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ABSTRACTS
IN THIS ISSUE

STATISTICAL ASPECT OF THE CORRELATION BETWEEN OBJEC- EFFECTS OF DRY AND MOIST HEAT ON SELECTED HISTOLOGI- 
TIVE AND SUBJECTIVE MEASUREMENTS OF MEAT TENDER- CAL CHARACTERISTICS OF BEEF SEMIMEMBRANOSUS MUSCLE. 
NESS. M. C. GACULA JR.. J. B. REAUME, K. J. MORGAN & R. L. H. C. REID & D. L. HARRISON. J. F o o d  Sci. 36, 206-208 (1971) — 
LUCKETT. J. F o o d  Sci. 36, 185-189 (1971)-The purpose of our study Samples of raw and heat-treated bovine semimembranosus muscle were 
was to present a method of data analysis for removing sources of varia- examined to determine the effects of four heat treatments on selected 
tion influencing objective and subjective measurements. It was found that histological characteristics of the muscle. Differences among heat treat- 
by expressing the experimental data as a deviation from their contempo- ments in muscle fiber width and relative proportion of straight and wavy 
rary mean, extraneous sources of variation were minimized, resulting in a connective tissue were not significant. However, the quantity of granular 
substantial improvement in the degree of correlation as theoretically ex- connective tissue was significantly (P <  0.05) greater in deep-fat fried, 
pected. A contemporary mean is defined as an average value derived from pressure and oven braised samples than in oven roasted samples. Intact 
observations collected in the same substratum which is assumed to be fat cell walls were observed in both raw and heated samples, 
homogeneous by virtue of proper experimental design.

BOVINE MUSCLE TENDERNESS AS RELATED TO PROTEIN SOLU
BILITY. M. E. DIKEMAN, H. J. TUMA & G. R. BEECHER. J. F o o d  Sci. 
36, 190-193 (1971)-The longissimus (modest degree of marbling) from 
forty beef ribs selected 48-56 hr post-mortem was used in two trials. 
Trial I involved A, C and E maturity ribs (10 each classification). Each rib 
was subjectively scored for texture (fresh) and adjacent longissimus sam
ples were removed for the determination of protein solubility (fresh) and 
tenderness. Tenderness (cooked muscle) was measured with a Warner- 
Bratzler shear and taste panel. Protein solubilities were determined using
0.154M Krebs-Ringer-Bicarbonate buffer, 0.2M KC1 + 0.01M K phos
phate buffer, 1.1M Kl + 0.1M K phosphate buffer, and 0.03M K phos
phate buffer. Trial II involved 10 A maturity ribs. The 0.2M KC1, 1.1M 
KI, and 0.03M K phosphate buffers as described for trial I were used for 
protein extraction. Additionally, sarcomere length was measured in for
malin. Multiple regression equations were developed to predict tenderness 
in trial II. Protein solubilities were not significantly different between the 
carcass maturity groups although there were trends toward increased sol
ubility as maturity increased. Tenderness tended to decrease from A to E 
maturity indicating a negative relationship between protein solubility and 
tenderness. Several significant negative correlations between protein solu
bility and tenderness were found in trial I (A maturity group) and trial II. 
Additionally, several significant negative correlations between texture 
and solubility were calculated. Correlations within the C and E maturity 
groups were variable and showed no definite trends. Multiple regression 
analyses showed that a combination of protein solubilities, texture score 
and sarcomere length accounted for 88% of the variation in shear force 
and 72% of the variation in taste panel tenderness.

RELATIONSHIPS OF SERUM, MUSCLE AND SUBCUTANEOUS LI
PIDS TO BEEF CARCASS TRAITS AND FLAVOR. B. E. THRALL &
D. A. CRAMER. J. F o o d  Sci. 36, 194-198 (1971) — Lipid classes and 
fatty acid compositions of blood serum, intramuscular and subcutaneous 
fats were determined on 61 Hereford bull and heifer carcasses in addition 
to carcass measurements, cutouts and organoleptic evaluations. Differ
ences due to sex, sire and environment were shown to be statistically 
significant for many of the lipid components. Phenotypic correlations of 
the lipid components with carcass cutout data and flavor evaluations gave 
indications of the lipid interrelationships and of the growth and develop
ment of the animals.

EPIMYSIAL CONNECTIVE TISSUE POLYSACCHARIDES OF BO
VINE SEMIMEMBRANOSUS MUSCLE AND ALTERATIONS IN 
THEIR TYPE WITH AGE AND SEX DIFFERENCES. A. CORMIER,
G. H. WELLINGTON & J. W. SHERBON. J. F o o d  Sci. 36, 199-205
(1971)—A significant relationship was found between age of veal, steer, 
heifer and aged cows and amount of polysaccharides isolated from the 
épimysium. 20% of the hexosamines present in the intact tissue was 
recovered in the isolated épimysium. Hyaluronic acid constituted 42, 19, 
42 and 17% of the isolated epimysial polysaccharides of the veal, steer, 
heifer and cow groups. Dermatan sulfate was the major sulfated polysac
charide present in the épimysium. The ratio of hexosamine to insoluble 
collagen in the épimysium was associated with muscle tenderness; the 
higher the hexosamine: insoluble collagen ratio, the more tender the 
muscle.

POST-MORTEM GLYCOLYSIS IN OX SKELETAL MUSCLE: 
EFFECTS OF MINCING AND OF DILUTION WITH OR WITHOUT 
ADDITION OF ORTHOPHOSPHATE. R. P. NEWBOLD & R. K. 
SCOPES. J. F o o d  Sci. 36, 209-214 (1971)-Mincing caused about a 
three-fold increase in the rates of most of the glycolytic and associated 
changes, but a much greater increase in the rate of loss of nicotinamide- 
adenine dinucleotide. In glycolysing minces diluted with one volume of
0.16M potassium chloride lactate was produced more slowly, adenosine 
triphosphate (ATP) was lost faster, glycolysis stopped sooner, and the 
ultimate pH was higher than in undiluted minces. Inclusion of orthophos
phate in the diluent stimulated lactate production and delayed the loss of 
ATP until the glyceraldehyde-3-phosphate dehydrogenase step became 
rate-limiting for lactate production and fructose-1 ,6-diphosphate and the 
triose phosphates accumulated.

POST-MORTEM GLYCOLYSIS IN OX SKELETAL MUSCLE: EFFECT 
OF ADDING NICOTINAMIDE-ADENINE DINUCLEOTIDE TO DI
LUTED MINCE PREPARATIONS. R. P. NEWBOLD & R. K. SCOPES.
J. F o o d  Sci. 36, 215—218 (1971)-Addition of nicotinamide-adenine 
dinucleotide (NAD), at the time of dilution, to glycolysing minces di
luted with one volume of 0.16M potassium chloride resulted in a some
what faster loss of adenosine triphosphate, earlier cessation of glycolysis, 
and higher ultimate pH. When the diluent also contained orthophosphate, 
inclusion of NAD led to a reduction in both phosphorylase and phospho- 
fructokinase activity. In addition, it prevented the accumulation of fruc
tose diphosphate. The added NAD was lost rapidly from the diluted 
mince preparations, its adenine moiety being converted to inosine nucleo
tide.

CARROT VOLATILES. 1. Characterization and Effects of Canning and 
Freeze Drying. D. A. HEATHERBELL, R. E. WROLSTAD & L. M. 
LIBBEY. J. F o o d  Sci. 36, 219-224 (1971)-Volatiles in aqueous extracts 
of raw, canned, and freeze-dried carrots were investigated. Of the 23 
compounds identified by GLC-MS in the raw carrot, diethyl ether, acetal
dehyde, acetone, propanal, methanol, ethanol, and (3-phellandrene had 
not been previously reported. Acetaldehyde, sabinene, myreene, and ter- 
pinolene were considered important character-impact compounds in raw 
carrot aroma. Differences between canned, freeze-dried and raw carrots 
were mainly quantitative rather than qualitative. Ethanethiol, dimethyl 
sulfide and dimethyl substituted styrene compounds formed with can
ning. Canning resulted in an approximate 50% loss of “higher boiling” 
compounds; however, it produced an increase in “lower boiling” com
pounds, particularly methanol, which increased from 0.05-60 ppm. 
Freeze drying resulted in an approximate 75% loss of total volatile con
tent.
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C A R R O T  V O L A T IL E S. 2 . In flu en ce  o f  V a r ie ty , M aturity and  Storage.
D. A. HEATHERBELL & R. E. WROLSTAD. J. F o o d  S c i. 36, 225-227
(1971)-The volatile composition of carrot varieties Imperator (Long 
Imperator Crookham), Nantes, Royal Chantenay, Autumn King, Oregon 
4362 and Wisconsin 5 were investigated. Differences were quantitative 
rather than qualitative. Variation in concentration of individual terpenes 
and their summation (5-27 ppm) appeared to be consistent with descrip
tions of the flavor characteristics of different varieties. Studies on effects 
of maturity revealed that of the “low boiling” constituents, acetaldehyde 
and particularly ethanol increased in late season whereas acetone, propa- 
nal, and methanol remained relatively constant. Regarding “higher boil
ing” constituents, their total concentration remained relatively constant 
while the concentration of individual terpenes constantly changed. Ma
ture carrots stored for 5 wk accumulated acetaldehyde and ethanol while 
the concentration of other volatiles did not change significantly.

EF FE C T O F H E A T  O N  TH E F L A V O R IN G  C O M PO N EN TS O F M APLE  
SIRU P: A  P relim inary S tu d y  b y  G as C h rom atography. J. C. UNDER
WOOD. J. F o o d  Sci. 36, 228-230 (1971)-Total flavor in commercial 
maple sirup increases in amount with additional heat treatment. It is also 
shown that individual flavorants change at different rates, both increasing 
and decreasing. The study suggests that further more detailed work 
should furnish data on the source of flavoring compounds in the sap and 
lead to control of processing factors to increase the desirable flavor com
ponents while keeping the undesirable ones at a low level.

BIO CH EM ISTRY O F T E A  F E R M E N T A T IO N : T H E  R O L E  O F C A R O 
T E N E S IN  BLA C K  T E A  A R O M A  F O R M A T IO N . G. W. SANDERSON,
H. CO & J. G. GONZALEZ. J. F o o d  Sci. 36, 231-236 (1971)-The 
carotenoid compounds present in fresh tea leaves were quantitatively 
extracted and separated by thin layer chromatography. Neoxanthin, 
violaxanthin, lutein, and (3-carotene were identified and estimated by 
spectrophotometry. These carotenoid compounds decreased during the 
tea fermentation process from about 0.053% (dry weight basis) in fresh 
tea leaves to about 0.030% in the fermented (3 hr) leaves to about
0.026% in the fired black tea. The cause of these changes was studied 
first in a model tea fermentation system consisting of a crude soluble tea 
enzymes preparation, a tea flavanol, and (3-carotene. Degradation of (3- 
carotene took place in this model system only after oxidation of the tea 
flavanol and the reaction mixture was taken to dryness. (3-ionone, an 
important constituent of black tea aroma, was identified as the major 
product of (3-carotene degradation but several other unidentified volatile 
compounds were also formed. The degradation of (3-carotene to (3-ionone 
in tea leaf undergoing conversion (fermentation) to black tea was con
firmed using whole tea leaf; no drying of the system was required in this 
case. These results have been generalized to include all of the carotenoid 
compounds known to be present in tea leaves. The list of products which 
can be expected to be formed by this mechanism includes many com
pounds which are known to be present in black tea aroma suggesting that 
the degradation of carotenoid compounds during the black tea manufac
turing process is important in determining the flavor of the finished 
product.

N O N V O L A T IL E  O R G A N IC  A C ID S IN  G U A V A . H. T. CHAN JR., J. E. 
BREKKE & T. CHANG. J. F o o d  S c i. 36, 237-239 (1971)-The nonvola
tile organic acids of guava were extracted and isolated. Thin-layer chro
matography of the acids showed the presence of 6 acids, 5 of the acids 
identified as lactic, malic, citric, ascorbic and galacturonic. Gas-liquid 
chromatography of the methyl esters of the guava acids also showed the 
presence of malic, citric and lactic acid. Quantitative determinations 
using succinic acid as an internal standard showed citric and malic acid to 
be present in almost equal amounts and lactic acid in much less amount 
in cultivated guavas. In wild guavas, citric acid was the predominant acid, 
with lesser amounts of malic and lactic acid.

O R G A N IC  A C ID  P R O F IL E S O F T H E R M A L L Y  P R O C E SSE D , S T O R E D  
SPIN A C H  P U R E E . Y. D. LIN, F. M. CLYDESDALE & F. J. FRANCIS.
J. F o o d  Sci. 36, 240-242 (1971)-Spinach puree was packed in TDT 
tubes and processed with an Fo = 4.9 at temperatures ranging from 
240-300°F with 10°F increments. Half of the pack was analyzed for 
organic acids, color and pH; the other half was stored for 3 months at 
75°F in the dark prior to analysis. After processing, the greatest changes 
were noted at 240°F and only minor changes noted above 280°F. Acetic 
and pyrrolidone-carboxylic acid showed the most change after proc
essing. After storage the concentration of acids, color and pH was similar 
for all packs. However, during storage, a-ketoglutaric acid disappeared 
and pyruvic, glutaric, oxaloacetic and malonic acids were formed at all 
processing temperatures.

E F FE C T  O F GAM M A IR R A D IA T IO N  O N  T H E  P O ST H A R V E ST  
P H Y SIO L O G Y  O F F IV E  B A N A N A  V A R IE T IE S  G RO W N IN  IN D IA . P.
THOMAS, S. D. DHARKAR & A. SREENIVASAN. J. F o o d  Sci. 36, 
243-247 (1971)-Gamma irradiation to 20-40 krad inhibits the ripening 
changes in preclimacteric bananas without affecting the fruit quality. 
Both fruit maturity at harvest and post-irradiation storage temperature 
markedly influence the response to irradiation. The optimum dose and 
the maximum tolerable dose varied among the five varieties screened. 
Ability of the banana fruit to withstand higher doses of gamma irradia
tion depends on the physiological status of the fruit at time of irra
diation. Irrespective of varietal differences, irradiation of preclimacteric 
bananas to doses above 50 krad resulted in severe skin discoloration and 
fruit splitting. Irradiation under anoxia did not markedly reduce the 
radiation injury, suggesting that factors other than ozone formed during 
irradiation in air may contribute the radiation damage. Fruits on the 
climacteric could tolerate up to 200  krad, but no effect on ripening was 
observed. Ethylene or 2,4-D could reverse irradiation-induced inhibition 
of ripening in bananas. Irradiation seems to decrease the sensitivity of 
banana fruit to the ripening action of exogenously added ethylene.

SO L U B IL IZ A T IO N  O F A Q U E O U S  SO L U T IO N S IN N O N P O L A R  
L IQ U ID S. L. D. MORSE, P. A. HAMMES & C. W. EVERSON. J. F o o d  
Sci. 36, 248—250 (1971)-Solubilization has occurred when surfactant 
micelles in water solution enclose molecules of a water insoluble sub
stance to form a single phase. The technology deals mostly with hydro- 
phobic matter in water. Water was solubilized at from 1% -11% in orange 
oil, soybean oil, benzyl alcohol, n-heptane, n-hexane and cottonseed oil, 
and aqueous solutions couid be enclosed by appropriate micelles and 
solubilized. Using dioctyl sodium sulfosuccinate, the following quantities 
of ascorbic acid, as 20% aqueous solution, were solubilized; 22 .0  mg/g 
orange oil; 10.4 mg/g soybean oil; 40.0 mg/g benzyl alcohol; 15.1 mg/ml 
n-heptane; and 14.5 mg/ml n-hexane. Triglycerol monooleate and deca- 
glycerol dioleate solubilized ascorbic acid in cottonseed oil at 4.8 mg/ml; 
caprylic acid and ethoxylated stearic acid in cottonseed oil solubilized
1.5 mg/ml. Water soluble materials can be added to liquids with which 
they are otherwise incompatible, and unpleasant tasting materials can be 
taste masked by solubilization in bland lipophilic liquids.

R E D U C T IO N  O F  IN T E S T IN A L  G A S-F O R M IN G  P R O PE R T IE S O F  
LEG UM ES B Y  T R A D IT IO N A L  A N D  E X P E R IM E N T A L  F O O D  PROC
E SSIN G  M ETH O D S. D. H. CALLOWAY, C. A. HICKEY & E. L. MUR
PHY. J. F o o d  Sci. 36, 251-255 (1971)-Formation of intestinal gas is 
evaluated by measuring flatus passed from the rectum and the amount of 
bacterially formed gas present in the exhaled breath. Flatulent test meals 
fed in the morning cause elevation of breath hydrogen concentration, 
flatus volume and flatus hydrogen and carbon dioxide content about 5 -7  
hr later. Test responses of legumes were measured against a baseline de
rived from feeding a bland, low-residue formula diet. Mature, dry lima 
beans were found to be as high in flatulence-inducing factor(s) (FF) as 
are white beans. Mung beans and soybeans caused the same excretion of 
hydrogen in the breath as did white beans, but only about 2/3 as much 
flatus. Peanuts were not gas-forming. Several products processed by 
methods that might be expected to alter FF concentration or activity 
were evaluated in the same way. Soybean and mung bean sprouts ap
peared to retain most of the FF present in the whole bean. Soybean curd 
(tofu) had little residual FF but another high-protein food, MPF, made 
from toasted soy grits, caused as much gas formation as an equal weight 
of soybean carbohydrate fed as whole beans. Enzymatic treatment of 
comminuted soybeans, designed to hydrolyze the constituent oligosac
charides, raffinose and stachyose, frequently cited as gas-formers, had 
only negligible effect on production of intestinal gas. Tempeh, made 
from soybean grits by mold fermentation, did not increase gas produc
tion over baseline values and caused a significant delay in the time of gas 
formation, suggestive of temporary suppression of intestinal bacteria. 
Ethanolic extraction of whole white beans reduced but did not eliminate 
their gas-forming quality.
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E V A L U A T IO N  O F  C E R T A IN  PH Y SIC A L P R O PER TIE S O F M EAT  
U S IN G  A  U N IV E R S A L  T E ST IN G  M A C H IN E. D. W. STANLEY, G. P. 
PEARSON & V. E. COXWORTH./. F o o d  S c i. 36, 256-260 (1971)-The 
Instron tester served to evaluate physical properties of uncooked rabbit 
and beef muscle including work of rupture, breaking strength, break elon
gation elasticity and stress relaxation. These methods measure variations 
in muscle type, aging and post-mortem treatments comparably with shear
ing instruments. Shank showed higher tensile properties than tenderloin, 
less elasticity and lost more applied stress. With rabbit, the breaking force 
of longissimus dorsi unrestrained during rigor was .237 lb/g ±7.5% for 
samples 5.0 cm by 0.2-0.5 cm2 while restrained muscle gave .168 ±9.9% 
and also exhibited higher elasticity and break elongation. Post-mortem 
aging decreased tensile properties and elasticity. Psoas muscle, character
ized by more coextensive fibers, had higher tensile properties than lon
gissimus dorsi.

E F FE C T S O F T Y P E S A N D  LE V EL S O F F A T  A N D  R A T E S A N D  
T E M PE R A T U R E S O F COM M INUTIO N ON TH E P R O C E SSIN G  A N D  
C H A R A C T E R IST IC S O F F R A N K F U R T E R S . W. E. TOWNSEND, S. A. 
ACKERMAN, L. P. WITNAUER, W. E. PALM & C. E. SWIFT. J. F o o d  
S ci. 36, 261-265 (1971)-Frankfurter emulsions containing either 25% 
or 35% beef fat, pork fat, or cottonseed oil were prepared by comminut
ing at 1500, 2500, or 5000 rpm to temperatures ranging from 45°-85°F. 
Data were obtained on the viscosities of the emulsions; except for ini
tially high viscosities for which unmelted fat was responsible, the viscosi
ties of emulsions containing the fats, or oil, were similar: viscosities 
tended to decrease with increasing time and temperature of chopping. 
The frankfurters were stuffed, smoked, and cooked, and data were ob
tained on shrinkage, fat retention, ease of peeling, specific gravity, and 
texture. Shrinkage was inversely related to content of fat. Fat separation 
mainly occurred in processing frankfurters containing beef fat; the data 
suggest that emulsions containing beef fat should be comminuted to 
65°-75°F to avoid possible under or overchopping: the results show that 
optimum conditions were time as well as temperature dependent. The air 
content of frankfurters varied inversely with the maximum temperature 
attained during comminution. Frankfurter skin strength was lessened on 
increasing the temperatures to which emulsions were comminuted; elas
ticity, the equivalent of rubberiness, decreased under these conditions.

E F F E C T S O F T Y P E S O F F A T  A N D  O F R A T E S A N D  T E M PE R A 
T U R E S  O F CO M M IN U TIO N  O N  D ISP E R SIO N  O F LIPID S IN  F R A N K 
F U R T E R S . S. A. ACKERMAN, C. E. SWIFT, R. J. CARROLL & W. E. 
TOWNSEND. J. F o o d  Sci. 36, 266-269 (1971)-The effect of time, tem
perature and rpm of comminution of emulsions was determined on the 
dispersion of approximately 25% of beef fat, pork fat or cottonseed oil in 
frankfurters. The numbers of lipid particles 5 ji or less in diameter in
creased in frankfurters containing either beef or pork fat as comminution 
was continued to higher temperatures, with pork fat dispersed more 
thoroughly. Fat tended to separate from frankfurters containing beef fat 
in particles 200 n or more in diameter. In contrast, no specific degree of 
dispersion of particles 5 m or less in diameter consistently indicated emul
sion stability, or its lack. Increased rpm during comminution produced an 
increased dispersion of beef or pork fat. Under given conditions pork fat 
was more finely dispersed than beef fat. Dispersion of cottonseed oil 
produced particles smaller and more closely packed than could be studied 
using light microscopy. Electron microscopy revealed many particles 1 /a 
or less in diameter.

E F FE C T  O F N E A R  IN F R A R E D  E N E R G Y  ON R A T E  O F F R E E Z E  
D R Y IN G  O F BE E F . 1. Cham ber Pressure and R ad ia tion  In ten sity . F. 
BURGHEIMER, M. P. STEINBERG & A. I. NELSON. J. F o o d  S c i. 36, 
270-272 (1971)-The effects of vacuum chamber pressure and intensity 
of near infrared energy on freeze drying rate for l-in.-thick slices of eye 
round were investigated. The radiation source was a 500-w quartz iodine 
lamp. Decreasing the chamber pressure increased the freeze drying rate, 
especially during the early stages of the drying cycle corresponding to the 
initial and constant rate periods. The critical moisture content seemed to 
be about 43%. Different energy intensities of the same radiation charac
teristics were obtained by varying the distance between infrared heater 
and product. For distances of 9, 13.5 and 18 in., the inverse-square law 
was not followed; the drying rate was faster than predicted and appeared 
to vary linearly with distance.

E F FE C T  O F  N E A R  IN F R A R E D  E N E R G Y  O N  R A T E O F  F R E E Z E  
D R Y IN G  O F  B E E F . 2. Spectral D istr ib u tion . F. BURGHEIMER, M. P. 
STEINBERG & A. I. NELSON. J. F o o d  Sci. 36,273-276 (1971)-Infra- 
red radiation was extensively investigated as a heat source for freeze 
drying l-in.-thick slices of beef. Two approaches were used to study the 
effect of spectral regions on the drying rate. First, filters which trans
mitted definite wavebands in the near infrared were interposed between 
the heaters and the product. Secondly, different spectral distributions 
were obtained by varying the voltage applied to the heaters while keeping 
the total radiating power constant. From the work with filters it was 
concluded that the short wavelengths, 1 p or less, gave the most rapid 
drying. Similarly, the work with voltage variation showed that drying rate 
was improved by increasing intensity and decreasing wavelength to about 
0.95 p. The shortest complete drying cycle using infrared heating was 7.0 
hr as compared to 11 hr for the conventional control. Samples were 
evaluated for surface appearance, rehydration characteristics and organo
leptic quality of cooked meat. The quality of samples produced with 
infrared radiation of short wavelengths predominantly at about 1  p was 
judged to be similar to that obtained with conventional heating.

H E A T  P A ST E U R IZ A T IO N  O F C R A B  A N D  SH R IM P FRO M  THE  
PA C IFIC  C O A ST  O F  TH E U N IT E D  ST A T E S: PU BLIC  H EA L T H  
A SPEC TS. P. LERKE & L. FARBER. J. F o o d  S c i. 36, 277-279 
(1971)—While pasteurization for 1 min at 180°F killed large inocula of 
staphylococci and salmonellae placed into packages of crab and shrimp 
meat, heating for 5 min at 180°F failed to completely destroy a 
1,000-spore inoculum of C lo s tr id iu m  b o tu l in u m  E. Both meats were 
good substrates for the growth of all organisms studied. Storage at 40°F 
prevented the growth of inoculated staphylococci, salmonellae and Cl. 
b o tu l in u m  A  and proteolytic B but not of E, which produced toxin in 
crab meat after 30-40 days at that temperature. For complete safety of 
the pasteurized product a holding temperature of 36°F or lower would be 
required but would likely not be attainable in commercial channels.

C O M P U T E R -A ID E D  PR E D IC T IO N S O F FO O D  S T O R A G E  S T A B IL 
ITY: O X ID A T IV E  D E T E R IO R A T IO N  O F  A  SH R IM P P R O D U C T . 1. B.
SIMON, T. P. LABUZA & M. KAREL. /. F o o d  S c i. 3 6 , 280-286 
(1971)—A study was undertaken to develop a method for predicting the 
storage stability of dry foods stored in semipermeable containers and 
deteriorating through oxidation of lipids. A shrimp bar was the test food 
in which organoleptic deterioration was correlated with absorption of 
oxygen and oxidation of carotenoid pigment. Rates of oxidation were 
studied as a function of oxygen concentration, and permeability charac
teristics of materials used to package the bars were determined. A mathe
matical model for prediction of storage life of the product was formu
lated using the kinetic data for shrimp oxidation and the permeability 
data. Predictions of storage life based on this model were compared with 
actual storage tests and found to give good results.
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STO R A G E T E M PE R A T U R E  E F F E C T S O N  TH E PR O TEO L Y TIC  
A C TIV ITY  O F R A D IA T IO N -S U R V IV IN G  B A C T E R IA  IN O Y ST E R S.
J. A. LIUZZO, M. K. FARAG & A. F. NOVAK. /. F o o d  Sci. 3 6 , 
287-288 (1971)-The activity of 2 radiation-surviving and strongly pro
teolytic strains of P se u d o m o n a s  and A c h r o m o b a c te r  were compared to 
the activity of 2 lesser active strains of N eisse r ia  and B a cillu s in fresh 
oysters during iced (32°F) and refrigerated (40°F) storage for 15 days. 
Radiation doses used for the oysters were 100 and 800 krad. The activity 
of the former bacteria was higher than that of the latter 2 at both 
temperatures and radiation doses. Storage at 40°F resulted in more bacte
rial growth and higher activity than at 32°F even in the 100 krad-irradi
ated oysters. Results showed a strong relationship between low-dose 
radiation and storage temperature in oysters.

A SY STEM  F O R  C O N T IN U O U S TH E R M A L  P R O C E SSIN G  O F FO O D  
POUCHES U SIN G  M ICRO W AVE E N E R G Y . E. M. KENYON, D. E. 
WESTCOTT, P. LA CASSF, & J. W. GOULD. /. F o o d  Sci. 36, 289-293 
(1971)—A system for continuous microwave sterilization of foods pack
aged in plastic pouches has been designed, constructed and tested. Air 
pressure was used to prevent pouch rupture. Pouches containing food for 
use in military rations were sealed and introduced through an airlock on 
to a conveyor inside a plastic pipe within a microwave cavity. Microwave 
energy was supplied up to 10 kw at 2,450 MHz. Conveyor speed and 
power were regulated to provide the process time and temperature. 
Pouches were cooled in a water bath before releasing the pressure to 
prevent bursting. Pouches were overpackaged in a foil laminate for addi
tional protection. Two food products were processed. Total process times 
of 9-14  min were achieved.

H E A T  A N D  M ASS T R A N S F E R  IN A  BA TC H  D R Y  R E N D E R IN G  
CO O K ER. L. S. HERBERT & T. E. NORGATE. J  F o o d  Sci. 3 6 , 
294-298 (1971)-Heat transfer measurements have been made during 
batch dry rendering runs using inedible (mainly sheep) offal in a full scale 
Laabs type cooker with steam heated shaft. Data were obtained at 6 min 
intervals throughout several cycles and heat and mass balances obtained 
for the complete cycles. It is proposed that changes in heat transfer 
coefficients occurring during the cycle are caused by the inversion of the 
tallow/water emulsion initially present as the liquid phase in the cooker, 
to a water/tallow emulsion. Water droplets are progressively evaporated, 
until in the last part of the cycle, drying of the solid particles is taking 
place in an environment of anhydrous tallow.

PO PU LA TIO N  D IST R IB U T IO N  O F  H E A T  R ISE  C U R V E S A S A  
SIG N IF IC A N T  V A R IA B L E  IN  H E A T  S T E R IL IZ A T IO N  PRO CESS  
C A L C U L A T IO N S. D. H. HERNDON. J. F o o d  Sci. 36, 299-305 
(1971)—Sterilization levels found in inoculated test packs are commonly 
in disagreement with predicted values. This study was made to determine 
if predicted sterilization values would be closer to actual test values if the 
population distribution of the slope indices from a sample of heat rise 
curves were used instead of the traditional slowest or mean single value of 
slope index in the sterilization calculations. A computer was programmed 
to calculate from the basic equations of thermal death times and heat 
penetration, the amount of sterilization achieved at designated time inter
vals in a population of food packages. Means and standard deviations of 
slope indices from both real and postulated heat penetration tests were 
fed into the computer together with specified processing conditions. Pre
dicted spoilage levels were very close to those obtained from actual inoc
ulated test packs. From input of postulated heat penetration values, it 
was demonstrated that the larger the standard deviation, the greater the 
error will be if only a single value of the slope index is used. Manual 
procedures are given for an accurate determination of the minimum 
process time required for sterilization. Methods are also given for data 
expansion to show a curve illustrating the complete relationship between 
process time and food sterility.

TH E O R E T IC A L  F O R M U L A S F O R  T E M P E R A T U R E S IN C A N S O F  
SO LID  FO O D  A N D  F O R  E V A L U A T IN G  V A R IO U S  H E A T  PRO C
ESSES. K. HAYAKAWA & C. O. BALL. J. F o o d  Sci. 3 6 , 306-310 
(1971)—A general solution is obtained for transient temperature distribu
tions in a finite cylinder by applying several integral transformations to a 
heat conduction equation when it is subjected to time variable surface 
temperatures. From this general solution, various formulas for tempera
ture distributions are derived for five different surface temperature-proc
essing time relationships. By using these derived formulas, we obtain 
formulas for these two parameters: slope indices and intercept coeffi
cients of heating or cooling curves of cylindrical cans of conductive food. 
Expressions are also derived for estimating sterilizing values during a 
come-up period of the heat process and also during the sinusoidal fluc
tuation of retort temperature.

E F F E C T IV E N E SS O F PN EU M A T IC  C O N V E Y IN G  SY STEM S F O R  
C O O LIN G  S P R A Y -D R IE D  FO O D  P R O D U C T S. D. R. HELDMAN, P. Y. 
WANG & A. C. CHEN. J. F o o d  Sci. 36, 311-314 (1971)—To ensure 
maximum product quality, dry food products must be cooled rapidly 
after leaving the spray dryer or similar drying operation. This investiga
tion was initiated to measure the effectiveness of different types of sys
tems for cooling during pneumatic conveying of the product. Mathemati
cal expressions which predict the temperature of product and air as a 
function of distance from the point of mixing have been developed and 
presented. These predictions have been verified by experimental tempera
ture measurements in a conveying tube. A comparison of results obtained 
from various conveying tube wall conditions indicated that effectiveness 
of product cooling by a water spray was 4 times greater than natural air 
circulation and double that with forced-air circulation over the tube ex
terior.

TH E C E N T R IF U G A L  F L U ID IZ E D  B E D . 2 . D rying S tu d ies o n  P iece- 
form  F o o d s . M. E. LAZAR & D. F. FARKAS./. F o o d  Sci. 3 6 , 315-319 
(1971)-Drying food pieces in a centrifugal fluidized bed with relatively 
high air flows may be self-limiting, even when only partial drying is 
desired. Rate increases obtained in early stages of drying may be more 
than offset through rate-retarding effects of a skin-like layer of collapsed 
surface tissue which forms on the pieces. This skin layer becomes increas
ingly resistant to heat and moisture transfer. Rate data and piece temper
ature patterns for potato, apple and carrot confirm visual observations 
that skin barriers 0 .2 - 1 .0  mm thick form in the first 8—10  min of drying 
with high air velocities and moderate temperatures. When air tempera
tures were 250°F with velocities of 15 fps, 1.2-cm cubes of potato could 
be blanched in only 6 min, suggesting a procedure for blanching some 
types of food products without leaching.

F R E E Z E  C O N C E N T R A T IO N  B Y  D IR E C T IO N A L  C O O LIN G . A.
KRAMER, K. WANI, J. H. SULLIVAN & I. SHOMER. /. F o o d  Sci. 36, 
320-322 (1971)—It is generally assumed that as food materials are fro
zen, soluble solids move ahead of the “ice front.” Under conditions 
tested in these studies the above was true only when the ice front moved 
in a descending direction. Thus, when foods were frozen in an ascending 
direction (as on a plate freezer) there was little, if any, movement of 
solids. When the freezing surface was placed above the material to be 
frozen, there was a rapid downward movement of solids. This “solids 
descent” was most apparent in true solutions such as drinks, and less 
apparent in structural cellular foods such as pieces of meat or potatoes. It 
is suggested that this phenomenon may be utilized for more efficient 
freeze drying or concentrating, or for the simultaneous production of 
low-solids and concentrated foods, particularly beverages.

H E A T  A N D  CALCIUM  T R E A T M E N T S F O R  F IR M IN G  R E D  T A R T  
C H E R R IE S IN  A  H O T-FILL PR O C ESS. R . L. LaBELLE. J. F o o d  Sci. 
3 6 , 323-326 (1971)-Preheating of freshly pitted cherries at about 
140°F for 5 -20  min promoted firming sufficiently to permit pasteuriz
ing the fruit in bulk without excessive tearing. Improved texture from 
this pretreatment was demonstrated in terms of increased extrusion 
force, drained weight and bulk volume. Addition of calcium up to .04% 
of final product led to 50% greater firmness. Hot-fill temperatures of 
180°F or higher were required to protect color and flavor from enzy
matic degradation, even though product character was adversely affected 
thereby. While firmness or chewiness of the fruit was notably greater in 
the pretreated, hot-filled product, the conventional cold-fill, exhaust and 
retort process provided superior drained weight and bulk, with about 
equal color.

D IF F U S IO N A L  PR O C ESS IN T H E  D R Y IN G  O F TA P IO C A  R O O T. J.
CHIRIFE. J. F o o d  Sci. 36, 327-330 (1971)-Experimental results ob
tained in the through-circulation drying of tapioca root slices were ana
lyzed in order to obtain the effective diffusivity in the material. They are 
in good agreement with the theoretical solution which assumes the diffu
sivity to be constant, though, for a better comparison, a model with 
variable diffusivity appears to be necessary. Also, it can be seen that as 
temperature increases, the constant diffusivity model represents closely 
the experimental results. The assumption that water migrates within tapi
oca root by a process of liquid diffusion is also confirmed by the Arrhe
nius type temperature dependence of calculated values of the effective 
diffusivity.
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MONILINIA AND RHIZOPUS DECAY CONTROL DURING CON
TROLLED RIPENING OF FREESTONE PEACHES FOR CANNING.
J. M. OGAWA, S. LEONARD, B. T. MANJI, E. BOSE & C. J. MOORE. 
J. F o o d  Sci. 36, 331-334 (1971)-Decay was controlled when freestone 
peach fruit harvested at various stages of maturity ranging from green to 
straw-color, were dipped in 50% 2,6-dichloro-4-nitroaniline (DCNA) at
1-1/2 and 4 lb /100 gal water and ripened for 5-17 days at 20°C and 90%
R.H. Treated fruit had less than 10% decay while untreated fruit devel
oped as much as 61% decay during this period. Regardless of treatment, 
straw-blush and full-blush fruit held for only 3 days did not develop 
decay. The most commonly occurring fungus pathogens, M o n ilin ia  fru c -  
tico la  and R h iz o p u s  s to lo n i fe r , were controlled with these treatments. 
Postharvest DCNA plus captan dip treatments gave more effective decay 
control than from preharvest field sprays. Concentrations of DCNA or 
DCNA + captan required for M o n ilin ia  decay control, suggested by pre
liminary laboratory tests on fruit, were verified by these commercial-size 
experiments.

COMBINED EFFECT OF HEAT AND ALKALI IN STERILIZING 
SUGARCANE BAGASSE. Y. W. HAN, H. A. SCHUYTEN JR. & C. D. 
CALLIHAN. J. F o o d  Sci. 36, 335-338 (1971)-Bacterial spores con
tained in sugarcane bagasse were subjected to various combinations of 
heat exposure and alkali concentration and the rate of destruction deter
mined for each set of conditions. A series of survival, thermal death time 
and alkaline destruction curves revealed a different mode of death by 
heat exposure than alkali treatment. Addition of alkali into heating men
struum caused the death rates of bacterial spores to be much greater than 
with heat alone at a given temperature. From a series of thermal destruc
tion and alkaline destruction curves, an empirical equation expressing the 
relationship between the death rate of bacterial spores, and the intensity 
of the temperature and the concentration of alkali was established. The 
equation reveals that the death rate of bacterial spores is affected in an 
exponential manner by temperature and in a direct relationship by alkali 
concentration.

RADIATION DESTRUCTION OF Vibrio parahaemolyticus. J. R.
Matches & J. Liston. J. F o o d  Sci. 36, 339—340 (1971)—Japanese and 
Puget Sound strains of V ib rio  p a ra h a e m o ly tic u s  suspended in peptone 
water and in fish homogenate and inoculated onto crab meat were found 
highly sensitive to gamma irradiation.

DETINNING IN CANNED TOMATOES CAUSED BY ACCUMULA
TIONS OF NITRATE IN THE FRUIT. R. P. FARROW, J. H. JOHN
SON, W. A. GOULD & J. E. CHARBONNEAU. J. F o o d  Sci. 36, 
341-345 (1971)-Experimental packs at the University of Florida in 
1965 accumulated no nitrate and in 2 yr removed only 15% of the tin 
from their cans. The 1966 Florida pack accumulated 50-80 ppm and 
produced extensive detinning. The nitrate was exhausted in 6 -9  mo and 
thereafter the detinning rate leveled off. Field studies at Ohio State Uni
versity in 1965 and 1966 resulted in widely varying but relatively modest 
nitrate accumulation in the fruit. The extent of detinning corresponded 
closely with the initial nitrate concentration. Pooled results of field stud
ies and work on nitrate fortification of non-aggressive tomatoes suggest 
that an initial nitrate concentration of the order of 1 0 0  ppm can consti
tute a rapid detinning problem in a 303 can having a tin coating weight of
1 .0 0  Ib/bb.

EVALUATION OF MONOSACCHARIDES, DISACCHARIDES AND 
CORN SYRUPS AS DISPERSANTS FOR HEAT-PROCESSED DRIED 
SOY MILK PROTEINS. H. SUGIMOTO & J. P. VAN BUREN. /. F o o d  
Sci. 36, 346-348 (1971)-The presence of sugar during the drying of 
heated soy milk significantly improved the redispersibility of the dried 
soy milk proteins in water, reaching nearly 10 0 % at sugar levels in the 
range of 50-60% of total solids. Monosaccharides, disaccharides and corn 
syrups were tested. Enzyme-converted syrups having D.E. around 48.5 
seemed to be quite suitable because of high dispersant efficiency, moder
ate sweetness and easier drying. One possible reason for the dispersant 
effects of sugars is suggested to be a physical separation of soy protein 
molecules.

REFRIGERATED APPLE SLICES: EFFECTS OF pH, SULFITES AND 
CALCIUM ON TEXTURE. J. D. PONTING, R. JACKSON & G. WAT
TERS. J. F o o d  Sci. 36, 349-350 (1971)-Apple slices of two varieties 
were dipped in solutions at various pH values with and without sulfite 
and with and without calcium. After dipping, the apples were packed in 
plastic bags and stored at 34°F. At weekly intervals shear strength was 
measured and related to pH of the dipping bath for the following treat
ments: 1) unsulfited, 2) sulfited, 3) calcium treated, unsulfited and 4) 
calcium treated, sulfited. An alkaline sulfite dip resulted in firmer appie 
slices than an acidic sulfite dip. Addition of calcium to an alkaline sulfite 
dip resulted in a further increase in firmness, but addition of calcium to 
an acidic sulfite dip did not. Sulfite was necessary to preserve the light 
color of apple slices during storage of refrigerated apple slices for several 
weeks.

IMPROVED METHODS FOR DETERMINATION OF CERTAIN OR
GANIC ACIDS IN PASTEURIZED AND UNPASTEURIZED LIQUID 
AND FROZEN WHOLE EGG. J. G. REAGAN, L. R. YORK & L. E. 
DAWSON. J. F o o d  Sci. 36, 351-354 (1971)-A modified procedure was 
developed and evaluated for quantitating short-chain organic acids in 
liquid whole egg. Egg products to which acetic, butyric, lactic, propionic 
and succinic acids were added or which had previously been incubated at 
room temperature to different microbial populations were pasteurized at 
60.5°C for 3.5 min. Lactic and succinic acids were recovered from the 
liquid whole egg samples and chromatographed as their butyl ester deriva
tives and acetic, propionic and butyric acids were recovered and chromat
ographed as the acids per se. The pasteurization process did not affect the 
concentration of these short-chain organic acids; thus, the procedure 
should be valid for analyses of commercially pasteurized egg products.

ANALYSIS OF COFFEE, TEA AND ARTIFICIALLY FLAVORED 
DRINKS PREPARED FROM MINERALIZED WATERS. R. M. PANG- 
BORN, I. M. TRABUE & A. C. LITTLE. J. F o o d  S c i. 36, 355-362
(1971)-Coffee, black tea and artificially flavored and artificially sweet
ened orange and grape soft drinks were prepared from solutions of 8 
minerals each at 750 ppm. Additionally, coffee and tea were brewed, 
using 6 natural drinking waters which ranged from 42-1,725 ppm of 
total dissolved solids. Beverages made from solutions containing carbon
ates were the least desirable, having flat, insipid characteristics. Although 
distilled water resulted in an acceptable soft drink, coffee and tea pre
pared from it were excessively sour and astringent, respectively. The 
recommended formula of 53.3 g of coffee per liter of water w'as consid
ered too strong and “burnt” for the panel of trained judges, so that the 
experiments were repeated at a lower concentration of 47 g coffee/liter 
water. Large differences in the direction and magnitude of the visual 
characteristics of the coffee and tea brewed from the various waters also 
were observed in the marked changes in luminous transreflectance, purity 
and shifts in dominant wavelengths measured by thin-layer refiectometry.
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M. C. G A C U L A  J R . ,  J U N E  B . R E A U M E , K . J . M O R G A N  and  R . L . L U C K E T T  
A rm o u r  an d  C om pany , F o o d  Research  La b o ra to ry , 801 W. 2 2 n d  S tre e t , Oak B ro o k , Ill in o is  60521

STATISTICAL ASPECT OF THE CORRELATION BETWEEN OBJECTIVE 
AND SUBJECTIVE MEASUREMENTS OF MEAT TENDERNESS

S U M M A R Y —The im portan ce  o f  ob ta in ing  a high degree o f  co rre la tio n  betw een  instrum enta l 
m eth od  and  sen so ry  eva luation  is apparen t w hen we are searching fo r  a m e th o d  to  rep lace the 
con ven tion a l and  expen sive  taste pane l test. U n fo rtu n a te ly , d iscouraging resu lts have been rep o rted  
in regard to  the degree o f  th e ir  co rre la tio n . A t te m p ts  have been m ade to  c lea rly  d e fin e  w hat is 
actua lly  being  m easured  in b o th  the o b je c tive  a n d  su b jec tive  m ethods. H ow ever, few  rep o rts  have 
dea lt w ith  m eth ods o f  data analysis. The pu rp o se  o f  o u r  s tu d y  was to  p re sen t a m e th o d  o f  analysis 
o f  data fo r  rem oving  sou rces o f  variation  in flu en c in g  o b je c tive  and  su b jec tive  m easurem ents. S ta tis
tica l m odels w ere d eve lo ped  fo r  the W arner-Bratzler an d  taste pan e l m eth ods o f  tenderness evalua
tion . I t  was fo u n d  tha t b y  exp re ssin g  the exp erim en ta l data as a dev ia tion  from  th e ir  co n tem pora ry  
m ean, ex traneou s sou rces o f  variation w ere m in im ized , resu ltin g  in  a substan tia l im provem en t in 
the degree o f  co rre la tion  as th eo re tica lly  exp ec ted . A  co n tem p o ra ry  mean is d e fin ed  as an average 
value derived  from  observa tion s co lle c te d  in the sam e substra tum  w h ich  is assum ed to  be hom oge
neous b y  virtue o f  p ro p e r  exp e rim en ta l design.

INTRODUCTION
T H E  IM P O R T A N C E  o f  a h ig h  d eg ree  o f  
c o rre la t io n  b e tw e e n  a n  in s tru m e n ta l  
m e th o d  an d  se n so ry  e v a lu a tio n  is a p p a r 
e n t i f  a n  in s tru m e n ta l  m e th o d  is to  
rep lace  th e  c o n v e n tio n a l a n d  ex p en siv e  
ta s te  p an e l te s t .  U n fo r tu n a te ly ,  c o n f l ic t
ing  a n d  d isco u rag in g  re s u lts  have  b een  
re p o r te d  in  reg ard  to  th e  d eg ree  o f  th e ir  
c o rre la t io n  (D e a th e ra g e  a n d  G a rn a tz , 
1 9 5 2 ; H u rw icz  a n d  T isch e r , 195 4  an d  
W ells e t a l., 1 9 6 2 ). Several a t te m p ts  have 
b e e n  m a d e  to  c lea rly  d e f in e  w h a t is 
a c tu a lly  b e in g  m ea su re d  in  b o th  th e  
o b je c tiv e  a n d  su b jec tiv e  m e th o d s  (C o v er 
an d  H o s te t le r , 1 9 6 0 ; S c h ü tz , 1 9 6 9 ; S h e p 
p a rd , 195 3  a n d  S zczesn iak , 1 9 6 8 ). H o w 
ever, few  re p o r ts  h av e  d e a lt w ith  m e th o d s  
o f  d a ta  an a ly s is  fo r  re m o v in g  th e  so u rces  
o f  v a r ia tio n  in f lu e n c in g  th e  o b je c tiv e  an d  
su b jec tiv e  m e a su re m e n ts  (K ra m e r, 1 9 6 9 ; 
M ason a n d  K o ch , 195 3  an d  S h e p p a rd ,
1953).

T h e  p u rp o se  o f  th is  p a p e r  is to  p re se n t 
a m e th o d  o f  d a ta  an a ly s is  fo r  m in im iz in g  
e x tra n e o u s  so u rces  o f  v a r ia tio n  in  e x p e r i
m e n ta l d a ta .

EXPERIMENTAL
T aste  panel

Beef muscles from 24 animals were used in 
this study. Using a paired design, 1 side of each 
animal was treated and the other side served as

a control. The muscles evaluated were longissi- 
mus dorsi, semimembranosus, adductor and 
biceps femoris. 1 2  judges, thoroughly acquaint
ed with texture evaluations, were selected for 
their ability to determine tenderness. They 
scored paired samples (control vs. treated) in 
individual taste panel booths under controlled 
conditions. The judges were asked to evaluate 
the initial tenderness of the meat on an 8-point 
scale ranging from 1  = extremely tough to 8 = 
extremely tender, and to record the number of 
chews necessary for mastication. 24 taste panel 
evaluations were conducted for both the strip 
loins (1 . dorsi) and the rounds (semimembra
nosus, adductor and biceps femoris).
Sam ple preparation

The paired short loins were cut from the 
frozen condition with a band saw. The anterior 
end of the loin was squared off by removing an 
approximately 5-cm-thick wedge-shaped piece. 
Then 6 , 4-cm-thick steaks were cut. The tender
loin and tails were trimmed off each steak and 
individually numbered in the order of cut start
ing from the anterior end. Steaks numbered 1 
through 4 were submitted for Warner-Bratzler 
shear test.

For the frozen paired round steaks, a sec
tion of the round was removed by making a 
parallel cut just behind the aitch bone. Then 2,
5-cm-thick steaks were cut from the remaining 
portion of the round and numbered accord
ingly.

All the samples were thawed overnight at 
4°C. Thermometers were inserted into the cen
ter of each loin steak. Conventional electric 
ovens were preheated on “broil” for 5 min be
fore using. The broiling pan was then placed on

a rack positioned to broil the meat 1 0  cm from 
the unit. The steaks were broiled for 10 min on 
one side, then turned and broiled on the other 
side until the internal temperature reached 
66°C. The rounds were placed on a rack in a 
roasting pan with the thermometer inserted 
into the center of the meat. Then the meat was 
placed in the center of a preheated 180°C con
ventional electric oven until it reached an inter
nal temperature of 66°C. The steaks were 
immediately placed in a 4°C cooler and allowed 
to cool, 5 hr for the loins and 20 hr for the 
rounds. Cores 2 cm in diameter were cut, uni
formly trimmed to 3 cm long, thus removing 
the exterior browned surface. The randomized 
coded samples were presented to the judges 
according to a predetermined design. The panel 
scores reported here are the averages of 1 2  judg
ments. For the shear values, it is the average of
6 - 1 0  shears depending upon the size of the 
muscle.

RESULTS & DISCUSSION
S ta tis tic a l m o d e l

In  a g en e ra l sense , a s ta tis tic a l m o d e l is 
d e fin e d  as a s im p lif ied  n u m e r ic a l re p re 
s e n ta tio n  o f  a sy s tem . T h e  d e f in it io n  
im p lies  th a t  a s ta tis t ic a l  sam p lin g  o f  th e  
sy s tem  is in vo lved . W hy d o  w e n eed  a 
s ta tis tic a l-b io lo g ic a l m o d e l in  e x p e r im e n 
ta t io n ?  T h e re  a re  a t  leas t 2 rea so n s: 1) 
T h e  m o d e l gives th e  re se a rc h e r  a b e t te r  
a p p re c ia tio n  o f  w h a t h e  is d o in g  a n d  h o w  
to  a p p ro a c h  h is p ro b le m , a n d  2 ) a s ta t is t i 
cal m o d e l serves as g u id e lin e  fo r  th e  
design , an a ly s is  an d  in te rp re ta t io n  o f  ex 
p e r im e n ta l re su lts . It is n e cessa ry  th a t  th e  
fo rm u la t io n  o f  a s ta tis t ic a l  m o d e l fo r  
d esc r ib in g  a n  e x p e r im e n ta l c o n d it io n  
sh o u ld  s im u la te  as c lo se ly  as p o ss ib le  th e  
rea l ex is tin g  sy s tem . In  m a n y  in s ta n c e s , 
fa ilu re  o f  a re se a rc h  in v e s tig a to r  to  a tta in  
his o b je c tiv e  h as b e e n  a t t r ib u te d  to  th e  
use  o f  an in a p p ro p r ia te  s ta tis tic a l-b io lo g i
cal m o d e l.

T o  il lu s tra te  a s im p le  m o d e l, co n sid e r 
a se t o f  ta s te  p a n e l d a ta . Id ea lly , i t  is 
d esired  th a t  an  o b se rv ed  sc o re , say X i i , 
sh o u ld  e q u a l th e  tr u e  p o p u la t io n  m ean

V o lu m e  3 6  ( 1 9 7 1 ) - J O U R N A L  O F  F O O D  S C I E N C E -  185
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M j, th a t  is

X u  = Mi

w h ere  Mi is th e  m e a n  o f  a ll th e  p an e l 
sco res in  th e  e x p e r im e n t, w h ich  is as
su m ed  to  b e  th e  tr u e  p o p u la t io n  m ean . 
T h is  e q u a li ty  is im p o ssib le  in  p ra c tic e , as 
no  m e a su re m e n t is e n tire ly  e x a c t. F o r  
th is  re a so n  w e have  to  ad d  a c o m p o n e n t 
o f  e rro r,

X u  = Mi + ei 1

w h ere  e i  1 is a ra n d o m  e rro r  e ffe c t 
p e c u lia r  to  th e  X ! 1 o b se rv a tio n . T h e  
to ta l  o b se rv a tio n s  can  b e  re p re se n te d  in  a 
series o f  o b se rv a tio n  e q u a tio n s ,

X n =  Ai +eu
Xi 2 = Mi + ei 2

X ij = Mi +  e i j  (i = 1,2, . . .,n)

S im ila rly , th e  o b se rv a tio n  e q u a tio n s  fo r  
th e  W arn er-B ra tz le r m e a su re m e n ts  a re

X2 1 = M2 + e2 1
X 2 2 = M2 +  « 2  2

X2j = M2 + e2i 0  = 1,2 ,. . .,n)

w h ere  X 2i is a n  o b se rv ed  sh ea r v a lu e  in  
th e  ith  d e te rm in a tio n , m2 is th e  p o p u la 
t io n  m ean  an d  e 2 j is a ra n d o m  e rro r  
p e c u lia r  to  th e  i th  m e a su re m e n t. T h e  
a b o v e  e q u a tio n s  re p re se n t th e  s im p les t 
ty p e  o f  a s ta tis t ic a l  m o d e l.

W hen s im p le  c o rre la t io n  c o e ff ic ie n ts  
a re  c o m p u te d  b e tw e e n  ta s te  p a n e l sco res  
a n d  W arn er-B ra tz le r sh ea rs , w e a re  rea lly

c o rre la tin g  th e  r ig h t-h a n d  sid e  o f  th e  
m o d e l b ased  o n  th e  va lu es in  th e  le ft-  
h a n d  sid e  o f  th e  o b se rv a tio n  e q u a tio n . 
T h e  m a g n itu d e  o f  th e  a s s o c ia tio n  is given 
b y  th e  co v a rian ce  (co v ) b e tw e e n  X i ;  and  
X 2 i- T h a t is

cov ( X h , X 2 j) =  cov (Mi +  e a , M2 +  e 2 j).

In  so m e cases, th e  c o rre la t io n  c o e ff i
c ie n t has b e e n  m isu sed  in  e x p e r im e n ta l 
in v e s tig a tio n  b y  a p p ly in g  it  to  a reg res
s io n  p ro b le m . H o w ev er, d e p e n d in g  u p o n  
th e  u n d e r ly in g  m o d e l a ssu m ed  an d  th e  
e x p e r im e n ta l desig n , reg ress io n  o r  c o rre la 
t io n  a n a ly s is  can  b e  u sed . In  reg ressio n  
a n a ly s is , w e m ak e  a s t r ic t  d is tin c tio n  
b e tw e e n  th e  in d e p e n d e n t ( f ix e d  v a riab le ) 
an d  th e  d e p e n d e n t  v a riab le s  ( ra n d o m  
v a ria b le ) ; w h e reas , in  c o rre la t io n  an a ly s is  
th e re  is n o  su c h  c lea r-cu t d is tin c tio n , 
b o th  v a riab les  a re  ra n d o m , h e n c e  b o th  
su b je c t to  e r ro r  o f  m e a s u re m e n t. T h e re 
fo re , in  th e  s tu d y  o f  lin e a r a sso c ia tio n , 
o n e  sh o u ld  k n o w  w h e th e r  th e  s tu d y  
c o n c e rn s  a reg re ss io n  o r  a c o rre la t io n  
p ro b le m . F o r  fu r th e r  re fe re n c e , o n e  m ay  
c o n su lt F ish e r (1 9 5 8 ) ,  S n e d e c o r  an d  
C o c h ra n  (1 9 6 7 ) ,  S o k a l a n d  R o h lf  (1 9 6 9 )  
an d  W ine (1 9 6 4 ) .
C o r r e la t io n  b e t w e e n  W a r n e r -B r a tz le r  
sh e a r  a n d  t a s t e  p a n e l

E v id e n tly , th e  a sso c ia tio n  b e tw e e n  
W arn er-B ra tz le r a n d  ta s te  p a n e l sco re  is a 
c o rre la t io n  p ro b le m . We are  p u rsu in g  h o w  
th e  2 m e a su re m e n ts  co -v ary  o r  v a ry  t o 
g e th e r  b e c a u se  o f  a c o m m o n  cause . B o th  
v a riab les  a re  su b je c t to  e r ro r , a n d  n e ith e r  
v a riab le  c o u ld  b e  c lassed  as an  in d e p e n d 
e n t o r  d e p e n d e n t va riab le . If , in d e e d , a 
c o rre la t io n  ex is ts , w e have  to  id e n tify  th e  
c o m m o n  cau se  o f  th e  c o rre la t io n . T h e  
o b se rv ed  c o rre la t io n  c o u ld  be a re s u lt o f

b o th  d ire c t a n d  in d ire c t causes. F ig u re  1 
show s th e  p o ss ib le  lin e  o f  cau ses o f  th e  
c o rre la t io n  b e tw e e n  W arn e r-B ra tz le r  sh e a r 
a n d  p a n e l sco re .

T h e  s ta tis t ic a l  m o d e l fo r  d e sc r ib in g  a 
p a n e l sc o re  is sh o w n  b e lo w :

Xii jk mn

Mi + a a  + b 1 j + c jk  + d lm 

(a i b 1 )jj + (a 1 C! )jfc + (a]d i)jrn  

F (b 1 Cj )jk + (bx di )jm F (cj di )km 

+ 4 three-way interaction 

F (aj b j c 1 d 1 )ijicm ^ elijkmn>

w h ere :

.X j i jk m n = a n  o b se rv a tio n  (p a n 
el sc o re )  b y  th e  ith  
p a n e l in  th e  j th  p e 
r io d  o n  th e  k th  sam 
p le  a n d  m th  t r e a t 
m e n t.

Mi = p o p u la t io n  m e a n .
a a  = e f f e c t d u e  to  p a n e l

d i f f e r e n c e s ;  t h i s  
so u rc e  in c lu d e s  level 
a n d  d ir e c t io n  o f  m o 
t iv a tio n , se n s itiv ity  
o f  th e  p a n e lis ts , a d 
a p ta t io n  lev e l, in fo r 
m a tio n a l b ia s , c e n 
tra l  te n d e n c y  an d  
in s ta b ili ty  o f  in d iv id 
u a l p a n e lis ts  a t d if 
f e re n t sc o re  levels; 
th is  so u rc e  c a n  b e  
b io lo g ic a lly  a n d  s ta 
tis t ic a l ly  c o n tro lle d  
to  a c e r ta in  d eg ree , 

b 1 j = an  e f fe c t d u e  to  tim e  
p e r i o d ;  l e a r n i n g  
p ro cess  an d  a t t i tu d i-  
n a l ch an g es  a re  in 
c lu d e d  in  th is  e f f e c t;  
o th e r  so u rc e s  a re  in 
c o m p le te  r e p e a ta b il
i t y  o f  p a n e l i s t ’s 
sco re  a n d  lo c a t io n  
d if fe re n c e s ; p h y s ic a l 
a n d  s ta t is t ic a l  c o n 
tr o l  is p o ss ib le , 
a n  e f f e c t a t t r i b u te d  
to  h e te r o g e n e ity  o f  
e x p e r im e n ta l m a te r i
als; th is  in c lu d e s  d if 
fe re n c e s  d u e  to  in 
te rn a l m u sc le  s t ru c 
t u r e ,  a n a t o m i c a l  
lo c a t io n , se x , age, 
b i o l o g i c a l  c y c l e ,  
n u tr i t io n  an d  g e n e tic  
e f f e c t ;  s t a t i s t i c a l  
lo c a l c o n tr o l  is p o ss i
b le.

UJ
0.
<w

X1 = Taste Panel
X2 = Warner-Bratzler Shear

c i k

F ig . 1- S y s te m s  o f  co rre la ted  causes.
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Table 1—S im p le  co rre la tio n  co e ff ic ie n ts  be tw een  W arner-Bratzler 
m easurem ents and  taste pane! scores.

Group
No. of 

animals
Experimental

conditions
Actual
data®

Deviation
datab

Round 24 Treated -.36 - . 8 6**
Control -.15 - . 66**

Loin 24 Treated -.35 1 00 *

Control -.51* -.69**
Combined0 18 Treated -.87** -.46

Control -.80** -.51**
aUncorrected data (actual m odel).
^Adjusted data expressed as a deviation from their contemporary 

mean (reduced m odel).
cCombined data for 3 muscle structures.
*P < .0 5 ;  * * P < .0 1 .

Table 2 —C orrela tion  values betw een  W arner-Bratzler a n d  panel 
sco res co m p u ted  b y  a pa ram etric  an d  a n onparam etric  p roced u re  
using deviation  da ta .i

Stratum
No.

No. of 
animals

Experimental
conditions

Loins 
q rs

Rounds 
q  rs

I 6 Treated -.51 -.44 -.96** -.76
Control -.85* -.71 -.84* -.77

II 6 Treated .32 .16 -.91* -.90*
Control .54 .60 -.75 -.71

III 6 Treated -.82* -.77 -.79 -.26
Control —.93** _ 9 4** -.08 -.09

IV 6 Treated -.39 -.31 -.97** - . 86*
Control -.36 -.44 -.92** -.59

aq  = product-moment correlation (parametric procedure); rs = 
Spearman’s rank correlation (nonparametric procedure).

* P < .0 S ;  * * P < .0 1 .

d im  — a n  e ffe c t d u e  to T h e
tr e a tm e n t ;  th is  in  m en t i
c lu d e s  m a g n itu d e  o f  
t r e a tm e n t  e ffe c t.

m o d e l:

(a i b i ) i j  = in te ra c t io n  e ffe c t b e 
tw e e n  p a n e lis t a n d  
tim e .

(a t ° i  )jk = in te ra c t io n  e ffe c t b e 
tw e e n  p a n e lis t an d  
e x p e r im e n ta l m a te 
rial.

(a id i ) j m  = i n t e r a c t i o n  e ffe c t 
b e tw e e n  p a n e lis t an d  
t r e a tm e n t.

(b i  Ci )jk = in te ra c t io n  e f fe c t b e 
tw e e n  tim e  an d  sam 
ple. w h ere :

(b l d i )jm = in te ra c t io n  e ffe c t b e 
t w e e n  t i m e  and  
tr e a tm e n t.

^ 2 ijk m

( c i d i ) k m  = in te ra c t io n  e f fe c t b e 
tw e e n  sa m p le  and
tr e a tm e n t. ¿ 2

e lijk m n  = ra n d o m  e rro rs  p e c u l
iar to  th e  n th o b se r
v a tio n  a ssu m ed  to  be 
n o rm a lly  a n d  in d e 
p e n d e n t l y  d is tr ib 
u te d .

a 2i

T h e  re m a in in g  in te ra c t io n s  (3 - a n d  4 -w ay ) 
a re  d e fin e d  s im ila rly . In  o th e r  w o rd s , th e  
m o d e l can  b e  s im p lif ied  as:

S core  X [ =
M ean + p a n e lis t + tim e  +  sam p le  
+  tr e a tm e n t +  2 - 3 —4 -w ay  in te ra c t io n s  
+  ra n d o m  e rro r,

th a t  is, an  o b se rv a tio n  X i is e q u a l to  th e  
m ean  p lu s th e  su m  o f  th e  e f fe c ts  o f  
p an e lis t, tim e , sam p le , t r e a tm e n t ,  all in 
te ra c tio n s  an d  th e  u n a c c o u n te d  so u rces 
o f  v a ria tio n . If  th e se  e ffe c ts  a re  n eg lig ib ly  
sm all, th e  ob serv ed  v a lu e  X i w ill a p 
p ro a c h  th e  tr u e  va lue  a n d  th e  o b se rv a tio n  
e q u a tio n  red u ces  to

X 1 1  =  F  i  +  S i  j -

X2ijkmn ~

fi2 + a 2 j + b 2j + c 2 k +  d 2m 

+ ( a 2 b 2 )jj + ( a 2 c 2 )jk  +  ( a 2 d 2 )jm 

+  ( b 2 c 2 )jk  +  ( b 2 d 2 )jm  +  ( c 2 d 2 ) k m  

+  4  t h r e e - w a y  in t e r a c t io n  

+  ( a 2 b 2 c 2 d 2 )jjk m +  e 2 jjkm n>

ith  o p e ra to r  a t th e  j th  tim e  
in  th e  k th sam p le  a n d  m th 
t r e a tm e n t  g ro u p .

= p o p u la t io n  m ean .
= e f fe c t d u e  to  o p e ra to r  d if

fe re n c e s ; th is  so u rc e  in c lu d es  
m o tiv a t io n  a n d  ex p e rie n c e  
o f  th e  o p e ra to r  a n d  sy s te m 
a tic  an d  p e rso n a l b iases; it 
can  be m in im iz e d  b y  p h y s
ica l a n d  s ta tis t ic a l  c o n tro l.

= e f fe c t d u e  to  tim e  p e r io d ; 
th is  so u rc e  in c lu d e s  in a c c u 
ra te  c a lib ra tio n  o f  th e  in 
s t ru m e n t ,  d if fe re n c e s  d u e  to  
in s tru m e n t a n d  p o ss ib ly  d i
re c t io n a l b ias ; c o n tro l  by  
s ta tis tic a l m ean s  is p oss ib le .

= e f f e c t d u e  to  h e te ro g e n e ity  
o f  m ea t sam p le s ; th is  e f fe c t 
is s im ila r to  q k  d iscussed  
p rev io u sly .

= e f fe c t d u e  to  t r e a tm e n t ;  th is 
in c lu d e s  m a g n itu d e  o f  t r e a t 
m e n t e ffe c t.

T h e  in te ra c t io n s  a n d  th e  e r ro r  c o m p o n e n t 
fo r  th is  m o d e l a re  d e fin e d  a c c o rd in g ly  as 
in  th e  ta s te  p a n e l m o d e l. A gain , if  th e se  
so u rces  o f  v a r ia tio n  a re  n il, th e  m o d e l

c2k

re d u c e s  to

X 2 j -  ¡J-2 +  e 2 ;.

T h e  im p o r ta n c e  o f  th e  fa c to rs  a ffe c tin g  
th e  W arn er-B ra tz le r a n d  ta s te  p an e l te s t 
m e a su re m e n ts  m a y  b e  fo u n d  e lsew h ere  
(A m e rin e  e t a l., 1 9 6 5 ; F ilip e llo , 1 9 5 7 ; 
H a m ilto n , 1 9 6 8 ; H u rw icz  an d  T isch er. 
1 9 5 4 ; M itch e ll, 1 9 5 7 a ; 1 9 5 7 b ; P au l and  
B ra tz le r, 1 9 5 5 ; P e tt i t ,  1 9 5 8 ; S c h ü tz , 
1969  a n d  T arv er a n d  S c h e n c k , 1 9 5 8 ).

T h e re  a re  4  p o ss ib le  so u rces  o f  c o rre la 
tio n s  b e tw e e n  X t an d  X 2 d e n o te d  by  q ,  
r 2 , r 3 an d  r4 (F ig . 1). T h ese  a re  sh o w n  by  
a d o u b le -h e a d e d  a rro w . A sin g le-h ead ed  
a rro w  in d ic a te s  a d ire c tio n a l e ffe c t b y  a 
p a r t ic u la r  so u rc e  o r fa c to r . T h e  c o rre la 
t io n  c o e ff ic ie n t q  is th e  p o s tu la te d  c o rre 
la t io n  o f  p r im a ry  in te re s t .  This is th e  
d ire c t c o rre la t io n  b e tw e e n  p a n e l sco re  
( X i ) an d  W arn e r-B ra tz le r sh e a r (X 2 ). T h e  
s im u lta n e o u s  v a r ia tio n  in  X ! an d  X 2 is 
also  in f lu e n c e d  b y  th e  fa c to rs  d e f in e d  in  
th e  m o d e ls . In  th is  p a p e r, th e  a sso c ia tio n  
re su ltin g  fro m  c o rre la t io n  b e tw e e n  th e se  
fa c to rs  (so u rc e  o f  v a r ia tio n )  is te rm e d  
in d ire c t c o rre la t io n , a n d  is given b y  th e ir  
re sp ec tiv e  co v arian ces . In  F ig u re  1, r 2 is 
th e  c o rre la t io n  aris in g  fro m  tim e  tre n d  
e ffe c t, cov ( b q ,  b q ) ;  r 3 is th e  c o rre la tio n  
b e tw e e n  a d ja c e n t sam p les, cov ( c i k ,  c 2k )  
a n d  r4 is th e  c o rre la t io n  d u e  to  tre a tm e n t 
e ffe c t, cov (d  3 m , d 2 m ). T h ese  c o rre la 
tio n s  co u ld  c o n tr ib u te  to  th e  d ire c tio n  
a n d  e x te n t  o f  q , a l th o u g h  th e  c o n tr ib u 
tio n  o f  r 2 an d  r 3 is s till u n s u b s ta n tia te d . 
T h e  lik e ly  c o n tr ib u t io n  o f  r 4 to  q  co u ld  
b e  e s tim a te d  b y  c o m p a r in g  q  o b ta in e d  
fro m  tr e a te d  an d  c o n tro l sam p les. S tu d ie s  
have sh o w n  th a t  h ig h e r c o rre la tio n s  are 
fo u n d  in  tr e a te d  g ro u p s  th a n  in  c o n tro ls  
(B o c k ia n  e t a l., 1958  a n d  D ea th e rag e  an d  
G a rn a tz , 1 9 5 2 ). In  th e  p re se n t s tu d y , we 
fin d  th a t  th is  is t r u e  fo r  th e  ro u n d s , b u t 
n o t fo r  th e  lo in s  (T ab le s  1 an d  2).

T h e  d e v ia tio n  d a ta
It is lik e ly  th a t  e x tra n e o u s  so u rces  o f 

v a r ia tio n  a re  p re s e n t in  th e  d a ta  c o lle c te d
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F ig . 3 —S ca tte r  diagram o f  the data show n  in  F ig u re  2  w hen exp re ssed  
as a deviation  fro m  th e ir  co n tem p o ra ry  mean.

o v er a p e r io d  o f  tim e . T o  rem o v e  th e se  
v a ria tio n s , e ith e r  o f  2 th in g s  can  b e  d o n e : 
1 ) ex p re ss  th e  in d iv id u a l o b se rv a tio n s  as a 
fu n c t io n  o f  th e  m ean , o r 2 ) a p p ly  an 
a d d itiv e  o r m u ltip lic a tiv e  c o rre c tio n  on  
th e  o b se rv a tio n s , u sing  th e  m e th o d  o f  
f i t t in g  c o n s ta n ts . H o w ev er, w ith  e x p e r i
m e n ta l d a ta  w h e re  th e  sp e c if ic  e ffe c ts  a re  
n o t  sep a ra b le , an  a d d itiv e  o r  m u ltip lic a 
tiv e  c o rre c tio n  is n o t  p ossib le .

In  th e  p re se n t case , w e fin d  it a p p ro 
p r ia te  to  ex p ress  th e  in d iv id u a l o b se rv a 
tio n s  as a fu n c t io n  o f  th e ir  c o n te m p o ra ry  
m ean . A c o n te m p o ra ry  m ean  is d e fin ed  
h e re  as a m e a n  c o m p u te d  fro m  o b se rv a 
tio n s  c o lle c te d  in  th e  sam e su b s tra tu m , 
w h ic h  is a ssu m ed  to  be h o m o g e n e o u s . 
H o m o g e n e ity  can  b e  ach iev ed  b y  p ro p e r  
b lo ck in g , g ro u p in g  a n d  b a lan c in g . F o r  
e x a m p le , a c o m p le te  d a y ’s ru n  o f  an 
e x p e r im e n t m ay  be c o n s id e re d  a s u b s tra 
tu m  in  th e  w h o le  e x p e r im e n ta l ru n . If  th e  
e x p e r im e n t is to  b e  ru n  fo r  4  d ay s , we 
w ill have 4  su b s tra ta , each  s t ra tu m  having  
its  o w n  c o n te m p o ra ry  m ean . T h is p ro c e 
d u re  is e ssen tia lly  a s ta tis tic a l c o n tro l 
co m p a rin g  o b se rv a tio n s  o n  a w ith in  su b 
s t ra tu m  basis. T h e re  is o n e  c a u tio n  w h ich  
sh o u ld  be o b se rv ed , th a t  th e  g ro u p in g  o f  
th e  d a ta  is c o m p le te ly  in d e p e n d e n t o f 
o b se rv a tio n s  a n d  th u s  d o es  n o t  rem o v e  
v a r ia tio n  th ro u g h  re la tio n s  a m o n g  o b se r
v a tio n s .

T h e  d a ta  o f  th e  p re se n t s tu d y  co n sis t 
o f  4  s t ra ta  (s u b p o p u la t io n ) ,  d e s ig n a ted  as 
I, II, III a n d  IV . O n ly  th e  e ffe c ts  o f  s tra ta  
a re  d e f in a b le  in  th e  d a ta . A s a re s u lt ,  we 
can  re fo rm u la te  th e  W arn er-B ra tz le r an d  
ta s te  p a n e l m o d e ls  as

Xjj — /r + Sj + ejj

w h ere  Sj is an  e ffe c t d u e  to  th e  i th  s tra ta . 
T h is  e f f e c t in c lu d e s  th e  aj, b j , c ^ , d m and  
th e ir  in te ra c t io n s . T h ese  4  m ain  so u rces  
o f  v a r ia tio n  a re  said  to  be c o n fo u n d e d  
w ith  th e  ith  s tra ta .

T h e  d e v ia tio n  d a ta  w ere  g e n e ra te d  by  
th e  e q u a tio n  o f  th e  fo rm ,

dij = Xjj -  Xj.

( i =  1 ,2 ,3 ,4 ; j = 1 ,2 , . . .,n )

w h ere  dy  is th e  d e v ia tio n  d a ta , Xjj j s  an 
o b se rv a tio n  w ith in  a s tra tu m  an d  Xj is 
th e  re sp ec tiv e  s t ra tu m  m ean . T h e  e q u a 
tio n  fo r e a c h  s t ra tu m  is as fo llo w s:

I: d , j  = X ij - X ,
II: d 2j - X 2j - X 2

III: d 3j " x 3j -  x 3
IV: d 4j - x 4j - x 4

W hen th e  o b se rv a tio n s  a re  ex p re ssed  th is  
w ay , th e  d a ta  a re  free  o f  th e  so u rc e s  o f  
v a r ia tio n  w e w ish  to  rem o v e . F in a lly , th e  
re d u c e d  m o d e l fo r  th e  ta s te  p a n e l is

d i j = Mi + e i i

an d  fo r th e  W arn er-B ra tz le r sh ea r, 

d 2j = M2 + e 2i-

T h e  co v a rian ce  b e tw e e n  th e se  m o d e ls  is

cov  ( d i j  d 2 j) =  cov (Mi +  e i j ,  m2 + e 2 j),

an d  th e  p ro d u c t-m o m e n t c o rre la t io n  is

cov ( d ! j, d 2 j) 
r i = —  —

V ( 0 2 d i ) ( a 2 d 2 )

T h e  c o m p u ta t io n  o f  th e  c o rre la t io n  c o e f
f ic ien ts  w as b ased  o n  th e  ab o v e  re d u c e d  
m o d els .

E s tim a te d  c o rre la t io n  c o e ff ic ie n ts
T ab le  1 sh o w s th e  s im p le  c o rre la tio n  

c o e f f i c i e n t s  b e tw e e n  W arn er-B ra tz le r 
sh ea r an d  ta s te  p a n e l fo r  b o th  th e  a c tu a l

d a ta  a n d  th e  d e v ia tio n  d a ta . T h e  c o rre la 
t io n  c o e ff ic ie n ts  in  th e  ro u n d s  a n d  lo in s  
w ere  la rg er u sing  th e  d e v ia tio n  d a ta . T h is  
ch an g e  is th e  re su lt o f  th e  rem o v a l o f  th e  
e x tra n e o u s  so u rc e s  o f  v a r ia tio n  in  th e  
d a ta . T h ese  so u rces , as d e f in e d  p rev i
o u sly , m ay  have a f fe c te d  th e  e s t im a te  o f  
th e  tru e  c o rre la tio n .

T h e  c o m b in e d  d a ta  sh o w n  in th is  ta b le  
cam e  fro m  p o p u la t io n  IV , in  w h ic h  w e 
d e lib e ra te ly  in c lu d e d  3 d if fe re n t  m u sc le  
s tru c tu re s . T h e  c o rre la t io n s  o b ta in e d  
w ere  h ig h e r in  th e  a c tu a l d a ta  th a n  in 
th o se  o f  th e  d e v ia tio n  d a ta . A g ra p h ic a l 
e x a m in a tio n  o f  th e  d a ta  in d ic a te d  th a t  
th e  d a ta  b e lo n g  to  3 d is tin c t p o p u la t io n s ;  
2 o f  th e  p o p u la t io n s  h av e  v a lu es  d is tr ib 
u te d  in  b o th  e x tre m e s  o f  th e  b iv a r ia te  
d is tr ib u tio n  (F ig . 2 ), re s u ltin g  in  a b iased  
c o rre la tio n . T h e  d e v ia tio n  d a ta  a re  p lo t
te d  in  F ig u re  3 fo r  c o m p a ra tiv e  p u rp o se s . 
T h e  an a ly s is  b y  th e  re d u c e d  m o d e l has 
o b v io u s ly  rem o v ed  th e  e f fe c t o f  p o p u la 
t io n  d iffe re n c e s .

In  so m e cases, th e  e x p e r im e n ta l d a ta  
d o  n o t c o n fo rm  w ith  th e  a s s u m p tio n  o f  
b iv a r ia te  n o rm a l d is tr ib u tio n  re q u ire d  in 
p a ra m e tr ic  s ta tis t ic a l  m e th o d s . U n d e r  th is  
c o n d it io n , w e re s o r t  to  th e  u se  o f  th e  
n o n p a ra m e tr ic  p ro c e d u re  w h e re  th e  u n 
d e rly in g  a s su m p tio n s  a re  m in im a l. F o r  
fu r th e r  re fe re n c e , c o n su lt B rad ley  (1 9 6 8 ) . 
In  th is  p a r t  o f  th e  s tu d y , w e h av e  u sed  
th e  S p e a rm a n ’s ran k  c o rre la t io n  c o e ff i
c ien t r s . O ne  ad v a n ta g e  o f  th is  p ro c e d u re  
is th e  s im p lic ity  in v o lv ed  in  th e  c a lc u la 
t io n  o f  r s . We have c a lc u la te d  th e  p r o d 
u c t-m o m e n t c o rre la t io n  an d  th e  ra n k  
c o rre la t io n  fo r  each  o f  th e  s u b s tra ta .  T h e  
re su lt is given in  T ab le  2. In  m o s t o f  th e  
cases, th e  d if fe re n c e  b e tw e e n  th e  2 p ro c e 
d u res fo r  e s tim a tin g  c o rre la t io n  is neg lig i
b le. A lo w  c o rre la t io n  o f  r s = —.2 6  was 
o b ta in e d  in  th e  ro u n d  o f  s u b s tr a tu m  III. 
T h is w as a t t r ib u te d  to  th e  m a n y  tied  
ran k s  in  th e  p a n e l d a ta . In  cases w h ere  
s im p lic ity  an d  sp eed  a re  d e s ire d , th e
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devia tion  from  th e ir  co n tem p o ra ry  m ean.

m e th o d  o f  ra n k  c o rre la t io n  m ay  b e  o f  
value.

A c o m p a r iso n  o f  th e  c o rre la t io n  values 
given in  T ab les  1 a n d  2 in d ic a te d  th a t  th e  
p o o lin g  o f  th e  4  s u b p o p u la tio n s  in  th e  
an a ly s is  o f  th e  d a ta  re s u lte d  in  lo w ered  
c o rre la t io n  c o e ff ic ie n ts . T h is  w as b ecau se  
o f  th e  c o n tr ib u t io n  o f  s u b s tra tu m  II 
(lo in s) to  th e  over-a ll c o rre la t io n , w h e re  a 
d ire c t a s so c ia tio n  w as o b ta in e d  in s te a d  o f  
th e  e x p e c te d  inverse  re la tio n sh ip . It is 
th e re fo re  su g g ested  th a t  th e  a n a ly s is  o f 
d a ta  c o lle c te d  o v e r t im e  an d  sp ace  sh o u ld  
b e  ev a lu a ted  o n  a “ w ith in  s u b s tra tu m  
basis”  w h en  s ta tis t ic a l  o r  o th e r  m ean s  o f  
e rro r  c o n tro l is n o t p o ss ib le .

F ig u re  4  sh o w s a s c a t te r  d iag ram  o f  
th e  4  su b s tra ta  s tu d ie d  u sin g  th e  ro u n d  
d a ta . T h e  va lues p lo t te d  a re  th e  a c tu a l 
d a ta . T h e  p lo t v isu a lly  in d ic a te s  a low  
lin ea r c o rre la t io n  o f  —.3 6 . T h e  lo w  c o rre 
la tio n  can  b e  tra c e d  to  e x te rn a l in f lu e n c e s  
a ffe c tin g  th e  su b p o p u la tio n  in  a d if fe re n t 
m a n n e r , an d  th e  in s ta b ili ty  o f  th e  p o p u la 
tio n  m ean s o v er a p e r io d  o f  t im e , e sp e
c ia lly  in  th e  ta s te  p an e l d a ta . A s a re su lt, 
th e  rea l c o rre la t io n  is m ask ed  b y  th e se  
fa c to rs . N o te  th a t  th e  “ w ith in  s t r a tu m ” 
c o rre la tio n  o b ta in e d  fo r  th e se  p a r t ic u la r  
d a ta  ran g ed  fro m  —.7 9  to  —.9 7  (T a b le  2). 
T h e  s c a t te r  d iag ram  fo r  th e  d e v ia tio n  d a ta  
is sh o w n  in F ig u re  5. T h e  d is tr ib u tio n  o f  
th e  d a ta  p o in ts  is m o s tly  fo u n d  in  th e  
u p p e r  le f t  a n d  lo w er r ig h t o f  th e  4 
q u a d ra n ts , in d ic a tin g  an  in v erse  asso c ia 
tio n . T h e  c o rre la tio n  c o e ff ic ie n t o b ta in e d

w as —.8 6 , a su b s ta n tia l  im p ro v e m e n t over 
th a t  o b ta in e d  in  th e  a c tu a l d a ta . In  
g en e ra l, th e  re s u lts  o f  th e  s tu d y  suggest 
th a t  th e  an a ly s is  a n d  e v a lu a tio n  o f  e x p e ri
m e n ta l d a ta  d e riv ed  fro m  severa l ru n s  o r 
e x p e rim e n ts  w ith o u t  p ro p e r  c o n tro l  o f  
in te rn a l a n d  e x te rn a l in f lu e n c e s  w ill lik e ly  
re s u lt in  e rro n e o u s  c o n c lu s io n s .
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BOVINE MUSCLE TENDERNESS AS RELATED TO PROTEIN SOLUBILITY

S U M M A R Y  The long issim us (m odest degree o f  m arb ling ) from  fo r ty  b e e f r ib s  se le c ted  4 8 —5 6  h r  
post-m ortem  was used  in  tw o trials. T ria l / in vo lved  A , C  an d  E  m a tu rity  r ib s (10  each c la ss ifica 
tio n ). Each  r ib  was su b je c tiv e ly  sco red  fo r  te x tu re  (fre sh ) an d  ad jacen t longissim us sam ples were 
rem oved  fo r  the determ ina tion  o f  p ro te in  so lu b ility  (fre sh ) an d  tenderness. Tenderness (co o k ed  
m uscle ) was m easured  w ith  a W arner-Bratzler shear and  taste panel. P ro te in  so lu b ilit ie s  were 
d e term in ed  using 0 .154M  K rebs-R inger-B icarbon ate  b u ffe r , 0 .2 M  K C I + 0 .01  M  K p h o sp h a te  b u ffe r , 
1.1 M  K l  + 0 .1  M  K  phospha te  b u ffe r , and  0 .0 3 M  K  p h osph a te  b u ffe r . Tria l I I  in vo lved  10 A  
m a tu rity  ribs. The 0 .2 M  K C I, 1 .1M  K l  an d  0 .0 3 M  K  p h osph a te  b u ffe rs  as d escr ib ed  fo r  tria l / were  
used  fo r  p ro te in  ex tra c tio n . A d d it io n a lly , sa rcom ere length was m easured  in fo rm alin . M u ltip le  
regression equations were d eve loped  to  p re d ic t  tenderness in tria l I I .  P ro te in  so lu b ilit ie s  were n o t  
sig n if ica n tly  d iffe re n t betw een  the carcass m a tu rity  g rou ps a lthough there were trends tow ard  
in creased  so lu b ility  as m a tu rity  increased . Tenderness ten d ed  to  decrease from  A  to  E  m a tu rity  
in d ica tin g  a negative re la tion sh ip  betw een  p ro te in  so lu b ility  and  tenderness. Severa l sign ifican t 
negative co rre la tio n s betw een  p ro te in  so lu b ility  an d  tenderness were fo u n d  in tria l / (A  m a tu rity  
g rou p ) an d  tria l I I . A d d it io n a lly , several s ign ifica n t negative co rre la tio n s betw een  te x tu re  and  
so lu b ility  w ere ca lcu lated . C orre la tions w ith in  the C  an d  E  m a tu rity  g rou ps were variable and  
sh o w e d  no d e fin ite  trends. M u ltip le  regression analyses sh o w ed  tha t a com b in a tion  o f  p ro te in  
so lu b ilit ie s , te x tu re  sco re  an d  sarcom ere length a cco u n ted  fo r  88% o f  the variation ¡n shear fo rce  
an d  72% o f  the variation in taste pane l tenderness.

INTRODUCTION
T E N D E R N E S S  is th e  m o s t d e s irab le  e a t 
ing c h a ra c te r is tic  o f  m e a t. E a rly  re p o r ts  
have  sh o w n  th a t  rig o r m o r tis  is a sso c ia te d  
w ith  large d if fe re n c e s  in  m e a t te n d e rn e ss  
an d  s ig n ifican t in c rea se s  o c c u r  in  te n d e r 
ness o f  ex c ised  b e e f  m u sc les  a f te r  24  h r  
p o s t m o r te m . D avey  an d  G ilb e r t (1 9 6 6 ) , 
L o c k e r  (1 9 6 0 )  a n d  S h arp  (1 9 6 3 )  suggest 
th a t  p o s t m o r te m  te n d e r iz a t io n  m ay  be 
d u e  in  p a r t  to  te m p e ra tu re -d e p e n d e n t 
n o n p ro te o ly t ic  a l te ra t io n s  in  th e  c o n tr a c 
ti le  a p p a ra tu s .

W ierb ick i e t al. (1 9 5 4 )  f irs t sug g ested  
th a t  p o s t-m o r te m  te n d e r iz a t io n  m ay  o rig 
in a te  f ro m  a d is so c ia tio n  o f  th e  ac tin - 
m y o s in  c o m p le x , b u t  th e se  sam e a u th o r s  
su b s e q u e n tly  re p o r te d  th a t  th e y  c o u ld  
n o t  f in d  a n y  ev id en ce  fo r  th is  h y p o th e s is  
(W ierb ick i e t  a l., 1 9 5 6 ). W ein b u rg  an d  
R o se  (1 9 6 0 )  fo u n d  th a t  an  in c rease  in  
te n d e rn e ss  p o s t-m o r te m  w as p a ra lle led  by  
an  in c rea se  in  e x tr a c ta b i l i ty  o f  c o n tra c ti le  
p ro te in s . P a r tm a n  (1 9 6 3 )  s ta te d  th e re  w as 
l i t t le  d o u b t  th a t  th e  p o s t-m o r te m  te n d e r i
z a tio n  o f  m e a t w as d ire c tly  re la te d  to  th e  
d is so c ia tio n  o r  an  in h ib it io n  o f  th e  a c tin -  
m y o s in  in te ra c t io n . H eg a rty  e t  al. (1 9 6 3 )  
fo u n d  th a t  f ib rilla r  p ro te in s  w ere  least 
e x tr a c ta b le  a t 2 4  h r  p o s t-m o r te m  b u t  
so lu b ility  s ig n ific a n tly  in c rea sed  w ith  ag
ing  an d  p a ra lle led  an  in c rea se  in  te n d e r 
ness. G oll e t  al. (1 9 6 4 )  sh o w e d  th a t  sig
n if ic a n tly  g re a te r  a m o u n ts  o f  p ro te in  
w ere  e x tr a c te d  fro m  m u sc les  w h ich  h a d  
b e e n  ex c ised  im m e d ia te ly  p o s t-m o r te m  
th a n  fro m  m u sc les  le f t  a tta c h e d  to  th e  
carcass. S ince th e  ex c ised  m u scles  w ere 
less te n d e r  a neg a tiv e  re la tio n sh ip  w as

fo u n d  b e tw e e n  m y o f ib r illa r  so lu b ility  an d  
te n d e rn e ss .

M arsh  an d  L ee t (1 9 6 6 )  d e sc r ib ed  
“ b a c k g ro u n d - to u g h n e ss”  o f  m e a t as th a t  
to u g h n e s s  d u e  to  c o n n e c tiv e  tissu e . I t  is 
g en e ra lly  ag reed  by  m o s t w o rk e rs  th a t  
c o n n e c tiv e  tissu e  a f fe c ts  m e a t te n d e rn e ss , 
b u t  to  w h a t e x te n t  h as n o t  b een  ag reed  
u p o n . T h a t to ta l  co llagen  h a d  a sm all 
re la tio n sh ip  w ith  m e a t te n d e rn e s s  was 
sh o w n  b y  H ersh b e rg e r e t  al. (1 9 5 1 ) , 
W ierb ick i e t al. (1 9 5 4 ) ,  R itc h e y  e t  al.
(1 9 6 3 ) ,  a n d  m o re  re c e n tly  b y  M cC lain  e t  
al. (1 9 6 5 ) . H o w ev er, som e w o rk e rs  (H u- 
sa in i e t  al., 1 9 5 0 ; A d am s e t a l., 19 6 0 ; 
L o y d  an d  H in er, 1 9 5 9 ; P a rrish  e t  al.,
1 9 6 2 ) in d ic a te d  a s ig n ifican t n egative  
a s so c a tio n  b e tw e e n  co llag en  c o n te n t  an d  
m e a t te n d e rn e ss . H ill (1 9 6 6 )  suggested  
co llag en  so lu b ility  sh o u ld  b e  co n s id e re d  
w h en  a t te m p tin g  to  b io c h e m ic a lly  e x 
p la in  th e  to u g h n e s s  o f  m e a t. H ill (1 9 6 6 )  
a n d  H errin g  e t  al. (1 9 6 7 )  fo u n d  co llagen  
so lu b ility  to  d ec rease  w ith  ad v an c in g  m a
tu r i ty .  H errin g  e t  al. (1 9 6 7 )  fo u n d  th a t  
co llag en  so lu b ility  w as h ig h e r (P  <  .0 5 )  in  
th e  lo n g issim u s th a n  in  th e  se m im e m b ra 
no su s . S o lu b ili ty  w as a lso  re la te d  to  p a n e l 
te n d e rn e ss  in  b o th  m u sc les  b u t  w ith in  
m a tu r i ty  g ro u p  c o rre la tio n s  o f  so lu b ility  
w ith  te n d e rn e ss  w ere  low . F ie ld  e t al.
(1 9 7 0 )  re p o r te d  th a t  co llag en  so lu b ility  
w as h ig h e r fo r  te n d e r  th a n  fo r  to u g h  
m uscles.

T h is  s tu d y  w as u n d e r ta k e n  in  an  a t 
te m p t to  ev a lu a te  th e  so lu b ility  o f  bo v in e  
m u sc le  p ro te in s  as re la te d  to  m e a t te n d e r 
ness. T h e  p r im a ry  o b je c tiv e  o f  ev a lu a tin g  
th is  re la tio n sh ip  w as to  d ev e lo p  a b io 

ch em ica l m e th o d  f o r  d e te rm in in g  m e a t 
te n d e rn e ss . S u c h  a  m e th o d  c o u ld  b e  q u ite  
u se fu l in  b e e f  carcass  e v a lu a tio n  a n d , 
m o re  im p o r ta n t ,  i t  c o u ld  b e  v e ry  v a lu a b le  
in  p re d ic tin g  te n d e rn e s s  f ro m  a  m u sc le  
b io p sy .

T w o  b u ffe re d  sa lt so lu tio n s  w e re  u sed  
w h ich , a c co rd in g  to  th e  l i te r a tu re ,  have 
n o t  b een  u sed  to  e x tr a c t  b o v in e  m u sc le  
p ro te in s , w h ile  th e  tw o  o th e r s  u se d  a re  
c o m m o n ly  re p o r te d  in  th e  l i te r a tu re . 
T ria l I w as a p re lim in a ry  s tu d y  in  w h ic h  
rib s  o f  w id e  m a tu r i ty  a n d  te n d e rn e s s  
d iffe re n c e s  w ere  se le c te d  to  d e te rm in e  if  
p ro te in  so lu b ility  w as re la te d  to  te n d e r 
ness. T ria l II w as c o n d u c te d  u sin g  A 
m a tu r i ty  rib s  b ased  o n  re s u lts  o f  T ria l I 
an d  th e  fa c t th a t  m o re  m a tu re  carcasses 
a re  o f  m u c h  less re ta il e c o n o m ic  im p o r 
tan ce .

EXPERIMENTAL
Source of material

The longissimus (modest degree of mar
bling) was used from forty beef ribs selected 
48-56 hr post-mortem by the senior author in 
a commercial packing plant. The cut surface 
(fresh) of the longissimus was subjectively 
scored for texture using a scale of 1 through 6 
with (1) very coarse, (2) coarse, (3) slightly 
coarse, (4) slightly fine, (5) fine and (6) very 
fine. Two adjacent steaks (2.6 cm thick) were 
cut from the posterior end of each rib. The 
most anterior steak was frozen and stored (2 
wk) at -29°C and later used for Warner-Bratz
ler shear measurement and taste panel evalua
tion. Ramsbottom (1947), Smith et al. (1969) 
and Smith (1970) have shown that freezing for 
this length of time has no effect on tenderness. 
A sample from the adjacent steak was frozen in 
liquid nitrogen, pulverized in a stainless steel 
Waring Blendor and stored at -29°C (less than 
24 hr) for the determination of protein solubil
ity. Helander (1957) showed that storage of 
samples more than 48 hr results in decreased 
protein extraction.
Protein extraction

Approximately Ig of each pulverized sample 
was transferred to a 50 ml polyethylene centri
fuge tube. Duplicate extractions were run for 
each of the following buffers:

1. 0.154M Krebs-Ringer-Bicarbonate 
buffer, pH 7.4;

2. 0.2M KCI + 0.01M K phosphate buffer, 
pH 7.4;

3. 1.1MKI + 0.1MK phosphate buffer, pH 
7.4;

4. 0.03M K phosphate buffer, pH 7.4.
10 vol of extracting buffer were added to 

the tubes containing the samples and the tubes 
were slowly agitated with a wrist action shaker

190—JO U R N A L  O F  FO O D  SC IE N C E-V o /u m e  36 (1971)



BOVINE MUSCLE TENDERNESS—

Table 1 —Long issim u s ex tra cta b le  n itro g ena m eans fo r  th ree m atu
r ity  groups.

Buffer

No.
of

replicates A

Maturity

C- E
0.03M K phosphate (5) 0.416 0.458 0.432
0.154M Krebs-

Ringer Bicarbonate
(5) 0.420 0.436 0.408

0.2M KCl +
0.01 M K phosphate

( 1 0 ) 0.371 0.376 0.382

U M  KI +
0.1M K phosphate

( 1 0 ) 0.656 0.685 0.713

aExpressed as a proportion of total muscle nitrogen.

Table 2 —Long issim u s shear 
three m a tu rity  groups.

fo rce  values and  su b jective sco res fo r

Maturity3
A C E

Warner-Bratzler shear, kg. 2.65a 3.43ab 4.06b
Taste panel tendernessb 5.51a 4.52b 4.50b
Taste panel acceptability*1 5.19a 4.5 lb 4.37b
Texture score0 4.2a 3.9a 3.5a

aMeans in the same line having different superscripts are signifi
cantly ( P < .0 5 )  different due to carcass maturity.

'’Score o f  1 = Extremely undesirable, 7 = Extrem ely desirable. 
cScore o f  1 = Very coarse, 6 = Very fine.

Table 3 —S im p le  co rre la tion  co e ff ic ie n ts  betw een  several m uscle  qu a lity  an d  p ro te in  so lu b ility  
variables.a ____________________________________

Buffer

No.
of

replicates

Warner-
Bratzler

shear
Taste panel 
tendernessb

Taste panel 
acceptability*5

Texture
score0

0.03M K phosphate (5) 0.54 -  .77 -  .40 -  .05
0.154M Krebs- (5) 0.54 -  .16 -  .50 -  .62

Ringer-Bicarbonate
0.2M KC1 + (1 0 ) 0.43 -  .25 -  .28 -  .63

0.01M K phosphate
1.1M K1 + ( 1 0 ) 0.06 0.19 0.05 -  .18

0.1M K phosphate
Texture score ( 1 0 ) .02 -  .03 -  .02 1.00

aLongissimus from A maturity ribs only; correlations >  0 .63  are significant (P <  .05) and 
correlations >  0 .77  are significant (P <  .01).

bScore o f  1 = Extrem ely undesirable, 7 = Extremely desirable. 
cScore o f 1 = Very coarse, 6 = Very fine.

(1-4°C). All samples were extracted for 3 hr 
and then centrifuged for 20 min at approxi
mately 4500 x g. The supernatant was saved 
and the muscle residue re-extracted for 2 hr 
with 10  vol of the same buffer and recentri
fuged. The supernatant from the second extrac
tion was then added to the first supernatant. 
Nitrogen determination

1 ml of supernatant containing extracted 
protein was digested with 5 ml concentrated 
H2 SO4 for 70 min. The digest was cooled 5-10 
min, several drops of 30% H2 O2 added and 
then heated 30 min. The clear digest was neu
tralized and diluted to 2-5  meg of nitrogen per 
ml. Nitrogen was determined according to 
Weatherburn (1967) as modified by Beecher 
et al. (1970).
Hydroxyproline determ ination

2 ml of supernatant containing 0.154M 
Krebs protein was hydrolyzed with 10 ml of 6N 
HC1 at 120-125°C for 3 hr. neutralized (pH
6 .5-7.0) with KOH, and hydroxyproline con
tent determined by the procedure of Woessner
(1961) modified by Goll et al. (1963). Since no 
detectable hydroxyproline was found in the 
hydrolysates from muscle extracts using this 
procedure, a two-dimensional qualitative de
scending paper chromatography method was 
employed using phenol saturated with water, 
and n-butanol. Hydroxyproline was identified 
from standard chromatograms after spraying 
with ninhydrin.
Tenderness evaluation

The steaks were thawed overnight in a 
cooler at 2-4°C. Steaks were cooked to an in
ternal temperature of 66°C (five at one time) in 
a pre-heated (163°C) rotary oven. The steaks 
were allowed to cool approximately 30 min, 
then a 1.27 cm core from each of the medial, 
central and lateral areas was removed for Warner 
Bratzler shear measurement and five additional 
cores were removed from the central area for 
taste panel evaluation. The taste panel (five 
members) scored the steaks for tenderness and 
overall acceptability on a 7-point hedonic scale. 
In trial II, thermometers were placed in two of 
the five steaks cooked at one time and when the 
temperature of these two steaks averaged 66°C, 
all steaks were removed from the oven. 
Sarcomere length

Sarcomere length was determined by the 
procedure of Locker (1960) in trial II.
Statistical analysis

A one-way analysis of variance was used to 
study differences in the three maturity groups. 
Simple correlation coefficients were calculated 
on an individual maturity group basis. Multiple 
regression analyses were used to develop predic
tion equations.

RESULTS & DISCUSSION
T ria l I

E ffe c t o f  ca rcass  m a tu r i ty  o n  p ro te in  
so lu b ility , t e x tu re  sco re  a n d  te n d e rn e ss . 
T h e  m ean s  fo r  e x tr a c ta b le  n itro g e n  fo r 
th e  in d iv id u a l m a tu r i ty  g ro u p s  a re  p re 
se n te d  in  T ab le  1. P ro te in  so lu b ility  w as 
n o t s ig n ifican tly  (P  <  .0 5 ) a f fe c te d  b y  
carcass m a tu r i ty ;  h o w ev e r, so lu b ility  
te n d e d  to  in c rease  fro m  A to  E m a tu r i ty  
w h e n  using  th e  1.1M  KI an d  0 .2M  KC1 
b u ffe rs . A lso , so lu b ility  te n d e d  to  be 
lo w er in  th e  A th a n  in  th e  C an d  E g ro u p s

w h en  using  0 .1 54M  K rebs a n d  0 .0 3 M  K 
p h o sp h a te  b u ffe rs .

T h e  0 .0 3 M  K p h o sp h a te  a n d  1.1M  KI 
b u ffe rs  have c o m m o n ly  b e e n  u sed  to  
e x tr a c t  b o v in e  m u sc le  p ro te in s  a n d  e x 
t r a c t  sa rco p la sm ic  an d  m y o f ib r i lla r  p ro 
te in s , re sp e c tiv e ly . T h e  0 .1 54M  K reb s 
b u ffe r  is a p h y s io lo g ic a l b u ffe r  a n d  p ro 
te in  so lu b ility  in  it c o u ld  b e  re la te d  to  
p h y s io lo g ica l c h a ra c te r is tic s  w h ic h  in f lu 
en ce  te n d e rn e ss . T h e  0 .2M  KC1 b u ffe r  
p rin c ip a lly  e x tr a c ts  sa rco p la sm ic  p ro te in s  
a n d  m y o s in . H o w ev er, since  p ro te in  so lu 
b il ity  w as lo w e r th a n  in  th e  p h o sp h a te  
a n d  K reb s b u ffe r  (T a b le  1), som e u n id e n 
tif ie d  p ro te in  w as less e x tr a c ta b le  in  th is  
e x tr a c tin g  so lu tio n .

P an e l te n d e rn e s s  d ec rea sed  s ign ifi
c a n tly  (P  <  .0 5 ) f ro m  A to  C m a tu r i ty  
w ith  l i t t le  d if fe re n c e  o c c u rr in g  b e tw e e n  
th e  C a n d  E g ro u p s  (T a b le  2 ). W arner- 
B ra tz le r  sh ea r fo rc e  in c re a se d  fro m  A to  
C m a tu r i ty  a n d  th e re  w as also  a n  in c rease  
fro m  C to  E , a l th o u g h  n o n s ig n if ic a n t. 
T e x tu re  sco re  te n d e d  to  d ec rease  f ro m  A 
to  E m a tu r i ty  w h ich  p a ra lle led  th e  d e 
crease  in  te n d e rn e s s  as e v a lu a te d  b y  th e  
W arn er B ra tz le r  shear.

R e la tio n sh ip s  o f  p ro te in  so lu b ility  
w ith  te x tu re  sco re  a n d  te n d e rn e ss . S im ple  
c o rre la t io n  c o e ff ic ie n ts  b e tw e e n  several 
m u sc le  q u a li ty  a n d  p ro te in  so lu b ility  v a ri
ab les  a re  p re s e n te d  in  T ab le  3 . M uscle 
p ro te in s  so lu b iliz ed  (A  m a tu r i ty )  in  0 .2M
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Table 4 - S im p le  co rre la tion  co e ff ic ie n ts  betw een  several m uscle  q u a lity  and  p ro te in  so lu b ility  
variables.a __________________________________________________________________________________________________________

Warner-Bratzler Taste panel Taste panel Texture Sarcomere
shear tenderness*5 acceptability*5 score0 length

0.03M K phosphate 0.22 -  .71 -  .54 -  .75 -  .36
0.2M KC1+ 0.01M K phosphate 0.21 -  .56 -  .46 -  .68 -  .28
1.1M KI + 0.1M K phosphate -  .47 0.42 0.66 0.06 -  .05
Texture score -  .57 0.64 0.56 1.00 0.77
Sarcomere length -  .30 0.26 0.38 0.77 1.00

aLongissimus from 10A maturity ribs from Trial II; correlations > .6 3  are significant ( P < .0 5 )  
and correlations > 0 .7 7  are significant (P <  .01).

bScore o f 1 = Extremely undesirable, 7 = Extremely desirable. 
cScore o f  1 = Very coarse, 6 = Very fine.

Table 5 —M u ltip le  regression analyses sum m ary .a

Independent variables

Dependent variables
Warner-
Bratzler

shear
Taste panel 
tenderness

Taste panel 
acceptability

0.03M K phosphate -37.29 -28.98
0.2M KC1+ 0.01 M K phosphate -30.19 +0.32
1.1M Kl + 0.1M K phosphate -  6.08 + 3.27 +4.02
Texture score -  2.52
Sarcomere length + 7.71
Intercept 30.87 14.33 0.65
R-square 0.88 0.62 0.74
S.D. of Y 0.67 0.66 0.47

“C oefficients are presented for only those independent variables 
which contributed significantly to R-square for the dependent variables.

KC1, 0 .1 54M  K rebs o r  0 .0 3 M  K p h o s 
p h a te  w ere  p o s itiv e ly , b u t  n o t  s ig n ifi
c a n tly , re la te d  to  sh ea r va lues ( r  = 0 .4 3 ,
0 .5 4  an d  0 .5 4 , re sp ec tiv e ly ). M uscle p ro 
te in s  so lu b iliz ed  in  0 .03M  K p h o sp h a te  
w ere  s ig n ifican tly  n eg a tiv e ly  re la te d  to  
ta s te  p an e l te n d e rn e s s  (r  =  — .7 7 )  and  
th o s e  c o rre la t io n s  w ith  0 .2M  KC1 an d
0 .1 54M  K rebs w ere  n eg a tiv e , b u t low . 
P ro te in  so lu b ility  in  th e  1.1M  K1 b u ffe r  
a p p e a re d  to  have no  re la tio n sh ip  to  te n 
d ern ess  in  th is  tr ia l (r  = 0 .0 6  a n d  0 .1 9 ) , 
w h ich  d o es  n o t  su p p o r t re su lts  p re se n te d  
b y  H eg a rty  e t al. (1 9 6 3 ) ,  an d  A b e rle  an d  
M erkel (1 9 6 6 ) .

C oarse  te x tu re d  m uscle  w as a sso c ia te d  
w ith  a h ig h er p r o p o r t io n  o f  0 .1 54M  
K rebs (r  = —.6 2 ) an d  0 .2M  KC1 ( r  = —.6 3 ) 
e x tr a c ta b le  p ro te in s . H o w ev er, te x tu re  
sco re  h ad  n o  re la tio n sh ip  w ith  te n d e rn e ss  
( r  = —.0 2  an d  —.0 3 ).

C o rre la tio n s  o f  p ro te in  so lu b ility  w ith  
te x tu re  sco re  an d  te n d e rn e ss  in  th e  C and  
E m a tu r i ty  g ro u p s  w ere  v a riab le  an d  
sh o w ed  n o  d e f in ite  tr e n d s . F o r  e x a m p le , 
th e  c o rre la t io n s  o f  0 .2M  KC1 e x tra c ta b le  
p ro te in  w ith  ta s te  p a n e l te n d e rn e ss  was 
— .33  a n d  w ith  o v era ll a c c e p ta b ili ty  w as
0 .4 2 . T h e  v a ria b ility  is p ro b a b ly  d u e  to  
m ark ed  p h y sio lo g ica l m a tu r i ty  changes.

C o llagen  so lu b ility  re la te d  to  te n d e r 
ness . H y d ro x y p ro lin e , as a m easu re  o f  
co llag en , w as n o t  d e te c te d  in  a n y  o f  th e  
p ro te in  e x tr a c ts  b y  e ith e r  th e  c o lo r im e t
ric  p ro c e d u re  o r  p a p e r  c h ro m a to g ra p h y  
m e th o d  an d  it w as th e re fo re  assu m ed  th a t  
co llagen  w as in so lu b le  u n d e r  th e  e x p e ri
m e n ta l c o n d it io n s  o f  th is  s tu d y . I t w as 
th e  in te n t  o f  th e  p re se n t s tu d y  to  d e te r 
m in e  if  co llagen  w as so lu b le  a t  2 —4 °C  in 
th e  0 . 154M  K reb s b u ffe r  u sed  in  th is  
s tu d y  a n d  to  re la te  its  so lu b il ity  to  te n 
d ern ess . G o ll (1 9 6 5 )  re p o r te d  11 - 2 0  m eg 
o f  h y d ro x y p ro lin e /g  in  a K p h o sp h a te  
b u ffe r  o f  c o n s id e ra b ly  g re a te r  io n ic  
s t re n g th  th a n  th a t  u sed  in  th e  p re se n t 
s tu d y . P e rry  (1 9 5 5 ) , B a rb e r a n d  C an n in g
(1 9 6 6 ) , M ihaly i an d  R o w e (1 9 6 6 )  an d  
C h a u d h ry  e t  al. (1 9 6 9 )  have  su g g ested  
th a t  K p h o sp h a te  m ay  have im p o r ta n t  
e ffe c ts  o n  th e  s o lu t io n ’s e x tr a c tin g  p ro p 
e rtie s  in  a d d it io n  to  m ak in g  a sizab le  
c o n tr ib u t io n  to  th e  io n ic  s tre n g th .

T ria l II
O n ly  A m a tu r i ty  rib s  (1 0 )  w ere  u sed  in 

T ria l 11 since  th e  re su lts  w ith in  C a n d  E 
m a tu r i ty  rib s  a n d  p o o le d  w ith in  m a tu r i ty  
c o rre la tio n s  w ere  q u ite  v ariab le  an d  
sh o w ed  n o  d e f in ite  tr e n d s . A lso , i t  w as 
d e c id e d  th a t  s tu d y in g  C a n d  E m a tu r i ty  
carcasses w as in s ig n ific a n t to  th e  m ain  
o b jec tiv e  o f  th e  s tu d y . T h e  0 .1 54M  K rebs 
b u ffe r  w as e lim in a te d  since  it e x tra c te d  
e ssen tia lly  th e  sam e p ro p o r t io n  o f  n i t ro 
gen  as th e  0 .0 3 M  K p h o sp h a te  b u ffe r .

R e la tio n sh ip s  o f  p ro te in  so lu b il ity , 
te x tu re  sco re  a n d  sa rc o m e re  len g th  w ith  
te n d e rn e ss . S im ple  c o rre la t io n  c o e ff i
c ien ts  b e tw e e n  several v ariab les  in d ic a te d  
th a t  d e f in ite  tr e n d s  e x is t b e tw e e n  p ro te in

so lu b ility  an d  m u sc le  te n d e rn e ss  (T ab le
4 ). T h o se  m u sc les  hav ing  h igh  e x tra c ta b le  
p ro te in  w ith  0 .0 3 M  K p h o sp h a te  an d
0 .2M  KC1 b u ffe rs  te n d e d  to  have h ig h er 
sh ea r fo rc e  va lu es ( r = 0 . 2 2  an d  0 .2 1 , 
re sp e c tiv e ly ), lo w er ta s te  p a n e l te n d e rn e ss  
sco res (r = - .7 1  an d  - . 5 6 ,  re s p e c tiv e ly ) 
a n d  lo w er ta s te  p an e l a c c e p ta b ili ty  sco res 
(r  = — .5 4  an d  —.4 6 , re sp ec tiv e ly ). Som e 
o f  th e se  c o rre la tio n s  w ere  s ig n ifican t and  
th o se  o f  0 .0 3 M  K p h o sp h a te  a n d  0 .2M  
KC1 fra c tio n s  te n d  to  su p p o r t re su lts  in 
T ria l I w h ile  th e  c o rre la tio n s  o f  1.1M  K1 
e x tra c ta b le  p ro te in  w ith  te n d e rn e ss  d is
agree  w ith  th o se  fo u n d  in  T ria l I. T h e  
re la tio n sh ip  o f  th e  la t te r  f ra c tio n  to  
te n d e rn e ss  su p p o r ts  re su lts  o f  o th e r  w o rk 
ers (H e g a rty  e t  al., 1 9 6 3 ; A b erle  e t al.,
1 9 6 6 ).

F in e  te x tu re d  m u sc le  w as n eg a tiv e ly  
c o rre la te d  (r  = —.5 7 ) w ith  sh ea r fo rc e  and  
p o sitiv e ly  re la te d  ( r  = 0 .6 4 )  to  ta s te  p an e l 
te n d e rn e ss  an d  a c c e p ta b ili ty  ( r  = 0 .5 6 ). 
T h ese  re su lts  d isagree  w ith  th o se  fo u n d  in 
T ria l I b u t  c o n firm  th e  a c c e p te d  id ea  th a t  
fine  te x tu re d  m u sc le  is m o re  te n d e r . F in e  
te x tu re d  m u sc le  w as also  n eg a tiv e ly  c o rre 
la ted  w ith  th e  a m o u n t o f  m u sc le  p ro te in  
so lu b le  in  0 .0 3 M  K p h o sp h a te  ( r  = —.7 5 ) 
and  0 .2M  KC1 ( r  = —.6 8 ). I t  is also  in te r 
e s tin g  to  n o te  th a t  fin e  te x tu re d  m u sc le  
w as p o sitiv e ly  asso c ia te d  w ith  lo n g er sa r
co m eres  ( r  = 0 .7 7 ) . In  tw o  o f  th e  th re e

b u ffe rs  u sed , lo n g er sa rc o m e re s  a p p e a re d  
to  b e  n eg a tiv e ly  re la te d  to  p ro te in  so lu b il
ity , a l th o u g h  o n ly  13% o f  th e  v a ria tio n  
w as a c c o u n te d  fo r . S a rc o m e re  le n g th  h ad  
a slig h t p o sitiv e  c o rre la tio n  w ith  ta s te  
p an e l te n d e rn e ss  ( r  = 0 .2 6 )  an d  a sm all 
neg ativ e  c o rre la tio n  ( r  = —.3 0 ) w ith  sh ea r 
fo rce .

M u ltip le  reg ressio n  an a ly se s . A su m 
m ary  o f  th e  variab les  s tu d ie d  an d  th e  
reg ressio n  c o e ff ic ie n ts  fo r  W arn e r-B ra tz le r 
sh ea r fo rc e , ta s te  p a n e l te n d e rn e s s  an d  
ta s te  p a n e l a c c e p ta b ili ty  are  p re s e n te d  in 
T ab le  5. T o  p re d ic t ta s te  p a n e l te n d e rn e s s  
fo r  e x a m p le , th e  fo llo w in g  e q u a tio n  
w o u ld  b e  u sed : Y = 14 .3 3  — 2 8 .9 8  
( 0 . 0  3M K p h o sp h a te  so lu b le  f ra c 
t i o n ) + 3 .2 7  (1 .1 M  KI so lu b le  f r a c tio n ) .

M u ltip le  reg ressio n  an a ly se s  (T a b le  5) 
sh o w  th a t  88%  o f  th e  v a r ia tio n  in  sh e a r 
fo rce  w as a c c o u n te d  fo r  b y  u sin g  0 .0 3 M  
K p h o sp h a te , 0 .2M  KC1 a n d  1.1M  Kl 
so lu b le  f ra c tio n s  p lu s te x tu r e  sco re  a n d  
sa rco m ere  len g th .

62%  o f  th e  v a r ia tio n  in  ta s te  p a n e l 
te n d e rn e ss  w as a c c o u n te d  fo r  u s in g  th e
0 .0 3 M  K p h o sp h a te  an d  1.1M  K l so lu b le  
p ro te in  f ra c tio n s . A lth o u g h  te x tu r e  sco re , 
sa rc o m e re  le n g th  an d  th e  0 .2M  KC1 so lu 
b le  f ra c tio n  d id  n o t c o n tr ib u te  s ig n ifi
c a n tly  (P  <  .0 5 ) to  R -sq u are  in  p re d ic tin g  
ta s te  p a n e l te n d e rn e ss , w h e n  th e y  w ere 
ad d e d  to  th e  reg ressio n  e q u a tio n , 72%  o f
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panel tenderness variation was accounted 
for by the equation. 71% of the variation 
in taste panel acceptability was accounted 
for by using the 1.1M KI soluble protein 
fraction and texture score.
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RELATIONSHIPS OF SERUM, MUSCLE AND SUBCUTANEOUS LIPIDS 
TO BEEF CARCASS TRAITS AND FLAVOR

S U M M A R  Y —A n  exam in ation  o f  the m eans a n d  range c o e ff ic ie n ts  o f  the to ta l serum , in tram uscu lar  
(long issim us) an d  subcu taneou s lip id s , the m a jo r l ip id  classes and  fa tty  a c id  co m p o sit io n s o f  the 3  
tissue s ite s from  3 0  h e ife rs  an d  31 b u lls  o f  the H e re fo rd  b reed  revea led  som e In te restin g  aspects o f  
l ip id  m etabo lism . When p la ced  on a co n cen tra tio n  (pe rcen t o f  tissue) basis, s ig n if ica n t d iffe ren ce s  
due to  se x , en v iro n m en t an d  sires were show n  b y  an analysis o f  variance fo r  m an y o f  the l ip id  
com pon ents . P h en o typ ic  co rre la tio n s, a lso co m p u ted  on a con cen tra tion  basis , gave in d ica tio n s o f  
the g row th  a n d  deve lopm ent o f  the an im als, in a d d ition  to  show in g  the associa tions o f  various lip id  
com pon ents o f  the 3  tissue s ite s  to  various carcass c u to u t  tra its an d  flavor. W ith a fe w  ex cep tio n s , 
lo w  p o s it iv e  co rre la tio n s w ere show n  fo r  the serum  lip id  com pon ents w ith  flavo r, whereas, m o s t o f  
the m arb ling  an d  subcu taneou s fa t com pon ents e x h ib ite d  lo w  negative co rre la tio n s w ith flavor.

INTRODUCTION
T H E  V A L U E  o f  m a rb lin g  o r  o th e r  d e p o t 
fa ts  w ith  reg ard  to  m e a t q u a li ty  a n d  
f lav o r h as re m a in e d  la rg e ly  u n reso lv ed . 
C o n su m e r re s is ta n c e  to  m e a t s u r ro u n d e d  
b y  large a m o u n ts  o f  w aste  fa t  a n d  th e  
e n c o u ra g e m e n t o f  th e  A m erican  H ea rt 
A sso c ia tio n  fo r  th e  p u b lic  to  c o n su m e  
less a n im a l fa t h as re s u lte d  in  a  c e rta in  
a m o u n t o f  m e a t b e in g  o ffe re d  b y  so m e 
m e a t p ro cesso rs  o n  a “ tr im m e d  o f  w aste  
f a t”  basis. H o w ev er, c a tt le  y ie ld in g  ca r
casses w h ic h  a re  g rad ed  U S D A  C h o ice  
a n d  P rim e , th e re fo re  b rin g in g  th e  fe e d e r  
to p  p rice  f o r  h is p ro d u c t ,  u su a lly  ca rry  a 
c o n s id e ra b le  a m o u n t o f  h ig h -co s t fin ish .

U sing  o d o r  as a  f lav o r c h a ra c te r is tic , 
H o m s te in  a n d  C ro w e  (1 9 6 0 )  a n d  H o rn - 
s te in  e t al. (1 9 6 1 )  e x a m in e d  th e  e ffe c ts  o f  
free  f a t ty  ac id s , c a rb o n y ls , n e u tr a l  fa ts , 
c e p h a lin , sp h in g o m y e lin  an d  le c ith in  on  
raw  a n d  c o o k e d  b e e f  flav o r. V o la ti le  f a t ty  
ac id s a n d  v a rio u s  c a rb o n y ls  w ere  th e  
v a riab les  c o n s id e re d  b y  Y u e h  a n d  S tro n g
(1 9 6 0 )  as p o ss ib le  o d o r-fla v o r c o n tr ib u 
to rs . N e ith e r  g ro u p  o f  in v e s tig a to rs  w as 
ab le  to  arrive  a t d e f in ite  c o n c lu s io n s . 
B a tz e r  e t  al. (1 9 6 0 )  w ere  a lso  u n a b le  to  
iso la te  o r  id e n tify  sp ec ific  lip id  c o m p o 
n e n ts  as o d o r-fla v o r c o n tr ib u to rs .  M uch  
o f  th e  m o re  re c e n t w o rk  h as b e e n  c o n 
c e rn e d  w ith  th e  d if fe re n c e s  in  f a t ty  ac id  
c o m p o s it io n  o f  raw  a n d  c o o k e d  m ea ts  
a n d  sp ec ific  m u scles  (S ie d le r  e t al., 1 9 6 4 ; 
C a m p b e ll a n d  T u rk k i, 1 9 6 7 ; H o rn s te in  e t 
al., 1 9 6 7  a n d  Y ang  e t  a l., 1 9 6 6 ). T e rre ll 
e t  al. (1 9 6 8 )  p re s e n te d  s im p le  c o rre la 
tio n s  o f  th e  f a t ty  ac id s o f  n e u tr a l  a n d  
p h o sp h o lip id  fra c tio n s  o f  b o v in e  lo n g issi
m u s w ith  carcass a n d  g ro w th  c h a ra c te r 
is tic s , a n d  a lso  c o n s id e re d  th e  e ffe c ts  o f  
b ro ilin g  a n d  sex . T h e y  r e p o r te d  lo w  
n o n s ig n if ic a n t c o rre la tio n s  b e tw e e n  n e u 
tr a l  a n d  p h o sp h o lip id  f a t ty  ac id s w ith  
te n d e rn e ss  a n d  ju ic in e ss .

R ic h a rd s o n  (1 9 6 8 )  o b ta in e d  th e  c a r
cass c u to u t  m e a su re m e n ts  a n d  d ire c te d  
th e  o rg a n o le p tic  s tu d ie s  u sed  in  th is  
re p o r t .  H is a p p ro a c h  to  th e  ana lysis o f

th e  d a ta  w as to  h o ld  v a rio u s  carcass  tra its  
c o n s ta n t  a n d  th e n  to  d e te rm in e  sim ple  
a n d  p a r t ia l  c o rre la t io n  c o e ff ic ie n ts , b y  
se x , b e tw e e n  c u ta b i li ty  t r a its  a n d  ta s te  
p a n e l e v a lu a tio n s . R ic h a rd so n  c o n c lu d e d  
th a t  m a rb lin g  sco re  m a y  b e  receiv ing  
m o re  a t t e n t io n  th a n  i t  d eserv es in  re la 
tio n sh ip  to  b e e f  p a la ta b il i ty .

T h e  p u rp o s e  o f  th e  s tu d y  r e p o r te d  in  
th is  p a p e r  w as to  d e te rm in e  p h e n o ty p ic  
re la tio n sh ip s  o f  se ru m  lip id s o f  b e e f  c a tt le  
to  th e  a m o u n t ,  d is tr ib u tio n  a n d  c o m p o s i
t io n  o f  b o d y  fa ts . In  a d d it io n , v a rio u s 
lip id  c o m p o n e n ts  w ere  c o rre la te d  w ith  
carcass c u to u t  a n d  ta s te  p a n e l ev a lu a 
tio n s .

EXPERIMENTAL
Sample description

The cattle used for determining the cutabil
ity and quality of meat were Hereford heifers 
(30) and bulls (31) of known genetic and envi
ronmental background from the San Juan Basin 
Experiment Station at Hesperus, Colorado. The 
heifers were slaughtered at 18.3 + 1 month of 
age and the bulls were 17.4 ± 2 months of age. 
The average left side weight of the heifers was
120.6 kg, the bulls averaging 122.2 kg. The 
heifers were on full feed an average of 215 days 
as compared to 174 days for the bulls. At the 
time of slaughter, blood samples were collected 
from which the serum was separated and stored 
at -20°C. The cutting procedure and manage
ment of the taste panel were described in detail

by Richardson (1968). The left sides of the car
casses were aged at 2°C for 7 -8  days before 
cutting. 12th-rib steaks were wrapped in cello
phane and polyethylene-coated freezer wrap 
and stored at -34°C approximately 60 days at 
which time organoleptic evaluations were con
ducted. A 6-member, experienced taste panel 
was selected to evaluate the steaks cooked in an 
electric oven to an internal temperature of 
71.1°C. A 15-point hedonic scale was used to 
rank flavor, juiciness, tenderness and over-all 
acceptability.
Extraction of lipids

The method of Bligh and Dyer (1959) was 
used for extractions of intramuscular and serum 
lipids with the following modifications: utiliza
tion of separatory funnels, an extra water puri
fication step, removal of aqueous wash layers 
by aspiration and an additional extraction of 
the chloroform:water interface. A 0.5-in. slice 
of the longissimus, trimmed of surrounding fat 
and fascia, was used for the gravimetric deter
mination of percent intramuscular fat and dry 
matter. 2 ml of serum in duplicate were used 
for gravimetric quantification of serum lipids 
and for separation of the lipid classes for subse
quent fatty acid determinations. The maximum 
allowable difference between duplicate serum 
samples was 50 mg per 100 ml of serum. Fat 
was extracted from the subcutaneous adipose 
tissue, trimmed from the outer edge of the rib- 
eye, with petroleum ether (30-40°C b.p.) on 
Bailey-Walker apparatus.
Qualitative thin-layer chromatography (TLC)

Glass plates, 20 by 20 cm were prepared as 
follows: 100 g of silica gel without binder (Ad- 
sorbosil-2, Applied Science Laboratories, Inc.) 
was mixed for 30 sec in a Waring Blendor with 
150 ml of a solution consisting of 20 ml o? 
0.1% ethanolic 2 ,7 -dichlorofluorescein indica
tor in 130 ml water. The slurry was applied to 
the plates with an adjustable CAMAG applica
tor (Arthur H. Thomas Co.) within 1.5 min in 
layers 0.30 mm thick. After preliminary air 
drying, the plates were activated for 1 hr at 
110°C, then stored in a desiccator until ready 
for use.

Table 1- M e a n s , ranges a n d  range co e ffic ie n ts  (H /L )  o f  the % 
dry-m atter an d  % fat in the longissim us m uscle an d  to ta l serum  lip id  o f  
the 1965  San Juan  H e re fo rd  he ife rs and  bu lls .

N Mean ± std. dev. Range H/L
% Dry matter

Heifers 26 30.1 ±2.3 24.7 -  35.4 1.4
Bulls 23 24.7 ±2.6 15.9 -  28.1 1.8

% IM fat (on d.m. basis)
Heifers 26 23.0 ±6.1 15.7 -  31.8 2.0
Bulls 23 9.9 ±3.5 3.6 -  18.7 5.4

mg % Serum lipid
Heifers 26 344 ±55.4 175 -  460 2.6
Bulls 23 300 ±65.7 190 -  470 2.5

1 9 4 - JO U R N A L  O F  FO O D  S C IE N C E -V o lu m e  36 (1971)



BEEF LIPIDSAND CARCASS TRAITS- 195

Table 2 -M e a n s , ranges an d  range co e ff ic ie n ts  (H /L )  o f  classes o f  serum , m uscle  a n d  subcu tane
ous lip id s  o f  the 1965 San Ju an  he ife rs an d  bu lls .

Heifers (N = 26) Bulls (N = 23)
Mean Range H/L Mean Range H/L

Lipid class3 
Serum P-L

(% of Fat) 

24.0 17.4-31.8 1.8

(% of Fat) 

21.6 17.6-24.7 1.4
Choi 15.1 10.8-20.0 1.8 17.4 12.2-21.5 1.8
FFA 9.0 5.9-15.0 2.5 7.0 3.8-14.7 3.9
T -G 5.9 2.3-11.3 4.9 4.5 1.3-8.3 6.4
C-E 45.9 37.5-52.2 1.4 49.0 39.8-58.8 1.5

Muscle P -L 4.5 2.5-10.1 4.0 8.9 3.2-21.3 6.6
M-G 2.2 0.0-5.1 5 1.0b 2.8 0.6-6.0 10.0
D-G 3.1 0.0-7.1 77.0b 3.3 0.0-9.2 92.0b
Choi 4.8 1.5-8.2 5.5 13.8 8.2-19.6 2.4
FFA 4.8 0.6-18.8 31.3 7.5 3.6-13.9 3.9
T-G 79.4 65.5-89.9 1.4 60.4 48.4-72.2 1.5
C-E 1.2 0.0-3.0 30.0b 3.1 0.6-5.6 9.3

Sub-Q P-L 0.6 0.4-1.7 4.2 0.8 0.5-2.8 5.6
M-G 0.9 0.4-2.6 6.5 0.8 0.2-1.7 8.5
D-G 1.7 0.3-3.9 13.0 1.8 0.4-3.9 9.8
Choi 2.6 0.6-4.1 6.8 1.9 0.5-6.1 12.2
FFA 3.8 2.0-6.1 3.0 4.6 2.1-7.0 3.3
T-G 90.0 84.5-95.5 1.1 89.8 84.9-95.8 1.1
C-E 0.0 0.0-0.0 — 0.1 0.0-1.0 10.0b

aP-L, phospholipid: Choi, cholesterol; FFA, free fatty acids; M-G, D-G, T-G , mono-, di-,
triglycerides; C-E, cholesterol-esters; Sub-Q, subcutaneous adipose tissue. 

bFor the purpose of illustration, 0.1% was used for the division.

3 V-shaped channels were marked into each 
plate and approximately 50 mg of fat applied 
to each channel by repeated streaking with cap
illary pipettes. Lipid classes were separated in 
ascending chromatographic tanks using a sol
vent system of petroleum ether (40-60°C. 
b.p.), diethyl ether (peroxide-free) and glacial 
acetic acid, 85:15:1. After development, the 
bands were visualized by ultraviolet light, iden
tified with the aid of Hormel Institute stand
ards and outlined. The bands were scraped off 
the plates into sublimation tubes for subse
quent direct esterification.
Esterification o f fatty  acids

The esterification procedure employed was 
a modification of Marchello’s method (1965). 
The fat was put into solution with chloro
form: methanol, 2:1, prior to refluxing for 0.5 
hr in 5% dimethyl sulfate in superdry methanol. 
The methyl esters were extracted from the reac
tion mixture with petroleum ether (30-40°C.
b.p.) in separatory funnels and washed 3 times 
with water. By controlling the volume of petro
leum ether, the esters could be transferred to 
glass vials, evaporated to dryness under a stream 
of air and refrigerated until ready for analysis. 
Gas-liquid chrom atography

A Perkin-Elmer, Model 154D, vapor fractom- 
eter, equipped with a hydrogen ionization de
tector and connected to a Leeds-Northrop 
strip-chart recorder fitted with a Perkin-Elmer, 
Model 194, printing integrator was used for de
termination of fatty acid compositions. Separa
tion of the acids was effected by 20% diethyl
eneglycol succinate on Chromosorb P, 80-100 
mesh (Applied Science) packed in .0.25-in. by 7- 
ft columns. The operating parameters were ap
proxim ately : injector port temperature,
300°C ; isothermal oven temperature, 208°C ; 
detector block temperature, 265°C. Nitrogen 
carrier gas pressure was 30-40 ml per minute; 
hydrogen and air pressures, about 80 and 220 
ml per minute, respectively. Reference stand
ards (Hormel Institute) were used to assist in 
peak identification and to check the linearity of 
the detector, recorder and integrator.
Quantitative TLC

Serum lipids were prepared for TLC quanti
tative analysis of lipid classes by adding 0.8 ml 
of serum to 4 ml of cold chloroform: metha
nol: water (2:1:0.1) in centrifuge tubes, with 
vortex mixing. The tubes were refrigerated for 
1 hr, then centrifuged for 5 min at 2000 rpm. 

The top methanolic phase was removed by aspi
ration. The remainder (protein mat and lipid in 
chloroform) was again mixed, filtered through 
filter paper into vials and evaporated to dryness 
under air. This procedure was rapid and auto- 
methanolysis was avoided.

Quantitative analysis of lipid classes was car
ried out on 20 by 20 cm precoated silica gel 
TLC plates (Brinkman Instruments Inc.). A 
template of stainless steel was constructed to 
facilitate rapid, uniform marking of the plates 
into 7 strips. Lipids were applied in narrow 
bands using a No. 1 camel’s-hair brush. The 
amount applied was controlled by dilution of 
the lipids with heptane.

Separation of the lipid classes was effected 
by using 2 solvent systems. The first system, 
previously described, was allowed to ascend
12-13 cm. The second system, ascending 18 
cm, was petroleum ether (40-60°C. b.p.) and 
diethyl ether (peroxide-free), 94:6. After devel
opment the plates were dipped into a solution 
of 20% ammonium sulfate and 20% sulfuric

acid, drained and dipped into clean, cold water, 
drained and charred in a cross-air convection 
oven at about 190°C for 6 -10  min. The plates 
were cut into strips. Relative areas and densities 
of the bands were determined by densitometry 
(Photovolt, Densicord, Model 542, complete 
with a strip-chart recorder fitted with a disc 
integrator).
Analysis o f the data

All of the carcass cutout measurements were 
placed on a basis of 100 kg of side weight. All 
of the lipid characteristics were placed on a 
concentration or percent of tissue basis for the 
statistical analyses. Phenotypic, environmental 
and genetic correlations and paternal half-sib 
estimates of heritability were computed accord
ing to the procedures set forth by Harvey 
(1960). Because of the findings of Terrell et al.

(1968), mentioned previously, and the exten
siveness of this study, flavor was the only taste 
panel evaluation used for the computer-pro
grammed analyses.

RESULTS & DISCUSSION
C O N C O M IT A N T  w ith  th e  e s ta b lish m e n t 
o f  in te r re la tio n sh ip s  a n d  g e n e tic  a sp ec ts  
o f  b o v in e  lip id s , i t  w as p o ss ib le  to  e x 
am in e  th e  m ean s  an d  n o rm a l b io lo g ica l 
v a ria tio n s  o f  se ru m  (s), in tra m u sc u la r  
(IM ) a n d  su b c u ta n e o u s  (S Q ) lip id  c o m p o 
n e n ts . V a lu es p re s e n te d  in  T a b le s  1 ,2  an d  
3 a re  th o s e  o f  4 9  o f  th e  61 an im als . T hese  
an im als  w ere  s la u g h te re d  in  th e  sam e 
y ear; th e re fo re , o n ly  th e ir  d a ta  a re  p re 
s e n te d  to  avo id  in t ro d u c t io n  o f  p o te n t ia l

Table 3 —M eans o f  the m a jo r fa tty  acids (as a p e rc e n t o f  fa t) o f  
serum , in tram uscu la r an d  subcu taneous lip id s o f  2 6  he ife rs an d  2 3  
bu lls  from  the San Juan  S ta tion ._______________________________________________
Fatty
acid3 14:0 16:0 16:1 17:0 18:0 18:1 18:2

Total serum fatty acids (% of fat)
Heifers 1.8 23.5 4.8 3.8 26.5 15.8 18.5
Bulls 1.6 20.6 5.1 2.5 28.5 15.7 19.9

Total intramuscular fatty acids (% of fat)
Heifers 8.8 32.7 8.3 1.3 8.1 30.1 3.3
Bulls 6.4 32.2 6.2 1.4 11.4 28.9 7.4

Total subcutaneous fatty acids (% of fat)
Heifers 4.7 26.9 7.2 0.8 12.3 42.5 1.6
Bulls 3.7 26.7 5.0 1.0 17.4 40.4 3.1

aCarbon number and unsaturation indicated.
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Table 4 —Least-squares analysis o f  variance o f  cu to u t , fla vo r an d  lip id  analysis o f  61 San Juan  
H erefo rd s. _________ _________________ _________________________________________________________

Sex Year Sires/Year Sex Year Sires/Year
d.f. 1 1 8 6 1 1 8 6

Side weight 5.3 3.5* % D-M 14.4
Thickness 10.7* 2.7* IM fat 30.7 2.1
IMF: Thickness 4.9 2.9* S, Lip
Kidney fat 29.0
SRM 65.0 4.0 S - 14:0 3.4*
Trim 98.2 3.8 16:0 2.4
IMF: trim 16:1 4.5 2.8 4.5*
Flavor 7.8* 4.3 17:0
S, P -L 18:0 5.8* 2.6*
S, Choi 2.0 4.4* 18:1 2.6 2.5* 5.6*
S, FFA 2.2 18:2 4.7
S, T-G 2.3
S, C -E IM- 14:0
IM, P -L 16:0 11.0*
IM, M-G 16:1 28.6*
IM, D-G 17:0 9.8*
IM, Choi 18:0
IM, FFA 18:1 35.7* 2.4 4.7*
IM ,T-G 42.2 18:2 5.5
IM, C—E 4.1 2.0
SQ, P-L SQ- 14:0 25.6*
SQ.M-G 2.5 16:0
SQ, D-G 16:1 24.9* 2.0
SQ, Choi 2.2 17:0 3.2*
SQ, FFA 3.5* 2.2 18:0 18.9*
SQ, T-G 18:1
SQ, C-E 18:2 14.6 4.3*

d.f. = degrees of freedom. Only significant, 5 and 1%, F values are listed; 1% = *.

y e a r  e f fe c t.  A lth o u g h  n u tr i t io n a l  reg i
m e n s  a n d  o th e r  e n v iro n m e n ta l fa c to rs  
re p o r te d ly  p ro d u c e  m in im a l ch an g es in  
b o v in e  lip id s , as co m p a re d  to  o th e r  a n i
m als (H ild itc h , 1 9 5 6 ), th e  e n v iro n m e n ta l 
e ffe c ts  w ere  sh o w n  to  b e  s ig n ifican t fo r  a

n u m b e r  o f  lip id  c o m p o n e n ts . T h e  ana lysis 
o f  v a rian ce  (T a b le  4 ) sh o w s th e  e ffe c ts  o f  
y e a r , sex  an d  sire . F o r  th e  sak e  o f  c la r ity , 
o n ly  th o s e  “ F ”  v a lu es  s ig n ific a n t a t  th e  5 
a n d  1% level o f  c o n fid e n c e  w ere  ta b u 
la te d .

H eifers h ad  c o n s id e ra b ly  m o re  in t r a 
m u sc u la r  fa t th a n  b u lls , b u t  th e  a m o u n t 
o f  se ru m  lip id  b e tw e e n  th e  2 sex es  w as 
n o t  a p p re c ia b ly  d if fe re n t (T a b le  1). A s in  
o th e r  sp ec ies , fem ales  h a d  lo w e r  se ru m  
a n d  in tra m u sc u la r  c h o le s te ro l th a n  d id  
m ales  (T a b le  2 ). A lth o u g h  th e  h e ife rs  
o b v io u s ly  h a d  lo w e r  c h o le s te ro l levels 
w h en  c a lc u la te d  as p e rc e n t o f  f a t ,  th e  
v a lues d id  n o t  a p p e a r  s ta tis t ic a lly  s ig n ifi
c a n t  b e tw e e n  sex es w h e n  c o m p u te d  o n  a 
c o n c e n tra t io n  basis (T a b le  4 ).

A n e x a m in a tio n  o f  th e  ran g e  c o e ff i
c ien ts  (H /L )  in  T a b le  2 rev ea led  so m e  
in te re s t in g  asp ec ts  o f  th e  d a ta . S o m e  o f  
th e  va lu es fo r  th e se  4 9  an im a ls  a p p e a r  
so m e w h a t e x tr e m e  d u e  to  th e  o c c a s io n a l
0 .0  p e rc e n ta g e  va lu es o b se rv e d  f o r  so m e  
c o m p o n e n ts . F o r  th e  p u rp o s e  o f  i l lu s tra 
t io n ,  h o w ev e r, th e y  w ere  c o n s id e re d  as
0 .1%  fo r  th e  d iv is io n . W hen  c a lc u la te d  on  
a n o th e r  g ro u p  o f  m o re  u n ifo rm  an im a ls , 
th e  v a lues w ere  n o t  as e x tr e m e , b u t  th e  
tre n d s  in  b o th  in s ta n c e s  w ere  th e  sam e . 
T h e  ran g e  c o e ff ic ie n ts  o f  s e ru m  p h o s p h o 
lip id s (P —L ), c h o le s te ro l (C h o i)  a n d  c h o 
les te ro l-e s te rs  (C —E ) w ere  r a th e r  sm all, 
in d ic a tin g  th a t  th e  su p p ly  in to  a n d  o u t  o f  
th e  b lo o d  s tre a m  w as q u ite  c o n s ta n t ,  
re f le c tin g  a p rim a rily  e n d o g e n o u s  so u rc e . 
In  c o n tr a s t ,  th e  v a r ia tio n s  o f  th e  se ru m  
tr ig ly c e rid e s  ( T - G )  a n d  free  f a t ty  ac id s 
(F F A ) w ere  c o n s id e ra b ly  la rg e r, re f le c t in g  
an  e x o g e n o u s  o r  d ie ta ry  so u rc e . In  c a tt le , 
a c o n s id e ra b le  a m o u n t o f  F F A  is s y n th e 
sized  fro m  ru m in a lly  p ro d u c e d  a c e ta te  
a n d  o th e r  sh o r t-c h a in  lip id  p re c u rso rs  
(B a lla rd  e t a l., 1 9 6 9 ). T h is , to o ,  w as 
re f le c te d  b y  th e  so m e w h a t la rg e r F F A  
v a ria tio n s . P ro je c tin g  th e  sam e  c o n s id e ra 
tio n s  to  th e  m u sc le  a n d  su b c u ta n e o u s  
lip id  classes rev ea led  w h ic h  classes w ere  
th e  m o s t s ta b le . T rig ly ce rid e s  a re  k n o w n  
to  b e  th e  m a jo r  s to rag e  fo rm  in  m u sc le  
an d  su b c u ta n e o u s  fa t  d e p o ts , a n d  th e  
T —G  w ere  sh o w n  to  b e  c o n s id e ra b ly  
m o re  s ta b le  th a n  th e  m o re  tr a n s ie n t ty p e s  
o f  lip id s , as in d ic a te d  b y  th e  re la tiv e ly  
lo w  v a ria tio n  in  th e  ra n g e  c o e ff ic ie n ts  in  
m u sc le  a n d  su b c u ta n e o u s  tissu e . T h ese  
o b se rv a tio n s  a re  in  a g re e m e n t w ith  th o s e  
r e p o r te d  in  o th e r  sp ec ies  b y  M aso ro
(1 9 6 8 ) .

T h e  f a t ty  ac id  c o m p o s it io n  o f  th e  3 
tissu es d id  n o t  a p p e a r  re m a rk a b ly  d if fe r 
e n t  b e tw e e n  sex es w h e n  o b se rv e d  as a 
p e rc e n t o f  fa t (T a b le  3). H o w ev e r, w h en  
th e  f a t ty  ac id s w ere  p lace d  o n  a c o n c e n 
tr a t io n  basis, th e  d if fe re n c e s  ag a in  b e 
cam e s ta tis tic a lly  s ig n ific a n t, as sh o w n  in 
T ab le  4 , c o lu m n  1. T issu es o f  th e  h e ife rs  
c o n ta in e d  s ig n ific a n tly  m o re  u n s a tu ra te d  
f a t ty  ac id s  th a n  th o s e  o f  th e  b u lls .

T h e  p h e n o ty p ic  c o r re la t io n s  o f  th e  
v a rio u s lip id  c o m p o n e n ts  w ith  th e  c u to u t  
d a ta  a n d  f lav o r e v a lu a tio n s  a re  p re s e n te d  
in  T ab les  5 , 6 an d  7 . O n ly  th o s e  c o rre la 
tio n s  s ta tis tic a lly  s ig n if ic a n t a t  th e  5 an d  
1% level o r  th o se  o f  sp ec ia l in te re s t  w ere  
ta b u la te d .  T h e  a p p ro x im a te  s tag e  o f  de-

Table 5 —P h en o typ ic  co rre la tio n s betw een  various carcass m easu rem ents1 o f  the San Juan  ca ttle  
k ille d  in  1965. (N  = 6 1 .)

IMF:
Side

weight
Thick
ness

Thick
ness

Kid
ney SRM Trim

IMF:
Trim Flavor

Side weight 1.00
Thickness4 .06 1.00
IMF: thickness -.07 -.66 1.00
Kidney fatb .41 .07 -.05 1.00
SRMC -.25 -.16 -.01 -.48 1.00
Total fat trimd .60 .33 -.33 .68 -.48 1.00
IMF: trim -.23 -.10 .57 -.22 -.03 -.43 1.00
Flavor -.00 -.04 -.14 .00 -.04 -.00 -.17 1.00
% DMe .18 -.02 .32 .12 -.17 .08 .28 -.03
% IMFf .45 .20 .32 .31 -.36 .36 .49 -.22
% S, Lip® .53 .25 -.18 .24 -.07 .37 -.25 .11

Level o f  significance: 5% = .25 , 1% = .32.
1 All carcass characteristics were placed on a basis o f  100 kg, o f  side weight for com putation. 
4Fat thickness as measured on the distal edge o f  the tw elfth  rib area.
^Perinephric fat. 
cSteak and roast meat.
^Totai trimmable fat, including perinephric fat.
^Percent dry matter o f  longissimus dorsi. 
rPercent intramuscular fat. 
gPercent total serum lipid.
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Table 6 —Som e p h e n o ty p ic  co rre la tio n s o f  c u to u t data, flavo r an d  lip id s o f  61 San Juan  Here- 
fords.

