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TO THE SCIENTIFIC EDITOR

Letter to the Editor

April 20, 1975 

Dear Sir:
The confusion regarding the description of Hunter Color 

data (A.C. Little, “Off on a tangent,” J. Food Sci. 40(2): 410;
F.J. Francis, “The origin of tan"1 a/b,” J. Food Sci. 40(2): 
412) stems from the manipulation of instrumental data to 
mathematical equations. One simple solution to this confusion 
is to avoid trigonometrical functions and use only rectangular 
and polar coordinates. The tan"1 b/a (Little) is the angle 9 
subtending with the “a” axis and the tan '1 a/b (Francis) is 90° 
— 9 which is the angle subtending with the “b” axis. Both 
these functions and r = (a2 + b2)1/2 locate the sample in the 
Hunter a,b diagram. Working with egg yolk color which falls 
both in the (a,b) and (—a,b) quadrants, this author found that 
tan '1 a/b is better because it measures the deviarion (±9) from 
the yellow axis (+b). Since most foods fall in the (a,b) and 
(—a,b) quadrants, it may be more practical and useful to use 
+b axis as reference rather than the conventional “a” axis. 
After all, the Hunter L, a, b system was an answer to the 
conventional and nonuniform CIE system.

THOMAS PHILIP'
Dept, of Agricultural Biochemistry 
The University of Arizona 
Tucson, AR 85721

Letter to the Editor

May 16,1975 

Dear Sir:
In my note, “Off on a tangent,” I pointed out the in

compatibility of the co-existence of two opposing definitions 
of hue expressed as an angular function in Hunter space. In his 
letter, Philip suggests that a simple solution to the confusion is 
to avoid trigonometrical functions and use only rectangular

and polar coordinates, but he fails to indicate how that can be 
done. In order to determine the magnitude of the hue angle 
(i.e., the polar coordinate 9) from measured values of a and b, 
one must resort to trigonometrical functions. And indeed, 
Philip acknowledges "his by stating his preference for using the 
+b axis as reference, and defining 9 as tan"1 a/b, with ±9 
measuring the deviation around the yellow axis (+b).

The angle identified as 9 in the proposed scheme is, of 
course, the complement of the conventional hue angle 9, and 
the source of the confusion to which I had originally addressed 
my remarks. In addition, in this scheme the angle generated by 
clockwise rotation is designated positive, and that by counter
clockwise rotation as negative, exactly opposite to convention
al practice and thus potentially a further source of confusion.

I fail to understand how the proposal provides greater con
venience and usefulness than the conventional one. Let us 
consider an example. For the case of tan '1 a/b, if +9 = 30° and 
-9  = 30°, then the range covers a span of 60°, deviating ±30° 
around the +b axis. In the conventional method, 9 i = 60°, 92 
= 120°, covering a range of 60°, and deviating ±30° around the 
+b axis. However, if for example an angle of 80° is found to 
correspond to a measure of optimum hue, then the same data 
can be used to evaluate deviation around that angle. Thus, the 
conventional method provides both convenience and flexibili
ty in an unambiguous manner.

The situation generated by conflicting definitions of hue 
angle is not analogous to that generated by the transformation 
of the CIE-space to Hunter space. In the former case, an angle 
becomes confused with its complement; in the latter, any 
point located in one space can be easily and directly translated 
to the second by well-established transformation equations.

ANGELA C. LITTLE 
Dept, of Nutritional Sciences 
University of California 
Berkeley, CA 94720
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Call For Volunteered Papers

IFT 36th ANNUAL MEETING 
June 6-9,1976 Anaheim, California

ALL IFT MEMBERS ARE CORDIALLY INVITED to submit original research papers dealing with any aspect of food 
science or technology for consideration by the 1976 Program Committee.

Volunteered papers are a fundamentally important part of each Annual Meeting. Have you some interesting work to 
share with IFT’s membership? The Program Committee welcomes your contribution. To assist the Committee in its review 
and scheduling, please indicate on the Official Abstract Form the area of food science and technology under which your 
work falls. A number of areas are listed below. Indicate others on the Official Abstract Form if appropriate.

Biochemistry of Meats 
Biochemistry of Plants 
Chemistry, Basic Food 
Chemistry, Flavor 
Environmental Aspects of Food 
Enzymes 
Food Packaging

Food Processing
Food Service Products & Systems 
Meat and Fish Technology 
Microbiology
New Product Development 
Nutrition
Physical and Chemical Analysis

Pollution Control 
Proteins
Quality Assurance 
Sensory Evaluation and 

Flavor Chemistry 
Storage Stability of Foods 
Thermal Processing

DEADLINE FOR TITLES AND ABSTRACTS IS DECEMBER 22, 1975 
USE ONLY THE OFFICIAL ABSTRACT FORM

BEFORE WRITING YOUR ABSTRACT, please read the Rules Governing Volunteered Papers Presented at IFT Annual 
Meetings and Publication Rights & Procedures, below; and the Instructions for Preparation of Abstracts, on the next 
page.

RULES GOVERNING VOLUNTEERED PAPERS PRESENTED AT IFT ANNUAL MEETINGS

No volunteered paper shall be presented at an Annual Meeting unless at least one of the authors is a member in 
good standing of the Institute of Food Technologists or affiliate organizations.

No paper shall be presented at an Annual Meeting which has previously been given before other groups, or which 
has appeared in print prior to the Meeting.

Volunteered papers will NOT be accepted without abstracts suitable for publication in the Annual Meeting pro
gram booklet. These abstracts will be used by the Program Committee to determine the appropriateness of the paper 
based on whether it is original work, significant, contains new and useful information, and has a scientifically reason
able approach. The Program Committee reserves the right to reject the paper based on these criteria.

PUBLICATION RIGHTS & PROCEDURES

The Institute shall have first right to publish papers presented at an Annual Meeting of the Institute. However, 
after a paper has been accepted for the Meeting program, the author may, with supporting evidence, request its release, 
either before or after oral presentation. Under no circumstances shall release, if granted, permit publication of the 
paper before the oral presentation. Within fewer than 60 days after receiving the complete manuscript and a request 
for release, the Institute shall give the author a decision to release the paper or to accept it for publication subject to 
the necessary editorial revision. If accepted, the author or authors shall assign all rights in the paper to the Institute, 
and after publication the Institute shall, upon request, reassign all rights back to the author or authors.

Manuscripts may be submitted as soon as completed to the Institute of Food Technologists so that the papers 
may be reviewed and cleared for publication following the meeting.

All manuscripts not submitted prior to the meeting MUST be turned in during the Annual Meeting.
MANUSCRIPTS must conform to the “Style Guide for Research Papers,” which is available from the Director of 

Publications, Institute of Food Technologists, 221 N. LaSalle St., Chicago, IL 60601 USA.
3 C O M PL E T E  C O P IE S O F  E A C H  M A N U S C R IP T  A R E  R E Q U IR E D . O N E  IS  A N  O R IG IN A L , T Y P E D  C O P Y  O N  

G O O D  Q U A L IT Y  W H IT E  B O N D . T H E  S E C O N D  A N D  T H IR D  C O P IE S M A Y  B E  C L E A R  A N D  E A S IL Y  R E A D A B L E  
C A R B O N  O R P H O T O C O P IE S .



INSTITUTE OF FOOD TECHNOLOGISTS-1976 Annual Meeting

ABSTRACTS MUST BE RECEIVED  BY DECEMBER 22, 1975

READ BEFORE WRITING ABSTRACT

Usa Official Abstract Form —see facing page

INSTRUCTIONS FOR PREPARATION OF ABSTRACTS

Procedure
Use a reasonably dark typewriter ribbon. TYPE abstracts (do 

NOT write) as directed on the Official Abstract Form. Use the 
printed form for the original and make three carbon or photo
copies.

Title of Paper
Capitalize first letter of first word and of proper nouns ONLY,

as:
Quick-cooking large Lima and other dry beans.

Authors and Institutions

Type SPEAKER’S initials and complete surname in capital 
letters. For all other authors’ names, capitalize only the initials and 
the first letters of the surnames. List company or institution names 
in sequence. Show complete mailing address for company or institu
tion at which the research was conducted ONLY. Addresses usually 
can be abbreviated; use standard abbreviations. In case of multiple 
authors and multiple affiliations, use asterisks to identify, as:

J.B. KING*, P.J. Jones**, and H.W. Melton**
*Hunt Foods Co.; **Dept. of Food Science, U. of Illinois, 
Urbana, IL 61801

Content of Abstract
An abstract should contain a concise statement of: (1) the 

problem under investigation; (2) the experimental method used; (3) 
the essential results obtained. The text should cite quantitative data 
from representative experiments, or summary data; (4) what find
ings are new over the known art; and (5) conclusions. Do not state, 
“The results will be discussed.”

Self-Addressed Post Cards
Enclose TWO standard sized, self-addressed and stamped postal 

cards for notification of the date your paper is scheduled for presen
tation, and for acknowledgement by the Program Committee of 
receipt of your abstract. Include a separate set of cards for each

abstract submitted. For each set of post cards, type paper title on 
back of both return postal cards.

Subm it Original and 2 Copies
Please submit completed original of Official Abstract Form and 

two copies, together with the self-addressed postal cards.

Mail Abstracts To:

Dr. F.J. Francis 
1976 IFT Program Chairman 
Dept. Food Science & Nutrition 
University of Massachusetts 
Amherst, MA 01002

Other communications concerning the program should be sent 
to the same address.

Extra Abstract Forms
Additional Official Abstract Forms, if needed, can be secured 

from the Institute of Food Technologists, Suite 2120, 221 N. La
Salle Street, Chicago, IL 60601.

Oral Presentation
The maximum time allowed for presentation of a paper is IS 

minutes, including time for discussion. Authors should prepare the 
complete manuscript and be sure it can be presented easily within 
the allotted time, including time for presentation of slides.

To eliminate visual aid problems and to upgrade paper presen
tations, IFT has standardized slide projection. Remote control 
Kodak Carousel projectors requiring 2" X 2" slides will be used. 
Therefore, all slides must be prepared on 2" X 2" (50mm X 50mm) 
slide mounts.

Authors whose papers are accepted for presentation will re
ceive, prior to the Annual Meeting, a copy of Kodak pamphlet #22, 
Effective Lecture Slides, to assist them in preparing art work for 
their slides.

---------------------------------------------- PLEASE N O T E ------------------------------------------------

At least one author of each volunteered paper must be a member in good standing of IFT.

Incomplete or improperly executed abstracts will be rejected by the Program Committee.

Failure to complete and sign the checklist on the back of the “Official Abstract Form for 
IFT Annual Meeting Papers” can be considered grounds for rejection of your paper.



OFFICIAL ABSTRACT FORM FOR IFT ANNUAL M EETING PAPERS
Read Instructions First (see facing page)—All Lines Must Be Double-Spaced—Type Only

YOU MUST COMPLETE AND SIGN CHECKLIST ON NEXT PAGE

TITLE: Capitalize first letter of title 
only (also first letter of proper nouns). 
See instructions on facing page.

AUTHORS: Capitalize name of speaker 
ONLY. See instructions on facing page.

AFFILIATIONS: Show complete mail
ing address ONLY for institution at 
which research was conducted. See in
structions on facing page.
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Area of Food Science & Technology (see List in Call for Papers):



-  CHECKLIST -

CHECK & SIGN BEFORE MAILING ABSTRACT

CD I have read the “Rules Governing Volunteered Papers Presented 
at IFT Annual Meetings” and the “Publication Rights & Proce
dures,” and I agree to abide by the terms of these rules.

□  Abstract has been prepared according to the “Instructions for 
Preparation of Abstracts.”

[U Original and 2 copies of the abstract are enclosed.

CH Two self-addressed post cards are enclosed.

(SIGNED) _________________________________________________

Name of author who is a member in good standing of IFT if other than 
the person whose signature appears above:



ABSTRACTS :
IN T H I S  I S S U E

DIELECTRIC PROPERTIES AT MICROWAVE FREQUENCIES OF 
AGAR GELS. Similarity to the Dielectric Properties of Water. B.D. 
ROEBUCK & S.A. GOLDBLITH. J. Food Sci. 40, 899-902 (1975)— 
At 1.0 GHz and 3.0 GHz, the dielectric properties (k' and k " )  of 
agar gels were determined at 5, 25, 45 and 65°C for concentrations as 
high as 3% agar. The dielectric constant k' of the agar gels at all tempera
tures studied was found to be similar to the k’ of water at the corre
sponding temperature and frequency. The dielectric loss k" of the agar 
gels for the corresponding temperature and frequency showed maximum 
deviation from k" of water for the higher temperatures, the higher agar 
concentrations, and the lower frequency. Agar gels, having dielectric 
properties similar to water yet rigid in form, can conveniently be used for 
preparing models of real foods for microwave oven experiments of thaw
ing, cooking and processing of foods.

INHIBITION OF PSYCHROTROPHIC BACTERIA BY LACTOBACILLI 
AND PEDIOCOCCI IN NONFERMENTED REFRIGERATED FOODS.
S.E. GILLILAND & M.L. SPECK. J. Food Sci. 40, 903-905 (1975)— 
The growth in milk at 5-7°C of Pseudomonas fragi and a gram 
negative psychrotrophic isolate was inhibited by cells of Lactobacillus 
bulgaricus. The growth of psychrotrophic bacteria in the natural flora of 
ground beef was also inhibited at 5°C by cells of L. bulgaricus, L. lactis 
and Pediococcus cerevisiae, which do not grow under these conditions. 
Cells of L. bulgaricus were inhibitory to the growth of psychrotrophic 
bacteria in refrigerated crab meat. Hydrogen peroxide was involved in the 
inhibitory action exerted by the lactobacilli. Apparently other factors 
were responsible for the antagonistic action produced by P. cerevisiae.

CHARACTERIZATION OF GLUCOSE OXIDASE AND CATALASE 
ON INORGANIC SUPPORTS. P.F. GREENFIELD & R.L. LAURENCE.
J. Food Sci. 40, 906-910 (1975)-Glucose oxidase ,and catalase were 
immobilized on a number of inorganic supports both individually and 
simultaneously. The effect of support type, immobilization technique, 
and concentration of enzyme in the immobilizing solution on the initial 
activity of the immobilized enzyme was measured. The effect of oper
ating pH and temperature on the initial activity was studied as was the 
storage stability. The results indicate that moderate activity levels can be 
achieved with inexpensive clay supports using relatively crude mixtures 
of glucose oxidase/fungal catalase immobilized by the glutaraldehyde 
coupling procedure. Although direct adsorption of the enzyme is by far 
the most convenient method of coupling, it was found that the enzyme 
was readily eluted from the clay supports under flow conditions in the 
presence of 2M potassium chloride, and hence it is not satisfactory.

VOLATILE COMPONENTS OF ROASTED COCOA: BASIC FRAC
TION. O.G. VITZTHUM, P. WERKHOFF & P. HUBERT. J. Food Sci. 
40, 911-916 (1975)-Roasted cocoa volatiles were isolated using the 
following technique: extraction with supercritical C 02 under pressure 
followed by atmospheric steam distillation; adsorption on Porapak Q and 
subsequent extraction with purified diethylether; separation of the organ
ic phase into basic and neutral fractions. Identification of basic cocoa 
aroma constituents was accomplished by mass spectrometry in combina
tion with a 200m X 0,31 mm i.d. glass capillary column. For the first 
time 59 compounds are reported in roasted cocoa including alkyl-, al
kenyl-, acyl-, furyl- and alicyclic pyrazines, pyridines, quinoxalines, 
oxazoles, quinoline and methyl o-aminobenzoate. The C02-extraction 
process described is generally applicable to studies on volatile aroma 
constituents in food odor research.

FUSEL OIL AND METHANOL CONTENT OF LEBANESE ARAK. S.M. 
DAGHER & I.G. RUHAYYIM. /. Food Sci. 40, 917-918 (1975)-Sam- 
ples of a Lebanese alcoholic beverage were analyzed for higher alcohols 
and methanol. Methanol content varied from 60-750 ppm and the aver
age content of propanol, isobutanol and amyl alcohol were 143, 211 and 
523 ppm, respectively. Juice samples of local grape varieties were ana
lyzed for their amino acid composition. Valine levels differed slightly 
among varieties, but the amounts of leucine and isoleucine varied con
siderably. Arak produced from such varieties differed markedly in their 
higher alcohol composition. Varietal differences and distillation tech
niques seemed to influence the composition of the final product.

CHARACTERISTICS OF RED WINES OF SIX CULTIVARS OF Vitis 
rotundifolia Michx. D.E. CARROLL, W.B. NESBITT & M.W. HOOVER.
J. Food Sci. 40, 919-921 (1975)—Six black-skinned cultivars of mus
cadine grapes (Vitis rotundifolia Michx.) were made into wine. The wines 
were characterized in terms of chemical composition, color specification 
and sensory quality. Over a test period of 3 -5  yr, Noble and Tarheel 
consistently yielded wines of good overall quality while Albemarle, Hunt, 
Magoon and Thomas yielded wines of inferior quality due principally to 
poor sensory characteristics, especially poor color.

CORRELATION OF CAROTENOID VISIBLE ABSORBANCE AND 
NUMERICAL COLOR SCORE OF ORANGE JUICE. D.R. PETRUS, 
R.L. HUGGART & M.H. DOUGHERTY. J. Food Sci. 40, 922-924 
(1975)—Visible absorption spectra of alcoholic solutions of juices of 
Florida Hamlin, Pineapple and Valencia orange varieties were all found to 
be similar in shape although not in absorption intensities. Absorption 
maxima were recorded at 465, 443 and 425 nm. A slightly broad shoul
der was also observed at about 395-398 nm. Results showed that the 
carotenoid visible absorbance increased with maturity and/or variety. The 
correlations of the sum of carotenoid absorbances (absorbance at 465, 
443 and 425 nm) with color scores were high, regardless of extractor 
type or setting, °Brix, percent sinking pulp, maturity or variety. The 
coefficient of correlation was r = 0.973 or greater with a coefficient of 
determination of r2 = 0.947 or greater.

EPICUTICULAR WAX ON THE JUICE SACS OF CITRUS FRUITS: A 
POSSIBLE ADHESIVE IN THE FRUIT SEGMENTS. I. SHOMER, A. 
FAHN & I. BEN-GERA. J. Food Sci. 40,925-930 (1975)-Transmission 
and scanning electron microscopy were employed to study the structure 
of citrus fruit segments and the nature of their compact packaging. De
posits of a waxy nature, as determined by chemical analysis, were present 
on the outer surfaces of the juice sacs. Removal of a waxy deposit in a 
number of different organic solvents or by melting it in water at a tem
perature higher than 50°C, resulted in disintegration of the segments and 
disconnection of adjoining juice sacs. Structural damage through disin
tegration, resulting from cryogenic freezing in liquid N and liquid Freon, 
is discussed.

TOTAL PEEL OIL CONTENT OF THE MAJOR FLORIDA CITRUS 
CULTIVARS. J.W. KESTERSON & R.J. BRADDOCK. J. Food Sci. 
40, 931-933 (1975)-The total quantity of cold-pressed peel oil was 
determined for each of 12 different citrus cultivars. Data for lime and 
tangelo oils were collected for 3 yr, tangerine, grapefruit and orange oils 
for 4 yr and lemon oils for 5 yr. The range in average peel oil content (lb
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oil/ton fruit) for the major cultivars was as follows: oranges (7.8-13.5), 
grapefruit (5.6-6.5), tangerine (15.5), tangelo (11.3), lime (8.1) and 
lemon (15.1). Information regarding processing dates and percentages of 
the total crop being processed has been presented for each of the vari
eties. Based on the annual crop tonnage being processed, it was shown 
that the total oil content from Florida citrus was approximately 92 mil
lion lb as follows: oranges (82 million lb), grapefruit (7 million lb) and 
mandarins, limes, lemons (3 million lb).

GLUTAMIC OXALOACETIC TRANSAMINASE ACTIVITIES IN 
PEACHES DURING MATURATION. J.J. IEN & C.S. GRAHAM. J.
Food Sci. 40, 934-936 (1975)-Glutamic Oxaloacetic Transaminase 
(GOT) activities of ‘Redhaven’ and ‘Redskin’ peaches were measured at 
weekly intervals during the maturation period. The specific activity of 
GOT reached a peak 2 wk after the pit-hardened stage of maturation, 
then declined to a minimum until just prior to ripening when another 
surge in activity occurred. Peaches from trees that had received succinic 
acid-2,2-dimethylhydrazide treatment had higher GOT activity than 
fruits from untreated trees. The pH optimum of peach GOT was 7.8-8.1. 
A 1:1 ratio of aspartate to oxoglutarate concentration was optimum for 
GOT reaction.

CUCUMBER POLYGALACTURONASE. R. PRESSEY & J.K. AVANTS. 
J. Food Sci. 40, 937-939 (1975)-A water-soluble polygalacturonase 
from cucumbers has been partially purified and characterized. It is an 
exo-splitting enzyme which removes monomer units from the nonre
ducing ends of the substrate molecules. The polygalacturonase has a pH 
optimum at pH 5.5 and is activated by Ca2+ ions. The maximum velocity 
and affinity for the substrate increase with increasing substrate chain 
length and are maximal for the largest substrates.

EFFECT OF WHEAT PHYTASE ON DIETARY PHYTIC ACID. G.S. 
RANHOTRA & R.I. LOEWE. J. Food Sci. 40, 940-942 (1975)— 
Studies with rats showed that although wheat phytase does not account 
for the majority of hydrolysis of dietary phytate, it is appreciably in
volved in its hydrolysis in the stomach and probably to a lesser extent in 
the small intestine. Measured under simulated gastrointestinal conditions, 
activity of wheat phytase (native and isolated) was substantial in the 
stomach only.

EFFECT OF GAMMA RADIATION ON PHYSICO-CHEMICAL CHAR
ACTERISTICS OF RED GRAM (Cajanus cajan) STARCH. S.P. NENE,
U.K. VAKIL & A. SREENIVASAN. J. Food Sci. 40, 943-947 
(1975)—Total reducing and nonreducing sugars in red gram (Cajanus 
cajan) are not affected by radiation treatment (1 Mrad). Oligosaccharides, 
reported as flatulence factors in legumes, namely stachyose and raffinose, 
are slightly decreased on cooking the irradiated samples. Irradiated and 
cooked red gram starch is more susceptible to alpha-amylase action than 
the unirradiated sample. Rheological properties of red gram starch, such 
as gelatinization viscosity, swelling power and solubility improve on irra
diation resulting in a final cooked product with better textural prop
erties.

CHANGES IN VOLATILE FLAVOR COMPOUNDS DURING THE RE
TORTING OF CANNED BEEF STEW. R.J. PETERSON, H.J. IZZO,
E. JUNGERMANN & S.S. CHANG. J. Food Sci. 40, 948-954 (1975)- 
Significant qualitative and quantitative differences were found in 
the volatile flavor compounds of canned and fresh beef stew by gas 
chromatography and sniffing of the GC effluents. A total of 102 com
pounds was identified in the canned stew volatiles; a number of them for 
the first time in foods. The principle compounds identified consisted of 
saturated and unsaturated aliphatic hydrocarbons, saturated cyclic hydro
carbons, aromatic hydrocarbons, alcohols, aldehydes, ketones, furan 
compounds and nitrogen/sulfur-containing compounds. It was established 
that the “retort flavor” of canned stew is not due to a single compound 
but is probably due to a relatively complex mixture of a number of 
components which might include oxygenated furan derivatives, some 
heterocyclic compounds, such as benzothiazole and pyrroles, and some 
low molecular weight sulfur compounds, such as H2S and dimethyl 
sulfide.

POSTMORTEM GLYCOLYSIS AND ISOMETRIC THAW TENSION 
DEVELOPMENT AND DECLINE IN BOVINE SKELETAL MUSCLE 
UNDERGOING THAW RIGOR. A.O. OKUBANJO & J.R. STOUFFER. 
J. Food Sci. 40, 955-959 (1975)-Rapid rates of degradation of ATP, 
pH decline and a concomitant accumulation of inorganic phosphate were 
associated with the phenomenon of thaw rigor in bovine sternomandibu- 
laris muscle. These changes were almost completed in 300, 120 and 60 
min at 3°, 25° and 37°C, respectively. The peak isometric thaw tension 
increased significantly between 3° and 25° C and only slightly at 37°C. 
The time ~.o attain this peak decreased with rise in temperature. Signifi
cantly less time was required to reach peak thaw tension in oxygen than 
in carbon dioxide or nitrogen at each of the temperature levels. It was 
demonstrated that the ability of the sarcoplasmic reticulum to accumu
late Ca is destroyed so that Ca  ̂ is released in the presence of ATP 
and the clear demarcation between rigor mortis and ATP concentration 
becomes evident.

THAW RIGOR INDUCED ISOMETRIC TENSION AND SHORTENING 
IN BROILER-TYPE CHICKEN MUSCLES. R.C. WHITING & J.F. RICH
ARDS. J. Food Sci. 40, 960-963 (1975)-Isometric tension and shorten
ing of red (B. femoris) and white (P. major) muscles from broiler chick
ens frozen at varying times prerigor declined with increasing aging time 
until the muscles were in rigor whereupon relatively little response was 
observed. Tension in red muscle was greater than white in both normal 
rigor mortis and thaw rigor. Maximum thaw rigor shortening for both 
muscles was about 60%, but when shortening was less than maximum, 
red muscle consistently exhibited greater shortening than white. The 
degree of shortening increased as the nominal thawing temperature of 
prerigor-frozen muscle was increased from -1° to 5° to 21°C. Increasing 
the holding time at -1°C between 0 and 5 hr resulted in a reduction in 
shortening of muscle when it was subsequently raised to 5° or 21°C.

MECHANISM OF LIPID OXIDATION IN MECHANICALLY DEBONED 
CHICKEN MEAT. Y.B. LEE, G.L. HARGUS, J.A. KIRKPATRICK, D.L. 
BERNER & R.H. FORSYTHE. J. Food Sci. 40, 964-967 (1975)—A 
series of oxidation studies were conducted to characterize the mechanism 
of lipid oxidation in mechanically deboned chicken meat. The catalytic 
function of MDCM homogenate was most active at neutral and alkaline 
pH. Addition of ascorbic acid, (3-mercaptoethylamine and cyanide partial
ly or completely inhibited the oxidation of linoleate, whereas EDTA had 
no effect. When hemoproteins were destroyed by a prior treatment of 
homogenates with H2 0 2, the catalytic function was decreased to less 
than 10% of the original activity. It was concluded that hemoproteins 
were the predominant catalysts of lipid oxidation in MDCM. Further
more, the relative concentration ratio of polyunsaturated fatty acids to 
hemoproteins was in the range where heme catalyzed oxidation would 
occur at or close to maximum rate.

PERSISTENCE OF ECHOVIRUS AND POLIOVIRUS IN FERMENTED 
SAUSAGES. Effects of Sodium Nitrite and Processing Variables. M.A. 
KANTOR & N.N. POTTER. J. Food Sci. 40, 968-972 (1975)-Dry and 
semidry varieties of fermented sausage inoculated with high titers of 
poliovirus and echovirus were prepared. The sausages contained sodium 
nitrite at added levels of 150.0, 75.0, 37.5 and 0 ppm. The commercial 
operations of fermentation, heating and drying were simulated, and ali
quots of meat were analyzed at various intervals for virus titer, bacterial 
plate counts, moisture, pH and residual nitrite. Except for a loss of about 
90% in cervelat after heating, both viruses persisted in high titers and 
were virtually unaffected by any level of nitrite and by the wide range of 
processing conditions employed.

EFFECT OF NITRATE AND NITRITE ON COLOR AND FLAVOR OF 
COUNTRY-STYLE HAMS. B.D. EAKES, T.N. BLUMER & R.J. MON
ROE. J. Food Sci. 40, 973-976 (1975)-Country-style hams were 
produced v/ith and without nitrate and nitrite by dry curing and brine 
pumping methods. Evaluations of chemical characteristics, color, flavor 
and residual nitrate and nitrite were made after 30, 60, 90 and 100 days 
of processing. Moisture decreased while salt and fat increased over proces
sing time, but treatment effects were similar. Hams cured with nitrate 
and nitrite either alone or in combination had more acceptable color than 
hams cured with salt and sucrose only. Aged flavor development was not 
significantly affected by curing treatment. Nitrite was depleted after 30 
days at 4°C and nitrate gradually decreased with days in storage.
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EFFECT OF VARIOUS LEVELS OF POTASSIUM NITRATE AND 
SODIUM NITRITE ON COLOR AND FLAVOR OF CURED LOINS 
AND COUNTRY-STYLE HAMS. B.D. EAKES & T.N. BLUMER. J. 
Food Sci. 40, 977-980 (1975)-Hams and loins were dry cured with 
and without nitrate and nitrite at various levels. Added concentrations 
ranged from 0-130 ppm in the loins and 70-160 ppm in the hams. 
Color development of loins cured 16 days without nitrate or nitrite was 
unacceptable; however, nitrate and nitrite either alone or in combination 
at 70 ppm resulted in adequate color development. Hams processed 90 
days and containing 70 ppm of nitrate and/or nitrite also had acceptable 
color. Aged flavor of the hams was not affected by the level of nitrate 
and nitrite. Nitrite was depleted at sampling and nitrate was slightly 
reduced.

INHIBITION OF N-NITROSAMINE FORMATION IN MODEL FOOD 
SYSTEMS. J.I. GRAY & L.R. DUGAN JR. J. Food Sci. 40, 981-984 
(1975)-The effect of certain compounds, some of which are endogenous 
to cured meat systems and some which may be added for preservative or 
other purposes on the N-nitrosation reaction was investigated in both 
aqueous and low moisture carboxymethylcellulose systems. Essentially 
complete inhibition of the reaction was achieved when the ratio of ascor
bic acid (or bisulfite) to nitrite was greater than 2:1. Antioxidant com
pounds were also effective in blocking dimethylnitrosamine formation. 
The inhibiting effect of amino acids, cysteine, glutathione and methio
nine varied with the pH of the system.

KINETICS OF THIAMINE DEGRADATION BY HEAT. A new method 
for studying reaction rates in model systems and food products at high 
temperatures. E.A. MULLEY, C.R. STUMBO & W.M. HUNTING. J. 
Food Sci. 40, 985-988 (1975)-The rate of destruction of thiamine 
hydrochloride in phosphate buffer and selected low-acid foods was stud
ied over the temperature range 250-280°F using a thermoresistometer. 
The reaction involved in the thermal degradation of the thiamine mole
cule was found to be of the first order type (as evidenced by straight line 
destruction rate curves at constant temperature), and the decimal reduc
tion times (D values) of the breakdown reaction were linearly related to 
the temperature over the entire range studied. The results showed that 
thiamine was destroyed more rapidly in phosphate buffer than in the 
food systems under study.

KINETICS OF THIAMINE DEGRADATION BY HEAT. Effect of pH 
and form of the vitamin on its rate of destruction. E.A. MULLEY, C.R. 
STUMBO & W.M. HUNTING. J. Food Sci. 40, 989-992 (1975)-The 
degradation kinetics of 0, 30, 65 and 100% thiamine hydrochloride (100, 
70, 35 and 0% co-carboxylase, respectively) at 265°F in phosphate buffer 
between pH 4.5 and pH 6.5 were obtained using a thermoresistometer. 
At every pH, first order rates of reaction were observed for both thiamine 
hydrochloride and co-carboxylase as well as for mixtures of the two. 
Under identical heating conditions, co-carboxylase was destroyed more 
rapidly than thiamine hydrochloride. When both forms of thiamine were 
present together, the increased lability of co-carboxylase became ap
parent only when its concentration in the mixture exceeded 35%.

THIAMINE: A CHEMICAL INDEX OF THE STERILIZATION EFFI
CACY OF THERMAL PROCESSING. E.A. MULLEY, C.R. STUMBO & 
W.M. HUNTING. J. Food Sci. 40, 993-996 (1975)—A new procedure 
has been developed to test the sterilizing efficiency of a conventional 
thermal process. Thiamine hydrochloride was added to pea and beef 
purees (conduction-heating foods) and to peas-in-brine (a convection
heating food) taken in #2 cans and still-retorted at 250° F in a vertical 
steam retort for varying lengths of time. Predicted thiamine retentions 
were calculated on the basis of kinetic and heat-penetration data. In the 
case of pea puree and peas-in-brine, analyzed values for thiamine (ob
tained by the thiochrome method) were not more than about 5% below 
the predicted retention. This was not true for the most severely heated 
beef puree. Because of liquid and solid phase separation of beef puree 
during severe thermal processing, it would not be expected that accurate 
predictions for thiamine degradation under these conditions could be 
accomplished by mathematical procedures developed for application with 
uniform phase conduction-heating or convection-heating only (results 
obtained clearly bear this out).

EFFECTS OF HEATING METHODS ON VITAMIN RETENTION IN 
SIX FRESH OR FROZEN PREPARED FOOD PRODUCTS. C.Y.W. 
ANG, C.M. CHANG, A.E. FREY & G.E. LIVINGSTON. /  Food Sci. 40, 
997-1003 (1975) Six products, mashed potatoes, pot roast with 
gravy, peas with onions, beans with frankfurters, carrots and breaded fish 
in bulk packs were analyzed for vitamin content before and after rreat- 
ments, simulating (1) conventional institutional handling, i.e., fresh prep
aration followed by holding at 180°F for 0, 1/2, 1-1/2 and 3 hr, and (2) 
convenience food system handling, i.e., preparation followed by freezing 
and reheating to 1S0°F using hot air convection, infrared, high pressure 
steam or microwave and followed by holding for 1/2 hr. Riboflavin was 
found to be very stable and different treatments had similar effects on 
retention. Significant losses of thiamine and ascorbic acid occurred in 
products held at 180°F after preparation. Microwave and infrared heated 
frozen foods retained similar or higher levels of thiamine than the freshly 
prepared foods held for 1-1/2 hr but retained lesser amounts of ascorbic 
acid as compared to other treated samples. Retentions of the heat-labile 
nutrients in the convection even were either comparable to or lower than 
the infrared and/or microwave heating. High pressure steam heating in all 
instances resulted in substantially lower levels of thiamine and riboflavin 
than other reconstitution methods, but this method had the advantage of 
preserving ascorbic acid in mashed potatoes and in most instances it was 
better than hot-holding for 3 hr.

ASCORBIC ACID. MINERAL AND QUALITY RETENTION IN FRO
ZEN BROCCOLI BLANCHED IN WATER, STEAM AND AMMONIA- 
STEAM. D. ODLAND & M.S. EHEART. /. Food Sci. 40, 1004-1007 
(1975)-Broccoli was blanched in water, steam and NH3-steam. Blanched 
samples were analyzed for total solids, ash, P, K, Na, Mn, Ca, Mg, Cu, 
ascorbic acid, color (Gardner), pH and titratable acidity; blanch effluents 
for solids and minerals. In addition to pH, acidity and ascorbic acid 
analyses, cooked samples were evaluated for flavor, texture, eoler and 
overall acceptability by a trained panel. Effluent from the water blanch 
contained 9-16 times the mineral content as condensates from steam 
blanches. Water-blanched broccoli was lower in solids, ash, P, K and 
ascorbic acid than both steam-blanched samples. Steam blanching gave 
the poorest color of the three methods and the addition of NH4 HC03 to 
the steamer greatly improved color. The panel rated NH3 -steam-blanched 
broccoli superior in color and overall acceptability to broccoli blanched 
by the two conventional methods.

NUTRIENTS IN SEEDS AND SPROUTS OF ALFALFA, LENTILS, 
MUNG BEANS AND SOYBEANS. A.M. KYLEN & R.M. McCREADY. 
J. Food Sci. 40,1008-1009 (1975)-Dry seeds and sprouts of alfalfa, len
tils, mung and soybeans were analyzed for selected nutrients. Sprouts 
compared on a solids basis contained calcium, iron and zinc at levels 
about the same as the seeds while protein was higher and fat content 
lower in sprouts. Total Vitamin C, thiamine, niacin and riboflavin con
tent was higher in sprouts than seeds, vitamin C showing the greatest 
increase. Cooking slightly lowered heat-labile nutrients in sprouts. Galac
tose-containing sugars of mung beans disappeared upon sprouting. Based 
upon chemical analyses, nutrient levels of sprouts compare favorably 
with other fresh vegetables.

FACTORS INFLUENCING THE EXTRACTABILITY OF SAFFLOWER 
PROTEIN (Carthumus tinctorius L.) A.A. BETSCHART. J. Food Sci. 40, 
1010-1013 (1975)—Classical fractionation of safflower meal protein 
yielded 8, 31 and 28% of the meal nitrogen as water, salt and alkali 
soluble, respectively. The water soluble fraction contained equivalent or 
larger quantities cf the essential amino acids than did the meal. Condi
tions for extraction of total safflower meal protein included extracting a 
5% (w/v) aqueous solution for 60 min at pH 9 and 25°C. Protein extrac
tion was impaired when the meal was heated to temperatures of 107°C or 
higher. At pH 9 some 68, 80 and 83% of the meal nitrogen was extracted 
from a commercially desolventized meal, an expeller press cake meal and 
an unheated control meal, respectively.

COCONUT BREAD AS A MEANS OF IMPROVING PROTEIN NU
TRITION. M.F. CHASTAIN, S.J. SHEEN, T.J. COOPER & D.R. 
STRENGTH. J. Food Sci. 40, 1014-1017 (1975)-An acceptable bread 
product using coconut flour (CF) as a protein supplement was developed. 
Bread containing CF up to 18% was found by taste panel scores to be as
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palatable as 100% wheat flour (WF) bread. Nutritive value of the bread 
was evaluated by incorporating it into basal diets of male weanling albino 
rats at the 10% protein level, and determining protein efficiency ratios 
(PER) and carcass nitrogen (N) retentions. Increasing levels of CF in diets 
significantly increased PER and also increased carcass N retention when 
compared to control animals on 100% WF bread diets.

EFFECTS OF ETHYLENE ON METABOLIC AND QUALITY AT
TRIBUTES IN SWEET POTATO ROOTS. R.W. BUESCHER, W.A. 
SISTRUNK & P.L. BRADY. J. Food Sci. 40, 1018-1020 (1975)-The 
influence of ethylene on levels of respiration, phenolic content, peroxi
dase, catecholase and beta-amylase activities were investigated in fresh 
sweet potato roots while curing and after curing. Also associated changes 
in flavor, discoloration and firmness in baked roots were examined. 
Ethylene treatments markedly enhanced respiration, phenolic content, 
peroxidase and catecholase activities but decreased beta-amylase activi
ties. When ethylene was removed, respiration declined to rates equal to 
that of the control although phenolic levels, peroxidase and catecholase 
activities remained significantly higher. While the quality attributes of 
flavor and firmness declined in baked roots, discoloration increased with 
increasing levels of phenolics, peroxidase and catecholase activities in the 
fresh roots.

EVALUATION OF METHODS FOR MEASURING ASPARAGUS TEX
TURE. S.C. SHARMA, R.R. WOLFE & N.F. HAARD. J. Food Sci. 40, 
1021-1024 (1975)-The principal physicochemical methods for measur
ing toughness in asparagus, including mechanical fiber separation, histo- 
chemical evaluation and the shear press, were investigated and compared 
with organoleptic ratings. All of the methods were found to be highly 
correlated (R > 0.95). Mathematical expressions relating the various 
methods were established and it was determined that these relationships 
are independent of spear dimensions and storage conditions. Based on an 
understanding of spear texture as a response to lignification of fibrovas- 
cular tissue, a conceptual explanation of these methods and their inter
relationships was proposed which is consistent with the experimental 
findings. Finally, a relationship was established between the shear press 
method and the asparagus fibrometer currently being used by processors.

TEXTURE OF BROCCOLI AND CARROTS COOKED BY MICRO- 
WAVE ENERGY. E. SCHRUMPF & H. CHARLEY. J. Food Sci. 40, 
1025-1029 (1975)—This study verified and attempted to account for 
the effects of microwave cooking on the texture of vegetables. Cooking 
by microwaves vs boiling produced a less tender, spongy outer cylinder 
and a more fibrous core in carrots. In broccoli, the outer layer was tough 
while the central portion was more tender than that cooked convention
ally. Alteration of the pectic substances appears inadequate to account 
for the textural differences. Greater water loss, more shrunken contour 
of the vegetables, and more pronounced collapse of cells in tissues 
cooked by microwaves suggest that dehydration of the cell wall, possibly 
accompanied by increased crystallinity of the polysaccharide gels, may 
account for the greater toughness observed.

ESTIMATION OF THE COMPONENTS OF A PENETRATION FORCE 
OF SOME TROPICAL FRUITS. M. PELEG & L. GOMEZ BRITO. J. 
Food Sci. 40,1030-1032 (1975)-Penetration tests with sets of cylindrical 
plungers having curved contact area were performed on mangos, papayas, 
pineapples, plantains and agar gels. It was found that the relationship 
between the penetration force (F) and the plungers diameter (D) could 
be represented by the equation: F/D = KJ.D + K̂ , at least in a certain 
range of plunger diameters which included the two standard plungers of 
the Fruit Pressure Tester. The latter enables a numerical calculation of 
the compressive and shear components of the penetration forces from 
experimental results obtained by these two standard plungers only. 
Though considerable variations existed between the individual fruits it 
could be demonstrated that in penetration tests performed with the 
standard 5/16 in. plunger of the Fruit Pressure Tester the shear contribu
tion was in the order of 6% for mangos, 20% for papayas, 32% for 
pineapples and 14% for plantains.

COMPUTER ANALYSIS OF THE VARIABLES AFFECTING RESPI
RATION AND QUALITY OF PRODUCE PACKAGED IN POLYMERIC 
FILMS. Y.S. HENIG & S.G. GILBERT. J. Food Sci. 40, 1033-1035 
(1975)-Packaged produce is a dynamic system in which two main proc
esses are taking place, respiration and permeation. Shortly after hermetic 
packaging, the rate of produce respiration will be equal to the rate of 0 2 
permeation into the package and C 02 out of the package, and the con
centrations of these gases as well as that of water vapor will be main
tained at a constant level. The objective of our study was to predict the 
steady state concentrations of these gases taking into account all the 
variables affecting the system. A new method was devised to obtain 
respiration data under different 0 2 and C02 concentrations in the range 
of 21%-2%, 0.03%-21%, respectively. These data were combined with 
permeability characteristics of different packaging films to predict the 
internal atmospheres of packaged tomatoes with varying weight of pro
duce, area of packaging film and initial free volume. The prediction 
technique involves a numerical solution of the two differential equations 
which represent the packaging system. An iteration technique for the 
solution of these equations was devised using a computer, and the results 
of the actual storage experiments agreed with the predictions.

CHARACTERISTICS OF MECHANICALLY HARVESTED RAISINS 
PRODUCED BY DEHYDRATION AND BY FIELD DRYING. H R.
BOLIN, V. PETRUCCI & G. FULLER. J. Food Sci. 40, 1036-1038 
(1975)-Different fatty acids and their esters v  re used to accelerate 
drying of grapes to raisins, in conjunction with me -hanical harvesting. A 
2% suspension of either methyl or ethyl oleate provided optimum treat
ment to accelerate grape drying without adverse flavor problems. The 
oleate treatment reduced sulfur dioxide absorption by grapes and en
zymatic browning in the vine-dried fruit. Raisins from oleate-treated 
grapes both absorbed and desorbed moisture faster than untreated raisins. 
The oleate :reatment also softened the raisin skin.

REVERSE OSMOSIS RECOVERY OF FLAVOR COMPONENTS FROM 
APPLE JUICE WATERS. T. MATSUURA, A.G. BAXTER & S. SOURI- 
RAJAN. J. Food Sci. 40, 1039-1046 (1975)—This paper illustrates the 
application of a fundamental physicochemical criteria approach for pre
dicting quantitatively reverse osmosis separations of some typical apple 
flavor components in dilute aqueous solutions using aromatic polyamide 
membranes. It is shown both by analysis and by experiment that re
covery of flavor components present in apple juice waters is relatively 
much higher with an aromatic polyamide membrane than with a compa
rable cellulose acetate membrane. Reverse osmosis treatment of apple 
juice waters further shows that aroma recovery of flavor components 
increases with a decrease in operating temperature from 25°C to 7.5°C, 
an increase in operating pressure in the range 250—1000 psig, and a 
decrease in the concentration of flavor components in the feed.

STABILITY OF GRAPE ANTHOCYANIN IN A CARBONATED BEV
ERAGE. N. PALAMIDIS & P. MARKAKIS./. Food Sci. 40, 1047-1049 
(1975)-The anthocyanin pigment of fermented grape skins was extract
ed with either hot water or 500 ppm aqueous S02 solution. The extracts 
were freeze dried and 0.7g of dried preparation was added as a colorant 
to 100 ml of a beverage containing 13.Og sucrose, O.lg citric acid, 0.2g 
grape flavor, 0.05g Na benzoate and 1.7 volumes of C02. Ten ml samples 
of the beverage were stored at temperatures ranging from 3.5-38°C, in 
darkness, diffuse day light and continuous fluorescent light. Increasing 
the storage temperature resulted in faster pigment degradation, almost 
doubling the destruction for a 10°C rise. Light also accelerated the degra
dation of the pigment. In diffuse day light at 20°C the half-life of the 
anthocyanin extracted with S02 solution was 197 days. The degradation 
of the pigment followed first order reaction kinetics, generally. The S02- 
extracted pigment was more stable in the beverage than that extracted 
with hot water.

TEXTURAL PARAMETERS OF CANDY LICORICE. J. OLKKU & C.K. 
RHA. J. Food Sci. 40, 1050—1054 (1975)—Commercial candy licorice 
was subjected to texture profile and penetration test with an Instron 
Universal Testing Machine Model TM-M. Deformation speed (VCH) vs 
initial resistance to deformation, hardness, cohesiveness, gumminess,

x



c h e w in e s s ,  s p r in g in e s s ,  e n e r g y  r e q u i r e d  f o r  f i r s t  p r e d e t e r m in e d  d e f o r m a 
t io n ,  f o r c e  r e q u i r e d  f o r  s u r f a c e  p u n c t u r e ,  e n e r g y  r e q u i r e d  f o r  s u r f a c e  
p e n e t r a t i o n ,  f o r c e  r e q u i r e d  f o r  t h e  g iv e n  p e n e t r a t i o n  d e f o r m a t i o n ,  e n e r g y  
r e q u i r e d  f o r  t h e  g iv e n  p e n e t r a t i o n  d e f o r m a t i o n ,  a n d  r a t i o  o f  e n e r g y  r e 
q u i r e d  f o r  s u r f a c e  p e n e t r a t o n  t o  p r e d e t e r m in e d  p e n e t r a t i o n  d e f o r m a t io n  
w e re  s tu d ie d  o v e r  a  r a n g e  o f  d e f o r m a t i o n  s p e e d s .  I n  t h e  d e f o r m a t io n  
s p e e d  re g io n  f r o m  V C H  0 . 5 - 1 . 0  c m /m in  t h e r e  w e re  s e v e ra l  c h a n g e s  in  
t h e  s lo p e s  o f  t h e  c u rv e s .  T h e r e  a ls o  w e re  c lo s e  c o r r e l a t i o n s  b e tw e e n  s o m e  
o f  t h e  t e x t u r e  p a r a m e te r s .  T h e  t e x t u r a l  p a r a m e te r s  s tu d i e d  h a d  n o  d e f i 
n i te  r e l a t io n s h ip s  w i t h  m o i s tu r e  c o n t e n t ,  N 2 c o n t e n t ,  s u g g e s t in g  t h a t  t h e  
p ro c e s s in g  p a r a m e te r s  o f  t h e  m a n u f a c tu r in g  c o n d i t i o n  g iv e  r is e  t o  t h e  
d i f f e r e n t  t e x t u r a l  b e h a v i o r  o f  t h e  c a n d y  l ic o r ic e .

E F F E C T  O F  V A R I E T Y ,  G R O W IN G  L O C A T I O N  A N D  T H E I R  I N T E R 
A C T IO N  O N  T H E  F A T T Y  A C ID  C O M P O S IT I O N  O F  P E A N U T S . D .F .  
B R O W N , C .M . C A T E R ,  K .F .  M A T T I L  &  J .G .  D A R R O C H . J. F o o d  S c i. 
4 0 ,  1 0 5 5 - 1 0 6 0  ( 1 9 7 5 ) —F a t t y  a c id  c o m p o s i t i o n s  o f  o ils  e x p re s s e d  f r o m  
10  p e a n u t  v a r ie t ie s  g r o w n  a t  7  U .S . l o c a t io n s  w e r e  d e t e r m in e d  b y  G L C . 
H ig h e r  l in o le a te  (L )  a n d  lo w e r  p a lm i t a t e  (P )  a n d  o le a te  (O )  c o n t e n t s  w e re  
r e c o r d e d  in  m a tu r e  n u t s  f r o m  n o r t h e r n  g ro w in g  lo c a t io n s .  S ta t i s t i c a l ly  
s ig n if ic a n t  l a t i t u d e - r e l a t e d  d i f f e r e n c e s  a ls o  w e re  f o u n d  in  s t e a r a t e ,  e ic o -  
s e n o a tc  a n d  b e h e n a te .  S p a n is h  t y p e s  w e re  le ss  s e n s i t iv e  t o  l o c a t io n  th a n  
th e  V irg in ia  t y p e  v a r ie t ie s ,  F lo r u n n e r ,  V a . 7 2 R  a n d  F lo r ig ia n t .  R e s p e c t iv e  
f a t t y  a c id  p e r c e n ta g e s  f r o m  t h e  S p a n h o m a  v a r ie ty  g ro w n  in  s o u th e r n  
T e x a s  a n d  c e n t r a l  O k la h o m a  w e re :  (L )  3 4 .7 ,  3 8 .7 ;  (P )  1 1 .8 ,  1 1 .0 ;  a n d  (O )  
4 5 .5 ,  3 8 .7 .  In  F l o r u n n e r  p e a n u t s  t h e y  w e re :  (L )  2 5 .8 ,  3 6 .5 ;  (P )  9 .6 ,  9 .0 ;  
a n d  (O ) 5 9 .1 ,  4 8 .0 .  D i f f e r e n c e s  w i th in  v a r ie t ie s  a t  d i f f e r e n t  l o c a t io n s  a re  
p r o b a b ly  d u e  to  d i f f e r e n c e s  in  s o i l  t e m p e r a tu r e s ,  m o n t h  o f  m a t u r a t i o n  
a n d  p o s s ib ly  to  t e m p e r a tu r e - in d u c e d  d i f f e r e n c e s  in  m e ta b o l i c  r a le s .

R E L A T IO N S H IP  B E T W E E N  C H O P P IN G  T E M P E R A T U R E S  A N D  F A T  
A N D  W A T E R  B IN D IN G  IN  C O M M IN U T E D  M E A T  B A T T E R S .  D .D . 
B R O W N  &  R .T . T O L E D O . J. F o o d  S c i. 4 0 ,  1 0 6 1 - 1 0 6 4  ( 1 9 7 5 ) - C o m -  
m in u te d  m e a t  b a t t e r s  h a v e  b e e n  c a l le d  “ e m u ls io n s ”  b y  p r e v io u s  in v e s t ig a 
to r s  a n d  th e  c o m m in u t io n  o f  b a t t e r s  to  m a x im iz e  f a t  a n d  w a te r  b in d in g  
p r o p e r t i e s  h a s  b e e n  c o n s id e r e d  a s  a n  e m u l s i f i c a t i o n  p ro c e s s .  I n  t h e  p r e s 
e n t  s t u d y ,  it  h a s  b e e n  o b s e r v e d  t h a t  t h e  b o u n d  w a te r  c o n t e n t  o f  th e  
b a t t e r s  a s  m e a s u re d  w i th  a w id e  l in e  N M R  in c r e a s e d  a s  t h e  b a t t e r s  b e 
c a m e  m o re  s ta b l e ,  a n d  d e c r e a s e d  a s  t h e  b a t t e r s  lo s e  t h e i r  s t a b i l i ty .  In  
m e a t  b a t t e r s  w h e re  t h e  p r o p o r t i o n  o f  b o n e le s s  b e e f  p r o t e in s  t o  f a t  w a s  
a p p r o x im a te ly  0 . 1 3 7 - 1 ,  m a x im a l  b in d in g  o f  f a t  a n d  w a te r  o c c u r r e d  
w h e n  a t e m p e r a t u r e  o f  1 5 - 2 2 ° C  w a s  f i r s t  r e a c h e d  d u r in g  c o m m in u t io n .  
H o w e v e r ,  w h e n  t h e  b a t t e r s  w e re  c h o p p e d  b e y o n d , t h e  re g io n  o f  m a x im u m  
s ta b i l i ty ,  c o o le d  a n d  r e c h o p p e d ,  t h e r e  w a s  a  p ro g re s s iv e  d e c r e a s e  in  b i n d 
in g  w i th  e a c h  t e m p e r a t u r e  c y c l in g .  W h e n  t h e  b a t t e r s  b e c a m e  u n s ta b l e ,  
th e y  a p p e a re d  to  lo s e  t h e  a b i l i t y  t o  b i n d  w a te r  e a r l ie r  t h a n  f a t ,  a n d  th e  
r a te  o f  c h a n g e  o f  f a t  r e le a s e  o c c u r r e d  f a s t e r  t h a n  t h a t  f o r  w a te r .  W h e n  
c h o p p in g  w a s  p r o lo n g e d  a t  a  c o n s t a n t  t e m p e r a t u r e  o f  1 5 ° C , c h a n g e s  in  
th e  f a t  a n d  w a te r - h o ld in g  c a p a c i t ie s  o f  t h e  b a t t e r  c a n  s ti l l  b e  o b s e r v e d  
in d ic a t in g  t h a t  t e m p e r a t u r e  a n d  s ta b i l i ty  a re  n o t  a lw a y s  d i r e c t ly  i n t e r r e 
la te d .  In  a  b a t t e r  c o n ta in in g  a b o n e le s s  b e e f  p r o t e in  t o  f a t  r a t io  o f  0 .3 7 4  
to l ,  it  a p p e a r s  t h a t  f a t  a n d  w a te r  b in d in g  in t e r f e r e  w i th  e a c h  o t h e r  i n 
c re a s in g  th e  b in d in g  c a p a c i ty  o f  t h e  b a t t e r  f o r  f a t  w h e n  th e r e  is a  d e 
c re a s e d  b in d in g  c a p a c i ty  f o r  w a te r  a n d  v ic e  v e rs a .

B E E F  P A T T IE S : T H E  E F F E C T  O F  T E X T U R E D  S O Y  P R O T E IN  A N D  
F A T  L E V E L S  O N  Q U A L IT Y  A N D  A C C E P T A B IL IT Y . S .R .  D R A K E ,
L .C . H I N N E R G A R D T , R .A . K L U T E R  & P .A . P R E L L .  J. F o o d  S c i. 4 0 ,  
1 0 6 5 - 1 0 6 7  ( 1 9 7 5 ) - G r o u n d  b e e f  p a t t i e s  w e re  f o r m u la t e d  to  c o n ta in  0 , 
1 5 , 2 0  a n d  2 5 %  a d d e d  t e x t u r e d  so y  p r o t e i n  a t  e a c h  o f  f o u r  f a t  le v e ls  ( 1 5 ,  
2 0 , 2 5 ,  30% ). A n a ly s is  o f  t h e  ra w  p a t t i e s  f o r  f a t  f o u n d  th e  H o b a r t  F a t  
P e r c e n t  I n d i c a to r  a n d  th e  S o x h le t  e x t r a c t i o n  p r o c e d u r e s  r e p o r t i n g  e s s e n 
tia lly  t h e  sam e  f a t  v a lu e s . T o t a l  c o o k in g  lo s s e s  w e re  f o u n d  to  b e  le ss  w i th  
th e  a d d i t i o n  o f  s o y  p r o t e in .  F a t  lo ss  u p o n  c o o k in g  w a s  d e p e n d e n t  o n  th e  
a m o u n t  o f  f a t  in  t h e  p a t ty  a n d  n o t  o n  th e  so y  p r o t e in  le v e l. M o is tu r e  lo ss  
d u r in g  c o o k in g  w a s  h ig h ly  d e p e n d e n t  o n  th e  le v e l o f  so y  p r o t e i n  i n c o r p o 
ra te d  in  th e  b e e f  p a t t ie s .  B o th  t r a in e d  a n d  c o n s u m e r  s e n s o ry  p a n e l s  d i f 
f e r e n t i a t e d  a m o n g  p a t t i e s  w i th  v a r io u s  le v e ls  o f  s o y  p r o t e in  o n  th e  b a s is  
o f  f la v o r .  N o  d is t in c t io n  a m o n g  p a t t i e s  w a s  m a d e  d u e  to  f a t  le v e ls .

D I E L D R I N ,  F A T  A N D  M O I S T U R E  L O S S  D U R I N G  T H E  C O O K I N G  O F  
B E E F  L O A V E S  C O N T A IN IN G  T E X T U R I Z E D  S O Y  P R O T E I N .  M .A .M . 
S H A F E R  & M .E . Z A B IK . J. F o o d  S c i.  40, 1 0 6 8 - 1 0 7 1  ( 1 9 7 5 ) - T e x -  
t u r i z e d  s o y  p r o t e i n  r a n g in g  f r o m  0 - 5 0 %  w a s  s u b s t i t u t e d  f o r  b e e f  in  a  
m e a t - lo a f  s y s te m  t o  d e t e r m in e  th e  e f f e c t s  o f  s o y  o n  f a t ,  m o is tu r e  a n d  
p e s t i c id e  r e d u c t i o n  d u r in g  c o o k in g .  T h e  b e e f  u s e d  in  t h e  s tu d y  w a s  e n 
v i r o n m e n ta l ly  c o n t a m i n a t e d  w i th  d ie ld r in .  T h e  a d d i t i o n  o f  t e x t u r i z e d  s o y  
to  t h e  m e a t - lo a f  s y s te m  r e d u c e d  f a t  lo s s e s  t h r o u g h  t h e  d r ip  b u t  d id  n o t  
r e d u c e  m o i s tu r e  lo s s e s  d u r in g  c o o k in g .  W ith  a l l  le v e ls  o f  s o y  s u b s t i t u t i o n ,  
th e  d ie ld r in  c o n t e n t  o f  t h e  c o o k e d  m e a t  lo a v e s  w a s  le s s  t h a n  t h a t  o f  t h e  
c o r r e s p o n d in g  r a w  m e a t  lo a v e s . T h e  r e d u c t i o n  in  d ie ld r in  c o n t e n t  w a s  
d e p e n d e n t  o n  b o t h  d r ip  lo s s e s  a n d  c o d i s t i l l a t i o n .  T h e  a m o u n t  o f  d ie ld r in  
f o u n d  in  t h e  d r ip  d e c r e a s e d  a s  t h e  le v e l o f  s o y  s u b s t i t u t i o n  in  th e  m e a t  
lo a v e s  in c r e a s e d .  S ig n i f i c a n t  d e c r e a s e s  in  d i e ld r in  c o n t e n t ,  h o w e v e r ,  w e re  
a c c o m p a n ie d  b y  c c d i s t i l l a t i o n  a n d  v o la t i l e  lo s se s .

U S E  O F  C O A G U L A T E D  L A C T A L B U M IN  F R O M  C H E E S E  W H E Y  IN  
G R O U N D  M E A T S . P . J E L E N .  J. F o o d  S c i. 4 0 ,  1 0 7 2 - 1 0 7 4  ( 1 9 7 5 ) — 
H e a t- a c id  c o a g u la te d  l a c t a lb u m in  c u rd  (L C )  f r o m  c o t t a g e  c h e e s e  w h e y  
w a s  u s e d  a s  a  m e a t  e x t e n d e r  i n  g r o u n d  b e e f .  M e a t  b a l ls  c o n ta in in g  d i f f e r 
e n t  le v e ls  o f  L C  w e r e  d e e p  f r i e d  a t  1 7 5 ° C  f o r  s p e c i f i e d  t im e s .  M o is tu r e  
c o n t e n t ,  f a t  c o n t e n t ,  c o o k in g  lo s s ,  t e x t u r e  a n d  o r g a n o le p t i c  q u a l i t y  w e re  
d e t e r m in e d .  I n c r e a s in g  le v e ls  o f  L C  d e c r e a s e d  th e  c o o k in g  lo s s  a n d  m o is 
t u r e  c o n t e n t  a f t e r  f r y in g ,  b u t  c a u s e d  in c r e a s e d  a b s o r p t i o n  o f  f a t  f r o m  th e  
o i l  b a th .  T h e  c u rd  h a d  a  s o f t e n in g  e f f e c t  a s  d e t e r m in e d  b y  t h e  L e e -  
K ra m e r  s h e a r  p re s s .  T a s te  p a n e l  a c c e p ta n c e  o f  t h e  f r i e d  m e a t  b a l ls  d e 
c r e a s e d  w i th  in c r e a s in g  L C  a d d i t i o n .

E F F E C T  O F  B O N IN G  B E E F  C A R C A S S E S  P R I O R  T O  C H IL L IN G  O N  
M E A T  T E N D E R N E S S .  S .N . F A L K ,  R .L .  H E N R IC K S O N  &  R .D .  M O R 
R I S O N . /  F o o d  Sci. 4 0 , 1 0 7 5  —1 0 7 9  ( 1 9 7 5 ) —3 0  A n g u s  s te e r s  w e re  u t i l i z e d  
to  e v a lu a te  t h e  f e a s ib i l i ty  o : ' r e m o v in g  m u s c le s  a n d  m u s c le  s y s te m s  [ lo n -  
g is s im u s  (L D ) ,  s e m im e m b r a n o s u s  (S M ) a n d  s e m i t e n d in o s u s  (S T ) ]  f r o m  
th e  u n c h i l l e d  c a r c a s s  ( h o t  b o n in g )  fo l l o w in g  c o n d i t i o n in g  f o r  3 , 5  o r  7 h r  
p o s tm o r t e m  a t  1 6 3C , a n d  a f t e r  b e in g  r e f r ig e r a t e d  f o r  4 8  h r  a t  1 ° C  (c o ld  
b o n e d ) .  D i f f e r e n c e s  in  s h e a r  f o r c e  v a lu e s  b e tw e e n  h o t -  vs c o ld - b o n e d  
m u s c le  w e re  s m a l l ,  a v e r a g in g  le ss  t h a n  2 lb . S a r c o m e r e  le n g th ,  m e a s u re d  
o n ly  in  L D  w a s  s h g h t ly ,  b u t  n o t  s ig n i f i c a n t ly  (P  >  0 .0 5 ) ,  s m a l le r  f o r  th e  
h o t  p ro c e s s .  S ig n i f ic a n t  d i f f e r e n c e s  (P  <  0 .0 5 )  in  f ib e r  d i a m e te r  b e tw e e n  
th e  tw o  p ro c e s s e s  o c c u r r e d  in  a ll  t h r e e  m u s c le s  a t  t h e  3 -h r  h o ld in g  p e r io d .  
F ib e r  d i a m e te r s  w e re  g r e a te r  f o r  h o t - p r o c e s s e d  m u s c le  in  t h e  L D  a n d  S T , 
b u t  t h e  o p p o s i te  o c c u r r e d  in  t h e  SM . K in k in e s s  s c o re s  w e re  s ta t i s t i c a l l y  
d i f f e r e n t  (P  <  0 .0 5 )  a t  a ll  t h r e e  h o ld in g  p e r io d s  in  t h e  L D ; h o w e v e r ,  
v a lu e s  w e re  in  t h e  r a n g e  o f  w a v y  to  w a v y -p lu s  in d ic a t in g  t h a t  o n ly  m in i
m a l s h o r t e n in g  h a d  o c c u r r e d .  S e n s o ry  e v a lu a t io n  v ia  t h e  d u o - t r .o  t e s t  
re v e a le d  t h a t  ju d g e s  c o u ld  d is t in g u is h  b e tw e e n  (P  <  0 .0 5 )  t h e  te n d e r n e s s  
o f  t h e  tw o  p ro c * s s e s  o n ly  in  t h e  7 -h r  L D . B o th  p r e f e r e n c e  a n d  a c c e p ta 
b i l i ty  a n a ly s e s  s h e w e d  t h a t  p a n e l is ts  h a d  a  s l ig h t  t e n d e n c y  (P  >  0 .0 5 )  to  
p r e f e r  t h e  7 -h r  h e  t - b o n e d  L D  t o  t h e  c o n t r a l a t e r a l  p ro c e s s .  T h e  p H  c u rv e s  
a t  t h e  3 -h r  h o ld in g  p e r io d  s h o w  t h e  r a t e  o f  p H  d e c l in e  w a s  s o m e w h a t  
g r e a te r  f r o m  1 - 3  h r  p o s tm o r t e m  as c o m p a r e d  w i th  t h e  5 - o r  7 -h r  c o n 
d i t i o n in g  p e r io d .  H o w e v e r ,  f r o m  3 - 4 8  h r  p o s t m o r t e m ,  o n ly  m in o r  v a r i
a t io n s  in  p H  a m o n g  c o n d i t i o n in g  p e r io d s  o c c u r r e d .  M e a n  p H  fo r  a ll h o t  
s id e s  a t  3 h r  p o s t m o r t e m  w a s  5 .7 6  ± 0 .0 7 .  A d d i t i o n a l ly ,  t h e  p H  d a ta  
t o g e th e r  w i th  t e m p e r a t u r e  m e a s u r e m e n t  p r o v id e d  e v id e n c e  t h a t  t h e  c o n 
d i t io n e d  m u s c le  h a d  p ro g r e s s e d  s u f f i c i e n t ly  i n t o  r ig o r  m o r t i s  b y  3 h r  
p o s tm o r t e m  to  a l lo w  h o t  b o n in g  to  p r o c e e d .  R e s u l ts  d e m o n s t r a r e  t h a t  
b o v in e  m u s c le  m a y  b e  b o n e d  as e a r ly  a s  3 h r  p o s tm o r t e m  w i th  o n ly  
m in o r  c h a n g e s  in  te n d e r n e s s .

P R E D I C T I O N  O F  T E M P E R A T U R E  O F  IC E D  F I S H .  P . C H A T T O -  
P A D H Y A Y , B .C . R A Y C H A U D H U R I  &  A .N . B O S E . J. F o o d  S c i. 4 0 ,  
1 0 8 0 - 1 0 8 4  ( 1 9 7 5 ) - A n  a n a l y t ic a l  m e th o d  u s in g  a n  e r r o r  f u n c t i o n  s o lu 
t i o n  o f  in v e r s e  L a p la c e  t r a n s f o r m a t io n  is p r o p o s e d  f o r  p r e d i c t i n g  t h e  t im e  
r e q u i r e d  f o r  m e l t in g  o f  a  r e c ta n g u la r  c o lu m n  o f  ic e  u s e d  f o r  l in in g  d u r in g  
t r a n s p o r t a t i o n  o f  f r e s h  f is h .  A f te r  c o m p le t e  m e l t in g  o f  t h e  ic e ,  t h e  r is e  in  
t e m p e r a t u r e  o f  t h e  f is h  is  c o m p u te d  b y  s o lv in g  th e  h e a t  c o n d u c t io n  
e q u a t i o n  b y  th e  f i n i t e  d i f f e r e n c e  m e t h o d .  T h e  d e r iv e d  f o r m u la e  a r e  u s e d  
to  p r e d i c t  t h e  t im e  r e q u i r e d  f o r  ic e  m e l t in g  w i t h  v a r ie d  r a t i o s  o f  ic e  a n d
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fish and the tem perature o f fish after complete melting of ice (ice to  fish
ratio 1:1 by weight) using three different fish containers. The predicted
values are found to be in close agreement with the experimental results.

A F L A T O X I N  P R O D U C T IO N  O N  S O M E  F E E D S  A N D  F O O D S . M .W . 
B E N S O N , R .H .  K U R T Z M A N  J R . ,  W .U . H A L B R O O K  &  R .M . M e 
C R E A D Y . J. Food Sci. 4 0 ,  1 0 8 5 - 1 0 8 6  ( 1 9 7 5 ) - S a m p l e s  o f  f o o d s  a n d  
fe e d s  w e re  s te r i l i z e d ,  h y d r a t e d ,  i n o c u la t e d  w i th  a n  a f l a to x in - p r o d u c in g  
s t r a in  o f  Aspergillus flavus, a n d  a f t e r  g r o w th  o c c u r r e d ,  a n  e x t r a c t i o n  fo r  
a f l a to x in s  w a s  m a d e  a n d  a s s a y e d  b y  a  t h in - la y e r  c h r o m a to g r a p h ic  m e t h 
o d .  G r o w th  o f  A. flavus o c c u r r e d  a n d  a f l a to x in s  w e re  d e t e c t e d  in  a ll  
e x c e p t  c a s t o r  a n d  a l f a l f a  m e a l .  M o s t  f o o d s  a r e  r a r e ly  s to r e d  u n d e r  c o n d i 
t io n s  w h e r e  t h e  g r o w th  o f  A. flavus w o u ld  o c c u r .  H o w e v e r ,  f o o d s  m o is 
te n e d ,  s t e r i l i z e d  a n d  in o c u la t e d  w i th  A. flavus s u p p o r .e d  g r o w th  a n d  
a f l a t o x i n  w a s  p r o d u c e d .  S e le c te d  l iv e s to c k  f e e d s ,  c a s to r  a n d  a l f a l f a  m e a l ,  
s u p p o r t e d  g r o w th  o f  A. flavus b u t  a f l a to x in  w a s  n o t  p r o d u c e d .

A  S I M P L I F I E D  M E T H O D  F O R  T H E  Q U A N T I T A T I V E  D E T E R M I 
N A T IO N  O F  S U C R O S E , R A F F I N O S E  A N D  S T A C H Y O S E  IN  L E G U M E  
S E E D S . M . T A N A K A , D . T H A N A N U N K U L , T -C . L E E  &  C .O . C H I
C H E S T E R .  J. Food Sci. 4 0 ,  1 0 8 7 - 1 0 8 8  ( 1 9 7 5 ) - A  p r o c e d u r e  u s in g  th in -  
l a y e r  c h r o m a to g r a p h y  a n d  t h e  t h i o b a r b i t u r i c  a c id  r e a c t io n  w a s  e s t a b 
l i s h e d  f o r  t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  o l ig o s a c c h a r id e s  in  le g u m e  
s e e d s .  N e i th e r  t h e  r e m o v a l  o f  l ip id s  a n d  p r o t e i n s  is  n e e d e d  f o r  t h e  s a m p le  
p r e p a r a t i o n  n o r  is  e x p e n s iv e  a n a l y t ic a l  e q u i p m e n t  r e q u i r e d  b y  th i s  
m e t h o d .  T h e  o v e ra l l  g o o d  r e c o v e r y  o f  a d d e d  s u g a r s  in d ic a te s  t h a t  th is  
m e t h o d  is  e x c e l l e n t  f o r  t h e  d e t e r m i n a t i o n  o f  s u c r o s e ,  r a f f in o s e ,  a n d  
s ta c h y o s e  s im u l ta n e o u s ly .  T h e  c o m p o s i t i o n s  o f  o l ig o s a c c h a r id e s  in  s o y 
b e a n s ,  m u n g  b e a n s ,  a d z u k i  b e a n s  a n d  w h i t e  b e a n s  w e r e  a n a l y z e d  a n d  th e  
r e s u l t s  w e re  c o m p a r e d  w i th  p re v io u s ly  r e p o r t e d  v a lu e s .

N A T U R E  O F  L U T E IN  A C Y L A T IO N  IN  M A R IG O L D  ( T a g e te s  e r e c t a )  
F L O W E R S . T .  P H IL IP  &  J .W . B E R R Y . J. Food Sci. 4 0 ,  1 0 8 9 - 1 0 9 0  
( 1 9 7 5 ) - T h e  n a tu r e  o f  l u t e i n  a c y l a t i o n  in  m a r ig o ld  (Tagetes erecta) 
f lo w e r s  w a s  e x a m in e d .  L u t e in  a c c o u n t s  f o r  6 0 %  o f  t o t a l  c a r o t e n o id s  in  
m a r ig o ld  f lo w e r  e x t r a c t s  a n d  o c c u r s  a c y l a t e d  w i th  p a lm i t i c  a n d  m y r i s t i c  
a c id s .  L u t e in  e s te r s  a re  s o lu b le  in  v e g e ta b le  o il  t o  t h e  e x t e n t  o f  t w e n ty  
fiv e  p e r c e n t  (w /w ) .

D O N E N E S S  O F  C O M M E R C IA L L Y  C O O K E D  B R O I L E R  T H I G H S  A S  
I N D IC A T E D  B Y  A N  O B J E C T IV E  C O L O R  M E T H O D . C .E . L Y O N  &
B .G . L Y O N . J. Food Sci. 4 0 ,  1 0 9 1 - 1 0 9 2  ( 1 9 7 5 ) —C o m m e r c ia l ly  c o o k e d  
b r o i l e r  t h ig h s  w e re  e v a lu a te d  f o r  d o n e n e s s  i n  th a w e d  a n d  r e h e a t e d  s ta t e s ,  
u s in g  t h e  H u n t e r  C o lo r  a n d  C o lo r  D if f e r e n c e  M e te r  a c c o r d in g  to  L y o n  e t  
a l.  ( J F S  1 9 7 5 ,  4 0 :  1 3 3 )  w h o  e s ta b l i s h e d  t h e  r e l a t i o n  b e tw e e n  H u n te r  a L  
v a lu e s  a n d  s u b je c t iv e  e s t im a te s  o f  d o n e n e s s .  S ix  o f  t h e  s e v e n  p r o d u c t s  
r a n g e d  f r o m  d o n e  t o  m o d e r a t e ly  u n d e r d o n e  in  t h e  t h a w e d  s t a t e  b y  
v a lu e s  a n d  s h o w e d  n o  s ig n i f i c a n t  c h a n g e  in  a L  v a lu e  o n  r e h e a t in g .  T h e  
o n e  p r o d u c t  t h a t  w a s  m o d e r a t e ly  t o  v e ry  u n d e r d o n e  in  t h e  th a w e d  s ta t e  
w a s  r e n d e r e d  d o n e  to  s l ig h t ly  u n d e r d o n e  a c c o r d in g  to  a L  v a lu e  b y  th e  
c o m m e r c ia l ly  r e c o m m e n d e d  r e h e a t in g  p r o c e d u r e .  N e e d  f o r  f u r t h e r  r e 
s e a r c h  in  t h e  a r e a  o f  s u b je c t iv e  a n d  o b je c t iv e  r e s p o n s e s  t o  d o n e n e s s  is 
e m p h a s iz e d .

M U S C L E  F R A G M E N T A T I O N  IN D IC E S  F O R  P R E D I C T IN G  C O O K E D  
B E E F  T E N D E R N E S S .  J .O .  R E A G A N , T .R .  D U T S O N , Z .L .  C A R P E N 
T E R  &  G .C . S M IT H . J. Food Sci. 4 0 ,  1 0 9 3 - 1 0 9 4  ( 1 9 7 5 ) - S a m p l e s  w e re  
o b ta in e d  f r o m  th e  ra w  s e m im e m b r a n o s u s  m u s c le  o f  2 0  b e e f  c a r c a s s e s  f o r  
th e  p u r p o s e  o f  d e v e lo p in g  a  t e c h n iq u e  f o r  p r e d i c t i n g  r e la t iv e  te n d e r n e s s  
a m o n g  c a rc a s s e s .  I t  w a s  d e t e r m in e d  t h a t  h o m o g e n iz in g  1 0 g  s a m p le s  f o r  
6 0  s e c  p r o v id e d  th e  h ig h e s t  c o r r e l a t i o n  c o e f f i c i e n t  b e tw e e n  m u s c le  f r a g 
m e n t  w e ig h ts  ( a f t e r  f i l t r a t i o n  t h r o u g h  c h e e s e c lo th  a n d  s u b s e q u e n t  c e n t r i 
f u g a t io n )  a n d  s h e a r  f o r c e  v a lu e s . S ig n i f ic a n t  d i f f e r e n c e s  in  m u s c le  f r a g 
m e n t  w e ig h ts  w e re  o b t a in e d  w h e n  th e  s a m p le s  w e re  s t r a t i f i e d  in to

“ t o u g h ”  a n d  “ t e n d e r ”  g r o u p s .  A l th o u g h  th e  f r a g m e n t a t i o n  i n d e x  v a lu e s  
w e re  n o t  s ig n i f ic a n t ly  a s s o c ia t e d  w i th  s e n s o r y  p a n e l  e v a l u a t io n s  o f  
t e n d e r n e s s ,  t h e r e  w a s  a  s ig n i f i c a n t  c o r r e l a t i o n  b e tw e e n  f r a g m e n t a t i o n  in 
d e x  a n d  s h e a r  f o r c e  v a lu e s  ( r  = - 0 . 7 9 ) .  T h e s e  d a t a  p r o v id e  p r e s u m p t iv e  
e v id e n c e  t h a t  m y o f i b r i l s  f r o m  m o r e  t e n d e r  m u s c le  a s  m e a s u r e d  b y  th e  
W a r n e r -B ra tz le r  s h e a r  m a c h in e ,  a r e  m o r e  e a s ily  f r a g m e n te d .  T h i s  v a r ia b i l 
i ty  in  f r a g m e n t a t i o n  c a n  p o s s ib ly  b e  m e a s u r e d  a n d  r e l a t e d  t o  u l t i m a t e  
t e n d e r n e s s  o f  b e e f .

A P P A R A T U S  F O R  M A I N T A IN IN G  H O L D IN G  T E M P E R A T U R E  
W H IL E  S E R V I N G  C A F E T E R I A  R O U N D S  O F  B E E F .  M  R .  B E R R Y  J R .  
&  R .W . D IC K E R S O N  J R .  / .  Food Sci. 4 0 ,  1 0 9 5 - 1 0 9 6  ( 1 9 7 5 ) - R o u n d s  
o f  b e e f  a re  o f t e n  s e rv e d  o n  c o n s u m e r  d e m a n d  a n d  m a y  r e m a in  o n  th e  
s lic in g  t a b l e  f o r  lo n g  p e r io d s  a t  lo w  h o ld in g  t e m p e r a t u r e s .  S in c e  t h e s e  
c o n d i t i o n s  f a v o r  m ic r o b ia l  g r o w th ,  t e c h n iq u e s  w e re  d e v e l o p e d  f o r  m a in 
ta in in g  p r o p e r  t e m p e r a t u r e s  d u r in g  s e rv in g .  A  d e e p - w e l l  p a n  e n c l o s e d  a  
m a jo r  p o r t i o n  o f  t h e  r o a s t  b u t  e x p o s e d  t h e  t o p  s u r f a c e  t o  f a c i l i t a t e  
s lic in g . T h e  p a n  h a d  a n  a d ju s t a b l e  r a c k  t h a t  w a s  r a is e d  a s  t h e  r o a s t  w a s  
s l ic e d .  A d e q u a t e  t e m p e r a t u r e s  w e re  m a in t a in e d  in  b o n e le s s  r o u n d s  w i t h  
o n e  in f r a r e d  la m p  d i r e c t e d  o n  t h e  c u t t in g  s u r f a c e  a n d  a  2 0 6 °  F  s te a m  
t a b l e  t e m p e r a t u r e .  E f f e c t iv e n e s s  o f  t h e  s y s te m  a ls o  d e p e n d s  o n  p r o p e r  
h a n d l in g  o f  t h e  b e e f .  R o a s t s  n o t  c o o k e d  to  t h e  p r o p e r  d e g re e  o f  d o n e n e s s  
o r  n o t  p la c e d  d i r e c t l y  o n t o  t h e  s e rv in g  l in e  r e s u l t e d  in  i n a d e q u a t e  h o ld in g  
t e m p e r a tu r e s .

T H E  E F F E C T  O F  T E X T U R E D  S O Y  F L O U R  P A R T I C L E S  O N  T H E  
M IC R O S C O P IC  M O R P H O L O G Y  O F  F R A N K F U R T E R S .  R .G .  C A S - 
S E N S , R .N . T E R R E L L  &  C . C O U C H . J. Food Sci. 4 0 ,  1 0 9 7 - 1 0 9 8  
( 1 9 7 5 ) —T h e  a d d i t i o n  o f  c o a r s e ly  a n d  f in e ly  d iv id e d  t e x t u r e d  s o y  f l o u r  t o  
a  f r a n k f u r t e r  b a t t e r  c a u s e d  s o m e  o f  t h e  l ip id  g lo b u le s  t o  a s s u m e  a n  i r 
r e g u la r  o r  a n g u la r  s h a p e .  L ip id  w a s  n o t  i n c o r p o r a t e d  i n t o  t h e  i n te r s t i c e s  
o f  t h e  t e x t u r i z e d  s o y  f lo u r .

E F F E C T  O F  L I N E A R  A P P R O X IM A T IO N  O F  E N T H A L P Y -T E M P E R A 
T U R E  C U R V E  IN  S I M U L A T IN G  H E A T  T R A N S F E R  D U R I N G  F R E E Z 
IN G . L .C . T A O . J. Food Sci. 4 0 ,  1 0 9 9 - 1 1 0 0  ( 1 9 7 5 ) - S i m u l a t i o n  o f  h e a t  
t r a n s f e r  d u r in g  a  f r e e z in g  o p e r a t i o n  w a s  r e c e n t l y  m a d e  b y  in te g r a t i n g  
n u m e r ic a l ly  a  s e t  o f  d i f f e r e n t i a l  e q u a t io n s  o n  a  d ig i t a l  c o m p u t e r .  T h i s  
n o t e  p r e s e n t s  t h e  f r e e z in g  c u rv e s  o b t a in e d  b y  t h e  s im u la t io n  p r o g r a m  o f  
J o s h i  a n d  T a o  ( J F S  3 9 :  6 2 3 )  f o r  t h e  n o n l in e a r  a s  w e ll  a s  t h e  t w o  l i n e 
a r iz e d  e n t h a l p y  f u n c t io n s .

A N T H O C Y A N I N S  O F  G A R L IC  (Allium sativum L .) .  C .T .  D U  &  F . J .  
F R A N C I S .  J. Food Sci. 4 0 ,  1 1 0 1 - 1 1 0 2  ( 1 9 7 5 ) - T h i s  s t u d y  r e p o r t s  i s o la 
t io n  a n d  p a r t i a l  i d e n t i f i c a t i o n  o f  t h e  m a jo r  p ig m e n ts  in  g a r l ic .  P r o lo n g e d  
c h r o m a to g r a p h y  o f  g a r l ic  p ig m e n t  e x t r a c t  s h o w e d  th e  p r e s e n c e  o f  s e v e n  
p ig m e n t  b a n d s ,  t h r e e  m a jo r  ( G 1 , G 2 ,  G 3 )  a n d  f o u r  m in o r .  R e s u l t s  s h o w  
t h a t  a c y l a te d  a n th o c y a n in s  m ig h t  o c c u r  m o r e  o f t e n  t h a n  g e n e r a l ly  r e c o g 
n iz e d ,  e s p e c ia l ly  th o s e  o f  a l ip h a t ic  a c y l  g r o u p s  w h ic h  m ig h t  e s c a p e  d e t e c 
t io n  d u e  t o  t h e i r  l a b i l i ty  in  m in e ra l  a c id s  a n d  la c k  o f  a b s o r p t i o n  in  t h e  
c in n a m o y l  r e g io n  o f  U V  s p e c t r a .

E F F E C T S  O F  D I F F E R E N T  C O N C E N T R A T IO N S  O F  S U C C IN IC  A C ID -  
2 ,2 -D IM E T H Y L H Y D R A Z ID E  O N  T H E  F L A V O R  O F  P U R E E  F R O M  
F R E S H  A N D  C A N N E D  F R E E S T O N E  P E A C H E S . S .D . S E N T E R ,  B .G . 
L Y O N  &  B .D . H O R T O N . J. Food Sci. 4 0 ,  1 1 0 3 - 1 1 0 4  ( 1 9 7 5 ) - F l a v o r  
w a s  e v a lu a te d  o n  p u r e e  f r o m  f r e s h  a n d  c a n n e d  f r e e s to n e  p e a c h e s  (Prunis 
persica (L .)  B a tc h ,  cv . D ix i la n d )  t h a t  h a d  b e e n  s p r a y e d  a t  t h e  b e g in n in g  
o f  p i t - h a r d e n in g  w i th  1 0 0 0 ,  1 5 0 0 ,  2 0 0 0  a n d  2 5 0 0  p p m  s u c c in ic  a c id - 2 ,2- 
d i m e th y lh y d r a z id e .  T h e s e  c o m p a r i s o n s  i n d ic a te d  t h a t  t h e  f l a v o r  o f  t r e a t 
e d  a n d  n o n t r e a t e d  p e a c h e s  d i f f e r e d  s ig n if ic a n t ly  in  t h e  f r e s h  a n d  th e  
c a n n e d  p r o d u c t .  I n  f r e s h  f r u i t ,  l a b o r a t o r y  p a n e l s  p r e f e r r e d  t h e  f l a v o r  o f  
p e a c h e s  t r e a t e d  w i th  2 5 0 0  p p m . In  c a n n e d  f r u i t ,  a  p a n e l  o f  d i s c r im in a t in g  
ju d g e s  p r e f e r r e d  th e  f la v o r  o f  f r u i t s  t r e a t e d  a t  a l l  c o n c e n t r a t i o n s  o v e r  
n o n t r e a t e d .
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T H E  R E D  C O M P O N E N T  O F  T H E  E X T E R N A L  C O L O R  A S  A  M A T U R 
IT Y  IN D E X  O F  P A P A Y A  F R U I T S .  M . P E L E G  &  L . G O M E Z  B R IT O . J. 
F o o d  S c i. 4 0 ,  1 1 0 5 - 1 1 0 6  ( 1 9 7 5 ) - T h e  in i t i a l  e x t e r n a l  c o lo r a t i o n  o f  f r e s h  
p a p a y a  f r u i t s  w a s  e v a lu a te d  b y  a  H u n te r l a b  C o lo r  D i f f e r e n c e  M e te r  a t  
s ite s  2 0  m m  in  d ia m e te r .  I t  w a s  d e m o n s t r a t e d  t h a t  t h e  y e l lo w  c o l o r a t i o n  
o f  t h e  s k in  w a s  a c c o m p a n ie d  b y  t h e  i n t r o d u c t i o n  o f  a  r e d  c o lo r  c o m p o 
n e n t  a n d  t h a t  t h e  l a t t e r ’s i n t e n s i t y  in  t e rm s  o f  H u n te r  “ a ”  v a lu e s  c o u ld  
p ro v id e  a n  i n d e x  f o r  s a f e  h a r v e s t  o f  t h e  f r u i t s .  I t  w a s  f o u n d  t h a t  t h e  g r e a t  
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BASIC SCIENCE

B. D . R O E B U C K ' a n d  S . A . G O L D B U T H  

D e p t,  o f  N u tr i t io n  & F o o d  S c ie n c e ,  M a s s a c h u s e t ts  I n s t i tu te  o f  T e c h n o lo g y

C a m b r id g e ,  M A  0 2 1 3 9

D IELECTR IC  PROPERTIES AT MICROW AVE FREQUENCIES OF AGAR GELS. 
Similarity to the Dielectric Properties of Water

IN T R O D U C T IO N

IN STUDYING the thermal properties of foods heated in 
microwave ovens, water is a convenient standard because its 
dielectric properties are well known (Von Hippel, 1954). 
Water often approximates or serves as the limiting case for the 
physical and dielectric properties of foods. Agar gels, in many 
instances, have dielectric properties similar to water, without 
possessing the fluidity of water. Gels can be molded into vari
ous shapes, filled with soluble or insoluble materials, and used 
in microwave ovens and tunnels without sample containers 
which would attenuate microwave energy. The high viscosity 
of agar gels eliminates the convection currents resulting in the 
heating of liquids; this greatly simplifies microwave heating 
studies. Agar gels are transparent, odorless and tasteless.

deLoor and Meijboom (1966), Van Zante and Nakayama
(1956) and Copson (1956, 1962) have used agar gels in studies 
of the application of microwave energy to food processing. 
However, the dielectric properties (dielectric constant k', die
lectric loss factor k") have not been extensively studied: in 
this paper we investigate several factors. First, the purity of 
the agar used is important, because the ionic conductivity of 
salts or ionic moieties of the agar polymer increases the die
lectric loss of the gel especially at the lower frequency. Sec
ond, both k' and k" are functions of temperature; the temper
ature dependence will be shown for agar gels. A similar de
pendence occurs for water and heterogeneous mixtures such as 
foods. Third, the concentration of the agar in the gel is impor
tant. The gel melting temperature and gel strength increase as 
the agar concentration of the gel increases. These physical 
properties of agar gels are adequately reviewed by Selby and 
Selby (1959). As the agar concentration increases, the die
lectric properties show increasing deviation from those of pure 
water.

