, 
respectively, of the variation in sensory values could be ex-

— Text continued on page 1032

Table 3—Sensory heat ratinge for varying levels o f n-vanillyl-n-nona- 
mide

Mg/L N-Vanillyl-n-nonamide S H R a

0.11 1.0
0.22 1.0
0.22 1.1
0.40 3.6
0.44 4.8
0.50 6.4
0.60 8.1
0.66 8.3
0.77 7.9
0.77 8.9
0.77 10.6
0.88 11.3
0.88 11.0
1.32 13.2

a Sensory Heat Rating; 1.25  = threshold 
ate, 15 .0  = strong. Average rating from

, 5.0  = slight, 10 .0  = moder- 
10 member trained panel.
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Table 4—Analytical and sensory data collected on 60 samples o f ground red pepper

Pepper
sample
code

Surface
areaa

Mean
part
sizeb Moisc a d dw % Nore % Capf % DihyS % Capnh

Calc
Scov' Lj aJ bJ AEj Scovk

Sensory
heat'

C-00-154 0.020 344 5.35 3.70 0.005 0.047 0.017 0.069 10,769 36.5 28.0 21.1 50.63 28,000 1.02
C-00-155 0.021 336 5.31 3.84 0.014 0.177 0.082 0.273 43,001 40.6 26.0 23.7 53.69 40,000 8.48
C-00-175 0.018 356 6.17 4.99 0.027 0.257 0.100 0.384 59,988 39.2 31.2 23.3 55.23 62,000 11.25
C-00-202 0.021 314 6.54 4.99 0.019 0.207 0.079 0.305 47,813 40.4 18.7 22.3 49.79 46,666 10.06
C-00-147 0.018 376 4.03 3.28 0.015 0.181 0.088 0.284 44,704 35.4 23.9 19.8 47.00 75,000 10.13
C-00-172 0.019 360 4.21 3.70 0.006 0.049 0.026 0.081 12,633 38.1 29.3 22.4 53.00 31,000 1.37
C-00-1 79 0.019 344 6.08 4.98 0.030 0.277 0.111 0.418 65,258 40.5 29.5 24.0 55.54 63,500 12.60
C-00-156 0.020 346 4.76 3.52 0.009 0.082 0.056 0.147 23,055 39.6 21.8 22.5 50.45 37,000 3.89
C-00-124 0.017 384 3.77 4.07 0.017 0.155 0.057 0.229 35,713 37.9 31.5 23.0 54.36 50,000 7.33
C-00-122 0.019 367 7.79 5.54 0.016 0.165 0.104 0.285 44,797 37.1 26.0 21.3 50.04 30,000 7.44
C-00-157 0.019 385 5.07 4.34 0.008 0.092 0.046 0.146 22,962 38.4 26.5 21.6 51.33 34,000 2.66
C-00-192 0.021 311 6.81 5.11 0.020 0.240 0.072 0.332 52,092 38.5 21.1 21.4 48.79 50,000 11.35
C-00-120 0.021 344 7.89 5.23 0.012 0.141 0.059 0.212 33,316 33.2 29.2 18.1 47.76 45,000 8.18
C-00-148 0.019 350 4.46 3.51 0.013 0.165 0.083 0.261 41,137 40.1 28.0 23.3 54.11 50,000 6.44
C-00-149 0.017 391 3.97 3.67 0.008 0.084 0.043 0.135 21,191 40.3 27.9 23.4 54.26 40,000 3.03
C-00-150 0.023 325 4.35 3.28 0.016 0.122 0.116 0.254 39,806 41.2 18.6 22.3 50.37 37,000 8.89
C-00-188 0.017 367 6.66 4.19 0.009 0.093 0.035 0.137 21,445 32.8 25.2 18.3 45.21 30,000 4.46
C-00-152 0.017 382 4.88 3.41 0.008 0.118 0.047 0.173 27,309 39.0 29.6 22.6 53.87 44,000 4.43
C-00-159 0.016 406 3.85 3.12 0.009 0.106 0.053 0.168 26,436 40.4 30.0 24.0 55.73 50,000 3.88
C-00-153 0.017 398 4.83 3.48 0.016 0.190 0.096 0.302 47,534 41.9 25.7 24.0 54.70 55,000 8.02
C-00-160 0.021 351 5.68 4.12 0.009 0.077 0.062 0.148 23,216 38.9 20.6 21.4 48.90 50,000 5.66
C-00-158 0.019 356 5.48 4.01 0.005 0.049 0.017 0.071 11,091 36.9 28.3 20.9 50.94 37,000 1.26
C-00-162 0.018 374 4.08 3.17 0.023 0.270 0.152 0.445 70,081 43.3 25.9 25.2 56.32 50,000 11.27
C-00-161 0.018 375 5.96 2.62 0.004 0.086 0.032 0.122 19,370 35.8 27.7 20.1 49.51 50,000 2.19
C-00-164 0.020 347 3.75 2.64 0.006 0.105 0.044 0.155 24,547 37.4 28.3 21.6 51.58 50,000 5.40
C-00-163 0.018 360 5.60 3.76 0.027 0.261 0.102 0.390 60,954 40.9 30.8 24.4 56.69 50,000 10.91
C-00-165 0.021 343 4.75 3.72 0.013 0.170 0.076 0.259 40,815 40.1 26.8 23.1 53.44 60,000 8.64
C-00-166 0.019 351 5.83 4.08 0.004 0.082 0.029 0.115 18,243 35.5 27.2 19.9 48.93 55,000 2.55
C-00-167 0.019 364 4.30 3.23 0.010 0.093 0.054 0.157 24,597 40.0 27.6 23.2 53.81 60,000 4.59
C-00-168 0.021 339 4.62 4.04 0.016 0.190 0.091 0.297 46,729 40.7 24.8 23.4 53.04 50,000 9.47
C-00-186 0.017 373 6.49 4.64 0.015 0.138 0.056 0.209 32,629 32.5 24.5 18.0 44.48 30,000 7.90
C-00-176 0.019 348 5.27 4.35 0.019 0.186 0.075 0.280 43,788 39.8 31.1 23.3 55.59 55,500 9.95
C-00-190 0.026 393 5.83 4.56 0.015 0.166 0.075 0.256 40,196 41.1 25.7 23.6 53.89 37,000 7.20
C-00-187 0.022 300 5.20 4.08 0.020 0.195 0.070 0.285 44,525 39.5 20.9 22.0 49.75 43,000 8.36
C-00-197 0.023 291 6.10 4.69 0.016 0.197 0.082 0.295 46,407 41.0 24.2 23.3 52.95 42,000 9.71
C-00-195 0.023 302 7.50 5.28 0.009 0.075 0.067 0.151 23,699 37.1 19.2 20.2 46.40 39.166 5.96
C-00-199 0.024 283 5.70 4.50 0.012 0.098 0.072 0.182 28,486 38.4 20.8 21.3 48.55 35,000 7.35
C-00-200 0.023 291 6.54 4.95 0.020 0.199 0.074 0.293 45,813 39.2 18.7 21.8 48.58 46,666 9.67
C-00-204 0.020 346 4.78 3.90 0.007 0.095 0.046 0.148 23,352 38.3 25.1 21.7 50.65 45,000 5.19
C-00-206 0.022 322 3.94 3.06 0.018 0.222 0.105 0.345 54,321 42.1 26.1 24.5 55.23 55,000 10.89

C-00-173 0.017 392 3.90 2.98 0.005 0.051 0.027 0.083 13,023 38.8 28.2 22.9 53.13 34,000 2.23
C-00-174 0.019 355 4.77 3.40 0.010 0.123 0.062 0.195 30,715 40.5 25.9 23.4 53.43 18,000 5.55
C-00-169 0.021 338 6.03 4.41 0.008 0.064 0.056 0.128 20,064 39.2 19.4 21.4 48.65 45,000 3.12
C-00-171 0.019 354 4.75 3.48 0.010 0.107 0.061 0.178 27,978 41.4 25.6 23.9 54.20 50,000 5.37
C-00-121 0.018 363 6.02 4.52 0.010 0.119 0.078 0.207 32,647 40.0 23.2 22.0 51.65 26,000 7.35
C-00-123 0.016 402 8.30 5.72 0.029 0.277 0.106 0.412 64,360 39.0 27.2 22.8 52.68 70,000 11.99
C-00-170 0.018 373 3.83 2.84 0.019 0.233 0.102 0.354 55,702 34.4 27.8 19.7 48.39 50,000 10.88
C-00-151 0.015 421 3.82 3.07 0.014 0.176 0.087 0.277 43,645 35.2 28.7 20.1 49.61 50,000 8.45
C-00-1 77 0.016 404 4.64 3.30 0.014 0.144 0.055 0.213 33,341 38.9 21.9 22.3 49.87 34,000 7.79
C-00-178 0.018 368 4.57 3.64 0.014 0.139 0.054 0.207 32,375 36.3 23.4 20.6 47.85 34,000 7.75
C-00-180 0.016 389 5.93 3.86 0.012 0.115 0.045 0.172 26,876 33.9 23.3 18.7 45.16 28,500 5.88
C-00-181 0.017 372 5.22 3.61 0.015 0.143 0.058 0.216 33,756 32.9 24.8 18.4 45.09 29,000 5.25
C-00-182 0.021 328 6.39 4.52 0.013 0.103 0.073 0.189 29,545 38.4 19.16 21.0 47.94 34,166 5.46
C-00-183 0.022 304 5.55 4.20 0.016 0.164 0.072 0.252 39,484 42.4 25.2 24.3 54.90 35,833 8.68
C-00-184 0.020 334 5.88 4,37 0.015 0.167 0.076 0.258 40,518 41.7 24.9 24.0 54.11 37,000 8.42
C-00-185 0.018 364 4.65 3.53 0.015 0.136 0.054 0.205 31,985 37.7 23.4 21.5 49.22 31,000 5.78
C-00-189 0.021 326 5.23 3.69 0.015 0.157 0.074 0.246 38,586 43.0 24.7 24.9 55.47 35,000 6.87
C-00-201 0.024 287 6.57 5.00 0.012 0.101 0.075 0.188 29,452 37.4 19.7 20.6 46.96 35,000 4.19
C-00-220 0.027 268 6.55 4.58 0 0 0 0 0 27.7 21.0 14.1 37.47 0,000 0.59
C-00-203 0.023 314 4.94 3.74 0.016 0.166 0.079 0.261 40,933 37.7 21.5 21.1 48.19 37,000 10.52

M 2/cm 3 determ ined  b y  A T M  son ic  sifter. 
b M ean  Partic le  S ize, m  determ ined  b y  A T M  so n ic  sifter.
c M o istu re , determ ined  b y  A z e o t ro p ic  D ist illa t io n  and  V a c u u m  O ven  ( A S T A  m etho d s  2 .0  and 2 .3). M ean  value o f both  m ethods. 
d D e te rm ined  b y  B eckm an  W ater A c t iv it y  H yg rom e te r H yd ro lin e .
® %  N o rd ih yd ro c a p sa ic in ,  determ ined  b y  H P L C  (H o ffm a n  et a I., 1 9 8 3 )
' %  C apsa ic in , determ ined  b y  H P L C  (H o ffm a n  et a l., 1 9 8 3 )
£ %  D ih y d ro c a p sa ic in ,  determ ined  b y  H P L C  (H o ffm a n  et al., 1 9 8 3 )
,h %  C ap sa ic in o id s, determ ined  by  H P L C  (H o ffm a n  et al., 1 9 8 3 )
! Ca lcu lated  Scov ille , ca lcu lated  using m ethod  described  b y  T o d d  et al. (1 9 7 7 )
■j D e te rm ined  using H u n te r  C o lo r im e te r, M o d e l D 2 5 M -9  
i Scoville , determ ined  u sing A S T A  m ethod  21 : Sco v ille  Heat Test.
1 S e n so ry  Heat, determ ined  u sing  new  sen so ry  m ethod.
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Table 5—Results o f regression analyses on sensory heat vs several analytical measurements o f 40 ground red peppers

Variables r F Equation of line

Sensory vs:
% Capsaicinoids3 and AEb 0.959 212.6** Sensory = 34.18 (% Capsaicoinoids) — 0.216 (a E) + 10.24
% Capsaicinoids and bc 0.954 188.8** Sensory = 34.66 (% Capsaicinoids) — 0.364 (b) + 7.07
% Capsaicinoids and awd 0.946 159.0** Sensory = 30.38 (% Capsaicinoids) + 0.522 (Aw) — 2.12
% Capsaicinoids and Moisturee 0.943 151.1** Sensory = 31.02 (% Capsaicinoids) + 10.272 (Moisture) — 1.61
% Capsaicinoids 0.939 284.1** Sensory = 31.26 (% Capsaicinoids) — 0.214

Calaulated Scoville Heat Units* 0.938 280.5** Sensory = 1.99 (Calculated Scoville) — 0.223
% Capsaicin9 0.921 214.9** Sensory = 45.54 (% Capsaicin) + 0.256
% Nordihydrocapsaicin11 and AE 0.899 78.3** Sensory = 468.32 (% Nordihydrocapsaicin) — 0.149 (AE) + 8.39
Scoville Heat Units1 0.475 11.1** Sensory = 1.45 (SHU) + 0.303

Scoville Heat Units vs:
Calculated Scoville Heat Units 0.476 5.5 Calculated Scoville = 0.683 (SHU) + 4684.67
Sensory 0.475 11.1** Sensory = 1.45 (SHU) + 0.303

3 T o ta l cap sa ic ino id s  as determ ined  by  H P L C  (H o ffm a n  et a I., 1 9 8 3 ).
0 C han ge  in tota l co lo r, determ ined  b y  H u n te r  C o lo r im e te r, M o d e l D 2 5 M -9 .  
d C o lo r  value, H u n te r  C o lo r im e te r, M o d e l D 2 5 M -9 .
d W ater a ctiv ity  de te rm ined  b y  B e ckm an  W ater A c t iv it y  H ygrom eter.
® M o istu re  de te rm ined  b y  A z e o t ro p ic  D ist illa t ion .
1 C a lcu lated  u sin g  m e tho d  described  b y  T o d d  et al. (1 9 7 7 ).
¡? C ap sa ic in  as d eterm ined  b y  H P L C  (H o ffm a n  et al., 1 9 8 3 ).
P N o rd ih y d ro c a p sa ic in  as determ ined  b y  H P L C  (H o ffm a n  et al., 1 9 8 3 ).
1 A S T A  m ethod  21 .0 ; Sco v ille  Heat Test.
* *  S ta t is t ica lly  s ign ifican t at 9 9 %  level o f confidence .

PERCENT CAPSAICINOIDS IN RED PEPPER
Fig. 2—Sensory heat ratings versus concentration o f capsaicinoids in 
60 natural ground red peppers.

CALCULATED SCOVILLE HEAT UNITS 
(000)

Fig. 3—Sensory heat ratings versus calculated Scoville Heat Units for 
60 red peppers. Scoville Heat Units calculated based upon method 
described by Todd et at. (1977).

plained by variation in the percent capsaicinoids and 
m oisture, and percent capsaicinoids and Aw.

The collaborative study dem onstrated the ability o f the 
new m ethod to  accurately duplicate results (Table 7). Re-

Table 6—Predictive value o f percent capsaicinoids as determinant o f 
sensory heat in 20 red peppers

% Capsaicinoids

Predicted 
sensory 

heat rating3

Sensory
heat

rating13 Actual-Predicted

0 -  0.21 0.59 0.80
0.083 2.39 2.23 -  0.16
0.128 3.79 3.12 -  0.67
0.172 5.17 5.88 0.71
0.178 5.36 5.37 0.01
0.188 5.67 4.19 -  1.48
0.189 5.70 5.46 -  0.24
0.195 5.89 5.55 -  0.34
0.205 6.20 5.78 -  0.42
0.207 6.26 7.75 1.49
0.207 6.26 7.35 1.09
0.213 6.45 7.79 1.34
0.216 6.54 5.25 -  1.29
0.246 7.48 6.87 -  0.61
0.252 7.67 8.68 1.01
0.258 7.86 8.42 0.56
0.261 7.95 10.52 2.57
0.277 8.45 8.54 0.09
0.354 10.86 10.88 0.02
0.412 12.67 11.99 -  0.68

M.A.D.C 0.78

a F r o m  linear regression  eq ua tion , S e n so ry  Heat R a t in g  =  3 1 .2 7  (%  
C ap sa ico in o id s)  —  0.21. r =  0.94.

D M ean  o f 10  tra ined  panelists. 1 .25  =  th re sho ld , 5 = slight, 10  =  
m oderate, 15 .0  =  strong.

c M ean  A ve rage  D ev ia tion . A ve rage  o f ab so lu te  va lues o f  d iffe rences 
between pred icted  and  actual sen so ry  values.

suits o f the replicate sample testing w ithin one panel 
dem onstrates the intra-panel accuracy of the m ethod 
(Table 8).

C O N C L U S IO N S

THIS NEW METHOD avoids the problems inherent in the 
Scoville m ethod. Heat build up, taste fatigue and increased 
threshold are accounted for by use of a standardized initial 
sample, as well as timed rinsing between samples. E thanol 
bite is avoided by use of an aqueous extraction. The panel 
data may be manipulated statistically due to  the linearity o f
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Table 7—Results o f  collaborative study on red pepper sensory heat methoda

Sensory heat ratings

Pepper

Lab #1 Lab #2 Lab #3
Inter-
Lab

Inter-
Lab

Inter-
Lab

Panel A Panel B Panel C Panel D Panel E X G a/X
(n = 10) (n = 10) (n = 9) (n = 9-11) (n = 4-5) (n = 5) (n = 5) (n = 5)

1 0.6 ± 0.6 0.6 ± 0.6 0.4 + 0.5 0.5 + 0.8 1.0+ 1.1 0.6 0.23 0.38
2 3.0 ± 1.7 4.0 ± 2.3 4.7 ± 2.3 4.8 ± 1.3 6.1 ± 1.4 4,5 1.1 0.22
3 5.4 ± 2.1 5.1 ± 3.1 3.4 ± 2.0 6.0 ± 2.0 6.5 ± 1.4 5.3 1.2 0.22
4 8.4 ± 2.5 9.4 ± 2.1 8.3 ± 1.7 4.4 ± 1.7 7.5 ± 1.4 7.6 1.9 0.25
5 10.0 ± 1.4 7.8 ± 2.4 10.0 ± 1.7 9.7 + 2.1 11 .0+1 .4 9.7 1.2 0.12
6 12.6 ± 1.7 9.1 ± 1.7 11.3 ± 0.9 11.9 ± 1.7 12.0 + 1.4 11.4 1.4 0.12

a M eans and standard  d ev ia t ion s fo r  6 g ro u n d  red peppers tested in 3  labs b y  5 separate panels. L a b o ra to ry  M eans, S tan d a rd  D e v ia t ion s  and 
C oe ffic ie n ts  o f  V a ria t io n s. C oe ffic ie n t o f  V a r ia t io n  =  o/X ; an a p p ro x im a t io n  o f  m ethod  in te r- lab o ra to ry  p recision.

Table 8—Sensory heat ratings for blind duplicate samples o f red 
peppera

Pepper
Sensory heat rating 

Session 1
Sensory heat rating 

Session 2

A 3.3 2.7
B 3.5 4.6
C 5.7 5.9
D 5.9 5.6
E 6.6 4.8
F 8.5 9.8
G 8.5 8.6
H 8.6 8.8
I 10.7 10.9
J 10.9 10.9

a Each  sam p le  evaluated at 2 d ifferen t session s b y  the sam e panel 
(n = 10). N o  pair o f dup lica te  sam p les is d iffe ren t w hen  ana lyzed  
by a paried t test.

the scale and the num ber of panelists. Reference standards 
are included. Extraction tim e is reduced from 16 hr to  20 
min. Reproducibility o f results has been dem onstrated. The 
error o f central tendency is avoided by not having a “ mid
dle” sample. The new m ethod is more comparable to 
norm al food usage as it is an aqueous rather than ethanol 
extraction.

This m ethod is currently being used for rou tine labora
tory  analysis of red pepper heat. Results have been consis
ten t and continue to  correlate well with HPLC data. The 
m ethod has also been used for sensory evaluation of black 
pepper heat. The American Society for Testing and Materi
als (ASTM, Com m ittee E-18) has conducted a collaborative 
study testing the new m ethod in comparison to  the Scoville 
Method. ASTM E-l 8 is currently preparing to  docum ent it 
as a standardized test m ethod. A m odification of the 
m ethod is also being prepared for oleoresin capsicum.
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A ssessm ent of Freezing Time Prediction Methods

A. C. CLELAND and R. L. EARLE

----------------------------------------- A B S T R A C T -----------------------------------------

A systematic procedure for testing the accuracy of freezing time 
prediction methods is discussed. It involves carrying out freez
ing time predictions by an accurate numerical method as well as the 
method under test, and careful cross-checking of prediction errors 
for correlation with a number of physical parameters. Criteria are 
given for selection of an appropriate numerical method. The need 
for systematic cross-checking is illustrated by comparisons between 
four recent prediction methods. The comparisons show the strengths 
and weaknesses of the four methods. They also indicate general 
shortcomings in available methods and data, and so highlight those 
areas in which future research might be most profitable.

IN T R O D U C T IO N

TO PRESENT a com plete bibliography of work published 
on m ethods for freezing tim e prediction would be a major 
task, w ith hundreds of references to be cited. In spite of 
this considerable am ount o f research there is still no defini
tive prediction m ethod that can be used with confidence by 
food engineers. Worse, the literature often presents a situ
ation of conflict, w ith prediction m ethods perform ing well 
in some circumstances but not in others.

One of the surprising aspects of the food freezing litera
ture is the paucity of systematically collected experimental 
data. The present authors have published extensive blocks 
of data for “Tylose,” (a 23% m ethylcellulose, 77% water 
gel often  used as an analogue in food freezing experiments), 
plus limited data for meat and potato  (Cleland and Earle, 
1977a; 1979a, b). O ther major contributions to  the pool of 
data have been those of Linge (1973) whose data are for 
meat and Tylose; de Michelis and Calvelo (1983) whose 
data are for m eat; Hung and Thompson (1983) whose data 
are for Tylose, meat, po ta to  and fish; and Purwadaria and 
Heldman (1982) who conducted experiments for meat in 
anomalous shapes. In all these cases the full set of condi
tions used in the experiments are listed. In other cases 
where experim ental data have been published, full details 
have generally not been given. The only sure way to  evalu
ate prediction m ethods is by comparison with sufficiently 
precise experim ental data. Any definitive freezing tim e pre
diction m ethod must be able to  stand up to  the data, sub
ject o f course to  the necessary tolerances allowed for im
precise therm al properties and experim ental error.

Freezing tim e calculation m ethods are often classed into 
two groups — numerical m ethods (finite differences and 
finite elements), and simple formulae. Within the latter 
group there are m ethods based on adaptation of analytically 
derived formulae, and those derived by curve fitting experi
mental data. Wherever any freezing tim e prediction method 
is used some imprecision will be inevitable. This imprecision 
may arise from one of three sources: (a) uncertainty in 
therm al data for the material being frozen (k, p and c);
(b) imprecise knowledge of the freezing conditions, particu
larly the surface heat transfer coefficient h; and (c) inac
curacy arising from assumptions or approxim ations made in

Authors Cleland and Earle are affiliated with the Dept, o f Biotech
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the derivation of the prediction m ethod. A com mon ap
proach is to assume that the best freezing tim e prediction 
formula will be the one in which error arising from  category
(c) is least. This is perhaps too simplistic an approach. Food 
therm al properties vary substantially as the ice fraction of 
the food changes. Most o f the ice is form ed across a rela
tively narrow tem perature band below Tf. For most foods 
at tem peratures below —25°C the change in ice content 
with tem perature is small so for practical purposes the food 
can be considered fully frozen. Some freezing time predic
tion m ethods require therm al data across the whole tem per
ature range, and are therefore sensitive to  inaccurate 
knowledge of k and pc in the narrow tem perature range 
below Tf where these properties change rapidly. The size of 
the changes has been illustrated by Hseih et al. (1977). In 
contrast, other m ethods need k and pc values for only the 
parts o f the overall tem perature range where the change in 
therm al properties with tem perature is small. It is conceiv
able that such a m ethod, by avoiding the need for therm al 
data in a tem perature range where these data are subject to 
considerable uncertainty, may be more accurate than one 
which requires therm al data across the whole tem perature 
range. Therefore complete separation of the effects of 
prediction m ethod inaccuracy and therm al data uncertainty 
is not possible.

The net result of these factors is that it is impossible to  
decide on purely theoretical grounds what freezing tim e 
prediction formula is most accurate. Testing must be carried 
out against experimental data. The major problem  in this 
is that the cause of disagreement between experim ent 
and prediction is a com bination of therm al data uncertain
ty , imprecise measurem ent and control o f the experim ental 
environm ent, and prediction m ethod inaccuracy. It is in
evitable tha t predictions from an accurate m ethod will not 
fit low quality experim ental data at all well. Many publica
tions in the past have not attem pted to  quantify the indi
vidual com ponents of the to tal difference between prediction 
and experim ent, and hence the accuracy of the prediction 
m ethod alone has not been established. This paper proposes 
a procedure for systematically analyzing the com ponents of 
observed differences between experim ental and predicted 
freezing times. This procedure is intended to  aid the critical 
examination of freezing tim e predictions so that reasons 
can be discerned for inaccuracy or inconsistency when 
comparing predictions to experim ental data. The results 
should be such as to give some guidance to  workers having 
to  make predictions, and to  researchers wishing to  know 
the areas in which further inform ation is m ost needed.

T H E O R E T IC A L  B A S IS

IN ORDER TO ASSESS reasons for the differences between 
predicted and experimental freezing tim e a mechanistic 
view of how process parameters affect freezing tim e is use
ful. That used most commonly is Plank’s equation. If ex- 
prssed in general form it enables the effect o f various po ten 
tial causes of poor agreement to  be oostulated:

+ (constant) D i l
k s J (1)
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Probably the most difficult factor to  measure, and there
fore the major error source is the surface heat transfer coef
ficient, h. Problems arise experimentally in ensuring that it 
is the same on all surfaces, that it does not vary with time, 
and in measuring it accurately. Error in it may be either 
systematic or random. Errors in h are most noticeable at 
low values of the Biot number. When Bi is small, only the 
first term within the rightmost bracket in Eq. (1 > is signifi
cant. Thus the freezing tim e is only slightly affected by 
therm al conductivity. A systematic error in h will affect the 
mean difference between prediction and experimental 
result, whereas random (experim ental) error will affect 
the spread of results at low Bi.

The second most im portant source of disagreement is 
probably therm al data. Errors in specific heats (above or 
below the freezing region), and the enthalpy change during 
freezing will affect the mean difference between experi
ment and prediction more than the spread. Further, if the 
mean is affected the extent of the effect is likely to  be 
largely independent of the Biot number.

Errors in thermal conductivity will be of little conse
quence at low Biot numbers, and most significant at high 
Biot numbers where only the second term  within the right
most bracket of Eq. (1) is im portant. The mean difference 
at high Bi will be affected if k is incorrect, but not the 
spread.

Another factor can cause a systematic underprediction 
of freezing time for high Biot numbers. It has been observed 
that at high Biot numbers predictions by finite differences 
underpredicted freezing times, and also the shapes of the 
predicted and measured tem perature/tim e profiles were 
very different (Cleland et al., 1982). However, at lower Biot 
numbers (0 .2-4) the shapes of experimentally measured 
and predicted tem perature profiles were virtually identical. 
In these circumstances a systematic error in therm al con
ductivity could explain the observed differences in freezing 
time, although it would have to  be 25% in m agnitude to  do 
so, and this is unlikely. However, a systematic error would 
not explain good prediction of the shape of internal tem 
perature profiles at low Bi, but not at high Bi, as was ob
served. The conclusion reached was that the form ation of 
ice during freezing was not necessarily in equilibrium with 
the removal of heat, so that significant supercooling could 
persist right throughout the freezing process. Measurements 
of therm al conductivity, enthalpy and/or ice fraction are 
usually taken under equilibrium conditions. Use of therm al 
conductivity and specific heat obtained from steady state 
data in freezing calculations implies an assumption that 
the shapes of these curves are independent of rate. This is 
not necessarily true. The hypothesis of significant super
cooling at high freezing rates was tested (Cleland et al.,
1982). The shapes of bo th  the enthalpy/tem perature and 
the therm al conductivity/tem perature curves were adjusted 
so that ice form ation was assumed to  occur at lower 
tem peratures than was the case in equilibrium data. Use of 
the adjusted therm al properties led to  better predictions of 
freezing tim e, and of the shape of the tem perature/tim e 
curves at high Bi (high freezing rate), but as expected to 
poorer predictions at low Bi than were achieved with ther
mal properties derived from  equilibrium data.

A wide spread of results occurring only at high Bi sug
gests poor control of experim ental parameters other than 
the surface heat transfer coefficient.

Tem peratures are normally m inor error sources as they 
can be measured with relative precision compared to heat 
transfer coefficients and therm al properties. Three tem pera
tures are of im portance — the initial tem perature of the 
material, the tem perature at which it starts to  freeze, and 
the cooling medium tem perature. Imprecise evaluation 
should not be a major problem. However, imprecise control

of tem perature, particularly that of the cooling medium can 
be critical. Poor control of cooling medium tem perature 
will lead to  a large spread of results where the cooling me
dium and mean product tem peratures come close together, 
that is, where the final product tem perature at the end of 
freezing is only slightly higher than the cooling medium 
tem perature.

The final im portant source of disagreement between 
predictions and experim ental results is experim ental tech
nique associated with test object construction. Where a 
freezing tim e is measured, therm ocouples or other tem per
ature measuring devices must be placed in the object, and 
the object must be constructed to  be as homogenous as 
possible (if homogeneity is required). If experiments are 
conducted for only one or two dimensional heat transfer 
insulation of other edges of the test object will never be 
100% successful. The im portance of “edge” heat transfer 
can vary substantially depending on the experimental 
apparatus.

Taking into account all these things a check list has been 
constructed in Table 1 which enables the most probable 
sources of difference between experiment and prediction, 
other than prediction m ethod, to be assessed.

P R E D IC T IO N  M E T H O D  A S S E S S M E N T  P R O C E D U R E

A TEST PROCEDURE for assessing freezing time predic
tion formulae can be proposed that uses the theoretical 
basis just discussed.

(1) Collect experimental data in which the following 
parameters are varied across wide ranges: (a) Biot number,
(b) factors affecting the to ta l product enthalpy change 
during freezing, and the ratios of latent to  sensible heat 
com ponents within it. These are the block initial tem perature 
and the tem perature at which freezing is deemed complete,
(c) the cooling medium tem perature, (d) the material being 
frozen. This varies the relativity of frozen phase and un
frozen phase therm al properties.

(2) Add previously published experim ental data to  the 
pool of data to  be used unless insufficient inform ation is 
given to  be sure of its reliability. A major problem here is 
that it is often difficult to obtain therm al properties to  go 
with data sets used by other workers. Satisfactory properties 
can be estimated from compositional factors for many 
foods (Comini et al., 1974; Heldman, 1982) if published 
data are not available.

Table 1—Identification o f likely causes (other than prediction 
method inaccuracy) o f disagreement between predicted and experi
mentally measured freezing times

Observation Most likely causes

Spread of results only at low Bi Poor control or measurement of 
the surface heat transfer coef
ficient

Offset mean only at low Bi Systematic error in surface heat 
transfer coefficient

Offset mean only at high Bi Error in thermal conductivity

Freezing rate influence on ther
mal data

Spread of results only at high Bi Poor experimental technique 
other than for the surface heat 
transfer coefficient

Offset mean at all Bi Error in enthalpy/specific heat 

Systematic experimental error

Spread of results at all Bi Poor experimental technique

Spread of results at relatively Poor control of cooling
high cooling medium temperature medium temperature
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(3) Carry out predictions for a numerical freezing tim e 
prediction m ethod (finite differences or finite elements). 
It is not possible to completely remove prediction m ethod 
uncertainty, but the numerical m ethods are the closest to  
an “ exact” freezing tim e prediction m ethod tha t exists. If 
they are used carefully the residual difference between 
experim ental results and the prediction is that due to 
therm al data, and experim ental error only. For any freezing 
m aterial the same therm al data are used in all numerical 
calculations so the effect of therm al data error on the 
differences between experimental and predicted freezing 
tim es will be systematic. Reference to  Table 1 suggests that 
if the mean prediction error using finite differences or finite 
elements deviates from zero a systematic error in therm al 
data is the most likely cause. The spread of prediction 
errors reflects mainly the experim ental error. It can be 
affected by error in therm al conductivity but this latter 
should be correlated with Biot number and is therefore 
detectable. The im portance of carrying out the numerical 
calculations is tha t they establish a baseline to  which to 
com pare other prediction formulae. Digital com puters are 
widely available, and a variety of finite difference and 
finite element programmes have existed for a num ber of 
years so use of this type of freezing tim e calculation should 
not be a problem.

(4) Predictions from other freezing tim e prediction 
form ulae can now be examined. In general it would be sur
prising if any such m ethod performs significantly better 
than a numerical m ethod. However, as discussed previously 
many simple m ethods do not need all the k and pc data 
necessary for finite differences or finite elements. If the 
data not used (especially those across the main phase tran 
sition zone) are a significant source of error, it is possible 
that the simple m ethod, by avoiding these data, could do 
better than a numerical m ethod, but the improvement is 
unlikely to  be major. A further im portant consideration is 
that if experim ental error is the main cause of disagreement 
between experiment and prediction the prediction errors 
from an accurate simple prediction formula and finite 
differences or finite elements would be expected to  be 
highly correlated. This requires only a simple statistical

Fig. 1— Schem atic illustration o f  a small element o f  thickness A x  
within an infinite slab o f  cross-sectional area A.

test. Thus a reliable simple prediction form ula should agree 
with both  experimental data and num erical predictions.

(5) If, at the com pletion of the study a new freezing 
tim e prediction m ethod or a refinem ent o f an existing one 
is proposed it is helpful to  publish bo th  a worked example 
calculation, and detailed inform ation on therm al proper
ties used. This inform ation ensures that other workers do 
not unwittingly misinterpret the new technique. Journals 
are conscious of the need to  keep papers as brief as possible, 
but extensive experience w ith trying to  use m ethods pub
lished by other workers indicates worked examples have an 
im portant role, and are therefore well w orthwhile to  include.

Before illustrating the use of this procedure it is first 
necessary to discuss finite difference schemes as the proce
dure assumes that a finite difference or fin ite element 
scheme with almost zero error exists. All finite difference 
schemes are not equivalent, and in particular some system
atic errors can build up, so it is im portant tha t the most 
accurate is used.

F IN IT E  D IF F E R E N C E  M E T H O D S

VIRTUALLY ALL THE MAJOR BLOCKS of experimental 
data are for regular shapes and homogeneous materials. In 
these cases finite elements have no advantages over finite 
differences, so only the latter are discussed although similar 
principles could be applied to  both  types of m ethod. To 
study the degree of precision achievable w ith a finite differ
ence m ethod it is first necessary to re-establish the basis of 
the m ethod. The slab case is shown in Fig. 1, but any other 
shape could have been studied. A heat balance over a small 
section of the slab gives:

This equation assumes that the material within the n th  
element has mass M, volume AAx, specific heat c, and can 
be represented by a unique tem perature Tn . The specific 
heat capacity for this region is evaluated at Tn . The conduc
tion heat flows are evaluated at positions (n+’/i) and (n—Vi).

The general heat flow equation is derived from  Eq. (2) 
by setting M = AAxp and rearranging:

[(‘ S L - H O J
(3)

which in the limit as Ax -*■ 0 becomes:

Often Eq. (4) is w ritten as:

(4)

9T 92T 
9t “  9x2 (5)

This is only true if k is independent o f position in the 
material, tha t is, the material is homogeneous. Further, if 
tem perature varies with position and k with tem perature, k 
cannot be removed from the bracket in Eq. (4), and so Eq. 
(5) is invalid. A nother alternative is:

9T = _9_ /  9 T \
9t 9x \  9 x / (6)

For ct to be transferred into the differential term  on the 
right hand side, yet Eq. (2) to  be still correct, pc must not 
vary with position (i.e. pcn+y2 = pcn = pcn_y2). Tem perature 
may vary with position so the implication is tha t Eq. (6) 
only applies if pc is not tem perature-variant, although k 
may vary.

A variety of difference schemes exist. Some of the most 
com m on are shown in Table 2. It is not im portant at this 
juncture to  list which authors have used which m ethod, but
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Table 2 —Som e  finite difference schem es com m on ly  used in freezing time calculations. A H  schemes are illustrated for the infinite slab case 

(A) Lees scheme

(B) Modified Crank-Nicholson scheme
-ri+1

<PC)'
_ I n
At 2 ( A x ) ‘ | kn+V2 [ ( Tn++\  "  Tn+1)  + (Tn+1 “  Tn)] "  kn-V2 [ (Tn+1 "  Tn - r )  + ( <  -  T'n_ ^ \ \

(C) Fully I m plicit scheme

. T i+1 -  t 1 1 r

< -> "  0 At n = i ^ i
i ' t '+ 1 + i * l- r ' + l  + 1 l l  
_ n+V2 n+1 n /  n— V2 \  n n— 1 /J

(D) Fully Exp lic it scheme

. j i+1 _  t ' 1 r 
(pc)' n n -  -  

n At (Ax)2 l kU  ( Tn+1 -  T n) -  kn— 1/2 ( Tn ~  T '_ l ) ]

(E) Enthalpy Transformation (f

Hn+1 -  1 n

Explicit) scheme

( Tn+l - Tn ) - kn-V2 (TL - Tn - l ) ]  

lated after each time step.

At 2(Ax)2 L n+1/2 

where H ^ 1 and T^+1 are rel

(F) Modified Crank-Nicholson scheme using thermal d lffus iv ity

- “ - z r 1 - 2 u x i *  Pc L ,  [(a a - t: ‘M t»*>--c)] - ( J r t  [ ( c ' - c i M h - n - , ) ] !

rather to  understand the relative merits of each scheme. If 
run against an analytical solution for constant therm al 
properties such as those reported by Carslaw and Jaeger
(1959) all these schemes would give results that agreed with 
the analytical solution. However, where therm al properties 
change (for example in freezing calculations in which latent 
heat release is treate'd as a tem perature dependent specific 
heat) some differences in process tim e prediction will result 
in spite of all input data being identical. The reasons for 
these differences can be established from the previous 
discussion. Scheme F , and any other scheme based on Eq.
(5) or Eq. (6) rather than Eq. (2) and (4) are incorrect if 
both pc and k vary with tem perature.

Within schemes A to E differences arise from two causes. 
Firstly the truncation errors arising from Scheme A are 
smaller than those for the other schemes (due to the better 
approxim ation of 9T /9t on the left hand side). Secondly, 
the tim e level at which therm al properties are evaluated is 
im portant. Ideally on the left hand side position is held 
constant at the mid-point level (n) and the therm al proper
ties evaluated at the mid-point tim e level. Only Schemes 
A and E have this property . On the right hand side the 
derivatives with respect to  space and the therm al properties 
should be evaluated at the mid-point tim e level for the 
difference scheme. This is done for Scheme A, but not for 
any of the others. Systematic error can result. Consider 
Scheme B used in a freezing tim e prediction. Ideally k 
should be evaluated at T1+1/2, and not T1 (this can be done 
by iterative calculation). During freezing as tem perature 
decreases therm al conductivity always increases. Therefore 
a therm al conductivity evaluated at T1 will always be slightly 
lower than the correct value at Ti+I/2 (a lower tem perature). 
Hence use of T1 for therm al conductivity evaluation will 
lead to  a systematic underestim ation of k during freezing, 
consequential underprediction of heat conduction rate , and 
overestimation of the freezing time. This error is reduced as 
the tim e step is decreased as T1 and TI+1/2 differ by less. 
Scheme A will therefore be most accurate, but the results 
for the other schemes except Scheme F will converge to 
wards Scheme A as At is reduced. Scheme A was first used

Table 3 —A pproxim ate  thermal data used for calculation o f  freezing 
times o f  strawberry slabs

Temperature
<°C)

k
(W/m°C)

Tempera tu re 
(°C)

pc
(J/m3°C x 10- 6 )

-40 .0 2.08 -40 .0 2.15
-5 .0 2.08 -5 .0 2.15
-3 .0 1.74 -0 .8 134.3
-1 .5 1.08 -0 .5 4.09
-0 .8 0.65 40.0 4.09
-0 .5 0.54
40.0 0.54

for freezing tim e prediction by Bonacina and Comini
(1971), who realized the potential problems with the other 
schemes.

To illustrate the effects just discussed calculations were 
carried out for an example analogous to  that presented by 
Heldman (1983). His example was freezing of a 2 cm diam
eter spherical strawberry. The example used here was the 
slab equivalent (to  m atch Table 2) with therm al properties 
represented by the data in Table 3. These are approxim ate 
values based on the triangulation m ethod of Comini et al.
(1974). Schemes A and E were used w ith therm al proper
ties calculated by linear interpolation of Table 3. The sphere 
equivalent of Scheme A predicted a freezing tim e of 11.55 
min which is within the range of times calculated by Held
man (1983) for the strawberry sphere, and therefore 
indicates that the approxim ate therm al properties were 
satisfactory.

The very rapid change in apparent volumetric specific 
heat capacity presents a problem for all schemes except 
Scheme E. This problem is “jum ping” of the latent heat 
peak. It has been discussed elsewhere (Cleland and Earle, 
1977b), and can be detected by building a heat balance into 
the finite difference program. In fact, a heat balance should 
be regarded as a standard item within any finite difference 
program as it is an excellent way to  detect problems in 
finite difference calculations or scheme form ulation. Scheme 
A is more sensitive than the other schemes to jumping, but
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in all cases reduction of the tim e step will remove the 
problem. The calculation results in Table 4 are affected by 
this problem, but still show the expected trend with Schemes 
B to E only approaching the Scheme A results at small time 
step sizes.

The effects arising from using a finite difference scheme 
in which all therm al property evaluations are not centrally 
located may not be large, but if a finite difference scheme is 
to  be used as the best approxim ation to  an “ exact” freezing 
tim e prediction m ethod such effects must be eliminated 
because the errors introduced are systematic. Further, 
accurate prediction of analytical solution results for con
stant therm al properties does not mean a scheme is accurate 
if therm al properties change.

A P P L IC A T IO N  O F  T H E  E V A L U A T IO N  P R O C E D U R E

TO DEMONSTRATE the evaluation procedure, three sets 
of data and four prediction m ethods were chosen for the 
comparison. The data used were those of the current 
authors (Cleland and Earle, 1977a; 1979a, b), those of de 
Michelis and Cálvelo (1983), and those of Hung and Thom p
son (1983). Each set o f authors has given details on experi
m ental apparatus and measurem ent systems. Prediction 
m ethods were those of Pham (1984a, b), Hung and Thom p
son (1983), de Michelis and Cálvelo (1983), and in the case 
of the present authors, the prediction m ethod used was a 
recent version, Cleland and Earle (1982).

The first step in the analysis was to examine the data 
sets. That of Cleland and Earle covers a wide range of Bi, 
Ta and T¡ but was limited to  only one final tem perature, 
and made little use of materials other than Tylose. That of 
Hung and Thompson has wide variation of all parameters, 
covers several materials, but is restricted to one final tem 
perature. The third set, de Michelis and Cálvelo, has some 
variation of final product tem perature, but all data are for 
one material only, and the variation of T¡ in particular is 
more limited. Amalgamation of the three sets of data p ro
vides a data base of 275 experiments for five materials, with 
two final tem peratures, a variety of regular geometries, and 
wide variation of Bi, T¡ and Ta .

The second step was to  carry out finite difference calcu
lations by Scheme A, or its m ultidimensional equivalents, 
for all sets of data to assess the accuracy of each data set. 
Thermal data used are shown in Table 5. The choice of 
therm al properties is a critical step, and other workers may 
disagree with the values used. However, provided cognizance 
is taken of the lim itations of the data, useful interpretations 
can still be made. The calculated finite difference results are 
shown in Table 6. In some cases these differ slightly from 
previously published results as the therm al data in Table 5 
do not exactly match those used previously.

Table 4 — Freezing times calculated for a 0.02m  thick slab o f straw
berry material frozen from an initial temperature o f 10° C  to a final 
temperature o f  — 25°C, in a cooling m edium  at — 35° C  with a sur
face heat transfer coefficient o f  70  W/m^°C. Space step A x  =  
0 .001m

T im e  
s tep  (s) S c h e m e  A

Freez ing  t im e s  (m in)  

S c h e m e  B S c h e m e  C S c h e m e  D S c h e m e  E

12.0 _ a _ a _ a _ b __b

6.0 _ a 3 5 .8 2 3 5 .7 6 _ b _ b

3.0 _ a 3 5 . 7 5 3 5 . 7 3 _ b _ b

1.5 3 5 . 5 7 a 3 5 . 7 0 35.71 _ b _ b

0 . 7 5 3 5 .6 3 3 5 . 6 8 3 5 . 6 8 _ b _ b

0 .5 0 3 5 .6 4 3 5 . 6 7 3 5 . 6 7 3 5 .6 7 3 5 . 6 5
0 .2 5 3 5 . 6 4 3 5 . 6 4 3 5 . 6 5 3 5 .6 6 3 5 . 6 5

a T i m e s tep  t o o  large t o  p re v e n t ju m p in g of th e  la te n t hea t  peak
w ith  th is schem e. Heat balance d isagreed b y  m ore  than 0 .2 5 % . 

D N o  ca lcu la t ion  possib le  due  to  v io la tion  o f  s tab ility  criteria.

The mean for all Tylose experim ents is close to zero 
indicating that the overall enthalpy change was accurate. 
At high Bi there was consistent underprediction -  as dis
cussed previously this could be due to an error in frozen 
Tylose therm al conductivity, or to freezing rate effects on 
the therm al properties, or to a com bination of these.

For lean beef there was over-prediction of freezing time 
at high Bi indicating that there could be a consistent under
estim ation of therm al conductivity of the frozen material in 
Table 5. At low Bi the mean was close to zero so the enthal
py change was probably not a major source of uncertainty.

The po ta to  data had a mean close to  zero, and there was 
no correlation of prediction error with Biot number.

For carp the small size of the data set means that it is 
more difficult to  draw firm conclusions. The mean predic
tion error was sufficiently close to  zero to  suggest tha t error 
in the enthalpy change was small, and the prediction error 
was not dependent on Biot number.

Similarly, for ground beef the data set size”was a limiting 
factor. The mean of +6.6% is sufficiently far from  zero to 
suggest that the to ta l enthalpy change may have been over
estim ated. There was no trend of results with Biot number.

Taking into account these factors it is possible to  com 
m ent on the size of the experim ental error in each data set. 
In finite difference predictions the data of Cleland and 
Earle show a smaller spread (mean standard deviation of 
5.1%) than those of de Michelis and Calvelo (mean s.d. of 
6.5%), which in turn  are less spread than those of Hung and 
Thompson (mean s.d. o f 10.4%). This probably reflects the 
greater use of plate and liquid immersion freezing by the 
first two sets of authors, and the reliance on air blast 
freezing by Hung and Thompson. In particular the choice 
of cooling medium affects the ability to  control the uni
form ity of surface heat transfer coefficient across a surface. 
A further factor is the material being frozen. Tylose and 
potato are more easily packed uniform ly in a mold than 
meat or fish, and this is reflected in the spread of results 
too . There is no indication that any of the sets of data 
contain gross discrepancies.

The third stage in the assessment procedure was to  carry 
out calculations for the prediction formulae. For these 
calculations, therm al data for fully frozen and unfrozen 
products are required. Those used are consistent with Table 
5 and are listed in Table 7. Authors proposing a prediction 
m ethod need to define how therm al properties are evaluated 
for their m ethod. Where properties for the “ fully” frozen 
material were required those taken were values in the range 
— 25°C to  —40°C. Over this tem perature range the food 
may be considered fully frozen for practical purposes as the 
ice fraction changes only slightly with tem perature, and 
hence the therm al properties are close to  constant. For the 
m ethod of de Michelis and Calvelo, data were required at 
the mean of Tf and Ta . These were found by linear in ter
polation of Table 5. The therm al properties used for the 
simple formulae are thus consistent w ith those used for the 
finite difference calculations. The m ethods of Table 1 en
sure major therm al data errors are detected. The calculated 
freezing times are summarized in Table 6 for each set of 
experiments. Some of these times differ from previously 
published calculations because of the differences in therm al 
data used.

In analyzing these results it is useful to first review the 
methods. All m ethods take in to  account sensible heat 
effects, but only those of Pham and de Michelis and Calvelo 
take account o f different final tem perature. The m ethod of 
Cleland and Earle was derived by curve fitting data for 
-1 0 °C . Similarly Hung and Thom pson fitted -1 8 °C  data. 
For these m ethods approxim ations for different final tem 
perature can be derived by using values of the enthalpy 
change due to  freezing defined as:
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AH = L + Cs (T f  -  T fm ) (7) extended directly to  other shapes by use of the E H T D  
for Cleland and Earle, and concept o f Cleland and Earle (1982). This concept and the 

^ h = L + C  ( T f - T f -  ) + C> (T- -  Tf ) (8) mean conducting path  used by Pham (1984b) allow all 
s m 1 form ulae for predicting the freezing tim e o f a slab to  be 

for Hung and Thompson, but these will lead to  loss of extended to any other regular or irregular shape by defining 
accuracy. The m ethods of Pham and de Michelis and Cal- a single geometric parameter. Table 8 summarizes the per- 
velo are very similar except for the manner in which multi- formance of the four prediction m ethods in general terms, 
dimensional geom etry is taken into account, de Michelis The criteria proposed earlier for assessment o f freezing 
and Calvelo use geometric factors first proposed by Plank. tim e prediction procedures are: fit to  experim ental data, fit 
These have been shown to be subject to  some doubt (Cle- to  finite difference predictions, and fit to  experimental 
land and Earle, 1979b), so Pham uses an alternative geome- error in the case of parameters derived empirically from 
try  description based on curve fitting of the 72 Tylose brick experim ental data. Further, in comparing the four methods 
experiments of Cleland and Earle. Hung and Thom pson the possible inadequacies in the therm al data must be taken 
only studied the slab shape. However, their m ethod can be into account. The m ethod of Pham gave the most consistent

Table 5 — Thermal properties used in finite difference calculations b y  Schem e A. Linear interpolation was used in all cases (Data sources are 
listed as footnotes)

T e m p e r a tu r e k T e m p e r a t u r e pc T e m p e r a t u r e  k T e m p e r a t u r e pc
(°C) (W /m°C) <°C) ( J / m 3°C  x 10 - 6 ) (°C) (W /m°C) <°C) ( J / m 3 °C  x 10- 6 )

Tylose Ground beef
- 4 0 1 . 6 7 a - 4 0 1 .8 9  b - 4 0  1 ,4 5 a - 4 0 1 ,9 5 af
-20 1.66 - 1 6 2.01 - 2 4  1 .43 - 3 0 1 .95
-10 1 .63 -10 3 .5 2 - 1 2  1.41 - 2 5 2 .0 5

-6 1 .57 - 7 5 .9 4 -8  1 .3 5 -20 2.6
- 4 1 .47 - 5 10.6 - 4  1 .2 4 - 1 5 3 .3
-2 1.20 - 3 2 5 .3 - 2  0 .9 0 -10 4.1
-1 0 .8 3 -2 4 4 .8 - 1 . 2  0 .4 4 -8 5.1
- 0.6 0 .4 9 - 1 101 .0 4 0  0 .4 4 -6 7 .2
4 0 0.61 - 0.8 17 8 .0 - 5 9 .7

- 0 . 7 1 7 8 .0 - 4 14 .5
- 0.6 10.0 - 3 2 8 .0
- 0 . 4 3.71 -2 4 9 .0
4 0 3.71 - 1 . 7 7 8 .0

- 1 . 5 23 5Lean beef - 1 . 3 2 3 5
- 4 0 1 .5 8 ac - 4 0 1 . 8 9 d - 1.2 3 .3 8
- 2 4 1 .53 - 3 0 1.91 40 3 .3 8-1 2 1 .48 - 2 5 2.02

-8 1 .40 -20 2 .7 0 Carp
- 4 1 .28 - 1 5 3 .5 8 - 4 0  1 ,66a - 4 0 2.1af
-2 0 . 9 8 -10 4 . 5 5 - 2 4  1 .6 5 - 3 0 2.2
-1 0 . 4 8 -8 5 .2 6 -1 2  1.61 -20 2.3
4 0 0 . 4 9 -6 7.71 -8  1 .5 6 - 1 5 3 .2

- 5 10 .4 - 4  1 .44 -10 4 .3
- 4 15 .7 - 2  1 .14 -8 5 .5
- 3 3 1 .2 - 1  0 .8 7 -6 7 .0
-2 53.1 - 0 . 8  0 .4 8 - 5 10.2
- 1 . 5 73 .7 4 0  0 .4 8 - 4 14 .0
- 1 . 3 2 5 5 .0 - 3 31.1
- 1.2 2 5 5 .0 -2 4 3 . 7
- 1.0 3 .6 6 - 1 . 5 100
4 0 3 .6 6 - 1.2 188

- 1.0 18 8
Potato - 0.8 3 .7 0

- 4 0 1 . 9 0 a - 4 0 1 ,9 5 ae 4 0 3 .7 0
-20 1 .87 - 2 5 2.0
-10 1 .82 - 1 5 2.6

-6 1 .75 -10 3 .4
- 4 1 .64 -8 4 .2
-2 1 .4 5 -6 5 .7
- 1 1 .2 5 - 5 8 .7
- 0 . 7 0 . 7 5 - 4 13 .7
- 0.6 0 .5 3 - 3 19 .6
4 0 0 .5 3 -2 27.1

- 1 . 5 58 .6
- 1.0 101
- 0.8 4 2 2
- 0 . 7 4 2 2
- 0.6 3 .6 6
4 0 3 .6 6

a C alcu lated  from  co m p o s it io n a l fac to rs  b y  m e tho d  o f  C o m in i et al. (1 9 7 4 )  
k D erived  from  R iede l (1 9 6 0 a )  
d C alcu lated  u sing  data fro m  M o r le y  (1 9 7 2 )  
d D erived  fro m  R iede l (1 9 5 7 )
® D erived  from  R iede l (1 9 6 0 b )
' C alcu lated  u sin g  data from  H u n g  and  T h o m p so n  (1 9 8 3 )
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Table 6 -S u m m a ry  o f  com parisons between experimental and predicted freezing times for five prediction methods. A H  data expressed as per

centage differences from experimental data

Fin i te
d i f f e ren ces

C le land  
an d  Earle

M E T H O D S

P ham
Hung and  

T h o m p s o n
de Michelis  
a n d  Calvelo

D ata  s o u rce M ean s.d. Mean s.d . Mean s.d . Mean s.d. Mean s.d .

Hung and Thompson
23 T y lo se  slabs - 1 . 3 8 .7 - 1 2 . 7 6.0 - 3 . 8 7.7 U 2 .9 - 4 . 3 14.1

9  p o t a t o  slabs - 3 . 9 4 .9 - 1 4 . 5 4 .2 - 5 . 1 3 .5 2 .9 4 .0 - 4 . 2 8 .4
9  ca rp  slabs 3.1 12 .9 - 12.6 9 .0 - 2 . 4 11.1 2.8 4.1 6.1 1 6 .9
9  g r o u n d  beef  s labs 6.6 16 .6 - 11.8 12.7 - 1.8 13 .9 2 .5 4 .8 10.1 18 .9
9  lean b eef  slabs 2.8 11.6 - 1 4 . 7 6 .4 - 6.0 8 .9 0.8 4 .0 7 .9 14.7

Cleland and Earle
4 3  T y lo se  slabs 0.0 5 .3 1.6 2.8 3 .9 4 .4 23.1 11 .5 - 4 . 1 6.2

6 p o t a t o  slabs - 0 . 5 5.1 - 0 . 5 1.8 3 .7 2.3 21 .9 6 .5 - 2.6 3 .5
6 lean b ee f  s labs 4 .8 4 .7 2.1 4 .0 4.1 4 .6 23 .8 12.6 5 .6 4 .4

3 0  T y lo s e  c y l inde rs - 1.8 5 .2 - 1.0 3 .6 0.8 5.1 15.4 9 .7 - 6 . 5 8.2
3 0  T y lo se  spheres - 0 . 3 3 .3 1.6 5 .2 2 .3 5.1 15.8 9 .6 - 0 . 5 10 .3
72  T y lo se  bricks - 3 . 8 5 .8 - 0 . 9 5 .7 - 1 . 3 4.7 12 .5 10 .5 - 2 6 . 1 9 .6

de Michelis and Calvelo
5 lean b eef  slabs - 0.1 7 .4 0 .9 1.9 - 0 . 9 4 .9 1.8 9 .2 - 2.2 10 .5

24  lean beef  br icks , 8.6 6 .3 6.1 10.3 4.1 6.6 11.8 8.3 - 1 1 . 3 10.8
rods ,  f in i t e  cy l in d e rs

results over the whole data set, but for the — 10°C data it 
was matched by Cleland and Earle, and for the — 18°C data 
by Hung and Thompson. The m ethod of de Michelis and 
Calvelo apparently performed worse in terms of spread than 
the others. Close exam ination of the calculations showed 
tha t this was at least in part due to  the way therm al proper
ties at the average of Tf and Ta were taken. Their prediction 
m ethod is very similar to  tha t of Pham. The exception is in 
precooling where a mean of the frozen and unfrozen ther
mal conductivities is used in both  m ethods, but Pham uses 
the unfrozen specific heat whereas de Michelis and Calvelo 
use a mean therm al diffusivity which implies some sort of 
averaging of the specific heat.

The m ethod of Cleland and Earle perform ed satisfac
torily, both in comparison to  finite differences and in com
parison to  experim ental data, for all — 10°C data. For the
— 18°C data it perform ed better if the cooling medium 
tem perature was below —25°C (mean prediction error of 
—9.0% compared to  —15.1% for cooling medium tem per
atures above —25°C). This means that the approxim ation 
suggested in Eq. (7) is reasonable provided the final center 
tem perature is well below the final product tem perature, 
and of course the further the final center tem perature is 
from  — 10°C the worse the approxim ation is. The accuracy 
of the prediction m ethod cannot be easily separated from 
the therm al data and experim ental error. The comparison 
of differences with finite difference predictions suggests 
tha t the error in this prediction m ethod is about ±10% if 
the final center tem perature is —10°C. At —18°C it perform s 
worse, by perhaps as much as 30% in extreme situations. It 
is possible that the m ethod has fitted some of the experi
mental error in the Cleland and Earle data set as it was 
derived from  these data. However, for the only independent
— 10°C data (de Michelis and Calvelo, lean beef bricks) it 
perform ed very consistently compared to  finite differences 
and the m ethod of Pham so it was considered tha t the 
extent to  which the curve-fitted param eters fitted experi
mental error was negligible.

The m ethod of Pham predicts equally well at the two 
final center tem peratures, and a comparison of it with the 
finite difference results suggests that it has an inaccuracy 
o f about ±10%. Like all the other m ethods the correlation 
coefficient indicated tha t it failed to  give totally consis
ten t predictions compared to  the numerical m ethod. For 
slabs, cylinders and spheres it contains no parameters

Table 7— Thermal data used for calculation o f  freezing times b y  the 
four simple m ethods under study

P ro p e r ty Ty lose P o ta to
Lean
beef

G r o u n d
beef Carp

k L (W /m °C) 0 .5 5 0 .5 3 0 . 5 0 0 . 4 4 0 .4 8

ks (W /m °C) 1 .6 5 1 .9 0 1 .5 5 1 .45 1 .6 5

C L ( J / m 3 °C  X 10 - 6 ) 3.71 3 .6 6 3 . 6 5 3 .3 8 3 .7 0

Cs ( J / m 3 ° C  X 10- 6 ) 1 .9 0 1 .95 1 .90 1 .9 5 2.10
L ( J / m 3 X 1 0 - 6 ) 20 9 2 3 5 2 0 9 18 8 2 1 8

T f (” C) - 0.6 - 0.6 - 1.0 - 1.2 - 0.8

derived from curve fitting of experim ental freezing data. 
For these shapes it gave results highly correlated with the 
finite difference predictions indicating that the physical 
basis o f the m ethod for the three basic shapes is probably 
sound. For brick shapes the m ethod contains curve-fitted 
param eters derived from the data o f Cleland and Earle. 
For the independent data of de Michelis and Calvelo it 
perform ed well compared to finite differences (r=0.799) so 
the am ount of curve fitting of experim ental error in the 
Cleland and Earle data is probably small.

As expected, the Hung and Thom pson m ethod showed 
reverse trends to Cleland and Earle. It perform ed satisfac
torily at — 18°C, but not at — 10°C. The poor fit to  — 10°C 
final center tem perature data was general, and not affected 
by the cooling medium tem perature, Biot num ber or initial 
tem perature. Testing of the m ethod to see if it contained 
any consistent fitting of experim ental error was limited as 
the only com pletely independent data for freezing to 
— 18°C were five lean beef slab runs of de Michelis and 
Calvelo. Table 6 shows tha t for these it produced results 
largely consistent with both  finite differences and the 
m ethod of Pham, but the spread of results was somewhat 
greater. The Hung and Thompson formula may therefore 
contain a small am ount of experim ental error-fitting to  fit 
the Hung and Thompson data so well in spite o f the large 
spread of finite difference results for the data set.

Tables 6 and 8 suggest that the m ethod of de Michelis 
and Calvelo was less reliable. As has been discussed the 
m ethod is particularly sensitive to  therm al property  estima
tions — in their paper de Michelis and Calvelo chose differ
ent therm al properties. For the basic shapes (slabs, cylinders
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Table 8—Summary o f  percentage differences between (A) experimental data and predicted freezing times, and (B) predicted freezing times 
from the methods under test and predicted freezing times from finite differences

D ata  source

M e th o d s

Cle land 
a n d  Earle P ham

Hung and  
T h o m p s o n

de  Michelis  
a n d  Calvelo

All 275 experiments; A — comparison to experimental data
Mean - 2 . 4 0 .3 12 .5 - 8 . 7
S ta n d a rd  d e v ia t io n 8 .5 6 .7 11.8 15.1
M ax im u m 23 18 4 4 3 8
M in im um - 3 0 -24 - 1 7 - 4 8
Range  enc los ing  90%  o f  d a ta — 19  t o  9 - 1 0  t o  9 - 4  t o  31 - 3 5  t o  15
C o rre la t io n  (r) w i th  f in i te  d i f f e r en ces 0 . 4 3 9 0 . 7 6 2 0 . 3 5 4 0 .6 1 9

207 experiments to —10°C; A — comparison to experimental data
Mean 0 .5 1.3 15 .9 - 11.8
S ta n d a r d  dev ia t ion 6.0 5.4 1 1 .4 13 .9
M ax im u m 23 15 4 4 16
M in im u m
R ange  enc losing  90%  o f  d a ta  
C o r re la t io n  (r) w i th  f in i t e  d i f f e r en ces

- 2 8
- 9  to  10 

0 . 6 6 5

68 experiments to —18°C; A ■ 
Mean
S ta n d a r d  dev ia t io n
M ax im u m
M in im u m

comparison to experimental data
- 1 0 . 9

9 .3
16

- 3 0

-13
—9  t o  8 

0 .7 3 8

-2 .8
9.2

18
- 2 4

R ange  enc losing  90%  o f  d a ta  
C o r re la t io n  (r) w i th  f in i t e  d i f f e r en c e s

- 2 4  to  4 
0 . 6 0 8

All 275 experiments; B — comparison to finite differences
M ean —2.1
S ta n d a r d  dev ia t io n  8.6
M a x im u m  18

-17
- 3  t o  3 4  

0 . 5 5 7

2.3
6.0

3 0
-6

—48
—3 6  t o  8 

0 .501

0.8
14 .9
3 8

- 2 8
- 1 7  t o  13 —5  t o  9 - 1 7  t o  28

0 .9 2 9 0 . 5 5 2 0 . 8 5 7

0 .5 12.8 - 8 . 4
5.1 11.6 12.0

14 43 15
M in im u m - 3 4 - 1 5 - 2 4 - 5 0
R an g e  enc los ing  90%  o f  da ta -2 1  t o  8 —9 to 8 - 9  t o  2 8 —3 0  to 9

207 experiments to —10°C; B -  comparison to finite differences
Mean 1.3 2.1 16 .7 - 11.0
S ta n d a r d  d e v ia t io n 5 .0 4 .3 9 .4 12.1
M ax im u m 18 14 4 3 15
M in im um -21 - 1 4 - 1 4 - 4 9
Range  enc losing  90%  o f  da ta - 7  t o  9 —5 t o 8 - 1  t o  31 - 3 1  to 6

68 experiments to —18°C; B —comparison to finite differences
Mean - 1 2 . 4 - 4 . 4 0.8 - 0.8
S ta n d a r d  dev ia t ion 9 .2 4 .3 9 .3 7 .8
M ax im u m 6 4 19 13
M in im u m - 3 4 - 1 5 - 2 4 - 2 8
R ange  enc losing  9 0 %  o f  d a ta - 2 9  t o  0 -1 2  t o 1 —18  t o  14 - 1 1  t o 9

and spheres) it generally produced a mean of the right mag
nitude, but a large spread. It can be argued that at least 
part of the poor prediction accuracy was attributable to  the 
way that the therm al data were chosen for this comparison 
but, even allowing for this, the agreement with finite differ
ences was poor. This suggests that concept of using a mean 
therm al diffusivity in the precooling phase is possibly a 
cause of the problems. For milti-dimensional shapes the 
m ethod gave predictions that bo th  differed substantially 
from all the other m ethods, and were inaccurate compared 
to  the experim ental data. As previously stated this may be 
because the de Michelis and Calvelo m ethod uses P lank’s 
erroneous geometric factors for freezing whereas the other 
m ethods do not. Replacement by another concept such as 
EHTD or the mean conducting path is required.

The last stage in the proposed evaluation procedure was 
to  provide details of therm al data and a worked example 
so tha t others can use the methods. This paper has presented 
all therm al data used. The papers of Pham (1984a) and 
Cleland and Earle (1982) contain worked examples.

D IS C U S S IO N

THE ANALYSIS carried out has highlighted a num ber of 
issues which future research might address.

Firstly, when further data collection is planned the im
portance of including data with varying final product

tem perature should not be underrated because the predic
tion accuracy of a m ethod may vary with this parameter. 
This is an area in which published data are scarce.

Secondly, numerical freezing calculations when com 
pared with experim ental data provide a substantial am ount 
o f inform ation on experim ental uncertainty. Problems in 
experim ental data can often  be detected by numerical 
calculations, so they should be considered an essential in 
all future studies. However, it is im portant not to  assume 
tha t a finite difference calculation will always be accurate. 
Low accuracy therm al data used in a finite difference cal
culation, poor scheme form ulation, and poor heat balances 
will lead to poor predictions, so cross-checking of finite 
difference results w ith experiments is still required.

Thirdly, simple comparisons of predictions with limited 
experim ental data on their own do not allow the accuracy 
of a prediction m ethod to  be determ ined. Agreement with 
an accurate numerical m ethod is ju st as revealing as agree
m ent with experim ental data. A prediction m ethod must 
stand up against the full set o f published data, not just part 
o f it. Virtually all workers in the past, including the current 
authors, have been guilty of drawing rather sweeping con
clusions on the basis of simple comparisons or limited data 
sets.

Fourthly, prediction form ulae for shapes other than 
infinite slabs, infinite cylinders and spheres should be cau
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tious in use of Plank’s geometric factors as these have been 
shown to be inaccurate (Cleland and Earle, 1979; 1982). 
One new form suggested has been term ed an EHTD (equiva
lent heat transfer dim ensionality), and is simply the relative 
rate of freezing of an object compared to  that of a slab with 
the same characteristic dimension (Cleland and Earle,
1982). The EHTD concept allows separation of the freezing 
tim e prediction procedure into two com ponents. (1) Slab: 
It is necessary to  have a m ethod to  predict the freezing tim e 
for a slab accurately. There is probably still a need for 
research in this area. (2) O ther shapes: The time for any 
other shape to  freeze can be calculated from the slab time 
by a simple division by EHTD which is the relative rate of 
freezing of the actual shape compared to the slab. When 
faced by new shapes researchers need only look at the 
relativity of the freezing tim e of the new shape to  that of a 
slab for different Biot numbers to  establish EHTD values. 
This relativity can be established by running finite differ
ence or finite element freezing calculations for the new 
shape, and for a slab frozen under the same conditions. The 
ratio of times is the EHTD. In this procedure any systematic 
error in therm al data cancels so experiments may not be 
needed. F inite elements allow irregular geometry to  be 
studied in this fashion too. A very recent alternative to  the 
EHTD has been proposed by Pham (1984b), which he 
term s a mean conducting path length. This can be deter
mined in analogous fashion to an EHTD and may have 
advantages in some circumstances.

CONCLUSIONS
A SYSTEMATIC PROCEDURE for assessing freezing time 
prediction formulae is advocated.

An improved freezing tim e prediction formula is one 
which fits all available experimental data as well as can be 
expected taking into account data uncertainties, and which 
also makes predictions highly correlated with those from an 
accurate numerical m ethod. It could also be simpler to use. 
Application of the procedure to four existing prediction 
m ethods established new insights of the strengths and 
weaknesses of each. Future research should address issues 
this study has highlighted — a need for experim ental data 
in which the final product tem perature is varied, cross
checking of all experimental data by numerical calculations, 
comparisons made over as wide ranges of experimental data 
as possible, and the development of simple shape factors 
for shapes other than slabs, cylinders and spheres.

SYMBOLS
A — area (m 2 )
Bi — Biot num ber hD/k
c — specific heat capacity (J/kg°C)
C — volumetric specific heat capacity (J /m 3°C)
Cl — volumetric specific heat capacity of unfrozen 

material (J /m 3°C)
Cs — volumetric specific heat capacity of frozen m ate

rial (J /m 3°C)
D — characteristic dimension (full thickness) (m) 
EHTD — equivalent heat transfer dimensionality 
h — surface heat transfer coefficient (W/m2°C)
H — enthalpy (J /m 3)
AH — enthalpy change in product between Tf and

Tfin (J /m 3)

i — time level in finite difference calculations
k -  therm al conductivity (W/m°C)
k L -  therm al conductivity of unfrozen material

(W/m°C)
ks -  therm al conductivity of frozen m aterial (W/m°C)
L -  latent heat of freezing (derived from  AH by sub

tracting the sensible heat com ponent) (J /m 3)
M -  mass (kg)
n — space level in finite difference calculations
r — correlation coefficient
At -  time step in finite difference calculations (s)
T — tem perature (°C)
Ta -  cooling medium tem perature (°C)
Tf — tem perature at which freezing commences (°C)
Tfm -  final product center tem perature at end of freez

ing process (°C)
Tj,, -  initial product tem perature (°C)
x -  displacement (m)
Ax — space step in finite difference calculations (m)
p — density (kg/m 3)
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---------------------------------ABSTRACT----------------------------------
The H2S contents of cooked whole egg and albumen mixtures were 
highest from samples with pH around 7.5 and 7.0, respectively. The 
highest H2S content was obtained for the cooked mixture containing 
a natural yolk to albumen ratio. The alteration of yolk to albumen 
ratio resulted in an alteration of pH for the mixtures and decreased 
the H2S content of the cooked products. The addition of acetic 
acid, citric acid, Na2EDTA, and polyphosphates at 0.1% or malic 
acid, monosodium phosphate, sorbic acid, succinic acid, and tartaric 
acid at 0.5% to the raw mixture reduced the H2S content of the 
cooked samples.

INTRODUCTION
IN NEW PRODUCT DEVELOPMENTS or product improve
ments, flavor is one of the most im portant factors deter
mining whether or not a particular product is acceptable to  
the consumer. As compared to  other food items, the flavor 
chemistry studies of eggs have almost been neglected, al
though several sensory studies on eggs have been made and 
reported in the literature (Nath et al., 1973; Bemelmans 
and Noever de Brouw, 1974; Leutzinger et ah, 1977).

Sulfur-containing volatiles contribute significantly to  the 
overall flavor o f foods. Tinkler and Soar (1920) showed 
that H2S was produced when eggs were hard-boiled. The 
nature of this reaction has been investigated by Germs
(1973), who reported tha t the production of H2S from egg 
white was the result of a nonenzym atic reaction of the 
protein(s). Although H2 S contributes significantly to the 
flavor o f eggs or egg products, it has also caused an off-odor 
and color problem in canned or heated proteinaceous 
foods, when this volatile com pound was present at high 
concentration. For example, a greenish-black discoloration 
of the yolk in hard-cooked eggs was caused by the reaction 
of H2S with the iron m oiety of yolk (Tinkler and Soar, 
1920; Rom anoff and Rom anoff, 1949; Germs, 1973). It 
is generally believed that heat-induced decom position of 
the sulfur-containing proteins and amino acids of the food 
products yield H2 S. The form ation of iron sulfide during 
the heating process was responsible for the darkening of 
heated proteinaceous foods.

Recently, Chen and Hsu (1981) reported that no differ
ence in volatiles was found when egg mixtures were scram
bled in a Teflon coated skillet, prepared by boil-in-bag 
m ethod, or cooked in a bag in a microwave oven. Egg 
m ixtures prepared by pan scrambling in a double boiler 
contained less H2 S than those m ixtures prepared by the 
three previously described methods. They also reported 
that ingredients in scrambled egg mix had significant effects 
on flavor volatiles (Hsu and Chen, 1981). The omission of 
yolk increased H2 S and decreased carbonyls in the cooked 
mixtures and a reversed situation was observed in the mix
tures which contained no egg white. This study was designed 
to  investigate the effects o f pH, form ulations and additives 
on the production of H2 S in cooked egg m ixtures. The 
effect o f additives on H2 S was further studied with cysteine 
solution.
A u th o rs  H .M . Chen and  T.C. Chen  are a ff il ia te d  w ith  the P o u lt r y  
Science Dept., M iss iss ipp i S ta te  Univ., M iss is s ip p i State, M S  39762.

MATERIALS & METHODS
SHELL EGGS were obtained from a single strain of White Leghorn 
hens from the Mississippi State University poultry farm, commer
cially washed and held in a 2^t°C refrigerator.

Experiment 1
Albumen was carefully hand separated from shell egg by an egg 

separator and mixed after pooling. Liquid whole egg mixture (mix
ture of 80.6% liquid whole egg, 12.2% water, 3.2% nonfat milk 
solid, and 4.0% corn oil) and albumen mixture (mixture of 82.1% 
albumen, 7.5% nonfat milk solid, 10.2% corn oil, and 0.2% NaCMC) 
were prepared separately as described by Chen and Hsu (1981). The 
pH of the prepared liquid whole egg and albumen mixtures was 
adjusted to approximately 5.0, 6.0, 7.0, 7.5, 8.0, and 9.0 with 6N 
NaOH or 6N HC1. Mixture samples (150g) were packed and heat- 
sealed in 15.24x15.24 cm cooking pouches (Sears Co., Chicago). 
The sample packages were then cooked in a Kenmore Model No. 
747 microwave oven at “roast” setting for 3 min. Twenty grams of 
the cooked sample were blended with 40 mL distilled water in a 
Waring Blendor for 1 min prior to H2S analysis (Luh et al., 1964).

The color of the cooked whole egg mixtures and the albumen 
mixtures was measured with a Model MC 10105 Macbeth colorim
eter (Macbeth, Kolimorgan Co., Newburgh, NY).

Experiment 2
Mixtures of raw yolk and raw albumen at 0%, 16.67%, 33.33%, 

50.00%, 66.67%, 83.33%, and 100% yolk were prepared. The pH of 
the mixtures was determined before microwave cooking as described 
in Experiment 1. Another set of mixtures was prepared by mixing 
cooked albumen with cooked yolk at the above mentioned yolk and 
albumen ratios.

Twenty grams of the mixture were blended with 40 mL distilled 
water and the pH of the blended samples was recorded before the 
H2S analysis.

Experiment 3
Liquid whole egg mixture was prepared from fresh shell eggs as 

described in Experiment 1. Acetic acid, ascorbic acid, citric acid, 
disodium ethylenediamine tetracetic acid (Na2EDTA), malic acid, 
polyphosphate (KENA), sodium phosphate (Primary), or sorbic acid 
were added separately at 0%, 0.1%, 0.5%, and 1.0% levels. The pre
pared liquid whole egg mixtures, with various levels of additives, 
were packed and cooked by microwave before H2S analysis. The 
percent change in H2S content in the treated samples was calculated 
against the control samples.

Experiment 4
Cysteine solution (3%) was prepared by dissolving L-cysteine 

hydrochloride monohydrate in distilled water and neutralizing it 
with 4N NaOH (Germs, 1973). Part of the prepared cysteine solution 
was heated in boiling water for 10 min. Selected additives, as de
scribed in Experiment 3, were added to 20 mL of the heated and 
nonheated cysteine solutions at 0.5% concentration. The additive- 
treated, nonheated cysteine solutions were then heated in the same 
manner. H2S was determined as mentioned with the following 
modifications: liquid cysteine solution samples were not diluted 
with distilled water and the trapping time was reduced to 1 hr.

The effect of pH on H2S production of the cysteine solutions 
was also determined by adjusting the pH of cysteine solutions to
2.5, 3.5, 4.5, 5.5, 6.5, 7.0, and 7.5 with IN or 4N NaOH. Twenty 
mL each of the samples were heated in boiling water for 10 min and 
the H2S content determined.

A complete random design of analysis of variance as described 
by Steel and Torrie (1980) was used to analyze the experimental
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h 2s  c o n t e n t  o f  c o o k e d  e g g  m i x t u r e s . . .

data. Duncan’s New Multiple Range Test (1955) was used to sepa
rate the means.

RESULTS & DISCUSSION

Effects of pH and form ulations on the H2S of egg mixtures
The pH and form ulations of egg mixtures affected the 

H2 S content of cooked samples (Tables 1 and 2). The pH 
for bo th  the whole egg and albumen m ixtures was 7.5 
before adjustment. For whole egg m ixtures, the H2 S con
ten t o f the cooked sample was highest at a pH around 7.5; 
while the maximum H2 S production in the albumen mix
tures occurred at pH 7.0. Adjusting the pH of whole egg 
m ixtures to  5 and 6 significantly (P <  0.05) decreased the 
H2S form ation during cooking (Table 1).

The alteration of pH of the raw egg m ixtures also af
fected the color attributes of the cooked products (Fig. 1). 
In general, products prepared from  the m ixtures with higher 
pH were darker and greener (higher H unter “ —a” values) in

Tab le  1—M ean H 2S  c on te n t o f  c o o k e d  egg m ix tu res  as a ffe c ted  b y  
p H  an d  fo rm u la t io n a

H2 S C o n t e n t  (PPM)

pH W h o le  egg m ix tu r e s A l b u m e n  m ix tu r e s

5 .0 0 . 3 0 A c  ± 0 .0 0 0 .4 8 B e  ± 0.01
6.0 1 .4 7 A b c  ± 0 .0 5 0 . 9 4 B d e  ± 0 . 0 2
7 .0 3 .8 8 A a  ± 0 .3 4 6 .5 5 B a  ± 0 .0 8
7 .5 4 . 6 8 A a  ± 0 . 8 5 2 . 4 0 Bbe ± 0.51
8.0 4 . 6 0 A a  ± 0 . 7 4 3 . 0 5 B a b  ± 0 . 5 2
9 .0 2 . 8 4 A a b  ± 0 . 7 0 1 .6 4 B c d  ± 0 .1 5

a M ean o f  t h r e e  d e t e r m in a t io n s .  M eans w i th in  t h e  s am e  row  f o l 
lowed b y  t h e  s am e  cap i ta l  le t te r s  a re  no t  s ign i f ic an t ly  d i f f e r en t  
(P >  0 .05 ). M eans w i th in  t h e  s am e  c o lu m n  fo l lo w e d  b y  t h e  sam e  
low er  case le t te r s  a re  n o t  s ign i f ican t ly  d i f f e r e n t  (P  >  0 .05 ).

Tab le  2 —H yd rogen  su lf id e  con ten t o f  egg m ix tu res  as a ffe c ted  b y  
the y o lk  to a lbum en  ra tio

Y olk :  A lb u m e n

M ean3 H2 S c o n t e n t  (ppm )

Mixing raw  y o lk  w i th  
raw  a lb u m e n  & c o o k in g

Mixing c o o k e d  y o lk  
w i th  c o o k e d  a lb u m e n

0.00:100 3 . 5 3 A b  + 0 . 1 3 3 . 5 2 A c  ± 0 . 1 2
1 6 . 6 7 : 8 3 3 . 3 3 3.81  A b  ± 0 . 5 4 6 . 1 7 B a b  ± 1 .10
3 3 . 3 3 : 6 6 . 6 7 b 7 .8 7 A a  ± 0 .3 9 7.71 Aa ± 1 .8 0
5 0 . 0 0 : 5 0 . 0 0 1 .5 3 A c  ± 0 . 3 6 5 . 5 9 B b  ± 0 .3 7
6 6 . 6 7 : 3 3 . 3 3 0 . 9 2 A c d  ± 0 .3 5 3.41 Be ± 0 . 7 3
8 3 . 3 3 : 1 6 . 6 7 0 .7 3 A d  ± 0 .0 4 1 .7 0 A c d  ± 1.01

100.00:00.00 0 .5 9 A d  ± 0 .1 0 0 . 5 9 A d  ± 0 . 1 0

a M e an  o f three de te rm ina t ion s. M e an s  w ith in  the  sam e row  fo l
low ed b y  the  sam e capital letters are not s ign if ic an t ly  d iffe ren t (P 
>  0 .05 ). M e an s w ith in  the  sam e co lu m n  fo llow e d  b y  the  sam e 
low er case letters are not s ign ific an t ly  d iffe ren t (P  >  0 .05 ).

D N a tu ra l y o lk  to  a lb u m e n  ratio.

color than those of lower pH. A pparently, the greenish dis
coloration problem of the cooked egg mixtures was pH 
dependent and more serious for the album en mixtures than 
for the whole egg mixtures. Results also suggest that this 
greenish discoloration can be controlled by the pH adjust
m ent of the raw m ixtures. According to  Baker et al. (1967), 
the greenish-black discoloration of hard-cooked egg yolks 
was influenced by high cooking tem perature, long cooking 
tim e, pH of yolk, long storage tim e of eggs before cooking 
and m ethod of cooling the cooked egg.

Effects of yolk to albumen ratio 
on the H2S content of egg mixtures

The highest H2 S content was obtained for the cooked 
yolk and albumen mixture w ith the natural yolk to  album en 
(1 :2) ratio. Increasing or decreasing the yolk to  albumen 
ratio beyond the natural condition decreased (P <  0.01) the 
H2S form ation during the cooking process (Table 2).

Mixing cooked yolk with cooked albumen at various 
ratios did not yield a linear relationship in H2 S content. 
Again, the highest H2S content in the mixtures was also 
obtained from the m ixture with a natural yolk to  albumen 
ratio (Table 2). Further studies o f the yolk and albumen 
mixtures at various ratios showed that altering the natural 
ratio resulted in a change of pH in the m ixtures (Table 3). 
The mixtures with natural yolk to  albumen ratio ( 1 :2) had 
a pH of 7.5. Increased am ounts of yolk in the m ixtures 
resulted in a decrease in pH. This alteration of pH might be 
partially responsible for the difference in H2 S content of 
the cooked mixtures.

Cooking the raw yolk and albumen m ixtures together 
usually resulted in a higher pH (P < 0 .0 5 ) ,  when compared 
to  the raw mixtures or the mixtures o f cooked yolk and

Fig. 1—H u n te r  c o lo r  values o f  c o o k e d  egg m ix tu res  as a ffe c ted  b y  
p H :  o, w ho le  egg m ix tu re ;  •, album en m ix tu re . E ach  p o in t  repre
sents the m ean o f  three determ inations.

Tab le  3 —M ean  p H  o f  b len d ed  egg m ix tu resa,t>

Y o lk :  A lb u m e n

pH

R aw  y o lk  + R a w  a lb u m e n
Mixing raw  y o lk  w i th  

ra w  a lb u m e n  & co o k in g
Mixing c o o k e d  y o lk  

w i th  c o o k e d  a l b u m e n

0.00:100 9 .0 5 B a  ± 0 .0 7 9 .8 2 A a  ± 0 .1 7 9 .7 0 A a  ± 0 . 0 0
1 6 . 6 7 : 8 3 . 3 3 8 . 3 3 C b  ± 0 .0 4 9.61 Aa ± 0 .1 3 9 . 0 5 B b  ± 0.21
3 3 . 3 3 : 6 6 . 6 7 c 7 .7 5 C c  ± 0 .0 7 8 . 9 5 A b  ± 0.21 8 . 3 3 B c  ± 0 .1 8
5 0 . 0 0 : 5 0 . 0 0 7 .2 0 C d  ± 0 .1 4 8 . 3 8 A b  ± 0 .2 5 7 . 7 5 B d  ± 0 . 0 7
6 6 . 6 7 : 3 3 . 3 3 6 . 8 0 A e  ± 0 .0 7 7 .4 5 A c  ± 0.21 7 . 2 5 B e  ± 0 .21
8 3 . 3 3 : 1 6 . 6 7 6 .5 0 B e f  ± 0 . 1 4 6 . 8 5 A d  ± 0 .0 0 6 . 8 3 A e  ± 0 .11

100.00:0.00 6 . 3 0 A f  ± 0 .0 7 6 . 2 9 A d  ± 0.02 6 . 2 9 A f  ± 0 . 0 2

M e an  o f  three de te rm ination s. M e an s  w ith in  the  sam e row  fo llow e d  b y  the  sam e capital letters are not s ign lf can t ly  d iffe ren t (P  >  0 .05 ). 
M e an s  w ith in  the  sam e co lu m n  fo llow e d  b y  the sam e low er case letters are not s ign if ic an t ly  d iffe ren t (P >  0 .05 ).

“ T w e n t y  g ram s o f  egg m ix tu re s  w ere  b lended w ith  4 0  m l o f  d istilled  water.
N a tu ra l y o lk  to  a lb u m e n  ratio.
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Table 4—Hydrogen sulfide content o f  cooked liqu id  eggs as affected by selected additives at various levels

M ean3 %b p r o d u c t i o n

S e le c ted  add i t ives  1 .0% 0.5% 0 .1%

A ce t ic  acid 2 9 .2 3 B b c + 7 .2 0 2 2 . 3 6 B b + 1.57 7 6 . 1 0 A d ± 6.00
A sco rb ic  acid 2 6 5 .6 7 A a + 2 4 .7 0 1 1 3 .8 8 C c + 2 7 .0 2 1 9 3 .6 7 B a ± 1 6 .5 6
Cit ric  acid 20.1 7B bc + 3 .7 5 3 5 . 1 4 B ab + 5 .5 4 8 5 . 1 4 A c d  + 11 .4 7
Malic acid 11.04BC ± 1 .8 0 2 4 . 6 6 B b ± 3 .2 3 1 6 0 . 9 2 A a b ± 31 .51
Na2 ED T A 1 7 . 6 9 A b c ± 7.41 16 .0 7 A b + 2 .2 4 2 4 . 0 8 A e ± 4 .6 6
P o ly p h o s p h a te s  (K E NA ) 4 8 . 8 3 B a b c ± 4 .9 3 4 2 . 9 4 B a b ± 5 .3 3 7 5 . 6 3 A d + 9 .7 8
S o d iu m  p h o s p h a t e  (P r im ary) 7 3 . 1 9 A a b ± 1 4 .3 0 5 7 . 6 7 B a b + 4 .0 4 1 2 7 . 3 5 A b c ± 2 6 .9 3
S o rb ic  acid 3 0 . 7 3 B b c + 6.31 2 6 .0 0 B b + 2.00 1 6 1 ,7 2 A a b ± 9 .4 8
S u cc in ic  acid 44.1  OBbc + 6.51 6 2 . 8 7 B a b + 1 3 .6 3 19 9 .6 7 A a + 4 .7 3
T a r t a r ic  acid 1 6 .9 7 B b c ± 8 .4 9 15 . 5 0 B b ± 3 .1 2 1 0 6 .5 9 A c d ± 18 .93

M ean  o f three de te rm ination s. M e an s  w ith in  the  sam e row  fo llow e d  b y  the  sam e capital letters are not s ig n if ic a n t ly  d iffe ren t (P  >  0.05). 
M eans w ith in  the sam e co lu m n  fo llow e d  b y  the  sam e low er case letter are not s ign if ic an t ly  d iffe ren t (P >  0 .05 ).

D Percentages o f H 2S  p ro d u c t io n  were ob ta ined  b y  co m p a rin g  the  treated sam p le s w ith  the  non-treated  contro ls.

Tab le  5 —H yd rogen  su lf id e  c on te n t o f  cyste ine  s o lu t io n  as a ffe c ted  
b y  the selected  add itives a t 0.5% leve l

Selected additives

Mean3 % b reduction

Before cooki ng After cook;ing

Acetic acid 59.31 Aabc ± 13.29 24.34BC ± 7.87
Ascorbic acid 75.61 Aa ± 9.39 38.19abc ± 6.09
Citric acid 53.19Aabc ± 8.07 54.42Aab ± 5.84
Malic acid 46.90Aabcd ± 11.41 48.93Aabc ± 4.89
Na2 E D T  A 36.84Abcd ± 11.37 31.72Abc + 4.52
Polyphosphate (K E N A ) 22.66Ad + 10.02 61.38Ba ± 5.53
Sodium  phosphate (Primary) 32.13Acd + 2.14 51.01 Aabc + 15.00
Sorbic acid 62.78Aab ± 8.93 59.49Aab ± 9.73
Succinic acid 36.94Abcd + 3.72 48.53Aabc ± 16.25
Tartaric acid 60.34Aabc ± 9.52 44.44Aabc ± 7.64

Mean of three determinations. Means within the same row followed by 
the same capital letters are not significantly different (P > 0.05). Means 
within the same column followed by the same letters are not significantly 
different (P > 0.05).

D Percentages of H 2S  production were obtained by comparing the treated 
samples with the non-treated controls.

cooked albumen. The differences in pH became less defini
tive as the am ount of yolk in the mixtures increased (Table
3).

Effects o f selected additives on the H2 S production o f 
cooked liquid w hole egg mixtures o f cysteine solution

The production of H2 S from liquid whole egg m ixture 
during cooking can be altered by the addition of additives 
at various levels. The addition of acetic acid, citric acid, 
Na2EDTA, and polyphosphates at 0,1% or malic acid, 
monosodium phosphate, sorbic acid, succinic acid, and 
tartaric acid at 0.5% to the raw m ixture reduced the H2 S 
content of the cooked mixtures (Table 4). The addition of 
ascorbic acid to  the m ixture increased the H2 S content of 
the cooked mixtures at all three tested concentrations. Gra- 
vani (1969) reported that the addition of monosodium 
phosphate at 0.4%, EDTA at 0.07% or citric acid at 0.25% 
prevented the greenish-gray discoloration of cooked liquid 
eggs. Later, Gossett and Baker (1981) reported that acetic 
acid, 0.19%; citric acid, 0.17%; Na2EDTA, 0.029%; malic 
acid, 0.22%; monosodium phosphate, 0.34%; and succinic jxj 
acid, 0.27%, prevented the greenish-gray discoloration of 
cooked liquid whole eggs.

The effect of the selected additives on H2S volatiles was 
further tested with cysteine solution (Table 5). In this part 
of the study, a trapping tim e of one hour and an incubation 
tem perature of 24°C were used. The tim e and tem perature 
selections were based on the results of our preliminary 
study (Fig. 2). Results from the studies involving the addi
tion of selected additives, before and after the heating of 
the cysteine solution, showed tha t some of the selected 
com pounds retarded the form ation of H2 S, while others 
might act as H2 S chelating agents. The H2S chelating effect

—C o n tin u e d  on  page 1052

I 2  3

TIME (HOURS)
Fig. 2 —H yd rogen  su lf id e  assay o f  h ea ted  cys te ine  so lu t io n  as a ffe c ted  
b y  trapp ing  tim e and  tem perature: •, 60°C ;  o, 24°C.

3 4 5 6 7 8
pH

Fig. 3—M ean H 2S con ten ts  o f  heated  cys te ine  so lu t io n  as a ffe cted  

b y  p H  values. Each  p o in t  represents the m ean o f  three determ ina
tions.
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S i m u l t a n e o u s  C u r d l i n g  o f  S o y / C o w ’s  M i l k  B l e n d s  w i t h  R e n n e t  

a n d  C a l c i u m  o r  M a g n e s i u m  S u l f a t e ,  U t i l i z i n g  S o y m i l k  

P r e p a r e d  f r o m  S o y b e a n s  o r  F u i l - F a t  S o y  F l o u r

F. R. DEL VALLE, E. DE ALBA, G. MARISCAL, P. G. JIMENEZ, J. A. ARELLANES,
A. PORTILLO, R. CASAS, M. E. TRISTAN, and G. M. DOMINGUEZ

---------------------------------------- A B S T R A C T -----------------------------------------

Mixed soy/cow ’s milk curds were prepared by simultaneous curdling 
o f soy/cow’s milk blends, utilizing rennet as cow’s milk coagulant 
and calcium or magnesium sulfate as soymilk coagulant. The m eth
od produced curds o f similar characteristics (compactness ar.d yield), 
w hether soymilk prepared from soybeans or full-fat soy flour was 
used. The effect o f a number o f  process variables on curd charac
teristics was studied, utilizing a fractional factorial design. Gener
ally, large changes in process variables (23 -  230%) produced rela
tively small charges in curd characteristics (1 -  16%). Protein con
tents of raw materials and proxim ate chemical analyses of pure and 
mixed milk curds, prepared under conditions yielding maximum 
curd compactness were determined. Protein recoveries in curd pre
paration were calculated.

IN T R O D U C T IO N

CHEESES of different types are much favored throughout 
the world, including developing countries. Although these 
products are know n to possess high contents of good qual
ity protein (FAO, 1970), they nevertheless have one im
portant disadvantage as far as their use in developing 
countries is concerned: their high cost. Soybean products, 
on the other hand, represent an inexpensive and abundant 
source of protein, also of good quality (Wolf and Cowan,
1971).

For the above reasons, it appeared desirable to  study 
extension of cheeses with soy proteins. Two possibilities 
were apparent for doing so: (1) curdle soy and cow’s milk 
separately and mix the curds; and (2) mix soy and cow’s 
milk and curdle the m ixture sim ultaneously. Preliminary 
work on mixing separately prepared soy and cow’s milk 
curds gave poor cheese because the curds had different 
structures, poor cohesion and broke on mixing. As a re
sult of these tests, possibility (1) was excluded, leaving 
possibility (2) as the remaining option for preparing soy- 
extended cheeses of acceptable quality.

Previous reports on soy-extended cheeses include the 
work of Hang and Jackson (1967), who inoculated a 15/ 
85 w/w m ixture of skimmilk/soymilk with S. thermophilus; 
after incubation, the m ixture was curdled by lactic acid 
produced by ferm entation. Added rennet reduced the time 
from inoculation with starter to cutting the curd. Subse
quently, Schroeder and Jackson (1971) applied a similar 
procedure to 25/75, 50/50 and 75/25 w/w mixtures of 
skimmilk/soymilk, again with addition of rennet. In all 
cases, cheeses of satisfactory quality were obtained, al
though it was found that the am ount of skimmilk added 
had little effect on finished product texture and flavor,

A u t h o r  D e l  V a l l e  is  P r e s id e n t ,  F u n d a c ió n  d e  E s t u d i o s  A l im e n t a r i o s  
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C h ih u a h u a ,  M e x i c o ,  a n d  a ls o  P r o f e s s o r  o f  F o o d  S c ie n c e  a t  F a c u l 

t a d  d e  C ie n c ia s  Q u ím ic a s ,  U n iv .  A u t ó n o m a  d e  C h ih u a h u a ,  C h ih u a 

h u a ,  M e x ic o .  A u t h o r  M a r i s c a l  is  w i t h  E s c u e la  d e  F r u i t i c u l t u r e ,  U n iv .  

d e  C h ih u a h u a .  A u t h o r s  J im e n e z ,  P o r t i l l o ,  C a s a s ,  T r i s t a n  a n d  D o m i n 

g u e z  a r e  w i t h  F a c u l t a d  d e  C ie n c ia s  Q u ím ic a s ,  U n iv .  d e  C h ih u a h u a .  

A u t h o r  A r e l l a n e s  is  w i t h  E m p a c a d o r a  d e  C h ih u a h u a ,  C h ih u a h u a ,  

M e x i c o .  A u t h o r  D e  A l b a  is  w i t h  I n s t i t u t o  T e c n o ló g i c o  A u t ó n o m o  
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the latter being due to  the strong flavor of soymilk. It 
might be added that soymilk obtained from  soybeans by 
the traditional process (Smith and Circle, 1978) was used in 
both works, and that form ation of soy and cow’s milk 
curds was due mainly to  isoelectric precipitation of casein 
and soy proteins by acid produced by ferm entation, with 
added rennet only playing a m inor role.

In this work, sim ultaneous curdling of soy/cow ’s milk 
blends of different proportions was studied, utilizing ren
net for the cow’s milk com ponent and calcium or magne
sium sulfate for the soymilk com ponent.

M A T E R IA L S  & M E T H O D S

Preparation of soymilk from soybeans by the traditional process

Davis variety soybeans were soaked 24 hr in w ater at room  tem 
perature, using a water/bean ratio (w/w) o f 1 :4, the soak water 
was decanted and the beans washed. The soaked beans were mixed 
with water (1:9 w/w), ground 5 min in a Waring Blendor (high 
speed), and the resulting suspension filtered through cheesecloth. 
The residue was discarded; the filtrate, soymilk, was heated to 
95°C and cooked at that tem perature for 7 min. The final product 
was cooled and stored at 5°C until used. Protein content o f the soy
milk was determined using standard procedures (AOAC, 1970).

Preparation of soymilk from full-fat soy flour

Commercial full-fat soy flour was m ixed with water (1:20, 
w/w) and the resulting suspension heated to 95°C and held at that 
tem perature for 10 min, all with continuous stirring. The hot 
suspension was mixed vigorously (Waring Blendor jar, high speed) 
for 3 min. The resulting soymilk was cooled and stored at 5°C 
until used, and its protein content was determined by standard 
m ethods (AOAC, 1970).

Other materials

Raw cow’s milk was obtained from a local dairy and stored at 
5°C until used; its protein content was measured according to  
AOAC (1970) m ethods. Rennet was a commercial product in tablet 
form, o f unspecified activity. Calcium and magnesium sulfates were 
chemically pure, laboratory-grade reagents, and did not contain 
water o f crystallization.

Procedure for curd preparation

Each run was carried out as follows. Soy and cow ’s milks were 
mixed to obtain 2L of blend o f  the desired proportion (25/75, 
50/50 and 75/25 soy/cow ’s milk, v/v) and blend acidity was ad
justed to the required value using a 10% aqueous solution of lactic 
acid. The blend was heated to the required tem perature and the 
curdling reagents, calcium or magnesium sulfate and rennet, were 
added in the required amounts, followed by thorough mixing to 
obtain uniform dispersion. The blend was allowed to  repose at the 
required tem perature (30 or 37°C) for the required length o f tim e 
to allow curdling to occur. After the repose period, blend tem 
perature was raised to 40 -  45°C to cook the curd. The curd was cut 
with a curd knife and transferred to a perforated wooden box con
taining 4 - 5  layers o f cheesecloth. The whey was allowed to drain, 
then the warm curd, wrapped in cheesecloth, was placed in a hy
draulic press and subjected to a pressure o f 1000 psi for 24 hr. 
The curd was removed and evaluated.

Evaluation of curd characteristics

Two curd characteristics were m easured: (1) consistency, deter
mined utilizing a Koehler penetrom eter with a universal ASTM
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grease penetration cone; and (2) yield, calculated as weight o f wet 
pressed curd obtained from 100L of milk blend.

Choice o f independent variables

The following factors, which were believed to affect curd charac
teristics were chosen as independent variables and coded as fol
lows: blend titratable acidity (A); am ount o f rennet added (B); 
type of soymilk coagulant employed (K); am ount o f soymilk coagu
lant added (CaS04 -  Ca ; MgS04 -  C ^ ); curdling tem perature (D); 
curdling tim e (E); and proportion o f soy to cow’s milk (P). Since 
a 2n factorial experimental design was selected and since this re
quires use o f each factor a t two levels (low and high), correspond
ing levels chosen for the above factors were those considered to lie 
within current practice for m anufacture o f cheese from cow’s milk 
and soybean curd from soymilk (Webb et al., 1974; Kosikowski, 
1977; Davis, 1965; Smith and Circle, 1978; Schroeder and Jackson, 
1971). It should be noted that in runs in which soymilk prepared 
from full-fat soy flour was utilized, one factor -  proportion o f soy 
to  cow’s milk -  was studied at three levels.

Experimental design

A 2n factorial design was selected. Since the com plete design 
would have required perform ance of a larger num ber o f experi
ments, which was considered impractical, it was decided to utilize 
a fractional factorial design instead. In this case, only part o f the ex
perim ents required by the complete design are perform ed. A de
tailed description o f the m ethod is given by Fedener (1955).

Experimental design in runs utilizing 
soymilk prepared from soybeans

The experiment was carried ou t in 40 runs, with eight o f the 
treatm ent combinations replicated to better ascertain experimental 
error. Table 1 lists factors used with corresponding levels. In the 
experimental design selected (Fedener, 1955), besides main effects, 
the following interactions were determined because they were be
lieved to be im portant (refer to Table 1): A*B, A*C, B*K, and E*K. 
Higher order and the  remaining two factor interactions were con
sidered not significant. Due to the fractional design, other inter
actions were confounded with main effects (Fedener, 1955). In the 
design employed, C was nested within K. On each run, measure
ments were made of penetration and yield. The design m atrix is 
given in Table 2, where the low level has been coded as - 1  and the 
high level as +1. Replicate runs are shown in the table as “ A” 
and “ B” . Results obtained were analyzed by Analysis o f Variance 
techniques (Fedener, 1955).

T a b le  1— L i s t  o f  i n d e p e n d e n t  v a r ia b le s  u s e d  in  r u n s  u t i l i z i n g  b le n d s  

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

C ode F a c to r L o w  level High level

A A c id i ty 3 .5%  as lactic  
acid

5 .0%  as lactic  
acid

B R e n n e t
c o n c e n t r a t i o n

0.021  g /L  of  
c o w 's  m ilk  
in b len d

0 . 0 4 2  g /L  o f  
c o w 's  m ilk  
in b lend

K T y p e  o f  s o y m i lk  
c o a g u l a n t3

M agnes ium
sulfa te

C alc ium
su lfa te

C A m o u n t  o f  so y m i lk  
c o a g u la n t

(a) C a S 0 4 3 .3  g /L  of 
s o y m i lk  in 
b lend

1 6 .6  g /L  of 
s o y m i lk  in 
b lend

(b) M g S 0 4 4 .8  g /L  o f  
s o y m i lk  in 
b lend

1 5 .9  g /L  of 
s o y m i lk  in 
b lend

D C urd l ing  t e m p 3 0°  C 3 7 °C

E C urd l ing  t im e 1.5 hr 3 .0  h r

P Blend p r o p o r t i o n  
of  so y m i lk ,  v /v

2 5 / 7 5 5 0 / 5 0

3 F o r  th is  factor, M g S 0 4 w as coded  as " lo w  level” and C a S 0 4  as 
“ h igh  level.”

Experimental design in runs utilizing soymilk 
prepared from full-fat soy flour

The experiment was set up as a fractional factorial design with 
six factors. Of these, five were at each of two levels. The sixth factor 
consisted o f three different soy/cow’s milk proportions. The ex
perim ent was carried out in 48 runs, all replicated. Readings, at each 
factor combination, were made on penetration and yield. The same 
soymilk coagulant (magnesium sulfate) was used in all runs. The 
factors and their levels are given in Table 3, while the corresponding 
design m atrix is listed in Table 4 . Note that in the latter table, for 
the first five factors, low level has been coded as - 1  and high level 
as +1; the sixth factor (P) was defined as follows: soymilk/cow’s 
milk proportion 75/25, +1; 50 /50 , 0; 25/75, - 1 .  Replicate runs are 
shown in Table 4 as “ A” and “ B” . Besides main effects, the selected 
experimental design (Fedener, 1955) perm itted calculations o f  the 
following interactions which were believed to be im portant: A*B, 
A*C, A*P, B*P, C*P, D*P, and E*P. Higher order and remaining 
second order interactions were assumed to  be not significant. 
Due to the fractional nature o f the design, o ther interactions were 
confounded with main effects. Results obtained were analyzed by 
Analysis o f Variance techniques (Fedener, 1955).

Proximate analysis and protein balance calculations 
o f pure and mixed milk curds

Proxim ate analyses o f curds with minimum penetration, ob-

T a b le  2 — D e s ig n  m a t r i x  w i t h  c o r r e s p o n d in g  r e s u l t s  i n  r u n s  u t i l i z i n g  

b le n d s  c o n t a i n in g  s o y m i l k  p r e p a r e d  f r o m  s o y b e a n s

R u n A B C D E P K P e n e t r a t i o n 3 Y ie ld13

1 + 1c - 1c - 1 +1 +1 + 1 +1 14 0 12.00
2 + 1 + 1 - 1 -1 - 1 +1 +1 18 3 1 1 .5 5
3 + 1 - 1 +1 -1 -1 + 1 + 1 103 1 0 .6 5
4 +1 -1 - 1 + 1 +1 + 1 -1 202 1 2 .9 5
5 +1 - 1 +1 -1 -1 + 1 - 1 1 7 4 1 2 .3 0
6 +1 +1 +1 +1 +1 + 1 - 1 113 7 .5 0
7 + 1 - 1 - 1 +1 + 1 - 1 +1 170 1 1 .5 5
8 + 1 + 1 -1 -1 -1 - 1 +1 19 2 1 2 .9 5
9 + 1 - 1 + 1 -1 - 1 - 1 +1 19 7 2 2 . 4 0

10 + 1 - 1 - 1 +1 +1 - -1 2 0 3 12.10
11 + 1 - 1 + 1 - 1 - 1 - 1 -1 201 1 2 .7 0
12 + 1 +1 + 1 + 1 +1 -1 -1 2 0 4 9 .5 0
1 3 A d + 1 +1 + 1 + 1 +1 +1 + 1 103 9 .9 0
1 3 B d + 1 +1 + 1 +1 +1 +1 + 1 16 8 1 0 .6 5
14A + 1 + 1 - 1 -1 - 1 + 1 - 1 194 1 1 .3 0
14B + 1 + 1 - 1 - 1 -1 +1 - 1 183 9 .5 0
15A +1 + 1 + 1 +1 +1 - 1 +1 14 2 1 1 .7 5
15B + 1 + 1 + 1 +1 +1 - 1 +1 15 0 12.00
16A + 1 + 1 - 1 -1 - 1 - 1 - 1 19 5 1 2 .7 5
16B + 1 + 1 - 1 - 1 -1 - 1 - 1 20 3 1 2 .7 5
17 - 1 +1 +1 -1 -1 + 1 +1 144 1 1 .8 0
18 - 1 + 1 +1 -1 + 1 + 1 +1 21 3 1 4 .7 0
19 - 1 - 1 +1 +1 -1 +1 -1 29 0 8.00
20 -1 + 1 - 1 +1 -1 + 1 -1 158 1 2 .3 5
21 -1 + 1 + 1 - 1 +1 +1 -1 193 1 1 .7 5
22 -1 - 1 - 1 - 1 +1 +1 -1 19 4 1 1 .5 0
23 - 1 - 1 - 1 -1 + 1 -1 -1 1 3 5 11 ;1 5
24 - 1 + 1 - 1 +1 -1 - 1 -1 17 3 1 1 .9 0
25 - 1 + 1 + 1 - 1 + 1 - 1 + 1 2 4 0 1 2 .3 0
26 - 1 + 1 -1 +1 -1 - 1 -1 13 8 9 . 8 5
27 - 1 - 1 +1 + 1 -1 -1 - 1 18 2 1 2 .1 5
28 - 1 + 1 + 1 - 1 +1 +1 -1 18 0 12.20
2 9 A -1 - 1 - 1 - 1 +1 +1 +1 156 1 2 .9 5
29B - 1 - 1 - 1 - 1 +1 +1 + 1 196 1 2 .9 5
3 0 A - 1 - 1 +1 + 1 - 1 +1 +1 194 1 4 .0 5
30B - 1 - 1 + 1 + 1 -1 + 1 + 1 10 8 1 0 .6 5
3 1 A - 1 - 1 + 1 + 1 - 1 - 1 +1 1 4 5 12.00
31 B - 1 - 1 + 1 + 1 - 1 - 1 +1 1 6 5 1 3 .8 0
3 2 A - 1 - 1 - 1 - 1 + 1 - 1 -1 12 4 10.20
32B - 1 - 1 - 1 -1 + 1 - 1 - 1 1 3 5 1 1 .5 0

3 Penetration  reported  as penetrom eter read ing.
“ Y ie ld  reported  as percent wet pressed curd  w ith  respect to m ilk  

b land.
H igh  level coded  as +1 , lo w  level coded  a — 1. 

d Rep licate  run s coded  as " A ” and  " B ” .
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C U R D L IN G  O F  S O Y / C O W  M I L K  B L E N D S . . .

tained in both series of runs (i.e., utilizing soymilk from soybeans 
and from full-fat soy flour) were determined (AOAC, 1970). Con
sidering these data, as well as protein contents of pure soy and 
cow’s milks previously obtained (AOAC, 1970), protein balance 
calculations were carried out in order to determine protein recovery 
in curds.

RESULTS & DISCUSSION

Soym ilk prepared from soybeans

Results of analysis of variance calculations are given in 
Tables 5 and 6 for penetration and yield, respectively. Due 
to  unequal numbers o f observations per cell, the design was 
not orthogonal, and hence different sums of squares do not 
add up to  the total.

Factors found to be significant were K (p <  0.05), 
A*C (p <  0.01), A*P (p <  0.05) and B*K (p <  0.05) in 
the case of penetration, and D (p <  0.05), K (p <  0.05), 
A*B (p <  0.10), A*P (p <  0.05) and E*K (p <  0.05) in 
the case of yield. Most factors were significant at the p <  
0.05 level; also, only two main effects -  K, coagulant type 
and D, curdling tem perature -  were significant in these 
runs, bo th  at the p <  0.05 level.

Effects of significant interactions on penetration and 
yield were calculated (Fedener, 1955) and found to  be 
less than 1%.

Average penetration and yield values calculated, utilizing 
data for all runs, corresponding to low and high levels of 
significant main effects are shown in Table 7. Use of cal
cium sulfate as coagulant gave softer curds with higher aver
age penetration and yield values (194 and 12.05%, respec
tively) than use of magnesium sulfate, for which corres
ponding values were 184 and 11.25%. On the other hand, 
an increase in curdling tem perature from  30 to 37°C de
creased average yield from  12.00 to  11.35%.

Nevertheless, Table 7 shows that overall percentage 
changes in both  penetration and yield, caused by variation 
of type of coagulant and curdling tem perature, were only 
o f the order of 5 -  7%. Thus, variations in individual values 
reported in Table 2 were probably due more to  experi
mental error than to significant main effects and interac
tions. It also means that it was possible to  produce mixed 
soy/cow ’s milk curds by the m ethod described, but that 
characteristics of these curds were not too sensitive to 
changes in experim ental conditions, within limits of the 
experim ental design employed. Given the small magnitude 
of these significant main effects, therefore, they will not 
be discussed further.

When studying main effects (an also interactions), it 
was found tha t in some cases, increasing penetration coin-

T a b le  3 — L i s t  o f  i n d e p e n d e n t  v a r ia b le s  u s e d  in  r u n s  u t i l i z i n g  b le n d s  

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

C o d e F a c to r L o w  level High level

A A c id i ty 3 .5%  as lactic  
acid

5 .0%  as lactic  
acid

B R e n n e t  C o n c e n t r a t i o n 0.021 g / L o f  
c o w 's  m i lk  in 
b len d

0 . 0 4 2  g / L o f  
c o w 's  m i lk  in 
b len d

C A m o u n t  o f  s o y m i lk  
c o a g u la n t

4 .8  gY L  of 
s o y m i lk  in b len d

1 5 .9  g /L  of 
s o y m i lk  in b le n d

D C u rd l in g  t e m p e r a t u r e 3 0°  C 3 7 °C

E C u rd l in g  t im e 1 .5  hr 3 .0  hr

P B lend  p r o p o r t i o n  
o f  s o y m i lk 3

2 5 / 7 5  5 0 / 5 0 7 5 / 2 5

a N o te  that variab le  P, b lend  p ro p o rt io n  o f  so ym ilk ,  w as stud ied  at 
three levels.
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cided with increasing yield, suggesting the possibility that 
the two parameters were correlated. To test this hypothe
sis, the correlation coefficient (r) was calculated (Snedecor 
and Cochran, 1967), utilizing data for all runs as reported 
in Table 2. The corresponding value calculated as 0.23, 
which indicated that the hypothesis was incorrect, and that 
penetration and yield were not correlated.

Soym ilk prepared from full-fat soy flour

Analysis of variance calculations for the fractional fac
torial design employed in these runs are shown in Tables 
8 and 9 for penetration and yield, respectively.

Factors found to be significant were A <p <  0.01), 
B (p <  0.05), O (p <  0.01), D (p <  0.05), E (p <  0.05), 
P (p <  0.05), A*C (p <  0.10), A*P (p <  0.01), B*P (p <  
0.05), C*P (p < 0 .1 0 ) ,  D*P (p <  0.01) and E*P (p <  0.01)

T a b le  4 — D e s ig n  m a t r ix  w it h  c o r r e s p o n d in g  r e s u l t s  i n  r u n s  u t i l i z i n g  

b le n d s  c o n t a i n in g  s o y m i l k  p r e p a r e d  f r o m  f u l l - f a t  s o y  f l o u r

R u n A B c D E P P e n e t r a t i o n 3 Y ie ld0

1A d +1c - 1c -1 + 1 +1 + 1 1 8 8 1 2 .7 0
1Bd +1 -1 -1 + 1 + 1 + 1 122 1 2 . 4 5
2A +1 +1 -1 - 1 - 1 -1 1 6 5 1 0 .8 0
2B +1 + ! -1 - 1 - 1 -1 112 12.20
3A +! -1 +1 -1 - 1 + 1 1 5 4 1 1 . 3 0
3B +1 -1 +1 - 1 -1 -1 1 2 4 11.15
4A +1 +1 +1 + 1 + 1 + 1 1 4 0 11.20
4B + 1 +1 +1 + 1 + 1 -1 112 1 1 .8 0
5A +1 -1 -1 + 1 + 1 0 9 5 1 1 .3 5
5B +1 -1 -1 +1 + 1 0 1 63 1 0 .5 5
6A +1 +1 -1 -1 -1 0 120 1 1 .2 5
6B +1 +1 -1 - 1 -1 0 150 1 0 .3 5
7A +1 -1 +1 -1 -1 0 211 11.50
7B +1 -1 +1 -1 -1 0 193 10.75
8A +1 +1 +1 + 1 + 1 0 98 11.00
8B +1 +1 +1 + 1 + 1 0 118 11.50
9A +1 -1 -1 + 1 + 1 -1 215 11.35
9B +1 -1 -1 +1 + 1 -1 193 11.05

10A +1 +1 -1 -1 -1 -1 156 11.75
10B +1 +1 -1 -1 -1 -1 133 1 1.65
11A +1 -1 +1 -1 -1 -1 156 11.60
11B +1 -1 +1 -1 -1 -1 210 12.00
12A +1 +1 +1 +1 +1 -1 209 11.25
12B +1 +1 +1 +1 + 1 -1 217 11.60
13A -1 -1 -1 -1 +1 +1 124 10.80
13B -1 -1 -1 -1 + 1 +1 103 11.20
14A -1 +1 -1 + 1 -1 +1 142 11.40
14B - 1 +1 -1 + 1 -1 +1 102 11.75
15A -1 - 1 +1 + 1 -1 +1 170 12.50
15B -1 -1 +1 +1 -1 +1 126 12.15
16A -1 +1 +1 -1 +1 +1 130 10.85
16B -1 +1 +1 -1 + 1 +1 109 10.90
17A -1 -1 -1 -1 + 1 0 161 12.70
17B -1 -1 -1 -1 + 1 0 212 12.95
18A -1 +1 -1 + 1 -1 0 82 11.80
18B -1 +1 -1 + 1 -1 0 93 11.05
19A -1 - i +1 + 1 -1 0 169 12.00
19B -1 -1 +1 + 1 -1 0 195 12.10
20A -1 +1 +1 -1 + 1 0 194 12.10
20B -1 +1 +1 - 1 + 1 0 175 12.65
21A -1 -1 -1 -1 + 1 0 107 12.65
21 B -1 -1 -1 -1 + 1 -1 128 12.45
22A -1 +1 -1 + 1 -1 -1 78 11.85
22B -1 +1 -1 + 1 -1 -1 95 12.20
23A -1 -1 +1 +1 -1 -1 97 12.50
23B -1 -1 +1 + 1 -1 -1 106 12.60
24A ‘ -1 +1 +1 -1 +1 -1 184 12.45
24B -1 +1 +1 -1 +1 -1 205 12.55

3 Penetration  reported  as penetrom eter reading.
Y ie ld  reported  as percent wet pressed curd  w ith  respect to m ilk  
b lend.

5 H igh  level coded  as +1, low  level coded  as — 1. 
a Rep licate  ru n s  coded  as " A ” and  “ B ” .



for penetration; and A (p <  0.01), B (p <  0.05), P (p <  
0.01), A*P (p <  0.01), D*P (p < 0 .0 1 )  and E*P (p < 0 .0 5 )  
for yield. It is interesting to  note that many more factors 
were found to be significant in these runs than in those 
utilizing soymilk from soybeans; also, most of these factors 
were significant at the p <  0.01 and p <  0.05 levels.

All main effects were found to  be significant in the case 
of penetration, at least at the p <  0.05 level, while three of 
these -  A, acidity, B, rennet dose and P, blend proportion 
of soymilk — were significant at the p <  0.01 level.

As in the previous runs, effects of significant interactions 
on penetration and yield were calculated (Fedener, 1955) 
and found to  be less than 1% so that consequently, these 
will not be discussed further.

Average penetration and yield values calculated, utilizing 
data for all runs, corresponding to low and high levels of 
significant main effects are shown in Table 10. It is appar
ent tha t in all cases, large changes in independent variables 
(i.e., acidity, rennet dose, etc.; of the order o f 23 -230% ) 
produced relatively small changes in both penetration and 
yield (1 -  16%). This same effect was observed in the pre
vious runs utilizing soymilk prepared from soybeans. Also, 
average yield and penetration values obtained in the full- 
fat soy flour runs (Tables 4 and 10) were not much differ
ent from those obtained in the soybean runs (Tables 2 
and 7).

These observations indicate that soymilk prepared from 
full-fat soy flour behaved similarly to  that prepared from 
soybeans, at least as far as behavior in preparation of mixed 
curds by the present m ethod is concerned. The proposed 
m ethod, therefore, yielded curds of similar characteristics, 
regardless of soymilk origin.

Increase in acidity, magnesium sulfate concentration and 
curdling tim e increased penetration, resulting in softer 
curds, while increases in rennet concentration, curdling 
tem perature and blend proportion of soymilk had the 
opposite effect, producing harder curds (Table 10). On the 
o ther hand, increases in acidity, rennet concentration and 
blend proportion of soymilk all resulted in a decrease in 
yield. Since they had little effect on both  penetration and 
yield, as noted previosuly, however, these factors will not 
be discussed further.

The correlation coefficient between penetration and 
yield was calculated, using data obtained in all runs in 
which soymilk prepared from full-fat soy flour was utilized 
(Table 4; Snedecor and Cochran, 1967) and found to  be 
0.10. It was concluded that in these runs, as in those in 
which soymilk prepared from soybeans was used, pene
tration  and yield were not correlated.

Proximate analysis and protein balance calculations 
o f  pure and mixed milk curds

Proxim ate analysis determ inations of pure and mixed 
milk curds prepared under conditions giving minimum 
penetration, including protein contents o f pure milks 
(experim entally determined) and milk blends (calculated) 
are given in Table 11. Soymilk prepared from  soybeans had 
more than twice the protein content of that prepared from 
full-fat soy flour (5.3% and 2.0%, respectively). This dif
ference may be explained as follows. In preparing soymilk 
from soybeans by the m ethod described in this paper, raw 
soybeans containing native proteins were extracted with 
water; since native proteins possess high solubility, depend
ing upon the w ater/bean ratio, high soymilk protein con-

T a b le  5 - R e s u l t s  o f  a n a ly s is  o f  v a r ia n c e  c a l c u l a t i o n s  f o r  p e n e t r a t io n ,  

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

T a b le  6 — R e s u l t s  o f  a n a ly s is  o f  v a r ia n c e  c a l c u l a t io n s  f o r  y ie ld ,  

i n  r u n s  u t i l i z i n g  b le n d s  c o n t a i n in g  s o y m i l k  p r e p a r e d  f r o m  s o y b e a n s

S o u r ce  of Degrees  o f S u m  o f S o u r c e  o f Degrees  of S u m  of
v a r ia t io n3 f r e e d o m sq u ares F V a lu e0 v a r ia t io n3 f r e e d o m squares F V a lu e b

A 1 164 .1 0 .1 7 A 1 3 9 2 . 2 0 .6 4
B 1 9 1 .6 0 . 0 9 B 1 3 3 4 . 0 0 .5 5
C 2 1 0 8 5 .7 0 .5 5 C 2 1 5 3 7 .6 1 .2 6
D 1 1283 .1 1 .29 D 1 2 6 3 5 . 4 4 . 3 1 * *
E 1 3 6 4 . 6 0 .3 7 E 1 110.0 0 .1 8
P 1 68.6 0 .0 7 P 1 8 4 6 . 4 1 .38
K 1 4 4 6 6 .1 4 . 5 0 * * K 1 3 7 6 0 . 0 6 . 1 5 * *
A*B 1 5 2 8 .5 0 .5 3 A*B 1 2 4 0 5 . 4 3 .9 3 *
A*C 2 1 2 8 0 9 .3 6 .4 5 * * * A *C 2 2 9 3 1 . 0 2 .4 0
A*P 1 7 1 7 1 . 6 7 .2 2 * * A *P 1 25 9 2 .1 4 . 2 4 * *
B*K 1 5 7 0 5 .7 5 . 7 5 * * B*K 1 8 7 4 . 3 1 .43
E*K 1 5 4 .8 0 .0 6 E*K 1 1 9 6 0 .0 3 .2 0 * *
Model 14 3 2 2 5 4 . 8 2 . 3 2 * * Model 14 190 1 8 .1 2.22**
E r ro r0 25 2 4 8 1 7 . 7 E r r o r0 2 5 1 5 2 9 3 . 5
T o ta l  (co r r ec ted ) 39 T o ta l  (co r r ec ted ) 3 9

?  Please refer to  T ab le  1 fo r cod ing . 3 Please refer to  T ab le  1 fo r cod ing .
D S ign ifican ce  level ind icated  as fo llow s: *p  <  0 .10 ; * * p  <  0 .05; S ign ifican ce  level ind icated  as fo llo w s: * p  <  0 .10 ; * * p  <  0 .05 ;

* * * p  <  0.01. * * * p  <  0.01.
c E r r o r  standard  dev ia t ion  = ± 31.5. E r ro r  standard  dev ia tion  =  ± 1.24.

T a b le  7 — A v e r a g e  y i e l d  a n d  p e n e t r a t io n  v a lu e s  c o r r e s p o n d in g  t o  l o w  a n d  h ig h  le v e ls  o f  s i g n i f i c a n t  m a in  e f f e c t s ,  in r u n s  u t i l i z i n g  b le n d s  c o n t a i n in g

s o y m i l k  p r e p a r e d  f r o m  s o y b e a n s

A verage  va lue  a t  level

- 1e + i f P e rc e n t  v a r ia t io n  in

P a ra m e te r P e n e t r a t i o n 3 Y ie ldb P e n e t r a t i o n 3 Y ie ld b P e n e t r a t io n Yie ld

C o ag u lan t  t y p e  (K )c 18 4 11 .2 5 19 4 1 2 .0 5 +5 .4% + 7.1%
T e m p e r a tu r e  (D)d - 12.00 — 1 1 .3 5 — - 5 . 4 %

3 Penetration  reported  as pentrom ete r reading.
° Y ie ld  reported  as percent wet pressed curd  w ith  respect to m ilk  blend. 
0 Percent varia tion  in coagu lan t typ e  not calcuable.
° Percent varia tion  in tem perature , + 2 3 .3 %
® L o w  level coded  as — 1.
' H igh  level coded  as +1.
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centrations are possible. Full-fat soy flour, on the other 
hand, has been considerably heat treated in order to  inac
tivate enzymes and antinutritional factors, with a conse
quent sharp drop in protein solubility. Proteins present in 
full-fat soy flour soymilk therefore, were mainly those con
tained in insoluble flour particles suspended in water. Since 
a limit exists on the maximum am ount of flour that may be 
suspended in order to yield a stable dispersion, a limit also 
existed on the maximum protein concentration of full-fat 
soy flour soymilk.

Milk curd protein content paralleled milk protein level 
(Table 11). Thus both  soymilk curds (C aS04 and M gS04 
precipitated) possessed higher protein contents than did the 
cow’s milk curd. The cow’s milk curd contained more fat 
(20.4%) than both soymilk curds (7.6% and 6.6% for the 
M gS04 and C aS04 precipitated curds, respectively), p rob
ably reflecting a similar difference in fat levels between 
soy and cow ’s milks (fat contents of these milks were not 
determ ined). Curd moisture contents were inversely pro
portional to to ta l solids; due to  its appreciably higher fat 
content, the cow’s milk curd contained less moisture than 
either soymilk curd. The type of soymilk coagulant em
ployed appeared to  have little effect on curd proxim ate 
analysis.

Mixed milk curds prepared from  soybean srym ilk blends 
possessed higher protein contents than did those made from

full-fat soy flour soymilk blends (Table 11). This is as might 
have been expected, in view of the higher protein content 
of the former with respect to  the latter soymilk. Generally, 
curd protein content paralleled milk blend protein content. 
Thus, in the case of blends containing soymilk prepared 
from  soybeans, protein content of bo th  milk blends and 
curds increased with increasing soy proportion, while 
the opposite was true with blends containing soymilk pre
pared from full-fat soy flour. As in the case of pure milk 
curds, type of soymilk coagulant employed had little effect 
on mixed curd proxim ate analysis. As a whole, soybean 
soymilk curds exhibited lower fat contents than full-fat 
soy flour soymilk curds, probably reflecting parallel differ
ences between raw material fat contents.

An interesting observation regarding mixed soybean 
soymilk curds is that all had lower protein contents than 
either 100% cow’s or soymilk curds. This is im portant 
because, in view of what was noted in the previous para
graph, mixed curd protein levels should have been ex
pected to lie between, and not below, those for correspond
ing pure milk curds. Since all mixed curds had lower fat 
contents than the pure cow’s milk curd, this observation 
is probably best explained by the fact that protein recovery 
in mixed curds was lower than in pure ones (Table 12). This 
difference, in turn, indicates tha t curdling substances 
worked better when used with pure milks than when used

T a b le  8 — R e s u l t s  o f  a n a ly s i s  o f  v a r ia n c e  c a l c u l a t io n s  f o r  p e n e t r a t io n ,  

i n  r u n s  u t i l i z i n g  b le n d s  c o n t a i n in g  s o y m i l k  p r e p a r e d  f r o m  f u l l - f a t  

s o y  f l o u r

S o u r c e  of  
v a r ia t io n 3

Degrees  o f  
f r e e d o m

S u m  o f  
squares F V a lu e b

A 1 4 5 0 8 . 6 8 .0 4 * * *
B 1 3 3 8 3 . 5 6 . 0 3 * *
C 1 65 9 4 .1 1 1 .7 5 * * *
D 1 3 1 6 2 . 3 5 . 6 4 * *
E 1 2 6 9 7 .0 4 . 8 1 * *
P 1 4 7 3 5 . 9 4 . 2 2 * *
A*B 1 7 1 4 .6 1 .27
A *C 2 1 9 3 0 .4 3 .4 4 *
A *P 1 1 2 3 1 5 . 0 1 0 .9 7 * * *
B*P 1 6 0 7 6 . 5 5 .4 2 * *
C*P 2 3029 .1 2 .7 0 *
D*P 2 7 6 7 9 .3 6 . 8 4 * * *
E*P 2 8 9 6 4 . 5 7 .9 9 * * *
E r r o r3 28 1 5 7 1 0 . 2
T o ta l 4 7

T a b le  9 — R e s u l t s  o f  a n a ly s is  o f  v a r ia n c e  c a l c u l a t i o n s  f o r  y ie ld ,  

i n  r u n s  u t i l i z i n g  b le n d s  c o n t a i n in g  s o y m i l k  p r e p a r e d  f r o m  f u l l - f a t  

s o y  f i o u r

S o u r c e  of  
v a r ia t io n 3

Degrees  of 
f r e e d o m

S u m  of 
squares F V a lu e0

A 1 1 7 2 8 .0 3 0 . 9 6 * * *
B 1 3 7 7 . 4 6 . 7 6 * *
C 1 2 8 .8 0 .5 2
D 1 12.6 0 .2 3
E 1 3 3 .0 0 . 5 9
P 2 6 6 5 . 0 5 .9 6 * * *
A*B 1 9 5 .8 1 .72
A *C 1 9 1 .8 1 .65
A *P 2 1 6 7 6 .7 1 5 . 0 2 * * *
B*P 2 8 2 .6 0 .7 4
C*P 2 131 .1 1 .17
D*P 2 1 5 7 9 . 9 1 4 . 1 5 * * *
E*P 2 4 1 8 . 4 3 . 7 5 * *
E r r o r3 2 8 1 5 6 3 .0
T o ta l 8 4 8 4 . 2

3 Please refer to  T ab le  3 fo r cod ing .
“ S ign if ican ce  level ind icated  as fo llo w s: * p  <  0 .10 ; * * p  <  0.05;

* * * p  <  0 .01 .
3 E rro r  standard  dev ia t ion  = + 23.7.

3 Please refer to  Tab le  3 fo r cod ing .
“ S ign if ican ce  level Ind ica ted  as fo llo w s :  * p  <  0 .10 ; * * p  <  0 .05 ;

* * * p  <  0 .01 .
3 E rro r  standard  dev ia tion  = ± 0.37.

T a b le  1 0 — A v e r a g e  p e n e t r a t io n  a n d  y i e l d  v a lu e s  c o r r e s p o n d in g  t o  l o w ,  i n t e r m e d ia t e  a n d  h ig h  le v e ls  o f  s i g n i f i c a n t  m a in  e f f e c t s  in  r u n s  u t i l i z i n g  

b le n d s  c o n t a i n in g  s o y m i l k  p r e p a r e d  f r o m  f u l l - f a t  s o y  f l o u r

P a ra m e te r
- i h

P e n e t r a t i o n 3 Y ie ld b

Average  va lue  a t level
o b

P e n e t r a t i o n 3 Y ie ld b
+ 1h

P e n e t r a t i o n 3 Y ie ld b
P e rc e n t  va r ia t io n  in 

P e n e t r a t i o n  Yie ld

A c id i ty  (A )3 137 12.00 - - 15 6 1 1 .9 0 + 1 3 .9 % - 0.8%

R e n n e t  d o s e  (B)d 15 5 1 1 .8 5 - - 13 8 1 1 .6 0 - 11 .0% - 2.1 %

M agnes ium  s u l fa te  d o s e  (C)a 1 3 5 - - - 15 6 - + 15 .6% -

T e m p e r a t u r e  (D)f 15 6 - - - 13 5 - - 1 3 . 5 % -

S o y m i lk  p r o p o r t i o n  (P)9 15 6 1 1 .9 5 15 2 1 1 .6 5 13 3 1 1 .5 0 - 1 4 . 7 % - 3 . 8 %

3 Penetration  reported  as penetrom eter reading.
“ Y ie ld  reported  as percent wet pressed cu rd  w ith  respect to  m ilk  

b lend.
3 Percent va ria tion  in acid ity , + 4 2 .9 % .  
a Percent va ria tion  in rennet does, + 1 0 0 .0 % .

?  Percent varia tion  in am ou n t  o f  m agnesium  sulfate, + 2 3 1 .3 % .
T Percent va ria tion  in tem perature , + 2 3 .3 % .
9 Percent va ria tion  in s o y m ilk  p ro p o rtion , overall, + 2 0 0 .0 % .  
n L o w  level coded  as — 1; In term ed iate  level coded  as 0 (o n ly  fo r  fa c 

tor P, so y m ilk  p ro p o rt io n );  h igh  level coded  as ±1.
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in blends, probably because, according to  the manner in 
which they were added (grams coagulant per liter of soy or 
cow’s milk in blend), concentrations of these substances in 
blends were lower than in pure milks, in proportion to 
blend com position (e.g., in 50/50 blends, coagulant con
centrations were 50% of those in pure milks). Presence of 
the opposite milk com ponent probably also hindered 
action of a given milk coagulant, especially rennet.

Table 12 is interesting for a num ber of other reasons. It 
shows that protein recovery was the same, regardless of 
whether soymilk was curdled with calcium or magnesium 
sulfate, or cow’s milk was curdled with rennet. With all 
mixed curds (soybean or full-fat soy flour soymilk blends), 
curd protein recovery decreased with increasing proportion 
of cow’s milk; this probably indicated that cow’s milk was 
more difficult to  curdle than soymilk in blends. This may 
be so since curdling of cow’s milk with rennet, being an 
enzymatic reaction, was probably more sensitive to  curdl
ing conditions than curdling of soymilk with calcium or 
magnesium sulfate, which is essentially a chemical reac
tion. For equal blend soymilk levels, higher protein recov
eries were obtained with full-fat soy flour soymilk than 
with soybean soymilk. This observation is probably ex
plained by the fact that full-fat soy flour soymilk, as pre
viously noted, consisted of insoluble suspended particles, 
which were, therefore, quite easy to precipitate, while soy
bean soymilk had a much higher content of soluble protein 
which had to be precipitated by a chemical reaction.

Curds prepared using magnesium sulfate as soymilk 
coagulant exhibited somewhat higher protein recovery than 
those prepared using calcium sulfate. The former salt gave 
better and more thorough precipitation of proteins than 
did the latter. Interestingly, however, and as was previ-

T a b le  1 1 — R e s u l t s  o f  p r o x im a t e  a n a ly s is  d e t e r m in a t io n s  f o r  p u r e  

m ilk s ,  m i l k  b le n d s  a n d  c u r d s ,  i n  p r e p a r a t i o n  o f  p u r e  a n d  m ix e d  m i l k  

c u r d s

S y s t e m 3 % Pro te in % Fa t % M ois tu re

Pure milks and milk blends

100%  S o y b e a n  s o y m i lk 5 .3 - —

100%  Full -fa t soy  f lo u r  s o y m i lk 2.0 - -
100%  C o w 's  m ilk 3 .4 - -

5 0 / 5 0  S o y b e a n  s o y m i lk 4 . 4 b - —
2 5 / 7 5  S o y b e a n  s o y m i lk 3 . 9 b - -

2 5 / 2 5  S o y  f lo u r  s o y m i lk 2 . 4 b - -

5 0 / 5 0  S o y  f lo u r  s o y m i lk 2 . 7 b - -
7 5 / 2 5  S o y  f lo u r  s o y m i lk 3 . 1 b - —

Pure milk curdsc

100%  S o y b e a n  s o y m i lk ,  M g S 0 4 3 4 , 9 7 .6 5 4 .3
100%  S o y b e a n  s o y m i lk ,  C a S 0 4 3 5 .3 6.6 5 3 .8
100%  C o w 's  m i lk ,  R e n n e t 2 9 .9 2 0 .4 4 5 .6

Curds from blends containing soybean soymilkC

5 0 / 5 0  B lend ,  C a S 0 4 2 6 .7 9 .8 54 .3
5 0 / 5 0  B lend,  M g S 0 4 2 6 .6 9 .4 54 .7
2 5 / 7 5  B lend ,  C a S 0 4 22.8 17 .4 54 .3
2 5 / 7 5  B lend ,  M g S 0 4 2 0 .4 17 .4 5 5 .9

Curds from blends containing full-fat flour soymilk0

7 5 / 2 5  B lend ,  M g S 0 4 16 .9 23 .0 5 7 .0
5 0 / 5 0  B lend ,  M g S 0 4 1 8 .4 26.1 5 3 .6
2 5 / 7 5  B lend ,  M g S 0 4 19 .6 28 .4 5 0 .2

3 K e y  fo r  b lends: first n um b e r ferers to  s o y m ilk  p ro p o rtion . 
b Calcu lated  value, fro m  b lend  co m p o s it io n  and  p rote in  con ten t o f 

pure com p onents.
c T y p e  o f coagu lant used Ind ica ted  after b lend  co m p o sit io n . In  the 

case o f  b lends, the o the r coagu lan t used w as rennet, as noted In 
text.

ously noted, no effect o f type of coagulant on protein 
recovery was found in the case of pure curds. Excluding 
experim ental error, no explanation for this discrepancy is 
apparent at this time.

S U M M A R Y  & C O N C L U S IO N S

MIXED SOY/COW’S MILK curds can be prepared utilizing 
the m ethod described in this paper. The m ethod appears to  
work whether soymilk prepared from  soybeans or full- 
fat soy flour is used, and curd characteristics (penetration 
and yield) are approxim ately the same in both cases.

In curds prepared from blends containing soybean soy
milk, curd consistency increased (penetration decreased) 
by using magnesium sulfate as soymilk coagulant; in curds 
from  blends containing full-fat soy flour soymilk, curd 
consistency increased with increasing rennet concentration, 
curdling tem perature and blend soymilk proportion, and 
decreased with increasing acidity, magnesium sulfate dose 
and curdling time. In curds prepared from blends con
taining soybean soymilk, yield decreased when using mag
nesium sulfate as soymilk coagulant, and also decreased 
with increasing curdling tem perature; in curds made from 
blends containing full-fat soy flour soymilk, yield decreased 
with increasing acidity, rennet concentration and blend 
soymilk proportion. In all of these cases, however, large 
changes in independent variables (23 -  230%) produced 
small changes in dependent ones (1 -  16%).

Due to their good consistency and compactness, best 
curds were judged by the researchers to  be those with mini
mum penetration, because of ability of converting them  to 
hard cheese. Conditions for obtaining these curds, from the 
above results, were as follows: titratable acidity, 3.5%; 
rennet concentration, 0.042 g/L of cow’s milk in blend; 
magnesium sulfate concentration, 4.8 g/L of soymilk in 
blend; curdling tm perature, 37 C; curdling tim e, 1.5 hr; 
maximum proportion of soymilk in blend. Similarly, con
ditions for obtaining maximum curd yield were: acidity, 
3.5%; rennet concentration, 0.021 g/L of cow ’s milk in 
blend; use of calcium sulfate as soymilk coagulant, inde
pendent of concentration; and minimum blend proportion 
of soymilk. Characteristics of best curds were: blends con
taining soymilk prepared from soybeans, penetration = 
138 and yield = 11.51%; blends containing soymilk pre
pared from  full-fat soy flour, penetration = 1 2 2  and yield =

T a b le  1 2 - R e s u l t s  o f  p r o t e i n  b a la n c e  c a l c u l a t io n s  in  p r e p a r a t i o n  o f  

p u r e  a n d  m ix e d  m i l k  c u r d s

S y s t e m 3
P e rc e n t  t o t a l  p ro te in  

reco v ered  in c u rd

Pure milk curdsb

100%  S o y b e a n  so y m i lk ,  M g S 0 4 8 6 .4
100%  S o y b e a n  s o y m i lk ,  C a S 0 4 86.2
100%  C o w 's  m ilk ,  r e n n e t 87,1

Curds from blends containing soybean soymilkb

5 0 % 5 0  B lend ,  C a S 0 4 71 .9
5 0 % 6 0  B lend,  M g S 0 4 7 3 .6
2 5 / 7 5  B lend,  C a S 0 4 6 1 .7
2 5 / 7 5  B lend,  M g S 0 4 6 9 .0

Curds from blends containing full-fat soy flour soymilk13

7 5 / 2 5  B lend ,  M g S 0 4 83.1
5 0 / 5 0  B lend ,  M g S 0 4 8 1 .4
2 5 / 7 5  B lend ,  M g S 0 4 7 6 .9

a K e y  fo r  b lends: first n um b e r refers to  s o y m ilk  p ro p o rt io n  In 
blend.

“ T y p e  o f  coagu lan t em p loyed  Ind icated  next to  sy stem  c o m p o s i
t ion . In  the case o f  b lends, the  o the r coagu lan t used w as rennet, 
as noted  In  text.
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11.55%. U nfortunately, these characteristics could not be 
compared with those of pure (i.e., 100% soy or cow’s) 
milk curds, since the latter were not prepared.

In runs utilizing soymilk prepared from  soybeans, as 
in those in which soymilk m anufactured from full-fat soy 
flour was used, curd penetration and yield were not corre
lated.

The order of decreasing protein content, in the case of 
pure milks, was as follows: soybean soymilk, cow’s milk 
and full-fat soy flour soymilk. Curds prepared from  these 
milks reflected the following characteristics: curd protein 
conten t paralleled milk protein content; curds prepared 
from  soybean soymilk had higher protein, lower fat and 
somewhat higher m oisture content than the cow’s milk 
curd; and type of soymilk coagulant employed had little 
effect on curd proxim ate analysis.

On the other hand, the following was true concerning 
curds prepared from soy/cow ’s milk blends: curd protein 
content paralleled blend protein conten t; curds made from 
blends containing full-fat soy flour soymilk had lower 
protein, higher fat, and approxim ately the same moisture 
content as those prepared from soybean soymilk blends; 
all mixed curds had lower protein content than pure milk 
curds; and type of soymilk coagulant employed had no 
effect on curd protein content.

Protein recoveries in pure milk curds were approxi
mately equal, whether cow’s milk was curdled with rennet 
or soymilk was curdled with calcium or magnesium sulfates. 
Protein recovery in mixed curds was lower than in pure

milk curds, decreasing with increasing blend proportion of 
cow’s milk, and was higher in those prepared from full- 
fat soy flour soymilk. Type of soymilk coagulant had no 
effect on pure milk protein recovery; on the other hand, in 
mixed curds, higher protein recoveries were obtained when 
utilizing magnesium sulfate for this purpose.
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H2s  CO N TENT OF COOKED EGG M IXTU RES  . . .  From page 1045,

was greater for polyphosphate at the 0.5% level. Fcr acetic 
acid and ascorbic acid, H2S form ation prevention was more 
prom inent than chelating. Ascorbic acid enhanced H2 S 
production in the liquid egg mixtures during cooking, while 
a H2 S reducing effect was observed for the cysteine solu
tion.

Adjusting pH of the cysteine solutions between 2.5 and
5.5 did not affect their H2S production during heating (P >  
0.05). A further pH increase of the cysteine solutions to  7.5 
significantly (P <  0.05) increased the H2S content of heated 
solutions (Fig. 3).

At lower concentrations, H2 S probably contributes to 
the flavor of all heated proteinaceious foods; while at high 
levels, the objectionable odor of H2 S is detrim ental to the 
flavor of such foods (Johnson and Vickery, 1964). Results 
reported in this study have shown that the H2S content of 
egg mixtures can be altered through pH adjustm ent or the 
addition of additives at the proper levels.
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Q u a l i t y  A t t r i b u t e s  a n d  R e t e n t i o n  o f  S e l e c t e d  B - V i t a m i n s  

o f  C a n n e d  F a b a  B e a n  a s  A f f e c t e d  b y  S o a k i n g  T r e a t m e n t s

C. L. LU, K. H. HSU, and L. A. WILSON

-------------------------------ABSTRACT-------------------------------
Solutions of ethylenediamine tetraacetic acid and sodium bicar
bonate were used to soak faba beans before canning. Soaking in 
ethylenediamine tetraacetic acid solutions only caused a slightly 
lighter bean color. Soaking in bicarbonate solutions increased both 
the drained weight and the softness of the cooked beans, and it 
also made the bean color darker. The profiles of loss of both thia
min and riboflavin during the canning process were determined. 
Riboflavin was lost primarily during retorting while thiamin was lost 
in several processes including heat pretreatment and soaking. Mech
anism of loss for the two vitamins was mainly leaching; very little 
thermal destruction was observed. None of the soaking treatments 
affected the retention of these vitamins.

INTRODUCTION
LEGUMES are economical sources of protein, minerals, 
and B-vitamin complexes for a large population of the 
world. The faba bean ( Vicia faba L.) is one such legume 
tha t has long been an im portant food to  people of the Mid
dle East. In the Orient, it is also popular, often being used 
in snacks, soups, and various other dishes.

Faba beans consumed in the home are often prepared 
through hydration and cooking to  achieve the desired 
palatability. This m ethod of preparation is very time and 
energy consuming. A canned product that simplifies or eli
minates the preparation process in the home and offers 
long storage life may be of some value in the market 
place.

Experience from processing of other dry beans has 
shown that quality changes such as unfavorable color de
velopment (Swain, 1962; Furia, 1972; Luh et al., 1975) 
and water-soluble-vitamin losses (Lund, 1975) will take 
place during canning. These changes were further com pli
cated by the additives, such as the disodium salt o f ethyl
enediamine tetraacetic acid (Na2EDTA) and sodium 
bicarbonate (N aH C 03), used during processing (Daoud 
et al., 1977; Flora, 1980; Perry et al., 1976; Rockland et al., 
1977; Silva et al., 1981). But effects of various processes 
and additives on the color, texture, and nutrient changes 
during the canning of faba beans, h itherto , have not been 
critically examined.

Thus, the purpose of this study was to  investigate the 
effects no t only of the processing steps, but also of some 
soaking treatm ents on the quality of canned dry faba beans.

MATERIALS & METHODS

Beans
Faba beans used in this study were purchased from Kuwait 

in 1978. They were sealed in a waterproof plastic bag and stored 
in a 4°C cold room to minimize quality change and insect damage. 
To obtain a sample of more homogeneous size, the beans were 
screened such that they would pass through a sieve with 3/8-inch

A u t h o r  H s u  a n d  W i l s o n  a r e  a f f i l i a t e d  w i t h  t h e  D e p t ,  o f  F o o d  T e c h 

n o lo g y ,  I o w a  S t a t e  U n iv . ,  A m e s ,  I A  5 0 0 1 1 .  A u t h o r  L u ,  f o r m e r l y  

w it h  I o w a  S t a t e  U n iv . ,  is  n o w  w i t h  t h e  D e p t ,  o f  F o o d  S c ie n c e ,  C o r 

n e l l  U n iv . ,  I t h a c a ,  N Y .

openings (U.S.A. Standard Testing Sieve, Fisher Scientific Com
pany) and remain as overs on a sieve with 1/4-inch openings. Beans 
with noticeable holes and cracked skins were discarded.

Canning procedures
To eliminate the problem of germination during soaking, the 

beans were heat-pretreated in 80°C hot water for 3 min before 
soaking, then drained, cooled, and soaked in different solutions 
(Table 1) at a weight ratio of water to beans of 4 to 1 for 12 hr at 
25° C. All soaked beans were drained, rinsed with tap water, and 
then blanched in a 95° C steam chamber for 3 min. Blanched beans 
(180g) were placed in a 303 x 406 enameled can, and brine solu
tion containing 1.5% salt, 3% sucrose, and 0.1% monosodium 
glutamate was added up to 0.25 inches from the rim of the can (300 
mL). The cans were covered with lids, exhausted in a steam chamber 
for 5 min, and sealed immediately by means of a semiautomatic 
sealer. The sealed cans were heat-processed at 115.5°C for 40 min. 
Faba beans processed under these conditions have been shown 
to be safe microbiologically (Abou-Dheir, 1980).

The canned beans were stored in a cool place (about 10 -  15°C) 
for 1 wk preceding quality evaluation and nutrient analysis.

Drained weight
The drained weight was determined by draining the canned 

beans for 2 min on an 8-in. standard #8 sieve and weighing to within 
O.lg.

Quality evaluation
Color. Color was measured with a HunterLab color difference 

meter (CDM) model D25A-9 using a white porcelain plate with L = 
92.34, a = -1.01, b = 0.91 as reference. Results were expressed in 
L, a, and b values.

Texture. Texture was measured with a Universal Instron Texture 
Machine (model 1122) using Ottawa extrusion cell having an area of 
50 cm2 and equipped with an eight-bar extrusion grid. The full- 
scale load was set at 100kg. Crosshead speed was 10 cm/min, and 
chart speed was 5 cm/min. Forty-five grams each of the canned 
beans were used, and measurements were made in triplicate. Results 
were expressed as the maximum force, in kilogram, required to 
extrude the beans.

Nutrient analysis
Thiamin. Thiamin contents were analyzed according to the 

AOAC thiochrome method (AOAC, 1980).
Riboflavin. Riboflavin in the beans was determined by using the 

AOAC fluorometric method (AOAC, 1980).

Statistical analysis
Analysis of variance was performed by using the SAS computer 

package to determine differences among treatments. When differ
ences were observed, Duncan’s multople range test was performed,

T a b le  1— S o a k in g  s o lu t i o n s  u s e d  in  t h is  s t u d y

S o ak in g  s o lu t io n  pH

Disti lled w a te r  (con t ro l ) 7 .4 8
5 0  p p m  N a 2 E D T A 6 . 7 0
1 0 0  p p m  N a 2 E D T A 6 . 3 2
15 0  p p m  N a 2 E D T A 6.12
0 .5%  N a H C 0 3 8 .4 0
1.0% N a H C 0 3 8.61
1.5% N a H C 0 3 8.68
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also by using the SAS package, to separate the effects of the treat
ments.

R E S U L T S  &  D IS C U S S IO N S

Drained weight
Drained weight of the canned products was affected by 

some of the soaking treatm ents (Table 2). Na2EDTA- 
treated beans had the same drained weight as that of the 
control. However, beans treated w ith NaHC03 produced 
products with significantly greater drained weights than 
the control. Drained weight increased as the concentration 
of NaHC03 was increased with the exception of beans 
soaked in 1.5% NaHC0 3 , the drained weight of which was 
not significantly different from that of the beans soaked in
1.0% NaHC0 3 . Solubilization of pectic substances due to 
Na+/Ca++ or Na+/Mg++ exchange could contribute to  the 
increase in drained weight. The fact that drained weight of 
beans soaked in 1.5% NaHCC>3 was not significantly differ
ent from tha t o f beans soaked in 1% NaHCC>3 was believed 
to  be caused by the greater loss of solids from the 1.5% 
N aH C 03-treated beans during retorting. This reasoning 
was supported partially by the more viscous appearance 
of the final brine of this treatm ent as compared to  those of 
the others.

Color
The effects of various concentrations of Na2EDTA and 

N aH C 03 on the color of canned faba beans are presented 
in Table 2. Incorporating 150 ppm Na2EDTA in the soak
ing water produced canned beans with slightly lighter color 
than those soaked in plain water, as shown by the higher 
“ L” value of the CDM measurements. The result agreed 
with those of Luh et al. (1975) and Flora (1980). The 
immobilization of the metal ions through binding to 
Na2EDTA may be the cause for this change. Na2EDTA 
concentrations less than 150 ppm did not cause a change 
in the “ L” value. Neither “a” nor “b ” values responded 
to  the Na2EDTA treatm ents.

The use of 1.0% and 1.5% N aH C 03 in the soaking water 
darkened the color of canned beans, as indicated by their 
low “ L” value. In addition, the “b ” value was decreased 
by N aH C 03 soaking treatm ents, indicating a reduction in

yellowness. These results are similar to  those of Kilgore and 
Sistrunk (1981) on blackeyed peas. Natural pigments, 
such as anthocyanins, were found to  change color when 
blackeyed peas were soaked in alkaline solutions (Culver 
and Cain, 1952). These pigments could also contribute to  
the darkening of the N aH C 03-treated beans in this investi
gation. No effect o f N aH C 03 on the “a” value was found.

Texture
Table 2 summarizes the effects of soaking Treatments on 

the texture of canned beans. The tex tu re of NaHCC>3- 
treated beans was softer than those of the control and 
Na2EDTA-treated beans. This is consistent w ith the find
ings of Varriano-Marston and Omana (1979). They sug
gested that the softening of the sodium salt-treated beans 
was due to  the disruption of cell integrity caused by the 
ion-exchange reaction between the sodium ions and the 
divalent ions in the intracellular cement. In addition, the 
alkalinity of the NaHCC>3 solutions might also aid in 
hydrolyzing the cell wall, thus contributing to  the soften
ing of the beans.

It was also observed tha t, as the concentration of Na- 
H C 03 was increased, the tex ture of beans becomes softer. 
Since the ability to  predict the texture of canned products 
at a given concentration of N aH C 03 in the soaking water 
was of interest the data were subjected to  regression analy
sis using two models, i.e., linear and quadratic. The inde
pendent variable, X, was the N aH C 03 concentration, and 
the dependent variable, Y, was the maxim um  extrusion 
force measured.

A summary of the analysis of variance for the model is 
shown in Table 3. The quadratic model gave significantly 
higher R evalues than the linear model. According to Table 
4, the quadratic model could be expressed as:

Y = 55.27 -  51.54X + 17.74X2
A good agreement was found between the extrusion forces 
as predicted by the quadratic model and those of the ex
perim ental data (Fig. 1).

None of the Na2EDTA treatm ents showed any influence 
on the force required to  extrude the canned beans when 
compared w ith control. Although the binding of intracellu
lar divalent metal ions by chelating agent could also result 
in the softening of the beans (Varriano-M arston and Omana,

T a b le  2 — Q u a l i t y  a t t r i b u t e s  o f  c a n n e d  f a b a  b e a n s  a s  i n f l u e n c e d  b y  v a r io u s  s o a k in g  s o lu t io n s

S o ak in g
s o lu t io n

D ra ined
w t
(g) L

H u n t e r L a b  c o l o r im e te r  readings  
a b

E x t ru s io n  
fo rce  

( k g /45g  )

C o n t ro l 2 6 1 .5a 20.4 b 4 . 2 a 6.0bc 5 5 . 3 °

N a n E D T  A
5 0  p p m 2 6 4 .3  a 19 0 ab 5 . 5 a 5 . 7 aDC 5 6 .3 °

100 p p m 2 6 0 . 3 a 1 9 . 4 b 4 . 4 a 5 3 abd 5 6 .7 °
1 5 0  p p m 2 6 2 . 2 a 22.2° 4 . 8 a 6 .4 ° 5 7 .6 °

H aH C O o
0.5% 2 7 3 . 2 b 18 . 5 ab 4 . 0 a 4 gad 3 3 . 7 b
1 .0% 2 8 2 . 2 ° 1 7 . 5 ad 4 . 7 a 4 5 de 21. 7 a
1.5% 2 7 9 . 4 bc 1 5 . 3 d 4 . 4 a 3 . 6 e 1 7 .8 a

a' e M e an s fo llow e d  by  the sam e letter (w ith in  each co lu m n ) are no t s ig n if ic a n t ly  d iffe ren t at the 5 %  level.

T a b le  4 — T e s t  o f  s ig n i f i c a n c e  f o r  t h e  p a r a m e t e r s  o f  q u a d r a t i c  re g re s -

s io n  e q u a t io n

T a b le  3 — S u m m a r y  o f  a n a ly s is o f  v a r ia n c e  f o r  v a r io u s r e g r e s s io n
T  fo r  H0 : S t d  e r ro r

P a ra m e te r E s t im a te p a r a m e te r  = 0 P R >  I T | of e s t i m a te
Regress ion

m o d e l F V a lue P R > F R 2 Q u a d ra t ic  m o d e l
I n t e r c e p t 55 .2 7 3 7 . 0 4 0.0001 1 .49

L inea r 1 5 1 .4 5 0.0001 0 .8 4 X - 5 1 . 5 4 - 1 0 . 5 1 0.0001 4 . 9 0
Q u a d r a t i c 1 7 4 . 1 0 0.0001 0 .9 3 X 2 1 7 .7 4 5 .6 2 0.0001 3 .1 6
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1979), the concentration of Na2EDTA used in this study 
might have been too  low to show this phenom enon.

N u tr ie n t  r e te n t io n

E ffe c t  o f  ca n n in g  o p e r a t io n s . To ascertain if any changes 
in vitamin contents were taking place, the thiam in and ribo
flavin contents of faba beans were compared after each 
canning operation (Table 5). Both riboflavin and thiamin 
are water soluble, and some are expected to  be lost during 
various steps of canning. It was observed that riboflavin 
content decreased significantly only at the retorting step. 
On the other hand, thiamin was vulnerable, not only to 
retorting, but also to  other processing steps such as heat 
pretreatm ent and soaking. Strohecker and Henning (1965) 
reported that riboflavin occurred in natural products almost 
entirely in the combined forms, e.g., as riboflavin-5 
phosphoric acid ester (flavin m ononucleotide), or linked to 
protein to  become a constituent of “ flavoprotein.” Thus, 
it is possible tha t riboflavin in faba beans is so firmly bound 
to  the protein matrix or other constituent that it is difficult 
to  remove by leaching. Binding between thiam in and faba 
bean constituents must not be to  the same extent as it is 
w ith riboflavin inasmuch as there was a 50% reduction in 
the thiamin content after soaking.

Because steam was the heating source in the blanching 
step, the contact between m oisture and beans was mini
mized. This should reduce the leaching of water-soluble 
nutrients at this stage. Although the application of heat to 
the beans during blanching may also destroy thiam in, the 
effect was not observed in this study. Mulley et al. (1975) 
reported tha t binding of thiamin to  the protein m atrix and 
starch in naturally products could prevent the heat destruc
tion of thiam in to  a great extent. This may explain in part 
the heat-resistant properties o f thiam in in our system. Fur
therm ore, the short blanching tim e (3 min) used was not 
expected to  cause a significant thiam in change.

Because of the drastic processing condition of a re to rt, a 
significant loss of riboflavin and thiamin was found. Most

T a b le  5 — T e s t  o f  s ig n i f i c a n c e  f o r  t h e  v i t a m in  c h a n g e s  d u r in g  c a n n in g a

C ann ing  o p e ra t io n
T h i a m i n 13

<M9/g)
R ib o f la v in 13

W  g)

Dry beans 4 .4 0 4 .4 0
Heat  p r e t r e a t m e n t 3 .8 8 * 4 .2 6
S oak ing 1.93* 3 .9 9
Blanch ing 1 .82 3 .8 2
R e t o r t i n g 1 .49* 2 .4 9 *

a V a lue s In th is table are the m eans o f  th iam in  or ribo flav in  contents 
fo r  ail treatm ents after the ind icated  process step.

D A ll values are on  a d ry  w e ight basis.
*  N u trien t con ten ts  are s ig n if ic a n t ly  d iffe ren t before  and after the 

treatm ent at 5 %  level.

T a b le  6 — E f f e c t s  o f  s o a k i n g  s o lu t io n s  o n  t h e  t h ia m in  c o n t e n t  Ig g /g )  

o f  f a b a  b e a n  a t  v a r io u s  s ta g e s  o f  c a n n in g  p r o c e s s a

S o ak in g
s o lu t io n S o a k e d B lanched C an n e d Brine

C o n tro l 2 . 5 3 b 2 . 0 2 c 1 . 6 0 d 0 .4 2

N a n E D T A
5 0  p p m 2 . 1 0 b 1 .8 4 ° 1 . 5 4 d 0 . 4 1 e

1 0 0  p p m 1 .8 4  b 1 .7 0 c 1 . 3 6 d 0 . 4 5 e
1 5 0  p p m 1 . 6 5 b 1 .8 0 c 1 . 4 8 d 0 . 4 1 e

N a H C 0 3
0.5% 1 . 5 6 ° 1.71 c 1 . 5 7 ° 0 . 3 5 e
1.0% 1 . 7 6 b 1 .7 4 c 1 . 5 2 d 0 . 3 2 e
1.5% 1 , 7 8 b 1 .9 6 ° 1 . 3 8 d 0 . 2 5 e

a D ry  w eight basis
b‘d M eans fo llow e d  b y  the sam e letter are not s ign if ic an t ly  d ifferent 

at the 5 %  level. 
e S in g le  m easurem ent

of the lost vitamins were recovered in the brine solution 
(Table 6 and 7) indicating that leaching was the major 
mechanism responsible for the vitamin decrease in the 
canned faba beans. The high tem perature caused cell dis
ruption and surface splitting of the beans which made them 
more susceptible to leaching losses. The mechanism that 
protected thiamin from heat destruction, as described in 
the blanching step, could also be effective during retorting.

E ffe c t  o f  so a k in g  tr e a tm e n ts . Thiamin retention  of the 
canned beans was not significantly affected by either 
Na2EDTA or NaHCOg treatm ents (Table 6). Although 
thiam in is known to be unstable under alkali conditions 
(Harris, 1975) the buffering capacity of the protein m atrix 
and the acidic constituents of the beans may offset the 
alkalinity of the NaHCOg solutions for these treatm ents to  
show any effect.

Na H C03, %

F ig .  1— E f f e c t  o f  t h e  c o n c e n t r a t i o n  o f  N a H C O j  s o a k in g  s o lu t i o n  o n  

t h e  t e x t u r e  o f  t h e  c a n n e d  f a b a  b e a n .  B a r s  d e n o t e  s t a n d a r d  d e v ia t io n .

T a b le  7 — I n f l u e n c e  o f  s o a k in g  s o lu t i o n s  o n  t h e  r i b o f l a v i n  c o n t e n t  

( g g / g l  o f  f a b a  b e a n  a t  v a r io u s  s ta g e s  o f  c a n n in g  p r o c e s s '3
S oak ing
s o lu t io n S o a k e d B lanched C an n e d Brine

C o n t ro l 4 . 2 4 b 3 . 8 0 e 2 . 3 9 f 1.51

N a 2 E D T A
5 0  p p m 3 . 6 8 cd 3 . 6 6 e 2 . 4 0 f 1 . 7 4 s

1 0 0  p p m 3 . 5 0 d 3 . 7 4 e 2.3 2 f 1 . 7 0 9
1 5 0  p p m 3 . 6 8 cd 3 . 4 1 e 2 . 4 5 f 1 . 6 1 9

N aH C O o
0.5% 4 0 7 bc 4 . 2 1 e 2 . 5 0 f 1 . 7 2 9
1.0% 4 . 2 9 b 3 . 8 2 e 2 . 7 5 f 1 . 6 1 9
1.5% 4 . 4 7 b 4 . 1 2 e 2 . 6 4 f 1 . 5 3 s

a D r y  w e ight basis
b "t M eans fo llow e d  by  the sam e letter are not s ign if ic an t ly  different 

at the 5 %  level.
9 S in g le  m easurem ent
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The retention of riboflavin also was not significantly 
influenced by the treatm ents during processing, except at 
the soaking stage (Table 7). Beans after soaking in Na2EDTA 
solutions had slightly lower riboflavin contents than those 
soaked in other solutions. The cause for this decrease is 
not known. Even though precautions were taken to  con
duct the riboflavin analysis under subdued light, some 
light-induced degradation during analysis may still take 
place which may account for the detected differences.

C O N C L U S IO N

SOAKING in Na2EDTA solutions had very little effect on 
th e  color and texture of the canned faba bean other than a 
slight im provem ent of the bean color at the 150 ppm level. 
Soaking in NaHC03 solutions softened the canned beans 
drastically; however, it also darkened the product.

By tracing thiam in and riboflavin contents o f the beans 
after each processing step, the profiles of change for these 
vitamins were outlined. Significant loss of thiam in occurred 
at the soaking, blanching, and therm al processing stages 
while major loss of riboflavin occurred only at the therm al 
processing stage of the canning process. The am ount of 
thiam in and riboflavin recovered from the final brine 
indicated that these vitamin losses were due mainly to 
leaching instead of therm al destruction. Soaking in either 
Na2EDTA or NaHCC>3 solutions did not result in additional 
loss in these vitamins. This result confirmed previous pub
lished works (Johnston et al., 1943; Rockland et al., 1977) 
that thiamin and riboflavin of some legumes, in their 
natural states, are not very susceptible to destruction by 
alkali and heat.
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G o s s y p o l  R e m o v a l  a n d  F u n c t i o n a l  P r o p e r t i e s  o f  P r o t e i n  P r o d u c e d  

b y  E x t r a c t i o n  o f  G l a n d e d  C o t t o n s e e d  w i t h  D i f f e r e n t  S o l v e n t s

E. H. RAHMA and M. S. NARASINGA RAO

--------------------------------------- A  B S T R  A C T ----------------------------------------

Cottonseed flakes were extracted with one of the following sol
vents: (A) hexane; (B) 1:1 mixture of 85% isopropanol and hexane; 
and (C) acetone followed by 1:1 mixture of isopropanol and hexane. 
Meal B had the lowest free gossypol content of 0.069%. The func
tional properties and the protein content of all the meals were simi
lar. Ultracentrifugation did not reveal any change in the proportion 
of the protein fractions. Gel electrophoresis indicated minor differ
ences.

IN T R O D U C T IO N

GOSSYPOL, a polyphenolic com pound, is a constituent 
of cottonseeds (Murti and Achaya, 1975) and is toxic to 
monogastric animals (Berardi and Goldblatt, 1969). Several 
solvent-extraction m ethods have been used to  reduce the 
gossypol content of cottonseed meal (Harris et al., 1947, 
1949; Pons and Eaves, 1971; Damaty and Hudson, 1975; 
Canella and Sodini, 1977; Cherry and Gray, 1981). Al
though extraction with acetone or aqueous acetone pro
duced cottonseed meal having low free gossypol content 
(Pons and Eaves, 1971; Damaty and Hudson, 1975) the 
flavor o f the meal was objectionable (Alyevand et al., 1967). 
The use of acidic butanol for extraction left 0.07% free 
gossypol in cottonseed meal (Canella and Sodini, 1977), 
a level higher than the perm itted level of 0.045% (Milner,
1980) . Methylene chloride extraction of cottonseed meal 
reduced the free gossypol content to  0.013% with no ad
verse effect on the quality of the meal (Cherry and Gray,
1981) .