Side
wt SRM IMF Kidney Thickness

IMF:
Thickness Trim

IMF:
Trim Flavor

s - P-L .54 -.14 .41 .41 .23 -.14 .46 -.10 .06
Choi .50 -.11 .16 .12 .21 -.27 .38 -.34 .14
FFA .01 -.12 .20 -.01 .11 .15 .02 .01 -.22
T-G -.14 .17 -.25 -.12 .24 -.24 -.07 -.21 .17
C-E .52 .01 .21 .22 .16 -.13 .29 -.22 .16

IM- P-L -.31 .16 .08 .38 -.26 .45 -.11
M-G .43 -.12 .33 .29 -.08
D-G .44 -.18 .45 .34 .35 .34 .00
Choi .33 -.20 .44 .34 .25 -.02
FFA .47 -.19 .41 .38 .02
T-G .32 -.36 .93 .25 .37 .29 .49 -.24
C-E .42 -.01 .28 .08

S Q - P-L .18 -.14 -.15 .13
M-G .26 -.25 -.35 .00 -.32 -.05
D-G .25 -.01 -.25 .06 -.03
Choi .26 -.06 -.32 -.07 .12
FFA -.00 .17 .28 .33 .02
T-G -.24 .06 .35 -.06 -.07
C-E -.06 -.01 -.06 .35 -.00

5% = .250 , \ % =  .325.

v e lo p m e n t o f  th e se  an im a ls  w as v e rifie d  
by  th e  p h e n o ty p ic  c o rre la t io n s  o f  T ab le  
5. T h e  c o rre la t io n s  o f  th e  side  w e ig h t 
w ith  s te a k  a n d  ro a s t m e a t (S R M ) w as 
—.25  a n d  w ith  th e  to ta l  f a t  tr im , .6 0 , 
w h ic h  in d ic a te d  th a t  th e  an im a ls  w ere  
w ell p a s t th e  stage  o f  m a x im u m  m u scle  
d e v e lo p m e n t a n d  th a t  a n y  fu r th e r  in 
crease  in  side  w e ig h t w o u ld  b e  d u e  
p rim a rily  to  in c re a se d  d e p o s itio n  o f  fa t .

C o rre la tio n s  b e tw e e n  k id n e y  fa t ,  fa t 
th ic k n e ss  a n d  in tra m u sc u la r  fa t  w ere  also  
in te rp re te d  as an  in d ic a tio n  o f  th e  
g ro w th , d e v e lo p m e n t a n d  re la tiv e  ra te s  o f  
change  o f  th e  fa t  d e p o ts , w h ic h  w o u ld  be 
in  a g re e m e n t w ith  ea rly  w o rk  d o n e  by  
H ae c k e r (1 9 2 0 )  a n d  H a m m o n d  (1 9 3 2 ) . 
T h a t  is, th e  p e r in e p h ric  f a t  is o n e  o f  th e  
f irs t ad ip o se  tissu es to  b e  d ev e lo p e d  an d  
i t  is p h y s ica lly  l im ite d  in  th e  a m o u n t o f

Table 7—Som e p h e n o ty p ic  co rre la tio n s o f  c u to u t  data , fla vo r and  fa tty  acid s o f  61 San Juan  
H erefo rds.___________________________________________________________________________________________________________

Side
wt SRM IMF Kidney Thickness

IMF:
Thickness Trim

IMF:
Trim Flavor

S - 14:0 .35 -.02 .17 .03
16:0 .28 -.04 .09 .31 -.32 -.30 .12
16:1 .10 .25 -.16
17:0 .17 -.14 -.26 .03
18:0 .62 -.08 .21 .31 -.26 .50 -.36 .16
18:1 .17 -.04 -.26 .05
18:2 -.11 .21 .30 .26 .10

IM- 14:0 -.05 .49 .29 -.17
16:0 .44 -.31 .88 .30 .30 .28 .40 -.15
16:1 .30 -.23 .65 .26 .32 -.09
17:0 -.22 .27 .28 .38 -.01
18:0 -.25 .55 .37 .34 -.07
18:1 -.15 .70 .33 .34 -.17
18:2 -.31 .22 .25 -.14

S Q -14:0 -.27 -.16 -.04 -.07
16:0 .03 -.12 .07
16:1 -.46 .38 .26 .28 .25 -.03
17:0 .29 -.31 -.31 .23
18:0 -.46 .32 -.22 -.28 -.27 -.06
18:1 .53 -.16 .26 .27 -.09
18:2 .37 -.23 -.25 -.25 .16

5%= .250 , 1%= .325.

f a t  th a t  can  a c c u m u la te . S u b c u ta n e o u s  
fa t  d e p o ts  d ev e lo p  la te r  a n d  are  v ir tu a lly  
u n re s tr ic te d  in  th e  a m o u n t t h a t  can  a c c u 
m u la te . T h e  k id n e y  fa t d e p o s its  o f  th e se  
an im als  h ad  n e a rly  re a c h e d  a m a x im u m  
a n d  th e  ra te  o f  in c rea se  w as v e ry  slow ; 
w h e reas , th e  s u b c u ta n e o u s  ad ip o se  tissu e  
w as c o n tin u in g  to  d ev e lo p  a t  a c o m p a ra 
tiv e ly  ra p id  ra te . I f  a p lo t  w ere  m a d e  o f  
th e  a m o u n t o f  fa t  in  th e se  2 d e p o ts  w ith  
re sp e c t to  age o r  w e ig h t, b o th  lines w o u ld  
b e  p o sitiv e  b u t  fa r  f ro m  p a ra lle l; th u s , th e  
lo w  c o rre la t io n  ( .0 7 )  b e tw e e n  k id n e y  fa t 
a n d  su b c u ta n e o u s  fa t  th ic k n e ss .

In tra m u s c u la r  f a t  is th e  la s t ad ip o se  
tissu e  to  b e  d e v e lo p e d  a n d  is a lso  lim ite d  
in  th e  a m o u n t th a t  c an  a c c u m u la te . A 
p lo t  o f  th e  in tra m u s c u la r  f a t  vs. age o r  
w e ig h t w o u ld , th e re fo re , fa ll b e tw e e n  
th o s e  p lo t te d  f o r  su b c u ta n e o u s  fa t  th ic k 
ness ( .2 0 )  a n d  k id n e y  fa t ,  b e in g  c o n s id e r
a b ly  c lo se r to  th e  k id n e y  f a t  lin e  ( .3 1 ) .

P ro b a b ly  th e  m o s t c o n tro v e rs ia l c o rre 
la t io n  d e riv ed  fro m  all th e  v a rio u s  an a l
yses w as th e  n e a rly  s ig n ifican t neg ativ e  
c o rre la tio n  ( —.2 2 ) b e tw e e n  th e  in t ra 
m u scu la r  o r  m a rb lin g  fa t  a n d  f lav o r (T a 
b le  5 ). E ssen tia lly  n o n e  o f  th e  in t r a 
m u s c u l a r  l i p i d  c o m p o n e n t s  w ere 
p o sitiv e ly  c o rre la te d  w ith  fla v o r (T a b le s  6 
a n d  7 ). O f th e  s u b c u ta n e o u s  lip id  classes, 
o n ly  th e  ce ll s t ru c tu r a l  c o m p o n e n ts  ( P —L 
a n d  C h o i)  w ere  p o s itiv e ly  c o rre la te d  w ith  
flav o r. O ne  w ay  o f  co n s id e rin g  th is , is 
th a t  if  tr ig ly c e rid e s  w ere  d e c re a se d  th e re  
w o u ld  b e  re la tiv e ly  h ig h e r p e rc e n ta g e s  o f  
P —L a n d  C h o i, th e r e b y  e ffe c tin g  a fav o r
ab le  in f lu e n c e  on  flav o r. B y  c o n tr a s t ,  th e  
se ru m  lip id  classes an d  th e  se ru m  fa t ty  
ac id s  b y  a n d  large  c o rre la te  p o sitiv e ly  
w ith  fla v o r (T a b le s  6 a n d  7 ). H o w ev er, 
c o rre la tio n s  w ith  f lav o r sh o u ld  b e  in te r 
p re te d  w ith  c a u tio n  as o rg a n o le p tic  flav o r 
is d if f ic u lt to  m easu re  u n less  th e re  are 
r a th e r  large  d if fe re n c e s  o r  o ff-flav o rs .

O th e r  in te re s t in g  series o f  c o rre la tio n s  
w ere  th o se  o f  th e  su b c u ta n e o u s  lip id  
classes w ith  f a t  th ic k n e ss . O n e  w o u ld  
e x p e c t very  h ig h  c o rre la t io n s ; in s te a d , 
th e y  w ere  lo w  a n d  n eg a tiv e  (e x c e p t fo r  
F F A ). T h ese  re su lts  w ere  e x p la in e d  on 
th e  basis o f  a r e p o r t  b y  B alla rd  e t  al.
(1 9 6 9 )  an d  th e  c o rre la t io n s  o b ta in e d  
fro m  an a ly s is  o f  d a ta  f ro m  2 9 7  an im als . 
T h ese  d a ta  su g g ested  th a t  th e  m a jo r 
so u rc e  o f  tr ig ly c e rid e s  in  su b c u ta n e o u s  
fa t  d e p o ts  w as b y  d e  n o v o  sy n th e s is  o f  
F F A  fro m  ru m in a lly  p ro d u c e d  a c e ta te . 
T h is  w o u ld  re s u lt in  a  p o s itiv e , p h en o - 
ty p ic a lly  e x p re sse d  a s so c ia tio n  b e tw e e n  
th e  F F A  a n d  f a t  th ic k n e ss .

A lth o u g h  n o n e  o f  th e  c o rre la tio n s  o f  
th e  lip id  c o m p o n e n ts  w ith  f lav o r was 
s ta tis tic a lly  s ig n ific a n t a t  th e  5% level o f  
c o n fid e n c e , th e  n u m b e r  o f  an im als  u sed  
fo r  th e  s tu d y  sh o u ld  le n d  c o n s id e ra b le  
c o n fid e n c e  to  th e  p o sitiv e  an d  neg ativ e  
tre n d s  in d ic a te d . T h e  so m e w h a t low  c o r
re la tio n s  o b se rv ed  c o u ld  b e  o n e  e x p la n a 
t io n  fo r  th e  in a b ili ty  o f  o th e r  inv estig a
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tors to positively identify lipid flavor 
components. Considering components 
from the standpoint of the total amount 
present, rather than as a “part-of-a-part,” 
may also offer advantages worth consider
ing.

That more economical beef, higher 
percent cutability and better flavor can 
be obtained by slaughtering at a younger 
age or with less “finish,” or both, is not a 
new concept. However, the suggestion 
that excessive marbling does not contrib
ute appreciably to better flavor is a 
challenge to current thinking and prac
tices which should stimulate more exten
sive research in this area. Perhaps there is 
a point of diminishing returns with regard 
to the amount of fat deposited and the 
enhancement of flavor. Further research 
might lead to the establishment of lower 
(optimum) levels of marbling (without 
penalizing the producer), thereby decreas
ing the human intake of animal fats.
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EPIMYSIAL CONNECTIVE TISSUE POLYSACCHARIDES OF BOVINE SEMIMEMBRANOSUS MUSCLE 
AND ALTERATIONS IN THEIR TYPE WITH AGE AND SEX DIFFERENCES

S U M M A R Y —N ew born  veal, 11 .5-m onth-o ld  steers, 14 .5-m onth-old  h e ife rs  an d  9  to 10 .5-year-old  
co w s were used  to id e n tify  the p o ly sacch a ride  ty p e s p re sen t in the ep im ysiu m  an d  to determ ine  
the re la tion sh ip  betw een  the am o u n t o f  co n n ec tive  tissue p o ly sa cch a rid es a n d  the am oun t o f  
collagen in the ep im ysium . T rim m ed  m uscle  was used  fo r  tenderness evaluation b y  shear fo rce . 
Average am ounts o f  3 3 2 , 2 4 7 , 2 3 0  an d  2 0 2  m g d ry  po ly sacch a rides p e r 100g d ry , de fa tted  
ep im ysium  were iso la ted  from  the veal, s tee r, h e ife r  an d  c o w  g roups, re sp ec tive ly . A  negative 
co rre la tion  was o b ta in ed  betw een  age o f  an im als a n d  am oun t o f  iso la ted  po lysaccha rides. O nly  
2 0 % o f  the hexosam ine in the d r ie d  d e fa tted  ep im ysium  was e x tra c te d  as so lu b le  co n n ec tive  tissue  
po lysaccharides. It  is p o ss ib le  tha t som e se lective  so lu b iliza tio n  o f  certa in  po ly sacch a rides o ccu rred  
during  e x tra c tio n  and , co n seq u en tly , the e x tra c te d  po ly sacch a rides m ay n o t re f le c t  the actua l 
po lysaccha ride  co m p o sit io n  o f  the in ta c t tissue. C onsidering  th is , i t  was fo u n d  b y  using D o w ex  1 
X -2  ch rom atography tha t an average o f  42%  o f  the to ta l u ron ic acid s o f  the veal an d  h e ife r  g roups 
was e lu ted  w ith  0 .5 M  NaCI. 17 a n d  19% o f  the c o w  an d  stee r u ron ic a c id s , re sp ec tive ly , were 
e lu te d  w ith 0 .5 M  NaCI. In  the  veal a n d  h e ife r  g roups, 3 7  an d  38%  o f  the to ta l u ro n ic  a cid s were 
e lu ted  w ith 1 .5M  N aCI, whereas in the c o w  a n d  stee r g roups the am oun t rep re sen ted  71 an d  70%. 
The percentages o f  u ro n ic  acid s e lu te d  w ith 2 .0 M  N a d  were 20 , 11, 19 a n d  12% in the veal, steer, 
h e ife r  an d  c o w  groups, re sp ec tive ly . Derm atan su lfa te  was fo u n d  to  b e  the m ain po ly saccha ride  
e lu ted  w ith  1 .5M  N aCI fo r  the veal, he ife rs an d  cow s. I t  also rep re sen ted  an im portan t typ e  in the  
steers, a lthough o th e r su lfa te  p o ly sa cch a rid es seem ed  to  be p resen t. C e llu lose  p o lya ce ta te  e le c tro 
pho resis  co n firm e d  tha t h ya lu ro n ic  a c id  an d  derm atan su lfa te  were p re sen t in the ep im ysium . The  
ra tio  o f  hexosam ine to  in so lu b le  co llagen in  the ep im ysium  was p o s it iv e ly  a ssoc ia ted  w ith  m uscle  
tenderness.

INTRODUCTION
IT  IS  g en era lly  a c c e p te d  th a t  co llag en  
a f fe c ts  th e  e a tin g  q u a litie s  o f  m e a t. In  
m u sc le  a n d  in  o th e r  tissu es , co llag en  
o c c u rs  in  c lose  a sso c ia tio n  w ith  c o n n e c 
tive  tissu e  p o ly sa c c h a rid e s  (C lay so n  e t a h , 
1 9 6 2 ; M eyer, 1 9 6 5 ). S p ec if ic  c o n n e c tiv e  
tissu e  p o ly sa c c h a rid e  ty p e s  te n d  to  o c c u r 
a lo n g  t ig h tly  p a c k e d  co llag en  f ib e rs ; o th 
ers a re  a sso c ia te d  w ith  lo o se ly  o rg an ized  
co llag en  f ib e rs  (M ey er, 1 9 6 5 ). So fa r , 
e ig h t d if fe re n t ty p e s  o f  c o n n e c tiv e  tissu e  
p o ly sa c c h a rid e s  have b e e n  is o la te d  f ro m  a 
v a rie ty  o f  tis su e s  su c h  as c a rtilag e , b o n e , 
te n d o n , sk in  a n d  v ascu la r tissu e  (M ey er, 
1 9 5 7 ; W alker, 1 9 6 1 ). T h ese  a re  h y a lu 
ro n ic  ac id , c h o n d ro i t in ,  c h o n d ro i t in  su l
fa te  A , c h o n d ro i ta n  su lfa te  C , d e rm a ta n  
su lfa te , h e p a r in , h e p a r i t in  su lfa te  a n d  
k e ra to su lfa te .

I t has b e e n  o b se rv ed  th a t  tr a n s fo rm a 
tio n s  ta k e  p lace  in  th e  c o n n e c tiv e  tissu e  
p o ly sa c c h a rid e s  o f  severa l o rg an s  o r  s t ru c 
tu re s  d u rin g  ag ing  (M ilch , 1 9 6 6 ; Ja c k so n  
an d  B e n tle y , 1 9 6 8 ). S o m e re se a rc h e rs  
fo u n d  th a t  to ta l  c o n n e c tiv e  tissu e  p o ly 
sacch a rid es , as m e a su re d  b y  h e x o sa m in e , 
d ecreased  d u rin g  ag ing  (H o u c k  a n d  Ja c o b , 
1 9 5 8 ; S o b e l e t a l., 1 9 5 4 ; S h e tla r  an d  
M asters , 1 9 5 5 ). O th e r  re s e a rc h e rs  p o in te d  
o u t  th a t  th e re  w ere  so m e a lte ra t io n s  in  
p o ly sa c c h a rid e  ty p e s  d u rin g  ag ing  (L o e w i 
an d  M eyer, 1 9 5 8 ). M c In to sh  (1 9 6 7 )  sug 

g ested  th a t  d u rin g  th e  p o s tm o r te m  aging 
o f  m e a t, d e g ra d a tio n  o f  c o n n e c tiv e  tissu e  
p o ly sa c c h a rid e s  o c c u rs , re sem b lin g  th e  
ty p e  o f  b re a k d o w n  cau sed  b y  p ap a in . 
F o x  (1 9 6 8 )  fo u n d  th a t  in  th re e  m uscles 
o f  b u lls , s te e rs  an d  co w s, th e  h e x o sa m in e  
c o n te n t  o f  th e  p o ly sa c c h a rid e s  e lu te d  
w ith  0 .5 , 1 .2 5 , 1.5 a n d  2 .0M  N aCI d id  
n o t  vary  s ig n ific a n tly  b e tw e e n  sexes o r  
tim e  p o s t-m o r te m . N o sig n ifican t a sso c ia
tio n  w as fo u n d  b e tw e e n  h e x o sa m in e  c o n 
te n t  o f  m u sc le  an d  te n d e rn e s s  as m eas
u re d  b y  sh ear fo rc e . N o sig n ifican t 
re la tio n sh ip s  w ere  fo u n d  b e tw e e n  m u c o 
p o ly sa c c h a rid e  fr a c tio n s  a n d  to u g h  o r 
te n d e r  m e a t. W ipf e t  al. (1 9 7 0 )  o b se rv ed  
th a t  p o rc in e  m u sc le  c lassified  as p a le , so f t 
a n d  e x u d a tiv e  h ad  a h ig h e r h e x o sa m in e  
c o n te n t ,  a n d  h ig h e r d e rm a ta n  su lfa te , 
re s id u a l a c id  m u c o p o ly sa c c h a r id e  a n d  
c h o n d ro i tin  c o n te n t  th a n  n o rm a l m uscle . 
T e n d e rn e ss  o f  p o rc in e  m u sc le  w as p o s i
tiv e ly  c o rre la te d  w ith  d e rm a ta n  su lfa te  

'c o n te n t .
A d d itio n a l re s e a rc h  is n e e d e d  to  e s ta b 

lish  m o re  d e f in ite ly  th e  ty p e  o f  c o n n e c 
tive  tis su e  p o ly sa c c h a rid e s  in  b o v in e  m u s
cle. T h e  p re se n t s tu d y  w as u n d e r ta k e n  to  
iso la te  th e  p o ly sa c c h a rid e s  o f  b o v in e  ep i
m y s iu m , to  f r a c t io n a te  an d  f u r th e r  c h a r
a c te r iz e  th e m  a n d  to  d e te rm in e  if  a lte ra 
tio n s  in  p o ly sa c c h a rid e  ty p e s  o c c u rre d  
w ith  age a n d  sex  d iffe ren ces .

MATERIALS & METHODS

cows (9 to 10.5 years) were used to study the 
age and sex differences of muscle connective 
tissue polysaccharides. The study was designed 
mainly to study intensively the connective tis
sue polysaccharides of animals varying widely 
in age. Thus, the number of experimental ani
mals per age group was kept small. Steers were 
included in the experimental group, since they 
constitute a large proportion of the animals 
slaughtered for meat. All experimental animals 
were of the Holstein breed. The veal, steers and 
heifers were obtained from sources where ac
tual birth records were kept, while the age of 
the last group was estimated by a veterinarian. 
Carcasses averaged 27 kg for the veal, 275 kg 
for the steers, 125 kg for the heifers and 273 kg 
for the cows. All animals were slaughtered at 
the Cornell Department of Animal Science 
Meat Abattoir according to practices normally 
employed at the laboratory.
Processing of muscle

Within 30 min after death, the right and left 
semimembranosus muscles were removed and 
frozen in large polyethylene bags at -29°C. 
The frozen storage period varied from 4-6  
months. At the convenient time, the muscles 
were allowed to thaw and age in a 2°C cooler 
for 8 days. At the end of the aging period, the 
muscles were removed from the polyethylene 
bags, the right muscle utilized for the chemical 
determinations and the left muscle immediately 
cooked and used for tenderness evaluation.
Characterization of connective tissue 
polysaccharides

This study was conducted on the epimysial 
sheath of the semimembranosus muscle because 
it represented a concentrated source of connec
tive tissue. The epimysium of the right semi
membranosus muscle was carefully dissected 
with a scalpel, cut into pieces and extracted 
with a 0.6M KC1 buffer at 2°C during 3 hr ac
cording to the method of McIntosh (1961). 
Solvent-to-tissue ratios of 20:1 (v/w) were used. 
Following this extraction, the epimysium was 
defatted in 10 vol of acetone at 2°C for 12 hr 
with occasional stirring. The acetone was 
changed and the same procedure was repeated. 
The defatted epimysium was dried to constant 
weight in a vacuum desiccator, powdered in a 
Wiley mill and stored in a desiccator at -29°C. 
Triplicate 30-mg samples of dry defatted epi
mysium were assayed for hexosamine as de
scribed subsequently, to calculate recoveries 
after the isolation procedure.

To isolate the polysaccharides of the epi
mysium, lOg of dried defatted epimysium was 
digested with papain according to a modifica
tion of the original procedure of Schiller et al. 
(1961). Major changes in the Schiller procedure 
consisted of increasing the amount of papain 
from 2 to 25 mg per g of dried defatted mate
rial, extending the 0.5N NaOH treatment from 
4 to 24 hr and omitting the trypsin digestion. 
Type II crude papain from Sigma Chemical 
Company, St. Louis, Missouri, was purified 
according to the method of Kimmel and Smith

‘ Present address: Food and Nutrition Sec- 
tion, School o f Home Econom ics, University of 
M oncton, New Brunswick, Cañada.

Experimental animals
3 female veal (2 to 3 days of age), 3 steers 

(11.5 months), 3 heifers (14.5 months) and 3
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Table 1—D ry  w eight, hexosam ine an d  h e xu ro n ic  a c id  co n te n t o f  p o ly sa cch a rid es iso la ted  from  
b ovin e ép im ysium .

Animal
group

Animal
no.

Dry weight 
of poly

saccharide Hexosamine
Hexuronic3

acid

Hexosamine: hexuronic 
acid ratiob

Dry
epi- Extracted 

mysium polysaccharide

(mg/100g dry (Mg/mg dry ( Mg/mg dry
épimysium) polysaccharide ) polysaccharide)

Veal 1 290 206 213 2.41 1.05
2 385 234 239 2.59 1.11
3 289 206 197 2.50 1.13

Heifer 1 233 228 210 3.13 1.18
2 218 223 214 3.37 1.13
3 240 199 201 3.10 1.07

Cow 1 195 197 183 2.77 1.17
2 217 199 173 3.25 1.25
3 193 212 197 4.28 1.15

Steer 1 236 219 197 3.69 1.20
2 275 225 227 3.57 1.07
3 231 203 186 3.68 1.18

aHexuronic acid by carbazole procedure (Dische, 1947). 
b Molar ratio.

Table 2 —E lu tio n  pa tte rn  o f  p o ly sa cch a rid es rech rom atographed  on  
ce llu lo se  co lum n s, exp re ssed  in term s o f  p e rce n t hexosam in e e lu ted  a t 
each ethan o l con cen tra tion .

Percent ethanol Veal Veal Heifer Heifer Heifer Cow Steer
in elution solvent3 1 3 1 2 3 3 1

\/o)
80 0 0 0 0 0 0 0
50 0 0 0 0 0 0 0
45 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0
30 0 7.8 0 5.0 0 0 7.1
25 0 0 0 0 0 0 4.0
20 0 5.6 0 0 5.3 0 5.5
15 6.5 0 21.6 0 0 0 3.9
10 13.3 8.4 3.7 8.9 0 9.1 0
5 13.6 17.7 14.1 27.9 35.2 5.5 20.8
0 66.6 60.5 60.6 58.2 59.5 85.4 58.7
0b 0 0 0 0 0 0 0

a8-ml fractions were collected at each ethanol concentration. 
b An additional tube was collected with 0% ethanol to  ensure com 

plete elution o f  the polysaccharides.

(1954) and utilized for the digestion. The poly
saccharides were isolated as a cetylpyridinium 
chloride complex, redissolved and precipitated 
with ethanol. The purified polysaccharides were 
washed with ethanol and ether, dried in vacuo 
over P2 O5 and the dry weight of the isolated 
polysaccharides recorded. They were analyzed 
for hexosamine or hexuronic acid, and utilized 
for anionic exchange chromatography and elec
trophoresis.

The colorimetric analysis for hexosamine 
was carried out as described by Boas (1953). 
The hydrolysis conditions were modified ac
cording to the procedure of Anastassiadis and 
Common (1958) to ensure maximum recovery 
of the hexosamine. Balazs et al. (1965) re
ported that when the color intensity produced 
by the Boas procedure was measured at 530 
mg, the amount of color produced by glucos

amine was different from the amount of color 
produced by galactosamine. To determine the 
relative amounts of glucosamine and galactos
amine in the isolated polysaccharides, there
fore, their absorption spectra were recorded 
between 580 and 510 mg and compared to a 
standard curve prepared with known ratios of 
glucosamine to galactosamine. A Beckman 
Model DU 2 recording spectrophotometer was 
used for these measurements. The colorimetric 
carbazole method of Dische (1947) was used 
for the determination of hexuronic acids. In 
this method, iduronic acid, which is the uronic 
acid moiety of dermatan sulfate, gives less color 
than does glucuronic acid. However, there is 
another method of uronic acid determination 
based on an orcinol reaction (Brown, 1946), in 
which both iduronic acid and glucuronic acid 
give the same color yield. This method was used

when an attempt was made to establish the 
type of polysaccharide present in the épi
mysium.

For the purpose of fractionating the epimy- 
sial polysaccharides, chromatography on 
Dowex 1 x-2 chloride columns was conducted 
according to the method of Schiller et al. 
(1961). The polysaccharides were theoretically 
expected to be fractionated in the following 
manner: hyaluronic acid is eluted with 0.5M 
NaCl; heparitin sulfate, chondroitin, chondro- 
itin sulfates A and C and dermatan sulfate are 
eluted with 1.5M NaCl; heparin and part of 
keratosulfate are eluted with 2.0M NaCl (it re
quires 3.0M NaCl to obtain a satisfactory elu
tion of keratosulfate). The effluent was collect
ed in 8-ml fractions with an automatic fraction 
collector and analyzed for hexuronic acid 
(Dische, 1947). To obtain the resolution of the 
polysaccharide mixture eluted with 1.5M NaCl, 
the effluent was pooled, dialyzed until free of 
chloride ions, concentrated and refractionated 
on a cellulose column by means of ethanol 
gradient solution. The method used in this frac
tionation was that of Gardell (1957), which 
elutes the polysaccharides as follows: chondro
itin sulfate C at 40-50% ethanol (Meyer et al.,
1956); chondroitin sulfate A at 30-40% etha
nol (Meyer et al., 1956); heparin sulfate at 10% 
ethanol (Gardell, 1957). In preliminary work 
for this research, pure chondroitin sulfate A 
was nearly completely eluted with 30% ethanol 
and dermatan sulfate was eluted between 15 
and 0% ethanol (Cormier, 1969). The effluent 
was collected in 8-ml fractions and analyzed for 
hexosamine.

Cellulose polyacetate electrophoresis was 
used to separate the polysaccharides isolated 
from the épimysium of the semimembranosus 
muscle of the four groups of animals. The sepa
ration was conducted according to the method 
of Mathews (1961). Cellulose polyacetate 
strips-Seraphore Ill-were soaked in pyridine 
formic acid buffer at pH 3, the samples were 
spotted along with known purified standards 
(generously furnished by Dr. J. A. Cifonelli, 
University of Chicago). A voltage of 170 was 
applied for 45 min. The strips were dried, 
sprayed with 1% acridine orange, washed and 
dried in a fume hood.
Analysis of epimysial collagen

Since it has been shown that collagen and 
polysaccharides interact under physiological 
conditions (Mathews, 1965), it was felt that a 
better understanding of meat connective tissue 
as a whole would be obtained if the solubility 
characteristics of epimysial collagen were stud
ied concomitantly with the characterization of 
the connective tissue polysaccharides. Duplicate 
200-mg samples of dry defatted épimysium 
were analyzed for soluble and insoluble colla
gen. The alkali-soluble fraction was obtained 
following the procedure of Kao and McGavack
(1959). The insoluble collagen fraction was ex
tracted by the method of Fitch et al. (1955). 
The two collagen fractions were analyzed for 
hydroxyproline content using the method of 
Prockop and Udenfriend (1960). Collagen con
tent was calculated by multiplying the amount 
of hydroxyproline by 7.52 (Goll et al., 1963).
Tenderness evaluation

Clayson et al. (1962) found there was some 
degree of uniformity in the proportion of colla
gen and polysaccharides present in the épimy
sium compared to the intramuscular connective 
tissue. This uniformity was deemed to justify a 
comparison between the amount of connective
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Table 3 —O ptica l den sities a t 57 0  an d  5 3 0  m g  o f  g lucosam ine and  galactosam ine standards and  
hexosam ines from  the ép im ysia ! po lysaccha rides.

Optical density (OD) Glucosamine:
Origin of hexosamine 570 mM 530 mp galactosamine ratio
Hexosamine standards
50/agglu: 0 Mg gal .111 .414 1.00:0
40 Mg glu:10Mg gal .116 .406 0.80:0.20
30 Mg glu:20 Mg gal .134 .420 0.60:0.40
20 Mg glu:30 Mg gal .143 .425 0.40:0.60
10 Mg glu:40 Mg gal .145 .408 0.20:0.80
0 Mg glu:50 Mg gal .149 .392 0:1.00

Isolated epimysial polysaccharides
Animal no. Mga
Veal 1 20.3 .102 .305 0.41:0.59b
Veal 2 20.4 .122 .379 0.52:0.48
Veal 3 8.3 .068 .205 0.43:0.57
Heifer 1 19.2 .113 .347 0.48:0.52
Heifer 2 20.0 .119 .366 0.49:0.51
Heifer 3 19.6 .094 .297 0.57:0.43
Cow 1 19.9 .111 .305 0.14:0.86
Cow 2 19.5 .114 .319 0.20:0.80

TS.T  r  t  _ 1  c z

Steer 1 5.5 .055 .167 0.45:0.55
Steer 2 20.0 .131 .398 0.45:0.55
Steer 3

“Weight o f  dry isolated polysaccharides giving the intensity o f  absorption obtained during the
annmg

b\/oi.
procedure.

Values obtained from a standard curve constructed o f  the ratio 
hexosam ine standards.

O P at 570 m g  
OD at 5 30 m g

for the pure

5 10 15 20  25 30
Tube number

Fig . 1—D o w ex  1 x - 2  ch lo rid e  co lum n  ch rom a
tography o f  5  mg o f  po ly sa cch a rid es from  veal, 
h e ife r , c o w  and  stee r using N aCI o f  increasing  
m o la rity  as the e luant. 8 -ml fra ction s w ere c o l
le c ted  in an a u tom atic  fra ction  co lle c to r .

tissue polysaccharides present in the épimysium 
and the tenderness attributes of the trimmed 
semimembranosus muscle. To conduct the ten
derness evaluation, four slices, each 3.8 cm 
thick, were cut from the middle section of the 
left semimembranosus muscle, perpendicular to 
the length of the muscle. The slices were placed 
into deep beef fat previously heated to 150°C 
and cooked to an internal temperature of 63°C. 
The meat was allowed to cool at 25°C and 8 
cores, each having a diameter of 1.27 cm, were 
mechanically removed from each slice. Each 
core was sheared in half on a Wamer-Bratzler 
shearing apparatus. An average of 32 shear read
ings was recorded as the shear value for that 
muscle.
Data analysis

The data were analyzed statistically by anal
ysis of variance according to Steel and Torrie
(1960). Non-orthogonal single degree of free
dom contrasts were used to determine signifi
cance of mean differences. Simple correlations 
as outlined by Steel and Torrie were used to 
determine relationships between the variables 
under study.

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

Is o la tio n  o f  th e  p o ly sa c c h a rid e s
T ab le  1 p re se n ts  a su m m a ry  o f  th e  

q u a n ti ty  o f  p o ly sa c c h a rid e s  iso la te d  fro m  
th e  ép im y siu m  a lo n g  w ith  a n  a n a ly s is  o f  
th e ir  h e x o sa m in e  an d  h e x u ro n ic  ac id  c o n 
te n t .  T h e re  w ere  few er p o ly sa c c h a rid e s  
iso la te d  w ith  in c reas in g  a n im a l age. A 
c o rre la tio n  o f  —0 .6 3 , P < . 0 5 ,  w as o b 
ta in e d  b e tw e e n  q u a n t i ty  o f  p o ly sa c c h a 
rid e s  an d  a n im a l age. T h is  re la tio n sh ip

m u s t b e  in te rp re te d  w ith  c a u tio n , h o w 
ever, since  th e  iso la te d  p o ly sa c c h a rid e s  
c o n ta in e d  o n ly  a p p ro x im a te ly  20%  o f  th e  
to ta l  h e x o sa m in e  o rig in a lly  p re se n t in  th e  
d ry  d e fa t te d  ép im y siu m . T h is  low  p e r
cen ta g e  reco v e ry  can  be a t t r ib u te d  to  th e  
d if f ic u lty  o f  w o rk in g  q u a n ti ta t iv e ly  d u r
ing  th e  n u m e ro u s  s tep s  o f  th e  iso la tio n  
p ro c e d u re  a n d  to  th e  in te r fe re n c e  o f  
h e x o sa m in e  c o n ta in in g  m u c o p ro te in s  in  
th e  p re - iso la tio n  h e x o sa m in e  m ea su re 
m e n t. T ab le  1 p re se n ts  th e  m o la r  ra tio s  
o f  h e x o sa m in e  to  h e x u ro n ic  ac id  in  th e  
p re - iso la tio n  an d  p o s t- iso la tio n  m ate ria l. 
T h e  p re - iso la tio n  h e x o sa m in e : h e x u ro n ic  
ac id  ra tio s  ra n g e d  fro m  2.41 to  4 .2 8 , w ith  
an  average ra t io  o f  3 .1 9 . T h e  average 
p o s t- iso la tio n  ra t io  cam e d o w n  to  1 .14  
an d  th e re  w ere  n o  s ta tis tic a lly  s ig n ifican t 
d iffe re n c e s  b e tw e e n  th e  a n im a l g ro u p s . 
T h ese  re su lts  c an  p ro b a b ly  b e  e x p la in e d  
b y  th e  in c o m p le te  re m o v a l o f  h e x o sa m in e  
c o n ta in in g  m u c o p ro te in s  f ro m  th e  é p im y 
siu m  d u rin g  th e  p re - iso la tio n  tr e a tm e n t 
w ith  a 0 .6M  KC1 b u ffe r . B oas (1 9 5 5 )  
fo u n d  th a t  a lm o s t 50%  o f  th e  h e x o sa m in e  
p re se n t in  ra t  c o n n e c tiv e  tissu e  w as fro m  
p lasm a m u c o p ro te in , w h e reas  th e  o th e r  
50%  w as f ro m  th e  c o n n e c tiv e  tissu e  p o ly 
sacch arid es.

In  th e  p re se n t re se a rc h , th e  p ieces th a t  
th e  ép im y s iu m  w as c u t in to  fo r  th e  KC1 
b u ffe r  e x tr a c t io n  w ere n o t  v e ry  sm all. A 
m o re  e ffec tiv e  rem o v a l o f  m u c o p ro te in s  
w o u ld  have b een  a c c o m p lish e d  if  th e  
ép im y s iu m  h a d  b e e n  p u lv e r ized  b e fo re

th e  e x tr a c t io n  p ro c e d u re . W hen  p re- an d  
p o s t- iso la tio n  h e x u ro n ic  ac id  m e a su re 
m e n ts  w ere  u sed  to  c a lc u la te  p e rc e n t 
reco v e ry  d u rin g  th e  p o ly sa c c h a rid e  iso la 
t io n  p ro c e d u re , a n  average re c o v e ry  o f  
49%  w as o b ta in e d . T h e re  w ere  n o  s ign ifi
c a n t d if fe re n c e s  b e tw e e n  a n im a l g ro u p s  
fo r  u ro n ic  ac id  rec o v e ry . I t c a n n o t be 
ru le d  o u t  th a t  se lec tiv e  losses o f  p o ly sa c 
ch a rid e s  d id  n o t  o c c u r  d u rin g  th e  iso la 
tio n  p ro c e d u re . F u r th e r  e x p e r im e n ta tio n  
is n e e d e d  to  c la r ify  th is  p o in t .  T h e  
h e x o sa m in e  c o n te n t  o f  th e  iso la te d  p o ly 
sacch a rid es  ran g ed  fro m  1 9 7 - 2 3 4  jUg p e r 
m g o f  iso la te d  p o ly sa c c h a rid e s ; th e  h e x u 
ro n ic  ac id  c o n te n t  as m ea su re d  by  th e  
ca rb azo le  m e th o d  ra n g e d  fro m  1 7 3 —2 2 8  
/ig  p e r  m g o f  is o la te d  p o ly sa c c h a rid e s . A n  
an aly s is  o f  v a rian ce  rev ea led  n o  s ta t is t i 
cally  s ig n ifican t d if fe re n c e s  b e tw e e n  th e  
b o v in e  g ro u p s  fo r  th e  h e x o sa m in e  o r  th e  
h e x u ro n ic  ac id  c o n te n t  o f  th e  iso la ted  
p o ly sacch a rid es .

C h ro m a to g ra p h y  o f  th e  iso la te d  
p o ly sa c c h a rid e s  o n  D o w ex  1 x -2  
c h lo r id e  c o lu m n s

R esu lts  o b ta in e d  w ith  D o w e x  1 x -2  
c h lo r id e  c h ro m a to g ra p h y  are  su m m arized  
in  F ig u re  1. T h e  d a ta  fo r  th e  fo u r  
g ro u p s—v eal, h e ife r , co w  an d  s te e r—are 
g rap h ed  s e p a ra te ly  to  e m p h as ize  th e  sim i
la ritie s  a n d  d if fe re n c e s  o b se rv ed  b e tw e e n  
th e se  g ro u p s . T h e  veal an d  h e ife r  g ro u p s  
h ad  s im ila r p o ly sa c c h a rid e  p e a k  in te n s i
tie s  a t 0 .5 , 1.5 an d  2 .0M  N aCI; th e  cow
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Table 4 —U ro n ic  a c id  values ob ta in ed  b y  tw o  d iffe re n t co lo r im e tr ic  p ro ced u re s fo r  po ly sa cch a 
rid e  standards, p o ly sa cch a rid es e lu ted  w ith  0 .5 M  N aCI an d  p o ly sa cch a rid es rech rom atographed  on  
ce llu lo se  co lu m n .

Origin of material
Carbazole
procedure

Orcinol
procedure

Carbazole : or cino 1 
ratio

(Mg/ml) (Mg/ml)
A. Polysaccharide standards“

Chondroitin sulfate A 59.8 29.4 2.03
Chondroitin sulfate C - - 2.0-2.5b
Dermatan sulfate 21.2 67.7 0.31
Heparin 85.6 22.8 3.75
Hyaluronic Acid 60.9 40.0 1.52

B. Epimysial polysaccharides eluted with
0.5M NaCI (hyaluronic acid fraction)'

Veal 1 6.2 3.5 1.77
Veal 2 10.2 6.4 1.61
Veal 3 8.8 5.8 1.51
Heifer 1 11.8 8.5 1.39
Heifer 2 11.1 7.2 1.54
Heifer 3 15.7 9.9 1.59
Cow 1 4.6 2.5 1.79
Cow 2 5.7 4.1 1.37
Cow 3 3.6 3.1 1.18
Steer 1 6.6 4.1 1.61
Steer 2 8.2 5.0 1.65
Steer 3 5.2 3.4 1.55

C. Epimysial rechromatographed polysaccharides
on a cellulose columnd

Veal 1 1.9 4.5 0.42
Veal 3 1.9 5.6 0.34
Heifer 1 1.9 3.8 0.51
Heifer 2 1.1 3.5 0.30
Heifer 3 1.7 6.6 0.26
Cow 3 2.2 6.0 0.37
Steer 2.2 6.1 0.36

aPurified chondroitin sulfate A, dermatan sulfate, hyaluronic acid and heparin were gifts o f  Dr. 
J. A. Cifonelli from the University o f  Chicago. They were rechromatographed on cellulose columns 
and the material assayed came from the peak o f the elution curve at the proper ethanol concentra
tion. The heparin was used w ithout further purification. 

b Personal com m unication w ith Dr. J. A. Cifonelli.
cThe material assayed came from the peak o f  the elution curve w ith 0.5M NaCI during D ow ex 1 

X-2 chromatography.
dThe material assayed came from  the peak o f  the elution curve, which occurred at 0% ethanol. 

The five missing values were rejected because o f im perfections in the cellulose colum ns.

a n d  s te e r  g ro u p s  also  h a d  s im ila r p e a k  
in te n s itie s  a t  th e  th re e  N aC I c o n c e n tra 
t io n  levels b u t h a d  a p a t te rn  s tr ik in g ly  
d if fe re n t f ro m  th e  veal an d  h e ife r  g ro u p s . 
A n an aly s is  o f  v a rian ce  o f  th e  p e rc e n ta g e  
o f  u ro n ic  ac id  e lu te d  a t th e  th re e  levels o f 
N aCI c o n c e n tra t io n  in d ic a te d  th a t  a t th e
0 .5M  N aC I level (h y a lu ro n ic  ac id ) th e re  
w as a s ta tis tic a lly  s ig n ifican t d if fe re n c e , 
P <  .0 1 , b e tw e e n  th e  v ea l an d  th e  h e ife r  
g ro u p s  c o m p a re d  to  th e  co w  an d  th e  s te e r  
g ro u p s . T h ese  sam e c o m p a r iso n s  w ere  
a lso  s ig n ific a n tly  d if fe re n t w ith  th e  1.5M  
N aCI e lu a n t , P <  .0 0 1 , a n d  w ith  th e  2 .0M  
N aCI e lu a n t , P <  .05 . A n average o f  42%  
o f  th e  to ta l  u ro n ic  ac id s w as e lu te d  as 
h y a lu ro n ic  ac id  in  th e  veal g ro u p  c o m 
p a red  to  17%  in  th e  aged  cow  g ro u p . T h is 
o b se rv a tio n  w as in  g en e ra l a g reem en t 
w ith  p rev io u s  fin d in g s  m ad e  w ith  p ig  sk in  
(L o e w i a n d  M eyer, 1 9 5 8 ) an d  b o v in e

v itre o u s  h u m o r  (C h v ap il, 1 9 6 7 ), a n d  in d i
ca te d  th a t  th e  level o f  h y a lu ro n ic  acid  
te n d e d  to  d ec rease  w ith  aging. T h e  re la 
tive  p r o p o r t io n  o f  h y a lu ro n ic  ac id , 42%  
o f  th e  to ta l  u ro n ic  ac id s , w as e x a c tly  th e  
sam e in  th e  veal an d  h e ife r  g ro u p s . T his 
o b se rv a tio n  w as u n e x p e c te d  in  lig h t o f  
th e  re fe re n c e s  ju s t  c ited . T h e  p e rc e n ta g e  
o f  u ro n ic  ac id s e lu te d  as h y a lu ro n ic  acid  
in  th e  s te e r  g ro u p  w as 19, a va lue  c lose  to  
th e  17 o b ta in e d  fo r  th e  aged cow  g ro u p . 
A sb o e-H an sen  (1 9 6 3 )  re p o r te d  th a t  th e  
fem a le  h o rm o n e  e s tro g en  in c rea sed  th e  
p o ly sa c c h a rid e  c o n te n t  o f  c o n n e c tiv e  tis 
sue a n d , m o re  sp ec if ic a lly , th e  h y a lu ro n ic  
ac id  c o n te n t .  T h e  re d u c e d  level o f  e s tro 
gens in  th e  aged  cow s an d  th e  ab sen ce  o f 
e s tro g e n  a n d  te s to s te ro n e  in  th e  c a s tra te d  
s tee rs  co n ce iv ab ly  c o u ld  e x p la in  th e  low  
h y a lu ro n ic  acid  c o n te n t  o b se rv ed  in  th e se  
tw o  g ro u p s  o f  an im als .

R e f r a c t io n  o f  p o ly s a c c h a r id e s  e l u t e d  
w it h  1 .5 M  N a C I

T h e  p o ly sa c c h a rid e s  e lu te d  w ith  1.5M  
N aCI w ere  d ia ly z e d , c o n c e n t r a te d ,  p re c ip 
i ta te d  o n  to p  o f  ce llu lo se  c o lu m n s  a n d  
th e n  g ra d u a lly  red isso lv ed  b y  m e a n s  o f  a 
d ec rea s in g  e th a n o l  g ra d ie n t. T a b le  2 p re 
se n ts  th e  re s u lts  o b ta in e d . T h e  d a ta  f ro m  
five c o lu m n s  h a d  to  b e  re je c te d  e ith e r  
b e c a u se  o f  a n  o v e rf lo w  o f  th e  e lu tin g  
so lv en t o n  to p  o f  th e  c o lu m n  o r  b e c a u se  
o f  a ir p o c k e ts  d ev e lo p in g  in  th e  c o lu m n . 
T h e  average re c o v e ry  fo r  th e  sev en  sam 
p les a p p e a rin g  in  T a b le  2 w as 89% .

O f th e  seven sam p le s  r e c h r o m a to 
g ra p h e d , m o s t o f  th e  p o ly s a c c h a rid e s  
w ere  e lu te d  w ith  a n  e th a n o l  c o n c e n t r a 
t io n  o f  15% o r  less. T h e  e lu t io n  p a t t e r n  
o f  th e  e p im y s ia l p o ly sa c c h a rid e s  c lo se ly  
fo llo w e d  th e  p a t t e r n  o f  a p u re  d e rm a ta n  
s ta n d a rd  ru n  a lo n g  w ith  th e  iso la te d  
p o ly sa c c h a rid e s . T races  o f  c h o n d ro i t in  
su lfa te  A seem ed  to  be p re s e n t in  veal N o . 
3, h e ife r  N o. 2 an d  s te e r  N o . 1. A c c o rd in g  
to  th e se  lim ite d  o b se rv a tio n s , n o  ch an g e  
in  su lfa te d  p o ly sa c c h a rid e  ty p e  c o u ld  be 
d e te c te d  a m o n g  b o v in e  é p im y sia  o f  d if 
fe re n t ages.

E le c t r o p h o r e s i s  o f  i s o la t e d  e p im y s ia l  
p o ly s a c c h a r id e s

T h e  iso la te d  p o ly s a c c h a rid e s  w ere  
reso lv ed  in to  tw o  o r  th r e e  c o m p o n e n ts  by  
e le c tro p h o re s is  o n  ce llu lo se  p o ly a c e ta te  
a t  p H  3 ; ty p ic a l re s u lts  o f  o n e  m e m b e r  o f  
e a c h  g ro u p  a re  p re s e n te d  in  F ig u re  2. T h e  
veal c o n ta in e d  tw o  sp o ts , o n e  ru n n in g  
p a ra lle l to  h y a lu ro n ic  ac id  a n d  th e  o th e r  
p a ra lle l to  d e rm a ta n  su lfa te . T h e  h e ife r  
c o n ta in e d  tw o  sim ila r sp o ts  p lu s  tra c e s  o f 
an  a d d it io n a l  o n e  ru n n in g  p a ra lle l to  
c h o n d ro i t in  su lfa te  A . T h e  co w  h a d  o n ly  
tra c e s  o f  h y a lu ro n ic  ac id  a n d  a m a jo r  sp o t 
ru n n in g  p a ra lle l to  d e rm a ta n  su lfa te . T h e  
s te e r  h ad  o n e  sp o t ru n n in g  p a ra lle l to  
h y a lu ro n ic  ac id  a n d  a m a jo r c o m p o n e n t 
ru n n in g  p a ra lle l to  d e rm a ta n  su lfa te . T h e  
in fo rm a tio n  o b ta in e d  f ro m  th e  f r a c t io n a 
t io n  o f  ep im y sia l p o ly s a c c h a rid e s  w ith  
e le c tro p h o re s is  c o n firm e d  re s u lts  p re v i
o u s ly  r e p o r te d  fo r  th e  D o w e x  1 x -2  
c h lo r id e  c h ro m a to g ra p h y . In  b o th  p ro c e 
d u re s , th e  veal a n d  h e ife r  w ere  fo u n d  to  
have  a sizab le  a m o u n t o f  h y a lu ro n ic  ac id  
w h ereas th e  co w  a n d  s te e r  h a d  a sm a lle r 
a m o u n t .  T h e  e le c tro p h o r e t ic  re s u lt  also  
s u p p o r te d  th e  f in d in g s  o b ta in e d  w ith  th e  
ce llu lo se  c o lu m n  f r a c t io n a tio n s ,  w h ic h  
in d ic a te d  th a t  d e rm a ta n  su lfa te  w as th e  
m a jo r su lfa te d  p o ly sa c c h a rid e  in  b o v in e  
ép im y siu m .

A b s o r p t io n  s p e c t r u m  o f  h e x o s a m in e s  in  
i s o la t e d  p o ly s a c c h a r id e s

T ab le  3 p re se n ts  th e  o p tic a l  d e n s i ty  a t 
5 7 0  an d  5 3 0  mp o f  p u re  h e x o sa m in e  
s ta n d a rd s  a n d  o f  th e  h e x o sa m in e  o b 
ta in e d  fro m  th e  is o la te d  p o ly sa c c h a rid e s . 
T h e  v eal, h e ife r  a n d  s te e r  g ro u p s  h a d  
g lu c o sa m in e :g a la c to sa m in e  ra t io s  ran g in g
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F/ff. 2 —C ellu lo se  p o lya ce ta te  e le ctrop h o resis  in  p y r id in e  fo rm ic  a c id  b u ffe r  p H  3  o f  the po ly sa cch a 
rides iso la ted  from  b ov in e  ép im ysiu m  a n d  o f  po ly sa cch a rid e  standards. A t  p o in t  A , three p o ly sa c
charide standards w ere sp o tte d : h ya lu ro n ic  a c id  (H A ) , derm atan su lfa te  an d  ch o n d ro it in  su lfa te  A  
(Ch S O 4 A ) . The veal p o ly sa cch a rid es w ere sp o tte d  a t p o in t  B , the h e ife r  a t p o in t  C , the c o w  a t 
p o in t D and  the stee r a t p o in t  E .

Table 5 —Collagen fra ctio n s o f  sem im em branosus ép im ysium  an d  hexosam in e .co llagen  in terre la 
tionsh ip .

Animal
group

Animal
no.

Alkali-
soluble collagen

Insoluble
collagen Hexosamine

Hexosamine : insoluble 
collagen ratio

Veal 1 0.99

(g/100g dry 
épimysium) 

40.59 60 1.47
2 1.03 39.68 90 2.27
3 1.01 42.36 67 1.57

Heifer 1 0.27 32.71 53 1.62
2 0.40 37.94 49 1.28
3 0.43 31.82 48 1.50

Cow 1 0.40 35.31 38 1.09
2 0.26 37.88 43 1.14
3 0.50 34.90 41 1.17

Steer 1 0.90 39.60 52 1.31
2 0.62 42.94 62 1.44
3 1.23 43.55 50 1.13

f ro m  0 .4 1 :0 .5 9  to  0 .5 7 :0 .4 3 . T h ese  ra t io s  
in d ic a te d  th a t  41 to  57%  o f  th e  h ex o s- 
am in es  in  th e se  th re e  g ro u p s  w ere  g lu co s
am in e . T h e  cow  g ro u p  h a d  a  g lu co s
a m in e : g a lac to sam in e  ra t io ,  in d ic a tin g  th a t  
8 0 - 8 6 %  o f  th e  h e x o sa m in e s  w ere  ga lac

to sa m in e . A ssu m in g  th a t  th e  g lu co sam in e  
in  th e  veal a n d  h e ife r  g ro u p s  co m es fro m  
h y a lu ro n ic  a c id , th e  ra t io s  a p p e a rin g  in  
T ab le  3 sh o w  th a t  40%  o r  m o re  o f  th e  
to ta l  p o ly sa c c h a rid e s  o f  th e se  g ro u p s  is 
a c c o u n te d  fo r  b y  h y a lu ro n ic  ac id ; th e

cow  g ro u p  sh o w s 1 4 —20%  g lu co sam in e  
a n d  th u s  14 —20%  h y a lu ro n ic  ac id . In  
th e  s te e r  g ro u p , a p p ro x im a te ly  45%  o f  
th e  h e x o sa m in e s  w as g lu co sam in e . In  th e  
D o w ex  c h ro m a to g ra p h y , 20%  o f  th e  
u ro n ic  a c id s  w as e lu te d  as h y a lu ro n ic  
ac id . T h e  re m a in in g  25%  o f  th e  h ex o s- 
a m in e  c o u ld  arise  f ro m  h e p a r i t in  su lfa te , 
k e ra to s u lf a te  a n d  h e p a r in , w h ic h  also  
have  g lu co sam in e  as th e ir  h e x o sa m in e  
m o ie ty .

I d e n t i ty  o f  th e  h e x u ro n ic  ac id s
In  a n o th e r  a t t e m p t  t o  id e n t ify  th e  

p o ly sa c c h a rid e  ty p e s , ad v an ta g e  w as 
ta k e n  o f  th e  d if fe re n t b e h a v io r o f  u ro n ic  
ac id  in  th e  c a rb a z o le  a n d  o rc in o l p ro c e 
d u re s . T a b le  4  p re s e n ts  th e  re su lts  o b 
ta in e d  b y  th e s e  tw o  c o lo r im e tr ic  m e th o d s  
fo r  a) p o ly s a c c h a rid e  s ta n d a rd s , b )  th e  
0 .5 M  N aC l f r a c t io n  fro m  D o w e x  c h ro m a 
to g ra p h y  (h y a lu ro n ic  a c id ) , a n d  c) th e  
p o ly sa c c h a rid e s  re c h ro m a to g ra p h e d  on  
ce llu lo se  c o lu m n s .

R esu lts  o b ta in e d  fro m  a n a ly s is  o f  th e  
0 .5M  N aC l f r a c t io n  o f  th e  D o w ex  c o l
u m n s  c o n f irm e d  th a t  h y a lu ro n ic  ac id  w as 
d e f in ite ly  th e  p o ly sa c c h a rid e  e lu te d  a t 
th is  N aC l c o n c e n tra t io n , s in ce  th e  c a rb a 
zo le : o rc in o l ra t io s  fo r  a ll an im a ls  w ere  
c lose  t o  th a t  o f  th e  h y a lu ro n ic  ac id  
s ta n d a rd . R e su lts  o b ta in e d  w ith  th e  r e 
c h ro m a to g ra p h e d  p o ly sa c c h a rid e s  o n  ce l
lu lo se  c o lu m n s  c o n f irm e d  th a t  d e rm a ta n  
su lfa te  w as th e  p o ly s a c c h a rid e  e lu te d  n ea r 
0%  d u rin g  th e  e th a n o l  f r a c tio n a tio n .

E p im y sia l co llag en
T ab le  5 p re s e n ts  th e  va lu es o b ta in e d  

fo r  th e  p ro p o r t io n  o f  co llag en  w h ic h  w as 
a lk a li-so lu b le  a n d  a lk a li- in so lu b le . T h e  
q u a n t i ty  o f  c o lla g e n  w h ich  c o u ld  be 
so lu b iliz e d  in  0 .1 N  N aO H  v a ried  a m o n g  
th e  a n im a ls : th e  h ig h e s t a m o u n t w as 
fo u n d  in  th e  veal g ro u p , th e  se c o n d  
h ig h es t in  th e  s te e r  g ro u p , th e  c o w  g ro u p  
cam e n e x t  a n d , f in a lly , th e  h e ife r  g ro u p  
h a d  th e  le a s t a lk a li-so lu b le  co llag en . A n 
an a ly s is  o f  v a rian ce  rev ea led  th a t  th e  veal 
g ro u p  h a d  s ig n ific a n tly  m o re  a lk a li-so lu 
b le  co llag en  th a n  th e  s te e r  g ro u p , P <  .10  
an d  th e  co w  an d  h e ife r  g ro u p s , P < . 0 1 ;  
th e  s te e r  g ro u p  h ad  s ig n if ic a n tly  m o re  
a lk a li-so lu b le  co llag en  th a n  th e  h e ife r  an d  
th e  c o w  g ro u p s , P < . 0 1 .  T h e re  w ere  
s ta tis tic a lly  s ig n ific a n t d if fe re n c e s  in  to ta l  
co llag en  b e tw e e n  th e  v ea l g ro u p  a n d  th e  
h e ife r  g ro u p , P <  .0 1 ; b e tw e e n  th e  veal 
g ro u p  a n d  th e  c o w  g ro u p , P <  .0 1 ; b e 
tw e e n  th e  s te e r  g ro u p  a n d  th e  h e ife r  
g ro u p , P < . 0 0 1  a n d  b e tw e e n  th e  s te e r  
an d  th e  co w  g ro u p , P <  .0 1 . T h e  h ig h es t 
a m o u n t o f  co llag en  o b se rv ed  in  th e  veal 
c o m p a re d  to  th e  c o w  g ro u p  w as in  
a g re e m e n t w ith  G o ll e t  al. (1 9 6 3 )  a n d  
C a rm ich ae l a n d  L aw rie  (1 9 6 7 ) . T h e  lo w er 
co llag en  va lu es o b se rv e d  in  h e ife rs  N o . 1 
an d  N o. 3 c a n n o t b e  fu lly  e x p la in e d . 
P o ly sa c c h a rid e s  a n d  co llag en  are  th o u g h t 
to  be in t im a te ly  re la te d  in  c o n n e c tiv e  
tissu e  (M ey er, 1 9 6 5 ). In  th e  p re se n t
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Table 6 —Tenderness o f  sem im em branosus m uscles o f  veal, h e ife r , 
c o w  a n d  stee r as de te rm in ed  b y  shear fo rce .

Animal
group

Animal
no.

Number of 
replications

Mean shear 
force 
(lb)

Standard
error

Veal i 30 4.2 0.7
2 30 4.2 0.5
3 30 4.3 0.6

Heifer 1 32 11.3 1.0.
2 32 7.4 1.3
3 32 8.9 1.8

Cow 1 32 14.1 2.3
2 32 14.5 2.1
3 32 21.2 4.4

Steer 1 32 7.5 1.3
2 32 7.5 1.2
3 32 7.5 1.3

s tu d y , a re la tio n sh ip  w as fo u n d  b e tw een  
th e  h e x o sa m in e  c o n te n t  o f  th e  iso la te d  
p o ly sa c c h a rid e s  an d  th e  a m o u n t o f  in so l
u b le  co llag en  in  th e  é p im y s iu m . T h ese  
d a ta  a p p e a r  in  T ab le  5 , p re se n tin g  th e  
a m o u n t o f  h e x o sa m in e s  in  th e  iso la te d  
p o ly sa c c h a rid e s  a lo n g  w ith  th e  h e x o s 
a m in e  in s o lu b le  co llag en  ra t io . T h e re  w as 
a s ig n ific a n t n eg a tiv e  c o rre la t io n , —.45 
a n d  P <  .1 0 , b e tw e e n  th e  a m o u n t o f  
iso la te d  e p im y sia l p o ly sa c c h a rid e s  as 
m e a su re d  b y  h e x o sa m in e  c o n te n t  an d  th e  
a m o u n t o f  in so lu b le  e p im y s ia l co llagen . 
M eat te n d e rn e ss

F ie ld s  a n d  P ea rso n  (1 9 6 9 )  re p o r te d  
th a t  th e  co llag en  so lu b ility  p a t te rn  in  th e  
é p im y s iu m  w as c lo se ly  re la te d  to  th e  
p a t te rn  fo u n d  in  in tra m u sc u la r  c o n n e c 
tive  tissu e . T h is  o b se rv a tio n  ju s tif ie s  th e  
c o m p a r iso n  o f  f in d in g s  m ad e  o n  th e  
é p im y s iu m  a n d  th e  te n d e rn e ss  a t t r ib u te s  
o f  th e  w h o le  se m im e m b ra n o su s  m uscle . 
In  th e  p re s e n t s tu d y , m e a t te n d e rn e ss  as 
m e a su re d  b y  th e  W arn er-B ra tz le r S h ear 
v a ried  s ig n ific a n tly  w ith  th e  age o f  th e  
an im als . T h e  te n d e rn e s s  d a ta  a re  su m m a 
rized  in  T ab le  6. A n  an a ly s is  o f  varian ce  
in d ic a te d  th a t  th e  veal m u sc le  w as m o re  
te n d e r  th a n  th e  h e ife r  m u sc le , P < . 0 5 ,  
an d  th e  cow  m u sc le , P < . 0 0 1 .  T h e  s te e r  
m u sc le  w as m o re  te n d e r  th a n  th e  cow  
m u sc le , P < . 0 0 1 .  T h e re  w as n o  sign ifi
c a n t d if fe re n c e  in  te n d e rn e ss  b e tw e e n  th e  
veal a n d  th e  s te e r  m u sc le . A c o rre la t io n  
o f  0 .8 5 , P <  .0 0 1 , w as o b ta in e d  b e tw e e n  
th e  age o f  th e  an im a ls  an d  th e  sh e a r fo rce  
values. T h e  m o re  ep im y sia l a lk a li-so lu b le  
co llag en , th e  lo w e r w ere  th e  sh ea r fo rce  
va lu es o f  th e  m u sc le . A neg a tiv e  c o rre la 
t io n  o f  —.6 4 , P < . 0 5 ,  w as o b ta in e d  b e 
tw e e n  te n d e rn e ss  as m e a su re d  b y  sh ea r 
fo rc e  an d  p e rc e n t a lk a li-so lu b le  co llagen  
in  th e  é p im y siu m . T h is  f in d in g  suggests 
th a t  th e  d eg ree  o f  so lu b il ity  o f  th e  
co llag en  sh o u ld  b e  c o n s id e re d  w h en  b io 
ch em ica l e x p la n a tio n s  fo r  to u g h n e s s  are  
so u g h t. T h e re  w as also  a s ig n ifican t asso 
c ia tio n  b e tw e e n  th e  h e x o sa m in e :c o lla g e n  
ra t io  a n d  th e  te n d e rn e s s  o f  th e  m u sc le  as 
m e a su re d  b y  sh ea r fo rce . T h e  h ig h e r th e  
h e x o sa m in e :c o lla g e n  ra t io ,  th e  lo w er th e  
sh ea r fo rc e  v a lu e  o f  th e  m u sc le . T h e  
c o rre la t io n  c o e ff ic ie n t b e tw e e n  th e se  tw o  
m e a su re m e n ts  w as 0 .5 4 , P <  .0 5 . N o sig
n if ic a n t c o rre la t io n s  w ere  fo u n d  b e tw e e n  
sh ear va lue  a n d  th e  p o ly sa c c h a rid e  fra c 
tio n s  o b ta in e d  w ith  D o w ex  c h ro m a to g ra 
p h y .

I t w o u ld  a p p e a r  th a t  th e  d ec rease  o f  
p o ly sa c c h a rid e s  w ith  ad v an c in g  age m ay  
b e  a p re d o m in a n t fa c to r  a ffe c tin g  th e  
in c re a se d  in s o lu b ili ty  o f  co llag en  w ith  
aging. W hen th e re  a re  few er p o ly sa c c h a 
rid e s  fo rm in g  a n e tw o rk  a ro u n d  co llagen  
f ib e rs , th e re  m ay  be m o re  ch a n c e s  fo r  th e  
fo rm a tio n  o f  in tra m o le c u la r  c ross lin k 
ages in  co llag en , w h ich  w o u ld  d ec rease  
th e  so lu b il ity  o f  co llag en . T h e  p o ly sa c 
ch a rid e s  m ay  p lay  a n  im p o r ta n t  ro le  in  
p la s tic iz in g  th e  co llag en  f ib e rs , a n d  th is

m ay  be h o w  th e y  c o n tr ib u te  to  m e a t 
te n d e rn e ss , as h a s  b e e n  su g g ested  b y  
M ilch  (1 9 6 6 ) .

REFERENCES
Anastassiadis, P.A. and Common, R.H. 1958. 

Liberation o f  hexosam ine, hexuronie acid 
and hydroxy proline from tissues by resin 
hydrolysis. Canad. J. Biochem . Physiol. 36: 
413.

Asboe-Hansen, G. 1963. The horm onal control 
o f connective tissue. In “ International Re
view of Connective Tissue Research.” ed. 
Hall, D.A. V ol. I, pp. 29—61. Academic 
Press, New York.

Balazs, E .A ., Berntsen, K.O., Karossa, J. and 
Swann, D.A. 1965. An autom ated m ethod  
for determ ination of hexosam ines. Anal. 
Biochem . 12: 559.

Boas, N .F. 1953. M ethod for the determ ination  
of hexosam ine in  tissues. J. Biol. Chem. 
204: 553.

Boas, N .F. 1955. D istribution of hexosam ine in 
electrophoretic ally separated extracts. Arch. 
Biochem . Biophys. 57: 367.

Brown, A.H. 1946. Determ ination of pentose in 
the presence o f large quantities of glucose. 
Arch. Biochem. 11: 269.

Carmichael, D.J. and Lawrie, R.A. 1967. Bo
vine collagen. I. Changes in collagen solubil
ity  w ith animal age. J. F ood  Technol. 2: 
299.

Chvapil, M. 1967 . “Physiology of Connective 
Tissue.” p. 67. Butterworths, London, and 
Czechslovak Medical Press, Prague.

Clayson, D.H .F., Brown, K.P. and Blood, R.M.
1962. Som e observations on maturation  
changes in beef. Proc. 1st Intern. Congr. 
Food Sci. Technol., London. 2: 173.

Cormier, S.A. 1969. Connective tissue polysac
charides o f bovine semimembranosus muscle 
and alterations in their type with age. Ph.D. 
thesis, Cornell University, Ithaca, New  
York.

Dische, Z. 1947. A new specific color reaction  
of hexuronie acids. J. Biol. Chem. 167: 189.

Fields, R.A. and Pearson, A.M. 1969. Relation
ship betw een labile collagen and tenderness. 
J. Animal Sci. 29: 121.

Fitch, S.M., Harkness, M.L.R. and Harkness, 
R.D. 1955. Extraction of collagen from tis
sues. Nature 176: 163.

Fox, J.D. 1968. Q uantitation and characteriza
tion  of acid m ucopolysaccharides o f bovine 
muscle and their relationship to certain 
quality attributes. Ph.D. thesis, Louisiana 
State University, and Agricultural and Me
chanical College, Baton Rouge.

Gardell, S. 1957. Separation o f  m ucopolysac
charides on a cellulose colum n. A cta Chem. 
Scand. 11: 668.

G oil, D.E., Bray, R.W. and Hoekstra, W.G.
1963. Age-associated changes in  muscle 
com position. The isolation and properties of 
a collagenous residue from bovine m uscle. 
J. F ood  Sci. 28: 503.

Houck, J.C. and Jacob, R.A . 1958 . E ffect of 
age upon collagen and hexosam ine content 
of rat skin. Proc. Soc. Exptl. Biol. Med. 97: 
604.

Jackson, D.S. and Bentley, J.P. 1968. Collagen- 
glycosam inoglycan interactions. In “ Treatise 
on Collagen,” ed. Gould, B.A. V ol. 2, Part 
A, pp. 189—214. Academ ic Press, New  
York.

Kao, K.Y.T. and McGavack, T.H. 1959 . Con
nective tissue. I. Age and sex influence on 
protein com position  o f  rat tissues. Proc. 
Soc. Exptl. Biol. Med. 101: 153.

Kimmel, J.R. and Smith, E.L. 1 954 . Crystalline 
papain. I. Preparation, specificity  and activa
tion. J. Biol. Chem. 207: 515.

Loewi, G. and Meyer, K. 1958. The acid m uco
polysaccharides o f em bryonic skin. Bio- 
chim. Biophys. Acta 27: 453.

Mathews, M.B. 1961. Acid strength o f carboxyl 
groups in isomeric chondroitin sulfates. Bio- 
chim. Biophys. Acta 48: 402 .

Mathews, M.B. 1965. The interaction o f  colla
gen and acid m ucopolysaccharides. Bio
chem. J. 96: 710.

M cIntosh , E.N. 1 961 , D eterm ination of 
m ucoprotein in skeletal m uscle. J. Agr. 
Food Chem. 9(6): 421.

McIntosh, E.N. 1967. E ffect o f post-m ortem  
aging and enzym e tenderizers on m ucopro
tein o f bovine skeletal m uscle. J. Food Sci. 
32: 210.

Meyer, K. 1965. Problems of the structure and 
chem istry o f the m ucopolysaccharides and 
m ucoproteins o f connective tissues. In “ B io
chim ie et Physiologie du Tissu C onjonctif,” 
ed. Com te, P., pp. 11—20. Société Ormeco 
et Imprimerie du Sud-Est, Lyon, France.

Meyer, K., Davidson, E., Linker, A. and H off
man, P. 1956. The acid m ucopolysaccha
rides o f  connective tissue. Biochim . Bio
phys. Acta 21: 506.

Meyer, Karl. 1957. The chem istry o f  the 
mesodermal ground substances. The Harvey 
Lectures 51: 88.

Milch, R.A . 1966. Aging o f connective tissue. 
In “Perspective in Experim ental G erontol
ogy” ed. Shock, N.W., pp. 109—124. 
Charles C Thomas Publ., Springfield, Illi
nois.

Prockop, D.J. and Udenfriend, S. 1960 . A spe
cific m ethod for the analysis o f hydroxypro- 
line in tissues and urine. Anal. Biochem . 1: 
228.

Schiller, S., Slover, G.A. and Dorfm an, A. 
1961. A m ethod for the separation o f acid 
m ucopolysaccharides: its application to the 
isolation of heparin from the skin o f  rats. 
J. Biol. Chem. 236: 983.



POL YSA CCH A RIDES OF BOVINE SEMIMEMBRANOSUS MUSCLE- 205

Shetlar, M.R. and Masters, Y .F. 1955. Effects 
of age on polysaccharide com position  of 
cartilage. Proc. Soc. Exptl. Biol. Med. 90: 
31.

Sobel, H., Marmarston, J. and Moore, F. 1954. 
Collagen and hexosam ine content o f femurs 
of rats. Proc. Soc. Exptl. Biol. Med. 87: 
346.

Steel, R.G.D. and Torrie, J.H. 1960. “Principles 
and Procedures o f Statistics.” McGraw-Hill 
Book Company, Inc., New York.

Walker, p.G. 1961 . The enzym ic degradation of  
m ucopolysaccharides. In “ The Biochem istry  
o f M ucopolysaccharides o f Connective Tis
sue,” eds. Clark, F. and Grant, J.K., pp. 
109—125. University Press, Cambridge.

Wipf, V.K., Mullins, A.M. and Passbach, F.L. Jr.
1970 . Acid m ucopolysaccharides and por
cine m uscle quality. J. Animal Sci. 30: 355.

Ms. received 6 /2 5 /7 0 ; revised 8 /2 0  and 9 /2 4 /7 0 ;  
accepted 9 /2 9 /7 0 .

This paper represents part o f a thesis sub
m itted by A. Cormier to  the graduate school 
of Cornell University in partial fulfillm ent of 
the requirements for the degree o f  D octor o f  
Philosophy.

This study was carried out under Contract 
No. 12 -14-100-8903(73) w ith the Agricultural 
Research Service, U .S. Department o f Agricul
ture, administered by the Eastern Utilization  
Research and D evelopm ent Division, Philadel
phia, Pennsylvania 19118.
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EFFECTS OF DRY AND MOIST HEAT ON SELECTED HISTOLOGICAL 
CHARACTERISTICS OF BEEF SEMIMEMBRANOSUS MUSCLE

S U M M A R Y —Sam ples o f  raw  and  heat-treated  b e e f sem im em branosus m uscle  w ere exam in ed  h is to 
log ica lly  to  determ in e h o w  deep-fa t fry in g , oven roasting , oven braising and  p ressu re  braising to  
7 0 °C  a ffe c te d  h isto log ica l cha racteristics o f  the m uscle . A  panel o f  three person s used an ocu la r  
m icro m eter to  m easure m uscle  fib e r  w id th , ob served  co lo r  an d  typ e  o f  co n n ective  tissue and  
d istrib u tio n  o f  fa t an d  e stim a ted  q u a n tity  o f  co n n ec tive  tissue o f  4 7 5  h isto log ica l section s. D if fe r 
ences am ong heat treatm ents in m uscle  fib e r w id th  an d  rela tive p ro p o rtio n  o f  stra igh t and  wavy  
co n n ec tive  tissue w ere n o t sign ificant. H ow ever, there was a s ign ifica n tly  (P  < 0 .0 5 1  larger q u a n tity  
o f  granular tissue in deep-fa t fr ied , p ressu re  bra ised , an d  oven bra ised  sam ples than in  oven roasted  
sam ples. In ta c t fa t ce ll walls were ob served  in b o th  raw  and heated  sam ples.

INTRODUCTION
V A R IA B L E  a n d  c o n tr a d ic to ry  re su lts  o b 
ta in e d  b y  d if fe re n t re sea rch e rs  s tu d y in g  
th e  e ffe c ts  o f  s im ila r  t r e a tm e n ts  o n  
c o o k e d  b e e f  a re  fo u n d  in  th e  li te ra tu re . 
P au l (1 9 6 3 )  sug g ested  th a t  v a r ia tio n  in  
ty p e  o f  a n im a l, p re - an d  p o s t-s la u g h te r  
t r e a tm e n ts ,  c u ts  o r  m u scles  s tu d ie d , c o o k 
ing  m e th o d s  a n d  m e th o d  o f  ev a lu a tin g  
te n d e rn e ss  c o n tr ib u te  to  th e  v a ried  re su lts  
o b ta in e d  b y  d if fe re n t in v es tig a to rs .

T o  c o m p a re  re su lts  o f  s tu d ie s  w ith  
c o o k e d  m e a t i t  is im p o r ta n t  th a t  m e a t 
sc ie n tis ts  k n o w  w h e th e r  v a r ia tio n s  fro m  
o n e  la b o ra to ry  to  a n o th e r  a re  a t t r ib u ta b le  
to  m e th o d  o f  c o o k in g . S ch o ck  e t al.
(1 9 7 0 )  s tu d ie d  th e  e ffe c ts  o f  d eep -fa t 
fry in g , o v en  ro a s tin g  an d  ov en  a n d  p re s 
su re  b ra is in g  o n  p ieces o f  b ee f sem im em 
b ra n o su s  m u sc le  (SM ) c o o k e d  to  7 0 °C . 
S h ear, pH , co lo r , flav o r, te n d e rn e ss , and  
over-a ll a c c e p ta b ili ty  w ere  s im ila r fo r  all 
tr e a tm e n ts .  O ven ro a s te d  p ieces h ad  th e  
s lo w es t ra te  o f  h e a t p e n e tr a t io n , lo n g es t 
c o o k in g  tim e , a n d  h ig h es t m o is tu re  c o n 
te n t ,  p ress f lu id , w a te rh o ld in g  cap a c ity  
an d  ju ic in e ss , a n d  a p p e a re d  less w ell d o n e  
th a n  p ieces g iven  th e  o th e r  tr e a tm e n ts .

T o  s tu d y  th e  e ffe c ts  o f  c o o k in g  on  
m u sc le  tissu e , m e a su re m e n ts  m ad e  o n  raw  
tis su e  a re  u sed  as a re fe re n c e  p o in t fo r  
d a ta  re la te d  to  th e  c o o k e d  tissu e . T h e  
m e th o d  o f  m e a su re m e n t m ay  a f fe c t th e  
d a ta  o b ta in e d . V a rio u s  m e th o d s  o f  d e te r 
m in in g  h is to lo g ica l c h a ra c te r is tic s  o f  m u s
cle have b een  re p o r te d ,  m o s t o f  th e m  
hav ing  b e e n  u sed  to  s tu d y  raw  tissu e .

T h e  p r im a ry  o b je c tiv e  o f  th is  s tu d y  
w as to  in v e s tig a te  th e  e ffe c ts  o f  d ry  and  
m o is t h e a t o n  se lec ted  h is to lo g ica l c h a ra c 
te r is tic s  o f  b e e f  SM m u sc le . A se c o n d a ry  
o b je c tiv e  w as to  rev iew  so m e o f  th e  
av a ilab le  d a ta  o n  m u sc le  f ib e r  d ia m e te r  
m e a su re d  by  several m e th o d s .

EXPERIMENTAL
Samples

Twelve U.S. Good beef top rounds were 
purchased from a local wholesale meat com
pany. The SM muscle was removed and cut in

four pieces each measuring approximately 11 x
11.5 X  6.5 cm and weighing approximately 
820g. Each piece of muscle was wrapped in alu
minum foil (gauge 0.0015), frozen and stored 
at 17.8°C for 2-14 weeks. Each wrapped 
piece was thawed to an internal temperature of 
5° ± 2°C and cooked according to an incom
plete block design by one of four methods: 
deep-fat fried (DF), oven braised (OB), pressure 
braised (PB) or oven roasted (OR) to an inter
nal temperature of 70°C (Schock et al., 1970).

For histological study, adjacent samples (2.5 
x 1.3 x 1.3 cm) of raw and cooked muscle 
were removed from the surface of each piece of 
SM muscle, wrapped in aluminum foil (gauge 
0.0015) and stored at —17.8°C. Samples were 
thawed approximately 1 hr before sectioning
8-10/u thick with a CTD International Harris 
Cryostat microtome. A small amount of Cryo- 
form, an imbedding matrix, was used to secure 
the tissue to the tissue holder. Commercially 
prepared freon gas, Cryo-Quik, was used to 
freeze the tissue. Each section was transferred

to a slide by lightly touching the slide to the 
section while it was on the knife blade. Sections 
were stained with a saturated solution of picric 
acid and picro-ponceau stain, cleared in xylene 
and mounted with permount.
Evaluation

Three persons evaluated five sections of 
muscle tissue per sample for muscle fiber width; 
color, type and quantity of connective tissue; 
and distribution of fat. The width of one fiber, 
selected at random from each of three micro
scopic fields per section, was measured using an 
ocular micrometer in the eyepiece of the micro
scope; magnification was 430X.

A magnification of 35x was used to observe 
the characteristics of connective tissue and dis
tribution of fat in each section of muscle tissue. 
Scores for color of connective tissue were given 
on a 3-point intensity scale, 3 representing the 
most intense color. For heated samples, hue of 
stained connective tissue was described in terms 
of changes from the bright pink-red of connec
tive tissue in raw muscle.

Type (wavy, straight, granular) and quantity 
of connective tissue were estimated using the 
system of Ramsbottom et al. (1945). Scores of 
7, 5, 3, and 1 represented a large, medium and 
small proportion or quantity and none, respec
tively. Distribution of fat was recorded as 
clumped or scattered.
Statistical analysis

For each histological measurement, differ
ences between values for heated muscle and

Table 1—Mean data fo r  h is to log ica l m easurem ents on  raw  and  heat treated  m uscle .

Treatment3_________ _ Significance
Measurement Raw PB OR DF OB of F LSD*
Muscle fiber width, u 48.2 43.9 43.7 43.3 42.8

Difference, ub -  4.3 -  4.5 -  4.9 -  5.4 ns _
Difference, %b -  8.9 -  9.3 -10.2 -11.2

Type of connective tissue0
Wavy 6.4 3.7 4.0 3.6 3.8

Difference1* -  2.7 -  2.4 -  2.8 -  2.6 ns _
Straight 3.6 4.2 4.5 4.3 4.3

Difference1* + 0.6 + 0.9 + 0.9 + 0.7 ns _
Granular 1.1 6.3 5.7 6.4 6.4

Difference1* + 5.2 + 4.6 + 5.3 + 5.3 * 0.586d
0.599

Quantity of connective tissue0 4.6 5.8 4.8 5.5 5.5
Difference*3 + 1.2 + 0.2 + 0.9 + 0.9 ns _
aPB, Braised — 10 p.s.i.g.; OR, Oven roasted; DF, Deep-fat fried; and OB, Braised, atmospheric 

pressure.
^Difference between raw and cooked tissue.
cPanel score: 7, Large proportion or quantity; 5, Medium proportion or quantity; 3, Small 

proportion or quantity; and 1, None.
d Use LSD 0 .586  for comparing values among DF, OB, and OR heat treatments; use LSD 0 .599  

for comparing values o f  PB w ith DF, OB, and OR heat treatments.
*P < 0 .0 5 .
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Fig . 1— Exa m p les o f  h isto log ica l ch a rac te r is tic s : (a! A  large area o f  w avy  co llagenous con nective  
tissue fibers . R a w  tissue , 6 4 5 X . (b l A  m ix tu re  o f  stra igh t co llagenous tissue fibe rs  and  granular 
tissue. Oven b ra ised , 4 3 0 x .

Table 2 — Variation in m uscle  fib e r w id th , in 
m icron s, fo r raw  an d  heat trea ted  sam ples.

Treatment3 Mean Low High Difference
Raw 48.2 43.7 57.0 13.3
DF 43.3 39.8 46.4 6.6
OB 42.8 39.5 47.0 7.5
PB 43.9 40.6 47.7 7.1
OR 43.7 40.5 47.7 7.2
All heat 

treatments 43.4 40.1 47.2 7.1
aDF, Deep-fat fried; OB, Braised, atm os

pheric pressure; PB, Braised, 10 p .s.i.g .; and 
OR, Oven roasted.

corresponding samples of raw muscle were an
alyzed by analysis of variance. When the F- 
value was significant, the least significant differ
ence (P <0.05) was calculated.

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

M uscle f ib e r w id th
M ean m u sc le  f ib e r  w id th  fo r  sam p les 

re p re se n tin g  e a c h  h e a t t r e a tm e n t w as 
sm alle r th a n  m ean  f ib e r  w id th  fo r  raw  
m uscle . H o w ev er, th e  ch an g e  fro m  raw  to  
c o o k ed  tissu e  d id  n o t  v a ry  s ig n ific a n tly  
a m o n g  th e  fo u r  h e a t t r e a tm e n ts .  T h e  
m ean  d ec rea se  fo r  all h e a t tr e a tm e n ts  
ran g ed  fro m  8 .9%  fo r  PB to  11 .2%  fo r 
OB, a d if fe re n c e  o f  2 .3%  b e tw e e n  th e  tw o  
m o is t h e a t t r e a tm e n ts . T h e  d ec rea se  fo r  
O R  an d  D F  w as 9 .3  an d  10.2% , re sp e c 
tiv e ly , o r  a d if fe re n c e  o f  0 .9%  b e tw e e n  
th e  tw o  d ry  h e a t tr e a tm e n ts .  I r re sp ec tiv e  
o f  t r e a tm e n t,  h e a tin g  d e c rea sed  fib e r 
w id th  a p p ro x im a te ly  10% ; th e  d if fe re n c e  
b e tw e e n  d ry  a n d  m o is t h e a t w as m in u te  
(0 .2 5 % ), T ab le  1. S a to r iu s  a n d  C h ild
(1 9 3 8 )  re p o r te d  d ec reases in  f ib e r  d ia m 
e te r  o f  12—16%  fo r b e e f  m u sc les  h e a te d  
to  5 8 °C  b y  o v en  ro a s tin g , an d  fu r th e r  
d ecreases d u rin g  h e a tin g  to  6 7 °C . H o s te t
ler an d  L a n d m a n n  (1 9 6 8 )  h e a te d  longissi- 
m u s d o rs i f ib e rs  o n  slides o n  a m ic ro sc o p e  
stage to  5 3 ° —7 7 °C . T h e y  o b se rv ed  d e 
creases o f  a p p ro x im a te ly  20  to  25%  in 
m uscle  f ib e r w id th .

T h e  v a ria tio n  in  w id th  o f  m u sc le  fib e rs  
f ro m  raw  and  h e a te d  sam p les is in d ic a te d  
b y  d a ta  in  T ab le  2. F ib e r  w id th  fo r  raw  
sam ples averaged  4 8 .2 /t  a n d  ran g ed  fro m  
4 3 .7 —57.0/x; f ib e r  w id th  fo r  a ll h e a te d  
sam ples averaged  43.7/U a n d  ran g ed  fro m
3 9 .5 —47.7/4. D iffe ren ces  b e tw e e n  lo w  
an d  h ig h  values fo r  h e a te d  sam p les w ere 
a p p ro x im a te ly  o n e -h a lf  o f  th e  d if fe re n c e  
b e tw e e n  lo w  a n d  h ig h  va lu es fo r  raw  
sam ples.

V alues fo r  f ib e r  w id th  a n d  d ia m e te r  
have b e e n  o b ta in e d  b y  m e asu rin g  fib e rs  in  
lo n g itu d in a l a n d  cross se c tio n s  o f  m u sc le  
tissu e . T h e re  a re  p ro b le m s a sso c ia te d  w ith  
m ak in g  m e a su re m e n ts  o n  b o th  ty p e s  o f  
se c tio n s . W id th  o f  f ib e rs  in  lo n g itu d in a l 
se c tio n s  m ay  n o t  t ru ly  in d ic a te  th e  size o f 
m u sc le  fib e rs  an d  th e  q u a n t i ty  o f  sa rc o 
p lasm  p re se n t. F ib e rs  o c c u r  in  a w ide

v a rie ty  o f  sh ap es  an d  m e asu rin g  f ib e r 
w id th  in  a lo n g itid in a l p la n e  c o u ld  a ffe c t 
th e  acc u ra c y  o f  th e  d a ta .

S w an so n  e t al. (1 9 6 5 )  n o te d  th a t  care 
m u s t b e  ta k e n  to  c u t t r u e  c ross sec tio n s , 
b e cau se  an y  v a r ia tio n  fro m  th e  tr u e  cross 
se c tio n  w ill in c rea se  th e  a rea  o f  f ib e r 
ex p o se d  fo r  m e a su re m e n t. T h e y  also  
p o in te d  o u t th a t  m u sc le  f ib e rs  se ld o m  are  
p e rfe c tly  ro u n d , w h ic h  m ak es  it d if f ic u lt

to  se lec t a re p re se n ta t iv e  a rea  fo r  m eas
u re m e n t. H o w ev er, M. R . F e e d e  (p e rso n a l 
c o m m u n ic a tio n , 1 9 7 0 ) fo u n d  a h ig h  c o r
re la tio n  b e tw e e n  th e  d ia m e te r  ca lc u la ted  
fro m  th e  c ro ss-sec tio n a l a rea  o f  fibers 
m easu red  w ith  a p o la r  p la n im e te r  an d  th e  
d ia m e te r  o f  f ib e rs  o b ta in e d  b y  averaging 
th e  la rg est a n d  sm allest d ia m e te rs  o f  a 
m u sc le  f ib e r . H is m e a su re m e n ts  w ere  
m ad e  o n  p h o to m ic ro g ra p h s .
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Several re sea rch e rs  have  used  th e  
m e th o d  d esc r ib ed  b y  T u m a e t al. (1 9 6 2 )  
in  w h ich  a m ic ro b le n d e r  w ith  th e  b lad es 
reversed  w as u sed  to  s e p a ra te  fib e rs  and  
b reak  th e m  in to  p ieces fo r  m e a su re m e n t 
o f  f ib e r  d ia m e te r . H in er e t al. (1 9 5 3 )  used  
a  d issec tin g  m ic ro sc o p e  an d  n eed le s  to  
“ te a s e ” fib e rs  f ro m  m u sc le  b e fo re  m eas
u rin g  f ib e r  d ia m e te r . V alu es fo r  fib e r 
d ia m e te r  o r  w id th  re p o r te d  in  th e  li te ra 
tu re  m ay  d e p e n d  p a r t ly  on  th e  m e th o d  o f  
m e a su re m e n t.

H errin g  e t al. (1 9 6 5 )  re p o r te d  a m ean  
f ib e r  d ia m e te r  o f  50 /i fo r  c ross se c tio n s  o f 
raw  SM m u sc le  f ro m  3 2 5 - 3 5 0  kg a n i
m als, w h ich  w as sim ilar to  th e  m ean  value  
fo u n d  in  th is  s tu d y  fo r  w id th  o f  fib e rs  in 
raw  SM m u sc le  (4 8 .2 ¡i). H in er e t al.
(1 9 5 3 )  r e p o r te d  a s lig h tly  larger m ean  
fib e r d ia m e te r  (5 7 .1 /r)  fo r  m uscles o f  th e  
ro u n d  (s e m im e m b ra n o su s , s e m ite n d in o -  
sus, a n d  b icep s  fe m o ris )  f ro m  9 0 0  lb , 14 
m o o ld  U .S. G o o d  g rad e  s tee rs . E ly
(1 9 6 7 ) , e m p lo y in g  th e  sam e m e th o d  used  
in  th is  s tu d y , fo u n d  s lig h tly  sm alle r av er
age w id th s  ( 3 0 .0 - 4 5 .3 /j ) fo r  raw  SM 
m u sc le  f ro m  16 —25 m o  o ld  s teers . 
C o n n ec tiv e  tissu e

C o llag en o u s c o n n e c tiv e  tissu e  in  raw  
sam p les s ta in e d  b rig h t p in k  to  red . In  
c o o k e d  sam p les som e o f  th e  co llag en o u s 
tissu e  h ad  a g ra n u la r  a p p e a ra n c e  a n d  w as 
s ta in e d  y e llo w  b y  th e  p icric  a c id , b u t  d id  
n o t s ta in  red  w ith  th e  p ic ro -p o n c e a u  
s ta in . P au l e t al. (1 9 4 4 ) ,  L o w e an d  
K aste lic  (1 9 6 1 )  a n d  S k e lto n  e t al. (1 9 6 3 )  
re p o r te d  s im ila r fin d in g s. I t  w as p o s tu 
la te d  th a t  ch an g es in  s ta in in g  a f f in ity  
m ig h t b e  ev a lu a ted  b y  e s tim a tin g  th e  
c o lo r in te n s i ty  o f  each  s ta in e d  se c tio n . 
H o w ev er, w h e n  p re p a r in g  slides i t  w as 
n o te d  th a t  fre sh n ess  o f  th e  s ta in  a ffe c te d  
th e  le n g th  o f  s ta in in g  tim e  re q u ire d . As it 
w as n o t  p ra c tic a l to  p re p a re  a new  b a tc h  
o f  s ta in  fo r  each  sam p le , th e  s ta in in g  
p e r io d  w as in c re a se d  as n e cessa ry  to  
o b ta in  a g o o d  c o n tra s t .  S e c tio n s  fro m  
h e a te d  m u sc le  s ta in e d  m o re  ra p id ly  th a n  
d id  se c tio n s  fro m  raw  m uscle .

E s tim a te s  w ere  m a d e  o f  th e  re la tiv e  
p ro p o r t io n  o f  w avy , s tra ig h t an d  g ran u la r 
ty p e s  o f  c o llag en o u s  c o n n e c tiv e  tissu e  
p re se n t in  each  s e c tio n  an d  th e  q u a n ti ty  
o f  to ta l  c o llag en o u s  tissu e  (T a b le  1). 
W avy fib e rs  w ere  p re d o m in a n t in  se c tio n s  
o f  raw  m u sc le , a n d  m ad e  u p  a  sm all to  
m e d iu m  p ro p o r t io n  o f  c o llag en o u s  fib e rs  
in  h e a te d  tissu e . T h e  p ro p o r t io n  d id  n o t 
v a ry  s ig n ific a n tly  a m o n g  h e a t t r e a tm e n ts .

T h ey  o c c u rre d  as n a rro w  s tra n d s  b e tw e e n  
m uscle  fib e rs , b u t  w ere  m o re  c o m m o n  in 
large areas (F ig . la ) .

S tra ig h t fib e rs  m a d e  u p  a sm all to  
m ed iu m  p ro p o r tio n  o f  th e  to ta l  co llag e
n o u s  tissu e  in  raw  sec tio n s . T h ey  c o m 
p rised  a s lig h tly  la rg er p ro p o r t io n  o f  th e  
c o n n e c tiv e  tissu e  in  c o o k e d  th a n  in  raw  
se c tio n s , b u t  d iffe re n c e s  a m o n g  h e a t 
tr e a tm e n ts  w ere  n o t  s ig n ifican t. S tra ig h t 
f ib e rs  a p p e a re d  as sm all s tra n d s  b e tw e e n  
m u sc le  fib e rs  an d  in  large  areas.

In  m o s t se c tio n s  o f  raw  tissu e  no  
g ra n u la r  c o n n e c tiv e  tissu e  w as o b se rv ed , 
w h ereas in  se c tio n s  o f  h e a te d  tissu e  a 
m ed iu m  to  large p ro p o r t io n  o f  th e  to ta l  
c o llag en o u s  tissu e  w as n o te d  (T a b le  1). 
T h e  d if fe re n c e  in  th e  a m o u n t o f  g ran u la r  
tissu e  b e tw e e n  raw  an d  h e a te d  sam p les 
w as s ig n ific a n tly  (P  <  0 .0 5 )  la rg er in  sec 
tio n s  fro m  sam p les given PB , D F , a n d  OB 
tr e a tm e n ts  th a n  in  th o s e  fro m  O R  sam 
ples. In  se c tio n s  fro m  h e a te d  sam p les, 
g en e ra lly , g ra n u la r  tissu e  w as m ing led  
w ith  s tra ig h t c o n n e c tiv e  tissu e  fib e rs  (F ig . 
lb ) .  N arro w  s tra n d s  o f  c o n n e c tiv e  tissu e  
te n d e d  to  be c o m p le te ly  g ra n u la r , w h e re 
as la rg er a reas te n d e d  to  c o n ta in  b o th  
g ra n u la r  a n d  s tra ig h t fib ers .

T h e  p a n e l o b se rv ed  a g re a te r  q u a n ti ty  
o f  to ta l  c o n n e c tiv e  tissu e  in  se c tio n s  fro m  
c o o k e d  sam p les th a n  in  se c tio n s  fro m  
a d ja c e n t raw  sam p les (T a b le  1). S k e lto n  
e t al. (1 9 6 3 )  also  o b se rv ed  m o re  c o n n e c 
tiv e  tissu e  in  c o o k e d  th a n  in  raw  m uscle  
an d  a t t r ib u te d  th e  a p p a re n t in c rea se  in 
c o n n e c tiv e  tis su e  to  th e  sw elling  an d  
re d is tr ib u t io n  o f  th e  c o n n e c tiv e  tissu e  
d u rin g  h ea tin g .

D is tr ib u tio n  o f  fa t
A lth o u g h  th e  so lv en t u sed  in  th e  s ta in 

ing  te c h n iq u e  d isso lved  th e  fa t  d ro p le ts  
f ro m  th e  cells, f a t  cell w alls w ere  d is tin 
g u ish ab le  in  b o th  raw  an d  h e a te d  sam ples. 
In  th e  m a jo rity  o f  sec tio n s  f a t  w as p re s 
e n t in  b o th  c lu m p e d  a n d  s c a t te re d  fo rm s, 
th e  c lu m p e d  fo rm  b e in g  p re d o m in a n t . 
W ang e t al. (1 9 5 4 )  e x p la in e d  th a t  d u rin g  
h e a tin g  so m e fa t d isp e rses  f ro m  th e  fa t 
cells to  th e  d e g rad ed  co llag en  w ith o u t 
causing  s t ru c tu ra l  dam ag e .

C o n c lu sio n
G en e ra lly  th e  e ffe c ts  o f  h e a t on  se

le c te d  h is to lo g ic a l c h a ra c te ris tic s  o f  b ee f 
SM m u scle  d id  n o t  v a ry  s ig n ifican tly  
a m o n g  fo u r  h e a t tr e a tm e n ts  ( tw o  d ry  
h e a t a n d  tw o  m o is t h e a t tr e a tm e n ts ) . 
V a ria tio n s  a m o n g  s im ila r d a ta  in  th e

li te r a tu re  p ro b a b ly  re s u lte d  fro m  p ro c e 
d u ra l v a ria tio n s  su c h  as m e th o d  o f  m eas
u re m e n t;  age, m a tu r i ty  o r  g rad e  o f  th e  
a n im a l; o r o th e r  p re- an d  p o s t-s la u g h te r  
tr e a tm e n ts  ra th e r  th a n  h e a t t r e a tm e n t .
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R . P. N E W B O L D  and R . K . S C O P E S1 
C S IR O , D iv. o f  F o o d  Preservation , M eat Research  L a b ., Cannon H ill, Q ueensland , 4 1 7 0  Austra lia

POST-MORTEM GLYCOLYSIS IN OX SKELETAL MUSCLE: EFFECTS OF MINCING 
AND OF DILUTION WITH OR WITHOUT ADDITION OF ORTHOPHOSPHATE

S U M M A R Y - T h e  rates o f  p H  fa ll and  o f  changes in g ly c o ly t ic  in term ed ia tes and  co fa c to rs  in o x  
sternom andibu laris m uscle  m in ced  soon  a fte r  slaughter were co m pared  w ith  the ra tes in u n m in ced  
m uscle. M incing  caused  a b o u t a th ree-fo ld  increase in the rates o f  m o st o f  the post-m ortem  changes 
b u t a m uch greater increase in the rate o f  loss o f  n ico tinam ide-aden ine d in u c leo tid e  (N A D ). 
G lyco ly s in g  m uscle  m inces were d ilu te d  w ith  1 vo l o f  a so lu tio n  con ta in ing  po tassium  ch lo rid e , 
w ith  o r  w ith o u t a dded  po tassium  phospha te . Increasing  the po tassium  ch lo rid e  con cen tra tion  
resu lted  in a h igher u ltim ate  p H  o f  the d ilu ted  p repara tion , whereas in clu s ion  o f  inorgan ic p h o s
phate (P i) in 0 .16M  po tassium  ch lo r id e  so lu tio n s re su lted  in lo w er u ltim ate  p H  values, the m a x i
m um  e ffe c t  being ob ta in ed  u sua lly  w ith  50  m M  P j in the d iluen t. The u ltim ate  p H  was then abou t 
the same as in the u n d ilu ted  m in ce , p ro v id e d  tha t g lycogen  was n o t exhausted . C om parisons were 
made o f  the g ly c o ly t ic  m etabo lism  in u n d ilu ted  m inces an d  in m inces d ilu te d  w ith  0 .16M  potassium  
ch lo rid e  con ta in ing  0 , 5 0  o r  100 m M  potassium  phospha te  (pH  6 .7 ) . D ilu tion  w ith o u t add ition  o f  
P j decreased the g ly c o ly t ic  resyn thesis o f  adenosine triphosphate  (A T P )  w ith o u t a ffe c tin g  the 
in itia l adenosine triphosphatase (A T P a se ) a c tiv ity . C on sequ en tly  A T P  was lo s t fa ster, m etabolism  
caused  so o n er and  the u ltim ate  p H  was h igher than in the u n d ilu ted  m ince . In c lu s ion  o f  P j in the 
d ilu e n t s t im u la ted  the g ly c o ly t ic  resyn thesis o f  A T P  w ith o u t a ffe c tin g  the in itia l A T P a se  a ctiv ity . 
C on sequ en tly  loss o f  A T P  was de layed  u n til , due to  lo ss o f  N A D , the g lycera ldehyde-3-phosphate  
dehydrogenase step  becam e rate-lim iting  fo r  lacta te p ro d u c tio n  and fru c to se -1, 6-d iphosphate and  
the triose phospha tes accum ulated . P h osphory lase , p h o sp h o fru c to k in a se  an d  A T P a se  activ itie s  
were ca lcu la ted  from  the changes in g ly c o ly t ic  p ro d u c ts  and  in term ed ia tes, and  'h igh-energy' 
phosphates. Reasons are d iscu ssed  fo r  the d iffe ren ce s in the a ctiv itie s o f  these enzym es am ong the 
d iffe re n t typ es o f  p repara tion .

IN T R O D U C T IO N

P R E C E D IN G  P A P E R S  in  th is  series p e r 
ta in e d  to  p o s t-m o r te m  g ly co ly sis  in  in ta c t 
m u c le  a t a b o v e  ze ro  te m p e ra tu re s  (N ew - 
b o ld  a n d  S co p es, 1 9 6 7 ) a n d  d u rin g  p re 
r ig o r freez in g  a n d  su b s e q u e n t th a w in g  
(S co p es  an d  N e w b o ld , 1 9 6 8 ). In v es tig a 
tio n s  in to  th e  fa c to rs  d e te rm in in g  th e  
e x te n t  o f  p o s t-m o r te m  g ly co ly sis , u sing  
d ilu te d  m in c e  p re p a ra tio n s , h av e  also  
b e e n  d esc r ib ed  (N e w b o ld  a n d  L ee, 1 9 6 5 ). 
In  th e se  in v e s tig a tio n s  g ly co ly s in g  m u scle  
w as m in ced  a n d  d ilu te d  w ith  an  eq u a l 
v o l u m e  o f  a p p r o x im a te ly  is o to n ic  
( 0 .1 6M ) p o ta s s iu m  c h lo r id e , th u s  p ro v id 
ing  a p re p a ra tio n  th r o u g h o u t w h ich  
c o fa c to rs  a n d  g ly co ly sab le  su b s tra te s  
c o u ld  be re a d ily  d isp e rsed .

T h e  p re se n t p a p e r c o m p a re s  th e  
m e tab o lism  o f  in ta c t  an d  m in ced  m u sc le , 
a n d  th e  e ffe c t o f  d ilu tin g  m u sc le  m in ces 
w ith  vario u s c o n c e n tra tio n s  o f  p o ta s s iu m  
c h lo r id e  o r  p o ta s s iu m  p h o s p h a te  o n  th e  
u lt im a te  pH . I t a lso  c o m p a re s  th e  m e ta b 
o lism  o f  u n d ilu te d  m in ces  a n d  m inces 
d ilu te d  w ith  an  eq u a l v o lu m e  o f  0 .1 6M 
p o ta s s iu m  ch lo r id e  w ith  o r w ith o u t a d d ed  
Pj. It w as o f  in te re s t  to  s tu d y  th e  e ffe c t 
o f  in c lu d in g  P j in  th e  d ilu e n t s in ce  P j is 
n o t  o n ly  a s u b s tra te  o f  p h o sp h o ry la se  a n d  
g ly c e ra ld e h y d e -3 -p h o sp h a te  d e h y d ro g e n 
ase b u t  also  an  a c tiv a to r  o f  p h o s p h o f ru c 
to k in ase .

^ P resent address: Agricultural Research
Council, Meat Research Institute, Langford, 
Bristol, England.

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

Muscle preparations
The source of ox sternomandibularis mus

cle, the methods of mincing and preparing 
diluted minces, and the general conditions 
under which the experiments were conducted 
were as described previously (Newbold and Lee,
1965). Minces were prepared about 75 min 
post-mortem and diluted 10-15 min later. The 
diluted minces all contained 1 ml of diluent/g 
of mince. Mince diluted with 0.16M KC1 is re
ferred to as ‘KC1 mince,’ with 0.16M KC1 con
taining 50 mM potassium phosphate, pH 6.7, as 
‘50 mM Pj mince,’ and with 0.16M KC1 contain
ing 100 mM potassium phosphate, pH 6.7, as 
TOO mM Pj mince.’

All muscle preparations were kept at room 
temperature (20-25°C) unless otherwise noted, 
the diluted minces in air and the undiluted 
minces and intact muscle samples in N2 .
Measurement of pH

Unminced muscle and undiluted minces 
were homogenized in 5 mM sodium iodoacetate 
and the pH of the homogenate was measured 
with a Radiometer (Copenhagen, Denmark) 
model 22 pH-meter, scale expander and com
bined electrode (GK 2021C). The pH of the 
diluted preparations was measured directly by 
immersing the combined electrode in the prep
aration.
Analytical methods

Glycogen was measured as described previ
ously (Newbold and Lee, 1965).

Methods of preparing perchloric acid ex
tracts and analyzing them were as described by 
Newbold and Scopes (1967) except as noted 
below. The extracts were adjusted with IN 
KOH to a pH close to 7.0 using a mixture of 
bromothymol blue and phenolphthalein ‘as 
indicator. ATP was determined using phospho-

glycerate kinase as described by Adam (1963); 
after this reaction was complete, creatine phos
phate was measured using creatine kinase. In 
addition, glucose was determined using yeast 
hexokinase and measuring either the ADP pro
duced (as described by Pfleiderer, 1963) or the 
glucose-6-phosphate produced (as described by 
Slein, 1963). The method for Pj (Allen, 1940) 
and all enzymic methods were automated using 
the Technicon Auto-analyser.
Expression of results

Analytical values obtained for each extract 
were multiplied by the ratio of the total acid- 
soluble phosphorus concentration of the muscle 
preparation from which the extract was made, 
to that of the extract. The total acid-soluble 
phosphorus content of each of the four muscles 
used to study the effect of mincing was as
sumed to be 53 /ig-atoms/g. Determinations 
were made of the total acid-soluble phosphorus 
contents of all of the diluted preparations and 
six of the corresponding undiluted minces. 
Values obtained for the undiluted minces 
ranged from 49.0-57.0 Mg-atoms/g (mean 53.0 
Mg-atoms/g).

‘Hexose monophosphate’ refers to the sum 
of glucose-l-phosphate, glucose-6-phosphate 
and fructose-6-phosphate; ‘fructose diphos
phate’ to the sum of fructose-1,6-diphosphate 
and half of the triose phosphates. At all times 
fructose-1,6-diphosphate and the triose phos
phates were present in roughly equilibrium pro
portions, as also were the individual hexose 
monophosphates.

R E S U L T S

E ffe c t o f  m in c in g  o n  su b s e q u e n t 
g ly c o ly tic  ch an g es

T h e  u lt im a te  p H  o f  a m in ce  s to re d  a t 
te m p e ra tu re s  ran g in g  f ro m  1 °C —3 7 °C

MINUTES AFTER START OF MINCING

Fig . 1 —E f fe c t  o f  m in cin g  on the tim e-course o f  
the change in p H . *, in ta c t (unm inced ) m uscle ; 
• m in ced  m uscle . P o in ts are mean values fo r  
the same 4  m uscles. E xp e rim en ta l deta ils are 
given in the tex t.
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Fig . 2 —E f fe c t  o f  m incing  on the tim e-course o f  
changes in the co n cen tra tio n s o f  (a) N A D , (b l 
A M P , (c) A D P a n d  (d ) A T P . ■, in ta c t m u sc le ; • 
m in ced  m uscle . P o in ts are the mean values fo r  
the same 4  m uscles as in  F ig . 1. E xp e rim en ta l 
deta ils are given in the tex t.

w as c lose  to  th a t  o f  th e  c o rre sp o n d in g  
u n m in c e d  sam p le , b u t  w as re a c h e d  in 
a b o u t o n e  th ird  th e  tim e . F o r  e x a m p le , a t 
2 0 °C  it w as re a c h e d  b y  6 —7 h r  in  m ince  
c o m p a re d  w ith  2 0 - 2 4  h r  in  in ta c t m u s
cle.

F ig u res 1—3 sh o w  th e  ch an g es, in  th e  
f irs t 4 0 0  m in  a f te r  th e  s ta r t  o f  m in c in g , in 
m in ced  an d  in ta c t sam p les k e p t a t 2 0 °C . 
T h e  va lues a re  th e  m ean s  fo r  fo u r  m u s
cles. C hanges in  pH  are  sh o w n  in  F ig u re
1. L a c ta te  p ro d u c t io n  c lo se ly  p a ra lle led  
th e  fa ll in  pH  in  b o th  in ta c t  an d  m in ced  
sam p les. C hanges in  th e  c o n c e n tra tio n s  o f  
ad e n in e  n u c le o tid e s  a re  sh o w n  in  F ig u re
2, a n d  o f  h e x o se  m o n o p h o s p h a te  an d  g lu
cose  in  F ig u re  3.

T h e  o v era ll ch an g es in  A T P , ad e n o s in e  
d ip h o s p h a te  (A D P ), g lu co se , g ly co g en  
an d  c re a t in e  p h o s p h a te  c o n c e n tra tio n s  
w ere  o f  th e  sam e m a g n itu d e  in  th e  m in ce  
as in  th e  in ta c t m u sc le , b u t to o k  p lace  
several tim e s  fa s te r  in  th e  m in ce . C hanges 
in  a d e n o s in e  m o n o p h o s p h a te  (A M P ) c o n 
c e n tr a tio n  (F ig . 2 b ) w ere  sm all. T h e  N A D  
c o n te n t  o f  th e  m in ce  fe ll v e ry  ra p id ly  
(F ig . 2 a ) a n d  b y  th e  tim e  th e  firs t sam p le  
w as ta k e n  it h ad  fa llen  f u r th e r  th a n  it d id  
in  th e  in ta c t  m u sc le  in  4 0 0  m in . I t c o n 
tin u e d  to  fa ll o n ly  very  s lo w ly  in  th e  
m in ce  a f te r  re ach in g  a c o n c e n tra t io n  o f  
a b o u t  0 .0 6  jum oles/g.

A t 10 m in  a f te r  th e  s ta r t  o f  m in c in g  
th e  A T P  c o n c e n tra t io n  w as a lw ay s s lig h t
ly  h ig h e r a n d  th e  A D P an d  AM P c o n c e n 
tr a tio n s  s lig h tly  lo w e r in  th e  m in ce  th a n  
in  th e  in ta c t m uscle . H o w ev er, th e  su m  o f

Fig . 3 —E f fe c t  o f  m incing  on  the tim e-course o f  
changes in the co n cen tra tio n s o f  (a) g lucose  and  
(b l h exo se  m onophosphate . ■, in ta c t m u sc le ; •, 
m in ced  m uscle . P o in ts are mean values fo r  the  
same 4  m uscles as in F ig . 1. E xp e rim en ta l d e
tails are given in  the te x t .

th e  A T P , A D P, AM P a n d  N A D  c o n c e n 
tr a tio n s  w as a t th is  tim e  th e  sam e in  b o th ,  
a n d  th is  sum  p lu s  th e  in o s in e  n u c le o tid e  
re m a in e d  v ir tu a lly  c o n s ta n t th ro u g h o u t 
th e  4 0 0  m in  p e rio d  (m e a n  va lu e , 6 .77  
M m oles/g).

A s n o te d  p rev io u sly  (N e w b o ld  an d  
S co p es, 1 9 6 7 ) o n ly  very  sm all a m o u n ts  
(less th a n  0 .0 5  p m o le s /g )  o f  f ru c to se  
d ip h o s p h a te  o c c u r  in  in ta c t o x  s te rn o -  
m a n d ib u la r is  m u sc le . H o w ev er, in  th e  
m in ced  m u sc le  f ru c to se  d ip h o s p h a te  b u ilt 
u p  to  a p eak  o f  a b o u t  1 ¿¿m ole/g (see  Fig. 
8c). T h e  h e x o se  m o n o p h o s p h a te  c o n te n t  
o f  th e  m in ce  w as in itia lly  h ig h er th a n  th a t  
o f  th e  in ta c t m u sc le  (F ig . 3 b ), b u t su b se 
q u e n tly  d e c lin e d  s te a d ily . In  th e  23 in ta c t 
m u scles  e x a m in e d  to  d a te  th e  m ean  
(± S .E .M .) h ex o se  m o n o p h o s p h a te  c o n 
te n t  a t a b o u t 75 m in  p o s t-m o r te m , has 
b een  4 .1 5  ± 0 .2 0  A tm oles/g, a n d  in  m inces 
fre sh ly  p re p a re d  fro m  12 m u scles  75  m in  
p o s t-m o r te m  6 .3 5  ± 0 .4 8  ^ m o le s /g .

T h e  a - g l y c e r o p h o s p h a t e  c o n te n t  
ch an g ed  li t t le  in  e ith e r  in ta c t  o r  m in ced  
m uscle .

A t 4 0 0  m in  th e  g ly co g en  c o n te n ts  
(ex p re ssed  as g lu co se  e q u iv a le n ts )  o f  th e  
fo u r  m in ces  w ere  in  th e  ran g e  9 —31 
M m oles/g, in d ic a tin g  th a t  th e  e x te n t  o f 
g ly co ly sis  in  th e se  m in ces w as n o t  lim ite d  
by  lack  o f  g lycogen .

E ffe c t o f  d ilu tin g  w ith  so lu tio n s  o f 
p o ta s s iu m  sa lts  on  th e  u lt im a te  pH  o f  
m u sc le  m inces

T h e  e ffe c ts  o f  d ilu tin g  w ith  0 .1 6M

Fig . 4  E f fe c t  o f  co m p o sit io n  o f  the d ilu e n t on  
the u ltim ate  p H  o f  d ilu ted  m in ces co n ta in in g  1 
m l o f  d iluen t/g  o f  m ince , (a) C o n cen tra tio n s o f  
o rthophosphate . P o in ts are m ean values fo r  the  
same 9  m inces. A l l  d ilu en ts  co n ta in ed  a dded  
glycogen  (5 0 —100 m M  as g lucose  equ iva len ts)  
in add ition  to  o rth o p h o sp h a te  and  0 .1 6 M  p o 
tassium  ch lo r id e ; (b l C on cen tra tion  o f  p o ta s
sium  ch lo rid e . P o in ts are mean values fo r  the  
same 4  m inces. The d ilu en ts fo r  one o f  these  
m inces a lso co n ta in ed  a d d ed  g lycogen  (5 5  m M  
as g lucose  equ iva len ts).

p o ta ss iu m  c h lo r id e  w ith  o r w i th o u t  a d d i
t io n  o f  g ly co g en  have  b een  d e sc r ib e d  p re 
v io u sly  (N e w b o ld  a n d  L ee , 1 9 6 5 ). F o r  47 
d if fe re n t m u scles , th e  m ean  u lt im a te  pH  
(±  S .E .M .) o f  th e  u n d ilu te d  m in ces  w as 
5 .5 9  ± 0 .0 2  w h ile  th a t  o f  th e  m in ces  
d ilu te d  w ith  0 .1 6M  p o ta s s iu m  c h lo r id e  
c o n ta in in g  55 mM  g ly co g en  (as g lu co se  
eq u iv a le n ts )  w as 5 .8 7  + 0 .0 1 . W hen  g ly
cogen  w as o m itte d  fro m  th e  d ilu e n t th e  
u lt im a te  pH  w as o n ly  0 .0 3 8  ± 0 .0 0 5  u n it 
h ig h er (2 2  co m p a riso n s ).

T h e  e ffe c t o f  d ilu tin g  w ith  d if fe re n t 
c o n c e n tra tio n s  o f  p o ta s s iu m  c h lo r id e  is 
sh o w n  in F ig u re  4 b . T h e  u lt im a te  pH  o f  
th e  fo u r  u n d ilu te d  m in ces u sed  in  th e se  
e x p e rim e n ts  ran g ed  fro m  5 .5 4 —5 .7 1 . As 
th e  c o n c e n tra t io n  o f  p o ta s s iu m  c h lo r id e  
in  th e  d ilu e n t in c rea sed  th e  p H  fe ll m o re  
s low ly  an d  th e  u lt im a te  pH  w as h ig h er.

T h e  e f fe c t o f  in c lu d in g  p o ta s s iu m  
p h o sp h a te , pH  6 .7 , a n d  g ly co g en , as w ell 
as 0 .1 6M p o ta s s iu m  c h lo r id e , in  th e  
d ilu e n t is sh o w n  in  F ig u re  4 a . In c rea s in g  
th e  P; c o n c e n tra tio n  re s u lte d  in  a lo w er 
u lt im a te  pH , th e  m a x im u m  e ffe c t u su a lly  
b e in g  o b ta in e d  w h en  th e  d i lu e n t c o n 
ta in e d  50  m M  Pj. T h e  u l t im a te  pH  w as 
th e n  s im ila r to  th a t  o f  th e  u n d ilu te d  
m ince.
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M IN U T E S  A FT ER  DILUTION
Fig . 5 -T im e -co u rse  o f  changes in  the p H  o f  
u n d ilu ted  m inces ( * ) , K C I m in ces (O) an d  50  
m M  P j m inces (A ). P o in ts are mean values fo r  
co rrespond in g  p repara tion s m ade fro m  the  
same 17 m uscles. E xp e rim en ta l deta ils are given  
in the tex t.

M IN U I I . S  A F T E R  d i l u t i o n  
Fig . 6 —Tim e-course o f  changes in  (a) p H  and  
(b ) lacta te co n cen tra tio n  in  u n d ilu ted  m inces  
( * ) ,  K C I m in ces (Of an d  5 0  m M  P j m inces (A ). 
C on cen tra tion s in the d ilu te d  m in ces are e x 
p ressed  as gm oles/g  o f  d ilu te d  p rep a ra tion ; 
those in the u n d ilu ted  m in ces as pm oles/0 .5g  o f  
m ince. P o in ts are m ean values fo r  co rre sp o n d 
ing p repara tion s m ade from  the same 3  m uscles. 
Exp e rim en ta l de ta ils  are given in  the te x t .

(a)

---------------1______ ___i_________ i

a
2 O-1 <

Fig . 7 —Tim e-course o f  changes in the co n cen 
tra tions o f  (a) A M P , (b ) A D R , and  (c ) A T P  in 
u n d ilu ted  m in ces ( * ) ,  K C I m in ces (O) an d  5 0  
m M  P j m inces (A ). C on cen tra tion s in the d ilu t
e d  m in ces are e xp re ssed  as pm oles/g  o f  d ilu ted  
p rep a ra tion ; those in the u n d ilu ted  m inces as 
pm oles/0 .5g  o f  m ince . P o in ts are mean values 
fo r  the same p repara tion s as in  F ig . 6 . E x p e r i
m enta l deta ils are given in the tex t.

W hen th e  d ilu e n t c o n ta in e d  50  mM 
g ly co g en  (as g lu co se  e q u iv a le n ts ) , th e  
m e a n  u lt im a te  p H  (±  S .E .M .) o f  th e  50  
m M  P j m in ces p re p a re d  fro m  th e  47  m u s
cles d e sc r ib ed  a b o v e  w as 5 .5 4  ± 0 .0 2 .  
W hen g ly co g en  w as o m itte d  fro m  th e  
d ilu e n t th e  u lt im a te  pH  w as 0 .1 9  ± 0 .0 2  
u n it  h ig h e r (1 9  c o m p a r iso n s ) , a n d  d e te r 
m in a tio n s  o n  so m e o f  th e s e  p re p a ra tio n s  
s h o w e d  th a t  th e  g ly co g en  h a d  b e e n  
e x h a u s te d .

In  th e  e x p e r im e n ts  d e sc r ib e d  b e lo w , 
g ly co g en  (55  — 100  m M , as g lu co se  eq u iv 
a le n ts )  w as in c lu d e d  in  all th e  d ilu e n ts  to  
e n s u r e  th a t  g ly co ly sis  d i ' n o t  cease 
b ecau se  o f  lack  o f  th is  su b s tra te .

E f f e c t  o f  d i lu t io n  o n  t h e  r a te  o f  p H  fa l l

T h e ra te s  o f  p H  fa ll in  u n d ilu te d  
m in ces, KCI m in ces , a n d  50  m M  Pj 
m inces a re  sh o w n  in  F ig u re  5. E a c h  p o in t 
in  th is  fig u re  is th e  m ean  v a lu e  fo r  th e  
sam e 17 m uscles.

T h e  in itia l p H  o f  th e  5 0  m M  P; m in ce  
w as p a r t ly  d e te rm in e d  b y  th e  p H  o f  th e  
d ilu e n t. T h e  fa c t th a t  th e  in i tia l p H  re 
c o rd e d  fo r  th e  KCI m in ce  w as lo w e r th a n  
th a t  re c o rd e d  fo r  th e  u n d ilu te d  m in ce  is 
a t t r ib u ta b le  to  th e  d if fe re n t m e th o d s  
u sed  in  m easu rin g  th e se  values. T h e  p H  o f  
th e  KCI m in ce  w as m e a su re d  d ire c tly , 
w h ereas th a t  o f  th e  u n d ilu te d  m in c e  was 
m easu red  a f te r  h o m o g e n iz a tio n  in  5 mM  
so d iu m  io d o a c e ta te . I t  w as fo u n d  th a t ,  
w ith  fresh ly  p re p a re d  m in ce , th e  pH  o f  a 
h o m o g e n a te  in  io d o a c e ta te  w as c o n s is t
e n tly  h ig h er b y  a b o u t 0.1 u n it  th a n  th a t

o f  a  h o m o g e n a te  in  io d o a c e ta te  c o n ta in 
ing  0 .1 6M  p o ta s s iu m  ch lo r id e .

U n til th e  p H  h ad  fa llen  to  6 .1 —6 .2  th e  
ra te s  o f  fa ll in  th e  u n d ilu te d , KCI, a n d  50 
m M  Pj m in ces  w ere  v e ry  s im ila r d e sp ite  
th e  h ig h e r b u ffe r in g  c a p a c ity  (p e r  g ram  o f

Fig . 8 —Tim e-course o f  changes in  the co n cen 
tra tion s o f  (a) a -g lycerophosphate , (b ) hexo se  
m on ophosphate  and  (c )  fru c to se  d iphosphate  in  
u n d ilu ted  m in ces ( * ! ,  K C I m in ces (O) an d  50  
m M  P ; m in ces (A ). C on cen tra tion s in the d ilu t
e d  m in ces are exp re ssed  as gm oles/g  o f  d ilu ted  
p rep a ra tio n ; those  in the u n d ilu ted  m inces as 
gm o les/0 .5g  o f  m ince . P o in ts are mean values 
fo r  the sam e p repara tion s as in  F ig . 6. E x p e r i
m enta l deta ils are given in  the tex t.

m in ce ) o f  th e  50  m M  P j m in ces . S u b se 
q u e n tly , as h a s  b e e n  n o te d  a b o v e , th e  pH  
o f  th e  K CI m in ces fe ll o n ly  to  a b o u t  5 .9 , 
re a c h e d  in  a b o u t  2 0 0  m in ; w h e reas  in  th e  
50  mM  P j m in ces , as in  th e  u n d ilu te d  
m in ces , i t  fe ll to  a n  average v a lu e  b e lo w
5 .6 , re a c h e d  in  a b o u t  4 0 0  m in .

E f f e c t  o f  d i lu t io n  o n  in t e r m e d ia r y  
m e t a b o l i s m

P rogressive  ch an g es in  th e  c o n c e n tra 
t io n s  o f  g ly c o ly tic  in te rm e d ia te s  an d  
a sso c ia te d  c o m p o u n d s  w ere  fo llo w e d  in  
n in e  KCI m in ces , seven  5 0  m M  P j m inces 
an d  th re e  100 mM  P j m in ces. (In  n o n e  o f  
th e se  w as th e  g ly co g en  c o n c e n tra tio n , 
e x p re ssed  as g lu co se  e q u iv a le n ts , less th a n  
2 2  /im o le s /g  a t  3 8 0  m in .)  C o rre sp o n d in g  
p re p a ra tio n s  fro m  d if fe re n t m u scles  a l
w ays sh o w e d  th e  sam e g en e ra l p a t te rn  o f  
ch an g e  b u t  n o t  n ecessa rily  th e  sam e tim e  
scale. T h e  re su lts  p re s e n te d  in  F ig u res
6 —9 are  th e  m ean  va lu es fo r  th re e  m u s
cles, th e  c o rre sp o n d in g  p re p a ra tio n s  fro m  
w h ic h  m e ta b o liz e d  a t s im ila r ra te s . In  
th e se  fig u res, c o n c e n tra tio n s  in  th e  d i lu t
ed  m in ces  a re  e x p re ssed  as q m o le s /g  o f  
d ilu te d  p re p a r a t io n , w h ile  th o s e  in  th e  
u n d i l u t e d  m i n c e s  a re  e x p re ssed  as 
/im o le s  /0 .5 g  o f  m in ce  u n le ss  n o te d  o th e r 
w ise. S im ila rly , c o m p a r iso n s  m a d e  in  th e  
te x t  a re  b e tw e e n  e q u iv a le n t a m o u n ts  o f 
m in ced  m uscle .

L a c t a t e .  In  th e  in te rv a l 5 —50  m in  a f te r  
d ilu tio n  m o re  la c ta te  w as p ro d u c e d  in  th e  
u n d ilu te d  m in ce  th a n  in  th e  KCI m in ce  
(F ig . 6 b ). T h e  fa c t th a t ,  in  th is  in te rv a l,
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4 0

50  l o o  2 0 0  3 0 0  4 0 0
MINUTES AFTER DILUTION

Fig. 9 — T im e-co u rse  o f  ch anges in  th e  c o n c e n 
tra tio n  o f  Pj in  u n d i lu te d  m in c e s  (* ), KCI 
m in c e s  (O) a n d  5 0  m M  P j m in c e s  (£s), C o n c e n 
tra tio n s  in  a ll p re p a ra tio n s , d i lu te d  o r  u n d i lu t 
ed , are e x p r e s s e d  as g m o le s /g  o f  p re p a ra tio n .  
P o in ts  are m ea n  va lues fo r  th e  sa m e  p rep a ra 
t io n s  as in  Fig. 6. E x p e r im e n ta l d e ta ils  are g iven  
in  th e  te x t .

the change in pH was apparently the same 
in both (Fig. 6a) may be a consequence 
of the different methods used in deter
mining pH, as described above. Lactate 
accumulated fastest in the 50 mM Pj 
mince.

Adenine nucleotides. Changes in the 
concentrations of the adenine mononu
cleotides are shown in Figure 7. Loss of 
ATP and ADP was faster in the KCI 
mince than in the undiluted mince but 
was delayed in the 50 mM Pj mince. How
ever, by 200 min both the ATP and ADP 
contents had fallen by similar amounts in 
each of these preparations, the most rapid 
rate of loss in the 50 mM Pj mince occur
ring between 100—200 min. The greatest 
changes in AMP content occurred in the 
50 mM Pj mince in which there was a 
steady increase to a peak at about 200 
min followed by a rapid decrease. By the 
time of dilution the NAD content of the 
undiluted mince had fallen to 0.08—0.10 
/imoles/0.5g, and the subsequent rate of 
loss was unaffected by dilution with 
either KCI or 50 mM Pi-

Glycolytic intermediates. Changes in 
the concentrations of those glycolytic 
intermediates which occurred in more 
than trace amounts are shown in Figure
8 . The hexose monophosphate content 
fell faster in the KCI mince and slower in 
the 50 mM Pj mince than in the undiluted 
mince (Fig. 8b). In both the undiluted 
mince and the 50 mM Pj mince the fruc

Fig. 10 —Progress cu rves  o f  (a) p h o s p h o fr u c to -  
k in a se  a c t iv i ty  a n d  (b) p h o s p h o r y la s e  a c t iv i ty  in  
u n d i lu te d  m in c e s  (•), KC I m in c e s  1°) a n d  5 0  
m M  Pj m in c e s  (&). A c c u m u la t iv e  p h o s p h o -  
fr u c to k in a s e  a n d  p h o s p h o r y la s e  a c tiv itie s  are  
ex p re sse d , re sp e c tiv e ly , as g m o le s  o f  s u b s tra te  
a n d  p m o le s  o f  g lu co se  e q u iv a le n ts  tr a n s fo r m e d  
in  1g o f  d i lu te d  p re p a ra tio n  o r  0 .5 g  o f  u n d i lu t 
e d  m in c e . P o in ts  are va lues d e r iv e d  as d e s c r ib e d  
in th e  t e x t  fo r  th e  p re p a ra tio n s  d e s c r ib e d  in  
Figs. 6 —8.

tose diphosphate content increased, 
reaching a maximum at about 200 min 
(Fig. 8c). The increase was much greater 
in the 50 mM Pj mince than in the undi
luted mince and occurred during the 
period of rapid ATP loss. In the three KCI 
minces for which results are given here no 
more than a trace of fructose diphosphate 
was present at any time. However, in 
some others, a small temporary increase 
was observed. The amounts of 3- and
2 -phosphoglycerate, phosphoenolpyru- 
vate, and pyruvate in the minced muscle 
preparations were very small and did not 
change except for slow increases, in all 
but pyruvate, at times when substantial 
amounts of fructose diphosphate were 
present. After about 90 min the a-glyc- 
erophosphate concentration decreased 
slowly in the KCI minces but not in the 
50 mM Pj minces (Fig. 8a).

Other compounds. The initial creatine 
phosphate contents were low, 1—2 
¿tmoles/g of diluted preparation, and vir
tually none remained after 150 min. In 
the minced muscle preparations, as in 
intact muscle (Newbold and Scopes,
1967), changes in Pj concentration (Fig. 
9) corresponded with the changes in 
other phosphates, the total amount of 
phosphorus in Pj, creatine phosphate, 
ATP, ADP, AMP, NAD, hexose mono
phosphate, fructose diphosphate, a-glyc- 
erophosphate, and inosine nucleotide 
(assumed to be IMP) being essentially the

60 r

MINUTES AFTER DILUTION 
Fig. 1 1 — Progress cu rves  o f  A T P a se  a c t iv i t y  in  
u n d i lu te d  m in c e s  (* ), K C I m in c e s  (O), a n d  5 0  
m M  Pj m in c e s  (&). A c c u m u la t iv e  A  TPase a c t iv 
i t y  is e x p r e s s e d  as g m o le s  o f  A  TP  d e p h o s p h o r -  
y la te d  in  1g o f  d i lu te d  p re p a ra tio n  o r  0 .5 g  o f  
u n d i lu te d  m in c e . P o in ts  are va lues d e r iv e d  as 
d e s c r ib e d  in th e  t e x t  fr o m  m e a n  va lu es o b 
ta in e d  w ith  th e  p re p a ra tio n s  d e s c r ib e d  in  Figs. 
6 - 8 .

same at all times. Similarly the sum of the 
glycogen, glucose, lactate and glycolytic 
intermediates (all expressed as glucose 
equ ivalents) was virtually constant 
throughout the period of examination. 
Free glucose accumulated at about the 
same rate in the KCI mince as in the undi
luted mince but more rapidly in the 50 
mM Pj mince.

Metabolism of 100 mM Pj minces
Glycolytic changes in 100 mM Pj 

minces were similar to, but of greater 
magnitude than those in 50 mM Pj 
minces. Lactate accumulated at a faster 
rate but, as a consequence of the higher 
buffering capacity, the pH fell rather 
more slowly. The final lactate concentra
tion was considerably higher, but the ulti
mate pH was not significantly different. 
Loss of ATP was further delayed but 
took place more rapidly during the period 
when fructose diphosphate was accumu
lating. Loss of ADP was also further 
delayed. The AMP peak was reached at 
about the same time as in the 50 mM Pj 
minces but was somewhat higher. Loss of 
NAD was not affected. Fructose diphos
phate reached a peak concentration of 
about twice that in 50 mM Pj minces and 
subsequently declined only a little. Hex
ose monophosphate concentrations were 
generally higher in the 100 mM Pj minces, 
and some remained when the ultimate pH 
was reached. Changes in a-glycerophos- 
phate were much the same in the 100 mM
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Pi as in the 50 mM Pi minces. Glycogen 
utilization and glucose accumulation were 
both greater in the 100 mM Pi minces. 
Effects of mincing and dilution on 
enzyme activities

In all preparations, since changes in 
the total concentration of monophospho- 
g lycerates, phosphoenolpyruvate and 
pyruvate (1,3-diphosphoglycerate was not 
measured) were very small compared with 
those in lactate concentration, changes in 
lactate concentration reflect the activities 
of glyceraldehyde-3-phosphate dehydro
genase and the subsequent enzymes of 
glycolysis.

A ccum ulative phosphofructokinase 
(Fig. 10a), phosphorylase (Fig. 10b), and 
ATPase (Fig. 11) activities were calcu
lated from changes in the concentrations 
of lactate, glycolytic intermediates, and 
‘high-energy’ phosphates. (ATPases were 
assumed to be responsible for all the utili
zation of ATP not attributable to the ac
tion of phosphofructokinase or creatine 
kinase.) In plotting these activities, values 
of the following at 5 min after dilution 
were subtracted from those at later times: 
Phosphofructokinase:—0.5 x lactate + 

0.5 x a-glycerophosphate + fructose 
diphosphate

Phosphorylase:—0.5 x lactate + 0.5 x 
a-glycerophosphate + fructose diphos
phate + hexose monophosphate 

ATPase:-1.5 x lacta te- (0.5 x a-glyc- 
erophosphate + fructose diphosphate + 
2 x ATP + ADP + creatine phosphate) 
As has been noted previously (New- 

bold and Scopes, 1967), in calculating

phosphofructokinase activity it was not 
possible to allow for the utilization, if 
any, of fructose-1,6-diphosphate by fruc
to s e -1, 6 -diphosphatase. Similarly, in 
calculating ATPase activity it was not 
possible to allow for the breakdown, if 
any, of ATP to ADP and Pj by the com
bined action of phosphofructokinase and 
fructose-1,6-diphosphatase.

It is clear, without presenting curves, 
that mincing increased the ATPase activ
ity and stimulated all of the glycolytic 
enzymes. Figures 10 and 11 each include 
curves derived from the data obtained for 
the undiluted minces, KC1 minces and 50 
mM Pj minces described in Figures 6—8 . 
The corresponding curves for 100 mM Pj 
minces are given in the following paper 
(Newbold and Scopes, 1971). A notable 
feature shown by these curves is the 
alm ost complete cessation of phos
phorylase and phosphofructokinase activ
ities in the 50 mM Pj and 100 mM Pj 
minces after 200 — 250 min.

During the period 5 — 50 min the 
ATPase activity was essentially the same 
in the undiluted, KC1, 50 mM Pj and 100 
mM Pj minces, but both the phosphoryl
ase and phosphofructokinase activities 
increased with phosphate concentration, 
the former much more than the latter. 
This is illustrated more clearly in Table 1.

DISCUSSION
Effects of mincing

ATPase activity and glycolytic metab
olism were stimulated about three-fold by 
mincing. The present results do not give

any indication as to whether myofibrillar 
or other ATPases were involved. During 
mincing phosphorylase was stimulated 
more than phosphofructokinase, since the 
samples taken immediately after mincing 
had a higher hexose monophosphate con
tent than the intact muscle. Subsequent
ly, however, phosphorylase was relatively 
less active than phosphofructokinase, 
since the hexose monophosphate concen
tration decreased. NAD was lost rapidly 
after mincing, and it appears that lack of 
this coenzyme was responsible for the 
glyceraldehyde-3-phosphate dehydrogen
ase step becoming rate-limiting for lactate 
production, and the consequent accumu
lation of fructose-1,6-diphosphate and 
triose phosphates. In the following paper 
(Newbold and Scopes, 1971) it is shown 
that addition of NAD prevents this occur
rence.
Effects of dilution

Dilution of the mince with 0.16M 
potassium chloride slowed the rate of 
glycolytic resynthesis of ATP but had 
little immediate effect on the ATPase 
activity. As a result there was more rapid 
loss of ATP, glycolysis ceased earlier and 
the ultimate pH was higher than in the 
undiluted mince. On the other hand, 
inclusion of 50 mM or 100 mM phos
phate in the diluent accelerated the rate 
of glycolytic resynthesis of ATP, and the 
ATP concentration remained high until 
glyceraldehyde-3-phosphate dehydro
genase became rate-limiting and fructose 
diphosphate accumulated. In the KC1 
minces, the glyceraldehyde-3-phosphate 
dehydrogenase step usually did not be
come rate-limiting before phosphofruc
tokinase activity ceased.

It should be noted that the rate of 
ATP loss is not directly a reflection of the 
ATPase activity, but of the AMP deami
nase activity. At the relatively slow rates 
of metabolism in these minced prepara
tions it can be assumed that myokinase is 
able to maintain equilibrium among the 
three adenine mononucleotides, and until 
the ATP content approaches its minimum 
most of the available adenine nucleotide 
is in the form of ATP. The activity of the 
deaminase depends partly on pH being 
maximal around pH 6 (Lee, 1957), partly 
on Pj concentration (Pj being an inhibi
tor—Nikiforuk and Colowick, 1956), but 
mainly on the AMP concentration at the 
enzyme site. Thus faster loss of ATP 
implies greater AMP deaminase activity 
which, in turn, implies a higher available 
AMP concentration.

Among the several types of minced 
muscle preparation, differences in both 
phosphorylase and phosphofructokinase 
activities were apparent from the time of 
dilution. On the other hand, ATPase 
activity was virtually unaffected for 
about 50 min and subsequent differences 
can be ascribed to differences in pH and

T a b le  1 —A m o u n t s  o f  s u b s tra te s  u s e d  b y  various e n z y m e s  in  u n d i lu t 
e d  a n d  d i lu te d  m in c e s  d u r in g  th e  p e r io d  5 —5 0  m in  a f te r  p re p a ra tio n  o f  
th e  d i lu te d  m in c e s a

Group Preparation Conc.b

Hexose 
used 

at the 
phosphory

lase step

Hexose 
used 

at the 
phospho

fructo
kinase step

ATP
used
by

ATPases

Ac KC1 mince 12.5 2 . 2 4.1 15.4
Undiluted

mince 2 2 .l d 3.2 4.7 15.9
50 mM Pj

mince 33.4 4.2 5.2 16.4
Bc 50 mM Pi 

mince 32.9 4.2 5.1 15.0
100 mM Pi
mince 53.7 5.2 5.2 15.4

aMethods used in assessing these values are described in the text. 
bPj concentrations are the mean values for each o f the different 

preparations during the period under consideration. Concentrations o f 
Pj and the amounts o f substrates used in the diluted minces are ex
pressed as /imoles/g o f diluted preparation, and in the undiluted mince 
as gmoles/0.5 g o f mince, unless noted otherwise.

cValues in Group A are means for the same three muscles. Those in 
Group B are means for the same two muscles. 

d;umoles/g o f mince.
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ATP concentration. Initially, the differ
ences in phosphorylase activity may have 
been due to small changes in the amount 
of phosphorylase present in the a form, 
but they can also be explained in terms of 
phosphorylase b activity alone. The avail
able AMP concentration, calculated from 
the equilibrium constants of the creatine 
kinase and myokinase reactions (Scopes 
and Newbold, 1968) must have been very 
small initially, much less than the Km of 
phosphorylase b for AMP. However this 
Km value is greatly affected by Pi, being 
smaller the higher the Pj concentration 
(Helmreich and Cori, 1964a), so that 
higher Pj concentrations would result in 
greater activity of phosphorylase b at a 
given AMP concentration. Also, at high Pj 
concentrations, because AMP deaminase 
is largely inhibited, the available AMP 
concentration can be higher without 
deamination occurring faster. This would 
further stimulate phosphorylase b . Differ
ences in Pj and available AMP concentra
tions would also help to explain the dif
ferences in phosphofructokinase activity 
since both of these compounds activate 
this enzyme. Phosphofructokinase activ
ity is also dependent on the rate of fruc- 
tose-6-phosphate production and hence 
on phosphorylase activity.

Phosphorylase and phosphofruc
tokinase ceased acting at about pH 5.9 in 
the KC1 minces and 5.7 in both the 50 
mM Pj and 100 mM Pi minces, but they 
continued to act down to pH 5.5, or 
lower, in the undiluted minces (as in the 
intact muscle). At these pH values phos
phorylase a is still very active (Helmreich 
and Cori, 1964b). Hence it is concluded 
that, when phosphorylase activity ceased, 
the phosphorylase was completely in the 
b form and that none of the measured 
AMP was available to it. The most likely 
reason for the cessation of phosphofruc
tokinase activity at the higher pH values 
in the diluted preparations is that one of 
its substrates was exhausted. At the time 
phosphofructokinase stopped acting only

small amounts of fructose-6-phosphate 
were present in the KC1 minces and 50 
mM P; minces, but substantial amounts 
remained in the 100 mM Pj minces. On 
the other hand the ATP concentration 
had fallen to about the same low level in 
all these preparations (and also in the 
undiluted minces). These findings suggest 
that the small amount of ATP still 
present in all the mince preparations 
when phosphofructokinase stopped 
acting was not available to this enzyme.

In the diluted minces where fructose 
diphosphate accumulated, lactate produc
tion from fructose-1,6-diphosphate con
tinued after phosphofructokinase activity 
had ceased. Hence there must have been 
sufficient ADP present for the phospho- 
glycerate kinase and pyruvate kinase reac
tions to proceed. The ATP produced by 
these reactions was apparently available 
to the ATPases but not to phosphofruc
tokinase. Eventually, in these prepara
tions, metabolism ceased despite there 
still being some fructose diphosphate 
present, possibly through lack of NAD.

G lu co se  p ro d u c t io n  in  m in c e d  m u sc le  
p re p a ra tio n s

In all the minced muscle preparations 
(as in intact muscle), the glucose concen
tration increased continuously, but at a 
slower rate after phosphorylase activity 
stopped. The enzymes responsible for this 
are amylo 1,6-glucosidase, which splits 
glucose from phosphorylase-limit glyco
gen chains, and a-amylase plus maltase. In 
the diluted minces (which all contained 
added glycogen) the more glucose pro
duced the greater the phosphorylase 
activity. However, although the phos
phorylase activities differed, the rates of 
glucose production in the undiluted 
minces (which contained no added glyco
gen) and KC1 minces were much the same 
(per gram of mince). This was probably 
due to the outer chain length of the 
added glycogen being different from that 
of the endogenous glycogen.
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POST-MORTEM GLYCOLYSIS IN OX SKELETAL MUSCLE: EFFECT OF ADDING  
NICOTINAMIDE-ADENINE DINUCLEOTIDE TO DILUTED MINCE PREPARATIONS

S U M M A R Y —S a m p le s  o f  m in c e , p re p a re d  fr o m  o x  s te rn o m a n d ib u la r is  m u s c le  a b o u t  7 5  m in  p o s t 
m o r te m , w ere d i lu te d  w ith  o n e  v o lu m e  o f  0 . 16M  p o ta s s iu m  c h lo r id e  c o n ta in in g  0 , 5 0  o r  10 0  m M  
p o ta ss iu m  p h o s p h a te  w ith  o r  w i th o u t  1 m g  o f  n ic o tin a m id e -a d e n in e  d in u c le o t id e  (N A D )/m l.  
Changes in  p H  a n d  in  th e  c o n c e n tr a t io n s  o f  g ly c o ly t ic  in te r m e d ia te s  a n d  th e  p r in c ip a l n u c le o tid e s  
w ere fo l lo w e d  fo r  a b o u t  6  h r  a f te r  d i lu tio n . N A D  w as lo s t  ra p id ly , i ts  a d e n in e  m o ie ty  b e in g  
c o n v e r te d  to  in o s in e  n u c le o t id e  b y  th e  e n z y m e s  p re se n t. W h en  th e  d i lu e n t  d id  n o t  c o n ta in  in o r 
gan ic  p h o s p h a te  (P J  in c lu s io n  o f  N A D  r e s u l te d  in  a s o m e w h a t  fa s te r  lo ss o f  a d e n o s in e  tr ip h o s p h a te  
(A T P ), earlie r  c e ssa tio n  o f  g ly c o ly s is  a n d  h ig h e r  u l t im a te  p H . In c lu s io n  o f  N A D  in  th e  p re p a ra tio n s  
co n ta in in g  a d d e d  P { le d  to  a r e d u c tio n  in  b o th  p h o s p h o r y la s e  a n d  p h o s p h o fr u c to k in a s e  a c tiv ity . I t  
also  p r e v e n te d  th e  a c c u m u la tio n  o f  fr u c to s e  d ip h o sp h a te . T h is  w as th e  re su lt o f  lo w er in g  th e  
p h o s p h o fr u c to k in a s e  a c t iv i ty  ra th e r  th a n  o f  in crea sin g  th e  g ly c e r a ld e h y d e -3 -p h o s p h a te  d e h y d r o 
genase a c tiv ity . A d e n o s in e  tr ip h o s p h a ta se  (A  TPase) a c t iv i ty ,  a f te r  an  in itia l p e r io d  d u r in g  w h ic h  i t  
was u n a f fe c te d  b y  in c lu s io n  o f  N A D , w as g re a te r  in  th e  p re p a ra tio n s  c o n ta in in g  a d d e d  P\ a n d  N A D  
th a n  in  th e  c o r re s p o n d in g  p r e p a ra tio n s  w i th o u t  a d d e d  N A D .