It is desirable to use as little agar as is needed to retain the 
shape of the water-agar gel at the necessary firmness.

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

D IE L E C T R I C  M E A S U R E M E N T S  a t  1 .0  a n d  3 .0  G H z  w e re  m a d e  w i th  a  
M o d e l 4  M ic ro w a v e  D ie l e c t r o m e t e r  (C e n t r a l  R e s e a r c h  L a b o r a to r y ,  R e d  
W in g , M in n .)  ( A n o n y m o u s ,  1 9 5 1 ) .  T h e  d e ta i l s  o f  m e a s u r in g  te c h n iq u e s ,

1 P re se n t add ress : D ep t, o f  P h a rm a c o lo g y , S c h o o l o f M ed ic in e , Case 
W este rn  R eserve U n iv e rs ity , C lev e lan d , OH 4 4 1 0 6

s a m p le  h o ld e r s ,  a n d  s a m p le  p r e p a r a t i o n  a r e  d i s c u s s e d  in  d e ta i l  b y  P a c e
( 1 9 6 7 )  a n d  R o e b u c k  ( 1 9 7 0 ) .  T h e  c o m p u t a t i o n  p r o c e d u r e s  o f  t h e  d ie 
l e c t r i c  p r o p e r t i e s  <’ a n d  k " a r e  c o n ta in e d  in  P r o g ra m  I o f  W e s tp h a l  a n d  
Ig le s ia s  ( 1 9 7 0 ) .  R e p e a te d  m e a s u r e m e n ts  o f  t h e  d i e l e c t r i c  c o n s t a n t  v a r
ie d  le s s  t h a n  1%  o f  t h e  m e a n  a n d  f o r  t h e  d i e le c t r i c  lo s s  t h e  v a r ia t io n  w a s  
le ss  t h a n  3 %  o f  t h e  m e a n .

T h e  a g a ro s e  a r .d  D ifc o  a g a r  g e ls  w e re  p r e p a r e d  w i th  A g a ro s e  (G ra d e  
B , C a lb io c h e m ,  L o s  A n g e le s ,  C a l i f .)  a n d  B a c to - A g a r  ( D if c o  C e r t i f i e d ,  
D i f c o  L a b o r a to r i e s ,  D e t r o i t ,  M ic h .) ,  r e s p e c t iv e ly .  G la s s -d is t i l le d  w a te r  
w a s  u s e d  in  t h e  f o r m u la t io n  o f  a l l  g e ls . M o is tu r e  a n a ly s is  w a s  p e r f o r m e d  
b y  d r y in g  th e  s a m p le s  a t  1 0 5 ° C  u n d e r  v a c u u m  u n t i l  c o n s t a n t  w e ig h t  
w a s  o b t a in e d .

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

DIFCO AGAR refers to Difco certified Bacto-Agar and Aga
rose refers to Calbiochem Grade B Agarose; collectively, both 
gels will be referred to as^agar gels.

The dielectric properties («', k" , and tan 5) for water and 
four concentrations of Difco agar at 1.0 GHz and 3.0 GHz and 
at four temperatures (5, 25, 45 and 65°C) are presented in 
Table 1. Table 2 lists similar data for the dielectric properties 
of Agarose. The rigidity and melting points of these agar gels 
depend upon the agar concentration. Agar gels of less than
0.75% agar are very soft and often do not support their own 
weight. Gels of a higher percentage of agar are firm. Gels of 
less than 1% agar liquefy at 45°C while gels of higher agar 
concentration become viscous liquids above 65°C. Details of 
the physical properties of agar gels are discussed by Selby and 
Selby (1959).

deLoor and Meijboom (1966) measured the dielectric prop
erties of agar gels only at 20°C and found that for the frequen
cies available for commercial microwave processing, namely
0.915 GHz and 2.45 GHz, the dielectric properties are similar 
to the dielectric properties of water. The data in Tables 1 and 
2 confirm their measurements and also show the concentration 
and temperature dependence of the dielectric properties.

Figures 1, 2, 3 and 4 were drawn from the data of Tables 1 
and 2. For agar concentrations of less than 3% agar by weight, 
the «' and k" values appear to be linear functions of agar 
concentration. This is also true for the temperature range from 
5—65°C. With agar concentrations increasing to approximately 
3%, the k1 values at both frequencies decrease for 5, 25 and 
45°C (Fig. 1 and 2). At 65°C, k' values at 1.0 GHz increase 
slightly with increasing agar concentrations. The Difco agar at
3.0 GHz and at 65°C also shows an increase in k1 as the con-

wtuniif} rm nnoifiitiw
*
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Table 1 —Dielectric properties3 of Difco agar gels

Concentration 
(wt %>

Temp
("Cl

Frequency

1.0 GHz 3.0 GHz

Solids Water k ' tan 6 K" k ' tan 5 K'

0.0 100 5 85.1 0.090 7.70 80.2 0.275 22.06
25 77.1 0.052 3.99 76.7 0.157 12.04
45 71.4 0.031 2.20 70.7 0.106 7.49
65 65.0 0.022 1.40 64.0 0.076 4.90

0.48 99.52 5 85.0 0.094 7.98 79.6 0.280 22.3
25 76.6 0.059 4.50 76 3 0.160 12.2
45 71.1 0.039 2.80 70.4 0.109 7.~
65 65.4 0.032 2.10 64 0 0.081 5.2

0.89 99.11 5 84.5 0.097 8.20 79 3 0.288 22.8
25 76.8 0.064 4.90 76 0 0.163 1 2 a

45 71.2 0.048 3.42 70.3 0.111 7.8
65 65.1 0.046 3.00 64.4 0.090 5.8

2.30 97.70 5 84.1 0.102 8.56 77.4 0.302 23 .<■
25 75.5 0.080 6.06 74.8 0.171 12.8
45 70.4 0.075 5.31 70.1 0.123 8.8
65 66.7 0.076 5.10 64.1 0.098 6.2

2.68 97.32 5 84.4 0.112 9.50 77.1 0.307 23.7
25 75.2 0.088 6.58 74.5 0.169 12.6
45 70.6 0.082 5.82 69.8 0.126 8.S
65 66.5 0.087 5.78 64.5 0.102 6.6

a T h e  d ie le c tr ic  con stan t (k 1)1 and the d ie le ctr ic loss fa cto r (k ) are related by the loss tangent (tan 8)  where k ' tan 8 =  k ".

Table 2—Dielectric properties3 of Calbiochem Agarose gels

Concentration 
(wt. %)

Temp
(°C)

Frequency

1.0 GHz 3.0 GHz

Solids Water k ' tan 6 K ' 1 K : tan 6 K r

0.0 100 5 85.1 0.090 7.70 80.2 0.275 22.C6
25 77.1 0.052 3.99 76.7 0.157 12.C4
45 71.4 0.031 2.20 70.7 0.106 7.49
65 65.0 0.022 1.40 64.0 0.076 4.S0

0.57 99.43 5 84.6 0.092 7.80 79.6 0.281 22.4
25 76.8 0.054 4.16 76.4 0.160 12.2-
45 71.3 0.037 2.61 70.5 0.106 7.5
65 65.3 0.026 1.70 63.3 0.079 5.0

0.98 99.02 5 84.4 0.094 7.91 79.0 0.286 22.6
25 76.6 0.056 4.29 76.1 0.159 12.1
45 71.4 0.040 2.88 70.5 0.111 7.8
65 65.7 0.030 2.01 63.8 0.080 5.1

1.81 98.19 5 84.0 0.096 8.05 77.4 0.297 23.0
25 75.6 0.060 4.50 75.5 0.163 12.3
45 71.0 0.051 3.62 70.2 0.114 8.0
65 66.4 0.033 2.20 63.4 0.082 5.2

2.43 97.57 5 83.2 0.098 8.20 77.0 0.302 23.3
25 75.2 0.063 4.75 73.2 0.164 12.0
45 70.9 0.058 4.10 70.2 0.114 8.0
65 66.2 0.041 2.72 63.2 0.084 5.3

a The  d ie le ctr ic  con stan t (k ') and the d ie le c tr ic  loss fa c to r  (k " )  are related by the  loss tangent (tan 8)  where k '  tan 8 = k "
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0  I "  “ 2 "  3
%  AG AR

K '

%  AGAR %  A G AR

Fig. 1 - D i e l e c t r i c  c o n s ta n t  k ' o f  a g a r  g e ls  a s  a 
fu n c tio n  o f  c o n c e n tr a t io n  a t  1 .0  G H z  a n d  a t  
fo u r  te m p e r a tu r e s .

Fig. 2 —D ie le c tr ic  c o n s ta n t  n 'o f  a g a r  g e ls  a s  a 
fu n c t io n  o f  c o n c e n tr a t io n  a t  3 . 0  G H z  a n d  a t  

f o u r  te m p e r a tu r e s .

Fig. 3 —D ie le c tr ic  lo s s  f a c to r  k "  o f  a g a r  g e ls  a s  a  
fu n c t io n  o f  c o n c e n tr a t io n  a t  1 .0  G H z  a n d  a t  
fo u r  te m p e r a tu r e s .

centration of agar increases. This behavior of k' is unexpected 
and unexplained. In all instances, the dielectric constants K1 
are similar for both types of agar gels and differ little from the 
dielectric constant of water.

Figures 3 and 4 clearly show that the dielectric loss factor 
k" increases linearly at both frequencies and for all four tem
peratures as the agar concentration increases. The rate of in
crease of k" is smaller for agarose than for Difco agar, espe

cially at 1.0 GHz. Agarose is a more highly purified form of
agar. The behavior of k" may be attributed to dielectric loss 
by ionic conductivity. As discussed by Hasted et al. (1948) 
and Lane and Saxton (1952) and as occurred in complex bio
logic systems by Goldblith and Pace (1967) and Roberts and 
Cook (1952), ionic conductivity becomes more significant as 
the microwave frequency decreases and as the temperature of 
the absorbing material increases. Ionic conductivity of the agar

%  AGAR

Fig. 4 —D ie le c tr ic  lo s s  f a c to r  k "  o f  a g a r  g e ls  as a  
fu n c t io n  o f  c o n c e n tr a t io n  a t  3 .0  G H z  a n d  a t  

f o u r  te m p e ra tu re s .

0 TO 20  30  4 0  5 0  6 0  70
T E M P E R A T U R E  (°C)

Fig. 5 —D ie le c tr ic  c o n s ta n t  k * o f  w a te r  a n d  th r e e  
c o n c e n tr a t io n s  o f  D ifc o  a g a r  as a  fu n c t io n  o f  
te m p e r a tu r e  a t  1 .0  G H z.

0  2 0  4 0  * 6<D
T E M P E R A T U R E  {°C)

Fig. 6 —D ie le c t r ic  c o n s ta n t  k ' o f  w a te r  a n d  th r e e  
c o n c e n tr a t io n s  o f  D if c o  a g a r  a s  a  f u n c t io n  o f  
te m p e r a tu r e  a t  3 . 0  G H z.
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T E M P E R A T U R E  (°C)

Fig. 7—Dielectric loss factor k." o f water and 
three concentrations o f Difco agar as a function 
of temperature at 1.0 GHz.

Fig. 8—Dielectric loss factor k"  c f  water and 
three concentrations o f Difco agar as a function 
o f temperature at 3.0 GHz.

0  2 0  4 0  6 0
T E M P E R A T U R E  (°C)

g e l s  w a s  n o t  m e a s u r e d .  A t  3 . 0  G H z ,  t h e  k "  v a l u e s  f o r  t h e  s a m e  
c o n c e n t r a t i o n s  o f  b o t h  a g a r s  a r e  s i m i l a r  e v e n  a t  t h e  h i g h e r  
t e m p e r a t u r e s  ( F i g .  4 ) .

T o  c l e a r l y  s h o w  t h e  s i m i l a r i t i e s  o f  t h e  d i e l e c t r i c  p r o p e r t i e s  

o f  w a t e r  a n d  a g a r  g e l s ,  t h e  d i e l e c t r i c  p r o p e r t i e s  ( x '  a n d  k " )  o f  
w a t e r  a n d  t h r e e  s e l e c t e d  c o n c e n t r a t i o n s  ( 0 . 5 ,  1 . 0  a n d  2 . 0 %  b y  

w e i g h t )  o f  D i f c o  a g a r  w e r e  p l o t t e d  a s  a  f u n c t i o n  o f  t h e  s a m p l e  
t e m p e r a t u r e  ( F i g .  5 — 8 ) .  T h e  d i e l e c t r i c  v a l u e s  ( x '  a n d  x ” )  w e r e  
d e t e r m i n e d  f r o m  F i g u r e s  1 —4  f o r  t h e  d e s i g n a t e d  a g a r  c o n c e n 
t r a t i o n s  ( 0 . 5 ,  1 . 0  a n d  2 . 0 % ) .  T h e  d i e l e c t r i c  p r o p e r t i e s  f o r  t h e  

A g a r o s e  g e l s  w e r e  s i m i l a r  t o  t h e  p r o p e r t i e s  o f  t h e  D i f c o  a g a r ,  
s h o w n  i n  F i g u r e s  5 — 8  w i t h  o n e  e x c e p t i o n .  F o r  A g a r o s e ,  t h e  
d i e l e c t r i c  l o s s  x "  a t  1 .0  G H z  a n d  f o r  t h e  h i g h e r  t e m p e r a t u r e s  
d e v i a t e d  l e s s  f r o m  t h e  x "  o f  w a t e r  t h a n  d i d  s i m i l a r  v a l u e s  f o r  
D i f c o  a g a r .  T h e  l e s s e r  d e v i a t i o n  o f  A g a r o s e  i s  a t t r i b u t e d  t o  i t s  
h i g h e r  p u r i t y ;  h e n c e ,  l e s s  i o n i c  c o n d u c t i v i t y  l o s s .

F o r  b o t h  t y p e s  o f  a g a r  a t  1 . 0  G H z ,  k ' o f  a l l  c o n c e n t r a t i o n s  
o f  a g a r  s t u d i e s  a r e  v e r y  s i m i l a r  t o  t h e  x '  o f  w a t e r  a t  t h e  a p 
p r o p r i a t e  t e m p e r a t u r e  ( F i g .  5 ) .  A t  1 . 0  G H z ,  t h e  p e r c e n t  d i f f e r 

e n c e  b e t w e e n  x '  o f  w a t e r  a n d  x '  o f  t h e  2 %  a g a r  g e l s  i s  n o t  
g r e a t e r  t h a n  1 .7 % .  F o r  b o t h  t y p e s  o f  a g a r  g e l  a t  3 . 0  G H z ,  t h e  
l a r g e s t  d i f f e r e n c e  o f  x '  f r o m  t h e  v a l u e  o f  w a t e r  i s  a t  5 ° C  a n d  is  
o n l y  2 . 2 %  d i f f e r e n t  f r o m  w a t e r  ( F i g .  6 ) .

T h e  d i e l e c t r i c  l o s s  f a c t o r  k "  d i f f e r s  m o s t  f r o m  t h e  c o r r e 

s p o n d i n g  v a l u e  o f  w a t e r  e s p e c i a l l y  a t  h i g h e r  t e m p e r a t u r e s ,  a t  
t h e  l o w e r  o f  t h e  t w o  f r e q u e n c i e s ,  a n d  f o r  h i g h  c o n c e n t r a t i o n s  
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e n t i r e l y  f e a s i b l e ,  w h e r e a s  t h e i r  u s e  a t  0 . 9 1 5  G H z  c o u l d  i n t r o 
d u c e  a  s m a l l  e r r o r  w h i c h  s h o u l d  b e  c o r r e c t a b l e .
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IN T R O D U C T IO N

A N T A G O N I S T I C  A C T I O N S  o f  l a c t i c  a c i d  b a c t e r i a  t o w a r d  
f o o d - b o r n e  p a t h o g e n s  a n d  s p o i l a g e  m i c r o o r g a n i s m s  h a v e  b e e n  
w e l l  d o c u m e n t e d  a n d  h a v e  b e e n  r e v i e w e d  b y  H u r s t  ( 1 9 7 3 ) .  

T h e  m a j o r i t y  o f  w o r k  r e p o r t e d  i n  t h i s  a r e a  h a s  i n v o l v e d  t h e  
i n h i b i t o r y  a c t i o n s  m a n i f e s t e d  d u r i n g  g r o w t h  o f  t h e  s t a r t e r  c u l 
t u r e  b a c t e r i a  o r  t h o s e  r e s u l t i n g  f r o m  t h e  c h a r a c t e r i s t i c s  o f  t h e  
f e r m e n t e d  f o o d s .  W e  h a v e  s h o w n  t h a t  l a c t o b a c i l l i ,  l a c t i c  s t r e p 
t o c o c c i  a n d  L e u c o n o s t o c  c i t r o v o r u m  e x e r t  a n t a g o n i s t i c  a c t i o n s  
t o w a r d  f o o d - b o r n e  p a t h o g e n s  i n  a s s o c i a t i v e  c u l t u r e s  ( D a h i y a  
a n d  S p e c k ,  1 9 6 8 ;  G i l l i l a n d  a n d  S p e c k ,  1 9 7 2 ;  S p e c k ,  1 9 7 2 ;  
S o r r e l l s  a n d  S p e c k ,  1 9 7 0 ) .  S t u d i e s  o n  t h e  c o n t r o l  o f  p s y c h r o -  
t r o p h i c  s p o i l a g e  b a c t e r i a  a n d  o t h e r  u n d e s i r a b l e  b a c t e r i a  i n  r e 
f r i g e r a t e d  c u l t u r e d  f o o d s  h a v e  f o c u s e d  p r i m a r i l y  o n  t h e  e f f e c t  
o f  i n h i b i t o r y  s u b s t a n c e s  p r o d u c e d  b y  s t a r t e r  c u l t u r e  b a c t e r i a  

d u r i n g  t h e  m a n u f a c t u r e  o f  t h e  f o o d s  ( G o e l  e t  a l . ,  1 9 7 1 ;  G e o p -  
f e r t  a n d  C h u n g ,  1 9 7 0 ;  M a t h e r  a n d  B a b e l ,  1 9 5 9 ) .  L i t t l e  a t t e n 
t i o n  h a s  b e e n  g i v e n  t o  t h e  p o s s i b i l i t y  o f  c o n t r o l l i n g  g r o w t h  o f  
p s y c h r o t r o p h s  i n  f o o d s  s u c h  a s  g r o u n d  b e e f  a n d  s w e e t  m i l k  

d u r i n g  r e f r i g e r a t e d  s t o r a g e .  R e d d y  e t  a l .  ( 1 9 7 0 )  h a v e  s h o w n  
t h a t  i n o c u l a t i o n  o f  g r o u n d  b e e f  w i t h  m i x t u r e s  o f  S t r e p t o 

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

n e g a t i v e  b a c t e r i a  i n  t h e  p r o d u c t  d u r i n g  s t o r a g e  a t  7 ° C .  D a l y  e t  
a l .  ( 1 9 7 2 )  s h o w e d  s i m i l a r  e f f e c t s  i n  g r o u n d  b e e f ,  m i l k  a n d  
c o t t a g e  c h e e s e  i n o c u l a t e d  w i t h  S . d i a c e t i l a c t i s .

T h e  o b j e c t i v e  o f  t h i s  s t u d y  w a s  t o  e v a l u a t e  t h e  p o s s i b i l i t y  

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

E X P E R IM E N T A L

B a c te r ia l  c u l tu r e s

A ll c u l tu r e s  u s e d  in  t h i s  s t u d y  w e re  f r o m  t h e  N o r t h  C a r o l in a  S t a t e  
U n iv e r s i ty  F o o d  M ic r o b io lo g y  c u l tu r e  c o l le c t i o n .  P s e u d o m o n a s  f r a g i  
a n d  p s y c h r o t r o p h  M C -6 0 N , a  g r a m  n e g a t iv e  r o d  i s o la te d  f r o m  ra w  m ilk  
in  a n o th e r  s tu d y  (A d a m s  e t  a l . ,  1 9 7 4 ) ,  w e re  c u l tu r e d  in  r e c o n s t i t u t e d  
1 0 %  n o n f a t  m i lk  s o l id s  (N F M S )  u s in g  1%  in o c u la  a n d  in c u b a t io n  a t  
2 2 ° C  f o r  1 8  h r .  L a c to b a c i l lu s  b u lg a r ic u s  s t r a in s  N C S 1  a n d  H W D , a n d  L. 
la c t is  B Y L 1  w e re  a ls o  m a in t a in e d  in  t h e  s a m e  m a n n e r  b u t  w i t h  in c u 
b a t io n  a t  3 7 ° C  f o r  1 8  h r .  P e d io c o c c u s  c e r e v is ia e  w a s  c u l tu r e d  s im ila r ly  
u s in g  L a c to b a c i l l i  M R S  b r o t h  ( D if c o ) .

P r e p a r a t io n  o f  c o n c e n t r a t e d  c e l l  s u s p e n s io n s

L a c to b a c i l l i  a n d  p e d io c o c c i  w e r e  s u b c u l t u r e d  in  M R S  b r o t h  o n c e  
im m e d ia te ly  p r io r  t o  u s e  in  p r e p a r in g  t h e  c o n c e n t r a t e d  c e l l  s u s p e n s io n s .  
T h e  re q u ir e d  v o lu m e  o f  M R S  b r o t h  w a s  i n o c u la t e d  (1 % ) u s in g  f r e s h  
b r o t h  c u l tu r e s  a n d  in c u b a te d  a t  3 7 ° C  f o r  1 8  h r .  T h e  c e l ls  w e re  c e n t r i 
fu g e d  (4 ,1 0 0  x  G  a t  2 ° C )  f r o m  t h e  b r o t h ,  r e s u s p e n d e d  in  c o ld ,  s te r i le  
1 0 %  N F M S  o r  1%  t r y p t o n e  (D i f c o )  a n d  p la c e d  in  a  ic e  b a t h  u n t i l  u s e d ,  
n o r m a l ly  w i th in  1 /2  h r .

P r e p a r a t io n  o f  f o o d  s a m p le s

C o ld  s te r i le  r e c o n s t i t u t e d  10%  N F M S  w a s  i n o c u la t e d  w i th  
5 0 0 - 1 0 0 0  c o lo n y  f o r m in g  u n i t s  (C F U )  o f  P. f r a g i  o r  p s y c h r o t r o p h  
M C -6 0 N  p e r  m l. A f t e r  t h o r o u g h  m ix in g ,  t h e  i n o c u la t e d  m i lk  w a s  d i 
v id e d  in t o  p o r t i o n s  o f  e q u a l  v o lu m e .  O n e  p o r t i o n  s e rv e d  a s  a  c o n t r o l  
a n d  ttie . o U \e r(s )  w a s  i n o c u l a t e d  w i t h  c o n c e n t r a t e d  c e l l  s u s p e n s io n s  o f  
l a c to b a c i l l i  ( s u s p e n d e d  in  m i lk ) .  T h e  s a m p le s  w e r e  s u b d iv id e d  in to  s t e r 
i le  c o n ta in e r s  w h e re b y  o n e  c o u ld  b e  u s e d  a t  e a c h  s a m p l in g  p e r io d ;  th e s e  
w e re  p la c e d  in  a  lo w  t e m p e r a t u r e  i n c u b a to r  a t  5  o r  7 ° C .

G r o u n d  b e e f  w a s  p u r c h a s e d  lo c a l ly  o r  w a s  p r e p a r e d  in  t h e  l a b o r a 

t o r y  b y  g r in d in g  r a w  b e e f  r o a s t s  i n  a  s t e r i l e  h a n d  g r in d e r .  A f t e r  b e in g  
t h o r o u g h l y  m ix e d  in  a  s t e r i le  c o n ta in e r  t o  i n s u r e  e v e n  d i s t r i b u t i o n  o f  
t h e  m ic r o b ia l  f l o r a ,  i t  w a s  d i s p e n s e d  in  s te r i le  b e a k e r s  in  lO O g q u a n t i 
t ie s .  T h e  n a tu r a l  f lo r a  o f  t h e  m e a t  s e rv e d  a s  a  s o u r c e  o f  p s y c h r o t r o p h ic  
b a c t e r i a .  T e n  m l c o n c e n t r a t e d  c e l l  s u s p e n s io n s  ( in  1%  t r y p t o n e )  o f  
l a c to b a c i l l i  o r  o f  p e d io c o c c i  w e re  a d d e d  t o  lO O g s a m p le s  o f  t h e  m e a t  
a n d  t h o r o u g h l y  m ix e d .  T e n  m l o f  s t e r i l e  1%  t r y p t o n e  w a s  m ix e d  w i th  
t h e  c o n t r o l  s a m p le  ( lO O g ). A f t e r  m ix in g ,  2 5 g  p o r t i o n s  w e r e  p la c e d  in  
s te r i l e  p e t r i  p la te s  a n d  s to r e d  a t  5 ° C .

F r e s h ly  p i c k e d  c ra b  m e a t  w a s  o b t a i n e d  f r o m  a  N .C . s e a f o o d  p ro c e s 
s o r  a n d  p r e p a r e d  in  a  m a n n e r  s im i la r  t o  t h a t  u s e d  f o r  g r o u n d  b e e f .

E f f e c t  o f  c a t a la s e  o n  t h e  a n ta g o n is m

T o  d e t e r m in e  i f  h y d r o g e n  p e r o x id e  w a s  in v o lv e d  in  t h e  a n ta g o n is m ,  
e x p e r im e n t s  w e re  c o n d u c t e d  in  w h ic h  c a ta la s e  (S ig m a  C h e m ic a l  C o .)  
w a s  a d d e d  ( 3 0 0 0  u n i t s /1 0 0  m l)  t o  a  s a m p le  o f  a u to c l a v e d  1 0 %  N F M S  
in o c u la t e d  w i t h  p s y c h r o t r o p h  M C -6 0 N  a n d  L . b u lg a r ic u s  N C S 1 .  A  s im i
la r  s a m p le  c o n ta in in g  h e a t  in a c t iv a t e d  ( 1 2 1 ° C  f o r  1 5  m in )  c a ta la s e  w a s  
a ls o  in c lu d e d .  A c t iv e  c a t a la s e  w a s  a d d e d  t o  t h e  c o n t r o l  s a m p le  ( w i th o u t  
l a c to b a c i l l i ) .  A ll  s a m p le s  w e r e  i n c u b a t e d  a t  5 ° C  o n  a  r o t a r y  s h a k e r  (1 5 0  
r p m )  t o  in s u re  c o n t i n u o u s  m ix in g  d u r in g  in c u b a t io n .

E n u m e r a t io n  o f  b a c t e r i a

D is t i l le d  w a te r  c o n ta in in g  0 .1 %  N F M S  a n d  0 .0 1 %  s i l ic o n e  a n t i -  
f o a m e r  (S ig m a  C h e m ic a l  C o .)  w a s  u s e d  a s  d i l u e n t .  T h e  in i t i a l  d i lu t io n s  
( 1 : 1 0 ) o f  m e a t  s a m p le s  w e r e  b l e n d e d  2  m in  a t  lo w  s p e e d  in  c h i l le d  
W a r in g  B le n d o r s .  A ll  o t h e r  d i l u t i o n s  w e re  m a d e  f o l lo w in g  p r o c e d u r e s  in  
S ta n d a r d  M e th o d s  f o r  th e  E x a m in a t io n  o f  D a ir y  P r o d u c ts  (A P H A ,
1 9 7 2 ) .  A ll c o u n t s  w e re  d o n e  in  d u p l i c a t e .

T h e  g r o w th  o f  p s y c h r o t r o p h i c  b a c t e r i a  w a s  m o n i t o r e d  b y  p la te  
c o u n t s  u s in g  e i t h e r  C V T  a g a r  (O ls o n ,  1 9 6 3 )  o r  P la te  C o u n t  A g a r  (P C A ) 
(D i f c o ) .  T h e  p la te s  w e r e  i n c u b a t e d  5  d a y s  a t  2 2 ° C .  P C A  w a s  u s e d  t o  
e n u m e r a t e  p s y c h r o t r o p h i c  b a c t e r i a  in  s o m e  e x p e r im e n t s  in v o lv in g  t h e  
l a c to b a c i l l i  s in c e  th i s  o r g a n is m  w o u ld  n o t  f o r m  c o lo n ie s  o n  th i s  m e d iu m  
a t  2 2 °  C . T h e  c e lls  o f  l a c to b a c i l l i  i n c lu d e d  w i t h  t h e  s a m p le  d i l u t i o n s  in  
p la t in g  d id  n o t  a p p e a r  t o  i n t e r f e r e  w i t h  c o lo n y  f o r m a t i o n  b y  t h e  
p s y c h r o t r o p h s  o n  t h e  a g a r  m e d ia  a t  2 2 ° C .

S in c e  l a c to b a c i l l i  o r  p e d io c o c c i  w e r e  a d d e d  in  g r e a t e r  n u m b e r s  t h a n  
o t h e r  b a c t e r i a  in  t h e  f o o d s ,  t h e y  c o u ld  b e  e n u m e r a t e d  in i t i a l ly  o n  n o n -  
s e le c t iv e  m e d ia .  L a c to b a c i l l i  M R S  b r o t h  p lu s  1 .5 %  a g a r  (M R S  a g a r )  w a s  
u s e d  f o r  t h i s  p u r p o s e .  I n  s o m e  e x p e r im e n t s  t h e y  w e re  e n u m e r a t e d  u s in g  
L a c to b a c i l lu s  S e le c t iv e  (L B S )  A g a r  (B B L ) .  A l l  p la te s  o f  b o t h  m e d ia  
w e re  i n c u b a t e d  7 2  h r  a t  3 7 ° C .

H y d r o g e n  p e r o x id e  p r o d u c t i o n

C e l ls  f r o m  2 0  m l o f  M R S  b r o t h  c u l tu r e s  o f  t h e  la c t ic  a c id  b a c t e r ia  
w e re  r e m o v e d  b y  c e n t r i f u g a t io n  a n d  r e s u s p e n d e d  in  5 0  m l a l iq u o ts  o f  
s t e r i le  1 0 %  N F M S  o r  a  s t e r i l e  b r o t h  c o n ta in in g  0 .2 5 %  b e e f  e x t r a c t  a n d
0 .1 %  g lu c o s e .  T h e  s a m p le s  w e re  p la c e d  in  1 2 5  m l  E r le n m e y e r  f la s k s  a n d  
i n c u b a t e d  2 2  h r  a t  5 ° C  o n  a  r o t a r y  s h a k e r  ( 1 5 0  r p m ) .  H y d r o g e n  p e r 
o x id e  w a s  m e a s u r e d  b y  t h e  m e t h o d  o f  G i l l i la n d  ( 1 9 6 9 ) .  R e s u l ts  w e re  
r e c o r d e d  a s  o p t i c a l  d e n s i t y  v a lu e s  a t  4 0 0  n m .

R E S U L T S

L .  b u l g a r i c u s  N C S 1  h a s  a  p r o n o u n c e d  a n t a g o n i s t i c  a c t i o n  t o 

w a r d  P . f r a g i  i n  m i l k  a t  7 ° C  ( F i g .  1 ) .  T h e  n u m b e r  o f  P . f r a g i  
( C V T  a g a r  p l a t e  c o u n t s )  i n  t h e  c o n t r o l  i n c r e a s e d  r a p i d l y  d u r i n g  

t h e  3 - d a y  p e r i o d .  T h e  n u m b e r  d e t e c t e d  i n i t i a l l y  i n  t h e  s a m p l e  
c o n t a i n i n g  L .  b u l g a r i c u s  N C S 1  ( 8 . 4  X  1 0 7 / m l )  w a s  a p p r o x i 
m a t e l y  1%  o f  t h e  n u m b e r  a d d e d  a n d  d e c r e a s e d  f u r t h e r  d u r i n g  
s t o r a g e .  T h i s  i n d i c a t e d  r a p i d  i n a c t i v a t i o n  o f  P . f r a g i  b y  L .  b u l 

g a r i c u s .  T h e  d a t a  i n  T a b l e  1 s h o w s  t h e  e f f e c t  o f  t w o  c o n c e n t r a 
t i o n s  o f  L . b u l g a r i c u s  N C S 1  o n  p s y c h r o t r o p h  M C - 6 0 N  i n  m i l k  
a t  5 ° C .  T h e  t e s t  o r g a n i s m  d i d  n o t  a p p e a r  t o  g r o w  a s  r a p i d l y  a s
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P .  f r a g i  i n  t h e  p r e v i o u s  e x p e r i m e n t .  T h e  n u m b e r  o f  p s y c h r o -  
t r o p h  M C - 6 0 N  i n  t h e  c o n t r o l  m i l k  i n c r e a s e d  o v e r  1 0 0 - f o l d  i n  
1 0  d a y s  w h i l e  d e c r e a s e s  o c c u r r e d  i n  m i l k  c o n t a i n i n g  e i t h e r  
l e v e l  o f  L .  b u l g a r i c u s  N C S 1 ;  a  l a r g e r  d e c r e a s e  o c c u r r e d  i n  t h e  
p r e s e n c e  o f  t h e  h i g h e r  n u m b e r  o f  l a c t o b a c i l l i .  T h e  p H  v a l u e s  o f  
t h e  c o n t r o l  a n d  t h e  s a m p l e  c o n t a i n i n g  1 X 1 0 1 L .  b u l g a r i c u s  
p e r  m l  w e r e  t h e  s a m e  a f t e r  1 0  d a y s ;  w i t h  1 X 1 0 8 L .  b u l g a r i c u s  

p e r  m l  i t  w a s  o n l y  0 . 5  u n i t s  l o w e r .  T h e  n u m b e r s  o f  l a c t o b a c i l l i  
d i d  n o t  i n c r e a s e  d u r i n g  i n c u b a t i o n  a t  5 ° C .  B a s e d  o n  t h i s  a n d  
s i m i l a r  o b s e r v a t i o n s  i n  o t h e r  e x p e r i m e n t s ,  t h e  d e c r e a s e s  i n  p H  
o b s e r v e d  i n  s u c h  s a m p l e s  w e r e  n o t  c o n s i d e r e d  g r e a t  e n o u g h  t o  
a c c o u n t  f o r  t h e  a n t a g o n i s t i c  e f f e c t  p r o d u c e d  b y  t h e  l a c t o 

b a c i l l i .
L .  b u l g a r i c u s  H W D  ( 4 . 1  X 1 0 8 / g )  w a s  i n h i b i t o r y  t o  

p s y c h r o t r o p h i c  b a c t e r i a  a t  5 ° C  i n  f r e s h l y  p i c k e d  c r a b  m e a t .  
T h e  i n i t i a l  c o u n t s  o n  t h e  c r a b  m e a t  w e r e  h i g h  ( 2 . 2  a n d  2 . 9  X 
1 0 s / g ) .  A f t e r  4  d a y s  o f  s t o r a g e  t h e  c o u n t  f o r  t h e  c o n t r o l  h a d  
i n c r e a s e d  t o  1 . 2  X 1 0 7 / g ,  w h i c h  w a s  a p p r o x i m a t e l y  f o u r  t i m e s  
h i g h e r  t h a n  t h a t  f o r  t h e  s a m p l e  c o n t a i n i n g  t h e  l a c t o b a c i l l i .  

S i m i l a r  r e s u l t s  w e r e  o b t a i n e d  i n  o t h e r  e x p e r i m e n t s .  I n  b o t h  
s a m p l e s  t h e  p H  d r o p p e d  f r o m  8 . 0  t o  7 . 4  d u r i n g  s t o r a g e .

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

( T a b l e  2 ) .  T h e  i n i t i a l  C V T  a g a r  c o u n t s  o n  t h e s e  s a m p l e s  w e r e  
q u i t e  h i g h  ( 9 . 2 - 1 3  X 1 0 6 / g )  r e q u i r i n g  t h a t  t h e  n u m b e r  o f  

l a c t i c  a c i d  b a c t e r i a  a d d e d  a l s o  b e  h i g h e r  t h a n  i n  o t h e r  e x p e r i 
m e n t s .  T h e  C V T  a g a r  c o u n t  f o r  t h e  c o n t r o l  i n c r e a s e d  1 0 - f o l d  
d u r i n g  t h e  f i r s t  2  d a y s  a t  5 ° C  w h i l e  t h o s e  f o r  t h e  s a m p l e s  
c o n t a i n i n g  l a c t o b a c i l l i  o r  p e d i o c o c c i  i n c r e a s e d  l i t t l e  o r  n o n e .  
T h e  c o u n t s  f o r  t h e  l a t t e r  s a m p l e s  i n c r e a s e d  d u r i n g  t h e  p e r i o d  

b e y o n d  d a y  2  b u t  h a d  n o t  r e a c h e d  t h a t  o f  t h e  c o n t r o l  s a m p l e  
a t  d a y  6 . T o  o b t a i n  g r o u n d  b e e f  c o n t a i n i n g  f e w e r  m i c r o o r g a n 

i s m s  i n i t i a l l y ,  r o a s t s  a t  l e a s t  2  i n .  t h i c k  w e r e  g r o u n d  i n  t h e

Fig. 1-Effect o f L. bulgaricus NCS1 on growth o f Pseudomonas 
fragi in autoclaved 10% NFM S at 7°C.

l a b o r a t o r y .  C e l l  s u s p e n s i o n s  o f  L .  b u l g a r i c u s  N C S 1 ,  L .  l a c i i s  
B Y L 1  a n d  P . c e r e v i s i a e  ( 5  X 1 0 8 / g )  w e r e  a l l  i n h i b i t o r y  t o  t h e  
p s y c h r o t r o p h i c  b a c t e r i a  i n  t h i s  m e a t  ( T a b l e  3 ) .  T h e  i n i t i a l  
c o u n t  w a s  m u c h  l o w e r  t h a n  i n  t h e  p r e l i m i n a r y  e x p e r i m e n t s .  L .  
b u l g a r i c u s  N C S 1  a n d  L .  l a c t i s  B Y L 1  w e r e  m o r e  e f f e c t i v e  i n  
c o n t r o l l i n g  g r o w t h  o f  t h e  p s y c h r o t r o p h s  t h a n  w a s  P . c e r e v i s i a e ,  

a l t h o u g h  i n  i t s  p r e s e n c e  t h e  C V T  c o u n t  a f t e r  3  d a y s  w a s  o n l y

0 . 1  t h a t  i n  t h e  c o n t r o l  s a m p l e .

R e s u l t s  f r o m  e x p e r i m e n t  i n  w h i c h  c a t a l a s e  w a s  a d d e d  t o  
a u t o c l a v e d  1 0 %  N F M S  i n o c u l a t e d  w i t h  p s y c h r o t r o p h  M C - 6 0 N  

a n d  L .  b u l g a r i c u s  N C S 1  i n d i c a t e d  t h a t  h y d r o g e n  p e r o x i d e  p r o 
d u c e d  b y  t h e  l a c t o b a c i l l i  w a s  i n v o l v e d  i n  t h e  a n t a g o n i s m  

( T a b l e  4 ) .  I n  t h i s  e x p e r i m e n t  a l l  s a m p l e s  w e r e  i n c u b a t e d  a t  
5 ° C  w i t h  c o n t i n u o u s  a g i t a t i o n .  P s y c h r o t r o p h  M C - 6 0 N  w a s  
e n u m e r a t e d  o n  P C A .  L e s s  i n h i b i t i o n  w a s  e v i d e n t  i n  t h e  s a m p . e  
c o n t a i n i n g  L .  b u l g a r i c u s  N C S 1  w i t h  a c t i v e  c a t a l a s e  t h a n  i n  t h e  
o n e  w i t h  t h e  i n a c t i v e  e n z y m e .  T h e  P C A  c o u n t  f o r  t h e  s a m p . e  

c o n t a i n i n g  t h e  l a c t o b a c i l l i  a n d  i n a c t i v e  c a t a l a s e  d e c r e a s e d  d u r 
i n g  t h e  f i r s t  3  d a y s  a n d  t h e n  i n c r e a s e d  d u r i n g  t h e  l a s t  2  d a y s .

Table 1—Effect of cells of L. bulgaricus on growth of psychro
troph MC-60N in autoclaved 10% NFMS at 5°C

Days 
at 5°C Control

L. bulgaricus NCS1

1 X 1083 1 X 10’ 3

(Colony counts/ml on PCA)

0 5.8 X 10- 7.3 X 102 9.5 X 102
10 6.5 X 109 2.0 X 10* 8.2 X 10!

(pH Values)

0 6.7 6.7 6.7
10 6.5 6.0 6.5

a N um ber o f L. bu lgaricus NCS1 added per ml

Table 2—Effect of L. bulgaricus and P. cerevisiae on growth of 
psychrotrophic bacteria in ground beef3 at 5°C

Days 
at 5°C

L. bulgaricus 

HWD
Control (2.7X109)b

L. bulgaricus 

NCS1
(2.2 X 109)b

P. cerevisiae 

(4.3 X 109)b

0 1.3 X 10’ c 1 .0X107 9.6 X 106 9.2 X 106
2 1.4 X 108 1.0X10’ 8.3 X 106 9.7 X 106
6 1.6 X 10‘ ° 4.6 X 10® 3.7 X 109 1.5 X 10®

3 G round  beef purchased from  superm arket
b C o lo n y  fo rm ing  un its  o f starter cu ltu re  bacteria  added per gram o f  

meat
c C o lo n y  fo rm ing  un its  on C V T  agar

Table 3—Effect of cells of L. bulgaricus, L. lactis and P. 
cerevisiae on growth of psychrotrophic bacteria in ground beef3 at 
5°C

Days L. bulgaricusb L. lactis13
at 5°C Control NCS1 BYL1 P. cerevisiaeb

0 6.7 X 102c 8.3 X 102 8.5 X 102 8.4 X 102
3 1.5 X 10s 5.3 X103 4.7 X 103 1.5 X 10“

3 G rou nd  beef prepared In labo ra to ry  
b A p p ro x im a te ly  5 X  1 0 s ce lls  added per gram 
c C o lo n y  counts per g on C V T  agar
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I n  t h i s  s a m p l e  t h e  f i n a l  c o u n t  w a s  m o r e  t h a n  1 0 0  t i m e s  l o w e r  
t h a n  t h a t  o f  t h e  c o n t r o l  a n d  t h e  s a m p l e  c o n t a i n i n g  a c t i v e  c a t a 

l a s e .

A  c o m p a r i s o n  o f  t h e  a b i l i t y  o f  s e v e r a l  c u l t u r e s  o f  l a c t o -  
b a c i l l i  a n d  P . c e r e v i s i a e  t o  p r o d u c e  h y d r o g e n  p e r o x i d e  is  
s h o w n  i n  T a b l e  5 .  I n  m o s t  c a s e s ,  m o r e  p e r o x i d e  w a s  d e t e c t e d  
i n  t h e  b r o t h  c e l l  s u s p e n s i o n s  t h a n  i n  t h e  m i l k .  L .  l a c t i s  B Y L 1  

p r o d u c e d  m o r e  H 2 0 2 t h a n  a n y  o f  t h e  o t h e r  c u l t u r e s  t e s t e d .  
E s s e n t i a l l y  n o  H 2 0 2 w a s  d e t e c t e d  i n  t h e  P . c e r e v i s i a e  s a m p l e s .  
S i m i l a r  r e s u l t s  w e r e  o b s e r v e d  i n  r e p l i c a t e  e x p e r i m e n t s .

D IS C U S S IO N

T H E  A P P A R E N T  I N A C T I V A T I O N  o f  P . f r a g i  a n d  p s y c h r o -  

t r o p h  M C - 6 0 N  i n  m i l k  w h i c h  o c c u r r e d  w h e n  L .  b u l g a r i c u s  w a s  
a d d e d  s u g g e s t e d  t h e  r a p i d  p r o d u c t i o n  o f  b a c t e r i c i d a l  s u b 
s t a n c e s  b y  t h e  l a c t o b a c i l l i .  D a h i y a  a n d  S p e c k  ( 1 9 6 8 )  s h o w e d  
t h a t  L .  l a c t i s  c u l t u r e s  p r o d u c e  s u f f i c i e n t  h y d r o g e n  p e r o x i d e  t o  
i n h i b i t  t h e  g r o w t h  o f  S t a p h y l o c o c c u s  a u r e u s  a t  3 5 ° C .  A l 
t h o u g h  t h e y  i n d i c a t e d  t h a t  m a x i m u m  H 2 0 2 w a s  a c c u m u l a t e d  

i n  c e l l  s u s p e n s i o n s  o f  t h e  l a c t o b a c i l l i  a t  5 ° C ,  t h e  e f f e c t s  o f  t h e  
l a c t o b a c i l l i  o n  g r o w t h  o f  p s y c h r o t r o p h i c  b a c t e r i a  a t  5 ° C  w e r e  

n o t  s t u d i e d .  P r e m i  a n d  B o t t a z z i  ( 1 9 7 2 )  h a v e  a l s o  s h o w n  t h a t  
v a r i o u s  s p e c i e s  o f  l a c t o b a c i l l i  p r o d u c e  H 2 0 2 i n  b r o t h  a n d  i n  
m i l k  a t  5 ° C .  P r i c e  a n d  L e e  ( 1 9 7 0 )  r e p o r t e d  t h a t  l a c t o b a c i l l i  
i s o l a t e d  f r o m  o y s t e r s  p r o d u c e d  s u f f i c i e n t  H 2 0 2 t o  i n h i b i t  
P s e u d o m o n a s  s p e c i e s .  T h e  a n t a g o n i s m  a p p a r e n t l y  o c c u r r e d  a t  
t e m p e r a t u r e s  a s  l o w  a s  7 ° C .  H o w e v e r ,  n o  e x p e r i m e n t s  w e r e  
c o n d u c t e d  t o  d e t e r m i n e  i f  t h e  a d d i t i o n  o f  l a c t o b a c i l l i  t o  r e 
f r i g e r a t e d  f o o d s  w o u l d  r e t a r d  t h e  g r o w t h  o f  t h e  P s e u d o m o n a s  
s p e c i e s .  R e s u l t s  f r o m  t h e  p r e s e n t  s t u d y  s h o w  t h a t  h y d r o g e n  
p e r o x i d e  a p p e a r s  t o  b e  i n v o l v e d  i n  c a u s i n g  i n h i b i t i o n  o f  
p s y c h r o t r o p h i c  b a c t e r i a  ( a t  5 —7 ° C )  b y  t h e  l a c t o b a c i l l i ;  o t h e r  

f a c t o r s  a p p e a r  t o  b e  r e s p o n s i b l e  f o r  t h e  i n h i b i t i o n  b y  P . c e r e 

v i s ia e .  A d d i t i o n a l  s t u d i e s  a r e  u n d e r w a y  t o  e l u c i d a t e  f a c t o r s

Table 4—Effect of catalase on Inhibition3 of psychrotroph
MC-60N by L. bulgaricus NCS1

L. bulgaricus NCS1b

Days 
at 5°C Control

Active
catalase0

Inactive
catalase0

0 5.8 X 102 4.2 X 102 4.3 X 102
3 1.4 X 104 9.3 X 103 1.4 X 102
5 2.0 X 105 1.1 X 105 1.0 X 103

a In autoclaved 10% N F M S  at 5°C  
(150 rpm) 

b 2.5 X  10 7/m l
c 1 mg (3000 units) catalase/100 ml

and w ith  

m ilk

co n tin uou s  ag ita tion

Table 5—Peroxide production3 
5°C

by lactobacilli and pediococci at

h 2o 2
(OD at 400 nm)b

Organism 10% NFMS° Brothd

L. bulgaricus NCS1 0.017 0.791
L. bulgaricus HWD 0.045 0.732
L. lactis BYL1 0.243 >2.000
P. cerevisiae 0.007 0.007

a W ith  con tin uou s  agitation; 22 hr in cuba tion  
b T h e  higher the op tica l density , the m ore p erox id e  is present 
c N o n fa t m ilk  solids; au toclaved (15 m in @ 121°C) 
d  0.25% beef extract + 0.1 % glucose; autoclaved (15 m in  @ 121°C)

a s s o c i a t e d  w i t h  t h e  i n h i b i t o r y  a c t i o n s  p r o d u c e d  b y  P . c e r e 
v i s ia e .

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

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

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

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

T h i s  s u g g e s t s  t h e  p o s s i b i l i t y  o f  u s i n g  o f  s t a r t e r  c u l t u r e  b a c t e r i a  
a s  “ b i o l o g i c a l  c o n t r o l  a g e n t s ”  i n  a  w i d e r  v a r i e t y  o f  r e f r i g e r a t e d  
f o o d s .  P s y c h r o t r o p h i c  m i c r o o r g a n i s m s  p o s e  a  r e a l  t h r e a t  t o  t h e  

p r e s e r v a t i o n  o f  n o n s t e r i l e  r e f r i g e r a t e d  f o o d s .  A  n e e d  e x i s t s  f o r  
G R A S  ( g e n e r a l l y  r e g a r d e d  a s  s a f e )  t y p e  a g e n t s  w h i c h  c a n  b e  
a d d e d  t o  f o c d s  f o r  c o n t r o l l i n g  t h e s e  m i c r o o r g a n i s m s .  T h e  i n 

c o r p o r a t i o n  o f  c e l l s  o f  s t a r t e r  c u l t u r e  b a c t e r i a  i n t o  n o n f e r -  
m e n t e d  r e f r i g e r a t e d  f o o d s  p r o v i d e s  a  p o s s i b i l i t y  f o r  m e e t i n g  
t h i s  n e e d .  F r o z e n  c o n c e n t r a t e d  s t a r t e r  c u l t u r e s  h a v e  b e e n  d e 
v e l o p e d  i n  r e c e n t  y e a r s  a n d  a r e  c u r r e n t l y  b e i n g  u s e d  r o u t i n e l y  
i n  t h e  m a n u f a c t u r e  o f  m a n y  c u l t u r e d  f o o d s .  T h e  a v a i l a b i l i t y  o f  
t h e s e  c u l t u r e s  p r o v i d e s  t h e  f o o d  p r o c e s s o r  w i t h  a  s o u r c e  o f  

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

T h e  n u m b e r s  o f  l a c t i c  a c i d  b a c t e r i a  a d d e d  t o  t h e  f o o d s  i n  
t h i s  s t u d y  w e r e  h i g h  a n d  a t  p r e s e n t  w o u l d  b e  r a t h e r  c o s t l y .  
H o w e v e r ,  t h r o u g h  t h e  p r o p e r  s e l e c t i o n  o f  c u l t u r e s  a n d  m o r e  
c o m p l e t e  s t u d i e s  c o n c e r n i n g  t h e  m e c h a n i s m  o f  t h e  i n h i b i t i o n  
i t  s h o u l d  b e  p o s s i b l e  t o  m a x i m i z e  t h e  i n h i b i t i o n  a n d  t h u s  r e 
q u i r e d  f e w e r  c e l l s .
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IN T R O D U C T IO N

A N  A N A L Y S I S  o f  t h e  e c o n o m i c s  o f  i m m o b i l i z e d  e n z y m e  
p r o c e s s i n g  h a s  i n d i c a t e d  t h a t  r e l a t i v e l y  l o w  a c t i v i t i e s  c a n  b e  
t o l e r a t e d  o n  c a t a l y s t s  o f  l o w  c o s t .  B e c a u s e  o f  p o r e  a n d  f i l m  

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

s u p p o r t  c o s t  a n d  t h e  r e q u i r e d  e n z y m e  l o a d i n g  n e c e s s a r y  t o  
o f f s e t  t h i s  c o s t  c a n n o t  b e  d e s c r i b e d  b y  a  o n e  t o  o n e  r e l a t i o n 
s h i p .  T y p i c a l l y ,  a  1 0 0 %  i n c r e a s e  i n  t h e  o v e r a l l  c o s t  o f  i m m o b i 
l i z a t i o n  r e q u i r e s  a  t h r e e f o l d  i n c r e a s e  i n  e n z y m e  l o a d i n g  t o  o f f 
s e t  t h e  i n c r e a s e  ( G r e e n f i e l d  e t  a h ,  1 9 7 4 ) .  T h e  o v e r a l l  c o s t  o f  

i m m o b i l i z a t i o n  ( C l )  i s  g i v e n  b y

C l  =  E f f e c t i v e  c o s t  o f  s u p p o r t  +  E f f e c t i v e  c o s t  o f  e n z y m e  
+  C o s t  o f  i m m o b i l i z a t i o n  p r o c e d u r e

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

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

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

a d v a n t a g e s  o v e r  p o l y m e r i c  s u p p o r t s .  T h e s e  i n c l u d e  i m p r o v e d  
d i m e n s i o n a l  s t a b i l i t y ,  l o w e r  p r e s s u r e  d r o p s ,  a n d  i m p r o v e d  f l o w  
c h a r a c t e r i s t i c s  w h e n  u s e d  i n  a  p a c k e d  b e d  r e a c t o r .  T h e  m a j o r  
d i s a d v a n t a g e  is  t h a t  t h e  e n z y m e  l o a d i n g s  t h a t  a r e  a c h i e v e d  o n  
i n o r g a n i c  s u p p o r t s  a r e  g e n e r a l l y  n o t  a s  l a r g e  a s  t h o s e  o b t a i n e d  
f o r  t h e  m o r e  e x p e n s i v e  s u p p o r t s .

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

c o s t  s i l i c a - a l u m i n a  a n d  d i a t o m a c e o u s  e a r t h  s u p p o r t s ,  M a r k e y  
e t  a l .  ( 1 9 7 5 )  f o u n d  t h a t  n i c k e l  i m p r e g n a t e d  k i e s e l g u h r  a n d  a n  
a t t a p u l g i t e s  s u p p o r t  w e r e  s u p e r i o r .  A  f u r t h e r  s e r i e s  o f  t e s t s  
s h o w e d  t h a t  n a t u r a l  k i e s e l g u h r  w a s  o f  c o m p a r a b l e  a c t i v i t y  f o r  
t h e  t w o  e n z y m e s ,  g l u c o s e  o x i d a s e  a n d  c a t a l a s e .  T h e  i m m o b i l i 
z a t i o n  o f  g l u c o s e  o x i d a s e  o n  n i c k e l  s i l i c a - a l u m i n a  h a s  b e e n  
d e s c r i b e d  i n  d e t a i l  i n  a  p r e v i o u s  p a p e r  ( H e r r i n g  e t  a h ,  1 9 7 2 ) .  
T h e  r e p o r t e d  a c t i v i t i e s  t h a t  w e r e  a c h i e v e d  u s i n g  t h i s  s u p p o r t  
w e r e  g e n e r a l l y  q u i t e  l o w —le s s  t h a n  0 .1  I U / g  f o r  g l u c o s e  o x i 

d a s e  a n d  l e s s  t h a n  1 I U / g  f o r  c a t a l a s e .  T h e  u s e  o f  t h e  n a t u r a l  
c l a y s  r e p r e s e n t s  a  s i g n i f i c a n t  i m p r o v e m e n t  y i e l d i n g  i m m o b i 
l i z e d  g l u c o s e  o x i d a s e  a c t i v i t i e s  o f  t h e  o r d e r  o f  1 0  I U / g  a n d  6 0  
I U / g  f o r  c a t a l a s e ;  t h e s e  a c t i v i t i e s  w e r e  a c h i e v e d  o n  p a r t i c l e  
s i z e s  o f  2 5 0 / 5 0 0  m i c r o n s .

T h e  e n z y m e s ,  g l u c o s e  o x i d a s e  a n d  c a t a l a s e ,  w e r e  i m m o b i 
l i z e d  b e c a u s e  t h e y  f o r m  t h e  b a s i s  o f  a  n u m b e r  o f  a p p l i c a t i o n s  
s t u d i e s ,  i n c l u d i n g  t h e  r e m o v a l  o f  t r a c e  g l u c o s e  o r  o x y g e n  f r o m  
f o o d  p r o d u c t s  a n d  t h e  p r o d u c t i o n  o f  g l u c o n i c  a c i d  f r o m  g l u 
c o s e .  G l u c o s e  o x i d a s e  c a t a l y z e s  t h e  o x i d a t i o n  o f  d - g l u c o s e  t o  
d - g l u c o n o - 5 - l a c t o n e  w h i l e  c a t a l a s e  a s s i s t s  i n  t h e  d e c o m p o s i t i o n  
o f  h y d r o g e n  p e r o x i d e .

GOX
d - g l u c o s e  +  0 2 ► d - g l u c o n o - 5 - l a c t o n e  +  H 2 0 2

H 2 0

g l u c o n i c  a c i d  

C A T
H20 2---------►H20  + 1/2 0 2

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

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

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

E X P E R IM E N T A L

S u p p o r t  p r e p a r a t i o n

T h e  s u p p o r t s  w h ic h  w e r e  u s e d  to  im m o b i l i z e  t h e  v a r io u s  e n z y m e s  
w e re  n ic k e l  o x id e  c o a t e d  k ie s e lg u h r ,  n a t u r a l  k ie s e lg u h r ,  a t t a p u lg i t e s ,  
a n d  a  s il ic a  a lu m in a  c a t a ly s t .  T h e  n ic k e l  k ie s e lg u h r  w a s  a n  h y d r o g e n a t i o n  
c a t a ly s t  p r o d u c e d  b y  H a r s h a w  C h e m ic a l  C o .,  C le v e la n d ,  O h io  (C a t .  N o . 
0 7 0 4 ) .  T h e  5 /3 2 - i n .  p e l l e t s  w e r e  g r e y  e x t r u s io n s  c o n ta in in g  1 8 %  n ic k e l  
o x id e .  N a tu r a l  k ie s e lg u h r  w a s  p u r c h a s e d  f r o m  E a g le -P ic h e r  I n d u s t r i e s ,  
I n c . ,  C in c in n a t i ,  O h io  (C a t .  N o . M P -7 6 )  a n d  c a m e  a s  p a r t i c le s  o f  b e 
tw e e n  1 6  a n d  4 0  m e s h .  A t ta p u lg i t e s  w a s  s u p p l ie d  b y  E n g le h a r d  M in e r 
a ls  a n d  C h e m ic a ls  C o r p . ,  E d i s o n ,  N .J . ,  in  t h e  s ize  r a n g e  1 8 —4 0  m e s h .  
N o r to n  C o .,  R a v e n n a ,  O h io ,  s u p p l ie d  t h e  s il ic a  a lu m in a  (S A  5 1 0 3 )  s u p 
p o r t s  in  t h e  f o r m  o f  1 /8  in .  x  1 /8  :n . c y l in d r i c a l  p e l l e t s .  W h e re  n e c e s 
s a r y ,  t h e  s u p p o r t s  w e re  c r u s h e d  in  a  h a m m e r  m i l l ,  s ie v e d  i n t o  v a r io u s  
s ize  f r a c t i o n s  le ss  t h a n  1 0 0 0  m ic r o n s ,  w a s h e d ,  a n d  a l lo w e d  t o  d r y .  In  
th e  c a se  o f  t h e  s il ic a  a lu m in a  s u p p o r t ,  i m p r e g n a t io n  w i t h  a  n i c k e l  s a l t  
a n d  c a l c in a t io n  w e re  c a r r ie d  o u t  a s  d e t a i l e d  b y  H e r r in g  e t  a l .  ( 1 9 7 2 ) .  
W e e ta l l  ( 1 9 7 0 )  a n d  W e e ta l l  a n d  H e r s h  ( 1 9 7 0 )  f o u n d  t h a t  n i c k e l  o x id e  
g a v e  im p r o v e d  a c t iv i t y  w i th  g lu c o s e  o x id a s e  im m o b i l i z a t i o n .

I m m o b i l i z a t i o n  p r o c e d u r e

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

( i)  G lu c o s e  o x id a s e  ( c o d e  G O P )  f r o m  W o r th in g to n  B io c h e m i
c a l C o m p a n y ,  F r e e h o ld ,  N .J . ,  1 .1  X 1 0 s lU /g r a m .

(ii)  G lu c o s e  o x id a s e / f u n g a l  c a ta la s e  m ix tu r e  ( c o d e  G O C )  f r o m  
S e a r le  B io c h e m ic s ,  A r l in g to n  H e ig h ts ,  111. 3 .0  x  1 0 4 I U /  
g ra m  o f  g lu c o s e  o x id a s e  a c t iv i ty ,  1 .4  x  1 0 s I U /g r a m  o f  
c a ta la s e  a c t iv i ty .

( i i i)  B e e f  liv e r  c a ta la s e  ( c o d e  C T S )  f r o m  W o r th in g to n  B io 
c h e m ic a l  C o .,  F r e e h o ld ,  N .J . ,  1 .0 5  x  1 0 s IU /m l .

( iv )  F u n g a l  c a ta la s e  f r o m  S e a r le  B io c h e m ic s ,  A r l in g to n  
H e ig h ts ,  111. 5 .2  x  1 0 6 I U /g r a m .

P u r e  g lu c o s e  o x id a s e  w a s  u s e d  f o r  c h a r a c te r iz in g  s o m e  o f  t h e  p r o p e r 
t ie s  o f  t h e  im m o b i l i z e d  e n z y m e .  I t s  e x p e n s e ,  h o w e v e r ,  p r e c lu d e s  i t s  u se  
in  la rg e  s c a le  i n d u s t r i a l  p ro c e s s e s  a n d  h e n c e  th e  le s s  e x p e n s iv e  g lu c o s e  
o x id a s e /c a ta l a s e  m ix tu r e  w a s  a ls o  in v e s t ig a te d .  T h e  p r e s e n c e  o f  c a ta la s e  
k e e p s  t h e  h y d r o g e n  p e r o x id e  c o n c e n t r a t i o n  lo w  a n d  im p r o v e s  t h e  s t a 
b i l i t y  o f  t h e  g lu c o s e  o x id a s e  ( A l to m a r e  e t  a l . ,  1 9 7 4 a ,  b ;  G r e e n f i e ld  e t  
a l .,  1 9 7 5 )

T h r e e  im m o b i l i z a t io n  t e c h n iq u e s  w e re  u s e d —th e  i s o t h i o c y a n a t e  
m e t h o d ,  t h e  g l u t a r a ld e h y d e  m e th o d ,  a n d  d i r e c t  a d s o r p t i o n .  I n  a ll  c a s e s , 
t h e  s u p p o r t  w a s  p r e t r e a t e d  w i th  7 - a m in o p r o p y l t r i e th o x y - s i l a n e  (7 - 
A P T E S )  f r o m  U n io n  C a r b id e  C h e m ic a ls ,  W e s t V irg in ia .  T h e  s u p p o r t  w a s  
r e f lu x e d  f o r  2 4  h r  w i th  a  1 0 %  m i x t u r e  o f  s i la n e  a n d  to lu e n e  (5  m l 
s o lu t io n /g r a m  s u p p o r t ) ,  w a s h e d  w i th  to lu e n e  a n d  a c e t o n e ,  a n d  a l lo w e d  
to  d r y .

F o r  c o u p l in g  b y  th e  i s o th io c y a n a te  m e th o d ,  t h e  d r y  s i la n iz e d  s u p 
p o r t  w a s  r e f lu x e d  f o r  a  f u r t h e r  2 4  h r  in  a  1 0 %  s o lu t io n  o f  t h io p h o s g e n e  
in  c h lo r o f o r m  (5  m l s o lu t io n /g r a m  s u p p o r t ) .  T h e  th io p h o s g e n e  w a s  
p u r c h a s e d  f r o m  A p a c h e  C h e m ic a ls ,  R o c k f o r d ,  111. A f t e r  r e f lu x i n g ,  t h e  
s u p p o r t  w a s  w a s h e d  t h o r o u g h l y  w i t h  c h lo r o f o r m ,  a c e t o n e ,  a n d  0 .1 M  
s o d iu m  b c r a t e - b o r i c  a c id  b u f f e r  s o lu t io n s  in  t u r n .  I t  w a s  t h e n  r e a d y  f o r  
im m o b i l i z a t io n .

F o r  t h e  g lu ta r a ld e h y d e  te c h n iq u e ,  th e  d r y  s i l a n iz e d  s u p p o r t  w a s

906-JOURNAL OF FOOD SCIENCE-Volume 40 (1975)



GLUCOSE O X IDASE  A N D  CATALASE  CHARACTERIZAT ION-201

r e a c t e d  f o r  9 0  m in  w i th  a  2 .5 %  s o lu t io n  o f  g l u t a r a ld e h y d e  in  d i s t i l l e d  
w a te r  ( 1 0  m l s o lu t io n /g r a m  s u p p o r t ) .  T h e  g lu t a r a ld e h y d e  w a s  p u r 
c h a s e d  a s  a  5 0 %  w /w  s o lu t io n ,  b io lo g ic a l  g r a d e ,  f r o m  F is h e r  S c ie n t i f i c  
C o .,  N e w  J e r s e y .  T h e  s o l u t i o n  w a s  t h e n  d e c a n t e d  a n d  t h e  s u p p o r t  
w a s h e d  th o r o u g h l y  w i th  d i s t i l l e d  w a te r  a n d  s to r e d  in  b u f f e r  p r io r  t o  
im m o b i l i z a t io n .

W h e n  t h e  e n z y m e  w a s  t o  b e  d i r e c t l y  a d s o r b e d  o n t o  t h e  s u p p o r t ,  th e  
s i la n iz e d  s u p p o r t  w a s  w a s h e d  o n c e  w i t h  0 .1 M  s o d iu m  b o r a t e - b o r i c  a c id  
b u f f e r  ( p H  7 .5 )  a n d  s to r e d .

I m m o b i l i z a t i o n  o f  g lu c o s e  o x id a s e  a n d / o r  c a t a la s e  w a s  c a r r ie d  o u t  
b y  d is s o lv in g  t h e  r e q u i r e d  a m o u n t  o f  e n z y m e  in  p H  7 .5  s o d iu m  b o r a t e -  
b o r i c  a c id  b u f f e r  ( 2  m l s o lu t io n /g r a m  s u p p o r t ) .  F o r  i s o th io c y a n a te  
c o u p l in g ,  t h e  i m m o b i l i z a t i o n  w a s  c a r r ie d  o u t  f o r  1 2  h r  a t  2 5 ° C  f o r  
g lu c o s e  o x id a s e ,  a n d  f o r  1 2  h r  a t  5 °  C  f o r  c a ta la s e  a n d  f o r  t h e  g lu c o s e  
o x id a s e /c a ta l a s e  m ix tu r e .  G lu t a r a ld e h y d e  a n d  a d s o r p t iv e  c o u p l in g  w e re  
a l lo w e d  to  p r o c e e d  f o r  9 0  m in  a t  r o o m  t e m p e r a t u r e  f o l l o w e d  b y  1 2  h r  
a t  5 ° C .

F in a l ly ,  t h e  c o u p le d  e n z y m e  w a s  w a s h e d  t h o r o u g h l y  a n d  s to r e d  in  
b u f f e r .  F o r  g lu c o s e  o x id a s e ,  p H  5 .5  c i t r a t e - p h o s p h a te  b u f f e r  w a s  u s e d ,  
w h ile  f o r  c a ta la s e ,  p H  7 c i t r a t e - p h o s p h a t e  b u f f e r  w a s  u s e d .

A s s a y  p r o c e d u r e

T h e  a c t iv i ty  o f  a ll  e n z y m e s  w a s  m e a s u r e d  u s in g  a  Y e llo w  S p r in g s  
I n s t r u m e n t  C o . o x y g e n  m e te r  t o  m e a s u r e  t h e  r a t e  o f  o x y g e n  u p ta k e  f o r  
g lu c o s e  o x id a s e  a n d  t h e  r a t e  o f  o x y g e n  p r o d u c t i o n  f o r  c a ta la s e .  I n t o  a  
s a m p le  v ia l w a s  p la c e d  3 m l o f  t h e  a p p r o p r i a t e  b u f f e r  a n d  a p p r o x i 
m a te ly  2 0  m g  o f  im m o b i l i z e d  e n z y m e .  T h e  w a t e r  b a t h  w a s  a d ju s t e d  t o  
t h e  a p p r o p r i a t e  t e m p e r a t u r e ,  n o r m a l ly  2 5 ° C .  F o r  g lu c o s e  o x id a s e ,  t h e  
b u f f e r  s o lu t io n  w a s  s a t u r a t e d  w i t h  a ir  y ie ld in g  a n  o x y g e n  c o n c e n t r a t i o n  
o f  0 .2 5  m M , w h i le  f o r  c a t a la s e  t h e  o x y g e n  le v e l w a s  r e d u c e d  to  z e r o  b y  
s p a rg in g  w i th  n i t r o g e n .  T h e  o x y g e n  p r o b e  w a s  t h e n  in s e r t e d  i n t o  p la c e  
a n d  t h e  r e s p e c t iv e  s u b s t r a t e s  i n j e c t e d  i n t o  t h e  s a m p le .  T h e  o x y g e n  le v e l 
w a s  m o n i to r e d  b y  a  c h a r t  r e c o r d e r .  F o r  g lu c o s e  o x id a s e  a s s a y s  th e  
r e s u l t in g  g lu c o s e  c o n c e n t r a t i o n  w a s  1 0  m M , w h i le  t h e  h y d r o g e n  p e r 
o x id e  c o n c e n t r a t i o n  f o r  c a t a la s e  a s s a y s  w a s  0 .6  m M . T h e  in i t i a l  r a t e  o f  
o x y g e n  u p ta k e  f o r  g lu c o s e  o x id a s e  o r  r a t e  o f  o x y g e n  p r o d u c t i o n  f o r  
c a t a la s e ,  e x p re s s e d  in  I U /g r a m  ( i .e .,  m ic r o m o le s  o f  s u b s t r a t e  c o n s u m e d /  
m in  g s u p p o r t )  w a s  u s e d  a s  a  m e a s u re  o f  t h e  im m o b i l i z e d  e n z y m e  
a c t iv i ty .

W h e n  b o t h  g lu c o s e  o x id a s e  a n d  c a t a la s e  w e re  im m o b i l i z e d  o n  t h e  
s a m e  s u p p o r t ,  t h e  c a ta la s e  a s s a y  w a s  c a r r ie d  o u t  a s  p r e v io u s ly  d e s c r ib e d .  
T o  a s s a y  f o r  g lu c o s e  o x id a s e  a c t i v i t y ,  h o w e v e r ,  s u f f i c i e n t  c a ta la s e  a c 
t i v i ty  w a s  i n t r o d u c e d  in t o  t h e  b u f f e r  s o lu t io n  t o  e n s u r e  t h e  c o m p le te  
b r e a k d o w n  o f  a n y  H 2 0 2 t h a t  e s c a p e s  f r o m  t h e  p a r t i c le s .  I n  th i s  w a y  
o n e - h a l f  a  m o le  o f  o x y g e n  is  c o n s u m e d  p e r  m o le  o f  g lu c o s e  w h ic h  
re a c ts .

A ll  e n z y m e s  a s s a y e d  b y  t h e  Y S I  o x y g e n  m o n i t o r  w e r e  w a s h e d  
t h o r o u g h l y  f o r  a  n u m b e r  o f  h o u r s  w i t h  c i t r a t e - p h o s p h a te  b u f f e r  s o lu 
t i o n  to  e n s u r e  t h a t  a l l  s o lu b le  e n z y m e  w a s  r e m o v e d .  T h e  im m o b i l i z e d  
e n z y m e s  w e re  w a s h e d  e i t h e r  in  a  p a c k e d  b e d  f lo w  r e a c t o r  o r  in  a n  
a g i ta te d  b a t c h  s y s te m  w i th  f r e q u e n t  c h a n g e s  o f  b u f f e r .

R e p l ic a te  a s s a y s  w e re  c a r r ie d  o u t  f o r  e a c h  t e s t  a n d  th e  r e s u l t s  a v e r 
a g e d . T h e  s c a t t e r  b e tw e e n  r e p l i c a t e s  w a s  f o u n d  to  b e  s m a l l .

E f f e c t  o f  s u p p o r t

G lu c o s e  o x id a s e  (G O P )  w a s  im m o b i l i z e d  b y  t h e  g l u t a r a ld e h y d e  
m e th o d  o n  t h e  2 5 0 / 5 0 0  m ic r o n  p a r t i c l e  s iz e  r a n g e  o f  e a c h  s u p p o r t .  T h e  
a c t iv i ty  o f  g lu c o s e  o x id a s e  i n  t h e  im m o b i l i z in g  s o lu t io n  w a s  1 1 0  u n i t s /  
m l. T h e  a s s a y  o f  im m o b i l i z e d  g lu c o s e  o x id a s e  a c t iv i ty  w a s  c a r r ie d  o u t  in
0 .1 M  c i t r a t e - p h o s p h a te  b u f f e r  a t  a  p H  o f  5 .5 .

B e e f  liv e r  c a ta la s e  w a s  im m o b i l i z e d  a ls o  b y  t h e  g lu t a r a ld e h y d e  
m e th o d  o n  e q u iv a le n t ly  s iz e d  p a r t i c le s .  T h e  c a ta la s e  a c t i v i t y  in  t h e  
im m o b i l iz in g  s o lu t io n  w a s  1 6 ,0 0 0  l U /m l .  T h e  a s s a y  o f  c a t a la s e  a c t iv i ty  
w a s  c a r r ie d  o u t  in  0 .1 M  c i t r a t e - p h o s p h a te  b u f f e r  a t  a  p H  o f  7 .

G lu c o s e  o x id a s e - c a ta la s e  m i x t u r e  (G O C ) w a s  im m o b i l i z e d  o n  t h e  
8 4 1 / 1 0 0 0  m ic ro n  p a r t i c l e  s iz e  r a n g e  o f  n a t u r a l  k ie s e lg u h r  a n d  a t t a p u l -  
g i te s  b y  t h e  g l u t a r a ld e h y d e  p r o c e d u r e .  T h e  c o n c e n t r a t i o n  o f  g lu c o s e  
o x id a s e  in  t h e  im m o b i l i z in g  s o lu t io n  y ie ld e d  a n  e n z y m e  a c t iv i ty  o f  2 5 0  
IU /m l  w h i le  t h e  c a t a la s e  c o n c e n t r a t i o n  w a s  1 4 ,0 0 0  IU /m l .  A l l  a s s a y s  
w e re  c a r r ie d  o u t  a s  p r e v io u s ly  d e s c r ib e d .

E f f e c t  o f  im m o b i l i z a t io n  m e t h o d

G lu c o s e  o x id a s e  (G O P )  a n d  b e e f  l iv e r  c a t a la s e  w e re  im m o b i l i z e d  
o n t o  s e p a r a t e  s a m p le s  o f  a t t a p u lg i t e s  ( 8 4 1 / 1 0 0 0  m ic r o n s )  a n d  o n t o  
n ic k e l -k ie s e lg u h r  ( 4 2 0 /5 9 5  m ic r o n s )  b y  t h e  i s o th io c y a n a te  m e t h o d ,  th e  
g lu ta r a ld e h y d e  m e th o d ,  a n d  b y  d i r e c t  a d s o r p t io n .  T h e  im m o b i l i z e d  e n 
z y m e s  w e re  a s s a y e d  a f te r  t h o r o u g h  w a s h in g  a n d  p r o lo n g e d  s o a k in g  in  
b u f f e r .

G lu c o s e  o x id a s e -c a ta la s e  m i x t u r e  (G O C ) w a s  im m o b i l i z e d  o n  a t 

t a p u lg i t e s  a n d  o n  n a tu r a l  k ie s e lg u h r  ( 8 4 1 / 1 0 0 0  m ic r o n s )  b y  th e  g lu 
t a r a l d e h y d e  m e th o d  a n d  b y  d i r e c t  a d s o r p t i o n .  T h e  p a r t i c le s  w e re  
w a s h e d  b y  p la c in g  t h e m  in  a  f lo w  r e a c t o r  a n d  a l lo w in g  2 M  KC1 to  f lo w  
o v e r  t h e m  f o r  a  n u m b e r  o f  h o u r s  ( A l to m a r e  e t  a l . ,  1 9 7 4 a ) .  A c t iv i ty  w a s  
m e a s u r e d  r e g u la r ly  b y  d e t e r m in in g  t h e  c o n v e r s io n  o f  o x y g e n  o b ta in e d  
w h e n  a  b u f f e r e d  d e x t r o s e  s o lu t io n  a t  p H  5 .5  w a s  i n t e r c h a n g e d  w i th  t h e  
KC1 s o lu t io n .

E f f e c t  o f  c o n c e n t r a t i o n  o f  im m o b i l i z in g  s o lu t io n

G lu c o s e  o x id a s e  (G O P )  w a s  i m m o b i l i z e d  o n  t h e  4 2 0 / 5 9 5  m ic r o n  
s iz e  r a n g e  o f  n a t u r a l  k ie s e lg u h r ,  n ic k e l  k ie s e lg u h r ,  a n d  s i l ic a  a lu m in a  a t  
v a ry in g  e n z y m e  c o n c e n t r a t i o n s .  T h e  a c t iv i t y  o f  g lu c o s e  o x id a s e  in  t h e  
im m o b i l i z in g  s o lu t io n  w a s  v a r ie d  f r o m  1 - 9 0 0  IU /m l .  A s s a y s  w e re  c a r 
r i e d  o u t  a s  p r e v io u s ly  d e s c r ib e d .

E f f e c t  o f  o p e r a t i n g  p H  o n  im m o b i l i z e d  e n z y m e  a c t iv i ty

G lu c o s e  o x id a s e  (G O P )  a n d  b e e f  l iv e r  c a ta la s e  w e re  im m o b i l i z e d  
o n t o  s e p a r a t e  s a m p le s  o f  n ic k e l  k ie s e lg u h r  ( 2 5 0 / 4 9 5  m ic r o n s )  b y  th e  
i s o t h i o c y a n a t e  m e th o d .  G lu c o s e  o x id a s e / c a t a l a s e  m i x t u r e  (G O C )  w a s  
im m o b i l i z e d  o n  n a t u r a l  k ie s e lg u h r  ( 8 4 1 / 1 0 0 0  m ic r o n s )  a n d  f u n g a l  c a t a 
la se  o n  a t t a p u lg i t e s  ( 8 4 1 / 1 0 0 0  m ic r o n s )  b y  th e  g l u t a r a ld e h y d e  m e th o d .

T h e  e f f e c t  o f  p H  o n  t h e  r e s u l t a n t  a c t iv i ty  o f  t h e  im m o b i l i z e d  e n 
z y m e s  w a s  d e t e r m in e d  b y  a s s a y in g  th e  a c t i v i t y  a t  p H  v a lu e s  ra n g in g  
f r o m  2 - 9 .  S o lu t io n s  o f  0 .1 M  c i t r i c  a c id  a n d  0 .1 M  d is o d iu m  p h o s p h a te  
w e re  m ix e d  to  y ie ld  t h e  v a r io u s  p H  v a lu e s .

E f f e c t  o f  o p e r a t i n g  t e m p e r a t u r e

T h e  e f f e c t  o f  t e m p e r a t u r e  o n  im m o b i l i z e d  g lu c o s e  o x id a s e  (G O P )  
a n d  b e e f  l iv e r  c a ta la s e  w a s  d e t e r m i n e d  b y  im m o b i l i z in g  t h e  r e s p e c t iv e  
e n z y m e s  o n  n ic k e l  k ie s e lg u h r  ( 4 2 0 / 5 9 5  m ic r o n s )  b y  t h e  i s o th io c y a n a te  
m e t h o d  a n d  m e a s u r in g  th e  i n i t i a l  a c t iv i t i e s  a t  t e m p e r a t u r e s  o f  2 ° C , 
1 5 ° C ,  2 5 ° C  a n d  3 5 ° C .  T h e  t e m p e r a t u r e  d e p e n d e n c e  o f  f u n g a l  c a ta la s e  
h a s  b e e n  d e t e r m in e d  p r e v io u s ly  ( A l to m a r e  e t  a l . ,  1 9 7 4 a ,  b ) .

S to r a g e  s t a b i l i t y  o f  im m o b i l i z e d  e n z y m e s

S to r a g e  s t a b i l i t y  t e s t s  w e re  c a r r ie d  o u t  f o r  g lu c o s e  o x id a s e  (G O P )  
a n d  b e e f  liv e r  c a ta la s e  im m o b i l i z e d  b y  t h e  i s o t h i o c y a n a t e  m e th o d  o n  
n ic k e l  k ie s e lg u h r  ( 4 2 0 /5 9 5  m ic r o n s ) .  A f t e r  im m o b i l i z a t i o n  a n d  w a s h 
in g , t h e  e n z y m e s  w e re  s to r e d  a t  t e m p e r a t u r e s  o f  5 ° C ,  2 5 ° C ,  a n d  3 5 ° C  
in  p H  5 .5  a n d  p H  7 c i t r a t e - p h o s p h a te  b u f f e r s  r e s p e c t iv e ly .  A t  s p e c i f i e d  
in te r v a l s ,  t h e  e n z y m e s  w e r e  r e m o v e d  a n d  a s s a y e d  a t  a  t e m p e r a t u r e  o f  
2 5 ° C  in  t h e  r e s p e c t iv e  b u f f e r  s o lu t io n s .

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

T H E  P R O P E R T IE S  o f  im m o b iliz e d  g lu c o se  o x id a se  and ca ta 
lase  th a t h ave b e e n  m ea su red  w ere  c h o se n  b e c a u se  o f  th e ir  
r e la t io n  to  p r o c ess  e c o n o m ic s . S in ce  lo w  a c t iv ity  is th e  lim it in g  
fa c to r  in  th e  ca se  o f  in e x p e n s iv e  in o r g a n ic  su p p o r ts , i t  is  d e 
sirab le  to  k n o w  o f  p o s s ib le  im p r o v e m e n ts  in  te c h n iq u e  w h ic h  
b rin g  a b o u t  in c re a se d  a c t iv ity  in  th e  im m o b iliz e d  e n z y m e  
w ith o u t  d e s tr o y in g  th e  c o s t  a d v a n ta g es .

T h e  a c t iv it ie s  a c h iev e d  b y  im m o b iliz in g  th e  e n z y m e s  o n  th e  
v a r io u s  su p p o rts  are r ep o rte d  in  T a b le  1. A s a r e fe r e n c e , th e

Table 1—Immobilized enzyme activities achieved on inorganic 
supports

Support

Immobilized 
glucose oxidase 

activity 
IU/gram

Immobilized
catalase
activity
IU/gram

Ni-Kieselguhr n a 45b
Kieselguhr 18c 60b

16a 32a
Attapulgites 16c 90b

12a 53a
Silica-alumina 0.04 0.6
Porous glass

(Herring et al., 1972) 0.10 1.6

a G O C  
b Beef liver 
c G O P
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r e su lts  w h ic h  w ere  o b ta in e d  b y  H erring e t  al. ( 1 9 7 2 )  u sin g  
p o r o u s  g lass an d  th e  iso th io c y a n a te  c o u p lin g  m e th o d  are a lso  
r e p o r te d . T h e  su p e r io r ity  o f  th e  n a tu ra l c la y  su p p o r ts— 
k ie se lg u h r  an d  a t ta p u lg ite s—is n o t ic e a b le . A lth o u g h  th e  p res
e n c e  o f  a n ic k e l  o x id e  c o a t in g  im p r o v e s  th e  a c t iv ity  w h e n  
u s in g  th e  silica  a lu m in a  su p p o r ts  (H err in g , 1 9 7 2 ) ,  th e r e  is n o  
a d v a n ta g e  w h e n  k ie se lg u h r  is u sed . T h e  r e la t iv e ly  h ig h  a c tiv i
t ie s  a c h ie v e d  u s in g  th e  m ix e d  g lu c o se  o x id a se -c a ta la se  su g g est  
th a t th is  is  a p a r ticu la r ly  su ita b le  e n z y m e  fo r  in d u str ia l p r o c 
essin g .

T h e  e f fe c t  o f  im m o b iliz a t io n  m e th o d  o n  r esu lta n t im m o b i
liz e d  e n z y m e  a c t iv ity  is  sh o w n  in  T a b le  2 . It is  a p p a re n t th a t  
th e r e  is n e g lig ib le  e f f e c t  as far as th e  t w o  e n z y m e s ,  g lu c o se  
o x id a s e  a n d  ca ta la se , are c o n c e r n e d  w h e n  th e  g lu ta r a ld e h y d e  
m e th o d  is u se d  c o m p a r e d  to  i s o th io c y a n a te  c o u p lin g . F o r  c o s t  
a n d  s a fe ty  r e a so n s , th e r e fo r e , th e  g lu ta r a ld e h y d e  c o u p lin g  p ro 
c e d u r e  is b e in g  u sed  in th e  a p p lic a t io n s  s tu d ie s . A d so r p tio n  
le a d s  to  a c t iv it ie s  w h ic h  are o f  th e  ord er  o f  15% o f  th e  c o v a 
le n t ly  c o u p le d  e n z y m e  in  th e  ca se  o f  g lu c o se  o x id a se  an d  u p  to  
50%  in  th e  ca se  o f  c a ta la se  fo r  n ic k e l-k ie se lg u h r . In  th e  ca se  o f  
n a tu ra l k ie se lg u h r  an d  a tta p u lg ite s , th e  in it ia l a c t iv it ie s  th a t  
w ere  a c h iev e d  b y  a d so r p tio n  in  th e  f lo w  s tu d ie s  w ere  s ig n ifi
c a n t ly  h ig h er , th is  b e in g  d u e  to  th e  m u c h  h ig h er  in te rn a l sur
fa c e  area, an d  to  th e  fa c t  th a t th e  e n z y m e s  w e re  n o t  w a sh ed  as 
th o r o u g h ly  as in  th e  b a tc h  te s ts  b e fo r e  b e in g  p la c ed  in th e  
f lo w  r ea c to r . A tta p u lg ite s  h a s an  in te rn a l su r fa c e  area o f  a p 
p r o x im a te ly  1 0 0  m 2 /g  w h ile  n ic k e l  k ie se lg u h r  h as an area o f  4  
m 2 / g. F igu re  1 sh o w s , h o w e v e r , th a t th is  a c t iv ity  is  lo s t  q u ite  
r ea d ily  u n d e r  f lo w  c o n d it io n s  e sp e c ia lly  fr o m  th e  a tta p u lg ite s  
w h ic h  has a r e la t iv e ly  o p e n  p o r e  s tr u c tu r e . A lth o u g h  a d so rp 
t io n  is th e  s im p le s t  a n d  lea s t  e x p e n s iv e  m e a n s o f  a tta c h in g  an  
e n z y m e  to  a su p p o r t , an d  fo r  th a t  rea so n  is in d u str ia lly  a ttra c 
t iv e , w ith  in o r g a n ic  su p p o r ts  su c h  as n a tu ra l c la y s  th e  u se  o f  
g lu ta r a ld e h y d e  c o u p lin g  ap p ears t o  g ive  su p e r io r  p e r fo rm a n c e .