Extraction of flaked cottonseed meal with isopropanol 
or aqueous isopropanol, and isopropanol-hexane m ixture 
has been attem pted bo th  for oil extraction and for ob ta in
ing cottonseed meal of low gossypol content. Isopropanol 
(91%) was found to  be an efficient solvent for extracting 
active (free gossypol) along with the oil (Harris et al.,
1947). Rat and swine feeding tests of the isopropanol- 
extracted meal showed it to  be superior to hydraulic 
pressed meal as a source of protein (Harris et al., 1947). 
Isopropanol has also been used in the preparation of fish 
protein concentrate (Toledo, 1974) and recently for the 
extraction of oil from soy flakes (Baker and Sullivan,
1983).

The object o f this investigation was to  determ ine how 
extraction of cottonseed meal with hexane, hexane-isopro
panol m ixture or acetone followed by hexane-isopropanol 
m ixture affected the functional properties o f the meal.

M A T E R IA L S  &  M E T H O D S

Materials
Cottonseeds of the variety Varalakshmi were obtained from the

A u t h o r  N a r a s in g a  R a o  ( t o  w h o m  in q u i r ie s  s h o u l d  b e  d i r e c t e d )  is  

P r o j e c t  C o o r d in a t o r ,  P r o t e i n  T e c h n o l o g y  D i s c i p l i n e ,  C e n t r a l  F o o d  

T e c h n o l o g ic a l  R e s e a r c h  I n s t i t u t e ,  M y s o r e  — 5 7 0  0 1 3 ,  I n d ia .  A u t h o r  

R a h m a  is  a  U n i t e d  N a t i o n s  U n i v e r s i t y  F e l l o w ;  p r e s e n t  a d d r e s s :  

F o o d  S c ie n c e  &  T e c h n o l o g y  D e p t . ,  F a c u l t y  o f  A g r i c u l t u r e ,  U n iv .  

o f  M o n o u f e i a ,  S h ib in - E I - K o m ,  E g y p t .

local market. The seeds were dehulled by flaking in a flaking roller 
(Model No. 6725, Akt.lebolaget, Kvarnmeskine, Malmo, Sweden), 
and then sieved to remove the husks and remaining fibers. The 
sieve-flaked samples were then extracted with one of the following 
solvents as indicated in Table 1: (A) hexane; (B) 1:1 mixture of 
85% isopropanol (85 parts of isopropanol (IPA) and 15 parts of 
water) and hexane; and (C) washing with acetone followed by 1:1 
mixture of isopropanol and hexane. For extraction, meal to solvent 
ratio of 1 to 10 was used in all cases. The meal samples were de- 
solventized by drying at room temperature (-v 28° C) and ground 
with an Apex Communiting Mill (Apex Construction Ltd., London) 
to pass through a 60-mesh size sieve. The fat content of the meals 
was below 0.5%. For brevity, the meal samples are designated as 
(A) hexane extracted meal; (B) meal extracted with 1:1 mixture of 
85% isopropanol and water; (C) meal washed with acetone followed 
by 1:1 mixture of isopropanol and hexane.

Analytical methods
Moisture, total proteins, and total ash were determined by 

AOAC methods (AOAC, 1980). Total and free gossypol were deter
mined by the methods of Pons et al. (1949; 1950). Bound gossypol 
was calculated as the difference between total and free contents. 
The available lysine content of the meals was determined by the 
procedure of Carpenter (1960) using 1-fluoro 2,4-dinitrobenzene 
(FDNB) reagent. The method of Dubois et al. (1956) was used to 
estimate total sugars in the ethanol extract using glucose as standard.

T a b le  1— F lo w - s h e e t  f o r  p r e p a r a t i o n  o f  c o t t o n s e e d  m e a l

T r e a t m e n t

C o t to n s e e d  f lakes

i
H e x an e  e x t r .  

(6-7 tim es)

Air  d ry in g  
a n d  deso lven t i -  

z a t io n

C o t to n s e e d  f lakes
i

85%  IP A -H exane  
(1:1)

e x t r .  (4 t im es)

H e x an e  e x t r .  
(4 tim es)

C o t t o n s e e d  f lakes

i
A c e to n e  w ash ing  

(4 t im es)

IP A -H ex an e  (1 :1 )  
e x t r .  (4 t im es)

G rind ing Air  d ry in g  a n d H e x a n e  e x t r .
de so lven t iza - (4 t im es)

t ion1
' 1

Sieving  th r o u g h G rind ing A ir  d ry in g  an d
6 0  m esh  sieve

I 1
d e so lv e n t iz a t io n

I
1

C o t to n s e e d  meal
▼

Sieving t h r o u g h . TG r ind ing
A 6 0  m esh  sieve 

|
f

C o t t o n s e e d  meal Sieving  th ro u g h
B 6 0  m esh  sieve

C o t t o n s e e d  meal 
C
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S O L V E N T  E X T R A C T IO N  O F  C O T T O N S E E D  . . .

Meals were extracted with 70% ethanol for 2 hr on a water bath at 
* 60°C. The in vitro digestibility index was determined by the method 

of Akeson and Stahmann (1964), using pepsin and pancreatin. The 
results are expressed as percent protein digested. Pepsin, pancreatin 
and 1-fluro 2,4-dinitrobenzene were from E. Merck, West Germany.

Disc polyacrylamide gel electrophoresis (PAGE) was carried out 
by the procedure described by Davis (1964) using 7.5% gel and 
0.025M tris-glycine buffer of pH. 8.3. Cottonseed meal protein was 
extracted in 1M NaCl solution (meal to solvent ratio 1:10, extrac
tion time 1 hr at room temperature), and the extract dialyzed 
against the buffer for 24 hr. About 100 Mg of protein were loaded 
on the gel. Electrophoresis was carried out for 3 hr at a constant 
current of 3 mA/tube. The gels were stained with 0.1% Coomassie 
brilliant blue solution for 1 hr, then destained with a solution con
taining acetic acid, methanol and water (75:50:875).

The 1M NaCl-extract was dialyzed against 1M NaCl solution 
overnight and 1% protein solution was used in ultracentrifuge 
studies. The experiment was carried out with a Spinco Model E 
analytical ultracentrifuge, fitted with Rotor Temperature Indicator 
and Control (RTIC) unit and phase plate schlieren optics, at 60,000 
rpm and at room temperature. Photographs were taken at different 
intervals of centrifugation. From the photographs, S20 w was cal- 
culated by the standard procedure (Schachman, 1959). Enlarged 
tracings were used to calculate the proportion of proteins in the 
extract.

The spectrum of the protein in dialyzed 1M NaCl-extract was 
recorded in the range 240 -  300 nrn using Perkin-Elmer double 
beam recording spectrophotometer, Model 124.

Functional properties
Nitrogen solubility of each extracted meal in water and 5% 

NaCl solution was determined by the method described by Rahma 
and Narasinga Rao (1979). For water absorption capacity determi
nation» 15 mL distilled water was added to lg of the meal in a 
weighed 20 mL glass centrifuge tube. The tube was agitated on a 
vortex mixer for 2 min, then centrifuged for 20 min at 4000g. The 
clear supernatant was decanted and discarded. The adhering drops 
of water were removed, and the tube weighed. Water adsorption 
capacity is expressed as the weight of water bound per lOOg of dry 
meal. Oil absorption capacity was estimated in the same way as 
water absorption capacity except that 10 mL of refined groundnut 
oil were added to lg of meal. The oil absorption capacity is expressed 
as mL of oil bound per lQOg of dry meal.

Emulsifying capacity (EC) was determined by the method de
scribed by Webb et al. (1970). It is expressed as mL of oil emulsi
fied per g of dry meal.

T a b le  2 — P r o x im a t e  c o m p o s i t i o n  o f  c o t t o n s e e d  m e a ls  o b t a i n e d  b y  

e x t r a c t i o n  w i t h  d i f f e r e n t  s o lv e n t s 3

Meal

C o m p o n e n t A B C

M ois tu re  (%) 7 .2 7.6 7.3
T o ta l  p ro t e in  (%) 4 7 .9 4 9 .7 51 .6
T o ta l  suagrs  (as g lucose)  % 16.0 14.2 15 .2
T o ta l  ash  (%) 7.6 8.2 8 .9
Available  lysine (g /16g  N) 3 .5 6 2.91 3 . 1 0
T o ta l  gossypo l  (%) 1 .5 2 0 .6 5 0 .4 2
Free  gossypol  (%) 1 .35 0 . 0 6 9 0 .1 5
B o u n d  gossypol  (%) 0.1 7 0 .5 8 0 .2 7
C a r b o h y d r a t e s  ex c lu d in g  

Sugars  (by d i f fe rence ) 1 4 .7 0 16 .0 9 1 6 .7 0

3 A ve rage  o f three m easurem ents

T a b le  3 — N i t r o g e n  s o l u b i l i t y  a n d  in  v i t r o  d i g e s t ib i l i t y  o f  c o t t o n s e e d  

m e a ls  o b t a i n e d  b y  e x t r a c t i o n  w i t h  d i f f e r e n t  s o lv e n t s 3

N itro g en  so lu b i l i ty  % I n v i t ro
Meal h 2 o 5% NaCl digest ib i l i ty

A 2 5 .9 6 6 .5 8 0 .2
B 18 .5 54.1 7 5 .4
C 2 5 .4 75 .9 8 1 .8

3 A ve rage  o f three m easurem ents

R E S U L T S  & D IS C U S S IO N

THE FREE GOSSYPOL CONTENT of the cottonseed 
meals prepared by extraction of the flakes with different 
solvents is given in Table 2. Hexane extracted meal con
tained 1.35% free gossypol compared with 0.069% when 
the extractant was a 1:1 m ixture of 85% IPA and hexane. 
Pre-washing with acetone followed by extraction w ith 1:1 
m ixture of IPA and hexane gave a flour w ith 0.15% free 
gossypol. Gastrock et al. (1965) reported gossypol removal 
from cottonseed using hexane, acetone and water and 
obtained cottonseed flour with free gossypol content of 
0.01 -  0.03%; their extraction procedures, however, wjere 
different from ours. Lawhon and Rao (1967) used aceto'ne- 
cyclo-hexane-water m ixture for extraction and by properly 
adjusting the water content o f the m ixture and the flakes 
obtained flours with 0.067% free gossypol and 50 -  57% 
protein. Cherry and Gray (1981) using m ethylene chloride 
w ith other suitable solvents obtained cottonseed flours with 
free gossypol content of 0.011 -  0.24% and protein content 
of 64 -  68%.

The proxim ate com position of cottonseed meals (Table
2) indicated there was not much variation in the protein, 
reducing sugar and to ta l ash contents. IPA reduced slightly 
the available lysine content. Meals w ith reduced lysine had 
higher bound gossypol content. Polar solvents rupture the 
pigment gland and dissolve gossypol (Boatner, 1948). 
The probability that the protein will bind gossypol will 
be greater in such solvents. Thus dissolved gossypol in the 
aqueous IPA may be bound by the protein.

The solubility and in vitro digestibility of cottonseed 
flours are shown in Table 3. Solubility in 5% NaCl solution 
was higher than in water. Meal B had the lowest solubility. 
This may be due to  denaturation of the proteins by aque
ous IPA. Digestibility by pepsin-pancreatin system showed 
a trend similar to solubility. There was no difference in 
digestibility of meals A and C, and the values agreed w ith 
earlier reported values (Rahm a and Narasinga Rao, 1983).

The water absorption capacity values (Table 4) show 
tha t nonaqueous IPA-hexane caused a slight increase and 
aqueous isopropanol-hexane a slight decrease in water ab 
sorption capacity. The use of bo th  aqueous and nonaque
ous IPA-hexane mixtures decreased the oil absorption 
capacity. In the case of 85% IPA-hexane solvent the de
crease was marked (43%) but it was only 10% for the non
aqueous solvent treated sample. It is possible that the de
crease in oil absorption capacity of 85% IPA-hexane ex
tracted meal was due to  the fact tha t this solvent was not 
as effective as the other solvents in removing the fat already 
bound to  the meal. Also the 85% IPA-hexane extracted 
meal (B) may have been less lipophilic and less likely to 
absorb lipid than the other meals.

The EC of the samples was higher in 5% NaCl solution 
than in water (Table 4). Kinsella (1976) has reported that 
EC of a protein depends upon the solubilized protein. 
Since the nitrogen solubility of the meals in 5% NaCl solu
tion was higher than in water, EC in 5% NaCl solution 
could also be expected to  be higher. Perhaps for the same 
reason the EC of meal B was lower than that of the other 
two in water and 5% NaCl solution.
T a b le  4 — W a t e r  a n d  o i l  a b s o r p t io n  a n d  e m u l s i f i c a t i o n  c a p a c i t y  o f  

c o t t o n s e e d  m e a ls  o b t a i n e d  b y  e x t r a c t i o n  w i t h  d i f f e r e n t  s o lv e n t s 3

W ater  a b s o r p t io n  
c a p a c i ty  g H 20 /  

100g meal

Oil a b s o r p t io n  
c a p a c i ty  m L  

o i l /100g m eal

EC
m L  o i l /g  m eal

Meal

0CM
1

5% NaCl

A 2 8 0 2 47 63 71
B 2 76 14 0 56 66
C 291 2 23 67 74

3 A verage  o f three m easurem ents
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The UV absorption spectrum of samples is given in Fig. 
1. In 1M NaCl solution, meal A gave a spectrum  with a 
maximum at 275 -  280 nm and minimum at 256 nm ; meal 
B a maximum at 278 nm and minimum at 254 nm; and meal 
C a maximum around 278 nm and minimum around 250
nm. Whereas meals A and C gave a broad maximum, meal 
B gave a sharp maximum. The ratio o f the absorbance at 
the maximum to  tha t at the minimum had the following 
values: meal A, 1.09; meal B, 1.46; meal C, 1.17.

F ig .  1 — U V  a b s o r p t io n  s p e c t r u m  o f  t h e  p r o t e i n  s a m p le s  ( in  1 M  

N a C l  s o lu t io n ) :  ( A )  F l o u r  o b t a i n e d  b y  h e x a n e  e x t r a c t i o n ;  (B )  

F l o u r  o b t a i n e d  b y  e x t r a c t i o n  w i t h  1 :1  m ix t u r e  o f  8 5 %  i s o p r o p a n o l  

a n d  h e x a n e ;  ( C )  F l o u r  o b t a i n e d  b y  p r e - w a s h in g  w i t h  a c e t o n e  a n d  

e x t r a c t i o n  w i t h  1 :1  m ix t u r e  o f  i s o p r o p a n o l  a n d  h e x a n e .

Proteins not conjugated w ith nucleic acid and other 
impurities give a ratio o f 1.5 of absorbance at 280 nm 
to tha t at 260 nm (Layne, 1959). Meal B of present study 
had a value of 1.46, close to 1.5 suggesting that it was 
free from UV-absorbing impurities. This meal had also the 
lowest free gossypol content. Gossypol has absorption in 
aqueous solvents in the UV region w ith maxima at 292 -  
295 nm and 385 nm (Maliwal et al., 1984).

The polyacrylam ide gel electrophoretic pattern  of the 
meals in 0.025M tris-glycine buffer o f pH 8.3 is shown in 
Fig. 2. Meal A showed the presence of five major bands and 
two minor, fast moving bands. The major band has a rela
tive m obility of 0.208 (Table 5). In meal B, the fast-moving 
bands were absent, and also the intensity  of the tw o bands 
ahead of the major band was less, indicating partial dissocia
tion. The relative m obility o f the major band was low, only 
0.16. This may be due to  aggregation and form ation of 
higher molecular weight fractions. The presence of an 
aggregate was also observed at the top of the gel (B). The 
pattern of meal C was almost similar to that of meal A. The 
major band had a relative m obility o f 0.203 compared to  
0.208 for the major fraction of the control.

Sedimentation velocity patterns of the 1M NaCl extract 
of cottonseed flour obtained by extraction with various 
solvents are shown in Fig. 3. The pattern  in general con
sisted of 4 peaks, having S2o,w values o f 13.8S, 9.3S, 7.2S 
and 0.8S. The relative percent proportions of the four frac
tions were 3, 18, 46 and 33 respectively. The low molecular 
weight fraction gave a broad and diffuse peak characteristic 
o f this class of proteins. The major peak in all cases was 
tha t of 7.2S protein. There was no change in sedim entation 
velocity patterns. PAGE experiments indicated minor varia
tions in the protein com position. However, the chemical 
com position of the flour did no t indicate any significant 
changes. There were some differences in the functional 
properties. Reddy et al. (1982) have reported tha t 7S frac
tion was the major protein in cottonseed.

F ig .  2 — P o l y a c r y l a m id e  g e l  e l e c t r o p h o r e t i c  p a t t e r n  o f  t h e  p r o t e i n  

s a m p le s  ( in  a  0 . 0 2 5 M  T r i s - g ly c in e  b u f f e r  o f  p F I  8 . 3 ) :  ( A )  F l o u r  o b 

t a in e d  b y  h e x a n e  e x t r a c t i o n ;  (B )  F l o u r  o b t a i n e d  b y  e x t r a c t i o n  w it h  

1 :1  m ix t u r e  o f  8 5 %  i s o p r o p a n o l  a n d  h e x a n e ;  (C )  F l o u r  o b t a i n e d  b y  

p r e w a s h in g  w i t h  a c e t o n e  a n d  e x t r a c t i o n  w i t h  1 :1  m ix t u r e  o f  i s o p r o 

p a n o l  a n d  h e x a n e .
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T a b le  5 — R e la t i v e  m o b i l i t y  o f  c o t t o n s e e d  m e a l  p r o t e i n s  o f  d i f f e r e n t  

m e a ls

No. of bands
Relative mobility

A B C
1 0.013 0.014 0.013
2 0.13 0.067 0.101
3 0.208 0.107 0.203
4 0.286 0.160 0.317
5 0.416 0.294 0.456
6 0.870 0.427 0.937
7 — 0.934 —

Extraction of cottonseed meal w ith a m ixture of isopro
panol and hexane removes 95% of gossypol left in the meal 
by extraction with hexane alone. Isopropanol-hexane ex
traction  did not markedly alter the functional properties 
of the meal. The free gossypol content of 0.069% is slightly 
higher than the perm itted level of 0.045%.
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F ig .  3 — S e d im e n t a t i o n  v e lo c i t y  p a t t e r n  o f  t h e  p r o t e i n  m e a ls  ( in  1 M  

N a C I  s o lu t io n ) :  ( A )  F l o u r  o b t a i n e d  b y  h e x a n e  e x t r a c t i o n .  ( B )  F l o u r  

o b t a i n e d  b y  e x t r a c t i o n  w i t h  1 :1  m ix t u r e  o f  8 5 %  i s o p r o p a n o l  a n d  

h e x a n e .  (C )  F l o u r  o b t a i n e d  b y  p r e w a s h in g  w i t h  a c e t o n e  a n d  e x t r a c 

t i o n  w i t h  1 :2  m ix t u r e  o f  i s o p r o p a n o l  a n d  h e x a n e .  S e d im e n t a t i o n  

p r o c e e d s  f r o m  l e f t  t o  r ig h t .  T h e  p h o t o g r a p h s  w e r e  t a k e n  a f t e r  2 8 ,  

2 9  a n d  3 1  m in  a f t e r  a t t a i n m e n t  o f  6 0 , 0 0 0  r p m  f o r  m e a ls  A ,  B ,  a n d  

C ,  r e s p e c t iv e ly .
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T h e r m o c o u p l e  G r o u n d i n g  i n  R e t o r t  P o u c h e s

WAYIME R. PETERSON and J. P. ADAMS

---------------------------------------A B S T R A C T -----------------------------------------

Four different types of thermocouples and three different ground
ing methods were evaluated to determine the most consistent and 
accurate temperature response in heat penetration tests of pouches 
in pressurized water and steam-air retorts. Criteria for evaluating the 
response were the residual sum of squares from nonlinear regression 
analysis and Fh and Fc values derived from the heat penetration 
data. Temperature measurement errors were found using both 
types of heating media for certain thermocouple types and ground
ing methods, while cooling data was found to be acceptable for 
most combinations. The best response was found with a thermo
couple shielded with a stainless steel tube in which the measuring 
junction was electrically isolated from the sheath.

IN T R O D U C T IO N

ACCURATE MEASUREMENT of therm al processing 
parameters is necessary to  obtain a valid calculated process 
tim e for the sterilization of canned and pouched foods. The 
validity of these parameters is directly related to  the ac
curacy of the tem perature measurements taken during a 
heat penetration test. Current therm ocouple techniques 
used in the food industry have been developed for cans and 
glass containers and work well for those containers. With 
the advent o f retort pouches, some tem perature measure
ment problems have been observed with these standard 
techniques. Davis et al. (1972) experienced tem perature 
measurement errors in retort pouches as large as 20 F when 
using copper-constantan wire therm ocouples. They solved 
this problem by using enamel coated therm ocouple wire 
and grounding the measuring junction  of the therm ocouple 
to  the ground of th e  recording potentiom eter. Pflug (1975) 
experienced similar problems and solved them  in the same 
manner. Peterson and Adams (1983) used grounded ther
mocouples successfully; however, problems were experi
enced using ungrounded therm ocouples (unpublished data).

Tem perature measurement errors in retort pouches are 
usually found to  be one of two types or a com bination of 
both. The first and most com mon error appears as a tailing 
up or down of the straight line portion of the heating curve. 
This effect is similar to  what is observed when a heating 
curve is plotted with an erroneous retort tem perature. The 
other error encountered is erratic jum ps up or down in the 
recorded tem perature. These errors can be very severe, 
often resulting in recorded tem peratures well above the 
actual retort tem perature. The occurrence of these errors is 
inconsistant and the magnitude of the error will probably 
be different for each heat penetration test. If errors occur 
they usually become apparent as the tem perature of the 
pouch contents approaches within 10-15 F of the retort 
tem perature.

The purpose of this research was to  examine the nature 
and occurrence of these tem perature measurem ent errors in

A u t h o r s  P e t e r s o n  a n d  A d a m s  a r e  a f f i l i a t e d  w i t h  t h e  F o o d  S c ie n c e  &  

H u m a n  N u t r i t i o n  D e p t . ,  U n iv .  o f  F l o r i d a ,  I F A S ,  G a in e s v i l le ,  F L  

3 2 6 1 1 .

retort pouches, and to evaluate the effectiveness of therm o
couple type and m ethods of grounding in alleviating these 
errors.

M A T E R IA L S  & M E T H O D S

TWO 1 0 x 9 x 1  inch polycarbonate slabs (Tuffac, Rohm and Haas 
Co., Philadelphia, PA) were used. Each slab was equipped with 4 
holes (#50 drill, 0.07 inch diameter) at various heights in the slab 
(approximately +0.25, +0.10, 0.0, and -0.25 inches from center). 
The thermocouple holes were located in the infinite slab region of 
each slab as determined by comparing results from the exact mathe
matical solutions of the heat conduction equations for the infinite 
slab and parallelpiped geometries.

The polycarbonate slabs were processed in commercially availa
ble retort pouch material (0.5 mil PET/ADH/0.5 mil Al foil/4 mil 
PP) supplied courtesy of the American Can Company (Greenwich, 
CT). The pouch material was formed into a pouch with 1/4 inch 
wide impulse seals (14H/HTV, Vertrod Corp., Brooklyn, NY). The 
thermocouples were introduced into the pouch by means of stuffing 
boxes (C5.2, O.F. Ecklund, Cape Coral, FL). The final seal of each 
pouch was accomplished with a vacuum impulse sealer (Multivac 
M-3-II, Koch, Kansas City, MO). Each pouch was subjected to 29 
inches of vacuum for at least 2 min prior to sealing. Following the 
vacuum seal, each pouch was given an additional cosmetic seal.

Thermocouple types
Four types of copper-constantan (Type T) thermocouples were 

used: (1) a 6-inch CNL needle thermocouple (O.F. Ecklund, Cape 
Coral, FL), consisted of 30 gauge thermocouple wire inside a 1/16 
inch o.d. stainless steel tube. The measuring junction was formed by 
soldering the thermocouple wires and stainless steel tube together 
approximately 1/16 inch back from the end. (2) A 6 inch isolated 
CNL needle thermocouple (O.F. Ecklund, Cape Coral, FL) was 
identical to the standard CNL type except that the measuring junc
tion was not in electrical contact with the stainless steel tube; 
therefore, the stainless steel tube was a true electrical shield. (3) 
30- and (4) 40-gauge wire thermocouples (matched, Teflon coated 
copper and constantan thermocouple wire; Omega Engineering, 
Stamford, CT) were fused together to form the measuring junction. 
An extra copper wire of the same gauge was included in the fusion 
to provide a means of grounding the measuring junction. The 40- 
gauge thermocouple wire was very fragile; therefore, after approxi
mately 6 inches of the wire was used, the 40-gauge wire was soldered 
to 24-gauge thermocouple wire (Thermo Electric, Saddle Brook, 
NJ). This soldered connection was secured to the polycarbonate 
slab using a cement made of polycarbonate shavings dissolved in 
dichloromethane. The wire thermocouples were held in place on the 
slab with a general purpose sealant silicon caulk (Dow Corning, 
Midland, MI). Previous experience had indicated that when more 
than one wire was extended through a stuffing box, a loss of 
vacuum in the pouch could result during processing. This problem 
was solved by using electrical shrink tubing in conjunction with 
silicon caulk at the point where the thermocouple wires entered the 
stuffing box. The wire thermocouples terminated outside the 
pouched polycarbonate slab at a female thermocouple connector 
(O.F. Ecklund, Cape Coral, FL), and the copper ground wire ter
minated at a small copper alligator clip.

Copper constantan Teflon coated thermocouple wire (24 gauge, 
Thermoelectric, Saddle Brook, NJ) was used from the measuring 
potentiometer into the retort vessel where it was terminated with a 
male thermocouple connector (C-6, O.F. Ecklund, Cape Coral, FL). 
The back of the male connectors and female connectors (wire 
thermocouples only) were filled with silicon caulk (Dow Corning, 
Midland, MI) to prevent water intrusion.
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Grounding methods
Three different grounding methods were used: a retort ground

ing method, a potentiometric grounding method, and no ground. 
The retort grounding method was accomplished by attaching the 
ground wire from the 30- and 40-gauge wire thermocouples to the 
frame of the retort by means of an alligator clip. The nonisolated 
and isolated sheathed thermocouples were grounded to the frame of 
the retort by a copper wire with two alligator clips. One end of this 
ground wire was connected to the portion of the stainless steel 
sheath that extended outside the pouch, the other end was attached 
to the frame of the retort. Thus, for all the retort grounded thermo
couples except for the isolated type, the measuring junction was 
grounded to the frame of the retort. The measuring junction of the 
isolated thermocouple was not grounded; however, the stainless 
steel shield surrounding it was. For the potentiometric grounding 
method, a copper wire was connected to the positive lead at the 
measuring potentiometer and grounded to the frame of the retort. 
For the potentiometric grounding method and no ground, the alli
gator clips on the 30 and 40 gauge wire thermocouples used for the 
retort grounding method were wrapped in glass cloth electrical tape.

Processing
The retort was designed and built at the University of Florida for 

processing institutional size retort pouches (Adams et al., 1983). 
One inch confining stainless steel racks constructed of 16 gauge 
stainless steel with 40% open area (3/8 inch holes in 9/16 inch 
staggered centers) were used. Two of the eight positions in the 
racking system contained pouched polycarbonate slabs, all other 
positions contained pouches filled with a 10% bentonite suspension. 
The pouched polycarbonate slabs were repeatedly processed until 
loss of vacuum occurred; at that point the slabs were repouched as 
described earlier.

Two heating media, flowing pressurized water and a steam-air 
mixture, were studied. For pressurized water processing the retort 
was loaded at ambient temperature and processing water, preheated 
to 270°F (132°C) was introduced into the pressurized retort. The 
slabs were processed at 250°F (121°C) with a come-up time of 
approximately 2-3 min. The processing water was recirculated at a 
rate of 110 gal/min (Reynolds number = 33,000), and an overriding 
air pressure of 10 psi was used (total system pressure of 25 psig). 
The polycarbonate slabs were processed until the slowest heating 
thermocouple had reached 245°F (118°C), the processing water was 
drained, and the retort was flooded with cooling water. The cooling 
water was circulated while being continuously vented and re
plenished, and required less than 10 min to reach a temperature 
within 1°F of the final temperature.

For steam-air processing a mixture of 90% steam and 10% air 
was used. The retort was filled with the pouched polycarbonate 
slabs at ambient temperature and processed in 100% steam for the 
first 1.5 minutes at which time air pressurization was initiated. After 
this venting and come-up, the slabs were processed at 250°F 
(121°C) with a total system pressure of 18.4 psig and at flow rate 
of 462 lb steam-air/hour (394 lb steam/hour) resulting in a Rey
nolds number of 4,800.

Experimental design
This experiment was designed to give comparisons between 

thermocouple type and grounding methods without confounding 
any main effects or interactions. Two assumptions were made for 
this design. The first assumption was that the two 1-inch slabs were 
identical as shown to be a valid assumption in another experiment 
(Peterson et al., 1983). Secondly, it was assumed that different 
positions in the same slab would result in the same Fh-value. 
Theoretically, this is a reasonable assumption.

The experiment was performed as a replicated block design to 
permit a statistical comparison of thermocouple types, grounding 
methods, and interactions of the two. The design yielded eight 
heating curves for each combination of thermocouple type and 
grounding method for both steam-air and pressurized water proces
sing.

Data analysis
Temperature histories for both pressurized water and steam-air 

heating and for pressurized water cooling was recorded with a data 
logger (Digistrip II, Kaye Instruments, Bedford, MA). The poten
tiometer was equipped with 120dB common mode noise rejection 
circuitry. The data were analyzed using nonlinear regression analysis

of the exponential function describing the straight line portion of 
the heating or cooling curve (Statistical Analysis System, release 
79.6, SAS Institute, Cary, NC). The model used for heating data 
was:

(RT -  T) = A*EXP(-2.302585*TIME/FH)
with TIME = Time of specific observation; RT = Retort tempera
ture; T = Temperature observed at TIME; FH = Time required for 
straight line portion of heating curve to transverse one log cycle 
when plotted on semi-log graph paper; A = Intercept of straight line 
portion of heating curve at time zero. The model for cooling data 
was the same as that for heating data with the necessary adjustments.

In all cases, 18 temperature values, each separated by 1 min, 
were analyzed for both heating and cooling. For heating, the last of 
the temperature values analyzed was 5°F below retort temperature, 
or approximately 245°F (118°C). The last of the cooling values 
analyzed was 10°F above the cooling retort temperature, or ap
proximately 80°F (27°C). Heating and cooling retort temperatures 
were determined by averaging the temperature values of two 
thermocouples located at the exit of the retort racking system.

Statistical analysis of the resulting heat penetration data was 
accomplished using the Statistical Analysis System (release 79.6, 
SAS Institute, Cary, NC). Response variables analyzed were both 
Fh or Fc and the residual sum of squares generated by the nonlinear 
regression performed on each heating or cooling curve. The residual 
sum of squares was appropriate to use since all regressions contained 
an identical number of observations.

R E S U L T S  & D IS C U S S IO N

NONLINEAR REGRESSION ANALYSIS was utilized to  
equalize the influence of all the data points in determining 
the slope and residual sum of squares values. If a logarith
mic transform ation of the tem perature differences and 
subsequent linear regression were perform ed, a low value 
(at high product tem peratures) would have a greater influ
ence in determining the slope value than a larger value of 
tem perature difference. Since relative errors in accuracy of 
therm ocouple values would be larger at low values of 
tem perature differences, less accurate slope and residual 
sum of squares values would be obtained with linear re
gression.

Fig. 1 through Fig. 3 illustrate heating curves obtained 
for various residual sum of squares values. A very good 
straight line is obtained with residual sum of squares values 
of 0.57 or less (Fig. 1). Deviations from  the straight line 
become apparent when residual sum of squares equaled 
0.75 and 3.00 (Fig. 2 and 3, respectively). No figures with a 
residual sum of squares greater than 3.00 are presented 
because it was felt that Fig. 2 and 3 were unacceptable 
heating curves for polycarbonate slabs. The typical problem 
observed as the residual sum of squares increased was a 
tailing off or tailing up of the straight line portion  of the 
heating curve as the measured tem perature approached 
re to rt tem perature (Fig. 2 and 3). Since values p lo tted  were 
the differences between pouch and re to rt tem peratures, 
plotting at a higher or lower retort tem perature would 
straighten out these lines. The re to rt tem perature mea
sured by therm ocouples in the retort was known to  be 
accurate since those therm ocouples were checked in an oil 
bath at 250°F (121 °C) and found to  agree within 0.3°F. 
This accuracy in measurements was coupled with the ob
servation that the same therm ocouple measuring a slab 
tem perature in the retort did not consistantly give the same 
type or magnitude deviation from the straight line portion 
of the heating curve between replicate processing runs. 
Additionally, if an inaccurate retort tem perature had been 
utilized in a given experim ental run, all eight curves of tha t 
run  would have been nonlinear. This was never the case 
since in each run there were at least two isolated and one 
nonisolated (either re to rt grounded or not grounded) 
therm ocouples which did not show curvature. A ddition
ally, since the rate of tem perature change (slope) was the 
dependent param eter of interest, the effect of error in abso-
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lute tem perature value measured (±1.5°F ; potentiom eter 
specifications) would be minimized. Thus, this effect was 
considered real and not ju st an artifact created by errors in 
tem perature measurement.

Pressurized water heating
The residual sum of squares of the different therm o

couple types and grounding m ethods for heating with 
pressurized water are presented in Fig. 4. Statistical analysis 
of the data revealed a significant interaction between 
therm ocouple type and grounding m ethod. The isolated 
therm ocouple resulted in acceptable heating curves with 
low residual sum of squares in all cases, thus data obtained 
from this type of therm ocouple was not dependent on the 
type or presence of ground. For the other three therm o
couple types, grounding at the positive lead of the measur
ing potentiom eter resulted in higher residual sum of squares 
with a high level of variation. This indicated that the heat
ing curves obtained did not fit a straight line. The heating 
results using the potentiom etric grounding m ethod often 
showed tem peratures near the end of processing as high as 
15 F (8 C) above re to rt tem perature. Obviously, grounding 
at the positive lead of the recording potentiom eter led to 
more problems than it solved in the processing system used. 
This m ethod of grounding was included in the experiment 
at the suggestion of the m anufacturer of the recording 
potentiom eter.

The nonisolated therm ocouple type gave similar results 
w ith both  the retort ground and no ground m ethod since 
the residual o f squares were within one order of magnitude 
of the isolated type of therm ocouple. Grounding in the 
retort resulted in a smaller spread in the data than no 
ground; however, there was not a significant difference 
between the two methods. All but one of the nonisolated 
therm ocouples w ithout a ground gave an acceptable re
gression fit of the data. Past experience with nonisolated 
therm ocouples which were not grounded had provided 
move variable results. Previous work with a 10% bentonite 
suspension and pouched seafood revealed the tailing data 
illustrated in Fig. 2 and 3 and also instances of instability 
in tem perature measurem ent which were not observed in 
this experiment. A typical example of this instability found 
with a 1.0 inch thick pouched bentonite suspension is 
dem onstrated in Fig. 5. The previous work indicated that 
the failures observed should have been observed in approxi-

F ig .  4 — R e s i d u a l  s u m  o f  s q u a r e s  o b t a i n e d  f o r  p r e s s u r i z e d  w a t e r  h e a t 

in g .  / =  I s o la t e d  t h e r m o c o u p le ;  N l  -  N o n i s o l a t e d  t h e r m o c o u p le ;  

3 0 g a  =  3 0 - g a u g e  w ir e  t h e r m o c o u p le ;  4 0 g a  =  4 0 - g a u g e  w ir e  t h e r m o 

c o u p le ;  N O  =  N o  g r o u n d ;  R T  = R e t o r t  g r o u n d  m e t h o d ;  a n d  P O  =  

p o t e n t i o m e t r i c  g r o u n d  m e t h o d ,  n  i n d ic a t e s  2  p o i n t s  a t  t h e  s a m e  

r e s id u a !  s u m  o f  s q u a r e s  v a lu e .

mately three out of eight heating curves; however, the 
retort was being utilized at a less frequent rate than in the 
current study. Hence, there was probably more dissolved 
and suspended rust in the heating water, possibly account
ing for the more frequent occurrances of non-linear graphs. 
Subsequent work by Peterson and Adams (1983) with a 
1 0% bentonite suspension revealed that the retort ground
ing m ethod w ith the nonisolated therm ocouple type 
essentially eliminated the problems.
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T h e r m o 
c o u p le
ty p e

G r o u n d in g  m e t h o d s a’b

No
g r o u n d

R e t o r t
m e t h o d

P o te n t io m e t r i c
m e t h o d

Iso la ted 1 9 .8 2  ± 0 . 3 5 a b 2 0 .0 8  ± 0 . 3 1 AB 19.81 ± 0 . 4 3 AB
N o n is o la t ed 1 9 .1 2  ± 0 . 7 1 AB 19 .8 7  ± 0 . 5 7 a b 9 .5 6  + 4 . 0 0 °
3 0  gauge 2 1 . 4 6  ± 3 . 0 5 a 1 8 .0 5  ± 1 ,0 6 b 1 7 .1 7  ± 3 . 9 3 B
4 0  gauge 1 9 .5 0  ± 1 . 7 3 AB 1 8 .0 8  ± 0 . 8 5 B 1 2 .2 4  ± 2 . 0 4 c

j* M ean  Fh -va lue  ± 9 5 %  con fid en ce  interval.
b M e an s w ith  sam e letter sup e rsc rip ts  are not s ig n if ic a n t ly  d iffe ren t 

(D u n c a n ’s M u lt ip le  R ange  Test, ol -  0 .05 ).

with a very small 95% confidence interval independent of 
the type of grounding m ethod used.

I00—
50—

---------------- 1---------------- 1---------------- 1------
I0 20 30

Time (min)
F ig .  5 — H e a t in g  c u r v e  i l l u s t r a t i n g  i n s t a b i l i t y  i n  t e m p e r a t u r e  m e a s u r e 

m e n t .

The 30- and 40-gauge wire therm ocouples gave similar 
results for each grounding m ethod. In each case, the retort 
grounding m ethod resulted in a greater degree of scatter in 
the residual sum of squares values than no grounding (Fig.
4). This was an unexpected result and was contrary to 
recom m endations given by Pflug (1975). With wire therm o
couples, the retort grounding m ethod and the no ground 
m ethod resulted in a large percentage of heating curves 
which did not have an acceptable fit of the regression equa
tion, especially when compared to  the isolated therm o
couple type.

Statistical analysis using Duncan’s multiple range test of 
the residual sum of squares for the pressurized water cook 
dem onstrated no significant difference (a = 0.05) between 
therm ocouple types and grounding m ethods with one 
exception. The nonisolated CNL therm ocouple coupled 
with the potentiom etric grounding m ethod was significant
ly different from all other combinations. Even though there 
was not a statistically significant difference, there was a 
practical difference between the m ethods as illustrated in 
Fig. 4. The low degree of scatter in the residual sum of 
squares for the isolated and grounded nonisolated therm o
couples would suggest a greater confidence in these 
m ethods than those dem onstrating the larger scatter in data.

In addition to  how well the regression equation fit the 
heat penetration data, one must be concerned w ith the Fh- 
value obtained from the regression. An acceptable regres
sion fit is inconsequential if the Fh-value obtained is errone
ous. The mean Fh-values observed with the pressurized 
water cook (Table 1) should be approxim ately 20 min, as 
calculated from the therm al diffusivity of the polycarbo
nate slab (Peterson et al., 1983). The conclusions drawn 
from  the Fh-values agreed quite well w ith those found in 
analysis of the residual sum of squares. The isolated ther
mocouple gave acceptable Fh-values independent of the 
grounding m ethod used and the nonisolated therm ocouple 
type gave acceptable results w ith no ground and the retort 
grounding m ethod. The 40-gauge wire therm ocouple with 
no ground gave an Fh-value close to  that expected; how
ever, the 95% confidence interval was large in comparison 
to  the acceptable isolated and nonisolated therm ocouple 
types. The 30- and 40-gauge wire therm ocouples using the 
re to rt grounding m ethod gave Fh-values lowever than what 
was expected. By far the best choice for therm ocouple 
type is the isolated type, since it gave the expected Fh-value

Steam-air cook
Fig. 6 contains the results of the residual sum of squares 

for each therm ocouple type and grounding m ethod for 
heating with 90% steam and 10% air as the processing 
media. These results are essentially identical to  those found 
with the pressurized water cook. Overall, the steam-air cook 
residual sum of squares results dem onstrated less scatter 
than the pressurized water cook. The isolated therm ocouple 
type with the potentiom etric ground m ethod and the non
isolated therm ocouple type with the re to rt ground m ethod 
displayed more variation than w ith the  pressurized water 
cook; however, the values were still, for the most part, 
acceptable.

The mean Fh-values for steam-air heating were less vari
able for isolated and nonisolated therm ocouple types and 
generally more variable for the 30- and 40-gauge wire 
therm ocouple types when compared to  pressurized water 
heating (Tables 1 and 2). As in the pressurized water cook, 
the isolated therm ocouple with ar.y ground type and the 
nonisolated therm ocouple w ith the retort ground m ethod 
or no ground resulted in the expected Fh-value. The 30- 
gauge wire therm ocouple with no ground gave an Fh-value 
close to  the expected value of 20 min, but had a fairly large 
95% confidence interval.

Cooling data analysis
The residual sum of squares for cooling data from  the 

pressurized water cook, analyzed in the same manner as the 
heating data, are shown in Fig. 7. Unlike the heating re
sults, cooling data did not show a significant interaction 
between therm ocouple type and ground method. Addi
tionally, there was not a statistically significant difference 
between main effects of either therm ocouple type or 
ground method. All therm ocouple types and grounding 
m ethods produced results of the same m agnitude and 
variation (Fig. 7). The isolated therm ocouple type did 
appear to  have less variation in the residual sum of squares 
values compared to  the other therm ocouple types.

The residual sums of squares for cooling were generally 
higher than those found for heating w ith the isolated or 
nonisolated therm ocouple, w ith the exception of the po ten
tiom etric grounding m ethod w ith the nonisolated therm o
couple. The length of tim e necessary to  reduce the tem pera
ture of the retort to  the final cooling re to rt tem perature 
was the probable cause of the larger sum of squares. The 
retort dropped in tem perature rapidly during the first 
portion of cooling but the rate of tem perature reduction 
was greatly reduced as the re to rt approached the final 
cooling retort tem perature. Because of this, the polycar
bonate slabs were exposed to a changing re to rt tem perature 
during cooling. A changing cooling re to rt tem perature 
should result in a higher residual sum of squares than if the 
cooling re to rt tem perature was reached in a m atter of a few
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F ig .  6 — R e s i d u a l  s u m  o f  s q u a r e s  o b t a i n e d  f o r  h e a t in g  w i t h  9 0 %  

s te a m ,  10%  a ir .  / =  I s o la t e d  t h e r m o c o u p le ;  N l  =  N o n i s o l a t e d  t h e r 

m o c o u p le ;  3 0 g a  =  3 0 - g a u g e  w ir e  t h e r m o c o u p le ;  4 0 g a  =  4 0 - g a u g e  

w ir e  t h e r m o c o u p le ;  N O  = N o  g r o u n d ;  R T  = R e t o r t  g r o u n d  m e t h o d ;  

a n d  P O  =  p o t e n t i o m e t r i c  g r o u n d  m e t h o d .  n  i n d ic a t e s  2  p o i n t s  a t  th e  

s a m e  r e s id u a / s u m  o f  s q u a r e s  v a lu e .

T a b le  2 — M e a n  F h - v a lu e s  f o u n d  f o r  s t e a m - a ir  h e a t in g

T h e rm o - G r o u n d in g  m e t h o d s 3,b

c o u p le No R e t o r t P o te n t io m e t r i c
ty p e g ro u n d m e th o d m e t h o d

Isola ted  
N o n is o la ted  
3 0  gauge 
4 0  gauge

2 0 . 4 5  ± 0 . 2 4 c d  
20 .21  + 0 . 5 9 c d  
2 0 . 9 0  + 1 , 0 4 b c d  
2 1 . 7 8  ± 4 . 0 2 b c d

2 0 . 5 2  i  0 . 3 1 CD  
2 0 . 3 8  ± 0 . 5 0 °  
2 6 . 0 0  ± 4 . 8 0 a b c  
2 9 . 4 6  ± 7 . 4 0 a

2 0 . 5 4  ± 0 . 2 6 c d

1 6 .5 4  ± 2 . 7 4 c d  
2 5 . 3 2  ± 5.1 8a b  
2 8 .8 3  ± 8 . 5 8 a

3 M ean  Fh -va lue  ± 9 5 %  co n f id en ce  interval.
B M eans w ith  sam e letter sup e rsc rip ts  are not s ign ific an t ly  d ifferen t 

(D u n c a n 's  M u lt ip le  R ange  Test, a  -  0 .05 ).

minutes and remained constant throughout the majority of 
the cooling time.

Fig. 8 illustrates cooling data having a sum of squares 
value of 10.0 which resulted in a cooling curve providing an 
acceptable estim ation of the Fc-value. Unlike heating where 
the last portion  of the heating curve usually caused prob
lems in Fh-value estimation, the cooling curves dem on
strated a gradual bending consistent w ith a changing cooling 
retort tem perature. Thus, all cooling curves were acceptable 
except for one obtained w ith the nonisolated therm ocouple 
using the potentiom etric grounding method.

The Fc values (Table 3) were all very close to the ex
pected value with the exception of the nonisolated and 40 
gauge wire therm ocouples where the potentiom etric ground
ing m ethod was used.

S U M M A R Y  &  C O N C L U S IO N S

TEMPERATURE MEASUREMENT in retort pouches has 
been shown to display inaccuracies which arise during

F ig .  7 — R e s i d u a l  s u m  o f  s q u a r e s  o b t a i n e d  f o r  c o o l i n g .  / =  I s o la t e d  

t h e r m o c o u p le ;  N l  = N o n i s o l a t e d  t h e r m o c o u p le ;  3 0 g a  =  3 0 - g a u g e  

w ir e  t h e r m o c o u p le ;  4 0 g a  =  4 0 - g a u g e  w i r e  t h e r m o c o u p le ;  N O  =  

N o  g r o u n d ;  R T  = R e t o r t  g r o u n d  m e t h o d ;  a n d  P O  =  p o t e n t i o m e t r i c  

g r o u n d  m e t h o d .  CJ i n d ic a t e s  2  p o i n t s  a t  t h e  s a m e  r e s id u a l  s u m  o f  

s q u a r e s  v a lu e .

heating. These inaccuracies are usually most noticable in 
the later portions of heating, but were rarely observed 
during cooling operations. The errors encountered may be 
due to  the electrical isolation of the pouch from  the sur
rounding heating media or a com bination of this electrical 
isolation and the static electricity characteristics of the 
pouch material (Pflug, 1975). The problem may also be 
related to  the type of re to rt used and whether or not rust 
or hard water is present. The vessel of the retort used in this 
study was made of mild steel and rust was present. The 
presence of nonelectrically isolated therm ocouple junctions 
in the retort did not influence the accuracy of two of the 
therm ocouple types; so connectors could not be the cause 
of the inaccuracies observed. The potentiom eter used did 
have common mode noise rejection circuitry, however, 
Klipec (1967) stated tha t the rejection circuitry did not 
to tally  eliminate the possibility of com mon mode noise. To 
minimize common mode noise, Klipec suggested shielding 
the therm ocouple wire all the way back to  the po ten tio 
m eter and grounding the shield at the measuring junction  of 
the therm ocouple to  insure that the shield was at the same 
potential as the measuring junction. None of the variables 
in the experiment utilized a shield from the measuring junc
tion all the way back to  the potentiom eter. The problems 
observed were probably not com mon mode noise, since one 
would expect the same sort of problems with heat penetra
tion tests in cans which is not the case. The problem must 
be directly associated with the nature or construction of 
the retort pouch and possibly some other factors, such as 
water hardness or suspended rust levels inherent to  a par
ticular processing system, since not all investigators have 
experienced these problems.

The 30- and 40-gauge wire therm ocouples did not give 
adequate results w ith any of the grounding methods used.
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F ig .  8 — C o o l in g  c u r v e  w i t h  r e s id u a l  s u m  o f  s q u a r e s  e q u a l  t o  10 .0 .

Pflug (1975) reported that problem s of the nature described 
in this paper could be solved by running a ground wire from 
the measuring junction  of a 30 gauge wire therm ocouple to 
the case of the recording potentiom eter. This is similar to 
the re to rt grounding m ethod used in the present study since 
bo th  the recording potentiom eter and therm ocouple were 
grounded to the frame of the retort. This study did not 
show this as an acceptable m ethod for wire therm ocouples 
with large retort pouches in the retort system used. The 
reason for this discrepancy is not known.

From the results presented it is apparent that the best 
therm ocouple choice for retort pouch processing is one 
with a true electrical shield similar to  the isolated therm o
couple type. The results obtained from this type of therm o-

T a b le  3 — M e a n  F c - v a lu e s  f o u n d  f o r  w a t e r  c o o l i n g

T h e r m o 
c o u p le
ty p e

G ro u n d in g  m e t h o d s 3,13

No
g r o u n d

R e t o r t
m e t h o d

P o te n t lo m e t r i c
m e t h o d

Iso la ted 1 9 .4 2  ± 0.21 8 1 9 .3 8  ± 0 . 2 2 b 1 9 .4 6  ± 0 . 2 3 b
N o n is o la t ed 19,61 ± 0 . 2 9 s 19 .9 3  ± 0 . 5 7 b 2 1 . 3 9  ± 1 . 2 7 a

3 0  gauge 1 9 .2 3  ± 0 . 3 0 b 1 9 .4 6  ± 0 . 2 4 b 1 9 .8 6  ± 0 . 6 7 b

4 0  gauge 1 9 .7 4  ± 0 . 5 7 b 1 9 .9 9  ± 0 . 9 7 b 2 1 . 3 0  ± 1 . 4 6 a

f* M ean  Fc-va lue  ± 9 5 %  con fid en ce  interval.
° M e an s w ith  sam e letter supe rscrip ts  are no t s ig n if ic a n t ly  d iffe ren t 

(D u n c a n 's  M u lt ip le  Range  Test, a  = 0 .0 5 ) .

couple were independent o f the grounding m ethod and 
indicated that a cumbersome grounding wire in the re to rt is 
not necessary. The electrically shielded therm ocouple pro
vided equally good results w ith no ground or w ith bo th  of 
the other two grounding m ethods used.
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Q u a l i t y  D u r i n g  P o s t h a r v e s t  S t o r a g e

S. E. SPAYD, R. A. NORTON, and L. D. HAYRYNEN

-----------------------------------ABSTRACT-----------------------------------
Hand harvested ‘Meeker’ red raspberries were held at 4°, 14°, and 
25°C for up to 12 days using two types of sulfur dioxide generating 
pads. Visual mold ratings were lower for fruits held with either SO2 
generator, but Howard Mold Count did not differ between the 
generators and the control fruits. Fruits stored with the generators 
were brighter and redder in color than controls when stored at 4°C. 
Irregular bleaching of anthocyanins from drupelets occurred when 
fruits were stored at 14°C or higher. Use of S02 generators is not 
recommended for fresh market fruit or nonheat treated processing 
fruit due to the bleaching and due to SO2 residues in the fruit.

INTRODUCTION

BRAMBLE FRUITS have an extremely short shelf-life due 
to  their fragile fruit structure and rapid rate of fruit respira
tion. The fruit are susceptible to  attack by various fungi in 
the field and during handling and marketing. Holding rasp
berries at the lowest possible tem perature above their freez
ing point is the best m ethod for maintaining quality and 
reducing decay problems. Treatm ents such as C 0 2 and S 0 2 
can be used as supplements to proper tem perature manage
ment.

Storage of raspberries in 30% C 0 2 for 4-6 hr resulted in 
raspberries of better quality than untreated raspberries after 
an unspecified period of commercial shipping (Winter et al., 
1937). Raspberries developed off-flavors after 24 hr storage 
when held under constant 25% CO2 atmospheres or an ini
tial blanket of 45% C 0 2 (Winter et al., 1939). An hour 
after removal from the high C 0 2 the off-flavor disappeared. 
Using blackberries destined for the processing market, 
Morris et al. (1981) found that the use of 20 and 40% C 0 2 
partially offset the need for refrigeration to reduce post
harvest quality losses. Ayres and Denisen (1958) tested 
several fungicides. They found that rimocidin at concentra
tions of 10 and 20 jUg/mL inhibited mold growth on rasp
berries.

Sulfur dioxide (S 0 2 ) has been used for many years in 
the grape industry to  inhibit the growth of fungi. In-package 
S 0 2 generating systems were developed for release of S 0 2 
during storage and transit o f table grapes (Gentry and Nel
son, 1968; Nelson and G entry, 1966). A fast-generation sys
tem  was developed to replace the initial S 0 2 fumigation 
prior to  precooling, while a slow-generating system was 
developed to replace periodic treatm ents during storage. A 
dual release S 0 2 generator was also developed which com
bined the fast and slow generating systems. The fast release 
generator consists of a paper sheet impregnated with 
sodium bisulfite which reacts with the moisture from  the 
fruit to  release S 0 2 . Maximum S 0 2 concentrations gener
ally occur during the first 24 hr. The dual release generator 
has sodium bisulfite encased in special plastic-lined paper 
pouches which gradually release S 0 2 up to  12 wk.

A u t h o r s  S p a y d  a n d  H a y r y n e n  a r e  a f f i l i a t e d  w i t h  t h e  D e p t ,  o f  F o o d  

S c ie n c e  &  H u m a n  N u t r i t i o n ,  I r r ig a t e d  A g r i c u l t u r e  R e s e a r c h  &  E x 

t e n s io n  C e n t e r ,  P r o s s e r ,  VZ A  9 9 3 5 0 .  A u t h o r  N o r t o n  is  a f f i l i a t e d  w i t h  

t h e  D e p t ,  o f  H o r t i c u l t u r e  &  L a n d s c a p e  A r c h i t e c t u r e ,  N o r t h w e s t e r n  

W a s h in g t o n  R e s e a r c h  U n i t ,  M t .  V e r n o n ,  W A .

In Europe, sulfur dioxide is used to  partially replace 
low tem perature storage of small fruits prior to  processing 
(Atkinson and Strachan, 1964). S 0 2 is added to the fruits 
as sulfurous acid, calcium salts or as a gas and is removed by 
volatization during jam m anufacture. It is not currently 
used in the United States for small fruits other than grapes. 
The effects of S 0 2 generating pads have not been reported 
on raspberries.

The purpose of this study was to  determine the influence 
of fast and dual release S 0 2 generators on raspberry quality 
during postharvest storage at different temperatures.

MATERIALS & METHODS

1981 Studies
‘Meeker’ red raspberries were hand picked at the “fresh-market” 

ripe stage (bright red fruit color) from a 5-yr old planting at the 
Northwest Washington Research Unit, Mt. Vernon. Fruit was trans
ported to the Irrigated Agriculture Research & Extension Center, 
Prosser, and held overnight at 4°C.

Bruised and moldy fruit were discarded as 150g of berries were 
sorted and placed into nonvented polyethylene containers (volume: 
bottom = 275 mL, top = 400 mL). Four storage treatments con
sisted of: (1) open container as an open control, (2) closed container 
as an untreated closed control, (3) closed container + 26 cm2 of 
fast release S02 generator (FRG) (UVAS Quality Packaging, Inc., 
Antioch, CA 94509), and (4) closed container + 54 cm2 of dual 
release S02 generator (DRG; 1 slow release cell + 54 cm2 fast re
lease). Raspberries were held for up to 12 days at 4°, 14°, and 25° C.

1982 Studies
Raspberries were harvested from the same planting that was used 

in 1981 and handled in a similar manner. Based on color at harvest, 
raspberries were sorted into bright red fresh-market and bluish-red 
processing maturities. Storage treatments in 1982 were the same as 
in 1981 except that only 4° and 14°C were used to compare the 
effect of S02 on the fresh market raspberries. Due to a limited 
amount of fruit, the processing ripe raspberries were stored at the 
intermediate temperature of 14°C. The 25°C storage was dropped 
in 1982 because of rapid raspberry quality deterioration at that 
temperature.

Laboratory analyses
The percentage of fruit with mold evident was visually rated by 

the senior author. For analysis raspberries were blended for 10 sec 
at high speed in a laboratory blender. Mold was determined by the 
Howard mold count (HMC) technique (NCA, 1980). Puree color 
was determined with a Hunter Color and Color Difference Meter 
standardized to a dark red plaque (“L” = 23.3, “a” = 20.4, “b” =
7.0). For total anthocyanin (TAcy) concentration, 25g puree were 
blended with 100 mL EtOH:HCl (pH 1.0) for 2 min at high speed 
and filtered through Schleicher and Schuell No. 588 fluted filter 
paper. Absorbance at 520 nm was determined with a Beckman DU 
Spectrophotometer equipped with a Gilford Modernization System. 
TAcy concentration was calculated as absorbance at 520 nm x dilu
tion factor -r weight of sample.

Percent soluble solids of the puree was determined at 20°C on a 
Bausch & Lomb Abbe refractometer. Acidity, expressed as % citric, 
was measured by titrating a 3g sample of puree diluted to 100 mL 
with distilled water to pH 8.4 with 0.1 N NaOH. The pH was deter
mined using a Beckman pH meter (Model 3500) which was stan
dardized to pH 4 and 7.

In 1981, sulfur dioxide was extracted from the fresh market
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fruit held at 4 and 14°C by distilling 20g of puree in a Cash steam 
distillation apparatus. The distillate was collected in 0.02N I2 and 
SO 2  concentration determined by back titration with thiosulfate as 
described by Amerine and Ough (1980).

Experimental design

The experimental design in 1981 and 1982 was a randomized 
complete block with three replications. Data were subjected to 
analysis of variance and F-test. Mean separation was by Duncan’s 
multiple range test, 5%.

RESULTS

1981 studies
R a s p b e r r i e s  s t o r e d  w i t h  t h e  d u a l  r e l e a s e  S 0 2 g e n e r a t o r  

( D R G )  h a d  t h e  l o w e s t  r a t i n g s  f o r  v i s u a l  c o n t r o l  o f  m o l d  a n d  
p e r c e n t  m o l d  a s  i n d i c a t e d  b y  H o w a r d  m o l d  c o u n t  ( H M C )  
( T a b l e  1 ) .  A s  e x p e c t e d ,  m o l d  i n c r e a s e d  w i t h  i n c r e a s e d  s t o r 

a g e  t i m e  a n d  t e m p e r a t u r e .  D e s i c c a t i o n  o f  t h e  o p e n  c o n t r o l  
r a s p b e r r i e s  a n d  s o f t e n i n g  o f  t h e  S 0 2 t r e a t e d  f r u i t s  w e r e  

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

M o l d  c o n c e n t r a t i o n s  w e r e  r e d u c e d  f o r  u p  t o  1 2  d a y s  
w h e n  r a s p b e r r i e s  w e r e  s t o r e d  w i t h  t h e  D R G  ( T a b l e  2 ) .  

T h e  f a s t  r e l e a s e  S 0 2 g e n e r a t o r  ( F R G )  r e d u c e d  m o l d  g r o w t h  
f o r  u p  t o  3  d  w h i c h  c o r r e s p o n d s  t o  t h e  e x p e c t e d  p e r i o d  
o f  h i g h e s t  S 0 2 c o n c e n t r a t i o n s .  H o w e v e r ,  b a s e d  o n  H M C  

l e v e l s  n e i t h e r  t h e  D R G  o r  F R G  t r e a t m e n t s  h e l d  m o l d  g r o w t h  
a t  a n  a c c e p t a b l e  l e v e l .  O n l y  t h e  i n i t i a l  f r u i t  h a d  a c c e p t a b l e  
l e v e l s  ( n o t  m o r e  t h a n  6 0 %  p o s i t i v e  f i e l d s )  o f  m o l d  f i l a m e n t s  

b y  H M C .
U s e  o f  D R G  a n d  F R G  r e d u c e d  t h e  r a t e  o f  l o s s  o f  s o l u b l e  

s o l i d s  f o r  u p  t o  1 2  d  a n d  6  d ,  r e s p e c t i v e l y  ( T a b l e  2 ) .  S o l u b l e  

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

I n  g e n e r a l  r a s p b e r r y  p H  i n c r e a s e d  w i t h  i n c r e a s e d  s t o r a g e  
t i m e  a n d  t e m p e r a t u r e  ( T a b l e  1 ) .  R a s p b e r r i e s  s t o r e d  w i t h  
e i t h e r  S 0 2 g e n e r a t o r  t e n d e d  t o  h a v e  l o w e r  p H  a n d  h i g h e r  

a c i d i t y  t h a n  c o n t r o l  r a s p b e r r i e s  o n  a  g i v e n  s t o r a g e  d a t e  
( T a b l e  2 ) .

A l l  o f  t h e  c o l o r  p a r a m e t e r s  m e a s u r e d  w e r e  a f f e c t e d  b y  
S 0 2 t r e a t m e n t  ( T a b l e  1 a n d  2 ) .  S 0 2 t r e a t e d  r a s p b e r r i e s

T able 1—M ain e f fe c ts  o f  su lfu r  d io x id e  tre a tm e n t, s to ra g e  tem p era tu re , a n d  s to ra g e  t im e  on  re d  ra sp b erry  q u a lity , 1 9 8 1 a

Mold

Howard 
M old  Count

Main effect (%)
Visual

(%)
Sol ./sol. 

(%) pH
Acid ity

(%)

Total
anthocyanlns 
(Absorbance/g 

of fruit)

Hunter
Co lo r Difference Meter 

a b

S 0 2 treatment
Open control 91a 39b 10.6a 3.46a 1.49c 34.2a 20.4d 27.8c 9.2d

Closed control 89a 45a 9.5c 3.40b 1.41 d 30.1b 2 1 ,7c 27.5c 9.9c

Fast release 83b 23c 10.1b 3.27c 1.64b 28.9bc 23.3b 31.7b 10.4b

Dual release 76c Od 10.6a 3.1 7d 1.75a 28.5c 25.8a 34.7a 11.3a

Storage temperature (°C)
4 77c 0c 11.2a 3.18c 1.75a 31.2b 24.4a 23.1b 1 1.8a

14 86b 29b 10.6b 3.30b 1.55b 34.1a 22.2b 32.1c 10.2b

25 91a 52a 8.9c 3.48a 1.41c 25.9c 21.7c 36.1a 8.6c

Storage time (days)
3 78b 4c 1 1 ,0a 3.23b 1.76a 32.8a 23.9a 35.1a 11.3a

6 86a 33b 10.5b 3.19c 1.63b 32.3a 22.7b 31.4b 10.1b
12 90a 43a 9.2c 3.55a 1.32c 26.2b 21.7c 24.8c 9.3c

a Means w ithin colum ns w ithin main effects pooled across three replications and all other variables. Values in a 
letter are not significantly different at P <  0.05 by D uncan ’s Multip le Range Test.

colum n followed by cI com m on

T able 2 - I n te r a c t iv e  e f fe c ts  o f  su lfu r  d io x id e  tre a tm e n t x  s to ra g e  t im e  on  r e d  ra sp b erry  q u a lity , 1 9 8 1 a

M old
Total

Time
(d)

Howard 
M old  Count 

(%)
Visual

(%)
Sol ./sol. 

(%)
Acid ity

(%)

anthocyanins 
(Absorbance/g 

of fruit)

nun ie r
Co lor Difference Meter

S 0 2 treatment pH L a b

In itia l 48 0 11.6 3.00 1.92 23.9 26.5 36.8 12.6

Open control
3 90abc 7de 11.4a 3.26cd 1 ,82a be 36.3a 22.7d 34.1 cd 10.9c
6 89a-d 50c 11 .Gab 3.28c 1 ,66d 33.4bc 20.2g 29.1e 9.1 g

12 93a b 59b 9.ode 3.83a 1.19f 29.8ef 18.4h 20,2g 7.7h

Closed control
3 82cde 9d 11 .Oab 3.24cde 1 ,79bc 34.6a 23.2d 34.6bc 11.1 be
6 91ab 60b 9.7c 3.20ef 1.56e 3 1 ,6cde 2 1 ,1f 28.3e 9.5ef

12 95a 67a 7.8f 3.78b 1 05g 23.6h 20.4g 19.5g 9.2fg

Fast release
3 70f 1 e 10.9ab 3.21 ef 1 ,88a 3 1 ,2de 24.6c 35.6ab 1 1 ,4ab
6 84b-e 23d 10.3c 3.21 ef 1 ,76c 33.6b 23.2d 33.3d 10.3d

12 94a 44c 9.1 e 33.9c 1 ,50e 23.9h 22.0e 26.3f 9.6e

Dual release
3 70f Of 10.9ab 3.19f 1.86 ab 28.9fg 25.3bc 35.9a 11.6a
6 80de Of 10.8bc 3 ,09g 1 .83abc 32.8bcd 26.3a 34.9abc 1 1 ,4ab

12 78ef Of 10.3c 3.22de 1 ,79bc 27.3g 25.7ab 33.2d 10.8c

a Means w ith in  co lum ns pooled across three temperatures and three replications. Values in a column followed by a co m m on letter are not sig
n if icantly  different P <  0.05 by  Duncan's Multiple Range Test .
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t e n d e d  t o  h a v e  l o w e r  T A c y  c o n c e n t r a t i o n s  a n d  w e r e  l i g h t e r  

( h i g h e r  C D M  “ L ” ) ,  r e d d e r  ( h i g h e r  C D M  “ a ” ) ,  a n d  l e s s  b l u e  
i n  c o l o r  ( h i g h e r  C D M  “ b ” )  t h a n  c o n t r o l  f r u i t s  ( T a b l e  1 ) .  
T A c y  c o n c e n t r a t i o n  i n c r e a s e d  d u r i n g  3  d a y s  s t o r a g e  w i t h  
t h e  g r e a t e s t  i n c r e a s e  o c c u r r i n g  i n  c o n t r o l  f r u i t s  ( T a b l e  2 ) .  
T h e  r e l a t i v e l y  h i g h  T A c y  c o n c e n t r a t i o n s  f o r  t h e  o p e n  c o n 
t r o l  f r u i t  w e r e  p a r t i a l l y  d u e  t o  d e h y d r a t i o n  o f  t h e  r a s p b e r 
r i e s  w h i c h  r e s u l t e d  i n  c o n c e n t r a t i o n  o f  t h e  p i g m e n t .  C D M  
“ L ” , “ a ” , a n d  “ b ”  v a l u e s  d r o p p e d  m o r e  r a p i d l y  i n  b o t h  s e t s  
o f  c o n t r o l  f r u i t  t h e n  e i t h e r  S O 2 t r e a t m e n t  d u r i n g  s t o r a g e  
( T a b l e  2 ) .  B l e a c h i n g  o f  a n t h o c y a n i n s  b y  S 0 2 w a s  o b s e r v e d  
a t  b o t h  1 4  a n d  2 5 ° C ,  w h i l e  t h e  f r u i t  s t o r e d  a t  4 ° C  w i t h  
S 0 2 h a d  a  l u s t r o u s  r e d  c o l o r .  D u r i n g  s t o r a g e  t h e  c o l o r  o f  
c o n t r o l  f r u i t s  s h i f t e d  f r o m  a  b r i g h t  r e d  c o l o r  t o  a  d u l l  r e d 

d i s h  p u r p l e  c o l o r  a s  i n d i c a t e d  b y  d e c r e a s e s  i n  C D M  “ L , ”  
“ a , ”  a n d  “ b ” . T h i s  s h i f t  i n  c o l o r  w a s  p r o b a b l y  d u e  t o  t h e  
s h i f t  i n  i o n i c  f o r m  o f  t h e  a n t h o c y a n i n  p i g m e n t s  d u e  t o  t h e  

i n c r e a s e  i n  f r u i t  p H  d u r i n g  s t o r a g e .

1982 Studies
I n  1 9 8 2  f r e s h - m a r k e t  r a s p b e r r y  q u a l i t y  a n d  v i s u a l  m o l d  

r e s p o n d e d  t o  S 0 2 t r e a t m e n t ,  s t o r a g e  t e m p e r a t u r e ,  a n d  s t o r 

a g e  t i m e  i n  a  s i m i l a r  m a n n e r  a s  1 9 8 1  ( T a b l e  3 ) .  H o w e v e r ,  

H M C  w a s  n o t  a f f e c t e d  b y  S 0 2 t r e a t m e n t  i n  1 9 8 2 .  D u r i n g  
s t o r a g e  m o l d  c o n c e n t r a t i o n  a n d  r a s p b e r r y  q u a l i t y  o f  t h e  

t w o  m a t u r i t i e s  c h a n g e d  i n  a  s i m i l a r  m a n n e r  w i t h i n  a  g i v e n  
S 0 2 t r e a t m e n t .  T h e r e f o r e ,  t h e s e  d a t a  a r e  n o t  p r e s e n t e d .

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

d i f f e r  b e t w e e n  t h e  t w o  m a t u r i t i e s  ( T a b l e  3 ) .  A c i d i t y  o f  
f r e s h - m a r k e t  r a s p b e r r i e s  w a s  h i g h e r  t h a n  t h e  p r o c e s s i n g  
r a s p b e r r i e s .  P r o c e s s i n g  r a s p b e r r i e s  w e r e  d a r k e r  ( l o w e r  C D M  

“ L ” ) ,  l e s s  r e d  ( l o w e r  C D M  “ a ” )  a n d  b l u e r  ( l o w e r  C D M  “ b ” )  
i n  c o l o r  t h a n  f r e s h  m a r k e t  r a s p b e r r i e s .  R a s p b e r r i e s  s t o r e d  
w i t h  e i t h e r  o f  t h e  S 0 2 g e n e r a t o r s  w e r e  v i s u a l l y  l i g h t e r  r e d  
i n  c o l o r  t h a n  t h e  c o n t r o l s  a n d  s o m e  i r r e g u l a r  b l e a c h i n g  o f  
c o l o r  f r o m  S 0 2 t r e a t e d  f r u i t  o c c u r r e d .

S 0 2 c o n c e n t r a t i o n  i n  t h e  f r e s h - m a r k e t  f r u i t  w a s  a s s a y e d  
i n  1 9 8 2 .  F r u i t  s t o r e d  w i t h  t h e  F R G  h a d  r e a c h e d  m a x i m u m  
S 0 2 c o n c e n t r a t i o n s  b y  t h e  t h i r d  d a y  o f  s t o r a g e  a t  b o t h  4  
a n d  1 4 ° C  ( 7 0  a n d  2 3 0  p p m ,  r e s p e c t i v e l y ) .  A f t e r  1 2  d a y s  o f  
s t o r a g e  a t  4 ° C ,  t h e  S 0 2 c o n c e n t r a t i o n  h a d  d r o p p e d  t o  3 0  
p p m  w h i l e  f r u i t  s t o r e d  a t  1 4 ° C  h a d  S 0 2 c o n c e n t r a t i o n s  o f  
6 0  p p m .  W h e n  t h e  D R G  w a s  u s e d  a t  4 ° C ,  S 0 2 c o n c e n t r a 
t i o n  d e c r e a s e d  a f t e r  3  d a y s  o f  s t o r a g e  f r o m  1 2 0  o n  d a y  3 t o  
1 0 5  p p m  o n  d a y  1 2  o f  s t o r a g e .  C o n v e r s e l y ,  w h e n  D R G  

w e r e  u s e d  a t  1 4  C ,  S 0 2 c o n c e n t r a t i o n  s t e a d i l y  i n c r e a s e d  
f r o m  1 2 0  t o  3 6 5  p p m  t h r o u g h  t h e  1 2  d a y s  o f  s t o r a g e .

DISCUSSION
V I S U A L  O B S E R V A T I O N S  o f  m o l d  i n d i c a t e d  t h a t  t h e  u s e  
o f  S 0 2 g e n e r a t o r s  e s p e c i a l l y  D R G  r e d u c e d  m o l d  g r o w t h .  
H o w e v e r ,  H o w a r d  m o l d  c o u n t  l e v e l s  d i d  n o t  s u p p o r t  t h e s e  
o b s e r v a t i o n s .  T h e  i n f l u e n c e  o f  S 0 2 o n  f r u i t  q u a l i t y  w a s  
t e m p e r a t u r e  d e p e n d e n t .  F r u i t  s t o r e d  w i t h  S 0 2 a t  r o o m  o r  
a n  e l e v a t e d  t e m p e r a t u r e  h a d  i r r e g u l a r  b l e a c h i n g  o f  d r u p e l e t s .  
W h e n  u s e d  a t  a  r e f r i g e r a t e d  t e m p e r a t u r e  t h e  S 0 2 t r e a t e d  
f r u i t  h a d  a  d e s i r a b l y  b r i g h t e r  r e d  c o l o r .  E v e n  i f  S 0 2 g e n e r a 
t o r s  c o n s i s t e n t l y  m a i n t a i n e d  l o w e r  H M C  l e v e l s  i n  r a s p b e r 
r i e s ,  t h e  g e n e r a t o r s  w o u l d  n o t  b e  s u i t a b l e  f o r  u s e  i n  f r e s h  
m a r k e t  p r o d u c t s  d u e  t o  S 0 2 r e s i d u e s  i n  t h e  f r u i t  a n d  t h e  

p o t e n t i a l  f o r  s i g n i f i c a n t  q u a l i t y  r e d u c t i o n .  L o w e r  S 0 2 
c o n c e n t r a t i o n s  m i g h t  r e d u c e  S 0 2 i n j u r y  t o  r a s p b e r r y  f r u i t s ;  
h o w e v e r ,  m o l d  w a s  n o t  c o n t r o l l e d  b y  t h e  l e v e l s  u s e d  i n  t h i s  

s t u d y .  U s e  o f  t h e  S 0 2 g e n e r a t o r s  i n  r a s p b e r r i e s  f o r  t h e  
p r o c e s s e d  m a r k e t  s h o u l d  b e  l i m i t e d  t o  p r o d u c t s  r e c e i v i n g  a  

h e a t  t r e a t m e n t  t o  r e m o v e  a  m a j o r i t y  o f  t h e  S 0 2 r e s i d u e .  
C r u e s s  a n d  E l  N o u t y  ( 1 9 2 7 )  r e p o r t e d  t h a t  v a c u u m  b o i l i n g  

a t  7 0 ° C  o r  o p e n  k e t t l e  b o i l i n g  a t  1 0 0 ° C  o f  p i t t e d  c h e r r i e s  
r e d u c e d  S 0 2 c o n c e n t r a t i o n s  f r o m  7 2 0  t o  l e s s  t h a n  2 5  
m g / k g  o f  f r u i t  w i t h i n  2 0  m i n .  U s e  o f  S 0 2 g e n e r a t i n g  p a d s  

a s  a  s o u r c e  o f  S 0 2 f o r  p r o c e s s i n g  r a s p b e r r i e s  m i g h t  n o t  b e  
f e a s i b l e  d u e  t o  t h e  e x p e n s e  o f  m a t e r i a l s  a n d  h a n d l i n g .  O t h e r  

S 0 2 s o u r c e s  s u c h  a s  c o m p r e s s e d  S O 4  g a s ,  s u l f u r o u s  a c i d  
C a S 0 4 , a n d  K 2 S 2 0 s ,  h a v e  b e e n  s h o w n  t o  b e  e f f e c t i v e  i n  
p r e s e r v i n g  f r u i t s  ( A t k i n s o n  a n d  S r a c h a n ,  1 9 6 4 ;  C r u e s s ,  
1 9 3 3 ;  C r u e s s  a n d  E l  N o u t y ,  1 9 2 7 ) .
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T able 3 —M ain e f fe c ts  o f  S O 2 tre a tm e n t, f ru it m a tu r i ty  a n d  sto ra g e  t im e  a t  1 4°C  on re d  ra sp b erry  q u a lity , 198 2a

Main effect

M old

Sol ./sol. 
(%) pH

Acid ity
(%)

Total
anthocyanins 
(Absorbance/g 

of fruit)

Hunter
Co lor Difference MeterHoward 

M old  Count 
(%)

Visual
(%) L a b

S 0 2 treatment
Open control 78a 52b 10.7a 3.48a 1.36b 36.6a 18.8d 25.0c 8.1 d

Closed control 85a 71a 8.9c 3.39b 1.23c 28.4b 19.9c 23.4d 8.7c

Fast release 76a 20c 10.1 ab 3.22c 1.58a 30.8b 21.2b 32.1b 9.3b

Dual release 81a 3d 9.9b 3.1 4d 1.63a 30.4b 24.0a 34.3a 10.1a

Maturity
Fresh 83a 29b 10.0a 3.29a 1.54a 31.4a 21.8a 30.2a 9.3a

Processing 76b 43a 9.8a 3.32a 1.37b 31.7a 20.1b 27.2b 8.8b

Days at 14°C
3 60c 5c 10.2a 3.15c 1.59a 35.0b 21.3a 33.2a 10.0a

6 82b 39b 9.9a 3.25b 1.48b 38.8a 20.2b 29.3b 9.0b

12 98a 66a 9.6a 3.53a 1.29c 20.9c 21.4a 23.7c 8.1c

a Mean within co lum ns within  main effects  pooled across three replicat ions and all other variables. Values in a co lum n fol lowed by a common  
letter are not s ignificantly different at P <  0 .05  by  D u n can ’s Multiple Range Test.
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E f f e c t  o f  S o r g h u m  V a r i e t y  o n  B a k i n g  P r o p e r t i e s  o f  U . S .  

C o n v e n t i o n a l  B r e a d ,  E g y p t i a n  P i t a  “ B a l a d y ”  B r e a d  a n d  C o o k i e s

M. M. MORAD, C. A. DOHERTY, and L. W. ROONEY

-----------------------------ABSTRACT----------------------------
Five genetically different sorghums were ground and partially sub
stituted for bread and cookie flour in U.S. white pan bread, Egyptian 
“Balady” bread and sugar cookies. Except for brown sorghum, 
water absorption, peak time, stability and time to breakdown, 
decreased as sorghum increased in the formula. Brown sorghum pro
duced a better quality dough and higher bread volume compared 
to other sorghums. Bread volume decreased with increasing level of 
sorghum substitution. Crumb and crust color were directly related 
to sorghum variety and level of substitution. Replacement of bread 
flour with up to 30% ground sorghum produced acceptable Egyptian 
“Balady” bread. Spread factor of sugar cookies increased with in
creasing levels of sorghum.

INTRODUCTION
S O R G H U M  ( S o r g h u m  b i c o l o r  [ L . ]  M o e n c h )  i s  t h e  w o r l d ’s 
f i f t h  l e a d i n g  c e r e a l .  W e s t e r n  s o c i e t i e s  u s e  i t  o n l y  a s  a n  
a n i m a l  f e e d .  H o w e v e r ,  i n  m a n y  A f r i c a n ,  A s i a n  a n d  L a t i n  

A m e r i c a n  c o u n t r i e s ,  s o r g h u m  is  u s e d  f o r  h u m a n  c o n s u m p 
t i o n  a n d  is  u t i l i z e d  i n  p o r r i d g e s  a n d  b o t h  l e a v e n e d  a n d  
u n l e a v e n e d  b r e a d .  I n  a d d i t i o n ,  s o r g h u m  is  i n c o r p o r a t e d  i n  
s n a c k s  a n d  i s  p o p p e d ,  c h e w e d  a n d  m a l t e d  ( P r a s a d a  R a o  a n d  
M u r t y ,  1 9 8 2 ) .  S e v e r a l  s t u d i e s  h a v e  i n d i c a t e d  t h e  p o s s i b i l i t y  

o f  i n c o r p o r a t i n g  s o r g h u m  i n  w h e a t  f l o u r  a t  v a r i o u s  l e v e l s  
w h e n  w h e a t  i s  i n  s h o r t  s u p p l y .  S u c h  c o m p o s i t e  f l o u r s  c a n  
b e  u s e d  f o r  p r o d u c i n g  b r e a d ,  b i s c u i t s  a n d  o t h e r  s n a c k s  
( B a d i  e t  a l . ,  1 9 7 6 ;  R o o n e y  e t  a l . ,  1 9 7 0 ;  H u l s e  e t  a h ,  1 9 8 0 ) .  
P e r t o n  ( 1 9 7 7 )  r e p o r t e d  t h e  s a t i s f a c t o r y  p r o d u c t i o n  o f  
F r e n c h - t y p e  b r e a d  f r o m  c o m p o s i t e s  o f  8 5 %  w h e a t  f l o u r  

( 8 7 %  e x t r a c t i o n )  a n d  1 5 %  s o r g h u m  f l o u r .  B h a t i a  e t  a l .
( 1 9 6 8 )  s u b s t i t u t e d  2 0 %  o f  w h e a t  f l o u r  w i t h  s o r g h u m  f l o u r  
f o r  b r e a d m a k i n g .  H e  r e p o r t e d  t h e  b r e a d  a c c e p t a b l e  a n d  t h e  

c a l c u l a t e d  p r o t e i n  c o n t e n t  c o m p a r a b l e  t o  b r e a d  m a d e  f r o m  
1 0 0 %  w h e a t .  A l s o ,  l i p i d s ,  m i n e r a l  a n d  f i b e r  c o n t e n t s  o f  t h e  
c o m p o s i t e  w e r e  h i g h e r  t h a n  b r e a d  m a d e  f r o m  1 0 0 %  w h e a t  

f l o u r .  S u m n e r  a n d  N i e l s e n  ( 1 9 7 6 )  p r o d u c e d  a c c e p t a b l e  
N i g e r i a n  b r e a d  u s i n g  a n  8 0 / 2 0  w h e a t / s o r g h u m  c o m p o s i t e  
f l o u r  b l e n d .  W h e n  c o m p a r e d  w i t h  1 0 0 %  w h e a t  f l o u r  b r e a d ,  
8 0 / 2 0  w h e a t / s o r g h u m  b r e a d  h a d  d a r k e r  b r o w n  e x t e r n a l  a n d  

i n t e r n a l  c o l o r ,  i n c r e a s e d  c o a r s e n e s s  a n d  f i r m n e s s  a n d  
s t r o n g e r  c e r e a l  f l a v o r .  A w a d a l l a  ( 1 9 7 4 )  r e p o r t e d  u s i n g  2 0 %  
w h o l e  o r  d e c o r t i c a t e d  m i l l e t  f l o u r  w i t h  8 0 %  D u t c h  w h e a t  
f l o u r  o f  1 0 0 % ,  8 0 %  a n d  7 0 %  e x t r a c t i o n  r a t e  i n  D u t c h  p a n  
b r e a d  a n d  E g y p t i a n  f l a t  b r e a d .  T h e  b a k i n g  q u a l i t y  w a s  
i m p a i r e d  i n  b o t h  b r e a d s  a s  j u d g e d  b y  l o a f  v o l u m e  a n d  
i n t e r n a l  a n d  e x t e r n a l  c h a r a c t e r i s t i c s ,  b u t  w a s  i m p r o v e d  b y  
t h e  a d d i t i o n  o f  d o u g h  c o n d i t i o n e r s  ( K B r 0 3 , f a t  a n d  c a l 
c i u m  s t e a r o y l  l a c t y l a t e ) .  T h e  s o r g h u m  f l o u r  h a d  t h e  g r e a t e s t  
e f f e c t  o n  t h e  q u a l i t y  o f  t h e  b r e a d  w i t h  8 0 %  e x t r a c t i o n  
w h e a t  f l o u r .

T h e  U .S .  M a r k e t i n g  C l a s s e s  f o r  s o r g h u m  a r e  w h i t e ,  y e l 
l o w ,  b r o w n  a n d  m i x e d .  T h o s e  c l a s e s  s e p a r a t e  s o r g h u m s  b y  
c o l o r  a n d  p r e s e n c e  o r  a b s e n c e  o f  a  p i g m e n t e d  t e s t a .  T h e  
o b j e c t i v e s  o f  t h i s  s t u d y  w e r e  t o  d e t e r m i n e  t h e  e f f e c t  o f

A u th o r s , M orad, D o h e r ty  a n d  R o o n e y , are w ith  th e  Cereal Q u a lity  
L a b  D ep t, o f  S o il  & C rop S c ien ces; T exas A & M  U n ive rs ity ; C ollege  
S ta tio n , Texas 7 7 8 4 3 -2 4 7 4 .

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

p r o p e r t i e s  o f  w h e a t  f l o u r - s o r g h u m  b l e n d s  a n d  t o  p a r t i a l l y  
s u b s t i t u t e  w h e a t  f l o u r  w i t h  w h o l e  g r o u n d  s o r g h u m  i n  U .S .  
c o n v e n t i o n a l  b r e a d ,  E g y p t i a n  b a l a d y  p o c k e t  b r e a d  a n d  

s u g a r  c o o k i e s .

MATERIALS & METHODS

W h e a t  a n d  s o r g h u m  s a m p le s

Five sorghum varieties representing brown (Tx2566 and ATx 
623xSC0103-12, white (77CS5) and yellow (ATx399xRTx430) 
market classes and a white, waxy endosperm type (BTx615) were 
used. Characteristics and genetic descriptions of the varieties were 
reported by Doherty et al. (1983). All sorghums were milled with a 
Udy Laboratory Mill (Udy Corp., Fort Collins, CO) through a 1 mm 
screen mesh. A hard red spring wheat flour (CS-79) was obtained 
from the US Grain Marketing Research Laboratory (Manhattan, 
KS). Extraction rate of the wheat flour was 72%. The flour was used 
for making white pan-bread and Egyptian pocket bread. A  commer
cial cookie flour was used for the preparation of sugar cookies. 
Chemical composition of the flours is given in Table 1.

C h e m ic a l  a n a ly s e s

Crude protein was determined using a modified micro-Kjeldahl 
method (Technicon Industrial Method 369-75A/A+). Starch was 
measured by an automated method of analysis (Technicon Industrial 
Method SFA-0046FAB). Tannins were determined using the modi
fied Vanillin-HCl method (Maxson and Rooney, 1972). Phytate 
(Phytate-P) and phosphorous (Total-P) were determined by the 
method of Doherty et al. (19 82). Color was evaluated with a Gardner 
Color Difference Meter (Gardner Laboratories, Bethesda, MD). A  
standard tile of L  = 77.3, a = -1.7  and b = 22.8 was used as a refer
ence. The “L ” value represents the degree of lightness, the “a” value 
denoted redness or greenness, and the “b” value measures the yel
lowness or blueness.

R h e o lo g ic a l  p r o p e r t i e s

Mixograms (lOg) were prepared using the procedure of Finney 
and Shogren (1972). Farinograph (50g) was performed according to 
the AACC  (1976) Method.

B a k in g  p e r f o r m a n c e

U.S. p a n  white bread. Bread was prepared using a straight dough 
procedure described by Finney (1977). The formula consisted of 
lOOg total flour (14% mb), 2.2g dry bakers yeast (Fermipan), 1.5g 
salt, 6g sugar, 0.25g diastatic malt (54 Du/g, 20°C), 3g vegetable 
shortening (Crisco) optimum amount of water (obtained from pre
liminary farinographs) and 50 ppm ascorbic acid. Total fermenta
tion time was 90 min and proofing time was 30-35 min. The bread 
was baked for 24 min at 216°C. Volume was measured by rapeseed 
displacement.

Pita “ B a la d y ”  b r e a d .  The Egyptian pita “Balady” bread was pre
pared using a formula consisting of lOOg total flour, 0.5g dry yeast 
(Fermipan), lg  salt, 3g sugar and 70-75 mL of water. The dough 
was fermented for 75 min then shaped in a round flat form using a 
pin roller (thickness of 0.5 cm and diameter of 15-20 cm). The 
dough was left for 15 min proofing time, then baked at 302°C for 
5 min. Pocket formation was evaluated subjectively by the authors 
immediately after the bread is removed from the oven. Excellent 
puffing is the complete separation of the two crust layers. Satisfac
tory puffing is the separation of the two crust layers except for 
some parts of the loaf. The bread that did not puff was rated poor.

S u g a r  c o o k ie s .  Sugar cookies were prepared using a commercial
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c o o k ie  f l o u r  a n d  g r o u n d  s o r g h u m  b le n d s  a c c o r d in g  to  t h e  A A C C
( 1 9 7 6 )  p r o c e d u r e .  T h e  f o r m u la  c o n s i s te d  o f  2 2 5 g  f lo u r ,  1 3 0 g  s u g a r ,  
6 4 g  v e g e t a b le  s h o r te n in g  (C r i s c o ) ,  2 .1 g  s a l t ,  2 .5 g  b a k in g  s o d a ,  2 5  
m L  d i s t i l l e d  w a t e r  a n d  3 3  m L  8%  d e x t r o s e  s o lu t io n .  S p r e a d  f a c to r  
w a s  d e t e r m in e d  a c c o rd in g  t o  t h e  A A C C  ( 1 9 7 6 )  m e th o d .

RESULTS & DISCUSSION

Chemical composition of sorghum varieties
T h e  s o r g h u m  s a m p l e s  w e r e  s i m i l a r  i n  p r o t e i n  a n d  s t a r c h  

c o n t e n t s  ( T a b l e  1 ) .  C o l o r  v a r i e d  b e t w e e n  v a r i e t i e s  w i t h  t h e  
w h i t e ,  w a x y  v a r i e t y  ( B T x 6 1 5 )  b e i n g  l i g h t e s t  i n  c o l o r  a n d  

t h e  b r o w n  v a r i e t i e s  ( T x 2 5 6 6 ,  A T x 6 2 3 x S C 0 1 0 3 - 7 2 )  t h e  
d a r k e s t .  T a n n i n  l e v e l s  w e r e  h i g h e s t  i n  t h e  b r o w n  s o r g h u m s  
w h i l e  t h e  o t h e r s  c o n t a i n e d  o n l y  t r a c e  l e v e l s  ( < 0 . 1 % ) .  

E g g u m  e t  a l .  ( 1 9 8 1 )  f o u n d  t h e  n u t r i t i o n a l  v a l u e  o f  w h o l e  
w h i t e  s o r g h u m  g r a i n  w a s  c o m p a r a b l e  t o  o t h e r  c e r e a l s  b a s e d  
o n  p r o t e i n  a n d  e n e r g y  a v a i l a b i l i t y .  O n  t h e  o t h e r  h a n d ,  d i e t s  
c o n t a i n i n g  h i g h  t a n n i n  s o r g h u m s  p r o d u c e d  l o w  g r o w t h  r a t e s  
f o r  r a t s  ( M a x s o n  e t  a l . ,  1 9 7 3 ) .  T h e  p e r c e n t a g e  o f  p h y t a t e -  
p h o s p h o r u s  o f  t o t a l - P  i n  g r o u n d  s o r g h u m  w a s  h i g h e r  t h a n

t h a t  o f  w h e a t  f l o u r  ( T a b l e  1 ) .  T h i s  i s  r e a s o n a b l e  s i n c e  t h e  

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

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

Rheological properties
R h e o l o g i c a l  p r o p e r t i e s  m e a s u r e d  b y  m i x o g r a p h  a n d  

f a r i n o g r a p h  a r e  s h o w n  i n  T a b l e  2 .  E x c e p t  f o r  t h e  b r o w n  

s o r g h u m s ,  r e p l a c i n g  w h e a t  f l o u r  w i t h  0 ,  1 0 ,  2 0  a n d  3 0 %  o f  
s o r g h u m  a d v e r s e l y  a f f e c t e d  d o u g h  p r o p e r t i e s .  A s  t h e  s o r 

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

i n c r e a s e d .  T h e  b r o w n  v a r i e t i e s  ( A T x 6 2 3 x S C 0 1 0 3 - 7 2  a n d  

T x 2 5 6 6 )  h a d  t h e  b e s t  d o u g h  p r o p e r t i e s  i n c l u d i n g  s t a b i l i t y ,  
p e a k  t i m e  a n d  t i m e  t o  b r e a k d o w n  o f  t h e  w h e a t / s o r g h u m  

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

s o r g h u m  s u b s t i t u t i o n .  I n  t h e  b r o w n  v a r i e t i e s  t h e  e f f e c t  o f  
d i l u t i n g  t h e  w h e a t  g l u t e n  w a s  l e s s  t h a n  t h e  o t h e r  w h e a t /  

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

T able 1—C h em ica l c o m p o s it io n  o f  g ro u n d  sorgh u m  a n d  w h ea t flours on  a d r y  w e ig h t basis

Variety
Starch

%
Protein3

%

Phytate-P 
of Total-P

% C o lo rb Tann inc

T x 2 5 6 6  (Brown 69.5 11.8 70.9 67.0 0.24
A T x 6 2 3 x S C 0 1 03-12 (Brown) 70.7 11.7 69.8 68.5 2.12
A T x 3 9 9 x R T x 4 3 0  (Red) 71.4 12.1 68.1 74.4 Trace
7 7 C S5  (White) 74.6 11.6 63.7 74.5 Trace
BTx61 5 (White, W axy) 76.3 11.7 71.2 78.6 Trace
Whole Wheat F lour 67.8 14.7 58.5 86.5 Trace
(Commercial)
Bread Flour 81.3 12.9 22.5 98.8 Trace
(CS-79) 7 2 %  extraction
Cookie Flour 83.3 10.4 19.5 98.4 Trace

? N x6.25  for sorghum , Nx5.7  for wheat flour.
Major differences in color observed between samples were in the “ L ” value std tile: L  = 7 7 .3 , a = —1.7 , b = 22.8.
Expressed as catechin equivalents/100 mg sample.

T able 2--R h e o lo g ic a l p r o p e r tie s  o f  d o u g h s p re p a r e d  fro m  w h ea t/so rg h u m  f lo u r b len d s

Water3 Tim e to3
absorption M ix in g 13 time Peak3 time Stab ility3 breakdown Loaf volum e

Variety % (Min) (Min) (Min) (M in) (cc)

Wheat flour
7 2 %  Extraction 64.2 5:25 11 :00 17:30 18 :00 950

T x 2 5 6 6  (Brown)
1 0 % * 61.6 5:40 12:00 17:30 14:00 820

2 0 %  * 59.4 6 :00 12:00 16:30 15:00 700

3 0 % * 57.8 6 :15 12:00 15:30 16:00 645

A T x 6 2 3 x SC 0 1  03-12 (Brown)
10% 61.4 5:30 12:30 18:00 16:30 835

2 0 % 59.0 6 :15 14:00 20:30 17:00 760

3 0 % 57.8 6 :25 17:00 24:00 18:30 665

A 3 9 9 x R T x 4 3 0  (Red)
10% 61.6 5:30 10:30 14:30 14:00 815

2 0 % 59.2 5:50 9 :00 1 1 :30 11 :00 735

3 0 % 57.6 6:00 7:30 10:15 9:30 625

7 7 C S5  (White)
10% 61.4 5:30 10:30 14:30 13:40 795

2 0 % 59.3 5:50 9:00 13:30 11:30 665

3 0 % 57.8 6 :15 7:30 11:40 10:30 590

B T x 6 1 5 (White)
10% 61.4 5:30 10:00 15:15 14:00 785

2 0 % 59.3 5:30 9:00 14:30 12:30 710

3 0 % 57.7 5:30 9:00 12:15 12:30 615

3 Fro m  the Farinograph.  
b Fro m  the Mixograph.
* Indicates percent of wheat f lour replaced by sorghum flour.
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S O R G H U M  V A R I E T Y  E F F E C T  O N  B A K IN G  P R O P E R T IE S . .  .

20% SORGHUM REPL ACEMEN1

CONTROL TX2566 ATX623 X SCO103-12

A T X 3 9 9  X R T X 4 3 0  7  < B T X 6 1 5

Fig. 1 -  In tern a l ap p ea ra n ce  o f  p a n  b re a d  
m a d e  from  w h e a t f lo u r  r e p la c e d  w ith  
20%  g ro u n d  so rg h u m  fro m  5  d if fe r e n t  
varieties.

sonoM U M  r a p i A c n a x T

3 0 S

Fig. 2 —E x te rn a l a p pearan ce  o f  E g yp tia n  p i ta  " B a tady"  b re a d  m a d e  
fro m  w h ite  f lo u r  re p la ced  w ith  30%  g ro u n d  sorgh u m  fro m  th e  fo l
lo w in g  varie tie s: (1) T x 2 5 6 6  (b ro w n  so rg h u m ); (2) A T x 6 2 3 x  
S C 0 1 0 3 -1 2  (b ro w n  so rg h u m ); (3) A T x 3 9 9 x R T x 4 3 0  (re d s o rg h u m );  
(4) 7 7 C S 5  (w h ite  so rg h u m ); (5) B T x 6 1 5  (w h ite , w a x y  sorgh u m ).

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

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

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

e n c e s .

W h i t e  p a n  a n d  E g y p t i a n  p i t a  “ B a l a d y ”  b r e a d s

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

a s  t h e  a m o u n t  o f  s o r g h u m  i n c r e a s e d  i n  t h e  f o r m u l a  ( T a b l e  
2  a n d  F i g .  1 ) .  A  d e c r e a s e  i n  l o a f  v o l u m e  o f  1 0 0  m L  f o r  e a c h  
1 0 %  o f  s o r g h u m  a d d e d  w a s  g e n e r a l l y  o b s e r v e d .  A l t h o u g h  

t h e  d i f f e r e n c e s  i n  l o a f  v o l u m e  b e t w e e n  v a r i e t i e s  w e r e  r e l a 
t i v e l y  s m a l l ,  t h e  b r o w n  v a r i e t y  ( A T x 6 2 3 x S C 0 1 0 3 - 7 2 )  

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

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

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

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

8 2 - 9 5 %  e x t r a c t i o n  w h e a t  f l o u r  d e p e n d i n g  o n  t h e  n a t i o n a l  
e c o n o m y  a n d  t h e  p r i c e  o f  w h e a t .  A l t h o u g h  t h e r e  i s  n o  

s p e c i f i c  c h a r a c t e r i s t i c  t o  j u d g e  t h e  q u a l i t y  o f  p i t a  b r e a d ,  
p u f f i n g  f o r m a t i o n ,  e a s e  o f  l a y e r  s e p a r a t i o n ,  c r u s t ,  s h a p e  a n d  
c o l o r  a r e  t h e  m o s t  i m p o r t a n t  p a r a m e t e r s .  P o c k e t  f o r m a t i o n  
f o r  a l l  v a r i e t i e s  w a s  e x c e l l e n t  w h e n  s o r g h u m  r e p l a c e d  u p  t o  
3 0 %  o f  w h e a t  f l o u r  ( F i g .  2  a n d  T a b l e  3 ) .  A t  4 0  a n d  5 0 %  
s u b s t i t u t i o n ,  t h e  p o c k e t  f o r m a t i o n  w a s  r a t e d  s a t i s f a c t o r y  
t o  p o o r  i n  m o s t  v a r i e t i e s .  A l s o  a t  t h e  h i g h e r  l e v e l s ,  w h i t e  
a n d  w h i t e  w a x y  v a r i e t i e s  w e r e  s l i g h t l y  b e t t e r  t h a n  t h e  o t h e r  
v a r i e t i e s .

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

W h i t e ,  w a x y  s o r g h u m  a t  5 0 %  r e p l a c e m e n t  w a s  l i g h t e r  t h a n  
t h e  w h o l e  w h e a t  f l o u r  b r e a d .  T h i s  i s  i m p o r t a n t  s i n c e  h i g h  
e x t r a c t i o n  f l o u r  i s  m a i n l y  u s e d  i n  b a k i n g  E g y p t i a n  P i t a  
“ B a l a d y ”  b r e a d .

Q u a l i t y  o f  s u g a r  c o o k i e s

S u p p l e m e n t a t i o n  o f  c o o k i e  f l o u r  w i t h  u p  t o  5 0 %  s o r 
g h u m  i n c r e a s e d  t h e  s p r e a d  f a c t o r  o f  s u g a r  c o o k i e s  ( T a b l e
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4 ) .  T h e  i n c r e a s e  w a s  m o r e  p r o n o u n c e d  a t  4 0  a n d  5 0 %  r e 

p l a c e m e n t .  S u g a r  c o o k i e s  m a d e  f r o m  1 0 0 %  s o r g h u m  h a d  
t h e  h i g h e s t  s p r e a d  f a c t o r  f o r  a l l  v a r i e t i e s .  I n c r e a s e d  s p r e a d  

f a c t o r  w a s  d u e  i n  p a r t  t o  d i f f e r e n c e s  i n  p a r t i c l e  s i z e  b e t w e e n  
t h e  c o o k i e  f l o u r  a n d  g r o u n d  s o r g h u m .  A s  t h e  l e v e l  o f  s o r 
g h u m  s u b s t i t u t i o n  i n c r e a s e d ,  w h e a t  p r o t e i n  w a s  d i l u t e d .  
S t a r c h - p r o t e i n - w a t e r  i n t e r a c t i o n s  w e r e  n o t  s t r o n g  e n o u g h  

t o  s u p p o r t  t h e  l a r g e r  p a r t i c l e  s i z e ,  p r o d u c i n g  a  c o o k i e  w i t h  
a  l a r g e r  s p r e a d  f a c t o r .  L i p i d s  a r e  a l s o  i m p o r t a n t  i n  o b t a i n i n g  

c o o k i e  s p r e a d  ( C o l e  e t  a l . ,  1 9 6 0 ;  K i s s e l  e t  a l . ,  1 9 7 1 ) .  S o r 
g h u m  c o n t a i n s  a p p r o x i m a t e l y  3 . 5 %  l i p i d s  ( R o o n e y ,  1 9 7 8 ) .  
L i p i d  c o n t e n t  i n  t h e  c o o k i e  f o r m u l a  w o u l d  i n c r e a s e  w i t h  

t h e  a m o u n t  o f  s o r g h u m  s u b s t i t u t i o n  p r o d u c i n g  c o o k i e s  
w i t h  a  h i g h e r  s p r e a d  r a t i o .  T h i s  f a c t o r  w o u l d  b e  m o s t  e v i 
d e n t  i n  t h e  1 0 0 %  s o r g h u m  c o o k i e s .  B a d i  a n d  H o s e n e y
( 1 9 7 6 )  r e p o r t e d  c o o k i e s  m a d e  f r o m  1 0 0 %  s o r g h u m  f l o u r  
( 6 0 %  e x t r a c t i o n )  d i d  n o t  s p r e a d  d u r i n g  b a k i n g .  S o r g h u m  
f l o u r  a t  6 0 %  e x t r a c t i o n  w o u l d  c o n t a i n  l e s s  l i p i d s  d u e  t o  t h e  
r e m o v a l  o f  t h e  g e r m  d u r i n g  m i l l i n g .  S m a l l e r  p a r t i c l e  s i z e  

a n d  d i f f e r e n c e  i n  f o r m u l a t i o n  w o u l d  c o n t r i b u t e  t o  r e d u c e d  
c o o k i e  s p r e a d .  C o l o r  w a s  d i r e c t l y  a f f e c t e d  b y  b o t h  a m o u n t  
a n d  t y p e  o f  s o r g h u m  u s e d  t o  r e p l a c e  w h e a t  f l o u r  ( T a b l e  5  
a n d  F i g .  3 ) .  A t  1 0 %  s o r g h u m  r e p l a c e m e n t ,  c o o k i e  c o l o r  w a s  
r e l a t i v e l y  s i m i l a r  t o  t h e  c o n t r o l  e x c e p t  w i t h  t h e  b r o w n  

v a r i e t y ,  A T x 6 2 3 x S C 0 1 0 3 - f 2 ,  w h i c h  w a s  t h e  d a r k e s t .  A s  
s o r g h u m  r e p l a c e m e n t  l e v e l  i n c r e a s e d  i n  t h e  f o r m u l a ,  ‘L ’ 
v a l u e  “ d e g r e e  o f  l i g h t n e s s ”  o f  t h e  c o o k i e s  d e c r e a s e d  i n  a l l  
v a r i e t i e s .  C o o k i e s  m a d e  f r o m  1 0 0 %  g r o u n d  s o r g h u m  v a r i e d  
i n  c o l o r .  T h e  b r o w n  v a r i e t y  p r o d u c e d  c o o k i e s  d a r k e r  i n  
c o l o r  c o m p a r e d  t o  t h e  o t h e r  v a r i e t i e s .  A n o t h e r  s t u d y  i n d i 

c a t e d  m o l a s e s  c o o k i e s  s u b s t i t u t e d  w i t h  u p  t o  5 0 %  d r i e d

d i s t i l l e r s  g r a i n s  o b t a i n e d  f r o m  w h i t e  s o r g h u m s  w e r e  a c c e p t 
a b l e  t o  c o n s u m e r  a n d  c o m p a r a b l e  t o  t h e  c o n t r o l  ( M o r a d  e t  
a l . ,  1 9 8 3 ) .

3 0 %

S O R G H U M  R E P L A C E M E N T

C O N T R O L  1  2

3  4  5

Fig. 3 —E xtern a l appearan ce  o f  su gar c o o k ie s  re p la c e d  b y  3 0 %  o f  
g ro u n d  sorgh u m  from  th e fo llo w in g  varie tie s: (1 ) T x 2 5 6 6  (b ro w n  
so rg h u m ); (2) A T x 6 2 3 x S C 0 1 0 3 -1 2  (b ro w n  so rg h u m ); (31 A T x 3 9 9 x  
R T x 4 3 0  (red  so rg h u m ); (4) 7 7 C S 5  (w h ite  so rg h u m ); (5) B T x 6 1 5  
(w h ite , w a x y  sorgh u m ).

T ab le  3 —C o lo r  ("L " value) a n d  p o c k e t  fo rm a tio n  o f  e g y p tia n  p i ta  ",B a la d y " b re a d  m a d e  fro m  w h ea t/so rg h u m  f lo u r  b len d s

Pocket form ation Color " L "  value3

10% 2 0 %  3 0 %  4 0 % 5 0 % 10% 2 0 %  3 0 %  4 0 % 5 0 %

T X 2 5 6 6  (Brown) E b E E S P 60.0 50.4 48.0 42.1 41.9
A T x 6 2 3 x S C 0 1 03-12 (Brown) E E S P P 58.1 51.2 48.4 42.4 39.7
Z T x 3 9 9 x R T x 4 3 0  (Red) E E E s P 60.6 53.5 59.9 47.2 43.9
7 7 C S5  (White) E E E s S 63.2 58.4 54.7 49.4 45.8
B T x6 1 5  (White) E E E E S 67.1 61.4 57.4 53.8 52.8

7 2 %  Extraction flour E 68.9

Whole Wheat flour E 48.2

j* Major differences in co lo r  observed between samples were in the 1" L ” value, std ti le : L  = 77.3, a = — 1.7, b = 22.8.
D E  = E xce l lent ;  S = Sat isfactory ;  P = Poor.

T able  4 —S p re a d  fa c to r  o f  su gar c o o k ie s

Sorghum  replacement %

Variety 0 10 20 30 40 50 100

T x 2 5 6 6  (Brown) 77.6 78.9 77.9 85.6 86.3 89.6 130.8
A T x 6 2 3 x S C 0 1 03-12  (Brown) 77.6 80.3 78.3 77.8 81.4 94.2 108.82
A T x 3 9 9 x R T x 4 3 0  (Red) 77.6 79.4 78.6 76.8 75.4 71.2 68.49
7 7 C S5  (White) 77.6 76.8 79.2 87.0 86.2 88.9 117.11
3 T x 6 1 5  (White) 77.6 80.5 74.8 78.3 78.8 77.8 91.0

T ab le  5 —C o lo r  ("L/ '  value) o f  sugar c o o k ie sa

Variety

Sorghum  replacement %

0 10 20 30 40 50 100

T x 2 5 6 6  (Brown) 68.6 63.9 58.6 58.0 53.5 53.5 42.5
A T x 6 2 3 x S C 0 1 03-12  (Brown) 68.6 61.9 60.4 57.6 54.7 52.4 46.0
A T x 3 9 9 x R T x 4 3 0  (Red) 68.6 64.9 60.8 59.8 57.7 56.2 51.0

7 7 C S5  (White) 68.6 65.0 63.5 60.6 59.0 58.3 48.6

B T x6 1 5  (White) 68.6 63.7 65.0 62.6 59.8 59.8 55.6

a Major differences in co lo r  observed between samples were in the “ L ” value, std. ti le : L  = 77.3,  a = — 1.7, b = 22.8.
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S O R G H U M  V A R I E T Y  E F F E C T  O N  B A K IN G  P R O P E R T IE S . .  .

C O N C L U S I O N S

W H O L E ,  G R O U N D  S O R G H U M  w a s  s u c c e s s f u l l y  u s e d  a s  a  
p a r t i a l  r e p l a c e m e n t  f o r  w h e a t  f l o u r  i n  w h i t e  p a n  b r e a d ,  p i t a  
b r e a d  a n d  s u g a r  c o o k i e s .  S u b s t i t u t i o n  o f  h a r d  w h e a t  f l o u r  
w i t h  u p  t o  2 0 %  s o r g h u m  d e c r e a s e d  t h e  l o a f  v o l u m e  o f  p a n  

b r e a d  w i t h o u t  a f f e c t i n g  t h e  t a s t e .  B r e a d  c r u m b  c o l o r ,  e s 

p e c i a l l y  t h o s e  m a d e  w i t h  b r o w n  s o r g h u m s ,  c o u l d  c o m p e t e  
w i t h  b r e a d  m a d e  f r o m  w h o l e w h e a t .  L o a f  v o l u m e s  o f  b r e a d s  
p a r t i a l l y  s u b s t i t u t e d  w i t h  b r o w n  s o r g h u m s  w e r e  h i g h e r  t h a n  
t h o s e  r e p l a c e d  w i t h  w h i t e  o r  y e l l o w  s o r g h u m s .  T h e  r o l e  o f  
t a n n i n s  i n  b r e a d m a k i n g ,  p a r t i c u l a r l y  t h e i r  i n t e r a c t i o n  w i t h  
w h e a t  g l u t e n ,  s h o u l d  b e  f u r t h e r  i n v e s t i g a t e d .  A n  e x c e l l e n t  
p i t a  b r e a d  w a s  p r o d u c e d  f r o m  b r e a d  f l o u r  r e p l a c e d  b y  3 0 %  
o f  t h e  g r o u n d  s o r g h u m .  B r o w n - c o l o r e d  s o r g h u m s  a t  3 0 %  
s u b s t i t u t i o n  w e r e  s i m i l a r  t o  t h e  w h o l e  w h e a t  c o n t r o l .  T h i s  
i s  a n  a d v a n t a g e  s i n c e  h i g h  e x t r a c t i o n  f l o u r  i s  u s u a l l y  u s e d  i n  
E g y p t  a n d  o t h e r  c o u n t r i e s  i n  m a k i n g  p i t a  b r e a d .  W i t h  t h e  

a g r o n o m i c  a d v a n t a g e s  o f  s o r g h u m  o v e r  w h e a t  a n d  m a i z e ,  
t h o s e  c o u n t r i e s  w o u l d  b e  a b l e  t o  r e d u c e  t h e i r  t o t a l  d e p e n 
d e n c e  o n  i m p o r t e d  w h e a t .  I n c o r p o r a t i o n  o f  s o r g h u m  i n t o  
c o o k i e  f l o u r  i n c r e a s e d  t h e  s p r e a d  f a c t o r  o f  s u g a r  c o o k i e s .  

C o l o r  w a s  t h e  m a j o r  d i f f e r e n c e  o b s e r v e d  b e t w e e n  c o o k i e s  
m a d e  f r o m  t h e  f i v e  s o r g h u m  v a r i e t i e s .

I n  g e n e r a l ,  t h e  e x t r e m e  c o l o r  r a n g e s  o f  w h e a t / s o r g h u m  
b l e n d s  s u g g e s t  t h e i r  a p p l i c a b i l i t y  i n  o t h e r  t y p e  c o o k i e s  
( m o l a s s e s ,  c h o c o l a t e ,  o a t m e a l )  a n d  v a r i e t y  b r e a d s  w h e r e  a  

d a r k  c o l o r  i s  d e s i r e d .
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S o l u b i l i z a t i o n  o f  t h e  R e d  B e e t  C e l l  W a l l  

B e t a n i n  D e c o l o r i z i n g  E n z y m e

BRUCE P. WASSERMAN and MICHAEL P. GUILFOY

--------------------------- ABSTRACT ---------------------------
The red beet root cell wall betanin decolorizing enzyme was solu
bilized by digestion of tissue slices with cellulase, pectinase and 
glusulase. The cell wall hydrogen peroxide generating system was 
inactivated by the digestion process. Lysis of released protoplasts 
demonstrated the presence of a soluble intracellular decolorizing 
enzyme. The intracellular form, representing approximately 25% of 
the total activity, appears to have become ionically bound to cell 
wall fragments when intact tissue was homogenized and could be 
released by washing with 1M NaCl.

INTRODUCTION
P L A N T  P E R O X I D A S E S  a r e  t h o u g h t  t o  p l a y  a n  i m p o r t a n t  
r o l e  i n  p r o c e s s e s  s u c h  a s  l i g n i f i c a t i o n  ( E g l e y  e t  a l . ,  1 9 8 3 ;  
H a l l i w e l l ,  1 9 7 8 ;  H a r k i n  a n d  O b s t ,  1 9 7 3 ) ,  s e n e s c e n c e  

( F r e n k e l ,  1 9 7 2 ;  H a a r d ,  1 9 7 3 )  a n d  o f f  f l a v o r  f o r m a t i o n  

( B u r n e t t e ,  1 9 7 7 ) .  P e r o x i d a s e s  a r e  f o u n d  b o t h  i n t r a c e l l u l a r -  
l y  a n d  b o u n d  t o  c e l l  w a l l s  [ S e e  W a n g  a n d  L u h  ( 1 9 8 3 )  a n d  
G k i n i s  a n d  F e n n e m a  ( 1 9 7 8 )  f o r  r e f e r e n c e s ] .  C e l l  w a l l  
p e r o x i d a s e s  c a n  b e  c l a s s i f i e d  a s  e i t h e r  i o n i c a l l y  o r  c o 

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

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

t o  s o l u b i l i z e  c o v a l e n t l y  b o u n d  c e l l  w a l l  p e r o x i d a s e s  f r o m  
i s o l a t e d  c e l l  w a l l s  b y  t r e a t m e n t  w i t h  c e l l  w a l l - d e g r a d i n g  
e n z y m e s  ( S t r a n d  e t  a l . ,  1 9 7 6 )  o r  m o r e  d i r e c t l y ,  b y  d i s s o l v 
i n g  t i s s u e  s l i c e s  w i t h  p r o t o p l a s t  r e l e a s i n g  e n z y m e s  ( Y u n g  
a n d  N o r t h c o t e ,  1 9 7 5 ) .  E n z y m a t i c  c e l l  w a l l  e n z y m e  r e l e a s e  

h a s  l e d  t o  t h e  s u g g e s t i o n  t h a t  s o m e  i o n i c a l l y  b o u n d  c e l l  
w a l l  e n z y m e s  a r e  i n t r a c e l l u l a r  in  v i v o  a n d  b e c o m e  w a l l -  
b o u n d  w h e n  i n t a c t  t i s s u e  i s  d i s r u p t e d  b y  h a r s h  m e t h o d s  
s u c h  a s  h o m o g e n i z a t i o n  ( Y u n g  a n d  N o r t h c o t e ,  1 9 7 5 ) .

T h e  o b j e c t i v e  o f  t h i s  s t u d y  w a s  t o  s o l u b i l i z e  t h e  b e t a n i n  
d e c o l o r i z i n g  e n z y m e  f o u n d  i n  r e d  b e e t  s t o r a g e  t i s s u e .  T h e  
e n z y m e ,  w h i c h  a p p e a r s  t o  b e  a  p e r o x i d a s e  ( W a s s e r m a n  a n d  
G u i l f o y ,  1 9 8 3 ;  W a s s e r m a n  e t  a l .  1 9 8 4 )  w a s  l o c a l i z e d  p r e 
d o m i n a n t l y  i n  a  0 - 1 , 0 0 0  x  g  p a r t i c u l a t e  f r a c t i o n  ( L a s h l e y  

a n d  W i l e y ,  1 9 7 9 ;  S o b o l e v a  e t  a l . ,  1 9 7 6 ) .  T o  a c h i e v e  e n z y m e  
r e l e a s e ,  b o t h  t i s s u e  s l i c e s  a n d  i s o l a t e d  c e l l  w a l l s  w e r e  i n 
c u b a t e d  w i t h  t h e  c e l l  w a l l  d i g e s t i o n  e n z y m e  m i x t u r e  

u t i l i z e d  b y  S c h m i d t  a n d  P o o l e  ( 1 9 8 0 )  f o r  p r o t o p l a s t  p r o 
d u c t i o n .

MATERIALS & METHODS

Materials

Red beets (B e ta  vu lgaris L.) were purchased frqm a local market. 
Tops were removed before use and roots were surface sterilized. 
Betanin was purified as previously described (Wasserman and Guil
foy, 1983). Pectinase and bovine serum albumin were obtained from 
Sigma Chemical Co. Cellulysin was purchased from Calbiochem-

A u th o rs  W asserm an a n d  G u ilfo y  are a ff i l ia te d  w ith  th e  D ep t, o f  
F o o d  S cien ce , N e w  J ersey  A g r icu ltu ra l E x p e r im e n t S ta tio n , C o o k  
C ollege, R u tgers Univ. N e w  B ru n sw ick , N J  0 8 9 0 3 .

Behring and glusulase was supplied by Endo Laboratories (Garden 
City, NY). All solutions were prepared using sterilized water.

Enzyme assays

Decolorizing activity was measured by monitoring betanin loss at 
538 nm and 25°C (Wasserman and Guilfoy, 1983). Unless otherwise 
specified, assay mixtures contained 30 pM H 2 O 2  and 100 mM 
citrate-phosphate buffer, pH 3.4, in a final volume of 1.0 mL. Units 
of activity are defined as the number of nmoles per mL of digestion 
mixture of betanin decolorized per min.

Solubilization

Cell wall decolorizing enzyme solubilization was performed by 
two methods: enzymatic digestion of intact tissue discs (Method
A) and enzymatic digestion of isolated cell wall fragments (Method
B) .

Method A. Intact tissue discs (lg; 0.5 mm diameter by 1 mm 
thick) were bubbled with air over night in water and 1 mM dithioery- 
thritol, and were then incubated with 10 m L of digestion buffer con
taining 0.6M sorbitol, 1 mM CaCl2 , 1 mM MgCl2 , 1 mM KC1, 1% 
(w/v) BSA, 2% (w/v) cellulysin, 2% (v/v) pectinase, 2% (v/v) glusulase 
and 30 mM Mes-Tris, pH 5.5 (Schmidt and Poole, 1980). Digestions 
were performed at 30°C in a shaking water bath for various times. 
Protoplast release was quantitated by counting cells with a hemocy- 
tometer. Protoplasts and debris were removed by centrifugation at 
100 x g  at 4°C. The supernatants were measured for decolorizing 
activity as described. Background peroxidase activity from the 
protoplast digestion enzymes, approximately 15-25% of activity 
released, was subtracted. Background activity levels of each of the 
digestion enzymes are summarized in Table 1. Betanin leakage was 
quantitated by measuring the absorbance of the digestion medium 
at 538 nm. Intracellular decolorizing enzyme activity was measured 
by lysing protoplasts in 30 mM Mes-Tris buffer, pH 5.5, centrifuging 
away debris at 1000 x g , and assaying the supernatants as described.

Method B . Cell walls were isolated as follows: One gram of tissue 
discs was suspended in 10 mM sodium phosphate buffer, pH 6.9, 
and homogenized at 4°C in a Dounce homogenizer until a uniform 
suspension was obtained. The homogenate was centrifuged six times 
at 1,000 x g , resuspending in 10 mM phosphate buffer, pH 6.9, to 
remove residual pigment and other soluble contaminants. The 
washings (1.5 mL each) were pooled and then assayed for activity. 
The cell wall fragments were then treated with 1 mL of digestion 
buffer (Method A) for 3 hr. The solubilized enzyme was assayed as 
described. In some preparations, ionically-bound decolorizing en
zyme was removed prior to digestion by washing cell walls twice 
with 1M NaCl.

Protein assay

Protein was measured by the TCA precipitation method of Peter
son (1977).

RESULTS
T H E  T I M E - C O U R S E S  o f  d e c o l o r i z i n g  e n z y m e  r e l e a s e  a n d  
r e l a t e d  p a r a m e t e r s  a r e  s h o w n  i n  F i g .  1 .  T h e  e n z y m e  w a s  
r e l e a s e d  i n t o  t h e  p r o t o p l a s t  d i g e s t i o n  m i x t u r e  w i t h i n  t h e  

f i r s t  h o u r  o f  i n c u b a t i o n .  P r o t o p l a s t  r e l e a s e  w a s  m o r e  
g r a d u a l ,  w i t h  m a x i m a l  c e l l  c o u n t s  a c h i e v e d  b e t w e e n  3  a n d  
6  h r  ( F i g .  1 B ) .  A f t e r  3  h r  b e t a n i n  b e g a n  t o  a c c u m u l a t e  ( F i g .  
1 C )  i n d i c a t i n g  t h a t  c e l l s  w e r e  b e g i n n i n g  t o  l y s e .  A l t h o u g h  
b e t a n i n  l e a k a g e  a c c e l e r a t e d  a f t e r  5  h r ,  c e l l  c o u n t s  d i d  n o t  
d e c l i n e  u n t i l  a f t e r  6  h r  o f  i n c u b a t i o n ,  t h e  t i m e  w h e n  t i s s u e  

d i s s o l u t i o n  w a s  g e n e r a l l y  c o m p l e t e .
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B E T A N I N  D E C O L O R I Z I N G  E N Z Y M E  S O L U B I L I Z A T I O N . . .

T able 1 -P r o te in -b in d in g  a n d  b e ta n in  d e c o lo r iz in g  a c t iv i ty  o f  c e ll 
w all d ig es tio n  e n z y m e sa

Com ponent
Protein

(mg/mL)

Protein rem ain
ing after 5 min 
incubation w ith 
beet discs (1.0g) 

(mg/mL)

Protein
binding

(%)

Decolorizing
activity

(nm ol/m in/m L)

B S A 9.8 8.5 13 0
Pectinase 0.3 0.3 0 1.0
Glusulase 0.8 0.7 23 0
Cellu lysin 4.5 3.8 16 2.8
A ll 15.9 14.6 9 3.8

a Digestion buffers were prepared as described in Materials & 
Methods. T issue discs were matted dry with a paper towel before 
addit ion to en zym e solutions to avoid di lution effects.

Digestion Time (Hours)

>
o
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3
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Fig. 1—K in e tic s  o f  c e ll w a ll so lu b iliza tio n . Panels: (A ) D eco lo r iz in g  
e n z y m e  release; (B) P ro to p la s t  c o u n t;  1C) B etan in  leakage; (D) 
D eco lo r iz in g  e n z y m e  re lease fro m  tissu e  d iscs in c u b a te d  w ith o u t  
e n zy m e s ;  (E) D eco lo r iz in g  e n z y m e  re lease fro m  ly s e d  p r o to p la s ts ;  
IF) P ro tein . In d iv idu a l d ig e s tio n s  w ere c a rr ied  o u t  fo r  each  tim e  
p o in t  (M e th o d  A ;  M aterials & M e th o d s). T hese da ta  are fro m  o n e  o f  
tw o  e x p e r im e n ts , c o n d u c te d  id e n tic a lly  using d if fe r e n t b e e ts .

I n  a  s e r i e s  o f  c o n t r o l s  p e r f o r m e d  i n  t a n d e m ,  w h e r e  
e n z y m e s  w e r e  o m i t t e d  f r o m  d i g e s t i o n  m i x t u r e s ,  p e r o x i d a s e  
r e l e a s e  d i d  o c c u r ,  h o w e v e r  a t  a  s l o w e r  r a t e  t h a n  w i t h  t h e  
e n z y m e - t r e a t e d  d i s c s  ( F i g .  I D ) .  N o  p r o t o p l a s t s  w e r e  g e n e r 
a t e d  i n  c o n t r o l  i n c u b a t i o n s .

T o  d e t e r m i n e  w h e t h e r  r e d  b e e t  r o o t  c o n t a i n s  i n t r a c e l l u 
l a r  b e t a n i n  d e c o l o r i z i n g  a c t i v i t y ,  r e l e a s e d  p r o t o p l a s t s  
f r o m  e a c h  s a m p l e  w e r e  i s o l a t e d  b y  c e n t r i f u g a t i o n  a t  1 0 0  x  

g  a n d  t h e n  l y s e d  b y  r e s u s p e n s i o n  i n  a  h y p o o s m o t i c  b u f f e r .  
F i g .  I E  s h o w s  t h a t  a c t i v i t y  i s  r e l e a s e d  u p o n  l y s i s ,  a n d  t h a t  
t h e  i n c r e a s e  i n  a c t i v i t y  g e n e r a l l y  c o r r e l a t e d  w i t h  t h e  i n 

c r e a s e  i n  c e l l  c o u n t .  I n  t h i s  e x p e r i m e n t ,  i n t r a c e l l u l a r  
a c t i v i t y  r e p r e s e n t e d  3 1  a n d  5 1 %  o f  t o t a l  a c t i v i t y  a t  4  a n d  6
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h r ,  r e s p e c t i v e l y .  T o  d e t e r m i n e  w h e t h e r  t h e  i n t r a c e l l u l a r  

e n z y m e  w a s  m e m b r a n e - b o u n d ,  t h e  1 0 0  x  g  s u p e r n a t a n t  w a s  
c e n t r i f u g e d  a t  1 0 0 , 0 0 0  x  g .  N o  a c t i v i t y  w a s  f o u n d  i n  t h e  r e 

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

b i l i z a t i o n  w a s  a l s o  m e a s u r e d  ( F i g .  I F ) .  O n  t h e  a d d i t i o n  o f  
t i s s u e  d i s c s  t o  t h e  d i g e s t i o n  b u f f e r ,  a  d e c l i n e  i n  t h e  p r o t e i n  
c o n t e n t  o f  t h e  d i g e s t i o n  m i x t u r e  o c c u r r e d .  T h e  c e l l  w a l l s  o f  

a t  l e a s t  o n e  p l a n t ,  o a t  s e e d l i n g s  h a v e  b e e n  s h o w n  t o  h a v e  a  
h i g h  b i n d i n g  a f f i n i t y  f o r  a  v a r i e t y  o f  e n z y m e s  i n c l u d i n g  
p e c t i n e s t e r a s e  a n d  p e r o x i d a s e  ( J a n s e n  e t  a l . ,  1 9 6 0 ) .  T o  
s h o w  t h a t  t h e  i n i t i a l  d e c l i n e  m a y  h a v e  b e e n  d u e  t o  p r o t e i n  

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

t h e  d i g e s t i o n  b u f f e r  w a s  m e a s u r e d  a f t e r  5  m i n .  T h e  r e s u l t s  
o f  t h i s  e x p e r i m e n t ,  s u m m a r i z e d  i n  T a b l e  1 ,  s h o w s  t h a t  
s m a l l  l e v e l s  o f  B S A  a n d  p r o t e i n s  i n  t h e  g l u s u l a s e  a n d  
c e l l u l y s i n  b e c a m e  b o u n d  t o  b e e t  d i s c s  a t  p H  5 . 5 .  T h e  
p e c t i n a s e  d i d  n o t  b i n d .

Seasonal dependence of protoplast release
A n  i m p o r t a n t  o b s e r v a t i o n  c o n c e r n i n g  t h e s e  e x p e r i m e n t s  

i s  t h a t  t h e  a b i l i t y  t o  g e n e r a t e  p r o t o p l a s t s  a p p e a r s  t o  b e  

s e a s o n a l .  T h e s e  e x p e r i m e n t s  w e r e  a l l  p e r f o r m e d  d u r i n g  t h e  
s u m m e r  m o n t h s  u s i n g  f r e s h l y  h a r v e s t e d  b e e t s .  A t t e m p t s  t o  
p r e p a r e  p r o t o p l a s t s  u s i n g  a g e d - d o r m a n t  b e e t s  d u r i n g  t h e  f a l l  
a n d  w i n t e r  m o n t h s  o v e r  t h r e e  c o n s e c u t i v e  y e a r s  h a v e  o f t e n  
p r o v e n  f u t i l e .  R e s i s t a n c e  o f  a g e d  t i s s u e  t o  c e l l u l o l y t i c  
d i g e s t i o n  h a s  b e e n  r e p o r t e d  b y  G e b a l l e  a n d  G a l s t o n  ( 1 9 8 2 ) .  
I n  o a t  l e a v e s  t h i s  e f f e c t  w a s  s h o w n  t o  b e  d u e  t o  t h e  f o r 
m a t i o n  o f  l i g n i n  ( G a b e l l e  a n d  G a l s t o n ,  1 9 8 3 ) .

Solubilization of isolated cell walls and 
decolorizing on enzyme distribution

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

c e l l  w a l l  b o u n d  w h e n  h a r s h  h o m o g e n i z a t i o n  t e c h n i q u e s  a r e  
u t i l i z e d .  H a r r i s  ( 1 9 8 3 )  d i s c u s s e s  t h e  p o s s i b i l i t y  t h a t  i o n i c a l -  
l y  b o u n d  c e l l  w a l l  e n z y m e s  a r e  t h e  r e s u l t  o f  c y t o p l a s m i c  

c o n t a m i n a t i o n .  T o  a n s w e r  t h i s  q u e s t i o n ,  a  d u a l  a p p r o a c h  
w a s  u t i l i z e d .  O n e  a p p r o a c h  w a s  t o  d i g e s t  t i s s u e  d i s c s ,  a s  
d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n .  T h e  o t h e r  a p p r o a c h  w a s  

t o  d i g e s t  i s o l a t e d  c e l l  w a l l  f r a g m e n t s  a n d  m e a s u r e  a c t i v i t y  
r e l e a s e d  i n t o  t h e  d i g e s t i o n  m e d i u m .  I n  t h e  l a t t e r  m e t h o d  
t w o  s a m p l e s  w e r e  p r e p a r e d .  O n e  w a s  w a s h e d  w i t h  b u f f e r  
a l o n e  a n d  t h e  o t h e r  w i t h  b u f f e r  a n d  t w i c e  w i t h  a  1 M  N a C l  
s o l u t i o n  t o  r e m o v e  a n y  i o n i c a l l y  b o u n d  e n z y m e .  W a l l s  w e r e  

t h e n  d i g e s t e d  f o r  5  h r  a n d  t h e  s u p e r n a t a n t s  a s s a y e d  f o r  

a c t i v i t y .
I n  t h e  t i s s u e  d i s c  d i g e s t i o n  e x p e r i m e n t  ( T a b l e  2 ) ,  4 1 . 2  

u n i t s  o f  e n z y m e  a c t i v i t y  w e r e  r e c o v e r e d ,  w i t h  a p p r o x i m a t e 
l y  7 5 %  o f  t h e  a c t i v i t y  c e l l  w a l l  b o u n d  a n d  2 5 %  i n t r a c e l l u l a r .

A f t e r  d i g e s t i o n  o f  w a l l  f r a g m e n t s  o b t a i n e d  f r o m  t h e  
s a m e  b e e t ,  a  t o t a l  o f  4 5 . 7  u n i t s  o f  a c t i v i t y  w e r e  r e c o v e r e d ,  
i n  g o o d  a g r e e m e n t  w i t h  t h e  d i r e c t  d i g e s t i o n  a p p r o a c h  
( T a b l e  2 ) .  O f  t h i s  a c t i v i t y ,  r o u g h l y  6 8 %  c o u l d  b e  c l a s s i f i e d  
a s  c o v a l e n t l y  b o u n d  a n d  t h e  r e m a i n d e r ,  3 2 % ,  w a s  i o n i c a l l y  
b o u n d .  N o  a c t i v i t y  w a s  f o u n d  i n  t h e  1 , 5 0 0  x g  s u p e r n a t a n t .  

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

Effect of hydrogen peroxide
I n  a  p r e v i o u s  s t u d y ,  i t  w a s  s h o w n  t h a t  i s o l a t e d  c e l l  w a l l s  

p r o d u c e  H 2 0 2 , w h i c h  i s  t h e n  u t i l i z e d  b y  t h e  d e c o l o r i z i n g  
e n z y m e  f o r  d e c o l o r i z a t i o n  ( W a s s e r m a n  a n d  G u i l f o y ,  1 9 8 3 ) .  
F i g .  2  c o m p a r e s  t h e  e f f e c t  o f  H 2 0 2 o n  t h e  c e l l  w a l l - b o u n d  
a n d  s o l u b i l i z e d  e n z y m e .  S e v e r a l  d i f f e r e n c e s  w e r e  o b s e r v e d ,  

m o s t  n o t a b l y  t h a t  t h e  H 2 0 2 g e n e r a t i n g  s y s t e m  i s  d e s t r o y e d  
b y  s o l u b i l i z a t i o n .  I n  c o n t r a s t  t o  t h e  c e l l  w a l l  d e c o l o r i z i n g



s y s t e m ,  t h e  s o l u b i l i z e d  e n z y m e  e x h i b i t e d  n o  a c t i v i t y  i n  t h e  

a b s e n c e  o f  a d d e d  H 2 0 2 . M a x i m a l  d e c o l o r i z i n g  a c t i v i t y  f o r  

t h e  s o l u b i l i z e d  e n z y m e  w a s  o b t a i n e d  w i t h  1 m M  H 2 0 2 , 

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

b o u n d  f o r m .

DISCUSSION
P R E V I O U S  A T T E M P T S  t o  s o l u b i l i z e  t h e  r e d  b e e t  c e l l  
w a l l  b e t a n i n  d e c o l o r i z i n g  e n z y m e  b y  d e t e r g e n t  a n d  e n z y m e  
t r e a t m e n t s  w e r e  u n s u c c e s s f u l  ( S h i h  a n d  W i l e y ,  1 9 8 2 ;  S o 

b o l e v a  e t  a l . ,  1 9 7 6 ) .  U s e  o f  t h e  e n z y m e  m i x t u r e  r e p o r t e d  

b y  S c h m i d t  a n d  P o o l e  ( 1 9 8 0 )  f o r  t h e  p r o d u c t i o n  o f  r e d  
b e e t  p r o t o p l a s t s  w a s  s u c c e s s f u l ,  w i t h  o n e  m o d i f i c a t i o n :  

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

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

R e l e a s e  o f  t h e  c e l l  w a l l  e n z y m e  f r o m  t i s s u e  d i s c s  o c 
c u r r e d  w i t h i n  t h e  f i r s t  h o u r  o f  d i g e s t i o n  ( F i g .  1 A )  a n d  w a s  
n o t  c o i n c i d e n t  w i t h  p r o t o p l a s t  g e n e r a t i o n ,  w h i c h  c o n t i n u e d  

o v e r  4  h r  ( F i g .  1 B ) .  T h u s  i t  a p p e a r s  t h a t  p a r t i a l  c e l l  w a l l  
d i g e s t i o n  i s  s u f f i c i e n t  f o r  e n z y m e  r e l e a s e .

T h e  d e c o l o r i z i n g  e n z y m e  f r o m  d i s c s  i n c u b a t e d  i n  d i g e s 
t i o n  b u f f e r  w i t h o u t  d e g r a d a t i v e  e n z y m e s  p r e s e n t  w a s  
s o l u b i l i z e d  m o r e  s l o w l y  ( F i g .  1 D ) .  I t s  r e l e a s e  m a y  h a v e  b e e n  

d u e  t o  t h e  p r e s e n c e  o f  e n d o g e n o u s  c e l l  w a l l  d e g r a d i n g  
e n z y m e s  w h i c h  m a y  b e  a c t i v a t e d  u n d e r  t h e  c o n d i t i o n s  o f  
i n c u b a t i o n .  Y u n g  a n d  N o r t h c o t e  ( 1 9 7 5 )  a l s o  r e p o r t e d  
e n z y m e  r e l e a s e  f r o m  c o n t r o l  t i s s u e  d i s c s ,  b u t  t o  a  l e s s e r  
e x t e n t  t h a n  o b s e r v e d  h e r e .  S i n c e  b e t a n i n  l e a k a g e  w a s  n o t  
o b s e r v e d  u n t i l  4  h r  ( F i g .  1 C )  i t  a p p e a r s  u n l i k e l y  t h a t  t h e  
r e l e a s e  o f  e n z y m e  f r o m  t h e  c o n t r o l  d i s c s  w a s  d u e  t o  l e a k a g e  

o f  t h e  i n t r a c e l l u l a r  e n z y m e .  I t  i s  a l s o  u n l i k e l y  t h a t  b e t a n i n  
l e a k e d  i n t o  t h e  d i g e s t i o n  m e d i u m  w a s  d e g r a d e d  b y  t h e  
d e c o l o r i z i n g  e n z y m e ,  s i n c e  t h e  p H  o f  t h e  d i g e s t i o n  m e d i u m ,
5 . 5 ,  i s  w e l l  a b o v e  t h e  p H  r a n g e  o f  o p t i m a l  d e c o l o r i z i n g  
a c t i v i t y  ( S h i h  a n d  W i l e y ,  1 9 8 2 ) .

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

b e e n  d u e  t o  c o n t i n u e d  b i n d i n g  o r  a l t e r n a t i v e l y ,  t o  p r o t e o l y 
s i s .  I t  s h o u l d  b e  r e c o g n i z e d ,  h o w e v e r ,  t h a t  t h e  l e v e l  o f  p r o 
t e i n  c o n t a i n e d  w i t h i n  t h e  c e l l  w a l l  i s  l o w  r e l a t i v e  t o  t h e  

l a r g e  q u a n t i t i e s  p r e s e n t  i n  t h e  d i g e s t i o n  m i x .  I t  c a n  b e  
c a l c u l a t e d  f r o m  t h e  d a t a  o f  Y i - q i n  e t  a l .  ( 1 9 8 3 )  t h a t  t h e  

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

w i t h i n  l g  o f  L i l i u m  l o n g i f l o r i u m  r o o t s  i s  1 5 0  jiig . A l t h o u g h  

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

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

I n  c o n t r a s t  t o  t h e  c e l l  w a l l  e n z y m e ,  t h e  s o l u b i l i z e d  
p e r o x i d a s e  c o u l d  n o  l o n g e r  f u n c t i o n  i n  t h e  a b s e n c e  o f  
a d d e d  H 2 0 2 . C e l l  w a l l  f r a g m e n t s  i s o l a t e d  b y  h o m o g e n i z a 
t i o n  h a v e  t h e  a b i l i t y  t o  g e n e r a t e  H 2 0 2 w h e n  p l a c e d  i n  
a c i d i c  e n v i r o n m e n t s  ( W a s s e r m a n  a n d  G u i l f o y ,  1 9 8 3 ) .  T h e  

s o u r c e  o f  r e d u c i n g  e q u i v a l e n t s  a p p e a r e d  t o  b e  i o n i c a l l y  
b o u n d  t o  t h e  w a l l s .  I t  i s  p o s s i b l e  t h a t  i n  v i v o ,  t h e  r e d u c e d  

s u b s t r a t e  i s  i n t r a c e l l u l a r  a n d  l i k e  t h e  i n t r a c e l l u l a r  d e c o l o r 
i z i n g  e n z y m e ,  t h e  h y d r o g e n  d o n o r  b e c o m e s  b o u n d  t o  c e l l  
w a l l s  u p o n  t i s s u e  d i s r u p t i o n .  A l t e r n a t i v e l y ,  t h e  e n z y m a t i c  
c o m p o n e n t  o f  t h e  H 2 0 2 g e n e r a t i n g  s y s t e m  m a y  b e  l o c a t e d  
i n t r a c e l l u l a r l y  a n d  is  t h e r e f o r e  n o t  r e l e a s e d  u p o n  e n z y m a t i c  
d i g e s t i o n .  A  f u r t h e r  p o s s i b i l i t y  t o  e x p l a i n  t h e  d e s t r u c t i o n  o f  
t h e  H 2 0 2 g e n e r a t i n g  s y s t e m  i s  t h a t  t h e  d i g e s t i o n  e n z y m e s  
u s e d  i n  t h e  s o l u b i l i z a t i o n  m e d i u m  c o n t a i n  c o m p o u n d s  t h a t  

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

T ab le  2 —D is tr ib u tio n  o f  d e c o lo r iz in g  a c t iv i ty  in fra c tio n s  o b ta in e d  
b y  tissu e d ig e s tio n  a n d  d ig e s tio n  o f  is o la te d  c e ll w a llsa

Fraction
Decolorizing activity 

(nmol/min/g fresh wt) %  Total

Tissue digestion

Cell wall 30.7 74.5
Soluble 10.5 25.5
Total 41.2

Digestion of isolated walls

Cell wall-Covalent 31.1 68.1
Ionic 14.6 31.9

Soluble 0 0
Total 45.7

a Details of each method are described under Materials & Methods.
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H Y D R O G E N  P E R O X ID E  (M )
Fig. 2 —E ffe c t  o f  h yd ro g e n  p e r o x id e  o n  b e ta n in  d e c o lo r iz in g  a c t iv i ty  
b y  th e  c e ll w a ll-b o u n d  a n d  s o lu b il iz e d  e n zy m e s . S o l id  bars: S o lu 
b i l i z e d  e n z y m e  a f te r  a 6  h r  d ig estio n . T o ta l a c t iv i ty  a t  1 0 ~ ^ M  
H2O2  was 2 2 .4  n m o l p e r  m in  p e r  g  fresh  w e igh t. H a tch ed  bars:  
C ell w a ll a c tiv i ty . C ell walls w ere  is o la te d  a n d  a ss a y e d  as p re v io u s ly  
d e s c r ib e d  (W asserm an a n d  G u ilfo y , 19 8 3 ).

f e r e  w i t h  t h e  a c t i v i t y  o f  m a n y  e n z y m e s  ( L o o m i s  a n d  

B a t t a i l e ,  1 9 6 6 ) .
T h e s e  r e s u l t s  f u r t h e r  d e m o n s t r a t e  t h a t  g e n t l e  t e c h n i q u e s  

s u c h  a s  t i s s u e  d i g e s t i o n  c a n  b e  u t i l i z e d  f o r  s o l u b i l i z i n g  c e l l  
w a l l  e n z y m e s .  O n e  d i s a d v a n t a g e  o f  t h e  d i g e s t i o n  m e t h o d ,  
p a r t i c u l a r l y  i f  c e l l  w a l l  e n z y m e  p u r i f i c a t i o n  i s  a  g o a l ,  i s  t h a t  
l a r g e  a m o u n t s  o f  e x o g e n o u s  p r o t e i n  a r e  p r e s e n t .  T h e  
a v a i l a b i l i t y  o f  h i g h l y  p u r i f i e d  c e l l u l o l y t i c  a n d  p e c t i n o l y t i c  
e n z y m e s  w o u l d  g r e a t l y  r e d u c e  t h i s  p r o b l e m .  A n o t h e r  
p o s s i b l e  d i s a d v a n t a g e  i s  t h a t  d i g e s t i v e  e n z y m e s  m a y  b e  a b l e  

t o  c l e a v e  p o l y s a c c h a r i d e  c h a i n s  f r o m  g l y c o p r o t e i n s  a n d  t h e r e 
f o r e  m o d i f y  t h e  c a t a l y t i c  p r o p e r t i e s  o f  c e l l  w a l l  e n z y m e s .
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I n h i b i t o r y  E f f e c t  o f  F o o d  P r e s e r v a t i v e s  o n  P r o t e a s e  

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

V. VENUGOPAL, A. C. PANSARE, and N. F. LEWIS

---------------------------- ABSTRACT----------------------------
Butylated hydroxyanisole (BHA), propylhydroxy parabenzoate 
(paraben), and sodium tripolyphosphate (TPP) were found to inhibit 
protease secretion by resting cells of Aeromonas hydrophila at 
lower concentrations than those required for inhibiting growth. 
Incorporation of the above compounds in calcium caseinate agar 
resulted in colonies surrounded by smaller areas of clear zones 
indicating inhibition of protease secretion. The results are discussed 
with respect to the protective influence of the above compounds 
against spoilage of flesh foods by microbial proteases.

INTRODUCTION
D E T E R I O R A T I O N  i n  q u a l i t y  o f  f l e s h  f o o d s  d u r i n g  s t o r a g e  
i s  m a i n l y  d u e  t o  t h e  a c t i o n  o f  s p o i l a g e  m i c r o o r g a n i s m s .  

S e v e r a l  s u c h  o r g a n i s m s  s e c r e t e  p r o t e a s e s  w h o s e  a c t i o n  h a s  

b e e n  r e p o r t e d  t o  b r i n g  a b o u t  a d v e r s e  c h a n g e s  i n  f r e s h n e s s  
c h a r a c t e r i s t i c s  o f  m e a t  ( H e r b e r t  e t  a h ,  1 9 7 1 ;  T a r r a n t  e t  a l . ,  
1 9 7 3 ;  B a l a  e t  a l . ,  1 9 7 9 ) .  E v e n  d u r i n g  r e f r i g e r a t e d  s t o r a g e  o f  

m u s c l e ,  e x t r a c e l l u l a r  p r o t e a s e s  p r o d u c e d  b y  p s y c h r o t r o p i c  
o r g a n i s m s  a r e  c a p a b l e  o f  s u b s t a n t i a l  d e g r a d a t i o n  o f  s t r u c 
t u r a l  p r o t e i n s  a t  t e m p e r a t u r e s  a s  l o w  a t  0 ° C  ( P o r z i o  a n d  
P e a r s o n ,  1 9 8 0 ;  V e n u g o p a l  e t  a l . ,  1 9 8 3 ) .  H e n c e  a l t h o u g h  

d e s t r u c t i o n  o f  s p o i l a g e  m i c r o f l o r a  i s  o f  p r i m a r y  i m p o r 
t a n c e ,  u n d e r  c o n d i t i o n s  w h e r e  t h i s  m a y  n o t  b e  f e a s i b l e ,  
r e s t r i c t i o n  o f  t h e  s e c r e t i o n  o f  p r o t e a s e s  b y  c o n t a m i n a n t  
o r g a n i s m s  w o u l d  h e l p  i n  m a i n t a i n i n g  k e e p i n g  q u a l i t i e s  o f  
t h e  f o o d .  R e c e n t l y ,  a  n u m b e r  o f  f o o d  a d d i t i v e s  h a v e  b e e n  
r e c o g n i z e d  t o  h a v e  b a c t e r i c i d a l  a c t i o n .  T h u s  b u t y l a t e d  

h y d r o x y a n i s o l e  ( B H A )  a n d  p a r a h y d r o x y  b e n z o a t e  ( p a r a b e n )  
h a v e  b e e n  r e p o r t e d  t o  i n h i b i t  s e v e r a l  m i c r o o r g a n i s m s  
( D a v i d s o n  a n d  B r a n e n ,  1 9 8 0 ;  R o b a c h ,  1 9 8 0 ;  K a b a r a ,  1 9 8 1 ) .  
T h e  p r e s e n t  c o m m u n i c a t i o n  r e p o r t s  o n  t h e  e f f e c t s  o f  s o m e  
p r e s e r v a t i v e s  o n  t h e  s e c r e t i o n  o f  e x t r a c e l l u l a r  p r o t e a s e  b y  

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

MATERIALS & METHODS

B a c te r ia l  s t r a in

The bacterium used in this study was isolated from Indian mack
erel (Rastrelliger kanagurta) and was identified as Aeromonas 
hydrophila. The culture was maintained on plate count agar (Difco) 
slants. For cultivation, the organism was grown aerobically in 200 
mL 0.8% (w/v) nutrient broth (Difco) on a rotary shaker. Growth 
of the organism was assessed by monitoring optical density of the 
culture in a Klett-Summerson spectrophotometer using a red filter. 
The culture (24 hr) was centrifuged at 5,920 x g for 30 min and the 
cell pellet was collected.

M e a s u re m e n t  o f  p r o t e a s e  s e c r e t io n  b y  t h e  c e l ls

Secretion of protease by resting cells of the bacterium was mea
sured according to the method of Boethling (1975). The cells (24 
hr) from 200 mL culture were washed once with 0.1 M phosphate 
buffer, pH 7.5 and the cell pellet was suspended in 0.01M phosphate 
buffer, pH 7.5 to give a concentrated cell suspension (40 mL) which 
had a Klett reading of 500. Five mL of this suspension (Klett read-

A u th o rs  Venugopal, Pansare, and  Lew is are affiliated with the 
B iochem istry  & F o o d  Technology Division, Bhabha A tom ic  R e 
search Centre, Trom bay, B om b ay  - 40085, India.

ing 500) were diluted with equal volume of 0.2% yeast extract (Dif
co) and incubated on a rotary shaker at 25°C. Aliquots (3 mL) of 
the cell suspension were withdrawn at regular intervals, centrifuged 
at 5,920 x g for 15 min and protease activity of the supernatant was 
determined. The release of protease during growth in solidified 
medium was monitored by plating the organism on calcium caseinate 
agar according to the method of Martley et al. (1970). The plates 
were incubated at 30°C for 48 hr. Extracellular protease activity 
was evidenced by the appearance of clear zones surrounding the 
colonies, indicative of hydrolysis of casein.

P r o te a s e  a ss a y

The enzyme activity was determined as described by Venugopal 
et al. (1983). The assay system contained hemoglobin (Difco), 10 
mg; 0.1M phosphate buffer pH 7.5, 0.5 mL and culture supernatant 
in a total vol of 2.0 mL. The mixture was incubated at 50°C for a 
period of 30 min. The reaction was stopped by the addition of 1 mL 
20% trichloroacetic acid. After standing for 15 min, the mixture was 
passed through Whatman No. 1 filter paper and the tyrosine in the 
supernatant was determined. Unit of activity was expressed as pmol 
tyrosine liberated per mL culture supernatant during the incubation 
period.

M e a s u r e m e n t  o f  l - 14C -D L -a la n in e  u p t a k e  b y  t h e  c e l ls

The uptake system employed was essentially that described by 
Venugopal (1980). The reaction mixture contained 0.2 mL washed 
cell suspension (Klett reading, 500), 10 mM glucose, 10 mM DL- 
alanine, 10 pCi l-14C-DL-alanine (Isotope Division, BARC; Sp. 
activity 5.2 mCi/mmole), 0.01M phosphate buffer pH 7.5 and pre
servatives in a total vol of 1.0 mL. Except for TPP (1 mg), all other 
preservatives were incorporated at the level of 0.5 mg in the assay 
system. The mixture was incubated at 23°C and the reaction was 
started by the addition of cell suspension. At intervals aliquots (0.1 
mL) of the mixture were pipetted into 10 mL chilled 0.01M phos
phate buffer, pH 7.5. The diluted sample was transferred to mem
brane filter (0.45 pm, Millipore Corp.) and was washed with 10 mL 
chilled buffer. The filters were transferred to vials containing 9 mL 
of 1,4-dioxane containing 0.5% 2,5-diphenyl oxazole (PPO) and 
10% naphthalene and were counted using a Beckman liquid scintilla
tion counter.

P re s e rv a t iv e s

Stock solutions (w/v) of the preservatives were prepared as fol
lows: Butylated hydroxyanisole (BHA) (May & Baker, England), 
1% in 50% ehtanol; propyl paraoxybenzoate (paraben) (Ueno 
pharmaceutical Co., Japan), 1% in 50% ethanol; sodium tripolyphos- 
phate (TPP) (Amrut Laboratories, India), 6% in distilled water and 
sodium benzoate, 5% in distilled water. The solutions were sterilized 
by passing through a Millipore filter. The preservatives, at varying 
concentrations, were added to 50 mL sterile nutrient broth or to the 
cell suspension system described above to determine their effect on 
growth and protease secretion, respectively. The chemicals were 
incorporated in casein-agar plates to evaluate their effect on growth 
and enzyme secretion in solid media.

RESULTS
I T  W A S  O B S E R V E D  t h a t  g r o w t h  o f  t h e  b a c t e r i u m  w a s  
c o n c o m i t a n t  w i t h  t h e  a p p e a r a n c e  o f  t h e  e n z y m e  i n  t h e  
s u p e r n a t a n t ,  a n d  t h a t  m a x i m u m  e n z y m e  w a s  s e c r e t e d  a t  t h e  
b e g i n n i n g  o f  t h e  s t a t i o n a r y  p h a s e .  T h e r e f o r e ,  f o r  s t u d i e s  o n  
t h e  e f f e c t  o f  f o o d  p r e s e r v a t i v e s  o n  t h e  e n z y m e  s e c r e t i o n ,  
s t a t i o n a r y  p h a s e  c e l l s  w e r e  u s e d .  U s i n g  5  m L  c o n c e n t r a t e d  
c e l l s  s u s p e n s i o n  ( K l e t t  r e a d i n g ,  5 0 0 ) ,  d i l u t e d  w i t h  a n  e q u a l
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v o l u m e  o f  0 .2 %  y e a s t  e x t r a c t ,  e n z y m e  r e l e a s e  i n t o  t h e  

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

3  h r ,  a f t e r  w h i c h  t h e  s e c r e t i o n  o f  t h e  e n z y m e  d e c r e a s e d  
( F i g .  1 ) .  H e n c e  t o  d e t e r m i n e  t h e  e f f e c t  o f  p r e s e r v a t i v e s  o n  

t h e  e n z y m e  s e c r e t i o n ,  a  m a x i m u m  i n c u b a t i o n  p e r i o d  o f  3  

h r  w a s  u s e d .  T h e  i n h i b i t o r y  a c t i o n  o f  v a r i o u s  p r e s e r v a t i v e s  
i s  d e p i c t e d  i n  F i g .  1 . I t  c a n  b e  s e e n  t h a t  t h e  e n z y m e  s e c r e 
t i o n  w a s  i n h i b i t e d  t o  v a r y i n g  d e g r e e s  b y  t h e  f o o d  p r e s e r v a 

t i v e s .  W h i l e  B H A  a n d  p a r a b e n  e x h i b i t e d  i n h i b i t i o n  a t  

c o m p a r a t i v e l y  l o w e r  c o n c e n t r a t i o n s  ( 2 0  jU g /m L ) ,  h i g h e r  
l e v e l s  o f  b e n z o a t e  ( 1 . 6  m g / m L )  a n d  T P P  ( 0 . 5  m g / m L )  w e r e  
r e q u i r e d  t o  c a u s e  i n h i b i t i o n .  T h e  e f f e c t  o f  v a r y i n g  c o n c e n 

t r a t i o n s  o f  p r e s e r v a t i v e s  o p  e n z y m e  s e c r e t i o n  is  p r e s e n t e d  i n  

F i g .  2 .  E n z y m e  s e c r e t i o n  w a s  t o t a l l y  i n h i b i t e d  a t  c o n c e n t r a 
t i o n s  o f  1 0 0  a n d  2 0 0  p t g / m L  o f  B H A  a n d  p a r a b e n ,  r e s p e c 
t i v e l y .  H o w e v e r ,  c o n c e n t r a t i o n s  a b o v e  1 m g / m L  o f  T P P  w e r e  
r e q u i r e d  f o r  c o m p l e t e  i n h i b i t i o n  o f  e n z y m e  s e c r e t i o n .  A t  2  
m g / m L  o f  b e n z o a t e  i n  t h e  a s s a y  s y s t e m ,  o n l y  5 0 %  i n h i b i 
t i o n  o f  t h e  e n z y m e  s e c r e t i o n  w a s  o b s e r v e d .

T h e  e f f e c t  o f  i n c o r p o r a t i o n  o f  t h e  p r e s e r v a t i v e s  i n  t h e  

m e d i u m  o n  g r o w t h  o f  t h e  b a c t e r i u m  w a s  e x a m i n e d .  T h e  
p r e s e r v a t i v e s  w e r e  a d d e d  t o  t h e  n u t r i e n t  b r o t h  a t  v a r y i n g  
c o n c e n t r a t i o n s  a n d  g r o w t h  w a s  d e t e r m i n e d  a f t e r  2 4  h r .  T h e  
r e s u l t s  a r e  s h o w n  i n  F i g .  3 .  I t  w a s  f o u n d  t h a t  w h i l e  b o t h  

B H A  a n d  p a r a b e n  c o m p l e t e l y  i n h i b i t e d  g r o w t h  a t  1 0 0 - 1 5 0  
/ t g / m L ,  h i g h e r  l e v e l s  ( u p  t o  3  m g / m L )  o f  b e n z o a t e  c o u l d  
n o t  c o m p l e t e l y  i n h i b i t  g r o w t h .  T P P  i n h i b i t e d  g r o w t h  a t  0 . 5  

m g / m L  l e v e l ;  h o w e v e r ,  n o  f u r t h e r  i n h i b i t i o n  w a s  o b s e r v e d  
u p  t o  2  m g / m L .  I n  o r d e r  t o  d e t e r m i n e  t h e  e f f e c t  o f  t h e  

p r e s e r v a t i v e s  o n  v i a b i l i t y  o f  t h e  c e l l s ,  t h e  c e l l  s u s p e n s i o n  
( K l e t t  r e a d i n g ,  5 0 0 )  w a s  i n c u b a t e d  f o r  2  h r  u n d e r  a s e p t i c  
c o n d i t i o n s  w i t h  1 m g  e a c h  o f  B H A  o r  p a r a b e n .  A f t e r  i n c u 
b a t i o n ,  t h e  c e l l s  w e r e  w a s h e d  w i t h  s t e r i l e  p h o s p h a t e  b u f f e r  
( 0 . 0 1 M ,  p H  7 . 5 ) ,  p l a t e d  o n  n u t r i e n t  a g a r  ( D i f c o ) ,  a n d  s u r 

v i v o r s  d e t e r m i n e d  a f t e r  4 8  h r  i n c u b a t i o n .  T h e  c e l l  c o u n t s /  
m L  o b t a i n e d  w e r e :  c o n t r o l  ( n o  p r e s e r v a t i v e  a d d e d ) ,  2 . 5  x  

1 0 1 0 , B H A ,  2 . 4  x  1 0 6 , a n d  p a r a b e n ,  1 . 2  x  1 0 8 .

T h e  c o m p a r a t i v e  i n h i b i t o r y  e f f e c t s  o f  t h e  p r e s e r v a t i v e s  
o n  g r o w t h  a n d  e n z y m e  p r o d u c t i o n  w e r e  d e t e r m i n e d .  F o r  
t h i s  p u r p o s e ,  5 0  m L  v o l u m e s  o f  0 . 8 %  n u t r i e n t  b r o t h ,

Fig. 1— Effect o f  various preservatives on secretion o f  protease by  
cells o f  Aerom onas hydrophila: x ----- x, Klett reading o f  cell suspen
sion; enzym e activity; o ---- o , no preservative; a ---- a  benzoate,
1.6 m g per m L ;  • ----- •, paraben, 2 0  g g  per m L ;  □----- a, tripoly
phosphate, 0.5 m g per m L ;  •-----■, B H A , 2 0  gg  pe r mL.

c o n t a i n i n g  a c t i v e  c u l t u r e  o f  t h e  b a c t e r i u m  i n o c u l a t e d  a t  5 %  

l e v e l  w e r e  i n c u b a t e d  a t  2 5 ° C  i n  t h e  p r e s e n c e  o f  t h e  p r e s e r 

v a t i v e s .  A t  i n t e r v a l s ,  a l i q u o t s  ( 5  m L )  w e r e  a s e p t i c a l l y  w i t h 
d r a w n  a n d  e x t e n t  o f  g r o w t h  a n d  p r o t e a s e  a c t i v i t y  o f  c e l l -  

f r e e  s u p e r n a t a n t  w e r e  d e t e r m i n e d  a s  d e s c r i b e d  i n  M a t e r i a l s  
&  M e t h o d s .  T h e  d a t a  a r e  g i v e n  i n  F i g .  4 .  I t  c a n  b e  s e e n  t h a t  
i n  t h e  a b s e n c e  o f  a d d e d  p r e s e r v a t i v e s ,  e n z y m e  p r o d u c t i o n  

w a s  c o n c o m i t a n t  w i t h  g r o w t h .  I n c o r p o r a t i o n  o f  B H A ,  p a r a 
b e n  o r  T P P  a t  c o n c e n t r a t i o n s  s h o w n  i n  t h e  f i g u r e  c a u s e d  
s o m e  g r o w t h  i n h i b i t i o n ;  h o w e v e r ,  i n h i b i t i o n  o f  p r o t e a s e  
s e c r e t i o n  w a s  m u c h  m o r e  p r o n o u n c e d .  I n  t h e  c a s e  o f  b e n 
z o a t e ,  t h e  i n i t i a l  i n h i b i t i o n  o f  g r o w t h  a n d  e n z y m e  w a s  

r e m o v e d  o n  p r o l o n g e d  ( 2 4  h r )  i n c u b a t i o n  o f  t h e  c u l t u r e .

T h e  i n f l u e n c e  o f  p r e s e r v a t i v e s  o n  g r o w t h  o f  a n d  p r o t e a s e  
p r o d u c t i o n  b y  A .  h y d r o p h i l a  o n  c a l c i u m  c a s e i n a t e  a g a r  
p l a t e s  w a s  a l s o  e x a m i n e d .  R e l e a s e  o f  t h e  e n z y m e  d u r i n g  
g r o w t h  o f  t h e  b a c t e r i u m  w a s  c h a r a c t e r i z e d  b y  t h e  a p p e a r 
a n c e  o f  c l e a r  z o n e s  a r o u n d  t h e  c o l o n i e s ,  r e s u l t i n g  f r o m  t h e  
p r o t e o l y s i s  o f  c a s e i n  ( M a r t l e y  e t  a l . ,  1 9 7 0 ) .  S t e r i l e  s o l u t i o n s  
o f  t h e  p r e s e r v a t i v e s  w e r e  a d d e d  t o  p e t r i  p l a t e s  c o n t a i n i n g  
m o l t e n  m e d i u m  ( 1 0  m L )  a n d  a f t e r  s o l i d i f i c a t i o n  a  l o o p f u l  
o f  t h e  b a c t e r i u m  w a s  s p o t t e d  o n  t h e  s u r f a c e .  A f t e r  4 8  h r  
i n c u b a t i o n ,  g r o w t h  a n d  z o n e  f o r m a t i o n  w e r e  e x a m i n e d .  

F i g .  5  s h o w s  t h e  e f f e c t  o f  v a r y i n g  c o n c e n t r a t i o n s  o f  B H A  
o n  c o l o n y  g r o w t h  a n d  z o n e  f o r m a t i o n .  I t  c a n  b e  s e e n  t h a t  
a t  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  B H A ,  t h e  a r e a  o f  t h e  c l e a r  
z o n e  w a s  r e d u c e d  m o r e  t h a n  t h e  s i z e  o f  t h e  c o l o n y .  A t  a  

l e v e l  o f  0 .1  m g  o f  B H A  i n  t h e  p l a t e ,  n o  c l e a r  z o n e  w a s  

o b s e r v e d  a r o u n d  t h e  c o l o n y  a n d  a t  0 . 1 5  m g  B H A ,  o n l y  

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

T a b l e  1 c o n t a i n s  q u a l i t a t i v e  d a t a  o n  g r o w t h  a n d  a p p e a r a n c e

Fig. 2— Effect o f  varying concentrations o f  preservatives on p ro 
tease secretion b y  cells o f  Aerom onas hydrophila. The values o f  
protease activity are presented as percentage o f  control where no  
preservatives was added.

Fig. 3 — Effect o f  varying concentrations o f  preservatives on 2 4  hr 
growth o f  Aerom onas hydrophila.
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F O O D  P R E S E R V A T I V E  E F F E C T  O N  P R O T E A S E  S E C R E T I O N . . .

Fig. 4—E ffect o f  preservatives on protease 
formation during growth o f  Aeromonas 
hydrophila.

Fig. 5—E ffect o f  BHA on growth and protease formation o f A ero
monas hydrophila in calcium caseinate agar m edium . The dear  
zone around the colony was taken as the extracellular protease 
activity: (C) no preservative; (1) 0.05 mg, BHA; (2) 0.1 mg BHA; 
(3) 0 .15 mg BHA.

o f  t h e  c l e a r  z o n e  w h e n  v a r y i n g  c o n c e n t r a t i o n s  o f  i n h i b i t o r s  

w e r e  p r e s e n t  i n  t h e  c a l c i u m  c a s e i n a t e  a g a r  p l a t e s .  T h e  r e s u l t s  
i n d i c a t e  t h a t  a t  l o w e r  c o n c e n t r a t i o n s  o f  B H A ,  p a r a b e n  a n d  
T P P  t h e  e n z y m e  s e c r e t i o n  w a s  r e d u c e d ,  a n d  g r o w t h  w a s  
i n h i b i t e d  o n l y  a t  h i g h e r  c o n c e n t r a t i o n s .

E f f e c t  o f  p r e s e r v a t i v e s  o n  a l a n i n e  u p t a k e  b y  t h e  c e l l s

I t  i s  p o s s i b l e  t h a t  t h e  i n h i b i t o r y  a c t i o n  o f  t h e  p r e s e r v a 
t i v e s  o n  e n z y m e  s e c r e t i o n  a n d  g r o w t h  i s  d u e  t o  t h e i r  a b i l i t y  
t o  i n h i b i t  u p t a k e  o f  n u t r i e n t s  b y  t h e  c e l l s .  W e  h a v e  o b s e r v e d  
t h a t  t h e  b a c t e r i u m  c o u l d  g r o w  i n  d e f i n e d  m e d i u m  u s i n g  
a l a n i n e  a s  t h e  s o l e  s o u r c e  o f  n i t r o g e n .  T h e r e f o r e ,  t h e  u p t a k e  
o f  a l a n i n e  b y  t h e  c e l l s  i n  t h e  p r e s e n c e  o f  t h e  p r e s e r v a t i v e s  
w a s  e x a m i n e d .  R e s u l t s  a r e  p r e s e n t e d  i n  F i g .  6 . I t  w a s  o b s e r v e d  
t h a t  t h e  c o m p o u n d s  i n h i b i t e d  t h e  u p t a k e  o f  t h e  a m i n o  a c i d  
a t  v a r y i n g  l e v e l s .  B H A  w a s  a  m o r e  p o t e n t  i n h i b i t o r  t h a n  
p a r a b e n ,  a n d  c o m p a r e d  e q u a l l y  w i t h  b e n z o a t e  o n  i n h i b i t i n g  
t h e  u p t a k e .  T P P  a t  t h e  1 m g  l e v e l  d i d  n o t  s i g n i f i c a n t l y  
i n h i b i t  t h e  u p t a k e  o f  a l a n i n e .