IN T R O D U C T IO N

IN THE PRECEDING paper (Newbold 
and Scopes, 1971) it was concluded that 
accumulation of fructose diphosphate in 
undiluted and diluted mince preparations 
was a consequence of the very rapid loss 
of NAD from these preparations. The 
present paper describes the effects of 
adding NAD to diluted mince prepara
tions at the time of dilution.

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

MATERIALS and methods were as described 
previously (Newbold and Lee, 1965; Newbold 
and Scopes, 1971). A ll diluents contained 
0.16M potassium chloride and, unless otherwise 
stated, 55 mM glycogen (expressed as glucose 
equivalent). Some contained, in addition, 50 
mM or 100 mM potassium phosphate (pH 6.7). 
When NAD (Sigma, Grade III)  was included it  
was at a concentration o f 1 mg/ml. The pH of 
the diluent containing NAD but no other phos
phate was adjusted to about 6.7 w ith 0. IN  
KOH.

Preparations from the same muscle, which 
differed only in that one o f them contained 
added NAD and the other did not, are referred 
to as pairs. The diluted preparations are re
ferred to as KC1, 50 mM Pj, and 100 mM Pj 
minces, w ith or w ithout added NAD, according 
to the composition o f the diluent.

Progressive changes in glycolytic intermedi
ates and related compounds were measured in 3 
pairs o f KC1 minces, 5 pairs o f 50 mM Pj minces 
and 3 pairs o f 100 mM Pj minces. Correspond
ing preparations made from different muscle 
minces always showed the same general pattern 
o f change but not necessarily the same time- 
scale. The figures summarize the results ob
tained w ith those muscles from which the 
corresponding preparations had similar time- 
scales. The first samples were taken 5 min after 
dilution.

R E S U L T S

IN EACH OF the different types of 
preparation (1) the sum of the ATP, 
adenosine diphosphate (ADP), adenosine 
monophosphate (AMP), NAD, and ino
sine nucleotide concentrations, (2 ) the 
total amount of phosphorus present as Pj 
and in the other phosphates measured 
(assuming the inosine nucleotide to be 
IMP) and (3) the sum of the concentra
tions of glycogen, glucose, lactate and 
glycolytic intermediates (all expressed as 
glucose equivalents) remained virtually 
constant throughout the duration of the 
experiments.

E f f e c t  o f  a d d in g  N A D  t o  KC1 m in c e s

Inclusion of NAD in the diluent had 
very little effect on the metabolism of 
KC1 minces. In the preparations with 
added NAD, the pH fell at about the 
same rate as in those without added NAD 
but stopped falling sooner, with the result 
that the ultimate pH was 0.05 ± 0.01 
(S.E.M.) unit higher (mean of 9 compari
sons). Accumulation of lactate was corre
spondingly less in the preparations with 
added NAD.

Inclusion of NAD always resulted in 
faster loss of ATP but had little effect on 
the ADP or AMP concentration (Fig. 1). 
In the preparations with added NAD, the 
concentration of NAD, initially about 
eight times that in the preparations with
out added NAD, fell rapidly and at 250 
min was about the same as the initial 
concentration in the preparations without 
added NAD (Fig. 2). The inosine nucleo
tide concentration increased at a faster 
rate and reached a higher final level in the 
preparations with added NAD (Fig. 3). 
Some of the extra amount of inosine 
nucleotide formed in a given time was 
due to the somewhat faster fall in the 
total concentration of ATP + ADP + 
AMP, and the remainder coincided close
ly with the amount of NAD broken down 
in that time. Hence it is clear that one of 
the products of NAD breakdown was

1 P r e s e n t  a d d re s s :  A g r ic u l tu r a l  R e s e a r c h
C o u n c i l ,  M e a t  R e s e a r c h  I n s t i t u t e ,  L a n g f o r d ,  
B r is to l ,  E n g la n d .

Fig. 1—T im e-co u rse  o f  ch a n g es  in  th e  c o n c e n 
tra tio n s  o f  (a) A M P , (b ) A D P  a n d  (c) A T P  in  
K C I m in c e s  w i th o u t  a d d e d  N A D  (° )  a n d  w ith  
a d d e d  N A D  (•) . P o in ts  are  m e a n  va lues fo r  
c o r re s p o n d in g  p re p a ra tio n s  m a d e  fr o m  th e  
sa m e  3  m u sc les . E x p e r im e n ta l  d e ta ils  are g iven  
in  th e  te x t .

Fig. 2 —T im e -c o u rse  o f  ch a n g es  in  th e  c o n c e n 
tra tio n  o f  N A D  in  K C I m in c e s  w i th o u t  a d d e d  
N A D  (O) a n d  w ith  a d d e d  N A D  (* ). P o in ts  are  
m e a n  va lues fo r  th e  sa m e  p re p a ra tio n s  as in  Fig.
1. E x p e r im e n ta l  d e ta ils  are g iven  in  th e  te x t .
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MINUTES AFTER DILUTION 

Fig. 3 —T im e-co u rse  o f  ch a n g es  in  th e  c o n c e n 
tra tio n  o f  in o s in e  n u c le o tid e s  in  KC I m in ces  
w ith o u t  a d d e d  N A D  (O) a n d  w ith  a d d e d  N A D  
(* ). P o in ts  a re  m e a n  va lues fo r  th e  sa m e  p r e p 
a ra tio n s  as in  Fig. 1. E x p e r im e n ta l  d e ta ils  are  
g iven  in  th e  te x t .

readily converted to inosine nucleotide.
Changes in hexose monophosphate, 

glucose, a-glycerophosphate, Pj, and crea
tine phosphate concentrations were virtu
ally unaffected by addition of NAD at 
the time of dilution. Fructose diphos
phate did not accumulate in any of the 
preparations with added NAD but a small 
amount did accumulate temporarily in 
one of the preparations without added 
NAD.
Effect of adding NAD to Pj minces

pH. When the diluent contained 50 
mM Pj, inclusion of NAD did not affect 
the rate of pH fall. The ultimate pH, 
although not affected on the average, was 
less variable in the preparations with 
added NAD, being 5.58 ± 0.01 (S.E.M.) 
in these and 5.56 ± 0.04 (S.E.M.) in the 
corresponding preparations without 
added NAD (10 comparisons).

With 100 mM Pj and 83 mM glycogen 
(expressed as glucose equivalent) in the 
diluent, inclusion of NAD had no effect 
on the rate of pH fall or the ultimate pH 
(5 .43 ) in one experiment. In the other 
two experiments, the diluted preparations 
metabolized more rapidly and the rate of 
pH fall, though not affected over the first 
100 min or so, became slower in the 
preparations without added NAD. The 
ultimate pH values of these two pairs 
were, with added NAD, 5.53 and 5.36, 
and without added NAD, both close to
5.7. The result obtained for these two 
pairs are summarised in the appropriate 
Figures.

Fig. 4 —T im e-co u rse  o f  ch a n g es in th e  c o n c e n 
tra tio n  o f  la c ta te  in  (a) 5 0  m M  P-t m in c e s  a n d  
fb ) 10 0  m M  P, m in c e s  p re p a re d  w ith  <*) a n d  
w i th o u t  (O) a d d i t io n  o f  N A D . P o in ts  in  (a) are  
m e a n  va lues fo r  p re p a ra tio n s  fr o m  th e  sa m e  3  
m u s c le s  a n d  in  (b ) fo r  p re p a ra tio n s  fr o m  th e  
sa m e  2  m u sc les . E x p e r im e n ta l d e ta ils  are  g iven  
in  th e  te x t .

Lactate. At both P; concentrations, 
the effect of adding NAD on the rate and 
extent of lactate production (Fig. 4) 
corresponded to its above-noted effect on 
the pH changes.

Nucleotides. Inclusion of N A D  in the 
50 mM Pj minces had little effect on the 
changes in ATP, AD P and AM P (Fig. 5), 
other than to slow the loss of ATP after 
about 150 min and delay the loss of ADP 
a little. It did, however, delay the changes 
in all three of these compounds in the 
100 m M  Pj minces (Fig. 6 ). The rate of 
loss of N A D  was much the same in the Pj 
minces with added N A D  as in the corre
sponding KCI minces.

Glycolytic intermediates. At both Pj 
concentrations, hexose monophosphate 
was maintained at a higher concentration 
in the preparations with added NAD (Fig. 
7a and 8a). In marked contrast to its 
accumulation in 50 mM Pj minces with
out added NAD, fructose diphosphate 
never amounted to more than about 0.05 
pmoles/g in the corresponding prepara
tions with added NAD (Fig. 7b). Simi
larly, inclusion of NAD in the diluent 
prevented the very large accumulation of 
fructose diphosphate in 100 mM Pj 
minces, although some accumulation did 
occur at a late stage (Fig. 8b) when the 
NAD concentration had been greatly re
duced. The concentrations of 3-phospho- 
glycerate, 2-phosphoglycerate, phospho- 
enolpyruvate and pyruvate were always 
very small in the Pj minces with added

MINUTES AFTER DILUTION

Fig. 5 —T im e-co u rse  o f  ch a n g es in th e  c o n c e n 
tra tio n s  o f  (a) A M P , (b )  A D P  a n d  (c) A T P  in  5 0  
m M  Pj m in c e s  p re p a re d  w ith  (* ) a n d  w i th o u t  
(O) a d d it io n  o f  N A D . P o in ts  are  m e a n  va lues fo r  
th e  sa m e  p re p a ra tio n s  as in  Fig. 4a. E x p e r im e n 
ta l d e ta ils  are g iven  in  th e  te x t .

NAD. Changes in a-glycerophosphate 
concentration were not significantly af
fected by inclusion of NAD in the dilu
ent.

Other compounds. At both Pj concen
trations, inclusion of NAD in the diluent 
had no clear-cut effect on the loss of 
creatine phosphate, and influenced the 
changes in Pj concentration in accordance 
with its above-noted effects on the 
changes in organic phosphates, the total 
amount of phosphorus in the Pj and other 
phosphates measured being, as noted ear
lier, essentially constant at all times in 
each type of preparation.
Effect of adding NAD on enzyme 
activities

In all the diluted preparations, 
whether they contained added NAD or 
not, concentrations of the glycolytic 
intermediates between triose phosphate 
and lactate were always very small. Hence 
the lactate production curves reflect the 
accumulative activities of glyceralde- 
hyde-3-phosphate dehydrogenase and the 
subsequent enzymes of glycolysis. Curves 
for accumulative phosphofructokinase 
(Fig. 9a, 10a), phosphorylase (Fig. 9b, 
10b) and ATPase activities (Fig. 11) were 
derived as described previously (Newbold 
and Scopes, 1971).

For about the first 100 min the 
activity of each of the enzymes was 
essentially the same in the KCI minces 
with added NAD as in those without, but 
slowed down and stopped sooner in the 
preparations with added NAD.
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MINUTES AFTER DILUTION
Fig. 6 —T im e-co u rse  o f  ch a n g es in  th e  c o n c e n 
tra tio n s  o f  (a) A M P , (b I  A D P  a n d  (c l A T P  in  
100  m M  P | m in c e s  p re p a r e d  w ith  (* ) a n d  w i th 
o u t  (O) a d d i t io n  o f  N A D . P o in ts  a re  m e a n  val
ues fo r  th e  sa m e  p re p a ra tio n s  as in  Fig. 4 b . E x 
p e r im e n ta l d e ta ils  a re  g iven  in  th e  te x t .

Fig. 7 —T im e-co u rse  o f  ch a n g es  in  th e  c o n c e n 
tra tio n s  o f  (a) h e x o s e  m o n o p h o s p h a te  a n d  (b )  
fr u c to s e  d ip h o s p h a te  in  5 0  m M  P, m in c e s  p r e 
p a r e d  w ith  (* ) a n d  w i th o u t  (O) a d d it io n  o f  
N A D . P o in ts  a re  m e a n  va lues fo r  th e  sa m e  p r e p 
a ra tio n s  as in  Fig. 4a. E x p e r im e n ta l  d e ta ils  are  
g iven  in  th e  te x t .

UJy-<

MINUTES AFTER .DILUTION 
Fig. 8 —T im e-co u rse  in  th e  c o n c e n tr a tio n s  o f  (a) 
h e x o s e  m o n o p h o s p h a te  a n d  lb )  fr u c to s e  d i 
p h o s p h a te  in  1 0 0  m M  P, m in c e s  p re p a re d  w ith  

(* ) a n d  w i th o u t  P i a d d it io n  o f  N A D . P o in ts  
are m e a n  va lu es fo r  th e  sa m e  p re p a ra tio n s  as in  
Fig. 4b . E x p e r im e n ta l  d e ta ils  are g iven  in  th e  
te x t .

Figures 9a and 10a show that, after an 
initial period during which added NAD 
did not affect the phosphofructokinase 
activity, the activity of this enzyme was 
greater in the Pj minces without added 
NAD than in the corresponding prepara
tions with added NAD but persisted for 
longer in the latter.

Inclusion of NAD affected phosphory- 
lase activity in the case of the 100 mM 
Pi minces in a similar manner to phospho
fructokinase activity (Fig. 10b). However, 
although it affected the phosphofructo
kinase activity of the 50 mM Pj minces 
after about 90 min, it had no clear-cut 
effect on the phosphorylase activity until 
after about 140 min (Fig. 9b).

The ATPase activity was unaffected 
for about the first 90 min by inclusion of 
NAD in the Pj minces. For a period 
thereafter, however, it was slightly greater 
in the 50 mM Pj minces (Fig. 11a) and 
much greater in the 100 mM Pj minces 
with added NAD (Fig. l ib )  than in the 
corresponding preparations without 
added NAD.

D IS C U S S IO N

ADDITION OF NAD to the diluted 
mince preparations at the time of dilution 
had the expected result of preventing (or 
delaying in the case of the 100 mM Pj 
minces) the glyceraldehyde-3-phosphate 
dehydrogenase step from becoming rate 
limiting. It also had other effects which 
were not entirely anticipated.

Inclusion of NAD in the KC1 minces

always resulted in a somewhat faster loss 
of ATP, with consequent earlier cessation 
of glycolysis and a higher ultimate pH. As 
was pointed out in the previous paper 
(Newbold and Scopes, 1971) faster loss 
of ATP implies faster deamination of 
AMP and hence a higher concentration of 
available AMP. However, there was no 
increase in either phosphorylase or phos
phofructokinase activity, apparently 
because stimulation by the extra AMP 
was counterbalanced by inhibition by the 
added NAD. We have recently found that 
NAD at these concentrations inhibits 
both phosphorylase b and phosphofructo
kinase, at least at pH values around 6.5 
(Scopes, unpublished results).

Inclusion of NAD in the 50 mM Pj 
minces did not affect the glyceraldehyde-
3-phosphate dehydrogenase activity even 
though it did prevent this enzyme from 
becoming rate limiting. Apparently in the 
preparations without added NAD the 
increase in glyceraldehyde-3-phosphate 
concentration (indicated by the increase 
in fructose diphosphate) was sufficient to 
compensate for the lack of NAD, with 
the result that the rate of ATP formation 
by glycolysis was unimpaired. With the 
100 mM Pj minces, however, inclusion of 
NAD did lead to greater dehydrogenase 
activity and so to faster ATP formation 
by glycolysis after about 90 min.

During about the first 90 min for the 
50 mM Pj minces and 50 min for the 100 
mM Pj minces added NAD had little 
effect apart from maintaining hexose

monophosphate at a somewhat higher 
concentration. Presumably inhibition of 
phosphofructokinase by the added N A D  
was counterbalanced by the higher hex
ose monophosphate concentration. Inclu
sion of N A D  could be expected to reduce 
the phosphorylase b activity, since this 
enzyme is inhibited by both glucose-6- 
phosphate (Morgan and Parmeggiani,
1964) and N A D . The fact that the total 
phosphorylase activity was not reduced 
suggests that inclusion of N A D  in the Pj 
minces resulted in the production of a 
small amount of phosphorylase a. In the 
rest of the discussion it is assumed that 
phosphorylase a activity was at no time 
less in the preparations with added N A D  
than in those without.

In the case of the 100 mM Pj minces 
the greater phosphorylase and phospho
fructokinase activities, after about 50 
min, in the preparations without NAD 
can be attributed largely to stimulation of 
phosphorylase b and phosphofructoki
nase by AMP, since the faster loss of ATP 
indicates a higher concentration of avail
able AMP in these preparations. Even the 
measured AMP concentration was higher, 
but the significance of this is not clear. 
However, in the case of the 50 mM Pj 
minces inclusion of NAD had little effect 
on the rate of loss of ATP for the first 
150 min. Thus the greater phosphofructo
kinase activity between about 90 and 150 
min in the preparations without added 
NAD cannot be attributed to a higher 
concentration of available AMP. The
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MINUTES AFTER DILUTION 
Fig. 9 —Progress cu rve s  o f  (a ) p h o s p h o fr u c to k i-  
nase  a n d  (b ) p h o s p h o r y la s e  a c t iv i ty  in  5 0  m M  
Pi m in c e s  p re p a r e d  w ith  I• )  a n d  w i th o u t  (O) 
a d d it io n  o f  N A D . A c c u m u la t iv e  p h o s p h o fr u c to -  
k in a se  a n d  p h o s p h o r y la s e  a c tiv it ie s  are  e x 
p re ssed , r e sp e c tiv e ly , as n m o le s  o f  su b s tr a te  a n d  
p m o le s  o f  g lu co se  e q u iv a le n ts  t r a n s fo r m e d  in  1g 
o f  d i lu te d  p re p a ra tio n  o r  0 .5 g  o f  u n d i lu te d  
m in ce . P o in ts  a re  va lues d e r iv e d  as d e s c r ib e d  in  
th e  t e x t  fo r  th e  p re p a ra tio n s  d e s c r ib e d  in  Fig. 
4a, 5  a n d  7.

possibility that the greater ‘estimated’ 
phosphofructokinase activity did not re
flect greater ‘actual’ activity (i.e., faster 
phosphorylation of fructose-6-phosphate) 
is considered below.

The ATPase activity was initially un
affected by inclusion of NAD in the 
diluted preparations and, in the case of 
the 100 mM Pj minces but not of the 50 
mM Pj minces, differences appearing after 
about 90 min can be attributed largely to 
differences in ATP concentration. During 
the period when fructose diphosphate 
was accumulating in the 50 mM P; minces 
without added NAD, the ATPase activity 
was lower in these preparations than in 
the corresponding preparations with 
added NAD by about the same amount 
that the estimated phosphofructokinase 
activity was greater. Here, the observed 
effects could be explained in terms of 
differences in fructose-1,6-diphosphatase 
activity if the available AMP concentra
tion, even when it was greatest, was less 
than the very small amount needed to 
completely inhibit this enzyme (Krebs

Fig. 1 0 —Progress cu rve s  o f  (a) p h o s p h o fr u c to k i 
nase  a c t iv i ty  a n d  (b l p h o s p h o r y la s e  a c t iv i ty  in  
10 0  m M  P j m in c e s  p re p a re d  w ith  (* ) a n d  w i th 
o u t  (O) a d d i t io n  o f  N A D . A c c u m u la t iv e  p h o s 
p h o fr u c to k in a s e  a n d  p h o s p h o r y la s e  a c tiv itie s  
are ex p r e ss e d , r e sp e c tiv e ly , as p m o le s  o f  s u b 
s tr a te  a n d  p m o le s  o f  g lu co se  e q u iv a le n ts  tra n s
fo r m e d  in  1g o f  d i lu te d  p re p a ra tio n  o r  0 .5 g  o f  
u n d i lu te d  m in c e . P o in ts  are va lues d e r iv e d  as 
d e s c r ib e d  in  th e  t e x t  fo r  th e  p re p a ra tio n s  d e 
sc r ib e d  in  Fig. 4 b , 6  a n d  8.

and Woodford, 1965). Muscle fructose-1,
6-diphosphatase is partially inhibited by 
concentrations of fructose-1,6-diphos
phate such as were exceeded in the 
preparations without added NAD soon 
after the glyceraldehyde-3-phosphate de
hydrogenase step became rate limiting 
(Krebs and Woodford, 1965). Further
more, a decrease in fructose-1,6-diphos
phatase activity without any change in 
‘actual’ phosphofructokinase activity 
would result in an increase in estimated 
phosphofructokinase activity (Newbold 
and Scopes, 1967). It would also result in 
a corresponding decrease in the estimated 
ATPase activity, since less ATP would be 
broken down to ADP and Pj by the 
combined action of phosphofructokinase 
and fructose-1,6-diphosphatase.

The fact that both phosphofructoki
nase and phosphorylase kept acting for 
longer in the Pj minces with added NAD 
can be attributed to the slower exhaus
tion of available ATP and AMP in these 
preparations than in the corresponding 
preparations without added NAD.

MINUTES AFTER DILUTION

Fig. 11 —Progress cu rve s  o f  A T P a se  a c t iv i t y  in  
la) 5 0  m M  P\ m in c e s  a n d  (b ) 1 0 0  m M  P-, m in c e s  
p re p a re d  w ith  I* ) a n d  w i th o u t  ((j) a d d i t io n  o f  
N A D . A c c u m u la t iv e  A T P a se  a c t iv i ty  is e x 
p re ss e d  as p m o le s  o f  A T P  d e p h o s p h o r y la te d  in  
1g o f  d i lu te d  p re p a ra tio n  o r  0 .5 g  o f  u n d i lu te d  
m in ce . P o in ts  in  (a) are va lues d e r iv e d  a s d e 
sc r ib e d  in  th e  t e x t  fo r  th e  p re p a ra tio n s  
d e s c r ib e d  in  Figs. 4a, 5  a n d  7, a n d  in  (b ) fo r  th e  
p re p a ra tio n s  d e s c r ib e d  in  Figs. 4 b , 6  a n d  8.
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CARROT VOLATILES. 1. Characterization and Effects of Canning and Freeze Drying

S U M M A R Y —V o la tile s  in  a q u e o u s  e x tr a c ts  o f  raw , c a n n e d , a n d  fre e ze -d r ie d  ca rro ts  w ere  iso la te d  
a n d  c o n c e n tr a te d  b y  an  o n -c o lu m n  e n tr a in m e n t  p ro c e d u re . T w e n ty - th r e e  c o m p o u n d s  w ere  id e n t i 
f ie d  b y  G L C -M S  in  th e  ra w  ca rro t. O f  th e se , d ie th y l  e th e r , a c e ta ld e h y d e , a c e to n e , p ro p a n a l, 
m e th a n o l, e th a n o l  a n d  p -p h e lla n d ren e  h a d  n o t  b e e n  p r e v io u s ly  r e p o r te d  in  ra w  carro ts. S evera l 
o th e r  c o m p o u n d s  w ere  te n ta t iv e ly  id e n ti f ie d . A c e ta ld e h y d e , sa b in e n e , m y r c e n e , a n d  te r p in o le n e  
w ere c o n s id e r e d  im p o r ta n t  ch a r a c te r - im p a c t c o m p o u n d s  in  ra w  c a rro t a ro m a ; h o w e v e r , c o m 
p o u n d ^ )  re sp o n s ib le  fo r  c a rro t a ro m a  re m a in  e lu s ive . D iffe re n c e s  in  vo la tile  c o m p o s i t io n  b e tw e e n  
c a n n e d , fre e ze -d r ie d  a n d  ra w  ca rro ts  w ere  fo u n d  to  b e  m a in ly  q u a n ti ta t iv e  ra th e r  th a n  q u a lita tiv e . 
E th a n e th io l , d im e th y l  s u l f id e  a n d  d im e th y l  s u b s t i tu te d  s ty r e n e  c o m p o u n d s  fo r m e d  w ith  cann ing . 
C ann ing  r e s u l te d  in  an  a p p r o x im a te  5 0 %  loss o f  " h ig h e r  b o i l in g "  c o m p o u n d s ;  h o w e v e r , i t  p r o d u c e d  
an  increase in  " lo w e r  b o i l in g "  c o m p o u n d s , p a r tic u la r ly  m e th a n o l ,  w h ich  in c rea sed  fr o m  0 .0 5 —6 0  
p p m . F reeze  d ry in g  r e s u l te d  in  an  a p p r o x im a te  75%  lo ss o f  to ta l  vo la tile  c o n te n t .  E th a n e th io l , 
d im e th y l  s u lf id e , a c e ta ld e h y d e , o c ta n a l, 2 -d ecen a l a n d  p o s s ib ly  d im e th y l  s u b s t i tu te d  s ty r e n e  c o m 
p o u n d s  a re  c o n s id e re d  im p o r ta n t  in  c a n n e d  c a r r o t flavor.

IN T R O D U C T IO N

WHILE THERE HAVE been extensive 
studies on the composition of carrot seed 
oil (reviewed by Seifert et al., 1968), 
there have been very few studies con
cerned with the volatiles present in the 
carrot root. In particular, the effects of 
processing on the volatile composition of 
carrots has been essentially ignored.

The earliest attempt at examining car
rot volatiles was reported by Konig and 
Kracht (1929) who found sulfur com
pounds in cooked carrots. Buttery and 
Teranishi (1961) demonstrated that vola
tiles could be recovered from the head- 
space above cooked and frozen stored 
carrots, as well as other fruits and vegeta
bles. In a survey of the low boiling 
compounds present in cooked foods, Self 
et al. (1963) reported the presence of 
methanal, methanethiol, propanal and/or 
acetone, ethanethiol, dimethyl sulfide,
2-methyl propanal and methanol in car
rots that had been boiled for 30 min. 
Ayers et al. (1964) reported the forma
tion of an off-odor, reminiscent of vio
lets, in accelerated freeze-dried carrots 
stored in the presence of oxygen. System
atic analysis revealed the compounds 
mainly responsible for the off-odor to be 
a-and (3-ionones and j3-ionone-5,6-epox- 
ide. Recently Buttery et al. (1968) re
ported the presence of a-pinene, cam- 
phene, j3-pinene, myrcene, a-terpinene, 
p-cymene, limonene, y-terpinene, terpino
lene, caryophyllene, 0-bisabolene, y-bis- 
abolene, heptanal, octanal, nonanal,
2-nonenal, terpinene-4-ol, a-terpineol,
2-decenal, bomyl acetate, 2,4-decadienal, 
biphenyl, dodecanal, myristicin and 
carotol in a carrot root oil prepared by 
steam distillation with a Likens extrac-

1 P r e s e n t  a d d re s s :  P l a n t  D is e a s e  D iv is io n ,  
D .S .I .R .  P r iv a te  B ag , A u c k la n d ,  N e w  Z e a la n d .

tion head. Odor thresholds of a number 
of these compounds present in the carrot 
root oil (the oil had an odor similar to 
cooked carrots) were measured in water 
solution and their total odor intensity 
contribution estimated.

Although aldehydes (2-nonenal in par
ticular) appeared to make a substantial 
contribution to the total odor intensity 
of carrot root oil, key compounds respon
sible for raw or cooked carrot flavor 
remain elusive.

A knowledge of the effects of proc
essing on a product and of what com
pounds cause a characteristic flavor in a 
product can permit the processor to make 
the best choice of processing conditions. 
In this study the identity and concentra
tion of volatiles present in raw and 
processed carrots were investigated in an 
attempt to elucidate which volatiles are 
responsible for carrot flavor and to deter
mine the effects of processing, specifi
cally canning and freeze drying, on the 
volatile composition of carrots.

E X P E R IM E N T A L

Materials
Unless otherwise specified, the carrots 

(Daucus carota  L.) used in this study were 
Imperator (Long Imperator Crookham) variety 
and were obtained from the OSU Horticulture 
Department during the 1969 growing season.

Following harvest, evenly sized carrots 
(approx 1 - 1  / 2 -in. dia) were either immediately 
analyzed or processed. Canned carrots were pre
pared as follows: Carrots were washed, peeled 
w ith an abrasive peeler, and sliced (1/4 in. 
slices) w ith a Hobart unit. Slices plus an equal 
weight o f water were placed in 303 plain body 
cans, steam exhausted to a center temperature 
o f 175°F (2—2-1/2 min), sealed using C-enamel 
ends, and heated for 30 min at 240°F in a still 
retort. Canned carrots were stored at 24°C. 
Freeze-dried carrots were prepared as follows: 
Carrots were steam blanched (210°F x  3 min),

peeled and diced w ith a Hobart unit to give 1/2 
in. x  3/16 in. dices which were individually 
quick frozen at -30°C . Frozen dices were ac
celerated freeze dried in a Hull freeze drier at a 
vacuum o f 1 0 0  microns and a temperature pro
grammed from 230- 130°F for 15 hr. The dried 
product was 1 0 % of the fresh weight and was 
stored under nitrogen in tightly capped jars at 
-30°C.
Preparation of aqueous carrot extracts

Aqueous carrot extracts were prepared from 
raw, canned and freeze-dried carrots for on- 
column entrainment analysis o f the volatile 
constituents. Raw carrot extracts (pH 6.5) were 
prepared from washed, peeled and diced (1/4 
in. dices) carrots by blending for 30 sec in a 
Waring Blendor in the proportions o f 200g car- 
rots/200 ml distilled water. In an effort to ob
tain a representative sampling o f carrot mate
rial, the 2 0 0 g o f carrot dices were randomly 
selected from approximately 700g of diced car
rots. The homogenate was squeezed through 
four layers of cheesecloth to give a final extract 
volume o f 250 ml. A 125-ml aliquot o f the ex
tract was immediately analyzed. Canned carrots 
sliced were drained, blotted and extracted in 
the same manner as the raw carrots except 2 0 0  

ml o f canned carrot liquor was used for the 
extraction instead of distilled water. This per
mitted a quantitative comparison on a fresh 
weight basis o f the volatile content o f canned 
and raw carrots. Freeze-dried carrots were also 
reconstituted so as to produce carrots equal on 
a fresh weight basis to the unprocessed vegeta
ble. Freeze-dried carrots were reconstituted in a 
sealed flask (20 min at 50°C) in the proportions 
o f 20g carrots/180g water. Reconstituted car
rots were blended for 30 sec in the proportions 
o f 2 0 0 g carrot/ 2 0 0  ml water, and filtered and 
analyzed in the same manner as described for 
raw and canned carrots.
Analysis of aqueous carrot extracts

Volatiles present in 125 ml samples o f aque
ous carrot extracts were investigated using a 
rapid method (Heatherbell, et al., 1970) devel
oped by modifying the gas-entrainment, on- 
column trapping technique described by Mor
gan and Day (1965).

F o r identification o f compounds by 
combined gas-liquid chromatography-mass spec
trometry (GLC-MS) water was removed from 
entrained volatiles using a 3-in. pre-column con
taining anhydrous K2 CO3 .

An Aerograph 1520 equipped w ith a hydro
gen flame ionization detector and connected to 
a Speedomax H recorder ( 1 mv, 1 sec full scale 
response) was used for GLC analysis. Stainless 
steel columns, 10 f t  x  1/8 in. O.D., packed 
w ith 7% Carbowax 20 M on 80/100 mesh Gas- 
Chromosorb Q, and 5% SF96-50 containing 5% 
Igepal CO-880 on 80/100 mesh AW-DMCS 
Chromosorb G were used for examining the 
“ higher boiling”  compounds. Entrainment pro
cedure utilized a 15 min purge time (nitrogen 
flow = 15 ml/min) and a bath temperature of 
6 8 °C. GLC operating conditions used for the
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“ higher boiling”  compounds were:
Injector temperature: 180°C
Detector temperature: 225 °C 
Column temperature: 75° for 17 min, then

4°/m in to 195°C and 
held

Flow rate: 25 ml/min, N2

“ Lower boiling”  volatiles were examined using 
a TRIS column (20% 1,2,3-tris [2 cyano eth
o x y ]—propane on 60/80 mesh Celite 545, 12 ft 
x  1/8 in. O.D.); GLC conditions were the same 
as those used for “ higher boiling”  compounds 
except the column was operated iso thermally at

37°C. Entrainment procedure was the same as 
for “ higher boiling”  volatiles except a 1 0 -min 
purge time was used and a 50° bath. Various 
effluent splitters ranging from 3:1 (air:detec- 
tor) to 19:1 were used for evaluating GLC ef
fluent odors. GLC retention time data and com
parison o f mass spectra w ith standard spectra 
were used for identification o f compounds. An 
Atlas CH-4 Nier-type mass spectrometer cou
pled w ith an F & M 810 gas chromatograph was 
used for GLC-MS analyses.

The concentration o f individual compounds 
in raw and processed carrots was estimated 
from standard curves o f peak area (measured by

triangulation) vs concentration (in ppm) o f 
authentic compound. Known concentrations o f 
authentic compounds-dimethyl sulfide, acetal
dehyde, propanal, acetone, methanol, ethanol, 
a-pinene, /3pinene, camphene, sabinene, myr- 
cene, a-phellandrene, limonene, 7 -terpinene, 
p-cymene, terpinolene, octanal, 2 -decenal, 
bornylacetate, terpinene-4-ol, p-bisabolene,
7 -bisabolene, caryophyllene, and carotol--were 
added to reconstituted, freeze-dried, steam- 
stripped carrot medium which was free from 
volatiles. (The carrot medium was prepared by 
blanching, and homogenizing carrots and steam 
distilling the homogenate under reduced pres-

T able  1—G L C -M S  id e n t i f ic a t io n  o f  c o m p o u n d s  p r e s e n t  in ra w  carro ts.

Peak no.a Compound
tr/tr

Carbowax 20M
tr/tr

SF 96 -50
tr/tr

TRIS
M.S.

Identification
M.S.

Reference

Aroma 
(similar to 
authentic 
standards)

Diethyl ether 0.14d
1 Acetaldehyde 0.19b 0.14b 0.37d + Cornu & +

Massot
2 Acetone 0.25b 0.19b 1 .0 0 d 4- (1966)

Propanal 0.67d + ibid
3 Methanol 0.30b 1 . 0  0 d + ibid
4 Ethanol 0.35b 0.26b 1.18d + ibid
5 a-Pinene 0.46b 0.70b 0.7 5 d + Ryhage &

von Sydow
6 Camphene 0.57b 0.77b + (1963)
7 (3-Pinene 0.69b 0.84b + ibid +
8 Sabinene 0.7 6 b 0.84b + ibid +
9A Myrcene 0.81b 0.89b + ibid +
9B a-Phellandrene 0 .8 8 b 0.9 3b + ibid

1 0 Limonene 1 .0 0 b 1 .0 0 b + ibid +
1 1 A 7 -Terpinene 1 . 2  l b 1 . 1 0 + ibid +
1 IB p-Cymene 1.38b 1.18b + ibid +
1 2 Terpinolene 1.5 6 b 1 .2 0 b + ASTM (1969) +
13 Octanal 1.70b 1.17b + ibid +
14 Unknown 0.7 0C
15 Unknown 0.75°
16 Unknown 0.77°
17 Unknown 0.83c
18 2-Decenal 0.85c Tentative ASTM (1969)
19 Unknown 0 .8 8 c
2 0 Unknown 0.9 3C
2 1 Bornyl acetate 0.96c + ibid +
2 2 Caryophyllene 1 .0 0 ° 1 .0 0 e + ibid +
23 Terpinene-4-ol L I  I e 0.82e + ibid

Sesquiterpene + ibid
24 (¡-Bisabolene 1.14C 1.14e + Buttery +

et al. (1968)e
25 7 -Bisabolene 1.17e 1.18e + ibid +
26 Unknown 1 .2 0 e
27 Sesquiterpene 1.24e + ASTM (1969)
28 Sesquiterpene 1.27e + ibid
29 Aromatic

M.W. 134 1.30e + ibid
30 Sesquiterpene 1.35e + ibid
31 Carotol 1.42e + Buttery

et al. (1968)e
32 Unknown
33 Myristicin 1.74e +

a C a r b o w a x  2 0 M ; r e f e r  t o  F ig u re  1. 
6 1  r  / 1 r  r e la t iv e  t o  l im o n e n e .  
c t r / t r  r e la t iv e  t o  c a r y o p h y l l e n e .  
d t r / t r  r e la t iv e  t o  a c e to n e .  
e A u th e n t i c  c o m p o u n d s .
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Fig. 1—O n -c o lu m n  e n tr a in m e n t  a n a lys is  o f  th e  vo la tile s  p r e s e n t  in  an  a q u e o u s  e x t r a c t  o f  ra w  
ca rro ts , u s in g  a C a rb o w a x  2 0  M  c o lu m n .

TIME ( M I N )

Fig. 2 —O n -c o lu m n  e n tr a in m e n t  a n a lys is  o f  v o la 
tiles p r e s e n t  in  an  a q u e o u s  e x t r a c t  o f  c a n n e d  
ca rro ts , u s in g  a T R I S  c o lu m n .

sure for 8  hr at 0.5 mm pressure; the deodor
ized homogenate was freeze dried and stored 
under nitrogen.) On-column entrainment anal
yses were run on extracts containing various 
concentrations o f authentic compounds; recov
ery o f compounds from aqueous extracts 
was ± 7% or better. Concentration vs peak area 
gave linear plots in the concentration range in
vestigated. Methyl acetate and n-heptanol at a 
concentration o f 0 . 2  ppm were used as internal 
standards when analyzing the “ lower boiling”  
and “ higher boiling”  compounds respectively. 
This permitted correction for possible varia
tions in recovery.

Total essential oil content was estimated by 
summation o f the concentration o f the identi
fied “ higher boiling”  compounds. This repre
sented approximately 95% o f the total “ higher 
boiling”  compounds.

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

Identification of carrot volatiles
A chromatogram of the entrained vola

tiles from an aqueous extract of raw 
carrots is shown in Figure 1. Table 1 lists 
the identification (mass-spectral and GLC 
relative retention times) of the com
pounds found in raw carrot. Tentative 
mass spectral identifications are given 
where spectra were either very weak or

were a mixture of more than one com
pound so that a positive match with 
reference spectra was not possible.

The only previous report on the char
acterization of volatile constituents in the 
raw carrot (Buttery et al., 1968) failed to 
reveal the “lower boiling” compounds, 
diethyl ether, acetaldehyde, propanal, 
acetone, methanol and ethanol identified 
in this study. These authors used conven
tional methods of steam distillation and 
solvent extraction and “lower boiling” 
compounds could have been lost due to 
elevated temperatures over long periods 
or during the necessary evaporation and 
concentration of solvent steps. With the 
exception of the presence of a-phellan- 
drene, the monoterpenes and sesquiter
penes identified confirm the findings of 
Buttery et al. (1968). In contrast to their 
reporting several long-chain aldehydes 
(octanal, nonanal, 2-nonenal, 2-decenal,
2,4-decadienal and dodecanal) only octa
nal and 2-decenal were found in this 
study and in very small amounts. The 
milder, inert gas entrainment procedure 
may have minimized formation of these 
aldehydes which can be formed from C! 8 
unsaturated fatty acids by auto-oxidation

Table 2 - G L C - M S  id e n t i f ic a t io n  o f  lo w e r  b o il in g  c o m p o u n d s  p r e s e n t  in  ra w  a n d  c a n n e d  c a rro ts;  
C h ro m a to g ra m  is s h o w n  in  F igure 2.

Peak
no. Compound

tr /tr
acetone

M.S.
identification

M.S.
reference

GLC
confirmation Aroma

i Diethyl ether 0.14 + Cornu & Massot +
(1966)

2 Ethane thio la 0.16 + ibid + +
3 Dimethyl sulfide3 0.30 + ibid + +
4 Acetaldehyde 0.37 + ibid + +
5 Unknown 0.60
6 Propanal 0.67 + ibid +
7 a-Pinene 0.75 + ibid + +

8 Unknown 0.93
9 Acetone 1 . 0 0 + ibid +

Methanol + ibid +

1 0 Ethanol 1.18 + ibid +

a C o m p o u n d  o n ly  p r e s e n t  in  c a n n e d  c a r r o t s .

(Keeney, 1962) and by heating (Buttery 
et al., 1968). However, trace amounts of 
longer chain aldehydes could have been 
present and remained undetected as the 
analysis system used did have the disad
vantage of incomplete separation of some 
oxygenated compounds and sesquiter
penes (Fig. 1, peaks 20 and after).

A chromatogram of the “lower boil
ing” compounds present in an aqueous 
extract of canned carrots is shown in 
Figure 2. Table 2 lists the identification 
of these compounds. The presence of 
acetaldehyde, ethanethiol, dimethyl sul
fide and methanol confirm the identifica
tion of these compounds in cooked car
rots reported by Self et al. (1963). The 
presence of ethanol had not been previ
ously reported in cooked carrots. The 
presence of propanal and/or acetone 
which was not resolved by these authors 
was resolved in this study on a TRIS 
column. In contrast the TRIS column did 
not separate methanol and acetone; these 
compounds were resolved on the Carbo
wax 20 M column.

The qualitative composition of the 
“higher boiling” compounds in canned 
carrot were essentially the same as that of 
the raw. Appearing in substantial quan
tity were three compounds having reten
tion times coincident with peaks 14, 15, 
and 16 (Fig. 1) which had not been 
identified in raw carrot as they were 
present in insufficient quantity. On the 
basis of their mass spectra all three 
compounds have a M.W. of 132 and 
appear to be very closely related dimethyl 
substituted styrene isomers (ASTM,
1969). Peak 16 had the following mass 
spectrum: m/e 132 (molecular ion,
100%), 117 (85%), 91 (68%), 115 (36%), 
92 (28%), 131 (25%), 116 (20%), 118 
(13%) which agreed closely to the mass 
spectrum of a,p-dimethyl styrene run on 
the same instrument. As the relative 
retention time of a,p-dimethyl styrene 
also coincided with that of peak 16, this 
compound is tentatively identified as 
a,p-dimethyl styrene. Peak 15, based on
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T ab le  3 —In tra va r ie ta l va ria tio n  o f  th e  
" lo w e r  b o i l in g "  ra w  c a r ro t vo la tile  c o n s t i tu e n ts  
( Im p e r a to r  va r ie ty ).

Compound3 Batch I Batch II Batch III

Ether Tr.b Tr. Tr.
Acetaldehyde 0.75 0.60 0.45
Acetone 0 . 2 0 0 . 2 0 0.31
Propanai Tr. Tr. Tr.
Methanol 0.04 0.03 Tr.
Ethanol 80.00 65.00 5.00

^Concentration in ppm. 
“ Trace.

the close agreement of relative retention 
time and mass spectrum [m/e 117 
(100%), 132 (molecular ion, 87%), 115 
(40%), 91 (40%), 131 (25%), 116 (24%), 
133 (15%), 92 (8%)] is tentatively identi
fied as 2,6-dimethyl styrene. Peak 14 
appears to be an aryl a-dimethyl styrene 
compound on the basis of its mass spectra 
(ASTM, 1969). The a,p-dimethyl styrene 
has also been reported in commercial 
distillates of black currants (Nursten and 
Williams, 1969). The volatiles present in 
freeze-dried carrots were the same as 
those reported for raw carrots.

O d o r d e sc r ip tio n  o f  c a r ro t v o la tile s
The raw carrot aroma apparently has a 

complex profile; from observations of the 
authors it contains predominantly a 
“strong” (green, earthy), “carrot tops” 
note and varying degrees of “soft,” 
“sweet,” “pumpkin-like,” notes and “per- 
fumy” notes. Sensory description of col
umn effluents (using effluent splitters) 
indicates that several chromatographic 
regions (compounds) contribute to raw 
carrot aroma. Acetaldehyde appears to 
lend a “soft,” sweet” note. It has been 
shown to be important in several foods 
(Amerine, 1964) and has a threshold in 
water of less than 1 ppm (Sheldon, 1968). 
Sabinene and particularly myrcene con
tributed “green,” “earthy,” and “carrot 
top” notes. Terpinolene and to a lesser 
extent, caryophyllene were “perfumy.” 
All of these are present in concentrations 
far in excess of their reported thresholds 
in aqueous solution (Buttery et al.,
1968). A soft, squash-like (cucumber) 
aroma was detected in the vicinity of 
caryophyllene on Carbowax 20 M. The 
retention time on Carbowax 20 M corre
sponded to that of the potent odorant
2,6-nonadienal (odor of cucumbers, Forss 
et al., 1962). The retention time of the 
aroma and of 2 ,6-nonadienal and caryo
phyllene were not coincident. However, 
there was an insufficient quantity of the 
compound present to permit further char
acterization of the compound. Buttery et 
al. (1968) also found tentative evidence 
for the presence of this compound. No 
single compound was found that could be 
claimed solely responsible for the charac

teristic raw carrot aroma, and it is likely 
that carrot flavor is an expression of a 
combination of compounds.

A potent odorant present in concen
trations beyond the limits of detection of 
the method or a transient compound 
unstable under analysis conditions are 
other possibilities which have been sug
gested from studies on the enzymatic 
regeneration of carrot aroma (Heatherbell 
et al., 1970).

Q u a n tita tiv e  an a ly s is  o f  c a r ro t 
vo la tile s

The concentration of compounds pres
ent in aqueous raw carrot extracts were 
estimated from standard curves of peak 
area vs concentration and are given in 
Tables 3 and 4 (results are reported in 
ppm and expressed on a fresh weight 
basis). The three batches are of equal size 
carrots of the same variety (Long Impera- 
tor Crookham) at the same time (20 wk 
from planting date). The values obtained 
from a single analysis of each batch are 
listed. Replicate analyses of a given batch 
varied ± 10%, whereas the concentration 
of “lower boiling” compounds, apart 
from ethanol, are fairly reproducible, 
there is considerable variation in the 
concentration of the “higher boiling” 
compounds. The total essential oil con
centration only varied from 24—28 ppm; 
however, the concentration of individual 
compounds could vary by as much as a 
factor of two or three in some instances 
(for example a-pinene, sabinene, limo- 
nene). As the analytical method had 
proven reproducible to within ± 7% in 
model system studies using carrot seed oil 
(Heatherbell et al., 1970) and as the 
different batches being analyzed were

subjected to conditions identical to the 
model system studies, this variation is 
interpreted as representing inherent varia
tion of the volatiles within the source 
material. Undoubtedly enzymatic activity 
is occuring during aqueous extraction. 
However, the belief that the observed 
intravarietal variation represents different 
levels of metabolism within the carrot 
source material is supported by the find
ing of similar variations in aqueous sam
ples prepared from different cans of 
carrots where the enzymes have been 
inactivated. This interpretation is not 
unreasonable in the light of recent evi
dence suggesting that terpenes are subject 
to rapid metabolic turnover in plant 
tissues (Burbott and Loomis, 1969). 
These authors also reported variations as 
great as two-fold in the monoterpene 
essential oil content of simultaneously 
harvested samples of equal-sized pepper
mint leaves. Sugar, pectin and carotenoid 
concentrations in the carrot have also 
been reported subject to considerable 
intravarietal variation (Carlton and Peter
son, 1963; Sistrunk et al., 1967; Bradley 
et al., 1967). In all subsequent quantita
tive studies the concentration of individ
ual compounds are reported as one figure 
representing an average of not less than 
two independent determinations, varia
tion in replicate analysis being ± 10% 
Owing to the inherent batch-to-batch 
variation in volatile content great care 
must be exercised in interpreting these 
results; only broad trends are considered 
meaningful.

E ffe c t o f  p ro cess in g
Tables 5 and 6 illustrate effects of 

canning and freeze drying on the volatile

T able  4 - In tr a v a r ie ta l  va ria tio n  o f  th e  " h ig h e r  b o i l in g "  c a r r o t vola-
ti/e  c o n s t i tu e n ts  ( Im p e r a to r  varie ty ).

Compound3 Batch I Batch II Batch III
a-Pinene 0.79 1.40 1.35
Camphene 0.14 0 . 1 2 0 . 1 2
/3-Pinene 0.36 0.14 0 . 2 1
Sabinene 5.24 2.60 2.65
Myrcene 4.65 . 4.45 4.40
a-Phellandrene Tr.b Tr. Tr.
Limonene 0 . 6 6 0.72 1.62
7 -Terpinene 0.23 0 . 2 2 0.42
p-Cymene 0.37 0.25 0.50
Terpinolene 5.52 3.90 4.15
Octanal Tr. 0 . 0 2 0 . 0 2
2-Decenal 0 . 0 2 0 . 0 1 Tr.
Bomylacetate 0 . 1 1 0.08 0 . 2 0
Caryophyllene 5.00 4.30 6.80
Terpinene-4-ol - - —

(3-Bisabolene 0.34 0.44 0.25
7 -Bisabolene 4.85 4.45 2.40
Carotol 0 . 2 0 0.16 0 . 2 0

Total 28.00 24.00 25.00
^Concentration in ppm. 
“ Trace.



CARROT VOLATILES. 1.-222

composition of carrots. Canning has had 
the greatest effect on the “lower boiling” 
compounds resulting in an increase in 
concentration of seven of the eight head- 
space components identified. Ethanol was 
the only compound whose concentration 
was relatively unaffected by the heat 
processing. Increases in acetaldehyde, 
propanal, and acetone were not large 
whereas the increase in methanol from
0.05 ppm to in the order of 60 ppm was 
striking. The heat induction of a thiol 
(ethanethiol) and a sulfide (dimethyl sul
fide) is of particular significance. These 
compounds were not found in the raw 
carrot. (Traces were formed by the en
trainment analysis method when a water 
bath temperature of 50°C was used; 
however, when the analysis was run at 
25°C these compounds were not found to

be present.) The Strecker degradation 
(Hodge, 1967) and oxidation of carote
noids (Swain et al., 1964) can result in 
formation of acetaldehyde. Formation of 
propanal could arise from lipid auto-oxi
dation (Day, 1965) or from non-enzy- 
matic browning (Hodge, 1967). Acetone 
is also a known end product of non-enzy- 
matic browning (Hodge, 1967). Forma
tion of large amounts of methanol could 
arise from the hydrolysis of the methoxyl 
ester linkages in pectins. The finding of 
dimethyl sulfide correlates well with the 
reports of its formation in canned toma
toes (Nelson and Hoff, 1969), canned 
corn (Bills and Keenan, 1968) and in 
roasted filberts (Sheldon, 1969). Bills and 
Keenan (1968) confirmed the earlier re
port of Wong and Carson (1966) that 
dimethyl sulfide formation can result

from the thermal degradation of S-Methyl 
methionine sulfonium salt. The flavor 
threshold of dimethyl sulfide is only a 
few ppb (Bills and Keenan, 1968) and 
concentrations in the range of greater 
than 1 ppm as reported in this study are 
very significant. Ethanethiol has one of 
the lowest recorded thresholds, less than
0.1 part per billion (Amerine et al. 1965), 
and must be important in any detectable 
amount. Acetone with an odor threshold 
of approximately 500 ppm (Wick, 1966) 
is unlikely to be important. While the 
threshold level of methanol is extremely 
high (the authors observations indicate 
methanol is not perceived by most people 
at concentrations of 1000 ppm) the large, 
increase of this compound in canning 
could affect flavor by additive interac
tions as mixtures of sub-threshold levels 
of compounds have been found to initiate 
olfactory response (Guadagni et al.,
1963).

Examination of the influence of can
ning on the “higher boiling” compounds 
in carrots indicates an approximate 50% 
reduction in total volatile content. This 
appears to result from a fairly uniform 
loss of the lower boiling monoterpenes 
and of the sesquiterpene caryophyllene. 
The concentration of the higher boiling 
sesquiterpenes 7- and j3-bisabolene and 
carotol did not change significantly with 
canning. The loss of volatiles may occur 
in the exhausting step prior to retorting.

Compounds increasing with canning 
were p-cymene, octanal, 2-decenal and 
a,p-dimethyl styrene (and to a lesser 
extent the other two tentatively identi
fied dimethyl substituted styrene com
pounds). Although the increases in octa
nal and 2-decenal were not large, these 
are potent compounds with very low 
thresholds of 0.7 and 0.3 parts per billion 
respectively (Buttery et al., 1968) and 
may be important in the cooked carrot 
aroma.

It is of interest to note the similarity 
in structure between p-cymene which 
increased on canning and a,p-dimethyl 
styrene (and the other dimethyl substi
tuted styrene compounds) which was also 
formed on canning. The loss of two 
hydrogens from the p-cymene isopropyl 
group to form an isopropenyl group 
would convert p-cymene to p-methyl 
isopropenyl benzene (a,p-dimethyl sty
rene). As Wrolstad and Jennings (1965) 
found p-cymene can be formed from 
monoterpene hydrocarbons by isomeriza
tion and oxidation, it is possible this 
group of aromatic compounds may be 
formed by this mechanism during heat 
processing. They may also arise from 
dehydration of alcohols or degradation of 
carotenoids. Another source to be consid
ered is the C-enamel coating on the can 
ends. It is felt that a,p-dimethyl styrene 
and related compounds contributed to 
stronger notes in canned carrot aromas.

Table  5 —E ffe c ts  o f  p ro c ess in g  o n  th e  ' ‘lo w e r  b o i l in g "  c a r ro t vo la 
tiles.

Compound“
Raw

carrot
Canned
carrot

Freeze-dried
carrot

Ethane thiol 0 . 0 0 0.05 0 . 0 0

Dimethyl sulfide 0 . 0 0 1.55 Tr.b
Acetaldehyde 0.60 1.42 1.24
Propanal Tr. 0.14 Tr.
Acetone 0.08 0.33 Tr.
Methanol 0.05 60.00 Tr.
Ethanol 50.00 45.00 7.36

“ C o n c e n t r a t i o n  in  p p m .  
“ T ra c e .

T able  6 —E ffe c ts  o f  p ro c ess in g  o n  th e  " h ig h e r  b o i l in g "  c a r ro t vola-
tiies.

Compound“
Raw

carrot
Canned
carrot

Freeze-dried
carrot

a-Pinene 0.09 0 . 1 0 0.04
Camphene 0.04 0 . 0 2 Tr.b
(3-Pinene 0.05 0.05 Tr.
Sabinene 0 . 1 0 0.07 0.03
Myrcene 0.35 0 . 2 1 0.04
a-Phellandrene Tr. Tr. Tr.
Limonene 0.46 0 . 2 2 0.06
7 -Terpinene Tr. Tr. Tr.
p-Cymene Tr. 0.45 Tr.
Terpinolene 6.05 2.50 0.46
Octanal 0 . 0 2 0.06 Tr.
2 -decenal 0 . 0 0 Tr. 0 . 0 0

a,p-Dimethyl styrene 0 . 0 0 (+)c 0 . 0 0

Bornyl acetate 0 . 2 2 0.08 Tr.
Caryophyllene 1 0 . 0 0 5.00 1.95
Terpinene-4-ol - - -
(3-Bisabolene 1.18 0.87 0.60
7 -Bisabolene 5.55 3.50 2.15
Carotol 0 . 2 2 0.19 0 . 2 0

Myristicin 0.30 0.35 0.25

Total 26.00 14.00 6 . 0 0

“ C o n c e n t r a t i o n  in  p p m .  
b T ra c e .
c (+ )  In c r e a s e  in  c o n c e n t r a t i o n .
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The peak identified as a,p-dimethyl sty
rene had a strong, “weedy” (green) aro
m atic aroma. Whereas considerable 
amounts appeared in Imperator and 
Nantes varieties, only small amounts were 
present in the Chantenay and Oregon 
4362.

Three other carrot varieties, Nantes, 
Chantenay and Oregon 4362 were also 
canned and the volatiles analyzed. In each 
instance apart from the previously dis
cussed variation in a,p-dimethyl styrene 
the same trend in results as observed for 
the Imperator variety were obtained. 
These canned varieties were analyzed 
again after 3 months’ storage at room 
temperature (approximately 25°C). There 
was no significant change in the results 
due to storage.

From these studies, ethanethiol, di
methyl sulfide, acetaldehyde, aldehydes 
such as octanal, 2-decenal and possibly 
dimethyl substituted styrene compounds 
are considered important contributors to 
canned carrot flavor.

The freeze-dried carrots (Imperator 
variety) although retaining a character
istic texture and taste only retained a 
moderate to weak raw carrot flavor 
(aroma). Examination of Tables 5 and 6 
indicates freeze drying has resulted in a 
large loss of volatiles, in the order of a 
75% reduction in the essential oil con
tent.

Apart from the appearance of a trace 
amount of dimethyl sulfide there appears 
to be no characteristic changes induced 
by freeze drying in the “lower boiling” 
compounds. The small amount of di
methyl sulfide may arise during reconsti
tution or from “dry cooking” of the 
carrots. (An increase in low boiling com
pounds was noticed in stored, freeze- 
dried material that had been exposed to 
the air, particularly in acetaldehyde and 
acetone. This agrees with the findings of 
Swain, et al. (1964) who hypothesized 
the compounds arise from carotene 
oxidation).

Examination of the “higher boiling” 
compounds indicates there is a lesser loss 
of the highest boiling compounds such as 
the bisabolenes, carotol and myristicin. 
The concentration of most compounds 
have been reduced to the level of their 
estimated thresholds. (The following 
threshold values, in ppm, were deter
mined in water by Buttery et al., 1968: 
sabinene, 0.075; myrcene, 0.013; terpino- 
lene, 0.2; bomyl acetate, 0.07; carotol,

0.008.) The reduction of most volatiles, 
particularly those such as sabinene, 
myrcene, terpinolene, and carotol which 
are considered important in carrot flavor, 
to the vicinity of or below threshold 
concentration probably contributes to 
the substantial loss of the characteristic 
raw carrot flavor (aroma) in the freeze- 
dried carrot.

The large loss in volatiles due to freeze 
drying is not surprising when one con
siders the high vacuum (approximately 
100 microns) used in the freeze-drying 
process. Most likely, freeze-drying condi
tions could be found which would reduce 
this loss of volatiles. However, the results 
do serve to illustrate the extent to which 
volatiles may be lost in freeze drying.

R E F E R E N C E S

A S T M . 1 9 6 9 .  “ I n d e x  o f  M ass  S p e c t r a l  D a ta . ”  
A m e r ic a n  S o c ie ty  f o r  T e s t in g  a n d  M a te r ia ls ,  
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CARROT VOLATILES. 2. Influence of Variety, Maturity and Storage

S U M M A R Y —T h e v o la tile  c o m p o s i t io n  o f  c a r r o t va rie tie s  Im p e ra to r  (L o n g  Im p e r a to r  C ro o kh a m ), 
N a n te s , R o y a l  C h a n te n a y , A u tu m n  K ing , O regon  4 3 6 2 , a n d  W isco n sin  5  w ere  a n a ly z e d  b y  G L C  
o n -c o lu m n  e n tr a in m e n t. D iffe re n c e s  w ere  q u a n ti ta t iv e  ra th e r  th a n  q u a lita tiv e . V aria tio n  in c o n c e n 
tra tio n  o f  in d iv id u a l te r p e n e s  a n d  th e ir  s u m m a t io n  ( 5 - 2 7  p p m )  a p p e a r e d  to  b e  c o n s is te n t  w ith  
d e sc r ip tio n s  o f  th e  fla vo r  ch a ra c ter is tic s  o f  d i f f e r e n t  varie ties. S tu d ie s  o n  e f fe c ts  o f  m a tu r i ty  
re vea led  th a t  o f  th e  " lo w  b o i l in g "  c o n s t i tu e n ts ,  a c e ta ld e h y d e  a n d  p a r tic u la r ly  e th a n o l  in c rea sed  in  
la te  season  w hereas a c e to n e , p ro p a n a i, a n d  m e th a n o l  r e m a in e d  re la tiv e ly  c o n s ta n t. R egard ing  
" h ig h e r b o i l in g "  c o n s t i tu e n ts ,  th e ir  to ta l  c o n c e n tr a t io n  re m a in e d  re la tiv e ly  c o n s ta n t  w h ile  th e  
c o n c e n tr a tio n  o f  in d iv id u a l te r p e n e s  c o n s ta n t ly  ch a n g ed . M a tu re  ca rro ts  s to r e d  fo r  5  w k  a c c u m u 
la te d  large q u a n ti t ie s  o f  a c e ta ld e h y d e  a n d  e th a n o l. T he c o n c e n tr a t io n  o f  o th e r  vo la tile s  d id  n o t  
ch a n g e  s ig n ific a n tly .

IN T R O D U C T IO N

AN EARLIER PAPER (Heatherbell et al.,
1971) reported the characterization of 
carrot root volatiles and the effects of 
canning and freeze drying on their vola
tile composition. This paper reports the 
influence of variety, maturity and storage 
on the volatile composition of carrots.

An understanding of how the volatile 
composition of fruits and vegetables can 
be affected by variables such as variety, 
maturity and storage is of value to both 
the plant geneticist and the food proces
sor. Varietal differences can be exploited 
by the plant geneticist who, by system
atic breeding, can develop varieties with 
more desirable flavors for both the fresh 
market and for processing. The processor 
can apply this information in establishing 
harvest dates and storage conditions, and 
in selecting varieties and optimum proc
essing parameters.

The influence of maturity, variety and 
storage on the flavor chemistry of vegeta
bles has been neglected by horticultur- 
alists and flavor chemists until recently. 
Johnson et al. (1968) reported variations 
of several ppm with variety and harvest in 
the concentrations of isoamyl alcohol, 
pentanol and 3-hexen-l-ol in tomatoes. 
Nelson and Hoff (1969) also reported 
varietal variations in the concentration of 
acetaldehyde, acetone, methanol, etha
nol, isovaleraldehyde and hexanal in 
tomatoes. Stevens et al. (1967) not only 
found quantitative differences in oct-1- 
en-3-ol and linalool in snap bean varieties 
but also demonstrated the differences 
were inheritable. Stevens (1970) has also 
shown that quantitative differences in the 
concentration  of 2-isobutylthiazole, 
methyl salicylate and eugenol between 
tomato varieties is inheritable.

'P r e s e n t  a d d re s s :  P l a n t  D is e a s e s  D iv is io n ,  
D .S .I .E .  P r iv a te  B ag , A u c k la n d ,  N e w  Z e a la n d .

E X P E R IM E N T A L

CARROT VARIETIES and breeding lines used 
in this study were obtained from the OSU Hor
ticulture Department during the 1969 growing 
season, and included Imperator (Long Impera- 
tor Crookham), Nantes, Royal Chantenay, 
Autumn King, Oregon 4362 and Wisconsin 5. 
To examine the influence o f maturity, Wiscon
sin 5 and Autumn King varieties were harvested 
at approximately monthly intervals from the 
date o f planting (June 12, 1969). For the varie
tal study, evenly sized carrots (ca. lVz in. dia, 
15 Og) were harvested w ith in a 3-day period in 
early November. For storage, 5 -1 0  lb lots of 
carrots (Wisconsin 5, Autumn King) were 
washed, topped and sealed under relative hu
midity 'conditions approaching saturation in 
polyethylene bags which were stored at 34°F in 
a dark ventilated room.

2 -lb lots o f carrots were divided into 2  

batches, diced, and analyzed as described previ
ously (Heatherbell et al., 1971). Replicate anal
yses w ith in a batch would vary ± 10%. Batch- 
to-batch variation, however, would show larger 
variation. (Refer to discussion on intravarietal 
variation in preceding paper, Heatherbell et al.,
1971). Values are reported as one figure in this 
paper and are an average o f at least 2  independ
ent determinations ( 2  batches).

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

Influence of variety
Tables 1 and 2 illustrate results ob

tained by comparing the volatile constitu
ents presented in six different carrot 
varieties, all harvested and analyzed with
in a 3-day period in November. The

varieties were selected to represent a 
range of flavor (aroma) characteristics 
that had been observed in both the raw 
and canned carrots. Selections were based 
on preliminary studies on canned carrots 
involving preference panel subjective eval
uations (G. W. Varseveld, Personal com
munication, 1969). It was observed that 
in some instances the raw carrot aroma 
characteristics appeared to carry through 
to the canned product. For instance, 
Autumn King was frequently described as 
having a strong, “green,” “toppy” aroma, 
whereas Oregon 4362 was described as 
being mild and “perfumy” in aroma. 
Table 2 indicates the Autumn King vari
ety has a relatively high concentration of 
the “green,” “toppy” sabinene/myrcene 
compounds (approximately 30% of the 
essential oil throughout the growing sea
son) which could account for the stronger 
nature of this carrots’ aroma (flavor). In 
contrast, the mild, bland, “perfumy” 
Oregon 4362 not only has a relatively low 
concentration of these compounds (ap
proximately 4% of the essential oil) but 
also has a relatively high concentration of 
the “perfumy” terpinolene (approxi
mately 50% of the essential oil). Apart 
from the Oregon 4362 and the Nantes the 
total essential oil concentration of all 
varieties was reasonably constant between 
24—27 ppm. The value of 5 ppm for the 
Oregon 4362 was dramatically lower than 
the other varieties and may be responsible 
for the much milder, blander nature of 
the carrot. Nantes with an essential oil 
concentration of 11 ppm was also noted 
as being a milder flavored carrot. The 
other varieties displayed no markedly 
differing flavor characteristics.

The only qualitative difference found 
within the six varieties was the consistent 
appearance of up to 2 ppm of p-cymene 
in the Autumn King variety. Only on very 
rare occasions was its presence noted in 
other varieties and then only in trace 
amounts. This strong aromatic compound

Table 1—In flu e n c e  o f  v a r ie ty  o n  th e  " lo w e r  b o i l in g "  c a r ro t vo la tiles.

Compound3 Wisconsin 5 Imperator Nantes Chantenay Oregon 4362 Autumn King

Diethyl ether Tr.b Tr. Tr. Tr. Tr. Tr.
Acetaldehyde 0.75 0.60 0.85 0 . 6 6 0.80 0.40
Acetone 0.30 0.08 0.04 0.03 0.03 0.31
Propanai Tr. Tr. 0 . 0 2 Tr. Tr. Tr.
Methanol 0.06 Tr. 0.06 0.05 0.05 0.04
Ethanol 35.00 50.00 51.00 30.00 31.00 80.00

C o n c e n t r a t i o n  in  p p m .  
' ’ T ra c e .
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T ab le  2 - l n f l u e n c e  o f  v a r ie ty  o n  th e  " h ig h er  b o i l in g "  c a r r o t vo la tiles .

Compounds® Wisconsin 5 Imperator Nantes Chantenay Oregon 4362 Autumn King

a-Pinene 1.00 0.09 1 . 1 0 0.65 0.05 0.79
Campitene 0 . 1 0 0.04 0.06 0 . 1 0 0.03 0.14
(3-Pinene 0.07 0.05 0 . 2 2 0.33 0.09 0.36
Sabinene 0.08 0 . 1 0 0 . 6 8 0 . 6 8 0.13 3.24
Myrcene 2.90 0.35 0.32 1.85 0.06 4.65
a-Phellandrene 0.65 Tr.b Tr. 0.06 0.03 Tr.
Limonene 0 . 1 0 0.46 0.19 0.70 0 . 1 2 0.06
7 -Terpinene 1.18 Tr. 0.75 3.51 0 . 2 2 0.03
p-Cymene 0 . 0 0 0.13 0 . 0 0 0 . 0 0 0 . 0 0 0.78
Terpinolene 5.45 6.05 0.81 5.45 2.45 4.52
Octanal 0 . 0 2 0 . 0 1 0.03 0 . 0 2 Tr. Tr.
2-Decenal Tr. 0 . 0 0 0 . 0 0 Tr. 0 . 0 0 Tr.
Bomyl acetate 0.05 0 . 2 2 0 . 0 2 0 . 1 2 Tr. 0 . 1 1

Caryophyllene 6.65 1 0 . 0 0 3.30 5.05 1 . 2 1 4.00
(3-Bisabolene 0.34 1.18 0.28 0.46 0.07 .34
7 -Bisabolene 2.25 5.55 2.95 4.05 0 . 2 2 4.75
Carotol 0.15 0 . 2 2 0.38 Tr. Tr. 0 . 1 0

Total 27.00 26.00 11.00 23.00 5.00 24.00
C o n c e n t r a t i o n  in  p p m . 
' ’T ra c e .

may also contribute to the stronger fla
vored Autumn King variety. Sabinene 
readily breaks down to p-cymene (Wrol- 
stad and Jennings, 1965). However, it is 
not believed to be an artifact in this case 
as other varieties containing substantial 
quantities of sabinene contained no 
p-cymene.
Influence of maturity

The determination of an index of 
carrot maturity is difficult as the tissue 
has continuous cell division and growth. 
In this study which used the Wisconsin 5 
variety, age, size and weight are the 
parameters used as a guide to maturity. 
Great care must be taken in interpreting 
these results owing to the inherent varia
tion in volatile contents within a given 
sample of carrots (Heatherbell et al.,
1971). Only broad trends are considered 
meaningful.

The results in Table 3 indicate that 
whereas the concentration of acetone,

propanal, and methanol remain relatively 
constant throughout the study, the acet
aldehyde and particularly the ethanol 
concentration increases dramatically in 
the late season (fall, winter) carrots. The 
ethanol increases from a few ppm to over 
1000 ppm. Accumulation of acetalde
hyde and ethanol are indicative of anaero
bic respiration. Accumulation of these 
compounds by plant tissues subjected to 
stresses such as low oxygen supply is well

documented (Cossins and Beevers, 1963; 
Amerine, 1964). Fall and winter in Ore
gon are very wet seasons producing long 
periods of essentially “water-logged” soil 
conditions which could induce anaerobic 
metabolism in a storage root such as the 
carrot. Lemon (1962) and Lemon and 
Wiegand, (1962) indicate root respiration 
can be limited by the diffusion of oxygen 
to the root surface. Poorly drained soils 
would greatly limit the diffusion of oxy
gen (Klock and Brooks, 1968).

The determination of ethanol concen
tration produced the most variable results 
of all the volatiles analyzed, particularly 
in the early season carrots. Concentra
tions ranging from a few ppm to 40 ppm 
were detected in the early season carrots. 
Cossins and Beevers (1963) reported that 
ethanol accumulated during periods of 
anaerobiosis can be metabolized when the 
tissue gains better access to oxygen. 
These authors found that plant tissues, 
including carrot discs, rapidly metabo
lized labelled ethanol to carbon dioxide, 
organic acids, amino acids and other 
products, in periods of 4 hr or less. This 
evidence for rapid metabolic turnover of 
ethanol dependent on external stresses 
may account for the variation in ethanol 
content found in carrots.

Examination of the higher boiling 
compounds (Table 4) indicates that al
though the total essential oil content 
remains relatively constant between 
21-28  ppm for the first 20 wk of 
growing season, the concentration of in-

Table  4  
carro ts .

- In f lu e n c e  o f  m a tu r i t y  o n  th e  " h ig h e r  b o i l in g "  v o la tile s  in

T able  3 — In flu e n c e  o f  m a tu r i ty  o n  th e  
carro ts.

'lo w e r  b o i l in g "  vo la tile s  in

Compound*“

6 16
Age®
2 0 24 28

2 0

Average weight, g 
120 150 150 150

0.4
Average diameter, inches 

1.0 1.5 1.5 1.5
Diethyl ether Tr.c Tr. Tr. Tr. Tr.
Acetaldehyde 0.15 0 . 2 0 0.75 1.40 1.82
Acetone 0 . 1 0 0.30 0.25 0.15 0.40
Propanal Tr. Tr. Tr. Tr. Tr.
Methanol 0.05 0.06 0.04 0 . 1 0 0.05
Ethanol 1.50 35.00 42.00 140.00 1 2 0 0 . 0 0

Compound*1

6 16
Age®

2 0 24 28

2 0

Average weight, g 
120 150 150 150

0.4
Average diameter, inches 
1.0 1.5 1.5 1.5

a-Pinene 0.65 1 . 0 0 0.25 0.65 1.18
Campitene 0.14 0 . 1 0 0 . 0 1 0.03 0 . 0 2

/5-Pinene 0.46 0.07 0.65 0.61 0.55
Sabinene 0.45 0.08 2.31 0.75 1 . 0 0

Myrcene 1.30 2.90 1.28 2.30 0.61
a-Phellandrene Tr.c 0.65 0.25 0.06 0.06
Limonene 0.52 0 . 1 0 0.29 0.55 0.60
7 -Terpinene 2.15 1.18 0.65 4.05 7.75
p-Cymene 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 Tr.
Terpinolene 5.45 3.68 3.10 13.00 7.75
Octanal 0 . 0 2 0 . 0 1 0 . 0 2 0 . 0 2 0 . 0 2

2-Decenal 0 . 0 2 Tr. Tr. 0 . 0 0 0 . 0 0

Bornyl acetate 0.05 0.08 0.04 0.03 0 . 0 2

Caryophyllene 6.65 11.90 17.55 18.52 15.55
(3-Bisabolene 0.34 0.61 0 . 2 2 0.42 5.00
7 -Bisabolene 2.25 5.00 1 . 0 0 7.45 11.65
Carotol 0.15 Tr. 0.28 0.31 0.30

Total 2 1 . 0 0 27.00 28.00 49.00 50.00
® W eeks f r o m  d a t e  o f  p la n t in g .  
“ C o n c e n t r a t i o n  in  p p m . 
c T ra c e .

•“W e e k s  f r o m  d a t e  o f  p la n t in g .  
“ C o n c e n t r a t i o n  in  p p m . 
c T ra c e .
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dividual terpenes is constantly changing. 
This confirms the belief that terpenes 
undergo constant metabolic changes and 
are not merely being accumulated as an 
end-product (Burbott and Loomis, 1969). 
The total essential oil content increased 
to approximately 50 ppm at the end of 
the season (24 -2 8  wk) largely due to an 
apparent increase in the synthesis of the 
sesquiterpenes (¡- and 7-bisabolene and to 
a lesser extent the monoterpenes 7-ter- 
pinene and terpinolene. The Autumn 
King variety gave similar trends with a 
lesser increase to approximately 35 ppm 
at the ersfl of the season. As these results 
are expressed on a fresh weight basis the 
increase could in part reflect an antici
pated decrease in moisture content with 
age. Similar variations in terpenes and an 
increase in monoterpene hydrocarbons 
with increasing maturity in citrus peel 
and leaf oils has been reported by Atta- 
way and Metcalf (1967).

In Oregon most of the harvesting of 
carrots for processing occurs in November 
(corresponding to 20 wk from planting in 
this study); however, harvesting may con
tinue through December.
Effects of storage

During the course of this study carrot 
samples which had been stored in poly
ethylene bags were observed to undergo 
some interesting changes on storage. Im
mature carrots (approximately V2  in. dia, 
30g in weight, harvested 8 wk from 
planting) were observed to keep for ap
proximately 5 wk under these conditions. 
(The carrots retained good turgor, texture 
and were not infected). However, within 
this 5-wk period the carrots had accumu
lated large quantities of acetaldehyde 
(increased from 1 -8  ppm) and ethanol 
(increased from 30—1500 ppm) which are 
indicative of anaerobic respiration (Amer- 
ine, 1964; Cossins and Beevers, 1963). 
Evidently the polyethylene bags created a 
reduced oxygen tension due to the re
spired carbon dioxide. Apart from an

increase to a few ppm of methanol the 
concentration of the other volatiles had 
not changed significantly at the end of 
the storage period.

With mature carrots (approximately 
IV2  in. dia, 150g in weight) the storage 
life was observed to extend to at least
3—4 months. Under these conditions, a 
storage life of approximately 5 wk for 
immature carrots and approximately 4 
months for mature carrots agrees well 
with the values reported by Lutz and 
Hardenburg (1968) for commercial stor
age. When samples of mature carrots in 
storage were examined at bi-weekly inter
vals it was not until the eighth week that 
the concentration of acetaldehyde and 
ethanol began to increase (up to 2 ppm 
and 1000 ppm, respectively). It was 
observed that although the carrots re
tained good turgor and taste the aroma 
changed towards the end of the storage 
life. A softer, “sweeter” aroma, which is 
believed due to acetaldehyde/ethanol 
(Heatherbell et al., 1971) developed. A 
similar but less pronounced trend oc
curred in the late season carrots in the 
soil. Ethanol is only very weakly per
ceived at concentrations of 1000-2000 
ppm (Bills and Keenan, 1968).

Accumulation of acetaldehyde and 
ethanol appear to be related to senes- 
cense. These compounds were found in 
high concentration in both late season 
carrots and in carrots after 2 mo storage. 
However, it must be remembered that the 
conditions were believed to be anaerobic 
in these instances; the effects of senes
cence and anaerobic growth cannot be 
distinguished without further studies.

An important conclusion from the 
maturity, variety, and storage studies is 
that great care should be exercised in 
reciting the full history of carrots, and 
presumably of other fruit and vegetable 
products, used for flavor analysis.

R E F E R E N C E S
A m e r in e ,  M .A . 1 9 6 4 .  A c e ta ld e h y d e  a n d  r e la te d

c o m p o u n d s  in  f o o d s .  J .  F o o d  S c i. T e c h n o l .  
(M y s o r e )  1 : 8 7 .

A t t a w a y ,  J .A .  a n d  M e tc a l f ,  J .F .  1 9 6 7 .  E f f o r t s  
t o w a r d  i m p r o v e m e n t  o f  c o n c e n t r a t e d  o r 
a n g e  ju ic e  f l a v o r  u s in g  e n z y m e s .  C i t r u s  In d .  
4 8 :  2 1 .

B ills , D .D . a n d  K e e n a n ,  T .W . 1 9 6 8 .  D im e th y l  
s u l f id e  a n d  i t s  p r e c u r s o r  i n  s w e e t  c o m .  
J .  A g r . F o o d  C h e m . 1 6 :  6 4 3 .

B u r b o t t ,  A .M . a n d  L o o m is ,  W .D . 1 9 6 9 .  E v i
d e n c e  f o r  m e ta b o l i c  t u r n o v e r  o f  m o n o t e r 
p e n e s  i n  P e p p e r m in t .  P l a n t  P h y s io l .  4 4 :  1 7 3 .

C o s s in s ,  E .A .  a n d  B e e v e rs ,  H . 1 9 6 3 .  E t h a n o l  
m e ta b o l i s m  in  p l a n t  t i s s u e s .  P l a n t  P h y s io l .  
3 8 :  3 7 5 .

H e a th e r b e l l ,  D .A . ,  W ro ls ta d ,  R .E .  a n d  L i b b e y ,  
L .M . 1 9 7 1 .  C a r r o t  v o la t i l e s .  1 . C h a r a c te r iz a 
t i o n  a n d  e f f e c t s  o f  c a n n in g  a n d  f r e e z e  d r y 
in g .  J .  F o o d  S c i.  3 6 :  2 1 9 .

J o h n s o n ,  J .H . ,  G o u ld ,  W .A ., B a d e n h o p ,  A .F .  
a n d  J o h n s o n ,  R .J .  J r .  1 9 6 8 .  Q u a n t i t a t i v e  
c o m p a r i s o n  o f  i s o a m y lo l ,  p e n t a n o l  a n d  3- 
h e x e n o l-1  i n  t o m a t o  ju i c e .  J .  A g r . F o o d  
C h e m . 1 6 : 2 2 5 .

K lo c k ,  G .O . a n d  B r o o k s ,  R .H .  1 9 6 8 .  D ra in a g e  
e x p e r im e n t .  I n  “ P r o g re s s  o f  I r r i g a t io n  R e 
s e a r c h  o n  W i l la m e t te  V a l le y  S o i l s .5* S p e c ia l  
r e p o r t  2 5 4 ,  A g r . E x p t .  S ta . ,  O re g o n  S ta t e  
U n iv e r s i ty ,  C o rv a llis .

L e m o n ,  E .R .  1 9 6 2 .  S o il  a e r a t i o n  a n d  p l a n t  r o o t  
r e la t io n s .  I .  T h e o r y .  A g ro n .  J .  5 4 :  1 6 7 .

L e m o n ,  E .R .  a n d  W ie g a n d , C .L . 1 9 6 2 .  S o il  a e r a 
t i o n  a n d  p l a n t  r o o t  r e la t io n s .  I I .  R o o t  r e s p i 
r a t i o n .  A g ro n .  J .  5 4 :  1 7 1 .

L u t z ,  J .M . a n d  H a r d e n b u r g ,  R .E .  1 9 6 8 .  T h e  
c o m m e r c ia l  s t o r a g e  o f  f r u i t s ,  v e g e t a b le s ,  a n d  
f l o r i s t  a n d  n u r s e r y  s to c k s .  A g r ic u l tu r e  H a n d 
b o o k  N o .  6 6 , U S D A , W a s h in g to n ,  D .C .

N e ls o n ,  P .E .  a n d  H o f f ,  J .E .  1 9 6 9 .  T o m a to  v o la 
t i l e s :  E f f e c t  o f  v a r i e ty ,  p ro c e s s in g  a n d  s t o r 
a g e  t im e .  J .  F o o d  S c i. 3 4 :  5 3 .

S te v e n s ,  M .A .,  L in d s a y ,  R .C .,  L i b b e y ,  L .M . a n d  
F r a z ie r ,  W .A . 1 9 6 7 .  V o la t i l e  c o m p o n e n t s  o f  
c a n n e d  s n a p  b e a n  (P h a s e o lu s  v u lg a r is  L .) .  
P r o c .  A m . S o c .  H o r t .  S c i.  9 1 :  8 3 3 .

S te v e n s ,  M .A . 1 9 7 0 .  I n h e r i t a n c e  a n d  f l a v o r  c o n 
t r i b u t i o n  o f  2 - i s o - b u ty l th i a z o l e ,  m e t h y l  
s a l i c y la te  a n d  e u g e n o l  i n  t o m a t o e s .  P ro c .  
A m . S o c .  H o r t .  S c i. 9 5 :  9 .

W ro ls ta d ,  R .E .  a n d  J e n n in g s ,  W .G . 1 9 6 5 .  C h r o 
m a t o s t r i p  i s o m e r i z a t i o n  o f  t e r p e n e s .  
J .  C h r o m a to g .  1 8 :  3 1 8 .

M s. r e c e iv e d  6 / 9 / 7 0 ;  r e v i s e d  9 / 2 0 / 7 0 ;  a c c e p te d
9 / 3 0 / 7 0 .

T e c h n ic a l  P a p e r  N o . 2 9 0 7 ,  O re g o n  A g r ic u l
t u r a l  E x p e r i m e n t  S t a t i o n .  P r e s e n te d  a t  t h e  3 0 t h  
A n n u a l  M e e t in g  o f  t h e  I n s t i t u t e  o f  F o o d  T e c h 
n o lo g is t s  i n  S a n  F r a n c i s c o .

T h e  s e n io r  a u t h o r  e x p r e s s e s  h i s  a p p r e c i a t i o n  
t o  h i s  e m p lo y e r ,  D .S . I .R . ,  f o r  f in a n c ia l  s u p p o r t  
a n d  f o r  g r a n t in g  le a v e  o f  a b s e n c e  f o r  g r a d u a te  
s tu d y .  A p p r e c i a t i o n  is  a lso  e x t e n d e d  t o  t h e  
N e w  Z e a la n d  U n iv e r s i ty  G r a n ts  C o m m i t t e e  f o r  
p o s t  g r a d u a t e  s c h o la r s h ip .  T h e  a u t h o r s  a c 
k n o w le d g e  D r .  W . A . F r a z i e r  o f  t h e  O S U  H o r t i 
c u l tu r e  D e p a r t m e n t  f o r  g ro w in g  a n d  s u p p ly in g  
t h e  c a r r o t s  u s e d  in  t h i s  s t u d y .
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EFFECT OF HEAT ON THE FLAVORING COMPONENTS OF MAPLE SIRUP: 
A Preliminary Study by Gas Chromatography

S U M M A R Y  P o r tio n s  o f  a d is t in c t iv e ly  f la v o re d  c o m m e r c ia l  m a p le  s iru p  w ere  h e a te d  b y  a u to c la v 
ing  a t  15  p s ig  (2 5 0 ° F ) fo r  1 .5  a n d  4  hr. A  G L C  fla vo r  p r o f i le  o f  th e  tr e a te d  a n d  u n tr e a te d  sirups  
s h o w e d  th a t  2 5  c o m p o n e n ts  in  th e ir  f la v o r  fra c tio n s  c h a n g e d  in  re la tive  a m o u n ts . In th e  lig h t  
c o lo r e d  o rig ina l s iru p , a c e to l  a n d  c o m p o u n d s  re la te d  to  lign in  (van illin , sy r in g a ld é h y d e , d ih y d r o -  
c o n ife r y l  a lc o h o l)  p r e d o m in a te d . A s  th e  siru p  was h e a te d , c a r b o h y d ra te  b r e a k d o w n  p r o d u c ts  began  
to  a p p ea r  a n d  th e n  to  p r e d o m in a te  (a c e to l, fu ra n o n e s , c y c lo te n e , a n d  H M F). A s  th e  c a rb o h y d ra te  
d eg ra d a tio n  p r o d u c ts  in c rea sed  th e  s iru p  d a r k e n e d  in  c o lo r  a n d  b e c a m e  a c r id  in  fla vo r; a t  th is  p o in t  
van illin  began  to  decrease . F ro m  th is  p r e lim in a r y  s tu d y  i t  w o u ld  s e e m  p o ss ib le , a f te r  id e n t i fy in g  a ll 
th e  c o m p o u n d s  in  th e  p r o fi le , to  p r o d u c e  various leve ls  o f  d i f fe r e n t  fla vo r  in m a p le  s iru p  b y  a 
re g u la te d  h e a t  p ro cess . T h e  n e e d  is in d ic a te d  fo r  a c o m p le te  s tu d y  o f  th e  p r o d u c t io n  o f  m a p le  
fla vo ra n ts  b y  h e a t, s ta r tin g  w ith  a flavorless sa p  c o n c e n tr a te .

IN T R O D U C T IO N

THE CHARACTERISTIC flavor of maple 
sirup is developed during the concentra
tion of the maple sap by atmospheric 
boiling (Skazin, 1930). Low temperature 
vacuum evaporation produces an almost 
flavorless sirup (Findlay and Snell, 1935; 
Porter et al., 1952). Early efforts to 
identify the chemical compounds in ma
ple sirup contributing to its flavor were 
handicapped by the lack of present day 
methods of isolating and identifying trace 
amounts of flavorants. Nelson (1928), 
Skazin (1930), and Skazin and Snell 
(1928—29) have reported by classical 
methods the isolation of an aldehyde 
with a vanillin odor. Sair and Snell (1939) 
advanced somewhat the knowledge of 
maple flavorants by using chloroform to 
isolate the flavoring compounds from the 
sugars and ash constituents of maple 
sirup. However, this work was also lim
ited by the techniques available for sepa
ration and identification. A vanillin-like 
compound was isolated but not definitely 
identified.

Underwood et al. (1961) attempted to 
extend the chloroform extract work of 
Sair and Snell using column chromatogra
phy; vanillin and syringaldehyde were 
definitely found along with evidence of 
many more compounds. However, it was 
not until the advent of gas chromatogra
phy that real progress began to be made 
in unraveling the secret of maple flavor. 
During the 1960’s the author and co
workers reported on a large number of 
compounds found in maple sirup related 
to its flavor (Filipic et al., 1965; Filipic 
et al., 1969; Underwood and Filipic,
1963). As an accumulative result of these 
studies a GLC procedure was designed 
(Underwood et al., 1969) to produce a 
chromatogram depicting maple flavor 
(flavor profile). 25 peaks on this chromat
ogram represent flavorants in a chloro
form extract of sirup. Other work (Wiliits 
and Porter, 1950) had revealed that the

flavor can be enhanced in commercial 
maple sirup by additional heat treatment. 
The flavor changes in that work was 
evaluated by organoleptic and color meas
urements.

Using the GLC flavor profile, it is 
possible to determine changes in the 
individual flavorants with varying sirup 
treatments. This paper reports a prelimi
nary study on component changes in the 
chloroform flavor extract of a commer
cial maple sirup given additional heat 
treatment.

E X P E R IM E N T A L

A TYPICAL commercial maple sirup w ith dis
tinctive maple flavor was divided into three por
tions. The first portion was held without treat
ment; the second autoclaved for 1.5 hr at 15 
psig (250°F), and the third autoclaved for 4 hr. 
A Vi gal aliquot o f each portion was extracted 
w ith chloroform as described earlier (Under
wood et al., 1969). These three extracts were 
analyzed by the GLC procedure detailed in the 
same paper to produce flavor profiles for the

three portions o f sirup. Reproductions o f these 
profiles are shown in Figures 1, 2, and 3. A 
semi-quantitative evaluation o f the changes in 
amounts o f the compounds in the flavor extract 
in significant amounts is shown in Table 1.

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

A COMPARISON of Figures 1, 2, and 3 
shows that most of the components 
increased as the sirup was heated. The 
semi-quantitative data in Table 1 showing 
these trends in more detail, indicate that 
a few compounds decreased rather than 
increased. Only half of the peaks re
corded in the table are named, because 
not all of them were completely identi
fied. Since a milder extraction was used 
in this study than in the exhaustive study 
reported earlier (Filipic et al., 1969), 
fewer peaks were obtained and identifica
tion procedures in addition to retention 
time had to be repeated. Only those 
peaks deemed useful to evaluate the 
effect of the heat treatment were com
pletely reidentified by mass spectro- 
graphic analysis, but the heat treatment 
produced unpredicted changes in some 
peaks. Therefore, a further, more com
plete study of the effect of heat on maple 
flavorants, using the flavor profile, will 
require complete identification of all the 
peaks on the chromatogram.

The exhaustive extraction of c* oro- 
form soluble flavorants from maple sirup 
mentioned above has shown that these 
compounds can be divided into two

Fig. 1—F lavor p r o f i le  o f  a ty p ic a l c o m m e r c ia l  m a p le  sirup .
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Fig. 2 —F lavor p r o f i le  o f  a ty p ic a l c o m m e r c ia l  m a p le  s iru p  a u to c la v e d  
1 .5  h r  a t  15  psig.

Fig. 3 —F lavor p r o f i le  o f  a ty p ic a l c o m m e r c ia l  m a p le  s iru p  a u to c la v e d  
4 .0  h r  a t  15  psig.

groups according to their source. These 
sources are the trace of a ligneous mate
rial and the carbohydrates (almost 100% 
sucrose) in the sap.

Vanillin was the only measured com
pound of definite ligneous origin in the

extract. It was probably the predominant 
flavorant in the original sirup. The further 
heat treatment caused a modest increase 
in the amount of this constituent at the 
end of 1.5 hr, but after 4 hr a significant 
decrease had occurred. The identity of

the other compounds which decreased 
must be reaffirmed to determine whether 
other ligneous compounds respond as 
vanillin does.

Acetol is a major constituent in flavor 
extracts of maple sirup and was increased 
by the heat treatment. Its role in the 
formation of maple flavor compounds is 
yet unknown. Undoubtedly its increased 
production is from monosaccharides re
sulting from hydrolysis of the sucrose in 
the sirup. Also, Table 1 indicates that the 
rate of acetol formation decreases as the 
time of heating increases. This is probably 
due to the fall in pH of the sirup from the 
build-up of acids as the heating continues. 
Acetol formation from a hexose such as 
glucose is favored by an alkaline media 
(Lento et al., 1960).

The BHT (peak 13) found in this 
extract comes from the diethyl ether used 
to purify the original chloroform extract. 
Looked upon at first as a nuisance in our 
work, we now use it as an internal 
standard for rating the uniformity of our 
final concentrate of flavorants.

Finally, Table 1 lists a number of 
compounds that are formed from the 
carbohydrates in the sap and sirup. Su
crose constitutes 95% of the total solids 
in the exudate of the maple tree. The 
compounds shown make from an entirely 
negative to a heavily positive contribution 
to the desirable maple flavor in the sirup. 
Isomaltol and cyclotene have flavor char
acteristics that would help build a pleas
ing maple flavor. These both increased 
significantly during the heat treatment, 
especially the cyclotene. This increase in 
cyclotene is highly important because it is 
reportedly a powerful flavoring agent.

Two furanones have been identified in 
maple sirup. They are the “pineapple” 
furanone (2,5 dimethyl-4-hydroxy-3(2H)

T able  1 - P e a k  h e ig h tsa o f  c o m p o n e n ts  o f  m a p le  s iru p  fla vo r  e x tr a c t.

Peak
no. Identity

0

Heating time-hours 
1.5 4

Peak ht. Peak ht. % Increase Peak ht. % Increase
i Acetol 6 8 976 1335 1224 1700
2 2 . 0 37 1750 49 2350
3 Acetic acid 3.5 42 1 1 0 0 113 3128
4 Furfural - 7.5 _ 31 -
5 Propionic acid 2.5 25 900 48 1820

6 3.5 6 . 0 71 4 14
7 1.5 0.5 8 430
8 1.5 42 2700 83 5400
9 Isomaltol 0.5 4.0 700 6 . 0 1 1 0 0

1 0 1 . 0 5.5 450 1.5 50

1 1 Cyclotene 1 0 . 0 56 460 8 8 780
1 2 9.5 50 426 33 247
13 BHTb 34 36 6 37 9
14 Pineapple furanone 8.5 36 323 6 6 676
15 1.5 1 1 633 10.5 600

16 9.5 1 0 5 4 -5 8
17 a-Furanone 2 . 0 71 3450 300 14,900
18 4.0 13 225 - -
19 5.5 6 9 - -
2 0 5.0 4.5 -5 4 - 1 0

’2 1 1 . 0 1.5 50 1.5 50
2 2 HMF 8.5 30 250 77 800
23 Vanillin 47 56 19 34 -2 8
24 Syringaldéhyde0

25 Dihydroconiferyl
alcohol0

a In  m i l l im e te r s .
b  A r t i f a c t  i n t r o d u c e d  b y  d i e th y l  e t h e r  t r e a t m e n t  o f  e x t r a c t .  
c P e a k s  t o o  lo w  a n d  b r o a d  f o r  h e ig h ts  t o  h a v e  a n y  s ig n if ic a n c e .
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furanone), and a second furanone as yet 
not definitely identified. The mass spec- 
trographic data of the latter appears to 
conform to the structure 4-hydroxy-2- 
hydroxymethyl-5-methyl 3(2H) furanone 
reported by Shaw et al., 1968. The 
“pineapple” furanone has strong caramel 
flavoring characteristics and certainly 
contributes to maple flavor, although 
probably modifying the more delicate 
flavor in an extremely fancy maple sirup 
to give it caramel tones. Its formation 
slowed with heating time and, again, this 
is probably due to fall in pH. The second 
furanone showed a large rate of increase 
with heating and probably contributes to 
the heavy caramel flavor of the middle 
grades of sirup.

The acids, furfural and HMF all in
crease with heating. These compounds 
impart the heavy, acrid caramel flavor to 
lower grade, dark, sirups. When sirups 
were heated at temperatures higher than 
reached in this study, as is possible in a 
heat exchanger (Willits et al., 1966), the 
predominant compound that forms is 
hydroxymethylfurfural (HMF) (Porter et 
al., 1952). The increase in acidity that 
accompanies heating causes accelerated 
production of HMF until the flavor im
parted by this and other compounds to 
the sirup makes it unpalatable.

The study has answered one question

that has been debated by those involved 
in maple sirup flavor research. Earlier 
work had demonstrated definitely that 
total flavor in maple sirup increases with 
heat treatment and changes in character. 
The flavor changes from the delicate 
maple to a heavy acrid caramel flavor, the 
latter over-riding the true maple. It has 
not been known whether true maple 
flavorants continue to increase but are 
masked by the relatively larger increase of 
the other flavorants, or the production of 
maple flavorants is limited. The brief data 
in this work indicate that there is a limit 
to the increase of maple flavorant and 
continued heating will cause a decrease. 
Proper regulation of heat and heating 
time would be required to produce a 
sirup of optimum maple flavor. This was 
discussed on a practical basis by Willits et 
al. (1966) in reporting on a heat process 
for continuously increasing the flavor in 
maple sirup.
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BIOCHEMISTRY OF TEA FERMENTATION: THE ROLE OF CAROTENES 
IN BLACK TEA AROMA FORMATION

S U M M A R Y - T h e  c a r o te n o id  c o m p o u n d s  p r e s e n t  in  fre sh  tea  le a f  w e re  q u a n ti ta t iv e ly  e x tr a c te d  a n d  
se p a ra te d  b y  th in  la y e r  c h r o m a to g ra p h y . N e o x a n th in , v io la x a n th in , lu te in , a n d  fl-caro tene  w ere  
id e n t i f ie d  a n d  e s t im a te d  b y  s p e c tr o p h o to m e tr y .  Q u a n tita tiv e  s tu d ie s  s h o w e d  th a t  th ese  c a r o te n o id  
c o m p o u n d s  d ec rea se d  fr o m  a b o u t  0 .0 5 3 %  (d ry  w e ig h t basis) in  th e  fre sh  tea  le a f  to  a b o u t  0 .0 3 0 %  
in  th e  f e r m e n te d  (3  h r  fe r m e n ta t io n )  le a f  to  a b o u t  0 .0 2 6 %  in  th e  f ir e d  b la c k  tea. T h is  a n a ly tic a l  
s tu d y  was fo l lo w e d  b y  an  in v e s tig a tio n  to  d e te r m in e  h o w , a n d  to  w h a t, th e s e  c a r o te n o id  c o m 
p o u n d s  are a l te r e d  d u r in g  th e  b la c k  tea  m a n u fa c tu r in g  p ro c ess . T h e  fa te  o f  0-c a r o te n e  in  tea  
fe r m e n ta tio n  was f ir s t  s tu d ie d  in  m o d e l  sy s te m s . T he  m o d e !  c o n s is te d  o f  a c ru d e  so lu b le  e n z y m e s  
p re p a ra tio n  e x tr a c te d  fr o m  fre sh  tea  leaves, tea  fla va n o ls , a n d  0 -ca ro ten e . T h e  m o d e l  s y s te m  was 
b u f fe r e d  a t  p H  5 .4  a n d  in c u b a te d  fo r  3 0  m in  a t  3 0 ° C. T he  v o la tile  c o m p o u n d s  fo r m e d  in  th is  
s y s te m  w ere s tu d ie d  b y  gas c h r o m a to g ra p h ic  a n a lys is  o f  h ea d sp a ce  vo la tiles. I t  w as fo u n d  th a t  
0 -io n o n e  ( id e n tif ie d  b y  G L C  r e te n t io n  t im e  a n d  m a ss  s p e c tr o m e tr y )  w as fo r m e d  in  th is  m o d e l  tea  
fe r m e n ta tio n  s y s te m  as a r e s u lt  o f  tea  fla va n o l o x id a t io n  a n d  d r y in g  o f  th e  re a c tio n  m ix tu r e  a fte r  
o x id a tio n . F u rth er , i t  was fo u n d  th a t  a ll th re e  ba sic  re a c tio n  m ix tu r e  in g re d ie n ts , i .e ., a c tiv e  tea  
e n z y m e s  p re p a ra tio n , tea  fla va n o l, a n d  0 -ca ro ten e  w ere  n ece ssa ry  fo r  th e  p r o d u c t io n  o f  0 -ionone . 
W hile  0 - io n o n e  was th e  m a jo r  v o la tile  p r o d u c t  fo r m e d  fr o m  0 -ca ro ten e  in  th e s e  s y s te m s , e x p e r i
m e n ts  u t i l iz in g  1 5 ,1 5  - 1 4 C -0 -caro tene s h o w e d  th a t  severa l u n id e n t i f ie d  c o m p o u n d s  a lso  w ere  
fo rm e d . T he fo r m a tio n  o f  0 -io n o n e  fr o m  0 -ca ro ten e  d u r in g  b la c k  tea  m a n u fa c tu r e  was c o n f ir m e d  in  
sep a ra te  e x p e r im e n ts . O rg a n o le p tic  a n d  G L C  h ea d sp a ce  a n a lyses  s h o w e d  th a t  b la c k  teas m a d e  in  
th e  u su a l w a y  e x c e p t  th a t  0 -ca ro ten e  w as a d d e d  a t  th e  le a f  m a c e r a tio n  sta g e  (stage w h ic h  in itia te s  
fe r m e n ta t io n )  c o n ta in e d  m o r e  0 -io n o n e  th a n  c o n tr o l  b la c k  teas. T h e  re su lts  o b ta in e d  w ith  0 -caro
te n e  have b e e n  g e n e r a lize d  o n  p a p e r  fo r  a ll o f  th e  c a r o te n o id  c o m p o u n d s  k n o w n  to  b e  p r e s e n t  in  
fre sh  tea  leaf. T h e  re su lts  o f  th is  w o r k  in d ic a te  th a t  m a n y  o f  th e  im p o r ta n t  b la c k  tea  a ro m a  
c o n s t i tu e n ts  are p r o b a b ly  fo r m e d  d u r in g  th e  tea  c o n v e r s io n  p ro c e ss  b y  o x id a t iv e  d eg ra d a tio n  o f  th e  
c a r o te n o id  c o m p o u n d s  p r e s e n t  in  th e  sy s te m . T h e  p o ss ib le  m e c h a n is m  fo r  th e se  tr a n s fo rm a tio n s  is 
d iscussed .

IN T R O D U C T IO N

IT HAS BEEN SHOWN (Tirimanna and 
Wickremasinghe, 1965; Nikolaishvili and 
Adeishvili, 1966) that the carotenoids 
present in fresh green tea shoot tips 
undergo appreciable decreases in concen- 
trat'Ti during the various stages of con- 
ver jn of these tea shoot tips to the 
b' Jc tea of commerce. Further, it has 

en suggested (Tirimanna and Wickrema- 
rnghe, 1965; Sanderson, 1965; Miiggler- 

Chavan et al., 1969) that the changes 
which the carotenoids undergo during the 
black tea manufacturing process are im
portant in determining the quality, espe
cially the flavor, of the black tea product 
produced.

This investigation was undertaken to 
establish that carotenoid compounds do 
in fact undergo degradation to black tea 
aroma constituents during the black tea 
manufacturing process and to determine 
the conditions and factors which cause 
this degradation. Further, an effort to 
identify the products of this degradation 
was made. j3-carotene, one of the major 
tea leaf carotenoids, was used in these 
investigations as a model compound be
cause of its availability.

This is part of our ongoing investiga
tion of the mechanism by which black tea 
aroma is formed during the conversion of

fresh tea leaf to black tea (Co and 
Sanderson, 1970).

E X P E R IM E N T A L
Materials

Epigallocatechin gállate (EGCG) and the 
crude tea enzymes preparation were made as 
previously described (Co and Sanderson, 1970).

(3-carotene was purchased from Pierce Chem
ical Co. and it  was twice crystallized from 
CHC13 and CH3 OH before use.

15,15’-14C-(3-carotene was a gift from Hoff- 
man-La Roche, Basle, Switzerland.

The leaf used in this investigation was grown 
(fresh green tea shoot tips) and manufactured 
(black tea) at Lipton’s Experimental Tea Gar
den in South Carolina. The commercial tea 
products used in this investigation were regular 
production samples o f Lipton’s current prod
ucts.
Tea leaf processing

Frozen fresh Ceylon tea leaves were mixed 
with dry ice and hammer-milled to pass a Fine 
herring-bone screen. The milled tea leaves were 
spread on aluminum trays to a depth o f about 
'A ", thawed, covered w ith damp cheese cloth 
and allowed to undergo oxidation (tea fermen
tation) at room temperature (about 22°C). The 
tea was stirred occasionally to ensure uniform 
fermentation. After 3 hr o f fermentation, the 
tea leaves were Fired (dried) in a forced draft 
oven at 90°C for 1 hr to a moisture level o f 4%. 
Water extracts were prepared by extracting 
black tea w ith 1 0  times its weight o f boiling 
water for 15 min and repeating this procedure

three times. The extracts were manufactured 
into instant tea.
Extraction of pigments

Approximately lOg o f fresh tea leaves were 
mixed with a pinch o f MgC03 and extracted 
four times w ith 50 ml o f cold 80% aqueous 
acetone in a Waring Blendor. The combined 
acetone extracts were transferred to a separa
tory funnel and mixed with 1 0 0  ml o f diethyl 
ether. Distilled water was then added until two 
layers formed. The aqueous layer was separated 
and extracted once more with 50 ml diethyl 
ether. The combined ether extracts were 
washed twice w ith 2 0  ml distilled water, dried 
with anhydrous Na2 SC>4 , and concentrated to 
the desired volume.
Thin layer chromatography

An appropriate amount o f the ether extract 
was concentrated under a stream o f nitrogen 
gas and streaked on silica gel t.l.c. plates (East
man Chromagram, Type K 301R2) and devel
oped using petroleum ether (30-60°): ben
zene: ethanol (100:20:7). The pigments were 
eluted from the silica gel w ith acetone. 
Determination of extinction coefficients 
of carotenoids

The carotenoid extract, after removal of 
ch lo rophy ll by saponification (Goodwin, 
1955), was streaked on 2 mm preparative silica 
gel plate (Silica Gel F-254, Brinkmann Instru
ments), and developed w ith petroleum ether 
(30-60°): benzene: ethanol (100:20:7). The 
chromatograms were developed five times; each 
time the plates were dried at room temperature 
for 2 min. The different carotenoids were elut
ed with acetone and transferred to petroleum 
ether. Xanthophylls were crystallized from 
methanol by adding small amounts o f water. 
(3-carotene was crystallized from benzene by 
adding small amounts o f methanol in the cold 
(-15°C ). The crystals were collected and dried 
under a stream o f nitrogen gas. They were 
stored in a desiccator for 24 hr before they 
were used for extinction coefficient determina
tion.
Methods of identification

Phase separation. The carotenoids in petro
leum ether were shaken w ith 90% methanol. 
The carotenes remain in the ether layer. The 
xanthophylls in the methanol layer were ex
tracted with diethyl ether after addition of 
water.

Color reaction with concentrated HQ. Etha
nol solutions o f the carotenoids were shaken 
with one-half their volume of concentrated 
HC1. Carotenoid epoxides give blue color.

Phase test for chlorophylls. An ethereal 
solution o f chlorophyll was underlaid with an 
equal volume o f a 30% solution o f KOH in 
methanol. A colored ring is formed at the inter
face o f the two phases which is characteristic of 
the chlorophyll being tested.

Absorption spectra. The absorption spectra 
o f the different chlorophylls and carotenoids
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Fig. 1 —Schem atic diagram o f  headspace volatiles co lle c tio n  apparatus. 1A (le ft) R eaction vessel w ith  headspace volatiles trap attached. IB  (r ig h t) Re
action  vessel w ith  trap system used to  co llec t to ta l vo latiles du ring  d ry in g  o f  m ode l systems.

were obtained in acetone, diethyl ether, etha
nol, chloroform and hexane using a Beckman 
DK-1 spectrophotometer.

C o-chrom atograp h y. The extract was co
chromatographed with lutein from egg yolk, 
synthetic (3-carotene, chlorophylls a and b from 
fresh spinach, and pheophytins a and b pre
pared from chlorophylls a and b treated with 
oxalic acid.
Q u an tita tive  d eterm in ation  o f  caro ten o id s

Fresh and fermented tea samples were ex
tracted as described above. Dry tea samples 
were rehydrated before extraction to ensure 
complete extraction o f the pigments. The ex
tracted pigments were separated by t.l.c. as

BiJ_1

Fig. 2 —Gas chrom atogram s o f  headspace vola
tiles o f  a m ode l tea fe rm en ta tion  system con
ta in in g  13-carotene. (A ) no fe rm en ta tion ; no  
dry ing . (B) 30  m in  fe rm e n ta tio n ; no drying. 
(C) N o fe rm e n ta tio n ; dried. (D ) 3 0  m in  fe r
m e n ta tio n ; dried. (E) Same as (D ) b u t no 13- 
carotene.

described above and their concentration was de
termined in acetone using extinction coeffi
cients obtained experimentally.
M odel tea  ferm en ta tion  system

Oxidations were carried out in jacketed 50 
ml reaction vessels (Fig. 1). The reaction m ix
ture was made up as follows: 1 0 . 0  ml sub- 
strate/buffer solution containing 0.1 mM EGCG 
and 0.1 mM (3-carotene in citrate-phosphate 
buffer (0 .1M, pH 5.4); 0.2g o f sodium lauryl 
sulfate as an emulsifier, plus 2 . 0  ml o f the solu
ble tea enzymes preparation.

The enzymic oxidation was continued for 
30 min during which time the reaction was 
aerated by stirring vigorously w ith a magnetic 
stirrer.
C o llec tio n  o f  h ead sp ace vo la tiles

The method used was similar to that de
scribed by Co and Sanderson (1970). A t the 
end o f the oxidation period, a headspace vola
tiles trap was attached to one of the side arms 
o f the reaction vessel which was otherwise 
closed (Fig. 1A). Hot water (95°C) was circu
lated through the jacket. The sample was stirred 
continuously with a magnetic stirrer. 3 min 
after the hot water was turned on, the head- 
space volatiles in the vessel were flushed into 
the trap with N 2  gas flowing at a rate o f 50

ml/min for 5 min. The headspace volatiles trap 
consisted o f stainless steel tubing, % " O .D . x  
7 " long, packed with 0.9g o f 5% Apiezon L on 
Gas-chrom Q, 100-120 mesh. The trap was 
maintained at -80°C  with dry ice.

Drying of the model system consisted of 
heating the reaction mixture to 95°C by circu
lating water through the jacket and passing a 
stream o f dry air ( 1 0 0  cc/min) over the reaction 
mixture. The volatiles present in the model tea 
fermentation system, including the water vapor 
were condensed in two traps, kept at 0°C and 
-80°C , respectively (Fig. IB). When approxi
mately 1 1  ml o f the initial 1 2  ml volume had 
been collected in the traps, the air stream was 
discontinued, and the reaction flask cooled to 
0°C. The water collected in both traps was 
added back to the reaction flask, and the collec
tion o f headspace volatiles was carried out as 
described above.
T hin  layer ch rom atograp h y  and liq u id  
sc in tilla tion  co u n tin g

After collection o f headspace volatiles, xli- 
quots o f the model system reaction mixtures 
containing 1 4 C-(3-carotene were applied to silica 
gel thin layer plates (Eastman Chromagram, 
Type K 301R2) and developed w ith petroleum 
ether (30-60°): benzene: ethanol (100:20:7).

Fig. 3 -R a d io -gas  chrom atogram s o f  headspace volatiles o f  a m o de l tea 
fe rm en ta tion  system con ta in ing  15,15 14C-j3-carotene. (A ) C o n tro l: 
same as (B) b u t w ith o u t enzyme added to  reaction  m ix tu re . (B) Com 
p le te  reaction m ix tu re  fe rm en ted  fo r  3 0  m in  and dried.
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Fig. 4 — D is tr ib u tio n  o f  r a d io a c tiv ity  o n  th in  la y e r  ch r o m a to g ra m s  o f  
m o d e l  tea  fe r m e n ta t io n  s y s te m s  c o n ta in in g  1 5 ,1 5 - l 4 C -0-caro tene (See  
e x p e r im e n ta l  s e c tio n  fo r  d e ta ils ) . (A )  C o n tro l:  ' A C -ji-carotene o n ly .  
(B ) R e a c te d :  c o m p le te  m o d e l  tea  fe r m e n ta t io n  s y s te m , w ith  14 C-fj- 
ca ro ten e , a f te r  o x id a tio n .

Fig. 5 —S c h e m e  sh o w in g  re la tio n s h ip  b e tw e e n  fla va n o l o x id a t io n  a n d  
o x id a t iv e  d eg ra d a tio n  o f  c a r o te n o id  c o m p o u n d s  d u r in g  tea  fe r m e n ta 
tio n .

After development the plates were divided into 
1 cm zones and the silica gel in each zone was 
scraped into liquid scintillation vials.

Radioactivity in these samples was deter
mined by liquid scintillation counting after add
ing 15.0 ml of toluene containing 60 mg o f PPO 
and 0.75 mg o f POPOP.
Gas chromatography

A Barber-Colman Series 5000 Selecta Sys
tem with dual hydrogen flame ionization detec
tors was used. The carrier gas was shut o ff be
fore the trap containing the headspace volatiles 
(see Collection o f Headspace Volatiles above) 
was attached to the inlet o f the GLC unit; a 
heating tape was wrapped around the trap, the 
carrier gas valve opened (carrier gas = argon; 
flow rate = 65 ml/min) and development o f the 
chromatogram was started.

The column temperature was programmed 
from 80°C-200°C at 2°C/min followed by 
hold at 200°C. The columns used were o f stain
less steel, Vi" O.D. x  20' long, packed w ith 10% 
Carbowax 20M on Gas-chrom Q, 60 -80  mesh. 
Part o f the column effluent was directed to a 
radioactivity monitoring unit (Barber-Colman 
Model 5190) in experiments in which radio
active compounds were used, or to a manually 
operated trap at -80°C  when samples o f spe
cific headspace volatiles were required for iden
tification.
Mass spectrometry

The mass spectral data were obtained with 
an Hitachi-Perkin Elmer High Resolution 
RMU- 6  Mass Spectrometer.
Preparation of black tea samples

Fresh frozen tea leaf was cryogenically 
milled with dry ice in a hammer mill. The dry 
ice was allowed to sublimate and the tea leaf 
was fermented for 2-'h  hr at room temperature 
(about 22°C). The fermented tea was dried in a 
forced air oven at 90°C for 20 min.

(3 -c a ro te n e  w a s  a d d e d  t o  d e s ig n a t e d  s a m p le s  
o f  m i l le d  t e a  l e a f  p r i o r  t o  i n i t i a t i o n  o f  t h e  te a  
f e r m e n ta t i o n  p r o c e s s  a s  f o l l o w s :  (3 -ca ro te n e

equal in weight to 0 .1 % o f the dry weight o f 
the tea leaf was dissolved in a minimum amount 
o f ethyl ether, this solution was mixed thor
oughly with the sample o f milled tea leaf, the 
leaf was spread in a thin (about 0.5 cm) layer 
on a tray, and the ether was allowed to evapo
rate. Fermentation and drying o f these samples 
was carried out in the same manner as described 
above for samples without added carotene.

RESULTS
I d e n t i f i c a t io n  o f  t e a  l e a f  c a r o t e n o id s

Four carotenoid pigments were found 
in tea extracts using the experimental

procedures described above. These com
pounds were identified as lutein, (5-caro
tene, neoxanthin and violaxanthin. Their 
characteristics are summarized in Table 1.

The extinction coefficients of the 
carotenoids found in tea were determined 
and they were summarized in Table 2.
C h a n g e s  in  c a r o t e n o id s  d u r in g  t h e  
m a n u f a c t u r e  o f  b la c k  t e a  f r o m  
f r e s h  t e a  l e a v e s

The amount of carotenoids found in 
tea samples taken at various stages of 
manufacture of black tea and in samples

T ab le  1-- S o m e  ch a ra c ter is tic s  o f  c a r o te n o id s  in tea.

Phase separation 
90% Pet.

Color
reaction

Absorption maxima (nm) Probable
Spot MeOH ether w ith HC1 Observed Reported“ identification

2 + _ light blue 419,440,467a 417,438,467a Neoxanthin
3 + _ blue 426,451,479b 424,451.5,482b Violaxanthin
4 + _ No reaction 423,444,473c 420,447,477e Lue tin
9 - + No reaction 450,477e 451,482e 0 -carotene

aIn ethanol. cIn hexane.
bin chloroform. “ Goodwin (1955).

T able  2 - E x t i n c t i o n  c o e f f ic ie n t  o f  c a r o te n o id s  fo u n d  in  tea.

Spot
Probable

identification
Xmax. Experimental 

nm, in Acetone (in acetone) Reported6

2 Neoxanthin 442 2358 2270b
3 Violaxanthin 441 2234 2250b, 2250b
4 Lutein 445 2534 2250b, 2580e, 2600d
9 0 -carotene 455 2600 2650a, 2450a, 2550e

aIn hexane. ^In ether.
^In ethanol. eGoodwin (1955).
eIn 8 0 %  ethanol — 2 0 %  ether.
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T ab le  3 —C o n c e n tra tio n  o f  c a r o te n o id s  in  th e  tea  sa m p le s  ta k e n  a t  various sta g es o f  m a n u fa c tu r e
o f  b la c k  tea  a n d  in  tw o  c o m m e r c ia l  tea  sa m p le s.

Neoxanthin Violaxanthin Lutein d-Carotene

Samples

Mg/g
Dried

Sample
% of

Original

Mg/g
Dried

Sample
% o f

Original

Mg/g
Dried

Sample
% o f

Original

Mg/g
Dried

Sample
% o f

Original

Fresh tea 51 1 0 0 1 2 0 1 0 0 260 1 0 0 1 0 2 1 0 0

1 hr Fermented tea 28 57 47 39 148 57 67 6 6

2 hr Fermented tea 30 58 53 43 154 59 64 62
3 hr Fermented tea 30 59 54 44 158 60 62 61
Fired and dried tea 23 46 36 30 154 59 61 60

Hot water extract® 0 . 6 1 0.7 0.5 8 3 3 3
Spent leaves“
Instant tea (prepared

1 1 2 2 18 15 147 57 58 57

in this investigation) 
Commercial black tea

0 0 0 0 1 . 2 0.5 0.3 0.3

(Lipton)
Commercial instant

18 — 0 — 141 — 33 —

tea (Lipton) 0 — 0 — 4 — 1 —

a A m o u n ts  c o r r e c t e d  to  g w h o le  t e a  b a s is .  E x t r a c t  s o l id s  =  4 3 %  o f  w h o le  te a .  
“ A m o u n t s  c o r r e c t e d  to  g w h o le  t e a  b a s is .  S p e n t  le a v e s  s o l id s  =  5 7 %  o f  w h o le  t e a .

T able  4 —F o rm a tio n  o f  fi-io n o n e  fr o m  fi-ca ro ten e  in  a m o d e l  tea  
fe r m e n ta t io n  s y s te m . a

Headspace vapors over
Treatment o f reaction mixture reaction mixture
Oxidation

period
(min)

Drying
treatment

lonone
formed“

Aroma by
sensory
analysis

0 None No No aroma
30 None No No aroma

0 Dried No No aroma
30 Dried Yes Strong; like violets

a (T h e  m o d e l  s y s te m  w a s  c o m p o s e d  o f  a s o lu b le  te a  e n z y m e s  p r e p 
a r a t io n  a n d  E G C G . S ee  m e th o d s  s e c t io n  f o r  m o r e  d e ta i l s ) .

“ D e te c te d  b y  gas  c h r o m a to g r a p h y .

of a commercial instant tea and a com
mercial black tea are shown in Table 3.

There was a large decrease in the 
amount of all the carotenoids during the 
first hour of fermentation. During subse
quent fermentation, the xanthophylls 
neoxanthin and violaxanthin showed a 
slight increase. The firing (drying) stage 
resulted again in a large decrease of 
neoxanthin and violaxanthin.

It is noteworthy that commercial 
black tea has even less carotenoids than 
the fired and dried tea made in this 
laboratory (Table 3) suggesting that the 
processes operating to destroy carote
noids in commercial practice are even 
more effective than our laboratory 
experiments indicated.

The hot water extraction of tea re
sulted in further destruction of neoxan
thin and violaxanthin. Most of the re
maining carotenoids stayed in the spent 
leaves after hot water extraction. Only 
trace amounts of carotenoids were found 
in instant tea (Table 3).

M e c h a n is m  o f  c a r o t e n e  d e g r a d a t io n  a n d  
c h a r a c t e r iz a t io n  o f  c a r o t e n e  
d e g r a d a t io n  p r o d u c t s

The mechanism by which carotenoid 
compounds are degraded during the con
version of fresh green tea leaf to black tea 
was studied using a model tea fermenta
tion system composed of a soluble tea 
enzymes preparation, EGCG (tea fla- 
vanol) and (3-carotene in a buffer system 
at pH 5.4.

The model system studies showed (Ta
ble 4; Fig. 2) that (3-carotene is degraded 
to several volatile compounds when dried 
in the presence of oxidized tea flavanols. 
The major volatile oxidation product was 
trapped as it eluted from the gas chromat
ograph and it was identified as (3-ionone 
by comparison of gas chromatographic 
retention time with an authentic sample, 
by I.R. and by mass spectroscopy. Infra
red absorption bands appeared at 3.42, 
6.20, 6.83, 7.33, 7.98, 8.94, and 10.30 
microns. The principal fragments ob
tained by mass spectroscopy appeared at

m/e = 39, 41, 43, 91,1 17, 135, 178, and 
192 (molecular ion peak). These absorp
tion bands and mass fragments agreed 
with those obtained using a standard 
sample of (3-ionone, and with values pub
lished in the literature (Bondarovich et 
al., 1967).

Drying of the model system prior to 
its oxidation did not produce (3-ionone, 
nor did a reaction mixture which was 
allowed to oxidize for 30 min with no 
subsequent drying. Control reaction mix
tures which contained no (3-carotene did 
produce several volatile compounds when 
oxidized and dried (Fig. 2E) but no 
(3-ionone was formed.

Further, it was found that all three 
basic reaction mixture ingredients, i.e., 
active tea enzyme preparation, EGCG, 
and (3-carotene, were necessary for the 
production of (3-ionone.

When 15,1 5'-1 4C-(3-carotene was oxi
dized in the model system, several peaks 
appeared in the radio-gas chromatograms 
obtained (Fig. 3B). These results show 
that volatile compounds are formed by 
cleavage of the center portion of the 
carotene molecule as well as by splitting 
off of the end groups (ex. ionones). A 
control reaction run without enzyme and 
under nitrogen to prevent oxidation 
showed (Fig. 3A) that these results were 
not due to volatile contaminants in the 
(3-carotene. The organoleptic importance 
of these “other” products can only be 
guessed at (see Table 5).

It was noticed that during the drying 
step and collection of headspace volatiles, 
a malty sweet odor escaped through the 
dry ice cooled traps. An odor similar to 
this was also detected while collecting 
black tea headspace volatiles. In the 
experiment in which 15 ,15-14C-(3-caro- 
tene was used (Fig. 3), these vapors were 
collected by passing the gases leaving the 
volatiles trapping system (Fig. 1) through 
15 ml of toluene in a liquid scintillation 
vial. Subsequent liquid scintillation 
counting of the final trap showed that 
considerable radioactivity (19,300 dpm) 
was present in this toluene trap used with 
the complete reaction mixture as com
pared to only a much smaller amount of 
radioactivity (6,900 dpm) in the trap 
used with the control. These results sug
gest that some very volatile compounds 
involving the central portion of the (3- 
carotene molecule are formed during the 
tea fermentation process.

The formation of (3-ionone from 13- 
carotene during black tea manufacture 
was confirmed in separate experiments. A 
solution of (3-carotene in ethyl ether was 
added to cryogenically milled fresh tea 
leaf which was then allowed to ferment 
for 2-Vi hr and dried. Analysis (organo
leptic and instrumental by GLC) showed 
that the amount of (3-ionone in the final 
product was significantly greater than was 
present in a control sample of the same
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tea manufactured without the addition of
0-carotene.

Separation of a reaction mixture in 
which radioactive 0-carotene had been 
used, by thin layer chromatography and 
subsequent liquid scintillation counting 
of the chromatograms showed that ap
proximately 10% of the 0-carotene was 
converted to more polar compounds. This 
is shown by the increase in radioactive 
material of low Rf value (Fig. 4). No 
effort was made further to resolve this 
polar material.

DISCUSSION
RESULTS OF THIS investigation show 
clearly that a considerable number of 
volatile compounds (Fig. 2 and 3) are 
formed from 0-carotene in a model tea 
fermentation system when the following 
two requirements have been met: (a) the 
tea flavanol has undergone oxidation; and
(b) the oxidized reaction mixture has 
been taken to dryness.

Degradation of 0-carotene did not take 
place to an appreciable extent in these 
model systems unless both of the above 
condition were met. Thus, the oxidation 
of 0-carotene by oxidized tea flavanols 
appears to be potentially less favorable 
than the conversion of 1-amino acids to 
the corresponding Strecker degradation 
(i.e., decarboxylated and deaminated) 
aldehydes which is catalyzed by oxidizing 
tea flavanols in dilute solution, i.e., no 
drying of the reaction mixture is required 
(Co and Sanderson, 1970).

However, the results of this investiga
tion (Table 3), and others (Tirimanna and 
Wickremasinghe, 1965; Nikolaishvili and 
Adeishvili, 1966) show clearly that appre
ciable losses of all the carotenoid com
pounds present in fresh tea leaf takes 
place within the tea leaf during the 
fermentation stage of the black tea manu
facturing process and it was found in this 
investigation that an obvious 0-ionone 
odor developed in fermenting tea leaf to 
which small quantities of 0-carotene had 
been added. These results suggest that the 
oxidation potentials developed in the 
more dilute model tea fermentation sys
tem are too low to effect appreciable 
oxidative degradation of carotenoids 
while the oxidation potentials developed 
in concentrated tea fermentation systems 
(i.e., withered and macerated tea leaf, or 
almost dried model tea fermentation 
systems) are sufficient to bring about 
these changes.

0-ionone was identified (Fig. 2) as the 
major volatile product formed from 0- 
carotene degradation in the tea fermenta
tion system. 0-ionone is known to be a 
constituent of black tea aroma (Miiggler- 
Chavan et al., 1969; Bondarovich et al.,
1967) and the results of this investigation 
confirm contentions (Miiggler-Chavan et 
al., 1969) regarding the possible link 
between 0-carotene and 0-ionone in tea.

T ab le  5 —B la c k  tea  a ro m a  c o n s t i tu e n ts  s u p p o s e d  to  b e  d e r iv e d  fr o m  c a r o te n o id  c o m p o u n d s .a

Carotenoids found in tea leaves 
(Tirimanna & Wickremasinghe, 1965)

Primary Oxidation 
Products

Secondary Oxidation 
Products

(3-Carotene

a-Carotene

Lutein

Neoxanthine

Phytoene

Phytofluene

Lycopene

7-Carotene

Cryptoxanthin

Violaxanthin

Zeaxanthin

(3-Ionone 
+ TAKb

Dihydroactinidiole0

2.2.6- Trimethyl 
cyclohexanone

5.6- Epoxy ionone
2 .2 .6 - Trime thy 1-6 - 
hydroxycyclohexanone

=t>

=0

a-Ionone 
+ (3-Ionone 
+ TAK
[3-Hydroxy-(3-ionone] -  = z[>
+ [3-Hydroxy-a-ionone]
+ TAK
3-Hydroxy-5,6 -epoxyionone
+ 3,5-Dihydroxy-6-hydroionone
+ TAK
Linalool
+ TAK
Linalool
+ TAK
Linalool
+ TAK
(3-Ionone
+ Linalool
+ TAK
(3-Ionone
+ [3-Hydroxy-ß-ionone]
+ TAK
[3-Hydroxy-5,6-epoxy ionone] 
+ TAK
[ 3-Hydroxy-(3-ionone]
+ TAK

Theaspironed

“ ( K n o w n  r e a c t io n  b a s e d  o n  r e s u l t s  o f  th is  i n v e s t ig a t io n ,  ;
H ig h ly  p r o b a b le  r e a c t io n  b a s e d  o n  r e s u l t s  o f  th i s  i n v e s t i g a t i o n .---------f s  ;
P r o b a b le  r e a c t io n s ,  —■ ^  ;
S u p p o s e d  r e a c t io n s ,  — -  z [>  ;
C o m p o u n d s  s h o w n  in  b r a c k e t s  h a v e  n o t  y e t  b e e n  i d e n t i f i e d  in  t e a ) .
b T A K  = T e r p e n o id - l ik e  a ld e h y d e s  a n d  k e to n e s .  O x id a t io n  p r o d u c t s  o f  a ll  t h e  c a r o t e n o id s  l i s te d .

e C o  e t  a l . ,  1 9 7 1 .

Confirmation of the degradation of
0-carotene to 0-ionone during the tea 
conversion process provided by the re
sults of this investigation adds reliability 
to the supposition that several other 
similar reactions involving carotenoid 
compounds as precursors of black tea 
aroma constituents do occur during the 
black tea manufacturing process. These 
related reactions are shown in Table 5 
and a diagrammatic scheme which out
lines the mechanism for the transforma
tions undergone by carotenoid com
pounds during the tea conversion process 
is shown in Figure 5. Some further 
oxidation of primary carotene degrada
tion product, i.e., epoxidation of the 
ionones, is proposed in Table 5. These 
secondary oxidations were not studied in 
this investigation but there is evidence 
that these reactions do occur under cer

tain conditions in natural products (Ayres 
et al., 1964; Chichester and Nakayama,
1965). Therefore, it is reasonable to 
suggest that these reactions occur during 
the tea conversion process as outlined in 
Figure 5 and Table 5.

The possible importance of these re
actions (Table 5) is obvious when one 
considers the large number of compounds 
which are black tea aroma constituents 
and which can now be presumed to 
originate, in part at least, from transfor
mations of carotenoid compounds during 
black tea manufacture.

It is noteworthy that enzyme systems 
capable of oxidizing carotene to other 
products have been reported (Booth,
1960) to be present in green leaves of 
several plants but that the likely presence 
of phenolic compounds in the test sys
tems used raises the possibility that a
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mechanism similar to that operating in 
fermenting tea leaf operates in these 
other plant leaf systems. The oxidation of 
carotenes by lipoxidase systems which 
have been reported (O’Reilly et al., 1969; 
Grossman et al., 1969) appears to be 
analogous to the polyphenol oxidase 
system which effects carotene oxidation 
in fermenting tea leaf.

The interrelationship which exists be
tween the fresh tea leaf constituents and 
constituents to be found in the black tea 
made from the leaf studied in this investi
gation, and others (Sanderson, 1964; 
Sanderson and Kanapathipillai, 1964; Co 
and Sanderson, 1970), point out again 
(Sanderson, 1965) the importance of the 
chemical composition of the tea leaf in 
determining the organoleptic properties 
of the finished black tea. Unfortunately, 
it must be stated that all too little is 
known as yet about what the composi
tion of a tea leaf should be to enable the 
best black tea to be produced. And, of 
course, much remains to be learned about 
how the black tea manufacturing condi
tions (Eden, 1965; Harler, 1963; Hains- 
worth, 1969; Keegel, 1958) affect the

organoleptic properties of the final prod
uct.
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A s c a re l l i ,  I . ,  G e r t l e r ,  A .,  B irk ,  Y . a n d  B o n d i ,  
A . 1 9 6 9 .  E n z y m ic  O x id a t io n  o f  C a r o te n e  
a n d  L i n o le a t e  b y  A lfa lfa :  E x t r a c t i o n  a n d  
S e p a r a t io n  o f  A c t iv e  F r a c t i o n .  P h y to c h e m .  
8 : 2 2 8 7 .

H a r le r ,  C .R .  1 9 6 3 .  “ T e a  M a n u f a c t u r e . ”  O x f o r d  
U n iv e r s i ty  P re s s ,  L o n d o n .

H a in s w o r th ,  E . 1 9 6 9 .  T e a .  I n  “ E n c y c lo p e d ia  o f  
C h e m ic a l  T e c h n o lo g y ,”  2 n d  E d . ,  V o l .  1 9 , 
e d .  S t a n d e n ,  A .,  p p .  7 4 3 —7 5 5 .  I n t e r s c i e n c e  
P u b l . ,  N e w  Y o rk .

K e e g e l, E .L . 1 9 5 8 .  “ T e a  M a n u f a c tu r e  in  C e y 
l o n . ”  T e a  R e s e a r c h  I n s t i t u t e ,  T a la w a k e l le ,  
C e y lo n .

M ü g g le r -C h a v a n , F . ,  V ia n i ,  R . ,  B r i c o u t ,  J . ,  M a r
io n ,  J .P . ,  M e c h t le r ,  H .,  R e y m o n d ,  D . a n d  
E g li, R .H .  1 9 6 9 .  S u r  la  c o m p o s i t i o n  d e  
l ’a r ô m a  d e  th é .  I I I .  I d e n t i f i c a t i o n  d e  d e u x  
c é t o n e s  a p p a r a n t é e s  a u x  i o n o n e s .  H e lv e t ic a  
C h im ic a  A c ta  5 2 :  5 4 9 .

N ik o la is h v il i ,  D .K . a n d  A d e is h v il i ,  N .I .  1 9 6 6 .  
C h r o m a to g r a p h ie  s t u d y  o f  t h e  q u a n t i t a t i v e  
c h a n g e s  in  t e a  le a f  p ig m e n ts  d u r in g  p r o d u c 
t i o n  o f  b la c k  te a .  B y u l l ,  V se s . N a u c h - I s s le d .  
I n s t .  C h a i . P r o m .  p p .  5 7 —6 0  (C h e m .  A b s .  
1 9 6 9 ,  6 6 : 2 4 0 j) .

O ’R e i l ly ,  S .,  P r e b b le ,  J .  a n d  W e s t,  S . 1 9 6 9 .  A 
n o t e  o n  l ip o x y g e n a s e .  P h y t o c h e m .  8 : 1 6 7 5 .

S a n d e r s o n ,  G .W . 1 9 6 4 .  T h e  c h e m ic a l  c o m p o s i 
t i o n  o f  f r e s h  t e a  f lu s h  a s  a f f e c t e d  b y  c lo n e  
a n d  c l im a te .  T e a  Q u a r t e r ly  3 5 :  1 0 1 .

S a n d e r s o n ,  G .W . 1 9 6 5 .  O n  t h e  c h e m ic a l  b a s is  o f  
q u a l i t y  in  b l a c k  te a .  T e a  Q u a r t e r ly  3 6 :  1 7 2 .

S a n d e r s o n ,  G .W . a n d  K a n a p a th ip i l l a i ,  P . 1 9 6 4 .  
F u r t h e r  s tu d ie s  o n  t h e  e f f e c t  o f  c l im a te  a n d  
c lo n e  o n  t h e  c h e m ic a l  c o m p o s i t i o n  o f  f r e s h  
t e a  f lu s h .  T e a  Q u a r t e r ly  3 5 :  2 2 2 .

T i r im a n n a ,  A .S .L .  a n d  W ic k re m a s in g h e ,  R .L .
1 9 6 5 .  S tu d i e s  o n  t h e  q u a l i t y  a n d  f l a v o r  o f  
t e a —2 —T h e  c a r o t e n o id s .  T e a  Q u a r t e r ly  3 6 : 
1 1 5 .

M s. r e c e iv e d  6 / 1 2 / 7 0 ;  r e v is e d  8 / 3 / 7 0 ;  a c c e p te d
8 / 3 / 7 0 .
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NONVOLATILE ORGANIC ACIDS IN GUAVA

S U M M A R Y - T h e  n o n v o la ti le  o rg a n ic  ac id s o f  guava  w ere  e x tr a c te d  a n d  iso la ted . T L C  o f  th e  ac id s  
s h o w e d  th e  p re se n c e  o f  6  ac id s , 5  o f  th e  a c id s  id e n t i f ie d  as la c tic , m a lic , c itr ic , a sc o rb ic  a n d  
ga la c tu ro n ic . G L C  o f  th e  m e th y l  e s te rs  o f  th e  guava  a c id s  c o n f ir m e d  th e  p re se n c e  o f  m a lic , c itr ic  
a n d  la c tic  acid . Q u a n tita tiv e  d e te r m in a t io n s  u s in g  su c c in ic  a c id  as a n  in te rn a l s ta n d a r d  s h o w e d  
c itr ic  a n d  m a lic  a c id  to  b e  p r e s e n t  in  a lm o s t  e q u a l a m o u n ts  a n d  la c tic  a c id  in  m u c h  lesser a m o u n t  
in  c u l t iv a te d  guavas. In  w ild  guavas, c itr ic  a c id  w as th e  p r e d o m in a n t  a c id , w ith  le s se r  a m o u n ts  o f  
m a lic  a n d  la c tic  acids.

INTRODUCTION
GUAVA (Psidium guajaba), native to 
tropical America, is widely distributed 
through the tropics (Kennard and Win
ters, 1960). Introduced to Hawaii in 
about 1790, it flourishes in nearly all 
parts of the Islands at elevations below
3,000 ft. The fruit is consumed mainly in 
processed form in the United States, 
although it is eaten fresh in many tropical 
areas of the world. Guava is an excellent 
source of ascorbic acid, ranging well over 
100 mg per lOOg; it is a good source of 
niacin, the edible portion containing 
more than 1 mg per lOOg (Wenkam and 
Miller, 1965; Watt and Merrill, 1963). 
Puree and juice from preferred cultivated 
Hawaiian varieties are quite acidic, pH
3.0— 3.2; wild guavas vary from pH
3 .0 -  3.5.

Guava puree and juice are used in 
production of beverages, dairy products, 
jams and jellies and many specialty prod
ucts. Addition of edible organic acids 
such as citric, malic or fumaric is com
monly employed for pH control in a 
number of these products. Thus, it has 
become necessary to know the kinds and 
amounts of nonvolatile organic acids nor
mally present in mature guava fruits used 
for food products.

Santini (1953; 1956) reported citric, 
malic and tartaric acids present in guavas; 
he referred to earlier work (Gumarals and 
de Abreau, 1939) which showed malic 
and tartaric but no citric acid in guava. 
Buch (1960) refers only to Santini’s 
work, and further search of the literature

T ab le  1—R f va lues l x  100) o f  o rg a n ic  ac id s  
o n  ce llu lo se  d e v e lo p e d  in  S o lv e n t  / IB F W ).

Compound Known
For

guava
Lactic 75 75
Malic 55 56
Citric 45 46
Ascorbic 27 26
Galacturonic 1 1 13
Unknown - 06
Tartaric 26 -

reveals no subsequent work to resolve 
these conflicting reports on nonvolatile 
acids in guava. Thin-layer chromatogra
phy (TLC) and gas-liquid chromatog
raphy (GLC) were employed in this labo
ratory for separation, identification and 
quantitative estimation of the nonvolatile 
organic acids in guava produced in Ha
waii.

MATERIALS & METHODS
Preparation o f  guava puree

Guavas o f the Beaumont variety and its 
seedlings were harvested at the full-ripe stage 
from plots at the University o f Hawaii Agricul
tural Experiment Station. This variety and its 
seedlings account for most o f the cultivated 
guava in Hawaii. Puree was prepared as follows: 
several hundred pounds o f fru it were washed, 
macerated in a Fitzm ill w ith a 4-B screen, seeds 
removed in a Langsenkamp pulper w ith .045-in. 
screen and stone cells removed by passing the 
pulp through a finisher with a .0 2 0 -in. screen. 
The puree was stored at 0°F in hermetically 
sealed plain tin cans. Frozen wild guava puree 
was obtained from a commercial processor. 
Wild guavas are from trees growing in the wild 
in virtually every part o f the State at elevations 
below 3,000 ft. This fru it varies widely in 
physical characteristics, but is nevertheless u ti
lized in guava products.
T o ta l a c id ity  and ascorb ic acid  analyses

The colorimetric method o f Loeffler and 
Ponting (1942) w ith slight modifications was 
used for ascorbic acid assay. Total titratable 
acidity was determined by the method o f the 
AOAC (1960).
E xtraction  o f  organ ic acids

lOOg o f guava puree was blended w ith 600 
ml o f 70% methanol (v/v) for 1 min in a Waring

T ab le  2 - R f  va lues  ( X  100) o f  o rgan ic  ac id s  
o n  ce llu lo se  d e v e lo p e d  in  S o lv e n t  I I  (A F W ).

Compound Known
For

guava
Lactic 70 71
Malic 39 39
Citric 25 26
Ascorbic 09 1 1

Galacturonic 03 03
Tartaric 13 -

Blendor. The mixture was filtered in vacuo 
through Whatman No. 2 filter paper. The f il
trate was percolated through a regenerated 
column o f Dowex 50 w x  4 cationic resin, and 
then through a column o f Amberlite IRA 400 
anionic resin. The column was rinsed w ith 500 
ml o f distilled water to remove the sugars.

The acids were eluted from the anionic col
umn with 100 ml o f 6 N formic acid followed 
with water until approximately 250 ml o f 
eluant was obtained. The eluant was concen
trated to about 10 ml in vacuo at 59°C and 
further evaporated to a syrupy consistency 
under a stream o f N 2  for 16 hr at room temper
ature, to remove formic acid.

For thin-layer chromatography (TLC) the 
extract was taken up in 2  ml o f water and for 
gas-liquid chromatography (GLC) in 2 ml o f 
methanol.
M eth ylation

The acids were esterified to their corre
sponding methyl esters using the method de
scribed by Mazliak and Salsac (1965). 2 ml of 
BF3 -methanol 14% (w/v) was added to 2 ml of 
guava extract in methanol and allowed to react 
for 16 hr at room temperature in tightly capped 
vials. Samples o f the reaction mixtures were in
jected directly into the gas chromatograph.
G as-chrom atographic analysis

A Varian Aerograph Model 204 gas chro
matograph with a flame ionization detector was 
used. Nitrogen, partially saturated with water, 
was the carrier gas at a flow rate o f 25 cc/min. 
The hydrogen gas flow rate was 44 cc/min. Two 
different columns were used for retention time 
studies: a 9-ft, .093-in., i.d. stainless steel col
umn packed with 15% DEGS (diethylene glycol 
succinate) on Chromosorb W HMDS 60/80, and 
a 2.5-ft, .093-in. i.d. stainless steel column 
packed w ith 5% NPGS (neopentylglycol succi
nate) on Chromosorb W HMDS 60/80 (Gee,
1965). For the qualitative determination of 
dimethyl malate and trimethyl citrate the 
DEGS and NPGS columns were operated iso- 
thermally at 170 and 145°C, respectively, with 
an injection port temperature o f 180°C and a 
detector temperature o f 220°C. For determina
tion o f methyl lactate the NPGS column was 
operated isotherfnally at 90°C w ith an injection 
port temperature o f 170°C and detector tem
perature o f 225°C.

T ab le  3 —R j  va lues  (x 100) o f  o rg a n ic  a c id s  
o n  silica  g e l d e v e lo p e d  in  S o lv e n t  / IB F W ).

Compound Known
For

guava
Lactic 60 59
Malic 45 43
Citric 34 34
Galacturonic 1 2 1 1

Unknown - 05
Ascorbic 40 -

Tartaric 23 -

Volum e 3 6  (1 9 7 1 )-J O U R N A L  O F  FO O D  S C IE N C E - 237
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T ab le  4 —R f  va lues ( x  1 00 ) o f  o rgan ic  ac id s  
o n  silica  g e l d e v e lo p e d  in  S o lv e n t  II  (A F W ).

Compound Known
For

guava
Lactic 62 62
Malic 40 40
Citric 29 30
Unknown - 1 2

Galacturonic 04 05
Ascorbic 24 -

Tartaric 27 -

The NPGS column was used for the quanti
tative determination o f the acids. Succinic acid 
was used as the internal standard. Known quan
tities o f succinic acid (0.5— l.Og) were added to 
lOOg o f guava puree. The extraction, methyla- 
tion and gas chromatography o f the acids were 
performed as just described. Quantitative data 
were calculated from the peak area and weight 
relationships o f 1 2  or more replications. 
T hin-layer ch rom atograph y o f  organ ic acids  

Silica gel (Eastman chromagram sheet 
K301R) and cellulose powder MN 300 (Mach- 
erey, Nagel and Co.) coated plates, 250 m thick, 
were used. The plates were activated at 110°C 
for 30 min and stored in a desiccator. The or
ganic acid extract in water was applied directly 
to thin-layer plates w ith a micropipette in vol
umes o f 1 -8  juliters. The cellulose plates were 
developed in the organic phases o f the follow
ing solvent systems: I. BFW (n-butyl alcohol- 
formic acid-water 4:1:5, (v/v). II. AFW (n-amyl 
alcohol-formic acid-water 4:1:5, (v/v).The silica 
gel plates were developed in these same solvents 
and also in: III. BBIFW (benzyl alcohol-tert 
butyl alcohol-isopropyl alcohol-formic acid- 
water 24:8:8:1:8, (v/v). After development, the 
plates were dried overnight. The yellow acid 
spots were located on a blue-green background 
by spraying with bromocresol green (0.4% w/v 
in 95% ethanol) solution adjusted to pH 5.5. A t 
least 6  plates o f each adsorbent and each sol-

T ab le  5 —Ft,  va lues ( x  100) o f  o rg a n ic  acids  
o n  silica  g e l d e v e lo p e d  in  S o lv e n t  I II  (B B IF W ).

Compound Known
For

guava
Lactic 6 6 63
Malic 55 55
Citric 43 46
Galacturonic 2 2 2 2

Ascorbic 1 2 13
Unknown - 07
Tartaric 37 -

vent system were developed; the R f values in 
Tables 1 -5  each represent averages o f 6  or 
more replications.

RESULTS & DISCUSSION
Thin-layer chromatography of organic 
acids

Guava acids chromatographed on cel
lulose and developed in Solvent I showed 
6 spots, indicating the presence of 6 
acids. 5 of the spots had Rf values 
corresponding to those of lactic, malic, 
citric, ascorbic and galacturonic acids 
(Table 1). One of the spots had an Rf 
value of 26; the Rf values of ascorbic 
and tartaric acids are 27 and 26, respec
tively. This could be interpreted to con
firm earlier reports, Santini (1953; 1956), 
of the presence of tartaric acid. However, 
Rf values of spots on other adsorbents 
with other solvent systems, as will be seen 
below, failed to substantiate the presence 
of tartaric acid. When the acids were 
chromatographed on cellulose in Solvent 
II, 5 spots appeared with Rf values 
indicating lactic, malic, citric, ascorbic 
and galacturonic acids (Table 2).