A n o th e r  o p e r a t in g  p a ra m eter  is th e  o p t im u m  e n z y m e  c o n 
c e n tr a t io n  to  b e  u sed  in  th e  im m o b iliz in g  so lu t io n .  F ig u re  2 
sh o w s  th e  e f f e c t  o f  v a ry in g  th e  g lu c o se  o x id a se  c o n c e n tr a t io n  
in  th e  im m o b iliz in g  s o lu t io n  o n  th e  r e su lta n t  a c t iv ity . It is 
a p p a re n t th a t  a p o in t  is r ea c h e d  w h er e  in c re a sin g  c o n c e n tr a 
t io n  a c h ie v e s  a r e la t iv e ly  sm all e f fe c t .  T h is  is  a fu n c t io n  o f  th e  
n u m b e r  o f  av a ila b le  b in d in g  s ite s  an d  th e  d if fu s io n a l restr ic 
t io n s  w h ic h  e x is t  b e c a u se  o f  th e  g e o m e tr y  o f  th e  su p p o r t  and  
th e  s iz e  o f  th e  e n z y m e  m o le c u le . A lth o u g h  th e  e f f ic ie n c y  o f  
im m o b iliz a t io n  fo r  in o r g a n ic  su p p o r ts  is r e la t iv e ly  lo w , th is  
ca n  b e  im p r o v ed  so m e w h a t  b y  reu se  o f  th e  im m o b iliz in g  so lu 
t io n  fo r  su c c e ss iv e  im m o b iliz a t io n s .

T h e  e f f e c t  o f  su b stra te  pH  o n  im m o b iliz e d  g lu c o se  o x id a se  
is sh o w n  in  F ig u re  3 a n d  fo r  im m o b iliz e d  c a ta la se  in  F ig u re  4 . 
F o r  im m o b iliz e d  g lu c o se  o x id a se  th e r e  is r e la tiv e ly  lit t le  
c h a n g e  fr o m  th e  so lu b le  fo r m  e x c e p t  th a t th e  b e ll sh ap ed

Table 2— I mmobilized enzyme activities achieved with different 
immobilization techniques

Support
Immobilization

method

Glucose oxidase 
activity 

lU/g

Catalase
activity

lU/g

Ni-Kieselguhr Glutaraldehyde 14 41
(420/595p) Isothiocyanate 12 36

Adsorption 1.8 15
Attapulgites Glutaraldehyde 15 45

(841/100m ) Isothiocyanate 12 42
Adsorption 3 25

Fig. 1 -Comparison o f direct adsorption to glutaraldehyde coupling 
for glucose oxidase /catalase immobilized on attapulgites and natural 
kieselguhr. Samples were washed in flow reactor with 2M  KCI. /& 
attapulgites, glutaraldehyde coupling; o  kieselguhr, glutaraldehyde 
coupling; o attapulgites, adsorption; □ kieselguhr, adsorption]

ACTIVITY OF IMMOBILIZING SOLUTION (u n its /m l)

Fig. 2—Effect o f glucose oxidase concentration in immobilizing 
solution on initial immobilized glucose oxidase activity. [• kiesel
guhr; a nickel kieselguhr; o silica-alumina]
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cu rve  is w id e n e d , as w o u ld  b e  e x p e c te d  in  th e  p r e se n c e  o f  th e  
d iffu s io n a l r e s tr ic t io n s  w h ic h  e x is t  fo r  th e  im m o b iliz e d  e n 
z y m e . T h e  s im ila r ity  in  sh a p e  o f  th e  cu rv es fo r  th e  so lu b le  an d  
im m o b iliz e d  fo r m s o f  b o th  e n z y m e s  an d  th e  fa c t  th a t th e r e  is  
n e g lig ib le  d isp la c m e n t o f  th e  p H  o p t im u m  su g g est  th a t th e r e  is 
l it t le  charge in te r a c t io n  b e tw e e n  th e  su r fa c e  o f  th e  su p p o rt  
an d  th e  m ic r o e n v ir o n m e n t o f  th e  e n z y m e . T h e  pH  p r o file  o f  
th e  fu n g a l c a ta la se  su g g es ts  th a t it  is  to  b e  p referred  to  th e  
b e e f  liver  fo r m  in  c a se s  w h er e  th e  p H  d r o p s in to  th e  a c id  
reg io n .

T e m p era tu re  e f fe c t s  o n  th e  in it ia l a c t iv it ie s  o f  th e  im m o b i
liz e d  e n z y m e s  are sh o w n  in  F ig u re  5. T h e  e f fe c t  o f  te m p e r a 
tu r e  o n  th e  a c t iv ity  o f  fu n g a l c a ta la se  w a s  r e p o r te d  b y  A lto -  
m are et al. ( 1 9 7 4 ) .  T h e  a p p a ren t a c t iv a t io n  en e rg ie s  fo r  g lu 
c o se  o x id a se  and fo r  b e e f  liver  c a ta la se  are r e sp e c t iv e ly  6 .2  
k c a l/m o le  an d  1 1 .8  k c a l /m o le .  T h e se  v a lu e s  c o m p a r e  w ith  4 .7  
k c a l/m o le  fo u n d  fo r  im m o b iliz e d  fu n g a l c a ta la se  (A lto m a r e  e t  
al., 1 9 7 4 b ) . It sh o u ld  b e  r e c o g n iz e d  th a t su c h  v a lu es are d if fu 
s io n  lim ite d  and h e n c e  are a fu n c t io n  o f  th e  te m p er a tu r e  d e 
p e n d e n c e  o f  th e  d if fu s iv ity  (S m ith , 1 9 7 0 ) .

It is  n o t ic e a b le , h o w e v e r , th a t  th e  s to r a g e  s ta b il ity  o f  th e se  
im m o b iliz e d  e n z y m e s  is a d v e r se ly  a f fe c te d  b y  th e  h ig h er  s to r 
age te m p e r a tu r e s  (F ig . 6 ,  7 ) .  T h e  k ie se lg u h r  su p p o r t  is  s lig h t ly  
su p erior  to  th e  g lass su p p o r ts  w h ic h  w ere  u sed  in  p re v io u s  
e x p e r im e n ts  (H errin g  e t  a l.,  1 9 7 2 ) .  It sh o u ld  b e  n o te d  th a t  
im m o b iliz e d  c a ta la se  an d  g lu c o se  o x id a se  u n d e rg o  su b stra te  
and p r o d u ct in a c t iv a t io n  r e s p e c t iv e ly  b y  h y d r o g e n  p e r o x id e .  
T h is h as b e e n  in v e s t ig a te d  in  so m e  d e p th  an d  th e  r esu lts  re
p o r ted  in  a n u m b e r  o f  p u b lic a t io n s  (A lto m a r e  e t a l., 1 9 7 4 a , b; 
G re en fie ld  e t  a l.,  1 9 7 5 ) ;  th e  c o n c lu s io n  is th a t in d u str ia l per
fo r m a n ce  o f  th e se  im m o b iliz e d  e n z y m e s  w ill b e  d e te r m in e d

pH

Fig. 3 —Effect of substrate pH  on immobilized glucose oxidase activ
ity. 7* soluble glucose oxidase (GOP); • immobilized glucose oxi
dase (GOP); o immobilized glucose oxidase (GOC)J

pH

Fig. 4—Effect o f substrate pH  on immobilized catalase activity. [& 
soluble beef ,'iver catalase; • immobilized beef liver catalase; o im
mobilized fungal catalase]

I 0 3/ T

Fig. 5—Effect o f operating temperature on initial immobilized en
zyme activity, [ a  immobilized glucose oxidase (GOP); • immobi
lized beef liver catalase]
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STORAGE TIME (DAYS)

Fig. 6—Storage stability tests for immobilized glucose oxidase.

fr o m  su c h  o p e r a t io n a l s ta b il ity  s tu d ie s  ra th er  th a n  fro m  sto r 
age te s ts .

It w a s fo u n d  b y  th e  a b o v e  a u th o rs  th a t fu n g a l c a ta la se  is 
m a r k e d ly  su p e r io r  to  b e e f  liver  c a ta la se  fr o m  th e  a sp e c t  o f  
s ta b il ity  t o  h y d r o g e n  p e r o x id e . W ith  th e  im p r o v ed  per
fo r m a n c e  a t  lo w  pH  v a lu es , i t  ap p ears th a t fu n g a l c a ta la se  is  t o  
b e  p r e ferred  fr o m  a p r o c ess in g  p o in t  o f  v ie w . L ik e w ise , it  w as  
fo u n d  th a t  e x te n d e d  u se  o f  im m o b iliz e d  g lu c o se  o x id a se  c o u ld  
o n ly  b e  a c h ie v e d  i f  ca ta la se  w a s im m o b iliz e d  s im u lta n e o u s ly  to  
d e c o m p o s e  th e  h y d r o g e n  p e r o x id e  w ith ir . th e  p a r tic les . T h e  
fa c t  th a t a g lu c o se  o x id a se -fu n g a l c a ta la se  m ix tu r e  can  b e  pur
ch a sed  at a lo w e r  c o s t  th a n  e ith e r  o f  th e  pure e n z y m e s  an d  can  
b e  im m o b iliz e d  b y  a s im p le  te c h n iq u e  t o  in e x p e n s iv e  su p p o rts  
su g g ests  th a t  th is  e n z y m e -su p p o r t  c o m b in a t io n  m ig h t p rove  
v ia b le  in  a p p lic a t io n s  stu d ies .
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p h y s . A c ta  2 0 6 : 54 .

Ms rece iv ed  3 /6 /7 5 ;  rev ised  5 /1 4 /7 5 ;  a c c e p te d  5 /2 0 /7 5 .__________________

T h e  in v e s tig a tio n  w as s u p p o r te d  b y  G ran t G I 3 9 4 7 6  R A N N , N a tio n 
a l S c ien ce  F o u n d a t io n .  P au l G reen fie ld  w as s u p p o r te d  b y  a p o s t
d o c to ra l  fe llo w sh ip  fro m  C S IR O , A u st. T h e  in v e s t ig a to rs  a ck n o w le d g e  
P e te r  M ark ey  fo r  c a rry in g  o u t  th e  flow  re a c to r  e x p e r im e n ts .
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VO LAT ILE  COMPONENTS OF ROASTED COCOA: BASIC FRACTION

IN T R O D U C T IO N

T H E  U S E  O F  m o d e r n  a n a ly t ic a l te c h n iq u e s , p a r ticu la r ly  
c o u p le d  gas c h r o m a to g r a p h y -m a ss  sp e c tr o m e tr y  h as rev ea led  
th e  c o m p le x ity  o f  a ro m a  in  h e a t-p r o c e sse d  fo o d s tu f f s .  R o a s ted  
c o c o a  b ea n s p o s se ss  a c h a r a c te r is t ic  p le a sa n t a ro m a , b u t l it t le  
is k n o w n  o n  c o m p o u n d s  r e sp o n s ib le  fo r  th e  a ro m a , a lth o u g h  
a p p r o x im a te ly  3 1 0  v o la t ile  c o m p o u n d s  h a v e  b e e n  id e n t if ie d  in  
roasted  c o c o a  b ea n s and p r o d u c ts  m a d e  th e r e fr o m  (L a n d -  
sch re ib er  and M ohr, 1 9 7 4 ) .  T h e  c h a r a c te r is t ic  c o c o a  aro m a  is 
d e v e lo p ed  in tw o  fu n d a m e n ta lly  im p o r ta n t  sta g e s  du rin g  p r o c 
essin g  o f  c o c o a  b ean s. T h e  first o f  th e se  is th e  fe r m e n ta t io n  
step  in w h ic h  fla v o r  p recu rso rs are fo r m e d , s in c e  K n ap p  
( 1 9 3 7 )  has sh o w n  th a t a ro m a  p recu rso rs are n o t  p r e se n t in  
u n fer m en ted  c o c o a  b ea n s . S e c o n d ly  r o a stin g  o f  fe r m e n te d  
b ean s is e sse n tia l fo r  th e  d e v e lo p m e n t  o f  c h a r a c te r ist ic  c h o c o 
la te  flavor. M u ch  w o r k  has b e e n  d o n e  o n  p o s s ib le  c o c o a  a rom a  
precu rsors w h ic h  fo rm  th e  c h a r a c te r is t ic  aro m a  o f  c h o c o la te  
w h ile  b e in g  h e a te d  (R o h a n  and S te w a r t, 1 9 6 7 a , b; R o h a n ,
1 9 6 7 ) .  P re v io u s  w o r k  o n  c o c o a  fla v o r  h as a im ed  at iso la t in g  
and id e n t ify in g  v o la t ile  k e y  aro m a  c o m p o u n d s . M any o f  th e  
id e n tif ie d  c o n s t i tu e n ts  c o n tr ib u te  so m e th in g  to  c o c o a  fla v o r, 
b u t n o  c o m p o u n d  c o u ld  b e  iso la te d  w h ic h  is r e sp o n s ib le  fo r  
the  ty p ic a l r o a ste d  c o c o a  ch a ra cter .

S o m e  o f  th e  a rom a c o m p o n e n ts  o f  c o c o a  h ave b e e n  s tu d ie d  
b y D ie tr ich  e t  al. ( 1 9 6 4 )  an d  R izz i ( 1 9 6 7 ) .  M arion  e t  al.
( 1 9 6 7 )  lis ted  1 2 6  c o c o a  fla v o r  c o n s t i tu e n ts ,  3 5  o f  w h ic h  had  
n o t b e e n  r ep o rte d  b e fo r e . F la m e n t e t al. ( 1 9 6 7 )  id e n t if ie d  6 2  
c o m p o n e n ts  in  r o a sted  c o c o a ,  4 2  o f  w h ic h  w ere  fo r m e r ly  u n 
k n o w n . S te a m  v o la t ile  c o m p o n e n ts  fr o m  c o c o a  n ib s w ere  
e x a m in ed  b y  van  Praag e t  al. ( 1 9 6 8 ) .  van  der  W al e t al. ( 1 9 7 1 )  
iso la ted  181 c o m p o u n d s  fro m  so lv e n t  e x tr a c ts  o f  c o m m e r c ia l  
c o c o a  p o w d e r , 1 1 2  o f  w h ic h  w ere  n o t  p r e v io u s ly  r ep o rte d  to  
be p r e se n t in  c o c o a  flavor. T h e se  a u th o rs  a lso  a t te m p te d  re
c o n s t itu t io n  o f  c h o c o la te  fla v o r  b y  e v a lu a tin g  th e ir  gas 
ch ro m a to g ra m s in ord er  to  e s t im a te  th e  p r o p o r t io n s  and  
a m o u n ts  o f  th e  c o n s t i tu e n ts  in v o lv e d . T h e  r e su lt in g  s y n th e t ic  
m ix tu r e  w as r e m in isc e n t  o f  c o c o a ,  b u t  w as e a s ily  d is t in g u ish a 
ble from  n atu ral c o c o a  e x tr a c t .  N e w  d e v e lo p m e n ts  in c o f fe e  
and c o c o a  a rom a research  are o u t lin e d  b y  W atan ab e ( 1 9 6 9 ) .  
T he e f fe c t  o f  fe r m e n ta t io n  and r o a stin g  o n  cer ta in  c h e m ic a l  
p ro p er tie s  r e la ted  to  f la v o r  in  c h o c o la te  is r ev iew ed  b y  K e e n e y
(1 9 7 2 ) .  F u r th e rm o r e , th ere  h a v e  b een  a fe w  r ep o rts  o n  G C or  
c o m b in e d  G C-M S o n  th e  a n a ly sis  o f  h e a d sp a c e  sa m p le s  (B a ile y  
et a l., 1 9 6 2 ; R e y m o n d  e t  a l., 1 9 6 6 ;  P in to  and C h ic h e ste r ,
1 9 6 6 ) .  R e c e n t ly , R e in e c c iu s  e t al. ( 1 9 7 2 )  h a v e  p o in te d  o u t  
fa c to rs e f fe c t in g  th e  c o n c e n tr a t io n  o f  p y r a z in es  in  c o c o a  
beans.

T h e  a b ove  m e n t io n e d  papers r ep o rt o n  c o m p o u n d s  o b 
ta ined  fro m  r o a ste d  c o c o a  b y  w e ll-k n o w n  iso la t io n  te c h n iq u e s ,  
e.g ., o rg a n ic  so lv e n t  e x tr a c t io n , h ig h  v a c u u m  d is t illa t io n ,  
p u m p in g  o f f  v o la t ile  c o m p o u n d s  u n d e r  h ig h  v a c u u m  fo l lo w e d  
by is o la t io n  on  c o ld -f in g e r  traps. A tm o sp h e r ic  s te a m  d is t illa 
t io n  a n d  vacu u m  stea m  d is t i l la t io n  c o m b in e d  w ith  so lv e h t  e x 
tr a c tio n  o f  steam  d is t illa te  or  c o d is t i lla t io n  w ith  p r o p y le n e  
g ly c o l o r  e th a n o l and su b se q u e n t  e x tr a c t io n  o f  th e  w ater-  
d ilu te d  d istilla te  w ith  p e n ta n e  h ave a lso  b e e n  r ep o rte d . T h e  
p r e se n t pap er deals w ith  th e  p r o b le m  o f  se p a r a tio n  o f  a rom a

v o la t ile s  fro m  c o c o a  m ass an d  r e p o r ts  o n  G C -M S a n a ly sis  o f  
b asic  c o c o a  c o m p o n e n ts .

It is k n o w n  th a t su b s ta n c e s  in severa l c o m p r e sse d  gases  
w h ic h  are su p e rc r it ica l w ith  r e sp e c t  to  te m p e r a tu r e  and p res
sure sh o w  c o n c e n tr a t io n s  w h ic h  are m u c h  h ig h er  th a n  c o u ld  be  
e x p e c te d  fro m  th e  v a p o r  p ressu res o f  th e  m e n t io n e d  m ateria l. 
T h is e f fe c t  is  g r o w in g  w ith  r is in g  p ressu re  d u e  to  in crea sin g  
d e n s ity  o f  th e  gases. T h is  e f f e c t  h as b e e n  s tu d ie d  b y  th e  S tu d i-  
e n g e se llsc h a ft  ( 1 9 6 4 )  and b y  H A G  A G  ( 1 9 7 4 ,  a ,b ,c ,d ) .  T he  
la tte r  h as a p p lie d  it  t o  th e  e x tr a c t io n  o f  v a r io u s  fo o d s ,  e .g ., 
c o c o a , t o b a c c o ,  sp ic e s  an d  c o f f e e  aro m a  o il.  P e te r  and W enzel
( 1 9 7 3 )  h ave b e e n  lo o k in g  fo r  m a th e m a tic a l  m e th o d s  d escr ib 
in g  p h a se  eq u ih b r ia . T h e  u se  o f  C 0 2 h as great a d v a n ta g es in  
c o m p a r iso n  w ith  o th e r  e x tr a c t io n  m e d ia , s in c e  th is  so lv e n t  is 
free  o f  in te r fe r in g  c o n ta m in a n ts  an d  h as great d isso lv in g  
c a p a c ity , b y  b e in g  v a r ia b le  w ith  r e sp e c t  to  p a ra m eters  e .g ., 
te m p er a tu r e  and pressu re . M o reo v er , e x tr a c ts  o b ta in e d  b y  th is  
m e th o d  p o sse ss  fu ll an d  c o m p le te  fla v o r  sh o w in g  th a t very  
v o la t ile  c o m p o n e n ts  are e n c o m p a ss e d  as w e ll. T h is  is p o ss ib le  
b e c a u se  C 0 2 h as h ig h  v a p o r  p ressu res, r e su lt in g  in w id e  d if fe r 
e n c e s  b e tw e e n  b o il in g  p o in ts  o f  C 0 2 and v o la t ile  c o m p o u n d s .  
R an d all e t al. ( 1 9 7 1 )  and S c h u ltz  and R a n d a ll ( 1 9 7 0 )  have  
p e r fo rm e d  e x tr a c t io n  w ith  liq u id  C 0 2 , e .g ., C 0 2 u n d e r  su b -  
critica l c o n d it io n s ,  in  ord er  to  c o n c e n tr a te  fr u it  e sse n c es .

T h is  p ap er  is c o n c e r n e d  w ith  th e  e x tr a c t io n  o f  l ip o p h il ic  
fr a c t io n s  fr o m  c o c o a  m ass w ith  su p e rc r it ica l C 0 2 , fo l lo w e d  b y  
ste a m  d is t illa t io n . S u b sta n c e s  w ith  h y d r o p h ilic  b eh a v io r  e .g ., 
sugars, a m in o  ac id s and p r o te in s  are n o t  e x tr a c te d , th u s a v o id 
in g  a r te fa c t  fo r m a t io n  du rin g  s te a m  d is t illa t io n .

E X P E R IM E N T A L

S o u r c e  o f  c o c o a  m a ss

T h e  o r ig in a l  m a te r ia l  w a s  c o c o a  m a s s  m a n u f a c t u r e d  f r o m  A f r ic a n  
c o c o a  b e a n s  (G h a n a ) .

C 0 2 - e x t r a c t i o n  p r o c e d u r e

T h e  a p p a r a t u s  u s e d  f o r  s e p a r a t i o n  o f  t h e  a r o m a - c o n ta in in g  c o c o a  
b u t t e r  f r o m  t h e  c o c o a  m a s s  is  s h o w n  s c h e m a t ic a l ly  in  F ig u r e  1. 7 5 0 g  
c o c o a  m a s s  a r e  in t r o d u c e d  i n t o  v e ss e l A  a n d  t h e  i n i t i a l ly  l iq u id  e x t r a c 
t i o n  m e d iu m  is  d r a w n  o f f  f r o m  th e  t a n k  a n d  f o r c e d  b y  a  p u m p  in to  th e  
e x t r a c t i o n  v e ss e l a f t e r  b e in g  h e a t e d  t o  s u p e r c r i t i c a l  t e m p e r a tu r e s  (e .g .,  
5 0 °  C ) u n t i l  a  p r e s s u re  o f  3 2 0  a t  g a u g e  is  r e a c h e d .  B y  p a s s in g  th e  m o l te n  
c o c o a  m a s s  t h e  c o m p r e s s e d  g a s  is  c h a r g e d  w i th  c o c o a  a r o m a  a n d  c o c o a  
b u t t e r .  T h e  c h a r g e d ,  s u p e r c r i t i c a l  g a s  p h a s e  o r  “ s o l u t i o n ”  e x p a n d s  
th r o u g h  a n  e x p a n s io n  v a lv e  i n t o  a  s e p a r a t in g  v e ss e l B , t h e  p r e s s u re  
d e c r e a s e s  f r o n  3 2 0  t o  a p p r o x im a te ly  6 5  a t  g a u g e  a n d  a  s e p a r a t i o n  o f  
c o c o a  a r o m a  a n d  b u t t e r  f r o m  t h e  g a s  c u r r e n t  ta k e s  p la c e .  T h e  r e a s o n  
f o r  u s in g  th is  p r o c e d u r e  d e p e n d s  o n  th e  v a r ia b i l i ty  o f  s o lv e n t  c h a r a c t e r 
is t ic s  o f  C O 2 , w h ic h  c a n n o t  s o lv e  c o c o a  b u t t e r  a n d  a r o m a  u n d e r  th e  
c o n d i t i o n s  o f  d e c o m p r e s s io n  in  v e ss e l B , w h e re  C O ,  is  s u b c r i t i c a l  a n d  
p a r t i a l ly  l iq u e f ie d .  T h e  p u r e  g a s  is  d r a w n  o f f  f r o m  B  b y  t h e  p u m p  a n d  
a g a in  f o r c e d  i n t o  v e sse l A , i n i t i a t i n g  a  s e c o n d  e x t r a c t i o n  s te p  a n d  so  o n .  
I f  t h e  d e s i r e d  d e g re e  o f  e x t r a c t i o n  is  r e a c h e d  th e  s o lv e n t  is  p u m p e d  
b a c k  i n t o  th e  t a n k  a n d  th e  C 0 2 , w h ic h  is  p a r t  o f  t h e  c o n t e n t s  o f  B is 
b lo w n  o f f  s lo w ly  a f t e r  a d d i t i o n a l  c o o l in g  o f  B , w h e r e b y  n o  lo s s  o f  
f la v o r  o c c u r s  b e c a u s e  o f  t h e  d e c r e a s in g  t e m p e r a t u r e .  I n  t h i s  m a n n e r  
1 4 7 g  o f  a  s l ig h t ly  y e l lo w is h  c o c o a  b u t t e r  w i th  a  v e r y  in te n s iv e  c o c o a  
o d o r  h a v e  b e e n  o b ta in e d .  E x p e r i m e n ta l  d e ta i l s  c o n c e r n i n g  o p e r a t i n g  
p a r a m e te r s  w e re  p r e v io u s ly  d e s c r ib e d  b y  H A G  A G  ( 1 9 7 4 a ) .
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S a m p le  p r e p a r a t i o n  f o r  a n a ly s is

T h e  C 0 2 - e x t r a c t io n  p r o d u c t  o b t a i n e d  w a s  m a d e  i n t o  a  s lu r r y  w i th  
d i s t i l l e d  w a te r .  T h i s  s lu r r y  w a s  p la c e d  i n t o  a  2 - l i t e r  r o u n d  b o t t o m  f la s k  
a n d  t h e  v o la t i l e s  w e re  s e p a r a t e d  b y  a tm o s p h e r i c  s te a m  d i s t i l l a t i o n .  I s o 
l a t i o n  a n d  e n r i c h m e n t  p r o c e d u r e s  o f  v o la t i l e  a r o m a  c o m p o n e n t s  w e re  
c a r r ie d  o u t  in  t h e  s a m e  m a n n e r  a s  d e s c r ib e d  p r e v io u s ly  o n  c o f f e e  b y  
V i t z t h u m  a n d  W e r k h o f f  ( 1 9 7 4 a ,  b ) .

G C  e q u i p m e n t

T h e  m e t h o d  u s e d  w a s  s im i la r  t o  t h a t  p r e v io u s ly  d e s c r ib e d  b y  tw o  o f  
u s .  I n v e s t ig a t io n s  w e r e  c a r r ie d  o u t  u s in g  a  C a r lo  E r b a  G I  4 5 0  m o d e l  g as  
c h r o m a to g r a p h ,  w h ic h  is  s p e c ia l ly  d e s ig n e d  f o r  d i r e c t  i n j e c t i o n  o n t o  
c a p i l l a r y  c o lu m n s  ( G r o b  a n d  G r o b ,  1 9 6 9 a ,  b ) .  T h e  c o lu m n  w a s  a  8 5 m  x  
0 ,3 1  m m  i .d .  g la s s  c a p i l l a r y  c o lu m n  c o a t e d  w i t h  p o ly p r o p y l e n e  g ly c o l  
(U C O N  H B  5 1 0 0 ) ,  d e ta i l s  o f  w h ic h  a re  in  t h e  le g e n d  to  F ig u r e  2 .

G C -M S  e q u i p m e n t

T h e  G C -M S  w a s  c a r r i e d  o u t  o n  a  m o d i f i e d  V a r ia n  M A T  1 1 1  i n s t r u 
m e n t ,  i n  w h ic h  t h e  o r ig in a l  g a s  c h r o m a to g r a p h  h a d  b e e n  r e p l a c e d  b y  a  
h o m e m a d e  u n i t  e q u i p p e d  w i th  a  s p l i t l e s s - in je c t io n  u n i t  ( G r o b  a n d  
G r o b ,  1 9 6 9 a ,  b )  a n d  a h ig h - r e s o lu t io n  g la ss  c a p i l l a r y  c o lu m n  t o  a n a ly z e  
v e ry  d i l u t e  a r o m a  m ix tu r e s .  A  2 0 0 m  x  0 ,3 1  m m  i .d .  g la ss  c a p i l la r y  
c o lu m n  w a s  c o u p le d  to  t h e  s in g le - fo c u s s in g  m a s s  s p e c t r o m e te r .  F o u r  
c o m m e r c i a l  g la s s  c o lu m n s  w e re  c o n n e c t e d  b y  m e a n s  o f  p l a t i n u m  c a p i l 
la r ie s  ( N e u n e r - J e h l e  e t  a l . ,  1 9 7 3 ) .  A  3 0  c m  lo n g  p r e s s u r e  r e s t r i c t i o n  
p l a t i n u m  c a p i l l a r y  o f  0 ,1 5  m m  i .d .  w a s  p u t  a t  t h e  e n d  o f  t h e  c o lu m n  to  
k e e p  t h e  c o lu m n  e n d  n e a r  a tm o s p h e r i c  p r e s s u r e  in  o r d e r  n o t  t o  lo s e  
s e p a r a t i o n  e f f i c i e n c y .  T h e  U C O N  H B  5 1 0 0  c o lu m n  w a s  t e m p e r a t u r e  
p r o g r a m m e d  f r o m  2 0 - 1 8 0 ° C  a t  1 ° C  p e r  m in .  H e l iu m  c a r r ie r  g a s  f lo w : 
4  m l /m i n .  M S - c o n d i t io n s :  i o n i z a t i o n  v o l ta g e ,  8 0  e V ;  e m is s io n  c u r r e n t ,  
2 7 0  m A ;  io n  s o u r c e  t e m p e r a t u r e ,  3 0 0 ° C ;  i o n  s o u r c e  p r e s s u r e ,  3 x  1 0 ' 6 
t o r r ;  s e p a r a t o r  t e m p e r a t u r e ,  2 2 0 ° C ; i n l e t  l in e ,  2 3 0 ° C .  T h e  G C -M S  in 
s t r u m e n t  w a s  e q u ip p e d  w i th  a  m a s s  m a r k e r  w i th  u p p e r  l im i t  m / e  9 9 9 .

S y n t h e t i c  r o u t e s

M a n y  a u t h e n t i c  s a m p le s  o f  o rg a n ic  c o m p o u n d s  w e re  o b t a i n e d  f r o m  
r e l ia b le  c o m m e r c ia l  s o u r c e s  ( in  t h e  c a s e  o f  c o m m e r c ia l ly  a v a i la b le  c o m 
p o u n d s ,  t h e  a b b r e v ia t i o n  c .a .  is  u s e d  in  T a b le  1 ).

A lk y lo x a z o le s  w e re  s y n th e s i z e d  b y  p r o c e d u r e s  d e s c r ib e d  in  t h e  l i t e r 
a tu r e  o r  b y  s im p le  m o d i f i c a t i o n s  t h e r e o f  ( V i t z t h u m  a n d  W e r k h o f f ,  
1 9 7 4 a ) .  C y c l o p e n ta p y r a z in e s  a n d  t e t r a h y d r o q u i n o x a l i n e s  w h ic h  w e re  
a ls o  f o u n d  p r e v io u s ly  in  c o f f e e  a r o m a  w e re  p r e p a r e d  a s  r e p o r t e d  e a r l ie r  
( V i t z t h u m  a n d  W e r k h o f f ,  1 9 7 5 ) .  A d d i t i o n a l ly ,  2 - e th y l - 6 ,7 - d ih y d r o - 5 H -  
c y c l o p e n t a p y r a z i n e  w a s  o b t a i n e d  b y  c o n d e n s a t i o n  o f  e t h y l  g ly o x a l  a n d
1 ,2 - d i a m in o c y c lo p e n ta n e  in  t o lu e n e  a n d  s u b s e q u e n t  o x i d a t i o n  o f  th e  
b ic y c l ic  i n t e r m e d i a t e  w i th  K O H  in  e t h y l e n e  g ly c o l  a t  1 8 0 °  C  f o r  6 0  m in  
a c c o r d in g  t o  N a k a ta n i  a n d  Y a n a t o r i  ( 1 9 7 3 ) .

Fig. 1 —Schematic o f apparatus used for separation o f aroma-con
taining cocoa butter from cocoa mass. A  = pressure tube (= extrac
tion vessel), equipped with a jacket for heating fluids, partially filled 
with molten cocoa mass; B = Separating vessel, equipped with a 
jacket for cooling or heating fluids, partially filled with a mixture o f 
cocoa butter, containing cocoa aroma and liquid CO 7; P  = Pump for 
liquefied gas; G = Liquid gas tank; H1—H3 = Heat exchanger; 1,3—8 
= normal valves; 2 = expansion valve; end 9 + 10 = purge valves.

Fig. 2—Glass capillary GLC  analysis o f cocoa aroma volatiles obtained from cocoa mass by extraction with compressed CO 7 and subsequent steam dis
tillation at atmospheric pressure. Direct injection o f 0,5 pi o f an ether solution o f basic aroma constituents on a 85m X  0,31 mm i.d. column coated
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R E S U L T S  & D IS C U S S IO N

T H E  R E S U L T IN G  C 0 2 - c o c o a  e x tr a c t  e x h ib ite d  a fu ll c o c o a  
arom a and fla v o r . P rep a ra tio n  o f  a c o n c e n tr a te d  arom a p o s se s 
sin g  th e  desirab le  a rom a an d  b e in g  su ita b le  fo r  gas c h r o m a to 
graph ic  se p a r a tio n , r ep re se n ts  a m ajor  p r o b le m  in  c o c o a  re
search  (van  der  Wal e t  a l., 1 9 7 1 ) .  A n  a ttr a c tiv e  n e w  iso la t io n  
m e th o d  in  fo o d  o d o r  resea rch  ap p ears to  b e  th e  e x tr a c t io n  
w ith  c o m p r e sse d  i .e .,  su p e rc r it ica l C 0 2 . A s e x p e c te d  gas 
c h r o m a to g r a p h ic  a n a ly s is  o f  th e  to ta l  a r o m a  fr a c t io n  sh o w s  
th a t c o c o a  e x tr a c t  w as an e x tr e m e ly  c o m p le x  m ix tu r e . In  
order to  s im p lify  G C  p a tte rn s , th e  to ta l  e x tr a c t  w as se p a r a ted  
in to  b asic  an d  n e u tr a l fr a c t io n s . T h is  gave b e tte r  G C -r e so lu tio n  
for  m a n y  o f  th e  c o m p o n e n ts  l is te d  in T a b le  1, w h ic h  are 
p resen t to  a large e x t e n t  in  traces o n ly . A  ty p ic a l  F ID -  
c h ro m a to g ra m  sh o w in g  r e s o lu t io n  o f  th e  b a s ic  c o c o a  c o m p o 
n e n ts  is p r e se n te d  in  F igu re  2 . G lass c a p illa ry  c o lu m n s  w ere  
preferred  b e c a u se  o f  th e ir  h ig h -r e so lu t io n  c a p a b ility .

T a b le  1 l is ts  th e  c o m p o n e n ts  c h a r a c te r iz ed  b y  th e  c o m b in a 
tio n  o f  g lass ca p illa ry  G L C  an d  m ass sp e c tr o m e tr y . 5 9  n itr o 
g e n -c o n ta in in g  c o m p o u n d s  n o t  p r e v io u s ly  r ep o rte d  as c o n s t i tu 
e n ts  o f  ro a sted  c o c o a  h a v e  b e e n  id e n t if ie d . T h e  n e w ly  r ep o rte d  
h e te r o c y c lic  c o m p o u n d s  o f  th e  b a s ic  fr a c t io n  o f  c o c o a  aro m a  
are .c o m m o n  to  o th e r  r o a sted  p r o d u c ts  w h ic h  in c lu d e  c o f fe e ,  
p ea n u ts , f i lb e r ts , a lm o n d s , p e c a n s , se sa m e  se e d , e tc .

T h e id e n t if ie d  c o m p o u n d s  in c lu d e  4  o x a z o le s ,  3 4  p y r a z in es ,  
9 c y c lo a lk a p y r a z in e s , 7 p y r id in e s , 3 q u in o x a lin e s  and q u in o 
lin e . T h e  p r e se n c e  o f  m e th y l o -a m in o b e n z o a te  in  th e  c o c o a  
v o la tile s  is  a lso  n o te w o r th y , b e c a u se  th is  c o m p o n e n t  h as a lso  
b een  r ep o rte d  as a c o n s t i tu e n t  o f  b la ck  te a  (C a z en a v e  and  
H orm an , 1 9 7 4 ) .  C erta in  c la sse s  o f  c o m p o u n d s , e .g ., a lic y c lic  
p y r a z in es , o x a z o le s ,  p y r id in e s , q u in o x a lin e s  and q u in o lin e  are 
rep o rted  fo r  th e  first t im e  in  r o a ste d  c o c o a . B y  a d d in g  th e  n e w  
c o m p o u n d s  r esu lt in g  fro m  th e  p r e se n t in v e s t ig a t io n  to  th o se  
m e n tio n e d  in an earlier  r ev iew  (L a n d sc h r e ib e r  and M ohr,
1 9 7 4 ) , it  can  be c o n c lu d e d  th a t at lea s t  3 6 9  v o la t ile  c o n s t i tu 
e n ts  o c cu r  in c o c o a  arom a. M an y o f  th e  id e n t if ie d  p r o d u c ts  are 
e x p e c te d  to  b e  o r g a n o le p t ic a lly  s ig n if ic a n t , b u t  n o n e  w as is o 
la ted  w h ic h  c o u ld  b e  c o n s id e r e d  to  h a v e  th e  ty p ic a l r o a sted  
c o c o a  ch a ra cter .

S o m e  p e a k s in earlier  G C  ru n s w ere  d u e  t o  c o m p o u n d s  
fro m  th e  P o ra p a k -a d so rp tio n  m a ter ia l fo u n d  in  b lan k  runs  
w ith  th e  F ID . T h e r e fo r e , m ass s p e c tr o m e tr y  in  c o m b in a t io n  
w ith  g lass ca p illa ry  G C  w as a lso  carried  o u t  o n  a P orap ak  Q- 
e th e r -e x tr a c t  an d  led  to  th e  id e n t if ic a t io n  o f  m a n y  c o m p o u n d s  
o n  th e  b asis o f  th e ir  m a ss sp ec tra  (T a b le  2 ) . F o r  th a t rea so n , 
P orap ak  Q w as e x tr a c te d  (S o x h le t )  tw ic e  w ith  b e n z e n e  and  
d ie th y l e th e r  fo r  15 hr, b e fo r e  u s in g  it  fo r  c o c o a  a ro m a  a d so rp 
t io n .

R e m o v a l o f  v o la t ile  o rg a n ic  c o m p o u n d s  fr o m  a d so r p tio n  
m a ter ia l can  b e  a c c o m p lish e d  b y  m e a n s  o f  d e so r p tio n  at e le 
v a te d  te m p er a tu r e  (K in lin  e t a l., 1 9 7 2 ;  T assan  and R u sse ll,
1 9 7 4 )  or  b y  so lv e n t  e x tr a c t io n  (R o e r a a d e  and E n z e ll, 1 9 7 2 ;  
V itz th u m  an d  W e rk h o ff , 1 9 7 4 a , b , 1 9 7 5 ) .  S in ce  d e so r p tio n  at 
e le v a te d  te m p er a tu r e  is m o r e  l ik e ly  to  in d u c e  c h e m ic a l reac
t io n s , so lv e n t  e x tr a c t io n  se e m s  to  b e  p r e fer a b le  fo r  a ro m a  re
search  in  o rd er  to  a v o id  a r te fa c t  fo r m a t io n  as m u c h  as p o ss i
b le . V o la t i le s  c o lle c te d  fro m  c o c o a  sa m p le  v ia  C 0 2 e x tr a c t io n ,  
w ith  su b s e q u e n t  s te a m  d is t i l la t io n  u s in g  th e  P o ra p a k  m e th o d ,  
th u s e x c lu d in g  w ater  so lu b le  a m in o  a c id s  an d  c a rb o h y d r a te s ,  
had a s tr o n g  c h a r a c te r is t ic  c o c o a  arom a. T h e  a u th o rs  h a d  pre
v io u s ly  carried  o u t  s tu d ie s  o n  v o la t ile s  in  r o a ste d  c o f fe e .  Q u a li
ta t iv e ly , th e  p a tte rn s  o f  b a s ic  c o c o a  c o m p o n e n ts  c h a ra cter ized  
are sim ila r  to  th o s e  fo u n d  in  r o a ste d  c o f fe e .  B u t in  c o n tr a st  to  
b a sic  c o f f e e  v o la t ile s ,  th e  b a s ic  c o c o a  fr a c t io n  w as fo u n d  to  
c o n ta in  a m a jo r ity  o f  p y r a z in e  c o m p o n e n ts .  A s a r esu lt o f  th is  
w o r k , 5 7  p y r a z in es  w ere  d isc o v e r e d  in  th e  b a s ic  c o c o a  frac
t io n , 2 3  o f  w h ic h  w ere  fo r m e r ly  r e p o r te d  b y  o th e r  in v e s t i
g a to rs and are th e r e fo r e  n o t  lis te d  in  T a b le  1. Id e n t if ic a t io n  
w as b a sed  o n  m ass sp ec tra  an d  G L C  r e te n t io n  t im es . F in a l 
c o m p a r iso n  o f  G L C  and M S d a ta  w ith  th o s e  o f  r e fe r e n c e  su b 
s ta n c e s  w as carried  o u t  in  a n u m b e r  o f  ca ses. C o m p o u n d s  w ere  
c o n s id e r e d  p o s it iv e ly  id e n t if ie d  i f  th e ir  m ass sp e c tr a  and th e ir  
r e te n tio n  t im e s  agreed  w ith  th o s e  o f  th e  r e fe r e n c e  c o m p o u n d s .  
F u r th e rm o r e , n a tu ra lly  o c cu rr in g  c o m p o u n d s  w ere  id e n t if ie d  
b y c o m p a r in g  th e ir  m ass sp e c tr a  w ith  p u b lish e d  sp ec tra . T h e  
str u c tu r e  o f  so m e  c o m p o u n d s  l is te d  in  T a b le  1 w ith  th e  an
n o ta t io n  “ te n ta t iv e ” c o u ld  n o t  b e  c o n c lu s iv e ly  e s ta b lish e d  d u e  
to  in c o m p le te  G C -sep a ra tio n s (m ix e d  sp e c tr a ) or  la ck  o f

with polypropylene glycol (UCON HB 51001. Carrier gas flow 2,5 ml /min hydrogen. The temperature was held for 5 min at 20° C, 8  min at 50° C, then 
programmed at 1.5’C/min up to 180P C and held at the upper limit. Injection port, 20CP C. FID, 20CT C.
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Table 1—Basic cocoa volatiles identified in the present investigation (first report in roasted cocoa)

Compound M S G LC Synthesis3 MS-reference

Oxazoles

2,5-dimethyloxazole positive + + Vitzthum and Werkhoff (1974a)
4,5-dimethyloxazole positive + + Vitzthum and Werkhoff (1974a)
2,4,5-trimethyloxazole positive + + Vitzthum and Werkhoff (1974a)
2n-propyl-5-methyloxazole positive + + Vitzthum and Werkhoff (1974a)

Pyridines

Pyridine positive + c.a. Cornu and Massot (1966)
2-methylpyridine positive + c.a. Cornu and Massot (1966)
3-vinylpyridine positive Neurath and Duenger (1969) and M S D C b
2-methyl-5-ethylpyridine positive + c.a. Cornu and Massot (1966)

2-acetylpyridine positive + c.a. Ferretti and Flanagan (1971) and M S D C b
3-phenylpyridine positive Neurath and Duenger (1969)

3-phenyl-methylpyridine (two tentative
isomeres)

Cycloalkapyrazines

6,7-dihydro-5H-cyclopentapyrazine positive + + Flament et al. (1973), Pittet et al. (1974) and 
Vitzthum and Werkhoff (1975)

2-ethyl-6,7-dihydro-5H-cyclopentapyrazine positive + + Pittet et al. (1974) and Vitzthum and Werkhoff (1975)
2(or 3),5-dimethyl-6,7-dihydro-5H- positive + + Flament et al. (1973), Pittet et al. (1974) and

cycl opentapy razine Vitzthum and Werkhoff (1975)
2-methyl-6,7-dihydro-5H-cyclo- positive + + Flament et al. (1973), Pittet et al. (1974) and

pentapyrazine Vitzthum and Werkhoff (1975)
2,3-dimethyl-6,7-dihydro-5H-cyclo- positive + + Flament et al. (1973), Pittet et al. (1974) and

pentapyrazine Vitzthum and Werkhoff (1975)
2-methyl-3-ethyl-6,7-dihydro-5H- positive + + Flament et al. (1973) and Vitzthum and Werkhoff (1975)

cycl opentapy razine 
5,6,7,8-tetrahydroquinoxaline positive + + Pittet et al. (1974) and Vitzthum and Werkhoff (1975)
2-methyl-5,6,7,8-tetrahydroquinoxa- 

1 i ne
5-methyl-5,6,7,8-tetrahydroquinoxa-

line

positive + + Pittet et al. (1974) and Vitzthum and Werkhoff (1975)

positive Pittet et al. (1974) and Vitzthum and Werkhoff (1975)

Pyrazines

2-methyl-3-ethylpy razine positive + c.a. Kinlin et al. (1972)
2-methyl-6-isopropylpy razine positive Flament (1974)
n-propylpyrazine positive Kinlin et al. (1972)
2-methyl-3-isopropylpy razine positive Friedei et al. (1971)
2,3-dimethyl-5-ethylpy razine positive Demole (1972)
2-methyl-5-vinylpy razine positive Kinlin et al. (1972)
2-methyl-5n-propylpy razine positive Demole (1972)
2,5-dimethyi-3-isopropylpy razine positive Flament (1974)

a u th e n t ic  m a ter ia l. M o reover , in s u f f ic ie n t  m a ter ia l fo r  m ass  
sp ec tra l a n a ly s is  ren d ered  id e n t if ic a t io n  m o r e  d if f ic u lt  d e p e n d 
ing  o n  th e  fr a g m e n ta t io n  b e h a v io r  and s tr e n g th  o f  b a c k g r o u n d .

Table 2— Compounds identified from Porapak Q

toluene n-heptadecane
ethyl benzene naphthalene
styrene 1-methyl naphthalene
2,6-dimethylstyrene 2-methyl naphthalene
o-xylene diphenyl
m-xylene dimethyl naphthalene
p-xylene diphenylmethane
1,2-diethylbenzene diphenylethane
1,3-diethylbenzene 2-methylbiphenyl
1,4-diethylbenzene 3-methylbiphenyl
n-tetradecane 1,2-diphenylethane
n-hexadecane 1,1-diphenyl ethylene

M ass sp ec tra l e v id e n c e  w as o b ta in e d  fo r  a large n u m b e r  o f  
h ig h er  m o lec u la r  w e ig h t  p o ly s u b s t itu te d  a lk y lp y r a z in e s  ( M t  
1 6 4 , 1 7 8 , 1 9 2  and m o l w t  grea ter  th a n  1 9 2 ) ,  w h ic h  w e re  v e r y  
d if f ic u lt  to  c h a r a c te r iz e , b e c a u se  th e r e  are a g rea t n u m b e r  o f  
p o ss ib le  s tr u c tu r es  all w ith  v e r y  sim ila r  m ass sp e c tr a  a n d  G L C  
r e te n t io n  t im es . T h is  p r o b le m  h a s m a d e  s tru c tu re  a s s ig n m e n t  
im p o ss ib le , b e c a u se  r e fe r e n c e  c o m p o u n d s  w ere n o t  y e t  ava ila 
b le .

T h e  p a th w a y s  b y  w h ic h  a lk y lp y r a z in e s , a c y lp y r a z in e s ,  
fu r y lp y r a z in e s , a lic y c lic  p y r a z in e s  and o x a z o le s  are fo r m e d  can  
be rea d ily  e x p la in e d  o n  th e  b a sis  o f  k n o w n  p recu rso rs . S u g 
g e sted  p a th w a y s  fo r  th e  fo r m a t io n  o f  s o m e  o f  th e  n e w ly  
id e n t if ie d  c o m p o n e n ts  w ere  d isc u sse d  in  p r e v io u s  p ap ers o n  
ro a sted  fo o d s tu f f s  su c h  as p e a n u ts  (W alrad t e t  a l., 1 9 7 1 ) ,  
ro a sted  se sa m e  seed  (M a n le y  e t  al., 1 9 7 4 )  a n d  r o a ste d  c o f fe e  
(V itz th u m  an d  W e rk h o ff , 1 9 7 4 b ;  1 9 7 5 ) .  A  g e n e ra l rev iew  
co v er in g  th e  h y p o th e s e s  and p o ss ib le  m e c h a n ism s  fo r  th e  
fo r m a tio n  o f  p y r a z in e s  in  fo o d s  has b e e n  p u b lish e d  b y  Maga 
and S izer  ( 1 9 7 3 ) .
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Table 1 (continued)—Basic cocoa volatiles identified in the present investigation (first report in roasted cocoa)

Compound MS GLC Synthesis® MS-reference

2-methyl-5-isobutylpyrazine positive Demole (1972)
2-methyl-6-isobutylpyrazine positive Demole (1972)
2,6-dimethyl-3-isopropylpyrazine positive Flament (1974)
2-ethyl-5-isopropylpyrazine positive Demole (1972)
2,5-diethyl-3-methylpyrazine positive Friedel et al. (1971), Ferretti et al. (1971) and 

Kinlir et al. (1972)
2,6-diethyl-3-methylpyrazine positive Kinlir et al. (1972)
2,3-diethyl-5-methylpyrazine positive Kinlin et al. (1972)
Isopropenylpyrazine positive Walradt et al. (1971)
2-ethyl-6n-propyl pyrazine positive Demcle (1972)
2,5-dimethyl-3n-butylpyrazine positive Wheeler and Blum (1973)
Triethylpyrazine positive Kinlin et al. (1972)
2,6-dimethyl-3n-butylpyrazine positive Wheeler and Blum (1973)
2-methyl-5-acetylpyrazine positive Kinlin et al. (1972) and Takei et al. (1974)
2-ethyl-5-acetylpyrazine positive Kinlin et al. (1972) and Takei et al. (1974)
2n-pentyl-3-methylpyrazine positive Friedel et al. (1971)
2n-pentyl-5-methyl pyrazine positive Friedel et al. (1971)
2-(2'-methylbutyl)-3-methyl- positive Friedel et al. (1971)

pyrazine
2-isoamyl-3-methylpyrazine positive Friedel et al. (1971)
2,5-dimethyl-3n-pentylpyrazine positive Wheeler and Blum (1973)
2,6-dimethyl-3n-pentyl pyrazine positive Wheeler and Blum (1973)
2,6-dimethyl-3-(2-methylbutyl)- positive Wheeler and Blum (1973)

pyrazine
2-(2'-furyl)-pyrazine positive Friedel et al. (1971) and Kinlin et al. (1972)
2-methyl-5-(2'-furyl)-pyrazine positive Neurath and Duenger (1969) and Friedel et al.

(1971)
2-methyl-6-(2'-furyl)-pyrazine positive Friedel et al. (1971)
2-(2' -furyl-5'-methyl)-5(6)-methyl- tentative

pyrazine
2-(2'-fu ry 1-3'(4'),5'-dimethyl)- tentative

5(6)-methylpyrazine

Quinoxalines

2-methylquinoxaline positive + c.a. Karjalainen and Krieger (1970)
2,3-dimethylquinoxaline positive + c.a. Koch and Markgraf (1970) and Karjalainen and 

Krieger (1970)
2,5-dimethylquinoxaline tentative

Miscellaneous

Quinoline positive + c.a. Cornu and Massot (1966)
Methyl-o-am ¡nobenzoate positive + c.a. Cazenave and Horman (1974)

a c.a. = com m erc ia lly  available
b M S D C  = Mass S pec trom etry  Data Centre , A W R E , A ld e rm aston  Reading, R G  7 4  P R , U .K .
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FUSEL O IL AND METHANOL CONTENT OF LEBANESE A R A K

IN T R O D U C T IO N

A R A K  i s  a n  a l c o h o l i c  b e v e r a g e  d i s t i l l e d  f r o m  f e r m e n t e d  g r a p e  
j u i c e  a n d  f l a v o r e d  w i t h  a n i s e e d  e x t r a c t .  I t  i s  t h e  n a t i o n a l  a l c o 
h o l i c  d r i n k  i n  L e b a n o n  a n d  i s  a l s o  c o n s u m e d  t o  a  l i m i t e d  

e x t e n t  i n  t h e  n e i g h b o r i n g  c o u n t r i e s  o f  t h e  M i d d l e  E a s t .
W h i l e  t h e r e  h a v e  b e e n  e x t e n s i v e  s t u d i e s  o n  t h e  c o m p o s i t i o n  

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

p o s i t i o n  o f  L e b a n e s e  A r a k .  G r a p e  b r a n d y  d i s t i l l a t e s  w h i c h  a r e  
m a n u f a c t u r e d  i n  a  s i m i l a r  w a y  t o  A r a k  e x c e p t  f o r  t h e  m a n n e r  
i n  w h i c h  t h e  f l a v o r  i s  a d d e d ,  w e r e  r e p o r t e d  b y  G u y m o n  ( 1 9 7 0 )  
t o  c o n t a i n  7 0 —3 0 0  p p m  ( w / v )  o f  n - p r o p y l  a l c o h o l ,  7 0 —2 5 0  
p p m  ( w / v )  o f  i s o b u t y l  a l c o h o l  a n d  2 2 0 —8 8 0  p p m  ( w / v )  o f  
a m y l  a l c o h o l .

A s k e w  a n d  L i s l e  ( 1 9 7 1 )  a n a l y z e d  a  n u m b e r  o f  b r a n d y  s a m 
p l e s  f r o m  v a r i o u s  p a r t s  o f  t h e  w o r l d .  T h e y  f o u n d  m e t h a n o l  t o  
b e  p r e s e n t  i n  t h e  r a n g e  o f  2 0 — 8 7 5 0  p p m  ( w / v ) ,  p r o p y l  a l c o h o l

2 0 - 1 3 3 2 0  p p m ,  i s o b u t y l  a l c o h o l  1 0 — 1 0 8 0  p p m  a n d  a m y l  a l 
c o h o l s  i n  t h e  r a n g e  o f  4 0 —3 0 0 0  p p m  ( w / v ) .  W e b b  e t  a l .  ( 1 9 5 2 )  
r e p o r t e d  t h a t  i s o a m y l  a l c o h o l  m a d e  u p  m o r e  t h a n  5 0 %  o f  
g r a p e  b r a n d y  f u s e l  o i l  a n d  C o n n e l l  a n d  S t r a u s s  ( 1 9 7 4 )  f o u n d  

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

b u t a n o l ,  a c t i v e  a n d  i s o a m y l  a l c o h o l s .  O t h e r  d i s t i l l e d  a l c o h o l i c  
b e v e r a g e s  h a v e  b e e n  a n a l y z e d  f o r  t h e i r  f u s e l  o i l  c o n t e n t  b y  
C a r r o l l  ( 1 9 7 0 )  a n d  m o r e  r e c e n t l y  b y  M a r t i n  a n d  C a r e s s  ( 1 9 7 1 ) .

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

a l c o h o l i c  f e r m e n t a t i o n  p r o c e s s  i s  a l r e a d y  w e l l  e s t a b l i s h e d  
( C a s t o r  a n d  G u y m o n ,  1 9 5 2 ;  G u y m o n ,  1 9 6 6 ;  A y r a p a a ,  1 9 7 1 ) .  

U s i n g  C 1 4 - l a b e l l e d  a m i n o  a c i d s ,  S p a n y e r  a n d  T h o m a s  ( 1 9 5 7 )  
a n d  R e a z i n  e t  a l .  ( 1 9 7 0 ,  1 9 7 3 )  h a v e  s h o w n  t h a t  v a l i n e ,  l e u c i n e  
a n d  i s o l e u c i n e  w e r e  t h e  p r e c u r s o r s  o f  i s o b u t y l ,  a c t i v e  a n d  i s o 

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

a n o l  c o n t e n t  o f  L e b a n e s e  A r a k  a n d  t h e  l e v e l  o f  t h e  p r e c u r s o r  

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

E X P E R IM E N T A L

F u s e l  o i l  a n a ly s is

A  P e rk in  E lm e r -9 0 0  g a s  c h r o m a to g r a p h  e q u ip p e d  w i th  a u t o m a t i c  
l in e a r  t e m p e r a tu r e  p r o g r a m m e r  a n d  f la m e  io n i z a t io n  d e t e c t o r  w a s  u s e d  
f o r  th e  d e t e r m in a t io n  o f  h ig h e r  a lc o h o ls .  C h r o m a to g r a m  r e c o r d in g s  
w e re  t r a c e d  o n  a  H e w l e t t  P a c k a r d  s t r ip  c h a r t  r e c o r d e r .  A 6  f t  g la ss  
c o lu m n  w i th  2 .2  m m  i .d .  w a s  u s e d .  T h e  c o lu m n  w a s  p a c k e d  w i th  
8 0 /1 0 0  m e s h  c h r o m o s o r b  W  c o a t e d  w i th  1 5 %  c a r b o w a x  2 0  M . I n j e c t io n  
p o r t  t e m p e r a tu r e  w a s  2 0 0 ° C  a n d  th e  f la m e  i o n i z a t io n  d e t e c t o r  w a s  
m a in ta in e d  a t  2 2 5 ° C .  O v e n  te m p e r a tu r e  w a s  6 0 ° C  a n d  t e m p e r a tu r e  
p ro g r a m m in g  a t  t h e  r a t e  o f  6 ° C /m in ,  w a s  s t a r t e d  4  m in  a f t e r  s a m p le  
i n je c t io n .  F in a l  t e m p e r a t u r e  w a s  m a in t a in e d  a t  1 5 0 ° C  f o r  8  m in .  N i t r o 
g e n  f lo w  r a t e  w a s  5 0  m l /m i n  a n d  th e  h y d r o g e n  a n d  a i r  f lo w  r a t e s  t o  t h e  
d e t e c to r s  w e re  3 0  a n d  3 0 0  m l / m i n  r e s p e c t iv e ly .

F o r  q u a n t i t a t iv e  d e t e r m i n a t i o n  o f  f u s e l  o i l  c o m p o n e n t s ,  k n o w n  c o n 
c e n t r a t i o n s  o f  a lc o h o ls  t o  b e  m e a s u r e d  w e re  p r e p a r e d  in  4 0 %  (v /v )  
a q u e o u s  e th a n o l  t o  s p a n  t h e  r a n g e  o f  c o n c e n t r a t i o n s  e x p e c t e d  in  t h e  
s a m p le s .  1 -P e n ta n o l  w a s  u s e d  a s  t h e  i n t e r n a l  s t a n d a r d ,  s in c e  a  p r e l im i 
n a r y  s u rv e y  s h o w e d  t h a t  A r a k  s a m p le s  w e re  v o id  o f  t h i s  a lc o h o l .  A  1 0 %

( w /v )  s o lu t io n  o f  i n t e r n a l  s t a n d a r d  w a s  p r e p a r e d  in  4 0 %  (v /v )  a q u e o u s  
e t h a n o l  a n d  k e p t  a s  a  s to c k  s o lu t io n .  T h i s  w a s  t h e n  m ix e d  w i th  th e  
s t a n d a r d  s o lu t io n s  1 : 1 0 0  p r io r  t o  i n j e c t i o n .  T h e  A r a k  s a m p le s  w e re  
l ik e w is e  m ix e d  1 0 0 :1  w i t h  i n t e r n a l  s t a n d a r d  s to c k  s o lu t io n  b e f o r e  d i 
r e c t  i n j e c t i o n  f o r  g as  c h r o m a to g r a p h ic  a n a ly s is .

T h e  c h r o m a to g r a m  r e c o r d in g s  w e r e  e v a l u a te d  b y  m e a s u r in g  p e a k  
h e ig h ts  f r o m  t h e  lo c a l  b a s e l in e  f o r  p r o p a n o l ,  i s o b u t a n o l  a n d  a m y l  a lc o 
h o l ,  w i t h  r e s p e c t  t o  t h e  h e ig h t  o f  t h e  i n t e r n a l  s t a n d a r d  p e a k .  T h e  r e 
c o r d e d  r e s p o n s e  v e rs u s  c o n c e n t r a t i o n  w a s  l in e a r  f o r  a ll  t h e  a lc o h o ls  
s tu d i e d  w i th in  t h e  r a n g e  o f  c o n c e n t r a t i o n s  u s e d .

Methanol determination
M e th a n o l  w a s  d e t e r m in e d  b y  t h e  A O A C  m e t h o d  ( 1 9 7 0 ) .  A b s o r b 

a n c e  o f  s a m p le s  w a s  m e a s u r e d  in  a  B a u s c h  a n d  L o m b  S p e c t r o n ic  2 0  
s p e c t r o p h o t o m e t e r .  E f f i c i e n t  d i s t i l l a t i o n  o f  A r a k  s a m p le s  b e f o r e  a n a ly 
s is  w a s  f o u n d  n e c e s s a ry  in  o r d e r  t o  s e p a r a te  c o m p le t e l y  t h e  a lc o h o l  
f r a c t i o n  f r o m  a n e t h o l e  w h ic h  w a s  f o u n d  t o  in t e r f e r e  w i t h  c o lo r  d e v e l
o p m e n t  w h e n  c h r o m o t r o p ic  a c id  w a s  a d d e d .

Amino acid analysis
S a m p le s  o f  g ra p e  ju i c e  u s e d  f o r  t h e  p r e p a r a t i o n  o f  A r a k  w e re  f r e e z e  

d r ie d  a n d  a s s a y e d  f o r  t h e i r  a m in o  a c id  c o n t e n t  b y  g a s  l i q u id  c h r o m a to g 
r a p h y  a c c o r d i n g  t o  t h e  m e t h o d  o f  G h e r k e  e t  a l.  ( 1 9 6 8 ) .  D o w e x  5 0  -  X , 
H + f o r m  w a s  u s e d  a s  t h e  io n  e x c h a n g e  r e s in  a n d  t r a n e x a m ic  a c id  w a s  
u s e d  a s  a n  i n t e r n a l  s t a n d a r d .

Preparation of Arak
T h r e e  lo c a l  v a r ie t ie s  o f  V itis  v in ife r a  (M irw a h i ,  M ik sa s i a n d  O b e id i)  

s e rv e d  a s  t h e  s o u rc e  o f  j u i c e  s a m p le s  u s e d  in  th i s  s t u d y .  T h e s e  g ra p e  
v a r ie t ie s  a r e  c o m m o n ly  u s e d  b y  c o m m e r c ia l  d is t i l le r s  f o r  t h e  m a n u f a c 
t u r e  o f  A r a k  in  L e b a n o n .  T h e  ju i c e  w a s  f i l t e r e d  t h r o u g h  a  d o u b le  la y e r  
o f  c h e e s e c lo th  a n d  h e ld  a t  3 0 ° C  f o r  7 - 1 0  d a y s  t o  a l lo w  c o m p le te  
f e r m e n t a t i o n  o f  t h e  g r a p e  s u g a rs  a s  j u d g e d  b y  m e a s u r e m e n t s  w i t h  a b r ix  
h y d r o m e t e r .  T h e  f e r m e n te d  ju i c e  w a s  t h e n  d i s t i l l e d  a n d  t h e  p r o o f  o f  
t h e  a l c o h o l  d i s t i l l a te  a d ju s t e d  t o  4 0 °  b y  th e  a d d i t i o n  o f  d i s t i l l e d  w a te r .  
T o  e v e r y  5 0 0  m l o f  t h e  d i l a t e d  a l c o h o l ,  2 5 g  o f  a n is e e d  w e re  a d d e d  a n d  
t h e  m i x t u r e  d is t i l l e d  a g a in . T h e  “ h e a d ”  f r a c t i o n  c o n s i s t in g  o f  t h e  f i r s t  
1 2  m l o f  d i s t i l l a te  w a s  d i s c a r d e d  a n d  t h e  fo l l o w in g  85  m l  w e r e  c o l le c te d  
a n d  d i lu t e d  w i th  w a te r  t o  p r o o f  1 1 0 °  a n d  u s e d  a s  A r a k  s a m p le s .

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

F I G U R E  1 s h o w s  a  g a s  c h r o m a t o g r a m  o f  a  t y p i c a l  s a m p l e  o f  
L e b a n e s e  A r a k .  O f  t h e  9  p e a k s  a p p e a r i n g  i n  m o s t  c h r o m a t o 
g r a m s ,  5  w e r e  t e n t a t i v e l y  i d e n t i f i e d  b y  t h e i r  r e t e n t i o n  t i m e s  

w h e n  c o m p a r e d  w i t h  p u r e  r e f e r e n c e  c o m p o u n d s .  T h e  c o m 
p o u n d  e m e r g i n g  i n  p e a k  9  h a d  t h e  s a m e  r e t e n t i o n  c h a r a c t e r i s 
t i c s  o f  a n e t h o l e ,  t h e  m a j o r  c o m p o n e n t  o f  a n i s e  o i l .

T h e  r e s u l t s  o f  t h e  q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t h e  v a r i o u s  
a l c o h o l s  i n  A r a k  a r e  p r e s e n t e d  i n  T a b l e  1 . M e t h y l  a l c o h o l  
w h i c h  is  p r i m a r i l y  p r o d u c e d  d u r i n g  f e r m e n t a t i o n  b y  t h e  d é 
m é t h y l a t i o n  o f  p e c t i n s ,  i s  v e r y  t o x i c  f o r  h u m a n  c o n s u m e r s  
( R o e ,  1 9 5 5 ) .  T h e  v a r i a t i o n  i n  t h e  l e v e l  o f  t h i s  a l c o h o l  a m o n g  
t h e  d i f f e r e n t  s a m p l e s  t e s t e d  m a y  b e  d u e  t o  d i f f e r e n c e s  i n  t h e  
d i s t i l l a t i o n  t e c h n i q u e s  e m p l o y e d  b y  c o m m e r c i a l  d i s t i l l e r s .  
M e t h y l  a l c o h o l  i s  t h e  m o s t  v o l a t i l e  c o m p o n e n t  o f  t h e  f u s e l  
a l c o h o l s  a n d  e f f i c i e n t  f r a c t i o n a l  d i s t i l l a t i o n  o f  f e r m e n t e d  f r u i t s  
c a n  r e d u c e  i t s  l e v e l  a p p r e c i a b l y .  T h e  l e v e l s  o f  l o n g e r  c h a i n  
a l c o h o l s  v a r i e d  c o n s i d e r a b l y  b e t w e e n  t h e  s a m p l e s  a n a l y z e d .  
A l t h o u g h  d i f f e r e n c e s  i n  t h e  f e r m e n t a t i o n  c o n d i t i o n s  s u c h  a s  
t e m p e r a t u r e ,  a e r a t i o n  a n d  y e a s t  s t r a i n  d o  a f f e c t  t h e  f o r m a t i o n
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Table 1—Methanol and fusel oil content of Arak8

Sample
No. Proof

Methanol 
(ppm, v/v)

Propanol
(ppm)

Isobutanol
(ppm)

Amyl alcohol 
(ppm)

1 86 90 0 0 0
2 106 180 0 0 0
3 99 60 210 135 86
4 97 220 171 84 277
5 101 200 202 296 394
6 101 150 94 155 410
7 103 380 101 98 422
8 102 230 187 104 437
9 100 60 131 205 422

10 108 480 104 168 609
11 106 400 135 265 679
12 100 490 244 357 759
13 93 370 182 355 765
14 100 300 190 338 867
15 111 750 184 377 990
16 106 500 150 438 1246

a Sam ples were purchased Ilo ca lly  and represented all the m ajor
b rands o f  com m erc ia l m anufacturers.

Table 2—Analysis of juice and Arak prepared from local grape 
varieties

Grape
variety

Fusel oil content (ppm)
Precursor amino acids in 

juice (% w/v)a

Amyl
Propanol Isobutanol alcohol Valine Leucine Isoleucine

Miksasi
Mirwahi
Obeidi

72 572 1558 
113 424 1085 
64 77 362

0.075 0.085 0.060 
0.075 0.075 0.055 
0.085 0.075 0.060

a V a lin e  is the  precursor o f isobutano l and leuc ine  and iso leuc ine  
p roduce  active and isoam yl a lcoho ls, respectively.

Fig. 1—Chromatogram o f an Arak sample. Peak no. 3 is ethanol; no. 
4, propanol; no. 5, isobutanol; and no. 6, amyl alcohol. Packed 
column 6 ft x  2.2 mm i.d. filled with Carbowax 20 M  (15% by wt) 
on chromosorb W, 80-100 mesh. Starting temperature 60° C pro
grammed to 150°C at 6°C/min. Final temperature maintained for 8 
min.

o f  f u s e l  o i l s  ( G u y m c n ,  1 9 7 2 ) ,  t h e  d i s t i l l a t i o n  t e c h n i q u e  r e 
m a i n s  t h e  m o r e  i m p o r t a n t  f a c t o r  t h a t  c o n t r o l s  t h e  l e v e l  o f  
t h e s e  a l c o h o l s  i n  t h e  f i n a l  p r o d u c t .  A c c o r d i n g  t o  G u y m o n
( 1 9 7 2 ) ,  w h e n  h i g h l y  e f f i c i e n t  r e c t i f y i n g  c o l u m n s  a r e  u s e d  a n d  
i f  t h e  p r o o f  o f  t h e  a l c o h o l  d i s t i l l a t e  c o l l e c t e d  i s  1 9 0  o r  a b o v e ,  
s u c h  d i s t i l l a t e  w i l l  b e  a l m o s t  v o i d  o f  f u s e l  o i l s  r e g a r d l e s s  o f  t h e  
s o u r c e  o f  t h e  f e r m e n t i n g  m a t e r i a l .  I t  i s  s u s p e c t e d  t h a t  s o m e  
m a n u f a c t u r e r s  h a v e  d e v i a t e d  f r o m  t h e  p r o c e d u r e  d e s c r i b e d  
a b o v e  f o r  t h e  p r e p a r a t i o n  o f  A r a k ,  a n d  h a v e  u t i l i z e d  h i g h  

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

T h e  l e v e l s  o f  h i g h e r  a l c o h o l s  p r e s e n t  i n  A r a k  p r e p a r e d  f r o m  
v a r i o u s  L e b a n e s e  g r a p e  v a r i e t i e s  u n d e r  l a b o r a t o r y  c o n d i t i o n s  
a r e  s h o w n  i n  T a b l e  2 .  T h e  a m i n o  a c i d  p r e c u r s o r s  o f  t h e  h i g h e r  

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

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

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

i n  v a r i o u s  s a m p l e s  o f  g r a p e  j u i c e  ( A y r a p a a ,  1 9 7 1 ) .
T h e  r e s u l t s  o f  t h i s  s t u d y  i n d i c a t e  t h a t  t h e  f u s e l  o i l  a n d  

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

a n d  b y  t h e  t e c h n i q u e  u s e d  f o r  d i s t i l l a t i o n .
S i n c e  c o n s i s t e n c y  i n  f l a v o r  a n d  q u a l i t y  o f  t h e  f i n a l  p r o d u c t  

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

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

a l c o h o l i c  b e v e r a g e .
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IN T R O D U C T IO N

C O M M E R C I A L  P R O D U C T I O N  o f  m u s c a d i n e  g r a p e s  (  V i t i s  
r o t u n d i f o l i a  M i c h x . )  h a s  i n c r e a s e d  r a p i d l y  i n  t h e  P i e d m o n t  a n d  
C o a s t a l  P l a i n  o f  N o r t h  C a r o l i n a .  T h e  p r i n c i p a l  m a r k e t  o u t l e t  
f o r  t h e s e  g r a p e s  i s  i n  t h e  m a n u f a c t u r e  o f  s w e e t ,  w h i t e  s p e c i a l t y  

w i n e s  c o n t a i n i n g  u n d e r  1 4 %  o f  a l c o h o l  b y  v o l u m e .  A  s m a l l e r  
q u a n t i t y  o f  f o r t i f i e d  w h i t e  d e s s e r t  w i n e  is  a l s o  p r o d u c e d .  F o r  

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

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

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

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

Grape cultivars
F r u i t s  o f  s ix  b la c k - s k in n e d  c u l t iv a r s  w e re  h a r v e s te d  a t  t h e  C e n t r a l  

C ro p s  R e s e a r c h  S t a t i o n ,  C la y to n ,  N .C . ,  a n d / o r  a t  t h e  S a n d h i l l s  A g r i
c u l tu r a l  R e s e a r c h  S t a t i o n ,  J a c k s o n  S p r in g s ,  N .C .,  in  t h e  y e a r s  1 9 6 8  
th r o u g h  1 9 7 2 .  H u n t  a n d  N o b le  w e r e  t e s t e d  a t  b o t h  l o c a t io n s  f o r  5  y r ;  
A lb e m a r le  a t  b o t h  l o c a t io n s  f o r  4  y r ;  T a r h e e l  a t  C la y to n ,  N .C . ,  f o r  4  y r ;  
M a g o o n  a n d  T h o m a s  a t  C la y to n ,  N .C .,  f o r  3 y r .  E a c h  c u l t iv a r  w a s  
h a r v e s te d  w h e n  j u d g e d  t o  b e  a t  o p t i m u m  r ip e n e s s  b y  v is u a l  o b s e r v a t i o n  
a n d  r e f r a c t o m e t e r  t e s t s  f o r  s u g a r  c o n c e n t r a t i o n  o f  f r e e - r u n  ju ic e  o f  
b e r r y  s a m p le s .

A f te r  h a rv e s t in g ,  1 6 - 5 0  k g  c o m p o s i t e  f r u i t  s a m p le s  o f  e a c h  c u l t iv a r  
w e re  t r a n s p o r t e d  t h e  s a m e  d a y  to  t h e  P la n t  P r o d u c t s  L a b . ,  D e p t ,  o f  
F o o d  S c ie n c e ,  N .C .S .U . ,  a n d  e i t h e r  p r o c e s s e d  im m e d ia te ly  o r  h e ld  
u n d e r  1 .7 ° C  r e f r ig e r a t i o n  f o r  a  m a x im u m  o f  4  d a y s  p r i o r  t o  p ro c e s s in g .  

Wine production
G ra p e s  w e re  c r u s h e d  w i t h  a  s m a l l  r o l l e r  c r u s h e r - s t e m m e r  u n i t .  T h e  

m u s ts  w e re  t r e a t e d  w i th  1 0 0  p p m  S 0 2 in  t h e  f o r m  o f  p o ta s s iu m  m e ta 
b i s u l f i t e  a n d ,  a f t e r  3 h r ,  i n o c u la t e d  w i t h  1%  (v /v )  o f  a n  a c t iv e ly  f e r 
m e n t in g  p u r e  c u l tu r e  o f  S a c c h a r o m y c e s  c e r e v is ia e  M o n t r a c h e t  s t r a in  
(N o . 5 2 2 ) .  V ig o ro u s  f e r m e n t a t i o n  w a s  u n d e r w a y  in  2 4  h r  w i th  a l l  s a m 
p le s .  F e r m e n t a t i o n  w a s  a l lo w e d  t o  p r o c e e d  o n  th e  s k in s  a t  2 1 ° C  a n d  th e  
g ra p e s  w e re  m ix e d  s e v e ra l  t im e s  d a i ly  t o  f a c i l i t a t e  p ig m e n t  e x t r a c t i o n .

M u sts  w e re  l ig h t ly  p r e s s e d  a b o u t  4  d a y s  a f t e r  i n i t i a t i o n  o f  f e r m e n t a 
t i o n  w h e n  p ig m e n t  e x t r a c t i o n  w a s  j u d g e d  v i r t u a l ly  a t  a  m a x im u m  f o r  
m o s t  c u l t iv a rs .  S u g a r  le v e ls  o f  t h e  m u s t s  w e re  a d ju s t e d  t o  2 1 °  B r ix  w i th  
s u c r o s e  as b a s e d  o n  t h e  o r ig in a l  ° B r ix  o f  t h e  m u s t  p r io r  t o  i n o c u la t i o n  
w i th  y e a s t .  M u s ts  w e re  a m e l io r a t e d  w i th  2 1 °  B r ix  s u c r o s e  s i r u p  b a s e d  
o n  t h e  t o t a l  t i t r a t a b l e  a c i d i t y  o f  t h e  m u s t  a f t e r  f e r m e n t a t i o n  o n  th e  
s k in s  f o r  t h e  4  d a y  p e r io d .  T h e  fo l lo w in g  s c h e d u le  w a s  u s e d :

Total acidity of must 
(g/100 ml)

Amelioration 
(% by wt)

< 0 .7 6 0 0  0
0 .7 6 0 0  to  0 .8 0 9 9  1 0
0 .8 1 0 0  to  0 .9 5 9 9  15
0 .9 6 0 0  to  1 .0 9 9 9  2 0
1 .1 0 0  a n d  h ig h e r  25

W in e s  w e r e  f e r m e n te d  to  d r y n e s s  ( <  0 .2 5 %  r e d u c in g  s u g a r )  a t  2 1 ° C  
in  2 - t o  5 -g a l g la ss  c a r b o y s  f i t t e d  w i t h  f e r m e n t a t i o n  lo c k s .  A f te r  s e t 

t l in g ,  w in e s  w e re  r a c k e d  in t o  c le a n  g la ss  c a r b o y s  a n d  s to r e d  a t  1 2 .8 ° C  fo r  
s e v e ra l  m o n th s .  T h e  c a r b o y s  w e r e  t r a n s f e r r e d  to  - 3 ° C  r e f r ig e r a t e d  s t o r 
a g e  f o r  5  w k  to  p r e c ip i t a t e  a rg o ls  ( in s o lu b le  p o t a s s iu m  b i t a r t r a t e  c ry s 
ta ls )  a n d  to  e n c o u r a g e  n a tu r a l  c la r i f i c a t i o n  o f  t h e  w in e .  W in e s  w e re  
r a c k e d  i n t o  c le a r , g la ss  c a r b o y s  a n d  r e t u r n e d  t o  s to r a g e  a t  1 2 .8 ° C .  
A p p r o x im a te ly  1 y r  a f t e r  c o m p le t io n  o f  f e r m e n t a t i o n ,  t h e  w in e s  w e re  
t r e a t e d  w i th  2 0  p p m  o f  S 0 2 , f i l t e r e d  u n d e r  n i t r o g e n  t h r o u g h  a  M illi- 
p o r e  f i l t e r  u n i t ,  f i l le d  i n t o  1 /5  g a l  w in e  b o t t l e s  a n d  c o r k e d .  W in e s  w e re  
b o t t l e - a g e d  a t  1 2 .8 ° C  f o r  a t  le a s t  6 m o n t h s  b e f o r e  b e in g  o r g a n o le p t ic a l 
ly  e v a l u a t e d  a n d  s u b je c t e d  t o  c h e m ic a l  a n d  p h y s ic a l  a n a ly s is .

Analytical tests
T h e  fo l lo w in g  d e t e r m in a t io n s  w e r e  m a d e  in  d u p l ic a te  o n  f i l t e r e d  

g r a p e  ju i c e  s a m p le s  o r  w in e  s a m p le s :  ° B r ix  b y  t a b l e  r e f r a c t o m e t e r ;  p H  
v a lu e  b y  g la ss  e l e c t r o d e  p H  m e te r ;  t o t a l  t i t r a t a b l e  a c i d i ty  a s  t a r t a r i c  a c id  
b y  t i t r a t i o n  to  p H  8 .2  w i t h  0 .1 N  N a O H ; %  a l c o h o l  b y  v o lu m e  b y  
im m e r s io n  r e f r a c t o m e t e r  w i th  d i s t i l l a t i o n  (A m e r in e ,  1 9 6 5 ) ;  e x t r a c t  b y  
im m e r s io n  r e f r a c t o m e t e r  o f  t h e  d e a l c o h o l i z e d  s a m p le  (A m e r in e ,  1 9 6 5 ) ;  
t a n n in  b y  t h e  P R O  m e th o d  (A m e r in e ,  1 9 6 5 ) .  C o lo r  w a s  e v a lu a te d  as 
t h e  t r i s t im u l u s  v a lu e s  u s in g  a  D  2 5  s p h e r e  H u n te r l a b  C o lo r  a n d  C o lo r  
D i f f e r e n c e  M e te r  b y  th e  m e t h o d  o f  R o b in s o n  e t  a l .  ( 1 9 6 6 ) .  In  tr i -  
s t im u lu s  c o lo r  v a lu e s ,  “ L ”  is  l ig h tn e s s  w h e r e  0  is b l a c k  a n d  1 0 0  is  w h i te .  
S a t u r a t i o n  is  ( a 2 +  b 2 y /'2 a n d  is  p r o p o r t i o n a l  t o  t h e  s t r e n g th  o f  th e  
c o lo r .  H u e  is  e x p re s s e d  a s  t h e  h u e  a n g le ,  6 ( a r c c o t .  0 =  a / b ) .  T h e  ra n g e  
o f  0 - 6 0 °  is  e q u iv a l e n t  t o  a  c o lo r  c h a n g e  o f  v io le t  r e d  t o  o r a n g e .

O r g a n o le p t i c  e v a lu a t io n s  w e re  m a d e  o n  t h e  w in e s  b y  a  t e c h n ic a l  
p a n e l  c o m p o s e d  o f  8 - 1 2  . u d g e s  e x p e r i e n c e d  in  e v a lu a t in g  m u s c a d in e  
w in e s  a n d  o t h e r  w in e s .  P r e s e n ta t i o n  o f  s a m p le s  w a s  r a n d o m iz e d  a n d  a ll  
s a m p le s  w e re  i d e n t i f i e d  b y  c o d e  o n ly .  T a s t in g s  w e re  d o n e  in  t h e  e v e n 
in g s  a n d  1 0  s a m p le s  w e re  e v a l u a te d  a t  o n e  s i t t in g .  W in e s  w e re  p r e s e n te d  
in  6  o z  c le a r  w in e  g la ss e s  a n d  w e re  s e rv e d  a t  a  t e m p e r a tu r e  o f  1 2 .8 ° C .  
E v a lu a t io n s  w e re  r e c o r d e d  u s in g  a  s t a n d a r d  s c o r e  c a r d  w h ic h  w a s  a  
m o d i f i c a t i o n  o f  t h e  o n e  d e s c r ib e d  b y  A m e r in e  e t  a l .  ( 1 9 7 2 ) .  E v a lu 
a t i o n s  w e re  m a d e  o n  i m p o r t a n t  s a m p le  a t t r i b u t e s ,  e a c h  w o r t h  a  g iv e n  
n u m b e r  o f  p o in t s .  M a x im u m  n u m b e r e d  p o i n t s  f o r  a  w in e  is  2 0 .  T h e  
d i s t r i b u t i o n  o f  p o in t s  is :

Sample attribute
A p p e a r a n c e  
C o lo r  
A r o m a  
F la v o r  
A c id  
S u g a r
A s t r in g e n c y  
G e n e r a l  q u a l i ty

Max no. points
2
2
4
3 
2 
1 
2
4  

20

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

S T A T I C T I C A L  A N A L Y S I S  o f  d a t a  s h o w e d  t h a t  w i t h i n  a  g i v e n  
y e a r  a n d  a t  t h e  s a m e  l o c a t i o n ,  v i r t u a l l y  a l l  p a r a m e t e r s  m e a s 
u r e d  o n  b o t h  m u s t s  a n d  w i n e s  w e r e  s i g n i f i c a n t l y  d i f f e r e n t  ( P  <
0 . 0 1 )  w h e n  i n d i v i d u a l  c u l t i v a r s  w e r e  c o m p a r e d .  H o w e v e r ,  
s e a s o n a l  v a r i a t i o n s  w e r e  v e r y  l a r g e  f o r  a  g i v e n  c u l t i v a r .  T h e r e 
f o r e ,  t h e  d a t a  i n  T a b l e s  1 a n d  2  a r e  p r e s e n t e d  w i t h o u t  n o t a 
t i o n s  o f  s t a t i s t i c a l  s i g n i f i c a n c e .  T h e s e  t a b l e s  s u m m a r i z e  t h e  
t o t a l  d a t a  o b t a i n e d  o n  e a c h  c u l t i v a r  a t  e a c h  l o c a t i o n  o v e r  t h e
3 — 5  y r  t e s t  p e r i o d .  B o t h  t h e  m e a n  v a l u e  a n d  t h e  r a n g e  f o r  
i n d i v i d u a l  p a r a m e t e r s  a r e  g i v e n .  T h e  a u t h o r s  b e l i e v e  t h i s
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fo r m a t a c c u r a te ly  in d ic a te s  th e  v a r ia b ility  in  f ie ld  sa m p le s  
w h e n  th e y  are o b ta in e d  o v er  a p e r io d  o f  years.

T h e  m u sc a d in e  c u ltiv a rs la c k e d  su f f ic ie n t  sugar to  m ak e  
b a la n ce d  an d  sta b le  w in e s  (T a b le  1 ). L a ck  o f  s u f f ic ie n t  sugar is 
a c o m m o n  o c c u r r e n c e  fo r  grap es g r o w n  in  th e  E astern  U n ite d  
S ta te s . T h e r e fo r e , sugar (su c r o se )  w as a d d ed  t o  a ll m u sts  in  
ord er  to  in c re a se  th e  sugar c o n te n ts  to  2 1 °  B rix . A lb e m a r le  
averaged  th e  h ig h e s t  sugar c o n te n t  ( 1 6 .2 4 °  B r ix )  and H u n t th e  
lo w e s t  ( 1 4 .5 1 °  B r ix ) w h ile  sugar c o n te n ts  o f  th e  m u sts  o f  th e  
o th e r  cu ltiv a rs w ere  sim ilar  (ca . 1 5 °  B r ix ).

T o ta l  t itr a ta b le  a c id ity  o f  th e  fresh  m u sts  o f  A lb e m a r le , 
N o b le  a n d  T a rh eel w ere  lo w e r  th a n  fo r  m u sts  o f  th e  o th e r  
c u ltiv a rs a n d  lo w e r  th a n  d esira b le  fo r  w in e  m a n u fa c tu r e  (T a b le
1 ). T o ta l  t itr a ta b le  a c id ity  o f  0 .5%  or h ig h er  is u su a lly  req u ired  
as w in e s  w ith  t o o  l it t le  a c id ity  te n d  to  h a v e  a f la t  ta s te . H o w 
ever , a fte r  f e r m e n ta t io n  o n  th e  sk in s  fo r  4  d a y s , c o n s id e r a b le  
in c r e a se  in  titr a ta b le  a c id ity  r esu lted  (T a b le  1 ). T h e  largest

in c re a se s  o c cu rr ed  w ith  A lb e m a r le  (1 6 7 % ) an d  w ith  N o b le  
(9 5 % ). In  c o n tr a s t  to  g rap es o f  V. v in ife ra  sp e c ie s ,  t h e  sk in s  o f  
m u sc a d in e  grapes are th ic k  a n d  to u g h . F u r th e r m o r e , a d is t in c t ,  
th ic k  la y e r  o f  tis su e  is f ir m ly  b o u n d  to  th e  sk in . T h e  c o m b in a 
t io n  o f  sk in  an d  a tta c h e d  t is su e  la y e r  c o n s t i tu te  th e  “ h u ll” o f  
th e  m u sca d in e  grape. T h e  pu lp  o f  th e  grap e  is fo u n d  d ir e c t ly  
u n d e r n e a th  th e  h u ll. A p p a r e n tly  th e  h u lls  o f  m u s c a d in e s  c o n 
ta in  a p p re c ia b le  a m o u n ts  o f  a c id  w h ic h  are r e le a se d  in to  th e  
fe r m e n tin g  w in e . A fte r  f e r m e n ta t io n  o n  th e  sk in s  a n d  p ress in g , 
m o st  m u sts  w ere  h ig h  e n o u g h  in  a c id ity  t o  req u ire  a m e lio r a 
t io n  w ith  2 1 °  B r ix  sugar sirup  in  o rd er  t o  r e d u c e  th e  to ta l  
a c id ity  o f  th e  f in ish e d  w in e s  t o  p a la ta b le  le v e ls  (ca . <  0 .8 % ). 
H o w e v er , N o b le  an d  T a rh ee l averaged  c o n s id e r a b ly  le ss  a c id  
th a n  th e  o th e r  fo u r  c u ltiv a rs a lth o u g h  th e ir  a c id  c o n te n t s  w e re  
w e ll a b o v e  th e  m in im u m  a c c e p ta b le  va lu e .