DISCUSSION
T H E  P R O T E C T I V E  A C T I O N  o f  p r e s e r v a t i v e s  a g a i n s t  s p o i l 
a g e  o f  f l e s h  f o o d s  h a s  m a i n l y  b e e n  s t u d i e d  w i t h  r e s p e c t  t o

Table 1—Influence o f  varying concentrations o f  preservatives on 
growth and caseinolytic activity o f  A . hydrophila

Preservatives3
Concentration

(pg) G row th

Caseinolytic 
activity (area 
of clear zone)

N o  addition + + + + + + + + + +

B H A 50 + ++ + + + +
100 ++ +
150 + -

TPP 100 + + + + + + +
300 ++ +

1000 + -

Paraben 50 + + + + + + +
100 + + + + +
200 + -

3 Preservatives were in co rpo ra ted  in  petri p lates con ta in in g  10 m L  
ca lc ium  caseinate agar. T h e  bacte rium  was su rface p lated  and a fter 
48 hr in cuba tio n  at 30°C  size o f  co lon ies  and clear zones around 
the  co lo n ie s  were noted. +++++ = Exce llen t;  ++++ = V e ry  good; 
+++ = G ood; ++ = M ed ium ; + = Scanty; —  = N il.

t h e i r  a b i l i t y  t o  i n h i b i t  t h e  g r o w t h  o f  m i c r o o r g a n i s m s  ( D a v i d 

s o n  a n d  B r a n e n ,  1 9 8 0 ;  R o b a c h ,  1 9 8 0 ;  K a b a r a ,  1 9 8 1 ) .  T h e  

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

h i b i t  g r o w t h  o f  A .  h y d r o p h i l a  a t  c e r t a i n  t h r e s h o l d  l e v e l s ,  
t h e  p r e s e r v a t i v e s  w e r e  a l s o  f o u n d  t o  i n h i b i t  s e c r e t i o n  o f  
e x t r a c e l l u l a r  p r o t e a s e s  b y  t h e  c e l l s  a t  m u c h  l o w e r  l e v e l s .  
I n v o l v e m e n t  o f  m i c r o b i a l  e x t r a c e l l u l a r  p r o t e a s e s  i n  s p o i l a g e  
o f  f l e s h  f o o d s  h a s  b e e n  w e l l  r e c o g n i z e d  ( P o r z i o  a n d  P e a r 
s o n ,  1 9 8 0 ;  V e n u g o p a l  e t  a l . ,  1 9 8 3 ) .  A l t h o u g h  s t o r a g e  o f  
t h e s e  f o o d s  u n d e r  i d e a l  c o n d i t i o n s  o f  r e f r i g e r a t i o n  c a n  
m i n i m i z e  t h e  p r o l i f e r a t i o n  o f  s p o i l a g e  f l o r a ,  t h e  c o n t a m i 
n a t i n g  o r g a n i s m s  p r e s e n t  c a n  r e l e a s e  p r o t e a s e s  w h i c h  c o u l d  
l e a d  t o  t h e i r  s p o i l a g e .  T h e  p r e s e n t  r e s u l t s  o n  t h e  i n h i b i t i o n  
o f  p r o t e a s e  s e c r e t i o n  b y  f o o d  p r e s e r v a t i v e s ,  t h e r e f o r e ,  s u g 
g e s t  a n  a d d i t i o n a l  a d v a n t a g e  o f  u s i n g  t h e s e  c o m p o u n d s .  I t  
i s  l i k e l y  t h a t  t h e  p r e s e r v a t i v e s  m a y  i n h i b i t  n o t  o n l y  t h e  
r e l e a s e  o f  p r o t e a s e s  b u t  a l s o  o t h e r  e x t r a c e l l u l a r  e n z y m e s  
a n d  e x o t o x i n s .  R e c e n t l y ,  B H A  h a s  b e e n  s h o w n  t o  i n h i b i t  
g r o w t h  a n d  t o x i g e n e s i s  o f  s o m e  A s p e r g i l l i  ( L i n  a n d  F u n g ,

1 9 8 3 ) .  T r i m e t h y l a m i n e  o x i d e  r e d u c t a s e  a c t i v i t y  o f  r e s t i n g  
c e l l s  o f  E .  c o l i  h a s  a l s o  b e e n  o b s e r v e d  t o  b e  i n h i b i t e d  b y  
s o m e  f o o d  p r e s e r v a t i v e s  ( K r u k  a n d  L e e ,  1 9 8 2 ) .

G r o w t h  a n d  p r o t e o l y t i c  a c t i v i t y  o f  t h e  b a c t e r i u m  i n  
b r o t h  a s  w e l l  a s  i n  s o l i d  m e d i u m  w e r e  a f f e c t e d  b y  p r e s e r 
v a t i v e s .  I n  b o t h  s y s t e m s  t h e  s e c r e t i o n  o f  t h e  p r o t e a s e  w a s  
i n h i b i t e d  a t  l o w e r  c o n c e n t r a t i o n s  o f  t h e  p r e s e r v a t i v e s  t h a n  
t h o s e  r e q u i r e d  t o  c a u s e  g r o w t h  i n h i b i t i o n .  T h i s  c o n c u r s  
w i t h  t h e  r e p o r t  o f  E k l u n d  ( 1 9 8 0 )  w h o  f o u n d  t h a t  l o w e r  
c o n c e n t r a t i o n s  o f  p r o p y l  p a r a b e n  i n h i b i t e d  u p t a k e  o f  a
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Fig. 6 —E ffe c t o f  p re se rva tiv e s  on  u p ta k e  o f  1 -14c-D L -a lan in e  b y  
cells o f  A e ro m o n a s h y d ro p h ila . The u p ta k e  s y s te m  is d e s c r ib e d  in
th e  te x t. —•, n o p re se rva tiv e ; a----- a/ pa ra b en , 0 .5  m g ; o——o
tr ip o ly p h o sp h a te , 1 m g ; x ——x , b e n zo a te , 0 .5  m g ; *---- * B H A , 0 .5
mg.

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

t h e  p r e s e n t  e x p e r i m e n t s ,  l e s s e r  a m o u n t s  o f  B H A  a n d  p a r a 
b e n ,  a s  c o m p a r e d  w i t h  b e n z o a t e  a n d  T P P ,  w e r e  r e q u i r e d  t o  

i n h i b i t  e n z y m e  s e c r e t i o n  a n d  b a c t e r i a l  g r o w t h .  T P P  d i d  n o t  
c o m p l e t e l y  i n h i b i t  g r o w t h .  T h e  a n t i m i c r o b i a l  a c t i o n  o f  
b e n z o a t e  h a s  b e e n  r e c o g n i z e d  t o  b e  e f f e c t i v e  a t  l o w e r  p H  
r a n g e .  I n  t h e  p r e s e n t  e x p e r i m e n t s  t h e  i n i t i a l  i n h i b i t o r y  
e f f e c t  o f  b e n z o a t e ,  o n  g r o w t h  o f  a n d  e n z y m e  s e c r e t i o n  b y

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

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

p r e s e r v a t i v e s  h a v e  b e e n  i d e n t i f i e d  v i z .  c e l l u l a r  m e m b r a n e ,  
g e n e t i c  m a t e r i a l ,  a n d  e n z y m e s  ( C h i c h e s t e r  a n d  T a n n e r ,  

1 9 7 5 ) .  G r o w t h  i n h i b i t i o n  c a u s e d  b y  p a r a b e n  h a s  b e e n  
a t t r i b u t e d  t o  i n t e r f e r e n c e  i n  t r a n s p o r t  o f  n u t r i e n t s  ( E k l u n d ,

1 9 8 0 )  a s  w e l l  a s  i n h i b i t i o n  o f  s y n t h e s i s  o f  R N A  a n d  D N A  
( N e s  a n d  E k l u n d ,  1 9 8 3 ) .  T h e  m e m b r a n e  h a s  a l s o  b e e n  r e c 
o g n i z e d  a s  t h e  t a r g e t  f o r  t h e  a c t i o n  o f  B H A  a n d  w e a k  o r 

g a n i c  a c i d s  ( D a v i d s o n  a n d  B r a n e n ,  1 9 8 0 ;  F r e e s e  e t  a l . ,
1 9 7 3 ) .  I n  t h e ' p r e s e n t  e x p e r i m e n t s ,  t h e  p r e s e r v a t i v e s  u s e d  
d i d  n o t  c a u s e  i n  v i t r o  i n h i b i t i o n  o f  t h e  p r o t e a s e  ( d a t a  n o t  
s h o w n ) .  T h e  c o m p o u n d s  a f f e c t e d  v i a b i l i t y  o f  c e l l s  a s  w e l l  
a s  u p t a k e  o f  a l a n i n e  i n d i c a t i n g  t h a t  t h e  p r e s e r v a t i v e s  c o u l d

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

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

o f  n i t r o g e n  ( P a n s a r e  e t  a l . ,  u n p u b l i s h e d  r e s u l t s ) .  I t  i s  p o s s i b l e  
t h a t  u n d e r  c o n d i t i o n s  o f  r e s t r i c t e d  n u t r i e n t  t r a n s p o r t ,  t h e  

s y n t h e s i s  o f  e x t r a c e l l u l a r  p r o t e a s e  i s  f i r s t  s w i t c h e d  o f f .  A t  
h i g h e r  c o n c e n t r a t i o n s  o f  t h e  p r e s e r v a t i v e s ,  g r o w t h  is  a l s o  
i n h i b i t e d .  B o e t h l i n g  ( 1 9 7 5 )  o b s e r v e d  v a r i a b l e  d e g r e e  o f  
i n h i b i t i o n  e x e r t e d  b y  c h l o r a m p h e n i c o l  o n  e x t r a c e l l u l a r  

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

t i o n  b u t  m o r e  i m p o r t a n t l y  w i t h  r e s p e c t  t o  a t t e n u a t i o n  o f  
p r o t e a s e  s e c r e t i o n .
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----------------------------ABSTRACT----------------------------
A  m i x t u r e  o f  c a s e in  a n d  m e th y l  l in o le a te  w a s  s to r e d  a t  5 0 ° C  a n d  
8 0 %  re la t iv e  h u m i d i t y  f o r  0 - 1 4  d a y s  a n d  d a m a g e  t o  a m in o  a c id  
r e s id u e s  a s s e s s e d .  T h e  d a m a g e  w a s  e s t i m a te d  b y  d e t e r m in in g  t h e  
a m in o  a c id  c o m p o s i t i o n  o f  t h e  h y d r o ly s a t e  b y  u s in g  p r o t e o l y t i c  
e n z y m e s  ( p e p s in - p a n c r e a t in  d ig e s t io n ,  f o l l o w e d  b y  a m in o p e p t id a s e -  
p r o l i d a s e  h y d r o ly s i s ) .  T h e  d a m a g e  to  a m in o  a c id  r e s id u e s  w a s  t h e  
m o s t  e x te n s iv e  i n  m e t h io n in e ,  f o l l o w e d  b y  t r y p t o p h a n ,  h i s t id in e ,  
a n d  ly s in e .  T h e  d e g re e  o f  d a m a g e  t o  t h e s e  a m in o  a c id s  w a s  a ls o  
d e t e r m in e d  b y  c h e m ic a l  m e t h o d s  w i t h o u t  u s in g  p r o t e o l y t i c  e n 
z y m e s .  T h e  e f f i c ie n c y  o f  d e t e c t in g  d a m a g e  b y  t h e  p r e s e n t  e n z y m a t i c  
m e t h o d  w a s  c lo s e  t o  t h a t  o f  t h e  c h e m ic a l  m e th o d s .

INTRODUCTION
T H E  O X I D A T I O N  o f  l i p i d s  c o n t a i n i n g  u n s a t u r a t e d  f a t t y  
a c i d s  c a u s e s  c h e m i c a l  c h a n g e s  i n  p r o t e i n s .  T h i s  c h e m i c a l  

r e a c t i o n  b e t w e e n  p r o t e i n s  a n d  o x i d i z i n g  l i p i d s  c o n t r i b u t e s  
t o  t h e  d e t e r i o r a t i o n  o f  f o o d  p r o t e i n s  d u r i n g  p r o c e s s i n g ,  
s t o r a g e  a n d  c o o k i n g .  S u c h  c h e m i c a l  c h a n g e s  i n  p r o t e i n s  

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

( C h e f t e l ,  1 9 7 7 ;  G a r d n e r ,  1 9 7 9 ;  K a r e l ,  1 9 8 0 ;  F u n e s  e t  a h ,  
1 9 8 2 ;  M a t o b a  e t  a h ,  1 9 8 2 a ;  K a t o  e t  a h ,  1 9 8 3 ) .

T h e r e  h a v e  b e e n  s e v e r a l  p u b l i c a t i o n s  c o n c e r n i n g  t h e  
d a m a g e  t o  a m i n o  a c i d  r e s i d u e s .  I n  g e n e r a l ,  d e t e r m i n a t i o n  

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

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

s e v e r a l  k i n d s  o f  c h e m i c a l  m e t h o d s  a r e  r e q u i r e d  t o  g e t  
a c c u r a t e  r e s u l t s  f o r  c h e m i c a l l y  m o d i f i e d  p r o t e i n s  b e c a u s e  
a c i d  h y d r o l y s i s  ( 6 N  H C 1 , 1 1 0 ° C ) ,  a p a r t  f r o m  t h e  c l e a v a g e  

o f  p e p t i d e  b o n d s ,  a l s o  c a u s e s  s o m e  u n d e s i r a b l e  d e s t r u c t i o n  
a n d  s i d e  r e a c t i o n  o f  a m i n o  a c i d s ,  t h u s  g i v i n g  e r r o n e o u s  
i n f o r m a t i o n  ( M a u r o n ,  1 9 7 3 ;  M a t o b a  e t  a l . ,  1 9 8 2 b ) .  O n  t h e  
o t h e r  h a n d ,  m i l k  e n z y m a t i c  h y d r o l y s i s  c a u s e s  o n l y  c l e a v a g e  
o f  t h e  p e p t i d e  b o n d s  ( S t a h m a n n  a n d  W o l d e g i o r g i s ,  1 9 7 5 ;  

M a t o b a  e t  a l . ,  1 9 8 2 b ) .

T h e r e  h a v e  b e e n  f e w  s t u d i e s  o n  a m i n o  a c i d  a n a l y s i s  f o l 
l o w i n g  e n z y m a t i c  h y d r o l y s i s  o f  t h e  p r o t e i n  a f t e r  r e a c t i o n  
w i t h  o x i d i z i n g  l i p i d s  ( T a n n e n b a u m  e t  a l . ,  1 9 6 9 ;  M a t o b a  e t  
a l . ,  1 9 8 2 a ) .  I n  t h e  p r e v i o u s  p a p e r  ( M a t o b a  e t  a l . ,  1 9 8 2 a ) ,  
w e  r e p o r t e d  t h a t  t h e  d a m a g e  t o  a m i n o  a c i d  r e s i d u e s  o f  
p r o t e i n s  a f t e r  r e a c t i o n  w i t h  o x i d i z i n g  m e t h y l  l i n o l e a t e  w a s  
m o r e  e x t e n s i v e  a t  r e l a t i v e  h u m i d i t y  ( R H )  8 0 %  t h a n  a t  R H  
0 % , a n d  m e t h i o n i n e ,  l y s i n e  a n d  h i s t i d i n e  r e s i d u e s  w e r e  

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

a m i n o  a c i d  r e s i d u e s  o f  t h e s e  f o u r  a m i n o  a c i d s  i s  m o s t  
a f f e c t e d  a f t e r  r e a c t i o n  b e t w e e n  c a s e i n  a n d  o x i d i z i n g  m e t h y l  
l i n o l e a t e  a t  R H  8 0 %  a n d  5 0 ° C ,  u s i n g  e n z y m a t i c  h y d r o l y s i s

A u t h o r s  M a t o b a  a n d  K i t o  a r e  a f f i l i a t e d  w t h  t h e  R e s e a r c h  I n s t i t u t e  

f o r  F o o d  S c i e n c e ,  K y o t o  U n i v . ,  U j i ,  K y o t o  6 1 1 ,  J a p a n .  A u t h o r  N a i r  

i s  w i t h  t h e  D e p t ,  o f  F o o d  C h e m i s t r y ,  U n i v .  o f  L u n d ,  L u n d ,  S w e d e n .  

A u t h o r  Y o n e z a w a  i s  n o w  a f f i l i a t e d  w i t h  M u k o g a w a  W o m e n ' s  U n i 

v e r s i t y ,  N i s h i n o m i y a  6 6 3 ,  J a p a n .

( p e p s i n - p a n c r e a t i n  d i g e s t i o n ,  f o l l o w e d  b y  a m i n o p e p t i d a s e -  
p r o l i d a s e  h y d r o l y s i s ) .  C h e m i c a l  a n a l y s e s  w e r e  a l s o  c a r r i e d  
o u t  t o  a s c e r t a i n  t h e  r e l i a b i l i t y  o f  t h e  r e s u l t s  o b t i a n e d  b y  

t h e  p r e s e n t  e n z y m a t i c  m e t h o d .

MATERIALS & METHODS

M a te r ia ls

C a s e in  ( H a m m a r s t e n  ty p e )  w a s  p u r c h a s e d  f r o m  M e r c k ,  D a r m 
s t a d t .  M e th y l  l i n o l e a t e  w a s  o b ta in e d  f r o m  T o k y o  C h e m ic a l  I n d u s 
t r y  C o .,  L t d . ,  T o k y o .  P e p s in  a n d  p a n c r e a t i n  w e re  p u r c h a s e d  f r o m  
S ig m a  C h e m ic a l  C o m p a n y ,  S t .  L o u is .  A m i n o p e p t id a s e  (E C . 3 .4 .1 1 .2 )  
a n d  p r o l id a s e  (E C .  3 . 4 .1 3 .9 ) ,  im m o b i l i z e d  t o  S e p h a r o s e  4  B , w e re  
p r e p a r e d  b y  t h e  p r o c e d u r e  o f  M a to b a  e t  a l . ,  ( 1 9 8 2 b ) .  F lo r i s i l  w a s  
o b t a i n e d  f r o m  N a k a r a i  C h e m ic a ls  L t d . ,  K y o to .  M e th a n e s u l f o n ic  a c id  
(4 N )  c o n ta in in g  0 .2 %  3 - ( 2 - a m in o e th y l ) in d o le  w a s  p u r c h a s e d  f r o m  
P ie r c e  C h e m ic a l  C o m p a n y ,  R o c k f o r d .

R e a c t io n  s y s te m  o f  c a s e in  w i th  m e th y l  l i n o l e a t e

M e th y l  l in o le a te  ( 3 g )  w a s  a d d e d  t o  3 g  c a s e in  in  1 5 0  m L  w a te r  
( p H  7 .0 ) .  T h e  m e t h y l  l in o le a te  w a s  p a s s e d  th r o u g h  a  c o lu m n  o f  
f lo r is i l  t o  r e d u c e  i t s  i n i t i a l  le v e l o f  o x i d a t i o n .  T h e  m i x t u r e  w a s  
e m u ls i f i e d  in  a  h o m o g e n iz e r  f o r  3  m in  a t  1 0 ,0 0 0  r p m .  T h e  r e s u l t in g  
v is c o u s  m i x t u r e  w a s  q u ic k ly  f r o z e n  in  l i q u id  n i t r o g e n ,  a n d  t h e n  
f r e e z e - d r ie d .  T h e  f r e e z e - d r ie d  s a m p le  w a s  f u r t h e r  d e h y d r a t e d  o v e r 
n ig h t  o v e r  P 2 O 5 in v acu o .  T h e  r e s u l t in g  s a m p le  w a s  d iv id e d  i n t o  s ix  
e q u a l  p o r t i o n s .  E a c h  p o r t i o n  w a s  k e p t  in  a  d e s i c c a to r  ( 2 L  v o l)  a t  a  
r e la t iv e  h u m i d i t y  o f  8 0 % , c o n t r o l l e d  b y  s a t u r a t e d  ( N H ^ S C ^  
s o lu t io n  ( L a b u z a  e t  a l . ,  1 9 7 6 ) ,  a n d  s to r e d  in  a n  i n c u b a t o r  a t  a  c o n 
s t a n t  t e m p e r a t u r e  ( 5 0  ± 1 ° C ) .  A f t e r  s t r o a g e ,  t h e  m i x t u r e  w a s  
r e p e a t e d ly  e x t r a c t e d  w i th  a n  a c e to n e - m e th a n o l  m i x t u r e  ( 1 : 1 , v /v )  
b y  m ix in g  w i th  a  m o r t a r  a n d  p e s t l e  a n d  w i th  a  m a g n e t ic  s t i r r e r  t o  
r e m o v e  t h e  l ip id  c o m p o n e n t .  T h e  o rg a n ic  p h a s e  w a s  r e m o v e d  b y  
c e n t r i f u g a t io n .  T h e  r e s u l t in g  p r e c ip i t a t e ,  w h ic h  w a s  d r ie d  o v e r  
P 2 O 5 in v a c u o  w a s  u s e d  f o r  t h e  s u b s e q u e n t  e x p e r im e n t s .  T h e  n i t r o 
g e n  c o n t e n t  o f  t h e  s a m p le s  w a s  d e t e r m in e d  w i th  a  K je ld a h l  n i t r o 
g e n  a n a l y z e r  (M its u b is h i ,  K N -0 1 ) .

A m in o  a c id  a n a ly s is  f o l lo w in g  e n z y m a t i c  h y d r o ly s i s

S a m p le  (5 0  m g ) w a s  d ig e s t e d  in  7 .5  m L  0 .1 N  HC1 c o n ta in in g  
0 .7 5  m g  p e p s in  f o r  3 h r  a t  3 7 ° C . A f t e r  n e u t r a l i z a t i o n ,  t h e  m i x t u r e  
w a s  i n c u b a te d  f o r  2 0  h r  a t  3 7 ° C  w i t h  15 m L  0 .1 M  3 - ( N - m o rp h o -  
l i n o ) - p r o p a n e s u l f a t e ,  p H  8 .0 ,  c o n ta in in g  0 .0 2 5 %  N a N 3 , 2 .5  m g  p a n 
c r e a t in  a n d  3 m g  n o r - le u c in e .  A  p o r t i o n  ( 0 .5  m L )  o f  t h e  e n z y m a t i c  
d ig e s t  w a s  f u r t h e r  h y d r o l i z e d  in  a  c a r t r id g e  c o n ta in in g  a m in o p e p -  
t id a s e - p r o l id a s e  im m o b i l i z e d  t o  S e p h a r o s e  4  B ( 0 .8  m L  o f  t h e  w e t  
g e l,  c o n ta in in g  a b o u t  2 .5  m g  o f  e a c h  e n z y m e )  f o r  2 4  h r  a t  3 7 ° C . 
T h e  b u f f e r  u s e d  (4  m L )  w a s  0 .1 M  b o r a t e ,  p H  8 .0 ,  c o n ta in in g  0 .0 2 M  
M n C l j ,  0 .0 2 5 %  N a N 3 a n d  0 .0 3 %  to lu e n e .  T h e  r e s u l t in g  h y d r o ly s a t e  
w a s  s e p a r a t e d  f r o m  t h e  im m o b i l i z e d  e n z y m e s  b y  s u c t i o n ,  a n d  w a s  
t h e n  s u b je c t e d  t o  a m in o  a c id  a n a ly s is .  A n  e n z y m e  b l a n k  w a s  p r e 
p a r e d  w i t h o u t  t h e  p r o t e i n  s a m p le s  a n d  in c u b a t e d  u n d e r  t h e  d e 
s c r ib e d  c o n d i t io n s .  O n ly  t r a c e  a m o u n t s  o f  a m in o  a c id s  w e r e  f o u n d  
in  t h e  b l a n k  o f  t h e  im m o b i l i z e d  e n z y m e s .  T h e  q u a n t i t a t i v e  a m in o  
a c id  d e t e r m i n a t i o n  w a s  c a r r ie d  o u t  w i th  a n  a m in o  a c id  a n a l y z e r  
( H i ta c h i  8 3 5  a n d  K L A  5 ) .  N o r - l e u c in e  w a s  u s e d  a s  t h e  i n t e r n a l  
s t a n d a r d .

Amino acid analysis by chemical methods
D e te r m in a t io n  o f  a v a i la b le  ly s in e .  D e t e r m i n a t i o n  o f  a v a i la b le  

ly s in e  w a s  c a r r ie d  o u t  b y  “ th e  m e t h o d  o f  d i f f e r e n c e ”  a c c o r d in g  
t o  t h e  p r o c e d u r e  o f  R o a c h  e t  a l. ( 1 9 6 7 )  w i th  s o m e  m o d i f i c a t i o n  a s  
f o l lo w s :  T h e  s a m p le  w a s  h y d r o ly z e d  b y  p e p s in  a n d  p a n c r e a t i n ,  a s 
d e s c r ib e d  a b o v e ,  t o  s o lu b i l iz e  i t .  T h e  h y d r o l y s a t e  (1  m L )  w a s
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e q u a l ly  d iv id e d  i n t o  tw o  p o r t i o n s .  A f t e r  l y o p h i l i z a t i o n ,  o n e  p o r t i o n  
w a s  i n c u b a te d  in  2  m L  2 %  N aH C C >3 c o n ta in in g  1%  2 ,4 ,6 - t r i n i t r o -  
b e n z e n e s u l f o n ic  a c id  (T N B S )  a t  4 0 ° C  f o r  2  h r  t o  b lo c k  a m in o  
g r o u p s  o f  t h e  h y d r o ly s a t e ,  a n d  t h e n  r e f lu x e d  in  6 N  HC1 (4  m L )  
f o r  1 6  h r .  T h e  o t h e r  p o r t i o n  w a s  i n c u b a t e d  in  t h e  a b s e n c e  o f  T N B S , 
t h e n  r e f lu x e d  in  6 N  HC1 f o r  1 6  h r .  A f t e r  r e m o v a l  o f  H C1, f r e e  ly s in e  
d e t e r m i n a t i o n  o f  b o t h  p o r t i o n s  w a s  c a r r ie d  o u t  w i th  a n  a m in o  a c id  
a n a ly z e r  d e s c r ib e d  a b o v e .  A n  e n z y m e  b la n k  w i t h o u t  t h e  p r o t e i n  
s a m p le s  w a s  c a r r ie d  o u t  b y  in c u b a t i o n  u n d e r  t h e  d e s c r ib e d  c o n d i 
t io n s .  A v a ila b le  ly s in e  c o n t e n t  w a s  c a l c u l a t e d  f r o m  t h e  d i f f e r e n c e  
b e tw e e n  “ t o t a l  ly s in e  c o n e n t ”  ( d i r e c t  HC1 h y d r o ly s i s )  a n d  “ r e s id 
u a l  ly s in e  c o n t e n t ”  (H C 1 h y d r o ly s i s  a f t e r  b lo c k a g e  b y  T N B S ) .

D e te r m in a t io n  o f  m e th io n in e ,  t r y p t o p h a n  a n d  h i s t i d in e .  S a m p le  
w a s  p r e v io u s ly  d ig e s t e d  b y  p e p s in  a n d  p a n c r e a t i n  a s  d e s c r ib e d  
a b o v e .  T h e  h y d r o ly s a t e  (1  m L ) ,  w h ic h  w a s  l y o p h i l i z e d ,  w a s  f u r t h e r  
h y d r o ly z e d  w i t h  t h e  f o l lo w in g  a p p r o p r i a t e  a c id  o r  a lk a l i  in  a n  e v a 
c u a t e d  t u b e .  M e th i o n in e ,  t r y p t o p h a n  a n d  h i s t i d in e  w e re  d e t e r m in e d  
u s in g  a n  a m in o  a c id  a n a ly z e r  ( d e s c r ib e d  a b o v e )  a f t e r  h y d r o ly s i s  w i th  
3 .7 5 N  N a O H  f o r  16  h r  a t  1 1 0 ° C  ( N e u m a n n ,  1 9 6 7 ) ,  4 N  m e th a n e -  
s u l fo n ic  a c id  c o n ta in in g  0 .2 %  3 - ( 2 - a m in o e th y l ) in d o le  f o r  2 0  h r  a t  
1 1 5 ° C  ( S im p s o n  e t  a l . ,  1 9 7 6 )  a n d  6 N  HC1 f o r  2 0  h r  a t  1 1 0 ° C  
(M o o re  a n d  S te in ,  1 9 6 3 ) ,  r e s p e c t iv e ly .  A n  e n z y m e  b la n k  w a s  p r e 
p a r e d  w i t h o u t  t h e  p r o t e in  s a m p le s  a n d  in c u b a t e d  u n d e r  t h e  d e 
s c r ib e d  c o n d i t i o n s .  N o r - le u c in e  w a s  u s e d  a s  t h e  i n t e r n a l  s t a n d a r d .

RESULTS & DISCUSSION
A  M I X T U R E  o f  c a s e i n  a n d  m e t h y l  l i n o l e a t e  w a s  s t o r e d  a t  
5 0 ° C  a n d  8 0 %  R H  f o r  0 - 1 4  d a y s  a n d  d a m a g e  t o  m e t h i o n i n e ,  
l y s i n e ,  t r y p t o p h a n  a n d  h i s t i d i n e  r e s i d u e s  o f  t h e  r e a c t e d  
c a s e i n  w a s  a s s e s s e d  b y  a m i n o  a c i d  a n a l y s i s  f o l l o w i n g  e n 

z y m a t i c  h y d r o l y s i s  ( e n z y m a t i c  m e t h o d )  a n d  c h e m i c a l  
m e t h o d s  ( T a b l e  1 ) .  T h e  e v a l u a t i o n  o f  d a m g e  t o  m e t h i o n i n e ,  
l y s i n e  a n d  t r y p t o p h a n  r e s i d u e s  b y  t h e  e n z y m a t i c  m e t h o d  
v e r y  c l o s e  t o  t h a t  o b t a i n e d  b y  t h e  c h e m i c a l  m e t h o d s .  O n  
t h e  o t h e r  h a n d ,  t h e  c o n c e n t r a t i o n  o f  h i s t i d i n e  m e a s u r e d  b y  

t h e  e n z y m a t i c  m e t h o d  w a s  l o w e r  t h a n  t h a t  b y  t h e  c h e m i 
c a l  m e t h o d .  H o w e v e r ,  a  s i m i l a r  t e n d e n c y  t o  d a m a g e ,  f o l l o w 
i n g  r e a c t i o n  w i t h  m e t h y l  l i n o l e a t e ,  w a s  i n d i c a t e d  b y  b o t h  

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

h i s t i d i n e  d e t e c t i o n  w a s  o b s e r v e d .

T h e  p r o t e i n  r e a c t e d  w i t h  o x i d i z i n g  l i p i d  a t  8 0 %  R H  w a s  
s c a r c e l y  s o l u b l e  i n  a q u e o u s  s o l u t i o n .  T h e r e f o r e ,  t h e  h y d r o 

l y s a t e  o f  t h e  r e a c t e d  p r o t e i n  f o l l o w i n g  p e p s i n  a n d  p a n c r e a 
t i n  h y d r o l y s i s  w a s  u s e d  a s  t h e  s a m p l e  f o r  d e t e r m i n i n g  t h e  
a v a i l a b l e  l y s i n e  c o n t e n t .  W e  u s e d  2 , 4 , 6 - t r i n i t r o b e n z e n e s u l -  

f o n i c  a c i d  ( T N B S )  t o  b l o c k  a m i n o  g r o u p s  b u t  n o t  2 , 4 -  
d i n i t r o f l u o r o  b e n z e n e  ( D N F B )  ( p r o c e d u r e  o f  R o a c h  e t  

a l . ) ,  b e c a u s e  T N B S  h a s  b e t t e r  s o l b u l i t y  t h a n  D N F B  in  
t h e  r e a c t i o n  m i x t u r e ,  H o l s i n g e r  a n d  P o s a t i  ( 1 9 7 5 )  i n d i c a t e d  
t h a t  T N B S  w a s  u s e d  a s  a  b l o c k i n g  r e a g e n t  o f  a m i n o  g r o u p s ,  
b u t  e - T N P  l y s i n e  d i d  n o t  s e p a r a t e  f r o m  f r e e  l y s i n e  d u r i n g  

t h e  c h r o m a t o g r a p h i c  s t e p .  H o w e v e r ,  o u r  c h r o m a t o g r a p h i c  
s t e p  w i t h  t h e  a m i n o  a c i d  a n a l y z e r  g a v e  a  g o o d  s e p a r a t i o n  o f  
f r e e  l y s i n e  f r o m  T N B S  d e r i v a t i v e s .  U n d e r  t h e  p r e s e n t  c o n 
d i t i o n s ,  f r e e  l y s i n e  w a s  a l l o w e d  t o  r e a c t  w i t h  T N B S  a n d  t h e  
m o d i f i e d  l y s i n e  w a s  t h e n  h y d r o l y z e d  w i t h  6 N  H C 1 , r e s u l t 
i n g  i n  r e l e a s e  o f  5 %  f r e e  l y s i n e  f r o m  t h e  T N P - l y s i n e .  W e  
a p p l i e d  N e u m a n n ’s m e t h o d  ( 1 9 6 7 )  f o r  d e t e r m i n a t i o n  o f  
m e t h i o n i n e  o f  t h e  r e a c t e d  c a s e i n ,  b e c a u s e  m e t h i o n i n e  
s u l f o x i d e  h a s  b e e n  k n o w n  t o  r e v e r t  l a r g e l y  t o  m e t h i o n i n e  

b y  6 N  H C 1  h y d r o l y s i s  ( K e u t m a n n  a n d  P o t t s ,  1 9 6 9 ) .  A f t e r  
a l k a l i n e  h y d r o l y s i s  ( 3 . 7 5 N  N a O H ,  1 1 0 ° C  h r )  o f  f r e e  m e t h 
i o n i n e  a n d  m e t h i o n i n e  s u l f o x i d e ,  t h e  r e c o v e r y  w a s  1 0 0 %  
a n d  8 0 % ,  r e s p e c t i v e l y .  M e t h i o n i n e  s u l f o x i d e  d i d  n o t  r e v e r t  

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

F i g .  1 s u m m a r i z e s  e a c h  a m i n o  a c i d  l o s s  m e a s u r e d  b y  t h e  
e n z y m a t i c  m e t h o d .  T h e  d a m a g e  t o  a m i n o  a c i d  r e s i d u e s  o f  
t h e  r e a c t e d  c a s e i n  w a s  m o s t  e x t e n s i v e  t o  m e t h i o n i n e ,

f o l l o w e d  b y  t r y p t o p h a n ,  h i s t i d i n e  a n d  l y s i n e .  G a r d n e r

( 1 9 7 9 )  r e p o r t e d  i n  h i s  r e v i e w  t h a t  m a n y  k i n d s  o f  a m i n o  
a c i d  r e s i d u e s  w e r e  d a m a g e d  a f t e r  t h e  r e a c t i o n  o f  p r o t e i n s  

w i t h  o x i d i z i n g  l i p i d s  u n d e r  d r a s t i c  c o n d i t i o n s .  H o w e v e r ,  

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

d i n e  w e r e  n o t  c o n s i d e r a b l y  e f f e c t e d  a f t e r  8  d a y s  o f  t h e  
r e a c t i o n .  T h e r e f o r e ,  t h e  a b o v e  f o u r  a m i n o  a c i d  r e s i d u e s  
m a y  b e  d a m a g e d  a f t e r  t h e  e x p o s u r e  o f  p r o t e i n s  t o  o x i d i z i n g  

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

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

h y d r o l y s a t e  o f  t h e  r e a c t e d  c a s e i n  b y  t h e  a l k a l i n e  o r  e n z y 

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

d e t e c t e d  f o l l o w i n g  a c i d  h y d r o l y s i s  ( 6 N  H C 1 ) .  T h e  m e t h i o 

n i n e  c o n t e n t  o b t a i n e d  b y  6 N  H C 1  h y d r o l y s i s  w a s  s i m i l a r  
a m o n g  a l l  t h e  s a m p l e s .  T h e r e f o r e ,  i t  i s  c l e a r  t h a t  m e t h i o n i n e  
w a s  p r e d o m i n a n t l y  c o n v e r t e d  t o  m e t h i o n i n e  s u l f o x i d e ,  a s  
s u g g e s t e d  b y  T a n n e n b a u m  e t  a l .  ( 1 9 6 9 ) .

A s  S t a h m a n n  a n d  W o l d e g i o r g i s  ( 1 9 7 5 )  s t a t e d ,  i t  w o u l d  
s e e m  t h a t  a  m e a s u r e  o f  t h e  a m o u n t  o f  a m i n o  a c i d  l i b e r a t i o n  

f r o m  p r o t e i n s  b y  i n  v i t r o  p r o t e o l y t i c  e n z y m e s  c o u l d  p r o 
v i d e  a  g o o d  i n d e x  o f  t h e i r  q u a l i t i e s ,  s i n c e  h i g h  q u a l i t y  p r o 
t e i n s  a r e  t h o s e  t h a t  a r e  w e l l  d i g e s t e d  i n  v i v o .  T h e  p r e s e n t  
i n  v i t r o  e n z y m a t i c  s y s t e m  w a s  a  t w o  s t e p  s y s t e m  c o m p o s e d  
o f  p e p s i n - p a n c r e a t i n  d i g e s t i o n  w h i c h  w a s  a  m o d e l  o f  t h e  
h y d r o l y t i c  s y s t e m  b e f o r e  i n t e s t i n a l  a b s o r p t i o n ,  w h e r e a s  
a m i n o p e p t i d a s e - p r o l i d a s e  h y d r o l y s i s  w a s  t h a t  o f  t h e  i n t e s 
t i n a l  m u c o s a  ( m e m b r a n e  d i g e s t i o n )  a n d  a f t e r  i n t e s t i n a l  a b 
s o r p t i o n  ( i n t r a c e l l u l a r  h y d r o l y s i s ) .  A l l  t h e  p r o t e o l y t i c  e n 
z y m e s  u s e d  i n  t h e  e x p e r i m e n t  a r e  a v a i l a b l e  c o m m e r c i a l l y .  

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

t h e i r  a c t i v i t i e s  e v e n  a f t e r  b e i n g  u s e d  a  h u n d r e d  t i m e s  o v e r  

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

T able 1 —C om parison  o f  e n z y m a tic  a n d  ch em ica l m e th o d s  fo r  th e  
d e te rm in a tio n  o f  a m in o  a c id  resid u es o f  casein  a f te r  re a c tio n  w ith  
o x id iz in g  m e th y l  l in o le a tea

mmoles/16g N

day

0 4 6 8 10 14

Enz.b
20.7 19.0 13.4 8.8 1.0 0
(100)c (92) (65) (43) (5) (0)

Methionine

Chem ,b
20.5 19.1 14.2 9.2 0.2 0
(100) (93) (69) (45) (1) (0)

Enz.
63.2 62.4 57.8 57.4 40.9 25.2
(100) (99) (91) (91) (65) (40)

Lysine

Chem.
62.0 61.0 61.1 52.7 42.9 29.7
(100) (98) (98) (85) (69) (48)

Enz.
6.3 6.3 4.5 3.4 3.0 2.5
(100) (100) (71) (54) (48) (40)

Tryptophan

Chem.
6.4 6.2 5.2 4.9 3.5 3.5
(100) (97) (81) (76) (55) (55)

Enz. 14.5 14.0 14.5 15.1 8.1 5.0
(100) (97) (100) (104) (56) (34)

Histidine

Chem.
20.7 20.9 19.3 18.5 12.9 10.3
(100) (101) (93) (89) (62) (50)

a A  mixture  of casein and methyl linoleate was stored at 5 0 ° C  and 
R H  80% for 0 - 1 4  days.

b Enz . ,  enzym at ic  m ethod;  Chem .,  chemical methods.  
c ( ), remaining amino acid residue (%).
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d r o l y t i c  s y s t e m  c o u l d  b e  a  u s e f u l  t o o l  f o r  t h e  s i m p l e  a n d  
c o n v e n i e n t  n u t r i t i o n a l  e v a l u a t i o n  o f  f o o d s t u f f s ,  e s p e c i a l l y  
f o o d  p r o t e i n s  m o d i f i e d  c h e m i c a l l y  d u r i n g  t h e i r  p r o c e s s i n g ,  
s t o r a g e  a n d  c o o k i n g .
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P e c t o l y t i c  E n z y m e s  i n  S w e e t  B e l l  P e p p e r s  

( C a p s i c u m  a n n u u m  L . )

J O S E P H  J .  J E N  a n d  M I C H E L E  L . R O B I N S O N

-------------------------- ABSTRACT---------------------------
L o w  le v e ls  o f  p o ly g a la c tu ro n a s e  (P G ) a n d  p e c t in e s te ra se  (P E ) ac tiv itie s  
w e re  q u a n tita te d  in  sw e e t b e ll p e p p e rs  a t fo u r  s tag e s  o f  m a tu r ity  b a se d  on  
su rfa c e  g ro u n d  c o lo r  (d a rk  g re e n ,  lig h t g re e n , tu rn in g , a n d  re d ). T h e  P G  
a c tiv ity  in c re a se d  d u rin g  p e p p e r  r ip e n in g  a n d  w as m a x im a l a t th e  tu rn in g  
s tag e  w h ile  th e  P E  ac tiv ity  d e c l in e d  d u rin g  rip e n in g  a n d  w as m a x im a l at 
th e  lig h t g re e n  s tag e . P e p p e r  te x tu re  m e a su re m e n ts  w e re  fo u n d  to  d e c lin e  
c o n c o m ita n t ly  w ith  th e  in c re a se  in P G  a c t iv ity . P e p p e r  P G  sh o w e d  pH  
o p tim u m  b e tw ee n  4 .8  to  5 .0  and  in c re a se d  te m p e ra tu re  s tab ility  w ith  a d 
v a n ce d  r ip e n in g . C o m p a re d  to  to m a to e s , p e p p e r  P G  a c tiv ity  w as 116- to  
1 6 4 -fo ld  lo w e r  a n d  p e p p e r  P E  a c tiv ity  w a s  4 2 9 -  to  1 9 0 0 -fo ld  lo w e r than  
th e  c o rre s p o n d in g  to m a to  e n zy m es .

INTRODUCTION
S W E E T  P E P P E R  F R U I T S  ( C a p s i c u m  a n n u u m  L . )  a r e  n o r m a l ly  
s o ld  in  m a r k e t s  e i t h e r  a s  g r e e n  o r  a s  r e d  b e l l  p e p p e r s .  T h e  t e x t u r e ,  

in  p a r t i c u l a r  t h e  c r i s p n e s s  o f  p e p p e r s ,  is  a n  im p o r t a n t  q u a l i t y  a t 
t r i b u t e  t o  c o n s u m e r s .  I t  is  k n o w n  th a t  v e g e t a b l e  t e x tu r e  is  c lo s e ly  
r e l a t e d  t o  t h e  p e c t i c  s u b s t a n c e s  a n d  to  a c t i v i t i e s  o f  p e c t o l y t i c  e n 
z y m e s  ( D o e s b e r g ,  1 9 6 5 ) .

T h e  r o l e  o f  p e c t o l y t i c  e n z y m e s  in  t o m a t o  t e x t u r e  a n d  r i p e n in g  
h a s  b e e n  w e l l  s t u d i e d .  T o m a t o  s o f t e n in g  is  a c c o m p a n i e d  b y  in 
c r e a s e d  a c t i v i t i e s  in  p e c t i n e s t e r a s e  ( P E ;  H o b s o n ,  1 9 6 3 )  a n d  p o 

ly g a la c tu r o n a s e  ( P G ;  H o b s o n ,  1 9 6 4 ; G r ie r s o n  e t  a l . ,  1 9 8 1 ) .  H o b s o n
( 1 9 6 5 )  s h o w e d  th a t  s o f t e n i n g  o f  t o m a t o e s  o c c u r s  c o n c o m i t a n t l y  

w i th  a d v a n c e d  r i p e n i n g .  I n  a d d i t i o n ,  t h e  lo s s  o f  p e c t i c  s u b s t a n c e s  
f r o m  t o m a t o  c e l l  w a l l s  d u r i n g  s o f t e n i n g  h a s  b e e n  c o r r e l a t e d  w i th  
th e  a c t i o n  o f  P G  ( S a w a m u r a  e t  a l . ,  1 9 7 8 ) .  T o m a t o  P G  is  a b s e n t  
in  g r e e n  t o m a t o e s  a n d  a p p e a r s  to  b e  s y n t h e s i z e d  d u r in g  r i p e n in g  
w i th  a c t i v i t y  f i r s t  a p p e a r i n g  a t  t h e  o n s e t  o f  c o l o r a t i o n  ( H o b s o n ,  
1 9 6 3 ;  G r i e r s o n  e t  a l . ,  1 9 8 1 ) .  T u c k e r  a n d  G r i e r s o n  ( 1 9 8 2 )  r e p o r t e d  
t h a t  t h e  i n c r e a s e  in  P G  a c t i v i t y  d u r i n g  t o m a t o  r i p e n i n g  is  d u e  to  

d e  n o v o  p r o t e i n  s y n t h e s i s .  T i g c h e l a a r  e t  a l .  ( 1 9 7 8 )  h a v e  p r o p o s e d  

th a t  P G  a c t i v i t y  m a y  in i t i a t e  r i p e n i n g .  T h e  P E  a c t iv i t y  m a y  b e  
i n v o l v e d  in  t h e  s o f t e n i n g  p h e n o m e n o n  b y  i n f l u e n c i n g  P G  a c t iv i t y .  

T o m a t o  P E  a c t i v i t y  w a s  s h o w n  to  b e  p r e s e n t  i n  g r e e n  f r u i t  a n d  
i n c r e a s e d  d u r i n g  r i p e n i n g ,  r e a c h i n g  m a x im a l  l e v e l s  a t  t h e  r i p e  f r u i t  
s t a g e  a n d  d e c l i n e d  t h e r e a f t e r  ( G r i e r s o n  e t  a l . ,  1 9 8 1 ) .

T h e r e  i s  l i t t l e  i n f o r m a t i o n  in  t h e  l i t e r a tu r e  o n  th e  p e c t o ly t i c  
e n z y m e s  o f  b e l l  p e p p e r s .  O n e  r e a s o n  s u c h  in f o r m a t i o n  is  l a c k in g  
is  p r o b a b l y  d u e  to  t h e  a n t i c i p a t e d  lo w  e n z y m e  a c t i v i t i e s  in  p e p 

p e r s ,  a s  t h e  t e x t u r e  d e g r a d a t i o n  in  p e p p e r s  is  a  s lo w  p r o c e s s .  G r o s s
( 1 9 8 2 )  r e c e n t l y  d e s c r i b e d  a  h i g h l y  s e n s i t i v e  a s s a y  m e th o d  f o r  P G  
a c t iv i ty  in  to m a to e s .  W e  r e p o r t  h e r e  a n  a d a p t a t io n  o f  G r o s s ’ m e th o d  
to  s tu d y  th i s  e n z y m e  in  f r e s h  b e l l  p e p p e r s  d u r in g  th e  r i p e n in g  
p r o c e s s .  W e  a l s o  r e p o r t  t h e  P E  a c t i v i t i e s  in  p e p p e r s  a n d  th e  r e 
l a t i o n s h i p  b e t w e e n  p e c t o l y t i c  e n z y m e  a c t iv i t y  a n d  b e l l  p e p p e r  t e x 
tu r e .  C o m p a r i s o n  o f  p e p p e r  a n d  to m a to  P G  a c t iv i t i e s  a n d  p ro p e r t i e s  
a n d  P E  a c t i v i t i e s  w e r e  a l s o  i n v e s t i g a t e d .

MATERIALS & METHODS
F r u i t s

D u rin g  th e  su m m e rs  o f  1982  a n d  1983 , p e p p e rs  w e re  fre sh ly  h a rv e s te d  
fro m  a  lo ca l fa rm , tra n s p o rte d  to  th e  la b o ra to ry , an d  d iv id e d  in to  fo u r-

A u t h o r s  J e n  a n d  R o b i n s o n  a r e  a f f i l i a t e d  w i t h  t h e  C a m p b e l l  I n s t i t u t e  f o r  R e 

s e a r c h  &  T e c h n o l o g y ,  C a m p b e l l  P l a c e ,  C a m d e n ,  N J  0 8 1 0 1 .

g ro u p s  b a se d  o n  su rfa c e  g ro u n d  c o lo r  (d a rk  g re e n , lig h t g re e n ,  tu rn in g , 
a n d  re d ). F o r  e a c h  e x p e r im e n t, p e p p e rs  f ro m  e a c h  g ro u p  w e re  d ic e d  in to  
0 .5  in . p ie c e s . A  lOOg s am p le  fro m  e a c h  g ro u p  w a s  ra n d o m ly  c h o se n  and  
e x tra c te d  a n d  a ssa y ed  fo r  P G  a n d  P E  a c t iv it ie s . S ix  5 0 g  sa m p le s  w ere  
ra n d o m ly  c h o se n  fo r  In s tro n  te x tu re  a n a ly s is .

E n z y m e  e x tr a c t io n s

P re p a ra tio n  o f  e n z y m e  e x tra c ts  w a s  s im ila r  to  th e  m e th o d s  o f  P resse y  
and  A v a n ts  (1 9 7 2 ) fo r  to m a to  a n d  P a y n te r  an d  Jen  (1 9 7 4 )  fo r  p e ac h . A 
lOOg d ic e d  p e p p e r  sam p le  fro m  e a c h  g ro u p  w a s  h o m o g e n iz e d  in  100 m L  
d is tille d  d e io n iz e d  w a te r  fo r  1 m in  in  a  W a r in g  B le n d o r . T h e  re su ltin g  
h o m o g e n a te  w a s  f i l te re d  th ro u g h  tw o  la y e rs  o f  c h e e s e c lo th .  T h e  re s id u e  
w a s  re s u sp e n d e d  in  100 m L  1M  N a C l a n d  fu r th e r  b ro k e n  u p  b y  P o ly tro n  
(B rin k m a n n ) fo r  1 m in . T h e  re s u ltin g  s u sp e n s io n  w a s  a d ju s te d  to  p H  6 .0  
u s in g  IN  N a O H  a n d  in c u b a te d  w ith  s tir r in g  a t 4 °C  fo r  1 h r . T h e  s u sp e n s io n  
w as f il te re d  th ro u g h  tw o  la y e rs  o f  c h e e s e c lo th . T h e  f il tra te  w a s  c en tr ifu g e d  
at 2 7 ,0 0 0  x  g  fo r  15 m in  a t 4 °C . T h e  re s u ltin g  s u p e rn a ta n t w a s  d e sa lte d  
o n  a S p e h a d ex  G -2 5  c o lu m n  a n d  u s e d  fo r  th e  a ss a y  o f  P G  a n d  P E  a c tiv itie s . 
F re sh ly  h a rv e s te d  to m a to e s  a t tu rn in g  a n d  re d  s ta g e s  o f  m a tu r ity  w ere  
e x tra c te d  a n d  a ssa y ed  b y  th e  sa m e  p ro c e d u re .

E n z y m e  a s s a y s

T o m a to  a n d  p e p p e r  P G  a c t iv it ie s  w e re  m e a su re d  b y  th e  m e th o d  o f  G ro ss
(1 9 8 2 ) w h ic h  u se s  2 -c y a n o a c e ta m id e  to  m e a s u re  n a n o m o la r  q u a n tit ie s  o f  
re d u c in g  s u g a r  fo rm ed . F o r  p e p p e r  P G  a c t iv ity , 2 2  h r  o f  in c u b a tio n  at 
4 0°C  w a s  u s e d  in s te ad  o f  1 h r  fo r  to m a to  P G . T h e  re s u ltin g  re a c t io n  
p ro d u c t w as  m e a su re d  a t O D 276 u s in g  a B e c k m a n  D U -8  re c o rd in g  sp e c 
tro p h o to m e te r  in  th e  k in e tic s  m o d e . T h e  b la n k  c o n ta in e d  a ll so lu tio n s  
e x c e p t th a t th e  a d d itio n  o f  th e  e n z y m e  e x tra c t w a s  a f te r  th e  a d d itio n  o f  
th e  pH  9 .0  b o ra te  b u ffe r . O n e  u n it o f  P G  a c t iv it iy  w a s  d e f in e d  a s  the  
am o u n t o f  e n zy m e  c ap a b le  o f  c a ta ly z in g  th e  fo rm a tio n  o f  1 n a n o m o le  o f  
re d u c in g  su g a r  p e r  m in u te  u n d e r  th e  a ssa y  c o n d itio n s .

T h e  P E  activ ity  w a s  m e a su re d  u s in g  a  m o d if ic a tio n  o f  th e  m e th o d  o f  
R o u se  a n d  A tk in s  (1 9 5 5 ) . T h e  ra te  o f  c itru s  p e c t in  d e m e th y la t io n  w as 
m e a su re d  a t  ro o m  te m p e ra tu re  b y  t i t r a tio n  w ith  0 .0 2 5 N  N a O H  u s in g  a 
B r in k m a n n  a u to m a tic  t itra tio n  u n it .  F if ty  m L  1%  p e c t in  in  0 .1 N  N a C l w as 
u sed  as s u b s tra te  a n d  a d ju s te d  to  p H  7 .0  b e fo re  a d d itio n  o f  1 -5  m L  p e p p e r  
e n z y m e  e x tra c t o r  5 0  p.L to m a to  e x tra c t.  O n e  u n it  o f  P E  a c t iv ity  w as 
d e fin e d  as the  am o u n t o f  e n z y m e  c a p a b le  o f  c a ta ly z in g  th e  c o n su m p tio n  
o f  1 m ic ro m o le  o f  b a se  p e r  10 m in  u n d e r  th e  a ss a y  c o n d itio n s .

T e x tu r e  m e a s u r e m e n t

T e x tu re  m e a su re m e n ts  w e re  c o n d u c te d  u s in g  an  In s tro n  m o d e l 1132 
te x tu re  a n a ly ze r . S h e a r  fo rce  w a s  m e a su re d  u s in g  a  5 0 0 0  k g  r in g  a n d  a 
s tro k e  sp ee d  o f  2 0  c m /m in . C o m p u te r  a n a ly s is  o f  d a ta  sh o w e d  th a t the 
m ax im u m  p e ak  h e ig h t w a s  a  b e tte r  f irm n e ss  in d e x  th a n  th e  p e ak  a re a  fo r 
be ll p e p p e rs . T h e  f irm n e ss  w a s  e x p re ss e d  as k g  s h e a r  fo rc e  p e r  g  p e p p e r .

RESULTS & DISCUSSION
P E P P E R  p e c t o ly t i c  e n z y m e  a c t i v i t i e s  ( P G  a n d  P E )  w e r e  m e a s u r e d  
a t  f o u r  s t a g e s  o f  r i p e n e s s .  A s  s h o w n  in  F ig .  1 , p e p p e r  P E  a c t iv i t y  
w a s  p r e s e n t  a t  t h e  d a r k  g r e e n  s t a g e  a n d  w a s  m a x i m a l  a t  t h e  l ig h t  
g r e e n  s t a g e .  T h e  P E  a c t iv i t y  d e c l i n e d  w i th  f u r t h e r  r i p e n i n g  a n d  
w a s  n e g l i g i b l e  a t  th e  t u r n i n g  a n d  r e d  s t a g e s .  T h e  p e p p e r  P G  a c 
t i v i t y  d e v e l o p e d  d u r i n g  r i p e n i n g  a n d  w a s  m a x i m a l  a t  t h e  t u r n i n g  
a n d  r e d  s t a g e s .  F r o m  t h e s e  r e s u l t s ,  i t  a p p e a r s  t h a t  t h e  a c t i o n  o f  
P E  is  t o  p r e p a r e  t h e  p e p p e r  p e c t i c  s u b s t a n c e s  f o r  P G  to  a c t  u p o n .  
A l th o u g h  n o t  c o n c l u s i v e l y  k n o w n ,  t h e  d e g r e e  o f  p e c t i n  m e th y la -  
t i o n  a p p e a r s  im p o r t a n t  f o r  th e  a c t i o n  o f  P G  ( D o e s b u r g ,  1 9 6 5 ) .  
T h e  p e p p e r  p e c t o l y t i c  e n z y m e  a c t i v i t i e s  in  r i p e n i n g  p e p p e r s  p a r -
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P E C T  I C  E N Z Y M E S  O F  B E L L  P E P P E R S  . . .

Fig. 1— Pepper pectolytic enzyme activity during ripening. PG = polygalac
turonase; PM E  = pectinesterase. Vertical bars indicate the range of enzyme 
activities.

Fig. 2— pH  curves of pepper PG at various stages of ripening.

Table 1— Comparison of pepper and tomato pectolytic enzymes

Stage of 
ripeness

PE
activity
(Unit/g)

Fold
difference

Activity
(Unit/g)

Fold
difference

Turning
tomato 9,585.05 64.86

429 116
Turning

pepper 22.35 0.56

Red
tomato 15,737.70 91.91

1900 164
Red

pepper 8.29 0.56

Table 2— Texture analysis of ripening peppers

State of 
ripening

PE
activity
(Unit/g)

PG
activity
(Unit/g)

Shear
force
(kg/g)

Texture
loss
(%)

Dark
green 174.45 0.117 47.5 0

Light
green 295.49 0.143 45.8 3.6

Turning 22.35 0.561 41.6 12.6
Red 8.29 0.559 40.0 15.8 Fig. 3— Thermal stability of pepper PG at various stages of ripening.

a l l e l e d  t h o s e  o f  t o m a t o  p e c t o l y t i c  e n z y m e s  ( G r i e r s o n  e t  a l . ,  1 9 8 1 ) .  
T h e  d e c l i n e  in  p e p p e r  P E  a c t iv i t y  m a y  b e  u s e d  to  r e g u l a t e  p e p p e r  
P G  a c t i v i t y  b y  l im i t i n g  th e  a f f i n i t y  b e t w e e n  p e p p e r  P G  a n d  th e  
p e c t i c  s u b s t a n c e s .

P e c t o l y t i c  e n z y m e  a c t i v i t y ,  p a r t i c u l a r l y  P G  a c t i v i t y ,  w a s  q u i t e  
lo w  in  t h e  b e l l  p e p p e r s .  I t  w a s  o n l y  p o s s i b l e  t o  m e a s u r e  t h e  lo w  
le v e l  o f  P G  a c t iv i t y  in  t h e  p e p p e r s  d u e  to  t h e  u s e  o f  G r o s s ’ m e t h o d
( 1 9 8 2 ) .  T h i s  m e th o d  is  c a p a b l e  o f  m e a s u r i n g  a s  l i t t l e  a s  1 n a n o 
m o le  o f  r e d u c in g  s u g a r  f o r m e d .  A  p r o b l e m  e n c o u n t e r e d  w i t h  t h e
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G r o s s  m e t h o d  w a s  t h e  p r e s e n c e  o f  i n t e r f e r i n g  c o m p o u n d s  in  th e  
p e p p e r  e x t r a c t s  w h ic h  g a v e  h i g h  a b s o r b a n c e  r e a d in g s  a t  2 7 6  n m .  

I n t e r f e r e n c e  m a d e  i t  d i f f i c u l t  t o  d i f f e r e n t i a t e  b e t w e e n  s p e c i f i c  a n d  
n o n s p e c i f i c  a b s o r p t io n  o f  2 7 6  n m .  T h e  p r o b l e m  w a s  a l l e v i a t e d  b y  
in c l u d i n g  e n z y m e  e x t r a c t  in  t h e  r e a c t i o n  b l a n k s .  T h e  G r o s s  m e th o d  

f o r  r e d u c i n g  s u g a r  a n a l y s i s  i s  s u p e r i o r  to  t h e  c o m m o n l y  u s e d  N e l 
s o n  m e t h o d .  T h e  G r o s s  m e t h o d  is  a b o u t  1 0 0 0  t im e s  m o r e  s e n s i t i v e  

a n d  is  e a s i e r  to  e x e c u t e  t h a n  th e  N e l s o n  m e t h o d  w h e n  l a r g e  n u m 
b e r s  o f  s a m p l e s  a r e  i n v o l v e d .

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

to  t h e  S o l a n a c e a e  f a m i l y .  T a b l e  1 s h o w s  th e  p e c t o ly t i c  e n z y m e  
a c t iv i t i e s  ( P G  a n d  P E )  a t  t h e  t u r n i n g  a n d  r e d  s t a g e s  f o r  p e p p e r s  
a n d  t o m a t o e s .  T o m a t o  e n z y m e  a c t i v i t i e s  w e r e  m u c h  h i g h e r  a t  b o th  

s ta g e s  o f  r i p e n i n g  th a n  th e  p e p p e r  e n z y m e s  a t  th e  c o r r e s p o n d i n g  
s ta g e s .  T u r n i n g  t o m a t o  P E  a c t i v i t y  w a s  4 2 9 - f o l d  h i g h e r  t h a n  t u r n 

in g  p e p p e r  P E  a n d  r e d  t o m a t o  P E  w a s  1 9 0 0 - f o ld  h i g h e r  t h a n  r e d  
p e p p e r  P E .  T o m a t o  P G  a c t i v i t y  w a s  h i g h e r  t h a n  p e p p e r  P G  a c t i v 
i ty ;  h o w e v e r ,  t h e  m a g n i t u d e  o f  d i f f e r e n c e  w a s  n o t  a s  g r e a t  a s  th a t  
f o r  P E .  T u r n i n g  to m a t o  w a s  1 1 6 - f o ld  h i g h e r  t h a n  t u r n i n g  p e p p e r  

P G  a n d  r e d  t o m a to  w a s  1 6 4 - f o ld  h i g h e r  t h a n  r e d  p e p p e r  P G .  T h e  
l a r g e  d i f f e r e n c e  i n  p e c t o ly t i c  e n z y m e  a c t i v i t i e s  m a y  b e  o n e  r e a s o n  

w h y  th e  tw o  v e g e t a b l e s  d i f f e r  s i g n i f i c a n t l y  i n  t e x tu r e  a n d  s o f t e n in g  
r a t e  in  t h e  r i p e n i n g  p r o c e s s .

P e p p e r  t e x t u r e  w a s  m e a s u r e d  b y  I n s t r o n  a n a l y s i s  a s  s h o w n  in  
T a b l e  2 .  T h e  p e p p e r  t e x t u r e  i n d e x  d e c l i n e d  w i th  a d v a n c e d  r i p 
e n i n g ,  h o w e v e r ,  t h e  o v e r a l l  t e x t u r e  lo s s  o f  1 5 .8 %  w a s  n o t  g r e a t .  
T h e  lo s s  in  p e p p e r  t e x t u r e  w a s  f o u n d  to  b e  c o n s i s t e n t  w i th  th e  

in c r e a s e  in  p e p p e r  P G  a c t i v i t y .  A  3 . 9 - f o l d  i n c r e a s e  in  p e p p e r  P G  
a c t i v i t y  c o r r e s p o n d e d  to  a  3 . 4 - f o l d  lo s s  in  t e x t u r e .  S o f t e n i n g  in  
t h e  p e p p e r  d o e s  n o t  c o r r e l a t e  w i t h  P E  a c t i v i t y ,  a s  P E  a c t iv i t y  
d e c l i n e d  a s  s o f t e n i n g  in c r e a s e d .  T h e  d e c l i n e  i n  t o m a t o  t e x tu r e  
d u r i n g  r i p e n i n g  h a s  a l s o  b e e n  c o r r e l a t e d  w i th  in c r e a s e  in  P G  a c 

t i v i t y  ( S a w a m u r a  e t  a l . ,  1 9 7 8 ) .  C o n s i s t e n t  w i th  o u r  r e s u l t s  f o r  
p e p p e r ,  t h e  t o m a t o  s o f t e n i n g  d o e s  n o t  c o r r e l a t e  w i th  P E  a c t i v i t y ,  
a s  N r  m u t a n t s  s o f t e n  s l o w ly  b u t  h a v e  n o r m a l  P E  le v e l s  ( T u c k e r  
e t  a l . ,  1 9 8 2 ) .

A t  a l l  s t a g e s  o f  r i p e n i n g ,  p e p p e r  P G  h a d  a  p H  o p t i m u m  b e tw e e n  

p H  4 . 8  a n d  5 . 0  ( F ig .  2 ) .  I n  a d d i t i o n ,  a t  t h e  r e d  s t a g e  o f  r i p e n e s s ,  
p e p p e r  P G  a p p e a r s  to  h a v e  a  s e c o n d  p H  o p t i m u m  b e t w e e n  p H  5 .5  
a n d  6 . 0 .  T h e  d o u b l e  p H  o p t i m a  o f  r e d  p e p p e r  m a y  b e  in d i c a t iv e  
o f  th e  p r e s e n c e  o f  t w o  i s o e n z y m e  f o r m s .  T h e  d e v e l o p m e n t  o f  P G  
i s o e n z y m e  f o r m s  d u r i n g  to m a t o  r i p e n i n g  h a s  b e e n  w e l l  e s t a b l i s h e d  

( T u c k e r  e t  a l . ,  1 9 8 0 ) .  T o m a t o  P G  h a s  a  m o r e  a c i d i c  p H  o p t i m u m  
o f  p H  4 . 4  a t  t h e  t u r n i n g  a n d  r e d  s t a g e s  a n d  is  m o r e  p H  s e n s i t i v e  
t h a n  th e  p e p p e r  e n z y m e  a t  t h e  c o r r e s p o n d i n g  s t a g e s  o f  r i p e n e s s  

( A u t h o r ’s  u n p u b l i s h e d  d a t a ) .
P e p p e r  P G  a t  t h e  d a r k  g r e e n ,  l i g h t  g r e e n ,  a n d  tu r n i n g  s ta g e s  

w a s  l e s s  s t a b l e  t o  t e m p e r a t u r e  a b o v e  4 0 °  t h a n  r e d  p e p p e r  P G  (F ig .

3 ) .  T h e  r e d  p e p p e r  P G  w a s  a c t i v a t e d  b y  t e m p e r a t u r e s  o f  4 5 ° C  a n d  
5 0 ° C .  T h e  i n c r e a s e d  th e r m a l  s t a b i l i t y  o f  r e d  p e p p e r  P G  m a y  b e  
i n d i c a t i v e  o f  th e  p r e s e n c e  o f  m o r e  t h a n  o n e  i s o e n z y m e  f o r m .  T h e  
tw o  t o m a to  P G  i s o e n z y m e  f o r m s  p r e s e n t  in  t h e  f u l l y  r i p e  f r u i t  

h a v e  v e r y  d i f f e r e n t  t h e r m a l  s t a b i l i t i e s  ( P r e s s e y  a n d  A v a n t s ,  1 9 7 3 ) .  
R e g a r d l e s s  o f  r i p e n e s s ,  p e p p e r  P G  w a s  n e a r l y  c o m p l e t e l y  i n a c t i 

v a te d  a t  6 0 ° C  in  2 0  m in u te s .  R e d  to m a t o  P G  a l s o  s h o w e d  a c t i 
v a t io n  b y  t e m p e r a t u r e s  g r e a t e r  t h a n  4 0 ° C .  T u c k e r  e t  a l .  ( 1 9 8 1 )  
h a v e  s h o w n  th a t  th e  P G  i s o e n z y m e ,  P G - 2 ,  p r e s e n t  in  r i p e  t o m a to e s  

w a s  m o r e  t e m p e r a t u r e  s t a b l e  t h a n  th e  P G  i s o e n z y m e ,  P G - 1 ,  p r e s 
e n t  in  th e  t u r n i n g  t o m a to .

In  c o n c l u s i o n ,  p e c t o l y t i c  e n z y m e s  d o  e x i s t  in  s w e e t  b e l l  p e p p e r s  
b u t  a t  lo w  l e v e l s .  T h e  p e p p e r  e n z y m e s  h a v e  p r o p e r t i e s  a n d  c h a r 
a c t e r i s t i c s  s i m i l a r  t o  t h e  t o m a t o  p e c t o l y t i c  e n z y m e s .
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E f f e c t  o f  S w e e t e n e r  T y p e  a n d  L e c i t h i n  o n  

H y g r o s c o p i c i t y  a n d  M o l d  G r o w t h  i n  D a r k  C h o c o l a t e

OLUGBENGA A. OGUNMOYELA and GORDON G. BIRCH 

----ABSTRACT----------------------------  MATERIALS & METHODS
S to r a g e  c h a n g e s  in  d a r k  c h o c o l a t e  s a m p le s  s w e e te n e d  w i th  f iv e  d i f 
f e r e n t  c a r b o h y d r a t e  s w e e te n e r s ,  n a m e ly ,  s u c r o s e  (3 -D -fru c to s e , m a l
to s e  h y d r a t e ,  L - s o r b o s e  a n d  s o r b i t o l  a t  tw o  a d d e d  le v e ls  o f  t h e  
s u r f a c t a n t  l e c i t h in  w e re  e v a lu a te d  b y  h y g r o s c o p ic i ty  m e a s u r e m e n ts  
a t  d i f f e r e n t  r e la t iv e  h u m id i t i e s  ( R H )  a n d  f o r  m o ld  d a m a g e  a t  1 0 0 %  
R H . S o r p t i o n  i s o th e r m s  o f  t h e  s a m p le s  s h o w e d  t h a t  /3 -D -fru c to s e  
a n d  s o r b i to l  a r e  p a r t i c u l a r l y  u n s u i t a b l e  in  th e m s e lv e s  a s  c h o c o l a t e  
s w e e te n e r s  b e c a u s e  o f  t h e i r  w id e  h u m e c t a n t  r a n g e s  w h i le  o n ly  L - 
s o r b o s e  c o m p a r e d  a d e q u a te ly  w i th  s u c r o s e  a n d  s h o w e d  n o  m o ld  
d a m a g e  a f t e r  1 0  d a y s  a t  1 0 0 %  R H . T h e  im p o r t a n c e  o f  t h e  s u r f a c t a n t  
l e c i t h in  a s  a n  a d d i t iv e  p a r t i c u l a r l y  in  c h o c o l a t e  p r o d u c t s  d e s ig n e d  
f o r  h ig h  h u m i d i t y  c o n d i t i o n s  e .g . i n  t h e  t r o p i c s ,  is  a lso  d is c u s s e d .

INTRODUCTION
D U R I N G  S H E L F - L I F E ,  e i t h e r  i n  s t o r a g e  o r  i n  t h e  r e t a i l  
c h a n n e l ,  c h o c o l a t e s  m a y  a b s o r b  m o i s t u r e  u n d e r  e x t r e m e s  o f  
a t m o s p h e r i c  h u m i d i t y ,  p a r t i c u l a r l y  i n  h i g h l y  h u m i d  t r o p i c a l  
c o n d i t i o n s .  T h i s  p r o p e r t y  o f  m o i s t u r e  a b s o r p t i o n  u n d e r  
n o r m a l  a t m o s p h e r i c  c o n d i t i o n s ,  k n o w n  a s  ‘h y g r o s c o p i c i t y ’ , 
i s  c h a r a c t e r i s t i c  o f  a n y  d r y  b u t  w a t e r - s o l u b l e  c r y s t a l l i n e  
s o l i d .

D i f f e r e n t  c a r b o h y d r a t e  s w e e t e n e r s  a r e  k n o w n  t o  a b s o r b  
w a t e r  a t  d i f f e r e n t  r a t e s  ( G r o v e r ,  1 9 4 9 ;  M a h d i  a n d  H o o v e r ,
1 9 6 5 )  a l t h o u g h  t h e  e x t e n t  t o  w h i c h  c a r b o h y d r a t e s  m i g h t  
i n f l u e n c e  t h e  h u m e c t a n t  b e h a v i o r  o f  c h o c o l a t e  h a s  n o t  b e e n  
w i d e l y  i n v e s t i g a t e d .

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

i n d u s t r y  b o t h  f o r  d i f f e r e n t  d e s i g n s  a s  w e l l  a s  s u c r o s e  
r e p l a c e m e n t .  H o w e v e r ,  s u g a r  b l o o m  w h i c h  c a u s e s  c h o c o l a t e  
t o  h a v e  a  g r e y  s u r f a c e  a p p e a r a n c e  i s  a  f r e q u e n t  d e f e c t  i n  
s t o r a g e  u n d e r  c o n d i t i o n s  o f  h i g h  h u m i d i t y  ( > 8 0 %  R H ) .

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

f o o d  p r o c e s s i n g  a r e  k n o w n  t o  c a u s e  p h y s i c o c h e m i c a l  m o d i 
f i c a t i o n s  ( H ^ y e m  a n d  K v a l e ,  1 9 7 7 ) .

H a r r i s  ( 1 9 6 8 )  s u g g e s t e d  t h a t  s i n c e  s u r f a c t a n t s  u s e d  i n  
c h o c o l a t e  a c t  m a i n l y  a t  t h e  s u g a r  s u r f a c e ,  t h e y  m i g h t  e n 
h a n c e  t h e  h u m e c t a n c y  o f  c h o c o l a t e  p r o d u c t s ,  t h u s  e n a b l i n g  
t h e m  t o  w i t h s t a n d  h i g h e r  h u m i d i t i e s  w i t h o u t  d a m a g e .  
E a s t o n  e t  a l .  ( 1 9 5 2 )  h a d  s h o w n  t h a t  c e r t a i n  s o r b i t a n  a n d  
p o l y o x y e t h y l e n e  s o r b i t a n  e s t e r s  o f  f a t t y  a c i d s ,  w h e n  p r e s 
e n t  i n  c h o c o l a t e  u p  t o  1 %  c a n  c a u s e  s i g n i f i c a n t  r e t a r d a t i o n  
o f  c e r t a i n  t y p e s  o f  f a t  b l o o m .  T h e s e  a d d i t i v e s  h a v e  a l s o  
b e e n  s h o w n  t o  c o n t r o l  c r y s t a l l i z a t i o n  i n  c o n f e c t i o n e r s ’ 
c o a t i n g s  a n d  t h u s  c o n f e r  p r o p e r t i e s  o f  b e t t e r  g l o s s  a n d  
l o n g e r  s h e l f - l i f e  ( D r e w ,  1 9 6 2 ; Z i e m b a ,  1 9 6 6 ) .

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

A u th o r  O g u n m oyela , fo rm er ly  w ith  th e  N a tio n a l C ollege o f  F o o d  
T ech n o lo g y , W eybridge , E ngland, is n o w  a f f ilia te d  w ith  th e  C rop  
U tiliza tio n  D ivision , C oco a  R esearch  Inst, o f  N igeria, P .M .B. 5 2 4 4 ,  
Ibadan , N igeria. A u th o r  B irch , is w ith  th e D ep t, o f  F o o d  T ech 
n o lo g y , U nlv. o f  R ead in g , F o o d  S tu d ie s  B ldg., W h itekn igh ts , R ead in g  
R G 6  2 A P , B erks, E ngland.

A L L  S A M P L E S  o f  c a r b o h y d r a t e  s w e e te n e r s  u s e d  in  t h i s  s t u d y  w e re  
o f  a n a l y t i c a l  g r a d e .  T h e s e  w e re :  s u c r o s e  ( o b t a i n e d  f r o m  M a y  &  
B a k e r  L t d . ,  D a g e n h a m ,  E n g la n d ) ,  m a l to s e  h y d r a t e ,  /3 -D - f ru c to s e ,  
L - s o rb o s e  a n d  s o r b i to l  ( o b t a in e d  f r o m  S ig m a  C h e m ic a l  C o .,  E n g la n d ) .  
T h e  s a l t s  (m a g n e s iu m  c h lo r id e  h e x a h y d r a t e ,  h y d r a t e d  p o ta s s iu m  
c a r b o n a t e ,  s o d iu m  c h lo r id e ,  a n d  a m m o n iu m  s u lp h a t e )  w e re  a lso  
o b t a i n e d  f r o m  S ig m a  C h e m ic a l  C o .,  E n g la n d .

P r e p a r a t i o n  o f  c h o c o l a t e  s a m p le s

T h e  d a r k  c h o c o l a t e  s a m p le s  u s e d  in  th i s  s t u d y  w e re  p r e p a r e d  a s  
d e s c r ib e d  b y  O g u n m o y e la  a n d  B ir c h  ( 1 9 8 4 )  b a s e d  o n  t h e  s a m e  
in g r e d i e n t  c o m p o s i t i o n  o f  s w e e te n e r  =  5 0 .0 % ,  c o c o a  l i q u o r  =  4 5 .0 % , 
b u t t e r  o i l  =  4 .0 % , c o c o a  b u t t e r  =  0 .5 %  a n d  d a y s  l e c i t h in  =  0 .5 % , b u t  
w i th  t h e  c o c o a  b u t t e r  r e p la c e d  b y  0 .5 %  le c i th in  in  a  s e c o n d  s e t  o f  
s a m p le s  w h ic h  c o n ta in e d  1 .0 %  s o y a  l e c i t h in .  F in a l  m o i s tu r e  c o n t e n t  
a n d  e q u i l ib r iu m  r e la t iv e  h u m i d i t y  w e r e  d e t e r m i n e d  o n  t h e  p r e p a r e d  
s a m p le s  a c c o r d in g  t o  P e a r s o n  ( 1 9 7 6 ) .

S a m p le s  t o  b e  u s e d  f o r  s to r a g e  t e s t s  w e re  s u b s e q u e n t ly  g r o u n d  in  
a  m o r t a r  a n d  s p r e a d  o u t  t h in ly  in  a lu m in iu m  d is h e s  u n d e r  p h o s 
p h o r u s  p e n t o x i d e  in  a  d e s i c c a to r  f o r  d ry in g .

S a m p le s  o f  c o m m e r c ia l  “ B o u r n v i l l e ”  d a r k  c h o c o l a t e  w e re  a ls o  
p r e p a r e d  in  a  s im ila r  m a n n e r  f o r  c o m p a r i s o n  w i th  t h e  t e s t  s a m p le s .

H y g r o s c o p ic i t y  m e a s u r e m e n ts

A  p r o c e d u r e  b a s e d  o n  t h e  m e t h o d  d e s c r ib e d  b y  M in if ie  ( 1 9 8 0 )  
w a s  u s e d .

O n e  g r a m  o f  e a c h  o f  t h e  d r ie d  s a m p le s  w a s  a c c u r a t e ly  w e ig h e d  
o n t o  s h a l lo w  a lu m in iu m  d is h e s  a n d  p la c e d  in  f o u r  T o w n s o n  a n d  
M e rc e r  H u m id i ty  c a b in e t s  m a in t a in e d  a t  3 3 ,  4 5 ,  7 5  a n d  8 0 %  R H ,  
r e s p e c t iv e ly ,  in  a  c o n s t a n t  t e m p e r a t u r e  r o o m .  T h e  a tm o s p h e r e s  
w e r e  a c h i e v e d  b y  p la c in g  s a t u r a t e d  s o lu t io n s  p lu s  e x c e s s  s o lu t e s  o f  
m a g n e s iu m  c h lo r id e  h e x a h y d r a t e ,  h y d r a t e d  p o ta s s iu m  c a r b o n a t e ,  
s o d iu m  c h lo r id e  a n d  a m m o n iu m  s u lp h a t e  r e s p e c t iv e ly  in  e a c h  o f  
t h e  f o u r  c a b i n e t s  a t  2 4 .5 ° C  f o r  9 6  h r  t o  r e a c h  e q u i l i b r iu m ,  b e f o r e  
i n t r o d u c i n g  t h e  s a m p le s  i n t o  t h e  c a b in e t s .

S a m p le s  w e re  c a r e f u l ly  r e m o v e d  f o r  w e ig h in g  e v e r y  4 8  h r  o v e r  a  
1 4 -d a y  p e r io d  b y  w h ic h  t i m e  c o n s t a n t  w e ig h ts  h a d  u s u a l l y  b e e n  
a t t a i n e d .

T h e  m e a s u r e m e n t s  w e re  c a r r ie d  o u t  s e p a r a t e ly  f o r  s a m p le s  
c o n ta in in g  0 .5  o r  1 .0 %  le c i th in ,  r e s p e c t iv e ly ,  in  d u p l i c a t e  a n d  r e p l i 
c a t e d  tw ic e .  M o is tu r e  u p t a k e  o r  m o i s t u r e  g a in  o f  t h e  s a m p le s  w e re  
c a l c u la te d  f r o m  t h e  e x p r e s s io n  (g a in  in  w e ig h t  o f  s a m p l e /d r y  w e ig h t  
o f  s a m p le  x  1 0 0 % ).

M e a n  m o i s tu r e  u p t a k e  w a s  c a l c u la te d  f r o m  th e  a v e r a g e  o f  t h e  
tw o  r e p l ic a te  m e a s u r e m e n ts .  M e a n  m o i s tu r e  u p t a k e  a t  e q u i l ib r iu m  
o b t a i n e d  f r o m  t h e  p l o t s  o f  p e r c e n t  m o i s tu r e  a b s o r p t i o n  a g a in s t  
p e r io d  ( d a y s )  a t  d i f f e r e n t  a tm o s p h e r e s  w e re  u s e d  f o r  p l o t t i n g  th e  
s o r p t io n  i s o th e r m s  o f  t h e  d i f f e r e n t  c h o c o l a t e  s a m p le s .

D a rk  c h o c o l a t e  s a m p le s  g r o u n d  a n d  d r ie d  w e re  a ls o  k e p t  in  a  
s a t u r a t e d  a tm o s p h e r e  a t  1 0 0 %  R H . T h e  s a m p le s  w e re  t h e n  e x a m in e d  
f o r  v is ib le  m y c e l ia l  g r o w th  w h ic h  o c c u r r e d  a f t e r  10  d a y s .

RESULTS & DISCUSSION
M O I S T U R E  G A I N  o r  l o s s  d u r i n g  s t o r a g e  a c c o u n t s  f o r  
q u a l i t y  c h a n g e s  i n  m a n y  c o n f e c t i o n e r y  p r o d u c t s  w h i c h  
m a y  b e  d e s i r a b l e  o r  u n d e s i r a b l e  ( M a h d i  a n d  H o o v e r ,  1 9 6 5 ) .  
O b v i o u s l y  i n  a  s u g a r - f a t  m i x t u r e  a s  i n  c h o c o l a t e  w h e r e  
i n t e r a c t i o n s  b e t w e e n  t h e  s u g a r s  a n d  s u r f a c t a n t s  p a r t i c u l a r l y ,  
m a y  g o v e r n  s o m e  o f  t h e  p h y s i c a l  e f f e c t s  o b s e r v e d ,  t h e  m o i s 
t u r e  u p t a k e s  o f  t h e  c a r b o h y d r a t e  s w e e t e n e r s  w i l l  b e  a f f e c t e d .

F i g .  1 s h o w s  t h e  p l o t s  o f  p e r c e n t  m o i s t u r e  a b s o r b e d  
a g a i n s t  t i m e  a t  t h e  d i f f e r e n t  R H .  S o r b i t o l  a n d  / 3 - D - f r u c t o s e
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s a m p l e s  a p p e a r  t o  b e  p a r t i c u l a r l y  h y g r o s c o p i c  e s p e c i a l l y  a t  

t h e  h i g h e r  h u m i d i t i e s ,  a n d  l e s s  o b v i o u s l y ,  m a l t o s e  h y d r a t e .  

T a b l e  1 s h o w s  t h e  f i n a l  m o i s t u r e  c o n t e n t s  a n d  e q u i l i b r i u m  
r e l a t i v e  h u m i d i t i e s  o f  d a r k  c h o c o l a t e  s a m p l e s .  O n l y  t h e  

v a l u e s  f o r  j 3 - D - f r u c t o s e  a r e  s t r i k i n g l y  d i f f e r e n t  w h e r e a s  
s o r b i t o l  a n d  m a l t o s e  h y d r a t e  a r e  a l s o  s h o w n  i n  F i g .  1 t o  b e  
h y g r o s c o p i c .  H o w e v e r ,  L - s o r b o s e  s a m p l e s  c o m p a r e  m o s t  

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

G e n e r a l l y ,  t h e  v a l u e  o f  a n y  n u t r i t i v e  s w e e t e n e r  a s  a  

h u m e c t a n t  c a n  b e  e s t i m a t e d  n o t  o n l y  f r o m  i t s  r a t e  o f  m o i s 
t u r e  g a i n  o r  l o s s  w h e n  s u b j e c t e d  t o  a  c h a n g e  o f  e n v i r o n m e n t  
o r  i t s  e q u i l i b r i u m  m o i s t u r e  c o n t e n t  a t  d i f f e r e n t  R H ,  b u t  

a l s o  t h e  r a n g e  o f  e q u i l i b r i u m  m o i s t u r e  c o n t e n t s  o v e r  a  r a n g e  
o f  R H ,  t h a t  i s ,  i t s  s o r p t i o n  i s o t h e r m .  H u m e c t a n t s  h a v i n g  a  
w i d e  r a n g e  w o u l d  b e  v e r y  h y g r o s c o p i c  i n  m o i s t  s u r r o u n d i n g s  
b u t  w o u l d  d r y  o u t  r a p i d l y  i n  d r i e r  c o n d i t i o n s ,  a l t h o u g h  t h e  
r a t e  o f  m o i s t u r e  g a i n  m a y  b e  d i f f e r e n t  f r o m  t h e  r a t e  o f  
m o i s t u r e  l o s s .  T h u s ,  t h e  d e s i r a b i l i t y  o f  a n y  h u m e c t a n t  i n  
p r o d u c t s  l i k e  c h o c o l a t e  w o u l d  d e p e n d  o n  i t s  a b i l i t y  t o  

c o n f e r  o n  t h e  p r o d u c t ,  a  n a r r o w  h u m e c t a n t  r a n g e .  W h e n  
t h e  e q u i l i b r i u m  m o i s t u r e  c o n t e n t s  a t  d i f f e r e n t  R H  w e r e  

p l o t t e d  a s  i n  F i g .  2 ,  t h e  w i d e  h u m e c t a n t  r a n g e s  o f  /3- d - 
f r u c t o s e  a n d  s o r b i t o l  s a m p l e s  b e c a m e  v e r y  o b v i o u s .  H o w 
e v e r ,  t h e  l e v e l  o f  a d d i t i o n  o f  t h e  s u r f a c t a n t  l e c i t h i n  d i d  n o t  
a p p e a r  t o  a f f e c t  t h i s  h u m e c t a n t  b e h a v i o r  a s  t h e r e  w e r e  n o

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

I n  a s s e s s i n g  t h e  p r o b a b l e  r o l e  o f  t h e  h i g h e r  c o n c e n t r a 

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

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

t o  m i c r o b i a l  a t t a c k  i n  s t o r a g e .  T h u s ,  s a m p l e s  k e p t  a t  1 0 0 %  
R H  w e r e  e x a m i n e d  f o r  m o l d  g r o w t h  d a i l y  i n s i d e  t h e  c a b i n e t  

w i t h o u t  e x p o s u r e  a n d  t h e  e x p e r i m e n t  w a s  d i s c o n t i n u e d  a t  
t h e  f i r s t  v i s i b l e  o c c u r r e n c e  o f  m o l d  g r o w t h ,  w h i c h  o c c u r r e d  
a f t e r  1 0  d a y s .  W h e n  t h e  m o l d  g r o w t h  o n  l g  d a r k  c h o c o l a t e  
s a m p l e s  c o n t a i n i n g  e i t h e r  0 . 5 %  o r  1 . 0 %  l e c i t h i n  w a s  c o m 
p a r e d ,  t h e  s a m p l e s  c o n t a i n i n g  t h e  h i g h e r  c o n c e n t r a t i o n  o f
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T able 1—F inal m o is tu re  c o n te n ts  a n d  e q u ilib r iu m  re la tive  h u m id itie s  
o f  sa m p le  d ark  c h o c o la te s

Sweetener
Final m oisture 
content (%) E R H  (% )a

Sucrose 0.85 32
Maltose hydrate 3.83 33
(3-D-fructose 6.03 45
¿.-sorbose 1.21 34
Sorbito l 1.05 35

a  Equ ilibrium  relative hum idity

Fig. 1—P lo ts  o f  p e r c e n t m o is tu re  a b so r b e d  versus t im e  (d a ys) a t  
d if fe r e n t re la tive  h u m id itie s . The d a ta  are  fo r  d ark  ch o c o la te  sa m 
p le s  co n ta in in g  0 .5%  lec ith in , o = (i-D -fru ctose; •  =  s o r b ito l;  * = 
m a lto se  h yd ra te ; * = L -so rb o se ; □ = su crose , a n d  ■ = B ou rn ville  
ch o co la te .

Fig. 2 — P lo ts  o f  eq u ilib r iu m  m o is tu r e  c o n te n t  (%) versus p e r c e n t  
re la tive  h u m id ity  fo r  ch o c o la te s  co n ta in in g  d if fe r e n t ca r b o h y d ra te  
sw e e te n e r s  a n d  tw o  le c ith in  c o n cen tra tio n s , (a) B o u rn v ille  ch o co la te ;  
(b) su crose ; (c) (i-D -fru ctose; (d) so r b ito l;  (e) L -so rb o se ; a n d  (f) m al
to se  h y d ra te . (— ) rep resen ts  0 .5%  a d d e d  lec ith in ;  ( - - - - )  represen ts  
1.0% a d d e d  lecith in .
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( - ) - E p i c a t e c h i n  C o n t e n t  i n  F e r m e n t e d  a n d  U n f e r m e n t e d  C o c o a  B e a n s

H, KIM and P. G. KEENEY

---------------------------- ABSTRACT----------------------------
A s d e t e r m in e d  b y  h ig h  p e r f o r m a n c e  l iq u id  c h r o m a t o g r a p h y ,  (-)- 
e p i c a t e c h in  c o n c e n t r a t i o n s  a m o n g  f r e s h ly  h a r v e s te d  b e a n s  o f  v e r i f i e d  
g e n e t ic  o r ig in  r a n g e d  f r o m  2 1 . 8 9 - 4 3 .2 7  m g / g o f d r y  d e f a t t e d  s a m p le s .  
F e r m e n t e d  b e a n s  s h o w e d  m u c h  lo w e r  c o n c e n t r a t i o n s  ( 2 - 1 0  m g ). 
D u r in g  f e r m e n t a t i o n ,  a  t r e n d  to w a r d s  d e c r e a s e  in  ( - ) - e p ic a te c h in  
c o n t e n t  w a s  o b s e r v e d .  C o m m e rc ia l  b e a n s  f r o m  a re a s  w i th  r e p u t a t i o n s  
f o r  s h ip p in g  w e l l - f e r m e n te d  p r o d u c t s  c o n t a i n e d  lo w e r  le v e ls  o f  (-)- 
e p ic a t e c h in  t h a n  b e a n s  f r o m  r e g io n s  w h e r e  f e r m e n t a t i o n  is le ss  
e x te n s iv e .

INTRODUCTION
C O C O A  B E A N  P O L Y P H E N O L S ,  c o m p r i s i n g  1 2 - 1 8 %  o f  
w h o l e  d r y  b e a n  w e i g h t ,  h a v e  l o n g  b e e n  a s s o c i a t e d  w i t h  t h e  
f l a v o r  a n d  c o l o r  o f  c h o c o l a t e .  T h r o u g h  c o m p l e x  c h e m i c a l  
i n t e r a c t i o n s  o f  p o l y p h e n o l s  w i t h  p r o t e i n s  ( t a n n i n g ) ,  a s t r i n -  
g e n c y  i s  r e d u c e d  a n d  t h e  b u r n t  f e a t h e r  c h a r a c t e r  o f  r o a s t e d  
p r o t e i n  i s  d e p r e s s e d  ( B r a c e o  e t  a l . ,  1 9 6 9 ;  Q u e s n e l ,  1 9 6 6 ;  
R o e l o f s e n ,  1 9 5 8 ) .  F u r t h e r m o r e ,  o x i d a t i o n  o f  p o l y p h e n o l s  
r e s u l t s  i n  t h e  f o r m a t i o n  o f  m e l a n i n  p i g m e n t s .

A p p r o x i m a t e l y  3 5 %  o f  t h e  p o l y p h e n o l  c o n t e n t  o f  u n 

f e r m e n t e d  F o r a s t e r o  c o c o a  b e a n s  is  ( - ) - e p i c a t e c h i n  ( 3 , 3 ' ,  
4 ' , 5 , 7 - p e n t a h y d r o x y f l a v a n )  ( F o r s y t h ,  1 9 5 5 ;  F o r s y t h  a n d  
Q u e s n e l ,  1 9 6 3 ) .  D u r i n g  f e r m e n t a t i o n  a n d  d r y i n g ,  t h i s  
c o m p o u n d  u n d e r g o e s  m a j o r  c h a n g e s .  S u b s e q u e n t  t o  b e a n  
d e a t h ,  u s u a l l y  2 4 - 4 8  h r  i n t o  f e r m e n t a t i o n ,  ( - ) - e p i c a t e c h i n  
d i f f u s e s  f r o m  i t s  s t o r a g e  c e l l s  a n d  u n d e r g o e s  o x i d a t i o n  a n d  
p o l y m e r i z a t i o n  t o  f o r m  c o m p l e x  t a n n i n s  ( F o r s y t h  a n d  

Q u e s n e l ,  1 9 6 3 ;  R o e l o f s e n ,  1 9 5 8 ) .  D u r i n g  t h e  d r y i n g  s t a g e ,  
e n z y m a t i c  o r  s p o n t a n e o u s  o x i d a t i o n  o f  ( - ) - e p i c a t e c h i n  l e a d s  
t o  t h e  f o r m a t i o n  o f  m e l a n i n  a n d  m e l a n o p r o t e i n s .  T h i s  
r e s u l t s  i n  t h e  c h a r a c t e r i s t i c  b r o w n i n g  o f  f e r m e n t e d  c o c o a  
b e a n s .

U t i l i z i n g  a  h i g h  p e r f o r m a n c e  l i q u i d  c h r o m a t o g r a p h y  
( H P L C )  m e t h o d  ( K i m  a n d  K e e n e y ,  1 9 8 3 ) ,  a n  i n v e s t i g a t i o n  

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

MATERIALS & METHODS

S o u r c e  o f  s a m p le s

F e r m e n te d  a n d  u n f e r m e n t e d  T r in id a d - J a m a ic a n  h y b r id s ,  C a t a n 
g o ,  a n d  F o r a s t e r o  c o c o a  b e a n s  w e re  p r o v id e d  b y  P a u lo  B e r b e r t ,  
C e n t r o  d e  P e s q u is a s  d e  C a c a o  (C E P E C ) , I t a b u n a ,  B a h ia ,  B ra z i l.  
S a m p le s  w e re  a lso  a v a i la b le  f o r  a n a ly s is  f r o m  t h e  P e n n  S t a t e  c o l le c 
t i o n  o f  c o m m e r c ia l  s h ip m e n ts  o f  c o c o a  b e a n s  f r o m  m a jo r  p r o d u c in g  
re g io n s .  A  f e r m e n t a t i o n  s e r ie s  o f  T r in id a d - J a m a ic a n  h y b r id s  w a s  
s u p p l ie d  b y  S ta n le y  M . T a r k a ,  H e r s h e y  F o o d s  C o r p o r a t io n .  H e r s h e y ,  
P A . T h e  f e r m e n t a t i o n  s e r ie s  ( a  c ro s s  b e tw e e n  IM C -6 7  C a to n g o  a n d  
S IC -8 3 1  F o r a s t e r o )  u s e d  b y  T im b ie  e t  a l.  ( 1 9 7 8 )  w a s  a n a ly z e d ,  as 
w e re  f r e e z e - d e h y d r a t e d  b e a n s  f r o m  p o d s  o f  a u t h e n t i c a t e d  g e n e t ic  
c lo n e s  s u p p l ie d  b y  J .  S o r ia .  C A T IE ,  T u r r ia lb a ,  C o s ta  R ic a .

A u th ors K im  and Keeney are affiliated with the Dept, o f F o o d  
Science, Borland  Laboratory, The Pennsylvania State Univ., Univer
sity  Park, P A  16802.

D e te r m in a t io n  o f  ( - ) - e p ic a te c h in

S h e l l - f r e e  d ry  b e a n s  w e re  g r o u n d  in  a n  a n a l y t i c a l  m il l  a n d  
d e f a t t e d  w i th  h e x a n e  f o r  1 6 - 1 8  h r .  F o r  t h e  e x t r a c t i o n  o f  ( - ) - e p ic a te -  
c h in ,  0 .5 g  d e f a t t e d  s a m p le  w a s  s o n ic a t e d  w i t h  8 0  m L  a q u e o u s  a c e 
t o n e .  T h e  r e s u l t in g  e x t r a c t  w a s  f i l t e r e d  a n d  t h e  r e s id u e  a n d  a ll 
g la s s w a re  w e re  w a s h e d  w i th  8 0 %  a q u e o u s  a c e t o n e  t o  b r in g  th e  
v o lu m e  o f  e x t r a c t  t o  1 0 0  m L . A  p o r t i o n  o f  t h i s  e x t r a c t  (5  o r  1 0  m L )  
w a s  d r ie d  o n  a r o t a r y  e v a p o r a t o r  a n d  t h e  r e s id u e ,  a f t e r  r e s u s p e n d in g  
in  1 0  m L  d i s t i l le d  w a te r ,  w a s  i n je c te d  t h r o u g h  a  r e v e r s e - p h a s e  C j g  
S E P -P A K  c a r t r i d g e  (W a te rs  A s s o c ia te s ,  M i l f o r d ,  M A ) . ( - ) -E p ic a te c h in  
r e t a in e d  in  t h e  c a r t r id g e  w a s  e l u t e c  w i th  1 0  m L  4 0 %  a q u e o u s  
m e th a n o l ,  a n d  10  p L  o f  th i s  s o lu t io n  w e re  i n j e c t e d  in t o  t h e  l iq u id  
c h r o m a to g r a p h .  F o r  a n a ly s is  o f  c o c o a  s h e l ls ,  s a m p le s  w e re  g r o u n d  in  
a  m o r t a r  a n d  p e s t l e  p r i o r  t o  e x t r a c t io n .

T h e  l iq u id  c h r o m a to g r a p h  in c lu d e d  a W a te r s  A s s o c ia te s  m o d e l  
6 0 0 0 - A  p u m p ,  U 6 K U n iv e rs a l  i n j e c to r ,  a n d  M o d e l  4 5 0  v a r ia b le  
w a v e le n g th  d e t e c t o r .  S e p a r a t i o n  o f  ( - ) - e p ic a t e c h in  w a s  a c c o m p l i s h e d  
o n  a p B o n d a p a k  C jg  re v e r s e - p h a s e  a n a l y t ic a l  c o lu m n  w i th  a  m o b i le  
p h a s e  o f  w a te r : m e t h a n o l : a c e t i c  a c id  ( 8 7 : 8 : 5 )  p u m p e d  a t  a  f lo w  
r a t e  o f  2 .0  m L /m in .  T h e  e lu t in g  e p i c a t e c h in  w a s  d e t e c t e d  b y  m o n i 
t o r i n g  a b s o r b a n c e  a t  2 8 0  n m  a n d  q u a n t i f i e d  b y  c o m p a r in g  p e a k  
h e ig h t  o f  t h e  s a m p le  t o  t h o s e  o b t a in e d  f r o m  a u t h e n t i c  s t a n d a r d s .

RESULTS & DISCUSSION

( - ) - E p i c a t e c h i n  c o n c e n t r a t i o n  i n  u n f e r m e n t e d  c o c o a  b e a n s

D a t a  f o r  ( - ) - e p i c a t e c h i n  i n  T a b l e  1 a r e  f o r  8  c l o n e s  r e p r e 
s e n t i n g  4  v a r i e t i e s  o f  c o c o a  b e a n s .  E x c e p t  f o r  T r i n i d a d -  

J a m a i c a n  h y b r i d  b e a n s ,  t h e  s a m p l e s  h a d  b e e n  f r e e z e - d r i e d  
i m m e d i a t e l y  a f t e r  r e m o v a l  f r o m  t h e  p o d s .  T h u s ,  t h e y  r e p r e 
s e n t  f r e s h l y  h a r v e s t e d  b e a n s  u n a f f e c t e d  b y  a n y  p o s t - h a r v e s t  

t r e a t m e n t s .  T h e  S I C - 2 5 0  c l o n e  o f  A m a z o n  F o r a s t e r o  h a d  

t h e  h i g h e s t  c o n c e n t r a t i o n  o f  ( - ) - e p i c a t e c h i n  w h i l e  I C S -  
T y p e  h a d  t h e  l o w e s t .  A l t h o u g h  s t a t i s t i c a l  a n a l y s i s  ( T u k e y ’s 

t o  m e t h o d  o f  m e a n  s e p a r a t i o n  a t  9 5 %  c o n f i d e n c e  l e v e l )  
s h o w e d  s i g n i f i c a n t  d i f f e r e n c e s  a m o n g  t h e  f r e e z e - d r i e d  
s a m p l e s ,  t h e  e x t e n t  o f  t h e s e  d i f f e r e n c e s  w a s ,  n e v e r t h e l e s s ,  
o f  q u e s t i o n a b l e  p r a c t i c a l  i m p o r t a n c e .

F o r  t h e  T r i n i d a d  J a m a i c a n  h y b r i d  i n  T a b l e  1 , ( - ) - e p i c a t e -  

c h i n  c o n t e n t  w a s  o n l y  a b o u t  5 0 %  t h a t  o f  t h e  o t h e r  s a m p l e s .  
T h i s  c o u l d  b e  c r e d i t e d  t o  a  v a r i a n c e  c a u s e d  b y  p o s t - h a r v e s t  

h a n d l i n g  r a t h e r  t h a n  b e a n  t y p e .  W h e r e a s  i m m e d i a t e  f r e e z e -

Table 1— Concentration o f  (-)-epicatechin in cocoa beans unaffected  
b y  post-harvest variablesa

Clone Varietal type

(-)-Epicatechin concb 
in defatted sample 

(mg/g)

N A -22-23 Nacional 37.63 ± 0 .229
N -22-A3 Nacional 34.65  ± 0 .2 0 IJ
UP-667 Trinitario 41.33  ± 0 .54de
U F -1 1 Trinitario 39.33 ± 0 .71ef
U F -29 6 Trinitario 36.33 ± 1 ,309h
EEG -29 Am azon  Forastero 35.33  ± 1,18 hlJ
S IC -25 0 Am azon  Forastero 43.27  ± 0 .44d
IC S -T Y P E Trinidad-Jamaican Hybrid 21.89  ± 0 .2 6 k

f* Pods opened, testa removed, and cotyledons freeze dehydrated.  
Mean of three different sample preparations (duplicate In ject ions  
of each preparation) ± standard deviation. Values followed by a 
com m on letter are not s ignificantly different (P >  0 .05) — T u k e y ’s 
co method of mean separation.
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d r y i n g  a f t e r  r e m o v a l  f r o m  t h e  p o d s  c h a r a c t e r i z e d  t h e  o t h e r  

b e a n  t y p e s ,  t h e  T r i n i d a d - J a m a i c a n  h y b r i d  h a d  b e e n  h e a t e d  
t o  a n  i n t e r n a l  t e m p e r a t u r e  o f  1 0 5 ° C  f o r  5  m i n  w i t h  m i c r o -  

w a v e  e n e r g y  p r i o r  t o  s u n - d r y i n g  f o r  2  d a y s .  T h e  i n t e n t  o f  
t h e  m i c r o w a v e  t r e a t m e n t ,  c o n d u c t e d  i n  a n o t h e r  i n v e s t i g a 

t i o n  b y  T a r k a  ( 1 9 8 0 ) ,  w a s  r a p i d  i n a c t i v a t i o n  o f  p o l y p h e n o l  
o x i d a s e  ( P P O ) .  G r i f f i t h  ( 1 9 5 7 )  n o t e d  t h a t  ( - ) - e p i c a t e c h i n  
w a s  t h e  m a j o r  s u b s t r a t e  o f  P P O  f o r  o x i d a t i v e  b r o w n i n g  

r e a c t i o n s  d u r i n g  t h e  d r y i n g  s t a g e .  E v i d e n t l y ,  P P O  i n  t h e  

T r i n i d a d - J a m a i c a n  h y b r i d  w a s  n o t  e f f e c t i v e l y  i n a c t i v a t e d  
b y  t h e  m i c r o w a v e  t r e a t m e n t ,  a n d  d u r i n g  2  d a y s  o f  s u n 

d r y i n g  o x i d a t i o n  o f  ( - ) - e p i c a t e c h i n ,  m e d i a t e d  b y  P P O ,  

c a u s e d  a  r e d u c t i o n  i n  ( - ) - e p i c a t e c h i n  c o n t e n t .

T able  2 —C o n ce n tra tio n  o f  (-)-ep ica tech in  in c o c o a  b ea n s fro m  sh ip 
m e n ts  rep resen tin g  severa l co u n tr ie s  o f  p r o d u c tio n

Bean source

(-)-Epicatechin cone in 
defatted sample3 

(mg/g)

Ivory  Coast 6.22
Maracaibo (Venezuela) 3.62
Sam oa 10.64
Trinidad 4.68
Bahia (Brazil) 8.23
Ghana 4.52
Lagos (Nigeria) 4.68
Costa Rica 16.52
Arriba (Ecuador) 8.08
Jamaica 2.66

a Mean of duplicate injections of a single extract.
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Fig. 1—Changes in (-)-ep ica tech in  o f  T rin idad-Jam aican  h y b r id  
co co a  bea n s du rin g  fe rm en ta tio n .

(-)-Epicatechin in cocoa beans from 
different regions of production

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

m e r c i a l  s a m p l e s  o f  c o c o a  b e a n s  a r e  l i s t e d  i n  T a b l e  2 .  A l 
t h o u g h  m o s t  b e a n s  f o r  c h o c o l a t e  m a n u f a c t u r e  a r e  f e r m e n t e d ,  
i t  i s  f a r  f r o m  b e i n g  a  s t a n d a r d i z e d  p r o c e s s  t h r o u g h o u t  t h e  
w o r l d ,  o r  e v e n  w i t h i n  a  r e g i o n ,  a s  e v i d e n c e d  b y  a  6 - f o l d  
v a r i a t i o n  i n  ( - ) - e p i c a t e c h i n  c o n c e n t r a t i o n  a m o n g  t h e  s a m p l e s .

C a u t i o n  s h o u l d  b e  e x e r c i s e d  i n  i n t e r p r e t i n g  t h e  d a t a  i n  
T a b l e  2  s i n c e  o n l y  a  s i n g l e  l o t  f r o m  e a c h  c o u n t r y  w a s  
s a m p l e d  i n  t h e  s u r v e y .  I n t e r e s t i n g l y ,  h o w e v e r ,  b e a n s  f r o m  
r e g i o n s  w i t h  r e p u t a t i o n s  f o r  f u l l y  f e r m e n t e d  p r o d u c t s ,  s u c h  
a s  A f r i c a n  c o u n t r i e s  a n d  T r i n i d a d ,  h a d  l o w e r  c o n c e n t r a t i o n s  

o f  ( - ) - e p i c a t e c h i n  t h a n  C o s t a  R i c a n  a n d  E c u a d o r i a n  b e a n s  

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

Fermentation studies
C o n c e n t r a t i o n  c h a n g e s  f o r  ( - ) - e p i c a t e c h i n  i n  n i b s  a n d  

s h e l l s  o f  T r i n i d a d - J a m a i c a n  h y b r i d  c o c o a  b e a n s  d u r i n g  t h e  
f e r m e n t a t i o n  t r i a l s  i n  B e l i z e  ( H e r s h e y  F o o d s  C o r p .  E x p e r i 

m e n t a l  S t a t i o n )  a r e  i l l u s t r a t e d  i n  F i g .  1 . L o s s  o f  ( - ) - e p i c a t e -  
c h i n  i n  t h e  c o t y l e d o n  ( n i b )  c o n c u r  w i t h  t h e  f i n d i n g s  b y  

F o r s y t h  ( 1 9 5 2 ) .  T h e  s h a r p  d e c r e a s e  b e t w e e n  t h e  s e c o n d  
a n d  t h i r d  d a y  is  o f  i n t e r e s t .  A c c o r d i n g  t o  R o e l o f s e n  ( 1 9 5 8 ) ,  
d i f f u s i o n  o f  p o l y p h e n o l s  f r o m  t h e i r  s t o r a g e  c e l l s  b e g i n  u p o n  

b e a n  d e a t h ,  w h i c h  u s u a l l y  o c c u r s  a t  a b o u t  t h i s  t i m e .
D i f f u s i o n  o f  ( - ) - e p i c a t e c h i n  l e a d s  t o  c o m p l e x  c h e m i c a l  

c h a n g e s  w i t h i n  t h e  c o t y l e d o n ,  m o s t  n o t a b l y ,  p o l y m e r i z a 
t i o n  o f  ( - ) - e p i c a t e c h i n  t o  f o r m  c o m p l e x  t a n n i n s .  H o w e v e r ,  
m i g r a t i o n  o f  ( - ) - e p i c a t e c h i n  i n t o  t h e  s h e l l  m a y  a l s o  t a k e  

p l a c e  ( R o e l o f s e n ,  1 9 5 8 ;  F o r s y t h  a n d  Q u e s n e l ,  1 9 6 3 ) .  T h i s  
i s  s u g g e s t e d  b y  t h e  o b s e r v e d  i n c r e a s e  i n  ( - ) - e p i c a t e c h i n  w i t h 

i n  t h e  s h e l l s  b e t w e e n  t h e  s e c o n d  a n d  t h i r d  d a y .  P r o b a b l y ,  
b o t h  p o l y m e r i z a t i o n  a n d  l o s s  i n t o  f e r m e n t a t i o n  s w e a t i n g s  
a c c o u n t  f o r  t h e  c o n t i n u i n g  d e c l i n e  i n  ( - ) - e p i c a t e c h i n  c o n 
c e n t r a t i o n s  i n  n i b  a n d  s h e l l  d u r i n g  t h e  l a t t e r  s t a g e s  o f  f e r 

m e n t a t i o n .

d a y s  f e r m e n t a t i o n

Fig. 2 —Changes in (-)-ep ica tech in  o f  T rin id a d  c o co a  bea n s during  
fe rm en ta tio n .
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( - ) - E P I C A T E C H I N  C O N T E N T  O F  C O C O A  B E A N S .  . .

T a b l e  3 - C o n c e n t r a t i o n  o f  ( - ) - e p i c a t e c h i n  i n  f e r m e n t e d  c o c o a  b e a n s  

f r o m  e x p e r i m e n t a l  c l o n e s

Clone Varietal type

(-)-Epicatechin cone in 
defatted sample3 

(mg/g)

ICS-1 Trinidad-Jam aican H ybrid 10.03 ± 0 ,20c
ICS-G Trinidad-Jam iacan H ybrid 3.42 + 0 .05d
S IC -3 2 5 Armazón Forastero 2.32 ± 0.19e
S IC -8 6 4 Am azon Forastero 2.99 ± 0 .29d
lM C -67 Catongo 2.15 ± 0.06e

3 Mean of three sample preparations (duplicate injections of each 
preparation) ± standard deviation. Values followed by a com m on  
letter are not s ignificantly different (P >  0.05) In T u k e y ’s to  
method of mean separation.

R e s u l t s  f r o m  a n o t h e r  f e r m e n t a t i o n  i n  a  d i f f e r e n t  c o u n 
t r y ,  T r i n i d a d ,  s h o w e d  s i m i l a r  t r e n d  ( F i g .  2 ) .  T h e  c o n c e n 

t r a t i o n  o f  ( - ) - e p i c a t e c h i n  i n  t h e  c o t y l e d o n  d e c r e a s e d  a s  
f e r m e n t a t i o n  p r o g r e s s e d .

F e r m e n t a t i o n  o f  c o c o a  b e a n s  i s  c r u c i a l  f o r  t h e  d e v e l o p 
m e n t  o f  p r e c u r s o r  f o r  c h o c o l a t e  f l a v o r .  C o m p l e x  i n t e r a c 
t i o n s  a m o n g  t h e  p o l y p h e n o l s  t o  f o r m  h i g h  m o l e c u l a r  w e i g h t  
t a n n i n s  a n d  t h e i r  i n t e r a c t i o n s  w i t h  p r o t e i n s  i m p a c t  o n  t h e  
o v e r a l l  q u a l i t y  o f  f e r m e n t e d  c o c o a  b e a n s  f o r  c h o c o l a t e  
p r o d u c t i o n .  T h e  s h a r p  d e c r e a s e s  o b s e r v e d  i n  F i g .  1 .  a n d  2  
r e f l e c t  t h e  o n s e t  o f  t h e s e  p h e n o m e n a  d u r i n g  f e r m e n t a t i o n .

F e r m e n t e d  c o c o a  b e a n s  o f  v e r i f i e d  g e n e t i c  o r i g i n  f r o m  
B r a z i l  w e r e  a n a l y z e d  f o r  ( - ) - e p i c a t e c h i n  c o n t e n t  ( T a b l e  3 ) .  
S i n c e  t h e s e  b e a n s  w e r e  o b t a i n e d  f r o m  a  r e s e a r c h  f a r m ,  p o s t 
h a r v e s t  t r e a t m e n t s  w e r e  a s s u m e d  t o  b e  c o n t r o l l e d  a n d  
s i m i l a r  f o r  a l l  b a t c h e s .  E x c e p t  f o r  t h e  I C S - 1  c l o n e ,  c o n c e n 

t r a t i o n s  ( 2 - 3  m g )  o f  ( - ) - e p i c a t e c h i n  w e r e  v e r y  l o w .  T h e  
s i g n i f i c a n t l y  h i g h e r  c o n c e n t r a t i o n  i n  I C S - 1  m i g h t  s u g g e s t  a  
f e r m e n t a t i o n  v a r i a b l e ,  a l t h o u g h  t h i s  c o u l d  n o t  b e  a s c e r t a i n e d  
w i t h  a n y  d e g r e e  o f  c e r t a i n t y  b e c a u s e  s p e c i f i c  d e t a i l s  o f  t h e  
p r o c e s s  a r e  l a c k i n g .  D u r i n g  d r y i n g  a f t e r  f e r m e n t a t i o n ,  c o n 
s i d e r a b l e  o x i d a t i o n  o f  ( - ) - e p i c a t e c h i n  c a n  o c c u r  ( G r i f f i t h ,

1 9 5 7 ) .  H o w e v e r ,  i f  f e r m e n t a t i o n  i n  t h i s  s e r i e s  o f  s a m p l e s  
f o l l o w e d  t h e  p a t t e r n  o f  a l m o s t  c o m p l e t e  ( - ) - e p i c a t e c h i n  

c o n s u m p t i o n  ( F i g .  1 a n d  2 ) ,  l i t t l e  w o u l d  b e  l e f t  t o  b e  
i n f l u e n c e d  b y  a  d r y i n g  v a r i a b l e .

SUMMARY
C O C O A  B E A N S  o f  v e r i f i e d  g e n e t i c  o r i g i n ,  f r e e z e - d r i e d  
i m m e d i a t e l y  a f t e r  r e m o v a l  f r o m  t h e  p o d s  t o  r e p r e s e n t

f r e s h l y  h a r v e s t e d  b e a n s  u n a f f e c t e d  b y  a n y  p o s t - h a r v e s t  
t r e a t m e n t s ,  w e r e  a n a l y z e d  f o r  ( - ) - e p i c a t e c h i n  c o n t e n t .  

C o n c e n t r a t i o n s  r a n g e d  f r o m  3 6 . 4 - 4 3 . 2  m g  w i t h  s m a l l  

v a r i a t i o n  a m o n g  t h e  s a m p l e s .  A  s i g n i f i c a n t l y  l o w e r  c o n c e n 
t r a t i o n  ( 2 1 . 8  m g )  i n  t h e  T r i n i d a d - J a m a i c a n  b e a n s  c a n  b e  

a t t r i b u t e d  t o  e x p e r i m e n t a l  m i c r o w a v e  a n d  s u n - d r y i n g  t r e a t 
m e n t s  a f t e r  h a r v e s t .  A m o u n t s  o f  ( - ) - e p i c a t e c h i n  i n  c o m m e r 
c i a l  b e a n s  f r o m  d i f f e r e n t  r e g i o n s  o f  p r o d u c t i o n  t e n d e d  t o  

b e  h i g h e s t  i n  b e a n s  f r o m  r e g i o n s  w h e r e  f e r m e n t a t i o n  p r a c 
t i c e s  a r e  l e s s  e x t e n s i v e .  T r i n i d a d - J a m a i c a n  b e a n s ,  a n a l y z e d  

a t  v a r i o u s  s t a g e s  o f  f e r m e n t a t i o n ,  s h o w e d  a  s h a r p  d e c r e a s e  

o f  ( - ) - e p i c a t e c h i n  i n  t h e  n i b s  b e t w e e n  t h e  s e c o n d  a n d  t h i r d  
d a y  o f  f e r m e n t a t i o n .  C o i n c i d i n g  w i t h  t h i s  d e c r e a s e ,  ( - ) -  
e p i c a t e c h i n  c o n t e n t  i n  t h e  s h e l l s  i n c r e a s e d .  A n a l y s i s  o f  
T r i n i d a d  b e a n s  f e r m e n t e d  a t  a  d i f f e r e n t  l o c a t i o n  c o n f i r m e d  

t h e  t r e n d  t o w a r d s  a  d e c r e a s e  i n  ( - ) - e p i c a t e c h i n  c o n t e n t  i n  

t h e  n i b s  a s  f e r m e n t a t i o n  p r o g r e s s e d .  E x c e p t  f o r  t h e  I C S - 1  
c l o n e  o f  t h e  T r i n i d a d - J a m a i c a n  b e a n s ,  ( - ) - e p i c a t e c h i n  c o n 

t e n t  ( 2 - 3  m g )  a m o n g  f e r m e n t e d  b e a n s  o f  k n o w n  g e n e t i c  
o r i g i n  w a s  v e r y  l o w .  F e r m e n t a t i o n  v a r i a b l e s  p r o b a b l y  
a c c o u n t  f o r  t h e  h i g h e r  ( - ) - e p i c a t e c h i n  c o n t e n t  ( 1 0 .0  m g )  i n  

t h e  I C S - 1  c l o n e .
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H y d r o p h o b i e  I n t e r a c t i o n  i n  t h e  G e l a t i o n  o f  H i g h  M e t h o x y l  P e c t i n s

DAVID OAKENFULL and ALAIM SCOTT

----------------------------ABSTRACT----------------------------
T h e  r o le  o f  h y d r o p h o b i c  i n t e r a c t i o n  b e tw e e n  t h e  e s t e r  m e t h y l  
g r o u p s  in  t h e  g e la t io n  o f  h ig h  m e t h o x y l  p e c t in s  w a s  in v e s t ig a te d  b y  
u s in g  t e m p e r a t u r e  a n d  d i f f e r e n t  c o s o lu t e s  t o  m o d i f y  h y d r o p h o b i c  
i n t e r a c t i o n  in  a  c o n t r o l l e d  m a n n e r .  B o t h  r u p t u r e  s t r e n g th  a n d  g e l 
t h r e s h o ld  w e re  f o u n d  t o  b e  p a r t l y  p r o p o r t i o n a l  t o  t h e  f r e e  e n e r g y  
o f  h y d r o p h o b ic  i n t e r a c t i o n  b e tw e e n  C H 3 - g r o u p s  in  m o d e l  s y s 
te m s .  T h e  s iz e  o f  j u n c t i o n  z o n e s  a n d  t h e  s t a n d a r d  f r e e  e n e r g y  o f  
g e la t io n  w e re  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  d e g re e  o f  m é t h 
o x y la t i o n ,  i .e .  to  t h e  p r o b a b i l i t y  o f  e s t e r  m e t h y l  g r o u p s  b e in g  
o p p o s e d  in  c o n t ig u o u s  le n g th s  o f  p o ly m e r .  T h e  c o n t r i b u t i o n  f r o m  
h y d r o p h o b i c  i n t e r a c t i o n  t o  t h e  f r e e  e n e r g y  o f  g e la t io n  w a s  a b o u t  
h a l f  t h a t  f r o m  h y d r o g e n  b o n d s .

INTRODUCTION
P E C T I N S  h a v e  b e e n  u s e d  a s  g e l l i n g  a g e n t s  o n  a  l a r g e  s c a l e  
( G l i c k s m a n ,  1 9 6 9 )  a n d  o v e r  a  l o n g  p e r i o d  o f  t i m e  ( B r a c o n -  

n o t ,  1 8 2 5 )  b u t  t h e  m e c h a n i s m  o f  g e l a t i o n  i s  n o t  w e l l  u n d e r 
s t o o d  a t  t h e  m o l e c u l a r  l e v e l  ( R e e s ,  1 9 7 2 ) .  P e c t i n s  a r e  l i n e a r  
p o l y m e r s ,  c o n s i s t i n g  a l m o s t  e n t i r e l y  o f  D - g a l a c t u r o n i c  a c i d .  
T h e y  a r e  p r e p a r e d  c o m m e r c i a l l y  b y  p a r t i a l  a c i d  h y d r o l y s i s  

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

c o m p o n e n t  o f  t h e  c e l l  w a l l s  o f  p l a n t s  ( G l i c k s m a n ,  1 9 6 9 ;  
A h m e d ,  1 9 8 1 ) .  T h e  a c i d  g r o u p s  a r e  p a r t l y  e s t e r i f i e d  w i t h  
m e t h a n o l  w i t h  t h e  p r o p o r t i o n  e s t e r i f i e d ,  t h e  d e g r e e  o f  
m e t h o x y l a t i o n  ( D M ) ,  d e p e n d i n g  o n  t h e  c o n d i t i o n s  d u r i n g  
p r e p a r a t i o n .

T h e  w o r k  r e p o r t e d  h e r e  w a s  w i t h  p e c t i n s  o f  D M  >  
5 0 %  — “ h i g h  m e t h o x y l ”  p e c t i n s .  T h e s e  p e c t i n s  f o r m  g e l s  
i f  t h e  p H  is  b e l o w  a b o u t  3 . 6  a n d  i f  a  c o s o l u t e  i s  p r e s e n t ,  
t y p i c a l l y  s u c r o s e  a t  a  c o n c e n t r a t i o n  o f  g r e a t e r  t h a n  5 5 %  
b y  w e i g h t  ( G l i c k s m a n ,  1 9 6 9 ;  A h m e d ,  1 9 8 1 ) .

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

m o l e c u l e s  ( F l o r y ,  1 9 5 3 ) .  T h u s  t h e  c o n d i t i o n s  r e q u i r e d  f o r  
g e l a t i o n  a n d  t h e  p r o p e r t i e s  o f  t h e  g e l  u l t i m a t e l y  d e p e n d  o n  
t h e  m o l e c u l a r  s t r u c t u r e ,  t h e  i n t e r m o l e c u l a r  f o r c e s  w h i c h  
h o l d  t h e  n e t w o r k  t o g e t h e r  a n d  t h e  n a t u r e  o f  t h e  j u n c t i o n  
z o n e s  w h e r e  t h e  p o l y m e r  m o l e c u l e s  a r e  c r o s s - l i n k e d .  T h e  
j u n c t i o n  z o n e s  i n  p o l y s a c c h a r i d e  g e l s  a r e  c o m p l e x  a n d  t h e  
m o l e c u l a r  s t r u c t u r e s  a r e  h e l d  t o g e t h e r  b y  a  l a r g e  n u m b e r  o f  

i n d i v i d u a l l y  w e a k  i n t e r a c t i o n s ,  s u c h  a s  e l e c t r o s t a t i c  i n t e r a c 
t i o n s  a n d  h y d r o g e n  b o n d s  ( R e e s ,  1 9 6 9 ) .  E v i d e n c e  f r o m  X -  

r a y  d i f f r a c t i o n  s t u d i e s  ( W a l k i n s h a w  a n d  A r n o t t ,  1 9 8 1 )  
s u g g e s t  t h a t  i n  g e l s  o f  h i g h  m e t h o x y l  p e c t i n s  t h e  j u n c t i o n  
z o n e s  h a v e  t h e  s t r u c t u r e  s h o w n  i n  F i g .  1 . T h i s  s t r u c t u r e  

w o u l d  b e  s t a b i l i z e d  b y  h y d r o g e n  b o n d s  ( i n d i c a t e d  b y  
d o t t e d  l i n e s )  a n d  a l s o  b y  h y d r o p h o b i c  i n t e r a c t i o n  o f  t h e  

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

f i e d  b y  a d d i n g  d i f f e r e n t  s u g a r s  o r  p o l y o l s  ( B a c k  e t  a l . ,
1 9 7 9 ) ,  e t h a n o l ,  f - b u t a n o l  o r  d i o x a n e  ( O a k e n f u l l  a n d  F e n 
w i c k ,  1 9 7 9 )  o r  b y  c h a n g i n g  t h e  t e m p e r a t u r e .  W e  h a v e  u s e d  
t h e s e  m e a n s  t o  i n v e s t i g a t e  t h e  r o l e  o f  h y d r o p h o b i c  i n t e r a c 

A u th o rs  O a k en fu ll a n d  S c o t t  are a f f i l ia te d  w ith  th e  C S IR O  D ivision  
o f  F o o d  R esearch , P.O . B ox  5 2 , N o r th  R y d e , N SW , 2 1 1 3 , A ustra lia .

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

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

MATERIALS & METHODS

P e c t in s

T h r e e  o f  t h e  p e c t in s  w e re  p r e p a r e d  f r o m  c o m m e r c ia l  m a te r ia l s  
[ C o p e n h a g e n  P e c t in  F a c t o r y  L t d  a n d  D a v is - G e rm a n to w n  (A u s t . )  
P td .  L t d ]  b y  r e m o v in g ,  b y  m e a n s  o f  d ia ly s is ,  t h e  s u c r o s e  w h ic h  
t h e s e  c o n ta in e d .  T h e  d e g re e  o f  m e t h o x y l a t i o n  w a s  d e t e r m in e d  b y  
t i t r a t i o n  (M c C r e a d y ,  1 9 7 0 ) .  I n t r i n s i c  v is c o s i t ie s  w e re  m e a s u r e d  w i th  
O s tw a ld  v i s c o m e te r s  w h ic h  h a d  f lo w  t im e s  f o r  w a t e r  o f  a b o u t  2 0  
s e c .  T h e  d e g re e  o f  m e t h o x y l a t i o n  o f  o n e  o f  t h e  p e c t i n  s a m p le s  w a s  
i n c r e a s e d  b y  t r e a t m e n t  w i t h  d ia z o m e th a n e  ( H o u g h  a n d  T h e o b a ld ,
1 9 6 3 ) .  T h e  p r o p e r t i e s  o f  t h e  f o u r  p e c t in s  a r e  s u m m a r iz e d  in  T a b le  1.

Fig. 1 —S tru c tu re  o f  ju n c tio n  zo n e s  in gels o f  h igh m e th o x y l  p e c tin s  
in fe rre d  from  X -ra y  d iffra c tio n  s tu d ie s  (W alk in sh aw  a n d  A r n o tt ,  
1981).
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G E L A T IO N  O F  H IG H  M  E T H O X Y  L P E C T IN S . .  .

P r e p a r a t io n  o f  g e ls

T h e  d r y  p e c t in  w a s  m ix e d  f i r s t  w i th  t h e  c o s o lu t e ,  s u c h  a s  s u c r o s e  
o r  e th a n o l ,  a n d  t h o r o u g h l y  d is p e r s e d .  T h e  a p p r o p r i a t e  w e ig h t  o f  
w a t e r  w a s  a d d e d  a n d  t h e  m i x t u r e  w a s  p la c e d  in  a  s e a le d  f la s k  o n  a 
b o i l in g  w a t e r  b a t h  f o r  a b o u t  1 h r  a n d  s t i r r e d  o c c a s io n a l ly  d u r in g  th i s  
t im e .  (P r o lo n g e d  b u t  g e n t l e  h e a t in g  w a s  r e q u i r e d  a t  t h i s  s ta g e  t o  
h y d r a t e  t h e  p e c t i n  f u l l y  a n d  t h u s  o b t a i n  g e ls  w i t h  r e p r o d u c ib l e  
p r o p e r t i e s . )  F in a l ly  s u f f i c i e n t  c i t r i c  a c id  ( 0 .1 1  m o l  L - 1 )  w a s  a d d e d  
t o  g iv e  a  c o n c e n t r a t i o n  o f  c i t r a t e  o f  0 .0 1 1  m o l  L ~  . T h e  g e ls  w e re  
r o u t i n e l y  s e t  a t  2 5 ° C  f o r  1 8  h r  b e f o r e  m e a u r e m e n t s  w e r e  m a d e .

R h e o lo g ic a l  m e a s u r e m e n ts

M o s t  m e a s u r e m e n t s  w e re  m a d e  w i th  a n  I n s t r o n  M o d e l  1 1 2 2  
U n iv e r s a l  T e s t in g  I n s t r u m e n t .  T h e  g e ls  w e re  c a s t  in  c y l in d r ic a l  m o ld s  
o f  d i a m e t e r  4 .0  c m  a n d  th ic k n e s s  1 .2  c m . A p p a r e n t  s h e a r  m o d u l i  
a n d  r u p t u r e  s t r e n g th s  w e re  m e a s u r e d  u n d e r  c o m p r e s s io n  w i th  a  
c ro s s -h e a d  s p e e d  o f  5  m m /m i n .  F o r  v e ry  w e a k  g e ls ,  o f  s h e a r  m o d u 
lu s  < 5 0 0  N m - 2 , t h e  a p p a r a t u s  o f  S a u n d e r s  a n d  W a rd  ( 1 9 5 4 )  w a s  
u s e d .  I n c r e a s e d  s e n s i t iv i ty  w a s  o b t a i n e d  b y  r e p la c in g  t h e  m e r c u r y  in  
t h e  m a n o m e t e r  w i t h  c a r b o n  t e t r a c h lo r id e .

A  n u m b e r  o f  m e a s u r e m e n t s  o f  r u p t u r e  s t r e n g th  w e re  m a d e  a t  
t e m p e r a t u r e s  d i f f e r e n t  f r o m  a m b ie n t  t e m p e r a t u r e  ( 2 0 - 2 5 ° C )  u s in g  
t h e  “ S in g le  P u n c tu r e  M a t u r o m e t e r ”  d e s c r ib e d  b y  H u n t in g to n  a n d  
R u t l e d g e  ( 1 9 7 4 ) .  T h i s  i n s t r u m e n t  is p o r t a b l e  a n d  c o u ld  b e  u s e d  in  
d i f f e r e n t  c o n s t a n t  t e m p e r a t u r e  r o o m s  w i th in  t h e  r a n g e  0  -  5 0 ° C  
( ± 1 ° ) .  T h e  g e ls  w e r e  s e t  in  c r y s ta l l iz in g  d i s h e s  o f  d i a m e te r  1 3 .5  c m

T able 1 —In trinsic  v is c o s ity 3 a n d  degree  o f  m é th o x y la t io n  o f  th e  
p e c tin  p re p a ra tio n s

Pectin
DM
(%)

It?)
imLg M

A 93.0 306
B 72.3 340
C 69.7 306
D 64.9 254

a Measured in 0 .04  mol L  1 phosphate buffer at pH = 7.12,  at 2 5 ° C .

ETHANOL (g /kg)

Fig- 2 —R u p tu re  s tren g th  (R S) o f  gels p re p a re d  fro m  p e c tin s  B (3 .3  
g /k g ) , C  (3 .6  g /k g )  a n d  D  (3 .4  g /k g )  in so lu tio n s  co n ta in in g  e th an o l.

a n d  t h e  p r o b e  h a d  a  c ro s s - s e c t io n a l  a r e a  o f  4 . 5 2  c m 2 . T h is  a p p a r a t u s  
g a v e  v a lu e s  f o r  r u p t u r e  s t r e n g th  s im i la r  t o  t h o s e  o b t a i n e d  u s in g  th e  
I n s t r o n ;  t y p i c a l ly ,  a g e l  c o n ta in in g  7 .2  g /k g  p e c t i n  B a n d  2 3 0  q /k g  
e t h a n o l  h a d  r u p t u r e  s t r e n g th  o f  1 .4 8  k N m “ 2 m e a s u r e d  w i th  t h e  
m a t u r o m e t e r  a n d  1 .2 0  k N m - 2  m e a s u r e d  w i t h  t h e  I n s t r o n .

M e a s u r e m e n t  o f  g e l th r e s h o ld

S o lu t io n s  o f  a p p r o p r i a t e  c o m p o s i t i o n ,  c o v e r in g  a  r a n g e  o f  
c o n c e n t r a t i o n s  o f  p e c t in  o r  c o s o lu t e ,  w e r e  p r e p a r e d  in  s c r e w - c a p p e d  
f l a t  b o t t o m e d  s c in t i l l a t i o n  v ia ls  o f  i n t e r n a l  d i a m e t e r  2 .4  c m ,  lO g  o f  
s o lu t io n  to  e a c h  v ia l .  T h e  s o lu t io n s  w e re  a l lo w e d  t o  e q u i l i b r a t e  f o r  
18  h r  a n d  t h e  v ia ls  w e re  t h e n  g e n t ly  i n v e r te d .  A  s o lu t io n  w h ic h  r e 
m a in e d  in  p o s i t i o n  in  t h e  v ia l  w a s  c o n s id e r e d  t o  h a v e  g e l le d .

RESULTS & DISCUSSION

G e l s  p r e p a r e d  w i t h  e t h a n o l ,  t - b u t a n o l  o r  d i o x a n e

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

e t h a n o l  o r  t - b u t a n o l .  F i g .  2  a n d  3  s h o w  h o w  t h e  r u p t u r e  

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

r e s u l t s  a p p e a r  t o  r e f l e c t  t h e  e f f e c t s  o f  t h e  c o s o l u t e s  o n  
h y d r o p h o b i c  i n t e r a c t i o n  b e t w e e n  p a i r s  o f  C H 3 - g r o u p s .  
T h e s e  e f f e c t s  h a v e  b e e n  i n v e s t i g a t e d  u s i n g  m o d e l  s y s t e m s  
( O a k e n f u l l  a n d  F e n w i c k ,  1 9 7 9 ) .  D i o x a n e  w e a k e n e d  h y d r o -  

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

f - b u t a n o l  s t r e n g t h e n e d  h y d r o p h o b i c  i n t e r a c t i o n  a s  s h o w n  
i n  F i g .  4 .  T h e  f r e e  e n e r g y  o f  h y d r o p h o b i c  i n t e r a c t i o n  b e 

t w e e n  a  p a i r  o f  C I-1 3 - g r o u p s  ( A G h i )  i n i t i a l l y  b e c a m e  m o r e  
n e g a t i v e  w i t h  t h e  a d d i t i o n  o f  a l c o h o l ,  r e a c h e d  a  m i n i m u m  
v a l u e  a n d  t h e n  i n c r e a s e d  ( O a k e n f u l l  a n d  F e n w i c k ,  1 9 7 9 ) .  

F o r  g e l s  f o r m e d  i n  t h e  p r e s e n c e  o f  e t h a n o l  o r  f - b u t a n o l ,  
m a x i m u m  r u p t u r e  s t r e n g t h  o c c u r r e d  a t  a b o u t  t h e  s a m e  c o n 
c e n t r a t i o n  a s  m a x i m u m  h y d r o p h o b i c  i n t e r a c t i o n .  D i o x a n e  
a f f e c t e d  g e l a t i o n  d i f f e r e n t l y .  A  l a r g e  c o n c e n t r a t i o n  ( > 3 5 0  
g / k g )  o f  i t  w a s  r e q u i r e d  f o r  p e c t i n  t o  g e l  a n d  g e l a t i o n  w a s  

p r e s u m a b l y  i n d u c e d  b y  t h e  l o w  d i e l e c t r i c  c o n s t a n t  w h i c h  
w o u l d  s t a b i l i z e  p o l a r  i n t e r a c t i o n s .  A  s o l u t i o n  o f  3 5 0  g / k g  
d i o x a n e  i n  w a t e r  h a s  a  d i e l e c t r i c  c o n s t a n t  o f  4 9 . 0  w h e r e a s  
t h e  a l c o h o l  s o l u t i o n s  t h a t  w e r e  s j u d i e d  h a d  d i e l e c t r i c  

c o n s t a n t s  w i t h i n  t h e  r a n g e  6 0 - 7 0  ( A k e r l o f ,  1 9 3 2 ;  B r o w n  
a n d  I v e s ,  1 9 6 2 ) .

(g/kg)

COSOLUTE

Fig. 3 —R u p tu re  s tren g th  (R S ) o f  gels p re p a re d  fro m  p e c t in  C (3 .6  
g /k g )  in so lu tio n s  co n ta in in g  t-b u ta n o l ( • )  o r  d io x a n e  ( • ) .
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T h e r e  i s ,  a s  y e t ,  n o  s a t i s f a c t o r y  t h e o r e t i c a l  r e l a t i o n s h i p  

b e t w e e n  r u p t u r e  s t r e n g t h  a n d  i n t e r m o l e c u l a r  f o r c e s  ( M i t c h 
e l l ,  1 9 8 0 ) .  I t  i s  p o s s i b l e ,  t h o u g h ,  t o  r e l a t e  t h e  g e l  t h r e s h o l d ,  

o r  m i n i m u m  c o n c e n t r a t i o n  o f  p o l y m e r  w h i c h  w i l l  f o r m  a  
g e l  ( C m ) ,  t o  t h e  t h e r m o d y n a m i c s  o f  j u n c t i o n  z o n e  f o r m a 
t i o n  ( P o u r a d i e r ,  1 9 6 7 ) .  T h e  s t a n d a r d  f r e e  e n e r g y  o f  f o r m a 

t i o n  o f  j u n c t i o n  z o n e s  ( A G ° j )  is  r e l a t e d  t o  C m  b y  t h e  e x 
p r e s s i o n

A G ° j  =  Q  +  R T  5 n  C m  ( 1 )

w h e r e  Q  i s  a  c o n s t a n t  ( s e e  a p p e n d i x ) .  F i g .  5  s h o w s  h o w  R T  
£ n  C m  v a r i e s  w i t h  t h e  c o n c e n t r a t i o n  o f  e t h a n o l .  T h e  e x p e r i 
m e n t a l  m i n i m u m  v a l u e  a g a i n  c o i n c i d e  w i t h  m a x i m u m  h y 
d r o p h o b i c  i n t e r a c t i o n .

T h e  c u r v e  i n  F i g .  5  w a s  c a l c u l a t e d  b y  a s s u m i n g  t h a t  t h e  

c o n t r i b u t i o n  t o  A G  j f r o m  p o l a r  i n t e r a c t i o n s  w a s  i n v e r s e l y  

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

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

o f  C H 3 - g r o u p s  ( A G ° h i ) .  T h u s

A G ° j  =  A  +  B A G ° H i  +  C / e  ( 2 )

w h e r e  A ,  B  a n d  C  a r e  c o n s t a n t s .  V a l u e s  o f  A G ° h i  w e r e  
toa k e n  f r o m  O a k e n f u l l  a n d  F e n w i c k  ( 1 9 7 9 )  a n d  o f  e  f r o m  
A k e r l o f  ( 1 9 3 2 ) .  T h e  t h r e e  c o n s t a n t s  c o u l d  t h e n  b e  e s t i 
m a t e d  b y  m u l t i p l e  l i n e a r  r e g r e s s i o n .  T h e  v a l u e s  o b t a i n e d  

w e r e :  A  =  6 3 . 5 ,  B  =  8 . 6 0  a n d  C  =  —3 1 7 0 .  T h e  c o e f f i c i e n t  
o f  r e g r e s s i o n  w a s  0 . 8 7 7 .

S i n c e  t h e  v a l u e  o f  B  is  t h e  e f f e c t i v e  n u m b e r  o f  C H 3 - 

C H 3 h y d r o p h o b i c  i n t e r a c t i o n s  p e r  j u n c t i o n  z o n e  i t  i s  p o s 
s i b l e  t o  c a l c u l a t e  t h e  l o w e r  l i m i t  o f  t h e  m e a n  s i z e  o f  t h e  

j u n c t i o n  z o n e s  f r o m  t h i s  r e s u l t .  T h e  p e c t i n  w a s  6 9 . 7 %  
e s t e r i f i e d ,  c o n s e q u e n t l y ,  i f  t h e  e s t e r i f i e d  g l u c u r o n i c  a c i d  
u n i t s  a r e  r a n d o m l y  d i s t r i b u t e d  a l o n g  t h e  p o l y m e r  c h a i n ,  
t h e  p r o b a b i l i t y  o f  t w o  m e t h y l  g r o u p s  b e i n g  a d j a c e n t  i n  a  
j u n c t i o n  z o n e  is  ( 0 . 6 9 7 ) 2 . T h u s  t h e  8 .6  p a i r s  o f  C H 3 -  
g r o u p  i n t e r a c t i o n s  p e r  j u n c t i o n  z o n e  w o u l d  o c c u r  i f  t h e  
j u n c t i o n  z o n e s  c o n s i s t e d  o f  t w o  s t r a n d s  o f  p o l y m e r ,  e a c h  
c o n t a i n i n g  a n  a v e r a g e  o f  8 . 6 / ( 0 . 6 9 7 ) 2 =  1 8  m o n o m e r  u n i t s .  
H o w e v e r ,  t h e  j u n c t i o n  z o n e s  a r e  l i k e l y  t o  b e  l a r g e r  t h a n  t h i s  
s i n c e  t h e  c h a i n s  h a v e  l i m i t e d  f l e x i b i l i t y  a n d  t h e  m e t h y l -  

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

G e l s  p r e p a r e d  w i t h  s u g a r s  o r  p o l y o l s

T h e  s u c r o s e  u s u a l l y  u s e d  t o  p r e p a r e  g e l s  o f  h i g h  m e t h -  
o x y l  p e c t i n s  c a n  b e  r e p l a c e d  b y  a  n u m b e r  o f  o t h e r  s u g a r s  o r  
p o l y o l s ,  s u c h  a s  g l u c o s e ,  f r u c t o s e ,  o r  g l y c e r o l  ( D e u e l  e t  a l . ,  

1 9 5 3 ) .  S u g a r s  a n d  p o l y o l s  c a n  s t a b i l i z e  h y d r o p h o b i c  i n t e r 
a c t i o n s  a n d  i t  h a s  b e e n  s h o w n  t h a t  t h i s  e f f e c t  e x p l a i n s  t h e  

i n c r e a s e d  t h e r m a l  s t a b i l i t y  o f  g l o b u l a r  p r o t e i n s  i n  t h e  p r e s 
e n c e  o f  c e r t a i n  s u g a r s  o r  p o l y o l s  ( B a c k  e t  a l . ,  1 9 7 9 ) .  T h e  
m a g n i t u d e  o f  t h e  e f f e c t  d e p e n d s  o n  t h e  s t e r e o c h e m i s t r y  o f  
t h e  s u g a r  o r  p o l y o l  s i n c e  t h e  s p a c i n g  a n d  o r i e n t a t i o n  o f  t h e  
h y d r o x y l - g r o u p s  d e t e r m i n e  h o w  t h e s e  c o m p o u n d s  i n t e r a c t  
w i t h  w a t e r  ( F r a n k s  e t  a l . ,  1 9 7 2 ;  T a i t  e t  a l . ,  1 9 7 2 ) .

W e  h a v e  d e t e r m i n e d  a  s e r i e s  o f  c o n c e n t r a t i o n s  o f  s u g a r s  
a n d  p o l y o l s  w h i c h  g iv e  e q u a l  f r e e  e n e r g i e s  o f  j u n c t i o n  z o n e  
f o r m a t i o n  f o r  p e c t i n  C . T h i s  w a s  d o n e  b y  m e a s u r i n g  t h e  

m i n i m u m  c o n c e n t r a t i o n  o f  s u g a r  o r  p o l y o l  w h i c h  w o u l d  
i n d u c e  g e l a t i o n  o f  a  s o l u t i o n  c o n t a i n i n g  3 . 6  g / k g  o f  t h e  p e c 
t i n  a t  2 9 8  K .  T h e s e  r e s u l t s  a p p e a r  t o  c o r r e l a t e  ( c o e f f i c i e n t  
o f  r e g r e s s i o n  =  0 . 8 1 2 )  w i t h  t h e  e f f e c t  o f  t h e  a p p r o p r i a t e  
s u g a r  o r  p o l y o l  o n  t h e  d e n a t u r a t i o n  t e m p e r a t u r e  o f  o v a l b u 

m i n  ( A T m ) a s  r e p o r t e d  b y  B a c k  e t  a l .  ( 1 9 7 9 ) .  T h e  t e r m  
A T m  i s  t h e  d i f f e r e n c e  b e t w e e n  t h e  d e n a t u r a t i o n  t e m p e r a 
t u r e  i n  a q u e o u s  b u f f e r  a n d  t h a t  i n  t h e  p r e s e n c e  o f  5 0 0  g / k g  

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

0  2 0 0  4 0 0

C O S O L U T E  g / k g

Fig. 4 —S ta n d a rd  free en erg y  o f  h y d r o p h o b ic  in te ra c tio n  (A G°/y/j 
p l o t t e d  aga in st th e  m o le  frac tion  in w a te r  o f  e th a n o l ( • ) ,  t-b u ta n o l  
(x) a n d  d io x a n e  ( • ) ,  a t  2 5 °  C ( from  O a k en fu ll a n d  F en w ick , 1979).

Fig. 5 —R T  in  Cm  p l o t t e d  aga in st th e  co n cen tra tio n  o f  eth an ol. 
The cu rve was c a lcu la ted  fro m  Eq. (2) as d e s c r ib e d  in th e  tex t.
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G E L A T IO N  O F  H IG H  M  E T H O X Y  L P E C T IN S . .  .

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

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

s p e c i f i c a l l y  o n  t h e  m o l e c u l a r  g e o m e t r y  o f  t h e  s u g a r  a n d  t h e  
i n t e r a c t i o n  w i t h  n e i g h b o r i n g  w a t e r  m o l e c u l e s .  C h e n  a n d  
J o s l y n  ( 1 9 6 7 )  h a v e  s i m i l a r l y  f o u n d  s p e c i f i c  e f f e c t s  o f  s u g a r s  

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

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

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

t h e  p e c t i n  m o l e c u l e s  ( G o l d t h w a i t e ,  1 9 0 9 ;  R e e s ,  1 9 6 9 ) .  
I f  t h i s  t h e o r y  w e r e  c o r r e c t  t h e n  s o l u t i o n s  o f  s u g a r  o r  p o l y o l  
a t  t h e  m i n i m u m  c o n c e n t r a t i o n  r e q u i r e d  f o r  g e l a t i o n  w o u l d  
h a v e  e q u a l  w a t e r  a c t i v i t y .  T h e  d a t a  p r e s e n t e d  i n  T a b l e  2  

s h o w  t h a t  t h i s  is  n o t  t h e  c a s e .

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

T h e  c h a n g e  o f  r u p t u r e  s t r e n g t h  w i t h  t e m p e r a t u r e  a l s o  
i n d i c a t e s  t h a t  h i g h  m e t h o x y l  p e c t i n  g e l s  a r e  s t a b i l i z e d  b y  
h y d r o p h o b i c  i n t e r a c t i o n s .  R u p t u r e  s t r e n g t h s  o f  g e l s  p r e 
p a r e d  f r o m  a  f i x e d  c o n c e n t r a t i o n  ( 3 . 6  g / k g )  o f  p e c t i n  C  
w e r e  m e a s u r e d  a t  t e m p e r a t u r e s  w i t h i n  t h e  r a n g e  0 - 5 0  C .  

( T h e  g e l s  w e r e  e q u i l i b r a t e d  a t  t h e  t e m p e r a t u r e  o f  t h e  m e a -

T able 2 —Values o f  m in im u m  c o n c e n tra tio n  fo r  g e la tio n  o f  p e c tin  C, 
c o rre sp o n d in g  w a te r  a c t iv i ty  a n d  e x te n t  o f  th erm a l s ta b iliz a tio n  o f  a 
series o f  sugars a n d  p o ly o ls

S u g a r o r  p o ly o l co £
 O

"|
3 M a  a dw

A T d b
(°C)

S o rb ito l 3 9 0 0 .9 3 4 14 .0
G lu co se 4 0 0 0 .9 3 2 1 5 .5
X y llto l 4 0 0 - 1 3 .0
R ib lto l 4 5 0 — 1 1 .5
M alto se 4 5 0 — 10 .0
F ru c to s e 4 6 0 0 .9 1 2 1 2 .0
S u c ro se 4 7 0 0 .9 4 4 1 1 .0

a W ater a c t iv ity  a t 
N orrish  (1 9 6 6 ) .

a c o n c e n tr a tio n of s o lu te  o f  C m a t 2 5 °C  fro m

D In crease  in th e te m p e ra tu re  o f d é n a tu ra tio n  o f o v a lb u m in  in
re sp o n se  to  a d d ed  sugar o r p o ly o l 
kg- 1  (B ack  e t  al., 1 9 7 9 ).

a t a c o n c e n tr a t io n  o f 500g

Fig. 6 —E ffe c t  o f  tem p era tu re  on  th e ru p tu re  s tren g th  o f  gets. S o lid  
cu rve: 3 .6  g /k g  p e c t in  C  g e lle d  w ith  5 5 0  g /k g  sucrose . B roken  curve:  
10 g /k g  K-carrageenan.

s u r e m e n t s . )  T h e  r e s u l t s  a r e  p r e s e n t e d  i n  F i g .  6  w h i c h  i n 

c l u d e s ,  f o r  c o m p a r i s o n ,  s o m e  r e s u l t s  o f  e q u i v a l e n t  e x p e r i 

m e n t s  c a r r i e d  o u t  w i t h  K - c a r r a g e e n a n .  T h e  c u r v e  f o r  t h e  

p e c t i n  i s  s i g m o i d a l ,  w i t h  a  s m a l l  p e a k  a t ~ 3 0  , w h e r e a s  t h e  
r u p t u r e  s t r e n g t h  o f  t h e  c a r r a g e e n a n  g e l s  d e c r e a s e d  m o n o -  

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

a c t i o n s .  H y d r o g e n  b o n d s  a r e  w e a k e n e d  b y  i n c r e a s i n g  t e m 
p e r a t u r e  ( J o e s t e n  a n d  S c h a a d ,  1 9 7 4 )  w h e r e a s ,  w i t h i n  t h e  
t e m p e r a t u r e  r a n g e  0  -  5 0  C  h y d r o p h o b i c  i n t e r a c t i o n s  b e 
c o m e  s t r o n g e r  w i t h  i n c r e a s i n g  t e m p e r a t u r e  ( O a k e n f u l l  a n d  

F e n w i c k ,  1 9 7 7 ;  B e n - N a i m ,  1 9 8 0 ) .  T h e s e  c o m p e t i n g  e f f e c t s  

c o u l d  g e n e r a t e  a  c u r v e  o f  t h e  f o r m  o f  t h a t  f o r  t h e  p e c t i n  
i n  F i g .  6 . S u c h  a  c o m p l e x  r e s p o n s e  t o  t e m p e r a t u r e  h a s  n o t  
b e e n  r e p o r t e d  f o r  o t h e r  p o l y s a c c h a r i d e  g e l s  b u t  a  m a x i 
m u m  i n  r u p t u r e  s t r e n g t h  v s  t e m p e r a t u r e  f o r  p e c t i n  h a s  a l s o  

b e e n  r e p o r t e d  b y  D e u e l  e t  a l .  ( 1 9 5 3 ) .

E f f e c t  o f  d e g r e e  o f  m e t h o x y l a t i o n  o n  t h e  s i z e  
a n d  s t a b i l i t y  o f  j u n c t i o n  z o n e s

T h e  a s s o c i a t i o n  c o n s t a n t  ( K j )  f o r  t h e  f o r m a t i o n  o f  j u n c 

t i o n  z o n e s  a n d  t h e i r  n u m b e r  a v e r a g e  m o l e c u l a r  w e i g h t  ( M j )  
c a n  b e  e s t i m a t e d  f r o m  m e a s u r e m e n t s  o f  s h e a r  m o d u l u s  a t  

c o n c e n t r a t i o n s  c l o s e  t o  t h e  g e l  t h r e s h o l d  ( O a k e n f u l l ,  1 9 8 4 ) .  
T h e  r e s u l t s  o f  a  s e r i e s  o f  s u c h  m e a s u r e m e n t s  f o r  g e l s  p r e 
p a r e d  f r o m  t h e  f o u r  p e c t i n s  A ,  B ,  C  a n d  D  a r e  s h o w n  i n  

F i g .  7  ( t h e s e  g e l s  a l l  c o n t a i n e d  5 5 0  g / k g  s u c r o s e ) .  F r o m  
t h e s e  d a t a  w e  c a l c u l a t e d  v a l u e s  f o r  K j a n d  M j a n d  a l s o  t h e  
n u m b e r  a v e r a g e  m o l e c u l a r  w e i g h t  o f  t h e  p o l y m e r  ( M )  a n d  
t h e  n u m b e r  o f  c r o s s - l i n k i n g  l o c i  p e r  j u n c t i o n  z o n e  ( n )  
( T a b l e  3 ) .

I n  e a c h  c a s e  t h e  n u m b e r  o f  c r o s s - l i n k i n g  l o c i  p e r  j u n c 
t i o n  z o n e  w a s  c l o s e  t o  t w o ,  w h i c h  is  c o n s i s t e n t  w i t h  m o d e l  
b u i l d i n g  s t u d i e s  ( R e e s  a n d  W i g h t ,  1 9 7 1 )  a n d  t h e  p o l y m e r  

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

f o r  c o m m e r c i a l  p e c t i n  p r e p a r a t i o n s  ( J o r d a n  a n d  B r a n t ,
1 9 7 8 ) .

Fig. 7 —S h ear m o d u lu s  a t  2 5 ° C o f  p e c t in  g e ls  a t  c o n c e n tr a tio n s  
d o s e  to  th e  g e l th resh o ld . The gets c o n ta in e d  5 5 0  g /k g  su crose .

1096 -JO U RN A L O F FO O D  SC IENCE-Vo lum e 49 (1984)



W i t h  t h e  e x c e p t i o n  o f  t h e  r e s u l t s  f o r  p e c t i n  A ,  w h i c h  

w a s  a l m o s t  f u l l y  m e t h o x y l a t e d ,  M j a n d  t h e  s t a n d a r d  f r e e  

e n e r g y  o f  f o r m a t i o n  o f  j u n c t i o n  z o n e s  ( A G ° j  =  — R T  
I n  K j )  w e r e  p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  d e g r e e  o f  
m e t h o x y l a t i o n  ( F i g .  8 ) .  T h e  s i z e  a n d  t h e r m o d y n a m i c  s t a 

b i l i t y  o f  t h e  j u n c t i o n  z o n e s  w a s  t h u s  p r o p o r t i o n a l  t o  t h e  

p r o b a b i l i t y  o f  h y d r o p h o b i c  i n t e r a c t i o n  b e t w e e n  o p p o s i n g  
e s t e r  m e t h y l  g r o u p s  i n  a d j a c e n t  l e n g t h s  o f  p o l y m e r .  T h e  
h i g h l y  e s t e r i f i e d  p e c t i n  A  a p p e a r e d  t o  g i v e  j u n c t i o n  z o n e s  

o f  m a x i m u m  s i z e ,  w i t h  c o m p l e t e  o v e r l a p  o f  t h e  p o l y m e r  

c h a i n s  (M j  =  M )  a s  s h o w n  s c h e m a t i c a l l y  i n  F i g .  9 .
T h e  v a l u e  o f  M j f o r  p e c t i n  C  w a s  e q u i v a l e n t  t o  5 7  m o n o 

m e r  u n i t s ,  c o n s i d e r a b l y  g r e a t e r  t h a n  t h e  j u n c t i o n  z o n e  s i z e  
o f  3 6  m o n o m e r  u n i t s  d e r i v e d  f r o m  t h e  e f f e c t  o f  e t h a n o l  o n  

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

t i o n a l  c o n s t r a i n t s  m a y  p r e v e n t  t h e  m e t h y l  g r o u p s  f r o m  
c o m i n g  s u f f i c i e n t l y  c l o s e  t o g e t h e r  f o r  e f f e c t i v e  h y d r o -  
p h o b i c  i n t e r a c t i o n .  I t  i s  p o s s i b l e  t o  u s e  t h e  d a t a  g i v e n  i n  
T a b l e  3  t o  e s t i m a t e  t h e  f r a c t i o n  o f  a l i g n e d  e s t e r i f i e d  g a l a c -  
t u r o n i c  a c i d  g r o u p s  w h i c h  e f f e c t i v e l y  c o n t r i b u t e d  h y d r o -  
p h o b i c  s t a b i l i z a t i o n  t o  t h e  j u n c t i o n  z o n e s .

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

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

A G ° j  =  ( p / 2 ) e 2 f  A G ° h i  +  ( p / s )  A G ° H B  -  p T A S c o n f  ( 3 )

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

f r e e  e n e r g y  o f  h y d r o p h o b i c  i n t e r a c t i o n  o f  a  p a i r  o f  C H 3 - 
g r o u p s  [ —2 . 3 4  k J / m o l e  ( B a c k  e t  a l . ,  1 9 7 9 ) ] ,  A G ° H B  
i s  t h e  n e t  h y d r o g e n  b o n d e d  i n t e r a c t i o n  p e r  p a i r  o f  m o n o 
m e r  u n i t s  a n d  A S c o n f  i s  t h e  c h a n g e  o f  c o n f i g u r a t i o n a l  e n 
t r o p y  a n d  is  p r o p o r t i o n a l  t o  f in  p  ( F l o r y ,  1 9 5 3 ) .  C o n s e 
q u e n t l y ,  t h e  f r e e  e n e r g y  c h a n g e  p e r  m o n o m e r  u n i t ,

A G ° j / p  =  1 . 1 7 e 2 f  +  0 . 5  A G ° H B  — A  f in  p  ( 4 )

w h e r e  A  is  a  c o n s t a n t .  T h e  t h r e e  s e t s  o f  v a l u e s  o f  e ,  p  a n d  

A G ° j  f r o m  T a b l e  3  t h e n  g iv e  f  =  0 . 5 7 ,  A G ° h B =  1 .3 1  
k J / m o l e  a n d  A  =  0 . 1 7 7 .  I f  t h e  f a c t o r  f  i s  i n c l u d e d  i n  t h e  
c a l c u l a t i o n  o f  t h e  s i z e  o f  j u n c t i o n  z o n e s  f r o m  t h e  e f f e c t  o f  
e t h a n o l  o n  t h e  g e l  t h r e s h o l d ,  t h e  r e s u l t  b e c o m e s  3 6 / 0 . 5 7  =  
6 3  m o n o m e r  u n i t s  w h i c h  i s  c l o s e  t o  t h e  r e s u l t  f r o m  s h e a r

Fig. 8 —N u m b e r  average m o lecu la r  w e ig h t o f  ju n c tio n  zo n e s  (Mj) 
a n d  th e  s ta n d a rd  free en erg y  o f  fo rm a tio n  o f  ju n c tio n  zo n e s  ( A G ° j)  
p lo t t e d  a g a in st th e  squ are  o f  th e  deg ree  o f  m e th o x y la tio n  (e?).

m o d u l u s  m e a s u r e m e n t s  g i v e n  i n  T a b l e  3 .

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

c o n t r i b u t i o n s  t o  t h e  s t a b i l i z a t i o n  o f  j u n c t i o n  z o n e s  f r o m  

h y d r o p h o b i c  i n t e r a c t i o n s  a n d  h y d r o g e n  b o n d s .  C o n s i d e r 
i n g  p e c t i n  C  a s  a  t y p i c a l  e x a m p l e ,  t h e  h y d r o p h o b i c  t e r m  

i n  E q .  ( 3 )  h a s  t h e  v a l u e  — 1 8 . 6  k J / m o l e ,  t h e  h y d r o g e n  b o n d 
i n g  t e r m  i s  —3 7 . 5  k J / m o l e  a n d  t h e  c h a n g e  i n  c o n f i g u r a t i o n 

a l  e n t r o p y  i s  e q u i v a l e n t ,  i n  t e r m s  o f  f r e e  e n e r g y ,  t o  4 1 . 1  
k J / m o l e .  T h e  c o n t r i b u t i o n  f r o m  h y d r o g e n  b o n d i n g  i s  t w i c e  

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

CONCLUSIONS
T H E  N E T W O R K  o f  p o l y s a c c h a r i d e  m o l e c u l e s  i n  g e l s  o f  
h i g h  m e t h o x y l  p e c t i n s  i s  s t a b i l i z e d  b y  a  c o m b i n a t i o n  o f  

h y d r o p h o b i c  i n t e r a c t i o n s  a n d  h y d r o g e n  b o n d s .  T h e  c o n t r i 
b u t i o n  f r o m  h y d r o p h o b i c  i n t e r a c t i o n  t o  t h e  f r e e  e n e r g y  o f  
f o r m a t i o n  o f  j u n c t i o n  z o n e s  i s  h a l f  t h a t  f r o m  h y d r o g e n  
b o n d i n g  b u t  i s  a n  e s s e n t i a l  r e q u i r e m e n t  s i n c e  h y d r o g e n  
b o n d i n g  a l o n e  i s  i n s u f f i c i e n t  t o  o v e r c o m e  t h e  e n t r o p i e  
b a r r i e r  t o  g e l a t i o n .

J u n c t i o n  z o n e s  c o n s i s t  o f  t w o  a d j a c e n t  s e g m e n t s  o f  p o l y 
s a c c h a r i d e  c h a i n  v a r y i n g  i n  l e n g t h  f r o m  1 8  t o  a b o u t  2 5 0  

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

T h e  r e q u i r e m e n t  f o r  a  h i g h  c o n c e n t r a t i o n  o f  s u c r o s e  

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

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

T able  3 —N u m b e r  average m o lecu la r  w e ig h ts  o f  th e  p o ly m e r  an d  
ch a ra c ter is tic s  o f  th e  ju n c tio n  zo n e s  c a lcu la ted  fro m  m ea su rem en ts  
o f  sh ear m o d u lu s  o f  p e c tin  gels c o n ta in in g  5 5 0 g  k g ~ 1  su cro se

Pectin M a M j b
No. of m onom er 

units/junction zone K jc nd

A 92 000 9 2  000 497 — 2.01
B 249  000 25 000 135 1380 2.08
C 113 000 10 600 57 420 2.03
D 38 000 6 230 34 70 1.97

® Number average molecular weight of the polymer.
°  Number average molecular weight of the ju nct ion  zones.  
c Association constant for the formatio n of ju nct ion  zones ;  In units 

of L  mol- 1 .
a Number of cross-linking loci per junct ion zone.

Fig. 9 — S ch e m a tic  d iagram  o f  a g e l n e tw o r k  w ith  m a x im u m  overlap  
o f  th e p o ly m e r  chains.
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G E L A T IO N  O F  H IG H  M E T H O X Y L  P E C T I N S . . .

APPENDIX

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

A t  t h e  g e l  t h r e s h o l d  t h e r e  i s  a  c e r t a i n  c r i t i c a l  n u m b e r  j 

o f  j u n c t i o n  z o n e s  p e r  p o l y m e r  m o l e c u l e  ( F l o r y ,  1 9 5 3 ;  
P o u r a d i e r ,  1 9 6 7 ) .  T h e  v a l u e  o f  j  m u s t  r e m a i n  a r b i t r a r y  s i n c e  
t h e  g e l  t h r e s h o l d  i s  i t s e l f  a r b i t r a r i l y  d e f i n e d  ( b y  w h e t h e r  
o r  n o t  t h e  g e l  r e m a i n s  f i x e d  i n  p o s i t i o n  i n  a  t u b e  o n  i n v e r 

s i o n ) .  I f  C m  i s  t h e  g e l  t h r e s h o l d ,  t h e  m i n i m u m  c o n c e n t r a 
t i o n  o f  p o l y m e r  t h a t  w i l l  f o r m  a  g e l ,  t h e  n u m b e r  o f  j u n c 
t i o n  z o n e s  p e r  u n i t  v o l u m e ,

J = j N a v C m / M  ( 1 )

w h e r e  N av  i s  A v o g a d r o ’s  n u m b e r  a n d  M  i s  t h e  n u m b e r  a v e r 
a g e  m o l e c u l a r  w e i g h t  o f  t h e  p o l y m e r .  A s s u m e  n o w  t h a t  
t h e r e  a r e  a n  a v e r a g e  o f  £  c r o s s - l i n k i n g  l o c i  p e r  p o l y m e r  
m o l e c u l e ,  t h e n  t h e  n u m b e r  o f  s u c h  l o c i  p e r  u n i t  v o l u m e  o f  
g e l  i s

L  =  £ N a v C m / M  ( 2 )

I f  n  o f  t h e s e  l o c i  a r e  r e q u i r e d  t o  f o r m  a  j u n c t i o n  z o n e ,
t h e n  b y  t h e  l a w  o f  m a s s  a c t i o n ,  t h e  a s s o c i a t i o n  c o n s t a n t

K  =  J / L n =  j  ( N a v C m / M ) 1 ~ n / £ n  ( 3 )

T h e r e  i s  e v i d e n c e  t h a t  i n  t h e  c a s e  o f  p e c t i n  g e l s  t h e  j u n c 
t i o n  z o n e s  c o n s i s t  o f  s e g m e n t s  f r o m  o n l y  t w o  p o l y m e r  
m o l e c u l e s ,  i . e .  n  =  2  ( R e e s  a n d  W i g h t ,  1 9 7 1 ;  O a k e n f u l l ,
1 9 8 4 ) .  T h u s

K  =  ( j M / N a v £ 2 ) .  1 / C m  ( 4 )

s o  t h a t  t h e  s t a n d a r d  f r e e  e n e r g y  o f  f o r m a t i o n  o f  j u n c t i o n  
z o n e s  i s  g i v e n  b y

A G ° j  =  — R T  £ n  K  =  R T  I n  C m  +  c o n s t a n t  ( 5 )

T h i s  t r e a t m e n t  a s s u m e s ,  o f  c o u r s e ,  t h a t  g e l a t i o n  i s  a n  e q u i 
l i b r i u m  p r o c e s s ,  s u b j e c t  t o  t h e  l a w  o f  m a s s  a c t i o n .  T h i s  

a s s u m p t i o n  a n d  t h e  l i m i t a t i o n s  i t  i m p o s e s  a r e  d i s c u s s e d  i n  
a  p r e v i o u s  p a p e r  ( O a k e n f u l l ,  1 9 8 4 ) .
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A  C o m p a r i s o n  B e t w e e n  O v a l b u m i n  G e l s  F o r m e d  b y  H e a t  a n d  b y  

G u a n i d i n i u m  H y d r o c h l o r i d e  D e n a t u r a t i o n

B. EG.ELANDSDAL

--------------------------- ABSTRACT----------------------------
O v a lb u m in  w a s  d e n a t u r e d  b y  h e a t  o r  b y  a d d i t i o n  o f  6 M  g u a n id in 
iu m  h y d r o c h lo r i d e  (G u H C l)  a t  p H  2 .5 .  D é n a tu r a t i o n  b y  h e a t  le d  to  
im m e d ia t e  g e l f o r m a t i o n  w h e r e a s  d é n a t u r a t i o n  b y  G u H C l y ie ld e d  
g e ls  o n ly  a f t e r  s u b s e q u e n t  r e m o v a l  o f  t h e  d é n a t u r a n t .  T h e  tw o  ty p e s  
o f  g e ls  f o r m e d  w e re  c o m p a r e d  b y  u s in g  t e x t u r e  m e a s u r e m e n ts .  
C h e m ic a l ly  d e n a t u r e d  m o le c u le s  h a d  t h e  l a rg e s t  h y d r o d y n a m ic  
v o lu m e  a n d  a ls o  f o r m e d  t h e  h a r d e s t  g e ls  ( p r o t e i n  c o n c e n t r a t i o n :  
6 %  w /v ) .  T h is  d i f f e r e n c e  in  g e l h a r d n e s s  w a s ,  h o w e v e r ,  m u c h  e n 
h a n c e d  i f  t h e  d é n a t u r a n t  w a s  s lo w ly  r e m o v e d  f r o m  th e  p r o t e i n  
s o lu t io n .  H e n c e ,  t h e  r a t e  o f  g e l f o r m a t i o n  a p p e a r s  t o  b e  o f  g r e a te r  
c o n s e q u e n c e  t h a n  t h e  d e g re e  o f  p r o t e i n  u n f o ld i n g  f o r  t h e  h a r d n e s s  
o f  t h e  g e ls  f o r m e d .