Guava acids on silica gel developed in

Solvent I indicated the presence of 5 
acids, 4 of which were identified as lactic, 
malic, citric and galacturonic. The fifth 
was not identified by comparative Rf 
value. Ascorbic acid was not separated 
from malic acid by this system and did 
not appear as a discrete spot (Table 3). 
Extracts spotted on silica gel and devel
oped in Solvent II also indicated the 
presence of 5 acids, with 4 identified as 
lactic, malic, citric and galacturonic (Ta
ble 4). The fifth was not identified. 
Extracts on silica gel with Solvent III 
showed 6 acids to be present, 5 identified 
as lactic, malic, citric, galacturonic and 
ascorbic. Of the various systems used 
here, silica gel with Solvent III appeared 
to give the best results in terms of 
resolution and definition of spots (Table
5).

To determine whether lactic acid 
might be an artifact due to spoilage, 
extracts from selected, prime, unblem
ished fruit and from over-ripe, partly 
rotten fruit were prepared. Lactic acid 
was detected by TLC in the extract from 
prime, fresh fruit just as in the previously 
described material. No evidence of greater 
amounts of lactic acid in the over-ripe 
fruit was seen.
Gas-liquid chromatography of methyl 
esters of organic acids

The GLC retention times of known 
organic acids and of acids extracted from 
guava are shown for DEGS and NPGS 
columns in Table 6 . These data confirm 
the presence of lactic, malic and citric 
acids. Tartaric acid was not detected in 
either wild or cultivated guava. Galactu
ronic and ascorbic acids could not be 
confirmed by GLC of their methyl esters, 
due to their high degree of hydroxyla- 
tion.

The quantitative determination data 
are shown in Table 7. Malic and citric 
acid were found in Beaumont guavas in 
approximately equal amounts, 0.47 and 
0.53% by weight, respectively. These 
acids are about 20 times greater in abun
dance than lactic acid, present in the 
amount of only 0.025%. In wild gauva 
extract we measured 0.18% malic, 0.54% 
citric and 0 .012% lactic acid.

The total titratable acidity of purees 
of cultivated (Beaumont) and wild guavas 
were 18.4 and 14.08 meq per lOOg, 
respectively. The Beaumont fruit had 
0.73 meq/lOOg of ascorbic acid (128 
m g /1 0 0 g) and the remaining 2.1 
meq/lOOg we attribute to galacturonic, 
volatile and unidentified nonvolatile 
acids. In wild guava, we measured 32 
meq/lOOg of ascorbic acid (56 mg/lOOg). 
This, together with the malic, citric and 
lactic acids, totaled 11.62 meq/lOOg for 
acids determined quantitatively. Here 
again, the remaining 2.47 meq are attrib
uted to galacturonic, volatile and uniden
tified nonvolatile acids.

T ab le  6 —R e te n t io n  t im e  (m in u te s )  o f  m e th y l  e s te rs  o f  k n o w n  o r
ga n ic  a c id s  a n d  guava  a c id —tw o  c o lu m n s .

Compound Known Beaumont Guava Wild Guava

15% Degs at 170°C
Dimethyl malate 9.57 10.45 1 0 . 1 0

Trimethyl citrate 46.90 47.46 47.71
Methyl lactate .94 1.08 .74

5% NPGS
Dimethyl malate*5 2.45 2.41 2.49
Trimethyl citrate*5 13.53 1 2 . 2 1 13.13
Methyl lactate3 .96 1 . 0 1 .93

^ C o lu m n  t e m p ,  9 0 ° C .  
^ C o lu m n  t e m p ,  1 4 5 ° C .

T ab le  7 —Q u a n tita tiv e  
B e a u m o n t  g uavas b y  G LC.

d e te r m in a t io n o f  o rgan ic  a c id s  in w ild  a n d

Beaumont Wild Beaumont Wild
Acid (g/1 0 0 g) (g/1 0 0 g) (meq) (meq)
Malic 0.469 .182 8.31 2.71
Citric 0.532 .541 6.99 8.46
Lactic 0.025 . 0 1 2 0.28 0 . 1 2
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ORGANIC ACID PROFILES OF THERMALLY PROCESSED, STORED SPINACH PUREE

S U M M A R Y —D ea era ted  sp in a c h  p u r e e  was p a c k e d  in to  T D T  tu b es , f lu s h e d  w ith  n itro g e n  a n d  
sealed . T he  tu b e s  w ere  d iv id e d  in to  b a tc h e s  a n d  p r o c e s s e d  w ith  an  F o  = 4 .9  a t  te m p e r a tu re s  rang ing  
fr o m  2 4 0 —3 0 0 ° F  w ith  1 0 °F  in c r e m e n ts . A n a ly s e s  w ere  ca rr ied  o u t  im m e d ia te ly  a f te r  p ro c ess in g  
a n d  a f te r  s to ra g e  fo r  3  m o n th s  a t  7 5 ° F  in  th e  dark . O rganic a c id s w ere  a n a ly z e d  b y  m e a n s  o f  an  
A u to m a tic  O rganic A c id  A n a ly z e r  (A O A A )  w ith  c o n f ir m a tio n  b y  p a p e r  c h r o m a to g ra p h y . O xalic  
a c id  s h o w e d  p o o r  r e s o lu tio n  o n  th e  A O A A ;  th e r e fo re , a c h e m ic a l m e th o d  was u s e d  fo r  ana lysis . p H  
m e a s u re m e n ts  w ere ta k e n  a n d  c o lo r  m e a s u re d  o n  a H u n te r la b  M o d e l D 2 5  C o lor D iffe re n c e  M eter. 
Catalase d e te r m in a tio n s  w ere  d o n e  o n  th e  s to r e d  sa m p le s. A f t e r  p ro cess in g , th e  g re a te s t ch anges  
w ere n o te d  a t  2 4 0 ° F , w ith  o n ly  m in o r  ch a n g es a b o v e  2 8 0 ° F . A c e t ic  a n d  p y r r o lid o n e -c a r b o x y lic  
a c id  (P C A ) s h o w e d  th e  m o s t  ch a n g e  a f te r  p ro cess in g . A f t e r  s to rage , th e  c o n c e n tr a t io n  o f  acids, 
c o lo r  a n d  p H  was s im ila r  fo r  a ll p a c k s  a n d  a ll p r o v e d  ca ta la se  n eg a tive . D u r in g  s to ra g e  su c c in ic , 
P C A  a n d  a c e tic  ac id s s h o w e d  th e  g re a te s t in crea se  w ith  th e  la tte r  tw o  increasing  th e  m o s t  a t  h ig h er  
te m p e r a tu re s . A ls o , d u r in g  s to ra g e  a -k e to g lu ta r ic  a c id  d isa p p e a red  a n d  p y r u v ic ,  g iu ta ric , o x a lo 
a c e tic  a n d  m a lo n ic  ac id s w ere  fo r m e d  a t  a ll p ro c e ss in g  tem p era tu re s .

INTRODUCTION
THE MAINTENANCE of color in ther
mally processed, stored green vegetables 
has been and remains a problem in food 
processing. Many attempts have been 
made to stabilize the color in past years 
with limited success (Clydesdale and 
Francis, 1968; Clydesdale et al., 1970).

One of the major problems has been 
the increase in total acidity caused by 
processing, which also occurs in products 
other than green vegetables. El Miladi et 
al. (1969) reported an increase in total 
acidity in tomato juice processed at 
220°F for 20 min. Shallenberger et al.
(1959) found that pyrrolidone-carboxylic 
acid (PCA) was found during the produc
tion of beet puree and Luh et al. (1969) 
found a decrease in pH of retort-proc
essed strained carrots along with forma
tion of PCA. Crean (1966) reported that 
the breakdown of carbohydrate mol
ecules, when heated in acid solution, gives 
rise to various acids and suggested that 
this reaction occurs in thermally proc
essed canned vegetables.

Clydesdale (1966) found that when 
spinach puree was processed by conven
tional and high-temperature short-time 
(HTST) the conventional packed showed 
a decrease in pH of about 10% while the 
HTST-packed remained virtually un
changed. Lin et al. (1970) found similar 
results and reported that acetic acid and 
PCA showed the most striking changes 
with increases of 129 and 132%, respec
tively, at 240°F.

It was also noted by Clydesdale (1966) 
that the pH of HTST-processed samples 
decreased more rapidly than the pH of 
those conventionally processed during 
storage, producing approximately equal 
values after 3 months. These results corre
spond to observations that HTST pro
duces a superior product in terms of color

after processing but rapidly loses such 
improvement during storage.

Information concerning the relation
ship between pH, color and organic acid 
changes during storage of conventional 
and HTST processed packs is scant. For
mation of acids is an important parameter 
in the final quality and safety of a 
processed fruit or vegetable, Lin et al.
(1970). Therefore, this investigation was 
initiated to study changes in these param
eters during storage of packs processed at 
different temperatures. Spinach puree 
was processed with Fo = 4.9 at tempera
tures ranging from 240-3 0 0 °F with in
crements of 10°F. Half of the samples 
were analyzed for color, pH and organic 
acids immediately after processing and 
the other half stored at 75° for 3 months 
in the dark prior to analysis. Catalase 
determinations were done on all samples 
to obtain an index of possible enzyme 
regeneration. It was hoped that this inves
tigation would provide some insight into 
the cause of the greater pH decreases in 
HTST samples during storage as com
pared to conventionally processed packs.

MATERIALS & METHODS
SPINACH purchased from a local market was 
comminuted, deaerated and packed into TDT 
tubes w ith a syringe immediately after the 
tubes had been flushed w ith nitrogen. After f il l
ing. the headspace in the tubes was flushed with 
nitrogen and then sealed w ith an oxygen flame.

The tubes were divided into batches o f 50 
each and processed w ith an Fo = 4.9 at temper
atures ranging from 240-300°F with 10°F 
increments as calculated by Gupte et al. (1964). 
After processing, 'A o f the tubes were frozen at 
-2 0 °F  until analyses for organic acids, color 
and pH were performed; the other half stored 
at 75°F in the dark for 3 months prior to anal
ysis.

Organic acid analyses
Organic acids were quantitatively analyzed

by an automatic organic acid analyzer (AOAA) 
(Waters Associates, Inc., Framingham, Mass.). 
Development o f this analyzer is described by 
Kesner and Mutwyler (1966).

Acidified, oven-dried (110°C, overnight) sil
ica gel (Mallinckrodt, SilicAR cc-4, 200-325 
mesh) was used along w ith a five-chamber gradi
ent elution system employing chloroform and 
tertiary amyl alcohol in various proportions as 
the eluant. The indicator used was made up of 
lg o f the sodium salt o f o-nitrophenol (Fiast- 
man Organic Chemicals) in 2 liters o f anhy
drous methanol. The conditions and calibration 
procedures used in this analysis are described in 
detail by Lin et al. (1970).

Identification
Tentative identification o f all acids was 

based on retention times on the AOAA in com
parison with standard acids as described by Lin 
et al. (1970).
Confirmatory identification

Further confirmation o f the identification 
of organic acids was accomplished by means of 
paper chromatography. Fractions o f the eluant 
stream were collected from the AOAA, concen
trated, redissolved in 50% methanol and spot
ted on Whatman No. 1 sheets as described by 
Lin et al. (1970). The chromatograms were run 
according to the method o f Markakis et al.
(1963), in which the spotted papers were irri
gated descendingly by the upper phase o f a 
mixture of 1 butanol:3N formic acid 50:50 by 
volume. The lower phase o f the mixture was 
used for vapor equilibration. After 12 hr the 
papers were dried in an air draft and sprayed 
with a 0.05% solution o f bromphenol blue (Na 
salt) in 50% ethanol.

Oxalic acid analysis
It was found in a previous study by Lin et 

al. (1970) that the conditions used for the anal
ysis o f the other acids on the AOAA produced 
a diffuse peak for oxalic acid. Therefore, a 
chemical analysis based on the method o f Baker
(1952) was used. This method depends upon 
precipitation as calcium oxalate from a depro-

Table  1- C o l o r  a n d  p H  in  sp in a c h  p u r e e  o ve r  
th e  p ro c ess in g  te m p e r a tu re  range 2 4 0 - 3 0 0 ° F  
w ith  F o  = 4 .9  a n d  s to r e d  fo r  3  m o n th s .________

Process
(°F)

pH 

PP _ SP

tan" 1

PP
1 a/b 

SPa
Fresh 6.40 6.40 -37 .9 -37 .9
240 6 . 1 2 6 . 1 0 -  5.9 -  9.7
250 6.29 5.95 - 1 1 . 6 - 1 1 . 6

260 6.35 5.90 -15.1 -10.9
270 6.40 5.90 -19 .4 -11 .3
280 6.41 5.92 -26 .6 -11 .9
290 6.41 5.90 -27 .8 -15 .2
300 6.41 5.90 -29 .0 -14 .6

a P P — p r o c e s s e d  p u r e e ;  S P —p r o c e s s e d  p u r e e  
s to r e d  f o r  3 m o n th s  a t  7  5 ° F  in  t h e  d a r k .
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Table 2—Concentration o f organic acids in spinach puree over the processing temperature range 240—300°F with an Fo = 4.9 and stored for 3
months._____________________________________________________________________________________________________________________________________

Acid concentration (jreq/g dry weight o f spinach)

Process
Acetic Formic Fumaric Lactic Succinic PCA Malic Citric Oxalic

PP SP PP SP PP SP PP SP PP SP PP SP PP SP PP SP PP SP
240 16.1 38.2** 19.2 23.6 27.8 23.8* 9.0 9.6 20.7 58.3** 56.6 72.6* 76.6 99.3* 50.0 72.3* 704.4 677.4
250 10.9 35.8** 18.0 26.3* 29.1 27.7 9.6 9.5 2 1 . 0 58.4** 36.6 64.2** 74.8 1 0 0 .1 * 50.1 71.8** 694.1 683.1
260 7.8 35.7** 14.3 15.5 29.6 23.0* 1 0 . 2 7.4* 18.0 56.7** 29.3 57.2** 66.9 90.7** 46.2 67.0* 676.4 690.7
270 7.9 36.2** 18.6 2 1 . 2 38.3 27.7* 14.1 8.3 28.1 50.0* 33.5 48.5* 85.0 84.4 52.1 61.2* 704.8 608.8
280 6 . 8 38.6** 16.8 18.7 38.6 29.5* 12.4 6 .2 * 2 2 . 0 48.3** 23.7 54.6** 77.7 93.9* 48.6 64.3* 712.9 747.0
290 8 . 0 37.6** 19.2 24.6 38.1** 30.1 14.6 10.5* 24.2 54.2** 28.5 49.8** 80.1 96.0* 51.1 6 8 .8 * 661.3 704.0
300 7.8 40.7** 18.6 24.6* 37.6 24.5** 13.7 10.7* 23.2 58.4** 27.6 56.7** 81.1 8 8 .6 * 51.7 63.3* 782.7 729.1
Fresh 7.9 7.0 16.9 16.9 36.0 36.0 1 2 . 2 1 2 . 2 24.2 24.2 23.1 23.1 75.3 75.3 43.8 43.8 795.2 795.2

® Sam e as T a b le  1.
A  s ig n if ic a n t  d i f f e r e n c e  a t  t h e  5 %  le v e l b e tw e e n  p ro c e s s e d  a n d  p ro c e s s e d  s to r e d  s p in a c h .  

* * A  s ig n i f i c a n t  d i f f e r e n c e  a t  t h e  1%  le v e l b e tw e e n  p ro c e s s e d  a n d  p r o c e s s e d  s t o r e d  p a c k s .

teinized extract and subsequent titration with 
potassium permaganate.

Color measurement
Instrumental color data were obtained from 

a Hunterlab Model D25 Color Difference Meter 
(Hunter Associates Laboratory Inc., Fairfax, 
Va.). The data were reduced to the function 
tan' 1 a/b as suggested by Clydesdale and Francis
(1969).

pH Measurements
These were obtained with a Radiometer, 

Model 25, pH meter.

Statistical evaluation
Statistical analysis o f the organic acid data 

was done by the Range Method (Kramer and 
Twigg, 1966).

Catalase determinations
Catalase determinations were done by the 

method o f Gagnon et al. (1959). This method 
involved dipping a paper disk (No. 57-GH, 
Schleicher and Schuell Co., Keene, N.H.) into a 
slurry o f the puree and then dropping it into a 
test tube (i.d. = 20 MM) containing 3% hydro
gen peroxide solution. The flotation o f the disk 
within a given time constitutes a positive test. 
Blanks were run on reagents and paper disks to 
establish the time in which the disk would rise 
in the absence of catalase.

RESULTS & DISCUSSION
TABLE 1 shows a comparison of color

and pH of the processed puree (PP) which 
underwent processing at different temper
atures with the same Fo, and the same 
samples (SP) following storage at 75°F in 
the dark for 3 months. The color data are 
reported in terms of tan'1 a/b, which is an 
angular function of hue. Use of this 
function correlates very well with visual 
judgments of the color of processed 
spinach puree (Clydesdale and Francis,
1969). Larger negative values denote bet
ter color retention. In the case of the PP, 
as expected, the HTST process provided 
the best color retention and processing at 
240°F, the worst. However, after 3 
months’ storage the color was similar for 
all process temperatures, showing that the 
initial advantage gained by an HTST 
process is rapidly lost on storage. From 
Table 1, it appears that there was a slight 
improvement in color for the samples 
processed at 240°F, but the effect was 
very small.

As noted previously by Lin et al.
(1970) the PP showed the greatest 
changes in pH at 240° F and the least at 
temperatures above 280°F. However, 
consistent with the color results, the pH 
values were similar after storage for all 
processing temperatures. Therefore, dur
ing storage, the HTST samples showed

greater color degradation and a greater 
pH decrease than the conventionally 
processed pack after storage, in line with 
results of Clydesdale (1966).

Table 2 shows the organic acid profiles 
of the PP and SP samples. Acetic, succinic 
and pyrrolidone-5-carboxylic acid (PCA) 
showed the greatest increase in concentra
tion during storage at every process tem
perature. However, in the samples proc
essed at 240° F there was an increase in 
acetic acid of about 137% during storage 
as compared to a 420% increase in the 
samples processed at 300°F. Similarly, 
PCA showed an increase of 28 and 105% 
during storage for process temperatures 
of 240 and 300°F, respectively. It has 
been shown in some products that PCA is 
formed from glutamine during processing 
(Shallenberger et al., 1959; Rice and 
Paderson, 1954) and possibly the same 
pathway is followed during storage. Suc
cinic acid showed a large similar increase 
at all temperatures.

Malic and citric acid showed lesser 
increases in acid concentration at all 
temperatures. However, they showed less 
of an increase during storage in the HTST 
packs than in the packs processed at a 
lower temperature (240°F), in contrast to 
PCA and acetic acid.

Fumaric acid showed a decrease in 
acid concentration at all temperatures 
during storage, with a greater decrease in 
the pack processed at 300 than at 240°F. 
Lactic acid showed a slight decrease at 
the elevated temperatures, but no signif
icant decrease was noted at 240 and 
250°F. Oxalic acid showed no significant 
changes during storage at any temper
ature.

Table 3 shows the concentration of 
a-ketoglutaric acid after processing and 
the concentration of pyruvic, glutaric, 
oxaloacetic and malonic acids after stor
age. This table shows that a-ketoglutaric 
acid disappeared during storage at all 
temperatures. The other acids were 
formed only during storage and were not 
present after processing or in the fresh 
sample. In Table 3 the concentration of

Table  3 —D e s tru c tio n  a n d  fo r m a tio n  o f  o rg a n ic  a c id s  d u r in g  s to ra g e  
a f te r  p ro c e ss in g  o v e r  th e  te m p e r a tu r e  range 2 4 0 —3 0 0 ° F  with an
Fo = 49._____________________________________________________

Acid concentration (/ueq/g dry w t spinach) 3

cr-Ketoglu tarie Pyruvic Glutaric Oxaloacetic Malonic
Process PP SP PP SP PP SP PP SP PP SPb
240 31.1 0 0 6 . 8 0 33.7 0 41.1 0 2 1 . 0

250 31.1 0 0 6.7 0 30.5 0 37.8 0 24.2
260 29.2 0 0 5.3 0 17.6 0 33.8 0 19.1
270 34.0 0 0 6 . 0 0 25.4 0 44.3 0 14.4
280 32.8 0 0 4.5 0 20.7 0 58.8 0 18.3
290 34.5 0 0 4.7 0 31.0 0 33.7 0 17.1
300 32.6 0 0 6.3 0 31.8 0 25.2 0 2 0 . 0

Fresh 30.4 0 0 0 0 0 0 0 0 0

a E x c e p t  f o r  o x a lo a c e t i c  a c id ,  w h ic h  is  e x p r e s s e d  as a r e a  u n d e r  i ts  
c u rv e  in  c m 2 .

b S a m e  as T a b le  1.
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oxaloacetic acid is reported in terms of 
area under the curve (CM2). This was 
because oxaloacetic acid is extremely 
unstable on the acidified silica gel column 
and it was impossible to create a standard 
curve or to predict destruction of this 
acid from the puree as it passed through 
the column. Therefore, it can only be 
stated that it was formed, but absolute 
quantities cannot be given.

Mechanisms for the increase, decrease, 
disappearance and formation of these 
acids during storage are not known at this 
time. Perhaps the degradation of some 
compounds such as sugar (Crean, 1966) 
and the formation of PCA from gluta
mine (Shallenberger et al., 1959) may 
explain the increase in acid concentration 
in some cases.

It appears from this study that the 
cause of a decreased pH and the concom
itant decrease in color which occurs 
during storage of HTST packs of spinach 
puree is due mainly to the increase in 
concentration of PCA, acetic and succinic 
acids and also the formation of pyruvic, 
glutaric, oxaloacetic and malonic acids 
which are not present after processing 
and form only during storage. It would 
seem that the problems associated with

the storage of HTST-processed spinach 
puree will not be resolved until more is 
known about the mechanisms of forma
tion of these acids. If this information 
were available, steps might be taken in 
an attempt to prevent such formation and 
increase during storage.
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s t r a in e d  c a r r o t s  c a n n e d  b y  t h e  a s e p t ic  a n d  
r e t o r t  p ro c e s s e s .  F o o d  T e c h n o l .  2 3 :  1 0 3 .  

M a rk a k is ,  P . ,  J a r c z y k ,  A . a n d  K r i s h n a ,  S .P . 
1 9 6 3 .  N o n v o la t i l e  a c id s  o f  b lu e b e r r i e s .  
J .  A g r . F o o d  C h e m . 1 1 ( 1 ) :  8 .

R ic e ,  A .C . a n d  P a d e r s o n ,  C .S . 1 9 5 4 .  C h r o m a t 
o g ra p h ic  a n a ly s e s  o f  o rg a n ic  a c id s  i n  c a n n e d  
t o m a t o  ju ic e ,  i n c lu d in g  t h e  i d e n t i f i c a t i o n  o f  
P C A . F o o d  R e s .  1 9 :  1 0 6 .

S h a l le n b e r g e r ,  R .S . ,  P a l le s e n ,  H .R .  a n d  M o y e r ,  
J .C .  1 9 5 9 .  F o r m a t i o n  o f  p y r r o l id o n e - c a r -  
b o x y l i c  a c id  d u r in g  t h e  p r o d u c t i o n  o f  b e e t  
p u r e e .  F o o d  T e c h n o l .  1 3 :  9 2 .

M s. r e c e iv e d  9 / 2 8 / 7 0 ;  a c c e p t e d  1 1 / 5 / 7 0 .

C o n t r i b u t i o n  f r o m  t h e  U n iv e r s i ty  o f  M a s sa 
c h u s e t t s  A g r i c u l tu r a l  E x p e r i m e n t  S t a t i o n ,  A m 
h e r s t ,  M ass.

S u p p o r t e d  in  p a r t  b y  a  g r a n t  f r o m  th e  
U .S .P .H . s e rv ic e  F .D .  0 0 7 9 - 0 6  a n d  t h e  G la ss  
C o n ta in e r  M a n u f a c tu r e r s  I n s t i t u t e ,  N e w  Y o r k ,
N .Y .
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EFFECT OF GAMMA IRRADIATION ON THE POSTHARVEST 
PHYSIOLOGY OF FIVE BANANA VARIETIES GROWN IN INDIA

S U M M A R Y —G a m m a  irra d ia tio n  to  2 0 —4 0  k r a d  in h ib i ts  th e  r ip e n in g  ch a n g es in  p re c lim a c te r ic  
bana n a s w i th o u t  a f fe c t in g  th e  f r u i t  q u a li ty . B o th  f r u i t  m a tu r i t y  a t  h a rv e s t  a n d  p o s t- ir ra d ia tio n  
sto rage te m p e r a tu re  m a r k e d ly  in f lu e n c e  th e  re sp o n se  to  irrad ia tion . T h e  o p t im u m  d o se  a n d  th e  
m a x im u m  to le ra b le  d o se  varied  a m o n g  th e  f iv e  va rie tie s  sc reen ed . A b i l i t y  o f  th e  ban a n a  fr u i t  to  
w ith s ta n d  h ig h er  d o se s  o f  g a m m a  irra d ia tio n  d e p e n d s  o n  th e  p h y s io lo g ic a l s ta tu s  o f  th e  fr u i t  a t  
t im e  o f  irrad ia tion . Irre sp ec tiv e  o f  varie ta l d if fe r e n c e s , irra d ia tio n  o f  p re c lim a c te r ic  bana n a s to  
d o se s  a b o v e  5 0  k r a d  r e s u l te d  in  se vere  s k in  d isc o lo r a tio n  a n d  f r u i t  s p littin g . Irra d ia tio n  u n d e r  
a n o x ia  d id  n o t  m a r k e d ly  re d u c e  th e  ra d ia tio n  in ju r y , su g g estin g  th a t  fa c to rs  o th e r  th a n  o z o n e  
fo r m e d  d u r in g  irra d ia tio n  in  a ir m a y  c o n tr ib u te  th e  ra d ia tio n  dam age. F ru its  o n  th e  c lim a c te r ic  
c o u ld  to le ra te  u p  to  2 0 0  k r a d  b u t  n o  e f f e c t  o n  r ip e n in g  ra te  w as o b se rved . E th y le n e  o r  2 ,4 -D  c o u ld  
reverse  irra d ia tio n -in d u c e d  in h ib i t io n  o f  r ip e n in g  in  bananas. Irra d ia tio n  se e m s  to  d ecrea se  th e  
s e n s it iv i ty  o f  b ana n a  f r u i t  to  th e  r ip e n in g  a c tio n  o f  e x o g e n o u s ly  a d d e d  e th y le n e .

INTRODUCTION
BANANA occupies an important place 
among the fruits cultivated in India. The 
total area under banana in India is esti
mated to be 158,000 hectares, with a 
production of 2,131,000 metric tons per 
year (F.A.O., 1962), most of which is 
consumed within the country. It is esti
mated that about 20—30% wastage occurs 
during transport and marketing, partly 
due to the prolonged exposure of fruits 
to the high tropical temperatures, which 
initiates ripening changes resulting in in
creasing susceptibility to mechanical and 
microbial spoilage. Any treatment which 
can slow down the ripening in bananas 
under the existing conditions will be of 
advantage to the banana trade.

Inhibition of ripening in bananas by 
gamma irradiation has been reported by 
Amezquita et al., 1965; Brownell, 1952; 
Ferguson et al., 1966; Hannan, 1955; 
Kahan et al., 1966; Luse et al., 1966; 
Maxie et al., 1968 and Teas et al., 1962. 
However, there seems to be marked dis
agreement in the literature with regard to 
the optimum dose and maximum toler
able dose. This may be attributed to the 
variation in varieties, physiological status 
of the fruit at the time of irradiation and 
the time interval between harvesting and 
irradiation. Few reports are available on 
the effect of gamma irradiation on freshly 
harvested bananas of specific maturity.

Our findings on the effect of gamma 
irradiation on the postharvest physiology 
of five banana varieties of commercial 
importance grown in India are discussed 
in this paper.

MATERIALS & METHODS
BANANA varieties (local names are given in 
parentheses), Giant Cavendish (Harichal), Red 
(Lai Kela), F ill Basket (Velchi or Poovan) and 
French Plantain (Rajeli) o f known maturities, 
were harvested from a banana plantation in 
Bassein, 40 miles away from Trombay and

brought to the laboratory the same day, either 
by rail or road. Dwarf Cavendish (Basrai) was 
obtained through a local banana dealer, after 
being transported 2 0 0  miles by truck, and was a 
day old. Only fruits free from abrasions and 
mechanical bruises were chosen.

Maturity o f the fruits at harvest was deter
mined on the basis o f pulp-to-skin ratio and 
fullness o f the fingers as judged by angularities 
(Paul Thomas, 1969). Odor o f the pulp and res
piration rate before irradiation treatments con
firmed that the bananas were in the preclimac
teric stage.
Irradiation o f  banana fruits

Bananas were irradiated either as hands 
(cluster o f fruits) or as individual fruits (fin
gers). The cut ends o f the hands and fingers 
after drying were smeared with a fungicidal 
paste containing pentachloronitrobenzene to 
check fungal rot during storage. Equal numbers 
o f fingers from the various hands were taken in 
each treatment to nu llify any variation in matu
rity  between hands o f the same bunch.

Irradiation o f fingers was carried out in a 
gamma cell 220 (Atomic Energy o f Canada 
Ltd., 22,500 curies) in air at an ambient tem
perature o f 25-26°C. The dose rate was 14.5 
krad per minute. The irradiation chamber, 6  by 
8  in., showed axial respective dose-rate varia
tions of 0.856, 0.931 and 0.832M Mrads/hr in 
the bottom, middle and upper 2.5-in. regions.

Hands were irradiated in a Package irradia
tor (Kumta and Sreenivasan, 1966) in air at an 
ambient temperature o f 25-26°C. Dose rate 
was approximately 0.25 krad per minute. The 
ratio o f maximum to minimum dose received 
within the container box o f 1 2  by 6  by 6 -in. 
size was 1.4. Dosimetry was performed either 
by the ferrous sulfate or the ceric sulfate aque
ous dosimeter. In all the experiments, fruits 
were irradiated within 20 -30  hr o f harvesting.

Irradiation o f  banana fru its in d ifferen t  
gaseous atm osp heres

Banana fruits were kept flushed under an 
atmosphere o f nitrogen, or C 0 2 in glass desicca
tors for 1.5-2 hr to equilibrate w ith the respec
tive gases. The fingers were quickly transferred 
to polyethylene bags o f 2.5-mil thickness and 
heat sealed, with appropriate gas being simulta
neously blown in and exhausted from the bags, 
this whole operation taking only a few seconds.

Irradiation was carried out in the gamma cell 
2 2 0  and the bags were cut open after irradia
tion and the fruits stored in air.

In another set o f experiments, bananas were 
irradiated under nitrogen in the glass desiccator 
itself in the package irradiator. In all these ex
periments the nitrogen gas from cylinder was 
bubbled through 2 0 % alkaline pyrogallol to 
remove traces o f oxygen present and a Beck
man oxygen analyzer was used to monitor the 
oxygen level in the desiccators.
D eterm in ation  o f  ripen ing rate

Ripening rate was recorded by observing 
each fru it in the samples at regular intervals. A 
numerical value o f color: 1 -green; 2 -greenish- 
yellow; 3-yellowish-green; 4-ye llow  with 
green tip; 5 - fu l l yellow; 6 —yellow with brown 
flecks; 7 -ye llow  with brown or black patches 
(over-ripe) was assigned to each fru it in a given 
sample at each observation time. The above in
dex was found suitable for all the varieties 
except Red, for which fruits were given numer
ical values from 1 - 6  based on skin color and 
fru it firmness, as follows: 1 -greenish-red and 
hard; 2-reddish-green and hard; 3-red with 
green tip; 4 full-red and slightly soft; 5—red 
and soft; 6 —red w ith brown or black patches 
(over-ripe). A coefficient o f ripening or mean 
color index was calculated as follows:

Coefficient o f Total score fo r a sample
ripening (Mean = -------------------------------------
color index) No. o f fruits in the sample

F ruit resp iration . Respiration rates o f indi
vidual fruits (taken from the same hands) in 
duplicate were determined at 24-hr intervals t ill 
the fruits ripened. Individual fruits were placed 
in 2 -liter glass desiccators fitted with rubber 
corks containing air inlet and outlet tubes. A 
continuous flow o f carbon dioxide free air at 
the rate o f 50 cc per minute was maintained 
and the carbon dioxide evolved by the fruits 
during a 2 -hr experimental setup was trapped in 
a Pettenkoffer tube containing 50 cc o f 0.1N 
Ba(OH)2. The C 0 2  output was calculated by 
titrating the excess alkali against 0. IN  HC1 and 
expressed as mg C 02/kg fruit/hr.
C hem ical co n stitu e n ts

Reducing and total sugars were determined 
colorimetrically by Somogyi’s method as modi
fied by Nelson, 1944. Ascorbic acid was esti
mated by visual titration, against 2,4-dichloro- 
phenol indophenol dye (AOAC, 1960). For 
total titratable acids and pH, lOg fresh tissue 
was homogenized in a Waring Blendor w ith 100 
cc glass-distilled water for 3 -4  minutes. The pH 
o f the slurry was determined using a Beckman 
pH meter. A fter centrifuging the slurry, a suit
able aliquot from the supernatant was titrated 
against 0.IN  NaOH using phenolphthalein as 
indicator to an end point o f pH 8.0 and ex
pressed as cubic centimeters o f 0.1N NaOH 
required to neutralize lOOg fresh tissue.

Total soluble solids were determined with a 
Bellingham and Stanly pocket refractometer
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Table 1—O ptim um  dose , m axim um  to lerance dose and exten sion  in 
storage life  o f  bananas irrad ia ted  a t the p rec lim a cte ric  stage.

Extension in storage life in 
Maximum days over controls at 24-29°C, 

Optimum tolerance _______ R.H. 75-80%_______

Variety
dose

(krad)
dose

(krad)
In preclimacteric 

condition Total
Dwarf Cavendish 30 40 4 8
Giant Cavendish 35 40 3 -4 7 -8
F ill Basket 25 35 4 -5 8 -9
Red 40 50 4 -5 7 -8
French Plantain 20 30 8 14

Banana fruits harvested at 75% maturity were irradiated in the pre
climacteric stage. Maturity was determined based on pulp-to-skin ratio 
at harvest. Fruits w ith pulp-to-skin ratio o f  1 .40:1 .0  to 1 .50:1 .0  were 
classified as 7 5% mature. The ratios were 1 .49:1 .0  for Dwarf Cavendish; 
1.45:1 .0  for Giant Cavendish; 1 .5 :1 .0  for Fill Basket; 1 .5:1 .0  for Red 
and 1 .48:1 .0  for French Plantain.

and expressed as percent sucrose. Texture of 
whole fru it and pulp was measured with a Mag- 
ness Taylor pressure tester.
Organoleptic evaluation

For organoleptic evaluation, irradiated and 
control fruits were ripened at 21°C with or 
w ithout ethylene treatment. Fruits o f color 
stage 5 were peeled and slices o f pulp were 
placed for assessing flavor, texture and taste. 
For evaluating skin color and over-all appear
ance o f fruits, whole fruits were kept. A panel 
o f 10 judges scored on a 9-point Hedonic scale, 
from 1, extreme dislike, to 9, extreme liking. 
The final rating was obtained by averaging out 
the marks, with 9 as the highest. A score o f 5.5 
or above was considered acceptable.
Ethylene and 2,4-dichlorophenoxyacetic 
acid treatments

2,4-D was dissolved in water and 1% 
Tween-80 was added as an adjuvant. Fruits 
were immersed in the above solution for 10 min 
and then dried under a fan at ambient tempera
ture.

For ethylene treatment, fruits were exposed 
to 200 ppm o f ethylene gas for 24 hr at 21°C.

RESULTS & DISCUSSION
IN  T H E  in itia l e x p e r im e n ts , 10 fingers 
each  fro m  d if fe re n t v a rie tie s  o f  b an an as  
h a rv e s te d  a t  75%  m a tu r i ty  w ere  ir ra d ia te d  
to  doses o f  5 , 10, 15, 2 0 , 2 5 , 3 0 , 4 0 , 5 0 , 
7 5 , 100  a n d  2 0 0  k ra d . T h e  o p tim u m  dose  
ran g e  fo r  each  v a r ie ty  w as assessed  fro m  
th is  e x p e r im e n t as th e  ran g e  sh o w in g  
m ax im u m  d e la y  in  r ip e n in g  an d  m in im u m  
sk in  in ju ry . B ased o n  th e se  re su lts  tw o  
su b s e q u e n t e x p e rim e n ts  w ere  c o n d u c te d  
u sin g  b a n a n a  fingers o f  s im ila r m a tu r i ty . 
In  e a c h  e x p e rim e n t 20  fingers e a c h  w ere  
ir ra d ia te d  to  15, 2 0 , 2 5 , 3 0 , 3 5 , 4 0  an d  
50  k ra d  to  d e te rm in e  th e  o p tim u m  d o se  
fo r  each  v a rie ty .

In  g en era l, d e lay e d  rip e n in g  w as o b 
served  in  all ir ra d ia te d  f ru its , ir re sp ec tiv e  
o f  th e  d osage  e m p lo y e d  o r  v a rie ty . A t 
d o ses u p  to  35 k ra d , a lin ea r re la tio n sh ip  
seem s to  e x is t b e tw e e n  d o se  and  ra te  o f 
rip en in g . I t is d isc e rn ib le  fro m  T ab le  1 
th a t  th e  o p tim u m  d o se  an d  th e  m ax im u m  
to le ra b le  d o se  v a ried  fro m  v a rie ty  to  
v a rie ty . V a rie ty  R ed  c o u ld  w ith s ta n d

Table 2 —E ffe c t o f  f r u i t  m a tu r ity  and p o s t-irra d ia tio n  storage tem 
pera tu re  on irra d ia tio n -ind uced  in h ib it io n  o f  ripen ing  in  bananas.

Fruit
Extension in storage life 

in days over controls
maturity At 29 - 32°C A t 21c’C

Variety

at
harvest

(%)
Dose in 

krad

In precli
macteric 

condition Total

In precli
macteric 

condition Total
75 35 2 4 -5 5 -6 9 -1 0

Giant Cavendish
85 35 1 3 4 7 -8

70 40 4 -5 7 -8 6 -7 9 -1 0
Red

85 40 2-3 4 -5 4 -5 7 -8

75 25 - - 7 -8 11-12
F ill Basket

90 25 - - 3 -4 7 -8
Fruits o f  different maturities were irradiated in the preclimacteric 

stage. In each experiment 25 fruits in duplicate from each maturity  
stage were irradiated to the optim um  dose levels. Pulp-to-skin ratios at 
harvest were as follow s: Giant Cavendish: 75% mature, 1 .45:1 .0 ; 85% 
mature, 1 .7:1.0; Red: 70% mature, 1 .3:1.0; 85% mature, 1 .7:1 .0; Fill 
Basket: 75% mature, 1 .45:1 .0; 90% mature, 1 .80:1 .0 .

in  o u r  la b o ra to r ie s  have sh o w n  th a t  in 
creased  p o ly p h e n o l o x id a se  a c tiv ity  o n  
ir ra d ia tio n  m ay  c o n tr ib u te  to  sk in  d is c o l
o ra t io n  in  b a n a n a  fru its  (P a u l T h o m a s  
an d  N air, 1 9 7 0 ).

T h e  p h y sio lo g ica l s ta te  o f  th e  b a n a n a  
fru its  a t  th e  tim e  o f  i r ra d ia tio n  in f lu e n c e s  
th e  f r u i t ’s c a p a c ity  to  w ith s ta n d  h ig h er 
doses o f  ir ra d ia tio n . T h u s , G ia n t C av en 
d ish  b a n a n a  f ru its  ir ra d ia te d  a t  c o lo r  stage 
3 (y e llo w ish -g reen ) c o u ld  to le ra te  u p  to  
2 0 0  k ra d  w ith o u t  m u c h  p ro n o u n c e d  ra d i
a tio n  d am ag e  e x c e p t th e  f r u i t  t ip s  re 
m a in ed  b ro w n ish -g reen  a t th e  fu lly  rip e  
stage. H o w ev er, n o  d e la y  in  r ip e n in g  ra te  
was o b se rv ed  as ju d g e d  b y  sk in  c o lo r  a n d  
to ta l  so lu b le  so lids. T h e  r e p o r te d  o b se rv a 
t io n  o f  F e rg u so n  e t a l., 1 9 6 6 , th a t  G ro s 
M ichel b a n a n a s  c o u ld  to le ra te  d o ses  u p  to  
2 0 0  k ra d  m ay  b e  b e c a u se  th e  b a n a n a s  
w ere  no  lo n g e r in  th e  p re c lim a c te r ic  stage  
a t th e  tim e  o f  i r ra d ia tio n . T h e ir  d a ta  
sh o w  th a t  th e  fru its  w ere  a t th e  c o lo r 
stage 2 —3 (lig h t-g reen  to  50%  y e llo w )  a t 
th e  tim e  o f  ir ra d ia tio n .

T h e  e x tre m e  su s c e p tib i l i ty  o f  b a n a n a s  
in  th e  p re c lim a c te r ic  stage  to  d o ses  a b o v e  
th e  th re sh o ld  level w as e v id e n t w h en  
b an a n a  h a n d s  w ere  ir ra d ia te d  to  o p tim u m  
d o se  levels in  a p ack ag e  ir ra d ia to r , w h ere  
th e  o v e rd o se  r a t io ,  i .e ., th e  r a t io  o f  
m a x im u m  to  m in im u m  d o se , w as 1.4. 
Som e fin g ers in  th e  h a n d  w h ic h  h ad  
rece iv ed  doses a b o v e  th e  th re s h o ld  level 
sh o w e d  sk in  d is c o lo ra t io n , w h e reas , th e  
re s t o f  th e  fingers rece iv in g  th e  o p tim u m  
d o se  level r ip e n e d  to  give g o o d  y e llo w  
co lo r. T h is sh o w s th a t ,  in  large-scale  
ir ra d ia tio n  p ro g ram s, e sp e c ia lly  w ith  b a 
n an as , th e  d o se  d is tr ib u tio n  h as to  b e  
k e p t re a so n a b ly  u n ifo rm  to  a v o id  ra d ia 
t io n  dam ag e  to  th e  fru its .

T h e  ea rlie r r e p o r t  f ro m  th is  la b o r a to r y  
th a t  gam m a ir ra d ia tio n  d id  n o t  signifi-

doses u p  to  50  k ra d  w ith o u t m u c h  sk in  
d am ag e , w h e reas  v a rie tie s  F ill B asket an d  
F re n c h  P la n ta in  w ere  h ig h ly  su scep tib le  
to  ir ra d ia tio n  d o se  ex ce e d in g  30 k ra d . 
T h e  C av en d ish  g ro u p  c o u ld  to le ra te  u p  to  
4 0  k ra d  o f  g am m a ray s .

Irre sp ec tiv e  o f  v a rie ta l d iffe re n c e s , 
doses ex ceed in g  50  k ra d  cau sed  d e le te r i
o us e ffe c ts  o n  b an an as , w h e n  ir ra d ia te d  in  
th e  p re c lim a c te r ic  stage. 100 k ra d  an d  
ab o v e  cau sed  ex ten s iv e  sp lit tin g  an d  c o m 
p le te  b lack e n in g  o f  th e  sk in  d u rin g  su b se 
q u e n t s to rag e . S u ch  fru its  h ad  so f t and  
m ea ly  p u lp  w ith  s ligh t c o o k e d  flavor, 
b re a k in g  in to  lu m p s o n  m ild  a p p lic a tio n  
o f  p ressu re . F e rg u so n  e t a l., 1 9 6 6 , o b 
served  sk in  sp lit tin g  a n d  d is c o lo ra tio n  in 
G ros M ichel b an an as  ir ra d ia te d  a t  150 
k ra d  a n d  ab o v e  in  sm all c lo sed  c h am b e rs . 
T h ey  a t t r ib u te d  th is  to  o z o n e  fo rm e d  
d u rin g  ir ra d ia tio n  ra th e r  th a n  ra d ia tio n  
dam age . T h e y  f u r th e r  s ta te d  th a t  th is  
ra d ia tio n  d am ag e  c o u ld  b e  o v e rc o m e  b y  
ir ra d ia tin g  th e  b a n a n a s  in  w e ll-v en tila ted  
ro o m s w h e re  o z o n e  fo rm e d  d u rin g  ir ra d i
a tio n  c o u ld  be rem o v ed . H o w ev er, M axie 
e t a l., 1 9 6 8 , re p o r te d  th a t  a e ra t io n  o f  th e  
ir ra d ia tio n  c h a m b e r d u rin g  tr e a tm e n ts  d id  
n o t  in f lu e n c e  ra d ia tio n  in ju ry  o n  b an an as  
a t h ig h e r doses.

O u r s tu d ie s  o n  ir ra d ia tio n  o f  p re c li
m a c te r ic  b a n a n a s  to  100 a n d  2 0 0  k ra d  
u n d e r  d if fe re n t g aseous a tm o sp h e re s  
sh o w ed  th a t  a n o x ia  d id  n o t  re d u c e  th e  
m a g n itu d e  o f  ra d ia tio n  d am ag e  c o n s id e r
ab ly . B ussel (1 9 6 5 )  re p o r te d  th a t  th e  
in te rn a l a tm o s p h e re  o f  B a r tle tt  p ea rs  
c o u ld  be c o m p le te ly  fre e d  o f  o x y g e n  in  
a b o u t 4 0  m in  w h en  th e  fru its  w ere  h e ld  
in  n itro g e n  f lo w in g  a t  th e  ra te  o f  2 0 0  ml 
p e r m in u te . T h u s , i t  is u n lik e ly  th a t  in 
o u r  e x p e rim e n ts , th e  o z o n e  fo rm e d  fro m  
tra c e s  o f  o x y g e n  p re s e n t w o u ld  have 
c o n tr ib u te d  to  ra d ia tio n  dam age . S tu d ie s



EFFECT OF IRRADIATION ON BANANAS-245

DAYS A F T E R  IR R A D IA T IO N

Fig . 1 — E f fe c t  o f  gamma irrad ia tion  on resp ira
tion  rate o f  p re c lim a cte ric  G ian t Cavendish  
banana fru its  o f  75%  m a tu rity  (pu lp-to-skin  
ra tio  a t harvest—1 .4 5 :1 .0 ).

F ig . 2 —E f fe c t  o f  gamma irrad ia tion  on resp ira
tion  ra te o f  p re c lim a cte ric  F i l l  B a ske t banana o f  
d iffe re n t m a tu rity . (Pulp-to-skin  ra tio  a t har
vest—fu lly  m ature , 1 .9 5 :1 .0 ; 80%  m ature, 
1 .6 2 :1 .0 .)

F ig . 3 —E f fe c t  o f  gamma irrad ia tion  on resp ira
tion  rate o f  p rec lim a cte ric  R e d  bananas o f  d i f 
fe ren t m a tu rity . (Pu lp-to-skin  ra tio  a t harvest— 
85%  m ature , 1 .7 :1 .0 ; 70%  m ature , 1 .3 :1 .0 .)

c a n tly  d e lay  r ip e n in g  in  fo u r  v a rie tie s  o f  
b a n a n a s , ir ra d ia te d  a t  fu lly  m a tu re  b u t  
u n rip e  stage  (D h a rk a r  a n d  S reen iv asan ,
1 9 6 6 ) , was b ecau se  th e  b a n a n a s  u sed  in  
th e  ab o v e  e x p e rim e n ts  w e re  n o  lo n g e r in  
th e  p re c lim a c te r ic  stage.

E ffe c t o f  f r u i t  m a tu r i ty  a t th e  tim e  o f  
ir ra d ia tio n  a n d  p o s t- ir ra d ia tio n  s to ra g e  
te m p e ra tu re  o n  ra te  o f  r ip e n in g

In  th e s e  s tu d ie s  b a n a n a s  w ere  h a r
v es ted  a t  d if fe re n t s tages o f  m a tu r i ty  an d  
w ere  ir ra d ia te d  to  o p tim u m  d o se  levels in  
th e  p re c lim a c te r ic  stage. R esu lts  are  
sh o w n  in  T ab le  2. T w o  im p o r ta n t  c o n 
c lu s io n s have b e e n  d raw n  fro m  th e se  
s tu d ie s , n a m e ly  1) th e  m a tu r i ty  o f  th e  
f r u i t  a t th e  tim e  o f  i r ra d ia tio n  c o n s id e r
a b ly  in f lu e n c e s  th e  p o s t- ir ra d ia tio n  s to r 
age b eh av io r , th e  m a x im u m  re sp o n se  to  
ir ra d ia tio n  in  te rm s  o f  d e la y e d  rip e n in g  
b e in g  o b se rv ed  w ith  le s s -m a tu re d  fru its , 
a n d  2 ) o n  th e  in f lu e n c e  o f  p o s t- ir ra d ia 
t io n  s to rag e  te m p e ra tu re  o n  th e  r ip e n in g  
ra te , th e  m a x im u m  b e n e f i t  w as o b ta in e d  
w h en  fru its  w ere  s to re d  a t  2 1 °C  ra th e r  
th a n  a t  2 9 - 3 2 ° C .  T h is  o b se rv a tio n  is 
c o n tra ry  to  th e  r e p o r t  o f  L use e t a l., 
1 9 6 6 , s ta tin g  th a t  1 0 —4 0  k ra d  s t im u la te d  
r ip e n in g  in  M o n te  C ris to  b a n a n a s  s to re d  
a t  6 8 ° F , w h e reas  a t  75 a n d  8 5 ° F , 2 0 —4 0  
k ra d  re ta rd e d  rip en in g .

F ru i t  r e s p ira t io n
F ig u re  1 sh o w s th e  re s p ira to ry  p a tte rn  

o f  G ia n t C av en d ish  b a n a n a s  ir ra d ia te d  to  
35 an d  100  k ra d  a t 75%  m a tu r i ty . T h e  
c lim a c te ric  o n se t in  f r u i ts  i r ra d ia te d  to  35 
a n d  100 k ra d  w as d e la y e d  b y  5 a n d  2 
d ay s, re sp ec tiv e ly , o v er th e  c o n tro ls . 
H o w ev er, th e  tim e  re q u ire d  to  re a c h  th e  
re s p ira to ry  p eak  a f te r  th e  c lim a c te ric  
o n se t w as a b o u t  th e  sam e  f o r  b o th  
ir ra d ia te d  a n d  c o n tro l f ru its . T h e  re sp ira 
to r y  C 0 2 e v o lu tio n  a t  th e  c lim a c te ric

p eak  w as fo u n d  to  b e  c o m p a ra tiv e ly  low  
in  ir ra d ia te d  b an an as .

F ig u res  2 a n d  3 , re sp e c tiv e ly , sh o w  th e  
re s p ira to ry  p a t te r n  o f  F ill B ask et a n d  R ed  
b a n a n a s  ir ra d ia te d  a t  tw o  stages o f  m a tu 
r i ty .  I t  is c lea r f ro m  th e  d a ta  th a t  th e  
e x te n t  o f  d e la y  in  th e  o n se t o f  c lim ac te ric  
v a ried  w ith  f r u i t  m a tu r i ty  a t  th e  tim e  o f  
ir ra d ia tio n .

T e x tu ra l ch an g es. F ig u re  4  sh o w s th e  
im m e d ia te  e f fe c t o f  g am m a ir ra d ia tio n  on  
w h o le  fru it  a n d  p u lp  te x tu re .  T h e  e x te n t 
o f  ra d ia tio n - in d u c e d  so f te n in g  w as fo u n d  
to  v a ry  a m o n g  th e  v a rie tie s . U p  to  50  
k ra d  th e re  w as l i t t le  e ffe c t o n  e ith e r  
w h o le  f ru it  o r  p u lp  te x tu re .  In  th e  ran g e  
o f  5 0 - 1 0 0  k ra d , th e r e  w as a  m a rk e d  loss 
in  te x tu r e  b o th  in  w h o le  f ru it  as w ell as in  
th e  p u lp . A bove  100  k ra d  th e  loss in  
tis su e  firm n ess  w as n o t as m a rk e d , b u t 
c o n tin u e d  w ith  in c rea se  in  d o se  g iven.

E x a m in a tio n  o f  th e  p u lp  tissu es fro m  
D w arf C av en d ish  b a n a n a s  im m e d ia te ly  
a f te r  i r ra d ia tio n  to  doses o f  3 0 —2 0 0  k rad  
fa iled  to  rev ea l a n y  in c rea se s  in  re d u c in g  
sugars, su g g estin g  th a t  in  b a n a n a s  i t  is 
u n lik e ly  th a t  s ta rc h  d e g ra d a tio n  b y  ra d ia 
t io n  c o n tr ib u te s  m u c h  to  losses in  t e x 
tu re . H o w ev er, th e  p o ss ib il ity  o f  ra n d o m  
h y d ro ly tic  c leavages o f  s ta rc h  m o le c u le , 
to  fra g m e n ts  o f  lo w e r m o le c u la r  w e igh t 
lik e  d e x tr in s  a n d  o lig o sacch a rid es  c a n n o t 
b e  ru le d  o u t .  T h e  d a ta  suggest th a t  m o s t 
o f  th e  te x tu r a l  ch an g es ta k e  p lace  d u rin g  
o r im m e d ia te ly  a f te r  ir ra d ia tio n , w h ich  
m ay  b e  a t t r ib u te d  to  d e p o ly m e r iz a tio n  
a n d  c o n v e rs io n  o f  p ro to p e c tin  in to  so lu 
b le  p e c tic  su b s ta n c e s  as n o te d  fo r  m an y  
o th e r  f ru its  (G legg  e t a l., 1 9 5 6 ; K e rte sz  et 
a l., 1 9 6 4 ; M cA rd le  a n d  N eh em ia s , 1 9 5 6 ; 
R o u se  an d  D e n n iso n , 1 9 6 8 ; S o m o g y i a n d  
R o m a n i, 1 9 6 4 ).

A sco rb ic  ac id . T h e  im m e d ia te  e ffe c ts  
o f  g am m a ir ra d ia tio n  o f  p re c lim a c te r ic

b a n a n a s  in  th e  ran g e  o f  0 - 2 0 0  k ra d  o n  
a sc o rb ic  ac id  c o n te n t  a re  sh o w n  in  T ab le
3. L oss in  a sc o rb ic  ac id  w as m in im a l up  
to  100 k ra d  a n d  m a x im u m  loss o c c u rre d  
a t  2 0 0  k ra d . I t can  b e  seen  th a t  th e  
e x te n t  o f  lo ss v a ried  a m o n g  varie ties . 
M ax im u m  loss o c c u rre d  in  th e  v a rie ty  
F re n c h  P la n ta in , as h ig h  as 30%  loss a t 
2 0 0  k ra d  as ag a in s t o n ly  1.3%  in  F ill 
B ask et a t  th e  sam e  d o se  level. H o w ev er, 
d o ses a b o v e  50  k ra d  h av e  n o  p ra c tic a l 
a p p lic a tio n , b e c a u se  o f  th e  severe  in ju ry  
to  sk in  an d  p u lp .

Fig . 4 —Im m ed ia te  e ffe c t  o f  gamma irradiation  
on w ho le  f ru it  an d  p u lp  te x tu re  o f  p rec lim a c
te ric  bananas.
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Table 3 —Im m ed ia te  e ffe c t  o f  gamma irrad ia tion  on a sco rb ic  a c id  co n ten t o f  p rec lim a cte ric  
bananas.

Variety

mg ascorbic acid per 100g pulp“ Percent loss over control

0 krad 30 krad 100 krad 200 krad 30 krad 100 krad 200 krad
Dwarf Cavendish 11.12 12.04 10.75 10.59 0 3.3 4.8
Giant Cavendish 11.89 11.20 11.30 9.97 5.8 5.0 16.2
F ill Basket 12.07 12.07 12.60 11.92 0 0 1.3
Red 9.54 8.99 8.88 8.97 5.7 6.9 5.9
French Plantain 24.0 22.50 22.50 16.72 6.3 6.3 30.3

aAverage value o f three independent estimations on triplicate fruits.

Table 4 - -E ffe c t o f  gamma irra d ia tio n  on some chem ical a ttrib u te s  o f  r ipe  bananas.

Variety Treatment T.S.S. pH

Total titra
table acids 

(ml O.INNaOH 
100g pulp)

Ascorbic
Acid

(mg/100g
pulp)

Sugars

Red. sugar Total sugar

Control 23.0 5.13 50.0 7.6 5.80 19.37
Giant Cavendish

35 krad 21.0 5.09 52.5 9.4 5.99 16.25

Control 24.0 4.91 86.6 10.8 13.5 18.0
F ill Basket

25 krad 24.0 4.77 88.0 9.6 13.0 17.5

Control 25.0 5.09 49.5 8.2 3.5 18.0
Red

40 krad 24.0 4.95 56.1 8.1 4.25 19.0
Banana fruits were irradiated at 7 5% maturity in the preclimacteric stage and allowed to ripen 

at 21°C; RH 85 -9 0 %  w ithout external ripening stim uli. Analyses were carried out at color stage 5 
in all cases. Values reported are average o f  three independent estim ations.

E ffe c t o f  ir ra d ia tio n  o n  ch em ica l 
c o m p o s itio n  o f  rip e  f ru its

T ab le  4  sh o w s th e  e ffe c ts  o f  ir ra d ia 
t io n  o n  so m e ch em ica l a t t r ib u te s  o f  rip e  
b an an as . O n rip en in g , no  d iffe re n c e s  w ere 
n o tic e d  in  a sc o rb ic  ac id  levels b e tw e e n  
c o n tro ls  a n d  ir ra d ia te d  fru its . In  v a rie tie s  
R ed  an d  F ill B ask e t, red u c in g  a n d  to ta l  
sugar values sh o w e d  c lose  a g re e m e n t in  
ir ra d ia te d  a n d  c o n tro l fru its . H o w ev er, in

Table 5 —Average hedonic ratings fo r  ir ra 
d ia ted  and u n irrad ia ted  bananas.

Dose
in

krad
Giant

Cavendish
Dwarf

Cavendish Red
F ill

Basket
0 6.0 6.0 7.0 6.5

20 6.8 7.0 7.0 6.7
25 6.5 6.8 6.8 6.2
30 7.0 6.8 6.3 5.6
35 6.8 6.2 7.0 6.0
40 6.5 6.0 6.9 6.3

Based on a 9-point hedonic scale as de
scribed under Materials & Methods. Values are 
the means o f  20 evaluations each, for the vari
ous doses and varieties. A score o f  5.5 or above 
is considered acceptable.

th e  v a r ie ty  G ia n t C av en d ish  th e  ir ra d ia te d  
fru its  re c o rd e d  lo w e r sugar a n d  to ta l  
so lu b le  so lid s  th a n  c o n tro ls , suggesting  
th a t  th o u g h  th e  c o lo r  s tages o f  b o th  
ir ra d ia te d  a n d  c o n tr o l  f ru its  w ere  th e  
sam e a t th e  tim e  o f  an a ly s is , th e  h y d ro l
ysis o f  s ta rc h  to  sugars h ad  n o t p ro g ressed  
a t th e  sam e ra te  in  th e  ir ra d ia te d  b an an as . 
F e rg u so n  e t al. (1 9 6 6 )  an d  M axie e t al.
(1 9 6 8 )  o b se rv ed  sim ilar d ec rea sed  ra te s  o f

s ta rc h  h y d ro ly s is  in  ir ra d ia te d  G ro s 
M ichel b a n a n a s . T o ta l t i t r a ta b le  ac id s  
re c o rd e d  s ligh t in c rea se  an d  p H  slig h t 
d ec rease  in  ir ra d ia te d  b a n an as .

E ffe c t o f  q u a li ty  o f  rip e  b a n a n a s
R esu lts  o f  o rg a n o le p tic  e v a lu a tio n  o f 

r ip e  fru its  given in  T a b le  5 in d ic a te  th a t  
b an an as  ir ra d ia te d  u p  to  a d o se  o f  40  
k ra d  c o m p a re d  fa v o ra b ly  w ith  u n ir ra d i
a te d  fru its . S o m e ju d g e s  re m a rk e d  th a t  
ir ra d ia te d  f ru its  w ere  e ith e r  s ta rc h y  o r 
s lig h tly  u n rip e . T h is suggests th a t  c o lo r 
changes a lo n e  w ill n o t  give an  a c c u ra te  
in d e x  o f  th e  r ip en ess  o f  i r ra d ia te d  b a 
n an as . D esp ite  th is , ir ra d ia te d  b a n a n a s  
w ere  a c c e p ta b le  to  th e  ta s te  p an e l.

A n ta g o n is tic  e f fe c t o f  e th y le n e  a n d
2 ,4 -d ic h lo ro p h e n o x y  a c e tic  a c id  o n  
ir ra d ia tio n - in d u c e d  d e la y  in  r ip e n in g

E th y le n e  o r  2 ,4 -D  tr e a tm e n t  e ith e r  
b e fo re  o r  a f te r  ir ra d ia tio n  o f f s e t  ir ra d ia 
tio n -in d u c e d  in h ib it io n  o f  r ip e n in g  (T ab le
6 ). T h e  o b se rv ed  d if fe re n c e  in  th e  r ip 
en in g  ra te s  b e tw e e n  2 ,4 -D  a n d  e th y le n e -  
t r e a te d  f ru its  is n o t su rp ris in g . E th y le n e  is 
a m o re  p o te n t  r ip e n in g  s t im u la n t and  
c o n c e n tra tio n s  as low  as 0.1 — 10 p p m  are  
k n o w n  to  h a s te n  r ip e n in g  if  a p p lie d  to  
b a n a n a  f ru its  in  th e  p re c l im a c te r ic  stage 
(B iale , 1 9 6 0 ). 2 ,4 -D  a p p lic a tio n  is k n o w n  
to  s t im u la te  e th y le n e  p ro d u c t io n  (M o rg an  
an d  H all, 1 9 6 2 ; H o lm  a n d  A b e les , 19 6 7 ) 
a n d  th is  2 ,4 -D -in d u ced  e th y le n e  m ay  be 
re sp o n s ib le  fo r  th e  e n h a n c e d  r ip e n in g  in  
b an an as .

T h e  ra te  o f  rip e n in g  w as c o m p a ra tiv e ly  
s lo w er in  b a n a n a s , w h en  ir ra d ia t io n  p re 
ced ed  e th y le n e  t r e a tm e n t  as ag a in s t ir ra 
d ia t io n  a f te r  e th y le n e  t r e a tm e n t .  T h is 
suggests th a t  th e  d ec rea sed  se n s itiv ity  o f 
ir ra d ia te d  fru its  to  th e  r ip e n in g  a c t io n  of 
e th y le n e  m ay  b e  th e  p o ss ib le  c au se  fo r 
ir ra d ia tio n - in d u c e d  in h ib it io n  o f  rip en in g  
in  b an an as . T h a t ir ra d ia tio n  o f  b a n a n a s  in

Table 6 - A n ta g o n is t ic  e f fe c t  o f  e th y len e  and  2 ,4-D  on  irrad ia tion -induced  de lay  in ripen in g  o f  
p rec lim a cte ric  G ian t Cavendish bananas.

Mean color index
Days after treatment

Treatment 2 4 6 8 11 13 14 16 18 20
Control 1.0 1.0 1.0 3.0 5.5 7.0
2.4- D 1,000 ppm
2.4- D 1,000 ppm +

1.0 3.5 4.7 5.6 7.0

35 krad
35 krad + 2,4-D

1.0 1.0 2.0 3.5 4.7 6.6 7.0

1,000 ppm 1.0 1.0 1.5 3.0 4.2 6.5 7.0
Ethylene 200 ppm 
Ethylene 200 ppm

2.0 4.0 5.0 7.0

+ 35 krad 
35 krad + 200 ppm

1.0 3.0 5.0 7.0

ethylene 1.0 3.0 4.0 6.0
35 krad 1.0 1.0 1.0 1.0 1.0 2.5 3.5 4.8 5.5 6.0

Giant Cavendish bananas o f  75% maturity were subjected to various treatm ents as detailed 
above in the preclimacteric stage. Fruits were allowed to ripen at 21°C; RH 8 5 —90%. Mean color 
index was recorded as detailed under Materials & Methods. The values are based on 20 fruits each 
in the various treatments.
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w h ic h  th e  r ip e n in g  h a d  a lre a d y  b een  
in i t ia te d , as in  th e  e th y le n e  t r e a tm e n t 
p r io r  to  ir ra d ia tio n , d id  n o t  re su lt in 
in h ib it io n  o f  rip e n in g  ch an g es, suggests 
th a t  ir ra d ia tio n , like  o th e r  tr e a tm e n ts  (gas 
s to rag e , re f r ig e ra tio n , e tc .)  sh o u ld  be 
given w h en  fru its  a re  s till in  th e  p re c li
m ac te ric  stage.

T h e  p re se n t in v es tig a tio n s  c lea rly  in d i
ca te d  th e  n e c e ss ity  fo r  e s tab lish in g  th e  
o p tim u m  d o se  an d  m a x im u m  to le ra b le  
doses fo r  each  v a r ie ty  u n d e r  s tu d y . T h u s , 
an  average d o se  ran g e  c a n n o t b e  fix ed  fo r 
all b an an a  v a rie tie s  to  o b ta in  th e  d esired  
e ffe c t by  g am m a ir ra d ia tio n .
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SOLUBILIZATION OF AQUEOUS SOLUTIONS IN NONPOLAR LIQUIDS

S U M M A R Y - W a te r  was so lu b ilize d  in orange o il, soybean  o il, b en zy l a lco h o l, n-heptane, n-hexane  
and  co tto n se ed  o il. Using d io c ty l sod ium  su lfo su cc in a te , aqueous a sco rb ic  a c id  was so lu b ilize d  in 
orange o il, soybean  o il, b en zy l a lco h o l, n-heptane an d  n-hexane. T rig lyce ro l m onoo lea te  an d  deca- 
g ly ce ro l d io lea te , o r  ca p ry lic  a c id  an d  e th o x y la te d  stea ric  a c id  so lu b iliz e d  aqueous a sco rb ic  a c id  in  
co tto n se ed  o il. S o lu b iliza tio n  app lica tion s are suggested.

INTRODUCTION
A S U R F A C T A N T  in  so lu tio n  can  assoc i
a te  an d  fo rm  m ice lles  above  a c e rta in  
c o n c e n tra tio n . T h e  c ritic a l m ice lle  c o n 
c e n tr a tio n  (C M C ) is c h a ra c te r is tic  fo r  a 
given su rfa c ta n t-so lv e n t sy s tem . M icelles 
v a ry  in  re sp e c t to  size, sh ap e  a n d  c o m 
p le x ity .

T h e  s u r fa c ta n t m o lecu le s  o f  a m ice lle  
in  w a te r  so lu tio n  a re  g en era lly  o r ie n te d  
w ith  th e ir  p o la r  en d s , o r “ h e a d s ,” o n  th e  
e x te r io r  su rfa c e  o f  th e  m ice lle . T h e  
h y d ro p h o b ic  en d s , o r  “ ta i ls ,”  a re  in  th e  
in te r io r . T h e  in te r io rs  o f  su ch  m icelles 
can  b e  c o n s id e re d  m in u te  p o o ls  o f  o r
gan ic  so lv en t. W hen th e  m ice lle  can  e n 
close  m o lecu le s  o f  a w a te r  in so lu b le  
su b s ta n c e  to  fo rm  a  single p h ase  sy s te m , 
so lu b iliz a tio n  is said  to  have o c c u rre d . 
T h is  is n o t  e m u ls if ic a tio n ; th a t  is, th e  
so lu b iliz ed  su b s ta n c e  is n o t  d isp e rsed  in 
th e  w a te r  as a s e p a ra te  phase .

T h e  te c h n o lo g y  o f  so lu b iliz a tio n  deals 
m o s tly  w ith  th a t  o f  h y d ro p h o b ic  m a t te r  
in  w a te r  (E lw o r th y  e t a l., 1 9 6 8 ). H o w 
ever, w a te r  can  be so lu b iliz ed  in  h y d ro -  
p h o b ic  liq u id s  (M ath ew s a n d  H irs c h h o rn , 
1 9 5 3 ; R e e rin k , 1 9 5 8 ; D e m c h e n k o , 1 9 6 0 ). 
H ere , th e  su r fa c ta n t m o lecu le s  o f  th e  
m ice lles  a re  o r ie n te d  w ith  th e ir  n o n p o la r  
en d s, o r  ta ils , o n  th e  e x te r io r . T h e  p o la r  
en d s  a re  in  th e  in te r io r . T h e  in te r io rs  o f

su ch  m ice lles  can  be c o n s id e re d  m in u te  
p o o ls  o f  p o la r  so lv en t.

V ery  l i t t le  h as b e e n  p u b lish e d  on  
se c o n d a ry  so lu b iliz a tio n . A eb i a n d  Wie- 
b u sh  (1 9 5 9 )  s tu d ie d  th e  so lu b ility  o f  
so d iu m  ch lo r id e  in  o rg an ic  so lv en ts  in  th e  
p re sen ce  o f  su r fa c ta n t an d  m o is tu re . K ita- 
h a ra  a n d  K o n -n o  (1 9 6 6 )  fo u n d  so lu b iliz a 
tio n  o f  w a te r  b y  io n ic  su r fa c ta n ts  to  
d ec rease  b y  th e  m in o r  p re sen ce  o f  “ every  
k in d  o f  e le c tro ly te .”  W en tz  e t al. (1 9 6 9 )  
s tu d ie d  o il-so lu b le  s u r fa c ta n ts  as so lu b il
iz ing  a g en ts  fo r  FD & C  V io le t N o . 1 in 
p e rc h lo ro e th y le n e .

O u r p u rp o s e  in  th e  w o rk  re p o r te d  h e re  
w as to  d ev e lo p  a te c h n o lo g y  to  in c lu d e  
w a te r  so lu b le  n u tr ie n ts  in  n o n p o la r , d iges
tib le  liq u id s .

EXPERIMENTAL
Materials

A ll materials were commercially available, 
food grade, used without further purification 
since we were looking for simple industrial pro
cedures.

Sodium dioctyl sulfosuccinate was Aerosol 
OT 100%, solid, obtained from American 
Cynamid Company. Triglycerol monooleate 
(Drewpol 3-1-OC), decaglycerol dioleate (Drew- 
pol 10-2-0), ethoxylated stearic acid (Lipol 4S) 
and caprylic acid (Wecoline 895) were obtained 
from Drew Chemical Corporation. Orange oil, 
U.S.P. was obtained from Dodge & Olcott, Inc.

F ig . 1-S o lu b il iz a t io n  o f  w ater fo rm in g  a one-phase system . F la sk  a t  le f t  con ta in s 10 Og orange o il 
+ 0 .5 7  m l w a ter; cen te r , W .Og orange o il + 1 .Og A O T ; r ig h t, lO.Og orange o il + 1 .Og A O T  + 0 .5 7  m l 
water.

Benzyl alcohol, n-hexane and n-heptane were 
reagent grade.

Soybean oil was refined edible grade and 
cottonseed oil was prime winter yellow, U.S.P. 
These were obtained from Welch, Holme & 
Clark Co., Inc.

Analysis for ascorbic acid
Ascorbic acid was determined by dichloro- 

phenolindophenol titration (AOAC, 1950).

Procedure
Our general procedure was to dissolve ap

propriate surfactant in the nonpolar liquid to 
form a clear, one-phase system, using a mag
netic bar and stirrer. We titrated this w ith water 
or an aqueous solution, slowly w ith stirring, 
until a persistent cloud resulted. No measurable 
error, within the range of accuracy employed in 
this work, was introduced by solubility o f wa
ter in the various nonpolar liquids.

RESULTS
S o lu b iliz a tio n  o f  w a te r

W ate r w as ad d e d  to  1 0 .Og o ra n g e  oil 
an d  l.O g so d iu m  d io c ty l su lfo su c c in a te  
(A e ro so l O T  o r  A O T ). 1 1.4%  w a te r  was 
so lu b ilized  b e fo re  a p e rs is te n t c lo u d  
fo rm e d . T h e  c la r ity  o f  th e  sy s te m  is 
e v id e n t in  F ig u re  1. A o n e -p h a se  sy s tem  
resu lts .

A O T  d id  n o t  fo rm  w a te r  so lu b iliz in g  
m icelles in  so y b e a n  o il. B en zy l a lc o h o l 
a d d e d  to  th e  so y b e a n  o il p ro v id e d  a 
m e d iu m  in  w h ich  m ic e lliz a tio n  o c c u rre d . 
T h e  so lu b iliz in g  c a p a c ity  o f  th e  so lv en t 
sy s tem  in c rea sed  as th e  q u a n t i ty  o f  ben-

% «¿>ch2oh in >̂ch2oh / soybean oil 
BLEND

Fig . 2 —R e la tion sh ip  betw een  q u a n tity  o f  b en 
z y l a lco h o l a dded  to  soybean  o il an d  q u a n tity  
o f  w ater so lu b ilized . 1 .Og A O T  was u sed  as so l
u b ilize r in 10 .Og b en zy l a lco h o l /soybean  o il 
blend .
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Table 1—S ta b ility  o f  a sco rb ic  a c id , so lu b il
iz ed  as 1 .0 m l o f  20%  aqueous so lu tio n  in lO.Og 
orange o il con ta in in g  1.0g A O T .

Time Ascorbic acid
(weeks) (mg/ml o f total system)
Initia l 18.75

1 15.40
2 14.15
3 12.70

Table 2 —S ta b ility  o f  a sco rb ic  a c id , so lu b il
iz e d  as 1 .10  m l o f  20%  aqueous so lu tio n  in 
10. Og n-heptane an d  10 .Og n-hexane, re sp ec
tiv e ly , using 1 .Og A O T , as so lu b ilize r.

Ascorbic acid
Time (mg/ml o f total system)

(weeks) n-Heptane n-Hexane
In itia l 14.92 14.62

1 13.6 13.5
2 12.6 12.3

Table 3 —S ta b ility  o f  a sco rb ic  a c id , so lu b il
iz e d  as in Table 2 , b u t rep lacing  w ater w ith  80%  
g ly ce ro l in water.

Ascorbic acid
Time (mg/ml o f total system)

(days)_____  n-Heptane n-Hexane
Initia l 14.35 14.38

10 13.20 13.20
24 -  12.35

zy l a lc o h o l in c re a se d , as sh o w n  in  F ig u re
2 .

S o lu b iliz a tio n  o f  a q u e o u s  so lu tio n s
T h e  n e x t  q u e s t io n  w as, c o u ld  a q u e o u s  

so lu tio n s  o f  n u tr ie n ts  b e  so lu b iliz e d  as 
su ch ?  W ould  th e  a q u e o u s  so lu tio n s  be 
ta k e n  u p  b y  a p p ro p r ia te  m icelles?

We d isso lved  l.O g A O T  in  1 0 .Og o r 
ange oil. T h is  to o k  u p  1 .0 m l o f  20%  
a q u e o u s  a sc o rb ic  ac id  y ie ld in g  a c lea r, 
o n e -p h ase  sy s tem  as sh o w n  in  F ig u re  3. 
A n a ly sis  o f  th e  sy s te m  fo r  a sc o rb ic  ac id  
v e rifie d  its  p re sen ce  a n d  gave a  m easu re  
o f  its  s ta b ility  s to re d  a t  ro o m  te m p e ra 
tu re . (R e fe r  to  T ab le  1.)

W hen we a d d e d  th e  a sc o rb ic  ac id  as a 
so lid  to  th e  w a te r  so lu b iliz e d  in  o ran g e  
o il, i t  w as ta k e n  u p  to  y ie ld  a  o n e -p h ase  
sy s tem . H o w ev er, o ran g e  o il c o n ta in in g  
th e  A O T  b u t  n o  w a te r  d id  n o t  ta k e  u p  
a sc o rb ic  acid .

T h e  flask  o n  th e  le f t  in  F ig u re  4 
c o n ta in s  1 .0  m l w a te r  so lu b iliz e d  in  1 0 .Og 
o ran g e  o il, u s in g  l.O g  A O T ; th e  flask  o n  
th e  r ig h t c o n ta in s  1 .0  m l 20%  a q u e o u s  
asco rb ic  a c id . T h e  f la sk s w ere  s to re d  
o v e rn ig h t in  a re f r ig e ra to r . T h e  f irs t flask  
c o n ta in s  tw o  p h ases , w h ile  th e  seco n d  
c o n ta in s  a sing le p h ase . We o b se rv ed  th is

p h e n o m e n o n  re p e a te d ly . T h e  m ice lle s  in 
c o rp o ra tin g  s o lu tio n  a p p e a r  to  b e  m o re  
s ta b le  th a n  th e  m ice lles  in c o rp o ra t in g  
o n ly  w a te r.

1 0 .Og n -h e p ta n e  a n d  l.O g A O T  to o k  
u p  1 .10  m l 20%  a q u e o u s  a sc o rb ic  ac id  to  
y ie ld  a  sing le p h ase . We p re p a re d  a  sim ilar 
sy s te m  u sin g  1 0 .Og n -h e x a n e . (Y o u n g s 
an d  G illes, 1 9 7 0 , r e p o r t  th e se  h y d ro c a r 
b o n s  to  be p re s e n t in  w h e a t f lo u r .)  We 
fo u n d  a sc o rb ic  a c id  in  th e  sy s tem s  w ith  
s ta b ilit ie s  as sh o w n  in  T ab le  2.

T h e  w a te r  can  b e  re p la c e d  w ith  80%  
g ly c e ro l in  w a te r , w ith  re s u lts  as sh o w n  in  
T ab le  3.

2 .0 g  tr ig ly c e ro l m o n o o le a te  a n d  6 m g 
d e c a g ly c e ro l d io le a te , d isso lv ed  in  10 .9  
m l c o tto n s e e d  o il, so lu b iliz e d  0 .2 6  m l 
20%  a q u e o u s  a sc o rb ic  ac id . 0 .3 g  e th o x y -  
la te d  s te a r ic  ac id  a n d  1 .35  m l c ap ry lic  
a c id , d isso lved  in  10 .9  m l c o tto n s e e d  o il, 
so lu b iliz ed  0 .0 8  m l 20%  a q u e o u s  a sc o rb ic  
acid .

D IS C U S S IO N

U S IN G  th e  te c h n iq u e  o f  so lu b iliz a tio n , 
w a te r  so lu b le  m a te ria ls  c an  b e  a d d e d  to  
liq u id s  w ith  w h ic h  th e y  a re  o th e rw ise  
in c o m p a tib le . T h is  sh o u ld  b e c o m e  a v a lu 

ab le  to o l  in  fo o d  te c h n o lo g y . Possib le  
a p p lic a tio n s  a re :

•••■ w a te r  so lu b le  n u tr ie n ts  in to  e ssen tia l 
o ils fo r  in c lu s io n  in  bev erag es;

.... w a te r  so lu b le  n u tr ie n ts  in to  v eg e ta b le  
o ils  fo r  in c lu s io n  o n  th e  su rfa c e  o f  
c ra c k e rs  a n d  d ry  ce rea ls , a n d  in  p e a n u t 
b u t te r ;

.... w a te r  so lu b le  c u r in g  a g e n ts  in  o ils  fo r  
in je c tio n  in to  m e a ts  fo r  in c re a se d  tis 
su e  d is tr ib u tio n ;

.... w a te r  so lu b le  ta s te  e n h a n c e rs  so lu b il
iz ed  in  o ils  fo r  p ro te c t io n  fro m  e n 
z y m e s  a n d  fo r  g re a te r  c o m p a tib i l i ty  
w ith , fo r  e x a m p le , m e a ts  a n d  f lo u r.

U n p le a sa n t ta s tin g  m a te r ia ls  so lu b iliz ed  in  
b la n d  lip o p h ilic  liq u id s  a re  ta s te  m ask ed .

S o lu b iliz a tio n  can  b e  c o n s id e re d  su b 
m ic ro e n c a p s u la tio n . T ra d it io n a l  m ic ro 
cap su les  a re  o f  a n  o rd e r  o f  m a g n itu d e  o f  
as lo w  as 2 0 —50¡j.. M icelles in c o rp o ra t in g  
so lu b iliz e d  m a te r ia l  a re  o f  th e  o rd e r  o f  50  
A n g stro m s. T h e  m ice lla r  m a te r ia l is a 
b a rr ie r , o r  re ta in e r , in  th e  m a n n e r  o f  
cap su la r w all m a te ria l.

Fig . 3 —So lu b iliza tion  o f  aqueous so lu tio n s . L e f t  flask  co n ta in s 10 .Og 
orange o il + 1.0 m l 20%  aqueous a sco rb ic  a c id ; r ig h t flask  con ta in in g  
10 .Og orange o il + l.O g A O T  + 1.0 m l 20%  aqueous a sco rb ic  a c id  
y ie ld ed  a d e a r , one-phase system .

F ig . 4 —S o lu b iliza tio n  o f  aqueous so lu tio n s . L e f t  flask  w ith  10 .Og o r
ange o il + l.O g A O T  + 1 .0 m l w ater co n ta in s tw o  p h a ses ; r igh t flask  
w ith  10.Og orange o il + 1 .Og A O T  + 1 .0  m i 20%  aqueous a sco rb ic  a c id  
con ta in s a single phase. B o th  fla sks w ere h e ld  overn igh t a t 4 0 °C .
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D O R IS  H O W E S  C A L L O W A  Y , C A R O L  A . H IC K E Y  and  E D W IN  L . M U R P H Y 1 
D epartm ent o f  N u trit io n a l S cien ces, U n ivers ity  o f  C a lifo rn ia , B e rk e ley , Ca lifo rn ia

REDUCTION OF INTESTINAL GAS-FORMING PROPERTIES OF LEGUMES BY 
TRADITIONAL AND EXPERIMENTAL FOOD PROCESSING METHODS

S U M M A R Y —The p ro p e n s ity  o f  legum es to  p ro m o te  fo rm ation  o f  in testin a l gas was evaluated in 
hea lthy  young  m en b y  m easuring fla tu s passed  from  the rectum  an d  the am oun t o f  bacteria lly  
fo rm ed  gas in the exh a led  breath . P rev ious e xp e rien ce  has show n  that fla tu len t test m eals fed  in the 
m orn ing  cause e levation  o f  b reath  hyd rogen  co n cen tra tio n , flatus volum e an d  fla tus hydrogen  and  
carbon d io x id e  co n te n t a b o u t 5 —7 h r  la ter. T e st responses were m easured against a baseline derived  
from  feeding a b land , low -residue fo rm ula  d ie t. In  the p re sen t s tu d y , m ature , d ry  Urna beans were 
fo u n d  to  be as high in fla tu lence-inducing  fa c to r (s ) I F F )  as are C a lifo rn ia  sm all w h ite  beans. M ung  
beans and  soybeans caused  the sam e ex c re tio n  o f  hydrogen  in the breath  as d id  w h ite  beans, b u t 
o n ly  a b o u t 2 /3  as m uch  fla tus. Peanuts w ere n o t gas-form ing. When the dosage o f  soybeans was 
doub led , so that the ca rb oh yd ra te  co n tr ib u tio n  fro m  the tw o varieties was m ore  n early  equalized , 
soybeans caused  as m uch passage o f  fla tu s as d id  w h ite  beans. Severa l p ro d u c ts  p rocessed  b y  
m ethods that m igh t be e xp e c te d  to  a lte r  F F  con cen tra tion  o r a c t iv ity  w ere eva luated  in the same 
way. Soybean  and  m ung bean sp ro u ts  appeared  to  retain  m o st o f  the F F  pre sen t in the w hole bean. 
Soybean  cu rd  (to fu ) had  lit t le  residua l F F  b u t an o th e r h igh-protein  fo o d , M P F , m ade from  toasted  
so y  g rits , caused as m uch  gas fo rm ation  as an equal w eight o f  soybean  ca rboh yd ra te  fed  as w hole  
beans. E n zym a tic  trea tm ent o f  co m m in u te d  soybean s, designed to  h y d ro ly z e  the co n stitu en t o lig o 
saccharides, ra ffin o se  an d  sta ch yo se , freq u en tly  c ite d  as gas-form ers, ha d  o n ly  n eg lig ib le  e f fe c t  on  
p ro d u ctio n  o f  in testin a l gas. Tem peh , m ade from  soybean  g rits b y  m o ld  ferm en ta tion , d id  n o t  
increase gas p ro d u ctio n  o ve r baseline values an d  caused  a s ign ifica n t de lay  in the tim e o f  gas 
fo rm ation , suggestive o f  tem porary  suppression  o f  in testin a l bacteria . E th a n o lic  ex tra ctio n  o f  
w hole w hite beans red u ced  b u t d id  n o t e lim ina te  th e ir  gas-form ing q u a lity .

IN T R O D U C T IO N

L E G U M E S are  n o to r io u s  p ro d u c e rs  o f  
f la tu le n c e , som e m o re  so th a n  o th e r s  
(M u rp h y , 1 9 6 4 ; S teg g erd a  a n d  D im m ick , 
1 9 6 8 ; H e lle n d o o rn , 1 9 6 9 ). In  m a n , c o m 
m o n , m a tu re , d ry  w h ite  b ean s  r e p o r te d ly  
p ro d u c e  m o re  in te s t in a l gas th a n  do  
m a tu re  lim a b ean s , so y b e a n s , p eas o r  
len tils . P e a n u ts  have  n o t  b e e n  te s te d  fo r  
th is  p ro p e r ty  b u t  p e a n u t f lo u r  is sa id  to  
cause  gas fo rm a tio n  (R a c k is  e t a l . , 1 9 6 7 ). 
O n  th e  o th e r  h a n d , im m a tu re  g reen  lim a 
b ean s  have l i t t le  g as-fo rm in g  q u a li ty  
(M u rp h y , 1 9 6 4 ; 1 9 6 9 ), in d ic a tin g  th a t  
th e  f la tu le n c e  fa c to r (s )  ( F F )  d ev e lo p  d u r 
ing  rip e n in g  a n d  in  d if fe re n t c o n c e n tra 
tio n s  a c c o rd in g  to  sp ec ies , v a r ie ty  o r  
g ro w th  c o n d itio n s .

Several in v e s tig a to rs  have  a t te m p te d  to  
c h a ra c te r iz e  th e  F F  in  b ean s . M u rp h y  
(1 9 6 3 ; 1 9 6 4 ) re p o r te d  10 -fo ld  c o n c e n tra 
t io n  o f  F F  fro m  c o o k e d  d ry  w h ite  b ean s  
b y  a series o f  s tep s  in v o lv in g  successive  
e x tr a c tio n s  w ith  d ie th y l e th e r  an d  h o t  
60%  e th a n o l. T h e  ac tiv e  f r a c tio n , lo w  in 
m o le c u la r  w e ig h t, c o n ta in e d  p o ly p e p tid e s  
an d  sugars su ch  as th e  o lig o sacch a rid es , 
s ta c h y o se  a n d  ra f f in o se , a n d  su cro se . 
S teg g erd a  e t  al. (1 9 6 6 )  s u b s e q u e n tly  r e 
p o r te d  th e  p re sen ce  o f  a n  a lc o h o l-so lu b le  
F F  in  so y b ean s . A lth o u g h  H e lle n d o o rn
(1 9 6 9 )  fo u n d  th a t  a lc o h o l-e x tra c te d  
D u tc h  b ro w n  b ean s  “ m o re  o r  less m a in 
ta in e d  th e ir  f la tu le n c e  a c t iv i ty ,”  h is p ro 
c e d u re  w as less e x h a u s tiv e , in v o lv in g  o n ly  1

1 Present address: USDA Western Utilization  
R&D Div., ARS, Albany, California.

d o u b le -e x tra c tio n  o f  c o o k e d , d e h y d ra te d  
b e a n  p o w d e r  w ith  60%  e th a n o l.

M ost in v e s tig a to rs  a sc rib e  f la tu le n c e  to  
th e  a c tio n  o f  in te s t in a l a n a e ro b ic  m ic ro 
flo ra  o n  th e  o lig o sacch a rid es  p re se n t in  
m a tu re  b ean s  a n d  th e ir  a lc o h o lic  e x tra c ts , 
w h ich  can  be d e g rad ed  by  b a c te r ia l b u t  
n o t  m am m alian  en z y m e s . F av o rin g  th is  
v iew  is th e  fa c t th a t  th e  o lig o sacch a rid es  
a c c u m u la te  in  b e a n s  d u rin g  la te r  s tages o f  
rip e n in g  (G o u ld  a n d  G reen sh ie ld s , 1 9 6 4 ). 
A lso , M u rp h y  (1 9 6 9 )  h as r e p o r te d  th a t  
f la tu le n c e  p ro d u c t io n  b eg in s w h en  lim a 
b ean s  re a c h  th e  g reen  rip e  stag e , a b o u t 2 
w k b e fo re  h a rv es t, a n d  in c reases  s te a d ily  
th e re a f te r . H o w ev er, w h ite  b ean s  have 
less o lig o sacch a rid es  th a n  d o  so y b ean s , 
y e t th e y  p ro v o k e  m o re  f la tu le n c e ; th e re 
fo re , m o re  th a n  o n e  f a c to r  m ay  be 
in v o lv ed  in  th e  f in a l e x p e rie n c e .

Som e t r a d it io n a l  m e th o d s  o f  p ro c 
essing m ig h t b e  e x p e c te d  to  a lte r  b e a n  F F  
o r  its  b eh av io r. T h e  In d o n e s ia n  so y b ean  
p ro d u c t , te m p e h , is m a d e  b y  fe rm e n ta 
t io n  w ith  a sp ec ies  o f  Rhizopus (H essel- 
t in e , 1 9 6 5 ); d u rin g  f e rm e n ta tio n , o lig o 
s a c c h a r i d e  c o n t e n t  is  d im in ish ed  
(S h a lle n b e rg e r, 1 9 6 7 ) an d  an  a n tib a c te r ia l  
c o m p o u n d  is a d d e d  (W ang e t a l., 1 9 6 9 ). 
T h e  m a n u fa c tu re  o f  so y b e a n  c u rd , to f u ,  
invo lves p re c ip ita tio n  w ith  ca lc iu m  o r 
m ag n es iu m  sa lts  f ro m  so y b e a n  m ilk  and  
re su lts  in  a p ro d u c t  th a t  in c lu d e s  m o s t o f  
th e  in itia l p ro te in  a n d  fa t  b u t  v e ry  l i tt le  
c a rb o h y d ra te  (H a rris  e t  a l., 1 9 4 9 ).

A m o n g  o th e r  c o m p o s it io n a l changes 
th a t  o c c u r  d u rin g  g e rm in a tio n , th e  o lig o 
sacch a rid es , v e rb asco se , s ta c h y o se  a n d

ra f f in o se , d is a p p e a r  ea rly  f ro m  th e  em 
b ry o  b u t  a re  p re se n t in  th e  c o ty le d o n  
u n ti l  th e  la te ra l r o o ts  a p p e a r  a t  6 —7 d ay s 
(G o u ld  a n d  G reen sh ie ld s , 1 9 6 4 ). T h is  is a 
m o re  a d v an ced  stage  th a n  is c u s to m a ry  
fo r  b e a n  sp ro u ts  in te n d e d  fo r  fo o d  use , 
a n d  in  an  e x p e r im e n ta l p re p a ra tio n  fu ll 
g e rm in a tio n  o f  w h ite  b e a n s  fa iled  to  
a ffe c t th e ir  g as-fo rm in g  a t t r ib u te  (M u r
p h y , 1 9 6 9 ). H o w ev er, sp ro u ts  f ro m  th e  
u su a l fo o d  sp ec ies , so y b e a n s  a n d  m u n g  
b ean s, have n o t  b e e n  e v a lu a te d .

In  th e  p re s e n t s tu d y , th e  gas-fo rm in g  
p o te n t ia l  o f  in ta c t  leg u m es a n d  th e se  
tra d it io n a l  b e a n  p ro d u c ts  w as ev a lu a ted  
by  an a ly s is  o f  b a c te r ia lly  p ro d u c e d  gases 
in  th e  b re a th  a n d  f la tu s  o f  h e a lth y  m en . 
E x p e r im e n ta l p ro d u c ts , in v o lv ing  e n z y 
m a tic  t r e a tm e n t  o f  so y b e a n s  an d  a lc o 
h o lic  e x tr a c t io n  o f  w h o le  w h ite  b ean s , 
also  w ere  e x a m in e d . T h e  re su lts  in d ic a te  
im p ro v e d  q u a li ty  in  so m e o f  th e  p ro d 
u c ts .

M A T E R IA L S  &  M E T H O D S
VOLUNTARY subjects o f this study were 
healthy young men drawn from the University 
community. A ll subjects were free o f known 
food allergy and had no recent history of gas
trointestinal disorders or antibiotic usage. Tests 
were conducted in random sequence several 
months, and individual tests were separated by 
at least one nontest day. The number o f sub
jects per treatment varied but no fewer than 
four men received each test item.

The subjects were requested to fast from 11 
PM of the night preceding each test day and 
were given the test food at 9 AM (zero time). 
They were allowed 30 min to complete the 
meal. With few exceptions, made necessary by 
the nature o f the products, content o f each test 
meal was adjusted to 800 kcal and similar prox
imate composition by addition o f anhydrous 
butterfat, sucrose, Swiss cheese, French bread, 
apple je lly or orange-flavored beverage base. 
(By our criteria none o f these foods is gas
forming.) Decaffeinated coffee (2.5g dry solids) 
and enough deionized water were given to bring 
the total water intake from fluid-plus foods to 
l,000g. A 600-kcal serving of a nutritionally 
balanced bland formula (Calloway and Murphy,
1968) was given at 1 and 5 PM and beverages 
were equalized between meals. This formula 
was also fed as a separate 800-kcal test meal, to 
determine baseline intestinal gas production 
throughout a test day.

Breath and flatus collection and analysis
Breath samples were obtained before and at 

30-min intervals after the test meal (p.c.) until 
either 5 or 7:30 PM (8-10.5 hr p.c.). Rectal 
flatus was collected from 10 AM through 5 or 6 
PM (8 -9  hr p.c.). This was done by affixing to 
the shaved buttocks a colostomy patch with 
attached Tygon tube. Both breath and flatus
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Table 1—C alcu la ted  co m p o sit io n  o f  te st foods.

Approx
Composition o f test item15 bean

Test item
Weight®

(g)
kcal Pro Fat CHO equiv

(g)
Bland formula0 382 800 23.2 26.5 130.0 -

Soybeans'1 200 806 68.2 35.4 67.0 Same
100 403 34.1 17.7 33.5 Same

Soybean sproutse 300 138 18.6 4.2 15.9 50m
Tofue 300 216 23.4 12.6 7.2 70m
Tempeh1 199 501 39.6 35.0 17.2 100
Tempeh control1 200 384 39.6 22.2 15.0 100
Comminuted soybeans6 

Enzyme treated and
control 344 302 25.6 13.3 25.1 70

MPFh 136 340 68.0 1.4 21.1 200m
Peanuts1 165 960 43.2 80.4 34.0 Same
Mung beans1 100 340 24.2 1.3 60.3 Same
Mung bean sprouts1 300 105 11.4 6.0 19.8 50m

Baked navy beans
SRI alcohol extracted1 352 464 23.3 5.3 83.7 100
SRI control1 306 (464) (23.2) (5.3) 100
Canned*1 450 681 28.1 21.3 95.8 100

Lima beans* 100 345 20.4 1.6 64.0 100
aWeight o f  that item as purchased. Test foods were fed as all or part o f  800-k-cal meals. (See 

text.)
bCalculated from Watt and Merrill (1963) except MPF (label declaration), tempeh (Wang et al., 

1968) and formula (our laboratory analysis).
cComposed o f  spray-dried egg white; sucrose, dextrim altose and cornstarch; corn oil and hydro

genated vegetable fat; citric acid and minerals (Calloway and Murphy, 1968).
^Yellow variety, Quong Fat Co., San Francisco.
eWo Chang Co., San Francisco.
^Northern Utilization Research and Developm ent Division, USDA, Peoria, 111.
SRohm and Haas Co.. Philadelphia.
^General Mills, Inc., Minneapolis.
iShing Chong Co., San Francisco.
^Stanford Research Inst., Menlo Park, California. Values for treated beans, in parentheses, are 

approximate.
kS &  W brand.
^Seaside brand.
m Equivalence based on protein. (See text.)

were collected in evacuated multilaminate 
metallized plastic bags impervious to diffusion 
of gases. Breath samples were analyzed chro- 
matographically for concentration of hydrogen 
and methane, as described previously (Calloway 
and Murphy, 1968). The total volume o f flatus 
collected was measured manometrically and the 
percentages o f oxygen, nitrogen, carbon diox
ide, methane and hydrogen determined chro- 
matographically as before.

Breath values from 2.5 to 10.5 hr p.c. were 
evaluated by: 1) time o f occurrence and magni
tude o f peak hydrogen production, 2) mean of 
the five highest hydrogen values and 3) the 
total area under the hydrogen production curve 
for each subject. Areas were calculated by the 
parabolic rule, using an odd number of points 
and an even number o f intervals. Breath meth
ane values are not included here, since they 
have been found to be characteristic o f each 
individual and to show cyclic variation rather 
than to vary with the test meal (Calloway,
1966).

Flatus production was evaluated by com
paring the total flatus volumes during the 4th 
through the 10th hr p.c., and by noting the 
changes in flatus composition as different test 
items were fed.
Foods

Mature soybeans (G ly c in e  m a x .) , mung 
beans (P h a seo lu s m u n g o ) , lima beans (P haseo lus  
lu n a tis )  and white beans (P haseo lus vulgaris)

were all fed cooked, in amounts equal to lOOg 
weight o f dry beans as purchased. A t this dos
age. soybeans provided about 34g o f carbohy
drate and the other beans about 60g (Table 1). 
A 200-g dose o f soybeans was also fed to pro
vide more nearly equivalent carbohydrate for 
comparisons among the legumes. Testing pea
nuts (A ra c h is  h y p o g a e a )  at anything like this 
carbohydrate dosage was not feasible calori- 
cally; therefore, 165g o f this legume was given, 
providing the same amount o f carbohydrate as 
the 100-g dose o f soybeans and exceeding the 
usual meal level by about 160 kcal.

Conventional commercial products were 
tested in which carbohydrate content would be 
modified so dose equivalents had to be com
puted from protein content. Amounts fed were 
judged to be three times a standard serving 
weight. These products were: sprouts from soy
beans and mung beans (300g wet raw weight, 
—50g o f dry beans); soybean curd (tofu, 300g 
wet weight, —70g o f dry beans) and MPF, a 
food supplement formulated from toasted soy
bean grits (136g as purchased =200g beans). 
Our standardized gas-producing meal o f canned 
oven-baked beans was included for comparison. 
The men were fed the entire contents o f a No. 
303 can (approximately equal to lOOg dry 
weight o f small white beans).

Tempeh was manufactured by C. W. Hessel- 
tine and H. L. Wang o f the Northern Utilization 
Research and Development Division o f the

USDA at Peoria, Illinois. Mechanically dehulled 
and cracked soybeans (Hawkeye variety) were 
washed many times w ith excess water to re
move all broken seedcoats and foreign matter, 
soaked for 0.5 hr and inoculated w ith a suspen
sion of R h iz o p u s  o lig o sp o ru s  spores. After incu
bation at 31° for 24 hr the product was 
steamed for 5 min to destroy the mold, sliced 
and frozen at -2 0 °  for shipment. Control soy
bean grits were treated similarly except for the 
fermentation step. Weight served o f both prod
ucts was 200g. equal in protein to about lOOg 
dry beans.

Comminuted soybeans (Kanrich variety) 
were treated enzymatically, to hydrolyze oligo
saccharides into the component mono- and 
disaccharides, by F. J. Schindler o f the Rohm 
and Haas Company. The bean slurry was auto
claved for 1 hr at 121°, adjusted to pH 5.3 w ith 
lactic acid, treated with the enzyme Diastase 80 
at 50° for 16 hr and concentrated for 2 hr at 
60° under reduced pressure to 20% solids con
tent. The control sample, processed in the same 
way except for the enzyme step, contained 
typical amounts o f raffinose (1.3% o f dry sol
ids) and stachyose (5.0%). The enzymatically 
treated sample contained negligible amounts of 
these sugars and increased amounts o f mono- 
and disaccharides. Doses given, 344g, were 
equal to 70g o f soybeans.

Ethanol-extracted white beans were pre
pared by R. D. Mathews o f the Stanford Re
search Institute. Details o f the processing 
method are subject to patent, but the product 
was heated just below boiling temperature for 
50 -60  min, extracted with 95% ethanol at 
65-70° and dried in a forced-air oven. Both the 
extracted and control beans were oven-baked 
with addition o f sugar, salt and flavorings ac
cording to good commercial practice, and fro
zen for storage.

Food preparation
Weighed portions o f raw dry beans were 

soaked overnight, cooked at 15 lb pressure for 
40 min and served with the cooking liquor, all 
of which was consumed by the subject. Pre
cooked bean products were heated over boiling 
water and served in the heating container. 
Shelled raw peanuts w ith skins were oven 
roasted for 8 -1 0  min at 150°.

Weighed portions o f bean sprouts were sau
teed in anhydrous butterfat for 4 min and 
steamed with added water for 12 min. MPF was 
prepared as a hot cereal, individually weighed 
dry portions being blended w ith 2.1 times the 
weight o f water.

Tofu was sauteed in anhydrous butterfat. 
Tempeh was lightly browned in butterfat and 
then baked for 15 min at 175°; the tempeh 
control soybean grits were baked at this tem
perature for 20 min.

The enzymatically treated preparation of 
comminuted soybeans was o f granular, semi
fluid consistency. I t  was extremely unpalatable 
and defied all our attempts at flavor enhance
ment. The men drank the unmodified material 
as a beverage. They had decaffeinated coffee 
but no other food in the test meal, which thus 
contained only 40% of the usual caloric allow
ance.

Balanced formula diet was served cold, as a 
beverage o f milk-shake consistency.

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

F o rm u la  b ase lin e
In te s tin a l gas p ro d u c t io n  fo llo w in g
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Table 2 —Breath  an d  fla tus gases o f  men fe d  legum e p ro d u cts .

Breath hydrogen, 2.5-10.5 hr p.c.
AVg ______________________ Flatus___________________

Am’t Peak 5  Corrected0

Test food
fed
(g)a

No.
S’s

Time 
hr p.c.

Cone
ppm

Highest values Area*3 
(ppm) under curve

Total0 
(ml/6 hr)

C 02
(ml/6 hr)

c h 4
(ml/6 hr)

h 2
(ml/6 hr)

volume
(ml/hr)

Formula 382 28 6 ± 2 d 14 ± 9 11 ±7 142 ±61 166 ±79 4 ± 3 0.4 ± .8 2 ± 1 9
Cn. white beanse 450 12 6 ± 2 39 ± 19 30 ± 12 303 ±201 323 ±201 45 ±67 26 ±99 36 ±48 36

Soybeans 100 6 5 ± 1 35 ±9 27 ± 6 299 ±80 252 ± 105 12 ± 12 3 ± 6 33 ±42 24
Soybeans 200 6 7 ± 2 43 ± 11 35 ±8 329 ±57 368 ±230 50 ±42 4 ± 6 28 ±31 43

Lima beans 100 4 5 ± 1 51 ± 17 38 ± 10 336 ± 100 361 ±294 42
Mung beans 100 6 6 ± 2 30 ± 10 24 ±7 292 ±95 258 ±96 17 ± 14 7 ± 9 25 ±29 25
Peanuts 165 4 4 ± 3 13 ±8 17+9 89 ±54 194 ± 17 2 ± 1 0 3 ± 2 14

Soybean sprouts 300 6 5 ± 2 27 ± 6 21 ±5 175 ±29 214 ± 46 6 ± 6 0.6 ± .9 5 ± 8 17
Mung bean sprouts 300 5 6 ± 1 23 ±7 14 ± 9 181 ±58 216 ± 78 7 ± 6 6 ± 13 3 ± 2 18

Tempeh 199 6 9 ± 1 20 ±5 16 ± 4 139 ±36 169 ±50 2 ± 2 0.4 ± .6 0.8 ± .7 10
Grits for tempeh 200 5 5 ± 1 18 ± 6 15 ±5 175 ±68 205 ±73 6 ± 4 2 ± 2 4 ± 3 16

Tofu 300 6 8 ± 2 18 ±7 13 ±5 141 ±59 240 ± 62 5 ± 2 1 ± 2 3 ± 1 22

MPF 136 4 7 + 3 20 + 11 16 ± 13 184 ±78 300 ±78 21 ± 4 1 ± 2 10 ± 12 32

Enzeme-treated soy 344 6 8 ± 2 24 + 20 18 ± 14 190 ±115 245 ± 75 9 ± 9 2 ± 3 6 ± 8 22
Proc. control 344 6 7 ± 1 28 ± 6 23 ± 6 226 ±62 217 ±60 7 ± 4 4 ± 4 9 ± 14 18

Alcohol-extracted beanse 100 7 7 ± 2 25 ±8 20 ±7 194 ±81 174 ±112 12 ±25 13 ±35 2 ± 3 1 1

Control beanse 100 8 6 ± 2 25 ± 9 21 ±7 206 ± 87 335 ±252 54 ±88 17 ± 38 55 ±67 38

aWeight as weighed. Dry beans, formula and MPF were served with added water. Equivalence to dry bean weights o f  the processed products is indi
cated in the text and Table 1.

^Integrated area under 8-hr hydrogen curve. (See text.)
c Total includes air due to  voids in collection devices, averaging 110 ± 27 ml. Corrected flatus volume has had this sum subtracted.
^Values are mean and standard deviation.
C aliforn ia  small w hite beans.

a d m in is tra t io n  o f  th e  b la n d  fo rm u la  as a 
te s t  m ea l gives a b a se lin e  ag a in s t w h ich  
can  be c o m p a re d  va lu es o b ta in e d  a f te r  
a d m in is tra t io n  o f  te s t  item s . T h e  m ean  
p e a k  c o n c e n tra t io n  o f  th e  b a c te r ia l gas, 
h y d ro g e n , in  th e  b re a th  o f  28  su b je c ts  fed  
th is  d ie t w as 14 ± 9 p p m  (T a b le  2 ). T h is  
w as id e n tic a l to  th e  m e a n  p re te s t ,  fa s tin g  
value . M o rn in g  b re a th  h y d ro g e n  va lues 
u su a lly  d ec rea se  u n ti l  a b o u t  10 AM , 
ir re sp ec tiv e  o f  th e  n a tu re  o f  th e  te s t  m eal 
(C a llo w ay , 1 9 6 6 ) . T h e  p e a k  h y d ro g e n  
c o n c e n tra t io n  d u rin g  th e  fo rm u la  te s ts  
w as 9 p p m  a b o v e  th e  m e a n  o f  th e  lo w est 
m o rn in g  v a lu es  a n d  o c c u rre d  6 ± 2 h r 
a f te r  th e  m o rn in g  m eal.

O ccasio n a lly  a su b je c t h a d  u n u su a lly  
h ig h  b re a th  h y d ro g e n  va lu es w ith  th e  
fo rm u la , i.e ., a p e a k  o f  3 0 —35 p p m , 
w h ic h  is re f le c te d  in  th e  large  e r ro r  te rm . 
T h is  w as o f te n  a n  in d ic a tio n  th a t  th e  
p a r t ic u la r  su b je c t c o u ld  b e  e x p e c te d  to  
show  e rra tic  re sp o n se s  to  th e  ite m s  to  be 
te s te d . We have n o  e x p la n a tio n  fo r  th is  
p h e n o m e n o n , b u t  s tu d y  o f  th e  m ic ro flo ra  
c h a ra c te r is tic  o f  th e se  m en  a n d  o f  th e ir  
to le ra n c e  to  th e  v a rio u s  c o m p o n e n ts  o f  
th e  fo rm u la  m ig h t p ro v e  en lig h ten in g .

T h e  rem a in in g  in d ice s  o f  in te s t in a l gas 
p ro d u c t io n  sh o w  th e  sam e  v a ria b ility  
w ith in  th e  g ro u p  b u t  c o n firm  th e  b en ig n  
n a tu re  o f  th e  p ro d u c t  (T a b le  2 ). As 
c o lle c te d , th e  v o lu m e o f  f la tu s  passed

fro m  th e  re c tu m  d u rin g  th e  6 h r  a f te r  th e  
m ea l w h en  p ro d u c t io n  is u su a lly  a t  its  
h e ig h t w as 166 ± 7 9  m l. M ost o f  th is  
v o lu m e is a ir , d u e  to  th e  a p p ro x im a te ly  
110 m l o f  v o id s  in  th e  tu b in g  a n d  
c o lle c tio n  dev ices; th e  tr u e  v o lu m e  o f  
f la tu s  w as a b o u t  9 m l p e r  h o u r . T h e  gases 
a t t r ib u ta b le  to  b a c te r ia —h y d ro g e n , m e th 
an e  a n d  som e c a rb o n  d io x id e - a c c o u n t  
fo r  10%  o f  th e  to ta l  v o lu m e , o r  6 m l fo r  
th e  6 -h r p e rio d .

C a lifo rn ia  sm all w h ite  b ean s
B re a th  an d  f la tu s  va lues fo llo w in g  a 

m ea l o f  c o m m e rc ia lly  c a n n e d  b ak e d  
b ean s , o u r  s ta n d a rd  g a s-p ro d u c in g  te s t 
fo o d , sh o w e d  a d o u b lin g  o f  b re a th  h y d ro 
gen e x c re t io n  an d  a fo u r-fo ld  in c rease  in  
to ta l  f la tu s  v o lu m e , as c o m p a re d  w ith  th e  
fo rm u la . H o u rly  f la tu s  v o lu m e  w as 36  m l, 
50%  o f  w h ic h  w as c a rb o n  d io x id e , h y d ro 
gen a n d  m e th a n e . T h u s , th e  to ta l  f la tu s  
v o lu m e  in c re a se d  fo u r  tim e s  b u t  c o n 
ta in e d  17 tim e s  as m u c h  b a c te r ia l gases 
(c o u n tin g  all th e  c a rb o n  d io x id e  as be ing  
b a c te r ia l even th o u g h  so m e is f ro m  e n 
d o g e n o u s  so u rces). F la tu s  h y d ro g e n  w as 
36  m l a n d  re s p ira to ry  ex ch an g e  ac 
c o u n te d  fo r  a b o u t  a n o th e r  50  m l o f 
h y d ro g e n  d u rin g  th e  6 -h r p e r io d , in  c o n 
tr a s t  to  2 an d  25 m l, re sp e c tiv e ly , w ith  
th e  fo rm u la  d ie t . T h e  w ide d a y -to -d a y  
v a ria tio n  o b se rv ed  w ith in  an d  b e tw e e n

su b je c ts  again  re s u lte d  in  large  s ta n d a rd  
d e v ia tio n s , c o m p a ra b le  to  th o s e  re p o r te d  
p rev io u sly  (C a llo w ay  a n d  B u rro u g h s ,
19 6 9 ).

S o y b e a n s

D a ta  fro m  so y b e a n s  fed  in  100- an d  
200-g  a m o u n ts  can  b e  u se d  to  d e te rm in e  
if  th e  in te s tin a l gas re sp o n se  is p rec ise ly  
d o se -d e p e n d e n t w ith in  a v a r ie ty  (s o y 
b ean s) o r  as reg a rd s  to ta l  c a rb o h y d ra te  
(lO O g w h ite  b ean s  vs. 2 0 0 g  so y b e a n s ). 
T h e  p e a k  b re a th  h y d ro g e n  c o n c e n tra tio n  
fo llo w in g  c o n s u m p tio n  o f  lOOg so y b e a n s  
w as 35 ± 9 p p m  an d  th a t  fo llo w in g  2 0 0 g  
w as 4 3 + 1 1  p p m . T h e  m ean s  o f  th e  five 
h ig h es t b re a th  h y d ro g e n  va lues, to ta l  
h y d ro g e n  p ro d u c t io n  an d  f la tu s  v o lu m e 
sh o w ed  a s im ila r p a t te rn :  an  in c rea se  b u t 
n o t a lin ea r re sp o n se  to  d o u b lin g  th e  te s t 
d o se . F la tu s  c o m p o n e n t gases b eh av ed  
d iss im ila rly , in  th a t  c a rb o n  d io x id e  in 
creased  fo u r-fo ld  w ith  th e  d o u b le d  dose  
o f  b ean s  b u t  m e th a n e  a n d  h y d ro g e n  w ere  
u n c h a n g e d . F o u r  su b je c ts  in c lu d e d  in  th is 
series w ere  a lso  fed  150g o f  so y b e a n s , b u t 
f la tu s  an a ly se s  a re  n o t  ava ilab le  fo r  c o m 
p a riso n ; th e re fo re , th e  d a ta  a re  n o t  ta b u 
la ted . H o w ev er, m e a n  b re a th  h y d ro g e n  
w as 3 0 + 1 6  p p m  a t p e a k  p ro d u c tio n  and  
19 ± 7 p p m  ta k in g  th e  average o f  th e  five 
h ig h es t va lues. T h ese  m ean s  a re  lo w er 
th a n  th e  average o f  th e  six  m en  fed  th e
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100- a n d  200-g  doses. T h e  e r ra tic  re 
sp o n se  em p h a s iz e s  th e  im p o r ta n c e  o f 
a c c o u n tin g  fo r  in fra -  an d  in te r in d iv id u a l 
v a r ia tio n  in  an y  assay  o f  F F .

F la tu s  v o lu m e w ith  th e  100-g m ea l o f  
so y b e a n s  w as a b o u t 24  m l p e r h o u r , o r 
2 /3  o f  th e  v o lu m e  re c o rd e d  fo r  th e  
s ta n d a rd  b e a n  m ea l, b u t  to ta l  b re a th  
h y d ro g e n  e x c re t io n  w as th e  sam e as w ith  
th e  ca n n e d  b ean s . T h e  200-g  d o se  o f  
so y b ean s  cau sed  a n  in s ig n ific a n t in c rease  
in  b re a th  h y d ro g e n  a n d  f la tu s  v o lu m e as 
c o m p a re d  w ith  th e  b ean  s ta n d a rd , c o n 
firm in g  th a t  so y b e a n s  a re  less f la tu le n t 
th a n  C a lifo rn ia  w h ite  beans.

O th e r  leg u m es
T h e  lo t o f  lim a b ean s  u sed  in  th is  

s tu d y  w as e q u a lly  as f la tu le n t as can n ed  
w h ite  b ean s , in  c o n f l ic t w ith  th e  ea rlie r 
re p o r ts . S u ch  d iv erg en ce  is n o t  u n re a s o n 
ab le , c o n s id e r in g  th e  o p p o r tu n it ie s  fo r 
v a ria tio n  in  c o m p o s it io n  d u e  to  bean  
v a r ie ty , m a tu r i ty  a t h a rv es t an d  s to rag e  
c o n d it io n s . R esp o n se  to  m u n g  b ean s  w as 
th e  sam e as th a t  fo r  so y b e a n s  an d  su b 
s ta n tia lly  less th a n  th e  s ta n d a rd  b ean  
re sp o n se .

P e a n u ts  w ere  a b so lu te ly  n o n f la tu le n t. 
T h e re  w as l i t t le  v a ria tio n  w ith in  th e  sm all 
g ro u p  o f  m e n  given th is  t r e a tm e n t,  and  
b o th  b re a th  h y d ro g e n  e x c re t io n  an d  b a c 
te r ia l gases p assed  as f la tu s  w ere  e q u a l to  
o r  less th a n  th e  fo rm u la  re sp o n ses . T h e  
o n ly  n o tic e a b le  d if fe re n c e  w as th a t  th e  
p eak  gas p ro d u c t io n  tim e  w as sh o r te n e d  
fro m  6 ± 2 to  4  ± 3 h r  a f te r  th e  te s t  m eal. 
I f  d e fa t te d  p e a n u t f lo u r  is f la tu le n t ,  as 
re p o r te d ,  th e n  o n e  o f  th e  fo llo w in g  m u s t 
b e  tru e :  FF  is re m a rk a b ly  c o n c e n tra te d  
b y  th e  d e fa t t in g  p ro cess ; d ig e s tib il ity  is 
ad v erse ly  a f fe c te d  b y  th e  p ro cess ; o r  a 
su p p re ssa n t o f  gas fo rm a tio n  is rem o v ed  
d u rin g  lip id  e x tr a c t io n . A c o m p a r iso n  o f  
e x tr a c te d  p e a n u t  f lo u r  an d  p resscak e  
m ig h t h e lp  to  c la rify  th e se  p o in ts .

B ean sp ro u ts
T h e  tw o  ty p e s  o f  b e a n  sp ro u ts  fed , 

so y b e a n  a n d  m u n g  b e a n , gave a lm o s t 
id e n tic a l re a c tio n s . B o th  in d u c e d  s lig h tly  
m o re  b re a th  h y d ro g e n , to ta l  f la tu s  and  
b a c te r ia l gases in  th e  f la tu s  th a n  th e  
b ase lin e  t r e a tm e n t  b u t  so m e w h a t less 
th a n  th e  100-g d o ses o f  th e  b ean s. T h u s , 
in te s tin a l b a c te r ia l a c tio n  w as re d u c e d  in 
c o m p a r iso n  to  th e  in ta c t  b ean s  b u t n o t  
less th a n  w o u ld  be a n tic ip a te d  fro m  th e  
d ec rea sed  w e ig h t o f  b e a n  c o ty le d o n  c o n 
su m ed  (p ro te in  e q u iv a le n t to  50g b ean s). 
S ince th e  sp ro u ts  m eals  w ere  as large in 
p ro p o r t io n  to  n o rm a l serv ing  sizes (a b o u t 
3 x )  as w ere  th e  100-g d ry  b e a n  m eals , 
an d  gas p ro d u c t io n  w as low , in  all p ro b 
a b ility  sp ro u ts  w ill n o t c o m m o n ly  be 
c ite d  as p ro b le m  fo o d s  w h ich , in  fa c t , 
th e y  a p p e a r  to  be.

T e m p e h
T h e  m o ld -fe rm e n te d  fo o d , te m p e h , 

w as e sse n tia lly  n o n f la tu le n t .  T h e re  w as a

neg lig ib le  in c rea se  over b a se lin e  va lues o f  
b re a th  h y d ro g e n  a t  p e a k  p ro d u c t io n , b u t 
th e  to ta l  a m o u n t p assed  as f la tu s  an d  in 
th e  b re a th  an d  th e  to ta l  f la tu s  v o lu m e 
w ere  id e n tic a l w ith  th e  fo rm u la  value . 
T h e  g rits  fro m  w h ich  th e  te m p e h  w as 
m ad e  w ere  n o t  n e a rly  as f la tu le n t as o u r 
e q u iv a le n t dosage o f  so y b ean s . H ow ever, 
th e re  is ev id en c e , b o th  in to ta l  b re a th  
h y d ro g e n  e x c re t io n  a n d  in  f la tu s , o f  th e  
p re sen ce  o f  so m e w h a t m o re  f la tu le n c e  
a c tiv ity  in  th e  c o n tro l g rits  th a n  in  th e  
fe rm e n te d  p ro d u c t .

T h e  tim e  o f  p e a k  gas p ro d u c t io n  w ith  
te m p e h  was s ig n ifican tly  d e la y e d  (a b o u t 
4  h r)  as c o m p a re d  w ith  th e  c o n tro l g rits . 
T h e  d e lay e d  p e a k  in  gas fo rm a tio n  co u ld  
be d u e  to  d e la y e d  g as tric  e m p ty in g  o f  th e  
fr ied  te m p e h , b u t  th is  seem s u n lik e ly  
b ecau se  b o th  m eals  c o n ta in e d  th e  sam e 
a m o u n t o f  fa t an d  p ro te in . W ang (p e r
so n a l c o m m u n ic a tio n )  suggests th a t  th e  
d e lay  c o u ld  w ell be d u e  to  th e  p re sen ce  
o f  a n  a n tib io t ic  su b s ta n c e  fo rm e d  b y  th e  
Rhizopus. A lth o u g h  th is  c o m p o u n d  does 
n o t  e x h ib it  a b ro a d  sp e c tru m  o f  a c tiv ity , 
i t  is said  to  be v e ry  ac tiv e  aga inst m an y  
g ram -p o sitiv e  b a c te r ia , in c lu d in g  so m e o f 
th e  ty p ic a l g as-fo rm in g  in h a b i ta n ts  o f  th e  
in te s t in a l t r a c t .  T h e  d e la y e d  p e a k  w o u ld  
c o in c id e  w ith  a th e o ry  o f  te m p o ra ry  
su p p re ss io n  o f  g u t flo ra .
T o fu

L ow  b re a th  a n d  f la tu s  values w ere  
re c o rd e d  a f te r  a m ea l o f  so y b e a n  c u rd , 
c o rre sp o n d in g  w ith  th e  v e ry  lo w  c a rb o h y 
d ra te  c o n te n t  o f  th is  p ro d u c t . In g es tio n  
o f  3 0 0 g  o f  to f u ,  an  a m o u n t p ro v id in g  as 
m u c h  p ro te in  as 70g  o f  so y b e a n s , c au sed  
no  d if fe re n c e  in  b re a th  values o v er th e  
b a se lin e  level a n d  o n ly  a m in o r  d iffe re n c e  
in  b a c te r ia l gases in  th e  f la tu s . F la tu s  
v o lu m e w as s lig h tly  la rg e r th a n  th e  b ase 
line v o lu m e , b u t  th e  d if fe re n c e  w as d u e  
to  a ir c o m p o n e n ts  r a th e r  th a n  to  fe rm e n 
ta t io n  an d  is n o t  c lea rly  re la ta b le  to  th e  
fo o d .

T h is  tr a d it io n a l  a n d  sim ple  m e th o d  o f  
fo o d  p ro cess in g  e lim in a te s  m o s t o f  th e  
F F  fro m  so y b e a n s  w h ile  co n se rv in g  m o s t 
o f  th e  p ro te in  a n d  fa t .  As a p o in t o f  
in te re s t ,  c o n te n t  o f  th e  m in e ra l u sed  fo r 
c o a g u la tio n , e i th e r  ca lc iu m  o r  m ag n e 
sium , is in c re a se d  in  th e  p ro d u c t  (H arris  
e t  a l., 1 9 4 9 ). S ince a ll d ie ts  a re  co m 
m o n ly  b e lo w  th e  re c o m m e n d e d  levels o f  
ca lc iu m  a n d  m ag n es iu m  a n d  th e  d ie ts  o f  
O rie n ta l p eo p le s  a re  e sp ec ia lly  lik e ly  to  
be lo w  in  m ilk  p ro d u c ts  a n d , th e re fo re , 
c a lc iu m , th is  p ro d u c t  is p a r t ic u la r ly  a d 
v an tag e o u s .

M PF
M PF is a h ig h -p ro te in  (5 0 % ) m u lt i

p u rp o se  fo o d  w ith  to a s te d  soy  g rits  as th e  
o n ly  p ro te in  so u rc e . T h e  size o f  th e  te s t 
dose  (1 3 6 g ) c o n ta in e d  th e  sam e a m o u n t 
o f  p ro te in  (6 8 g ) as 2 0 0 g  o f  so y b ean s . 
T h is  a m o u n t o f  M PF c o n ta in s  o n ly  1/3 
th e  c a rb o h y d ra te  c o n te n t  fo u n d  in  so y 

b ean s  (21  vs. 67g) a n d  v e ry  l i t t le  fa t 
(1 ■ 4 g ).

T h e  p e a k  b re a th  h y d ro g e n  (2 0  ± 1 1  
p p m ) an d  th e  m ean  o f  th e  five h ig h es t 
b re a th  va lu es (1 6  ± 1 3  p p m ) fo llo w in g  
th e  in g e s tio n  o f  M PF  w ere  less th a n  h a lf  
th e  va lu es fo llo w in g  a  2 0 0 -g  d o se  o f  
so y b e a n s  a n d  a b o u t  th e  sam e as a 100-g 
m ea l o f  w h o le  so y b ean s . A lth o u g h  th e  
to ta l  f la tu s  v o lu m e  w as n e a r ly  as h ig h  
w ith  M PF  as so y b e a n s , th e  f la tu s  c o m p o 
n e n t b a c te r ia l gases fo llo w in g  th e  in g es
t io n  o f  M PF w ere  aga in  less th a n  h a lf  th e  
c a rb o n  d io x id e , m e th a n e  a n d  h y d ro g e n  
values fo llo w in g  a 20 0 -g  d o se  o f  so y 
b ean s. T h e  d a ta  in d ic a te  th a t  th e  gas
fo rm in g  p ro p e r ty  o f  th e  so y b e a n  w as 
re ta in e d  in  p ro p o r t io n  to  th e  a m o u n t o f  
c a rb o h y d ra te  p re s e n t a n d  w as o th e rw ise  
u n c h a n g e d  b y  th e  p ro cesses a p p lie d .

E x p e r im e n ta l e n z y m a tic  t r e a tm e n t
T h e  e n z y m a tic a lly  t r e a te d  c o m m i

n u te d  so y b e a n s  w ith  a c c o m p a n y in g  c o n 
tro l w ere  fed  in  an  a m o u n t e q u iv a le n t to  
70g  o f  d ry  so y b ean s . T h e  f la tu s  a n d  
b re a th  va lu es o b se rv ed  fo llo w in g  in g es
t io n  o f  b o th  th e  c o n tr o l  a n d  e n z y m a t
ica lly  tr e a te d  b ean s  w ere  a p p ro x im a te ly  
7 5 - 8 5 %  o f  th o se  o b se rv ed  w ith  th e  100-g 
so y b e a n  m ea l, w ith  th e  e x c e p t io n  o f  a 
g rea tly  re d u c e d  f la tu s  h y d ro g e n  c o m p o 
n e n t, 9 ± 14 ml vs. 33  ± 4 2  m l. T h e  
e n z y m a tic  t r e a tm e n t  re d u c e d  th e  f la tu s  
an d  b re a th  h y d ro g e n  va lu es so m e w h a t, 
b u t  n o t  s ig n ific a n tly , d e sp ite  th e  s t ip u 
la te d  ab se n c e  o f  s ta c h y o se  a n d  ra f f in o se .

T h e  e x tre m e ly  p o o r  p a la ta b il i ty  o f  th is  
p ro d u c t  w o u ld  d e te r  its  u sage . H o w ev er, 
o n  th e o re tic a l g ro u n d  it  m ig h t be w o r th 
w hile  to  a t t e m p t  an  im p ro v e d  p ro cess , 
p e rh a p s  b eg in n in g  w ith  d e fa t te d  so y b e a n  
m eal.

E x p e rim e n ta l a lc o h o lic  e x tr a c t io n
P rev ious a t te m p ts  to  rem o v e  F F  fro m  

b ean s  have u ti liz e d  p o w d e re d  o r  g ro u n d  
b ean s  as b e in g  m o re  s a t is f a c to ry  fo r  
e x tr a c t io n  th a n  w h o le  o n es. A c o m m e r
c ia lly  a tt ra c t iv e  m e th o d  w o u ld  a t t e m p t  to  
re ta in  ty p ic a l b ean  s t ru c tu r e  a n d  o th e r  
c h a ra c te ris tic s .

A p p lic a tio n  o f  su ch  an  e x p e r im e n ta l 
m e th o d  to  w h ite  b e a n s  re s u lte d  in  a 
p ro d u c t  th a t  w as so m e w h a t less f la tu le n t 
th a n  th e  p ro cess in g  c o n tr o l  sam p le . T h e re  
w as n o  d if fe re n c e  b e tw e e n  th e  tw o  sam 
ples o f  b e a n s  as e v a lu a te d  b y  b re a th  
h y d ro g e n  p ro d u c t io n , b u t b o th  w ere  very  
m u c h  less s t im u la to ry  o f  h y d ro g e n  in  th e  
b re a th  th a n  w as th e  s ta n d a rd  c a n n e d  b ean  
tr e a tm e n t.  T h e  a lc o h o l-e x tra c te d  b e a n s  
re su lte d  in  f la tu s  b a c te r ia l gases th re e  
tim e s  as h igh  as th e  b ase lin e  levels b u t  
o n ly  1/5 as h igh  as th e  a m o u n t p ro d u c e d  
w ith  th e  c o n tro l  b ean s  fro m  w h ic h  th e  
e x tr a c te d  lo t  w as m a d e . In  te rm s  o f  f la tu s  
p ro d u c t io n , th e  p ro c e ss in g  c o n tr o l  w as 
id e n tic a l to  th e  s ta n d a rd  b e a n  m eal.

T h e  t r e a tm e n t  a p p e a rs  n o t  to  have 
rem o v ed  th e  F F  fro m  b e a n s  c o m p le te ly
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b u t  o ffe rs  p ro m ise  fo r  fu r th e r  d e v e lo p 
m en t.
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EVALUATION OF CERTAIN PHYSICAL PROPERTIES OF MEAT 
USING A UNIVERSAL TESTING MACHINE

S U M M A R Y —The In stro n  teste r se rved  to  evaluate p h y sica l p ro p e rtie s  o f  u n co o k e d  ra bb it an d  b e e f  
m uscle in c lud in g  w ork  o f  ru p tu re , b reaking  stren g th , b reak e longation  e la s tic ity  and  stress re 
laxa tion . These m eth ods m easure variations in  m uscle  ty p e , aging an d  post-m ortem  treatm ents 
com parab ly  w ith  shearing in strum ents . Shank sh o w ed  h igher tensile p ro p e rtie s  than ten d erlo in , less 
e la s tic ity  an d  lo s t m ore  a p p lied  stress. W ith ra bb it, the b reaking  fo rce  o f  long issim us d o rs i un re

stra in ed  during  rigo r was .2 3 7  Ib/g ± 7.5%  fo r  sam ples 5 .0  cm  b y  0 .2 —0 .5  cm 2 w hile  restra in ed  
m uscle gave .1 6 8  ± 9 .9%  and  also e xh ib ite d  h igher e la s tic ity  an d  break elongation . Post-m ortem  
aging decreased  tensile  p ro p e rtie s  an d  e la s tic ity . Psoas m uscle , cha rac te rized  b y  m ore  co ex ten sive  
fibe rs , had  h igher tensile  p rop e rtie s  than long issim us dorsi.

IN T R O D U C T IO N

M E A T  T E X T U R E  is an  im p o r ta n t  fa c to r  
in  c o n su m e r a c c e p ta n c e  a n d , as su ch , 
sh o u ld  b e  ab le  to  b e  assessed  a c c u ra te ly . 
T e x tu re ,  u sed  h e re  to  c o n n o te  m e c h a n ic a l 
p ro p e r tie s  r a th e r  th a n  co arsen ess  o r  f in e 
ness , can  be m e a su re d  o b je c tiv e ly  w h ile  
te n d e rn e s s  im p lie s  su b jec tiv e  e v a lu a tio n  
a n d  m u s t u lt im a te ly  be o rg a n o le p tic a lly  
d e te rm in e d  th ro u g h  a p p ra isa l o f  c h a ra c 
te r is t ic s  su c h  as ju ic in e s s , ease  o f  to o th  
p e n e tr a t io n  a n d  re s id u a l fib ers .

P re se n tly , th e  m o s t w id e ly  u sed  o b je c 
tiv e  m e th o d  u sed  fo r  e v a lu a tio n  o f  m e a t 
te x tu re  inv o lv es v a rio u s  m ean s  b y  w h ic h  
fo rc e  is a p p lie d  v ia a b lu n t  edge a n d  th e  
a m o u n t o f  fo rc e  re q u ire d  to  sh e a r th e  
sam p le  is o b se rv ed . T h is  p ro c e d u re  is 
o p e n  to  c ritic ism  o n  sev era l g ro u n d s . 
S zczesn iak  a n d  T o rg e so n  (1 9 6 5 )  e m p h a 
size th e  im p o r ta n c e  o f  su c h  v a riab les  as 
o r ie n ta t io n  o f  m u sc le  f ib e rs , sam p le  te m 
p e ra tu re , sp e e d  o f  sh ea rin g  a n d  b lad e  
du lln ess . T h e y  r e p o r t  v a r ia tio n s  in  c o rre 
la t io n  c o e ff ic ie n ts  b e tw e e n  W arn er-B ra tz- 
le r  sh e a r va lues a n d  ta s te  p a n e l re p o r ts  
v a ry in g  fro m  n o  s ig n ifican ce  to  very  h igh  
s ig n ifican ce . U su a lly  o n ly  th e  m a x im u m  
sh e a r  fo rc e  is m e a su re d  a n d  n o t  th e  s lo p e  
o f  th e  sh e a r  fo rc e  cu rve  w h ic h  h as b e e n

1 Present address: Department o i  Food
Science, University o f  Guelph, Guelph, Ontario, 
Canada.

su g g ested  to  b e  m o re  m e a n in g fu l (S zczes
n ia k  a n d  T o rg e so n , 1 9 6 5 ). S h earin g  d e 
vices a re  in h e re n tly  em p iric a l in  n a tu re  
a n d , as p o in te d  o u t  b y  S h a rra h  e t  al.
(1 9 6 5 ) ,  i t  is n o t  c lea r th a t  th e se  in s tru 
m e n ts  m ea su re  th e  sam e  c h a ra c te r is tic s  in  
m e a t as d o  se n so ry  p an e ls . A n o th e r  c o m 
m o n . c o m p la in t is large  s ta n d a rd  d ev ia 
tio n s , o v er 20%  o f  th e  m e a n  in  so m e 
cases, fo r  re p lic a te s . A tte m p ts  h av e  b e e n  
m a d e  to  c o rre c t sh e a r fo rce  va lues fo r  
v a r ia tio n s  in  sam p le  d im e n s io n s  b y  b o th  
D avey  a n d  G ilb e r t (1 9 6 9 b )  a n d  P o o l a n d  
K lose  (1 9 6 9 ) . B o th  g ro u p s  fo u n d  th a t  
sh e a r  fo rc e  w as m o re  a c c u ra te ly  e x 
p re ssed  as a fu n c tio n  o f  l in e a r  d im e n s io n  
ra th e r  th a n  c ro ss-sec tio n a l a rea  a n d  it 
m a y  n o w  b e  p o ss ib le  to  m a th e m a tic a l ly  
a d ju s t d a ta  to  a c c o u n t fo r  th is  v ariab le . 
P e rh ap s  th e  m o s t se r io u s  o b je c t io n  fro m  a 
th e o re tic a l v ie w p o in t h as b e e n  ra ised  b y  
P o o l a n d  K lose  (1 9 6 9 )  w h o  suggest th a t  
m e a t sam p les su b je c te d  to  sh ea r in g  stress 
are d is to r te d  to  th e  p o in t  th a t  p a r t  o f  th e  
a p p lie d  sh e a r  fo rc e  is a lte re d  to  a  ten s ile  
s tress  o f  th e  s tre tc h in g  fib e rs . T h e  se p a ra 
tio n  o f  f ib e rs  is d u e  m o re  to  te n s ile  fo rce  
p e rp e n d ic u la r  to  th e  b la d e  th a n  sh ea r 
p a ra lle l to  th e  b la d e . A n o th e r  p o in t 
w o u ld  seem  to  a p p ly  to  th e  K ra m e r-ty p e  
sh e a r  p ress w h ic h  su p p o se d ly  m easu re s  
c o m p re ss io n  as w ell as sh ea rin g . O n ly  th e  
fib e rs  in  im m e d ia te  c o n ta c t  w ith  th e  
sh ea r in g  b a rs  rece ive  th e  e n tire  s tre ss . 
O th e r  a reas o b ta in  less an d  are  c o m 

p re ssed  so  th a t  th e  to ta l  a rea  is m u c h  
sm a lle r  p r io r  to  ru p tu re  o f  a n y  f ib e rs . I t  
ap p ea rs  th a t  m o s t o f  th e  w o rk  d o n e  is 
re q u ire d  to  ex p re ss  f lu id  fro m  th e  sam p le .

C lea rly  a m e th o d  fo r  assessing  m e a t 
te x tu re  free  fro m  th e  ab o v e  c o m p lic a 
tio n s  w o u ld  b e  w e lco m e . T h e  f irs t s te p  in  
f in d in g  a b e t t e r  m e th o d  is  to  s tu d y  
v a rio u s  p h y s ic a l p ro p e r tie s  o f  m u sc le  to  
see w h ic h  m ig h t b e  lik e ly  to  c o rre la te  
w ith  sen so ry  ra tin g s . In  an  e f f o r t  to  
c h o o se  a  v e rsa tile  te s t  th a t  m ig h t be 
e x p la in e d  th e o re tic a lly  a n d  f o r  w h ich  
in s tru m e n ta t io n  a lre a d y  e x is te d , i t  w as 
d e c id e d  in  th is  w o rk  to  a p p ly  a s tre tc h in g  
fo rc e  p a ra lle l to  th e  m u sc le  f ib e rs . O ne 
c r i te r io n  th a t  can  b e  m e a su re d  u s in g  th is  
te c h n iq u e  is e x te n s ib i l i ty  o r  b re a k  e lo n g a 
t io n  w h ic h  is th e  le n g th  m u sc le  fib ers  
m u s t b e  s tre tc h e d  to  p ro d u c e  b re a k a g e . 
T h is  m e th o d  w as a p p lie d  to  sing le  b e e f  
m u sc le  f ib e rs  b y  W ang e t al. (1 9 5 6 )  a n d  a 
h ig h ly  s ig n ific a n t n eg a tiv e  c o rre la t io n  w as 
o b ta in e d  w h e n  e x te n s ib i l i ty  w as c o m 
p a re d  to  o rg a n o le p tic  te n d e rn e ss .

E la s tic ity  m ay  also  b e  m e a su re d  b y  
th is  p ro c e d u re . M u scle , a lo n g  w ith  m a n y  
o th e r  b io lo g ica l tissu es , can  b e  re g a rd e d  
as v isco e lastic  in  th a t  i t  re se m b le s  a 
c o m b in a tio n  o f  an  e la s tic  so lid  a n d  a 
v isco u s f lu id . V isc o e la s tic ity  can  b e  re c o g 
n iz e d  b y  s tress  re la x a tio n  w h ic h  is th e  
d ecay  o f  s tress  w ith  tim e  i f  a  m a te r ia l  is 
s t re tc h e d  to  c o n s ta n t  e x te n s io n .

T h e  so u rc e  o f  e la s tic ity  in  m u sc le  is 
n o t  y e t  c o m p le te ly  c lea r. M uscle  seem s 
tr u ly  e la s tic  u p  to  a b o u t  3% e x te n s io n  o f  
m u sc le  le n g th  (B a te -S m ith , 1 9 3 9 ) b u t  
b e y o n d  th is  p o in t  th e  s tre ss -s tra in  cu rv e  is 
n o n lin e a r . W ork  d o n e  o n  g ly c e r in a te d  
m u sc le  b y  H o ev e  a n d  W illis (1 9 6 3 )  in d i
c a te s  th a t  a t  th e  m o le c u la r  level e la s tic ity  
is re la te d  to  a  p h ase  ch an g e  o f  th e  f ib ro u s  
p ro te in s  f ro m  an  o r ie n te d  c ry s ta ll in e  s ta te  
to  a ra n d o m ly  c o ile d , a m o rp h o u s  s ta te .
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PHYSICAL PROPERTIES OF MEAT-251

U n d e r  c e r ta in  n o n p h y s io lo g ic a l c o n d i
tio n s  o f  h ig h  te m p e ra tu re  a n d  s tro n g  sa lt 
so lu tio n s  an  e ssen tia lly  ru b b e r- lik e  e la s tic 
i ty ,  c h a ra c te r is tic  o f  th e  a m o rp h o u s  s ta te , 
w as o b se rv ed . T h is  w as th o u g h t  d u e  to  
m e ltin g  o f  th e  o rig in a l c ry s ta ll in e  fib ro u s  
p ro te in s . P e rh ap s  th is  e x p la in s  th e  o b se r
v a tio n  o f  G u th  (1 9 4 7 )  th a t  th e  stress- 
s tra in  cu rves o f  re s tin g  m u scle  an d  ru b b e r  
are  s ig n ifican tly  d if fe re n t  in  th a t  m u sc le  
c o rre sp o n d s  to  ru b b e r  s t re tc h e d  o u t  so 
m u c h  th a t  th e  ch a in  m o le c u le s  a re  m a rk 
e d ly  o r ie n te d .

M ore re c e n tly  H o y le  (1 9 6 8 )  p o s tu 
la te d  a m ec h a n ism  o f  m u sc le  e la s tic ity . I t  
w as o n ce  th o u g h t th a t  th e  sa rc o le m m a  o r 
cell m e m b ra n e  w as m a in ly  re sp o n s ib le  fo r  
e la s tic ity  in  m u sc le , b u t  H o y le  re p o r ts  
th a t  e la s tic ity  is p re s e n t a t  len g th s  w h ic h  
d o  n o t  s t r e tc h  th e  sa rc o le m m a  an d  th a t  
e la s tic ity  is p re s e n t in  f ib e rs  f ro m  w h ic h  
th e  sa rco lem m a  h as b e e n  d is se c te d  aw ay . 
A lso , in  so m e k in d s  o f  f ib e rs  th e  sa rco 
le m m a  c o n tr ib u te s  o n ly  1 5 —20%  o f  th e  
to ta l  e la s tic ity . T h e  ro le  o f  te n d o n s  in 
e la s tic ity  o f  m u sc le  is d is c o u n te d  an d  
H o y le  c o n c lu d e s  th a t  th e  in d iv id u a l sa rc o 
m eres  m u s t b e  th e  m a jo r  so u rc e  o f  e las tic  
m a te r ia l. B o th  m y o s in  a n d  a c tin  f ila m e n ts  
a re  re p o r te d  as in e la s tic  a n d  a n ew  sa rco 
m ere  c o m p o n e n t is p o s tu la te d ,  th e  T -fila- 
m e n t o r  th in  f i la m e n t, w h ic h  h as  b e e n  
seen  in  e le c tro n  m ic ro g ra p h s  o f  th e  gap 
reg io n  b e tw e e n  th e  a c tin  an d  m y o s in  o f  
h eav ily  s t re tc h e d  fib e rs . I t  is p ro p o s e d  
th a t  th e se  T -filam en ts  ru n  f ro m  Z -line  to  
Z -line  an d  b esid es p la y in g  a passive ro le  as 
an  e las tic  e le m e n t m ay  also  b e  in v o lv ed  in  
c o n tr a c tio n .

T h e  p u rp o s e  o f  th e  re se a rc h  re p o r te d  
h e re in  w as to  in v es tig a te  p h y s ic a l p ro p e r 
tie s  o f  m e a t a n d  d ev e lo p  m e th o d s  fo r  
th e ir  e v a lu a tio n . T h e  re su lts  sh o w  th a t  
th e  in s tru m e n t u se d  is c a p a b le  o f  d is c e rn 
in g  v a r ia tio n s  in  p h y s ic a l p ro p e r tie s  o f  
u n c o o k e d  m u sc le . I t  is p o ss ib le  th a t  o n e  
o r  m o re  o f  th e se  te s ts  w ill p ro v e  u se fu l as 
a  p re d ic to r  o f  m e a t te n d e rn e ss .

E X P E R IM E N T A L

Apparatus
The Instron universal tester (Instron Engi

MEASUREMENT OF PHYSICAL PROPERTIES OF MUSCIE USING THE INSTRON TESTER

I TENSILE PROPERTIES ! TIME EFFECTS

F ig . 1—M easurem ent o f  p h y sica l p ro p e rtie s  o f  
m uscle  using the In stro n  tester.

neering Corporation, 2500 Washington Ave., 
Canton, Mass.) was selected to perform various 
tests upon uncooked meat all o f which applied 
force parallel to the fibers. The Instron has 
been described in detail by Bourne et al. (1966) 
and White (1970) as a research tool to study 
the rheological properties o f food materials. 
Basically, this instrument is used by mounting 
the sample in a gripping mechanism which is 
connected to a strain gauge. Changes in force 
applied to the sample cause the beam o f the 
strain gauge to deflect. The output of the gauge 
is fed to a strip-chart recorder which draws a 
force-distance curve for every test. In these ex
periments a Model TT was used w ith the fo l
lowing operating parameters: crosshead speed- 
12 in./m in; chart speed-12 in./m in; cell-tension 
load cell ‘C \ 1 lb fu ll deflection; jaws-type 2A 
fiber clamps.

Procedure
Breaking strength o f a sample was deter

mined by mounting it  in the jaws o f the In
stron, in itia lly 3.5 cm apart, and applying force 
by the downward movement o f the crosshead. 
Jaw slippage was held to a minimum by wrap
ping the ends o f the sample in moistened strips 
o f fabric prior to mounting. Breaking anywhere 
along the sample except at the jaws was found 
to be acceptable. To measure elasticity, or the 
ability to recover after deformation, the Instron 
was programmed for extension cycling. A t max
imum jaw separation the sample was elongated 
to 115% o f its rest length (i.e., 3.5-4.0 cm). 
The muscle bundle was tested for 1 min which 
involved about 40 extension cycles. Relaxation 
or the loss o f stress at constant extension was 
measured in a similar manner; the crosshead 
was moved downward and the sample was held 
at the same maximum separation for one min
ute.