A lc o h o l  a n d  e x tr a c t  v a lu e s  fo r  all th e  w in e s  w ere  w ith in  an  
a c c e p ta b le  range fo r  red  ta b le  w in e s  (T a b le  2 ) .  A lc o h o l  c o n -

Table 1—Composition of the musts of six black-skinned cultivars of Vitis rotundifolia IVIichx.3

Cultivar

Determination Albemarle Hunt Magoon Noble Tarheel Thomas

°Brix Avg 16.24 14.51 15.28 15.12 15.02 15.18
Range 15.30-17.45 13.40-16.00 14.80-16.35 13.15-16.40 13.25-17.80 14.30-16.35

pH Avg 3.47 3.28 3.28 3.46 3.47 3.30
Range 3.40-3.69 3.15-3.50 3.15-3.40 3.40-3.70 3.22-3.80 3.15-3.50

Total acidity Avg 0.368 0.628 0.788 0.392 0.453 0.750
(g/100 ml) Range 0.316-0.468 0.443-1.312 0.511-1.091 0.279-0.629 0.366-0.595 0.495-1.000

Intermediate total Avg 0.983 1.053 1.125 0.765 0.743 0.965
acidity*3 (g/100 ml) Range 0.908-1.129 0.839-1.391 1.094-1.141 0.698-0.869 0.704-0.818 0.923-1.125

Increase in total Avg 167 68 45 95 64 29
acidity (%) Range 105-206 51-131 5-123 38-171 19-106 12-94

a The number of yr and location(s) for which each cultivar was tested are specified under Materials & Methods, 
b on the lightly pressed juice after fermentation in the presence of the skins for 4 days

Table 2—Chemical composition, color specification and wine score for wines from six black-skinned cultivars of Vitis rotundifolia Michx.3

Determination

Cultivar

Albemarle Hunt Magoon Noble Tarheel Thomas

pH Avg 3.19 3.09 2.97 3.29 3.44 3.04
Range 3.00-3.35 2.92-3.35 2.95-3.00 3.14-3.37 3.20-3.63 2.85-3.15

Total acidity Avg 0.750 0.776 0.860 0.687 0.700 0.771
(g/100 ml) Range 0.650-0.801 0.641-0.890 0.790-0.929 0.632-0.771 0.645-0.724 0.751-0.801

Alcohol Avg 13.3 13.7 12.2 12.7 12.4 12.2
(by vol) Range 12.4-13.9 12.6-13.9 12.5-13.2 12.5-13.8 12.6-12.9 12.6-13.3

Extract Avg 2.24 2.35 2.07 2.35 2.39 2.35
(g/100 ml) Range 2.08-2.33 2.08-2.58 1.90-2.20 2.23-2.53 2.32-2.43 2.33-2.69
Tannins Avg 78 125 74 208 271 100
(mg/100 ml) Range 74-84 61-106 68-78 165-236 204-320 74-136
"L" value Avg 60.1 44.3 62.0 24.9 17.5 58.9

Range 54.8-68.0 35.4-66.9 57.1-66.9 21.7-32.0 10.8-25.6 57.7-61.2
Saturation Avg 45.3 55.0 49.9 55.4 47.6 53.1

Range 35.5-52.0 32.5-64.5 43.4-56.6 52.3-61.2 36.41-60.8 49.3-57.6
Hue Avg 39.1 24.6 36.0 17.6 14.6 36.8

Range 38.0-46.2 23.5-31.3 31.6-41.4 16.6-19.6 13.0-16.2 34.4-37.8
Wine score Avg 9.7 11.8 10.3 16.8 15.8 11.1

Range 7.2-13.4 5.3-16.0 9.7-11.3 14.9-19.2 13.6-17.2 10.5-12.0

a The  num ber o f y r and location(s) fo r  w h ich  each cu ltiva r was tested are spec ified  under M ateria ls &  M ethods.
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te n t is la rg e ly  a fu n c t io n  o f  th e  a m o u n t  o f  sugar a v a ila b le  to  
th e  y e a st  c e lls  du rin g  fe r m e n ta t io n . In th e  ca se  o f  m u sca d in e  
cu ltivars, f in a l a lc o h o l c o n te n t  o f  th e  w in e  can  b e  c o n tr o lle d  
b y  th e  a m o u n t o f  sugar a d d ed  to  co rr ec t  fo r  sugar d e f ic ie n c ie s  
in  th e  m u sts. E x tr a c t is  a r o u g h  m ea su re  o f  th e  “ b o d y ”  o f  a 
w in e , th e  h igh er  th e  e x tr a c t  v a lu e  th e  h ea v ier  th e  b o d y  o f  th e  
w in e .

C o lo r  is an  im p o r ta n t  a ttr ib u te  o f  red  w in e s  an d  a g o o d  red , 
ru b y red or  p u rp le  red c o lo r  is d e s ir a b le . O f th e  s ix  cu ltivars  
te s te d , o n ly  N o b le  an d  T a rh ee l a lw a y s  y ie ld e d  w in e s  h avin g  
desirab le  c o lo r  ch a r a c te r ist ic s . W ith  th e  e x c e p t io n  o f  o n e  sa m 
p le  o f  H un t in  1 y r  (w h ic h  y ie ld e d  a w in e  o f  b o r d e r lin e  c o lo r  
a c c e p ta b il ity ) ,  th e  o th e r  fo u r  c u ltiv a rs a lw a y s  y ie ld e d  w in e s  
havin g v a r io u s o ra n g e , o r a n g e -b r o w n  or  b r o w n  d isc o lo r a t io n s .  
B eca u se  th e y  p r o d u c e  w in e s  h av in g  p o o r  an d  u n s ta b le  c o lo r  
ch a ra cter istic s , A lb e m a r le , H u n t, M a g o o n  and T h o m a s  are n o t  
r e c o m m e n d e d  fo r  red  w in e  p r o d u c tio n .

T h e  w in e s  h av in g  d esira b le  c o lo r  c h a r a c te r is t ic s , i .e . ,  th o s e  
fro m  N o b le  and T a rh ee l, averaged  m u c h  lo w e r  “ L ” an d  h u e  
v a lu e s  th a n  th o s e  w in e s  h a v in g  p o o r  c o lo r  (T a b le  2 ) .  T h e  c o lo r  
o f  m u sca d in e  w in e s  is d u e  p r im a rily  to  th e  p r e se n c e  o f  a n th o -  
c y a n in  p ig m e n ts , sp e c if ic a lly  th e  3 ,5 -d ig lu c o s id e s  o f  m a lv id in , 
p e o n id in , p e tu n id in , c y a n id in  a n d  d e lp h in id in  (B a llin g e r  e t  a l.,
1 9 7 3 ) .  F u r th e rm o r e , g o o d  red  w in e  c o lo r  in  m u sc a d in e s  is 
a p p a ren tly  a sso c ia te d  w ith  large a m o u n ts  o f  m a lv id in -3 ,5 -d i-  
g lu c o s id e  and p o o r  w in e  c o lo r  w ith  sm a ller  or  tra ce  a m o u n ts  
(N e sb it t  e t a l., 1 9 7 4 ) .  A m o re  d e ta ile d  s tu d y  c o n fir m e d  th e  
im p o r ta n c e  o f  m a lv id in -3 ,5 -d ig lu c o s id e  an d  a lso  in d ic a te d  th at  
p e tu n id in -3 ,5 -d ig lu c o s id e  c o n tr ib u te d  s ig n if ic a n t ly  to  g o o d  red  
w in e  c o lo r  in  m u sca d in e  w in e s  (B a llin g e r  e t  a l., 1 9 7 4 ) .  B o th  
N o b le  an d  T a rh ee l c o n ta in  large q u a n t it ie s  o f  m a lv id in  and  
p e tu n id in -3 ,5 -d ig lu c o s id e s .

T h e  ta n n in  c o n te n ts  o f  w in e  sa m p le s  fr o m  N o b le  an d  T ar
h e e l w ere  c o n s is te n t ly  h ig h er  th a n  fo r  th e  o th e r  fo u r  cu ltiv a rs  
(T a b le  2 ) . T h is is e x p e c te d  as ta n n in  is m o r e  a c c u r a te ly  re
p o r te d  as “ tan n in  a n d  c o lo r in g  m a tte r ”  (A m e r in e , 1 9 7 2 )  and  
N o b le  and T arh eel c o n ta in  m o re  c o lo r in g  m a tte r  th a n  th e  
o th e r  cu ltivars te s te d  as sh o w n  b y  th e ir  lo w e r  “ L”  v a lu es  
(T a b le  2 ). T a n n in  c o n te n t  in  a f in ish e d  w in e  in  e x c e s s  o f  a b o u t  
2 5 0  m g /1 0 0  m l te n d s  to  m a k e  a w in e  e x c e s s iv e ly  a s tr in g en t.

T a n n in  c o n te n t  can  b e  m o st  e f fe c t iv e ly  c o n tr o lle d  b y  red u c in g  
th e  t im e  in  c o n ta c t  w ith  th e  sk in s  du rin g  p rim ary  fe r m e n ta t io n  
a n d /o r  b y  b le n d in g  w ith  w in e s  o f  lo w e r  ta n n in  c o n te n ts .

In o r g a n o le p t ic  e v a lu a t io n s , w in e s  o f  N o b le  an d  T arh eel 
w ere  c o n s is te n t ly  ju d g ed  su p er io r  to  w in e s  o f  th e  o th e r  fo u r  
c u ltiv a rs an d  p r o d u c e d  g o o d  q u a lity  d ry  ta b le  w in e s  o f  th e  
m u sc a d in e  ty p e  (T a b le  2 ) .  O ver th e  te s t  p e r io d , w in e s  fro m  
N o b le  an d  T a rh ee l averaged  sc o r e s  o f  1 6 .8  (5  y r  avg) an d  1 5 .8  
( 4  yr  avg), r e s p e c t iv e ly . A th o u g h  w in e s  o f  th e se  cu ltivars are 
sim ila r  in  o v era ll q u a lity , N o b le  w in e s  are d is t in c t ly  “ v a r ie ta l” 
in  fla v o r  c h a r a c te r is t ic s  w h ile  w in e s  fr o m  T a r h e e l are m ore  
“ n e u tr a l.”  I t  sh o u ld  b e  n o te d , h o w e v e ,  th a t a ll o f  th e  m u sca 
d in e  w in e s  w h ic h  w e  have te s te d  are d if fe r e n t  in  f la v o r  and  
arom a c h a r a c te r is t ic s  fr o m  w in e s  o f  V itis  v in ife ra ,  V itis  labrus-  
ca  an d  F re n c h -h y b r id  cu ltivars. M u sca d in e  w in e s  have h igh  
“ fr u i ty ”  fla v o r  an d  a ro m a  n o te s  w h ic h  are d if fe r e n t  fr o m  th e  
“ f o x y ”  c h a r a c te r is t ic s  ty p ic a l  o f  w in e s  fr o m  m a n y  V. labrusca  
cu ltiv a rs.

R E F E R E N C E S

A m e rin e , M .A . 1 9 6 5 . “ L a b o ra to ry  P ro c e d u re  fo r  E n o lo g is ts .”  A ssoc. 
S tu d e n ts  S to re . D avis, C alif.

A m e rin e , M .A ., B erg, H .W . a n d  C ru ess , W .V . 1 9 7 2 . “ T h e  T e c h n o lo g y  o f 
W ine M ak in g ,”  3 rd  ed . A vi P u b . C o ., In c ., W es tp o rt , C o n n .

B allinger, W .E ., M aness, E .P ., N e sb it t ,  W .B. a n d  C arro ll, D .E . J r .  1 9 7 3 . 
A n th o c y a n in s  o f b la c k  g rap es  o f  1 0  c lo n es  o f  V itis  ro tu n d i fo lia  
M ichx . J . F o o d  Sci. 3 8 : 9 0 9 .

B allinger, W .E ., M aness, E .P ., N e s b i t t ,  W .B ., M akus, D .J .  an d  C arro ll, 
D .E . J r .  1 9 7 4 . A c o m p a ris o n  o f  a n th o c y a n in s  a n d  w in e  c o lo r  q u a lity  
in  b la c k  g rap es  o f 39  c lo n es  o f  V itis  ro tu n d i fo l ia  M ichx . J . A m er. 
S o c . H o rt. Sci. 9 9 : 3 3 8 .

N e s b it t ,  W .B ., M aness, E .P ., B allinger, W .E . a n d  C arro ll, D .E . J r .  1 9 7 4 . 
R e la tio n s h ip  o f  a n th o c y a n in s  o f  b la c k  m u sca d in e  g rap es  (V itis  r o 
tu n d ifo l ia  M ich x .) to  w ine  co lo r . A m er. J . E n o l. V itic . 2 5 : 30 . 

R o b in so n , W .B., B e r tin o , J .J .  a n d  W h itc o m b e , J .E . 1 9 6 6 . O b jective  
m e a su re m e n t an d  s p e c if ic a tio n  o f  c o lo r  in  re d  w in es. A m er. J . E n o l. 
V itic . 1 7 : 1 8 .

Ms re c e iv ed  3 /3 /7 5 ;  rev ised  5 /1 7 /7 5 ;  a c c e p te d  5 /2 0 /7 5 .__________________
P a p e r  n o . 4 6 1 3  o f  th e  J o u rn a l  S e rie s  o f  th e  N o r th  C a ro lin a  A gri

c u l tu ra l  E x p e r im e n t S ta t io n ,  R a le ig h , N C  2 7 6 0 7 .
T h e  u se  o f  tra d e  n am es  in  th is  p u b l ic a t io n  d o e s  n o t  im p ly  e n d o rs e 

m e n t b y  th e  N o r th  C aro lin a  A g ric u ltu ra l E x p e r im e n t S ta t io n  o f th e  
p ro d u c ts  n a m e d , n o r  c ritic ism  o f  s im ila r o n e s  n o t  m e n tio n e d .

T h e  te c h n ic a l  a ss is tan ce  o f  L u la  S . P a sch a l a n d  J o h n  B. E arp  is 
g ra te fu lly  a ck n o w le d g e d . A p p re c ia t io n  is given  to  M r. H e rb e rt J .  K irk  
fo r  ad v ice  a n d  a ss is tan ce  in  s ta t is t ic a l  an a ly sis  o f  d a ta .



D. R. PETRUS, R. L. H U G G A R T  and M. H. D O U G H ER TY  

State o f Florida Department o f Citrus, Lake Alfred, FL  33850

CORRELATION OF CAROTENOID V IS IBLE  ABSORBANCE AND  
NUM ERICAL COLOR SCORE OF ORANGE JUICE

IN T R O D U C T IO N

P R O D U C T  C O L O R  h as a p r o fo u n d  e f fe c t  o n  c o n su m e r  p re fer 
e n c e s  an d  p u rch a ses  o f  oran ge  ju ic e s  and r e la ted  p r o d u c ts . A  
c o n su m e r  su rv ey  (C E C O , 1 9 6 5 )  rev ea led  th a t th e  c o lo r  o f  
ora n g e  ju ic e s  or  o ra n g e  d r in k s d ir e c t ly  in f lu e n c e d  th e  c o n 
su m e r s ’ o p in io n  c o n c e r n in g  fla v o r, b o d y , sw e e tn e s s  and o th e r  
c h a r a c te r is t ic s  a sso c ia te d  w ith  th e  q u a lity  o f  th e se  p r o d u c ts .  
T h e  im p o r ta n c e  o f  c o lo r  as a q u a lity  fa c to r  is e v id e n t  in  th a t it 
is in c lu d e d  in  th e  U .S . S ta n d a rd s fo r  G rad es o f  F r o z e n  C o n c e n 
tra ted  O ran ge J u ic e  (U S D A , 1 9 6 8 ) .  T h e  grad in g  sy s te m  a llo w s  
u p  to  4 0  q u a lity  p o in ts ,  o u t  o f  a to ta l  o f  1 0 0 ,  fo r  c o lo r . T h e  
im p o r ta n c e  o f  c o lo r  is  fu r th e r  in d ic a te d  in  th a t so m e  p r o c e s 
sors are n o w  p a y in g  gro w ers a p rem iu m  fo r  fru it h a v in g  h ig h  
in te rn a l c o lo r .

T h e  c o lo r  o f  o ra n g e  ju ic e  var ies fr o m  p a le  y e l lo w  fo r  early  
se a so n  v a r ie tie s  to  d e e p  ora n g e  fo r  la te  se a so n  v a r ie tie s . P revi
o u s ly ,  c o lo r  had  b e e n  sc o r ed  v isu a lly  b y  c o m p a r in g  th e  ora n g e  
ju ic e  sa m p le s  w ith  U S D A  p la stic  c o lo r  sta n d a rd s (U S D A ,
1 9 6 3 ) .  A s a resu lt o f  th e  w o r k  o f  H uggart and W en zel ( 1 9 5 5 ) ,  
H uggart e t al. ( 1 9 6 6 )  an d  H u n ter  ( 1 9 6 7 ) ,  th e  H u n ter  C itrus  
C o lo r im e te r  is u sed  e x c lu s iv e ly  to  d e te r m in e  th e  c o lo r  sc o r es  
o f  F lo r id a  p r o c essed  oran ge  ju ic es .

T h e  in v e s t ig a t io n s  o f  c a r o te n o id  p ig m e n ts  in  c itru s fru its  
are m a n y  and c o m p le x .  M ost m e th o d s , su ch  as th o s e  o f  H igb y
( 1 9 6 2 ) ,  B e n k  ( 1 9 6 1 )  an d  T in g  ( 1 9 6 1 )  req u ire  e x tr a c t io n  and  
se p a r a tio n  o f  th e  c a r o te n o id s  and in v o lv e  p r o c e d u r e s  req u ir in g  
a ser ie s  o f  o p e r a t io n s . T in g  ( 1 9 6 1 )  in v e stig a te d  th e  r e la tio n sh ip  
b e tw e e n  to ta l  c a r o te n o id  c o n te n t  and c o lo r  o f  o ra n g e  c o n c e n 
tra tes and o b ta in e d  a c o e f f ic ie n t  o f  c o r r e la tio n  o f  + 0 .9 0 3 .  
F ran cis ( 1 9 6 9 )  r ev iew ed  th e  w o r k  o f  m a n y  o th e r  in v e stig a to rs  
w h o  s tu d ie d  th e  r e la tio n sh ip  b e tw e e n  p ig m e n t c o n te n t  and  
c o lo r  o f  v a r io u s  fr u its  and v e g e ta b le s .

P etru s and D o u g h e r ty  ( 1 9 7 3 )  r ep o rte d  o n  th e  v is ib le  and  
u ltr a v io le t  a b s o r p t io n  c h a r a c te r is t ic s  o f  a lc o h o lic  so lu t io n s  o f  
o ra n g e  ju ic e s . T h e y  o b ser v e d  th a t a b s o r p t io n  cu rves fo r  each  
v a r ie ty  w ere  s im ila r  an d  v is ib le  a b so r p tio n  in te n s ity  in crea sed  
as th e  H a m lin  an d  P in ea p p le  v a r ie tie s  m a tu red . T h e  v is ib le  
a b so rb a n c e  o f  V a le n c ia  varied  o n ly  s lig h t ly  w ith  m a tu r ity .  
A b so r p t io n  in te n s ity  a lso ’ in c re a se d  in  th e  ord er  o f  H am lin  to  
P in ea p p le  t o  V a le n c ia .

T h is  s tu d y  w as u n d e r ta k e n  to  d e te r m in e  th e  r e la t io n sh ip  
b e tw e e n  th e  v is ib le  a b so r p tio n  o f  a lc o h o lic  so lu t io n s  o f  oran ge  
ju ic e s  and th e ir  c o lo r  sc o r e s  as d e te r m in e d  b y  th e  H u n ter  
C itrus C o lo r im e te r .

E X P E R IM E N T A L

J u ic e  s a m p le  p r e p a r a t i o n

A n  a p p r o x im a te  3 0 0 0 - lb  f r u i t  s a m p le  e a c h  o f  H a m lin  (O c t .  t o  
M a rc h ) ,  P in e a p p le  (D e c .  t o  A p r i l ) ,  a n d  V a le n c ia  ( F e b .  t o  J u n e )  o r a n g e s  
w a s  h a r v e s te d  a t  2 -w k  in te rv a ls  d u r in g  t h e  1 9 7 3 - 7 4  s e a s o n . E a c h  s a m 
p le  w a s  w a s h e d ,  g r a d e d  a n d  d iv id e d  i n t o  r a n d o m  lo t s .  E a c h  l o t  w a s  t h e n  
e x t r a c t e d  b y  tw o  ty p e s  o f  c o m m e r c ia l  e x t r a c t o r s  (E x -1  a n d  2 )  a n d  a n  
o f f ic ia l  S t a t e  t e s t  h o u s e  (E x -3 )  e x t r a c t o r  ( S t a t e  o f  F lo r id a  D e p t ,  o f  
C i t r u s  R e g u la t io n s ,  1 9 7 0 ) .  E a c h  t y p e  o f  c o m m e r c ia l  e x t r a c t o r  w a s  s e t  
to  g iv e  a  s o f t  s q u e e z e - s o f t  f in i s h  a n d  a  h a r d  s q u e e z e - h a r d  f in i s h  ju ic e .  
A ll ju ic e s  w e r e  im m e d ia t e ly  h e a t  s t a b i l i z e d  ( 9 0 .6 ° C  f o r  a p p r o x im a te ly

2 8  s e c ) ,  r a p id ly  c o o le d  to  6 - 8° C , c a n n e d  a n d  s to r e d  a t  0 ° C .  T h e s e  
ju ic e s  w e re  p r e p a r e d  b y  p e r s o n n e l  o f  t h e  F lo r id a  D e p t ,  o f  C i t r u s  a n d  
A g r ic u l tu r a l  R e s e a r c h  &  E d u c a t io n  C e n t e r  f o r  t h e  J u i c e  D e f in i t i o n  
P r o g ra m  i n i t i a t e d  in  1 9 7 0  b y  t h e  S t a t e  o f  F lo r id a  D e p a r t m e n t  o f  C i t r u s  
( A t t a w a y  a n d  C a r t e r ,  1 9 7 1 ;  A t t a w a y  e t  a l . ,  1 9 7 2 ) .

P r e p a r a t i o n  o f  a lc o h o l ic  s o lu t io n  f o r  
s p e c t r o p h o t o m e t r i c  a n a ly s e s

A  v o lu m e  o f  t h e  j u i c e  s a m p le  w a s  d i lu t e d  w i th  a n  e q u a l  v o lu m e  o f  
w a te r  a n d  5 m l o f  t h e  d i l u t e d  j u i c e  w e re  m a d e  t o  5 0  m l w i t h  a b s o l u t e  
a lc o h o l .  T h e  a lc o h o l ic  s o lu t io n  w a s  p la c e d  in  t h e  d a r k  u n t i l  t h e  f lo c c u -  
l e n t  p r e c ip i t a t e  f o r m e d .  T h e  p r e c ip i t a t e  w a s  r e m o v e d  b y  c e n t r i f u g a t i o n  
to  o b t a i n  a  c r y s t a l  c le a r  s o lu t io n .

A  C o le m a n  M o d e l  1 2 4  R e c o r d in g  S p e c t r o p h o t o m e t e r  w a s  u s e d  to  
s c a n  t h e  c le a r  a l c o h o l ic  s o lu t io n  f r o m  6 0 0 - 2 0 0  n m .  A  9 0 %  e th a n o l  
s o lu t io n  w a s  u s e d  a s  t h e  r e f e r e n c e .  S in c e  o n ly  t h e  v is ib le  a b s o r p t i o n  is 
t o  b e  d is c u s s e d ,  o n ly  t h a t  p o r t i o n  o f  t h e  s p e c t r a  w i l l  b e  p r e s e n te d .

T o  o b t a i n  t h e  v is ib le  a n d  u l t r a v io l e t  a b s o r p t i o n  f r o m  t h e  s a m e  a l c o 
h o l ic  s o lu t io n  n e c e s s i t a t e d  a  1 :2 0  d i l u t i o n  o f  t h e  o r a n g e  j u i c e .  T h e  
d i lu t i o n  r e s u l t e d  in  a  w e a k  v is ib le  a b s o r b a n c e  w h ic h  w a s  t h e n  c o m p e n 
s a te d  f o r  b y  r e c o r d e r  s c a le  e x p a n s io n .  T h e r e f o r e ,  i f  o n e  w is h e s  t o  in 
v e s t i g a te  o n ly  t h e  v is ib le  p o r t i o n  o f  t h e  s p e c t r u m  5  m l  o f  o r a n g e  ju ic e  
s h o u ld  b e  m a d e  to  5 0  m l w i th  a b s o lu t e  a lc o h o l .  T h e  r e s u l t s  w e r e  o b 
s e rv e d  t o  o b e y  B e e r ’s la w .

C o lo r  s c o r e  m e a s u r e m e n t

T h e  H u n te r  C i t r u s  C o lo r im e te r  w a s  u s e d  t o  m e a s u r e  t h e  C R  a n d  C Y  
c o lo r  c o m p o n e n t s  o f  t h e  s in g le  s t r e n g th  o r a n g e  ju i c e  s a m p le s .  T h e  c o lo r  
s c o re  (C S )  w a s  t h e n  c a l c u la te d  f r o m  th e  e q u a t i o n :  C S  =  2 2 .1 5 0  +  0 .1 6 5  
C R  +  0 .1 1 1  C Y  ( S ta t e  o f  F lo r id a ,  D e p t ,  o f  C i t r u s ,  1 9 7 2 ) .

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

T H E  A U T H O R S  p o in t  o u t  th a t th e  a b so rb a n c e  d a ta  an d  c o lo r  
sc o r e  data  w ere  in v e st ig a te d  in d e p e n d e n t ly  w ith  d if fe r e n t  g o a ls  
or o b je c tiv e s . T h ere  w as n o  p rior  a g r ee m en t fo r  a c o r r e la t io n  
s tu d y .

T y p ic a l v is ib le  a b so r p tio n  sp ec tra  o f  a lc o h o lic  s o lu t io n s  o f  
h e a t s ta b iliz e d  m a tu re  H am lin  (H ) , P in ea p p le  (P ) an d  V a le n c ia  
(V )  oran ge  ju ic e s  are sh o w n  in  F igu re  1. A b so r p t io n  m a x im a

Fig. 1 —Visible absorption 
spectra o f solutions 
o f Hamlin (H), Pineapple 
(P) and Valencia (VI 
orange juices.
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w ere o b serv ed  at 4 6 5 ,  4 4 3  an d  4 2 5  n m . A  s lig h t ly  b road  sh o u l
der w as a lso  o b serv ed  at a b o u t  3 9 5 - 3 9 8  n m . T h e  m a x im a  
w ere in a c co r d a n ce  w ith  p r e v io u s  in v e s t ig a t io n s  (P e tr u s  and  
D o u g h e r ty , 1 9 7 3 ) .  It is e v id e n t  fro m  th e  sp ec tra  th a t a b 
so rb a n ce  in crea sed  in th e  o r d e r  o f  H a m lin , P in ea p p le  and V a
len cia .

F igu re 2 is  th e  v is ib le  a b so r p tio n  sp e c tr u m , o f  a s o lu t io n  o f  
V a le n c ia  sh o w in g  th e  a b so rb ed  and tr a n sm itte d  w a v e le n g th s  as 
th e y  a p p ly  to  ora n g e  ju ic e . C o lo rs are se e n  b y  m e a n s o f  e ith er

Fig. 2— Visible absorption 
spectrum, o f a solution 
o f Valencia orange juice, 
showing the absorbed and 
transmitted colors as 
they apply to orange 
juice. Absorbed colors: 
violet (V), blue (B), green- 
blue (GB) and blue-green 
(BGI. Transmitted colors: 
yellow green (YG), yellow 
(Y), orange (O) and red (R).

y = (.0404) x - 1.1886

Fig. 3-Correlation o f the sums o f absorption (£ abs.) intensities 
and color scores o f the combined data obtained from the various 
extractors and finisher settings.

Table 1— Correlation of carotenoid visible absorbance with color 
score

Coefficient %

Correlation3 Detm Sinking pulp

Extractor1* r r2 Min Max

Ex-1 a 0.989 0.979 7.0 15.0

Ex-1b 0.996 0.992 8.0 18.5

Ex-2a 0.991 0.981 6.0 14.5

Ex-2b 0.992 0.984 10.5 22.0

Ex-3 0.983 0.967 11.0 23.5

a Resu lts s ign ifican t at the 1.0% level 
b E x tra c to r  setting: a = so ft squeeze-soft fin ish; b 

hard fin ish; 3 = State test house extractor.
= hard squeeze-

tr a n sm itte d  or  r e f le c te d  lig h t. I f  w h ite  lig h t p asses th r o u g h  a 
m e d iu m  w h ic h  a b so rb s so m e  w a v e le n g th s  an d  is tran sp aren t  
w ith  r e sp e c t to  cer ta in  w a v e le n g th s , th e n  th e  m e d iu m  appears  
c o lo r e d  to  th e  e y e . S in ce  o n ly  th e  tr a n sm itte d  w a v es reach  th e  
e y e , th e ir  w a v e len g th s  d ic ta te  th e  c o lo r  o f  th e  m e d iu m . T his  
c o lo r  is sa id  to  b e  c o m p le m e n ta r y  to  th e  c o lo r  b e in g  a b so rb ed . 
F rom  F igu re  2 it  can  be se e n  th a t fr o m  4 0 0  to  4 3 5  n m  v io le t  
(V )  lig h t is a b so rb ed  p e r m itt in g  a q u a n t ity  o f  th e  c o m p le m e n 
tary  c o lo r  y e llo w -g r e e n  (Y G ) to  b e  tr a n sm itte d  or r e f le c te d  to  
th e  e y e . F ro m  4 3 5 - 4 8 0  .n m  b lu e  (B )  is a b so rb ed  and y e llo w
(Y )  is se e n . F ro m  4 8 0 - 4 9 0  n m  g r ee n -b lu e  (G B ) is ab sorb ed  
and oran ge  (O ) is o b serv ed  and fro m  4 9 0 - 5 0 0  n m  b lu e-green  
(B G ) is a b so rb ed  an d  red (R )  is o b ser v e d . T h e  p r e ce d in g  a n a lo 
gy  o f  th e  V a le n c ia  v a r ie ty  w o u ld  a lso  a p p ly  to  th e  H am lin  and  
P in ea p p le  v a r ie tie s . A s :h e  se a so n  p ro g resses  fo r  e a ch  v a r ie ty  
or, as F igu re 1 revea ls , fro m  H am lin  to  P in ea p p le  to  V a len c ia , 
th e  a b so rb a n c e  in crea ses. T h is  in c re a se  in  a b so r p tio n  rem o v es  
m ore  and m o re  o f  th e  e f fe c t  o f  th e  a b so rb ed  c o lo r  (v io le t ,  
b lu e , e t c . )  o n  th e  c o m p le m e n ta r y  c o lo r , a llo w in g  m o re  o f  th e  
pure c o lo r s  to  b e  tr a n sm itte d  or  r e f le c te d  to  th e  e y e .  T h e  
in te r a c t io n  o f  :h e se  c o m p le m e n ta r y  c o lo r s  th e n  g ive  orange  
ju ic e  its  c h a r a c te r ist ic  c o lo r . S in c e  “ to ta l  a b so r b a n c e ” sh o u ld  
be r e la ted  to  tr a n sm itta n c e  or  r e f le c ta n c e , it  ap p ea red  rea so n a 
b le  to  c o rr e la te  th e  su m  o f  th e  c a r o te n o id  a b so rb a n c e  at 4 6 5 ,  
4 4 3  and 4 2 5  n m  w ith  th e  c o lo r  sc o r e  o b ta in e d  w ith  th e  H u n t
er C itru s C o lo r im e ter .

C o r re la tio n s  o f  c a r o te n o id  v is ib le  a b so rb a n c e  w ith  co lo r  
sc o r e  are lis te d  in  T a b le  1. T h e  c o r r e la t io n s  c o v e r  a range o f  
oran ge  ju ic e  sa m p le s  o f  v a ry in g  ° B r ix , p e r ce n t s in k in g  p u lp , 
m a tu r ity , v a r ie ty  and e x tr a c t io n  p r o c ed u r es . F ro m  th e  ta b le  it 
can be  se e n  th a t th e  c o e f f ic ie n t s  o f  c o r r e la t io n  and d e te r m i
n a tio n  w ere h ig h  c o n s id e r in g  a ll th e  var iab les m e n t io n e d  
a b o v e . T h e  m in im u m  ar.d m a x im u m  p e r ce n t s in k in g  p u lp , o b 
ta in e d  fo r  e a ch  e x tr a c to r  th r o u g h o u t  th e  se a so n , h as b e e n  in 
c lu d e d  to  illu s tra te  th a t th e  a m o u n t  o f  p u lp  p r e se n t d id  n o t  
ap p ear  to  e f fe c t  th e  c o r r e la tio n s . T h e  r esu lts  w ere  s ig n if ica n t  
at th e  1% lev e l.

F igu re  3 is  a p lo t  o f  th e  su m  o f  a b so r p tio n  in te n s it ie s  
a ga in st c o lo r  sc o r e  o f  th e  c o m b in e d  d a ta  o b ta in e d  fro m  the  
va r io u s e x tr a c to r s  and e x tr a c to r  se tt in g s . T h e  r esu lts  sh o w  a 
c o e f f ic ie n t  o f  c o r r e la tio n  r =  0 .9 7 3  an d  a c o e f f ic ie n t  o f  d e 
te r m in a tio n  rev ea lin g  th a t 9 4 .7 %  o f  th e  v a r ia tio n  in  th e  su m  o f  
a b so rb a n c e  is a sso c ia te d  w ith  v a r ia tio n  in  c o lo r  sc o r e . T h e  
r esu lts  w ere  s ig n if ic a n t at th e  1% le v e l.

C O N C L U S IO N S

A  SIM P L E  P R O C E D U R E  u tiliz in g  a lc o h o lic  so lu t io n s  o f  or
ange ju ic e s  has b e e n  u sed  to  in v e s t ig a te  th e  v is ib le  a b so rp tio n  
ch a r a c te r ist ic s  o f  th e se  ju ic es .

T h e  r esu lts  sh o w e d  ;h a t th e  c a r o te n o id  v is ib le  ab sorb an ce  
in crea sed  w ith  m a tu r ity  an d  v a r ie ty , H a m lin  h a v in g  th e  w ea k 
est an d  V a le n c ia  h avin g  th e  s tr o n g e s t  a b so r p tio n .

It h as b e e n  sh o w n  w h a t c o lo r s  are a b so rb ed  b y  th e  c a ro te 
n o id s  an d  w h a t e f fe c t  th is  a b so r p tio n  m a y  have o n  th e  trans
m itta n c e  or  r e f le c ta n c e  o f  th e  c o m p le m e n ta r y  c o lo r s . T h e  
stro n g er  th e  a b so r p tio n  th e  less  w ill be its  in te r fe r in g  e f fe c t  on  
th e  c o m p le m e n ta r y  c o lo r s , a llo w in g  m o re  c o lo r  to  rea ch  th e  
e y e  or  to  b e  r e c o r d e d  n u m er ica lly  as c o lo r  sc o r e .

T h e  c o r r e la tio n  o f  th e  su m  o f  c a r o te n o id  a b so rb a n c e  w ith  
c o lo r  sc o r e  are sh o w n  to  b e  h ig h  (s ig n if ic a n t  at th e  1% lev e l)  
regard less o f  e x tr a c to r  ty p e  o r  s e t t in g  an d  f in ish e r  se tt in g . 
S a m p les o f  v a ry in g  °B r:x , p e r ce n t s in k in g  p u lp , m a tu r ity  and  
v a r ie ty  d id  n o t  ap p ear to  e f fe c t  th e  c o r r e la t io n . T h e  c o e f f i 
c ie n t  o f  c o r r e la t io n  w as r = 0 .9 7 3  or  g rea ter  w ith  a c o e f f ic ie n t  
o f  d e te r m in a tio n  o f  r2 =  0 .9 4 7  o r  grea ter .

T h e  p r o c ed u r e  m a y  b e u t i l iz e d  b y  m em b ers  o f  th e  c itru s  
in d u str y  to  m o n ito r  p r o d u ct q u a lity  w ith  e x is t in g  e q u ip m e n t  
or in e x p e n s iv e  in s tr u m e n ta t io n  w h ic h  is a v a ilab le .
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EPICUTICULAR WAX ON THE JUICE SACS OF C ITRUS FRUITS: 
A POSSIBLE ADH ESIVE  IN THE FRUIT SEGMENTS

IN T R O D U C T IO N

O N E  O F T H E  M A IN  P R O B L E M S  in  th e  p rep a ra tio n  o f  c itru s  
fru it se g m e n ts  fo r  ca n n in g  or fr e e z in g  is th e  lo ss  o f  th e ir  c o m 
p a ct f in e  m a c ro str u c tu r a l o r g a n iz a tio n . It is  w e ll k n o w n  th a t  
th e  q u a lity  o f  th e  c a n n e d  g r a p e fru it d e p e n d s , a m o n g  o th e r  
criter ia , o n  th e  p e r c e n ta g e  o f  b r o k e n  s e g m e n ts  (U .S . S ta n d 
ards, 1 9 7 3 ) .  T h e  q u a lity  sta n d a rd  refers  to  th e  f in ish e d  p r o d 
u c t  o n ly . A d d it io n a l se r io u s  d am age  t o  th e  raw  m a ter ia l m a y  
o c cu r  during early  sta g e s  o f  p r o c ess in g  (b e fo r e  c a n n in g , du rin g  
p ee lin g  and r em o v a l o f  th e  s e g m e n t “ s k in ” ) and c o n t in u e  
th r o u g h o u t  th e  p r o c e ss in g  o p e r a t io n s  du rin g  e x h a u s t in g  and  
p a ste u r iz a tio n , and e v en  th r o u g h  gra v ity  la b e lin g . R e su lts  o f  a 
su rvey  m ad e  in  severa l fa c to r ie s  in  Israel, as w e ll as o u r  e x p e r i
m e n ts , in d ic a te  th a t th e  lo s s  o f  gra p efru it se g m e n ts  as a resu lt  
o f  b reak age  and d is in te g r a t io n  a lo n g  th e  p r o c e ss in g  lin e  can  
a m o u n t to  2 0 —50%  o f  th e  to ta l  w e ig h t  o f  s e g m e n ts  p r o c essed .  
It w as sh o w n  (L e v i, 1 9 7 2 )  th a t str u c tu r a l d am age to  th e  p e e le d  
se g m en ts  te n d s  to  b e  h ig h er  a t th e  b e g in n in g  o f  th e  h arvest  
sea so n  and in  over-r ip e  fru its . H o w e v er , n o  e x p la n a t io n  w as  
o ffe r e d  as to  a n y  b io lo g ic a l  or a g r o te c h n ic a l fa c to r s  w h ic h  
m igh t have an e f fe c t  o n , or  in c re a se  th e  d a m a g e  to , th e  in 
teg r ity  o f  p e e le d  c itru s fr u its  se g m e n ts .

T h e c itru s fru it d e v e lo p s  fr o m  a sy n c a r p o u s  g y n e e c iu m  w ith  
axia l p la c e n ta t io n . T h e  fru it lo c u le s  are f ille d  w ith  sta lk e d  
sp in d le -sh a p ed  ju ic e  sacs. T h e se  sacs d e v e lo p  fr o m  c e lls  o f  th e  
in n er  e p id e rm is  and su b e p id e r m a l la y er s  o f  th e  p er ica rp , i .e .,  
fro m  th e  e n d o c a r p . E a ch  ju ic e  sac  c o n s is ts  o f  an e x te r n a l la y er  
o f  e lo n g a te d  ep id e rm a l c e lls  w h ic h  e n c lo s e  large , th in -w a lle d  
ju ic e  ce lls , f h e  ju ic e  sacs o f  e a c h  lo c u le  a d h ere  to  e a c h  o th e r ,  
and fo r m —to g e th e r  w ith  e n d o c a r p s  c f  e a ch  c a r p e l—th e  fru it  
seg m en t (S c h n e id e r , 1 9 6 8 ;  F a h n  e t  a l., 1 9 7 4 ) .  In fo r m a tio n  
regarding th e  fa c to r s  r e sp o n s ib le  fo r  th e  p r e se rv a tio n  o f  th e  
c o m p a c t f in e  m a c ro str u c tu r e  o f  th e  c itru s fru it se g m e n ts  in  
gen era l, and o f  g r a p e fru its  in  p a rticu la r , c o u ld  lea d  to  im 
p roved  m e th o d s  o f  h a n d lin g  and p r o c ess in g , an d  to  c o n s id e r 
ab le  sav ings b o th  in  raw  m a ter ia l and in  p r o d u c t io n  c o sts . T h e  
first rep ort o f  a s tu d y  m ad e  b y  th e  p r e se n t a u th o rs , o f  th e  
fa c to rs r esp o n s ib le  fo r  a d h e s io n  o f  th e  ju ic e  sacs o f  e a c h  seg 
m en t, w as b a sed  m a in ly  o n  m o r p h o lo g ic a l m e th o d s . T h e  re
su lts led  u s to  su g g est  th a t th e  b in d in g  a g en t is an e p ic u tic u la r  
w ax (F a h n  e t a l., 1 9 7 4 ) .

T h e  p resen t s tu d y  in c lu d e d  an in v e s t ig a t io n  o f  th e  u ltra 
stru ctu re  o f  c itr u s  se g m e n ts . T o  o b ta in  in fo r m a tio n  r e la ted  to  
th e  in ter-ju ice  sa cs area ( in c lu d in g  th e  e p id e rm a l r eg io n  o f  th e  
ju ice  sa c s) , c h e m ic a l a n a ly se s  o f  l ip id s e x tr a c te d  fr o m  th e  o u t 
er su rface  o f  th e  ju ic e  sa cs , and te s ts  o f  th e  d is in te g r a t io n  rate  
o f  c itru s se g m en ts  p la c e d  u n d e r  c o n d it io n s  w h ic h  p r o m o te  d is
in te g r a tio n , w ere  carried  o u t .

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

S E G M E N T S  w e re  o b t a in e d  f r o m  M a rsh  S e e d le s s  g r a p e f r u i t  (C. p a r a d is i  
M a c f)  a n d  S h a m o u t i  a n d  V a le n c ia  o r a n g e s  (C. s in e n s is  ( L .)  O s b e c k ) .  T h e  
f r u i t  w a s  p e e le d  a n d  th e  s e g m e n t  “ s k in ”  ( c a r p e l la r y  m e m b r a n e )  w a s  
re m o v e d  b y  h a n d .

T r a n s m is s io n  e l e c t r o n  m ic r o s c o p y  (T E M )

S e g m e n t  c ro s s  s e c t io n s  o f  a b o u t  1 - 2  m m  th ic k n e s s ,  w h ic h  c o n 
t a in e d  c ro s s  s e c t io n s  o f  3 - 1 0  ju i c e  s a c s  a l t o g e t h e r ,  w e re  h a n d c u t  u s in g  
a  r a z o r  b la d e .  T h e  m a te r ia l  w a s  f ix e d  in  3 .5 %  g lu t a r a ld e h y d e  b u f f e r e d  
w i th  0 .1 M  s o d iu m  c a c o d y la t e  (p H  6 .9 )  f o r  2 - 3  h r ,  a n d  p o s t  f ix e d  f o r  2 
h r  w i th  2%  o s m iu m  t e t r o x i d e  b u f f e r e d  a s  a b o v e .  D e h y d r a t io n  w a s  d o n e  
w i th  e th a n o l  a t  in c r e a s in g  c o n c e n t r a t i o n s  o f  3 0 ,  5 0 ,  7 0 ,  9 0  a n d  1 0 0 % . 
T h e  s e c t io n s  w e re  l e f t  f o r  15 m in  in  e a c h  s ta g e ,  a n d  f o r  a t  l e a s t  1 h r  in  
p u r e  e th a n o l .  I n  th e  a b s o l u t e  a l c o h o l ,  c o n n e c t e d  ju ic e  s a c  c ro s s  s e c t io n s  
w e re  s e p a r a t e d  v e ry  c a r e f u l ly  b y  f o r c e p s  u n d e r  a  d i s s e c t in g  m ic r o s c o p e .  
T h e  e m b e d d in g  o f  t h e  s e p a r a te d  c ro s s  s e c t io n s  w a s  d o n e  w i th  S p u r r ’s 
r e s in  (S p u r r ,  1 9 6 9 )  f o r  3 d a y s ,  a n d  p o ly m e r i z e d  a t  7 0 ° C  f o r  1 2  h r .  T h e  
e m b e d d e d  m a te r ia l  w a s  s e c t io n e d  w i th  a n  L K B  u l t r a m ic r o t o m e .  T h e  
s e c t io n s  w e re  s ta in e d  w i th  u r a n y l  a c e t a t e  a n d  le a d  c i t r a t e ,  a n d  e x 
a m in e d  in  a  P h i l ip s - 3 0 0  e l e c t r o n  m ic r o s c o p e .

S c a n n in g  e l e c t r o n  m ic r o s c o p y  (S E M )

T h e  f ix a t io n  a n d  d e h y d r a t i o n  w e re  d o n e  a s  f o r  T E M  e x c e p t  t h a t  th e  
s e c t io n s  w e re  s l ig h t ly  la rg e r  (c a .  10  x  10  x  10  m m ) ,  w i t h  8 - 1 0  ju ic e  
sac  c ro s s  s e c t io n s .  A f t e r  f i x a t i o n ,  t h e  w a x  w a s  f ix e d  o n  t h e  o u t e r  s u r 
fa c e  o f  t h e  j u ic e  s a c s ,  a n d  h e n c e  n o  d i s in t e g r a t i o n  o c c u r r e d .  S e c t io n s  
w e re  h e ld  in  a b s o lu t e  e t h a n o l  u n t i l  t h e y  w e re  c o a t e d  w i t h  g o ld  in  a 
r o t a t i n g  v a c u u m  e v a p o r a t o r .  B e f o re  a p p ly in g  v a c u u m , t h e  s e c t io n s  o f  
a d ja c e n t  j u i c e  sac s  w e re  s e p a r a te d  b y  f o r c e p s  a n d  n e w ,  c le a n  a n d  u n 
d a m a g e d  o u t e r  s u r f a c e s  o f  t h e  c u t ic le  o f  t h e  in n e r  j u i c e  s a c s  w e re  e x 
p o s e d .  P ie c e s  c o n ta in in g  1 - 5  j u i c e  s a c s  a l t o g e t h e r  w e re  p la c e d  o n  th e  
S E M  s tu b s ,  s o  t h a t  t h e i r  o u t e r  s u r f a c e s  w e re  e x p o s e d  to  o b s e r v a t io n  in  a  
C a m b r id g e  S te r e o s c a n  S 4  m ic r o s c o p e .

R e m o v a l  o f  t h e  w a x y  m a te r ia l s

A b o u t  3 k g  o f  w h o le  a n d  u n d a m a g e d  p e e l e d  c i t r u s  f r u i t  s e g m e n ts  
w a s  im m e r s e d  in  c h lo r o f o r m  f o r  w a x  r e m o v a l .  N o  e v id e n c e  o f  i n t e r n a l  
e x t r a c t i o n  o r  d a m a g e  t o  t h e  j u i c e  s a c s  w a s  o b s e r v e d  b y  T E M . T h is  
p r o c e d u r e  w a s  r e p e a t e d  t h r e e  t im e s  a n d  s l ig h t  s h a k in g  w a s  a p p l ie d  fo r  
a b o u t  3 m in ,  b y  w h ic h  t im e  t h e  s e g m e n ts  h a d  d i s in t e g r a t e d  c o m p le te ly .  
A  f in a l  r in s e  w as d o n e  w i th  f r e s h  a n a l y t i c a l  c h lo r o f o r m .  T h e  s o lv e n t  
w a s  r e m o v e d  f r o m  t h e  e x t r a c t  in  a  r o t a r y  a v a p o r a t o r  a t  6 0 °  C  ( in  
v a c u o ) .

F r a c t i o n a t i o n  o f  t h e  w a x y  m a te r ia l ’ m i x t u r e

S a p o n i f i c a t i o n  a n d  d e t e r m in a t io n  o f  t h e  u n s a p o n i f ia b le  m a t te r ,  
w e re  d o n e  a c c o r d in g  to  t h e  p r o c e d u r e  o f  M o r ic e  a n d  S h o r la n d  (1 9 7 3 ) .  
0 .2 g o f  t h e  u n s a p o n i f ia b le  m a t t e r  w a s  d is s o lv e d  in  h e x a n e  (b o il in g  ra n g e  
6 7 - 7 0 ° C ,  f r e e  o f  a r o m a t i c  h y d r o c a r b o n s )  a n d  b o i le d  u n d e r  r e f lu x  fo r  
a b o u t  5 m in .  A f te r  c o o l in g ,  t h e  s o lu t io n  w a s  t r a n s f e r r e d  t o  a n  a lu m i
n u m  o x id e  (B r o c k m a n ,  a c t iv i ty  I I  o f  B D H ) c o lu m n ,  9 0  c m  lo n g  a n d  1 .2  
c m  in  d ia m e te r .  T h e  c o lu m n  w a s  r in s e d  fiv e  t im e s  w i th  1 0  m l  o f  h e x 
a n e .  T h e  s a m e  p r o c e d u r e  w a s  f o l lo w e d  w i th  b e n z e n e ,  d i e t h y l  e th e r  a n d  
2 0 %  m e t h a n o l  in  d i e t h y l  e th e r  (v /v ) .  T h e  f r a c t i o n s  o f  h y d r o c a r b o n s ,  
p r im a r y  a lc o h o ls ,  s e c o n d a r y  a lc o h o ls ,  a n d  u n i d e n t i f i e d  c o m p o n e n t s  
w e re  o b t a in e d  a c c o r d in g ly .  E a c h  f r a c t i o n  w a s  s tu d i e d  b y  th in - la y e r  
c h r o m a to g r a p h y  (T L C ) .  H y d r o c a r b o n s  w e r e  a n a ly z e d  b y  g as  c h r o m a 
to g r a p h y  (G L C ) , u s in g  a  V a r ia n  A e r o g r a p h  s e r ie s  2 4 0 0 ,  w i th  f la m e  
io n i z a t io n  d e t e c t o r ,  o n  a  SS  c o lu m n  o f  3 %  S E  3 0  o n  1 0 0 / 1 2 0  V a r-A - 
P o r t  3 0 .

T h in - la y e r  c h r o m a to g r a p h y

T L C  w a s  d o n e  a c c o rd in g  t o  H o l lo w a y  a n d  C h a l l in  ( 1 9 6 6 ) .  S il ic a  
g e l-G  p r e c o a t e d  p l a t e s  w e re  u s e d .  T h r e e  s o lv e n t  s y s te m s  w e re  u s e d :  
b e n z e n e  { c h lo r o fo rm  ( 3 :7  v /v ) ;  b e n z e n e  { c h lo r o fo rm :  e th y l  a c e t a t e
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( 1 : 2 : 2  v /v /v ) ;  a n d  b e n z e n e : a c e t i c  a c i d : m e t h a n o l  ( 4 5 : 8 : 2  v /v /v ) .  S e v e ra l  
s p o t s ,  e a c h  w i th  5 0 - 1 0 0  Mg o f  w a x y  m a te r ia l ,  w e re  a p p l ie d  t o  th e  
p la te s .  D e te c t io n  w a s  d o n e  w i th  a  R h o d a m in e - 6 G  s p ra y .  O b s e r v a t io n  
w a s  d o n e  u n d e r  U V  l ig h t  o f  3 6 5  n m  a n d  2 5 4  n m .

Disintegration tests
O n e  p e e l e d  c i t r u s  f r u i t  s e g m e n t  w a s  im m e r s e d  in  1 0 0  m l o f  o n e  o f  

v a r io u s  s o lv e n ts  in  a  2 5 0 -m l  E h r l e n m e y e r  f la s k ,  w h ic h  w a s  s h a k e n  g e n t 
ly  u n d e r  c o n t r o l l e d  s h a k in g  a n d  t e m p e r a t u r e  c o n d i t i o n s .  T h e  t im e  r e 
q u i r e d  f o r  c o m p le t e  d i s in t e g r a t i o n  o f  t h e  s e g m e n t  w a s  m e a s u r e d .  T h e  
s o lv e n ts  u s e d  w e re  c h lo r o f o r m ,  e t h a n o l ,  x y le n e ,  h e x a n e ,  b e n z e n e ,  d i 
e t h y l  e th e r  a n d  w a te r .  S a m p le s  im m e r s e d  in  1 0 0  m l o f  w a te r  in  a  2 5 0  
m l E h r l e n m e y e r  f la s k  w e re  s h a k e n  a t  v a r io u s  t e m p e r a tu r e s  ( r o o m  t e m 
p e r a t u r e ,  5 0 ° ,  6 0 ° ,  7 0 ° ,  8 0 °  a n d  9 0 ° C ) a n d  a t  d i f f e r e n t  c o n t r o l l e d  
s h a k in g  in t e n s i t i e s .  D is in te g r a t io n  b y  f r e e z in g  w a s  s tu d ie d  a t  v a r io u s  
r a te s  o f  f r e e z in g  b y  l i q u id  N  in  a  b io lo g ic a l  f r e e z e r  a p p a r a t u s  ( U n io n  
C a r b id e ) ,  a n d  b y  F r e o n - 1 2  in  a  l a b o r a t o r y  f r e e z e r .

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

T H E  C IT R U S  S E G M E N T  is n a tu ra lly  c o m p a c t . U n d er  cer ta in  
c o n d it io n s ,  and  fo l lo w in g  th e  r em o v a l o f  its  “ s k in ” e n v e lo p e ,  
lo s s  o f  th e  s e g m e n t ’s f in e  m a c ro str u c tu r e  can  o c c u r . T h is  w o r k  
d e m o n s tr a te s  th e  fa c t  th a t b o th  th e  c h e m ic a l n a tu re  and te m 
p e ra tu re  c o n d it io n s  o f  th e  s e g m e n t ’s e n v ir o n m e n t can  a f fe c t  
th e  s e g m e n t ’s m a c ro str u c tu r e , and p r o m o te  its  d e s tr u c t io n .

E arlier s tu d ie s  o f  th e  u ltr a str u c tu re  o f  th e  ju ic e  sa c s ’ e p i
d erm a l c e lls  (F a h n  et a l., 1 9 7 4 ) ,  rev ea led  th a t th e ir  o u te r  w a lls  
are ra th er  th ic k  in  c o m p a r iso n  w ith  th e ir  o th e r  w a lls , and  ev en  
m o r e  so  in  r e la tio n  to  th e  w a lls  o f  th e  in n er  c e lls . W h en  o b 
served  th r o u g h  a d isse c tin g  m ic r o sc o p e , th e  o u te r  su r fa c e  o f  
th e  ju ic e  sac  is s m o o th  and sh in y . T E M  (F ig . 1G ) c o n firm s th e  
p r e se n c e  o f  a c u t ic le  w ith  a m o d e r a te ly  u n d u la n t  to p o g r a p h y  
(F ig . 3 D )  o f  its  o u te r  su rfa ce . T E M  revea ls  th a t at lea st part o f  
th is  d is t in c t  c u t ic le  o f  th e  ju ic e  sacs w as c o v er ed  w ith  an o sm i-  
o p h ilic  m a ter ia l. S tu d y  o f  th is  e le c tr o n  d e n se -s ta in ed  m ater ia l 
su g g ests  it to  b e  a w a x  or  w a x y  m a ter ia l. T h e  o c c u r r e n c e  o f  
w a x  se c r e t io n  o n  th e  o u te r  su rfa ce  o f  lea v e s  and fr u its  o f  m a n y  
p la n ts  is w e ll k n o w n  (M artin  and J u n ip e r , 1 9 7 0 ;  A lb r ig o ,  
1 9 7 2 a ) .  T h e  o c c u r r e n c e  o f  w a x  d e p o s its  or la y er s  in  th e  in n er  
part o f  fr u its  has n o t  b e e n  r ec o rd ed  in  th e  lite ra tu re , to  th e  
b e s t  o f  o u r  k n o w le d g e . E ven  S c h n e id er  ( 1 9 6 8 ) ,  w h e n  sta tin g  
th a t th e  ep id e rm a l c e lls  o f  th e  ju ic e  sacs “ h a v e  a w a x y  c u t ic le  
o n  th e ir  o u te r  s id e ,” d e e s  n o t  su g g est an  a c c u m u la t io n  o f  w a x  
s e c r e t io n , or a w a x  la y er  o ver  th e  o u te r  su rfa ce  o f  th e  ju ic e  
sa cs c u t ic le  in  c itr u s  fru it se g m en ts .

W ax or w a x y  la y ers w ere  fo u n d  in  th is  s tu d y  o n  th e  o u te r  
su r fa c e  o f  ju ic e  sacs in  b o th  o ran ges and g ra p efru its . In th e  
tw o  o ra n g e  v a r ie tie s  s tu d ie d —V a le n c ia  an d  S h a m o u t i—th e  
se c r e te d  w a x  w h ic h  w as o b serv ed  b y  T E M  h as b o th  a h o m o 
g e n e o u s  an d  granu lar  in te r m ix  (F ig . 1 G ). H o w e v er , in  M arsh 
S e e d le s s  g r a p e fru it  th e r e  ap p ears o n ly  a la y er  o f  h o m o g e n e o u s  
s tr u c tu r e  w ith  regu lar p r o tr u s io n s  (F a h n  e t a l., 1 9 7 4 ) .  A t so m e  
s ite s  th e  w a x  is to r n  p o s s ib ly  as a resu lt o f  m e c h a n ic a l d am age  
b y  e x te r n a l fo r c e s  w h ic h  m a y  h a v e  a c ted  du rin g  p e e lin g .

O b se r v a tio n s  w ith  th e  SEM  revea l a str u c tu r e  o f  se c re ted  
d e p o s its  on  th e  o u te r  su r fa c e  o f  th e  ju ic e  sacs o f  all c itru s fru it  
se g m en ts  s tu d ied  (F ig . 2 A , E; F ig . 3 A , D ). V a r io u s  m o r p h o lo g 
ica l p a ttern s w ere  o b serv ed  in  th e  d if fe r e n t  c itru s sp e c ie s  and  
v a r ie tie s . G en e r a lly , m o r e  th a n  o n e  fo r m  o f  w a x  s tru c tu re  w as  
fo u n d  in  th e  sam e v a r ie ty . W hen th e  tw o  ju ic e  sacs w ere  se p a 
ra ted  th r o u g h  th e  m id d le  o f  th e  w a x  la y er , rather th a n  a lon g  
th e  c u t ic le  o f  o n e  o f  th e m , th e  in te rn a l s tru c tu re  o f  th e  w a x  
la y e r  w as e x p o se d . D e ta ils  o f  th e  fo r m a t io n  o f  th e  c o n n e c t in g  
str u c tu r e s  b e tw e e n  a d ja cen t ju ic e  sacs w ill be  d iscu ssed  in  a 
se p a ra te  paper.

O ran ges
W ax se c r e t io n , in  th e  fo rm  o f  a th r e e -d im e n sio n a l m esh -  

w o rk  o f  th rea d -sh a p ed  s tr u c tu res , w a s o b serv ed  o n  th e  ju ic e  
sa cs o f  oran ge  se g m e n ts  (F a h n  et a l., 1 9 7 4 ) .  T h e  m e sh w o rk  
p a tte r n  is so m e t im e s  c o n t in u o u s , w ith  fla t  h o m o g e n e o u s  la y 

ers, b u t m a y  a lso  o c c u r  b o th  in  c o n t in u a t io n  o f  an d  in  a lter n a 
t io n  w ith  su ch  la y er s , fo r m in g  a c o m p lic a te d  s to r ie d  s tru c tu re  
o f  severa l strata  (F ig . 3 A , C ). S evera l la y er s  o f  p la te s  w ith  
irregu lar b o rd ers w ere  o b se r v e d , e sp e c ia lly  in  S h a m o u t i  o r 
an g es (F ig . 3 B );  th e y  gave th e  im p r e ss io n  th a t  th e y  m a y  h ave  
b e e n  th e  resu lt o f  break age  o f  larger sh e a th s . S o m e  o f  th e se  
str u c tu r a l p a tte rn s  are s im ilar  to  th e  w a x  la y er  o f  th e  o u te r  
su rfa ce  o f  o ra n g es (A lb r ig o , 1 5 7 2 a , b ) . C erta in  s tr u c tu r a l p a t
tern s  r e se m b le  th a t o f  th e  w a x  o f  so m e  o th e r  p la n t le a v e s , as 
d isc u sse d  b y  F a h n  e t  al. ( 1 9 7 4 ) .

G ra p efru it

W ax a c c u m u la t io n s , w ith  th r e e  m a in  ty p e s  o f  s tr u c tu r e ,  
w ere  o b ser v e d  o n  th e  o u te r  su rfa ce  o f  th e  ju ic e  sa cs o f  g ra p e
fru its:
( 1 )  C o n tin u o u s  la y ers w ith  p a p illa e -lik e  p r o tr u s io n s , w h ic h , as 

se e n  in  cro ss  s e c t io n  (F ah r. e t a l., 1 9 7 4 ) ,  w ere  lo c a l in f la 
t io n s  o f  th e  w a x  la y er , and large b iza rre-sh a p ed  p r o 
tr u s io n s  (F ig . 2 D , E ). In so m e  ca ses  th e  p a p illa e -lik e  p r o 
tr u s io n s  fo r m e d  a g g regate  s tr u c tu r e s  (P la te  2 D , E ). 
S o m e t im e s  fla t  sh ea th s  o f  w a x  o c cu rr ed  o n  to p  o f  th e  
p a p illa e -lik e  p r o tr u s io n s  (F a h n  e t  a l., 1 9 7 4 ) .

Fig. 1 —Various rates o f disintegration as a result o f controlled 
destruction conditions (segments o f Marsh Seedless grapefruit were 
used). [A —E a segment which v/as shaken for 5 min in water at 
room temp, 50-60PC, 70°Cand above 70°C, (X0.5), respectively; F  
= a segment immersed for a fe/v seconds in chloroform, (X0.5) 
(Fahn et al., 1974); G = Electron micrograph o f part o f a cross 
section o f juice sacs showing epidermal walls (W), cuticle (C), and 
epicuticular wax (Wa) in the space between the juice sacs o f Valen
cia orange, and tearing (t) region in it (X9640) (Fahn et a!., 1974).]
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(2 )  D isp ersed  g ro u p s o f  r o d -lik e  str u c tu r e s  (F ig . 2 A , B ). T h e se  
str u c tu r es  s o m e t im e s  ap p ea red  to  h a v e  m e lte d  an d  fu se d  
to  fo rm  b izarre m asses.

(3 )  A g g reg a te  c o a t in g  w h ic h  c o n s is te d  o f  su p e r im p o se d  f ib r il
lar, r o d -sh a p ed  or  th r e a d -sh a p e d  str u c tu r e s  fo r m in g  a 
c o m p lic a te d  th r e e -d im e n s io n e d  m e sh w o r k  (F ig . 2 C ). In
4 —5 -m o n th -o ld  g r a p e fru it fr u its  (a g e  fr o m  b lo sso m  t im e ) ,  
in it ia t io n s  o f  granular s tr u c tu r e  w ere  o b ser v e d , w h ic h  
c o v er  large areas o f  th e  o u te r  ju ic e  sa c s ’ su rfa ces . B e tw e e n  
th e se  areas, fla t  p la n es  w ere  fo u n d .

It is  a ssu m e d  th a t  all th e se  str u c tu r e s  in  b o th  th e  r ip e  or
an g es and g r a p e fru its , are d e r iv a tiv es  o f  th e  b a s ic  s tru c tu re  
w h ic h  ap p ears in  th e  early  sta g e  o f  th e  c itr u s  fr u it  s e g m e n t ’s 
d e v e lo p m e n t. T h e  p r e se n c e  o f  v a r io u s  fo r m s o f  s tr u c tu r es  
(p a p illa e , ro d -lik e  p r o tr u s io n s , fla t  sh e a th s , b izarre  m a sses , 
fibrillar c o n s tr u c t io n s , or  o th e r s ) ,  so m e t im e s  o n  th e  sa m e  area  
o f  th e  ju ic e  sa c  su r fa c e , m a y  b e c rea ted  as a resu lt o f  cer ta in  
p h y s ic a l c o n d it io n s  th a t  a c t o n  th e  w a x  la y er  du rin g  th e  ac
c u m u la t io n . A  m ix tu r e  o f  severa l s tr u c tu r a l ty p e s  c o u ld  be  
o b serv ed , e sp e c ia lly  w h er e  th e  w a x  s tr u c tu r e s  b e tw e e n  adja
c en t ju ic e  sacs to u c h  e a c h  o th e r , and w h er e  n o  d am age  
th r o u g h  d is lo c a t io n  o c cu rr ed . D e ta ils  r e la ted  to  th e se  o b ser v a 
t io n s  and a p o s s ib le  e x p la n a t io n  regard ing  th e  large v a r ia b ility  
o b ser v e d , w ill be  d isc u sse d  in  a sep a ra te  pap er.

T h ese  la st o b se r v a tio n s  sh o w  th a t b o th  th ic k n e s s  and s tr u c 
tu re  o f  th e  w a x  la y er  m a y  b e  in f lu e n c e d  b y  th e  a m o u n t o f  
se c r e t io n  and b y  th e  av a ila b le  sp a ces  b e tw e e n  th e  ju ic e  sacs  
th a t p e r m it w a x  a c c u m u la t io n . It is  a ssu m e d  th a t severa l fa c 
to rs, lik e  p ressu re  or  d is c o n n e c t in g  fo r c e s  arisin g  fr o m  tu rgor

p ressu re , or  d e fo r m a t io n  o f  th e  o u te r  su rfa ce  to p o g r a p h y  dur
in g  d e v e lo p m e n t  o f  th e  ju ic e  sa cs, m a y  in f lu e n c e  th e  or ig in a l 
s tr u c tu r e  o f  th e  a c c u m u la te d  w a x . S u ch  a c t io n s  m a y  resu lt in  
an in c re a se  in  w a x  d e n s ity . E x tr e m e  p ressu res m a y  p u sh  e x c e ss  
w a x  to  r e la tiv e ly  e m p ty  sp a ce  (F ig . 3 C ). T e n s io n  can  also  
c re a te  a p o r o u s  str u c tu r e  and d is c o n n e c t io n  o f  th e  c o n t in u ity  
o f  th e  w a x  la y e r  (F ig . 3 A , F ig . 1G ). S evera l p la n es  o f  w a x  w ith  
d if fe r e n t  d e n s it ie s  w ere  so m e t im e s  o b ser v e d  (F ig . 3 C ). T h is  
s itu a t io n  m a y  arise fr o m  th e  d e fo r m a t io n  o f  th e  w a x  stru c tu re  
b y  p ressu re  a c tin g  fr o m  severa l d ir e c t io n s .

A s m e n t io n e d  a b o v e , at so m e  s ite s  th e  o u te r  su rfa ce  o f  th e  
ju ic e  sacs is s m o o th  and th e  w a x  co v er  h a s n o  a p p a ren t stru c 
tu re . T h is  m a y  o c cu r  in  tw o  cases: (a )  w h e n  th e  e n tire  w a x  
la y er  is r em o v e d  and th e  c u t ic le  is e x p o s e d , w h e n  th e  ju ic e  sacs  
are sep a ra ted  fr o m  o n e  a n o th e r  (F ig . 3 A );  and (b )  w h e n  tw o  
ju ic e  sacs are sep a ra ted  m e c h a n ic a lly , an d  th e  e n tire  w a x  layer  
b e tw e e n  th e m  rem a in s a tta c h e d  to  o n e  sac  (F ig . 3 A ) . T h e  
su rfa ce  w ill ap p ear sm o o th , s in c e  o n ly  w h ere  th e  la y er  o f  w a x  
is b r o k e n  can  th e  in te rn a l str u c tu r e  o f  th e  w a x  b e  o b serv ed . 
T h e  T E M  o b se r v a tio n s  a lso  r ev ea led  th a t th e  c o n ta c t  area b e 
tw e e n  th e  o u te r  su rfa ce  o f  th e  ju ic e  sa c s’ c u t ic le  and th e  w a x  
la y e r  w as se e n  as s tr u c tu r e le ss  b u t  ra th er  s m o o th  (F ig . 1G ).

A g e  w as fo u n d  to  in f lu e n c e  th e  e s ta b lish m e n t o f  p h y sica l  
c o n ta c t  b e tw e e n  w a x  la y er s  o f  tw o  a d ja c e n t ju ic e  sacs, as su ch  
c o n ta c t  w ill o c cu r  o n ly  at a c er ta in  age o f  th e  fru it. It w as  
a ssu m e d  th a t th e  o c c u r r e n c e  o f  th e  c e m e n ta t io n  b e tw e e n  adja
c e n t  ju ic e  sacs d e p e n d s  m a in ly  o n  tw o  fa c to r s:  o u te r  su rfa ces  
o f  a d ja c e n t ju ic e  sa cs draw  c lo se r  to g e th e r  as a resu lt o f  a 
d e v e lo p m e n t  w h ic h  ca u se s  an in c re a se  in  th e ir  v o lu m e  (B a in ,

Fig. 2—Scanning electron micrographs o f 
the outer surface o f juice sacs o f Marsh 
Seedless grapefruit (Fahn et a/., 1974). (A, 
X1320; B, X7062; C, X 1 188; D, X3663).
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1 9 5 8 ) ;  and th e  se c r e t io n  o f  w a x  o n  th e  o u te r  su rfa ce  o f  th e  
c u t ic le ,  w h ic h  c o n t in u e s  a fte r  th e  a d ja c e n t ju ic e  sa cs a lready  
to u c h  o n e  a n o th er .

T h e  c o m p o s it io n  o f  th e  w a x  c o n s t i tu e n ts  o f  th e  ju ic e  sacs  

T L C  a n a ly sis  o f  c h lo r o fo r m  e x tr a c t io n  o f  ju ic e  sacs (F ig . 4 )  
e sta b lish e d  th e  p r e se n c e  o n  th e  o u te r  su r fa c e  o f  th e  ju ic e  sacs, 
o f  m a ter ia ls  c o m p o se d  o f  th e  sa m e  c o n s t i tu e n ts  as th o s e  fo u n d  
o n  th e  o u te r  su rfa ce  o f  c itru s fr u its  (S c h u lm a n  and M o n se lise ,
1 9 7 0 ) .  T h e se  m a ter ia ls  c o n ta in e d  th e  m ajor  w a x  c o n s t i tu e n ts  
o f  th e  o u te r  su rfa ce  o f  c a b b a g e  lea v e s  or  b e e ’s w a x  (H o llo w a y  
an d  C h a llin , 1 9 6 6 ;  M artin and J u n ip er , 1 9 7 0 ) .  It w a s fo u n d  
th a t th is  w a x  m a ter ia l w h ic h  w as r em o v e d  fr o m  th e  o u te r  
su r fa c e  o f  th e  ju ic e  sa cs o f  gra p efru it c o n ta in s  6 3 .2 5 %  o f  u n - 
sa p o n if ia b le  and 3 5 .5 3 %  o f  sa p o n if ia b le  m a tte r  (b y  w e ig h t) .  
T h e  u n sa p o n if ia b le  m a tter  w as d iv id ed  b y  a lu m in u m  o x id e  
c o lu m n  in to  fo u r  g rop u s: iso -  and n o rm a l p a r a ffin s , 6 4 .6 3 % ;  
p rim ary  a lc o h o ls ,  17 .2 3 % ; se c o n d a r y  a lc o h o ls ,  13 .34% ; and  
u n id e n t if ie d  m a tter , 4 .8 1 % . T h e  sa p o n if ia b le  m a tter  w a s d i
v id e d  in to  19 .9%  p e tr o l e th e r -so lu b le  fa t ty  a c id s  and 16 .63%  
p e tr o l e th e r - in so lu b le  fa t ty  a c id s ( o f  th e  to ta l  rec o v er ed  w a x ) .  
T h e  r esu lts  o f  s tu d ie s  carried  o u t  b y  F e r n a n d e z  e t al. ( 1 9 6 4 ) ,  
H o llo w a y  an d  C h a llin  ( 1 9 6 6 ) ,  M orice  and S h o rla n d  ( 1 9 7 3 ) ,  
S c h u lm a n  and M o n se lise  ( 1 9 7 0 ) ,  and M artin an d  J u n ip er
( 1 9 7 0 ) ,  o n  w a x e s  o f  lea v e s  and fr u its  o f  v a r io u s  p la n ts , are 
sim ila r  to  th o s e  o b ta in e d  b y  us fr o m  th e  c h lo r o fo r m  e x tr a c t  o f  
th e  o u te r  su rfa ce  o f  the  ju ic e  sacs. T h ere  w ere  tw o  r ea so n s fo r  
a n a ly z in g  th e  p a ra ffin s: O n e  is th a t th e  p a ra ffin s  are p r o m i

n e n t  in  w a x  o f  th e  o u te r  su r fa c e  o f  ju ic e  sa cs; and th e  se c o n d  
m o r e  im p o r ta n t  o n e , is th a t th is  g ro u p  o f  h y d r o c a r b o n s  is 
su p p o se d  to  b e  th e  m ajor m a ter ia l u sed  as an a d h es iv e  a gen t  
b e tw e e n  th e  o u te r  su r fa c es  o f  th e  ju ic e  sacs. It w as fo u n d  
b y  G L C  a n a ly sis  th a t th e  h y d r o c a r b o n s  b e tw e e n  th e  tr ic o -  
san e and th e  o c ta tr ia c o n ta n e  w ere  p r e se n t. T h e  iso -  an d  n o r 
m al tr ic o sa n e , te tr a c o sa n e  and p e n ta c o sa n e  c o n s t i tu te d  th e  
h ig h e st  re la tiv e  a m o u n t, e a ch  b e tw e e n  18% and 24%  o f  th e  
to ta l  a lk a n es. M ore d e ta ils  a b o u t  th e  c o m p o s it io n  o f  th e  w a x  
c o n s t i tu e n ts  w ill be  g iv en  in a sep a ra te  pap er. N a g y  and N o rd -  
b y  ( 1 9 7 1 ,  1 9 7 2 )  and N o r d b y  and N a g y  ( 1 9 7 1 )  a n a ly z e d  lip id  
c o n s t i tu e n ts  o f  free ze -d r ie d  p o w d e r  o f  ju ic e  sacs o f  severa l  
c itru s fru it v a r ie tie s  and sp ec ie s . F ro m  o u r  p r e se n t k n o w le d g e  
it ap p ears th a t th is  fr eeze -d r ied  p o w d e r  in c lu d e d  n o t  o n ly  
lip id s  fro m  th e  ju ic e  sa c s’ c u te r  su r fa c e , b u t a lso  fr o m  th e  
in n er  part o f  th e  ju ic e  sa cs as w e ll.

S c h n e id e r  ( 1 9 6 8 ) ,  referr in g  to  th e  w o r k  o f  D o d d  ( 1 9 4 4 )  
and D av is ( 1 9 3 2 ) ,  p r o p o sed  th a t “ o il d r o p le t s ”  or  “ d e p o s its  o f  
o i l”  m a y  o c cu r  in th e  c en tra l r eg io n  o f  th e  ju ic e  sacs. In  th e  
p r e se n t w o r k , u s in g  T E M , lip id s  w ere  fo u n d  n o t  o n ly  o n  th e  
o u te r  su rfa ce  o f  th e  ju ic e  sacs as w a x y  la y er s , b u t  in  o th e r  
r eg io n s  o f  th e  ju ic e  sac  tissu e  o f  o ra n g es and g r a p e fru its . R e la 
t iv e ly  large o sm io p h ilic  d ro p s w ere  o b ser v e d  in v a r io u s  p a rts  o f  
th e  c e ll , in  th e  in n er  c en tra l r eg io n  o f  th e  ju ic e  sa c , g e n e r a lly  in  
th e  p la stid es  and th e  c y lo p la sm a , and a lso  b e tw e e n  th e  p lasm a-  
lem a  an d  th e  w a ll. A  d e ta ile d  d e sc r ip t io n  o f  th e s e  o b se r v a tio n s  
w ill b e  g iv en  in  a se p a ra te  pap er.

Fig. 3—Scanning electron micrographs o f 
the outer surface o f juice sacs o f Valencia 
orange (A) and Shamouti orange (B, C, D) 
(Fahn et al., 1974). (A, X1551; B, X1452; 
C, X 1584; D, X3456).
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S e g m e n t s  d i s i n t e g r a t i o n s  p a r a m e t e r s

C h l o r o f o r m  a n d  d i e t h y l  e t h e r  a r e  t h e  b e s t  w a x  s o l v e n t s ,  
a c c o r d i n g  t o  H o l l o w a y  a n d  C h a l l i n  ( 1 9 6 6 )  a n d  S c h u l m a n  a n d  

M o n s e l i s e  ( 1 9 7 0 ) .  O t h e r  s o l v e n t s ,  l i k e  e t h a n o l ,  b e n z e n e  a n d  
h e x a n e ,  d i s s o l v e  w a x  m o r e  s l o w l y .  I m m e r s i o n  o f  p e e l e d  s e g 
m e n t s  i n  t h e s e  s o l v e n t s  r e s u l t e d  ( a t  r o o m  t e m p e r a t u r e )  i n  c o m 

p l e t e  d i s i n t e g r a t i o n  o f  t h e  s e g m e n t .  W h i l e  i m m e r s i o n  i n  c h l o r o 
f o r m ,  h e x a n e  o r  x y l e n e  f o r  e x a m p l e ,  r e s u l t e d  i n  c o m p l e t e  
d i s i n t e g r a t i o n  w i t h i n  a  f e w  s e c o n d s  ( F i g .  I F ) ,  w i t h  t h e  o t h e r  
s o l v e n t s  m e n t i o n e d ,  l i k e  e t h a n o l ,  c o m p l e t e  d i s i n t e g r a t i o n  r e 

q u i r e d  s l i g h t  s h a k i n g  a n d  w a s  a c h i e v e d  o n l y  a f t e r  a t  l e a s t  1 —2 
h r ,  i f  a t  a l l .

A  s t u d y  o f  g r a p e f r u i t  w a x  p r o p e r t i e s  u n d e r  a  d i s s e c t i n g  

m i c r o s c o p e  r e v e a l e d  t h a t  a t  c a .  5 0 ° C  t h e  w a x  b e g i n s  t o  m e l t ,  
a n d  a t  c a .  7 0 ° C  m e l t i n g  i s  c o m p l e t e d .  S h a k i n g  o f  p e e l e d  g r a p e 
f r u i t  s e g m e n t s  i m m e r s e d  i n  a  w a t e r  b a t h ,  a t  t e m p e r a t u r e s  l o w 

e r  t h a n  5 0 ° C ,  d i d  n o t  r e s u l t  i n  s t r u c t u r a l  d a m a g e  t o  t h e  s e g 
m e n t s .  W i t h  i n c r e a s i n g  w a t e r  t e m p e r a t u r e  ( i n  t h e  r a n g e  
5 0 - 7 0 ° C )  d i s i n t e g r a t i o n  a d v a n c e d  r a p i d l y ,  p r o m o t e d  b y  s h a k 
i n g ;  i t  i n c r e a s e d  i n  r a t e  a s  t h e  t e m p e r a t u r e  w a s  i n c r e a s e d  ( F i g .  
1 A - E ) .  A t  7 0 ° C  o r  a b o v e ,  w i t h  e v e n  s l i g h t  s h a k i n g ,  d i s i n t e g r a 
t i o n  t o o k  p l a c e  i m m e d i a t e l y .  T h e  k i n e t i c s  o f  s e g m e n t  d i s i n 
t e g r a t i o n  w i l l  b e  p u b l i s h e d  a t  a  l a t e r  d a t e .

T h r e e  r e s e a r c h  m e t h o d s  w e r e  u s e d  t o  p r o v e  t h e  a s s u m p t i o n  
t h a t  t h e  w a x  i s  t h e  a d h e s i v e  a g e n t  b e t w e e n  t h e  j u i c e  s a c s :  
u l t r a s t r u c t u r e  o b s e r v a t i o n s  o f  t h e  o u t e r  s u r f a c e s  o f  t h e  j u i c e  
s a c s ;  c h e m i c a l  a n a l y s i s  o f  t h e  m a t e r i a l  w h i c h  w a s  r e m o v e d  
f r o m  t h e  o u t e r  s u r f a c e  o f  t h e  j u i c e  s a c s ;  a n d  d i s i n t e g r a t i o n  
t e s t s  o f  t h e  s e g m e n t s  u n d e r  v a r i o u s  c o n t r o l l e d  c o n d i t i o n s .  

G e n e r a l l y ,  o b s e r v a t i o n s  w h i c h  w e r e  d o n e  b y  T E M  a n d  S E M  
b o t h  b e f o r e  a n d  a f t e r  t h e  r e m o v a l  o f  t h e  w a x  b y  o r g a n i c  s o l 

v e n t s ,  a n d  a f t e r  m e l t i n g  t h e  w a x  b y  i m m e r s i n g  t h e  s e g m e n t s  i n  
h o t  w a t e r  a b o v e  5 0 ° C ,  s h o w e d  t h a t  t h e  c u t i c l e  a n d  t h e  e p i 
d e r m a l  w a l l  s t r u c t u r e  w e r e  n o t  d a m a g e d  b y  t h e  t r e a t m e n t s .  
T h e  w a x  d e p o s i t s  o n  t h e  o u t e r  s u r f a c e  o f  t h e  j u i c e  s a c s  d i s 

a p p e a r e d  a f t e r  t r e a t m e n t  o f  t h e  s e g m e n t s  w i t h  c h l o r o f o r m .  
T h e  m e l t i n g  o f  t h e  w a x  b y  h o t  w a t e r  a b o v e  7 0 ° C  w a s  a b s o l u t e  
a n d  t h e  w a x  s t r u c t u r e  w a s  d e s t r o y e d ,  b u t  t h e  w a x  r e m a i n e d  o n  
t h e  o u t e r  s u r f a c e  o f  t h e  c u t i c l e  a s  a  h o m o g e n i c  s m o o t h  l a y e r .  
I n  t h e  s a m e  t r e a t m e n t s  i n  w h i c h  t h e  w a x  w a s  r e m o v e d  o r  
m e l t e d ,  t h e  s e g m e n t s  d i s i n t e g r a t e d  t o  s i n g l e  b u t  c o m p l e t e  j u i c e  
s a c s .  O n  t h e  o t h e r  h a n d ,  i f  t h e  i m m e r s i o n  o f  t h e  s e g m e n t  c r o s s  
s e c t i o n s  ( w h i c h  w e r e  p r e p a r e d  t o  t h e  S E M  o b s e r v a t i o n s )  i n  

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

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

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

t o r s ,  e t c .

T h e  e f f e c t  o f  f r e e z i n g  o n  t h e  a d h e r e n c e  o f  j u i c e  s a c s

W i t h  c e r t a i n  f r e e z i n g  m e t h o d s ,  t h e  d i s i n t e g r a t i o n  p r o b l e m  is  
v e r y  s e r i o u s .  S e g m e n t  s t r u c t u r e ,  a n d  a d h e r e n c e  o f  j u i c e  s a c s ,  
w e r e  i n f l u e n c e d  b y  b o t h  t h e  t y p e  o f  f r e e z a n t  a n d  t h e  r a t e  o f  
f r e e z i n g ,  i n  c r y o g e n i c  f r e e z i n g  o f  p e e l e d  g r a p e f r u i t  s e g m e n t s  i n  

l i q u i d  n i t r o g e n  a n d  l i q u i d  F r e o n - 1 2 .  A p p a r e n t l y ,  t h e s e  t w o  
f r e e z i n g  m e d i a  r e p r e s e n t  t w o  d i f f e r e n t  p o s s i b l e  p a t h w a y s  t o  

s t r u c t u r a l  d a m a g e .

I n  f r e e z i n g  e x p e r i m e n t s  w i t h  l i q u i d  n i t r o g e n ,  d i s i n t e g r a t i o n  
a d v a n c e d  w i t h  i n c r e a s e d  s p e e d  o f  f r e e z i n g .  F i g u r e  5 s h o w s  
t h r e e  f r e e z i n g  r a t e s  u s e d  i n  t h e  f r e e z i n g  e x p e r i m e n t s .  A n  i n 
c r e a s e d  r a t e  o f  f r e e z i n g  r e s u l t e d  i n  s t r u c t u r a l  d a m a g e  o f  t h e  
t y p e  a n d  m a g n i t u d e  s h o w n  i n  F i g u r e  I B ,  C  a n d  D ,  r e s p e c t i v e 
l y .  F r e e z i n g  b y  i m m e r s i o n  i n  F r e o n - 1 2  r e s u l t e d  i n  r a p i d  s t r u c 
t u r a l  d a m a g e  o f  t h e  t y p e  a n d  m a g n i t u d e  s h o w n  i n  F i g u r e  I E .
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Fig. 4 -Th in -layer chromatography o f  wax removed from the outer 
surface o f  ju ice sacs o f  Marsh Seedless grapefruit. From  le ft to right: 

1-6, wax from progressively later dates o f  harvesting; 7 = wax 
removed by Freon-12; reference constituents about 10 gg each of: 8 

= 1,1-eicosanol, 9 = n-eicosanol:octadecanoic acid:docosane, 10 = 
docosene:stigmasterin.

Fig. 5 -V a riou s  rates o f freezing which were measured (by copper 
constantan thermocouple) in the center o f  the peeled segment o f  
grapefruit. A fte r  freezing at the rate o f  Curve A  the segments were 
undamaged. Freezing rate B caused some breakage which was sim ilar 
to that snown in Figure 1C. A fte r  freezing at rate C, the segment 
disintegrated, as shown in Figure 1D.
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L i q u i d - n i t r o g e n  f r e e z i n g  d a m a g e  c a n  b e  e x p l a i n e d  t h r o u g h  
v o l u m e  c h a n g e s  o f  t h e  j u i c e  s a c s  ( F e n n e m a  a n d  P o w r i e ,  1 9 6 4 ;  
I d l e  a n d  H u d s o n ,  1 9 6 8 ) ,  w h e r e ,  b e c a u s e  o f  t h e  f a s t  t e m p e r a 
t u r e  d r o p  a n d  t h e  s u b s e q u e n t  i m m e d i a t e  f r e e z i n g ,  n o  c o n 
n e c t i n g  i c e  b r i d g e s  w e r e  f o r m e d  b e t w e e n  t h e  j u i c e  s a c s .  T h e s e  
b r i d g e s  m a y  f o r m  d u r i n g  s l o w e r  f r e e z i n g  p r o c e s s e s  ( M a z u r ,

1 9 6 9 ) .  T h e  l i q u i d  F r e o n - 1 2  w a s  f o u n d  t o  a c t  a s  a  w a x - r e m o v 
i n g  a g e n t .  A l l  o f  t h e  w a x  c o m p o n e n t s  f o u n d  i n  t h e  c h l o r o f o r m  
e x t r a c t  w e r e  f o u n d  i n  t h e  l i q u i d  F r e o n - 1 2  u s e d  f o r  c o n t a c t  

f r e e z i n g  o f  t h e  g r a p e f r u i t  s e g m e n t s .  T h i s  c a n  b e  s e e n  b y  t h e  
T L C  a n a l y s i s  i n  F i g u r e  4 .