INTRODUCTION
G L O B U L A R  P R O T E I N S  d o  n o t  p o s s e s s  g o o d  h e a t - g e l l i n g  
p r o p e r t i e s  c o m p a r e d  t o  g e l a t i n  a n d  o t h e r  f i b r o u s  p r o t e i n s  
( B e z r u k o v  e t  a l . ,  1 9 7 8 ) .  S u b s t a n t i a l  p r o t e i n  c o n c e n t r a t i o n s  
a r e  t h e r e f o r e  r e q u i r e d  t o  o b t a i n  t h r e e - d i m e n s i o n a l  n e t 
w o r k s .  T h e  t y p e  o f  n e t w o r k  f o r m e d  v a r i e s  c o n s i d e r a b l y ,  
b o t h  a t  s h o r t  a n d  l o n g  d i s t a n c e s ,  d e p e n d i n g  l a r g e l y  u p o n  
p H  a n d  i o n i c  s t r e n g t h .  A t  h i g h  n e t  p r o t e i n  c h a r g e s  a n d  l o w  

i o n i c  s t r e n g t h s  c l e a r  a n d  u n i f o r m  g e l s  a r e  f o r m e d  b y  d i 
r e c t e d ,  l i n e a r  a g g r e g a t i o n  ( T o m b s ,  1 9 7 4 ;  C l a r k  e t  a l . ,  1 9 8 1 ) .  

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

s t a t i c  r e p u l s i o n  b e t w e e n  i n d i v i d u a l  p o l y p e p t i d e  c h a i n s .  T h e  
d e g r e e  o f  r a n d o m n e s s  u p o n  a g r e g a t i o n  a n d  t h e  t e x t u r e  o f  
t h e  r e s u l t i n g  g e l s  a r e  s u r m i s e d  t o  d e p e n d  u p o n  t h e  e x t e n t  o f  
p r o t e i n  u n f o l d i n g  ( C l a r k  e t  a l . ,  1 9 8 1 ) .  O v a l b u m i n  h a s  b e e n  
s u g g e s t e d  t o  u n f o l d  o n l y  m a r g i n a l l y  u p o n  h e a t  t r e a t m e n t  
( H o l m e ,  1 9 6 3 ;  S m i t h ,  1 9 6 4 ) .  H e a t i n g  a t  a b o u t  p H  2 . 5  i s  
a s s u m e d  t o  m a x i m i z e  t h e  l i m i t e d  t h e r m a l  u n f o l d i n g  o f  t h e  
p r o t e i n  d u e  t o  t h e  h i g h  n e t  c h a r g e  o f  t h e  p r o t e i n  a t  t h i s  p H  
( B a r b u  a n d  J o l y ,  1 9 5 2 ;  F o s t e r  a n d  R h e e s ,  1 9 5 2 ) .  I n  c o n 
t r a s t ,  d e n a t u r a t i o n  b y  c o n c e n t r a t e d  ( 6 M )  s o l u t i o n s  o f  

g u a n i d i n i u m  h y d r o c h l o r i d e  ( G u H C l )  c o n t a i n i n g  0 . 1 M  2 -  
m e r c a p t o e t h a n o l  ( 2 - M E )  y i e l d s  e s s e n t i a l l y  u n f o l d e d  o v a l 

b u m i n  m o l e c u l e s  ( A n s a r i  e t  a l . ,  1 9 7 2 ;  A h m a d  a n d  S a l a h u d -  

d i n ,  1 9 7 4 ) .
I n  t h i s  s t u d y ,  g e l a t i o n  o f  o v a l b u m i n  w a s  i n d u c e d  b y  

h e a t - t r e a t m e n t  a n d  b y  G u H C l  d e n a t u r a t i o n  a n d  t h e  e f f e c t  
o f  t h e  e x t e n t  o f  p r o t e i n  u n f o l d i n g  a n d  r a t e  o f  a g g r e g a t i o n  
o n  t h e  g e l s  f o r m e d  w a s  i n v e s t i g a t e d .  T h e  o b j e c t i v e  o f  t h e  
i n v e s t i g a t i o n  w a s  t w o - f o l d :  t o  i n c r e a s e  t h e  f u n d a m e n t a l  
k n o w l e d g e  o f  t h e  f a c t o r s  t h a t  g o v e r n  g e l  f o r m a t i o n ,  a n d  t o  

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

t e i n s .

MATERIALS & METHODS

O V A L B U M IN  w a s  i s o la te d  f r o m  f r e s h  eg g s  b y  t h e  m e t h o d  o f  
R h o d e s  e t  al.  ( 1 9 5 8 ) .

A u th o r  E gelan dsda l is a f f i l ia te d  w ith  th e N orw eg ian  F o o d  R esearch  
in s ti tu te ,  P.O . B ox  5 0 , N -1 4 3 2  A s-N L H , N o rw a y .

D e te r m in a t io n  o f  p r o t e i n  c o n c e n t r a t i o n s

P r o t e i n  c o n c e n t r a t i o n s  in  s o lu t io n s  w e re  d e t e r m in e d  f r o m  th e i r  
l ig h t  a b s o r b a n c e  a t  2 8 0  n m ,  a s s u m in g  E j % m  =  7 .1 2  (M c K e n z ie  e t  
al . ,  1 9 6 3 ) .  T o  d e t e r m in e  c o n c e n t r a t i o n s  i n  g e ls , p r e -w e ig h e d  ge ls  
w e re  s o lu b i l iz e d  in  k n o w n  a m o u n t s  o f  6 M G u H C l c o n ta in in g  0 .1  M
2 -M E . T h e  c o n c e n t r a t i o n  o f  p r o t e i n  i n  t h e  r e s u l t in g  s o lu t io n  w a s  
d e t e r m in e d  b y  t h e  p r o t e i n - d y e  b i n d in g  m e t h o d  o f  B r a d f o r d  ( 1 9 7 6 ) .

I n t r in s i c  v is c o s i ty  m e a s u r e m e n ts

T h e s e  w e re  p e r f o r m e d  w i th  a  C a n n o n - U b b e lo h d e  s e m i-m ic ro  
v i s c o m e te r  a t  5 4 °  C  o n  s o lu t io n s  a t  p H  2 .5 .  F o r  e a c h  c o n c e n t r a t i o n  
o f  p r o t e i n  t h e  r e d u c e d  v is c o s i ty  w a s  d e t e r m in e d  f o u r  t im e s  o n  
in d e p e n d e n t l y  p r e p a r e d  s o lu t io n s .  D i lu te d  s o lu t io n s  w e re  p r e p a r e d  
f r o m  t h e  m o s t  c o n c e n t r a t e d  o n e  ( 1% w /v )  b y  d i lu t in g  p r i o r  t o  h e a t  
t r e a t m e n t  w i th  a n  a c id  s o lu t io n  (p H  2 .5 )  c o n ta in in g  0 .0 0 6 M  N a C l in  
o r d e r  t o  s im u la te  i s o io n ic  d i l u t i o n  ( T a n f o r d ,  1 9 6 1 ) .  T h i s  c o n c e n t r a 
t i o n  o f  N a C l c o r r e s p o n d s  t o  t h e  c o n c e n t r a t i o n  o f  HC1 in  a n  o v a l
b u m in  s o lu t io n  ( 1% w /v )  o b t a i n e d  b y  t i t r a t i o n  o f  t h e  p r o t e i n  f r o m  
i t s  i s o e l e c t r i c  s t a t e  ( p H  =  4 .6 )  t o  p H  2 .5 .

I n t r in s i c  v i s o c i ty  [ n ]  w a s  d e t e r m in e d  b y  e x t r a p o l a t i o n  t o  z e r o  
p r o t e i n  c o n c e n t r a t i o n  u s in g  a  s t r a ig h t  l in e  c u r v e  f i t t i n g  c o m p u t e r  
p r o g r a m .  I n  t h e  p l o t  o f  [r? ] a s  a  f u n c t i o n  o f  t im e  (F ig .  1 ) , t h e  t im e s  
r e p o r t e d  a re  f r o m  t h e  m o m e n t  w h e n  h e a t - t r e a t m e n t  s t a r t e d  t i l l  t h e  
s o lu t io n  h a d  f lo w e d  h a l f -w a y  t h r o u g h  t h e  v i s c o m e te r .

P r e p a r a t i o n  o f  c h e m ic a l ly  i n d u c e d  g e ls

F r e e z e - d r ie d  p r o t e i n  w a s  w e ig h e d  o u t  a n d  d is s o lv e d  in  a n  a q u e o u s  
s o lu t io n  o f  p H  2 .5 ,  c o n ta in in g  6 M  G u H C l a n d  0 .1 M  2 -M E , t o  g iv e  
a p p r o x im a te ly  t h e  d e s i r e d  p r o t e i n  c o n c e n t r a t i o n .  T h e  a c t u a l  c o n 
c e n t r a t i o n  in  t h e  g e ls  w a s  d e t e r m in e d  a s  d e s c r ib e d  a b o v e .  T h e  p r o 
t e in  s o lu t io n  w a s  s to r e d  o v e r n ig h t  a t  a b o u t  2 2 ° C  to  e q u i l i b r a t e  t h e  
m i x t u r e .  A l iq u o ts  (2  m L )  o f  t h e  s o l u t i o n  w e re  p i p e t t e d  i n t o  d ia ly z 
in g  b a g s  ( d ia m .  1 .6  c m )  t i g h t ly  f i t t e d  w i th  p o l y t e t r a f l u o r o e t h y l e n e  
c y l in d e r s  a t  t h e i r  lo w e r  e n d s .  T h e  b a g s  w e re  c lo s e d  in  s u c h  a  
m a n n e r  as to  p r o d u c e  a  s l ig h t ly  e n h a n c e d  i n t e r n a l  p r e s s u r e  r e la t iv e  
t o  t h e  a m b ie n t  p r e s s u r e .  F in a l ly ,  t h e  b a g s  w e re  f ix e d  in  a n  u p - r ig h t  
p o s i t i o n  in  t h e  d ia ly z in g  s o lu t io n .

D ia ly s is  t e c h n iq u e  1 . E a c h  b a g  w a s  d ia ly z e d  f o r  2 4  h r  a g a in s t  
2 0 0  m L  o f  a  s t i r r e d  s o lu t io n  o f  p H  2 .5  c o n ta in in g  f i x e d  c o n c e n t r a 
t i o n s  o f  G u H C l ( 0 - 4 .5 M ) a n d  2 -M E  (0 - 0 .0 7 5 M ) .  T h e  r a t i o  b e tw e e n  
t h e  tw o  d é n a t u r a n t s  w a s , h o w e v e r ,  a lw a y s  k e p t  c o n s t a n t .

D ia ly s is  t e c h n i q u e  2 .  E a c h  b a g  w a s  p o s i t i o n e d  in s id e  a  c e l l  m a d e  
f r o m  a  s o c k e t  a n d  a  c o n e  a d a p t o r  ( s iz e  3 4 / 3 5 ,  Q u ic k f i t ) .  O n e  l i t e r  
o f  s o lu t io n  (p H  2 .5  o r  4 . 6 )  c o n t i n u o u s l y  c h a n g in g  f r o m  6 M G u H C l 
a n d  0 .1  M 2 -M E  t o  0 M  G u H C l a n d  0 M  2 -M E , r e s p e c t iv e ly ,  w a s  
p u m p e d  t h r o u g h  t h e  c e l l  in  t h e  c o u r s e  o f  2 - 2 2  h r .  S u b s e q u e n t l y ,  
3 L  o f  h y d r o c h lo r i c  a c id  (p H  2 .5  o r  4 . 6 )  w e re  p a s s e d  t h r o u g h  t h e  
c e l l .  T ire  b a g s  r e m a in e d  in  t h e  c e l ls  f o r  a  t o t a l  o f  2 4  h r .  I n  a n  e x 
c e p t i o n  t o  t h e  g e n e r a l  p r o c e d u r e  t h e  g r a d i e n t  w a s  p u m p e d  t h r o u g h  
t h e  c e ll d u r in g  t h e  c o u r s e  o f  4 7  h r  a n d  t h e  h y d r o c h lo r i c  a c id  in  3 h r .  
D é n a t u r a n t  c o n c e n t r a t i o n s  in  t h e  d i a l y s a t e / e f f l u e n t  w e re  m o n i t o r e d  
b y  c o n t i n u o u s  U V -m e a s u re m e n ts  a t  2 6 0  n m .  T h is  d ia ly s is  t e c h n iq u e  
r e d u c e d  t h e  c o n c e n t r a t i o n s  o f  G u H C l in s id e  t h e  b a g s  t o  le s s  t h a n  
1 0 ~ 4 M a s  d e t e r m in e d  b y  c o n d u c t i v i t y  m e a s u r e m e n t s  o n  a  d u m m y  
s o lu t io n .

P r e p a r a t i o n  o f  h e a t  in d u c e d  g e ls

T h e  p r o t e i n  w a s  d is s o lv e d  in  d i s t i l l e d  w a t e r  o r  i n  a  s o lu t io n  o f  
N a C l t o  g iv e  6 %  (w /v ) .  T h e  p H  w a s  a d ju s t e d  t o  2 .5  ( o r  4 . 6 )  u s in g  
0 .5 M  H Q  a n d  a l i q u o t s  o f  t h e  s o lu t io n s  w e re  t r a n s f e r r e d  to  t h e  s a m e  
ty p e  o f  d ia ly s is  b a g s  a s  d e s c r ib e d  a b o v e .  T h e  b a g s  w e re  h e a t e d  f o r  
4 0  m in  a t  a  c o n s t a n t  t e m p e r a t u r e  b e tw e e n  5 4 °  a n d  6 9 ° C  in  a  b a th  
o f  t h e  p r o t e i n  s o lv e n t  a n d  th e n  s to r e d  2 4  h r  a t  a b o u t  2 2 ° C  s u b 
m e rg e d  in  t h e  s a m e  s o lv e n t .
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Fig. 1—Reduced viscosity o f ovalbumin diluted isoionically from 1% 
(w/v) as a function o f protein concentration at pH 2.5 and 54°C. 
The samples were heat-treated for 21 min. The insert shows the 
intrinsic viscosity as a function o f time o f heating in 0.0061/1 Nad. 
The bars indicate S.E. (4 observations).

Determination of hardness
The cylindrical gels obtained were shaped to heights of 0.9 cm. 

At about 22°C these were indented in the middle and near the edge 
at 0.25 cm/min by a cylindrical plunger (0.45 cm) attached to an 
Instron Universal Testing Machine (Model TMSM). The mean 
initial slope oft the force-deformation curve is for each sample 
tested, reported as hardness.

RESULTS

Estimation o f  the intrinsic viscosity o f the 
heat-denatured protein m olecules

The reduced viscosities determined at pH 2.5 and at 
54 C are shown in Fig. 1. The straight line fitted to  the 
measured points in the main figure (r2 = 0.82) gives the 
intrinsic viscosity at the intersection with the ordinate. As 
seen from  the insert [77] did not show any significant 
tim e-dependency, being 8.3 ± 0.4 ml/g (estimated S.E.). 
The nonheated protein was found to  have [77] = 4.1 mL/g 
at 20°C.

The extent of denaturation after heating for 21 min at 
54 C was com plete (>96% ) as determined both by iso
electric precipitation (Sm ith, 1964) and by differential 
scanning calorim etry (Hegg et al., 1979).

Hardness o f heat-induced gels

Fig. 2 shows the hardness of heat-induced gels at pH 2.5 
and 4.6 as a function of the concentration of NaCl. Gel 
hardness at pH 4.6 was consistently very small while gels 
at pH 2.5 displayed strong dependence on ionic strength. 
At the latter pH there was a gradual change from trans
parent gels to  coagulates w ith increasing concentrations of 
salt whereas only coagulates were formed at pH 4.6.

The largest values for hardness obtained, were, as shown 
in Fig. 2, 84 g/cm (in 0.085M NaCl) and 7 g/cm at pH 2.5 
and 4.6, respectively.

Effect o f  temperature of heat-treatment 
on hardness o f  heat-induced gels

Gel hardness was essentially independent of the tem pera
ture at which the protein solutions were heat-treated (Fig.
3).

Fig. 2-Hardness o f 6% (w/v) ovalbumin gels as a function o f the 
concentration o f Nad. The gels were heat-induced at 54° C (pH 2.5) 
and 69° C (pH 4.6). The bars give S.E. (4 observations).

Thermal treatm ent for 40 min at tem peratures above 
65 C was deemed futile due to hydrolysis (Vaag, 1982).

Effect o f final dénaturant concentration  
(dialysis technique 1) on hardness o f  gels

After dialyzing the protein initially in 6M GuHCl and 
0.1M 2-ME against different and lower concentrations of 
dénaturants, the data shown in Fig. 4 were obtained. The 
hardness increased for decreasing equilibrium concentra
tions of dénaturants and also for a decreasing protein con
centration in the gels. The relationship between hardness 
(h) and protein concentration (Cp) was found to  be h  a  
Cp4 for all the concentrations of dénaturants investigated. 
This relationship was used to  normalize the hardness data 
whenever the results for gels at a given protein concentra
tion were desired.

The gels formed in 4.5M GuHCl were all transparent. At 
4M and at lower concentrations of GuHCl the gels were 
opaque.

For chemically induced gels containing 6% (w/v) pro
tein , the maximum value for hardness measured was 117 
g/cm. Extrapolation of curve b (Fig. 4) to zero concentra
tions of the dénaturants gave the value 118 ± 8 g/cm 
(estimated S.E.) for hardness. This value was significantly 
(5% level) higher than the maximum value obtained by any 
heat-treatm ent.

Effect o f rate o f  aggregation (dialysis technique 2) 
on the hardness o f chem ically induced gels

D énaturant concentration in the solution outside the 
dialyzing bags as a function of tim e is shown in Fig. 5 for a 
series of pumping rates, i.e. a series differing in the total 
time allowed for the concentration of dénaturants to de
crease from the original values (6M GuHCl and 0.1M 2-ME) 
to  nil. The different total times employed to  com plete the 
gradient were estimated by extrapolation of the curves a-f 
to  zero absorbance by the dialysate; the extrapolated parts 
(Fig. 5) start where the curves are discontinued at their 
lower ends. The extrapolation was carried out because the 
lower ends of the curves tended to deviate from the shape
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Fig. 3—Hardness o f 6% Iw/v) ovalbumin gels containing 0.085M 
NaCI (pH 2.5) as a function o f the temperature o f heat-treatment. 
The bars give S.E. (4 observations).

of the major, upper parts. The to ta l times of dialysis against 
gradient constitute the abscissas o f the points plo tted  in 
Fig. 6 . A linear relationship was found between time 
allowed for dialysis and gel hardness. It is notew orthy that 
the values for hardness reported in Fig. 6 are all higher than 
any value for heat-induced gels at the same protein con
centration. The maximum values for hardness obtained 
after dialysis for 24 hr, were 247 g/cm at pH 2.5 and 163 
g/cm at pH 4.6 (Fig. 6 , e t and e2 ). The minimum values for 
hardness obtained by linear extrapolation to  zero tim e of 
dialysis, was 144 ± 5 g/cm (estim ated S.E.). The gel formed 
after approxim ately 2 days of dialysis (Fig. 6 , f) was even 
harder than the maximum value reported above. However, 
this gel was not strictly comparable to  those formed after 
1 day only since this gel experienced a longer tim e of 
storage. All gels referred to  in Fig. 6 were opaque.

DISCUSSION

HEAT-DENATURED OVALBUMIN is highly prone to 
aggregation (Holme, 1963). This phenom enon constitutes 
an element o f uncertainty when deducing the conform ation 
of heat-denatured ovalbumin molecules from  hydrody
namic measurements. The dependency of the intrinsic 
viscosity upon tim e (Fig. 1) was therefore investigated in 
order to  reveal possible effects o f aggregation.

Within the tim e span relevant for the present determ ina
tion, aggregation was found to  be of no consequence. The 
value obtained for the intrinsic viscosity of the heat-dena
tured molecule was approxim ately twice the value of the 
native protein.

The intrinsic viscosity of ovalbumin in solutions of 
6M GuHCl and 0.1M 2-ME has been determ ined by Ahmad 
and Salahuddin (1974). The latter authors gave the intrinsic 
viscosities as 20 mL/g at 54°C and 33 mL/g at 20°C. The 
values for [17] at lower tem peratures were theoretically in 
accordance with a random  coil model (Ansari e t  al,  1972).

Since the intrinsic viscosity of the heat-denatured mole
cules was found to  be 8.3 mL/g at 54°C it is significantly 
smaller than the reported value for the chemically dena
tured molecules. This suggests tha t the molecules entering 
into the gels are fairly com pact and may be characterized 
as highly hydrated ellipsoids/spheres rather than random 
coils.

A hypothesis could be put forward that the increased 
degree of unfolding reflected in the larger intrinsic viscosity 
is the sole reason for chemically denatured molecules 
giving stronger gels. A protein transform ed to an expanded 
state before aggregation is induced, should be able to  form 
a larger num ber of interm olecular contacts per polypeptide 
chain than com pact molecules, thereby creating a more 
rigid network. W hether this is true or not can be investi-

GUANIDINIUM HYDROCHLORIDE(moi/i)

Fig. 4—Hardness o f chemically induced ovalbumin gels (pH 2.5) as 
a function o f GuHCl concentration. The protein was denatured in 
6M GuHCl and 0 .1M 2-ME prior to dialysis to the dénaturant con
centrations given. The bars give S.E. (3 observations).

gated by comparing gels made from  heat and chemically 
denatured proteins. The com parison should be applied to 
gels formed at the same rate o f aggregation. In this study 
gels formed at the highest possible rate o f aggregation have 
been compared.

For chemically denatured ovalbumin the hardness of gels 
can be determined from  Fig. 4 and 6 by extrapolation to  
zero concentration of dénaturants and zero tim e of dialysis 
against gradient, respectively. The values thus arrived at, 
118 and 144 g/cm, expected to  be close in magnitude, are 
not significantly different at the 5% level. Since it is con
ceivable that microheterogeneities may occur due to  inter
nal gradients o f dénaturant concentration during form ation 
of gels produced by dialysis technique 1, the observed dif
ference in hardness values is not surprising.

For heat-induced gels, high tem peratures of heat-treat
m ent favor fast aggregation. This is caused by the fact that 
aggregation closely follows dénaturation and the rate of 
dénaturation increases rapidly with increasing temperatures. 
However, no significant effect of increasing the tem perature 
o f heat-treatm ent was found in the tem perature range in
vestigated (Fig. 3). Thus the lower hardness value deter
mined for gels made from  therm ally denatured proteins, 
84 g/cm, suggests that chemically denatured proteins al
ways will form harder gels, i .e.  that the extent of protein 
unfolding is of some im portance.

The comparison has so far been made at different ionic 
strengths, i.e. the hardness of chemically induced gels at 
zero salt concentration and tha t o f heat-induced gels at 
0.085M NaCI. As is seen from  Fig. 2 the la tter concentra
tion  of salt yields the strongest heat-induced gels. Fig. 4 
shows that at low values for ionic strength, it has a limited 
im portance for gels produced from  chemically denatured
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Fig. 5—Time dependent reduction in the concentration o f GuHCI 
and 2-ME outside the dialyzing bags containing the protein.

TIME OF DIALYSIS AGAINST GRADIENT(hrs)
Fig. 6—Hardness o f ovalbumin gels 16% w/v) obtained by simul
taneously reducing the concentration o f GuHCI and 2-ME outside 
the dialyzing bags from 6-OM GuHCI and 0.1-0M 2-ME, respective
ly. The abscissas plotted were obtained by extrapolation o f the 
corresponding curves (a-f) in Fig. 5. The bars give S.E. (4 observa
tions).

proteins. Thus if the above comparison is made at an 
ionic strength of 0.085M for both types of gels, the same 
conclusion is arrived at. It must, however, be emphasized 
that the suggested effect of unfolding upon hardness of gels 
is, in any case, quite small.

Higher ionic strengths, w hether attained by a neutral salt 
or by GuHCI, prevent the form ation of strong gels. The 
form er com ponent most likely by causing too fast aggrega
tion, the latter due to  rendering the protein chain highly 
soluble and thus preventing sufficient interactions between 
chains. However, under conditions where heat-induced 
aggregation produces weak gels at low  ionic strengths, 
chemically induced aggregation is superior at producing 
strong gels. This is exemplified here at pH 2.5 and 4.6 
(Fig. 4 and 6).

The rate o f aggregation appears to  have a dram atic effect 
on the hardness of the resulting gels. Fig. 6 strongly sug
gests that the longer the times given for the form ation of 
physical bonds between the molecules, the stronger the gels 
form ed. The reason for this may be the following: when 
the initial stage of gel form ation proceeds slowly, tim e is 
allowed for reversible associations and dissociations to  take 
place. Thus, molecules which initially form  sub-optimal 
contacts have the tim e to  dissociate and subsequently estab
lish contacts w ith a more favorable free energy of interac
tion. These early formed points of strong interaction are 
very im portan t, developing in the course of the aggregation

process into irreversible bonds. The im plication is that weak 
gels result from aggregation which is to a larger extent 
kinetically, as opposed to  therm odynam ically, controlled.

The effects of refolding of the protein chain upon the 
texture of gels have not been discussed so far. Refolding, 
even though theoretically possible, is assumed to  be much 
hampered at the high protein concentrations employed 
here. Besides, even under quite favourable conditions, com 
plete refolding of this protein is hardly possible (Egelands- 
dal, 1981). U nfortunately, this makes it difficult to obtain  
an unam biguous test for different and irreversible changes 
in the protein chain caused by the two denaturation 
m ethods used here.

This investigation elucidates the problem s encountered 
in the production of gels from  globular proteins. There is 
lim ited unfolding of the denatured protein in the aqueous 
solutions em ployed and too  fast aggregation. The tex 
ture of heat-set protein gels is determ ined once the pH, 
the ionic strength and the tem perature of heat-treatm ent 
have been fixed. The parameters like degree of unfolding 
and rate of aggregation can hardly be m anipulated and an 
optim ization with respect to  the form ation of strong gels 
is never achieved.

From a pracitcal point o f view, the use of a chemical 
denaturant is o f limited interest. Some more useful implica
tions can, however, be deduced from this study.

Proteins of high net charge heat-denatured in solutions 
of low ionic strength, should produce stronger gels upon 
the slow adm inistration of a neutral salt. This should be the 
case for heat-denatured ovalbumin molecules in a salt-free 
solution at pH 2.5 (Fig. 2). In addition, the  tex ture of 
strong gels, once formed, is largely irreversible with respect 
to  later changes in the com position of the imbibed aqueous 
solution.
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A  M e t h o d  f o r  u s i n g  M e a s u r e m e n t s  o f  S h e a r  M o d u l u s  t o  E s t i m a t e  

t h e  S i z e  a n d  T h e r m o d y n a m i c  S t a b i l i t y  o f  J u n c t i o n  

Z o n e s  i n  N o n c o v a l e n t l y  C r o s s - L i n k e d  G e l s

DAV ID  OAKENFULL

-----------------------------------ABSTRACT-----------------------------------
A set of equations has been derived from which it is possible to cal
culate from measurements of shear modulus for noncovalent gels 
the association constant for the formation of junction zones, the 
number average molecular weight of the junction zones and the 
number of cross-linking loci per junction zone. It is assumed that 
the gels obey the theory of rubber elasticity and that the formation 
of junction zones is an equilibrium process subject to the law of 
mass action. The treatment is consequently valid only for very 
dilute gels at concentrations close to the gel threshold.

INTRODUCTION

THE PHYSICAL CHARACTERISTICS of a gel are the con
sequence of the form ation of a continuous, three-dim en
sional, network of cross-linked polymeric molecules (Flory, 
1953). In order to  understand more about the relationship 
between the bulk rheological properties o f gels and the 
molecular structure of gel-forming polymers it is necessary 
to  know  more about how these cross-linkages occur. We are 
concerned here specifically w ith noncovalently cross-linked 
gels in which the interm olecular forces are the relatively 
weak hydrogen bonding, electrostatic or hydrophobic in te r
actions. A high degree of cooperativity is required and these 
cross-linkages may involve a num ber of m onom er units 
which together form a “junction  zone” (Rees, 1969). 
Spectroscopic studies have provided considerable insight 
into the nature of these junction  zones (Rees, 1969; 1972). 
In the form ation of gelatin gels, for example, the strands of 
protein are linked by a m utual helical structure as shown 
schematically in Fig. 1 (Harrington and von Hippel, 1961; 
Eagland et al., 1974).

A m ethod is presented here for estimating the number- 
average molecular weight o f junction  zones and their stan
dard free energy of form ation from  measurem ents of the 
apparent shear m odulus of very weak gels at concentrations 
of polym er just above the gel threshold.

THEORY

THE THEORY of rubber elasticity (Treloar, 1975) gives 
the following relationship between shear m odulus (G) and 
the weight concentration of polym er (c):

G = cRT/M c (1)

where Mc is the num ber average molecular weight of poly
mer chains joining adjacent cross-links (active chains), R is 
the gas constant and T the absolute tem perature.

Consider unit volume of solution. If M is the num ber 
average molecular weight of the polymer, the num ber of 
polymer molecules in this unit volume is Navc/M, where 
Nav is Avogadro’s number. Thus if there are J junction  
zones per unit volume, the num ber of junction  zones per 
polymer molecule is JM /Navc and the num ber of active 
chains per polym er molecule is

Author Oakenfull is affiliated with the CSIRO Division o f Food  
Research, P.O. Box 52, North Ryde, NSW 2113, Australia.

(JM /N avc — l}
If “free ends” of the polym er chains are neglected and Mj 
is the number average molecular weight o f the junction 
zones, it then follows that the num ber average molecular 
weight of the active chains is

Mc
MjM J\  /  JM 1
Navc /  tNavc j

- l
(2)

Defining [J] = J/N av (i.e. the “molar concentration” of 
junction zones) and substituting Eq. (2) in Eq. (1) then 
gives the expression for the shear modulus:

RTc _ M [ J ] -  c 
M * M j [ J ] -  c (3)

The quantity  [J] can be calculated from  the law of mass 
action if it is assumed tha t the cross-linking loci can act as 
independent species in solution (Pouradier, 1967; Eldridge 
and Ferry, 1954). Thus,

[ J ] = K j [ L ] n (4)
where Kj is the association constant, [L] the “molar con
centration” of crosslinking loci and n the average num ber 
of these that associate to  form a junction  zone. From  Eq.
(4) and mass balance it then follows that

Kj = [J ]M jn {n(c — “ n (5)
Eq. (3) and (5) combined define the relationship between 

shear m odulus and concentration. There are four unknow n 
quantities (M, M j, Kj and n) and given sufficient sets of 
values of G and c it is possible to  optim ize their values to  fit 
experim ental data.

It is im portant to  emphasize th a t the applicability o f this 
treatm ent is severely restricted by the assumptions that 
have to  be made. Firstly, the theory of rubber elasticity 
cannot validly be applied unless the polym er chains retain 
sufficient flexibility for the gel netw ork to  obey Gaussian 
statistics. Mitchell and Blanshard (1979) have considered 
this problem in connection with polysaccharide gels and 
concluded tha t chains of more than 1000 m onom er units 
would be required. The chain lengths of the com mon gelling 
polysaccharides, such as pectin, carrageenan, and alginate, 
are of this order of length (Glicksman, 1969) but in their 
gels the average length of the active chains must be substan
tially shorter except in very dilute solutions close to  the gel 
threshold. Protein gels, particularly gelatin, appear to  follow 
the theory of rubber elasticity to  higher concentrations — 
presumably because of the greater flexibility o f polypeptide 
chains compared w ith polysaccharides (Mitchell, 1976). 
The second major assumption is that the form ation of junc
tion  zones can be treated as an equilibrium process, subject 
to  the law of mass action [Eq. (4 )] . There is an obvious 
objection to  this in tha t gels are very slow to  equilibrate, 
displaying hysteresis in their properties (Rees, 1969). This 
is a consequence of the high degree of cooperativity in the 
form ation of junction  zones; th e  process is, in some re
spects, analogous to  the folding and unfolding (dénatura
tion) of proteins in which many individually weak interac
tions cooperatively maintain the native structure. Protein
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Table 1-Number average molecular weights o f the polymer (M) and characteristics o f the junction zones (Mj, K j and n) calculated for gelatin
and pectin gels

C o n c e n t r a t i o n
range
(g/L)

Gel
p o i n t
(g/L) M Mj Kj n

G ela t in 1 1 .7  - 1 9 . 8 10 5 0  0 0 0 13 4 0 0 4.1 x 1 0 5a 3 .1 8

Pec t in :  DM = 6 4 . 9 2 .0 3  -  4 . 0 6 1.83 88 000 6 2 3 0 7 0 b 1 .97

DM = 6 9 .7 1.51 -  2 .87 0 .7 2 113  0 0 0 10 6 0 0 4 2 0 b 2 .0 3

DM = 7 2 .3 0 . 6 6  -  3 . 2 9 0 .5 6 2 4 9  0 0 0 2 5  0 0 0 13 8 0 b 2 0 8

DM = 9 3 .2 2 .4  -  4 .0 1 .46 9 2  0 0 0 9 2  0 0 0 — 201

a In u n i t s  o f  l_2 m o l — 2  b  In u n its o f  L m o l  1

Fig. 1—Schematic diagram o f the gelatin gel network. The junction 
zones are sections o f collagen triple helix in which lengths from 
three polymer chains are intertwined.

denaturation can be reversible and can be discussed in terms 
of equilibrium therm odynam ics if the solutions are suffi
ciently dilute to  avoid protein-protein interactions and sub
sequent aggregation of partly refolded protein molecules 
(Tanford, 1970). The melting of crystalline polymers can 
also be treated as a reversible process (M endellkern, 1964). 
Thus it seems reasonable to  consider the form ation and dis
sociation of junction  zones as an equilibrium process, par
ticularly in dilute gels with relatively few junction  zones.

MATERIALS & METHODS
GELS were prepared from pectins of different chain length and dif
ferent degrees of esterification as described in the accompanying 
paper (Oakenfull and Scott, 1984). All but one of the pectins were 
purified commercial products characterized by standard techniques 
(McCready, 1970). The other was a highly esterified product pro
duced by treating one of the commercial pectins with diazomethane 
(Hough and Theobald, 1963).

Measurements of shear modulus were made in a thermostatted 
room (25 ± 1°C) using the method of Saunders and Ward (1954).

Calculations
The experimental data required are values of shear modulus mea

sured at concentrations close to the gel threshold. The calculations 
can be carried out in the following sequence.

(1) Select trial values for M, Mj and n. It should usually be pos

sible to estimate values within an order of magnitude by using 
reasonable expectations for these parameters.

(2) Estimate, by extrapolation, the concentration (c0) at which 
the shear modulus becomes zero. From Eq. (3), it follows that at 
this concentration, [J] = c0/M and Kj can be calculated from Eq.
(5). This procedure reduces the number of adjustable parameters 
from four to three, vastly simplifying the calculations.

(3) Using Eq. (3) and (5), calculate G for each concentration for 
which experimental values of G are available.

(4) Calculate the sum of squares of the differences between the 
experimental and calculated values of G.

(5) Adjust M, Mj and n so as to minimize the sum of squares of 
differences. There are many methods for finding the minimum in 
the sum of squares rapidly and with high precision (see, for example, 
Kowalik and Osborne, 1968). For this work, with smoothly varying 
continuous functions it is not necessary to go past direct search 
methods. All that is required is to calculate the sums of squares with 
different values for the parameters to determine the changes needed 
to reduce the sums of squares sequentially until the minimum is 
found.

RESULTS & DISCUSSION

MEASUREMENTS of shear modulus at concentrations 
close to  the gel point have been reported for gelatin (Saun
ders and Ward, 1954) and full details of the results obtained 
for pectin gels are reported in the accom panying paper 
(Oakenfull and Scott, 1984). The values of M, Mj and n 
(and consequently K j) which gave the best fit to  these 
experim ental data were calculated and the results are sum 
marized in Table 1.

In the case of gelatin the molecular weight was within 
the range usually found for commercial gelatin preparations 
(Harrington and von Hippel, 1961; Veis, 1964). Particularly 
interesting is the finding that the best value for the num ber 
of cross-linking loci per junction  zone (n) is close to  3. 
There is strong evidence that the junction  zones in gelatin 
gels have the collagen triple helix structure (Vies, 1964) but 
it has been suggested that these helical regions might be 
partly intram olecular (Eagland et al., 1974). The evidence 
presented here suggests that the triple helices are in fact 
wholly interm olecular. The molecular weight o f the junc
tion zones (M j) indicates that the average num ber of amino 
acid residues in the triple helix is 142, or 47 per strand of 
protein. This represents about 16 turns of the triple helix 
and about 5 turns of the collagen super-helix (Rich and 
Crick, 1961). Therm odynam ic arguments lead to  qualita
tively the same conclusion indicating 8-33 turns of collagen 
triple helix per junction  zone (Rees, 1969; Pouradier, 1967).

The molecular weights calculated for the four pectins 
are again within the range usually reported for commercial 
preparations (Jordan and Brant, 1978). For these gels the 
results indicate that there are two cross-linking loci per ju n c
tion zone which is in accordance w ith other evidence (Rees 
and Wight, 1971). The size and therm odyanm ic stability of 
the junction zones are proportional to  the square of the 
fraction of esterified glucuronic acid groups of the pectin. 
This result appears to  be correct since the square o f the 
degree of esterification is proportional to  the probability 
of esterified groups being opposed in adjacent segments o f

—Continued on page 1110
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I n c r e a s e  i n  E m u l s i f i c a t i o n  A c t i v i t y  o f  S o y  L e c i t h i n - S o y  

P r o t e i n  C o m p l e x  b y  E t h a n o l  a n d  H e a t  T r e a t m e n t s

MOTOHIKO HIROTSUKA, HITOSHI TANIGUCHI, HIROSHI NARITA, and MAKOTO KITO

----------------------------------- A B ST R A C T -----------------------------------
Soy proteins were associated with soy lecithin. Soy protein isolate 
(SPI), 7S and 11S proteins complexed with lecithin were similarly 
affected by ethanol treatment to increase emulsification activity. 
By this procedure, the conformation of these proteins was changed 
resulting in aggregation. Though emulsification activity of the leci
thin SPI complex was apparently increased by boiling for 1 min, 
this treatment only caused the 11S protein component to aggre
gate resulting in better emulsification activity, regardless of whether 
it was complexed with lecithin or not. The increase in emulsification 
activity caused by ethanol treatment was not affected by NaCl, 
whereas the increase by heat treatment was reduced by NaCl. It 
seems likely that ethanol and heat treatments change the corn- 
formation of soy proteins in different ways.

INTRODUCTION

THERE ARE MANY FOODS containing oil together with 
water. It is necessary for the taste and texture of these 
foods to  make oil and water stable emulsions. Emulsifying 
activity is one of the most im portant functional properties 
of food proteins. Separate hydrophobic and hydrophilic 
regions are distributed in protein molecules (am phipathic 
structure). This structure is required for the form ation of 
emulsions. Soy protein has good functional properties for 
food processing (Kinsella, 1979). Fortification of emulsify
ing activity of soy protein increases the utilizability of soy 
protein in various foods.

Many approaches have been carried out to  change the 
emulsification properties of soy protein. Partial hydrolysis 
(Aoki et al., 1980; Aoki and Matsuura, 1976), ethanol 
treatm ent (Aoki et al., 1981), and acylation (Aoki et al.,
1978) of soy protein improve the emulsion stability under 
acidic conditions. These modifications may increase the 
hydrophobicity of soy protein. Recently, fatty  acids were 
covalently incorporated into food proteins by Haque and 
Kito (1982), Haque et al. (1982), and Haque and Kito 
(1983a, b). The lipophilized proteins have high emulsifi
cation activity.

Commercial soy lecithin is a well-known natural emulsi
fier for foods. This is produced as a by-product of soybean 
oil refining. To increase the use of soy lecithin would be 
im portant from the view point of by-product utilization 
(Szuhai, 1983). Kito and coworkers have shown that leci
thin has a strong affinity for soy proteins (Ohtsuru et al., 
1976, 1979; Kanamoto et al., 1977; Ohtsuru and Kito, 
1983).

In this paper, we attem pt to develop a soy lecithin-soy 
protein complex in food systems by enhancing its emulsi
fying activity.

Authors Narita and K ito are affiliated with the Research Institute 
for Food Science, Kyoto Univ., Uji, Kyoto 611, Japan. Authors 
Hirotsuka and Taniguchi are affiliated with Fuji OH Co., Osaka, 
Japan.

MATERIALS & METHODS

Materials
Defatted soy flour (moisture 5%, oil content 0.3%, crude protein 

50%, nitrogen solubility index 90) was obtained from Fuji Oil Co. 
(Osaka, Japan). Powdered commercial lecithin (SLP white) was 
obtained from True Lecithin Industrial Co. (Mie, Japan).

Preparation of 7S and 1 IS proteins and 
soy protein isolate (SPI)

Crude 7S and 11S protein fractions were prepared by Thanh’s 
method (Thanh et ah, 1975). The water soluble fraction was ex
tracted from defatted soy flour at 50°C for 1 hr with a 15-fold 
excess of 63 mM Tris-HCl buffer pH 7.8 containing 10 mM 2- 
mercaptoethanol and 0.025% NaN3 (Buffer 1). The insoluble 
residue was removed from the slurry, and the supernatant was 
adjusted to pH 6.6 with 5N HC1. The supernatant was then dia
lyzed at 1°C for 3 hr against 63 mM Tris-HCl buffer, pH 6.6, con
taining 10 mM 2-mercaptoethanol and 0.025% NaN3. After the 
dialysis, the precipitate was collected by centrifugation at 3000 x g 
for 10 min. The precipitate was used as crude 11S protein fraction. 
The supernatant which was separated from 11S protein fraction was 
adjusted to pH 4.6 with 5N HC1 and centrifuged at 3000 xgfo r 10 
min. The precipitate was used as the crude 7S fraction. Soy protein 
isolate (SPI) was obtained as follows: The water soluble fraction was 
extracted as described above. Then, the pH was adjusted to 4.6 
and centrifuged at 3000 x g for 10 min. The precipitate was used 
as SPI fraction. All protein fractions (1 IS, 7S, and SPI) were resolu
bilized in Buffer 1 and dialyzed to the same buffer overnight before 
use. The protein concentration of each fraction was adjusted to 4% 
in the same buffer.

Soy lecithin-soy protein complex
A suspension of commercial soy lecithin in water was added to 

4% soy protein solution and sonicated using a Branson sonifier 
(Type-200, 150W) to form the complex. The dry weight ratio of 
protein/lecithin was usually adjusted to 4:1.

Ethanol treatment
An equal volume of 99% ethanol was added to a lecithin-protein 

complex solution while stirring. After standing for 30 min at 25°C, 
the pH of the mixture was adjusted to 4.6 with HC1 and the solution 
was centrifuged at 3000 x g for 10 min. The precipitate was washed 
twice with 20-fold distilled water to remove excess residual ethanol 
and then resolubilized in Buffer 1. Lecithin-protein complex thus 
treated has been termed “ethanol treated lecithin-protein complex.” 
Protein solution without lecithin was also treated in a similar man
ner to obtain the “ethanol treated protein.”

Heat treatment
Soy protein solution (2%) was heated in boiling water for 1 min 

and the temperature achieved in the protein solution was 95°C. 
Then, the solution was cooled immediately in water at 4°C. Protein 
solution without lecithin which was thus treated has been termed 
“heat treated protein” and the complex has been termed “heated 
lecithin-protein complex.”

Determination of protein
Protein was determined by the colorimetric method of Brad

ford (1976) using a Bio-Rad protein assay kit. Lyophilized SPI was 
used as a standard protein.
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Emulsification activity (EA)
The turbimetric and point determination method of Pearce and 

Kinsella (1981) was used for our purpose. Soybean oil was added 
to 3 mL of 0.4% protein solution containing 50 mM Tris-HCl buf
fer pH 7.5. The amount of soybean oil was varied in the range of 
0.2, 0.5, 1.0, 2.0, and 3.0 mL. The mixture was emulsified for 1 
min by sonication. Ten pL of the emulsion were mixed with 20 mL 
of 1% sodium dodecyl sulfate and the absorbance at 600 nm was 
measured. The data were expressed as relative values (percentage) 
compared to the untreated control samples. Duplicate experiments 
were carried out, and highly reproducible data were obtained.

Determination of hardness of emulsions
Solutions of the ethanol-treated and untreated lecithin-SPI 

complex and SPI were powdered using a spray drier. Temperature of 
inlet and outlet air flow was 160° and 80°C, respectively. Moisture 
of the samples after drying was controlled at 6 -  8%. The spray

Fig. 1—Relationship between the lecithin to soy protein isolate 
ratio and emulsification activity following ethanol treatment. 
With (o) and without (•) ethanol treatment. EA — emulsification 
activity.

Fig. 2—Effect o f  ethanol concentration on theincrease o f emulsifi
cation activity o f the lecithin-soy protein isolate complex. EA — 
emulsification activity.

dried sample (20g) and soybean oil (90g) were added to lOOg 
water and mixed with a homogenizer at 12000 rpm for 5 min. The 
resulting emulsionwas then placed in a tube (diameter; 50 mm, 
height; 10 mm) and hardness determined as viscosity with a tex- 
turometer (Zenken GTX-2). The diameter for the plunger was 10 
mm and voltage was 10V. The values of hardness were expressed 
by mm/V.

Gel filtration
Protein solution was dialyzed against 35 mM phosphate buffer 

pH 7.5 containing 10 ntM 2-mercap:oethanol, 0.4M NaCl, and 
0.025% NaN3. The sample was then applied on the Sepharose CL- 
4B column (1.0 x 85 cm) equilibrated with the same buffer. The 
amount of applied protein was 10 mg, and the flow rate was 20 mL/ 
hr. After fractionation, absorbance (280 nm) of each fraction was 
meausred.

Circular dichroism
Circular dichroism spectra between 200 and 250 nm were re

corded by a JASCO model J-500 (Japan Spectroscopic Co., Tokyo, 
Japan). The concentration of protein was 2 mg/mL and the condi
tions of measurement were at 20°C, pH 7.8, at a scanning cpeed of 
20 nm/min. The data were converted to mean residual ellipticity
[0] by using a data processor (JASCO model DP-5000); Difference 
spectra of the treated and untreated samples were obtained using 
the ame process.

RESULTS

Ethanol treatm ent of soy lecithin-soy protein com plex
As the ratio o f soy lecithin to  soy protein isolate (SPI) 

increased, emulsification activity (EA) of the protein in
creased (Fig. 1). When the lecithin-SPI com plex was treated 
w ith 50% ethanol, EA of the complex increased five times 
as much as tha t o f SPI. However, the EA of the untreated  
com plex was 2.5 times as m uch as tha t o f SPI. Effect of 
lecithin on EA reached a plateau when its ratio to  SPI was 
15-20%.

The ethanol treatm ent at a concentration of 40-60%  at 
25 C for 30 min was most effective in increasing the EA of 
the lecithin-protein (1:4) com plex (Fig. 2). Under the 
above conditions, EA of 7S and 11S proteins and tha t of 
SPI were examined. EA of ethanol treated 7S, 11 S, and SPI 
was similar to  those of the respective control proteins (Fig.
3). Though 7S, 11S, and SPI showed a twofold increase in 
their EA following the form ation of com plex with lecithin 
as compared with the control proteins, ethanol treatm ent 
enhanced the EA of the lecithin-protein com plex almost 
fivefold.

Fig. 3—Effect o f ethanol treatment on emulsification activities o f 
soy protein isolate (SPI), 11S, and 7S proteins. C, control; L, leci
thin protein complex; E, ethanol treated protein; LE, ethanol 
treated lecithin-protein complex; EA — emulsification activity.
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The hardness (viscosity) o f emulsion prepared from the 
spray-dried proteins, soybean oil and water (20 :90 :100 , 
W/W/W) was measured with a texturom eter. The emulsion 
containing the ethanol treated lecithin-SPI complex was a 
creamy paste and showed 4.1 m m /V, whereas those of the 
lecithin-SPI complex, ethanol treated SPI, and SPI gave 2.8,
2.0, and 2.0 mm/V, respectively.

Circular dichroism (CD) and gel chrom atography of 
the ethanol treated lecithin-protein complex

In order to examine the conform ational changes and 
molecular sizes of the lecithin-protein complexes follow
ing ethanol treatm ent, CD and gel filtration experiments 
were carried out. The CD spectrum of the ethanol treated 
lecithin-1 IS protein complex is shown in Fig. 4A. In the 
region of 210-230 nm, the spectrum differed the untreated 
complex. The difference spectrum  suggested the confor
mational changes were caused by the ethanol treatm ent 
(Fig. 4B). Similar changes were also seen in the case of 
the lecithin-7S protein complex following ethanol trea t
m ent (Fig. 5A and B).

The untreated lecithin-protein complex of 11S or 7S 
protein showed gel filtration profiles that were similar to  
those of the original protein (Fig. 6 and 7). However, the 
ethanol treatm ent caused aggregation of the proteins. EA 
of the main peak (fractions 1-4) shown in Fig. 6 and 7

Wavelength inmi
Fig. 4—CD spectra o f lecithin-11S protein complex: (A) ethanol 
treated lecithin-11 S protein complex (dotted), lecithin-11S protein 
complex (solid). (B) difference spectrum o f A.

retained the original activities of the respective samples 
applied on the column (Table 1). The elevated EA was 
found in the aggregated fraction (fraction 1 ). This indicated 
tha t lecithin and proteins formed a stable complex which 
could not be separated by gel filtration as described previ
ously (Ohtsuru et al., 1976; 1979; Kanamoto et al., 1977; 
Ohtsuru and Kito, 1983).

Heat treatm ent of soy lecithin-soy protein complex
It has been reported tha t heat treatm ent caused the 

polym erization of soy protein (Mori et al., 1981). We 
examined the effect of heat treatm ent. When a 4% solution 
of the lecithin-SPI (1 :4) com plex was heated in boiling 
water, EA of the complex increased about twice that of 
SPI (Fig. 8). The EA of the lecithin-SPI complex was 
apparently increased four times as m uch as following heat 
treatm ent, compared to  the unheated SPI. The maximum 
increase of EA by the heat treatm ent was lower than that 
observed with the ethanol treatm ent. Enhancem ent of the 
EA by heating was different from  that by the ethanol trea t
m ent (Fig. 9). Heat treatm ent equally increased EA of 11S 
and the lecithin-1 IS protein complex. In other words, this 
change was caused regardless of whether the lecithin-pro
tein complex was formed or not. The EA of 7S protein 
was increased by the form ation of lecithin 7S protein 
complex. However, the EA of the lecithin-7S protein 
complex was not increased by heat treatm ent.

Wavelength in mi
Fig. 5—CD spectra o f lecithin-7S protein complex: (A) ethanol 
treated lecithin-7S complex (dotted), lecithin-7S protein complex 
(solid). (B) difference spectrum o f A.
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CD and gel chrom atography of the heat treated soy 
lecithin-soy protein complex

Difference CD spectrum  of the heat treated  lecithin-7S 
protein complex, compared with the untreated sample, 
indicated little conform ational changes caused by heat 
(Fig. 10A), in contrast to  a large change in conform ation of 
the  heated lecithin-1 IS  protein (Fig. 10B). Such different 
effects of heat on the conform ation of 7S and 1 IS proteins 
may support the differences in the change of EA (Fig. 9). 
Flowever, aggregation of both 7S and 11S proteins was 
caused by heat treatm ent (Fig. 11) as was the case follow
ing ethanol treatm ent.

0  10  2 0  3 0  4 0  5 0

Fra cti on

Fig. 6 -G e l filtration o f 11S protein. C, U S  protein; E, ethanol 
treated 11S protein; L, lecithin-11s protein complex; LE, ethanol 
treated lecithin-11S protein complex. Peaks 1-4 were used for the 
determination o f emulsification activity.

Effect of NaCl on increase of EA caused by ethanol 
and heat treatm ents

In order to  see w hether the increase in EA following 
ethanol and heat treatm ents was caused by the same mech
anism, effect of NaCl concentration was examined. The in
crease in EA by ethanol treatm ent was independent o f NaCl 
concentration, whereas enhanced effect o f heat was re
duced as NaCl concentration increased (Fig. 12).

DISCUSSION

WE HAVE previously shown tha t soy proteins form  a stable

Table 1—Emulsification activity o f  fractions separated by gel filtra
tionia

Frac- Frac-  F rac-  Frac-
P ro te in  t i o n  1 t i o n  2 t i o n  3 t i o n  4

7S 4 5 0  1 4 5  1 3 0  10 0
I I S  3 3 0  10 0  1 0 5  10 0

a F r a c t i o n  n u m b e r s  as s h o w n  in Fig. 6  a n d  7.

Fig. 7—Gel filtration o f 7S protein. C, 7S protein; E, ethanol treated 
7S protein; L, lecithin-7S protein complex; LE, ethanol treated 
lecithin-7S protein complex. Peaks 1-4 were used for the determina
tion o f emulsification activity.
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Fig. 8 — Effect o f  heat treatment on  emulsification activities o f  soy  
protein isolate fSP I) and  lecithin-SPI complex. • , S P I; o ,  lecithin- 
S P I  com plex; LE ,  ethanol treated lecithin-SPI complex.

Fig. 10— Difference C D  spectra o f  heat treated lecithin-7S (A ) or 
1 1S (B) protein com plex as com pared to respective untreated 
complexes.

complex w ith lecithin by sonication (Ohtsuru et al., 1976, 
1979; Kanamoto et al., 1977; Ohtsuru and Kito, 1983). 
The lecithin soy-protein complex has a higher EA than does 
soy protein. The EA of the lecithin-soy protein complex 
was enhanced by ethanol treatm ent. The conform ation of 
soy proteins was changed by this treatm ent, and their aggre
gation occurred. In the process of aggregation, lecithin was 
firmly associated w ith the soy protein, and the final prod-

Fig. 9 — Effect o f heat treatment on  emulsification activity o f  soy  
protein isolate (SP I), 7S, and 1 1S proteins. C, control; L, lecithin- 
protein com plex; H, heat treated protein; LFI, heat treated lecithin- 
protein com plex; E.A., emulsification activity.

Fig. 11— Gel filtration o f  heated lecithin-7S or 11S protein com 
plexes. 7 S  LH , heat treated lecithin-7S protein com plex; 11S LFI, 
heat treated lecithin-1 I S  protein complex.

ucts of partially denatured lecithin-soy protein complex 
may contain polymerized proteins w ith am phipathic struc
ture where hydrophobic surface may have increased.

Heat treatm ent, however, affected only 11S protein to 
be aggregated to  increase EA, regardless o f whether lecithin- 
protein complexes were formed or not, whereas aggregation 
of 7S protein caused by heat treatm ent did not increase its 
EA. Heat denaturation of 11S protein was suppressed by 
high ionic strength (Iwabuchi and Shibasaki, 1981). Reduc
tion  of enhancem ent of EA in the presence of high NaCl 
concentration (Fig. 12) suggests relationship between dena
turation  and the increas of EA. However, increase of EA 
by ethanol treatm ent was not affected by NaCl. Hence, 
aggregation of soy proteins seems necessary but not suffi
cient for enhancement of EA.

From some lines of evidence, it seems likely that ethanol 
and heat treatm ents change the conform ation of soy
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protein in different ways. It is noted that undesirable flavors 
were removed during the ethanol treatm ent. The ethanol 
treated lecithin-SPI complex is expected to  be widely 
used for hum an foods.
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C a l c i u m  F o r t i f i c a t i o n  o f  S o y  M i l k  w i t h  

C a l c i u m - L e c i t h i n  L i p o s o m e  S y s t e m

MOTOHIKO HIROTSUKA, HITOSHI TANIGUCHI, HIROSHI IMARITA, and MAKOTO KITO

------------------------------  ABSTRACT -------------------------------
Calcium ion was enveloped with a membrane system before addition 
to soy protein to prevent soy protein from being coagulated and 
precipitated by calcium ion. Soy lecithin was first sonicated in cal
cium salt solution to envelop the calcium ion with a liposomal struc
ture composed of lecithin. Then, the calcium-lecithin liposomes 
were added to soy protein solution. Precipitation and coagulation 
were not observed in this soy protein-lecithin liposome system con
taining 60 mM Ca2+. By this method, it was possible to prepare 
calcium fortified soy milk containing more calcium (120 mg/100g) 
than in cow’s milk. These results suggest that this calcium-lecithin 
liposome system is useful for calcium fortification of soy milk.

INTRODUCTION
MUCH ATTENTION has been given to  soy milk and soy 
protein beverages as they are considered to  be healthy 
foods. Soybean contains high quality protein, tocopherol 
and essential fatty  acids. In addition, soy milk has no 
cholesterol (Hashimoto, 1983; Saio, 1983). However, soy 
milk is inferior to  cow’s milk in two areas. One is a problem 
of off-flavor (so called beany flavor). Different procedures 
have been used to  diminish this flavor (Fujim aki et al., 
1968; Chiba et al., 1979). The other is the problem o f poor 
mineral balance for human nutrition, which has not yet 
been solved.

Calcium content in soybeans is about 240 mg/lOOg 
(O’Dell and Boland, 1976; Rham and lo st, 1979). It is 
difficult to  increase the calcium concentration in soy milk, 
since soy protein is coagulated and precipitated by cal
cium-protein interaction (Saio et al., 1967). The coagulated 
soy protein is not suitable for beverages. Weingartner et al.
(1983) made a soy protein beverage containing a heter
ogenous suspension consisting of calcium citrate and 
calcium phosphate. However, they found it difficult to 
make a homogenous and stable soy protein solution con
taining more than 100 mg/ lOOg free calcium ion.

Kito and coworkers (Ohtsuru et al., 1976, 1979; Oht- 
suru and K ito, 1983; Kanamoto et al., 1977) showed that 
soy lecithin formed a multi-layer membrane structure by 
sonication and that the lecithin was associated with soy 
proteins.

The purpose of this study was to  prepare soy milk 
containing a high am ount of calcium. In order to  prevent 
soy protein from being coagulated by calcium ion, we tried 
to envelop calcium ion within a membrane system to 
prevent direct contact of calcium ion w ith soy protein.

MATERIALS & METHODS

Materials
Dehulied soybean and defatted soy flour were obtained from 

Fuji Company (Osaka, Japan). Powdered soy lecithin was obtained 
from True Lecithin Industrial Company (Mie, Japan). All other

Authors Narita and K ito  are affiliated with the Research Institute 
for F o o d  Science, K y o to  Unit/., Uji, K y o to  611, Japan. Au thors  
Hirotsuka and  Taniguchi are affiliated with Fu ji O il Co., Osaka, 
Japan. Inquiries should  be directed to Dr. Kito.

reagents used in this study were of food additive grade according to 
Japanese regulations.

Preparation of lecithin liposomes
One part of a 10% lecithin in water suspension was added to 19 

parts of aqueous solutions of calcium lactate of various concentra
tions. The mixtures were then sonicated using a Branson soriifer 
(Type 200, 150W) for 10 min at full power to make the mixture 
clear. The pH of every solution was adjusted to 7.0 with IN HC1 
or IN NaOH before sonication.

Preparation of soy protein isolate (SP1)
Twelve parts of hot water (50°C) were added to one part of the 

defatted soy flour, and the pH was adjusted to 7.5 with 5N NaOH. 
The mixture was stirred for 1 hr at 50°C, then centrifuged at 3000 
x g for 10 min. The supernatant was adjusted to pH 4.5 with IN 
HC1 and centrifuged at 3000 x g for 10 min. The resulting precipi
tate was washed with a tenfold volume of water and centrifuged 
again at 3000 x g for 10 min. Finally, the precipitate was dissolved 
in an appropriate amount of water by being neutralized with 5N 
NaOH. This was used as the SPI solution.

Preparation of natural soy milk
Hot water (95°C) was added (8.7-fold w/w) to soaked dehulied 

soybean (10A soybeans from U.S.A.) and ground with a food 
mixer. The slurry was centrifuged at 3000 x g for 10 min and the 
supernatant was used as natural soy milk.

Stability
The stability of soy protein-lecithin complex solution containing 

calcium salt was determined at 4°C for 1 wk. The sample which had 
no precipitation and coagulation after 1 wk was considered as stable.

Determination of protein
Protein content was determined by the colorimetric method of 

Bradford (1976) using a Bio-Rad protein assay kit. Lyophilized SPI 
was used as a standard protein.

RESULTS & DISCUSSION

Calcium-soy lecithin liposomes
When lecithin suspension was sonicated with salt solu

tion, lecithin formed liposomes in which salts were en
trapped (Bangham et al., 1974). However, some of the 
cations may locate around negatively charged polar head 
groups of phospholipids, and/or exist as unencapsulated 
state. Commercial soy lecithin contains more phospha- 
tidylethanolam ine than egg yolk lecithin (Hasegawa, 1981) 
and it is aggregated by calcium ion. This aggregation sup
presses the form ation of commercial soy lecithin liposomes. 
Table 1 shows the minimum concentrations of calcium salts 
which cause aggregation and precipitation of soy lecithin. 
For these experiments, 0.5% (w/w) soy lecithin was used. 
The minimum concentrations that caused lecithin to  be 
aggregated were different among these salts. Calcium 
chloride had the highest ability to  precipitate soy lecithin. 
Calcium citrate, calcium gluconate, and calcium carbonate 
did not seem appropriate for calcium fortification because 
of their low solubility. Calcium lactate, which had less 
aggregation effect on soy lecithin compared with the other 
salts, was considered as the most suitable compound for

Volume 49 (1984)-JOURNAL OF FOOD SCIENCE-1111



C A L C I U M  F O R T I F I E D  S O Y  M I L K . . .

Table 1—M inim um  concentration for aggregation o f  lecithin b y  cal
cium  salts

Calcium salt Minimum cone (mM)

Calcium chloride 7
Calcium lactate 16
Calcium D-pantothenate 10

Table 3 — Effect o f  sodium  citrate on so y  lecithin aggregation b y  
3 0  m M  calcium  lactatea

Sodium ictrate/ 
Calcium lactate 0 

(M/M)
0.25 0.5 0.75 1.0 1.5 2.0

Aggregation X X X • • o o

a T h e  c o n c e n t r a t i o n s  o f  C a 2 +  a n d  lecithin w e r e  3 0  m M  a n d  0 . 5 % ,  

respe c t i v e l y .  X ,  a g g r e g a t i o n ;  •, t u r b i d ;  o, c lear s o l u t i o n .

Table 2 — M inim um  concentration o f chelating agents for preventing 
so y  lecithin (0.5%) from being aggregated b y  1M calcium  chloride

Chelating agent Minimum cone (M)

EDTA-4Na 1.0-1.5
Sodium citrate 1.5-2.0
Sodium meta-phosphate 2.0-2.5
Sodium poly-phosphate 3.5-4.0

Table 4 — Effect o f  lecithin on so y  protein isolate (SP I) coagulation  
b y  a m ixture o f  calcium  lactate and  sod ium  citratea

Lecithin (%) 0 0.125 0.25 0.5 0.75 1 2

Coagulation X X • o o o o

a T h e  c o n c e n t r a t i o n s  o f  r e a g e n t s  a r e  as f o l l o w s :  c a l c i u m  lactate, 

3 0  m M ;  s o d i u m  citrate, 4 5  m M ;  s o y  p r o t e i n  isolate (SPI), 3 . 5 % .  

X ,  c o a g u l a t i o n ;  •, t u r b i d ;  o, clear s o l u t i o n .

calcium fortification of soy milk. Calcium lactate, however, 
aggregated soy lecithin when it was used at high concentra
tion. In order to  reduce the soy lecithin-calcium interac
tion, some chelating agents were used. Various am ounts of 
chelating agents were added to  1M calcium ions derived 
from calcium chloride, and chelating effects (suppresion 
of aggregation) were examined (Table 2). Ethylenediamine 
tetraacetic acid (EDTA-4Na) was most effective. This 
reagent is perm itted as a food additive but is not popular 
in Japan. Sodium citrate was therefore employed as a 
chelating agent because of its acceptability and food safety. 
Table 3 shows the effect o f sodium citrate on lecithin aggre
gation caused by 30 mM calcium lactate. More than 30 mM 
sodium citrate decreased the soy lecithin aggregation.

Interaction of SPI with calcium-soy lecithin 
liposome system

In order to  prepare the lecithin liposomes w ith calcium 
lactate-sodium citrate (1 :1 .5) complex, 60 mM calcium 
lactate and 90 mM sodium citrate were sonicated with vari
ous lecithin suspensions. The m ixture was then added to an 
equal volume of 7% SPI solution, and the stability of the 
solution was examined (Table 4). The lecithin concentra
tion was varied in the suspension that was sonicated. Pres
ence of 30 mM calcium lactate and 45 mM sodium citrate 
coagulated SPI with or w ithout unsonicated lecithin. How
ever, at and above 0.5% lecithin, the calcium-protein in ter
action was com pletely suppressed.

The coagulating effect on SPI of various concentrations 
of calcium salt w ith lecithin liposomes was examined. 
The concentrations of calcium were varied from 0 - 6 0  mM 
w ith 0.5% soy lecithin, and the molar ratio of calcium 
lactate/sodium  citrate was maintained at 1:1.5. Then the 
effect of heating and soybean oil on this system were 
examined (Table 5). The SPI solution was stable up to  a 
calcium content of 60 mM w ithout heating. However, when 
heated at 100°C for 10 min, the SPI was coagulated by cal
cium ions at and above 20 mM. Since SPI was not coagu
lated at 100°C for 10 min, this may probably be due to 
the liberation of free calcium ions surrounding the polar 
head groups of soy lecithin or uncappsulated calcium ions. 
On the other hand, the system which was supplemented 
w ith soybean oil was stable even up to  40 mM Ca2+. The 
system w ithout SPI was stable when heated.

Table 5 — Effect o f  calcium  contents on coagulation o f  soy  protein  
isolate ( S P II3

2+ (mM) 
(mg/1 OOg)

0 10 20 30 40 50 60
0 40 80 120 160 200 240

No heat
— soybean oil 
+SPI

o O O O o o o

Heat
— soybean oil 
+SPI

o O • X X X X

Heat
+soybean oil 
+SPI

o 0 o O • X X

a  T h e  c o n c e n t r a t i o n s  o f  r e a g e n t s  are as f o l l o w s :  lecithin, 0 . 5 % ;  

s o y b e a n  oil, 3 % ;  S P I ,  3 . 5 % .  C a  w a s  a d d e d  in a m i x t u r e  o f  c a l c i u m  

lacjate a n d  s o d i u m  citrate (1:1.5). T h e  h e a t i n g  w a s  c a r r i e d  o u t  at 

3 7  C  f o r  1 0  m i n .  S y m b o l s  a r e  t h e  s a m e  as in T a b l e  4.

was prepared by the use of soy lecithin liposome system as 
mentioned above. All reagents were divided into two 
groups (groups A and B). Group A consisted of calcium 
lactate (920 mg), sodium citrate (1.3g), soy lecithin (500 
mg), and water (40.8g) w ith sonication. Group B con
sisted of soybean oil (3g), SPI (3.5g), and water (50g). 
The samples were prepared by three different processes 
(T -l, T-2, and T-3). T-l was prepared by mixing groups A 
and B directly and storing at 4 C. T-2 was treated by the 
same process as T-l except for sterilization (100 C, 10 min) 
before storage at 4 C. In T-3, groups A and B were steril
ized separately at 100 C for 10 min, im m ediately cooled 
to 4 C, then mixed and stored at 4°C. After storage for 1 
wk, a little precipitation was observed in T-2 sample but 
there was no precipitation nor coagulation in T-l and T-3 
samples.

Calcium fortified natural soy milk
Calcium fortified natural soy milk was prepared by 

employing the liposome system. Twenty milliliters of leci
thin liposome solution containing 130 mM calcium lactate, 
195 mM sodium citrate and 2% lecithin was sterilized and 
added to  67 mL of natural soy milk and stored at 4°C for 
1 wk. During storage, the soy milk was very stable w ithout 
any signs of precipitation and coagulation.

Preparation of calcium fortified model soy milk
Calcium fortified soy milk which contained more cal

cium ion (120 mg/lOOg) than cow’s milk (100 mg/lOOg)
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--------------------------------ABSTRACT-------------------------------
An anion exchange method was employed to determine phytate 
content of industrial crude and degummed soybean oil and soybean 
oil purchased at retail. The phytate content of crude oil ranged from
48.9-339.4 ppm and degummed oil ranged from 3.9-50.9 ppm phy
tate. Degumming removed from 16.1-97.1% of the phytate. Retail 
oil did not contain detectable amounts of phytate. Peroxide values 
were measured to test the effect of added phytate on the stability of 
oil exposed to heat, light and copper. In these tests phytate did not 
affect oil stability.

INTRODUCTION
PHYTIC ACID has been reported present in soybeans and 
in many soy products (Thom pson and Erdm an, 1982). A 
great deal of interest has been generated by phytate, the 
hexaphosphate salt of inositol, due to its suggested respon
sibility for lowered mineral bioavailability. Phytate has not 
been previously reported as a com ponent of crude, de
gummed or retail soybean oil.

Previous work in this laboratory has been to identify and 
quantitate phospholipids using high perform ance-thin layer 
chrom atography. HPTLC plates of polar lipid fractions of 
both crude and degummed oil contain significant am ounts 
of phosphorus at the origin (Racicot and Handel, 1980), 
and as phytate remains at the origin under similar condi
tions, the presence of phytate is implicated. Al-Kahtani et 
al. (1984) reported that the addition of FeCl2 aided in the 
removal o f phosphorus during degumming perhaps by pre
cipitation of phytate. Phytate is known to bind with m etal 
ions such as ferric, a prooxidant of oil (Beal and Lancaster,
1951). Therefore, the presence of phytate in oil may be 
advantageous in limiting the autoxidation of soybean oil. 
Phytate combined with lecithin has been patented as an 
antioxidant in Japan (Tsukagoshi et al., 1972).

Sodium phytate is a concentrated source of phosphorus, 
containing 28.2% phosphorus by weight, while phospho
lipids are 3-5% phosphorus and 6-7% in the lyso forms 
(Chapman, 1980). All sources of phosphorus in crude oil 
are im portant since the reduction in phosphorus in de
gummed oil is used to  measure degumming efficiency and 
because phosphorus content is one of the criteria used to 
determine the quality of refined oil (Beal et al., 1956).

Trace am ounts of protein have been reported in crude 
soybean oil (Kito et al., 1979) and were concluded to  be in 
a reverse micellar structure. Since phytate has been dem on
strated to  bind readily with protein (Prattley and Stanley,
1982), this may explain why hydrophilic phytate is present 
in nonpolar soybean oil. The purpose of this study was to 
quantitate phytic acid in crude, degummed and retail soy
bean oils and determ ine the effect of phytate on oil stability 
when added to  retail soybean oil.

Authors Winters and  Lohrberg are affiliated with the Dept, o f  F o o d  
Science & Technology, Univ. o f  Nebraska, L incoln, N E  68583-0919.  
A u th o r Handel is affiliated with the Dept, o f  Nutrition & F o o d  S c i
ences, Drexel Univ., Philadelphia, P A  19104.

MATERIALS & METHODS

Samples and storage
Crude and degummed soybean oils were collected on four con

secutive days from four different soybean oil processing plants in 
Lincoln, NE, Decatur, IL, Fort Wayne, IN, and Stuttgart, AR. Sam
ples were collected from one of the processors at two times during 
the year (November and February). The samples, which were pre
viously analyzed for total phosphorus and phospholipid content 
(Racicot and Handel, 1983), were stored below 0°C and were 
thawed, and warmed until clear, before being analyzed for phytate. 
Retail soybean oil was purchased from a local store.

Ion exchange method
Analysis of phytate was attempted by a modification of the 

method of Harland and Oberleas (1977). Oil (5 mL) was homog
enized with 100 mL 0.3N HC1, followed by separation and analysis 
of the aqueous extract, but recovery of phytate was not quantitative. 
The following method was then developed. One gram of anion ex
change resin (AG1-X8, Bio-Rad Laboratories) was packed into a 7 
mm i.d. x 150 mm Econo-column (Bio-Rad Laboratories) with 5 
mL IN HC1 in chloroformimethanol:water (60:40:1, v/v/v). Excess 
Cl-  was eluted from the column with 30 ml chloroform :methanol: 
water (60:30:1, v/v/v). The elutant is Cl-  free when a precipitate 
no longer forms with 1M AgN02. The sample (0.2g) was dissolved 
in 25 mL chloroform:methanol: water (60:30:1, v/v/v) and applied 
to the column. Nonphytate phosphorus compounds were eluted 
with 15 mL 0.2N HC1 in chloroform:methanol:water (60:30:1, 
v/v/v). Phytate was then eluted with 30 mL 1.5N aqueous HC1 and 
collected in 30 mL micro-Kjeldahl flasks.

Phosphorus determination
Solvent was removed from phytate containing eluates by evapo

ration over a micro burner. The remaining contents were digested 
and analyzed for phosphorus according to the method of Rouser et 
al. (1966) using half amounts of reagents. Total phosphorus was 
determined by the procedure of Racicot and Handel (1983).

Analysis of standard phytate
Sodium phytate (BDH, Gallard-Schlesinger) for use as a standard 

was dried at 110°Cfor 2 hr to determine moisture content. Gradient 
elution of phytate from the ion exchange column was performed 
according to the method of Bartlett (1982). The gradient, from
0-1N HQ, was used to determine the degree of phosphorylation of 
the BDH phytate. Aliquots of a standard solution of sodium phytate 
(50 pg/mL) were added to oil samples, then dissolved in 25 mL 
chloroform:methanol:water (60:30:1, v/v/v) and applied to the ion 
exchange column in order to determine phytate recovery.

Stability of oil with phytate
Phytate was added to commercial soybean oil as an aqueous 

solution (35 mg/mL), mixed with the oil using a Polytron homog- 
enizer (Brinkmann Instruments) then dried in a vacuum oven. In a 
similar manner, CUSO4 was added to samples. Phytate was added to 
produce phytate concentrations of 42 and 128 ppm and Cu+2 to a 
10-S M concentration. Oil samples were placed in 120 mL glass jars 
(60 mm o.d. x 70 mm) and capped, then stored at rest in an incu
bator at 63 ± 2°C. For the light stability test, phytate was added at 
50 jug/g and 150 gg/g levels with Cu+2 at 10- 5 M. These samples 
were exposed to a 40W cool white fluorescent light at a distance of 
100 mm. Oxidative stability was determined on the sample aliquots 
by the peroxide value (PV) as determined by the AOCS Official 
Method Cd 8-53 (AOCS, 1973). PV was measured biweekly and 
plotted as a function of time exposed to heat or light. Linear regres-
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Table 1 -Phytate  content and  percent o f  total phosphorus o f  crude and degum m ed oil

t~'rucie _________ ___________ Degummed__________  phytate removed

Company Day Phytate (ppm)a % of Total P Phytate (ppm)a % of Total P by degumming

A-1 1 78.6 ± 1.3 3.2 18.5 ± 0.4 7.4 76.5
2 72.3 ± 4.5 3.6 43.9 ± 3.1 46.5 39.8
3 78.0 ± 0.3 3.1 19.3 ± 10.6 10.7 75.3
4 85.2 ± 9.3 3.6 31.1 ± 1.9 24.1 57.0

A-2 1 77.8 ± 0.3 3.5 36.5 ± 2.6 19.8 53.1
2 55.4 ± 8.3 2.4 46.5 ± 6.0 30.2 16.1
3 79.0 + 11.0 3.5 19.2 ± 3.9 2.4 75.7
4 48.9 ± 8.9 2.2 38.8 ± 6.5 7.5 20.7

B 1 145.2 ± 0.1 4.1 6.4 ± 1.8 7.6 97.1
2 133.9 ± 14.1 4.1 3.9 ± 1 .5 6.0 94.6
3 126.2 ± 17.6 3.7 6.8 ± 2.0 13.6 95.6
4 123.1 ± 5.4 3.8 4.3 ± 1.0 9.6 96.5

C 1 120.1 ± 0.4 3.8 25.8 ± 0.2 8.5 72.8
2 142.8 ± 0.7 5.0 50.9 ± 10.7 9.9 81.9
3 187.0 ± 9.1 6.6 25.2 ± 2.9 6.3 83.9
4b 156.8 ± 2.8 4.5 - - -

D 1 175.5 ± 2.3 5.7 32.3 ± 3.8 6.7 86.3
2 217.1 ± 7.5 7.4 29.7 ± 5.2 7.5 81.6
3 339.4 ± 23.0 12.6 39.9 ± 4.2 10.6 88.2
4 190.4 ± 7 .7 7.2 20.9 ± 2.2 6.1 89.0

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

° D e g u m m e d  s a m p l e  w a s  b r o k e n  in s h i p m e n t .

sion was used to determine slopes of the lines and analysis of vari
ance was used to determine differences between slopes at the 0.05 
level of significance.

RESULTS & DISCUSSION

Recovery of standard phytate
Gradient elution produced a single peak of phosphorus 

for the standard phytate insuring that all six inositol car
bons were phosphorylated. Standard solutions containing 
20, 40 and 50 pig phytate were applied to  ion exchange col
umns and 94 .5 ,97 .2  and 94.4% of the phytate was recovered, 
respectively. A second trial produced yields of 103.7- 
109.7% from  duplicate standards containing 20, 30 and 40 
p$ phytate.

Phytate content
The phytate content of crude soybean oil samples 

ranged from 48.9-339.4  ppm (Table 1), Phytate in de
gummed oil ranged from  3.9-50.9 ppm ; thus, percentages 
of phytate removed by degumming ranged from 16.1- 
97.1%. Oils from  com pany A showed the most variation in 
the am ount of phytate  removed and on the average less 
phytate was removed by com pany A during degumming 
than the other companies. Com pany B was the most effi
cient in removing phytate (94.6-97.1% ). Companies C and 
D removed 72.8-89.0%  of phytate. Retail oil did not con
tain detectable phytate  using this m ethod of analysis; there
fore, phytate  must be removed in the processing steps sub
sequent to  degumming.

Effect of phytate on stability
Peroxide values of oils containing added phytate and ex

posed to  heat or light were not significantly different from 
controls held under the same conditions. In addition, oils 
containing bo th  phytate  and copper and oils containing just 
copper were also not significantly different from  the con
trols. This unexpected finding from samples containing cop
per means the effects of phytate as an antioxidant were 
not exhibited in this test system. It may be necessary to

test the effects of these hydrophilic materials in an emul
sion to see their effect.

In this study we have shown that phytate was responsible 
for a small but measurable portion  of the phosphorus of 
crude soybean oil. In degummed oil, phytate accounted for 
a larger percentage of phosphorus present in the oil and in 
one case almost half of the phosphorus came from phytate . 
The am ount of phytate removed by degumming varied 
depending on the company. Phytate was not shown to have 
any effect on oil stability in the system tested.
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-----------------------------------------A B S T R A C T ----------------------------------------

The use of color as a product coding device for consumer sensory 
testing was studied. Simple paired preference and hedonic tests were 
conducted using eight brightly colored, 2-inch round labels on a 
carbonated lemon-lime beverage packaged in 12-oz aluminum cans. 
We concluded that little or no bias exists for the eight colors when 
used in paired preference tests. For hedonic testing, an order/color 
bias was noted for some pairs of colors. With appropriate order 
balancing those effects can be understood and reduced. Therefore, 
color coding is a valid technique that can be used for consumer sen
sory testing.

IN T R O D U C T IO N

AN IDEAL CODE for sensory tests is one that is random, 
easily identified, quick and easy to  apply, easily recalled, 
and one that has no bias associated with it. It is im portant 
that the subject’s response reflects the product and not the 
code. The code must not give any clues to  the identity  of 
the product (Schaefer, 1979).

Some coding procedures do not meet those criteria. For 
example, two-digit codes and single-letter or two-letter 
codes are avoided because they may represent more than 
one meaning (for example, a panelist’s initials or age) 
(Schaefer, 1979).

Although little research has been done on color coding 
of products, there has been some research pertaining to  the 
use of color for architectural design codes and target coding. 
Evans et al. (1980) concluded that in the study of interior 
designs of buildings, people with the benefit of color coding 
perform ed better on way-finding tasks, were more accurate 
at locating places in the building with a surveyors transit, 
and made fewer errors in recall and recognition of the 
building’s floor plan than people w ithout the benefit of 
color codes.

Christ (1975) reported that a subject’s search tim e for 
targets could be at least 43% less with the use of color 
codes rather than alphanumeric symbols. Jones (1962) 
also concluded that color has a particular value in coding 
applications with visual search tasks and suggested that the 
real virtue of color as a coding device is in category coding 
(i.e. partially redundant coding) with search tasks.

The “ colors” black and white have been studied by 
Color Meaning Tests and Preschool Racial A ttitude Mea
sures by numerous authors with the conclusion that white 
is viewed more positively than black by young children 
(Best et al., 1976, 1975; Boswell and Williams, 1975; 
Iwawaki et al., 1978; Williams et al., 1975; Williams and 
Stabler, 1973). Those results indicate that color can produce 
a “biasing” effect.

For sensory testing, Gould et al. (1957) apparently used 
color codes successfully but did not present data comparing 
the codes. A three-digit code has been used with success 
and is recommended (Schaefer, 1979) as nonbiasing. How
ever, the research by Evans et al. (1980) and Christ (1975) 
implies sample selection would be faster and more accurate

Authors Beckman, Chambers, and Gnagi are affiliated with The 
Seven-Up Company, 121 S. Meramec, St. Louis, MO 63105.

with colors than with other codes. In addition, color codes 
were selected for study because they are neat, easily ob
tained, and require no additional tim e spent in printing or 
typing codes on the labels. Our experiences with color 
codes indicate that panelists could select the appropriate 
samples quickly with few errors -  an advantage that is 
im portant in unsupervised testing situations, such as home 
use testing.

The purpose of this study was to  examine the use of 
color as a non-biasing m ethod of coding sensory samples. 
Both preference and hedonic tests were conducted.

M A T E R IA L S  & M E T H O D S

Materials
Round labels (Avery International Corporation -  Avery Label 

Division), 2 inches in diameter, were purchased in eight glossy 
finished colors (Table 1). The labels (codes), one color per can, were 
applied to a carbonated lemon-lime flavored beverage packaged in 
plain 12-oz aluminum cans. The labels were backed with a solid 
black coating (Avery-Blackout P4) which did not allow the silver 
color of the can to show through and distort the color of the label. 
The beverage was a single formula produced in one batch to elimi
nate differences in products throughout the studies.

Consumers
The panelists represented consumers in the St. Louis metropoli

tan area who were members of various community groups (church 
groups, scout troops, etc.). Three hundred thirty-six consumers 
participated in the scaling test (45% male, 55% female) and 2,352 
consumers participated in the preference test (39% male, 60% fe
male, 1% unidentified). The youngest participant was 12 and the 
oldest was over 60 years of age. No one age group dominated the 
studies. The participants in the hedonic test were not used for the 
preference test.

Methods
The tests were self-administered in the home without direct 

supervision. For both the hedonic tests and paired preference tests, 
each person received two cans of the same product labelled with 
two different colors. The judges were asked to chill the products, 
to taste the products in a specific sequence, and either to give 
hedonic ratings to each of the two coded samples or to select the 
preferred sample.

For the hedonic test panelists used 9-point scales anchored at 
the ends with “like extremely” and “dislike extremely” . There were 
28 combinations and two order presentations (56 pair combina
tions), replicated six times. For the paired preference test the judges

Table 1—Description o f colors and hedonic means for beverages 
with varying color codes

Avery # Color description Mean3

F-05 Rubine Red 5.9
F-1 2 Moly Orange 5.8
F-21 Medium Chrome Yellow 5.8
F-50 PTA Green 6.2
F-62 Cyan (Process Blue) 6.1
F-94 Purple (Rhodamine B) 5.5
F-Br1 Brown 6.3
F-K1 Black 5.8

a H e d o n i c  S c a l e :  1 — dislike e x t r e m e l y  t o  9 — like e x t r e m e l y
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determined a preference between the two coded products using a 
forced-choice paired preference test. Again there were 56 pair com
binations with each combination replicated 42 times.

Analysis of data
The hedonic data were subjected to analysis of variance and t-test 

to determine if order of testing was significant. Additional analyses 
were run with combined data.

The preference data were subjected to a paired comparison test 
and chi-square analysis to determine order effects.

R E S U L T S  &  D IS C U S S IO N

Hedonic test
The hedonic test resulted in no significant differences 

among colors (p=0.76) and no significant order effect 
(t-value=0.98). Hedonic means were generated for each 
color (Table 1) irrespective of order because order had no 
effect. The values for the product labelled with specific 
colors ranged from  5.5-6 .3 . Those means were within the 
range expected from the experim ental variation of this pop
ulation. We do not believe that the lack of an order effect 
eliminates the need to  balance order because other charac
teristics of the test or products (such as carry-over of flavor) 
may influence ratings. However, the lack of an order effect 
for color coding bias in hedonic testing reduces the number 
of param eters and, thus, the com plexity of the balancing 
that must be controlled.

Table 2—Beverage preference results for orders o f pairs and total 
data for color codes

Preference P-Value

A
Color

B
Color

Received 
A color 

first

Received 
B color 
first

Combined
results

Color X  Order 
Chi-Square 

P-Value

Yellow Red 0.64 0.44 0.741 0.28
Yellow Blue 0.64 0.16 0.101 0.51
Yellow Green 0.28 0.88 0.230 0.51
Yellow Orange 0.88 0.64 0.447 0.83
Yellow Brown 0.88 1.00 0.741 0.83
Yellow Black 0.09+ 0.64 0.327 0.08+
Yellow Purple 0.88 0.16 0.156 0.38

Red Blue 0.88 0.16 0.156 0.38
Red Green 0.64 0.28 0.156 0.66
Red Orange 0.88 0.44 0.582 0.38
Red Brown 0.88 1.00 0.741 0.83
Red Black 0.44 0.02* * 0.012* 0.26
Red Purple 1.00 0.64 0.582 0.66

Blue Green 0.88 0.88 0.582 1.00
Blue Orange 0.09+ 1.00 0.156 0.19
Blue Brown 0.88 0.88 1.000 0.66
Blue Black 0.64 0.44 0.741 0.28
Blue Purple 0.44 0.88 0.582 0.38

Green Orange 0.02* 0.44 0.230 0.02*
Green Brown 0.64 0.44 0.038* 0.26
Green Black 0.88 0.88 1.000 0.66
Green Purple 0.88 0.28 0.230 0.51

Orange Brown 0.28 0.16 0.741 0.05*
Orange Black 0.28 0.64 0.582 0.19
Orange Purple 0.28 0.88 0.447 0.27

Brown Black 0.64 0.88 0.447 0.83
Brown Purple 0.16 0.44 0.582 0.08+

Black Purple 0.28 0.88 0.101 0.27

+  < p  0 . 1 0
*  < p  0 . 0 5

Preference test
The preference test indicated little bias contributed by 

color com binations (Table 2). There were no significant 
differences in product preference for m ost pairs of color 
codes. For the to tal data (28 pairs irrespective of order of 
presentation) only the red/black and green/brow n pairs 
resulted in a significant preference for either color in the 
pairs. For the individual com binations (order considered), 
the com binations green first/orange second and black first/ 
red second were significant (p=0.02) for the first color in 
each pair. The combinations yellow first/black second and 
blue first/orange second were also significant (p=0.09) for 
the first color o f the pairs.

Chi-square analysis (Table 2), indicated tha t the interac
tion  of color and order was im portant, and resulted in sig
nificance for: black/yellow (p=0.08), orange/green (p= 
0.02), brown/orange (p=0.05), and brow n/purple (p=0.08). 
Those results indicated that the lim ited color-coding bias 
of preference samples that does occur may be order related. 
Thus, the data reinforces the well-known and com mon 
practice o f balancing order of presentation during preference 
testing.

The finding of significance for preference results and not 
for hedonic testing is not inconsistent. The products in a 
pair were exactly the same, differing only in the color code. 
For the preference test panelists might resort to  external 
cues (such as the color code) in order to  give a forced pref
erence response to products that tasted alike. In the hedonic 
test panelists could (and some did) give exactly the same 
score to  the products. External cues probably would have 
less effect.

C O N C L U S IO N S

WE BELIEVE, based on the hedonic results and the overall 
preference results, that the colors having a significant ou t
come were influenced either by order (which is easily bal
anced) or were random occurrences. On the basis of this 
study, color coding of samples does not seem to produce 
a pronounced bias and, thus, is effective for sensory testing 
with consumers. Further testing, especially on different 
product and package types, is needed to  confirm those 
results.
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E m u l s i f y i n g  P r o p e r t i e s  o f  a n  N - T e r m i n a l  P e p t i d e  

O b t a i n e d  f r o m  t h e  P e p t i c  H y d r o l y z a t e  o f  a s 1 - C a s e i n

MAKOTO SHIMIZU, SOO WON LEE, SHUICHI KAMINOGAWA, and KUNIO YAMAUCHI

--------------------------------------- A B S T R A C T -----------------------------------------

A peptide corresponding to the 23 N-terminal residues of asl-casein, 
asl(l-23), was purified from a peptic hydrolyzate of asl-casein. 
The emulsifying activity of asl(l-23) varied depending on the con
centration. When the concentration was higher than 2%, asl(l-23) 
showed a similar emulsifying activity to asl-casein in neutral pHs. 
The emulsion capacity of asl(l-23) was about one half that of 
asl-casein. The extent of adsorption of asl(l-23) onto the oil glob
ule surface was markedly high. In the acidic pH region (pH 5.5 -
3.0), asl(l-23) maintained a high emulsifying activity, whereas 
asl-casein lost its emulsifying activity. These results suggest that 
asl(l-23) acts as an emulsifying agent and probably can be used 
in some foods such as processed cheese or fermented milk products.

IN T R O D U C T IO N

THE PEPTIDES, which have smaller molecular sizes and 
simpler structures than proteins, can be expected to  have 
different functional properties from  those of proteins. The 
functional peptides may be useful in various food process
ing operations, but very little inform ation has so far been 
available on the functional properties of peptides.

Studies on the functional properties of peptides are also 
im portant to  elucidate the functionality o f proteins. It is 
considered tha t the functional properties of a protein are 
affected by m any structural factors, e.g., the disposition of 
amino acids, molecular size, shape, conform ation, net 
charge, hydrophobicity, and protein-protein interactions 
(Horiuchi and Fukushima, 1978; Kinsella, 1981). Because 
o f the com plexity of a protein structure, the relationship 
between the structure and functionality of proteins remains 
obscure. Inform ation given for peptides having simpler 
structures will contribute to  a better understanding of these 
aspects.

Caseins, the m ajor milk proteins, have good functional 
properties and are widely used in the m anufacture of dairy 
and nondairy foods. Since the primary structures of caseins 
have already been established (Mercier et al., 1971; Riba- 
deau-dumas et al., 1972; Jolles et al., 1972. Mercier et al, 
1973), studies using caseins (or their peptides) may provide 
good models to  elucidate the protein (peptide) structure- 
functionality relationships.

The purpose of the present study was to  isolate a func
tional peptide from asl-casein and investigate its properties, 
especially for emulsification.

M A T E R IA L S  &  M E T H O D S

Preparation of asl-casein B
Crude asl-casein was prepared from fresh raw skim milk ac

cording to the method of Zittle et al. (1959). The purification of 
asl-casein was performed on a DEAE-Sephacel column (3.5 x 20 
cm). The elution of asl-casein from the column was carried out with 
0.02M phosphate buffer (pH 6.5) containing 4M urea under a 
linear gradient of NaCl (0.1 -  0.6M). The asl-casein fraction ob
tained here showed a single band on polyacrylamide slab gel elec
trophoresis.

The authors are affiliated with the Dept, o f Agricultural Chemistry, 
The Univ. o f Tokyo, Tokyo 113, Japan.

Partial proteolysis of asl-casein
Limited cleavage of the asl-casein was carried out by using pep

sin, chymosin or plasmin as follows. Pepsin digestion: To a 2% 
asl-casein solution (w/w) in 0.1M Na-acetate buffer (pH 6.4) was 
added a solution of crystalline pepsin (Sigma, from porcine stom
ach) to give an enzyme/substrate ratio of 1/330 (w/w) and the mix
ture was then incubated at 30°C. Chymosin digestion: To a 2% 
asl-casein solution (w/w) in 0.1M Na-acetate buffer (pH 6.4) was 
added chymosin (Difco) to give an enzyme/substrate ratio of 
1/50 (w/w) and the mixture was incubated at 30°C. Plasmin diges
tion: To a 2% asl-casein solution (w/w) in 5 mM phosphate buffer 
(pH 7.0) was added plasmin (Sigma, from porcine plasma) to give 
an enzyme/substrate ratio of 1/5000 (w/w) and the mixture was 
incubated at 37°C.

Isolation of small peptides
A 2% solution of asl-casein in 0.1M Na-acetate buffer (pH 6.4) 

was incubated with pepsin at 30°C for 30 min (E/S ratio, 1:330, 
w/w). After incubation, the solution was adjusted tc pH 8.0 and 
allowed to stand for 20 min to inactivate the enzyme. The solu
tion was acidified to pH 4.6 with 0.1N HC1 and centrifuged at 1840 
x g for 10 min. The supernatant (peptide fraction) was repeatedly 
diluted and concentrated on a G-01T membrane filter (ULVAC 
Service Corp.) at 4°C until free from salts. The solution was then 
freeze-dried. The precipitate was solubilized at pH 7. desalted by 
dialysis against water at 4°C and freeze-dried.

Polyacrylamide gel electrophoresis
Slab gel electrophoresis was performed according to the method 

of O’Farrell (1975) using 7.5% acrylamide gel containing 4.5M urea. 
Urea-sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(urea-SDS-PAGE) was by the method of Swank and Munkres
(1974) using 12.5% acrylamide gel (bis: acrylamide ratio = 1.15 
(w/w)). Staining was performed with coomassie blue P.-250 for the 
protein.

High performance liquid chromatography (HPLC)
A high performance liquid chromatograph (Jasco Trirotor 

SR-2) was fitted with a Finepak-sil ODS column (4.6 x 250 mm) 
and a UV detector at a wavelength of 230 nm. One hundred micro
grams of the sample were injected and eluted with 0.1% trifluoro- 
acetic acid (TFA)-acetonitrile as a mobile phase at a flow rate of
1.0 ml/min. The concentration of the mobile phase modifier (aceto
nitrile) was increased linearly from 0 -  80% over 60 min (1.33%/ 
min).

Amino acid analysis
A major peptide separated on HPLC was evaporated to remove 

the TFA and acetonitrile, and was dissolved in 6N HC1. The solu
tion was degassed and hydrolyzed at 110°C for 24 hr. The hydroly
zate was analyzed with an automatic amino acid analyzer (Hitachi 
Model 835).

Emulsifying properties
Emulsifying activity was evaluated according to the procedure 

described by Pearce and Kinsella (1978) with slight modification. 
An emulsion was prepared by homogenizing a 2% (vv/w) protein 
solution and 20% (w/w) soybean oil (Sanko Pharmaceutical Co., 
Japan) at 30° C with a Polytron PTA-7 (Kinematica, Switzerland) 
for 3 min at full speed (19,500 rpm). The emulsion was immediately 
diluted with 0.1% SDS and its turbidity was measured at 500 nm. 
Emulsifying activity was presented in terms of Emulsifying Activ
ity Index (EAI).
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Emulsion capacity was measured according to Webb et al. (1970) 
using a 0.5% protein solution and soybean oil at room temperature. 
The rate of oil addition was 0.20 -  0.25 mL/sec and the mixing 
was done with a Polytron PT-20 at 19,500 rpm. The transition point 
was detected by electrical resistance measurement. Emulsion capacity 
(EC) was expressed in ml of oil/mg of protein.

Protein adsorption onto the oil globule surface
The emulsion prepared with 2% protein and 20% soybean oil 

was centrifuged at 11,000 x g for 30 min. An aliquot was taken 
from the aqueous portion and the protein content was measured by 
the procedure of Lowry et al. (1951). The extent of protein adsorp
tion was expressed as:
Total protein content -  protein content in the aqueous phase x jqq 

Total protein content

R E S U L T S

Emulsifying properties of asl-casein digested by proteases
No marked increase in the EAI was observed by plasmin 

or chymosin digestion of the asl-casein. However, the EAI 
of the asl-casein was increased by pepsin-hydrolysis (Fig. 1). 
It was assumed tha t some peptides having good emulsify
ing activities were produced in the pepsin digests, and iso
lation of the peptides was attem pted.

Analysis o f the small peptide fraction

A small peptide fraction was obtained from the pepsin 
hydrolyzate o f asl-casein by the procedure described in 
Materials & Methods. The yield o f the peptide fraction was 
about 80 mg/g asl-casein. The PAGE patterns of asl-casein, 
the peptide fraction, and the pH 4.6-precipitated fraction 
are shown in Fig. 2. The peptide fraction showed no band 
on slab-PAGE but gave a single band (molecular weight 
approx 3000 daltons) on urea-SDS-PAGE.

The result of HPLC analysis o f the peptide fraction on 
an ODS-column is shown in Fig. 3. Only one major peak

Fig. 1—Effect o f  protease digestion on the EA I o f asl-casein. Each 
point is the average o f  three observations.

was observed, indicating the hom ogeneity of this fraction. 
The eluate corresponding to  this peak was collected and its 
amino acid com position was analyzed.

The amino acid com position of this fraction closely 
resembled tha t of the 1-23 residues of asl-casein B as shown 
in Table 1. We concluded tha t this peptide corresponded to  
the N-terminal 1-23 residues of asl-casein [asl(l-2 3 )].

S l a b -PAGE Ur e a -SD S-P A G E

1  2  3  A  1  2  3  A

Fig. 2—Electrophoretic patterns o f asl-casein and asl-casein di
gests: (1) asl-casein; (2) pepsin-digest; (3) pH-4.6-ppt o f  pepsin- 
digest; (4) pH  4.6-sup o f pepsin-digest (small peptide).

Fig. 3—H PLC  patterns o f the asl-casein peptide fraction on Fine- 
pak-si! ODS (4.6 x 250 mm i.d.). Primary solvent: 0.1% TFA; 
secondary solvent: acetonitrile. The gradient profile is shown by the 
dotted line.
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Emulsifying properties of asl(l-23) peptide

Three parameters — EAI, EC, and the extent of protein 
adsorption — were determined to evaluate the em ulsify
ing properties of asl(l-23 ) peptide, comparing with asl- 
casein and the pH 4.6-precipitated fraction [the main com
ponent is as l(24 -199 )].

As shown in Table 2, the EAI of asl(l-23 ) was similar to 
that of asl-casein when a 2% protein (peptide) solution was 
used for the m easurem ent, while the EC of asl(l-23 ) was 
remarkably low, compared with tha t of asl-casein. The 
EAI of asl(l-23 ) was shown to  be dependent on the con
centration used. Fig. 4 shows tha t the EAI of asl(l-23) 
decreased remarkably when the concentration was lower 
than 2%, whereas that of asl-casein was not concentra
tion dependent. The adsorption of asl (1-23) onto an oil 
globule was extrem ely high. In the case of a 2% solution,

Table 1—Amino acid composition o f a peptide obtained from the 
peptic hydroiyzates o f asl-casein

Amino
acid

Molar
ratio

Nearest
integer osi (1-23)

Asx 2.17 2 2
Thr 0.25 0 0
Ser 0.22 0 0
Glx 3.82 4 4
Pro 3.00 3 3
Gly 1.27 1 1
Ala — — 0
Cys - - 0
Val 1.04 1 1
Met — — 0
lie 1.00 1 1
Leu 3.58 4 4
Tyr - - 0
Phe 0.96 1 1
Lys 1.87 2 2
His 1.67 2 2
Arg 1.73 2 2

more than 70% of this peptide associated with the oil 
globule surface on emulsification.

The emulsifying activities o f this peptide and asl-casein 
were measured as a function of pH. The results are shown 
in Fig. 5. The emulsifying activity of asl-casein was a m ini
mum at around pH 5 because of isoelectric precipitation, 
while asl( 1 -23 ) maintained its high emulsifying activity in 
the acidic pH region (pH 5.5 -  pH 3.0).

Interaction between peptides
As shown in Table 2, a s l(l-2 3 ) and the pH 4.6-precipi

tated  fraction had activities similar to  in tact asl-casein when 
their concentrations were 2%. This result seems to  be con
tradictory to  the results of Fig. 1, in which the emulsifying 
activity of the pepsin digests of asl-casein increased in step 
w ith the hydrolysis.

Consequently, the asl(l-23 ) peptide was mixed with the 
pH 4.6-precipitated fraction a t the primary ratio, and the 
emulsifying properties o f this m ixture were examined. The 
increase of EAI was confirmed in the m ixture as seen in 
Table 3. It is considered that peptide/peptide interactions 
between asl(l-23) and asl(24-199) affect their emulsifying 
properties.

D IS C U S S IO N

IN ORDER TO FIND a peptide having emulsifying activity,

Table 2—Emulsifying properties o f asl-casein, usl(24-199) and 
asl( 1-23)-peptidea

EAIb
(m2/g)

EC (mL 
oil/mg protein)

Adsorption
<%)

asl-casein 23.47 + 0.98c 0.76 + 0.014 9.76 ± 0.68
asl{24-199) 23.58 ±1.19 0.73 ± 0.046 5.53 ± 0.43
asl(1-23) 23.19 ± 0.72 0.37 ± 0.010 72.54 ± 0.34

a V a l u e s  a re t h e  a v e r a g e  o f  t h r e e  d e t e r m i n a t i o n s  

b  M e a s u r e d  at t h e  p e p t i d e  c o n c e n t r a t i o n  o f  2 %  ( w / w )  

c  M e a n  ± s t a n d a r d  d e v i a t i o n

Fig. 4—Effect o f concentration on the EAI o f asl-casein and asl- 
( 1 -23) pep tide.

Fig. 5—Effect o f pH  on the EAI o f asl-casein and asll 1-23) peptide. 
Each point is the average o f two observations.
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hydrolyzates of asl-casein by some proteases were surveyed 
in this study. The chymosin and plasmin digestions caused 
no marked increase in the EAI of asl-casein, while the pep
sin digestion increased the EAI. asl-casein was shown to be 
split into two peptides by pepsin digestion. The smaller 
peptide isolated from  the digest was identified as asl(l-23), 
and its emulsifying properties were investigated in detail.

asl(l-23 ) showed a similar EAI to that of intact asl- 
casein at neutral pHs, indicating that a peptide whose 
molecular weight is approxim ately 3000 can emulsify oil 
to  a certain extent. However, the EC was about one-half 
com pared with that of asl-casein, and the am ount of this 
peptide adsorbed onto an oil surface was markedly high. 
The rem arkably high extent of adsorption and the low EC 
of as l(l-23 ) suggest that the emulsification mechanism of 
this peptide is somewhat different from that of such pro
teins as asl-casein.

On emulsification, proteins are adsorbed to  the oil 
surface and spread to  form a thin film covering the oil glob
ules (Tornberg, 1980). The low EC might reflect a low 
spreadability o f asl(l-23).

On the other hand, the high adsorption might indicate 
that this peptide is highly interactive. Kaminogawa et al.
(1980) have found tha t the hydrophobic N-terminal region 
of asl-casein plays an im portant role in its interm olecular 
association by Ca++. Creamer et al. (1982) have reported 
that the peptide segment involving residues 14-24 of asl- 
casein contributes to  the surface hydrophobicity of asl- 
casein and plays an im portant role in the form ation of a 
network of hydrophobically-bonded asl-casein molecules 
in fresh cheese. Recently, Shimizu et al. (1983) have 
suggested that, on emulsification, asl-casein was tightly 
adsorbed onto the oil globule surface, principally by its 
hydrophobic N-terminal region, and that it stabilized the 
oil globules. All of these findings suggest that asl( 1-23), 
the N-terminal peptide portion of asl-casein, is highly 
interactive. The high extent of adsorption was probably 
because of the self-association of asl(l-23 ) on the oil sur
face film as well as the interaction of this peptide w ith the 
oil phase.

The mixing of asl(l-23 ) and the pH 4.6-precipitated 
fraction (asl(24-l 99)) caused an increase of the EAI (Table
3). This synergistic effect might account for the increase in 
the EAI of asl-casein during digestion by pepsin (Fig. 1). 
asl(l-23 ) is a basic peptide containing 2 Arg, 2 Lys, 2 His 
and 2 Glu, and is positively charged at neutral pHs. Electro
static interaction between this peptide and acidic asl(24-
199) might relate to  such synergistic effect, though details 
on this kind of interaction remain obscure. Chymosin is 
known to produce asl(l-23) and asl(24-199) from asl- 
casein like pepsin, but it further degrades asl(24-199) 
during prolonged incubation (Mulvihill and Fox, 1979). 
The passing increase in EAI by chymosin treatm ent (Fig. 1) 
might also indicate that the two peptides, as l(l-23) and 
asl(24-199), produced at the first stage of chymosin diges
tion cooperatively take part in the high emulsifying activity.

Although the emulsifying properties of asl(l-23 ) are not 
yet fully understood, and further studies are necessary to 
elucidate the adsorbing and spreading behavior of this pep
tide on the oil/water interface, the usage of this peptide in 
the food industry would seem to be promising. For exam-

Table 3—Emulsifying activity o f asl-casein and its peptide

E A Ia
(m2/g)

21.10 + 0.37b 
21.31 ± 0.81 
21.14 ± 0.22 
23.13 ± 1.20

asl-casein
«si (24-199)
asKl-23)
a mixture ofc
asl (24-199) + asl(1-23)

a V a l u e s  a r e  t h e  a v e r a g e  o f  t h r e e  d e t e r m i n a t i o n s  m e a s u r e d  at t h e  

p e p t i d e  c o n c e n t r a t i o n  o f  2 %  ( w / w )  a n d  at p H  6 . 4  ( 0 . 1 M  N a - a c e -  

tate b u f f e r )

°  M e a n  ± s t a n d a r d  d e v i a t i o n  

c  a s l ( 2 4 - 1 9 9 )  : a s l ( l - 2 3 )  =  8 6  : 1 4

pie, as l(l-23) maintains its solubility and emulsifying activ
ity  even in the acidic pH region. This property  will be use
ful for the peptide to  serve as an emulsifying agent in such 
foods w ith acidic pHs as processed cheese or ferm ented 
milk products.

Isolation and characterization of other functional pep
tides from asl- and )3-casein are now in progress.
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F r e e z i n g  T i m e  P r e d i c t i o n :  A n  E n t h a l p y - B a s e d  A p p r o a c h

SUDHIR K. SASTRY

-----------------------------------------A B S T R A C T -----------------------------------------

Equations were developed for prediction of freezing times of foods 
of slab geometry, for three different boundary conditions, using a 
method of solving for enthalpy per unit volume instead of temper
ature. Experimental verification was performed for the operation 
with a convective heat transfer boundary condition, using ice cream 
and green peas in a granular packed bed as test materials. Results 
indicate good prediction of freezing times over a range of conditions. 
Results of thawing tests are less satisfactory if the ambient temper
ature lies in the zone of rapidly changing food properties. A com
parison with literature predictions is presented.

IN T R O D U C T IO N

PREDICTION of freezing heat transfer in food products 
has received considerable interest and atten tion  in recent 
years. Of particular interest has been the determ ination of 
the tim e requirem ent for the freezing and thawing of foods. 
It has been well established (Bonacina et al., 1973; Bakal 
and Hayakawa, 1973; Heldman, 1974), that food products 
do not freeze at a single tem perature, but over a range of 
tem peratures below the initial freezing point. In addition, 
the therm al properties undergo marked changes upon tran 
sition of water from  the liquid to  the solid phase. Thus, the 
resulting heat transfer problem is one of considerable com
plexity.

Numerous approaches have been used to  obtain solutions 
to  the heat transfer problem . These may be classed into two 
broad categories: (1) analytical or approxim ate analytical 
solutions, and (2) numerical solutions.

Analytical solutions have the principal advantage of 
simplicity and ease of use; however, simplifying assumptions 
used in obtaining the analytical results may lead to  inac
curacies in certain cases. The simplest relation is that of 
Plank (1941), which provides an explicit expression for 
the freezing tim e of a pure ice-water system, involving a 
single freezing point. Plank’s relation has been modified and 
improved by numerous researchers including Nagaoka et al.
(1955), Cleland and Earle (1979), Hung and Thompson
(1983), Scott and Hayakawa (1977), M ascheroniand Calvelo
(1982), and others. O ther analytical approaches have invol
ved the use of G oodm an’s heat balance integral m ethod 
(Goodm an, 1958) which is particularly useful in phase- 
change problems. Solutions have been obtained by Tien and 
Geiger (1967, 1968) and Tien and Koump (1968), for the 
solidification of alloys, and by Hayakawa and Bakal (1973), 
and Bakal and Hayakawa (1973) for foods. These relations 
have provided inform ation on tem perature as a function of 
location in the product and time.

Numerical solutions of considerable sophistication have 
been obtained by many researchers; including Bonacina et 
al. (1973), Heldman (1974), Heldman and Gorby (1975), 
Hsieh et al. (1977), Schwartzberg et al. (1977), DeMichelis 
and Calvelo (1982), and Tao (1967). Numerical solutions 
are sophisticated, possess fewer simplifying assumptions 
than analytical solutions, and are therefore m ore accurate

Author Sastry is affiliated with the Dept, o f Food Science, The 
Pennsylvania State Univ., University Park, PA 16802.

in their depiction of tem perature profiles and histories in 
foods undergoing freezing. However, they are less easy to 
use than analytical solutions, and require knowledge of 
numerous material properties. Tao’s(1 9 6 7 ) solutions, how
ever, are available in the form of charts, which facilitate 
their use.

The present research is an attem pt to  combine conve
nience with accuracy. This is done by transforming the 
governing heat transfer equations so that enthalpy per unit 
volume is used as the dependent variable instead of tem per
ature. This results in ‘enthalpy profiles’ instead of tem per
ature profiles. Since enthalpy of the food product is a 
single-valued function of tem perature, the solution of any 
freezing tim e problem by this m ethod requires the use of 
enthalpy-tem perature data (such as presented by ASHRAE,
1981) for the food product under consideration. Solutions 
presented in this paper are sought in the form  of polyno
mials. Accuracy may be improved by use of polynomials 
of higher order; however, this increases the com plexity of 
the solution.

The objective of this research was to  develop explicit 
expressions for freezing time, while retaining the consider
ations that freezing occurs over a wide tem perature range, 
and that therm al properties are tem perature-dependent.

M A T E R IA L S  &  M E T H O D S

Derivation of formulae
Heat transfer analyses are performed for an infinite slab, initially 

of uniform temperature, and in contact with the freezing medium 
on two opposite sides. By symmetry, the problem may be reduced 
to that of heat transfer through a slab, one-half as thick, with one 
side insulated, as shown in Fig. 1. The following three cases are con
sidered in obtaining solutions.

Case I. A constant temperature condition at the boundary of the 
food product. This situation occurs when the material is contact- 
frozen in a plate freezer, where the slab of material is in contact 
with cold plates of large thermal mass and contact resistance is 
negligible. Such a situation would also occur when the food product 
is blast-frozen, and high Biot Numbers exist.

Case II. A constant heat flux at the boundary. This condition is 
approximated when cyrogenic freezing is done; the temperature of 
boiling liquid being so low as to make little difference in the heat 
flux throughout the freezing process.

Case III. A convective condition at the boundary. This is a more 
realistic depiction of most freezing situations, when Biot numbers 
are in an intermediate zone, thereby permitting neither an applica
tion of Case I, nor the use of Newton’s law of cooling.

In all of the above cases, freezing is considered to occur in two 
stages. In stage I (illustrated in Fig. 2a for case I) the temperature 
disturbance penetrates a distance r  into the material, while that part 
of the material located further away from the surface, is entirely 
undistrubed. Stage I ends when the disturbance reaches the center 
of the slab, (or the insulated face in the modified problem). In stage 
II (Fig. 2b for case I), the temperature of the center drops. This con
tinues until the center of the product achieves the desired tempera
ture, at which time freezing is considered concluded. Similar stages 
are considered to occur for cases II and III as well.

It has been generally recognized (Boancina et al., 1973; Heldman,
1974) that the problem of heat transfer with phase change can be 
reduced to one of simple conduction heat transfer with temperature- 
dependent thermophysical properties. This is done by lumping all
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latent heat effects with the heat capacity to form an ‘effective’ heat 
capacity term, which is the derivative of enthalpy with respect to 
temperature. Using this approach, the concept of a ‘freezing front’, 
can be left undefined (since foods are never completely frozen, no 
sharply defined freezing fronts exist). For the present case of one
dimensional conduction involving Cartesian coordinates:

3 r ST-! dh 3T
~  j k ( T )  — J  -  p —  3 t (1)

with the initial condition specifying the temperature datum.
T(x,0) = 0 (la)

Eq. (1) may be transformed into one involving enthalpy per unit 
volume (u), by using the following definition:

-  rT dh ut -  rh au u = „ p — dT = J„ p dh J0 H dT 0 (2)

Considering u as function of T as above, and employing chain 
rules of differentiation, the variable T may be replaced by u in Eq. 
(1) yielding

9 f  9ul 9u
— U u ) —  = — 
9x l  9xJ 9t

(3)

where a(u) = a(u(T)) = k(T)/(p ¿^)
Further, the datum for u is defined to correspond to that at the 

initial condition (la). Thus,
u(x,0) = 0 (3a)

It is important to note that all values of u are considered in relation 
to that of Eq. (3a).

Next, the formulations are obtained for each stage, using Good
man’s heat balance integral approach. For stage I, regardless of 
boundary condition, Eq. (3) is integrated between 0 and r. The 
resulting equation is simplified using the Leibnitz rule and by im
posing the constraint that

3u(r,t)
—  =0 
dx

to yield the governing equation

9u(0,t)oU^U,lj u T
a(u) — = — f u dx

9x dt J0 (4)

For stage II, the treatment is identical except that the integration 
is between 0 and L/2.

9u(0,t) d ( n
-a(u) — = — fL/2 u dx (5)

3x d t J0
Thus, the formulations for each case are as follows.

Case I: Constant temperature boundary condition
In stage I, Eq. (4) is the governing equation, with conditions

u(0,t) = us (4a)

u(r,t) = 0 (4b)

3ti(r,t) _ 
9x

(4c)

In stage II, Eq. (5) is the governing equation, with conditions 

u(0,t) = us (5 a)

(5b)9u(L/2,t) _ 
9x

A third condition is obtained by equating stage I and stage 
II profiles at the time of transition from one stage to the other.

Case II: Constant heat flux boundary condition
Again, in stage I, Eq. (4) is used, along with

9u(0,t)
-a(u) •— = q = constant

9x

u(r,t) = 0

3u(r,t) _ 
9x

(4d)

(4e)

(40

In stage II, Eq. (5) is the governing equation, with conditions

(5d), , 3u(0,t) -a(u) — = q
9x

3u(L/2,t) = 
9x

(5 e)

Again, stage I and stage II profiles are equated at the time of 
transition to obtain a third condition.

Case III: Convective boundary condition
In stage I, Eq. (4) is used, along with

, 3u(0,t) 
— Oi(u) —

9x
hcO~ -  Ts)

u(r,t) = 0

9u(r ’t) _ 
9x

(4g)

(4h)

(4j)

Condition (4g) is modified further by the following simplifying 
assumptions:

(1) The surface of the food product rapidly reaches a tempera
ture sufficiently close to the ambient environment; such that little 
variation occurs in the thermal diffusivity at the surface of the mate-

CASE 1

|*-L/2-*j 

(b)
Fig. 1—Equivalent problem statements: (a) Symmetric infinite slab, 
(b) Slab o f  half-thickness insulated at L/2.
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a) Stage I b) Stage II

Fig. 2—Stages of case I: (a) Temperature disturbance has not reached 
center of slab, (b) Temperature distribution has reached center of 
slab.



rial for the remainder of the freezing period. This assumption is and 
justifiable in a freezing situation, since thermal properties of foods 
undergo relatively minor changes at low temperatures. Thus, the left 
hand side of Eq. (4g) becomes

_ 12hc-yas
P L(6as + hcTL)

(10)

3u(0,t) 3u(0,t)
- a ( u )  —  -----a,. —

3x 3x
(4k)

where as = constant.
(2) The enthalpy-temperature curve for the food material ap

proaches a straight line at temperatures close to the ambient value. 
This assumption is reasonably accurate at low temperature where a 
large portion of the water in the food product is frozen. Thus, it can 
be applied to freezing situations. The right hand side of Eq. (4g) can 
then be rewritten as

hc [T„ -  T(0,t)] = hc7[u„ -  u(0,t)] (41)
where 7 = dT/du in the zone of constant slope. Thus, condition (4g) 
can be modified to the following

It is important to note that all values of u are defined with the 
initial condition representing the datum, as in Eq. (3a). Further, 
the variable u refers to enthalpy per unit volume. Since most tables 
such as presented by ASHRAE (1981) provided data on enthalpy 
per unit mass, and use a datum point of -40° C, it is necessary to 
know the material density and to convert to a datum corresponding 
to the initial temperature of the material.

The proposed equations can be extended to a precooling situa
tion, where the initial temperature of the product lies above the 
initial freezing point. The enthalpy-temperature curve for the food 
product can be extended to values above freezing, by multiplying 
the temperature above freezing by the specific heat of the unfrozen 
material. By extension of the curve, Eq. (6), (7) and (8) can be used 
for precooling situations.

3u(0,t)
- a s —  = hc7 [u „-u (0 ,t)]  (4g)

0  X

The effect of simplifying assumptions on prediction accuracy is 
discussed in the results section of this paper.

In stage II of case III, Eq. (5) is the governing equation, with 
conditions

3u(0,t)
- a s —-  1 = hc7[u„ -  u(0,t)] (5f)

o X

^  = 0 (5g)
3x

As in all earlier cases, stage I and stage II solutions are equated at 
the transition point to obtain the third condition.

The solution procedure for each of the three cases involves seek
ing enthalpy profiles in the form of second degree polynomials. 
Details of the procedure are provided in the appendix for Case' III 
only. The procedures for cases I and II are identical.

Using the criterion that the food product is frozen when the 
enthalpy at L/2 reaches the desired value, up, the following freezing 
time formulae are obtained.

Case I:

tf
L2

12^
(6)

Case II:

Case III:

L ttcUf L 
tf = r - ( ^ r  + ^ ) 2oiS q 12

1 U«, -  U f
tf = tl — ln(--------- )

(3 U „

(7)

(8)

where tj = time taken for stage I

1 (L2 a,L 4a2 2as 1
= — <—  + — + -T T  ln(---------- — )>

6as (. 8 hc7 h272 h /(L 1 2a°) ‘

Fig. 3—Diagram o f slab-shaped container used in experiments, show
ing: (A! Thermocouple junctions; (B) Insulated inlet tubes.

Experimental verification
Experiments for freezing and thawing were conducted on two 

different test materials; ice cream and green peas in a packed bed. 
Tests were performed primarily for verification of the case III rela
tion, represented by Eq. (8), since this represents a more commonly 
encountered situation than either case I or II. All tests were con
ducted using slab-shaped containers made of galvanized sheet steel, 
similar to those illustrated in Fig. 3. The thickness was made much 
smaller than the length and width so that one-dimensional heat 
transfer could be approximated. Thermocouples were located at 11 
points across the thickness of the slab, spaced apart at distances 
equal to 1/ 10th the thickness. To eliminate effects of a single loca
tion with respect to the length and width, inlet tubes were provided 
at four different locations on the base. Thus, any variations of tem
perature due to location with respect to the length and width were 
monitored. All inlet tubes were insulated to protect thermocouples 
and prevent errors due to conduction along the thermocouple wire 
length. Further, each of the tubes was placed sufficiently close to 
the center of the base to minimize end effects.

Ice cream freezing tests were conducted over the temperature 
range associated with the hardening stage following initial slush 
freezing in scraped-surface heat exchangers. Samples, obtained from 
the Pennsylvania State University Creamery were of vanilla flavor, 
containing no particulate additives, and consisted of 13.0% fat, 
11.0% nonfat milk solids, 13.0% cane sugar, 3.7% corn syrup solids, 
0.25% stabilizer and 59.05% water. Samples were tested at three 
different overrun levels: 50, 80 and 100%. Bulk densities were mea
sured at the time of the tests; and these corresponded to 780 
kg/m3 (50% overrun), 683 kg/m3 (80% overrun) and 634 kg/m3 
(100% overrun).

In all freezing experiments, the slab-shaped container was filled 
with ice cream, and placed in a horizontal position within a freezer 
set at -4°C. The slab rested on an insulated base, to minimize heat 
transfer from the bottom end, and to approach the condition of 
Fig. lb. When thermal equilibration occurred, the box, together 
with the insulated base, was quickly transferred to a freezer at 
-23°C. Temperatures were recorded every 15 minutes, as the sample 
cooled by natural convection. When equilibrium was attained, the 
sample was transferred back into the freezer at -4°C for thawing 
experiments. Temperatures were recorded at 15-min intervals. In 
an effort to test the effect of slab thickness, samples at 100% over
run were also tested in a slab of thickness 0.051m.

For freezing tests with green peas, the sample was packed into 
the slab at a bulk density of 556 kg/m3, and then covered with a 
lid and sealed to prevent air infiltration. The slab was placed within 
a freezer at -4°C in a vertical position to prevent natural convection 
effects across the thickness. Thus no insulation base was used, and 
the situation approached that described in Fig. la. Upon equilibra
tion, the slab was quickly transferred to a freezer at -23°C, where it 
was again placed in a vertical position. For all freezing tests with 
peas, the air within the freezer was agitated by blowers. Tempera
tures were recorded every 15 minutes. After equilibration, the slab 
was once again transferred to the freezer at -4°C and placed in a 
vertical position for thawing tests. All thawing experiments were 
conducted under natural convection conditions.

For comparison of experimental results to theoretical predic
tions, the properties, p ,  hc and k, must be known in addition to the 
curve of u versus T. Density (p) was measured by weighing the sam-
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pies in the slab and measuring the slab volume. The convective heat 
transfer coefficient (hc) was determined from the Nusselt number, 
using the procedures described as follows.

For freezing and thawing of ice cream, the relations used were 
those for free convection from horizontal flat surfaces, (Perry and 
Chilton, 1973).

Nu = 0.54(Gr Pr)0-25 (11)
for 10s < Gr-Pr < 2 x 107, and

Nu = 0.14(Gr Pr)0-333 (12)
for 2 x 107 <Gr-Pr < 3  x 1010.

For freezing of peas, (forced convection) the heat transfer coef
ficient was determined experimentally by using the data of the first 
freezing run, and varying the parameter hc in Eq. (8) until satis
factory prediction was obtained. This value was then used in calcu
lations for all other runs of the experiment. The thermal resistance 
of the slab material was determined by dividing the thickness of the 
sheet steel by the thermal conductivity, and was found to be negli
gible in comparison to the boundary layer resistance.

For thawing of peas, the relation presented by Perry and Chilton 
(1973) for natural convection from a vertical flat surface was used.

Nu = 0.59 (Gr Pr)0-25 (13)
for 104 < G r-P r<  109.

Thermal conductivity of peas and ice cream were determined at 
various temperatures and bulk densities using the line source ther
mal conductivity probe method of Nix et al. (1967). Details are pro
vided by Sastry and Datta (1983). Data on enthalpy of peas and ice 
cream as functions of temperature were obtained using an electrically 
heated calorimeter wherein a known quantity of samples was heated, 
and the power input and temperature rise are recorded. A detailed 
description is provided by Sastry and Datta (1983).

R E S U L T S  & D IS C U S S IO N

IN THE ICE CREAM freezing tests, therm al equilibria were 
attained in 9-11 hr, while thawing times ranged from 9.5- 
13 hr depending on the experim ental conditions. In tests on 
peas, equilibration during freezing was attained in 2-3 
hr, while thawing equilibria occurred in approxim ately 7 hr. 
In all cases, the tim e t( till the end of stage I was found to 
be small — in the order of 1-2 min. This was consistent 
w ith theoretical predictions of tj.

Since the criterion for definition of freezing tim e is 
dependent on the choice of the final center tem perature, 
Tf, it is necessary to present results over a wide range of Tf 
values. Since the conditions of each replication were slightly 
different, the initial, final and center tem peratures are ex
pressed by using a dimensionless tem perature ratio (TR) 
defined as

TR = (Tj—Tf)/(T j-T _ ) (14)
The tem perature ratio has a value of zero at the beginning 
of the freezing or thawing process; and reaches a value of 
unity  when equilibrium with the environm ent is achieved.

Fig. 4—Error vs temperature ratio for freezing o f ice cream.

The average percent error (from  seven replications) in 
prediction of freezing tim e for ice cream is plotted against 
TR in Fig. 4. The results show good prediction (±10% 
error) over a wide range (0 .25-0 .83) of TR values which 
may be expected to  occur in most commercial freezing 
operations. Error for very low values of TR fall in the nega
tive range and those for high TR values fall on the high 
positive side. The maximum standard deviation of errors is 
4.45%.

Errors in the low range of TR values may be due to  the 
first simplifying assumption made in derivation; tha t the 
surface reaches a tem perature close to  the am bient value 
such that little variation in surface therm al diffusivity 
occurs for the remainder of the freezing period. This appears 
to  be a good assumption if the Tf value is not too  high; 
however, in freezing experiments, the surface tem perature 
does not immediately attain the am bient value, but ap
proaches it at a rapid rate. In the early stages of the freezing 
process, the surface o f the product is at a higher tem perature 
than the am bient value, though it is assumed to  be equal to 
the am bient. Referring to a typical enthalpy-tem perature 
curve, such as that shown in Fig. 5, the slope estimated is 
lower than the actual value. A low estim ate o f the surface 
slope results in a lowered prediction from Eq. (8); thus 
the negative nature of the error. As the TR value increases, 
the surface tem perature assumption becomes more and 
m ore valid, resulting in improved prediction.

At TR values approaching unity , the large positive errors 
associated with any exponential solution occur. However, 
this does not occur until the TR value is close to  unity. The 
results provide good prediction of freezing tim e within the 
range of TR values encountered in most commercial freez
ing situations. For example, ice cream hardened from  — 4°C

Temperature (C )

Fig. 5—Typical enthalpy-temperature curve for foods.
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to  — 18°C using air at — 30°C has a TR value of 0.54; well 
within the range of satisfactory prediction.

Errors in prediction for freezing of peas in a packed 
bed are shown in Fig. 6 (average of 3 replications). Results 
show very good prediction over an even wider range than 
for ice cream. Maximum standard deviation of errors is 
5.3%. The trends in the errors, however, are not the same. 
This may be due to the freer air movement possible in a 
packed-bed granular system than in a frozen emulsion such 
as ice cream where air bubbles are trapped and not free to 
move.

Errors in prediction for the thawing case; both  for ice 
cream (7 replications) and for peas (3 replications) are high, 
as evidenced by Fig. 7 and 8. The maximum standard devia
tion of errors is 20.66% for ice cream and 26.30% for peas. 
The reason appears to be the second simplifying assumption, 
that the slope of the enthalpy-tem perature curve approaches 
a constant value at tem peratures close to  ambient. The 
tem perature chosen in this case was —4°C, which lies in the 
zone of very large slope changes in the enthalpy tem pera
ture curve (Fig. 5), both for peas and for ice cream. This 
would result in considerable overestimation of the slope 
when the first assumption is used, and large positive errors 
would occur. It remains to  be investigated whether this 
error would occur if thawing tem peratures were above 
freezing, since the enthalpy-tem perature curve would ap
proach a slope equal to  the specific heat of the material at 
am bient conditions.

Predictions from this research were compared to  other 
analytical m ethods in the literature, specifically those of 
Plank (1941), Cleland and Earle (1977) and Hung and 
Thom pson (1983). Values of param eters used are listed in 
Table 1. Results o f com parison are presented in Table 2 for 
various values of tem perature ratio (TR). It is noted that 
Plank’s formula consistently yields a low prediction. Pre
dictions of Cleland and Earle (1977) and Hung and Thom p
son (1983) yield large positive errors at low values of TR,

Fig. 6 -E rro r vs temperature ratio for freezing o f green peas in a 
granular packed bed.

and negative errors at high TR values. Cleland and Earle’s 
m ethod yields satisfactory prediction between TR values of 
approxim ately 0.5 and 0.7; while that of Hung and Thom p
son yields good prediction in the vicinity of a TR value of 
0.8. It is notable that both these formulae are based on 
Plank’s (1941) formula, which assumes tha t freezing occurs 
at a single tem perature. In ice cream hardening situations, 
this assumption may have some lim itations. The results of 
Table 2 indicate the im portance of the influence of tem per
ature ratio (TR) on the errors involved in freezing time 
prediction. Much of the current literature on analytical 
freezing tim e prediction m ethods does not specify this 
param eter; but its influence on errors in heat transfer prob
lems merits consideration. The value of tem perature ratio 
can help in determining the relative influence of the non
linearity in specific freezing situations. Nonlinearity appears 
significant for small values of tem perature ratio, but its 
influence decreases as TR increases.

C O N C L U S IO N S

Freezing time equations have been developed for foods 
of slab geom etry, for three different boundary conditions, 
using a m ethod of solving for enthalpy instead of tem pera
ture.

The equation developed for the convective heat transfer 
boundary condition, gives good prediction for the  freezing 
times of ice cream and green peas in a packed bed, over a 
range of conditions.

Thawing rate predictions are less satisfactory than freez
ing rate predictions if the am bient tem perature lies in the 
range o f rapidly changing properties.

The equations provided have the potential of being used 
bo th  in precooling and freezing situations, if the enthalpy- 
tem perature curve is extended sufficiently.

The equations require knowledge of m aterial therm al 
conductivity at only one tem perature; the am bient. How
ever, the enthalpy-tem perature data for the food product 
must be known.

The tem perature ratio is an im portant factor influencing 
the accuracy of freezing tim e calculations.

A P P E N D IX

Derivation of solution for case III

Recall that for stage I, the governing equation is:

9u(0,t) d ,t 
- a(u) —  = — J u dx

dx dt o
with conditions

- a s = hc7(u„ -  u(0,t))

(A l)

(A2)

■ 10 ____ i____ i____ i____ i____ i____ i____ i____ i____ i____ i
0  0 . 1  0 . 2  0 . 3  0 . 4  0 . 5  0 . 6  0 . 7  0 . 8  0 . 9  1 . 0

T e m p e r a t u r e  R a t io  ( T |  - T t  ) /  ( T  ¡ - Too )

Fig. 7—Error irs temperature ratio for thawing o f ice cream.
Fig. 8—Error i-s temperature ratio for thawing o f green peas in a 
granular packed bed.
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Table 1 —Parameter values used in prediction o f freezing times for 
ice cream

Parameter Symbol
Value or Range 

of Values

Thermal conductivity3 k 0.00053-0.00059 kw/m C
Enthalpy change3 Ah 5.33-112.46 kj/kg
Density P 597-780 kg/m3
Slab thickness L 0.0254m, 0.0508m
Convective coefficient hc From Eq. 11-13
Initial temperature3 T, —2.6 to —6.4c
Air temperature3 T„ —20 to —23.6c

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

o n  t h e  v a l u e  o f  t e m p e r a t u r e  ratio ( T R )  u s e d  t o  d e s i g n a t e  t h e  final 

f r o z e n  state.

u(T,t) = 0 (A3)

9u(r,t)
9x

(A4)

The solution' is sought in the form of a second-degree 
polynomial,

u = a + bx + cx2 (A5)
where a, b, and care functions of time. They are determined 
by applying conditions (A2), (A3), and (A4) to Eq. (A5). 
This results in

eu„
(1 +e)

-M-tM

(A6)

(A7)

(A8)

where e = (hcyT)/(2as), and r  is an unknown function of t. 
Substituting the value of u from Eq. (A5) back into (A l) 
and solving, yields the following relation between r  and t.

T  + 0 7  +  <?21 n { ( 7 T 7 ) } = 6 a st  ( A 9 >

where d = (2as)/(hc7). Eq. (A9) does not yield an explicit 
relation between r  and t. However, the tim e t t until the end 
of stage I may be readily determ ined, by applying the con
dition

r ( t t ) = L/2
Thus

1 (L 2 6L  , 9 )
* \ L /2 + ey:

For stage II, the governing equation is

, . 9u(0,t) d i /2 
- a ( u ) ^ — = —  r ' 2 u dx9x dt o

with conditions

(A10)

( A l l )

0u(O,t)
_ a s dx = hc7[u„ -  u(0,t)] (A12)

3u(L/2,t)
9x (A13)

Again, a solution is sought in the form of a second degree 
polynom ial similar to that of Eq. (A5).

u = a ' + b 'x  + c 'x 2 (A14)
where the coefficients are unknow n functions of t. Apply
ing conditions (A12) and (A13), two of these coefficients,

Table 2—Comparison o f errors in freezing time prediction for ice 
cream

TR
Plank

(1941)

Average error (%)3 
Cleland and 
Earle (1977)

Hung and 
Thompson (1983)

This
work

0.1 -29.5 165.5 482.7 -36.0
0.2 -16.6 81.7 225.9 -11.2
0.3 -12.0 40.3 97.0 -  7.4
0.4 -12.5 22.2 44.5 -  2.0
0.5 -16.0 13.4 29.0 -  0.3
0.6 -21.0 4.9 23.4 1.2
0.7 -27.1 -  7.0 13.1 5.6
0.8 -34.4 -21.0 -  4.2 9.1
0.9 -44.1 -30.9 -18.5 19.3

3 A v e r a g e  fo r  7  r e p lications

b ' and c' may be determined as functions of a'. To deter
mine a' as a function of t, the resulting polynom ial is ap
plied to  the governing equation, ( A l l ) ,  and the resulting 
equation solved. The following expressions are obtained

b ' = M ( a ' - u J (A15)

c ' = M ( a ' - u „ ) (A16)

' = C exp(-|3t) + u„ (A17)
where ¡3 is given by Eq. (10), and C is a constant of integra
tion to be determined by using a third condition to the 
governing equation. This condition is that at t j , the time of 
transition between stages, the stage I and stage II profiles 
are identical. Thus, substituting values for a, b, c, and a', 
b ' and c' into Eq. (A5) and A14), respectively, and com par
ing coefficients, the value of C is found.

C
u exp(/3tf)

(1 +
hC7 l
4 as ■)

(A18)

Thus the stage II profile is completely determined.
Using the criterion that the product is considered frozen 

when the center tem perature reaches a predefined value, Tf 
corresponding to  an enthalpy u f , the freezing tim e is

1 Uoo — Uf
tf = t I - - l n ( ^ l — I )  (A l 9)

N O M E N C L A T U R E

a coefficient in Eq. (A5) 
a ' coefficient in Eq. ( A l4) 
b coefficient in Eq. (A5) 
b ' coefficient in Eq. (A 14) 
c coefficient in Eq. (A5) 
c ' coefficient in Eq. (A14)
Gr Grashof number 
h enthalpy (k j/kg)
hc convective heat transfer coefficient (w /m 2C) 
k therm al conductivity (w/m  C)
L slab thickness (m)
Nu Nusselt number 
Pr Prandtl number 
q heat flux (w /m 2) 
t time (s) 
tf  freezing time (s) 
tj stage I duration (s)
T tem perature (C)
Tf tem perature at frozen condition (C)
T; initial tem perature (C)
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Ts surface tem perature (C)
T«, am bient tem perature (C)
TR tem perature ratio 
u enthalpy per unit volume (J /m 3)
Uf enthalpy per unit volume, frozen condition (J /m 3) 
us enthalpy per unit volume, surface condition (J /m 3) 
iu  enthalpy per unit volume, am bient condition (J /m 3) 
x length coordinate (m)

Greek letters
a  thermal diffusivity (m 2/s)
as thermal diffusivity, surface condition (m 2/s)
)3 param eter in Eq. (10) (s- 1 )
7 reciprocal slope of u-T curve (C m 3/J) (defined in Eq. 

41)
e param eter defined in Eqs. (A6), (A7) and (A8) 
p density of product (kg/m 3)
9 parameter defined in Eq. (A9)
T distance of penetration of therm al disturbance into the 

food product (m)
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F u n c t i o n a l  P r o p e r t i e s  o f  A c y l a t e d  O a t  P r o t e i n

CHING-YUIMG MA

-----------------------------------------A B S T R A C T ----------------------------------------

Protein extracted from defatted oat (Avena sativa L., variety Sen
tinel) was acylated with acetic or succinic anhydride at levels of 
0.05 and 0.20 g/g protein. Acetic anhydride was more reactive than 
succinic anhydride in modifying lysine groups. Total essential amino 
acid content was slightly lowered by acetylation but unaffected by 
succinylation. Gel filtration chromatography showed some dissocia
tion of oat polypeptides by succinylation. Solubility, emulsifying 
properties and fat finding capacity were all markedly improved by 
acylation, and the effect was more pronounced with succinylation. 
Emulsifying capacity of meat was enhanced by blending with acy
lated oat protein. Water hydration capacity and foam stability were 
adversely affected by acylation. Results suggest that acylated oat 
protein may be a valuable functional ingredient in meat and other 
emulsion food products.

IN T R O D U C T IO N

THE STORAGE PROTEINS from oats are nutritionally 
superior to  those of other cereals, having a balanced amino 
acid profile and no antinutritional or toxic com ponents. 
However, oat proteins are not used extensively for human 
consum ption, partly due to  a lack of knowledge on their 
functional behavior in processed foods. In previous papers 
(Ma, 1983a, b), the functional properties o f oat protein 
concentrates and isolates have been described. Although oat 
protein products were shown to possess good emulsifying 
and binding properties, it would be desirable to  further 
improve these and other functional properties, particularly 
solubility which is poor at neutral and slightly acidic pH 
(Ma, 1983a). This will enhance the value of oat protein as a 
food ingredient. Among various physical and chemical 
m ethods used to  improve protein functionality , acylation is 
one of the most effective, and has been applied to  many 
plant proteins including wheat (Grant, 1973), soybean 
(Franzen and Kinsella, 1976), cottonseed (Childs and Park, 
1976; Choi et al., 1981), peanut (Sundar and Rao, 1978; 
Beuchat, 1977), sunflower (Canella et al., 1979; Kabirulah 
and Wills, 1982), and pea (Johnson and Brekke, 1983). The 
purpose of this study was to  acylate oat protein by either 
acetic or succinic anhydride, and determ ine some chemical 
and functional properties of the modified protein.

M A T E R IA L S  &  M E T H O D S

Materials
Oats {Avena sativa L., variety Sentinel) were grown in the Cen

tral Experimental Farm, Ottawa, Canada in 1981. The seeds were 
dehulled and ground in a pin-mill, and then defatted by Soxhlet 
extraction with hexane.

Methods
Preparation of acylated oat protein. Proteins from the defatted 

oat groats were extracted with a weak alkali (0.015N NaOH) as 
described previously (Ma, 1983a). The slurry was stirred at room 
temperature for 60 min and then centrifuged at 4,000 X g to

Author Ma is affiliated with the Food Research institute. Agricul
ture Canada, Central Experimental Farm, Ottawa, Ontario, Canada 
K1A 0C6.

remove the starch. Acetic or succinic anhydride was added to the 
supernatant at levels of 0.05 and 0.20g per g protein, and the pH 
was maintained at 8.0 by adding IN NaOH. The supernatant was 
then dialyzed against distilled water at 4°C for 48 hr and freeze- 
dried.

Chemical analysis. The extent of acylation was estimated from 
the free lysine content of the acylated and unmodified oat protein 
samples, using the dinitrobenzene sulfonate (DNBS) method of 
Concon (1975). Protein contents were determined by the micro- 
Kjeldahl analysis (Concon and Soltess, 1973), using a nitrogen to 
protein conversion factor of 6.25. Amino acid analysis were per
formed according to Spackman et al. (1958).

Gel filtration chromatography. Gel filtration chromatography was 
performed on a 2.5 X 45 cm column of Sephacryl S-200 (Pharmacia 
Fine Chemicals, Uppsala, Sweden). The buffer used was 2 M sodium 
thiocyanate as described by Preston (1982). The column was cali
brated with standard proteins of known molecular weight, including 
human 7-globulin, bovine serum albumin, ovalbumin, trypsin inhib
itor and cytochrome C.

Functional properties. Solubility was determined in 1% disper
sions at pH between 1.5 and 10.0 as described previously (Ma, 
1983a). Emulsifying capacity (EC) was determined by the proce
dure of Swift etal. (1961), using 0.01M potassium phosphate buffer, 
pH 7.4. The EC of mixtures of meat (beef round) and oat proteins 
was also determined. Meat was homogenized with a Polytron in 1M 
NaCl to produce a 1% suspension of muscle proteins, and was mixed 
with the oat protein samples at various ratios from 0-100%. A 
turbidimetric method (Pearce and Kinsella, 1978) was used to assess 
the emulsifying activity and emulsion stability of oat proteins. 
Water hydration capacity (WHC) was determined by the method of 
Quinn and Paton (1979). Fat binding capacity (FBC) was deter
mined according to Lin et al. (1974). The foaming capacity and 
stability were assessed by the procedure of Yatsumatsu et al. (1972).

In vitro digestibility. A multienzyme method (Hsu et al., 1977) 
was used to determine the in vitro digestibility of acylated oat pro
tein. Trypsin (type IX from porcine pancreas), chymotrypsin (type 
II from bovine pancreas) and peptidases (grade III from hog intes
tinal mucosa) were all purchased from Sigma Chemical Company, 
St. Louis, MO. Casein was used as a reference protein. The in vitro 
digestibility data were subjected to analysis of variance and Duncan’s 
multiple range test.

R E S U L T S  & D IS C U S S IO N

Extent of acylation

Table 1 shows the level of m odification of oat protein as 
determined from the free lysine groups by DNBS method. 
Acetic anhydride seems to  be more reactive than succinic 
anhydride. The protein contents of the unm odified and

Table 1—Extent o f modification o f oat proteins treated with acetic 
or succinic anhydridea

Anhydride Available Extent of
cone. lysine modification

Anhydride (g/g protein) (g/100g protein) <%>

Control 0.00 3.54 0.0
Acetic 0.05 1.76 50.2
Acetic 0.20 0.50 86.1
Succinic 0.05 2.38 32.8
Succinic 0.20 1.35 61.9

a Average of duplicate determinations.
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acylated oat preparations ranged between 62-67%  (N X 
6.25) and can be regarded as protein concentrates.

Amino acid com position

Table 2 lists the essential amino acid profiles of the 
unm odified and acylated oat proteins. Acylation caused 
a slight decrease in valine, isoleucine and phenylalanine, and 
consequently a lowering in the to ta l essential amino acid 
content. The succinylated oat proteins had an essential 
amino acid profile similar to  the control. Although lysine 
content did not change significantly in the acylated p ro
teins, it has been dem onstrated that acetyl- and succinyl- 
lysine derivatives were only partially utilized (Bjarnason 
and Carpenter, 1969; Mauron, 1972; Groninger and Miller,
1979).

Gel filtration chromatography

Fig. 1 shows the Sephacryl S-200 gel chromatograms of 
the unmodified (A), 61.9% succinylated (B), and 86.1% 
acetylated (C) oat proteins. The resolution of the protein 
peaks achieved with 2M sodium thiocyanate was much 
better than that w ith AUC (0.1 M acetic acid, 3M urea, 
and 0.1M hexadecyltrim ethyl am monium bromide) buffer 
previously used (Ma, 1983a). The large peak at void volume 
represents high molecular weight aggregates (Ma, 1983a).

o>

E L U T I O N  V O L U M E  ( m L )

Fig. 1-Gel filtration chromatography o f oat protein on Sephacryl 
S-200 column (2.5 X  45 cm), using 2M sodium thiocyanate as eluan t. 
Flow  rate was 25 mL/hr. The numbers above the peaks represent 
the estimated molecular weights o f the fractions. Vo = void volume; 
A  = unmodified oat protein; B = succinylated oat protein (61.9%); 
C = acetylated oat protein (86.1 %).

The next three peaks with estimated MW of 58,000, 36,000, 
and 22,000 dalton correspond, respectively, to the dimer 
and the two monomers of oat globulins (Brinegar and Peter
son, 1982), the major protein fraction in oats. The lower 
molecular weight com ponents in the unmodified sample 
(Fig. 1 A) could be derived from the m inor protein fractions 
such as albumins and glutelins. Succinylation caused con
siderable dissociation of the void volume peak com ponent 
and the globulin dimer, w ith corresponding increase in the 
two m onom er fractions (Fig. IB). Dissociation of protein 
complexes is common in succinylated samples and is caused 
by the in troduction of repulsive forces between negative 
succinyl groups. A cetylation also caused some dissociation 
of the void volume com ponent, but not the globulin dimer 
(Fig. 1C). The 18,000 and 6,000 dalton peaks were not

Table 2—Essential amino acid contents o f acylated oat proteins 
(g/1 OOg protein)a

Amino acidb
Control

(0.0)c

Acetylated Succinylated

(50.2)c (86.1 )c (32.8)c (61,9)c

Lysine 3.5 3.7 3.7 3.5 3.2
Threonine 3.0 3.2 3.2 3.1 3.6
Cystine 2.9 1.2 1.3 2.7 3.0
Methionine 1.4 1.5 1.5 1.6 1.5
Valine 5.1 4.2 4.0 5.1 5.2
Isoleucine 3.7 3.1 2.9 3.4 3.5
Leucine 7.5 7.4 7.2 7.5 7.6
Tyrosine 4.5 4.4 4.2 4.0 4.4
Phenylalanine 6.2 5.3 5.4 5.4 5.5

Total 37.8 34.0 33.4 36.3 37.5

j* A verage  o f  d u p l i c a t e  d e t e r m in a t io n s .  
“  T r y p t o p h a n  w as  n o t  d e t e r m in e d .  
c % m o d if ied .

Fig. 2—Nitrogen solubility curves o f acylated oat protein, o = un
modified; o = succinylated (32.8%); • = succinylated (61.9%); * 
= acetylated (50.2%); = acetylated (86.1%).
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F U N C T I O N A L  P R O P E R T I E S  O F  A C Y L A T E D  O A T  P R O T E I N . . .

resolved in the acetylated sample. The increase in net charge 
in these com ponents may enhance interaction w ith the gel 
m atrix and lead to  poor resolution.

Functional properties
Solubility. Fig. 2 shows the solubility curves of the 

unm odified and acylated oat proteins. The familiar bell
shaped curve was observed for all the protein samples 
with minimum solubility between pH 4 and 5. Succinyla- 
tion increased markedly the solubility of oat proteins at all 
pHs, especially at acidic and near neutral pH. Acetylation 
also improved solubility of oat protein, although the increase 
was not as pronounced as in the succinylated samples.

Emulsifying properties. The emulsifying capacity (EC), 
emulsifying activity index (EAI) and emulsion stability 
index (ESI) of the unmodified and acylated oat proteins 
are presented in Table 3. An improvement in both EC and 
EAI by acylation is evident, particularly with a higher 
degree of m odification. The emulsion stability was greatly 
improved even at lower level of acylation.

The EC of m eat-oat protein blends was also measured to 
determ ine the effect of acylation on meat-oat protein inter
action. The results (Table 4) show that oat protein disper
sions prepared in 1M NaCl had EC slightly lower than that 
in phosphate buffer (Table 3), suggesting an inhibitory 
effect of salt on emulsification. All the oat protein samples 
had EC higher than meat and the EC of the mixtures de
creased progressively with increase in the ratio of meat in 
the blends. However, a 75:25 m ixture of oat proteins:m eat

Table 3—Emulsifying properties o f acylated oat proteins3

Extent of 
acylation (%)

ECb
(mL oil/g protein)

EAIC
(m2/g)

ESI0
(min)

0.0 1993 40.4 6.2
Acetylated, 50.2 2116 40.8 13.0
Acetylated, 86.1 2280 43.6 16.5
Succinylated, 32.8 2132 44.0 19.2
Succinylated, 61.9 2352 56.2 21.0

^  A v e r a g e  o f  t h r e e  d e t e r m i n a t i o n s .  

“ E m u l s i f y i n g  c a p a c i t y .  

b  E m u l s i f y i n g  activity i n d e x .  

a  E m u l s i o n  stability i n d e x .

Table 4— Emulsifying capacity fECI o f meat-oat protein blendsa

Extent of 
acylation %

EC (mL oil/g sample)

100:0b 75:25 50:50 25:75 0:100

0.0 1894 1829 1710 1440 1237
Acetylated, 50.2 1930 1998 1759 1564 1237
Acetylated, 86.1 2044 2015 1810 1580 1237
Succinylated, 32.8 1897 1949 1645 1536 1237
Succinylated, 61.9 2197 2283 2110 1533 1237

® A v e r a g e  o f  t h r e e  d e t e r m i n a t i o n s .  

°  R a t i o  o f  o a t  p r o t e i n :  m e a t .

Table 5—Water and fat binding properties o f acylated oat proteins3

Extent of 
acylation (%)

Bulk density 
(g/mL)

WHCb
(mL/g)

FBCc
(mL/g)

0.0 0.31 2.00 2.10
Acetylated, 50.2 0.14 1.95 4.95
Acetylated, 86.1 0.11 1.35 6.35
Succinylated, 32.8 0.13 1.65 5.25
Succinylated, 61.9 0.10 1.45 6.30

j* A v e r a g e  o f  d u p l i c a t e  d e t e r m i n a t i o n s .  

°  W a t e r  h y d r a t i o n  c a p a c i t y .  

c  F a t  b i n d i n g  c a p a c i t y .

had EC close to or slightly higher than that of the oat 
proteins alone. The data suggest tha t interaction between 
oat and muscle proteins may have a synergistic effect on 
emulsification, and acylation seems to prom ote such effect.

The EAI of the oat protein preparations was also deter
mined at various pHs between 1.5 and 10.5. Fig. 3 shows 
that the pH-EAI curves of the oat protein samples resemble 
the pH-solubility curves (Fig. 2), w ith minimum em ulsify
ing activity at pH 4.5. Acylation increased EAI at all pHs 
except pH 1.5, and the effect was more pronounced at pH 
between 3 and 6. Succinylated oat proteins had higher EAI 
than the acetylated samples, particularly at alkaline pH. 
The data indicate tha t while the improvement in emulsify
ing activity by acylation may not be highly significant at 
neutral pH, the increase could be substantial at slightly 
acidic or alkaline pH.

Water and fat binding properties. Table 5 lists the water 
hydration capacity (WHC) and fat binding capacity (FBC) 
of unmodified and acylated oat proteins. The bulk density 
was also determined and was found to  decrease markedly in 
the acylated samples. This may contribute to the dramatic 
increase in FBC in the acylated proteins since fat absorp
tion is partly related to  the physical entrapm ent o f oil by 
the protein matrix (Kinsella, 1976). In contrast, WHC was 
decreased by acylation, which could be attributed  to the 
increase in protein solubility. It has been reported that 
highly soluble protein exhibits poor water absorption 
(Hermansson, 1973). The water-binding capacity of soy 
isolate was also decreased by acetylation, and was a ttr ib 
uted to the elimination of the charged e-amino groups of 
lysine (Barman et al., 1977).

Foaming properties. The foam ability and foam stability 
of the unmodified and acylated oat proteins are shown in

pH
Fig. 3—EAI o f acylated oat protein at various pH. o = unmodified; 
° = succinylated (32.8%); • = succinylated (61.9%); a = acetylated 
(50.2%); * = acetylated (86.1%).
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Table 6—Foam ing properties o f  acylated oat prote insa

Extent of 
acylation (%)

Foamability
(%)

Foam stability (%)

30 min 60 min

0.0 85 70 53
Acetylated, 50.2 100 56 50
Acetylated, 86.1 90 42 35
Succinylated, 32.8 125 35 25
Succinylated, 61.9 95 30 22

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

Table 6. Foamability was increased in the acylated samples, 
but the foam stability was decreased by both acetylation 
and succinylation. Both foamability and foam stability 
decreased with increase in extent of m odification. Although 
acylation increased protein solubility and soluble protein 
contributes to  foaming, an excessive increase in charge 
may reduce the cohesive interactions between modified 
proteins and lower the surface film rigidity or even prevent 
the form ation of elastic film at the air-liquid interface, 
hence reducing foamability and foam stability.

In vitro digestibility
Table 7 presents the in vitro digestibility of unm odified 

and acylated oat proteins measured by the multi-enzyme 
hydrolysis procedure (Hsu et al., 1977). The results show 
that the highly acylated protein had a significantly (p <  
0.05) higher in vitro digestibility than the unmodified 
control. Modification at lower level did not alter the di
gestibility of oat protein. The improvement in digestibility 
may be due to  an increase in solubility and the dissociation 
or unfolding of the protein molecules, making them  more 
accessible to proteolytic enzymes. Using the same m ulti
enzyme assay, the digestibility of acylated pea protein was 
found to  increase (Johnson and Brekke, 1983). However, a 
decrease in in vitro digestibility was reported in a num ber 
of succinylated proteins, particularly in the release of lysine 
(Groninger and Miller, 1979; Matoba and Doi, 1979; Siu 
and Thompson, 1982). A detailed evaluation of the digesti
bility and nutritional quality of acylated oat protein re
quires more elaborate in vivo tests.

C O N C L U S IO N

THE PRESENT DATA show that acylation improved some 
functional properties of oat protein, including solubility, 
emulsifying properties and fat-binding capacity. The results 
of the meat-oat protein emulsion blends suggest favorable 
interaction between acylated oat proteins and muscle pro
teins. Most o f these changes were more pronounced with 
succinylated protein than acetylated protein. As in other 
acylated plant proteins, the improvement in functionality 
can be attributed  to  changes in the physicochemical char
acteristics of the proteins resulting from altered conform a
tion and an increase in net negative charge. The function
ality improvement will enhance the value of oat protein 
and make it more com petitive with other widely used food 
proteins. The acylated oat protein, with excellent emulsi
fying and fat binding properties, should find application in 
many fabricated food systems such as meat emulsion 
products and salad dressing.
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Ms rece iv ed  1 2 /7 /8 3 ;  rev ised  3 /1 6 /8 4 ;  a c c e p te d  4 /9 /8 4 .

C o n tr ib u t io n  N o . 5 7 5 , F o o d  R e s e a rc h  In s t i tu te ,  A g ricu ltu re  
C an ad a .

T e c h n ic a l a ss is tan ce  p ro v id e d  b y  G . K h a n z a d a  an d  A . B o isvert is 
g ra te fu lly  a ck n o w le d g e d .______________________________________________
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B i o a v a i l a b i l i t y  o f  Z i n c  a n d  I r o n  f r o m  M a t u r e  W i n g e d  B e a n  S e e d  F l o u r

IMAVAM S. HETTIARACHCHY and JOHN W. ERDMAN JR.

-----------------------------ABSTRACT----------------------------
The relative bioavailability o f zinc and iron from m ature winged 
bean (P s o p h o c a rp u s  te t r a g o n o lo b u s )  flour was determined utilizing 
standard rat bioassay procedures. Weight gain o f rats after 21 days 
and total bone (tibia) zinc resulting from zinc addition to the stan
dard diet as zinc carbonate or from zinc endogenous to winged bean 
flour were compared. The relative bioavailability o f winged bean 
zinc was calculated to be 85% (P <  0.05) and 93% (N.S.) when 
weight gain and log tibia zinc were the criteria o f evaluation. The 
results o f the hemoglobin repletion assay indicated that iron from 
winged bean was 89% (N.S.) as bioavailable iron from ferrous sulfate.

INTRODUCTION
WHILE A CONSIDERABLE NUMBER of published re
ports have dealt with the proxim ate com position, amino 
acid and fatty  acid profiles of various cultivars of m ature 
winged bean flour (Agcaoili, 1929; Claydon, 1975; Watson, 
1977; Ekpenyong and Borchers, 1980; Garcia and Palmer,
1980), few have dealt w ith the m icronutrient com position 
(Cerny, 1980; Okezie and Martin, 1980). None has investi
gated the bioavailability of minerals from this legume (In
ternational Grain Legume Centre, 1978; A terrado, 1979). 
The winged bean Psophocarpus tetragonolobus shows 
considerable promise as a high protein, high energy food 
source for inhabitants of the humid tropics (NAS, 1981).

Evaluation of the am ount of utilizable nutrients, such as 
zinc and iron, from m ature seeds is im portant in light of 
their marginal consum ption status in many areas through
out the world. The objective of this work was to determine 
the relative bioavailability of zinc and iron from mature 
winged bean flour using standard rat bioassay procedures.

MATERIALS & METHODS

Preparation of winged bean flour
Zinc study. Mixed whole winged beans (TPT2 , Chimbu, SLSj; 

ratio 2 :1.5:1.0, obtained from Peradeniya, Sri Lanka) were cleaned 
and heated for 30 min at 93°C in a Proctor Standard Variable Circu
lator Drier (Proctor and Schwartz, Inc., Philadelphia, PA), the ho t 
beans were partially cracked by passing them through a spinning 
drum plate dehuller and were soaked overnight (16 hr) at 2°C in 3 
parts cold distilled water (weight/weight).

Subsequently the beans were blanched for 40 min in 5 parts 
boiling deionized water (weight/weight). After draining and rinsing 
the beans with deionized water, the hulls were removed by hand. 
The cotyledons were ground with an equal weight o f  deionized 
water using a Rietz Disintegrator (Rietz Manufacturing Company, 
Westchester, PA) operated at a rotor speed of 10,000 rpm and 
fitted  with a 0.023 inch screen. The slurry was reground and then 
drum dried on a double-drum drier (Mathis Co., South Bend, IN). 
The dryer was operated at 2.81 kg/cm 2 gauge. The space between 
the ho t drums was set at 0.25 mm. The dried winged bean flour flake 
was passed through a 40 mesh screen with gentle rubbing and 
stored at 2°C until use.

Iron study. Mixed variety beans (Chimbu, TPT2 , SLS2o; ratio

Author Erdman is affiliated with the Dept, o f Food Science, Univ. 
o f Illinois, 567 Bevier Hall, 905 S. Goodwin, Urbana, IL 61901. 
Author Hettiarachchy is now affiliated with Westreco Inc., Board- 
man Road, New Milford, CT 06776.

2:1:1) were cleaned and soaked in deionized water (seeds to water 
1:10 wt/vol) for 16 hr at 4°C and dehulled manually. The cotyle
dons were autoclaved for 20 min at 1.05 kg/cm 2 gauge (120°C) and 
dried at 60°C in a ho t air oven for 18 hr. The dried cotyledons were 
ground in a Waring Blendor to pass through a 40 mesh sieve. The 
resultant flour was stored at 2°C until use.

Analysis of flours, diets and bones
Proximate analysis o f  samples were determ ined by  following the 

standard AOAC (1975) procedures: crude protein by Kjeldahl (N X 
6.25, section 2.049); crude fat by ether extraction (section 14.080) 
and moisture content by weight difference (section 14.076). Selected 
minerals were analyzed by atom ic absorption spectrophotom etric 
analysis (Perkin-Elmer model, 306 Norwalk, CN) o f (a) wet ashed 
samples (nitric acid digestion of winged bean flour and diets, Forbes 
and Parker, 1977) and (b) dry ashed bone samples (650°C for 32 
hr). Phosphorus and phytic acid were analyzed by the m ethod of 
Bartlett (1959) and the supernatant difference m ethod of Thom p
son and Erdman (1982), respectively. Proxim ate com position o f the 
m ature winged bean flour used for zinc and iron studies is shown 
(Table 1).

General procedures for bioavailability studies
Zinc study. The zinc bioassay followed procedures previously 

reported from our laboratory (Forbes et al., 1979; Erdman et ah,
1980). Sixty-six male weanling Sprague-Dawley rats (initial average 
body weights of 57g) were obtained from Harlan Industries, Inc. 
(Cumberland, IN). The rats were housed in individual stainless steel 
cages and fed with standard lab chow pellets (Ralston Purina Co., 
St. Louis) for a 2-day adaptation period. The room was maintained 
between 21-22°C and regulated to 12 hr light -  12 hr dark schedule 
in which the light period was initiated at 0600 hr. After the adapta
tion period, the rats were weighed and assigned to one o f 11 experi
mental groups. Rats were fed these diets and deionized water a d  
l ib i tu m  for 21 days. Disks were cut out of plastic bottles and placed 
between the water bottle  and cage to prevent the rats from chewing 
on the rubber stoppers. Feed intake and weight gains were m oni
tored.

All test diets were made up on an isoenergetic and isonitrogenous 
(20% protein) basis. The general make-up of the egg white and the 
winged bean test diets is given in Table 2. The control egg white 
diets were supplemented with 0, 2, 5, 7, 10, or 50 ppm zinc as 
ZnCC>3 . The bioavailability o f zinc in winged bean flour was tested 
by substituting winged bean flour for egg white on an equivalent 
protein basis to provide 2, 5, 7, or 10 ppm zinc from the winged 
bean flour. As an example, the 2 ppm  winged bean diet contained 
4.5% winged bean and 22.74% egg white. When combined in this 
manner, the diet supplied 20% protein and 8% fat, the same as the

Table 1—Composition o f winged bean flour3

Zinc study Iron study

Moisture (%) 4.5 5.0
Protein (%) 40.2 41.6
Fat (%) 21.0 19.8
Calcium (%) 0.41 0.48
Phosphorus (%) 0.46 0.48
Magnesium (%) 0.22 0.23
Zinc (ppm) 44.4 47.5
Iron (ppm) 75.5 83.6
Copper (ppm) 20.0 26.6
Phytic Acid (%)b 1.36 1.04

j* Expressed as “as is” basis. Averages of duplicate analysis. 
“ Assuming 23.2% phosphorus in phytic acid.
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control diet. A 50 ppm winged bean diet was made by adding 40 
ppm zinc as ZnC03 to the 10 ppm winged bean diet. Since sulphur- 
containing amino acids are limiting in winged bean protein, 0.3% 
L-methionine was added to winged bean flour diets to help equili
brate protein quality. Adjustments were made in corn oil, CaC03, 
and K2HPO4 to make diets isocaloric and of equal calcium and 
phosphorus content. At the end of the test feeding period, rats 
were weighed, killed with ether and both tibias were removed. The 
bones were placed in boiling deionized water for 1 min and the 
residual flesh removed. The bones were dried at 95°C overnight. 
Subsequently, the bones were dry ashed at 650°C for 32 hr and 
then dissolved in dilute HC1 (10:1 deionized water:HCl; volrvol).

Iron studies. Iron bioavailability from winged bean flour was 
evaluated by a hemoglobin repletion assay procedure (Fritz et 
al., 1975). Sixty male Sprague-Dawley rats weighing about 65g 
were individually housed in stainless steel cages in a controlled 
temperature environment for 6 wk. The rats were fed a low iron 
depletion diet (see Table 3) containing 4.51 ppm iron for 4 wk to 
reduce their body stores of iron. After 4 wk the average blood 
hemoglobin levels had fallen to 6.29 g/100 mL (range 4.65-7.20). 
Hemoglobin (Hb) content of blood was determined by the cyan- 
methemoglobin reaction (Hycel #116C, Hycel Inc., Houston, TX). 
Blood was obtained from the tail vein after the 4-wk depletion period 
and after the 2-wk repletion period. The rats were divided into

Table 2—Composition o f basal egg white and winged bean flour 
diets for zinc study

Ingredient

Egg white 
basal diet 

(%)a

Winged bean 
diets 
(%)a

Egg whiteb 25.0 13.6 -2 2 .7 4
Winged bean flour9 — 4.5 -2 2 .5 2
Corn oild 8.0 3.27 -  7.05
Zn-free saltse 3.33 3.33
Fiberf 3.0 3.0
Vitamin mix9 1.0 1.0
NaCI 0.0071 0.0021 -  0.0057
C0CO3 0.2299 0 .0 6 8 9 -  0.1839
KCL 0.1483 0 .0 4 4 4 -  0.1187
K2HP04 0.1519 0 .0 4 5 5 -  0.1216
Glucose 59.13 53.0 -5 7 .6 5

a Expressed on “as is" basis. 
b Purchased from Semour Foods (Topeka, KS).
9 Prepared as described under Materials & Methods.
° Purchased from Teklad Test Diets (Madison, Wl). 
e Contained in g/kg mix: NaCI, 130.5; K2CO3, 95.3;K 2SC>4, 54.2; 

K2HPO4, 92.6; CaHP04 , 337.5; CaC03, 202.2; MgC03 , 64.1; 
FeC6H50 6-H20  (16% Fe) 19.2; MnS04-H20 ,  4.5; CuS04 *
5H20 ,  0.65; K I0 3, 0.20; Na2S e 0 3, 0.06.