The measurements obtained from these 
methods are summarized in Figure 1. The fol
lowing tensile properties were evaluated; break
ing strength or breaking load in lb force/g sam
ple; break elongation or strain required to 
rupture the sample as a percentage o f the orig
inal 3.5 cm sample between the jaws; specific 
work o f rupture or the area under the stress- 
strain curve in inch-lb/g sample. Time effects 
measured included elasticity which was taken as 
the area under the stress-strain curve following 
1 min o f cycling to 115% elongation as a per
centage o f the in itia l area, and relaxation ex
pressed as the amount o f stress loss in 1 min at 
115% elongation as a percentage o f the original 
stress.
Materials

The samples used in these experiments con

Fig . 2 —Regression  o f  m uscle  breaking  strength  
on sam ple weight.

sisted o f commercially obtained, uncooked 
tenderloin and shank beef muscle. Rabbit sam
ples were paired longissimus dorsi (LD) muscles 
from young female animals treated during rigor 
to produce one muscle that had been excised, 
unrestrained, and allowed to contract freely 
while the control was restrained on the carcass 
at rest length. Both samples were refrigerated at
0-5°C  for 24 hr post-mortem. For details o f 
the post-mortem method and procedures used 
to measure sarcomere length and fractionate 
protein extracts consult Buck et al. (1970). Fol
lowing rigor the contracted muscle was excised 
and both muscles subjected to physical testing.

Samples were prepared by cutting the meat 
to 5.0 cm length and about 0.2-0.5 cm2 cross- 
sectional area. The latter was only approximate 
due to the irregularities o f biological material 
and the samples were also weighed prior to test
ing. Experiments were conducted in a condi
tioned room at 70°F. Samples were kept in an 
ice bath prior to use.

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

T H E  IR R E G U L A R  SH A P E  o f  th e  stress- 
s tra in  cu rve fo r  m u sc le , an  e x a m p le  o f  
w h ic h  is d e p ic te d  in  F ig u re  1, is th o u g h t 
to  re p re s e n t p h y s ic a l ru p tu re  o f  m u sc le  
fib e rs  o c c u rr in g  a t  d if fe re n t lo ad s . T h e  
fib e rs  w ith  th e  lo w e s t b re a k  e lo n g a tio n  
w ill f ra c tu re  f irs t. O nce  a few  fib e rs  have 
r u p tu re d , b re a k in g  is a c c e le ra te d  since  th e  
in c re a s in g  lo a d  is sp re a d  o v er th e  re m a in 
in g  f ib e rs , in c re a s in g  th e  sp ec ific  lo a d  p e r  
f ib e r  a t  a n  ev er in c rea s in g  ra te . T h e  p o in t  
is f in a lly  re a c h e d  w h e re  th e  in c rea se  in  
lo a d  d u e  to  th e  b re a k in g  o f  a f ib e r  w ill 
cau se  a n o th e r  f ib e r  to  b re a k  im m e d ia te ly  
a n d  th is  p ro cess  c o n tin u e s  u n ti l  th e  w h o le  
sp ec im en  ru p tu re s . T h is  h a p p e n s  a t  a lo ad  
w h ic h  is less th a n  th e  su m  o f  th e  b re a k in g  
lo a d s  o f  th e  in d iv id u a l f ib e rs  (M o rto n  an d  
H earle , 1 9 6 2 ).

V e ry  sm all p so as m u sc le  f ib e r  b u n d le s , 
less th a n  0 .5  m m  d ia m e te r , w ere  u se d  in  
an  a t t e m p t  to  o b ta in  a s tre ss -s tra in  curve 
free  f ro m  th e  e f fe c ts  o f  c o n n e c tiv e  tissu e  
a n d  fa t . E ven  sm all a m o u n ts  o f  c o n n e c 
tive  tissu e  ru n n in g  th e  le n g th  o f  th e  
sam p le  c o u ld  h av e  a  n o tic e a b le  e f f e c t on  
b re a k in g  s t re n g th  a n d  b re a k  e lo n g a tio n  
b ecau se  o f  th is  m a te r ia l’s v e ry  h ig h  b re a k 
in g  s t re n g th  (A b ra h a m s , 1 9 6 7 ). T hese  
re su lts  w ere  s im ila r  to  th o se  fo u n d  fo r  
la rg e r m u sc le  b u n d le s  a n d  d id  n o t  re sem -

5 6 7 t
SAMFIE LENGTH (CM)

Fig . 3 —In flu en ce  o f  sam ple length on b reaking  
stren g th  o f  b e e f tenderlo in  fibers.
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Table 1—P h ysica l p rop e rtie s  o f  b e e f m uscle .

Tensile properties Time effects
Specific work Breaking Break Stress

o f rupture strength elongation Elasticity relaxation
Muscle (inch-lb/g) (lb/g) (%) (%) (%)
Shank .327 .912 28 28 70
Tenderloin .067 .341 20 36 60

ble  th e  b ip h a s ic  cu rv es c h a ra c te r is tic  o f  
f ib ro u s  p ro te in s  su c h  as w o o l (C h a p m a n ,
1 9 6 9 ) o r  sp u n  so y  fib e rs  (S ta n le y , u n p u b 
lish e d  d a ta ) . T h is  m ay  b e  in te rp re te d  as 
m ean in g  th a t  th e  s tre ss -s tra in  cu rv e  fo r  
m u sc le  re f le c ts  o th e r  c o n s t i tu e n ts  th a n  
th e  f ib ro u s  p ro te in s , p e rh a p s  th e  sa rco - 
lem m a .

A veraged  d a ta  fo r  all an im als  are  p re 
s e n te d  in  F ig u re  2 a n d  in d ic a te  th a t  fo r  
th e  ran g e  o f  sam p le  sizes u se d , b reak in g  
s t re n g th  is p ro p o r t io n a l  to  sam p le  w e ig h t 
a t c o n s ta n t le n g th  a n d  h e n c e  to  cross- 
se c t io n a l a rea . T h e  lin es sh o w n  are  reg res
sion  lin es p lo t te d  th ro u g h  th e  o rig in . 
L arg er sam p les o f  r a b b i t  L D  m u sc le  w ere  
re q u ire d  to  o b ta in  c o n s is te n t re su lts  b e 
cau se  in  th is  m u sc le , in  c o n tr a s t  to  th e  
b e e f  sam p les a n d  r a b b i t  p so as m u sc le , 
m ic ro sc o p ic  e x a m in a tio n  sh o w e d  th e  
fib e rs  are  n o t  c o m p le te ly  p a ra lle l to  o n e  
a n o th e r .  T e n d e rlo in , a  q u ite  te n d e r  m u s
c le , h a s  a  so m e w h a t h ig h e r b reak in g  
s t re n g th  p e r  u n it  w e ig h t th a n  ra b b it .  T h is 
m ay  a lso  b e  e x p la in e d  b y  a  fa ilu re  o f  th e  
r a b b i t  fib e rs  to  b e  c o m p le te ly  p a ra lle l o r  
ru n  th e  e n tire  le n g th  o f  th e  sam p le  w h ich  
lead s  to  fib e rs  b e in g  p u lled  o v er o n e  
a n o th e r  r a th e r  th a n  b re a k in g . S ta n d a rd  
d e v ia tio n s  f o r  re p lic a te s  o f  a sing le a n im a l 
w ere  b e tw e e n  15 a n d  20%  o f  th e  m ean  
fo r  b e e f  m u sc le  a n d  s lig h tly  h ig h e r fo r  
ra b b it .  A g ain , i t  is fe l t  th a t  th is  is d u e  to  
ir re g u la r ity  in  th e  ra b b i t  m u sc le .

T h e  e f f e c t o f  sam p le  le n g th  o n  b re a k 
in g  s tre n g th  o f  b e e f  m u sc le  is sh o w n  in 
F ig u re  3. T h ese  re su lts  m ay  b e  e x p la in e d  
b y  th e  so -ca lled  “ w e a k -lin k ”  e f f e c t w h ich  
p re d ic ts  a  f ib e r  w ill b re a k  a t  its  w eak es t 
p o in t  a n d  th e  lo n g e r th e  f ib e r , th e  g re a te r  
th e  s ta tis t ic a l  p o ss ib il ity  o f  its  hav in g  a 
“ w e a k -lin k ”  (M o rto n  a n d  H ea rle , 1 9 6 2 ). 
T h is  le ad s  to  th e  b re a k in g  s t re n g th  o f  a 
sp e c im e n  d ec rea s in g  as th e  te s t  le n g th  is 
in c re a se d . I t  is p o ss ib le  th a t  o v er th e  
re g io n  w h e re  th e  cu rve  is l in e a r  th e  fib ers  
a re  m a in ly  ru n n in g  th e  e n tire  d is ta n c e  b u t  
th a t  a t  g re a te r  le n g th s  th e  fo rc e  is u tiliz e d  
m o re  to  cause  th e  fib e rs  to  slide  o v er o n e  
a n o th e r .

T h e  p h y s ic a l p ro p e r tie s  o f  u n c o o k e d , 
c o m m e rc ia lly  o b ta in e d  b e e f  m u sc le  are 
p re s e n te d  in  T ab le  1. E ach  n u m b e r  re p re 
se n ts  th e  av erag e  o f  28  d e te rm in a tio n s

o n  tw o  an im als . T h e  m a g n itu d e  o f  d if
fe ren ce  b e tw e e n  th e  sp ec ific  w o rk  o r 
b re a k in g  s tre n g th  fo r  tw o  m u scles  is 
a b o u t w h a t m ig h t be e x p e c te d  using  
a sh e a r p ress (e .g ., see W ang e t al.,
1 9 5 6 ). W ang’s re su lts  w ere  s u p p o r te d  in  
th a t  a g re a te r  b re a k  e lo n g a tio n  w as fo u n d  
fo r  th e  to u g h e r  sam p le . S ince an  e x te n s io 
m e te r  w as n o t  u se d  w ith  th is  w o rk , i t  is 
p o ss ib le  th a t  ja w  slippage  m ay  have af
fe c te d  th e se  re su lts , b u t  b ecau se  o f  th e  
r a th e r  large e lo n g a tio n  fo u n d , i t  seem s 
lik e ly  th a t  th is  fa c to r  is o f  s lig h t im p o r 
ta n c e . A verage s ta n d a rd  d e v ia tio n s  fo r  
e la s tic ity  a n d  re la x a tio n  m e a su re m e n ts  
w ere  a b o u t  10% o f  th e  m e a n . T h e  m o re  
te n d e r  c u t h a d  a g re a te r  a b il i ty  to  reco v e r 
a f te r  d e fo rm a t io n  an d  lo s t  less stress 
d u rin g  m e c h a n ic a l c o n d it io n in g . I t  w as 
fo u n d  th a t  w h en  th e  lo g  o f  s tre ss  is 
p lo t te d  ag a in s t re la x a tio n  t im e , an  in i tia l 
fa s t d e c a y  o c c u rs , fo llo w e d  b y  a lin ea r 
d ec rea se . T h u s , s tre ss  d ecay  in  m u sc le  is 
an  e x p o n e n tia l  fu n c t io n  o f  tim e .

T h ese  in i tia l re su lts  w ith  b e e f  w ere 
in d ic a tiv e  th a t  th e  in s tru m e n t w as cap a 
b le  o f  d isce rn in g  g ro ss  d if fe re n c e s  in 
p h y s ic a l p ro p e r tie s  o f  m e a t. N e x t w e 
in v e s tig a te d  th e  r a b b i t  sy s te m  in  w h ich  
th e  p o s t-m o r te m  c o n d it io n s  c o u ld  b e  
b e t t e r  c o n tro lle d . In  all tr ia ls  th e  u n re 
s tra in e d  m u sc le  h a d  s h o r te r  sa rco m eres  
th a n  its  re s tra in e d  tw in . T h is  d if fe re n c e  in  
sa rc o m e re  le n g th  p ro v e d  h ig h ly  sign ifi
c a n t. T o ta l e x tr a c ta b le  p ro te in  so lu b le  a t 
an  io n ic  s tre n g th  o f  0 .5 5  w as m easu red  
fo r  b o th  t r e a tm e n ts  a n d  th e  p ro te in  
e x tr a c te d  fro m  u n re s tra in e d  o r  c o n 
t r a c te d  m u sc le  w as s ig n ific a n tly  less th a n  
th a t  e x tr a c te d  fro m  re s tra in e d  m u sc le . 
L o w erin g  th e  io n ic  s tre n g th  o f  th e  p ro 
te in  e x tr a c t  to  0 .2 3  p re c ip ita te d  a c ru d e  
a c to m y o s in  f ra c tio n . S ig n ific a n tly  m o re  
a c to m y o s in  w as p re c ip ita te d  fro m  re 
s tra in e d  m u sc le . T h ese  re su lts  are  su m m a 
riz e d  in  T ab le  2 a n d  are  s im ila r to  th o se  
fo u n d  b y  o th e r  in v e s tig a to rs  u sin g  th e se  
p o s t-m o r te m  tr e a tm e n ts  (H e rrin g  e t  al. 
1 9 6 5 , 1 9 6 7 a ; B uck  an d  B lack , 1 9 6 7 , 
1 9 6 8 ; B u ck  e t  a l., 1 9 7 0 ).

T h e  p h y s ic a l p ro p e r tie s  o f  ra b b it  m u s
cle w ere  e v a lu a te d  a n d  th e  re su lts  in  
T ab le  3 a re  th e  average o f  12 d e te rm in a 
tio n s  o n  o n e  o r  tw o  an im als . T h e  d if fe r

Table 2 -C h a ra c te r is t ic s  o f  post-m ortem  rab
b it  m uscle .

Rigor treatment

Unrestrained Restrained
Sarcomere length (ju) 
Total extractable

1.90 2.34**

protein (mg/g) 58.0 79.4*
Actomyosin (mg/g) 24.5 40.7*

“ Treatments significantly different at 1% 
level.

‘ Treatments significantly different at 5%
level.

en ce  in  b re a k in g  s t re n g th  fo r  th e  tw o  
tr e a tm e n ts  is c o m p a ra b le  to  th a t  fo u n d  
fo r  sh e a r fo rce  v a lues o f  c o o k e d  m u sc le  b y  
B uck  e t al. (1 9 7 0 ) . B reak  e lo n g a tio n  w as 
h ig h er fo r  a ll ra b b it  tr ia ls  th a n  fo r  th e  
to u g h  sh an k  m u scle  w h ic h  in d ic a te s  th a t  a 
s im p le  in v erse  re la tio n sh ip  b e tw e e n  e x te n 
s ib il ity  a n d  te n d e rn e ss  d o es  n o t  h o ld  in  all 
cases. A gain , e la s tic ity  w as h ig h e r  a n d  re 
la x a tio n  lo w e r fo r  th e  p re s u m a b ly  m o re  
te n d e r  o r  re s tra in e d  m u sc le . T o  m easu re  
a n im a l v a r ia tio n  7 p a irs  o f  LD  m u sc les  
w ere  e v a lu a te d  fo r  b re a k in g  fo rc e  o n ly . A 
to ta l  o f  140 te s ts  w ere  p e r fo rm e d  fo r 
b o th  tr e a tm e n ts . T h e  c o n tr a c te d  m u sc le  
averaged  .2 3 7  lb /g  a n d  th e  re s tra in e d  
m u sc le  .1 6 8 . S ta n d a rd  e rro rs  o f  th e  m ean  
fo r  th e  tw o  tr e a tm e n ts  w ere  7 .5%  an d  
9 .9%  re sp e c tiv e ly . A p a ire d  “ t ”  te s t  
sh o w e d  th e  d if fe re n c e  in  th e  m e a n s  to  be 
h ig h ly  s ig n ific a n t (P  <  0 .0 1 ) .

S in ce  th e  d eg ree  o f  c o n tr a c t io n  is th e  
o n ly  d if fe re n c e  b e tw e e n  th e  m u sc le  p a ir , 
th e  th e o ry  h as b e e n  p ro p o s e d  th a t  co n 
tr a c t io n  causes a  g re a te r  d eg ree  o f  o v erlap  
b e tw e e n  th e  th ic k  a n d  th in  m u sc le  fila 
m e n ts  a n d  lead s  to  a h ig h e r  c o n c e n tra t io n  
o f  a c to m y o s in  in  th e  u n re s tra in e d  sam p le  
(H e rr in g  e t  a l., 1 9 6 7 a , b ). T h is  is th e  
c o n c e p t o f  a c to m y o s in  to u g h e n in g  a n d  is 
s u p p o r te d  b y  e le c tro n  m ic ro sc o p ic  evi
d en ce  (C arlsen  e t  a l., 1 9 6 1 ). E x p e r im e n ts  
a t te m p tin g  th e  d ir e c t m e a s u re m e n t o f  
a c to m y o s in  b y  sa ltin g  o u t  h av e  b e e n  
u n su c c e ss fu l in  d e m o n s tra t in g  a h ig h e r 
c o n c e n tra t io n  o f  a c to m y o s in  in  th e  c o n 
tr a c te d  sam p le  (see  a lso  B u ck  e t  al.,
1 9 7 0 ). H o w ev e r, th is  ap p e a rs  to  b e  a fa u lt  
o f  th e  m e th o d  u se d  r a th e r  th a n  th e  
th e o ry  (H . O . H u ltin , p riv a te  c o m m u n ic a 
tio n ) .

A lth o u g h  a t  o n e  t im e  it  w as th o u g h t 
th a t  p o s t-m o r te m  s tre tc h in g  w as e ffe c tiv e  
b e c a u se  o f  th in n in g  o f  c o n n e c tiv e  tissu e  
(B u ck  a n d  B lack , 1 9 6 8 ) th is  n o w  seem s 
u n lik e ly  c o n s id e rin g  th e  re s u lts  w e  h av e  
o b ta in e d . T h ese  c lea rly  sh o w  a g re a te r  
b re a k in g  s t re n g th  f o r  th e  u n re s tra in e d  
m u sc le  ev en  w h e n  th e  fo rc e  is a p p lied  
p a ra lle l t o  th e  fib e rs .

T ab le  3 a lso  p re s e n ts  d a ta  sh o w in g  th e  
e f f e c t o f  p o s t-m o r te m  ag ing  o n  th e  p h y s 
ica l p ro p e r tie s  o f  r a b b i t  m u sc le . M easu re
m e n ts  m a d e  2 h r ,  1 d a y  a n d  8 d ay s
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Table 4 —C orrela tion  betw een  m ethods used  
to  evaluate p h y sica l p ro p e rtie s  o f  m eat.

Correlation
Comparison coefficient

Table 3 —E f fe c t  o f  m uscle  ty p e , aging and post-m ortem  treatm ent on  p h y sica l p ro p e rtie s  o f  
rabb it m uscle.

Breaking strength vs
specific work o f rupture

Breaking strength vs 
break elongation 

Breaking strength vs 
elasticity

+0.99“

-0.22

-0.17Muscle
Aging
period

Tensile properties Time effects

Post-mortem
treatment

Specific work 
o f rupture 
(inch-lb/g)

Breaking 
strength 
(lb/g)

Break
elongation

(%)

Elast
icity
(%)

Stress
relaxation

(%)

LD 2 hr _ .092 .344 34 41 41 Breaking strength vs
LD 1 day restrained .045 .195 35 39 47 stress relaxation +0.74“

unrestrained .053 .253 31 32 50 Break elongation vs
elasticity +0.26

LD 8 days restrained .038 .159 31 17 52
unrestrained .065 .241 33 . 28 48 stress relaxation -0 .61 *

Psoas 1 day restrained ..078 .293 16 20 66 Elasticity vs stress
unrestrained .191 .572 21 16 69 relaxation -0 .40

‘ ‘ Coefficient significant at 1% level. 
‘ Coefficient significant at 5% level.

p o s t-m o r te m  sh o w ed  a g re a te r  th a n  tw o 
fo ld  re d u c t io n  in  b re a k in g  fo rc e  an d  
sp ec ific  w o rk  o f  ru p tu re  o v er th is  p e r io d  
fo r  re s tra in e d  ra b b i t  sam p les a lo n g  w ith  a 
s im ila r d ec rea se  in  e la s tic ity . A ging g en e r
a lly  h ad  less e f f e c t o n  u n re s tra in e d  sam 
p les . E la s tic ity  d ec rea sed  to  a  g re a te r  
d eg ree  in  th e  re s tra in e d  m u sc le , p e rh a p s  
as a co n se q u e n c e  o f  su s ta in e d  s tre tc h in g . 
R e la x a tio n  in c rea sed  o v er th is  p e r io d  b u t  
n o t  to  th e  e x te n t  o f  th e  o th e r  in d ices. 
R e c e n tly  i t  h as  b e e n  r e p o r te d  th a t  aging 
causes ch an g es in  th e  m ic ro sc o p ic  a p p e a r
an ce  o f  th e  m y o f ib r il. T h e  Z -lines d isap 
p e a r  c o m p le te ly  an d  th e  A b a n d s  le n g th 
e n  a t  th e  e x p en se  o f  th e  I zo n e  (D av ey  
a n d  G ilb e r t, 1 9 6 7 , 1 9 6 8 , 1 9 6 9 a ; F u k a z a - 
w a e t  al., 1 9 6 9 ). T h e  b re a k in g  s tre n g th  o f  
a m u sc le  f ib e r  m ay  b e  re la te d  to  th e  
p ro p e n s ity  o f  th e  Z -line a re a  to  ru p tu re  
a n d  th u s  b e  a  va lid  m e a s u re m e n t o f  
te n d e rn e ss  in  aged  m e a t.

T h e  re su lts  o b ta in e d  w h e n  ra b b i t  p so as 
w as tr e a te d  s im ila rly  to  LD  m ay  b e  fo u n d  
in  T ab le  3 as w ell. A f te r  o n e  d a y  p o s t
m o r te m  b o th  re s tra in e d  a n d  u n re s tra in e d  
sam p les h a d  c o n s is te n tly  h ig h e r ten s ile  
p ro p e r tie s  th a n  w ere  fo u n d  w ith  LD . 
B reak  e lo n g a tio n  w as lo w e r a n d  a p p ro x i
m a te d  th a t  fo u n d  in  b e e f . F o llo w in g  th e  
g en e ra l p a t te rn  e la s tic ity  w as lo w e r and  
re la x a tio n  h ig h e r in  th e  u n re s tra in e d  
tr e a tm e n t.  A lso , rem o v in g  th e  m u sc le  an d  
a llo w in g  it  to  u n d e rg o  th e  r ig o r  p e r io d  
w ith o u t  re s tra in t  in c re a se d  th e  ten s ile  
p ro p e r tie s  m e a su re d  in  th e se  e x p e rim e n ts .

M icro sco p ic  e x a m in a tio n  o f  ra b b i t  
p so as rev ea led  th a t  its  o r ie n te d  f ib ro u s  
s tru c tu re  c lo se ly  re se m b le d  th e  b e e f  m u s
cle ra th e r  th a n  th e  m o re  ra n d o m  fib e r 
a lig n m e n t o f  LD . T h a t  th e  f ib e r  o r ie n ta 
t io n  can  in f lu e n c e  m e c h a n ic a l p ro p e r tie s  
is e v id e n t f ro m  th e  re su lts  o f  C o rey
(1 9 7 0 )  w h o , w o rk in g  w ith  a m o d e l sy s
te m  c o n s tru c te d  fro m  sp u n  so y  f ib e r, 
fo u n d  n e tw o rk s  c o m p o se d  o f  p a ra lle l

f ib e rs  h e ld  to g e th e r  w ith  a  g e la tin  b in d e r  
e x h ib ite d  h ig h e r p la s tic  re sp o n se , to ta l  
s tra in  a n d  s tress  re la x a tio n  b u t  a  sm aller 
e las tic  reg io n  w h e n  c o m p a re d  to  ra n d o m  
o r  p e rp e n d ic u la r  n e tw o rk s . T h ese  re su lts  
agree  w ell w ith  th e  d a ta  g iven  h e re  fo r  
p so as an d  LD m u sc le .

A f te r  th e  re su lts  h ad  b e e n  o b ta in e d , it 
w as o f  p a r t ic u la r  in te re s t  to  n o te  th e  
d eg ree  o f  in d e p e n d e n c e  o f  th e  te s ts  u sed . 
C o rre la tio n s  w ere  c a lc u la te d  a n d  th e  c o e f
f ic ie n ts  a re  p re s e n te d  in  T a b le  4 . W ork  o f  
ru p tu re  a n d  b re a k in g  s tre n g th  a re  so 
s tro n g ly  re la te d  th a t  i t  sh o u ld  n o t  be 
n eccessa ry  to  m easu re  w o rk  d ire c tly . 
E lo n g a tio n  seem s in d e p e n d e n t  o f  e ith e r  
o f  th e  o th e r  te n s ile  p ro p e r tie s  w h ile  
e la s tic ity  ap p ea rs  in d e p e n d e n t  o f  th e  te n 
sile p ro p e r tie s . S tre ss  re la x a tio n , w h ile  
o n ly  m arg in a lly  re la te d  to  e la s tic ity , 
sh o w s a s ig n ifican t p o sitiv e  c o rre la tio n  
w ith  b re a k in g  s t re n g th  a n d  n eg a tiv e  co r
re la tio n  w ith  e lo n g a tio n . T h is m ig h t be 
re la te d  to  s t ru c tu re  if  s tre ss  re la x a tio n  can 
b e  th o u g h t o f  as th e  p ro c liv ity  fo r  fib ers  
to  ru p tu re  a n d  s lid e  o v er o n e  a n o th e r  
w h ile  b re a k  e lo n g a tio n  is a m easu re  o f  th e  
re s is tan ce  o f  th e  sam p le  to w a rd  e lo n g a 
tio n .

T h ese  re su lts  suggest th e re  m ay  be 
severa l ad v an ta g es  to  th e  ty p e  o f  te s ts  
d e sc r ib e d . Severa l d if fe re n t a n d  in d e p e n d 
e n t va lues m ay  b e  o b ta in e d  fro m  o n e  
in s tru m e n t as c o m p a re d  to  th e  less versa
tile  sh ea r in g  dev ices. T h e  m e th o d s  seem  
as re p ro d u c ib le  as th o s e  c u rre n tly  em 
p lo y e d . I t  is p o ss ib le  th a t  p h y s ic a l p ro p e r 
tie s  can  b e  re la te d  t o  m u sc le  s t ru c tu r e  as 
has b e e n  d o n e  fo r  o th e r  p ro te in  fib e rs  so 
th a t  th e  te c h n iq u e  w ill d ev e lo p  in to  m o re  
th a n  an  e m p iric a l to o l .  I t  is e v id e n t th a t  
te n d e rn e s s  in  m e a t is d u e  to  th e  su b tle  
in te ra c t io n  o f  m a n y  fa c to rs , o n e  o f  w h ic h  
is te x tu re .  A n  im p o r ta n t  q u e s t io n  is 
w h ic h  o f  th e  m a n y  p a ra m e te rs  availab le  
sh o u ld  b e  m e a su re d  as a  p re d ic to r  o f

te n d e rn e ss . C o rre la tio n s  o f  p h y s ic a l p ro p 
e rtie s  w ith  su b je c tiv e  e v a lu a tio n s  sh o u ld  
b e  h e lp fu l in  th is  reg ard . I t  seem s u n lik e ly  
th a t  o n e  te s t  w o u ld  b e  a d e q u a te  fo r  all 
cases.
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EFFECTS OF TYPES AND LEVELS OF FAT AND RATES AND TEMPERATURES OF 
COMMINUTION ON THE PROCESSING AND CHARACTERISTICS OF FRANKFURTERS

S U M M A R Y —F ra n k fu rte r  em u lsion s con ta in in g  e ith e r  25%  o r  35%  b e e f fa t, p o rk  fa t, o r  co tto n se ed  
o il were p rep a red  b y  com m in u tin g  a t 1500 , 2 5 0 0 , o r  5 0 0 0  rpm  to tem peratu res ranging from  
4 5 °—8 5 ° F . Data w ere o b ta in ed  on the v iscosities o f  the em u ls io n s ; e x c e p t  fo r  in it ia lly  high v iscosi
ties fo r  w hich  u n m e lted  fa t was respon sib le , the v isco sities o f  em ulsion s con ta in in g  the fa ts , o r  o il, 
were s im ila r: v isco sitie s ten d ed  to decrease w ith  increasing tim e a n d  tem peratu re o f  chopp in g . The 
frankfu rters w ere s tu ffe d , sm o k ed , an d  co o k e d , an d  data w ere o b ta in ed  on  sh rinkage, fa t re ten tion , 
ease o f  peeling , sp e c if ic  g ra v ity , a n d  tex tu re . Sh rinkage was in verse ly  re la ted  to  c o n te n t o f  fa t. Fa t  
separation m a in ly  o ccu rre d  in p rocessin g  fra n k fu rte rs  con ta in in g  b e e f fa t ; the data suggest that 
em ulsions con ta in in g  b e e f fa t sh o u ld  b e  co m m in u te d  to  6 5 °—7 5 ° F  to  a vo id  p o ss ib le  un der o r  
overchopp in g : the  resu lts  sh o w  tha t op tim u m  co n d itio n s w ere tim e as w ell as tem peratu re depen d
ent. The a ir co n te n t o f  fra n k fu rte rs  varied  in verse ly  w ith  the m axim um  tem peratu re a tta in ed  
during co m m in u tio n . F ra n k fu rte r  sk in  streng th  was lessen ed  on  increasing the tem peratu res to  
w hich em ulsions w ere co m m in u te d ; e la s tic ity , the equ iva len t o f  rubberiness , decreased  u n der these  
con d ition s.

INTRODUCTION
T H E  S C IE N C E  o f  m e a t e m u ls io n s  has 
b een  re fe r re d  to  as o n e  o f  th e  y o u n g e s t 
areas in  fo o d  sc ien ce  (S a ff le , 1 9 6 8 ). I t  is 
becau se  o f  th is , an d  n o t  a n y  lack  o f  
re c e n t e f fo r t ,  th a t  re se a rc h  o n  m a n y  
fa c to rs  in v o lv ed  in  th e  p ro d u c t io n  o f  
em u ls io n -b ased  p ro d u c ts  is la ck in g  o r 
in c o m p le te . P r io r ity  h a s  b e e n  given to  
so lv ing  th e  p ro b le m  o f  p ro d u c in g  e m u l
sions w h ich  can  b e  h e a t  p ro c e s se d  d u rin g  
p ro d u c tio n  a n d  p o ss ib ly  re h e a te d  b y  c o n 
sum ers w i th o u t  loss o f  fa t .  M eat p ro te in s  
have b een  id e n tif ie d  as e m u ls io n  s ta b iliz 
ers an d  fa c to rs  a ffe c tin g  th is  fu n c t io n  
estab lish ed  as d e ta ile d  re c e n tly  in  a re 
v iew  b y  S affle  (1 9 6 8 ) .

O n th e  o th e r  h a n d , w h ile  th e  p ro p e r 
ties o f  m e a t fa ts  a re  k n o w n  to  a ffe c t 
e m u ls if ic a tio n , th e  e f f e c t o f  v a r ia tio n s  on  
em u ls io n  s ta b il i ty  a n d  p ro cess in g  re q u ire 
m e n ts  are n o t  w ell u n d e rs to o d . R esu lts  o f  
ea rlie r w o rk  o f  T o w n se n d  e t  al. (1 9 6 8 a ; 
1 9 6 8 b ) su g g ested  th a t  th e  m e ltin g  c h a ra c 
te r is tic s  o f  m e a t fa ts  c o u ld  b e  th e  basis 
fo r  d iffe re n c e s  in  th e  m a x im u m  te m p e ra 
tu re s  a t  w h ic h  m e a t fo rm u la s  sh o u ld  b e  
em u ls ified . In  la te r  w o rk  th e  s ta b il i ty  o f  
e m u ls io n s  o f  tw o  series  o f  f r a c tio n a te d  
b e e f  an d  p o rk  fa ts  w as s tu d ie d  w ith  
re su lts  sug g estin g  th a t  th e  m e ltin g  c h a ra c 
te r is tic s  o f  fa ts , ra te s  an d  e x te n t  o f  
te m p e ra tu re  rise , a n d  ra te s  o f  d isp e rs io n  
(sh ea r fo rce s)  in te r re la te  in  d e te rm in in g  
e m u ls io n  s ta b il i ty  (S w if t e t a l., 1 9 6 8 ).

S u b se q u e n tly , to  o b ta in  a d d it io n a l in 
fo rm a tio n  o n  th is  re la tio n s h ip , an  in v e s ti
g a tio n  o f  th e  e f f e c t 'o f v a ry in g  fo rm u la s  
an d  p ro cess in g  o n  e m u ls io n  an d  f ra n k 
fu r te r  c h a ra c te r is tic s  w as u n d e r ta k e n .

1 Present address: USDA, Richard B. Russell 
Agricultural Research Center, ARS, P.O. Box 
5677, Athens, Georgia 30604 .

E m u ls io n s  c o n ta in in g  25%  o r  35%  b e e f  
fa t ,  p o rk  fa t ,  o r  c o tto n s e e d  o il an d  
c h o p p e d  a t  1 5 0 0 , 2 5 0 0 , o r  5 0 0 0  rp m  to  
te m p e ra tu re s  ran g in g  fro m  4 5 ° —8 5 ° F  
w ere  p re p a re d , s tu f fe d , an d  th e n  sm c k e d  
a n d  c o o k e d . T h e  e f fe c ts  o n  th e  tim e  
re q u ire d  in  c h o p p in g , v isco sity  o f  e m u l
sions, a n d  th e  sh r in k a g e , p ee lin g  ch a ra c 
te r is tic s , sp ec ific  g rav ity  an d  te x tu re  o f  
f r a n k fu r te rs  a re  r e p o r te d  in  th is  p ap e r.

EXPERIMENTAL
Materials and formulas

Two Commercial grade beef and eight mar

ket weight hog carcasses were stored at 37°F 
for from 3 -5  days after slaughter. A ll tissues 
from the carcasses were removed and separated 
into distinctly lean and fat portions after which 
the lots o f lean beef, beef tissue fat, lean pork, 
and pork tissue fat were cut into pieces several 
cubic inches in size (no internal fats, i.e., k id
ney, caul, or ruffle fats, were used). After each 
lot was thoroughly mixed, samples were re
moved for analyses and approximately 12.5-lb 
portions were stored under vacuum in Cry-O- 
Vac bags at 0°F. A winterized cottonseed oil 
was stored at 37°-38°F. Based on the results 
o f analyses o f raw materials, formulas designed 
to produce frankfurters containing approxi
mately 9-10%  added moisture and either 25% 
or 35% fat were calculated (Table 1).

Appropriate quantities o f frozen fat and 
lean meat were removed from the freezer 2 
days before each experiment and allowed to 
partially thaw. Lean meats were ground once 
through a 3 /16-in plate and tissue fat once 
through a 1 / 2-in plate in a room maintained at 
55°F and comminuted immediately thereafter. 
Cottonseed oil was used immediately upon 
withdrawal from a 37°-38°F  cooler. The 
weight o f lean beef, lean pork, and fats, or oil, 
in each batch comminuted was 50 lb to which 
were added appropriate weights o f ice and a 
curing and spice mixture which provided 2.5 lb 
NaCl, 0.25 oz NaN02, 2 oz NaN03, 0.86 oz Na 
ascorbate, 1.98 lb cane sugar, and 8.5 oz of 
commercial spices per 100 lb meat.

Table 1—Form u las co m m in u ted  and  the co m p o sit io n  o f  fin ish ed  fra n k fu rte rs .

Fat Meat2 Fat Composition o f frankfurters3

Approx. Emulsifi- Lean Lean or Ice Added
Series content cation beef pork oil c? o o a* Moisture Fat Protein moisture
no. % Type1 rpm % % % meat % % % %

i 25 BF 1500 46 20 34 32 57.6 25.7 12.3 8.4
2 35 BF 1500 42 12 46 27 50.4 34.0 10.9 6.8
3 25 BF 2500 46 20 34 33 56.8 25.6 12.5 6.8
4 35 BF 2500 42 11 47 30 49.4 34.2 10.7 6.6
5 25 BF 5000 46 20 34 33 56.8 25.8 12.8 5.5
6 35 BF 5000 42 12 46 27 49.5 34.5 11.3 4.3
7 25 PF 1500 45 25 30 28 57.1 25.8 12.8 5.9
8 35 PF 1500 46 10 44 25 49.3 34.6 10.8 6.1
9 25 PF 2500 45 25 30 28 55.9 25.9 12.7 5.1

10 35 PF 2500 46 10 44 25 48.5 35.6 10.4 6.9
11 25 PF 5000 45 25 30 28 55.6 26.7 12.4 6.0
12 35 PF 5000 46 10 44 25 49.3 35.0 10.7 6.5
13 25 CO 1500 46 27 27 34 55.6 25.9 12.9 4.0
14 35 CO 1500 52 11 37 26 47.1 34.9 11.2 2.4
15 25 CO 2500 46 27 27 34 55.8 26.9 12.6 5.4
16 35 CO 2500 48 12 40 30 48.6 35.8 10.8 5.4
17 25 CO 5000 46 27 27 34 55.4 27.2 12.5 5.4
18 35 CO 5000 52 11 37 26 49.3 34.0 11.1 4.9

1 Type o f  fat or oil. BF — beef fat; PF — pork fat; CO — cottonseed  oil. 
2 5.2 lb cure and spices added per 100 lb meat.
3 Mean o f analyses on all lots o f  each series.
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Processing
The emulsions were prepared in a 90-lb 

capacity Model KA 110 Koch-Alpina silent cut
ter fitted w ith six knives which were operated 
at 1500, 2500, or 5000 rpm, w ith bowl speeds 
o f 6.5, 13, or 22 rpm, respectively, depending 
on the current level and/or the pulley ratio 
selected. The cutter was fitted w ith a thermo
couple and emulsion temperatures were contin
uously recorded to w ith in ± 2°F. A ll ingredi
ents, except fats or oil, were placed in the silent 
cutter and the machine operated for 1-1/2 to 2 
min at reduced speed, except that in comminut
ing at 1500 rpm this rate was maintained 
throughout. The tissue fats, or the oil, were 
then added and the machine was operated at 
the selected maximum rate.

Samples weighing approximately 11 lb each 
were removed when the emulsions became 45°, 
55°, 65°F and higher temperatures, in some 
cases as high as 85°F. Elapsed time was re
corded. Small portions of these samples were 
used in determining viscosity. Small portions of 
emulsions were vacuumed: both vacuumed and 
non-vacuumed were stuffed into 23 mm No-Jax 
casings. Hereinafter the samples withdrawn and 
stuffed by the above described procedure are 
termed lots (designated by temperature o f sam
pling) which make up series (designated by level 
and type o f fat or oil and the rpm during com
minution).

The lots o f frankfurters were weighed and 
then cooked and smoked in an air-conditioned 
smokehouse operated to produce 130°F DB for 
10 min; 145°F DB-135°F WB for 30 min; 
165°F DB-140°F WB for 12 min, and 190°F 
DB-163°F WB until, in approximately 10 min, 
internal temperatures became 155°-157°F. 
Internal temperatures were determined by 
means o f thermocouples inserted when the 
frankfurters became sufficiently heat coagu
lated. The frankfurters were showered w ith 
cold water until internal temperatures de
creased to 90°F and were held in the smoke
house an additional 10 min to dry. They were 
weighed and stored overnight at 37°—39°F in 
plastic tubs covered w ith polyethylene film. 
After an examination during which “ fat-caps”  
and the relative ease o f peeling were observed 
the frankfurters were vacuum packaged in 
Kapak pouches; those containing samples in
tended for determinations of specific gravity 
and texture were stored at 37°-39°F, and 
those for histological examination at 0°F. 
Methods

The percentages o f moisture, fat, and p ro  
tern in meat raw materials and finished frank
furters were determined by A.O.A.C. methods 
(A.O.A.C., 1965). The mean apparent viscosity 
o f each lo t o f emulsion was determined imme
diately upon withdrawal from the chopping 
bowl from duplicate measurements with a 
Model HBT Brookfield viscosimeter mounted 
on a Helipath stand (designed for use w ith plas
tic and thixotropic materials) and equipped 
w ith a special bar-type spindle (shaft length,
11.5 cm; shaft diameter, 3 mm; cross bar 
length, 25.8 mm; cross bar diameter, 1.5 mm; 
rotation at 50 rpm in air).

From the data on weights o f lots before and 
after cooking and smoking the percentage of 
shrinkage o f each lo t and the mean percentage 
o f shrinkage o f each series were calculated. The 
presence o f any “ fat-caps”  and the relative ease 
o f peeling were determined by examining 
55-65 frankfurters from each lot. Judgments 
were made on manually removing casings rang-

Table 2 - E f f e c t s  o f  d iffe re n t levels and  types o f  fa t and  rates an d  tem peratu res o f  co m m in u tio n  
on the p ro d u c tio n  o f  fran kfu rte rs .

Beef fat
Emulsification Smoking-cooking

Series
no.

content
% Rpm

Temp.
°F

Shrinkage1
%

Fat
separation2 >3

Peel- 
ability2 >4

Specific
gravity5

i 25 1500 45 ++ G - 0.949 a
55 10.2 ±0.2 ++ G - 0.973 b
55 0 G (W) 0.993 c
71 0 G (W) 1.000 c

2 35 1500 45 ++ G + 0.963 a
55 7.8 ±0.3 ++ G + 0.970 b
65 0 G + 1.006 c
70 0 G + 1.003 c

3 25 2500 45 ++ G + 0.951 a
55 ++ G + 0.967 b
65 10.7 ±0.1 ++ G + 0.980 b c
75 0 G + 0.990 c
82 ++ G + 1.005 d

4 35 2500 45 ++ E 0.935 a
55 ++ E 0.954 b
65 9.2 ±0.3 + G + 0.970 c
75 0 G + 1.000 c
83 +++ P 1.007 c

5 25 5000 45 ++ E 0.970 a
55 + E 0.974 a
65 10.1 ±0.2 + G + 0.994 b
75 0 G + 1.003 b c
85 0 P 1.005 c

6 35 5000 45 ++ G + 0.953 a
55 + G + 0.960 b
65 8.8 ±0.2 + G - 0.964 c
75 0 G (W) 0.997 d
85 0 G (W) 1.002 d

Pork fat

Series
no.

Fat
content

%

Emulsification Smoking-cooking

Specific
gravity5Rpm

Temp.
°F

Shrinkage1
%

Fat
separation2 >3

Peel- 
ability2 >4

7 25 1500 45 0 G + 0.973 a
55 9.7 ±0.1 0 G + 0.972 a
65 0 G + 1.007 b
69 0 G + 1.008 b

8 35 1500 45 ++ G - 0.961 a
55 7.8 ±0 .4 0 G + 0.970 b
65 0 G + 1.002 c
72 0 G + 1.004 c

9 25 2500 55 0 G + 0.968 a
65 9.0 ± 1.0 0 G + 0.999 b
75 0 G + 1.014b
79 0 P 1.015 b

10 35 2500 55 0 G + 0.948 a
65 6.4 ± 0.6 0 G + 0.983 b
75 0 G + 0.996 c
78 0 P 1.003 d

11 25 5000 55 0 G - 0.959 a
65 9 . 6  ± 0 . 2 0 G + 0.987 b
75 0 G + 0.999 b c
85 0 G + 1.007 c

12 35 5000 55 0 G + 0.964 a
65 7 . 5  ± 0 . 7 0 G + 0.971 b
75 0 G + 1.005 c
85 0 G + 1.001 c

(continued)
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Table 2-continued 
Cottonseed oil

Emulsification Smoking-cooking
Series
no.

content
% Rpm

Temp.
°F

Shrinkage1

%

Fat
separation2 ’3

Peel-
ability2 ’4

Specific
gravity5

13 25 1500 45 0 E 1.0C9 ab
55 12.9 ±0 .4 0 E 1.0C5 b
65 0 E 1 . 0 1 2  a
74 0 E 1.015 a

14 35 15 006 45 0 G + 0.991 a
55 9.4 ±0.8 0 G + 1 .0 C1 ab
65 0 G + 1.006 a b
69 0 G + 1 .0 C8  b

15 25 2500 45 0 E 0.995 a
55 1 2 . 8  ± 0 .1 0 E 0.993 a
65 0 E 1.0C1 b
75 0 E 1.009 c
85 0 E 1 . 0 1 1  b c

16 35 2500 45 0 E 1.004 a
55 0 E 1.005 a
65 10.0 ±0.4 0 E 1.004 a
75 0 E 1.005 a
85 0 E 1.009 a

17 25 5000 45 0 E 0.978 a
55 0 E 0.987 a b
65 13.1 ±0.2 0 E 1 . 0 0 0  b c
75 0 E 1.007 c
85 0 G 1.006 c

18 35 5000 45 0 G + 0.974 a
55 0 G - 0.989 ab
65 9.4 ±0.3 0 G - 0.998 b
75 0 G - 1 . 0 0 1  b c
85 0 P(W) 1.007 c

tMean o f  percentages o f  shrinkage o f  all lots in each series ±  standard deviation.
2 Based on judgments on 5 5 —65 frankfurters. (W) indicates w etting was necessary.
3Plus signs indicate relative frequency.
4 E = excellent; G = good; P = poor.
5 Any means within the same series w ith different letters follow ing are significantly different 

from each other at the 5%  level.
6 Oil added in three portions as was necessary to avoid severe separation o f  fat.

ing from easy peeling (excellent) to d ifficu lt 
peeling (poor) which was observed as adhesions 
between casings and frankfurters.

The mean specific gravity of frankfurters in 
each lo t was calculated from values obtained by 
weighing the water displaced by each o f three 
to five weighed frankfurters. The mean specific 
gravity of frankfurters prepared from vacuum 
treated emulsions was determined similarly.

An Instron TT-B floor model was used in 
determining the skin strength and elasticity of 
frankfurters. To determine the skin strength a 
load was applied at a rate o f 0.5 in /m in to the 
surface o f the frankfurters by means o f a 1/4- 
in diameter rod which produced a puncture. 
This procedure was applied to three or four sur
face areas on each o f three samples from each 
lot.

The elasticity o f three frankfurters from 
each lo t was measured by placing a frankfurter 
in a compression cage. A load was applied 
which compressed the frankfurters at a rate of
0.2 in /min to produce compression o f 0.3 in. 
Compression was reduced also at a rate of 0.2 
in /min until zero load was attained. The areas 
were measured by an integrator. The data are 
reported as a ratio between the energy recov
ered after deformation and the energy ex

pended in compression.

RESULTS & DISCUSSION
F O R M U L A S  u se d  in  p re p a r in g  f r a n k fu r t
ers c o n ta in in g  e ith e r  25%  o r  35%  b e e f  fa t , 
p o rk  fa t ,  o r  c o tto n s e e d  o il a n d  re su lts  o f  
an a ly ses  o f  f in ish e d  p ro d u c ts  are  sh o w n  
in  T ab le  1. R esu lts  sh o w  th e re  w ere  o n ly  
sm all d if fe re n c e s  in  c o n te n t  o f  fa t .  p ro 
te in  a n d  m o is tu re  o f  f ra n k fu r te r s  fo rm u 
la te d  so  as to  b e  o f  c o m p a ra b le  c o m p o s i
t io n .  P e rc e n ta g e s  o f  a d d e d  m o is tu re  
(m o is tu re , % -  4  X  p ro te in , %) ran g ed  
fro m  2 .4 - 8 .4 ,  an d  w ere  so m e w h a t lo w er 
th a n  th o s e  so u g h t in  co m m e rc ia l p ro d u c 
tio n .

T ab le  2 sh o w s th e  rp m  u sed  in  c o m 
m in u tio n , th e  m a x im u m  te m p e ra tu re  
a tta in e d  b y  each  lo t o f  e m u ls io n  c o m 
p ris in g  e a c h  series , d a ta  o n  sh rin k ag e , 
sp ec ific  g ra v ity , an d  re su lts  o f  e x a m in a 
tio n s  c o n d u c te d  to  d e te c t  “ fa t-c a p s” an d  
d e te rm in e  p ee lin g  sco res. T h e  d iscu ssio n s 
w h ich  fo llo w  re fe r  to  d a ta  in  T ab le  2 w ith  
e x c e p tio n s  as n o te d .

T h e  cu rv es in  F ig u re  1 sh o w  th e  tim e  
re q u ire d  fo r  e m u ls io n s  to  a tta in  te m p e ra 
tu re s  ran g in g  fro m  4 5 ° —8 5 ° F ; th e  m eas
u re m e n ts  w ere  b eg u n  a f te r  ic e , cu ring  
ag en ts  a n d  sp ices, a n d  fa ts , o r  o il, had  
b e e n  a d d e d . E x a m in a tio n  o f  th e  curves 
show s th a t  tim e  fo r  c h o p p in g  w as h igh ly  
d e p e n d e n t  u p o n  th e  rp m  u se d . P o in ts  o n  
th e  cu rv es , p a r t ic u la r ly  th o s e  sh o w n  fo r  
c h o p p in g  a t  2 5 0 0  o r  5 0 0 0  rp m , in d ic a te  
te m p e ra tu re  rise w as s im ila r  in  c h o p p in g  
em u ls io n s  c o n ta in in g  e i th e r  o f  th e  fa ts  o r  
th e  o il. C a lc u la tio n s  b ased  o n  th e  curves 
in d ic a te  th a t  te m p e ra tu re s  in c rea sed  a t 
m a x im u m  ra te s  o f  a p p ro x im a te ly  1 .7° , 
4 .1 ° , a n d  1 1 .4 ° F /m in  in  c h o p p in g  a t 
1 5 0 0 , 2 5 0 0 , a n d  5 0 0 0  rp m , re sp ec tiv e ly . 
A n in d ic a tio n  o f  th e  p ra c t ic a l im p o r ta n c e  
o f  h ig h  rp m  is th a t  th e  tim e  re q u ire d  to  
a t ta in  6 0 ° F , a ty p ic a l te m p e ra tu re  in  
co m m e rc ia l o p e ra t io n s , w as re d u c e d  by  
a p p ro x im a te ly  50%  o n  in c reas in g  rp m  to  
each  n e x t  h ig h e r ra te .

T h e  average an d  ran g e  o f  v isco sity  
va lues o b ta in e d  w ith  B ro o k fie ld  e q u ip 
m e n t o n  e m u ls io n s  c o m m in u te d  to  te m 
p e ra tu re s  in  th e  ran g e  s tu d ie d  a re  sh o w n  
in  F ig u re  2 . D a ta  o n  e m u ls io n s  c o n ta in in g  
25%  o r  35%  o f  th e  fa ts , o r  th e  o il, a n d  
c o m m in u te d  a t  d if fe re n t  rp m  are  c o m 
b in e d  since  v a ry in g  fa t  level o r  rp m  in 
c h o p p in g  d id  n o t  p ro d u c e  s ta tis tic a lly  
s ig n ific a n t d iffe re n c e s ; i t  is to  b e  n o te d , 
h o w ev e r, th a t  re p lic a t io n s  w ere  lim ite d  
a n d  th e se  d a ta  d o  n o t  in d ic a te  th a t  th e  
v a riab les  d id  n o t  a f f e c t v isco sity  to  so m e 
e x te n t .  T h e  re su lts  in d ic a te  th a t  a t 4 5 ° F  
e m u ls io n s  c o n ta in in g  b e e f  o r  p o rk  f a t  h ad  
h ig h e r v isco sities  th a n  th o se  c o n ta in in g  
c o tto n s e e d  o il ( P < 0 . 0 5 ) ,  p ro b a b ly  b e 
cause  th e  tissu e  fa ts  w ere  la rg e ly  u n 
m e lte d . A t h ig h e r te m p e ra tu re s  v iscosities 
d e c rea sed  as c h o p p in g  a n d  te m p e ra tu re s  
in c re a se d , th e  v isco sities  o f  em u ls io n s  
p re p a re d  w ith  b e e f  fa t  o r  c o tto n s e e d  o il 
b e in g  re la tiv e ly  h igh  a n d  a p p ro x im a te ly  
eq u a l a n d  th o s e  o f  e m u ls io n s  p re p a re d  
w ith  p o rk  fa t  so m e w h a t lo w e r. T h e  te n d 
en cy  fo r  v isco sity  to  d ec rea se  d u rin g  
c h o p p in g  c o n tr a s ts  w ith  th e  in c reas in g  
v isco sity  o f  m e a t p ro te in  s ta b iliz e d  m o d e l 
o /w  e m u ls io n s  as e m u ls if ic a tio n  p ro 
gresses (S w if t e t  al., 1 9 6 1 ); th e  e x p la n a 
t io n  m ay  b e  th a t  a n y  e f fe c t o f  fa t 
e m u ls if ic a tio n  w as m ask e d  b y  th e  v iscos
ity  o f  lean  p o r t io n s  sw o llen  a n d  v isco u s 
a f te r  th e  a c tio n  o f  cu rin g  ag en ts  an d  
w a te r  (H a m m , 1 9 6 0 ), a n d  th a t  th e  d e 
creas in g  v isco sity  re s u lte d  fro m  a c o n 
tin u e d  m in c in g  o f  th e  lean  p o r t io n . A 
s im ila r m ask in g  m ay  also  have b e e n  re 
sp o n s ib le  fo r  th e  fa c t th a t  th e  v isco sity  
va lues w ere  n o t  c lo se ly  re la te d  to  e m u l
sio n  s ta b il i ty . L ack  o f  a d ire c t re la tio n 
sh ip  is sh o w n  b y  th e  fa c t th a t  th e  
v isco sity  o f  e m u ls io n s  p re p a re d  w ith  b e e f  
fa t  a n d  th o se  p re p a re d  w ith  c o tto n se e d  
oil an d  c h o p p e d  to  55°F w ere re la tiv e ly  
h ig h  a n d  a p p ro x im a te ly  eq u a l; in  th e  
sm o k e h o u se , “ fa t-c a p s”  fo rm e d  in  th o se
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EMULSION TEMPERATURE, °F
Fig. 1—Time re qu ire d  to  a tta in  tem peratures fro m  4 5 °—8 5 °F  in  com 
m in u tin g  a t  1500, 2500, o r  5 0 0 0  rpm . 25% bee f fa t (o); 35% b e e f fa t , 
( • ) ;  25% p o rk  fa t !'-■); 35% p o rk  fa t (*■); 25% cottonseed o il ( a ) ;  35%  
co ttonseed o il  (•).
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p re p a re d  w ith  b e e f  fa t b u t  n o t  in  th o se  
p re p a re d  w ith  c o tto n se e d  o il (T ab le  2). 
O th e r  ev id en c e  is th a t  l i t t le  v a ria tio n  
e x is te d  a m o n g  th e  lo w  v isco sitie s  o f  
e m u ls io n s  p re p a re d  w ith  b e e f  fa t an d  
c h o p p e d  to  8 0 ° - 8 5 ° F ,  a l th o u g h  “ fa t- 
c a p s”  fo rm e d  o n  tw o  o f  th e  fo u r  in  th e

c o n ta in in g  35%  p o rk  fa t ,  o r  35%  c o t to n 
seed  o il ( if  n o t  a d d e d  in  p o r t io n s ) , w as an 
in d ic a tio n  o f  u n d e rc h o p p in g . T h e  re su lts  
suggest th a t  th e  d isp e rs io n  o f  b e e f  fa t  w as 
s lo w ed  b y  th e  re la tiv e ly  h ig h  te m p e ra tu re

Fig. 2 —Range and  average o f  B ro o k fie ld  readings on em ulsions p repared  
w ith  b e e f o r  p o rk  fats, o r cottonseed o il  a t tem peratures a tta in e d  d u r
ing  co m m inu tio n .

re q u ire d  to  p ro d u c e  su f f ic ie n t m e ltin g . 
T h e  d a ta  sh o w  th a t  e m u ls io n s  c h o p p e d  
s lo w ly  (2 5  m in  a t  1 5 0 0  rp m ) w ere  s ta b le  
o n  c h o p p in g  o n ly  to  6 5 ° F , w h ile , in  
c h o p p in g  a t  2 5 0 0  o r  5 0 0 0  rp m , 7 5 ° F  w as 
re q u ire d  to  a t ta in  s ta b il i ty . T h is  in d ic a 
tio n  th a t  o p tim u m  te m p e ra tu re  in c re a se d  
w ith  in c re a se d  rp m  o f  c h o p p in g  p ro b a b ly  
sign ifies th a t  a  c o m b in a tio n  o f  t im e  a n d  
te m p e ra tu re  a f fe c te d  m e ltin g  o f  f a t  a n d , 
as a c o n se q u e n c e , its  d is p e rs io n . T h e  
e x is te n c e  o f  a  re la tio n sh ip  o f  t im e  a n d  
te m p e ra tu re  h as b e e n  p re v io u s ly  re c o g 
n iz e d , p re su m a b ly  as th e  re s u lt  o f  o b se r
v a tio n s  in  c o m m e rc ia l sausage  m a k in g  
(M acK en z ie , 1 9 6 6 ).

sm o k e h o u se . B ased  o n  th e se  re su lts , d e 
te r m in a tio n  o r  c o n tro l o f  em u ls io n  v iscos
i ty  c a n n o t s u b s t i tu te  fo r , o r  b e  a v a lu ab le  
a d d it io n  to ,  c o n tro l o f  tim e  a n d /o r  te m 
p e ra tu re  in  a ssu rin g  e m u ls io n  s ta b il ity .

T h e  m ean  p e rc e n ta g e  o f  sh r in k ag e  in  
c o o k in g  a n d  sm o k in g  each  series is 
sh o w n . R esu lts  in d ic a te  th a t  sh rin k ag e  
w as a f fe c te d  b y  th e  level a n d  ty p e  o f  fa t 
in  th e  f r a n k fu r te r s , b u t  n o t  th e  rp m  u sed  
in  c h o p p in g  em u ls io n s . In c rea s in g  sh r in k 
age c o rre la te d  w ith  d ec reas in g  c o n te n t  o f  
fa t  in  f r a n k fu r te rs  p re p a re d  w ith  b e e f  o r  
p o rk  fa t  ( r  =  —0 .8 3 , P <  0 .0 1 )  a n d  th o se  
p re p a re d  w ith  c o tto n s e e d  o il (r  =  —0 .9 6 , 
P <  0 .01  ); th e  sh r in k ag e  o f  th e  la t te r  
f r a n k fu r te rs  w as th e  la rg est.

D a ta  a re  given o n  th e  in c id e n c e  o f  fa t 
s e p a ra tio n  in  th e  fo rm  o f  “ fa t-c a p s”  
a m o n g  th e  lo ts  o f  f r a n k fu r te r s . “ F a t-  
c a p s”  p r in c ip a lly  fo rm e d  o n  f ra n k fu r te rs  
c o n ta in in g  b e e f  fa t  a n d , m o s t f r e q u e n tly , 
th o se  p re p a re d  fro m  u n d e rc h o p p e d  e m u l
s io n s. O th e rw ise , o n ly  th e  a p p e a ra n c e  o f  
“ fa t-c a p s”  o n  f r a n k fu r te r s  p re p a re d  fro m  
em u ls io n s  c h o p p e d  to  4 5 ° F  a t  1 5 0 0  rp m

Table 3 —R ela tion  o f  sk in  s trength and m ax im um  tem perature a tta in e d  d u rin g  co m m in u tio n .

Series
No. Type1

Fat
Content

%

Emulsifi
cation
Rpm

Number
o f

samples

Regression o f 
skin strength 
on temp (°F)

Correlation
coefficient F test2

1 BF 25 1500 38 2.235-0.0121T 0.70 36.2**
2 BF 35 1500 37 2.313-0.0166T 0.72 39.8**
3 BF 25 2500 38 2.103-0.0066T 0.35 5.3*
4 BF 35 2500 38 1.454 0.0007T 0.04 0.08n -s -
5 BF 25 5000 38 2.009-0.0081T 0.59 19.5**
6 BF 35 5000 38 2.150-0.0144T 0 . 8 8 125.0**
7 PF 25 1500 38 2.134-0.0148T 0.71 3 9  4 **
8 PF 35 1500 28 2.753-0.0223T 0.72 29.9**
9 PF 25 2500 28 1.673-0.0043T 0.33 3.4n -s -

1 0 PF 35 2500 36 1.457-0.0065T 0 . 6 6 27.0**
1 1 PF 25 5000 38 1.445-0.0058T 0.46 1 0 .0 * *
1 2 PF 35 5000 38 1.333-0.0057T 0 . 6 8 33.1**
13 CO 25 1500 38 2.454-0.0170T 0.80 66.9**
14 CO 35 1500 38 1.683-0.0035T 0 . 2 2 2 .0 n -s -
15 CO 25 2500 38 1.973—0.0085T 0.52 23 9 * *
16 CO 35 2500 38 1.445—0.0045T 0.36 5.5*
17 CO 25 5000 48 1.643-0.0020T 0.18 1.5n -s -
18 CO 35 5000 48 1.268-0.0005T 0.05 O.i N.S.

1 Beef fat, pork fat, and cottonseed  oil are indicated by B F ,  P F ,  and CO, respectively. 
2 N.S. — Not significant at 5% level o f  probability.
*P < 0 . 0 5 ;  * * P  < 0 . 0 1 .



PROCESSING AND CHARACTERISTICS OF FRANKFURTERS-2 6 5

TEMPERATURE, *F
Fig. 3 —E la s tic ity  o f  fra nk fu rte rs  p repared fro m  em ulsions con ta in ing  
co ttonseed  o i l  (A ), p o rk  fa t (B), o r bee f fa t (C l an d  chopped  to  d if fe r 
e n t temperatures. Values ind ica te  recovered/expended energy a p p lied  
du ring  com pression. 95%  confidence lim its  ca lcu la ted  on means are 
shown.

O v erch o p p in g  w as p ro d u c e d  o n ly  by  
ch o p p in g  em u ls io n s  c o n ta in in g  b e e f  fa t 
fo r  lo n g  p e rio d s  to  h ig h  te m p e ra tu re s . 
T h e  le n g th y  c o m m in u tio n  (o v e r 30  m in ) 
req u ired  to  a tta in  7 1 ° F  d id  n o t  a f fe c t th e  
s ta b ility  o f  em u ls io n s  c o m m in u te d  a t 
15 0 0  rp m , n o r  d id  ra p id  c o m m in u tio n  
(ca . 7 m in ) a t  5 0 0 0  rp m  to  p ro d u c e  
t e m p e r a t u r e s  o f  8 5 ° F . “ F a t-c a p s”  
fo rm e d , h o w e v e r, o n  f ra n k fu r te r s  p re 
p a red  fro m  e m u ls io n s  c o m m in u te d  24  o r 
25 m in  a t  2 5 0 0  rp m  to  te m p e ra tu re s  o f  
8 2 ° o r  8 3 ° F . T h ese  re su lts  in d ic a te  th a t  
in  o v e rc h o p p in g  a lim it in v o lv in g  a tim e- 
te m p e ra tu re  re la tio n sh ip  w as ex c e e d e d . 
In  a d d it io n , s in ce  e m u ls io n s  c o n ta in in g  
p o rk  fa t  o r  c o tto n s e e d  o il c h o p p e d  u n d e r  
th e  sam e c o n d it io n s  w ere  s ta b le , th e  
resu lts  in d ic a te  th a t  o n e  o r  m o re  ch a ra c 
te r is tic s  o f  b e e f  fa t  p ro d u c e d  p ro b le m s  in 
em u ls ific a tio n .

T h e  re la tiv e  ease  w ith  w h ic h  casings 
c o u ld  be rem o v ed  fro m  th e  lo ts  o f  fra n k 
fu r te rs  is re p o r te d . P ee lin g  w as sco red  as 
p o o r  in  rem o v in g  casings fro m  five lo ts  o f  
f ra n k fu r te rs , tw o  e a c h  a m o n g  f r a n k fu r t
ers c o n ta in in g  th e  d if fe re n t  fa ts  a n d  o n e  
c o n ta in in g  th e  c o tto n s e e d  o il. A ll h a d  
b een  p re p a re d  fro m  em u ls io n s  c h o p p e d  
to  7 8 ° F  o r  ab o v e . “ F a t-c a p s”  h a d  fo rm e d  
on  o n ly  o n e . A lth o u g h  p ee lin g  sco res  o n  
o th e r  lo ts  w h ic h  h ad  b e e n  c h o p p e d  to  
h ig h  te m p e ra tu re s  w ere  ra te d  as g o o d , th e  
re su lts  suggest th a t  c h o p p in g  to  h igh  
te m p e ra tu re s  w as re sp o n s ib le  fo r  p o o r  
pee lin g  w h e n  it  o c c u rre d , p o ss ib ly  o w in g  
to  a  lack  o f  th e  su rfa c e  g reas in ess w h ich  
h as b een  re p o r te d  to  b e  a fa c to r  (S a ffle  e t 
a l., 1 9 6 4 ).

R esu lts  o f  sp ec ific  g rav ity  d e te rm in a 
tio n s  o f  f r a n k fu r te rs  f ro m  all lo ts  are 
sh o w n  in T ab le  2. T h e  d a ta  in d ic a te  th a t  
th e  sp ec ific  g rav ity  b ec a m e  1 .0 0 0  or 
h ig h er in  f r a n k fu r te rs  p re p a re d  fro m  
em u ls io n s  c h o p p e d  to  th e  h ig h e s t te m p e r
a tu re s  a tta in e d . T h is  re q u ire d  a re d u c t io n  
o f  a p p ro x im a te ly  o n e -h a lf  th e  a ir p re se n t 
in  f ra n k fu r te rs  p re p a re d  fro m  em u ls io n s  
c h o p p e d  to  4 5 °  o r  5 5 ° F  ( f ra n k fu r te rs  
p re p a re d  fro m  v a c c u m -tre a te d  e m u ls io n s  
ran g ed  fro m  1 .0 4 - 1 .0 5 ) .  I t  is rea so n a b le  
to  assu m e th a t ,  as te m p e ra tu re  in c rea sed , 
a ir  b ecam e  less so lu b le .

T h e  e f f e c t o f  sk in  s t re n g th  (p u n c tu re  
te s t)  o f  c h o p p in g  e m u ls io n s  to  in c reas in g  
te m p e ra tu re s  is  sh o w n  in  T a b le  3 b y  
reg ression  e q u a tio n s . E q u a tio n s  fo r  each  
series in d ic a te  th a t  in c reas in g  th e  tim e- 
te m p e ra tu re  o f  c h o p p in g  te n d e d  to  d e
crease sk in  s tre n g th : 13 o f  18 re la tio n 

sh ip s b e in g  s ig n ific a n t a t th e  95% , o r 
h ig h e r , level o f  c o n fid e n c e . I t  h as  b een  
re p o r te d  th a t  sk in  s tre n g th  is d ev e lo p e d  
b y  a  m ig ra tio n  o f  p ro te in  to  th e  su rface  
o f  f r a n k fu r te r s  an d  su b s e q u e n t d e n a tu ra -  
t io n  d u rin g  sm o k in g  (S a ffle  e t  a l., 1 9 6 4 ). 
A ssu m in g  th is  m ec h a n ism  to  b e  th e  
so u rce  o f  sk in  s tre n g th , m ig ra tio n  in  
f r a n k fu r te rs  p re p a re d  fro m  em u ls io n s  
c h o p p e d  to  4 5 °  o r  5 5 ° F , in c lu d in g  som e 
lo ts  o n  w h ich  “ fa t-c a p s”  fo rm e d , w as 
g re a te r  th a n  in  f r a n k fu r te r s  p re p a re d  
fro m  e m u ls io n s  c h o p p e d  a t  h ig h e r te m 
p e ra tu re s . A p o ss ib le  e x p la n a tio n  o f  d e
c rea sed  p ro te in  m ig ra tio n  c o u ld  b e  th a t  
p ro te in s  w ere  in c rea s in g ly  u ti liz e d  in  
m e m b ra n e  fo rm a tio n  as c h o p p in g  p ro 
ceed ed  to  h ig h e r te m p e ra tu re s  an d  w ere 
in so lu b le .

R eg ress io n  lin es o f  m e a n  va lues o f  
e la s tic ity  o n  te m p e ra tu re  are  sh o w n  in 
F ig u re  3. A n a ly ses  sh o w ed  th a t  d if fe r
en ces  in  th e  e la s tic ity  o f  f ra n k fu r te rs  
p re p a re d  w ith  25%  o r  35%  o f  th e  fa ts , o r 
th e  o il, a n d  c h o p p e d  a t d if fe re n t rp m  
w ere  n o t  s ta tis tic a lly  s ig n ific a n t an d  th e  
d a ta  w ere  p o o le d . T h e  re s u lts  sh o w  th a t  
th e  e la s tic ity  o f  f ra n k fu r te r s  d ec rea sed  in 
th e  o rd e r  c o tto n s e e d  o il, p o rk  fa t  an d  
b e e f  fa t . In  in fo rm a l ta s tin g , f ra n k fu r te rs  
p re p a re d  w ith  c o tto n s e e d  o il w ere  fo u n d  
to  have a f in e , u n fa m ilia r  a n d  p o o r  
te x tu re .  I ts  re la tiv e ly  h ig h  e la s tic ity  can 
b e  e q u a te d  to  ru b b e r in e ss , since  a p e r 
fe c tly  e la s tic  sy s te m  w o u ld  h av e  an  e las
tic ity  o f  o n e  o n  th e  scale sh o w n  in  F ig u re
3 . In c rea s in g  tim e  a n d  te m p e ra tu re  o f

c h o p p in g  d e c re a se d  e la s tic ity  to  a d eg ree , 
b u t  e la s tic ity  p r im a rily  d e p e n d e d  o n  th e  
lip id  p re s e n t. D iffe ren ces  in  th e  d isp e r
s ion  o f  th e  fa ts , o r  th e  o il, d u rin g  
c h o p p in g  c o u ld  a c c o u n t fo r  th e  o b se rv ed  
d if fe re n c e s . A se c o n d  p a p e r  w ill co n sid e r 
su c h  ev id en ce .
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EFFECTS OF TYPES OF FAT AND OF RATES AND TEMPERATURES OF COMMINUTION 
ON DISPERSION OF LIPIDS IN FRANKFURTERS

S U M M A R Y —The e ffe c t o f  tim e, tem perature an d  rp m  o f  c o m m in u tio n  o f  em ulsions was de te r
m ine d  on the dispersion o f  a p p ro x im a te ly  25% o f  bee f fat, p o rk  fa t o r cottonseed o i l  in  fra n k 
furters. The num bers o f  l ip id  pa rtic les  5  p o r  less in  d iam eter increased in  fra n k fu rte rs  con ta in ing  
e ith e r bee f o r  p o rk  fa t as c o m m in u tio n  was c o n tin u e d  to  h igher tem peratures, w ith  p o rk  fa t 
dispersed m ore  tho rou gh ly . F a t tended to  separate fro m  fra n k fu rte rs  con ta in ing  bee f fa t in  p a r t i
cles 2 0 0  p o r m ore  in  diam eter. In  con trast, no specific  degree o f  dispersion o f  pa rtic les  5  p o r less 
in  d iam eter cons is ten tly  in d ica ted  em ulsion s ta b ility , o r  its  lack. Increased rp m  du ring  co m m in u 
tio n  p roduce d  an increased dispersion o f  bee f o r p o rk  fat. U nder the same con d itions  p o rk  fa t was 
dispersed m ore  f in e ly  than b e e f fat. Dispersion o f  cottonseed o i l  p roduce d  fin e ly  dispersed p a r t i
cles b e yond  the reso lu tion  o f  lig h t m icroscopy, as was c o n firm e d  b y  e lec tron  m icroscopy w hich  
showed a substantia l num ber o f  pa rtic les  to  be less than 1 p in  diam eter.

IN T R O D U C T IO N

T H IS  A R T IC L E  is th e  se c o n d  re p o r tin g  
re su lts  o f  a  s tu d y  o f  th e  e ffe c ts  o f  v a ry in g  
ty p e s  o f  fa t  a n d  o f  ra te s  a n d  te m p e ra tu re s  
o f  c o m m in u tio n  o n  th e  p ro cess in g  an d  
p ro p e r tie s  o f  f ra n k fu r te rs . D a ta  o n  th e  
v isco sity  o f  em u ls io n s  a n d  o n  th e  p ro cess
ing , sp ec ific  g rav ity , sk in  s tre n g th  an d  
e la s tic ity  o f  th e  f ra n k fu r te r s  h av e  b een  
r e p o r te d  (T o w n se n d  e t  a h , 1 9 7 1 ). T h e  
re su lts  o f  a h is to lo g ic a l s tu d y  o f  th e  
d isp e rs io n  o f  lip id s  in  th o s e  f r a n k fu r te rs  
c o n ta in in g  a p p ro x im a te ly  25%  fa t a re  
r e p o r te d  h e re . H is to lo g ica l s tu d ie s  c o n 
ce rn e d  w ith  th e  fo rm a tio n  o f  m e m b ra n e s  
w h ic h  en c lo se  fa t  h av e  b e e n  re la tiv e ly  
th o r o u g h  (H a n se n , 1 9 6 0 ; S w ift e t  a l., 
1 9 6 1 ; H e lm er a n d  S a ffle , 1 9 6 3 ; B o rc h e rt 
e t a l., 1 9 6 7 ); h o w ev e r, o n ly  lim ite d  d a ta  
e x is t o n  th e  size a n d  d isp e rs io n  o f  fa t 
p a r tic le s  (S a ffle , 1 9 6 8 ). T h e  re su lts  re 
p o r te d  d ea l w ith  th e  e f fe c ts  o f  th e  p ro c 
essing  p a ra m e te rs  o n  d isp e rs io n s  a n d  an y  
re la tio n  o f  v a r ia tio n s  o f  th e se  d isp e rs io n s  
to  em u ls io n  s ta b ility .

E X P E R IM E N T A L

Samples
The samples were obtained from lots of 

frankfurters containing approximately 25% 
beef fat, pork fat or cottonseed oil: preparation 
involved comminuting emulsions at 1,500, 
2,500 or 5,000 rpm to temperatures ranging 
from 45 to 85°F, stuffing, and cooking and 
smoking (Townsend et al., 1971). After prep
aration, those reserved for histological examina
tion were stored under vacuum in polyester 
pouches at 0°F.
Histological preparation

The samples were allowed to thaw and were 
placed in buffered 10% neutral formalin for 2 
wk. Sections removed from the center o f these 
were cooled to -4 °F  and 16-p sections were 
cut. These were mounted on chilled slides wet

1 Present address: Richard B. Russell Agri
cultural Research Center, ARS, USDA, P.O.
Box 5677, Athens, Georgia 30604 .

ted with chrome glycerine jelly. They were then 
sprayed w ith a freshly prepared dilute solution 
o f egg albumen, after which the slides were in
verted over formalin for 1 min. The sections 
were stained 5 min in 0.5% solution o f Sudan 
Black-B in 70% ethanol, washed in water, coun- 
terstained 5 min in 0.1% aqueous solution of 
nuclear fast red (Kernechtrot), washed in water 
and mounted in chrome glycerine jelly.

Estimation o f size and number o f fat 
particles

Measurements were made with a Bausch & 
Lomb Dynazoom microscope. A linearly scaled 
eyepiece micrometer disc was used in measuring 
size and a squared grid in counting numbers. 
The discs were calibrated for use at magnifica
tions o f 100 and 400x. Particles having diam
eters o f 200 p, or larger, were counted in
0.5-mm2 areas o f five sections prepared from
1 -2  frankfurters at a 100X magnification. Par
ticles having diameters o f 5 p , or less, were 
counted in three 625-p2 areas o f sections pre
pared from a frankfurter in each treatment lot 
at a 400x magnification: the results are re
ported as particles per 0.5 mm2.
Photomicrography

Photomicrographs were taken w ith a Zeiss 
microscope equipped w ith a 25/0.63 planoapo- 
chromat lens using Kodak High Contrast copy 
film.
Electron microscopy

Small pieces (%-sq in.) were cut from the 
center o f the frankfurters. The samples were 
prepared by prefixing in 5% glutaraldehyde in
0.1M phosphate buffer at pH 7.45 for 2 hr 
(Borchert et al., 1967). The samples were re
moved from the glutaraldehyde and cut into 
small blocks (-1 mm2) and washed overnight in 
0.2M sucrose buffered w ith 0.1M phosphate at 
pH 7.45. The small blocks were fixed in 1% 
OsC>4 in 0.1M phosphate buffer for 4 hr. Em
bedding in epoxy resin was performed (Luft, 
1961). Gold to silver sections were cut on an
L.K.B. Ultratome III, stained w ith uranyl ace
tate and lead citrate and examined w ith an 
RCA EMU-3G electron microscope at 50 k.V. 
accelerating voltage.

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

T A B L E  1 sh o w s th e  average n u m b e rs  o f

p a rtic le s  5 (i o r  less in  d ia m e te r  in  
0 .5 -m m 2 se c tio n s  o f  f r a n k fu r te r s  in  
w h ic h  b e e f  o r p o rk  fa t  w as th e  p r in c ip a l 
lip id . A c o m p a r iso n  o f  th e  d a ta  o n  
f r a n k fu r te rs  f ro m  w h ich  fa t  s e p a ra te d  
d u rin g  h e a t  p ro cess in g  (u n d e r l in e d )  w ith  
th o se  o f  th e  rem a in in g  f r a n k fu r te r s  sh o w s 
th a t  n o  given d isp e rs io n  c o n s is te n t ly  in d i
ca te d  e m u ls io n  s ta b il ity  o r  its  la c k . In  
g en era l, th e  n u m b e rs  o f  sm all p a r tic le s  
in c rea sed  as c o m m in u tio n  w as c o n tin u e d  
to  h ig h er te m p e ra tu re s . R e su lts  o f  s ta t i s t i 
cal an a ly ses a p p lie d  to  th e  lin e a r reg re s 
sions (C h o w , 1 9 6 0 ) in d ic a te  th a t  in 
creased  d isp e rs io n  w as o b ta in e d  w ith  
in c rea sed  rp m  d u rin g  c o m m in u t io n ; i.e ., 
c o m m in u tio n  o f  b e e f  fa t  p ro d u c e d  d isp e r
s ion  in  th e  d ec reas in g  o rd e r  5 ,0 0 0  (C ),
2 .5 0 0  (B ) an d  1 ,5 0 0  rp m  (A ), a n d  c o m 
m in u tio n  o f  p o rk  fa t  in  th e  d ec rea s in g  
o rd e r  5 ,0 0 0  (F )  a n d  2 ,5 0 0  (E ). R e su lts  
a lso  in d ic a te  th a t  p o rk  fa t  w as m o re  
fin e ly  d isp e rsed  th a n  b e e f  f a t  c o m m i
n u te d  a t each  o f  th e  ra te s ;  i.e ., a t 5 ,0 0 0  
rp m , F  >  C; a t  2 ,5 0 0  rp m , E >  B a n d  a t
1 .5 0 0  rp m , D >  A. O n  a p p ly in g  th e  h is to 
log ical te c h n iq u e  an d  m ic ro sc o p ic  e x a m 
in a tio n s  to  f ra n k fu r te r s  c o n ta in in g  c o t 
to n se e d  o il, th e  lip id  p a r t ic le s  c o u n te d  
w ere  a p p ro x im a te ly  o n e -h a lf  th e  n u m b e rs  
re p o r te d  in  T ab le  1. A s w ill b e  fu r th e r  
d iscu ssed , p h o to m ic ro g ra p h s  o f  th e se  
sam p les sh o w ed  a la rg er n u m b e r  o f  sm all 
c lo se ly  p a c k e d  p a r tic le s  th a n  w ere  fo rm e d  
w ith  th e  o th e r  lip ids.

T ab le  2 show s th e  re s u lts  o f  d e te rm i
n a tio n s  o f  lip id  p a rtic le s  hav in g  d ia m e te rs  
2 0 0  ¡1 , o r  la rger. T h e  d a ta  in d ic a te  th a t  in  
f r a n k fu r te rs  f ro m  w h ic h  fa t  s e p a ra te d  
d u rin g  p ro cess in g  (u n d e r lin e d )  la rg e r 
n u m b e rs  o f  p a r tic le s  o f  th is  size w ere  
o b se rv ed . T h e  re su lts  a lso  in d ic a te  th a t  
n u m b e rs  o f  large p a rtic le s  w ere  c o n s id e r
ab ly  sm alle r in  f r a n k fu r te r s  in  w h ic h  p o rk  
fa t w as th e  p r in c ip a l lip id . F ra n k fu r te r s  
c o n ta in in g  c o tto n s e e d  o il as th e  p r in c ip a l 
lip id  w ere  free  o f  large  p a r tic le s ; f a t  h a d  
n o t  se p a ra te d  fro m  th e m  o r  th o s e  p re 
p a re d  w ith  p o rk  fa t d u rin g  h e a t p ro c e s s 
ing. A s w o u ld  be e x p e c te d , th e  d ec rea se  
o f  large p a rtic le s  sh o w n  in  T a b le  2 c o in 
cid es w ith  th e  in c rea se  o f  sm all p a r tic le s  
sh o w n  in  T ab le  1. A s c o m p a re d  w ith  
c o u n tin g  sm all p a rtic le s , th e  ease  an d  
s ig n ifican ce  o f  m easu rin g  th e  size o f  large  
p a rtic le s  re c o m m e n d s  th e  m e a s u re m e n t 
fo r  u se  in  p ro cess  a n d  p ro d u c t  d e v e lo p 
m e n t.

P h o to m ic ro g ra p h s  a to  e in c lu siv e  (F ig .
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DISPERSION OF LIPIDS IN FRANKFURTERS—2Q1

Fig. 1—Photom icrographs (4 0 0 x ) o f  em ulsions con ta in ing  25% beef fa t co m m in u te d  a t 2 ,5 00  rpm  to  (a) 4 5 °F, lb ) 5 5 °F, (c) 6 5 °F, (d) 7 5 °F  a n d  (e) 
82 °F , (f) a t 1,500 rp m  to 7 1 °F, (g) a t  5 ,0 00  rp m  to  8 5 °F , (h) em ulsion con ta in ing  p o rk  fa t co m m in u te d  a t 5 ,0 00  rp m  to  8 5 °F, (i) em ulsion con ta in 
ing  cottonseed o il  co m m in u te d  a t  5 ,0 00  rp m  to  8 5 °F, (j) e lec tron  m icrograph o f  em ulsion con ta in ing  cottonseed o il  co m m in u te d  a t 5 ,0 00  rp m  to 
8 5 ° (10,400x1. (C on tinued  n e x t page.)
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Fig. 1 —Concluded

Table 1—Average num bers o f  sm all l ip id  pa rtic les in  0 .5  m m 2 sections o f  frankfu rte rs .

Series
Type
fat

Emulsi
fication
(rpm)

Particles 5m diameter or less per 0.5 mm2 / 102 a 
Emulsification temperature (°F)

45 55 65 69 71 75 79 82 85
A Beef 1,500 25501 175b 33401465 39601560 40901 165 -  - — —
B 2,500 3135 1 375 41401350 4090 1 255 47201330 54701270 —
C 5,000 36901355 4475 1280 5025 1 195 5690190 - — 55001410

Pork 1.500
2.500 
5,000

3570 ±260 4080 ± 320 
39501330 
51601505

5235 ±725 
42301 195 
5490 + 530

47601725
54401465
63401630

5965 1 315 -

Results o f  tests o f  equality between sets o f  coefficients o f  pairs o f  linear regressions (Chow, 1960).
72301990

B >  A, P < 0 .0 2  5 
C > B ,  P < 0 .0 1  
C > A ,  P < 0 .0 1

D = E, n.s.

F > E ,  P < 0 .0 1  
F > D, P < 0 .1 0  
D > A ,  P < 0 .0 1  
E >  B, P <  0.05  
F > C, P <  0.01

^Underlines indicate fat separation occurred in cooking these lots (Townsend et al., 1971).
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Table 2 —Particles 2 0 0  i± o r  m ore  in  d iam eter in  sections o f  fra n k fu rte rs  prepared  w ith  b e e f fa t 
o r  p o rk  fa t.a

Emulsification
Temperature (°F)

Rpm Fat 45 55 65 69 71 75 79 82 85

A 1,500 Beef 4.2b 4.0 2.45 — 0.65 — — — —

Pork 0.8 0.8 0.4 — — — — _

B 2,500 Beef 3.6 4j6 3.4 - - 0.45 - 2.0 -
Pork — 2.4 1.2 — — 0.5 0.8 — —

C 5,000 Beef 12 4,8 M - - 1.65 - _ 0.65

Pork 1.8 0.8 — — 0.2 — — 0
aAverage o f  five replications on 0.5-m m 2 sections.
“ Underlines indicate fat separation occurred in cooking these lots (Townsend et al., 1971).

1) sh o w  as b la c k  a rea s  th e  d isp e rs io n  in  
f r a n k fu r te r s  p re p a re d  w ith  25%  b e e f  fa t  
f ro m  em u ls io n s  c o m m in u te d  to  te m p e ra 
tu re s  ran g in g  fro m  4 5 —8 2 ° F  a t 2 ,5 0 0  
rp m . C o m m in u tin g  a t  45  (a ) , 55  (b )  o r 
6 5 ° F  (c )  fa iled  to  p ro d u c e  a d e q u a te  
d isp e rs io n  as sh o w n  b y  th e  s e p a ra tio n  o f  
f a t  fro m  th e  f r a n k fu r te r s  in  th e  sm o k e 
h o u se  (T o w n se n d  e t  a l., 1 9 7 1 ). C o m m i
n u tin g  to  7 5 ° F  (d )  p ro d u c e d  th e  re la 
t i v e l y  f i n e  d i s p e r s i o n  sh o w n  in  
f r a n k fu r te rs  f ro m  w h ic h  f a t  d id  n o t  sep a 
ra te . T h e  p o o re r  d isp e rs io n  o b ta in e d  o n  
e x te n d e d  c h o p p in g  to  8 2 ° F  (e )  il lu s tra te s  
th e  e ffe c ts  o f  o v e rc h o p p in g  w h ic h  p ro 
d u ces  co a le sced  fa t  d u rin g  le n g th y  c h o p 
p in g  to  re la tiv e ly  h ig h  te m p e ra tu re s  
(T o w n se n d  e t  a l., 1 9 7 1 ).

P h o to m ic ro g ra p h s  f, d a n d  g sh o w  as 
b la c k  a reas  th e  d isp e rs io n  o f  b e e f  fa t

f r a n k fu r te r s  p re p a re d  f ro m  b e e f  fa t  e m u l
sio n s c h o p p e d  a t  1 ,5 0 0  rp m  to  7 1 ° F  (3 5  
m in ) , 2 ,5 0 0  rp m  to  7 5 ° F  (1 5 .3  m in ) o r
5 ,0 0 0  rp m  to  8 5 ° F  (6 .8  m in ) , re sp e c 
tiv e ly . T h e  f in e s t o f  th e  th re e  d isp e rs io n s  
is th a t  sh o w n  in  p h o to m ic ro g ra p h  g. T h e  
re su lts , as w ell as th o s e  sh o w n  in  T ab le  1, 
in d ic a te  th a t  c h o p p in g  a t  5 ,0 0 0  rp m  n o t  
o n ly  p ro d u c e d  a  f in e r  d isp e rs io n  a t  a 
g iven  te m p e ra tu re ,  b u t  th a t  a ch iev in g  th e  
e q u iv a le n t w as n o t  p o ss ib le  b y  a n  e x te n 
sio n  o f  c h o p p in g  a t  1 ,5 0 0  o r  2 ,5 0 0  rp m , 
since  71 a n d  7 5 ° F  w ere  th e  h ig h e s t 
a tta in a b le  te m p e ra tu re s  y ie ld in g  s ta b le  
em u lsio n s.

P h o to m ic ro g ra p h s  g, h  a n d  i sh o w  as 
b la c k  a reas  th e  d isp e rs io n  o b ta in e d  in  
f r a n k fu r te r s  c o n ta in in g  b e e f  fa t ,  p o rk  fa t 
o r  c o tto n s e e d  o il, re sp e c tiv e ly , as th e  
p r in c ip a l lip id  p re p a re d  fro m  e m u ls io n s

c o m m in u te d  a t  5 ,0 0 0  rp m  to  8 5 ° F . T h e y  
sh o w  th e  d isp e rs io n  o f  lip id s  to  b e  ip  th e  
in c rea s in g  o rd e r  b e e f  fa t ,  p o rk  fa t  an d  
c o tto n s e e d  o il. P h o to m ic ro g ra p h  j p re 
p a re d  u s in g  an  e le c tro n  m ic ro sc o p e  show s 
as lig h t a rea s  th e  d isp e rs io n  o f  c o tto n se e d  
o il o b ta in e d  o n  c o m m in u tin g  a t  5 ,0 0 0  
rp m  to  8 5 ° F . T h e  a p p re c ia b le  p o r t io n  o f  
sm all p a rtic le s , so m e  a p p ro x im a te ly  0.1 p 
as d e sc r ib e d  b y  B o rc h e r t  e t  al. (1 9 6 7 ) ,  
a c c o u n ts  f o r  th e  p ro b le m  e n c o u n te re d  in  
c o u n tin g  p a r t ic le s  in  s tu d y in g  d isp e rs io n s  
o f  th is  fa t  u s in g  lig h t m ic ro sc o p y .
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EFFECT OF NEAR INFRARED ENERGY ON RATE OF FREEZE DRYING OF BEEF 
1. Chamber Pressure and Radiation Intensity

S U M M A R Y —The effects  o f  vacuum cham ber pressure and  in te n s ity  o f  near in fra re d  energy on 
freeze d ry in g  ra te fo r  1-in .-th ic k  slices o f  eye ro u n d  were investigated. The ra d ia tion  source was a 
500-w  quartz  iod in e  tamp. Decreasing the cham ber pressure increased the freeze d ry in g  rate, 
especially du ring  the ea rly  stages o f  the d ry in g  cyc le  corresponding to  the in it ia l and  constan t rate 
periods. The c r it ic a l m o is tu re  c o n te n t seemed to  be a b o u t 43%. D iffe re n t energy in tensities o f  the 
same ra d ia tion  characteristics were ob ta ined  b y  varying the distance between in fra re d  heater and  
p ro d u c t. F o r distances o f  9, 13.5 and  18 in ., the inverse-square law  was n o t fo llo w e d ; the d ry in g  
ra te was faster than p re d ic te d  a n d  appeared to  vary lin e a rly  w ith  distance.

IN T R O D U C T IO N

F R E E Z E  D R Y IN G  is an  ex p en siv e  p ro c 
ess. T o  ach iev e  a m o is tu re  c o n te n t  b e lo w  
4%  in  a b e e f  cu b e  o r  s te a k  w ith o u t  h a rm  
to  its  q u a li ty , a d ry in g  tim e  o f  a b o u t  12 
h r  m u s t b e  e m p lo y e d . I f  th is  tim e  c o u ld  
b e  sa fe ly  s h o r te n e d , th e  c o s t c o u ld  b e  
a lm o s t p ro p o r t io n a l ly  re d u c e d . T h is 
w o u ld  re q u ire  a n  in c rea se  in  e ith e r  th e  
ra te  o f  m ass tr a n s fe r  o r  th e  ra te  o f  h e a t 
tr a n s fe r , w h ich ev e r is th e  lim itin g  fa c to r .

M ass tr a n s fe r  is f a c i l i ta te d  b y  a large 
v a p o r p re ssu re  d if fe re n tia l  b e tw e e n  th e  
ice in te rfa c e  in  th e  fo o d  p ro d u c t  a n d  th e  
a tm o sp h e re  in  th e  d ry in g  c h a m b e r  (H a r
p e r  a n d  T a p p e l, 1 9 5 7 ). T h e re fo re , th e r e  is 
g en e ra l a g re e m e n t th a t  th e  ice in te r fa c e  in  
th e  fo o d  sh o u ld  be a t  th e  h ig h e s t te m p e r 
a tu re  th a t  d o es  n o t  h a rm  p ro d u c t  q u a lity . 
H o w ev er, r e p o r ts  o n  c h a m b e r  p re ssu re  
sh o w  v aried  re su lts .

D y e r (1 9 6 5 )  c o n c lu d e d  th a t  a  fa s te r  
d ry in g  ra te  can  be o b ta in e d  b y  d ec reas in g  
e ith e r  th e  to ta l  gas p re ssu re  o r  th e  p a r t ia l 
p re s su re  o f  w a te r  a b o v e  th e  in te rfa c e . 
Y ao  e t  al. (1 9 5 6 )  o b ta in e d  ra p id  d ry in g  
ra te s  fo r  c h ic k e n  m e a t w h e n  p re ssu re s  a t 
o r  b e lo w  1 m m  H g w ere  e m p lo y e d . P eck  
e t  al. (1 9 6 0 )  m ad e  th e  re c o m m e n d a tio n  
th a t  a freeze  d ry e r  sh o u ld  b e  o p e ra te d  a t 
a  p re ssu re  o f  a b o u t  3 /4 -m m  Hg.

S arav aco s (1 9 6 5 )  a n d  L u sk  e t  al.
(1 9 6 5 )  o b se rv ed  n o  s ig n ifican t d iffe re n c e s  
in  th e  o v er-a ll d ry in g  ra te s  w h en  c h a m b e r 
p re ssu re s  w ere  in  th e  ran g e  o f  0 .0 5  —i . 5 
m m  Hg. H o w ev er, L u sk  e t  al. (1 9 6 5 )  
n o te d  a fa s te r  in i tia l d ry in g  ra te  a t  lo w er 
p ressu res .

G in n e tte  e t  al. (1 9 5 8 )  n o te d  an  in 
crease  in  d ry in g  ra te  o f  c a r ro t  d ice  w ith  
an  in c re a se  in  to ta l  p re ssu re . H a rp e r
(1 9 6 2 )  p o s tu la te d  th a t  th e  th e rm a l c o n 
d u c tiv ity  o f  th e  p o ro u s  d ry  m a te r ia l is a 
c o m b in a tio n  o f  th e  th e rm a l c o n d u c tiv ity  
o f  th e  d ry  m a tr ix  a n d  th a t  o f  th e  gas 
fillin g  th e  p o re s ; s in ce  th e  th e rm a l c o n 
d u c tiv ity  o f  th is  gas in c rea se s  w ith  in 
crease  in  p re s su re , th e  d ry in g  ra te  sh o u ld  
also  in c rease .

L ev in so n  a n d  O p p e n h e im e r (1 9 4 8 )  o b 
served  th a t  in f ra re d  ra d ia tio n  re d u c e d  th e

d ry in g  tim e  b y  m o re  th a n  h a lf  w hen  
c o m p a re d  to  c o n d u c tio n  freeze  d ry in g . 
S im ila r re su lts  w ere  o b ta in e d  b y  Z am zo w  
an d  M arshall (1 9 5 2 ) .  T a p p e l e t  al. (1 9 5 5 )  
u se d  in f ra re d  ra d ia t io n  in  th e  2 —8-/t 
w a v e len g th  ran g e  fo r  th e  freeze  d ry in g  o f
1- in .- th ic k  p ieces o f  b icep s  fe m o ris  m u s
cle a n d  r e p o r te d  d ry in g  tim e s  c o m p a ra b le  
to  c o n v e n tio n a l c o n d u c tio n  h ea tin g .

L a rso n  e t  al. (1 9 6 7 )  v a ried  th e  w ave
le n g th  o f  p e a k  em iss io n  fro m  a 5 0 0 -w  
q u a r tz  lam p  b e tw e e n  0 .9 6  an d  1 .1 0  ju. He 
fo u n d  th a t  th e  d ry in g  ra te  in c re a se d  w ith  
d ec rea s in g  w av e len g th  b u t  re la tiv e ly  se
v e re  p ro d u c t  c h a rr in g  o c c u rre d  a f te r  1 h r. 
B y a b so rb in g  lo n g e r w av e len g th s  w ith  a 
f i lte r , c h a rr in g  in i t ia t io n  tim e  w as d e la y e d  
b y  3 0  m in . B est re s u lts  w ere  o b ta in e d  
u s in g  in te r m it te n t  ra d ia n t h e a tin g  w ith  
h ig h  in itia l in te n s i ty  w h ich  w as p ro g re s 
sively  re d u c e d .

T h u s , th e  g en e ra l o b je c tiv e  w as to  
ev a lu a te  n e a r  in f ra re d  ra d ia tio n  as th e  
e n e rg y  so u rc e  fo r  f reeze  d ry in g  o f  b eef. 
S p ec if ica lly , th e  e f fe c t o f  tw o  v ariab les  
o n  th e  d ry in g  ra te  w as d e te rm in e d : ch a m 
b e r  p re ssu re  b e tw e e n  0 .7 0  a n d  4 .5  m m  
H g a n d  ra d ia tio n  in te n s i ty  w h ich  w as 
v a ried  b y  a d ju s tin g  so u rc e  to  p ro d u c t 
d is tan ce .

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

The dehydration apparatus
Manufactured by Vacudyne Corporation 

(Chicago Heights, 111.), the drying chamber was 
a 5-ft cube. A 6-in.-diameter evacuation port, 
located in the center o f the rear side, was con
nected to a single-stage vacuum pump (Model 
KDH-130, Kinney Vacuum Pump Co., Boston, 
Mass.), which could reduce the pressure to 
about 1 mm Hg in 10 min. Total pressure in the 
chamber was measured w ith a thermocouple 
vacuum gauge (Model VT-4B, Hastings-Raydist, 
Inc., Hampton, Virginia).

The chamber was fitted w ith two condenser 
coils. One, installed along the rear wall inside 
the chamber, was constructed o f 17 turns, each 
4 f t  long o f 1 1 /8-in. o.d. copper tubing and 
maintained at —20°F. The second, in the form 
o f a U-shaped cold-finger located between the 
chamber and the vacuum pump, was 15 f t  long 
o f 5/8-in. o.d. copper tubing and maintained at 
-40°F .

The radiation source was a 500-w quartz 
iodine lamp (Hodge, 1961), 500 T-3Q/CL 
(Large Lamp Department, General Electric Co., 
Nela Park, Cleveland, Ohio), w ith a 3-in.-long 
heated tungsten filament. When operated at its 
rated voltage, 120 v, it  burned at a color tem
perature o f 3000°K, had a peak emission wave
length o f slightly less than 1 g  and followed the 
normal tungsten energy distribution curve.

The sample was weighed at frequent inter
vals during drying w ithout breaking the vac
uum. The meat slice was held in a vertical posi
tion on one pan o f a specially constructed 
double-pan beam balance and a chain counter
weight in the other pan. To make a weighing 
after some drying, a constant-speed motor in 
the chamber was activated to remove sufficient 
chain to re-establish balance. The time o f motor 
operation, calibrated in terms o f weight re
moval, was recorded.
Raw material

Raw beef eye round, U.S. Good Grade, was 
used. Surface fat and connective tissue were 
trimmed, the muscle tied in a circular shape, 
wrapped in freezer paper and frozen for 2 days 
at 0°F. l-in.-thick slices were sawed at right 
angles to the meat fibers. End slices were dis
carded, care being taken to avoid any thawing 
o f the meat and the slices returned to 0°F stor
age. Three holes, 1.5 in. deep and 3/32-in. 
diameter, were drilled into the side o f each slice 
for insertion o f 28-gauge copper-constantan 
thermocouples; two just below each cut surface 
and one in the center between them. A fter de-

sures fo r  th ic k  slices o f  ra w  eye ro u n d  w ith  
h ig h -in te ns ity  in fra re d  ra d ia tion  as heat source.
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hydration, the samples were vacuum packed 
and held at -40°F . Moisture content o f the 
whole dehydrated slice was determined by the 
magnesium perchlorate desiccator method (Sal- 
win, 1963).

Expression of results
Each slice was weighed on a Mettler balance 

to 0.2g before and after dehydration. The mois
ture content at any time during drying was cal
culated from the initial weight, initial moisture 
content and the weight loss to that time (as 
shown by chain removal from the balance pan) 
in terms o f T value, g water/g dry matter. A 
drying curve o f T vs. time was plotted. The 
drying rate was determined as change in T per 
hour at a given moisture content and time by 
taking the slope o f the drying curve at this 
point. The rate could then be plotted against 
either parameter.

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

C h am b er p ressu re
T o ta l p re s su re  in  th e  v a c u u m  c h a m b e r 

w as c o n tro lle d  a t  th re e  levels; h ig h ,
3 .5 —4 .5  m m  H g; m e d iu m , 1 .6 5 —2 .2 0  m m  
Hg a n d  low , 0 .7 0 —0 .9 5  m m  Hg. T h e  h ig h  
a n d  m e d iu m  p re ssu re s  w ere  o b ta in e d  by  
b leed in g  a ir in to  th e  d ry in g  c h am b e r. 
O n ly  o n e  in f ra re d  h e a te r , p la c e d  12 in . 
fro m  o n e  c u t su rfa c e  o f  th e  m e a t, w as 
e m p lo y e d . A f te r  d ry in g  in  th is  p o s i tio n  
fo r 6 h r , th e  c h a m b e r  w as m o m e n ta r ily  
o p e n e d  an d  th e  sam p le  tu r n e d  so th e  
o th e r  c u t su rfa c e  fa c e d  th e  h e a te r , u n ti l  
d ry in g  w as te rm in a te d .

T h e  d ry in g  cu rv es in  F ig u re  1 sh o w  
th a t  m o is tu re  c o n te n t  a t  an y  tim e  w as 
lo w est w ith  th e  lo w e s t c h a m b e r  p ressu re  
an d  a lm o s t as lo w  w ith  th e  m e d iu m  
p re ssu re ; th e  m o is tu re  w as m u c h  h ig h e r a t 
th e  h ig h  p re ssu re . F o r  in s ta n c e , a t  10 h r 
th e  T  va lu es w ere  0 .0 8 , 0 .1 3  a n d  0 .3 2 , 
re sp ec tiv e ly . E x tra p o la t io n s  o f  th e se  
curves in d ic a te  th a t  a T  va lue  o f  0 .0 3

Fig. 2 —D ry ing  ra te curves a t  three cham ber 
pressures fo r  th ic k  slices o f  ra w  eye ro u n d  w ith  
h igh -in tens ity  in fra re d  ra d ia tion  as heat source.

w o u ld  have b e e n  re a c h e d  in  a b o u t  11,
12 .5  a n d  16 h r  a t  lo w , m e d iu m  a n d  h igh  
p re ssu re , re sp ec tiv e ly .

F ig u re  2 sh o w s th e  v a r ia tio n  in  ra te  o f  
d ry in g  w ith  m o is tu re  c o n te n t  deriv ed  
fro m  th e  d ry in g  cu rv es in  F ig u re  1. T h ree  
d if fe re n t reg io n s  c a n  be d isc e rn e d : a h igh  
b u t  ra p id ly  fa llin g  in i tia l r a te , th e n  a 
re la tiv e ly  c o n s ta n t  r a te  a n d , f in a lly , a 
fa llin g  ra te . T h e  h ig h  in itia l ra te  a t  all 
th re e  p re ssu re s  can  b e  a t t r ib u te d  to  evap
o ra t io n  fro m  th e  su rfa c e  w h ere  d ry - lay e r 
re s is tan ce  to  h e a t an d  m ass tra n s fe r  is s till 
neg lig ib le . A t a T  va lue  o f  1 .9 , th e  ra te  
u n d e r  th e  h ig h -p ressu re  c o n d it io n  h a d  
fa llen  to  0 .2 , w h e reas  ra te s  fo r  th e  m e
d iu m - a n d  lo w -p re ssu re  c o n d it io n s  w ere  
s till 0 .5 0  a n d  0 .6 3 , re sp e c tiv e ly , th u s  
i l lu s tra tin g  th e  b e n e fic ia l e f fe c t o f  low  
p re ssu re  o n  th is  in itia l ra te .

T h e  c o n s ta n t- r a te  re g io n  is w ell d e 
fin e d  fo r  th e  h ig h -p re ssu re  c o n d it io n  (F ig .
2 ); th e  ra te  re m a in e d  a t  0 .1 8  fro m  a T  
v a lu e  s lig h tly  ab o v e  1.8 to  a b o u t  0 .8 . In  
fa c t ,  a t  a ll th re e  p re ssu re s  th e  fa llin g  ra te  
reg io n  seem ed  to  b e  in i t ia te d  a t th e  sam e 
T  v a lu e , 0 .8 , an d  th e  ra te s  w ere  q u ite  
s im ila r a t  a n y  g iven  m o is tu re  c o n te n t  in  
th is  reg io n . T h is  suggests th a t  b o th  th e  
c ritic a l m o is tu re  c o n te n t  a n d  th e  ra te  in  
th e  fa llin g  ra te  reg io n  a re  in d e p e n d e n t o f  
c h a m b e r  p re ssu re .

S o m e a d d it io n a l ev id en c e  fo r  th is  o b 
se rv a tio n  can  b e  d e riv ed  fro m  a p lo t o f  
te m p e ra tu re  a t  th e  c e n te r  o f  th e  sam p le  
ag a in s t m o is tu re  c o n te n t  (F ig . 3 ). I t  can  
be o b se rv ed  th a t  fo r  all th re e  p re ssu re s  a 
fa s te r  rise in  c e n te r  te m p e ra tu re  s ta r te d  
a f te r  a T  va lue  o f  a b o u t 0 .7 5  w as rea c h e d . 
A s th e  m o is tu re  c o n te n t  d ec rea sed  b e lo w  
th is  p o in t ,  th e  in c rea se  in  c e n te r  te m p e ra 
tu r e  w as sim ilar. A lso , th e  in i t ia l  c e n te r  
te m p e ra tu re  a t  a T  v a lu e  o f  2 .4  (F ig . 3 )

v a ried  d ire c tly  w ith  p re ssu re ; fo r  h ig h , 
m e d iu m  a n d  lo w  p re ssu re  i t  w as + 3 .5 , - 7  
an d  — 1 3 °F , re sp e c tiv e ly . A t th e se  p res
su res  th e  e q u ilib r iu m  su b lim a tio n  te m p e r
a tu re  fo r  ice is a b o u t  2 9 , 14 an d  —2 ° F , 
re sp ec tiv e ly .

T h e  d is c re p a n c y  b e tw e e n  m e a t an d  ice 
te m p e ra tu re s  h as a lre a d y  b e e n  p a rtia lly  
e x p la in e d  b y  D y e r (1 9 6 5 ) ,  w h o  sh o w ed  
th a t  th e  so lu te s  su sp e n d e d  in  th e  a q u e o u s  
la y e r  o f  th e  m e a t d ep re ss  th e  e q u ilib r iu m  
v a p o r p re ssu re  o f  b e e f  b y  a p p ro x im a te ly  
20%  w h e n  c o m p a re d  to  p u re  ice a t  th e  
sam e te m p e ra tu re .  T h e  freez in g  p o in t 
d e p re ss io n  in  th e  p re s e n t e x p e r im e n t e x 
ceed ed  th e  va lu es r e p o r te d  b y  D y er. T h is  
is p ro b a b ly  b e cau se  c o n tin u o u s  su b lim a
t io n  d u rin g  a c tu a l f reeze  d ry in g  c re a te s  a 
d y n a m ic  r a th e r  th a n  e q u ilib r iu m  s itu a 
tio n .

I t  w as c o n c lu d e d  f ro m  th e se  e x p e ri
m e n ts  th a t  lo w  c h a m b e r p re ssu re s  d e
crease  d ry in g  tim e  b ecau se  th e y  in c rease  
d ry in g  ra te  in  b o th  th e  in itia l a n d  c o n 
s ta n t- r a te  s tag es o f  d ry in g .

R a d ia t io n  in te n s i ty
A c c o rd in g  to  th e  in v erse -sq u are  law , 

w h e n  th e  ra d ia n t  en e rg y  fro m  a  sm all 
su rfa c e  is in te rc e p te d  b y  a la rg e r o n e , th e  
e n e rg y  p e r  u n i t  a re a  o f  rece iv in g  su rfa c e  is 
in v erse ly  p ro p o r t io n a l  to  th e  sq u a re  o f  
th e  d is ta n c e  b e tw e e n  th e  su rfaces. T h u s , 
if  a p iece  o f  m e a t is m o v ed  tw ic e  as fa r 
f ro m  th e  ra d ia n t  h e a t  so u rc e , i t  w ill 
rece iv e  1 /4  as m u c h  e n e rg y . T h e  q u e s tio n  
arises as to  w h e th e r  th e  d ry in g  ra te  w ill 
a lso  b e  re d u c e d  to  1 /4 .

T h re e  slices o f  m e a t w ere  o b ta in e d  
fro m  th e  sam e  m u sc le . T w o  in f ra re d  
h e a te rs  a p p lie d  ra d ia n t  e n e rg y  s im u lta n e 
o u s ly  to  b o th  sid es o f  e a c h  slice. A 9 -in . 
h e a te r  to  sam p le  d is ta n c e  w as e m p lo y e d  
f irs t. W h en ev er th e  su rfa c e  o f  th e  m e a t

MOISTURE CONTENT, g w o ttr /g  dry matter
Fig. 3 —Change in  cen ter tem peratures w ith  m o is tu re  co n te n t a t three  
pressures du ring  freeze d ry in g  o f  th ic k  slices o f  ra w  eye ro u n d  w ith  
h ig h -in te ns ity  in fra re d  rad ia tion  as heat source.
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Table 1—E ffe c t o f  heater-to-sam ple distance on  m o is tu re  co n te n t 
and  on m o is tu re  loss ra tio  w ith  tim e o f  freeze d ry in g  o f  b e e f b y  in fra 
re d  rad ia tion . E xpected  values based on inverse-square law.

Drying time 
(hr)

Distance (in.) Distances compared
9 13.5 18 13.5/9 18/13.5 18/9

T value (g water/g solids) M oisture loss ratio (%)
0 2.84 2.84 2.84 — — —
2 1.37 1.71 2.00 78 75 58
4 0.71 1.14 1.48 80 80 64
6 0.29 0.75 1.10 82 83 68
8 0.05 0.46 0.81 85 85 73

Expected — — — 44 44 25

re a c h e d  1 3 0 ° F , th e  v o ltag e  w as re d u c e d  
to  p re v e n t su r fa c e  o v e rh e a tin g ; th e  tim e  
a t e a c h  v o ltag e  w as re c o rd e d . T h e  sam e 
c o m b in a tio n  o f  v o ltag e  an d  tim e  u sed  
w ith  th e  9-in . d is ta n c e  w as th e n  a p p lie d  
to  e x p e r im e n ts  a t  13 .5  a n d  18 in .,  even  
th o u g h  th e  su rfa c e  te m p e ra tu re  d id  n o t  
rise  to  1 3 0 °F . T h u s , th e  to ta l  r a d ia n t 
e n e rg y  e m i tte d  b y  th e  h e a te rs  d u rin g  
d ry in g  w as th e  sam e fo r  a ll th re e  d is
tan ce s .

D ry in g  ra te  c o m p a r iso n s  w ere  b ased  
o n  th e  m o is tu re  lo s t b y  e a c h  sam p le  
d u rin g  a  g iven d ry in g  tim e . A M o istu re  
L oss R a tio  (M .L .R .)  w as c a lc u la te d  as th e  
d ec rease  in  T  va lue  a t  th e  lo n g e r d is ta n c e  
d iv id ed  b y  th e  d ec rea se  in  T  va lue  d u rin g  
th e  sam e tim e  a t  th e  s h o r te r  d is ta n c e , 
m u ltip lie d  b y  100 . T h e  m o is tu re  c o n te n ts  
a t  2 -h r in te rv a ls  a n d  th e  M .L .R . ca lc u 
la te d  fro m  th e m  a re  sh o w n  in  T ab le  1.

O n ly  a t  th e  9-in . d is ta n c e  w as th e  
m o is tu re  c o n te n t  re d u c e d  to  b e lo w  5% in  
8 h r , a t  13 .5  in . i t  w as s till 31%  a n d  a t  18 
in ., 45% . T h u s , d is ta n c e  d id  have a large 
e f fe c t o n  d ry in g  ra te . H o w ev er, as sh o w n  
b y  th e  h ig h  M .L .R . in  T ab le  1, in  a ll cases 
th e  d ry in g  ra te  a t  th e  lo n g e r d is ta n c e  w as 
h ig h e r th a n  th a t  p re d ic te d  b y  th e  inverse- 
sq u a re  law  fro m  th e  ra te  a t  th e  s h o r te r  
d is ta n c e . T h e  M .L .R . in c re a se d  lin ea rly  
w ith  d ry in g  tim e  in  e a c h  c o m p a r iso n , 
p ro b a b ly  b e c a u se  a t  an y  g iven tim e  th e  
sam p le  a t  th e  s h o r te r  d is ta n c e  w as d rie r, 
so  th a t  its  ra te  o f  m o is tu re  loss d ec rea sed  
fa s te r  in  re la tio n  to  th a t  o f  th e  sam p le  a t 
th e  lo n g e r d is ta n c e .

I t  is o f  in te re s t  to  n o te  th a t  th e  M .L .R . 
fo r  th e  1 3 .5 /9  a n d  th e  1 8 /1 3 .5  h a lf-d is
ta n c e  c o m p a r iso n s  w ere  p ra c tic a lly  th e  
sam e (T a b le  1) a n d  th e  p ro d u c t  o f  th e se  
tw o  M .L .R . is e q u a l to  th a t  e x p e r im e n 
ta lly  fo u n d  f o r  th e  1 8 /9 , o r  fu ll-d is ta n c e  
c o m p a r iso n . T h ese  f in d in g s  in d ic a te  a 
lin ea r re la tio n sh ip  b e tw e e n  d ry in g  ra te  
a n d  h e a te r - to -p ro d u c t d is tan ce .

T w o  re a so n s  m ay  a c c o u n t fo r  th is  
d is c re p a n c y  o f  th e  o b se rv ed  re s u lts  w ith  
th e  in v erse -sq u are  law . F ir s t ,  M oon

(1 9 3 6 )  p o in te d  o u t  t h a t  in  a p p ly in g  th e  
in v erse -sq u are  law  w ith o u t  s ig n ifican t e r
ro r , th e  d is ta n c e  b e tw e e n  th e  so u rc e  an d  
th e  o b je c t m u s t b e  a t  le a s t five tim e s  th e  
g re a te s t d im e n s io n  o f  th e  so u rce . In  th is  
e x p e r im e n t o n ly  th e  18-in. d is ta n c e  e x 
c eed ed  th is  lim it. S e c o n d ly , th e  ra d ia tio n  
e m itte d  b y  th e  h e a te r  w as n o t  p ro p a g a te d  
in  a ll d ire c tio n s , b u t  r a th e r  w as in  “ p a ra l
le l”  ra y s  a im ed  in  th e  d ire c tio n  o f  th e  
sa m p le ; th e re fo re ,  th e  in te n s i ty  im p in g in g  
o n  th e  sam p le  w as h igh .

T h e  e n c o u ra g in g  re su lt f ro m  th is  e x 
p e r im e n t is th a t  th e  d ry in g  ra te  as a 
fu n c t io n  o f  th e  h e a te r- to -sa m p le  d is ta n c e  
w as a c tu a lly  h ig h e r th a n  th e o r y  w o u ld  
p re d ic t .  T h is  m ean s  th a t  in  a n  a c tu a l 
d ry in g  s i tu a t io n  th e  in f ra re d  h e a te r- to -  
p ro d u c t  d is ta n c e  can  b e  v a ried  b y  a  few  
in ch es  w ith o u t  g re a tly  a ffe c tin g  d ry in g  
ra te .
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EFFECT OF NEAR INFRARED ENERGY ON RATE OF FREEZE DRYING OF BEEF
2. Spectral Distribution

S U M M A R Y —In fra re d  ra d ia tion  was extensive ly  investigated as a heat source fo r  freeze d ry in g  
1-in .-th ick slices o f  beef. Two approaches were used to  s tud y  the e ffe c t o f  spectra l regions on the  
d ry in g  rate. F irs t, filte rs  w hich tra n sm itte d  d e fin ite  wavebands in  the near in fra re d  were in te rposed  
between the heaters and  the p ro d u c t. Secondly, d iffe re n t spectra l d is tr ib u tio n s  were ob ta ined  by  
varying the voltage ap p lie d  to  the heaters w h ile  keeping the to ta l rad ia ting  po w e r constant. F rom  
the w ork w ith  f ilte rs  i t  was con c lu ded  th a t the s h o rt wavelengths, 1 g o r less, gave the m ost ra p id  
drying. S im ila rly , the w o rk  w ith  voltage varia tion show ed th a t d ry in g  rate was im proved  b y  
increasing in te n s ity  a n d  decreasing wavelength to  a b o u t 0 .9 5  g. The shortest com ple te  d ry in g  cycle  
using in fra red  heating was 7 .0  h r  as com pared to  11 h r  fo r  the con ven tion a l co n tro l. Samples were 
evaluated fo r  surface appearance, re hyd ra tion  characteristics and  organo lep tic  q u a lity  o f  cooked  
meat. The q u a lity  o f  samples p ro d u ce d  w ith  in fra re d  ra d ia tio n  o f  s h o rt wavelengths p re d o m in a n tly  
a t a b ou t 1 g  was judg ed  to  be s im ila r to  th a t o b ta ined  w ith  conven tiona l heating.

INTRODUCTION
IN  F R E E Z E  D R Y IN G  o f  th ic k  se c tio n s  
su c h  as s te a k , ra d ia tio n  sh o u ld  h av e  tw o  
ch a ra c te ris tic s : g o o d  p e n e tr a t io n  th ro u g h  
th e  d ry  o u te r  la y e r  a n d  h ig h -en erg y  in te n 
s ity  to  p ro v id e  th e  la te n t h e a t  fo r  su b li
m a tio n . T h e  m o s t im p o r ta n t  re s tr ic t io n  is 
th a t  th is  ra d ia tio n  m u s t n o t  h a rm  th e  
p ro d u c t . T h e re  a re  a n u m b e r  o f  ra d ia tio n  
so u rces  ava ilab le . T h ese  d if fe r  n o t  o n ly  in  
in te n s i ty  b u t  in  sp e c tra l d is tr ib u tio n , 
c h a ra c te r iz e d  b y  th e  w av e len g th s  o f  p e a k  
en e rg y  em issio n .

A sselbergs e t  al. (1 9 6 0 )  c o m p a re d  th e  
re la tiv e  e ff ic ie n c y  o f  q u a r tz  la m p s , q u a r tz  
tu b e s  a n d  re s is ta n c e  e le m e n ts  f o r  p ee lin g  
ap p les . T h e  d e p th  o f  p e n e tr a t io n  o f  th e  
ra d ia tio n  in to  a p p le  tissu e  c o rre sp o n d e d  
to  th e  en e rg y  b e tw e e n  w av e len g th s  o f  1.4 
a n d  5 .0  y. B est p e n e tr a t io n  w as o b ta in e d  
w ith  th e  q u a r tz  tu b e .  T a p p e l e t  al. (1 9 5 5 )  
u sed  in f ra re d  ra d ia tio n  in  th e  2 —8 y  ran g e  
to  d ry  l- in .- th ic k  p iece s  o f  b icep s  fe m o ris  
m uscle . T h e  d ry in g  tim e s  w ere  c o m p a ra 
b le  to  th o s e  f o r  c o n v e n tio n a l c o n d u c tio n  
h e a tin g . F o rre s t  (1 9 5 9 ) ,  u sin g  q u a r tz  
tu b e s , r e p o r te d  t h a t  th e  freeze  d ry in g  ra te  
fo r  16 -m m -th ick  fish  s tic k s  w as c o m p a ra 
b le  to  th a t  a ch iev ed  w ith  c o n ta c t  p la te  
h e a tin g  w ith  e x p a n d e d  m e ta l in se rts . 
M aguire (1 9 6 5 )  n o te d  th a t  r a d ia n t  h e a t
in g  p e rm its  a h ig h e r p la te n  te m p e ra tu re  
d u rin g  th e  f irs t h o u rs  o f  s u b lim a tio n , 
w ith o u t d e te c ta b le  p ro d u c t  d am ag e . L ar
so n  (1 9 6 2 )  re g u la te d  th e  v o ltag e  a p p lie d  
to  a  5 0 0 -w  q u a r tz  la m p  to  v a ry  th e  p e a k  
w av e len g th  b e tw e e n  0 .9 6  a n d  1 .1 0  y. H e 
fo u n d  th a t  th e  d ry in g  ra te  in c re a se d  w ith  
d ec reas in g  w a v e len g th , b u t  re la tiv e ly  se
vere  p ro d u c t  ch a rr in g  o c c u rre d  a f te r  1 h r. 
B y u sin g  a  P y re x  f i l te r  w h ic h  a b so rb s  
lo n g e r w av e len g th s , c h a rr in g  in i t ia t io n  
tim e  w as d e la y e d  b y  3 0  m in .

T h e  p u rp o s e  o f  th is  w o rk  w as to  s tu d y  
th e  e ffe c t o f  sp e c tra l d is tr ib u tio n  o f  
ra d ia n t en erg y  in  th e  n e a r  in f ra re d  re g io n  
o n  freeze  d ry in g  ra te  a n d  q u a li ty  o f  b e e f

e y e  ro u n d . I t  w as d es ired  to  f in d  a 
w av eb an d  w h ic h  is p re fe re n tia lly  a b 
so rb e d  b y  th e  ice  a n d  w a te r  in  th e  m e a t 
so  th a t  a  h ig h  in te n s i ty  can  b e  a p p lie d  
w ith o u t  b u rn in g  th e  su rface .

MATERIALS & METHODS
THE DRYING chamber, meat samples and gen
eral experimental procedures were as described 
in Part 1. The various experiments in this study 
were replicated two or three times. In cases 
where the reproducibility was low, generally 
due to faulty surface temperature measure
ments, the experiment was repeated a fourth or 
fifth  time until reliable data were obtained.

Energy sources
The infrared heater, described in Part 1, was 

mounted on a ring stand w ith two reflector sur
faces o f aluminum fo il above and below. When 
operated at its rated voltage, 120 v, i t  burned at 
a color temperature o f 3000°K, at which the 
wavelength o f peak emission was slightly less 
than 1 mg.

To vary this wavelength, the heater was op
erated at several voltages; for each voltage, the 
color temperature as specified by the manufac
turer was substituted into Wien’s displacement 
law, to obtain the peak wavelength.

Energy o f radiation reaching the sample 
changed with voltage and distance from the 
lamp. This was measured w ith a bismuth-silver 
12 junction surface thermopile, sensitivity 0.07 
pv per mw sq cm. (The Epply Thermopile, Inc., 
Newport, R.I.) and a microvoltammeter (Model 
150-A, Keithey Instruments, Cleveland, Ohio).

For control experiments simulating conven
tional freeze drying at low temperature, two 
black, coated aluminum electric heating plates, 
6 by 6 by 1 in. thick, were supported on each 
side o f the product. The distance between the 
plates and the product was adjusted to 2 in. 
Each plate was controlled by a separate power- 
stat. The following drying cycle, obtained from 
a chart (Ziemba, 1963) showing the optimum 
time-temperature conditions for meat, was used 
with these plates:

Drying 
time (hr)

0 -3 /4  
3 /4 -1  1/4 

1 1 /4 -3  3/4
3 3 /4 -4  3/4
4 3 /4 -6

6 -9

Radiation filters
In pursuing an alternate method o f wave

length selection, four filters were investigated:
1-69, 7-69, 7-56 (Corning Glass Works, Corning,
N.Y.) and 2-44 (Infrared Industries, Inc., Wal
tham, Mass.).

Evaluation o f surface appearance
The dehydrated meat slices were presented 

to several experienced judges who examined 
both surfaces o f the sample and rated the ap
pearance on a 9-point hedonic scale. A sample

Table 1—Comparison o f  d ry in g  tim e  in  the  h igh -m o is tu re  range w ith  
the re la tive  a m o u n t o f  ra d ian t energy a t d iffe re n t peak wavelengths 
im p in g ing  on the  samples.
Filter No.
Total transmitted

1-69 7-69 7-56 2-44

waveband (m) 
Wavelength o f max-

0.40-0.98 0.75-1.10 0.84-4.50 2.45-5.55

imum transmission (m ) 
Percent o f source

0.54 0.83 2.00 2.75

energy impinging 
on sample 

Drying time

4.6 8.6 62.6 16.4

(T value 2.46-0.75) 
Relative efficiency

8.6 hr 8.2 hr 7.5 hr 9.4 hr

o f incident radiation 
for drying 

Surface appearance

2.53 1.37 0.21 0.65

(9 is perfect) 5.5 8.5 6.5 7.0

Heating plate surface 
temperature (°F)

100-225
225-275

275
250
225
175

Volume 36 (1971)-JOURNAL OF FOOD SCIENCE-273



274—JOURNAL OF FOOD SCIENCE-Volume 36 (1971)

having a bright pink color, w ith no darkened, 
grayish or faded areas was given a score o f 9 
and all other samples were compared to it; 5 
was barely acceptable and 1 very poor.

Rehydration tests
The weighed freeze-dried meat slices were 

rehydrated for 5 min in 350 ml distilled water 
at room temperature. The samples were then 
placed on a screen for 1 min to drain o ff excess 
water, and reweighed. The moisture content 
after rehydration and percent o f original weight 
regained were calculated.

Organoleptic evaluation
Samples were rehydrated as above, broiled 

and judged on the usual 9-point hedonic scale 
(9-excellent, 5-barely acceptable) by a panel 
of 10 experienced judges for color, aroma, fla
vor, off-flavor and texture.

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

TW O A P P R O A C H E S  w ere  ta k e n  to  o b 
ta in  d if fe re n t sp e c tra l d is tr ib u tio n s . F ir s t ,  
f i lte rs  iso la tin g  w a v e b a n d  reg io n s  c o rre 
sp o n d in g  to  th e  w a te r  a b s o rp tio n  b a n d s  
in  th e  n e a r  in f ra re d  reg io n  w ere  in te r 
p o se d  b e tw e e n  th e  h e a te r  a n d  th e  sam p le . 
S e c o n d ly , v o ltag e  a p p lie d  to  th e  h e a te r  
w as varied .

W aveband  se le c tio n  w ith  f i lte rs
In s p e c tio n  o f  th e  tra n sm iss io n  cu rve  

fo r  w a te r  in  th e  n e a r  in f ra re d  w av e len g th  
b e tw e e n  0 .7  a n d  3 .2  jd (A n d e rso n  P h y s
ica l L a b o ra to r ie s , C h am p a ig n , 111.) r e 
vealed  fo u r  a b s o rp tio n  b a n d s . T h e  w eak 
est a b s o rp tio n  b a n d  h as  a p e a k  a t a b o u t
0 .9 6  ¿U, a s tro n g e r  a b s o rp tio n  fo llo w s w ith  
a p e a k  a t 1 .45  ix, a y e t s tro n g e r  ab so rp -

Fig. 1—D ry ing  curves o b ta ined  w ith  fo u r filte rs  
o f  d iffe re n t wavelength transm ission characte r
istics.

t io n  o c c u rs  a t a p e a k  o f  1 .9 4  /a a n d  th e  
s tro n g e s t an d  b ro a d e s t a b s o rp tio n  o c c u rs  
b e tw e e n  2 .5 5  a n d  2 .9 0  ¡j. w ith  a m a x i
m u m  a t 2 .7 6  /a. F o u r  f i lte rs  w ith  w ave
b a n d s  o f  m a x im u m  tra n sm iss io n  c o rre 
sp o n d in g  to  th e se  fo u r  a b s o rp tio n  b an d s  
w ere  c h o se n . T h e  f i lte rs  w ere  p la c e d  5 in . 
in  f r o n t  o f  th e  sam p les, c o m p le te ly  sh a d 
ing  th e m . T o ta l d is ta n c e  b e tw e e n  th e  
h e a te r  a n d  th e  sam p le  w as 12 in . T h e  
h e a te r  w as o p e ra te d  a t  115 v. S u rface  
te m p e ra tu re  w as c o n tro lle d  n o t  to  e x ceed  
1 3 0 ° F . A f te r  o n e  s id e  o f  th e  m e a t w as 
e x p o se d  to  th e  h e a te r  fo r  6 h r , th e  sam ple  
w as tu r n e d  a ro u n d .

T h e  d ry in g  cu rv es o b ta in e d  w ith  th e  
fo u r  f i lte rs  a re  sh o w n  in  F ig u re  1. D ry in g  
ra te  cu rves (n o t  sh o w n ) in d ic a te d  th a t  
d if fe re n c e s  o c c u rre d  m a in ly  d u rin g  th e  
in itia l d ry in g  p e r io d . T h e  d ry in g  tim e  
b e tw e e n  T  va lues o f  2 .4 6  a n d  0 .7 5 g  w a te r  
p e r g d ry  m a t te r  w ith  e a c h  f i lte r  is sh o w n  
in  T ab le  1. T h e  sp e c tra l d is tr ib u tio n  
c h a ra c te r is tic s  o f  e a c h  f i l te r  a re  also  
sh o w n  in  T ab le  1. T h ese  d ry in g  tim e s  
w ere  fa ir ly  c lose  to g e th e r  a t a b o u t  8 h r. 
H o w ev er, th e  f i lte rs  gave g re a tly  d if fe re n t 
en e rg y  tra n sm iss io n s  ( f o u r th  lin e , T ab le
1). T o  c o m p e n s a te  fo r  th e se  e n e rg y  d if 
fe re n c e s , a re la tiv e  e ff ic ie n c y  f a c to r  w as 
c a lc u la te d  b y  ta k in g  th e  re c ip ro c a l o f  th e  
p ro d u c t  o f  f r a c t io n  o f  e n e rg y  ( f o u r th  
lin e ) a n d  d ry in g  tim e  ( f i f th  line). T h ese  
a re  sh o w n  in  th e  s ix th  line  o f  T ab le  1.

T h e  e ff ic ie n c y  w as h ig h es t fo r  th e  
f i lte r  w ith  a p e a k  tra n sm iss io n  a t  0 .5 4  ju.

Fig. 2 —D ry ing  curves ob ta ined  fo r  com plete  
dry in gcyc les  w h ile  heating  fro m  b o th  sides w ith  
in fra re d  heaters and  e lec tric  h o t  plates.

I t fe ll to  a lm o s t h a lf  fo r  th e  f i l te r  
t r a n s m itt in g  a t  a p e a k  w a v e len g th  o f  0 .8 3  
/a a n d  to  less th a n  o n e - f o u r th  f o r  th e  
f ilte rs  a t th e  lo n g e r w av e len g th s. B ased  o n  
th e  m o is tu re  ran g e  c o v e red  a n d  th e  e n 
ergy  a c tu a lly  re a c h in g  th e  sa m p le , i t  w as 
c o n c lu d e d  th a t  th e  sh o r t  o r  v e ry  n e a r  
in f ra re d  w av e len g th s , 1 ¡ 1  a n d  s lig h tly  less, 
w ere  m o re  a d v a n ta g e o u s  to  f re e z e  d ry in g .

W aveband  se le c tio n  o f  vo ltag e  
v a ria tio n

In  th e  p re c e d in g  w o rk  w ith  f i l te rs , th e  
e ffe c t o f  w a v e len g th  w as c o n fo u n d e d  
w ith  in te n s i ty ;  in  th is  w o rk , th e r e fo re ,  
th e  in te n s i ty  w as m a in ta in e d  c o n s ta n t .  
N o filte rs  w ere  u sed . In s te a d , v o ltag e  to  
th e  h e a te r  w as v a ried ; th is  ch an g e d  th e  
te m p e ra tu re  o f  th e  f i la m e n t a n d  c o n se 
q u e n tly  th e  w a v e len g th  o f  p e a k  r a d ia t io n . 
T h e  w av e len g th  d is tr ib u tio n  o f  th is  ra d ia 
tio n  w o u ld  n o t be so d is c re te  as th a t  
o b ta in e d  th r o u g h  an  in te rp o s e d  f i lte r . A t 
each  v o ltag e , in te n s i ty  m e a s u re m e n ts  
w ere  m ad e  w ith  a th e rm o p i le  a t a n u m b e r  
o f  d is ta n c e s  f ro m  th e  h e a te r . T h e  in te n s i
tie s  o b ta in e d  w ere  p lo t te d  ag a in s t d is
ta n c e . T h e  d is ta n c e  o n  th e  cu rv e  fo r  e a c h  
v o ltag e  giving 100  a n d  180  M w /c m 2 w as 
u sed  to  p o s i tio n  th e  h e a te rs  in  re la t io n  to  
th e  p ro d u c t ,  so th a t  e n e rg y  im p in g in g  o n  
th e  sam p le  re m a in e d  th e  sam e as v o ltag e  
w as ch an g ed .

T h e  p eak  w av e len g th s  ( o b ta in e d  fro m  
th e  m a n u fa c tu re rs ’ l i te r a tu re )  a t  e a c h  
vo ltag e  w as as fo llo w s: 120 v —0 .9 5  ju; 90  
v —1.05 /a; 60  v - 1 .2 6  ju; 4 2  v - 1 . 4 4  p..

A t h igh  m o is tu re  c o n te n t .  T h e  f irs t 
s tu d y  w as d o n e  in  th e  m o is tu re  ran g e  
fro m  th e  in itia l T  v a lu e , a b o u t  2 .7 g  w a te r  
p e r g d ry  m a tte r , to  a T  v a lu e  o f  0 .7 5 , th e  
c ritic a l m o is tu re  c o n te n t .  O n e  h e a te r  w as 
e m p lo y e d . F ir s t ,  th e  in te n s i ty  w as m a in 
ta in e d  a t  180 M w /c m 2 a n d  th re e  v o ltag e- 
d is ta n c e  c o m b in a tio n s  w ere  a p p lie d : 120  
v —10.6  in .; 9 0  v —8.5 in .; 6 0  v —6 .0  in . In  
a se c o n d  series th e  in te n s i ty  w as m a in 
ta in e d  a t 100  M w /c m 2 an d  th e  fo llo w in g  
fo u r  v o ltag e -d is tan ce  c o m b in a tio n s  w ere  
a p p lied : 120  v —14.6  in .;  90  v —1 1 .6  in .; 
6 0  v —8.5  in .; 4 2  v —6 .0  in .

R esu lts  o f  th e se  e x p e r im e n ts  m ay  be 
e x p re ssed  in  te rm s  o f  t im e  re q u ire d  to  
d e h y d ra te  th e  sam p les f ro m  T  v a lu es  o f  
2 .7 —0 .9 . A t 180 M w /c m 2 th e  tim e s  w ere
5 .1 , 5 .3  a n d  5 .9  h r  fo r  1 20 , 9 0  a n d  6 0  v, 
re sp e c tiv e ly ; a t 100  M w /c m 2 th e y  w ere
6 .6 , 6 .5 , 7 .2  a n d  6 .8  h r  fo r  1 2 0 , 9 0 , 6 0  
a n d  4 2  v, re sp e c tiv e ly . T h u s , w ith in  e a c h  
in te n s i ty ,  th e  s h o r te r  w av e len g th s  gave 
fa s te r  d ry in g . H o w ev er, th e se  d if fe re n c e s  
w ere  sm all, a b o u t  Vi h r. In  c o m p a r iso n , 
in te n s i ty  h a d  a la rg e r e f fe c t;  in c re a s in g  
in te n s i ty  f ro m  1 0 0 —180 M w /c m 2 d e 
c reased  d ry in g  tim e  in  th is  ran g e  b y  1.5 
h r  a t  th e  s h o r te s t  w a v e le n g th . I t  is, 
th e re fo re , ad v isab le  to  e m p lo y  in  th e  
h ig h -m o is tu re  re g io n , h ig h - in te n s ity  ra d i
a n t e n e rg y  w ith  p re d o m in a n t  w av e len g th s  
in  th e  v e ry  n e a r  in f ra re d .
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Fig. 3 —D ry in g  rate curves o b ta ined  fo r  com 
plete d ry in g  cycles w h ile  heating  fro m  b o th  
sides w ith  in fra re d  heaters and  e lec tric  h o t  
plates.

A t lo w  m o is tu re  c o n te n t .  I t  w as o f  
sp ec ia l in te re s t to  o b se rv e  w h e th e r  th e  
n e a r in f ra re d  h e a tin g  m e th o d  w ill give a 
h ig h  d ry in g  ra te  a t  T  va lu es b e lo w  0 .9  
w ith o u t c h a rr in g  th e  p ro d u c t  su rface . 
Several m e a t slices f ro m  th e  sam e m u scle  
w ere  freeze  d rie d  w ith o u t  th e  a p p lic a tio n  
o f  h e a t fo r  1 5 —20  h r  to  a T  v a lue  o f  
a b o u t 0 .8 . T h ese  sam p le s  w ere  u se d  as th e  
s ta r tin g  m a te r ia l fo r  th e  s tu d ie s  a t  low  
fin a l m o is tu re  levels. T h re e  v o ltag es  w ere  
ap p lied : 120 , 90  an d  6 0  v, a t  a c o n s ta n t 
in te n s ity  o f  100 M w /c m 2 . T w o  h e a te rs  
w ere u se d , o n e  o n  e a c h  sid e  o f  th e  
sam ple . M eat su rfa c e  te m p e ra tu re  w as 
c o n tro lle d  n o t to  e x c e e d  1 3 0 ° F ; o n c e  th is  
te m p e ra tu re  w as re a c h e d , th e  h e a te rs  
w ere  tu rn e d  o f f  a n d  th e  su rfa c e  a llo w ed  
to  co o l to  1 0 0 °F  b e fo re  th e  h e a te rs  w ere  
tu rn e d  o n  again . A s a c o m p a r iso n  o r  
c o n tro l to  th e  ab o v e , tw o  e le c tr ic  h o t  
p la tes , o n e  o n  e a c h  side  o f  th e  p ro d u c t ,  
w ere  u sed . T h ese  w ere  c o n tro lle d  a t 
2 5 0 ° F  fo r  0 .5  h r, a t  2 2 5 ° F  fo r  1 h r  a n d  
a t 1 7 5 °F  fo r  th e  res t o f  th e  tim e .

R esu lts  o f  th is  e x p e r im e n t a re  e x 
p ressed  o n  tw o  tim e  bases: f irs t , to ta l  
tim e  in  th e  d ry e r  a n d  se c o n d ly , tim e  th e  
h e a te rs  w ere  o n . T h e  se c o n d  w as b ased  o n  
th e  re a so n in g  th a t  d ry in g  to o k  p lace  
m ain ly  w h ile  th e  h e a te rs  w ere  o n . T h is 
basis sh o u ld  give a b e t te r  e v a lu a tio n  o f  
th e  e f fe c t o f  sp e c tra l d is tr ib u tio n .

T im es re q u ire d  to  d ry  fro m  T  va lue  
0 .6 6 —0 .0 2 5  a t  e ach  v o ltag e  w ere  c o m 
p ared . W hen  to ta l  tim e  basis w as u sed , 
o n ly  a m in u te  d if fe re n c e  in  d ry in g  tim e  
w as o b ta in e d ; th e  average w as a b o u t 5 .0  
h r. U sing th e  se c o n d  b asis, th e  tim e s  fo r  
120 an d  90  v w ere  a b o u t  th e  sam e, 3 .3  

h r , w h ile  fo r  60  v i t  w as 3 .8  h r. T h ese

re su lts  sh o w  an  ad v an ta g e  fo r  th e  very  
s h o r t  w av e len g th s . O n  th e  to ta l  tim e  
basis, th e  h o t  p la te s , w h ic h  w ere  o n  a ll 
th e  t im e , gave o n ly  a s lig h tly  lo n g er 
d ry in g  tim e , 5 .4  h r , th a n  th e  in f ra re d  
h e a te rs . U sing  th e  seco n d  tim e  basis, th is  
w as a b o u t  50%  lo n g er.

Shortest complete drying cycle
F o r  p u rp o s e s  o f  c o m p a r iso n  w ith  

o th e r  h e a tin g  m e th o d s , i t  w as d es irab le  to  
d e te rm in e  th e  s h o r te s t  c o m p le te  d ry in g  
cy c le  th a t  c o u ld  b e  o b ta in e d  w ith o u t 
su r fa c e  b u rn in g . In  th e se  e x p e r im e n ts  th e  
p re ssu re  w as k e p t  b e lo w  1 m m  H g a n d  
th e  su rfa c e  te m p e ra tu re  w as n o t  a llo w ed  
to  e x c e e d  1 3 0 °F . T w o  h e a te rs  w ere  e m 
p lo y e d  to  h e a t  th e  sam p le  fro m  b o th  sides 
s im u lta n e o u s ly .

B o th  v o ltag e  a n d  d is ta n c e  b e tw e e n  
h e a te r  a n d  p ro d u c t  w ere  v a ried  so  as to  
a p p ly  th e  m a x im u m  ra d ia n t en e rg y . T w o  
s lig h tly  d if fe re n t e x p e r im e n ts  w ere  m ad e . 
In  th e  f irs t , d u rin g  th e  firs t h o u r  th e  
d is ta n c e  w as 6 in .; fo r  th e  n e x t 2 .5  h r , th e  
d is ta n c e  w as in c re a se d  to  9 in . a n d  fo r  th e  
f in a l p e r io d  th e  d is ta n c e  w as 12 in . A t th e  
b eg in n in g  a n d  e a c h  tim e  th e  d is ta n c e  w as 
c h a n g e d , th e  v o ltag e  a t  th e  s ta r t  w as se t 
a t  115 v (0 .9 7  jU). A t e a c h  d is ta n c e - tim e  
c o m b in a tio n , as th e  m e a t su rfa c e  te m p e r
a tu re  re a c h e d  1 3 0 ° F  th e  v o ltag e  w as 
successively  re d u c e d  to  90  v (1 .0 5  ¡J), 80  
v (1 .1 4  ju) a n d , f in a lly , 6 0  v (1 .3  a0-

R e su lts  o f  th is  e x p e r im e n t ( In f ra re d  1) 
a n d  o n e  u sin g  tw o  h o t  p la te s  a re  sh o w n  in 
F ig u re  2 . T h e  tim e  to  d ry  fro m  an  in itia l 
T  v a lu e  o f  2 .8 3 —0 .0 5  w as 7 .7  h r  fo r  th e  
in f ra re d  a n d  11 h r  fo r  th e  h o t  p la te  
h e a tin g  m e th o d s . T h u s , th is  in f ra re d  
m e th o d  to o k  o n ly  a b o u t  70%  o f  th e  tim e  
ta k e n  w ith  c o n v e n tio n a l h ea tin g .

In  th e  seco n d  e x p e r im e n t, r a th e r  th a n  
d ec rease  th e  v o ltag e  b e lo w  115 v as so o n  
as th e  su rface  te m p e ra tu re  rea c h e d  
1 3 0 ° F , th e  h e a te rs  w ere  tu r n e d  o f f  an d  
th e  sam p le  a llo w ed  to  c o o l fo r  a b o u t 5 
m in . T h e  h e a te rs  w ere  th e n  tu rn e d  on  
aga in  a t 115 v a n d  th e  cy c le  re p e a te d  
several tim e s  b e fo re  re d u c in g  v o ltag e  to  
th e  n e x t  s te p . T h is  o n -o f f  cy c lin g  w as 
fo llo w e d  a t  e a c h  v o ltag e  se ttin g . T h e  
over-a ll e f fe c t o f  th is  se c o n d  p ro c e d u re  
w as th a t  th e  sam p le  w as e x p o se d  to  m o re  
h ig h - in te n s ity  very  n ea r in f ra re d  ra d ia n t 
en erg y .

T h ese  re su lts  (F ig . 2 , In f ra re d  2) sh o w  
th a t  i t  to o k  o n ly  7 .0  h r  fo r  th e  sam e T  
v a lu e  d if fe re n tia l  as ab o v e . T h u s , th is  
te c h n iq u e  gave a n o th e r  10%  re d u c tio n  in 
d ry in g  tim e .

T h e  d ry in g  ra te  cu rv es fo r  th e se  d a ta  
a re  sh o w n  in  F ig u re  3. T h e  cu rv es sh o w  
th a t  in f ra re d  h e a tin g  in c re a se d  th e  d ry in g  
ra te  o v e r c o n v e n tio n a l h e a tin g  a t all 
m o is tu re  c o n te n ts ,  e sp ec ia lly  in  th e  in itia l 
a n d  c o n s ta n t ra te  reg ions.

Q u a lity  e v a lu a tio n
T h e  fre e z e -d rie d  sam p les p ro d u c e d

d u rin g  th is  w o rk  w ere  e v a lu a te d  fo r  a p 
p e a ra n c e  o f  th e  d ry  su rfa c e , re h y d ra tio n  
a n d  o rg a n o le p tic  q u a li ty  o f  th e  c o o k e d  
m ea t.

Surface appearance. T w o  fa c to rs  in f lu 
en c e d  th e  ra tin g : fa d in g  o f  th e  p in k  co lo r 
a n d  g en e ra l d a rk e n in g  o r  in c ip ie n t b u rn 
ing. S am p les  d e h y d ra te d  w ith  th e  u se  o f  
f i lte rs  w ere  e v a lu a te d  in  o n e  g ro u p ; th e  
average h e d o n ic  sco res  a re  sh o w n  a t th e  
b o t to m  o f  T a b le  1. S am p les  d e h y d ra te d  
w ith  f i l te r  7 -6 9  (0 .8 3  a0  h a d  th e  b e s t 
su rface  a p p e a ra n c e , th o s e  w ith  f ilte rs
7-56  (2 .0  a0  a n d  2-44  (2 .7 5  a0  w ere  
in te rm e d ia te  a n d  th o s e  w ith  f i l te r  1-69 
(0 .5 4  /i)  w ere  c o n s id e re d  b a re ly  a c c e p t
ab le . T h ese  re s u lts  suggest th a t  ra d ia tio n  
in  th e  n e a r  in f ra re d  ( ju s t  a b o v e  th e  v isib le 
ran g e) p re se rv ed  th e  a p p e a ra n c e  very  
w ell. In  sh a rp  c o n tr a s t ,  ra d ia tio n  p r im a r
ily  in  th e  v is ib le  ran g e  d id  cau se  so m e 
u n d e s ira b le  d a rk e n in g .