C O N C L U S IO N S

T H E  O B S E R V A T I O N S  a n d  r e s u l t s  r e c o r d e d  h e r e  d e m o n s t r a t e  
t h e  v i t a l  r o l e  p l a y e d  b y  t h e  w a x  c o a t i n g  o n  t h e  o u t e r  s u r f a c e  

o f  t h e  j u i c e  s a c s ,  i n  p r e s e r v i n g  t h e  s t r u c t u r e  o f  p e e l e d  c i t r u s  
s e g m e n t s .  I n  a l l  c a s e s  r e m o v a l  o f  s u c h  c o a t i n g  r e s u l t s  i n  a  r a p i d  
a n d  c o m p l e t e  d i s i n t e g r a t i o n .

R E F E R E N C E S

A lb rig o , L .G . 1 9 7 2 a . D is tr ib u tio n  o f  s to m a ta  a n d  e p ic u tic u la r  w ax  o n  
o ra n g e s  as r e la te d  to  s te m  a n d  r in d  b re a k d o w n  a n d  w a te r  loss. J .  
A m . Soc. H o r t .  Sci. 9 7 (2 ) :  2 2 0 .

A lb rig o , L .G . 1 9 7 2 b . U ltra s tru c tu re  o f c u tic u la r  su rfa c e s  an d  s to m a ta  
o f  d ev e lo p in g  leaves a n d  f ru i t  o f  th e  “ V a le n c ia ”  o ran g e . J .  A m . S oc . 
H o r t .  Sci. 9 7 (6 ) :  7 6 1 .

B ain , J .M . 1 9 5 8 . M o rp h o lo g ic a l, a n a to m ic a l a n d  p h y s io lo g ic a l ch an g es  
in  th e  d ev e lo p in g  f r u i t  o f  th e  V a len c ia  o ra n g e , C itru s  s in en s is  (L .)  
O sb eck . A u st. J .  B o t. 6 : 1.

D avis, W .B. 1 9 3 2 . D e p o sits  o f o il in  th e  ju ic e  sacs o f  c i tru s  f ru its .  A m .
J .  B o t. 1 9 (2 ) : 1 0 1 .

D o d d , J .D . 1 9 4 4 . T h ree -d im en s io n a l cell sh ap e  in  th e  c a rp e l vesic les  o f 
C itru s  g ran d is . A m . J . B o l . 3 1 (2 ) :  1 2 0 .

F a h n , A ., S h o m e r , I. an d  B en-G era. I. 1 9 7 4 . O c c u r re n c e  a n d  s t ru c tu re  
o f  e p ic u tic u la r  w a x  o n  th e  ju ic e  vesic les o f  c i tru s  f r u its .  A n n . B o t. 
3 8 (1 5 7 ) :  8 6 9 .

F e n n e m a , O. an d  P o w rie , W .D . 1 9 6 4 . F u n d a m e n ta ls  o f  low  te m p e ra tu re  
fo o d  p re s e rv a tio n . In  “ A d v an ces  in  F o o d  R e s e a r c h ,”  V o l 1 3 : 2 2 0 . 
E d . C h ic h es te r , C .O . a n d  M rak , E .M . A c ad e m ic  P ress, N ew  Y o rk .

F e rn a n d e z , A .M .S ., B ak e r, E .A . a n d  M artin , J .T . 1 9 6 4 . S tu d ie s  o n  p la n t 
c u tic le . 6 . T h e  is o la tio n  a n d  f r a c t io n a t io n  o f  c u t ic u la r  w a x es . A n n . 
A p p l. B io l. 53 : 4 3 .

H o llo w a y , P .J . a n d  C h allin , S .B . 1 9 6 6 . T h in -la y e r  c h ro m a to g ra p h y  in  
th e  s tu d y  o f n a tu ra l  w ax es  an d  th e ir  c o n s t i tu e n ts .  J . C h ro m a to g . 2 5 : 
3 3 6 .

Id le , D .B . an d  H u d so n , M .A . 1 9 6 8 . P h y s ica l e f fe c ts  d u rin g  ice  fo r m a 
t io n  in  p la n ts .  In  “ L ow  T e m p e ra tu re  B io logy  o f  F o o d s tu f f s ,”  E d . 
H a w th o rn , J . an d  R o lfe , E .J .,  p . 1 5 3 . P e rg a m o n  P ress, O x fo rd , 
L o n d o n .

Levi, A . 1 9 7 2 . (C o rre la tio n  b e tw e e n  p h y s ica l p ro p e r t ie s  a n d  c h em ica l 
c o m p o s i t io n  o f  fre sh  an d  c an n e d  g ra p e f ru it  s eg m e n ts .)  M .S c . th e s is , 
T e c h n io n —Isra e l In s t i tu te  o f  T e c h n o lo g y , H a ifa , Israel.

M artin , J .I .  a n d  J u n ip e r ,  B .E . 1 9 7 0 . “ T h e  C u tic le  o f  P la n ts .”  E . A rn o ld , 
L o n d o n .

M azur, P . 1 9 6 9 . F ree z in g  in ju ry  in  p la n ts . A n n . R ev . P la n t  P h y s io l. 20 : 
4 1 9 .

M o rice , I.M . an d  S h o r la n d , F .B . 1 9 7 3 . C o m p o s i tio n  o f  th e  su rfa c e  
w a x es  o f  ap p le  f ru its  an d  ch an g es  d u rin g  s to ra g e . J . Sci. F d . A gric . 
24 : 1 3 3 1 .

N agy , S . a n d  N o rd b y , H .E . 1 9 7 1 . C o m p a ra tiv e  lo n g  c h a in  h y d ro c a rb o n  
p ro f ile s  o f  o ra n g e  a n d  ta n g e r in e  ju ic e  sacs. L ip id s  6 (1 1 ) :  8 2 6 .

N agy , S. a n d  N o rd b y , H .E . 1 9 7 2 . S a tu ra te d  a n d  m o n o -u n s a tu ra te d  lo n g  
c h a in  h y d ro c a rb o n s  fro m  le m o n  ju ice  sacs. P h y to c h e m is try  1 1 : 
3 2 4 9 .

N o rd b y , H .E . a n d  N agy , S. 1 9 7 1 . F a t ty  ac id  p ro f ile s  o f  o ra n g e  a n d  
ta n g e rin e  ju ice  sacs lip id s . P h y to c h e m is try  1 0 : 6 1 5 .

S c h n e id e r , H . 1 9 6 8 . T h e  a n a to m y  o f c itru s . In  “ T h e  C itru s  I n d u s t r y ,”  
E d . R e u th e r ,  W ., B a tc h e lo r , L .D . a n d  W eb b e r, H .J . U niv . o f  C ali
fo rn ia , B erk e ley .

S c h u lm a n , J . a n d  M onse lise, S .P . 19 70 . S o m e  s tu d ie s  o n  th e  c u tic u la r  
w ax  o f  c itru s  fru its . J . H o rt. Sci. 4 5 : 4 7 1 .

S p u rr , A .R . 1 9 6 9 . A lo w  v isco s ity  e p o x y  re s in  e m b e d d in g  m e d iu m  fo r  
e le c tro n -m ic ro s c o p y . J . U ltra s tru cL u re  R es. 2 6 : 31 .

U .S. S ta n d a rd s  fo r  G rad es  o f  C an n e d  G ra p e fru it .  1 9 7 3 . In  “ T h e  A lm a
n ac  o f  th e  C an n in g , F ree z in g . P rese rv in g  In d u s tr ie s ,”  p . 2 9 9 . E d w a rd
E . Ju d g e  & S o n , Inc .

Ms rece iv ed  1 /5 /7 5 ;  rev ised  3 /1 7 /7 5 ;  a c c e p te d  3 /2 2 /7 5 ,__________________
C o n tr ib u t io n  N o . 1 2 8 -E  fro m  th e  A g ric u ltu ra l R ese a rch  O rg a n iz a 

tio n ,  1 9 7 5  S eries .



J. W. K E S T E R S O N  and R. J. B R A D D O C K

University o f Florida, Institute o f Food  &  Agricu ltu ra l Sciences 

Agricu ltu ra l Research &  Education Center, P.O. Box 1088, Lake A lfred, F L  33850

TOTAL PEEL OIL CONTENT OF THE MAJOR 
FLORIDA CITRUS CULT IVARS

IN T R O D U C T IO N

T H E  C O L D - P R E S S E D  o i l s  o b t a i n e d  f r o m  t h e  p e e l  o f  F l o r i d a  
c i t r u s  f r u i t s  r e t u r n  a n  e s t i m a t e d  $ 5 —6  m i l l i o n  a n n u a l l y  t o  t h e  
F l o r i d a  c i t r u s  i n d u s t r y .  M o s t  c i t r u s  p r o c e s s o r s  r e c o v e r  o n l y  
1 0 —2 0 %  o f  t h e  t o t a l  a v a i l a b l e  o i l  f r o m  t h e  f r u i t  a n d  f o r  t h i s  
r e a s o n  i t  is  i m p o r t a n t  t h a t  d a t a  b e  p r e s e n t e d  t o  s h o w  t h e  
m a x i m u m  a m o u n t  o f  r e c o v e r a b l e  o i l  f r o m  d i f f e r e n t  c o m 
m e r c i a l  c i t r u s  v a r i e t i e s .  S u c h  i n f o r m a t i o n  s h o u l d  e n a b l e  c i t r u s  
p r o c e s s o r s  a r o u n d  t h e  w o r l d  t o  d e v e l o p  p r o c e s s i n g  t e c h n i q u e s  
t h a t  r e s u l t  i n  g r e a t e r  r e c o v e r i e s  o f  t h e s e  f l a v o r i n g  m a t e r i a l s .  

C i t r u s  p r o c e s s o r s  u t i l i z e  t h e  o i l  c o n t a i n e d  i n  t h e  p e e l  o f  t h e  
f r u i t  t o  i m p a r t  a  n a t u r a l  f r e s h  c i t r u s  f l a v o r  t o  c o n c e n t r a t e  a n d  
j u i c e  p r o d u c t s .  T h e  f o o d ,  f l a v o r  a n d  b e v e r a g e  i n d u s t r i e s  u s e  
l a r g e  q u a n t i t i e s  o f  v a r i o u s  c i t r u s  e s s e n t i a l  o i l s  t o  i m p a r t  f l a v o r  
a n d  a r o m a  t o  t h e i r  p r o d u c t s .  T h e  p o t e n t i a l  a m o u n t s  a n d  
a v a i l a b i l i t y  o f  t h e s e  f l a v o r i n g  m a t e r i a l s  a r e  i m p o r t a n t  t o  a l l  
s e g m e n t s  o f  t h e  f o o d  a n d  f l a v o r  i n d u s t r y .

H o o d  ( 1 9 1 6 )  p r o b a b l y  m a d e  t h e  f i r s t  a t t e m p t  t o  d e t e r m i n e  

t h e  p e e l  o i l  c o n t e n t  o f  F l o r i d a  o r a n g e s .  L a t e r ,  G i a c o m e t t i

( 1 9 5 2 )  s o u g h t  t o  m o r p h o l o g i c a l l y  c l a s s i f y  t h e  v a r i o u s  s t r a i n s  
o f  P a r s o n  B r o w n  o r a n g e s  b y  s t u d y i n g  t h e  p r i m a r y ,  s e c o n d a r y  
a n d  t e r t i a r y  o i l  g l a n d s  i n  t h e s e  f r u i t s .  H e  f o u n d  t h a t  t h i n -  

s k i n n e d  f r u i t  c o n t a i n e d  f e w e r  o i l  g l a n d s  t h a n  t h i c k - s k i n n e d  

f r u i t .  H e n d r i c k s o n  e t  a l .  ( 1 9 6 9 ,  1 9 7 0 )  h a v e  m o r e  r e c e n t l y  
d e m o n s t r a t e d  t h a t  b u d w o o d  a n d  r o o t s t o c k s  a r e  v a r i a b l e s  

w h i c h  i n f l u e n c e  t h e  p e e l  o i l  c o n t e n t  o f  o r a n g e s .  B a r t h o l o m e w  
a n d  S i n c l a i r  ( 1 9 4 6 a ,  b )  a n d  B i t t e r s  a n d  S c o r a  ( 1 9 7 0 )  s t u d i e d  
C a l i f o r n i a  c i t r u s  f r u i t  a n d  f o u n d  t h a t  p e e l  o i l  c o n t e n t  i s  d i r e c t 

l y  c o r r e l a t e d  w i t h  t h e  s u r f a c e  a r e a  o f  t h e  f r u i t  a n d  t h a t  r o o t -  
s t o c k  i n f l u e n c e d  t h e  a m o u n t  a n d  t y p e  o f  o i l  f o u n d  i n  t h e  r i n d  
o f  o r a n g e s .  D a t a  a r e  p r e s e n t e d  i n  t h e  p r e s e n t  s t u d y  w h i c h  
s h o w  t h e  t o t a l  p e e l  o i l  c o n t e n t s  o f  1 2  d i f f e r e n t  c i t r u s  c u l t i v a r s  

o v e r  a  p e r i o d  o f  3  — 5 y r .

E X P E R IM E N T A L

P E E L  O I L  C O N T E N T  s tu d ie s  w e re  m a d e  o n  f o u r - t r e e  p lo t s  w i th  t h r e e  
r e p l ic a t io n s  p e r  s e le c t io n .  T h e  s a m e  p lo t s  w e re  u s e d  th r o u g h o u t  th i s  
s tu d y .  T h e  1 2  c u l t iv a r s  u s e d  in  t h i s  s u rv e y  w e r e  t y p i c a l  c o m m e r c ia l  
p la n t in g s  o n  r o u g h  l e m o n  r o o t s t o c k  re c e iv in g  r e c o m m e n d e d  f e r t i l i z e r  
a p p l ic a t i o n s  a n d  n o r m a l  r a in f a l l .  F lo r id a  c i t r u s  p r o c e s s o r s  w e re  p o l le d  
t o  d e te r m in e  p ro c e s s in g  d a te s  f o r  t h e  c u l t iv a r s  u s e d  in  th i s  s t u d y .  S ix 
t e e n  f r u i t  s a m p le s  w e re  c o l l e c t e d  f r o m  e a c h  f o u r - t r e e  p l o t  o n  a  m o n th ly  
b a s is  th r o u g h o u t  th e  n o r m a l  p ro c e s s in g  s e a s o n .  T h i s  e n ta i l e d  p ic k in g  
f o u r  f r u i t  f r o m  e a c h ,  t r e e .  T h e s e  f o u r  f r u i t  w e re  p i c k e d  a t  e a c h  c a r d in a l  
p o in t  o n  t h e  c o m p a s s  (N ,  E ,  S  &  W ) e q u id i s t a n t  b e tw e e n  th e  to p  a n d  
b o t t o m  o f  th e  t r e e .

P e e l o i l  c o n t e n t  w a s  d e t e r m in e d  in  a c c o r d a n c e  w i t h  t h e  p r o c e d u r e  
o f  H e n d r ic k s o n  e t  a l.  ( 1 9 6 9 ) .  I n  th is  m e t h o d ,  tw o  d is c s  (2  c m  d ia m )  
w e re  c u t  f r o m  1 6  f r u i t  a t  t h e  e q u a t o r ia l  s e c t io n  o f  t h e  f r u i t  w h ic h  h a d  
p r e v io u s ly  b e e n  s p r a y e d  w i t h  a  c le a r  p la s t i c  (N o .  2 X 7 2 3  A c ry l ic ,  D a y -  
t o n  E le c .  M fg . C o .,  C h ic a g o )  t o  p r e v e n t  o i l  lo s s  d u r in g  c u t t in g  o f  t h e  
d is c s . T h e  f r u i t  w e re  w e ig h e d  a n d  t h e  l o n g i tu d in a l  a n d  e q u a t o r i a l  d i 
a m e te r s  w e re  m e a s u re d .  P o u n d s  o f  p e e l  o il  p e r  t o n  o f  f r u i t  w e re  c a l
c u la te d ,  b y  d e te rm in in g  t h e  v o lu m e  o f  o il  p e r  u n i t  w e ig h t  o f  f r u i t ,  
e x t r a p o la t i n g  fo r  t h e  e q u iv a le n t  v o lu m e  in  a  t o n  o f  f r u i t  a n d  f in a l ly  
c o n v e r t in g  to  w e ig h t  b y  u s in g  t h e  d e n s i t y  o f  t h e  o il .

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

C I T R U S  O R  C I T R U S  F L A V O R E D  ( o r a n g e ,  l e m o n  a n d  l i m e )  
p r o d u c t s  c o n s t i t u t e  o n e  o f  t h e  l a r g e s t  g r o u p s  o f  f l a v o r s  f o r  t h e  
f o o d  i n d u s t r y .  S i n c e  c i t r u s  o i l s  s e r v e  a s  r a w  m a t e r i a l s  t o  i m p a r t  

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

O ran ge cu ltivars

O r a n g e  c u l t i v a r s  w e r e  s a m p l e d  t o  i n c l u d e  e a r l y - s e a s o n ,  m i d 

s e a s o n ,  V a l e n c i a  a n d  T e m p l e  o r a n g e s .  T h e  s p e c i f i c  c u l t i v a r s  
u s e d  i n  t h i s  s t u d y  w e r e :  H a m l i n ,  P a r s o n  B r o w n ,  P i n e a p p l e ,  
V a l e n c i a  a n d  T e m p l e  o r a n g e .  D a t a  i n  T a b l e  1 s h o w  t h e  m a x i 

m u m  a n d  m i n i m u m  v a l u e s  i n  t o t a l  o i l  c o n t e n t  f o r  f o u r  d i f 

f e r e n t  p r o c e s s i n g  s e a s o n s .  F o u r - y e a r  a v e r a g e s  s h o w  t h e  f o l l o w 

i n g  o r d e r  o f  o i l  c o n t e n t s  ( l b  o i l / t o n  f r u i t ) :  V a l e n c i a  ( 1 3 . 5 ) ,  
P a r s o n  B r o w n  ( 1 0 . 6 ) ,  P i n e a p p l e  ( 9 . 7 ) ,  T e m p l e  ( 7 . 9 )  a n d  
H a m l i n  ( 7 . 8 ) .  T h e s e  d a t a  i n d i c a t e  t h a t  f r u i t  v a r i e t y  h a s  a n  

i n f l u e n c e  o n  o i l  c o n t e n t  a n d  t h a t  t h e  a m o u n t  v a r i e s  f r o m  
s e a s o n  t o  s e a s o n .  V a r i a b i l i t y  i n  o i l  c o n t e n t  i s  a l s o  d u e  i n  p a r t  
t o  f r u i t  s i z e .  K e s t e r s o n  e t  a l .  ( 1 9 7 1 )  h a v e  r e p o r t e d  t h a t  t h e  

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

G ra p efru it cu ltivars

T h e  g r a p e f r u i t  c u l t i v a r s  u s e d  i n  t h i s  s t u d y  w e r e  D u n c a n ,  
M a r s h  a n d  R u b y  R e d ,  t h e  p r i m a r y  v a r i e t i e s  u s e d  f o r  p r o c e s s i n g  
i n  F l o r i d a .  D a t a  i n  T a b l e  2  s h o w  t h e  m a x i m u m  a n d  m i n i m u m  
t o t a l  o i l  c o n t e n t  f o r  f o u r  d i f f e r e n t  p r o c e s s i n g  s e a s o n s .  G r a p e 
f r u i t  c o n t a i n e d  a p p r o x i m a t e l y  o n e - h a l f  o f  t h e  o i l  f o u n d  i n  
V a l e n c i a  o r a n g e s .  T h e  a m o u n t  o f  o i l  p r e s e n t  i n  t h e  a b o v e  c u l t i 

v a r s  f o l l o w e d  t h e  o r d e r  o f  R u b y  R e d  ( 6 . 5 ) ,  M a r s h  ( 6 . 2 )  a n d  
D u n c a n  ( 5 . 6  l b / t o n ) .  A s  w a s  d e m o n s t r a t e d  f o r  o r a n g e s ,  v a r i e t y  
a l s o  i n f l u e n c e d  t h e  t o t a l  o i l  c o n t e n t  o f  g r a p e f r u i t .  F r u i t  s i z e  
a n d  c l i m a t i c  f a c t o r s  a r e  v a r i a b l e s  w h i c h  c o u l d  i n f l u e n c e  t h e  
s e a s o n  t o  s e a s o n  o i l  c o n t e n t .

M isc e lla n e o u s  c itru s cu ltivars

T h e  m i s c e l l a n e o u s  c u l t i v a r s  i n v e s t i g a t e d  w e r e :  D a n c y  t a n 
g e r i n e ,  O r l a n c o  t a n g e l o ,  P e r s i a n  l i m e  a n d  l e m o n s .  D a t a  i n  
T a b l e  3  s h o w  t h e  m a x i m u m  a n d  m i n i m u m  p e e l  o i l  c o n t e n t  o f  
t h e s e  f r u i t s  f c r  e i t h e r  t h r e e ,  f o u r  o r  f i v e  d i f f e r e n t  p r o c e s s i n g  
s e a s o n s .  T h e  p e e l  o i l  c o n t e n t ,  l i s t e d  f r o m  h i g h e s t  t o  l o w e s t ,  
w a s  t a n g e r i n e  ( 1 5 . 5 ) ,  l e m o n  ( 1 5 . 1 ) ,  t a n g e l o  ( 1 1 . 3 )  a n d  l i m e  
( 8 . 1  l b / t o n ) .  D a n c y  t a n g e r i n e  a n d  l e m o n s  h a d  t h e  h i g h e s t  o i l  
c o n t e n t  o f  a l l  t h e  c i t r u s  f r u i t s  s t u d i e d .  P e r s i a n  l i m e  w a s  s i m i l a r  
t o  H a m l i n  o r a n g e ,  w h i l e  O r l a n d o  t a n g e l o  w a s  c o m p a r a b l e  t o  
P a r s o n  B r o w n  i n  t o t a l  o i l  c o n t e n t .  T h e s e  d a t a  c l e a r l y  d e m o n 
s t r a t e  t h e  v a r i a b i l i t y  i n  o i l  c o n t e n t  w i t h  v a r i e t y .  C l i m a t i c  o r  
s e a s o n a l  v a r i a t i o n s  w e r e  f o u n d  t o  i n f l u e n c e  t h e  o i l  c o n t e n t  o f  
t h e s e  c u l t i v a r s .  O f  a l l  t h e  c i t r u s  f r u i t s  s t u d i e d ,  l e m o n s  s h o w e d  
t h e  g r e a t e s t  s e a s o n a l  v a r i a b i l i t y  i n  o i l  c o n t e n t .

P o te n tia l y ie ld  o f  c itru s e sse n tia l o ils
T a b l e  4  c o n t a i n s  i n f o r m a t i o n  d e r i v e d  f r o m  t h e  o i l  c o n t e n t
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d a t a  i n  t h e  p r e s e n t  s t u d y  a n d  f r o m  p u b l i s h e d  i n f o r m a t i o n  
( C i t r u s  S u m m a r y ,  1 9 7 3 )  a b o u t  t h e  a n n u a l  p r o c e s s e d  t o n n a g e  

o f  e a c h  v a r i e t y  o f  F l o r i d a  c i t r u s  f r u i t .  T h e  i m p o r t a n t  c o m m o d 
i t y ,  c o l d - p r e s s e d  o i l ,  m a y  o n l y  b e  o b t a i n e d  b y  p r o c e s s i n g  t h e  
f r u i t .  S i n c e  t h e  p e r c e n t a g e  o f  t h e  t o t a l  c r o p  s o l d  t o  p r o c e s s i n g  

p l a n t s  i n  F l o r i d a  i s  q u i t e  l a r g e ,  t h i s  a m o u n t s  t o  a  c o n s i d e r a b l e  
q u a n t i t y  o f  a v a i l a b l e  o i l .  F o r  e x a m p l e ,  9 8 %  o f  t h e  l e m o n s ,  
9 2 %  o f  a l l  o r a n g e s  a n d  6 3 %  o f  t h e  g r a p e f r u i t  a r e  p r o c e s s e d  f o r

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

o f  p e e l  o i l  r e c o v e r y  is  l i m i t e d  b y  t e c h n o l o g y  a n d  m a n u f a c t u r 
i n g  p r a c t i c e s .  H o w e v e r ,  u t i l i z i n g  t h e  m o s t  u p - t o - d a t e  a n d  e f f i 
c i e n t  t e c h n o l o g y  a v a i l a b l e  f o r  t h e  r e c o v e r y  o f  e s s e n t i a l  o i l s ,  t h e  

c i t r u s  i n d u s t r y  s h o u l d  b e  a b l e  t o  r e c o v e r  6 5 — 7 0 %  o f  t h e  t o t a l  

o i l  i n  t h e  f r u i t .  T h i s  w o u l d  a m o u n t  t o  s o m e  6 0 —6 5  m i l l i o n  l b  
a n n u a l l y  f r o m  t h e  p o t e n t i a l  o f  9 2  m i l l i o n  l b  l i s t e d  i n  T a b l e  4 .  
U s i n g  p r e s e n t  t e c h n o l o g y ,  t h e  F l o r i d a  C i t r u s  I n d u s t r y  i s  p r o -

Table 1—Peel oil content of various orange cultivars

Peel oil
(lb oil/ton of fruit)

Cultivars Season dates samples Max Min Avg

Hamlin 1968-69 Oct.—Feb. 4 9.2 8.9 9.1
1969-70 27 6.5 4.8 5.8
1970-71 15 7.9 7.1 7.4
1971-72 18 10.4 7.2 8.9

Avg = £.5 7.0 7.8

Parson Brown 1968-69 Oct.—Feb. 24 17.6 12.5 14.7
1969-70 15 9.1 7.1 7.9
1970-71 15 11.3 8.1 9.6
1971-72 18 11.8 8.6 10.2

Avg = 12.5 9.1 10.6

Pineapple 1968-69 Dec.—Apr. 36 17.6 8.4 11.1
1969-70 35 14.9 6.1 9.3
1970-71 15 10.7 7.5 8.8
1971-72 14 12.6 7.6 9.7

Avg = 14.0 7.4 9.7

Valencia 1968-69 Mar.—July 113 18.8 9.2 16.0
1969-70 118 18.7 9.8 13.5
1970-71 12 13.1 11.3 12.1
1971-72 12 14 4 11.3 12.2

Avg = 16 3 10.4 13.5

Temple 1969-70 Dec.—Mar. 11 8 2 6.2 7.2
1970-71 12 8.2 6.1 7.4
1971-72 15 10.0 7.7 8.5
1972-73 9 10.0 7.3 8.4

Avg = 9.1 6.8 7.9

Table 2—Peel oil content of various grapefruit cultivars

Peel oil
(lb oil/ton of fruit)

Processing No. of
Cultivars Season dates samples Max Min Avg

Duncan 1968-69 Oct.—June 14 7.1 5.1 6.>
1969-70 18 e.8 4.8 6.0
1970-71 27 7.2 4.8 5.4
1971-72 24 6.6 4.3 4.9

Avg = 6.9 4.8 5.6
Marsh 1968-69 Oct.—June 18 7.8 6.2 6.9

1969-70 24 7.5 5.1 5.9
1970-71 27 6.£ 5.1 5.8
1971-72 18 7.C 5.5 6.1

Avg = 7.3 5.5 6.2
Ruby Red 1968-69 Oct.—June 1 — — 7.2

1970-71 27 7.9 4.8 6.1
1971-72 27 7 5 5.3 6.2
1972-73 27 8 1 5.2 6.5

Avg = 7 8 5.1 6.5
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Table 3—Peel oil content of miscellaneous citrus cultivars

Cultivars Season
Processing

dates
No. of 
samples

Peel oil
(lb oil/ton of fruit)

Max Min Avg

Dancy tangerine 1968-69 Nov.—Feb. 7 15.4 13.0 14.6
1970-71 12 18.4 15.2 16.8
1971-72 18 20.4 15.0 17.2
1972-73 9 15.3 10.9 13.3

Ave = 17.4 13.5 15.5

Orlando tángelo 1970-71 Dec.—Mar. 9 11.6 10.0 11.0
1971-72 15 13.0 8.7 10.8
1972-73 12 13.6 10.4 12.1

Avg = 12.7 9.7 11.3

Persian lime 1968 May—Aug. 3 7.0 6.6 6.8
1971 54 9.9 7.4 8.5
1972 64 10.7 7.9 9.0

Avg = 9.2 7.3 8.1

Lemons 1968 Aug.—Nov. 4 14.4 11.5 12.5
1969 8 22.8 11.5 17.6
1970 120 23.0 10.3 14.9
1971 52 15.5 10.7 13.2
1972 86 20.3 15.6 17.5

Avg = 19.2 11.9 15.1

Table 4—Total potential of citrus essential oils from processed fruit during the 1972—73 season

Total crop Fruit Oil Total oil
processed processed content available

Variety (%> (1000 tons) (Ib/ton) (lb)

Oranges:
Early & mid-season 92.6 3,749 9.5a 35,615,500
Valencia 93.0 3,337 13.5 45,049,500
Temple 52.0 119 7.9 940,100

Grapefruit:
Duncan 97.3 422 5.6 2,363,200
Marsh 59.5 595 6.2 3,689,000
Pink 38.0 189 6.5 1,228,500

Tangerines 32.7 44 15.5 682,000
Tangelos 51.2 81 11.3 915,300
Murcotts 39.2 16 13.4 214,400

Limes 53.0 26 8.1 210,600

Lemons 98.0 79 15.1 1,192,900

a 25% Ham lin , 25% Parson B row ri, 50% P ineapp le

d u r i n g  a p p r o x i m a t e l y  3 0  m i l l i o n  l b  o f  c o l d - p r e s s e d  c i t r u s  o i l s  
a n d  d - l i m o n e n e  a n n u a l l y ,  o r  a b o u t  5 0 %  o f  t h e  m a x i m u m  
p o t e n t i a l .  T h i s  s u g g e s t s  t h a t  i m p r o v e m e n t s  i n  e q u i p m e n t ,  
p r o c e s s i n g  a n d  h a n d l i n g  t e c h n i q u e s  a r e  n e e d e d  t o  r e a l i z e  t h e  

o p t i m u m  y i e l d  o f  e s s e n t i a l  o i l .

R E F E R E N C E S

B a r th o lo m e w , E .T . an d  S in c la ir , W .B. 1 9 4 6 a . V o la tile  o il  c o n te n t  o f  th e  
p e e l o f o ranges. C alif. C itro g ra p h  3 1 : 2 9 3 .

B ar th o lo m e w , E .T . and  S in c la ir , W .B. 1 9 4 6 b . T h e  fa c to rs  in flu en c in g  
th e  vo la tile  o il c o n te n t o f  th e  p e e l o f  im m a tu re  a n d  m a tu re  o ran g es. 
P la n t P hysio l. 2 1 (3 ): 3 1 9 .

B itte rs , W .P. an d  S c o ra , R .W . 1 9 7 0 . T h e  in f lu e n c e  o f  c itru s  ro o ts to c k s  
u p o n  th e  v o la tile  r in d  o il c o n te n t  o f  V a len c ia  o ran g es. B o t. G az. 
1 3 1 (2 ) :  1 0 5 .

C itru s  S u m m a ry , 1 9 7 3 . F la . A gric . S ta t is t . ,  F la . D e p t, o f  A gric ., T a l
lah a ssee , F la.

G ia c o m e tti ,  D .C . 1 9 5 2 . F r u i t  c h a ra c te r is tic s  o f  sw e e t o ran g e  v arie ties. 
U niv . F la . th e s is  (u n p u b lish e d ) .

H e n d ric k so n , R ., K es te rso n , J.W . a n d  C o h e n , M. 1 9 7 0 . T h e  e f fe c t  o f 
ro o ts to c k  a n d  b u d  w o o d  se le c tio n s  o n  th e  p e e l o il  c o n te n t  o f  V a len 
c ia  o ran g es. P ro c . F la . S ta te  H o rt. S o c . 8 3 : 2 5 9 .

H e n d r ic k so n , R ., K es te rso n , J.W . a n d  T in g , S .V . 1 9 6 9 . P ee l o il  c o n te n t  
o f  V a len c ia  o ran g es . P roc. F la . S ta te  H o r t .  S o c . 8 2 : 1 9 2 .

H o o d , S .C . 1 9 1 6 . R e la tiv e  o il y ie ld  o f  F lo r id a  o ra n g e s . In d . E ng . C hem . 
8 : 7 0 9 .
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GLUTAMIC OXALOACETIC TRANSAMINASE ACTIVIT IES IN PEACHES
DURING MATURATION

IN T R O D U C T IO N

G L U T A M I C  o x a l o a c e t i c  t r a n s a m i n a s e  ( G O T ;  E . C . 2 . 6 . 1 . 1 . )  i s  
u b i q u i t o u s  i n  m a m m a l i a n  t i s s u e s  a n d  i s  i m p l i c a t e d  a s  m a i n t a i n 
i n g  b a l a n c e  b e t w e e n  a s p a r t a t e  a n d  g l u t a m a t e  c o n c e n t r a t i o n  i n  
l i v i n g  t i s s u e s .  I n  p l a n t s ,  G O T  h a s  b e e n  l i n k e d  t o  p r o t e i n  m e t a b 
o l i s m  i n  p u m p k i n  c o t y l e d o n s  ( S p l i t t s t o e s s e r ,  1 9 7 0 ) .  H u l m e  e t  
a l .  ( 1 9 6 7 )  c o n c l u d e d  t h a t  o x a l o a c e t a t e ,  a  r e a c t a n t  o f  G O T  
r e a c t i o n ,  m a y  b e  i n v o l v e d  i n  r e g u l a t i o n  o f  r e s p i r a t i o n  d u r i n g  

m a t u r a t i o n  o f  f r u i t s .  Y u  e t  a l .  ( 1 9 6 7 )  p r o p o s e d  t h a t  a m i n o  
a c i d s  c o u l d  s e r v e  a s  t h e  p r e c u r s o r s  f o r  t h e  p r o d u c t i o n  o f  c a r 
b o n y l  c o m p o u n d s  i n  r i p e n i n g  t o m a t o e s .  T h e  f o r m a t i o n  o f  c a r 
b o n y l  c o m p o u n d s  w a s  a t t r i b u t e d  t o  t r a n s a m i n a t i o n .  Y u  e t  a l .

( 1 9 6 7 )  a l s o  o b s e r v e d  h i g h  g l u t a m a t e  c o n c e n t r a t i o n  i n  r i p e  

t o m a t o e s .  I t  w a s  c o n c e i v a b l e  G O T  w a s  i n v o l v e d  i n  f l a v o r  p r o 
d u c t i o n  i n  r i p e n i n g  t o m a t o  f r u i t s .

F e w  c h a r a c t e r i z a t i o n s  o f  G O T  i n  f r u i t  t i s s u e s  h a v e  b e e n  
p u b l i s h e d .  R o m a n i  ( 1 9 6 2 )  s t u d i e d  G O T  a n d  a l a n i n e  a m i n o 
t r a n s f e r a s e  i n  p e a r s  a n d  o b s e r v e d  h i g h e r  e n z y m e  a c t i v i t i e s  i n  
t h e  p e e l  t h a n  i n  p u l p  t i s s u e .  B e s f o r d  a n d  H o b s o n  ( 1 9 7 3 )  o b 

s e r v e d  a  d e c l i n e  i n  G O T  a c t i v i t y  i n  t o m a t o e s  d u r i n g  r i p e n i n g  
p e r i o d .  R e c h  a n d  C r o u z e t  ( 1 9 7 4 )  p u r i f i e d  t h e  a l a n i n e  t r a n s 

a m i n a s e  i n  t o m a t o e s  6 6 0 - f o l d  a n d  p r e s e n t e d  k i n e t i c s  d a t a  o f  
t h e  e n z y m e  t o  b e  q u i t e  d i f f e r e n t  f r o m  t h e  s a m e  t r a n s a m i n a s e  
i s o l a t e d  f r o m  a n i m a l  o r i g i n .

T h i s  s t u d y  w a s  c a r r i e d  o u t  t o  e s t a b l i s h  t h e  p r e s e n c e  o f  G O T  
i n  p e a c h e s ,  t o  i n v e s t i g a t e  t h e  c h a n g e s  o f  s p e c i f i c  a c t i v i t y  o f  
G O T  d u r i n g  t h e  m a t u r a t i o n  p e r i o d  a n d  t o  c h a r a c t e r i z e  t h e  
p e a c h  G O T .  T h e  e f f e c t  o f  s u c c i n i c  a c i d - 2 , 2 - d i m e t h y l h y d r a z i d e  
( S A D H ) ,  a  c h e m i c a l  u s e d  t o  h a s t e n  p e a c h  r i p e n i n g ,  o n  G O T  

a c t i v i t y  w a s  a l s o  e x a m i n e d .

E X P E R IM E N T A L

P e a c h e s
P e a c h  t r e e s ,  c u l t iv a r s  ‘R e d h a v e n ’ a n d  ‘R e d s k in , ’ w e re  g r o w n  a t  t h e  

S im p s o n  E x p e r i m e n t  S t a t i o n  n e a r  C le m s o n ,  S .C . H a l f  o f  t h e  ‘R e d s k in ’ 
t r e e s  w e re  s p r a y e d  w i t h  2 0 0 0  p p m  S A D H  j u s t  p r io r  t o  t h e  p i t - h a r d e n e d  
s ta g e  o f  m a t u r a t i o n .  P e a c h e s  w e re  h a r v e s te d  f r o m  th e  t r e e s  a t  w e e k ly  
in te r v a l s  t h r o u g h o u t  t h e  m a t u r a t i o n  p e r io d .

G O T  e x t r a c t i o n
F o r  e a c h  e x t r a c t i o n ,  3 0 0 g  o f  p e a c h  p u lp  t is s u e s  w e re  b le n d e d  w i t h  

2 0 0  m l o f  a  c o ld  e x t r a c t i o n  b u f f e r  a t  4 ° C .  T h e  b u f f e r  c o n ta in e d  1M  
K 2 H P 0 4 , 0 . 1 M  K C 1, a n d  1 6  m M  s o d iu m  m e ta b i s u l f i t e .  T h e  s lu r ry  w a s  
c e n t r i f u g e d  a t  1 8 ,0 0 0  x  G  f o r  3 0  m in  a n d  th e  s u p e r n a t a n t  w a s  b r o u g h t  
t o  s a tu r a t i o n  w i th  a m m o n iu m  s u l f a te  a n d  l e f t  o v e r n ig h t  a t  0 ° C .  T h e  
p r e c i p i t a t e  w a s  c o l le c te d  b y  c e n t r i f u g a t io n  a t  2 5 ,0 0 0  X G  a n d  f r o z e n  a t  
- 2 0 ° C  u n t i l  a s s a y e d  f o r  G O T  a c t iv i t y .  T h e  f r o z e n  p r e c ip i t a t e s  r e ta in e d  
f u l l  G O T  a c t iv i t y  f o r  s e v e ra l  m o n th s .

G O T  a s s a y
T h e  p r e c ip i t a t e  w a s  d is s o lv e d  in  0 .1  M p h o s p h a t e  b u f f e r  a n d  d ia ly z e d  

v s  1 0 "3 M p h o s p h a te  b u f f e r  o v e r n ig h t .  T h e  p H  w a s  m a in t a in e d  a t  7 .4 .  
T h e  m e t h o d  o f  R o m a n i  ( 1 9 6 2 )  w a s  f o l l o w e d  f o r  t h e  G O T  a s s a y .  A ll 
c o m p o n e n t s  in  t h e  a s s a y  s y s te m s  w e r e  b u f f e r e d  t o  p H  7 .4  t o  p r e v e n t  
n o n s p e c i f i c  d e s t r u c t i o n  o f  N A D H . O n e  m i l l i u n i t  o f  G O T  a c t iv i ty  w a s  
d e f in e d  a s  t h e  a m o u n t  o f  e n z y m e  e x t r a c t  t h a t  c o u ld  c a u s e  a  d e c l in e  o f  
a b s o r b a n c e  a t  3 4 0  n m  o f  0 .0 0 2 1  p e r  m in  w h ic h  r e p r e s e n te d  t h e  c o n 
s u m p t i o n  o f  o n e  n a n o m o le  o f  N A D H . E a c h  a s s a y  w a s  d u p l ic a te  m e a s 
u r e m e n t s  o f  a t  le a s t  tw o  le v e ls  o f  p e a c h  e x t r a c t s .  A n  a s s a y  w a s  c o n 

s id e r e d  v a lid  o n ly  i f  t h e  a b s o r b a n c e  c h a n g e  a t  3 4 0  n m  w a s  p r o p o r t i o n a l  
t o  t h e  a m o u n t  o f  p e a c h  e x t r a c t  a d d e d .  E x c e p t  in  t h e  k in e t i c s  s t u d y ,  t h e  
i n c u b a t io n  t im e  f o r  G O T  a s s a y  w a s  5 h r .  S p e c i f ic  a c t i v i t y  o f  G O T  w a s  
e x p re s s e d  a s  u n i t s  G O T  p e r  g  p r o t e i n .  P r o t e i n  c o n t e n t  w a s  d e t e r m i n e d  
b y  th e  c o m m o n ly  u s e d  L o w r y  m e t h o d  u s in g  b o v in e  s e r u m  a lb u m in  a s  
s ta n d a r d .

T e m p e r a tu r e  a n d  p H  o p t i m a
A  p a r t i a l l y  p u r i f i e d  p e a c h  G O T  p r e p a r a t i o n ,  t h e  p r e c i p i t a t e  o f  

2 5 - 5 0 %  a m m o n iu m  s u l f a t e  s a t u r a t i o n  o f  t h e  c r u d e  e x t r a c t ,  w a s  u s e d  
f o r  t h e s e  p u r p o s e s .  T h e  p r o c e d u r e s  w e re  t h e  s a m e  a s  a  p r e v io u s  s tu d y  
o n  p e a c h  p o l y p h e n o l  o x id a s e  ( J e n  a n d  K a h le r ,  1 9 7 4 ) .  '

K in e t ic s  s tu d y
A s p a r t a t e  c o n c e n t r a t i o n s  o f  0 . 8 3 ,  1 .6 7 ,  3 . 3 3 ,  6 . 6 7 ,  1 0  a n d  2 0  m M  

w e re  u s e d  f o r  G O T  a s s a y  a t  tw o  o x o g l u t a r a t e  c o n c e n t r a t i o n s ,  1 .6 7  a n d  
3 .3 3  m M . T h e  r e a c t io n s  w e r e  c o n d u c t e d  a t  r o o m  t e m p e r a t u r e  u s in g  a  
G i l f o r d  2 4 0 0 S  r e c o r d in g  s p e c t r o p h o t o m e t e r .

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

F I G U R E S  1 a n d  2  s h o w  t h e  c h a n g e s  o f  G O T  s p e c i f i c  a c t i v i t y  
d u r i n g  t h e  m a t u r a t i o n  p e r i o d  o f  ‘R e d h a v e n ’ a n d  ‘R e d s k i n ’ 
p e a c h e s  r e s p e c t i v e l y .  I n  b o t h  p e a c h  c u l t i v a r s ,  t h e  s p e c i f i c  a c -

6 /3  6/10 6/17 6 /2 4  7/1
HARVESTING DATES

Fig. 1 -G O T  activity in 'Redhaven' peaches during maturation. E x 
tractable protein content was in mg per g fru it on a fresh weight 
basis.
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HARVESTING DATES

Fig. 2—G O T  activ ity in 'Redsk in ' peaches during maturation, and 
the effect o f  S A D H  treatment.

t i v i t y  o f  G O T  w a s  l o w  a t  t h e  p i t - h a r d e n e d  s t a g e ,  b u t  r o s e  t o  a  
p e a k  i n  t w o  w e e k s  a n d  d e c l i n e d  t o  a  v e r y  l o w  l e v e l  u n t i l  j u s t  
b e f o r e  t h e  r i p e n i n g  t i m e  w h e n  a n o t h e r  r i s e  o c c u r r e d .  ‘R e d s k i n ’ 
t r e e s  s p r a y e d  w i t h  S A D H  p r o d u c e d  f r u i t s  w i t h  a  h i g h e r  G O T  

a c t i v i t y ,  p a r t i c u l a r l y  d u r i n g  t h e  2  w k  i m m e d i a t e l y  f o l l o w i n g  
t h e  S A D H  t r e a t m e n t .  T h e  f r u i t s  w e r e  f u l l y  r i p e  a b o u t  1 w k  
a h e a d  o f  t h e  c o n t r o l s .  T h e  e x t r a c t a b l e  p r o t e i n  p e r  g  f r u i t  

s t a y e d  r e a s o n a b l y  c o n s t a n t  a s  s h o w n  i n  F i g u r e  1 . T h e  u p s u r g e  
o f  G O T  a c t i v i t y  n e a r  t h e  e n d  o f  m a t u r a t i o n  w a s ,  p e r h a p s ,  t h e  

r e s u l t  o f  a c c e l e r a t e d  p r o t e i n  b i o s y n t h e s i s  t o  p r o v i d e  r i p e n i n g  
e n z y m e s  f o r  t h e  f r u i t .  I t  m a y  a l s o  b e  i n v o l v e d  i n  t h e  p r o d u c 
t i o n  o f  f l a v o r i n g  c o m p o u n d s  a s  p r o p o s e d  b y  Y u  e t  a l .  ( 1 9 6 8 ) .

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

a c i d s  a n d  t h e  d e c l i n e  i n  a s p a r t a t e  c o n t e n t  r e p o r t e d  e a r l i e r  ( J e n  
e t  a l . ,  1 9 7 5 a ) .  I t  i s  p o s s i b l e  t h a t  G O T  w a s  c l o s e l y  r e l a t e d  w i t h  

p r o t e i n  m e t a b o l i s m  i n  p e a c h  t i s s u e s  d u r i n g  m a t u r a t i o n .
T h e  ‘R e d h a v e n ’ p e a c h e s  p o s s e s s e d  h i g h e r  o v e r a l l  G O T  a c 

t i v i t y  t h a n  ‘R e d s k i n ’ p e a c h e s .  W h e t h e r  t h i s  h i g h e r  a c t i v i t y  w a s  
d u e  t o  t h e  s h o r t e r  g r o w i n g  s e a s o n  o f  t h e  ‘R e d h a v e n ’ t h a n  t h e  
‘ R e d s k i n ’ p e a c h e s  w a s  n o t  k n o w n .  T h e  p r o t e i n  c o n t e n t  o f  
‘R e d h a v e n ’ p e a c h e s  i s  k n o w n  t o  b e  g r e a t e r  t h a n  t h a t  o f  ‘R e d 

s k i n ’ p e a c h e s  t h r o u g h o u t  t h e  m a t u r a t i o n  p e r i o d  ( J e n  e t  a l . ,  
1 9 7 5 b ) .  I n  r i p e n i n g  t o m a t o e s ,  a  s l i g h t  d e c l i n e  o f  G O T  a c t i v i t y  
w a s  o b s e r v e d  ( B e s f o r d  a n d  H o b s o n ,  1 9 7 3 )  b u t  t h a t  p o r t i o n  o f  

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

t o e s  l o w e r e d  G O T  a c t i v i t y  m a y  c o r r e s p o n d  t o  h i g h e r  g l u t a 
m a t e  c o n c e n t r a t i o n  a s  r e p o r t e d  b y  Y u  e t  a l .  ( 1 9 6 7 ) .

F o r  c h a r a c t e r i z a t i o n  o f  t h e  p e a c h  G O T ,  a n  e n z y m e  e x t r a c t  
f r o m  t h e  r i p e  ‘ R e d s k i n ’ p e a c h e s  w a s  p a r t i a l l y  p u r i f i e d  f r o m  

t h e  c r u d e  h o m o g e n a t e  b y  p r e c i p i t a t i o n  b e t w e e n  2 5 - 5 0 %  s a t u 

r a t i o n  w i t h  a m m o n i u m  s u l f a t e .  T h i s  f r a c t i o n  g a v e  a  1 2 - f o l d  
p u r i f i c a t i o n  a n d  6 0 %  y i e l d  i n  c o m p a r i s o n  w i t h  t h e  c r u d e  e x 
t r a c t .  T h i s  i s  s i m i l a r  t o  t h e  1 3 - f o l d  p u r i f i c a t i o n  o f  D - m e t h i o -  
n i n e : p y r u v a t e  a m i n o t r a n s f e r a s e  o b t a i n e d  f r o m  p e a n u t  s e e d 

l i n g s  u s i n g  a  3 5 - 5 0 %  a m m o n i u m  s u l f a t e  f r a c t i o n a t i o n  o f  t h e  

c r u d e  e x t r a c t  ( D u r h a m  e t  a l . ,  1 9 7 3 ) .

F i g u r e  3  s h o w s  t h e  p H  o p t i m u m  o f  p e a c h  G O T  w a s  i n  t h e  
r a n g e  7 . 8 - 8 . 1 .  T h i s  v a l u e  i s  c l o s e  t o  t h e  p H  o p t i m u m  r e p o r t e d  

b y  R o m a n i  ( 1 9 6 2 )  f o r  p e a r  G O T  a t  p H  8 . 4 ,  b y  S p l i t t s t o e s s e r
( 1 9 7 0 )  f o r  p u m p k i n  c o t y l e d o n  G O T  a t  p H  8 . 0 ,  a n d  b y  W o n g  
a n d  C o s s i n s  ( 1 9 6 9 )  f o r  p e a  s e e d l i n g  G O T  a t  p H  8 . 0 . D o l i c h o s  
l a b l a h  c o n t a i n e d  G O T  w i t h  p H  o p t i m u m  i n  t h e  r a n g e  8 . 2 - 8 . 5  
( P a t w a r d h a n ,  1 9 7 0 ) .  H o b s o n  ( 1 9 7 4 )  i n  h i s  e l e c t r o p h o r e t i c  i n 

v e s t i g a t i o n  o f  e n z y m e s  f r o m  d e v e l o p i n g  t o m a t o e s ,  s h o w e d  t h e  
G O T  w a s  c o n c e n t r a t e d  i n t o  f o u r  z o n e s  a t  a l l  s t a g e s  o f  d e v e l o p 
m e n t .  I t  i s  p o s s i b l e  t h a t  i s o z y m e s  o f  G O T  e x i s t  i n  p e a c h e s .

T h e  e f f e c t  o f  t e m p e r a t u r e  o n  p e a c h  G O T  a s s a y  i s  s h o w n  in  

F i g u r e  4 .  T h e  r e a c t i o n  r a t e  i n c r e a s e d  l i n e a r l y  f r o m  1 0  t o  3 6 ° C  
a n d  t h e n  l e v e l l e d  o f f .  A s s a y s  o f  p e a c h  G O T  w e r e  n o t  p e r 
f o r m e d  a t  t e m p e r a t u r e s  h i g h e r  t h a n  4 6 ° C  b e c a u s e  o f  t h e  s p o n 

t a n e o u s  d e c a r b o x y l a t i o n  o f  o x a l o a c e t a t e  t h a t  w o u l d  a l t e r  t h e  
c o u p l e d  m a l a t e  d e h y d r o g e n a s e  r e a c t i o n .  I n  p e a r s ,  t h e  t e m p e r a 
t u r e  o p t i m u m  f o r  G O T  w a s  r e p o r t e d  t o  b e  a t  3 7 ° C  w h i l e  i t  
w a s  5 0 ° C  f o r  a l a n i n e  a m i n o t r a n s f e r a s e  ( R o m a n i ,  1 9 6 2 ) .  I n  t o 
m a t o e s ,  a l a n i n e  a m i n o t r a n s f e r a s e  w a s  i n a c t i v a t e d  q u i c k l y  a t  

5 0 ° C  ( R e c h  a n d  C r o u z e t ,  1 9 7 4 ) .  I t  s h o u l d  b e  n o t e d  t h a t  i n  
t h e s e  t w o  r e f e r e n c e s ,  c o u p l e d  d e h y d r o g e n a s e s  w e r e  u s e d  a s  t h e  

a s s a y  m e t h o d .

pH

Fig. 3—Effect o f  p H  on 
peach G O T  activity. 

Vertical bars show the 
standard deviations.

Fig.4 —Effect o f  
temperature 
on peach G O T  

activity.

IO 30 50

TEMPERATURE (°C)
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Fig. 5—Effect o f  substrate concentration on peach G O T  activity.

A n  a t t e m p t  w a s  m a d e  t o  s t u d y  t h e  e f f e c t  o f  s u b s t r a t e  c o n 
c e n t r a t i o n  o n  t h e  p e a c h  G O T  r e a c t i o n  ( F i g .  5 ) .  I t  w a s  i n t e r e s t 
i n g  t o  n o t e  t h a t  a t  e a c h  o x o g l u t a r a t e  c o n c e n t r a t i o n ,  e i t h e r  
g r e a t e r  o r  l e s s e r  r a t i o s  t h a n  t h e  o n e  t o  o n e  r a t i o  r e s u l t e d  i n  
s l o w e r  r e a c t i o n  r a t e s .  A t  a  h i g h e r  a s p a r t a t e  c o n c e n t r a t i o n ,  2 0  
m M ,  n o  m e a s u r a b l e  r e a c t i o n  o c c u r r e d .  T h i s  c o u l d  b e  a t t r i b u t 
e d  e i t h e r  t o  a  l a r g e  b u r s t  o f  o x a l o a c e t a t e  f o r m a t i o n  w h i c h  

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

a n d  H o b s o n ,  1 9 7 3 )  o r  t o  s u b s t r a t e  i n h i b i t i o n  o f  G O T  a s  o b 
s e r v e d  i n  m a m m a l i a n  c y t o p l a s m i c  s y s t e m s  ( V e l i c k  a n d  V a v r a ,  
1 9 6 2 ;  H e n s o n  a n d  C l e l a n d ,  1 9 6 4 ) .  I n  s m a l l  g r e e n  p e a c h e s  a t  
t h e  p i t - h a r d e n e d  s t a g e ,  a  h i g h  c o n c e n t r a t i o n  o f  a s p a r t a t e  e x 

i s t e d  i n  t h e  p e a c h  p r o t e i n s  ( J e n  e t  a h ,  1 9 7 5 a )  w h i c h  c o r r e 
s p o n d s  t o  l o w  G O T  a c t i v i t y  f o u n d  i n  t h i s  s t u d y .  T h e  s u r g e  o f  
G O T  a c t i v i t y  d u r i n g  e a r l y  m a t u r a t i o n  c o r r e l a t e d  w i t h  a  s h a r p  
d e c l i n e  i n  a s p a r t a t e  c o n t e n t  i n  p e a c h  p r o t e i n s ,  i n d i c a t i n g  G O T  

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

o c c u p i e s  o v e r  9 0 %  o f  t h e  f r e e  a m i n o  a c i d s  p o o l  i n  p e a c h e s  
( u n p u b l i s h e d  d a t a ) ,  i t  w a s  p o s s i b l e  t h e  p e a c h  G O T  w a s  r e g u 

l a t e d  b y  s u b s t r a t e  i n h i b i t i o n .  T h i s  p r o p o s a l  r e c e i v e d  a  b l o w  
w h e n  a  l e s s  c o n c e n t r a t e d  p e a c h  e x t r a c t  w a s  u s e d  t o  r e p e a t  t h e  
k i n e t i c s  s t u d y .  L i t t l e  o r  n o  i n h i b i t i o n  w a s  o b s e r v e d  b y  h i g h

a s p a r t a t e  c o n c e n t r a t i o n .  U n t i l  a  p u r i f i e d  p e a c h  G O T  i s  a v a i l 
a b l e ,  t h e  r e a c t i o n  m e c h a n i s m  o f  G O T  r e m a i n s  u n c l e a r .

I t  a p p e a r s  t h a t  p e a c h  G O T  h a s  s i m i l a r  c h a r a c t e r i s t i c s  a s  
G O T  i s o l a t e d  f r o m  o t h e r  p l a n t  s o u r c e s .  T h e  l e v e l  o f  p e a c h  
G O T  a c t i v i t y  d u r i n g  t h e  m a t u r a t i o n  p e r i o d ,  h o w e v e r ,  d i f f e r s  t o  
t h a t  r e p o r t e d  i n  r i p e n i n g  t o m a t o e s .  T h e  c h a n g e s  o f  p e a c h  G O T  
a c t i v i t y  t h r o u g h o u t  t h e  m a t u r a t i o n  p e r i o d  i n d i c a t e d  t h a t  t h e  
e n z y m e  p r o b a b l y  p l a y s  a n  i m p o r t a n t  r o l e  i n  p r o t e i n  m e t a b o 

l i s m  o f  f r u i t  t i s s u e s .
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CUCUMBER POLYGALACTURONASE

IN T R O D U C T IO N

F A B I A N  e t  a l .  ( 1 9 3 2 )  f i r s t  s u g g e s t e d  t h a t  t h e  p e c t i c  s u b 
s t a n c e s  m i g h t  b e  i n v o l v e d  i n  t e x t u r a l  c h a n g e s  i n  c u c u m b e r s .  

T h i s  w a s  s u p p o r t e d  b y  t h e  o b s e r v a t i o n  t h a t  t h e  i n s o l u b l e  p e c 
t i n  i n  c u c u m b e r s  i s  c o n v e r t e d  t o  a  s o l u b l e  f o r m  d u r i n g  t h e  
p i c k l i n g  p r o c e s s  ( F a b i a n  a n d  J o h n s o n ,  1 9 3 8 ) .  F u r t h e r m o r e ,  

B e l l  e t  a l .  ( 1 9 5 0 )  o b s e r v e d  a  g o o d  c o r r e l a t i o n  b e t w e e n  c u c u m 
b e r  f i r m n e s s  a n d  p e c t o l y t i c  a c t i v i t y  i n  c u r i n g  b r i n e s .  T h e  p o s s i 
b l e  s o u r c e  o f  t h e  e n z y m e ( s )  m a y  b e  t h e  m o l d s  i n  t h e  b r i n e  
( D e m a i n  a n d  P h a f f ,  1 9 5 7 ) .  B u t  c u c u m b e r s  c o n t a i n  a  p o l y g a l a c 
t u r o n a s e  ( B e l l ,  1 9 5 1 )  a n d  t h e  i m p o r t a n c e  o f  t h i s  e n z y m e  i n  

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

T h e  o n l y  p u b l i s h e d  i n f o r m a t i o n  o n  c u c u m b e r  p o l y g a l a c 
t u r o n a s e  w a s  o b t a i n e d  b y  u s i n g  t h e  v i s c o m e t r i c  a s s a y  w i t h  
p e c t i n  a s  t h e  s u b s t r a t e  ( B e l l ,  1 9 5 1 ) .  U n u s u a l l y  l o n g  i n c u b a t i o n  
p e r i o d s  ( 6  d a y s )  w e r e  r e q u i r e d ,  s u g g e s t i n g  e x t r e m e l y  l o w  a c 

t i v i t y .  A  p o s s i b l e  r e a s o n  f o r  t h e  l o w  o b s e r v e d  a c t i v i t y  i s  t h a t  
p e c t a t e  r a t h e r  t h a n  p e c t i n  i s  t h e  s u b s t r a t e  f o r  p o l y g a l a c 
t u r o n a s e s  ( J a n s e n  a n d  M a c D o n n e l l ,  1 9 4 5 ) .  F u r t h e r m o r e ,  t h e  
v i s c o m e t r i c  m e t h o d  w o u l d  b e  s e n s i t i v e  f o r  r a n d o m - c l e a v i n g  

e n z y m e s ,  a n d  i t  i s  n o w  k n o w n  t h a t  e x o p o l y g a l a c t u r o n a s e s  
o c c u r  i n  h i g h e r  p l a n t s .  W e  h a v e  t h e r e f o r e  p r e p a r e d  c o n c e n 
t r a t e d  s o l u t i o n s  o f  p a r t i a l l y  p u r i f i e d  c u c u m b e r  p o l y g a l a c 
t u r o n a s e  a n d  r e - e x a m i n e d  i t s  p r o p e r t i e s .

E X P E R IM E N T A L

M a te r ia ls  a n d  m e t h o d s

T h e  s u b s t r a t e s  p e c t a t e ,  P G A  ( p o ly g a l a c tu r o n a t e )  I ,  P G A  I I ,  r e d u c e d  
P G A  I I ,  a n d  P G A  II I  w e re  p r e p a r e d  a n d  p u r i f i e d  a s  d e s c r ib e d  e a r l ie r  
(P re s s e y  a n d  A v a n ts ,  1 9 7 3 ) .  T h e  o l ig o g a l a c t u r o n a t e s  w e r e  p r e p a r e d  b y  
p a r t ia l ly  h y d r o ly z in g  p e c t a t e  w i t h  fu n g a l  p e c t in a s e  (S ig m a  C h e m ic a l  
C o .)  f o l l o w e d  b y  r e s o lu t io n  o f  t h e  o l ig o m e r s  b y  c o lu m n  c h r o m a to g r a 
p h y  o n  D E A E -S e p h a d e x  A -5 0 . T h is  w a s  a c h ie v e d  b y  e lu t io n  w i t h  in 
c re a s in g  c o n c e n t r a t i o n s  o f  N a C l. T h e  o l ig o g a l a c t u r o n a t e s  w e re  c h a r a c 
te r iz e d  a n d  id e n t i f i e d  b y  p a p e r  c h r o m a to g r a p h y  a n d  A G A  ( a n h y d r o -  
g a la c tu r o n ic  a c i d ) / r e d u c in g  g r o u p  r a t io s  (P re s s e y  a n d  A v a n ts ,  1 9 7 5 ) .

Table 1—Kinetic parameters of the hydrolysis of galacturonans 
by cucumber polygalacturonase

Substrate M X 106 Maximum velocity

Digalacturonate 570 0.5
Trigalacturonate 240 2.1
Tetragalacturonate 230 2.8
Pentagalactu ronate 200 3.9
Hexagalacturonate 170 4.5
PGA ll la 68 4.2
PGA l lb 51 4.8
PGA lc 22 5.6
Pectated 34 7.2

a Assum ing  D.P. = 13 (D.P. = degree o f po lym eriza tion ) 
b  Assum ing  D.P. = 20 
c Assum ing  D.P. = 79 
d Assum ing  D.P. = 201

P o ly g a la c tu r o n a s e  a c t i v i t y  w a s  a s s a y e d  b y  m e a s u r in g  t h e  r e le a s e  o f  
r e d u c in g  g r o u p s  T h e  s t a n d a r d  r e a c t i o n  m i x t u r e  c o n s i s te d  o f  0 .2  m l
0 .1 M  a c e t a t e - T r i s  b u f f e r ,  p H  5 .5 ,  0 .5  m l  1%  P G A  I ,  p H  5 .5 ,  0 .1  m l
0 .0 1 M  C a C lj  a n d  0 .2  m l e n z y m e  s o lu t io n  in  0 .1 5 M  N a C l.  T h e  a ss a y  
c o n d i t i o n s  a n d  u n i t  o f  a c t i v i t y  h a v e  b e e n  r e p o r t e d  (P re s s e y  a n d  A v a n ts ,
1 9 7 3 ) .

E x t r a c t i o n  a n d  p u r i f i c a t i o n  o f  p o ly g a la c tu r o n a s e

B u rp e e  h y b r id  c u c u m b e r s  w e r e  p e e l e d ,  a n d  lO O g o f  s l ic e s  b le n d e d  
w i th  1 0 0  m l 0 .1 5 M  N a C l in  a  V irT is  h o m o g e n iz e r .  T e n  h o m o g e n a te s  
w e re  p r e p a r e d  a n d  c o m b in e d ,  a n d  f u r t h e r  m a c e r a t e d  w i t h  a  P o ly t r o n  
h o m o g e n iz e r  ( B r in k m a n n  I n s t r u m e n t s ) .  T h e  p H  o f  t h e  s lu r r y  w a s  a d 
j u s t e d  t o  6 w i th  d i l u t e  N a O H . T h e  s a m p le  w a s  s t i r r e d  in  t h e  c o ld  f o r  2 
h r ,  t h e n  c e n t r i f u g e d  a t  8 0 0 0  x  G  f o r  3 0  m in .  T h e  s u p e r n a t a n t  s o lu t io n  
w a s  c o n c e n t r a t e d  t o  a b o u t  6 0  m l b y  u l t r a f i l t r a t i o n  w i th  a  P M -1 0  m e m 
b r a n e  ( A m ic o n  C o r p . )  a n d  d ia ly z e d  a g a in s t  0 .1 5 M  N a C l f o r  1 6  h r .

T h e  d ia ly z e d  s o lu t io n  w a s  c la r i f i e d  b y  c e n t r i f u g a t io n  a n d  a p p l ie d  to  
a  5  X  9 0  c m  c o lu m n  o f  S e p h a d e x  G -1 0 0  in  0 .1 5 M  N a C l ,  p H  6 . T h e  
c o lu m n  w a s  e lu t e d  w i th  0 .1 5 M  N a C l.  A  s in g le  p e a k  o f  p o ly g a la c 
tu r o n a s e  a c t i v i t y  w a s  d e t e c t e d  b y  t h e  s t a n d a r d  a s s a y .  T h e  f r a c t io n s  
c o n ta in in g  t h e  e n z y m e  w e re  p o o le d  a n d  c o n c e n t r a t e d  t o  a b o u t  10  m l 
b y  u l t r a f i l t r a t i o n ;  s p e c i f i c  a c t i v i t y  o f  t h e  p r e p a r a t i o n  w a s  3 9 .

R E S U L T S

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

T h e  p e c t i c  e n z y m e s  i n  h i g h e r  p l a n t s  u s u a l l y  a r e  a s s o c i a t e d  
w i t h  t h e  i n s o l u b l e  c e l l  w a l l  m a t e r i a l  ( K e r t e s z ,  1 9 3 8 ;  M c C r e a d y  

e t  a l . ,  1 9 5 5 ) .  A  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n  o f  N a C l  i s  n o r 
m a l l y  r e q u i r e d  t o  s o l u b i l i z e  t h e  e n z y m e s .  A f t e r  t h e  e n z y m e s  
h a v e  b e e n  e x t r a c t e d  a n d  s e p a r a t e d  f r o m  t h e  c e l l  w a l l  c o m p o 
n e n t s ,  t h e y  r e m a i n  s o l u b l e  i n  s o l u t i o n s  o f  l o w  i o n i c  s t r e n g t h  
( P a t e l  a n d  P h a f f ,  1 9 6 0 ) .  T h i s  p r o p e r t y  p e r m i t s  t h e  r e m o v a l  o f  
t h e  w a t e r - s o l u b l e  c o n s t i t u e n t s  p r i o r  t o  e x t r a c t i o n  o f  t h e  

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

s t e p  e x t r a c t i o n s  o f  c u c u m b e r  s l i c e s  w i t h  e q u a l  w e i g h t s  o f  c o l d  
w a t e r ,  0 . 1 M  N a C l ,  0 . 2 5 M  N a C l ,  a n d  1 .0 M  N a C l  y i e l d e d  n e a r l y  
e q u a l  a m o u n t s  o f  a c t i v i t y .  E x t r a c t i o n  o f  lO O g  s l i c e s  w i t h  w a t e r  
a t  p H  6  r e l e a s e d  6 3  u n i t s  o f  p o l y g a l a c t u r o n a s e  a c t i v i t y .  R e 
e x t r a c t i o n  o f  t h e  r e s i d u e  w i t h  a n  a d d i t i o n a l  1 0 0  m l  w a t e r  
y i e l d e d  a n o t h e r  2  u n i t s  o f  a c t i v i t y .  B u t  o n l y  3 u n i t s  o f  a c t i v i t y  

w e r e  o b t a i n e d  w h e n  t h e  w a t e r  i n s o l u b l e  r e s i d u e  w a s  e x t r a c t e d  
w i t h  1 0 0  m l  o f  1 . 0 M  N a C l .

E f f e c t s  o f  s u b s t r a t e  s i z e  a n d  c o n c e n t r a t i o n

T h e  a c t i o n  o f  c u c u m b e r  p o l y g a l a c t u r o n a s e  w a s  s t u d i e d  o n  a  
s e r i e s  o f  s u b s t r a t e s  w i t h  i n c r e a s i n g  c h a i n  l e n g t h s  c o n s i s t i n g  o f  
o l i g o g a l a c t u r o n a t e s ,  p o l y g a l a c t u r o n a t e s  a n d  p e c t a t e .  T h e  k i 
n e t i c  d a t a  a r e  p r e s e n t e d  i n  T a b l e  1 . T h e  e n z y m e  h y d r o l y z e d  
d i g a l a c t u r o n a t e  s l o w l y ,  b u t  t h e  r a t e  o f  r e a c t i o n  i n c r e a s e d  

m a r k e d l y  a s  t h e  n u m b e r  o f  m o n o m e r i c  u n i t s  i n  t h e  s u b s t r a t e  
i n c r e a s e d  t o  a b o u t  6 . T h e  r e a c t i o n  v e l o c i t y  i n c r e a s e d  s l o w l y  a s  
t h e  s u b s t r a t e  s i z e  i n c r e a s e d  f u r t h e r  a n d  w a s  m a x i m a l  f o r  
p e c t a t e ,  t h e  l a r g e s t  s u b s t r a t e .  K m  d e c r e a s e d  w i t h  i n c r e a s i n g  
s u b s t r a t e  s i z e  a n d  w a s  l o w e s t  f o r  P G A  I .

M o d e  o f  a c t i o n

C o m p a r i s o n  o f  t h e  c h a n g e  i n  v i s c o s i t y  o f  a  p o l y m e r i c  s u b 
s t r a t e  w i t h  t h e  r a t e  o f  c h a i n  c l e a v a g e  c a n  h e l p  i d e n t i f y  t h e
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m o d e  o f  e n z y m e  h y d r o l y s i s .  R e a c t i o n  m i x t u r e s  c o n t a i n i n g
0 . 5 %  p e c t a t e ,  p H  5 . 5 ,  a n d  c u c u m b e r  p o l y g a l a c t u r o n a s e  w e r e  

t h e r e f o r e  m o n i t o r e d  f o r  v i s c o s i t y  a n d  r e d u c i n g  g r o u p s .  A t  a n  
e n z y m e  l e v e l  o f  0 . 0 4  m l / m l ,  t h e  v i s c o s i t y  d r o p p e d  9 %  a f t e r  2  
h r  w h i l e  0 . 6 3  /n m o l e s  r e d u c i n g  g r o u p s  w e r e  r e l e a s e d .  T h i s  r e p 
r e s e n t s  c l e a v a g e  o f  2 . 7 %  o f  t h e  g l y c o s i d i c  l i n k a g e s  i n  t h e  
s u b s t r a t e .  H i g h e r  l e v e l s  o f  p o l y g a l a c t u r o n a s e  i n c r e a s e d  t h e  

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

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

( P r e s s e y  a n d  A v a n t s ,  1 9 7 3 ) .
I f  t h e  c u c u m b e r  e n z y m e  c l e a v e s  t e r m i n a l  b o n d s ,  q u e s t i o n s  

r e m a i n  o n  t h e  n a t u r e  o f  t h e  p r o d u c t  r e l e a s e d  a n d  w h e t h e r  t h e  
s u b s t r a t e  i s  a t t a c k e d  f r o m  t h e  r e d u c i n g  o r  n o n r e d u c i n g  e n d .  
T h e  p r o d u c t  w a s  a  r e d u c i n g  s u g a r  a s  m e a s u r e d  b y  t h e  a r s e n o -  
m o l y b d a t e  m e t h o d ,  b u t  i t  w a s  i n a c t i v e  i n  t h e  t h i o b a r b i t u r i c  
a c i d  a n d  u l t r a v i o l e t  a b s o r p t i o n  a s s a y s  ( P r e i s s  a n d  A s w e l l ,
1 9 6 2 ) .  T h e  l a t t e r  a s s a y s  r u l e  o u t  t h e  p o s s i b i l i t i e s  t h a t  t h e  p r o d 
u c t  w a s  4 - d e o x y - 5 - k e t o u r o n i c  a c i d  o r  a n  u n s a t u r a t e d  o l i g o g a -  
l a c t u r o n a t e  w h i c h  w o u l d  b e  f o r m e d  i f  t h e  e n z y m e  w e r e  a  
t r a n s - e l i m i n a s e  r a t h e r  t h a n  a  h y d r o l a s e .  P a p e r  c h r o m a t o g r a p h i c  
a n a l y s i s  u s i n g  t h e  s o l v e n t  e t h y l  a c e t a t e - a c e t i c  a c i d - w a t e r  

( 1 0 : 5 : 6 ) o f  t h e  e n z y m a t i c  h y d r o l y z a t e s  o f  p o l y g a l a c t u r o n a t e  
s h o w e d  a  s i n g l e  s p o t .  T h i s  c o m p o n e n t  c o r r e s p o n d e d  t o  g a l a c -  
t u r o n i c  a c i d  i n  R f  a n d  i t s  c o l o r  r e a c t i o n  w i t h  d i p h e n y l a m i n e -  
a n i l i n e  s p r a y  r e a g e n t .  D i g a l a c t u r o n a t e  a n d  h i g h e r  o l i g o g a l a c -  

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

t u r o n a s e  a c t i o n  w a s  c o n f i r m e d  b y  a n a l y z i n g  t h e  p r o d u c t s  o f  
p e n t a g a l a c t u r o n a t e  h y d r o l y s i s .  A  r e a c t i o n  m i x t u r e  c o n t a i n i n g
1 2 . 5  m g  p e n t a g a l a c t u r o n a t e  a n d  0 . 5  m l  p o l y g a l a c t u r o n a s e  w a s  
i n c u b a t e d  a t  3 7 °  f o r  2  h r .  T h e  r e a c t i o n  w a s  s t o p p e d  b y  h e a t i n g  

t h e  s a m p l e  i n  b o i l i n g  w a t e r .  T h e  s o l u t i o n  w a s  a p p l i e d  t o  a  2 . 5  
X 4 0  c m  c o l u m n  o f  D E A E - S e p h a d e x  A - 5 0  i n  w a t e r  a t  p H  6 . 
E l u t i o n  w a s  c o n d u c t e d  w i t h  a  l i n e a r  g r a d i e n t  o f  0 . 0 5 - 0 . 2 M  
N a C l ,  a n d  t h e  1 0  m l  f r a c t i o n s  w e r e  a n a l y z e d  f o r  A G A .  T h e  
e l u t i o n  p a t t e r n  i s  p r e s e n t e d  i n  F i g u r e  1 . B a s e d  o n  e l u t i o n  v o l 
u m e s  f o r  k n o w n  o l i g o g a l a c t u r o n a t e s  o n  t h i s  c o l u m n ,  t h e  p e a k s  
c o r r e s p o n d  t o  g a l a c t u r o n a t e  ( 2 . 5 0  m g ) ,  t r i g a l a c t u r o n a t e  ( 1 . 7 8  
m g ) ,  t e t r a g a l a c t u r o n a t e  ( 5 . 5 0  m g )  a n d  p e n t a g a l a c t u r o n a t e  
( 1 . 7 0  m g ) .  D i g a l a c t u r o n a t e ,  w h i c h  n o r m a l l y  e l u t e d  a t  f r a c t i o n  
3 2 ,  w a s  n o t  d e t e c t a b l e .  I t  c a n  b e  r e a d i l y  c a l c u l a t e d  t h a t  t h e  
g a l a c t u r o n a t e  w a s  f o r m e d  b y  c l e a v a g e  o f  p e n t a g a l a c t u r o n a t e  t o  
t e t r a g a l a c t u r o n a t e  f o l l o w e d  b y  h y d r o l y s i s  o f  t e t r a g a l a c -

FRACTION NUMBER

Fig. 1 -T h e  elution pro file  from a DEAE-Sephadex A-50 colum n o f 
the products o f  partia l hydrolysis o f pentagalacturonate by cucum 
ber polygalacturonase. The experimental details are given in the 
text. The peaks represent galacturonate, trigalacturonate, tetragalac

turonate, and pentagalacturonate, in that order from le ft to right.

t u r o n a t e  t o  t r i g a l a c t u r o n a t e .  F r o m  t h e  d a t a  o f  T a b l e  1 , o n e  

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

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

t a b l i s h  w h i c h  e n d  o f  t h e  s u b s t r a t e  m o l e c u l e  i s  a t t a c k e d  
( P r e s s e y  a n d  A v a n t s ,  1 9 7 3 )  w a s  a p p l i e d  t o  t h e  c u c u m b e r  e n 
z y m e .  T h e  r a t e s  o f  c l e a v a g e  o f  P G A  I I  a n d  b o r o h y d r i d e -  

r e d u c e d  P G A  I I  w e r e  n e a r l y  i d e n t i c a l  ( 0 . 2 6  a n d  0 . 2 7  / u m o l e s  
r e d u c i n g  g r o u p s / m l / h r ) .  T h e  p r o d u c t s  o f  a  p a r t i a l  h y d r o l y s i s  o f  

r e d u c e d  P G A  I I  w e r e  s e p a r a t e d  o n  t h e  b a s i s  o f  s o l u b i l i t y  o f  
t h e i r  s t r o n t i u m  s a l t s  i n  6 3 %  e t h a n o l .  T h e  t w o  f r a c t i o n s  ( s o l u 
b l e  a n d  i n s o l u b l e  s a l t s )  w e r e  d e i o n i z e d  w i t h  D o w e x - 5 0  ( H ~ )  

a n d  a n a l y z e d  f o r  r e d u c i n g  g r o u p s .  M o s t  o f  t h e  r e d u c i n g  g r o u p s  
( 9 6 % )  w e r e  i n  t h e  s t r o n t i u m - s o l u b l e  f r a c t i o n .  T h e  r e s u l t s  i n d i 
c a t e  t h a t  t h e  r e d u c e d  t e r m i n a l  g r o u p  i n  t h e  s u b s t r a t e  d o e s  n o t  

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

g e n e r a t e d  b y  t h e  e n z y m e  a r e  t h e  m o n o m e r  u n i t s  r e l e a s e d ,  a n d  
t h e  u n d e g r a d e d  r e s i d u e  o f  p a r t i a l l y  h y d r o l y z e d  r e d u c e d  P G A  
I I  r e m a i n s  n o n r e d u c i n g .  T h e r e f o r e ,  c l e a v a g e  m u s t  p r o c e e d  
f r o m  t h e  n o n r e d u c i n g  e n d s  o f  t h e  s u b s t r a t e  m o l e c u l e s .

E ffe c t s  o f  pH  an d  d iv a len t c a t io n s

C u c u m b e r  p o l y g a l a c t u r o n a s e  w a s  a c t i v e  b e t w e e n  p H  3  a n d  
8  w i t h  a n  o p t i m u m  a t  5 . 5 .  T h e  r a n g e  o f  a c t i v i t y  a n d  t h e  o p t i 

m u m  w e r e  i n d e p e n d e n t  o f  s u b s t r a t e  s i z e .  C a 2 +  a c t i v a t e d  t h e  
p a r t i a l l y  p u r i f i e d  e n z y m e  2 . 5 - f o l d ,  w i t h  m a x i m a l  a c t i v a t i o n  a t

0 . 4  m M  C a C l 2 . M g 2 +  , S r 2 + , B a 2 +  a n d  M n 2 +  a t  0 . 4  m M  l e v e l s  
d i d  n o t  a f f e c t  t h e  a c t i v i t y .  A s  w i t h  p e a c h  e x p o l y g a l a c t u r o n a s e  
( P r e s s e y  a n d  A v a n t s ,  1 9 7 3 ) ,  0 . 1 M  E D T A  o r  c i t r a t e  r e d u c e d  t h e  
a c t i v i t y  t o  z e r o .

M o lecu la r  w e ig h t

T h e  m o l e c u l a r  w e i g h t  o f  t h e  e n z y m e  w a s  e s t i m a t e d  b y  g e l  
f i l t r a t i o n  o n  a  2 . 5  X  9 0  c m  c o l u m n  o f  S e p h a d e x  G - 1 0 0  i n

0 .1  5 M  N a C l .  F r o m  t h e  e l u t i o n  v o l u m e s  o f  c y t o c h r o m e  C ,  o v a l 
b u m i n ,  b o v i n e  s e r u m  a l b u m i n  ( m o n o m e r  a n d  d i m e r ) ,  t h e  c a l 
c u l a t e d  m o l e c u l a r  w e i g h t  o f  c u c u m b e r  p o l y g a l a c t u r o n a s e  is
5 9 , 0 0 0 .

P o ly g a la c tu r o n a se  a c t iv ity  in p ic k lin g  c u c u m b e r s

T h e  B u r p e e  h y b r i d  c u c u m b e r s  u s e d  f o r  t h e  i s o l a t i o n  a n d  
c h a r a c t e r i z a t i o n  o f  c u c u m b e r  p o l y g a l a c t u r o n a s e  a r e  a  s l i c i n g  
v a r i e t y .  A  p i c k l i n g  v a r i e t y  o f  c u c u m b e r  w a s  a l s o  e x a m i n e d  f o r  
a c t i v i t y .  F r e s h l y  h a r v e s t e d  P i x i e  c u c u m b e r s  w e r e  s e p a r a t e d  o n  

t h e  b a s i s  o f  s i z e  i n t o  t h r e e  g r o u p s  w i t h  a v e r a g e  w e i g h t s  o f  5 5 ,  
1 3 5  a n d  2 3 0 g .  E x t r a c t s  w e r e  p r e p a r e d  f r o m  lO O g  o f  e a c h  

s a m p l e  b y  t h e  s t a n d a r d  p r o c e d u r e  a n d  c o n c e n t r a t e d  t o  1 0  m l .  
T h e  l e v e l s  o f  e n z y m e  a c t i v i t y  i n  t h e  d i a l y z e d  s o l u t i o n s  w e r e
0 . 2 9 ,  0 . 6 3  a n d  0 . 8 7  u n i t s / m l  f o r  t h e  s m a l l ,  m e d i u m  a n d  l a r g e  
c u c u m b e r s ,  r e s p e c t i v e l y .  T h e  a c t i v i t y  i n  a  c o m p a r a b l e  e x t r a e :  
o f  m a t u r e  B u r p e e  h y b r i d  c u c u m b e r s  w a s  1 . 5 6  u n i t s / m l .

D IS C U S S IO N

T H E  P O L Y G A L A C T U R O N A S E  i n  c u c u m b e r s  i s  a n  e x o 
s p l i t t i n g  e n z y m e .  T h i s  i s  t h e  t h i r d  e x o p o l y g a l a c t u r o n a s e  i d e n t i 
f i e d  i n  h i g h e r  p l a n t s ,  w i t h  p r e v i o u s  r e p o r t s  o f  t h i s  e n z y m e  ir .  
c a r r o t s  ( H a t a n a k a  a n d  O z a w a ,  1 9 6 4 )  a n d  p e a c h e s  ( P r e s s e y  a n d  

A v a n t s ,  1 9 7 3 ) .  T h e  c u c u m b e r  e n z y m e  is  s i m i l a r  t o  t h e  p e a c h  
e n z y m e  i n  p H  o p t i m u m ,  c a t i o n  a c t i v a t i o n  a n d  m o l e c u l a r  
w e i g h t .  I t  i s  a l s o  s i m i l a r  t o  t h e  c a r r o t  a n d  p e a c h  e n z y m e s  i n  
t h e  s t e p w i s e  r e m o v a l  o f  m o n o m e r  u n i t s  f r o m  t h e  n o n r e d u c i n g  
e n d s  o f  t h e  s u b s t r a t e  m o l e c u l e s .  I t  e x h i b i t s  t h e  h i g h e s t  a f f i n i t y  
f o r  l a r g e  s u b s t r a t e  m o l e c u l e s  w h i c h  i t  c l e a v e s  m o s t  r a p i d l y .

T h e  p h y s i o l o g i c a l  f u n c t i o n  o f  a n  e x o p o l y g a l a c t u r o n a s e  i n  
c u c u m b e r s  i s  n o t  c l e a r .  A s  i n  c a r r o t s ,  t h i s  a p p e a r s  t o  b e  t h e  
o n l y  p e c t a t e  h y d r o l y z i n g  e n z y m e  in  c u c u m b e r s .  P o l y g a l a c 
t u r o n a s e s  h a v e  b e e n  i m p l i c a t e d  i n  t h e  s o f t e n i n g  o f  v a r i o u s  
f r u i t s  ( H a s e g a w a  e t  a h ,  1 9 6 9 ;  H o b s o n ,  1 9 6 4 ;  P r e s s e y  e t  a l . ,
1 9 7 1 ) ,  b u t  t h e s e  e n z y m e s  a r e  e n d o - s p l i t t i n g .  T h e i r  a c t i o n  o n  a
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r e l a t i v e l y  f e w  b o n d s  c o u l d  m a r k e d l y  a l t e r  t h e  p e c t i n  m o l e c u l e s  

a n d  c o n s e q u e n t l y  t h e  c e l l  w a l l s .  I f  a n  e x o p o l y g a l a c t u r o n a s e  

p a r t i c i p a t e s  i n  t h e  d i s r u p t i o n  o f  c e l l  w a l l s  a s s o c i a t e d  w i t h  s o f 
t e n i n g  o f  c u c u m b e r s ,  t h e  m e c h a n i s m  i s  n o t  r a n d o m  c l e a v a g e  o f  
p e c t i n  b u t  r a t h e r  s p e c i f i c  h y d r o l y s i s  o f  t e r m i n a l  l i n k a g e s .  C u r 
r e n t  k n o w l e d g e  o f  p l a n t  c e l l  w a l l  s t r u c t u r e  ( K e e g s t r a  e t  a l . ,
1 9 7 3 )  d o e s  n o t  i n d i c a t e  i m p o r t a n c e  t o  t e r m i n a l  b l o c k s  o f  g a -  

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

c e l l  w a l l  o f  f i r m  f r u i t .
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IN T R O D U C T IO N

I T  I S  M A I N T A I N E D  t h a t  p o s s i b l e  a b s e n c e  ( A n o n y m o u s ,  
1 9 6 7 ;  K o n  e t  a l . ,  1 9 7 3 )  o r  i n h i b i t i o n  ( B i t a r  a n d  R e i n h o l d ,  

1 9 7 2 ;  R e i n h o l d  e t  a l . ,  1 9 7 3 )  o f  i n t e s t i n a l  p h y t a s e  a c t i v i t y  i n  
m a n  is  p e r h a p s  r e s p o n s i b l e  f o r  t h e  h i g h  i n c i d e n c e  o f  m i n e r a l -  
d e f i c i e n c y  d i s e a s e s  i n  p o p u l a t i o n  g r o u p s  c o n s u m i n g  h i g h - c e r e a l  
a n d  t h u s  h i g h - p h y t a t e  d i e t s .  T h e  p r e s e n c e  o f  u n d e g r a d e d  

p h y t a t e s  a s  i n  t h e  “ n a t u r a l ”  f o o d s  ( B e r l y n e  e t  a l . ,  1 9 7 3 ;  

M c B e a n s  a n d  S p e c k m a n n ,  1 9 7 4 )  o r  o f  p a r t i a l l y - d e g r a d e d  
p h y t a t e s  a s  i n  b r e a d  ( R e i n h o l d  e t  a l . ,  1 9 7 3 ;  B e r l y n e  e t  a l . ,  
1 9 7 3 ;  R a n h o t r a ,  1 9 7 2 ;  R a n h o t r a  e t  a l . ,  1 9 7 4 a )  t h u s  r e m a i n s  a  
p o t e n t i a l  s o u r c e  c a p a b l e  o f  i n d u c i n g  d e f i c i e n c i e s  o f  i r o n ,  
m a g n e s i u m ,  z i n c ,  c a l c i u m  a n d  p o s s i b l y  o t h e r  e l e m e n t s .  I n  
a n i m a l  s p e c i e s  w h e r e  t h e  p r e s e n c e  o f  a c t i v e  i n t e s t i n a l  p h y t a s e  

a n d  r e s u l t a n t  p h y t a t e  c l e a v a g e  h a s  b e e n  s h o w n ,  p h y t a t e  i n t e r 
f e r e n c e  c o n s t i t u t e s  m u c h  l e s s  s e r i o u s  a  p r o b l e m  ( A n o n y m o u s ,  
1 9 6 7 ;  P i l e g g i  e t  a l . ,  1 9 5 5 ;  M a d d a i a h  e t  a l . ,  1 9 6 3 ;  N e l s o n  e t  a l . ,  

1 9 7 1 ;  R a n h o t r a  e t  a l . ,  1 9 7 4 b ) .  A l t h o u g h  t h e  a b i l i t y  o f  m a n  t o  
h y d r o l y z e  p h y t a t e s  r e m a i n s  a  c o n t r o v e r s i a l  s u b j e c t ,  s o m e  
h y d r o l y s i s  i n  t h e  d i g e s t i v e  t r a c t  d o e s  i n v a r i a b l y  o c c u r  p r o b a b l y  

d u e  t o  m i c r o b i a l  p h y t a s e s  o r  n o n e n z y m a t i c  c l e a v a g e  ( N i c o -  
l a y s e n  a n d  N j a a ,  1 9 5 1 ;  H e g s t e d  e t  a l . ,  1 9 5 4 ;  S u b r a h m a n y a n  e t  

a l . ,  1 9 5 5 ) .  W h e t h e r  p l a n t  p h y t a s e s  a r e  a l s o  i n v o l v e d  i n  t h i s  
h y d r o l y s i s  i s  n o t  u n d e r s t o o d .  P r e s e n t  w o r k ,  u s i n g  w h e a t  p h y 
t a s e ,  w a s  t h u s  u n d e r t a k e n  t o  e x a m i n e  t h i s .