' Solka Floe, Brown Co. (Berlin, NH).
9 Teklad #40060 with biotin added to provide 4.44 mg/kg diet; 

p-amino benzoic acid, 110.1; ascorbic acid 1016.6; Bj 2i 29.7; 
calcium pantothenate, 66.7; choline chiliydrodihydrogen citrate, 
3496.9; folic acid, 2.0; l-ionositol, 110.1; menadione, 49.6; nico
tinic acid, 99.1; pyridoxine HCI, 22.0; riboflavin, 22.0; thiamin 
HCI, 22.0; units/kg dry diet, retinyl acetate, dry (5947.2 R.E.); 
ergocalciferol, (dry) 2202.5; tocopherol acetate, 121.2 IU.

groups of eight or nine rats each. Each group had similar average 
Hb and average body weight (216g). During the 2 wk regeneration 
period, seven different diets were fed and relative iron bioavailability 
was determined by Hb gain (Fritz et al., 1975) as well as by total 
body Hb gain per mg iron intake.

Control diets (Table 3) were casein-based with 0, 6, 12, or 18 
ppm iron added as ferrous sulfate. Experimental winged bean diets 
were formulated to provide 6, 12, or 18 ppm iron from the winged 
bean. All diets were designed to be isocaloric and isonitrogenous. 
Adjustments in corn oil and casein were made to achieve the desired 
fat and protein levels in the diets.

Statistical analysis
The data for zinc studies and for the hemoglobin repletion assay 

were statistically analyzed by regression analysis. Then, the slopes 
of the curves for weight gain or log tibia zinc (for zinc study) or 
gain in hemoglobin levels (iron study) versus mineral level in the 
diet were compared for the different mineral sources (Momcilovic 
et al., 1975; Fritz et al., 1975; Steel and Torrie, 1960). Relative 
slope ratios were calculated by comparing the slopes of the linear 
regression lines. In addition, standard analysis of variance and least 
significant difference tests were performed on data derived at each 
dietary iron level (Steel and Torrie, 1960).

RESU LTS & DISCUSSION
TABLE 1 LISTS the proxim ate com position of the winged 
bean. The phytic acid content o f the winged bean flour for

Table 3—Composition o f iron depletion, control and test dietsa

Ingredient

Depletion
dietb,c

(%)

Control
diet
(%)

Test
diets
(%)

Winged bean flour — — 7 .1 8 -2 1 .5 3
Casein, vitamin-free 20 20 9.37 -  16.45

testd
Corn oild 5.0 5.0 0.74 -  3.58
Mono sodium phosphate 2.0 2.0 2.0
C0CO3 2.0 2.0 2.0
KCI 0.5 0.5 0.5
Iodized salt 0.5 0.5 0.5
Fe-free trace 0.27 0.27 0.27

mineral mixe
Vitamin pre-mixd,f 1.0 1.0 1.0
D.L. methionine9 0.1 0.1 0.1
Cereloseb 68.63 68.63 6 1 .9 9 -6 6 .4 2
Added Fe' 0.0 variable variable

a Expressed on “as is” basis. 
b Fritz et al. (1975).
9 Iron content upon analysis, 4.5 ppm.
°  Purchased from Teklad Test Diets (Madison, Wl).
® Fritz et al. (1974). 
r See footnote g, Table 2 
9 Ajinomoto Co., Inc., (Tokyo). 
n Added to bring diets up to 100%.
1 0, 6, 12, or 18 ppm Fe from ferrous sulfate or winged bean flour.

Table 4—Weight gain, feed efficiency, total zinc consumed and tibia zinc o f rats fed egg white or winged bean-based dietsa

Zinc (ppm) Weight
Feed

Zinc
consumed

Tibia zincd

Diet (Calculated) (Actual)b (g) efficiency9 (mg) (actual) jug Zn Log jug Zn

Egg White 0 1.4 13 ± 5 0 .08  ± 0.03 0.17 ± 0.01 21.3 ± 0.35 1.34 ± 0.01

2 2.5 30 ± 5 0.1 5 ± 0 .0 2 0.61 ± 0.04 28.6 ± 0.61 1.45 ± 0 .02

5 5.3 68 ± 7 0 .29  ± 0.04 1.31 ± 0 .08 33.8  ± 0.92 1.53 ± 0.03

7 7.9 95 ± 7 0 .37  ± 0.04 1.96 ± 0.06 40 .9  ± 0.53 1.61 ± 0 .02

10 10.3 114 ± 17 0.39  ± 0.05 3 .29  ± 0.16 63.3 ± 1.40 1.80 ± 0.02

50 50.7 127 ± 14 0.44  ± 0.04 14.85 ± 0.88 136.2 ± 2.00 2.13 ± 0.02

Winged Bean 2 2.3 23 ± 8 0.11 ± 0.04 0.58 ± 0.05 27.2 ± 1.05 1.43 ± 0.04

5 5.0 56 ± 8 0.24 ± 0.05 1.39 ± 0.14 33.1 ± 1.03 1.52 ± 0.03

7 7.5 76 ± 12 0.30  ± 0.06 1.91 ± 0.17 36.9 ± 0 .88 1.57 ± 0.01

10 9.0 99 ± 5 0.33 ± 0.04 3.37  ± 0.29 58.8 ± 0.83 1.77 ± 0.01

50 50.1 114 ± 9 0 .38  ± 0.03 14.67 ± 0.82 130.0 ± 2.25 2.12  ± 0.02

a Expressed as group means ± S.D. for 21 days of feeding (N=6). 
b Mean of three determinations.
9 Weight gain (g) -r food intake (g) for 21 days. 
d Total zinc for two tibias.
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Table 5—Statistical analysis o f results from Table 4

Slope t' between
Diets r Regression equations ratio slopes

(A) Weight gain of rats vs dietary zinc concentration
Egg 0.97 Yw = 10.59 X + 12.73a

0.85 2.39
Winged bean 0.97 Yw = 9.01 X + 10.04 (P < 0.05)

(B) Weight gain of rats vs total actual zinc consumed
Egg 0.94 Yw = 33.18 X + 14.82b

0.83 1.97
Winged bean 0.94 Yw = 27.40 X + 12.55 (N.S.)

(C) Log pg tibia zinc vs dietary zinc concentration (ppm)
Egg 0.98 Yt = 0.044 X + 1.135c

0.93 1.09
Winged bean 0.97 Yt =0.041 X + 1.328 (N.S.)

(D) Log Mg tibia zinc vs total actual zinc consumed
Egg 0.98 Yt =0.141 X + 1.34d

0.86 2.18
Winged bean 0.96 Yt =0.121 X + 1.34 (P <0.05)

a Yw = body weight gain (g) for 21 days; X = dietary zinc concentration (ppm).
0 Yw = body weight gain (g) for 21 days; X = actual (by analysis) total zinc consumed (mg) for 21 days.

Yt = log /ug zinc per two tibia; X = dietary zinc concentration (ppm).
°  Yt = log Mg zinc per two tibia, X = actual (by analysis) total zinc consumed (mg) for 21 days.

Table 6—Iron content o f diets for iron study

Diets

Iron content (ppm)

Calculated Actual3

Casein 0 4.7
6 7.9

12 11.5
18 18.0

Winged Bean 6 7.5
12 12.1
18 18.6

a Mean of three determinations.

Table 7—Mean weight gain, feed intake and feed efficiency o f iron
d e p le te d  ra ts fe d  te s t  d ie ts  du rin g  th e  d e p le tio n  p e r io d 3

A d d e d  d ie ta ry  iron  level (ppm)

D ie t group 0 6 12 18

Casein 

W inged bean

(A) 2-wk Gain  (g)

26  ± 4 53 ± 6 66 ± 6 78  + 4 
50 ± 7 60  + 7 78 ± 5

Casein
W inged bean

(B) 2-wk Feed in take (g)
250 ± 19 258 ± 16 276 + 8 295 ± 13  

260 ± 13 273 ± 8 283 ± 13

Casein
W inged bean

(C) Feed E ff ic ie n cy  (g gain/g feed intake)
0.01 ± 0.01 0.20 ± 0.02 0.23 ± 0.01 0.26 ± 0.01 

0.21 + 0 .02  0.26 ± 0 .02  0.27 ± 0.02

a Rats fed an iron depletion diet for 4 wk were switched to test 
diets and maintained on these diets ad libitum for 2 wk. Data 
points represent mean ± S.D. (N = 8 or 9). Statistical analysis of 
diet groups at single dietary iron levels revealed no difference in 
gain, intake or feed efficiency due to diet type at any iron intake 
level (P <  0.05).

the iron study was lower than that for the zinc study. This 
difference can be attributed  to one or more of the follow
ing: (a) different proportion and type of cultivars used to 
prepare the flours, (b) difference in processing methods, or
(c) longer storage of winged bean flour for the iron study. 
The flour utilized for the iron study was processed and 
stored, tightly sealed at 2°C for several m onths prior to  the 
animal experim ent. Unpublished data from our laboratory 
showed that cotyledons from 14 winged bean cultivars 
contained from  1.03-1.67%  (d.b.) phytic acid with a mean 
vaue of 1.42%. Other than phytic acid, the com position of 
the two flours was quite similar.

COR SLO PE
C0EF INTERCEPT SLOPE RATIO

0.95 5.22 0 .308

0.94 5.22 0.274 0.89(n.S.)

0 6  12 18
A D D E D  D IETA R Y  IRO N  ( p p m )

Fig. 1—Final hemoglobin concentration o f iron depleted rats fed 
repletion diets.

Zinc study

The zinc content (calculated and analyzed) of the egg 
and winged bean-based diets, to ta l zinc consumed during 
the test period, as well as the results of the feeding studies 
are given (Table 4). Food consum ption of rats fed the same 
zinc levels were similar for each protein source. Statistical 
analysis o f weight gain and log tibia zinc data are reported 
(Table 5). The results were calculated both  on the basis of 
zinc concentration in the diets and upon to ta l zinc (by 
analysis o f diets) consumed over the experim ental period.

Comparison of the slopes of the linear regression lines 
show that the zinc from winged bean flour was utilized
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Table 8—Mean hemoglobin concentration, total body hemoglobin gain, iron intake and total body hemoglobin gain per mg iron intake o f iron 
depleted rats fed repletion test diets3

A d de d  d ietary  iron  level (ppm)

Diet group 0 6 12 18

Casein
Winged bean

5.2 ± 0.7
(A) Final Hb concentration (g/100mL) 

7.0 ± 0.4 
6.7 ± 0.4

9.0 ± 0.7 
8.8 ± 0.6

10.7 ± 1.0 
10.0 ± 1.0

Casein
Winged bean

-0 .0 8  ± 0.05
(B) Total body Hb gain (g)b,c 

0.34 ± 0.08 
0.30 ± 0.09

0.77 ± 0.08 
0.72 ± 0.12

1.13 + 0.13 
1.04 ± 0.15

Casein 
Winged bean

1.18 ± 0.09
(C ) Total iron intake (mg)c 

2.05 ± 0.14 
1.95 ± 0.09

3.15 ± 0.09 
3.30 ± 0.09

5.31 ± 0.24 
5.20 ± 0.22

Casein
Winged bean

-0 .07  ± 0.04
(D) Total body Hb gain (g)/mg iron intake0 

0.17 ± 0.04 
0.15+ 0.04

0.24 ± 0.03 
0.22 ± 0.03

0.21 ± 0.02 
0.19 ± 0.02

a The treatment of rats is described in footnote a of Table 7. No significant differences were noted for comparisons at single dietary iron level 
(P <  0.05).

“ Calculated assuming blood volume to be 5.46% of body weight of rat (Lombardi and Oler. Lab. Invest. 17:308, 1967).
0 Calculated during 2-wk repletion period only.

85% (P <  0.05) and 83% (N.S.) as efficiently as zinc from 
zinc carbonate added to  egg white-based diets for weight 
gain when expressed as zinc concentration of diet and total 
zinc consumed, respectively (Table 5A and 5B). These 
results show tha t zinc was well utilized for growth of the 
rat. The log tibia zinc data indicate that zinc from winged 
bean also was well utilized for bone mineralization com 
pared with a good source of zinc, zinc carbonate (Table 5C 
and 5D).

The results from the zinc bioassay can be compared to 
previous results for various soybean products. Erdman and 
Forbes (1981) summarized the zinc availability of several 
soy products and showed that the availability of zinc in 
soy foods depend upon the phytate  to  zinc molar ratio as 
well as the processing m ethods em ployed. Full fat soy 
flour, which has almost identical zinc, phytic acid and 
proxim ate com position as the winged bean, was utilized 
55% and 34%, as well as zinc carbonate for growth and 
bone mineralization, respectively. Therefore, full fat winged 
bean flour would appear to  be a good plant source for zinc.

Iron study
The calculated and actual concentration of iron in the 

casein and winged bean diets are shown (Table 6). O ther 
than in the 0 iron casein diet, the actual concentration was 
quite close to the calculated values.

The final hemoglobin concentration of groups of rats 
during a 2-wk repletion period can be plotted (Fig. 1). The 
results from this standard hemoglobin repletion test indi
cate that winged bean iron was well utilized by rats (89% as 
available as ferrous sulfate added to  a casein-based diet). It 
should be noted that the standard vitamin mix, and thus all 
casein and winged bean diets, used for this study did con
tain ascorbic acid, which is well known to  enhance non
heme iron absorption (Lynch and Cook, 1980). However, 
control diets derived the same enhancem ent as did winged 
bean diets.

The weight gain, feed intake, feed efficiency, final Hb 
concentration, to ta l body Hb gain, iron intake and the total 
body Hb gain per mg iron intake for groups of rats over the
2-wk repletion period are shown in Tables 7 and 8. Statisti
cal analysis of diet groups at single dietary iron levels re
vealed no differences in any measured parameters due to  
diet type at any iron intake level (P <  0.05).

The results from  the iron bioassay suggests that iron 
from winged bean is well utilized by the rat. A nother 
study from  our laboratory (Picciano et al., manuscript sub

m itted for publication) found that the bioavailability of 
iron from a commercial soy concentrate, a full fat soy 
flour and a soy beverage ranged from  66-92%  of ferrous 
sulfate utilizing the same hemoglobin repletion assay (and 
the same vitamin mix).

We can conclude tha t both zinc and iron are well utilized 
by the ra t from m ature winged bean flour. It can be con
sidered a good plant source for these trace minerals.
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F a t e  o f  C h l o r i n e  D u r i n g  F l o u r  C h l o r i n a t i o n

C. I. WEI, H. A. GHANBARI, W. B. WHEELER, and J. R. KIRK

---------------------------- ABSTRACT----------------------------
Unbleached flour (pH 5.8) was treated with 36Cl2 (g) in a closed- 
system flour chlorinator to pH levels of 5.25, 4.41, and 4.01. Of the 
total active Cl2 generated (12.38,20.71 and 28.17 mg, respectively),
98.6-99.6% was shown to react with the flour. Only 0.35-1.37% 
was recovered in NaOH traps. Extraction of the treated flour with 
chloroform showed that 27.0-33.7% of the total 36C1 was incor
porated into flour lipids, of which 31.2-39.1% of the radioactivity 
went to nonpolar lipids and 60.9-68.8% to polar lipids. The water- 
insoluble and water-soluble fractions of defatted flour contained
17.9-21.4% and 2.1-4.7% of the total 36C1, respectively. The re
maining 36C1 (40.3-49.1%) was present as 36C1~.

INTRODUCTION
TREATMENT OF CAKE FLOURS with chlorine gas has 
been practiced for many years as a means of improving 
baking quality (Kissell and Yamazaki, 1979; Wilson et ah,
1964). Although many studies have been conducted to  de
fine the functional effects of flour lipids on cake-baking 
potential (Spies and Kirleis, 1978; Johnson et ah, 1979; 
Kissell et al., 1979), the fate of chlorine during flour chlori
nation has not been well studied. Sollars (1961) studied the 
chlorine content of cake flours and flour fractions by com
bustion analysis in which all forms of chlorine were mea
sured as chloride. Gilles et al. (1964) also analyzed chlorine 
in chlorine-treated flour and its fractions by X-ray spectro- 
graphic methods. Again, the m ethods employed were for 
“ Cl” analysis and did not provide inform ation as to the 
form of chlorine (i.e., active chlorine, incorporated chlorine, 
or chloride ion) in the treated flour.

In this study, the distribution of chlorine in chlorinated 
flour was studied by using radioactive chlorine gas to  bleach 
flour. The chlorine content was determ ined as active chlo
rine, incorporated chlorine or chloride ion. This study was 
designed to  determine: (a) the proportion of the Cl2 used 
to  bleach flour, which reacted with flour com ponents, and 
(b) the percent distribution of reacted chlorine in the 
organic molecules of the flour, including the flour lipids, 
and the water-soluble and water-insoluble fractions of the 
defatted flour.

MATERIALS & METHODS

Samples
Unchlorinated soft flour (pH 5.80) was supplied by W. T. Yama

zaki of the Soft Wheat Quality Laboratory, Ohio Agricultural Re
search & Development Center (Wooster, OH). It was 50% patent 
extraction grade and was further pin milled at 9000 rpm. This flour 
contained 7.4% protein (N x 5.7 at 14% m.b.), 0.28% ash, and 
13.2% moisture. A commercial unbleached flour (Gold Medal 
Unbleached, Enriched, All Purpose, Pre-sifted Flour, General Mills,

Authors Wei and Wheeler are affiliated with the Food Science & 
Human Nutrition Dept., Institute o f Food & Agricultural Sciences, 
Univ. o f Florida, Gainesville, FL  32611. Author Ghanbari is currently 
affiliated with the Analytical Research Dept., D417/RIB, Abbott 
Laboratories, North Chicago, IL 60064, and Author Kirk is now  
affiliated with the Campbell Institute o f Research & Technology, 
Campbell Place, Camden, N J 08101.

Inc., Minneapolis, MN) was purchased locally and used for compari
son. It contained 9.7% protein, 76.7% carbohydrate, and had a pH 
of 6.2.

Reagents
[ 36C1] -Hydrochloric acid was purchased from New England 

Nuclear (Boston, MA). All other chemicals used in this study were 
reagent or analytical grade.

pH Measurement of the flours
The pH of the unchlorinated and chlorinated flours was deter

mined in test tubes following the modified procedures of the AACC 
Method 02-52 (Approved Methods of AACC, 1976). Ten mL cool 
(25°C) and recently boiled water were added to lg flour.

Flour chlorinator and flour chlorination
The flour chlorinator (Fig. 1) used in this study was a closed 

system. It consisted of three main components, i.e., the chlorine 
gas generator (Burette A and Flask B), the flour reactor (Flask F), 
and the chlorine gas trap for unreacted Cl2 (Flasks G and H). Chlo
rine was generated in Flask B following the method described by 
Ghanbari et al. (1983a). When 1 mL 6N H2S04 was added dropwise 
from Burette A to Flask B, which contained 0.5g solid KMn04 and 
100, 144 or 200 ;uL 4.62M Na36Cl solution (H36C1 was first neu
tralized with NaOH to Na^Cl), enough ^ C ^  was produced in 
Flask B, moved to Flask F and reacted with 20g flour (pH 5.80) and 
to change the pH of the flour to 5.25, 4.41 or 4.01, respectively 
(Kissell et al., 1979). During the chlorination process, the flour was 
agitated constantly to assure uniform chlorination. At this time, 
valves C2 and C4 were closed. When 36C12 was no longer being pro
duced and bubbling in Flask B stopped, valve Cj was closed. The 
flour was exposed, with agitation, to 36C12 for 5 more minutes and 
then valve C2 was opened to allow any residual 36C12 for 5 more 
minutes and then valve C2 was opened to allow any residual 36C12 
to be trapped in NaOH solutions in Flasks G and H. With the sys
tem under vacuum, valve C4 was opened for 15-20 min to remove 
and trap any residual 36C12 in Flasks G and H. Flask B was then 
removed from the system and valve Cj was opened to sweep any 
36C12 in the headspace of Flask F into the NaOH traps. The treated 
flour in Flask F was stored at 5°C for further analysis. The NaOH 
solutions in Flasks G and H were analyzed for available chlorine 
and radioactivity. The results reported herein represented means of 
duplicated studies.

Determination of available chlorine
Available chlorine was measured by iodometric titration (Fran- 

son, 1980; Masschelein, 1979).

Radioactivity measurement
Radioactivity was determined by scintillation counting of the 

samples dissolved in 15 mL Aquasol (New England Nuclear) using a 
Searle Analytic 92 Liquid Scintillation System with windows set at 
50-800. Counting efficiency was determined by constructing a 
quench curve, and counter reliability was monitored by including a 
standard with each run. Flour samples (50-100 mg) were prepared 
for counting by dissolving in 0.25-0.5 mL of tissue solubilizer (ICN 
8 02395) for 2 hr at 70°C, or overnight at ambient temperature.

Lipid extraction
Flour lipids from 20g chlorinated flour were washed at room 

temperature for 4 hr in a flask with chloroform (10 mL/g flour). 
After filtration through a Whatman No. 1 filter paper, the flour was 
resuspended twice in 100 mL chloroform and filtered. The combined
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Fig. 1—Flour chlorinator. Where: (A) is 
Burette containing 6N  H2SO4  (10 mL w 
14/20 neck, Bantam-Ware, Kontes K299000- 
0010); (B) Two-neck boiling flask contain
ing KMnC>4 and NaCI/Na^CI (Kontes 
K294990-0025); (C) F low  control adapter 
(Kontes 275200); (D) Tygon tubing, lengths 
adjusted to provide flexibility for shaking o f 
F  flask; (E) Inlet tube (Kontes K-275501) 
and rubber adapter (Kontes K773900); (F) 
Three-neck boiling flask containing flour, a 
modified 500 mL round-bottom flask; (G) 
Two-neck boiling flask containing 20 mL 
0.1 N NaOH (Kontes 294990-0050); (H) 
Two-neck boiling flask (Kontes 294990- 
0050) containing 20 mL 1.0N NaOH; and 
(!) Shaker arm.

O/?
Table 1—Distribution o f ( Cl) radioactivity in the flour chlorinator after completion o f the chlorination process. (20g o f unbleached flour, 
pH  5.80, were chlorinated to pH  5.25, 4.41 and 4.01, using 36 C !2  with a specific activity o f 1.26 X  10& dpm/mg)

Flour
pH

Total (36CI) 
used for 

chlorination
Total radioactivity in

Chlorinated flour Trap 1 Trap 2
dpm X 107 dpm X 107 Percent3 dpm X 105 Percent3 dpm Percent3

5.25 1.56 1.55 99.35 1.25 0.80 negligible negligible
4.41 2.61 2.59 99.23 1.96 0.75 negligible negligible
4.01 3.55 3.54 99.72 1.15 0.32 negligible negligible
3 These values are calculated by dividing the total radioactivity in flasks F, G and H to total (35CI) radioactivity used for chlorination.

chloroform washes were reduced to less than 10 mL in a rotory 
evaporator at 30°C, transferred to a 50 mL glass stoppered centri
fuge tube and washed twice with an equal volume of water-methanol 
solution (2:1) to remove any 36C1~ which was associated with the 
lipid extract. The chloroform layer was removed and evaporated to 
dryness under a stream of N2. The remaining lipid (total chloro
form-soluble lipid) was redissolved in chloroform. Components of 
the total chloroform-soluble lipid were separated by liquid chroma
tography on silica gel 60 (70-230 mesh) columns and by thin layer 
chromatography according to the procedure described by Johnston 
et al. (1983).

Fractionation of defatted flour
The defatted flours were suspended in distilled water at a ratio 

of 10:1 (v/w H20:flour), and the pH of the suspension was adjusted 
to approximately 6 with 0.5 N NaOH. After stainding at room tem
perature for 4 hr, the suspension was centrifuged at 10,000 xgfor 
10 min. Aliquots of the supernatant, which contained water-soluble 
components, were analyzed for radioactivity. The chloride ion 
content and the ex-tent of chlorine incorporation into water-soluble 
organic compounds in the supernatant were determined by the 
method of Ghanbari et al. (1982a).

The centrifugate (water-insoluble fraction) was washed with 10 
mL 0.01M NaCl and centrifuged. This washing procedure was to 
minimize any nonspecific binding of 36CI~ by isotopic dilution and 
was repeated once. This water-insoluble fraction was then analyzed 
for radioactivity after an aliquot of the sample was dissolved in 
tissue solubilizer.

Experimental controls
To correct for nonspecific binding of 36C1_ in chlorine incorpo

ration measurements, Na36Cl solution containing 36C1 in an amount 
equivalent to the experimental sample, was added to untreated flour 
during chloroform extraction.

Commercial flour
A commercial unbleached flour (pH 6.2) was also chlorinated to 

pH 4.0 and subjected to similar experimental procedures. The data 
are reported and discussed at the end of each section of the results 
for comparison purposes.

Table 2—Fate o f available chlorine during flour chlorination (Ex
perimental conditions as in Table 1)

Flour
pH

Total Cl2 
used for 

chlorination

Available chlorine13 in

Flask F Trap 1 Trap 2

(mg)3 (mg) mg Percentc (mg)

5.25 12.38 NDd 0.17 1.37 NDC
4.41 20.71 ND 0.17 0.82 ND
4.01 28.17 ND 0.10 0.35 ND

3 Total available chlorine (Cl2) was calculated by dividing the total 
radioactivity used to the specific activity of 36CI2 as listed in 
Table 1.

° Measured by idotltrometric assay.
Percent of total Cl2 used for chlorination. 

a ND = not detectable.

RESULTS & DISCUSSION
Distribution of (36C1) radioactivity 
after chlorination process

The distribution of radioactivity in the flour chlorinator 
after the com pletion of flour chlorination process is reported 
in Table 1. The chlorinated flour in Flask F was found to 
contain more than 99% of the to ta l radioactivity at each 
flour chlorination pH level. Flask G, the trap, contained 
only 0.32-0.80%  of the total radioactivity; the percentage 
of radioactivity decreased as the acidity of the flour in
creased. Only negligible am ounts o f radioactivity were 
detected in Flask H.

When 4.94 x 107 dpm of (36C12) was used to chlorinate 
20g of an unbleached commercial flour (pH 6.2) to pH 4.0, 
only 0.2% of 36C1 radioactivity was detected in the first 
trap (Flask G) and 99.8% was associated with the treated 
flour. Radioactivity in the second trap was negligible.

Fate of available chlorine
Data describing the fate of available chlorine as measured 

by iodom etric titration  during flour chlorination are shown
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in Table 2. These data indicated that less than 1.5% (1.37, 
0,82 and 0.35% for pH levels of 5.25, 4.41, and 4.01, re
spectively) o f the to ta l initial Cl2 remained as available 
chlorine. Thus, more than 98% of the 36C12 used for flour 
chlorination reacted with organic com pounds in the flour 
or was consumed by oxidation/chlorination reactions. The 
data obtained from the percentage distribution of available 
chlorine are, thus, similar to those obtained from the per
cent distribution of radioactivity (Table 1) at each level of 
flour pH. For commercial flour (pH 6.2), 39 mg of Cl2 
were required to  chlorinate 20g of the sample to  pH 4.0; 
w ith 99.8% of the Cl2 reacted with the flour.

Incorporation of 36Cl into flour lipids
Chlorination of lipids and flour lipids occurs (Sollars, 

1961; Ghanbari et al., 1983b). In this study, incorporation 
of (36C1) radioactivity into chloroform-soluble lipid frac
tion, when expressed on a per gram of flour equivalent, 
increased as the pH of flour increased (2.60 x 10s dpm at 
pH 5.25 vs 4.80 x 105 dpm at pH 4.01) (Table 3). However, 
when the data were expressed as the percentage of incorpo
ration w ith respect to  to ta l 36C12 used, chlorine incorpora
tion did not increase as the pH of flour decreased (33.3% at 
higher pH vs 27.0% at lower pH). This is believed to  have 
resulted from  a decreased rate of to ta l chlorine incorporation 
into the flour lipids as chlorination progresses. This in ter
pretation  is supported by the observation that chlorine in
corporation increased in nonpolar lipids and decreased in 
polar lipids (Table 3) as the pH of flour decreased. Polar 
lipids generally have a higher degree of unsaturation in their 
fatty  acid residues than nonpolar lipids and according to 
previously published data, are more prone to  chlorination 
reactions (Ghanbari et al., 1982b; 1983b) to  form  chlorine 
addition reaction products and oxidative degradation prod
ucts.

An increase in the absolute am ount of 36Cl incorporation 
at high chlorination levels was also detected when the un
bleached commercial flour was chlorinated to pH 4.0.

Table 3—Incorporation o f (33CI) radioactivity into flour lipids after 
flour chlorination

Flour pH

(36C|) incorporation in 
chloroform-soluble 

lipid fraction3
Percent of 36CI 

incorporated into

dpm X 105/g 
flourb Percent0

Nonpolar
lipids01

Polar
lipids0

5.25 2.60 33.3 31.2 68.8
4.41 4.40 33.7 32.8 67.2
4.01 4.80 27.0 39.1 60.9
3 Chloroform-soluble lipids were separated into polar and nonpolar

fractions. Experimental conditions as in Table 1.
Radioactivity in chioroform-soluble iipid fraction after chloroform 
extraction from lg  of flour.

0 Percent in chloroform-soluble lipids with respect to total (3®CI) 
radioactivity used for chlorination. 

a Percent means percent of (36CI) radioactivity incorporated into 
each fraction with respect to chloroform-soluble lipid fraction.

Chlorine incorporated per lipid equivalent per g flour was 
6.18 x 10s dpm, while the percent of incorporation with 
respect to  to ta l 36C12 used was 25%.

The radioactivity associated with chloroform-soluble 
lipid fractions reported in Table 3 was due to  incorporated 
chlorine, and not chlorine associated by various mechanisms 
to the various lipid fractions. This is indicated by data 
showing that a negligible (less than 0.01%) association of 
36Cl-  with chloroform-soluble lipid fraction in the control 
runs, where an equal am ount of radioactivity used to  chlori
nate flours was added to  untreated flour as N a36Cl during 
chloroform  extraction. Additional evidence supporting 
chlorine incorporation was the observation tha t 100% of 
the radioactivity associated with chloroform-soluble lipids 
was eluted with organic solvents in column chrom atography 
and TLC, while 36C1_ added to  nonradioactive lipid 
extracts was not eluted with organic solvents.

D istribution of 36 Cl among different 
fractions of defatted flour

Data describing distribution of 36C1 in the defatted 
treated flours are shown in Table 4. The predom inant form 
of chlorine in water-soluble fractions was 36C1 : 40.3%, 
44.8% and 49.1% in flour samples treated to  pH 5.25, 4.41 
and 4.01, respectively. The absolute am ount of radioactivity 
incorporated into water-soluble organics appeared to  be the 
same regardless o f the level of chlorination. The percentage 
incorporation relative to the to ta l 36C12 used decreased 
with increased chlorination. Water-insoluble fractions, 
which were predom inately protein and starch, contained
17.9 to  21.4% of the radioactivity used to  chlorinate the 
flours.

For the comparative study w ith commercial flour chlori
nated to pH 4.0, the defatted flour was shown to contain 
52.2% radioactivity as 36C1"~, 2.0% as incorporated into the 
water-soluble organics and 20.8% incorporated into water- 
insoluble fraction.

In summ ary, more than 99% of 36C12 used to  bleach 
flour reacted with com ponents o f the flour. F lour lipids 
incorporated 27.0-33.7%  of the 36C1 depending on the 
level o f chlorination. Chlorine incorporation into the water- 
soluble organics of defatted, treated flours ranged from
2.1-4.7% , whereas the water-insoluble fraction incorporated
17.9-21.4%  of radioactivity. 36C1~, a product o f the oxida
tion reaction o f 36C12 , existing mainly in the water-soluble 
fraction ot defatted flour, constituted 40.3-49.1%  of the 
radioactivity. The level of 36C1_ was dependent upon the 
level of chlorination. While the am ount of radioactivity 
incorporated into different fractions was generally higher 
at high chlorination levels, the percentage incorporation 
was approxim ately equal or lower. Studies are underway to  
characterize and identify the chlorinated molecules in the 
lipid fractions of the treated flours. The nature o f chlorina
tion reactions of Cl2 with flour proteins is also being 
Studied. —Continued on page 1153

Table 4-Distribution o f (36CI) radioactivity among different fractions o f defatted flour

(36CI) Radioactivity in
36CI in water-soluble fraction Water-soluble organics Water-insoluble fraction

Flour
pH

dpm X 105/g 
flour3 Percent0

dpm X 104/g 
flour3 Percent13

dpm X 105/g 
flour3 Percent13

5.25 3.14 40.3 3.67 4.7 1.64 21.0
4.41 5.85 44.8 4.04 3.1 2.34 17.9
4.01 8.72 49.1 3.73 2.1 3.80 21.4
¡“ Total radioactivity of the fraction derived from lg of flour.
D Percent relative to total (3®CI) radioactivity used for chlorination.
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E l e c t r o n i c  M e t h o d s  a s  C o m p a r e d  t o  D i r e c t  V a p o r  P r e s s u r e  M e a s u r e m e n t

J.A. STAMP, S. LINSCOTT, C. LOMAURO, and T.P. LABUZA

--------------------------A BSTRA CT---------------------------
The Kaymont-Rotronics Hygroskop DT, the Beckman-Sina and the 
Protimeter were tested for their ability to measure water activity 
(aw) of five foods over the 0.11 -  0.85 aw range. Each instrument 
was calibrated at 30 ± 0.1°C against ten saturated salt solutions 
using a modification of the AOAC Method 32.004-32.009. Re
gression of the reading versus true aw, as determined by the vapor 
pressure manometer (VPM), gave high r2 values for the saturated 
salt solutions between 0.32 -  0.85 aw. An error of approximately 
0.01 aw units was found using the 1 hr data but no significantly 
better regression line was found using the 24-hr data as compared 
to 1 hr data. Measurement of the aw of five foods, however, gave 
values differing by an average of 0.051 aw units as compared to the 
VPM readings. This study demonstrates justification of the FDA 
cutoff aw value of 0.85 for low-acid foods as a margin of safety.

INTRODUCTION
THE WATER ACTIVITY (aw ) o f m any foods is an im por
tan t therm odynam ic property  which can be used to  predict 
the  state and relative stability o f food w ith respect to  phy
sical properties, rates of deteriorative reactions, and micro
biological growth (Labuza, 1980). As defined, water activ
ity  is the ratio  o f the partial vapor pressure of water in air 
in equilibrium with a food to  the partial saturation vapor 
pressure of water vapor in air at the same tem perature 
(Scott, 1957). In recent years the FDA has incorporated 
the aw principle in the definition of low-acid foods [21 
CFR 113.3(n)] and uses this and other criteria to  deter
mine whether a scheduled process must be filed for the 
therm al destruction of Clostridium botulinum. Low-acid 
foods means any foods . . . w ith a finished equilibrium pH 
greater than 4.6 and a water activity (aw ) greater than 0.85.

Methods for measuring aw have been reviewed by sev
eral authors (Prior, 1979; S toloff et al., 1978; Labuza et al., 
1976; Greenspan, 1977). Among the m ethods tested, the 
vapor pressure m anom etric technique (VPM) was found by 
Labuza et al. (1976) to  be the most accurate m ethod for an 
aw range of 0.32 -  0.97 as well as the only practical m ethod 
which gave a direct measure of the water vapor pressure as 
exerted by the sample. Accuracy for the VPM m ethod is 
variously reported in the literature. A cott and Labuza 
reported an accuracy of 0.005 aw units at values below 
aw 0.85. Above 0.85, accuracy fell to  0.02 units due to 
tem perature fluctuations (Labuza et al., 1976). Lewicki 
et al. (1978) showed improved accuracy by developing an 
expression to  correct for the difference in sample versus 
gas space tem perature. Troller (1983) reported an accuracy 
of 0.009 aw units for an aw range of 0.75 -  0.97 when 
using the Lewicki correction m ethod for a VPM w ith a 
pressure transducer instead of an oil manometer.

Of the many indirect techniques for aw measurement, 
the electric hygrom eter and the dew point measuring device 
were utilized in this present study. Electric hygrometers 
use a sensor based on an electrolyte such as LiCl deposited

A u th o rs  S ta m p , L in s c o tt ,  L o m a u ro , a n d  L a b u za  are a ff i l ia te d  w ith  
th e  D ep t, o f  F o o d  S c ien ce  & N u tr itio n , Univ. o f  M in n eso ta , 1 3 3 4  
E ck ies A v e ., S t. Paul, M N  5 5 1 0 8 .

between two electrodes and measure the  change in  elec
trical impedance as a function of absorbed water vapor. 
These instrum ents respond rapidly to  changes in relative 
hum idity and have the advantage of being portable and 
easy to  use. Reported lim itations are the loss of accuracy 
due to  sensor aging, eventual poisoning by absorbed vola
tiles such as glycols, hysteresis effects at high aw levels, 
and need of frequent calibration (Vos and Labuza, 1974). 
Electric hygrometers have been shown to  have good accur
acy over a wide range of aw values. Labuza et al. (1976) 
showed an accuracy of 0.02 aw units over the 0.32 to  0.97 
aw range for several electric hygrometers. Troller (1977) 
reported an accuracy of 0.005 aw units over the 0.75 -  
0.97 aw range for a Sinascope, w ith a coefficient o f varia
tion not exceeding 1%.

The dew point measuring device tested in this study uses 
an optical dew point sensory th a t detects condensate on a 
m irror while cycling continuously in tem perature around 
the dew point. Any dew form ed on the  m irror is subse
quently  reevaporated into the sample chamber w hich pre
vents sample moisture changes. The dew point data ob
tained can then be directly related to  the aw of the sample. 
Dew point sensing devices are reported  to  give an accuracy 
of 0.003 aw units in the 0.75 -  0.99 aw range, as reviewed 
by Prior (1979). At lower aws their accuracy falls off 
because there is not enough vapor in the headspace to  cover 
the mirrored surface and change its reflectivity.

As a prelude to  regulatons for low-acid foods which 
would require accurate measurem ent of aw , S toloff (1978) 
recom m ended a procedure for the  calibration of ad m e a su r
ing devices as well as recom m endations for sample testing. 
Based on th e  Stoloff study and the finalization of the FDA 
regulations m entioned earlier, the AOAC published stand
ardized calibration m ethods (32.004-32.009) which require 
use of at least five salts at 25 ± 0.1 C and determ ining equi
librium by recording measurem ents at periodic intervals 
until the difference in aw is no greater than 0.01 units. 
In addition, specific instrum ents suggested for use in deter
mining aw water activity are listed by m anufacturer.

The objectives of this present study were to  test three 
additional devices, not available at the tim e o f th e  Stoloff 
study, and to  determine their accuracy and reliability for 
aw measurem ent utilizing modifications of the  AOAC 
procedure. In addition, comparisons were made between 
the VPM and these instrum ents, pertaining to  measurem ent 
of saturated salt solutions and food samples, to  determ ine 
if current Federal regulations are com m ensurate w ith in
strum ent capability.

M ATERIALS & METHODS
THREE COMMERCIALLY AVAILABLE instruments (two electric 
hygrometers and a dew point sensing device) were tested for aw 
measurement.

The Kaymont-Rotronics Hygroskop DT (Kaymont Instrument 
Corp., Huntington Station, NY) is an electric hygrometer that oper
ates with a sensory based on a liquid hygroscopic substance. It has a 
jacketed stainless steel sample holder that holds about 1-5 grams and 
orients the sensory just above the sample providing a small head- 
space and accurate temperature control. This instrument also has 
digital display and two trend indicaors to show when equilibrium 
has been reached.
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The Beckman-Sina (Beckman Instrument Inc., Cedar Grove, NJ) 
uses a sensory that has a gel impregnated with an electrolyte. The 
sensory is operated through a calibrated plug-in range unit within 
a range of 0.1 -  1.0 aw. Other ranges can be obtained by substituting 
appropriate plug-on sensors. The sample container holds from 0.5 -  
l.Og and provides a small headspace for a rapid rate of equilibration. 
Continuous measurement of aw is traced on a flat-bed recorder so 
that equilibrium time can be observed.

The Protimeter (Protimeter Ltd., Marlow, England) is a dew 
point sensing device that utilizes an optical photocell sensor in its 
operation, as already described. The sensor is enclosed in a chamber 
that holds about 20 -  40g of sample. The instrument displays both 
dry bulb and dew point temperature. From a provided chart, the 
%RH of the headspace can be interpolated.

All three instrument manufacturers suggest that equilibrium 
occurs in about 60 min and all three instruments give values of per
cent relative humidity (aw x 100).

To determine the range capability and calibration sensitivity of 
each instrument, the aw of ten saturated salt solutions was mea
sured at 30 + 0.1°C. All salts used in this study are listed in Table 1, 
and saturated solutions were prepared according to the AOAC pro
cedure (32.007). Saturation equilibrium of the solutions was checked 
after storage for 24 hr at 30°C prior to measurement. The salts 
were stored in sealed jars at 30°C when not in use. The aw of these 
solutions was measured on an oil manometer VPM, according to the 
method of Lewicki et al. (1978). Duplicate measurements were 
taken at 30°C by each of two technicians. A correction for tem
perature difference was applied. These data were used instead of 
the Stoloff (1978) data at 25°C or the Greenspan (1976) data at 
30°C since intrinsic errors have been associated with the averaging 
of literature values in these types of studies, (Labuza et al., 1976). 
The 30°C temperature was chosen for better temperature control 
since 25° C would have required refrigeration. The aw of each salt 
was then measured on each of the instruments utilizing a random 
sample order. Duplicate or triplicate measurements were recorded 
by one to three technicians, after continuous exposure of a sample 
to a sensor for 1 hr and again after 24 hr. Thus, each salt was 
measured a maximum of six times on each instrument. The tech
nicians employed in this study had no prior experience with these 
instruments so that individual biases toward any instrument were 
eliminated. Data collected from the saturated salt solutions were 
then fitted to a linear regression of the instrument reading in %RH 
versus the true aw, as measured by the VPM in order to calculate 
the bias and gain where:

aw(100) = (Reading)(Bias) + (Gain) (1)
Five foods covering a range in aw from 0.11 -  0.85 were mea

sured in duplicate on each instrument and on the VPM by all three 
technicians, and the results were compared. However, some sam
ples were measured by only one or two technicians because bias due 
to sample lot variation was not allowed. The foods utilized in this 
study, instant dry tea, nonfat dry milk, Parmesan cheese, an inter
mediate moisture dog food, and grape jelly, were all purchased at a 
local supermarket. As with the salt solutions, all food samples were 
preequilibrated to 30°C for 24 hr prior to testing with measure
ments taken at 1 and 24 hr.

RESULTS & DISCUSSION
TABLE 1 shows the raw aw values and calculated averages 
for the saturated salt solutions obtained on the oil man
om eter VPM at 30°C. The next to  the last column shows 
the Greenspan (1977) values for these same solutions at 
30°C. The last column shows data collected by others in 
our laboratory on a VPM equipped w ith a pressure trans
ducer sensor, according to  the m ethod of Troller (1983), 
rather than the oil m anom eter. The results from  the oil 
manom eter VPM and those from  Greenspan show statis
tically significant differences at all aw values when evalu
ated by the Student t-test at p = 0.05. The reason for 
disagreement in values lies in the m ethodology used to  
estimate the true aw s of these saturated salt solutions. 
Greenspan’s (1977) values were a result of weighted fits to  
regular polynomial equations as a function of tem perature 
from published data covering a range of 56 yr. Given this 
range of years and the variation in accuracy of the wide 
variety of direct and indirect m ethods of aw measurem ent 
combined in the Greenspan tables, those values can con
tain significant determ inant errors and may provide a poor 
estimate of the true aw . These dterm inant errors were not 
introduced in the values obtained on the VPM which directly 
measures th e  static physical phenom enon of vapor pressure 
used to  calculate aw . The standard deviations of the aw s 
obtained on the VPM ranged from 0.001 -  0.008 which 
agree w ith the results obtained by Labuza et al. (1976). 
Table 1 shows some differences between the oil m anom eter 
VPM values and those values found using the pressure trans
ducer; however, these differences were no t found to  be 
significant when subjected to  a t-test (p = 0.05). While 
the pressure transducer values might be a more accurate 
estimate of the true aw , the oil m anom eter values were 
used in the regression calculations to  assure uniform ity 
when applying those equations to  the food samples which 
also measured on the oil m anom eter VPM.

The mean values of the measured raw data, obtained 
on the instrum ents for the saturated salt solutions, are 
summarized in Table 2. The estimates of the true aw , 
as measured by the oil manom eter VPM, are listed in the 
first column for comparison. Table 3 shows the accuracy of 
each instrum ent as evaluated by the average mean differ
ence of each instrum ent from  the VPM values from  the 
values generated in Table 2. The poor values of accuracy 
indicate that even in its original condition, some further 
calibration of each instrum ent was w arranted. This same 
result was a key point in the S toloff study, one which 
manufacturers have left understressed. It is also evident 
from Tables 2 and 3 tha t the Protim eter was not at equilib
rium at the 1 hr measurement, since a significant change

Table 1—Water activities for saturated salt solutions as measured by the oil manometer VPM at 30° C

Salt

Technician A Technician B Average value 
of two 

technicians3
aw Value from 

Greenspan (1977)

Pressure 
transducer 

VPM value13Sample 1 Sample 2 Sample 1 Sample 2

LiCI 0.116 0.114 0.115 0.116 0.115 ± 0.001 0.1128 ± 0.0024 0.110
CHgCOOK 0.224 0.224 0.224 0.227 0.225 ± 0.001 0.2162 ± 0.0053 0.236
Mg Cl 2 0.327 0.331 0.327 0.331 0.329 ± 0.002 0.3244 ± 0.0014 0.325
k 2c o 3 0.445 0.455 0.444 0.446 0.447 ± 0.005 0.4317 ± 0.0050 0.437
NaBr 0.562 0.578 0.577 0.579 0.574 ± 0.008 0.5603 ± 0.0038 _

NaNOz 0.642 0.657 0.647 0.650 0.649 ± 0.006 NAC 0.648
NaCI 0.758 0.774 0.772 0.773 0.769 ± 0.007 0.7509 ± 0.0011 0.748
KCI 0.847 0.851 0.849 0.853 0.850 ± 0.003 0.8362 ± 0.0025 0.841
BsCl 2 0.917 0.931 0.914 0.917 0.920 ± 0.008 NAC _

k 2s o 4 0.965 0.989 0.976 0.980 0.977 ± 0.001 0.9700 ± 0.0040 -
3 ± standard deviation
B Standard deviations were ±0.001 for all salts 
c NA — not available
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Table 2--Measured mean values o f aw for saturated salt solutions at 30°C

Salt VPMa
Kayrnont-Rotronicsb 

1 hr
Beckman-Sina*3 

1 hr

Protimeterb

1 hr 24 hr

LiCI 0.115 ± 0.001 0.167 ± 0.001 0.115 ± 0.001 0.175 ± 0.001 0.175 ± 0.001
CH3COOK 0.225 ± 0.001 0.260 ± 0.002 — _ _
MqCI 2 0.329 ± 0.002 0.367 ± 0,003 0.275 ± 0.005 0.344 + 0.001 0.344 ± 0.001
k 2c o 3 0.447 ± 0.005 0.492 ± 0.003 0.460 ± 0.002 0.486 ± 0.010 0.456 ± 0.007
NaBr 0.574 ± 0.008 0.614 ± 0.001 0.568 ± 0.002 0.691 ± 0.010 0.604 ± 0.008
NaN02 0.649 ± 0.006 0.668 ± 0.003 0.637 + 0.003 0.634 ± 0.010 0.642 ± 0.006
NaCI 0.769 ± 0.007 0.768 ± 0.004 0.750 ± 0.001 0.738 ± 0.007 0.764 ± 0.006
KCI 0.850 ± 0.003 0.839 ± 0.005 0.832 ± 0.001 0.830 ± 0.008 0.865 ± 0.006
BaCI 2 0.920 ± 0.008 0.896 ± 0.002 0.860 ± 0.002 0.865 ± 0.009 0.917 ± 0.006
k 2s o 4 0.977 ± 0.001 0.937 ± 0.001 1.00 ± 0.001 0.944 ± 0.008 1.00 ±0.005
a Measured mean of 4 replicates. »
°  Measured mean of 6 replicates.

in the mean value had occurred in 24 hr. No significant de
creases (t-test, p = 0.05) were found for the Kaymont- 
Rotronics or Beckman Instrum ents during the 24 hr period; 
thus only 1 hr measurements are listed.

Listed below are the linear regression equations for cali
bration of the three instrum ents using the 1 hr readings 
over the whole aw range tested.
Kaymont-Rotronics:
aw (100) = 1.106 (reading) -  7.879 r2 = 0.996 (2)
Beckman-Sina:
aw (100) = 0.991 (reading) + 1.577 r 2 = 0.988 (3)
Protimeter:
aw (100) = 1.121 (reading) -  9.342 r2 = 0.966 (4)

As seen from  the r 2 values, all three instrum ents pro
duced equations showing high linear correlations. It should 
be noted that the slopes were close to  one but the in ter
cepts were not zero, which was the main cause of error. In 
developing the calibration curves, it was found that above 
aws of 0.85 and below 0.32 the instrum ents were less 
linear, perhaps indicating physical factors in the sensor 
which are dominating. This can be seen by the decrease in 
the average mean difference from the VPM values when 
evaluating between 0.32 and 0.85 aw , as shown in Table
3. This justifies using a minimum of five points for cali
bration as recom m ended by Stoloff (1978), especially in an 
aw range close to  that o f the test food. This would correct 
for sensor lim itations at the extrem e aw ranges. It must 
also be stressed tha t these equations pertain only to  each 
individual instrum ent; any device of the same model will 
have its own particular equation. No significantly better 
regression lines (t-test, p = 0.05) were found using the 24 
hr data rather than the 1 hr data for the Beckman instru
m ent or the Kaymont. While the Protim eter showed a sig
nificant difference below 0.32, this can be attributed  to  the 
slow response of the dew point sensor in the low relative 
hum idity regions (<0 .32  aw ). These results, however, 
suggest that even though these three instrum ents may not 
■eome to  com plete equilibrium at 1 hr, one would not need

Tab le  3 —Com parison  o f  overa ll m ean d iffe ren ce  in  a w  betw een  e lec
tro n ic  a w  devices and  the V P M  m ethod

Kaymont-Rotronics Beckman-Sina
Protimeter

aw Range 1 hr 1 hr 1 hr 24 hr

0.11 -  0.98 0.031 0.022 0.043 0.019
0.32 -  0.85 0.026 0.020 0.040 0.014

to  run multiple calibration curves for different times of 
exposure if the proper aw calibration range is used. The 
aw value generated from  the 1 hr curves for an instrum ent 
reading of 85% RH would thus be 0.843 for the Kaymont, 
0.858 for the Beckman, and 0.836 for the Protim eter. The 
difference for the two electric hygrometers is within the 
±0.01 value established by the regulatory guidelines. Un
fortunately, the difference for the dew point device is 
0.014 aw units, which exceeds the 0.01 value. This is a 
result of the large negative gain found, which can be domi
nated by the errors for the low aw values m entioned before.

The aw results for the food samples listed in Table 4 
showed large deviations in com parison to  the VPM. Inter
estingly, the average standard deviation for all samples 
was ±0.003 aw units when measured by the instrum ents, 
as compared to  ±0.007 when measured by the VPM. How
ever, the instrum ents gave very different values. The differ
ence between the VPM value and the calculated aw from 
the instrum ent reading varied w ith the samples by as much 
as ±0.14 aw units to as low as ±0.001, but the variation was 
different for each instrum ent and food com bination. On 
the average, the difference was ±0.051 aw units for the 
instrum ents. These errors suggest tha t the FDA criterion of 
using 0.85 for the low-acid food cu toff may be reasonable 
even if Clostridium botulinum  does not produce toxin 
below an aw of 0.92, since the food samples in this study 
showed an inexplicably large deviation in measured aw 
values as compared to  those found by the VPM. This 
brings into question what is actually being measured by

Tab le  4 —C o rre cted  m easured aw  values o f  foods a t  3 0 ° C

Food VPM
Kaymont-Rotronics Beckman-Sina Protimeter

Measured A Measured A Measured A

Instant Tea 0 .1 3 0  ± 0 .0 0 7 0 .1 7 4  ± 0 .0 0 2 + 0 .0 4 4 0 .1 9 2  ± 0 .0 0 2 + 0 .0 6 2 0 .2 6 7  ± 0 .0 0 2 + 0 .1 3 7

Nonfat Dry Milk 0 .1 3 7  ± 0 .0 0 4 0 .2 0 3  ± 0 .0 0 2 + 0 .0 6 6 0 .2 7 2  ± 0 .0 0 3 + 0 .1 3 5 0 .2 7 7  ± 0 .0 0 4 + 0 .1 4 0
Parmesan Cheese 0 .6 9 3  ± 0 .0 0 7 0 .7 2 5  ± 0 .0 0 6 + 0 .0 3 2 0 .7 1 3  ± 0 .0 0 3 + 0 .0 2 0 0 .7 2 1  ± 0 .0 0 3 + 0 .0 2 8
Grape Jelly 0 .8 0 2  ± 0 .0 0 9 0 .8 5 2  ± 0 .0 0 2 + 0 .0 5 0 0 .8 1 8  ± 0 .0 0 4 + 0 .0 1 6 0 .8 2 0  ± 0 .0 0 3 + 0 .0 1 8
IMF Dog Food 0 .8 1 4  ± 0 .0 0 9 0 .8 0 0  ± 0 .0 0 3 - 0 . 0 1 4 0 .7 4 9  ± 0 .0 0 3 - 0 . 0 6 5 0 .8 1 5  ± 0 .0 0 5 + 0 .001
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these instrum ents for a complex food system. However, it 
must be remembered tha t the results presented were based 
on a comparison w ith the VPM and tha t no other direct 
m ethod of water activity measurem ent exists.
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lecithin had not shown mold damage after the 10-day period 
except in the case of sucrose-chocolate samples. Even in the 
la tter case, the spread of mold growth in the sample con
taining the lower concentration of surfactant was consider
ably greater than in the 1.0% lecithin sample. A striking ob
servation was the absence of mold damage in both  L-sorbose 
samples.

Although L-sorbose is not ferm ented by oral bacteria 
(Bussiere, 1976), it is not clear w hether this resistance is 
only to  ferm entation by bacteria or indeed other micro
organisms. However, L-sorbose would appear to  have very 
good hum ectant properties, comparable to  sucrose, from 
the foregoing results. This is in agreement with previous 
claims (Bussiere, 1976) tha t tests at 66% and 80% RH 
showed that sucrose, L-sorbose and m annitol exhibited the 
least hygroscopicity while /3-d -fructose and sorbitol were 
the two most hygroscopic of several carbohydrate sweeten
ers compared.

L-sorbose has been found also to compare very well with 
sucrose in chocolate sensorically (Ogunmoyela and Birch,
1983). It may, therefore, be used as a replacement for 
sucrose. Its use in food products has hitherto  been limited 
by earlier claims tha t it is undesirable as a food sugar be
cause of its poor clinical tolerance and tendency to  cause 
physiological modifications such as plasmolysis. However, 
work by Dupas (1974) has shown conclusively tha t L- 
sorbose is of excellent clinical tolerance and causes no bio
logically adverse effects. It has been further shown to be 
utilizable especially in sweet food products, like candies, 
for the purpose of preventing dental caries (Bussiere, 1976), 
while L-sorbose-sweetened chocolate conched very well and 
presented the same characteristics as traditional chocolate

from sucrose, producing even a slightly lower viscosity than 
sucrose-chocolate, which facilitates the molding operation. 
In contrast, the use of 0-D-fructose and sorbitol particularly 
in sweetener mixtures for chocolate or other food products 
must be carried out restrictively and only w ith adequate 
knowledge of the storage properties of such m ixtures.

It is possible therefore that perhaps in tim e, the sensory 
and physicochemical advantages of L-sorbose in chocolate 
will make it a significant com petitor for sucrose.
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A  N e w  M a p p i n g  S u p e r - S i m p l e x  O p t i m i z a t i o n  

f o r  F o o d  P r o d u c t  a n d  P r o c e s s  D e v e l o p m e n t

S. NAKAI, K. KOIDE, and K. EUGSTER

--------------------------- ABSTRACT----------------------------
Graphic illustration of response surface is difficult to carry out for 
cases with more than two factors as the graphs are of higher orders 
than three dimensions. An approximation was made by dividing 
the level values of each factor into four groups of equal intervals, 
and then the response values plotted were linked to each other when 
all other factor levels were “in the same groups” of experimental 
conditions, instead of “under the same conditions” in the case 
of two or three dimensional graphics. When applied to mathematical 
models, this new mapping simplex optimization significantly (p < 
0.01) reduced the number of experiments required for reaching 
the optimum as compared to the Morgan-Deming simplex optimi
zation. Most experiments on food analysis and processing have been 
optimized within 25 -  35 iterative experiments depending on the 
number of factors. Computer-directed optimization in conjunction 
with the mapping technique followed by a simultaneous shift of 
factor levels greatly facilitated research supervision.

INTRODUCTION
SINCE MAN cannot usually predict the possible effects of 
changing more than two factors sim ultaneously during ex
periments, especially when the factors are interacting, 
optim ization techniques, e.g., simplex optim ization, are 
useful in improving research efficiency.

Simplex optim ization is an autom ated, stepwise process 
for experim ental designs. Once the range for each experi
mental condition (factor) is initially set, the subsequent 
experim ental conditions are generated by a com puter, thus 
all experiments can be autom atically guided toward the 
optim um  with minimum effort. The basic principle of 
simplex optim ization is to  move away from the experiment 
(vertex) which has yielded the worst result (response) in 
each simplex consisting of (n + 1) experiments, where n is 
the num ber of factors. The procedure to  find the next 
experim ental conditions which move the experim ent in 
the opposite direction from the worst in the previous 
simplex can be programmed in a hand-held com puter or a 
programmable calculator. Our experience has shown a 
great im provem ent in research efficiency, as lab techni
cians or students can carry out entire experiments effi
ciently and with minimum supervision once the factor 
ranges have been decided initially through discussion with 
their supervisor.

In the previous paper (Nakai, 1982), a modification was 
proposed for the super-simplex optim ization (SSO) of 
R outh et al. (1977) to  avoid a problem of the search 
stalling at the boundary set as a constraint. This modified 
super-simplex optim ization (MSS) was more efficient in 
reaching optim a than other simplex optim ization tech
niques. However, no improved efficiency was obtained 
when the quadratic regression equation did not fit the 
experim ental response surface.

It is a general trend in iterative optim ization procedures

A u th o rs  N a k a i and  Eugste r are w ith  the Dept, o f  F o o d  Science, 

Univ. o f  B rit ish  C o lum b ia , Vancouver, B .C., Canada V 6 T  2A 2 . 
A u th o r  K o id e  is a f f il ia te d  w ith  the M e ij i M i lk  P rod u c ts  Com pany,

3-6 K y o b a sh i 2-Chom e, T o kyo , Japan.

that the speed of approaching the optim um  is quicker at 
the beginning and progressively slows thereafter. To obtain 
further improvement in efficiency a mapping procedure 
was incorporated into the SSO to  expedite the later stage of 
the optim ization after a certain num ber of iterative experi
m ents according to  the SSO algorithm.

Techniques for graphic illustration of data of higher 
orders than three dimensions are unknown. This means 
tha t response surfaces composed of more than two factors 
are impossible to  visualize graphically. The approxim ate 
drawing of the response surface of m ultidimensional data 
was attem pted in this simplex optim ization. When applied 
to  m athem atical models, this new mapping super-simplex 
optim ization (MSO) significantly improved the optim iza
tion efficiency as compared to  the simplex optim ization 
(MDS) of Morgan and Deming (1974), even for those 
mathem atical models for which MSS was not efficient 
previously (Nakai, 1982).

This paper describes details o f the MSO procedure and 
the results of comparing the optim ization efficiency with 
the MDS m ethod. Examples of the application of this 
new optim ization technique to  food product and process 
development are also dem onstrated.

MATERIALS & METHODS

Procedural outline
An outline of the optimization procedure is schematically illus

trated in Fig. 1.
S u p e r  s im p le x  
o p t i m i z a t i o n

M a p p in g

S im u l t a n e o u s  
f a c t o r  s h i f t

I R e a d  b o u n d a r y  
a lu e s  o f  f a c t o r s .7

j s t a r t i n ^  s i m p l e x |  
t R e f l e c t i o n  v e r t e x ! * —

P r o c e d u r e  s t e p  
n u m b e r

A 2 ,  4- 

A  3

A 5 

B 6

B 7, 8

B 9 

B 1 0

C 11 

C 12

D e t e r m in e
d i r e c t i o n

Fig. 1—O u t lin e  o f  the m app ing  super-sim plex o p tim iza tion . 
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Mapping principle and its computer program
As graphic illustration of multidimensional data, i.e. higher 

orders than three dimensions, was difficult, an approximate visuali
zation of the experimental response surface was attempted for 
demonstrating the trend toward the optimum.

For each factor, the level values used in optimization are divided 
into four groups based on their locations on a scale within large, 
medium and small limits (grouping). Division into more than four 
groups was tried to improve the accuracy of locating the optimum; 
however, this was abandoned since the available number of data for 
mapping decreased.

The large and small limits are determined from a plot of the 
response value against each factor level so as to include all data 
points and only major points, respectively. The ranges of the two 
limits can be quite different when the data points are localized in 
the scattergraph. The medium limit is calculated by the computer to 
be the average of the entered values of the large and small limits. 
These three different limits are used for grouping to increase the 
frequency of data linking so that adequate information on the loca
tion of the optimum is obtained.

From the grouped data, matched data to be linked are found. 
Data points entitled to be joined for one factor are those that 
belong to the same groups of the other factors. A hypothetical three 
factor case is illustrated in Fig. 2. When the response values are 
plotted against factor 1 (Fig. 2a), the possible location of the opti
mum is not easy to conjecture. In Fig. 2c and 2d, the data points

are grouped. For factor 2, data points 5, 7, 10, 12 and 13 belong 
to the same group (third from left in Fig. 2c), and for factor 3, data 
points 7, 10, 11 and 13 belong to the same group (second from left 
in Fig. 2d). Since data 7, 10 and 13 are common in these two groups 
of data, implying that they have been obtained under approximately 
the same conditions with regard to factors 2 and 3, these points are 
entitled to be linked to estimate the response surface in the response 
vs factor 1 plot (Fig. 2b). Other data points in the above grouped 
data, i.e. data 5,11 and 12, are not entitled to join this linked group 
since they have been obtained through experiments carried out 
under different “condition groups.” Data points 5 and 12 can be 
linked separately as they belong to another group for factor 3 
(fourth from left in Fig. 2d). After the mapping procedure has been 
completed by linking the other points (6, 8 and 9; and 1 and 2 in 
Fig. 2b), the approximation of the optimum is clearer (Fig. 2b) 
than before (Fig. 2a). It is highly probable that the level of factor 1, 
for the optimum locates between the level values for vertices 6 and 13.

From the maps for all factors the target level values are esti
mated. The target value of a factor in conjunction with the present 
best value of the factor will show the most probable area where the 
optimum may be located. Although the target setting is absolutely 
dependent on an individual’s judgement, an example of the target 
setting rule which has brought about successful optimization in 
the past is illustrated in Fig. 3.

A computer program for combined grouping and matching was 
written for the UBC Amdahl 470 V/8 computer and a Sharp PC 
1500 hand-held computer.
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Fig. 2-Hypothetical graphs for explaining the mapping principle (maximization).
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Simultaneous factor shift program
The computer programs written for a Monroe 1880 program

mable calculator and Sharp PC 1500 computer are designed to shift 
the factor level 1/5 the distance between the present best (B) and 
the target values (T) starting from the B value. The shift is carried 
out for all factors simultaneously and the program provides three 
extra shift values beyond the T values to prepare for cases when the 
T values are erroneously set too close to the B value. An example of 
the simultaneous factor shift is as follows: if the B and T values 
for pH are 6.0 and 7.0, and for temperature 20 and 30°C, the shift 
experiments are designed as exp. 1 (pH 6.2, 22°C), exp. 2 (pH 6.4, 
24°C) . . . exp. 5 (pH 7.0, 30°C) . .  . exp. 8 (pH 7.6, 36°C).

Optimization of mathematical models
Mathematical models used in the previous paper (Nakai, 1982) 

were again used for objective comparison of optimization algorithms 
after slight modification (Table 1). For the models for which the 
theoretical factor values were 0 at the optimum, variable x was sub
stituted by (x + a) to avoid accidental optimization due to erro
neous operation of the computer programs.

The SSO program was also modified from c > 2 (Fig. 2, Nakai, 
1982) to c > 0.65 for the extension conditions to increase the flexi
bility of the search thus avoiding the stalemate of the search at the 
boundaries. The following procedure was finally adopted.

A. Super simplex optimization
1. Read the boundary values of each factor for the initial 

simplex program to obtain (n + 1) vertices where n is the number of 
factors.

2. Enter the response values of (n + 1) experiments into the pro
gram to calculate the reflection vertex.

3. Enter the response value into the program for computing 
the vertex to replace the worst value (W) within the simplex.

4. Form a new simplex by replacing W with a new vertex 
(better one of two vertices obtained in steps 2 and 3) and continue 
optimization by repeating steps 2, 3 and 4.

5. After carrying out 1 8 -2 0  experiments, 20 -  22 experiments 
and 22 -  24 experiments for 3, 4 and 5 factor cases, respectively, 
transfer to the next mapping procedure.

B. Mapping
6. Plot the response values obtained against the factor levels 

on separate graphs for each factor.
7. Determine the large and small limits of factor levels for each 

factor. The large limit is taken as the lower and upper factor levels 
that include all data points while the small limit includes only the 
majority of data points.

8. Enter these limit values into the grouping-matching program 
to obtain a series of matched data.

LL B T UL LL B T  UL LL B T UL

Fig. 3—Examples o f target level setting (minimization): (a1) Stalled optimization. Target value is set 10 - 25% o f the range (the distance be
tween LL  and UL) from the point furthest from the stalled points. B, current best value; T, target value; LL , UL, original lower and upper 
limits. (a2) Slow movement towards the optimum in a sharp concave. Target value is set 5 - 10% o f the range from the current best value. (a3) 
Medium movement towards the optimum linearly. Target value is set 40% o f the range from the current best value. (a4) Fast movement to
wards the optimum with a straight curve. Target value is set 70% o f the range from the current best value, (b) Direction o f movement towards 
optimum is unclear. Target values are set ±20% o f the range on both sides o f the current best value.
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9. Join the matched data points on each graph ox draw most 
probable lines which indicate where the optimum is most likely to 
be located.

10a. Set target level values for each factor such that the opti
mum is most likely to occur between the best value found in “A” 
above and the target value (Fig. 3).

10b. Set targets on both sides of the present best value for 
graphs where it is difficult to determine which direction the search 
should be continued (Fig. 3-b).

C. Simultaneous factor shift
11. Shift experiment. Continue the experiments according to 

the shift program until the response value becomes worse than the 
preceding one. For factors with two targets on both sides of the 
present best value (10b) no shift experiment is performed until 
step 13.

12. Speed check for fast shifting factors (where the target value 
is set far from the present best value) or for factors whose target 
values are unclear. Using the best vertex from step 11, do experi
ment by changing only the factor in question to the level value cal
culated for the next vertex in the shift program. If the response 
vlaue is worse or better than the preceding best response value, then 
the target value should be changed to decrease or increase the dis
tance from the present best level.

13. Direction determination (case 10b). Do experiments by 
changing the factor level to the target values on either side of the 
best value. Decide the direction of search depending on which side 
gives the better response value. When two factors belong to case 
10b, try all combinations of target values since there may be inter
actions between factors.

14. Termination. Depends on the objective of the optimization 
but in general, the search is terminated with the response value has 
converged on the extremum with only slight fluctuations, e.g., the 
same response value is repeated three times.

Comments
(a) If the initial boundaries are very broad, a larger number of

Table 1 —Comparison o f optimization efficiency 

Vertex number of optimization 

MDS MSO

Model (1) y=20—5x3—2x2—4x3—e x -^ —x1x3+3x2x3+4x12+4x22 

+x32 (minimization)
63 36
58 19

Model (2) y=1.34+33.6x1+25x2+34.4x3+22x4+7x5—4x3x2
—12x3x3—10xjX4—4xjX 5 — I6 X2X3 — 1 2X2X4—6X2X3

—15x32—18x22—20x32--26x42—10x52 (maximization)
66 32
74 55
98 88

Model (3)y={l00[x3-10e(xl ,x2)] 2+[\Zx32+x22—1 ] 2+x32|X2
+10.00 where 27t0(x1 ,x2) = arctan (x2/xj) when x3>0 , 

= rr+arctan (x2/x1) when 
x3< 0  (minimization)

145 48
85 43
57 49

180 27

Model (4) y= {(xl + 10x2)2+5(x3- x 4 )2+(x2-2x 3)4-H0(xl - x 4)4} 
X2+10.00 (minimization)

77 45
97 33
73 54
42 25

Model (5) y=(xl 2+x22+x32+x4 2+x52)X100+10.00 (minimization) 
84 39

101 40
67 32

experiments may have to be carried out during super-simplex opti
mization. Super-simplex optimization should be continued until the 
responses from the last three vertices to replace the worst immedi
ately before the mapping are within 10% difference from each other.

(b) Obtaining good graphs which give a clear indication of the 
shift direction toward the optimum is extremely important. If 
good graphs are not obtained the following may be tried: (i) Con
tinue super-simplex optimization for several more vertices and incor
porate these data into the mapping procedure, (ii) Change the small 
and large limit values for grouping.

(c) If, in the shift experiment, the first experiment gives a 
response value worse than the present best response, change the 
direction of the factor which is most uncertain of its shift direc
tion. The shift experiment is repeated with a new shift program.

(d) For factors with almost no response improvement, set the 
level values of these factors on the side opposite to where the 
present best value is located, then continue the shift experiment. 
Later, direction determination of these factors may be done.

RESULTS

An example of the simultaneous shift procedure
To visualize the complicated m anipulation of the simul

taneous shift procedure, the optim ization result of model 
5 in Table 1 is shown in Table 2. First, the simultaneous 
shift was carried out using the best level and target level 
values obtained from the mapped graph for each factor. 
(The data from 24 vertices perform ed according to  the 
super-simplex optim ization were used for mapping.) After 
three shifts the response value started to  increase, thus the 
shift was discontinued. Then, the speed check was carried 
out by changing each factor from the current best (vertex 
26) one at a time to  the next value calculated by the shift 
program. These results indicated that the speed of shift of 
X2 , X3 and X5 should be decreased and X4 should be in
creased as the response values resulting from  these changes 
are worse and better than vertex 26, respectively.

The direction of the shift was checked based on the best 
response from the speed check (vertex 31) for all factors, 
except for X! for which the direction of shift was self- 
evident in the mapped graph. Because of the improved 
response values obtained from X3 and X 5 (vertices 34 and
36) , their possible interaction was investigated (vertex
37) . Using the results of the speed check and direction 
determ ination, new target level values were set. For X3 
and X5 , the direction of shift was changed since their re
sponse values were better than tha t found in the speed 
check. The second simultaneous shift reached the minimum 
value of 10.03 after 39 vertices for which the MDS re
quired 84 vertices to  reach the same minimum value.

Comparison of optim ization efficiency
As reported previously (Nakai, 1982), m athem atical 

optim ization models were used for objective com parison. 
These models were also used in this paper. Since different 
optim ization techniques were compared in the previous 
paper, the mapping super-simplex optim ization results were 
compared with only those of MDS. Special interest was 
focused on comparison of MDS and MSO using the m athe
matical models for which the MSS suggested previously 
(in which a quadratic fitting was incorporated in to  super- 
simplex optim ization) failed to  improve the optim ization 
efficiency over MDS (models 3 and 4 in Table 1), due to  
inadequate fitting of the quadratic equation used in the 
MSS to the response surfaces of the models.

As seen in Table 1, when MDS needs a large num ber of 
vertices the MSO remarkably improves the optim ization 
efficiency. For fair com parison, the MSO search was te r
minated when the same optim um  response value as that 
obtained by MDS was reached. A paired sample t-test 
showed a highly significant (P <  0.01) difference in the 
optim ization efficiency between the two methods.
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It was found that SSO was more suitable than MDS 
for initial simplex optim ization since SSO yielded data w ith 
greater variability. This resulted in a quicker approach to 
the  real optim um  in mapping although, compared to  MDS, 
the speed of approach was more quickly reduced at the 
later stage of optirpization.

Examples of application to food processing projects
Two examples are shown. Example 1 required the appli

cation of the sim ultaneous factor shift procedure after the 
mapping. Most other examples of analytical and processing 
experiments carried out in our laboratory reached the 
optim a even before entering the mapping stage, therefore 
the sim ultaneous shift was no t required. Example 2 is dif
ferent in that it shows two local optim a.

Example 1. Viscosity of casein solution.
Casein forms a gel in the presence of calcium, o rtho 

phosphates and pyrophosphates when heated. This gel can 
be utilized for preparation of gelled dessert foods. Prior to  
simplex optim ization, nine experim ents were carried out 
using fractional factorial designs for the above three addi
tives as factors with three levels. The purpose of these 
experiments was to  define the ranges of these additives for 
the subsequent optim ization. Viscosity of the heated casein 
solution was measured by a Brookfield viscometer. A fter 
14 experiments using SSO, the experim enter erroneously 
stopped the iteration due to  a misunderstanding of step A 5. 
Mapping from  these 14 data did not yield useful graphs due 
to  lack of the number of data. This is because the last 
three vertices to  replace the worst (vertices 10, 12 and 14) 
have a 23% difference in the response size. This size of 
difference is larger than the recommended 10% [com m ent
(a)].

Mapping was, therefore, carried ou t after combining nine 
data from factorial analysis w ith the 14 data from SSO as 
seen in Fig. 4. From these results, a target value for each 
factor was set as follows (the present best value is shown in 
parenthesis): CaCl2 17.9 (15.4) mM, orthophosphates 6.6 
(9.6) mM and pyrophosphates 15.8 (12.7) mM. After six 
subsequent experim ents using sim ultaneous shift, a viscos
ity  of 520 mPa.s was obtained by heating 10% sodium 
caseinate at 60 C for 20 min in the presence of 16.4 mM 
CaCl2 , 8.4 mM K2H P 04-KH2P04 equimolar m ixture and
14.0 mM Na4P20 7-Na2H2P207  equimolar m ixture.

Example 2. Milk protein coprecipitation
Coprecipitation of protein from skim milk was maxi

mized using SSO, MSO and response surface analysis (RSA). 
The factors varied were pH 2 - 7 ,  solids content 2 -  36% 
and CaCl2 • 2H20  0 -  500 m g/100 mL. All samples were 
heated for 10 min in boiling water. The SSO term inated 
by itself after seven experiments at pH 3.17, 29.1% milk 
solids and 117.9 mg CaCl2 • 2H 20 . The MSO, after 32 
experiments, showed the presence of two close maxima at 
pH 3.17, 29.1% milk solids, and 117.9 mg CaCl2 • 2H20  
and at pH 6.70, 34.1% milk solids and 471 mg CaCl2 • 
2H 20  with over 90% precipitation. Whereas, the RSA, 
with 17 experiments, calculated the location of optim um to 
be at pH 3.71, 2.3% milk solids w ith 850 mg CaCl2 • 
2H 20  with lower than 60% precipitation.

These results revealed the usefulness of MSO since it was 
feasible to  dem onstrate the presence of two local optim a. 
On the contrary, SSO lacked search capability while a 
maximum found by RSA was inferior to that found by 
MSO probably because of difficulty in fitting the quad
ratic equation to  a case w ith tw o local optim a. The m ap
ping of all data obtained during the entire MSO procedure 
gave a clear vision of the true response surface which was 
useful for designing practical processing conditions, e.g., 
for avoiding high acidity in this coprecipitation experim ent 
by selecting pH 6.70 instead of pH 3.71.

DISCUSSION
USEFULNESS of simplex optim ization in food research 
was dem onstrated in a previous paper (Nakai, 1982). The 
new mapping super-simplex optim ization has been applied 
to  more than 20 food processing experim ents. Frequently, 
the optim a were reached even before mapping. The m ap
ping procedure in these cases was still quite useful since the 
overview of the response surface around the optim um  as
sisted the subsequent processing operation.

For the final search after the mapping process, it is pos
sible to  continue another iterative search using SSO or MDS 
instead of the sim ultaneous factor shift; the la tter was more 
efficient in optim ization. A drawback of this simultaneous 
shift plan is the difficulty in writing a com plete com puter 
program (steps C 11-14 in Fig. 1). At present the speed 
check (step C 12) and the direction determ ination (step 
c 13) are performed manually.

Table 2—An example o f the simultaneous shift procedure (minimization)

Vertex X 1 X 2 X3 X4 X5 Response

Range 11.77 \ —0.37 S 0.19 h .02 ( -0.51 (present best)
Simul. shift (1) (1.61 (-0.2 (0.3 ( 1.1 ( -0.42 (target)

Shift 1 25 1.74 -0.34 0.21 1.04 -0.49 10.56
2 26 1.71 -0.30 0.23 1.04 -0.47 10.41
3 27 1.67 -0.27 0.26 1.07 -0.46 10.71

Speed check
X l 28 1.67 -0.30 0.23 1.05 -0.47 10.41
X2 29 1.71 -0.27 0.23 1.05 -0.47 10.52
X3 30 1.71 -0.30 0.26 1.05 -0.47 10.61
x 4 31 1.71 -0.30 0.23 1.07 -0.47 10.29
x 5 32 1.71 -0.30 0.23 1.05 -0.46 10.54

Direction determination
33 1.71 -0.34 0.23 1.07 -0.47 10.41

x 3 34 1.71 -0.30 0.21 1.07 -0.47 10.18
x 4 35 1.71 -0.30 0.23 1.04 -0.47 10.41
x 5 36 1.71 -0.30 0.23 1.07 -0.49 10.22

X3'X5 37 1.71 -0.30 0,21 1.07 -0.49 10.12

Range 5 1.71 1 —0.30 ( 0.21 ( 1.07 ( -0.49
Simul. shift (II) (1.65 ( —0.25 ) 0.19 (1.15 ( -0.52

Shift 1 38 1.70 -0.29 0.21 1.09 -0.50 10.03
2 39 1.69 -0.28 0.20 1.10 -0.50 10.04
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For complete autom ated optim ization where the optim i
zation efficiency and the boundary constraint are not 
strictly required, e.g., molecular weight distribution com pu
tation (van de V oort et al. 1979), the MDS algorithm can 
be recommended. By allowing the search to  freely violate 
the boundary constraint during several early vertices, where 
feasible, the stalling problem can be circumvented.

Because of the exponential increase of vertex num ber 
for optim ization as the num ber of factors increased, :he en
tire MSO program was w ritten to handle up to  five factors. 
Preliminary factorial design experiments are thus im portant 
for selection of factors which are really critical for optim i
zation as already described previously (Nakai, 1982).

The MSO programs have also been w ritten for a hand
held com puter (Sharp PC-1500) for ready application of 
the optim ization technique at rem ote places far from costly 
main frame com puters. The programs, w ritten in Basic 
language, are available on request.

When the precision of response measurem ent is unsatis
factory, the standard deviation of the response values of the 
final simplex should be used for term inating the search as 
Morgan and Deming (1974) suggested.

When more than two responses are to  be optim ized,

arbitrary weights are usually placed on the responses de
pending on their im portance, then the to ta l response values 
are optim ized (Morgan and Deming, 1974). We found that 
repeating the optim ization using each response, one at a 
tim e, is more useful instead of introducing inaccurate, sub
jective weight values. In practice, the first optim ization 
process is carried out using the first response, then the 
second optim ization process to  optim ize the second re
sponse is initiated using a narrower level range of each 
factor selected from the mapped graph so as to  restrain 
the response values within the desirable range.

In conclusion, a new mapping simplex optim ization 
technique was introduced for improving the optim ization 
efficiency. Mapping and sim ultaneous factor adjusting 
procedures were incorporated in to  the super-simplex op ti
mization algorithm. This mapping procedure, which pro
vided a perspective capability to  the iterative search of sim
plex optim ization, proved to be useful in experim enting 
for food research and development. The computer-assisted 
adm inistration of research projects as explained in this 
study has markedly improved the efficiency o f conducting 
research. —Continued on page 1170

O R T H O P H O S P H A T E  ( mM)

Fig. 4—Mapping results o f experiments to maximize viscosity o f 
casein solutions: 10% sodium caseinate solutions were heated at 
60° C for 20 min in the presence o f CaCl2 , K2HPO 4-KH2PO4  

equimolar mixture and Na4P2d y-Na2H 2^2^ 7 equimolar mixture. 
Mapping was carried out using 14 data from super-simplex optimi
zation (No. 1-14) and 9 data from factorial design experiments 
(No. 15-23). The ranges initially set for optimization: CaCl2  5 - 
30 mM, orthophosphates 0 - 50 mM, and pyrophosphate 5 - 20 mM.
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I n f l u e n c e  o f  F r e e z i n g  a n d  T h a w i n g  o n  t h e  E g g  V i t e l l i n e  M e m b r a n e

PIERRE ROGER V IAU D

---------------------------ABSTRACT-----------------------------
The original method finalized for this study was a direct comparison 
of the isothermic dehydration rate between two membrane samples, 
one subjected to a freezing-thawing cycle, the other being untreated 
control. Freezing entailed irreversible modifications in the properties 
of the vitelline membrane of the hen’s egg as indicated by a signifi
cant increase in the water absorption capacity; an accelerated drying 
rate; and a marked decrease in the water retention capacity. Through 
this method, the cryoprotective action of glycerol at the membrane 
level was also demonstrated.

INTRODUCTION
TRANSPORT OF WATER into and through cellular mem
branes and consequent alterations in these membranes are 
im portant in the freezing and thawing of biological material. 
It is difficult to  quantitatively measure these effects in 
tissue or suspended cells because the cells involved are very 
small. The vitelline membrane array which separates the 
yolk and the white in the hen’s egg, on the other hand, has 
a suitable albeit complex, multilayer membrane structure 
which is (a) large enough to  permit measurem ent of these 
effects through the use of control and variably treated 
membrane samples obtained from the same egg; (b) strong 
enough to  be separated from the adjacent yolk and white 
and m ounted in suitable sample holders; and (c) readily 
available.

The array, according to  the electron microscope obser
vations of Bellaire and Harkness (1963), consists of; an 
inner layer about 2.7 ¡im thick; an outer layer which, 
because it contains a variable num ber of sublayers, has a 
thickness varying between 3 and 8.5 /tm; and a continuous 
membrane which lies between these layers, is about 0.05 -  
0.1 /im thick, and contains the phospholipid bilayer making 
up the membrane proper.

The dehydration rate is directly related to  kinetic fac
tors depending on the m em brane structure and properties, 
and to  the quantity  of free water in the sample or to  the 
activity of this water. Therefore, if a freezing-thawing cycle 
modifies the drying rate of biological membrane, the 
activity of the water has varied and/or deep changes have 
been induced in the structures of the membrane as sug
gested by Bresson (1978) and Viaud (1978).

The purpose of this study is to  show the effect of freez
ing on the properties of the egg vitelline membrane through 
a comparison of isotherm ic dehydration rates between two 
wet samples of the same origin, one having gone through a 
freezing-thawing cycle, the other being the control.

MATERIALS & METHODS

Freezing material
The vitelline membrane used constitutes a model which is similar 

to the cellular structure of a biological membrane separating two 
continuous quasi-identical environments such as an intra- and

Author Viaud is affiliated with the Dept, o f Applied Biology,
E.N.S.U.T., Univ. o f Dakar, BP 5085, Dakar, Senegal, West Africa.

extra-cellular media. The water environment selected is the usual 
physiological serum (0.9% NaCl). The first set of experiments was 
conducted with pure water; in the second set, physiological serum 
was used to obtain a more realistic biological model. There were 
no noticeable differences in the observed results.

The membrane was subjected to a freezing-thawing cycle similar 
to those used for frozen food commodities. Observations were made 
of the change with time of the residual water content and water 
loss rates during drying as compared to a control sample which was 
not frozen. This technique also made it possible for the cryoprotec
tive action of glycerol to be checked.

Freezing cells
Sample-holders were composed of two perspex rings (1 cm in 

radius) which, when placed together encircled the membrane sample. 
This system provided for satisfactory stretching of the membrane 
which, with a minimum of care, can be handled without tearing. 
It also permits one to obtain circular membrane samples of constant 
radius similar to those obtained with a hollow punch.

Egg yolk was isolated and washed in serum (0.9% NaCl) until 
albumen was completely eliminated. The vitelline membrane was 
isolated and cut into two hemispheric caps which were carefully 
washed in five successive serum baths to fully eliminate any trace of 
vitellus. One of the circular caps, used as the control specimen, was 
set on its holder and stored for 24 hr at +1°C, immersed in serum.

The other cap, set on an identical holder, was immersed in serum 
in a 300 mL cylindrical flask for freezing. In order to reduce con
centration effects during freezing, the membrane was placed very 
near the flask bottom so that sample freezing started at the be
ginning of the freezing cycle when more than 90% of the serum was 
still in the liquid phase, thus minimizing ionic shock. The membrane 
was then frozen using a pre-determined set of freezing conditions, 
with the freezing interface crossing the membrane perpendicularly 
from its external to its internal side. Storage at -18°C for 16 hr 
was followed by a controlled thawing sequence in a +20°C atmos
phere.

It should be noted that the present experiments mainly concern 
slow freezing and thawing cycles, i.e.: +20°C to -2.5°C for the first 
hour; -2.5°C to —5°C in the next 2.25 hr; —5°C to —18°C in the 
next 2 hr for the freezing sequence. The thawing operation was 
as follows: -18°C to -5°C for 0.5 hr; -5°C to -2.5°C in 2.5 hr; 
-2.5°C to +20°C in 3 hr.

Freezing equipment
The freezing equipment was a conventional cryostat, 30L 

volume, cooled through a double-stage Freon evaporator. With this 
equipment, controlled temperatures as low as -40°C, measured by a 
contact thermometer, can be maintained. We used -18°C for most 
of our experiments.

Temperature at the membrane level was measured with a plastic 
constantan-manganin thermocouple, 0.1 mm in diameter, 50 it in 
resistance. The sensitivity of this thermocouple was 38 mV/°C. It 
corresponded to a reading of less than 0.1°C with conventional 
measuring equipment consisting of a standard potentiometric re
corder with a maximum sensitivity of 2.5 mV and a 25 cm chart 
width, which provided for a continuous recording of the tempera
ture. The cold junction was placed in an ice-water mixture in a 
Dewar-flask.

Dehydration measuring equipment
To compare the drying rate of the initially water-saturated mem

branes, both were placed in a steady environment with constant T 
values of +20 ± 0.5°C and RH 55 ± 5%. The simultaneous drying of 
both control and frozen samples provided more accurate compari
son since the effects of accidental variations of T and RH were
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counterbalanced. The drying rates were obtained from the water 
mass evaporation measurements provided by two 10- 4 g scales 
(Mettler H 33) with measuring chambers which connect witli each 
other and with the outside atmosphere (Fig. 1).

In order to extend the scope of the investigations, an infra-red 
analysis method provided another method for measuring the rate 
and extent of water desorption from the membrane. The principle 
of the method consists of measuring the variation with time of the 
percentage transmission of an infra-red beam directed through ini
tially water-saturated frozen and control samples. Since I.R. trans
mission is a simple function of water concentration in the material 
under study, this method provided direct observations of the drying 
kinetics for the samples. The equipment used was a classical I.R. 
spectrophotometer (Beckmann IR 4220 type). Since it contained a 
built-in desiccation system, the measuring chamber was continuous
ly swept out by completely dry air. This equipment then provides 
for: (1) a 0% relative humidity which tends to maximize the rate of 
dehydration of the membranes; (2) a 40°C drying temperature, 
which is close to the physiological incubation temperature and 
therefore prevents thermal destruction of the membrane.

In order to follow these dehydration phenomena, the 3490 
cm-1  (wavelength 2.86 qm) was selected. This band corresponds to 
a very broad maximum in the I.R. spectrum of liquid water and pro
vides for excellent accuracy in evaluating water concentration.

The method used for the provision of frozen and control mem
branes was identical to the preceding one. Membranes were subse
quently stretched on “Irtran” frames (an I.R. transparent material, 
nonsoluble in water) and then water saturated at +40°C. After 
temperature and saturation equilibration, they were placed separ
ately in the spectrograph chamber for drying. The percentage of 
transmitted light was then continuously recorded to measure 
directly the membrane drying kinetics.

RESULTS & DISCUSSION

Drying kinetics of membranes
From each desorption experim ent, a series of double 

sim ultaneous results were obtained, i.e. those of control 
and frozen mass samples originating from the same vitelline 
membrane as a function of time.

In order to  ascertain the reproducibility of these results 
and quantify them , about 50 similar experim ents where 
carried out. Data from 13 of these experiments were re
tained on the basis of the following criteria: (1) the control 
and frozen samples originating from the same ovocyte did 
not show any tear and remained perfectly streatched in 
their holder to the end of the experim ent; (2) the tem pera
ture and hum idity conditions remained constant through 
the drying sequence.

Typical drying kinetics are presented in Fig. 2. The dry
ing rates are obtained from the expression:

Fig. 1—Sketch o f the drying test cabinet: A,A'-scaies, S,S'-sample 
holders, T-clock, H-hygrometer, R-temperature recorder for ther
mocouples.

m = ms + mH2o (!)
where ms is the asym totic value of m, and mp[2o  the mass 
of evaporated water. Since the dry mass of membrane sam
ples was not constant, the mean value of 13 pairs of mea
surements was used for kinetics characterization

ms = 2.0 x 10“ 3g and o=  0.6 x 10_3g (2)
where ms is the mean value and o the standard deviation 
of the distribution. It is im portant to  emphasize tha t the 
variations of ms for a pair of samples originating from  the 
same ovocyte were much narrower and did not exceed 4%. 
The variations in ms, indicated by o, can be explained by 
the structure of the external layer of the m em brane whose 
thickness varied from 1 -  3 layers, depending on the egg 
concerned. At the same time, the water conten t of the 
thickest membrane was greater and, therefore, the drying 
period was longer.

In order to  normalize all experim ents, the param eters 
m* and r  are introduced, where m* is the ratio  of water 
retained per dry mass of the membrane m* = (m-ms)/ 
ms, and t the drying tim e of half the to ta l mass of water.

Experim ental data in term s of these parameters are 
therefore independent of ms and t , and are solely charac
teristic o f the drying phenomena.

From Fig. 2, two results are im m ediately apparent:
(1) the frozen membrane initially contained a much greater 
quantity  of water than the controls after they were placed 
in identical water saturation conditions (i.e. after im m er
sion in physiological serum); and (2) the dehydration  rate 
of the frozen sample was greater than th a t of the control.

In addition, the frozen membranes were much more 
fragile than control (90% of samples which tore spontane
ously during tests were frozen membranes). They often 
did not appear as clean and clear as the control membranes, 
and small gelatinous spots were observed in the frozen 
membranes.

Isothermic differential drying rate
In order to  analyze more accurately these observations

Fig. 2—Typical drying kinetics o f frozen and control membrane 
samples, m* = (m-ms)/ms is the ratio o f the moisture content in 
9HpO versus membrane dry mass in g and r  the dehydration time o f  
haft o f the water amount. Experimental conditions: t = 20°C; 
RH  = 55%.
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and discuss the source of differences between control and 
frozen samples, another param eter was introduced, i.e. 
the isotherm al drying ratio: V = Vf/V c, where Vf and Vc 
are, respectively, the drying rate of the frozen and control 
samples at the same tim e, as derived from  the preceding 
drying data. Thus for Vf at tim e t = (tj + t 2 )/2:

Vf(t) = (mt2 -  mt l )/m s x l / ( t 2 — t j )  (3)
where is the mass of the frozen sample at tim e tj, and 
ms the mass of the same sample when dry, i.e. a t t  = °°.

The curve thus obtained, V = f(t), represents the varia
tion of the drying rate of a frozen sample as compared to 
its control as a function of tim e at identical tem perature 
and hum idity conditions (Fig. 4).

This curve showed a very sharp maximum, which ap
proxim ately corresponded to  Vf = 2.3 Vc . It followed from 
these results that the absorbed water in the frozen mem
brane showed very different properties from water in the 
control (Eisenberg and Kauzmann, 1969).

The curve presented in Fig. 3 shows the variation with 
tim e of M* = f(t), i.e. the water mass ratio , m *f/m *c of 
the frozen and control membranes.

Some interesting results may be derived from Fig. 3. At 
the beginning of drying, M* = 1.51 which shows th a t, at 
membrane saturation equilibrium, frozen samples absorbed 
on an average 50% more water than the control and that, 
following a 103 sec initial drying period, during which M* 
reached a maximum of 1.77, the frozen sample mass de
creased less rapidly than the control sample mass.

Though M* then decreased rapidly and regularly, the 
water mass of frozen sample was always greater than tha t 
o f the control. Finally, at the end o f drying, M* became 
lower than 1 and reached 0.81.

Membrane freezing, therefore, has two im portant con
sequences which can be directly deduced from these re
sults: (1) an average 50% increase in the initial water 
absorption capacity at saturation; (2) an average 20% 
decrease in water reten tion  capacity at the end of drying.

During drying of frozen membranes initially saturated

— * M

Fig. 3—Moisture content retained by frozen as compared to control 
samples M  = mf/m£ as function o f time. Upper curve, normal test; 
lower, glycerol added.

with water, the relative lost water balance was therefore 
about 70% at 20°C and 55% relative humidity.

The ratio of the mean dehydration rate of frozen mem
branes as compared to  control, as a function of tim e, V = 
g(t) shown in Fig. 4, confirms the peak already observed. 
A detailed exam ination of the curve showed tha t the ini
tially saturated frozen and control membranes have the 
same dehydration rate  at the start of the experim ent; the 
frozen samples then dehydrate m uch more rapidly, since at 
103 sec the drying ratio more than doubled. The rate 
reached a maximum at 2 .10 3 sec and at the end of the 
drying process, tended to  fall back to  1. The relevant stand
ard deviation was highest at the end of drying since V be
comes a ratio of two figures, each tending toward zero.

This analysis therefore confirmed tha t freezing consi
derably changed the characteristics o f water in membranes. 
The new behavior of water was characterized by a much 
increased drying rate and a marked tendancy for the mem
brane to  become more dehydrated.

In the set of experim ents carried out in the I.R. experi
m ental set up, the readings obtained from  frozen and con
trol membrane samples were very similar to  those obtained 
from  weighing done at 55% R.H.

Comparison of the I.R.-measured drying kinetics for 
frozen and control membranes confirmed the conclusions 
reached in the first study and showed tha t, under com 
pletely different RH and tem perature conditions, the 
observed features are the same.

At the start of the experim ent, the w ater concentration 
W of the frozen membrane was far greater than th a t of 
control, since Wf = 2.4 Wc. This confirmed the significant 
induced freezing increase in the membrane water absorp
tion capacity already reported. During the course of drying, 
the frozen membrane dehydrated much more rapidly than 
its control and at the  end, bo th  membranes desorbed at the 
same rate and water concentration of th e  frozen and con
tro l membranes were roughly the same.

These results confirmed the tendency of frozen mem
branes to  dry more rapidly than controls. The difference 
in the final degree of dehydration achieved was however 
not as significant as in the first gravimetric study. In the

V

Fig. 4—Undimensional rate o f moisture loss V = Vf/Vc as function 
o f time. Upper curve, normal test, lower, glycerol added.
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first study, the difference in the final dehydration was of 
the order of 20% because desorption was not pursued to  
an advanced stage, the RH being of the order of 55%, 
whereas it was 0% in the I.R. tests.

Cryoprotective action of glycerol
Glycerol was used in certain tests for two reasons (Doeb- 

bler, 1966). It is one of the oldest cryoprotectors known 
(Lovelock, 1953) and has been successfully used in cryo
biology (erythrocytes, spermatozoa) (Rowe, 1968) (Rapatz 
and Luyet, 1968).

It is an intracellular protector for slow freezing con
ditions. The glycerol can therefore go through the vitelline 
membrane and eventually protect it from freezing injuries.

The experim ental study was conducted in a manner 
similar to  the preceding one.

Glycerol at 15% concentration was added to  physio
logical serum baths for sample freezing and for control 
storage at +1 C.

Before taking any dehydration measurements, the gly
cerol was carefully washed out from samples by immersing 
them  in five successive serum baths.

From the curve M* = f( t)  (Fig. 3), it can be observed 
that glycerol treated and nontreated samples behaved dif
ferently after identical freezing-thawing cycles when they 
were subm itted to  the same water saturation and drying 
conditions.

When these results were compared with those from the 
preceding study of membranes w ithout glycerol, it ap
peared from Fig. 3 that glycerol prevented the increase in 
water absorption capacity induced by freezing at water 
saturation equilibrium. It cancelled the increase with dry
ing tim e of the retained water mass ratio between the froz
en and control membranes and did not affect the tendency 
of frozen membrane to  have a lower water content at the 
end of the drying process.

The influence of glycerol on the dehydration rate is 
clearly shown in Fig. 4 which compares the drying rate 
curve for glycerol and nonglycerol treated membranes as a 
function of time.

It is obvious that the significant increase in drying rate 
caused by freezing was strongly reduced by glycerol, Vmax 
being reduced from 2.3 to  1.25. This slight maximum ob
served was most certainly due to  the relatively low concen
tration  of glycerol used (15%) as compared with those

Fig. 5-Rate o f moisture loss V in gHpONsolidlsec x versus 
moisture content M C in gHpofosoUd- The length of the "constant 
rate" period for frozen is about twice those for control as well as 
the initial MC. "Falling rate”  period begins at roughly the same 
MC.

currently used in cryobiology (30 -  40%). This 15% concen
tration, in place of the usual 30% offers, however, the 
advantage of not requiring too long washing sessions, 
which increase the already strong probability  of membrane 
tearing.

During the experiments w ith glycerol, a number of gen
eral results on biological tissues, which were already known, 
were observed; but, in addition, more specific phenom ena 
relative to  the vitelline membrane were dem onstrated. It 
was shown that glycerol treated membranes have the same 
macroscopic appearance as the control, whereas as pre
viously reported, w ithout glycerol, their appearance was 
not so clean. They have a fragility equal to  tha t o f the con
trol whereas absorption increases by 50% on untreated  
frozen membranes.

The experiments have shown that a freezing-thawing 
cycle strongly changed the initial water retention  capacity, 
the drying rate and the final degree of dehydration of the 
vitelline membrane.

To interpret these phenom ena a model has to  be devel
oped for the structure changes and denaturation  produced 
by freezing, which takes into account already known 
data, and the new results acquired through this study.

One classical model that might support these results is 
the capillary model; but it also shows some inconsistency. 
It could be inferred from the analysis of the rate of mois
ture loss V versus moisture content MC in frozen and con
trol membrane, Fig. 5, that the peak in V curve of Fig. 4 
was mainly due to  a prolongation of the “ constant rate 
period” in the frozen membrane. The effective vapor dif
fusivity corresponding to  the evaporation of free or slightly 
bound water as evaluated graphically from  the Sherwood 
relation M/M0 = A .e~BDT in Fig. 6 is respectively Dc = 
1 x 10“ 3 cm2/sec_1 for the control and Df = 0.92 x 
10~3 cm2/s e c " 1. But the length of the “ constant ra te” 
period Lc = 600 sec for the control and Lf = 1,200 sec for 
the frozen sample is roughly proportional to  the initial 
water content MC in Fig. 5: 13.5gH2o/Ssolid for frozen and 
7 -6gH2o/gsolid for control.

The “ falling ra te” period starts with a nearly equal mois
ture content MCc = 4.25gH2o/gsolid and MCf = 5gH2o /  
Ssolid but the diffusivity of vapor in frozen membranes is

Fig. 6—Graphical evaluation o f vapor diffusivity from Sherwood 
relation M/M0 = A.e~B D T  where M/M0 is the MC  vs initial MC0, 
A and B constants depending on the material, D vapor diffusivity 
and t time.
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larger than that for the control Df = 5.11 x 10-4  cm 2/ 
sec“ 1 as Dc = 4.26 x 10“ 4 cm 2/sec_ 1 , suggesting a more 
porous m atrix in the frozen membrane, which supports 
the capillary model (Viaud and Aquire-Puente, 1972).

But the large increase of water retention  capacity at 
saturation tends to  support a model based on the form a
tion of lamellar ice layers between constituent membrane 
layers. This model also supports the proportionality  be
tween “constant ra te” period length and the am ount of 
absorbed water in the samples.

We have already shown tha t glycerol prevented these 
modifications. It is a well know n fact that glycerol, which is 
an intracellular protector in slow freezing conditions, acts 
by partly substituting itself for cellular water. In this 
particular study, where the biological material is a unique 
membrane, it is probable that glycerol also exchanged with 
part of the membrane water and thus prevented form ation 
of ice inside the membrane.

Conversely, if no cryoprotector is used, ice crystals can 
grow inside the membrane itself, fed by free or slightly 
bound water, and consequently destabilize the membrane 
structure through inter alia a “ loosening” of its constitu
tive layers: the maximum effect being presumably felt in 
the most hydrophobic areas of this heterogeneous m ulti
layer system.

CONCLUSION
IT HAS BEEN POSSIBLE to suggest, through the gravi
metric m ethod of differential isothermic dehydration, a 
structural, or at least physiological, denaturation of the 
vitelline membrane subm itted to  a freezing-thawing cycle, 
even if it keeps its macroscopic physical integrity.

As the state of the membrane does condition the nature 
and the rate of dehydration in am bient conditions, it has 
been shown that freezing entailed irreversible changes in the 
vitelline membrane, indicated by: a significant increase in 
the absorption capacity; an accelerated drying rate; and a 
marked decrease in the final water retention  capacity.

The results were confirmed by dehydration with the 
infra-red method.

FA TE OF CHLO RINE DU R IN G  FLO UR CH LOR IN  A TION . . . 
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------------- -----— ---- ABSTRACT----------------------------
The effect of extrusion cooking in a single screw extruder on the 
molecular weight distribution of wheat starch was correlated to the 
starch melt rheology. A simple first-order model has been devel
oped which defines the extent of mechanical degradation of the 
amylopectin component as a function of nominal shear stress and 
residence time in the extruder. A limited set of experimental obser
vations were used to test the model. Iso-shear stress curves were 
calculated for the experimental range of conditions. The curves can 
be used, in conjunction with estimates of the residence time, to 
calculate equivalent processing conditions, and to predict the 
extent of amylopectin degradation. The model may allow the use 
of small extruders to determine fundamental process parameters for 
full scale extrusion.

INTRODUCTION
EXTRUSION COOKING is widely used to  modify func
tional properties, such as paste viscosity, water solubility 
and water absorption of cereal flours and starches. Al
though these physical properties are im portant in specific 
product applications, it is necessary to define the extent of 
m odification at a molecular level in order to  understand 
and control the extrusion process. Studies conducted by 
Charbonnière et al. (1973) and by Mercier and Feillet
(1975) have shown that at low extrusion tem peratures 
(70 -  95°C) the crystal structure of starch is disorganized 
and that starch is solubilized in macromolecular forms. 
Colonna and Mercier (1982) recently reported on an inves
tigation of structural modifications of manioc starch by 
processing in a twin-screw extruder. Extrusion cooking pro
duced starches of lower intrinsic viscosities than the un
processed material, and gel perm eation chrom atography 
showed that starch polymers were degraded into macro- 
molecular com ponents. Colonna and Mercier (1982) 
further established that the size distributions of the 13- 
lim it dextrins of the extrudates varied considerably, pointing 
to  degradation of the am ylopectin com ponent.

The macromolecular nature of the breakdown products 
of starch degradation has surprised researchers and no one 
has attem pted to  explain the underlying mechanism produc
ing these changes. Recent studies of the structural changes 
in wheat starch processed in a single-screw extruder (David
son, 1983) indicated that mechanical stresses were an im
portant factor in the degradation of the am ylopectin frac
tion. The purpose of this paper is to  discuss the nature of 
mechanical degradation, the development of a simple, 
first-order model for starch degradation, and the applica
tion of this model to  the experim ental observations which 
have been presented in an earlier paper (Davidson et al., 
1983).

Authors Diosady and Rubin are affiliated with the Dept, o f Chemi
cal Engineering & Applied Chemistry, Univ. o f Toronto, Toronto, 
Ontario Canada M5S 1A4. Author Davidson is with Griffith Labora
tories Ltd., Scarborough, Ontario, Canada M IL  3J8, and Author 
Patón is with the Food Research Institute, Agriculture Canada, 
Ottawa, Ontario, Canada K IA  0C6.

Polymer degradation by mechanical forces
The subject of mechanochemistry of polymers has been 

reviewed by Baramboim (1964) and Casale and Porter
(1971). In the molten state, polymers exhibit apparent 
viscous flow behavior. However, a macrom olecular fluid 
with a broad distribution of molecular weights, may con
tain large chains of high characteristic viscosity at the proc
essing temperatures. Also, tem porary entanglem ents may 
form and significant stresses can develop in localized por
tions of the molecular chains leading to  scission. The rup
ture sites are generally at branch points, central portions of 
chains and bonds between hetero-atom s. The largest mole
cules are most susceptible to mechanical degradation ef
fects and the reaction products are macromolecular.

Mechanical degradation reactions of polym ers have 
been shown to be first order (Baramboim, 1964; Basedow 
et al., 1979). Basedow et al. (1979) also reported that 
shear stress was the controlling factor in the degradation 
process and that the rate constant was a function of shear 
stress. Tem perature and molecular weight affect mechanical 
degradation essentially by their contribution  to viscosity. 
As the molecular weight increases, so does the melt viscos
ity and therefore the shear stress at equivalent shear rates. 
Mechanical degradation decreases with tem perature up to a 
maximum tem perature. The negative tem perature coeffi
cient reflects the effect of tem perature on viscosity and is a 
critical factor in a mechanochemical reaction (Casale and 
Porter, 1971). At higher tem peratures therm al and oxida
tive degradation can occur.

Due to the overlapping of different degradation mechan
isms, it is difficult to separate mechanical, oxidative and 
therm al effects in tests that simulate processing conditions. 
Also there is a strong feedback effect on the kinetics 
because as the degradation proceeds, the physical properties 
of the material change considerably. In the present work, a 
simple model has been developed to describe the m echan
ical degradation of the amylopectin in the extruder channel.

MATERIALS & METHODS

Materials
At 19 mm diameter, single-screw extruder powered by a 2.2 

kW SCR controlled motor was used throughout these experiments. 
The extruder was similar to the C.W. Brabender 2003 extruder but 
modified to allow the barrel to be opened along its horizontal axis 
to expose the screw (Paton et al., 1980). The inside surface of the 
barrel was rifled with eight grooves running parallel to the screw 
axis.

The flow geometry was kept constant during this study. A single 
flight, uniform pitch screw with a 3:1 compression ratio, a feed 
depth of 0.38 cm and a blunt tip was used in all cases. The zone 
at the end of the screw had a volume of 12.7 cm3. A 6.3 mm (i.d.) 
circular die was used.

All experiments were conducted using Whetstar 4 (lot #101723 J), 
a commercial wheat starch donated by Industrial Grain Products, 
Montreal, Canada.

Methods
The following operating conditions were varied in a 3 x 2 x 2 

factorial design: (a) barrel temperature, 121°C, 149°C, 177°C;
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(b) screw speed, 50 and 100 rpm. and (c) feed moisture, 20 and 
25%. The desired moisture level was achieved by spraying distilled 
water as a fine mist onto starch in a Patterson V-blender. The 
extruder was operated at steady state for each set of conditions. 
Attainment of steady state was judged by a constant operating 
torque and by a regular extrusion rate. At these operating condi
tions, the melt quickly reached the temperature of the barrel well 
and remained isothermal (Davidson, 1983). At the end of an experi
ment, the barrel was quickly split open to examine the screw 
contents and to determine the axial length over which the physical 
transition of the starch from solid to melt occurred.

Residence time distributions were measured at each level of 
the operating parameters using MnÛ2 as a tracer (Davidson et ah, 
1983).

The structural characteristics of the extrudates were analyzed by 
gel permeation chromatography, enzymatic digestion and dilute 
solution viscometry (Davidson et ah, 1984).

Four of the 12 experiments were duplicated. Based on the simi
larities of the operating torques and residence time distributions for 
duplicate processing conditions as well as the similarity of paste 
viscosity curves of duplicate products, repeatability was considered 
satisfactory. Due to the time required for each chromatographic 
analysis (30 hr), only the 12 samples representing different experi
mental levels were analyzed in duplicate on a Bio-Gel 150M column.

RESULTS & DISCUSSION

Mechanical degradation model
The data used in developing the mechanical degradation 

model are given in Tables 1 and 2. These tables summarize 
the gel permeation analyses presented in a recent publica
tion (Davidson et ah, 1984) which indicated that wheat 
starch was significantly degraded during extrusion procss- 
ing. The disappearance of the largest molecular species 
was strongly affected by factors related to shear stress. 
In order to  develop a model to relate the extent o f degrada
tion to extruder operating variables, several simplifying 
assumptions were made.

First, it was assumed that no mechanically induced 
degradation occurred in the section of the extruder filled 
with solid starch but was limited to  material in a melted 
state, as in the solid state mechanical degradation usually

results from impact rather than shear forces (Casale and 
Porter, 1971). Secondly, it was recognized that in some 
cases the degradation was due to a com bination o f mech
anical and therm al factors which would be difficult to 
separate. For purely mechanical degradation, it was as
sumed that shear stress was the critical factor. However, 
the analysis of shear stresses in the extruder channel was a 
com plex problem due to : the existence of two-phase flow 
in the transition region; the two-dimensional flow charac
teristics of the fully melted zone; and the rheological 
nature of the starch melt.

The effect of the transition zone was neglected in the 
initial analysis and only the fully melted region was consi
dered. Due to  the high operating tem peratures in this study, 
the phase transition occurred over a relatively small volume 
in the extruder: usually the transition zone was less than 
1 5% of the total volume of the partially and fully melted 
zones. Hence the residence tim e of fluid material in the 
transition zone was short relative to  the time spent in the 
fully melted zone.

Middleman (1977) suggested that the nominal shear rate 
[Vbz/H defined in Eq. (1 )] , is a reasonable estimate of the 
deform ation rate experienced by the fluid. Average nominal 
shear rates over the fully melted length of the extrusion 
channel were calculated using the experim ental records 
made after the barrel was split open. For the extruder 
geometry and operating conditions used in these experi
ments, the nominal shear rates were approxim ately 30 
s_1 at 50 rpm and 60 s“ 1 at 100 rpm . These were an order 
of magnitude higher than the average shear rates calculated 
for material in the die section. Thus it was assumed that 
mechanical degradation was occurring primarily in the fully 
melted starch along the length of the screw channel.

The characterization of the rheological nature of the 
melt was a difficult problem. Most rheological studies have 
not considered the effects of high shear rates or the shear 
rate history that the material experiences during the rheo
logical measurements. Some mechanical degradation may 
occur during testing thus changing the molecular weight 
distribution and the rheological characteristics. In the

Table 1—Characteristics o f the wheat starch in the fully melted zone o f the extruder channel

Process
variables

Nominal 
shear rate 

(s“ 1)
Melt viscosity 
(103 Nsm- 2 )

Nominal 
shear stress 
(104 Nm” 2)

Mean 
residence 
time (s)

r  t
(105 Nsm“ 2) T'-exp

50 rpm: 20% moisture
1 21°C 32.1 1.7 5.4 5.0 2.7 0.66
149° C 26.5 1.2 3.2 15.2 4.9 0.57
1 77° C 26.5 0.8 2.2 17.0 3.8 0.53

100 rpm: 20% moisture
1 21°C 56.3 1.3 7.2 5.6 4.0 0.57
149°C 50.8 0.9 4.5 10.6 4.8 0.43
1 77° C 53.2 0.6 3.2 9.6 3.0 0.53

Table 2--Characteristics o f wheat starch in the fully melted zone o f the extruder channel
-

Nominal Nominal Mean
Process shear rate Melt viscosity shear stress residence rt

variables Is“ 1) (103 Nsm“ 2) (104 Nm“ 2) time (s) (105 Nsm“ 2) Xexp

50 rpm: 20% moisture
1 21°C 28.6 1.2 3.4 14.1 4.8 0.76
149° C 28.1 0.8 2.2 13.6 3.0 0.59
1 77°C 26.5 0.6 1.5 18.0 2.7 0.62

100 rpm: 20% moisture
1 21°C 53.8 8.8 4.7 11.7 5.5 0.38
149° C 58.1 5.6 3.2 8.7 2.8 0.62
1 77° C 52.1 4.0 2.1 13.0 2.8 0.57
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absence of definitive studies of these effects, the power law 
viscosity model suggested by Harper et al. (1971) was used 
to calculate the melt viscosity:

71 = 78.5 exp(2500/T )exp(-7 .9M )7_o-49 (1)

where r\ = apparent viscosity; T = tem perature, °K; M = 
moisture fraction; 7 = nominal shear rate Vbz/H , s- 1 ; 
Vbz = down-channel com ponent of tangential velocity of 
barrel surface relative to the screw; and H = depth of ex tru
sion channel.

Although this model was not derived from wheat starch, 
it seemed to be the most appropriate of the few viscosity 
models for extruded food materials that have been reported 
in the literature. The viscosity model of Harper et al. (1971) 
was adequate for predicting the effects of varying moisture, 
tem perature and screw speed on nominal shear stress. When 
the nominal shear stress was used in com bination with the 
residence tim e data, the severity of processing could be 
assessed for different operating conditions.

The extent of molecular degradation had to  be charac
terized in order to  develop a kinetic model for the m echan
ical degradation. Since the unprocessed wheat starch con
tained polymers with a wide range of molecular weights and 
sizes, it was difficult to  define a simple param eter that 
would reflect the extent of m odification and that was con
sistent with the inform ation contained in the analytical 
data. Since the largest molecules are most susceptible to 
mechanical degradation, the relative change in weight 
fractions of carbohydrate eluted in the void volume of 
the Bio-Gel 150 M column (Ka <  0.04) was used to  char
acterize the extent of mechanical degradation. (Davidson 
et al., 1984). The term Xexp was introduced to  denote the 
fraction of large molecular weight material remaining in 
the extrudate as measured experimentally:

Am ount of extruded sample 
eluted in void volume

Xexp — (2)
Amount of unprocessed starch 

eluted in void volume

Hence the fraction (1-Xexp) was the estimate of the 
extent of degradation of the am ylopectin com ponent of 
starch.

Smaller molecular species may also be degraded by 
mechanical forces but it is impossible to differentiate intact 
molecules from degradation products based on the chrom a
tographic inform ation.

The intrinsic viscosity represented an average molecular 
size and also showed the degradation effects of extrusion 
processing. However, it was affected by other degradation 
reactions such as therm al mechanisms which change the 
overall molecular size distribution so it could not be used to 
define the extent of purely mechanical degradation.

Basedow et al. (1979) used a viscometer with a well 
defined shear field to show that shear stress was the con
trolling factor of the degradation process and the rate 
constant was an exponential function of shear stress. 
Since it was not simple to define the shear conditions in 
the extruder channel, the nominal shear rate in the down- 
channel direction was used to characterize the deform ation 
rate experienced by the melt. Also, it was not possible to 
vary the residence tim e for controlled shear stress condi
tions in the experiments reported in this work but the com
bination of shear stress and residence tim e was known for 
each of the extrusion conditions. Since the range of shear 
stresses was small, the “ rate constant” function was m odi
fied to a linear form:

k = k ' r  (3)
where k ' = modified constant; and r  = mean shear stress 
defined at the nominal shear rate, Vbz/H, and the barrel 
tem perature.
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Using the parameters, Xexp and k, defined for this study, 
the following rate expression was proposed for the mechan
ical degradation of wheat starch in the extruder:

Xexp = e_kt (4 )
where t = mean residence tim e of the melt in the screw 
channel.

The mean residence time of the m elt in the screw 
channel was calculated as a fraction of the average resi
dence tim e of the active volume, t a (Davidson et al., 1983). 
Since the mass flowrate was constant through the extruder, 
the fraction of the overall average residence tim e was cal
culated as:

Mass hold-up in fully melted zone of screw
t = t a x -------------------------------------------------------------- (5)

Total mass hold-up

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

The chromatographic data were plo tted  in Fig. 1 against 
the product of residence tim e and shear stress calculated 
using the rheological model of Harper et al. (1971). Ten of 
the twelve experimental points were used to  fit the param 
eters of the following equation by linear regression:

In Xexp = - k '( r t )  + b (6)
The correlation coefficient was —0.93 and the param eter 
estimates were: k '=  1.7 x 10~6 m 2/Ns, and b = —0.05.

Two experim ental observations were well removed from 
the fitted regression line. In the one case (149 C/50 rpm / 
20% moisture), the residence tim e m easurem ent was sus
pect. A duplicate run was made later in the experim ental 
program and the records indicated a shorter length of 
fully melted material in the screw which would translate 
into a shorter residence time. This was the only set of

J t x  I O '5 (N .S /M 2 )

Fig. 1—Fined  regression line for mechanical degradation model.
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duplicates where the lengths of the transition zones were 
quite different and in fact, this may reflect an error in the 
experim ental records. The lowest extent of change in the 
void-volume material was observed at operating condi
tions of 121 C and 25% m oisture, and this experim ental 
point did not lie on the regression line. Since it was ex
pected tha t the rheological properties of the melt depended 
on the extent o f reaction, the viscosity predicted by the 
power law model may not be valid in this range.

The proposed model seems to  explain the observed 
degradation of the am ylopectin fraction of wheat starch in 
the extruder. The changes in this fraction likely have a 
strong effect on the functional properties of the extrudate; 
thus it may not be possible to  interpret some of the product 
characteristics in term s of the operating variables.

The model does not attem pt to  explain some of the 
subtle change in the distribution of molecular sizes ob
served in the chromatograms of the extruded products 
(Davidson et al., 1984). These were probably due to  the 
superposition of therm al stresses on mechanical effects 
which result in degradation of molecular species smaller 
than the void volume fraction. It was impossible to  quanti
tatively separate the two effects based on the experim ental 
data tha t were available.

The strong interaction of barrel tem perature and mois
ture effects on the characteristics of the extrudate has been 
reported in the literature (Lawton et al., 1972; Patón and 
Spratt, 1978). It has been observed that more than one 
com bination of these two operating conditions produce 
extruded starches w ith similar properties. These observa
tions can now be explained on the basis of the proposed 
degradation model, and a strategy for predicting equivalent 
operating points has been developed in the present study. 
Using the rheological parameters of Harper et al. (1971) 
to  describe the effects of tem perature and m oisture at a 
standard shear rate (1 s- 1 ), iso-shear stress curves were 
calculated for a range of conditions comparable to  the

Fig. 2—Iso-shear stress curves predicted for wheat starch for the 
experimental extrusion conditions.

experim ental conditions. These are plo tted  in Fig. 2. It was 
apparent from following along the 62.8 N m -2  curve that 
the standard shear stress was the same at 25% moisture and 
120°C as at 20% moisture and 147°C. Since the actual 
shear stress varies according to  the n th  power of the shear 
rate (where n is less than 1), the effect of changing screw 
speed on the shear stress can be estimated using the stand
ard shear stress and the appropriate nominal shear rates. 
This inform ation, in conjunction w ith estimates of the 
residence tim e, can be used to  calculate the severity of 
processing conditions and hence to  predict the extent of 
degradation of am ylopectin. A laboratory-scale extruder 
could be used to define the ranges of shear stress and resi
dence tim e that effect certain structural modifications since 
small-scale experiments would offer advantages in cost and 
tim e. These experiments would provide fundam ental infor
m ation that would be useful for scale-up to larger extruders.

CONCLUSIONS
THE CHANGES in starch chemistry which occur during 
extrusion cooking are closely linked to  the melt rheology in 
the extruder. The proposed, first-order model is useful as 
a means of predicting the extent o f mechanical degradation 
of the am ylopectin com ponent of starch. Experimental 
data for extrudates w ith different degrees of structural 
m odifiction were used to  verify the model.

An iso-shear stress diagram was developed from rheo
logical data to  predict equivalent operating points in terms 
of barrel tem perature, feed moisture and screw speed. It is 
suggested that this inform ation could be used to  judge the 
severity of processing conditions and hence to  estimate the 
extent of degradation of am ylopectin in large-scale ex
truders.
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C o m p a r i s o n  o f  F o u r  P r o c e d u r e s  o f  

C h e e s e  M e l t a b i i i t y  E v a l u a t i o n

J. PARK, J. R. ROSENAU, and M. PELEG

---------------------------ABSTRACT---------------------------
Two traditional cheese meltabiiity tests, the Schreiber and Amott, as well 
as two microwave modifications thereof were compared on a variety of 
mild and sharp Cheddar, process American, and mozzarella cheeses and 
various process cheese products. There was a marked lack of correlation 
between the Schreiber and Amott results indicating that at least two ma
terial properties control meltabiiity. The effects of variations in heating 
time and oven temperature in the nonmicrowave tests and heating time in 
the microwave tests were determined. Differential scanning calorimetry 
did not reveal differences useful in predicting melting behavior.

INTRODUCTION
IN MANY CHEESES, notibly mozzarella, cheddar, and process 
American, melting characteristics are prime factors in the deter
mination of quality for particular product applications. Methods 
for objective assessment of the melting and resolidification pat
terns have therefore, become much needed by both the dairy in
dustry and the variety of other industries utilizing melted cheese 
in their products (e.g. pizzas and prepared frozen meals).

Conceptually, the main problem in objective determination of 
the attributes commonly referred to within “ meltabiiity’’ is that 
they are related to both the heat transfer and thermal phase change 
characteristics of the solid cheese and to the rheological or flow 
properties of the melt. Although both are determined by the cheese 
composition and microstructure, their study is complicated by the 
fact that they are highly interdependent and transient properties. 
A further difficulty in objective meltabiiity assessment is that in 
a melting cheese specimen there are always temperature gradients 
that are determined not only by the cheese thermal properties but 
also by the external temperature distribution, the oven relative 
humidity, and the geometry of the system. Since temperature dif
ferences may also be reflected in phase or structural changes and

Authors Park, Rosenau, and Peleg are affiliated with the Dept, of Food En
gineering, Univ., of Massachusetts, Amherst, M A  01003.

since the geometry of the system drastically changes in time, the 
application of the standard assumptions for thermal analysis may 
be inappropriate.

From the rheologist’s point of view, the situation is just as 
difficult because the stress distributions are ill-defined and the 
specimen shape is hard to control. Under such circumstances, it 
appears that there is a clear advantage to the use of simple em
pirical methods and such methods are indeed employed by the 
industries that produce or utilize melted cheese. The most com
monly reported methods for meltabiiity assessment were described 
by Schreiber (Kosikowski, 1977) and Amott et al. (1957). Both 
methods are based on heating a standardized cylindrical cheese 
specimen under specified conditions (oven temperature and time) 
followed by measuring the specimen’s height decrease (Amott) or 
its diameter expansion (Schreiber). Since both procedures have 
not been standardized, different researchers have used various 
specimen dimensions and heating conditions they found most suit
able (e.g. Breene et al., 1964; Keller et al., 1974; Schafer and 
Olson, 1975; Kovacs and Igoe, 1976; Chang. 1976; Sood and 
Kosikowski, 1979; Rayan et al., 1980; Hokes et al., 1982). They 
also defined different meltabiiity indices derived from either the 
time to reach apparent meltabiiity or the dimensional changes that 
were observed in the specimen. Comparison of the different in
dices of meltabiiity and the conditions under which they were 
obtained is given in Table 1. Other attempts to define meltabiiity 
in more rigorous physical terms also ran into difficulty. Lee et al.
(1978) for example, tried to determine meltabiiity by recording 
the temperature at which flowability became measurable by a 
Brookfield viscometer. Since the maximum torque that can be 
measured by the instrument is principally determined by construc
tion considerations and since heat transfer within the sample could 
not be accurately monitored, the meltabiiity indices so measured 
cannot be free from the influence of arbitrary factors. When a 
capillary rheometer was used to determine the flow curves of 
melted cheese (Smith et al., 1980), it was revealed that, with few

Table 1— Cheese meltabiiity indices and the conditions under which they were obtained

Approximate
specimens Heating 

medium 
temp (°C)

Heating
time
(min)Cheese type

Diam
(mm)

Height
(mm)

Heat
source

Meltabiiity
index Reference

Process Cheddar 17 17 Oven
(air)

100 15 Percent de
crease in 
height

Arnott et al. 
(1957)

Cheddar 17 17 Water
bath

80 Time required 
for melting 
(sec.)

Weik et al. 
(1958)

Cheese spread 30 20 Forced
draft
oven

110 8 Distance of flow 
from reference 
line (mm)

Olson and Price 
(1958)

Pizza 15 5 Water
bath

98 5 Percent decrease 
in height & in
crease in diam

Breene et al. 
(1964)

Process 19 6 Oven
(air)

232 3 Percent increase 
in diameter

Chang (1976)

Cheese spread 38 5 Oven
(air)

204 5 Diam increase by 
flow line number

Kovacs and Igoe 
(1976)

Process 41 5 Oven
(air)

232 5 Diam increase by 
flow line number 
(Schreiber)

Kosikowski (1977)

Process 38 8 Oven
(air)

250 + 
100

5 + 
15

Percent increase 
in diameter

Sood and Kosikowski 
(1979)

Caseinate curd 25
(ball)

Microwave
oven

0.25 Melt area per unit 
wt (cm2 g_1

Hokes et al. (1982)
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exceptions, slippage and strong viscoelastic effects can make the 
results inapplicable.

Recognizing the fact that meltability is regulated by a multitude 
of factors and that it is a response to the external conditions im
posed on the cheese, this work was undertaken to quantify the 
effects of these conditions, particularly temperature history, on 
the empirical meltability parameters.

M A T E R IA LS  & M ETH O D S
Materials

Mild and sharp Cheddar, mozzarella, process cheese products, and process 
American cheese from different manufacturers were purchased at a local 
supermarket. The samples were stored for 24 hr at 4°C prior to testing.

Arnott test

Cylindrical samples with controlled dimensions were prepared by a wire 
cutting device shown in Fig. 1. After preparation, the specimens were 
wrapped again and stored at 4°C until testing. The specimens (17 x 17 
mm) were placed on a glass Petri dish and placed in a 100°C laboratory 
oven for 15 min (except where noted otherwise). The center height of 
each specimen was measured immediately after removal from the oven by 
a tripod micrometer. The percent length decrease was calculated and is 
reported as the Arnott meltability on a scale of 0-100.

Schreiber test
Specimens (length, 4.8 mm; diam, 41 mm) were placed in an oven 

preheated to 232°C for 5 min (unless otherwise noted). The specimens 
were then removed and cooled for 30 min at room temperature. Specimen

Table 2— Meltability indices of various commercial cheese samples bought from a supermarket

_______________________________ Schreiber test Arnott test

Mean 
mea
sure- Measure-

Type Manufacturer A B C D E F ment Mean ment Mean
Sharp Kraft 7 5 7 8 8 7 7.0 69
Cheddar 5 4 5 10 10 9 7.2 7.1 65 67

7 5 6.5 9 8 7 7.1 68
Land O'Lakes 6 5 6.5 10 8 9 7.4 74

6 5 6 10 8 6.5 6.9 7.2 72 73
6 5 6 10 8 8 7.2 73

Stop & Shop 7 5 5 7 10 10 7.3 67
8 5 10 10 8 7 8.0 7.9 71 70

10 8 6 8 8 10 8.3 71
Pricechopper 10 9 6 6 5.5 7 7.3 85

9 8 7 7 6 7 7.3 7.3 82 82
9 8.5 6 7 6 6.5 7.2 80

Hood 7 7 7 7 8 8 7.3 72
7 7 7 10 9 6 7.7 7.5 72 73
7 7 6.5 10 9 6 7.6 72

Process Kraft 7 7 8 7 7 7 7.2 68
American 6.5 7 7 7.5 8 8 7.3 7.3 72 69

8 6 7 7 7.5 8 7.3 67
Land O’Lakes 4.5 6 5 4 4 4 4.6 69

4.5 4 4 5 5 5 4.6 4.7 70 71
5 4 6 5 5 4 4.8 74

Stop & Shop 4.5 5 5 6 6 5 5.3 68
5 4 5 6 6 5.5 5.3 5.3 77 72
5 3.5 5 5.5 7 6 5.3 70

Borden 4 4 4.5 5 5.5 5 4.7 80
4 4 5 5 4 5 4.5 4.6 74 78
5 5 5 4 5 4 4.7 80

Mozzarella Kraft 4 4 4 4 3.5 3 3.8 74
4 4 4 3.5 3.5 4 3.8 3.8 72 74
4 4 4 3 3.5 4 3.8 76

Axelrod 6.5 6 4 5 4 4 4.9 25
4 4 4 4 4 3.5 3.9 4.4 27 26
5 5 4 4.5 4 4 4.4 25

Pricechopper 7 6 5.5 6 6.5 5 6.0 74
6 6 5.5 6 6 5 5.8 6.0 72 73
7 6 6 6 6.5 6 6.3 74

Process Hoffman's 4 4 4 4 4 4 4 41
Cheese 5 3 3 4 5 5 4.2 4.3 49 41
Product 5 4 4 5 5 4 4.6 33
(Imitation
& Diet Hood 4 2 4 4 3 5 3.7 2
cheeses) 3 5 6 4 5 3 4.3 4.3 6 7

5 5 4 6 5 5 5 13
Kraft 7 7 8 6.5 2 4.5 5.8 66

6 8 8 7 4.5 4.5 6.3 6.1 56 60
6 6.5 7 6 5 5 6.1 59

Clearfield 6 6.5 7 7 6.5 7.5 6.8 44
6.5 5.5 6 7.5 9 7 6.9 7.0 37 38
6.5 5.5 7 7.5 8 9 7.3 33

Borden 10 8 10 6.5 6.5 8 8.2 7
10 10 7 8 6 7 8.0 8.1 10 8
10 9 9 6.5 6 8 8.1 8

Weight 10 10 4 6 10 10 8.3 23
Watchers 10 10 8 6.5 8 10 8.8 8.5 14 18

10 10 7 6.5 8 9 8.4 16

Sun Glory 10 10 10 10 10 10 10 37
10 10 10 10 10 10 10 10 28 32
10 10 10 10 10 10 10 31
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expansion was measured along six lines (A-E) marked on a concentric set 
of circles (Fig. 2) as described by Kosikowski (1977). Schreiber melta- 
bility is given as the mean of the six readings on the arbitrary scale of 0- 
10 units.

Microwave oven tests
The Amott and Schreiber tests were also performed with the substitution 

of the conventional laboratory oven with a microwave oven (Radarange, 
Touchmatic II, Amana, Inc.) and shortening the heating times to 0-60 
sec. The meltability indices are reported in the same manner as for the 
conventional oven tests.

Repetition
Each meltability test under given conditions was performed on 3-4 fresh 

specimens. The results shown are the mean values of these tests.

Differential scanning calorimetry (DSC)
Thermograms, i.e. heat flow vs temperature relationships, of samples 

of American, mozzarella, and cheddar cheese in the range 10-70°C were 
obtained using a Perkin-Elmer Model DSC-2 differential scanning calo
rimeter. The sample weights were 20-25 mg. They were placed in a 
volatile sample holder and heated at 5°C per minute. The sensitivity of

< /
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Fig. 1— Cutting device for producing samples of uniform thickness from a 
plug of cheese.
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the instrument was set in the range 2-20 meal per sec and the recorder 
chart speed to 2 cm per min.

RESULTS & DISCUSSION
CONSIDERING THE NATURE of the tests, both the Amott 
(100°C, 15 min) and Schreiber (232°C, 5 min) methods provided 
consistent and reproducible results (Table 2). Theoretically, if the 
melting specimens had maintained their volume and cylindrical 
shape, and if the heat effects had been the same in both tests, the 
two meltability indices should have been interrelated. This, how
ever, was not the case as can clearly be seen in Fig. 3 (which also 
contains additional data not reported in Table 2). The lack of 
correlation between the two meltability indices indicates that heat
ing had different effects on different kinds of cheeses, which was 
confirmed by the general shape of the melting specimen and its 
alteration in time (Fig. 4). It appears that, because of the different 
structural properties of the cheeses, the rheological characteristics 
of the melts were different which gave rise to shape distortions 
that were partly a reflection of the flowability differences between 
the fully melted and unmelted regions within the specimen.

Effect of heating time and oven temperature

As previously mentioned, it is difficult to give a quantitative

£
LIs
1-

Fig. 4— Typical shape changes o f cylindrical cheese samples (oven temper
ature = 100°C).
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Fig. 5— Schreiber test meltability vs heating time.

account of the physical changes that occur in melting cheese spec
imens. Qualitatively, however, the time-temperature-flow rela
tionships ought to be considered in light of the following aspects. 
Higher oven temperatures or longer heating times will reduce tem
perature variations within the sample roughly in a manner that 
corresponds to conductive heating. They can also, however, de
pending on the hot air humidity, increase evaporative processes 
and the formation of a film on the surface of the specimens, both 
of which will effect heat transfer to the specimens thus altering 
their internal, transient temperature distributions. The meltability 
indices previously described, being single parameters, account for 
both flow (or deformation) before and after all the specimen ma
terial is melted. Thus, if the relative contribution of the two stages 
is different in different cheeses, such indices do not measure the 
same set of properties in them. Furthermore, the Amott and 
Schreiber tests are performed at temperatures that are considerably 
different from each other. It is expected that the melt consistency

Fig. 7—Specimen center temperature vs heating time in (a) microwave Amott, 
(b) conventional Schreiber, and (c) conventional Arnott tests.
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and its temperature dependency will be characteristic of each cheese 
and again it can be concluded that the two tests do not measure 
the same rheological attributes even if the effects of other factors 
(e.g. heat transfer coefficients) could be ignored. Because of these 
considerations, it was of interest to study how the two indices 
were affected by the exposure time and whether the temporal 
relationship was a cheese characteristic.

Examples of such relations are presented in Fig. 5 and 6. These 
demonstrate that the 5 and 15 min durations in the Schreiber and 
Amott tests (respectively) were both in the plateau regions of the 
curves which means that, after this time, little or no further changes 
in cheese dimensions are expected. The absolute rates to reach 
these plateau values among the cheeses and between the tests 
primarily because of temperature differentials (Fig. 7).

Microwave oven tests

Results of the microwave oven experiments are presented in 
Fig. 8 and 9. In contrast with the conventional oven experiments,

the time scale was quite short. Also, the temperature distribution 
within the specimen was mainly regulated by factors other than 
heat transfer to the surface and therefore it can be assumed that 
the specimens were totally melted on a time scale of 20-60 sec 
rather than 5-15 min of the former tests. Again, however, no 
clear correlation could be found between the two meltability in
dices. In this case, however, the results mainly reflect the test 
geometry and the melt’s rheological properties and, to a lesser 
extent, the effect of the transient stage prior to full melting. It can 
therefore be concluded that in any meltability evaluation, the rheo
logical and thermal aspects ought to be considered as equally 
important and no single parameter can meaningfully account for 
both.

Differential scanning calorimetry

Thermograms of American, mozzarella, and cheddar cheese are 
shown in Fig. 10. Although slight differences can be detected, 
they do not appear to indicate major differences in the meltability 
patterns. In these tests, unlike those in the convection, or even 
the microwave ovens, transient heat transfer effects were negli
gible because of the small specimen sizes used. The interpretation 
of these thermograms indicates, therefore, that the differences in 
meltability of these three cheeses are associated with differences 
at very low energy levels —  well below those of latent or even 
sensible heat. This is in accord with the widely known and ob- 
seerved fact that meltability properties are primarily determined 
by the microstructural and rheological characteristics of the cheese 
and only to a lesser extent by its gross composition.

It appears, therefore, that well defined meltability criteria ought 
to be based on a comprehensive rheological analysis presenting 
the data in terms of temperature and time dependent parameters. 
Such rheological information will have to include elasticity (Yang 
and Taranto, 1982) as well as the more conventional flow para
meters. The measurement of such parameters experimentally, 
however, still remains a formidable task because of still unsolved 
problems regarding fat separation during the test. Until this chal
lenge is met and the rheological methods developed, it seems 
advisable to treat the currently used parameters as relatively crude 
indicators which only distinguish large melting differences rather 
than as quantitative meltability criteria.

-----------1---------- 1---------- 1______ I_______I_______I_______ I
10 20 30 40 50 60 70

TE M P E R A TU R E  (°C)
Fig. 10— DSC thermogram of three cheese samples in the range 4-70°C
(single samples).
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E f f e c t  o f  C o o k i n g  T e m p e r a t u r e  a n d  A n i m a l  A g e  o n  t h e  

S h e a r  P r o p e r t i e s  o f  B e e f  a n d  B u f f a l o  M e a t

J. ROBERTSON, D. RATCLIFF, P. E. BOUTON, P. V. HARRIS, and W. R. SHORTHOSE

----------------------------ABSTRACT----------------------------
Semimembranosus muscle samples from young (24 -  29 months) 
and old (48 -  54 months) buffalo and Brahman-Shorthorn steers of 
similar carcass weights, within age groups, were heated for 1 hr at 
11 temperatures from 40 -  95° C. Warner-Bratzler initial yield force 
values indicated that myofibrillar strength was not affected by 
animal age or species. For stretched muscles, (where effects due to 
differences in myofibrillar contraction state would be minimal), 
peak force and peak force minus initial yield force values were 
greater (a) for older animals only when cooking temperatures were 
>60° C and (b) for buffalo than for beef over the 40 -  95° C range. 
These results suggested that there were species differences in the 
mechanical properties of undenatured as well as partially denatured 
connective tissue.

INTRODUCTION
THERE HAS BEEN little work reported on the quality of 
m eat from the water buffalo (Bubalus bubalis) even though 
it is one of the more num erous of the w orld’s dom esticated 
animals (Ragab et al., 1966; El Koussy et al., 1977; Calub 
et al., 1971; Arganosa et al., 1973; Joksimovic and Ognja- 
novic, 1977; Robertson et al., 1983). The most recent work 
(Robertson et al., 1983) compared the properties of mus
cles from  buffalo and cattle w ithin the same carcass weight 
and age range grown together under norm al pasture and 
good husbandry conditions in the N orthern Territory of 
Australia. This work indicated that connective tissue made 
a bigger contribution to  toughness for buffalo than it did 
for beef.

In other studies (Bouton and Harris, 1972; 1981; Bou
ton et al., 1974; 1981) the effect of cooking tem perature 
and time on the shear properties of beef from animals of 
widely different age groups has been investigated. The 
results of these studies strongly supported earlier work 
(Machlik and Draudt, 1963; Draudt et al., 1964; 1971) 
which suggested tha t the decrease in shear force values, 
which occurred as the cooking tem perature was varied 
from 50 -  65 C, was related to  changes in the collagenous 
connective tissue. It was also shown (Bouton et al., 1974;
1981) tha t bo th  the magnitude and the direction (i.e. 
increase or decrease) of the change in shear force values, 
obtained for meat samples cooked at tem peratures be
tween 50 and 65 C, was dependent on myofibrillar contrac
tion state as well as animal age.

The work described inthe present paper was designed 
to  investigate the effect on the mechanical properties of 
muscle, from buffalo and beef animals, of myofibrillar con
traction state, animal age and cooking tem peratures in the 
range 40 -  95 C. This tem perature range encompassed 
m ajor changes (Davey and Gilbert, 1974) in bo th  the con-

Authors Bouton, Harris, and Shorthose are affiliated with the CSIRO  
Division o f Food Research, Meat Research Laboratory, P.O. Box 12, 
Cannon Hill, Qld, 4170 Australia. Author Robertson is with the 
Northern Territory Dept, o f Primary Production, P.O. Box 1346, 
Katherine, N.T., 5780 Australia. Author Ratcliff is with the CSIRO 
Division o f Mathematics & Statistics, 306 Carmody Road, St. Lucia, 
Qid, 4067 Australia.

nective tissue, since collagen shrinks at 62 -  68°C and dena
tures at higher tem peratures, and myofibrillar proteins, 
since myosin denaturation is essentially com plete by 
70 C. The prime objective was to  determ ine whether pre
viously (Robertson et al; 1983) detected differences in the 
mechanical properties o f muscles from  buffalo and beef 
animals of similar age were affected by animal age and/or 
cooking tem perature.

MATERIALS & METHODS

Animals, animal treatments
A total of 16 buffalo and 16 Brahman-Shorthorn steers were 

used. Eight of each species group were aged 48 -  54 months while 
the other 8 were aged 24 -  29 months. All the animals were fasted 
for 24 hr and weighed before being transported to a nearby abattoir 
where they were held overnight in pens with water available. They 
were slaughtered about 2 days after being taken off pasture.

After slaughter the carcasses were split and both sides hung by 
the Achilles tendon. Within 1 hr of slaughter one side from each 
carcass was rehung from the sacrosciatic ligament (i.e. tender- 
stretched) while the other side was left hanging from its Achilles 
tendon allowing some muscles to shorten during chilling. All sides 
were chilled for 48 hr at 0 -  2°C before the semimembranosus (SM) 
muscles were removed, trimmed of extraneous fat, placed in poly
ethylene bags and then frozen in cartons at about -20°C for a 
minimum of 1 wk. After at least 1 wk the cartons were taken under 
refrigeration from the abattoir to the laboratory where they were 
stored at -32°C. Samples were thawed, as required, in a chiller at 
0 -  1°C for 48 hr on wire racks.

Cooking methods and muscle treatment
Each SM muscle was trimmed at each end by transverse cuts. 

The remaining muscle was then divided into 12 sub-samples of 100 -  
120g, i.e. rectangular blocks measuring about 8 x 4 x 4 cm with 
the muscle fibers parallel to the longest side. These sub-samples were 
then assigned at random to each of the treatments, namely raw or 
cooked at 40, 45, 50, 55, 60, 65, 70, 75, 80, 87.5 or 95°C for 1 hr. 
They were cooked in close fitting polyethylene bags totally im
mersed in water baths controlled (± 0.5°C) at the appropriate tem
perature. After cooking, the samples were cooled in cold running 
water, placed in a polyethylene bag and stored overnight at 0 -  
1°C. After storage these samples were then prepared for Warner 
Bratzler (WB) shear force measurements.

Sarcomere length and pH measurements
A light diffraction method (Bouton et al., 1973) was used to 

measure sarcomere lengths on the post rigor raw samples. A Town- 
son expanded scale pH meter with a Phillips (C64/1) probe type 
combined electrode was used to measure ultimate pH values directly 
on the raw muscle samples at room temperature (c. 22°C).

Shear force measurements
The WB shear force device has been described in detail previous

ly (Bouton and Harris, 1972). The samples for the device were rec
tangular strips, usually 3 -  5 cm in length and with a 1 cm2 cross- 
section (0.67 x 1.5 cm) with the fibers lying parallel to the longest 
length. The parameters measured from the WB shear force deforma
tion curves were (a) peak force, i.e. the maximum force recorded 
and (b) initial yield force, i.e. the force at which sample first began 
to yield.
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Statistical methods
Analysis of variance was used to test for the significance of treat

ments effects and to calculate, where appropriate, standard errors 
and, hence, least significant difference (LSD) values between means 
at the P < 0.05 level.

RESULTS
T H E  A V E R A G E  f a s t e d  l i v e w e i g h t  o f  t h e  B u f f a l o  a n d  t h e  
B r a h m a n - S h o r t h o r n  s t e e r s  w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  
w i t h i n  e i t h e r  t h e  g r o u p  o f  y o u n g  ( 2 9 7 . 0  a n d  2 9 8 . 6  k g ,  

r e s p e c t i v e l y )  o r  t h e  g r o u p  o f  o l d  ( 4 3 2 . 0  a n d  4 3 8 . 9  k g  
r e s p e c t i v e l y )  a n i m a l s .  T h e  p H  m e a s u r m e n t s  s h o w e d  n o  s i g 
n i f i c a n t  d i f f e r e n c e s  d u e  t o  e i t h e r  a n i m a l  a g e  o r  t o  s p e c i e s  
a n d  a l l  t h e  m u s c l e s  u s e d  h a d  a n  u l t i m a t e  p H  b e t w e e n  5 . 4  

a n d  5 . 6 .
S a r c o m e r e  l e n g t h s  o b t a i n e d  f o r  t h e  r a w  S M  m u s c l e s  

s h o w e d  n o  s i g n i f i c a n t  d i f f e r e n c e s  d u e  t o  a n i m a l  a g e  b u t  
t h o s e  f r o m  t e n d e r s t r e t c h e d  b e e f  s i d e s  w e r e  s i g n i f i c a n t l y  
l o n g e r  t h a n  t h o s e  f r o m  t e n d e r s t r e t c h e d  b u f f a l o  s i d e s .  T h e  
m e a n  s a r c o m e r e  l e n g t h s  ( ±  S . D . )  o b t a i n e d ,  o v e r  t h e  t w o  
a g e  g r o u p s ,  f o r  t h e  b u f f a l o  a n d  b e e f ,  r e s p e c t i v e l y ,  w e r e  1 .7 5

±  0 . 0 2 )  a n d  1 . 7 8  ±  0 . 0 3  /x m  f o r  t h e  m u s c l e s  f r o m  t h e  

A c h i l l e s  t e n d o n  h u n g  s i d e s  a n d  2 . 6 8  ±  0 . 0 2  a n d  2 . 8 4  ±  

0 . 0 2  f i m  f o r  t h o s e  f r o m  t h e  t e n d e r s t r e t c h e d  s i d e s  ( t h e  
L S D  f o r  c o m p a r i s o n  o f  m e a n s  w a s  0 . 0 9 ) .  T h e s e  s a r c o m e r e  

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

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

t h e  A c h i l l e s  t e n d o n  a n d  s a c r o s c i a t i c  l i g a m e n t  h u n g  s i d e s .

R e s u l t s  o b t a i n e d  f o r  m u s c l e s  f r o m  

A c h i l l e s  t e n d o n  h u n g  s i d e s

T h e  W B  s h e a r  f o r c e  r e s u l t s  o b t a i n e d  f o r  t h e  m u s c l e s  

f r o m  t h e  A c h i l l e s  t e n d o n  h u n g  s i d e s  a r e  s h o w n  i n  F i g .  1 
a n d  2 .  T h e  r e s u l t s  h a v e  b e e n  p l o t t e d  t o  s h o w  t h e  e f f e c t  o f

( a )  a n i m a l  a g e  a n d  ( b )  s p e c i e s .  I n i t i a l  y i e l d  f o r c e  v a l u e s  i n 
c r e a s e d  s t e a d i l y  w i t h  i n c r e a s e d  c o o k i n g  t e m p e r a t u r e  u p  t o  
a b o u t  7 0  C  w i t h  n o  s i g n i f i c a n t  a n i m a l  a g e  o r  s p e c i e s  d i f 
f e r e n c e s .  A t  t e m p e r a t u r e s  a b o v e  7 0  C  t h e  i n i t i a l  y i e l d  f o r c e  

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

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

F i g .  1 — W B  p e a k  s h e a r  f o r c e  ( P F )  a n d  i n i t i a l  

y i e l d  I I Y )  f o r c e  v a l u e s  o b t a i n e d  f o r  S M  m u s 

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

a n d  b e e f  c a t t l e  g r o u p s  a g e d  2 4  -  2 9  ( y o u n g !  

a n d  4 8  -  5 4  m o n t h s  ( o l d ) ,  r a w  ( R )  a n d  c o o k e d  

a t  v a r i o u s  t e m p e r a t u r e s  f o r  1  h r .  L S D  v a l u e s  f o r  

p e a k  f o r c e  m e a n s  w e r e  1 . 1 1  k g  f o r  b e t w e e n  

s p e c i e s  o r  a g e  a n d  1 . 0 3  k g  f o r  w i t h i n  s p e c i e s  

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

t h e  c o r r e s p o n d i n g  L S D  v a l u e s  w e r e  0 . 9 4  a n d  

0 . 7 7  k g ,  r e s p e c t i v e l y .

C O O K I N G  T E M P E R A T U R E  ( ° C )

F i g .  2 — W B  p e a k  s h e a r  f o r c e  m i n u s  i n i t i a l  y i e l d  

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

A c h i l l e s  t e n d o n  h u n g  s i d e s  o f  b u f f a l o  a n d  b e e f  

g r o u p s  a g e d  2 4  -  2 9  ( y o u n g )  a n d  4 8  -  5 4  

m o n t h s  ( o l d ) ,  r a w  ( R )  a n d  c o o k e d  f o r  1  h r  a t  

v a r i o u s  t e m p e r a t u r e s .  L S D  v a l u e s  w e r e  0 . 8 3  

f o r  b e t w e e n  s p e c i e s  o r  a g e  a n d  0 . 7 7  k g  f o r  w i t h 

i n  s p e c i e s  o r  a g e  c o m p a r i s o n s .

C O O K I N G  T E M P E R A T U R E  ( ° C )
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i n g  t e m p e r a t u r e  b u t  b e t w e e n  5 5  a n d  6 0 ° C  t h e r e  w a s  a  

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

6 0  C  t h e  p e a k  s h e a r  f o r c e  v a l u e s  c o n t i n u e d  t o  i n c r e a s e  

w i t h  i n c r e a s i n g  t e m p e r a t u r e  t o  r e a c h  a  m a x i m u m  b e t w e e n  
7 0  a n d  8 0  C .  P e a k  f o r c e  v a l u e s  t h e n  t e n d e d  t o  d e c r e a s e  
w i t h  t e m p e r a t u r e  g r e a t e r  t h a n  7 0  -  8 0 ° C .

I n  F i g .  2  i t  c a n  b e  s e e n  t h a t  p e a k  m i n u s  i n i t i a l  y i e l d  
f o r c e  v a l u e s  t e n d  t o  i n c r e a s e  w i t h  i n c r e a s e  i n  t e m p e r a t u r e  
u p  t o  4 5  -  5 0 ° C  t h e n  t o  d e c r e a s e  b e t w e e n  5 5  a n d  6 0 ° C .  
A b o v e  6 0  C  c h a n g e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e  w e r e  

s m a l l  u n t i l  a t  7 5  -  8 0  C  s h e a r  v a l u e s  g e n e r a l l y  d e c r e a s e d .

A t  t e m p e r a t u r e s  b e l o w  6 0 ° C  t h e r e  w a s  n o  s i g n i f i c a n t  a n i 

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

Results obtained for stretched muscles
T h e  s h e a r  f o r c e  r e s u l t s  o b t a i n e d  f o r  t h e  b u f f a l o  a n d  

b e e f  m u s c l e s  f r o m  t h e  t e n d e r s t r e t c h e d  s i d e s  h a v e  b e e n  
s u m m a r i z e d  i n  F i g .  3  a n d  4 .  T h e  m e a n  i n i t i a l  y i e l d  f o r c e  
v a l u e s  ( F i g .  3 )  f o r  b o t h  a n i m a l  a g e  a n d  b o t h  s p e c i e s  i n 

c r e a s e d  w i t h  i n c r e a s i n g  c o o k i n g  t e m p e r a t u r e s  u p  t o  8 0  C  
a f t e r  w h i c h  t h e y  d e c r e a s e d .  T h e r e  w a s  n o  s i g n i f i c a n t  e f f e c t

COOKING TEMPERATURE (°C )

F i g .  3 — l / V B  p e a k  s h e a r  f o r c e  ( P F )  a n d  i n i t i a l  

y i e l d  ( I Y )  f o r c e  m e a n s  o b t a i n e d  f o r  s t r e t c h e d  

S M  m u s c l e s  f r o m  b u f f a l o  a n d  b e e f  c a t t l e  g r o u p s  

a g e d  2 4  -  2 9  ( y o u n g )  a n d  4 8  -  5 4  m o n t h s  ( o l d ) ,  

r a w  ( R )  a n d  c o o k e d  a t  v a r i o u s  t e m p e r a t u r e s  f o r  

1  h r .  L S D  v a l u e s  f o r  p e a k  s h e a r  f o r c e  m e a n s  

w e r e  1 . 0 9  k g  f o r  b e t w e e n  s p e c i e s  o r  a g e  a n d

1 . 0 5  k g  f o r  w i t h i n  s p e c i e s  o r  a g e  c o m p a r i s o n s .  

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

L S D  v a l u e s  w e r e  0 . 3 7  a n d  0 . 3 3  k g ,  r e s p e c t i v e l y .

C O O K I N G  T E M P E R A T U R E  ( ° C  )

F i g .  4 — W B  p e a k  s h e a r  f o r c e  m i n u s  i n i t i a l  y i e l d  

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

f r o m  b u f f a l o  a n d  b e e f  g r o u p s  a g e d  2 4  -  2 9  

( y o u n g )  a n d  4 8  -  5 4  m o n t h s  ( o l d ) ,  r a w  ( R )  a n d  

c o o k e d  a t  v a r i o u s  t e m p e r a t u r e s  f o r  1  h r .  L S D  

v a l u e s  w e r e  1 . 0 2  f o r  b e t w e e n  s p e c i e s  o r  a g e  

c o m p a r i s o n s  a n d  0 . 9 7  f o r  w i t h i n  s p e c i e s  o r  a g e  

c o m p a r i s o n s .

Volume 49 (1984)—JO U RN A L OF FOOD SC IEN C E -1165



S H E A R  P R O P S  O F  B E E F / B U F F A L O  M E A T .  . .

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

c o o k i n g  t e m p e r a t u r e s  u p  t o  a b o u t  5 0  C  b u t  d e c r e a s e d  
r a p i d l y  a n d  s i g n i f i c a n t l y  w i t h  a  f u r t h e r  d e c r e a s e  a b o v e  
5 5 ° C  r e a c h i n g  a  m i n i m u m  a t  6 0  -  6 5  C .  A t  h i g h  t e m 

p e r a t u r e s  ( > 6 5 ° C )  p e a k  s h e a r  f o r c e  s h e a r  v a l u e s  i n c r e a s e d  
a g a i n  t o  r e a c h  a  m a x i m u m  a t  7 5  -  8 0  C .  F o r  t e m p e r a t u r e s  
a b o v e  t h i s  p e a k ,  s h e a r  f o r c e  v a l u e s  d e c r e a s e d  a g a i n  w i t h  a n  
i n c r e a s e  i n  t e m p e r a t u r e .  T h e s e  r e s u l t s  c o m p a r e d  w e l l  w i t h  

r e s u l t s  o b t a i n e d  e a r l i e r  ( B o u t o n  e t  a l . ,  1 9 8 1 )  w h i c h  u s e d  
s t r e t c h e d  S M  m u s c l e s  f r o m  b e e f  a n i m a l s  o f  w i d e l y  d i f f e r e n t  
a g e s  ( 0 - 3  m o n t h s  t o  8  -  1 5  y e a r s ) .  I n  t h i s  e a r l i e r  w o r k  
t h e r e  w a s  l i t t l e  d i f f e r e n c e  d u e  t o  a n i m a l  a g e  w i t h  c o o k i n g  
t e m p e r a t u r e s  u p  t o  5 0  C  a n d  t h e  b i g g e s t  e f f e c t  a t t r i b u t a b l e  
t o  a n i m a l  a g e  o c c u r r e d  a t  t e m p e r a t u r e s  > 5 5  C ’

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

t r i b u t i o n  t o  p e a k  s h e a r  f o r c e  v a l u e s  ( B o u t o n  e t  a l . ,  1 9 7 5 ,

1 9 7 7 ) ,  a l s o  i n c r e a s e d  w i t h  c o o k i n g  t e m p e r a t u r e  u p  t o  a b o u t  
5 0 ° C  t h e n  d e c r e a s e d  r a p i d l y  w i t h  i n c r e a s e  i n  t e m p e r a t u r e  

e x c e p t  f o r  a  l e v e l l i n g  o f f  a t  t e m p e r a t u r e s  b e t w e e n  a b o u t  7 5  
a n d  8 0  C  ( F i g .  4 ) .  V a l u e s  d e c r e a s e d  a g a i n  w i t h  f u r t h e r  i n 
c r e a s e  i n  t e m p e r a t u r e s  a b o v e  8 0  C .  T h e  p e a k  f o r c e  m i n u s  
i n i t i a l  y i e l d  f o r c e  v a l u e s  w e r e  s i g n i f i c a n t l y  g r e a t e r  f o r  t h e  

o l d e r  a n i m a l s  a t  a l l  t e m p e r a t u r e s  > 6 5  C  e x c e p t  9 5  C . 
I n  t h e  p r e s e n t  s t u d y  t h e  b u f f a l o  h a d  c o n s i s t e n t l y  g r e a t e r  
v a l u e s  t h a n  t h e  e q u i v a l e n t  b e e f  s a m p l e s  o v e r  t h e  e n t i r e  
4 0  -  9 5  C  r a n g e  o f  c o o k i n g  t e m p e r a t u r e s .

DISCUSSION
P R E V I O U S  I N T E R P R E T A T I O N S  o f  s h e a r  f o r c e  d e f o r m a 
t i o n  c u r v e s  ( B o u t o n  e t  a l . ,  1 9 7 5 ;  1 9 7 7 )  w e r e  t h a t  i n i t i a l  
y i e l d  f o r c e  v a l u e s  w e r e  a  r e l a t i v e  m e a s u r e  o f  t h e  c o n t r i b u 
t i o n  o f  t h e  m y o f i b r i l l a r  s t r u c t u r e  t o  t h e  s t r e n g t h  o f  c o o k e d  
m e a t .  I n  t h e  p r e s e n t  e x p e r i m e n t s  t h e  i n i t a l  y i e l d  f o r c e  r e 
s u l t s  i n d i c a t e  t h a t  t h e  s t r e n g t h  o f  t h e  m y o f i b r i l l a r  s t r u c t u r e  
i n  S M  m u s c l e s  f r o m  y o u n g  o r  o l d  b u f f a l o  a n d  y o u n g  o r  
o l d  b e e f  a n i m a l s  d o e s  n o t  d i f f e r  s i g n i f i c a n t l y  a t  p a r t i c u l a r  
c o o k i n g  t e m p e r a t u r e s  o v e r  a  w i d e  ( 4 0  -  9 5  C )  t e m p e r a t u r e  
r a n g e  f o r  m u s c l e s  i n  s i m i l a r  c o n t r a c t i o n  s t a t e s .  T h i s  l a c k  o f  
e f f e c t  o f  a n i m a l  a g e  o n  i n i t i a l  y i e l d  f o r c e  v a l u e s  c o n t r a s t s  

w i t h  t h a t  o f  a  p r e v i o u s  r e p o r t  ( B o u t o n  e t  a l . ,  1 9 8 1 ) .  T h e y  
f o u n d  t h a t  S M  m u s c l e s  f r o m  t e n d e r s t r e t c h e d  c a r c a s s e s  o f
8 - 1 5  y e a r s  o l d  b e e f  c o w s  h a d  s i g n i f i c a n t l y  g r e a t e r  i n i t i a l  
y i e l d  f o r c e  v a l u e s  t h a n  t h o s e  f r o m  t e n d e r s t r e t c h e d  c a r 
c a s s e s  o f  y o u n g  ( 0 - 3  m o n t h s  o l d )  b e e f  c a l v e s .  T h e  a g e  
d i f f e r e n c e  ( 0 - 3  m o n t h s  v s  8  -  1 5  y e a r s )  w a s ,  h o w e v e r ,  
f a r  g r e a t e r  t h a n  u s e d  i n t h e  p r e s e n t  e x p e r i m e n t s  ( 2 4  -  
2 9  m o n t h s  v s  4 8  -  5 4  m o n t h s ) .

T h e  m a r k e d  d e c r e a s e  i n  W a r n e r - B r a t z l e r  p e a k  s h e a r  f o r c e  
v a l u e s  t h a t  o c c u r s  w i t h  i n c r e a s e  o f  t h e  c o o k i n g  t e m p e r a t u r e  
f r o m  5 0  -  6 5  C  h a s  b e e n  t h e  s u b j e c t  o f  c o n s i d e r a b l e  r e 
s e a r c h  ( M a c h l i k  a n d  D r a u d t ,  1 9 6 3 ;  T u o m y  e t  a l . ,  1 9 6 3 ;  
D r a u d t  e t  a l . ,  1 9 6 4 ;  S c h m i d t  a n d  P a r r i s h ,  1 9 7 1 ;  B o u t o n  
a n d  H a r r i s ,  1 9 7 2 ,  1 9 8 1 ;  D r a u d t ,  1 9 7 2 ;  B o u t o n  e t  a l . ,  1 9 8 1 ) .  
B o t h  t h e  m a g n i t u d e  a n d  d i r e c t i o n  o f  t h i s  c h a n g e  h a s  b e e n  
s h o w n  i n  b e e f  m u s c l e s  ( B o u t o n  a n d  H a r r i s ,  1 9 7 2 ,  1 9 8 1 ;  
B o u t o n  e t  a l . ,  1 9 8 1 )  t o  b e  h i g h l y  d e p e n d e n t  o n  a n i m a l  a g e .  
T h e  n a t u r e  o f  t h e  c h a n g e s  s u g g e s t e d  t h a t  t e m p e r a t u r e -  
i n d u c e d  e f f e c t s  o n  c o n n e c t i v e  t i s s u e  w e r e  i n v o l v e d .  U s i n g  
s t r e t c h e d  S T  m u s c l e s ,  B o u t o n  a n d  H a r r i s  ( 1 9 8 1 )  f o u n d  
t h a t  p e a k  s h e a r  f o r c e  v a l u e s  d e c r e a s e d  a s  c o o k i n g  t e m p e r a 
t u r e s  i n c r e a s e d  a b o v e  5 0 ° C  i n  v e a l  ( 0 - 3  m o n t h s  o l d ) ,  
a b o v e  5 5  C  f o r  2 - 4  y e a r  o l d  c a t t l e  b u t  d i d  n o t  d e c r e a s e  
a t  a l l  f o r  m u s c l e s  f r o m  v e r y  o l d  c o w s  ( 8 - 1 5  y e a r s  o l d )  
w h e n  u s i n g  a  1 h r  c o o k i n g  p e r i o d .

T h i s  e v i d e n c e  ( B o u t o n  a n d  H a r r i s ,  1 9 8 1 )  t o g e t h e r  w i t h  
a l l  t h e  o t h e r  e v i d e n c e  ( M a c h l i k  a n d  D r a u d t ,  1 9 6 3 ;  T u o m y  
e t  a l . ,  1 9 6 3 ;  D r a u d t  e t  a l . ,  1 9 6 4 ;  S c h m i d t  a n d  P a r r i s h ,  

1 9 7 1 ;  B o u t o n  a n d  H a r r i s ,  1 9 7 2 ;  D r a u d t ,  1 9 7 2 ;  B o u t o n  e t

a l . ,  1 9 8 1 )  i n d i c a t e d  t h a t  c o n n e c t i v e  t i s s u e  c h a n g e s  w e r e  

i n v o l v e d .  T h e  r e s u l t s  i n  F i g .  3  ( a n d  t o  a  l e s s e r  e x t e n t  F i g .

1 )  i n d i c a t e d  t h a t  a n i m a l  a g e  ( 2 4  -  2 9  m o n t h s  v s  4 8  -  5 4  
m o n t h s )  h a d  l i t t l e  e f f e c t  o n  t h e  m e a n  p e a k  s h e a r  f o r c e  
v a l u e s  o f  b e e f  o r  b u f f a l o  u n t i l  c o o k i n g  t e m p e r a t u r e s  u s e d  
w e r e  a b o v e  6 0 ° C .  H o w e v e r ,  f o r  t h e  s t r e t c h e d  m u s c l e s ,  t h e  
p e a k  s h e a r  f o r c e  v a l u e s  o b t a i n e d  f o r  t h e  b u f f a l o  s a m p l e s  
w e r e  s i g n i f i c a n t l y  g r e a t e r  t h a n  t h o s e  o b t a i n e d  f o r  b e e f  o v e r  

m o s t  o f  t h e  4 0  -  9 5 ° C  r a n g e  o f  c o o k i n g  t e m p e r a t u r e s .