A ll sam p le s  d e h y d ra te d  w ith  d if fe re n t 
v o ltag es  a t  c o n s ta n t in te n s i ty  (1 0 0  
M w /c m 2 ) w ere  e v a lu a te d  in  a n o th e r  
g ro u p . T h e  h o t  p la te  c o n tro ls  w ere  in 
c lu d e d . T h e  sam e average sco re  o f  7 .2  w as 
o b ta in e d  fo r  th e  c o n tr o l ,  th e  120 v (0 .9 5  
Ai) sam p le s  a n d  th e  9 0  v (1 .0 5  a0  sam p les; 
th e  6 0  v  (1 .2 6  a0  sco re  w as 6 .8  an d  th e  
4 2  v (1 .4 4  a0  sco re  w as 6 .3 . I t  was 
c o n c lu d e d  th a t  th e  v e ry  n e a r  in f ra re d  
p ro d u c e d  a b e t t e r  su rfa c e  a p p e a ra n c e  
th a n  th e  m id d le  in f ra re d  ra d ia tio n . T h is  
c o r ro b o ra te s  th e  a b o v e  f in d in g s  w ith  fil
te rs . T h e  im p o r ta n t  p o in t  is th a t  sam p les 
d e h y d ra te d  w ith  very  n e a r  in f ra re d  w ere  
n o t  w o rse  in  a p p e a ra n c e  th a n  w ere  th e  
c o n tr o l  sam ples.

R e h y d ra t io n  e v a lu a tio n . 2 6  sam p les 
re p re se n tin g  all in f ra re d  d e h y d ra t io n  c o n 
d it io n s  w ere  r e h y d r a te d .  T h e  p e rc e n t o f  
o rig in a l m o is tu re  reg a in ed  ran g ed  b e 
tw e e n  6 6 .5  a n d  80 .9 %  w ith  a n  average o f  
7 4 .9 % . T h e  o b se rv ed  v a r ia tio n  can  b e  
a c c o u n te d  fo r  b y  d if fe re n c e s  in  fa t  m a r
b ling . N o re la tio n sh ip  w as e v id e n t b e 
tw e e n  re h y d r a t io n  a n d  th e  d e h y d ra t io n  
c o n d it io n s  u sed . S am p les  d e h y d ra te d  
w ith  th e  e le c tr ic  h o t  p la te  averaged  
72 .8% . I t  w as c o n c lu d e d  th a t  th e  n e a r 
in f ra re d  h e a te rs  d id  n o t  have a n  adverse  
e f fe c t o n  r e h y d ra t io n  c a p a c ity .

O rg a n o le p tic  q u a li ty . 11 sam p les re p 
re se n tin g  th e  d if fe re n t v a riab les  in v es ti
g a te d  in  th is  s tu d y  w ere  re h y d r a te d ,  
b ro ile d  a n d  e v a lu a te d . A ll o f  th e  sam p les 
w ere  s a t is fa c to ry  (ab o v e  a sco re  o f  5 ) in  
every  c a te g o ry ; m o s t o f  th e  over-a ll o rg a 
n o le p tic  averages w ere  a b o u t  7 .2 . N o 
g re a t d if fe re n c e s  e x is te d  a m o n g  th e m . 
T h e  m o s t in te re s t in g  o b se rv a tio n  w as th a t  
th e  sam p le  d e h y d ra te d  c o m p le te ly  b y  
h ig h - in te n s ity  n e a r  in f ra re d  ra d ia tio n  ( I n 
fra re d  2 , a b o v e ) rece iv ed  th e  h ig h es t 
o v er-a ll o rg a n o le p tic  sc o re , 7 .5 , as c o m 
p a red  to  7 .3  fo r  th e  h o t  p la te  c o n tro l.  I t  
w as c o n c lu d e d  th a t  h e a tin g  b y  n e a r  in f ra 
re d  ra d ia tio n  d id  n o t  h a rm  o rg a n o le p tic  
q u a li ty  o f  th e  d e h y d ra te d  p ro d u c t .
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P E TE R  L E R K E a n d  L IO N E L  F A R B E R  

The G. W. H ooper F o u n d a tio n ; S eafood Research L a bo ra to ry , 1950 S ix th  St., Berkeley, C a lifo rn ia  94710

HEAT PASTEURIZATION OF CRAB AND SHRIMP FROM THE PACIFIC COAST 
OF THE UNITED STATES: PUBLIC HEALTH ASPECTS

S U M M A R Y —A  s tu d y  o f  the p o te n tia l p u b lic  hea lth  hazard presented b y  coagulase-positive s taphy
lococci, salmonellae and  Clostridium botulinum in  the m eat o f  Dungeness crab and  P acific  Coast 
shrim p pasteurized in  f le x ib le  p las tic  con ta iners revealed p o te n tia lly  tox in ogen ic  s tap hy lococc i on 
the com m ercia l nonpasteurized p ro d u c t, in  15% o f  the sh rim p  and  9% o f  the crab samples. No 
salmonellae o r Cl. botulinum were iso la ted  fro m , respective ly, 2 6  and  54  samples o f  sh rim p  o r 74 
samples o f  crab. Pasteurization fo r  1 m in  a t 18 0°F  destroyed large inocu la  (1 0 1 a n d  10& cells) o f  
staphy lococc i and  salm onellae in tro d u ce d  in to  packages o f  the p roducts , b u t processing fo r  5  m in  
a t 180°F a llow e d  some m embers o f  an in o cu lu m  co n ta in ing  103 spores o f  Cl. botulinum type  E to  
survive. While storage a t 4 0 °F  prevented  the g ro w th  on  crab a n d  sh rim p  m eat o f  a ll s taphy lococc i 
and  salmonellae tested, i t  p e rm itte d  g ro w th  and  to x in  fo rm a tio n  b y  Cl. botulinum type  E  a fte r  
3 0 -4 0  days. No to x in  c o u ld  be de tected  in  packages in o cu la te d  w ith  type  A  and  p ro te o ly t ic  B 
spores and  h e ld  a t 5 0 °F  o r  low er. A  0.1% d ip  o f  sod ium  benzoate, w ith  o r  w ith o u t fum aric  acid, 
d id  n o t p reven t g row th  a n d  toxinogenesis b y  Cl. botulinum types A , p ro te o ly t ic  B o r E. I t  was 
concluded th a t fo r  com p le te  sa fe ty  a h o ld in g  tem perature o f  3 6 °F  o r  lo w e r a t a ll tim es w o u ld  be 
required, b u t th a t i t  c o u ld  n o t be expected to  be m a in ta ine d  in  com m erc ia l channels.

INTRODUCTION

RENEWED commercial interest in the 
heat pasteurization of Pacific Coast 
shrimp and crab meat prompted us to 
undertake a feasibility study of the proce
dure. Because metal cans are usually 
associated with sterilized foods that can 
safely be kept at room temperature, we 
used instead flexible, heat-sealable plastic 
pouches, which have the added advantage 
of allowing faster heat penetration into 
the flat packages, thus minimizing the 
adverse effects of heat on the product. 
Although results were encouraging with 
respect to extension of storage life, this 
report deals only with safety aspects of 
the procedure and presents the results 
obtained with the three bacterial types 
we considered most important; namely, 
coagulase-positive staphylococci, salmo
nellae and Clostridium botulinum. Of 
these, Cl. botulinum  has three attributes 
that make it by far the greatest potential 
hazard: It produces a lethal toxin, forms 
heat-resistant spores and has been found, 
among other places, along the Pacific 
Coast of the United States, Craig et al.

(1968). Furthermore, the nonproteolytic 
types of this organism can grow and pro
duce toxin at refrigerator temperatures 
and leave relatively unaltered, though 
toxic, the protein food in which they 
have grown; type E is the most common 
and has been isolated on the Pacific 
Coast from Dungeness crab, Craig et al.
(1968); Eklund and Poysky (1965), and 
from a variety of fish, Craig et al. (1968). 
These considerations and the paucity of 
available information about how these 
organisms behave on cooked crab and 
shrimp meat under various conditions 
prompted us to focus most of our atten
tion on Cl. botulinum.

In this report we have attempted to 
assess the potential hazards on the basis 
of: 1) the incidence of the potential
pathogens on shrimp and crab meat com
mercially prepared in the San Francisco 
area, 2) the effect of pasteurization on 
these bacteria, 3) the ability of crab and 
shrimp substrates to support the growth 
of these organisms and 4) the storage 
temperature required to prevent bacterial 
multiplication in the event of survival or 
postpasteurization contamination under

o th e rw ise  favorable conditions for 
growth.

EXPERIMENTAL
THE WORK was carried out on Pacific Coast 
crab (Cancer m agister), also known as Dunge
ness, and on the coastal species o f shrimp 
(Pandalus jo rd a n i) .

P asteu rization
We used 6  oz o f meat in 6  by 8 -in. Mylar- 

polyethylene pouches, no more than 1 in. thick 
when filled. A fter most air was squeezed out, 
pouches were heat-sealed, placed in wire-mesh 
baskets and immersed in water at 185°F for 1, 
5 or 10 min, after the center temperature, as 
measured by means o f thermocouples placed at 
the centers o f some packages, had reached 
180°F. Heating for more than 5 min adversely 
affected product quality. We, therefore, report 
results for only the two shorter heating times.
B acter io log ica l m edia

In addition to the standard media, we used 
the following special ones based on crab and 
shrimp meat: homogenates, prepared by blend
ing one part o f meat w ith one part o f 2% NaCl 
solution (commercial crab and shrimp meat was 
found to average 2% salt content) and autoclav
ing, and broths, prepared by boiling 500g o f 
meat for 30 min in 1 liter o f 2% NaCl solution, 
filtering and autoclaving.
Iso la tio n  p roced u res

C oagu lase-p ositive S ta p h y lo co cc u s  aureus.
We estimated these by the MPN method. After 
enrichment in Trypticase Soy Broth, 10% NaCl, 
for 48 hr at 37°C, samples were plated out on 
Staphylococcus No. 110 Medium containing 2% 
egg yolk, Carter (1960), and incubated at 45°C, 
Raj (1966); suspect colonies were confirmed by 
the coagulase tube test using Difco dehydrated 
plasma.

S a lm o n ella e . To establish the presence or 
absence o f these organisms, 1 -ml aliquots of the 
in itia l 1 : 1 0  dilution o f the food were inocu
lated in triplicate into Mannitol Broth accord
ing to the method o f Gerichter and Sechter
(1966). A fter incubation for 24 hr at 37°C, 0.2 
ml from the positive tubes was inoculated into 
Selenite F Broth and incubated at 37°C for 24 
hr more. A ll tubes were then plated out on 
MacConkey’s and on Brilliant Green agar. Sus-

Table 1—E ffe c t o f  co m m erc ia lly  processed crab and  sh rim p  m eat 
w ith  its  m ic ro b ia l flo ra  on the de tec tion  o f  tw o  stra ins o f  C los trid ium
b o tu lin u m  type  E.____________________________ _ _ ______________

Average no. spores Crab and shrimp Toxic jars/Total inoculated
inoculated meat added Saratoga Beluga Table 2 - Recovery ra te (%) o f  C los trid ium

1 No 1/3 1/3 b o tu lin u m  type E spores fro m packages o f

1 0 No 3/3 3/3 shrim p  heated 5  m in  a t  180°F.

1 0 0 No 3/3 3/3 No. o f spores inoculated

1 Yes 2/3 1/3 Strain 1 0 3  1 0 4 1 0 s 1 0 6

1 0 Yes 3/3 3/3 Alaska strain 0  2 0 40 100

1 0 0 Yes 3/3 3/3 Saratoga strain,
1 0 0 0 Yes 3/3 3/3 crop 2 25 80 1 0 0  1 0 0
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pect colonies were identified according to the 
scheme o f Johnson et al. (1966).

Cl. botulinum. To isolate type E, we used 
the cooked meat medium o f Dolman (1957) as 
modified by Eklund et al. (1967a). We distrib
uted it in 2 0 0 -mi amounts into 8 -oz screw- 
capped glass jars, overlaid it w ith Vaspar and 
introduced approximately 2 0 g of inoculum per 
jar. We incubated the jars at 24°C and on the 
fifth  day after gas appeared tested for the pres
ence o f toxin.

To estimate the sensitivity of the isolation 
procedure and to assess the danger of interfer
ence from other organisms, we inoculated vari
ous numbers of type E spores into jars w ith or 
w ithout the usual amount o f crab or shrimp 
meat and tested for toxin as previously de
scribed. The results, shown in Table 1, suggest 
that the method is sensitive and that the organ
isms present on processed crab and shrimp meat 
do not interfere w ith toxinogenesis. For types 
A and proteolytic B we used stratified beef 
heart broth w ith meat particles and incubated 
at 37°C.
D etec tio n  o f  tox in

In enrichment cultures for types A and pro
teolytic B, we added 2 ml of 0.1 M pH 6.5 phos
phate buffer to 1 ml o f the broth, centrifuged 
the mixture and injected 0.4 ml intraperito- 
neally into mice. Toxicity was verified, when 
necessary, by means of specific antisera. For 
type E we used the same procedure, except that 
we incorporated 0.2% trypsin (Difco 1:250) 
into the added buffer and incubated the m ix
ture for 1 hr at 37°C before centrifuging it. 
This enhanced toxicity by a factor o f 35.

To detect toxin in the packages we added 
not more than 5 ml o f pH 6.5 buffer to each, 
thoroughly mixed its contents, took the 
drained wash liquid as our sample and pro
ceeded as for detection of toxin in enrichment 
cultures. Preliminary tests showed that under 
our conditions this procedure was as sensitive as 
that involving homogenization o f the material.

RESULTS
Incidence of bacteria of public health 
significance

Coagulase-positive staphylococci were 
isolated from only four of 26 samples of 
shrimp and six of 70 samples of crab

meat. The contamination levels were usu
ally about 10 cells per gram.

Salmonella. We found no Salmonella 
in 26 samples of unpasteurized shrimp 
and 74 of crab meat. In two instances, 
paracolon organisms of the Providence 
group were isolated.

Cl. botulinum. We failed to isolate Cl. 
botulinum  from the 74 samples of crab 
and 54 of shrimp meat tested. The 
samples, though few, were collected dur
ing at least a 6-months’ period for each 
product.

Because Cl. botulinum  had already 
been found on Pacific Coast marine food 
species, we did not try to show again the 
presence of the organism on the raw 
material. That we found none on the 
processed product could probably be 
ascribed to the cooking. Another 130 
attempts to isolate Cl. botulinum  from 
pasteurized and control crab and shrimp 
meat stored under various conditions of 
refrigeration not surprisingly failed.

Effect of pasteurization
In our attempts to assess the effect of 

pasteurization on heavy contaminations 
with the organisms under study, we usu
ally used the seafoods themselves as 
media to approximate presumed actual 
conditions.

Staphylococcus aureus. We used a mix
ture of three coagulase-positive isolates 
from crab meat. 1 ml (containing approx
imately 108 cells) of a 24-hr broth 
culture was introduced into the centers of 
each of six crab and six shrimp meat 
pouches. Each bag was sealed and heated 
for 1 or 5 min at 180°F. No staphylo
cocci were recovered.

Salmonella. In preliminary heat-resist
ance tests of several species of Salmonella 
(enteritidis, typhimurium, pullorum, pan
ama, newport and senftenberg strains 
775W and S8), heating tubes of nutrient, 
crab or shrimp broth containing 107 cells

of the inoculum for 3 min at 154°F 
destroyed all except S. senftenberg, 
which survived 3 but not 6 min at that 
temperature. Heating for 1 min at 180°F 
destroyed 108-cell-inocula of S. senften
berg 775W introduced into packages of 
shrimp and crab meat.

Cl. botulinum type E. In spite of the 
apparent absence of this organism on 
processed crab and shrimp meat, it could 
be introduced into the picking room. Its 
less strict anaerobic requirements might 
then allow it to become established in 
some forgotten particle of meat and cause 
heavy contamination of the product. To 
test the effect of pasteurization under 
these conditions, we inoculated groups of
5—9 pouches of meat with various num
bers of type E spores, then heated the 
packages for 5 min at 180°F. The results, 
shown in Table 2, indicate that a heat 
pasteurization schedule that would main
tain the quality of the meat would not 
assure the destruction of accidentally 
introduced spores of Cl. botulinum, even 
of the relatively heat-sensitive type E.
Effect of temperature and medium on the 
growth of potential pathogens

In this series of experiments, the re
sults with Cl. botulinum  so overshadowed 
the data for the other bacteria that we 
report the latter in abbreviated form: 
After inoculating approximately 5 x 104 
cells each of five species of Salmonella 
and five isolates of coagulase-positive 
Staphylococcus into tubes of crab and 
shrimp broths and homogenates as well as 
into nutrient broth, we incubated them  at 
various temperatures. Growth was fol
lowed by viable counts; when it occurred, 
it proceeded equally well in all media 
tested, indicating that crab and shrimp 
are good growth substrates for these 
bacteria. Growth was markedly slowed 
but not stopped at 10°C (50°F), whereas 
at both 4.4°C (40°F) and 1.1°C (34°F)

Table 3 —E ffe c t o f  in cub a tion  tem perature on the fo rm a tio n  o f  to x 
in  b y  various stra ins o f  C los trid ium  b o tu lin u m  in  crab and  shrim p  
homogenates.

® Cl. botulinum type inoculated3
t e m p __________________________________
(°F) Medium E, Beluga“ E, Saratoga“ A B
98 Shrimp * * 12-14“ 24-26

Crab * * 8 - 1 0 8 - 1 0

75 Shrimp 6 - 8 4 -6 20-26 20-26
Crab 4 -6 2 -4 17-21 1 0 - 1 2

50 Shrimp 6 - 8 6 - 8 >  75 > 7 5
Crab 6 - 8 6 - 8 >  75 > 7 5

40 Shrimp >  75 >  75 >  75 >  75
Crab >  75 >  75 >  75 >  75

*Not incubated at this storage temperature. 
a5 X 104 spores inoculated into each tube.
13All type-E-inoculated samples were trypsinized. 
c First figure indicates last day sample was n ontoxic, and the second, 

the day tox icity  was first detected.

Table 4 —E ffe c t o f  incub a tion  tem perature on  the  p ro d u c tio n  o f  
to x in  b y  various stra ins o f  C los trid ium  b o tu lin u m  in  p rev ious ly  heat- 
pasteurized sh rim p  and  crab m eat in  a ir-im perm eable  p las tic  pouches.
Storage

temp
(°F) Product

Cl. botulinum type inoculated3

E, Beluga“ E, Saratoga“ A B
75 Shrimp 11-13“ 11-13 8 - 1 0 3 -5

Crab 5 -7 5 -7 2 -3 5 -7
50 Shrimp >  75 >  75 >  75 > 7 5

Crab 16-20 26-30 >  70 > 7 0
40 Shrimp >  75 >  75 >  75 > 7 5

Crab 3.0-40 >  70 >  70 > 7 0
a5 X 104 spores inoculated into each tube.
“AH type-E-inoculated samples were trypsinized.
“First figure indicates last day sample was non tox ic, and the second, 

the day toxicity  was first detected.
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the number of viable bacterial cells actu
ally declined.

To study the ability of Cl. botulinum  
to grow and produce toxin in shellfish 
meat at different temperatures, we used 
tubes of shrimp and crab meat homoge
nates inoculated with approximately 104 
spores of each of types A, B and E. The 
final pH of the shrimp medium was 7.6 
and of the crab, 6.8. Results in Table 3 
show that all four organisms tested pro
duced toxin in crab and shrimp. Storage 
at 50°F prevented toxinogenesis by types 
A and proteolytic B but not by the E 
types. At 40°F none of the tubes became 
toxic within the experimental storage 
period, possibly because of the relative 
small inoculum used.

In several other experiments, approxi
mately 50,000 botulinum spores were 
introduced into each pasteurized package, 
which was then kneaded, stored and 
tested for toxin—those at 75°F every 
other day, at 50°F every fourth day, and 
at 40°F every tenth day.

Table 4 presents composite results 
from these experiments. The important 
point is the appearance of toxin in crab 
meat after 30—40 days at 40°F, although 
in only one of the three experiments 
conducted under apparently identical 
conditions but with different lots of crab 
meat. Five of eight remaining samples of 
this group were toxic on day 45. When 
toxicity was first detected, the meat had 
only a slightly sour odor and could 
conceivably have been eaten. On day 45 
the sourish odor was only slightly 
stronger, underscoring the peculiar hazard 
represented by Cl. botulinum  type E in 
this case.
Effect of sodium benzoate on growth and 
toxinogenesis of Cl. botulinum

As the accepted commercial practice is 
to dip the shrimp and crab meat in a 
0.05% solution of sodium benzoate, we 
examined the effect of this chemical on 
Cl. botulinum. In one experiment we 
aseptically added benzoic and fumaric 
acids, singly and in combinations, to 
tubes of cooked meat broth. The concen
trations of the chemicals ranged from 
0.01—0.05%. All inocula of various types 
of Cl. botulinum  grew well. Dipping 
shellfish meat into a 0.1% solution of 
these chemicals, followed by packaging, 
pasteurization and inoculation with Cl. 
botulinum, did not prevent or delay 
toxinogenesis when compared with non- 
dipped controls.

Finally, to find out whether benzoate 
enhances the sporicidal effect of heat, we 
introduced type E (Alaska) spores into 
packages of shrimp dipped into a solution 
containing 0.1% each of sodium benzoate 
and fumaric acid. After pasteurization for 
5 min at 82.2°C (180°F), cooling and 
subculturing into recovery broth, we re
covered the inoculated organism from

five of six packages inoculated with 10s 
spores and six of six packages that had 
received 106 spores. In undipped control 
packages, recovery rates were respectively 
two of five and five of five.

DISCUSSION
OUR DATA and information available in 
the literature enable us to assess the 
microbiological hazards connected with 
pasteurization. First, regardless of the low 
numbers of staphylococci in processed 
shrimp and crab meat, or of the apparent 
absence of salmonellae and of Cl. botu
linum, we must assume that spores of the 
latter will be present on the product at 
one time or another. Furthermore, the 
encouraging effect of pasteurization on 
staphylococci and salmonellae should be 
of academic interest only, when consid
ered in the light of our Cl. botulinum  
data.

To be potentially dangerous, a food 
must: 1) come in contact with a food
poisoning organism, 2) provide a suitable 
substrate for its growth (and, in the case 
of toxin producers, toxinogenesis) and 3) 
be subjected to other favorable condi
tions, such as temperature.

In Dungeness crab meat and Pacific 
Coast shrimp these three conditions may 
very well be present simultaneously. Both 
products are suitable substrates, as we 
have shown, and the danger of contami
nation is real: Cl. botulinum  spores are 
found in the marine environment of the 
Pacific Coast, and keeping them away 
from the meat-picking room depends on 
several tenuous and poorly controlled 
factors. Furthermore, if Cl. botulinum  
spores do find their way on to the meats 
of these shellfish, it is only a matter of 
adequate time and temperature before 
toxin is produced. In this respect unpas
teurized packages are safer than pasteur
ized ones, as the normal spoilage flora of 
shrimp and crab meat renders the product 
unusable before toxicity develops. For 
instance, if we assume that detectable 
toxin was present in unpasteurized crab 
meat the day after the last negative 
finding and before the first positive one, 
the product stored at 50°F would have 
spoiled 14 days before it became toxic, 
and at 40°F, 27 days before; however, by 
killing off the normal spoilage flora, 
pasteurization may render the product 
more dangerous. Proteolytic types of Cl. 
botulinum  would, under favorable condi
tions, produce putrid odors that would 
prevent consumption of the food, but a 
nonproteolytic type would produce no 
such warning odors. Other bacteria that 
survive pasteurization are not active spoil
ers, and they render the product inedible 
only long after toxin has been produced 
by Cl. botulinum  type E.

Thus we must conclude that commer
cially processed Dungeness crab and Pa

cific Coast shrimp might well become 
contaminated with Cl. botulinum  spores, 
and that a heat pasteurization process 
that leaves the quality of the product 
undamaged does not guarantee destruc
tion of contaminants. A food thus con
taminated must depend for its safety on a 
solid controlling factor such as pH or salt. 
In the shellfish under consideration, how
ever, we must rely solely on temperature, 
and this brings up the third condition 
mentioned earlier. We have shown that 
type E toxin can be produced in crab 
meat at 40°F, and others have shown that 
Cl. botulinum  nonproteolytic types F and 
B (which we did not study), both present 
in the marine environment off the Pacific 
Coast, can grow and produce toxin at 
38°F, Eklund et al. (1967a; 1967b). 
Moreover, Schmidt et al. (1961) found 
that Cl. botulinum  type E will grow and 
produce toxin at 38°F but not at 36°F. 
Thus for complete safety, crab and 
shrimp pasteurized under our conditions 
would have to be stored at 36°F or lower 
at all times. Because such a low tempera
ture is not consistently maintained in 
commercial channels or in the home, the 
chance for danger exists, and with Cl. 
botulinum  chances are best not taken.
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COMPUTER-AIDED PREDICTIONS OF FOOD STORAGE STABILITY: 
OXIDATIVE DETERIORATION OF A SHRIMP PRODUCT

S U M M A R Y —A  s tu d y  was con duc te d  on s ta b ility  o f  a freeze-dried shrim p ba r packaged m  various 
m aterials. The purpose o f  th is s tu d y  was to  develop a m e th o d  fo r  p re d ic tin g  the  storage s ta b ility  o f  
d ry  foods s to red  in  sem iperm eable containers and  de te rio ra ting  th rough o x id a tio n  o f  lip ids. In the  
shrim p  bar, o rgano lep tic  de te rio ra tion  was co rre la ted  w ith  absorp tion  o f  oxygen and  w ith  loss o f  
caro ten o id  p igm en t; these indices o f  o x id a tio n  were used fo r  the study. Rates o f  o x id a tio n  were 
s tu d ie d  as a fu n c tio n  o f  oxygen concen tra tion  and  p e rm e a b ility  characteristics o f  m ateria ls used to  
package the bars de term ined. A  m a them atica l m ode l fo r  p re d ic tio n  o f  storage life  o f  the p ro d u c t  
was fo rm u la te d  using the k in e tic  data fo r shrim p o x id a tio n  and  the p e rm e a b ility  data. A n  ite ra tio n  
procedure  u tiliz in g  a high-speed com pu te r was used to  solve the p e rtin e n t equations and  to  p re d ic t 
storage Ufe. P red ic tions were com pared w ith  results o f  actua l storage tests; those based upon  
p igm en t loss were b e tte r than those based upon changes in  flavo r score.

INTRODUCTION
FEW attempts have been made to predict 
a priori the storage life of foods stored in 
flexible packages. The need for these 
predictions is evident, especially for space 
flight where weight and size limitations 
on the food supply require optimization 
and economy. This paper is a report of a 
method developed for predicting the sta
bility of foods which deteriorate through 
an oxidative mechanism, and the applica
tion of the method to evaluate the loss of 
carotenoid pigments in a freeze-dried 
shrimp product.

Past studies on measurement of food 
storage life in packages have been limited 
to packaging the foods in systems allow
ing large differences in oxygen and water 
transport through the package. The foods 
were stored at different external condi
tions and tested periodically either for 
chemical deterioration or for organoleptic 
acceptability.

Daoud and Luh (1967) studied the 
stability of dehydrated red bell peppers 
stored at several temperatures in packages 
made either of an aluminum laminate or

of a mylar-saran-polyethylene laminate. 
Quality of the peppers was evaluated by 
measurement of the carotenoid pigment 
content, which was correlated with visual 
rating of color. They found that the 
aluminum laminate which had a lower 
oxygen permeance than the all-plastic 
laminate, protected the peppers from 
deterioration more effectively. However, 
the authors made no attempt to correlate 
rates of deterioration with oxygen perme
ability, except on a qualitative basis. A 
similar approach was used in a study on 
freeze-dried green asparagus (Syn and 
Luh, 1965).

Hu et al. (1968) showed that alumi
num laminates gave the same level of 
protection against oxidative deterioration 
as tin cans, for both dried potatoes and 
freeze-dried pork. These were held for 6 
months at various external conditions of 
temperature and humidity. A qualitative 
attempt was made to show the effect of 
increased permeability to oxygen due to 
pinholes in terms of storage stability.

Jurin and Karel (1963), Karel and Go
(1964) and other investigators have stud

Table 1—Oxygen permeance o f  packaging materials.

k /x a

Material Manufacturer
Thickness

(mil)
Literature
@77°F

Experimental 
37°C; <  0.1% RH

Scotchpak 5 Minnesota Mining 
& Manufacturing Co. 2 . 0 108.5 351

Scotchpak 48 Minnesota Mining 
& Manufacturing Co. 4.5 77.5 203

Scotchpak 104 Minnesota Mining 
& Manufacturing Co. 2.7 15.5 105

Laminate S 
(mylar-foil- 
polyethylene)

Standard Packaging 
Corp.

2.9 < 1 b

acc(STP)/m2  • day • atm. 
bToo low to measure accurately.

ied the control of respiring fresh fruits 
and vegetables by storage in films of 
different CO2 and 0 2 permeabilities. 
Mathematical models were developed to 
enable selection of the packaging material 
needed for a given storage life. However, 
these techniques have not been applied to 
dehydrated foods undergoing oxidation.

A major problem in predicting the 
extent of deterioration of an oxidizable 
food in a package is that the oxygen level 
is continuously changing due to permea
tion through the package and reaction 
with the food. It does not reach a 
steady-state level as is often the case for 
respiring fruits and vegetables. A further 
complication is that the rate of oxidation 
of carotenoid pigments as well as that of 
other lipids is a function of relative 
humidity as well as oxygen level. Mar
tinez and Labuza (1968) showed that the 
rate of loss of carotenoids in freeze-dried 
salmon decreased when held at relative 
humidities above those corresponding to 
the monolayer value for water adsorption 
as calculated by the usual methods (La
buza, 1968).

Marcuse and Fredrikson (1968) have 
shown the effect of oxygen level on the 
rate of oxidation of lipids in model 
systems. The rate falls off sharply below 
5% 0 2, a condition that would exist 
initially for a packaged food. Tuomy et 
al. (1968) showed similar results for 
freeze-dried beef and chicken stews. Chen 
and Gutmanis (1968) evaluated the kinet
ics of loss of color in chili pepper as a 
function of storage under conditions of 
different moisture contents and in the 
presence of either oxygen or nitrogen. As 
would be expected, an increased moisture 
content protected the chili from color 
loss, as did the absence of oxygen.

Thus, many factors must be consid
ered in the prediction of storage life of an 
oxidizable food in a flexible film package. 
This study is an attempt to combine these 
factors into a useful mathematical model, 
designed for a specific storage problem 
but capable of adaptation to other similar 
problems.

EXPERIMENTAL
Food

The food used in this study was a specially 
prepared freeze-dried shrimp cocktail bar ob
tained from Swift & Co., Chicago, III. This was 
designated “ Shrimp Bar/Sauce”  (Guide No. 
14B) and was prepared according to the U.S. 
Army Natick Laboratories Space Food Proto-
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type Production Guide for Manned Orbital 
Laboratory Feeding System Assembly RFP- 
FO4695-67-R-0076. The material was received 
immediately after production, packaged under 
nitrogen with 6  bars per can. Each bar weighed 
approximately 30-35g, had an in itia l moisture 
content o f 0.87g H 2 O/100g solids and a fat 
content o f 11%. The bars were stored in the 
cans at -40 °F  until needed.
F o o d  preparation

Cans were removed from the freezer and 
thawed at room temperature. The cans were 
opened in a glove box through which dry air 
was circulated. Samples were weighed into test 
flasks or into packages as required and then 
placed in desiccators at a relative humidity of 
<0.1%  RH.
S ta tic  stab ility  tests

O xygen  a b sorp tion . Samples o f 2 - 3g were 
weighed in triplicate into 30-ml Warburg flasks 
connected to manometers, and were placed in a 
constant temperature water bath at 37°C. Oxy
gen absorption was calculated by standard tech
niques (Umbreit et al., 1961). Apiezon B oil 
was used as the manometric fluid to give a high 
sensitivity.

C aroten oid  p igm en t. Samples o f 4 -5 g  dry 
weight were weighed into 250-ml Erlenmeyer 
flasks while in the glove box. After being trans
ferred into various desiccators, the desiccators 
were evacuated for 15 min and the vacuum 
then broken w ith mixtures o f oxygen and nitro
gen with oxygen concentrations o f 3.0-3.5, 7,
7.8 and 21%. The samples in these desiccators 
were then maintained at 37°C for up to 6  

weeks. A t weekly intervals, samples were re
moved and carotenoid pigments measured. The 
remaining flasks in the desiccators were re
equilibrated to the test conditions.

To measure the carotenoids, the lipid frac
tion o f the sample was extracted by adding 80 
m l o f 3:1 (v/v) CHCl3 :MeOH into the sample 
flask which was then shaken for 30 min after 
flushing the flask w ith nitrogen. The solution 
was then filtered using a vacuum Buchner fun
nel (50 mm) and the filtrate evaporated on a 
rotary evaporator. The residue was then dis
solved in 20 ml MeOH:40 ml CHC13:20 ml 
H20  and transferred to a 250-ml separatory 
funnel. Then 20 ml H20  and 20 ml CHCI3  were 
added, the mixture shaken and left to separate 
(usually 1 - 2  hr, during which time the separa
tory funnel was covered w ith aluminum foil). 
The bottom layer was then drawn o ff and 1 ml 
made up to 5 ml w ith CHC13. The optical den
sity was then measured at 475 and 390 nyj 
(Lusk et al., 1964). Results are reported as the 
ratio o f the optical densities at 475 and 390 
m u, since this ratio is related to unoxidized pig
ment content.

^ * 4 7 5  = As = Color Index
OD3 9 0  s

O rgan o lep tic  eva lu a tion . Samples were 
stored at various oxygen levels over a desiccant 
for up to 6  weeks. Each week a sample was 
removed and reconstituted in water (90 cc/16 g 
solids) at 80°F for 15 min w ith occasional stir
ring. The food was judged by 8  tasters on a
9-point hedonic scale. A rating o f 3 constituted 
unacceptability. An identified control was 
simultaneously presented for comparison. This 
was usually rated 6 -7  (fair -  good quality) by 
the panel. The average score was computed 
from the panel’s results and is presented as the 
flavor score.

Package sta b ility  stu d ies
O xygen  p erm eab ility  o f  packaging m aterials.

The manufacturer’s data for the films used in 
this study did not specify the oxygen permea
b ility  at the temperature o f this study (37°C). 
Oxygen permeability was measured by the con
centration increase method o f Karel et al.
(1963). Since the packages were stored at 
<0 .1%  RH, it  was assumed that water vapor 
did not affect 0 2  permeance. I t  was also as
sumed that the presence o f nitrogen and o f 
other gases does not affect the permeability o f 
the package to oxygen, since these gases do not 
interact significantly w ith the packaging materi
als. This assumption is confirmed by many 
studies in the literature (Stannett and Szwarc, 
1962; Michaels and Bixler, 1968). The permea
b ility  data are shown in Table 1. The variation 
between the manufacturer’s and our experi
mental values may be partly due to different 
test temperature and partly to differences in 
other test conditions.

S ta b ility  o f  pack aged  fo o d s . To test the 
mathematical models developed for prediction 
o f storage stability, the shrimp bars were pack
aged in flexible films and stored at 37°C in dry 
air. A t weekly intervals, the loss o f carotenoid 
pigment and the flavor score were determined. 
A ll packages were sealed on a FlexVac Model 
69 sealer (Standard Packaging Corporation, 
C lifton, N. J.). No attempt was made to deter
mine the internal oxygen pressure in the pack
age w ith  time.

P o ro sity . Porosity o f the shrimp bar was 
measured w ith a Beckman Model 390 Air Com
parison Pyncnometer.

RESULTS & DISCUSSION
FOR A FOOD that deteriorates due to 
oxidative reactions, the rate of deteriora
tion is often a function of the oxygen 
partial pressure. Packaging the food under 
vacuum in a flexible container results in a 
rate of deterioration limited by the rate 
of oxygen permeation into the package. 
It is desirable to be able to predict the 
type of film necessary to give protection 
for the desired commercial storage life. 
Protection in excess of this minimum 
may result in increased cost and below 
the minimum would cause deterioration 
before the required shelf life expires.

Prediction of the stability of the food 
in a package under actual storage condi
tions requires a knowledge of the oxygen 
partial pressure in the package with time. 
Since actual determination of this inter
nal partial pressure is difficult, several 
assumptions were made, to predict the 
oxygen concentration with some degree 
of confidence. These assumptions in
clude:

1. In the vacuum-packed food all of 
the volume of gas inside the package is 
due to the internal pore volume of the 
food. This is true if the flexible package is 
tightly sealed around the surface of the 
food material.

2. Permeation of other gases and 
vapors into the pore volume does not 
affect the changes in partial pressure of 
oxygen. Since nitrogen permeates at 
about 1/3 the rate of oxygen and the

partial pressures of the gases are inde
pendent, nitrogen does not affect the 
oxygen pressure until the total internal 
pressure exceeds the external pressure. 
This would not normally occur before the 
end of the required shelf life. Vacuum- 
sealed foods held for over 2 years in 
materials similar to the ones used in this 
study never showed total loss of vacuum, 
justifying our assumption, especially for 
short-term storage.

3. The area for gas penetration is 
assumed to  be only the area of contact of 
the package with the food, i.e., the seal 
areas are assumed to have no effect.

Given these assumptions, the rate of 
oxygen input into the package containing 
the food is:

dV 0 2 1 k A
dt Ws X WS]

p ° 2  (out) "  PC>2 (in)

[11

d V 0 2
dt

Ws

k

x

A

Po2(out)

PC>2 ( in )

also:
k
x

rate of oxygen penetra
tion into package 
-  [cc(STP)/day ]

weight of solids con
tained in package (g)

permeability of pack
aging material 

cc(STP) • mil 
m2 • day • atm

thickness of package 
(mil; 0.001 in.)

area of contact of 
package (m2)

external oxygen 
partial pressure 
(atm)

internal oxygen 
partial pressure 
(atm)

permeance of pack
aging material

cc(STP) 
m2 • day • atm

The permeability-related character
istics of the package and its contents may 
be combined into a parameter <p. We call 
it the “ packaging parameter” and it is 
defined by Equation [2]:

For any given packaging condition, 
everything in Equation [ 1 ] except the 
internal oxygen partial pressure is known 
if the external conditions are kept con
stant. The internal partial pressure of 
oxygen changes with time as 0 2 pene-
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Fig. 2 —C aro teno id  p ig m e n t loss as a fu n c tio n  o f  
O 2  concentra tion .

trates into the package, but it is also 
reacting with the food, thus creating an 
unsteady state condition. The rate of 
oxidation of fatty acids is given by 
Bolland, 1949:

° 2 = k i  [RH] [ROOH ] 1/2

PC>2(in)

. k 2 + P0 2(in)

where :

dV'o?
dt

k i, k2 
[RH]

= rate of oxygen con
sumption by the 
food — [cc(STP)/day]

= constants
= oxidizable lipid con

tent

represented by Equation [4] : 
dV'o 2 1

dt

where:

C + D/P0
2 (in)

accumulation of oxygen in the package 
with time is:

[4]
dV'p

dt
dV,o 2

dt
d V 'o 2

dt [5]

C and D = constants

We have also applied Equation [4] to 
other data, including the results of 
Tuomy et al. (1968) for freeze-dried beef 
and chicken stew, and found it to be ap
plicable. Marcuse and Fredrikson (1968) 
have found a similar relationship for fat 
emulsions.

Given the above equations, the rate of

Karel (1960) has shown that combining 
the above equations into an analytical 
function results in an equation difficult 
to integrate. However, if Equation [5] 
can be solved, then the internal oxygen 
partial pressure is:

 ̂0  2 (in) _ V° 2  (acc.)
v x [61

Table 3 —C ond itions fo r  storage study. 

1. Food: Shrimp bar
Porosity: 0.48

[ROOH] = peroxide content

P0 2(in) = internal oxygen partial
pressure

Karel (1960) has shown for model 
systems that rate of oxidation can be

2. Packaging materials: _______<t> X 102

Material k/x Run 1 Run 2

Scotchpak 5 350 19.2 -
Scotchpak 48 200 - 9.4
Scotchpak 104 100 5.5 4.7
Laminate S 10 0.55 0.47

Table 2 —C orre la tion  o f  o x id a tio n  data.
Oxygen 

partial pressure

P0 2(atm) dAs/d ta

Rate o f oxygen absorption 

d 0 2/d t 0riiters/g/day)

0.21 0.073 8.60
0.078 0.044 5.20
0.07 0.037 4.30
0.025 0.017 2.00

:lRate o f  ca ro te n o id  p ig m e n t loss (ca ro teno id  c o lo r index un its /day).

3. Weight o f solids and area per package:

Run 1 Ws = 10 g A = 0.005 m2
A = 5.5 x  IO’4ws

Run 2 Ws = 16 g A = 0.0075 m2
A
ws

= 4.7 x  IO-4

4. Storage conditions:

Temperature: 37°C
Atmosphere : Dry (<0.1%  RH) air (21 % 0 2 )
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Fig. 3 — Rate o f  ca ro te n o id  loss as a fu n c tio n  o f  0 2 p a rtia l pressure. Fig. 4 —D ete rio ra tion  o f  o rgano lep tic  flavo r
score as a fu n c tio n  o f  O2  p a rtia l pressure.

where:

V j = pore volume of food

(acc ) = oxygen concentration 
in pores of food

To solve these equations for the 
shrimp bar, the rate of oxidation as a 
function of time was measured by War
burg techniques. Figure 1 shows the 
consumption of oxygen for the product 
held in air at 37°C, for which a straight 
line results. Unfortunately, it is quite 
difficult to measure rates of oxidation at 
lower partial pressures with standard War
burg methods (Marcuse, 1967). For this 
reason, and also because of direct correla
tion with color quality of the product, 
the present study used loss of carotenoid 
pigments as an index of deterioration. 
Loss of pigment was determined as a 
function of time at several oxygen con
centrations and results shown in Figure 2. 
The assumption was then made that the 
proportionality between oxygen absorp
tion and pigment loss, observed for tests 
conducted in air, would also hold for 
lower oxygen concentrations. The valid
ity of this assumption seemed reasonable 
on theoretical grounds, was confirmed by 
some spot checks and is made more likely 
by the fact that the rate dependence of 
pigment loss follows the curve typical for 
autoxidative processes, as shown in Fig
ure 3. It was recognized, however, that 
this assumption was not actually proven 
prior to its application, and its validity 
would become tested in the experimental 
test of the overall predictions of this 
study.

Given the above assumption of propor
tionality between oxygen absorption and 
pigment loss, an extrapolation of rates of 
oxygen absorption at different oxygen 
concentrations was obtained (Table 2).

Using these data, Equation [4] may be 
written as:

^  = 102
dt 6 .4 4 + 1.16/P0 2 ( in )  [?]

dV'o2
with — expressed in ¡1 liters 0 2/g/day.

To predict shelf life, correlation must 
also be made between the degree of 
oxidation or of pigment loss and accept
ability. In particular, the degree of dete
rioration at which the food becomes 
unacceptable is needed. Figure 4 shows 
results of organoleptic evaluation of 
shrimp bars stored at various oxygen 
concentrations at 37°C and < 0 .1%  RH. 
At a flavor score of 3, the shrimp 
becomes unacceptable. It can be seen that 
in air the shrimp becomes unacceptable in
22—28 days, at 7% 0 2 it is stable for over 
50—55 days, and at 3.5% 0 2 the stability 
is in excess of several months. Using the 
time to reach unacceptability in air, it is 
found from Figure 1 that at that time the 
bar has absorbed about 200 //liters 0 2 /g, 
and from Figure 2 that the color index 
(As) has dropped to a value of 2.2—2.5.

Similar comparisons made at 7% oxy
gen showed that the same values of 
oxygen absorption and carotenoid color 
index were reached at 50 days, the time 
at which organoleptic unacceptability was 
reached. These results were quite encour
aging, since they confirmed the assump
tion of a “cut-off” value of acceptability, 
which depends on the extent of the 
oxidative reactions but not on the rate at 
which this extent is reached. It was 
assumed, therefore, that 200 //liters 0 2/g 
and As = 2.2—2.5 constituted such cut
off values.

The above assumptions combined with 
the given equations were used to calculate

shelf life of the shrimp bar. The predic
tion was made using an iteration proce
dure in which conditions in the package 
and extent of deterioration were deter
mined by following the indicated steps 
for time intervals of 6 hr and a total time 
of 100 days. An iteration procedure was 
chosen because functions combining 
Equations [1], [6] and [7] cannot be 
integrated readily, whereas iteration pro
cedures are readily accomplished with the 
help of a digital computer. An IBM 
360/65 digital computer at the MIT 
Computation Center was used.

The first step was to calculate the 
amount of oxygen that would permeate 
into the package in this short time inter
val using Equation [ 1 ] for a given packag
ing parameter 0, external oxygen partial 
pressure P o 2(out) and assuming that at 
the beginning P o 2(in) = 0- From this, 
the partial pressure of 0 2 in the package 

[Po2(in)l t was found from Equation
[5]. If oxygen is already in the package 
[ V o 2 (in) 1 t 1 ’ this is added to the in

cremental value before obtaining the in
ternal partial pressure. From the value of 
the partial pressure now in the package, 
using Equation [7] ,the amount absorbed 
by the food in this short time interval is 
calculated V o 2 abs and added to the 
amount previously absorbed

[V0 2 abs. 1 t-i
Also the amount of pigment lost in this 
time period can be calculated by writing 
the equation for pigment loss in the same 
manner as for oxidation:

d(As) _ 1
dt 7.60 + 1.28/Po 2

where: [gj
d(As)
------- is expressed in carotenoid

dt color index units per day.
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Fig. 5 —Pred icted  0 2 absorbed fo r  sh rim p  w ith  sauce s to red  in  a ir  fo r  Fig. 6—Pred icted ca ro ten o id  p ig m e n t loss fo r  sh rim p  w ith  sauce s to red  
d iffe re n t permeances to  O2  (A W S = 5 .5  X  70~4 m 2/g). in  a ir  fo r  d iffe re n t permeances to  0 2 (A /W s =  5 .5  X  7O '4 m 2/g).

Since the oxygen in the package is now 
reduced by the amount absorbed, the 
new partial pressure of oxygen in the

*
was calculated basedpackage Po 2 (in) t

on the new volume of oxygen I Vq 2 (¿n)

A V ,
2 (in) -

kA
x

r O 2 (out)

r O 2 (in) t-i At

Step 2.

fVr'O 2 (in) ’ 2 (in) t-i

* 
F

The next amount of oxygen permeat
ing into the package was then calculated 
for the next time increment based on the 
new internal partial pressure. This process 
was repeated for 100 days for different 
package permeances (k/x) and different 
area to weight of solids ratios (A/Ws). 
The steps in equation form are:
Step 1.

A V r
2 (in)

Step 3.

[P rO 2 (in) 'O 2 (in) j t

VT

Step 4. 

A V 02abs.

Step 5.

^C>2 abs.

C + D/ PO
At

2 (in)

V0 2 abs. t-i

+ AV0 2abs.

0

MAXIMUM STORAGE (Doys) MAXIMUM STORAGE (Days)

Fig. 7 —P red ic ted  m a x im um  sh e lf life  fo r  shrim p  
w ith  sauce as a fu n c tio n  o f  the packaging pa 
ram ete r (/>, based on oxygen absorp tion .

Fig. 8 —P red ic ted  m ax im um  s h e lf l ife  fo r  shrim p  
w ith  sauce as a fu n c tio n  o f  the packaging pa
ram ete r <(>, based on ca ro ten o id  p ig m e n t loss.

Step 6.

V0 2(in )jt = v 0 2(in) t ~ A V o 2abs 

Step 7.

PC>2 (in )|*  = j ^ 0 2 (in)
VT

Step 8.

AAs =.
■4 + k 5 / [ P 0 2(in)]t

At

Step 9.

(As)j = (As) t.j — AAs

Step 10.

t + 1 = t + At

Step 11. Repeat steps 1 — 10 until total
time desired.
A high-speed digital computer was 

used to solve the 11 steps. The output of 
this procedure gives oxygen absorbed per 
gram of product and the carotenoid color 
index (As) as functions of time. From a 
plot of these deterioration parameters, 
the time to reach the cut-off values can 
be found directly. To facilitate the use of 
this procedure for any condition, the 
above iteration procedure was performed 
for 3 different area-to-weight ratios and 
for a large series of oxygen permeances. 
Figure 5 shows curves of calculated oxy
gen absorbed for 1 area-to-weight ratio 
and Figure 6 shows (As) as a function of 
time for the same conditions. Using the 
calculated times to reach the cut-off 
values, a plot of the packaging parameter 
<p vs. maximum permissible days of stor
age was constructed in Figure 7 based on 
oxygen absorbed and in Figure 8 based 
on carotenoid pigment loss.

Times to reach loss of acceptability
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Table 4 — Com parison o f  ac tua l w ith  p re d ic te d  storage s ta b ility  sh rim p  bar.

Days to reach unacceptability
Actual Predicted

Package
Flavor
score Color index

Oxygen
absorbed Color index

Run 1

Scotchpak 104

oVCA

> 6 0 35 40-50
Scotchpak 5 50 -60 42-48 30 42-55
Laminate S > 1 0 0 > 8 0 > 1 0 0 90-120

Run 2

Scotchpak 48 50 -60 30-42 30 40 -50
Scotchpak 104 80 -90 55 38 44-58
Laminate S > 1 0 0 - 95 95-130

based on color index (Fig. 8) represent a 
range of values rather than a single curve, 
because of variation in initial values of 
the color index. A value of A = 3, for 
instance, indicates that a drop in color 
index numerically equal to 3 would result 
in unacceptability, given the initial color 
index value.

To test the validity of the mathemat
ical model for prediction of storage stabil
ity, 2 actual storage studies were made 
under test conditions shown in Table 3. 
Results of organoleptic evaluation and 
the measured values of the color index 
are shown for Run 2 in Figures 9 and 10.

From the results of the actual storage 
test, the time to reach organoleptic un- 
acceptability and a color index cut-off 
were compared to the times predicted in 
Figures 7 and 8 by the mathematical 
model. Results of this comparison are 
shown in Table 4.

The results show that the predictions 
are reasonably accurate. The predictions 
based on pigment loss in most cases 
bracket the actual time to unacceptabil-

Fig. 9 —O rganoleptic eva luation o f  sh rim p  w ith  
sauce s to red  in  a ir  in  spec ified  packages.

ity. The predictions based on oxygen 
absorption show shorter storage life than 
actually observed, especially in Run 1. 
However, it is felt that these results are 
sufficiently accurate to confirm the basis 
for a new method of obtaining packaging 
requirements.

The observed discrepancies between 
predicted and observed results are prob
ably due primarily to deviations from the 
assumed constant ratio, applicable at all 
partial pressures of oxygen, between rates 
of pigment loss and of oxygen absorp
tion. It seems that this assumed relation
ship overestimates the rates of oxygen 
absorption.

In addition, errors may have arisen 
from internal resistances to oxygen diffu
sion within the shrimp bars, and from 
deviation in actual package permeances 
from the measured permeabilities.

SUMMARY & CONCLUSIONS
A MATHEMATICAL model for predic
tion of the packaging requirements of

Fig. 10—C aro teno id  p ig m e n t loss o f  shrim p  
w ith  sauce s to red  in  a ir  in  spec ified  packages.

dehydrated oxidizable foods was devel
oped. Standard equations for oxygen 
penetration into the package and for 
oxidation rate as a function of oxygen 
partial pressure were combined with the 
assumption that the internal oxygen fills 
the food pore volume. Equations were 
solved by an iteration process using a 
high-speed digital computer. From tests 
at static conditions of oxygen concentra
tion combined with organoleptic tests, 
cut-off values were obtained which repre
sented maximum permissible oxidative 
deterioration. Times under specified 
packaging conditions to reach these cut
off values were calculated and presented 
as plots of a “packaging parameter” 0 vs. 
time. Plots of this type can be used to 
predict maximum safe storage time under 
given storage conditions, or to determine 
the required package properties for a 
given required storage time.

An actual storage test of shrimp bars 
packaged in films of different permeabil
ities proved that the prediction curves 
gave good results. This study shows, 
therefore, the feasibility of developing 
prediction plots for required packaging 
protection for any dehydrated food dete
riorating by oxidative mechanisms. The 
present study was conducted at constant 
low humidity, thus holding one of the 
important variables constant. The more 
com plex problem of simultaneous 
changes in moisture and oxygen is under 
investigation in our laboratory.
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STORAGE TEMPERATURE EFFECTS ON THE PROTEOLYTIC ACTIVITY 
OF RADIATION-SURVIVING BACTERIA IN OYSTERS

S U M M A R Y —The a c tiv ity  o f  2  rad ia tion -surv iv ing  an d  s tro ng ly  p ro te o ly t ic  stra ins o f  Pseudomonas 
a n d  Achromobacter were com pared to  the a c t iv ity  o f  2  lesser active stra ins o f  Neisseria and  
Bacillus in  fresh oysters du ring  iced  (3 2 °F ) and  re frige ra ted  (4 0 °F ) storage fo r  15 days. R adia tion  
doses used fo r  the oysters were WO and  8 0 0  krad. The a c tiv ity  o f  the fo rm e r bacteria was h igher 
than th a t o f  the la tte r 2  a t b o th  tem peratures and  ra d ia tion  doses. N e ith e r the n o n irra d ia te d  no r 
the irra d ia te d  u n in ocu la ted  oysters d isp layed s ign ifica n t increases in  p ro te o ly t ic  a c t iv ity  when they  
were ice-stored fo r  15 days, b u t  storage a t  4 0 ° F  fo r  the same p e r io d  resu lted  in  s ign ifica n t a c tiv ity  
increases in the non irrad ia ted . This emphasizes irra d ia tio n  and storage tem perature as re la ted  
factors. A  s lig h t decrease in  p H  a t  15 days in  b o th  no n irra d ia te d  a n d  100 kra d -irrad ia ted  oysters 
corresponded to  the increase in  bacteria ! numbers.

INTRODUCTION
10 SPECIES of bacteria which survived 
low-dose gamma radiation were isolated 
from Gulf oysters and identified by 
Liuzzo et al. (1968). They observed that 
irradiation at 200—300 krad reduced con
siderably the proteolytic activity of the 
bacteria. Their studies were conducted 
under laboratory conditions to obtain 
basic fundamental reasons for the activity 
behavior of the bacteria subjected to 
radiation.

The study herein reported was con
ducted to ascertain the combined effects 
of radiation and low-temperature storage 
of oysters on the proteolytic activity of 4 
of the radiation-surviving organisms. The 
experiments were conducted under more 
practical conditions than those by Liuzzo 
et al. (1968).

2 radiation-surviving bacteria shown to 
be highly proteolytic by Liuzzo et al.
(1968) were Pseudomonas erythra and 
Achrom obacter butyri. In this study, 
activity of these bacteria was compared 
to that of Neisseria flavescene and Bacil
lus laterospores, 2 organisms displaying 
less proteolysis than the former 2.

EXPERIMENTAL
THIS experiment was conducted on oysters 
packed in pint-size cans, to simulate practical 
conditions. In this manner, a more applicable 
study was designed which more closely showed 
the effects o f storage temperature and radiation 
on proteolysis under commercial conditions 
than that conducted by Liuzzo et al. (1968).

Oysters used in this study were obtained 
raw and were processed by methods described 
by Liuzzo et al. (1968). The p int cans (350 g o f 
oysters per pint) were divided into 5 lots, each 
consisting of 6 cans (Table 1). 1 lo t served as an 
uninoculated control whereas lots 1,2, 3 and 4 
were inoculated w ith P. e r y th ra , A . b u ty r i ,  N . 
fla v e sc e n e  and B. la te ro sp o re s , respectively. The

1 Present address: Assuit University, Upper 
Egypt, U .A.R.

inocula consisted o f a 1-ml Difco Bacto nutri
ent broth suspension o f each bacterium con
taining 3.5 x  108 cells. The density o f the 
inocula was 106 cells per gram o f oysters. Con
centration of cells in a 1-ml suspension o f nu
trient broth was determined by McFarland’s 
nephelometer method (Manual o f Clinical Lab
oratory Methods, 1958). These inocula were 
added to the oyster pints aseptically.

After inoculation, the 6 cans in each lot 
were divided into 3 radiation treatments: non
irradiated and irradiated at 100 and 800 krad. 
The irradiated procedure employed was de
scribed by Liuzzo et al. (1968). After inocula
tion and irradiation, Vi o f the samples from 
each treatment was analyzed immediately; the 
other half was stored in ice (32°F) and in a 
refrigerator (40°F) for 15 days, at which time 
the proteolytic activity and pH values were de
termined. Proteolysis was measured by Soren
sen’s formal titration procedure (Levy, 1933; 
1934). Bacterial counts were determined on 
each sample by the standard pour-plate tech
nique (Difco Manual, 1966).

RESULTS & DISCUSSION
OYSTER tissue autolysis was not caused 
by gamma irradiation (Table 2). Neither 
the nonirradiated nor the irradiated oys
ters displayed significant increases in 
proteolytic activity when they were ice- 
stored for 15 days. Therefore, any evi
dent activity is assumed to be bacterio- 
logically induced. Results in Table 2 
indicated that storage in ice of nonirradi
ated oysters held the bacterial activity to

a minimum, whereas storage at 40°F for 
15 days resulted in significant increases in 
proteolytic activity (P <  0.01).

Irradiated oysters (100 and 800 krad) 
displayed smaller proteolytic increases 
than nonirradiated oysters after 15 days’ 
storage at both temperatures. It is as
sumed that the destruction of bacteria by 
irradiation was responsible for this phe
nomenon. Lack of autolytic activity due 
to irradiation is further emphasized by 
the reduced activity observed in oysters 
irradiated at the higher level.

Table 3 shows that the pH of the 
nonirradiated and irradiated oysters was
6.5 prior to iced storage. The slight 
decrease in pH after 15 days’ storage of 
both nonirradiated and irradiated oysters 
(100 krad) corresponded to the increase 
in numbers of bacteria. A lack of decrease 
in pH of the 800 krad-irradiated oysters 
was probably due to the large reduction 
of bacterial numbers.

Spoilage of oysters can be character
ized by a gradual and continuous decrease 
in the pH value (Hunter and Linden, 
1923; Baldwin et al., 1941; Piskur, 1947). 
The general appearance and odor of each 
sample after 15 days’ storage in both ice 
and refrigeration temperatures were re
corded. In general, all samples irradiated 
at 100 krad remained “sea fresh” until 
after the 15 th day, whereas the same 
state of freshness for the nonirradiated 
samples was lost by the 7th to 10th day. 
The samples irradiated at 800 krad had a 
characteristic odor which can best be 
described as “spoiled oyster.” In addition 
to this, the latter sample had a brownish 
color on the surface and in its fluid. This 
was probably due to irradiation bum. 
Novak et al. (1966) reported that levels 
of radiation beyond 200 krad resulted in 
the production of a light-yellow exudate 
which lowered the oyster’s acceptability 
for appearance.

Table 1-E x p e r im e n ta l design fo r  oys te r p in ts .

Radiation levels®
Lot Organism (krad)

Control Uninoculated 0 100 800
1 P se u d o m o n a s  e ry th ra 0 100 800
2 A c h r o m o b a c te r  b u ty r i 0 100 800
3 N eisse ria  fla v e s c e n e 0 100 800
4 B a cillu s la te ro sp o re s 0 100 800
aAfter inoculation and irradiation, 'h  o f  all treatment samples was 

analyzed im m ediately, the other half stored for 15 days at 32° and 
4 0 °F  prior to analyses.

V o lu m e  3 6  (1 9 7  D —J O U R N A  L O F  F O O D  S C I E N C E -  287



288- JOURNAL OF FOOD SCIENCE-Volume 36 (1971)

Table 3 —p H  values an d  bacteriaI counts o f  oysters s to red  in  ice.

Radiation level (krad)

Storage
(days)

0 100 800
PH Count® pH Count® PH Count®

0
15

6.5
6.1

6 X 10s 
1 X 106

6.5
6.3

2 x 10s 
8 x 10s

6.5
6.5

2 X 104
3 X 104

aBacteria/g of oysters.

Table 4 -P ro te o ly t ic  a c tiv ity  o f  rad ia tion -surv iv ing  bacteria in  oys

ters a fte r 15 days o f  storage.

Radiation ml of 0.1 N Sodium hydroxidea

dose
(krad) Organism

Storage 
at 32°F PH

Storage 
at 40°F pH

Controlb - 3.30 6.5 5.55 6.2

0 Pseudomonas
erythra

7.50 5.8 10.20 5.6

100 6.10 6.0 8.52 5.7
800 3.40 6.5 3.85 6.4

0 Achromobacter
butyri

10.22 5.5 13.52 4.2

100 9.11 5.7 12.00 5.2
800 5.25 6.4 7.35 5.8

0 Neisseria
flavescene

5.22 6.4 9.35 5.7

100 4.83 6.4 8.55 5.8
800 3.88 6.6 4.35 6.2

0 Bacillus
laterospores

5.83 6.3 10.00 5.6

100 5.33 6.3 8.38 5.8
800 4.12 6.4 5.00 6.3

aAm ount used to titrate free am ino acids to pH 9 .1 —9.2. 
^Control is uninoculated and nonirradiated oysters.

Table 2 —Effects  o f  gamma irra d ia tio n  on 
the p ro te o ly t ic  a c tiv ity  o f  oys te r tissues (a u to l

ysis). ______________

Dose
(krad)

Storage
(days)

Ml of 0.1 N 
sodium hydroxide®

Iced
storage
(32°F)

Refrigerated
storage
(40°F)

0 0 2.50 2.50
15 3.40 5.44b

100 0 2.60 2.60
15 3.40 3.60

800 0 2.45 2.45
15 3.25 2.50

aAmount used to titrate free amino acids to
pH 9 .1 - 9 .2 .

^Significant increase over 0 days ( P < 0 .0 1 ) .

Table 4 shows that the pH of the 
nonirradiated inoculated samples and the 
samples irradiated after inoculation with
N. flavescene and B. laterospores re
mained virtually unchanged when stored 
at 32°F. However, changes were observed 
when these samples were stored at 40°F. 
Major decreases in pH were evident in 
these treatment samples when they were 
inoculated with P. erythra and A. butyri. 
The pH’s were lower in those pints stored 
at 40 than at 32°F. However, only slight 
decreases in pH were noted in samples 
uninoculated or inoculated with the or
ganisms which survived the 800-krad 
dose.

These observations coincide with those 
reported by Liuzzo et al. (1968), who 
reported an inverse relationship between 
irradiation and bacterial numbers and 
subsequent metabolic activity. When the 
oysters were irradiated at 800 krad, a 
larger number of the inoculated organ
isms was destroyed, thereby reducing the 
activity. This relationship between radia
tion dose, bacterial numbers and pH is 
also seen in Table 3.

Results in Table 4 also show that the 
proteolytic activity was kept lowest in all 
treatments, which included the 800-krad 
dose after inoculation. In some instances 
the activity was lower than the uninocula
ted control.

Proteolytic activity was less in the 
samples stored at 32° than those stored at 
40° F when the oysters were irradiated at 
100 and 800 krad after inoculation. This 
emphasizes the importance of storage 
temperature as a related factor.

The proteolytic activity of P. erythra 
and A. butyri was higher than that of N. 
flavescene and B. laterospores at both 32 
and 40°F. This indicated that members of 
the former genera are an influencing

factor in causing oyster spoilage during 
iced and refrigerated storage. Chung
(1963) reported that Pseudomonas and 
Achrom obacter were highly proteolytic 
bacteria and caused spoilage of seafood 
generally during storage. It was obvious in 
the case of Neisseria and Bacillus that 
storage of irradiated oysters at 32°F was 
more effective in keeping the proteolysis 
lower than storage at 40° F.

Results from this study not only dem
onstrate the advantages of low-dose radia
tion in preserving oysters, as was also 
shown by Novak et al. (1966), but they 
further emphasize the role of iced-storage 
in combination with radiation as a means 
of retarding bacterial growth and metabo
lism and, subsequently, spoilage.
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A SYSTEM FOR CONTINUOUS THERMAL PROCESSING OF 
FOOD POUCHES USING MICROWAVE ENERGY

S U M M A R Y —A  system fo r  co n tinuou s  m icrow ave s te r iliza tio n  o f  foods packaged in  p las tic  pouches 
has been designed, con s truc te d  an d  tested. A i r  pressure was used to  p reven t pouch  rupture. 
Pouches con ta in ing  fo o d  fo r  use in  m il i ta ry  ra tions were sealed a n d  in tro d u ce d  th rough an a ir  lock  
on to  a conveyor inside a p las tic  p ip e  w ith in  a m icrow ave cav ity . M icrow ave energy was supp lied  
up to  10 k w  a t 2 ,450 M Hz. C onveyor speed and  p o w e r were regulated to  p ro v id e  the process tim e  
a n d  tem perature. C ooling was ach ieved in  a co o lin g  bath. Pouches were overpackaged in  a fo il 
lam ina te  fo r  a d d itio n a l p ro te c tio n . Several fo o d  p roduc ts  were processed. To ta l process tim es o f  
9 —14 m in  were achieved.

INTRODUCTION
ALTHOUGH the application of micro- 
wave energy to  the heating of food 
materials is a relatively new field, there is 

t a surprisingly small body of open litera
ture available on the concept of steriliza
tion of foods in hermetically sealed con
tainers on a continuous basis using this 
form of heat input. This may be ex
plained in part by the fact that while 
work may be under way in this field, 
much of it may be of a proprietary 
nature. Certainly, the bulk of the litera
ture has appeared as patents.

Pasteurization of liquids and surface 
inhibition of microorganisms have been 
more adequately described. Decareau
(1968) recently summarized the present 
state of the art in both sterilization and 
pasteurization.

True sterilization in containers either 
prior to or after hermetic sealing was 
discussed by Jackson (1947), who also 
summarized earlier work. Most studies 
were conducted at relatively low frequen
cies compared to present standards. The 
work of Jackson and others was done in 
glass containers of various types, includ
ing baby-food jars, and was primarily in 
the form of batch experiments. Jackson 
discussed problems encountered, includ
ing local heating, arcing and burning of 
containers, and suggested the use of 
higher frequencies than those previously 
used.

Landy (1965) discussed a batch proc
ess in which food material could be 
sterilized in both glass and plastic tubes in 
a batch process with microwave energy. 
Mention was made of the use of a rigid 
form in some cases to maintain constant 
volume of the flexible containers used. 
Thus, a counterbalance to internal pres
sure is necessary to attain practical sterili
zation temperatures.

Long et al. (1966) discussed a method 
by which food products could be steri
lized by microwave energy on a continu
ous basis in plastic pouches. In this case 
the pouch was open to the atmosphere

during the heat treatment and subse
quently sealed. A labyrinth-type opening 
in the pouch was designed to preclude the 
entry of microorganisms during the proc
ess. This method was limited to those 
products which could be sterilized at 
212°F.

Jeppson and Harper (1967) discussed a 
continuous method of sterilization of 
foods in which a hydrostatic pressure 
system was used to maintain the hydro
static head (and, hence, over-pressure for 
materials in flexible plastic pouches), and 
a heating section filled with mineral oil to 
provide a non-lossy medium for the prod
uct.

Jeppson (1964) further discussed con
tinuous microwave processing of skim 
milk (in 8-oz glass jars) and heat-sensitive 
fruits, using conveyorized ovens.

A number of present and planned 
Army operational rations are being de
signed around the concept of food pack
aged and sterilized in flat, rectangular flat 
seal design, plastic-laminate pouches as a 
replacem ent for the conventionally 
canned items.

Figure 1 is a photograph of three 
pouches showing typical products now

being investigated for use in these experi
mental operational rations. This photo 
shows the relative size and general config
uration of the pouches. The pouches used 
in the continuous microwave system are 
similar in size and configuration, but do 
not contain the aluminum foil layer, 
because of the reflectivity of the foil to 
microwaves. These components are now 
processed principally in conventional 
steam-water retorts on a batch basis, for 
time periods of as much as 1 hr, depend
ing on the thermal process requirements 
of the product.

The present work was undertaken in 
an attem pt to design and test the feasibil
ity of a rapid, continuous process which 
would result in improved product quality 
and achieve the economics of continuous 
processing.

Microwave energy was selected, since 
very rapid heating times can be obtained 
with direct coupling of the energy into 
the product rather than placing reliance 
on the transfer of heat energy through 
the container surface and subsequent 
conduction to the center of the mass.

EXPERIMENTAL
The process

The process involved passing food packaged 
in sealed plastic pouches through a microwave 
energy field on a continuous basis to achieve a 
sterilization temperature. This was followed by 
cooling o f the pouches and a subsequent aseptic 
overpackaging w ith a suitable plastic-foil lami
nate to afford adequate storage and handling 
protection to the product.

Since temperatures o f 250°F and higher

Fig. 1—Pouches co n ta in ing  ty p ic a l fo o d  p roduc ts  show ing re la tive size 
and  general co n fig u ra tio n  o f  pouches.
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are achieved in the sterilization o f foods, in
ternal pouch pressure w ill exceed 15 lb per sq 
in. This pressure w ill exceed the rupture point 
of known plastic film(s) laminates at these tem
peratures, particularly at the sealed areas. An 
external counter-balance in pressure must be 
provided for this purpose.

Thus, the equipment designed provided four 
essential components: 1) A pressurized system.
2) A means o f passing individual pouches con
tinuously in and out o f the system. 3) A con
veyor to carry the pouches through the system. 
4) An applicator to apply the microwave en
ergy.

The equipment to accomplish these objec
tives was designed to provide an experimental 
machine as inexpensively and as simply as pos
sible, to establish the feasibility o f the process

and to study the quality o f the resulting prod
uct. No attempt was made to refine the design 
or to provide sophisticated automation, al
though design features were selected which 
would permit future refinement.

Equipment
Chamber. The principal component o f the 

system was a 25-ft-long cylindrical fiberglass- 
reinforced epoxy tube. A metal (aluminum) 
box at each end contained the drive and idler 
mechanisms of the conveyor system and other 
accessory devices. Fiberglass epoxy was chosen 
as a tube material because o f its strength at 
elevated temperatures and its relative transpar
ency to microwave energy. The dimensions of 
the tube were dictated by: a) The dimensions 
o f the microwave cavity available, b) The pouch

L

Fig. 4 —Cross-sectional sketch o f  e x it  end  o f  system w ith  co o lin g  re
ceiver.

size (the standard pouches are approximately 
4.75 by 7 by 0.5 in.), c) Availability o f stand
ard pipe. The commercially available pipe se
lected was Chemline (Dow Smith Inc., L ittle  
Rock, Arkansas) w ith the following character
istics:

Epoxy Fiberglass Tube Characteristics

Outside diameter 
Inside diameter 
Wall thickness 
Maximum pressure- 

temp rating

4.580 in. 
4.360 in. 
0.110 in. 

150 psi at 300°F

Standard flanges and sleeves were used with 
the pipe to permit attachment o f the pipe to 
the end boxes and to assemble sections o f pipe, 
to permit disassembly o f the system for the 
microwave cavity i f  desired. Figure 2 is a sketch 
of the complete system. The letter F designates 
the fiberglass epoxy tube passing through the 
microwave oven unit G; letters K and D are the 
aluminum end boxes constructed o f 3/8-in. alu
minum plate w ith appropriate openings to 
accept the tube, the entrance valve system A-B- 
C and the receiver chamber L, w ith exit valve M; 
letters E and J are view and access ports to the 
end boxes. The microwave cavity I is shown 
w ith microwave antennas H.

Table 1—Engineering characte ris tics o f  m i
crowave processor.

Continuous processor
Feed rate 
Time in cavity 
Cooling time 
Pressurization time 
Optimum load 
Belt speed 
Power range 
Over pressure 
Dielectric temp rise 
Belt length 
Cavity belt length

1 pouch/min
1 -  12 min 
5 min
1 min
2 -  5# (6—14 pouches)
0 -7  ft/m in
1.25-10 kw
0 -4 0  lb/sq in 
20-30°F
24.5 ft
9.7 ft
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Fig. 5 —M icrow ave ap p lica to r (L it to n  M odel C -10S-2*) M icrowave  
Conveyor.

Fig. 6 —View  o f  feed end o f  m icrow ave processor show ing  valve assem
b ly  and  ep oxy  tube in  cav ity .

Valve system. To pass the pouches in and 
out o f the pressure system, some type of valve 
arrangement was necessary. Various devices 
were considered including rotary valves, baro
metric legs and several special designs. An air
lock arrangement was finally adopted which 
utilized a standard, commercially available but
terfly valve (Rockwell Manufacturing Co., Pitts
burgh, Pa.). A wafer-type, hand-lever-operated, 
6-in. i.d. valve rated for 50 psi shut-off service 
was used. The entrance system utilized two of 
these valves to provide an airlock system. Fig
ure 3 shows a cross-sectional sketch o f the valve 
system with a section o f tube.

The valve system is mounted at an angle to 
the horizontal o f approximately 45 degrees into 
the feed box end of the pressure system, as 
shown. In this way the pouch slides by gravity 
through the airlock assembly G. During opera
tion the lower section o f the assembly (at
tached to the end box F) is under system pres
sure (15-18 psi) and the lower B valve is shut. 
The pouch is introduced into the upper section 
at A. The first valve B is opened and the pouch 
slides into the first chamber G. The first valve B 
is then closed and the chamber between the 
two valves is pressurized by compressed air. 
When the pressure on both sides o f the second 
valve B is equalized, this valve is opened and the 
pouch slides into the pressure system and is 
guided on to the conveyor K by chute C and 
guide H. The second valve B is then closed, the 
first chamber is depressurized and the cycle is 
repeated. Letter D is the endless belt idler roller 
w ith screw take-up adjustment E. The polypro
pylene strip J serves to support the belt w ithin 
the tube; letter I shows the flange attachment 
o f the tube.

Refinements such as pouch-positioning sen
sors, pressure transducers and electric or hy
draulic operation o f the valves can easily be 
introduced to automate the system. In future 
redesign o f the equipment it  is planned to do 
this.

Conveyor system. To move the food 
pouches through the epoxy fiberglass tube and 
hence through the microwave field, a continu
ous belt conveyor system is provided within the 
main pressure system, l/8-in.-thick strips o f 
polypropylene were cut to a width slightly less 
than the internal diameter o f the epoxy tube 
(approximately 4 in. wide and in lengths of 
approximately 4.5 ft). These strips were fas
tened together w ith flat-head nylon bolts and 
laid w ith in the epoxy tube to serve as a bearing 
surface for the continuous belt movement. The 
belt passes over the top o f the polypropylene 
surface and returns under i t  in the tube. The 
belt is a neoprene Typalon (chlorinated sulpho- 
nated polyethylene) MIL-C-13285 type I, class 
I coated polyester fabric material 3.5 in. wide 
and approximately 50 f t  continuous length. 
Figure 4 is a cross-sectional sketch o f the end 
box o f the system. A geared motor C w ith suit
able gear reduction drives a 4-in. drum G w ith 
an idler roller F providing approximately 80% 
wrap-around on the drum. The belt is pulled 
from the opposite end to the entrance feed box 
by the drive. The belt speed can be controlled 
from zero to approximately 7 f t  per min by an 
appropriate speed-control device. The drive 
motor C is located within the end box, elimi
nating the need for external shafting and pres
sure-tight bearings. The 1/32-hp motor has a 
maximum operating temperature rating o f ap
proximately 200°F. Tension adjustment is pro
vided for the belt to compensate for expansion 
and contraction under varying temperatures.

Microwave applicator. A model C-10S-2 
(L itton  Industries, Atherton Div., Minneapolis, 
Minn.) microwave conveyor unit was available 
in these Laboratories-Figure 5.

The main cavity is 9 f t  7 in. long by 27 in. 
wide by 26 in. high; however, the entrance and 
exit sections to the cavity are 5 in. high and 14 
in. wide. I t  was not desired to reconstruct the 
unit; thus, the 5-in. dimension limited the cut- 
side diameter o f the epoxy tube which passes

through the main cavity. The belt o f the unit 
and its drive were not used, o f course, since the 
epoxy tube contained its own conveyor system.

The microwave unit operated at a frequency 
o f 2,450 MHz and was powered by four water- 
cooled, modular, magnetron generators which 
provided 0—10 kw average power in eight steps 
o f approximately 1.25 kw each. (Each module 
operates 1.25 kw each, or 2.5 kw.) This modu
lar design offered flex ib ility  o f operation not 
obtainable w ith a single generator, giving advan
tages which have been discussed by Gerling
(1968).

One o f the principal advantages o f a con
veyor-type system which moves the product 
through a fairly long cavity is the evening-out 
o f nonuniformities o f electro-magnetic field 
strengths which always exist in a cavity applica
tor, no matter how skillfu l the design. The 
product in this situation is subjected to a mini
mum dose o f energy during its travel through 
the cavity.

Another advantage o f this microwave unit is 
the provision o f water loads in the entrance and 
exit sections o f the main cavity, which permit 
operation o f the unit w ith small loads in the 
cavity, e.g., a few food pouches at a time, i f  
desired, w ithout damage to the generator tubes.

Cooling
After sterilization, the food pouches must 

be cooled to at least 212°F to reduce internal 
pressure prior to removal from the pressure 
system. In any production operation this can be 
accomplished by incorporating a cooling sec
tion w ith in the pressure system in which the 
belt conveying the pouches passes over a cool
ing platen prior to discharge from the system. 
Experiments were conducted and preliminary 
design data have been collected to permit addi
tion o f a cooling section in the process system 
at a later date. For the present experiments 
(Fig. 4) a receiver chamber K utilizing cooling 
water L  on an emptied batch basis is being em-
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Fig. 7— View  o f  epoxy-fiberglass tube in  m icrow ave cavity . Fig. 8 — V iew  o f  e x it  end box.

ployed through valve H. In either case pouch 
temperatures can easily be reduced from the 
process temperature (250°F) down to 212°F in 
approximately 3 -4  min.

Packaging
The process described is designed to sterilize 

solid or semisolid food products sealed in flexi
ble plastic film  laminate pouches. Investigation 
o f various films and laminates most suitable for 
this purpose is continuing. To date, a 4.5 by 7 
in. polyethylene (2 mil) mylar (polyester) (1 
mil) laminate has been used which is readily 
heat sealable. In these experiments the pouches 
were heat sealed on three sides, filled w ith ap
proximately 6 -8  oz o f product and the fourth 
side heat sealed.

Since no known solely plastic laminate w ill 
provide physical and microbiological protection 
to the food product subsequent to processing, 
particularly when subjected to the rigors o f the 
military supply system, an overpack was consid
ered to ensure physical protection and storage 
stability. The present experimental m ilitary fo il 
laminate (3 mil po lyo le fin -0.35 m il aluminum 
fo il-0 .5  m il polyester) was considered suitable 
for this purpose.

Overpackaging, however, introduces the 
problem o f possible bacterial contamination 
between the outer surface o f the pouch and the 
inner surface o f the overpack, resulting in possi
ble contamination and subsequent spoilage of 
the product. To obviate this problem, sterilized 
pouches can be removed from the cooling re
ceiver aseptically and overpacked w ith a sterile 
pouch in a “ clean”  environment (box or clean 
area). They could be passed directly into a ster
ile environment and overpacked w ith sterile 
pouches on a continuous basis.

Figure 6 is a photograph o f the entrance 
valve assembly showing the epoxy tube in the 
microwave cavity. Figure 7 is a photograph o f 
the microwave cavity w ith tube. Figure 8 shows 
the end exit box. Figure 9 shows the exit box 
w ith the cooling receiver attached below the 
box. Table 1 shows the performance character
istics o f the continuous reactor.

The feed rate and other variables shown are 
based on continuous individual hand operation

and are not intended to represent potential con
tinuous production rates or capabilities, but 
rather to indicate the engineering characteristics 
o f the pilot processor. Dielectric temperature 
rise refers to rise in temperature o f epoxy fiber
glass pipe in microwave cavity during operation.

Temperature measurement
To achieve sterility and consequent bacteri

ological stability in the food pouches, it  is nec
essary to achieve temperatures o f 250°F or 
greater in all portions o f the food and to hold 
these temperatures for an equivalent o f at least 
3 min.

The measurement o f temperature o f the 
food results in two problems. The first is that 
o f measuring the temperature o f individual 
pouches in a continuous process, particularly in 
a closed pressure system. The second is meas
urement o f temperature w ithout a measuring 
device containing metal. Copson (1962) dis
cussed the second problem and various ap
proaches to low-loss thermometry. No satisfac
tory answer has been developed w ith respect to 
the first problem, although infra-red detection 
techniques hold promise for measuring at least 
surface temperature o f the pouch.

In preliminary work, paper strip thermom
etry was used. Chemically treated paper strips 
alone or sealed into small glass tubing were 
employed. These are available (Paper Thermom
eter Co., 10 Stagg Dr., Natick, Mass. 01760) in 
10°F increments and are essentially maximum 
and irreversible indicators which change from a 
light-gray to a jet-black color when their tem
perature rating is exceeded. Strips taped to the 
pouch surface tubes w ith the paper sealed in
side or strips sealed in plastic and inserted into 
the food were used. These indicators have been 
useful and practical for the initial studies car
ried out.

RESULTS & DISCUSSION
LIMITED product studies have been con
ducted with the continuous microwave 
processor just described. Typical heating 
curves for water and two products— 
chicken a la king and frankfurters—are

shown in Figure 10, which demonstrate 
the feasibility of the system design.

As would be expected, those products 
which were fluid in nature permitting 
convection within the pouches (e.g., 
chicken a la king vs. frankfurters) have a 
shorter heating time. Process times in
cluded a heating phase of 4—6 min as 
shown, approximately 3 min holding at 
process temperature (250°F or above) 
during which belt speed or microwave 
input may be regulated to avoid excess 
temperatures and resulting product dam
age, and a cooling period of 2 -5  min for 
a total process of 9—14 min, close to the 
original design process contemplated. 
These times were obtained with an initial 
temperature of 75°F. Using a hot-fill 
(150-160°F), which would be normal 
practice, much shorter times to reach 
250°F or above could be expected.

The project discussed in this publica
tion represents the concept, design, fabri
cation and operation of a microwave 
system only. The next phase is that 
involving the food product itself, includ
ing acceptability, microbiological safety, 
stability and the economics of produc
tion. This work is now in progress and 
will be reported in a subsequent publica
tion. The first concern with such a 
project was whether food products could 
be heated to the desired temperatures, 
held for the appropriate time, cooled and 
removed from system on a continuous 
basis—using the system described. It has 
been demonstrated that this can be done. 
Future work will include further tempera
ture studies with additional foods, includ
ing extension of temperature measure
ments to include temperature distribution 
within the pouch. Once time-tempera- 
ture-process parameters have been estab
lished, product quality studies will be
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Fig. 9 —V iew  o f  e x it  end  bo x  w ith  c o n tro l panel and  coo lin g  receiver 
a ttached below .

CONTINUOUS MICROWAVE PROCESS 
HEATING CURVES

Fig. 10—H eating curves—con tinuou s  m icrow ave processor.

required, including subjective panel ac
ceptance comparing controls, convention
ally processed and microwave-processed 
food components.

CONCLUSIONS
A CONTINUOUS microwave device was 
designed, constructed and tested. Initial 
trials with food products packaged in 
flexible plastic pouches demonstrated 
system feasibility and process times 
which approached the design parameter. 
More extensive product quality studies, 
microbiological criteria, economic evalua

tion and improved design features are 
currently in progress and will be reported 
subsequently.
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HEAT AND MASS TRANSFER IN A BATCH DRY RENDERING COOKER

S U M M A R Y -D a ta  were ob ta ined  fro m  a num ber o f  runs in  w hich ined ib le  o ffa l, m a in ly  fro m  
sheep, was processed in  a full-scale ba tch d ry  rendering coo ke r a t a com m erc ia l aba tto ir. G ood  
accuracy o f  m easurement o f  a ll variables, in c lu d in g  weights o f  in p u t and o u tp u t m aterials, steam  
flow s and  tem peratures was dem onstra ted b y  heat and mass balances. O verall heat transfer c o e ffi
c ients fo r  ja c k e t and  sha ft were ca lcu la ted  fo r  a ty p ic a l o f fa l run  and fo r  a run  in  w hich w ater o n ly  
was charged. F o r the o ffa l run , coe ffic ien ts  declined  ra p id ly  fro m  a b o u t 170 dow n to  70  B tu /-  
f t 2h r°F  du ring  the f irs t hou r, w ith  the lo w  value pers is ting fo r  the rem ain ing h o u r o f  the cycle. Fo r 
the w ater run , there was a gradual decline in  co e ffic ie n t values fro m  170 to  130 B tu / f t2h r°F  over a 

2-h r pe riod . Com parison o f  heat transfer behavior fo r  these tw o  cases shows th a t observed  
changes in  the o ffa l coo k  co u ld  n o t be exp la ined  b y  changes in  heat transfer area caused b y  
shrinkage o f  con ten ts volum e occurring  d u ring  the cycle. A s an a lte rna tive  exp lanation , i t  is 
proposed th a t as evapora tion o f  w ater proceeds, a phase inversion occurs fro m  a ta llo w  in  water 
dispersion in it ia l ly  present in  the cooker, to  a w ater in  ta llo w  dispersion. A  decline in  the heat 
transfer c o e ffic ie n t sets in  when ta llo w  becomes the con tinuou s  phase, w ith  a m in im u m  value being  
reached when a ll w ater d rop le ts  have disappeared and  rem ain ing w ater is present o n ly  as "b o u n d "  
w ater in  the p ro te in  particles.

INTRODUCTION
A SURVEY of fat rendering in the 
Australian Meat Industry by Herbert and 
Wilson (1966) established that little is 
known about the chemical and/or chemi
cal engineering aspects of batch dry ren
dering plants, even though this type of 
equipment is that most commonly used 
for rendering. Lack of basic knowledge 
makes difficult the evaluation and selec
tion of new rendering processes; accurate 
plant design is impossible. Therefore, the 
Australian Meat Research Committee 
sponsored work within C.S.I.R.O., Divi
sion of Chemical Engineering, to investi
gate batch dry rendering processes with 
particular reference to heat transfer as
pects.

After consideration of possible alterna
tive experimental approaches such as lab
oratory or pilot plant studies of small 
models of batch cookers, it was decided 
to carry out the investigation on a full- 
size commercial cooker—one of three 
similar cookers forming the “inedible” 
by-products plant of a large Melbourne 
abattoir. This plant produces about
250.000 lb of inedible tallow and
430.000 lb of inedible meal from a 
typical weekly kill of 2,500 cattle and
35.000 sheep.

EXPERIMENTAL
Equipment

Figure 1 shows the main features o f the 
cooker, including the 4 pairs o f steam heated 
beaters which run within about % in. o f the in
side wall o f the steam heated jacket. The shaft 
supporting the beaters is driven at 30 rpm by a 
35 h.p. electric motor. Jacket and shaft are sup
plied w ith steam from a main controlled at 80 
psig; manually controlled stop valves are in
stalled in each line. Jacket condensate discharge

is via two 1 in. BSP thermostatic-type steam 
traps, and a non-condensable vent is supplied at 
the top o f the jacket. Raw materials are charged 
through a short length o f 18 in. dia pipe, which 
can be closed w ith a pressure tight lid. Steam 
evolved during evaporation o f the contents 
vents through a 6 in. dia pipe leading out of the 
charging pipe, which reduces to 4 in. dia for

most o f its 200 ft  run to a spray condenser. 
Internal pressure in the cooker can be adjusted 
by manipulation o f a 6 in. dia gate valve in the 
vent pipe, and o f a 2 in. dia valve in a line 
by-passing the 6 in. valve.

A t the end o f the batch cycle, the products 
are discharged into a percolator via a hinged 
door in the lower part o f the unheated end 
plate. After the tallow has drained, the “ crack
lings”  (cooked solid particles) are pressed in 
vertical hydraulic presses to remove most o f the 
remaining tallow, and the press cake proceeds 
to milling and bagging as meat meal. The com
bined tallow from percolator and presses is f il
tered and stored.

Instrumentation normally fitted comprises 
indicating gauges for jacket steam pressure and 
internal pressure and an “ end-point”  controller 
which sounds an alarm when the electrical con
ductivity o f the contents o f the cooker be
comes less than a preset value.

This type o f cooker, internal dimensions 
12 ft  6 in. long and 4 f t  6 in. dia, capacity 177 
cu ft, is representative o f many similar batch 
dry rendering plants installed in abattoirs in 
Australia and other countries.

Figure 1 and Table 1 give details o f the posi-

Table 1—D escrip tion  o f  test instrum en ts

Label Position Type
Full scale 
reading

Recording
equipment

F I Vent-gas line Differential 
press, transmitter

30 in W.G. Foxboro M54 
Consotrol Recorder

F2 Shaft steam 
line

Differential 
press, transmitter

50 in W.G. Foxboro M54 
Consotrol Recorder

F3 Jacket steam 
line

Differential 
press, transmitter

100 in W.G. Foxboro M54 
Consotrol Recorder

PI Vent-gas line Press, indicator 5 psig
P2 Shaft

condensate line
Press, indicator 100 psig

P3 Jacket
condensate line

Press, indicator 100 psig

P4 Jacket
condensate line

Press, indicator 100 psig

P5 Charging pipe Press, indicator 
-transmitter

100 psig Foxboro M54 
Consotrol Recorder

P6 Cooker jacket Press, indicator 
-transmitter

100 psig Foxboro M54 
Consotrol Recorder

P7 Shaft steam 
line

Press, indicator 
-transmitter

100 psig Foxboro M54 
Consotrol Recorder

P8 Jacket steam 
line

Press, indicator 
-transmitter

100 psig Foxboro M54 
Consotrol Recorder

T2 Cooker contents Thermocouple 150°C Yew Temperature 
Recorder

T3
T4
T5
T6

Cooker wall Thermocouple 150°C Yew Temperature 
Recorder
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Fig. 1—D eta ils o f  w orks cooker

Fig. 2 —Wat! the rm ocoup le  assembly

tion and type o f instruments installed for the 
experimental program. In addition, facilities 
were available for weighing input materials and 
products, comprising tallow from percolator 
and presses, and press cakes. Temperatures were 
measured by copper constantan thermocouples 
and recorded on a multi-point potentiometric 
recorder. The temperature o f the contents (T2) 
was measured by a probe located in the lower 
part o f the unheated end plate, and protruding 
about Vi in. inside the cooker. Other tempera
tures T3, T4, T5 and T6 were measured by 
probes (Fig. 2) installed flush w ith the inside

wall o f the cooker in the positions indicated in 
Figure 1.

Temperature probes T3, T4 and T5 were 
located along the length at places where the tips 
of adjacent pairs o f beaters overlap, while the 
probe measuring T6 was installed at the end of 
the cooker, and so was influenced by only one 
pair o f beaters.

Pneumatic pressure and differential pressure 
transducers and transmitters were employed to 
measure pressures and steam flows, the values 
o f which were recorded continuously on strip 
chart instruments.

Table 2 —T yp ica l run  data

Run No. 20 Date 22.10.68 Batch time 132 min
Total jacket steam 3380 lb Total shaft steam 2,064 lb
lb Steam/lb vent gas 1.22 Total vent gases 4,459 lb
Charge weight 8,576 lb
Products weights — tallow: from percolator 360 lb; from press 1,176 lb

-  total tallow 1,536 lb
— press cake 2,498 lb

Time from start 
-min.

Jacket steam Shaft steam Vent gas 
lb/hr

Contents Wall

psig lb/hr psig lb/hr psig T2(°F) T4(°F) T6(°F)

6 23 2789 49 1805 354 0 168 177 190
12 48 2805 55 1645 1962 1 204 213 222
18 53 2772 57 1549 3698 3 222 231 237
24 58 2593 59 1516 3900 3 228 239 242
30 66 2473 61 1384 3690 3 226 240 246
36 72 2223 63 1295 3372 3 226 244 251
42 74 2003 65 1173 3076 2 224 248 255
48 76 1800 67 1109 2739 2 222 249 257
54 78 1671 68 1048 2552 2 222 253 264
60 76 1522 67 950 2380 2 222 257 267
66 76 1455 67 927 2257 2 221 257 269
72 77 1400 75 913 2194 2 221 258 269
78 79 1243 76 816 1230 7 228 266 275
84 80 905 79 560 0 28 262 280 287
90 81 798 79 473 1529 31 278 293 296
96 80 1000 79 518 1962 19 266 285 293

102 81 1045 79 518 1927 12 253 280 287
108 81 1050 80 521 1658 10 248 278 285
114 80 1045 72 408 1529 8 248 276 285
120 65 678 78 557 1285 6 249 278 287
126 17 0 81 524 935 2 244 264 269
132 25 527 81 428 360 0 239 253 255

Rendering cycle
The rendering cycle was essentially that 

used as normal procedure at the works, the im
portant features o f which are as follows: Be
tween 8-9,000 lb o f inedible raw materials are 
charged, comprising approximately equal quan
tities o f crushed bones (heads and feet) and 
hashed gut materials, derived from a sheep-to- 
cattle slaughtering ratio o f 14:1. Up to 400 lb 
o f greasy solids from an effluent p it may also 
be included. Shaft steam is generally on but 
jacket steam is always o ff during the charging 
period which is o f 10-15 min duration. On 
completion o f charging, the charging lid is 
closed and jacket and shaft steam turned on 
fully. After in itia l preheating o f the charge to 
the boiling point, evaporation o f water com
mences at a high rate. Because o f the resistance 
of the vent piping to gas flow, a pressure o f up 
to 5 psig is bu ilt up in itia lly inside the cooker, 
decreasing to below 1 psig as the vent gas flow 
decreases.

A t a point in the cycle determined by meas
urement o f the electrical conductivity o f the 
contents, the end-point controller gives an 
alarm; the 6 in. valve in the vent pipe and the 
2 in. by-pass valve are closed and internal pres
sure rises rapidly to 40 psig. The composition 
o f the contents has, at this point, been reduced 
to about 20% water by weight from an original 
value o f 50-60%. The pressure is then slowly 
reduced by gradual opening o f the by-pass valve 
and finally reduced to atmospheric pressure by 
full opening o f the main vent valve.

Another signal from the end-point control
ler indicates the completion o f the cycle, but it 
is normal practice to examine a sample of 
cracklings to confirm that cooking has pro
ceeded to a satisfactory point. Steam to jacket 
is shut o ff and the contents are discharged into 
the percolator.

The total cycle time, excluding charging and 
discharging times is 2—2Vi hr, o f which about 
IV2 hr is at slightly above atmospheric pressure 
and % hr at pressures up to 40 psig.

Measurements were obtained from several 
runs in which plant control was le ft entirely to 
the works operators, who followed the above 
procedure fairly closely. However, for some 
runs, particularly those in which mass balances 
were required, some slight changes were consid
ered justified. For example, shaft steam as well 
as jacket steam was turned o ff during the charg
ing period, both being turned on simultane
ously at the start o f a run. I t  was also usually
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Table 3 —Leading mass balance data fo r  5  o ffa l runs

Run number

11 16 18 20 21
Charge weight 

(lb) 8411 8869 9118 8576 5157
In itia l Water 

Content (%) 55.5 50.7 55.1 52.8 51.4
Total Vent gases 

(lb) 4528 4389 4798 4459 2575
Cycle time 

(min) 126 120 138 132 84
Time pressurization 

commenced (min) 82 70 93 74 67
Mass balance 

discrepancy (lb) -157 -12 2 -228 -8 3 -109

necessary to restrict steam flow to the jacket 
for a few minutes in the initial stages o f a run 
to keep the recording pen on scale. A major 
departure from normal practice was in Run 9 
when water only was charged into the cooker 
and evaporation was continued at slightly above 
atmospheric pressure until all the water had 
gone.

Nomenclature

F = steam flow in Ib/hr 
L = latent heat o f steam at flow meter pres

sure in Btu/lb
T j = temperature o f steam, saturated at jacket 

pressure in °F 
Subscript J refers to jacket.

Tg = temperature o f steam, saturated at aver
age shaft pressure in °F 
Subscript S refers to shaft.

T2 = temperature o f contents in °F 
U = overall heat transfer coefficient in Btu/- 

f t 2hr°F

RESULTS
FIVE MASS balance runs using offal 
materials and one using water only were 
included in 23 runs for which data were 
processed. The start of a run was taken as 
the time at which the jacket steam was 
turned on and the end of a run as that at 
which products were discharged. All rele
vant data for a run, including values of 
variables averaged over 6 min intervals 
from the start of the run, were punched 
onto cards and processed by PROGRAM 
FATREND on a CDC 3200 computer.

Data for one of the mass balance runs 
(Run 20) are given in detail in Table 2, 
and the corresponding mass balance is 
shown in Figure 3. Leading data from all 
five mass balance runs are tabulated in 
Table 3.

As assessment of the tallow, water and 
solids content of the heterogeneous feed 
materials is difficult, mass balances have 
been based on the weights and analyses of 
the products together with the total 
weight of vent gases produced during the 
run, as calculated by integration of the 
vent gas flow/time records. The accuracy 
of the mass balances can be checked by 
subtracting from the weight of input

materials, the sum of weights of products 
and of vent gases. The discrepancy in 
mass balance is probably accounted for 
mainly by leakage from the cooker, ap
pearing as LOSSES W 83 lb, leaving the 
cooker on Figure 3. Discrepancies varied 
from a maximum of —228 lb for Run 18 
in which 9,118 lb was charged, to —109 
lb for Run 21 in which 5,157 lb of offal 
was charged to the cooker. The low 
values of these discrepancies and the 
generally excellent agreement between 
heat and mass flow data at any given time 
interval in Table 2 indicate a high degree 
of measurement accuracy.

In a batch cycle, there will be a 
progressive reduction in the volume of 
the contents. However, in computing heat 
transfer coefficients, the heat transfer 
areas were taken as the total available for 
both jacket and shaft, i.e., jacket 178 ft2 
and shaft 101.5 ft2 , while heat losses 
were estimated as equivalent to 150 lb/hr 
steam, assumed all lost from jacket steam 
flow, F j. On this basis, the coefficients 
were given by

U j = (F j—150) x Lj / [ ( T j _ t 2 )  jx 17s] (1 )

Us = Fs x LS/|(T S-T 2 ) x lO l.s ] (2)

Values of Uj are plotted ys time in 
Figure 4 for a typical offal run (Run 20), 
together with values of Uj for Run 9 in 
which water only was charged to the 
cooker. Values of heat transfer coeffi
cients have been tabulated in Table 4 for 
Runs 11 ,18  and 20, in which charge and 
product weights, total vent gases and 
other run conditions were similar. Coeffi
cient values at a given time are seen to be 
comparable; values from other runs, e.g., 
Run 21, Table 3 cannot be compared in 
this way since variations in run conditions 
(charge weight, water content, rate of 
heating etc.) resulted in substantial varia
tions in cycle time. However, for all offal 
runs high initial values of jacket coeffi
cient, around 170 Btu/ft2hr°F, decreased 
rapidly during the first half of the cycle 
to a value around 60 Btu/ft^hr°F and

Table 4 —V aria tion  o f  heat transfe r eoef fi-
d e n ts  w ith  tim e__________________________

Jacket coefficients Shaft coefficients
B tu / f t2hr°F________B tu /ft2hr°F

Time Run number Run number
min 11 18 20 11 18 20
18
24
30
36
42
48
54
60
66
72
78
84
90
96

102
108
114
120

160
152
146
136
114
90
78
64
58
60
60
60
60
60
60
64
60

162
154
148
132
112
94
80
70
64
60
56
52
48
43
43
46
60

170
160
134
112
96
82
76
68
64
62
56
60
68
72
62
58
58

190
204
202
198
170
132
112
100
90
86
88
84
88

124
108
102
100
92

178
178
174
164
142
120
106
92
86
83
80
76
74
72
74
90
78
64

154
158
138
126
110
100
94
86
82
80
76
80
92
78
64
60
50
66

remained at the low value for the remain
der of the cycle.

DISCUSSION
OVER THE WHOLE cycle an average of 
1.25 lb of heating steam at 80 psig were 
supplied to the shaft and jacket com
bined, in order to evaporate 1 lb of water 
from the contents. Heating steam, addi
tional to that required for evaporation of 
water from the contents, was required to 
make up heat losses, to increase the 
sensible heat of plant and contents and to 
melt fat from the solid materials.

For runs in which shaft steam was left 
on during the charging period, 29% of 
heating steam supplied during each cycle 
was used for shaft heating, in contrast to 
39% when shaft steam was turned off 
during the charging period. This differ
ence was probably due to overheating and 
baking of protein materials on to the hot 
shaft, rotating in a small volume of charge 
materials. For a typical run, cycle time 
could be reduced by 15%, or approxi
mately 20 min in a 2Vt hr cycle, if shaft 
steam was left off during charging.

From Table 2, it can be seen that wall 
temperature T4, which is substantially 
the same value as T3 and T5, was 9°F 
higher than T2, the temperature of the 
contents, at commencement of boiling 
(18 min from start) and 37°F higher after 
72 min. The other wall temperature, T6, 
was 6°F higher than T4 after 18 min and 
11°F higher than T4 after 72 min. The 
increasing differences between wall tem
peratures and contents temperatures re
flect the less favorable heat transfer char
acteristics of the contents as evaporation 
proceeds and the higher value of T6 
compared with the other wall tempera-
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Fig. 3 —Mass balance fo r  Run 20.
Fig. 4 —O vera ll heat transfe r c o e ffic ie n t vs tim e  
fro m  start, fo r  Runs 9  a nd  20.

tures may be explained by the difference 
in intensity of agitation at the wall near 
T6, compared with that at the other wall 
thermocouples. Increased agitation appar
ently results in improved heat transfer 
rates, which would be particularly desir
able during the last hour of the cycle.

The plot of Uj vs time for Run 9 (Fig.
4) when water only was charged shows 
that the jacket overall heat transfer coef
ficient decreases linearly with time from 
an initial high value of 170 Btu/ft2hr°F 
to a minimum of 130 Btu/ft2hr°F at 120 
min from the start. The corresponding 
coefficient for the shaft remains at a high 
value of around 210 B tu/ft2hr°F for 
about 70 min, then declines to 175 
Btu/ft2hr°F at 120 min from the start.

With water only being evaporated, a 
substantially constant value of Uj might 
have been expected. The observed de
crease is probably due to the assumption 
of constant heat transfer area in equa
tions (1) and (2); in fact, a progressive 
reduction of area available for heat trans
fer must occur as the volume of the 
contents is decreased by evaporation 
from 77—11% of the cooker volume. A 
correction to make values of Uj constant 
throughout the cycle was not applied 
since it was found that it was not simply 
related to the contents volume, nor to 
contents volume plus an increment of

volume to take into account splashing up 
the walls. The reduction in volume for an 
offal run was much less than for the 
water run (from 69%—35% for offal 
compared to 77%—11% for water over 
120 min of cycle time).

The plot of Uj vs time for Run 20 
(Fig. 4) is typical of the heat transfer 
variation during a batch run in which 
offal was cooked in accordance with 
normal works procedure. From a value of 
170 Btu/ft2hr°F at time 18 min, Uj 
decreases to 68 Btu/ft2hr°F at time 60 
min and only a slight further decrease 
occurs during the remainder of the cycle. 
There is an increase during the pressure 
period of the cycle, presumably due to an 
improvement in the heat transfer charac
teristics of the contents at elevated tem
perature. Values of Ug vs time follow a 
similar pattern, although the decrease is 
not as marked as that for Uj.

The decrease in heat transfer area due 
to volume shrinkage can only partly 
explain heat transfer behavior observed 
for an offal run, and the following ex
planation is proposed:

Following an initial preheat period, 
the contents comprise tallow and water 
phases, and a range of sizes of particles of 
bone and protein materials. Water forms a 
high proportion of the contents and is 
probably present as the continuous phase,

and so has free access to heat transfer 
surfaces. Boiling commences at a value of 
coefficient similar to that obtained for 
the “water only” run.

Water is progressively evaporated and 
more tallow is liberated from the solid 
materials as the run proceeds until an 
inversion of the liquid phases occurs with 
water becoming the disperse and tallow 
the continuous phase. Heat transfer now 
relies in part on droplets of water con
tacting heated surfaces, due to agitation 
in the contents, but increasingly on an 
indirect mechanism, in which tallow is 
heated at the walls and, as it is mixed into 
the contents, transfers its heat to water 
droplets and solid particles. While water 
droplets remain, T2 does not increase 
substantially over the temperature of 
saturated steam corresponding to the 
pressure above the contents; however, 
wall temperatures T4 and T6 increase, as 
noted in Table 2.

The indirect mechanism would be ex
pected to give a lower coefficient than 
the boiling water mechanism, with the 
heat transfer rate declining to a minimum 
value when the contents contain tallow 
only as the liquid phase, with the remain
ing water “bound” in the inner layers of 
the solid particles. Heat transfer would 
then be from heated surfaces to tallow 
and from hot tallow to the outside layers
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of the solid particles, from which water 
would be evaporated by slow diffusional 
processes. A rise in T2 would be ex
pected, but is presumably masked by the 
temperature changes caused by applica
tion of pressure to the contents; thus 
recent tests have indicated that, in the 
absence of pressure, T2 increases to about 
250°F during the last 30—40 min of a 
run.

Electrical conductivity changes in the 
cooker contents have been shown to 
parallel heat transfer changes, giving sub
stantial confirmation of the existence of a 
liquid phase inversion in the early stages 
of the cycle. Thus, in one run a wall 
conductivity probe (a slightly modified

wall temperature probe) gave readings in 
excess of 4,000 micro mhos/cm for the 
first 25 min of the run. In the next 5 min 
there was a fall to below 500 micro 
mhos/cm; a value below 10 micro mhos/- 
cm was reached 60 min from the start of 
the cycle and was maintained until the 
end of the 110 min cycle. Results from 
laboratory work by Herbert et al. (1970) 
on olive oil/water and tallow/water emul
sions, confirm that inversion of oil and 
water phases occurs at well defined water 
contents in these emulsions.
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POPULATION DISTRIBUTION OF HEAT RISE CURVES AS A SIGNIFICANT VARIABLE 
IN HEAT STERILIZATION PROCESS CALCULATIONS

S U M M A R Y —S te riliza tio n  levels fo u n d  in  in o cu la ted  test packs are co m m o n ly  in  disagreement w ith  
p red ic ted  values. This s tu d y  was made to  de term ine  i f  p re d ic te d  s te r iliza tio n  values w o u ld  be closer 
to  actua l test values i f  the p o p u la tio n  d is tr ib u tio n  o f  the slope indices fro m  a sample o f  heat rise 
curves were used instead o f  the tra d itio n a l s low est o r  mean single value o f  slope index in  the 
s te riliza tion  calcula tions. A  co m p u te r was p rogram m ed to  ca lcu la te  fro m  the basic equations o f  
the rm a l death tim es an d  heat p e ne tra tion , the a m o u n t o f  s te r iliza tio n  achieved a t designated tim e  
in te rvals in  a p o p u la tio n  o f  fo o d  packages. Means and  standard devia tions o f  slope indices fro m  
b o th  real and  p o s tu la te d  heat pe ne tra tion  tests were fed  in to  the co m p u te r toge the r w ith  specified  
processing cond itions. P red ic ted spoilage levels were very dose to  those o b ta ined  fro m  actua l 
inocu la ted  test packs. F rom  in p u t o f  p o s tu la te d  heat p e n e tra tion  values, i t  was dem onstra ted tha t 
the larger the standard  dev ia tion , the  greater the e rro r w ill be i f  o n ly  a single value o f  the slope 
index is used. M anual procedures are given fo r  an accurate d e te rm in a tion  o f  the m in im u m  process 
tim e re qu ired  fo r  s te riliza tion . M ethods are also given fo r  data expansion to  show  a curve illu s tra t
ing  the com plete  re la tionsh ip  between process tim e  and  fo o d  s te r ility .

INTRODUCTION

MATHEMATICAL methods for deter
mining the amount of sterility in a food 
process have been available since the 
1920’s when Ball (1923) and others 
developed the basic equations for thermal 
death times of bacterial spores and heat 
penetration rates in food containers. 
However, the accuracy of any process 
calculation obtained from use of the basic 
equations can be no better than the 
accuracy of any of the input variables 
(Hicks 1961). One such variable, the 
slope index of the heat rise curve, is a 
source of error in process calculations. 
The slope indices of heat penetration 
curves taken from a number of randomly 
selected food packages in a given popula
tion will vary.

Traditionally, the slope index of the 
slowest heating package of the test group 
is used in the process calculations; how
ever use of this value introduces an 
inherent error in process determination 
because this slope index is certainly not 
the average for the total package popula
tion, nor is iL  necessarily the slowest 
heating package in the package popula
tion.

Process calculations using the tradi
tional slowest slope index will only give a 
rough approximation of the process time 
to achieve commercial sterility and even 
then the addition of safety factors fol
lowed up by inoculated test pack studies 
may be necessary to determine an accept
able process. Attempts to predict levels of 
sterilities for process times over a range of 
inoculated test packs are usually far off 
the mark when predictions are based on

aFormerly Project Director, Packaging Re- 
search Division, R eynolds Metals Co. Currently 
President, Management Recruiters o f the Penin
sula.

the single slowest heat rise slope index 
value.

By examining a sample of slope indices 
of heat rise curves, it is possible—using 
accepted statistical methods—to obtain an 
estimate of the mean slope index and the 
standard deviation of the population of 
slope indices. From these estimates, the 
probability of individual slope indices 
varying from the mean by more than a 
specified amount can be computed. Thus, 
from sample heat penetration data, a 
relatively accurate prediction of the value 
and frequency of the heat rise slope 
indices over a package population can be 
determined.

This paper develops a method for 
using the predicted population distribu
tion of the slope index values in the basic 
equations of process calculation. It will 
be shown that this method produces 
process predictions with high correlation 
to actual inoculated test pack results. 
While the general principles illustrated in 
this paper are applicable to both convec
tion and conduction heating foods, the 
specific methods given are applicable only 
to convection foods. The addition of 
cooldown lethality into the computer 
program would enable this method to be 
used also for conduction foods.

PROCEDURES
General approach

Assuming that the slope indices of the heat 
rise curves o f a population o f food packages 
behave as a randomly occurring variable, the 
distribution o f values o f slope index about the 
mean w ill follow the normal bell shaped distri
bution curve. This distribution curve can be 
divided into segments such that for a given seg
ment, encompassing a range o f slope indices, 
the area under the curve w ill represent a per
centage o f the total population o f packages 
under consideration. The slope index (fs) se
lected for each segment is that value which

divides the segment into two equal area por
tions.

For a specified process time and specified 
process condition, each of the segments o f pop
ulation w ill thus achieve a certain lethal value 
relating to the segmental slope index (fs). Using 
the lethality so calculated for each population 
segment, the number o f surviving spores and 
spoiled packages for that segment is calculated. 
The total calculated number o f spoiled pack
ages is accumulated for all the segments. When 
this is repeated over a range o f process times, 
the minimum process time which accumulates 
zero spoiled packages is determined. Alterna
tively an accurate picture o f process time-spoil- 
age is obtained graphically when process time is 
plotted against percent spoilage.
Preparation of heat penetration data

A suitably large sample is drawn from a pop
ulation o f food packages and a determination 
for heat penetration is made on each package at 
the thermal center using conventional thermo
couple methods. The resulting curves are then 
plotted on semi-logarithmic paper and in most 
cases a straight line portion is obtained (Fig. 
la).

To determine the mean slope index and 
standard deviation of these straight lines, the 
following procedure is used:
1. Determine the lag factor (j) for each heat 
rise line.

2. Determine the point in time ( t j= i) ,  when 
the heat rise line crosses the abscissa line drawn 
through 1= 1.

3. Using equation (1), determine the mean lag 
factor ( j  ).

j  = lo g_1 [ j ^ i ]
H I

4. Using equation (2), determine the mean in
itia l temperature differential ( i Q).

[2]

5. Using equation (3), determine the common 
origin iA .

iA = (j)(io) [3]

6. On a new semi-logarithmic p lot mark com
mon origin (SA ) and each o f the t j= i points. 
Draw a straight line between IA and each o f the 
t i= i points (Fig. lb ).

7. Determine the slope index (f) values for 
each o f the standardized heat rise lines and us
ing equations (4) and (5), calculate the mean 
slope index (f) and standard deviation (<jf).

V o lu m e  3 6  ( 1 9 7 1 j - J O U R N A L  O F  F O O D  S C I E N C E - 2 9 9
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Preparation o f population segments
A bell shaped normal population distribu

tion curve (Gauss, 1880) was divided arbitrarily 
into segments (Fig. 2). The area in each seg
ment divided by the total area under the curve 
represents the percentage o f population in that 
segment. Using a table o f area-standard devia
tion relationships (Gauss, 1880) the number of 
standard deviations from the mean slope index 
at the mid area point was determined for each 
o f the 20 population segments (Fig. 2). From 
the experimentally determined mean slope in
dex (f) and slope index standard deviation (erf), 
the segment slope index (fs) is easily calculated. 
Calculations

Determination o f lethal process for a given 
range o f process times under specified process 
conditions for the 20 population segments can 
be made using the following procedures:

Using a simple transposition of the hypo
thetical process time equation o f Herndon et al.
(1968), a theoretical process time ( tf) is calcu
lated for a given process time (B) for each o f 
the 20 population segments represented by a 
previously determined slope index (fs).

Fig. 1 A —Heat p e ne tra tion  p lo ts  o f  whole kerne l 
corn. I  0 = Z IQ/n  = 170°F; J  =  lo g '1 (Z  log- 
J /n ) =  0.85.

B -  fs (log j + log I0 -  2) + 0.42A 
t = -------------------------------------------------

For each hypothetical process time ( t1) a 
corresponding hypothetical lethal process value 
(F1) is found using the Herndon-Griffin-Ball 
tables (Herndon et al., 1968).

Table 1—Spoilage fo r  single tim e IB I p r in t-o u t fo r  w hole  kerne ! corn.

PA3679
1000

10000.
18.00

1.03
250.00

Test spores identification 
Number o f packages 
Spores per package 
Z value o f spores, °F 
D2 5 0  value o f spores, min 
Base temperature, °F

255.00 
0.00

150.00 
4.50 
1.20 
0.85

Retort temperature, °F 
Retort come up time (min) 
Initia l temperature, °F 
Mean slope index, min 
Sigma slope index 
Lag factor

% o f Slope F
No. o f 

N packages

Initial 
no. of
spores

No. of 
spores 

remaining
Spoiled

packages
Population index (fs) Value Value (P s) (Ss) (Sg) (P g )

0.1 1.0 12.26 11.90 1 0.10000E 05!a * * * * * * * * * * * b 0
0.2 1.1 12.12 11.76 2 0.20000E 05 0
0.4 1.4 11.08 10.75 4 0.40000E 05 sf;sÎï̂ :î(:̂ î :Heîfîîtiî|cît: 0
0.8 1.8 10.04 9.74 8 0.80000E 05 0
1.6 2.1 9.00 8.74 16 0.16000E 06 0.29343E- 03a 0
6.9 2.8 7.22 7.01 69 0.69000E 06 0.67265E- 01 0

10.0 3.3 5.90 5.73 100 0.10000E 07 0.18583E 01 2
10.0 3.7 4.85 4.71 100 0.10000E 07 0.19580E 02 20
10.0 4.0 4.09 3.97 100 0.10000E 07 0.1065 2E 03 100
10.0 4.3 3.48 3.38 100 0.10000E 07 0.41532E 03 100
10.0 4.7 2.96 2.87 100 0.10000E 07 0.1348IE  04 100
10.0 5.0 2.48 2.41 100 0.10000E 07 0.38982E 04 100
10.0 5.3 2.03 1.97 100 0.10000E 07 0.10763E 05 100
10.0 5.7 1.56 1.52 100 0.10000E 07 0.30542E 05 100
6.9 6.2 1.15 1.11 69 0.69000E 06 0.53068E 05 69
1.6 6.9 0.77 0.75 16 0.16000E 06 0.28566E 05 16
0.8 7.2 0.61 0.59 8 0.80000E 05 0.20426E 05 8
0.4 7.6 0.49 0.47 4 0.40000E 05 0.13508E 05 4
0.2 7.9 0.38 0.37 2 0.20000E 05 0.84654E 04 2
0.1 8.4 0.28 0.27 1 0.10000E 05 0.53112E 04 1

Mean 3.21 Mean 3.12 TOTAL 722
“Location o f  decimal point, i.e ., 0 .29343E -03  = 0 .0 0 0 2 9 3 4 3 , 0 .19580E  02 = 1.9S80. 
bLess than 0.0001 spores.

Fig. 1B— Com m on o rig in  p lo t, f  =  Z f /n  =  4 .5  
m in ; o f  = J  Z ( f — ~f)2 /n-1 =  1.2 m in .

I t  is also known that for each determined 
hypothetical process value (Ff), there exists, for 
a given processing condition, a corresponding

z
true process lethality (F j^ )-  Using equation (7), 
the Fq^ for each population segment is found.

F j b = (fs) (F ') (L) [7]

The FS, value by itself w ill not show the 
Tb

level o f sterilization achieved on a known num
ber o f specified bacterial spores. Equation (8) is 
used to determine this. The D value (decimal 
reduction time) is the number o f minutes at Tj, 
necessary to reduce the spore population by 
90% and N is the number o f decimal reductions 
achieved by a process lethal value o f F ^ -

Fz
Tb

N = -------
Dn [ 8 ]

In determining the estimated number o f sur
viving spores (Sg) remaining in each population 
segment after a lethal process equivalent to N 
decimal reductions, equation (9) is used. Ss is 
the effective initial spore population in a given 
segment before process.

Sg = log"1 (log Ss -  N) [9]

Using equation (10), the number o f pack
ages (Pg) containing viable spores is now deter
mined from the number of packages in each 
population segment (Ps) and the surviving 
spores (Sg) in each population segment.

Pg = Sg With limits: (1) Pg < P S; and (2) Pg 
be rounded o ff to closest whole number or zero 
i f  Sg <  0.5. [10]

Example: In a population segment o f 100 pack
ages an expected value o f 0.4 remaining spores 
would make zero contaminated packages; an 
expected value o f 53.6 remaining spores would 
make 54 contaminated packages; and an ex
pected value o f 100 or more would make 100 
contaminated packages.

An alternate equation to equation (10)
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would be equation (10a). The possible use of 
equation (10a) in this application is covered in 
the discussion section o f this paper.

Pg ”  Ps ”  lo g 1 f  J g ____ \
l  2-303 Ps )  [10a]

The total number o f spoiled packages (Pc) in 
the group for a given process time (B) is the 
sum o f the spoiled packages (Pg) in all the pop
ulation segments:

The percentage o f spoilage for a given proc
ess time (B) is thus the ratio o f total spoiled 
packages (Pc) to total packages (Pt ); i.e., % 
spoilage = Pc/Pt assuming Pt = 1000 as shown 
later, in the computer program development, % 
spoilage = Pc/10.

By repeating this procedure over a range of 
process times (B), a prediction o f sterility over 
different process times can be made. By plot
ting on regular coordinate paper, a curve can be 
drawn showing the complete relationship be
tween process time and percent sterility for the 
specified process conditions. The minimum 
process time (B0) is the point at which the 
curve intersects the 0% spoilage line. This curve 
w ill intersect the 0% spoilage line only when a 
fin ite number o f packages is considered. When 
an infinite number o f packages is considered, 
the curve w ill not intersect the 0% spoilage line 
but w ill become asymptotic to it.

Computer program
To manually calculate a process using the 

above procedures would involve many time- 
consuming manipulations and be subject to 
human error. I t  was decided to let a computer 
do most of the work, and then develop a simpli
fied manual procedure after examination o f a 
series of computer curves.

The computer program developed for this 
purpose consisted o f the program o f relation
ship o f hypothetical time and process values 
(Herndon et al., 1968) including the correction 
equations (6) and (7). Equations (8), (9), (10) 
and (11) were also incorporated into the pro
gram. Computer input values were:
P t-Tota l number o f packages. (To obtain spoil
age values to 0.1%, Pt is usually given the value 
of 1,000.)

Sp-Effective number o f spores per package. 

z-Slope index of thermal death time curve.

D 2 s 0-Decimal reduction time at 250°F.

T j -R e to rt temperature.

A -R e to rt come-up times.

T0 -Average initial temperature. 

f-M ean heat rise slope index.

CTf-Standard deviation o f slope index. 

j-M ean lag factor.

B values-A range of process times.

The base temperature (T,,) was made a constant 
in this program and given the value 250°F. The 
segment percentage population-number of 
standard deviations (K) from the mean relation
ships were also made constants in the program 
(Fig. 2).

The computer was programmed to print a 
percent sterilization for each designated process 
time (B) (See Table 1). From a series o f such 
calculations, the computer also printed a sec
ond table (Table 2) which contains the process 
time (B) values and the corresponding total 
spoiled package values (Pc) for each o f the 
working tables (equivalent to that shown in 
Table 1). From this table a graph (Fig. 3) was 
made and the points represented by (B) and 
(percent spoilage) were plotted and connected 
w ith a line. The resulting reverse S-shaped curve 
represents the complete relationship between 
process time and level o f sterility o f a package 
population under given processing conditions.

Process evaluation
To check the accuracy o f this method, a 

process calculation was made using actual ex
perimental data from a heat penetration test 
and an inoculated test pack. The product/pack- 
age used was 180g of whole kernel corn with 
60g o f brine packed into a 5-% in. x  7 in. flexi
ble pouch. The pouch was fabricated from a 
laminate comprising 0.0005 in. polyester 
film /0 .00035 in. aluminum foil/0.001 in. poly- 
amid film.

A series of heat penetration studies were run 
using a laboratory Berlin Chapman test retort 
modified to give a high flow steam/air process 
on a rotating package load. Copper-constantan 
thermocouple readings from the center o f ker

nels o f corn at the thermal center o f the food 
mass were recorded on a special Leeds and 
Northrup Multipoint recording potentiometer 
which had been designed especially for food 
heat penetration work. The resulting heat pene
tration plots are shown in Figures la  and lb .

The data obtained from the common origin 
heat penetration plots (Fig. lb  and Discussion) 
on the corn, along w ith proposed process condi
tions for a test pack series to be inoculated with
10,000 PA3679 spores per package, were fed 
into the computer and process lethalities for a 
series o f process times were calculated. Table 1 
shows one o f the time print-outs and Table 2 
summarizes results o f all the time print-outs. 
Line #1 o f Figure 3 is a p lot of these values.

For comparison purposes, conventional 
process predicted spoilage levels are also illus
trated for PA3679 where slope indices are as
sumed to have no variation. Line 2 is based on 
the mean slope index and Line 3 upon the slope 
index o f the slowest heating package in the heat 
penetration test sample. In both cases, all 
pouches were treated as one segment.

A series o f packages (100 per process time 
interval) were inoculated w ith  10,000 spores of 
PA3679 supplied by the Washington Laborato
ries of the National Canners Association. NCA

Table 2 —Sum m ary p r in t-o u t o f  process 
t im e /s te r ility  values. ICorn p ro d u c t j__________

PA3679 Test spore identification
1000 Number o f packages

10000. Spores per package
18.00 z Value o f spores, deg

1.03 D2s0 Value o f spores, min
250.00 Base temperature, deg
255.00 Retort temperature, deg

0.00 Retort come up, min
150.00 Initia l temperature, deg

4.50 Mean slope index, deg
1.20 Sigma slope index
0.85 Lag factor

No. of
B Value (min) spoiled packages

3.00 1000
3.50 1000
4.00 997
4.50 993
5.00 981
5.50 970
6.00 919
6.50 842
7.00 722a
7.50 625
8.00 472
8.50 343
9.00 215
9.50 118

10.00 49
10.50 24
11.00 9
11.50 3
12.00b 0
12.50 0
13.00 0
13.50 0
14.00 0

aSee Table No. 1.
^Minimum process for PA 3679.

fs = f  +  Kof

Fig. 2 —Segm ented n o rm a l d is tr ib u tio n  curve.
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also determined the TDT values in corn and 
brine o f the PA3679 spores which were used in 
the computer predictions. These packages were 
then processed over a range o f process times at 
255°F in a production prototype Robins 
Hydrolock continuous retort (Lawler, 1967) 
modified to process flexible packages in a high 
flow steam/air atmosphere. The processed 
pouches were then put into incubation at 85°F 
and checked for spoilage over a 3-mo period. 
The percent spoilage for each test process time 
is shown by the dots in Figure 3.

To illustrate the magnitude o f the effect of 
an increase in variance o f heat penetration slope 
indices, Figure 4 was prepared. This is a series 
o f sterilization curves prepared by the com
puter where all variables remained constant 
except the value o f the standard deviation o f 
slope index (of).

RESULTS & CONCLUSIONS
Data correlation

The actual spoilage results (in % of 
packages spoiled) from the inoculated 
test pack series on whole kernel corn are 
shown in Figure 3 (dots) to have close 
correlation (average of the squares of the 
residuals = 72) to the computer calcu
lated predicted values based upon popula
tion distribution of heat rise curves (Line 
#1). Very little correlation (average of 
the squares of the residuals = 2,800 for 
Line #3) is shown between actual spoilage 
and the conventionally predicted values 
(Lines #2 and #3). The point 12 min 
(based upon destruction of PA3679 
spores Line #1) is shown to be a mini
mum process (B0) for PA3679.

The predicted spoilage results from 
postulated input data illustrated in Figure 
4 show that as the value of standard 
deviation (O f) increases, there is a signifi
cant increase in the process time (B0) 
necessary to achieve a minimim process 
for PA3679. At the median package 
lethality (50% package sterilization level) 
the process time (Bso ) is not affected by 
changes in the value of af.

Computer method
For those who have access to a digital 

computer determination of minimum 
process time (B0) and process time-sterili
zation level relationships can be made by 
setting up a computer with a Fortran 
program and feeding in the input data 
consisting of retort conditions (T j , A, 
T0 , and B’s) bacteria spore values (Sp , z, 
and D-pb), number of packages (Pt) and 
heat penetration data (f, Of, and j).

Fig. 3 —Pred icted and  actua l spoilage fo r  whole  
kerne l corn. L ine  # 1 —C om puter p re d ic tio n  fo r  
spoilage based on 10 ,000 P A 3679 spores pe r 
package (D250 = z = 1 8 ° F ) .  L ine  # 2 —
C onventiona l p re d ic tio n  using mean slope index  
based on 10,000 P A 3679  spores pe r package. 
Line  # 3 —C onventiona l p re d ic tio n  using slowest 
test slope index 16.6) based on 10,000 P A 3679  
spores pe r package. D ots  •  = A c tu a l spoilage  
fro m  packages in o cu la ted  w ith  10,000 P A3679  
spores p e r package. Relative to  L ine  #1, the 
average o f  the squares o f  the residuals = 72. 
Relative to  L ine  #3, the average o f  the squares 
o f  the residuals = 2,800.

of the slowest heating package of a 
population of 1,000. (See development of 
equation 12 and definition of fjj in the 
Glossary.

fn  -  J + 3.275 (CTf) [i2]

lb —Using equation (13), determine the 
minimum number of decimal reductions 
(Nj )  that will result in 0.5 spores in a 
package. Where Sp is the effective num
ber of spores inoculated or postulated in 
a package,

Nj = log Sp + 0.301 [1 3 ]

[see Equations (9—9c) for derivation of 
equation (13).]

lc-U sing equation (14), determine the 
lethal value (Fi ) of the process at temper
ature Tb necessary to achieve the effect 
o f Ni  decimal reductions.

(F , )  = (N1)(D Tb) [14]

Manual method
For those who do not have access to a 

computer, determination of a minimum 
process time (B0) for specified process 
conditions can be determined by calculat
ing a process for the slowest heating 
package of a population of 1,000 as 
illustrated in the following steps:

la —Using equation (12), determine a heat 
rise slope index ( f ^ ) that is representative

Id —Using equation (15), determine the 
hypothetical lethal process value (F') 
equivalent to Fi for a specified process.

F' = (F1)/l(fn XL)] [is]

Note that f^  and F t were determined 
in Steps la  and lc. L is found in Table 
2 of Herndon et al. (1968) from the 
value of I I .  If Tb = Ti then Ip = 0 and 
L = 1.

PROCESS TIME (B)
Fig. 4 —E ffe c t o f  slope index variance. Spore 
da ta: Sp  = 10,000; O 250 = 1.0 m in ;  z = 18°F. 
Heat pe ne tra tion  da ta: f  =  20 .0  m in ; Of = as 
shown on lines; J -  1.41. R e to rt process data: 
T0 = 160°F ; A  =  0 .0  m in ;  T l  =  2 5 0 °F.

le —Using Table 1 of Herndon et al.
(1968), find the hypothetical process 
time (t') corresponding to F' determined 
in Id.

If-U sing equation (16), determine the 
minimum safe process time (B0).

B0 = fa  (t' + log J + log IQ -  2) -  0.42A
[16]

Note: fjj and t ' were determined in 
Steps la  and le  and j is determined 
from the heat penetration studies. IG 
and A are conditions for the proposed 
process.

The B0 value determined in Step If is 
the minimum process time for a specified 
set of process conditions. For those who 
desire to know a more complete relation
ship between process time and spoilage 
level (for inoculated pack studies etc.) 
two additional points can easily be 
found: the process time (B50) where 
one-half the packages are still contami
nated; and process time (B100), the 
maximum process time which will still 
leave 100% of the packages contaminated 
with spores. These points can be found 
using the following steps:

2a—Using equation (17), solve for the 
hypothetical process value (F')- Fj was 
found in Step lc.

F ' = F , / f L  [17]

2b—Using Table 1 of Herndon et al.
(1968), find the t ' which corresponds to 
the determined F'.

2c-Using equation (18), determine the 
minimum process time (Bs o ) necessary to 
sterilize the median package.

Bs o = f (t' + log j + log IG -  2) -  0.42A

[18]
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3a-Using equation (19), determine a heat 
rise slope index (fp.) that is representative 
of the fastest heating package of a popu
lation of 1,000.

f « = f -  3.275 (af) [19]

3b—Using equation (20), determine F' 
equivalent to the F! determined in Step 
lc.

F' = Fi/focL [20]

3c-Using Table 1 of Herndon et al.
(1968), find t ' corresponding to the F' 
determined in Step 3b.

3d —Using equation (21), determine 
Bioo-

Bi oo= foc(t' + log j + log I0 -  2) -  0.42A

[ 21 ]

The points B0, Bs 0 , and B100, deter
mined in Steps If, 2c, and 3c, can be 
plotted on a graph similar to Figure 3 
(Line #1) and Figure 4. The expected 
spoilage curve should follow a reverse 
S-shaped pattern intersecting the three 
points.

DISCUSSION
Slope index values

Semilogarithmic plots of heat rise data 
of package thermal centers vary consider
ably in both their slope index (f) and lag 
factor (j) values (Fig. la). Problems exist 
in comparing two or more slope index 
values as each line will have its own origin 
(Ia )- Determination of a mean Ia makes 
it possible to relate individual lines, but 
this method (using original slope index 
values) would show distorted time values 
when compared to specified temperature 
differentials (I values). To correct for this 
time distortion, it was decided to deter
mine from the original plots, the time 
values (tj = i ) at the point the curves 
intersected the I = 1 ordinate. Each tj = [ 
point was then marked on a new plot and 
lines drawn from them to the common 
origin Ia (Fig. lb). The mean slope index 
(?) and standard deviation of slope index 
(0 f) was determined from the slope index 
readings on the common origin plot. In 
other words; the possible process time 
error introduced by elimination of vari
ance of the lag factors (j values) by the 
determination of a common origin (Ia ) 
was presumed to be corrected for by the 
increase in variance in the adjusted slope 
index values over the variance of the 
original slope index values.

Slope index values were found to have 
a fairly normal distribution in all cases 
examined, except where the range ap
proached zero. To make accurate compu
tations in this range, the computer was 
programmed to use a minimum slope

index value of 1 min, where in normal 
distribution it would have been less. This 
method skewed the expected distribution 
in a manner similar to that of the actual 
distribution.
Source and deviation of equations

Equations (6), (7), (15), (16), (17), 
(18), (20) and 21 are simple transposi
tions and applications of the basic correc
tion equation of a standard hypothetical 
process (Herndon et al., 1968) which in 
turn was derived from the accepted ther
mal processing relationships developed by 
earlier workers (Ball, 1923; 1928; Schultz 
and Olson, 1940; and Ball and Olson,
1957).

Equations (3), (8) and (14) are simple 
transpositions of accepted basic thermal 
processing relationships from Ball (1923).

Equation (9) is a simple illustration of 
decimal reduction using logarithms and 
thus the derivation of equation (13) as 
follows:

Sg = log-i (log Ss -  N) [9]

When a segment is made up of only one 
package, the final spore population (Sg) 
becomes:

Sg = log-i (i0g s p -  N) [9a]

Taking the log of both sides and transpos
ing

N = log Sp -  log Sg [9b]

Assuming that a package is sterile when 
its spore population is 0.5 or less, then 
the minimum decimal reduction needed 
to sterilize a single package would be N( :

N! = log Sp -  log 0.5 [9c]

and by solving for log 0.5, equation (13) 
is obtained.

Nj = log Sp + 0.301 [131

Equation (1), determination of a mean 
lag factor (j), was made using the values 
of the logs of j values instead of the 
actual j values. It was originally conceived 
that J = si but since the plots are made on 
a semi log graph, j solved using this 
equation would show a slight distortion. 
To be mathematically correct, the average 
lag factor (j) was determined as the 
antilog of the sum of the logs of j values 
divided by the number of samples).

Equations (2) and (4) are simple appli
cations of the standard equation for 
determining means from sample observa
tions.

Equation (5) is a simple application of 
the accepted relationship used to calcu
late a standard deviation from a sample 
population (Gauss, 1880).

Equations (12) and (19) are interpo
lated from a table of standard distribu
tion (Gauss, 1880). The slope indices fn

and foe are predicted at K = -  3.275 
standard deviation from the mean for the 
probable extremes of a population of
1,000 in a normal distribution. These 
limits should also work well with a 
minimum of error for most population 
sizes that might be considered in process 
determinations.

To calculate value of K in equations 
(12) and (19) to be used for the esti
mated value of the mid area point of an 
end population segment (slowest or 
fastest package) of a population of any 
size, interpolation as described above is 
usually sufficient. However, in the consid
eration of K for end segments of ex
tremely large package populations, K 
should be calculated directly from the 
equation of the area/K relationship in the 
normal curve (Gauss, 1880).

o o  J _  e " x / ^ d x  — cc

To solve for the expected value of K in 
large package populations, let the area (« )  
under the curve for various populations 
(Pt) be as follows:

Pt oc Pt C C

10« 5 X io-i 106 5 X io-2
10i 5 X io-2 102 5 X lo-»
102 5 X io-3 10« 5 X io-i
103 5 X io-4 109 5 X 10-io
104 5 X io-5 1010 5 X lO-ii
105 5 X lo-«
Equation (10) was derived by assum

ing that all packages in a package popula
tion segment had identical slope indices 
and identical initial spore populations. 
Therefore, after a given process of equal 
decimal reductions, the estimated value 
of a spore being in a package would be 
the same for each package in the segment. 
Since a spore or package cannot be a 
fraction, it was decided that the best 
method to convert surviving spores (Sg) 
in a segment into contaminated packages 
in a segment (Pg) would be equation (10) 
which assumes maximum distribution of 
surviving spores among the packages in a 
segment.

Pg = Ss With Emits:
1. Pg ^  P$
2. Pg be rounded off to

closest whole number 
(or zero if expected 
value of Sg <  0.5) [ jo]

During a later review of this paper by
C. R. Stumbo, it was suggested that the 
conversion of surviving spores in a pack
age population segment into contami
nated packages in that segment could 
better be represented by an adaption of
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the Halvorson and Ziegler equation
(1932):

Pg = Ps"  i^ -17  sg
V2.303

The au tho r rechecked the ca lcu la tion  
o f B0 , Bs0 and B 100, using the m anual 
m ethod described herein subs titu ting  
equa tion (10a) fo r  equa tion (10). Using 
the calculated slowest, median, and 
fastest package, the answers were exactly  
the same as those using equation (10 ). To 
determ ine i f  there w o u ld  be any d iffe r 
ences fo r  these tim es using popu la tion  
segments con ta in ing  m ore than one pack
age, the calcu la tions were repeated fo r  a 
package po pu la tio n  segment con ta in ing 
the 10 slowest heating packages, a pack
age po pu la tio n  segment con ta in ing  the 
center 100 packages, and a package popu
la tio n  segment con ta in ing  the 10 fastest 
heating packages. The B0 and B 10 0 times 
were exactly  the same and the Bso tim e 
was approx im ate ly  2.5% shorter.

The data obta ined using equa tion (10 ) 
were s ligh tly  closer to  actual data taken 
fro m  the spoilage curve o f an inocu lated 
test pack than were data obtained using 
equation (10a). However, since the d iffe r 
ences were so sm all no conclusion cou ld 
be made as to  w h ich , i f  e ither, was the 
be tte r m ethod.

Method discussion
In  practice th is  au tho r has found  it  

s im pler in  calcu la ting process tim es (B 0 ) 
or s te riliza tio n  curves (con s tru c tion  o f a 
reverse S-shaped curve th rough  B0 , Bs o , 
and B I0 0 ) to  use the m anual m ethod 
described in  th is  paper instead o f the 
com puter program . B y use o f a com plete 
table o f F ',  t '  re lationships (calculated 
fro m  the F o rtran  Program o f  Herndon et 
al. (1968), processes o r curves can be 
calculated q u ic k ly  and easily w ith o u t 
having to  em p loy a com puter fo r  every 
test

GLOSSARY OF SYMBOLS
A = Retort come-up time. The elapsed time in 

minutes from steam-on until retort reaches 
its set processing temperature (T i) . In some 
continuous processing retorts, A = 0.

B = Processing time. The elapsed time in min
utes at the set processing temperature (T i). 
In general practice, processing timing begins 
when retort temperature reaches T j .

B0 = Minimum process time under a specified 
set o f processing conditions which w ill as
sure complete sterilization o f a food pack
age population. (0.5 spores remaining from 
an in itia l total postulated or inoculation 
spore population).

fied set o f processing conditions which w ill 
leave 0.5 spores or more (from an initial 
postulated or inoculated spore population) 
in every package o f a specified package pop- I 
ulation.

D = Decimal reduction time. The time in min
utes at a temperature necessary to destroy 
90% of the postulated or inoculated spoilage 
organisms.

perature (Tb) and retort holding tempera
ture (T i) . I L = Tb -  T i

= Initia l temperature differential between 
the retort holding temperature (T j)  and the 
average initial temperature o f the food mass 
in a package (T0).

U = Mean IQ for a sample package population.

D j.  = Decimal reduction time at base tempera
ture (Tj,).

f  = Slope index o f the straight-line portion of 
the semilogarithmic plot o f a heating curve 
expressed as the number o f minutes re
quired to traverse one logarithmic cycle, or 
for 1 to decrease by a factor o f 10.

f  = Mean slope index from a sample o f slope 
indices o f heat rise curves.

Io s l0/n

Iy = Difference between the retort holding tem
perature (T j)  and the hypothetical tempera
ture (Ty) located by extending the straight 
line portion o f the heating curve to the in i
tial time ordinate representing “ steam-on.”

j  = Lag factor for a heating curve, used to estab
lish the position of IA .

fa  = Slope index postulated for the fastest heat
ing package in a package population of
1,000. fa = f -  3.275 (<rf )

log"1 (log Iy -  0.58A/f)

fn  = Slope index postulated for the slowest 
heating package in a package population of
1,000. fn  = f+  3.275 (of)

fs = Slope index postulated for the mid-area 
point o f a population segment. (One half 
the segment area on either side o f the value 
o f f s) f s = f+ K a f

F^, = Lethal process. The number o f equiva
lent minutes o f sterilization at Tb applied to 
organisms or enzymes having a slope index 
o f thermal death time equal to z°F.

F[ -  The F ^  necessary to achieve N j decimal 
reductions.

F1 = Hypothetical lethal process. The number 
o f equivalent minutes o f lethal process accu
mulated to a specified process time (t')  in a 
postulated hypothetical process (see defini
tion o f hypothetical process and t().

Hypothetical process = Sterilization-by-heat 
process postulated by Herndon et al. (1968) 
to prepare computer tables to show the re
lationship o f temperature difference (I), le
thal value (F ') and process time (t'). In this 
hypothetical process, f  = 1 min, j  = 1, 
IQ = 100°F, A = 0 min, and I I  = 0. Tables 
o f hypothetical processes were prepared for 
a range of z values from 2°F to 100°F. Use 
o f these tables along w ith two corrective 
equations allows accurate and speedy calcu
lations o f real processes.

T i ~ TA IA 

J "  T j -  T0 IG

j = Mean lag factor o f a sample population of 
heat rise curves.

j  = log"1 (£ log j/n )

K = Number of standard deviations (or) from 
the slope index population mean to the 
mid-area point o f a package population seg
ment.

L = Lethal rate used in correction equations 
(7), (15), (17) and (20) to relate a hypothet
ical process when Tb 1= T t and I I  = 0. The 
equation for L is programmed into the com
puter method and w ill be automatically cal
culated. To determine L for manual calcula
tions use Table 2 o f Herndon et al. (1968) 
or solve by using following equation: 
L = log"1 (IL /z)

N = Number of decimal reductions (Dxb) ap
plied on a spore population in a specified 
process having lethal value.

N = F f b/DTb

N j = Number o f decimal reductions necessary 
to reduce a postulated or inoculated spore 
population in a single package to 0.5 spores.

I = Temperature difference between the retort 
holding temperature (T i)  and the thermal 
center temperature o f the package (T)
I = Tr -  T

Ia  = Theoretical origin o f a heat rise curve. The 
temperature difference between the retort 
holding temperature ( T j) and the hypothet
ical temperature TA  located by extending 
the straight line portion o f the heating curve 
to the time ordinate at 0.58A.

IA = log"1 (log I y -  0.58A/f)

N j = log Sp -  log 0.5 which reduces to 
N j = log Sp + 0.301

n = Number o f individuals in a sample popula
tion o f packages.

Pc = Total number of packages containing sur
viving spores after a specified lethal process 
in a package population. Pc = SPg

Pg = Number o f packages containing surviving 
spores after a specified lethal process in a 
population segment of packages.

Bso = Process time under a specified set of 
processing conditions that w ill sterilize 50% 
o f a specified package population.

B100 = Maximum process time under a speci-

I A = Common origin point at time 0.58A for a 
sample population o f heat rise curves.
i A = 0 ) (io)

I L = Temperature difference between base tem-

Ps = Number of packages in a package popula
tion segment.

Pt = Total number o f packages of a package 
population.
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Population Segment = A part or segment o f a 
specified package population (Pt ).

Sp = Effective number o f spores postulated or 
inoculated in the thermal center area o f a 
single package (see definition o f thermal 
center). Lethal process studies on spore pop
ulations distributed throughout the package 
were made by Stumbo (1948, 1949, and
1953).

Sg = Number o f surviving spores in a package 
population segment after a specified lethal 
process.

Ss = Effective number o f spores postulated or 
inoculated into the packages in a population 
segment containing one or more packages.- 
Ss = (Ps) (Sp). The effective number of 
spores is assumed to be the population at 
the thermal center.

T = Temperature o f the thermal center of the 
food mass o f a package during a steriliza
tion-by-heat process.

T0 = Average initial temperature o f the food 
mass o f a package at the beginning of a steri
lization-by-heat process.

T, = Retort holding temperature.

Ta  = Hypothetical temperature located by ex
tending the straight line portion o f the heat
ing curve to the time ordinate at 0.58A.

Tb = Base temperature or reference processing 
temperature. Unless otherwise specified, 
Tb = 250°F.

Ty = Hypothetical temperature located by ex
tending the straight line portion o f the heat
ing curve to the time ordinate at the begin
ning o f process (steam-on).