E X P E R IM E N T A L

F O U R  E X P E R IM E N T S  w e re  c o n d u c t e d .  In  e x p e r im e n t  1 , w h e a t  p r o 
te in  c o n c e n t r a t e  (W P C ) p r e p a r e d  f r o m  f ib r o u s  m i l l - f r a c t io n s  w a s  o b 
t a in e d  c o m m e r c ia l ly  ( D ix ie - P o r t l a n d  M ills ) . I n  a l l  o t h e r  e x p e r im e n t s ,  
W P C  u s e d  r e p r e s e n te d  a  m i x t u r e  ( 1 : 1 )  o f  f in e ly  g r o u n d  b r a n  a n d  s h o r t s ;  
o t h e r  m a te r ia l s  t e s t e d  in c lu d e d  w h o le  w h e a t  f l o u r ,  h ig h - f a t  s o y  f lo u r ,  
c o r n  s t a r c h ,  a n d  s o d iu m  p h y t a t e  (G e n e ra l  B io c h e m ic a ls ) .

A ll  s tu d ie s  w e re  c o n d u c t e d  u s in g  m a le  S p r a g u e -D a w le y  r a t s  f e d  n o n -  
p h y t a t e  d ie t s  f o r  4 - 6  w k  a n d  w e ig h in g ,  o n  t h e  d a y  o f  t e s t - f e e d in g ,  
a b o u t  1 5 0 —2 5 0 g .  R a t s  w e re  s ta r v e d  o v e r n ig h t  b e f o r e  t e s t  d ie t s  w e re  f e d  
a n d ,  3  h r  a f t e r  f e e d in g ,  a l l  r a t s  w e re  s a c r i f i c e d  a n d  in g e s t a  c o l le c te d  
f r o m  t h e i r  s t o m a c h  a n d  in te s t in e s .  P o o le d  in g e s t a  ( 5 - 8  r a t s  p e r  d ie t )  
w e re  t h o r o u g h l y  h o m o g e n iz e d  a n d  a  p o r t i o n  f r e e z e  d r ie d  f o r  t h e  d e t e r 
m in a t io n  o f  p h y t i c  a c id  c o n t e n t ;  d e t e r m in a t io n s  w e re  m a d e  a f t e r  t h e  
d r ie d  in g e s t a  a n d  t e s t  d ie t s  w e re  e x p o s e d  t o  r o o m - a i r  t o  e q u a l iz e  in  
m o is tu r e  c o n t e n t .  A ll  r e s u l t s  a r e  t h u s  e x p r e s s e d  o n  e q u a l  m o i s tu r e  b a s is .

T h e r m a l  i n a c t i v a t i o n  o f  p h y ta s e  in  w h e a t  (W P C  a n d  f lo u r )  w a s  
c a r r ie d  o u t  b y  h e a t i n g  t e s t  s a m p le s ,  in  a c lo s e d  c o n ta in e r ,  f o r  3 h r  a t  
1 0 0 ° C  (T a b le  1 ). I s o la te d  w h e a t  p h y ta s e  r e q u i r e d  a d e q u a te  m o is te n in g  
w i th  w a te r  b e f o r e  p a r t i a l  i n a c t iv a t io n  c o u ld  b e  a t t a i n e d  a s  a b o v e ;  s a m 
p le s  w e r e  f r e e z e  d r ie d  fo l lo w in g  s u c h  a n  i n a c t iv a t io n ,  f in e ly  g r o u n d  a n d  
t h e n  u s e d .

P h y ta s e  a c t iv i ty  in  w h e a t  w a s  m e a s u r e d  ( t r i p l i c a t e  d e t e r m in a t io n s )  
b y  t h e  m e t h o d  o f  P e e rs  ( 1 9 5 3 ) .  U s in g  M ic h a e lis  b a r b i t a l  s o d iu m - a c e ta te  
b u f f e r  ( p H ,  2 . 6 - 9 . 4 ) ,  p h y ta s e  a c t iv i ty  w a s  m e a s u r e d  a t  5 5 ° C  a n d  a lso  
a t  3 7 ° C  a n d  a t  t h r e e  p H  ( 2 .6 ,  5 .2  a n d  8 .0 )  t o  s im u la te  g a s t r o in te s t in a l  
c o n d i t io n s .  N o  p h y ta s e  a c t iv i ty  w a s  m e a s u r a b le  in  t h e  s o y  p r e p a r a t i o n  
t e s t e d  ( m e t h o d  o f  G ib b in s  a n d  N o r r i s ,  1 9 7 3 ) .  U n i t  o f  a c t iv i ty  (U )  is  
d e f in e d  a s  t h e  a m o u n t  o f  e r .z y m e  re le a s in g  1 m g  o f  in o r g a n ic  p h o s 
p h o r u s  f r o m  1 .6  x  1 0 '3 M  p h y t i c  a c id  a t  p H  5 .1 5  in  1 h r  ( R a n h o t r a ,  
1 9 7 3 ) .  P h y t i c  a c id  in  t h e  d ie t  a n d  in  p o o le d  in g e s t a  w a s  d e t e r m in e d  b y  
t h e  m e t h o d  o f  M a k o w e r  ( 1 9 7 0 )  a s  d e s c r ib e d  e a r l i e r  ( R a n h o t r a ,  1 9 7 2 ,  
1 9 7 3 ) .  A  c r u d e  p r e p a r a t i o n  o f  w h e a t  p h y ta s e  w a s  p r e p a r e d  b y  th e

m e th o d  o f  P e e rs  ( 1 9 5 3 )  u s in g  f in e ly  g r o u n d  b r a n  a n d  s h o r t s ;  f in a l  s t e p s  
o f  p r e c i p i t a t i o n  a n d  d ia ly s is  d id  n o t  a p p e a r ,  u n d e r  o u r  l a b o r a t o r y  c o n 
d i t io n s ,  t o  in c r e a s e  e n z y m e  a c t iv i t y  a p p r e c i a b ly  a n d  h e n c e  w e r e  n o t  
u n d e r t a k e n .

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

A L T H O U G H  S O M E  E V I D E N C E  t o  t h e  c o n t r a r y  h a s  b e e n  
r e p o r t e d  r e c e n t l y  ( B i t a r  a n d  R e i n h o l d ,  1 9 7 2 ) ,  i t  i s  s t i l l  m a i n 
t a i n e d  t h a t  m a n  l a c k s  i n t e s t i n a l  p h y t a s e  a n d  t h u s  c a n n o t  
h y d r o l y z e  d i e t a r y  p h y t a t e s .  H y d r o l y s i s  o f  d i e t a r y  p h y t a t e s  i n  

t h e  d i g e s t i v e  t r a c t  i s ,  h o w e v e r ,  s u g g e s t e d  b y  b a l a n c e  s t u d i e s  
( N i c o l a y s e n  a n d  N j a a ,  1 9 5 1 ;  H e g s t e d  e t  a l . ,  1 9 5 4 ;  S u b r a h m a n 
y a n  e t  a l . ,  1 9 5 5 )  b u t  i t  i s  n o t  k n o w n  i f  p l a n t  p h y t a s e s  a r e  
i n v o l v e d  i n  t h i s  h y d r o l y s i s .

R e s u l t s  i n  e x p e r i m e n t  1 ( T a b l e  2 )  i n d i c a t e  t h a t  w h i l e  w h e a t  

p h y t a s e  a c t i v i t y  d e c r e a s e d  g r e a t l y  a f t e r  W P C  w a s  i n g e s t e d ,  
a p p r e c i a b l e  a c t i v i t y  s t i l l  r e m a i n e d  i n  t h e  s t o m a c h  i n g e s t a  o f  
r a t s .  A l s o ,  m o r e  t h a n  h a l f  o f  t h e  i n g e s t e d  p h y t a t e  w a s  h y d r o 

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

w h e a t  p h y t a s e  a n d / o r  n o n e n z y m a t i c a l l y  e . g . ,  t h r o u g h  g a s t r i c  
a c i d i t y .  T h e s e  r e s u l t s  w e r e  e x a m i n e d  i n  g r e a t e r  d e p t h  i n  t h e  
s u c c e e d i n g  e x p e r i m e n t s .  T h u s  i n  e x p e r i m e n t  2  ( T a b l e  3 ) ,  w h e n  
a n i m a l s  w e r e  f e d  c o r n  s t a r c h  ( n o  p h y t a s e  p r e s e n t )  c o n t a i n i n g  
a d d e d  p h y t a t e ,  c o n s i d e r a b l e  p h y t a t e  h y d r o l y s i s  o c c u r r e d  i n

Table 1—Thermal (100°C) inactivation of wheat phytase

Time, hr

Phytase activity3

U/100g Loss, %

0.0 1 0 1 4 0.0
1.5 761 2 5 .0
3.0 122 8 8 .0
4 .5 88 9 1 .3
6 .0 69 9 3 .2
7.5 60 94.1

a M e th o d  o f  Peers (1 9 5 3 )

Table 2—Phytate hydrolysis in stomach (Experiment 1)

Phytate Phytase
phosphorus3 activity* **

mg/100g U/100g

WPC (diet) 1033 395
WPC (ingesta) 492 142

a A ir -d r ie d  basis
** M e th o d  o f  Peers (1 9 5 3 )
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Table 3—Phytate hydrolysis during digestion (Experiment 2)

Phytase Phytate phosphorus

Activity3

At 37° C

Small

Diet
Added (A) 
Native (N)

Diet pH 2.6 pH 5.2 

U/IOOg

pH 8.0 Diet
Stomach
ingesta*5

--- mg/100g-----

intestine
ingesta*5

A, Starch + phytate - 0 0 0 0 456 66 (86) 316 (31)
Aj Starch + phytate A 224 589 338 142 494 6 (99) 337 (32)
B, Soy A 203 623 432 34 684 574 (16) 125 (82)
B2 Soy Ac 149 98 23 0 677 692 ( 0) 98 (86)

C, Whole wheat flour N 193 187 169 2 295 48 (84) 52 (82)
C2 Whole wheat flour Nc 23 0 0 0 277 267 ( 4) 91 (67)
D, WPC AC,N 349 867 347 0 1390 770 (45) 242 (83)
D2 WPC AC,NC 153 103 0 0 1312 959 (27) 292 (78)

a D eterm ined  by the m ethod o f Peers (1953) but: using M ich ae lis  bu ffe r. A c t iv it ie s  o f  d iets, where iso la ted  phytase  was also added d iffe red  some-
w hat from  the ca lcu la ted con tr ib u ted  values. Phytase act iv ity  o f iso la ted  enzyme: 890  U /100g (un inactiva ted). and 409  U /100g (pa rtia lly
inactivated).

^ Values w ith in  parentheses ind ica te  percen t d ie ta ry  phyta te  h yd ro ly zed  
c Phytase inactivated

t h e  s t o m a c h ,  a p p a r e n t l y  n o n e n z y m a t i c a l l y .  M o r e  p h y t a t e  w a s  

h y d r o l y z e d ,  h o w e v e r ,  w h e n  i s o l a t e d  w h e a t  p h y t a s e  w a s  a l s o  

a d d e d  t o  t h e  a b o v e  d i e t  ( A t  v s  A 2 ) .  T h e  s i g n i f i c a n c e  o f  w h e a t  
p h y t a s e  w a s  a g a i n  a p p a r e n t  w h e n  r a t s  w e r e  f e d  s o y  ( c o n t a i n s  
p h y t a t e  b u t  n o  p h y t a s e  a c t i v i t y ) ;  t h e  a d d i t i o n  o f  p h y t a s e  t o  

s o y  b r o u g h t  a b o u t  g a s t r i c  h y d r o l y s i s  o f  d i e t a r y  p h y t a t e  w h i l e  
n o  h y d r o l y s i s  o c c u r r e d  w h e n  t h e  a d d e d  p h y t a s e  w a s  i n a c t i 
v a t e d  ( d i e t s  B i  v s  B 2 ) .  I n  f a c t  s o m e  p h o s p h o r y l a t i o n  t o  p h y 
t a t e  i n  t h e  s t o m a c h  w a s  e v e n  o b s e r v e d .  E v i d e n c e  f o r  a n  i m 
p o r t a n t  r o l e  o f  w h e a t  p h y t a s e  w a s  m o s t  c o n v i n c i n g ,  h o w e v e r ,  
w h e n  w h o l e  w h e a t  f l o u r  w a s  f e d  t o  t h e  a n i m a l s ;  i n  t h e  a b s e n c e  

o f  t h e r m a l  i n a c t i v a t i o n  o f  w h e a t  p h y t a s e ,  8 4 %  o f  t h e  d i e t a r y  
p h y t a t e  w a s  h y d r o l y z e d  i n  t h e  s t o m a c h  w h e r e a s  t h e r m a l  i n 
a c t i v a t i o n  o f  p h y t a s e  ( T a b l e  1 )  r e s u l t e d  i n  a l m o s t  c o m p l e t e

l a c k  o f  p h y t a t e  h y d r o l y s i s  ( d i e t s  C i  v s  C 2 ). F u r t h e r  e v i d e n c e  
s u g g e s t i n g  t h e  r o l e  o f  w h e a t  p h y t a s e  i s  p r o v i d e d  b y  d i e t s  D t 
a n d  D 2 ; r a t s  f e d  p h y t a s e - i n a c t i v a t e d  W P C  h y d r o l y z e d ,  i n  t h e  
s t o m a c h ,  a p p r e c i a b l y  l e s s  p h y t a t e  w h e n  t h e  a d d e d  p h y t a s e  w a s  
a l s o  i n a c t i v a t e d .  A l t h o u g h  r e p l i c a t e  s t u d i e s  w e r e  n o t  c o n 
d u c t e d ,  r e s u l t s  w i t h  d i f f e r e n t  m a t e r i a l s  t e s t e d  ( s t a r c h ,  s o y ,  
W P C ,  w h e a t  f l o u r )  a l l  p o i n t  t o  t h e  c o n t r i b u t i o n —t o  v a r y i n g  
d e g r e e s - o f  w h e a t  p h y t a s e  t o  p h y t a t e  h y d r o l y s i s  i n  t h e  s t o m 
a c h .  N o  a p p r e c i a b l e  d i f f e r e n c e  i n  d i e t  i n t a k e  o r  s t o m a c h  i n -  

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

a n a l y t i c a l  p u r p o s e s .

I t  w a s  o b s e r v e d  t h a t  g a s t r i c  h y d r o l y s i s  o f  p h y t a t e s  i n  W P C  
v a r i e d  g r e a t l y  f r o m  e x p e r i m e n t  t o  e x p e r i m e n t  ( T a b l e s  2 —4 )

Table 4—Phytate hydrolysis during digestion (Experiments 3 and 4)

Phytase activity3 Phytate phosphorus

At 37° C Ingesta1*

Small intestine

Diet pH 2.6 pH 5.2 pH 8.0 Diet Stomach Upper Lower

Diet -------------- U/100g--------------- mg/100g -

Experiment 3

WPC 942 - - - 1182 1112 ( 6) 742 (37)d
WPCC 92 - - - 1180 1155 ( 2) 913 (23)d

Experiment 4

WPC 376 799 405 96 1550 1388 (12) 514 (67) 1302 (16)
WPCC 41 0 0 0 1421 1412 ( 1) 628 (56) 1341 ( 6)

3 Determ ined by the m ethod  o f Peers (1953) b u t using M ichae lis  b u ffe r  in E xpe r im en t 4 
b  Va lues w ith in  parentheses ind ica te  percent d ie ta ry  phyta te  h yd ro ly zed  
c Phytase inactivated
*1 Represents ingesta co lle c ted  from  the entire  small in testine
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Table 5—Activity of isolated wheat phytase

Method 37° C

Peers Peers® pH 2.6 pH 5.2 pH 8.0

U/100g U/100g

1300 890 1435 1279 1047

a U sing  M ich ae lis  b u ffe r

a p p a r e n t l y  d e p e n d i n g  o n  a  n u m b e r  o f  f a c t o r s :  e . g . ,  s o u r c e  a n d  
p a r t i c l e  s i z e  o f  W P C ,  r a t e  o f  i n g e s t i o n ,  t r a n s i t  t i m e  a n d  o t h e r s .  
T h e  e f f e c t  o f  p r i o r  t h e r m a l  i n a c t i v a t i o n  o f  p h y t a s e  i n  W P C  

w a s ,  h o w e v e r ,  s t i l l  q u i t e  a p p a r e n t  i n  e a c h  c a s e .
W h e n  w h e a t  p h y t a s e  w a s  m e a s u r e d  u n d e r  s i m u l a t e d  g a s t r o 

i n t e s t i n a l  c o n d i t i o n s ,  i t s  a c t i v i t y  i n c r e a s e d  o r  o n l y  s l i g h t l y  d e 
c r e a s e d  ( T a b l e s  3  a n d  4 )  a t  g a s t r i c  p H  ( 2 . 6 ) .  A c t i v i t y  t h e n  

d e c r e a s e d  a t  t h e  p H  ( 5 . 2 )  t h e  i n g e s t a  w o u l d  n o r m a l l y  e n 
c o u n t e r  w h e n  l e a v i n g  t h e  s t o m a c h  a n d  s h a r p l y  s o  a t  a  h i g h e r  
p H  ( 8 . 0 )  t y p i f y i n g  c o n d i t i o n s  i n  t h e  i n t e s t i n e .  T h i s  v i e w e d  in  

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

l a t e d  g a s t r i c  c o n d i t i o n s  ( 3 7 ° C ;  p H  2 . 6 )  f o l l o w e d  b y  g r a d u a l ,  
t h o u g h  l e s s  p r o n o u n c e d ,  d e c r e a s e s  a t  s i m u l a t e d  i n t e s t i n a l  c o n 
d i t i o n s  ( T a b l e  5 ) .

R e s u l t s  i n  T a b l e s  2 —4  a r e  a l s o  s u g g e s t i v e ,  t h o u g h  o n l y  
w e a k l y ,  o f  c o n t i n u e d  p h y t a t e  c l e a v a g e  i n  t h e  i n t e s t i n e .  S i n c e  

i n t e s t i n a l  p h y t a s e  i s  s e c r e t e d  i n  t h e  r a t  ( R a n h o t r a  e t  a h ,  
1 9 7 4 b ) ,  a s s e s s m e n t  o f  t h e  c o n t r i b u t i o n  o f  w h e a t  p h y t a s e ,  i f  
a n y ,  t o w a r d s  t h i s  c l e a v a g e  i s  d i f f i c u l t  t o  m a k e .  T h i s  i s  f u r t h e r  
c o m p l i c a t e d  b y  t h e  f a c t  t h a t  a c t i v e  a n d  p r o b a b l y  v a r i a b l e  a b 
s o r p t i o n  o f  d i g e s t e d  n u t r i e n t s  o c c u r s  i n  t h e  i n t e s t i n e  r e s u l t i n g  
i n  a  l a c k  o f  c o n s i s t e n c y  b e t w e e n  c o m p a r a b l e  d i e t s  ( T a b l e  3 ) .  
A l t h o u g h  d i e t  B  d i d  n o t  c o n f o r m  t o  t h e  p a t t e r n ,  i n a c t i v a t i o n  
o f  n a t i v e  a n d  a d d e d  p h y t a s e  ( d i e t s  C i  v s  C 2 , a n d  D j  v s  D 2 ) 
c a u s e d  s o m e  r e d u c t i o n  i n  t h e  a m o u n t  o f  p h y t a t e  h y d r o l y z e d  
in  t h e  i n t e s t i n e  ( T a b l e  3 ) .  A l s o ,  w h e n  p h y t a t e  h y d r o l y z e d  i n  
t h e  s t o m a c h  w a s  n e g l i g i b l e  ( T a b l e  4 ) ,  e f f e c t  o f  p h y t a s e  i n a c t i 
v a t i o n  b e c a m e  m o r e  a p p a r e n t  i n  t h e  i n t e s t i n e ;  i n a c t i v a t i o n  
c a u s i n g  a  r e d u c t i o n  i n  t h e  a m o u n t  o f  p h y t a t e  h y d r o l y z e d .  T o  
o b t a i n  a  b e t t e r  e v i d e n c e  o f  t h i s ,  a n o t h e r  e x p e r i m e n t  w a s  c o n 
d u c t e d  ( T a b l e  4 ) .  H e r e  t h e  i n g e s t a  w a s  c o l l e c t e d  s e p a r a t e l y  
f r o m  t h e  u p p e r  s m a l l  i n t e s t i n e  ( m a i n l y  d u o d e n u m )  a n d  l o w e r  
s m a l l  i n t e s t i n e .  I t  w a s  n o w  o b s e r v e d  ( e x p e r i m e n t  4 )  t h a t  
a p p r e c i a b l y  l e s s  p h y t a t e  w a s  h y d r o l y z e d  i n  t h e  u p p e r  s m a l l

i n t e s t i n e  w h e n  d i e t a r y  W P C - p h y t a s e  w a s  i n a c t i v a t e d .  A l s o ,  
u n d e r  s i m u l a t e d  g a s t r o i n t e s t i n a l  c o n d i t i o n s ,  n o  p h y t a s e  a c 

t i v i t y  i n  i n a c t i v a t e d  W P C  w a s  o b s e r v e d  a n d  t h a t  m e a s u r e d  b y  
t h e  m e t h o d  o f  P e e r s  ( 1 9 5 3 )  w a s  o n l y  s l i g h t .

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

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

u n d e g r a d e d  p h y t a t e s  o n  t h e  a v a i l a b i l i t y  o f  s o m e  e s s e n t i a l  
m i n e r a l s .
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EFFECT OF GAMMA RADIATION ON PHYSICO-CHEMICAL CHARACTERIST ICS  
OF RED GRAM (Cajanus cajan) STARCH

IN T R O D U C T IO N

I T  I S  K N O W N  t h a t  g a m m a  i r r a d i a t i o n  a l t e r s ,  t h o u g h  t o  s u b t l e  
d e g r e e s , '  t h e  p h y s i c o - c h e m i c a l  p r o p e r t i e s  o f  m a c r o n u t r i e n t s  i n  

f o o d s .  S e v e r a l  s t u d i e s  o n  t h e  e f f e c t s  o f  i o n i z i n g  r a d i a t i o n  o n  
s t a r c h  i n  w h e a t  ( L a i  e t  a l . ,  1 9 5 9 ;  M i l n e r ,  1 9 6 1 )  a n d  b a r l e y  
( F a u s t  a n d  M a s s e y ,  1 9 6 6 )  e n d o s p e r m  h a v e  b e e n  r e p o r t e d .  

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

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

d e x t r i n s  ( A n a n t h a s w a m y  e t  a l . ,  1 9 7 0 b )  a n d  d e o x y c o m p o u n d s  
( S c h e r z ,  1 9 6 8 ) .  T h e s e  c h a n g e s ,  w h i l e  o f  n o  m a j o r  s i g n i f i c a n c e  

f r o m  t h e  p o i n t  o f  v i e w  o f  n u t r i t i o n a l  q u a l i t y ,  m a y  a f f e c t  t h e  
p h y s i c a l  a n d  r h e o l o g i c a l  p r o p e r t i e s  o f  i r r a d i a t e d  f o o d s ,  r e 
s u l t i n g  i n  i n c r e a s e d  s o l u b i l i t y  o f  s t a r c h  i n  w a t e r  ( D e s c h r e i d e r ,
1 9 5 9 )  a n d  d e c r e a s e  i n  s w e l l i n g  p o w e r  ( T o l l i e r  a n d  G u i l b o t ,
1 9 7 0 )  a n d  i n  r e l a t i v e  v i s c o s i t y  ( V a k i l  e t  a l . ,  1 9 7 3 )  o f  s t a r c h  

p a s t e .
W e  h a v e  o b s e r v e d  t h a t  r a d i a t i o n  p r o c e s s i n g  ( 1 —3  M r a d )  o f  

p u l s e s ,  p a r t i c u l a r l y  o f  r e d  g r a m  ( C a j a n u s  c a j a n ) ,  b r i n g s  a b o u t  
s i g n i f i c a n t  r e d u c t i o n  i n  c o o k i n g  t i m e  a n d  i m p r o v e s  t h e  t e x 
t u r a l  q u a l i t y .  R e d  g r a m  s a m p l e s ,  i r r a d i a t e d  a t  o n e  M r a d  w e r e

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

p o i n t  h e d o n i c  s c a l e .  H o w e v e r ,  e x c e s s i v e  b r o w n i n g  a n d  o f f -  
f l a v o r s  d e v e l o p e d  o n  c o o k i n g  t h e  s a m p l e s  i r r a d i a t e d  a t  t w o  o r  
t h r e e  M r a d ,  m a k i n g  t h e m  u n a c c e p t a b l e  ( u n p u b l i s h e d  d a t a ) .  

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

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

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

R h e o l o g i c a l  p r o p e r t i e s ,  s u c h  a s  g e l a t i n i z a t i o n  v i s c o s i t y ,  s w e l l 

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

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

R E D  G R A M  f lo u r  w a s  p u r c h a s e d  f r o m  a  lo c a l  m a r k e t .  A lp h a -a m y la s e  
( b a c t e r i a l )  w a s  a n  E . M e r c k  p r o d u c t ;  s u c r o s e  ( A n a la r )  a n d  r a f f in o s e  
w e re  p u r c h a s e d  f r o m  t h e  B r i t i s h  D ru g  H o u s e  L a b o r a to r y  C h e m ic a ls  D iv . 
o f  G la x o  L a b o r a to r i e s ,  I n d ia .

I r r a d i a t i o n  p r o c e d u r e

1 0 0 -g  l o t s  o f  t h e  p u ls e  w e re  p a c k e d  in  p o l y t h e n e  b a g s  a n d  e x p o s e d

Fig. 1—Texturometer. De
tails for the sketch (A) and 
actual photograph (B) of 
arbor press and texturome- 
ter, are described in the 
text.
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a t  a m b ie n t  t e m p e r a t u r e  ( 2 5 ° C )  t o  a  c o b a l t - 6 0  s o u r c e  o f  g a m m a  r a d ia 
t i o n  ( G a m m a  C e ll  2 2 0 ,  A to m ic  E n e r g y  o f  C a n a d a  L t d . )  h a v in g  a  f l u x  o f  
1 5  K r a d / m i n . ,  a t  d o s e  le v e l  o f  1 M ra d .  A b s o r p t i o n  o f  r a d i a t i o n  w a s  
c h e c k e d  w i th  f e r r o u s  s u lp h a t e  a n d  c e r ic  s u lp h a t e  d o s im e t r y  (W e iss ,
1 9 5 2 ) .

I s o l a t i o n  o f  s t a r c h

R e d  g ra m  f lo u r  w a s  s u s p e n d e d  in  0 .1 M  N a C l a n d  c e n t r i f u g e d  a t  
2 0 0 0  x  G . T h e  u p p e r  p r o t e i n  l a y e r  w a s  s c r a p e d  o u t  a n d  t h e  p r o c e s s  
r e p e a t e d  t h r e e  t im e s .  T h e  s e d im e n t  w a s  t h e n  w a s h e d  f o u r  t im e s  w i th  
t o l u e n e  (0 .1  V o l)  t o  r e m o v e  t h e  l a s t  t r a c e s  o f  p r o t e i n s  a n d  d r i e d  a t  
5 0 ° C  u n d e r  r e d u c e d  p r e s s u r e .  M o is tu r e  c o n t e n t  o f  s t a r c h  w a s  13% '. 

D e t e r m i n a t i o n  o f  t h e  c o o k i r .g  t im e

R e d  g r a m  (5 g )  s a m p le s  w e r e  c o o k e d  f o r  2 - 3 0  m in  in  1 0 0  m l  o f  
b o i l in g  w a te r .  T h e  e x t e n t  o :  s o f t e n in g  d u r in g  c o o k in g  w a s  m e a s u r e d  b y  
a  t e x t u r o m e t e r  (F ig .  1 A ) d e s ig n e d  in  o u r  l a b o r a t o r y .  T h i s  c o n s i s te d  o f  a  
s t a in le s s  s te e l  c y l in d r ic a l  c h a m b e r ,  f i t t e d  w i th  a  r e m o v a b le  p e r f o r a t e d  
d is c  a t  t h e  b o t t o m  a n d  a  m o v a b le  p i s t o n  o p e r a t i n g  f r o m  th e  t o p .  T o  
m e a s u r e  t h e  c o o k in g  t im e s ,  t e s t  m a te r i a l  c o o k e d  f o r  v a r io u s  t i m e  i n t e r 
v a ls  w a s  p u t  b e t w e e n  th e m  a n d  t o  e x t r u d e  i t ,  p r e s s u r e  w a s  a p p l ie d  o n  
t h e  p i s t o n  b y  t h e  a r b o r  p re s s ,  a t t a c h e d  t o  a  p a n .  T h e  p u ls e  w a s  t a k e n  a s  
c o o k e d ,  w h e n  t h e  w e ig h t  a d d e d  t o  t h e  p a n  r e m a in e d  a lm o s t  c o n s t a n t  as 
f o r  s a m p le s  c o o k e d  f o r  lo n g e r  t im e s .  T h i s  w a s  m o n i t o r e d  b y  a n  e l e c t r o 
m e c h a n ic a l  d e v ic e ,  a c t u a t i n g  a n  i n d i c a t o r  l a m p  a n d  r e c o r d e d  (F ig .  I B ) .  

E s t i m a t i o n  o f  s u g a r s

T o t a l  r e d u c in g  s u g a rs  w e r e  e s t i m a te d  c o lo r im e t r i c a l l y  u s in g  g lu c o s e  
a s  r e f e r e n c e  s t a n d a r d  (N e ls o n ,  1 9 4 4 ) .  N o n r e d u c in g  s u g a r s  w e r e  h y d r o 
l y z e d  w i t h  6 N  H C1 f o r  2 4  h r  a t  r o o m  t e m p e r a t u r e  a n d  e s t i m a t e d  as 
r e d u c in g  s u g a rs .

S e p a r a t io n  o f  s u g a r s  b y  p a p e r  c h r o m a to g r a p h y

R e d  g r a m  f lo u r  f r o m  c o n t r o l  a n d  i r r a d i a t e d  (1  M ra d )  s a m p le s  w a s  
d i s p e r s e d  in  w a te r  ( l g / 1 0  m l ) ,  c o o k e d  f o r  2 5  a n d  1 6  m in ,  r e s p e c t iv e ly ,  
a t  1 0 0 ° C  w i t h  c o n s t a n t  s t i r r i n g  a n d  c o o le d  t o  r o o m  t e m p e r a t u r e  
( 2 5 ° C ) .  U n c o o k e d  a n d  c o o k e d  s a m p le s  w e re  t h e n  e x t r a c t e d  w i t h  7 5 %

Fig. 2—Chromatographic 
separation o f nonreduc- 
sugars: Total sugars were 
extracted with 70% eth
anol from red gram sam
ples, and aliquots were 
applied on Whatman No. 
3 filter paper. Descend
ing chromatography, us
ing butanol.acetic acid: 
water (12:3:5 v/v) as the 
solvent system, was car
ried out. (1) control, 
cooked; (21 irradiated, 
cooked; (3) control, raw; 
(4) irradiated, raw; (5) 
sucrose (Rf. 1.01 and 
Ra ff ¡nose (Rf. 0.4).
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Table 1 —Radiation effect on red gram sugars3

Initial sugars

Reducing Nonreducing
Sample (mg/g) (mg/g)

Control 16.4 ± 1.2 85.7 ± 3.1
Irradiated (1 Mrad) 17.0 ± 0.8 83.5 ± 2.7

3 Va lu e s are averages o f three  experim ents. A q ue o u s  ex tracts o f  red 
gram f lo u r  were ana lyzed  fo r  reducing  and non reduc ing  sugars as 
described  in the text.

e th a n o l ,  c e n t r i f u g e d  a n d  t h e  s u p e r n a t a n t s  m a d e  t o  v o lu m e .  A n  a l i q u o t  
w a s  a p p l ie d  o n  W h a t m a n  N o .  3  f i l t e r  p a p e r .  D e s c e n d in g  c h r o m a t o g r a 
p h y ,  u s in g  b u t a n o l : a c e t i c  a c i d : w a t e r  ( 1 2 : 3 : 5  v /v )  a s  s o lv e n t  s y s te m  w a s  
c a r r ie d  o u t  f o r  9 0  h r .  S u c r o s e  a n d  r a f f in o s e  w e r e  u s e d  a s  s t a n d a r d s .  
C h r o m a to g r a m s  w e r e  d r ie d  a n d  s p r a y e d  w i t h  a n i l in e  ( 1 % in  a c e t o n e )  
d i p h e n y la m in e  p h o s p h a t e  r e a g e n t  t o  d e t e c t  t h e  s u g a r s  ( S m i t h ,  1 9 6 0 ) .  
F o r  q u a n t i t a t i v e  a n a ly s is ,  a r e a s  c o r r e s p o n d in g  t o  d i f f e r e n t  s p o t s  w e re  
c u t  o u t  f r o m  t h e  u n d e v e l o p e d  c h r o m a to g r a m  u s in g  t h e  d e v e l o p e d  o n e  
a s  m a r k e r .  S u g a rs  w e r e  e l u t e d  w i th  d i s t i l l e d  w a t e r  a n d  e s t i m a t e d  c o l o r 
im e t r i c a l l y ,  u s in g  p h e n o l  a n d  H 2 S 0 4 r e a g e n t s  a c c o r d i n g  t o  D u b o is e  e t  
a l. ( 1 9 5 6 ) .  S u c r o s e  w a s  u s e d  a s  a  s t a n d a r d .

In  v i t r o  a lp h a -a m y lo ly s i s

S a m p le s  ( l g )  o f  u n i r r a d i a t e d  a n d  i r r a d i a t e d  (1  M ra d )  r e d  g r a m  f l o u r  
w e re  c o o k e d  f o r  2 5  a n d  1 6  m in ,  r e s p e c t iv e ly .  T h e s e  w e r e  a l lo w e d  to  
c o o l  a n d  s u s p e n d e d  in  2 0  m l o f  0 .0 2 M  g ly c e r o p h o s p h a te  b u f f e r  p H  5 .9 ;  
10 0  m g  o f  a lp h a -a m y la s e  w a s  a d d e d  a n d  t h e  m i x t u r e  i n c u b a t e d  u n d e r  
t o l u e n e  a t  3 7 ° C  w i th  f r e q u e n t  s h a k in g .  N e c e s s a ry  b l a n k s  w e r e  c a r r ie d  
o u t  t o  c o r r e c t  f o r  s u g a r s  p r e s e n t  in i t i a l ly  i n  t h e  u n c o o k e d  s a m p le s .  A t  
s t a t e d  t im e  in te rv a ls ,  a n  a l i q u o t  f r o m  t h e  in c u b a t in g  m i x t u r e  w a s  r e 
m o v e d  a n d  c e n t r i f u g e d .  R e d u c in g  s u g a rs  w e r e  e s t i m a t e d  in  t h e  s u p e r 
n a t a n t  a n d  e x p r e s s e d  in  t e r m s  o f  m a l to s e  r e le a s e d .  R a t e  o f  h y d r o ly s i s  
w a s  m e a s u r e d  u p  t o  5  h r .  A lp h a - a m y lo ly s i s  o f  i s o l a t e d  s t a r c h  ( u n 
c o o k e d )  w a s  a ls o  c a r r ie d  o u t  u n d e r  s im i la r  e x p e r i m e n t a l  c o n d i t i o n s .  

M e a s u r e m e n t  o f  v is c o s i ty  c h a n g e s

R e d  g ra m  f l o u r  ( 6 5 g ,  6 0  m e s h )  o r  4 0 g  o f  i s o la te d  s t a r c h  w a s  m ix e d  
w i th  d i s t i l l e d  w a te r  ( f in a l  s lu r r y ,  5 0 0  m l)  t o  f o r m  a  h o m o g e n o u s  lu m p -  
f r e e  s u s p e n s io n .  T h is  w a s  h e a t e d  in  t h e  B r a b e n d e r  A m y lo g r a p h  w i t h  a  
c o n s t a n t  t e m p e r a t u r e  r is e  o f  1 .5 ° C /m i n .  T h e  m a x im a l  g e l a t i n i z a t i o n  
v is c o s i ty ,  e x p re s s e d  a s  A m y lo g ra m  U n i t s  (A .U .) ,  t e m p e r a t u r e  a t  w h ic h  
i t  t o o k  p la c e  a n d  t h e  t im e  r e q u i r e d  w e re  r e c o r d e d .  P a s t in g  t e m p e r a t u r e ,  
a t  w h ic h  t h e  v is c o s i ty  o f  t h e  s lu r ry  b e g a n  t o  r i s e  w a s  a ls o  n o t e d  f o r  t h e  
e v a lu a t io n  o f  t h e  a m y lo g r a m .

S o lu b i l i t y  o f  r e d  g ra m  s ta r c h

I s o la te d  r e d  g ra m  s ta r c h  (5 g )  w a s  d is p e r s e d  in  1 0 0  m l  o f  w a t e r  a n d  
h e a t e d  f o r  3 0  m in  in  a  w a te r  b a t h ,  m a in t a in e d  a t  t h e  i n d i c a t e d  t e m p e r a 
tu r e s  w i t h  g e n t le  s t i r r i n g .  T h e  s u s p e n s io n  w a s  c e n t r i f u g e d  a n d  t h e  s u p e r 
n a t a n t  d r i e d  u n d e r  v a c u u m .  S o lu b i l i t y  w a s  d e t e r m in e d  b y  w e ig h in g  th e  
r e s id u a l  d is s o lv e d  s ta r c h  ( S c h o c h ,  1 9 6 4 ) .

S w e ll in g  p o w e r  o f  s t a r c h

S ta r c h  s a m p le s  w e re  c o o k e d  a s  d e s c r ib e d  a b o v e  a n d  c e n t r i f u g e d .  
S w e ll in g  p o w e r  w a s  m e a s u r e d  b y  d e t e r m in in g  t h e  w a t e r  r e t e n t i o n  c a 
p a c i ty  o f  u n d is s o lv e d  s t a r c h ,  a f t e r  m a k in g  a p p r o p r i a t e  c o r r e c t i o n s  f o r  
t h e  d is s o lv e d  s ta r c h .  T h e  s w e ll in g  p o w e r  o f  s ta r c h  w a s  c a l c u l a t e d  a c 
c o r d in g  to  t h e  f o l lo w in g  e q u a t i o n  ( S c h o c h ,  1 9 6 4 ) .

S w e ll in g  p o w e r  w t  o f  s e d im e n te d  p a s te  x  1 0 0  
( c o r r e c t e d )  w t  o f  s a m p le  X ( 1 0 0  -  %  s o lu b le s )

( o n  d ry  b a s is )

R E S U L T S

C o o k in g  t im e

I t  w a s  o b s e r v e d  t h a t  t h e  s e n s i t i v i t y  a n d  e f f i c a c y  o f  t h e  t e x 
t u r o m e t e r ,  f a b r i c a t e d  b y  u s ,  w e r e  c o m p a r a b l e  t o  t h o s e  o f  t h e  
I n s t r o n  U n i v e r s a l  t e s t i n g  m a c h i n e .  T y p i c a l  c u r v e s  o b t a i n e d  
w i t h  r e d  g r a m  s h o w e d  e x p o n e n t i a l  a n d  l o g a r i t h m i c  r e l a t i o n 
s h i p s  o f  c o o k i n g  t i m e  w i t h  t h e  s o f t e n i n g  o f  t h e  p u l s e  a s  m e a s 
u r e d  b y  t h e  t e x t u r o m e t e r .  T h e s e  c l o s e l y  r e s e m b l e d  t h e  s t r e s s -  
s t r a i n  c u r v e  o b t a i n e d  w i t h  I n s t r o n ;  t h e  a r e a  u n d e r  t h e  c u r v e
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w a s  m e a s u r e d  b y  a  p l a n i m e t e r  a n d  p l o t t e d  a g a i n s t  t i m e  ( N e n e  
e t  a l . ,  1 9 7 4 ) .  T h e  t i m e  t a k e n  f o r  c o o k i n g  i n  t e r m s  o f  s o f t e n i n g  

w a s  r e d u c e d  b y  3 8 . 5 %  i n  i r r a d i a t e d  ( 1  M r a d )  s a m p l e  ( 1 6  m i n )  
c o m p a r e d  t o  t h e  u n i r r a d i a t e d  o n e  ( 2 6  m i n ) .

I n i t i a l  s u g a r s  i n  i r r a d i a t e d  r e d  g r a m

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

p r e s e n t e d  i n  T a b l e  1 . I n i t i a l  w a t e r - s o l u b l e  r e d u c i n g  a n d  n o n 
r e d u c i n g  s u g a r s  w e r e  n o t  a p p r e c i a b l y  a f f e c t e d  b y  r a d i a t i o n  
t r e a t m e n t  a t  1 M r a d .  I t  c a n  b e  n o t e d  t h a t  r e d  g r a m  c o n t a i n s  
a b o u t  f i v e  t i m e s  m o r e  n o n r e d u c i n g  t h a n  r e d u c i n g  s u g a r s .  

C h a r a c t e r i z a t i o n  o f  n o n r e d u c i n g  s u g a r s

C h a n g e s  i n  t h e  d i s t r i b u t i o n  p a t t e r n  o f  n o n r e d u c i n g  s u g a r s ,  

o n  c o o k i n g ,  w e r e  d e t e r m i n e d  i n  c o n t r o l  a n d  i r r a d i a t e d  s a m 
p l e s .  F i g u r e  2  s h o w s  t h e  c h r o m a t o g r a p h i c  s e p a r a t i o n  o f  s u g a r s ,  

e x t r a c t e d  f r o m  d i f f e r e n t  s a m p l e s .  P o s i t i o n s  o f  s u c r o s e  a n d  r a f -  
f i n o s e  w e r e  e s t a b l i s h e d  f r o m  t h e  R f  v a l u e s  o f  a u t h e n t i c  s a m 

p l e s .  S t a c h y o s e  a n d  v e r b a s c o s e  w e r e  i d e n t i f i e d  f r o m  t h e  r e 
p o r t e d  v a l u e s  o b t a i n e d ,  u s i n g  a  s i m i l a r  s o l v e n t  s y s t e m  ( N i g a m  

a n d  G i r i ,  1 9 6 1 ) .  R e s u l t s  o n  q u a n t i t a t i v e  a n a l y s e s  o f  s u g a r s  a r e  
s h o w n  i n  T a b l e  2 .  I n  u n i r r a d i a t e d  r a w  s a m p l e ,  t h e s e  w e r e  c o m 
p o s e d  o f  ( % )  s u c r o s e  ( 2 7 ) ,  r a f f i n o s e  ( 1 6 ) ,  s t a c h y o s e  ( 2 8 )  a n d  

v e r b a s c o s e  ( 2 8 ) .  O n  i r r a d i a t i o n  ( 1  M r a d ) ,  s l i g h t l y  m o r e  r a f f i 
n o s e  w a s  l i b e r a t e d ,  o t h e r  s u g a r s  r e m a i n i n g  a l m o s t  u n c h a n g e d .  
O n  c o o k i n g ,  s i g n i f i c a n t l y  m o r e  s u g a r s  w e r e  l i b e r a t e d  f r o m  i r r a 

d i a t e d  s a m p l e  ( 7 1 . 0  m g / g  i n  1 6  m i n )  c o m p a r e d  t o  c o n t r o l  o n e  
( 6 2 . 5  m g / g  i n  2 5  m i n ) .  H o w e v e r ,  a  s i g n i f i c a n t  d e c r e a s e  i n  r a f f i 

n o s e  +  s t a c h y o s e  c o n t e n t  i n  i r r a d i a t e d  s a m p l e  o n  c o o k i n g  
( 4 0 % )  a s  c o m p a r e d  t o  c o r r e s p o n d i n g  c o n t r o l  ( 4 3 % )  w a s  o b 

s e r v e d .

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

R e s u l t s  o n  t h e  a l p h a - a m y l o l y s i s  o f  c o n t r o l  a n d  i r r a d i a t e d  
r e d  g r a m  f l o u r  ( c o o k e d  o r  u n c o o k e d )  a s  w e l l  a s  i s o l a t e d  s t a r c h  
( u n c o o k e d )  a r e  p l o t t e d  i n  F i g u r e  3 .  I t  c a n  b e  s e e n  t h a t  i n c r e a s 
i n g l y  m o r e  m a l t o s e  w a s  l i b e r a t e d  w i t h  p r o g r e s s i o n  o f  t i m e  i n  
a l l  t h e  s a m p l e s .  S t a r c h  w a s  m o r e  s u s c e p t i b l e  t o  a l p h a - a m y l a s e  
a c t i o n  i n  i r r a d i a t e d  c o m p a r e d  t o  u n i r r a d i a t e d  s a m p l e s .  A t  5  h r ,  

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

d i a t e d  s t a r c h  ( 1 3 0  m g / g )  t h a n  f r o m  f l o u r  ( 1 0 0  m g / g ) .  C o o k i n g  
f u r t h e r  a c t i v a t e d  t h e  s u s c e p t i b i l i t y  o f  r e d  g r a m  s t a r c h  ( f l o u r )  
t o  a l p h a - a m y l a s e  a c t i o n .  B u t  t h e  e f f e c t  o f  c o o k i n g  w a s  m u c h  

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

C O N T R O L  F LO U R  RAW 

IRR. >» »

C O N T R O L  »* COOKED  

IRR. “

C O N T R O L  S TA RC H  ^AW 

IRR »> >»

Fig. 3—Alpha-amylolysis o f 
irradiated red gram starch: 
Action pattern o f alpha- 
amylolysis was followed as 
described in the text. Re
ducing sugars, liberated in
to the incubation mixture, 
were expressed in terms o f 
maltose. Each point repre
sents the average o f two in
dividual experiments, car
ried out in triplicate.

Table 2—EHect of irradiation and cooking on nonreducing sugars 
of red gram3

Distribution of sugars
Control Irradiated

Sugars
Raw
(%)

Cooked
(%)

Raw
(%>

Cooked
(%)

Sucrose 27 ± 0.5 30 ± 0.52 25 ± 2.73 30 ± 0.27
Raffinose + 

stachyose 44 ± 0.86 43 ± 0.24 51 ± 1.34 40* ± 0.64
Verbascose 28 ± 0.1 26 ± 0.1 25 ± 1.4 28 ± 2.4

3 Va lu e s are averages o f  tr ip lic a te  results o f  tw o  in dependen t e xpe ri
m ents. C o n tro l and irrad iated  (1 M rad) red gram sam ples were 
co oked  fo r  25 and 16 m in , respectively . Spots co rrespond ing  to  
each non reducing  sugar w ere  cu t from  the  undeve loped  ch ro m a to 
gram (F ig . 2) and e luted  w ith  d is t illed  water. Sugars w ere esti
m ated q uan tita tiv e ly  as described  in the text.

* P < 0.05.

R h e o l o g i c a l  p r o p e r t i e s  o f  i r r a d i a t e d  s t a r c h

A m y l o g r a m s  p r e s e n t e d  i n  F i g u r e  4  s h o w  t h e  d i f f e r e n c e s  i n  
g e l a t i n i z a t i o n  v i s c o s i t y  o f  r e d  g r a m  f l o u r  a n d  o f  i s o l a t e d  s t a r c h  
o n  i r r a d i a t i o n .  I r r a d i a t e d  ( 1  M r a d )  f l o u r  e x h i b i t e d  a  v e r y  l o w

Fig. 4—Amylograms ot irraaiated red gram: To determine the gelati
nization viscosity, water-flour or water-starch slurry was heated in 
Brabender Amylograph revolving container with a steady rise in 
temperature c f  1.S°C/min until complete gelatinization occurred.
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m a x i m a l  g e l a t i n i z a t i o n  v i s c o s i t y  ( 3 5 0  A . U . )  c o m p a r e d  t o  t h e  

c o n t r o l  ( 8 6 0  A .U . ) -  H o w e v e r ,  i n  i s o l a t e d  s t a r c h ,  t h i s  d r o p p e d  
f r o m  8 6 0  A .U .  i n  t h e  c o n t r o l  t o  1 0 0  A .U .  i n  i r r a d i a t e d  s a m 
p l e s .  R e s u l t s  o f  f u r t h e r  a n a l y s e s  o f  t h e  a m y l o g r a m s ,  c o m p i l e d  
i n  T a b l e  3 ,  r e v e a l e d  t h a t  t h e  p a s t i n g  t e m p e r a t u r e s  a t  w h i c h  t h e  
v i s c o s i t y  b e g a n  t o  r i s e  f r o m  t h e  b a s e  l i n e  o n  t h e  r e c o r d i n g  
p a p e r ,  w e r e  c o m p a r a b l e  i n  a l l  t h e  s a m p l e s ,  v a r y i n g  b e t w e e n  

7 9 — 8 1 ° C .  H o w e v e r ,  p e a k  v i s c o s i t y  w a s  r e a c h e d  a t  a  m u c h  
l o w e r  t e m p e r a t u r e  ( a t  9 0 ° C )  i n  i r r a d i a t e d  s a m p l e s  c o m p a r e d  t o  
u n i r r a d i a t e d  o n e s  ( 9 5 ° C ) .  T h e  t i m e  t a k e n  t o  r e a c h  t h e  a m y l o -  
g r a m  p e a k  w a s  4 6  a n d  4 3  m i n  f o r  u n i r r a d i a t e d  a n d  i r r a d i a t e d  
s a m p l e s ,  r e s p e c t i v e l y .

S o lu b il i ty  a n d  sw e llin g  p o w e r  o f  red  gram  sta rch

C h a n g e s  i n  t h e  s w e l l i n g  p o w e r  a n d  s o l u b i l i t y  o f  s t a r c h  i s o 
l a t e d  f r o m  c o n t r o l  a n d  i r r a d i a t e d  r e d  g r a m  a r e  s h o w n  i n  F i g 
u r e s  5  a n d  6 , r e s p e c t i v e l y .  T h e s e  w e r e  d e t e r m i n e d  a t  i n t e r v a l s  
o f  5 °  o v e r  a  t e m p e r a t u r e  r a n g e  f r o m  7 0 —9 5 ° C .  I t  c a n  b e  s e e n  
t h a t  s w e l l i n g  p o w e r  o f  s t a r c h  f r o m  i r r a d i a t e d  s a m p l e  w a s  d e 

c r e a s e d  ( F i g .  5 )  w i t h  c o n c o m i t a n t  i n c r e a s e  i n  s o l u b i l i t y  ( F i g .  

6).

D IS C U S S IO N

I T  I S  K N O W N  t h a t  j n  c e r e a l s  a n d  l e g u m e s ,  s t a r c h  i s  m a i n l y  
r e s p o n s i b l e  f o r  t h e i r  t e x t u r a l  q u a l i t y ,  e s p e c i a l l y  f o r  c h a n g e s  
d u r i n g  c o o k i n g  ( O s m a n ,  1 9 6 7 ) .  I t  w a s  o b s e r v e d  t h a t  t h i s  a t t r i 
b u t e ,  m e a s u r e d  i n  t e r m s  o f  s o f t e n i n g ,  w a s  i m p r o v e d  o n  i r r a d i 
a t i o n  (1  M r a d )  i n  c o o k e d  r e d  g r a m  ( N e n e  e t  a l . ,  1 9 7 4 ) .  T h e  

t o t a l  r e d u c i n g  s u g a r s  o f  i r r a d i a t e d  p u l s e  s h o w e d  n o  s i g n i f i c a n t  
i n c r e a s e  o v e r  t h e  c o n t r o l  ( T a b l e  1 ) .  P o t a t o  ( M i s h i n a  a n d  
N i k u n i ,  1 9 6 0 )  a n d  w h e a t  ( A n a n t h a s w a m y  e t  a l . ,  1 9 7 0 b )  

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

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

n o n r e d u c i n g  s u g a r s  w a s  n o t  a f f e c t e d  b y  i r r a d i a t i o n ,  o n  c o o k 
i n g ,  s i g n i f i c a n t  ( P  <  0 . 0 5 )  d e c r e a s e  i n  r a f f i n o s e  a n d  s t a c h y o s e  
c o n t e n t s  t o g e t h e r  w a s  o b s e r v e d  ( T a b l e  2 ) .  T h i s  o b s e r v a t i o n  is  
o f  p r a c t i c a l  i n t e r e s t ,  s i n c e  b e a n s  a r e  k n o w n  t o  p o s s e s s  f l a t u 

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

i n  h u m a n s  f o l l o w i n g  t h e i r  i n g e s t i o n  ( S t e g g e r d a  a n d  D i m m i c k ,
1 9 6 6 ) .  T h e s e  f a c t o r s  h a v e  l i m i t e d  t h e  a c c e p t a b i l i t y  a n d  c o n 
s u m p t i o n  o f  b e a n s  i n  s p i t e  o f  t h e i r  h i g h  p r o t e i n  c o n t e n t .

Table 3—Assessment of amylograms3

Sample

Gelatinization
viscosity
(A.U.)

Pasting
temp
<°C)

Peak
viscosity

temp
<°C)

Gelatinization
time
(min)

Whole flour: 
Control 860 81 95 47
Irradiated 

(1 Mrad) 350 80.5 90 43
Isolated starch: 

Control 860 80 95 47
Irradiated 

(1 Mrad) 100 79 90 43

a Va lues are averages o f three experim ents. Ind iv idua l experim en ta l 
fa cto rs  were  evaluated from  am ylogram s ob ta ined  in F igu re  3.

R a c k i s  e t  a l .  ( 1 9 7 0 )  h a v e  s h o w n  t h a t  t h e  o l i g o s a c c h a r i d e s - r a f f i -  

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

b a c t e r i a  o f  t h e  i n t e s t i n a l  t r a c t  o f  d o g s ;  t h i s  p r o p e r t y  h a s  b e e n  
o b s e r v e d  w i t h  s o y b e a n ,  c o t t o n s e e d  a n d  p e a n u t s .  H a s e g a w a  a n d  

M o y  ( 1 9 7 3 ) ,  w h i l e  e x a m i n i n g  t h e  f e a s i b i l i t y  o f  r e d u c i n g  t h e  
f l a t u l e n c e  f a c t o r s  i n  s o y b e a n ,  o b s e r v e d  t h a t  b o t h  t h e s e  s u g a r s  
w e r e  u t i l i z e d  m o r e  r a p i d l y  i n  m e t a b o l i c  p r o c e s s e s  d u r i n g  g e r 

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

A s p e r g i l l u s  s a i t o i  ( S u g i m o t o  a n d  V a n  B u r e n ,  1 9 7 0 ) .  T h u s ,  t h e  
a c c e l e r a t i o n  b y  i r r a d i a t i o n  i n  t h e  d e g r a d a t i o n  o f  t h e s e  o l i g o 

s a c c h a r i d e s  t o  m o n o s a c c h a r i d e s  s u c h  a s  g l u c o s e  a n d  f r u c t o s e  
w h i c h  a r e  e a s i l y  d i g e s t e d  a n d  a b s o r b e d  i n  t h e  g a s t r o - i n t e s t i n a l  
t r a c t ,  m a y  b e  b e n e f i c i a l  i n  p r o m o t i n g  t h e  u s e  o f  l e g u m e s .  F u r 
t h e r  w o r k  is  h o w e v e r  n e c e s s a r y  : o  a s c e r t a i n  m o r e  p r e c i s e l y  t h e  

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

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

Fig. 5—Swelling power o f red 
gram starch: Isolated red gram 
starch (5gl was dispersed in 
water (100 ml) and heated 
with gentle stirring for 30 min 
in a water bath maintained at 
the indicated temperatures. 
The swelling capacity was 
measured as described in the 
text.

Fig. 6—Solubility o f isolated 
red gram starch: 5g o f starch 
was dispersed in water and 
heated as described in Figure 
5. The sample was then cen
trifuged and solubility deter
mined after drying the super
natant and weighing the resid
ual dissolved starch.
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a n d  c o o k e d  s a m p l e s ,  c o m p a r e d  t o  t h e i r  r e s p e c t i v e  c o n t r o l s  
( F i g .  3 ) .  I n c r e a s e d  s u s c e p t i b i l i t y  t o  e n z y m i c  h y d r o l y s i s  a n d  

h i g h e r  ‘m a l t o s e  v a l u e ’ o f  i r r a d i a t e d  w h e a t  f l o u r  h a v e  b e e n  
a t t r i b u t e d  t o  t h e  d e p o l y m e r i z a t i o n  a n d  d e g r a d a t i o n  o f  s t a r c h  

( A n a n t h a s w a m y  e t  a l . ,  1 9 7 0 a ) .
D e g r a d a t i o n  o f  r e d  g r a m  s t a r c h  h a s  a l s o  b e e n  o b s e r v e d  i n  

t e r m s  o f  a  d e c r e a s e  i n  g e l a t i n i z a t i o n  v i s c o s i t y  ( F i g .  4 )  a n d  a n  
i n c r e a s e  i n  s o l u b i l i t y  ( F i g .  6 )  o n  h e a t i n g .  A t  o n e  M r a d ,  g e l a t i 
n i z a t i o n  v i s c o s i t y  i s  a l m o s t  c o m p l e t e l y  l o s t  i n  i s o l a t e d  r e d  

g r a m  s t a r c h  ( T a b l e  3 ) .  A  s i m i l a r  d e c r e a s e  i n  A m y l o g r a m  u n i t s  

o f  i r r a d i a t e d  w h e a t  s t a r c h  ( A n a n t h a s w a m y  e t  a l . ,  1 9 7 1 )  a n d  

i n c r e a s e  i n  a m y l o p e c t i n  s o l u b i l i t y  ( D e s c h r e i d e r ,  1 9 6 6 )  h a v e  

b e e n  r e p o r t e d .  D e s c h r e i d e r  ( 1 9 6 0 )  h a s  a t t r i b u t e d  t h e s e  
c h a n g e s  t o  s h o r t e n i n g  o f  p o l y s a c c h a r i d e  c h a i n s ,  d e p e n d i n g  
u p o n  t h e  r a d i a t i o n  d o s e .  S h i f t  i n  t h e  i o d i n e  c o m p l e x  t o w a r d s  

s h o r t e r  w a v e  l e n g t h s  w i t h  i r r a d i a t e d  a m y l o s e  ( W h i s t l e r  a n d  

I n g l e ,  1 9 6 7 )  a l s o  s u p p o r t s  t h i s  v i e w .  F a l l  i n  t h e  p e a k  v i s c o s i t y  
r e s u l t s  i n  s m a l l e r  d i f f e r e n c e s  i n  p a s t i n g  a n d  p e a k  v i s c o s i t y  t e m 

p e r a t u r e s  ( T a b l e  3 )  i n  i r r a d i a t e d  r e d  g r a m  s a m p l e s .
I t  i s  k n o w n  t h a t  v i s c o - e l a s t i c  p r o p e r t i e s  o f  w h e a t  f l o u r  i n 

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

w h e a t .  I n  f a c t ,  b r e a d  p r e p a r e d  f r o m  i r r a d i a t e d  ( 2 0 —2 0 0  K r a d )  

w h e a t  s h o w s  i m p r o v e m e n t  i n  t e r m s  o f  l o a f  v o l u m e  a n d  c r u m b  
s t r u c t u r e  ( R a o  e t  a l . ,  u n p u b l i s h e d  d a t a ) .  T h i s  i s  d u e  t o  a n  
i n c r e a s e  i n  a m y l a s e - s u s c e p t i b l e  s t a r c h  d e g r a d a t i o n  p r o d u c t s  i n  

i r r a d i a t e d  w h e a t .  T h u s ,  t h e  d e c r e a s e  i n  s w e l l i n g  p o w e r  i n  i r r a 
d i a t e d  r e d  g r a m  ( F i g .  5 )  c a n  b e  a  b e n e f i c i a l  a t t r i b u t e ,  i m p r o v 

i n g  t h e  t e x t u r a l  q u a l i t y  o n  c o o k i n g ,  s i n c e  t h e  b u r s t i n g  o f  
s t a r c h  a n d  t h e  s u b s e q u e n t  r u p t u r e  o f  t h e  l e g u m e  c o u l d  b e  
p r e v e n t e d .  R a d i a t i o n  p r o c e s s i n g  o f  r e d  g r a m  c a n ,  t h e r e f o r e ,  
r e s u l t  i n  i m p r o v e m e n t  o f  t h e  q u a l i t y  o f  t h e  f i n a l  p r o d u c t .
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C A N N E D  B E E F  S T E W  a n d  o t h e r  c a n n e d  m e a t  p r o d u c t s  p l a y  
a n  i m p o r t a n t  r o l e  i n  t h e  U .S .  m e a t  i n d u s t r y .  T h e  f l a v o r  o f  

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

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

d i f f e r e n c e  i n  f l a v o r  h a s  b e e n  t e r m e d  “ r e t o r t  f l a v o r . ”

T h e r e  i s  n o  i n f o r m a t i o n  a v a i l a b l e  i n  t h e  l i t e r a t u r e  o n  t h e  
v o l a t i l e  f l a v o r  c o m p o u n d s  o f  c a n n e d  b e e f  s t e w  p e r  s e .  H o w 
e v e r ,  a  n u m b e r  o f  a r t i c l e s  h a v e  a p p e a r e d  w h i c h  d i s c u s s  t h e  
v o l a t i l e  f l a v o r  c o m p o u n d s  o f  c a n n e d  o r  p r e s s u r e - c o o k e d  b e e f .  

T h e  r o l e  o f  t h e s e  c o m p o u n d s  i n  b o t h  t h e  “ r e t o r t  f l a v o r ”  a n d  

t h e  o v e r a l l  f l a v o r  o f  t h e  c a n n e d  b e e f  h a s  a l s o  b e e n  d i s c u s s e d  
( O l s o n  e t  a l . ,  1 9 5 9 ;  L u h  e t  a l . ,  1 9 6 4 a ,  b ;  B r e n n a n  a n d  B e r n -  
h a r d ,  1 9 6 4 ;  Z i e m b a  a n d  M a l k k i ,  1 9 7 1 ;  M u s s i n a n  e t  a l . ,  1 9 7 3 ;  
P e r s s o n  a n d  v o n  S y d o w ,  1 9 7 3 ;  W i l s o n  e t  a l . ,  1 9 7 3 ) .

T h e  e a r l i e r  w o r k  o n  c a n n e d  b e e f  f l a v o r  w a s  p r i m a r i l y  c o n 
c e r n e d  w i t h  t h e  i d e n t i f i c a t i o n  o f  N H 3 a n d  t h e  l o w e r  m o l e c u l a r  

w e i g h t  s u l f u r  c o m p o u n d s  s u c h  a s  H 2 S ,  m e r c a p t a n s  a n d  t h e  
m o n o -  a n d  d i s u l f i d e s  ( O l s o n  e t  a l . ,  1 9 5 9 ;  L u h  e t  a l . ,  1 9 6 4 a ,  b ;  
B r e n n a n  a n d  B e r n h a r d ,  1 9 6 4 ) .  T h e  a u t h o r s  a s s o c i a t e d  t h e s e  
c o m p o u n d s  i n  v a r y i n g  d e g r e e s  w i t h  t h e  “ r e t o r t  f l a v o r , ”  b u t  

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

Z i e m b a  a n d  M a l k k i  ( 1 9 7 1 )  c o l o r i m e t r i c a l l y  d e t e r m i n e d  t h e  
c o n t e n t  o f  H 2 S ,  m e t h y l  m e r c a p t a n  a n d  m e t h y l  s u l f i d e  i n  

c a n n e d  b e e f  p r o c e s s e d  a t  1 2 1 ° C  f o r  v a r i o u s  t i m e s .  T h e  c o n t e n t  
o f  H 2 S  i n c r e a s e d  r a p i d l y  a t  f i r s t ,  p a s s e d  t h r o u g h  a  m a x i m u m  
a n d  t h e n  d e c r e a s e d  t o  a  s t e a d y  l e v e l  a t  l o n g e r  p r o c e s s  t i m e s .  
T h e  c o n t e n t  o f  m e t h y l  m e r c a p t a n  a n d  m e t h y l  s u l f i d e  i n c r e a s e d  

m o d e r a t e l y  a t  f i r s t  a n d  t h e n  s h o w e d  a  s t e a d y  s l i g h t  i n c r e a s e  
w i t h  l o n g e r  p r o c e s s i n g  t i m e s .  T h e  c o n t e n t  o f  m e t h y l  m e r c a p 
t a n  a n d  m e t h y l  s u l f i d e  w a s  a p p r o x i m a t e l y  t h e  s a m e  a t  a l l  p r o c 
e s s  t i m e s  a n d  s i g n i f i c a n t l y  l e s s  t h a n  t h e  c o n t e n t  o f  H 2 S . 
T h r o u g h  t h e  u s e  o f  a n  o l f a c t o m e t r i c  t e c h n i q u e  i n  s e n s o r y  e v a l 

u a t i o n  o f  t h e  s a m p l e  a r o m a s ,  t h e  a u t h o r s  c o n c l u d e d  t h a t  H 2 S ,  
b o t h  d i r e c t l y  a n d  a s  a  p o s s i b l e  p r e c u r s o r  o f  v o l a t i l e  c o n d e n s a 

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

n e n t s  p r e s e n t .
M u s s i n a n  e t  a l .  ( 1 9 7 3 )  a n d  W i l s o n  e t  a l .  ( 1 9 7 3 )  s t u d i e d  t h e  

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

v o l a t i l e s  o f  p r e s s u r e - c o o k e d  b e e f .  A  t o t a l  o f  3 3  p y r a z i n e s  a n d  
4 6  s u l f u r  c o m p o u n d s ,  i n c l u d i n g  t h i o p h e n e s  a n d  t h i a z o l e s  w e r e  
i d e n t i f i e d ,  i n d i c a t i n g  t h e  c o m p l e x  n a t u r e  o f  t h e  v o l a t i l e s ’ p a t 

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

b e e f  h a s  r e c e n t l y  b e e n  r e p o r t e d  b y  P e r s s o n  a n d  v o n  S y d o w
( 1 9 7 3 ) .  T h e y  u s e d  G C - M S  a n a l y s i s  t o  e x a m i n e  a  h e a d s p a c e  
s a m p l e  f r o m  a  c o n c e n t r a t e d  s o l u t i o n  o f  c a n n e d  b e e f  f l a v o r  
v o l a t i l e s .  9 5  c o m p o u n d s  w e r e  i d e n t i f i e d ,  a m o n g  t h e s e  w e r e  2 1  
s u l f u r  c o m p o u n d s ,  12  a l d e h y d e s ,  1 6  k e t o n e s ,  11 f u r a n s ,  8  a l 
c o h o l s ,  a n d  1 5  a l k y l  b e n z e n e s .  T h e  p r e d o m i n a n t  o d o r  d e s c r i p 

1 P re se n t ad d ress : A rm o u r-D ia l, In c ., G re y h o u n d  T o w e r, P h o e n ix , 
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t i o n s  u s e d  i n  a s s e s s i n g  t h e  o d o r  o f  t h e  c h r o m a t o g r a p h i c  e f f l u 
e n t  o f  t h e  c a n n e d  b e e f  v o l a t i l e s  w e r e  b u r n t ,  g r e e n ,  s i c k l y  a n d  
s u l f u r o u s .

I n  f u r t h e r  w o r k  o n  t h e  “ r e t o r t  f l a v o r ”  o f  c a n n e d  b e e f  ( P e r s 
s o n  e t  a l . ,  1 9 7 3 ) ,  s i g n i f i c a n t  c o r r e l a t i o n s  b e t w e e n  “ r e t o r t  

f l a v o r ”  a n d  t h e  c o n c e n t r a t i o n s  o f  H 2 S  a n d  m e t h y l  m e r c a p t a n  
w e r e  f o u n d  b y  a  t a s t e  p a n e l .  O t h e r  c o r r e l a t i o n s  b e t w e e n  “ r e 
t o r t  f l a v o r ”  a n d  o t h e r  c o m b i n a t i o n s  o f  c o m p o u n d s  w e r e  
f o u n d ,  i n c l u d i n g  m e t h y l  s u l f i d e ,  e t h a n a l ,  a n d  2 - m e t h y l b u t a n a l  
i n  v a r i o u s  c o m b i n a t i o n s  w i t h  H 2 S  a n d / o r  m e t h y l  m e r c a p t a n .  

T h e  a u t h o r s  a l s o  f o u n d  t h a t  : h e  b r a n c h e d  c h a i n  a l d e h y d e s  
a r i s i n g  f r o m  t h e  S t r e c k e r  d e g r a d a t i o n ,  i . e . ,  2 - m e t h y l p r o p a n a l ,  
e t c . ,  w e r e  h i g h l y  i n t e r c o r r e l a t e d  a n d  c o r r e l a t e d  w i t h  m e t h y l  
m e r c a p t a n  a n d  H 2 S  a n d ,  t h e r e f o r e ,  w i t h  t h e  “ r e t o r t  f l a v o r . ”

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

c o n t a i n e d  c a r r o t s ,  a  r e v i e w  o f  t h e  l i t e r a t u r e  o n  t h e  v o l a t i l e s  o f  
c a n n e d  c a r r o t s  s h o w e d  o n l y  t w o  m a j o r  s t u d i e s .  H r d l i c k a  e t  a l .

( 1 9 6 8 )  i n v e s t i g a t e d  t h e  c a r b o n y l s  o f  c a n n e d  c a r r o t s  a n d  f o u n d  
a  n u m b e r  o f  a l d e h y d e s  a n d  2 - e n a l s ;  H e a t h e r b e l l  e t  a l .  ( 1 9 7 1 )  

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

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

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

b e e n  r e p o r t e d .  H o w e v e r ,  a  n u m b e r  o f  p a p e r s  h a v e  a p p e a r e d  
c o n c e r n i n g  t h e  v o l a t i l e s  o f  b o i l e d  p o t a t o e s  ( S e l f  e t  a l . ,  1 9 6 3 ;  

G u m b m a n n  a n d  B u r r ,  1 9 6 4 ;  B u t t e r y  e t  a l . ,  1 9 7 0 ;  N u r s t e n  a n d  
S h e e n ,  1 9 7 4 ) .

T h e  p r e s e n t  p a p e r  r e p o r t s  ( 1 )  t h e  e x i s t e n c e  o f  q u a n t i t a t i v e  
a n d  q u a l i t a t i v e  d i f f e r e n c e s  b e t w e e n  t h e  f l a v o r  c o m p o u n d s  o f  
c a n n e d  b e e f  s t e w  a n d  t h e  a n a l o g o u s  n o n c a n n e d  p r o d u c t ;  a n d
( 2 )  t h e  i d e n t i f i c a t i o n  o f  t h e  v o l a t i l e  c o m p o n e n t s  o f  t h e  c a n n e d  
b e e f  s t e w .

E X P E R IM E N T A L

M a te r ia ls  u s e d

T h e  c a n n e d  a n d  f r e s h  s te w s  e m p lo y e d  in  th i s  r e s e a r c h  w e r e  s u p p l ie d  
b y  A rm o u r -D ia l ,  I n c ’s R e s e a r c h  D e p a r tm e n t .  T h e  c a n n e d  b e e f  s te w  
s a m p le  w a s  a  m o d i f ie d  c o m m e r c ia l  p r o d u c t  c o n ta in in g  1 6 .7 %  r a w  b e e f  
c h u c k ,  1 4 .2 %  d e h y d r a t e d  p o t a t o  c u b e s ,  6 .3 %  d e h y d r a t e d  c a r r o t s  a n d  
6 2 .8 %  g ra v y . T h e  g ra v y  c o n s i s te d  o f  8 2 .6 %  w a te r ,  1 3 .4 %  g r o u n d  b e e f  
p l a t e ,  2 .8 %  s ta r c h ,  1 .0 %  w h e a t  f l o u r  a n d  0 .2 %  c a r a m e l  c o lo r in g .  T h e  
c a n n e d  s te w  w a s  p r o c e s s e d  a t  1 2 1 ° C  f o r  7 5  m in  in  4 0 4  x  3 0 9  t i n p l a t e  
c a n s  c o a t e d  w i th  a n  a l l - p u r p o s e  e p o x y p h e n o l i c  l in e r .  T h e  c a n s  w e r e  
s u p p l ie d  b y  A m e r ic a n  C a n  C o m p a n y  (N e w  Y o rk ,  N .Y .) .

T h e  r a w  m a te r ia l s  a n d  t h e i r  p e r c e n t  c o m p o s i t i o n  i n  t h e  f r e s h  b e e f  
s te w  w e re  id e n t i c a l  t o  th o s e  o f  t h e  c a n n e d  s te w .  T h e  b e e f  c h u c k  w a s  
s a u te e d  in  W e s s o n  o i l  (H u n t- W e s s o n  F o o d s ,  F u l l e r t o n ,  C a l i f . )  u n t i l  th e  
s u r f a c e  o f  t h e  m e a t  w a s  “ r o a s t e d  b r o w n .”  T h e  m e a t  w a s  t h e n  a d d e d  t o  
t h e  g ra v y  a n d  s im m e re d  f o r  a p p r o x im a te ly  2  h r .  T h e  r e h y d r a t e d  c a r r o t s  
a n d  p o t a t o e s  w e re  t h e n  a d d e d  a n d  s im m e r in g  w a s  c o n t i n u e d  f o r  a b o u t  
4 5  m in .  T h e  s te w  w a s  t h e n  f r o z e n  in  a lu m in u m  t r a y s  h o ld in g  6  lb  o f  
s t e w .  B o th  s a m p le s  w e r e  s t o r e d  a t  - 3 1 ° C  fo r  a  m a x i m u m  o f  6  m o n th s .

I s o la t io n  o f  v o la t i l e  f l a v o r  c o m p o u n d s

T h e  v o la t i le  c o n s t i t u e n t s  o f  th e  f r e s h  a n d  c a n n e d  s t e w  s a m p le s  w e re  
i s o l a t e d ,  e x t r a c t e d  a n d  c o n c e n t r a t e d  in  a n  i d e n t i c a l  m a n n e r .  A  f in e
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s a m p le  s lu r ry  w a s  p r e p a r e d  w i t h  d i s t i l l e d  w a t e r  u s in g  a  W a r in g  B le n d o r  
(W a rin g  P r o d u c t s  D iv .,  D y n a m ic s  C o r p .  o f  A m e r ic a ,  N e w  H a r t f o r d ,  
C o n n .) .  T h e  v o la t i l e  f l a v o r  c o m p o u n d s  w e re  t h e n  i s o la te d  f r o m  th e  
s lu r r y  w i th  t h e  u s e  o f  t h e  a p p a r a t u s  d e s c r ib e d  b y  H e r z  a n d  C h a n g
( 1 9 6 6 ) ,  u t i l iz in g  t h e  p r in c ip l e s  o f  f l a s h  v a p o r i z a t i o n  a n d  v a p o r i z a t i o n  
f r o m  a  t h i n ,  h e a t e d  s a m p le  f i lm  u n d e r  v a c u u m .  T h e  s a m p le  s lu r r y  w a s  
m a in t a in e d  a t  7 0 - 7 5 ° C  in  t h e  r e s e r v o i r  f l a s k ,  a n d  w a s  c o n t in u o u s ly  
m e te r e d  i n t o  t h e  v a p o r iz e r  s e c t io n  u n d e r  a  v a c u u m  o f  0 .0 1  T o r r .  T h e  
f lo w  r a t e  w a s  s u f f i c i e n t  t o  m a x im iz e  s t r i p p in g  o f  t h e  v o la t i l e s ,  b u t  
p r e v e n te d  c a k in g  o f  s t r i p p e d  m a te r i a l  in  t h e  v a p o r iz e r s .  T h e  w a l ls  o f  t h e  
v a p o r iz e r s  w e re  h e a t e d  t o  1 0 5 ° C  b y  c i r c u la t in g  h e a t e d  g ly c e r in e  
t h r o u g h  t h e  o u t e r  j a c k e t s .  V o la t i l e  f l a v o r  c o m p o u n d s  p lu s  w a t e r  w e r e  
f la s h  e v a p o r a t e d  f r o m  t h e  s a m p le  s lu r r y  a s  i t  w a s  m e te r e d  f r o m  a tm o s 
p h e r ic  p r e s s u r e  i n t o  a  v a c u u m .  A s  t h e  s lu r r y  f lo w e d  d o w n  t h e  v a p o r iz e r  
w a lls  in  a  t h i n  f i lm ,  v a p o r i z a t i o n  c o n t in u e d .

V o la t i l e s  w e re  c o l l e c t e d  in  a  s e r ie s  o f  c o ld  t r a p s  c o o le d  w i t h  d r y  ic e . 
T h e  c o n d e n s a t e  c o l l e c t e d  in  t h e  t r a p s  w a s  c o m b in e d ,  s a t u r a t e d  w i t h  
r e a g e n t  g r a d e  s o d iu m  c h lo r id e  a n d  e x t r a c t e d  w i t h  r e a g e n t  g r a d e ,  a n 
h y d r o u s  e t h y l  e th e r .

T w o  r e p l i c a t e  s a m p le s  o f  c a n n e d  s te w  w e re  t r e a t e d  in  t h e  m a n n e r  
d e s c r ib e d  a b o v e .  T h e  a m o u n t  o f  r e p l i c a t e  I  w a s  4 .6 7 5  k g  a n d  t h a t  o f  
r e p l ic a te  I I  w a s  4 .6 9 9  k g .  A n  a d d i t i o n a l  2 2 .7  k g  o f  c a n n e d  s te w  w a s  
i s o la te d ,  c o n c e n t r a t e d  a n d  s u b s e q u e n t ly  c o m b in e d  w i t h  r e p l i c a t e s  I  a n d
I I .  2 9 .5  k g  o f  f r e s h  s te w  w a s  t r e a t e d  in  l ik e  m a n n e r .

P r e l im in a r y  c o n c e n t r a t i o n  o f  t h e  e t h e r  e x t r a c t s  w a s  c a r r ie d  o u t  u s 
in g  a  3 0 - p la te  O ld e r s h a w  d i s t i l l a t i o n  c o lu m n .  A ll  o f  t h e  e x t r a c t s  w e re  
c o n c e n t r a t e d  t o  a  v o lu m e  o f  5 0  m l .  F i n a l  c o n c e n t r a t i o n  w a s  a c 
c o m p l i s h e d  w i th  a  s p in n in g  b a n d  d i s t i l l a t i o n  a p p a r a t u s  ( K o n t e s  G la ss  
C o .,  V in e la n d ,  N .J . ) .  R e p l ic a te s  I  a n d  I I  w e r e  c o n c e n t r a t e d  t o  a  f in a l  
v o lu m e  o f  2 .4 8  m l.  A f t e r  t h e  c h r o m a to g r a p h ic  s tu d y  o f  t h e  r e p r o d u c i 
b i l i t y ,  t h e  tw o  r e p l i c a t e  s o lu t io n s  w e re  c o m b in e d  w i t h  t h e  r e m a in in g  
c a n n e d  s te w  v o la t i l e s  s o lu t io n  a n d  c o n c e n t r a t e d  t o  a  f in a l  v o lu m e  o f  
2 .1 1  m l.  T h e  f in a l  v o lu m e  o f  t h e  f r e s h  s te w  s a m p le  s o l u t i o n  w a s  a d 
j u s t e d  t o  1 .9 5  m l in  o r d e r  t h a t  t h e  c o n c e n t r a t i o n s  o f  t h e  c a n n e d  a n d  
f r e s h  s a m p le  s o lu t io n s  w o u ld  b e  e q u a l  b a s e d  o n  in i t i a l  w e ig h t  o f  s a m 
p le s .

G a s  c h r o m a to g r a p h y

A  B e c k m a n  G C -5 5  ( B e c k m a n  I n s t r u m e n t s ,  I n c . ,  F u l l e r t o n ,  C a l i f .)  
e q u ip p e d  w i th  a  f la m e  io n i z a t i o n  d e t e c t o r  w a s  u s e d  f o r  t h e  q u a n t i t a t i v e  
G C  a n a ly s e s .  T h is  c h r o m a t o g r a p h  is  e q u ip p e d  w i t h  a  9 :1  c o lu m n  e f f lu 
e n t  s p l i t t e r  in s ta l l e d  in  t h e  p a c k e d  c o lu m n  s y s te m .  A  6  f t  x  1 /8  in .  o .d .  
s ta in le s s  s te e l  c o lu m n ,  p a c k e d  w i t h  5 %  O V -1 0 1  o n  8 0 / 1 0 0  m e s h  
C h r o m o s o r b  W -H P , w a s  u s e d  f o r  t h e  a n a ly s e s .  T h e  h e l iu m  f lo w  r a t e  w a s  
3 3  m l /m in  a n d  th e  t e m p e r a t u r e  w a s  p r o g r a m m e d  f r o m  5 0 ° C  ( h e ld  f o r
3 .2  m in )  a t  a  r a t e  o f  5 ° C /m in  t o  2 1 5 ° C  a n d  h e ld  t h e r e .  T h e  c h r o m a t o 
g ra m s  w e re  o b t a i n e d  e m p lo y in g  t h e  c o lu m n  s a t u r a t i o n  m e t h o d  o f  
B lu m e n th a l  a n d  C h a n g  ( 1 9 7 3 ) .  S a m p le  i n j e c t i o n  s iz e  w a s  1 0 .0  jul fo r  t h e  
tw o  r e p l ic a te s  a n d  5 .0  q  1 f o r  t h e  f r e s h  a n d  c a n n e d  s te w  s a m p le s .  A n  
o d o r  p r o f i l e  w a s  o b t a i n e d  f o r  b o t h  s a m p le s  b y  a  p a n e l  o f  f o u r  e x p e r i 
e n c e d  p e r s o n s  b y  s n i f f in g  t h e  c h r o m a to g r a p h ic  e f f l u e n t .

P r e p a r a t iv e  c h r o m a t o g r a p h y  o f  t h e  c a n n e d  s a m p le  w a s  c a r r ie d  o u t  
w i th  a  B e c k m a n  G C -5  e q u i p p e d  w i t h  a  t h e r m a l  c o n d u c t iv i t y  d e t e c t o r .  
T h e - c a n n e d  s te w  v o la t i l e s  w e r e  s e p a r a t e d  i n t o  2 4  b r o a d  f r a c t i o n s  u s in g  
a  1 0  f t  X  1 /8  in .  o .d .  s ta in le s s  s te e l  c o lu m n  p a c k e d  w i t h  1 0 %  S E -3 0  o n  
7 0 / 8 0  m e s h  C h r o m o s o r b  W -A W , D M C S . T h e  h e l iu m  f lo w  r a t e  w a s  3 0  
m l /m in  a n d  th e  t e m p e r a t u r e  w a s  p r o g r a m m e d  f r o m  5 0 ° C  (h e ld  f o r  3 .2  
m in )  a t  a  r a t e  o f  5 ° C /m in  t o  2 1 0 ° C  a n d  h e ld  t h e r e .  T h e  g a s  c h r o m a to g 
r a p h y  w a s  r e p e a t e d  u n t i l  t h e  s a m p le  w a s  e x h a u s t e d .  E a c h  f r a c t i o n  w a s  
a c c u m u la t iv e ly  c o l l e c t e d  in  a  h a i r p i n  c o ld  t r a p  a c c o r d in g  t o  t h e  m e t h o d  
o f  T h o m p s o n  ( 1 9 6 8 ) .  T h e  f r a c t i o n s  3 - 2 4  th u s  c o l le c te d  w e re  c h r o 
m a to g r a p h e d  a  s e c o n d  t i m e  u s in g  a  1 0  f t  x  1 /8  in .  o .d .  s ta in le s s  s te e l  
c o lu m n  p a c k e d  w i th  1 0 %  C a r b o w a x  2 0 M  o n  6 0 / 8 0  m e s h  C h r o m o s o r b  
W -A W , D M C S . H e l iu m  f lo w  r a t e  w a s  3 0  m l / m i n  a n d  t h e  t e m p e r a tu r e  
w a s  p ro g r a m m e d  in  a  m a n n e r  t o  s e c u re  o p t i m u m  r e s o lu t io n  o f  e a c h  
f r a c t i o n .  F o r  f r a c t i o n s  3 - 2 4 ,  c o l le c t i o n  o f  a p p r o p r i a t e  s iz e d  s u b f r a c 
t i o n s  w a s  c a r r ie d  o u t  in  t w o  s e t s  o f  h a i r p in  c o ld  t r a p s .  A p p r o x im a te ly  
2 5 %  o f  a  s u b f r a c t io n  w a s  c o l l e c t e d  in  o n e  t r a p  t o  b e  u s e d  in  G C -M S  
a n a ly s is  w h ile  t h e  r e m a in in g  7 5 %  w a s  c o l l e c t e d  in  t h e  s e c o n d  t r a p  f o r  
I R  a n a ly s is .  W h e n  th e  a m o u n t  o f  a  s u b f r a c t io n  w a s  in s u f f i c i e n t ,  a l l  o f  i t  
w a s  c o l l e c t e d  in  o n e  t r a p  f o r  m a s s  s p e c t r a l  a n a ly s is  o r  f u r t h e r  p u r i f i c a 
t i o n .  T h e  f r a c t io n s  1 a n d  2  a n d  th o s e  s u b f r a c t io n s  r e q u i r in g  a  t h i r d  
c h r o m a to g r a p h y  w e re  c h r o m a to g r a p h e d  o n  a  1 0  f t  X 1 /8  in .  o .d .  s ta in 
le s s  s t e e l  c o lu m n  p a c k e d  w i t h  1 0 %  O V -1 7  o n  6 0 / 8 0  m e s h  C h r o m o s o r b  
W -A W , D M C S . H e l iu m  f lo w  r a t e  w a s  3 0  m l /m i n  a n d  th e  t e m p e r a tu r e  
w a s  p r o g r a m m e d  in  a  m a n n e r  t o  s e c u r e  o p t im u m  r e s o lu t io n  o f  t h e  
s a m p le .