I t  h a s  b e e n  a r g u e d  ( B o u t o n  e t  a l . ,  1 9 7 5 ;  1 9 7 7 )  t h a t  t h e  
d i f f e r e n c e s  b e t w e e n  p e a k  s h e a r  f o r c e  a n d  i n i t i a l  y i e l d  f o r c e  

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

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

t e n e d  ( F i g .  2 )  a n d  s t r e t c h e d  m u s c l e  ( F i g .  4 )  c o o k e d  a t  t e m 
p e r a t u r e  u p  t o  5 0  -  5 5 ° C  t h e r e  w a s  v i r t u a l l y  n o  e f f e c t  o f  

a n i m a l  a g e  o n  p e a k  f o r c e  m i n u s  i n i t i a l  y i e l d  f o r c e  v a l u e s .  
A b o v e  6 0 ° C ,  h o w e v e r ,  t h e r e  w a s  a  c o n s i s t e n t  a g e  e f f e c t .  
T h e r e  w a s  a  l a r g e  a n d  c o n s i s t e n t  d i f f e r e n c e  d u e  t o  s p e c i e s  
( t h e  b u f f a l o  h a v i n g  t h e  g r e a t e r  v a l u e s )  o v e r  t h e  4 0  -  9 5  C  

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

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

c o l l a g e n  ( 6 2  -  6 8 ° C ;  D a v e y  a n d  G i l b e r t ,  1 9 7 4 )  t h e  c o n n e c 
t i v e  t i s s u e  i n  b u f f a l o  h a s  d i f f e r e n t  m e c h a n i c a l  p r o p e r t i e s  
f r o m  t h a t  i n  b e e f .  W h e t h e r  t h i s  d i f f e r e n c e  i s  d u e  t o  m o l e c u 
l a r  d i f f e r e n c e s  b e t w e e n  b e e f  a n d  b u f f a l o  c o l l a g e n ,  o r  
g r o u n d  s u b s t a n c e ,  o r  t o  d i f f e r e n c e s  i n  t h e  a r c h i t e c t u r a l  d i s 
t r i b u t i o n  o f  t h e  c o n n e c t i v e  t i s s u e  t h r o u g h  t h e  m u s c l e  o b v i 

o u s l y  r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .
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----------------------------ABSTRACT----------------------------
Hamburger patties containing all beef or beef extended (20% re
constituted soy product, 80% beef) with soy isolate, soy concentrate 
or textured soy flour, or beef extended with one of the three soy 
products fortified with iron (60 mg/lOOg soy protein) and zinc 
(25 mg/lOOgsoyprotein), were analyzed in both the raw and cooked 
states for moisture, protein, fat, Ca, P, Mg, Na, Fe, Cu, Zn, and Mn. 
The percent true nutrient retentions (% TR) and percent apparent 
nutrient retentions (% AR) were calculated. The % TR was not 
significantly different for any of the patties for protein, fat, total 
ash, Ca, or Cu. The % TR of moisture decreased as the refinement of 
the soy added to the patties increased. The % AR was higher than 
the % TR for all nutrients examined.

INTRODUCTION
S O Y  P R O D U C T S  a r e  b e c o m i n g  i n c r e a s i n g l y  i m p o r t a n t  i n  
t h e  h u m a n  d i e t  a s  e c o n o m i c a l  s o u r c e s  o f  h i g h - q u a l i t y  p r o 

t e i n  w i t h  v a l u a b l e  f u n c t i o n a l  p r o p e r t i e s  ( C o p p o c k ,  1 9 7 4 ) .  
A l i  e t  a l .  ( 1 9 8 2 )  s t a t e  t h a t  t h e  p r i m a r y  a d v a n t a g e s  o f  s o y  
p r o d u c t s  a s  m e a t  e x t e n d e r s  a r e  i n c r e a s e d  y i e l d  w i t h  r e d u c e d  
c o o k i n g  l o s s e s  a n d  l o w e r  c o s t  w i t h o u t  s u b s t a n t i a l l y  l o w e r  
n u t r i t i v e  v a l u e .  E x t e n s i o n  o f  m e a t  p r o d u c t s  w i t h  s o y  p r o 

t e i n  i s  b e c o m i n g  m o r e  c o m m o n  t h a n  i n  p r e v i o u s  y e a r s .  
H a m b u r g e r  e x t e n d e d  w i t h  s o y  p r o t e i n  i s  w i d e l y  u s e d  i n  t h e  
m i l i t a r y  a n d  i n  t h e  U S D A  S c h o o l  L u n c h  P r o g r a m .

V a r i o u s  p r o c e s s i n g  m e t h o d s  p r o d u c e  d i f f e r e n t  s o y  p r o 
t e i n s .  H e x a n e - e x t r a c t e d  s o y  f l a k e s  w h i c h  c o n t a i n  a b o u t  
5 0 %  p r o t e i n  a r e  g r o u n d  i n t o  s o y  f l o u r .  T h e  s o l u b l e  c a r b o 
h y d r a t e s  a r e  r e m o v e d  f r o m  t h e  s o y  f l a k e s  t o  m a k e  a  c o n 
c e n t r a t e  w i t h  7 0 %  p r o t e i n .  B o t h  s o l u b l e  c a r b o h y d r a t e s  a n d  
f i b e r  a r e  r e m o v e d  f r o m  t h e  s o y  f l a k e s  t o  m a k e  s o y  i s o l a t e s  
w i t h  9 0 %  p r o t e i n .

W o l f  ( 1 9 7 0 )  n o t e d  t h a t  o n e  o f  t h e  f u n c t i o n a l  p r o p e r t i e s  
o f  s o y  p r o t e i n ,  i t s  h y d r o p h i l i c  n a t u r e ,  a l l o w s  i t  t o  a b s o r b  
a n d  r e t a i n  w a t e r .  N u m e r o u s  i n v e s t i g a t o r s  h a v e  f o u n d  i n 
c r e a s e d  c o o k i n g  y i e l d  a n d  d e c r e a s e d  c o o k i n g  l o s s  i n  g r o u n d  

b e e f  p r o d u c t s  e x t e n d e d  w i t h  s o y  p r o t e i n s  ( A n d e r s o n  a n d  
L i n d ,  1 9 7 5 ;  D r a k e  e t  a l . ,  1 9 7 5 ;  M c W a t t e r s ,  1 9 7 7 ;  A l i  e t  a l . ,  
1 9 8 2 ;  S h a n e r  a n d  B a l d w i n ,  1 9 7 9 ;  B o w e r s  a n d  E n g l e r ,  1 9 7 5 ;  
N i e l s e n  a n d  C a r l i n ,  1 9 7 4 ;  Z i p r i n  a n d  C a r l i n ,  1 9 7 6 ;  C a r l i n  

e t  a l . ,  1 9 7 8 ;  Z i p r i n  e t  a l . ,  1 9 8 1 ;  W i l l i a m s  a n d  Z a b i k ,  1 9 7 5 ) .  
M o i s t u r e  r e t e n t i o n  r a t h e r  t h a n  f a t  b i n d i n g  w a s  l a r g e l y  
r e s p o n s i b l e  f o r  t h e  i n c r e a s e d  j u i c i n e s s  a n d  c o o k i n g  y i e l d  o f  

b e e f  p a t t i e s  e x t e n d e d  w i t h  s o y  p r o t e i n  ( A n d e r s o n  a n d  L i n d ,  
1 9 7 5 ;  D r a k e  e t  a l . ,  1 9 7 5 ;  M c W a t t e r s ,  1 9 7 7 ) .  D r a k e  e t  a l .
( 1 9 7 5 )  e x p l a i n e d  t h a t  r a w  g r o u n d  b e e f  p a t t i e s  e x t e n d e d  
w i t h  t e x t u r e d  s o y  p r o t e i n  ( T S P )  c o n t a i n  m o r e  m o i s t u r e  
t h a n  d o  a l l - b e e f  p a t t i e s ,  p o s s i b l y  b e c a u s e  t h e  T S P  is  r e h y 
d r a t e d .  T h e y  c o n c l u d e d  t h a t  T S P  d i d  b i n d  m o i s t u r e  d u r i n g  
c o o k i n g .

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

A u t h o r s  M i l e s ,  Z i y a d ,  B o d w e l l ,  a n d  S t e e / e  a r e  a f f i l i a t e d  w i t h  t h e  

U S D A - A R S ,  P r o t e i n  N u t r i t i o n  L a b o r a t o r y ,  B e l t s v i l l e  H u m a n  N u t r i 

t i o n  R e s e a r c h  C e n t e r ,  B e l t s v i l l e ,  M D  2 0 7 0 5 .

m o i s t u r e  b u t  l o s t  m o r e  f a t  d u r i n g  c o o k i n g  t h a n  d i d  a l l - b e e f  
p a t t i e s ;  t h e  f i n d i n g s  o f  A n d e r s o n  a n d  L i n d  ( 1 9 7 5 ) ,  D r a k e  e t  

a l .  ( 1 9 7 5 )  a n d  M c W a t t e r s  ( 1 9 7 7 )  w e r e  s i m i l a r .  A l l  f o u r  o f  
t h e s e  s t u d i e s  u s e d  g r o u n d  b e e f  p a t t i e s  c o n t a i n i n g  b e t w e e n  
1 5  a n d  3 5 %  f a t .  H o w e v e r ,  Z i p r i n  a n d  C a r l i n  ( 1 9 7 6 )  f o u n d  
n o  d i f f e r e n c e  i n  t h e  m o i s t u r e  o r  f a t  c o n t e n t  o f  c o o k e d  
m e a t l o a v e s  b e t w e e n  a l l - b e e f  a n d  1 5 %  s o y - s u b s t i t u t e d  b e e f  

l o a v e s .  I n  s e v e r a l  s t u d i e s  T S P  i n  m e a t l o a f  b o u n d  f a t  ( W i l 
l i a m s  a n d  Z a b i k ,  1 9 7 5 ;  N i e l s e n  a n d  C a r l i n ,  1 9 7 4 ;  S h a f e r  

a n d  Z a b i k ,  1 9 7 5 ) .  C a r l i n  e t  a l .  ( 1 9 7 8 )  f o u n d  t h a t  r e t e n 
t i o n  o f  b o t h  f a t  a n d  m o i s t u r e  i n c r e a s e d  w h e n  t h e  l e v e l  o f  

T S P  i n  m e a t l o a f  w a s  i n c r e a s e d  f r o m  1 5  t o  3 0 % .  W h i l e  t h e  
f a t  o f  t h e  g r o u n d  b e e f  u s e d  i n  t h e s e  m e a t l o a v e s  w a s  i n  t h e  
s a m e  r a n g e  a s  t h a t  o f  t h e  b e e f  p a t t i e s  d i s c u s s e d  a b o v e ,  t h e s e  

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

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

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

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

r e t e n t i o n ,  b u t  n o t  f o r  t h e  r e t e n t i o n  o f  o t h e r  n u t r i e n t s .  W e ,  
t h e r e f o r e ,  d e s i g n e d  a n  e x p e r i m e n t  t o  ( 1 )  d e t e r m i n e  t h e  
n u t r i e n t  c o m p o s i t i o n  o f  r a w  a n d  c o o k e d  g r o u n d  b e e f  
e x t e n d e d  w i t h  t h r e e  s o y  p r o t e i n s ,  ( 2 )  d e t e r m i n e  t h e  t r u e  
a n d  a p p a r e n t  r e t e n t i o n  o f  n u t r i e n t s  i n  c o o k e d  s o y - e x t e n d e d  
b e e f ,  a n d  ( 3 )  c o m p a r e  t h e  t r u e  a n d  a p p a r e n t  r e t e n t i o n  t e c h 
n i q u e s  f o r  a s s e s s i n g  t h e  n u t r i e n t s  i n  c o o k e d  s o y - e x t e n d e d  
m e a t s .

MATERIALS & METHODS
SEVEN FORMULATIONS of ground beef were mixed by a com
mercial meat packing company (Esskay, Baltimore, MD) and pack
aged in 4-oz patties (11.5 cm diameter; 1 cm thickness). One formu
lation was 100% ground beef. In each of the other six formulations, 
beef was extended with one of three soy proteins: flour (TVP, 
Archer Daniels Midland Company), concentrate (Procon 2060, A.E. 
Staley Manufacturing Company), or isolate (PP-220, Ralston Purina 
Company); with or without iron and zinc fortification. Only the soy 
flour was texturized and the size of the soy granules varied with 
flour being the largest and isolate the smallest. Two ground beef 
products were used in the beef patties. One contained 10% fat 
(Beef 90) and the other 50% fat (Beef 50). The six soy extended 
beef patties were 30% Beef 50 and 50% Beef 90, while the all beef 
patties were 31.5% Beef 50 and 68.5% Beef 90.

The analyzed protein contents of the three dry soy products 
were 53.5% (flour), 69.5% (concentrate) and 87.1% (isolate). During 
commercial formulation, each soy protein product was rehydrated 
to a protein level of 19% (N x 6.25). Each beef-soy formulation was 
20% rehydrated soy and 80% beef. Grams of soy products required 
for 20 g of rehydrated flour, concentrate, and isolate were 7.10, 
5.47, and 4.37, respectively. Each of the dry soy products (flour, 
concentrate and isolate) were fortified with iron (60 mg/lOOg, soy 
protein) as ferrous fumarate and zinc (25 mg/lOOg soy protein) as 
zinc oxide. These fortified soy proteins were rehydrated and com
mercially mixed with beef in the same proportions as the unfortified 
soy proteins.

Patties were frozen at the meat packing plant on the day of 
mixing and were stored at -29°C (-20°F) until preparation for 
nutrient analysis. The patties had been stored for approximately 
seven months when the nutrient analysis were carried out.

Three raw patties of each of the seven ground beef products
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underwent proximal analysis by Nutrition International Corporation 
(East Brunswick, NJ), and another three patties of each formulation 
were analyzed for mineral content (Ca, P, Mg, Na, Fe, Zn, Cu, Mn) 
by Hazleton Raltech, Inc. (Madison, WI). These determinations were 
carried out by standard AOAC methods (1980): moisture (7.003), 
protein (2.056-2.058), fat (14.140) and ash (7.009). Samples for 
mineral analysis were prepared by AOAC method 3.005 (AOAC,
1980) and minerals were determined by inductively coupled plasma- 
atomic emission spectrometry (Dahlquist and Knoll, 1978).

Six patties of each ground beef product were thawed in a refrig
erator at 4°C (40°F) for about 20 hr and cooked on a broiler pan 
in a 170.7°C (350°F) oven for 20 min (10 min per side). Patties 
were cooked two at a time in a conventional gas oven (Garland 
Institutional) on a pan in the center of the oven. The oven temper
ature was always at 170.7°C (350°F) (oven thermometer) when 
patties were placed in the oven and when they were removed. Mea
surements of oven temperature during cooking were not made. 
Maximum internal temperature of the patties at the end of cooking 
ranged from 62-70°C (Mean ± SD: 65.3±1.86°C). Each patty was 
weighed before and after cooking, then submitted to the same nu
trient analysis as were the raw patties. Three cooked patties of each

T a b l e  1 — P e r c e n t  y i e l d  a f t e r  c o o k i n g  a l l  b e e f  a n d  b e e f  e x t e n d e d  w i t h  

s o y  p r o t e i n  p a t t i e s

Pattiesa

All beef 69.3+1.8 D E

Beef with Soy isolate 70.7+1.2 D
Soy concentrate 77.1 + 1.3 B
Soy flour 79.0+1.3 A

Beef with Fe and Zn Fortification
+ Soy isolate 68.8+1.1 E
+ Soy concentrate 74.8+1.4 C
+ Soy flour 80.2+0.8 A

a Mean of six  patties + S .D . Means w ith the sam e letter are not sig
n ifican tly  different [D u n can ’s M ultip le Range Test p <  0 .0 5 ] .

formulation underwent proximal analysis and three different patties 
of each formulation were analyzed for mineral content.

True nutrient retentions (TR) were calculated as follows:
% TR =
Nutrient content/g of cooked food x g of food after cooking-------------------- ----------------------- ---------------------------x 100
Nutrient content/g of raw food xg of food before cooking

Apparent nutrient retentions (AR) were calculated as follows:
Nutrient content/g of cooked food (dry basis)% AR = --------------------— -------------------—--------- x 100

Nutrient content/g of raw food (dry basis)

Appropriate data were subjected to statistical analysis of vari
ance. When group means were found to be significantly different, 
Duncan’s Multiple Range Test was used to determine which groups 
were significantly different from each other. True and apparent 
retentions were compared by Student’s t test.

RESULTS & DISCUSSION

Yield
P e r c e n t  y i e l d  a f t e r  c o o k i n g  d i f f e r e d  s i g n i f i c a n t l y  a m o n g  

t h e  p a t t y  f o r m u l a t i o n s  ( T a b l e  1 ) .  T h e r e  w a s  a n  i n v e r s e  r e l a 

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

w i t h  s o y  i s o l a t e  ( 7 0 . 7  o r  6 8 .8 % )  w e r e  n o t  s i g n i f i c a n t l y  

d i f f e r e n t  f r o m  t h e  a l l  b e e f  ( 6 9 . 3 % ) .  Y i e l d s  o f  p a t t i e s  w i t h  
s o y  r a n k e d  i n  t h e  f o l l o w i n g  a s c e n d i n g  o r d e r ,  w i t h  o r  w i t h 

o u t  f o r t i f i c a t i o n ,  r e s p e c t i v e l y :  s o y  i s o l a t e ,  6 8 . 8  a n d  7 0 . 7 % ;  

s o y  c o n c e n t r a t e ,  7 4 . 8  a n d  7 7 . 1 %  a n d  s o y  f l o u r ,  8 0 . 2  a n d  
7 9 . 0 % .

Z i p r i n  e t  a l .  ( 1 9 8 1 )  f o u n d  t h a t  y i e l d  w a s  s i g n i f i c a n t l y  
h i g h e r  f o r  b e e f  p a t t i e s  e x t e n d e d  w i t h  1 0 %  s o y  ( d e f a t t e d  

f l o u r ,  c o n c e n t r a t e ,  o r  i s o l a t e )  t h a n  f o r  a l l - b e e f  p a t t i e s .  M c -  
W a l t e r s  ( 1 9 7 7 )  f o u n d  t h a t  c o o k i n g  l o s s e s  d e c r e a s e d  a n d

T a b l e  2 — N u t r i e n t  c o n t e n t  o f  r a w  a l l  b e e f  p a t t i e s  a n d  b e e f  p a t t i e s  e x t e n d e d  w i t h  s o y  p r o t e i n a

Beef + S oy  isolate Beef + Soy co n c en tra te Beef + S oy  f lo u r

w /o  A d d ed  Fe w /A d d ed  Fe w /o  A d d ed  Fe w /A d d ed  Fe w /o  A dded  Fe w/Added Fe
All beef an d  Zn and Zn and  Zn and  Zn and  Zn and  Zn

P ro te in  (% )b 16.4 ±0.9 16.6 ±0.0 17.2 ±0.8 16.5 ±0.2 16.8 ±0.1 17.0 ±1.0 17.1 ±0.4
F at (%)b 2 3 .5 ±1.8 2 1 .6 ±1.8 21.3 ±0.1 2 1 .6 ±0.5 21.7 ±1.3 22.2 ±1.3 2 2 .9 ±0 .5
M oistu re  (%)b 58.7 ±1.3 6 0 .5 ±1.8 5 8 .9 ±0.5 6 0 .0 ±0.5 6 0 .3 ±0.5 5 8 .5 ±0.2 5 8 .6 ±0.4
T o ta l ash (%) 0.7 ±0.1 E 0.7 ±0 .0  DE 0.9 ±0.1 BC 0 .9 ±0.0  C 0.8 ±0.0  CD 1.0 ±0.1 AB 1.0 ±0.2  A
M inerals (m g/100g) 

Ca 8.1 ±0.8 D 12.6 ±0.1 C 14.0 ±1.7  C 2 8 .2 ±0.4  B 28.0 ±1.1 B 3 1 .5 ±1.7  A 3 2 .8 ±3 .6  A
P 125.2 ±1.3  E 132 .9 ±3.1 C 128.8 ±1 .9  D 142 .7 ±1.0  B 135.4 ±0.2  C 151 .3 ±2 .8  A 151 .2 ±2.1 A
Mg 15.0 ±0.3  F 17.7 ±0 .4  D 16.5 ±0.3  E 29.1 ±0.4  B 2 7 .5 ±0.2  C 3 4 .6 ±0.6  A 3 4 .3 ±0.3  A
Na 6 5 .8 ±1 .9  C 102.6 ±0.4  B 109.0 ±4 .9  A 5 3 .2 ±0.2  E 57.6 ±0.8  D 5 3 .0 ±0.3 E 5 4 .0 ±0 .9  E
Fe 1.8 ±0.1 F 2 .2 ±0 .8  E 4 .0 ±0 .0  B 2 .0 ±0.0  E 3.8 ±0.0  C 2.3 ±0.1 D 4.2 ±0 .2  A
Cu 0 .0 4 5 ± 0 .0 0 3  D 0.091 ± 0 .0 0 4  C 0 .1 0 3 ± 0 .0 1 6  C 0 .126 o b o ■c» CD 0 .121 ±0 .0 0 6  B 0.175 o b o CO > 0 .1 82±0.1  21 A
Zn 3.8 ±0.1 C 3 .2 ±0,1 D 4.0 ±0 .0  B 3 .0 ±0.0  E 3.9 ±0.0  B 3 .2 ±0.1 D 4 .2 ±0 .0  A
Mn 0.01 ±0.0  G 0 .0 7 ± 0 .0  F 0 .0 8 ±0 .0  E 0 .2 8 ± 0 .0 0 6  C 0 .2 6 ± 0 .0 0 6  D 0 .2 9 ±0 .006  B 0 .3 0 ±0 .0  A

f* M e a n  o f  3 s a m p le s  ± S .D .
b  N o  s ig n if ic a n t  d if fe re n c e s  [ A N O V A  p  <  0 . 0 5 ] .  M e a n s  w i th  th e  sam e  le t te r  ( w i t h in  a r o w )  a re  n o t  s ig n if ic a n t ly  d i f f e r e n t  [D u n c a n 's  M u l t ip le  R ange  T e s t  p  <  u . 0 5 ] .

T a b l e  3 — N u t r i e n t  c o n t e n t  o f  c o o k e d  a l l  b e e f  p a t t i e s  a n d  b e e f  p a t t i e s  e x t e n d e d  w i t h  s o y  p r o t e i n a

Beef + S oy  iso late Beef + Soy co n c en tra te Beef + Soy flo u r

w /o  A d d ed  Fe w /A d d ed  Fe w /o  A d d ed  Fe w/Added Fe w /o  A dded  Fe w /A d d e d  Fe

All beef and  Zn and Zn an d  Zn and  Zn an d  Zn and  Zn

P ro te in  (%)b 2 1 .5 ±0.9 2 2 .7 ±1.3 2 1 .9 ±0.6 2 1 .0 ±0.6 2 1 .9 ±1.5 2 1 .6 ±0.8 2 0 .6 ±0.1
F a t (%)b 2 3 .4 ±1.0 21.1 ±0.5 22.0 ±2.8 2 0 .6 ±1.4 20.1 ±1.0 21.1 ±0.6 2 1 .0 ±0.6
M oistu re  (%) 5 2 .5 ±0.6  D 5 4 .2 ±0.6  BC 5 3 .4 ±1.4 CD 5 5 .2 ±0 .9  AB 55.7 ±0.3 A 5 3 .8 ±0.3  CD 5 4 .3 ±0.3  BC
T o ta l Ash (%) 
M inerais (m g/100g)

0 .8 ±0.1 D 0.7 ±0 .2  D 0 .9 ±0.0  CD 1.0 ±0.1 BCD 1.2 ±0.3 AB 1.1 ±0.1 ABC 1.4 ± 0 .2  A

Ca 11.2 ±0.8  D 18.9 ±2 .0  C 18.0 ±0.6  C 3 7 .6 ±0 .9  B 3 9 .8 ±2.1 AB 4 0 .0 ±2.1 AB 4 0 .6 ±0 .9  A
P 152 .8 ±1.6  D 1 6 0 .2 ±2 .8  C 1 6 0 .0 ±3.0  C 168.1 ±2.1 B 171.4 ±3.4  B 182.1 ±1 .2  A 182 .8 ±2 .9  A
Mg 17.8 ±0.4  E 2 1 .2 ±0.3 D 2 0 .9 ±0.1 D 3 2 .9 ±0.7 C 3 4 .0 ±0 .9  B 3 9 .6 ±0 .2  A 3 9 .9 ±0 .3  A
Na 6 6 .2 ±1.7  B 105 .5 ±2.4  A 1 0 7 .9 ±5.9  A 67.1 ±3 .7  B 6 1 .6 ±2.8  BC 6 6 .9 ±4 .7  B 5 9 .5 ±0 .2  C
Fe 2.4 ±0.0  E 2.8 ±0.0  CD 5.6 ±0.3  A 2.6 ±0.1 DE 5.3 ±0.2 B 2.9 ±0.0  C 5.2 ±0.1 B
Cu 0 .049

OLOoqo

0 .1 1 8 ± 0 .0 1 4  C 0 .1 2 0 '± 0 .0 0 9  C 0 .1 5 3 ± 0 .0 0 5  B 0 .146¡±0.004 B 0 .2 0 6 ¡±0.002 A 0 .2 0 9 ± 0 .0 0 4  A
Zn 4.8 ±0.1 B 3.9 ±0 .0  C 5.0 ±0 .2  A 3 .6 ±0 .0  D 4 .8 ±0.0  B 3.6 ±0 .0  D 4 .6 = 0.1 B
Mn 0.011 ± 0 .0 0 2  F 0 .0 9 ± 0 .0 0 3  E 0 .105 i±0.0 D 0 .3 1 2 !±0.014 C 0 .336¡±0.006 B 0.341 ± 0 .0 0 7  B 0 .3 5 6 ± 0 .0 0 9  A

® M e a n  o f  3  s a m p le s  ± S .D .
b  N o  s ig n if ic a n t  d if fe r e n c e s  [ A N O V A  p  <  0 . 0 5 ] .  M e a n s  w i t h  th e  sa m e  le t te r  ( w i t h in  a r o w )  a re  n o t  s ig n if ic a n t ly  d i f f e r e n t  [D u n c a n 's  M u l t ip le  R a n g e  T e s t  p  <  0 . 0 5 ] .
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c o o k i n g  y i e l d  i n c r e a s e d  p r o g r e s s i v e l y  a s  5 ,  1 0 ,  o r  1 5 %  s o y  
m e a l  w a s  a d d e d  t o  g r o u n d  b e e f  p a t t i e s  ( 2 7 %  f a t ,  5 5 %  m o i s 

t u r e )  a n d  b a k e d  i n  r o t a r y  o v e n  a t  1 7 7 ° C  f o r  1 5  m i n .  B o w e r s  

a n d  E n g l e r  ( 1 9 7 5 )  f o u n d  t h a t  a d d i n g  t e x t u r e d  s o y  ( 1 5  o r  

3 0 % )  t o  g r o u n d  b e e f  ( 2 5 %  f a t )  a l s o  d e c r e a s e d  c o o k i n g  
l o s s e s  w i t h  t h e  l e a s t  l o s s  a t  t h e  3 0 %  l e v e l .  W h e n  A n d e r s o n  
a n d  L i n d  ( 1 9 7 5 )  a d d e d  2 5 %  h y d r a t e d  t e x t u r e d  v e g e t a b l e  

p r o t e i n  t o  g r o u n d  b e e f  ( 1 5 ,  2 0 ,  2 5 ,  a n d  3 5 %  f a t ) ,  t h e y  

f o u n d  t h e  c o o k i n g  y i e l d s  o f  t h e  s o y - e x t e n d e d  b e e f  s l i g h t l y  
e x c e e d e d  t h o s e  o f  a l l  b e e f  p a t t i e s .

N u t r i e n t  c o m p o s i t i o n

T h e  n u t r i e n t  c o n t e n t s  a p p e a r  i n  T a b l e  2  f o r  r a w  g r o u n d  

b e e f  p a t t i e s  a n d  i n  T a b l e  3  f o r  c o o k e d  p a t t i e s .  P e r c e n t  f a t  
w a s  s i m i l a r  i n  c o o k e d  a n d  r a w  p a t t i e s ;  h o w e v e r ,  m o i s t u r e  
c o n t e n t  d e c r e a s e d  a n d  p r o t e i n  c o n t e n t  i n c r e a s e d  d u r i n g  

c o o k i n g .  T h e r e  w e r e  n o  s i g n i f i c a n t  d i f f e r e n c e s  i n  p r o t e i n ,  
f a t ,  o r  m o i s t u r e  a m o n g  t h e  s e v e n  r a w  p a t t y  t y p e s  o r  i n  p r o 

t e i n  a n d  f a t  a m o n g  t h e  s e v e n  c o o k e d  p a t t i e s  t y p e .  H o w e v e r ,  
t h e  s e v e n  p a t t y  f o r m u l a t i o n s  d i d  d i f f e r  s i g n i f i c a n t l y  i n  
m i n e r a l  c o m p o s i t i o n  a s  s h o w n  i n  T a b l e s  2  a n d  3 .  T h e  
m i n e r a l  c o n t e n t  o f  t h e  p a t t i e s  d e c r e a s e d  t h e  m o r e  r e f i n e d  
t h e  s o y  p r o t e i n  a d d e d ;  i s o l a t e  b e i n g  t h e  m o s t  r e f i n e d ,  f l o u r  
t h e  l e a s t .  T h e s e  d i f f e r e n c e s  i n  m i n e r a l  c o n t e n t  o f  t h e  p a t t i e s  
c a n  b e  a t t r i b u t e d  t o  t h e  m i n e r a l  c o n t e n t  o f  t h e  v a r i o u s  s o y  
p r o t e i n s  a d d e d .

N u t r i e n t  r e t e n t i o n

T h e r e  w e r e  n o  s i g n i f i c a n t  d i f f e r e n c e s  i n  p r o t e i n ,  f a t ,  
t o t a l  a s h ,  C a  o r  C u  r e t e n t i o n  i n  a n y  o f  t h e  c o o k e d  a l l - b e e f  

p a t t i e s  o r  s o y - e x t e n d e d  b e e f  p a t t i e s  ( T a b l e  4 ) .  T r u e  r e t e n 
t i o n  o f  m o i s t u r e  i n c r e a s e d  t h e  l e s s  r e f i n e d  t h e  s o y  a d d e d  t o  
t h e  p a t t i e s .  S i x  o f  t h e  e i g h t  m i n e r a l s  a n a l y z e d  s h o w e d  
s i g n i f i c a n t  d i f f e r e n c e s  i n  t r u e  r e t e n t i o n .  I n  g e n e r a l ,  t h e  

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

T h i s  s t u d y  f o u n d  n o  d i f f e r e n c e  i n  t h e  f a t  r e t e n t i o n  o r  
f a t  c o n t e n t  o f  c o o k e d  b e e f  p a t t i e s  w i t h  o r  w i t h o u t  s o y  p r o 
t e i n .  Z i p r i n  e t  a l .  ( 1 9 8 1 )  n o t e d  t h a t  p u b l i s h e d  r e p o r t s  d o  

n o t  a g r e e  o n  t h e  e f f e c t  o f  s o y  p r o t e i n  i n g r e d i e n t s  o n  t h e  f a t  
c o n t e n t  o f  c o o k e d  b e e f  p a t t i e s .  T h e y  a t t r i b u t e d  t h e  d i s 

a g r e e m e n t  t o  d i f f e r e n c e s  i n  m e t h o d  o f  p a t t y  f o r m u l a t i o n ,  
s i z e  a n d  t h i c k n e s s  o f  p a t t i e s ,  c o o k i n g  m e t h o d ,  a n d  t h e  
d e g r e e  o f  d o n e n e s s .  D r a k e  e t  a l .  ( 1 9 7 5 )  f o u n d  t h a t  t h e  
a m o u n t  o f  f a t  l o s t  w h e n  b e e f  p a t t i e s  e x t e n d e d  w i t h  r e h y 
d r a t e d  t e x t u r e d  s o y  p r o t e i n  w e r e  g r i l l e d  i n  a n  e l e c t r i c  
f r y p a n  d e p e n d e d  o n  t h e  o r i g i n a l  l e v e l  o f  f a t  i n  t h e  r a w  
g r o u n d  b e e f  a n d  n o t  o n  t h e  l e v e l  o f  s o y  p r o t e i n  a d d e d .  O n  
t h e  c o n t r a r y ,  o t h e r  i n v e s t i g a t o r s  r e p o r t e d  l e s s  f a t  r e t e n t i o n  
i n  c o o k e d  p a t t i e s  c o n t a i n i n g  s o y  p r o t e i n  t h a n  i n  a l l - b e e f  
p a t t i e s  ( A n d e r s o n  a n d  L i n d ,  1 9 7 5 ;  T h o m a s  e t  a l . ,  1 9 7 8 ) .

A p p a r e n t  r e t e n t i o n s  f o r  a l l  n u t r i e n t s  a n a l y z e d  i n  c o o k e d  
m e a t  p a t t i e s  a p p e a r  i n  T a b l e  5 .  T h e  %  A R  w a s  h i g h e r  t h a n

T a b l e  4—P e r c e n t  t r u e  r e t e n t i o n  o f  n u t r i e n t s  i n  c o o k e d  a l l  b e e f  p a t t i e s  a n d  b e e f  p a t t i e s  e x t e n d e d  w i t h  s o y  p r o t e i n a

Beef + Soy isolate Beef + Soy concentrate Beef +  Soy flour

w/o Added Fe w/Added Fe w/o Added Fe w/Added Fe w/o Added Fe w/Added Fe

All beef and Zn and Zn and Zn and Zn and Zn and Zn

Proteinb 91 ,6± 2.5 96.7± 7.2 88.2± 3.1 98.5±3.5 98.5± 6.9 100.1 ±5.8 98.1+5.2
Fatb 70.3± 7.2 68.4± 7.1 71.5+10.2 74.0±6.8 70.3± 1.1 75.4±7.7 75.6±2.4
Moisture 62.7± 1.3 C 64.2+ 1.4 C 62.8+ 0.6 C 71,3±2.1 B 69.9± 2.3 B 72.5±1.5 A B 74.3±1.2 A
Total ashb 80.4±11.3 105.5±49.7 70.2± 5.7 87.5±4.5 11 2.8±26.3 92.6+4.3 99.7+9.6
Minerals

Cab 95.2+11.0 104.6±12.3 88.7+ 8.4 102.3+0.6 105.3±10.1 100.7±5.5 99.6±9.1
P 83.8± 1.6 C 84.6± 5.1 C 85.0± 2.4 C 90.5±2.6 B 93.6± 2.0 AB 95.2+3.3 A B 96.5±2.0 A
Mg 81.8± 1.0 D 83.9± 5.3 CD 86.4± 1.4 BC 86.9+0.8 BC 91.6± 1.7 A 90.7±2.7 A B 92.8±0.9 A
Na 69.0± 1.9 E 72.1 ± 3.0 DE 67.9± 6.8 E 96.9+5.5 AB 79.1 ± 4.3 CD 100.1+8.8 A 88.0±2.0 BC
Fe 90.1 ± 4.7 C 90.4+ 5.5 C 95.8± 3.0 BC 96.6±2.6 ABC 103.7± 2.9 A 97.3±2.1 A B C 99.3±5.8 AB
Cub 75.7±12.1 91.1 ± 8.8 81.4+16.0 91 .3±1.5 90.5± 7.3 93.5±6.2 91.6+4.5
Zn 88.4± 0.3 A B C D 85.0± 3.4 D 86.7± 2.2 CD 91 .4±1.7 AB 92.0± 1.2 A 88.1 ±2.1 BCD 89.3±0.9 A BC
Mn 75.6+12.7 B 90.5± 4.6 A 89.8± 1.8 A 86.4±0.7 A 94.3± 0.8 A 94.0+2.5 A 94.8±1.5 A

V alues are means + S .D . of three raw patties com pared to three cooked patties. 
b No significant d ifferences [A N O V A  p <  0 .0 5 ] .  Means w ith the sam e letter (w ithin  a row ) are not s ign ificantly  d ifferent [ D u n can ’s M ultiple  

Range Test p <  0 .0 5 ] .

T a b l e  5 — P e r c e n t  a p p a r e n t  r e t e n t i o n  o f  n u t r i e n t s  i n  c o o k e d  a l l  b e e f  p a t t i e s  a n d  b e e f  p a t t i e s  e x t e n d e d  w i t h  s o y  p r o t e i n a

Beef +  Soy isolate Beef + Soy concentrate Beef + Soy  flour

w/o Added Fe w/Added Fe w/o Added Fe w/Added Fe w/o Added Fe w/Added Fe

All beef and Zn and Zn and Zn and Zn and Zn and Zn

Protein 113.9± 7.7b 118.1 ±12.0 112.6+ 7.9b 113.6±4.2b 116.6+ 7.4d 113.9+6.2d 109.3 + 5.3
Fat 87.0± 5.0d 83.3± 7.2 91.0+10.3 85.3±7.6 83.2+ 1.7° 85.7+6.8 84.3+ 2.4d
Total ash 100.5±18.5 94.5±10.7 89.6+ 6.9d 100.9±5.6d 133.2+31.7 103.3+8.3 115.0+12.7
Minerals

Ca 121.2±17.7 129.4±11.2 114.6+13.3d 119.2+2.1° 127.5+11.3 114.4+6.3d 112.1 + 9.9
P 106.3+ 3.3C 104.8± 5.9d 109.8+ 5.1b 105.3±3.3b 113.5+ 1.0° 108.1 ±2.1b 108.8+ 3.0b
Mg 103.8+ 4.0C 103.9+ 6.7d 111.5+ 4.0° 101.1 + 1.9° 111.0+ 0.2° 102.9+1.4 b 104.5+ 1.9°
Na 87.6± 3.7b 89.3± 5.5b 87.5+ 6.9d 1 12.7±5.0d 95.8+ 7.1d 113.5+8.9 99.0+ 1.4b
Fe 114.2± 3.5b 112.0± 5.6b 123.7+ 6.2b 112.5±3.3b 125.6+ 1.6° 110.5±2.4b 111.9+ 6.0
Cu 97.0±13.9 111,9±13.9 103.8+21.8 106.2+0.2° 110.5+13.0 106.5+5.3 102.4+ 4.6d
Zn 112.2± 4.8b 105.3± 3.8b 112.0+ 4.9b 106.5+2.0° 111.4+ 2.1° 99.9+2.6 b 100.7 + 1.3°
Mn 116.7±28.9 111.4+ 6.0b 113.6+ 3.1c 100.9+1.6° 114.6+ 2.7° 106.8±2.3b 106.9+ 2.3b

a V alues are means ± S .D . of three raw patties com pared to three cooked patties. 
b S ig n ificantly  different from  true retention (p <  0 .01) (t-test).
^ S ig n ifican tly  different from  true retention (p <  0 .001) (t-test). 
d S ig n ificantly  different from  true retention (p <  0 .05) (t-test).
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R E T E N T IO N  O F  N U T R IE N T S  IN  B E E F  P A  T T I E S . . .

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

T h i s  f i n d i n g  r e a f f i r m s  t h e  f i n d i n g s  o f  M u r p h y  e t  a l .  ( 1 9 7 5 )  
t h a t  a p p a r e n t  r e t e n t i o n s  t e n d  t o  g i v e  f a l s e l y  h i g h  v a l u e s  a n d  
d o  n o t  a l l o w  f o r  l o s s  o f  s o l i d s  i n  c o o k i n g .  T h e r e f o r e ,  w e i g h 
i n g  a  f o o d  b e f o r e  a n d  a f t e r  c o o k i n g  f o r  t h e  c a l c u l a t i o n  o f  a  
t r u e  r e t e n t i o n  i s  t h e  p r e f e r r e d  m e t h o d  o f  d e t e r m i n i n g  t h e  
n u t r i e n t  r e t e n t i o n  o f  a  f o o d  p r o d u c t .

CONCLUSIONS
N O  S I G N I F I C A N T  D I F F E R E N C E S  i n  t r u e  r e t e n t i o n  o f  

p r o t e i n ,  f a t ,  t o t a l  a s h ,  C a  o r  C u  w e r e  f o u n d  b e t w e e n  a l l - b e e f  
p a t t i e s  a n d  b e e f  p a t t i e s  e x t e n d e d  w i t h  a n y  o f  t h e  s o y  p r o 
t e i n s  t e s t e d .  T r u e  r e t e n t i o n  o f  m o i s t u r e  i n  t h e  p a t t i e s  d e 
c r e a s e d  a s  t h e  r e f i n e m e n t  o f  t h e  s o y  a d d e d  t o  t h e  p a t t i e s  
i n c r e a s e d .  S i x  o f  t h e  e i g h t  m i n e r a l s  a n a l y z e d  s h o w e d  s i g n i f i 

c a n t  d i f f e r e n c e s  i n  t r u e  r e t e n t i o n .  I n  g e n e r a l ,  t h e  h i g h e r  t h e  
m i n e r a l  c o n t e n t  o f  t h e  r a w  p a t t y ,  t h e  h i g h e r  i t s  t r u e  n u t r i e n t  
r e t e n t i o n .  T h e  m e a n  r a n g e s  o f  T R  f o r  t h e  b e e f  p a t t i e s  w e r e :  
p r o t e i n ,  8 8 . 2 - 1 0 0 . 1 % ;  f a t ,  6 8 . 4 - 7 5 . 6 % ;  m o i s t u r e ,  6 2 . 7 -  
7 4 . 3 % ;  a s h ,  7 0 . 2 - 1 1 2 . 8 % ;  c a l c i u m ,  8 8 . 7 - 1 0 5 . 3 % ,  p h o s 
p h o r u s ,  8 3 . 8 - 9 6 . 5 % ;  m a g n e s i u m ,  8 1 . 8 - 9 2 . 8 % ;  s o d i u m ,

6 7 . 9 - 1 0 0 . 1 ;  i r o n ,  9 0 . 1 - 1 0 3 . 7 % ;  c o p p e r ,  7 5 . 7 - 9 3 . 5 % ;  z i n c ,
8 5 . 0 - 9 2 . 0 % ;  a n d  m a n g a n e s e ,  7 5 . 6 - 9 4 . 8 % .

T h e  %  A R  w a s  h i g h e r  t h a n  t h e  %  T R  i n  a l l - b e e f  p a t t i e s  
a n d  b e e f  p a t t i e s  e x t e n d e d  w i t h  s o y  p r o t e i n  f o r  a l l  t h e  

n u t r i e n t s  e x a m i n e d .
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M e a s u r e m e n t  o f  O x i d a t i o n - R e l a t e d  C h a n g e s  

i n  P r o t e i n s  o f  F r e e z e - D r i e d  M e a t s

Z. NAKHOST and M. KAREL

--------------------------- ABSTRACT-----------------------------
A new methodology for detection of lipid oxidation in freeze-dried 
meats, using myoglobin, has been developed. Fresh, cold beef was 
ground, freeze-dried and stored aerobically at 37°C. Samples, taken 
at different time intervals, were reconstituted and “meat extract” 
obtained. Extent of myoglobin insolubilization was determined 
by absorbance intensity at isobestic point (525 nm). Oxidation of 
oxymyoglobin to metmyoglobin in meat extract was quantified by 
measuring a  peak intensity of metmyoglobin at 630 nm. Myoglobin 
polymerization was determined by isolation of myoglobin dimers 
and monomers from meat extract using gel filtration chromatog
raphy. Dimer/monomer ratio was calculated from Soret band 
absorption intensity at 409 - 415 nm. The three myoglobin-based 
oxidative indicators correlate well with each other and can be used 
to detect extent of lipid oxidation in freeze-dried meat products.

INTRODUCTION
O X I D A T I V E  D E T E R I O R A T I O N  o f  f r e e z e - d r i e d  m e a t s  i s  a  
m a j o r  f a c t o r  l i m i t i n g  t h e  s h e l f  l i f e  o f  s u c h  m e a t  p r o d u c t s .  
T h e  r e a c t i o n  i n v o l v e s  d e v e l o p m e n t  o f  o f f - f l a v o r  c o m p o u n d s  

i n  l i p i d s  o f  m e a t .  A l s o ,  e x t e n s i v e  l i p i d - p r o t e i n  i n t e r a c t i o n s  
c a u s e  c h a n g e s  i n  m e a t  p r o t e i n s  w h i c h  r e s u l t  i n  t o u g h e n i n g  
o f  f r e e z e - d r i e d  m e a t  p r o d u c t s  ( T a p p e l ,  1 9 5 6 ;  E l - G h a r b a w i  

a n d  D u g a n ,  1 9 6 5 ;  L o v e  a n d  P e a r s o n ,  1 9 7 1 ) .  T h e  c l a s s i c a l  

m e t h o d s  o f  m e a s u r e m e n t  o f  t h e  e x t e n t  o f  o x i d a t i o n  s u c h  a s  
d e t e r m i n a t i o n  o f  p e r o x i d e  v a l u e  a n d  T B A  v a l u e  d o  n o t  g iv e  
a d e q u a t e  r e s u l t s  i n  m u s c l e  f o o d s  ( C h i p a u l t  a n d  H a w k i n s ,  
1 9 7 1 ;  M e l t o n ,  1 9 8 3 ;  W i l l i a m s  e t  a l . ,  1 9 8 3 ) ,  a n d  a  n e e d  

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

c h a n g e s  a s  i n d i c a t o r s  o f  o x i d a t i v e  d e t e r i o r a t i o n  w e  f o u n d  

t h a t  o x i d a t i o n - i n d u c e d  c h a n g e s  i n  m y o g l o b i n  i n  a  m o d e l  
s y s t e m  c o n t a i n i n g  m e t m y o g l o b i n  a n d  m e t h y l  l i n o l e a t e ,  
c o u l d  s e r v e  a s  t h e  o x i d a t i o n  i n d i c a t o r s  ( N a k h o s t  a n d  K a r e l ,  
1 9 8 3 ) .  T h i s  p a p e r  r e p o r t s  t h e  a p p l i c a t i o n  o f  t h e  p r e v i o u s l y  

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

d r i e d  m e a t s .

MATERIALS & METHODS

P r e p a r a t io n  o f  “ m e a t  e x t r a c t ”

After suitable incubation times, the freeze-dried meat samples 
were reconstituted to the original water content of 70%. For myo
globin extraction we added 1 mL deionized water per gram of 
reconstituted meat and vortexed for 1 min. The samples were stored 
for 30 min at 4°C, revortexed for 30 sec and centrifuged at 10,000 
rpm for 30 min (2°C). The supernatant was filtered (using S&S 
filter paper #595) and recentrifuged at 10,000 rpm for 10 min 
(2°C). The clear supernatant, hereafter called “meat extract,” was 
recovered from the centrifuge tube (using a Pasteur pipet). Fig. 1 
shows the experimental flow diagram for preparation and analysis 
of meat extract.

D e te r m in a t io n  o f  m y o g lo b in  in s o lu b i l i z a t i o n

The absorption spectra of all meat extracts were scanned be
tween 700 -  460 nm to obtain the characteristic peaks. The extent 
of myoglobin aggregation and insolubilization in the stored freeze- 
dried meat, was determined by obtaining the absorbance intensity 
at isobestic point (525 nm) of natural myoglobin derivatives.

D e te r m in a t io n  o f  m y o g lo b in  o x i d a t i o n

Oxidation of oxymyoglobin to metmyoglobin in meat extract 
samples was quantified by measuring the a  peak intenstiy of met
myoglobin (absorbance at 630 nm). To obtain this value, % myo
globin insolubilization (loss from the system) of each sample has 
been taken into account.

I s o l a t i o n  a n d  d e t e r m i n a t i o n  o f  m y o g lo b in  p o ly m e r s

Gel filtration chromatography was used to isolate myoglobin 
monomer and dimer from the rest of sarcoplasmic and extracellular 
(hemoglobin) proteins existing in the meat extract. The meat ex-

FREEZE-DRIED BEEF

RECONSTITUTE 
TO ORIGINAL 

MOISTURE CONTENT

4
ADD 1 ML H20/G  

OF MEAT

MIX, VORTEX AND STORE 
(30 MIN, 2 °C)

P r e p a r a t i o n  o f  m e a t  s a m p le s

Fresh, cold top round beef was processed as follows: 300gbeef 
with 15 ± 2% fat content were cut into chunks and ground by 
pulsed rotating blade in a food processor for 45 sec. Ten gram sam
ples of homogeneous comminuted meat were weighed into 50 mL 
glass containers, immediately frozen in liquid nitrogen, and dried 
in a Virtis freeze-drier. The dried samples were stored in closed 
containers at 37°C. Headspace of the storage containers provided 
large excess of oxygen (more than 4 moles of oxygen per mole of 
unsaturated fatty acids) to allow extensive oxidation of unsaturated 
fatty acids during storage. In order to study the progress of oxida
tive damage in myoglobin, the samples were tested after 0, 2, 6, 8, 
10, 20 and 30 days of storage.

A u t h o r s  N a k h o s t  a n d  K a r e l  a r e  a f f i l i a t e d  w i t h  t h e  D e p t ,  o f  N u t r i 

t i o n  &  F o o d  S c i e n c e ,  M a s s a c h u s e t t s  i n s t i t u t e  o f  T e c h n o l o g y ,  C a m 

b r i d g e ,  M A  0 2 1 3 9 .

▼
CENTRIFUGE

(104 RPM, 30 MIN, 2 °C)

i
SUPERNATANT

FILTER (SS #595)

MEASURE PROTEIN 
INSOLUBILIZATION 
AT ISOBESTIC POINT 
(525 NM)

▼
RECENTRIFUGE 

(10 MIN)

1
MEAT EXTRACT -►MEASURE MYOGLOBIN 

OXIDATION AT 630 NM

ISOLATE (GEL FILTRATION) 
AND DETERMINE DIMER/MONOMER 

RATIO FROM SORET BAND 
AFTER ADDING ASCORBATE

F i g .  1 — E x p e r i m e n t a l  f l o w  d i a g r a m  f o r  p r e p a r a t i o n  a n d  a n a l y s i s  o f  

m e a t  e x t r a c t .
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tract (1 mL) of stored samples, after desirable dilution with buffer, 
was passed through a Sephadex G-100 superfine column (1 x 120 
cm, fractionation range 4,000 -  100,000) and 1 mL effluent frac
tions were collected. Phosphate buffer, 0.05M, pH 7.45 was used for 
equilibration and elution of the column, the flow rate was 4 ml per 
hr. Molecular weight determiation of eluted proteins was achieved 
by column calibration using protein standards and the method of 
Catsimpoolas (1974).

After completion of fractionation, all monomer and dimer frac
tions were pooled separately. To eliminate turbidity after sample 
collection, the pooled fractions were passed through a low-protein 
binding (99% myoglobin recovery), microfilter (Millex-GV Filter 
units, SLGV025LS, with 0.22 /urn pore size, Millipore Corp., Bed
ford, MA). The use of a microfilter for clarification of turbid meat 
extract has been reported by Gumpen and Fretheim (1983).

To determine the amount of myoglobin in the pooled, clarified 
monomer and dimer fractions, absorption spectra in the range of 
Soret band (460 - 360 nm) were obtained and the Soret band ab
sorption intensity (409 -  415 nm) was measured. Since in the Soret 
band region the extinction coefficient of metmyoglobin is higher 
than that of oxymyoglobin, prior to Soret band determination, 
sodium ascorbate (550 ppm) was added to each fraction to convert 
back all the metmyoglobin to oxymyoglobin. The reduction reac
tion completed after about 30 -  45 min at room temperature.

RESULTS & DISCUSSION

D e t e r m i n a t i o n  o f  m y o g l o b i n  i n s o l u b i l i z a t i o n

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

o f  m y o g l o b i n  i n  m e a t  e x t r a c t .  W e  f o u n d  t h a t  b y  u s i n g  
a b s o r p t i o n  i n t e n s i t y  a t  t h e  i s o b e s t i c  p o i n t  ( 5 2 5  n m ) ,  w h e r e  

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

e q u a l  ( F i g .  2 ) ,  w e  c a n  d i r e c t l y  d e t e r m i n e  t h e  a m o u n t  o f  

m y o g l o b i n  i n s o l u b i l i z a t i o n  i n  f r e e z e - d r i e d  m e a t .
T h e r e  w a s  a  p r o n o u n c e d  i n c r e a s e  ( 1 8 % )  i n  m y o g l o b i n

F i g .  2 — A b s o r p t i o n  s p e c t r a  ( r a n g e  o f  0  -  2 . 0 )  o f :  * F r e s h  m e a t  e x 

t r a c t  ( M b 0 2 ) i  * +  p o t a s s i u m  f e r r i c y a n i d e  ( M e t M b ) ;  * +  s o d i u m  

h y d r o s u l f i t e  ( M b ) .  S p e c t r a  o f  a l l  t h e  a b o v e  c r o s s  a t  t h e  i s o b e s t i c  

p o i n t  ( 5 2 5  M b ) .

i n s o l u b i l i z a t i o n  a f t e r  t h e  f i r s t  2  d a y s  o f  s t o r a g e .  T h i s  v a l u e  

r e a c h e d  3 8 %  a f t e r  1 0  d a y s  a n d  6 2 %  a f t e r  3 0  d a y s  o f  s t o r a g e  
( F i g .  3  a n d  6 ) .  T h e  p a t t e r n  o f  m y o g l o b i n  i n s o l u b i l i z a t i o n  

i n  t h i s  m e a t  s y s t e m  c o r r e l a t e d  w e l l  w i t h  m y o g l o b i n  i n s o l u 
b i l i z a t i o n  i n  o u r  m o d e l  s y s t e m  ( N a k h o s t  a n d  K a r e l ,  1 9 8 3 ) .

D e t e r m i n a t i o n  o f  m y o g l o b i n  d i m e r / m o n o m e r  r a t i o

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

“ i n t e r n a l  s t a n d a r d ”  f o r  d e t e c t i o n  o f  l i p i d  o x i d a t i o n  i n  

f r e e z e - d r i e d  m e a t s .  C o m p a r i s o n  o f  t h e  S o r e t  b a n d  i n t e n s i t y  
( 4 0 9  -  4 1 5  n m )  o f  d i m e r  f r a c t i o n  i s o l a t e d  f r o m  u n s t o r e d  
f r e e z e - d r i e d  m e a t ,  w i t h  t h o s e  o b t a i n e d  f r o m  s t o r e d  f r e e z e -  
d r i e d  m e a t  s a m p l e s  s h o w e d  a  p r o g r e s s i v e  i n c r e a s e  i n  t h e  

a m o u n t  o f  d i m e r  f r a c t i o n  u p o n  s t o r a g e  ( F i g .  4 ) .  O n  t h e  
o t h e r  h a n d ,  t h e  c o m p a r i s o n  o f  t h e  S o r e t  b a n d  i n t e n s i t y  
( 4 0 9  -  4 1 5  n m )  o f  m o n o m e r  f r a c t i o n s  s h o w e d  a  g r a d u a l  
d e c r e a s e ,  w i t h  s t o r a g e  t i m e  ( F i g .  5 ) .  O u r  c a l c u l a t i o n s  
s h o w e d  t h e  r a t i o  o f  m y o g l o b i n  d i m e r  t o  m o n o m e r  t o  b e  1 %  

j u s t  a f t e r  f r e e z e - d r y i n g  [ V a n  D e n  O o r d  e t  a l .  ( 1 9 6 9 )  r e p o r t e d  

v a l u e s  i n  t h e  r a n g e  0 . 7  -  1 .8 %  d e p e n d i n g  o n  d i f f e r e n t  

e x t r a c t i o n  p r o c e d u r e s  a n d  t r e a t m e n t s ]  a n d  t o  i n c r e a s e  t o  
a b o u t  8 %  a f t e r  1 0  d a y s  a n d  8 . 6 %  a f t e r  3 0  d a y s  o f  s t o r a g e  

( F i g .  6 ) .
T h e  a b o v e  r e s u l t s  p r o v e  t h e  u t i l i t y  o f  a  n o v e l  m e t h o d 

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

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

o x i d a t i o n  o f  o x y m y o g l o b i n  t o  m e t m y o g l o b i n ,  a n d  ( 3 )  
i n c r e a s e i n g  r a t i o  o f  d i m e r  t o  m o n o m e r ,  w e r e  f o u n d  t o  
d e t e c t  a n d  m e a s u r e  t h e  e x t e n t  o f  l i p i d  o x i d a t i o n  i n  f r e e z e -  

d r i e d  m e a t s .  M e a s u r e m e n t  o f  m y o g l o b i n  i n s o l u b i l i z a t i o n  
u s i n g  i s o b e s t i c  p o i n t  m e t h o d  ( 5 2 5  n m )  h a s  t h e  p o t e n t i a l  

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

T h e  a  p e a k  i n t e n s i t y  o f  m y o g l o b i n  ( A 63 o n m )  a l l o w s  t o  
f o l l o w  t h e  p r o g r e s s  o f  m y o g l o b i n  o x i d a t i o n  a s  a  r e s u l t  o f  
l i p i d  o x i d a t i o n .  S o r e t  b a n d  m e a s u r e m e n t  p r o v i d e s  a  v e r y  
s e n s i t i v e  a n d  r e l i a b l e  m e t h o d  f o r  d e t e c t i o n  o f  v e r y  s m a l l  
a m o u n t s  o f  m y o g l o b i n  d i m e r .  T h e  t h r e e  o x i d a t i v e  i n d i 
c a t o r s  c a n  b e  o b t a i n e d  f r o m  o n l y  o n e  s a m p l e  a n d  s h o w  
g o o d  c o r r e l a t i o n  w i t h  e a c h  o t h e r .

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

v e s t i g a t i n g  t h e  a p p l i c a t i o n  o f  H P L C  i n  s e p a r a t i o n  o f  m y o 
g l o b i n  m o n o m e r  a n d  d i m e r  f r o m  m e a t  e x t r a c t .  W e  b e l i e v e  
t h i s  m e t h o d o l o g y  t o  h a v e  e x t e n s i v e  a p p l i c a t i o n s  i n  o b j e c 

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

D e t e r m i n a t i o n  o f  m y o g l o b i n  o x i d a t i o n

O x i d a t i o n  o f  o x y m y o g l o b i n  t o  m e t m y o g l o b i n  c a n  o c c u r  
a s  a  r e s u l t  o f  l i p i d  o x i d a t i o n  ( L i n  a n d  H u l t i n ,  1 9 7 7 ) .  C o m 
p a r i s o n  o f  t h e  s p e c t r u m  o b t a i n e d  f r o m  u n s t o r e d  f r e e z e -  

d r i e d  m e a t  w i t h  t h e  s p e c t r a  o f  t h e  s t o r e d  m e a t  s a m p l e s  
s h o w e d  a  p r o g r e s s i v e  o x i d a t i o n  o f  o x y  t o  m e t m y o g l o b i n ,  
u p o n  s t o r a g e  ( F i g .  3 ) .  M y o g l o b i n  i n  m e a t  e x t r a c t  o b t a i n e d  
f r o m  f r e e z e - d r i e d  m e a t  w a s  a l m o s t  e n t i r e l y  i n  t h e  f o r m  
o f  o x y m y o g l o b i n  w i t h  a b s o r b a n c e  v a l u e  a t  6 3 0  n m  ( a  
p e a k  o f  m e t m y o g l o b i n )  t o  b e  0 . 1 9 .  O n  t h e  o t h e r  h a n d  
m y o g l o b i n  o b t a i n e d  f r o m  m e a t  s a m p l e s  s t o r e d  f o r  1 0  d a y s ,  
w a s  q u i t e  o x i d i z e d  a n d  h a d  t h e  a b s o r b a n c e  v a l u e  o f  0 . 6 6  
( c a l c u l a t e d  b a s e d  o n  1 0 0 %  m y o g l o b i n  r e c o v e r y  i n  m e a t  
e x t r a c t ) .  T h e  a b s o r b a n c e  v a l u e  o f  m e a t  s a m p l e s  r e a c h e d  0 . 8  
a f t e r  3 0  d a y s  o f  s t o r a g e  ( F i g .  6 ) .
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A g i n g  o f  F r o z e n  P a r t s  o f  B e e f

TAMAR COHEN

----------------------------ABSTRACT-----------------------------
D u e  to  r e l ig io u s  r e g u la t io n s ,  t h e  b e e f  i m p o r t e d  i n t o  I s r a e l  is  f r o z e n  
s o o n  a f t e r  b o n in g .  I n  a  s e a r c h  f o r  a  m e t h o d  f o r  o p t im a l  a g in g  o f  t h e  
b e e f  a f t e r  th a w in g  a n d  k o s h e r in g ,  8 d i f f e r e n t  a g in g  e x p e r im e n t s  
w e re  c o n d u c t e d ,  f r o m  0 - 1 2  d a y s .  C o o k in g  lo s s  a n d  m y o f i b r i l  f r a g 
m e n t a t i o n  in d e x  w e re  f o u n d  t o  b e  m o r e  a f f e c t e d  b y  t h e  f r e e z in g  
p r e c e d in g  a g in g . N o n p r o t e i n  n i t r o g e n  c o m p o n e n t s  w e re  f o u n d  to  
in c r e a s e  d u r in g  o p t im u m  a g in g  a n d  t h e n  d e c r e a s e .  S e n s o r y  e v a lu a t io n  
o f  t e n d e r n e s s ,  p e r f o r m e d  b y  m u l t ip l e - p a i r e d  c o m p a r i s o n s ,  in d i c a t e d  
a  s ig n i f i c a n t  i m p r o v e m e n t  in  m e a t  t e n d e r n e s s  a f t e r  1 d a y  o f  a g in g  
a n d  f u r t h e r  g r a d u a l  im p r o v e m e n t  u p  t o  7  d a y s .

INTRODUCTION
T H E  T E N D E R N E S S  O F  B E E F  is  a n  i m p o r t a n t  p a l a t a b i l i t y  
f a c t o r  f o r  c o n s u m e r  a c c e p t a n c e .  T h e r e  a r e  a  n u m b e r  o f  

f a c t o r s  t h a t  i n f l u e n c e  m e a t  t e n d e r n e s s  ( S z c z e s n i a k  a n d  
T o r g e s o n ,  1 9 6 5 ) ;  o n e  o f  t h e  i m p o r t a n t  o n e s  i s  a g i n g .  U s u a l l y  
a g i n g  o c c u r s  b e f o r e  f r e e z i n g  t h e  m e a t .  M a r s h  e t  a l .  ( 1 9 6 8 )  

f o u n d  t h a t  f r e e z i n g  l a m b  m e a t  d u r i n g  r i g o r ,  b e f o r e  c o m p l e 
t i o n  o f  a g i n g  l e a d s  t o  t o u g h n e s s .  L o c k e r  e t  a l .  ( 1 9 7 5 )  c o n 
c l u d e d  t h a t  q u i c k - f r e e z i n g  o f  m e a t  b e f o r e  a g i n g  is  r e s p o n s i 
b l e  f o r  p r o n o u n c e d  t o u g h n e s s  a n d ,  t h e r e f o r e ,  t h e y  r e c o m 
m e n d e d  c o n d i t i o n i n g  a n d  a g i n g  t h e  m e a t  b e f o r e  f r e e z i n g .

I n  I s r a e l ,  m o s t  o f  t h e  b e e f  c o n s u m e d  is  i m p o r t e d  f r o z e n  

a s  p r i m a r y  c u t s  f r o m  t h e  f o r e - q u a r t e r s .  B e c a u s e  o f  r e l i g i o u s  
r e g u l a t i o n ,  t h e  y o u n g  b u l l s  a r e  k o s h e r - s l a u g h t e r e d  a n d  t h e  
m e a t  i s  f r o z e n  s o o n  a f t e r  s l a u g h t e r .  U s u a l l y  t h e  c a r c a s s e s  
a r e  c h i l l e d  f o r  a  m a x i m u m  o f  2 4  h r ,  d e b o n e d  a n d  q u i c k -  
f r o z e n .  T h e  c u t s  a r e  k e p t  f r o z e n  u n t i l  c o n s u m p t i o n  e i t h e r  
d o m e s t i c a l l y  o r  i n  i n s t i t u t i o n s  ( h o s p i t a l s ,  a r m y ,  k i b b u t z i m ,  
e t c ) .  U s u a l l y  t h e  m e a t  i s  t h a w e d ,  k o s h e r e d  a n d  c o o k e d  a s  
s o o n  a s  p o s s i b l e .  M a n y  c u s t o m e r s  c o m p l a i n  t h a t  t h e  c o o k e d  
m e a t  i s  t o u g h  e v e n  t h o u g h  i t  m a y  b e  c o o k e d  f o r  a  l o n g  
t i m e .  W e  a s s u m e d  t h a t  t h e  r e a s o n s  f o r  t h i s  p h e n o m e n o n  is  
t h e  f r e e z i n g  o f  t h e  b e e f  d u r i n g  o r  b e f o r e  r i g o r .  M o s t  o f  t h e  
s t u d i e s  r e p o r t e d  i n  t h e  l i t e r a t u r e  o n  a g i n g  b e e f  w e r e  c o n 
d u c t e d  o n  t h e  m e a t  b e f o r e  f r e e z i n g ,  e i t h e r  o n  t h e  w h o l e  
c a r c a s s  o r  o n  d e b o n e d  c u t s .  N o  s t u d i e s  e x i s t  c o n c e r n i n g  o u r  

p r o b l e m .  T h i s  p a p e r  d e a l s  w i t h  y e t  u n e x p l o r e d  p r o b l e m s  o f  
a g i n g  q u i c k - f r o z e n  k o s h e r  m e a t .  T h i s  i n v e s t i g a t i o n  w a s  
u n d e r t a k e n  i n  o r d e r  t o  d e t e r m i n e  a  m e t h o d  f o r  o v e r c o m i n g  
t h i s  p r o b l e m  b y  a g i n g  t h e  b e e f  a f t e r  t h a w i n g  a n d  k o s h e r i n g  
a n d  t o  f o l l o w  t h e  c h a n g e s  i n d u c e d  i n  t h e  m e a t  d u r i n g  t h i s  
a g i n g .

MATERIALS & METHODS

M e a t

T h e  f r o z e n  m e a t  w a s  b o u g h t  in  t h e  o r ig in a l  p a c k a g e  a s  s o ld  t o  
t h e  c u s to m e r s .  T h e  d e ta i l s  o f  t h e  e x p e r im e n t s  a r e  o u t l i n e d  in  T a b le  
1. T h e  o r ig in  o f  t h e  m e a t  f o r  e x p e r im e n t s  1 - 6  w a s  A u s t r a l i a  a n d  w a s  
f r o m  t h e  s a m e  s o u rc e  ( T a n c r e d ) ;  t h e  m e a t  f o r  e x p e r im e n t s  7 - 8  w a s  
A r g e n t in a .  E x p e r i m e n t  8 w a s  c o n d u c t e d  o n  4  c u t s  o f  s h o u ld e r  in  
o r d e r  t o  c o m p a r e  v a r io u s  s o u r c e s  o f  t h e  s a m e  c u t .

A u t h o r  C o h e n  was a f f il ia te d  w ith  th e  S c h o o l  o f  N u tr it io n a l &  D o 
m e s t ic  S c ie n c e s ,  F a c u l t y  o f  A g r ic u ltu re ,  H e b r e w  U n iv .,  R e h o v o t  
7 6 1 0 0 ,  Isra e l. D r. C o h e n  d ie d  in  M a rc h , 1 984 .

P r e p a r a t io n  f o r  c o o k in g

T h e  f r o z e n  m e a t  w a s  c u t  w i t h  a n  e l e c t r i c  s a w  i n t o  tw o  t o  f iv e  
b lo c k s .  E a c h  b lo c k  w a s  c u t  i n t o  f iv e  p ie c e s  o f  1 5 0 - 2 0 0 g  e a c h  a n d  
p ie c e s  w e re  c h o s e n  r a n d o m ly  f o r  t r e a t m e n t s ,  w r a p p e d  w i t h  p o ly 
e t h y l e n e  f i lm ,  a n d  r e t u r n e d  t o  t h e  f r e e z e r .  T h e  p ie c e s  w e re  t h a w e d  
in  a  c o ld  f lo w  o f  a ir  ( t h e  t im e  n e e d e d  w a s  d e p e n d e n t  o n  t h e  s iz e  o f  
t h e  p ie c e ,  g e n e r a l ly  a b o u t  2  h r ) .  “ K o s h e r in g ”  is a  p r o c e s s  c o n d u c t e d  
o n  th a w e d  m e a t  t o  r e m o v e  t h e  b lo o d .  T h e  m e a t  w a s  s o a k e d  in  c o ld  
t a p  w a te r  f o r  1 h r ,  s a l t e d  g e n e r o u s ly  w i th  c o a r s e  s a l t  ( n o  s p e c if ic  
p e r c e n t ) ,  p la c e d  in  a  c o la n d e r  f o r  1 h r  t o  a l lo w  th e  b l o o d  to  d r ip  o u t  
a n d  l a s t ly ,  r in s e d  w e ll .  A g in g  w a s  b e g u n  im m e d ia t e ly  f o l l o w in g  t h e  
k o s h e r in g  p ro c e s s .  T h e  k o s h e r e d  p ie c e s  w e r e  w r a p p e d  w i t h  p o ly 
e t h y l e n e  f i lm  a n d  r e f r ig e r a t e d  f o r  a g in g  a t  5 - 6 ° C  f o r  t h e  p r e - d e te r -  
m in e d  n u m b e r  o f  d a y s  a s  o u t l i n e d  in  T a b le  1. T h e  d r ip  lo s s  a t  t h a w 
in g  w a s  a b o u t  5 % , b u t  t h e  w e ig h t  lo s s  w a s  re g a in e d  d u r in g  k o s h e r in g .

C o o k in g  t h e  m e a t

A f t e r  t h e  m e a t  w a s  a g e d  f o r  t h e  r e q u i r e d  t im e ,  a ll  t h e  p ie c e s  
w e re  c o o k e d  s im u l ta n e o u s ly .  T h e  t r e a t m e n t  w i t h o u t  a g in g  (0  d a y s )  
w a s  c o o k e d  im m e d ia t e ly  fo l l o w in g  k o s h e r in g .  T h e  c o o k in g  m e t h o d  
w a s  a d a p t e d  t o  t h e  p a r t i c u l a r  c u t s :  m o s t  o f  t h e  c u t s  w e re  c o o k e d  in  
m o i s t  h e a t  ( b r a is in g ,  b o i l in g ,  s te w in g )  a n d  t h e  c h o ic e  r ib s  ( e x p .  2 ) 
w e r e  c o o k e d  in  d r y  h e a t  ( p a n - b r o i l in g  f o r  2 m in  o n  e a c h  s id e ) ,  t h e  
c o o k in g  w a s  t e r m in a t e d  w h e n  t h e  p ie c e s  w e re  t e n d e r .  E a c h  p ie c e  
w a s  w e ig h e d  b e f o r e  a n d  a f t e r  c o o k in g .  T h e  c o o k e d  p ie c e s  w e re  
c u b e d  w i th  n o  a p p a r e n t  c o n n e c t iv e - t i s s u e  a n d  k e p t  w a rm  u n t i l  
t a s t e d .

S e n s o ry  e v a lu a t io n

U s in g  t h e  “ m u l t ip l e - p a r ie d  c o m p a r i s o n ”  m e t h o d  ( L a r m o n d ,  
1 9 7 7 ;  L a r m o n d  e t  a l .,  1 9 6 9 ) ,  t h e  s a m e  8 - 1 0  u n t r a i n e d  p a n e l i s t s  
p a r t i c i p a t e d  in  e a c h  s e s s io n .  E a c h  r e c e iv e d  1 0  c o d e d  p a i r s  o f  a l l  t h e  
c o m b in a t io n s  o f  f iv e  t r e a t m e n t s  in  r a n d o m  o r d e r .  E a c h  s a m p le  c o n 
s i s te d  o f  tw o  m e a t  c u b e s  o f  a p p r o x im a te ly  lO g  e a c h  a n d  t h e  p a n e l i s t  
w a s  a s k e d  to  d e s ig n a te  t h e  m o r e  t e n d e r  s a m p le  in  e a c h  p a i r .  T h e  
m e a n in g  o f  t e n d e r  vs to u g h  w a s  d i s c u s s e d  p r io r  t o  t h e  b e g in n in g  o f  
t h e  e x p e r im e n t .  T h e  a n a ly s is  w a s  d o n e  a c c o r d in g  t o  t h e  s t a t i s t i c a l  
m o d e ls  o f  B r a d le y  a n d T e r r y  ( 1 9 5 2 ) ,  a n d  d e v e l o p e d  in t o  a  c o m p u t e r  
p r o g r a m  b y  “ A g r ic u l tu r e  C a n a d a ”  ( D ie t r i c h ,  1 9 6 8 ) .  ( T h e  p r o g r a m

T a b le  1—D e ta ils  o f  th e  e x p e r im e n ts  f o r  aging  fro z e n  b e e f

No. of 
exp. Retail parts Main muscle

Cooking
method

T reatment 
(Days)

No. of 
repl.

1 fore ribs 
(chuck)

serratus
ventralis

braising 0 - 1 2 5

2 choice ribs 
(entrecote)

longissimus
dorsi

pan
broiling

0 - 1 2 5

3 shoulder triceps
brachii

braising 0 - 9 4

4 flat ribs latissimus
dorsi

boiling 0 - 9 4

5 shoulder infra spinam Swiss
steak

0 - 9 5

6 shin extensor
carpi
radialis

stew 0 - 7 4

7 shoulder triceps
brachii

braising 0 - 7 2

8 shoulder infra
spinam

braising 0 - 7 8
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w a s  k i n d l y  s u p p l ie d  b y  t h e  D e p a r t m e n t  o f  A g r i c u l tu r e ,  C a n a d a ) .  
T h e  d a t a  w e re  c o m p u te d ,  a n a ly z e d  a n d  t h e  m a x im u m  l ik l i h o o d  
e s t i m a te s  o f  t h e  p r e f e r e n c e  p a r a m e te r s  w e re  o b t a i n e d .  T h e  e s t i 
m a te s  w e re  c o n v e r te d  t o  lo g a r i t h m s  in  o r d e r  t o  p e r m i t  o v e ra l l  
c o m p a r i s o n  o n  a  l in e a r  s c a le  (B ra d le y  a n d  T e r r y ,  1 9 5 2 )  a n d  to  a sse ss  
s ig n if ic a n c e  o f  t h e  e s t im a te s .  T h e  h ig h e r  t h e  e s t i m a te s  o f  t h e  p r e f e r 
e n c e s ,  t h e  b e t t e r  t h e  t r e a t m e n t .

M y o f ib r i l  f r a g m e n ta t io n  in d e x

M y o f ib r i l  F r a g m e n t a t i o n  I n d e x  ( M F I )  w a s  d e t e r m in e d  a s  o u t l i n e d  
b y  O ls o n  e t  a l .  ( 1 9 7 6 ) .  S a m p le s  o f  m e a t  w e re  t a k e n  f o r  th i s  t e s t  
b e f o r e  c o o k in g .

N o n p r o t e in  n i t r o g e n

N o n p r o te in  n i t r o g e n  c o m p o n e n t s  w e re  d e t e r m in e d  in  t r i c h l o r o 
a c e t ic  a c id  (T C A )  e x t r a c t s  a s  o u t l i n e d  b y  S t r a n g e  a n d  B e n e d ic t
( 1 9 7 8 ) .  T y r o s in e  v a lu e  w a s  d e t e r m in e d  b y  t h e  m e t h o d  o f  P e a r s o n
( 1 9 6 8 ) .  C r e a t in in e  le v e ls  w e re  d e t e r m in e d  a s  o u t l i n e d  b y  S t r a n g e  
a n d  B e n e d ic t  ( 1 9 7 8 ) .  S a m p le s  o f  m e a t  w e r e  t a k e n  o n  v a r io u s  d a y s  
o f  a g in g  a n d  im m e d ia t e ly  b l e n d e d  f o r  t h e  T C A  e x t r a c t .

M ic r o b io lo g ic a l  a s s a y s

B a c te r ia l  c o u n t s  w e re  p e r f o r m e d  a c c o r d i n g  t o  I s ra e l  S t a n d a r d  
O r g a n iz a t io n  t e s t  m e th o d s  ( A n o n . ,  1 9 7 7 )  o n  s a m p le s  o f  t h e  m e a t  a t  
v a r io u s  s ta g e s : u p o n  th a w in g ,  a f t e r  k o s h e r in g  a n d  a f t e r  p r e d e t e r 
m in e d  d a y s  o f  a g in g . A  s q u a r e  o f  2  x  2  c m ,  a p p r ix m a te ly  2  m m  
t h i c k ,  w a s  a s c e p t ic a l l y  c u t  a n d  s h a k e n  f o r  1 5  m in  in  4 0  m L  s te r i le  
0 .1 %  p e p to n e .  A p p r o p r i a t e  d i l u t i o n s  w e re  m a d e  a n d  s a m p le s  w e re  
m ix e d  w i th  a n y  o n e  o f  t h e  f o l l o w in g  m e d ia  in  P e t r i  d is h e s  a n d  in c u 
b a t e d  a s  i n d ic a te d .  T h e  c o u n t s  w e re  d o n e  o n  th r e e  m e d ia :  (1 )  
N u t r i e n t  a g a r  3 0 ° C  f o r  3 d a y s ,  ( 2 )  V io l e t  r e d  b i l e  a g a r ,  3 5 ° C  f o r  1 
d a y ,  (3 )  R o g o s a  a g a r , 2 4 ° C  f o r  5 d a y s ;  a ll  d i l u t i o n s  w e re  p l a t e d  in  
t r i p l i c a t e  a n d  c o u n te d .  T h e  m e a n s  o f  e a c h  t r i p l i c a t e  w a s  c a l c u la te d .  
N o  s ta t i s t i c a l  d i f f e r e n c e s  w e re  f o u n d  b e tw e e n  m e a n s  ( A n o n . ,  1 9 7 7 ) .

RESULTS & DISCUSSION

Cooking the meat
E i g h t  e x p e r i m e n t s  w e r e  c o n d u c t e d  i n  s t u d y i n g  t h e  

o p t i m u m  d u r a t i o n  o f  a g i n g  o f  t h a w e d  k o s h e r e d  m e a t ;  t h e  
d e t a i l s  a r e  o u t l i n e d  i n  T a b l e  1 . E a c h  e x p e r i m e n t  c o n s i s t e d  

o f  f i v e  t r e a t m e n t s ,  t h e  f i r s t  a l w a y s  w i t h o u t  a g i n g  ( 0  d a y s ) .  
I n  e x p e r i m e n t s  1 a n d  2 ,  t h e  a g i n g  w a s  u p  t o  1 2  d a y s .  A s  t h e  
m e a t  h a d  s o m e  o f f - o d o r  o n  d a y  1 2 , t h e  d u r a t i o n  o f  l a t e r  
e x p e r i m e n t s  w a s  s h o r t e n e d  t o  9  d a y s .  O n  9  d a y s  o f  a g i n g  
t h e  u n c o o k e d  m e a t  h a d  s o m e  o f f - o d o r ,  t h o u g h  t h e  c o o k e d  

m e a t  h a d  n o  o f f - f l a v o r .  A f t e r  e s t a b l i s h i n g  t h a t  t h e  m e a t  w a s  

a l r e a d y  t e n d e r  i n  l e s s  t h a n  7  d a y s ,  i t  w a s  d e c i d e d  t o  s t u d y  
i n  d e t a i l  t h e  c h a n g e s  d u r i n g  t h e  f i r s t  7  d a y s  o f  a g i n g  ( s e e  

e x p .  6 - 8 ) .

Cooking loss
I n  a l l  e x p e r i m e n t s ,  c o o k i n g  l o s s  w a s  c a l c u l a t e d  a s  p e r c e n 

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

T a b l e  2 .  I n  m o s t  e x p e r i m e n t s  t h e r e  w a s  n o  d i f f e r e n c e  

b e t w e e n  t h e  t r e a t m e n t s .  O n l y  i n  e x p e r i m e n t  n u m b e r  5  w a s  
a  s i g n i f i c a n t l y  h i g h e r  l o s s  s h o w n  o n  d a y  0  o f  a g i n g .  I n  a l l  
t h e  e x p e r i m e n t s  i n  w h i c h  t h e  m e a t  w a s  c o o k e d  i n  m o i s t  

h e a t ,  t h e  c o o k i n g  l o s s  w a s  q u i t e  h i g h ,  r e a c h i n g  t h e  r a n g e  
3 2 - 4 0 % ,  w h e r e a s  i n  t h e  d r y  h e a t  e x p e r i m e n t  ( n o .  2 ) ,  t h e  
c o o k i n g  l o s s  w a s  l e s s ,  a v e r a g e  1 8 . 8 % .

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

a n d  w a t e r - h o l d i n g  c a p a c i t y  ( W H C )  o f  t h e  m e a t  ( L o c k e r  a n d  
D a i n e s ,  1 9 7 4 ) .  P o s t m o r t e m  g l y c o l y s i s  l o w e r s  t h e  W H C  
( L a w r i e ,  1 9 6 8 ) ,  a n d  a g i n g  i m p r o v e s  i t  ( P a r r i s h  e t  a l . ,  1 9 6 9 ) .  
T h e r e f o r e ,  w e  i n i t i a l l y  a s s u m e d  t h a t  m e a t  a f t e r  a g i n g  w i l l  
h a v e  l e s s  c o o k i n g  l o s s .  H o w e v e r ,  o u r  f i n d i n g s  i n d i c a t e  t h a t  

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

Myofibril fragmentation index
I n  e x p e r i m e n t s  3 - 8 ,  t h e  M F I  w a s  d e t e r m i n e d .  T h e  r e s u l t s  

a r e  s u m m a r i z e d  i n  T a b l e  3 .  I n  m o s t  e x p e r i m e n t s  n o  s i g n i f i 
c a n t  d i f f e r e n c e s  w e r e  f o u n d  i n  M F I  b e t w e e n  t h e  t r e a t m e n t s ;  

o n l y  i n  e x p e r i m e n t s  3  a n d  7  w a s  a  s i g n i f i c a n t  r i s e  i n  M F I  o n  
l o n g  a g i n g  s h o w n .  A l l  t h e  s t u d i e s  f o r  a s s e s s m e n t  o f  M F I  a s  
a n  i n d i c a t o r  o f  m e a t  t e n d e r n e s s ,  ( e . g . ,  M o l l e r  e t  a l . ,  1 9 7 3 ;  
O l s o n  a n d  P a r r i s h ,  1 9 7 7 ;  O l s o n  e t  a l . ,  1 9 7 6 )  w e r e  p e r f o r m e d  

o n  u n f r o z e n  m u s c l e s .  I n  m o s t  s t u d i e s ,  a  c o r r e l a t i o n  w a s  
s h o w n  b e t w e e n  t h e  M F I  a n d  t h e  t e n d e r n e s s  o f  t h e  m e a t  i n  
s e n s o r y  e v a l u a t i o n  a n d  i n  s h e a r  f o r c e  v a l u e s .  T h e  a g e d  m e a t  

w a s  a l w a y s  f o u n d  t o  h a v e  h i g h e r  M F I  v a l u e s .  A s  t h i s  s t u d y  

w a s  c o n d u c t e d  o n  f r o z e n - t h a w e d  a n d  a g e d  m u s c l e s ,  i t  is  
p r o b a b l e  t h a t  t h e  l o n g  s t o r a g e  i n  a  f r o z e n  s t a t e  a n d  s u b 
s e q u e n t  t h a w i n g  p r o m o t e d  t h e  f r a g m e n t a t i o n  d u r i n g  t h e  
b l e n d i n g  o f  t h e  m u s c l e ,  e v e n  i n  t h e  u n a g e d  m e a t ,  p r o v i d i n g ,  

a s  w e l l ,  t h e  r e a s o n  f o r  h i g h  M F I  v a l u e s  i n  s o m e  o f  t h e  e x 
p e r i m e n t s  i n  a l l  o f  t h e  t r e a t m e n t s .  T h e r e f o r e ,  w e  c o n c l u d e  
t h a t  M F I  i s  n o t  a n  a p p r o p r i a t e  m e a s u r e  o f  p r e d i c t i n g  t e n 
d e r n e s s  i n  m e a t  f r o z e n  b e f o r e  m e a s u r e m e n t  o f  i t s  f r a g m e n 
t a t i o n  i n d e x .

Nonprotein nitrogen (NPN) components
T h e  N P N  e x t r a c t  w a s  t e s t e d  f o r  t y r o s i n e  a n d  c r e a t i n i n e  

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

F i g .  1 .  A t  f i r s t  t h e r e  w a s  a  s l i g h t  d e c r e a s e  i n  t h e  t y r o s i n e  
v a l u e s  ( 1 0 % )  d u r i n g  t h e  k o s h e r i n g ;  h o w e v e r ,  t y r o s i n e  v a l u e s  
i n c r e a s e d  a t  d i f f e r e n t  r a t e s  u p  u n t i l  d a y s  4 - 7  o f  a g i n g  a n d  
d e c l i n e d  a f t e r  m o r e  t h a n  7  d a y s  ( t h i s  p e r i o d  o f  a g i n g  w a s  
t e s t e d  i n  o n l y  o n e  s a m p l e ) .  T h e  c r e a t i n i n e  v a l u e  i n c r e a s e d  
s i g n i f i c a n t l y  i n  o n e  o f  t h e  p a r t s  a n d  i n  t h e  o t h e r  p a r t  d e 

c l i n e d  a f t e r  m o r e  t h a n  7  d a y s  o f  a g i n g .  P e a r s o n  ( 1 9 6 8 )  
f o u n d  a n  i n c r e a s i n g  t y r o s i n e  v a l u e  i n  m e a t  s t o r e d  a t  5 ° C  u p  

t o  9  d a y s .  K h a n  a n d  V a n  d e n  B e r g  ( 1 9 6 4 ) ,  w h o  s t u d i e d

T a b le  2 —% o f  c o o k in g  lo ss  in  th e  b e e f  a f te r  a g in g a'b

T reatment 
Experiment0

Days of Aging

Mean0 1 2 5 7 9 12

i 39.6 + 2.6 34.3 ± 1.0 32.7 ± 1.8 32.2 ± 0.8 33.2 t 2.0 34.1 ± 1.1

2 25.8 ± 3.0 13.9 ± 3.9 18.5 ± 5.8 18.4 ± 3.8 17.7 ± 1.7 18.8 ± 1.9
3 38.3 + 0.9 36.8 ± 2.4 37.0 ± 0.7 40.0 ± 2.0 37.3 + 0.8 37.8 ± 0.7
4 32.9 + 2.4 30.4 ± 3.2 34.0 ± 3.0 35.6 + 1.2 31.2 ± 3.5 32.8 ± 1.1
5 37.9 ± 1.6a 34.6 ± 0.5ab 33.1 + 0.8b 34.9 ± 1.1ab 34.1 + 1.0ab 34.9 + 0.5

6 32.1 + 1.7 33.8 ± 2.2 36.9 ± 1.6 37.3 + 6.5 34.3 ± 2.3 34.9 + 1.1

7 38.9 ± 0.9 39.6 ± 3.0 40.2 + 1.8 38.4 + 1.3 40.1 + 1.1 39.4 ± 0.5

8 39.7 ± 0.7 39.4 ± 1.3 37.7 ± 1.3 38.2 ± 0.9 37.7 ± 0.6 38.5 ± 0.4

a Resu lts are presented as average ± S E M .
b D iffe ren t letters in the line  Indicate s ign ifican t d iffe rences, p <  0.05 
c  Deta ils on the  experim en ts are given in  T a b le  1.
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T a b le  3 —M y o f ib r i l  f ra g m e n ta tio n  in d e x  o f  th e  b e e f  a f te r  a g in g3,b

T rea tm en t

E xp e r im en t0

Days o f  aging

mean0 1 2 5 7 9

3 48.3 ± 5.2a 59.7 ± 3.4ab 81.3 ± 5.4C 64.0 ± 2.3ab 70.8 ± 3.8bc 64.8 ± 3.1
4 21.3 ± 6.5 21.5 ± 6.0 30.3 + 2.1 22.8 ± 2.9 32.3 + 1.8 25.5 ± 1.9
5 22.0 ± 8.5 45.8 ± 4.0 33.2 ± 18.7 53.9 ± 7.8 40.1 ± 4.9 39.6 ± 4.2
6 58.3 ± 10.8 59.7 + 1.3 46.8 ± 3.9 62.8 ± 8.5 50.3 ± 5.3 55.2 ± 3.1
7 28.7 + 3.5a 19.1 ± 1.4a 29.1 ± 1.4a 26.5 ± 3.5a 40.5 ± 2.1b 28.7 ± 2.5
8 61.0 ± 6.8 64.6 ± 9.6 67.6 ± 3.5 67.1 ± 3.2 70.7 ± 4.7 66.1 ± 2.4

a Resu lts are presented as average ± S E M
b D iffe ren t letters in the lines ind ica te  s ig n ifican t d iffe rences, p <  0.05 
c  Deta ils on the  experim ents are given in T ab le  1.

F ig . 1—C re a tin in e  a n d  ty r o s in e  c o n t e n t  in  th e  m e a t  d u r in g  aging, 
m e a n  valu es ± s ta n d a rd  d e v ia tio n s . * b e fo r e  k o s h e r in g  (su p ra  spi- 
n a m ) ;  a s h o u ld e r  ( t r ic e p s  b r a c h i i ) ; o s h o u ld e r  (in fra  s p in a m ) ; o 
s h o u ld e r  s u p ra  s p in a m ) ; •  s h o u ld e r  (su p ra  sp in a m ) b e f o r e  k o sh e r in g .

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

g o o d  m e a s u r e  o f  p r o t e o l y s i s  i n  t h e  m e a t  a n d  n o t  j u s t  a  
m e a n s  o f  e s t i m a t i n g  t h e  m i c r o b i a l  a c t i v i t y  a s  s u g g e s t e d  b y  
S t r a n g e  a n d  B e n e d i c t  ( 1 9 7 8 )  a n d  S t r a n g e  e t  a l .  ( 1 9 7 7 ) .  I n  
t h i s  s t u d y ,  t h e  p e a k  i n  t y r o s i n e  v a l u e  c o i n c i d e s  w i t h  t h e  

a t t a i n i n g  o f  m a x i m u m  t e n d e r n e s s  i n  t h e  m u s c l e .  C r e a t i n i n e  
i s  a  m e t a b o l i t e  o f  c r e a t i n e  p o s t m o r t e m  a n d  i s  o r . e  o f  t h e  
f l a v o r - e n h a n c i n g  c o m p o n e n t s  i n  m e a t .  T h i s  r e a c t i o n  p r o 
c e e d s  d u r i n g  c o o k i n g  a n d  w a s  f o u n d  t o  b e  a n  i n d e x  t o  g o o d  
s e n s o r y  q u a l i t y  o f  m e a t  ( M a c y  e t  a l . ,  1 9 7 0 ) .  W e  f o u n d  t h e

F ig . 2 —M a x im u m  l ik l ih o o d  e s tim a te s  o f  p r e f e r e n c e  p a ra m e te rs . 
S e n s o r y  ev a lu a tio n  o f  m e a t  te n d e rn e s s  w as c o n d u c t e d  b y  th e  m u lt i 
p le  p a ir e d  c o m p a r is o n  m e th o d  in  E x p .  4 - 8 .  D if f e r e n t  le tte rs  in d ic a te  
s ig n if ic a n t  d if fe re n c e s  p  <  0 .0 5 .

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

Sensory evaluation of the meat texture
I n i t i a l l y ,  i n  e x p e r i m e n t s  1 - 3 ,  t h e  p a n e l  s c o r e d  t h e  t e x 

t u r e  o n  a  c a t e g o r y  s c a l e  o f  1 t o  7  ( 1  =  v e r y  t o u g h ,  7  =  v e r y  
t e n d e r ) .  T h e  r e s u l t s  w e r e  t o o  v a r i a b l e  a n d  n o  c o n c l u s i o n s  
w e r e  r e a c h e d .  W e  b e l i e v e  t h e  r e a s o n s  w e r e  v a r i a b i l i t y  i n  t h e  
c o n n e c t i v e  t i s s u e  c o m p o n e n t s  a n d  t h e  i n e x p e r i e n c e  o f  t h e  
p a n e l .  A s  w e  w e r e  i n t e r e s t e d  i n  a s s e s s i n g  c h a n g e s  i n  t h e  t e x 
t u r e  d u e  t o  a g i n g  a n d  n o t  t e n d e r n e s s  p e r  s e ,  w e  f o u n d  t h a t  
p a i r e d - p r e f e r e n c e  t e s t s  w e r e  m o r e  s u i t a b l e  f o r  d e t e r m i n i n g  
d i f f e r e n c e  i n  t e n d e r n e s s .  W e  c o n d u c t e d  m u l t i p l e  p a i r e d  
c o m p a r i s o n  t e s t s  w i t h  t h e  r e s u l t s  s u m m a r i z e d  i n  F i g .  2 .  I n  
a l l  e x p e r i m e n t s ,  t r e a t m e n t  n o .  1 , w i t h o u t  a g i n g ,  w a s  s i g n i f i 
c a n t l y  t o u g h e r  t h a n  a l l  o t h e r  t r e a t m e n t s .  I n  a l l  o f  t h e  

e x p e r i m e n t s ,  t h e r e  i s  a  g r a d u a l  i m p r o v e m e n t  i n  t e n d e r n e s s  
u p  t o  5  o r  7  d a y s .  S i g n i f i c a n t  i m p r o v e m e n t s  i n  t e n d e r n e s s  
w e r e  f o u n d  i n  e x p .  4  i n  7  d a y s  a n d  i n  e x p .  7  i n  5  d a y s .

I n  t w o  e x p e r i m e n t s  ( n o .  7  a n d  8 ) ,  t e n d e r n e s s  d e c r e a s e d  
a f t e r  7  d a y s  o f  a g i n g .  T h e  m e a t  w a s  s o  t e n d e r  t h a t  t h e  
c o o k i n g  t i m e  r e q u i r e d  f o r  t h e  o t h e r  t r e a t m e n t s  w a s  t o o  
l o n g .

T h e  n o r m a l  a g i n g ,  b e f o r e  f r e e z i n g ,  i s  u s u a l l y  p e r f o r m e d  
a t  1 - 2 ° C .  S m i t h  e t  a l .  ( 1 9 7 8 )  a g e d  b e e f  c a r c a s s e s  a t  1 ±  1 ° C  
f o r  5 - 2 8  d a y s  a n d  f o u n d  t h a t  o p t i m u m  q u a l i t y  w a s  a t t a i n e d  
a f t e r  11  d a y s  w i t h  n o  p r o n o u n c e d  i m p r o v e m e n t  o n  l o n g e r  

a g i n g .  I n  N e w  Z e a l a n d  ( L o c k e r  e t  a l . ,  1 9 7 5 ) ,  t h e  p r e f e r e n c e  
i s  f o r  c o n d i t i o n i n g  a n d  a g i n g  a t  1 0 ° C  f o r  4  d a y s ;  c o n d i t i o n 
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i n g  1 d a y  b e f o r e  b o n i n g ,  3  d a y s  a g i n g  t h e  c u t s ,  a n d  t h e n  
f r e e z i n g .

V e r y  f e w  s t u d i e s  e x i s t  o n  a g i n g  m e a t  a f t e r  f r e e z i n g  a n d  
t h a w i n g .  L o c k e r  a n d  D a i n e s  ( 1 9 7 3 )  s t u d i e d  b e e f  n e c k  m u s c l e  

t h a t  w a s  c o n d i t i o n e d  1 d a y  a t  1 5 ° C  a n d  t h e n  f r o z e n .  S u b 

s e q u e n t  a g i n g  a t  1 5 ° C  f o r  1 d a y  w a s  s u f f i c i e n t  f o r  t e n d e r  
m e a t .  W i n g e r  a n d  F e n n e m a  ( 1 9 7 6 )  f o u n d  t h a t  f r e e z i n g  f o r  
4  h r  a t  — 3 ° C  p r i o r  t o  n o r m a l  a g i n g  ( 2  o r  3  d a y s  a t  1 5 ° C )  
a c c e l e r a t e d  t h e  a g i n g  p r o c e s s .

M i c r o b i o l o g i c a l  a s s a y s

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

( l e s s  t h a n  1 0 2 / c m 2 ) .  A f t e r  k o s h e r i n g ,  t h e  n u m b e r  o f  b a c t e r i a  
w a s  s o m e w h a t  h i g h e r .  U p  t o  4  d a y s  o f  a g i n g  t h e r e  w a s  n o t  a  

n o t i c e a b l e  g r o w t h  o f  b a c t e r i a ;  f r o m  5  d a y s  o n ,  w e  f o u n d  
t o t a l  a e r o b i c  m e s o p h i l e s  — 1 0 6  t o  1 0 8 / c m 2 ; c o l i f o r m s  u p  
t o  1 0 s / c m 2  a n d  l a c t o b a c i l l i  u p  t o  1 0 6 / c m 2 . T h e  c o u n t s  u p  
t o  4  d a y s  i n d i c a t e  t h a t  t h e  m e a t  w a s  n o t  s p o i l e d  a n d  e v e n  

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

o f f - o d o r .  O t h e r  s t u d i e s  ( E l l i o t  a n d  S t r a k a ,  1 9 6 4 )  s h o w e d  
t h a t  t h e  r a t e  o f  d e t e r i o r a t i o n  i n  r e f r i g e r a t e d  m e a t  w a s  t h e  
s a m e  i n  f r e s h  m e a t  a n d  i n  f r o z e n - t h a w e d  m e a t .

CONCLUSIONS
F R O Z E N  B E E F  i m p o r t e d  i n t o  I s r a e l  a s  u n a g e d  p a r t s  is  
t o u g h  i f  c o o k e d  i m m e d i a t e l y  u p o n  t h a w i n g ;  c o o k i n g  p r o 

c e d u r e s  d o  n o t  o v e r c o m e  t h i s  t o u g h n e s s  e v e n  w i t h  l o n g e r  
c o o k i n g  t i m e s .  W e  r e c o m m e n d  a g i n g  t h e  t h a w e d  a n d  k o -  
s h e r e d  m e a t  i n  a  r e f r i g e r a t o r  o r  c o l d  r o o m  ( 5 - 6 ° C )  w r a p p e d  
i n  p o l y e t h y l e n e  f i l m  f o r  a t  l e a s t  1 d a y  b u t  p r e f e r a b l y  f o r  4  
d a y s  i n  o r d e r  t o  e n s u r e  t e n d e r  m e a t .

REFERENCES
Anonymous. 1977. Microbiological test methods for food. I.S. 885.

The Israel Standard Organisation, Tel-Aviv.
Bradley, R.A. and Terry, M.E. 1952. Rank analysis of incomplete 

block designs. 1. The method of paired comparisons. Biometrika 
39: 324.

Dietrich, C.E. 1968. A computer program for paired comparisons 
with ties. Can. Inst. Food Sci. Technol. J. 1: 170.

Elliott, R.P. and Straka, R.P. 1964. Rate of microbial deterioration 
of chicken meat at 2°C after freezing and thawing. Poultry Sci. 
43: 81.

Khan, A.W. and Van den Berg, L. 1964. Changes in chicken muscle 
proteins during aseptic storage at above-freezing temperatures. J. 
Food Sci. 29: 49.

Larmond, E. 1977. Laboratory methods for sensory evaluation of 
food. Pub. 1639, rev. ed. Food Res. Inst., Canada Dept, of Agri
culture, Ottawa, Ontario.

Larmond, E., Petrasovits, A., and Hill, P. 1969. Application of mul
tiple paired comparisons in studying the effect of aging and finish 
on beef tenderness. Can. J. Animal Sci. 49: 51.

Lawrie, R.A. 1968. The interaction of freezing and postmortem 
changes in muscle. In “Low Temperature Biology of Foodstuffs,” 
p. 359. Pergamon Press.

Locker, R.H. and Daines, G.J. 1973. The effect of repeated freeze- 
thaw cycles on tenderness and cooking loss in beef. J. Sci. Fd. 
Agric. 24: 1273.

Locker, R.H. and Daines, G.J. 1974. Cooking loss in beef. The 
effect of cold shortening, searing and rate of heating; time course 
and histology of changes during cooking. J. Sci. Fd. Agric. 25: 
1411.

Locker, R.H., Davey, C.L., Nottingham, P.M., Haughey, D.P., and 
Law, N.H. (1975). New concepts in mean processing. Adv. Food 
Res. 21: 157.

Macy, R.L., Naumann, H.D., and Bailey, M.E. 1970. Water-soluble 
flavor and odor precursors of meat. 5. Influence of heating on 
acid-extractable non-nucleotide chemical constituents of beef, 
lamb, pork. J. Food Sci. 35: 83.

Marsh, B.B., Woodhams, P.R., and Leet, N.G. 1968. Studies in meat 
tenderness. 5. The effects on tenderness of carcass cooling and 
freezing before the completion of rigor mortis. J. Food Sci. 33: 12.

Moller, A.J., Vestergaard, T., and Wisner-Pederson, J. 1973. Myo
fibril fragmentation in bovine Longissimus dorsi as an index of 
tenderness. J. Food Sci. 38: 824.

Olson, D.G. and Parrish, F.C. 1977. Relationship of myofibril frag
mentation index to measures of beefsteak tenderness. J. Food Sci. 
42: 506.

Olson, D.G., Parish, F.C., and Stromer, M.H. 1976. Myofibril frag
mentation and shear resistance of three bovine muscles during 
postmortem storage. J. Food Sci. 41: 1036.

Parrish, F.C., Jr., Rust, R.E., Popenhagen, G.R., and Miner, B.E. 
1969. Effect of postmortem aging time and temperature on beef 
muscle attributes. J. Amin. Sci. 29: 398.

Pearson, D. 1968. Application of chemical methods for the assess
ment of beef quality. 2. Methods related to protein breakdown. 
J. Sci. Fd. Agric. 19: 366.

Smith, G.C., Culp, G.R., and Carpenter, Z.L. 1978. Post-mortem 
aging of beef carcasses. J. Food Sci. 43: 823.

Strange, E.D. and Benedict, R.C. 1978. Effect of post-mortem 
boning times on beef storage quality. J. Food Sci. 43: 1652.

Strange, E.D., Benedict, R.C., Smith, J.L., and Swift, C.E. 1977. 
Evaluation of rapid tests for monitoring alterations in meat 
quality during storage. J. Food Prot. 40: 843.

Szczesniak, A.S. and Torgeson, K.W. 1965. Methods of meat texture 
measurement viewed from the background of factors affecting 
tenderness. Adv. Food Res. 14: 13.

Winger, R.J. and Fennema, O. 1976. Tenderness and water-holding 
properties of beef muscle as influenced by freezing and subsequent 
storage at —3 or 15°C. J. Food Sci. 41: 1433.

Ms received 7/20/83; revised 3/9/84; accepted 3/14/84.

SHEAR PROPS OF B EEF/B U FFA LO  M E A T . . . From page 1166,

Schmidt, J.G. and Parrish, F.C. 1971. Molecular properties of post
mortem muscle. 10. Effect of internal temperature and carcass 
maturity on structure of bovine longissimus. J. Food Sci. 36: 110.

Tuomy, J.M., Lechnir, R.J., and Miller, T. 1963. Effect of cooking 
temperature and time on the tenderness of beef. Food Technol. 
17: 2458.

Ms received 12/29/83; revised 3/1/84; accepted 3/13/84.
We thank Messrs. S.L. Beilken, R.F. Dickinson, and P. Graham

for the technical assistance, and Messrs. B. Parker and R. Flockhart 
for the management of stock at Berrimah Experimental Farm and 
Coastal Plains Research Station. We are grateful for the help of the 
management and staff at the Angliss Group Abattoir, Berrimah N.T. 
with the slaughter of stock and collection of meat samples.

This work was supported in part by funds from the Australian 
Meat Research Committee and the Northern Territory Department 
of Primary Production.

Volume 49 (1984)-JOU RNAL OF FO OD  SC IEN C E -1 177



E f f e c t  o f  C o n s u m i n g  Y o g u r t s  P r e p a r e d  w i t h  

T h r e e  C u l t u r e  S t r a i n s  o n  H u m a n  S e r u m  L i p o p r o t e i n s

D. A. JASPERS, LINDA K. MASSEY, and LLOYD 0. LUEDECKE

---------------------------ABSTRACT---------------------------
Ten human adult males’ usual diets were modified by incorporating 681 g 
nonfat, unpasteurized yogurt daily throughout three 14-21 day periods. A 
different set of select culture strains, two commercial and one patented, 
were used for yogurt production in the three dietary periods. Including 
yogurt daily in the diet significantly reduced fasting total serum cholesterol 
10-12%  in human adult males on some days, but serum cholesterol re
turned towards control values with continued yogurt consumption. Serum 
triglycerides and the proportions of serum lipoproteins were not signifi
cantly influenced by increasing yogurt consumption. Differences in con
centrations of uric, orotic and hydroxymethylglutaric-like acids in the yogurts 
were insufficient to account for the differences in temporary hypocholes
térolémie effects of yogurt consumption seen between strains.

INTRODUCTION
Y O G U R T  is  w i d e l y  r e g a r d e d  a s  a  n u t r i t i o u s  a n d / o r  th e r a p e u t i c  
f o o d .  E a r l y  in  t h e  2 0 th  c e n t u r y  M e t c h n i k o f f  ( 1 9 0 7 )  s u g g e s t e d  th a t  
y o g u r t  b a c t e r i a  w o u ld  c o m b a t  a t h e r o s c l e r o s i s  a n d  a  r a n g e  o f  o t h e r  
i l l n e s s e s .  E x a m i n a t i o n  o f  th e  l i t e r a tu r e  s h o w s  th a t  b o t h  m i lk  a n d  

y o g u r t  c o n s u m p t i o n  h a v e  a n  i n c o n s i s t e n t  e f f e c t  o n  s e r u m  c h o l e s 
t e r o l  ( G o ld  a n d  S a m u e l ,  1 9 6 5 ;  M a n n  a n d  S p o e r r y ,  1 9 7 4 ;  M a n n ,  
1 9 7 7 a ;  H e p n e r  e t  a l . ,  1 9 7 9 ;  R o s s o u w  e t  a l . ,  1 9 8 1 ;  M a s s e y ,  1 9 8 4 ) .  
S o u r c e s  o f  v a r i a t i o n  m a y  b e  d i f f e r e n c e s  in  l e v e l s  o f  h y p o c h o l e s 
t é r o l é m i e  c o m p o u n d s  in  m i lk  a n d / o r  y o g u r t  a n d  d i f f e r e n t  b a c t e r i a l  

s t r a in s  u s e d  in  y o g u r t  f e r m e n t a t i o n .  R e c e n t  e v i d e n c e  s u g g e s t s  th a t  
t h r e e  o r g a n i c  a c i d s  a r e  l i k e ly  h y p o c h o l e s t e r o l e m i c  a g e n t s .  H y -  
d r o x y m e t h y l g l u t a r i c  ( H M G )  a n d  o r o t i c  a c i d s  l o w e r  s e r u m  c h o l e s 
t e r o l  w h e n  f e d  to  r a t s  ( B e g  a n d  S i d d i q i ,  1 9 6 8 ;  B e r n s t e in  e t  a l . ,
1 9 7 7 )  a n d  h u m a n s  ( R o b in s o n  a n d  D o m b r o w s k i ,  1 9 8 3 ) ,  w h i l e  u r ic  
a c i d  h a s  b e e n  id e n t i f i e d  a s  a  c h o l e s t e r o l  s y n th e s i s  i n h i b i t o r  f r o m  
h u m a n  m i lk  ( W a r d  e t  a l . ,  1 9 8 2 ) .

C o m m e r c i a l  y o g u r t  p r o d u c t i o n  g e n e r a l l y  u t i l i z e s  a  1:1 m ix e d  
s t a r t e r  c u l tu r e  o f  o n l y  Streptococcus thermophilus a n d  Lactoba
cillus bulgaricus. N u m e r o u s  s t r a in s  o f  e a c h  s p e c i e s  e x i s t  a n d  e a c h  
s t r a in  e x h i b i t s  d i f f e r e n t  f l a v o r ,  f e r m e n t a t i o n  a n d  c o a g u l a t i o n  p r o p 
e r t i e s  ( D e e th  a n d  T a m i n e ,  1 9 8 1 ) .  I f  a  h y p o c h o l e s t e r o l e m i c  “ m i lk  
f a c t o r ”  ( M F )  d o e s  e x i s t ,  th i s  f a c t o r  m a y  b e  p r o d u c e d  b y  o n ly  
c e r t a i n  b a c t e r i a  a n d  a l l  c u l t u r e  s t r a in s  u s e d  in  c o m m e r c i a l l y  p r o 
d u c e d  y o g u r t s  m a y  n o t  u t i l i z e  b a c t e r i a  t h a t  p r o d u c e  o r  c o n ta in  
M F .  T h i s  i d e a  i s  s u p p o r t e d  b y  M a n n  ( 1 9 7 9 )  w h o  r e p o r t e d  Pseu
domonas fluorescens, n o r m a l l y  u n c o m m o n  in  c o m m e r c i a l l y  p r o 
d u c e d  y o g u r t ,  is  c a p a b l e  o f  p r o d u c i n g  M F  a n d  b y  th e  o b s e r v a t i o n  
th a t  f e r m e n t a t i o n  o f  m i lk  b y  s o m e  s t r a in s  o f  5 .  thermophilus a n d
L .  acidophilus p r o d u c e s  h y p o c h o l e s t e r o l e m i c  e f f e c t s  w h e n  th e  f e r 
m e n t e d  p r o d u c t  is  c o n s u m e d  b y  m ic e  a n d  r a t s  ( R a o  e t  a l . ,  1 9 8 1 ;  
G r u e n e w a l d ,  1 9 8 2 ;  P u l u s a n i  a n d  R a o ,  1 9 8 3 ) .

T h i s  s tu d y  w a s  d e s i g n e d  to  t e s t  t h e  h y p o th e s i s  t h a t  d i f f e r e n t  
y o g u r t  c u l t u r e s  m a y  in f l u e n c e  s e r u m  l ip id  c o n c e n t r a t i o n s  d i f f e r 
e n t l y ,  a n d  t h e s e  d i f f e r e n c e s  m a y  b e  d u e  to  th e  v a r i a b l e  c o n c e n 
t r a t i o n s  o f  t h r e e  p o t e n t i a l l y  h y p o c h o l e s t e r o l e m i c  a c i d s ,  
h y d r o x y m e t h y l g l u t a r i c ,  o r o t i c  a n d  u r i c ,  in  th e  y o g u r t .

A u t h o r s  J a s p e r s ,  M a s s e y ,  a n d  L u e d e c k e  a r e  a f f i l i a t e d  w i t h  t h e  F o o d  S c i e n c e  

&  H u m a n  N u t r i t i o n  D e p t . ,  W a s h i n g t o n  S t a t e  U n i v . ,  P u l l m a n ,  V J A  9 3 1 6 4 - 2 0 3 2 .

MATERIALS & METHODS
Experimental design

A dietary intervention study was conducted in three experimental pe
riods. Each period corresponded to a set of select culture strains used in 
yogurt production. The subjects were asked to consume 681 ±  2g nonfat, 
unpasteurized yogurt daily. The yogurt had a total solids content equivalent 
to 0.8L skim milk. The first and second periods, CH-I and CH-II, lasted 
14 days and the final period, SH-III, lasted 21 days. Twenty-one days 
were allowed between dietary periods to reestablish usual serum choles
terol values, since Mann (1977a) had reported that the hypocholestero
lemic effect of yogurt persisted for several days after usual diets were 
resumed.

The subjects' weights were recorded prior to each blood collection. A 
constant body weight and level of exercise were encouraged throughout 
all study periods. The subjects were given subjective questionnaires weekly 
to report changes in exercise, diet, stress, health, and tolerance to yogurt.

A crossover design where different yogurts would be consumed in the 
same period by different subjects was not feasible in this study, as yogurt 
has a shelf life of about three weeks under refrigeration (Tamime and 
Deeth, 1980).

Subjects
Ten adult males, ages 23-39 years, participated in the study. All sub

jects were volunteers associated with the College of Home Economics. 
All lived at home during the entire study duration. All subjects were 
healthy with no history of coronary heart disease, high blood pressure, 
diabetes, or hyperlipidemia. Two of the subjects were lacto-ovo vegetar
ians and one subject smoked cigarettes. All ten subjects were within the 
desirable range of weight for height published by the Metropolitan Life 
Insurance Company (1983). All subjects had an initial serum cholesterol 
value within the normal range of 140-260 mg/dL, the 5th to 95th percentile 
for males of these ages according to data from the United States National 
Health Survey (Abraham et al., 1978). Only eight subjects participated in 
the first dietary period. Two additional applicants were recruited who 
participated only in the second and third dietary period.

Informed consent was obtained from all participants according to Wash
ington State University policies regarding the use of human subjects in 
research.

Yogurt consumption
The subjects were allowed to consume the yogurt ad lib throughout the 

day or as a meal replacement as each desired. As the yogurt was unflavored 
subjects were permitted to add flavoring and sweeteners ad libitum. The 
amounts of added sweeteners were recorded by the subjects in their dietary 
records. Subjects were informed of the importance of consuming the same 
ratio of carbohydrate, protein, and fat throughout the study. Prior to yogurt 
consumption periods, each subjects' usual diet was recorded and analyzed 
to determine how each subject could incorporate yogurt into his diet as a 
replacement food in order to keep proportions of dietary fat, protein and 
carbohydrate constant.

Dietary records
The subjects recorded their daily intake for one usual diet and three 

yogurt periods. Each period included four days: Sunday through Wednes
day. Hanson Dietetic scales (model #1460) were provided for each sub
ject, Subjects were given written and verbal instruction on how to keep 
accurate dietary records.

The dietary data were computer analyzed using the Basic Data Set, 
Department of Agriculture Handbook No. 8, Dietary Information Tape for 
line items 1-4546. The data had been supplemented by Washington State 
University (WSU) for oils, some convenience foods, dairy products, and 
vitamin/mineral supplements.
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Yogurt culture strains
Three strains of each of the L. bulgaricus and S. thermophUus cultures 

were used to produce four batches of yogurt. Two independent sets of 
selected commercial strains (CH-I and CH-II) were obtained from CHR 
Hansen’s Laboratory, Inc., Milwaukee. Wisconsin. Strains CH-I and CH- 
II were freezed-dried samples of 1:1 ratio of L. bulgaricus and S. ther- 
mophilus. The third group was selected patented strains (SH-III) with a 
1:1 ratio of L. bulgaricus 202 and S. thermophUus EBC and were supplied 
by Dr. K.M. Shahani, Univ. of Nebraska, Lincoln, NB.

Culture strain SH-III was used to produce two batches of yogurt, which 
are identified as SH-I1IA and SH-IIIB. During the final experimental pe
riod SH-IIIA was consumed through day 14 after which SH-IIIB was 
consumed from day 15 until day 21.

Yogurt production
The yogurt was made in four batches, two to three days prior to day 0 

of the corresponding experimental period. A 14-day yogurt supply (114 
kg) was prepared in the first three batches, while batch four was a 7-day 
supply. All subjects consumed yogurt made from the same set of selected 
strains within the same dietary period.

The yogurt was prepared at the Washington State Unviersity Creamery. 
Total milk solids content was increased to 13.5% by adding approximately
4.8 kg (4.5%) commercial nonfat milk powder to 107 kg liquid skim milk. 
At 49°C the mixture was homogenized at 1400 psi, and heated to 85°C 
for 30 min. The mixture was cooled to 43°C. Each inoculum was prepared 
with one set of selected culture strains (CH-I, CH-II, or SH-III). The bulk 
starter culture was incubated until reaching a predetermined activity level 
(ability to produce a pH 4.6-4.8 in milk within 2-4 hr). In all batches a 
2% inoculum was added. The inoculum was carefully mixed with the 
fortified skim milk to assure uniform inoculation. The inoculated warm 
yogurt mix was poured into containers and incubated at 41-43°C until 
reaching a titratable acidity of 0.85% and pH 4.5. Incubation time ranged 
from 3.5-5.25 hr. After incubation, the yogurt was cooled by placing at 
4°C. Final titratable acidity and pH were assayed between 18 and 24 hr 
post-refrigeration (Table 1). The final protein, fat. and carbohydrate con
tent of each yogurt is also listed in Table 1.

Blood collection
Fasting blood samples were drawn on days 0, 7, and 14 of each ex

perimental period and also on day 21 of period SH-III. One serum aliquot 
was immediatley stored at -  10°C for later triglyceride analysis. Unfrozen 
sera were stored at 4°C and analyzed for total cholesterol and high density 
lipoprotein (HDL) cholestrol within 48 hr and 24 hr, respectively. Sera 
were electrophoresed using the method of Hatch et al. (1963) within 3 hr 
of collection, except when equipment failure required that aliquots of sera 
collected on day 7 and 14 of period SH-III be fresh frozen and electro
phoresed within 2 wk.

Lipid determination
Total serum cholesterol was measured enzymatically using a liquid re

agent and high density lipoprotein (HDL) cholesterol was quantitatively 
determined using a kit (Beckman Instruments, Inc., Brea, CA). Dextran 
sulfate and magnesium acetate precombined in tablet form precipitated the 
low-density lipoproteins (LDL), very low density lipoproteins (VLDL), 
and intermediate density lipoproteins (IDL) fractions. After centrifugation, 
the supernatant containing H DL chplesterol was analyzed for cholesterol. 
Serum triglyceride levels were determined by the procedure used by Gott
fried and Rosenberg (1973). Serum low density lipoprotein cholesterol 
(LDL-C) was calculated following the equations of Friedewald et al. (1972).

Organic acids
The concentration of hydroxymethylglutaric, orotic and uric acids in 

the study yogurts were determined as in Haggerty et al. (1984).

Statistics
Two-way analysis of variance was used to determine variation within 

and between dietary periods for body weight, total serum cholesterol, HDL 
cholesterol, LDL cholesterol, triglycerides, lipoprotein distribution, the 
ratio of total serum cholesterol to HDL cholesterol and acid levels in the 
yogurt. Duncan's multiple range was used to determine significance within 
and between dietary periods of the same variables if analysis of variance 
was significant.

RESULTS & DISCUSSION
N u t r i e n t  i n t a k e

T h e  m e a n  d i e t a r y  i n t a k e  o f  e n e r g y ,  t o t a l  p r o t e i n ,  c a r b o h y d r a t e ,  
t o t a l  f a t ,  s a tu r a t e d  f a t t y  a c i d s ,  p o l y u n s a t u r a t e d  f a t t y  a c i d s  a n d  
c h o l e s t e r o l  w a s  n o t  s t a t i s t i c a l l y  d i f f e r e n t  ( P > 0 . 0 5 )  b e tw e e n  th e  
u s u a l  d i e t  a n d  th e  t h r e e  y o g u r t  d i e t s  ( T a b l e  2 ) .  A s  e x p e c t e d ,  m e a n  
b o d y  w e ig h t  d id  n o t  c h a n g e  s i g n i f i c a n t l y  s i n c e  e n e r g y  i n t a k e  d id  

n o t  c h a n g e .  I n ta k e  o f  c a l c i u m ,  p h o s p h o r u s ,  p o t a s s i u m  a n d  r i b o 
f l a v in  in c r e a s e d  s i g n i f i c a n t l y  ( P < 0 . 0 5 )  d u r i n g  y o g u r t  d i e t s .  C r u d e  
f i b e r  i n t a k e  d u r in g  p e r io d  S H - I I I  w a s  2 . 4 8  g / d a y  b e l o w  th e  c r u d e  
f i b e r  i n t a k e  d u r in g  th e  f r e e  c h o ic e  p e r i o d  ( P < 0 . 0 5 ) .  A l th o u g h  

a n im a l  p r o t e in  i n t a k e  i n c r e a s e d  s i g n i f i c a n t l y  d u r i n g  y o g u r t  c o n 
s u m p t io n  p e r i o d s ,  a  r e c e n t  c r i t i c a l  r e v i e w  o f  t h e  l i t e r a t u r e  ( S a c k s  
e t  a l . ,  1 9 8 3 )  c o n c l u d e d  th a t  in  h u m a n s  th i s  c h a n g e  h a s  n o  e f f e c t  
o n  p l a s m a  c h o l e s t e r o l .

S e r u m  l i p i d s  a n d  l i p o p r o t e i n s

T o t a l  c h o l e s t e r o l .  T h e  c o n c e n t r a t i o n s  o f  m e a n  to t a l  c h o l e s t e r o l  
( T C )  o n  d a y  0  w e r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  ( P > 0 . 0 5 )  b e t w e e n  
y o g u r t  d i e t  p e r i o d s  ( T a b l e  3 ) .  B y  d a y  7 ,  m e a n  T C  w a s  r e d u c e d  
1 0 %  o n  d i e t s  i n c o r p o r a t i n g  y o g u r t s  C H - I  a n d  C H - I I .  I n d i v i d u a l l y ,  
s ix  o f  th e  e ig h t  s u b je c t s  c o n s u m i n g  y o g u r t  C H - I  a n d  e i g h t  o f  th e  

te n  s u b je c t s  c o n s u m i n g  y o g u r t  C H - I I  r e s p o n d e d  w i th  a  d e c r e a s e  
in  T C .  A f t e r  14  d a y s  o f  d i e t  C H - I ,  m e a n  T C  w a s  n o t  s i g n i f i c a n t l y  

d i f f e r e n t  f r o m  d a y  0 ,  s i n c e  T C  in  s ix  s u b j e c t s  i n c r e a s e d  f r o m  d a y
7 .  F r o m  d a y  7  t o  d a y  14  o f  d i e t  C H - I I ,  m e a n  T C  r e m a i n e d  u n 
c h a n g e d  a l t h o u g h  T C  i n c r e a s e d  in  s ix  s u b j e c t s  a n d  d e c r e a s e d  in  
f o u r  s u b j e c t s .  F r o m  d a y  0  t o  d a y  7  o n  d i e t  S H - I I I  m e a n  T C  w a s  
n o t  c h a n g e d ,  b u t  b y  d a y  14  m e a n  T C  h a d  f a l l e n  1 2 %  ( P < 0 . 0 5 ) .  

M e a n  T C  d id  n o t  c h a n g e  f r o m  d a y  1 4  to  d a y  2 1 .
T h e  r e s u l t s  o f  th i s  e x p e r i m e n t  s u g g e s t  y o g u r t  c o n s u m p t i o n  b y  

h u m a n  m a le s  w i l l  l o w e r  t o ta l  s e r u m  c h o l e s t e r o l  b u t  t h e  h y p o c h o -  
l e s t e r o l e m i c  e f f e c t  is  n o t  m a i n t a i n e d  b y  c o n t i n u e d  y o g u r t  c o n 
s u m p t io n .  T o t a l  s e r u m  c h o l e s t e r o l  w a s  r e d u c e d  1 0 - 1 2 %  w i th in
7 - 1 4  d a y s  a n d  r e t u r n e d  to  c o n t r o l  l e v e l s  a  w e e k  la t e r .

T h e s e  r e s u l t s  g e n e r a l l y  a g r e e  w i th  t h e  f i n d i n g s  o f  M a n n  a n d  
S p o e r r y  ( 1 9 7 4 ) ,  M a n n  ( 1 9 7 7 a ) ,  a n d  H e p n e r  e t  a l .  ( 1 9 7 9 ) ,  w h o  
h a v e  a l s o  f o u n d  th a t  t o t a l  s e r u m  c h o l e s t e r o l  is  g e n e r a l l y  r e d u c e d  

b y  y o g u r t  c o n s u m p t i o n  a l t h o u g h  th e  c o n t r o l  l e v e l s  h a v e  a lw a y s  
b e e n  r e g a i n e d .  A l t h o u g h  R o s s o u w  e t  a l .  ( 1 9 8 1 )  c o n c l u d e d  th a t  
y o g u r t  w a s  h y p e r c h o l e s t e r o l e m i c ,  h i s  r e s u l t s  s h o w  th a t  3  w k  o f  
y o g u r t  s u p p l e m e n t a t i o n  r e d u c e d  to t a l  s e r u m  c h o l e s t e r o l  5 % ,  e v e n  

t h o u g h  to ta l  f a t  i n t a k e  i n c r e a s e d  2 5  g / d a y .  P r e v i o u s  r e s e a r c h  f r o m  

o u r  l a b o r a t o r y  ( M a s s e y ,  1 9 8 4 )  f o u n d  n o  s i g n i f i c a n t  i n f l u e n c e  o f  
4 8 0  m L  d a i ly  y o g u r t  s u p p l e m e n t a t i o n  o n  h u m a n  f e m a l e  s e r u m  

l ip id s .
H i g h - d e n s i t y  l i p o p r o t e i n  c h o l e s t e r o l .  T h e  h i g h  d e n s i t y  l i p o 

p r o t e in  c h o l e s t e r o l  ( H D L - C )  r e m a i n e d  u n c h a n g e d  th r o u g h  d i e t  p e 
r io d s  C H - I  a n d  S H - I I I .  a l t h o u g h  o n  d a y  7  o f  C H - I I  a  3 0 %  d e c l in e  
w a s  o b s e r v e d  ( P C 0 . 0 5 ) .  I n d i v i d u a l  H D L - C  r e s p o n s e s  w e r e  s im -

T a b l e  1 — C o m p o s i t i o n  o f  y o g u r t s

Yogurt
culture

Nutrient (g/dL) Acidity Acid concentration, ppm

Protein Fat Carbohydrate pH
Titratable 
acidity (%) HMG-like Orotic Uric

CH-I 4.0 0.0 6.1 4.20 1.13 180 ±  7 23.2 ±  1.3 16.8 ±  0.4

CH-II 3.8 0.0 6.4 4.34 1.12 156 ±  53 17.3 ±  1.2 15.2 ±  0.6

SH-IIIA 4.2 0.0 7.0 4.65 0.90 115 ±  1 28.2 ±  0.8 18.2 ±  1.2

SH-IIIB 3.9 0.0 6.9 4.46 0.98 — —
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T a b l e  2 — N u t r i e n t  i n t a k e  o f  a d u l t  m a l e s  c o n s u m i n g  u s u a l  a n d  y o g u r t  d i e t s *

Nutrients

Diet period
Energy
(kcal)

Protein
(9)

Animal
Protein

(g)
Carbohydrate

(9)
Fat
(9)

Saturated 
fatty acids 

(9)
Cholesterol

(mg)
Fiber
(9)

Calcium
(mg)

Usual 
n = 10

2365 
±  127

95.1
±  7.3

35.7a,b,c 
±  3.2

284.4 
± 12.3

91.1 
± 7.4

26.8 
± 2.1

395.5 
±  54.2

6.98d 
± 0.71

1110.8e' 9 
±  124.8

CH-I 
n = 8

2407 
± 175

104.9 
±  7.9

65.2a 
± 4.2

287.3 
± 15.1

93.4 
±  2.6

25.4 
±  12.2

291.0 
±  51.6

5.80 
±  0.73

1989.5e 
±  96.9

CH-II 
n =  10

2464 
±  207

109.8 
±  5.9

58.7b 
± 2.9

271.6 
±  18.3

101.5 
±  15.9

31.8
±  6.3

346.9 
±  50.5

5.90 
±  0.79

1991.9*
112.2

SH-III 
n =  10

2468 
±  197

107.4 
±  7.8

57.7C 
± 3.1

299.2 
±  23.7

92.7 
±  10.1

25.6 
±  3.1

337.6 
±  58.3

4.50d 
±  0.39

1991 99 
±  125.3

* Values are group mean and SEM calculated from individual four day mean intake. 
a'g Means with the same superscript are significantly different (p<0.05).

T a b l e  3 - - S e r u m  l i p i d  c o n c e n t r a t i o n  o f  a d u l t  m a l e s  c o n s u m i n g  u s u a l  a n d  y o g u r t  d i e t s '

Diet period 
(days consumed)

Total
cholesterol

(mg/dL)

HDL
cholesterol

(mg/dL)
Total-cholesterol:
HDL-cholesterol

LDL
cholesterol

(mg/dL)

Total
triglycerides

(mg/dL)

CH-I, n = 8
0 (Usual) 189 ± 14 44 ± 4 4.5 ± 0.47 121 ± 13 116 ±  32
7 167 ± 9a 41 ±  3 4.2 ± 0.39 106 ± 10 104 ±  15

14 178 ± 13 43 ±  4 4.3 ±  0.43 115 ± 13 100 ±  27

CH-II, n = 10
0 (Usual) 182 ± 8 48 ±  3 3.9 ± 0.33 113 ± 10 103 ±  18
7 163 ± 8a,c 33 ± 3a,c 5.2 ±  0.42a,c 113 ± 7 83 ±  9

14 165 ± 7a 43 *  3b,d 4.2 ±  0.22cd 94 ± 5b,c,d 140 ±  34a,d

SH-III, n =  10
0 (Usual) 178 ± 8 42 ± 3 4.4 ±  0.33 118 ± 7 90 ±  14
7 173 ± 8C 41 ± 3 4.4 ± 0.31 114 ± 7 92 ±  9

14 156 ga.b.d 42 ±  3 3.9 ±  0.30b 95 ± 8bd 96 ±  11
21, n =  8 158 ± 10a 39 ±  2 4.1 ± 0.32d 101 ± 10 86 ±  8

* Values are group mean ± SEM.
a Significantly different (P<0.05) from day 0 within same diet period. 
b Significantly different (P<0.05) from day 7 within same diet period. 
c Significantly different (P<0.05) same day between diet periods. 
d Significantly different (P<0.05) from day 7 between diet periods.

i l a r  t o  t h e  m e a n  H D L - C  r e s p o n s e .  K e im  e t  a l .  ( 1 9 8 1 )  f o u n d  th a t  
a  h i g h  c a l c i u m  i n t a k e  w i t h o u t  y o g u r t  o r  m i lk  p r o d u c t  s u p p l e m e n 

t a t i o n  r e d u c e d  H D L  c h o l e s t e r o l .  In  o u r  e x p e r i m e n t ,  in c r e a s e d  c a l 
c iu m  in ta k e  c a n  n o t  b e  a s s o c ia t e d  w i th  th e  r e d u c e d  H D L  c h o le s te r o l ,  
s i n c e  c a l c i u m  i n t a k e  d u r in g  C H - I I  ( 2 0 0 0  m g /d a y )  w a s  n o  d i f f e r e n t  
f r o m  th e  i n t a k e  d u r i n g  C H - I  a n d  S H -1 I1 . R o s s o u w  e t  a l .  ( 1 9 8 1 )  
a l s o  f o u n d  th a t  H D L  c h o l e s t e r o l  d e c r e a s e d  d u r i n g  b o th  a  b a s e l in e  
d i e t  p e r io d  a n d  a f t e r  s e v e n  d a y s  o f  m i lk  s u p p l e m e n t a t i o n .

A l t h o u g h  h ig h  d e n s i t y  l i p o p r o t e i n  l e v e l s  m a y  b e  in c r e a s e d  b y  
in t e n s e  p h y s i c a l  a c t i v i t y  ( H u l l u n e n  e t  a l . ,  1 9 7 9 ) ,  s u b j e c t s  r e p o r t e d  
n o  c h a n g e  in  p h y s i c a l  a c t i v i t y .

L o w - d e n s i t y  l i p o p r o t e i n  c h o l e s t e r o l .  M e a n  l o w - d e n s i t y  l i p o 

p r o t e in  c h o l e s t e r o l  ( L D L - C )  w a s  i n s i g n i f i c a n t l y  r e d u c e d  o n  th e  
C H - I  d i e t  ( T a b l e  3 ) .  O n  d i e t  C H - I I ,  L D L - C  d r o p p e d  19  m g /d L  
a f t e r  1 4  d a y s  ( P < 0 . 0 5 ) .  A f t e r  d a y  1 4  o f  S H - I I I ,  L D L - C  d e c r e a s e d  
2 3  m g / d L ,  a l t h o u g h  b y  d a y  21  m e a n  L D L - C  w a s  n o t  s i g n i f i c a n t ly  
d i f f e r e n t  f r o m  c o n t r o l  l e v e l .

S e r u m  L D L  c h o l e s t e r o l  g e n e r a l l y  f o l l o w e d  th e  r e s p o n s e  o f  to ta l  
s e r u m  c h o l e s t e r o l .  K e im  e t  a l .  ( 1 9 8 1 )  f o u n d  a  s i g n i f i c a n t  i n c r e a s e  
in  L D L  c h o l e s t e r o l  in  m e n  s u p p l e m e n t e d  w i th  t w o  q u a r t s  o f  s k im  
m i lk  d a i l y .  T h e y  s u g g e s t  L D L  c h a n g e s  r e f l e c t  a l t e r e d  h e p a t i c  m e 
t a b o l i s m  i n d u c e d  b y  t h e  h i g h  in f l u x  o f  n u t r i e n t s .

D u r in g  p e r i o d  C H - I I ,  m e a n  i n t a k e  o f  to ta l  p r o t e i n ,  a n im a l  p r o 
t e i n ,  t o t a l  f a t ,  a n d  s a t u r a t e d  f a t  w a s  g r e a t e r  t h a n  d u r in g  th e  f r e e  
c h o i c e  o r  t h e  C H - I  a n d  S H - I I I  d i e t s  ( T a b l e  2 ) .  A l th o u g h  th e  o b 
s e r v e d  i n c r e a s e  o f  t h e s e  s p e c i f i c  n u t r i e n t s  is  n o t  s t a t i s t i c a l l y  s i g 
n i f i c a n t  ( P > 0 . 0 5 ) ,  i n c r e a s e s  in  p r o t e in  a n d  f a t  i n t a k e  h a v e  b e e n  
c o r r e l a t e d  w i t h  a n  i n c r e a s e  o f  s e r u m  l ip id s  a n d  m o d i f i c a t i o n  o f  
s e r u m  l i p o p r o t e i n s .

S e r u m  t r i g l y c e r i d e s .  S e r u m  t r i g l y c e r i d e s  d id  n o t  c h a n g e  s i g 
n i f i c a n t l y  d u r i n g  a n y  y o g u r t  c o n s u m p t i o n  p e r io d s  ( T a b l e  3 ) .  I n 

d iv id u a l  v a r i a b i l i t y  w a s  l a r g e .  M e a n  s e r u m  t r i g l y c e r i d e s  f l u c t u a t e d  
±  16  m g /d L  o n  th e  C H - I  a n d  S H - I I I  d i e t s .  A f t e r  d a y  1 4  o n  th e  
C H - I I  d i e t  t h e  m e a n  s e r u m  t r i g l y c e r i d e  c o n c e n t r a t i o n  w a s  1 4 0  m g /  

d L ,  a l t h o u g h  e x c l u s i o n  o f  o n e  v e r y  h ig h  i n d i v i d u a l  v a lu e  f r o m  th e  
m e a n  t r i g l y c e r i d e  v a lu e  w o u ld  h a v e  b r o u g h t  t h e  m e a n  d o w n  to  
1 0 8  m g / d L ,  w h ic h  w o u ld  n o t  b e  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  p r e 
v io u s  m e a n  s e r u m  t r i g l y c e r i d e  v a lu e s .

S e r u m  l i p o p r o t e i n s .  T h e  l i p o p r o t e i n  d i s t r i b u t i o n  o n  d a y  0  d id  
n o t  c h a n g e  s ig n i f i c a n t ly  b e tw e e n  d ie t  p e r io d s .  N o  s ig n i f i c a n t  c h a n g e  
in  m e a n  l i p o p r o t e i n  d i s t r i b u t i o n  w a s  o b s e r v e d  o n  d i e t s  C H - I  a n d  
S H - I I I .  O n  d a y  7  o f  d i e t s  C H - I I  t h e  r e l a t i v e  p e r c e n t a g e  o f  m e a n  
L D L  i n c r e a s e d  5 0 % ,  w h i l e  a t  th e  s a m e  t i m e  th e  r e l a t i v e  p e r c e n t a g e  

o f  V L D L  a n d  H D L  d e c r e a s e d  5 0 % .  H o w e v e r ,  o n  d a y  1 4  o f  d i e t  
C H - I I  s e r u m  l ip o p r o t e i n s  h a d  r e t u r n e d  to  t h e  c o n t r o l  v a l u e s .

Y o g u r t  c o m p o s i t i o n

In  p a s t  e x p e r i m e n t s  th e  y o g u r t  c o m p o s i t i o n  h a s  n o t  b e e n  w e l l  
c h a r a c t e r i z e d ,  m a k in g  i t  d i f f i c u l t  to  c o m p a r e  r e s u l t s .  M a n n  a n d  
S p o e r r y  ( 1 9 7 4 )  a d d e d  o l iv e  o i l ,  T w e e n  2 0 ,  a n d  r i b o f l a v i n  t o  th e  
y o g u r t  a f t e r  r o o m  t e m p e r a t u r e  i n c u b a t i o n  f o r  2 - 3  d a y s .  M a n n  
( 1 9 7 7 a )  u s e d  s k i m m e d  m i l k ,  H e p n e r  e t  a l .  ( 1 9 7 9 )  u s e d  a  D a n n o n  

p r o d u c t ,  w h i l e  R o s s o u w  e t  a l .  ( 1 9 8 1 )  a n d  H o w a r d  a n d  M a r k s

( 1 9 7 7 )  p r o v i d e d  n o  in f o r m a t i o n  o n  th e  y o g u r t  c o m p o s i t i o n .  I n  o u r  
p r e v io u s  s tu d i e s  ( M a s s e y ,  1 9 8 4 )  a  c o m m e r c i a l l y  p r o d u c e d ,  p l a i n ,  
l o w f a t  y o g u r t  w a s  u s e d .

I t  is  k n o w n  th a t  d i f f e r e n t  c u l t u r e  s t r a i n s ,  a d d i t i v e s ,  a n d  f e r 
m e n t a t i o n  c o n d i t i o n s  p r o d u c e  d i f f e r e n t  n u t r i e n t  c o m p o s i t i o n s  in  
y o g u r t .  I n  s u p p o r t  o f  t h i s  i d e a  M a n n  ( 1 9 7 9 )  h a s  p r o p o s e d  th a t  a  
“ m i lk  f a c t o r ”  is  p r o d u c e d  b y  o n l y  c e r t a i n  b a c t e r i a .  A  c h a n g e  in  
t h e s e  “ f a c t o r s ”  m a y  i n f l u e n c e  th e  r a t e  o f  t o t a l  s e r u m  c h o l e s t e r o l  
r e s p o n s e  t o  y o g u r t  s u p p l e m e n t a t i o n .
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T h e  h y p o c h o l e s t é r o l é m i e  a g e n t  h a s  b e e n  s u g g e s t e d  to  b e  h y -  

d r o x y m e t h y l g l u t a r a t e  ( H M G ) ,  o r o t i c  a c i d ,  o r  u r i c  a c i d .  N o  e x 

p e r i m e n t  p r i o r  t o  th i s  s t u d y  h a s  r e p o r t e d  m e a s u r i n g  th e  q u a n t i t y  
o f  t h e s e  a g e n t s  i n  y o g u r t  s u p p l e m e n t e d  to  h u m a n  s u b j e c t s .  T h e  
a s s a y e d  c o n c e n t r a t i o n s  o f  t h e s e  a c i d s  in  th e  y o g u r t s  is  l i s t e d  in  
T a b le  1.

H y d r o x y m e t h y l g l u t a r a t e ,  w h e n  p r e s e n t  in  t h e  b o d y ,  m a y  l im i t  
c h o le s t e r o l  s y n t h e s i s  b y  i n h i b i t i n g  th e  b r a n c h  p o i n t  e n z y m e  H M G -  
C o A  r e d u c t a s e .  M a n n  ( 1 9 7 7 b )  s u g g e s t e d  H M G  n o r m a l ly  e x i s t s  in  

y o g u r t  a n d  is  e n h a n c e d  b y  m i c r o b i a l  a c t i o n .  R i c h a r d s o n  ( 1 9 7 8 )  
d e b a t e d  w h e t h e r  s u f f i c i e n t  H M G  e x i s t s  in  y o g u r t  t o  i n h ib i t  th e  

H M G - C o A  r e d u c t a s e  in  m a n .  T h e  a m o u n t  f o u n d  in  t h e s e  y o g u r t s  
a r e  w e l l  b e l o w  t h e  a m o u n t s  n e e d e d  to  l o w e r  s e r u m  c h o l e s t e r o l  in  
h u m a n  s tu d i e s  ( L u p i e n  e t  a l . ,  1 9 7 9 ) .

O r o t i c  a c i d ,  a  p y r i m i d i n e  i n t e r m e d i a t e ,  m a y  a l s o  i n h ib i t  th e  

f o r m a t i o n  o f  c h o l e s t e r o l  f r o m  a c e t a t e .  O r o t i c  a c i d  is  n o r m a l ly  
f o u n d  in  c o w s ’ m i l k  a t  c o n c e n t r a t i o n s  o f  6 9 - 1 2 2  m g / L  ( A im ,  
1 9 8 2 ;  R i c h a r d s o n ,  1 9 7 8 )  a n d  in  y o g u r t  in  t h e  r a n g e  3 4 - 4 6  m g /L  
( A im ,  1 9 8 2 ;  O k o n k o v  a n d  K i n s e l l a ,  1 9 6 9 ) .  T h e  c o n c e n t r a t i o n  

r a n g e  f o u n d  in  y o g u r t  m a y  d i f f e r  w i th  d i f f e r e n t  y o g u r t  c u l tu r e  
s t r a in s  ( H a g g e r t y  e t  a l . , 1 9 8 4 ) .  S in c e  o r o t i c  a c i d  is  g e n e r a l l y  f o u n d  
in  g r e a t e r  a m o u n t s  in  u n f e r m e n t e d  m i lk  i t  w o u ld  n o t  a p p e a r  o r o t i c  
a c i d  is  t h e  “ m i l k  f a c t o r ”  e n h a n c e d  b y  f e r m e n t a t i o n .

A l th o u g h  u r ic  a c i d  h a s  b e e n  r e p o r t e d  to  i n h i b i t  h e p a t i c  c h o le s -  
t e r o lg e n e s i s  i n  v i t r o  ( W a r d  e t  a l . ,  1 9 8 2 ) ,  n o  s tu d i e s  h a v e  b e e n  
d o n e  o n  i t s  h y p o c h o l e s t e r o l e m i c  e f f e c t s  w h e n  f e d  o r a l l y .  S in c e  

h i g h  u r i c  a c i d  l e v e l s  c a u s e  g o u t ,  s u c h  i n v e s t i g a t i o n s  a r e  n o t  l i k e ly  
to  b e  d o n e  in  h u m a n s ,  w h o  c a n n o t  f u r t h e r  m e ta b o l i z e  u r i c  a c id .

H e p n e r  e t  a l .  ( 1 9 7 9 )  s u g g e s t e d  th a t  t h e  i n g e s t i o n  o f  l a c to b a c i l l i  
m ig h t  a l t e r  t h e  i n t e s t i n a l  m i c r o f l o r a ,  r e s u l t i n g  in  g r e a t e r  d e c o n 

j u g a t i o n  o f  b i l e  a c i d s  a n d  i n c r e a s e d  f e c a l  e l i m i n a t i o n  o f  c h o l e s 
t e r o l .  H o w e v e r ,  R o b i n s - B r o w n e  a n d  L e v i n e  ( 1 9 8 1 )  r e p o r t e d  t h a t  
a l t h o u g h  o r a l l y  f e d  L .  a c i d o p h i l u s  a n d  L .  b u l g a r i c u s  e n t e r e d  th e  
s m a l l  i n t e s t i n e ,  e l e v a t e d  c o u n t s  i n  j e j u n a l  f l u i d s  o n l y  p e r s i s t e d  f o r  
3 ^ 4  h r .  L o n g - t e r m  s u r v i v a l  o r  i m p l a n t a t i o n  o f  y o g u r t  b a c t e r i a  h a s  

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

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

c r e a s i n g  y o g u r t  c o n s u m p t i o n  d id  n o t  l a s t  f o r  m o r e  t h a n  1 4  d a y s .  
T h e  c o n c e n t r a t i o n s  o f  u r i c ,  o r o t i c  a n d  h y d r o x y m e t h y l g l u t a r i c - l i k e  

a c i d s  i n  t h e  y o g u r t s  w e r e  i n s u f f i c i e n t  to  a c c o u n t  f o r  t h e  t e m p o r a r y  
h y p o c h o l e s t e r o l e m i c  e f f e c t s  o f  y o g u r t  c o n s u m p t i o n .
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---------------------------- ABSTRACT----------------------------
M in c e d  f is h  f le s h ,  a s  w e ll  a s  t h e  i n t a c t  f i l l e t ,  f r o m  t h r e e  s p e c ie s  o f  
t h e  G a d i d a e  f a m ily  w e re  a n a ly z e d  f o r  p r o x i m a t e  c o m p o s i t i o n ,  
c h o le s t e r o l ,  a n d  c a l c iu m  c o n t e n t .  M in c e d  f is h  m e a t  p r o d u c e d  f r o m  
c o m m e r c ia l ly  s c a le d  w h i t in g  h a d  e le v a te d  le v e ls  o f  c a l c iu m  ( a b o u t  
0 .1 1 % )  o v e r  le v e ls  f o u n d  in  f i l l e te d  f le s h  (0 .0 3 % ) .  H a n d  s c a l in g  p r io r  
t o  m in c in g  b r o u g h t  t h e  c a l c iu m  c o n t e n t  c lo s e  t o  le v e ls  f o u n d  in  
s k in le s s  f i l le ts .  T h e  m in c e d  f le s h  f o r  a ll  s p e c ie s  h a d  t h e  f o l lo w in g  
r a n g e s  o f  v a lu e s  f o r  p r o x i m a t e  c o m p o s i t i o n  e x p r e s s e d  a s  p e r c e n t  o f  
w e t  w e ig h t :  p r o t e i n ,  1 4 - 1 7 % ;  f a t ,  0 .4 - 2 .0 % ;  m o i s tu r e ,  8 1 - 8 4 % ;  
a s h ,  0 .5 - 1 .9 % .

INTRODUCTION
A  M A J O R  P R O B L E M  f o r  f i s h  u t i l i z a t i o n  is  w a s t e .  F i l l e t s  
a n d  s t e a k s  a c c o u n t  f o r  o n l y  3 0 %  o f  t h e  v a l u e d  l a n d e d  

c a t c h ,  l e a v i n g  7 0 %  a s  c a r c a s s e s  t o  b e  t u r n e d  i n t o  f i s h  m e a l  
o r  p e t  f o o d .  E v e n  m o r e  f i s h  a r e  d i s c a r d e d  b e c a u s e  t h e y  h a v e  
n o  m a r k e t  v a l u e .  I t  i s  e s t i m a t e d  t h a t  a n  a d d i t i o n a l  2 0 %  
y i e l d  c o u l d  b e  a d d e d  t o  t h e  a m o u n t  a v a i l a b l e  a s  h u m a n  

f o o d s t u f f  t h r o u g h  t h e  u s e  o f  m e c h a n i c a l  d e b o n e r s  a s  a r e  
u s e d  i n  t h e  b e e f  a n d  p o u l t r y  i n d u s t r y  ( K i n g  a n d  C a r v e r ,  
1 9 7 0 ;  M a r t i n ,  1 9 7 6 ;  R e g e n s t e i n ,  1 9 8 0 ) .  I t  i s  e x p e c t e d  t h a t  
t h e  N a t i o n a l  M a r i n e  F i s h e r i e s  S e r v i c e  w i l l  p e t i t i o n  t h e  
U S D A  t o  a m e n d  t h e  S t a n d a r d s  a n d  R e q u i r e m e n t s  f o r  
M e c h a n i c a l l y  S e p a r a t e d  ( S p e c i e s )  a n d  P r o d u c t s  i n  W h i c h  i t  

i s  U s e d  ( U S D A ,  1 9 8 2 )  t o  a l l o w  t h e  i n c l u s i o n  o f  m e c h a n i 
c a l l y  s e p a r a t e d  f i s h  i n t o  s a u s a g e  a n d  s a u s a g e - l i k e  p r o d u c t s ,  

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

u c t s ;  o n e  w h i c h  m e e t s  t h e  r e q u i r e m e n t s  o f  3 0 %  m a x i m u m  
f a t  a n d  1 4 %  m i n i m u m  p r o t e i n  a n d  t h e  s e c o n d  c a t e g o r y ,  i n  

w h i c h  t h e r e  a r e  n o  f a t  o r  p r o t e i n  r e q u i r e m e n t s .  P r o d u c t s  i n  
t h e  f i r s t  c a t e g o r y  c a n  b e  u s e d  i n  a n y  a l l o w a b l e  m e a t  f o o d  
p r o d u c t .  P r o d u c t s  i n  t h e  s e c o n d  c a t e g o r y  c a n  o n l y  b e  u s e d  
i n  m e a t  f o o d  p r o d u c t s  t h a t  a r e  s u b j e c t  t o  r e g u l a t o r y  d e f i n i 
t i o n  a n d  s t a n d a r d  w h i c h  l i m i t s  f a t  c o n t e n t .  T h e  e x t e n t  t o  

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

b e e f  ( F r o n i n g ,  1 9 7 6 ) ,  v e a l  ( Y o u n g  e t  a l . ,  1 9 8 3 ) ,  a n d / o r  
p o u l t r y  ( F i e l d ,  1 9 7 6 )  c a n  b e  a p p l i e d  t o  m e c h a n i c a l l y  s e p a 
r a t e d  f i s h  f l e s h  o r  m i n c e d  f i s h  m e a t  ( M F M ) ,  a s  i t  i s  c a l l e d ,  
i s  n o t  k n o w n .

F e d e r a l  r e g u l a t i o n s  s p e c i f y  t h a t  t h e  s e p a r a t e d  p r o d u c t  
c a n n o t  h a v e  c a l c i u m  l e v e l s  e x c e e d i n g  0 . 7 5 % .  M e c h a n i c a l l y  
s e p a r a t e d  ( M S )  p o u l t r y  a n d  b e e f  f l e s h  h a v e  l e v e l s  o f  c a l c i u m  
s u b s t a n t i a l l y  g r e a t e r  t h a n  i n  t h e  p o u l t r y / b e e f  n o t  m e c h a n i 
c a l l y  m i n c e d  ( F i e l d ,  1 9 7 6 ) ,  b e c a u s e  t h e  b o n e s  a r e  c r u s h e d  
p r i o r  t o  m e c h a n i c a l  d e b o n i n g .  I n  t h e  c a s e  o f  f i s h  m i n c e ,  
h o w e v e r ,  i t  w a s  p o s t u l a t e d  t h a t  t h e  c a l c i u m  c o n t e n t  w o u l d  
n o t  b e  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  h a n d - f i l l e t e d  f l e s h ,  
b e c a u s e  t h e  b o n e s  a r e  n o t  c r a s h e d  p r i o r  t o  m e c h a n i c a l  s e p a 
r a t i o n .  A d u  e t  a l .  ( 1 9 8 3 )  r e p o r t e d  c a l c i u m  v a l u e s  o f  0 . 0 5 ,  
0 . 0 9 ,  a n d  0 . 1 1 %  f o r  r o c k f i s h ,  ( S e b a s t e s , s p p ) ,  f o r  h a n d -  
f i l l e t e d  f i l l e t s ,  u n w a s h e d  m i n c e  f r o m  c l e a n e d  h e a d e d  a n d

A u th o rs  K rzyn ow e k , Pe ton , and  W igg in are a f f il ia te d  w ith  the 
N O A A ,  N M F S ,  N E F C ,  G lou ceste r L ab o ra to ry , Em erson  Ave., 
G loucester, M A  01930.

g u t t e d  ( H  &  G )  f i s h ,  a n d  w a s h e d  m i n c e  f r o m  c l e a n e d  H  &  G  
f i s h ,  r e s p e c t i v e l y .  T h e y  f e l t  t h a t  e l e v a t e d  l e v e l s  o f  s o m e  o f  

t h e  m i n e r a l s ,  n o t  s p e c i f i c a l l y  c a l c i u m ,  f o u n d  i n  t h e  w a s h e d  
m i n c e  w e r e  d u e  t o  t h e  q u a l i t y  o f  t h e  w a s h  w a t e r  a n d  t h e  
e q u i p m e n t  u s e d  i n  w a s h i n g .  C r a w f o r d  e t  a l .  ( 1 9 7 2 )  f o u n d  
i n c r e a s e d  c a l c i u m  l e v e l s  i n  m i n c e  m a d e  f r o m  s i x  s p e c i e s  o f  

f i n f i s h ,  a n d  v a l u e s  f o r  c o d ,  ( G a d u s  m a c r o c e p h a l u s ) ,  o f  
0 . 8 3 ,  0 . 1 1 ,  a n d  1 . 5 4 %  f o r  m i n c e  m a d e  f r o m  m i l l e d  w h o l e  
w a s t e ,  f l e s h  s e p a r a t e d  f r o m  c a r c a s s ,  a n d  m i l l e d  r e s i d u a l  s k i n  

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

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

C h o l e s t e r o l  l e v e l s  i n  M S  b e e f ,  p o u l t r y ,  a n d  v e a l  w e r e  

h i g h e r  t h a n  i n  t h e  g r o u n d  p r o d u c t  p r e s u m a b l y  b e c a u s e  o f  
t h e  i n c l u s i o n  o f  b o n e  m a r r o w  a n d  s p i n a l  c o r d  i n  t h e  M S  
p r o d u c t s  ( A r a s u  e t  a l . ,  1 9 8 1 ;  K u n s m a n  a n d  F i e l d ,  1 9 7 6 ;  

K o l b y e  e t  a l . ,  1 9 7 7 ;  K u n s m a n  e t  a l . ,  1 9 8 1 ;  Y o u n g  e t  a l . ,  
1 9 8 3 ) .  T h e  M F M  w a s  a n a l y z e d  t o  d e t e r m i n e  i f  t h e  s a m e  
w o u l d  h o l d  t r u e  f o r  f i s h .

A n  i n c r e a s e d  s e a f o o d  y i e l d  o f  2 0 %  w o u l d  b e  w o r t h l e s s  
i f  t h e r e  w e r e  n o  a s s u r a n c e  o f  a  c o n s i s t e n t  p r o d u c t  o f  u n i 
f o r m  q u a l i t y  f o r  u s e  a s  a n  e n d  p r o d u c t  o r  i n  c o m b i n a t i o n  

w i t h  o t h e r  i n g r e d i e n t s  s u c h  a s  m a y  b e  u s e d  t o  m a k e  a  s a u 
s a g e  p r o d u c t .  T h e r e  w e r e ,  t h e r e f o r e ,  f o u r  o b j e c t i v e s  t o  t h i s  
s t u d y :  ( 1 )  t o  c o m p a r e  t h e  c h e m i c a l  c o m p o s i t i o n  o f  c o m 

m e r c i a l l y  p r e p a r e d  M F M  t o  f i l l e t  f l e s h ;  ( 2 )  t o  d e t e r m i n e  i f  
a d d i t i o n a l  c l e a n i n g  s t e p s  p r i o r  t o  m i n c i n g  w o u l d  a f f e c t  t h e  

c h e m i c a l  c o m p o s i t i o n  o f  t h e  M F M ;  ( 3 )  t o  d e t e r m i n e  i f  t h e  
c a l c i u m  l e v e l s  c o u l d  c o n f o r m  t o  t h e  r e g u l a t i o n s  g o v e r n i n g  
b e e f  a n d  p o u l t r y ;  a n d  ( 4 )  t o  s e e  i f  c h o l e s t e r o l  l e v e l s  w e r e  

e l e v a t e d  i n  t h e  m i n c e d  p r o d u c t  a s  w a s  f o u n d  i n  o t h e r  M S  
m e a t .

MATERIALS & METHODS
T H R E E  S P E C IE S  o f  t h e  f a m ily  G a d i d a e  w e re  u s e d  f o r  th i s  in v e s t i 
g a t io n :  A t la n t ic  c o d  ( G a d u s  m o r h u a ) ,  s i lv e r  h a k e  ( M e r lu c c iu s  
b i l in e a r i s ) ,  a n d  r e d  h a k e  ( U r o p h y c i s  c h u s s ) .  T h e s e  s p e c ie s  a r e  t h e  
m o s t  l ik e ly  t o  b e  u s e d  in  t h e  n o r t h e a s t  U .S .  f o r  t h e  p r o d u c t i o n  o f  
m in c e d  f is h  f le s h .  A ll  f is h  w e r e  l a n d e d  i n  N o v e m b e r  o r  D e c e m b e r  in  
t h e  n o r th w e s t  A t l a n t i c  O c e a n .  A ll  r a w  m a te r ia l s  w e re  m in c e d  in  a 
s in g le  p a s s  th r o u g h  a  Y a n a g iy a  M e a t /B o n e  S e p a r a to r  u s in g  a  s ta in le s s  
s te e l  d r u m  w i th  5 m m  d ia m e te r  o p e n in g s .

T h e  A t l a n t i c  c o d  ( 3 0 0  lb )  w e r e  e v is c e r a te d  a t  s e a  a n d  w e re  a b o u t  
7  d a y s  p o s t - c a t c h  w h e n  r e c e iv e d  in  t h e  l a b o r a t o r y .  T h e y  w e re  h a n d -  
f i l l e te d  le a v in g  b e l ly  f la p s  a n d  p in  b o n e s  w i th  t h e  f i l l e t  (F ig .  1 a n d
2 ) .  T h e  b e l ly  f la p s  w e r e  c u t  f r o m  t h e  f i l l e t s  a n d  p a s s e d  th r o u g h  t h e  
s e p a r a t o r  t o  m a k e  a  m in c e  s a m p le  f r o m  s k in - o n  b e l ly  f la p s .  V -c u ts  
w e re  t a k e n  f r o m  t h e  f i l le ts  a n d  a ls o  p a s s e d  th r o u g h  t h e  s e p a r a to r  t o  
m a k e  a  m in c e  s a m p le  f r o m  s k in -o n  V -c u ts .  T h e  f i l le ts ,  m in u s  b e l ly  
f la p s  a n d  V -c u ts ,  w e re  t h e n  d iv id e d  i n t o  tw o  lo t s .  T h e  s k in  w a s  
r e m o v e d  f r o m  o n e  l o t  o f  f i l le ts ,  a n d  t h e  f i l le ts  w e re  h o m o g e n iz e d  in  
a  f o o d  p r o c e s s o r  t o  b e  u s e d  a s  t h e  c o n t r o l  s a m p le .  T h e  s e c o n d  l o t  o f  
f i l l e t s  w a s  p a s s e d  th r o u g h  t h e  s e p a r a to r  w i th  t h e  s k in  s id e  a w a y  
f r o m  t h e  d r u m  to  m a k e  a  m in c e  s a m p le  f r o m  s k in -o n  f i l le ts .

T h e  f r a m e s  w e re  s a v e d  f r o m  t h e  f i l l e t i n g  o p e r a t i o n .  H e a d s  o n ly  
w e re  c u t  f r o m  a ll  f r a m e s .  H a l f  o f  t h e  f r a m e s  w e r e  p u t  t h r o u g h  t h e  
s e p a r a to r  w i t h o u t  w a s h in g  m a k in g  a  m in c e  s a m p le  f r o m  c o m m e r c ia l  
f r a m e s .  T h e  k i d n e y  r e g io n  w a s  c u t  f r o m  t h e  r e m a in in g  f r a m e s ,  a n d  
t h e s e  f r a m e s  w e re  p a s s e d  th r o u g h  th e  s e p a r a t o r  m a k in g  a  m in c e  
s a m p le  f r o m  “ c l e a n e d ”  f r a m e s .  T h e  c o d ,  t h e r e f o r e ,  y ie ld e d  o n e  c o n 
t r o l  s a m p le  m a d e  f r o m  s k in n e d  f i l le ts ,  a n d  f iv e  m in c e d  s a m p le s
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m a d e  f r o m  s k in -o n  f i l le ts ,  s k in -o n  b e l ly  f la p s ,  s k in - o n  V -c u ts ,  
c o m m e r c ia l  f r a m e s ,  a n d  c le a n e d  f r a m e s .

S i lv e r  h a k e  ( w h i t in g )  w e re  e x a m in e d  in  tw o  s e p a r a te  e x p e r im e n t s  
(F ig .  3 ) .  T h e  f i r s t  e x p e r im e n t  in v o lv e d  1 d a y  p o s t - c a t c h  f is h  t h a t  
w e re  c o m m e r c ia l ly  h e a d e d ,  g u t t e d ,  a n d  s c a le d  in  a  p r o c e s s in g  p l a n t  
a n d  t h e n  b r o u g h t  t o  t h e  l a b o r a t o r y .  T h e  f is h  w e re  d iv id e d  i n t o  t h r e e  
s a m p le s ,  e a c h  s a m p le  r e p r e s e n t i n g  a b o u t  2 0  lb  o f  f is h .  O n e  s a m p le  
w a s  h a n d - f i l l e te d ,  s k in n e d ,  a n d  h o m o g e n iz e d  in  a  c o m m e r c ia l  f o o d  
p r o c e s s o r  t o  b e  u s e d  a s  t h e  c o n t r o l .  T h e  s e c o n d  s a m p le  w a s  p a s s e d  
o n c e  th r o u g h  t h e  m e a t / b o n e  s e p a r a t o r  w i th  n o  f u r t h e r  p ro c e s s in g .  
T h is  r e p r e s e n te d  c o m m e r c ia l ly  p r e p a r e d  m in c e  f r o m  h e a d e d  a n d  
g u t t e d  (H  &  G )  w h o le  f is h .  T h e  t h i r d  s a m p le  w a s  t h o r o u g h l y  w a s h e d  
t o  r e m o v e  b lo o d ,  k id n e y s ,  a n d  b e l ly  l in in g  p r i o r  t o  m in c in g  r e p r e 
s e n t in g  m in c e  m a d e  w i th  a n  a d d i t i o n a l  c le a n - u p  s te p .

A p p r o x im a te ly  4  d a y  p o s t - c a t c h  w h i t in g  w e re  u s e d  in  t h e  s e c o n d  
e x p e r im e n t .  E a c h  f ish  w a s  h e a d e d ,  g u t t e d ,  a n d  s c a le d  b y  h a n d  in  t h e  
l a b o r a t o r y .  T h e s e  h a n d - s c a le d  f is h  w e re  d iv id e d  a s  d e s c r ib e d  a b o v e  
w i th  t h e  r e s u l t a n t  c o n t r o l  ( 1 ) ,  c o m m e r c ia l  H  &  G  m in c e  ( 2 ) ,  a n d  
c le a n e d ,  H  &  G  m in c e  ( 3 )  a s  t h e  t h r e e  s a m p le s .

T w o  h u n d r e d  p o u n d s  o f  r e d  h a k e ,  1 d a y  p o s t - c a t c h ,  w e r e  h e a d e d ,  
g u t t e d ,  a n d  h a n d  s c a le d  in  t h e  l a b o r a t o r y .  T h e  f is h  w e re  t h e n  d iv id e d  
i n t o  t h r e e  s a m p le s  f o l lo w in g  t h e  s a m p l in g  s c h e m e  o f  E x p e r i m e n t  2  
a b o v e  (F ig .  3 ) .

M o is tu r e  c o n t e n t  w a s  d e t e r m in e d  b y  d r y in g  a p p r o x i m a t e l y  lO g  
o f  s a m p le  t o  c o n s t a n t  w e ig h t  a t  1 0 0 ° C .  T o t a l  a sh  w a s  d e t e r m in e d  b y  
h e a t in g  d r ie d  s a m p le s  t o  c o n s t a n t  w e ig h t  a t  5 2 5 ° C  (A O A C , 1 9 7 5 ) .  
L ip id  c o n t e n t  w a s  d e t e r m in e d  o n  t h r e e  2 5 g  s a m p le s  a c c o r d in g  to  
B lig h  a n d  D y e r  ( 1 9 5 9 ) .  C h o le s te r o l  w a s  d e t e r m in e d  b y  t h e  m e t h o d  
o f  K o v a c  e t  a l .  ( 1 9 7 9 ) .  C a r b o h y d r a t e  w a s  a s s u m e d  t o  b e  n e g lig ib le ,  
a n d  p r o t e in  w a s  c a l c u l a t e d  b y  d i f f e r e n c e .  C a lc iu m  w a s  a n a ly z e d  in

t r i p l i c a t e  b y  a to m ic  a b s o r p t i o n  s p e c t r o p h o t o m e t r y  (A O A C , 1 9 7 5 ) .  
S in g le  c a l c iu m  d e t e r m in a t io n s  w e r e  d o n e  f o r  t h e  s e c o n d  w h i t in g  
e x p e r im e n t .  S a m p le  v a r i a t i o n  w a s  t e s t e d  a s  b e in g  s ig n i f i c a n t  a t  p  <  
0 .0 1  u s in g  a n a ly s is  o f  v a r ia n c e ,  a n d  p o i n t s  o f  d i f f e r e n c e  w e re  
d e t e c t e d  b y  D u n c a n ’s ( 1 9 5 5 )  m u l t i p l e  r a n g e  t e s t .  S t a n d a r d  d e v ia 
t i o n s  f o r  t h e  s e c o n d  w h i t in g  e x p e r im e n t  w e re  d e t e r m in e d  b y  u s in g  
t h e  a v e ra g e  o f  t h e  p e r c e n t  o f  s t a n d a r d  d e v ia t i o n  t o  t h e  m e a n  o f  a ll 
s a m p le s  in  t h e  r a n g e  o f  t h e  c a l c iu m  v a lu e s .

RESULTS & DISCUSSION
T A B L E S  1 - 3  S H O W  p r o x i m a t e  c o m p o s i t i o n ,  c h o l e s t e r o l ,  
a n d  c a l c i u m  d a t a  f o r  t h e  t h r e e  s p e c i e s  o f  f i s h .  T h e r e  a r e  
s e v e r a l  d i f f e r e n t  m i n c e s  c u r r e n t l y  b e i n g  p r o d u c e d  f r o m  
A t l a n t i c  c o d ,  e a c h  u t i l i z i n g  a  d i f f e r e n t  p o r t i o n  o f  t h e  c o d  
f o r  t h e  r a w  s t a r t i n g  m a t e r i a l .  F i g .  1 o u t l i n e s  t h e  v a r i o u s  

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

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

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

s i g n i f i c a n t l y  h i g h e r  i n  c h o l e s t e r o l  a n d  c a l c i u m  t h a n  t h e  
o t h e r  f o u r  l o t s  o f  c o d  p r o d u c t s  ( T a b l e  1 ) .  C h o l e s t e r o l  l e v e l s  

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

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

Fig. 1—C o m m erc ia l c u ts  o f  A tla n t ic  co d . B o ld  b la ck  Unes o u tlin e  a 
fu ll n ape cu t. B lack area sh o w s  th e  V -cu t w h ich  re m o ves  th e  p in  
bon es. S tr ip e d  area is th e  b e l ly  flap. This is fre q u e n tly  (an d  in co r
re c tly )  ca lle d  th e  nape. F u ll n a p e  c u t  f ille ts  m in u s th e  b e l ly  flap a n d  
V -cu t are ca lle d  J -c u t fillets.
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MFM MFM

S K IN N E D  MFM

H O M O G E N IZ E D

( c o n t r o l )

Fig. 2 —S a m p lin g  sc h e m e  fo r  A  t la n tic  cod .
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Fig. 3 —S a m p lin g  sc h e m e  fo r  w h itin g . E x p e r im e n t 1: C o m m erc ia lly  
h ea d ed , g u t te d , a n d  sc a led  w h o le  fish  w ere  u sed  a s ra w  m ateria l. 
E x p e r im e n t 2 :  H and-scaled , h e a d e d  a n d  g u t te d  w h o le  fish  w ere u sed  
as ra w  m ateria l. E x p e r im e n t 2  a lso  sh o w s  th e  sam plin g  sch em e  fo r  
th e  re d  hake.
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C O M P O S I T I O N  O F  M S  C O D  &  H A K E . . .