Thermal Center = That geometric point or

region in the food mass o f a package which 
is at any time during the heating part of a 
process lower in temperature than any other 
part. The particle(s) o f food receiving the 
least amount o f heat. In packages containing 
conduction foods, the thermal center is a 
certain volume o f food near the geometric 
center. In packages containing convection 
foods, the actual thermal center is usually 
below the geometric center. However, since 
graduations in temperature in convection 
foods are relatively small, the lethal process 
at the thermal center is probably very close 
to the lethal process achieved throughout 
the entire package. Therefore, for calcula
tion purposes the thermal center o f a con
vection food package is 100% o f the volume 
o f the package.

t ' = Hypothetical process time. The number of 
minutes required to reach a desired hypo
thetical lethal value F' in the postulated 
hypothetical process. (See definition o f F' 
and hypothetical process.)

z = Slope index o f the thermal death time curve 
o f an organism. The z value is a measure of 
the effect of a change in temperature on the 
resistance o f an organism or enzyme to the 
destructive effect o f heat and is defined as 
the number o f degrees F required for the 
thermal death time curve to traverse one log 
cycle.

of = Standard deviation o f slope index. A statis
tical value which, along w ith the mean slope 
index (f), w ill define the parameters o f a 
normal distribution o f a slope index popula
tion.
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THEORETICAL FORMULAS FOR TEMPERATURES IN CANS OF SOLID FOOD 
AND FOR EVALUATING VARIOUS HEAT PROCESSES

S U M M A R Y - A  general so lu tio n  is ob ta ined  fo r  transien t tem perature d is tr ib u tio n s  in  a f in ite  
cy lin d e r b y  a p p ly ing  several in tegra l transfo rm ations to  heat co n duc tion  equation when i t  is 
sub jec ted  to  tim e  variable surface tem peratures. F rom  th is  general so lu tio n , various form ulas fo r  
tem perature d is tr ib u tio n s  are derived fo r  five  d iffe re n t surface tem perature-processing tim e  re la
tionships. By using these de rived  form ulas, we ob ta in  form ulas fo r  these tw o  param eters: slope

0 = 1  2  S  J° (Pk/3) 1
n=l k= l Ji(Pk)Pk 2n -  1 [1 ]

• F(B) • Sin (2n -  l)7rf

indices and  in te rce p t coe ffic ien ts  o f  heating o r coo lin g  curves o f  c y lin d r ic a l cans o f  conductive  
food. Expressions are also derived fo r  es tim ating  s te riliz in g  values du ring  a com e-up p e r io d  o f  the 
heat process and also d u ring  the sinuso idal f lu c tu a tio n  o f  re to r t tem perature.

where

F(B) = A • L-1 i ös (S) • ! [la]
INTRODUCTION

THEORETICAL formulas for transient 
temperature distributions in finite cylin
ders have been successfully utilized in 
predicting proper heat processes for 
canned food (Ball, 1923; Ball and Olson, 
1957; Gillespy, 1951; 1953; Hicks, 1951; 
Stumbo, 1965). These formulas were 
obtained by solving a heat conduction 
equation with assumed surface tempera
tures. The surface temperatures can be 
approximated with retort temperatures 
because the coefficient of surface heat 
transfer is very large during the heat 
processing (Ball and Olson, 1957). There 
are many formulas for the heat conduc
tion in finite cylinders in published arti
cles. However, there are only a few 
available formulas applicable to the heat 
process estimation (Ball and Olson, 1957; 
Carslaw and Jaeger, 1959; Gillespy, 1953; 
Hayakawa and Ball, 1968; 1969; Hicks,
1951). These formulas were obtained b^ 
assuming simplified relationships between 
the surface temperature and processing 
time. Therefore, they cannot be utilized 
when there are complex relationships 
between these two variables. In the pres
ent paper, formulas for the transient 
temperature distributions are derived for 
various time variable surface temperatures 
frequently observed in the commercial 
heat processes.

When the surface temperature of a 
sample body changes with time, a for
mula for the temperature distribution can 
be derived by using Duhamel’s theorem 
(Carslaw and Jaeger, 1959). In the pres
ent paper a general solution is derived by 
applying the finite Hankel, finite Fourier 
and Laplace transformations. From this 
general solution, formulas are derived for 
various time variable surface tempera
tures.
General solution and formulas for 
various surface temperatures

To derive the general solution, it was 
assumed that the initial temperature of 
the cylinder was uniformly equal to zero 
and that the cylinder was subjected to 
time variable surface temperatures.

By applying the finite Hankel, Laplace 
and Fourier transformations (Kondo, 
1959, Mackie, 1965; Scott, 1955; Sned
don, 1951; Tranter, 1956) to the heat 
conduction equation, we obtained the 
following solution for the transient tem
perature distribution in the cylinder. (The 
derivation of Eq. [ 1 ] is given in Appen
dix B; all symbols used are defined in 
Appendix A.)

in Eq. [ l a] ,  the function 6S (S) denotes 
the Laplace transform of ds (B), which 
represents any time variable surface tem
peratures. The symbol L"1 i ] in this 
equation represents the inverse Laplace 
transform of a function placed in j } . 
By using Eq. [ 1 ] and [ l a ] , we can derive 
equations for the transient temperature, 
when the formula for the variable surface

Fig. 1 -S u rface  tem perature h is to ry  curves used to  derive form ulas fo r  
trans ien t tem perature d is tr ib u tio n  in  a f in ite  cy linde r.
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temperature, ds (B), has its Laplace trans
form, ds (S), and when this expression, ds
(S)/(A+S), has its inverse Laplace trans
form.

Various formulas for the temperature 
distributions were obtained by assuming 
five different curves (Fig. 1) which show 
relationships between the surface temper
ature and processing time. These relation
ships were selected because in many 
commercial heat processings changes in 
heating or cooling medium temperature 
are approximated with either one of these 
curves, according to the present authors’ 
experience in heat processing.

In cases I through III, ds = 1 and 
0S = C, respectively, represent the holding 
temperatures of the heating and cooling 
mediums. There are the come-up and 
go-down periods in cases I and II. In case 
III, it is assumed that there is neither a 
come-up nor a go-down period. The curve 
for case IV is considered because a poor 
manual operation of the retort might

produce this curve. When a temperature 
regulator for the heating medium is poor
ly adjusted, it is frequently observed that 
the temperature of heating medium fluc
tuates sinusoidally. Therefore, case V is 
considered.

For each case except the last one, a 
formula is derived for the transient tem
perature distribution during the come-up, 
heating, go-down or cooling period when
ever it is applicable. Subcases for each 
case except case V are also shown in 
Figure 1, with numerals placed under 
each abscissa. All resultant formulas are 
given in Table 1.
Application of derived formulas

The derived formulas may be utilized 
for analyzing the heat transfer character
istics of any cylindrical can of thermally 
conductive food during heat processes. 
These characteristics of the food are 
usually represented with a heating or 
cooling curve (Ball and Olson, 1957; 
Stumbo, 1965). A linear portion of this

curve is estimated by using these two 
experimental parameters: a slope index 
and an intercept coefficient. In the pres
ent investigation these two parameters are 
computed from the derived formulas. In 
the following discussion, the slope indices 
of the heating and cooling curves are 
denoted by f and fc, respectively, and the 
intercept coefficients by j and j c.

The linear portion of each curve is 
estimated by using a formula for the 
asymptote, obtained by taking the first 
term in each summation series. The slope 
indices for the asymptotes are calculated 
by the following Equations [2a] and 
[ 2b ], obtained by utilizing their defini
tions.

f - l / f - * j r l0g10 ( T l - T ) j t - o o  [2a]

fc ■ 1 1 lo g l° (T Tc)] t c ^ ° °  [2b i

The intercept coefficients are esti
mated by the following Equations [3a] 
and [ 3b ] :

j = (Ti -  Tqa ) / (Ti — T0) [3a]

Jc (TgA Tw ) / (Tg -  Tw ) [ 3b]

The formulas for these parameters are 
obtained for all cases except case V 
(Table 2). In all the cases examined, the f 
and fc values are represented by the 
following common expression:

f = f  = 2,303
](Pt/a)2 + (7T/1)2} a  [4]

Published literature (Ball and Olson, 
1957; Stumbo, 1965) shows a formula 
for the f value exactly the same as Eq.
[4],  Eq. [4] clearly indicates the fol
lowing facts: The slope indices of the 
asymptote for the heating curve are equal 
to those for the cooling curve; also, these 
indices are not affected by the presence 
of a come-up or go-down period, because 
there are no constants or parameters for 
describing these periods in this equation. 
However, it should be mentioned that 
this result is applicable only when the 
coefficient of surface heat transfer is 
infinite during the heating and cooling 
phases. In most commercial heat proc
esses, the coefficient for the cooling 
phase is smaller than that for the heating 
phase. Therefore, the relationship of Eq.
[4] is not applicable to these cases.

Results for the intercept coefficients (j 
and j c) are summarized in Table 2. The j 
value for case III is exactly identical to 
that in the published literature (Ball and 
Olson, 1957; Stumbo, 1965). We observe 
the following facts from this table: Thej  
value is affected by the surface tempera
tures during the come-up period. The j c

Table 1—Form ulas o f  trans ien t tem perature d is tr ib u tio n s  fo r  various surface tem perature h is
to ry  curves.

Case
No.

Subcase
No. F la F2a

I 1 bB2 + d 2b/ A2 -  (2bB +d)/A -(2b-d ) exp(AB)/A2

2 1 [2b j e x p (B jA )- l j /A 2 + j d -exp(B , A )-(2B,b+d) ] /A ] 
•exp (-A B )

3 qB+w [2b [ exp (B t A ) - l ]  - A  { exp (B, A) • (2Bt b+d)-d  ] ] 
•exp (-A B )/A 2 -  q /A  + q 
•exp ¡ - A - ( B - B 2) ] /A

4 C [2b [exp (Bj A )— 1 ] - A  { exp (B, A)
- (2B, b+d) — d ì ] - exp (-A B )/A 2 + q 
• [exp (B2A) -  exp (B3A ){ *exp (-A B )/A

II 1 bB b [ exp ( - AB) -1  ] /A

2 1 b [ exp ( -A B ) -  exp {(B—BX)A []  /A

3 qB+w [b  • exp ( -A B )-B e x p  j - ( B - B j ) A j  - q  + q 
. exp j — (B—B2) [ ] /A

4 C [b • exp (AB) - b  • exp ¡ - ( B - B i) A ]  + q 
• exp {— (B—B2) A ] —q • e x p [- (B -B 3) A | ]  /A

III 1 1 -exp  (-A B )

2 c -exp  (-A B ) + exp { —A (B —Bj ) ] 
-C  expj - A  (B -B j)  j

IV ] bB+d -d 'e x p  ( -A B )+ b [e x p (-A B )-1  [ /A

2 qB+w - d  • exp (-A B ) + q [e x p ]-A (B -B , ) ] 
- l ]  /A  + b • exp (-A B ) j l-e x p (A B j )] /A

3 C - d  • e xp (-A B ) + q jexp(AB j ) -  exp(AB2)}
• exp (-A B ) / A + b jl-e x p (A B , )] • exp (-A B )/A

V (b+d )/2 -(b + d ) ‘ exp(-A B )/2+  j(b -d ) /2 ]  • [ ( A 2 
• s in (q B -w )-A q  cos (qB+w)] /(A 2+q2)+ [Aq 
•c o s  w -  A2s in w ]] • exp ( -A B )/(A 2 + q2)

aThese expressions, FI and F2, must be placed in the follow ing Eq. (A ) to obtain formulas for
the temperature distributions,

e =ED

, in a finite cylinder.

Jo (PkP) 11  y
Ü n=l k=l ^1 (Pk) Pk 2n-l

r —  • IF2 • sin (2n-l) T tf [A]
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T able  2 —In te r c e p t  c o e f f ic ie n ts  o f  a s y m p to te s  fo r  th e  h e a tin g  o r  c o o lin g  cu rve.
Case
No. J l a J2a J3a

I j 1 2b {1-exp (B1A11)i/A ],
+ [exp(Bj Aj 1)(2B1b+ d)-d ]/A 1 j

jc (T, - T 0)/(Tg—Tc) [2bfexp(B1A11) - l  J /A ^  -{  exp(Bj A[ j ) 
• (2 Bj b + d ) -d  j /Aj j +q {exp (B2A11) 
-exp (B3A, i ){ /A j j • exp (—A ,, B2)

jc (T, — T 0)/(Tg- T c) q [ 1-exp {A j ,(B3-B 2) |]  /An , 
when exp(B[ A j,)  <̂  exp(B2A ]j)

II j 1 { exp(Bj Aj [) —1 Ì ■ b /A !,

jc (Tj - T 0)/(Tg-Tc) [b {l-exp(B! Aj ! )[ + q {exp(B2A! i) 
-exp (B3Aj , )}] • exp ( -A n B2) /Au

jc (T ! -T  0)/ (Tg-T c) q [ l-e x p  {Aj i(B3-B 2) 1] /A n , 
when exp (B, Aj t )<^exp (B2Aj ,)

III j 1 1

ic (Tj-ToVfTg-Tc) (T j-T C)/(T ,-T 0)-exp ( -A n B j)

jc (T ,-T c)/(Tg- T c) 1, when exp (-A j x B ,) -4 (T j-T c)/ (T i-T a
aThese expressions, J1, J2 and J3, must be placed in the follow ing Eq. (B ] to obtain formulas 

for the intercept coefficients.

Jp (P iP) 
Ji (p i )pi

• |~J3~j- Sin Trf [B]

B i, T0, Ti and z, although Ball found the 
following simple relationship through his 
experimentation: 0.42 Bi = Bx .

As previously mentioned, Eq. [5] was 
derived by considering the sterilizing 
value at the center of the food. Another 
formula can be derived for estimating the 
mass average sterilizing value during the 
come-up period through similar calcula
tions. The resultant formulas are given 
below.

J i  P4p /* df • expj (lnlO)G, / D250j =

Jo H  d£ ‘ exP f-am o) • g2 / d2S0^

[6 ]
where Gi and G2 are defined as follows: 

Gj = (l2/ cl) exp j (T0 -  250) / zj •

f®1 expianlO H T j -  T0) ^ i /z  j dB 
J [6a]

G2 = (l2/a) exp ^(Ti -  250) / z |  .

J®x exp^inlO X T o-T O ^/z^dB

and where \p{ and ip2 represent the 
following expressions.

s 00
l/q=bB  + d + £  2

11 n=l
I? Jo(PkP) 
k=l Jl(Pk)Pk

value is affected by the temperatures 
during the go-down period and also by 
the come-up period to a lesser degree 
than the influence of the go-down period. 
Because the length of the heating phase 
(B2) is considerably longer than that of 
the come-up period (B,)  in most cases, 
the influence of the come-up period on 
the jc value is negligibly small. In case III, 
the jc value can be approximated by the j 
value when exp (—A j j Bj ) is negligibly 
smaller than (T! — Tc)/(Ti — T0) and 
when (Ti -  Tc)/(Tg — Tc) is approxi
mately equal to unity.

A sterilizing value of heat treatment 
during the come-up period is another 
important parameter to be considered 
when this period becomes fairly long. 
Gillespy (1953) presented an analysis for 
this sterilizing value by using formulas for 
the heat conduction. Ball (1923) ob
tained a formula for the sterilizing value 
by analyzing experimental data. This 
value can be theoretically estimated from 
the formulas for case IV — subcase 1 and 
for case III -  subcase 1. A sterilizing 
value at the center of the food is esti
mated from the former equation during 
the come-up period and another steriliz
ing value at the center is from the latter 
equation during the heating phase with 
no c6me-up period. Then, these two 
sterilizing values are equated to each 
other to find the following heating time, 
Bx, at the holding temperature, T j . Heat

ing the food for Bx at Ti without any 
come-up period results in the sterilizing 
value identical to the one obtained during 
the come-up period. The resultant equa
tion is given below.

10(T0 -  T i )  / z jBi 0i dB = jBx ^  dB
[5J

where 0 i and 02 are defined as follows: 

0 1 = exp [(In 10) • j T| z T° j

O O  CO

<bB + d + |r  £  2

1

77 n= I k=l Ji(pk)Pk 

(_ l)n+1 . [_d  exp(-AB)
2n -  1

+ b {exp(-AB) -  1 j / A ] > ]  [5a]

Ti - T 00 2 = exp I(lnlO) • I

o  O O  O O  ,

— 2  2  i
77 n=l k=l Ji(pk)pk

. 1
2n -  1

. (_ l )»* * . e~ABj ]
[5b]

These formulas suggest that the heating 
time Bx is a very complicated function of

1 > ( b jexp(-AB) - 1 1
" 2n -  1 ' l  A

-  d • exp(-AB) |  • Sin(2n -  l)7rf [gc]

02 = i  2  2  Jo(PkP)77 n=l k=l J i (p k )Pk

• — ----- • exp(-AB) • Sin(2n -  l)7rf
2 n _ 1  [6d]

In this case, the estimation of the heating 
time, Bx, requires extremely complicated 
calculations.

When the retort temperature fluctu
ates sinusoidally during the heating phase, 
it would be useful to find the following 
heating treatment at a constant holding 
temperature, Tx , of the retort. This treat
ment results in the central sterilizing 
value equivalent to the value obtained 
during the sinusoidal temperature treat
ment. A formula for estimating the tem
perature, Tx, can be derived from the 
formulas for III-l and for V. The result is 
given below.

exp {(lnlO) •T x/ z } - J Bb 0 3 dB =

exp {(In 10) (Ti - T 0)/zj •

i Bb exp [(In 10) ( O T  — T„)/z j • T ] dB 
J  [7 ]
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where T  is defined as follows:

r = 8 f? f  ( -D n+1 . 1
77 n=l k=l Ji(Pk)Pk 2n -  1

• < {(b -  d)/2 j • |  [A 2 sin(qB -  w)

-  Aq cos(qB + w) j / (A2 + q2)

+ j Aq cos w -  A2 sin w J 

• exp(-AB)/ (A2 + q2) j

— ( b  — d )  - exp(-AB) / 2 > [ 7 a ]

An expression for <p3 in Eq. [7] is 
obtained from Eq. [5b] through this 
substitution Tj = T X.

The formulas listed in Table 1 can be 
utilized in deriving many other equations 
useful in evaluating the heat process. 
However, discussion on these derivations 
is not presented in the present paper 
because of space limitations.

CONCLUSION
FORMULAS for the transient tempera
ture distribution were derived for various 
time variable surface temperatures by 
using the integral transformations. The 
derived formulas were utilized to obtain 
expressions for the slope index and inter
cept coefficient of the linear portion in 
the heating or cooling curve. The expres
sions were also derived for estimating the 
sterilizing value for the come-up period 
and for estimating the sterilizing value 
when the retort temperature fluctuated 
sinusoidally.

Appendix A. Nomenclature

A = (pk/m)2 + it2 (2 n -1 )2

All = ( P j / m ) 2 + 7T2

a Radius of finite cylinder (in.).
B Fourier number, which is defined 

as B = a  t/12
B j, B2, Constant B values. They represent

B 3 B values at which one phase or 
period terminates in heat process
ing. For their more detailed defi
nition, see Figure 1.

Bb = a  V '2
B X = a W 12
b Constant. This is used to repre

sent a surface temperature history 
curve. See Figure 1.

C Constant 6S value during cooling 
phase. When a value for the sur
face coefficient of heat transfer is 
very large, C is approximately 
equal to (Tc -  T0 )/(Tr -  T0).

D 2 5 0 Decimal reduction time of micro
organisms or nutrient at 250°F 
(min).

d Constant. This is used to repre-

sent a surface temperature history 
curve. See Figure 1.

F(B) Function defined as Eq. [ la ] .
FI, F2 Expressions used in Eq. [A]. See

Table 1.
f, fc Slope indices for heating and

cooling curves, respectively.
Gp  G2 Defined as Eq. [6a] and [6b], re

spectively.
J l, J2, Expressions used in Eq. [B]. See 

J3 Table 2.
J0(x) Value for zero**1 order Bessel

function of first kind, evaluated 
at x.

Jj(pk) Value for first-order Bessel func
tion of first kind, evaluated at pj,-

Ji (p j) Value for first-order Bessel func
tion of first kind, evaluated at p t .

j , j c Intercept coefficients of heating
and cooling curves, respectively.

k Integer subscript.
1 Height of finite cylinder (in.)
L '1 [ x ] Inverse Laplace transfer of x.
m Shape factor of finite cylinder

m = a/1.
n Integer
p Finite-Hankel-transformed varia

ble of p.
p t First positive root of JG (x) = 0.
Pk kth positive root of J0 (x) = 0.
q Constant. This is used to repre

sent a surface temperature history 
curve. See Figure 1.

r Radial distance, measured from
the central axis of finite cylinder 
(in.).

S Laplace-transformed variable of
B.

T Temperature in finite cylinder (°F).
T0 Initial temperature of finite cylin

der (°F).

Tj Holding temperature of retort
during heating phase (°F).

ToA Phantom initial temperature of
finite cylinder, obtained by ex
trapolating an asymptote for the 
heating curve (°F).

Tg Temperature at any location in
finite cylinder at end of heating 
phase (°F).

TgA Phantom temperature at any loca
tion in finite cylinder at end of 
heating phase, obtained by ex
trapolating an asymptote for the 
cooling phase (°F).
Reference temperature. It is con
venient to use the highest temper
ature of heating medium (°F).

Ts Surface temperature of finite cyl
inder (°F).

Tx Imaginary holding temperature of
retort. Heating a finite cylinder 
for tj, minutes at this temperature

results in a sterilizing value at the 
center of the finite cylinder equal 
to a sterilizing value obtained 
when the cylinder is heated with 
sinusoidally fluctuating tempera
ture for tj, minutes (°F). 

tj, Length of heating phase (min).
tc Cooling time variable, measured

from the end of heating phase 
(min).

tx Imaginary heating time at holding
temperature of retort T j . Heating 
a finite cylinder for tx minutes at 
Tj °F results in a sterilizing value 
equal to a sterilizing value ob
tained during the come-up period 
of heating phase (min).

y Axial distance measured from an
end of finite cylinder (in.), 

z Slope index of thermal death time
curve of microorganisms or nutri
ents (°F).

a  Thermal diffusivity of finite cyl
inder (in.2/min).

r  Expression defined by Eq. [7a].
f = y/i-
6 = (T -  T0)/(Tr -  T0), dimen

sionless temperature of finite cyl
inder.

05 — (Ts — T0)/(Tr — Tq), dimen
sionless surface temperature of 
finite cylinder.

0 s Laplace transform of ds.

6 Finite Hankel transform of 9.

3  Laplace transform of 6 .
Q Finite Fourier sine transform of

3

P = r/a
0j ,02 Expressions respectively defined

as Eq. [5a] and [5b].

$3  Expression derived from Eq. [5b]
through th is substitu tion : 
T, = Tx.

,\p2 Expressions respectively defined
as Eq. [6c] and [6d].

Appendix B. Derivation of 
generalized solution

In the present paper, the following assump
tions are imposed: i. The thermal diffusivity of 
sample is constant; ii. there is no heat-genera
tion in the sample; iii. the temperature distribu
tion in the sample is axially symmetrical. Under 
these assumptions, a partial differential equa
tion for transient thermal conduction is ex
pressed by Eq. [a].

2 ae d2e i d d^  2 d2e
dB dp2 p  dp [al

Eq. [a] will be solved with the following initial 
and boundary conditions.

Ia-1]d (o, r, p ) = o
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0S(B)= 0(B, 1) = 0(B,O,p) = 0(B, l ,p )  Therefore, we have Eq. [f] . REFERENCES

O < 0 ( B , f , p )  < o o

[ a - 2 ]

[ a -3 ]

Eq. [a] becomes the following Eq. [b] when 
the finite Hankel transform is applied to the 
variable p.

11,2 * “  = P ‘ ^s (®) ' J l (P)
9b

- p2 0 + m2 d2e
9f2 [b]

0 (0, p) = 0 [ b - 1 ]

0 (B, o ,  p )  = 0 (B, 1, p )  = ° ± ! ^ L .  J 1 ( P )

P [b-2]

0 (B, ?, p) <  00 [b.3]

By applying the Laplace transform to Eq. 
[b], with respect to the variable B, we obtain 
Eq. [c]

!S 0 = p Ji (p) 0S (S) — p2 0 + m' d2 0
d ? 2

[c]

The boundary conditions, which should be ap
plied to Eq. [c], are:

0(S, 0, p) = 0 (S, 1, p) ®*(S) T , ,
- Jl (p)  idi

f = n . 7r . ^ . | (V + , + l !
• (m2 + JB__

7T2
— j* 0s (S) • j l / |m 2(n2 + S) + S2 J ^

The solution for Eq. [a] is obtained by apply
ing the inverse finite Fourier sine, the inverse 
Laplace and the inverse finite Hankel trans
forms one after another in the order named. 
The resultant solution is given in Eq. [g].

In the derivation of Eq. [b] , the boundary con
dition 0 (B, f, 1) = 0S (B) was used. Thus, the 
other conditions which will be imposed on Eq. 
[b] are:

7T 2
n=l

2  - 
k=l ■

( — 1
|  0s (S) .

a T s

8 oo OO

7T 2 2  -
n=l k=l •

Jo(Pk0)

F (B) . sin (2 n -l)  7rf

where

F ( B ) . A . L ' ' j 5 ! (S ) .  ^  j

[g]

[g - 1 ]

Eq. [d] becomes Eq. [e] by applying the finite 
Fourier sine transform (7) with respect to the 
variable

n • 7T. m2 . 0S (S) • J | M  ^ (-D  n+ 1 + 1 j 

- n 2 • m2 • 7T2 • 0

The function F (B) will be called the surface 
temperature function because it represents the 
time variable surface temperature. The tempera
ture distribution in a finite cylinder can be ob
tained for any 0S (B) by using Eq. [g], provided 
that 0S (B) has the Laplace transform, 0 s (S), 
and that 0 s (S)/(A + S) has the inverse Laplace 
transform.

In using Eq. [g], the following Eq. [h] is 
useful to simplify the derived formulas.

1 = 8 Jo(PkP)

(p2 + m2 S) 0 + p . J¡ (p) . ds (S) 

7m l ) [ e ]

17 n=l k=l PkJj(pk) 2n 1

• sin (2 n -l)  7Tf [h]

This formula is obtained by applying the finite 
Fourier sine transform and the finite Hankel 
transform to numeral 1.

B a ll,  C .O . 1 9 2 3 .  T h e r m a l  p r o c e s s  t i m e  f o r  
c a n n e d  f o o d .  B u ll .  N a t io n a l  R e s e a r c h  C o u n 
c il,  V o l .  7 , P a r t  I ,  N o .  3 7 .

B a ll ,  C .O . a n d  O ls o n ,  F .C .W . 1 9 5 7 .  “ S te r i l i z a 
t i o n  in  F o o d  T e c h n o lo g y .”  M c G ra w -H il l  
B o o k  C o .,  N e w  Y o r k .

C a r s la w , H .S . a n d  J a e g e r ,  J .C .  1 9 5 9 .  “ C o n d u c 
t i o n  o f  H e a t  i n  S o l i d s .”  O x f o r d  U n iv e r s i ty  
P re s s ,  L o n d o n ,  E n g la n d .

G i l le s p y ,  T .G . 1 9 5 1 .  E s t i m a t i o n  o f  s t e r i l i z in g  
v a lu e s  o f  p r o c e s s e s  a s  a p p l i e d  t o  c a n n e d  
f o o d s .  I .  P a c k s  h e a t in g  b y  c o n d u c t i o n .  
J .  S c i.  F o o d  A g r. 2 : 1 0 7 .

G il le s p y ,  T .G . 1 9 5 3 .  E s t i m a t i o n  o f  s t e r i l i z in g  
v a lu e s  o f  p r o c e s s e s  a s  a p p l i e d  t o  c a n n e d  
f o o d s .  I I .  P a c k s  h e a t in g  b y  c o n d u c t i o n :  
c o m p le x  p r o c e s s in g  c o n d i t i o n s  a n d  v a lu e  o f  
c o m in g -u p  t im e  o f  r e t o r t .  J .  S c i .  F o o d  A g r. 
4 : 5 5 3 .

H a y a k a w a ,  K . a n d  B a ll ,  C .O . 1 9 6 8 .  A  n o t e  o n  
t h e o r e t i c a l  h e a t in g  c u rv e  o f  a  c y l in d r i c a l  c a n  
o f  t h e r m a l ly  c o n d u c t iv e  f o o d .  C a n . I n s t .  
F o o d  T e c h n o l .  J .  1 :  5 4 .

H a y a k a w a ,  K . a n d  B a ll,  C .O . 1 9 6 9 .  C h a r t s  f o r  
c a l c u la t in g  a v e ra g e  t e m p e r a t u r e  o f  t h e r m a l l y  
c o n d u c t iv e  f o o d  in  a  c y l in d r i c a l  c a n  d u r in g  
h e a t  p ro c e s s in g .  C a n . I n s t .  F o o d  T e c h n o l .  
J .  2 :  1 2 .

H ic k s ,  E .W . 1 9 5 1 .  O n  t h e  e v a l u a t io n  o f  c a n n i n g  
p r o c e s s .  F o o d  T e c h n o l .  5 : 1 3 4 .

K o n d o ,  J i r o .  1 9 5 9 .  “ O p e r a t io n a l  M e th o d s .”  
B a i h u k a n  P u b l i s h in g  C o .,  T o k y o ,  J a p a n .  [ I n  
J a p a n e s e .  ]

M a c k ie ,  A .G . 1 9 6 5 .  “ B o u n d a r y  V a lu e  P r o b 
le m s .”  O liv e r  a n d  B o y d ,  L o n d o n ,  E n g la n d .

S c o t t ,  E .J .  1 9 5 5 .  “ T r a n s f o r m  C a lc u lu s  w i th  a n  
I n t r o d u c t i o n  t o  C o m p le x  V a r ia b le s . ”  H a r p e r  
& B r o th e r s  P u b l i s h e r s ,  N e w  Y o r k .

S n e d d o n ,  I .N . 1 9 5 1 .  “ F o u r i e r  T r a n s f o r m s .”  
M c G ra w -H il l  B o o k  C o .,  I n c . ,  N e w  Y o r k .

S tu m b o ,  C .R . 1 9 6 5 .  “ T h e r m o b a c te r io lo g y  in  
F o o d  P r o c e s s in g .”  A c a d e m ic  P re s s ,  N e w  
Y o rk .

T r a n t e r ,  C . J o h n .  1 9 5 6 .  “ I n t e g r a l  T r a n s f o r m s  in  
M a th e m a t ic a l  P h y s ic s .”  W ile y ,  N e w  Y o r k .

M s. r e c e iv e d  4 / 1 / 6 9 ;  r e v is e d  7 / 3 / 7 0 ;  a c c e p te d
7 /2 0 / 7 0 .

A  p a p e r  o f  t h e  J o u r n a l  S e r ie s ,  N e w  J e r s e y  
A g r ic u l tu r a l  E x p e r i m e n t  S t a t i o n ,  R u tg e r s —T h e  
S t a t e  U n iv e r s i ty ,  F o o d  S c ie n c e  D e p a r t m e n t ,  
N e w  B ru n s w ic k ,  N e w  J e r s e y .

T h is  w o r k  w a s  s u p p o r t e d  in  p a r t  b y  P u b l ic  
H e a l t h  S e rv ic e  R e s e a r c h  G r a n t  N o ,  F D —0 0 1 1 9  
b y  t h e  U n i te d  S t a t e s  D e p a r t m e n t  o f  A g r ic u l 
t u r e ,  b y  t h e  R e f r ig e r a t i o n  R e s e a r c h  F o u n d a 
t i o n ,  b y  t h e  R C A  W h ir lp o o l  C o r p o r a t i o n  a n d  
b y  t h e  C a n n e r s  A s s o c ia t io n  o f  J a p a n .

T h e  s e n io r  a u t h o r  a c k n o w le d g e s  M r. K o z a -  
b u r o  H i r a n o ,  D i r e c t o r  o f  R e s e a r c h ,  t h e  C a n 
n e r s  A s s o c ia t io n  o f  J a p a n ,  f o r  h i s  e n c o u r a g e 
m e n t  i n  c o n d u c t in g  t h e  w o r k  r e p o r t e d  i n  t h e  
p r e s e n t  p a p e r .



D. R . H E L D M A N  

A g r ic u ltu ra l E n g in e e rin g  a n d  F o o d  S c ien ce

P. Y. W A N G  a n d  A . C. C H E N  

A g r ic u ltu ra l E n g in e e rin g  D e p a r tm e n t  

M ichigan  S ta te  U n ive rs ity , E a s t L an sin g , M ich igan  4 8 8 2 3

♦

EFFECTIVENESS OF PNEUMATIC CONVEYING SYSTEMS 
FOR COOLING SPRAY-DRIED FOOD PRODUCTS

S U M M A R Y — T h e  c o o lin g  e f fe c t iv e n e s s  d u r in g  p n e u m a tic  tr a n s p o r t  o f  a sp r a y -d r ie d  fo o d  p r o d u c t  
has b e e n  in ve s tig a ted . D iffe r e n tia l  e q u a tio n s  w h ic h  d e sc r ib e  th e  p r o d u c t  a n d  a ir te m p e r a tu re s  as a 
fu n c t io n  o f  d is ta n c e  fr o m  th e  in itia l m ix in g  p o i n t  h a ve  b e e n  d e r iv e d  a n d  so lv ed . T h e  p r e d ic te d  
re su lts  h a ve  b e e n  c o m p a r e d  to  e x p e r im e n ta l  d a ta  o b ta in e d  in  a c o n v e y in g  tu b e  e q u ip p e d  w ith  
th e r m o c o u p le s . T h e  re su lts  in d ic a te d  th e  e q u il ib r iu m  te m p e r a tu r e  o f  th e  a ir -p ro d u c t m ix tu r e  c o u ld  
b e  p r e d ic te d  a n d  w as a fu n c t io n  o f  lo a d in g  ra tio . In crea sed  lo a d in g  ra tio  d ec rea se d  th e  d is ta n ce  
re q u ire d  to  reach  th e  e q u il ib r iu m  te m p e r a tu re . T h e  e f fe c t iv e n e s s  o f  p r o d u c t  co o lin g  a f te r  reach ing  
th e  e q u il ib r iu m  te m p e r a tu r e  w as a fu n c t io n  o f  c o n d i t io n s  a t  th e  c o n v e y in g  tu b e  wall. R e su lts  
in d ic a te d  th a t  a w a te r  sp r a y  o v e r  th e  e x te r io r  su r fa c e  w as m o r e  e f fe c t iv e  th a n  fo rced -a ir  c ircu la tio n  
w h ich , in  tu rn , was m o r e  e f fe c t iv e  th a n  n a tu ra l a ir  c ircu la tio n .

INTRODUCTION
THE TYPE of cooling system used for 
cooling of spray-dried food products will 
vary considerably depending on facilities 
available. In most cases, the cooling is 
accomplished by mixing the dry product 
with room temperature or cool air fol
lowed by conveying through a tube to the 
separators. Use of room-temperature air 
and long conveying tubes is normally 
adequate to reduce the product tempera
ture to acceptable levels unless the ambi
ent temperatures are too high. This situa
tion does occur during the summer season 
in many parts of the United States and 
very frequently in countries with warm 
climates.

The dry product cooling problem is 
further complicated by the concern for 
providing purified air as a conveying 
medium. Recent encounters with Salm o- 
nellae contamination have emphasized 
the need for more effective control over 
product-air contact. Purified air can be 
provided by high-efficiency filters. How
ever, large volumes are required as a 
conveying medium and power require
ments become rather large. Through sup
plemental cooling methods, the power 
requirements for conveying and cooling 
of the dry food products may be kept to 
a minimum.

Objectives of this investigation were to 
a) investigate the mechanisms of product 
cooling during initial mixing as product 
and air temperature come to equilibrium 
and b) determine the effectiveness of 
supplemental cooling of the conveying 
tube wall on product cooling. The first 
objective was accomplished by perform
ing an enthalpy balance on a section of 
conveying tube and solving the equations 
for air and product temperature as a 
function of distance. Preliminary verifica

tion was accomplished by conducting 
experiments in an insulated conveying 
tube. At locations beyond the equilibra
tion region, the influence of forced-air 
movement and water spray over exterior 
portions of the conveying tube has been 
investigated.

There is an obvious lack of informa
tion in the literature on the effectiveness 
of cooling methods for powdered materi
als, although fluidized systems have been 
investigated to a considerable extent 
(Depew and Farbar, 1963; Soo, 1967; 
Soo et al. 1960; Tien, 1961; Wilkinson 
and Norman, 1967). In addition, there 
seems to be no published data which 
indicate the optimum storage tempera
tures for dry food products. Hanrahan et 
al. (1967) have made reference to slow 
cooling resulting in a cooked or scorched 
flavor in spray-dried milk, and indicated 
that sinkability of dry milk decreased 
significantly when the product was stored 
at 20°C rather than cooled to 5°C. The 
only logical conclusion is that maximum 
quality is attained only by effective cool
ing before the product reaches the storage 
container. Results by Farrall et al. (1968) 
and Chen (1969) indicate that thermal 
conductivities of dry food powders are 
sufficiently low to prevent rapid cooling 
of the product in the storage container.
Theoretical considerations

Cooling of dry food particles by cool

air during pneumatic flow occurs in 2 
steps a) a region immediately after the 
product is released into the air stream 
during which the product and air come to 
some equilibrium temperature and b) the 
region after the equilibration, during 
which the product and air cool by heat 
transfer to the walls of the conveying 
tube.

The following analysis will deal with 
the equilibration region, assuming adia
batic conditions exist at the conveying 
tube walls. By derivation of equations 
which describe both the enthalpy content 
of the air and the product as it moves 
through the conveying tube (Fig. 1), the 
change in temperature of product and air 
can be predicted, based on properties of 
product and air.
Symbols

A particle surface area per 
unit volume of prod
uct-air mixture

C = specific heat
D = diameter
h convective heat transfer 

coefficient
k = thermal conductivity
L.R. = loading ratio, lb prod

uct per lb air
q = heat flux
s cross-sectional area of 

tube
T = cooling medium tem

perature
V = velocity
w weigh density of pow

der per unit volume; 
Equation [19].

X = axial distance in tube
Pr = Prandtl number = Ca^a

Nu =
ka

Nusselt number = hpDp
ka

P R O D U C T IN

Fig. 1 —S c h e m a tic  diagram .
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Re = Reynolds number for 
tube = Pa D Va

Ma

(Re)d Modified particle Reyn- 
VaDp

olds number = ------
V

Rep — particle Reynolds num-
PaDp(Va —Vp)

ber = ------------------
Ma

St Stanton number de
fined in Equation [6 ]

B, dimensionless number 
defined in Equation 
[6 ]

b 2 dimensionless number 
defined in Equation 
[7].

6 = product temperature
P = density
P

Subscripts

viscosity

a = air
p = product
o = initial conditions
w = wall conditions

Enthalpy balance on air
Using a control volume within the 

conveying tube as a reference, the en
thalpy difference between x and x + dx 
would be:
Va S pa Ca (T + *jj) dx 

-  Va S pa Ca x =Va S pa Ca dx [1]

Since the process being considered is 
adiabatic, heat transfer will occur only 
between the particles and air as described 
by the following equation:

q = -  hp A S (T -  0) dx [2]
The right-hand sides of Equations [ 1 ] 
and [2 ] can be equated to obtain the 
following differential equation:

i l  + hpA. . (T -  8) = 0 
dx Va pa Ca [3]

which describes the temperature of the 
air during the equilibration region.

Enthalpy balance on products
Using an approach similar to the en

thalpy balance on air, the enthalpy of the 
product will change some amount as it 
passes through the control volume as 
described by the following expression:
Vp Pp Cp S (0 +_i^) dx — Vp Pp Cp S 0 = 

dx
V p  Pp Cp S £2- dx

By equating the right-hand sides of Equa
tions [2] and [4], the differential 
equation describing product particle tem
perature is obtained: 

d0 hp A 
—  -  -----------  (T -  0)
dx VpPpCp [51

Solutions for differential equations
Equations [3] and [5] can be solved 

by methods normally used for solving 
ordinary differential equations.

By letting:
bp Dp

bp A
B, =

ka (Nu)d A

Va paCa = VaDp = (Re)d Pr = (St)d A
- i r - ' T T  [6]

Dp

B ,=
hp A

VpPpCp V aDp CaM * VpPpCp

v ha VaPaCp 

(St)d A(Nu)d A 
(Re)d Pr W

then: -^ -+  Bl (T

d0
dx

= B2 (T

w 
- e) 

0)

or: T = —— + 0 
B2 dx

[7]

[B]

[9]

[ 10]

By substitution of Equation [10] into
[8 ], a new differential equation is ob
tained:

+ ( l + l E  ) J l = 0
dx dx i n i

Equation [11] can be solved to obtain: 

9 = T T 7  j (w ®o + T0) + (T0 -  0O) 

exp [ -  B, (1 +4-> x J | [12]

where:
_ Bt

[13]
while:

T = j + w |  (w 0O + T0) + w (T0 — 0O) 

exp [ -  Bi (1 + 4~)x] | [14]

Equations [12] and [14] can be written in 
dimensionless form as follows:

0 -  6n 1
T0 - 0 O 1 + w

1 -  exp [—(St)d

(1+— ) Ax] w [15]

and:
w

1 + w
1 -  exp [ -  (Stiq

(1 + — ) Ax 
w [16]

Application of derived equations
Equations [15] and [16] allow predic

tion of the air and product temperatures 
as a function of distance during pneu
matic flow from the heat transfer coeffi

cient between particle and air (hp), par
ticle surface area per unit volume (A), 
velocities of air and particles (Va, Vp), 
density of air and particles (pa, pp) and 
specific heats of air and particles (Ca, 
Cp). Probably the most difficult of these 
parameters to measure is the heat transfer 
coefficients between particle and air. An 
empirical expression has been reported by 
Rowe et al. (1965) as follows:

Nu = 2 + b(Rep )a (Pr)0 '33 [17]
where:

b = 0.459 for air
a = 0.4 at Rep = 1 and 0.6 at Rep = 104

To use Equation [17] the particle 
Reynolds number (Rep) must be com
puted which, in turn, is dependent on 
relative velocity between particle and air. 
The Hinkel equation for computing this 
relative velocity was reported by Zenz
(1960):

Vn
— = 1 -  0.179 Dp0-3 pp0’5 
Va [18]

Assumptions and limitations
The assumptions in the above deriva

tion are as follows: The temperature 
range is sufficiently narrow that air and 
product properties do not vary signifi
cantly. The temperature differences are 
small enough to make radiation heat 
transfer insignificant. Temperature gradi
ents do not exist within particles due to 
small size, and mass transfer does not 
occur due to low-moisture contents.

One potential limitation would be 
failure to consider heat transfer between 
particles and conveying tube walls. How
ever, Farbar and Morley (1957) indicated 
this contribution should be very small 
due to small contact area between parti
cle and wall, and short contact time. 
Probably the more significant limitations 
are related to predicting the heat transfer 
coefficient between particle and air. Use 
of Equation [18] for predicting relative 
velocity between particle and air assumes 
that the value is constant throughout the 
equilibration region. Actually, the parti
cle may be accelerating in velocity during 
a considerable portion of the equilibra
tion region. In addition, Equation [17] 
assumes the particles are well dispersed, 
which is not the situation during the early 
portions of the temperature equilibration 
between product and air.

EXPERIMENTAL
TWO TYPES of experiments were conducted. 
The region of flow which includes the equilibra
tion of product and air temperature has been 
investigated under adiabatic conditions. The 
region of cooling after product and air have 
equilibrated has been investigated under three 
different surface-cooling conditions. 
Experimental apparatus

The equipment used is shown schematically 
in Figure 2. It consisted of a section of 2-in.-
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Fig. 2 —D iagram  o f  e x p e r im e n ta l  a p p a ra tu s .

diameter tubing into which a dry food powder 
could be metered and conveyed pneumatically 
to a powder collector.

A stainless steel powder collector (I) was 
used as a source of product. An agitator which 
turned around a vertical axis and a 2-in.-diam-

eter auger were added to the container. Air was 
drawn from the room at flow rates measured 
with a venturitube and U-tube manometer.

Immediately downstream from the location 
of product injection, an 8-ft section of 2-in. (id) 
plexiglass tubing was insulated to provide the

6 0  ' l 2  3 «  5  i 7 8

« K J -  DISTANCE, FT.

Fig. 3 —C o m p a riso n  o f  p r e d ic te d  a n d  e x p e r im e n ta l  te m p e r a tu re s  d u r in g  
e q u ilib r iu m  w ith  a d ia b a tic  c o n d i t io n s  a t  wall.

adiabatic conditions for product-air equilibra
tion. The section of tubing used for testing the 
cooling effectiveness was connected to the adia
batic section and consisted of a 5-ft section of
2-in. (id) aluminum tubing. Temperature meas
urements in the tube were made at either 6-in. 
or 1-ft intervals, depending on location, using 
copper constantan thermocouples and 12-point 
recording potentiometer. The temperature sen
sors, located 0.75-in. from the bottom surface 
of the tube, indicated the mean temperature of 
the 2-phase flow. In addition, thermocouples 
were located in the product container and up
stream from the site of product injection to 
provide initial product and air temperatures, re
spectively.
Product characteristics

Nonfat dry milk was used in all experi
ments. The mean particle diameter was assumed 
to be 60 jtx, based on results reported by Hay- 
ashi et al. (1968) for products manufactured by 
the same procedures as in this investigation. A 
particle density of 1.46 was used, based on data 
by Hall and Hedrick (1966). A specific heat of
0.36 Btu/lb-°F was predicted, based on product 
composition and verified by experimental de
termination in a Differential Thermal Analyzer. 
This heat transfer surface area was computed 
by a method proposed by Zenz (1960) as:

6W
A = -------

pP Dp
[19]

where W is the weight density per unit volume 
of fluidized power in air.
Test procedures

A typical experiment involved an initial 
heating of all powder to between 115 and 
140°F. During experiments dealing with mixing 
of product and air resulting in equilibration of 
temperature in an adiabatic section of tubing, 
loading ratios (L.R.) of 0.54, 0.78 and 1.17 
were utilized.

The effectiveness of various surface cooling 
methods was investigated in the tubing immedi
ately downstream from the equilibration sec
tion. These tests were conducted using a load
ing ratio of 0.73 and three different 
surface-cooling methods: a) natural air circula
tion, b) forced-air circulation and c) water 
spray. The procedure involved the measurement 
of the air-product mixture temperatures at 
0.5-ft intervals throughout the test section.

RESULTS & DISCUSSION
TO ensure that temperature values ob-

AXIAL DISTANCE. F T

Fig. 4 —In flu e n c e  o f  p r o d u c t  lo a d in g  ra tio  o n  e q u il ib ra tio n  te m p e r a tu re  
a n d  d is ta n c e  re q u ire d  to  reach  e q u ilib ra tio n .

AXIAL DISTANCE, FT

Fig. 5 - E ffe c tiv e n e s s  o f  fo rc ed -a ir  c ir c u la tio n  o n  c o o lin g  p ro d u c t-a ir  
m ix tu r e  a f te r  eq u ilib ra tio n .
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A x ia l  d is ta n c e , ft.

Fig. 6 —C o m p a riso n  o f  v a 'io u s  c o n d it io n s  a t  th e  c o o lin g  su r fa c e  o n  
c o o lin g  e ffe c tiv e n e s s .

tained from measurements in the air- 
product mixture represented a mean 
value for conditions in the tube the 
temperature profile was measured. These 
measurements were accomplished by 
using 4 thermocouples, equally spaced in 
the 2-in.-diameter tube. Since the product 
particles were concentrated in the lower 
portion of the tube, it was reasonable to 
expect (Wen and Simons, 1959) the mean 
of the temperature distribution to be 
below the tube center. Measurements of 
temperature distribution indicated that a 
thermocouple located 0.75 in. from the 
bottom of tube would provide an accept
able prediction of the mean temperature.
Temperature equilibration region

The solid curves in Figure 3 indicate 
agreement between predictions from 
Equations [12] and [14] and experi
mental data obtained by the described 
methods. These results indicate the agree
ment for data collected at a loading ratio 
of 0.535 with each experimental point 
representing a mean of at least 10 temper
ature values. The initial product tempera
ture and initial air temperature were 105 
and 70°F, respectively, and came to 
equilibrium at approximately 85°F.

The experimental data tend tc be 
lower than the predicted curves and 
longer distance is required to reach the 
predicted equilibration temperature. This 
is probably related to limitations of the 
prediction equations. The possibilities 
that relative velocity between particle and 
air is not constant and that the product 
powder is not well dispersed during early 
portions of the equilibration region 
would contribute to the type of experi
mental results obtained.

Figure 4 illustrates the influence of 
different loading ratios. Equations [15] 
and [16] were used as the prediction 
equations in generating the curves. As the 
loading ratio increased, the equilibrium 
temperature increased. This is as ex
pected, since the larger amount of warm 
product in the tube will increase the 
product-air mixture temperature.

Interestingly, equilibration distance 
decreases with an increase in loading ratio

(Fig. 4). Physically, this means that as 
larger amounts of product are released 
into the air flowing in the tube, shorter 
distance is required for the product and 
air to reach some equilibration tempera
ture. The equilibration occurs at tem
peratures closer to the product temper
ature and, in the limit, equilibration 
would occur instantaneously at the initial 
product temperature for very high load
ing ratios. At very low loading ratios, 
equilibration would require infinitely 
long distances at temperatures near the 
initial air temperature. The significance of 
equilibration temperature is that the ex
tent of cooling during this portion of 
conveying is known and can be utilized in 
the cooling system design.
Effectiveness of various cooling 
surfaces

By exposing the surface of the tube to 
various conditions, different rates of 
product cooling below the equilibration 
temperature can be achieved. Experi
ments were conducted to compare natu
ral circulation of air, forced circulation of 
air and spraying of cool water over the 
exterior surface of the conveying tube 
with a loading ratio of 0.73 lb product 
per lb air.

The results (Fig. 5) illustrate the ex
tent of product-air mixture cooling which 
occurs in a 4-ft distance. The cooling 
medium (air) was 73°F and was flowing 
at a free stream velocity at 300 ft/min. 
Each experimental point represents the 
mean of 10 temperatures recorded during 
the experiment.

To compare the results of the three 
cooling methods, a dimensionless temper- 

T  -  Tature ratio - ---- =,c was used. Results in
1 o 1 c

Figure 6 illustrate the effectiveness of the 
three methods. The water spray provides 
the most effective cooling of the prod
uct-air mixture, while forced-circulation 
air flow over the conveying tube is more 
effective than natural circulation. In the
4-ft distance investigated, water spray 
reduced the product-air mixture tempera
ture by 12.5% of the initial temperature 
difference between the mixture and cool

ing medium. Force circulation and natu
ral circulation reduced temperature by 
about 6 and 4%, respectively.

CONCLUSIONS
THE PRODUCT and air temperatures 
which exist during the equilibration re
gion of pneumatic flow can be predicted 
with reasonable accuracy using equations 
derived from enthalpy balance.

An increase in loading ratio increases 
the equilibration temperature of the prod
uct-air mixture and reduces the distance 
required to reach equilibration.

Conditions at the conveying tube ex
terior surface influence cooling effective
ness significantly. A water spray over the 
exterior surface is the most effective of 
methods investigated, while forced air 
circulation is more effective than natural 
circulation of air.
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THE CENTRIFUGAL FLUID IZED BED. 2. Drying Studies on Piece-form Foods

S U M M A R Y —D ry in g  fo o d  p ie c e s  in  a c e n tr i fu g a l f lu id iz e d  b e d  w ith  re la tiv e ly  h ig h  a ir f lo w s  m a y  b e  
se lf- lim itin g , e ven  w h e n  o n ly  p a r tia l d r y in g  is des ired . R a te  increases o b ta in e d  in ea r ly  stages o f  
d ry in g  m a y  b e  m o r e  th a n  o f f s e t  th ro u g h  ra te -re ta rd in g  e f f e c t s  o f  a sk in - l ik e  la y e r  o f  c o lla p se d  
su r fa ce  tissu e  w h ic h  fo r m s  o n  th e  p ieces . T h is  s k in  la y e r  b e c o m e s  in c rea sin g ly  re s is ta n t to  h e a t  a n d  
m o is tu r e  transfer. R a te  d a ta  a n d  p ie c e  te m p e r a tu re  p a t te r n s  fo r  p o ta to ,  a p p le  a n d  c a rro t c o n f ir m  
visual o b se rv a tio n s  th a t  s k in  b arriers 0 .2 — 1.0  m m  th ic k  fo r m  in  th e  f ir s t  8 — 10  m in  o f  d r y in g  w ith  
h igh  a ir v e lo c itie s  a n d  m o d e r a te  te m p e ra tu re s . W h en  a ir te m p e r a tu re s  w ere  2 5 0 ° F  w ith  v e lo c itie s  o f  
15  fp s , 1 .2 -cm  c u b e s  o f  p o ta to  c o u ld  b e  b la n c h e d  in  o n ly  S  m in , su g g e stin g  a p r o c e d u r e  fo r  
b la n ch in g  so m e  ty p e s  o f  fo o d  p r o d u c ts  w i th o u t  leach ing .

INTRODUCTION

A RATIONAL drying theory has not yet 
been developed for piece-form foods be
cause the properties which govern their 
drying rates have not been identified or 
have resisted quantitative characteriza
tion. Empirical correlations (Van Arsdel 
and Copley, 1963) have served in the 
design of drying equipment and in the 
control of drying operations for some 
com m od ities. Several investigators 
(Coates and Pressburg, 1961; Saravacos 
and Charm, 1962; Dickerson and Read, 
1968; and Harmathy, 1969) have intro
duced concepts to describe some of the 
observed drying phenomena, but a satis
factory model system has yet to be 
devised.

Fruit or vegetable tissues consist of 
cellular microsystems existing side by 
side, usually anisotropically. Drying oper
ations often accentuate heterogeneity in 
resistances to heat and mass transfer by 
denaturing proteins, gelling starches, in
verting sugars, modifying hydrates and 
causing other less understood actions and 
interactions. It is indeed an imposing task 
to characterize objectively the progressive 
changes in tissue that occur during dry
ing, and to relate them to the effects on 
drying rates. This is particularly true in 
studies of the high-speed drying action of

the centrifugal fluidized bed dryer (CFB 
dryer) (Farkas et al., 1969). Air velocities 
can be used in this unit in a range higher 
than the transport velocities of piece- 
form foods under normal gravitational 
fields. High air velocity maximizes surface 
transfer of heat and mass, so that internal 
factors can be readily assessed. Boulos 
and Pei (1969) investigated heat and mass 
transfer of a single sphere in a turbulent 
air stream and concluded that the pres
ence of mass transfer at a given Reynolds 
number enhances the effect on heat 
transfer. This is in agreement with 
Clamen and Gauvin (1968), who con
cluded that interfacial velocity as well as 
turbulence affects the over-all heat trans
fer phenomenon. However, under con
stant external conditions, factors other 
than interfacial coefficients must be re
sponsible for major reductions in drying 
rates. In food drying, internal resistances 
are clearly suspect, particularly the chang
ing surface layers of the tissue, which 
form skins in high-rate drying environ
ments.

Sykes and Kelly (1969) studied the 
kinetics of drying 1 by 1 by 1 / 2-in. apple 
pieces and found no constant rate period 
except under very slow drying conditions. 
They concluded that there were two 
falling-rate periods during most of their 
tests and observed that the surfaces of the

apple pieces were very dry after the initial 
falling-rate period. From these measure
ments and temperature-gradient meas
urements, they estimated that a “skin” 
about 0.5 mm thick had formed and 
presented a barrier to evaporation.

Normally, more heat can be trans
ferred to a piece during impeded drying 
than can be utilized as latent heat. The 
surplus appears as sensible heat and the 
piece temperature rises. This causes a 
reduction in the temperature difference 
between the piece and the heating me
dium and, consequently, the rate of heat 
flow is reduced. Some compensation 
should be obtained by increased piece 
temperature, which causes higher partial 
pressure of moisture and higher thermal 
diffusivity (Wadsworth and Spadero,
1969). However, an increasing rate was 
not observed, indicating the domination 
of internal resistances. The type of inter
nal mechanism controlling the drying rate 
can often be predicted from the appear
ance of the piece during the drying (Fig. 
1).

Our interest in the potential of the 
centrifugal fluidized bed dryer for prepar
ing intermediate moisture foods (2- or
3-fold strength) led us to study the 
behavior of food pieces (potato, apple 
and carrot) exposed to various high-rate 
drying environments. Our investigations 
were designed to show the drying charac
teristics of real systems under select 
conditions, to gain an insight into the 
mechanisms involved during the early 
phases of high-rate drying when food 
pieces shrink and skin layers form. These 
situations deviate from the classical con
stant-rate and falling-rate cases described 
by Saravacos and Charm (1962) and 
others, for drying food pieces. Critical

Fig. 1—S h a p e  o f  a c u b e  o f  f o o d  d u r in g  d ry in g , 
(a) H ea t tra n s fe r  c o n tr o lle d  b y  s k in  layer , (b) 
M ass tra n s fe r  c o n tr o lle d  b y  s k in  layer , (c) M ass 
tra n s fe r  a n d  h e a t  tra n s fe r  b a la n ced .

Thermostatic Bath

Fig. 2 —B en ch  d r y e r  fo r  in d iv id u a l p ie c e s  (sch em a tic ) . T C -1 , c e n te r  th e r 
m o c o u p le s ;  TC -2, m id p o in t  th e r m o c o u p le ;  TC -3, o u ts id e  th e r m o c o u p le .
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moisture content (moisture content divid
ing constant-rate and falling-rate periods) 
is indeterminate because typical con
stant-rate periods are essentially nonexist
ent for common sizes of piece-form foods 
dried under the conditions of the CFB 
dryer.

EXPERIMENTAL
2 EXPERIMENTAL test units were used. 1 was 
a bench unit (Fig. 2) for preliminary studies on

single pieces, consisting of an insulated airflow 
chamber made from a vertical Pyrex tube, 1 3/8 
in. id and 10 in. long. Ambient air was heated 
to 125-175°F as it passed through a copper 
coil immersed in a thermostatically controlled 
bath and was blown up through the Pyrex tube 
at velocities up to 12 ft per sec. Food pieces 
were impaled on a 24 Brown and Sharpe gauge 
copper-constantan (C.C.) thermocouple ground 
to a needlepoint, with the junction positioned 
at the geometric center of the piece (Fig. 2). A 
second piece was impaled on the same thermo
couple above the test piece, to dry simultane

ously and minimize conduction error. The test 
piece was carefully weighed and suspended on 
its thermocouple support in the tube on the 
tube axis and weighed again after drying. 
Weight loss by evaporation during weighing was 
insignificant.

For temperature-gradient measurement, 2 
more thermocouples (butt-welded 30 B. & S. 
gauge C.C.) were placed as shown in Figure 2 
by threading through the piece with a fine sew
ing needle.

The second test unit was a pilot plant cen
trifugal fluidized bed dryer (shown in Fig. 3

PERFORATED 
BASKET-

GRAPHITE BEARING 
AND SEAL

PLENUM

DRIVE SHAFT 
(Bearings, variable 
speed drive and 
motor not shown.)

THERMOCOUPLE
WELL

(Pressure tap on 
opposite side.)

AIR SUPPLY TO 
"VENTURI FEEOER

^ — < ^ 2 3

AIR INLET 
FROM HEATERS

DISCHARGE
PORT

Fig. 3 - C e n tr i fu g a l  f lu id iz e d  b e d  d r y e r  (F arkas e t  a i., 1969 ).

Symbol Piece size Temp °F A ir , F P S

T im e ,m in  T im e ,m in

Time,min Time,min
Fig. 4 —W eig h t fra c tio n  (W /W q )  vs. d r y in g  t im e  (6) fo r  3  s ize s  o f  cu b es  
o f  p o ta to ,  a p p le  o r  carro t. C urves are s h o w n  fo r  2  a ir  te m p e r a tu re s  a n d  
2  a ir v e lo c itie s . D ata  are fr o m  b e n c h  tes ts . AH  cu rves  are fo r  p o ta to  
e x c e p t  w h ere  n o te d .

Time, min
Fig. 5 —W eig h t fra c tio n  (W /W 0 ) vs. d r y in g  t im e  
(0 ) fo r  severa l s ize s  o f  p o ta to  p ie c e s  w ith  c o n 
s ta n t  su r fa ce : v o lu m e  ra tio  (5  c m '1).

1 B e n c h  te s t  (a d ju sted , 5  fa ces);  2 C ro ss -flo w  
(c o n v e n tio n a l tr a y  d ried ).

0 2 4 6 8 10 12 14 t6 18 20

Time, min

Fig. 6 —C e n te r  te m p e r a tu re s  vs. t im e  d u r in g  
d ry in g  in d iv id u a l 1-cc p ie c e s  o f  p o ta to  a n d  
a p p le  (5  faces e x p o s e d ) .
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and described by Farkas et al., 1969). 400 g of 
cut food pieces were used during each batch 
run. About 65% of the support surface was cov
ered. Drying was followed by periodically stop
ping the unit and quickly weighing the charge.

Potato (Russet Burbank), apple (Golden 
Delicious) and carrot (variety unknown) were 
dried. Only cubes were used in bench tests. 
Cubes were cut with a preset parallel razor 
blade jig into volumes of 2, 1 and 1/2 cc (see 
Table 1). The piece sizes were checked by 
weighing. To avoid the large variations in drying 
rates of single pieces that occurred from potato 
to potato, or even from piece to piece cut from 
the same tuber, uniformly sized potatoes were 
selected and “stock” sections cut from the 
same general portion, about midway between 
the skin and the heart. Midsection pieces were 
similarly obtained for apple and carrot. For the 
pilot plant tests these variations were averaged 
by using a large number of pieces (400-g 
charge). These were cut first into strips on a 
3/8-in. (nominal) French-fry cutter, then by 
hand into cubes, half-cubes and double-cubes 
(see Table 1). Sizes were checked by weighing 
100 or more pieces. Disc-shaped pieces were cut 
with a cork-borer and cross-cut with a razor 
blade to the exact disc thickness desired. Phys
ical properties used in calculations are shown in 
Table 2.

RESULTS & DISCUSSION

THE DRYING curves obtained with the 
bench unit for 3 sizes of cubes are shown 
in Figure 4. Drying curves, “normalized” 
for constant surface-to-volume (S/V) 
ratio, are shown in Figure 5 for several 
sizes and shapes of potato in both test 
units. The data for the 2 bench tests 
shown were adjusted for only 5 faces of 
the cube exposed. Most of the points 
followed a common curve locus except 
those for cross flow and for 200° F or 
higher. The ratio of S/V appeared to be a 
reasonable basis for comparison of drying 
rates of different sizes and shapes of 
pieces.

The center-temperature patterns for
1- cc pieces are shown in Figure 6 . Al
though not shown here, data for 1 / 2- and
2- cc pieces were quite similar to Figure 6 
data. A “break” appeared in the curves at

similar fractions of original weight w0
for each size (Table 3). A plot of W/W0 
and S/V from Table 3 showed a simple 
linear relationship. The conclusion one 
might draw is that the thickness of the 
skin layer formed at the “break” point 
limits the drying. The moisture level in 
the skin also may be involved. Also 
shown in Table 3 are the skin thicknesses 
at the break points, calculated for 33% 
moisture in the skin. This will be dis
cussed later.

To simplify analysis of results, the 
data obtained in the centrifugal bed dryer 
were divided into 2 short periods, 0 —10 
min and 10—20 min, and the rate of
weight loss 4 (W/W|)j Was treated as 

A  0

linear in each period as an approximation.

T ab le  1—D im e n s io n s  o f  c u t  p ieces .

Size
(cc)

Dimensions
(cm)

Area of 
surface 
(sq cm)

Ratio of surface 
to volume 

(cm"1 ) Shape
2.00 1.26 by 1.26 by 1.26 9.53a 4.8a Cube
1.00 1.00 by 1.00 by 1.00 6.00a 6.0a Cube
0.50 0.79 by 0.79 by 0.79 3.74a 7.5a Cube
1.70 1.19 by 1.19 by 1.19 8.50 5.0 Cube
3.40 1.19 by 1.19 by 2.39 14.20 4.2 Double-cube
0.85 1.19 by 1.19 by 0.60 5.69 6.7 Half-cube
2.08 1.96 dia. by 0.69 thick 10.30 5.0 Disc

aFor bench tests where only 5 surfaces were freely evaporating, use 
5/6ths of these values. This would make 1 cc test (bench) equivalent to 
S/V for 1.70 cc (pilot plant)

T ab le  2 —P ro p er tie s  u s e d  in  c a lcu la tio n s .

Undried Dried skin3
Abs. Abs. density at moisture contents:

Solids Density Porosity 50% 33% 25%
(%) (g/cc) (%) -------(g/cc)------

Potato 20 1.09 - 1.23 1.33 1.40
Apple 15 1.06 24.5 1.23 1.33 1.40
Carrot 12 1.02 - 1.23 1.33 1.40

aValues estimated from sucrose tables.

T able  3 - -C a lc u la te d  p r o p e r tie s  o f  cu b es .

Piece size 
(cc) S/V W/WQ at “break”

Cal’d
skin thickness 

at “break” 
(mm)

2 4.8 0.74 0.24
1 6.0 0.70 0.22
1/2 7.5 0.65 0.21

To compare the drying rates of different 
piece sizes and shapes, rates were based 

A(W/W0) ,on unit surface areas gAg— . where b is
the surface area at the start of each period.

Since S0 = — ■ i-^r) and S i0 = (y") >d0 \V/o “ io v 10C
where is the surface: volume ratio and

d is the apparent density, the rate equa
tions are

_ _ d0 A(W/W0)o-10
R°-io (s/v ')0 A 0  111

and
„ _ dio A(W/W0)io-2o
R i o -20  ( S / V ) 10  A d  [2 ]

It can be shown for rectilinear shapes that

Equation [3] holds closely for discs also

where the diameter is less than 3 times 
the thickness.

Substitute Equation [3] into Equation [2]

A(W/W0) l0-20
A 0

, 2 / 3  , A , 1 / 3

, and since

(di0)2/3 (d0)1/3 very nearly equals d0 in 

the density ranges involved, then

1 /3
Ri 0-20  “ (S7V)0

o /W ioV 
*0o V W0 )

A(W/Wo) 
Ad

1 0 - 2 0

[4]
(Note that the shrinkage correction 

(W10/W0)1/3

was in the range 0.84—0.92 for all tests 
made.
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Air Velocity,ft/sec Air Velocity, ft/sec
Fig. 7 —D ry in g  ra tes (R o — 10 a n J  R W —2 0 ) vs- a lr  v e lo c i ty  in  c e n tr i fu g a l  
f lu id iz e d  b e d  d ryer . A ll  p ie c e s  h a ve  s u r fa c e :v o lu m e  ra tio  = 5  c m '1.

1 O n ly  o n e  p o in t  fo r  6  h r  h o ld  a f te r  0 — 1 0  m in  d ry ing .

X  Moisture in Skin
Fig. 8 —C a lcu la ted  s k in  th ic k n e s s  a t  50%  w e ig h t  
r e d u c tio n , r a p id  d ry in g  o f  a p p le  a n d  p o ta to  
cu b es . A p p le  p o r o s i ty  2 4 .5 % , p o ta to  p o r o s i t y  
0%.

The rates calculated from Equations [ 1 ] 
and [4] are shown in Figure 7 for potato, 
apple and carrot. Rate changes are “nor
mal” for Ro_io> ^  t l̂at increase 
both with temperature and air velocity. 
However, with potato, the effects of 
temperature and air velocity are inverted 
for Rio-20- For aPPie> RiO-20 shows 
only slight increase with temperature 
(except at highest air velocities where 
temperature had no effect) and remains 
constant or slightly lower with increasing 
ah velocity. Carrots appear to be “nor
mal” for all conditions. Discs and cubes 
with equal S/V show nearly identical 
Ro-10 values. Rio—20 value for discs is 
88% of value for cubes with equal S/V.

The above results for R io- 20 reflect 
previous drying history more than any 
other factor. The pieces dried at very high 
rates developed a “skin” layer observed 
to vary from 0.3—1.0 mm in thickness. 
The “core” remained essentially the same 
as undried tissue (confirmed by Brix 
measurements). If it is assumed that a) all 
of the drying occurs in the outer layer 
and the inner tissue does not change 
significantly, b) the original porosity is 
unaffected, c) the change in absolute 
density is approximately the same as for 
sugar solutions and d) the cubic shape is 
retained, then the following equations 
may be derived for edge dimension of 
cubes and for skin thickness after drying:

E = (vol.)i'3 = ( E3 P + ^  + W4VsY '  
\  P S Po J

[5]

voi. of skin 
area of skin 6E2 Eg P W

W0
[ 6 ]

where
W0
W
L

E
E0
P

Ws
So
Ss
Po

Ps

original wt of piece, g.
final wt of piece, g.
skin thickness at W, cm (6 faces
exposed).
edge length at W, cm. 
edge length at Wq, cm. 
porosity, as fraction of original 
tissue volume at Wq.

skin wt, g = g So ^W0 -  w )

original solids content, g/g, at Wo. 
skin solids content, g/g, at W. 
original absolute density, g/cc, at 
W0.
skin absolute density, g/cc, at W.

Equations [5] and [6 ] were readily 
solved with a desk-model punched-card 
computer and the data obtained are 
shown in Figure 8 . Skin thicknesses of 
0.3—1.0 mm were calculated, confirming 
our observations and those of Sykes and 
Kelly (1969), with moisture contents 
varying from 25—50% for cubes of po
rous apple (P = 0.25) and nonporous 
potato (P = 0). It has been shown (Van 
Arsdel and Copley, 1963) that moisture 
diffusion resistance in potato tissue sharp
ly increases manyfold for small decreases 
in moisture content (somewhere in the 
range 20—50% moisture). This effect and 
the increased skin thickness combine to 
create increasing barriers to transfer of 
moisture. Table 3 shows the thickness of 
skin that causes a break in the tempera
ture pattern by affecting heat transfer. It 
is therefore reasonable to conjecture that 
extremely high-rate air-drying environ
ments may be self-limiting in some cases, 
even when preparing intermediate-mois
ture piece-form foods.

Immediately after drying, the surfaces 
of the pieces appeared very dry. However, 
the surfaces soon remoistened by diffu
sion from within the pieces. The in
creased resistance caused by low moisture 
content in the skin layer was demon
strated by comparing the drying rates 
R l0 -2 0  (Equation 4) of 2 samples—1 
dried without interruption and the other 
dried under the same conditions in 2 
steps, with a 6-hr hold period between 
steps to allow the skin layer to remoisten 
by diffusion from within. Rio - 2 0  was 
50% greater after the hold period (see 
Fig. 7).

It can be shown that 80-90%  of the 
heat transferred to an evaporating moist 
body in a hot air stream goes into 
evaporation of water; the remainder goes 
into raising the piece temperature. From 
Figures 4 and 9 we may estimate the 
minimum value of h, the air film heat 
transfer coefficient using the equation

where

Q is the heat (latent) transferred in
• • AW unit time, or —— lv 

A d
A is the surface area exposed, and 
At is the temperature difference be

tween the drying air and the piece sur
face.

As an example, for a 2-cc cube of 
potato drying with 5 faces exposed (Fig. 
9) and compensating for shrinkage of 
surface area during drying, we obtain

h = 34 ^  fqUft °p f°r most of the range
of drying shown. This value is about 5 
times as great as the result obtained using 
the equations of Charm (1963),
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Table 4—Effect o f blanching* 1.19-cm cubes of potato.

Drying temperature 
(°F)

Air velocity 
(fps)

Ro-io r 10-20
Unblanched Blanched Unblanched Blanched

150 10 5.10 5.70 2.46 2.42
150 23 5.43 7.00 2.08 2.10
200 23 7.15 8.00 2.33 2.07

aBlanched 3 min in steam at 212°F.

h = 0.012 8 G ° f o r  parallel flow and 
h = 0.37G0 -37 for perpendicular flow 
(where G is the mass air flow rate). If 
the quantity representing sensible heat 
increase in the piece were not neglected, 
or if there were significant temperature 
gradient between the outside thermo
couple and the surface proper, even high
er values for h would be obtained by our 
methods.

The effects of blanching on the rates of 
drying are shown in Table 4. Drying rates 
were 12—28% higher in the initial drying 
period for the blanched samples, but were 
not significantly affected after drying 
beyond 10 min. No effect of blanching 
on drying rates was observed by Sara- 
vacos and Charm (1962).

It is of interest to note that diced 
potatoes were air-blanched in 6 min when 
dried at 250°F (Fig. 5), which favored 
skin formation and rapid piece tempera

ture rise. This suggests that a hot-air 
method of blanching might be developed 
to eliminate sources of water pollution 
which emanate from conventional water 
or steam blanchers.
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FREEZE CONCENTRATION BY DIRECTIONAL COOLING

S U M M A R Y —I t  is g en era lly  a s s u m e d  th a t  as fo o d  m a te r ia ls  a re  fr o z e n , so lu b le  so lid s  m o v e  a h e a d  o f  
th e  " ic e  f r o n t . "  U n d er  c o n d it io n s  t e s te d  in  th e se  s tu d ie s  th e  a b o v e  was tru e  o n ly  w h e n  th e  ice  
f r o n t  m o v e d  in  a d e sc e n d in g  d ire c tio n . T h u s , w h e n  fo o d s  w ere  fro z e n  in  an  a sc en d in g  d ire c tio n  (as 
on  a p la te  fre e ze r )  th e r e  was l i t t le ,  i f  a n y , m o v e m e n t  o f  so lid s . W h en  th e  fr e e z in g  su r fa c e  was 
p la c e d  a b o v e  th e  m a te r ia / to  b e  fro z e n , th e r e  w as a ra p id  d o w n w a r d  m o v e m e n t  o f  so lid s . This 
"so lid s  d e s c e n t"  was m o s t  a p p a r e n t in  tru e  s o lu t io n s  su c h  as d r in k s , a n d  less a p p a r e n t in  s tr u c tu ra l  
ce llu la r  fo o d s  s u c h  as p ie c e s  o f  m e a t  o r  p o ta to e s .  I t  is  s u g g e s te d  th a t  th is  p h e n o m e n o n  m a y  b e  
u t i l i z e d  fo r  m o r e  e f f i c ie n t  fr e e ze  d ry in g  o r  c o n c e n tr a tin g , o r  fo r  th e  s im u lta n e o u s  p r o d u c t io n  o f  
lo w -so lid s  a n d  c o n c e n tr a te d  fo o d s , p a r tic u la r ly  beverages.

INTRODUCTION
DURING freezing, water is removed from 
solution and transformed into ice crystals 
of variable but rather high degree of 
purity, Tressler and Joslyn (1961). The 
remaining material is left successively in a 
more concentrated state. The extent of 
concentration is influenced by the prod
uct characteristics and the rate of freez
ing, Fennema and Powrie, (1964). Fluid 
material such as fruit juice can be concen
trated readily by freezing and in some 
cases this process is used commercially 
(Charm, 1963). The major limitation of 
this process is the substantial loss in yield 
caused by solids being occluded within or 
among the ice crystals. Less obvious is the 
fact that plant or animal tissues also 
undergo solute concentration during 
freezing, Van den Berg (1961). Slow rate 
of freezing was found to cause a greater 
degree of solute concentration than rapid 
freezing, Fennema and Powrie (1964).

No information was found in the 
literature that direction of freezing has 
any effect on solids movement. Conse
quently, in studies designed to determine 
rates of freezing on temperature of freez
ing, Wani (1967), the samples were all 
resting on the freezing medium and no 
significant concentration of solids ahead 
of the freezing front was noted. Addi
tion a l experiments were, therefore, 
conducted to determine whether solids 
concentration is dependent upon direc
tion of freezing. Generalized and empiri
cal equations for unidirectional rates of 
freezing were developed by Wani (1967) 
and multidirectional by Sullivan (1969).

MATERIALS & METHODS
COMBINATIONS of different levels of water, 
sucrose and pectin were prepared to represent

1 S n o w  B r a n d  M ilk  P r o d u c t s  C o m p a n y ,  
T o k y o ,  J a p a n .

^ M c C o r m i c k  a n d  C o m p a n y ,  B a l t im o re ,  
M a r y la n d .

solutions or gels. Pasteurized whole milk was 
used to represent a fat-protein emulsion system. 
Apples, potatoes and turnips were used as plant 
cellular systems, and fresh beef as the animal 
cellular system. These products were purchased 
from local sources and trimmed to fit the sam
ple cell used.

A square (tetragonal) sample cell was made 
from 5-mil cellophane film 1.5 by 1.5 and 2 in. 
high. The sides of the cell were insulated by 
multilayered aluminum. In addition, the entire 
cell was covered with a multilayered aluminum 
foil cap, except the bottom which was im
mersed into the cooling medium. The liquid 
samples were poured into this cell. Nonliquid 
samples such as the vegetables and meat were 
carefully trimmed to the cell dimension and in
serted into the cell. For cooling the sample 
from the bottom up, the cell was placed over

the coobng medium. For unidimensional de
scending cooling, the same cell was attached 
below the cooling medium.

The cooling media were mixtures of alcohol, 
acetone, water and dry ice which, upon contin
uous, gentle stirring provided a rather precise 
temperature ( -  0.5°C) at the interface of sam
ple and cooling medium of 0, -5 0  or -100°F. 
Each value presented in Table 1 is an average of 
6 determinations (duplicates frozen at each 
temperature of the cooling medium).

Round (tubular) cells were made by boring 
into a solid block of polystyrene insulation. 
Plastic (plexiglass) tubes, 1 in. inside diameter, 
3 mm wall thickness and 8 in. long were in
serted into these plugs, and the entire block of 
styrene placed in a freezer unit overnight at 
-20°C.

Following freezing, the frozen tetragonal 
samples were removed and cut into half-inch 
slices. Tubular samples were cut into 2-cm 
slices. Total solids were determined on each 
slice by drying overnight in a vacuum oven at 
60°C.

RESULTS & DISCUSSION
Tetragonal cell

Some typical results on migration of 
solids as influenced by position of the

T able  1 —M igra tio n  o f  so lid s  in  a sc en d in g  a n d  d e s c e n d in g  fr e e z in g ,a

Material
Ascending or 
descending

Total solids—(%)'’
Distance from cooling surface 

<0 .5  in. 0.5-1 in. 1-1.5 in. 1.5-2 in.
L.S.D.“ 

(P =.05)
12% Sugar solution Ascending 11.6 12.1 11.8 11.2 0.88

Descending 12.6 8.0 9.6 15.6 1.06

40% Sugar + 3% Ascending 44.5 44.3 44.9 45.2 1.54
pectin Descending 45.4 45.1 45.1 45.2 1.24

Milk Ascending 12.0 12.0 12.2 11.8 0.48
Descending 12.1 11.3 11.7 11.5 0.70

Beef Ascending 30.0 31.1 32.4 31.4 2.88
Descending 29.8 29.2 29.0 30.7 2.60

Apple Ascending 15.4 15.5 15.3 16.0 0.88
Descending 15.6 15.2 15.3 16.7 0.95

Potato Ascending 19.8 17.3 15.6 19.2 3.04
Descending 23.6 18.4 17.0 21.5 3.68

Turnip Ascending 10.9 11.1 11.0 11.0 0.28
Descending 10.9 10.0 10.6 10.9 0.46

^ T e t r a g o n a l  c e ll.
“ M e a n s  o f  6 d e t e r m i n a t i o n s - d u p l i c a t e s  a t  e a c h  o f  3 f r e e z in g  t e m p e r a tu r e s .  
“ L e a s t  s ig n i f i c a n t  d i f f e r e n c e  a m o n g  d i s ta n c e s  f r o m  c o o l in g  s u r f a c e .
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Fig. 1— T u b u la r  c e ll w ith  e la s tic  b o t to m .

sample cell in relation to the cooling 
medium are shown in Table 1. Whenever 
the specimen rested on the cooling me
dium and freezing proceeded from the 
bottom of the sample upwards (ascend
ing), no statistically significant changes 
in solids content in relation to distance 
from the freezing medium were noted 
(except for potatoes whose centers were 
originally less dense). The reason for this 
inconsequential change in migration of 
solids during ascending freezing may be 
explained by the tendency of the ice 
crystals to form with the concentrated 
liquid phase occluded between the ice 
crystals without affecting the solids con
centration in the next layer to be frozen.

When the cooling medium was placed 
above the sample, changes in freezing 
concentration in different positions of 
the samples were readily observed for the 
samples where the solids were largely in 
solution. Characteristically, the top of the 
sample which was in contact with the 
cooling medium, and the bottom which 
froze last, were higher in solids than the 
middle part. It was also noted that in 
those instances where the freezing me
dium was at very low temperatures 
(— 100°F), and freezing occurred very 
rapidly, there was a greater tendency for 
a larger layer at the top of the sample to 
have essentially the same solids concen
tration as the original product. It was, 
therefore, concluded that where freezing 
occurs very rapidly, the solute might be

Fig. 2 —C o n c e n tra tio n  o f  so lid s  in  re la tio n  to  
d is ta n c e  fr o m  c o o lin g  su r fa ce .

occluded in a manner similar to ascending 
freezing in the upper layers. At lower 
layers, however, the soluble solids could 
migrate downwards, depending on the 
rates of ice formation and gravity. An
other possible explanation for the rela
tively high concentration in the top layers 
may be the upward squeezing of sohds as 
a result of expansion during freezing in a 
rather rigid container.

Samples that consisted of rigid gel 
(e.g., 40% sugar + 3% pectin) showed 
little sohds movement in either ascending 
or descending cooling. Cellular materials 
showed a tendency towards sohds migra
tion during descending freezing, but not 
nearly as pronounced as the noncellular 
solution samples. This may be interpreted 
as indicating that the downward migra
tion of sohds ahead of the freezing front 
may not occur in gels at all, and may be 
attenuated but not prevented by cell wall 
membranes. The more pronounced migra
tion of sohds in potatoes and turnips as 
compared to milk and beef suggests that 
carbohydrates (and perhaps proteins) re
spond to the gravitational effect whereas 
the less dense lipids do not.

Tubular cell
The tubular cell (Fig. 1) was designed 

on the basis of the above hypotheses. 
With this equipment, it was possible to 
measure sohds migration over a longer 
descent. With the elastic rubber bottom 
replacing a rigid bottom, it was thought

Ju ice

Ji_______________
Freezant

D iluate

Concentrate
-____________________________ T

Fig. 3 —S c h e m a tic  d iagram  fo r  e q ip m e n t  to  p r o 
d u c e  d r in k s  a n d  c o n c e n tr a te s  s im u lta n e o u s ly .

that sohds could accumulate in the dis
tended lower portion of the tube rather 
than be forced up towards the top layers 
by pressure resulting from the ice expan
sion. The results shown in Figure 2 
indicate that this, in fact, was the case. 
When 10% solutions of glucose and malt
ose were frozen in the tube, the soluble 
sohds content of the sections showed a 
marked gradient, being very high-ap- 
proximately 35% for glucose and over 
60% for maltose in the distended bottom 
of the tube. Approximately 1 in. above 
this lowest layer the concentration de
creased to approximately 10%, then in
creased again for the next inch to approx
imately 15%, then continued to decrease 
until it approached the very top layer 
consisting of 0.1 to 0.3% of the tube 
height, where the concentration again was 
very high. When the samples were thawed 
and refrozen several additional times, 
practically all of the sohds were removed 
from this upper layer. The sample mate
rial was not stirred or agitated at any time 
during thawing or freezing.

CONCLUSIONS
THESE DATA indicate that sohds, specifi
cally sugars in solutions, do migrate ahead 
of the freezing front but mostly down
ward with the aid of gravity. The cooling 
chamber, however, must be open so as 
not to force some sohds in an upward 
direction as a result of pressures devel
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oped during ice crystal formation. In such 
a system there should be little occlusion 
of solids among ice crystals so that such a 
method of freeze-concentration could be 
higher-yielding than other methods of 
freeze concentration.

Since actual removal of ice is not 
necessary, and also since it appears that 
solids begin to descend at the initiation of 
ice crystal formation, it may be possible 
to utilize this phenomenon not so much 
to concentrate by means of ice removal, 
but to separate a more dilute from a 
concentrated solution with only very 
little ice formation, thereby yielding si
multaneously two products -  a diluted 
drink-type product having 25-50%  of the 
original solids, and a concentrate having
3—6 times the solids percent of the 
original solution. A schematic diagram for 
such a system is shown in Figure 3, where 
the solution enters the cooling tank and 
travels gradually under a cooling plate. 
Ice formation should be kept to a mini
mum. As the juice approaches freezing, 
solids should begin to descend towards 
the bottom of the cooling tank, where

they should continue to move over the 
sloping bottom, to emerge at the lower 
orifice as concentrates. The diluted solu
tions would also move gradually across 
the top of the tank to emerge through an 
orifice located somewhere below the top 
of the freezing tank.

Such a process may be an efficient 
method of water reutilization or desalina
tion, since it promises to require a mini
mum amount of washing and centrifuging 
to recover water crystals. However, its use 
for the separation of a concentrate from a 
dilute product appears more enticing, 
since there is a possibility that only a 
minimal amount of energy for actual 
change of state would be required.

Naturally, the products so treated 
would need to be fluid. The only conclu
sion drawn from these studies applicable 
to solid foods would be that to maintain 
uniform quality in a frozen product it is 
preferable to freeze from the bottom up 
rather than from the top down. These 
studies do explain the phenomenon fre
quently observed by users of syrup or 
fruit concentrates, that the refractive

index towards the top of the drum may 
be much lower than that towards the
bottom of the drum.
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HEAT AND CALCIUM TREATMENTS FOR FIRMING RED TART  
CHERRIES IN A HOT-FILL PROCESS

S U M M A R Y - P r e h e a t in g  o f  fr e s h ly  p i t t e d  ch err ie s  a t  a b o u t  1 4 0 ° F  fo r  5 - 2 0  m in  p r o m o te d  firm in g  
s u f f i c ie n t ly  to  p e r m i t  p a s te u r iz in g  th e  f r u i t  in  b u lk  w i th o u t  e x c e ss iv e  tearing . Im p r o v e d  te x tu r e  
fr o m  th is  p r e tr e a tm e n t  w as d e m o n s tr a te d  in  te r m s  o f  in c r e a se d  e x tr u s io n  fo rc e , d ra in e d  w e ig h t a n d  
b u lk  vo lu m e . A d d it io n  o f  c a lc iu m  u p  to  .0 4 %  o f  f in a l p r o d u c t  l e d  to  50%  g re a te r  firm n ess . H o t- fill  
te m p e r a tu re s  o f  1 8 0 ° F  o r  h ig h e r  w ere  re q u ir e d  to  p r o te c t  c o lo r  a n d  f la v o r  fr o m  e n z y m a t ic  degra
d a tio n , e ven  th o u g h  p r o d u c t  c h a r a c te r  w as a d v e r se ly  a f f e c t e d  th e r e b y . W h ile  f irm n e ss  o r  c h e w in e ss  
o f  th e  f r u i t  was n o ta b ly  g re a te r  in  th e  p r e tr e a te d , h o t - f i l le d  p r o d u c t ,  th e  c o n v e n t io n a l  co ld -fill , 
e x h a u s t  a n d  r e to r t  p ro c e ss  p r o v id e d  su p e r io r  d r a in e d  w e ig h t a n d  b u lk ,  w ith  a b o u t  e q u a l co lo r .

INTRODUCTION
FIRMING red tart cherries for processing 
has been a focus of research effort and of 
industry concern for more than two 
decades. Though a soft fruit, it is handled 
in bulk and subjected to rather drastic pit 
removal by punching. The need for in
trinsic or developed firmness of the fruit 
to protect its integrity through handling 
and processing is widely recognized. 
While cultural factors leading to intrinsic 
firmness are incompletely understood, 
the handling and processing procedures 
that promote a firm product have been 
carefully documented, if not always ob
served in practice.

At best, though, the cherry remains a 
delicate fruit with color and flavor char
acteristics so distinctive that any impair
ment is readily noticeable. Unfortunately, 
the most common practice for obtaining 
a firm product—a long soak during which 
damaged tissue toughens by an incom
p le te ly  understood  physiological 
process—leads at the same time to deteri
oration of color and flavor. In the prep
aration of pie mix, where firm fruit able 
to withstand mixing in the starch slurry is 
especially desirable, this deterioration can 
be corrected in part by formulation. In 
the canned product, or hot-pack, the red 
anthocyanin pigments are dispersed and 
diluted, and even slightly degraded, dur
ing the cook, so that previous losses of 
color quality are less noticeable than in 
the frozen pack. It has been common 
practice, therefore, to use a long soak for 
hot-pack and a shorter one, sacrificing 
some firmness to maintain fresh color, for 
frozen pack.

Prior to World War II the hot-pack 
predominated, but has since been grad
ually losing ground to frozen cherries, 
especially in short-pack years. More re
cently, the pack of canned cherry pie-mix 
has increased at the expense of the 
traditional pack of red tart cherries in 
water. Both of these developments can be 
traced in part to the less desirable quality 
of the hot-pack. The techniques outlined

here for firming cherries after pitting by 
heat and calcium treatments are appli
cable either to the common water-pack, 
to a more desirable pack in sugar syrup or 
to the preparation of pie-mix.

The conventional process for hot-pack 
cherries seems at first glance something of 
an anachronism. Other high-acid prod
ucts, such as applesauce and sauerkraut, 
are commonly pasteurized and filled into 
the can hot. After double-seaming and 
holding briefly to ensure pasteurization 
of the container, these products are 
cooled without further heat-processing. It 
is true, though, that the industry was 
slow to adopt the suggestion of Pederson 
and Beattie (1946) that effective pasteuri
zation of sauerkraut could be obtained by 
hot-filling as low as 155—165°F. Apple
sauce is commonly filled at 190°F.

At present, canned cherries are filled 
into the can cold from the pitter and 
covered with hot water. The open cans 
are then conveyed through a hot water 
bath to be preheated slowly before clos
ing. This operation exhausts air from the 
pack that might otherwise worsen can 
corrosion. Normally, a rather uneven cen
ter temperature of about 180°F is 
reached before closing the can. Then the 
pack is given an additional heat treat
ment, usually about 12 min at 212° F in a 
No. 303 can.

A filling temperature of 190°F for a 
high-acid product is ordinarily considered 
adequate to destroy nonspore-forming 
microorganisms, and the heat-resistant 
survivors, i.e., the bacterial spores, are 
unable to initiate growth at the lower pH 
values (3.1—3.5) encountered in the 
cherry medium. The apparent reason for 
not heating the cherries in bulk and filling 
at this temperature is that pitted cherries 
are too delicate to withstand the agitation 
necessary for rapid heating. The heat and 
calcium treatments to be discussed here 
provide means for circumventing this 
difficulty by a preliminary firming treat
ment that permits the pitted fruit to be 
heated in bulk to the required hot-fill

temperature without excessive tearing. 
These two operations—the pretreatment 
and the heating in bulk to hot-fill temper
ature—would replace exhausting and re
torting. Air is expelled during preheating, 
and sterilization, as opposed to pasteuri
zation, is unnecessary.

The crux of this innovation lies in the 
pretreatment at moderate temperature in 
the presence of calcium ion. This acti
vates the pectic demethylation process. 
Calcium-firming of the cherry tissue takes 
place before any thermal disruption or 
cooking of the tissues that would occur at 
pasteurization temperatures. The effect 
of calcium on plant tissues was pointed 
out by Kertesz as early as 1939, and he 
subsequently adapted it to the firming of 
canned tomatoes (Kertesz et al., 1940) 
and apple slices (Kertesz, 1947). Various 
commercial applications, especially in 
canned tomatoes, have been common for 
two decades. Recently the Standard of 
Identity for canned tomatoes has been 
amended to permit an increased level of 
added calcium salts to 0.1% (as Ca) to aid 
in the preparation of sound packs of cut 
tomato pieces (Food and Drug Adminis
tration, 1970).

The effects of calcium treatment on 
red tart cherries were investigated by 
Whittenberger, 1952; Whittenberger and 
Hills, 1953, and by Bedford and Robert
son, 1957, in the one case showing an 
improvement of firmness and drained 
weight by canning cherries with added 
calcium by the conventional process and 
in the other demonstrating only an in
crease in firmness. The chemistry of the 
pectic system has been extensively cov
ered by Kertesz (1951) and Deuel and 
Stutz (1958), and further elaborated by 
Collins and Wiley, 1963; Collins, 1965. 
Dastur et al. ( 1968) have recently studied 
the thermal process for canned cherries, 
including consideration of both thermal 
death time and peroxidase inactivation. 
LaBelle and Moyer (1960) showed that 
bruising and elapsed time after harvest, 
and not soaking in cold water, were the 
important factors affecting product firm
ness and drained weight.

The present method has been antic
ipated in part by the low-temperature 
blanching studies of Van Buren et al. 
(1960) on green beans and Hoogzand and 
Doesburg (1961) on cauliflower. The 
latter attributed the firming of cauli
flower during a 15-min blanch at 158°F
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T able  1—E ffe c ts  o f  p r e tr e a tm e n t  te m p e r a tu re  o n  te x tu r e  o f  c a n n e d  
ch erries . ______  _________________

Pretreatment temperature (°F)
120 130 140 150 160

Extrusion force (kg)
1969 (6P)a 52.6 54.3 53.8 48.2 44.3
1968(18P) (54.2)b 59.5 59.5 54.5 50.8
1968 (6L) 52.4 58.0 57.5 56.2 52.2
1967 (8L) 37.3 42.0 45.6 44.8 42.0
Avg 49.1 53.4 54.1 50.9 47.3

Drained weight (%)
1969 (6P) 70.2 71.3 71.0 70.2 67.3
1968 (18P) (77.2)b 75.7 76.0 76.3 74.5
1968 (6L) 81.9 81.9 80.0 81.3 80.8
Avg 76.4 76.3 75.7 75.9 74.2

Bulk volume (L/kg)
1969 (6P) .958 .971 .965 .944 .920

a D a ta  a re  a v e ra g e s  o f  t h e  n u m b e r  o f  r e p l ic a te s  n o t e d  in  p a r e n th e s e s  
f o r  p i l o t - p l a n t  (P )  o r  l a b o r a t o r y  ( L )  e x p e r im e n t s .

h T h r e e  r e p l ic a te s  o n ly  a t  1 2 0 ° F ,  b u t  d a t a  n o r m a l iz e d .

TIM E, MIN.
Fig. 1 —S c h e m a  tic  rep resen  ta t io n  o  f  c h e r r y  p r o c 
esses fo r  c a n n e d  cherries: A )  P r e tr e a tm e n t  w ith  
c a lc iu m  a n d  h o t- fi l l;  B )  c o n v e n t io n a l  co ld -fill, 
e x h a u s t  a n d  re to r t.

Table 2—Effects o f pretreatment time on texture o f canned cherries.

Pretreatment time (min)
0 5 10 ' 20

Extrusion force (kg)
1969 (6P) 31.0 43.4 48.7 53.0
1968 (8P) 37.3 47.0 58.6 59.0
1968 (8L) 35.7 51.7 53.0 58.4
1967 (9L) - 34.3 38.8 43.6
Avg (1968-1969 only) 34.7 47.4 53.4 56.8
Avg - 44.1 49.8 53.5

Drained weight (%)
1969 (6P) 63.5 67.8 68.2 66.5
1968 (8P) 73.7 77.5 76.6 75.7
1968 (8L) 81.0 82.3 80.7 81.2
Avg 72.7 75.9 75.2 74.5

Bulk volume (L/kg)
1969 (6P) .880 .926 .932 .915

T ab le  3 —E ffe c ts  o f  a d d e d  ca lc iu m  o n  te x tu r e  o f  c a n n e d  cherries.

Level of CaClj in added brine (%)a

0 0.1 0.2 0.5
Extrusion force (kg)

1969 (12P) 33.0 35.2b 42.1 46.8b
1968 (8P) 38.6 48.0 55.8 59.6
1968 (8L) 40.0 46.2 53.3 59.3
1967 (3L) 30.5 37.5 40.2 46.7
Avg 35.5 41.7 47.8 53.1

Drained weight (%)
1969 (12P) 65.8 67.1 67.7 67.7
1968 (8P) 76.3 76.5 75.8 75.0
1968 (8L) 82.0 81.1 81.2 80.7
Avg 74.7 74.9 74.9 74.5

Bulk volume (L/kg)
1969 .900 .922 .932 .956

a T o  o b ta in  le v e l in  f in a l  p r o d u c t  (a s  %  C a ) ,  m u l t ip l y  b y  4 0 / 1 1 1  X 
1 . 1 4 / 5 .1 4  =  0 .8 0 .

b S ix  r e p l ic a te s  o n ly  a t  th e s e  tw o  le v e ls .

to partial de-esterification upon activa
tion of pectinesterase.

EXPERIMENTAL
RED TART cherries (var. Montmorency) were 
harvested from a neighboring commercial or
chard and soaked overnight for 16 hr at 34°F. 
All of the fruit was then drained and held in air 
at this temperature until needed. This handling 
treatment resulted in fruit of moderate firmness 
but excellent scald-free color. Sufficient fruit 
was sorted and pitted in a Dunkley junior-size 
pitter at one time to provide a 4-kg lot of pitted 
cherries for further processing. To this was 
added 1.14 kg of a hot aqueous solution of 0, 
0.1, 0.2 or 0.5% calcium chloride, giving over
all calcium content in the product of 0, 0.08, 
0.16 and 0.40%. The slurry was then carefully 
brought to the desired pretreatment tempera
ture (120-160°F) in a 20-gal jacketed kettle 
with just sufficient steam pressure and manual 
stirring to prevent local overheating at the wall. 
Product temperature during the typical 3-min 
come-up to the desired level was monitored

with a thermocouple and recording potentiom
eter.

After the desired pretreatment time (0-20 
min) had elapsed, the batch-now more fluid 
than before-was quickly brought to hot-fill 
temperature (150-200°F), again with just suf
ficient steam and stirring to maintain a fairly 
uniform temperature throughout. The whole 
batch was then quickly filled into No. 303 cans. 
All but the last can was immediately closed, 
then rolled for 3 min to pasteurize the can in
terior before cooling in a spin-cooler. Nine cans 
were stored at 65°F (75°F in 1968), while the 
tenth can was opened the following day for de
termination of color parameters with the Hun
ter Color Difference Meter and spectropho
tometer (Beckman Model DK). After 6 to 8 
months’ storage, the remaining cans were 
opened for determination of drained weight, 
bulk volume, extrusion force, color and subjec
tive evaluation of color, flavor and texture. 
Since the fill of container was not standardized 
as to net fill-in weight or proportion of fruit to 
liquid, it was necessary to obtain the summa

tion of drained weight and bulk volume on all 
filled cans and also on the small leftover.

Drained weight was measured after a 2-min 
drain at 75-80°F on an 8-mesh screen sloping 
at 20°. The fruit was then carefully returned to 
its juice in a 500-ml graduated beaker (high 
form), and a nesting 250-ml beaker weighted 
with 200g of water was superimposed to im
merse the fruit. After 60 sec the volume of fruit 
was estimated to 5 ml. Texture of the canned 
fruit was measured in the compression-extru
sion cell of an Instron universal testing ma
chine. A 225-g sample of freshly drained fruit 
at 75°F was compressed with a ram speed of 20 
cm/min into a piston clearance of 6 mm, ex
truding more than half of the sample back 
through the 4-ram annulus.

In addition to the pilot plant tests carried 
out in 1968 and 1969, bench-scale tests em
ploying 0.45-kg lots were carried out at the 
same pretreatment times, temperatures and cal
cium levels in 1967 and 1968. Only drained 
weight and texture differences were observed in 
these tests.
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Table 4—Effects o f hot-fill temperature on texture o f canned cherries.

Added
Ca (%)

Hot-fill temperature (°F)
150 160 170 180 190 200 Avg

Extrusion force (kg) 0 54.0 45.0 43.8 38.6 34.4 35.2 41.8
.02 70.9 67.4 59.4 58.0 51.6 52.8 60.0

Drained weight (%) 0 70.2 68.3 69.2 64.8 64.9 66.0 57.4
.02 67.3 67.3 66.8 68.8 65.7 66.8 57.3

Bulk volume (L/kg) 0 .948 .920 .933 .878 .874 .882 .906
.02 .950 .962 .934 .935 .910 .918 .934

T w o  r e p l ic a te s  a t  e a c h  a d d e d  c a l c iu m  le v e l.

T able  5 —E f f e c t  o f  h o t - f i l l  te m p e r a tu r e  o n  c o lo r  o f  c a n n e d  cherries .
Storage Hot-fill temperature (°F)

time 150 160 170 180 190 200
Hunter a\ 1 day 17.2 19.0 20.4 21.2 20.8 20.9

7 months 15.2 15.9 16.3 16.8 16.6 16.6
Hunter L \ 1 day 24.8 25.8 26.0 27.1 26.0 26.6

Optical density
7 months 22.1 23.6 24.3 26.0 25.0 25.4

at 510 m p : 1 day 3.72 3.81 4.09 3.77 3.93 3.92
7 months 3.30 3.22 2.71 3.14 3.35 3.20

T ab le  6 —C o m p a riso n  o f  h o t - f i l l  a n d  c o n v e n t io n a l  p ro c e ss e s  fo r  
c a n n e d  cherries.

Hot-fillb
only

Hot-fill 
+ retort

Pretreatment“ 
+ hot-fill

Cold-fill, 
exhaust 

and retort
Extrusion force (kg) 31.0 26.1 48.7 31.8
Drained weight (%) 63.5 62.9 68.2 73.3
Bulk volume (liter/kg) 
Hunter color:

.880 .882 .932 1.008

a (1 day) 24.4 23.1 21.9 22.7
(7 months) 17.4 18.6 17.3 18.4

L  (1 day) 27.6 28.2 27.0 26.8
(7 months) 26.9 26.8 25.3 24.7

“ A v e ra g e  o f  s ix  r e p l ic a te s  a t  v a r io u s  le v e ls  o f  a d d e d  c a lc iu m .
“ A ll h o t - f i l l in g  a t  1 8 0 ° F .  
“ P r e t r e a tm e n t  —1 0  m in  a t  1 4 0 ° F .

IN THE DEVELOPMENT of this mode 
of processing, the central theme is that of 
filling the acid product into the container 
hot, so as to obviate subsequent retort 
processing. However, hot-filling pitted 
cherries would be practical only if the 
fruit could be firmed sufficiently before
hand to withstand heating in bulk. The 
proposed hot-fill process, together with 
the conventional procedure, is shown 
schematically in Figure 1.
Pretreatment

Our earliest experiments were directed 
toward a firming pretreatment, though 
effective levels of temperature, time and 
added calcium were then unknown. But 
several guides were available, among them 
the observation by Matz (1962) that a 
semipermeability of cell membranes is 
lost at about 150°F, the need for keeping 
treatment times short enough to fit into 
the general scheme of a continuous proc
ess and the now superseded precedent (in 
canned tomatoes) for incorporating up to 
.026% of calcium in the product. Accord
ingly, the earliest tests bracketed what 
were considered promising levels of these 
variables, namely, 10 min at 140°F with 
.20% of CaCl2 in sufficient brine to make 
a fluid slurry of pitted fruit.

In Table 1 the results of pretreating 
pitted cherries at temperatures from 
120—160°F are presented in terms of 
texture and the related parameters— 
drained weight and bulk volume. In four 
separate experimental series on either 
pilot-plant or laboratory scale over three 
seasons, a consistent result was obtained: 
maximal firmness as measured by extru
sion force occurred close to and usually 
slightly below 140°F. Drained weight, 
obtained only in the latter two seasons, 
and bulk volume, only in 1969, also 
peaked at this temperature level, showing 
a close association among these measure
ments.

A somewhat different relationship 
among them was demonstrated for the 
effect of elapsed time of pretreatment 
(Table 2). Although cherry firmness con
tinued to increase as treatment was pro
longed to 20 min, albeit with diminishing 
unit effect, the drained weight and bulk 
volume reached maxima between 5 and 
10 min and, if anything, declined slightly 
thereafter. This unexpected departure 
from the close association of these tex
ture parameters might be explained in 
terms of selective tissue maceration— 
disruption of the cell body but continued 
toughening of the cell wall.

The effects of the third variable- 
added calcium—are different again, as 
shown in Table 3. Continued response to 
calcium  addition was experienced 
through 0.5% CaCl^, or about 0.04% as 
Ca in the final product. Firmness was 
increased by 50% at this high level, and

RESULTS & DISCUSSION

chewiness of the product developed to a 
very marked extent. Bulk volume, or 
plumpness of the fruit was likewise af
fected, but drained weight effects were 
inconsistent and on the average nil. 
Again, we can only suggest that the 
treatment is affecting cell walls rather 
than cell contents, and that to strengthen 
the framework is not necessarily to retain 
the fluids.

Hot-filling
Having demonstrated the practicality 

of firming the cherry tissue by carefully 
chosen conditions of pretreatment, we 
were then concerned with the require
ments of the hot-fill itself. It is com
monly understood that thermal process
ing is directed toward rendering harmless 
both microorganisms and potentially de
structive enzymes. Of the two, the latter

have been shown by Dastur et al. (1968) 
to be the more difficult to inactivate. 
While not dismissing the importance of 
avoiding microbial spoilage in even this 
very acid product, effective pasteuriza
tion seems assured if our hot-filling proce
dure maintains color and flavor integrity 
against the relatively heat-resistant perox
idase system. We experienced no apparent 
microbial spoilage at filling temperatures 
of 170°F and above.

In Table 4 the effects on cherry 
character of hot-filling temperatures in 
the range 150—200°F are presented. A 
notable softening was found, accompa
nied by diminishing drained weight and 
bulk volume, as the hot-fill temperature 
was increased up to 190°F, but the effect 
then leveled off at 200°F. As in the study 
of pretreatment temperatures in the im
mediately lower range, there was a close
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association among the three texture pa
rameters.

Included in these data is a differentia
tion between two levels of calcium that 
was incidental to the replication of this 
1969-season experiment. Results are sim
ilar to those discussed from Table 3, 
showing a 50% increase in firmness and a 
corresponding improvement in bulk, but 
no effect on drained weight.

It was in this survey of hot-fill temper
atures that the only pronounced differ
ences in color were noted (Table 5). Both 
the L, or brightness, and a, or redness 
measurements obtained with the Hunter 
color meter improved as the hot-fill tem
perature was raised by 10-degree steps to 
180°F. This variation was as apparent on 
the day following processing as 7 months 
later, though at different levels consistent 
with the expected deterioration of color 
during storage. These differences could 
readily be detected by eye, as well, with 
the products filled at the two lower 
temperatures of 150—160°F definitely 
oxidized and substandard. However, the 
optical density data contributed nothing 
to this picture.

The cherry pack hot-filled at 150°F 
smelled and tasted bad in three of the 
four replicates, though the cans were not 
swelled. The nature of this spoilage was 
not determined.
Process comparison

While we had earlier hoped that the 
carefully programmed pretreatment and 
hot-fill process would give a product 
better on all counts of character and 
color, the results were mixed. We com
pared 1) an abbreviated hot-fill with no 
pretreatment, 2) the same plus retorting 
and 3) the hot-fill with a normal pretreat
ment of 10 min at 140°F against 4) a 
conventional cold-fill (of an identical 
slurry) followed by exhausting and re
torting. The data developed in Table 6 
from this comparison replicated six times 
show that the programmed hot-fill did 
indeed improve, or at least toughen, 
texture. But it was characteristic of the 
product from the conventional process 
that the cherries were both plump and 
very tender, while the pretreated, hot-fill

product was somewhat less plump but 
much chewier. There was little to choose 
between product colors in these two 
processes. As expected, a rapid hot-fill 
process gave a very poor texture, but also 
provided the best-protected color, even 
when followed by retorting. Apparently, 
further degradation of color did not 
occur to any great extent during the 
moderate cook.

The conventional process, unlike the 
accelerated hot-fill not preceded by a 
low-temperature pretreatment, should 
promote firming to some extent, partic
ularly if heating during the exhaust opera
tion is slow. The pitted fruit in the filled 
can warms up slowly and remains in the 
effective range of pretreatment tempera
ture (120—150°F) for an appreciable 
time. That the cherries remained undis
turbed once filled into the can was 
probably responsible for the retention of 
plumpness, even though firmness or tissue 
toughness was not most efficiently pro
moted. On the other hand, frequent 
stirring of the fruit in our hot-fill process 
may have damaged the fruit sufficiently 
to effect plumpness.

Brief trials conducted on hot-filling, 
using a pilot-plant model screw cooker, 
flooded with cherry juice and heated by 
direct steam injection, may have provided 
one answer to the problem of gentle 
bulk-heating. Pitted fruit conveyed in a 
semifloating state through the hot fluid 
could be heated rapidly or held at a 
uniform temperature without damage. 
However, this technique introduces other 
practical problems, such as the nature of 
the heating medium; cherry juice or sugar 
syrup has been suggested. It is also 
necessary to separate the solid product to 
obtain a uniform fill of container, though 
this may reintroduce air into the product.

In addition to these problems, there 
are microbiological and enzymatic ramifi
cations that need further investigation. 
While adoption of a completely new 
process is premature in view of these 
unanswered questions, the information 
developed here may lead to useful modifi
cations of existing hot-pack and pie-mix 
procedures.
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DIFFUSIONAL PROCESS IN THE DRYING OF TAPIOCA ROOT
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drier previously described (Chirife et al., 1969). 
Material samples

To facilitate subsequent calculations, pieces 
of tapioca root were cut in the form of rectan
gular parallelepipedes 0.3 cm thick, 3 -4  cm 
wide, and 6—7 cm long. The thickness, relative 
to the other dimensions, is small enough to 
approach the condition of infinite slab.

INTRODUCTION
ALTHOUGH MOST methods of tapioca 
drying are traditional and primitive, there 
is an impelling need to apply modem 
techniques, with the two-fold aim of 
increasing productivity and obtaining 
closer control of the process to achieve a 
uniform product. This requires that basic 
data on drying be available together with 
a knowledge of the fundamental princi
ples involved. The present study was 
undertaken to obtain such data and to 
provide a basis for a detailed understand
ing of the process.

In previous research (Chirife et al., 
1969) conducted to study the effect of 
external conditions on the through-circu
lation drying of tapioca root, it was noted 
there is no constant rate period. There
fore, the internal water movement is the 
controlling step from the beginning of the 
drying process. Two different mecha
nisms were also found to occur in the 
falling rate period; however, only one will 
be considered here because it takes place 
in the range of 66—14% water content— 
the usual range in commercial tapioca 
drying.

It will be assumed that Fick’s Law is 
applicable to the movement of water in 
tapioca root; thus, for a rectangular paral- 
lelepipede,

5Ç
60ca — D

5H
x Ôx2 + D 5 2C 

Y 5y2 + D, s i c
6z2 [II

where Dx, Dy, Dz represent the diffusion 
coefficients along rectangular axes x, y, z, 
respectively.

If the medium is isotropic,

Dx = Dy = Dz = De [2]

De being the effective diffusion coeffi
cient. For unidirectional diffusion (i.e., 
infinite slab) Eq. [ 1 ] becomes,

sc
60 = De

52C
5 x 2 [3]

constant; and (3) the resistance to mois
ture removal from the surface is negligible 
compared to the resistance to internal 
diffusion.

Solution is given by the well known 
expression that relates E, the average 
fraction of evaporable water remaining in 
a slab of half-thickness, and the dimen
sionless term, De0/a2 :

g _ C -  Ce =_8_
-o 7T

a- D e0 (7T/2a)2

+ 1 - 9  De0 (7T/2a)2 
9 e

_L_ -2 5  De0(rr/2a)2 j [4 ] 
25 e + ' ’ 'J

E can also be defined approximately in 
terms of moisture content, W. Thus, E = 
(W -  We)/(W0 -  We), where W0, W?, and 
W, are respectively the initial moisture 
content, the final equilibrium moisture 
content, and the average content at the 
time 0. Newman (1931) extended the 
mathematical treatment to different geo
metries other than infinite slab, and 
considered the most general situation 
where the surface resistance to mass 
transfer is not negligible compared to the 
resistance to internal diffusion. Figure 1 
shows a graphical representation of New
man’s solution for an infinite slab. E is 
shown as a function of De0/a2 for differ
ent values of S, the mass transfer surface 
resistance ratio. The curve for S = 0 
corresponds to the solution (Eq. [4]) 
given by Sherwood (1929). The use of 
Figure 1 to determine the coefficient De, 
requires the measurement of the time 
required for E to be reduced to some 
arbitrary value, say E = 0.4. The value of 
De0/a2 which is associated with E = 0.4 is 
obtained from the particular curve of 
Figure 1 which applies. After De0/a2 has 
been obtained, De can be calculated, 
since a, the half thickness of the drying 
specimen, and 0, the time required for E 
to decrease to 0.4, are known.

Sherwood (1929) solved Eq. [3] as
suming: ( 1) the initial moisture distribu
tion is uniform; (2) the diffusivity is

EXPERIMENTAL
Apparatus

Consists of a laboratory through-circulation

RESULTS & DISCUSSION
IN THE DRYING of many common 
materials, a constant rate period is fol
lowed by a falling rate period in which 
internal liquid diffusion controls through
out. During the constant rate period there 
may set up an appreciable difference 
between the moisture contents at the 
surface and in the interior of the solid 
(Sherwood, 1932). Since Eq. [4] was 
derived on the assumption of uniform 
distribution of moisture in the solid at 
the start, it can be applied to the drying 
of tapioca, because, as previously demon
strated, the whole drying process takes 
place in the falling rate period.

The assumption of a constant effective 
diffusivity may or may not be a realistic 
approximation, depending upon the prop
erties of the material to be dried. The 
differential equation of moisture diffu
sion which must be solved for the case 
where the effective diffusivity varies with 
the moisture concentration, is

1C _ 6_  
50 5x D ÔÇ 

e 6x [5]

which reduces to Eq. [3] when De is 
constant. Unfortunately there is no gen
eral solution to Eq. [5] analogous to that 
for Eq. [3], There are however a few 
numerical solutions for the case where

Fig. 1—F ra c tio n  o f  eva p o ra b le  w a ter  rem a in in g  
in  a s la b  as a fu n c t io n  o f  D e 6 /a 2, fo r  d i f fe r e n t  
va lues o f  th e  m a ss  tra n s fe r  su r fa ce  resista n ce  
ra tio .
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Fig. 2 —C o m p a riso n  o f  e x p e r im e n ta l  da ta  w ith  
th e o ry .

the surface resistance is neglected. Crank 
and Henry (1949) obtained numerical 
solutions for Eq. [5] for a number of 
cases where the diffusion coefficient 
varies in particular ways with the concen
tration. Crank and Henry (1950) also 
published a method for determining em
pirically the variation of De with concen
tration by observing the curve of E as a 
function of time. This curve is then 
compared with the theoretical curve, 
where De is presumed to be constant. By 
a series of approximations the behavior of 
De as a function of concentration is 
obtained.

The solution given by Eq. [4] assumes 
that external mass transfer resistance is 
negligible. This is easily obtained in prac
tical air drying operations, because of the 
forced convection conditions at the sur
face, added to the low values of effective 
diffusivity. However, care must be taken 
before assuming that in through-circula
tion drying the external mass transfer 
resistance is always negligible. This is due 
to the low range of air velocity com
monly employed in this kind of drying 
operation.

By analogy to unsteady heat transfer, 
the therm al diffusivity, k/ps • Cp 
(cm2 /sec) is analogous to the liquid diffu
sivity, De (cm2 /sec). The surface resist
ance ratio of heat transfer associated with 
the well known Gumie-Lurie charts, 
k/h*a, is analogous to the mass transfer 
surface resistance ratio, Deps/kg- a. The 
mass transfer equivalence of the heat 
transfer is determined from:

h(tTa- ~  ts) = kg(Hs -  Ha) [6 ]
Lv

In order to evaluate the mass transfer 
surface resistance ratio, for our particular 
case, it is necessary to estimate the value 
of the mass transfer coefficient, as de
fined by Eq. [6 ]. This can be done 
applying the following relationship:

id = 2.0Reo- ° - 50 [71

K. 10S, -K-1
Fig. 3 —E f f e c t  o f  te m p e r a tu re  o n  e f fe c t iv e  d i f 
fu s iv ity .

where Re0 = v0 p Dp/p, and v0 is the air 
velocity based in the cross section of the 
bed. Eq. [7] represents the experimental 
results of solid-fluid mass transfer in the 
R eynolds range normally used in 
through-circulation drying (Chirife,
1968), and it has been theoretically justi
fied according to a laminar boundary 
layer model.

Thus, for the air mass velocity em
ployed in the drying runs, kg becomes,

kg = 0.028 g/cm2 • sec

In order to evaluate De when a surface 
resistance is presumed to exist, it is 
necessary to proceed as follows:

(1) assume a value for De and evaluate 
the surface resistance ratio;

(2) Employing Figure 1 determine De - 
0 /a2 for an experimental value of E; and

(3) Evaluate De from this term and 
check with the assumed De.
Let us assume, De = 10' 6 cm2 /sec; the 
surface resistance ratio becomes:

s = De ps = 1 O' 6 0.84
kg • a 0.28 .0.15 0.0096 s  0 

[ 8 ]

Application of the aforementioned trial 
and error method allows deducing that 
Eq. [8 ] is correct, and consequently the 
mass transfer surface resistance is negligi
ble.
Application

At this point we have to assume that 
the slab thickness is constant, i.e., there is 
no shrinkage of the tapioca during drying. 
It is interesting, however, to mention that 
in the moisture content range considered, 
the observed shrinkage of tapioca is con
siderably smaller than that observed in 
other vegetable materials (i.e., apple, po
tato, etc.).

Effective diffusivities, De, can now be

evaluated from the curve for S = 0 on 
Figure 1, since E, geometric character
istics, and drying times are known. This 
was done repeatedly on the experimental 
curve. The values of De were averaged, 
giving an average effective diffusivity for 
each slab, De, with about 6% relative 
deviation. This procedure was done for 
different air temperatures, ranging from 
55— 100°C. The experimental values of 
De were then used to test the assumption 
of constant effective diffusivity. Figure 2 
compares the results based on theory and 
the corresponding experimental data. Log 
De is plotted against the reciprocal of 
absolute temperature, 1/T, in Figure 3. 
The results may be represented by an 
Arrhenius type relationship of the form:

De = D0 exp( -  Q/RT) [9]

where D0 is a constant, Q is the energy of 
activation for diffusion, and R is the gas 
constant. The activation energy for diffu
sion was calculated to be, Q = 5.4 x 103 
cal/gram mole.

Figure 2 compares the theoretical and 
experimental results and shows a fairly 
good correlation of both curves. How
ever, the curve of experimental data does 
not follow exactly the theoretical pat
tern, which indicates that the effective 
diffusivity cannot be considered constant. 
Also, it can be seen that as temperature 
increases, the constant diffusivity model 
approaches the experimental values.

Throughout this paper it has been 
assumed that liquid water migrates within 
tapioca root by a process of diffusion. 
The experimental evidence which sup
ports this assumption consists in the 
exponential relationship between E and 
the drying time, and the Arrhenius type 
temperature dependence of calculated 
values of the effective diffusivity. It is 
interesting, however, to consider the ex
perimental results in relation to other 
mechanisms of internal flow likely to 
operate: namely, capillary flow, viscous 
flow of water vapor, gaseous diffusion, 
Knudsen’s flow, and thermal diffusion.

Krischer (1938, 1940, 1942, 1956) 
regards the early stages of drying as being 
controlled by capillary flow relationships. 
He used the following expression for 
correlating experimental data on transfer 
of moisture within the wet body, during 
the stage of pure capillary flow mecha
nism:

dW
Na -  " kw p s [ 10]

This Ohm’s law type of expression is 
completely analogous to the simple diffu
sion law. The conductivity factor, kw, 
lumps together the effect of surface 
tension and viscosity of the liquid, and 
the distribution of pore diameters within 
the material. Gorling (1958) found a 
good correlation between experimental
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data during the first phase of drying of 
potato slices, and values of the quantity 
p a /p , that is, the product of surface 
tension and density of water divided by 
the viscosity. This would be expected if 
the flow through the solid were deter
mined by the capillary properties of the 
material. Experimentally, kw is always 
found to be strongly dependent of the 
water content of the material. As might 
be expected, even slight changes in the 
internal structure of a material, such as 
those accompanying shrinkage, can 
change the moisture conductivity by sev
eral orders of magnitude; Gorling (1956,
1958) found the relationship between 
moisture content and conductivity in 
potato. This pattern is not quite in 
agreement with the approximate constant 
“ conductivity” experimentally found 
during the drying of tapioca slices. On the 
other hand, the tendency of tapioca to 
exhibit a constant diffusivity with in
creasing temperature is similar to that 
observed by other authors during diffu- 
sional processes in vegetable solids; i.e., 
Krasuk et al. (1967) found that in oil 
extraction of tung seed by diffusion, the 
system tends to reach constant diffu- 
sivities as extraction temperature in
creases, independent of oil concentration 
in the solid.

The flow of gases in a capillary system 
is similar to that observed in diffusion 
through a solid medium and can be 
characterized by a permeability coeffi
cient, P. According Poiseuille’s law, in a 
capillary of diameter d and length 1,

N A = ^ f l R T Pav(Pl“ P2) [U1

Then, if the rate of flow is measured in 
terms of a gas volume V, at the average 
pressure flowing per unit time per unit 
cross section of the solid, Eq. [11] 
becomes:

pavV = p pav(Pi - P 2 )  [12]

where z is the solid thickness, and P is the 
permeability, which dimensions are the 
same as those of a diffusion coefficient. 
Eq. [11] shows that P varies inversely as 
the gas viscosity, which in turn increases 
with temperature; P then varies with 1/T 
and not with exp( — 1/T). Therefore, the 
possibility of Poiseuille flow in the tapi
oca must be excluded.

Simple kinetic theory for gaseous dif
fusion gives the relationship between the 
diffusion coefficient, D, the mean ther
mal velocity v, and the mean free path, A, 
as:

D= 1/3 v A [13]

But since v is proportional to T1/2 the 
temperature dependence of D will be T3/2)

which is again different from the experi
mental value.

If the capillary diameters in tapioca 
are small in comparison with the mean 
free path of the gas molecules, flow will 
take place following Knudsen’s law. For a 
single straight capillary of radius r, the 
Knudsen diffusivity is given by:

DK = - } r 7  [14]

From Eq. [14] is seems that Dk varies 
with T1/2, which is not the temperature 
dependence experimentally found.

The hypothesis of thermal diffusion is 
rejected because the effect is negligible 
for the small temperature gradients exper
imentally observed during the drying of 
tapioca root slices. On the basis of these 
comments we may conclude that the 
liquid water diffusion is the most appro
priate mechanism to describe the drying 
behavior of tapioca root. However, it is 
interesting to compare the experimental 
results with other published data on the 
diffusion of water in food materials. The 
most detailed study of the behavior of 
water in a colloidal food material, espe
cially from the standpoint of theoretical 
interpretation, is the investigation by Fish
(1957) of the diffusion and equilibrium 
properties of water in a clear gel prepared 
from pure potato starch. Fish also ob
tained data (1958) on the diffusivity of 
water in the flesh of scalded potatoes;
i.e., at 25°C the value for 0.2 moisture 
content is, De = 2 . 10~6 cm2 /sec. The 
diffusivity is only slightly different from 
that of water in pure starch gel; this fact 
indicates that the cell walls and other 
non-starch constituents of potato have 
only a minor influence on the transport 
of water through the scalded material. 
Saravacos and Charm (1962) have re
ported experiments on the air drying of 
potato slices which also appear to be 
consistent with the molecular diffusion 
mechanism. The reported diffusivity of 
water in scalded potato was derived as a 
mean over a moisture range 1.0 —0.10 for 
temperatures of 54.5°C (De = 2.5 • ^O’6 
cm2 /sec), 60°C, 65.5°C and 69°C (De = 
6 • 10' 6 cm2 /sec). The activation energy 
for this diffusion was estimated to be
12,500 cal/gram mole of water trans
ferred in this moisture range.

The observed activation energy for the 
diffusion of water in tapioca root, Q = 
5,400 cal/gram mole, is smaller than that 
reported by Saravacos and Charm (1962) 
(which could be partially attributed to 
the different moisture ranges considered), 
but is near to the value of Q = 6,300 
cal/gram mole computed by Fish (1958) 
for the diffusion of water in starch gel at 
14% moisture content. It is also compara
ble with the reported value of Jason
(1958) , Q = 7,190 cal/gram mole, for the 
first falling rate period of drying of fish 
muscle.

NOMENCLATURE

a = one half thickness of the slab, cm
C = water concentration, g/cm3
Co, Ce, = initial water concentration, equi

C librium water concentration, and 
average concentration at the time 
B , respectively.

Cp = specific heat, cal/g°C
De = effective diffusion coefficient,

cm2 /sec
De = average diffusion coefficient, 

cm2/sec
D = diffusion coefficient, cm2/sec
D p = particle diameter, cm
d = capillary diameter, cm
E = fraction of evaporable water re

maining in the slab
h = heat transfer coefficient, cal/(sec) 

(cm2) (°C)
Ha = absolute humidity, g water/g dry 

air
Hs saturated absolute humidity at 

wet bulb temperature, id.
Jd = Chilton & Colburn mass transfer 

factor, dimensionless
kg = mass transfer coefficient, g/(sec) 

(cm2)
kw = moisture conductivity, cm2/sec
kd = Knudsen diffusivity, cm2/sec
k = thermal conductivity of the solid, 

cal/(sec) (cm) (°C)
Lv = latent heat of vaporization at ts, 

cal/g
1 = capillary length, cm
n a = rate of flow g/(sec) (cm2)
P - permeability coefficient, cm2/sec
Pi, P2 = pressure, dynes/cm2

Q = energy of activation, cal/gram 
mole

R = universal gas constant, 1.98 cal/ 
(gram mole) (°K)

Re0 = Reynolds number = v0p Dp/p
r = capillary radius, cm
S = mass transfer surface resistance 

ratio = DePg/kg-a
T absolute temperature, °K
4a = air temperature, °C
4s = surface temperature, °C
vo = air velocity based on the cross sec

tion of the bed, cm/sec
V = gas mean thermal velocity, cm/sec
W = moisture content, grams of water 

per gram of bone dry solid
Wo, We, = initial moisture content, equi

W librium moisture content, and 
average moisture content at the 
time 6 , respectively

Greek symbols
P = air density, g/cm3
Ps = dried solid density, g/cm3
0 = drying time, minutes
p = viscosity, g/(cm) (sec)
\  = mean free path, cm
a = surface tension, dynes/cm
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M O N ILIN iA  AND RHIZOPUS DECAY CONTROL DURING CONTROLLED  
RIPENING OF FREESTONE PEACHES FOR CANNING

S U M M A R Y -D e c a y  was controlled when freestone peach fruit, harvested at various stages o f  
maturity ranging from green to straw-color, were dipped in 50% 2,6-dichloro-4-nitroaniline 
(DCNA) at 1-1/2 and 4 !b/100 gal water and ripened for 5 —17 days at 2 0 °C  and 90% R.H . Treated 
fruit had less than 10% decay white untreated fruit developed as much as 61% decay during this 
period. Regardless o f  treatment, straw-blush and full-blush fruit held for only 3  days did not 
develop decay. The most com m only occurring fungus pathogens, M o n ilin ia  fru c tico la  and  R hi- 
zopus sto lon ifer, were controlled with these treatments. Postharvest D CN A plus captan dip treat
ments gave more effective decay control than from preharvest field sprays. Concentrations o f  
DCN A or D CN A plus captan required for M o n ilin ia  decay control, suggested by preliminary 
laboratory tests on fruit, were verified by these commercial-size experiments.

INTRODUCTION
THE QUALITY OF freestone peaches 
(Prunus persica L.) for canning can be 
improved by picking fruit at a firm, 
mature stage and ripening in a con- 
t rolled-environment (Leonard et al.,
1957). However, conditions for optimum 
ripening (extended periods at 20° C and 
over 85% RH), promote development of 
postharvest decays. Therefore, some as
surance of decay prevention is needed 
before controlled ripening of fruit for 
canning can become a standard practice.

Ogawa et al. (1964) found that decay 
of Fay Elberta peaches from the primary 
decay pathogens R hizopus s to lo n ife r  and 
M o n ilin ia  fru c tic o la  was reduced by pre
harvest applications of 2,6-dichloro-4- 
nitroaniline (DCNA), or DCNA in combi
nation with Difolatan. Also postharvest 
DCNA spray treatments reduced decay in 
mature but unripe fresh market stonefruit 
during storage and transit (Ogawa, 1965). 
DCNA was effective in control of R. 
s to lo n ife r on fruit at deposits of 2 ppm, 
whereas higher deposits were required for 
control of M. fru c tic o la . R h izopus ar- 
rhizus was not controlled with DCNA 
treatments (Ogawa et al., 1963).

This paper reports tests for preventing 
decay of freestone peaches by treating 
the fruit before and after harvest with 
mixtures of DCNA and captan, DCNA 
and Difolatan, and DCNA alone.

MATERIALS & METHODS
THE FUNGUS PATHOGENS, Monilinia fruc
ticola (Wint.) Honey, Rhizopus stolonifer (Fr.) 
Lind., and R. arrhizus Fischer isolated from 
decayed fruit in commercial orchards were used 
for laboratory studies. Chemicals used for lab
oratory tests, field sprays and postharvest dip 
treatments were 50% or 75%, 2,6-dichloro-4- 
nitroaniline (DCNA, “Botran,” Upjohn Com
pany, Kalamazoo, Michigan), 50% n-trichloro- 
methylthiotetrahydrophthalimide (captan,

1 D e p t ,  o f  F o o d  S c ie n c e  & T e c h n o lo g y ;
a l l  o th e r s  D e p t ,  o f  P l a n t  P a th o lo g y .

“Orthocide;” Chevron Chemical Company, 
Richmond, California), and 80% N-(l,1,2,2- 
t e t r a c h l o r o - e t h y l - s u l f e n y l ) - c i s - A -
4-cyclohexene-l,2,dicarboximide “Difolatan;” 
Chevron Chemical Company, Richmond Cali
fornia). Chemical treatments were made by 
hand atomization in the laboratory, by airblast 
sprayers in the field, and in specially designed 
dip-tanks holding 30 50-lb boxes of peaches.
Small scale laboratory tests with fruit

Tests to determine the concentrations of 
DCNA and captan necessary for decay control 
were made on eight mature but unripe Fay 
Elberta peaches for each chemical treatment 
(Table 1). 1 hr after surface-sterilization with 
sodium hypochlorite (400 ppm C1 for 5 min), a 
shallow 1 mm dia puncture was made on the 
center of the right cheek (facing the suture) 
with a glass rod. The puncture was inoculated 
with 0.2 ml of Monilinia spores (20,000/ml), 
and various concentrations of the chemical sus

pensions were sprayed with a hand atomizer 
attached to an air-pressure line. Spraying was 
continued until the fruit was thoroughly cov
ered but the liquid did not drip from the fruit. 
These fruit were placed in plastic containers 
with a false wire-mesh floor and incubated at 
20°C. The lesion diameter was measured daily, 
and if chance contamination occurred, these 
fruit were removed from the experiment to 
avoid infection of adjacent fruit.

Small-scale commercial test in 1966
20 boxes (50 lb and about 100 fruit/box) of 

mature Kirkman Gem peaches were randomly 
selected from a commercially harvested lot. 5 
boxes of fruit were immersed in chemical sus
pensions for 3 min for each of the three chemi
cal treatments and 5 boxes to serve as control 
were not dipped. Treatments were DCNA at 2 
lb, DCNA plus captan at 1 lb each, and DCNA 
plus Difolatan at 1 lb each/100 gal of water. 
One-half pint of liquid was reduced for each 
50-lb box of fruit from the dip tank. The 
peaches were then trucked from the San Joa
quin Valley to Salinas Valley and stored in an 
open shed with an average temperature of 
21°C. Data on decay were taken 8 days after 
treatment.
Large-scale commercial tests

Shortly before harvest 1-1/3 lb of 75% 
DCNA plus 2 lb/100 gal of captan were applied 
at the rate of 400 gal/acre with a “Bean” air- 
blast sprayer to 8 rows of Regular Elberta and 8

Table 1—Effe ct o f  D CN A , captan, and their combinations on lesion 
diameter in mm o f  Monilinia decay on Fay Elberta peaches.

DCNA
concentration

(10"4M)
Captan concentration (10'4M)

0 9 18 36 72 144
0 63.0 62.0 55.5 53.0a 32.0 44.3

ab a ab be f-h c - f

9 55.5 36.6 40.1 12.4 35.5 15.7
ab e-h e-g m -r g -i 1-p

18 20.1 11.7 6.8 6.2 9.4 5.6
j-m m -r p -s p -s n—s p -s

36 11.2 7.0 8.0 6.5 4.8 6.3
m -r q -s p -s p -s q -s p -s

72 8.7 6.9 6.5 8.1 5.8 4.2
o -s p -s p -s p -s p -s q-S

144 5.7 4.9 5.3 3.9 4.1 4.2
p -s q -s q -s q -s q -s q -s

a Areas within lines indicate similar range in lesion diameter.
^ S ta t i s t i c a l  s ig n i f ic a n c e .  S ta t i s t i c a l  g r o u p in g s  (P  = . 0 5 )  f o r  c h e m ic a l  

c o n c e n t r a t i o n s  a n d  c o m b in a t io n s  c o m p a r i s o n s  a r e  s h o w n  b y  l e t t e r s  f o l 
lo w in g  th e  n u m b e r s .  V a lu e s  h a v in g  a  l e t t e r  in  c o m m o n  d o  n o t  d i f f e r  
s ig n i f i c a n t ly .
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T able  2 —A m o u n t  o f  M o n ilin ia  a n d  R h iz o p u s  r o ts  o n  R egu lar a n d  F a y  E lb e rta  p e a c h e s  tr e a te d  
b e fo r e  a n d  a f te r  h a rv e s t w ith  a 50%  D C N A  p lu s  50%  ca p ta n  m ix tu r e  a n d  r ip e n e d  a t  2 0 ° C  a n d  
55%  R H .

Harvest dates and Harvest dates and
amount of Monilinia rot amount of Rhizopus rot

Time of treatment 7/26a 7/29b 8/5° 7/26 7/29 8/5
% % % % % %

Fay Elberta peaches
Postharvest dipd — 8.8af 5.2a — 0.8a 0.0a
Preharvest sprays“ — 51.2b 5.8a — 0.7a 0.0a
Untreated control — 87.2c 59.8b — 0.6a 1.5b

Regular Elberta peaches
Postharvest dip 1.2a 1.7a 2.2a 0.4a 3.4b 0.0a
Preharvest sprays 23.8b 54.2b 12.5b 3.5a 1.7a 0.2a
Untreated control 25.5b 44.0b 29.0c 10.2a 11.8b 2.0b
a 7 / 2 6  h a r v e s te d  f r u i t  ( g r e e n - c o lo r e d  M - l )  h a d  f i e ld  s p r a y s  1 4  a n d  3 d a y s  b e f o r e  h a r v e s t  a n d  

w e re  r i p e n e d  f o r  7  d a y s .
“ 7 / 2 9  h a r v e s te d  f r u i t  ( g r e e n - s t r a w  c o lo r e d  M -2 ) h a d  f ie ld  s p r a y s  17  a n d  6 d a y s  b e f o r e  h a r v e s t  

a n d  w e re  r i p e n e d  f o r  6 d a y s .
c 8 /5  h a r v e s te d  f r u i t  ( s t r a w - c o lo r e d  M -3 )  h a d  f ie ld  s p r a y s  2 4 ,  1 3 ,  a n d  1 d a y  b e f o r e  h a r v e s t  a n d  

w e re  r i p e n e d  f o r  3 d a y s .
“ P o s th a r v e s t  d ip ,  in  5 0 %  D C N A  p lu s  5 0 %  c a p t a n  a t  2  lb  e a c h  p e r  1 0 0  g a l o f  w a t e r ,  m a d e  a f t e r  

t r a n s p o r t  f r o m  f ie ld  t o  c a n n e r y .
e P r e h a rv e s t  s p r a y  a p p l i c a t i o n s  u s in g  1 -1 /3  lb  o f  7 5 %  D C N A  a n d  2 lb  o f  c a p t a n  5 0W .

^ S ta t i s t i c a l  s ig n i f ic a n c e  d a t a  w e re  c o n v e r t e d  t o  a r c  s in  -J  p e r c e n t a g e  f o r  s t a t i s t i c a l  t r e a t m e n t .  
S t a t i s t i c a l  g ro u p in g s  (P  =  . 0 5 )  f o r  v e r t i c a l  c o m p a r i s o n s  a r e  s h o w n  b y  l e t t e r s  f o l l o w in g  t h e  n u m b e r s .  
V a lu e s  h a v in g  a  l e t t e r  i n  c o m m o n  d o  n o t  d i f f e r  s ig n i f i c a n t ly .

rows of Fay Elberta peach trees. The orchard 
was located in the Sacramento Valley. Fruit 
sprayed on July 12, 23, and August 4, were 
harvested on July 26, 29, and August 5, at 
which time the fruit was sorted according to 
color and the Magness test-pressure values to 
green, green-straw, and straw-colored fruit, re
spectively. The designation of maturity was as 
follows:

Maturity Pressure test 
code (lb)* Fruit color
M-l 15 green
M-2 13-14 green-straw
M-3 8-11 straw

%
(Magness pressure tester using 5/16 in. tip. The 
range in maturity for Fay Elberta was uniform 
while that of Regular Elberta was not.)

Three replications of 30-40 lb boxes for a 
total of 90 boxes of fruit were harvested on 
each of three dates. In addition the same num
ber of boxes of fruit were harvested from the 
adjacent unsprayed control plots for posthar
vest dip treatment which consisted of a l-min 
dip in a suspension containing 2 lb each of 50% 
DCNA and 50% captan. The same number of 
boxes of control fruit were also harvested from 
the unsprayed plot.

The treated and untreated fruit were im
mediately placed in a ripening room at Libby, 
McNeil and Libby Cannery in Sacramento, Cali
fornia and held at 20°C and 55% RH. Disease 
data were obtained by examining 3 boxes of 
fruit from predetermined locations: top, mid
dle, and bottom of each pallet of fruit. Fruit 
were recorded as diseased regardless of the size 
of the decayed area. (Table 2.)
First large-scale tests in 1967

Tests were conducted with Fay Elberta 
peaches selectively hand picked to insure uni
formity from unsprayed commercial orchards 
in the San Joaquin Valley near the city of 
Modesto.

Green-straw maturity fruit were harvested 
from the Olivera Orchard for studies on post
harvest decay. The treatments were: (1) con
trol; (2) 1-1/2 lb of 50% DCNA; and (3) 4 lb of 
50% DCNA. Each treatment consisted of 10 
40-lb boxes of fruit with three replications for a

total of 30 boxes. The fruit were dipped for 3 
min and placed in a ripening room at the Uni
versity of California, Davis, and held at 20°C 
and 90% RH. (Table 3.)

Second large-scale test in 1967
Unsprayed fruit were harvested at different 

maturities (green, green-straw, straw, straw- 
blush, and full-blush) to study the effect of 
maturity on postharvest decay. These fruit were 
dipped for 3 min in 4 lb of 50% DCNA/100 gal 
of water and placed in a ripening room held at 
20°C and 90% RH. Processing dates were deter
mined by pressure tests. A University of Cali
fornia firmness pressure tester with a 5/16 tip 
was used to test for 6 -7  lb for maturity code
3-1/2 (straw blush) and 3-1/2 lb for maturity

code 4 (full blush). Prior to processing, the fruit 
were examined for decay; if any decay were 
present, the fruit was removed and weighed. 
For each processing date, 6 untreated and 6 
treated boxes of fruit were examined. (Table
4.)

RESULTS & DISCUSSION
Laboratory in vivo tests

Table 1 compares the effectiveness of 
DCNA, captan, and their com binations 
on the suppression of lesion diam eter of 
Monilinia on inoculated, treated fruit. 
DCNA concentrations of 18 x 10"4 M and 
captan at 72 x 10_4M significantly re
duced the size of lesion development, 
with DCNA significantly more effective. 
DCNA combined w ith captan was more 
effective than either, chemical alone. 
Lesion diameters were com parable with 
36 x 10'4M DCNA, 18 x 10'4M, DCNA 
plus 9 x 10'4M captan and 9 x 10‘4 M 
DCNA plus 36 x 10'4 M captan. Maxi
mum effect o f the chemical was shown 
with DCNA at 72 x 10~4M, or com bina
tions of DCNA at 36 x 10‘4M plus 
captan at 9 x 10"4 M or DCNA 18 x 
10'4M plus captan at 18 x 10'4M. In 
terms of pounds of active chemical in 100 
gal of water, maximum effectiveness was 
obtained w ith DCNA alone at 2.48 lb, or 
DCNA plus captan com binations of 1.24 
plus 0.25 lb, respectively, or DCNA plus 
captan com bination of 0.62 plus 0.51 lb, 
respectively. At concentrations tested, 
captan alone failed to  contro l Monilinia 
as effectively as DCNA or DCNA-plus- 
captan combinations.

An identical test was made with 
DCNA and Difolatan. Synergistic effects

T ab le  3 - D e c a y  c o n tr o l  o f  m a tu r e  F a y  E lb e rta  p e a c h e s  d ip - tr e a te d  w ith  50%  D C N A  a n d  h e ld  in  
r ip e n in g  ro o m  a t  2 0 ° C a n d  90%  R H  fo r  10 d a y s .3 

Avg amounts of
Treatment fruit weights Avg amt of diseased fruit
lb/lOOgal Field Wt. lost Total Amount

water wt in 10 days Monilinia Rhizopus Other disease cannabic
lbs lbs % % % % % %

Control 391.4 35.7 8.2NSC 22.0AC 1.6A 0.2NS 23.8 67.9A
DCNA“

1-1/2 387.6 29.4 7.6NS 0.9B 0.2B 0.0NS 1.1 91.IB
DCNAb

4 394.7 34.6 8.8NS O.OC 0.5B 0.2NS 0.7 90.5B
a F r u i t s  h a r v e s te d  a t  g re e n  s t r a w  (M -2 )  o n  A u g u s t  1 3 , 1 9 6 7  a t  O liv e rs  o r c h a r d  in  S a n  J o a q u in  

V a lle y .
^ A c t iv e  in g r e d ie n t s  o f  D C N A  is  5 0 %  2 ,6 - d ic h lo r o - 4 - n i t r o a n i l in e .  R e s id u e s  im m e d ia te ly  a f t e r  

d ip p in g  in  c o n c e n t r a t i o n s  o f  1 -1 /2  a n d  4  lb  in  1 0 0  g a l o f  w a t e r  w e re  1 6 .0 7  a n d  3 3 .6 5  p p m  
r e s p e c t iv e ly  a n d  a f t e r  10  d a y s  o f  s to r a g e  1 6 .1 2  a n d  5 1 .9 8  p p m  re s p e c t iv e ly .

“ D a ta  w e re  c o n v e r t e d  t o  a r c  s in  V  p e r c e n t a g e  f o r  s t a t i s t i c a l  t r e a t m e n t .  D u n c a n ’s m u l t ip l e - r a n g e  
t e s t  w a s  u s e d .  S ta t i s t i c a l  g ro u p in g  (P  =  0 .0 5 )  f o r  v e r t i c a l  c o m p a r i s o n s  a re  s h o w n  b y  l e t t e r s  f o l 
lo w in g  th e  n u m b e r s .  V a lu e s  h a v in g  a  l e t t e r  in  c o m m o n  d o  n o t  d i f f e r  s ig n i f i c a n t ly .  N S  in d ic a te s  n o  
s ig n if ic a n t  d i f f e r e n c e .
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T ab le  4 —P e rc e n t lo ss  in  w e ig h t fr o m  fu n g u s  d e c a y  o f  F a y  E lb e rta  p e a c h e s  h a r v e s te d  a t  various 
m a tu r itie s , d ip p e d , a n d  s to r e d  in  r ip e n in g  r o o m s  fo r  va rio u s t im e  l im its .a

Fruit
maturity and 

date of harvest
Decay

pathogens

Number of days from harvest to canning 
on treated (T)b and nontreated (NT) fruits

T NT T NT T NT T NT T NT
% % % % % % % % % %

(9 11 15 17
Monilinia 0.1 1.2 0.2 2.7 0.0 2.2 0.0 5.7

Green (M-l) Rhizopus 0.2 1.5 2.0 31.2 3.1 17.8 8.3 4.5
Aug. 7 Others 0.0 0.5 0.2 0.8 0.3 0.9 0.7 10.8

Total 0.3 3.2 2.4 34.7 3.4 20.9 9.0 21.0
(5 7 9 11 13

Green-straw Monilinia 0.0 1.8 0.1 0.7 0.0 7.4 0.0 5.6 0.0 30.4
(M-2) Rhizopus 0.2 0.9 0.9 0.9 0.2 3.6 5.1 4.7 6.7 25.9
Aug. 11 Others 0.1 0.9 0.2 1.0 0.2 1.0 1.1 1.4 0.7 5.9

Total 0.3 3.6 1.2 2.6 0.4 12.0 6.2 11.7 7.4 62.2
1 3 5 7

Monilinia 0.0 0.0 0.0 0.2 0.2 2.7 0.0 7.1
Straw-blush Rhizopus 0.0 0.0 0.2 2.0 2.8 15.3 6.5 30.3
(M-3 1/2) Others 0.0 0.0 0.4 0.0 0.6 0.1 1.0 1.3

Total 0.0 0.0 0.6 2.2 3.6 18.1 7.5 38.7
1 3

Straw-blush Monilinia 0.0 0.0 0.0 0.0
(M-3 1/2 Rhizopus 0.0 0.0 0.0 1.1
Aug. 21 Others 0.0 0.0 0.0 0.0

Total 0.0 0.0 0.0 1.1
1 3

Full blush Monilinia 0.0 0.0 0.0 0.0
(M-4) Rhizopus 0.0 0.0 0.0 0.0
Aug. 21 Others 0.0 0.0 0.0 0.0

Total 0.0 0.0 0.0 0.0
“ F r u i t s  h a r v e s te d  a t  Y o s h in o  o r c h a r d ,  S a n  J o a q u in  V a lle y  in  1 9 6 7 .  
“ D ip  t r e a t e d  in  4  lb  o f  5 0 %  D C N A  in  1 0 0  g a l o f  w a te r .

were also shown, though less striking than 
with captan.
Small-scale commercial test in 1966

Results from the initial small-scale 
dipping tests on Kirkman Gem peaches 
showed that out of 5 boxes of fruit for 
each treatment the nontreated fruit 
showed 3% M. fru c tic o la  and 16% R h i-  
zopus rots. The chemical treatments of 
DCNA alone or in combination with 
captan or Difolatan resulted in no fruit 
decay.
Large-scale commercial test in 1966

Table 2 shows that, regardless of matu
rity, postharvest dip treatment effectively 
reduced M o n ilin ia  rot of Fay Elberta 
peaches which verifies the results of the 
small-scale tests. Two preharvest sprays 
gave significant reduction compared with 
the untreated control, but when fruit 
were harvested 6 days after the second 
spray, control was not as effective as a 
postharvest dip. Three field sprays, with 
the last spray applied 1 day before 
harvest, gave control equal to a single 
postharvest dip. Explanation for this re
sult is found in previous published infor
mation that the half-life of DCNA residue 
in the field on fruit under an arid 
environment is 4 - 6  days and that about 
10 ppm chemical residue is required for 
effective control (Ogawa et al., 1964). 
Figure 1 shows the development of both 
R hizopus  and M o n ilin ia  in the control 
box (A), M o n ilin ia  only in the two 
preharvest DCNA-captan spray treat
ments (B), and no decay in the DCNA- 
captan dip treatment (C).