Identification o f  the gas chromatographic fractions
T h e  p u r e  c o m p o n e n t s  o b t a i n e d  f r o m  t h e  r e p e a t e d  c h r o m a to g r a p h y  

w e r e  a n a l y z e d  b y  in f r a r e d  a n d  m a s s  s p e c t r o m e t r y .  F o r  t h e  m a s s  s p e c 
t r o m e t r y  a  d u  P o n t  m a s s  s p e c t r o m e t e r  ( M o n ro v ia ,  C a l i f .)  m o d e l  2 1 - 4 9 0 ,  
w i t h  a  j e t  s e p a r a to r ,  w a s  i n t e r f a c e d  w i t h  a  V a r ia n  M o d u l in e  2 7 0 0  g a s  
c h r o m a t o g r a p h  (V a r ia n  A e r o g r a p h ,  W a l n u t  C re e k ,  C a l i f .)  w i t h  a n  F I D  
d e t e c t o r .  A  6  f t  X  1 /8  in .  o .d .  s t a in le s s  s t e e l  c o lu m n  p a c k e d  w i t h  1 0 %  
O V -1 0 1  o n  6 0 / 8 0  m e s h  C h r o m o s o r b  W -A W , D M C S  w a s  u s e d .  T h e  h e l i 
u m  f lo w  r a t e  w a s  3 0  m l /m i n  a n d  t h e  t e m p e r a t u r e  w a s  p r o g r a m m e d  a s  
t h e  s a m p le  c h a r a c t e r i s t i c s  r e q u i r e d .  T h e  c o lu m n  e f f l u e n t  w a s  s p l i t  1 :1  
a n d  t h e  m a s s  s p e c t r a  w e re  r e c o r d e d  a t  7 0  ev . T h e  j e t  s e p a r a t o r  t e m p e r a 
t u r e  w a s  2 5 0 ° C  a n d  t h e  io n  s o u r c e  t e m p e r a t u r e  w a s  2 7 0 ° C .  I n f r a r e d  
s p e c t r a  w e re  r e c o r d e d  o n  a  B e c k m a n  I R -8  a c c o r d i n g  t o  t h e  p r o c e d u r e  
r e p o r t e d  b y  K a w a d a  e t  a l .  ( 1 9 6 6 ) .  C o m p o u n d s  w e re  i d e n t i f i e d  b y  c o m 
p a r in g  th e i r  s p e c t r a  w i t h  p u b l i s h e d  s p e c t r a  a n d  a g r e e m e n t  o f  r e t e n t i o n  
t im e  w i t h  t h e  a u t h e n t i c  c o m p o u n d .  A n  id e n t i f i c a t i o n  w a s  c o n s id e r e d  
t e n t a t i v e ,  i f  o n ly  m a s s  s p e c t r a l  d a t a  w e r e  a v a i la b le .

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

B o t h  t h e  c a n n e d  a n d  f r e s h  s t e w  f l a v o r  i s o l a t e s  h a d  t h e  t y p i c a l  
a r o m a s  a s s o c i a t e d  w i t h  t h e i r  r e s p e c t i v e  o r i g i n a l  p r o d u c t .  T h e  
c h r o m a t o g r a m s  o f  t h e  t w o  r e p l i c a t e  s a m p l e s  m a t c h e d  p e a k  f o r  
p e a k ,  e x c e p t  f o r  t w o  p e a k s  w h i c h  d i f f e r e d  b y  m o r e  t h a n  5 % .  

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

T h e  p a c k e d  c o l u m n  c h r o m a t o g r a m s  o f  t h e  f r e s h  a n d  c a n n e d  
s t e w  v o l a t i l e s  a r e  p r e s e n t e d  i n  F i g u r e  1 . I t  s h o u l d  b e  n o t e d  
t h a t  t h e  f r e s h  s t e w  c h r o m a t o g r a m  w a s  r e c o r d e d  a t  o n e - h a l f  t h e  

s e n s i t i v i t y  o f  t h e  c a n n e d  s t e w  c h r o m a t o g r a m .  T h e s e  t w o  

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

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

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

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

s c r i p t i o n s  u s e d  t o  c h a r a c t e r i z e  t h e  p e a k s  o f  t h e  c a n n e d  s t e w  
c h r o m a t o g r a m s  w e r e :  d i r t y  g r e e n ,  r a w  g r e e n ,  r o a s t e d  g r a i n  a n d  
h e a t e d  r u b b e r  c r  p l a s t i c .  T h e s e  w e r e  a l l  c o n s i d e r e d  t o  b e  o b j e c 

t i o n a b l e ,  h e a v y  o d o r s .  T h e  f r e s h  s t e w  v o l a t i l e s  l a c k e d  t h e s e  
o b j e c t i o n a b l e  n o t e s  a n d  w e r e  c h a r a c t e r i z e d  b y  e a r t h y ,  n u t t y ,  
s w e e t  g r e e n  a n d  c a r r o t - l i k e  o d o r s  w h i c h  w e r e  a l l  p l e a s a n t  a n d  

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

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

i n d i c a t e d  t h a t  a l l  v o l a t i l e  c o m p o n e n t s  i m p o r t a n t  t o  t h e  a r o m a  
o f  t h e  s a m p l e  c o u l d  b e  e l u t e d .  F i g u r e  2  s h o w s  t h e  i n i t i a l  
p r e p a r a t i v e  c h r o m a t o g r a m  o f  t h e  c a n n e d  s t e w  v o l a t i l e s .

A  t o t a l  o f  1 0 2  c o m p o u n d s  w a s  e i t h e r  p o s i t i v e l y  o r  t e n t a 
t i v e l y  i d e n t i f i e d  i n  t h e  v o l a t i l e s  o f  t h e  c a n n e d  s t e w .  T h e s e  a r e  

p r e s e n t e d  i n  T a b l e s  1 a n d  2 .  T h e  c o m p o u n d s  i d e n t i f i e d  c o n 
s i s t e d  o f  21  s a t u r a t e d  a l i p h a t i c  h y d r o c a r b o n s ,  2  u n s a t u r a t e d  
a l i p h a t i c  h y d r o c a r b o n s ,  7  c y c l i c  h y d r o c a r b o n s ,  1 2  a r o m a t i c  

h y d r o c a r b o n s ,  1 3  a l c o h o l s ,  9  a l d e h y d e s ,  11 k e t o n e s ,  1 k e t o -  
a l d e h y d e ,  5  e s t e r s ,  1 l a c t o n e ,  1 a c i d ,  6  f u r a n  c o m p o u n d s ,  1 0  
n i t r o g e n / s u l f u r - c o n t a i n i n g  r i n g  c o m p o u n d s ,  a n d  3  m i s c e l l a n e 
o u s  c o m p o u n d s .

T h e  s a t u r a t e d  a n d  m o n o - u n s a t u r a t e d  h y d r o c a r b o n s  d o  n o t  
p l a y  a  s i g n i f i c a n t  r o l e  i n  t h e  f l a v o r  o f  t h e  c a n n e d  s t e w ,  s i n c e  
t h e y  p o s s e s s  o n l y  w e a k  o d o r s .  T h e s e  c o m p o u n d s  h a v e  b e e n  
i d e n t i f i e d  p r e v i o u s l y  i n  m a n y  f o o d s  a n d  p r o b a b l y  a r o s e  a s  a  
r e s u l t  o f  t h e r m a l  o x i d a t i v e  d e c o m p o s i t i o n  o f  t h e  b e e f  f a t  a n d  
o t h e r  l i p i d s  p r e s e n t  ( Y a m a t o  e t  a l . ,  1 9 7 0 ;  K r i s h n a m u r t h y  a n d  
C h a n g ,  1 9 6 7 ;  R e d d y  e t  a l . ,  1 9 6 8 ) .

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

b r a n c h e d  c o m p o u n d s  w i t h  t h e  b r a n c h  o c c u r r i n g  a t  t h e  2 ,  3 ,  o r  
4  p o s i t i o n  o f  t h e  m a i n  c a r b o n  c h a i n .  T h i s  s e r i e s  o f  h y d r o 
c a r b o n s  h a s  n o t  b e e n  p r e v i o u s l y  i d e n t i f i e d  a s  t h e r m a l  o x i d a t i v e
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Fig. 1—Gas chromatograms o f the fresh and canned beef stew volatile compounds. (Top—fresh beef stew; Bottom—canned beef stew)

Fig. 2—Gas chromatogram o f the canned beef stew volatiles used to collect the board fractions.



F LA V O R  COM POUNDS IN  C A N N ED  B E E F  STfW-951

d e c o m p o s it io n  p r o d u c ts  o f  fa ts  o r  fa t ty  a c id s  w ith  th e  e x c e p 
t io n  o f  a ser ie s  o f  2 -m e th y l  a lk a n es  fo u n d  in  th e  irr a d ia tio n  
p r o d u c ts  o f  b u tte r fa t  (M err itt e t  a l., 1 9 6 7 ) .  I f  th e  p r e cu rso r  o f  
th e se  h y d r o c a r b o n s  is  f a t ty  m a ter ia l th e n  a rea rra n g em en t o f  
th e  stra ig h t fa t ty  a c id  c h a in s  is  req u ired .

A  fa m ily  o f  a lk y lc y c lo h e x a n e s  w a s a lso  fo u n d  w h ic h  p r o b a 

b ly  p la y  o n ly  a m in o r  ro le  in  th e  c a n n e d  s te w  fla v o r . T h is  ty p e  
o f  c o m p o u n d  h as b e e n  p r e v io u s ly  id e n t if ie d  in  c o o k e d  c h ic k e n  
(H o b so n -F r o h o c k , 1 9 7 0 )  an d  in  c er ta in  fr u its  an d  fr u it  p ro d 
u c ts ,  e sp e c ia lly  th o s e  d er iv ed  fr o m  grap es (v a n  S tr a ten  and d e  
V rijer, 1 9 7 3 ) .

T h e  m o n o -  an d  se sq u ite r p e n e s  fo u n d  h a v e  b e e n  id e n t if ie d

Table 1—Compounds identified in the volatiles isolated from 
canned beef stew

Fraction no.a Identified as Peak sizeb

A. Saturated aliphatic hydrocarbons

2-2-1 2-Methylpentane M
4-1 Heptane M
7-1 Octane S
7-2 2-Methyloctane S

14-2 Dodecane M
15-2 2-Methyldodecane S
16-3 Tridecane M
17-3 2-Methyltridecane S
18-2 Tetradecane S
20-3 Pentadecane M
21-3 2-Methylpentadecane S
21-4 Hexadecane S
22-3 Heptadecane s
23-3 Octadecane s
Unsaturated aliphatic hydrocarbons

16-4 1-Tridecene s
22-3 1-Heptadecene XS

Alicyclic hydrocarbons

3-1 Cyclohexane M
5-1 Methylcyclohexane L
7-2 Ethylcyclohexane S

14-7 a-Phellandrene M
18-5 /3-Caryophyllene M

Aromatic hydrocarbons

3-3 Benzene L
6-2 Methylbenzene S
7-6 Ethylbenzene M
7-7 1,3-Dimethylbenzene M

10-3 3-Ethylmethylbenzene S
11-4-2 4-lsopropylmethylbenzene S
14-9 Naphthalene M

Alcohols

1-4 Ethanol L
3-5 1-Butanol S
6-5, 7-8 1-Pentanol L
8-7 1-Hexanol L
8-6 4-Methyl-2-hexanol M

12-2 6-Methy 1-1 -heptanol M
11-6 1-Octene-3-ol M
11-16 Benzyl alcohol XS
11-13 Phenol s
9-4 2-Butoxyethanol M

Aldehydes

2-8-2 3-Methylbutanal s
3-4 Butanal M
6-3, 7-5, 8-3 Hexanal L
6-6,7-11 2-Ethylbutanal M
9-2,10-2 Heptanal M

13-2 Nonanal L
23-5 Pentadecanal M
10-4 Benzaldehyde L

Table 1—continued

Fraction no.a Identified as Peak sizeb

G. Ketones 

1-5, 1-6-1 Acetone L
7-5 3-Methyl-2-hexanone M
7-6 5-Methyl-2-hexanone M

11-4-1 2-Octanone M
14-5 2-Decanone M
22-5 2-Pentadecanone S
4-3 3-Hydroxy-2-butanone S
7-12 2,3-Butanedione S

19-4 (3-lonone S

H. Esters and lactones 

1-4 Ethyl formate L
*2-6-3, 2-7, 2-8-1, Ethyl acetate L
3-2, 4-2, 6-1, 
7-2, 7-3 

23-6, 24-2 Dibutyl phthalate M
11-11-2 y-Caprolactone S

1. Acid

2-8-3 Acetic acid M

J. Furan compounds

11-3 2-Pentylfuran S
8-8 Furfuryl alcohol M
7-13 2-Furaldehyde L

10-5 5-Methyl-2-furaldehyde M
7-14,9-5 2-Acetylfuran L

11-9 5-Methyl-2-acetylfuran S

K. Nitrogen compounds -
5-4, 6-4, 7-8 Pyridine M
7-11 Methylpyrazine M
9-3 2,5-Dimethylpyrazine S

11-14 2-Formylpyrrole M
12-4 2-Acetylpyrrole M
7-6 2,4,5-Trimethyl-A3 -oxazoline L
8-4 2,4,5-Trimethyloxazole M

L. Sulfur compounds 

11-10 2-Acetylthiazole M
14-11 Benzothiazole S
11-11-1 Thiophene-2-carboxaldehyde M

M. Miscellaneous compounds

5-2 1,1-Diethoxyethane L
2-9 Trichloromethane S

11-8 1,4-Dichlorobenzene XS

a The  first, second and th ird  num erals ind ica te  the  gas ch ro m a to 
g raph ic fra c tion s  co lle cted  during  the  first, second and th ird  ch ro 
m atographies, respectively.

h XS  -  E x tra  small; S = Sm all; M  = M ed ium ; L  = Large.
* Poss ib le  con tam in en t due to  so lvent
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m/e

Fig. 3—Mass spectrum of the fraction identified as 4-methyl-2- 
hexanol.

b y  H ea th er b e ll e t  al. ( 1 9 7 1 )  in  c a n n e d  carrots. T h e se  c o m 
p o u n d s  p r o b a b ly  p la y  a ro le  in th e  overa ll c a n n ed  s te w  flavor  
c o n tr ib u t in g  to  th e  g reen ish  and green -ca rro t n o te s .

T h e  12 a r o m a tic  h y d r o c a r b o n s  fo u n d  are f e lt  t o  p la y  a 
m in o r  r o le  in  th e  c a n n e d  s te w  arom a. P ersso n  an d  v o n  S y d o w
( 1 9 7 3 )  fo u n d  a ser ies  o f  a r o m a tic  h y d r o c a r b o n s  in  c a n n ed  
b e e f . T h e se  a u th o rs  u sed  u n la cq u e re d  can s, h e n c e  th e  a ro m a tic  
h y d r o c a r b o n s  fo u n d  in  th e  p resen t in v e s t ig a t io n  m ig h t n o t  
h a v e  c o m p le te ly  arisen  fr o m  e ith e r  th e  th e r m a l b r e a k d o w n  o f  
th e  e p o x y p h e n o l ic  can  lin er  or as a r es id u a l lin er  so lv e n t . J o h n 
s o n  e t  al. ( 1 9 6 9 )  have r e v ie w e d  th e  fo r m a tio n  o f  v o la t ile  
a r o m a tic  h y d r o c a r b o n s  in  fo o d s .

T h e  p rim ary  stra ig h t-ch a in  a lc o h o ls  fo u n d  h a v e  a fu se l o i l  
o d o r  w ith  a g reen ish  n o te  and p r o b a b ly  p la y  a r o le  in  th e  
o v era ll c a n n e d  s te w  fla v o r . B o th  th e  u n sa tu ra te d  a lc o h o ls  
fo u n d  h a v e  c h a r a c te r ist ic  o d o r s  an d  m ig h t p la y  a s ig n if ica n t  
r o le  in  th e  “ r e to r t  f la v o r ,”  e sp e c ia lly  th e  l -o c t e n -3 -o l  w h ic h  
m ig h t b e  im p o r ta n t  in  th e  h e a v y , m e ta llic , fu n g a l n o te s . T h e  
a b o v e  a lc o h o ls  h a v e  b e e n  id e n t if ie d  b y  P ersso n  and v o n  S y d o w
( 1 9 7 3 )  in  c a n n e d  b e e f . T h e  tw o  b r a n ch ed  a lc o h o ls ,  4 -m e th y l-
2 -h e x a n o l and 6 -m e th y l- l -h e p ta n o l  (F ig . 3 and 4 ) ,  have n o t  
b e e n  p r e v io u s ly  r ep o rte d  in  th e  lite ra tu re . P h e n o l m ig h t have  
arisen  as a resu lt  o f  th e  th erm a l d e c o m p o s it io n  o f  th e  e p o x y 
p h e n o l ic  can  lin er , a lth o u g h  p h e n o l has b e e n  fo u n d  in  m a n y  
n o n c a n n e d , h ig h -te m p e r a tu re  p r o c e sse d  fo o d s .

Fig. 5—Mass spectrum o f the fraction identified as 3-methyi-2- 
hexanone.

T h e  tw o  e th e r -a lc o h o ls  fo u n d  are p erh a p s r es id u e s  o f  th e  
so lv e n t  sy s te m  u sed  in a p p ly in g  th e  lin er  to  th e  can s. T h e
l-c h lo r o -2 -p r o p a n o l t e n ta t iv e ly  id e n t if ie d  m a y  a lso  b e  a res i
d u e  o f  th is  so lv e n t  sy s te m .

T h e  stra ig h t c h a in  a ld e h y d e s  p r o b a b ly  c o n tr ib u te  t o  th e  
o v era ll a ro m a  o f  th e  c a n n e d  s te w , e sp e c ia lly  to  th e  g reen  
c h a ra cter  o f  th e  o d o r . B o th  th e  3 -m e th y lb u ta n a l and b e n z a ld e -  
h y d e  fo u n d  c o n tr ib u te  to  th e  c a n n e d  s te w  fla v o r , th e  3 -  
m e th y lb u ta n a l h av in g  a b u rn t-ro a s ted  o d o r  an d  th e  b e n z a ld e -  
h y d e  a sw e e t , a lm o n d -lik e  o d o r .

A  ser ie s  o f  2 -a lk a n o n e s  w a s id e n t if ie d  an d  m o s t  o f  th e se  
w e re  p r e v io u s ly  fo u n d  in  c a n n ed  b e e f  b y  P e r sso n  an d  v o n  
S y d o w  ( 1 9 7 3 ) .  B o th  3 -h y d r o x y -2 -b u ta n o n e  (a c e t o in )  an d  its  
o x id a t io n  p r o d u c t , 2 ,3 -b u ta n e d io n e  (d ia c e ty l)  w e re  id e n t if ie d ,  
an d  th e se  b u tte r y  o d o r  c o m p o u n d s  h a v e  b e e n  c ite d  as c o n 
tr ib u tin g  t o  th e  fla v o r  o f  b o ile d  b e e f  (H ira i e t a l.,  1 9 7 3 ) .

A n o th e r  ser ie s  o f  b r a n c h e d  c o m p o u n d s  fo u n d  in  th e  c a n n e d  
s te w  v o la t ile s  c o n s is te d  o f  2 -e th y lb u ta n a l,  3 -m e th y l-2 -h e x a -  
n o n e  (F ig . 5 and 6 ) ,  5 -m e th y l-2 -h e x a n o n e  an d  6 -m e th y l-2 -h e p -  
ta n o n e . N e ith e r  th e  2 -e th y lb u :a n a l n o r  th e  3 -m e th y l-2 -h e x a -  
n o n e  h a v e  b e e n  p r e v io u s ly  r e p o r te d  in th e  lite ra tu re .

j3-Ionone has b e e n  a sso c ia te d  w ith  th e  th e r m a l b r e a k d o w n  
o f  /3-caroten e an d  has a v io le t - l ik e  o d o r  and m a y  p la y  a r o le  in  
th e  o v era ll fla v o r  o f  th e  c a n n e d  s te w .

2 -P en ty lfu ra n  h as b e e n  fo u n d  in a n u m b er  o f  f o o d s  and is

Fig. 4—Infrared spectrum o f the fraction identified as 4-methyl-2-hexanol.
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Fig. 6—Infrared spectrum o f the fraction identified as 3-methyl-2-hexanone.

b e lie v e d  t o  b e  th e  p r im ary  ca u se  o f  r ev e rs io n  fla v o r  in  s o y b e a n  
o il  (S m o u se  an d  C h an g, 1 9 6 7 ) .  T h e  o th e r  fu ran  c o m p o u n d s  
id e n t if ie d  are all o x y g e n a te d  d e r iv a tiv es , p r o b a b ly  arisin g  fro m  
th e  th erm a l d e c o m p o s it io n  o f  c a r b o h y d r a te s . A ll p o s se ss  c o n 
s id era b le  o d o r  p r o p e r tie s  an d  c o n tr ib u te  s ig n if ic a n t ly  t o  th e  
sw e e t , r o a ste d  gra in  n o te s  o f  th e  “ r e to r t  f la v o r .” T h e se  fu ran  
c o m p o u n d s  h a v e  b e e n  p r e v io u s ly  r ep o rte d  in  th e  f la v o r  iso la te s  
o f  m a n y  th e r m a lly  p r o c e s se d  fo o d s .

T h e  tw o  a c y lp y r r o le  c o m p o u n d s  fo u n d  in  th e  c a n n e d  s te w  
v o la t ile s  h a v e  b e e n  sh o w n  to  b e  p r o d u c ts  o f  h e a te d  sugar- 
a m in o  a c id  or  p r o te in  m ix tu r e s  (L a n g n er  an d  T o b ia s , 1 9 6 7 ;  
F e r re tti e t  a l., 1 9 7 0 ;  S h ig e m a tsu  e t  a l., 1 9 7 2 ) .  B o th  o f  th e  
a c y lp y r r o le s  fo u n d  had  ra th er  u n p le a sa n t , h e a te d  p la stic  or  
a n tise p t ic  o d o r s  w h e n  e v a lu a te d  as G C  e f f lu e n ts .  T h e se  c o m 
p o u n d s  m a y , th e r e fo r e , p la y  a r o le  in  th e  o b je c t io n a b le  “ r eto r t  
fla v o r ”  o f  th e  s te w .

M any in te r e s t in g  an d  s ig n if ic a n t  ring c o m p o u n d s  c o n ta in in g  
n itr o g e n  a n d /o r  su lfu r  as part o f  th e  r in g  sy s te m  w ere  id e n t i
f ied . P y r id in e  h a s a v ile  o d o r  w h e n  c o n c e n tr a te d , b u t  w h e n  
d ilu te d , it  h a s a s o m e w h a t  b it te r , p le a sa n t, r o a ste d  n o t e  and  
m a y  p la y  an im p o r ta n t  r o le  in  th e  m o r e  p le a sin g  c a n n e d  s te w  
flavor  n o te s . S im ila r ly , th e  t w o  p y r a z in es  fo u n d  w h ic h  have  
to a s te d , e a r th y , s o m e w h a t  p o ta to - l ik e  o d o r s  p r o b a b ly  c o n 
tr ib u te  in  a p o s it iv e  m a n n er  to  th e  c a n n ed  s te w  flavor.

T h e 2 ,4 ,5 - tr im e th y l-A 3 -o x a z o lin e  id e n t if ie d  h a s b e e n  
id e n t if ie d  p r e v io u s ly  as a v o la t ile  c o n s t i tu e n t  o f  b o ile d  b e e f  b y  
C hang e t al. ( 1 9 6 8 ) .  T h e  c o m p le te ly  u n sa tu r a te d  a n a lo g u e  o f  
th is  c o m p o u n d , 2 ,4 ,5 - t r im e th y lo x a z o le ,  w a s a lso  fo u n d . T h is

w a s th e  first t im e  th a t th is  c o m p o u n d  w a s id e n t if ie d  as a c o m 
p o n e n t  o f  th e  v o la t ile  f la v o r  c o m p o u n d s  o f  f o o d .  T h e  in frared  
and m ass sp ec tra  o f  th is  c o m p o u n d  are sh o w n  in  F ig u res  7 and
8 .

Fig. 7-Mass spectrum o f the fraction identified as 2,4,5-trimethyl
oxazole.

Fig. 8—infrared spectrum o f the fraction identified as 2,4,5-trimethyloxazole.
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Table 2—Compounds tentatively identified in the volatiles iso
lated from canned beef stew

Fraction no.a Identified as Peak sizeb

A. Saturated aliphatic hydrocarbons

2-2-2, 2-3-2 3-Methylpentane L
7-1 3-Methyloctane S

11-1 3-Methyl nonane XS
14-2 3-Methyl undecane s
17-3 4-Methyltridecane XS
17-3 3-Methyltrldecane s
19-2 4-Ethyltetradecane XS

B. Alicyclic hydrocarbons

7-2 Trimethylcyclohexane s
14-8 7-Terpinene s

C. Aromatic hydrocarbons

11-4-1 Trlmethylbenzene s
14-4 Dimethylstyrene s
14-4 Cs-Alkylbenzene s
14-4 C6-Alkylbenzene s
14-5 C„-Alkylbenzene XS

D. Alcohols

3-6 1-Penten-3-ol M
5-5 2-Ethoxyethanol L
3-8 1 -Ch loro-2-propanol s

E. Aldehyde

14-8 Ethylbenzaldehyde s
F. Ketones

10-3 6-Methyl-2-heptanone s
14-10 Methylacetophenone s

G. Keto-aldehyde

7-4 3-Methyl-4-oxopentanal M

H. Esters

16-8 Terpinyl acetate s
21-14 Diethyl phthalate XS

a T h e  firs t, second and th ird  num erals ind ica te  the  gas ch rom a to 
g raph ic fra c tion s  co lle c ted  during  the  firs t, second and th ird  gas 
ch rom atograph ies, respectively , 

k  XS  = Extra  small; S = Sm all; M  = M ed ium ; L  = Large.

T h e  t w o  th ia z o le  c o m p o u n d s  fo u n d  h a v e  b e e n  te n ta t iv e ly  
id e n t if ie d  p r e v io u s ly  in  p ressu re  c o o k e d  b e e f  b y  W ilson  e t  al.
( 1 9 7 3 ) .  T h e ir  p r e se n c e  w a s c o n f ir m e d  b y  th is  in v e s t ig a t io n .  
B e n z o th ia z o le  h a s  an o d o r  w h ic h  ca n  b e  d e sc r ib e d  as h e a te d  
ru b b er-lik e  o r  h e a v y  a n d  d ir ty . T h e  2 -a c e ty lth ia z o le  h a d  an  
a rom a d e sc r ib e d  as s o m e w h a t  p o p c o r n -lik e  w ith  a s tr o n g  n u t 
ty -r o a s te d  ch a r a c te r . T h e  th io p h e n e -2 -c a r b o x a ld e h y d e  h as a 
sh arp , s w e e t -n u t ty ,  s o m e w h a t  r o a ste d  gra in -lik e  o d o r  a n d  m a y  
c o n tr ib u te  to  th e  s w e e t ,  h e a v y , g ra in -lik e  n o te s  o f  th e  “ re to r t  
f la v o r .”

T h e  p r e se n t in v e s t ig a t io n  c o n c lu d e s  th a t th e r e  are s ig n if i
c a n t q u a n tita t iv e  an d  q u a lita tiv e  d if fe r e n c e s  in  th e  v o la t ile  
c o m p o n e n ts  o f  c a n n e d  an d  fr esh  b e e f  s te w . T h e  “ r e to r t  f la 
v o r ”  is  n o t  d u e  to  a s in g le  c o n s t i tu e n t ,  b u t  is  p r o b a b ly  d u e  t o  a 
r e la t iv e ly  c o m p le x  m ix tu r e  o f  a n u m b e r  o f  c o m p o n e n ts . T h e  
p r o d u c t io n  o f  v o la t ile  fla v o r  c o m p o u n d s  in  th e  c a n n e d  s te w  is 
d u e  p r im a rily  t o  th e r m a l o x id a t iv e  fa t  d e c o m p o s it io n ,  th e r m a l  
d e c o m p o s it io n  o f  a m in o  a c id s  a n d  c a r b o h y d r a te s , an d  th e  
b r o w n in g  r e a c t io n s  ch a r a c te r ist ic  o f  r o a stin g  o r  b a k in g  p r o c 
e sse s .
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IN T R O D U C T IO N

V A R IO U S  S T U D IE S  h a v e  e s ta b lish e d  th a t p o s tm o r te m  sh o r t
en in g  o c cu rs  b y  a s lid in g  o f  th e  th ic k  an d  th in  f i la m e n ts  su ch  
as o c cu rs  d u rin g  p h y s io lo g ic a l  c o n tr a c t io n  (S tr o m e r  e t  a l., 
1 9 6 7 ;  S tr o m er  an d  G o ll, 1 9 6 7 )  an d  th a t th is  sh o r te n in g  is th e  
prim ary ca u se  o f  carcass s t if fe n in g  du rin g  th e  d e v e lo p m e n t  o f  
rigor. T h e  c o in c id e n c e  b e tw e e n  th e  o n s e t  o f  rigor m o r tis  and  
a p p rec ia b le  in c re a se  in  th e  m o d u lu s  o f  e la s t ic i ty  w as r ep o rte d  
b y  B a te -S m ith  ( 1 9 3 9 )  w h o  n o te d  th a t n e w  c r o s sb o n d s  w ere  
fo r m e d  b e tw e e n  th e  m u sc le  c o n tr a c t i le  u n its  fo l lo w in g  th e  lo ss  
o f  A T P . T h e se  p h y s ic a l ch a n g es  h ave b e e n  q u a n tif ie d  du rin g  
n o rm a l rigor d e v e lo p m e n t  th r o u g h  th e  m e a su r e m e n t o f  th e  
iso m e tr ic  t e n s io n  d e v e lo p e d  (J u n g k  e t a l., 1 9 6 7 ;  S c h m id t  et  
al., 1 9 6 8 ;  C h ry sta ll e t  a l., 1 9 7 0  and B u sch  e t a l., 1 9 7 2 ) .

S im ilar  b u t m o r e  d ra stic  ch a n g es  h a v e  b e e n  a sso c ia te d  w ith  
th e  in c id e n c e  o f  th a w  rigor. S z e n t-G y o r g y i ( 1 9 4 9 )  in  h is 
s tu d ies  w ith  fr o g  sa r to r iu s  a n d  rab b it p so a s  m u sc le s  o b serv ed  
th a t te n s io n  d e v e lo p e d  m o r e  s lo w ly  d u rin g  th a w  rigor b u t th a t  
a su d d en  c h a n g e  in  te m p e r a tu r e  w as su f f ic ie n t  to  in d u c e  a fa st  
c o n tr a c t io n  r esu lt in g  in  an  ea r ly  d e v e lo p m e n t  o f  iso m e tr ic  
te n s io n . B en d a ll ( 1 9 6 0 )  in  s tu d ie s  w ith  ra b b it p so a s m u sc le  
o b serv ed  th a t rate  o f  th a w  c o n tr a c tu r e  a n d  r igor w ere  d e p e n d 
e n t la rg e ly  o n  th e  rate  o f  th a w in g  an d  th e  c h e m ic a l p a ttern  
w as sim ilar  b u t  m o r e  rapid  th a n  n o r m a l rigor. S tu d ie s  b y  
Ju n gk  e t  al. ( 1 9 6 7 ) ,  h o w e v e r , in d ic a te  th a t th e  rapid  d e v e lo p 
m en t o f  iso m e tr ic  t e n s io n  in  b o v in e  sk e le ta l  m u sc le  is an in 
tr in sic  c h a r a c te r ist ic  o f  th a w  rigor. In  a p r e v io u s  p ap er , O ku- 
b an jo  e t al. ( 1 9 7 5 )  su g g e s te d  th a t th a w  rigor m u sc le  str ip s  
after  ra p id ly  d e v e lo p in g  te n s io n , w ill su ffe r  an  a c c e le r a te d  
d ec lin e  in te n s io n  d u e  to  th e  ru p tu r in g  o f  a c t in -m y o s in  cross-  
lin k ages w ith in  th e  m u sc le  fib ers.

In th e  p resen t p a p er , w e  h a v e  a t te m p te d  to  e x te n d  th e  
a b o v e  s tu d y  an d  p r e v io u s  o n e s  b y  J u n g k  e t  al. ( 1 9 6 7 )  and  
S c o p e s  and N e w b o ld  ( 1 9 6 8 )  o n  p o s tm o r te m  g ly c o ly s is  and  
iso m e tr ic  te n s io n  d e v e lo p m e n t  du rin g  th a w  rigor in  b o v in e  
sk e le ta l m u sc le  at v a r io u s  te m p e r a tu r e s  an d  g a se o u s  e n v iro n 
m en ts.

E X P E R IM E N T A L

B O V IN E  S T E R N O M A N D IB U L A R IS  m u s c le s  w e r e  o b t a i n e d  a s  p re v i
o u s ly  d e s c r ib e d  b y  O k u b a n jo  e t  a l .  ( 1 9 7 5 ) .  T h e  m u s c le s  w e re  s p l i t  i n to  
s t r ip s  a p p r o x im a te ly  0 . 1 - 0 .3  c m 2 in  c ro s s  s e c t io n  w i th  t h e  l o n g  a x is  
o r i e n t e d  in  t h e  f ib e r  d i r e c t i o n .  S t r ip s  p o s s e s s in g  a n y  v is u a l ly  d a m a g e d  
f ib e r s  w e re  r e je c te d .  I n t a c t  s t r i p s  w e re  t i e d  a t  r e s t  l e n g th  b y  b o t h  e n d s  
t o  s te e l  f r a m e s  a n d  r a p id ly  f r o z e n  a t  - 2 9 ° C  in  a  g r a v i ty  a ir  f lo w  s h a r p  
f r e e z e r  w i th in  3 0  m in  o f  e x s a n g u in a t io n .  S u b s e q u e n t  i n c u b a t i o n  o f  
s h o r t  s t r ip s  o f  t h e  f r o z e n  m u s c l e  w e re  c a r r ie d  o u t  a t  3 ° ,  2 5 °  a n d  3 7 ° C  
in  a n  a tm o s p h e r e  o f  m o i s t  n i t r o g e n .

T h e  e x t r a c t i o n  p r o c e d u r e  o u t l i n e d  b y  N e w b o ld  a n d  S c o p e s  ( 1 9 6 7 )  
w a s  m o d i f i e d  t o  in c lu d e  a  f a s t  f r e e z in g  s te p  in  l i q u id  n i t r o g e n  f o l lo w in g

1 P re s e n t add ress : D ep t, o f  A n im a l S c ien ce , U n iv e rs ity  o f  Ib a d a n , 
Ib a d a n , N igeria , A frica

in c u b a t io n  o f  t h e  m e a t  s a m p le s  f o r  t h e  d i f f e r e n t  p e r io d s .  T h e  f r o z e n  
s a m p le s  w e re  h o m o g e n iz e d  w i th  15  v o lu m e s  o f  ic e  c o ld  0 .6 N  p e r c h lo r ic  
a c id  a t  3 ° C . T h e  r e s u l t in g  s lu r r y  w a s  f i l t e r e d  a n d  im m e d ia t e ly  n e u t r a l 
iz e d  w i th  I N  p o ta s s iu m  h y d r o x i d e  s o l u t i o n  t o  p h e n o lp h th a l e i n  e n d  
p o i n t .  A f t e r  s t a n d i n g  in  t h e  c o ld  f o r  a  f e w  h o u r s ,  t h e  p r e c ip i t a t e d  
p o ta s s iu m  p e r c h lo r a t e  w a s  r e m o v e d  b y  c e n t r i f u g a t i o n  f o r  10  m in  a t  
4 0 0 0  r p m  f o l lo w e d  b y  f i l t r a t i o n .

T h e  u l t r a v io l e t  e s t i m a t i o n  o f  A T P  w a s  c a r r ie d  o u t  u s in g  p h o s p h o -  
g ly c e r a te k  n a se  a s  d e s c r ib e d  in  S ig m a  T e c h n ic a l  B u l le t in  N o . 3 6 6 -U V  
(S ig m a  C h e m ic a l  C o .,  1 9 6 7 ) .  O p t ic a l  d e n s i t y  m e a s u r e m e n t  w a s  m a d e  a t  
3 4 0  n m  o n  a  B e c k m a n  D U -2  S p e c t r o p h o t o m e t e r  u s in g  w a te r  a s  a  r e f e r 
e n c e .

I n o r g a n ic  p h o s p h a t e  w a s  d e t e r m in e d  o n  t h e  p e r c h lo r i c  a c id  e x t r a c t  
o f  t h e  m u s c le s  f o l l o w in g  th e  p r o c e d u r e  o f  T a u s s k y  a n d  S h o r r  ( 1 9 5 3 ) .  
F o r  p H  m e a s u r e m e n t ,  m e a t  s a m p le s  w e re  h o m o g e n iz e d  r a p id ly  in  3 
v o lu m e s  o f  d e io n iz e d  d i s t i l l e d  w a te r  f o l l o w in g  t h e  p r o c e d u r e  o f  B u c k  
a n d  B la c k  ( 1 9 6 7 ) .  T h e  p H  o f  t h e  r e s u l t in g  s lu r r y  w a s  d e t e r m in e d  im 
m e d ia t e l y  w i th  t h e  g la ss  e l e c t r o d e  o f  a  S a r g e n t  p H  m e te r .

T h e  d e v e l o p m e n t  a n d  r e le a s e  o f  i s o m e t r i c  t h a w  t e n s i o n  w a s  f o l 
l o w e d  o n  a  G ra s s  P o ly g r a p h  M o d e l  7 ,  e q u i p p e d  w i th  D .C . d r iv e r  a m p l i 
f ie rs ,  l o w  le v e l D  C . p r e a m p l i f i e r s ,  a n  in k  w r i t i n g  o s c i l lo g r a p h  w i th  f o u r  
c h a n n e ls  a n d  f o r c e  t r a n s d u c e r s  c a p a b le  o f  m e a s u r in g  t o  t h e  n e a r e s t  l g  
f o r c e .  M e a s u re m e n t s  w e re  c a r r ie d  o u t  a t  3 ° ,  2 5 °  a n d  3 7 ° C  in  a n  e n 
v i r o n m e n t  o f  o x y g e n ,  c a r b o n  d io x id e  o r  n i t r o g e n .  T o  m a in t a in  a  c o n 
s t a n t  t e m p e r a t u r e  a n d  m o is t  a tm o s p h e r e ,  i n c u b a t i o n  c h a m b e r s  w e re  
c o n s t r u c t e d  o f  p le x ig la s s  (F ig .  1 ) w h ic h  a l lo w e d  t h e  f lu s h in g  g a se s  t o

Fig. 1—A  schematic diagram o f the incubation chamber for iso
metric thaw tension measurements.

V o lu m e  4 0  ( 1 9 7 5 1 - J O U R N A L  O F  F O O D  S C IE N C E - 9 5 5



956 -JO U R N A L  O F  FO OD  SC IENCE-Vo lum e 40 (1975)

b u b b le  t h r o u g h  a  s o lu t io n  o f  1 0 ' 3 M  s o d iu m  a z id e  b e f o r e  c o m in g  in  
c o n t a c t  w i th  t h e  s u s p e n d e d  m u s c le  s t r ip s .  T h e  s o d iu m  a z id e  w a s  i n 
c lu d e d  t o  i n h i b i t  b a c t e r i a l  g r o w th  e s p e c ia l ly  a t  t h e  h ig h e r  t e m p e r a tu r e s .  
T h e  c h a m b e r s  w e re  f u r t h e r  l in e d  w i th  m o is t  f i l t e r  p a p e r  t o  e n h a n c e  a  
s a t u r a t e d  h u m id  e n v i r o n m e n t .

E a c h  f r o z e n  m u s c le  s t r ip  0 . 1 —0 .3  c m 2 in  c ro s s  s e c t io n  a n d  9 c m  
lo n g  w a s  r a p id ly  w e ig h e d  a n d  c la m p e d  1 c m  f r o m  e a c h  e n d  w i th  s m a ll  
c lip s . F o l lo w in g  a  3 -m in  te m p e r in g  a t  3 ° C , s t r ip s  w e re  a t t a c h e d  to  t h e  
fo r c e  t r a n s d u c e r s  a t  o n e  e n d  a n d  a t  t h e  o t h e r ,  t o  a  h o r i z o n t a l  s u p p o r t  
r o d  a p p r o x i m a t e l y  2  c m  f r o m  t h e  b a s e  o f  t h e  i n c u b a t i o n  c h a m b e r .

L i m i te d  p h a s e  c o n t r a s t  m ic r o s c o p ic  o b s e r v a t i o n s  w e re  c a r r ie d  o u t  
o n  m u s c le  s t r ip s  a t  th e  e n d  o f  i s o m e t r ic  t h a w  t e n s i o n  m e a s u r e m e n ts  
f o l l o w in g  t h e  p r o c e d u r e  o u t l i n e d  in  a  p r e v io u s  p a p e r  ( O k u b a n jo  e t  a l . ,
1 9 7 5 ) .

A n a ly s is  o f  v a r ia n c e ,  c o e f f ic ie n t s  o f  s im p le  c o r r e l a t i o n  a n d  S c h e f f e ’s 
t e s t  f o r  d i f f e r e n c e s  b e tw e e n  m e a n s  w e re  p e r f o r m e d  b y  m e t h o d s  o f  
S n e d e c o r  a n d  C o c h r a n  ( 1 9 7 3 )  t o  s tu d y  th e  r e l a t i o n s h ip  o f  m e a s u r e d  
p a r a m e te r s .

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

T H E  R E L A T I O N S H I P  b e t w e e n  A T P  d e g r a d a t i o n ,  p H  d e c l i n e  
a n d  t h e  a c c u m u l a t i o n  o f  i n o r g a n i c  p h o s p h a t e  d u r i n g  t h e  i n c u 
b a t i o n  o f  m u s c l e  s t r i p s  i n  a n  a t m o s p h e r e  o f  m o i s t  n i t r o g e n  a r e  
i l l u s t r a t e d  i n  F i g u r e s  2  t o  4 .  A t  t h e  t h r e e  t e m p e r a t u r e s ,  t h e  

p a t t e r n  o f  b i o c h e m i c a l  c h a n g e s  w a s  s i m i l a r  e x c e p t  f o r  t h e  t i m e  
s c a l e .  T h e  i n i t i a l  m e a n  v a l u e s  o f  A T P  a t  t h e  o n s e t  o f  t h a w i n g  
w e r e  7 . 4 5 ,  7 . 2 8  a n d  7 . 3 6  ) u m o l e s / g  o f  f r e s h  t i s s u e  a t  3 C , 2 5 °  
a n d  3 7 ° C ,  r e s p e c t i v e l y .  T h e s e  v a l u e s  a r e  s l i g h t l y  h i g h e r  t h a n  

p r e v i o u s  o b s e r v a t i o n s  o n  b o v i n e  s t e r n o m a n d i b u l a r i s  b y  S c o p e s  
a n d  N e w b o l d  ( 1 9 6 8 )  b u t  a r e  l o w e r  t h a n  w a s  o b s e r v e d  i n  b o 
v i n e  s e m i t e n d i n o s u s  o r  p s o a s  m u s c l e  b y  B u s c h  e t  a l .  ( 1 9 6 7 ) .  
T h e s e  d i f f e r e n c e s  i n  A T P  m a y  b e  d u e  t o  t h e  d i f f e r e n t  p r o 

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

T h e  i n i t i a l  m e a n  v a l u e s  f o r  i n o r g a n i c  p h o s p h a t e  w e r e  1 6 . 7 1 ,

1 6 .2 1  a n d  1 5 . 8 6  ) r m o l e s / g  a t  3 ° ,  2 5 °  a n d  3 7 ° C ,  r e s p e c t i v e l y .  
T h e  p H  v a l u e s  w e r e  6 . 9 5 ,  6 . 9 3  a n d  6 . 8 6  f o r  3 ° ,  2 5 °  a n d  3 7 ° C ,  
r e s p e c t i v e l y .  T h e s e  v a l u e s  a r e  l o w e r  t h a n  t h e  c h a r a c t e r i s t i c  

r e s t i n g  m u s c l e  p H  o f  7 . 3 - 7 . 5  p r e v i o u s l y  d e t e r m i n e d  f o r  
m u s c l e  ( M a r s h  a n d  L e e t ,  1 9 6 6 )  p o s s i b l y  d u e  t o  s l i g h t  g l y c o 
l y t i c  c h a n g e s  w h i c h  m a y  h a v e  o c c u r r e d  i n  t h e  m u s c l e  s t r i p s  
p r i o r  t o  a n d  d u r i n g  p r e - r i g o r  f r e e z i n g ,  o r  t o  t h e  p r o c e d u r e  u s e d  

f o r  e s t i m a t i o n  o f  p H  s i n c e  t h e  p r o c e d u r e  o f  B u c k  a n d  B l a c k
( 1 9 6 7 )  m a y  h a v e  l e s s  s e n s i t i v i t y  t h a n  t h e  i o d o a c e t a t e  t e c h 

n i q u e  o f  M a r s h  a n d  L e e t  ( 1 9 6 6 ) .

Fig. 2—The time course o f changes in the levels o f ATP, inorganic 
phosphate and pH  in bovine sternomandibularis undergoing thaw 
rigor at 3° C.

Fig. 3—The time course o f changes in the levels o f ATP, inorganic 
phosphate and pH  in bovine sternomandibularis undergoing thaw 
rigor at 25° C.

Fig. 4—The time course o f changes in the 
levels o f A  TP, inorganic phosphate and 
pH  in bovine sternomandibularis under
going thaw rigor at 37°C.
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A  s h o r t  l a t e n t  p e r i o d  w h i c h  d e c r e a s e d  w i t h  r i s e  i n  i n c u 
b a t i o n  t e m p e r a t u r e s  p r e c e d e d  a n y  d r a s t i c  c h a n g e  i n  t h e  r a t e s  

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

T h e s e  p e r i o d s  e x h i b i t  s h a r p  c o n t r a s t s  t o  s i m i l a r  c h a n g e s  d u r i n g  
n o r m a l  r i g o r  i n  w h i c h  a  t o t a l  l o s s  o f  A T P  a n d  t h e  u l t i m a t e  p H  
w e r e  o b t a i n e d  a t  2 ° C  i n  4 8 —7 2  h r  ( B u s c h  e t  a l . ,  1 9 6 7 ) ,  a t  
2 5 ° C  i n  2 4  h r  ( C a s s e n s  a n d  N e w b o l d ,  1 9 6 7 a ,  b )  a n d  a t  3 7 ° C  i n  
8  h r  ( C a s s e n s  a n d  N e w b o l d ,  1 9 6 6 ) .

C o r r e l a t i o n  c o e f f i c i e n t s  w e r e  c a l c u l a t e d  f o r  t h e  v a r i o u s  

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

A T P  a n d  P i  l e v e l s  w i t h  c o r r e l a t i o n s  o f  r  =  —0 . 9 8 ,  —0 . 9 3  a n d  
—0 . 9 4  a t  3 ° ,  2 5 °  a n d  3 7 ° C ,  r e s p e c t i v e l y .  L e v e l  o f  A T P  w a s  

h i g h l y  c o r r e l a t e d  w i t h  p H ,  r  =  0 . 9 6 ,  0 . 9 5  a n d  0 . 9 5  a t  3 ° ,  2 5 °  
a n d  3 7 ° C ,  r e s p e c t i v e l y .  F u r t h e r ,  t h e  c o n c e n t r a t i o n  o f  i n o r 

g a n i c  p h o s p h a t e  a t  t h e  v a r i o u s  s t a g e s  o f  t h a w  r i g o r  w a s  h i g h l y ,  
b u t  n e g a t i v e l y ,  c o r r e l a t e d  w i t h  p H ,  r  =  —0 . 9 7 ,  —0 . 9 4  a n d  

- 0 . 9 6  a t  3 ° ,  2 5 °  a n d  3 7 ° C ,  r e s p e c t i v e l y .
T h e  f o r e g o i n g  i n v e s t i g a t i o n  w a s  m a d e  a n a e r o b i c a l l y  u n d e r  

m o i s t  n i t r o g e n ,  a  p r o c e d u r e  t h a t  p r e c l u d e d  t h e  m o r e  e f f i c i e n t  
r e s y n t h e s i s  o f  A T P  t h r o u g h  t h e  o x i d a t i v e  g l y c o l y t i c  p a t h w a y .  
S i m i l a r  s t u d i e s  c a r r i e d  o u t  i n  a i r  a t  r o o m  t e m p e r a t u r e  ( S c o p e s  

a n d  N e w b o l d ,  1 9 6 8 )  i n d i c a t e  n o  e s s e n t i a l  d i f f e r e n c e  f r o m  t h e  

p r e s e n t  o b s e r v a t i o n s .  I n  a  p r e v i o u s  s t u d y  ( O k u b a n j o  e t  a l . ,
1 9 7 5 ) ,  i t  w a s  s h o w n  t h a t  d u r i n g  t h a w  r i g o r ,  m u s c l e  m i t o c h o n 

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

c a u s e  s e v e r e  c o n f o r m a t i o n a l  c h a n g e s  i n  t h e  m e m b r a n e  s y s t e m  
a n d  i n t e r f e r e  w i t h  t h e  s p a t i a l  o r d e r i n g  o f  t h e  m i t o c h o n d r i a l  
e n z y m e s  a n d  c o f a c t o r s .  T h e r e b y ,  t h e  u n c o u p l i n g  o f  t h e  r e 
p h o s p h o r y l a t i o n  o f  A D P  f r o m  t h e  e l e c t r o n  t r a n s p o r t  s y s t e m  
m a y  f a v o r  a  h i g h e r  r a t e  o f  d e g r a d a t i o n  o f  t h e  r e s i d u a l  A T P .

I n  t h e  p r e s e n t  p a p e r ,  t h e  t e n s i o n  d e v e l o p e d  i n  i s o m e t r i c a l l y  

h e l d ,  p r e - r i g o r  f r o z e n ,  m u s c l e  s t r i p s  w h e n  s u b s e q u e n t l y  e x 
p o s e d  t o  t e m p e r a t u r e s  a b o v e  f r e e z i n g  w i l l  b e  r e f e r r e d  t o  a s  
“ i s o m e t r i c  t h a w  t e n s i o n ”  o r  j u s t  p l a i n  “ t h a w  t e n s i o n ”  i n  d i f 
f e r e n c e  t o  “ i s o m e t r i c  t e n s i o n ”  d e v e l o p e d  d u r i n g  n o r m a l  r i g o r .

T h e  i s o m e t r i c  t h a w  t e n s i o n  d e v e l o p e d  i n  p r e - r i g o r  f r o z e n  
s t r i p s  e x p o s e d  t o  3 ° ,  2 5 °  a n d  3 7 ° C  u n d e r  t h e  i n f l u e n c e  o f  
t h r e e  g a s e o u s  e n v i r o n m e n t s  a r e  s h o w n  i n  F i g u r e s  5  t o  7 .  T h e  
v a l u e s  a r e  p r e s e n t e d  i n  g / c m 2 a n d  h a v e  b e e n  c a l c u l a t e d  o n  t h e  
a s s u m p t i o n  t h a t  t h e  s p e c i f i c  g r a v i t y  o f  b o v i n e  m u s c l e  i s  1 . 0 6 .

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

r a p i d l y  o n  e x p o s u r e  t o  t e m p e r a t u r e s  a b o v e  f r e e z i n g .  S u b s e 
q u e n t  t o  t h e  a t t a i n m e n t  o f  m a x i m u m  t h a w  t e n s i o n ,  t h e r e  

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

t h a w  t e n s i o n .  T h e  p a t t e r n  o f  t h a w  t e n s i o n  d e v e l o p m e n t  a t  t h e  
t h r e e  t e m p e r a t u r e s  a p p e a r e d  t o  b e  s i m i l a r  i n  t h e  t h r e e  g a s e o u s  
e n v i r o n m e n t s .  I n  c o n t r a s t  t o  t h e  d e v e l o p m e n t  o f  i s o m e t r i c  t e n 
s i o n  d u r i n g  n o r m a l  r i g o r ,  t h e r e  w a s  a n  a b s e n c e  o f  a  r e c o g n i z a 
b l e  d e l a y  p h a s e .  T h e  r e a s o n  f o r  t h e  r a p i d  o n s e t  o f  t e n s i o n  

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

( 1 9 6 0 )  d i s c u s s e d  s i m i l a r  f i n d i n g s  w i t h  t h e  c o n c l u s i o n s  t h a t  a t

Fig. 6—The effect o f various gaseous environments on the develop
ment o f isometric thaw tension in pre-rigor frozen bovine sterno- 
mandibuiaris thawed at 25°C.

Fig. 5 -The effect o f various gaseous at
mospheres on the development o f isometric 
thaw tension in pre-rigor frozen bovine 
sternomandibularis thawed at 3°C.

T IM E  (m in u te s )
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Fig. 7—The effect o f various gaseous atmospheres on the develop
ment o f isometric thaw tension in pre-rigor frozen bovine sterno- 
mandibularis thawed at 37°C.

t h a w i n g  C a 2 +  i s  r e l e a s e d  i n h i b i t i n g  t h e  r e l a x i n g  f a c t o r  a n d  
s t i m u l a t i n g  A T P a s e  a c t i v i t y ,  t h u s  s t a r t i n g  i m m e d i a t e  c o n t r a c 
t i o n .  H e  f u r t h e r  s t a t e d  t h a t  c o n t r a c t i o n  c e a s e d  w h e n  t h e  s a l t  

b a l a n c e  w a s  e q u i l i b r a t e d  a l l o w i n g  t h e  r e l a x i n g  f a c t o r  t o  t a k e  

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

m o r e  s t r o n g l y  a f f e c t e d  b y  t h e  t e m p e r a t u r e  t h a n  b y  t h e  g a s e o u s  
e n v i r o n m e n t s  t o  w h i c h  t h e  m u s c l e  s t r i p s  w e r e  e x p o s e d .  O v e r  
t w i c e  a s  m u c h  t h a w  t e n s i o n  w a s  d e v e l o p e d  a t  2 5 ° C  o r  3 7 ° C  a s  
a t  3 ° C  ( T a b l e  1 ) .  T h e  t i m e  t o  a t t a i n  p e a k  t h a w  t e n s i o n  d e 
c r e a s e d  s h a r p l y  a t  t h e  t w o  h i g h e r  t e m p e r a t u r e s  w h e n  c o m 
p a r e d  w i t h  t h o s e  a t  3 ° C .  A l s o  a t  a l l  t h r e e  t e m p e r a t u r e s ,  t e n 
s i o n  w a s  r e a c h e d  s i g n i f i c a n t l y  f a s t e r  i n  0 2 t h a n  i n  C 0 2 o r  N 2 
a t m o s p h e r e .

T h e  p e a k  t e n s i o n  m e a s u r e d  i n  t h i s  s t u d y  w a s  a p p r e c i a b l y  
h i g h e r  t h a n  t h a t  p r e v i o u s l y  r e p o r t e d  o n  b o v i n e  s e m i t e n d i n o s u s  
( J u n g k  e t  a l . ,  1 9 6 7 ) .  M u c h  o f  t h e  d i f f e r e n c e  m a y  h a v e  b e e n  
d u e  t o  i m p r o v e d  s e n s i t i v i t y  o f  t h e  i n s t r u m e n t  u s e d  ( ± l g  v s  
± 5 g )  o r  t o  d i f f e r e n c e s  i n  t h e  p r o c e d u r e  u s e d  t o  i n i t i a t e  t h a w  
r i g o r .  I n  c o n t r a s t  w i t h  t h e  p r e s e n t  o b s e r v a t i o n ,  B u s c h  e t  a l .
( 1 9 6 7 )  i n d i c a t e d  t h a t  i n  n o r m a l  r i g o r ,  i s o m e t r i c  t e n s i o n  d e 
v e l o p m e n t  i n  b o v i n e  s e m i t e n d i n o s u s  d i d  n o t  s t a r t  u n t i l  a b o u t  6

h r  a f t e r  d e a t h  a t  1 6 ° C ,  a n d  a t  a b o u t  3  h r  a t  3 7 ° C  a l t h o u g h  i t  
w a s  a l m o s t  i m m e d i a t e  a t  2 ° C  p r o b a b l y  d u e  t o  t h e  c o l d  s h o r t 

e n i n g  e f f e c t .  S i n c e  t h e  m a x i m u m  s t r e n g t h  o f  t e t a n i c  c o n t r a c 
t i o n  u n d e r  n o r m a l  c o n d i t i o n  i s  o f  t h e  o r d e r  o f  3  k g / c m 2 , t h e  

m a x i m u m  t h a w  t e n s i o n  o b s e r v e d  a t  2 5 ° C  a n d  3 7 ° C  f o r  t h e  

t h r e e  g a s e o u s  e n v i r o n m e n t s  w a s  a p p r o x i m a t e l y  o n e - t h i r d  t h e  
s t r e n g t h  o f  n o r m a l  t e t a n i c  c o n t r a c t i o n .  W h i l e  a t  3 ° C ,  i t  w a s  
a p p r o x i m a t e l y  o n e - s i x t h .

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

r a p i d  a t  3 7 ° C ,  d e c r e a s e d  s o m e w h a t  a t  2 5 ° C  a n d  w a s  l e a s t  a t  
3 ° C .  A s  s h o w n  i n  F i g u r e s  5  t o  7 ,  t h e  m u s c l e  s t r i p s  h a v e  a l m o s t  
l o s t  a l l  t h a w  t e n s i o n  a f t e r  1 2 0  m i n  a t  3 7 ° C ,  2 7 0  m i n  a t  2 5 ° C  

a n d  1 0 8 0  m i n  a t  3 ° C .  T h i s  c o n t r a s t s  s h a r p l y  w i t h  t h e  4 8 —3 1 2  
h r  p e r i o d  n e c e s s a r y  f o r  l o s s  o f  i s o m e t r i c  t e n s i o n  i n  n o r m a l  
r i g o r  a s  o b s e r v e d  b y  G o l l  e t  a l .  ( 1 9 7 0 )  i n  b o v i n e  s e m i t e n d i 
n o s u s  m u s c l e .  T h e  i n i t i a l  r a t e  o f  d e c l i n e  o f  t h a w  t e n s i o n  w a s  

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

2 5 ° C ,  a n d  t o  a  l e s s e r  e x t e n t  a t  3 7 ° C .  S z e n t - G y o r g y i  ( 1 9 4 9 )  
a t t r i b u t e d  s i m i l a r  b i p h a s i c  r e s p o n s e  i n  p r e - r i g o r  f r o z e n  f r o g  
s a r t o r i u s  a n d  r a b b i t  p s o a s  m u s c l e s  t o  t h e  s u d d e n  i n t r o d u c t i o n  
o f  t h e  f r o z e n  m u s c l e  s t r i p s  t o  e l e v a t e d  t e m p e r a t u r e s .  W h i l e  t h i s  
m a y  b e  c a u s a t i v e ,  i t  s e e m s  m o r e  l i k e l y  t h a t  t h e  s u d d e n  o n s e t  

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

c l i n e .  F u r t h e r ,  s a r c o m e r e s  d e v e l o p i n g  t h e  l e a s t  c r o s s - b o n d s  
w e r e  m o r e  s u s c e p t i b l e  t o  t h e  s e v e r e  d i s r u p t i o n  r e s u l t i n g  in  

p h y s i c a l  p u l l i n g  o u t  o f  t h e  a c t i n  f i l a m e n t s  c o m p l e t e l y  f r o m  t h e  
A  b a n d  a s  d e s c r i b e d  i n  p r e v i o u s  w o r k  ( O k u b a n j o  e t  a l . ,  1 9 7 5 ) .  
A p p a r e n t l y  t h e n ,  t h e  s e c o n d a r y  p l a t e a u  w a s  c o i n c i d e n t  w i t h  

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

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

d a m a g e  w a s  m o r e  s e v e r e  i n  s t r i p s  i n c u b a t e d  a t  2 5 ° C  a n d  3 7 ° C  
t h a n  i n  t h o s e  a t  3 ° C  a l t h o u g h  s t r u c t u r a l  d i f f e r e n c e s  d u e  t o  t h e  
g a s e o u s  e n v i r o n m e n t s  w e r e  n o t  a s  s e v e r e .  I t  i s  t h e r e f o r e  p o s s i 
b l e  t h a t  t h e  a c t u a l  m a x i m u m  t e n s i o n  a t t a i n e d  b y  m u s c l e  s t r i p s  
d u r i n g  t h a w  r i g o r  i s  a  n e t  b a l a n c e  b e t w e e n  ( 1 )  c o n t i n u i n g  t h a w  
t e n s i o n  d e v e l o p m e n t  i n  t h e  i n t a c t  f i b e r s  a s  a  r e s u l t  o f  i n c r e a s e d  
n u m b e r s  o f  a c t i n - m y o s i n  r i g o r  c r o s s - l i n k s  b e i n g  f o r m e d  a n d  ( 2 )  
i n c r e a s i n g  l o s s  o f  t h e  a b i l i t y  t o  m a i n t a i n  t h i s  t h a w  t e n s i o n  a t  
a n y  p a r t i c u l a r  p e r i o d  d u e  t o  t h e  b r e a k i n g  o f  a c t i n - m y o s i n  
b o n d s  a n d  a  s u b s e q u e n t  l o s s  o f  t h a w  t e n s i o n .  O n  a n  i n t a c t  f a s t  
f r o z e n  c a r c a s s  t h e r e f o r e ,  t h e  a t t e m p t e d - s h o r t e n i n g  a t  t h e  
h e i g h t  o f  t h a w  r i g o r  b y  o p p o s i n g  m u s c l e s  o n  t h e  s a m e  b o n e s  
w o u l d  r e s u l t  i n  s t i f f n e s s  m o r e  d r a s t i c  t h a n  i n  n o r m a l  r i g o r .

Table 1 —Relative tension and time at peak of isometric thaw tension development in pre-rigor frozen bovine sternomandibularis at various tern- 
peratures and in various gaseous environmentsa

Temperature and environment

3°C 25° C 37° C

Parameter o 2 c o 2 n 2 o 2 c o 2 n 2 o 2 C02 n 2

Tension, g 494.98 
(91,50)b

545.22
(87.03)

551.05 
(93.71)

1,107.58
(226.56)

1,225.38 
(204.56)

1,199.33
(237.16)

1,190.68
(129.76)

1,235.35
(143.00)

1,310.97
(197.34)

Time, min 77.33°
(21.89)

110.95d
(20.48)

84.07
(12.01)

9.95c
(1.54)

13.64d
(2.43)

10.78
(1.39)

5.03e
(1.20)

6.89d
(2.36)

5.40
(1.55)

a Mean o f d ete rm inations on 12 m uscles 
b  S tandard  dev ia tion  from  the  mean

V a lu e  w ith  a superscrip t is s ig n ifica n tly  d iffe re n t (P < 0.01) from  o ther tw o  values at the same tem perature. 
e V a lu e  w ith  supe rsc rip t is s ig n ifica n tly  d iffe re n t (P < 0.05) from  o ther tw o  values at the same tem perature.
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H o w e v e r ,  u n l i k e  n o r m a l  r i g o r ,  t h e  l o s s  o f  a b i l i t y  t o  m a i n t a i n  

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

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

s t r e t c h i n g  o b s e r v e d  b y  H e g a r t y  e t  a l .  ( 1 9 7 3 )  i n  r i g o r - s t r e t c h  
t u r k e y  w i t h  t h e  d i f f e r e n c e  t h a t  t h e  f o r c e  n e c e s s a r y  f o r  t h e  

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

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

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

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

A n o t h e r  f e a t u r e  o f  t h i s  s t u d y  w a s  t h e  r e l a t i o n s h i p  b e t w e e n  
t h e  p a t t e r n  o f  A T P  d e g r a d a t i o n  a n d  t h a w  t e n s i o n  d e v e l o p 
m e n t .  B a t e - S m i t h  ( 1 9 3 9 )  o b s e r v e d  t h a t  d u r i n g  n o r m a l  r i g o r  d e 
v e l o p m e n t ,  n e w  c r o s s  b o n d s  w e r e  f o r m e d  b e t w e e n  t h e  m u s c l e  

c o n t r a c t i l e  u n i t s  f o l l o w i n g  t h e  l o s s  o f  A T P .  K u s h m e r i c k  a n d  
D a v i e s  ( 1 9 6 8 )  a s  w e l l  a s  S c h m i d t  a n d  B r i s k e y  ( 1 9 6 8 )  h a v e  a l s o  
s h o w n  t h a t  a n  a p p r e c i a b l e  d e g r a d a t i o n  o f  b o t h  A T P  a n d  A D P  
is  e s s e n t i a l  f o r  t h e  d e v e l o p m e n t  o f  m u s c l e  i n e x t e n s i b i l i t y .  C o n 
v e r s e l y ,  p o s t m o r t e m  s h o r t e n i n g  r e q u i r e s  A T P  a s  a n  e n e r g y  

s o u r c e .  A  c o m p a r i s o n  o f  F i g u r e s  2  t o  4  w i t h  F i g u r e s  5 t o  7  
s h o w s  t h a t  t h e  d e v e l o p m e n t  o f  t h a w  t e n s i o n  o c c u r r e d  a t  a l l  
t h a w i n g  t e m p e r a t u r e s  b e f o r e  t h e  d e c r e a s e  i n  l e v e l  o f  A T P .

G o l l  e t  a l .  ( 1 9 7 0 )  h a v e  s t a t e d  t h a t  t h e  r e a s o n  t h a t  r i g o r  
m o r t i s  d o e s  n o t  o c c u r  u n t i l  j u s t  b e f o r e  t h e  c o m p l e t e  l o s s  o f  

A T P  i s  t h a t  t h e  d e c l i n e  i n  A T P  c o n c e n t r a t i o n  l o w e r s  t h e  a b i l i 
t y  o f  t h e  s a r c o p l a s m i c  r e t i c u l u m  t o  a c c u m u l a t e  C a 2 +  a g a i n s t  a  
c o n c e n t r a t i o n  g r a d i e n t ,  a n d  t h i s  r e l e a s e  o f  C a 2 + i s  r e q u i r e d  t o  
i n i t i a t e  t e n s i o n  d e v e l o p m e n t .  A s  c l e a r l y  d e m o n s t r a t e d  i n  t h i s  

s t u d y  o f  t h a w  r i g o r ,  t h e  a b i l i t y  o f  t h e  s a r c o p l a s m i c  r e t i c u l u m  
t o  a c c u m u l a t e  C a 2 +  is  d e s t r o y e d  s o  t h a t  C a 2 +  is  r e l e a s e d  i n  t h e  
p r e s e n c e  o f  A T P  a n d  t h e  c l e a r  d e m a r c a t i o n  b e t w e e n  r i g o r  
m o r t i s  a n d  A T P  c o n c e n t r a t i o n  b e c o m e s  e v i d e n t .
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THAW RIGOR INDUCED ISOMETRIC TENSION AND  
SHORTENING IN BROILER-TYPE CHICKEN MUSCLES

INTRODUCTION

T H E  S E V E R E  S H O R T E N I N G  t h a t  a  m u s c l e  u n d e r g o e s  w h e n  

f r o z e n  a n d  t h a w e d  p r e r i g o r  a n d  t h e  r e s u l t i n g  l o s s  o f  t e n d e r n e s s  
h a s  b e e n  r e v i e w e d  b y  L u y e t  ( 1 9 6 6 ) ,  B e n d a l l  ( 1 9 7 1 ) ,  N e w b o l d  
a n d  H a r r i s  ( 1 9 7 2 )  a n d  M a r s h  ( 1 9 7 2 ) .  T h e  o b s e r v e d  e f f e c t s  o f  
t h e  r a t e  o f  f r e e z i n g  a n d  t h a w i n g  o n  t h a w  r i g o r  h a v e  n o t  a l w a y s  

b e e n  c o n s i s t e n t .  T h e  f r e e z i n g  r a t e  h a s  u s u a l l y  h a d  a  n o n s i g n i f i 
c a n t  e f f e c t  o n  t e n d e r n e s s  ( M a r s h  e t  a l . ,  1 9 6 8 ;  J a k o b s s o n  a n d  
B e n g t s s o n ,  1 9 7 3 ;  S t r e e t e r  a n d  S p e n c e r ,  1 9 7 3 ) ,  w h i l e  a  s l o w e r  
t h a w i n g  r a t e  h a s  u s u a l l y  p r o d u c e d  m o r e  t e n d e r  m e a t  ( M a r s h  e t  
a l . ,  1 9 6 8 ;  K o r s l u n d  a n d  E s s a r y ,  1 9 7 1 ) .  M a r s h  e t  a l .  ( 1 9 6 8 )  a n d  
B e h n k e  e t  a l .  ( 1 9 7 3 a ,  b )  f o u n d  t h a t  t h e  l e n g t h  o f  t i m e  t h a t  
m u s c l e  i s  e x p o s e d  t o  — 2 ° C  h a s  a  m a r k e d  i n f l u e n c e  o n  s u b s e 

q u e n t  s h o r t e n i n g  a n d  t e n d e r n e s s .
P r e r i g o r  a g i n g  a f f e c t e d  t h e  s e v e r i t y  o f  t h a w  r i g o r  w h e n  

m e a s u r e d  b y  s h e a r  p r e s s ,  p a n e l  s c o r e s  o r  s h o r t e n i n g  o n  l a m b  
( M a r s h  a n d  T h o m p s o n ,  1 9 5 8 ;  M a r s h  e t  a l . ,  1 9 6 8 ;  M c C r a e  e t  

a l . ,  1 9 7 1 ) ,  b e e f  ( J a k o b s s o n  a n d  B e n g t s s o n ,  1 9 7 3 )  a n d  c h i c k e n  
( D a w s o n  e t  a l . ,  1 9 5 6 ) .  T h e  t o u g h n e s s  w a s  m a x i m u m  a t  s l a u g h 
t e r  a n d  d e c r e a s e d  a f t e r  s u f f i c i e n t  a g i n g  a n d / o r  s l o w  t h a w i n g .

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

m u s c l e  h a s  b e e n  d e t e r m i n e d  b y  J u n g k  a n d  M a r i o n  ( 1 9 7 0 )  a n d  
W o o d  a n d  R i c h a r d s  ( 1 9 7 4 ) .  I n  t h i s  s t u d y ,  t h e  s t r e n g t h  a n d  
d u r a t i o n  o f  t h e  i s o m e t r i c  t e n s i o n  a n d  m u s c l e  s h o r t e n i n g  w e r e  
m e a s u r e d  a t  v a r y i n g  t i m e s  p o s t m o r t e m  i n  r e d  a n d  w h i t e  m u s 

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

EXPERIMENTAL

C O M M E R C IA L  B R O I L E R S  o f  b o t h  s e x e s  f r o m  8 - 1 4  w k  o ld  w e re  
e x s a n g u in a te d  in  a  r e s t r a in in g  c o n e  a n d  m u s c l e  s t r ip s  p a r a l l e l  t o  t h e  
f i b e r  d i r e c t i o n  w e re  im m e d ia te ly  e x c is e d  a n d  p r e p a r e d  f o r  i s o m e t r ic  
t e n s i o n  m e a s u r e m e n t  o n  a n  E  &  M P h y s io g r a p h  (N a rc o  B io S y s te m s  
I n c . ,  H o u s t o n ,  T e x a s )  b y  a  p r o c e d u r e  s im ila r  t o  t h a t  o f  W o o d  a n d  
R ic h a r d s  ( 1 9 7 4 ) .  U p  t o  s ix  m u s c l e  s t r ip s ,  e a c h  5 .0  c m  w e re  e x c i s e d

f r o m  P e c to r a l i s  m a jo r  ( w h i t e )  a n d  B ic e p s  f e m o r i s  ( r e d ) .  T h e  s t r i p s  w e re  
w e ig h e d ,  p la c e d  in  a m b i e n t  t e m p e r a t u r e  p h o s p h a t e  b u f f e r  ( p H  7 .2 )  a n d  
a t t a c h e d  t o  t h e  p h y s io g r a p h  w i th in  2 5  m in  p o s t m o r t e m .  T h e  w e ig h t  c f  
e a c h  s t r ip ,  a v e r a g in g  0 .7 1 g  f o r  P . m a jo r  a n d  0 . 4 2 g  f o r  B . f e m o r i s ,  w a s  
u s e d  t o  c a l c u la te  c ro s s - s e c t io n a l  a r e a .

T h e  s t r i p s  w e re  f r o z e n  w h i le  a t t a c h e d  to  t h e  p h y s io g r a p h  b y  d r a i r 
in g  th e  b u f f e r  f r o m  t h e  c h a m b e r s  a n d  c a r e f u l ly  f lo w in g  G e n e t r o n - 1 2  
( d i c h l o r o d i f l u o r o m e t h a n e ,  A ll ie d  C h e m ic a l  C o . ,  M o r r i s to w n ,  N . J . ,  b .p .  
- 2 9 . 8 ° C )  o v e r  t h e  s t r ip s  f o r  1 0 - 1 5  se c . A f t e r  a p p r o x i m a t e l y  2  m i n ,  t h e  
b u f f e r  w a s  r e t u r n e d  t o  t h e  c h a m b e r s  t o  r a p id ly  th a w  t h e  m u s c l e s  u n le s s  
a  s lo w e r  r a t e  o f  t h a w  in  a ir  w a s  d e s i r e d .

M u sc le  s t r ip s  f o r  s h o r t e n in g  d e t e r m i n a t i o n s  w e re  e x c i s e d  s im u l 
t a n e o u s ly  w i th  t h e  s t r ip s  f o r  i s o m e t r i c  t e n s i o n  m e a s u r e m e n t s  a n d  5 .0  
c m  l e n g th s  m a r k e d  w i t h  p in s .  T h e s e  s t r ip s  w e re  a g e d  in  p h o s p h a t e  
b u f f e r  a t  a m b ie n t  t e m p e r a t u r e ,  f r o z e n  b y  im m e r s io n  in  G e n e t r o n - 1 2 ,  
a n d  t h a w e d  in  b u f f e r  f o r  a  m in im u m  o f  1 0  m in  b e f o r e  b e in g  r e m e a s 
u r e d  t o  d e t e r m i n e  s h o r te n in g .

In  t h e  e x p e r i m e n t  t o  d e t e r m i n e  t h e  s h o r t e n in g  r e s p o n s e  o f  m u s c le : ,  
h e ld  a t  ~ 1 5C , t h e  s t r ip s  w e re  c u t  t o  5 .0  c m  l e n g th s  a n d  h e a t  s e a le d  in  a 
s in g le  l a y e r  o f  v in y l  f i lm .  T h e  e x c i s e d  s t r ip s  w e r e  im m e d ia t e ly  f r o z e n  ir  
a ir  ( - 3 6 ° C ) ,  c o d e d  a n d  h e ld  f r o m  1 - 3  d a y s  b e f o r e  u s e .  A  t o t a l  o f  144  
m u s c l e  s t r ip s  f r o m  f iv e  b i r d s  w e r e  p o o le d  a n d  r a n d o m iz e d  b e f o r e  a s s ig n  
m e n t  t o  t r e a t m e n t s .  T h e  f r o z e n  m u s c l e  s t r ip s  w e r e  t h a w e d  a t  - 1 ° C  f o r  
0 ,  1 , 3 o r  5 h r ,  t h e n  w e re  h e ld  a t  5 ° C  f o r  1 h r  o r  2 1 ° C  f o r  3 0  m in .  A  4°/, 
e t h a n o l  s o lu t io n  a t  - 1  ± 0 .5 ° C  (B lu e  M c o o l in g  u n i t ,  B lu e  M E l e c t r i c  
C o .,  B lu e  I s la n d ,  111.) a n d  w a t e r  a t  5 °  a n d  2 1 ° C  w e r e  u s e d  t o  q u ic k ly  
b r in g  t h e  m u s c l e s  t o  t h e  d e s i r e d  t e m p e r a tu r e s .  A f t e r  e a c h  t e m p e r a t u r e  
t r e a t m e n t  t h e  le n g th s  o f  t h e  s t r i p s  w e re  r e m e a s u r e d  (±  0 .1  c m ) .

RESULTS & DISCUSSION

T H E  I S O M E T R I C  T E N S I O N  o f  c o n t r o l  s t r i p s  i n  p h o s p h a t e  

b u f f e r  a t  2 2 ° C  p e a k e d  a t  a n  a v e r a g e  o f  4  h r  p o s t m o r t e m  f o r  P .  
m a j o r  a n d  5 . 5  h r  f o r  B . f e m o r i s  ( F i g .  1 ) .  T h e  d i f f e r e n c e  w a s  

n o n s i g n i f i c a n t  ( p  >  0 . 0 5 ) ;  h o w e v e r ,  a  s i m i l a r  t e n d e n c y  f o r  
m a x i m u m  t e n s i o n  t o  b e  r e a c h e d  e a r l i e r  i n  w h i t e  t h a n  r e d  
m u s c l e  w a s  o b s e r v e d  b y  S c h m i d t  e t  a l .  ( 1 9 7 0 )  i n  p o r c i n e  
m u s c l e .  T h e  t i m e  a n d  m a x i m u m  t e n s i o n  f o r  P .  m a j o r

Fig. 1—Isometric tension pattern o f chicken 
muscle strips at 2 2 ° C .  (Each point for P. 
major is an average o f two strips from three 
birds, and for B. femoris, an average of one 
strip from six birds.!
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(55g/cm2) agree well with the results of Wood and Richards
(1974). The significantly greater (p <  0.01) maximum tension 
of B. femoris compared to P. major (133 vs 55g/cm2) parallels 
the findings of Busch et al. (1972) on sections of red and 
white fibers from porcine semitendinosus at 2°C.

The magnitude of thaw rigor tension in muscles frozen and 
thawed 30 min postmortem was also greater in B. femoris 
(Table 1), although statistically significant (p <  0.01) only for 
the strips thawed in buffer. The greater time necessary to 
achieve maximum tension with thawing in air relative to buffer 
(19 vs 1 min respectively) was associated with a significantly 
lower (p <  0.05) tension for both muscles, perhaps because 
the strips thawed in air were exposed for a greater length of 
time to -3°C  where glycolytic reactions deplete the muscles 
energy reserves while the residual ice crystals impede shorten
ing (Marsh et al., 1968; Behnke et al., 1973a, b).

The rapid onset of the thaw rigor required approximately 1 
min in buffer to achieve maximum tension in both muscles, 
but declined rapidly in P. major and relatively slowly in B. 
femoris (Fig. 2). The initial tension rise was due to buoyancy 
loss upon removal of the buffer, weight of the refrigerant and

Table 1—Maximum isometric tension of P. major and B. femoris 
strips frozen and thawed 30 min postmortem at 22°C in buffer and 
aira

Maximum isometric tension

Buffer 22°C Air 22°C
Muscle (g/cm! ) (g/cmJ )

B. femoris 476 ± 98 327 ± 141
P. major 244 ± 77 201 ± 78

Means and standard dev ia tions  o f  n ine  b irds w ith  tw o  strips each 
fo r  B. fem oris  and e igh t b ird s  w ith  one str ip  each fo r  P. m ajor

probably a slight cold shortening. White muscle showed the 
ability to contract after a second freezing whereas red muscle 
showed a sharp tension decline with repetitive freeze-thawings 
which may reflect extensive structural damage from the freez
ings and strong contractions.

P. major, in addition to the rapid tension peak upon thaw
ing, showed a second gradual increase before declining. This 
second increase was extremely variable in time and intensity, 
but generally it slightly exceeded the normal rigor mortis ten
sion and peaked approximately 1 hr after thawing in muscles 
frozen immediately post-slaughter. Frog muscle fibers given a 
slow freeze-slow thaw treatment by Luyet et al. (1965) under
went a four step transformation in shortening: (1) a sudden 
contraction; (2) partial relaxation lasting a minute or two; (3) 
a rest stage of long duration and then (4) an irreversible short
ening to 45—50% of the before-freezing length. The freezing 
and thawing rates used in our work were similar to the slow 
freeze-slow thaw treatment, and produced a tension pattern in
P. major corresponding to the four step shortening pattern. B. 
femoris, however, showed no evidence of this pattern.

Bendall (1971) attributed thaw rigor to a rapid flux of 
Ca+2 ions out of the Ca-pump of the sarcotubular system 
which stimulated the contractile ATPase. The rapid relaxation 
was attributed to the Ca-pump regaining control and removing 
the Ca+2 ions, provided that ATP was still available. White 
muscle has a more highly developed sarcoplasmic reticulum 
than red muscle which if translated into a more rapid recap
ture of Ca+2 could explain the shapes of the initial peaks 
observed here (Lawrie, 1968; Franzini-Armstrong, 1973).

Muscle strips frozen on the physiograph and companion 
strips frozen unrestrained both declined in intensity of thaw 
rigor with aging. P. major (Table 2) maintained its ability to 
produce tension for 1-1/2 hr before declining to approxi
mately half o: the initial tension increase at rigor onset (4—6 
hr postmortem) and losing the remaining contractibility soon 
after. Similarly, the unrestrained strips frozen prerigor ex
hibited a greater degree of shortening than those frozen when 
near or in rigor.

Fig. 2 —I s o m e tr ic  te n s io n  o f  P. m a jo r  a n d  B. 
f e m o r is  s t r ip s  s u b j e c t e d  to  r e p e t i t i v e  f r e e z 

in g  a n d  th a w in g . T h e  f ir s t  a r r o w  o f  ea c h  p a ir  
in d ic a te s  th e  w i th d r a w a l o f  b u f f e r  a n d  a d 

d i t io n  o f  r e f r ig e r a n t  a n d  th e  s e c o n d  a r r o w  
in d ic a te s  th e  r e tu r n  o f  th e  b u f f e r  a n d  in i t i 
a t io n  o f  th a w in g . T h e va lu es  r e p r e s e n t  a v e r 

a g e  n e t  te n s io n  c h a n g e  fr o m  p r e f r e e z e  t o  th e  
im m e d ia te  p o s t  th a w  p e a k  o r  d e c l in e  b a s e d  
o n  s ix  b ir d s  (o n e  s t r ip  f o r  e a c h  b i r d  fo r  th e  
d o u b le  f r e e z e  a n d  t w o  s t r ip s  fo r  e a c h  b i r d  
fo r  th e  t r ip le  f r e e z e ) .
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B. femoris behaved similarly to P. major in thaw rigor inten
sity with aging (Table 3). The increase in, shortening after 
freezing and thawing was virtually nonexistent at rigor mortis 
and despite the greater isometric tension in B. femoris the 
initial shortening was again about 60%. Thaw rigor isometric 
tensions of B. femoris appeared to decline more rapidly than
P. major, but the data came from different birds making this 
comparison uncertain. Variation in isometric tension was par
ticularly high for B. femoris because of difficulties in cutting 
the small strips uniformly and probable greater intramuscular 
variation in fiber type. The maximum thaw rigor tension for 
both muscles was approximately five times as great as its 
normal rigor tension, but this was still considerably less than 
the estimated muscle capability of about 4 kg/crrr (Bendall,
1973).

The declining ability to produce tension with the onset of 
rigor mortis corresponds very well to data on the consequences 
of tension (shortening and loss of tenderness) studied by 
Dawson et al. (1956), Marsh and Thompson (1958), Marsh et 
al. (1968), McCrae et al. (1971), and Jakobsson and Bengtsson
(1973). With decreasing capability to produce tension, a 
muscle would be less abje to shorten on the carcass to the 
20—40% range where tenderness is greatly reduced (Newbold 
and Harris, 1972;Behnke et al., 1973b).

To ascertain the relative importance of the rate of thawing 
and the temperature of thawing, the muscle strips frozen pre
rigor were thawed and aged at — 1°C for varying times and 
then raised to 5° or 21°C. This pattern was chosen to simulate 
the temperature pattern to which thawing meat might be ex
posed in practice with small strips providing a reasonably 
precise temperature control.

The B. femoris strips shortened from 5.0 cm to an average 
of 3.86 cm during freezing while P. major shortened only to
4.41 cm (22.8 and 11.8% shortening, respectively). Shortening 
was also consistently greater (p <  0.05) for B. femoris than the 
comparable P. major strips after the subsequent thaw treat
ments with the exception of the direct thaw at 21°C where the 
maximum shortening of 58% was attained by both muscles 
(Table 4). The relative behavior of red and white muscle may 
be species dependent, as Lawrie (1968) reported that white 
muscle of rabbit shortened more than red during thaw rigor.

Shortening of each muscle consistently was greater after 
holding at 21°C than at 5°C regardless of the time at — 1°C. 
Increasing the temperature directly from the frozen state to 
— 1° (1 hr), 5° or 21°C resulted in average contractions of 
16.0%, 24.6% and 58.2%, respectively for P. major and 24.4%, 
38.8% and 58.0% for B. femoris. No evidence of an enhance
ment of shortening at temperatures near 0°C (i.e., cold 
shortening) was evident in the thaw rigor patterns.

During incubation at — 1°C, the muscles shortened pre
dominantly within the first hour, then they contracted further 
when the temperature was raised to either 5° or 21°C. The 
shortening from the frozen .state to 5° or 21°C was significant 
(p <  0.05) for every muscle and treatment combination. Mus
cles held at —1° and then at 5°C, underwent little further 
contraction when subsequently held at 21°C. Those muscles 
exposed only to 5°C prior to being held at 21°C exhibited 
additional shortening of several percentage points. More 
importantly, increasing the time at — 1°C reduced the subse
quent shortening of muscles at either 5°C or 21°C. The muscle 
strips not exposed to treatment at — 1°C exhibited the most 
shortening and with the exception of B. femoris strips held at 
5°C, shortening of strips not held at -1°C  was significantly 
greater than that of strips held for 3 or 5 hr at -1°C  (p <
0.05).