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

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

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

c l e a n i n g  s t e p .
T h e  w h i t i n g  ( T a b l e  2 )  y i e l d e d  t h e  m o s t  s t a r t l i n g  d a t a .  

E a c h  e x p e r i m e n t  o n  t h e  w h i t i n g  w a s  a n a l y z e d  s e p a r a t e l y  
f o r  a n a l y s i s  o f  v a r i a n c e .  C a l c i u m  v a l u e s  j u m p e d  f r o m  a  l o w  
o f  a b o u t  3 0  m g %  i n  t h e  c o n t r o l  t o  v a l u e s  o f  a b o u t  1 I S  m g %  
m a d e  f r o m  b o t h  w a s h e d  a n d  u n w a s h e d  w h o l e  f i s h  t h a t  h a d

b e e n  c o m m e r c i a l l y  s c a l e d .  T h e  a m o u n t  o f  c a l c i u m  i n  t h e  
m i n c e  m a d e  f r o m  h a n d - s c a l e d  H  &  G  w h i t i n g  ( 3 0  m g % )  

w a s  s i g n i f i c a n t l y  l o w e r  t h a n  i n  t h e  m i n c e  m a d e  f r o m  c o m 
m e r c i a l l y  s c a l e d  H  &  G  w h i t i n g  ( 1 1 5  m g % )  a n d  w a s  t h e  
s a m e  a s  t h e  a m o u n t  f o u n d  i n  t h e  c o n t r o l  ( 3 0  m g % ) .  T h i s  

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

( 1 4 . 3 % )  o f  t h e  c o m m e r c i a l l y  s c a l e d ,  w a s h e d  H  &  G  m i n c e  

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

t e n t  i n  t h i s  r e p o r t  w a s  c a l c u l a t e d  b y  d i f f e r e n c e ,  a n d  t h e r e  is  
n o  s t a n d a r d  d e v i a t i o n  o f  t h e  m e t h o d ,  a n d  t h e  c o n t r o l  s a m 
p l e s  f r o m  b o t h  w h i t i n g  e x p e r i m e n t s  w e r e  o n l y  a b o u t  1 5 . 0 %

T a b l e  1 — P r o x i m a t e  c o m p o s i t i o n ,  c h o l e s t e r o l ,  a n d  c a l c i u m  c o n t e n t  i n  c o d  f i l l e t s  a n d  m i n c e  m a d e  f r o m  v a r i o u s  c o d  p o r t i o n s  ( P e r c e n t  w e t  w e i g h t  

± o n e  s t d .  d e v . )

% % % % m g% m g%
Sample Fat Moisture Ash Protein Cholesterol Calcium

Skinless fillets 0.48 ± 0.05 82.4 ± 0.2 1.12 ± 0.18 16.0 48.1 ± 1.3 4.5 ± 0.6
(Control) a,b b,c b a a

M i n c e :

Skin-on  fillets 0.42 ± 0.02 82.0 ± 0.3 0.89 ± 0.17 16.7 45.0 ± 5.2 14.5 ± 2.3
a b a,b a b

V-cuts 0.55 ± 0.02 80.9 ± 0.3 1.15 ± 0.12 17.3 49.9 ± 2.8 5.3 ± 0.4
b a b a a

Belly flaps 0.52 ± 0.04 81.7 ± 0.4 0.49 ± 0.10 17.3 55.3 ± 4.6 18.9 ± 0.9
a,b a,b a a c

Cleaned frames 0.58 ± 0.04 83.1 ± 0.1 0.88 ± 0.30 15.4 82.9 ± 2.2 38.4 ± 0.6
b,c c a,b b e

Commercial frames 0.66 ± 0.05 81.6 ± 0.1 1.92 ± 0.13 15.8 87.8 ± 3.2 28.6 ± 0.6
c a,b c b d

a Sam ples with the same lower case letter are not statistically different (p <  0.01).

T a b l e  2 — P r o x i m a t e  c o m p o s i t i o n ,  c h o l e s t e r o l ,  a n d  c a l c i u m  c o n t e n t  o f  w h i t i n g  f i l l e t s  a n d  m i n c e  m a d e  f r o m  H  &  G  w h i t i n g  ( P e r c e n t  w e t  w e i g h t

±  o n e  s t d .  d e v . )

% % % % m g% m g%
Sample Fat Moisture Ash Protein Cholesterol Calcium

C o m m e r c i a l l y  s c a l e d

Skin less fillet 1.37 ± 0.08 82.4 ± 0.05 1.17 ± 0.11 15.1 44.3 ± 1.3 29.5 ± 1.4
(Control) a a a a a
M i n c e :

Cleaned H & G 1.51 ± 0.02 82.6 ± 0.1 1.52 ± 0.06 14.3 46.8 ± 5.4 101.6 ± 1.7
a a a a b

Commercial H & G 1.91 ± 0.42 81.9 ± 0.2 1.25 ± 0.11 14.9 68.1 ± 6.6 127.3 ± 0.6
a a a b c

H a n d - s c a l e d

Skinless 1.92 ± 0.08 82.0 ± 0.1 1.12 + 0.16 15.0 4 2 .2 +  1.5 28.1 ± 1.8
(Control) a a a a a
M i n c e :

Cleaned H & G 1.94 ± 0.02 82.0 ± 0.1 1.11 ± 0.16 14.9 4 4 .0 +  7.0 31.0 + 2.0
a a a a a

Commercial H & G 2.00 ± 0.38 81.4 ± 0.5 1.08 ± 0.00 15.5 57.0 ± 16.7 32.0 ± 2.0
a a a a a

3 Samples with the same lower case letter are n ot statistically different (p <  0.01).

T a b l e  3 — P r o x i m a t e  c o m p o s i t i o n ,  c h o l e s t e r o l , a n d  c a l c i u m  c o n t e n t i n  r e d  h a k e  f i l l e t s  a n d  m i n c e  m a d e f r o m  H  &  G  r e d  h a k e  ( P e r c e n t  w e t

w e i g h t  ± o n e  s t d .  d e v . )

% % % % m g% m g%
Sample Fat Moisture Ash Protein Cholesterol Calcium

Skin less fillets 0.36 + 0.01 84.5 ± 0.2 1.07 ± 0.01 14.1 35.1 + 2.2 20.4 + 0.7
(Control) a a a a a,b
M i n c e :

Cleaned H & G 0.45 ± 0.03 83.2 ± 0.3 1.58 ± 0.24 14.8 49.0 ± 2.5 25.5 ± 1.0
a a a a b

Com m ercial H & G 0.37 ± 0.05 83.1 ± 0.4 1.30 ± 0.12 15.2 45.3 ± 6.4 20.0 ± 1.2
a a a a a

a Sam ples with the same lower case letter are not statistically different (p <  0.01).
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p r o t e i n .  B r o o k e  e t  a l .  ( 1 9 6 2 )  r e p o r t e d  a  p r o t e i n  c o n t e n t  o f

1 5 . 2  ±  0 . 9 %  f o r  s i l v e r  h a k e  c a u g h t  i n  t h e  f a l l .  T h i s  m e a n s  
t h a t  t h e  r a n g e  o f  p r o t e i n  f o r  w h i t i n g  a t  t w o  s t a n d a r d  d e v i a 
t i o n s  i s  1 3 . 4 - 1 7 . 0 % .  W h i t i n g  m a y  p r o d u c e  a  m i n c e  t h a t  

c a n n o t  p a s s  t h e  m i n i m u m  r e q u i r e m e n t s .
I n  t h e  c a s e  o f  r e d  h a k e  ( T a b l e  3 ) ,  f a t  m o i s t u r e ,  a s h ,  a n d  

c h o l e s t e r o l  c o n t e n t  r e m a i n e d  t h e  s a m e  f o r  a l l  s a m p l e s .  
W h i l e  t h e  c o n t r o l  h a d  p r o t e i n  l e v e l s  ( 1 4 . 1 % )  a p p r o a c h i n g  
t h e  m i n i m u m  a l l o w a b l e  ( 1 4 . 0 % )  u n d e r  t h e  r e g u l a t i o n s ,  t h e  
p r o t e i n  c o n t e n t  i n  t h e  M F M  d i d  f a l l  w i t h i n  t h e  a c c e p t a b l e  
g u i d e l i n e s  a t  1 4 . 8  a n d  1 5 . 2 % .  S i d w e l l  ( 1 9 8 1 )  r e p o r t e d  a  
r a n g e  f o r  p r o t e i n  i n  t h e  r a w  m u s c l e  o f  U r o p h y c i s  c h u s s  o f
1 5 . 2 - 2 0 . 7 % .

W h e n  c o m p a r i n g  a l l  t h r e e  s p e c i e s  a n d  t h e i r  v a r i o u s  M F M ,  
c h o l e s t e r o l  l e v e l s  w e r e  t h e  h i g h e s t  i n  t h e  c o d  f r a m e  m i n c e s  
a t  a b o u t  8 5  m g / l O O g  m i n c e .  T h e  c o d  f r a m e  m i n c e s  h a d  
r e l a t i v e l y  l o w  f a t  c o n t e n t  a t  a b o u t  0 .6 % , w h i l e  s o m e  o f  t h e  
h i g h e s t  f a t  s a m p l e s ,  t h e  w h i t i n g  m i n c e s ,  a t  a b o u t  1 .9 %  f a t ,  

w e r e  s i g n i f i c a n t l y  l o w e r  i n  c h o l e s t e r o l  a t  a b o u t  4 0  m g / l O O g .
T h e  H  &  G  c o m m e r c i a l l y  s c a l e d  w h i t i n g  m i n c e  c o n t a i n e d  

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

s c a l e s  w e r e  t h e r e f o r e ,  e i t h e r  n o t  e x t r u d e d  w i t h  t h e  M F M  

b e c a u s e  o f  t h e i r  s i z e ,  a d h e s i o n  t o  t h e  s k i n ,  o r  t h e  p o s i t i o n  
o f  t h e  s k i n  t o  t h e  d r u m  ( W o n g  e t  a l . ,  1 9 7 8 ) ,  o r ,  t h e  s c a l e s  

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

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

T h e  f o l l o w i n g  g e n e r a l i z a t i o n s  w e r e  m a d e  w i t h  t h e  M S  

b e e f / p o u l t r y  r e g u l a t i o n s  a s  t h e  s t a n d a r d  f o r  f a t ,  p r o t e i n ,  
a n d  c a l c i u m .  C h o l e s t e r o l  e v a l u a t i o n s  w e r e  b a s e d  o n  t h e  
A m e r i c a n  M e d i c a l  A s s o c i a t i o n ’s  r e c o m m e n d a t i o n  o f  3 0 0  

m g  c h o l e s t e r o l / d a y  f o r  p e o p l e  o n  l o w - c h o l e s t e r o l  d i e t s .  T h e  
r e d  h a k e  m i n c e  w a s  l o w  f a t ,  l o w  c h o l e s t e r o l ,  l o w  c a l c i u m ,  
a n d  a c c e p t a b l e  p r o t e i n .  T h e  r e d  h a k e  w a s  d i f f i c u l t  t o  p r o c 

e s s ,  b e c a u s e  h a n d - s c a l i n g  w a s  i n v o l v e d .  T h e  w h i t i n g  m i n c e  
w a s  l o w  f a t ,  l o w  t o  m e d i u m  c h o l e s t e r o l ,  l o w  c a l c i u m  ( i f  

p r o p e r l y  s c a l e d ) ,  a n d  p e r h a p s  m a r g i n a l  p r o t e i n .  O n c e ,  a g a i n ,  
h a n d - s c a l i n g  m a d e  t h e  p r o c e s s i n g  t e d i o u s .  C o d  m i n c e  w a s  
l o w  f a t ,  m e d i u m  t o  h i g h  c h o l e s t e r o l ,  l o w  c a l c i u m ,  a n d  h i g h  
p r o t e i n .  C o d  w a s  t h e  e a s i e s t  t o  p r o c e s s  o f  t h e  t h r e e  s p e c i e s  
t e s t e d .  I t  w o u l d  a p p e a r  t h a t  m e c h a n i c a l  s e p a r a t i n g  d i d  n o t  

s u b s t a n t i a l l y  a l t e r  t h e  c h e m i c a l  c o m p o s i t i o n  o f  t h e  M F M  
f r o m  t h a t  o f  t h e  s k i n l e s s  f i l l e t .  P r o t e i n  c o n t e n t  m a y  b e c o m e  
a  p r o b l e m  i f  t h e s e  s p e c i e s  d o  n o t  h a v e  a n  i n i t i a l  p r o t e i n  
c o n t e n t  o f  1 4 . 0 %  b e f o r e  t h e y  a r e  e v e n  p r o c e s s e d .
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U s e  o f  F l u o r o g e n i c  A s s a y s  f o r  t h e  E n u m e r a t i o n  o f  

E s c h e r i c h i a  c o l i  f r o m  S e l e c t e d  S e a f o o d s

RICARDO J. ALVAREZ

---------------------------  ABSTRACT----------------------------
E s c h e r i c h ia  c o l i  w a s  e n u m e r a t e d  a n d  im m e d ia te ly  c o n f i r m e d  b y  
i n c o r p o r a t in g  4 - m e th y lu m b e l l i f e r o n e  g lu c u r o n id e  (M U G ) in t o  
L a c to s e  B r o th  (L B ) ,  V io le t  R e d  B ile  A g a r  (V R B )  a n d  M -E n d o  B ro th  
(M -E n d o )  in  s e le c te d  s e a fo o d s .  E. c o l i  in  t h e  s e a f o o d  s a m p le s  r a n g e d  
f r o m  1 .0  x 1 0 1 -  1 .0  x  1 0 3 M o s t  P r o b a b le  N u m b e r  (M P N ) /g ,  1 .0  x 
1 0 1 -  3 .5  x  1 0 2 c f u /g  a n d  0 .9  x 1 0 1 -  2 .8  x  1 0 2 c f u /g  in  L B -M U G , 
V R B -M U G , a n d  M -E n d o -M U G , re s p e c t iv e ly .  A l th o u g h  n o t  s t a t i s 
t i c a l ly  s ig n i f i c a n t  ( a  = 0 . 0 5 ) ,  L B -M U G  re s u l te d  in  h ig h e r  c o u n t s  in  
f r e s h  f in f i s h ,  f r o z e n  f is h  a n d  b r e a d e d  s e a fo o d s .  S p e c i f i c i ty  f o r  E. 
c o l i  in  L B -M U G , V R B -M U G  a n d  M -E n d o  M U G  w a s  9 6 .5 % , 9 2 .0 % , 
a n d  9 0 .0 % , r e s p e c t iv e ly .  A ll t h r e e  f lu o r o g e n ic  a s s a y s  e n a b le d  a  r a p id  
a n d  s e n s i t iv e  e n u m e r a t io n  o f  E. c o l i  f r o m  s e a f o o d  p r o d u c t s .

INTRODUCTION
T H E  O C C U R R E N C E  o f  f e c a l  c o l i f o r m s  i n  f o o d s  i s  r e g a r d e d  
a s  a n  i m p o r t a n t  i n d i c a t i o n  o f  p u b l i c  h e a l t h  h a z a r d  f r o m  

i n f e c t i o u s  a g e n t s .  C o l i f o r m s ,  f e c a l  c o l i f o r m s ,  f e c a l  s t r e p 
t o c o c c i ,  E s c h e r i c h i a  c o l i ,  a n d  e n t e r o p a t h o g e n i c / e n t e r o t o x i -  
g e n i c  E .  c o l i  h a v e  a l l  b e e n  u s e d  a s  s a n i t a r y  i n d i c a t o r s  o f  
f e c a l  p o l l u t i o n  i n  f o o d s  a n d  w a t e r  ( C h o r d a s h  a n d  I n s a l a t a ,
1 9 7 8 ) .  E .  c o l i  i s  o f t e n  p r e f e r r e d  o v e r  t h e  c o l i f o r m  g r o u p  
a s  a n  i n d i c a t o r  b e c a u s e  i t  is  m o r e  s p e c i f i c  a n d  m o r e  r e l i a b l y  
r e f l e c t s  f e c a l  o r i g i n  ( F e n g  a n d  H a r t m a n ,  1 9 8 2 ) .  C u r r e n t  
d e t e c t i o n  a s s a y s  f o r  E .  c o l i  a r e  b a s e d  o n  t h e  p r o p e r t i e s  o f  
a c i d  o r  g a s  p r o d u c t i o n  f r o m  l a c t o s e .  S o m e  o f  t h e  a c c e p t e d  
m e t h o d s  i n c l u d e  t h e  m e m b r a n e  f i l t e r  m e t h o d ,  t h e  M o s t -  
P r o b a b l e - N u m b e r  ( M P N )  m e t h o d  i n v o l v i n g  a  p r e s u m p t i v e  
t e s t  f o l l o w e d  b y  a  c o n f i r m e d  t e s t ,  a n d  t h e  d i r e c t  p o u r  p l a t e  
m e t h o d  u s i n g  V i o l e t  R e d  B i l e  ( V R B )  a g a r .  A l l  t h e s e  t e s t s  
a r e  l a b o r i o u s  a n d  t i m e  c o n s u m i n g ,  s o m e  r e q u i r i n g  4 8 - 9 6  

h r  t o  c o m p l e t e  ( S p e c k ,  1 9 7 6 ) .
T h e  u s e  o f  t h e  f l u o r o g e n i c  s u b s t r a t e  ( 4 - m e t h y l u m b e l l i -  

f e r o n e - ( 3 - D - g l u c u r o n i d e  ( M U G )  t o  d e t e c t  g l u c u r o n i d a s e  
a c t i v i t y  w a s  f i r s t  r e p o r t e d  b y  M e a d  e t  a l .  ( 1 9 5 5 ) .  I n  1 9 7 6 ,  
K i l i a n  a n d  B i l l o w  r e p o r t e d  g l y c o s i d a s e  a c t i v i t i e s  a m o n g  

E n t e r o b a c t e r i a c e a e  a n d  d e m o n s t r a t e d  t h a t  j 3 - g l u c u r o n i d a s e  
a c t i v i t y  w a s  a n  e x c l u s i v e  c h a r a c t e r i s t i c  o f  E .  c o l i  a n d  s o m e  
S h i g e l l a  s p e c i e s .  A m o n g  6 3 3  E n t e r o b a c t e r i a c e a e ,  9 7 %  o f  
t h e  E .  c o l i  a n d  5 0 %  o f  t h e  S h i g e l l a  t e s t e d  w e r e  p o s i t i v e  f o r  
g l u c u r o n i d a s e  a c t i v i t y ;  a l l  o t h e r  E n t e r o b a c t e r i a c e a  w e r e  
n e g a t i v e .  L e M i n o r  ( 1 9 7 8 )  f o u n d  t h a t  o f  4 0 0 0  s t r a i n s  o f  
S a l m o n e l l a  t e s t e d ,  3 0 %  p o s s e s s e d  g l u c u r o n i d a s e .  K i l i a n  
a n d  B i l l o w  ( 1 9 7 6 )  c o n c l u d e d  t h a t  t h e  h i g h  f r e q u e n c y  
o b s e r v e d  a m o n g  E .  c o l i  s t r a i n s  i n d i c a t e d  t h a t  t h e  ( 3 - g lu c o r o -  
n i d a s e  p r e s e n c e  h a d  p o t e n t i a l  f o r  s i m p l i f y i n g  t h e  d i f f e r e n 
t i a t i o n  o f  E .  c o l i  f r o m  o t h e r  e n t e r o b a c t e r i a .

K i l i a n  a n d  B i l l o w  ( 1 9 7 9 )  f o r m u l a t e d  a n  a g a r  m e d i u m  
( P G U A - A g a r )  w h i c h  p e r m i t t e d  t h e  d e t e c t i o n  o f  b a c t e r i a  
w i t h  ( 3 - g l u c u r o n i d a s e  a c t i v i t y  i n  m i x e d  c u l t u r e s  u s i n g  a  
c h r o m o g e n i c  s u b s t r a t e ,  4 - n i t r o p h e n y l - ( 3 - D - g l u c u r o n i d e ,  a s  
t h e  s u b s t r a t e .  O t h e r  r e s e a r c h e r s  h a v e  s t u d i e d  ( 3 - g l u c u r o n i 
d a s e  a c t i v i t y  ( B u e h l e r  e t  a l . ,  1 9 5 1 ;  D o y l e  e t  a l . ,  1 9 5 5 ;  
K u s h i n s k y  e t  a l . ,  1 9 6 7 ) .  F e n g  a n d  H a r t m a n  ( 1 9 8 2 )  d e v e l -

A u t h o r  A l v a r e z '  m a i l i n g  a d d r e s s  i s  1 2 0 1  O f f i c e  P a r k  R o a d ,  S u i t e  

6 0 6  W e s t  D e s  M o i n e s ,  I A  5 0 2 6 5 .

o p e d  a  r a p i d  a s s a y  f o r  E .  c o l i  i n  M o s t - P r o b a b l e - N u m b e r  

t u b e s  b y  a d d i n g  1 0 0  (U g /m L  o f  M U G  i n t o  L a u r y l  S u l f a t e  
T r y p t o s e  B r o t h  ( L S T ) .  A p p r o x i m a t e l y  9 0 %  o f  t h e  t u b e s  
s h o w i n g  b o t h  g a s  p r o d u c t i o n  a n d  f l u o r e s c e n c e  c o n t a i n e d  

f e c a l  c o l i f o r m s  ( p o s i t i v e  i n  E C  b r o t h  i n c u b a t e d  a t  4 5  C ) .  
T h e  a u t h o r s  d e s c r i b e d  t h e  p r o c e d u r e  a s  b e i n g  s e n s i t i v e  

a n d  r a p i d .
R e c e n t l y ,  F i r s t e n b e r g - E d e n  a n d  K l e i n  ( 1 9 8 3 )  r e p o r t e d  

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

c o l i f o r m s .  T h e  s e l e c t i v i t y  o f  C M  m e d i u m  w a s  b e t t e r  t h a n  
t h a t  o f  L S T  a n d  V R B .  H o w e v e r ,  t h e  p r o c e d u r e  d e s c r i b e d  

r e q u i r e d  a  B A C T O M E T E R  M 1 2 0 .
T h e  s e a f o o d  i n d u s t r y  c o u l d  u s e  a  r a p i d  ( l e s s  t h a n  2 4  h r )  

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

t i o n  ( e s p e c i a l l y  E .  c o l i )  f r o m  s e a f o o d  p r o d u c t s .

MATERIALS & METHODS

S a m p le s

S e a f o o d  s a m p le s  w e r e  o b t a i n e d  f r o m  lo c a l  r e t a i l  s e a f o o d  m a r k e t s  
in  t h e  M a d is o n ,  WJ a r e a .  F r e s h  f in f i s h ,  f r e s h  s h e l l f is h ,  f r o z e n  f is h ,  
f r o z e n  s h e l l f is h  a n d  b r e a d e d  s e a f o o d s  w e re  b o u g h t  a n d  t r a n s p o r t e d  
t o  t h e  l a b o r a t o r y .  S a m p le s  w e r e  t e s t e d  t h e  s a m e  d a y  o f  p u r c h a s e .

M e d ia  a n d  r e a g e n t s

L a c to s e  B r o th  (L B ) ,  V io le t  R e d  B ile  A g a r  ( V R B ) ,  M -E n d o  B r o th ,  
E C  B r o th  a n d  E o s in  M e th y le n e  B lu e  (E M B ) w e re  a ll  o b t a in e d  f r o m  
G IB C O  L a b o r a to r i e s  (M a d is o n ,  W I) .  4 -m e th y lu b e l l i f e r o n e - (3 -D -  
g l u c u r o n id e  (M U G ) w a s  p u r c h a s e d  f r o m  S ig m a  C h e m ic a l ,  S t .  L o u i s ,  

M O .

A n a ly s e s  o f  s e a f o o d  s a m p le s

S e a f o o d  s a m p le s  w e re  b le n d e d  in  a  W a r in g  B le n d o r  a t  lo w  
s p e e d  f o r  2  m in .  A p p r o p r i a t e  s e r ia l  d i l u t i o n s  w e re  m a d e  b y  u s in g  
B u t te r s f ie ld  P h o s p h a te  B u f f e r  (B A M , 1 9 7 6 ) .  M U G  ( 1 0 0  p g /m L )  
w a s  a d d e d  to  e a c h  m e d iu m  (F e n g  a n d  H a r tm a n ,  1 9 8 1 ) .  W ith  t h e  
M P N  m e t h o d  (S p e c k ,  1 9 7 6 ) ,  M U G  w a s  a d d e d  d i r e c t l y  t o  L a c to s e  
B r o th  (L B -M U G ). T h e  L B -M U G  m e d iu m  w a s  t h e n  d is p e r s e d  in to  
t u b e s  c o n ta in in g  D u rh a m  v ia ls , a n d  th e  t u b e s  s te r i l i z e d  in  a n  a u t o 
c la v e  f o l lo w in g  m a n u f a c tu r e r s  s p e c i f i c a t io n s .  T h e  p r e s e n c e  o f
E. c o l i  w a s  r e f le c te d  b y  t h e  a p p e a r a n c e  o f  f lu o r e s c e n c e  th r o u g h o u t  
t h e  tu b e .  T h e  L B -M U G  c o m b in a t io n  p r o v id e s  a  p r e s u m p t iv e  c o li-  
f o r m  e n u m e r a t io n  b a s e d  o n  g a s  f o r m a t i o n ,  t h e n  p r o v id e s  a n  im m e 
d ia t e  c o n f i r m a t i o n  o f  E. c o l i  b a s e d  o n  f lu o r e s c e n c e .  W ith  t h e  V R B  
m e t h o d  ( S p e c k ,  1 9 7 6 ) ,  M U G  w a s  i n c o r p o r a t e d  in to  t h e  V R B  
o v e r la y  (V R B -M U G ) . E. c o l i  c o lo n ie s  w e re  r e a d i ly  d i s t in g u is h e d  
f r o m  n o n - f i .  c o l i  c o lo n ie s  b y  t h e  p r e s e n c e  o f  a  f l u o r e s c e n t  h a lo  
a r o u n d  th e  c o lo n ie s .  M U G  w a s  d is s o lv e d  in  w a rm  w a t e r ,  f i l t e r  s t e r 
i l iz e d  th r o u g h  a  0 . 2 2 - g m  m e m b r a n e  a n d  a d d e d  to  t h e  s te r i l i z e d  M - 
E n d o - M U G )  (S p e c k ,  1 9 7 6 ) .  S e a f o o d  s a m p le s  w e re  f i l t e r e d  t h r o u g h  
a  0 .4 5 -M m  m e m b r a n e  a n d  t h e  f i l t e r  w a s  t h e n  p la c e d  o n  t h e  M -E n d o -  
M U G  b r o t h  p la te s .  E. c o l i  a p p e a r e d  a s  f l u o r e s c e n t  c o lo n ie s  o n  t h e  
m e m b r a n e  f i l te r .

P la te s  a n d  t u b e s  w e re  i n c u b a te d  o v e r n ig h t  a t  3 5 °  C  a n d  t h e n  
e x a m in e d  f o r  f lu o r e s c e n c e  u n d e r  lo n g  w a v e  U V  l ig h t  (B la c k l ig h t  
b lu e ,  W e s t in g h o u s e ,  B lo o m f ie ld ,  N J ) .

S e le c te d  p o s i t iv e  tu b e s  a n d  c o lo n ie s  w e re  c o n f i r m e d  f o r  E. 
c o l i  b y  in o c u la t in g  i n t o  a n  E C  B r o th  t u b e  in c u b a t e d  a t  4 5 .5 ° C  f o r  
4 8  h r  f o l l o w e d  b y  s t r e a k in g  o n t o  a n  E M B  p l a t e  i n c u b a t e d  f o r  2 4  -  
4 8  h r  a t  3 5 ° C  (S p e c k ,  1 9 7 6 ) .  T r a d i t i o n a l  E. c o l i  c o n f i r m a t o r y  
s te p s  w e re  t h e n  p e r f o r m e d  (S p e c k ,  1 9 7 6 ) .
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T a b l e  1 — E n u m e r a t i o n  o f  t o t a l  c l o i f o r m s  ( g a s )  a n d  E .  c o l i  ( f l u o r e s 

c e n c e )  p r e s e n t  i n  s e a f o o d  s a m p l e s  u s i n g  t h e  L B - M U G  a s s a y

Samples
No. of 

Samples

LB-M UGa

Gas (%)b Fluorescence (%)c
Fresh finfish 5 4.5 x 102 (100) 8.0 x 101 (17.7)
Fresh shellfish 4 5.8 x 102 (100) 1.6 x 101 (2.7)
Frozen fish 7 2.5 x 102 (100) 2.6 x 101 (10.4)
Frozen shellfish 5 3.5 x 102 (100) 1.0 x 101 (2.8)
Breaded seafoods 9 3.9 x 103 (100) 1.0 x 103 (25.6)

Average of four replicates.
D Represents the Gas (+) LB-Mug tubes, the total coliform fraction in each 

food category.
c Represents the fraction of fecal conforms present in each seafood cate

gory.

T able 3 —E n u m era tio n  o f  to ta l  c o n fo rm s  a n d  E. c o l i  ( f lu o re scen t  
halo) p r e s e n t in s e a fo o d  sa m p les using th e  V R B -M U G  assay

Sam ples
No. of 

samples

V R B -M U G a

Total
Fluorescent

halo (% )b

Fresh finfish 5 4.5 x 102 2.0 x 1 0 1 (7.1)
Fresh shellfish 4 4.6 x 1 0 2 2.8 x 1 0 1 (6.1)
Frozen fish 7 1.0 x 1 0 2 1.0 x 1 0 1 (1.0)
Frozen shellfish 5 2.8 x 102 1.2 x 1 0 1 (4.3)
Breaded seafood 9 2.8 x 103 3.5 x 1 0 2 (12.5)

Average of four replicates.
D Represents the fraction of fecal co liform s present in each seafood 

category.

T h e  d a t a  w e r e  a n a ly z e d  b y  tw o -w a y  a n a ly s is  o f  v a r ia n c e  c a l c u la 
t i o n s  ( S te e le  a n d  T o r r ie ,  1 9 6 0 )  a n d  D u n c a n ’s m u l t i p e l  r a n g e  t e s t  
( D u n c a n ,  1 9 5 5 ) .

RESULTS & DISCUSSION
T A B L E S  1 ,  3  A N D  5 s h o w  t h e  p r e s e n c e  o f  t o t a l  c o l i f o r m s  
a n d  E .  c o l i  i n  f r e s h  a n d  f r o z e n  f i s h  a n d  s h e l l f i s h  a n d  b r e a d e d  

s e a f o o d s  a s  e n u m e r a t e d  b y  u s i n g  L B - M U G ,  V R B - M U G ,  a n d  
M - E n d o - M U G .  E a c h  c o u n t  r e p r e s e n t s  t h e  m e a n  o f  f o u r  
r e p l i c a t e s  o f  e a c h  s a m p l e  w i t h i n  e a c h  s e a f o o d  c a t e g o r y  a n d  
t h e  p e r c e n t  c o n t a i n i n g  E .  c o l i  ( f l u o r e s c e n c e )  w e r e  d e t e r 

m i n e d  i n  r e l a t i o n  t o  t o t a l  c o l i f o r m s  ( n o n - f l u o r e s c e n t  

c o l o n i e s  o r  g a s  p r o d u c t i o n  o n l y ) .  O v e r a l l ,  t h e  n u m b e r  o f
E .  c o l i  p r e s e n t  i n  t h e  s e l e c t e d  s e a f o o d  s a m p l e s  a r e  w i t h i n  

t h e  r a n g e s  s h o w n  i n  t h e  l i t e r a t u r e  ( J a y ,  1 9 7 8 ) .  A l t h o u g h  
n o t  s t a t i s t i c a l l y  s i g n i f i c a n t  ( a  =  0 . 0 5  l e v e l ) ,  L B - M U G  m e d i a  
r e c o v e r e d  m o r e  E .  c o l i  i n  f r e s h  f i n f i s h ,  f o r z e n  f i s h ,  a n d  
b r e a d e d  s e a f o o d s .  T y p i c a l l y ,  t h e  E .  c o l i  r e c o v e r y  o n  L B -  
M U G  w a s  t w o  t o  t h r e e  t i m e s  h i g h e r  i n  t h e s e  s e a f o o d  
s a m p l e s .  W e h r  ( 1 9 8 2 )  r e p o r t e d  t h a t  2 9  s t a t e  h e a l t h  a n d  
a g r i c u l t u r a l  a g e n c i e s  h a d  i m p l e m e n t e d  p o l i c i e s  o r  m i c o r -  
b i a l  c r i t e r i a  f o r  f o o d s .  O f  t h e s e ,  1 5  l i s t e d  s o m e  c r i t e r i a  f o r  
s e a f o o d  p r o d u c t s .  F o r  t h e  s e a f o o d  s a m p l e s  w i t h  a  g i v e n  
g u i d e l i n e ,  t h e  c o l i f o r m  l e v e l s  f o u n d  i n  t h i s  s t u d y  a r e  g e n 

e r a l l y  h i g h e r .  W e h r  ( 1 9 8 2 )  a l s o  s t a t e d  t h a t  7 %  o f  t h e  s u r 
v e y  r e s p o n d a n t s  b e l i e v e d  t h e  p r e s e n c e  o r  a b s e n c e  o f  E .  c o l i  
w a s  i n d i c a t i v e  o f  p r o d u c t  s a f e t y .  T h e  h i g h e s t  p e r c e n t a g e  o f

E .  c o l i  w a s  p r e s e n t  i n  b r e a d e d  s e a f o o d  p r o d u c t s  ( 2 5 . 6 % ,  
1 2 . 5 % ,  a n d  1 2 . 7 %  f o r  L B - M U G ,  V R B - M U G  a n d  M - E n d o -  
M U G ,  r e s p e c t i v e l y ) .

T h e  E C  B r o t h  c o n f i r m t o r y  t e s t  r e s u l t s  f o r  t h e  s e l e c t e d  
s e a f o o d  s a m p l e s  a r e  s h o w n  i n  T a b l e s  2 ,  4 ,  a n d  6 . O f  a  t o t a l  
o f  4 5 6  g a s  ( + )  f l u o r e s c e n c e  ( + )  L B - M U G  t u b e s ,  4 4 0  h a d  
p o s i t i v e  E C  B r o t h  t e s t s  ( 9 6 . 5 % ) .  A  l o w - f a l s e  p o s i t i v e  r a t e  
o f  3 . 5 %  w a s  o b s e r v e d  ( p o s i t i v e  E C  t e s t  i n  t h e  a b s e n c e  o f  

f l u o r e s c e n c e ) .  N o  g a s  ( - )  f l u o r e s c e n t  ( + )  t u b e s  w e r e  s e e n  i n  
t h e  s e a f o o d  s a m p l e s  ( T a b l e  2 ) .  O f  a  t o t a l  o f  6 3  c o l o n i e s  
w i t h  f l u o r e s c e n t  h a l o s ,  5 8  h a d  p o s i t i v e  E C  B r o t h  t e s t s  
( 9 2 . 0 % ) .  A  f a l s e - p o s i t i v e  r a t e  o f  8 . 0 %  w a s  o b s e r v e d  ( T a b l e

—C o n tin u e d  on  p a g e  1 2 3 2

Table 2— EC broth E. coli confirmatory results on LB-MUG gas {+} 
tubes obtained from the MPN analysis o f seafood samples

Sample Fluorescence
No.

tested
Positive EC 
broth test %

Fresh Finfish + 87 87 (100)
- 32 0 (0)

Fresh Shellfish + 94 90 (96)
— 26 2 (8)

Frozen Fish + 80 79 (97)
— 29 1 (3)

Frozen Shellfish + 77 77 (100)
- 22 0 (0)

Breaded Seafoods + 118 107 (91)
- 30 2 (7)

TOTAL Gas (+) Fluorescence (+) 456 440 (96.5)
Gas (+) Fluorescence (—) 139 5 (3.5)

T able  4 —EC b r o th  E. c o l i  c o n f irm a to ry  re su lts  o f  VR B -M U G  c o lo 
n ies iso la te d  fro m  se a fo o d  sam ples

Colonies

Sample
Fluorescent

halo
No.

tested
Positive EC  
broth test (%)

Fresh finfish + 10 10 (100)
— 10 0 (0)

Fresh shellfish + 10 9 (90)
— 10 1 (10)

Frozen fish + 8 6 (75)
- 10 1 (10)

Frozen shellfish + 10 9 (90)
- 10 0 (0)

Breaded seafoods + 25 24 (96)
- 10 2 (20)

T O T A L Fluorescent halo (+) 63 58 (92)
Fluorescent halo (— ) 50 4 (8)

T ab le  5 —E n u m era tio n  o f  to ta l co n fo rm s a n d  E. c o li  (flu o re scen t  
co lo n ie s)  p r e s e n t in se a fo o d  sa m p les using th e  M -E ndo-M U G  assay

Samples
No. of 

samples

IVLEndo-IVIUGa

Total
colonies

Fluorescent
colonies (% )b

Fresh finfish 5 2.5 x 102 1.5 x 1 0 1 (6.0)
Fresh shellfish 4 4.0 x 1 0 2 1.5 x 1 0 1 (3.8)
Frozen fish 7 1.0 x 1 0 2 0.9 x 1 0 1 (0.9)
Frozen shellfish 5 2.5 x 1 0 2 1.0 x 1 0 1 (4.0)

Breaded seafoods 9 2.2 x 103 2.8 x 102 (12.7)

a Average of four replicates.
°  Represents the fraction  of fecal co lifo rm s present in each seafood  

category.

T able  6 —EC b r o th  E. c o l i  c o n f ir m a to r y  re su lts  o f  M -E ndo-M U G  
co lo n ie s  iso la te d  from  s e a fo o d  sa m p les

Colonies

Sam ple Fluorescence
No.

tested
Positive EC  
broth test (%)

Fresh finfish + 10 90 (90)
— 10 1 (10)

Fresh shellfish + 10 9 (90)
— 10 0 (0)

Frozen fish + 8 8 (100)
— 10 0 (0)

Frozen shellfish + 9 8 (89)
- 10 1 (10)

Breaded seafoods + 25 22 (88)

- 10 3 (30)

Total Fluorescence (+) 62 56 (90)
Fluorescence (— ) 50 5 (10)
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L i f e  C y c l e  o f  C a n n e d  T o m a t o  P a s t e :  C o r r e l a t i o n  B e t w e e n  

S e n s o r y  a n d  I n s t r u m e n t a l  T e s t i n g  M e t h o d s

JEAN R. ECKERLE, CHARLOTTE D. HARVEY, and TUNG-SHAN CHEN

---------------------- ------ ABSTRACT-----------------------------
C a n n e d  t o m a t o  p a s te  w a s  e x a m in e d  to  d e t e r m i n e  i t s  l i f e  c y c le .  L i fe  
c y c le  i n f o r m a t i o n  c a n  b e  u s e d  t o  p r e d i c t  t h e  s h e l f - l i f e  o f  t h e  p r o d 
u c t .  T h e  p r o d u c t  w a s  s to r e d  a t  4 5 ,  3 7 .8 ,  2 9 .4 ,  2 2 .2 ,  a n d  3 .3 ° C  f o r  
u p  t o  3 y r .  T h e  p r o d u c t  w a s  a n a ly z e d  b y  tw o  s e n s o r y  t e s t i n g  m e t h 
o d s  ( h e d o n ic  e v a lu a t io n s  a n d  d e s c r ip t iv e  p r o f i l e  a n a ly s is )  a n d  th r e e  
i n s t r u m e n t a l  t e s t in g  m e th o d s  ( s e r u m  c o lo r ,  h y d r o x y m e t h y l f u r f u r a l  
c o n t e n t  a n d  c o lo r im e te r  v a lu e s ) .  T w o  s e p a r a te  s tu d ie s  w e re  c o n 
d u c t e d  t o  c h e c k  th e  r e p e a t a b i l i t y  o f  t h e  d a t a .  C o r r e la t io n s  w e re  
e s ta b l i s h e d  b e tw e e n  t h e  s e n s o r y  a n d  i n s t r u m e n ta l  m e th o d s .  T h e  
p r o d u c t  h a d  a  Q 10 o f  3 .8  w i t h  a  s h e l f - l i f e  o f  3 8  m o n t h s  a t  2 5 ° C  
a n d  a n  E a ( a c t i v a t io n  e n e r g y )  o f  2 3  K c a l / m o le ,  a s  d e t e r m in e d  b y  t h e  
d e s c r ip t iv e  p r o f i l e  a n a ly s is .

INTRODUCTION
S U R V E Y S  h a v e  s h o w n  t h a t  t h e  c o n s u m e r  w a n t s  o p e n  c o d e  
d a t i n g  o r  s h e l f - l i f e  d a t i n g  w h i c h  is  m a n d a t o r y  i n  2 1  o f  t h e  

s t a t e s  i n  t h e  U .S .  [ L a b u z a ,  1 9 8 2 ;  O T A  ( O f f i c e  o f  T e c h 
n o l o g y  A s s e s s m e n t ) ,  1 9 7 9 ] ,  T h e  I n s t i t u t e  o f  F o o d  T e c h 
n o l o g i s t s ’ e x p e r t  p a n e l  o n  f o o d  s a f e t y  a n d  n u t r i t i o n  d e f i n e d  
s h e l f - l i f e  a s  t h e  p e r i o d  b e t w e e n  m a n u f a c t u r e  a n d  r e t a i l  
p u r c h a s e  o f  a  f o o d  p r o d u c t  d u r i n g  w h i c h  t h e  p r o d u c t  i s  o f  
s a t i s f a c t o r y  q u a l i t y  ( A n o n y m o u s ,  1 9 7 4 ) .  T h e  l i f e  c y c l e  o f  
a  p r o d u c t  b e g i n s  a t  m a n u f a c t u r e  a n d  e n d s  w h e n  t h e  p r o d u c t  

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

t h a n  t h e  s h e l f - l i f e  o f  a  p r o d u c t .  T h e y  b o t h  p r o v i d e  i n f o r m a 
t i o n  o n  a  p r o d u c t ’s  r a t e  o f  d e t e r i o r a t i o n  u n d e r  v a r i o u s  

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

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

U .S .  t o d a y  ( L a b u z a ,  1 9 8 2 ) .  T h e  O f f i c e  o f  T e c h n o l o g y  A s 
s e s s m e n t  ( O T A ,  1 9 7 9 )  s t a t e d  t h a t  s e n s o r y  q u a l i t y  i s  t h e  
m o s t  i m p o r t a n t  c r i t e r i o n  f o r  e s t a b l i s h i n g  o p e n  c o d e  d a t i n g  
o n  n o n p e r i s h a b l e  f o o d s .  S t u d i e s  i n  t h e  1 9 6 0 ’s  e m p l o y e d  
p r e f e r e n c e  t e s t i n g  a s  t h e  s e n s o r y  e v a l u a t i o n  m e t h o d  t o  
e s t a b l i s h  s h e l f - l i f e  ( C e c i l  a n d  W o o d r o o f ,  1 9 6 2 ;  P e r y a m ,

1 9 6 4 ) .  T h e  A m e r i c a n  S o c i e t y  f o r  T e s t i n g  a n d  M a t e r i a l s  
( A S T M ,  1 9 7 9 )  r e c o m m e n d s  a n  a n a l y t i c a l  s e n s o r y  m e t h o d  
u s i n g  a  t r a i n e d  p r o f i l e  p a n e l  ( T P P ) ,  e i t h e r  d i s c r i m i n a t o r y  o r  
d e s c r i p t i v e ,  f o r  s h e l f - l i f e  t e s t i n g .  S w i f t  a n d  C o m p a n y  h a s  
e s t a b l i s h e d  n u m e r o u s  T P P  t h a t  a r e  p r o d u c t  s p e c i a l i z e d  
( D e t h m e r s ,  1 9 7 9 )  a n d  s i m i l a r  p a n e l s  w e r e  u s e d  a t  t h e  S t a n 
f o r d  R e s e a r c h  I n s t i t u t e  ( S t o n e  e t  a l . ,  1 9 7 4 ) .  H o w e v e r ,  s e n 
s o r y  t e s t i n g  i s  u s u a l l y  e x p e n s i v e  a n d  t i m e  c o n s u m i n g  a n d  

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

s t r u m e n t a l  t e s t i n g  m e t h o d  t h a t  i s  h i g h l y  c o r r e l a t e d  w i t h  t h e  
a p p r o p r i a t e  s e n s o r y  t e s t i n g  c o u l d  b e  u s e d  t o  r e p l a c e  o r  
s u p p l e m e n t  t h e  s e n s o r y  p a n e l  ( L e v i t t ,  1 9 7 4 ¡ P o w e r s ,  1 9 7 4 ) .

T h e  m a j o r  c h e m i c a l  d e t e r i o r a t i o n  t h a t  o c c u r s  i n  c a n n e d  
t o m a t o  p a s t e  c a n  b e  m o n i t o r e d  b y  m e a s u r i n g  t h e  a c c u m u l a 
t i o n  o f  h y d r o x y m e t h y l f u r f u r a l  ( H M F ) .  H M F  i s  a n  i n t e r -

A u t h o r s  E c k e r l e  a n d  H a r v e y  a r e  a f f i l i a t e d  w i t h  C a r n a t i o n  R e s e a r c h  

L a b o r a t o r y ,  8 0 1 5  V a n  N u y s  B l v d . ,  V a n  N u y s ,  C A  9 1 4 1 2 .  A u t h o r  

C h e n  i s  a f f i l i a t e d  w i t h  t h e  D i v .  o f  F o o d  S c i e n c e  &  N u t r i t i o n ,  D e p t ,  

o f  H o m e  E c o n o m i c s ,  C a l i f o r n i a  S t a t e  U n i v . ,  N o r t h r i d g e ,  C A  9 1 3 3 0 .

m e d i a t e  i n  t h e  M a i l l a r d  o r  n o n e n z y m a t i c  b r o w n i n g  r e a c 

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

a l . ,  1 9 5 8 ;  1 9 6 4 ) .  T h e  d a r k e n i n g  o f  t h e  s e r u m  c o l o r  c a n  b e  
m e a s u r e d  s p e c t r o p h o t o m e t r i c a l l y .  H e r n a n d e z  a n d  F e a s t e r

( 1 9 6 0 )  c l a i m e d  t h a t  a n  e x p e r i e n c e d  t a s t e  p a n e l  w a s  c a p a b l e  

o f  d e t e c t i n g  d i f f e r e n c e s  i n  t h e  f l a v o r s  b e t w e e n  t w o  r e c o n 
s t i t u t e d  t o m a t o  j u i c e  s a m p l e s  v a r y i n g  0 . 1 5  i n  s p e c t r o p h o t o -  

m e t r i c  a b s o r b a n c e  r e a d i n g s  i n  s e r u m  c o l o r  a n d  t h a t  s a m p l e s  
w i t h  a  s e r u m  c o l o r  a b o v e  0 . 7 0  i n  a b s o r b a n c e  w e r e  o b j e c 

t i o n a b l e  f r o m  a  f l a v o r  s t a n d p o i n t .  T h e s e  n o n e n z y m a t i c  
b r o w n i n g  r e a c t i o n s  f o l l o w  z e r o  o r d e r  k i n e t i c s  ( O T A ,  1 9 7 9 ) .

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

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

n e d  t o m a t o  p a s t e .

MATERIALS & METHODS

M a te r ia l

A  p r o d u c t i o n  lo t  o f  C o n ta d in a  t o m a t o  p a s te  i n  1 2  o z  c a n s  w a s  
o b t a i n e d  f r o m  t h e  1 9 7 9  a n d  a g a in  f r o m  t h e  1 9 8 0  p a c k  s e a s o n . T h e  
1 9 8 0  p a c k  s e a s o n  p r o d u c t  w a s  u s e d  t o  c h e c k  t h e  r e p e a t a b i l i t y  o f  t h e  
r e s u l t s  d e r iv e d  f r o m  t h e  1 9 7 9  p a c k  s e a s o n  s t u d y .  T h e  c a n s  w e re  
s to r e d  in  c o n s t a n t  (± 2 ° C )  e n v i r o n m e n ta l  c h a m b e r s  a t  4 5 ,  3 7 .8 ,
2 9 .4 ,  a n d  2 2 .2 ° C  f o r  u p  t o  3 y r .  A n  a d d i t i o n a l  c h a m b e r  o f  3 .3 ° C  
w a s  u s e d  t o  s t o r e  t h e  c o n t r o l  s a m p le s  w h ic h  r e m a in e d  e s s e n t ia l ly  
u n c h a n g e d  t h r o u g h o u t  t h e  s t u d y .  T h e s e  t e m p e r a t u r e s  w e re  c h o s e n  
b e c a u s e  t h e y  w e r e  t h e  o n ly  o n e s  a v a i la b le  a t  t h e  r e s e a r c h  f a c i l i ty .  
S a m p le s  w e re  t a k e n  f r o m  e a c h  c h a m b e r  f o r  a n a ly s is  a t  v a r io u s  t im e  
in te rv a ls .

S e n s o r y  m e th o d s

H e d o n ic  e v a l u a t io n .  A  ta s t e  p a n e l  c o n s is t in g  o f  2 4  e m p lo y e e s  o f  
t h e  C a r n a t io n  R e s e a r c h  L a b o r a to r y  (C R L )  e v a l u a te d  t h e  f l a v o r  o f  
t h e  c o d e d  t e s t  s a m p le s  a lo n g  w i t h  t h e  b l i n d  c o n t r o l  o n  a  9 - p o in t  
h e d o n ic  s c a le  (1  =  d is l ik e  e x t r e m e ly ,  a n d  9  =  l ik e  e x t r e m e ly ) .  S in c e  
t h e  r e s u l t s  f r o m  th e  1 9 7 9  s tu d y  i n d i c a t e d  t h a t  t h e  t r a i n e d  p r o f i l e  
p a n e l  p r o v id e d  s u f f i c i e n t  i n f o r m a t i o n  o n  t h e  r a t e  o f  d e t e r i o r a t i o n  
o n  th e  p r o d u c t ,  h e d o n ic  e v a lu a t io n s  w e r e  n o t  u s e d  in  t h e  1 9 8 0  
s tu d y  d u e  t o  t h e  h ig h  c o s t  o f  s e n s o r y  te s t in g .

T r a in e d  p r o f i l e  p a n e l  (T P P )  e v a lu a t io n .  A  d e s c r ip t iv e  a n a ly s is  
f l a v o r  p r o f i l e  p a n e l  c o n s is t in g  o f  5 - 6  t r a in e d  C R L  e m p lo y e e s  e v a lu 
a t e d  t h e  c o d e d  t e s t  s a m p le s  a lo n g  w i th  t h e  b l i n d  c o n t r o l  f o r  p r o d 
u c t  a c c e p ta b i l i t y  (P A T )  s c o re  o n  a  5 - p o in t  s c a le  (1  =  e x c e l l e n t  o r  
a c c e p ta b l e ,  2  =  g o o d  o r  a c c e p ta b l e  w i th  s o m e  o f f  n o t e s  o r  i n t e n 
s i t ie s ,  3  =  f a i r  o r  a c c e p ta b le - q u e s io n a b le ,  4  =  p o o r  o r  u n a c c e p ta b l e -  
q u e s t i o n a b le  a n d  5 =  v e ry  p o o r  o r  d e f in i t e ly  u n a c c e p ta b l e )  f o r  
c o lo r ,  a r o m a  a n d  f l a v o r - b y - m o u th  (F B M ) a n d  in t e n s i t i e s  o f  p e r 
c e iv e d  f la v o r  n o te s .  T h e  p a n e l  m e m b e r s  w e re  t r a in e d  t o  d e s c r ib e  
c h a r a c t e r  c h a n g e s  in  t o m a t o  p r o d u c t s .  W h e n  a  t e s t  s a m p le  r e a c h e d  
a n  a v e ra g e  P A T  o f  4 .5  o r  a b o v e  in  F B M , i t  w a s  c o n s id e r e d  t o  b e  
u n s u i t a b l e  f o r  f u r t h e r  t e s t in g  a n d ,  th e r e f o r e ,  t o  h a v e  r e a c h e d  t h e  
e n d  o f  i t s  l i f e  c y c le .

I n s t r u m e n t a l  m e th o d s

S e ru m  c o lo r .  T h e  a n a ly s is  o f  t h e  s e r u m  c o lo r  w a s  p e r f o r m e d  
u s in g  t h e  m e t h o d  d e s c r ib e d  b y  L u h  e t  a l. ( 1 9 5 8 )  w i th  s o m e  m o d i f i 
c a t io n s  (C R L , 1 9 7 9 ) .  T o m a t o  p a s te  s a m p le s  w e re  f i r s t  d i l u t e d  w i th  
d i s t i l l e d  w a te r  t o  c o n ta in  5 - 8 %  t o t a l  s o l id s .  A f t e r  c e n t r i f u g a t i o n  f o r  
1 0  m in  a t  1 8 0 0  r p m  th e  s u p e r n a t a n t  w a s  m ix e d  w i th  a  1 0 % ( W /V )  
p e c t in o l  s o lu t io n  a n d  i n c u b a te d  f o r  9 0  m in  a t  4 0 ° C .  T h e  f i l t r a t e
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w a s  d i l u t e d  t o  2 .5 %  t o t a l  s o l id s  w i t h  d i s t i l l e d  w a te r  a n d  r e a d  s p e c -  
t r o p h o t o m e t r i c a l l y  a t  4 2 0  n m .

H y d r o x y m e th y l f u r f u r a l  ( H M F )  c o n t e n t .  T h e  H M F  c o n t e n t  o f  
t h e  t o m a t o  p a s t e  w a s  d e t e r m in e d  b y  a  h ig h  p r e s s u r e  l iq u id  c h r o m a 
to g r a p h y  ( H P L Q  m e t h o d  d e v e lo p e d  a t  C a r n a t io n  R e s e a r c h  L a b o r a 
t o r y  (C R L , 1 9 8 1 ) .  S a m p le s  o f  t o m a t o  p a s t e  w e re  e x t r a c t e d  w i th  
d i s t i l le d  w a te r .  A f t e r  c e n t r i f u g a t i o n  f o r  2 0  m in  a t  1 0 ,0 0 0  r p m  t h e  
s u p e r n a t a n t  w a s  f i l t e r e d  t h r o u g h  a  m i l l i p o r e  f i l t e r in g  a s s e m b ly  (G e l-  
m a n  M e tr ic e l  T C M A 5 0  p o r e  s iz e  0 .4 5  p ) .  T h e  f i l t r a t e  w a s  t h e n  i n 
j e c t e d  in t o  t h e  H P L C  ( H i t a c h i  M o d e l  1 0 0 - 3 0 ) .  T h e  c o lu m n  u s e d  w a s  
a  4 .6  x  2 5 0  m m  L i c h r o s o r b  R P 8 H e lb a r  c o lu m n .  W a te r  w a s  u s e d  as 
t h e  s o lv e n t  w i t h  a  f l o w  r a t e  o f  3 .0  m L /m in .  T h e  U V  d e t e c t o r  a t  2 8 0  
n m  w i th  a  s e n s i t iv i ty  o f  0 .0 5  w a s  u s e d .  H M F  p u r c h a s e d  f r o m  IC N  
P h a r m a c e u t ic a l ,  N e w  Y o r k ,  w a s  e m p lo y e d  a s  a  s t a n d a r d .

H u n te r  C o lo r im e te r  v a lu e s .  T h e  c o lo r  o f  t h e  t o m a t o  p a s te  s a m 

p le s  w a s  d e t e r m in e d  b y  a  H u n t e r  C o lo r  M e te r  m o d e l  n u m b e r  D 2 5 .  A  
r e d  p l a t e  n u m b e r  D 3 3 C - 1 1 8 8  w a s  u s e d  a s  a  s t a n d a r d .

S ta t i s t i c a l  a n a ly s is

T h e  s e n s o r y ,  P A T ’s a n d  h e d o n ic  e v a l u a t io n ,  a n d  in s t r u m e n ta l  
d a t a  f o r  e a c h  s to r a g e  t e m p e r a t u r e  w e r e  f i t t e d  l in e a r ly  a n d  lo g a r i th 
m ic a l ly  w i t h  t i m e  t o  d e t e r m in e  i f  a  z e r o  o r  f i r s t  o r d e r  r e a c t i o n  w a s  
t a k in g  p la c e .  T h e  c o r r e l a t i o n  c o e f f i c i e n t s  w e r e  h ig h  f o r  m o s t  o f  t h e  
l in e a r  r e g re s s io n s .  T h e r e f o r e ,  a  l in e a r  r e l a t i o n s h ip  b e t w e e n  q u a l i t y  
a t t r i b u t e  c h a n g e s  a n d  s to r a g e  t i m e  w a s  a s s u m e d  f o r  a l l  t h e  d a t a  se ts . 
T h e  s lo p e s ,  r e p r e s e n t i n g  z e r o  o r d e r  r a t e  c o n s t a n t s ,  e s t i m a te d  f r o m  
t h e  l in e a r  r e g r e s s io n ,  w e r e  u s e d  in  c a l c u la t in g  t h e  A r r h e n iu s  r e l a t i o n 
s h ip  a n d  t h e  s e n s i t iv i ty  o f  t h e  r e a c t i o n  r a t e  t o  t e m p e r a t u r e  ( Q 10) .

A l l  o f  t h e  s e n s o ry  a n d  i n s t r u m e n t a l  d a t a  w e re  a ls o  a n a ly z e d  b y  
m u l t i p l e  r e g r e s s io n .  T h e  f o l lo w in g  m o d e l  w a s  u s e d  in  t h e  m u l t ip l e  
r e g r e s s io n :

Fig. 1—H ed o n ic  te s tin g  sco re  vs t im e  in th e  1 9 7 9  s tu d y  o f  ca n n ed  
to m a to  p a s te  (h ed o n ic  values range fro m  1, d is lik e  e x tr e m e ly  to  9,
lik e  e x tr e m e ly , n =  2 4 ) :  4 5 ° C  • — • ;  3 7 .8 ° C  a - . - a ;  2 9 .4 ° C  d-------o ;
a n d  2 2 .2 ° C  ▼— ».

y  =  a  +  b w  +  c t  +  d w t  +  e w 2 +  f t 2

w h e r e :  y  =  t h e  a t t r i b u t e  b e in g  f i t t e d ,  w  =  t h e  w e e k s  o f  s to r a g e ,  t  = 
t h e  t e m p e r a t u r e  o f  s to r a g e  a n d  a ,  b ,  c , d ,  e ,  a n d  f  a r e  c o n s t a n t s .  T h is  
q u a d r a t i c  m o d e l  w a s  c h o s e n  b e c a u s e ,  i t  is  a  f a i r l y  g e n e r a l  m o d e l  a n d  
i t  is  u s e d  in  o t h e r  a p p l i c a t i o n s  s u c h  a s  R e s p o n s e  S u r f a c e  M e th o d o l 
o g y . I f  t h e  r e g re s s io n  a n a ly s is  s h o w e d  a  s ig n i f ic a n t  (P  <  0 .0 5 )  f i t  f o r  
a  g iv e n  a t t r i b u t e ,  t h e n  i t  w a s  c o n c l u d e d  t h a t  t h e  c h a n g e s  in  t h a t  
a t t r i b u t e  w e r e  r e l a t e d  t o  t h e  t i m e  a n d  t e m p e r a t u r e  o f  s to r a g e .

T h e  d a t a  c o l l e c t e d  in  t h e  1 9 7 9  s tu d y  w e re  c o m p a r e d  t o  t h e  d a t a  
c o l l e c t e d  in  t h e  1 9 8 0  s tu d y .  T h e  g e n e r a l  l in e a r  t e s t  ( N e te r  a n d  W as- 
s e r m a n ,  1 9 7 4 )  w a s  u s e d  to  t e s t  i f  t h e  q u a d r a t i c  e q u a t io n s  d e s c r ib e d  
a b o v e  w e re  t h e  s a m e  f o r  e a c h  s tu d y .  T h e  g e n e r a l  l in e a r  t e s t  u s e s  a  
s t a t i s t i c  w h ic h  c o m p a r e s  t h e  r e s id u a l  s u m  o f  s q u a r e s  w h e n  t h e  d a t a  
f o r  e a c h  s tu d y  a r e  f i t t e d  s e p a r a te ly  t o  t h e  r e s id u a l  s u m  o f  s q u a r e s  
w h e n  t h e  d a t a  a r e  c o m b in e d .  I f  t h e  g e n e r a l  l in e a r  t e s t  w a s  s ig n i f ic a n t  
(P  <  0 .0 5 ) ,  t h e n  a  s im i la r  a n a ly s is  w a s  p e r f o r m e d  f o r  e a c h  t e m p e r a 
t u r e  s e p a r a te ly .  T h i s  a d d i t i o n a l  a n a ly s is  a g a in  a s s u m e d  a  l in e a r  r e la 
t i o n s h ip  b e tw e e n  t h e  q u a l i t y  a t t r i b u t e s  a n d  t im e .  R e g r e s s io n  e q u a 
t i o n s  r e la t in g  t h e  q u a l i t y  a t t r i b u t e  t o  s to r a g e  t im e  w e r e  c a l c u l a t e d  
f o r  e a c h  t e m p e r a t u r e  a n d  s tu d y .  T h e  c o r r e s p o n d in g  e q u a t io n s  f o r  
e a c h  s tu d y  w e re  t e s t e d  t o  see  i f  t h e y  w e re  t h e  s a m e .  I f  th i s  t e s t  
w a s  s ig n i f ic a n t  (P  <  0 .0 5 )  t h e n  t h e  s lo p e s  o f  t h e  l in e s  a n d  t h e  m e a n s  
o f  t h e  q u a l i t y  a t t r i b u t e  w e r e  t e s t e d  t o  d e t e r m i n e  i f  t h e y  w e r e  d i f f e r -

Fig. 2 —T ra in ed  p r o f ile  p a n e l P A T  sco res  
vs t im e  in  th e  1 9 7 9  a n d  1 9 8 0  s tu d ie s  o f  
ca n n ed  to m a to  p a s te  (PA T  = p ro d u c tio n  
a c c e p ta b il i ty  score, values range fro m  1, 
a c c e p ta b le  to  5, u n a ccep ta b le , n =
5-6): 4 5 ° C  3 7 .8 ° C  a ------- a ,- 2 4 .4 ° C
o---- □; a n d  2 2 .2 °  C  ▼—<r.
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L I F E  C Y C L E  O F  C A N N E D  T O M A T O  P A S T E . . .

Fig. 3 —S eru m  c o lo r  values versus t im e  in th e  1 9 7 9  a n d  1 9 8 0  s tu d ie s
o f  ca n n ed  to m a to  p a s te :  4 5 ° C  • — •; 3 7 .8 ° C  a - . - a /  2 9 .4  ‘C  o-----o ;

^ n d  2 2 .2 °  C  ▼— ▼.

e n t  t h u s  i n d ic a t in g  w h ic h  s to r a g e  t e m p e r a t u r e s ,  i f  a n y ,  w e re  s h o w in g  
d i f f e r e n c e s  b e t w e e n  t h e  tw o  s tu d ie s  ( D ix o n  a n d  M a s s e y ,  1 9 6 8 ) .  A ll  
o f  t h e  a b o v e  s t a t i s t i c a l  t e s t s  u s e d  t h e  F - d i s t r i b u t i o n  t o  d e t e r m i n e  t h e  
s ig n i f ic a n c e  o f  t h e  t e s t  s t a t i s t i c s .

RESULTS & DISCUSSION

S e n s o r y  m e t h o d s

H e d o n i c  e v a l u a t i o n .  T h e  d e c r e a s e  i n  t h e  f l a v o r  h e d o n i c  
s c o r e  w a s  i n v e r s e l y  r e l a t e d  t o  t e m p e r a t u r e  a n d  l e n g t h  o f  
s t o r a g e  i n  t h e  1 9 7 9  s t u d y  ( F i g .  1 ) .  M u l t i p l e  r e g r e s s i o n  

a n a l y s i s  i n d i c a t e d  t h a t  t h e  d e c r e a s e  i n  t h e  h e d o n i c  v a l u e  o f  
t h e  t o m a t o  p a s t e  d u r i n g  s t o r a g e  w a s  s i g n i f i c a n t  ( P < 0 .0 1 ) .  

I n  t h e  1 9 8 0  s t u d y ,  o n l y  t h e  T P P  a n a l y s i s  w a s  u s e d  f o r  s e n 
s o r y  e v a l u a t i o n  o f  t h e  s a m p l e  a n d  t h e - h e d o n i c  e v a l u a t i o n  
w a s  n o t  u s e d  i n  o r d e r  t o  r e d u c e  t h e  c o s t  o f  t h e  s t u d y .

T r a i n e d  p r o f i l e  p a n e l .  T h e  P A T  s c o r e s  w e r e  p l o t t e d  v e r 
s u s  t i m e  a t  t h e  t e m p e r a t u r e  e m p l o y e d  ( F i g .  2 ) .  T h e  r a t e  o f  
d e t e r i o r a t i o n ,  a s  i n d i c a t e d  b y  t h e  s l o p e  o f  t h e  l i n e a r  r e g r e s 
s i o n  l i n e ,  i n c r e a s e d  w i t h  i n c r e a s i n g  s t o r a g e  t e m p e r a t u r e .  

T h e  p r o d u c t  s t o r e d  a t  2 2 . 2 ° C  i n  t h e  1 9 8 0  s t u d y  w a s  n o t  

t a k e n  t o  t h e  s a m e  e n d  p o i n t  ( a v e r a g e  P A T  o f  4 . 5  o r  a b o v e  
i n  F B M )  a s  t h e  o t h e r  p r o d u c t  d u e  t o  a  t i m e  l i m i t a t i o n  i n  
t h e  s t u d y .  T h e  c o r r e l a t i o n  c o e f f i c i e n t s  c a l c u l a t e d  f o r  t h e  
r e g r e s s i o n  l i n e s  w e r e  h i g h e r  ( 0 . 9  o r  a b o v e )  f o r  t h e  F B M  d a t a  
t h a n  f o r  t h e  a r o m a  a n d  c o l o r  d a t a .

T h e  m u l t i p l e  r e g r e s s i o n  a n a l y s i s  s h o w e d  t h a t  a l l  t h e  P A T  
s c o r e s  ( a r o m a ,  c o l o r  a n d  F B M )  a n d  t h e  f o l l o w i n g  f l a v o r  
n o t e s  c h a n g e d  s i g n i f i c a n t l y  ( P  <  0 . 0 1 )  d u r i n g  b o t h  t h e  
1 9 7 9  a n d  1 9 8 0  s t u d i e s :  a r o m a  n o t e s  — c o o k e d  t o m a t o ,  
g r e e n  v e g e t a b l e s ,  h a y ,  c a r a m e l i z e d ,  a c r i d  a n d  b u r n t ;  F B M  
n o t e s  — c o o k e d  t o m a t o ,  b i t t e r ,  h a y ,  b u r n t ,  c a r a m e l i z e d  a n d  
s u l f u r - r o t t e n  t o m a t o .  T h e  i n t e n s i t i e s  o f  c o o k e d  t o m a t o  a n d

Fig. 4 —H y d r o x y m e th y tfu r fu ra l c o n te n t  vs t im e  in th e  1 9 7 9  a n d  
1 9 8 0  s tu d ie s  o f  ca n n ed  to m a to  p a s te :  4 5 ° C  • — •; 3 7 .8 ° C  a — A ;  

2 9 .4 ° C  □----o ;a n d  2 2 .2 ° C  ▼— ▼.

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

c l u d e :  a r o m a  n o t e s  — m e t a l l i c ,  s u g a r  b a g  s w e e t ,  b r i n y ,  
e a r t h y  v e g e t a b l e  a n d  p r u n e ;  F B M  n o t e s  — s w e e t ,  s o u r ,  s a l t ,  

m e t a l l i c  a n d  p r u n e .

I n s t r u m e n t a l  m e t h o d s

S e r u m  c o l o r .  T h e  a b s o r b a n c e  r e a d i n g s  a t  4 2 0  n m  o f  t h e  

t o m a t o  s e r u m  i n c r e a s e d  w i t h  t i m e  a n d  t e m p e r a t u r e  i n  b o t h  
s t u d i e s  ( F i g .  3 ) .  T h e s e  f i n d i n g s  a g r e e  w i t h  t h o s e  o f  L u h  e t  

a l .  ( 1 9 5 8 ) .  T h e  l i n e a r  r e g r e s s i o n  c a l c u l a t i o n s  u s e d  t o  i n d i c a t e  
t h e  r a t e  o f  d e t e r i o r a t i o n  o f  t h e  t o m a t o  p a s t e  s h o w e d  t h a t  
t h e  i n c r e a s e  i n  a b s o r b a n c e  r e a d i n g s  a t  4 2 0  n m  w i t h  t i m e  
w a s  s i g n i f i c a n t  ( P  <  0 . 0 1 )  w i t h  h i g h  c o r r e l a t i o n  c o e f f i c i e n t s  

( > 0 . 9 3 ) .
H y d r o x y m e t h y l f u r f u r a l  c o n t e n t .  T h e  H M F  c o n t e n t  i n 

c r e a s e d  i n  t h e  t o m a t o  p a s t e ,  i n  b o t h  t h e  1 9 7 9  a n d  1 9 8 0  
s t u d i e s ,  o v e r  t i m e  a t  e a c h  t e m p e r a t u r e  e x a m i n e d  ( F i g .  4 ) .  
T h e  l e v e l  o f  s i g n i f i c a n c e  o b t a i n e d  f o r  t h e  l i n e a r  r e g r e s s i o n  
c a l c u l a t i o n s  w a s  0 . 0 1 .  T h e  i n c r e a s e  i n  H M F  c o n t e n t  f o u n d  
i n  t h i s  s t u d y  a g r e e d  w i t h  t h e  f i n d i n g s  o f  L u h  e t  a l .  ( 1 9 5 8 ) .  
T h e  h i g h e r  t h e  t e m p e r a t u r e ,  t h e  f a s t e r  w a s  t h e  r a t e  o f  i n 
c r e a s e  i n  H M F  c o n t e n t .

H u n t e r  C o l o r i m e t e r  v a l u e s .  T h e  d a t a  o b t a i n e d  f r o m  t h e  
c o l o r i m e t r i c  a n a l y s e s  a r e  p r e s e n t e d  i n  F i g .  5 .  H u n t e r  L  
r e p r e s e n t s  t h e  l i g h t n e s s ,  a  i s  t h e  r e d n e s s ,  a n d  b  i n d i c a t e s  t h e  
y e l l o w n e s s  o f  t h e  p a s t e .  A s  t h e  n u m e r i c a l  v a l u e s  d e c r e a s e d ,  
t h e  d e g r e e  o f  e a c h  c o l o r  a t t r i b u t e  d e c r e a s e d .  T h e  t o m a t o  
p a s t e  b e c a m e  d a r k e r ,  l e s s  r e d  a n d  l e s s  y e l l o w  a s  t h e  t e m p e r 
a t u r e  o f  s t o r a g e  a n d  l e n g t h  o f  t i m e  i n c r e a s e d ,  e x c e p t  f o r
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p r o d u c t  s t o r e d  a t  2 2 . 2 ° C  i n  t h e  1 9 8 0  s t u d y .  T h e  l i n e a r  
r e g r e s s i o n s  c a l c u l a t e d  f o r  t h e  p r o d u c t s  w e r e  f o u n d  t o  b e  

s i g n i f i c a n t  a t  t h e  0 . 0 1  l e v e l  e x c e p t  f o r  t h e  p r o d u c t  s t o r e d  a t  

2 2 . 2 ° C ,  w h i c h  d i d  n o t  r e a c h  t h e  0 . 0 5  l e v e l  o f  s i g n i f i c a n c e .  
L u h  e t  a l .  ( 1 9 6 4 )  a n d  Y e a t m a n  ( 1 9 6 9 )  h a v e  d e m o n s t r a t e d  

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

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

Correlation between the 1979 and 1980 studies
Instrumental methods. T h e  g e n e r a l  l i n e a r  t e s t  i n d i c a t e d  

t h a t  m o s t  o f  t h e  i n s t r u m e n t a l  a n a l y t i c a l  d a t a  f o r  t h e  1 9 7 9  
a n d  1 9 8 0  s t u d i e s  w e r e  s i g n i f i c a n t l y  d i f f e r e n t  ( P  <  0 . 0 1  o r  

<  0 . 0 5 ) .  T h e  d i f f e r e n c e  b e t w e e n  t h e  t w o  s t u d i e s  is  d e m o n 
s t r a t e d  i n  T a b l e  1 .  T h e s e  d i f f e r e n c e s  c a n  b e  a t t r i b u t e d  t o  

t w o  f a c t o r s .  F i r s t ,  t h e r e  w a s  a  p r o b l e m  w i t h  t h e  3 7 . 8 ° C  
c h a m b e r  i n  t h e  1 9 7 9  s t u d y :  t h e  f l u c t u a t i o n  i n  t e m p e r a t u r e  

w a s  g r e a t e r  t h a n  ± 2  C .  T h i s  w a s  c o r r e c t e d  p r i o r  t o  t h e  i n i t i 

a t i o n  o f  t h e  1 9 8 0  s t u d y .  T h e  F - s t a t i s t i c s  f o r  t h e  3 7 . 8 ° C  
d a t a  w e r e  a l w a y s  s i g n i f i c a n t  ( P  <  0 . 0 1  o r  <  0 . 0 5 )  w h e n  
e x a m i n i n g  t h e  e q u a l i t y  o f  t h e  l i n e s  o f  t h e  t w o  s t u d i e s .  S e c 
o n d l y ,  t h e  i n i t i a l  v a l u e s  f o r  t h e  i n s t r u m e n t a l  a n a l y s e s  w e r e  
d i f f e r e n t  f o r  t h e  t w o  s t u d i e s ,  t h u s  c r e a t i n g  a  s i g n i f i c a n t  
d i f f e r e n c e  i n  t h e  e q u a l i t y  o f  t h e  m e a n s  b e t w e e n  t h e  t w o  
s t u d i e s .  I n  m o s t  c a s e s ,  e x c e p t  f o r  t h e  a b o v e  m e n t i o n e d  
t e m p e r a t u r e  p r o b l e m  t h e  F - s t a t i s t i c s  i n d i c a t e d  t h e  d i f f e r e n c e  
i n  t h e  e q u a l i t y  o f  t h e  l i n e s  t o  b e  a t t r i b u t e d  t o  a  d i f f e r e n c e  
i n  t h e  e q u a l i t y  o f  t h e  m e a n s  a n d  n o t  t h e  e q u a l i t y  o f  t h e  

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

Sensory methods. T h e  a c t u a l  n u m e r i c a l  v a l u e s  o b t a i n e d  
f r o m  t h e  T P P  f o r  m o s t  o f  t h e  a t t r i b u t e s  w e r e  f o u n d  t o  b e

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

t h e  m e a n s ,  a s  i n  t h e  i n s t r u m e n t a l  m e t h o d s .  T h e  P A T ’s a n d  
f l a v o r  n o t e s  t h a t  c h a n g e d  d u r i n g  b o t h  s t u d i e s  w e r e  b a s i c a l l y  
t h e  s a m e  ( d a t a  n o t  s h o w n ) .

Correlation between sensory and instrumental methods
T h e  c o r r e l a t i o n  c o e f f i c i e n t s  i n  T a b l e  2  i n d i c a t e  t h a t  t h e  

P A T  s c o r e s  a n d  t h e  h e d o n i c  v a l u e s  o b t a i n e d  f r o m  t h e  s e n 

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

l a t i o n  c o e f f i c i e n t s  e s t a b l i s h e d  w e r e  b e t w e e n  c o l o r  P A T  
s c o r e s  a n d  s e r u m  c o l o r  ( r  =  0 . 9 2 8  a n d  0 . 9 1 3 ) ,  H M F  c o n t e n t  
( r  =  0 . 9 2 6  a n d  0 . 8 5 9 )  a n d  c o l o r i m e t e r  H u n t e r  L  v a l u e  ( r  =  

- 0 . 9 2 8  a n d  - 0 . 9 2 2 ) .
T h e  d a t a  w e r e  a l s o  a n a l y z e d  t o  d e t e r m i n e  i f  t h e  c o r r e l a 

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

m e t h o d s  w e r e  t h e  s a m e  f o r  b o t h  t h e  1 9 7 9  a n d  1 9 8 0  s t u d i e s .  
T h e  F - s t a t i s t i c s  ( T a b l e  2 )  s h o w  t h a t  t h e  o n l y  p a i r  o f  t e s t i n g  
m e t h o d s  w h i c h  w a s  f o u n d  t o  b e  s i g n i f i c a n t l y  d i f f e r e n t  

b e t w e e n  t h e  1 9 7 9  a n d  1 9 8 0  s t u d i e s  w a s  t h e  c o l o r  P A T  v e r 
s u s  s e r u m  c o l o r  a n a l y s i s .  M o s t  o f  t h e  d i f f e r e n c e s  i n  t h e  
o t h e r  p a i r s  o f  t e s t i n g  m e t h o d s  c a n  b e  a t t r i b u t e d  t o  t h e  

d i f f e r e n c e s  i n  t h e  e q u a l i t y  o f  t h e  m e a n s .  T h i s  f o l l o w s  t h e  
s a m e  t r e n d  t h a t  w a s  s e e n  w h e n  a n a l y z i n g  t h e  d i f f e r e n c e s  
b e t w e e n  t h e  1 9 7 9  a n d  1 9 8 0  s t u d i e s  f o r  t h e  s e n s o r y  a n d  
i n s t r u m e n t a l  a n a l y s e s  i n d e p e n d e n t l y .

T h e  h e d o n i c  e v a l u a t i o n s  i n  t h e  1 9 7 9  s t u d y  d i d  n o t  a t t a i n  
a  h i g h  c o r r e l a t i o n  c o e f f i c i e n t  w i t h  t h e  P A T  s c o r e s .  T h e  i n 
s t r u m e n t a l  a n a l y s e s  w h i c h  h a d  t h e  h i g h e s t  c o r r e l a t i o n  w i t h  
t h e  h e d o n i c  e v a l u a t i o n s  w e r e  s e r u m  c o l o r  ( r  =  0 . 8 1 4 )  a n d  

c o l o r i m e t e r  H u n t e r  a  ( r  =  0 . 8 5 9 )  ( T a b l e  1 ) .  T h e  T P P  

e v a l u a t i o n s  p r o v i d e d  h i g h e r  c o r r e l a t i o n s  w i t h  i n s t r u m e n t a l  
t e s t i n g  m e t h o d s  t h a n  d i d  t h e  h e d o n i c  t e s t ,  m a k i n g  t h e  T P P

Fig. 5 —H u n te r  c o lo r im e te r  values vs t im e  
in th e  1 9 7 9  a n d  1 9 8 0  s tu d ie s  o f  ca n n ed  
to m a to  p a s te :  4 5 ° C  • — •; 3 7 .8 ° C
a — a ;  2 9 .4 ° C  □---- o; a n d  2 2 .2 ° C  ▼— ▼.
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T able  1 -I n s tr u m e n ta l analyses. S ta tis t ic a l  te s ts  b e tw e e n  th e  1979  
a n d  19 8 0  s tu d y  o f  to m a to  p a s te

F-Statistica

Temp Quadratic T o  Test for Equality of

Analysis ■ °C Equations Lines Slopes Means

Serum  Color
45

2.19 *
1 6 .3 2 ** 2.24 2 7 .3 4 * *

37.8 1 2 3 .9 1 ** 5 7 .2 3 * * 4 0 .1 4 * *
29.4 4.30 * 0.19 9.25*
22.2 1.17

H M F  Content
45

3 .5 6 * *
6 8 .3 9 * * 4 9 .0 9 * * 1 6 .3 3 **

37.8 6.29 * 0.55 1 2 .4 2 * *
29.4 2.96
22.2 0.49

Colorim eter 
Hunter L

45
1 1 .8 8 **

1 8 .5 2 ** 2 6 .2 8 * * 3 .05 *
37.8 2 5 9 .2 3 ** 27.11 1 7 1 .5 1 **
29.4 4 3 .3 9 * * 1.50 8 0 .3 2 * *
22.2 1 8 .3 2 * * 4.44 2 3 .9 6 * *

Hunter a
45

3 .7 8 * *
1 9 .1 6 ** 1.70 3 4 .2 1 * *

37.8 1 1 .8 8 ** 2 2 .5 8 * * 0.46
29.4 1 1 .0 7 ** 0.12 2 4 .7 4 * *
22.2 0.66

Hunter b
45

5 .6 7 **
2.16

37.8 8 6 .1 1 * * 6 .25 * 1 2 0 .6 9 **
29.4 7.02* 1.69 1 1 .3 8 * *
22.2 3.20

3 A  general linear test was used to determ ine if the quadratic equa
tions calculated  from  the 1979 and 1980 data were sim ilar. If 
found to be sign ificant, then for each tem perature, the equality  of 
the lines relating the analysis to tim e were tested. If th is was 
sign ificant, then the quality  of the slopes and means were tested.

* *  S ig n ificantly  different at 0.01 level.
* S ig n ificantly  d ifferent at 0 .05  level.

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

D e t h m e r s  ( 1 9 7 9 )  a n d  S t o n e  e t  a l .  ( 1 9 7 4 )  i n  t h a t  T P P ’s 
p r o v i d e  s o u n d  i n f o r m a t i o n  c o n c e r n i n g  t h e  s e n s o r y  c h a n g e s  

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

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

a n c e  l e v e l  t h a n  t h a t  r e p o r t e d  b y  H e r n a n d e z  a n d  F e a s t e r
( 1 9 6 0 ) .  T h e y  c l a i m e d  t h a t  a b s o r b a n c e  r e a d i n g s  a b o v e  0 . 7 0  

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

p r e d i c t e d  b y  u s i n g  a  F B M  P A T  o f  3 . 5  a s  t h e  p o i n t  i n  t i m e  
w h e n  t h e  p r o d u c t  b e c a m e  u n a c c e p t a b l e ,  w a s  0 . 4 0  o r  a b o v e .

P re d ic tio n  o f  sh e lf-life

L a b u z a  ( 1 9 8 2 )  s t a t e d  t h a t  t h e  s h e l f - l i f e  o f  a  p r o d u c t  c a n  
b e  e s t a b l i s h e d  w i t h  t h e  f o l l o w i n g  i n f o r m a t i o n :  a  m e a s u r e  o f  

t h e  f o o d ’s d e t e r i o r a t i o n ,  t h e  l e v e l  o f  m e a s u r e m e n t  w h i c h  
r e p r e s e n t s  t h e  e n d  o f  t h e  s h e l f - l i f e ,  t h e  o r d e r  o f  t h e  r e a c t i o n  

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

t h i s  c u r r e n t  s t u d y  w a s  t h e  T P P  F B M  s c o r e  a n d  t h e  e n d  o f  
a n  a c c e p t a b l e  s h e l f - l i f e  w a s  a  T P P  F B M  o f  3 . 5 .  T h e  O f f i c e  
o f  T e c h n o l o g y  A s s e s s m e n t  ( O T A ,  1 9 7 9 )  s t a t e d  t h a t  t h e  

M a i l l a r d  r e a c t i o n ,  w h i c h  f o l l o w s  z e r o  o r d e r  r e a c t i o n s  k i n e t 
i c s ,  w a s  f o u n d  t o  b e  t h e  m a j o r  m o d e  o f  d e t e r i o r a t i o n  i n  

c a n n e d  f r u i t  a n d  v e g e t a b l e s  a n d  t h a t  i t  l e a d s  t o  b i t t e r  o f f -  
n o t e s .  B o t h  L u h  e t  a l .  ( 1 9 5 8 )  a n d  t h e  c u r r e n t  s t u d y  f o u n d  
a n  i n c r e a s e  i n  H M F  c o n t e n t  i n  t o m a t o  p a s t e  a s  t h e  p r o d u c t  
d e t e r i o r a t e d .  F u r t h e r m o r e ,  t h e  p r e s e n t  s t u d y  f o u n d  t h e  

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

( F i g .  1 - 5 )  i n d i c a t e  t h a t  t h e  d e t e r i o r a t i o n  o f  t h e  t o m a t o  

p a s t e  f o l l o w s  z e r o  o r d e r  k i n e t i c s .  F o u r  t e m p e r a t u r e s  w e r e  
e x a m i n e d  i n  t h e  p r e s e n t  s t u d y  t o  m e a s u r e  t h e  d e t e r i o r a t i o n .

T able 2 —C o rre la tion  o f  se n so ry  w ith  in s tru m e n ta l an a lysis in to m a to  p a s te

Sensory
analyses

Instrumental
analyses

Correlation coefficient3
1979 vs 1 9 8 0 b

Lines
T o  test for equality of 

Slopes Means1979 S tudy 1980 Study

Colors P A T Serum  Color 0.928 0.913 2.50 — —

A rom a P A T Serum  Color 0.777 0.853 5 .6 3 * * 1 0 .6 7 ** 0.49
F B M  P A T Serum  Color 0.812 0.872 3.48 * 6 .21 * 0.69

Color P A T H M F  Content 0.926 0.859 14.90* 2 2 .3 0 * * 5 .41 *
A rom a P A T H M F  Content 0.764 0.778 5 .6 7 * * 1.24 1 0 .0 5 **
F B M  P A T H M F  Content 0.769 0.625 7 .2 3 * * 3.43 1 0 .5 6 **

Co lor P A T Hunter L - 0 . 9 2 8 -0 .9 2 2 3 0 .7 6 * * 0.47 6 1 .7 1 * *
A rom a P A T Hunter L - 0 . 7 5 8 -0 .8 8 3 9 .7 5 * * 4 .64 * 1 3 .5 3 * *
F B M  P A T Hunter L - 0 . 7 4 2 -0 .8 9 3 7 .3 7 * * 1.91 1 2 .6 1 * *

Co lor P A T Hunter a - 0 .8 9 4 -0 .8 6 4 1 6 .3 1 ** 0.61 3 2 .2 5 * *
A rom a P A T Hunter a - 0 .6 9 4 -0 .8 0 0 1 3 .7 1 ** 2.57 2 4 .1 1 * *
F M B P A T Hunter a - 0 .7 3 8 -0 .8 1 7 1 5 .0 0 ** 0.64 2 9 .5 8 * *

Color P A T Hunter b -0 .8 2 5 -0 .9 0 7 8 .9 1 * * 0.67 1 7 .2 7 * *
A rom a P A T Hunter b -0 .6 9 9 -0 .8 4 4 4 .69 * 6 .51 * 2.59
F B M  P A T Hunter b -0 .6 7 0 -0 .8 6 8 3.38* 4 .31 * 2.31

Hedonic Serum  Color - 0 .8 1 4
Hedonic H M F  Content - 0 .7 7 3
Hedonic Hunter L 0.764
Hedonic Hunter a 0.859
Hedonic Hunter b 0.686

Hedonic Co lor P A T -0 .7 9 6
Hedonic A rom a P A T -0 .6 6 1
Hedonic F B M  P A T -0 .6 8 6

? Correlation  coeffic ients (r) were sign ificantly  d ifferent from  0, P <  0.01 (D ixo n  and M assey, 1 9 6 8 ); n = 31 for 1 979  and n = 32 for 1980 .
A  general linear test was used to determ ine if the regressions lines calculated from  the 1979 and 1980 data were s im ilar. If the eq u ality  of the 
lines were found to be s ign ificantly  d ifferent, the equality  of the slopes and means were tested.

* *  S ig n ificant d ifference at 0.01 level.
* S ig n ificant d ifference at 0 .05  level.
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L a b u z a  a n d  R i b o h  ( 1 9 8 2 )  i n d i c a t e d  t h a t  t h e  t e m p e r a 
t u r e  d e p e n d e n c e  o f  t h e  d e t e r i o r a t i o n  o f  a  f o o d  f o l l o w s  t h e  

A r r h e n i u s  r e l a t i o n s h i p .  T h e  d e t e r i o r a t i v e  r e a c t i o n  s e n s i t i v i t y  
t o  t e m p e r a t u r e  c h a n g e s  i s  e x p r e s s e d  a s  t h e  a c t i v a t i o n  e n e r g y  
( E a )  w h i c h  i s  d e r i v e d  f r o m  t h e  A r r h e n i u s  r e l a t i o n s h i p .  T h e  
E a ’s  c a l c u l a t e d ,  b y  u s i n g  t h e  s l o p e  o f  t h e  A r r h e n i u s  p l o t ,  

f r o m  t h e  1 9 7 9  a n d  1 9 8 0  t o m a t o  p a s t e  s t u d i e s  w e r e  1 8  a n d  
2 3  K c a l / m o l e ,  r e s p e c t i v e l y .  L a b u z a  ( 1 9 8 2 )  h a s  a l s o  e x p r e s s e d  
t h e  d e t e r i o r a t i v e  r e a c t i o n  s e n s i t i v i t y  t o  t e m p e r a t u r e  a s  t h e  
Q i o  o f  t h e  p r o d u c t .  T h e  Q 10 o f  t h e  p r o d u c t  w a s  p r e d i c t e d  
f r o m  t h e  p l o t  o f  t h e  s h e l f - l i f e  a t  v a r i o u s  t e m p e r a t u r e s .  T h e  
s h e l f - l i f e  s e m i - l o g  p l o t s  f o r  b o t h  t h e  1 9 7 9  a n d  1 9 8 0  s t u d i e s  
a r e  s h o w n  i n  F i g .  6 . A c c o r d i n g  t o  t h e  1 9 7 9  s t u d y ,  t o m a t o  

p a s t e  h a s  a  Q 10 o f  3 . 0  a n d  a  s h e l f - l i f e  o f  a b o u t  2 1  m o n t h s  
a t  2 5 ° C .  T h e  1 9 8 0  s t u d y  i n d i c a t e d  t h a t  t h e  Q 10 f o r  t o m a t o  
p a s t e  w a s  3 . 8  w i t h  a  s h e l f - l i f e  o f  a b o u t  3 8  m o n t h s  a t  2 5 ° C .  
T h e s e  f i n d i n g s  a g r e e  w i t h  t h e  O f f i c e  o f  T e c h n o l o g y  A s s e s s 

m e n t  ( O T A ,  1 9 7 9 )  i n  t h a t  c a n n e d  f r u i t  a n d  v e g e t a b l e s  h a v e  
a  s h e l f - l i f e  o f  1 - 3  y r ,  b u t  d i s a g r e e  w i t h  t h e  s t a t e m e n t  t h a t  
t h e y  h a v e  a  Q 10  o f  1 . 5 - 2 . 5 .  T h i s  d i s c r e p a n c y  m a y  b e  a t 

t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  O T A  w a s  m a k i n g  g e n e r a l  s t a t e 
m e n t s  f o r  g r o u p s  o f  p r o d u c t s  a n d  t h i s  i n v e s t i g a t i o n  w a s  

p r o d u c t  s p e c i f i c .
T h e  1 9 8 0  s t u d y  m o s t  l i k e l y  p r o v i d e d  a  m o r e  r e l i a b l e  

i n d i c a t i o n  o f  s h e l f - l i f e  d u e  t o  t w o  f a c t o r s :  o n e ,  t h e  p r o b 
l e m  w i t h  t h e  3 7 . 8 ° C  c h a m b e r  i n  t h e  1 9 7 9  s t u d y ,  a n d  t w o ,  

t h e r e  m a y  h a v e  b e e n  a  t r a i n i n g  e f f e c t  o n  t h e  T P P .  T h i s  
t r a i n i n g  e f f e c t  i m p l i e s  t h a t  b y  t h e  t i m e  t h e  1 9 8 0  s t u d y  

s t a r t e d ,  t h e  T P P  h a d  m o r e  e x p e r i e n c e  t a s t i n g  t o m a t o  p r o d 
u c t s  a n d  w o r k i n g  a s  a  g r o u p .

CONCLUSION
A L L  T H E  A N A L Y S E S  e x a m i n e d  e x h i b i t e d  a  c h a n g e  d u e  t o  
t h e  e f f e c t s  o f  t i m e  a n d  t e m p e r a t u r e ;  h o w e v e r ,  t h e  h e d o n i c  
f l a v o r  e v a l u a t i o n  a n d  t h e  c o l o r i m e t e r  v a l u e s  w e r e  n o t  a s  r e 
l i a b l e  a s  t h e  o t h e r  m e t h o d s  o f  a n a l y s i s  i n  d e s c r i b i n g  d i f f e r 

e n c e s  i n  t h e  r a t e  o f  t h e  p r o d u c t ’s  d e t e r i o r a t i o n  a t  t h e  t e m 

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

t h e  p r o d u c t  d e t e r i o r a t e d  w e r e  h a y ,  c a r a m e l i z e d ,  b u r n t ,  
p r u n e  a n d  b i t t e r ;  s o m e  o f  t h e s e  n o t e s  m i g h t  b e  a t t r i b u t e d  
t o  t h e  M a i l l a r d  b r o w n i n g  r e a c t i o n .  T h e  h i g h e s t  c o r r e l a t i o n s  
b e t w e e n  s e n s o r y  a n d  i n s t r u m e n t a l  t e s t i n g  m e t h o d s  w e r e  

f o u n d  b e t w e e n  T P P  c o l o r  P A T  a n d  a n y  i n s t r u m e n t a l  t e s t i n g  
m e t h o d .  T h e  T P P  F B M  P A T  h a d  t h e  h i g h e s t  c o r r e l a t i o n  
c o e f f i c i e n t  f o r  a l l  f l a v o r  s c o r e s  i n  d e s c r i b i n g  t h e  r a t e  o f  

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

t h e  h i g h e s t  c o r r e l a t i o n  c o e f f i c i e n t  w i t h  t h e  F B M  s c o r e  w a s  
t h e  s e r u m  c o l o r .  S e r u m  c o l o r  a n a l y s i s  c a n  n o w  b e  e m p l o y e d  
a s  a n  i n e x p e n s i v e  m e t h o d  o f  d e t e r m i n i n g  p r o d u c t  a c c e p t 

a b i l i t y .  T h e  Q i o  o f  t h e  p r o d u c t  w a s  a  3 . 8  w i t h  a  s h e l f - l i f e  
o f  3 8  m o n t h s  a t  2 5 ° C  a s  d e t e r m i n e d  b y  t h e  1 9 8 0  s t u d y .

F u r t h e r  s t u d i e s  s h o u l d  b e  c o n d u c t e d  t o  d e t e r m i n e  t h e  
i n i t i a l  v a r i a b i l i t y  i n  t h e  s e r u m  c o l o r  o f  t h e  t o m a t o  p a s t e .  
T h e  a c t u a l  e n v i r o n m e n t a l  c o n d i t i o n s  t o  w h i c h  t h e  t o m a t o  
p a s t e  i s  a c t u a l l y  s u b j e c t e d  t o  d u r i n g  s t o r a g e  a n d  d i s t r i b u 
t i o n  s h o u l d  a l s o  b e  m e a s u r e d  t o  e n a b l e  t h e  p r e d i c t i o n  o f  
t h e  e x t e n t  o f  s h e l f - l i f e  u s e d  p r i o r  t o  r e a c h i n g  t h e  c o n s u m e r .

REFERENCES
A n o n y m o u s . 1 9 7 4 . S he lf-life  o f  fo o d s . F o o d  T e c h n o l. 2 8 (8 ) :  4 5 . 
A ST M . 1 9 7 9 . S ta n d a rd  p ra c tic e  fo r  sen s o ry  e v a lu a tio n  p ro c e d u re  to  

e s ta b lish  g u id e lin es  fo r  o p e n -c o d e  d a tin g  fo o d  a n d  b ev erag e  p r o d 
u c ts . A ST M  P u b lic a tio n  E 6 8 7 : l .  A m e ric a n  S o c ie ty  fo r  T e s tin g  a n d  
M ate ria ls , P h ilad e lp h ia , PA  1 9 1 0 3 .

C ecil, S .R . an d  W o o d ro o f, J .G . 1 9 6 2 . “ L o n g -T e rm  S to rag e  o f  M ili-

Fig. 6 —T im e to  failure (fla vo r-b y -m o u th  p r o d u c tio n  a c c e p ta b il i ty  
sc o re  o f  3 .5 )  fo r  to m a to  p a s te :  1 9 7 9  ■---- ■ a n d  1 9 8 0  o— o.

ta ry  R a t io n s .”  Q u a r te rm a s te r  F o o d  an d  C o n ta in e r  In s t i tu te  fo r  
th e  A rm e d  F o rce s , C h icago , IL .

C R L . 1 9 7 9 . D e te rm in a tio n  o f  c o lo r  o f  to m a to  s e ru m . M e th o d  C - l l - j .  
C a rn a t io n  R ese a rch  L a b o ra to ry ,  V an  N u y s , C A  9 1 4 1 2 .

C R L . 1 9 8 1 . D e te rm in a tio n  o f  H M F  (5 -h y d ro x y m e th y lfu r fu ra l)  in  
to m a to  a n d  d a iry  p ro d u c ts  b y  h igh  p e r fo rm a n c e  l iq u id  c h ro m a 
to g ra p h . M e th o d  H -3-c. C a rn a t io n  R ese a rch  L a b o ra to ry ,  V an  
N u y s, CA 9 1 4 1 2 .

D e th m e rs , A .E . 1 9 7 9 . U tiliz in g  sen s o ry  e v a lu a tio n  to  d e te rm in e  
p ro d u c t  sh e lf-life . F o o d  T e c h n o l. 3 3 (9 ) :  4 0 .

D ix o n , W .J. a n d  M assey , J . 1 9 6 8 . “ In t r o d u c t io n  to  S ta tis t ic a l  A n a ly 
s is ,”  3 rd  rev . e d . M cG raw -H ill B o o k  C o ., N ew  Y o rk , N Y .

H e rn a n d ez , H .H . a n d  F e a s te r , J .F .  1 9 6 0 . O p tic a l d e n s ity  o f  to m a to  
se ru m  fro m  c o n c e n tr a te s  as a  m e a su re  o f  h e a t  in d u c e d  ch an g es  in  
p ro d u c t  c o rro s iv ity . F o o d  T e c h n o l. 1 4 : 4 6 8 .

L a b u z a , T .P . 1 9 8 2 . “ S h e lf-L ife  D a tin g  o f  F o o d s .”  F o o d  a n d  N u tr i 
t io n  P ress, W e s tp o rt , CT.

L a b u z a , T .P . an d  R ib o h , D . 1 9 8 2 . T h e o ry  a n d  a p p lic a tio n  o f  A rrh e - 
r iu s  k in e tic s  to  th e  p re d ic t io n  o f  n u t r i e n t  losses in  fo o d s . F o o d  
T e c h n o l. 3 6 (1 0 ) :  6 6 .

L e v itt ,  D .J . 1 9 7 4 . T h e  use o f  se n s o ry  a n d  in s tru m e n ta l  a sse ssm en t 
o f  o rg a n o le p tic  c h a ra c te r is tic s  v ia  m u ltiv a r ia te  s ta t is t ic a l  m e th o d s . 
J . T e x tu re  S tu d . 5 : 1 8 3 .

L u h , B .S ., C h ic h es te r , C .O ., C o , H ., a n d  L e o n a rd , S .J . 19 64 . F a c to rs  
in f lu en c in g  s to rag e  s ta b i l i ty  o f  c an n e d  to m a to  p a s te . F o o d  T e c h 
n o l. 1 8 : 5 6 1 .

L u h , B .S ., L e o n a rd , S ., a n d  M arsh , G .L . 1 9 5 8 . O b jec tiv e  c r i te r ia  fo r  
s to ra g e  ch an g es  in  to m a to  p a s te . F o o d  T e c h n o l. 1 2 : 3 4 7 .

N e te r ,  J .  a n d  W asserm an , W. 1 9 7 4 . “ A p p lie d  L in ea r  S ta tis t ic a l  
M o d els .”  R ic h a rd  D . Irw in , C o ., H o m e w o o d , IL .

O T A . 1 9 7 9 . “ O p en  S h e lf-L ife  D a tin g  o f  F o o d s .”  O ffice  o f  T e c h 
n o lo g y  A sse ssm en t, G o v e rn m e n t P r in tin g  O ffice , W ash in g to n , DC.

P e ry a m , D .R . 1 9 6 4 . C o n su m e r p re fe re n c e  e v a lu a tio n  o f  th e  s to ra g e  
s ta b i l i ty  o f  fo o d s . F o o d  T e c h n o l. 1 8 : 1 4 6 0 .

P o w ers , J .J .  1 9 7 4 . E x p e rie n c e  w ith  su b jec tiv e /o b je c tiv e  c o rre la tio n , 
p . 1 1 1 . In  “ C o rre la tin g  S e n so ry  O b jec tiv e  M ea su re m en ts  — N ew  
M eth o d s  fo r  A n sw erin g  O ld  P ro b le m s .”  A ST M  P u b lic a tio n  N o. 
5 9 4 , A m e ric a n  S o c ie ty  fo r  T es tin g  an d  M ate ria ls , P h ila d e lp h ia , PA .

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

Y e a tm a n , J .N . 1 9 6 9 . T o m a to  p ro d u c ts :  re a d  to m a to  re d ?  F o o d  
T e c h n o l. 2 3 : 6 1 8 .

M s rece iv ed  6 /3 /8 3 ;  rev ised  3 /1 /8 4 ;  a c c e p te d  3 /1 6 /8 4 .

B ased  o n  a  p a p e r  p re s e n te d  a t  th e  4 3 rd  A n n u a l M ee ting  o f  th e  In 
s t i tu te  o f  F o o d  T e c h n o lo g is ts , N ew  O rlean s , L A , J u n e  1 9 - 2 2 ,  1 9 8 3 .

T h e  a u th o rs  th a n k  W endell K e rr, V irg in ia  T ad ja lli, D r. C .H . S m ith  
a n d  D r. H . H o lze r ._______________________________________________  ■

Volume 49 (1984 )-JO U R N A L OF FO OD  S C IE N C E -1193



A Research Note

E f f e c t  o f  S e l e c t e d  Y o g u r t  C u l t u r e s  o n  t h e  C o n c e n t r a t i o n  o f  

O r o t i c  A c i d ,  U r i c  A c i d  a n d  A  H y d r o x y m e t h y l g l u t a r i c - L i k e  

C o m p o u n d  i n  M i l k  A f t e r  F e r m e n t a t i o n

R. J. HAGGERTY, L. O. LUEDECKE, C. W. NAGEL, and L. K. MASSEY

---------------------------- ABSTRACT-----------------------------
E i g h t  y o g u r t s ,  e a c h  f e r m e n t e d  b y  d i f f e r e n t  s t r a in s  o f  L a c t o b a c i l l u s  
b u lg a r i c u s  a n d  S t r e p t o c o c c u s  t h e r m o p h i l u s ,  w e r e  p r o d u c e d ,  t h e n  
a n a ly z e d  u s in g  h ig h - p e r f o r m a n c e  l iq u id  c h r o m a to g r a p h y  (H P L C ) 
f o r  t h e  p r e s e n c e  o f  o r o t i c ,  u r i c  a n d  3 - h y d r o x y - 3 - m e th y lg lu t a r ic  
(H M G ) a c id s .  I n  a l l  y o g u r t s  o r o t i c  a c id  d e c r e a s e d  1 5 -5 3 %  a f t e r  
f e r m e n t a t i o n  w h i le  u r i c  a c id  le v e ls  d id  n o t  c h a n g e .  A  c o m p o u n d  w a s  
f o u n d  in  a l l  y o g u r t  e x t r a c t s  t h a t  c o - c h r o m a to g r a p h e d  w i th  H M G  o n  
H P L C  a n d  h a d  a  s im ila r  U V  s p e c t r u m  t o  H M G  a f t e r  b o t h  w e r e  c o l 
l e c t e d  f r o m  a  r e v e r s e  p h a s e  H P L C  c o lu m n .  H o w e v e r ,  t h e  H M G  c o -  
e l u t a n t  d id  n o t  c o r r e s p o n d  t o  H M G  o n  th in - l a y e r  o r  p a p e r  c h r o m a 
to g r a p h y .  T h e s e  r e s u l t s  s u g g e s t  t h a t  H M G  is  n o t  p r e s e n t  in  m i lk  o r  
y o g u r t .  F e r m e n t a t i o n  o f  m i lk  b y  y o g u r t  s t r a in s  r e d u c e d  th e  c o n c e n 
t r a t i o n  o f  t h e  H M G  c o - e lu t a n t  in  s ix  o f  t h e  y o g u r t s ,  b u t  i n c r e a s e d  
i t  in  tw o  y o g u r t s .

INTRODUCTION
M A N N  A N D  S P O E R R Y  ( 1 9 7 4 )  o b s e r v e d  t h a t  f e e d i n g  
M a s a i  w a r r i o r s  l a r g e  a m o u n t s  o f  f e r m e n t e d  w h o l e  m i l k  
l o w e r e d  s e r u m  c h o l e s t e r o l .  S i n c e  t h e n  o t h e r s  h a v e  r e p o r t e d  
t h a t  c o n s u m p t i o n  o f  l a r g e  q u a n t i t i e s  o f  d a i r y  p r o d u c t s ,  
b o t h  f e r m e n t e d  a n d  n o n f e r m e n t e d ,  l o w e r e d  h u m a n  s e r u m  
c h o l e s t e r o l  ( M a n n ,  1 9 7 7 ;  M a r k s  a n d  H o w a r d ,  1 9 7 7 ; H e p n e r  

e t  a l . ,  1 9 7 9 ) .  M a n n  ( 1 9 7 7 )  h y p o t h e s i z e d  t h a t  d a i r y  p r o d 
u c t s  c o n t a i n  a  c h o l e s t e r o l - l o w e r i n g  “ m i l k  f a c t o r . ”  W a r d  e t  
a l .  ( 1 9 8 2 )  i d e n t i f i e d  u r i c  a c i d ,  a  p u r i n e ,  a s  a n  i n h i b i t o r  o f  

c h o l e s t e r o l g e n e s i s  i n  h u m a n  m i l k .  I n  b o v i n e  m i l k ,  t w o  p y r i 
m i d i n e s ,  u r a c i l  a n d  o r o t i c  a c i d ,  w e r e  i d e n t i f i e d  a s  i n h i b i t o r s  
o f  c h o l e s t e r o l  s y n t h e s i s  ( A h m e d  e t  a l . ,  1 9 7 9 ;  P a p a  e t  a l . ,
1 9 8 0 ) .  I n  a d d i t i o n ,  3 - h y d r o x y - 3 - m e t h y l g l u t a r a t e  ( H M G )  

h a s  b e e n  p r o p o s e d  a s  a  p o s s i b l e  “ m i l k  f a c t o r ”  ( M a n n ,  1 9 7 7 ) ,  
b u t  h a s  n o t  b e e n  d e m o n s t r a t e d  t o  b e  p r e s e n t  i n  m i l k  p r o d 
u c t s .  T h i s  s t u d y  w a s  d e s i g n e d  t o  t e s t  t h e  h y p o t h e s i s  t h a t  
f e r m e n t a t i o n  o f  m i l k  b y  y o g u r t  s t r a i n s  a l t e r s  t h e  c o n c e n 
t r a t i o n s  o f  o r o t i c  a c i d ,  u r i c  a c i d  a n d  H M G .

MATERIALS & METHODS

Yogurt culture strains
T w o  c o m m e r c ia l  f r e e z e - d r ie d  y o g u r t  c u l tu r e s  (C H -1  a n d  C H -2 )  

w e r e  o b t a i n e d  f r o m  C H R  H a n s e n ’s L a b o r a t o r y ,  I n c .  (M ilw a u k e e ,  
W I) . T h e s e  c u l tu r e s  w e re  a  1 :1  r a t i o  o f  L a c t o b a c i l l u s  b u lg a r ic u s  a n d  
S t r e p t o c o c c u s  t h e r m o p h i l u s . T h e  th r e e  p a t e n t e d  s t r a in s  o f  L .  b u l 
g a r i c u s  ( 2 0 1 ,  2 0 2 ,  2 0 3 )  a n d  tw o  p a t e n t e d  s t r a in s  o f  S. t h e r m o p h i l u s  
(E B C , M Q  w e r e  p r o v id e d  b y  D r .  K .M . S h a h a n i  (U n iv .  o f  N e b r a s k a ,  
L in c o ln ,  N E ) .

Yogurt preparation
Y o g u r t  m ix ,  c o n ta in in g  1 3 .5 %  t o t a l  m i lk  s o l id s ,  w a s  p r e p a r e d  

f r o m  f r e s h  s k im  m ilk  a n d  n o n - f a t  d r ie d  m i lk  s o l id s  (N F D M ) .  T h e  
m ix  w a s  h e a t e d  t o  5 0 ° C ,  h o m o g e n iz e d  w i th  a  h a n d  h o m o g e n iz e r ,  
h e a t e d  t o  9 0 ° C  a n d  h e ld  f o r  5  m in .  T h e  h e a t e d  m ix  w a s  c o o le d  to  
4 3 ° C  in  t a p  w a t e r  a n d  s u b -d iv id e d  in to  2 0  m L  p o r t i o n s .  A c t iv e  
y o g u r t  c u l t u r e  w a s  a d d e d  ( 2 %  v /v )  t o  t h e  m ix ,  s t i r r e d ,  c o v e r e d  w i th  
a lu m in u m  f o i l  a n d  in c u b a t e d  a t  4 3 ° C  u n t i l  a  p H  o f  4 . 6 - 4 .8 w a s

A u th o rs  H aggerty , L eu d eck e , N agel, a n d  M assey are a f f ilia te d  w ith  
th e  D e p t, o f  F o o d  S c ien ce  & H um an N u tr itio n , W ash ington  S ta te  
U n iv., P ullm an , WA 9 9 1 6 4 -2 0 3 2 .

a t t a i n e d  ( 5 - 6 .5  h r ) .  A t  th i s  p o i n t  t h e  y o g u r t s  w e r e  p la c e d  in  a  4 ° C  
c o o le r  a n d  h e ld  n o  m o r e  t h a n  1 w k  u n t i l  a n a ly s is .  F o u r  b a t c h e s  o f  
y o g u r t  w e r e  p r e p a r e d  u s in g  e a c h  s t r a in .

Yogurt extract preparation
F iv e  g ra m s  o f  y o g u r t  w e re  w e ig h e d  in t o  a  c e n t r i f u g e  tu b e ,  t h e n  

0 .5  m L  o f  5%  ( w /v )  o x a l ic  a c id  a n d  1 0  m L  o f  9 5 %  e t h a n o l  w e re  
a d d e d .  T h e  m ix tu r e  w a s  a g i t a t e d  f o r  1 m in  p r i o r  t o  c e n t r i f u g in g  
( 7 0 0 0  x g  f o r  5  m in )  a t  r o o m  t e m p e r a t u r e .  T h e  s u p e r n a t a n t  w a s  
f i l t e r e d  th r o u g h  W h a tm a n  # 4  p a p e r ,  e v a p o r a t e d  in  a  r o t a r y  e v a p o 
r a t o r ,  t h e  v o lu m e s  a d ju s t e d  t o  1 0  m L  w i th  d i s t i l l e d  w a te r ,  a g a in  
f i l t e r e d  t h r o u g h  W h a tm a n  # 4  p a p e r  a n d  f in a l ly  t h r o u g h  a  0 .4 5  p m  
c e l lu lo s e  a c e t a t e  f i l t e r  ( M il l ip o r e  F i l t e r ,  B e d f o r d ,  M A ) p r i o r  to  h ig h -  
p e r f o r m a n c e  l i q u id  c h r o m a to g r a p h y  (H P L C ) a n a ly s is .  E a c h  e x t r a c t  
w a s  a n a ly z e d  in  d u p l ic a te .

HPLC analysis
H P L C  a n a ly s is  w a s  c o n d u c t e d  u s in g  a  W a te r s  A s s o c ia te s  C h r o m a 

t o g r a p h y  p u m p  ( M o d e l  6 0 0 0 A  s o lv e n t  d e l iv e r y  s y s te m ,  W a te r s  
A s s o c ia te s ,  I n c . ,  M il fo rd ,  M A ) w i t h  a  W a te r s  I n t e l l i g e n t  S a m p le  
P r o c e s s o r  a u to m a t i c  i n j e c t i o n  m o d u le .  A  P e r k in - E lm e r  ( N o r w a lk ,  
C T ) L C -7 5  A u t o c o n t r o l  v a r ia b le  w a v e le n g th  d e t e c t o r  w a s  u s e d  a t  
2 0 8  n m  f o r  H M G , a n d  2 7 8  n m  f o r  o r o t i c  a n d  u r ic  a c id s ,  r e s p e c t iv e ly .  
E l u a te s  w e re  v is u a l iz e d  u s in g  a  H o v e to n  I n s t r u m e n t s  ( A u s t in ,  T X )  
O m n is c r ib e  s t r i p  c h a r t  r e c o r d e r .  P e a k  a r e a  a n d  r e t e n t i o n  t im e s  w e re  
i n t e g r a t e d  w i th  a  S p e c t r a -P h y s ic s  ( S a n ta  C la r a ,  C A ) A u to l a b  M in i-  
g r a to r .  T h e  c o lu m n  u s e d  f o r  s e p a r a t i o n  w a s  a B io -R a d  L a b o r a to r i e s  
( R i c h m o n d ,  C A )  A m in e x  H P X -8 7  io n  e x c l u s io n  c o lu m n  ( 3 0 0  m m  x
7 .9  m m ) .  T h e  s o lv e n t  w a s  0 .0 0 3 N  H 2 S O 4  a t  a  f lo w  r a t e  o f  0 .6  m L /  
m in .

Q u a l i t a t iv e  a n a ly s e s  o f  H M G , o r o t i c  a n d  u r ic  a c id s  w e re  c o n 
d u c t e d  b y  c o m p a r in g  r e t e n t i o n  t im e  o f  t h e  u n k n o w n s  t o  t h o s e  o f  
k n o w n  s t a n d a r d s  p r e p a r e d  f r o m  h ig h  p u r i t y  c h e m ic a l  s t a n d a r d s  
(S ig m a  C h e m ic a l  C o .,  S t .  L o u is ,  M O ) . O r o t i c  a n d  u r ic  a c id s  w e re  
p la c e d  in  d i s t i l l e d  w a te r  a n d  0 .1 N  N a O H  w a s  a d d e d  t o  a d ju s t  t h e  
p H  t o  8 . H e a t  w a s  t h e n  a p p l ie d  u n t i l  t h e  a c id  c r y s ta l s  w e r e  d is s o lv e d .  
T h e  s o lu t io n s  w e re  c o o le d  to  r o o m  t e m p e r a t u r e  a n d  m a d e  u p  to  
v o lu m e .  R e c o v e r y  o f  a d d e d  H M G , o r o t i c  a n d  u r ic  a c id s  w e r e  8 7 % , 
8 2 %  a n d  7 1 %  r e s p e c t iv e ly .  F r a c t i o n s  s u s p e c t e d  as H M G  w e re  c o l 
l e c t e d  f r o m  t h e  H P L C  w a s te  l in e ,  a ir  e v a p o r a t e d  t o  d r y n e s s ,  a n d  
v o lu m e  a d ju s t e d  t o  2  m L  w i t h  d i s t i l l e d  w a te r .  S u l f u r ic  a c id  w a s  
r e m o v e d  f r o m  th i s  s o lu t io n  b y  H P L C  u s in g  a  Z o r b a x  ( D u P o n t  
I n s t r u m e n t s ,  W ilm in g to n ,  D E )  r e v e r s e  p h a s e  o c t a d e c y l  s i la n e  (O D S )  
c o lu m n  ( 2 5 0  m m  x  4 .6  m m ) .  T h e  m o b i le  p h a s e  w a s  0 .0 0 2 N  H C1 
a t  a  f lo w  r a t e  o f  2  m L /m in .  I n j e c t i o n  v o lu m e s  w e re  0 .2 5  to  1 m L  
a n d  d e t e c t i o n  w a s  a t  2 0 8  n m . T h e  c o l l e c t e d  f r a c t i o n s  w e r e  e v a p o 
r a t e d  a lm o s t  t o  d r y n e s s  u s in g  a  r o t a r y  e v a p o r a t o r  ( w a te r  b a t h  a t  
3 0 ° C  m a x )  a n d  d i l u t e d  t o  2  m L  w i t h  d i s t i l l e d  w a te r .  S t a n d a r d s  o f  
k n o w n  H M G  w e re  p r e p a r e d  in  a  s im ila r  m a n n e r .

Thin layer and paper chromatography
T h e  th in - la y e r  c h r o m a to g r a p h y  p r o c e d u r e  w a s  b a s e d  o n  t h e  p r o 

c e d u r e  o f  S t a h l  ( 1 9 6 5 ) .  P r e - p o u r e d  p la te s  ( 2 0  x  2 0  c m )  o f  s i l ic a  g e l  
G  ( S u p e lc o ,  I n c . ,  B e l la f o n te ,  P A )  w e r e  u t i l i z e d .  T h e  s o lv e n t  m ix tu r e  
c o n s i s te d  o f  9 5 %  e t h a n o l ,  w a te r  a n d  2 5 %  a m m o n iu m  h y d r o x i d e  
( 1 0 0 : 1 2 : 1 6 ) .  K n o w n  H M G  w a s  a p p l ie d  t o  t h e  p la te s  in  2 0 - 1 0 0  p L  
v o lu m e s .

P a p e r  c h r o m a to g r a p h y  w a s  b a s e d  o n  a  p r o c e d u r e  b y  A m e r in e
( 1 9 7 1 ) .  H M G  a n d  t h e  s u s p e c t  H M G  c o - e lu ta n t  w e re  s p o t t e d  o n  a  2 0  
x  2 0  c m  s h e e t  o f  W h a tm a n  # 1  f i l t e r  p a p e r  a t  le v e ls  o f  6 0  p L  (H M G ) 
t o  2 4 0  p L  (H M G  c o - e lu t a n t ) .  D e v e lo p m e n t  w a s  i n  c y l in d r i c a l  g la ss  
c h r o m a to g r a p h y  c h a m b e r  u s in g  n - b u ta n o l ,  9 0 %  f o r m ic  a c id ,  w a te r  
( 9 . 2 : 1 : 9 . 2 )  u s in g  t h e  t o p  l a y e r  o f  t h e  tw o  im m is c ib le  l a y e r s  a s  t h e  
s o lv e n t  b y  a n  a s c e n d in g  m o d e .
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T able 1—C o n cen tra tio n  o f  o r o tic  a c id , u ric a c id  a n d  a h y d r o x y m e th y lg lu ta r ic  a c id  c o -e lu ta n t in  un fe r m e n te d  y o g u r t  m ix  a n d  y o g u r ts  (con cen 
tra tio n , p p m )

Culture strain

Orotic acid U ric acid
H yd roxym ethy lg lu taric  acid 

Co-elutantb

M ix Yogu rt M ix Yogurt M ix Yogurt

EBC/201 38.0  ± 0.5 25.6a ± 0.9 14.6 ± 0 14.7 + 1.6 3 0 0  ± 14 128  ± 7
EBC/202 38.0  ± 0.5 25.7a + 1.4 14.6 ± 0 14.6 ± 0.1 3 0 0  ± 14 129  ± 14
EBC/203 38.0 ± 0.5 32 .4a ± 0.2 14.6 ± 0 15.0 ± 0.2 3 0 0  ± 14 113 ± 149
MC/201 38.0  ± 0.5 20.5a + 0.7 14.6 ± 0 14.8 ± 0 3 0 0  ± 14 161 ± 6
MC/202 38.0 ± 0.5 23.6a ± 1.4 14.6 ± 0 15.4 ± 1.4 3 0 0  ± 14 221 ± 73
MC/203 38.0 ± 0.5 32 .3a ± 0.9 14.6 ± 0 14.2 ± 0 3 0 0  ± 14 2 1 6 +  30
CH-1 40.5 ± 3.5 23.2a ± 1.3 17.2 ± 0.1 16.8 ± 0.4 139 ± 124 180 + 7
CH-2 36.5  ± 6 17.3a + 1.2 14.0 ± 1.8 15.2 ± 0.6 94 ± 7 156 ± 53

^ S ig n ifican tly  different from  unferm ented m ix (p <  0 .0 5 ). 
D Calcu lated using absorption values for H M G .

A  B e c k m a n  U V -V is ib le  M o d e l  3 5  S p e c t r o p h o t o m e t e r  ( B e c k m a n  
I n s t r u m e n t s  I n c . ,  S o u t h  P a s a d e n a ,  C A ) w a s  u s e d  t o  d e t e r m i n e  t h e  
u l t r a v io l e t  (U V )  s p e c t r a  o f  s t a n d a r d s  a n d  t h e  H M G  c o - e lu t a n t  c o m 
p o u n d .

RESULTS & DISCUSSION
O R O T I C  A C I D  C O N C E N T R A T I O N  d e c r e a s e d  s i g n i f i c a n t l y  
( P  <  0 . 0 5 )  d u r i n g  f e r m e n t a t i o n  ( T a b l e  1 ) .  T h i s  f i n d i n g  is  

s i m i l a r  t o  t h e  o b s e r v a t i o n s  o f  M a r s i l i  e t  a l .  ( 1 9 8 1 ) ,  A i m
( 1 9 8 2 )  a n d  O k o n k w o  a n d  K i n s e l l a  ( 1 9 6 9 ) .  T h e  c o n c e n t r a 
t i o n s  o f  o r o t i c  a c i d  f o u n d  i n  t h e  y o g u r t s  i n  t h i s  s t u d y  r a n g e d  
f r o m  1 7 . 3 - 3 2 . 4  p p m ,  w h i c h  a r e  l e s s  t h a n  t h e  7 2 - 8 3  p p m  i n  
m i l k  a n d  3 4 - 7 2  p p m  i n  y o g u r t  r e p o r t e d  b y  M a r s i l i  e t  a l .
( 1 9 8 1 ) ,  R i c h a r d s o n  ( 1 9 7 8 ) ,  L a r s o n  a n d  H e g a r t y  ( 1 9 7 9 )  
a n d  O k o n k w o  a n d  K i n s e l l a  ( 1 9 6 9 ) .

U n l i k e  o r o t i c  a c i d ,  u r i c  a c i d  d i d  n o t  c h a n g e  s i g n i f i c a n t l y  
d u r i n g  f e r m e n t a t i o n  ( T a b l e  1 ) .  T h e  c o n c e n t r a t i o n s  o f  u r i c  
a c i d  f o u n d  i n  t h e  u n f e r m e n t e d  y o g u r t  m i x e s  a r e  i n  c l o s e  
a g r e e m e n t  w i t h  t h e  2 0 - 2 2  p p m  r e p o r t e d  i n  m i l k  ( S h a h a n i  

a n d  S o m m e r ,  1 9 5 1 ;  M a r s i l i  e t  a l . ,  1 9 8 1 ) .  T h e  c o n c e n t r a t i o n  
o f  u r i c  a c i d  f o u n d  i n  a l l  t h e  y o g u r t s  a n a l y z e d  ( 1 4 . 2 - 1 8 . 2  
p p m )  w a s  l e s s  t h a n  t h e  3 1  p p m  r e p o r t e d  b y  M a r s i l i  e t  a l .

( 1 9 8 1 ) .
H y d r o x y m e t h y l g l u t a r a t e  w a s  n o t  f o u n d  i n  m i l k  o r  

y o g u r t .  R e t e n t i o n  t i m e  a n d  u l t r a v i o l e t  s p e c t r a  c o m p a r i s o n s  
o f  k n o w n  H M G  a n d  t h e  H M G  c o - e l u t a n t  w e r e  v e r y  s i m i l a r .  
T h e  H M G  c o - e l u t a n t  p e a k  c o n s i s t a n t l y  e l u t e d  w i t h i n  ± 1 2  

s e c  o f  H M G .  H o w e v e r ,  w h e n  t h e  H M G  c o - e l u t a n t  p e a k  w a s  
c o l l e c t e d  f r o m  t h e  H P L C  w a s t e  l i n e ,  c o n c e n t r a t e d ,  t h e n  
r e c h r o m a t o g r a p h e d  o n  t h e  O D S  c o l u m n  t o  r e m o v e  t h e  c o n 

c e n t r a t e d ,  t h e n  r e c h r o m a t o g r a p h e d  o n  t h e  O D S  c o l u m n  t o  

r e m o v e  t h e  c o n c e n t r a t e d  s u l f u r i c  a c i d ,  o n l y  o n e  o f  t h e  t w o  
r e s u l t i n g  c o m p o u n d s  h a d  t h e  s a m e  r e t e n t i o n  t i m e  a s  k n o w n  
H M G  s u b j e c t e d  t o  t h e  s a m e  t r e a t m e n t .  W h e n  f u r t h e r  i d e n 
t i f i c a t i o n  o f  t h e  H M G  c o - e l u t a n t  p e a k  w a s  a t t e m p t e d  u s i n g  
p a p e r  a n d  t h i n - l a y e r  c h r o m a t o g r a p h y ,  n o  s p o t  w i t h  a n  R f  

c o r r e s p o n d i n g  t o  i d e n t i c a l l y  t r e a t e d  H M G  w a s  d e t e c t e d .

T h e r e  w e r e  n o  s i g n i f i c a n t  d i f f e r e n c e s  i n  y o g u r t  s t r a i n s  i n  
t h e i r  e f f e c t s  o n  o r o t i c  a n d  u r i c  a c i d  c o n c e n t r a t i o n s .  H o w 

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

c o n c e n t r a t i o n  o f  t h e  H M G  c o - e l u t a n t ,  t w o  s t r a i n s ,  C H -1  
a n d  C H - 2 ,  m a y  h a v e  p r o d u c e d  t h i s  c o m p o u n d ,  s i n c e  i t s  c o n 
c e n t r a t i o n  w a s  g r e a t e r  i n  t h e  f e r m e n t e d  p r o d u c t .  T h e r e  a p 

p e a r s  t o  b e  s t r a i n  d i f f e r e n c e s  i n  t h e  p r o d u c t i o n  o f  t h e  H M G  
c o - e l u t a n t ,  b u t  n o t  o r o t i c  o r  u r i c  a c i d s .
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A Research Note

S c r e e n i n g  o f  M i l k  a n d  M i l k  P r o d u c t s  f o r  T h e r m o n u c l e a s e

V. K. BATISH, HARISH CHANDER, and B. RANG AN ATH AIM

----------------------------ABSTRACT ----------------------------
Out of 208 samples of dairy products, 17.8% contained thermo
nuclease. Staphylococcal TNase (6-49 Mg/100 mL or g) was de
tected in 14.4% samples that also contained TNase positive S. 
aureus and their enterotoxins. Enterotoxin A was recorded most 
frequently. Incidence of TNase was maximum (30.4%) in raw cow’s 
milk followed by nonfat dry cow’s milk (25.9%) and Kulfi (25.0%). 
The most frequent contaminants in the seven nonstaphylococcal 
TNase positive samples (6 -  16 Mg per 100 mL org) were TNase- 
positive enterococci. TNase-positive B. cereus was recovered from 
a TNase-positive sweetened condensed milk sample. Unidentifiable 
TNase producing molds were detected in three TNase-positive 
samples.

INTRODUCTION
THE PRODUCTION of therm onuclease (TNase) by a ma
jo rity  o f enterotoxigenic strains o f Staphylococcus aureus 
(Lachica et al. 1969; Lachica et al., 1971a, b; Barry et al., 
1973; Raymon et al., 1975; Sperber, 1976) has now been 
well docum ented as one of the major criteria in the identi
fication of enterotoxigenic S. aureus (Baird-Parker, 1974; 
Sperber, 1976). The TNase test has also been proposed as a 
rapid means of screening foods for growth of S. aureus 
and potential enterotoxin production (Lachica et al., 1972; 
Chesbro and Auborn, 1967; Tatini et al., 1975; Koupel and 
Deibel, 1978; Park et al., 1980; Batish et al., 1978; Rao 
et al., 1980). However, in view of occurrence of TNase pro
ducing microorganisms other than S. aureus in foods 
(Thomas and Nambudripad, 1974; Park et al., 1980; Bisson- 
nette  et al., 1980; Batish et al., 1982), the validity of the 
TNase test for determining the likely presence of staphylo
coccal enterotoxins in the foods can be subjected to  criti
cism. Hence in the present investigation, an attem pt has 
been made to  screen a large num ber of samples of milk and 
milk products for the presence of therm onucleases of 
staphylococcal as well as nonstaphylococcal origin.

MATERIALS & METHODS
A TOTAL of 208 samples of milk and milk products were pro
cured from local markets, commercial dairies and the Experimental 
Dairy and Cattle Yard of N.D.R.I., Karnal. Thermonuclease was 
extracted from the test samples by the procedure of Tatini et al.
(1976) after suitable modifications (Batish et al., 1982). TNase 
extracts were prepared from the samples after adjusting their pH to
4.5 as well as at 3.8. The crude extracts of the enzyme following 
the above procedures were divided into two aliquots. One of the ali
quots was boiled for 15 min and the other for 1 hr. The TNase assay 
system was carried out with toluidine blue DNA agar medium 
(Lachica et al., 1971a, b) adjusted to pH 6.7 and 9.0 (poured into 
95 mm diam eter plastic petri plates) to differentiate between staph
ylococcal and enterococcal TNase. Staphylococcal TNases are most 
active at pH 9.0 and enterococcal TNase acrivity is best exhibited 
at pH 6.7 (Batish et al., 1982). After solidification, agar plates were 
stored at 5 -  7°C until further use. Two mm wells were made in 
each plate and 5 mL TNase extracts were gently transferred to each

Authors Batish, Chancier, and Rangenathan are affiliated with the 
Div. of Dairy Microbiology, National Dairy Research Institute, 
Karnal (Haryana), 132001, India.

well. The plates were incubated for 4 hr at 37°C. Development of 
pink zones around the wells was a positive indication of the pres
ence of thermonuclease. A standard curve was prepared using puri
fied micrococcal nuclease (Sigma) in tris-buffer (pH 8.5) to deter
mine the quantity of thermonuclease in each sample.

Enterotoxins of Staphylococcus aureus were extracted from the 
thermonuclease-positive samples (Casman, 1967) Microslide gel 
double diffusion tests (Casman et al., 1969) were carried out to 
detect enterotoxin in the extract using standard enterotoxin anti
sera supplied by Dr. M. S. Bergdoll, Food Research Institute, Univ. 
of Wisconsin (Madison, WI). Thermonuclease-positive samples that 
did not show the presence of staphylococcal enterotoxins were 
examined for the presence of thermonuclease-positive S. aureus, 
enterococci and Bacillus species using Baird-Parker’s agar (ICMSF,
1978), citrate azide agar (Saraswat et al., 1963), and tryptone 
dextrose agar (APHA, 1972), respectively. A total of 20 colonies 
each of the isolates growing on the above media were randomly 
selected, isolated and tested for TNase production after growth 
in BHI and 10% reconstituted nonfat dry cow’s milk for 24 hr at 
37°C. The TNase positive enterococcal isolates were characterized 
and identified on the basis of their morphological, biochemical and 
physiological characteristics using the procedure of Facklam (1974) 
and Diebel and Seeley (1974). Bacillus species were identified as per 
the scheme presented by Gibson and Gordon (1974).

RESULTS & DISCUSSION
THE INCIDENCE of samples of milk and milk products 
positive for thermonuclease of staphylococcal and non
staphylococcal origin is shown in Table 1. Although 37 
samples showed the presence of therm onuclease, staphy
lococcal TNase was detected in only 30 samples of the 208 
samples analyzed. This was confirmed by the presence of 
TNase-positive S. aureus as well as staphylococcal entero
toxins in the samples. The maximum incidence of therm o
nuclease was observed in seven samples of raw cow’s milk 
followed by seven nonfat dry cow’s milk and three infant 
foods. The maximum concentration of TNase occurred in 
a sample of raw cow’s milk. There was a preponderence of 
enterotoxin A in TNase positive samples. Our results are 
consistent with the earlier findings of Batish et al. (1978), 
Rao et al. (1980), and Singh et al. (1980) who also de
tected  therm onuclease in samples of milk and milk prod
ucts. Staphylococcal enterotoxins were also detected by the 
above workers in the therm onuclease positive samples, 
thereby indicating the usefulness of TNase test in screening 
foods for the presences of enterotoxins. Similar findings 
were also observed by Tatini et al. (1975) in cheese buffer, 
nonfat dry cow’s milk and dried malted milk samples. The 
high incidence of therm onuclease in milk and milk products 
examined in the present investigation suggests that milk and 
milk products were handled under nonhygienic conditions.

D istribution of nonstaphylococcal TNase-positive sam
ples contam inated with the predominating microorganisms 
capable of TNase production is presented in Table 2. The 
concentration of TNase in these samples ranged from 6 
pg/100  mL (ice-cream) to  16 jLig/100 mL in raw cow ’s 
milk. All seven samples contained bacteria o ther than S. 
aureus as major contam inants. The major contam inating 
organisms belonged to ‘Enterococcus’ group and Bacillus 
species. TNase-positive enterococci were recovered from  a 
sample each of raw cow’s milk, sweet cheese, Cheddar
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Table 1— Incidence o f samples o f m ilk and m ilk products positive for thermonucleasea

Type of 
samples

No. of 
samples 
tested

No. of 
samples 
positive 
for ther

monuclease

No. of 
positive 
samples 
show ing 

S. aureus

Level of 
staphylo 

coccal 
TNase jjg/ 

100 m L  
org.

Type  of 
staphylococcal 

enterotoxin

Raw  cow 's m ilk 23 7 (30.4) 6 (26.7) 19 -4 9 A, C, D
Pasteurized cow 's  m ilk 17 1 ( 6.9) 1 ( 5.9) 12 A
Sweet cheese 10 2 (20.0) 1 (10.0) 26 A
Cheddar cheese 25 5 (20.0) 4 (16.0) 9-31 A, B
Processed cheese 10 0 0 - -

Butter 20 2 (10.0) 2 (10.0) 8 -1 2 A
Kulfi-m ix 20 5 (25.0) 3 (15.0) 16 -3 2 A, B, C
Kulfi-m ix 20 2 (10.0) 2 (10.0) 29 A , B
Ice-cream 10 2 (10.0) 2 (10.0) 29 A , B
Sweetened condensed m ilk 10 1 (10.0) 0 (10.0) - -

Nonfat dry cow 's m ilk 27 7 (25.0) 7 (25.9) 7 -36 A, B, C
Infant food (spray-dried) 16 3 (18.7) 3 (18.7) 6 -1 3 A , B

Total: 200 37 (17.8) 30  (14.4)

3 Data in parentheses Ind ica te  percentage; -, no t  detected.

Table 2 — Distribution o f  TNase-positive samples o f  m ilk and milk 
products by organisms other than Staphylococci

Type  of 
samples

No. of 
samples

A m oun t of 
TNase 

(,ug/100mL 
or g)

Predom inant
contam inants
Enterococcus

species3

TNase positive

Bacillus
species M o ld sb

Raw  cow 's m ilk 1 16 + (S.f.f.) _ _

Sweet cheese 1 9 +(S.f.z.) - -
Cheddar cheese 4 11 -HS.f.z.) — —

Kulfi 2 i) 13 + (S.fae) - +

ii) 14 + (S.fae) - +
ice cream 1 6 +(S. fae) - +

Sweetened 1 8 - +(B.C) -

condensed m ilk

a Parentheses used for abbreviationi of bacteria species names:
S.f.f. =  S. faecalls var. faecalls; S.f.z. = S . faecalis var. zym ogene s;
S. fae = S. faeclum ; B.c. = B ac illu s  cereus.

B U n ide n tif ied  m o ld s; +, present; — , absent.

cheese and ice cream and two samples of Kulfi. They were 
identified as S. faecalis var. faecalis; S. faecalis var. zy m o 
genes (two samples); S. faecium. TNase positive Bacillus 
isolates recovered from  a sweetened condensed milk sample 
were identified as B. cereus. In addition, a few mold isolates 
capable of TNase production were isolated from two Kulfi 
and one ice-cream samples, but they could not be identi
fied. This corroborates the findings of Bissonnette and co
workers (1980) who showed therm onuclease production by 
Bacillus sp. and enterococci in naturally contam inated 
cheese. TNase production, in addition to  S. aureus, was 
dem onstrated by some strains of Bacillus sp. and a few 
strains of group D streptococci (Park et ah, 1980). In the 
present investigation TNase of S. aureus was differentiated 
from  tha t of Bacillus sp. and enterococci on the basis of 
extraction of Staphylococcal TNase at low pH 3.8 as sug
gested by Bissonnette et al. (1980), and greater heat resist
ance of TNase as suggested by Park et al. (1980). By using 
both  these steps, the interference of nonstaphylococcal 
TNase could be eliminated to  a greater extent, since only 
TNase of S. aureus was able to  resist these treatm ents. In 
our earlier study (Batish et ah, 1982), TNases of entero
cocci were found to  be active bo th  at slightly acidic pH 6.7 
as well as alkaline pH 9.0 whereas TNases of S. aureus 
could not be clearly dem onstrated at pH 6.7. Hence, it can 
be concluded that if a correct in terpretation of contam ina
tion of dairy products by S. aureus is to be made, TNase

extraction must be followed at low pH, i.e. 3.8, and the 
extract should be boiled for 1 hr before carrying out the 
TNase test for determining the likely presence of entero- 
toxin in the food sample. TNase assay should be conducted 
at pH 6.7 as well as pH 9.0 in order to  further differentiate 
between staphylococcal TNase and enterococcal TNase.

REFERENCES
A P H A . 1 9 7 2 . “ S ta n d a rd  M e th o d s  fo r  th e  E x a m in a tio n  o f  D a iry  

P r o d u c ts ,”  1 3 th  ed . A m erican  P u b lic  H e a lth  A sso c ia tio n , W ash
in g to n , DC.

B a ird -P a rk e r, A .C . 1 9 7 4 . S ta p h y lo c o c c u s . In  “ B e rg ey ’s M an u a l o f 
D e te rm in a tiv e  B a c te r io lo g y ,”  8 th  ed . (E d .)  B u ch a n a n , R .E . an d  
G ib b o n s , N .E . W illiam s a n d  W ilk ins C o ., B a ltim o re , M D.

B arry , A .L ., L a c h ic a , R .V .F .,  a n d  A c h iso n , F .W . 1 9 7 3 . Id e n tif ic a 
t io n  o f  S ta p h y lo c o c c u s  a u re u s  b y  s im u lta n e o u s  u se  o f tu b e  co ag u 
lase a n d  th e rm o n u c le a s e  te s ts .  A p p l. M icro b io l. 2 5 : 4 9 6 .

B a tish , V .K ., G h o d e k e r , D .R ., an d  R an g a n a th a n , B. 1 9 7 8 . T h e  th e r 
m o s ta b le  d e o x y r ib o n u c le a s e  (D N ase ) te s t  as a  ra p id  sc reen in g  
m e th o d  fo r  th e  d e te c t io n  o f  s ta p h y lo c o c c a l e n te ro to x in s  in  m ilk  
a n d  m ilk  p ro d u c ts .  M icro b io l. Im m u n o l.  2 2 : 4 2 7 .

B a tish , V .K ., C h an d e r, H. a n d  R an g a n a th a n , B. 1 9 8 2 . C h a rac te r i
z a t io n  o f  d e o x y r ib o n u c le a s e  p o s itiv e  e n te ro c o c c i is o la te d  fro m  
m ilk  a n d  m ilk  p ro d u c ts .  J . F o o d  P ro t. 4 5 : 3 4 8 .

B is s o n n e tte , N ., L ach an ce , R .A ., G o u le t, J . ,  L a n d g ra f , M ., a n d  P ark , 
C .E . 1 9 8 0 . E v id en ce  o f th e rm o n u c le a s e  p ro d u c t io n  b y  B acillus 
sp p . an d  e n te ro c o c c i in  n a tu ra lly  c o n ta m in a te d  ch eese . C an. J. 
M icro b io l. 2 6 : 7 2 2 .

C asm an , E .P ., B e n n e tt ,  R .W ., D o rsey , A .S ., a n d  S to n e , J .E . 1 9 6 9 . 
T h e  m ic ro s lid e  gel d o u b le  d if fu s io n  te s t  fo r  th e  d e te c t io n  an d  
assay  o f s ta p h y lo c o c c a l e n te ro to x in .  H e a lth  L ab . Sci. 6 :  1 8 5 . 

C h esb ro , W .R . a n d  A u b o rn , K . 1 9 6 7 . E n z y m a tic  d e te c t io n  o f  th e  
g ro w th  o f  S ta p h y lo c o c c u s  a u re u s  in  fo o d s . A p p l. M icro b io l. 1 5 : 
1 1 5 0 .

D ieb e l, R .H . an d  S ee ley , H.W . J r .  1 9 7 4 . S tr e p to c o c c u s . In  “ B er
g e y ’s M anual o f D e te rm in a tiv e  B a c te r io lo g y ,”  8 th  ed . (E d .)  
B u ch a n a n , R .E . a n d  G ib b o n s , N .E . W illiam s a n d  W ilk ins C o., 
B a ltim o re , MD.

F a c k la m , R .R . 1 9 7 4 . S tr e p to c o c c i.  In  M an u a l o f C lin ical M icro 
b io lo g y ,”  2 n d  ed ., (E d .)  L e n n e tte e ,  R .H ., S ap u lin g , E .H ., an d  T ru 
a n t ,  J .P . A m . Soc. M icro b io l. W ash in g to n , DC.

G ib so n , T . a n d  G o rd o n , R .E . 1 9 7 4 . B ac illus. In  “ B e rg ey ’s M anual 
o f D e te rm in a tiv e  B ac te r io lo g y , “ 8 th  e d ., (E d .)  B u ch a n a n , R .E . 
a n d  G ib b o n s , N .E . W illiam s a n d  W ilk ins C o ., B a ltim o re , M D. 

In te rn a t io n a l  C o m m issio n  o n  M ic ro b io lo g ica l S p e c if ic a tio n s  fo r  
F o o d s  (IC M S F ) 1 9 7 8 . S ta p h y lo c o c c i.  In  “ M ic ro o rg an ism s  in  
F o o d s : T h e ir  S ig n ific an ce  a n d  M e th o d  o f  E n u m e r a t io n ,”  U n iver
s ity  o f  T o r o n to  Press, T o r o n to ,  O n ta rio .

K o u p a l, A . a n d  D ieb e l, R .H . 1 9 7 8 . R ap id  q u a li ta t iv e  m e th o d  fo r  
d e te c tin g  s ta p h y lo c o c c a l n u c lease  in  fo o d s . A p p l. E n v iro n . M icro 
b io l. 3 5 : 1 1 9 3 .

L a c h ic a , R .V .F .,  W eiss, K .F ., a n d  D iebel, R .H . 1 9 6 9 . R e la tio n s h ip  
am o n g  co ag u lase  e n te ro to x in  a n d  h e a t-s ta b le  d e o x y r ib o n u c le a s e  
p ro d u c t io n  b y  S ta p h y lo c o c c u s  au reu s . A p p l. M icro b io l. 1 8 : 1 2 6 . 

L a c h ic a , R .V .F .,  G en igeo rg is , C ., a n d  H o e p ric h , P .D . 1 9 7 1 a . M eta- 
c h ro m a tic  agar d if fu s io n  m e th o d s  fo r  d e te c tin g  s ta p h y lo c o c c a l 
n u c lease  a c t iv ity . A p p l. M icro b io l. 2 1 : 5 8 5 .

L a c h ic a , R .V .F .,  H o e p ric h , P .D ., a n d  G en igeo rg is , C. 1 9 7 1 b . N u c 
lease  p ro d u c t io n  a n d  ly s o s ta p h in -su s c e p tib il i ty  o f  S ta p h y lo c o c c u s  
a u re u s  a n d  o th e r  co ag u lase -p o sitiv e  c o cc i. A p p l. M icro b io l. 2 1 : 
8 2 3 .

L a c h ic a , R .V .F .,  H o e p ric h , P .D ., a n d  G en ig eo rg is , C. 1 9 7 2 . M eta- 
c h ro m a tic  ag a r-d iffu s io n  m ic ro s lid e  te c h n iq u e  fo r  d e te c tin g  
s ta p h y lo c o c c a l n u c lease  in  fo o d s . A p p l. M icro b io l. 2 3 : 168 .

— Continued on page 1199

Volume 49  (19 8 4 )-JO U R N A L  O F  FO O D  S C IE N C E -1 1 9 7



A Research Note
U s e  o f  C a n d i d a  t r o p i c a l i s  A T C C  9 9 6 8  t o  A d j u s t  t h e  p H  

o f  a  N a t u r a l  L a c t i c  A c i d  F e r m e n t a t i o n  o f  C o r n m e a l

M. E. BASELER and M. L FIELDS

---------------------------- ABSTRACT----------------------------
After 3 days of a natural lactic acid fermentation of whole kernel 
cornmeal, the pH was 3.78 with a titratable acidity of 0.91% at 
32°C (1:4 w/v solids to water). These solids were diluted (1:12 
w/v), autocalved at 121°C for 15 min and fermented with C. tropi
calis for 7 days at 32°C, bringing the pH to 6.5 and 0.03% acidity. 
After both fermentations, the % relative nutritive value increased 
significantly (from 74.09% to 81.22%) and so did riboflavin (from 
0.22 to 0.56 mg/100g). Both thiamin and niacin decreased signifi
cantly (0.42 to 0.20 mg/100g and 2.13 to 1.94 mg/100g, respec
tively).

INTRODUCTION
IN PREVIOUS RESEARCH, we found that indigenous 
microflora occurring on legumes (Zamora and Fields, 
1979a, b) produced improvement in riboflavin, methionine, 
isoleucine and tryp tophan contents and percent relative 
nutritive value (a measure of the amino acid balance). In 
addition, raffinose and stachyose decreased. A natural fer
m entation of cereals (Hamad and Fields, 1979a; Au and 
Fields, 1981; Tongnual and Fields, 1979; Kazanas and 
Fields, 1981; Lay and Fields, 1981; Umoh and Fields, 
1981; Tongnual et al., 1981; Wang and Fields, 1978) also 
produced nutritional improvements due to  a natural fer
m entation. The ferm entation was a lactic acid ferm entation 
(Zamora and Fields, 1979a, b; Fields et al., 1981).

In foods made from these ferm ented materials, the pH 
was adjusted to their original pH or to  a more alkaline pH 
with baking soda (Zamora and Fields, 1979c; Hamad and 
Fields, 1979b). Sensory panelists in evaluating a chickpea 
soup with an unadjusted pH (pH 4.2) reported that the 
soup had an acid flavor which they found disagreeable 
(Zam ora and Fields, 1979c). Because of the necessity of 
adding baking soda, which can also influence the flavor if 
added in large quantities (Charley, 1970), this research was 
instituted to  determ ine the influence of using Candida 
tropicalis to  raise the pH but still retain the nutritional 
benefits derived from  the naturally occurring lactic acid 
ferm entation.

MATERIALS & METHODS

S a m p le  p r e p a r a t i o n

Five bags of corn purchased in Columbia, MO were cleaned, 
washed, dried, and ground through a 1-mm screen in a Wiley mill. 
Tap water (2:4 w/v) was added to 150g ground com and incubated 
at 32°C for 3 days in replicated 2000-mL Erlenmeyer flasks covered 
with aluminum foil. The pH, titratable acidity as lactic (% TA) and 
reducing sugars (Bernfeld, 1955) were determined daily for the entire 
experiment. .

After 3 days, tap water (1:12 w/v) was added to the fermented 
sample and the flask was stoppered with gauze-wrapped cotton. The 
mixture was autoclaved for 15 min at 121°C. Candida tropicalis 
ATCC 9968 was selected for use because it can metabolize pentoses 
and soluble starch and because it had been used previously for yeast 
protein (ATCC, 1982). Yeast (Candida tropicalis ATCC 9968) was

Authors Baseler and Fields are with the Dept, o f Food  Science & 
Nutrition, Univ. o f  Missouri-Columbia, Columbia, N O  65211.

added to four replicate flasks per treatment. The inoculum was 1 
mL of a suspension of a 2-day old cutlure of C. tropicalis, ATCC 
9968 grown in yeast malt broth, centrifuged, and suspended in sterile 
distilled water to give 50% transmittance at 600 nm in a Bausch 
and Lomb spectrophotometer. When the pH of the corn rose to 6.5, 
the sample was dried for 24—48 hr at 50-70°C.

A n a ly t ic a l  p r o c e d u r e s

Moisture and nitrogen were determined according to AOAC
(1975). Stott and Smith’s method (1963) was used to determine % 
relative nutritive value (% RNV). Sample preparation for niacin and 
riboflavin determinations followed the procedure of Freed (1966). 
Preparation of samples for thiamin followed the Sarett and Chelde- 
lin’s (1944) procedure. Preparation of working standards, stock 
cultures, inocula and assay tubes for all vitamins were according to 
the procedures of Difco (1977).

S ta t i s t i c a l  a n a ly s e s

An analysis of variance (Snedecor and Cochran, 1980) was used 
to determine the significance of the data obtained from four replica
tions of vitamin and three replications of % RNV assays. Duncan’s
(1955) multiple range test was used to locate significant differences 
between the means of the fermented samples and nonfermented 
control.

RESULTS & DISCUSSION
THE CHARACTERISTICS of a natural lactic acid type of 
ferm entation (lowering of pH and increased titratable acid
ity) during the first 3 days and the ferm entation with C. 
tropicalis ATCC 9968 are shown in Table 1. During the first 
day of the natural lactic acid ferm entation, the level of 
reducing sugars increased 4.38 times but then decreased on 
the second and third days. The increase and decrease can be 
attributed  to  action of the microflora during the ferm enta
tion.

During autoclaving, the quantity  of reducing sugars or 
reducing substances increased 3.8 times due to the auto-

Tabie 1— Means o f pH , titratable acidity and reducing sugars after 
fermenting cornmeals by two methods

Type  of 
fermentation Days pH

%

acidity

Reducing sugars 
(mg glucose/m L 

sample)

Natural lactic 0 6.38 0 .06b 1.34
acid3 1 4.38 0.50 5.88

2 3.92 0.76 2.40
3 3.78 0.91 2.28

Candida tropicalis 0 3.98d 0.31 8.64e
A T C C  9 9 6 8 c 1 3.91 0.31 8.42

2 3.95 0.30 8.74
3 3.92 0.28 6.99
4 3.98 0.26 6.73
5 4.30 0.19 5.69
6 5.26 0.10 4.94
7 6.65 0.03 5.88

3 N = 4 . R a t io  o f  co rnm ea l so lid s  to  tap w ater 1 :4  (w/v) at 3 2 ° C .
° Exp re sse d  as lactic acid.
c Fe rm en ta t io n  after 1 :1 2  (w/v) and  au toc lav in g  1 2 1 ° C  fo r  15  m in. 

Fe rm en ta t io n  b y  C. tro p ica lis  A T C C  9 9 6 8  fo llo w e d  the natura l 
lactic acid fe rm entation. 

a p H  taken  Im m ed ia te ly  after au toclav ing. 
e R e d u c in g  sugar con ten t Im m ed ia te ly  after au toc lav in g.
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pH ADJUSTMENT OF CO R NM EAL  . . .

Table 2 — Relative nutritive value (% R N V ),3 thiamin,b niacin,b 
and riboflavinb contents o f fermented and nonfermented cornmeal

Nutrient evaluation Ferm ented0 Non-ferm entedc

%  R N V
(protein quality)

81 .2 2 * 74.09y

Thiam in mg/100 g 0 .20x 0.42y
Niacin mg/100 g 1.94x 2.13y
Riboflavin  mg/100 g 0 .56x 0.22y

b N = 3 ‘£  N = 4 . V a lue s  ca lcu lated  on d ry  basis.
c M eans w ith  d ifferen t letters (x or y ) are s ig n if ic a n t ly  d ifferen t at 

the 5 %  level.

claving tem perature and the acidity of the ferm ented corn- 
meal. C. tropicalis can assimilate DL-lactic acid (Uden and 
Buckley, 1971) so it was expected tha t as tim e proceeded, 
the pH increased and the % acidity decreased. However, at 
the same tim e the level o f reducing sugars decreased. The 
utilization of acid in preference to  reducing sugars is not 
easily explained except tha t the test for reducing sugars was 
actually measuring mainly dextrins. Miller (1982) stated 
that ferm entation of polysaccharides, such as starch, was 
done by relatively few yeasts, and then generally at a re
duced rate. Desrosier and Desrosier (1977) stated tha t in 
ferm entations, sugars were attacked before alcohols, and 
alochols before acids. In our case, starch was not fermented 
by our strain of C. tropicalis, but some strains do assimilate 
soluble starch (am ylodextrin). Presumably, the yeast was 
metabolizing the lactic acid as well as other reducing sub
stances (not necessarily sugars).

C. tropicalis did not induce a rather large change in pH 
until the fifth  day. Since only 1 mL of inoculum was used, 
a population build up was needed to  bring about a change 
of this magnitude. Larger inocula might decrease the tim e 
to  bring about a decrease in pH. Further research dealing 
with inoculum volume is indicated.

Data in Table 2 indicate tha t, in addition to  the increase 
in pH, the process produced an increase in the % RNV 
(amino acid balance) and the increase of riboflavin. These 
increases were due to both  the natural lactic acid ferm enta
tion and the C. tropicalis ferm entation. Both lactic acid 
producing bacteria and some Candida yeasts synthesize this 
vitamin (Wagner-Jauregg, 1972).
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A Research Note

F e r m e n t a t i o n  o f  C o r n  G l u t e n  M e a l  w i t h  A s p e r g i l l u s  o r y z a e  

a n d  R h i z o p u s  o l i g o s p o r u s

P. E. NEUMANN, C. E. WALKER, and H. L. WANG

----------------------------ABSTRACT----------------------------
PER values determined for corn gluten meal (CGM) and CGM fer
mented with Aspergillus oryzae NRRL 1988 were not significantly 
different (P > 0.05) and both diets failed to meet maintenance re
quirements of rats. In order to characterize some of the changes 
that occur during fungal fermentation, CGM was also fermented for 
4 days at 28°C with A. oryzae NRRL 1988 and NRRL 506 and 
Rhizopus oligosporus NRRL 2710 and NRRL 2549, respectively. 
Proteolytic activity, pH, and nitrogen content increased rapidly 
between 20 and 70 hr for all the fungi. Decreases in some amino 
acids were observed, possibly due to their catabolism by the molds. 
Lysine as a proportion of total essential amino acids released by 
pepsin and pancreatin in vitro was increased as a result of these 
fungal fermentations.

INTRODUCTION
CORN GLUTEN MEAL (CGM) is the 60% protein co
product obtained during the wet-milling of corn. The pro
tein is very low in lysine and tryptophan (Wall and Paulis,
1978) and consequently is of poor nutritional quality. 
Ferm entation w ith proteolytic fungi has been shown to 
alter the com position and, in some cases, improve the 
nutritional quality of protein in various substrates. Fungal 
ferm entation of peanuts and peanut flour has been shown 
to  alter their amino acid com position (Quinn et al., 1975; 
Cherry et al., 1976; Cherry and Beuchat, 1976). Changes in 
protein nutritional quality, however, were not observed or 
were not determined. Soybeans ferm ented w ith Aspergillus 
oryzae NRRL 506 showed increases in lysine which were 
thought to  have contributed to  improved weight gain and 
feed efficiency of broiler chickens (Chah et al., 1976). 
Murthy (1978) reported that the protein efficiency ratio 
(PER) was improved when groundnut/soybean mixtures 
were ferm ented w ith Rhizopus oligosporus NRRL 2549. 
Wang et al. (1968) observed that the PER of wheat and 
wheat/soybean mixtures were significantly improved by 
ferm entation with R. oligosporus NRRL 2710, although 
tha t of soybeans alone was unchanged. The improvement 
in PER could not be explained by changes in amino acid 
com position and was attributed  to proportionally higher 
levels o f lysine and histidine released by digestive enzymes, 
pepsin and pancreatin, as determined in vitro.

The purpose of the present study was to determ ine the 
effect of ferm entation of CGM with certain proteolytic 
fungi on the nutritional quality of the protein. In addi
tion, proteolytic activity, pH, nitrogen content, to ta l amino 
acid com position and amino acids released by digestive en
zymes in vitro, were studied to  characterize the changes 
that occur during fungal ferm entation of this substrate.

A u th o r  Neum ann participated in collaborative research at the 
Northern Regional Research Center, A R S -U S D A ,  Peoria, IL  61604. 
Present address: Dept, o f Food  Science & Technology, Univ. of 
Nebraska, Lincoln, N E  68583. A uthor Walker is with the Dept, of 
Food Science & Technology, Univ. of Nebraska, Lincoln, N E  
68583. A uthor Wang is with the U S D A -A R S  Northern Regional 
Research Center, 1815 North University Street, Peoria, IL  61604.

MATERIALS & METHODS
CGM from a commercial source was fermented with A. oryzae 
NRRL 1988 and 506 and R. oligosporus NRRL 2710 and 2549, 
respectively. CGM (40.0g) was weighed into 15 x 90 mm Petri 
dishes and autoclaved for 20 min at 121°C. Spore suspensions were 
prepared by the addition of 5 mL of sterile pH 7.0, 0.1M phosphate 
buffer to each of two slants of the desired organism, gentle agitation 
to liberate spores, and aseptical transfer of both into 700 mL of 
sterile pH 7.0, 0.1M phosphate buffer. A 25.0 ml portion of the 
resulting suspension was pipetted into four Petri dishes that were 
prepared for each day of fermentation. After incubating at 28°C 
for 0, 1, 2, 3 or 4 days, contents of two of the Petri dishes were 
assayed immediately for proteolytic activity, while the remaining 
two were steamed for 5 min to inactivate enzymes, lyophilized, 
and saved for subsequent analysis.

Proteolytic activity was determined as “hemoglobin units on 
tyrosine basis” as described in AACC Method 22-62 (1983). The pH 
of fermented CGM was determined from l.Og of the lyophilized 
sample suspended in 25.0 mL distilled, deionized water. Moisture 
and nitrogen contents were determined by vacuum oven and micro- 
Kjeldahl methods, respectively (AOAC, 1980). Starch was deter
mined by AACC Method 76-20 (1983).

Amino acid compositions were determined by hydrolyzing sam
ples with 6N HC1 under reflux for 24 hr. Methionine and cystine 
were determined as methionine sulfone and cysteic acid, respec
tively, as described by Moore (1963). Amino acids were separated 
on a Dionex D 300 amino acid analyzer. Tryptophan was deter
mined by hydrolyzing samples with 6N NaOH at 110°C for 22 hr 
in vacuum-sealed tubes, followed by separation on a Beckman 120C 
amino acid analyzer. Results were normalized to 95% nitrogen re
covery.

The substrates were also subjected to pepsin followed by pan
creatin digestion as described by Akeson and Stahman (1964). 
Samples containing 100 mg protein were incubated with 1.5 mg 
pepsin in 15 mL of 0.1N HC1 at 37°C for 3 hr. The digestion mix
tures were neutralized with 7.5 mL of 0.2N NaOH and incubated 
for an additional 24 hr after addition of 4 mg pancreatin in 7.5 mL 
of pH 8.0 phosphate buffer. The undigested proteins and larger pep
tides were removed by picric acid. Amino acids were separated on 
the Dionex D 300 amino acid analyzer.

RESULTS & DISCUSSION
IN ORDER TO GAIN a better assessment of the nutritional 
quality of CGM protein, a preliminary study was conducted 
to  determ ine its PER (AOAC, 1980). CGM that had been 
ferm ented w ith A. oryzae NRRL 1988 in an enriched sub
strate reported to  enhance its proteolytic activity (Max
well, 1952) was also included in the preliminary study. 
Although the organism grew well on CGM and proteolytic 
activity reached high levels, there was no significant differ
ence (P >  0.05) in PER values for CGM and ferm ented 
CGM. Both diets failed to  m eet maintenance requirem ents 
o f the rats and gave PER values o f —0.10 and 0.00 (ad
justed for casein = 2.50) for CGM and ferm ented CGM, 
respectively.

Fig. 1 shows the development of proteolytic activity, 
changes in pH, and nitrogen content during ferm entation of 
CGM with the fungi used in the present study. Proteolytic 
activity and pH leveled off by 72 hr for all of the organ
isms indicating that they had reached the stationary growth 
phase. Changes in nitrogen content during ferm entation 
followed a similar pattern except tha t R. oligosporus
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Fig. 1— Changes in (A l proteolytic activity, (B ) pH, and 1C) nitro
gen content o f C G M  during fermentation: o  —  o Aspergillus 
oryzae N R R L  1988; o —  o Aspergillus oryzae N R R L  506;
a --------a  Rhizopus ollgosporus N R R L  2710; • ---------• Rhizopus
oligosporus N R R L  2549.

strains increased it at a faster rate and reached higher levels 
than A. oryzae strains. Increases in nitrogen content can be 
attributed  to  the loss of non-nitrogenous volatiles resulting 
from  fungal metabolism as explained by Wang et al. (1968) 
and Quinn et al. (1975). Our increases were greater than 
those observed by Quinn et al. (1975) on peanut flour using
A. oryzae 1988 and R. oligosporus 2710 at the same fer
m entation times and tem perature. This may be due, in part, 
to  a higher level o f ferm entable carbohydrate in CGM as 
compared to  peanut flour. CGM contains 12% starch ini
tially, and analysis o f CGM fermented by R. oligosporus 
for 72 hr indicated tha t the starch had been completely 
utilized.

The levels of most amino acids in the substrates were not 
affected after 3 days of ferm entation, though changes in 
some were noted and are presented in Table 1. The levels 
o f glutamic acid, proline, leucine, arginine and tryp tophan  
were decreased in varying degree by some of the organisms. 
Small increases in lysine were observed for three of the 
molds and increases in ammonia levels of those samples 
suggested that catabolism of some amino acids may have 
taken place. Decreases observed in the essential amino acid,

Table 1-Leve ls  o f selected amino acids in C G M  before fermentation 
and after 3  days o f fermentation with A. oryzae N R R L  1988 and 
N R R L  506, and R. oligosporus N R R L  2710 and N R R L  2549

g A m ino  acid/16g o f Nitrogen

3 Day Fermented substrates3

A. oryzae R. oligosporus

A m ino  acid C G M b 1988 506 2710 2549

Glutam ic acid 23.10  ± 0.74 22.83 21.60 20.08 23.25
Prollne 10.47 ± 0.73 8.31 8.65 7.66 9.63
Leucine 16.19 ± 0.71 14.97 13.81 13.94 15.67
Argin ine 4.40 ± 0.42 3.60 4.87 5.11 3.79
Tryptophan 0.40 ± 0.03 0.42 0.35 0.27 0.24
Lysine 2.10 ± 0.23 2.60 2.76 2.82 2.03
Am m onia 2.16 ± 0.22 3.15 2.99 3.17 2.39

R esu lts  fo r  each o rgan ism  are the  m eans o f  tw o  runs on  the  am ino  
acid ana lyze r from  a sing le  h yd ro ly sa te .
R ep resen ts the m eans o f 0 d ay  co n t ro ls  fo r  each o rgan ism  (4 
h yd ro ly sa te s, 2 run s/h yd ro ly sa te ) and  the standard  deviation  
am on g  the h yd ro ly sa te s  (d.f.=3).

tryptophan, in R. oligosporus ferm ented CGM could have a 
detrim ental effect on the nutritional quality of the protein.

Amino acid analysis o f pepsin-pancreatin digests showed 
tha t lysine as a proportion of to ta l essential amino acids 
(EAA) released by digestive enzymes in vitro increased by 
the end of ferm entation (4 days) for all o f the fungi tested.
A. oryzae 1988 was distinguished from the other molds 
during the first 48 hr of ferm entation by differences in 
the proportions of EAAs released by pepsin and pancrea- 
tin . These differences, however, were not apparent later in 
the ferm entation. These results suggest that the proteolytic 
enzym e system produced by A. oryzae 1988 when grown 
on CGM may differ from that of the other molds. More 
study is needed, however, to determ ine how fungal p roteo
lysis affects the release of EAAs by pepsin and pancreatin 
in vitro and how it relates to  the in vivo release of essential 
amino acids.

REFERENCES
A A C C . 1 9 8 3 . “ A p p ro v e d  M e th o d s  o f  th e  A m e ric a n  A sso c ia tio n  o f  

C erea l C h e m is ts .”  T h e  A ss o c ia tio n , S t .  P a u l, M N.
A k e so n , W .R . a n d  S ta h m a n , M .A . 1 9 6 4 . A p e p s in  p a n c r e a t in  d ig e st 

in d e x  o f  p ro te in  q u a li ty  e v a lu a tio n . J .  N u tr .  8 3 : 2 5 7 .
A O A C . 1 9 8 0 . “ O ffic ia l M eth o d s  o f  A n a ly s is ,”  1 3 th  e d ., p . 2 1 1 ; 

7 4 4 ; 8 5 8 . A sso c ia tio n  o f  O ffic ia l A n a ly tic a l C h em is ts , W ash in g to n , 
D C .

C h ah , C .C ., C arlso n , C.W ., S e m e n iu k , G ., P a lm e r, I .S ., a n d  H essel- 
t in e ,  C.W . 1 9 7 6 . F u r th e r  in v e s t ig a tio n  a n d  id e n t i f ic a t io n  o f  g ro w th  
p ro m o tin g  e f fe c ts  o f  fu n g u s -fe rm e n te d  s o y b e a n s  fo r  b ro ile r s . P o u l
try  Sci. 5 5 : 9 1 1 .

C h e r ry , J .P . a n d  B e u c h a t, L .R . 1 9 7 6 . C o m p a ra tiv e  s tu d ie s  o f  p ro te in  
a n d  a m in o  a c id  ch an g es  in  p e a n u ts  in fe c te d  w ith  N e u ro sp o ra  s ito - 
p h ila  a n d  R h iz o p u s  o lig o sp o ru s . C erea l C h em . 5 3 (5 ) :  7 5 0 .