Since the percent of R hizopus  rot was 
very low in the Fay Elberta experiment, 
the results were not significant; though 
control fruit harvested at straw color 
developed 1.5% decay, the postharvest 
dip and the preharvest spray-treated lots 
developed no decay.

On Regular Elberta, M o n ilin ia  rot was 
controlled more effectively with a post
harvest dip treatment than preharvest 
spray treatments. As expected, R hizopus  
rot developed, in an erratic fashion, with 
decay counts differing greatly between 
boxes because of the nesting effect. Post
harvest dip or preharvest sprays were 
equally effective against R hizopus. This 
result can be explained by the small 
amount of DCNA residue required for 
effective control of R hizopus  decay on 
peaches.
First large-scale test in 1967

Table 3 shows the percent decay of 
Fay Elberta fruit harvested at green-straw 
stage of maturity on August 13, 1967, 
trucked about 70 miles to Davis, dipped 
in DCNA suspension, excess liquid 
drained naturally, weighed, and placed 
immediately in the ripening room. No 
significant differences in weight loss were 
shown between the control and the 
DCNA field spray treatments although

some shriveling was noticed on the upper 
layer of fruit treated at the 4-lb rate. 
No shriveling was noticed at the 1-1/2 lb 
rate. Significant reduction in decay from 
M o n ilin ia  and R hizopus  was shown with 
the DCNA treatments. In comparing the 
two concentrations of DCNA, 4 lb /100 
gal afforded better control of M o n ilin ia  
than the 1-1/2 lb, but no significant 
difference in decay from R hizopus  rot. 
Traces of decay from A lte rnaría , P én ic il
liu m , and A sperg illus  were noted. The 
difference in amount of cannable fruit 
was very striking—only 67.9% for the 
control, compared with over 90% for the 
DCNA treatments. There was no signifi
cant difference in the amount of cannable 
fruit between the two concentrations of 
DCNA used.

Second large-scale test in 1967
Table 4 shows the effects of 3-min dip 

treatments on various maturities of fruit 
with 4 lb of 50% DCNA in 100 gal of 
water. The fruit were in the ripening 
room until ready for processing, and 
examined for decay at that time. If any 
decay showed, the fruit were removed 
and weighed.

Decay control was effective in fruit 
harvested green (M-l), DCNA-dip-treated, 
and held for extended periods. After 11

days in storage, the percent total decay 
of untreated fruit rose rapidly from
3.2—34.7%, while decay of treated fruit 
increased from 0.4—2.4%. The only rever
sal in percent decay was shown on the 
17th day when m ote  R hizopus  developed 
in treated fruit than in untreated fruit. In 
this instance the organism involved was 
R hizopus arrh izus  (Ogawa et al., 1963), 
as was also the case in other instances 
where R hizopus  was observed.

Fruit harvested at the green-straw 
(M-2) stage of maturity showed a sudden 
increase in decay from the 9th to the 
11th day. The treatment appeared effec
tive at each inspection, and even on the 
13th day the weight of decayed fruit was 
reduced from 62.3—7.4 lb.

No loss occurred in fruit harvested at 
straw color (M-3) and held in the ripening 
room for 1 day; losses were evident on 
the 3rd day and decay from R hizopus  
was considerable on the 5th day as well as 
the 11th. The treatment gave effective 
control of M o n ilin ia  and R hizopus s to lon- 
ife r but not R hizopus arrh izus.

The straw -blush colored fruit 
(M-3-1/2) showed only slight loss from 
R hizopus  on the 3rd day, and no loss of 
treated fruit. Fruit harvested at full-blush 
(M-4) showed no decay on the 1st or 3rd 
day of ripening.
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CONCLUSIONS
RESULTS from the laboratory in vivo 
tests clearly support the decay control 
results on peaches made on commercial
sized experiments which followed and 
served as a guide for the chemical concen
trations to be tested. First, the chemical 
combinations of DCNA and captan at 
0.62 lb and 0.51 lb, respectively, were 
altered to equal amounts of each chemi
cal. Such tests, using 2 lb each of 50% 
proprietary DCNA and captan, gave ex
cellent control of both Monilinia and 
R hizopus  decay. Both organisms were 
also controlled effectively in large scale 
tests using 1-1/2 or 4 lb of 50% proprie
tary DCNA in 100 gal of water. The 
lower dosage of DCNA gave significantly 
less Monilinia decay than the higher 4 lb 
dose. The dip treatments afforded better 
control of decay than did the preharvest 
field spray treatments except when fruit 
received three field treatments. Fruit har
vested at maturities of green, green-straw, 
straw, and straw-blush ripened with little 
decay when given dip treatments of 
DCNA at 4 lb /100 gal. Fruit harvested at 
full-blush did not require decay control 
treatments. Rhizopus arrhizus continues 
to be important as a postharvest decay 
pathogen even though Monilinia fruc- 
ticola and R hizopus stolonifer, the pri
mary rot pathogens, were effectively con
trolled.

The data clearly show the effectiveness 
of DCNA at 1-1/2 or 4 lb in the control 
of Monilinia rot. Of 12 lots of fruit, 
treated fruit showed no decay in 8 lots

Fig. 1—F a y  E lb e rta  p e a c h e s  h a rv e s te d  g re en -s tra w  c o lo r  a n d  r ip e n e d  fo r  
6  d a y s  a t  2 0 ° C  a n d  55%  R H . (A ) N o  tr e a tm e n t  l o t  s h o w in g  M o n ilin ia  
(M ) a n d  R h iz o p u s  (R );  (B) T w o  p re h a rv e s t  sp ra ys  17  a n d  6  d a y s  b e fo r e  
h a rv e s t s h o w in g  o n ly  M o n ilin ia  (M l; a n d  (C) P o s th a rv e s t d ip - tr e a te d  
f r u i t  s h o w in g  n o  d eca y .
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and the maximum decay in any lot was 
less than 1/4%. Control of R hizopus  
stolonifer was perfect, but Rhizopus ar
rhizus accounted for losses as high as

8.3% on treated fruit. These tests indicate 
that green fruit (M-l) can be stored for 
11 — 15 days, green-straw fruit (M-2) for 9 
days, and straw-colored fruit (M-3) for 5 
days. The straw-blush colored (M-3-1/2) 
and full-blush (M-4) fruit used in these 
tests did not require treatment to control 
decay during storage for 1 day before 
they were ready for canning.

Studies related to the quality of the 
final processed product from these chemi
cal treatments on fruit of different matu
rities are forthcoming.
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COMBINED EFFECT OF HEAT AND ALKALI IN STERILIZING SUGARCANE BAGASSE

S U M M A R Y —B a cter ia l sp o re s  c o n ta in e d  in  sugarcane  bagasse m ere s u b je c te d  to  various c o m b in a 
tio n s  o f  h e a t  e x p o s u r e  a n d  a lk a li c o n c e n tr a t io n  a n d  th e  ra te  o f  d e s tr u c tio n  d e te r m in e d  fo r  each  s e t  
o f  c o n d itio n s . A  series o f  su rv iva l, th e r m a l d e a th  t im e  a n d  a lk a lin e  d e s tr u c t io n  cu rves  re vea led  a 
d i f f e r e n t  m o d e  o f  d e a th  b y  h e a t  e x p o s u r e  th a n  a lk a li tr e a tm e n t. A d d i t io n  o f  a lk a li in to  th e  h ea tin g  
m e n s tr u u m  c a u s e d  th e  d e a th  ra te s  o f  b a c te r ia l sp o re s  to  b e  m u c h  g re a te r  th a n  w ith  h e a t  a lo n e  a t  a 
g iven  te m p e r a tu re . E x p o su r e  o f  th e  sp o r e s  to  a te m p e r a tu r e  o f  7 5 ° C  fo r  13 0  m in  was re q u ire d  to  
re d u ce  th e  sp o r e  p o p u la t io n  b y  90%  w ith  h e a t  t r e a tm e n t  a lo n e . In c o rp o r a tio n  o f  a 1% N a O H  
so lu t io n  in to  th e  h e a tin g  m e n s tr u u m  e f f e c t e d  th e  sa m e  degree  o f  d e s tr u c tio n  o f  th e  sp o res  w ith in  a 
2  m in  p e r io d  a t  th e  sa m e  te m p e r a tu re . F ro m  a series o f  th e r m a l d e s tr u c t io n  a n d  a lka lin e  d e s tr u c 
tio n  cu rves, an  e m p ir ic a l e q u a t io n  ex p r e ss in g  th e  re la tio n s h ip  b e tw e e n  th e  d e a th  ra te  o f  b ac ter ia I  
sp o res , a n d  th e  in te n s i t y  o f  te m p e r a tu r e  a n d  th e  c o n c e n tr a tio n  o f  a lk a li was e s ta b lish ed . T he  
e q u a tio n  revea ls th a t  th e  d e a th  ra te  o f  b a c te r ia / sp o re s  is a f f e c te d  in  an  e x p o n e n t ia l  m a n n e r  b y  
te m p e r a tu re  a n d  in  a d ir e c t  re la tio n s h ip  b y  a lk a li  c o n c e n tr a tio n . U sing th e  e q u a tio n , s te r iliza tio n  
t im e  fo r  various c o m b in a t io n s  o f  te m p e r a tu r e  a n d  a lk a li c o n c e n tr a t io n  w as d e te r m in e d  a n d  th e  
overa ll co rre la tio n  in d e x  b e tw e e n  th e  e x p e r im e n ta l  d a ta  a n d  c o m p u te d  va lue  w as 0 .8 7 7 .

INTRODUCTION
A PROCESS for the conversion of sugar
cane bagasse to microbial protein or 
single cell protein has been developed at 
Louisiana State University (Callihan et 
al., 1969). The process utilizes alkali 
treatment of bagasse, whereby the cellu
lose fibers are caused to swell and the 
bagasse is delignified, thus making the 
substrate more susceptible to enzymatic 
hydrolysis (Tarkow and Feist, 1969). 
After the alkali treatment, the bagasse is

Fig. 1—S urv iva l cu rve s  o f  b a c te r ia l sp o re s  s u b 
je c te d  to  0%  N aO H  a n d  various te m p e ra tu re s .

subjected to a series of heat treatments 
involving infrared radiation and high pres
sure steam before inoculating with the 
culture.

The alkali used for this process, so
dium hydroxide, is a good dissolving and 
deflocculating agent and is considered to 
be the most germicidal of the commonly 
used alkalies. The germicidal effect of 
caustic soda has been recognized for some 
time (Dunn, 1950; Levine, 1952) and the 
alkali has been used for bottle washing 
and cleansing operations in various food 
processing plants (Greenfield, 1964). In 
spite of its common employment as a 
detergent, the scientific basis of its germi
cidal efficiency has not been well estab
lished.

In the present report an attempt has 
been made to establish the death rate of 
bacterial spores upon exposure to varying 
heat and alkali treatments in order to 
determine the time-temperature require
ments of the steam utilized to sterilize 
the substrate.

EXPERIMENTAL
Test organism

A spore forming bacterium was isolated 
from sugarcane bagasse by a series of enrich
ment and plating techniques and the organism 
was identified as a strain of Bacillus cereus. The 
organism was grown in nutrient broth and the 
culture was permitted to sporulate on nutrient 
agar. At the end of 7 days incubation at 30°C, 
spores were removed from the surface of the 
agar passed through sterile cheese cloth and 
collected in a Waring Blendor where they were 
agitated for 5 min. The spore homogenate was 
centrifuged for 20 min in an international B-20 
centrifuge at 10,000 rpm and sediment con
taining the spores was resuspended in cold ster
ile distilled water and heated for 20 min at 
75°C to kill the remaining vegetative cells. Al
ternate exposure of the material to blendinj

and centrifuging was continued until a clean, 
uniform spore preparation was obtained. Micro
scopic examination of the preparation revealed 
a homogeneous population of spores with no 
detectable vegetative cells. This material was 
suspended in a small amount of cold distilled 
water with a layer of 4 mm glass beads and 
stored at 4°C until further use.
Determination of death rate

A 500 ml three-neck flask containing 100 
ml of sterile caustic solution and l.Og of 
washed sugarcane bagasse was heated and main
tained at a predetermined temperature in a con
stant temperature oil bath as illustrated by 
Stumbo (1969). The caustic-bagasse mixture 
was agitated continuously throughout the ex
periment using a motor driven stirrer. A 1 ml 
volume of stock suspension was introduced 
through one neck of the flask at zero time. The 
volume of inoculum was so small that its intro
duction did not cause an appreciable reduction 
in the temperature or the concentration of the 
reaction mixture. In this manner, virtually in
stantaneous exposure of the inoculum to the 
selected temperature and alkali concentration 
could be attained. After inoculation, a 1 ml vol
ume of the sample was withdrawn at predeter
mined time intervals and diluted immediately 
into a 9 ml volume of chilled water containing 
sufficient HC1 to neutralize the effect of alkali 
on the test organism. After appropriate dilution 
in 0.1M phosphate buffer, pH 7.0, the sample 
was subcultured on Brain Heart Infusion Agar 
for 3 days and the number of survivors 
counted.
Analysis of data

Survivor curves for the spores of the test 
organisms were constructed following exposure 
of spores to various combinations of time, tem
perature and alkali concentration. Decimal 
reduction times (D value) were determined for 
each set of conditions. The D values were de
rived from the straight line portion of the survi
vor curve, since the survivor curves did not 
yield a straight line throughout the logarithmic 
cycles, especially in early phase of death when 
alkali was incorporated. The D values were then 
incorporated into thermal destruction curves 
and alkaline destruction curves in which log D 
values were plotted against temperature and log 
alkali concentrations, respectively. From a 
series of thermal destruction and alkaline de
struction curves, an empirical equation express
ing the relationship between death of organism 
and heat and alkali concentration applied was 
developed. To evaluate the fitness of experi
mentally obtained data to the equation, the 
correlation index, r2, was determined using the 
following formula:

r2 = 1 — £(D0 -  Dc)2 / S(D0 -  D0)2

where D0 = experimental D values, Dc = com
puted D values, D0 = average experimental D 
values.
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TIME (M in)

Fig. 2 - S u r v iv a l  cu rve s  o f  b a c te r ia l sp o res  s u b 
je c te d  to  1% N a O H  a n d  various tem p era tu re s .

Fig. 3 —S u rv iva l cu rve s  o f  b a c te r ia l sp o re s  s u b 
je c t e d  to  2%  N a O H  a n d  va rio u s tem p era tu re s .

Fig. 4 —S u rv iva l cu rve s  o f  b a c te r ia l sp o r e s  s u b 
je c t e d  to  4%  N a O H  a n d  va rio u s te m p e r a tu re s .

RESULTS & DISCUSSION
DATA IN Figure 1 show that the survival 
curves of bacterial spores subjected to 
heat were generally logarithmic in nature, 
even though the organisms showed a 
tendency to be more resistant as the time 
of exposure increased as reflected in the 
tailing of the curves. A mathematical 
expression describing the increased heat 
resistance of bacterial spores during the 
prolonged heating period was proposed 
by Han and Zhang, (1970). As shown in 
Figures 2, 3, 4 and 5, the survival curves 
of the spores exposed to the combination 
of heat and alkali at much lower tempera
ture showed a plateau in early phases of 
the death period.

The information of Figure 6 shows 
that the slope of the thermal death time 
curve in the absence of NaOH differed 
from those obtained at the various alkali 
concentrations. In the absence of NaOH 
the z value, the degree of temperature 
required for the thermal death time curve 
to traverse one log cycle, was 13°C; the z 
values for the curves at each alkali con
centration were 18°C. However, there 
was no significant difference in the slope 
of the curves among the alkali concentra
tions of 1—6%.

The data in Figure 6 also show that 
the sterilization time can be reduced 
greatly by incorporating alkali into the 
heating menstruum. With heat treatment 
alone a period of 130 min was required at 
75°C to reduce the population by 90%, 
but the same degree of destruction could 
be achieved in 2 min at the same tempera
ture by addition of 1% NaOH into the 
heating menstruum.

Alkaline destruction curves were con
structed in a similar manner to the 
thermal destruction curves, plotting log D 
vs alkali concentration. The resulting 
curves showed a curvelinear relationship

between the log D and alkali concentra
tion, while the thermal death time curves 
showed a linear relationship between log 
D and temperature. The alkaline destruc
tion curves, however, revealed a straight 
line when log D values were plotted 
against log alkali concentration (Fig. 7). 
The differences in the nature of the 
survival curves, the changes in the slope 
of the thermal destruction curves and

different relationships between D values 
and temperature and D values and alkali 
concentrations indicate a different mode 
of death of bacterial spores by heat 
exposure than by alkali treatment.

From the thermal destruction curves 
(Fig. 6) and the alkali destruction curves 
(Fig. 7), an empirical equation expressing 
the relationship between bacterial death 
and heat and alkali concentration was

T ab le  1—E x p e r im e n ta l a n d  c o m p u te d  D  values.
Temp.

(°C) 0 1
Alkali Concentration (%) 

2 4 6 8 10
Experimental D values

25 - - - 64.00 — — —

30 - - - 30.00 14.00 — —

35 - - 40.00 — 7.50 _ _

40 - 119.00 23.00 8.50 3.80 — _

50 - 55.00 7.00 — — — _

60 - 15.00 _ _ _ _ _
70 - — — — _ _ _
75 129.00 - — _ _ _ _
80 56.80 - — _ _ _ _
85 22.80 — _ _ _ _ _
90 9.00 — — _ _ _ _
95 5.50 — _ _ _ _

100 - - - - — — —

Computed D values
25 - 727.91 193.18 51.27 23.60 13.61 8.88
30 - 389.00 103.24 27.40 12.61 7.27 4.74
35 - 207.89 55.17 14.64 6.74 3.89 2.54
40 - 111.10 29.48 7.83 3.60 2.08 1.35
50 - 31.73 8.42 2.23 1.03 .59 .39
60 - 9.06 2.40 .64 .29 .17 .11
70 - 2.59 .69 .18 .08 .05 .03
75 - 1.38 .37 .10 .04 .03 .02
80 - .74 .20 .05 .02 .01 .01
85 .39 .10 .03 .01 .01 _

90 - .21 .06 .01 .01 _ _
95 - .11 .03 .01 _ _ __

100 - .06 .02 - - - -
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Fig. 5 —S u rv iv a l cu rve s  o f  b a c te r ia l sp o re s  s u b 
je c te d  to  6%  N a O H  a n d  va rio u s te m p e ra tu re s .

developed as follows:
From thermal destruction curve

Log D = m[ T + log b [i]
Where:

D = 90% destruction time 
(min) at any temp
erature and at any 
alkali concentration 

mi = average slope of thermal
destruction curve 

T = temperature (°C)
b = D value of any alkali con

centration at 0°C

From alkaline destruction curve

Log D0 = m2 (log C) + log a [2]

Where D0 = D values at 0°C

m2 = average slope of alkali de
struction curve

C = alkali concentration (%) 
a = D0 at 1% alkali concen

tration

Since b = D0, substitute (2) into (1):

Log D = mjT + m2 (log C) + log a 131 

or D = a • Cm2. 10miT [4]

m i, m2 and a are characteristic of each 
bacteria. These values for the test organ

Fig. 6 —T h e rm a l d e s tr u c t io n  cu rve s  o f  b a c te r ia l  
sp o re s  a t  va rio u s a lk a li c o n c e n tr a tio n s .

ism were as follows:
mi = -.054425
m2 = -1.913775
a = 26,000

The equation, D = a . Cm 2.10m iT , 
expresses the relationship between the 
death rate of bacterial spores and the 
concentration of alkali and the intensity 
of the temperature applied to kill the 
organism. From the equation, it is appar
ent that the temperature plays a signifi
cant role since the temperature term in 
the equation affects the death of the 
organism exponentially. The concentra
tion of alkali, however, directly influ
ences the death of the organism; there
fore, the effect of increasing alkali 
concentration is not as significant as 
increasing temperature for killing the 
bacterial spore.

Since the terms a, mi and m2 in the 
equation are characteristics of individual 
organisms, they must be determined ex
perimentally. Once these terms are ob
tained, utilizing the minimum amount of 
experimentation, sterilization time can be 
calculated for any combination of tem
perature and alkali concentration. Table 1 
illustrates the D values obtained experi
mentally and by calculation using equa
tion (4). As the table shows, these two 
values agree closely.

To evaluate the accuracy of the fit of

ALKALI CONCENTRATION (%)
Fig. 7 —A lk a l in e  d e s tr u c t io n  c u r v e s  o f  b a c te r ia l  
sp o re s  a t  va rio u s te m p e ra tu re s .

the experimentally-obtained data to the 
equation, the correlation index, r2 , was 
determined. The correlation indices of 
0.79, 0.49, 0.89 and 0.95 were obtained 
for 1%, 2%, 4% and 6% NaOH solutions, 
respectively. The r2 values were high for 
all concentrations of alkaline solutions 
except for the 2% caustic solution. The 
overall correlation index was 0.877. 
Therefore, the empirical equation closely 
expresses the relationship between bacte
rial death, intensity of temperature and 
concentration of alkali employed to de
stroy the organism.

In the process of single cell protein 
production from cellulosic waste the 
alkali treatment is not only effective to 
facilitate the degradation of cellulose but 
also contributes greatly to the reduction 
of heat requirement to sterilize the sub
strate. The alkali effect in heat steriliza
tion is more pronounced with lower 
concentrations of alkali.
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A Research Note
RADIATION DESTRUCTION OF Vibrio parahaemolyticus

DATA ARE available in the literature on 
the resistance of food pathogens to radia
tion in b ro th , in buffer and in complex 
media (Erdm an et al., 1961; Dyer et al.,
1966). These data were published prior to 
the first isolation of Vibrio parahaemo
lyticus in the United States by Liston et 
al. (1967) and Baross and Liston (1968) 
from  Puget Sound and Washington coast 
sediments. This food pathogen has since 
been isolated from seafoods in the United 
States by Baross and Liston (1970). 
Radiation pasteurization has been pro
posed as a means of prolonging the 
shelf life of seafoods and has been found 
to  be a useful and feasible process by 
Masurovsky et al. (1963) and Spinelli 
et al. (1965). To be effective as a means 
of prolonging the storage life of a food, 
radiation must be sufficient to  free the 
food product from  low num bers of

pathogens which might be present and 
grow during possible mishandling of the 
product.

This is a report of the destruction of 
Vibrio parahaemolyticus by irradiation. 
Twenty-seven Vibrio strains obtained 
from  Dr. Sakazaki, National Institu te of 
Health, Japan; Dr. R. R. Colwell, George
town University, Washington, D. C., and 
strains isolated from  sediment, seawater 
and shellfish in the Puget Sound area 
were tested. The organisms were sus
pended in 0.1% peptone made up with 
seawater, in fish homogenate (English 
Sole, Parophrys vetulus) made up with 
bo th  seawater and fresh water and in 
fresh picked crab meat (Cancer magister). 
Fish homogenate was made up by blend
ing 1 part fish and 4 parts seawater in a 
Waring Blendor.

Numbers of viable cells surviving irra

Table 1—R e d u c t io n  o f  V ib rio  p a ra h a e m o ly tic u s  a f te r  irra d ia tio n  in  p e p to n e  w a ter , fish  h o m o g 
en a te , a n d  crab  m e a t

diation were determ ined at 22°C by the 
drop plate m ethod w ith trypticase soy 
agar medium made up w ith seawater or 
by the pour plate m ethod w ith the same 
medium. A starch-containing medium 
(Baross and Liston, 1968) was used in the 
crab m eat experim ents for differentiation 
of the Vibrio inoculum  from  the other 
flora. Samples were irradiated in the 
Cobalt 60 Mark II food irradiator at a 
dose rate o f 300 K rad/hr and a tem pera
ture of 24°C.

Twenty-seven Vibrio strains suspended 
in seawater peptone were irradiated with 
from 0—40 Krads. F ifteen strains sus
pended in seawater fish hom ogenate were 
irradiated w ith from  0 —90 Krads. Six 
strains were suspended in fresh water fish 
homogenate and irradiated w ith from
0 - 3 0  Krads. Thirteen strains were inoc
ulated onto fresh picked crab m eat and 
irradiated w ith from  0—100 Krads. These 
dose ranges were chosen to  give from  very 
little to  almost com plete destruction of 
the test organisms in the four test media.

The results of up to  five replications of 
duplicate samples for the four media are

Strain

Seawater + 
0.1% Peptone

Seawater 
Fish Homogenate

Freshwater 
Fish Homogenate Crab Meat

shown in Table 1. A t 20—30 Krads in 
seawater peptone all strains tested were 
reduced 4—7 logs from 107 organisms/ml; 
and in fish hom ogenate made up with

Dose,
Krad

Log
Reduction

Dose,
Krad

Log
Reduction

Dose,
Krad

Log
Reduction

Dose,
Krad

Log
Reduction

K-3 30 4.7 30 3.3 10 2.7 seawater they were more resistant and
K-4 30 4.3 30 2.7 10 2.3 were reduced 2.7—6.1 logs. In fresh water
K-12 30 6.6 30 5.6 10 4.1 25 5.4 fish hom ogenate at 10 Krads the six
K-15 30 6.7 30 5.9 10 4.0 25 4.7 strains tested were reduced rapidly
SAK-1 25 4.9 30 3.0 10 4.6 25 2.3 2.3—4.6 logs from  an inoculum  level of
SAK-2 25 4.9 107 cells/ml. In most cases com plete
SAK-3 25 4.7 50 4.6 destruction was obtained with 30—40
SAK-4 25 4.7 30 3.0 10 3.6 25 2.9 Krads. It is no t known w hether the rapid
SAK-6 30 5.9 30 3.1 75 4.9 destruction was due entirely to  radiation
SAK-7 30 5.3 damage or in part to  the undesirable
SAK-8 30 5.6 osm otic properties o f the fresh water fish
SAK-9 30 5.7 30 2.8 100 2.8 homogenate since Vibrio parahaemo-
SAK-10 30 4.7 lyticus requires salt. Salt in the seawater
SAK-18 30 6.8 fish homogenate would satisfy the os-
SAK-19 30 6.5 m otic requirem ents bu t it might also
SED-2 30 6.5 offer some protection  to  the irradiated
SED-4 20 6.5 30 5.8 25 4.5 organisms. The test organisms inoculated
SED-12 30 4.8 30 3.3 25 3.8 onto  nonsterile crab m eat were approx-
6604 30 6.8 imately twice as resistant as those in fish
6267 30 4.7 hom ogenate made up w ith seawater. Re-
6651 30 6.1 30 4.0 50 5.0 duction varied from  2.8 logs at 100 Krads
SW16 30 5.9 to  5.4 logs at 25 Krads, but sensitivity
SW50 30 6.0 to gamma irradiation was still quite high.
OY310 30 6.2 20 5.2 75 3.8 Irradiation was especially lethal at very
OY14 20 4.5 30 6.1 50 3.3 low doses for Vibrio parahaemolyticus in
OY32 30 6.2 the media tested. Sensitivity varied be-
OY26 - — 20 4.9 25 1.9 tween strains but appeared to depend
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upon the suspending medium, as was 
reported also for Staphylococcus aureus 
by Slabyj et al. (1965). Thus, it appears 
that Vibrio parahaemolyticus can be con
trolled easily in seafoods by exposure to 
pasteurizing doses of irradiation.
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N a tio n a l C anners A s s o c ia tio n , U n iv e r s ity  o f  F lorida  a n d  T h e  O h io  S ta te  U n iv e rs ity

DETINNING IN CANNED TOMATOES CAUSED BY ACCUMULATIONS 
OF NITRATE IN THE FRUIT

S U M M A R Y —T h e  1 9 6 5  e x p e r im e n ta l  c ro p  o f  F lo ra d e l v a r ie ty  to m a to e s  a c c u m u la te d  n o  n i tr a te  a n d  
r e m o v e d  o n ly  a b o u t  15% o f  th e  tin  fr o m  th e ir  co n ta in e r s  in  a 2 -y r  s to ra g e  p e r io d . T h e  1 9 6 6  
F lorida  c r o p  o f  H o m e s te a d  2 4  v a r ie ty  to m a to e s  a c c u m u la te d  fr o m  a b o u t  5 0 —8 0  p p m  in  th e  f r u i t  
a n d  r e m o v e d  a b o u t  70%  o f  th e  t in  fr o m  th e ir  cans. A l l  fe r t i l iz e r  a p p lic a tio n  variab les e x c e p t  th e  
lo w e s t  r e s u l te d  in  a b o u t  th e  sa m e  le ve l o f  n i tr a te  a c c u m u la tio n . T h e  n i tr a te  in  m o s t  o f  th ese  
variables w as e x h a u s te d  in  a b o u t  6  m o  a n d  th e  ra te  o f  d e t in n in g  le v e le d  o f f  s o o n  a fte r . T he  
c o r re la tio n  b e tw e e n  lo s s  o f  n i tr a te  a n d  tin  re m o v a l w as s ig n i f ic a n t  a t  th e  5%  leve l. D e tin n in g  in  
th e s e  ca n s  a p p r o a c h e d  a " p r o b le m  le v e l"  in  t h a t  a b o u t  70%  o f  th e  tin  w as r e m o v e d  in  18  m o . In  
th e  1 9 6 5  to m a to  c r o p  a t  O h io  S ta te  U n iv e r s ity  th e r e  w as n o  a p p a r e n t  c o n n e c t io n  b e tw e e n  th e  
leve ls  o f  a p p l ie d  n itro g e n  a n d  th e  n i tr a te  a c c u m u la te d  in  th e  fru it.  In  th e  1 9 6 6  O h io  to m a to e s , th e  
tr e a tm e n ts  w ith  n o  a p p l ie d  n itr o g e n  a c c u m u la te d  less n i tr a te  in  th e  f r u i t  th a n  th e  o th e r  tr e a tm e n ts  
w ith  va ry in g  le ve ls  o f  n i tr a te  fe r ti l iz a tio n . T h e  d if fe r e n c e s  a m o n g  th e  d e t in n in g  h is to r ie s  o f  th e  
va rio u s tr e a tm e n ts  fo l lo w e d  in  a  g en era l w a y  th e  d if fe r e n c e s  in  n i tr a te  a c c u m u la tio n . D e tin n in g  in  
in d iv id u a l ca n s  v a r ie d  b e tw e e n  e x t r e m e ly  w id e  lim its . T h ere  w e re  n o  d if fe r e n c e s  a p p a r e n t a m o n g  
th e  t r e a tm e n t  variab les in  th e  1 9 6 5  c ro p . In th e  1 9 6 6  to m a to e s  th e  z e r o  a p p l ie d  n itr o g e n  tr e a tm e n t  
c o n s is te n t ly  s h o w e d  less d e t in n in g  th a n  th e  o th e rs . In  b o th  th e  1 9 6 5 a n d  1 9 6 6  c r o p s  th e  n i tr a te  in  
th e  c a n n e d  sa m p le s  w as e x h a u s te d  a f t e r  a b o u t  2  m o  o f  s to ra g e . E sse n tia lly  a ll o f  t h e  d e t in n in g  in  
th e s e  to m a to e s  o c c u r r e d  d u r in g  th e  f ir s t  6  m o . R eg ress io n  e q u a tio n s  fr o m  p o o le d  re su lts  o f  f ie ld  
s tu d ie s  a n d  w o r k  o n  n itr a te  fo r t i f ic a t io n  o f  n o n -aggressive  to m a to e s  su g g e s t  t h a t  an  in itia l n i tr a te  
c o n c e n tr a t io n  o f  th e  o rd e r  o f  1 0 0  p p m  can  c o n s t i tu te  a ra p id  d e t in n in g  p r o b le m  in  to m a to e s  in  a  
3 0 3  can h a v in g  a t in  c o a t in g  w e ig h t  o f  1 .0 0  Ib /b b .

INTRODUCTION
RAPID DETINNING in canned food 
products caused by nitrate was studied in 
an extensive research program sponsored 
by the tin plate producers, the Can 
Manufacturers Institute, and the National 
Canners Association. The organization of 
the program, container and tin plate 
specifications for the cans used through
out the study, and the general plan of the 
research were previously described by 
Farrow (1970). A study of the action of 
nitrate in model systems simulating foods 
of various acidities (Farrow et al., 1970) 
was a part of this coordinated program.

Johnson (1966) reported a study of 
the effect of high nitrate content in 
canned tomatoes and green beans on the 
internal can corrosion of plain tin plate 
containers. Hoff (1970) investigated fac
tors which influence nitrate accumulation 
in tomato fruit.

This paper reports studies on experi
mental tomato packs canned at Ohio 
State University and the University of 
Florida, and analyzed at the laboratories 
of the National Canners Association as 
part of the cooperative program men
tioned.

1 National Canners A ssociation, Washington,
D.C. 20036

^University o f  Florida, Gainesville, Fla. 
(Present address, Brigham Young University, 
Provo, Utah 84601 .)

3 The Ohio State University, Columbus, 
Ohio.

EXPERIMENTAL
Field procedures

Work at the University of Florida extended 
over two seasons. In 1965, spaced applications 
of nitrogen were used for the production of 
nine experimental packs differentiated or. the 
basis of harvest time and fertilization rates. The 
total nitrogen in lb/acre was 92,167, 232; 153, 
288, 414; 214, 349, 596 for three harvests, rep
resenting early, midseason, and late picking, 
respectively. Floradel variety was used.

In 1966 there were two harvests, each using 
five fertilization levels. Total nitrogen applica
tions were 348, 428, 508, 468 and 588 lb/acre 
for both the first and second harvests. Home
stead 24 variety was used.

Field studies on tomatoes were carried out 
at Ohio State University in the 1965 and 1966 
seasons. The experimental plan utilized in 1965 
made provisions for two harvests each consist
ing of ten fertilization treatments. There were 
five levels of total applied nitrogen, a native soil 
level plus four applications ranging from 
80-480 lb/acre. In five of the treatments all of 
the nitrogen was applied at planting. A second 
set of five variables provided for the same quan
tities of nitrogen but in split applications. The 
total pounds of nitrogen per acre therefore cor
responded to 0, 80, 160, 240, 480, 40/40, 
80/80, 120/120, 240/240 and 0/80 for each of 
two harvests.

In the 1966 season the plan was similar, but 
with fewer nitrogen treatment variables. There 
were three harvests each using seven fertiliza
tion treatments. The total pounds of nitrogen 
per acre were 0/0, 80/0, 160/0, 320/0, 0/80, 
0/120, 0/240 for each of the three harvests. For 
both seasons Heinz 1370 variety was used.

Methods
The experimental tomato packs were grown

and canned at the University of Florida and 
Ohio State University. “Zero time” controls 
were canned in enamel-lined containers and fro
zen immediately. They were shipped to the 
Washington, D.C. laboratory of the National 
Canners Association for storage and examina
tion.

Analytical data collected included head- 
space, vacuum, net weight, pH and mineral 
composition. Nitrate content in the canned 
products was followed until the nitrate was ex
hausted. This amounted to a storage period of 2 
mo in the case of the Ohio tomatoes and about 
6 mo in the case of the Florida tomatoes. The 
tin content was followed during storage periods 
up to 24 mo at ambient temperatures.

Tin was determined polarographically by 
the method of Condliffe and Skrimshire
(1961). Nitrate was determined by an m-xyle- 
nol procedure adapted from A.O.A.C. methods 
(A.O.A.C. 1965). Mineral analysis was carried 
out by atomic absorption spectrophotometry 
using a Jarrell-Ash spectrophotometer.

RESULTS & DISCUSSION
Effect of fertilization on the 
composition of tomatoes

The Floradel variety of tomatoes 
grown in the 1965 experiments did not 
accumulate nitrate. Average nitrate con
centrations were less than 5 ppm in most 
instances. Although the fertilization 
schedule for this crop included applica
tions considered to be in excess of normal 
practice, the soil analysis carried out by 
the Gulf Coast Experiment Station in
dicated that these plants were actually 
deficient in nitrogen and potassium as the 
tomatoes approached maturity. The 1965 
Florida experiment was unsuccessful in 
accumulating nitrate in the fruit, but the 
tomatoes proved to be useful in serving as 
a source of nitrate-free samples and in 
providing detinning histories on tomatoes 
known to contain little or no nitrate 
when canned.

In the 1966 Florida experiment the 
Homestead variety accumulated substan
tial quantities of nitrate. The nitrate 
concentrations in the frozen processed 
controls in the first harvest, tended to be 
somewhat lower than those obtained in 
the second harvest. The only real differ
ence among the various fertilization treat
ments, however, was obtained in the 
lowest nitrate application rate of 348 lb 
N/acre. Differences among the other 
treatment variables were within sample 
variation. The 348 lb N/acre treatment, 
however, provided only a single applica
tion of nitrogen within a few days after
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Fig. 1—D e tin n in g  in  lo w  n i tr a te  to m a to e s . 
T h ird  h a rv e s t 1 9 6 5  F lorida  p a c k s  w ith  in itia l  
n itr a te  n ea r  ze ro .

Seeding, and these treatments accumu
lated smaller quantities of nitrate than all 
others in the 1966 experiment. The in
creased fertilization rates used in the 
other variables resulted in only a slight 
increase in the amount of nitrate accumu
lated in the fruit, although nitrate appli
cations at the highest levels were almost 
double those in the 348 lb N/acre treat
ment.

In the 1965 Ohio experiment, only 
modest amounts of nitrate accumulated 
in the Heinz 1370 tomatoes. In the 
frozen processed controls nitrate concen
trations ranged from 15—37 ppm. The 
nitrate accumulations in the 1966 toma
toes are of the same order of magnitude, 
ranging from 6 to about 30 ppm. In both 
seasons there was a very high can-to-can 
variation. Great variability in nitrate accu
mulation characterized all of the studies 
on tomatoes carried out as a part of this 
project.

There were few differences among the 
nitrate concentrations of the various ferti
lization treatments that could not be 
accounted for by sample variation. One 
treatment in the 1966 packs exhibited 
such a difference. The zero nitrogen 
variables, 0/0 lb N/acre for each of the 
three harvests, consistently showed less 
nitrate in the frozen controls and frozen 
processed controls than the variables re
ceiving higher levels of nitrate fertiliza
tion. Increasingly higher levels of applied 
nitrogen, however, did not result in an 
appreciable increase in the amount of 
nitrate accumulated in the fruit. Thus it 
would appear that while the availability 
of nitrate in the immediate environment 
of the plant is a condition necessary for 
nitrate accumulation, excessive amounts 
of nitrogen will not necessarily result in 
the accumulation of larger quantities in 
the fruit.

Fig. 2 —D e tin n in g  in  1 9 6 6  F lorida  f ir s t  h a rv e s t Fig. 3 — Tin re m o v a l in  s e c o n d  h a rv e s t  1 9 6 6  
to m a to e s . In itia l n i tr a te  5 3  p p m  in  3 4 8  lb  le ve l F lorida  to m a to e s ,  
a n d  6 6  p p m  in  4 2 8  lb  level.

Detinning histories
The detinning histories of the 1965 

and 1966 Florida tomatoes are presented 
in Figures 1 and 2, respectively. Each of 
the points in the figures represents from
3—8 cans which were individually ana
lyzed and averaged. Tin concentrations 
are expressed as “percent detinned,” the 
fraction of the available tin coating taken 
up by the tomatoes. The variability in 
detinning was much larger in 1966 than 
in the 1965 packs, due to the fact that 
the 1966 cans detinned to a much greater 
extent.

In the 1965 packs only a few ppm of 
nitrate accumulated in the fruit. There 
was no difference in detinning behavior 
among any of the fertilization levels, nor 
was there any difference in behavior 
among the three harvests. The single 
curve in Figure 1 which presents tin 
removal data from the third harvest of 
1965 is representative of the data from all 
fertilization levels of all three harvests.

After 24 mo of storage the containers 
were only about 15% detinned in all 
treatments. Since there was no more than 
a few ppm of nitrate present initially, the 
curve in Figure 1 may be regarded as 
representative of detinning behavior in 
tomatoes in the absence of corrosive 
plant constituents.

The Homestead variety of tomatoes 
utilized in the 1966 experiment did accu
mulate substantial amounts of nitrate in 
the fruit. Concentrations in the frozen 
processed controls ranged from 53—78 
ppm. The detinning data in the first 
harvest 1966 tomatoes have been col
lected in Figure 2. Five different fertiliza
tion treatments were utilized in each 
harvest. Among these treatments, only 
the first exhibited detinning behavior 
significantly different from the others. 
The lower curve in Figure 2 plots data

from the treatment of 348 lb N/acre. This 
variable received an application of nitro
gen a few days after seeding, and no 
further nitrogen applications were made 
throughout the growing season. The 428 
lb N/acre treatment shown in Figure 2 
was identical with the other three treat
ments in detinning behavior.

The same differentiation among treat
ments occurred in the second harvest 
tomatoes whose detinning histories are 
shown in Figure 3. The 348 lb N/acre 
treatment, the lowest nitrate application, 
exhibited a detinning pattern somewhat 
less than that of the other four, in 
keeping with its somewhat lower initial 
nitrate content.

The internal can corrosion of the 1965 
Ohio State samples was characterized by 
great can-to-can variation, as was the 
nitrate concentrations encountered in the 
controls. The detinning histories do not 
show any discernible differences among 
all of the various nitrogen application 
variables. In Figure 4 the detinning histo
ries of two of the treatments, 160 and 
120/120 lb N/acre, have been plotted for 
the second harvest samples. These are 
representative of the medium range of 
detinning encountered in all levels of 
both the first and second harvests. Each 
point in the Figure is the average of 5 
cans.

The nitrate content of the frozen 
processed controls for the 1966 Ohio 
tomato crop ranged from 6—30 ppm. The 
zero nitrogen application treatment accu
mulated less nitrate than the other varia
bles in all three harvests. The zero nitro
gen variables also exhibited less detinning. 
The difference is clearly apparent in the 
first and second harvests and a smaller 
difference is found in the third harvest.

Figure 5 compares the detinning his
tory for the zero nitrate treatment in the
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MONTHS

Fig. 4 —D e tin n in g  h is to r ie s  fo r  s e c o n d  h a rv e s t  
1 9 6 5  O h io  to m a to e s .

MONTHS

Fig. 5 —R e p r e s e n ta tiv e  d e t in n in g  h is to r ie s  fo r  
f ir s t  h a rv e s t  1 9 6 6  O h io  to m a to e s . M in im u m  d e 
tin n in g  o c c u r re d  in th e  ze ro  n itro g e n  variable.

MONTHS

Fig. 6 —R e p re s e n ta tiv e  d e t in n in g  h is to r ie s  fo r  
s e c o n d  h a rv e s t  1 9 6 6  O h io  to m a to e s .

first harvest tomatoes with the detinning 
rate of the remaining first harvest varia
bles. The “late” nitrogen application 
treatment of 0/120 lb N/acres has been 
used to represent the detinning histories 
of the other first harvest variables. The 
maximum detinning rate exhibited by the 
first harvest tomatoes was that of the 
0/240 lb N/acre treatment, also a late 
nitrate application variable. The detinning 
curve for this variable is also shown in 
Figure 5.

In the second harvest 1966 Ohio State 
samples the zero nitrogen treatment also 
exhibited less detinning than the higher 
nitrate treatments. (Fig. 6 .) The zero 
nitrogen variable has been compared with 
the treatment of 0/120 lb N/acre, the 
same nitrogen application variable uti
lized in Figure 5. Among the second 
harvest samples, maximum detinning was 
displayed by an “early” nitrogen applica-

MONTHS

Fig. 7—L o ss  o f  n itr a te  d u r in g  d e t in n in g  o f  s e c 
o n d  h a rv e s t 1 9 6 6  F lorida  to m a to e s .

tion variable treated with 320 lb/acre. In 
these samples the 0/240 lb N/acre treat
ment, comparable to the maximum detin
ning variable displayed in Figure 5, ex
hibited a detinning rate only slightly 
greater than the zero nitrogen level, in 
contrast with the detinning performance 
displayed by this variable in the first 
harvest samples.

The difference between the 1966 zero 
applied nitrate treatments and the detin
ning in the other treatments is probably 
real. Differences among the variables with 
higher nitrate applications, however, did 
not follow a consistent pattern. They 
were small in relation to the sample 
variation, and it is clear that statistically 
significant differences among different 
levels of applied nitrogen, other than the 
zero level, would not be demonstrated in 
these samples.
Loss of nitrate with storage

In the 1965 Florida tomato packs 
there was less than 9 ppm of nitrate, 
expressed as N O 3 , in the frozen controls. 
The 1 mo storage examination revealed 
that these small amounts had completely 
reacted during processing and storage. No 
nitrate was detected in any of the cans.

In the 1966 Florida tomato packs 
between 53 and 78 ppm of nitrate, 
expressed as NO^, accumulated in the 
frozen processed controls. At 6 V2 and 9 
mo, for the first and second harvests, 
respectively, no nitrate remained. Each of 
the nitrate values for the various examina
tions are the average of five cans. Figure 7 
shows the loss of nitrate with storage for 
the second harvest samples. In this figure, 
two nitrate/storage-time curves have been 
used to illustrate the data from all five of 
the fertilization levels. The other three 
curves would fall between the two that 
are shown. Similar considerations would 
apply to the first harvest nitrate/storage

time curves. The curves for the second 
harvest correspond to the levels of 468 
and 348 lb N/acre. The time required for 
exhaustion of the nitrate, about 6 V2 mo 
for the first harvest and 9 mo for the 
second harvest, corresponds roughly with 
the point at which the detinning rate 
curves begin to level off in Figures 2 and
3.

The 1965 Ohio State tomato packs 
contained between 15 and 37 ppm of 
nitrate in the frozen processed controls. 
At the 1-month cutting most of these 
samples had lost roughly half of their 
initial nitrate content, and at the 3-mo 
cutting the nitrate was exhausted in 
nearly every can. A similar situation 
existed in the samples canned in 1966. 
The initial nitrate concentration varied 
from 6—30 ppm. These samples were not 
examined until 2 mo after canning, and at 
this cutting most of the cans had no 
detectable nitrate.
Relation between loss of nitrate 
and detinning

Utilizing the data from the 1966 Flor
ida tomatoes, it is possible to calculate a 
regression equation relating the percent 
detinned to the loss in nitrate. The 
Florida tomatoes provide 30 paired values 
of “delta nitrate” (loss during storage) 
and percent detinned, excluding paired 
values from cans in which the nitrate had 
already been exhausted at a previous 
examination. The values are averages of 
five cans in nearly all instances. The 
resulting regression equation and correla
tion coefficient are given below:

% DeSn = 0.214 ( N O 3 ) + 32.4 
r = 0.41

The data are quite scattered, as is 
indicated by the relatively low correlation 
coefficient. This value, however, is statis
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tically significant. Snedecor (1937) lists 
values of 0.36 at the first 5% and 0.46 at 
the 1% level of significance for correla
tion coefficients with 28 degrees of free
dom. These tomatoes were transported 
for a distance of about 1,500 mi during 
the first month of their storage life. This 
corresponds to the most active period of 
both nitrate and headspace detinning, and 
the increased agitation of the canned 
contents during transportation may have 
resulted in a substantially increased rate 
of tin removal during this initial period. 
This may have contributed to the varia
tion in the data, and to the low slope of 
the regression equation.
Relation between initial nitrate 
and detinning

The detinning research program (Far
row, 1970) produced detailed analyses of 
approximately 2000  individual samples of 
tomatoes in 303 cans with enameled ends 
and 1.00 lb electrolytic tin-coating 
weights. These data may be utilized to 
calculate regression equations relating the 
initial nitrate concentration (at zero time) 
to the extent of tin removal during 
ambient temperature storage periods of 6 , 
12 and 18 mo. In addition to the experi
mental packs from Florida and Ohio we 
have included results from a number of 
experimental packs produced at Purdue 
University in 1965 season. These tomato 
packs contained no nitrate. The results 
from these Purdue samples are not other
wise discussed here or elsewhere, but the 
detinning histories of all variables were 
virtually identical with those shown in 
Figure 1.

The following 6 , 12, and 18 mo 
regression equations were calculated for 
the above sets of tomato packs.
At 6 mo % DeSn = 0.52(NOS) + 18.1 

r = 0.76

At 12 mo % DeSn = 0.65(NOj) + 22.2 
r = 0.94

At 18 mo % DeSn = 0.79(NCr3) + 14.5 
r = 0.95

The 6-mo equation implies that nitrate 
concentrations of about 140 ppm would 
be required for complete detinning (90% 
detinned) in 6 mo. The highest nitrate 
concentrations obtained in the field stud
ies carried in this project did not reach 
these levels except in a few individual 
cans.

The 12-mo regression equation pre
dicts essentially complete detinning after 
12 mo in tomatoes with an initial nitrate 
concentration of about 100 ppm. In fact 
the 1966 Florida tomatoes had removed 
virtually all of the tin from the cans in 
this period of time. The 18-mo regression 
equation is similar since the nitrate had 
been exhausted in all of the cans prior to 
the 12-mo examination.

The regression equations from the 
pooled results of the field studies suggest 
that an initial nitrate concentration of the 
order of 100 ppm can constitute a “rapid 
detinning problem” in tomatoes in a 303 
can. Of course the reaction rate depends 
on a number of factors in addition to the 
initial nitrate concentration. The detin- 
ning rate would be expected to increase 
with decreasing pH (Farrow et al., 1970). 
Other obvious rate-influencing factors in
clude storage temperature and the degree 
of agitation. Transportation of the 
canned product over an appreciable dis
tance may accelerate the rate of tin 
removal as long as the active detinning 
agent is present.

Detinning in tomatoes with added nitrate
Experimental work with buffered ni

trated solutions (Farrow et al., 1970) was 
required to define the pH conditions 
under which nitrate detinning might be 
important, and to establish the major 
reaction products. Experiments with 
canned products “fortified” with known 
quantities of nitrate were also needed to 
provide information on the quantity of 
nitrate required to cause rapid detinning, 
and to provide comparisons of detinning 
rates in buffered nitrate solutions with 
those in the canned product. This work 
required experimental material of known 
history having very low or zero nitrate 
levels present when canned. Canned sam
ples of the 1965 Florida studies were 
ideal for this purpose. Since they had no 
detectable nitrate, part of these samples 
were utilized to prepare canned tomatoes 
with known quantities of nitrate added.

Using aseptic techniques, the tomato 
cans were punctured and sterile sodium 
nitrate solution was added to each. The 
opening was then sealed with a drop of 
solder. Similar aseptic techniques are used 
routinely in the N.C.A. laboratories for 
microbiological investigations of spoilage

MONTHS
Fig. 8 —D e tin n in g  in  to m a to e s  w ith  k n o w n  lev 
e ls  o f  a se p tic a lly  a d d e d  n itra te .

problems by inoculating cans with known 
numbers of spoilage organisms.

This technique could admit some oxy
gen to the headspace of the can. To 
compensate for this, a series of control 
cans were prepared in an identical manner 
with distilled water added in a volume 
equal to that of the nitrate solutions. 
Subsequent examinations indicated that 
the quantity of oxygen admitted was 
quite small. The aseptic technique re
quires that the top of the can be flamed 
with a gas burner to prevent the entrance 
of organisms that might spoil the prod
uct. In this process the headspace gases 
are heated sufficiently to minimize the 
vacuum inside the can, and as a result 
very little oxygen is actually admitted.

The quantities of added nitrate were 
intended to provide final concentrations 
of 0 , 25, 50, 100, and 150 ppm based on 
a net weight of 450g. The actual net 
weight of these cans after addition of the 
nitrate averaged about 467g.

At the time that the fortification 
experiments were initiated, the 1965 
Florida tomatoes had accumulated about 
12 mo storage. These tomatoes removed 
very little tin from the cans throughout 
the entire storage period. At the time that 
the aseptic nitrate additions were made, 
these cans were approximately 13% de
tinned as a result of normal headspace 
detinning.

The results of the examination of 
duplicate cans at the indicated storage 
intervals are displayed in Figure 8 , while 
Figure 9 shows the loss in nitrate during 
the same period.

In the control cans to which distilled 
water had been aseptically added, the 
small amount of oxygen admitted during 
the fortification process resulted in only a 
slight increase in tin removal, indicating 
the amount of oxygen admitted to the 
headspace was relatively small.

In the 25 and 50 ppm levels the nitrate

MONTHS

Fig. 9 —L o ss  in  a se p tic a lly  a d d e d  n i tr a te  in  
to m a to e s .
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had been exhausted at the 3-mo cutting, 
and the tin analyses show that the detin- 
ning process leveled off at about that 
time.

In the 100 and 150 ppm variables, 
about 25 and 57 ppm of nitrate remained 
at the 6 mo examination. These cans were 
completely detinned at this cutting. The 
detinning rate of the 25 ppm level ta
pered off after about 50% of the tin had 
been removed, while the 50 ppm level 
removed somewhat less than 70% of the 
tin.

Making due allowance for the head- 
space detinning in these cans, it would 
appear that less than 100 ppm of nitrate 
can constitute a serious detinning prob
lem in the tomatoes in 303 cans having an 
interior tin coating weight of 1.00 lb/bb. 
This estimate agrees well with that ob
tained from field studies. In larger con
tainers, detinning problems could be 
encountered at substantially lower levels 
due to the lower surface-to-volume ra
tio. It is evident that any quantity of 
nitrate in the tomatoes will act to reduce 
the shelf life. Quantities in the neighbor

hood of 50 ppm could result in areas of 
exposed base plate after approximately 1 
yr of storage. It is also evident that in 
tomatoes, and very probably in other 
products of a similar pH, detinning will 
continue until either the nitrate or the tin 
is exhausted.

The following regression equation re
lating the percent detinned to the loss in 
nitrate during storage of the tomatoes 
with added nitrate was obtained:

% DeSn = 0.742(NC>3) + 16.7 
r = 0.95

It was computed from 17 paired values of 
delta nitrate and percent detinned, ex
cluding data from cans in which the 
nitrate had been exhausted at the preced
ing cutting.

The equation implies that a change in 
nitrate content of 113 ppm is required 
for complete tin removal in 303 cans with
1.00 lb/bb interior tin-coating weight. 
This corresponds to about 25 ppm of 
nitrate nitrogen. From stoichiometry, 
approximately 20 ppm of nitrate nitrogen

would be sufficient to remove all of the 
tin from the interior of these cans if the 
nitrates were reduced completely to am
monia. We have shown (Farrow et al.,
1970) that reduction products other than 
ammonia may be formed as a result of 
the detinning reaction.
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EVALUATION OF MONOSACCHARIDES, DISACCHARIDES AND CORN SYRUPS 
AS DISPERSANTS FOR HEAT-PROCESSED DRIED SOY MILK PROTEINS

S U M M A R Y —A d d it io n  o f  c a r b o h y d ra te s  su c h  as d e x tr o s e , su c ro se  o r  co rn  s y r u p s  to  h e a t- tr e a te d  
s o y  m i lk  b e fo r e  d r y in g  s ig n if ic a n tly  im p r o v e d  th e  red isp e rs ib ilitie s  o f  th e  r e s u lta n t d r ie d  p r o d u c ts ,  
re a ch in g  a b o u t  100%  a t  1 .0 — 1.5  tim e s  as m u c h  sugar as s o y  m ilk  so lid s . A m o n g  c a r b o h y d ra te s  
te s te d , co rn  s y r u p s , e x p e c ia l ly  th o se  e n z y m e - c o n v e r te d  in  th e  reg io n  o f  4 8 .5  O .E ., s e e m e d  to  b e  
su ita b le  m a te r ia ls  b eca u se  o f  h ig h  d isp e rsa n t e f f ic ie n c y ,  m o d e r a te  s w e e tn e s s  a n d  ea sier d ry in g . O ne  
p o ss ib le  reason  fo r  th e  d isp e rsa n t e f fe c ts  o f  sugars is s u g g e s te d  to  b e  a p h y s ic a l  sep a ra tio n  o f  s o y  
p r o te in  m o le c u le s . E ffe c ts  o f  co rn  sy r u p s  u p o n  th e  s p r a y -d ry in g  o f  s o y  m i lk  a lso  a re  d iscu ssed .

INTRODUCTION
SOY MILK has been given considerable 
attention as an economical nutritive bev
erage suitable for overcoming protein 
malnutrition of infants in developing 
countries. Supplying soy milk as a dry 
powder might have advantages of conven
ience and economy because of easier 
transportation and preservation along 
with centralized large-scale production.

One of the most important qualities 
for dried soy milk is a high degree of 
redispersibility in water. However, when 
the powdered product is prepared from 
heated soy milk, large amounts of pro
teins are insolubilized during the drying 
process (Van Buren et al., 1964). In a 
recent paper, Fukushima and Van Buren 
(1 9 7 0 a ) suggested polymerization 
through disulfide bonds and hydrophobic 
bonding as mechanisms for this insolubili
zation during drying. Insolubilization was 
increased at high concentrations of soy 
milk solids.

It has been found in many studies that 
sweetening of soy milk remarkably en
hances its organoleptic acceptability. 
While the level of sugar depends upon the 
consumer preferences in any particular 
market area, almost all commercially 
available bottled soy milks are sweetened 
with cane sugar nearly equal in concentra
tion to that of the soy milk solids. In 
some cases, the sugar supplementation 
may be helpful in overcoming calorie 
undernutrition.

During the course of an investigation 
on the effect of sugar on soy milk, our 
attention was called to the much better 
redispersibility of powdered soy milk 
prepared from the sweetened milk. This 
work was undertaken to clarify the action 
of sugars on solubility of proteins in dried 
soy milk, and to investigate the possible 
application of com syrups for the prep
aration of easily soluble and moderately 
sweetened soy milk powder.

'Present address: Central Research Labora
tories, Kikkoman Shoyu Co., Ltd., Noda, 
Chiba, Japan.

EXPERIMENTAL
Soy milk

Freeze-dried unheated soy milk prepared 
from Harosoy 63 variety was provided by Dr.
D. Fukushima (Fukushima and Van Buren, 
1970a). The material was prepared as follows: 
Whole soybeans were soaked in water for 1 
night, rinsed, ground with Rietz disintegrator 
(Model No. Ra-4-53) with addition of tap-water 
so that the total amount of water was 1 0 -fold 
the original soybean weight and filtered on a 
filter press. All the processes were carried out at 
room temperature. The unheated soy milk pre
pared thus was freeze-dried. The chemical anal
ysis of the material indicated the following 
composition: moisture 2.79%, crude protein 
(Kjeldahl N X  5.71) 41.90% and crude fats 
24.8%.
Carbohydrates

Corn syrups of different dextrose equiva
lents (D.E.) were supplied by CPC International 
Inc., Englewood Cliffs, N.J. Other sugars were 
purchased commercially.
Heating and drying of soy milk

Heating and drying of soy milks were car
ried out as follows: An 8.0% (w/v) soy milk 
solids solution was prepared from the freeze- 
dried soy milk. Samples (20 ml) of the soy milk 
were refluxed at 100°C for 10 min or for 90 
min, then cooled in running tap-water for 5 
min. During the heating process, losses of about 
1 and 3% nitrogen for 10 min and 90 min of 
heating, respectively, were observed, associated 
with formation of a “skin” on the surface of 
the soy milk. These corrections were applied to 
the milk used for drying. The resultant soy milk 
was agitated vigorously and filtered through 
Agway milk filter pad No. 87-0440 (Agway 
Inc., Syracuse, N.Y.). Samples of the filtrate 
which contained 331 mg of protein were trans
ferred into a 250-ml beaker and dried in a con
stant-temperature room (50°C, R.H. = 54%) for 
2 0  hr.
Measurement of redispersibility of 
dried soy milk

The method reported previously (Fuku
shima and Van Buren, 1970a) was modified as 
follows: To the 250-ml beaker described above, 
in which the dried soy milk was contained, dis
tilled water was added to obtain a protein con
centration of 0.83%. After shaking for 3 hr at 
20°C on a 170-rpm rotary shaker, the suspen
sion was transferred into a volumetric flask and 
brought up to 50 ml with water. Then it was 
filtered through the same type of filter pad just

described. The nitrogen in the filtrate was de
termined by the semimicro-Kjeldahl method. 
The redispersibility of dried soy milk was ex
pressed as percent of the total nitrogen appear
ing in the filtrate.

RESULTS
Effects of monosaccharides

Effects of addition of glucose, fructose 
and galactose prior to drying upon the 
redispersibility of the dried product are 
summarized in Figure 1. It appears that 
the protein redispersibility of the 90-min 
heated soy milk with no sugar added was 
higher (40 >  17) than the 10-min heated, 
no-sugar milk. The dried product from 
unheated soy milk usually indicates about 
80% protein dispersibility. At all heating 
conditions tested, almost all nonnitroge- 
nous substances seemed to be resuspend- 
able in water. As shown in Figure 1, 
almost no difference in slope is noted 
between the 2 heat treatments; similarly, 
no difference due to type of sugar is 
noted. Also, the amounts of sugar neces
sary to approach 100% redispersibility 
were almost the same for all 3, about 12 g 
sugar per 100 ml of 8 .0% (w/v) soy milk 
solids. No difference in the effects of 
sugars could be recognized between times 
of the additions, before or after heating. 
Additions of these sugars after drying did 
not show any positive effect on the 
redispersibility of dried soy milk.
Effects of disaccharides

Effects of sucrose, maltose and lactose 
were summarized in Figure 2. Sucrose 
and maltose performed equally well and

MONOSACCHARIDE CONCENTRATION
(g anhydride per 8 g soy milk solids]

Fig. 1—E ffe c ts  o f  s o m e  m o n o s a c c h a r id e s  on  
re d isp e rs ib ility  o f  d r ie d  s o y  m i lk  p ro te in s .  
°G lu c o se , ^ fr u c to s e , ®g a la c to se .
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DISACCHARIDE CONCENTRATION 
(g anhydride per 8 g soy milk so lids)

Fig. 2 —E ffe c ts  o f  s o m e  d isa cch a rid es on  
re d isp e r s ib ility  o f  d r ie d  s o y  m i lk  p ro te in s . 
°S u c r o se , • m a lto s e , ° la c to se .

D.E. OF CORN SYRUPS

Fig. 3 —R e la tio n s h ip  b e tw e e n  d e x tr o s e  eq u iv a 
le n ts  (D .E .) o f  co rn  s y r u p s  a n d  d isp e rsa n t a f
fe c ts  o n  s o y  m i lk  p r o te in s . ° A c i d  c o n v e rs io n , 
ae n z y m e  co n vers io n .

were comparable to the monosaccharides 
just described. However, lactose showed a 
much different behavior and at no con
centration did it give anything near 100% 
redispersibility. Since lactose itself did 
not show any effect of insolubilization on 
soy milk proteins before drying of soy 
milk, this may have been due to the lower 
solubility of this sugar, leading, perhaps, 
to sugar crystallization during the drying 
process.

From the practical viewpoint, maltose, 
or a mixture of maltose and sucrose, in 
various ratios might give a suitable orga
noleptic sweetness and full dispersibility 
to the dried soy milk at the same time, 
but experience indicates that some tech
nical difficulties usually accompany the 
spray drying of these sugars.

Effects of corn syrups
Commercially available com syrups are 

economical sweeteners. They have several 
advantageous properties in connection 
with the improvement of redispersibility 
of dried soy milk. First of all, they allow 
faster spray-drying rates than are possible 
with other conventional sugars such as 
dextrose, sucrose or maltose. Actually, 
lower-conversion syrups have been proven 
successful as drying aids for other sugars. 
Secondly, the great variety in their orga
noleptic sweetness allows arbitrary selec
tion of com syrups for sweetness, inde
pendent of the amounts of sugars 
required for a full redispersion of soy 
milk solids.

A clear relationship between the dis
persant efficiencies of com syrups and 
their D.E. values was demonstrated as 
shown in Figure 3. In general, as the D.E. 
increases so does the redispersibility level. 
Figure 4 shows the relationship between 
concentrations of 3 types of com syrups 
and the redispersibility of dried soy milk 
proteins. At lower concentrations, the 
enzyme-converted type seems to be more

effective than the acid-converted type; 
however, for each heat treatment, little 
difference exists between the com syrups 
at 10 and 12% concentration levels.

The pH change in soy milk caused by 
addition of com syrups was —0.10  or less 
at a concentration of 8.0 g corn syrup per
8.0 g soy milk solids.

DISCUSSION
FUKUSHIMA and Van Buren (1970a) 
reported that the redispersibility of soy 
milk protein decreased rapidly with the 
heating time before drying, reaching a 
minimum at 5 — 10 min heating at 100°C. 
Further heating caused a subsequent in
crease of redispersibility. They (Fukushi- 
ma and Van Buren, 1970b) explained this 
as resulting from the oxidative inactiva
tion of exposed —SH groups. Intermolec- 
ular polymerization of proteins through 
hydrophobic interaction was also sug
gested as a second major cause of soy 
milk insolubilization, reaching a maxi
mum after 30 min heating at 100°C. In 
our work, as described above, the degree 
of improvement in dried soy milk redis
persibility was greater for milk heated 10 
min than for that heated 90 min. If the 
suggestion of Fukushima and Van Buren 
is correct, then it might be suggested that 
the sugar may act more efficiently to 
prevent intermolecular - S ’S -  polymeri
zation than the hydrophobic interaction.

Since no difference in the effects of 
sugars could be observed between times 
of additions, before and after heating soy 
milk, the sugars may have had no great 
effect in preventing aggregation of pro
teins during heating, observed with an 
electron microscope by Kawaguchi and 
Tsugo (1969). Alternately, such aggrega
tion of proteins may have had little effect 
upon the redispersibility of the dried 
product. Addition of sugar after drying 
was quite ineffective.

0 2 4 6 8 10 12 0 2 4 6 8 10 12

CORN SVRUPS CONCENTRATION 
(g dry matter per 8 g soy milk solids)

Fig. 4 —E ffe c ts  o f  s o m e  co rn  sy ru p s  o n  re d is 
p e r s ib i l i ty  o f  d r ie d  s o y  m i lk  p r o te in s . (1 ) M or- 
S w e e t  N o . 1 4 3 5  ( e n z y m e  c o n v e rs io n ) . (2 ) M or- 
S w e e t  N o . 1 5 3 5  ( e n z y m e  c o n v e rs io n ) . (3) 
G lo b e  N o . 1 6 3 7  (acid  c o n vers io n ) .

The time for heating soy milk is also 
an important factor in relation to protein 
efficiency ratio (PER) of soy milk. At 
93°C, for instance, heating for more than 
60 min was needed to obtain a high PER 
for soy milk (Hackler et al., 1965). From 
the nutritional viewpoint, 90 min of 
heating should be more practical than 10 
min of heating.

Sugars which show large solubilities in 
water and minimum tendencies of crystal
lization seem to be the most suitable for 
maintaining high dispersibility for soy 
milk solids. Judging from another experi
ment with a highly viscous carbohydrate, 
crown gall polysaccharide (|3-1.2-glucan: 
Gorin et al., 1961; Sugimoto, 1967), 
viscosity of sugar solution seemed not to 
be an important factor for the dispersant 
efficiency. One possible reason for the 
dispersant effects of sugars for soy milk 
solids may be due simply to a physical 
separation of the protein molecules; in 
other words, in a reduction of opportu
nity for contact and polymerization dur
ing or after drying. We must leave histo
logical proof of this for a further study.

Among sugars tested, enzyme-con- 
verted com syrups seemed to be the most 
suitable materials, since it is possible to 
regulate the organoleptic sweetness of soy 
milk by selecting an arbitrary D.E. or by 
mixing them with other sugars such as 
sucrose or dextrose.

Increase in D.E. of com syrups tends 
to decrease spray drying through-put 
rates. Actually, lower D.E. corn syrups 
have been proven very successful as a 
drying aid in spray drying (Anon., 1970). 
This tendency seems to be particularly 
disadvantageous, because it is contrary to 
the order of the dispersant efficiency. 
The cause may be due mainly to in
creased hygroscopicity and stickiness of 
dried products accompanying the increase 
of D.E. This phenomenon, however, may 
be significantly reduced by mixing com
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syrups with a nonsticky substance, name
ly soy milk solids. Recently, soy protein 
as a drying aid in spray drying of banana 
puree has been suggested in Israel (Anon.,
1968).

A few years ago Shurpalekar et al.
(1964) and Chandrasekhara et al. (1966) 
published recipes for easily soluble infant 
beverages based partially on soybeans. 
The good dispersibilities of these spray- 
dried powders may have been due to their 
high content of malto-dextrin, malto- 
extract or dextrose syrup.

The drying conditions in our experi
ments were substantially different from 
spray drying and prone to give low 
redispersibility of dried products. Actu
ally, the dried soy milk tended to form a 
tough film. For spray drying, therefore, 
smaller quantities of sugars than 8—12% 
may be sufficient for high redispersibility.

One disadvantage in applying com 
syrups is a possibility of accelerating

browning of soy milk powder during long
term storage.
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REFRIGERATED APPLE SLICES: EFFECTS OF pH, SULFITES AND CALCIUM ON TEXTURE

S U M M A R Y —A p p le  slice s o f  tw o  varie tie s w ere  d ip p e d  in  s o lu t io n s  a t  various p H  va lues w ith  a n d  
w i th o u t  s u l f i te  a n d  w ith  a n d  w i th o u t  ca lc iu m . A f t e r  d ip p in g , th e  a p p le s  w e re  p a c k e d  in  p la s tic  bags  
a n d  s to r e d  a t  3 4 ° F. A t  w e e k ly  in te rv a ls  sh ea r s tr e n g th  was m e a s u r e d  a n d  re la te d  to  p H  o f  th e  
d ip p in g  b a th  fo r  th e  fo llo w in g  t r e a tm e n ts :  1) u n s u l f i te d , 2 )  s u l f i te d , 31 c a lc iu m  tre a te d , u n s u l f i te d  
a n d  4 )  c a lc iu m  tre a te d , su l f i te d . A n  a lk a lin e  s u l f i te  d ip  r e s u l te d  in  f ir m e r  a p p le  s lice s th a n  an  a c id ic  
s u l f i te  d ip . A d d i t io n  o f  c a lc iu m  to  an  a lk a lin e  s u l f i te  d ip  r e s u l te d  in  a fu r th e r  in crea se  in  firm n e ss , 
b u t  a d d i t io n  o f  c a lc iu m  to  a n  a c id ic  s u l f i te  d ip  d id  n o t .  S u l f i te  w as n ece ssa ry  to  p re se rv e  th e  l ig h t  
c o lo r  o f  a p p le  s lice s d u r in g  s to ra g e  o f  r e fr ig e r a te d  a p p le  slices fo r  severa l w eeks .

INTRODUCTION
REFRIGERATED, unfrozen sliced apples 
have been used extensively for pies and 
other bakery products because of conven
ience, year-round availability and firm 
texture. Treatments to protect the color 
of these sliced apples have usually in
volved a sulfite dip, sometimes with an 
added treatment, Joslyn and Mrak (1933) 
and Bohn et al. (1964). Processing of 
apple slices for refrigerated storage differs 
from that for freezing, since the latter 
destroys cell organization and allows en
zymes and substrates to mix. In frozen 
apple tissue there is a considerable 
amount of oxygen, so that oxidation 
catalyzed by polyphenol oxidase occurs 
and rapid browning results, especially 
during thawing. In refrigerated apples, the 
cells remain intact and alive except on the 
surface. Thus, treatment of the surface is 
all that is necessary, in contrast to pene
trating treatments necessary for freezing. 
For slices to be refrigerated, it is both 
unnecessary and undesirable to use a 
penetrating sulfite treatment. Since pene
tration of sulfites is affected by pH, 
(Joslyn and Mrak, 1933, and Ponting,
1944), we have investigated the effect of 
pH on texture (firmness) of apple slices 
dipped in baths with and without added 
sulfite. The effect of calcium in firming 
sulfited and unsulfited apples was also 
investigated as a function of pH.

MATERIALS & METHODS
VARIETIES of apples studied were Golden De
licious from Washington and Newtown Pippin 
from both Oregon and California. The apples 
had been in controlled atmosphere storage for 
approximately 6  months before use. 3-in.- 
diameter apples were peeled and cored on a 
hand-operated machine in the laboratory, then 
trimmed and sliced longitudinally into twelfths 
through a stainless steel slicer with radial 
blades. The slices were not put in a holding 
solution but were immediately dipped in the 
solutions being tested. Slices in 1-kg lots were 
dipped in 2 liters of solution, usually for 3 min, 
then drained, heat sealed in laminated (polyes
ter-polyethylene) bags and stored at 34°F. At 
weekly intervals the shear strength was meas
ured as follows: Two apple slices weighing 25g 
total were placed in the test chamber of a
L.E.E.-Kramer shear press (Model Sp-12imp.). 
The slices were oriented across the multiple 
grids of the test chamber. Shear strength read
ings were obtained with a 3,000-lb press ring 
and recorder calibration at 300; this setting cov
ered the shear strength range of the apple vari
eties used. The flow control valve was set for 
maximum rate of travel. Results were recorded 
as percent of full-scale reading on the recorder 
chart at peak pressure. Six replicate samples 
were run at each time and the mean value used.

Experiments were designed to show the ef
fects on apple texture (shear strength) of pH 
alone and of kind of acid, as well as the effect 
of pH on sulfite-treated, calcium-treated and 
combined sulfite-calcium treated apples. Solu
tions were made as follows:

A) For effect of pH alone. 0.1N Hydro
chloric acid was mixed with sodium hydroxide

to give a range of pH values at the end of the 
dipping period, as shown in Table 1.

B) For effect of kind of acid. 0.1N Concen
trations of various acids (Table 2) were adjusted 
to pH 3.0 with sodium hydroxide.

C) For effect of pH on sulfite-treated ap
ples. Solutions containing 0.2% SO2  were made 
from gaseous SO2 , sodium bisulfite or sodium 
sulfite and adjusted to various pH values (Ta
bles 3 and 4) with sodium hydroxide.

D) For effect of pH on calcium-treated 
apples. Solutions of calcium chloride containing 
0.2% calcium were adjusted to various pH val
ues (Table 4) with sodium hydroxide or carbon
ate-bicarbonate buffers.

E) For effect of pH on calcium-sulfite- 
treated apples. Solutions containing 0.2% 
calcium and 0 .1 % or 0 .2 % SO2  were adjusted 
with sodium hydroxide or carbonate-bicarbon
ate buffers to various pH values (Table 4).

RESULTS & DISCUSSION
RESULTS are summarized in Tables 1—4. 
There is a small but definite effect on 
shear strength from variations in pH, as is 
evident from Table 1. Acid solutions 
soften the apples and alkaline solutions 
harden them, except at a high pH. The 
maximum firming effect is at about pH 9. 
The kind of acid used also influences not 
only the shear strength but the tendency 
to darken (Table 2). Sulfurous acid is best 
for maintaining a light color but it softens 
the fruit severely. Acetic acid both soft
ens and darkens the apple slices.

Softening of sulfited apple slices is 
more extensive at low than at high pH 
values (Table 3). The degree of penetra
tion of SO2 is also greater at low pH 
values (Joslyn and Mrak, 1933, and 
Ponting, 1944). However, an alkaline 
sulfite dip still causes some softening, 
although it may approach zero. Since 
refrigerated apple slices are used mainly 
because their texture is crisp, the process

T ab le  1 - E f f e c t  o f  p H  o n  te x tu r e  o f  u n s u l f i te d  a p p le  slices s to r e d  1 

w e e k  a t  3 4 ° F.

Shear press readings (% of full scale)

pH of dip
Washington 

Golden Delicious
California Pippins 

1 st lot
California Pippins 

2 nd lot
1 - 2 23 57 44

(Natural) 3--4  42 70 49
6.5-7.5 45 70 -

8-9.5 48 76 60
10-11.5 40 71 45

Fresh 
shear = 42 70 49

Sx 2.5 3.2 3.0

T ab le  2 —E f f e c t  o f  k in d  o f  a c id  o n  te x tu r e  o f  u n s u l f i t e d  a p p le  s lic e sa 
s to r e d  10  d a y s  a t  3 4 °  F. ______________________________________

Kind of acid
Shear press reading 

(% of full scale) Color
Hydrochloric 6 8 Light but some 

gray blotches
Sulfuric 61 Light brown
Phosphoric 59 Light brown
Citric 49 Light brown
Malic 49 Light brown
Ascorbic 42 Light but some 

brown moldy spots
Acetic 37 Dark brown
Sulfurous 24 Light

“California Pippin slices dipped 40  min at pH 3.0. Fresh shear read
ing = 70. Sx = 1.7.
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T a b le  3 —E ff e c t  o f  p H  o n  te x tu r e  o f  s u l f i te d  a p p le  slices s to r e d  a t  
3 4 °  F.______________________________________________________

pH of dip 
(0.2% S02)

Shear press reading 
(% of full scale)

Variety 1 week 2 weeks 4 weeks
Golden Delicious

fresh shear = 33 3 1 0 5 4
5 7 9 6

Sx = 1.5 7 27 18 18
9 28 29 30

Oregon Pippin
fresh shear = 46 5 31 24 -

7 39 34 _

Sx = 1.4 9 44 38 -

California Pippin
fresh shear = 58 5 2 2 17 15

7 38 38 18
Sx = 1.9 9 53 43 39

T ab le  4 - E f f e c t  o f  c a lc iu m a a n d  p H  o n  re la tiv e  sh e a r  s tr e n g th  o f  
a p p le  slice s s to r e d  1 w e e k  a t  3 4 ° F.

Relative shear strength
Unsulfited Sulfitedb

Variety pH No Ca + Ca No Ca + Ca
Oregon Pippin 4-5 1.0 1.3 0.7 0 . 8

Sx = .04 9 1.0 1.5 1.0 1.4

California Pippin 4-5 1.0 1 . 1 0.4 0.5
Sx = .05 9-11 0.9 1 . 2 0.9 1.4

a0.2% Ca as CaCl2 in dip.
Ôregon apples dipped in 0.1% SO2 ; California apples dipped in 

0.2% S02.

which causes the least penetration of S 0 2 
but maintains the color is best, provided 
that flavor is not adversely affected. This 
would suggest an alkaline rather than an 
acid sulfite dip and, as Bolin et al. (1964) 
have pointed out, an alkaline dip does not 
affect flavor. Our informal taste panel 
confirmed this. On the other hand, apple 
slices for freezing should have complete 
S 02 penetration. Therefore, an acid sul

fite dip should be used for apples to be 
frozen.

Although either a sulfite dip followed 
by an alkaline buffer dip or a single 
alkaline sulfite dip effectively inhibits 
enzymic browning on the surface, the 
lack of penetration of S 0 2 leaves any 
residual S 02 exposed to both autoxida- 
tion on the surface and enzymic oxida
tion at the interface with active polyphe

nol oxidase, Ponting and Johnson (1945). 
Thus, the residual SO2 on or in the apple 
slices rapidly drops to zero in storage. At 
this point, browning may occur, espe
cially if the surface is rough (as from dull 
slicing knives). Bolin et al. (1964) were 
able to maintain a satisfactory color in 
apple slices for 3 weeks or longer at 34° F 
with no residual SO2 after an alkaline 
dip, but in our experiments the color was 
unsatisfactory after 1 —2 weeks of refrig
erated storage when there was no residual 
S 02. Thus, a problem remains in balanc
ing good crispness and flavor, accompany
ing low residual SO2 , with good color 
which is provided by high residual S 0 2 .

Calcium treatment of sulfited apples 
has been found to be very effective in 
firming the apples in alkaline solution or 
suspension but not in acid solution (Table
4). With unsulfited apples there is a 
firming effect in both acid and alkaline 
solutions. We have used calcium sulfite 
solutions buffered with sodium carbon
ate-bicarbonate in which the calcium 
should be practically insoluble, but this 
does not decrease its effectiveness; in 
fact, 0 .2% calcium in such a buffer may 
make apples too firm and woody. Fur
thermore, we have found that S 0 2 is 
considerably protected from oxidation in 
an alkaline calcium sulfite solution, so 
that SO2 is retained during storage of 
apple slices and color is preserved longer. 
(This will be the subject of another 
paper.) Thus, by using suitable propor
tions of calcium and S 0 2 in a dip of the 
proper pH, the qualities of firmness, color 
and flavor can be balanced to give the 
most desirable product after storage. Con
versely, the storage life can be extended 
by this means from a maximum of about 
3 weeks to as long as 8 weeks at 34°F.
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IMPROVED METHODS FOR DETERMINATION OF CERTAIN ORGANIC ACIDS 
IN PASTEURIZED AND UNPASTEURIZED LIQUID AND FROZEN WHOLE EGG

S U M M A R Y —L iq u id  w h o le  egg to  w h ich  a c e tic , b u ty r ic ,  la c tic , p r o p io n ic  a n d  su c c in ic  a c id s w ere  
a d d e d , o r  w h ich  h a d  p r e v io u s ly  b e e n  in c u b a te d  a t  r o o m  te m p e r a tu r e  to  d i f f e r e n t  m ic r o b ia l p o p u la 
tio n s , was p a s te u r iz e d  a t  6 0 .5 ° C  fo r  3 .5  m in . A  l iq u id - liq u id  e x tr a c t io n  m e th o d ,  in c lu d in g  th e  
c e n tr ifu g a tio n  o f  th e  d e n a tu r e d  egg, was d e v e lo p e d  fo r  e x tr a c t io n  o f  a ll 5  acids. T h e  re c o v e r y  o f  
th e  5  a c id s  was e v a lu a te d  b y  an  im p r o v e d  g a s- liq u id  c h r o m a to g ra p h ic  p ro c e d u re . L a c tic  a n d  su c 
c in ic  a c id s  w ere  r e c o v e r e d  fr o m  th e  l iq u id  w h o le  egg  sa m p le s  a n d  c h r o m a to g r a p h e d  as th e ir  b u t y l  
e s te r  d e r iva tiv e s  a n d  a c e tic , p r o p io n ic  a n d  b u ty r ic  a c id s w ere  r e c o v e r e d  a n d  c h r o m a to g ra p h e d  as 
th e  ac id s p e r  se . T h e  fre sh  egg sa m p le s  c o n ta in in g  s m a ll a m o u n ts  o f  a c e tic  a n d  la c tic  a c id  a n d  l iq u id  
w h o le  egg  p r o d u c t ,  in c u b a te d  u n t i l  a  m ic r o b ia l p o p u la t io n  o f  4 .5  X 1 0 6 was o b ta in e d , c o n ta in e d  
o n ly  th e se  2  ac id s a t  a h ig h e r  c o n c e n tr a tio n . T h e  p a s te u r iz a tio n  p ro c e ss  d id  n o t  a f f e c t  c o n c e n tr a 
tio n  o f  th e  a d d e d  sh o r t-c h a in  o rgan ic  a c id s o r  th o s e  w h ich  a c c u m u la te d  d u r in g  th e  in c u b a 
t io n  p e r io d ;  th u s , a c c u ra te  a n d  va lid  a n a ly se s  o f  th e  s h o r t-c h a in  o rg a n ic  a c id s  can  b e  a c c o m p lis h e d  
in  p a s te u r iz e d  w h o le  egg  p r o d u c ts .

INTRODUCTION
THE PRESENCE of certain organic acids 
such as acetic, lactic and succinic is 
indicative of bacterial decomposition in 
liquid and frozen egg products (Hillig et 
al., 1960). Regulatory agencies, as a part 
of their inspection programs, now analyze 
samples of egg products for presence and 
quantity of these acids. Since pasteuriza
tion is now required for all liquid, frozen 
and dried egg entering interstate com
merce, it is essential to know if pasteuri
zation will affect the concentration of 
these acids.

Several recent studies have reported 
the use of gas-liquid chromatography 
(GLC) for determining the concentration 
of organic acids in biological materials, 
and in particular egg products (Steinhauer 
and Dawson, 1969 a; 1969 b; Salwin and 
Bond, 1969 and Staruszkiewicz, 1969;
1970). These studies have shown that 
GLC procedures are as accurate as current 
AO AC (1965) procedures for determining 
acid concentration.

Since the presence of certain organic 
acids are important in determining whole
someness in egg products, an investigation 
was initiated to improve the GLC proce
dures for separating and quantitating 
these acids and to determine the effect of 
pasteurization on the content of acetic, 
butyric, lactic, propionic and succinic 
acids in frozen whole egg.

EXPERIMENTAL
Egg source and preparation

U.S. Grade AA Large eggs were obtained 
from a commercial source for each phase of this 
study. The eggs were broken and blended 15 
sec at low speed in a 1.5-gal stainless steel War
ing Blendor. The blended egg product was

t Present address: Quaker Oats Research
Labs, Barrington, 111. 60010 .

strained through a U.S. No. 20 mesh sieve into 
a 30-gal stainless steel multiple paddle mixer at 
3°C and mixed for 20 min.

The desired quantities of acetic, butyric, lac
tic, propionic and succinic acids were blended 
10 sec with 4000-g portions of egg product 
(Table 1). 6  samples of 225 g each were frozen 
at —20°C and held at -20°C until analyzed. 
The remaining acid-egg mixture was pasteur
ized, divided into 225-g samples and frozen. A 
series of untreated samples, both pasteurized 
and nonpasteurized, was frozen and stored for 
control purposes.

In a second series of experiments, 3, 4000-g 
portions of blended whole egg were incubated 
at room temperature for 11, 14 and 17 hr, re
spectively. 6 , 225-g samples of egg product 
from each incubation time were frozen and 
held at -20°C for analyses. The remaining egg 
product was pasteurized, frozen and held for 
analyses. A nonincubated set of samples, both 
pasteurized and nonpasteurized, was frozen and 
stored for control purposes. Microbial total 
plate counts were determined for each sample 
before and after pasteurization using tryptone 
glucose extract agar and incubated for 48 hr at 
32°C.

The pasteurizing equipment consisted of 3 
units as shown in Figure 1: a preheater water 
bath maintained at 55°C, a pasteurizing water 
bath at 60.5°C and a slush ice cooling bath. 
Glass tubing 5 mm i.d. (7 mm o.d.) was used to 
conduct the egg product through the preheater 
and pasteurization sections. A speed-controlled 
Cole-Palmer “Master Flex” pump (Model 7014 
F pump head) was used to pump the egg prod
uct through the system at a uniform rate of 1 0 0  

ml/min, and the product remained at 60-61°C 
for 3.5 min. Thermocouple wires were glued

into place through appropriate holes in the glass 
tubing. A Honeywell Electronik 16 Multipoint 
Strip Chart Recorder was used to record tem
perature.
Extraction of acids from egg products

Acids were extracted with a modified ver
sion of the liquid-liquid extractor used in 
AOAC procedure 15.012 (1965). The sample
holding portion was modified to hold 500 ml of 
liquid and a 1 0 0 -ml round-bottomed flask was 
used instead of a 250-ml flask. The egg samples 
were prepared for liquid-liquid extraction using 
the procedure of Steinhauer and Dawson 
(1969a). Their procedure was modified as fol
lows: The filtration step was replaced by a cen
trifugation step and the condensation step was 
eliminated by increasing the sample-holding 
capacity of the liquid-liquid extractor. Follow
ing addition of the water, phosphotungstic and 
sulfuric acids to the egg products, the resulting 
mixture was divided into 4, 250-ml portions, 
transferred to polyethylene centrifuge bottles 
and placed in a Sorvall RC-2B centrifuge and 
centrifuged for 13 min at 10,000 rpm. The 
supernatant from the 4 bottles for each sample 
was then combined and 450 g of the superna
tant placed in the liquid-liquid extractor for 24 
hr.

The recovery for each acid was quantitated 
separately by the procedure of Steinhauer and 
Dawson (1969a).
Preparation and esterification of the 
samples for GLC

For determination of the volatile acids as 
the acids per se, enough ammonium hydroxide 
was added to make the medium basic after re
moval of the boiling flask from the extraction 
unit. Cresol red was used as the indicator. The 
ether was evaporated from all samples by plac
ing the flask over a 65-70°C water bath and 
the sample flask removed immediately after the 
ether was evaporated.

Following ether evaporation from the vola
tile acid samples, the salts formed from the ad
dition of ammonium hydroxide were liberated 
by the addition of 1 ml of 12.5% dichloroacetic 
acid in acetone solution. After ether removal 
from the samples in which lactic and succinic 
acids were to be determined, the samples were 
esterified using a modification of the method 
reported by Steinhauer and Dawson (1969a). 1 
ml 1.25 N HC1 in n-butanol (Regis Chemical 
Company) was used instead of 1 ml n-butanol

Table  1—Q u a n tit ie s  o f  ea ch  a c id  a d d e d  to  egg  sa m p le s.
Sample Acetic Butyric Lactic Propionic Succinic

No. Acid Acid Acid Acid Acid

1 None None None None None
2 0.510 0.500 0.465 0.506 0.543
3 5.098 4.998 4.651 5.058 5.430
4 20.390 19.990 18.604 20.230 20.634
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and 2 drops cone HC1, and a 5 0-ml boiling flask 
was replaced by a 100-ml boiling flask. A pow- 
erstat setting of 50/140 was used. After these 
steps were completed, the quantitative transfer 
of the sample flask to a 1 0 -ml volumetric flask 
and determination of the quantity of internal 
standard to be used were the same procedures 
as outlined by Steinhauer and Dawson (1969a).

An internal standard was composed of 
approximately 2.5 and 1.1 g of butyl decanoate 
(K & K Labs), accurately weighed into separate 
1 0 0 -ml glass-stoppered volumetric flasks and 
made to volume with acetone. As needed, vari
ous dilutions of the 2  stock solutions were 
made to satisfy the need for a desired concen
tration of internal standard for a particular sam
ple.
GLC procedures

An F & M Scientific Company Model 810 
dual-column-flame-ionization instrument 
equipped with a Model 9294N Honeywell re
corder was used. Each column was 72 by 'A in. 
copper tubing; helium carrier gas at 40 psi; flow 
rate for Column A, 60 ml/min and Column B, 
50 ml/min; hydrogen gas at 62 ml/min at 20 
psi; air at 625 ml/min at 40 psi; detector tem
perature at 250°C; injection temperature, 
250°C and column temperature 120°C for 
straight acids. Columns were prepared with 
high-temperature stabilized diethylene glycol 
succinate (20%), conditioned at 185°C with a 
nitrogen flow rate of 60 ml/min. The solid sup
port was 120-130 mesh Anakrom ABS.

The column temperature for the determina
tion of the butyl ester derivatives was pro
grammed. A temperature of 130°C was used 
until the butyl lactate and the internal standard 
were eluted (approximately 18 min after injec
tion), then the column temperature was in
creased at the rate of 6 °C/min to 170°C and 
maintained until the dibutyl succinate was elut
ed.

The chromatograph was calibrated for both 
the volatile acids and the butyl ester derivatives 
as reported by Steinhauer and Dawson (1969a; 
1969b) with the exception that butyl decano
ate was used as the internal standard for both 
the volatile acids and butyl ester derivatives.

RESULTS & DISCUSSION
Pasteurization

Bacterial counts of eggs held at 3°C up 
to 5 hr reached 4.5 x 104 bacteria per 
gram with the product having an initial 
bacterial count of 4.1 x 104 per gram. 
Those held at 24°C up to 17 hr reached a 
population level of 4.5 x 106 per gram.

[-HOLDING TANK 
2 PUMP
3 . PUMP SPEED CONTROLLER
4 . WATER BATH [35C |
5 . WATER BATH (60.SC }
6 . POTENTIOMETER

PRODUCT FLOW— >  t . c o o lin g  b a t h  (o c i
8 . COLLECTION TANK

Fig. 1—D iagram  o f  la b o ra to r y  egg  p a s te u rize r .

Tab le  2 —E ff ic ie n c y  o f  e x tr a c t io n  a n d  e s te r if ic a tio n  o f  a p p ro p r ia te  
acids. _________

Acid

Recovery by liquid-liquid extraction
ml 0.05 N 
Alcoholic 

KOH required 
for 1 0 -ml 
aliquot3

ml 0.05 N 
Alcoholic 

KOH required 
for recovered 

acidb

Average
percent
recovery

Acetic 20.45 18.83 ±0.22 92.14
Butyric 2 0 . 1 0 19.79+0.27 98.47
Lactic 19.85 17.88 ±0.26 90.10
Propionic 21.15 21.08 ±0.35 99.69
Succinic 20.70 20.04 ± 0.27 96.80

Recovery by esterification
Equivalent

as butyl Recovery Average
ester from GLC percent

(mg/ml) (mg/ml) (mg)b recovery
Lactic 9.67 15.70 13.67 ±0.41 89.0
Succinic 1 0 . 1 0 19.70 17.53 ±0.37 89.0

aAverage of 3 replications.
b Average of 10 replications ± standard deviation of the mean.

After pasteurization, the counts were 
reduced a minimum of 2 log numbers and 
ranged from 4.0 X 102 to 1.4 X 103 cells; 
thus, the heat treatment of 60°C for 3.5 
min was effective for the purpose of this 
study.

Extraction and esterification
1 objective of this study was to de

velop a common extraction procedure for 
all the acids studied. The 2 motivating 
reasons for changing current AOAC ex
traction procedures were to shorten or

Fig. 2 —Gas c h r o m a to g ra m  o f  a ce tic , p r o p io n ic  
a n d  b u ty r ic  a c id s  a n d  b u ty l  d e c a n o a te  s h o w in g  
th e ir  o r d e r  o f  e lu t io n  a n d  r e te n t io n  tim es .

dispense with the filtration step and the 
condensation step. Elimination of the 
filtration step resulted in larger percent
age recoveries of the acids (this method 
recovered 450 of 700 g, whereas the 
AOAC (1965) procedures recover 450 of
1000 g).
Elimination of the condensation step 
saved time

Continuous extraction for 24 hr was 
required to recover sufficient acids when 
using a 100-ml boiling flask. A 250-ml 
flask (or larger) can be used in this 
procedure and has been shown to reduce 
the 24-hr extraction time to 3 -5  hr. 
About 85% of the formic acid present can 
be recovered in a 24-hr extraction period 
using this procedure.

The percentage recoveries of acetic, 
butyric, lactic, propionic and succinic 
acids by this modified liquid-liquid ex-

Fig. 3 —Gas c h r o m a to g ra m  o f  b u t y l  la c ta te , 
b u ty l  d e c a n o a te  a n d  d ib u ty l  s u c c in a te  s h o w in g  
th e ir  o r d e r  o f  e lu t io n  a n d  r e te n t io n  tim es .
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Table  3 —R e c o v e r y  o f  a c e tic , p r o p io n ic  a n d  b u ty r ic  a c id s  fr o m  l iq u id
fro z e n  w h o le  egg  u s in g  G L  C  p ro c e d u re s .

Sample
mg/100 g Egg 

(added)

mg/100 g Egg“ 
recovered

Nonpasteurized Pasteurized
Acetic

1 None 4.27 ± 0.23 4.31 ±0.25
2 0.51 4.75 ±0.18 4.8210.21
3 5.10 9.3010.29 9.31 ±0.30
4 20.39 24.4010.45 24.4010.39

Propionic
1 None None None
2 0.51 0.52 1 0.05 0.49 1 0.04
3 5.10 5.0010.19 5.0810.10
4 20.23 20.25 ±0.31 20.33 1  0.37

Butyric
1 None None None
2 0.50 0.55 ±0.10 0.5010.03
3 5.00 4.9010.23 5.11 ±0.17
4 19.99 19.7710.38 19.9310.22
“Average of 3 samples and 3 injections of each sample ± standard

deviation of the mean.

traction procedure are shown in Table 2. 
More than 90% of each acid was recov
ered by these procedures. This varied 
from 90% for lactic acid to 99.7% for 
propionic acid. These are satisfactory 
recoveries, although slightly lower than 
those reported by Steinhauer and Dawson 
(1969a; 1969b).

The esterification efficiencies of lactic 
and succinic acids are shown in Table 2. 
Similar recoveries (89%) were obtained 
for each acid. These rates were slightly 
higher than reported by Steinhauer and 
Dawson ( 1969a).

Salwin and Bond (1969) reported that 
the propyl ester derivatives of lactic and 
succinic acids were more satisfactory than 
the butyl ester derivatives. These authors 
also report a 10-min esterification meth
od using a BF3-n-propyl alcohol reagent.

The column temperature program for 
the butyl ester increased the R value and 
the sharpness of the dibutyl succinate 
peak. The R value was 0.90—0.95 com
pared with 0.30—0.32 as reported by 
Steinhauer and Dawson ( 1969a), using a 
temperature of 130°C.
Internal standard

Since the detector response varied 
with each compound injected, an internal 
standard was used in the quantitation 
procedures. In this study, butyl decano- 
ate was found to be satisfactory for use in 
both the free acid and butyl ester deriva
tive determinations. The response values, 
R, of the C2— C4 acids, butyl lactate and 
dibutyl succinate to the internal standard, 
butyl decanoate, were calculated accord
ing to the procedure described by Shelley 
et al. (1963) and Steinhauer and Dawson 
(1969a; 1969b).

T able  4 —R e c o v e r y  o f  la c tic  a n d  su c c in ic  a c id s  fr o m  l iq u id  fr o z e n  
w h o le  egg  u sin g  G L C p r o c e d u r e s .

mg/100 g Egg“
mg/100 g Egg recovered

Sample (added) Nonpasteurized Pasteurized
Lactic

1 None 2.96 1 0.22 2.7810.18
2 0.47 3.4810.19 3.45 ±0.10
3 4.65 7.65 ±0.31 7.5410.23
4 18.60 21.25 ±0.47 21.7410.52

Succinic
1 None None None
2 0.54 0.49 10.04 0.55 10.06
3 5.43 5.5010.18 5.3810.14
4 20.63 20.37 1 0.54 20.48 1 0.47
“Average of 3 samples and 3 injections of each sample 1 standard

deviation of the mean.

T ab le  5 --R e c o v e r y  o f  a c e tic , b u ty r ic ,  la c tic , p r o p io n ic  a n d  su c c in ic
a c id s fr o m  fr o z e n  l iq u id  w h o le  eggs in c u b a te d  a t  r o o m  te m p e r a tu r e  a n d
th e n  fr o z e n . u s in g  G L C  p r o c e d u r e s *

Total plate mg/100 g Eggb
count before recovered

Sample pasteurization“ Nonpasteurized Pasteurized
Acetic

1 4.0 X 104 4.02 10.27 3.91 ±0.19
2 1.3 x  10s 4.15 ±0.15 4.2010.07
3 5.4 X 10s 4.33 1 0.23 4.31 1 0.20
4 4.5 x  106 5.1410.31 5.29 10.27

Lactic
1 4.0 X 104 2.55 ±0.31 2.65 10.23
2 1.3 x 10s 2.69 10.44 2.7210.18
3 5.4 x 10s 3.55 1 0.44 3.47 1 0.14
4 4.5 X 106 4.01 1 0.30 3.92 1 0.34
“No quantities, even in trace amounts, of butyric, propionic or suc

cinic acids were detected.
bAverage of 3 samples and 3 injections of each sample ± standard 

deviation of the mean.

hauer and Dawson (1969a; 1969b).
Table 5 shows the amount of acid 

recovered from eggs incubated at room 
temperature to different bacterial popula
tion levels. Even at a population of 4.5 x 
106 viable cells/g of egg, only acetic and 
lactic acids were detected. The initial 
concentration  of acetic acid was 
3.91-4 .02  mg/100 g of egg and after 
incubation to a bacterial population of
4.5 x 106 , the concentration had in
creased to only 5.14—5.29 mg/100 g egg. 
Lactic acid was similar, with an initial 
concentration of 2.55—2.65 mg/100 g 
egg, which increased to 3.92—4.01 
mg/100  g egg with a microbial population 
of 4.5 x 10«.

Steinhauer (1968) reported finding 
formic, acetic, propionic, lactic and suc
cinic acids in decomposed liquid whole 
egg samples which had a microbial popu
lation of 1.7 x 109 /g egg. Steinhauer et 
al. (1967) also reported finding small 
amounts of succinic acid in all samples of 
egg evaluated. In this study a small peak 
was observed on the chromatogram in the

The elution positions of the internal 
standard, butyl decanoate, relative to the 
C2 -C 4 acids and to the butyl ester 
derivatives of lactic and succinic acids are 
shown in Figures 2 and 3, respectively.
Recovery of acids

Tables 3 and 4 show the amount of 
each acid recovered from both pasteur
ized and nonpasteurized liquid whole egg 
which had been frozen and thawed and to 
which known amounts of each acid were 
added before the pasteurization or freez
ing step. Pasteurization of the liquid 
whole egg did not affect recovery of the 5 
acids studied. Of these 5 acids, only lactic 
and acetic were found in detectable 
amounts in fresh egg. Lactic acid concen
tration was 2.78—2.96 mg/100 g whole 
egg and acetic acid concentration was 
4.27-4.31 mg/100 g whole egg. The 
amount of these 2 acids found in fresh 
liquid whole egg agreed with the unpub
lished work of Landes and Dawson
(1969), who used a silica gel column. The 
amount of variation in the samples was 
comparable to that reported by Stein-
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vicinity of the dibutyl lactate peak, but 
when dibutyl lactate was added its reten
tion time was about 2 min after this 
unknown peak.

Acetic acid was found in measurable 
quantities in the fresh egg and Landes and 
Dawson (1969) also reported finding 
measurable quantities of both acetic and 
formic acids in fresh egg products.

These results offer an improved GLC 
method to evaluate liquid or frozen egg 
products for organic acids indicative of 
microbial decomposition. They also show 
that egg products containing these acids 
can be pasteurized without altering the 
quantitative recovery of the acids present.
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ANALYSIS OF COFFEE, TEA AND ARTIFICIALLY FLAVORED 
DRINKS PREPARED FROM MINERALIZED WATERS

S U M M A R Y —C o ffe e , b la c k  tea  a n d  a r ti f ic ia lly  f la v o re d  a n d  a r ti f ic ia lly  s w e e te n e d  o range  a n d  grape  
s o f t  d r in k s  w ere  p re p a re d  fr o m  s o lu t io n s  o f  8  m in era ls  ea ch  a t  7 5 0  p p m . A d d it io n a l ly ,  c o f fe e  a n d  
tea  w ere b r e w e d , u s in g  6  n a tu ra l d r in k in g  w a ters w h ic h  ra n g e d  fr o m  4 2 — 1 ,7 2 5  p p m  o f  to ta l  
d is s o lv e d  so lid s . B everages m a d e  fr o m  s o lu t io n s  c o n ta in in g  c a rb o n a te s  w ere  th e  lea s t des irab le , 
h a v in g  f la t, in s ip id  ch a ra c ter is tic s . A lth o u g h  d is t i l le d  w a te r  r e s u l te d  in  an  a c c e p ta b le  s o f t  d r in k , 
c o f fe e  a n d  tea  p re p a re d  fr o m  i t  w ere e x c e ss iv e ly  so u r  a n d  a s tr in g e n t, r e sp e c tiv e ly . T h e  re c o m 
m e n d e d  fo rm u la  o f  5 3 .3  g  o f  c o f fe e  p e r  l i te r  o f  w a te r  w as c o n s id e re d  to o  s tr o n g  a n d  " b u r n t "  fo r  
th e  p a n e l  o f  tra in e d  ju d g e s , so  th a t  th e  e x p e r im e n ts  w ere  r e p e a te d  a t  a lo w e r  c o n c e n tr a tio n  o f  4 7  g  
c o f fe e / l i te r  w a ter. Large d i f fe r e n c e s  in  th e  d ir e c tio n  a n d  m a g n itu d e  o f  th e  v isua l c h a ra c te r is tic s  o f  
th e  c o f fe e  a n d  tea  b r e w e d  fr o m  th e  va rio u s w a ters  a lso  w ere  o b s e r v e d  in  th e  m a r k e d  ch a n g es in  
lu m in o u s  tra n sre fle c ta n c e , p u r i t y  a n d  s h i f t s  in  d o m in a n t  w a v e len g th s  m e a s u r e d  b y  th in -la ye r  ne- 
f le c to m e tr y .

INTRODUCTION
IT IS widely recognized that the constitu
ents of drinking water greatly influence 
the composition of beverage coffee and 
tea which, in turn, alters appearance, 
flavor and subsequent acceptability. The 
concentration and species of ions in 
solution change the rate at which water 
passes through a bed of ground coffee, 
thereby causing differential extraction of 
coffee solids (Gardner, 1958). With tea, 
Schurer (1960) found that calcium and 
magnesium bicarbonates, chlorides and 
sulfates reacted with the tea constituents 
to produce a turbid infusion with a dull 
color, flat, insipid taste and an unsightly 
sediment in the tea pot, the cup and on 
the beverage surface. No data were found 
in the literature on influence of water 
composition on the sensory quality of

soft drinks; however, it is well known 
that individual commercial beverage man
ufacturers set maximum limits on water 
hardness in their plants.

According to the Coffee Brewing Cen
ter (Lockhart, 1966), complaints about 
acceptability of beverage coffee fre
quently implicate water composition as 
the causative factor. If one or a combina
tion of the following appears in a water 
analysis, less than optimum beverage 
quality will ensue: Total dissolved solids 
(TDS) content above 300 ppm. Total 
hardness above 150 ppm. Combined cal
cium and magnesium content above 100 
ppm. Carbonate-bicarbonate alkalinity 
above 100 ppm. Combined sodium-potas
sium content above 500 ppm. pH above
9.0. Detectable odor.

With the exception of the odor prob
lem, many municipal waters derived from

groundwaters in California violate one or 
more of these limits. The sensory proper
ties of several representative drinking 
waters, ranging from 22—1,870 ppm 
TDS, have been studied (Dillehay et al., 
1967; Bruvold et al., 1969; Pangborn,
1970), as have solutions of selected min
erals in concentrations from 125—2,000 
ppm (Bruvold and Gaffey, 1965; Bruvold 
and Pangborn, 1966; Pangborn et al.,
1970). The latter investigation demon
strated that at levels of 750 ppm the 8 
minerals employed were readily distin
guishable qualitatively and, therefore, 
were used in the present study to deter
mine their influence on the sensory qual
ity of coffee and tea beverage as well as 
an artificial soft drink.

METHODS & MATERIALS
General sensory procedures

For the coffee and tea studies, 21 (14 d, 
7 9) building employees participated in 3 
screening sessions of 3 triangle tests each, in 
which they were requested to distinguish be
tween beverages prepared from tap-water (300 
ppm T.D.S.) and distilled water (2.5 ppm
T.D.S.). Using the criterion of 5 or more cor
rect separations in 9 trials (P = 0.05), 9 people 
(6 <5, 3 9) qualified for the coffee panel and 1 0  

( 8  6 , 2  9) for the tea panel; 6  judges were com
mon to both. Throughout these studies, each 
judge evaluated each sample an equal number 
of times, necessitating make-ups on the few 
occasions judges had to be absent from a regu-

T ab le  1—B le n d  a n d  g r in d  a n a ly se s  fo r  c o f fe e .

Blend
Country of origin Grade Percentage

Colombia Armenia, Excelso 40
Brazil Santos 4 33
El Salvador Central Standard 27

Grind3

Sieve No. 
U.S. Standard

Tyler Mesh 
Equiv. Percent retention

1 2 1 0 0 . 2  '
16 14 4.0 !1 4'2

2 0 2 0 34.5 j> 75.8
30 28 41.3 |

Pan Pan 2 0 . 0 2 0 . 0

aPerformed according to  U.S. Department o f  Commerce Simplified  
Practice Recom m endation R 231-48  and conforming to the “drip” 
category.

T a b le  2 —T e r m in o lo g y  d e v e lo p e d  b y  th e  s e n s o r y  p a n e l to  d e sc r ib e
fla v o r  q u a l i ty  o f  c o f fe e  a n d  tea  beverages._________________________
Term Description
Sweet
Salty

Sour

Bitter

Brisk
Balanced

Flat
Stale
Rancid
Astringent
Metallic

Burnt

Resembles sucrose; perceived mainly on tip of tongue
Resembles salt; perceived mainly on anterior sides of 

tongue
Resembles acid; perceived mainly on posterior sides of 

tongue
Resembles caffeine or quinine; perceived mainly at base 

of tongue
Sharp, clear, characteristic beverage flavor
Well-blended flavor, with no unduly prominent flavor 

notes
DuE, weak, flavorless, lacking in characteristic flavor
Old, unfresh, but nonrancid (distinguish from flat)
Old, oxidized-oil flavor
Harsh, drying puckery sensation (unripe persimmon)
Flavors associated with iron, copper, brass or tarnished 

silver-plated spoons
Overcooked, caramelized, scorched flavors
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T a b le  3 —A n a ly s is  o f  d is t i l le d  a n d  n a tu ra l w a ters u s e d  to  p repare  c o f fe e  a n d  tea  beverage.

Water T.D.S. 3 pH E.C.b Na+ C3++ Mg++ B c r CO3  + HCO3 N 0 3  -  N s o 4

(ppm) (millimhos/cm) (me/liter)— (ppm) ------ (me/liter)--------- (ppm) (me/liter)
Distilled

l c 3.06 7.6 0.0052 0 0 0 < 0 . 1 0 <  0.03 0.06 - 0

2d 0.84 6.5 0.0014 0.003 0.004 0.003 < 0 . 1 0 0 0 0 0

EBMUD
l c 15 8 . 0 0.064 0.13 0 . 1 0 . 1 0 . 1 0 0.28 0.53 - 0

2d 42 7.8 0.070 0.08 0.4 0 . 2 0.28 0.06 0.47 0 0.17

Davis No. 2
l c 377 8.5 0.57 4.06 0 . 8 1 . 2 0.57 1 . 2 0 4.55 - 0.84
2d 411 8.3 0.69 4.35 0 . 8 1 . 2 0.98 0.62 4.44 0 1.79

Davis No. 4
l c 720 8.3 1.51 6.74 2.3 1 0 . 2 0 . 8 8 3.00 13.68 - 2.95
2d 888 8.2 1.48 2 . 1 0 2.8 10.3 1.46 1.50 12.85 6.8 0.45

Brentwood
l c 701 7.6 1.49 5.98 5.2 4.9 1.17 8.30 4.20 - 6.40
2d 927 7.9 1.55 4.10 6.3 5.1 1.29 5.70 4.90 8.4 4.93

Soledad
l c 936 7.6 1.52 2.74 8.8 5.8 0.27 6.50 5.00 - 9.19
2d 888 7.7 1.48 0.80 8.6 5.6 0.43 3.57 5.03 3.6 6.20

Coalinga
l c 1711 7.8 3.10 22.8 7.0 8.0 1.68 13.10 2.77 - 26.60
2 d 1725 7.8 2.88 17.4 7.4 8.6 2.45 7.49 2.93 0.8 25.60
aTotal dissolved solids.
^Electrical conductivity.
cWaters collected in May, 1968, and used to  prepare tea, and coffee at 4.7% strength. 
dWaters collected in O ctober, 1968, and used to  prepare coffee at 5.33% strength.

larly scheduled session. Test sessions were held 
Mondays through Fridays between 2 and 3 PM, 
with samples prepared in 2  batches so that the 
length of time between brewing and tasting did 
not exceeed 30 min. Judging was done in indi
vidual partitioned booths maintained at 
21 + 1°C, under low, blue illumination to mask 
visual differences. Coffee and tea were served at 
60°C (140°F), with no additives. To maintain 
the samples at the desired temperature through
out the testing period, approximately 35 ml 
were poured into 80-ml blue glasses which were 
immersed in a rectangular, stainless steel water 
bath kept at 60°C. Aluminum lids containing 2- 
and 3-digit code numbers covered the glasses. 
Distilled water at 21°C was provided for oral 
rinsing, and swallowing was not permitted. 
Judges were informed of their results immedi
ately after testing and cake or cookies were pro
vided as “rewards.”

7 9 and 7 judges qualified for the sub
sequent panel on artificially flavored drinks 
served at 11 ± 1°C (52°F). Approximately 25 
ml of sample was served in 50-ml beakers. 
Orange- and grape-flavored drinks were evalu
ated under red and blue illumination, respec
tively.

Coffee preparation and evaluation
The coffee beans were roasted and ground 

on March 19, 1968, and vacuum packed in 1-lb 
(401) cans by the Coffee Brewing Center, New 
York. Blend and grind analyses are given in 
Table 1. Samples were shipped by surface to 
our laboratory where they were kept at 5°C 
throughout the 8 -month study. Weighed por
tions of ground coffee were placed in a heavy

plastic cone (David Douglas and Co., Inc., 
Manitowoc, Wis.) lined with a porosity-control 
filter (“Flav-r-Flo,” Boyd Coffee Co., Portland, 
Oregon), then 500 ml boiling water poured over 
the grounds and stirred 1 full turn. After 1-1.5 
min, when most of the water had passed 
through the filter into the glass container, a 
second 500-ml portion of boiling water was 
poured into the cone and allowed to filter for 
an additional 3.5-4 min. For waters containing 
750 ppm of the minerals, 9 min was allowed for 
the boiling water to filter through. Aliquots 
were removed for measurement of pH and ex
tracted solids, with the remainder served imme
diately into the prewarmed blue glasses.

pH of each sample was measured in dupli
cate by a Radiometer pH meter, Model 22, on 
solutions at 22°C. Extracted solids were deter
mined in triplicate on each sample with a 
hydrometer specifically designed for liquids at 
140°F (Rascher & Betzold, Inc., Chicago), us
ing the procedure described in detail by Lock
hart (1966). Extracted solids in solution were 
converted to percentage, using a conversion 
chart calibrated according to the ratio of vol
ume of water to weight of ground coffee.

Experimental design: coffee
In the first experiment, coffee at 5.33% 

strength (53.3 g ground coffee/1,000 ml water) 
was prepared from distilled water and from 
solutions containing 750 ppm of CaCl2, CaSC>4 , 
MgCl2, MgS04, NaCl, Na2 S04, NaHC03  and 
Na2 C03. These mineral species occur com
monly in ground waters in arid and semiarid 
sections of the United States. The sensory prop
erties of these solutions at varying concentra

tions have been quantified by Bruvold and 
Gaffey (1965), Bruvold and Pangborn (1966) 
and Pangborn et al. (1970). Using a balanced, 
incomplete block design (Cochran and Cox,
1960), the 9 coffee samples were evaluated 8  

times over 18 test days. Judges were instructed 
to indicate degree of liking on a 9-point scale 
where 1 = dislike extremely, 5 = neither like 
nor dislike and 9 = like extremely. Addition
ally, individual quality factors were specifically 
defined by the judges (Table 2) and used in 
conjunction with a 13-point intensity scale 
where 0  = not perceived and 1 2  = extremely 
intense.

In the second experiment, beverages were 
prepared from distilled water and from 6  nat
ural drinking waters collected from municipal 
wells throughout California, ranging from
15-1,725 ppm T.D.S. (Table 3). Initially, a 
concentration of 5.33% (53.3 g ground coffee l-
1 ,0 0 0  ml water) was used, then the experiment 
was repeated at a coffee concentration of 4.7% 
(47 g ground coffee/1,000 ml water). The lower 
coffee strength was that preferred by the sen
sory panel in the pretesting, while the higher 
strength was that recommended by the Coffee 
Brewing Center to give an extracted solids of 
approximately 1.0%. To determine visual differ
ences, judges evaluated 3 triangle tests of 30-ml 
portions of coffee at 22°C in 50-ml beakers 
against a white background under 2, 500-w 
USDA Sunshine Grading and Inspection Lamps 
(Leo Kaufmann, San Francisco, Calif., Spec. 
CBDD). The triangle tests consisted of coffee 
prepared from distilled water compared with 
coffee prepared from natural water. Adjectives 
used to describe the beverage appearance are
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T a b le  4 — T e r m in o lo g y  u s e d  to  e v a lu a te  v isua l p r o p e r t ie s  o f  c o f fe e  
a n d  tea  beverage.

I Surface phenomena Iridescence, particles, scum
II Translucency Cloudiness, turbidity, particles

III Hue and intensity of color Color name and shade
IV Sediment Particles in bottom of container

T ab le  5 —D iffe r e n tia t io n  b y  tr ia n g le  te s t  o f  a p p ea ra n ce  a n d  f la v o r  o f  c o f fe e  p re p a re d  fr o m  
d is t i l le d  vs. n a tu ra l d r in k in g  w a ters.

Natural Brent- Sole-
water EBMUD Davis No. 2 Davis No. 4 wood dad Coalinga

5.33% Coffee
T.D.S. (ppm)
% Correct response3

42 411 8 8 8 927 8 8 8 1725

(n = 6 6 ) 
Appearance 45.5* 95.5*** 1 0 0  *** 92.4*** 72.7*** 43.9*
Flavor 40.9 72.7*** 87.9*** 75.8*** 81.8*** 63.6***

4.7% Coffee
T.D.S. (ppm)
% Correct response3

15 377 720 701 936 1711

(n = 54) 
Appearance 75.9*** 87.0*** 1 0 0  *** 87.0*** 40.7 57.4***
Flavor 35.2 85.2*** 87.0*** 81.5*** 81.5*** 79.6***
»’»»»R espectively, significant difference at P = 0 .05  and 0 .001 .

aTriangle test comparison o f  distilled water vs. corresponding natural water.

defined in Table 4. After the visual tests, 3 
additional triangle tests of the same samples 
were evaluated at 60°C, followed by a paired 
presentation of each of the aforementioned cof
fees, wherein judges indicated the beverage 
strength on an 8 -point scale ( 1  = extremely 
weak; 8  = extremely strong). Degree of liking 
was recorded on the 9-point hedonic scale as 
before, and the descriptive terms listed in Table 
2  used to define qualitative factors.
Tea preparation and evaluation

Orange pekoe and pekoe black tea leaves in
1 -lb sealed boxes were obtained from 1  lot 
from Thomas J. P. Lipton, Inc. and stored at 
20°C throughout the 5-month study. The bev
erage was prepared at a ratio of 1  g tea 
leaves/ 1 0 0  ml water. 1  liter of water was 
brought to a boil in a sealed vessel, the tea 
leaves added, the cover replaced and the tea 
allowed to steep 3 min. The brew was decanted 
from the leaves through a strainer, aliquots re
moved for pH measurement and the remainder 
immediately poured into the prewarmed blue 
glasses.

2  consecutive studies were conducted with 
the brewed tea using the mineralized and nat
ural drinking waters as described under the 
second experiment for coffee. It was not con
sidered appropriate to conduct visual tests for 
differences between teas prepared from distilled 
water and those from the test waters because of 
obvious differences in colors, which ranged 
from pale amber to dark mahogany. Conse
quently, only instrumental color analyses were 
made on tea.
Instrumental color analysis of brewed 
coffee and tea

The red (R), green (G) and blue (B) transre
flectance values of coffee and tea beverages pre
pared from the various waters were measured 
with the Colormaster Differential Colorimeter

in 3-mm-depth cells against white and black 
backgrounds (Little, 1964; Mackinney et al., 
1966; Joslyn and Little, 1967). Kubelka-Munk 
optical constants as well as tristimulus values 
for the white-background thin-layer mode of 
sample presentation were calculated for all sam
ples and results compared with those of the 
distilled water controls as well as with the visual 
evaluations where such data were obtained.
Artificially flavored drinks

The artificial drinks were prepared from 
commercial powders (Pillsbury’s “Funny 
Face”). The grape-flavored mix consisted of 
citric acid, calcium cyclamate (32.1%), sodium 
citrate, saccharin calcium (2.7%), artificial 
grape flavoring and artificial coloring. The 
orange-flavored mix listed the same composi
tion except for “flavoring.” The grape and 
orange beverages were prepared according to 
the manufacturer’s directions, 4.7 g/2 qt (2.5 
g/liter) and 5.7 g/2 qt (3.0 g/liter), respectively. 
1 , 8 -day study was conducted, using solutions 
of the aforementioned 8  minerals at 750 ppm. 
The pH was measured for each sample. At each 
session, judges received 9 samples (distilled 
water plus the 8  minerals) in randomized order 
and evaluated over-all flavor strength ( 1  = ex
tremely weak; 8  = extremely strong), degree of 
liking on a 9-point hedonic scale and intensity 
( 0  = none, 8  = extremely intense) for quality 
factors labeled sweet, salty, sour, bitter, bal
anced, flat and astringent.
Analysis of data

Statistical significance of the triangle test 
data was determined by consulting Table E in 
Amerine et al. (1965), and analysis of variance 
applied to the scores and hedonic ratings.

RESULTS & DISCUSSION 
Coffee: mineral solutes

Bitterness and sourness were the pre

dominant flavor characteristics ascribed 
to coffee beverages prepared from dis
tilled water and mineral solutions (Fig.
1). Coffee made from waters containing 
carbonates was the most bitter, consistent 
with having the highest percent of ex
tracted solids. These same coffees had the 
highest pH values (6.34 and 6.92) and, 
predictably, were the least sour, which 
probably accounted for the high re
sponses for “flat.” Distilled water result
ed in a beverage quite bitter and sour and 
had a hedonic rating of 3.7, correspond
ing to “dislike slightly” on the rating 
scale. Beverage made from water with 
CaCl2 resulted in the most sour coffee, 
consistent with the lowest pH of 4.9, the 
lowest extracted solids and the lowest 
hedonic value of 3.2. Solutions of NaCl 
produced slightly salty coffee, as ex
pected, but no more so than did the 
calcium and magnesium chlorides. The 
low hedonic ratings for all these beverages 
are due to the panel’s dislike for strong 
coffee in general, as can be seen in 
comparing hedonic ratings for the dis
tilled water samples in Figure 1 with 
those in Figure 3, where the lesser 
amount of ground coffee was used. Anal
ysis of variance of these ratings for degree 
of liking showed a significant F ratio 
(P <  .001) for the 8 minerals and for the 
judges, as well as for the interaction of 
the two. The average hedonic scores must 
differ by 0.4 unit to be significant at 
P = .0 5 . Corresponding L.S.D. values for 
averages for bitterness and for sourness 
were 1.7 and 1.4, respectively.

Coffee: natural waters
Chemical analyses of the 2 sets of 

natural waters used are given in Table 3. 
Results from the triangle test comparison 
of samples prepared from natural waters 
with distilled water samples showed sig
nificant differentiation of appearance in 
all but one comparison—Soledad water at 
a brew strength of 4.7% coffee (Table 5). 
The flavor of all but the samples prepared 
from EBMUD water was significantly 
different from the distilled water samples. 
Percent correct separation was not di
rectly proportional to the amount of 
dissolved solids in the water, suggesting 
the importance of the individual ionic 
species rather than the total solids. The 
lack of a direct correlation between dif
ferentiation of the visual and the flavor 
characteristics emphasizes the methodo
logical precaution of measuring these 
attributes separately. Differences between 
the 2 sets of data in Table 5 could be 
attributable to slightly different water 
compositions or to differences in the 2 
brew strengths, or both.

Figure 2 gives the distribution of 
quality responses to coffee at 5.33% 
strength, prepared from distilled and 5 
natural waters, along with values for 
percent extracted solids, pH, average
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Fig. 1—D is tr ib u tio n  o f  fla vo r  c h a ra c te r is tic s  fo r  c o f fe e  a t  5 .33%  
s tr e n g th  (5 3 .3  g  g r o u n d  c o f fe e /1 ,0 0 0  m l w a ter) p re p a re d  fr o m  d is t i l le d  
w a te r  a n d  m in e ra l s o lu t io n s  a t  7 5 0  p p m . N u m e r ic a l va lues are p e r c e n t  
e x tr a c te d  so lid s , p H  a n d  average h e d o n ic  ra ting , re sp e c tiv e ly . F re
q u e n c y  o f  re sp o n se  va lues a n d  h e d o n ic  ra tings are b a se d  o n  1 7 6  se p a 
ra te  ju d g m e n ts ,  re sp e c tiv e ly .

Fig. 2 - D i s t r ib u t io n  o f  fla vo r  c h a ra c te r is tic s  fo r  c o f fe e  a t  5 .3 3 %  
s tr e n g th  (5 3 .3  g  g r o u n d  c o f fe e /1 ,0 0 0  m l w a ter ) p re p a re d  fr o m  n a tu ra l  
d r in k in g  w a ters ( to p  ro w )  a n d  c o r re s p o n d in g  d is t i l le d  w a te r  ( b o t to m  
ro w ). N u m e r ic a l va lues are p e r c e n t  e x tr a c te d  so lid s , p H , average  
s tr e n g th  a n d  average h e d o n ic  ra tings, re sp e c tiv e ly . F re q u e n c y  o f  re 
sp o n s e  va lues, average s tr e n g th  a n d  average h e d o n ic  ra tings are  b a se d  on  
2 2  se p a ra te  ju d g m e n ts ,  re sp ec tiv e ly .

NATURAL WATERS
1 -  BITTER
2- SOUR
3 -  BRISK 
A - SALTY
5 -  ASTRINGENT
6 -  FLAT
7 -  8ALANCE0
8 -  STALE
9 -  8URNT

m m m~ In Mm . à M

Fig. 3 —D is tr ib u tio n  o f  fla vo r  ch a ra c ter is tic s  fo r  c o f fe e  a t  4 .7%  s tr e n g th  
(4 7  g  g r o u n d  c o f f e e /1 ,0 0 0  m l w a ter) p re p a r e d  fr o m  n a tu ra l d r in k in g  
w aters ( to p  ro w )  a n d  co r re s p o n d in g  d is t i l le d  w a te r  ( b o t to m  row ). 
N u m e ric a l va lues are p e r c e n t  e x tr a c te d  so lid s , p H , average s tr e n g th  a n d  
average h e d o n ic  ra tings, r e sp e c tiv e ly . F r e q u e n c y  o f  re sp o n se  values, 
average s tr e n g th  a n d  average h e d o n ic  ra tin g s  are b a se d  o n  18  sep a ra te  
ju d g m e n ts ,  re sp ec tiv e ly .

strength and average degree of liking. 
Once again, the predominant tastes were 
bitterness and sourness for beverages 
made from distilled water. Bitterness plus 
variable tastes and flavors were ascribed 
to coffee made from the natural waters. 
Sourness was associated with low pH 
values, but strength was not necessarily 
related to the amount of extracted solids. 
Several of the coffees in this series tasted 
burnt.

Note in Figure 2 that high extracted 
solids of 1.23 and 1.47% were obtained 
for coffees prepared from waters from 
Davis No. 4 and Coalinga, both high in 
Mg++. It should be pointed out that the 
hydrometer measurements of solids based 
on specific gravity include mineral solids 
as well as solids extracted from the coffee 
grounds. In subsequent experiments, 
hydrometer values were supplemented 
with oven-dehydration measurements of 
total solids.

Coffees from EBMUD and from dis
tilled water generally were considered to 
be stronger but were less well-liked than 
those from other waters. For 2 of the 6  

natural waters, Davis No. 4 and Brent
wood, there was a significant negative 
correlation between strength and hedonic 
score (P < .0 0 1 ) .  Inspection of the 11 
individual judges’ responses to strength 
vs. hedonic scores gave 3 negative and 2 
p o s it iv e  c o r re la tio n  c o e f f ic ie n t s  
(P < .0 0 1 ) ,  indicating that some liked 
increasing and some liked decreasing cof
fee strengths.

Data in Figure 3 were included for 
comparison, as 4.7% coffee strength was 
more to the liking of these judges. The 
extracted solids ranged considerably be
low that of the previous study, as ex
pected, and degree of liking was higher. 
However, scores for coffee strength were

quite similar between the 2 studies. pH 
levels were not altered very much by 
lowering the amount of coffee, but qual
ity factors of bitterness, sourness and 
burnt were mentioned less frequently and 
flat more frequently than shown previ
ously in Figure 2.
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Tea: mineral solutes
Astringency and bitterness were the 

primary qualities observed in tea prepared 
from distilled water and from 6 of the 8 
mineral solutes (Fig. 4). A lthough tea 
prepared from distilled water was consid
ered bitter, it was the best-liked, w ith an 
average hedonic score o f 5.6. Teas brewed 
from waters containing carbonates were 
the least bitter and astringent o f the 
series, but were flat and stale, o f signifi
cantly low  tea strength (P <  .01 ) and 
definitely disliked (P <  .01). The latter 
samples had pH readings o f 7 .58 and 8.76  
compared to 4 .96  for the control made 
from distilled water.

Tea: natural waters
Natural waters produced tea beverage 

significantly less bitter and astringent 
than the distilled water samples (Fig. 5). 
As the total solids in the water increased, 
from Davis No. 2 through Coalinga wa
ters, the tea generally was considered 
more flat, less brisk and less liked. Teas 
made from EBMUD and Davis No. 2 
waters were liked significantly better 
( P < . 0 0 1 )  than the corresponding dis
tilled water samples. Analysis o f the 
average strength, determined by Student’s 
“t” test, showed that distilled water 
produced tea significantly stronger than 
that produced by the natural waters 
( P <  .001). The pH values were higher in 
tea made from the natural waters, as 
would be expected due to  the mineral 
com position.
Color o f coffee and tea

The lum inous reflectance, Y, and chro- 
m aticity coordinates, x and y , and differ
ences in Y, x and y (AY, Ax, A y) from  
the distilled water preparations for the 
thin-layer white-background m ode are 
summarized in Tables 6 and 7. Included 
in the tables is a value |H |, calculated 
from (A x-2 + A y 2 )1/2 considered to ex 
press the magnitude o f differences in 
chromaticity coordinates from that o f  the 
distilled water controls, ignoring direction 
o f difference. Plotting |H| against AY  
showed that the 2 were linearly related. 
Plotting |H| against the percent correct 
response from  the triangle testing o f  
coffees prepared from natural waters did 
not result in any clear-cut relationship 
betw een the magnitude o f |H| and visual 
evaluation. However, when |H| was given 
a + or — sign, according to whether the 
sample was lighter or darker (+ or -  AY) 
than the distilled water control, a certain 
order was im posed upon the pattern, 
indicating that the sensory panel distin
guished the samples w ith lower Y values 
more readily than those w ith higher Y 
values than the control. The magnitude 
o f ± |H| was directly related to the visual 
responses. Therefore, the direction o f  
difference in the chrom aticity coordi
nates must be taken into account. Al
though the perceived color differences

M«S04 NoCI No2S04 NoHCOj NOjÇOj

Fig, 4 —D is tr ib u tio n  o f  fla vo r  ch a ra c ter is tic s  fo r  tea  p re p a r e d  fr o m  d is 
t i l le d  w a te r  a n d  m in era l s o lu tio n s  a t  7 5 0  p p m . N u m e r ic a l va lues are p H ,  
average s tr e n g th  a n d  average h e d o n ic  ra tings , r e sp e c tiv e ly . F r e q u e n c y  o f  
re sp o n se  va lues, average s tr e n g th  a n d  average h e d o n ic  ra tings are b a se d  
o n  8 0  se p a ra te  ju d g m e n ts ,  re sp e c tiv e ly .

appeared to be 3-dimensional, a 2-dimen
sional representation proved to be useful. 
This point warrants further study.

The direction and magnitude o f visual 
difference appeared to be related directly 
to the presence o f  a particular ionic  
constituent. The coffees brewed with  
waters containing Ca++ or Mg++ showed 
decrease in lum inous transreflectance (Y 
value) over the distilled water control 
(i.e., were lighter) and showed a decrease

in purity along with a small decrease in 
dominant wavelength (i.e ., were yellower 
and less saturated). These changes are 
consistent w ith diminished extraction o f  
soluble colorant from the ground coffee. 
The presence o f  Na+ added as NaCl or 
Na2 S 0 4 exerted an effect opposite to 
Mg++ and Ca+ + ; namely, a slight lowering 
of lum inous transreflectance, w ith a small 
shift in dominant wavelength toward the 
red as compared w ith the control. When

T able  6 —I n s tr u m e n ta l  a n a ly s is  o f  c o lo r  o f  c o f fe e  a n d  tea  p re p a re d  fr o m  d is t i l le d  w a te r  a n d  
fr o m  8  m in e r a l s o lu te s  (7 5 0  p p m ) . T h in -la ye r  w h ite  b a c k g r o u n d  r e fle c ta n c e  data .

Solute Y X y AYa A xW A y d ) IHI

Brewed coffee samples
MgCl2 37.1 .4616 .4448 + 4.6 - 2 3 2 - 5 3 238
CaSC> 4 34.5 .4759 .4486 + 2.0 - 8 9 -1 5 90
MgS04 34.2 .4771 .4482 + 1.7 - 7 7 - 1 9 79
CaCl7 33.2 .4764 .4480 + 0.7 - 8 4 -2 1 87

Distilled
water control 32.5 .4848 .4501

NaCl 31.7 .4866 .4484 - 0 .8 + 18 -1 7 25
Na2 S0 4 31.3 .4914 .4497 - 1 .2 + 66 - 4 66
NaHC03 19.6 .5398 .4336 -1 2 .1 + 550 -1 6 5 574
Na2 C03 12.4 .5638 .4161 -2 0 .1 + 790 -340 860

Brewed tea samples
NaCl 53.9 .4020 .4143 + 0 . 1 - 1 + 1 1

Distilled
water control 53.8 .4021 .4142 _ _

MgCl2 53.4 .4008 .4116 - 0 .4 - 1 3 - 2 6 29
MgS04 53.0 .4015 .4113 -0 .8 - 6 - 2 9 30
Na2 S0 4 52.0 .4214 .4289 - 1 .8 + 193 + 147 243
CaSC> 4 51.8 .3990 .4088 - 2 .0 - 3 1 - 5 4 62
CaCl2 48.8 .4061 .4128 - 5 .0 + 41 - 1 4 43
NaHC03 38.9 .4512 .4355 -1 4 .9 + 491 +213 535
Na2 CQ3 24.1 .5053 .4324 -2 9 .7 + 1,032 + 182 1,048

d iffe re n c e s  from distilled water controls (X 10‘4 ).
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Fig. 5 —D is tr ib u tio n  o f  fla vo r  ch a ra c ter is tic s  fo r  tea  p re p a re d  fr o m  n a t
u ra l d r in k in g  w a ters ( to p  r o w )  a n d  co r re s p o n d in g  d is t i l le d  w a te r  ( b o t 
to m  ro w ). N u m e r ic a l va lues are p H . average s tr e n g th  a n d  average  
h e d o n ic  ra tin g s , r e sp e c tiv e ly . F r e q u e n c y  o f  re sp o n se  va lues, average  
s tr e n g th  a n d  average h e d o n ic  ra tin g s a re  b a se d  o n  2 0  se p a ra te  ju d g 
m e n ts ,  re sp e c tiv e ly .

Fig. 6 —D is tr ib u tio n  o f  fla vo r  c h a ra c te r is tic s  fo r  o range- a n d  grape-  
f la v o re d  d r in k s  p re p a re d  fr o m  d is t i l le d  w a te r  a n d  m in e r a l s o lu t io n s  a t  
7 5 0  p p m . F re q u e n c y  o f  re sp o n se  va lues are b a se d  o n  7 0  a n d  4 2  se p a 
ra te  ju d g m e n ts  fo r  o range  a n d  g rape , re sp ec tiv e ly .

Na+ was added in the form of NaHC03 
or Na2C 03, a profound effect on the 
physical measurements and the derived 
psychophysical functions was noted, re
sulting in a marked decrease in luminous 
transreflectance, an increase in purity and 
a shift in dominant wavelength of as

much as 10 nm. These changes, immedi
ately apparent on visual examination, 
cannot be ascribed to the cationic compo
nent, but must be considered related to 
the presence of HC03 or C 03 cations.

The frequency distribution of termi
nology used to describe the appearance of

coffee made from the distilled water and 
from natural waters showed that light
ness-darkness was the most frequently 
mentioned visual attribute, followed by 
surface changes (Table 8 ). An iridescent 
surface appearance caused by extracted 
coffee oils was much more evident when 
distilled water and water with low min
eral contents were used. The distilled 
water produced a significantly lighter 
brew than did the natural waters (with 
the exception of EBMUD water, which is 
almost mineral-free).

It is apparent that the magnitude of 
the 3-dimensional shift in measured color 
values was not dependent on the total 
dissolved solids content but on the distri
bution and interaction of the various 
electrolytes present. The C 03 and HC03 
effect manifested itself in 1 water (Davis 
No. 4) containing relatively large amounts 
of these 2 anions (ca. 13 ppm), despite 
the presence of Mg++, which might be 
expected to play an antagonistic role. 
When C 03 or HC03 or both, were 
present at lower levels (3—5 ppm) the net 
effect seemed to depend on whether 
Ca++ or Mg++ was present in sufficient 
quantities to exert its influence on the 
color characteristics of the brew. (Obvi
ously the extreme insolubility of CaC03 
precludes its presence in appreciable 
quantity in water.)
Artificially flavored drinks

Sweetness and sourness were the pre
dominant quality characteristics within 
the orange- and grape-flavored drinks. 
The 2 water solutes containing carbonates 
resulted in significantly sweeter and sig
nificantly less sour beverages ( P < .001). 
These latter data are plotted separately in 
Figure 7 to illustrate the interdependence

T a b le  7 —In s tr u m e n ta l  a n a ly s is  o f  c o lo r  o f  c o f fe e  a n d  tea  p r e p a r e d  fr o m  d is t i l le d  w a te r  a n d  
fro m  6  n a tu ra l d r in k in g  w aters. T h in -la ye r  w h ite  b a c k g r o u n d  re fle c ta n c e  data._____________

Water Y X y AYa A xa A ya IHI

Visual
test

(% correct)
Coffee at 4.7% strength 

Coalinga 30.9 .4956 .4504 +3.5 -142 + 27 144 57.4»**
Soledad 29.4 .5000 .4495 +2 . 0 -98 +18 1 0 0 40.7
EBMUD 29.4 .5023 .4488 +2 . 0 -7 5 - 1 1 76 75.9***
Distilled 27.4 .5098 .4477 - - - —

Brentwood 26.4 .5135 .4459 - 1 . 0 + 37 1 0
0 41 87.0***

Davis No. 2 24.2 .5220 .4432 -3 .2 + 1 2 2 -45 130 87.0***
Davis No. 4 2 2 . 2 .5277 .4387 -5 .2 +179 -60 189 1 0 0  * * *

Coffee at 5.33% strength 
Coalinga 31.6 .4929 .4501 + 3.3 -142 + 16 143 43.9*
Soledad 29.0 .4960 .4625 + 0.7 - 1 1 1 +140 179 72.7***
EBMUD 29.0 .5023 .4482 +0.7 -48 -3 48 45.5*
Distilled 28.3 .5071 .4485 — — — _

Brentwood 26.7 .5150 .4465 - 1 . 6 + 79 - 2 0 82 92.4***
Davis No. 2 25.8 .5155 .4448 -2.5 + 84 -37 92 95.5***
Davis No. 4 18.4 .5457 .4309 -9 .9 +386 -176 424 1 0 0  ***

Brewed tea samples
Distilled 51.0 .4258 .4306 - — — —

EBMUD 46.4 .4316 .4265 -4.6 +58 -41 71
Davis No. 2 39.6 .4450 .4298 -11.4 +198 - 8 198
Coalinga 37.6 .4329 .4202 -13.4 +71 -104 126
Brentwood 35.8 .4408 .4235 -15.2 +150 -71 166
Soledad 34.1 .4402 .4220 -16.9 +144 - 8 6 168
Davis No. 4 30.1 .4642 .4234 -20.9 +384 -72 391
«.»»»R espectively, significant difference at P = 0.05 and 0 .001 . 

d iffe r e n c e s  from distilled water controls (X 10 4 ).
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Fig. 7 —A v e ra g e  in te n s i t y  o f  s w e e tn e s s  (n = 6 5  a n d  391 a n d  so u rn ess  
In = 6 0  a n d  3 6 )  in  orange- a n d  g ra p e -fla vo red  d r in k s , r e sp e c tiv e ly , p r e 
p a re d  fr o m  d is t i l le d  w a te r  a n d  m in e r a l s o lu t io n s  a t  7 5 0  p p m .

Fig. 8 —A vera g e  s tr e n g th  a n d  average d eg ree  o f  l ik in g  fo r  orange- 
(n = 7 0 )  a n d  g ra p e -fla vo red  In  = 4 2 )  d r in k s  p re p a r e d  fr o m  d is t i l le d  
w a te r  a n d  m in e r a l s o lu t io n s  a t  7 5 0  p p m .

of the sweet and sour components. Note 
that the grape drink is sweeter and less 
sour throughout, undoubtedly related to
its content of citric acid and artificial

(' sweetener. pH values for the 2 sets of 
y  beverages do not differ markedly, as 

shown below:

Distilled water 
CaCl2 

\  MgCl2 
CaS04 
MgS04 
Na2 S04 
NaCl 
NaHC03 
Na2C 03

Orange Grape
2.62 2.69
2.61 2.65
2.61 2.67
2.69 2.71
2.69 2.72
2.68 2.71
2.64 2.69
3.76 3.75
4.47 4.28

vNote in Figure 6 that the carbonates 
produce flat beverages in combination 
with a reduction in sourness, further 

*' substantiated by the data in Figure 8 , 
where carbonates significantly reduced 
flavor strength and degree of liking 
(P C .001).

CONCLUSIONS
IN GENERAL, the electrolytes in both 
natural drinking waters and in prepared 
solutes adversely influenced the quality 
of the resultant beverages. The carbonates 
were the worst offenders, resulting in a 
bitter, flat coffee, a flat, stale tea and a 

l flat, insipid soft drink. Although a certain 
degree of bitterness is characteristic of 
brewed coffee, the sourness of coffee 

1 prepared from distilled water was exces
sive (Fig. 2). Also, distilled water makes a 
brewed tea with an excessive degree of 
astringency (Fig. 5). It appears, therefore, 
that optimum flavor quality in coffee and 

* tea would be obtained from water con

taining low levels of dissolved minerals, 
such as represented by the EBMUD ar.d 
Davis No. 2 drinking waters used herein 
(22—411 ppm TDS). Work is under way 
at present to determine the quantitative 
and qualitative changes occurring in the 
volatile constituents of coffee prepared 
from various waters (Russell and Pang- 
born, 1970).

The large variations in visual attributes 
of the coffee and tea, unanticipated at

the onset of the flavor study, merit an 
extensive, systematic investigation. The 
thin-layer reflectometric method showed 
promise for measuring the effects of 
combinations of ions in various concen
trations on the light-modifying properties 
of the brewed beverages. It would be of 
additional interest to determine the visual 
modifications induced in coffees prepared 
from various waters, upon addition of 
milk, cream and other coffee whiteners.

T ab le  8 —F r e q u e n c y  d is tr ib u t io n  o f  d e s c r ip tiv e  te r m in o lo g y  u s e d  in  tr ia n g le - te s t e v a lu a tio n  o f  
c o f fe e  p re p a re d  fr o m  d is t i l le d  vs. n a tu ra l d r in k in g  w aters. V a lues re p r e s e n t n u m b e r  o f  c o m m e n ts  in  
2 2  e va lu a tio n s . _____________

Visual descriptive terminology

Comparison
Surface 

scum or oil Lighter Darker Amber
Brown or

light brown Cloudy Clearer Sediment

EBMUD 13 8 2 2 0 5 2 0

VS.

dist. water 1 2 3 3 4 1 4 0 0

Davis No. 2 1 0 16 0 8 1 3 0

VS.

dist. water 13 15 0 5 4 0 2 0

Davis No. 4 0 0 16 0 6 2 3 0

vs.
dist. water 1 1 18 0 5 4 0 1 0

Brentwood 2 0 14 0 3 0 0 1

VS.

dist. water 6 17 0 4 1 0 1 0

Soledad 2 0 1 1 2 0 2 1 1

VS.

dist. water 8 1 1 0 1 * 0 2 0 1

Coalinga 5 3 0 4 0 1 1 0

vs.
dist. water 5 5 0 4 0 2 1 0

Totals 78 80 62 31 27 19 15 3
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