C h e rry , J .P .,  B eu c h a t, L .R .,  a n d  Y o u n g , C .T . 1 9 7 6 . P ro te in  an d  
a m in o  ac id  ch an g es  in  p e a n u t  (A rach is  h y p o g a e a  L .) seed s  in fe c te d  
w ith  A sp erg illu s  o ry z a e . J .  A gric . F o o d  C h em . 2 4 (1 ) :  7 9 .

M ax w ell, M .E . 1 9 5 2 . E n z y m e s  o f  A sp erg illu s  o ry z a e . 1 . T h e  d ev e l
o p m e n t  o f a  c u ltu re  m e d iu m  y ie ld in g  h ig h  p ro te a s e  a c t iv ity .  
A u s t. J .  Sci. R es ., S e r. B , 5 : 4 2 .

M o o r, S . 1 9 6 3 . O n  th e  d e te rm in a t io n  o f  c y s tin e  as c y s te ic  a c id . J . 
B io l. C h em . 2 3 8 : 2 3 5 .

M u rth y , V .S . 1 9 7 8 . D e v e lo p m en t o f  te m p e h  a n d  o n t jo m - ty p e  o f  
fo o d  p ro d u c ts  fo r  u se  in  In d ia . U S D A , F in a l T e c h n ic a l R e p o r t .  
P u b lic  L aw  4 8 0  P ro je c t  U R -A 7 -(4 0 )-2 0 7 .

Q u in n , M .R ., B e u c h a t, L .R ., M ille r, J . ,  Y o u n g , C .J ., a n d  W o rth in g 
to n ,  R .E . 1 9 7 5 . F u n g a l f e rm e n ta t io n  o f  p e a n u t  f lo u r : E f fe c ts  o n  
ch em ica l c o m p o s i t io n  a n d  n u tr i t iv e  v a lu e . J . F o o d  S ci. 4 0 : 4 7 0 . 

W all, J .S .  a n d  P au lis , J .W . 1 9 7 8 . C o m  an d  s o rg h u m  g ra in  p ro te in s .  
In  “ A d v an ces  in  C erea l S c ien ce  a n d  T e c h n o lo g y ,”  V o l. 2 , (E d .)  
P o m e ra n z , Y ., p . 2 0 3 . A m e ric a n  A s s o c ia tio n  o f  C erea l C h em ists , 
S t. P au l, M N.

W ang, H .L ., R u tt le ,  P .I .,  a n d  H e sse ltin e , C .W . 1 9 6 8 . P ro te in  q u a li ty  
o f  w h e a t a n d  s o y b ea n s  a f te r  R h iz o p u s  o lig o s p o ru s  f e rm e n ta tio n . 
J .  N u tr .  9 6 : 1 0 9 .

M s rece iv ed  1 0 /5 /8 3 ;  rev ised  2 /1 3 /8 4 ;  a c c e p te d  3 /1 6 /8 4 .

F u n d in g  fo r  th is  p ro je c t  w as p ro v id e d  b y  th e  N e b ra sk a  C o rn  D e
d e v e lo p m e n t,  U tiliz a tio n  a n d  M ark e tin g  B o ard . P u b lish e d  as P a p e r  
N u m b e r  7 2 2 3 , J o u rn a l  S e rie s , N e b ra sk a  A g ric u ltu ra l E x p e r im e n t 
S ta t io n .

T h e  m e n tio n  o f  firm  n am es  o r  t r a d e  p ro d u c ts  d o e s  n o t  im p ly  
t h a t  th e y  a re  e n d o rs e d  o r re c o m m e n d e d  b y  th e  U .S . D e p a r tm e n t 
o f  A g ric u ltu re  o v e r o th e rs  firm s  o r  s im ila r  p ro d u c ts  n o t  m e n tio n e d .

Volume 49 (1984 )-JO U R N A L  O F  FO OD  SC IEN C E-1201



A Research Note
N u t r i t i o n a l  C o m p o s i t i o n  o f  C o r n  a n d  F l o u r  T o r t i l l a s

GUADALUPE SALDANA and HAROLD E. BROWN

--------------------------- ABSTRACT----------------------------
Corn and flour tortillas were sampled at 2-wk intervals for 6 wk 
from five tortilla factories and the nutritional composition deter
mined. Corn tortillas were found to be slightly lower in protein, 
thiamin, riboflavin and niacin when compared to white enriched 
bread. A lowering of the pH of the corn masa to 7.3 or lower im
proved the retention of these vitamins. Flour tortillas were found 
to be comparable in nutrition to white enriched bread when en
riched wheat flour was used in the manufacture of tortillas. A wide 
variation was found to exist in the nutrient composition of both 
corn and flour tortillas manufactured by the different factories. This 
variation is attributed to different formulation procedures at the 
tortilla factories.

INTRODUCTION
THE TORTILLA is u basic food item in the diets o f many 
Americans of Hispanic origin. Tortillas are used in the 
preparation of such traditional Mexican foods as the en
chilada, taco and chalupa and serve as a substitute for 
bread. The flour tortilla is used primarily as a bread sub
stitute. Some schools, particularly those w ith high Hispanic 
enrollm ent, serve tortillas in lieu of bread in their school 
lunch programs. Knowledge of nutritional com position of 
tortillas becomes im portant to  nutritionists for the form ula
tion of well balanced meals in the school lunch programs.

The nutritive content and quality of proteins derived 
from corn and corn products have been the subject o f many 
research investigations. Cravioto et al. (1945) determined 
the nutritive value of the Mexican corn tortilla. Losses in 
thiam in, riboflavin and niacin were relatively small with a 
40% loss in carotene from yellow corn tortillas. Significant 
increases in calcium, phosphorus and iron occurred due to 
the treatm ent of the corn with lime water. Cravioto et al. 
(1952a) found that the nutritive value of corn tortillas was 
higher in bo th  am ount and quality of proteins when com
pared to  whole wheat, whole wheat bread and white bread 
(French or bolillo bread) commonly used in Mexico. Lysine 
and tryp tophan  are known to be deficient in corn (Mitchell 
and Smuts, 1932) and considerable changes occurred in 
other amino acids as corn was processed into tortillas 
(Massieu et al., 1949). Bressani et al. (1958) in a more 
thorough study, confirmed that the nutrient losses of corn 
during preparation of tortillas were both  of a chemical and 
physical nature. Bressani and Scrimshaw (1958) showed 
that the solubility o f zein, a poor quality protein fraction in 
corn, was decreased while the rate of release of most of the 
essential amino acids was increased as a result of the lime- 
heat treatm ent given to  the corn kernels. These results ex
plain the findings of Cravioto et al. (1952b) who found that 
corn tortillas had a better growth prom oting value on rats 
than raw corn. Katz et al. (1974) found tha t alkali cooking 
of corn resulted in higher glutelin solubility, higher lysine 
and niacin contents, and a favorable ratio of isoleucine to 
leucine.

Authors Saldana and Brown are with the U S D A  Southern Region, 
Agricultural Products Quality Research, Subtropical Agricultural 
Research Laboratory, P.O. Box 267, Weslaco, TX 78S96.

Although the alkali heat treatm ent given to  corn en
hances the nutritional value of corn tortillas, their nu tri
tional value as a dietary source is still at best marginal. Sure 
et al. (1953) improved the protein efficiency of corn by 
adding those amino acids known to  be deficient: lysine, 
tryp tophan , and threonine. Racotta et al. (1979), Bressani 
and Marenco (1963) and McPherson and Ou (1976) ob
tained similar success by supplementing the corn proteins 
with protein-rich materials of either animal or vegetable 
origin.

The objective of this work was to  determ ine the nu tri
tional com position of corn and flour tortillas as supplied to 
the general public.

MATERIALS & METHODS
SAMPLES consisting of six packages each of corn and flour tortillas 
were obtained from five local factories. Replicate samples were ob
tained at 2-wk intervals for 6 wk and on the days of manufacture. A 
200g composite of each sample was obtained by coring several times 
through each stack of tortillas with a 1.27 cm diameter cork borer. 
A food grinder fitted with a disc having 5 mm openings was used to 
grind the composite samples. The ground samples were stored at 
4.5°C until analyzed.

Prior to analyses, samples were brought into the laboratory and 
allowed to reach room temperature. The pH of corn tortillas was 
measured by thoroughly mixing a 25g sample with 25 mL distilled 
water using a Corning Model 10 pH meter. The moisture (par.
14.002), ash (par. 14.006), fat (ether ext. par. 14.018), crude fiber 
(par. 14.020), (3-carotene (par. 43.014), protein (Kjeldahl, N x 6.25 
par. 2.049), thiamin (fluorometric, par. 43.024), riboflavin (fluoro- 
metric par. 43.039) and niacin (turbidimetric, par. 43.102) were 
determined by methods of the AOAC (1975). Vitamin C was 
determined by the method Nelson and Samens (1945). Calcium, 
iron, potassium and sodium were determined with a Perkin-Elmer 
Model 303 Atomic Absorption spectrophotometer according to the 
procedure described by the manufacturer of the instrument (Anony
mous, 1976). The method of Fiske and Subbarow (1925) was 
used to determine phosphorus. Total carbohydrate was determined 
by difference and caloric values were calculated according to Watt 
and Merrill (1963). An analysis of variance using the Duncan’s 
Multiple-range test at the 5% level was performed on the data 
according to Steel and Torrie (1960). Duplicate determinations were 
run on each sample.

RESULTS & DISCUSSION
THE DATA PRESENTED in Table 1 show significant varia
tion in the nutrient com position of corn tortillas, w ith the 
exception of ash, fat, and sodium. Tortillas from  factory  B 
had a lower pH value, but higher values for thiam in and 
riboflavin. Harris (1975) points out that the stability of 
thiam in and riboflavin is very sensitive to  destruction by 
heat in alkaline media. Thus, these nutrient values could be 
related to  the pH of the tortillas. The lower content of cal
cium for tortillas manufactured by factory B suggests a 
more thorough washing of nixtamal (cooked corn) after 
cooking in the lime solution. Although corn tortillas are 
lacking in some essential vitamines, they are a good source 
of other im portant dietetic nutrients such as fiber, calcium 
and potassium and have lower fat and sodium contents.

Significant differences exist in the nu trient content of 
flour tortillas (Table 2). Most o f the differences noted 
could be explained by form ulation variations. However, the
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Table 1—Nutrient com position o f  corn tortillas'

Analysis A B C D E CP XI Bread0

pH 9.0c 7.3a 8.7bc 8.2b 8.5bc 0.21 *

Moisture (%) 38.2a 38.6a 43.0b 40.5ab 42.3b 0.93 35.8
Ash  (%) 1.1a 0.9a 1.0a 1.3a 1.0a 0.12 1.9
Fat (%) 0.9a 1.0a 1.0a 0.8a 0.9a 0.19 3.2
Fiber (%) 1.3a 1.3a 1.5b 1 ,4ab 1.7c 0.05 0.2
Protein (%) 5.8a be 6.0bc 5.5ab 6.1c 5.4a 0.15 8.7
Carbohydrates (% )c 52.7c 52.3bc 48.0a 49.9ab 48.7a 0.78 50.4
Caloric Va lue0 (cal/100g) 235.6b 235.7b 217.1a 224.8ab 218.4a 3.75 269.0
Iron (mg/1 OOg) 1.8c 1 .4a b 1.2a 1.8c 1.5bc 0.10 2.4
Calcium (mg/1 OOg) 210.0b 87.3a 180.4b 147.7ab 192.5b 20.0 70.0
Potassium (mg/1 OOg) 124.0ab 154.7c 105.3a 139.9bc 104.5a 6.3 85.0
Sod ium  (mg/1 OOg) 16.7a 17.2a 20.1a 21.5a 20.8a 3.2 507.0
Phosphorus (mg/1 OOg) 52.8a 48.5a 56.5ab 63.2b 66.4b 3.7 87.0
Vitam in C (mg/100g) *e * * * * — Trace
(3-Carotene (mg/1 OOg) * * * * * — Trace
Thiam in (mg/100g) Trace 0.22b * 0.04a Trace 0.02 0.25
Riboflavin (mg/1 OOg) 0.06a 0.12b 0.11b 0.06a 0.06a 0.01 0.17
Niacin (mg/100g) 1.38d 1 ,32cd 0.85a 0.88ab 1.12bc 0.08 2.30

j? M eans w ith  the sam e letter on  sam e line are not s ign if ic an t ly  d iffe ren t at the 5 %  level b y  D u n c a n ’s 
° V a lue s  fo r  w h ite  en riched  bread w ith  1 .2 %  n on fa t d ry  m ilk  ob ta in ed  fro m  W att and  M e rrill (1 9 6 3 )  
£ Ca lcu lated  b y  the "c a rb o h y d ra te  b y  d iffe re n ce " m ethod  (W att and  M errill, 1 9 6 3 ).

C a lo ric  va lue ca lcu lated  acco rd in g  to  W att and  M e rr ill (1 9 6 3 )  fo r  co rn  meal.

m u ltip le  range test.

* = n o t  detectable.

Table 2 — Nutrient composition o f flour tortillasa

Analysis A

Tortilla Factory 

B C D s ; Breadb

M oisture (%) 25.2a 26.2ab 29.3c 27.0b 0.44 35.8
A sh  (%) 2.1b 1.8ab 2.9c 1.7a 0.11 1.9
Fat (%) 10.0c 3.6a 8.1b 8.9b 0.31 3.2
Fiber (%) 1.6b 0.4a 1.5b 1.6b 0.08 0.2
Protein (%) 7.1a 8.1b 7.0a 7.1a 0.19 8.7
Carbohydrates (% )c 54.0b 59.0c 51.3a 53.9ab 0.76 50.4
Caloric Va lued (cal/100g) 313.4c 282.0a 286.3a 303.4b 1.96 269.0
Iron (mg/100g) 1.9a 1 ,8ab 1.0a 1.5a 0.21 2.4
Calcium (mg/100g) 46.6b 27.2a 103.4d 65.4c 4.69 70.0
3otassium (mg/100g) 94.8ab 89.0a 110.5c 1 0 1 .7bc 3.25 85.0
Sod ium  (mg/100g) 613.8b 531.9b 780.5c 371.2a 44.1 507.0
Phosphorus (mg/100g) 61.7a 98.3b 87.0ab 61.0a 8.45 87.0
V itam in C  (mg/100g) *e * * * - Trace
(3-Carotene (mg/100g) * * * * — Trace
Thiam in (mg/1 00g) 0.41b 0.41b 0.18a 0.42b 0.02 0.25
R iboflavin  (mg/100g) 0.24b 0.32c 0.07a 0.24b 0.02 0.17

Niacin (mg/100g) 3.70b 4.30cd 1.60a 4.01 be 0.16 2.30

a M e an s w ith  the  sam e letter on  sam e line are not s ign if ic an t ly  d iffe ren t at the 5 %  level b y  D u n c a n ’s m u ltip le  range test. 
b V a lu e s  fo r  w h ite  en riched  bread w ith  1 -2 %  n on fa t  d ry  m ilk  ob ta in ed  fro m  W att and  M e rrill (1 9 6 3 ).
^ C a lc u la te d  b y  the “ ca rb o h yd ra te  b y  d iffe ren ce” m ethod  (W att and  M errill, 1 9 6 3 ).  
d C a lo r ic  va lue  calcu lated  a cco rd in g  to  W att and  M e rrill (1 9 6 3 )  fo r co rn  meal. 
e *  = no t detectable.

lower values for thiamin, riboflavin and niacin in flour 
tortillas from factory C appear to  be due to difference in 
the quality o f flour used than to difference in form ulation. 
It is very probable that factory C used nonenriched flour 
while factories A, B and D used enriched flour in the 
preparation of tortillas.

The results of this work show that corn tortillas are 
lower in protein, thiam in, riboflavin and niacin when com 
pared to  white enriched bread. Furtherm ore, a decrease in 
pH of the corn masa to  7.3 or below improves the retention  
of thiam in, riboflavin and niacin by the corn tortilla. Flour 
tortillas are comparable to  white enriched bread when en
riched wheat flour is used in the m anufacture of this com
modity. The wide variation shown in the nutrient com po
sition of bo th  corn and flour tortillas is due primarily to 
form ulation differences in am ounts of ingredients used in 
th e  form ulations at the various tortilla factories. Tortilla 
m anufacturers could improve the nutritive value of tortillas 
through quality control and through form ulation by

supplem entation with nutrients known to be deficient and 
by reducing the levels of those known to  be undesirable.
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A Research Note
A m y l o s e  C o n t e n t  a n d  P u f f e d  V o l u m e  o f  G e l a t i n i z e d  R i c e

D. E. GOODMAN and R. M. RAO

------------------------------- ABSTRACT--------------------------------
A total of 113 experimental and commercial rough rice consisting 
of 6 short, 49 medium and 58 long grain types were used to deter
mine the role of amylose and other selected properties on the 
puffing characteristics of gelatinized rice. Statistical analysis of the 
data on head rice yield, volume, length-width ratio, moisture of 
gelatinized dried rice, amylose and expansion volume showed that 
(1) head rice negatively correlated to amylose (r = —3.48), (2) 
length-width ratio positively correlated to grain type (r = +0.95) and 
expansion (r = +0.62) and, (3) expansion positively correlated with 
amylose (r = 0.36).

INTRODUCTION
MOST OF THE MEASURES of rice quality relate to  either 
the amylose content of the rice kernel or the gelatinization 
tem perature of the rice. Reports by Rao et al. (1952), 
Juliano et al. (1965), Webb et al. (1972) and Webb and 
Sterm er (1972) indicated that amylose content of rice is 
considered to  be the most im portant characteristic in the 
determ ination of cooking and eating quality of rice. The 
role of amylose in influencing the degree of puffing of par
boiled rice was reported by Juliano (1975); wherein, he 
indicated a negative relationship between amylose content 
and the degree of puffing of parboiled rice. In other studies, 
amylose has been positively correlated to increases in cooked 
volume of rice (Juliano et al., 1965) and negatively corre
lated with increased puffed volume of cooked rice (Antonio 
and Juliano, 1973). Juliano (1975) noted that puffing was 
a complex concept, not merely the flashing off of the in ter
nal moisture of the kernels. He postulated several factors, 
e.g., amylose, moisture and compactness of the kernel con
ten t, probably work in concert affecting the puffing quality 
o f rice.

Due to  the lack of understanding about the interrelation
ships of the amylose and other physiochemical properties 
of rice and the puffability of rice, the industrial buyer has 
no other basis other than historical evaluation upon which 
to buy rice for puffing. Neither is the rice breeder any 
better equipped to breed new varieties of rice which would 
exhibit superior puffing characteristics. Therefore, this in
vestigation was perform ed to  investigate the extent to 
which amylose in concert with other physiochemical 
parameters of rice affect the degree of puffing of gelatinized 
rice.

MATERIALS & METHODS
A TOTAL of 113 rough rice samples consisting of 6 short, 49 me
dium and 58 long grain type varieties obtained over a 2-yr period 
(1979 and 1980) from rice experiment stations in Arkansas, Louisi
ana, Mississippi, and Texas were used in this study. The preparation 
of samples consisted of initially determining the moisture content of 
rough rice (Motomco Moisture Meter, Model 919). This was followed

A u t h o r  R a o  is a ff il ia te d  w ith  th e  D e p t , o f  F o o d  S c ie n c e ,  L o u is ia n a  
S ta te  U n iv . A g r ic u ltu r a l  C e n te r , L o u is ia n a  S t a t e  U n iv .,  B a to n  R o u g e ,  
L A  7 0 8 0 3 . A u t h o r  G o o d m a n , f o rm e r ly  w ith  L o u is ia n a  S ta te  U n iv .,  
is n o w  w ith  th e  D e p t , o f  F o o d  S c ie n c e ,  R o u t e  11, U n iv . o f  A r k a n 
sas, F a y e t te v i l le ,  A R  7 2 7 0 1 .

by hulling (using and adjusting McGill sheller for each grain type 
according to the U.S. Department of Agriculture Handbook (1976) 
milling (McGill number 2 mill), and grading (USDA approved rice 
grader with sizing device). The above resulted in white head rice 
samples to be used in subsequent investigations. The milled rice 
samples were analyzed for volume by the kerosene displacement 
method (Goodman, 1981), length to width ratio (Juliano, 1971). 
The white head rice samples were cooked (by adding 50g of rice 
in 400 mL of boiling water for 12-15 min for complete gelatiniza- 
tion). Samples were air dried (in drying racks) to 10-14% moisture. 
The moisture of the dried sample was monitored using the Delmhorst 
Model G-6. Upon reaching the desired moisture level, each sample 
was placed into a glass container and sealed, which allowed mois
ture levels to equilibrate. The equilibrated samples (lOg of rice 
with known volume, using a graduating cylinder) were puffed in hot 
vegetable oil (246°C for 8 sec). The puffed rice was patted dry to 
remove excess oil and the bulk volume of the puffed rice was deter
mined using a 250 mL graduated cylinder. The degree of puffing 
was determined using the formula: X = F/I where X is the volu
metric increase or degree of puffing, F is the final volume or the 
volume of the puffed rice, and I is the initial volume of the cooked 
and dried rice. The various statistical analysis procedures were 
performed on an IBM 370/3033 computer using the Statistical 
Analysis System software package from the SAS Institute, Inc. 
(Cary, NC).

RESULTS & DISCUSSION
THE ANALYSIS OF VARIANCE of the experim ental data 
and correlation analysis o f degree of expansion of puffed 
gelatinized rice with head rice yield, rough rice m oisture 
content, volume, length-width ratio, cooked and dried rice 
m oisture, amylose and grain type are shown in Tables 1 and 
2, respectively. Statistical analysis of percent head rice 
yields indicated that long grain type rice had significantly 
lower head rice yield than either short or medium types of 
rice. Several factors seem to be im portant in affecting the 
yield of head rice. Since milling involves the abrading of 
kernel against kernel, the longer, thinner kernels would 
tend to  break more easily than the shorter, fatter kernels. 
Correlation analysis of expansion of rice (Table 2) with 
head rice yield showed no significant effect.

The volume of rice kernel is involved in the puffing of rice 
in that the am ount of kernel tha t surrounds any moisture 
in the center of the grain affects at least two processing 
parameters: (1) the am ount of therm al energy required to  
penetrate the kernel to  flash any moisture at the center of 
the grain; and (2) the distance to  which the moisture within 
the kernel must travel is driectly related to  volume. Analy
sis of variance of the rice volume data (Table 1) indicated 
significant variation by type. Short grain varieties are shown 
to  have volumes similar to  those of both  medium and long 
grain varieties. Correlation analysis of expansion of rice 
with volume showed no significant correlation. The lack of 
correlation with expansion suggests that there are other 
properties such as chemical forces binding the internal 
m oisture that exert a greater influence on puffing than  the 
physical orientation o f the rice kernel.

The analysis of variance of length-width by grain type 
gave statistically distinct values for each grain type as 
shown in Table 1. Correlation analysis (Table 2) showed 
length-width ratio was significantly and positively corre
lated to  expansion.
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T a b le  1—A n a ly s is  o f  va ria n ce  o f  h e a d  r ic e  y ie ld  (H D Y L D ), ro u g h  r ic e  m o is tu re  ( H O H R ) ,  v o lu m e  ( V ) ,  le n g th  to  w id th  ra tio  ( L I/ V R A T IO ) ,  c o o k e d  
a n d  d r ie d  m o is tu re  ( H O H C K I ,  a m y lo s e  ( A M Y )  a n d  th e  d e g re e  o f  v o lu m e tr ic  e x p a n s io n  ( E X P )  o f  g e la t in iz e d  r ic e  b y  g ra in  ty p e

Type
No. of 

samples

Mean

HDYLD
(%)

HOHR
(%)

v 3
(mm) LWRATIO

HOHCK
(%)

AMY
(%) EXP

Short 6 62.06a 10.83a 13.60b 1.96c 11.18a 11.13° 5.53b
Medium 49 58.10b 10.64a 1 3.83a 2.19b 11,27a 14.64b 5.83b
Long 58 50.89c 10.37a 1 3.13b 3.14a 11,73a 22.56a 6.73a

a‘c M eans w ith in  the sam e g roup  w ith  the  sam e letter are no t s ig n if ic a n t ly  d iffe ren t at P <  0 .0 5  u sin g  D u n c a n 's  M u lt ip le  R ange  test.

T a b le  2 —C o rre la t io n  a n a ly sis  o f  d e g re e  o f  e x p a n s io n  o f  p u f f e d  g e la 
t in iz e d  r ic e  w ith  h e a d  r ic e  y ie ld  ( H D Y L D ) ,  ro u g h  r ic e  m o is tu re  
( H O H R ) ,  v o lu m e  ( V ) ,  le n g th -w id th  ra tio  ( L W R A T I O ) ,  c o o k e d  a n d  
d r ie d  r ic e  m o is tu re  ( H O H C K ) ,  a m y lo s e  ( A M Y )  a n d  gra in  ty p e

Expansion (EXP)

Head rice yield (HDYLD) r = -0 .07
Rough rice moisture (HOHR) r = -0 .04
Volume (V) r = -0 .1 0
Length:wldth ratio (LWRATIO) r = +0.62**
Cooked rice moisture (HOHCK) r = +0.27*
Amylose (AMY) r = +0.36**
Type r = +0.65**

* *  H igh ly  s ign ifican t (P  <  0 .01 ) 
♦ S ig n if ic a n t  (0.01 <  0.05)

The analysis of variance of amylose by grain type (Table 
1 ) showed that amylose content varied significantly among 
short, medium, and long grain types. The reports (Juliano, 
1970; Antonio and Juliano, 1973) that rice samples with 
high amylose content puffed poorly in relation to  those 
samples with lower amylose content indicated amylose 
played a key role in therm al processing of cooked rice. In 
the present study, correlation analysis o f amylose (Table 2) 
with expansion of cooked rice showed amylose to  be posi
tively related to  expansion which differs from published 
results. However, multiple regression analysis showed am y
lose to  be negatively related to  expansion indicating that 
when more than two variables are acting together the partial 
contribution of each to the overall expansion may be greatly
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K a tz , S .H ., H ed ig er , M .L ., a n d  V a lle ro y , L .A . 1 9 7 4 . T ra d i t io n a l 
m a ize  p ro c e ss in g  te c h n iq u e s  in  th e  n ew  w o rld . S c ien ce  1 8 4 : 7 6 5 .

M assieu , G .H ., G u z m an , J . ,  C ra v io to , R .O ., a n d  C alvo , J .  1 9 4 9 . 
D e te rm in a tio n  o f  so m e  e sse n tia l a m in o  ac id s  in  seve ra l u n c o o k e d  
an d  c o o k e d  M ex ican  fo o d s tu f f s .  J .  N u tr i t io n  3 8 : 2 9 3 .

M cP h erso n , C .M . an d  O u, S .L . 1 9 7 6 . E v a lu a tio n  o f c o rn  to r t i l la s  
s u p p le m e n te d  w ith  c o tto n s e e d  f lo u r . J .  F o o d  S ci. 4 1 (6 ) :  1 3 0 1 .

M itch e ll, H .H . a n d  S m u ts , D .B . 1 9 3 2 . T h e  a m in o  ac id  d e fic ie n c ie s  o f

altered from those effects when the variables are acting 
independently.

In conclusion, the results of this investigation indicate 
tha t in addition to  the am ount of amylose, free moisture, 
surface area-volume ratio, length-width ratio and perhaps 
other physical and chemical characteristics of rice affect 
the degree of puffing of rice.
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A Research Note
M a i l l a r d  B r o w n i n g  o f  C o m m o n  A m i n o  A c i d s  a n d  S u g a r s

S. H. ASHOOR and J. B. ZENT

------------------------------- ABSTRACT--------------------------------
Common amino acids and amide derivatives have been ranked ac
cording to the intensity of Maillard browning formed when heated 
in an autoclave at 121°C for 10 min. under identical conditions, 
with each of the sugars D-ribose, D-glucose, D-fructose, a-lactose 
and sucrose. The amino compounds have been grouped into high, 
intermediate and low browning producing groups. Browning formed 
by heating a representative of each group with D-glucose, D-fructose 
and a-lactose at pH values ranging from 6-12 was studied. Maximum 
browning was obtained at a pH value of about 10 in all of the amino 
acid-sugar solutions tested.

INTRODUCTION
MAILLARD BROWNING REACTION involves the inter
action of amino com pounds, including all amino acids com
prising natural proteins, and reducing sugars during therm al 
processing and storage of foods (Ellis, 1959). It is considered 
the most im portant browning reaction since it greatly in
fluences the quality o f processed foods. The reaction may 
be desirable as in baked, fried or roasted foods or unde
sirable as in concentrated and dried foods (deMan, 1980). 
In either case, it is im portant to study the factors affecting 
the intensity of Maillard browning.

Previous reports (Wolfrom et al., 1947, 1974; Katchal- 
sky and Sharon, 1953; Schroeder et al., 1955; Lento et al., 
1958; Willits et al., 1958;Underwood et al., 1959; Pomeranz 
et al., 1962; Kato et al., 1969) have shown that among the 
factors affecting the rate o f Maillard reaction are the type 
of amino com pounds and reducing sugars, and the pH of 
the medium. Some of these reports (Wolfrom et al., 1947, 
1974; Schroeder et al., 1955; Lento et al., 1958; Willits 
et al., 1958; Underwood et al., 1959) dealt w ith the Maillard 
browning of some amino acids in the presence of only one 
or a few reducing sugars. O ther studies (Katchalsky and 
Sharon, 1953; Pomeranz et al., 1962) reported Maillard 
browning of reducing sugars with only one or two amino 
acids. None of these studies has examined Maillard brown
ing produced by each of the com mon amino acids consti
tuting natural proteins and com mon reducing sugars under 
identical conditions-. The different conditions used in the 
previous studies do not warrant ranking of common amino 
acids and reducing sugars according to the Maillard browning 
they produce upon therm al processing and/or storage. Be
cause of these different reaction conditions, the results 
reported in previous studies are often  contradictory. For 
example, Wolfrom et al. (1974), studying glucose-amino 
acid systems, reported that L-arginine yielded more intense 
Maillard browning than glycine, alanine or proline (L-lysine 
was not included). On the other hand, Willits et al. (1958), 
studying the effect of pH and type of amino acid on brown
ing of sugar solutions, concluded that arginine, histidine, 
and other basic amino acids (except lysine), had no positive 
effect on browning. Willits et al. (1958) also stated that the 
presence of alanine or glutamic acid in the glucose solution 
did not cause a significant increase in the color produced

A u t h o r s  A s h o o r  a n d  Z e n t  a re  a f f il ia te d  w ith  th e  D iv . o f  A g r ic u ltu re ,  
A r iz o n a  S ta te  U n iv ., T e m p e , A Z  8 5 2 8 7 .

relative to  the control at any pH value.
The main objective of the present study was to  com pare 

the Maillard browning intensities of each of the am ino acids 
present naturally in proteins and common reducing sugars 
under similar conditions. The effect of pH on the Maillard 
browning intensity was also studied.

MATERIALS & METHODS

Reagents
All chemicals used in preparing reagents were of analytical grade. 

The amino compounds (L-isomers) and sugars were purchased from 
Sigma Chemical Company (St. Louis, MO). Stock solutions (0.05M) 
of each of the amino compounds and sugars were prepared for the 
study. Phosphate buffer solutions (0.05M) of pH 6.0 and 7.5, and 
0.05M carbonate buffer solutions of pH 8.0, 9.0, 9.5, 10.0, 11.0 
and 12.0 were also used.

Procedures
One mL of each of the 0.05M amino compound stock solutions 

was pipetted into medium size screw cap tubes. This was followed 
by 1 mL 0.05M sugar stock solution and 8 mL of the proper buffer 
solution. The top of each tube was covered with a small piece of 
aluminum foil and the tubes were then capped tightly. The tubes 
were shaken gently, autoclaved at 121°C for 10 min, then cooled 
with tap water. The absorbance of the cooled solutions was measured 
at 420 nm with a Beckman Model 24 spectrophotometer (Beckman 
Instruments, Irvine, CA).

RESULTS & DISCUSSION
THE CONDITIONS used for comparing the Maillard brown
ing intensities of common amino acids and sugars were 
chosen from previous studies to  yield measurable browning 
with all amino com pounds for ranking. The final concen
tration of the amino com pound was chosen to  be as low as 
0.005M to overcome the low solubility of some amino acids 
such as L-tryptophan and L-tyrosine and to  obtain m oder
ate browning intensities in the heated solutions w ithout 
dilution.

The Maillard browning intensities resulting from heating 
the amino com pounds and reducing sugars are presented in 
Table 1. These results indicated that the com mon amino 
acids and amides may be classified into three groups accord
ing to  the Maillard browning produced when they are heated 
with com mon reducing sugars. The first group includes the 
high browning producing L-amino acids lysine, glycine, 
tryp tophan  and tyrosine. The second group includes the 
interm ediate browning producing L-amino acids proline, 
leucine, isoleucine, alanine, hydroxyproline, phenylalanine, 
methionine, valine, and the amides L-glutamine and L-as- 
paragine. The third group includes the low browning 
producing L-amino acids histidine, threonine, aspartic acid, 
arginine, glutamic acid and cysteine. This classification of 
the amino acids is valid with any of the com mon reducing 
sugars used in the present study. The results shown in Table 
1 also indicate that relating Maillard browning to  the basicity 
o f the amino acid is not valid since the neutral amino acid 
L-glycine yielded similar browning intensity  to  th a t o f the 
basic amino acid L-lysine and much higher browning inten
sity (about three times higher) than tha t o f the basic amino 
acid L-arginine.
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T a b le  1 —In te n s i ty  o f  M a illa rd  b ro w n in g  o f  c o m m o n  a m in o  c o m 
p o u n d s  a n d  su g a rsa

Amino Absorbance at 420 nmc
compound13 +D-Glucose +D-Fructose +D-Ribose +cr-Lactose

Lys 0.947 1.04 1.22 1.23
Gly 0.942 1.07 1.34 1.49
Trp 0.826 0.853 0.972 1.32
Tyr 0.809 0.857 0.951 1.06

Pro 0.770 0.783 0.792 0.876
Leu 0.764 0.747 0.895 1.11
lie 0.746 0.797 0.870 0.986
Ala 0.739 0.792 0.945 1.06
Hypro 0.738 0.752 0.813 0.899
Phe 0.703 0.751 0.800 0.941
Met 0.668 0.669 0.828 0.888
Val 0.663 0.800 0.772 0.900
Gin 0.602 0.644 0.633 0.639
Ser 0.600 0.646 0.679 0.751
Asn 0.560 0.578 0.565 0.560

His 0.535 0.573 0.529 0.609
Thr 0.509 0.601 0.590 0.600
Asp 0.353 0.426 0.378 0.336
Arg 0.335 0.331 0.370 0.312
Glu 0.294 0.338 0.341 0.320
Cys 0.144 0.202 0.150 0.273

a A m in o  co m p o u n d -su ga r m o la r  ratio  o f 1: 1, final co ncen tra t ion  of
0 .0 0 5 M  in 0 .0 4 M  ca rb on a te  b u ffe r o f p H 9.0. T he  so lu t io n s  were
autoclaved  at 1 21°C  fo r  10  m in.

D A l l  a m in o  acids and am ides were L-isom ers. 
c A ve rage  o f tw o  determ inations.

The majority of the amino com pounds yielded the high
est browning with a-lactose followed by D-ribose, D-fructose 
and D-glucose (Table 1). Sucrose did not yield detectable 
browning with any of the amino com pounds indicating that 
sucrose was not hydrolyzed under the conditions used. 
These results are in agreement with previous studies (Ellis, 
1959; Pomeranz et al., 1962; Kato et al., 1969).

L-lysine, L-alanine and L-arginine were chosen as repre
sentatives of high, interm ediate and low browning producing 
groups, respectively, for the effect of pH study. The sugars 
chosen were the aldose, D-glucose; the ketose, D-fructose; 
and the disaccharide, a-lactose. Preliminary results indicated 
that under conditions used in this study, no detectable 
browning was produced under pH 6.0; therefore, a pH 
range of 6-12 was chosen.The Maillard browning intensities 
resulting from heating the three amino acid representatives 
with D-glucose and D-fructose at various pH values are pre
sented in Fig. 1A and IB, respectively. Results obtained 
with a-lactose followed a similar trend to the other two 
sugars. The results (Fig. 1) indicated that Maillard browning 
intensity increased as the pH of the amino acid-sugar solu
tion increased, with a maximum at a pH value of about
10.0, then decreased at higher pH values. This trend was 
com mon to  all three amino acids heated with D-glucose or 
D-fructose. The increase in Maillard browning intensity as 
alkalinity increased has been previously reported (Schroeder 
et al., 1955; Underwood et al., 1959; Pomeranz et al., 
1962; Kato et al., 1969; Wolfrom et al., 1974). However, 
none of these studies has shown a pH effect similar to  that 
reported in the present study. This may be because most of 
these studies did not use pH values higher than 9.0. Even 
though com mon food products do not usually have such 
high pH values, the inform ation obtained from this part of 
the study may be valuable in the processing of certain 
products such as caramels.
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A R e s e a r c h  N o te

V o l a t i l e  C o m p o n e n t s  o f  M u s h r o o m  ( A g a r i c u s  s u b r u f e c e n s )

CHU-CHIN CHEN and CHUNG-MAY WU

------------------------------ABSTRACT-------------------------------
Volatile components of mushroom (A g a ricu s  su b rufecens) were extracted 
by the simultaneous distillation-extraction method. About 30 volatile com
ponents could be identified by GC and GC-MS analyses. Aromatic com
pounds, such as benzyl alcohol, benzaldehyde, benzonitrile, methyl benzoate, 
and a phenyl acetic acid-like compound, were the major volatiles (>85%) 
and are possibly the cause of “ almond-like” aroma of this mushroom. 
Eight carbon compounds which are common to most mushroom volatiles 
make up only a minor part (ca 2%) of the total volatiles.

INTRODUCTION
VOLATILE COMPONENTS of edible mushrooms such as Agar
icus bisporus (Cronin and Ward, 1971; Picardi and Issenberg,
1973) , Agaricus Campestris (Tressl et ah, 1982), Lentinus edodes 
Sing (Kameoka and Higuchi, 1976), Boletus edulis, Cantharellus 
cibarius, Gyromitra esculenta, Lactarius trivialis, Lactarius tor- 
minosus, Lactarius rufus (Pyysalo, 1976), and Tricholomam at- 
sutake Sing (Yajima et ah, 1981) are composed primarily of eight- 
carbon components such as l-octen-3-ol, 2-octen-l-ol, 3-octanol,
3-octanone and 1-octanol., l-Octen-3-ol, which is known as 
“ mushroom alcohol,” is the major volatile component of the above 
mentioned mushrooms. The formation of eight-carbon compo
nents is known from the results of enzymic reaction(s) using lin- 
oleic acid as the substrate (De Lumen et al., 1978; Tressl et al., 
1982; Wurzenberger and Grosch, 1982; Chen and Wu, 1983).

Benzaldehyde, a volatile component, exists in many mush
rooms and is a dominant aromatic component in Agaricus cam
pestris (ca. 25%) (Tressl et al., 1982); however, there are no 
studies on its formation in mushrooms.

The present paper reports on the volatile benzyl components of 
the mushroom (Agaricus subrufecens).

MATERIALS & METHODS
FRESH MUSHROOM S were obtained from the cultivation house in the 
vicinity of Hsin-Chu, Taiwan. Mushrooms (300g) were blended with 700 
mL distilled water for 5 min. Volatile components were extracted by 
simultaneous distillation-extraction (Römer and Renner, 1974) using glass- 
distilled pentane and diethyl ether (1:1) as extracting solvent. The volatile 
extract was dried over anhydrous Na2S0 4 and concentrated tc minmum 
volume by using a Vigreaux column.

G a s  c h r o m a to g r a p h y  (G C )

The GC was carried out on a Hewlett-Packard 5840A gas chromato
graph, equipped with a flame ionization detector and a 50m x 0.25 mm 
(i.d.) WCOT stainless steel capillary column coated with PEG Carbowax- 
20M (Diasolid Co., Japan). The oven temperature was programmed lin
early from 60°C to 160°C at 1.5°C/min, and then held at 160°C for 15 
min. The injector and detector temperatures were 250°C. Carrier gas Was 
helium at a flow rate of 1.2 mL/min. The peak area reported by the flame 
ionization detector was integrated through a built-in integrator (Hewlett- 
Packard 5840A GC terminal).

The linear retention indices of the volatile components were calculated 
using n-paraffin (C8-C2 2 , Alltech Associates) as references (Májlát et al.,
1974) .

Authors Chen and Wu are affiliated with the Food Industry Research & De
velopment Institute, P.O. Box 246, Hsinchu, 300 Taiwan, Republic of China.

Table 1— Composition of volatiles identified in the mushroom Agaricus sub
rufecens

Peak
no.a Component

I b■k
CW-20M %

Identifi
cation

1. pentanal 930 + C MS,GC.
2. hexanal 1078 0.1 MS.GC.
3. limonene 1168 + MS
4. 2-pentyl furan 1190 + MS.
5. 3-octanone 1210 + MS.GC.

6. amyl alcohol 1228 + MS.GC.
7. 1-octen-3-one 1275 + MS,GC.
8. octanal 1280 + MS.
9. 1-hexanol 1330 0.2 MS.GC.

10. 2-methyl cyclohexanone 1393 0.1 MS.
11. 1-octen-3-ol 1421 1.8 MS.GC.
12. benzaldehyde 1473 9.3 MS.GC.
13. unk 1481 0.3 MS.
14. benzonitrile 1567 0.7 MS.
15. methyl benzoate 1576 2.4 MS.GC.
16. 2-octen-1-ol 1581 0.1 MS.GC.
17. 2-undescanone 1586 0.5 MS.
18. menthol 1620 + MS.
19. benzyl formate 1635 0.2 MS.GC.
20. unkd —  91 (100),45(60),73(33), 

134(27),92(22),65(17) 1652 0.6 MS.
21. benzyl acetate 1664 0.3 MS.GC.
22. unkd —  91(100),45(37), 134(20), 

73(19),92(18),90(10) 1670 0.3 MS.
23. unk 1689 3.0 MS.
24. unk (phenyl acetic acld-like)d 

90(100), 136(90),91 (88),65(25) 
89(20) 1801 8.7 MS.

25. benzyl alcohol 1841 66.3 MS.GC.
26. phenol 1943 0.3 MS.
27. gamma-nonalactone 1980 0.1 MS.
28. 2-pentadecanone 1988 + MS.
29. neryl hexanoate 2017 0.2 MS.
30. 5-methyl-2-phenyl-2-hexenal 2070 0.1 MS.

a Number refers to Fig. 1 
b Calculated Kováts' indices 
c Less than 0.1%
d Mass spectra data: M/z (relative intensity)

G a s  c h r o m a to g r a p h y - M a s s  s p e c t r o m e t r y  (G C -M S )

GC-MS was carried out on a Hewlett-Packard 5985B system, and op
eration parameters were as follows: carrier gas, helium; ionization voltage, 
70 eV; electron multiplier voltage, 2200 V; ion source temperature, 200°C.

RESULTS & DISCUSSION
FIG. 1 SHOWS the gas chromatogram of the extracted volatiles 
of the mushroom, Agaricus subrufecens. A total of 30 components 
can be extracted by the simultaneous distillation-extraction method.

Table 1 shows the composition of volatiles identified in the 
mushroom. Identification was accomplished by comparing the mass 
spectra of the components with the published mass spectral data 
and their GC retention times with authentic samples (MSDC, 1974; 
Jennings and Shibamoto, 1980; De Brauw et al., 1981; Tressl et 
al., 1982).

Of the components identified, aromatic components were the 
largest group of all the isolated volatiles. Benzyl alcohol, at 66%, 
was the most abundant component; other major aromatic com
ponents included peak 24 (a phenyl acetic acid-like compound), 
benzaldehyde, benzonitrile and methyl benzoate. The existence of
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such a large amount of aromatic components may be the cause of 
the “ almond-like” aroma during blending of this mushroom.

Eight-carbon components, long studied by many researchers 
and found in many mushroom volatiles, play a minor role in the 
volatiles of Agaricus subrufecens. The total concentration of eight- 
carbon components did not exceed 2%. Apparently, enzymic sys
tems, which are responsible for the formation of eight-carbon 
components in other mushrooms, are either depleted or nonfunc
tional in Agaricus subrufecens.

The high content of aromatic compounds and their similarities 
in structure indicate that the aromatic compounds may have a 
common origin. It is possible that enzymic reactions are involved 
in the formation of these aromatic components. In Agaricus bis- 
porus, the formation of benzaldehyde and benzyl alcohol could 
be increased to a significant extent if benzoic acid was blended 
together with fresh mushrooms (Chen and Wu, 1983), thus sug
gesting that there might be an enzymic system responsible for the 
reduction of benzoic acid or benzoic acid derivative (possibly 
benzoyl CoA) into benzaldehyde and benzyl alcohol. The exis
tence of an alcohol reductase for the reduction of l-octen-3-one 
into l-octen-3-ol in Agaricus campestris (Tressl et al., 1981) and 
also in Agaricus bisporus (Chen and Wu. 1983) suggest the pos
sible existence of a reductase system for aromatic components 
such as benzyl alcohol and benzladehyde in Agaricus subrufecens.

It is also interesting to note that all the aromatic components 
identified in this study seem to have a close inter-relationship, for 
example, methyl benzoate is the esterification product of benzoic 
acid; benzonitrile may be hydrolyzed to form benzoic acid; benzyl 
formate and benzyl acetate are the esterification products of benzyl 
alcohol; and peak 20, 22 and 24 are unknown aromatic compo
nents with the benzyl-group structure.
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A Research Note

G l u c o a m y l a s e  o f  A m y l o m y c e s  r o u x i i

HWA L. WANG, E, W. SWAIN, and C. W. HESSELTINE

--------------------------------------- A B S T R A C T -----------------------------------------

The production of glucoamylase by Amylomyces rouxii, a mold 
used in rice and cassava fermentations in the Orient, was demon
strated under solid substrate culture conditions. The enzyme puri
fied by ammonium sulfate fractionation, gel filtration, and Sepha- 
dex ion exchange column chromatography appears homogeneous.
A. rouxii glucoamylase is a glycoprotein and has an optimum pH 
around 4.5, optimum temperature 60°C, a molecular weight of 
55,600 daltons, and Km values of 15.8, 27.6, 16.8 mg/mL for 
soluble starch, glycogen, and amylopectin, respectively. Unlike the 
other fungal glucoamylases, which were found (from culture fil
trates) to exist in multiple forms, A. rouxii glucoamylase, isolated 
from solid substrate fermentation, displayed only one form.

IN T R O D U C T IO N

GLUCOAMYLASE is capable of converting starch quantita
tively to  glucose; hence, it has considerable industrial im
portance. The enzyme is best known to be produced by 
species of Aspergillus and has been isolated from  culture 
filtrates of A. niger (Lineback et al., 1969), A. awamori 
(Smiley et al., 1971), A. oryzae (Razzaque and Ueda,
1978), and A. saitoi (Takahashi et al., 1981). Also, gluco
amylases of varying degrees of purity  have been obtained 
from  R hizopus delemar (Takahashi et al., 1978), Mucor 
rouxianus (Tsuboi et al., 1974), and Monascus kaoliang 
(Iizuka and Mineki, 1977).

A m ylom yces calmette  is a m onotypic fungus genus that 
has been found only in preparations of inoculum for rice and 
cassava ferm entations in Asia, especially in China, Indone
sia, and the East Indies (Ellis et al., 1976). The growth of 
this unique mold on starchy materials is near white with no 
cottony aerial growth. Consequently, it results in an attrac
tive food product. In these ferm entations, am ylolytic 
enzymes are probably the predom inant extracellular carbo- 
hydrases; however, the am ylolytic enzymes of this genus 
have not yet been studied. This paper reports the produc
tion of glucoamylase by A. rouxii and also describes a puri
fication procedure and some characteristics of the hom o
geneous enzyme.

M A T E R IA L S  & M E T H O D S

Strains of Amylomyces rouxii were isolated at the Northern 
Regional Research Center from starters, ragi and chiu-yueh, (ob
tained from Indonesia and China) that are used for making fer
mented foods, tape, and lao-chao, respectively. Solid state fer
mentation was carried out in 250-mL Erlenmeyer flasks. In each 
Erlenmeyer flask, 20g commercial long grain rice and 20 mL water 
were mixed and allowed to stand at room temperature for 1 hr 
with frequent shaking to ensure even distribution of water. The 
cotton-plugged flasks were autoclaved at 120°C for 20 min, cooled 
to room temperature, inoculated, and then incubated at 28°C for 
5 days without shaking. The fermented mass was homogenized, ex
tracted with 100 mL water, and centrifuged. The supernatant was

A u th o rs  Wang and  Hesse ltine are w ith  the U S D A -A R S , N o rth e rn  
R eg io n a l Research Center, 1815 N o rth  U n ivers ity , Peoria , IL  61604. 
A u th o r  Sw a in  (deceased, Sept. 1983) was a lso a f f il ia te d  w ith  the  
U S D A -A R S -N R R C .

assayed for enzyme content. In preparing crude enzyme for purifi
cation, solid state fermentation was carried out in the same manner 
as stated above except that 2.8-L Fernbach flasks were used, and 
160g rice, 40g wheat bran, and 200 mL water were added to each 
flask.

Glucoamylase activity was determined by measuring the amount 
of glucose released from gelatinized soluble starch solution. The 
enzymatic digestions were performed with 5 mL 4% starch in 0.05M 
acetate buffer, pH 4.5, and 1 nrL enzyme solution at 55°C for 
15 min. The reaction tube was immersed in a boiling water bath for 
5 min. The resulting glucose was measured with a Technicon auto
analyzer either by the glucose oxidase method (Hill and Kessler,
1961) or by reduction of an alkaline ferricyanide reagent (Hoffman, 
1937). One glucoamylase unit is defined as the amount of enzyme 
that liberates 1 mg of glucose in 15 min at 55°C. The specific 
activity of the enzyme was expressed as the number of units per mg 
of protein. Protein was determined by the method of Lowry et al.
(1951).

Polyacrylamide gel electrophoresis in the presence of sodium 
dodecyl sulfate (SDS, 0.1%) was carried out at room temperature in 
pH 8.6 glycine-tris buffer for 16-18 hr at a constant current of 13.5 
mA. Proteins were stained with coomassie blue. Carbohydrates were 
located by the periodate-Schiff base reaction following the proce
dure described by Fairbanks et al. (1971). Reverse phase-HPLC was 
carried out by the method of Bietz (1983).

R E S U L T S  & D IS C U S S IO N S

FOUR STRAINS of A. rouxii, NRRL 2928, 3160, 3187, 
and 5866, were tested for their ability to  produce gluco
amylase. When these molds were grown on solid state sub
strate of rice at 28 C for 5 days, they produced 69, 123, 
94, and 144 units glucoamylase per gram substrate. The 
yield is relatively low as compared with the known high 
glucoamylase producers, Aspergillus awamori NRRL 3112 
and Aspergillus niger NRRL 3122. The latter produced 
about 756 and 2794 units enzyme per gram substrate, 
respectively, under the same growth conditions. However, 
the yield of enzyme was doubled when the rice substrate 
was enriched with 20% wheat bran.

Crude enzyme supernatant obtained from extracting 
rice-wheat m ixture fermented with A. rouxii NRRL 5866 
was first fractionated with ammonium sulfate. The fraction 
of 50-80% saturation was then subjected to gel-filtration on 
Sephadex G-100 column (2.5 x 36 cm) at 25°C. Two over
lapping peaks absorbing at 280 nm were noted. The first 
peak, which had the larger molecular size, possessed the 
glucoamylase activity. After gel filtration, further purifica
tion was carried out on the DEAE-Sephadex A-50 column 
(2.5 x 50 cm). The enzyme was recovered from  the peak 
eluted with the starting buffer of 0 .0 1M phosphate at pH
6.0. The partially purified material was subm itted next to  
chrom atography on a CM-Sephadex C-50 column. There 
were two major peaks observed (Fig. 1), but only the peak 
that eluted with 0.5M sodium chloride in the buffer dis
played glucoamylase activity. No other peak was eluted 
when sodium chloride was increased to  1M. These purifica
tion steps resulted in a 65-fold increase in specific activity 
of glucoamylase: 425 units/m g protein of the purified 
enzyme vs 6.5 units/m g protein of the concentrated crude 
extracts. SDS-polyacrylamide gel electrophoresis of the 
purified enzyme preparation showed a single band in gels 
stained by coomassie blue, and reversed-phase HPLC also
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gave one peak indicating the hom ogeneity of the enzyme 
preparation.

A m ylom yces rouxii glucoamylase had a molecular 
weight of 55,600 daltons as estimated by polyacrylamide 
gel electrophoresis. The optim um  pH of the enzyme at 
55 C was found to  be around 4.5. At this pH, the activity 
of the enzyme reached a maximum at 60 C. After that, 
there was a sharp decrease in activity.

Two observations suggested that carbohydrate was asso
ciated with the A. rouxii glucoamylase. SDS-polyacryla- 
mide gels of the purified enzyme stained with either 
coomassie blue or with the periodate-Schiff reagent yielded 
an intense band at the same position on the gels. When the 
enzyme was incubated with Concanavalin A-Sepharose 
(from  Pharmacia Fine Chemicals), no enzyme activity was 
found in the solution following removal of the gel.

The influence of substrate concentration on the rate of 
glucose form ation with starch, glycogen, or am ylopectin 
as substrate was studied, Data in Table 1 indicate that A. 
rouxii Glucoamylase interacted satisfactorily with all 
three substrates. The rate of glucose form ation by the 
enzyme on soluble starch and am ylopectin was similar, 
but it was slower on glycogen. The results were graphed on 
a Lineweaver-Burk plot and the resulting Km values are
15.8 mg/mL for soluble starch, 27.6 mg/mL for glycogen, 
and 16.8 mg/mL for am ylopectin. Smiley et al. (1971) 
reported that Km values of glucoamylase isoenzymes iso
lated from several sources ranged from 13.7-25.5 mg/mL 
on glycogen and 10.9-19.2 mg/mL on soluble starch.

Thus, the characteristics of A. rouxii glucoamylase are 
similar to  glucoamylase produced by many other molds. 
But unlike the other molds that have been reported to 
produce multiple forms of glucoamylase, A. rouxii was 
found to produce only one form.

R E F E R E N C E S
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Tab le  1—E ffe c ts  o f  substrate con cen tra tion s  on  the rate o f  g lucose  
fo rm a tio n  b y  A. rouxii g lucoam y lase  w ith  various po lysaccha ridesa

Glucose form ation mg/m L/15 min

(mg/mL) Starch G lycogen Am ylopectin

1.6 0.85 0.56 0.90
3.2 1.61 1.07 1.66
4.8 2.25 1.56 2.44
8.0 3.31 2.25 3.59

12.8 3.95 3.08 4.25
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A  R e s e a r c h  N o te

E f f e c t  o f  A s c o r b i c  A c i d  o n  C o l o r  o f  J e l l i e s

L. FREEDMAN and F. J. FRANCIS

----------------------------ABSTRACT-----------------------------
Jellies, prepared from strawberry, blackberry, apple and orange juice, 
were fortified with ascorbic acid at 0, 35, and 70 mg/100 mL. After storage 
at room temperature, the jellies were sampled at intervals up to 32 wk for 
color measurement. The ascorbic acid did produce lighter products as 
shown by higher Hunter L  values. The hues were shifted towards the 
yellow as shown by higher theta values. The ascorbic acid was well re
tained in the jellies. Whether the lightness and hue changes are desirable 
is probably a matter of individual preference.

INTRODUCTION
ASCORBIC ACID has been suggested for addition to jellies in 
order to prevent darkening and to improve nutritional value. There 
are logical reasons to expect ascorbic acid to improve the ap
pearance of jellies. It might be expected to inhibit the oxidation 
of polyphenols, either naturally present or, produced by enzymatic 
browning prior to the heat treatment in the production of jelly 
(Haard, 1976; Richardson, 1976). The effect of ascorbic acid on 
nonenzymatic browning would probably darken the product since 
it could participate in the browning reaction (Tannenbaum, 1976).

The effect of ascorbic acid on the breakdown of anthocyanin 
pigments is well documented (Starr and Francis, 1968). This re
search was undertaken to investigate the color changes using sys
tems which should demonstrate the above effects. The blackberry 
jelly was very dark due to the high concentration of anthocyanin 
pigments, and should show minimum color changes due to both 
darkening and pigment degradation. Strawberry jelly was chosen 
because it was medium in color and was very susceptible to 
browning. The apple jelly was pale pink due to the pigment from 
the skins and should show maximum color changes due to both 
pigment degradation and darkening. The orange jelly would show 
color changes due predominently to darkening since the carotenoid 
pigments present in orange juice are not sensitive to ascorbic acid.

MATERIALS & METHODS
S o u rc e s

The strawberry and blackberry jellies were made from juice pressed 
from frozen fruit obtained locally. The apple jelly was made from juice 
pressed from fresh apples. Commercial orange juice concentrate was used 
for the orange jelly.

The jellies were made in the conventional manner using a commercial 
pectin mixture (Sure-Jell) according to the manufacturer’s instructions. 
For the blackberry and strawberry jellies, 800g juice, 1020g sucrose and 
60g pectin were used. For apple jelly, the proportions were 1600g juice, 
1820g sugar and 60g pectin. The orange jellies were made from 370g 
orange juice concentrate, 600g water, 900g sugar and 60g pectin. In each 
case, the pectin was added to the juice which was then brought to boiling 
temperature and the sugar added. After boiling 1 min, the jellies were 
poured into 224 mL (8oz) jars, and sealed with paraffin. The jars were 
stored at room temperature (22 ±  2°C) and sampled at 0, 2, 4, 8, 16, 
and 32 wk intervals.

C o lo r  m e a s u r e m e n t

The jellies were heated just enough to break the gel in order that the 
jelly could be poured into a 4 x  5 cm cell with a 2 cm light path without

Author Francis is with the Dept, of Food Science & Nutrition, Univ. of Mas
sachusetts, Amherst, MA 01003. Author Freedman, formerly with the Univ. 
of Massachusettss, is now with Heublein Inc., Hartford, CT 06101.

incorporating bubbles. The color was measured by transmittance using a 
Hunter D-25 colorimeter, standardized at L =  90, a =  0, b =  0 with distilled 
water.

The color data were interpreted in terms of L  (lightness) and theta (a 
function of hue). The angle theta (0) is actually the angle that a line joining 
a point in a Hunter a b plot with the origin, makes with the horizontal 
axis (Francis and Clydesdale, 1975). The function, 0, is most easily cal
culated from Hunter data as the angle whose cotangent is a/b. Thus a value 
of 0 equal to zero would be a red color (0 representing 90, 180 and 270 
would be yellow, green and blue, respectively).

A s c o rb ic  a c id

Ascorbic acid analyses were done at zero and 16 wk by the xylene 
indophenol method reported by Pepkowitz (1943) and modified by Starr 
and Francis (1968).

RESULTS & DISCUSSION 

Color changes

Strawberry jelly. Fig. 1 shows definite changes in both light
ness and hue for strawberry jelly. Both levels of ascorbic acid 
produced lighter jellies probably due to a combination of preven
tion of browning and degradation of anthocyanin pigment. Both

Fig. 1— Hue and lightness of strawberry and blackberry jellies during room 
temperature storage for 32 wk.
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levels of ascorbic acid produced changes in hue towards the yellow 
indicating a breakdown of anthocyanin pigment.

B lack b erry  je lly . Fig. 1 shows that both levels of ascorbic acid 
produced a lighter colored product after 16 wk of storage. The 
hue changes were similar for the zero and 35 mg levels of ascorbic 
acid and showed little change on storage. The 70 mg level pro
duced a lighter colored product. The color changes with black
berry jelly were, as expected, much less than those with strawberry 
jelly.

A p p le  je lly . In Fig. 2, the lightness changes with increasing 
amounts of ascorbic acid were even greater than with strawberry 
jelly. This is probably due mainly to the degradation of the an
thocyanin pigment. A small amount of pigment degradation in a 
dilute system has a much greater visual impact than the same 
amount of degradation in a system such as blackberry jelly with

Fig. 2— Lightness and hue of apple and orange jellies during room temper
ature storage for 32 wk.

a high concentration of pigment. The large hue changes towards 
the yellow are probably due to the same reason.

O ra n g e  je lly . In Fig. 2, both the lightness and hue changed 
appreciably with all levels of ascorbic acid, but the effect of the 
ascorbic acid was not as pronounced as with the other jellies. 
Since there were no anthocyanin pigments in orange jelly, the 
changes were confined to the effects on browning. The jellies with 
the ascorbic acid were lighter and yellower than the controls.

A scorb ic  acid

The ascorbic acid was well retained in the jellies. With straw
berry jelly, the three initial levels of ascorbic acid were 3, 34, 
and 76 mg/100 mL as compared with 3, 24, and 60 after 16 wk 
storage. With blackberry jelly, the initial and final levels were 0, 
26, 68, and 0, 21, 60, respectively. With apple jelly, the values 
weere 0, 28, 78, and 0, 23, 70. With orange jelly, the values 
were 28, 56, 90, and 24, 50, 80. The high levels in the orange 
jelly reflected the high content of ascorbic acid in the orange 
concentrate. The claim for increased nutritional value due to the 
content of vitamin C are probably true. However, with the quan
tities of jelly normally eaten, this is not likely to be a significant 
source, unless the levels of fortification were quite high.

CONCLUSIONS
THE ADDITION of ascorbic acid to strawberry, blackberry, ap
ple, and orange jelly did provide a lighter colored product, with 
hue changes towards the yellow. Whether these changes would 
be considered to have more, or less, marketing or consumer appeal 
would depend on individual preference.
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M g ,  P  a n d  N  A m o n g  V a r i o u s  F r a c t i o n s  o f  T o m a t o  J u i c e

P. LINDNER, I. SHOMER and R. VASILIVER

---------------------------ABSTRACT---------------------------
Samples of Israeli commercial tomato juice were analyzed for content of 
insoluble solids, and distribution of lycopene and elements Ca, Mg, P and 
N among various fractions. 75% of the insoluble solids were cell walls, 
still enclosing a part of intracellular material, and 25% were extracellular 
protein rich granules. More than 50% of the lycopene and insoluble N 
was found in the extracellular fraction of insoluble solids. About half the 
total amount of Ca was found in insoluble solids. Of the Ca in serum, 
about 70% precipitated with alcohol-insoluble solids (AIS) fraction. Al
most all M g in juice was soluble in serum and only 10% precipitated with 
AIS.

INTRODUCTION
THE INSOLUBLE SOLIDS of commercial tomato juice consist 
mainly of cell walls and heat-denatured cytoplasmic material. The 
cell walls are the major constituent which determine the gross 
viscosity (consistency) of the juice (Whittenberg and Nutting, 1957). 
The heat-coagulated cytoplasmic material which contains the to
mato pigments, imparts the characteristic red color to the juice. 
A large proportion of this material appears in the juice as extra
cellular granules a few microns in size. Due to their size and 
density, the insoluble solids do not form a stable suspension in 
the serum. Their physical state can be considered as a precipitate 
which fills the whole volume of the sample (Shomer et al., 1984). 
The juice serum contains the soluble solids including soluble pec
tin, which is precipitated in the AIS fraction (Rouse and Atkins,
1955). The soluble pectin determines the serum viscosity, which 
also contributes to the gross viscosity of the juice (Hand et al., 
1955). We report here on the distribution of lycopene and the 
elements Ca, Mg, P and N among various fractions of tomato 
juice, including cell walls, extracellular granules, serum and the 
AIS fraction precipitated from the serum.

MATERIALS & METHODS
COM M ERC IAL, nonhomogenized tomato juice was obtained from a fac
tory producing juice from tomatoes by a hot break process. Samples from 
11 batches were selected for analysis.

Insoluble solids were separated from serum by centrifugation for 25 min 
at 27,000 x g. The insoluble solids were washed four times with distilled 
water to remove all soluble solids. To isolate the extracellular granule 
fraction, juice diluted tenfold with water was passed through a series of 
sieves, the finest of which was 200 mesh (0.074 mm). All the cells were 
retained by the sieves and the suspension of granules was centrifuged for 
25 min at 27,000 X g.  The granules were washed three times with water 
and redispersed in water to the desired volume. AIS was precipitated from 
serum according to the procedure described by Rouse and Atkins (1955). 
Analyses were carried out on samples of juice, serum, suspensions of 
isolated granules and solution of purified alcohol insoluble solids. Data 
for total insoluble solids were calculated as the difference between the 
results of juice and serum.

Authors Lindner, Shom er, an d  Vasiliverare affiliated with the Division of F o o d  
Technology, Agricultural R e se a rc h  Organization, The Volcani Center, P .O . 
B ox 6, B e t D agan 50250, Israel.

Dry matter was detemiined by drying the insoluble solids at 70°C under 
reduced pressure of 170-200 mm Hg. Ca and Mg were analyzed by atomic 
absorption (Perkin-Elmer). N and P analyses were carried out on diluted 
Kjeldahl digests by a Technicon Auto Analyser system (1969). Lycopene 
was extracted from the insoluble solids with absolute ethanol and light 
petroleum ether (PE). The combined extracts were washed with water and 
the non aqueous phase was dried with anhyd. Na,S04. Lycopene was 
determined in the PE at 474 nm using an absorption coefficient of E{ff 
=  3700 (Davis, 1976).

RESULTS & DISCUSSION
THE SAMPLES ANALYZED had Brix values of 5.6-6.4 and 
their pH was 4.0-4.3. Typical results for a single sample showing 
the distribution of lycopene and the elements N, Ca, Mg and P 
in whole juice and in its various fractions are shown in Fig. 1. 
The ranges of the results for the 11 batches tested are given in 
Table 1. Most of the nitrogen in the juice, 0.11-0.16%, is soluble 
in the serum. Only traces of precipitate were formed in serum 
after addition of trichloroacetic acid to a final concentraiton of 
15%. The N soluble in the serum is mainly non protein N and is 
mainly amino acids N. The N in the insoluble solids can, however, 
be considered to consist mainly of protein N. The native tomato 
proteins arc heat-coagulated by the prolonged heat treatment which 
is applied to the mass of broken tomatoes either immediately after 
breaking in the hot-break process, or after holding in the cold- 
break process (Gould, 1974). During the juice extraction process, 
part of the heat-denatured intracellular proteins together with other 
cytoplasmic components are expressed from the cells as small 
granules of a few microns in size. This extracellular granule frac
tion makes up only 24% of the total insoluble solids but contains 
65% of the juice protein. On a dry weight basis, this fraction 
contained up to 50% protein (N x 6.25).

Less than 3% of the N soluble in the serum is precipitated with 
the AIS fraction. These small amounts of N could represent con
tamination of soluble N or small amounts of protein, <18 mg/ 
lOOg juice, strongly interacting with pectin.

In fresh tomatoes, lycopene, which is the main tomato pigment 
(Hobson and Davies, 1981) is located in the chromoplasts and 
therefore in the juice it is found in the heat-denatured cytoplasmic 
material. About 66% of the lycopene in the juice was found in 
the extracellular granule fraction; the rest was found in the intra
cellular granules. In homogenized juice some of the lycopene is 
found in the serum obtained after centrifugation at 27,000 x g 
for 30 min. This is due to disintegration of part of the granules 
during homogenization, into submicron particles which are not 
precipitated under these conditions of centrifugation.

Practically all the Mg in the juice is soluble in the serum. Ca 
was found to be equally distributed between serum and the insol
uble solids. A large proportion of the Ca soluble in serum, 60- 
80%, precipitated with the AIS fraction. The amount of Mg which 
precipitated with the AIS fraction was less than 15%. This reflects 
the greater affinity of pcctic material for Ca, as compared with 
Mg (Doesburg, 1965). Most of the P in the juice is soluble in the 
serum.

The distribution of protein and lycopene among the various 
fractions of the juice reflect their distribution in the intact ripe
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Table 1— Distribution of protein, lycopene, and Ca, Mg, P and N among tomato juice fractionsa

Juice

Serum Insoluble solids

Total A IS Total
In extracellular 

granules
%  In extracellular 

granules0
Insoluble solids 650-900 — — 650-900 154-195 24
Ca 8.7-13.5 4.5—6.5 3.2—4.4 3.6-8.1 1.2-1.9 31
Mg 9.6-11.6 9.2-11.1 0.8-1.2 <0.6 <0.2
P 12.5-17.5 10.4-15.1 < 2 1.3-2.7 0.9-1.2 56
N 117-157 96-130 < 3 15.5-24.5 10.4-14.0 66
Protein6 97-153 — <18 97-153 65-87 66
Lycopene 5.8-9.0 — — 5.8—9.0 4.6—5.8 67

a mg/100g juice 
b Insoluble N x 6.25 
c Mean

t o m a t o .  S in c e  l y c o p e n e  a p p e a r s  o n l y  in  t h e  c h r o m o p l a s t s  w h ic h  
a r e  l o c a t e d  in  t h e  c y t o p l a s m ,  w e  c a n  a s s u m e  th a t  i ts  d i s t r i b u t i o n  
b e t w e e n  th e  e x t r a c e l l u l a r  a n d  i n t r a c e l l u l a r  i n s o l u b l e  s o l id s  in  th e  

j u i c e  r e p r e s e n t s  t h e  g e n e r a l  d i s t r i b u t i o n  o f  c o a g u l a t e d  c y t o p la s m ic  
m a t e r i a l s  b e t w e e n  t h e s e  t w o  f r a c t i o n s .  U s i n g  th i s  a s s u m p t i o n ,  th e  
t o ta l  a m o u n t  o f  i n s o l u b l e  s o l id s  o f  c y t o p l a s m i c  o r ig i n  c a n  b e  c a l 
c u l a t e d  t o  b e  2 5 0  m g / lO O g  j u i c e ,  o r  3 4 %  o f  t h e  to ta l  i n s o lu b le  
s o l id s .  I n s o l u b l e  N  ( m o s t l y  p r o t e i n  N )  a n d  P  a r e  d i s t r i b u t e d  s i m 
i l a r l y  t o  l y c o p e n e  ( T a b l e  1 ) , t h e i r  c o n t e n t  in  t h e  c e l l  w a l l  is  r e l 
a t i v e l y  l o w .  A  p a r t  o f  t h e  P  in  t h e  g r a n u l e  f r a c t i o n  o f  th e  i n s o lu b le  
s o l id s  h a s  a  c o n s t i t u t i v e  r o l e  a s  a  c o n s t i t u e n t  o f  th e  p h o s p h o l i p i d s  
w h ic h  a r e  c o m p o n e n t s  o f  t h e  v a r i o u s  i n t r a c e l l u l a r  a n d  p l a s m a  
m e m b r a n e s .  T h e  lo w  c o n t e n t  o f  M g  in  t h e  g r a n u l e s  c a n  b e  e x 
p l a i n e d  b y  th e  d e g r a d a t i o n  o f  c h lo r o p h y l l  p i g m e n t s  d u r in g  m a t u r 
a t i o n  ( R a b i n o w i t c h  e t  a l . ,  1 9 7 5 ) .

U s i n g  l y c o p e n e  a s  a  m a r k e r  f o r  t h e  i n t r a c e l l u l a r  t o  e x t r a c e l l u l a r  
d i s t r i b u t i o n  in  t h e  j u i c e  o f  m a t e r i a l  o f  c y to p l a s m i c  o r i g i n ,  th e  
a m o u n t  o f  C a  f o u n d  in  t h i s  m a te r i a l  i s  e s t i m a t e d  to  b e  1 . 9 - 2 . 5  
m g / lO O g  j u i c e  o r  2 5 - 3 0 %  o f  t h e  C a  in  t h e  i n s o l u b l e  s o l id s .  M o s t

o f  t h e  C a  in  t h e  i n s o l u b l e  s o l id s  i s  in  t h e  c e l l  w a l l s ,  b o u n d  to  th e  
p e c t i c  m a t e r i a l .  T h e  l e v e l  o f  C a  in  t h e  m a t e r i a l  o f  c y t o p l a s m i c  

o r ig i n  p r e s u m a b l y  d i f f e r s  f r o m  i t s  l e v e l  in  c y t o p l a s m  o f  i n ta c t  
t o m a to .  C a  in  u n e v e n l y  d i s t r i b u t e d  in  t h e  v a r i o u s  i n t e r n a l  p a r t s  o f  

th e  c e l l  ( R o s e  a n d  L o w e n s t e i n ,  1 9 7 5 ) .  T h e  i n t r a c e l l u l a r  c o m p a r t -  
m e n t a l i z a t i o n  o f  C a  is  d e s t r o y e d  o n  p r o c e s s i n g  d u e  t o  m e c h a n i c a l  
r u p t u r i n g  a s  w e l l  a s  h e a t  c o a g u l a t i o n .  T h i s  a l l o w s  r e d i s t r i b u t i o n  

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

b i n d  C a ,  l i k e  p r o t e i n s  a n d  p h o s p h o l i p i d s ,  a s  w e l l  a s  e x c h a n g e  o f  
C a  b e t w e e n  c y to s o l  a n d  c e l l  w a l l .  T h i s  e f f e c t  i s  n o t  e x p e c t e d  f o r  
M g  w h ic h  h a s  a  m u c h  l o w e r  a f f i n i t y  f o r  p e c t i c  m a t e r i a l  i n  t h e  c e l l  
w a l l s ,  p h o s p h o l i p i d s  a n d  m a n y  c y t o p l a s m i c  p r o t e i n s  ( C a r a f o l i  a n d  
C o m p t o n ,  1 9 7 8 ) .

T h e  a n a l y s i s  p r e s e n t e d  in  t h i s  p u b l i c a t i o n  e m p h a s i z e s  t h e  i m 
p o r t a n c e  o f  th e  d i s t r i b u t i o n  o f  t h e  a n a l y z e d  c o n s t i t u e n t s  a m o n g  
th e  v a r io u s  f r a c t i o n s  o f  t h e  j u i c e .  T h i s  i n f o r m a t i o n  is  v a l u a b l e  f o r  
a s s e s s i n g  c r i t e r i a  f o r  a u t h e n t i c i t y  o f  j u i c e s ,  b e s i d e s  t h e  u s u a l  c r i 
t e r i a  w h ic h  a r e  m a in ly  b a s e d  o n  t h e  t o t a l  c o n t e n t s  a n d  r a t i o s  o f  
t h e  v a r i o u s  c o n s t i t u e n t s .  - C o n t i n u e d  o n  p a g e  1 2 1 8
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----------------------------------------A B S T R A C T -----------------------------------------

The bitter component, limonin, was quantified in orange and grape
fruit juices after preliminary separation on a C-18 cartridge, or by 
direct injection of the juice onto a C-18 or C-8 high performance 
liquid chromatographic (HPLC) column. The lower limit of detec
tion for limonin was about 1 ppm on a 2.1 mm i.d. microbore 
column and 2 ppm on a 4.6 mm i.d. analytical column. In a few 
orange juice samples, the preliminary separation step was necessary 
to eliminate interfering substances prior to HPLC separation.

IN T R O D U C T IO N

LIMONIN is the major b itter com ponent in processed navel 
orange juce and is one of two major b itter com ponents in 
processed grapefruit juice. Various m ethods for quantitative 
determ ination of limonin in citrus juices were reviewed by 
Maier et al. (1977). More recently, an improved high perfor
mance liquid chrom atographic (HPLC) m ethod (Rouseff 
and Fisher, 1980) and an immunoassay m ethod (Weiler 
and Mansell, 1980) have been developed for determ ination 
of this b itter com pound in citrus products. The HPLC 
m ethod requires a solvent extraction step tha t is difficult 
because of emulsion form ation, and the immunoassay 
m ethod afforded higher values than the HPLC m ethod 
(Rouseff and Mansell, 1982). The thin-layer chrom ato
graphic (TLC) m ethod of Tatum  and Berry (1973) is rapid 
and simple, but quantitation depends on a subjective visual 
determ ination by comparison with limonin standards 
present on the same TLC plate. Thus, a rapid instrum ental 
m ethod for analysis of limonin in citrus products has 
yet to  be developed.

The current study investigates the quantitative deter
m ination of limonin in orange and grapefruit juices by 
direct injection of the juice sample onto  an HPLC column, 
or injection after preliminary separation on a C-l 8 “ Sep- 
Pak” cartridge.

M A T E R IA L S  &  M E T H O D S

PROCESSED JUICE SAMPLES were either purchased at a local 
market or supplied by Florida Citrus World (Lake Wales, FL). Fruit 
for fresh juice samples wfere obtained from the Division of Plant 
Industry, Citrus Budwood Registration Bureau, Florida Department 
of Agriculture and Consumer Services, Winter Haven, FL. A stan
dard solution of 100 ppm limonin was prepared by dissolving 5.0 
mg of limonin crystals in 50 mL abs ethanol. Appropriate dilution 
with the HPLC elution solvent mixture afforded a limonin Standard 
within + 20% of the concentration in each juice sample analyzed 
(Shaw and Wilson, 1982). The limonin solution in abs ethanol was 
stable at -7°C for 3 months, but the diluted samples had to be 
prepared fresh daily. Use of five standards at levels of 2.5-22.5 ppm 
in 5 ppm increments at constant injection volumes showed a linear 
detector response (r = 0.992) for the range of samples analyzed 
(Rouseff and Fisher, 1980).

Authors Shaw and Wilson are affiliated with the USDA-ARS, 
Southern Region, U.S. Citrus & Subtropical Products Laboratory, 
P.O. Box 1909, Winter Haven, FL 33883.

Preliminary separation procedure
A C-18 “Sep-Pak” cartridge (Waters Associates, Milford, MA) 

was attached to a 10 mL syringe into which a small piece of sila- 
nized glass wool was packed to prevent plugging of the cartridge by 
unfiltered juice. The cartridge was washed with 2 mL acetonitrile 
and 5 mL water followed by 2.5 mL juice, 2.5 mL water, and 2.5 
mL acetonitrile. The latter solvent removed the limonin that had 
been quantitatively absorbed from the juice sample. The acetonitrile 
wash was filtered through a 0.45 pm nylon 66 Millipore filter prior 
to analysis by HPLC. In one sample (Table 1) the solution was 
concentrated fivefold under N2 prior to HPLC analysis. Limonin 
was quantitatively recovered from the cartridge when 2.5 mL juice 
with an initial limonin content of 2.9 ppm was spiked with either
5.1 ppm limonin (8.0 ppm total limonin) or 10.2 ppm limonin (13.1 
ppm total limonin) and separated on the C-18 cartridge followed by 
HPLC analysis of the acetonitrile extract. Recovered limonin was
8.2 ± 0.4 ppm and 13.0 + 1.0  ppm, respectively, (Table 1). The 
spiked samples were prepared by addition of 170 mL freshly pre
pared solutions of 6.0 ppm or 12.0 ppm of limonin in water (from
6.0 mg or 12.0 mg of limonin in 2.0 mL of acetonitrile diluted to 
1000 mL with water) to 30 mL of 54°Brix frozen concentrated 
grapefruit juice.

Analytical methods
Quantitative TLC determinations were carried out by the proce

dure of Tatum and Berry (1973) with 10% sulfuric acid in ethanol 
as the spray reagent, except that the developing solvent was 100-50- 
50-3 benzene-chloroform-ether-acetic acid, which was developed by 
Tatum (1982). Quantities for TLC values in Table 1 are averages of 
determinations made by three staff members by the procedure of 
Tatum and Berry (1973). Identification of HPLC peaks correspond
ing to limonin, nomilin and sinensetin were made by collecting 
peaks from fresh navel orange juice from the C-8 column and 
spotting them on a TLC plate as above with standards spotted on 
adjacent bands. Similarly, limonin and 5 [(6,7-dihydroxy-3,7-di- 
methyloctenyljoxy]-psoralen were identified by isolation from 
reconstituted frozen concentrated grapefruit juice from a microbore 
C-18 column.

HPLC analyses were performed with a Perkin-Elmer Model 
Series 2 pump, a Rheodyne Model 7125 injector, a Model LC-85 
variable wavelength spectrophotometric detector set at 207 nm, and 
a Hewlett-Packard 3390A recording integrator. The eluting ternary 
solvent ratio of acetonitrile-tetrahydrofuran-water (v/v/v) was
17.5-17.5-65 for the C-18 columns and 17.5-15-67.5 for the C-8 
column. The C-18 columns used were a Brownlee 5 pm microbore 
(2.1 mm x 22 cm) column or analytical (4.6 mm x 10 cm) column 
with a 2.1 mm x 4 cm Brownlee 5 pm C-18 guard column attached 
and a 5 juL loop in either case. The flow rate was 0.2 mL/min for 
the microbore column and 0.5 mL/min for the analytical column. 
The C-8 column was a Perkin-Elmer 5p analytical (4.6 mm x 12.5 
cm) column with a 4.6 mm x 4 cm Brownlee 5yu C-8 guard column 
and a 20 pL loop at a flow rate of 1.5 mL/min. In all cases where 
juice was directly injected onto the column, a Waters 2 pm pre
column filter was used ahead of the guard column.

Quantitative determinations in Table 1 were made by compari
son of average values of peak areas for triplicate determinations 
compared to averge values for triplicate determinations of limonin 
standards run the same day. Each standard was prepared so that 
peak area was within + 20% of that for the juice sample or extract 
(Shaw and Wilson, 1982). Coefficients of variation for samples con
taining about 5, 10 and 15 ppm of limonin determined on 10 con
secutive runs for each sample are shown in Table 1. For triplicate 
runs of juice sample used to obtain the HPLC values in Table 1, the 
average coefficient of variation was about 9%. This variation was 
generally within the tolerable limit for each concentration deter
mined by Horwitz (1982).
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Table 1—Limonin content in orange and grapefruit juices

ppm Limonin determined by:

HPLCa

Juice sample TLC MB SP+MB Anal SP+C8

Orange

Reconstituted navel cone 18 14.6 15.5(6)b 19.4e _
Fresh navel 10 10.8 — 8.8 11.4
Canned 4 N .D .d 5.0(9)t’ _ _
Canned 3 2.5 _ _ _

Reconstituted cone 3 '  N.D. 1.8 _ _
Reconstituted cone 2 N.D. 2.0;2.0e - -

Grapefruit

Reconstituted cone 16 _ 16.9 _ 16.1
Reconstituted cone 10 9.4 9.7(6)b 9.6e _
Reconstituted cone 8 — — 8.3 _
Reconstituted cone 7 — — 7.3 —
Glass-packed 5 3.8 — 4.0 5.4
Canned 4 4.6 — 5.3 —
Reconstituted cone 4 3.9 — _ —
Reconstituted cone 3.5 - 2.9 — —

Spiked w ith  5.1 ppm limonin 
Spiked w ith  10.2 ppm limonin 

Carton 3 2.8

8.2
13.0

Reconstituted cone 2 2.0 — — 1.7
Fresh Royal 1.5 1.4 - - -

M B  = M ic ro b o re  C -18  co lu m n ; S P + M B  = Se p -P ak  separation  and  m ic rob o re  C -1 8  co lu m n ; A n a l =  4 .6  m m  i.d. an a lyt ica l C -1 8  c o lu m n ; S P + C 8  = 
Sep -Pak  separation  and 4 .6  m m  i.d. an a lyt ica l C -8  co lu m n . 

b C oe ff ic ie n t  o f variation  (% )  determ ined  on va lues fro m  10  consecut ive  runs. 
b V a lu e  w as 0.1 ppm  h igher than  th is  w hen  Se p -P ak  p u r if ica t io n  step w as Included.
°  N .D .  =  N o t  determ ined because o f  in te rfe rin g  peak. 
e S am p le  concen tra ted  five fo ld  before  H P L C  analysis.

R E S U L T S  & D IS C U S S IO N

LIMONIN in navel orange and grapefruit juices was quanti
fied using a microbore (2.1 mm i.d.) C-18 column and 
analytical C-8 and C-18 columns when ternary solvent 
mixtures containing tetrahydrofuran, acetonitrile and water 
were used (Table 1). In most samples, limonin could be 
quantified by direct injection of the whole juice, but a few 
orange juice samples required preliminary separation on a 
C-l 8 “ Sep-Pak” cartridge to  remove an unknow n substance 
tha t interfered with lim onin analysis when direct injection 
of juice was used. The rapid and simple preliminary separa
tion  could be used on all samples to  protect the column and 
guard column from  possible contam ination by solid juice 
particles. Quantitative recovery of limonin from the Sep- 
Pak cartridge was shown by analysis o f a grapefruit juice 
sample spiked w ith a know n quantity  of limonin. Results 
from HPLC analyses were compared to  those obtained by 
TLC on the same samples (Tatum and Berry, 1973).

The ternary mixtures separated limonin from sinensetin 
in orange juice and from  5[(6,7-dihydroxy-3,7-dim ethyloc- 
tenyl)oxy]-psoralen in grapefruit juice (Fig. 1). Two- 
solvent mixtures of acetonitrile-water, tetrahydrofuran- 
water or m ethanol-water failed to  achieve these separations 
which are necessary for quantitative determ ination of 
limonin. The ternary mixtures also separated another bitter 
com ponent, nomilin, from  limonin. Nomilin eluted at 
about 4.5 min after lim onin on the C-8 column (Fig. la )  
and about 3.5 min later on the microbore C-18 column 
(Fig. lb ). Juice samples could not be filtered through a 
0.45 jLm filter to protect the column prior to  HPLC analysis 
or prior to  separation on a Sep-Pak cartridge because the 
filtration step removed about 50% of the limonin.

This reversed phase HPLC technique perm ited rapid 
quantification of limonin in orange and grapefruit juices at 
or above the 1 ppm level on a 2.1 mm i.d. microbore 
column or the 2 ppm level on a 4.6 mm i.d. analytical C-8 
or C-l 8 column. The analytical column required an injec

tion volume four tim es larger than tha t required with the 
m icrobore column to achieve this level o f sensitivity (Bower- 
master and McNair, 1983). The procedure took  about 
15 min for each run and an additional 5 min for Sep-Pak 
purification. Use of this purification step removed particu
late m atter, perm itted analysis of some samples tha t 
showed interfering peaks by direct injection, and allowed 
concentration of some samples for increased sensitivity.

Advantages of the microbore C-l 8 column were greatly 
reduced solvent usage per analysis and smaller sample size 
required. The analytical C-8 column offered better resolu
tion from  the solvent fron t, but the negative peak at 8 min 
preceding the limonin peak (Fig. la )  required delay of 
electronic integration until after the negative band eluted to  
obtain accurate quantitative results. Q uantitation of the 
b itter com ponent, nomilin, would be difficult by this 
procedure because of the relatively long reten tion  time, 
small peak size, and incom plete separation from  interfering 
com ponents in grapefruit juice (Fig. 1 b).

This rapid and simple HPLC m ethod has potential for 
routine analyses to  determ ine if juice samples m eet the 
quality standard that requires an upper limit of 5 ppm of 
lim onin in grapefruit juice processed in Florida from 
August 1 to  December 1 (Florida Dept, of Citrus, 1975).

R E F E R E N C E S

B o w erm as te r , J . a n d  M cN air, H .M . 1 9 8 3 . S e n s itiv ity  in  m ic ro b o re  
H P L C . L iq u id  C h ro m a to g r. 1 : 3 6 2 .

F lo r id a  D e p t, o f  C itru s . 1 9 7 5 . O ffic ia l R u le s  A ffe c tin g  th e  F lo r id a  
C itru s  In d u s try .  C h a p te r  2 0 -6 4 .

H o rw itz , W. 1 9 8 2 . E v a lu a tio n  o f  a n a ly tic a l  m e th o d s  u sed  fo r  re g u 
la t io n  o f  fo o d s  an d  d rugs . A nal. C h em . 5 4 : 6 7 A .

M aier, V .P ., B e n n e tt ,  R .D ., a n d  H asegaw a , S . 1 9 7 7 . L im o n in  a n d  
o th e r  lim o n o id s . In  “ C itru s  S c ien ce  a n d  T e c h n o lo g y ,”  V o l. 1 , 
(E d .)  S . N agy , P .E . S h a w , a n d  M .K . V e ld h u is , p . 3 5 5 . A vi P u b 
lish in g  C o ., W es tp o rt , C T .

R o u se ff , R .L . a n d  F ish e r, J .F .  1 9 8 0 . D e te rm in a tio n  o f  lim o n in  and  
re la te d  l im o n o id s  in  c itru s  ju ic e s  b y  h ig h  p e rfo rm a n c e  liq u id  
c h ro m a to g ra p h y . A n a l. C h em . 5 2 : 1 2 2 8 .

R o u se ff , R .L . a n d  M anse ll, R .L . 1 9 8 2 . C o m p a riso n  o f  h ig h  p e r
fo rm a n c e  liq u id  c h ro m a to g ra p h ic  a n d  ra d io im m u n o a s sa y  l im o n in
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LIMONI N DETM IN CITRUS JUICES B Y  HPLC . .  .

Time (min)
Fig. 1— (a) F resh  navel orange ju ic e  a fte r Sep-Pak p u r if ic a t io n  an d  separation  on  a 4 .6  m m  x  12.5 cm  C-8 co lu m n  a t 1.5 m L /m in . lb I  C on ce n 
tra ted  g ra p e fru it  ju ic e  re con s titu ted  to  single-strength an d  separated on  a 2.1 x  2 2  m m  C-18 c o lu m n  a t 0 .2  m L/m in . Peak Ide n tifica tio n . 1, 
s inensetin ; 2, lim on in ;  3, 5 [6 ,7 -d ih yd ro xy -3 ,7 -d im e th oxyo cteny !)oxy ] -psoralen; 4, nom ilin .

va lu es  f ro m  c o m m e rc ia l g ra p e fru it  ju ic e . P ro c . F la . S ta te  H o rtic . 
S o c . 9 5 : 2 4 9 .

S h a w , P .E . an d  W ilson , C.W . I I I .  1 9 8 2 . S e p a ra tio n  o f  s o rb ito l  a n d  
m a n n o h e p tu lo s e  f ro m  fru c to s e , g lu co se  a n d  su c ro se  o n  rev e rsed - 
p h ase  a n d  a m in e -m o d if ie d  H P L C  c o lu m n s . J .  C h ro m a to g r .  S ci. 
2 0 : 2 0 9 .

T a tu m , J .H . a n d  B erry , R .E . 1 9 7 3 . M e th o d  fo r  e s tim a tin g  l im o n in  
c o n te n t  o f  c itru s  ju ic e s . J . F o o d  Sci. 3 8 : 1 2 4 4 .

W eiler, E .W . a n d  M ansell, R .L . 1 9 8 0 . R a d io im m u n o a ss a y  o f  lim o 
n in  u s in g  a  t r i t ia te d  tra c e r .  J .  A gric . F o o d  C h em . 2 8 : 5 4 3 .

Ms rece iv ed  5 /7 /8 4 ;  a c c e p te d  5 /9 /8 4 .

T h e  a u th o rs  th a n k  R o b e r t  P . W illia rd , F lo r id a  C itru s  W orld  (L ak e  
W ales, F L ) fo r  p ro c e sse d  ju ic e  sam p les ; L e o n  H e b b , C itru s  B u d w o o d  
R e g is tr a tio n  B u re au  (W in te r H av en , F L )  fo r  fre s h  f r u i t  sam p les ; and  
J a m e s  H . T a tu m  fo r  a u th e n t ic  sam p le s  o f  l im o n in , n o m ilin ,  s in en se 
t in  a n d  5 [(6 ,7 -d ih y d ro x y -3 ,7 -d im e th y l-o c te n y l)o x y ] -p s o ra le n .

M en tio n  o f  a  t ra d e m a rk  o r  p ro p r ie ta r y  p r o d u c t  is fo r  id e n tif ic a 
t io n  o n ly  a n d  d o e s  n o t  im p ly  a  w a r ra n ty  o r  g u a ra n te e  o f  th e  
p ro d u c t  b y  th e  U .S . D e p t, o f  A g ric u ltu re  o v e r o th e r  p ro d u c ts  th a t  
m a y  also  b e  su ita b le .

P R O T E IN /L Y  COPEN E /M IN E RA LS IN TOMATO JUICE . . . F-om page 1215,

REFERENCES

Carafoli, E. and Crompton, M. 1978. The regulation of intracellular cal
cium. In “Current Topics in Biomembranes and Transport,” (Ed.) Brom- 
mer, F. and Kleinzeller, A., Vol. 10, p. 151. Academic Press, New York.

Davis, B.H. 1976. The carotenoids. In “Chemistry and Biochemistry of 
Plant Pigment,” (Ed.) Goodwin, T.W., Vol. 2, 2nd ed., p. 152. Academic 
Press, London.

Doesburg, J.J. 1965. Pectic substances in fresh and preserved fruits and 
vegetables. Institute for Research and Processing of Horticultural prod
ucts, Wageningen, The Netherlands. Communication No. 25.

Gould, W.A. 1974. ‘Tomato Production, Processing and Quality Evalua
tion,” p. 152. Avi Publishing Co., Westport, CT.

Hand, D.B., Mayer, J.C., Ransford, J.R., Henning, J.C., and Whittenber- 
ger, R.T. 1955. Effect of processing conditions on the viscosity of tomato 
juice. Food Technol. 9: 228.

Hobson, G.E. and Davies, J.N. 1981. The constituents of tomato fruit —  
the influence of environment, nutrition and genotype. Critical Review 
in Food Science & Nutrition 15: 205.

Rabinowitch, H.D., Budowski, P., and Kedar, N. 1975. Carotenoids and 
epoxide cycles in mature green tomatoes. Planta, Berl. 122: 91.

Rose, B. and Loewenstein, W.R. 1975. Calcium ion distribution in cyto
plasm visualized by acquorin: Diffusion in cytosol restricted by energized 
sequestering. Science 190: 1205.

Rouse, A.H. and Atkins, C.D. 1955. Pectinesterase and pectin in commer
cial citrus juices a determined by methods used at the citrus experiment 
station. Florida Agric. Exp. Sta. Tech. Bull. 570.

Shomer, L, Lindner, P., and Vasiliver, R. 1984. Mechanism which enables 
the cell wall to retain homogeneous appearance of tomato juice. J. Food 
Sci. 49(2): 628.

Technicon Auto Analyser Methodology. 1969. Technicon Corp., Tarrytown, 
NY.

Whittenberger, R.T. and Nutting, G.C. 1957. Effect of tomato cell structure 
on consistency of tomato juice. Food Technol. 11: 19.

Ms received 3/28/84; accepted 4/10/84.

Contribution from the ARO, Bet Dag&n, Israel, No. 946-E, 1983 series.

1218 -JO U RN A L OF FO OD  SC IENCE-Vo lum e 49 (1984)



A Research Note
T h e r m a l  D i f f u s i v i t y  o f  P a p a y a  F r u i t  ( C a r i c a  p a p a y a  L ,  V a r .  S o l o )

CHARLES F. HAYES

---------------------------------------  A B S T R A C T  ---------------------------------------

The thermal diffusivity of papaya pulp is measured to be 1.52 x 
10~3 cm2/s and found to be in agreement with the value predicted 
by the Riedel equation within the uncertainty of the measurement. 
The thermal diffusivity of papaya seeds is measured to be 1.60 x 
10~3 cm2/s.

IN T R O D U C T IO N

BEFORE PAPAYA may be shipped to  the Mainland from 
Hawaii the fruit must first be treated to  prevent the trans
port of viable fruit fly infestation. The current treatm ent 
involves fum igation w ith ethylene dibrom ide (EDB). How
ever, the Environmental Protection Agency has ruled that 
after September 1, 1984, EDB may no longer be used. 
One of the proposed alternative treatm ents (Hayes et al. 
1 984) involves heating the papaya to  a level which would 
kill organisms in the fruit w ithout damaging the fruit itself. 
It is im portant, therefore, to  know the therm al diffusivity 
of papaya for an adequate evaluation of such an EDB alter
native.

M A T E R IA L S  & M E T H O D S

A SOLID CYLINDER of aluminum was constructed with a diam
eter of 7.81 cm and a length of 14.6 cm. The ends were cemented 
with a 2.3 cm layer of plastic foam to insure radial heat flow. A
5.2 mm diameter hole was drilled through one end of the cylinder 
along the symmetry axis to the center, to accomodate a YSI pre
cision thermistor. The thermistor was connected to the input of a 
Keithley 177 DVM in the resistive mode. The analog output of the 
DVM was connected to the 14 bit analog input of a microcomputer 
which recorded temperature as a function of time. The cylinder, 
originally at 23°C, was placed in the center of a 0.8m x 0.5m x 
1.4m tank of water maintained at 49°C. The upper foam layer 
extended just above the water surface. The water in the tank was 
continuously circulated by a pump with water emerging from 
the output hose, diameter 3.4 cm, at the rate of 1.8 liters per 
second. The location of the cylinder was approximately 20 cm in 
front of the hose opening. Qualitatively, the water surrounding the 
cylinder therefore could be described as highly agitated.

For an infinite cylinder the time response of the central tempera
ture change is given by (Gaffney et al., 1980; Carslaw and Jaeger,
1959)

lx -  oo 2 exp(-X2a0/a2)
Tx = ---- ----- = S ---------------------- (1)

t; — too n  ̂ A.J-)J r (An)

where tx is the temperature at time 6 after the surface is given a 
temperature too and tj is the initial temperature. J j(  ) is the first 
order Bessel function of the first kind, a is the radius, a is the ther
mal diffusivity and \ n is the nth order solution of

ha J i ( )
— = -------------- (2)
K J0( \n)

where h is the surface heat transfer coefficient, K is the thermal 
conductivity and J0( ) is the zero order Bessel function of the first 
kind.

The author is a professor of physics at the Univ. o f Hawaii, Hono
lulu, HI 96820.

After sufficient time, the higher order terms in Eq. (1) will be 
negligible resulting in

In Tx = - ( \ n/a)2ad + ln[2/Aj JjCX,)] (3)
which is linear in 8.

Using a linear regression, the values of Tx and 8 for the alumi
num were fitted to Eq. (3) from 10 sec after submersion to 20 sec 
after submersion. Values were taken every 0.25s. There were 10 
repetitions.

Papayas were obtained from the Puna section of the island of 
Hawaii. Locally this type is called “Kapoho.” Its pulp is more yel
low and less pink than “Sunrise” papayas which are also shipped to 
the Mainland. The pulpfrom several papayas or the seeds including 
the placental membrane was placed in a cylindrical copper shell of 
outside diameter 7.74 cm, length 16.6 cm and wall thickness 1.6 
mm. One end of the shell was sealed with copper. The other end was 
fitted with an aluminum cap, a rubber o-ring making a water tight 
seal. The ends of the container were thermally insulated from the 
pulp by plastic foam of 2.3 cm thickness. The thermistor was ac
commodated by a hole in the center of the top of the cap with a 
water tight seal provided by a second o-ring. The copper cylinder 
containing either pulp or seeds was initially brought to thermal 
equilibrium by submersion for several hours in 42.8 ± 0.8°C water, 
where the ± refers to the standard deviation among the 36 runs. 
It was then placed in the tank as the aluminum had been with the 
water temperature maintained 49.2 + 0.7°C. An average of seven 
repetitions were taken on each of three pulp samples and an aver
age of five repetitions on each of three seed samples. The experi
mental values of Tx were taken each minute for 50 min starting 
10 min after submersion. A best fit for a was made to Eq. (1) for 
n = 1 to 5 with the \ n defined by

Jo(kn) = 9 (4)
Cutting off the series at n = 5 is more than adequate since by the 
time Tx has dropped to 0.9, around 10 min after submersion, the 
n = 5 term becomes smaller than the leading terms by a factor of 
approximately 109. The water content of the papaya pulp was 
determined by the difference in weight before and after drying.

R E S U L T S  & D IS C U S S IO N

THE LINEAR REGRESSION of the fit to  Eq. (3) for the 
aluminum data had an average coefficient of determ ination 
of 0.99990 which justifies om itting all but the n = 1 term 
10s after submersion. A best fit o f the coefficient o f 9 
in Eq. (3) gives

A2 a /  a2 = 0.1395 ± 0 .0005  /s (5)
where the ± refers to  the standard deviation among the 10 
repetitions. Eq. (2) now yields for the aluminum

h = 9,528 W /m 2 °K (6)
Assuming this same value of h applies to  the papaya sam
ples, the percent error incurred in the determ ination of a  
from  the replacem ent of Eq. (2) by Eq. (4) is around 0.3% 
(Gaffney et al., 1980, Fig. 3).

The value of a. as determ ined by the best fit o f the data 
was 1.52 x 10-3  ± 0 .11  x 10 ~ 3 cm 2/s for pulp and 1.60 x 
10-3  ± 0.165 x 10“ 3 cm2/s for the seeds. The water con
ten t was found to  be 87.6% ± 1.3% for the pulp.

The Riedel Equation (Gaffney et al., 1980) is an empiri
cal equation relating therm al diffusivity to  water content of 
various food products: -Continued on page 1221
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A  R e s e a r c h  N o te

E f f e c t s  o f  T i t r a t a b l e  A c i d i t y  a n d  C a r b o n a t i o n  L e v e l  

o n  t h e  P r e f e r e n c e  o f  C l a r i f i e d  P i n e a p p l e  J u i c e

J. D. BARANOWSKI and S. S. PARK

---------------------------ABSTRACT---------------------------
The titratable acidity (TA) of clarified pineapple juice was adjusted to 
0.65, 0.75, 0.85, and 0.95% through ion-exchange treatment followed by 
the addition of citric acid. Each lot of juice was carbonated to three levels 
of carbon dioxide content (2.5, 3.0 and 3.5 gasiliquid volumes). Prefer
ence panels were conducted on these juices, holding either TA or gas 
volume constant and varying the other parameter. Although few statisti
cally significant differences were found, an overall preference for a 0.75% 
TA, low carbonation product was observed.

INTRODUCTION
THE PERCEIVED FLAVORS of beverages are known to depend 
upon several chemical attributes of the products, including titrat
able acidity (TA), pH, soluble solids, and the soluble solids/TA 
(Brix/acid) ratio (Sweeney et al., 1970). Valdes et al., (1956a, b) 
in their extensive study on flavor, reported that sucrose enhanced 
the apparent flavor intensity of both aqueous solutions and fruit 
nectars, and that there was an optimum level of flavor enhance
ment by sucrose which, if exceeded, would interfere with flavor 
perception. Addition of organic acids enhanced the flavor of swee
tened nectars, but the Brix/acid ratio was also found to be an 
important determinant of apparent flavor intensity. Nagel et al.
(1982) found that even small differences in pH or TA had a marked 
influence on the preference of dry white wines. Although little 
acid or pH adjustment is made in juices, pH and TA are commonly 
adjusted in wines.

It is also known that carbonation of beverages enhances flavors. 
This effect is partly due to the increased acidity of the product, 
but in part is due to the unique zest, sparkle and taste of the carbon 
dioxide itself. Although other sparkling, i.e. carbonated, fruit juices 
have been on the market for over a decade, pineapple juice has 
not been available in this form. The purpose of this investigation 
was to develop a sparkling pineapple juice and to then determine 
the effects of different levels of titratable acidity and carbonation 
on its preference.

METHODS & MATERIALS
P r e p a r a t i o n  o f  ju ic e

Commercial canned pineapple juice was filtered by suction through 
Whatman #1 filter paper after addition of 1% Celite filter aid (W/V) 
(Johns Manville, NY). The filtered juices were blended and 100 ppm S 0 2 
(as potassium metabisulfite) were added. Duolite A-7 [Diamond Sham
rock, Redwood City, CA, (free base form)] was washed extensively and 
packed into a 3 x 25 cm column. Roughly 1 liter of clarified juice (TA 
of 0.69% expressed as citric acid) was applied to this column, at a flow 
rate of 20 mL/min. Sufficient 6N sodium hydroxide was added to this 
juice to restore its pH to the original 3.4, resulting in a TA of 0.23%. 
Treated juice was blended with untreated juice to yield 32 liters of clarified
13.5 °Brix juice with a TA of 0.65%. This juice was divided into four 
equal lots, which were adjusted to TA levels of 0.75%, 0.85% and 0.95%, 
by adding 30% (W/V) citric acid solution (pH 3.4): Actual TAs of the

Authors Baranowski and Park are affiliated with the Dept, of Food Science 
& Human Nutirtion, Univ. o f Hawaii at Manoa, 1920 Edmondson Road, Hono
lulu, HI 96822.

RANK

C Z 3 0 0 C D  CD O  O  CD O  CD CD CD

GASVOL ---------2 ,5 ---------- - ---------' 3 , 0 ---------  ------- 3 , 5 --------- -

Fig. 1— Mean rank by taste panel of carbonation level effect on preference 
of clarified carbonated pineapple juice at constant TA. Within a TA, mean 
ranks are significantly different (P = 0.05) if they do not share a common letter.

adjusted lots were verified after citric acid addition to insure that the 
desired TA had been obtained.

Carbonation was accomplished with a Zahm and Nagel (Buffalo, NY) 
Pilot Plant carbonator at 4°C. For each TA level, 8 liters of juice were 
placed in the carbonator, and sufficient carbon dioxide (U.S.P. medical 
pure. Big Three Industries, Honolulu, HI) was charged into the tank to 
provide 2.5 volumes gas/volume liquid. The gas was bubbled through the 
tank for 15 min prior to filling eight 280 mL screw cap soda bottles. The 
pressure in the tank was increased to impart 3.0 volumes gas/volume 
liquid. After 15 min of equilibration, 8 more bottles were filled. Gas 
pressure was again increased to give 3.5 volumes gas/volume liquid, the 
tank was equilibrated for 15 min and a final 8 bottles of juice filled. Tank 
pressure was then released and the equipment readied for carbonation of 
the other TA juices.

T a s te  p a n e l  a n d  s ta t i s t i c a l  a n a ly s is

Seven panels were conducted on the prepared products. Eighteen un
trained persons from the Depts. of Food Science & Human Nutrition, and 
Horticulture, Univ. of Hawaii, served as taste panelists. Panels were con
ducted in partitioned booths with fluorescent lighting and water was sup
plied for rinsing the mouth. At each session, one of the three carbonation 
levels, or the four TA levels was held constant and the other parameter 
varied. Each person participated in the entire study, except that one taster 
was absent for one panel. All samples were kept at refrigeration temper
atures, and were tasted within 15 min of pouring. Roughly 30 mL each 
of three or four coded samples were presented in random order to the 
panelists who were asked to rank according to preference; one being most
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preferred, and three or four (depending upon the number of samples) the 
least preferred. Data were tabulated and analyzed using a sign test (Steele 
and Torrie, 1960) on samples within each panel.

RESULTS & DISCUSSION
THE RESULTS of the taste panel rankings are presented in Fig. 
1 and 2. Although few statistically significant preference differ
ences were noted among treatments, those found were differences 
in which a lower TA or carbonation level was preferred over the 
highest level of that variable within the panel. Thus in Fig. 1, at 
a TA of 0.65%, while the two lower carbonation levels were 
equally preferred statistically, there was a significant preference 
for 3.0 volumes of gas over 3.5. Similarly, at a TA of 0.75%, 
the preference for the two lowest carbonation levels were not 
significantly different, but juice with 2.5 volumes of gas is pre
ferred over that with 3.5. Lastly, in Fig. 2, at 3.0 volumes of gas, 
the lower TA juices did not differ in preference, but the 0.75% 
TA juice was preferred over the 0.95% TA sample.

RANK
3H

LOOLTt L nO LO  LTtOLTt LOOLTt
CNJ N~\ NA CN N3 fA CNI NA NA OI NA NA

TA — 0,65—  —  0,75—  — 0,85—  — 0,9 5 -

fig. 2— Mean rank by taste panel of TA effect on preference of clarified 
carbonated pineapple juice at constant carbonation level. Within a gas vol
ume, mean ranks are significantly different (P = 0.05) if they do not share a 
common letter.

T H E R M A L  D I F F U S I V I T Y  O F  P A P A Y A  . . .  From page 1219,

a  = A + (aw -  A) [% water (wt)] (7)
where A = 0.833 x 10-3  cm2/s and a w is the therm al 
diffusivity of water. The average value of a w for this tem 
perature range may be found from Bolz and Tuve (1973) to 
be 1.542 x 10-3  cm 2 /s. Eq. (7) gives a value of a  = 1.45 x 
10~3 ± 0.01 x 10~3 cm 2/s where the uncertainty value 
comes from the uncertainty in water content. Comparing 
this value of ot w ith the experimentally determined values 
for pulp gives no significant difference using the student 
“ t ” test criterion.

Mean ranks for carbonation levels (Fig. 1) are 1.74, 1.93 and 
2.33 for 2.5, 3.0 and 3.5 volumes of gas, respectively, indicating 
that overall the low level carbonation was preferred. This is con
sistent with general bottling practices: pineapple soda is generally 
charged with 2.5-3.0 volumes of carbon dioxide, while 2.0 vol
umes of gas are listed for a carbonated grapefruit juice based 
product (Jacobs, 1959).

Overall mean ranks for TA (Fig. 2) are 2.45, 2.26, 2.47, and 
2.82 for 0.65%, 0.75%, 0.85% and 0.95%, respectively, indi
cating that a 0.75% TA product is preferred. On a Brix/acid ratio 
basis, a ratio of 18 was preferred, followed by ratios of 21 and 
16, then lastly a ratio of 14. These results are comparable with 
those of Cavaletto (1981) who studied how dilution of pineapple 
juice, with subsequent adjustment of TA and °Brix, affected flavor 
perception. In a 50% juice drink adjusted to 14 °Brix, a Brix/acid 
ratio of 19 was preferred, followed by 24, which was slightly 
preferred over a ratio of 16. In a comparable set of samples ad
justed to 12 °Brix, a ratio of 20 was preferred over 16, which was 
preferred over a ratio of 13.

Preference rankings do not give any information about con
sumer acceptability; however, most of the taste panelists found 
this product to be a pleasant drink. It is the belief of the authors 
that a sparkling clarified pineapple juice could be an acceptable 
and popular beverage, although the data herein suggest that a 
controlled composition would be required for optimal preference.
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A Research Note
E v a l u a t i o n  o f  a  F o o d  P r o c e s s o r  f o r  M a k i n g  M o d e l  M e a t  E m u l s i o n s

R. C. WHITING and A, J. MILLER

--------------------------------------- A B S T R A C T ------------------------------------------

M e a t e m u ls io n s  o r  b a t t e r s  m a d e  w i th  a  r e t a i l  f o o d  p r o c e s s o r  w e re  
c o m p a r e d  to  b a t t e r s  p r o d u c e d  b y  th r e e  c o m m e r c ia l  m a c h in e s  ( s i le n t  
c u t t e r ,  S c h n e l lk u t t e r ,  a n d  e m u ls i f i e r )  a n d  tw o  l a b o r a t o r y  m a c h in e s  
( s m a ll  s iz e  c u t t e r  a n d  b l e n d e r )  f o r  s u i t a b i l i t y  in  l a b o r a t o r y  s tu d ie s .  
B a t te r s  w e r e  e v a lu a te d  f o r  p o s t - h e a t in g  f a t  lo s s e s  a n d  s m o k e h o u s e  
w a te r  lo s s e s .  S ta b i l i t i e s  o f  t h e  f in i s h e d  f r a n k f u r t e r s  w e re  e v a lu a te d  
b y  s e v e re  c o o k in g  w e ig h t  c h a n g e s ,  p e n e t r a t i o n  f o r c e s ,  f a t  d r o p le t  
s iz e s , a n d  s e n s o r y  q u a l i t i e s .  T h e  f o o d  p r o c e s s o r  w a s  c o m p a r a b le  to  
t h e  o t h e r  m a c h in e s  f o r  p r o d u c in g  h ig h  q u a l i t y  b a t t e r s  a n d  h a d  t h e  
a d v a n ta g e  o f  b e in g  in e x p e n s iv e ,  e c o n o m ic a l  w i th  i n g r e d ie n t s ,  a n d  
tim e -s a v in g .

IN T R O D U C T IO N

MODEL SYSTEMS are frequently used to study meat 
emulsions. One approach has been to study the emulsifying 
capacity of meats by blending dilute protein extracts with 
liquid oil (Swift et al., 1961; Carpenter and Saffle, 1964; 
Webb et al., 1970). Although often used (Saffle, 1968; 
Webb, 1974), this approach has limited applicability in 
studying meat emulsions. Differences between this model 
system and actual meat emulsions include an unrealistically 
high emulsification capacity by the proteins in the model 
system, a much lower viscosity of the aqueous phase, the 
use of a liquid rather than solid lipid phase, and a lack of 
inform ation on emulsion stability (Saffle, 1968).

O ther model systems more closely simulate commercial 
procedures. Muscle tissue and vegetable oil were emulsified 
by a blender-m ounted apparatus (Haq et al., 1972), and 
Ockernian and Cahill (1970) designed a small blender with 
a scraper in the bowl. Morrison et al. (1971) and Lauck
(1975) used an Omni-Mixer. Johnson (1976) devised a pro
to type that incorporated a blender with a plunger to  force 
the ingredients between the blades and through an exit 
tube. However, these m ethods were still not as close to 
commercial m ethods as desired, did not function well, or 
required special fabrication of the equipment.

The use of a food processor for making frankfurter 
batters has the potential for overcoming these objections. 
It can use the normal ingredients in the usual sequence of 
cu tter steps. In addition, it has many potential advantages 
that include: being inexpensive, not requiring modification, 
and being capable of making many batches in a relatively 
short tim e. Therefore, we evaluated its batter-making capa
bilities compared to commercial and laboratory machines 
for use in meat research.

M A T E R IA L S  &  M E T H O D S

M a te r ia ls

B e e f  r o u n d ,  p o r k  s h o u ld e r ,  a n d  p o r k  a d ip o s e  t i s s u e  w e re  o b 
t a in e d  f r o m  lo c a l  p r o c e s s o r s .  P r o x im a te  a n a ly s e s  w e re  d e t e r m in e d  
b y  t h e  d y e  b in d in g  m e t h o d  f o r  p r o t e i n  ( P e t t i n a t i  a n d  S w if t ,  1 9 7 6 ,

A u t h o r s  W h i t i n g  a n d  M i l l e r  a r e  w i t h  t h e  U S D A - A R S ,  E a s t e r n  

R e g i o n a l  R e s e a r c h  C e n t e r ,  6 0 0  E .  M e r m a i d  L a n e ,  P h i l a d e l p h i a ,  P A  

1 9 1 1 8 .

p e r s o n a l  c o m m u n ic a t io n )  a n d  th e  F o s s - le t  m e t h o d  f o r  f a t  ( P e t t i n a t i  
a n d  S w if t ,  1 9 7 5 ) .  F r a n k f u r t e r s  w e re  f o r m u l a t e d  t o  c o n ta in  1 1 %  
p r o t e i n ,  3 0 %  f a t ,  5 4 %  w a te r ,  2 .5 1 %  s a l t ,  1 .9 8 %  s u g a r ,  1 .5 0 %  c o m 
m e r c ia l  s p ic e  m ix t u r e ,  0 .0 1 5 %  N a N C H , a n d  0 .0 5 3 %  a s c o r b a te .  T h e  
le a n  m e a t s ,  s a l t ,  s u g a r ,  n i t r i t e  a n d  a s c o r b a t e  s o lu t io n s ,  a n d  ic e  w e re  
c h o p p e d  f o r  o n e - s ix th  t o  o n e - th i r d  o f  t h e  t o t a l  c h o p p in g  t im e  
b e f o r e  f a t  w a s  a d d e d .  B a t te r s  w e re  c h o p p e d  t o  1 5 .5 ° C ,  s tu f f e d  in to  
c e l lu lo s e  c a s in g s ,  a n d  p r o c e s s e d  in  a n  a ir  c o n d i t i o n e d  s m o k e h o u s e  
w i th  w o o d  s m o k e  to  a n  i n t e r n a l  t e m p e r a t u r e  o f  7 1 ° C .  C o m p a r is o n s  
w e r e  m a d e  a m o n g  t h e  f o l lo w in g  m a c h in e s  ( q u a n t i t i e s  a n d  to t a l  
c h o p p in g  t im e s ) :  C u is in a r t  C F P -9  f o o d  p r o c e s s o r  ( 2 5 0 g ,  2  m in ) ;  
K o c h -A lp in a  P b - 5 0  s i l e n t  c u t t e r  (1 0  k g ,  1 8 .5  m in ) ;  S te p h e n - K o c h  
2 5 L  S c h n e l lk u t t e r  (7  k g ,  5 .8  m in ) ;  H o b a r t - S t e p h a n  m ic r o - c u t  
M C U -1 2  e m u ls i f i e r  (7 .5  k g ,  p r e c h o p  1 0 .2  m in  in  t h e  K o c h -A lp in a  
s i l e n t  c u t t e r ,  t h e n  1 p a s s  t h r o u g h  th e  e m u ls i f i e r ) ;  H o b a r t  8 4 1 4 5  
s m a l l  s i l e n t  c u t t e r  (2 .5  k g , 1 5 .5  m in ) ;  a n d  O m n i-M ix e r  S e rv a l l  4 8 5  
l a b o r a t o r y  b le n d e r  (2 5 0 g ,  0 .5  m in ) .  T h e  l a b o r a t o r y  b l e n d e r  w a s  
m o d i f i e d  t o  a l lo w  t h e  m e ta l  j a r  t o  b e  m o v e d  u p  a n d  d o w n  re la t iv e  
t o  t h e  b la d e s  f o r  im p r o v e d  c h o p p in g  o f  t h e  e n t i r e  s a m p le  (M o r r i s o n  
e t  a l . ,  1 9 7 1 ) .

A n a ly t ic a l  m e th o d s

F r a n k f u r t e r  q u a l i t y  w a s  a s s e s s e d  b y  t h e  f a t  lo s s  d u r in g  t h e  e m u l 
s io n  s t a b i l i t y  t e s t  (M e y e r  e t  a l . ,  1 9 6 4 ) ,  w e ig h t  lo s s  d u r in g  p r o c e s s in g ,  
s e v e re  c o o k  w e ig h t  c h a n g e  ( T a u b e r  a n d  L lo y d ,  1 9 4 7 )  a f t e r  1 0  m in  
b o i l in g ,  p e n e t r a t i o n  f o r c e  o f  a 6 .4  m m  p lu n g e r  m o v in g  a t  1 2 .7  c m /  
m in  in t o  t h e  e n d  o f  a 2 .5  c m  c y l in d e r  o f  f r a n k f u r t e r  (W h it in g  e t  a l .,
1 9 8 1 ) ,  f a t  d r o p l e t  s iz e  o f  8 0  d r o p le t s  (m in  s iz e  2 5 m d i a m e te r )  b y  
d i r e c t  m ic r o s c o p ic  e x a m in a t i o n  o f  f r a n k f u r t e r  s e c t io n s  s ta i n e d  w i th  
S u d a n  B la c k  (A c k e r m a n  e t  a l . ,  1 9 7 1 ) ,  a n d  s e n s o r y  t r i a n g le  t e s t s  
(R o e s s le r  e t  a l . ,  1 9 7 8 ;  W h it in g  e t  a l . ,  1 9 8 1 ) .  T h e  d a t a  w e r e  a n a ly z e d  
w i th  a  o n e -w a y  a n a ly s is  o f  v a r ia n c e  a n d  D u n c a n ’s m u l t i p l e  r a n g e  t e s t  
( S te e l  a n d  T o r r ie ,  1 9 6 0 ) .

R E S U L T S  &  D IS C U S S IO N

OPERATION of the food processor was similar to  the silent 
cutters. Lean meat was chopped with ice, salt and cure for 
45 sec. After addition of fat, the m ixture was chopped for 
an additional 30 sec and the tem perature measured. The 
chopping and tem perature measuring were repeated until 
the desired final tem perature was reached. An emulsion 
could be chopped and the equipm ent cleaned for reuse in 
15 min. Because of the high viscosity of the batters and 
long chopping times, the food processor should have p ro
tection against overheating the m otor.

The food processor was capable of making emulsions of 
varying com positions (Table 1). Differences in smokehouse 
water losses, Meyer test fat losses, and penetration forces 
reflected the frankfurter’s com position. The average fat 
droplet sizes and the slight weight gains when severely 
cooked show the processor’s ability to handle reasonable 
variation. The 44.5% fat frankfurters showed a modest loss 
in the severe cook test. No fat separation occurred during 
smokehouse processing of any form ulation.

Extending chopping times to reach higher tem peratures 
produced unstable emulsions similar to that reported with 
larger cutter machines (Acton et al., 1983). Meyer test fat 
losses and severe cook losses indicated the loss o f emulsify
ing capacity with increasing chopping tem perature. Gel 
strength, as indicated by the penetration force, was slightly 
affected, and water loss decreased during the smokehouse 
processing. Although the average fat droplet size decreased,
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Table 1—Characteristics o f batters and frankfurters made with a food  processor

Treatment

Meyer test 
fat loss 

(%)

Sm okehouse
loss
(%)

Severe cook 
wt changed

(%)

Penetration
force

(g)

Average fat 
droplet size 

(m )

Com position
Low  fat
1 5 %  protein, 1 1 %  fat 0.8a 16.8 1 ,6C 8 3 6 c 103b

Standard
11 %  protein, 3 0 %  fat 2.0b 12.8 1.2C 51 8b 109b

High fat
9 .5%  protein, 3 7 %  fat 3.3C 10.6 0.0b 4 6 9 b 106b

Very high fat 
8 %  protein, 44 .5%  fat 2.7bc 7.0 -5 .4 a 3 2 2 a 8 7 a

Chopping temperature
15.5°C 2.0a 12.8 1.2a 5 1 8a 109a

24° C 5.2b 11.0 -1 5 .6 b 4 5 5 b 110a

CO o
O 14.0C 7.0 -4 6 .8 C 4 4 0 b 9 4 b

? ’c W ith in  an experim ent, values in each co lu m n  w ith  the  sam e letters are not s ign ific an t ly  d ifferen t (p <  0 .05 ). 
° Posit ive  values Ind ica te  a w e igh t gain, negative values, a w e igh t loss.

T a b l e  2 — C o m p a r i s o n  o f  e m u l s i o n s  a n d  f r a n k f u r t e r s  m a d e  b y  t h e  f o o d  p r o c e s s o r  a n d  c o m m e r c i a l  o r  l a b o r a t o r y  m a c h i n e s

Machine

Meyer test 
fat loss

(%)

Sm okehouse
shrinkage

(%)

Severe cook 
wt changee 

(%)

Penetration
force

(g)

Average 
fat droplet 

size 

(iu)

Triangle test 
with food 
processor

Food  processor 0.8a 11.0 1 2bcd 4 2 4 a 120°
Silent cutter 0.7a 10.6 - 1 ,4a 4 8 6 b 73a 2 6 / 4 4 * * *
Schnellkutter 3.3C 10.9 1 4 cd 4 5 3 ab 70a 13/24* *
Em ulsifier 2.0abc 10.8 0.4bc 4 5 0 ab 83ab 1 4/ 22 **
Small silent cutter 2.6bc 11.0 0.3b 60 2C 113C _
Laboratory blender 1.5ab 12.0 1.7d 5 5 8 c

Ono

—

a"d V a lue s  in  each co lu m n  w ith  the sam e letter are not s ig n if ic a n t ly  d iffe ren t (p <  0 .05 ). 
e Positive  va lues ind icate  a w e ight gain, negative values a w e igh t loss.
*  p <  0 .03; * * p  <  0 .01 ; * * * p  <  0 .001 .

more droplets larger than 200 p  were observed in sausages 
from the 31 C treatm ent which Ackerman et al. (1971) 
showed was indicative of emulsion failure. Extensive fat 
caps were also observed.

Preparations made in three commercial machines (silent 
cutter, Schnellkutter, and emulsifier) and two laboratory 
machines (small silent cutter and blender) were compared 
with those made in the food processor (Table 2). All batters 
were of standard com position (11% protein, 30% fat), 
chopped to  1 5.5 C, and processed in the smokehouse at the 
same time. Smokehouse shrinkages of the batters were all 
similar. The fat losses and severe cook changes showed that 
a good quality batter could be produced by each machine. 
Penetration force was lowest and fat droplets largest for the 
frankfurters made with the food processor, but the values 
were not significantly different than those from some of 
the other machines. Connective tissue was visible in the 
emulsions chopped with the small silent cutter and the 
laboratory blender and probably caused their high penetra
tion forces. The three laboratory machines had larger fat 
droplets including a few fat droplets larger than 200 p  in 
diameter. However, no fat separation was observed in any 
of the frankfurters.

The triangle tests indicated significant differences in 
sensory quality among frankfurters made with the food 
processor and the three commercial type machines, al
though the portion of correct judgm ents ranged from only 
13 of 24 judgm ents to  14 of 22 judgments. This dem on
strated that even though the franks were not identical, the 
differences were not of a magnitude that was consistently 
detected.

In summary, these tests showed that differences existed 
between batters m anufactured by any of the machines. 
The food processor made a high quality batter and had 
many advantages for laboratory use.
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A Research Note
U s e  o f  G l a n d l e s s  C o t t o n s e e d  a n d  S u n f l o w e r  S e e d  P r o d u c t s  

i n  B a t t e r / B r e a d i n g  f o r  F r i e d  B e e f  P a t t i e s

Kl SOON RHEE

----------------------------------------A B S T R A C T -----------------------------------------

This study indicates that defatted glandless cottonseed flour (GCF) 
or sunflower seed protein isolate (SI) incorporated in the batter/ 
breading system can impart their antioxidant effect to the meat of 
fried beef patties. Coarsely ground lean beef patties were coated 
consecutively with dry ingredient (wheat flour for control and 1:1 
mixture of wheat flour-GCF or wheat flour-SI for experimental 
samples), batter made of 1 part of dry ingredient and 2 parts of 
water, and finally dry ingredient. Ground beef and dry ingredients 
each contained 1% salt. Use of GCF or SI in the coating mixes great
ly reduced the thiobarbituric acid values of the meat when the 
coated patties were fried and stored at 4°C for 5 days.

IN T R O D U C T IO N

THE DEVELOPMENT of rancidity caused by lipid peroxi
dation is the primary quality deterioration problem in un
cured, precooked or cooked meat products. Control of 
rancidity development in these products has become more 
critical w ith the increased use of precooked m eat item s by 
the foodservice industry. Batter-fried or breaded fish sticks 
and patties and chicken nuggets are popular precooked or 
fast foodservice entree items that have been widely marketed 
in recent years. Following the success of these products in 
the m arket, some meat companies have developed breaded, 
precooked chicken patties and breaded, batter-fried beef 
patties (often called “ chicken-fried” beef patties or steaks). 
Many of these products, as m arketed at present, contain 
soy ingredients and phosphates in the meat. Rancid and 
other off-flavors are a serious problem in these precooked 
m eat products as currently m arketed.

Ziprin et al. (1981) reported that, when food ingredients 
prepared from  soy, peanut and glandless cottonseed were 
incorporated in raw ground beef, these oilseed products 
provided antioxidant protection to  refrigerated, cooked 
ground beef patties, with the highest antioxidant potential 
shown by the cottonseed products. Use of these oilseed 
products in gravy was also shown to reduce lipid peroxida
tion in refrigerated, cooked ground beef patties tha t were 
covered w ith the gravy (Rhee and Ziprin, 1981). The iden
tity  of antioxidant com pounds in cottonseed products is 
not clearly know n; however, it is likely to  be polyphenolic 
com pounds. A ntioxidant properties of soybeans and soy
bean products are due primarily to  flavonoids and phenolic 
acids (Pratt and Birac, 1979) and cottonseed products 
are known to  contain various flavonoids and phenolic acids 
(Blouin et al., 1981; Cairns, 1978; Sosulski, 1979 t). Sun
flower seed products are also likely to  possess antioxidant 
characteristics since they contain large concentrations of 
polyphenolic com pounds (Cater et al., 1972; Sosulski, 
1979a). The current study was undertaken to determine 
w hether defatted cottonseed flour (GCF) or sunflower seed 
protein isolate (SI) used in the batter/breading system can 
im part their antioxidant effect to  the meat o f fried beef 
patties.

A u t h o r  R h e e  i s  w i t h  t h e  M e a t s  &  M u s c l e  B i o l o g y  S e c t i o n ,  D e p t ,  o f  

A n i m a l  S c i e n c e ,  T e x a s  A & M  U n i v . ,  C o l l e g e  S t a t i o n ,  T X  7 7 8 4 3 .

M A T E R IA L S  & M E T H O D S

FRESH BEEF TOP ROUND purchased from a local supermarket 
was trimmed of all visible external fat, ground once through a plate 
with 9.53-mm holes, and divided into two batches. One batch of 
ground beef was immediately frozen at -20°C. The oilseed prod
ucts, GCF and SI, were obtained from the Food Protein Research 
& Development Center, Texas A&M Univ. They were prepared by 
hexane extraction of the oilseeds and alkali extraction and isoelec
tric precipitation of the proteins. The color of GCF was slightly 
yellow and that of SI was dark and greenish.

In Experiment 1, fresh ground beef (the unfrozen batch) was 
mixed with 1% salt (percentage based on meat weight) and formed 
into patties (80g each, 9.5 cm diameter). Each patty was coated 
consecutively with 5g dry ingredient (wheat flour for control and 
1:1 mixtures of wheat flour-GCF or wheat flour-SI for experimental 
samples) containing 1% salt, 30g batter (1 part dry ingredient con
taining 1% salt plus 2 parts water), and finally 14g dry ingredient 
with 1% salt. Two patties of the same batter/breading treatment at 
a time were fried (3 min per side) in an electric skillet at 176.7°C 
using 120 mL commercial cooking oil (partially hydrogenated soy
bean oil). Fresh cooking oil was used each time. After frying, 
patties were placed on paper towels for approximately 3 min to 
drain excess oil, placed in Whirl-Pak bags (O2 permeability, 12,400 
cc/m2/24 hr), and stored at 4°C for 5 days.

In Experiment 2, the frozen (6 days at -20°C) batch of ground 
beef was thawed at 4°C overnight, mixed with 1% salt, and formed 
into patties (70g each, 9.1 cm diameter). Salt was also added to dry 
coating ingredients at 1% levels. Each patty was first coated with a 
dry coating ingredient (wheat flour or 1:1 mixture of wheat flour- 
oilseed ingredient), shaking off any excess dry ingredient, and then 
with batter (1 part dry coating ingredient + 2 parts water). The 
batter-coated patties were placed on a rack for approximately 3 
min to allow excess batter to drain. Finally, patties were coated 
again with a dry ingredient -  as much as would adhere to each 
patty. Patties were then fried and stored as described for Experi
ment 1.

The extent of lipid peroxidation was determined by the thio
barbituric acid (TBA) test as modified by Rhee (1978). Color was 
developed in duplicate for each distillate. Where feasible, data were 
analyzed by analysis of variance and mean separation by the Stu- 
dent-Neuman-Keuls’ test (Steel and Torrie, 1980).

R E S U L T S  & D IS C U S S IO N

RESULTS of Experim ents 1 and 2 are shown in Table 1. 
Incorporation of GCF or SI into the batter/breading system 
(crust m ix) greatly reduced TBA values of the m eat of fried 
beef patties tha t were stored for 5 days at 4“C, w ith little 
difference found between GCF and SI in antioxidant effec
tiveness. For each crust ingredient treatm ent, initial (0- 
day) TBA values of the m eat were higher in Experim ent 2 
than in Experiment 1, probably because frozen-thawed 
ground beef was used in Experim ent 2, as indicated pre
viously. Freeze-thawing of meat is know n to accelerate 
lipid peroxidation (Ledward and Macfarlane, 1971). TBA 
values of crusts (formed from  dry coatings plus batter on 
frying) of different com positions were low and not discern- 
ibly different from  each other. TBA values of whole fried 
patties (crust + m eat) were determ ined only in Experim ent 
1; the values were 7.2, 1.8 and 2.5 for the crust treatm ents 
of wheat flour alone, GCF plus wheat flour and SI plus 
wheat flour, respectively.

It is not known whether the  antioxidant p ro tection  pro
vided to  the meat by GCF or SI in the crust mix is through

1 2 2 4 - J O U R N A L  O F  F O O D  S C I E N C E - V o l u m e  4 9  ( 1 9 8 4 )



Table 1—TBA  values fo r fried  beef patties3 stored at 4° C  fo r 5  days

T B A  value0 
(mg malonaldehyde/kq sample)

Ingredient in 
crust m ixb

Crust Meat

0 day 5 days 0 day 5 days

Experim ent 1d

Wheat flour (100% ) 0.9 1.3 1.0 10.9
G C F  +  wheat flour (50%  + 50% ) 0.6 0.7 1.1 2.7
S I + wheat flour (50%  + 50% ) 0.7 0.9 1.4 3.7

Experim ent 2 e

Wheat flour (100% ) 1.3 1 ,7f 3.6 10.5 f
G C F  + wheat flour (50%  + 50% ) 1.3 1 ,5f 3.0 4.3g
S I + wheat flour (5 0 %  +  50% ) 1.6 1.6f 3.4 4.29

a Before frying, each beef patty was coated consecutively w ith dry 
ingredient (breading), batter (1 part dry ingredient + 2 parts

d Fo r each storage period, one 
and meat values.

patty was used to obtain the crust

water), and  fin a lly  d ry  Ingred ient. 
d G C F ,  defatted glandless co tton seed  flo u r;  S I,  su n flo w e r  seed 

p ro te in  Isolate.
c T B A  values were an a lyzed  sta tistica lly  o n ly  fo r  tho se  cru st and 

m eat sam p le s o f 5 -d ay  storage in E xp e rim e n t  2, because o f  lack  o f 
patty  rep lica tion  fo r o the r data sets.

F o r  O-day storage period, one patty  w as used fo r  the  cru st and 
m eat values; three patties were used fo r  5 -d a y  sto rage period. 

’"M e a n s  w ith in  a co lu m n  w ith in  the sam e expe rim e nt w h ich  do
not bear a c o m m o n  
0 .0 5 ) .

supe rscrip t are s ign if ic an t ly  d ifferen t (P  <

migration of antioxidant substances originating from GCF 
or SI to the meat during and/or after frying or through a 
surface phenomenon. This question needs to  be addressed 
in fu ture research.

Cursory observations (not quantitated) of the fried 
products indicated that addition of GCF also improved 
appearance and texture of the crust, over use of wheat 
flour alone, with more golden brown appearance and 
crispier texture. In contrast, use of SI discolored the crust 
due to the dark greenish color of SI. The color problem for 
sunflower seed products is caused primarily by the oxida
tion of chlorogenic acid abundantly present in this seed 
(Sosulski, 1979a), the problem being most serious for 
protein isolate prepared by alkali extraction. However, a 
white-colored SI prepared by a new process (O2 expulsion 
and exclusion process) developed by Lawhon et al. (1982) 
may be used in the batter/breading system w ithout affect
ing the crust color acceptability. Further research is needed 
to  determine the qualitative and quantitative effects of 
using various antioxidant oilseed food ingredients in batter- 
coated/breaded, fried meat products.
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C o n s u m e r  A c c e p t a n c e  o f  P r e r i g o r  P r e s s u r i z e d  V e r s u s  

C o n v e n t i o n a l l y  P r o c e s s e d  U t i l i t y  G r a d e  B e e f

Z. A. HOLMES

-----------------------------------------A B S T R A C T -----------------------------------------

Consumer tests of institutional prerigor pressurized and conven
tionally aged shoulder clods and/or inner chucks from utility grade 
cows were tested in a local soup kitchen, college women’s coopera
tive living group and a university catering or banquet food service. 
The 318 member panels evaluated the prerigor pressurized beef as 
being more acceptable than conventionally processed beef. Differ
ences in degree of acceptability at each location may be due to 
method of preparation.

Experiment I
A paired shoulder clod or inner chuck of PRP and convention

ally processed beef was roasted (163 ± 15°C) in an electric oven to 
an endpoint temperature of 70°C. The lean of the cooked beef was 
sliced and served on Wednesday at a local free meal facility, Stone 
Soup, St. Mary’s Catholic Church. Paired PRP and conventionally 
processed shoulder clods and inner chucks were evaluated at three 
and four different meal periods, respectively. The 183 panelists were 
63% male and 32% female and ranged in age from under 15 to over 
60 with 71% being 16-45  years old.

IN T R O D U C T IO N

PRERIGOR PRESSURIZATION (PRP) of beef has been 
reported to  have a beneficial effect on quality characteris
tics. Macfarlane (1973) indicated prerigor pressurization of 
longissimus dorsi muscle of beef improved tenderness and 
juiciness panel scores. Similar results have been reported 
by Kennick et al. (1980) and Riffero and Holmes (1983). 
Koohmaraie et al. (1983) noted improved color of PRP 
meat. With a trained sensory panel (Riffero and Holmes, 
1983), PRP semitendinosus was evaluated to  be significant
ly more tender, w ith easier fiber separation than conven
tionally processed beef. The purpose of this reported re
search was to  compare the influence of conventionally 
processed versus prerigor pressurized processed beef on 
consumer acceptability.

M A T E R IA L S  & M E T H O D S

EIGHT HEAD of utility grade cows (353 -  538 kg live wt) were con
ventionally slaughtered at the Clark Meat Science Laboratory, Ore
gon State Univ. Shoulder clod and/or inner chuck roasts from one 
side of each carcass were randomly assigned to the conventionally 
processed control and those from the other side to prerigor pressuri
zation. Beef for PRP was vacuum packed in Cry-O-Vac bags, in
serted into a pressure chamber (30.5 x 60.96 cm) and a pressure 
of 103.5 MNm- 2 (15,000 lb/sq in) applied for 2 min and frozen. 
The matching muscles on the opposite side were left on the car
casses and chilled at 0 ± 1°C according to commercial practices. 
On the 7th day the matching muscles from the CONV processed 
sides were removed from the carcasses and vacuum packed. Upon 
completion of processing, the eight paired vacuum-packed shoulder 
clods (6.0 -  7.9 kg) and four paired inner chucks (3.2 -  5.8 kg) were 
frozen and stored (-18°C) until used.

Prior to use, frozen roasts were defrosted (5°C) for 36 hr. 
Shoulder clods or inner chuck cuts were roasted and then cooled to 
30 -  40° C for Experiment I and II. Lean portions of each cut were 
sliced approximately 1/4 in, warmed to serving temperature and 
used for sensory evaluation. For each experiment all beef was served 
as part of a meal. The consumer received either CONV or PRP 
as coded by the investigator. The scorecard shown in Fig. 1 was 
used for the three different consumer groups. The number of 
panelists for each CONV versus PRP processing comparison, the 
number of panelists scoring each acceptability rating within a 
treatment was converted to a percentage value by dividing by the 
total panelists evaluating each treatment. Chi-square tests (P < 
0.05) were done using these percentage values with the Statistics
3.0 (Edu-Ware Services, Inc. Agoura, CA 91301) statistical package 
for the APPLE lie.

A u t h o r  H o l m e s  i s  a f f i l i a t e d  w i t h  t h e  D e p t ,  o f  F o o d s  &  N u t r i t i o n ,  

O r e g o n  S t a t e  U n i v . ,  C o r v a l l i s ,  O R  9 7 3 3 1 .

Experiment II
Paired shoulder clods of PRP and conventionally processed beef 

were evaluated at Azalea Cooperative, Oregon State Univ. Each beef 
cut was roasted in an electric oven (177 ± 10°C) to an endpoint 
temperature of 70 -  75°C. All panelists were females 16 -  30 years 
old.

Experiment III
Lean meat from two paired inner chucks of PRP and conven

tionally processed beef was excised and used in two batches of beef 
burgundy for the annual home economics alumni dinner catered 
by the university food service. The beef-sauce mixture was served on 
top of noodles. The 64 consumer panelists were 75% female with 
approximately 60% of the panelists being 3 1 -6 0  years of age.

R E S U L T S  & D IS C U S S IO N

AN EVALUATION of the data (Table 1) from  the con
sumer panels indicates the PRP processed m eat was gener
ally more acceptable than the conventionally processed 
beef. Although this greater acceptability of PRP beef was 
shown for each group, the degree of difference varied with 
all but the inner chuck comparisons in Experim ent I being 
significantly (P <  0.05) different. The women in the co
operative (Experim ent II) showed the greatest (P <1 0.05) 
difference between CONV and PRP processed beef in the 
regions of greatest acceptability. This is possibly due to  the 
higher oven tem perature used with the utility  grade shoul-

ACCEPTANCE OF THE BEEF

□ □ □ □ □

PLEASE CHECK THE BOX UNDER THE FIGURE WHICH BEST DESCRIBES  
HOW YOU F EE L  ABOUT THE BEEF YOU ATE! a d d it io n a l l y ,  i would

APPRECIATE YOUR FURNISHING THE FOLLOWING OPTIONAI INFORMATION, 
PLEASE CHECK,

____  MALE
____  FEMALE

0501

APPROXIMATE AGE
______  0 - 1 5  YEARS
______ 16 - 30 YEARS
______ 31 - 05 YEARS
______  46 -  60 YEARS
_____ _ 61 - 110 YEARS

F i g .  1 — S c o r e c a r d  u s e d  b y  c o n s u m e r s  t o  r e c o r d  e v a l u a t i o n  o f  p r e 

r i g o r  p r e s s u r i z e d  o r  c o n v e n t i o n a l l y  p r o c e s s e d  b e e f .
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Table 1—Consumer acceptability o f  prerigor pressurized versus conventionally processed u tility  shoulder c lo d  and inner chuck b ee P ,b

E X P E R IM E N T !  E X P E R IM E N T  II E X P E R IM E N T  III
Shou lder c lod * Inner chuck Shoulder c lod * Shoulder c lod *

C O N V PR P C O N V PR P C O N V PR P C O N V PR P

Num ber of
panelists 42 46 46 49 36 35 30 34

Acceptability

33.2 37.0 39.1 42.9 5.6 31.4 30.0 20.6

© 45.2 30.4 28.3 24.5 41.7 45.7 36.7 50.0

© 16.7 30.4 23.9 26.5 44.4 17.1 10.0 17.6

© 2.4 2.2 8.7 4.1 5.6 5.7 16.7 5.9

2.4 0.0 0.0 2.0 2.8 0 6.7 5.9

j* C o n v e n tio n a lly  ( C O N V )  and  p re rigor p re ssu rized  (P R P )  processed  beef.
b Percent re sp onse  calcu lated  fro m  n um b e r o f pane lists fo r each accep tab ility  rating d iv ided  b y  to ta l panelists fo r  each C O N V  or P R P  process

ing treatm ent.
C h i square  co m p a rison  o f C O N V  to  P R P , * P  <S 0 .05

der clod. Although processing significantly (P <  0.05) 
affected acceptability in Experiment III, the panelists re
ported CONV processed beef being most acceptable at the 
highest acceptability level. This difference from  Experim ent 
I and II could be due to  bo th  meats being prepared by a 
braising m ethod. However, in all three experim ents, panel
ists evaluated PRP beef more acceptable than CONV beef 
when the highest three levels o f acceptability were grouped.

The greater acceptability o f prerigor pressurized meat in 
consumer tests of the current experim ent would further 
substantiate the advantages of PRP for low quality beef. 
In a num ber of studies (Kennick et al., 1980; P ratt, 1977; 
Macfarlane, 1973; Riffero and Holmes, 1983) utilizing 
trained panels, prerigor pressurized beef was observed to 
be significantly more tender. A num ber of other studies 
evaluating production and processing also indicated the ad
vantages of PRP processing. Schumann et al. (1982) ob
served prerigor pressurized beef to have a higher yield in 
to ta l wholesale cuts than conventionally processed beef. In 
a comparison of PRP versus CONV processed retail cuts 
(Koohmaraie et al., 1983), PRP beef steaks were observed
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to  have a significantly (P <  0.05) better color and less 
discoloration at the end of 5 days in a fluorescent lighted 
retail case. Thus, prerigor pressurization of beef appears to 
offer potential advantages from both the production and 
consum ption viewpoints.
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A R e se a rch  Note

S t a r c h  D i g e s t i b i l i t y  a s  A f f e c t e d  b y  P o l y p h e n o l s  a n d  P h y t i c  A c i d

LILIAN U. THOMPSON and JANE H. YOON

------------------------------ABSTRACT-------------------------------
The rate of wheat starch digestibility in the presence or absence of poly
phenols (catechin or tannic acid) and/or phytic acid at concentrations found 
in legumes was determined in an in vitro dialysis system. Addition of 
tannic acid and phytic acid reduced the starch digestibility 13 and 60% 
respectively, at 5 hr. Combined tannic and phytic acid reduced the di
gestibility at a level (63%) which did not differ significantly from that 
with only phytic acid. Catechin had no significant effect on rate of starch 
digestibility.

INTRODUCTION
LEGUMES have been successfully used for the better manage
ment of diseases such as diabetes and hyperlipidemia (Anderson 
and Kyllen, 1979; Jenkins, 1982; Jenkins et al., 1983a, b; Kiehm 
et al., 1976; Miranda and Horwitz, 1978; Rivellese et al., 1980; 
Simpson et al., 1981). This appears to relate to the rate at which 
legumes release their products of starch digestion (Jenkins et al., 
1982b). Legumes which release glucose at a slower rate than 
cereals both in vivo (Jenkins et al.. 1980; Potter et al., 1981; 
Dilawari et al., 1981) and in vitro (Jenkins et al., 1980; Jenkins 
et al., 1982c) are good sources of fiber and antinutrients (Liener,
1980). Although dietary fiber among many other factors (Thome 
et al., 1983) has received much attention to explain the slow rate 
of carbohydrate digestion, the role of antinutrients has recently 
been questioned.

A strong negative relationship has been observed between po
lyphenol intake and blood glucose response of normal and diabetic 
individuals (Thompson et al., 1984) suggesting an effect of po
lyphenols on rate of carbohydrate digestion. Since other antinu
trients such as phytic acid also negatively correlated with blood 
glucose response (Yoon et al., 1983) and since they also exist in 
foods rich in polyphenols such as legumes, the sole effect of 
polyphenols on the rate of starch digestion was investigated in 
this study. Polyphenols in the form of catechin or tannic acid were 
added to wheat starch and the rate of starch digestibility observed 
in an in vitro dialysis system (Jenkins et al., 1982c). The effect 
of phytic acid in the presence or absence of polyphenols was also 
examined.

MATERIALS & METHODS
TO 10 mL FRESH POOLED human saliva was added 4.83 mg tannic 
acid (with 9% moisture, BDH Chemicals Ltd. (Poole, England) and equiv
alent to 4.4 mg polyphenols) or 5.35 mg catechin (with 3.5 H20/mole, 
Sigma Chemical Co., and equivalent to 4.4 mg polyphenols) and incubated 
at 37°C for 30 min. The pH was adjusted to 7.0 before and after the 
incubation. Raw wheat starch (Charles Tennant and Co., Ltd.) (2g) was 
then added and the mixture was made up to 35 mL with distilled water, 
placed in a dialysis bag (12,000 MW cut off) and dialyzed against 800 
mL distilled water at 37°C. For 5 hr, hourly samples (5 mL) were taken 
from the dialysate and analyzed for starch digestion products (glucose, 
maltose, maltotriose) by high pressure liquid chromatography (Waters Ltd. 
HPLC system, WISP automatic injector, Model 6000A pump, radial 
compression module, Dextropac column with water as a mobile phase at
1.5 mL/min and differential refractometer detector).
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The same dialysis system was employed in determining the effect of 66 
mg sodium phytate (containing 12% moisture, Sigma Chemical Co. and 
equivalent to 40 mg phytic acid) alone or together with 4.83 mg tannic 
acid or 5.35 mg catechin. The phytic acid with or without polyphenols 
and saliva was preincubated at 37°C for 30 min prior to mixing with the 
starch. The pH was also adjusted to 7.0 before and after incubation.

In all cases, wheat starch with no added antinutrients served as a control. 
Each test was done in duplicate. Data at each digestion time were analyzed 
by one way analysis of variance and the significance of difference was 
determined by Tukey's Test (Snedecor, 1956).

RESULTS & DISCUSSION
IN THIS STUDY, in vitro dialysis system was employed since 
the sugars released from the dialysis bag has been shown to relate 
signficantly to blood glucose response (Jenkins et al., 1982a). The 
use of saliva as source of amylase was justified by its ready avail
ability and similarity in starch digestibility to results obtained with 
human pancreatic juices (Jenkins et al., 1982c). Polyphenols and 
phytic acid were added to the wheat starch to make their concen
tration approximately equal to that of the legumes i.e. 0.22% and 
2% respectively, based on starch portion (Thompson et al., 1984; 
Yoon et al., 1983) since legumes produced lower blood glucose 
responses compared with cereals. Wheat starch was used since it 
has negligible amounts of polyphenols and phytic acid compared 
with legume starch preparations which have small amounts of 
these substances (unpublished data) which may complicate the 
experiment.

Polyphenols and phytic acid may affect starch digestibility through 
interaction with amylase enzyme, with protein which is closely 
associated with starch or directly with the starch (Thompson et 
al.. 1984; Yoon et al., 1983; Deshpande andSalunke, 1982;Tamir 
and Alumot, 1969). In addition, in the case of phytic acid, the 
effect may be due to binding with calcium which is known to 
catalyze amylase activity (Yoon et al., 1983). Preincubation of 
the antinutrients with the enzyme prior to addition of starch was 
done in this study to enhance any effect on digestibility due to 
interaction with the amylase enzyme.

The total sugars released in the dialysate over a 5-hr period is 
given in Fig. 1. The distribution of glucose, maltose and malto
triose in the total sugar released from wheat starch at a given 
digestion time was the same regardless of whether it was digested 
with or without the presence of phytic acid and/or polyphenols 
(Table 1). For all samples, maltose was the major product released 
followed by maltotriose and glucose. With longer digestion times, 
the proportion of maltotriose released decreased while that of mal
tose and glucose increased.

Tannic acid significantly reduced the starch digestibility of the 
control by 13% (p <  0.05) at 5 hr while catechin had no significant 
effect (Fig. 1). This suggests the greater reactivity of tannic acid 
than catechin and the variability between polyphenols in terms of 
effect on starch digestibility.

The addition of phytic acid significantly reduced the starch di
gestibility by 28% (p <  0.05) at 1 hr and 60% (p <  0.05) at 5 
hr. When both catechin and phytic acid were added to the starch, 
the digestibility was similar to that seen with only phytic acid 
added.

The addition of both tannic acid and phytic acid lowered the 
digestibility of starch by 63% at 5 hr but this did not differ sig-
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Fig. 1— Rate of starch digestibility in the presence or absence of tannic acid 
(TA), catechin (CA) and/or phytic acid (PA) at pH  7.0.

Table 1— Percent of glucose, maltose and maltotriose in the total sugars 
released from wheat starch samples digested in the presence or absence of 
polyphenols and/or phytic acid

Time
(hr) Glucose Maltose Maltotriose
1 4.6 63.2 32.2
2 5.3 66.0 28.7
3 7.1 67.6 25.3
4 7.4 69.4 23.2
5 8.3 70.4 21.3

nificantly from the 60% observed with phytic acid alone. There
fore, there was no additive or synergistic effect between these two 
antinutrients. Probably a maximum reduction in starch digestibil
ity has been attained with the level of phytic acid added to the 
starch and that further addition of tannic acid or catechin does not 
produce additional effect; or since the reduction on starch digest
ibility by polyphenol was small, it may be obscured by the large 
reduction by phytic acid. A future dose-response study of these 
antinutrients and starch digestibility may be helpful in further un
derstanding the interaction between phytate and polyphenol.

In conclusion, polyphenols such as tannic acid play a role al
though a smaller role compared to phytic acid in reducing the in

vitro rate of starch digestibility and possibly blood glucose re
sponse. Different polyphenols influence the rate of digestibility at 
varying degrees.
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A. C. CLELAND and R. L. EARLE

------------------------------ ABSTRACT-------------------------------
A modification to an empirical food freezing time prediction formula is 
proposed that allows the formula to be used for a range of final product 
temperatures. Over a large data set (275 runs) the percentage difference 
between experimentally measured times and predictions has a mean of 
0.2% and a standard deviation of 6.8% for the improved formula compared 
to -2.4% and 8.5%, respectively, prior to modification. Ninety percent 
of the predicted freezing times by the new method were within ± 11 % of 
the experimentally measured times and ± 9% of predictions by an accurate 
finite difference scheme. This performance compares favorably with other 
published freezing time prediction methods. The same type of modification 
for varying final product temperature may be suitable for other empirical 
formulae.

INTRODUCTION
ONE OF THE DESIRED consequences arising from the use of a 
recently proposed systematic methodology for assessment of freezing 
time prediction methods for foods (Cleland and Earle, 1984) was 
that areas in which improvements to prediction methods could be 
made would emerge. One area highlighted was that prediction 
formulae based on curve-fitting of experimental data collected in 
experiments terminated at one final product temperature per
formed poorly in comparison when applied to situations with dif
ferent final product temperatures. This was because there is no 
term for varying Tfln in such prediction formulae. The formulae 
of Cleland and Earle (1982) and Hung and Thompson (1983) were 
found to be limited in this way, whereas those of Pham (1984a, 
b) and de Michelis and Calvelo (1983) were not. This note pro
poses a modification to the Cleland and Earle formula of the form:

tf — (If t° Tref)
1-65 Ste 
— ;------In (1)

where Tref is — 10°C, and Ta must be less than Tref. A further 
condition is that Tfln must be below the temperature range where 
the bulk of the latent heat release takes place. The modification 
may also be applicable to other empirical formulae such as that 
of Hung and Thompson.

The form of Eq. (1) was derived by consideration of finite 
difference results in Cleland and Earle (1984). Plots of In [(Tfm 
— Ta)/(Tref — Ta)] versus time were constructed using tempera
ture data after the main phase change region. As would be ex
pected from heat conduction theory for constant thermal properties 
these showed straight lines. The slopes of the straight lines were 
linearly related to the Stefan number, and were found to be in
versely proportional to the frozen material thermal conductivity. 
The factor of 1.65 was the fitted constant required. This constant 
applies for all materials. The variation of it between materials, 
and between different Biot numbers was sufficiently small (less 
than 10%) for a single average value to be used.

RESULTS
THE SPECIFIC FORM of the new Cleland and Earle formula 
uses Tref =  — 10°C (because — 10°C was the final product center 
temperature in the data set from the earlier work) and is:

Authors Cleland and Earle are affiliated with the Dept, of Biotechnology, 
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tf =
A H 10

(Tf -  Ta) (EHTD)
/  D D2 \
( V Rd

1.65 Ste
1 ---------------In (2)

where P = 0.5 [1.026 +  0.5808 Pk +
Ste (0.2296 Pk + 0.1050)] (3)

R = 0.125 [1.202 + Ste (3.41 Pk + 0.7336)] (4)
Pk = Cl(T, -  T f) / A H 10 (5)
Ste = Cs(Tf -  T a) / A H 10 (6)

and EHTD is defined in the manner of Cleland and Earle (1982).
As a calculation example the problem in Heldman (1983) was 

chosen. A 2 cm diameter strawberry is frozen from 10°C initial 
temperature to a final temperature of — 25°C. The cooling medium 
is at -35°C , and the surface heat transfer coefficient is 70 W/ 
m2°C. Thermal data were taken from Table 3 of Cleland and Earle 
(1984), using the procedures described in that paper to evaluate 
frozen phase properties:

CL = 4.09 x 106 J/m3‘C Cs = 2.15 X 106 J/m3‘C
AH10 = 318 X 106 J/m3 k, = 2.08 W/m°C

Tf =  -0 .5°C
Application of Eq. (2) to (7) led to the following parameters:

Ta -  -35°C  Tfln = — 25°C
T, = 10°C EHTD = 3
Pk = 0.135 Ste = 0.233

P = 0.568 R = 0.185
(Tfi„ -  Ta)/( — 10 -  Ta) = 0.400; tf = 10.13 x 1.169 min = 
11.85 min.

This freezing time to — 25°C of 11.85 min is close to the finite 
difference prediction by Scheme A in Cleland and Earle (1984) 
which was 11.55 min. The freezing time to -  10°C is 10.13 min 
by this procedure. These results appear plausible but testing is 
required over a range of conditions so new calculations were car
ried out for the composite data set in Cleland and Earle (1984). 
The consequential changes to Tables 6 and 8 of that paper are 
shown in Tables 1 and 2 respectively.

It was also considered worthwhile to attempt to apply the anal
ogous procedure to modify the method of Hung and Thompson 
(1983) using Tref = -18°C .

tf =
AH,8 /  d  

U(Tf -  Ta)(EHTD) \  h
+

1
1.65 Ste /  Tfin -  Ta 

ks n \  18 -  Ta
(8)

where P

R
Pk
Ste

U

and Bi

0.7306 -  1.083 Pk + Ste
(15.40U -  15.43 +  0.01329 Ste/Bi) 

0.2079 -  0.2656 U Ste 
CAT -  Tf)/AHlg 
Cs(Tf -  Ta)/AH18
j + 0.5CL (Tj -  Tf)2 -  0.5CS (Tf + 18)2

a h 18 (Tf -  r.,i
hD/ks

(8)
(9)

(10)
(11)

(12)

(13)
This procedure can only apply for values of Ta below — 18°C.
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Table 1— Summary of comparisons between experimental and predicted freezing times for five prediction methodsa
Methods

Finite Cleland Hung and de Micheiis
differences and Earle Pham Thompson and Calvelo

Data source Mean s.d. Mean s.d. Mean s.d. Mean s.d. Mean s.d.
Hung and Thompson
23 Tylose slabs -1.3 8.7 -3.3 7.0 -3.8 7.7 1.1 2.9 -4.3 14.1
9 potato slabs -3.9 4.9 -7.3 3.3 -5.1 3.5 2.9 4.0 -4.2 8.4
9 carp slabs 3.1 12 9 -1.6 9.9 -2.4 11.1 2.8 4.1 6.1 16.9
9 ground beef slabs 6.6 16.6 2.6 13.4 -1.8 13.9 2.5 4.8 10.1 18.9
9 lean beef slabs 2.8 11.6 -4.3 7.4 -6.0 8.9 0.8 4.0 7.9 14.7

Cleland and Earle
43 Tylose slabs 0.0 5.3 1.6 2.8 3.9 4.4 8.0 11.9 -4.1 6.2
6 potato slabs -0.5 5.1 -0.5 1.8 3.7 2.3 11.3 5.7 -2.6 3.5
6 lean beef slabs 4.8 4.7 2.1 4.0 4.1 4.6 10.8 11.8 5.6 4.4

30 Tylose cylinders -1.8 5.2 -1.0 3.6 0.8 5.1 1.8 7.9 -6.5 8.2
30 Tylose spheres -0.3 3.3 1.6 5.2 2.3 5.1 3.5 8.6 -0.5 10.3
72 Tylose bricks -3.8 5.8 -0.9 5.7 -1,3 4.7 0.8 9.5 -26.1 9.6
de Micheiis and Calvelo
5 lean beef slabs -0.1 7.4 8.2 2.6 -0.9 4.9 1.8 9.2 -2.2 10.5

24 lean beef bricks, 8.6 6.3 8.2 10.0 4.1 6.6 3.8* 11.5* -11.3 10.8
rods, finite cylinders

a All data expressed as percentage differences from experimental data. Results for the Cleland and Earle, and Hung and Thompson methods were calculated by the modified forms.
* Ignores 4 experiments in which Ta > Tref

Table 2— Summary of percentage differences between (A) experimental data and predicted freezing times, and (B) predicted freezing times from the methods
under test and predicted freezing times from finite differencesa

Methods
Cleland Hung and de Micheiis

Data source and Earle Pham Thompson and Calvelo
All 275 experiments; (A) comparison to experimental data

Mean 0.2 0.3 3.2* -8.7
Standard deviation 6.8 6.7 9.3 15.1
Maximum 23 18 33 38
Minimum -21 -24 -18 -48
Range enclosing 90% of data -10  to 11 -10 to 9 -11 to 20 -3 5  to 15
Correlation (r) with finite differences 0.746 0.762 0.460 0.619

207 experiments to -  10°C; (A) comparison to experimental data
Mean 0.5 1.3 3.5* -11.8
Standard deviation 6.0 5.4 10.1 13.9
Maximum 23 15 33 16
Minimum -21 -13 -18 -48
Range enclosing 90% of data -9  to 10 - 9  to 8 -12 to 21 -36  to 8
Correlation (r) with finite differences 0.665 0.738 0.522 0.501

68 experiments to -  18°C; (A) comparison to experimental data
Mean -1.1 -2.8 2.3 0.8
Standard deviation 9.4 9.2 6.2 14.9
Maximum 22 18 30 38
Minimum -21 -24 - 6 -28
Range enclosing 90% of data -13 to 15 -17  to 13 - 5  to 9 -17  to 28
Correlation (r) with finite differences 0.838 0.929 0.552 0.857

All 275 experiments; (B) comparison to finite differences
Mean -0.5 0.5 3.0* -8.4
Standard deviation 5.3 5.1 8.2 12.0
Maximum 17 14 31 15
Minimum -18 -15 -19 -50
Range enclosing 90% of data -9  to 8 - 9  to 8 -8  to 17 -30  to 9

207 experiments to -  10°C; (B) comparison to finite differences
Mean 1.3 2.1 4.4* -11.0
Standard deviation 5.0 4.3 8.7 12.1
Maximum 18 14 31 15
Minimum -21 -14 -21 -49
Range enclosing 90% of data -7  to 9 -5  to 8 -9  to 19 -31 to 6

68 experiments to -  18°C; (B) comparison to finite differences
Mean -2.7 -4.4 0.8 -0.8
Standard deviation 6.1 4.3 9.3 7.8
Maximum 13 4 19 13
Minimum -14 -15 -24 -28
Range enclosing 90% of data -12 to 8 -12  to 1 -18  to 14 -  11 to 9

a Results for the Cleland and Earle, and Hung and Thompson formulae were calculated by the modified forms. 
* Ignores 4 experiments in which Ta > Trej

For the strawberry example the following data were calculated
using Eq. (8) to (13) and Table 3 of Cleland and Earle (1984):

a h i8 = 378 x 106 J/m3 Bi = 0.673
Ste = 0.196 Pk = 0.114

U = 0.992 P = 0.578
R = 0.156 (Tfin -  Ta)/( - 1 8  -  Ta) = 0.588

tf =  11.97 x 1.083 min = 12.96 min.
The freezing time to — 18°C is 11.97 min and the time to — 25°C

is 12.96 min. Results from application of Eq. (7) to (13) to the 
composite data set in Cleland and Earle (1984) are shown in Ta
bles 1 and 2.

DISCUSSION
THE PREDICTION ACCURACY for the Cleland and Earle for
mula shown in Tables 1 and 2 is now as good as for any other 
method for a final center temperature of — 18°C, and over the
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FREEZIN G  TIM E P R E D IC T IO N S . . .

whole data set, thus vindicating the use of Eq. (1). Correlation 
with finite difference predictions is also much improved. The im
proved formula thus meets the criteria in Cleland and Earle (1984). 
The proposed modification improves the performance of the Hung 
and Thompson formula at -  10°C. Correlation with finite differ
ence predictions is now virtually identical at both final center 
temperatures in the data set. However, because of variations in 
data from different sonrces (Cleland and Earle, 1984) agreement 
with experiments is not even across the whole data set. The sim
ilarity in the agreement with finite differences at the two Tfin 
values suggests that the modification may suit the Hung and 
Thompson formula across a range of final center temperatures.

CONCLUSIONS
A MODIFICATION to the Cleland and Earle freezing time pre
diction formula is shown to make it as accurate as any other 
method over the data set studied for final product temperatures 
that differ from -  10°C. The prediction accuracy of the Hung and 
Thompson formula is also improved, by a corresponding modi
fication, for final temperatures other than — 18°C.

Bi
CL

Cs

D
EHTD
h
H

SYMBOLS
Biot number hD/ks
volumetric specific heat capacity of unfrozen mate
rial (J/m3°C)
volumetric specific heat capacity of frozen material
(J/m3°C)
characteristic dimension (full thickness) (m) 
equivalent heat transfer dimensionality 
surface heat transfer coefficient (W/m2oC) 
enthalpy (J/m3)

AH10

AH18

ks
L

r
t
Ta
Tf

T,
Tret

U

— enthalpy change in product between T, and — 10°C 
(J/m3)

— enthalpy change in product between T; and -  18°C 
(J/m3)

— thermal conductivity of frozen material (W/m°C)
— latent heat of freezing (derived from AH10 or AH18 

by subtracting the sensible heat component) (J/m3)
— correlation coefficient
— freezing time (sec, min or hr)
— cooling medium temperature (°C)
— temperature at which freezing commences (°C)
— final product center temperature at end of freezing 

process (°C)
— initial product temperature (°C)
— final product temperature used as a reference in em

pirical freezing formulae (°C)
— ratio of temperature driving forces defined in eq. (12)
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E. CO LI IN SEAFOODS USING FLUOROGENIC ASS A YS . .

4). For the M-Endo-MUG assay, a total confirm atory rate 
of 90.0% was obtained for the fluorescent colonies (56 out 
o f 62 fluorescent colonies). A false-positive rate o f 10.0% 
was observed (Table 6).

One of the problems commonly encountered during 
seafood analysis is the presence of stressed or injured m icro
bial cells. Stressed cells have the ability to  recuperate and 
grow on nonselective media, but not on selective media 
(Clark and Ordal, 1969; Ray and Speck, 1973). The ability 
of Lauryl Tryptose Broth-MUG (LTB-MUG) to detect 
heat-stressed cells was examined by Feng and Hartman 
(1981, 1982). The LTB-MUG system (fluorescence) was 
superior to the VRB-2 m ethod in detecting heat-injured 
cells. This is expected, since LTB is a relatively nonselective 
medium. Perhaps, this is one of the reasons why the LB- 
MUG assay in this study resulted in higher recoveries of is. 
coli from the seafood samples tested.

The three assays described in this study are rapid (24 
hr), sensitive, and save labor and material cost. Any of the 
three fluoragenic assays can be routinely used by the sea
food industry to  discriminate seafood samples with high 
to ta l conforms and/or E. coli (fecal contam ination) present.
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