Marsh et al. (1968) and Behnke et al. (1973a, b) holding 
muscle at —3°C found an acceleration of biochemical changes 
while shortening was prevented by ice crystals. Our work indi
cates that temperatures immediately above the freezing point 
minimize contraction while these biochemical changes con-

Table 2—Isometric tension and shortening of P. major frozen and 
thawed at varying times postmortem

T im e  o f 
f re e z in g  

(hr)

N o.
o f

b ird s

Iso m e tr ic  tension® S h o rten in g ®

P re freeze  
(g /c m 2 )

P o s t  th a w b 
(g /c m 2 )

P re fre e z e
(%)

P o s t th a w
(%)

0 .5 7 7 + 6 2 5 6  ± 3 2 5  ± 1 5 8  ± 5
1 .0 4 1 4 + 1 2 2 5 3  ± 3 8 c 14 ± 7 6 0  ± 4
1 .5 4 2 4  + 14 3 0 0  ± 9 5 2 0  + 11 6 0  ± 7
2 .5 4 3 9  ± 2 4 1 8 4  + 8 4 2 5  ± 4 6 0  ± 7
4 4 4 9  ± 2 0 1 5 5  + 4 9 2 6  ± 2 5 0  + 9
6 7 4 2  ± 16 7 2  ± 57 2 8  ± 4 4 3  + 7

18 3 2 0  ± 9 -3 ± 5 31 ± 5 29  + 4

a Means and standard dev ia tions
b Tens ion increase from  the  pre freeze  tens ion
c Mean and standard dev ia tion  o f  three  b irds

Table 3—Isometric tension and shortening of B. femoris frozen 
and thawed at varying times postmortem

Time of 
freezing 

(hr)

Isometric tension® Shortening®

Prefreeze 
(g/cm2 )

Post thawb 
(g/cm2 )

Prefreeze
(%)

Post thaw 
(%)

0.5 7 + 3 612 ± 192 12 + 3 61 ± 13
1 40 ± 21 401 ± 216
2 92 ± 33 111 + 66 30 + 4 4 3 + 6
4 87 + 21 38 = 34
6 111 ±28 -1 = 10 37 + 5 4 1 + 4

12 115 + 21 -28 ± 13

® M eans and standard dev iations, 0.5 to  4 h r from  six b ird s  and 6 
and 12 hr from  five  b irds 

b Tens ion  increase from  the pre freeze  tens ion

Table 4—Effect of holding at —1°C on the shortening of P. major 
and B. femoris®

Muscle

Time
at

-1°C
(hr)

Shortening
after

freezing
(%)

Shortening Shortening Shortening 
after holding after holding after holding 

at — 1°C at 5°C at21°C
<%) (%)b (%)b

P. major 0 9.4 24.6a 30.0
1 10.4 16.2 22.2ab 22.2
3 10.4 14.4 15.6b 16.2
5 14.0 17.2 17.6b 18.8

B. femoris 0 18.8 38.8a 48.4
1 19.8 21.6 32.4a 34.0
3 26.0 31.2 33.6a 34.8
5 25.2 31.8 33.2a . 34.0

P. major 0 10.0 58.2a
1 12.4 15.8 30.0 b
3 13.2 19.4 27.8b
5 14.0 20.0 23.2b

B. femoris 0 20.2 58.0a
1 24.2 27.2 57.6a
3 24.0 29.2 39.0b
5 23.6 31 0 34.2b

a M eans o f 1 0 strips fo r  P. m ajor and e ight strips o f B. fem o ris  
b Va lues w ith in  each m uscle g roup  w ith  d iffe re n t le tte rs are sig

n if ic a n t ly  d iffe re n t (p < 0.05).
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tinue. This minimal shortening both above and below the 
freezing point undoubtedly accounts for the general finding 
that meat frozen prerigor is more tender when slowly thawed 
than when rapidly thawed.
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MECHANISM OF LIPID O XIDATION IN M ECHANICALLY  

DEBONED CHICKEN MEAT

INTRODUCTION
MECHANICALLY DEBONED poultry meat (MDPM) has re
ceived increased interest in recent years for use in emulsified 
and other processed food products. Flavor instability during 
storage, however, has limited its usage and lipid oxidation has 
been considered to be a major cause of quality deterioration in 
MDPM (Dimick et al., 1972; Froning and Johnson, 1973; 
Johnson et ah, 1974). Recently Moerck and Ball (1974) re
ported that highly unsaturated fatty acids in the phospholipid 
fraction appeared to be responsible for the development of 
oxidative rancidity. Although Froning and Johnson (1973) 
suggested that heme pigments from bone marrow increased the 
instability of MDPM and products containing MDPM during 
frozen storage, it is still not certain that heme is the only 
oxidative catalyst in MDPM.

It is known that both hemoprotein and nonheme iron func
tion as catalysts in rat tissues (Wills, 1966). Evidence was also 
presented that both heme and nonheme iron are active cata
lysts of lipid oxidation in beef (Liu and Watts, 1970). These 
two types of catalysts could be differentiated by their relative 
activities at different pH values and in the presence of chelat
ing agents, ascorbic acid, thiol compounds and selective in
hibitors (Wills, 1965, 1966; Liu, 1970a). The identification of 
the main type of catalytic action is important from the prac
tical standpoint of MDPM handling, because the effects of 
treatment or additives on lipid oxidation may vary both in 
degree and direction with the two types of catalysts. The pos
sible involvement of enzymatic catalysts in lipid oxidation of 
MDPM is eliminated, because animal tissues lack lipoxidase, 
the only known enzyme which catalyzes the direct reaction of 
unsaturated fats with oxygen (Tappel, 1953a).

The objective of the present study was to characterize the 
mechanism of lipid oxidation in mechanically deboned chick
en meat (MDCM) and to determine the relative importance of 
hemoprotein and nonheme iron as catalysts of lipid oxidation.

EXPERIMENTAL
M a te r ia ls

M e c h a n ic a l ly  d e b o n e d  c h ic k e n  m e a t  (M D C M ) in  th i s  e x p e r im e n t  
w a s  p r e p a r e d  f r o m  u p p e r  to r s o  p o r t i o n  o f  b r o i l e r  c a r c a s s  c o n s is t in g  o f  
u p p e r  b a c k ,  r ib s  a n d  n e c k  w i t h  a  B ib u n  m e c h a n ic a l  d e b o n e r .  T h e  d e 
b o n e d  m a te r ia l  w a s  im m e d ia t e ly  f r o z e n  a n d  t r a n s p o r t e d  t o  t h e  l a b o r a 
t o r y .  A  2 0 %  (w /v )  h o m o g e n a te  in  0 .1 M  c o ld  p h o s p h a te  b u f f e r ,  p H  7 .0 ,  
w a s  p r e p a r e d  u s in g  a  T i s s u m iz e r  ( T e k m a r  C o .,  C in c in n a t i ,  O h io ) ,  t h e n  
f i l t e r e d  t h r o u g h  f o u r  l a y e r s  o f  c h e e s e  c l o th .  T h e  f i l t r a t e  w a s  c o l l e c t e d  
a n d  u s e d  in  t h e  s u b s e q u e n t  s e r ie s  o f  e x p e r im e n t s .

L in o le ic  a c id  e m u ls io n

E m u ls io n s  o f  l in o le ic  a c id  w e re  u s e d  a s  s u b s t r a t e s  f o r  t h e  o x y g e n  
u p t a k e  s tu d y  a n d  w e re  a lw a y s  p r e p a r e d  i m m e d ia t e ly  b e f o r e  u s e .  L in o 
le ic  a c id  ( 1 .5 g )  w a s  a d d e d  to  6 m l  o f  0 .1 M  p h o s p h a t e  b u f f e r  (p H  7 .0 )  
c o n ta in in g  2 .5 g  T w e e n  2 0 .  T h e  e m u l s i f i c a t i o n  w a s  a c c o m p l i s h e d  b y  
b le n d in g  w i th  t h e  T is s u m iz e r  f o r  3 0  s e c  a t  2 5 ° C .

O x id a t i o n  s tu d ie s

A  m o d i f i e d  f o r m  o f  t h e  r a p id  o x y g e n  u p t a k e  m e th o d  d e s c r ib e d  b y  
B e r n e r  e t  a l .  ( 1 9 7 4 )  w a s  e m p lo y e d .  I n  a  t y p i c a l  e x p e r im e n t ,  1 .5 g  o f

l in o le ic  a c id  e m u ls io n  w a s  a d d e d  t o  4 6  m l o f  0 .1 M  p h o s p h a t e  b u f f e r  
( h e ld  a t  2 5 ° C  in  a  w a t e r  b a t h )  in  a  5 0  m l E r l e n m e y e r  f l a s k .  T h e  c o n 
t e n t s  w e re  t h o r o u g h l y  s t i r r e d  u n t i l  a  h o m o g e n e o u s  s o lu t io n  w a s  o b 
t a in e d .  T o  t h e  b u f f e r e d  e m u ls io n  w e r e  a d d e d  2 m l o f  t e s t  a d d i t iv e  
s o lu t io n  a n d  0 .5  m l o f  M D C M  t i s s u e  h o m o g e n a te  ( 2 0 %  w /v ) ,  g iv in g  a 
f in a l  l in o le ic  c o n c e n t r a t i o n  o f  2 2 5  m g /5 0  m l. I m m e d ia t e ly  a f t e r  t h e  
a d d i t i o n  o f  t i s s u e  h o m o g e n a te ,  t h e  r a t e  o f  o x y g e n  u p t a k e  w a s  r e c o r d e d ,  
u s in g  th e  B e c k m a n  O x y g e n  A n a ly z e r  m o d e l  1 1 1  c o u p le d  t o  a  S a r g e n t  
r e c o r d e r  m o d e l  S R  w i th  a  c h a r t  s p e e d  o f  0 .5  i n c h / m i n .  T h e  r a t e s  w e re  
l in e a r  a f t e r  a n  i n i t i a l  la g  p e r io d  a n d  t h e  o x y g e n  u p t a k e  w a s  c a l c u l a t e d  
f r o m  t h e  r e c o r d in g  b y  m e a s u r in g  t h e  l in e a r  s lo p e  o v e r  a  3 -m in  p e r io d  
a n d  e x p re s s in g  t h e  v a lu e s  a s  m m  0 2 /m in .  A ll  t h e  o x y g e n  u p t a k e  s tu d ie s  
w e re  c a r r ie d  o u t  a t  2 5 ° C  a n d  a l l  t h e  v a lu e s  r e p o r t e d  a r e  m e a n s  o f  
d u p l i c a t e  d e t e r m in a t io n s .

D e te r m in a t io n  o f  i r o n

T o t a l  i r o n  c o n t e n t  o f  M D C M  w a s  d e t e r m in e d  a c c o r d in g  t o  t h e  
p r o c e d u r e  d e s c r ib e d  b y  C a m e r o n  ( 1 9 6 5 ) .  T o t a l  h e m e  p ig m e n ts  a n d  
m y o g lo b in  c o n c e n t r a t i o n  w e r e  d e t e r m i n e d  b y  t h e  m e t h o d  d e s c r ib e d  b y  
R ic k a n s r u d  a n d  H e n r ic k s o n  ( 1 9 6 7 ) .  T h e  d i f f e r e n c e  b e t w e e n  t o t a l  h e m e  
p ig m e n ts  a n d  m y o g lo b in  w a s  e x p r e s s e d  a s  h e m o g lo b in  c o n c e n t r a t i o n .  
N o n h e m e  n o n  w a s  c a l c u l a t e d  b y  s u b t r a c t in g  t o t a l  h e m e  i r o n  f r o m  t o t a l  
i r o n  c o n t e n t .  A ll  t h e  v a lu e s  r e p o r t e d  a r e  m e a n s  o f  t r i p l i c a t e  d e t e r m i n a 
t io n s .

F a t t y  a c id  a n a ly s e s

F a t t y  a c id  c o m p o s i t i o n  o f  M D C M  f a t  w a s  a n a ly z e d  t o  d e t e r m i n e  th e  
c o n t e n t  o f  p o l y u n s a t u r a t e d  f a t t y  a c id s .  T h e  m e th o d  o f  B lig h  a n d  D y e r
( 1 9 5 9 )  w a s  u s e d  to  e x t r a c t  a n d  p u r i f y  t h e  l ip id s .

A  m o d i f ie d  f o r m  o f  t h e  D e M a n  m e th o d  ( 1 9 6 4 )  w a s  u s e d  f o r  t h e  
p r e p a r a t i o n  o f  f a t t y  a c id  m e t h y l  e s te r s  f r o m  t h e  p u r i f i e d  l ip id  e x t r a c t .  
T h e  c o n c e n t r a t i o n  o f  t h e  i n t e r e s t e r i f i c a t i o n  r e a g e n t  w a s  c h a n g e d  to
0 .5 %  a n h y d r o u s  s o d iu m  m e t h y l a t e  d is s o lv e d  in  a n h y d r o u s  m e t h a n o l  
( w /w ) .

T h e  m e th y l  e s te r s  o f  t h e  f a t t y  a c id s  w e re  s e p a r a t e d  a n d  id e n t i f i e d  
u s in g  g a s  l i q u id  c h r o m a to g r a p h y  o n  a  3 0 .5 m  x  0 .5  m m  S C O T -D E G S  
c o lu m n  (P e r k in -E lm e r  C o .,  N o r w a lk ,  C o n n .) .  T h e  in i t i a l  c o lu m n  t e m 
p e r a tu r e  w a s  1 6 5 ° C  f o l lo w e d  b y  t e m p e r a t u r e  p ro g r a m m in g  f r o m  1 6 5 CC  
t o  1 9 0 ° C  a t  2 ° C /m in .  T h e  i n j e c to r  t e m p e r a t u r e  w a s  1 9 0 ° C  a n d  th e  
f la m e  i o n i z a t io n  d e t e c t o r  t e m p e r a t u r e  w a s  2 2 0 ° C .  T h e  f l o w  r a t e  o f  
h e l iu m  w a s  1 0  m l /m i n .  T h e  v o lta g e  o u t p u t  o f  t h e  P e r k in - E lm e r  9 0 0  
a m p l i f i e r  w a s  f e d  t o  a n  I n f o t r o n i c s  C R S - 1 0 0  d ig i t a l  i n t e g r a t o r  a n d  t o  a 
1 m i l l i v o l t  r e c o r d e r .  I n t e g r a t e d  G L C  p e a k  a r e a s  w e re  c o r r e c t e d  f o r  
r e s p o n s e  f a c to r s  o b t a in e d  f r o m  a  t y p i c a l  r e f e r e n c e  m ix t u r e ,  R M -3  
(S u p e lc o  I n c . ,  B e l le f o n te ,  P a .) .

RESULTS & DISCUSSION 
Effect of homogenate concentration

At pH 7.0 in phosphate buffer, homogenates of MDCM 
catalyzed a rapid rate of oxidation of the linoleic acid emul
sion. The rate of oxidation increased linearly with homogenate 
concentration to 0.5% (w/v) suspensions and thereafter at a 
reduced rate (Fig. 1). The lipid oxidation rate was much faster 
with MDCM than with the beef homogenate reported by Liu 
(1970b).
Effect of pH

The rate of oxygen uptake increased with increasing pH 
(Table 1). The initial lag period was also affected by pH, de
creasing with increasing pH. The cxygen uptake rate at pH 7.5
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CONC OF HOMOGENATE !%, W/V)

F ig. 1—R e la t io n  b e tw e e n  
M D C M  h o m o g e n a te  

c o n c e n tr a t io n  a n d  o x y g e n  
u p ta k e  r a te  a t  p H  7 .0 .

was approximately two times greater than the rate below pH
7.0. No lag period was observed above pH 7.0. At alkaline pH, 
as the oxidation progressed, oxygen uptake rate gradually de
creased, presumably because of the oxidative degradation of 
the heme catalysts (Tappel, 1953b).

It has been well established by other investigators (Wills, 
1966; Liu, 1970a) that nonheme iron catalyzed oxidation is 
pH-sensitive and most active at acidic pH with an optimum pH 
of 5.5. No catalysis was observed above pH 6.4. On the other 
hand, hemoprotein catalyzed oxidation is most active at alka
line pH. The results of the present study indicated that the 
pattern of MDCM homogenate catalyzed oxidation over a pH 
range 5.0—8.0 was similar to that of hemoprotein catalysis. 
Effects of ascorbic acid and chelating agent

Ascorbic acid and chelating agents were reported to have 
different effects on hemoprotein versus nonheme iron catalysis 
(Wills, 1965, 1966; Liu, 1970a). The rate of nonheme iron 
catalyzed oxidation of linoleic acid emulsions was strongly 
inhibited by EDTA and strongly accelerated by ascorbic acid. 
On the other hand, hemoprotein catalyzed oxidation was not 
affected by EDTA but inhibited by ascorbic acid.

As shown in Table 2, ascorbic acid inhibited homogenate 
catalysis. The extent of inhibition was greater at higher pH. 
The addition of EDTA did not affect the oxygen uptake rate 
over a pH range 5.5—7.0. The combination of ascorbic acid 
and EDTA strongly inhibited the oxygen uptake rate, indicat
ing a synergistic inhibition of lipid oxidation. The results of 
this experiment further verified that MDCM homogenate catal
ysis followed the typical pattern of hemoprotein catalysis.
Effect of thiol and cyanide compounds

It was demonstrated in model systems that thiol com
pounds accelerated nonheme iron catalysis but inhibited 
hemoprotein catalysis (Liu, 1970a). It was also reported that 
cyanide is a selective inhibitor for hematin catalysis and at 2X 
10"2 M concentration inhibited lipid oxidation in pork adipose 
tissue (Tappel, 1962).

As shown in Table 3, addition of cyanide to MDCM homog
enate completely inhibited lipid oxidation and mercapto- 
ethylamine also markedly decreased the oxygen uptake rate. 
This pattern followed the findings in a model system of hemo
protein catalysis.
Effect of destruction of hemoproteins

Treatment of tissues with warm H20 2 destroys hemopro- 
teins. Any catalytic function of hemoprotein should therefore 
be completely destroyed by a prior treatment with H2 0 2. The 
liberated nonheme iron is a very weak catalyst as compared to 
an equivalent quantity of heme iron (Wills, 1965).

Treatment of MDCM homogenates with H2 0 2 for 5 min at

50°C markedly decreased the catalytic activity to less than 
10% of the original activity (Table 4). Addition of ascorbic 
acid to the H20 2-treated homogenate caused a rapid rate of 
oxidation owing to the function of ascorbic acid as an in
organic iron activator. The oxidation rate of the H20 2-treated 
homogenate was greater at acidic pH, which is the opposite to 
the result with intact homogenate shown in Table 2. This 
would be expected, because the nonheme iron catalysis is most 
active at acidic pH as discussed previously, and activation by 
ascorbic acid is also greater at acidic pH as reported for beef 
homogenate (Liu, 1970b). Increases in the rate of oxygen up
take by the addition of ascorbic acid were almost completely 
abolished by 5DTA, indicating that nonheme iron is a pre
dominant catalyst in the H20 2-treated homogenate.
Effect of added hemoprotein

Heme compounds are known to inhibit rather than ac
celerate lipid oxidation when they are present in high concen
trations relative to the unsaturated fatty acids (Lewis and 
Wills, 1963). These researchers reported that hemoglobin and

Table 1 —Effect of pH on the oxygen uptake rate catalyzed D y 

MDCM homogenate3

pH Lag period, min
Oxygen uptake rate 

mm 0 2/min

5.0 3.5 ± 0.2 20.3 ± 1.8
5.5 3.0 ± 0.3 21.8 ± 1.1
6.0 2.3 ± 0.1 23.2 ± 2.0
6.5 2.0 ± 0.2 23.2 ± 1.9
7.0 0.5 ± 0.1 24.7 ± 2.1
7.5 none 40.6 ± 3.2
8.0 none 96.2 ± 5.6

a Mean ± S .E ., n = 2

Table 2—Effect of ascorbic acid and chelating agent on the oxy
gen uptake rate catalyzed by MDCM homogenatea

Additives

Rate of oxygen uptake, mm 0 2/min

5.5
pH
6.0 7.0

Control 21.4 ± 1.9 21.8 ± 2.2 22.3 ± 1.6
Ascorbic acid, 1 mM 15.4 ± 1.2 13.9 ± 0.8 9.6 ± 0.7
EDTA, 0.6 mM 20.5 ± 1.1 20.8 ± 0.6 19.8 ± 1.3
Ascorbic acid (1 mM) 3.5 ± 0.3 5.5 ± 0.2 5.7 ± 0.3

+ EDTA (0.6 mM)

a M ean  ± S.E ., n = 2

Table 3—Effect of thiol compound and cyanide on the oxygen 
uptake catalyzed by MDCM homogenate3

Rate of oxygen uptake, mm 0 2/min

pH
Additives 6.0 7.0

Control 20.4 ± 1.8 
/3-mercaptoethylamine, 0.6 mM 4.6 ± 0.2 
Cyanide, 2 X 10'2M 0.2 ± 0.03

23.2 ± 1.3 
3.2 ± 0.3 
0.3 ± 0.05

a Mean ± S.E., n = 2
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other hemoproteins were active catalysts of lipid peroxide 
formation in solutions more dilute than 10 ixM, but inhibited 
peroxide formation in more concentrated solutions. To study 
the effect of high heme concentration on the lipid oxidation 
by MDCM homogenate, several different levels of myoglobin 
were added to the reaction mixture. As shown in Figure 2, 
addition of myoglobin increased the oxygen uptake rate when 
its concentration was less than 10 /xM, but completely in
hibited oxidation at concentrations above 60 ¿zM. When the 
oxygen uptake rate was plotted against the molar ratio of 
linoleate to hemoprotein, the rate increased to a linoleate: 
heme ratio of 500:1, then decreased sharply after the ratio 
reached about 350:1 by adding more myoglobin. A complete 
inhibition occurred when the ratio reached 89:1. These results 
clearly indicate that the molar ratio of polyunsaturated fatty 
acids to hemoproteins must be determined to assess the ulti
mate importance of heme catalysis in MDCM.
Content of iron and polyunsaturated fatty acids

As shown in Table 5, MDCM contained 0.48 jumoles of 
total iron per g wet tissue. Approximately one-half of the total 
iron was in the form of nonheme iron and the other one-half 
in the form of heme iron. The molar concentration of total 
heme iron, 0.26 /xmoles, is equivalent to 4.4 mg total pigments 
per g wet tissue, which agrees with the value of 4.7 mg/g 
reported by Froning et al. (1973) for the mechanically de- 
boned broiler back meat. As previously reported by Froning 
and Johnson (1973), this study also revealed very high hemo
globin concentration as compared to myoglobin concentra
tion.

To determine the molar ratio of polyunsaturated fatty acids 
to hemoprotein, fatty acid analyses were conducted and the

CON C. O F  M Y O G L O B IN ,  MM

--------------------------1----------------------- 1------------------------ 1------------------------ 1------------------------ i------------------------1---------

534 267 178 134 107 89

M O L A R  R A T IO  O F  L IN O L E A T E / H E M O P R O T E IN

F ig. 2 —E f f e c t  o f  a d d e d  h e m o p r o te in  c o n c e n tr a t io n  o n  th e  o x y g e n  

u p ta k e  r a te  c a t a l y z e d  b y  M D C M  h o m o g e n a te .

molar concentration of polyunsaturated fatty acids was esti
mated. Total lipid content of MDCM studied was approximate
ly 160 mg per g wet tissue (16%). Assuming that fatty acids 
account for about 90% of the weight of lipid, their weight 
content was estimated to be 144 mg. As shown in Table 6, 
approximately 24.5% of total fatty acids had two or more 
than two double bonds. This gives 35 mg (144 mg X 0.245) of 
potential substrate for lipid oxidation. Since linoleic acid is a

T a b le  4 —E ffe c t o f  a s c o rb ic  ac id  an d  c h e la tin g  a g e n t o n  th e  o x y -
g en  u p ta k e  r a te  c a ta ly z e d  b y  H 2 0 2 - tre a te d  M D CM  h o m o g e n a te 3

R a te  o f  o x y g e n  u p ta k e , m m  0 2 /m in

A d d itiv e s

pH

6 .0  7 .0

Control (untreated homogenate) 20.4 ± 0.6 23.2 ± 1.1
H20 2-treated homogenate (1) 2.0 ± 0.1 1.5 ± 0.1
(1) + Ascorbic acid (1 mM) 16.9 ± 0.9 11.5 ± 0.6
(I) + EDTA (0.6 mM) 0.3 ± 0.02 0.2 ± 0.03
(I) + Ascorbic acid (1 mM) 2.2 ± 0.2 3.2 ±0.2

+ EDTA (0.6 mM)

3 Mean ± S .E ., n = 2

T a b le  5 —Iro n  c o n te n t  o f M D C M 3

Iro n  (p m o le s /g  w e t  w t  o f  M D CM )

H em e  iro n

T o ta l  iro n iron H em o g lo b in m y o g lo b in to ta l

0 .4 8  ± 0 .0 5 0 .2 2  ± 0 .0 5 0 .2 0  ± 0 .0 3 0 .0 6  ± 0 .0 1  0 .2 6  ± 0 .0 3
(100% ) (46% ) (42% ) (12% ) (54% )

3 Mean ± S.E., n = 3

T a b le  6 —F a t ty  ac id s  o f  M D CM  to ta l  lip id s3

F a t ty  a c id b
N o rm a liz e d  

a re a  p e rc e n t

14:0 0.86 ± 0.02d
14:1 0.20 ± 0.01
16:0 20.36 ± 0.52
16:1 5.96 ± 0.06
18:0 6.94 ± 0.02
18:1 40.55 ± 0.15
18:2 20.30 ± 0.67
18:3 1.12 ± 0.01
18:4C 0.11
20:0 0.55
20:1c 0.11
20:2 0.14
20:3C 0.56 ± 0.01
20:4C 1.52 ± 0.01
20:5C 0.72 ± 0.01
Percent fatty acids having 2 or more double bonds 24.48 ± 0.65

3 Each fatty acid expressed as a percent of total fatty acids
D Carbon chain length inumber of double bonds 
c Identified from plot of log of retention time vs carbon chain

length
d Average of duplicate G LC runs
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predominant polyunsaturated fatty acid, the molar concentra
tion of total substrate was estimated by dividing 35 mg with 
the molecular weight of linoleic acid, 280, to yield 125 ¡1- 
moles.

From the above results, the molar ratio of polyunsaturated 
fatty acids to hemoproteins was calculated; 125 /rmoles 4- 0.26 
jumoles = 480. According to Figure 2, the molar ratio of 480/1 
would give a maximum oxygen uptake rate. It has been re
ported by other investigators that in many cases MDPM con
tains more than 16% lipid, depending on skin content (Satter- 
lee et al., 1971). A higher lipid content would further increase 
the molar ratio of substrate to catalyst, thus providing condi
tions in which hemoproteins could function as strong pro
oxidants.

It was concluded from the foregoing data that hemopro
teins (myoglobin and hemoglobin) were the predominant, if 
not exclusive, catalysts of lipid oxidation in MDCM. Further
more, the relative concentration ratio of polyunsaturated fatty 
acids to hemoproteins was in the range where heme catalyzed 
lipid oxidation would occur at or close to maximum rate. Two 
conceivable ways to minimize the off-flavor development in 
MDPM would be: (1) the decrease in molar ratio of substrate 
to hemoprotein by several possible methods so that hemopro- 
tein can act as an antioxidant rather than a pro-oxidant; and
(2) the change in reaction environment by adding various in
hibitors or antioxidants to inhibit the catalytic function of 
hemoproteins. Partial removal of lipids or hemoproteins by 
centrifugation or by low temperature rendering would change 
the molar ratio of substrate to hemoprotein and extend the 
shelf life of products. The addition of antioxidants such as 
Tenox 2 or Tenox 20 would be another effective way to pre
vent the off-flavor development due to lipid oxidation.
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PERSISTENCE OF ECHOVIRUS AND POLIOVIRUS IN FERMENTED SAUSAGES. 
Effects of Sodium Nitrite and Processing Variables

INTRODUCTION
MEAT is one of the more likely foods to become contami
nated with viruses. Sullivan et al. (1970) isolated poliovirus 
and echovirus from 3 cf 12 market samples of ground beef, 
and Larkin et al. (1972) found enteroviruses in 22% of the 
market samples they tested. These relatively high proportions 
of positive samples, plus the common practices of under
cooking meat and eating it in the rare condition, stress the 
importance of viruses in meat as a potential threat to public 
health. Fermented sausages pose a special problem in this re
gard, since both dry and semidry varieties do not receive ex
tensive heating during preparation and processing.

Viruses resistant to food processing conditions adequate to 
control bacteria of public health concern have been studied by 
Strock and Potter (1972), Gough (1973) and others. Kaplan 
and Melnick (1954) and Wallis and Melnick (1962) demon
strated the protective effects of lipids and salts, respectively, 
on the thermal stability of viruses in food. Filppi and Banwart
(1974) showed that the rate of thermal inactivation of polio
virus inoculated into ground beef was inversely proportional to 
the beef’s fat content. Herrmann and Cliver (1973) reported 
high titer recovery of coxsackievirus from fermented thuringer 
sausage after processing when the meat was experimentally 
contaminated.

The controversial use of nitrates and nitrites in meat has 
received attention from several points of view, but no studies 
have appeared on their possible effects upon virus. Although 
these curing additives inhibit the outgrowth of Clostridium 
botulinum spores (Johnson and Loynes, 1971; Pivnick et al.,
1970), and contribute desirable flavor and color to meat 
(Simon et al., 1973; Wasserman and Talley, 1972), formation 
of carcinogenic nitrosamines by reaction of nitrites with 
secondary amines has also been well documented (Sen et al., 
1970; Wolff and Wasserman, 1972). The existence of nitros
amines in frankfurters was reported by Wasserman et al.
(1972), who found 1 1-84 ppb of dimethylnitrosamine in 3 of 
40 commercial samples cf frankfurters, and the likelihood ex
ists that nitrosamines also are present in fermented sausages. 
Removing nitrite from meat, or lowering its permitted levels, 
continues to be an issue of major concern.

One objective of the present investigation was to determine 
the fate of poliovirus and echovirus in different types of fer
mented sausages during varied processing conditions and stor
age. A second objective was to determine the specific effects 
of sodium nitrite on the persistence of poliovirus and echo- 
virus in fermented sausages. If nitrite were to inhibit virus 
survival in meat, this could be another factor relevant to its 
continued use.

EXPERIMENTAL
V iru s e s  a n d  t i s s u e  c u l tu r e

P o l io v i r u s  t y p e  1 (P o -1 ) ,  s t r a in  C H A T  a n d  e c h o v i r u s  t y p e  6 (E C -6 ) ,  
s t r a in  D ’A m o r i  w e re  o b t a in e d  f r o m  th e  A m e r ic a n  T y p e  C u l tu r e  C o lle c -  1

1 P re s e n t ad d re ss : C o lg a te-P a lm o liv e  C o ., R esea rch  & D e v e lo p m en t 
D e p t.,  9 0 9  R iv e r R o a d , P lsc a taw a y , N J 0 8 8 5 4

t io n .  T h e y  w e re  p r o p a g a te d  a n d  t i t r a t e d  o n  A f r i c a n  g r e e n  m o n k e y  k id 
n e y  c e l ls  ( C e r c o p i th e c u s  a e th io p s ,  c e l l  l in e  V e r o )  o b t a i n e d  f r o m  t h e  
V e te r in a r y  V i r u s  R e s e a r c h  I n s t i t u t e  a t  C o r n e l l  U n iv e r s i ty .  T h e  p r o 
c e d u r e s  f o r  m e d ia  p r e p a r a t i o n ,  c e ll m a in t e n a n c e ,  c e ll p a s s in g  a n d  v iru s  
p r o p a g a t io n  u s e d  in  o u r  l a b o r a t o r y  h a v e  a l r e a d y  b e e n  d e s c r ib e d  ( S t r o c k  
a n d  P o t t e r ,  1 9 7 2 ) ,  b u t  s e v e ra l  c h a n g e s  a n d  a d d i t i o n s  w e r e  m a d e ,  a s  
s u b s e q u e n t ly  d e s c r ib e d .

M ed ia  a n d  r e a g e n t s

G a m m a - g lo b u l in - f r e e  c a l f  s e r u m  (G IB C O  6 2 4 )  w a s  o m i t t e d  f r o m  
m e d ia  f o r m u la t io n s ,  a n d  F u n g iz o n e  (G IB C O  5 2 9 L )  w a s  a d d e d .  T h e  
c o m p o s i t i o n  o f  m e d ia  w e re  a s  fo l lo w s :

M e d iu m  A , f o r  t h e  g r o w th  o f  t i s s u e  c u l t u r e  c e l ls :  7 6 %  E a g le ’s m in i 
m u m  e s s e n t ia l  m e d iu m  (M E M ), 1 0 %  l a c t a lb u m in  h y d r o ly s a t e ,  1 0 %  f e t a l  
c a l f  s e r u m ,  2 %  p e n ic i l l i n - s t r e p to m y c in ,  2 %  F u n g iz o n e .

M e d iu m  B , f o r  t h e  m a in t e n a n c e  o f  t i s s u e  c u l t u r e  c e l ls :  8 2 %  E a g le ’s 
M E M , 1 0 %  l a c t a lb u m in  h y d r o ly s a t e ,  4 %  f e t a l  c a l f  s e r u m ,  2 %  p e n ic i l l in -  
s t r e p t o m y c i n ,  2 %  F u n g iz o n e .

M e d iu m  C , f o r  t h e  p r o p a g a t io n  a n d  t i t r a t i o n  o f  v iru s e s :  8 0 %  E a g le ’s 
M E M , 1 0 %  l a c t a lb u m in  h y d r o ly s a t e ,  6 %  f e t a l  c a l f  s e r u m ,  2 %  p e n ic i l l in -  
s t r e p t o m y c i n ,  2 %  F u n g iz o n e .

M e d iu m  D , f o r  t h e  d i l u t i o n  o f  v iru s  s u s p e n s io n s  p r i o r  t o  t i t r a t i o n :  
8 6 %  E a g le ’s M E M , 1 0 %  l a c t a lb u m in  h y d r o l y s a t e ,  2 %  p e n ic i l l i n - s t r e p to 
m y c in ,  2 %  F u n g iz o n e .

C ell g r o w t h ,  m a in t e n a n c e  a n d  p a ss a g e

C e lls  w e re  g r o w n  as m o n o la y e r s  a t  3 7 ° C  in  g la ss  R o u x  b o t t l e s  a n d  
B la k e  b o t t l e s ,  c o n ta in in g  8 0  m l a n d  2 5  m l o f  M e d iu m  A , r e s p e c t iv e ly .  
T h e  m o n o la y e r s  c o u ld  b e  m a in t a in e d  a c t iv e  w i th  M e d iu m  A  f o r  a b o u t  1 
w k  a f t e r  t h e i r  f o r m a t i o n .  W h e n  i t  w a s  d e s i r e d  t o  m a in ta in  t h e  c e l ls  f o r  a 
lo n g e r  p e r io d ,  M e d iu m  A  w a s  p o u r e d  o f f  a n d  r e p la c e d  w i th  1 0 0  m l o f  
M e d iu m  B in  R o u x  b o t t l e s ,  a n d  w i th  3 0  m l o f  M e d iu m  B in  B la k e  
b o t t l e s ,  w h ic h  m a in t a in e d  c e l ls  f o r  a n  a d d i t i o n a l  2 - 3  w k .  C e l ls  w e r e  
p a s s e d  a s  p r e v io u s ly  d e s c r ib e d .

V iru s  p r o p a g a t io n

V iru s e s  w e re  p r o p a g a te d  o n  c e l ls  in  B la k e  b o t t l e s ,  f o l l o w in g  th e  
p r e v io u s ly  d e s c r ib e d  m e t h o d .  I f  t h e  v iru s  s u s p e n s io n  w e r e  h e ld  in  f r o 
z e n  s to r a g e  b e f o r e  b e in g  a d d e d  t o  t h e  m o n o la y e r ,  c y t o p a t h i c  e f f e c t  
(C P E )  g e n e r a l ly  o c c u r r e d  a f t e r  a b o u t  3 6  h r  f o r  b o t h  p o l io v i r u s  a n d  
e c h o v i ru s .  I f  v iru s e s  h a d  n o t  p r e v io u s ly  b e e n  f r o z e n ,  b u t  w e r e  t r a n s 
f e r r e d  s u c c e s s iv e ly  f r o m  o n e  B la k e  b o t t l e  t o  a n o t h e r ,  t h e n  C P E  o c 
c u r r e d  a f t e r  a b o u t  1 8  h r  f o r  b o t h  v iru s e s .

V iru s  t i t r a t i o n

A ll v iru s  t i t r a t i o n s  w e re  c o n d u c t e d  in  L in b r o  D is p o s o - T r a y s  ( L in b r o  
IS -F B -9 6 -T C )  u s in g  t h e  a p p r o p r i a t e  t r a y  c o v e r s  ( L in b r o  5 5 - S te r i l e ) .  
S e r ia l  t h r e e f o ld  d i lu t i o n s  o f  t h e  v iru s  s u s p e n s io n s  in  M e d iu m  C  w e re  
m a d e  in  q u a d r u p l i c a t e  e m p lo y in g  0 .0 5 0  m l c a p i l la r y  m ic r o d i lu t e r s .  T h e  
t r a y s  w e re  i n c u b a t e d  in  a  5 %  C 0 2 a tm o s p h e r e  a t  3 7 ° C  f o r  3 d a y s .  C P E  
w a s  r e a d i ly  o b s e r v e d  b y  f i r s t  f ix in g  t h e  c e l ls  w i th  m e t h y l  a l c o h o l  f o r
5 - 1 0  m in ,  a n d  th e n  s ta in in g  w i th  G ie m s a  s ta in  f o r  3 0  m in .  V iru s e s  
w e re  d e t e r m in e d  q u a n t i t a t i v e l y  u s in g  th e  K a e r b e r  m e t h o d  ( J a w i t z  e t  a l .,
1 9 7 2 )  in  w h ic h  th e  t i t e r  is t h e  r e c ip r o c a l  o f  t h e  d i l u t i o n  w h ic h  c a u s e s  
C P E  in  5 0 %  o f  t i s s u e  c u l tu r e s  ( T C D S0 = “ t i s s u e  c u l t u r e  i n f e c t iv e  d o s e  
f i f t y ” ).

F o r m u la t io n ,  p r e p a r a t i o n  a n d  p ro c e s s in g  o f  s a u s a g e s

T h e  f o r m u la t io n s  f o r  b .c .  ( b e e f  c a s in g )  s a la m i  a n d  c e r v e la t  a r e  
s h o w n  in  T a b le  1.

A ll  m e a t  u s e d  in  p r e p a r in g  t h e  s a u s a g e s  w a s  p u r c h a s e d  f r o m  a  lo c a l  
s u p e r m a r k e t .  T h e  m e a t  w a s  k e p t  f r o z e n  u n t i l  r e a d y  f o r  u s e ,  a n d  w a s  
th e n  t h a w e d  a t  r o o m  t e m p e r a tu r e .  T h e  b e e f  c h u c k  s t e a k  w a s  g r o u n d  
th r o u g h  a  3 /1 6  in . p la te ,  a n d  t h e  p o r k  c h o p s  w e r e  g r o u n d  th r o u g h  a  3 /8
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Table 1 —Formulation of sausages

Ingredient
B.c. salami 
(g)a

Cervelat
(g)b

Beef chuck steak 1000 —

Ground beef 1400 2400
Pork chops 1600 600
Salt (commercial, uniodized table salt) 140 90
Dextrose (D-glucose, anhydrous) 30 30
Sucrose 30 -

Ground black pepper - 11.24
White pepper 7.50 -
Garlic powder 0.62 -

Sodium erythorbate 2.18 1.64

a T o  th is  were added Lactace l DS starter cu ltu re  and d iffe re n t levels 
o f sod ium  n itr ite

b T o  th is  were added Lactace l M C  starter cu ltu re  and d iffe ren t levels 
o f sod ium  n itr ite

in . p la te ,  u s in g  t h e  m e a t  g r in d e r  a t t a c h m e n t  o f  a  H o b a r t  L a b o r a to r y  
M ix e r  (M o d e l  N -5 0 ) .  T h e  m e a t  a n d  s p ic e s  w e r e  t h o r o u g h l y  b l e n d e d  
w i th  t h e  d o u g h  h o o k  a t t a c h m e n t  o f  t h e  H o b a r t  m ix e r .  T h e  b .c .  s a la m i 
e m u ls io n  w a s  t h e n  d iv id e d  i n t o  2 0  1 9 2 -g  p o r t i o n s ,  a n d  t h e  c e r v e l a t  
e m u ls io n  i n t o  1 2  2 4 0 -g  p o r t i o n s .  E a c h  p o r t i o n  w a s  p la c e d  i n t o  a  s e p a 
r a t e  p la s t ic  b a g .  V iru s  s u s p e n s i o n  o f  h ig h  t i t e r ,  s o d iu m  n i t r i t e  s o lu t io n  
(y ie ld in g  f in a l  le v e ls  o f  3 7 .5  p p m ,  7 5 .0  p p m ,  a n d  1 5 0 .0  p p m  in  t h e  
m e a t ) ,  a n d  L a c t a c e l  D S  (Lactobacillus plantarum) o r  L a c ta c e l  M C  
(Pediococcus cerevisiae a n d  Lactobacillus plantarum) s t a r t e r  c u l tu r e s

(M e rc k  a n d  C o .,  I n c .)  w e re  t h e n  s u c c e s s iv e ly  a d d e d  to  e a c h  b a g ,  a n d  th e  
b a g s  w e r e  h a n d  k n e a d e d  f o r  5 m in  a f t e r  e a c h  a d d i t i o n  to  e n s u r e  h o m o 
g e n e i ty .  P r e v io u s  e x p e r im e n t s  u s in g  r e p l i c a t e  v iru s  t i t r a t i o n s  d e m o n 
s t r a t e d  t h a t  th i s  m e th o d  w a s  e f f e c t iv e  in  a c h ie v in g  h o m o g e n e i ty .  T h e  
e m u ls io n s  w e re  t h e n  s tu f f e d  i n t o  t y p e  6 5 -2 4  B r e c h t e e n  c o l la g e n  c a s in g s  
a n d  l in k s  w e re  t i e d ,  p r o d u c in g  s a u s a g e s  w e ig h in g  1 5 0 g  a n d  m e a s u r in g  1 
in . X  4  in . T h e  b .c .  s a la m i  w a s  f e r m e n t e d  f o r  3 d a y s  a t  2 0 ° C ,  f o l l o w e d  
b y  d r y in g  a t  4 ° C  a n d  5 5 %  re la t iv e  h u m i d i t y  f o r  3 w k .  T h e  c e r v e la t  
u n d e r w e n t  a  2 4 - h r  f e r m e n t a t i o n  a t  3 0 ° C  a n d  th e n  h e a t  t r e a t m e n t s  o f  
6 0 °  C  f o r  5 m in  a n d  3 0  m in  in  a  w a te r  b a t h ,  f o l l o w e d  b y  a  1 w k  d ry in g  
p e r io d  a s  b e f o r e .  S a m p le s  o f  t h e  s a u s a g e s  w e re  t a k e n  a t  v a r io u s  in te rv a ls  
d u r in g  p ro c e s s in g  a n d  d r y in g  a n d  a n a l y z e d  f o r  v iru s ,  m o i s tu r e ,  p H , 
r e s id u a l  n i t r i t e  a n d  b a c t e r i a l  p l a t e  c o u n t s .

Extraction of virus from sausage
T o  e x t r a c t  v iru s  f r o m  s a u s a g e  m e a t  f o r  t i t r a t i o n ,  lO g  o f  m e a t ,  t a k e n  

f r o m  v a r io u s  l o c a t io n s  w i th in  a  s a u s a g e ,  w a s  c o m b in e d  w i th  9 0  m l o f  
p h o s p h a te  b u f f e r e d  s a l in e  in  a  h o m o g e n iz e r  f la s k .  T h e  j a c k e t  s u r 
r o u n d in g  t h e  f la s k  w a s  f i l l e d  w i t h  c r u s h e d  ic e  a n d  t h e  m e a t  w a s  h o m o g 
e n iz e d  in  a  V irT is  H o m o g e n iz e r  ( m o d e l  4 5 )  a t  s p e e d  8 0  f o r  5 m in .  A 
q u a n t i t y  o f  4 .5  m l o f  t h e  h o m o g e n a te  w a s  t r a n s f e r r e d  to  a  1 c m  X 1 J  
c m  s c r e w  c a p  c e n t r i f u g e  t u b e  a n d  0 .5  m l c h lo r o f o r m  w a s  a d d e d .  T h e  
tu b e  w a s  t h e n  v ib r a te d  o n  a  V o r te x - G e n ie  M ix e r  f o r  3 m in  a t  s p e e d  5 to  
e v e n ly  d i s p e r s e  t h e  f a t  a n d  le a n .  A f t e r  r e f r ig e r a t in g  t h e  t u b e  a t  4 ° C  fo r  
15 m in  th e  t u b e  w a s  c e n t r i f u g e d  in  a c l in ic a l  c e n t r i f u g e  w i th  13  cm  
c o n ic a l  h e a d  (S a f e g u a rd .  C la y -A d a m s ,  I n c .)  a t  2 8 0 0  r p m  f o r  5  m in .  A  
q u a n t i t y  o f  3 m l o f  t h e  s u p e r n a t a n t  w a s  p i p e t t e d  i n t o  a n o t h e r  s im ila r  
c e n t r i f u g e  tu b e .  T h is  t u b e  w a s  a ls o  r e f r i g e r a t e d  f o r  1 5  m in  a n d  th e n  
c e n t r i f u g e d  a t  3 0 0 0  r p m  f o r  5 m in .  D i lu t io n s  o f  t h e  c la r i f ie d  v iru s  
s u s p e n s io n  w e re  p r e p a r e d  in  M e d iu m  D a n d  t i t r a t e d  in  t h e  t i t r a t i o n  
t r a y s  a s  p r e v io u s ly  d e s c r ib e d .

Analytical tests
T h e  A O A C  p r o c e d u r e s  w e re  f o l l o w e d  f o r  t h e  d e t e r m i n a t i o n  o f  

m o is tu r e  a n d  r e s id u a l  n i t r i t e  (A O A C , 1 9 7 0 ) .  I n  t h e  n i t r i t e  a n a ly s is ,  h o t

Table 2—Persistence of EC-6 In b.c. salami of differert nitrite levels and processing conditions

Plate counts/g

Time
Added NaN02 

(ppm) % Moisture pH
Residual 

N 02 (ppm)
EC-6 titer 
(TCD50/g)APT LBS

Initial time 0 57.9 5.80 6.1 X 106 3.5 X 106 _ 6.6 X 107
37.5 5.75 1.1 X 107 6.4 X 106 6.2 2.0 X 10s
75.0 5.80 5.9 X 106 5.4 X 106 23.6 1.1 X 108

150.0 5.80 7.9 X 106 6.1 X 106 59.9 3.8 X 107

1 day at 20° C 0 59.6 5.60 1.3 X 108 6.6 X 107 - 6.0 X 107
37.5 5.70 1.7 X 10® 1.0 X 10s 6.2 4.6 X 107
75.0 5.70 1.9 X 107 1.4 X 107 22.1 4.6 X 107

150.0 5.75 1.1 X 107 8.0 X 106 45.3 4.8 X 107

2 days at 20° C 0 59.4 5.60 3.8 X 108 1.4X108 — 6.5 X 107
37.5 5.50 2.5 X 10s 1.2 X 108 ' 7.6 6.1 X 107
75.0 5.50 1.7 X 108 1.5 X 108 12.0 1.1 X 108

150.0 5.45 1.4 X 10s 1,2 X 108 23.6 4.8 X 107

3 days at 20°C 0 58.7 5.20 2.7 X 108 1.1 X 108 - 4.8 X 107
37.5 5.20 2.7 X 10s 3.5 X 107 4.7 5.6 X 107
75.0 5.20 8.0 X 107 9.0 X 107 6.2 2.9 X 107

150.0 5.20 6.0 X 107 1.2 X 108 6.2 4.8 X 107

+7 days at 4°C 0 56.7 5.40 1.8 X 10s 4.5 X 107 — 1.3 X 107
37.5 5.35 8.5 X 107 1.7 X 107 3.3 2.3 X 107
75.0 5.30 1.6 X 107 8.0 X 106 3.3 1.4 X 101

150.0 5.25 1.4 X 107 5.0 X 106 3.3 3.8 X 107
+13 days at 4°C 0 52.1 5.25 3.6 X 10s 1.0 X 10s — 4.6 X 107

37.5 5.20 2.0 X 108 6.5 X 107 3.3 3.8 X 107
75.0 5.20 7.7 X 107 5.3 X 107 6.2 3.5 X 107

150.0 5.20 7.2 X 107 7.5 X 107 6.2 2.9 X 107

+21 days at 4°C 0 24.9 5.40 2.1 X 10s 1.6 X 108 — 8.3 X 107
37.5 5.35 2.0 X 108 1.1 X 108 1.8 1.7 X 108
75.0 5.40 3.5 X 107 8.5 X 106 6.2 8.3 X 107

150.0 5.35 4.3 X 107 1.6 X 107 12.0 6.6 X 107
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a lk a l in e  w a te r ,  p r o d u c e d  b y  a d d in g  5 m l o f  0 .1 N  N a O H  to  1 5 0 0  m l o f  
n i t r i t e - f r e e  w a te r  a n d  h e a t in g  t o  8 0 °  C , w a s  u s e d  t o  e x t r a c t  t h e  n i t r i t e .  
T h e  n i t r i t e - c o n t a in i n g  s o lu t io n s  w e re  f i l t e r e d  t h r o u g h  W h a tm a n  n o .  1 
a n d  th e n  t h r o u g h  W h a tm a n  n o .  4 2  p a p e r .  A  1 0 -m l a l i q u o t  o f  e a c h  
s a m p le  w a s  t h e n  p i p e t t e d  i n t o  a  5 0 -m l  v o lu m e t r i c  f la s k  c o n ta in in g  1 m l 
o f  s u l f a n i l i c  a c id  a n d  1 m l  o f  a lp h a - n a p h th y la m in e  ( m a y  c o n t a i n  t h e  
c a r c in o g e n ic  b e t a - n a p h t h y l a m i n e  a n d  c a u t i o n  is  r e q u i r e d )  s o lu t io n s .  A  
s t a n d a r d  c u r v e  w a s  p r e p a r e d  a s  d e s c r ib e d  in  t h e  A O A C  m e th o d .

T h e  p H  o f  s a u s a g e s  w a s  d e t e r m i n e d  d i r e c t l y  o n  t h e  m e a t  in  t h r e e  
d i f f e r e n t  l o c a t io n s  a n d  th e  a v e r a g e  r e a d in g  w a s  t a k e n .

S a m p le s  f o r  b a c t e r i a l  p l a t e  c o u n t s  w e re  d is p e r s e d  b y  a d d in g  l.O O g  o f  
m e a t  t o  9 9  m l o f  p h o s p h a t e  b u f f e r  (p H  7 .2 )  in  m i lk  d i l u t i o n  b o t t l e s  to  
w h ic h  15  g la s s  b e a d s  w e r e  a d d e d .  B o t t l e s  w e re  u n i f o r m ly  s h a k e n  1 0 0  
t im e s  a n d  a p p r o p r i a t e  d i l u t i o n s  w e re  m a d e .  T o t a l  c o u n t s  w e re  e n u m e r 
a t e d  o n  A P T  a g a r ,  a n d  t o t a l  L a c to b a c i l l i - P e d io c o c c i  c o u n t s  o n  L B S  a g a r  
( L a c to b a c i l l u s  s e le c t iv e  m e d iu m ) .  A ll p la te s  w e r e  i n c u b a t e d  a t  3 0 ° C  f o r  
3 d a y s .

RESULTS & DISCUSSION
A S  S E E N  I N  T A B L E S  2 ,  3 ,  4  a n d  5 ,  b o t h  E C -6  a n d  P o - 1  
p e r s i s t e d  i n  h i g h  t i t e r s  a n d  w e r e  v i r t u a l l y  u n a f f e c t e d  b y  t h e  
w i d e  r a n g e  o f  p r o c e s s i n g  c o n d i t i o n s  e m p l o y e d  i n  s i m u l a t i n g  

t h e  c o m m e r c i a l  m a n u f a c t u r e  o f  b . c .  s a l a m i  a n d  c e r v e l a t .  T h e  
o n l y  e x c e p t i o n  w a s  a  d e c r e a s e  i n  t i t e r  o f  a b o u t  9 0 %  w h i c h  
o c c u r r e d  i n  t h e  c e r v e l a t  m a i n t a i n e d  a t  a n  i n t e r n a l  t e m p e r a t u r e  

o f  6 0 ° C  f o r  3 0  m i n ,  a  h e a t  t r e a t m e n t  m o r e  t h a n  s u f f i c i e n t  t o  
i n a c t i v a t e  t r i c h i n a .

A l t h o u g h  i t  h a s  b e e n  r e p o r t e d  t h a t  e n t e r o v i r u s e s  a r e  r a p i d 
l y  i n a c t i v a t e d  b y  d e s i c c a t i o n  ( P l o t k i n  e t  a l . ,  1 9 6 2 ) ,  b o t h  E C -6  
a n d  P o - 1  w e r e  p e r s i s t e n t  w i t h  n o  a p p a r e n t  l o s s  o f  t i t e r  i n  t h e  
d r i e d  b . c .  s a l a m i  s a m p l e s  c o n t a i n i n g  o n l y  2 5 %  m o i s t u r e .  I n  a  
f e w  c a s e s ,  t h e  v i r u s  t i t e r s  a c t u a l l y  s e e m e d  t o  i n c r e a s e  a t  t h e s e

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

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

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

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

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

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

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

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

i n a c t i v a t i o n  o f  v i r u s e s  m i g h t  o c c u r  d u e  t o  t h e  a f f e c t  o f  n i t r o u s  
a c i d ,  a  k n o w n  m u t a g e n  a n d  i n a c t i v a t o r  o f  c e r t a i n  v i r u s e s  
( L u r i a  a n d  D a r n e l l ,  1 9 6 7 ) ,  b u t  t h i s  d i d  n o t  a p p e a r  t o  b e  t h e  
c a s e ,  c o n f i r m i n g  o b s e r v a t i o n s  o f  H e i d e l b a u g h  a n d  G r a v e s
( 1 9 6 8 )  w i t h  f o o t - a n d - m o u t h  d i s e a s e  v i r u s .  T h e  a d d e d  n i t r i t e  
a l s o  d i d  n o t  i n f l u e n c e  f i n a l  b a c t e r i a l  c o u n t s ,  b u t  t h e  o b s e r 
v a t i o n s  o f  S k j e l k v a l e  a n d  T j a b e r g  ( 1 9 7 4 )  w e r e  c o n f i r m e d ,  i n  
t h a t  s a m p l e s  o f  s a l a m i  c o n t a i n i n g  h i g h e r  l e v e l s  o f  n i t r i t e  
t e n d e d  t o  h a v e  l o w e r  b a c t e r i a l  c o u n t s  d u r i n g  t h e  f i r s t  f e w  d a y s  
a f t e r  p r e p a r a t i o n .  P o s s i b l e  e x p l a n a t i o n s  f o r  t h e  c h a n g e s  i n  r e 
s i d u a l  n i t r i t e  l e v e l s  a s  o b s e r v e d  i n  t h e s e  e x p e r i m e n t s ,  h a v e  b e e n  
d i s c u s s e d  b y  H i l l  e t  a l .  ( 1 9 7 3 ) .

T h e  r e s u l t s  o f  t h i s  s t u d y ,  a s  w e l l  a s  t h o s e  o f  H e r r m a n n  a n d  

C l i v e r  ( 1 9 7 3 ) ,  d e m o n s t r a t e  t h a t  c e r t a i n  e n t e r o v i r u s e s  a r e  r e 

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

Table 3—Persistence of Po-1 in b.c. salami of different nitrite levels and processing conditions

Added NaN02
Plate counts/g

Residual Po-1 titer
Time (ppm) % Moisture pH APT LBS N 02 (ppm) (TCDso/g)

Initial time 0 58.5 5.60 1.3 X 107 5.5 X 106 _ 4.9 X 107
37.5 5.70 8.0 X 106 8.0 X 106 3.3 2.5 X 108
75.0 5.90 9.0 X 106 1.5 X 106 16.3 2.5 X 10s

150.0 5.90 6.5 X 106 1.5 X 106 51.1 2.5 X 108
1 day at 20° C 0 58.2 5.50 6.5 X 107 2.5 X 107 - 3.5 X 108

37.5 5.70 2.4 X 10’ 5.5 X 106 14.9 2.4 X 109
75.0 5.70 1.7 X 107 9.0 X 106 17.8 1.7 X 10s

150.0 5.70 6.0 X 106 4.5 X 106 41.0 8.3 X 107
2 days at 20°C 0 56.6 5.40 1.7 X 10s 1.3 X 10s - 2.5 X 10s

37.5 5.40 1.1 X 108 6.8 X 107 3.3 6.0 X 108
75.0 5.50 5.2 X 107 4.7 X 107 4.7 2.5 X 10s

150.0 5.50 1.0X106 < 1.0X10 ‘ 20.7 2.0 X 108
3 days at 20° C 0 57.4 5.00 2.9 X 107 1.5 X 107 — 2.5 X 108

37.5 5.10 8.0 X 107 3.9 X 107 0.4 2.0 X 10s
75.0 5.10 8.6 X 107 4.1 X 107 3.3 2.0 X 108

150.0 5.20 1.1 X 107 1.1 X 107 3.3 7.8 X 108
+10 days at 4°C 0 55.9 5.15 TMTC 5.3 X 106 - 6.0 X 108

37.5 5.10 1.3 X 107 1.4 X 107 4.7 2.0 X 1C8
75.0 5.20 2.5 X 107 3.1 X 107 6.2 . 2.9 X 108

150.0 5.25 2.3 X 107 2.3 X 107 12.0 2.5 X 108
+17 days at 4°C 0 53.0 5.25 7.2 X 106 5.2 X 106 — 1.7 X 10s

37.5 5.15 9.8 X 106 8.4 X 106 7.6 1.7 X 10s
75.0 5.15 3.3 X 107 3.4 X 107 9.1 1.7 X 108

150.0 5.35 3.0 X 107 3.2 X 107 10.5 1.7 X 10s
+ 26 days at 4°C 0 25.1 5.10 1.4 X 107 3.1 X 106 — 3.4 X 108

37.5 5.00 1.1 X 107 6.7 X 106 0.4 2.5 X 108
75.0 5.10 1.8 X 107 1.3 X 107 6.2 7.3 X 108

150.0 5.25 1.6 X 107 1.2 X 107 6.2 7.3 X 108
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T a b le  4 —P e rs is te n c e  o f  E C -6 in c e rv e la t o f  d i f f e r e n t  n i t r i te  levels a n d  p ro cess in g  c o n d it io n s

Time
Added NaN02 

(ppm) % Moisture pH

Plate counts/g
Residual 

NOj (ppm)
EC-6 titer 
(TCDS0/g)APT LBS

Initial time 0 51.6 5.70 3.1 X 107 1.2 X 107 _ 6.6 X 107
37.5 5.85 1.3 X 107 8.1 X 106 9.1 1.7 X 108
75.0 5.85 9.6 X 106 4.3 X 106 35.2 2.9 X 108

150.0 5.85 6.8 X 106 4.5 X 106 70.0 8.3 X 107

24 hr fermentation 0 - 4.95 4.8 X 108 4.1 X 10s - 2.0 X 10s
37.5 5.00 1.2 X 10s 1.2 X 108 - 1.5 X 108
75.0 5.05 1.5 X 108 1.2 X 108 3.3 6.6 X 107

150.0 5.05 1.6 X 108 1.3 X 10s 17.8 8.3 X 107

+5 min at 60°C 0 — - - — - 5.0 X 107
37.5 - — — - 1.1 X 108
75.0 - — — - 4.8 X 107

150.0 - - - - 2.8 X 107

+30 min at 60“ C 0 — — — — - 5.1 X 106
37.5 - — - - 1.8 X 107
75.0 - - - - 1.6 X 107

150.0 - - - - 1.8 X 107

+1 wk at 4“C 0 47.9 5.10 2.8 X 107 2.6 X 107 - 4.8 X 107
37.5 5.30 3.3 X 107 2.4 X 107 3.3 1.4 X 106
75.0 5.35 £.5 X 107 9.7 X 107 3 .3 9.1 X 106

150.0 5.50 3.5 X 107 3.4 X 107 9.1 1.6 X 107

Table 5—Persistence of Po-1 in cervelat of different nitrite levels and processing conditions

Added NaNOj Plate counts/g Residual Po-1 titer
Time (ppm) % Moisture pH APT LBS N 02 (ppm) (TCDS 0/g)

Initial time 0 58.5 5.75 1.5 X 107 5.5 X 106 — 2.5 X 108
37.5 5.70 6.4 X 106 3.2 X 106 27.9 2.0 X 1 0 s
75.0 5.75 1.0 X 107 4.8 X 106 61.3 2.0 X 10s

150.0 5.75 8.7 X 106 2.7 X 106 109.2 1.1 X 108

24 hr fermentation 0 4.85 3.8 X 108 4.2 X 10s - 4.4 X 10s
37.5 5.10 4.3 X 107 5.7 X 107 9.1 1.7 X 108
75.0 5.15 4.7 X 107 5.6 X 107 9.1 1.7 X 108

150.0 5.10 4.8 X 107 5.5 X 107 19.2 2.0 X 10s

+5 min at 60°C 0 — — - - - 2.8 X 107
37.5 - - - - 5.6 X 107
75.0 - - - - 3.2 X 107

150.0 - - - - 4.8 X 107

+30 min at 60°C 0 _ -  ' - - 6.0 X 106
37.5 - - - - 2.3 X 107
75.0 - - - - 4.6 X 107

150.0 - - - - 1.5 X 107

+1 wk at 4“C 0 52.1 4.90 1.5 X 107 9.6 X 107 - 2.8 X 107
37.5 5.10 6.2 X 107 6.7 X 107 3.3 1.6 X 107
75.0 5.15 4.5 X 107 5.1 X 107 6.2 3.2 X 107

150.0 5.15 3.3 X 107 4.7 X 107 9.1 1.9 X 107

t i o n  a l s o  m a y  b e  e x t r e m e l y  s m a l l  ( K o p r o w s k i  e t  a l . ,  1 9 5 6 ;  
P l o t k i n  e t  a l . ,  1 9 5 9 ) ,  a d d i n g  t o  t h e  s i g n i f i c a n c e  o f  t h e i r  s t a 

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

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

l i k e l y .
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EFFECT OF N ITRATE AND N ITR ITE ON COLOR AND  
FLAVOR OF COUNTRY-STYLE HAMS

INTRODUCTION
RECENT technological advancements in the curing of coun
try-style ham have been accompanied by a sizeable increase in 
production and consumption of thi^ cured meat product. In 
many southeastern states the production of country-style 
hams constitutes a significant part of the pork industry.

The curing procedure which involves the addition of 
nitrates and nitrites has become a controversial topic in the 
food industry. Nitrite performs three main functions in cured 
meats. It is responsible for the development of cured meat 
color through its reduction to nitric oxide and reaction with 
the meat pigment myoglobin (Fox, 1966). Secondly, nitrites 
have been shown to contribute to the development of cured 
flavor in some processed products (Cho and Bratzler, 1970; 
Wasserman and Talley, 1972; Simon et al., 1973). Thirdly, the 
germination, outgrowth and toxin production of Clostridium 
botulinum is inhibited by nitrite (Christiansen et ah, 1973; 
Greenberg, 1973; Hustad et ah, 1973).

Cured meat provides an environment conducive to many 
chemical and biochemical reactions. The reaction of nitrites 
and secondary or tertiary amines under acidic conditions may 
result in the formation of a class of compounds known as 
nitrosamines. The potential toxicity of these compounds and 
carcinogenic activity of dimethylnitrosamine in rats has been 
demonstrated (Barnes and Magee, 1954; Magee and Barnes,
1956). Further studies have confirmed that nitrosamine forma
tion may occur in cured meats (Fazio et ah, 1971; Sen, 1972; 
Fiddler et ah, 1972) and at conditions similar to those in the 
human stomach (Lijinsky and Epstein, 1970).

This demonstration of a possible health hazard due to 
nitrates and nitrites has made it necessary to reevaluate the 
merits of nitrate and nitrite in cured meats and to determine 
the specific levels required to manufacture quality meat prod
ucts, prevent botulinal toxic production and minimize poten
tial nitrosamine formation. Differences in curing, heating and 
storage characteristics of various cured meat products also 
make it necessary to establish effects and residual levels of 
nitrates and nitrites for each type of product.

This study was undertaken to determine the effect of 
nitrate and/or nitrite on the color and flavor of country-style 
hams after four storage periods. Residual levels of nitrate and 
nitrite were determined at each sampling period.

EXPERIMENTAL
6 4  P A IR E D  H A M S  w e r e  p u r c h a s e d  f r e s h  f r o m  a  lo c a l  m e a t  p a c k e r  a n d  
p r o c e s s e d  in  t h e  U n iv e r s i ty  M e a ts  L a b o r a to r y  o n  f o u r  d i f f e r e n t  d a te s .  A  
h a l f - r e p l ic a te d  2 s f a c t o r i a l  d e s ig n  in  1 6  u n i t s  a s  d e s c r ib e d  b y  C o c h r a n  
a n d  C o x  (1 9 5 7 )  w a s  u s e d  f o r  th i s  s t u d y .  A ll  h a m s  w e re  r a n d o m ly  
a s s ig n e d  t o  t r e a t m e n t ,  m e t h o d  o f  c u r e  a n d  s to r a g e  t im e .  L e a s t  s ig n if i 
c a n t  d i f f e r e n c e s  w e re  u s e d  t o  e v a lu a te  d i f f e r e n c e s  b e tw e e n  t r e a t m e n t  
m e a n s  (S n e d e c o r  a n d  C o c h r a n ,  1 9 6 7 ) .

Curing, aging and sampling
C u r in g  m ix tu r e s  o f  s a l t  a n d  s u g a r ;  s a l t ,  s u g a r  a n d  n i t r a t e ;  s a l t ,  s u g a r

a n d  n i t r i t e ;  s a l t ,  s u g a r ,  n i t r a t e  a n d  n i t r i t e  r e p r e s e n t e d  t h e  f o u r  t r e a t 
m e n t s .  H a m s  w e re  e i t h e r  b r i n e  p u m p e d  o r  d r y  c u r e d  a n d  h e ld  f o r  3 0 ,  
6 0 ,  9 0  o r  1 0 0  d a y s .  D ry - c u r e d  h a m s  w e re  r u b b e d  w i t h  a  m i x t u r e  c o m 
p o s e d  o f  7 8 . 5 % 't a b l e  g r a d e  g r a n u la t e d  N a C l,  1 9 .7 %  w h i t e  c a n e  su g a r  
a n d  1 .5 %  K N O , a n d / o r  0 .3 %  N a N 0 2 . S o d iu m  e r y t h o r b a t e  ( 0 .5 % )  w a s  
a d d e d  t o  t h e  d r y  c u r e  m ix  in  r e p s  2 ,  3 a n d  4 .  T h i s  m i x t u r e  w a s  a p p l ie d  
a t  t h e  r a t e  o f  8 4  g /k g  o f  m e a t .  O n e - th i r d  o f  t h e  c u r in g  m i x t u r e  r e q u i r e d  
f o r  e a c h  h a m  w a s  a p p l ie d  o n  t h e  f i r s t ,  t h i r d  a n d  t e n t h  d a y s  o f  c u re .  
P u m p e d  h a m s  w e re  i n j e c t e d  w i t h  7 5 °  b r i n e  a t  t h e  r a t e  o f  1 0 %  o f  t h e  
f r e s h  h a m  w e ig h t .  B r in e  s o lu t io n s  w e r e  c o m p o s e d  o f  8 .1 %  t a b l e  g ra d e  
g r a n u la t e d  N a C l,  2 .2 %  w h i t e  c a n e  s u g a r  a n d  0 .2 %  K N 0 3 a n d / o r  0 .1 %  
N a N O j  d is s o lv e d  in  1 k g  b o i l e d ,  c o o le d  w a te r .  I n  r e p s  2 ,  3 a n d  4 ,  0 .2 %  
o f  s o d iu m  e r y t h o r b a t e  w a s  a d d e d  to  t h e  a b o v e  s o lu t io n .  T h e  s u r f a c e  o f  
t h e  p u m p e d  h a m s  w a s  r u b b e d  w i t h  3 3 g  t a b l e  g r a d e  N a C l/k g  o f  m e a t  
i m m e d ia t e ly  a f t e r  p u m p in g  a n d  t h e n  c u r e d  4  d a y s /k g  a t  3 - 5 ° C .

A f t e r  c u r in g ,  e x c e s s  s a l t  w a s  r e m o v e d  f r o m  t h e  s u r f a c e  a n d  h a m s  
w e re  p la c e d  in  s t o c k i n e t t e s  a n d  h u n g  a t  11  ± 2 ° C ,  r e la t iv e  h u m i d i t y  6 0  
± 3 % , f o r  3 0  d a y s  t o  e f f e c t  s a l t  e q u a l i z a t i o n .  T h e y  w e r e  t h e n  a g e d  a t  2 7  
± 3 ° C , r e la t iv e  h u m i d i t y  5 5  ± 4 %  a n d  a ir  f lo w  1 0 .5  m / m i n  f o r  3 0  o r  4 0  
d a y s .

A t  s a m p l in g ,  h a m s  w e r e  c u t  v e n t r a l  a n d  p a r a l l e l  t o  t h e  is c h iu m  
( a i t c h  b o n e )  a n d  a  2 .5 - c m  s lic e  w a s  r e m o v e d  f o r  p r o x i m a t e  a n d  re s id u a l  
n i t r a t e  a n d  n i t r i t e  a n a ly s is .  A  3 .8 - c m  s lic e  w a s  r e m o v e d  f o r  r e f l e c t a n c e  
s p e c t r a  s tu d ie s ,  2 .5 - c m  s lic e  f o r  n i t r o s o p i g m e n t  d e t e r m i n a t i o n  a n d
0 .6 3 - c m  s lic e  f o r  o r g a n o le p t i c  e v a l u a t io n .  H a m s  s a m p le d  a f t e r  c u re  r e p 
r e s e n t e d  3 0  d a y s  f r o m  f r e s h  s t a t e ;  a f t e r  s a l t  e q u a l i z a t i o n ,  6 0  d a y s ;  a n d  
h a m s  s a m p le d  a f t e r  3 0  a n d  4 0  d a y s  in  a g in g  r e p r e s e n te d  9 0  a n d  1 0 0  
d a y s ,  r e s p e c t iv e ly .  A t  e a c h  s a m p l in g  p e r io d  h a m s  w e re  s u b je c t iv e ly  e v a l
u a t e d  f o r  c o lo r  o f  u n c o o k e d  le a n ,  m a r b l in g ,  f i r m n e s s  a n d  a r o m a .  

Determination of chemical characteristics
P e r c e n t  f a t  a n d  m o i s tu r e  w e r e  d e t e r m i n e d  o n  d u p l i c a t e  h o m o g e 

n iz e d  s a m p le s  (A O A C , 1 9 6 5 ) .  D u p l ic a te  s a m p le s  a g r e e d  w i t h i n  0 .5 0 % .
S o d iu m  c h lo r id e  w a s  d e t e r m in e d  a c c o r d in g  t o  t h e  m e t h o d  o f  G la ss - 

t o n e  ( 1 9 4 6 )  a s  m o d i f i e d  b y  G r a h a m  a n d  B lu m e r  ( 1 9 7 2 ) .
T h e  p H  o f  e a c h  s a m p le  w a s  d e t e r m i n e d  b y  b le n d in g  5 g  o f  m u s c le  

t i s s u e  a n d  a p p r o x im a te ly  1 7 5  m l  o f  d i s t i l l e d  w a t e r  a n d  m e a s u r in g  th e  
r e s u l t in g  s lu r ry  w i t h  a  p H  m e t e r  e q u ip p e d  w i t h  g la s s  e le c t r o d e .

R e s id u a l  n i t r a t e  a n d  n i t r i t e  w e re  d e t e r m i n e d  a c c o r d in g  to  t h e  m e t h 
o d  o f  F o l l e t t  a n d  R a t c l i f f  ( 1 9 6 3 )  w i t h  t h e  m o d i f i c a t i o n  s u g g e s te d  b y  
L a n d m a n n  ( 1 9 6 6 ) .  P r e l im in a r y  r e c o v e r y  s tu d ie s  c o n d u c t e d  in  th i s  
l a b o r a t o r y  in d i c a t e d  t h a t  i t  is  m a n d a t o r y  t o  a d d  a n  a d d i t i o n a l  5  m l  o f  
p H  9 .6  b u f f e r  im m e d ia te ly  a f t e r  h e a t in g  t o  o b t a i n  m a x im u m  re c o v e r y  
o f  n i t r a t e .  T h is  m o d i f i c a t i o n  w a s  e m p lo y e d  t h r o u g h o u t  t h e  a n a ly s e s .

Q u a n t i t a t i o n  o f  n i t r o s o p ig m e n t s  w a s  p e r f o r m e d  a c c o rd in g  t o  t e c h 
n iq u e s  d e s c r ib e d  b y  H o r n s e y  ( 1 9 5 6 ) .  T h e  v a lu e  o f  t h e  c o n s t a n t  (K ) 
u s e d  in  t h e  c a l c u l a t i o n  o f  p p m  a c id  h a e m a t in  a n d  p p m  n i t r o s o p ig m e n t s  
w a s  c h a n g e d  in  a c c o r d  w i t h  A rg a n o s a  a n d  H e n r ic k s o n  ( 1 9 6 9 ) .  A ll  g r in d 
in g  a n d  e x t r a c t i o n  o f  s a m p le s  f o r  a n a ly s e s  w e re  c a r r ie d  o u t  in  t h e  d a rk  
a t  3 - 5 ° C  t o  m in im iz e  p ig m e n t  f a d in g .

R e f l e c t a n c e  s p e c t r o s c o p y  a ls o  w a s  u s e d  to  d e t e r m i n e  th e  d e g re e  o f  
p ig m e n t  c o n v e r s io n .  M e a s u re m e n ts  w e re  m a d »  b e t w e e n  w a v e le n g th  4 0 0  
a n d  7 0 0  n m  u s in g  a  B a u s c h  a n d  L o m b  M o d e l  5 0 5  R e c o r d in g  S p e c t r o 
p h o t o m e t e r  w i th  r e f l e c t a n c e  a t t a c h m e n t .  U .S .P .  m a g n e s iu m  c a r b o n a t e  
s e rv e d  a s  a  s t a n d a r d .  S a m p le s  a t  l e a s t  2 0  m m  in  t h ic k n e s s  w e re  c u t  
p e r p e n d ic u l a r  t o  t h e  m u s c le  f ib e r  a n d  p l a c e d  in  a  s a m p le  h o l d e r  m a d e  
f r o m  b la c k  b a k e l i t e .  F iv e  f r e s h ly  e x p o s e d  s u r f a c e s  o f  e a c h  h a m  w e re  
m e a s u r e d .  T w o  m e a s u r e m e n ts  w e r e  m a d e  o n  t h e  s e m i m e m b r a n o s u s  
m u s c le ,  o n e  e a c h  o n  t h e  b ic e p s  f e m o r i s ,  s e m i t e n d in o s u s  a n d  t h e  k n u c k 
le  a r e a  (v a s tu s  la te r a l i s ,  r e c tu s  f e m o r i s ,  v a s tu s  i n t e r m e d iu s  a n d  v a s tu s
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Table 1— Mean values fo r chemical characteristics o f country-style hams by treatm ent, method o f cure and processing period

Treatment Method o f cure Processing tim e (in  days)

Salt + N 0 3 NO , NOa +
Variable sucrose only® only® Z o M » Brine D ry cure 30 60 90 100

% Moisture 66.17 66.60 65.91 66.43 68.48b 64.07° 68.80b 67.93° 64.59d 63.42°
% Fat 4.73 5.69 4.91 4.31 4.51 5.29 4.64 4.98 5.38 4.56
% NaCl 4.93 4.86 4.86 ,5.14 5.14b 4.75° 4.09b 4.71° 5.36d 5.73d
pH 6.19 6.02 6.30 6.09 6.09 6.28 6.09 6.32 6.09 6.12

® In addition to treatment ingredients listed, curing mixtures contained salt and sucrose.
b,c,d,e/ |̂| means in the same row of treatment, method of cure, or processing time with the same superscript are not significantly different (P< 0.05)

m e d ia l i s  m u s c l e s ) .  A  m e a n  v a lu e  f o r  t h e  s e m i m e m b r a n o s u s  m u s c l e  w a s  
e s ta b l i s h e d  a n d  t h e  m e a n  o f  t h e  f o u r  m u s c l e  a r e a s  o f  t h e  h a m  w a s  u s e d  
in  c o m p u t a t i o n s .  T h e  s p e c t r a  o f  a  r e d  t i l e  s t a n d a r d  w a s  r u n  w i t h  e a c h  
h a m  t o  m o n i t o r  i n s t r u m e n t  v a r i a t i o n  a n d  a d j u s t m e n t s  f o r  t i l e  v a lu e  
v a r i a t i o n  w e re  m a d e  in  t h e  c a l c u la t io n s .  T o  r e m o v e  t h e  e f f e c t  o f  l ig h t  
s c a t t e r in g  b y  t h e  m u s c l e  m a t r i x ,  K /S  v a lu e s  w e r e  c a l c u la te d  f r o m  5 7 0  
a n d  6 5 0  n m  %  r e f l e c t a n c e  r e a d in g s  ( J u d d  a n d  W y s z e c k i ,  1 9 6 3 ,  T a b le  
D ) .  T h e  r a t i o  o f  K /S  v a lu e s  a t  5 7 0 / 6 5 0  w a s  u s e d  a s  a n  i n d i c a t i o n  o f  t h e  
d e g re e  o f  n i t r o s a t i o n  o f  p ig m e n ts  in  s a m p le s  o f  v a r io u s  t r e a t m e n t s  
(W o d ic k a ,  1 9 5 6 ;  G id d y ,  1 9 6 6 ) .

Determination of organoleptic properties
H a m s  t h a t  h a d  b e e n  in  c u r e  f o r  6 0 ,  9 0  o r  1 0 0  d a y s  w e re  e v a l u a te d  in  

t a s t e  p a n e l  s t u d ie s  b y  tw o  o r  t h r e e  e x p e r i e n c e d  t a s t e  p a n e l  m e m b e r s .  
S l i c e s  0 .6 3  c m  in  t h i c k n e s s  w e re  b r o i l e d  i n  a  c o n v e n t io n a l  o v e n  f o r  
a p p r o x i m a t e l y  1 2  m in  a t  a  d i s t a n c e  o f  1 5  c m  f r o m  t h e  h e a t  s o u rc e .  
E v a lu a t io n s  f o r  s a l t in e s s ,  e l a s t i c i t y ,  c r u m b l in e s s ,  s o f tn e s s ,  ju ic in e s s ,  
a c i d i t y ,  a g e d  f l a v o r ,  c o lo r  a n d  t h e  p r e s e n c e  o f  o f f - f l a v o r s  w e re  m a d e  o n  
a  l - t o - 7  s c a le .

Effect of temperature on nitrate and nitrite depletion
A  m o d e l  s y s te m  w a s  u s e d  f o r  a  p r e l im in a r y  s tu d y  o f  n i t r a t e  a n d  

n i t r i t e  d e p l e t i o n .  T a b le  g r a d e  g r a n u la t e d  s a l t  a n d  s u g a r  w e r e  a d d e d  to
1 0 -g  s a m p le s  o f  g r o u n d  f r e s h  p o r k  in  t h e  s a m e  p r o p o r t i o n  a s  in  h a m  
p r o c e s s in g .  N i t r a t e  a n d  n i t r i t e  w e re  a d d e d  a t  le v e ls  o f  5 0 0  a n d  2 0 0  
p p m ,  r e s p e c t iv e ly .  S a m p le s  w e re  s to r e d  a t  4°C a n d  2 9 °  C. R e s id u a l  
n i t r a t e  a n d  n i t r i t e  w a s  m e a s u r e d  o n  s a m p le s  s to r e d  a t  4°C a t  in te r v a l s  o f  
2 ,  4, 6 , 8 a n d  1 2  d a y s .  S a m p le s  s to r e d  a t  2 9 ° C  w e r e  m e a s u r e d  a t  2  a n d  
4 d a y s .  A n a ly s e s  w e r e  p e r f o r m e d  a c c o r d in g  t o  t h e  p r o c e d u r e  o f  F o l l e t t  
a n d  R a t c l i f f  ( 1 9 6 3 ) .

RESULTS & DISCUSSION 
Chemical characteristics

A comparison of the effect of treatment, curing method 
and processing time on the chemical characteristics of country- 
style ham is presented in Table 1. Variations in curing mixture 
components did not significantly affect any of the chemical 
characteristics. Curing method was shown to have an effect 
upon percent moisture and salt but not on fat or pH. Brine 
pumped hams had a higher percent water and a slightly higher 
level of salt than dry-cured hams. The average percent water 
decreased progressively from the cured to the aged state with 
the greatest loss occurring during the first 4 wk of aging. Fat 
percentage is generally inversely related to the water content; 
however, this trend appeared to be variable possibly due to the 
influence of initial fat levels in the hams that were sampled at 
100 days. Percentage of NaCl increased in hams over the proc
essing period and is correlated with the loss in moisture. Proxi
mate analyses are typical of commercially produced country- 
style ham that is aged 30-40 days at 27 ± 3°C and 55% RH. 
Color

The nitrosation of the muscle pigment was determined at 
each sampling period by reflectance spectral studies and sub
jective evaluation of uncooked muscle and by pigment extrac
tion and subjective evaluation of cooked muscle. Reflectance

Fig. 1—E ffe c t  o f  cu r in g  trea tm ent a n d  p rocess ing  tim e  on  the  

deve lopm en t o f  cu red  m ea t c o lo r  in  cou n try -s ty le  ham s as 

m easured  b y  re flec tan ce  spectra ratios.

Fig. 2 —D ep le tion  o f  n itra te  an d  n itr ite  in  a g ro u n d  p o rk  

m ode ! system  du ring  storage a t  4 ° C  an d  29° C
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ratios indicative of cured pigment formation are plotted by 
treatment over days in Figure 1 with increases in ratios repre
senting greater color development. There was no difference in 
level of color development by curing method; therefore, this 
variable is not shown. Significantly higher levels of color devel
opment were obtained by the addition of nitrate and/or nitrite 
over the treatment in which only salt and sugar were added. 
However, similar levels of color were obtained with either 
nitrate, nitrite or a combination of these compounds. These 
results were confirmed by pigment extraction techniques 
(values not shown) and by panel evaluation of cooked muscle 
color (Table 2). Panel scores for cooked color indicated a 
slightly lower level of cured pigment in hams cured with salt 
and sucrose only as compared to those containing nitrate and a 
combination of nitrate and nitrite. Some color development 
during broiling may be expected as a result of protein dena- 
turation and nonenzymatic browning reactions. These reac
tions could have affected panel judgments. Similar effects of 
nitrate and nitrite on uncooked ham color also have been 
reported recently by Kemp et al. (1974). An increase in color 
development with length of processing period also was ap
parent. This increase in color is anticipated due to the decrease 
in moisture over this period resulting in a corresponding in
crease in pigment concentration and the elevation of pH due 
to denaturation of proteins. Subjective evaluations of color of 
uncooked muscle indicate that color differences due to nitrate 
and/or nitrite were not detectable and all hams were rated 
acceptable.
Flavor

Organoleptic evaluations of hams processed 60, 90 and 100 
days by an experienced panel indicated that there were no 
statistically significant flavor differences between treated and 
untreated samples. However, the panel gave slightly higher 
aged flavor ratings to samples that contained a combination of 
nitrate and nitrite (Table 2). In a recent study, Kemp et al.
(1974) demonstrated that flavor and overall satisfaction scores 
for country-style ham were significantly increased by the 
presence of nitrate or nitrite. However, these researchers also 
found that highly acceptable hams could be produced with salt 
and sugar only. Previous studies have shown that the develop-

3 8 0 r- 

3 4 0  -  

3 0 0  -

Fig. 3 —R e s id u a l "g
n itra te  in  coun try -  £  260 -
s ty le  ham  as w
a ffe c ted  b y  cu r in g  <  22Q _
treatm ent an d  t-
processing time. z2 1 8 0 -  o

in

<  1 4 0 -  

a
100 -

+  -  NO N IT R IT E  OR N IT RATE  
O  -  N IT R A T E  ONLY 

Û  -  N IT R IT E  ONLY

60-

20
30 60 90 100
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ment of aged flavor in country-style hams is accompanied by 
an increase in concentration of salt, free amino acids, free 
fatty acids, peroxides, glycerol, water soluble organic matter 
and palmitoleic, linoleic and linolenic acid (Blumer, 1954; 
McCain et al., 1968; Craig et al., 1964; Kelly, 1965). Aged 
flavor of this product is probably attributable to increases of 
these flavor components and any effects of nitrate and nitrite 
per se on flavor may be partially masked by these components. 
Aged flavor development increased with number of days in 
aging and the typical aged flavor became apparent during the 
first 30 days under controlled temperature and aging condi
tions (Table 3). Some variability was noted among effects of 
treatment on tenderness factors. Samples with added nitrite 
were more elastic, cohesive and harder than those cured with 
salt and sugar only. These differences were variable and quite 
small and were probably not indicative of the desirability of 
addition or of deletion of nitrite from a technological point of 
view. The presence or absence of nitrate and/or nitrite did not 
affect the occurrence of off-flavors as evaluated by panel mem
bers.
Depletion of nitrate and nitrite

Quantitative dietary intake of nitrate and nitrite may be of 
importance when one considers the possibility of in vivo nitro- 
samine formation and residual nitrite also may contribute to 
nitrosopyrrolidine formation during broiling or frying of ham 
slices. Thus it appeared expedient to obtain a preview of the 
depletion^ of nitrate and nitrite at this stage of the study. A 
preliminary study of the effect of temperature on the deple
tion rate of nitrate and nitrite was performed using a ground

Table 2— Effect o f combinations o f n itrate and n itrite  in the 
curing treatm ent on organoleptic properties o f country-style ham

Curing treatm ent

Factor Salt + sucrose NOs on ly3 NOa on ly3 NOa + N 0 33

Saltinessb 3.4 3.4 3.8 3.6
Elasticity0 3.0d 3.2d"e 4.1e 3.9d-e
Crumbliness0 5.0d 5.1d 4.0e 4.4d’e
Softness0 4.9e 4.7d'e 3.9d 3.8d
Juiciness0 5.1 5.0 4.9 4.7
Aged flavor1* 2.6 2.7 2.6 3.0
Acidity0 4.0d'e 4.4e 3.7d 4.0d’e
Cooked color1* 3.2d 3.4d-e 3.9e 3.6d'e

a In addition to treatment ingredients listed, curing mixtures con
tained salt and sucrose.

b Scale from 1 to 7 with 4 being ideal, intensity increases as value
increases

c Scale from 1 to 7, intensity increases as value increases 
d'e All means in a row with the same superscripts are not significant

ly different (P < 0.05).

Table 3— Effect o f processing tim e on development o f aged fla
vor in country-style ham

Processing tim e
(in  days) Avg panel score3

60 2.0b
90 3.2°

100 3.3°

3 Scale from 1 to 7 with 4 being ideal
b .c All means with the same superscript are not significantly differ

ent (P < 0.05).
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pork model system. Results are presented in Figure 2. Nitrate 
and nitrite were depleted after 4 days storage at 29° C. Rapid 
depletion of nitrate after 2 days at 29°C and a corresponding 
increase in nitrite is indicative of microbial nitrate reduction. 
A gradual decrease in nitrate and nitrite concentration was 
observed in samples stored 12 days at 4°C.

Residual levels of nitrate and nitrite in hams were measured 
at 30, 60, 90 and 100 days of processing. Nitrite concentration 
was low at the end of 30 days at 4°C and the maximum 
amount quantitated was 18 ppm at 30 days. Residual nitrite 
concentrations in country-style ham that had been processed 
for 150 days were recently reported by Kemp et al. (1974). 
Levels ranged from 4.45 ppm in hams cured with salt and 
sugar only to 14.18 ppm in hams cured with 1 oz sodium 
nitrite/100 lb of meat. These residuals are higher than levels 
observed in hams that were processed for 100 days and ana
lyzed in this study. However, the initial concentration added 
by Kemp et al. (1974) was twice as great and curing mixtures 
did not contain sodium ascorbate. Brown et al. (1974) have 
reported that that addition of ascorbate in brines used to pro
duce packer-style hams results in a lower residual nitrite level 
and higher levels of ascorbate result in increased nitrite deple
tion.

Levels of nitrite were observed to decrease more rapidly in 
hams than in the ground pork model system. The use of sodi
um erythorbate in the curing mixture and greater activity of 
reducing systems in intact muscle are probably responsible for 
the increased rate of nitrite depletion in the intact ham muscle 
tissue (Kolari and Aunan, 1972; Mirvish et al., 1972; Olsman 
and Krol, 1972; Brown et al., 1974).

The concentration of nitrate, added either alone or with 
nitrite, decreased with time in cure with a more rapid deple
tion rate during aging at 27 °C than during equalization at 
11°C (Fig. 3). Acceleration of the depletion rate is a result of 
increased microbial reduction of the nitrate due to the increase 
in storage temperature. Extrapolation of model system deple
tion rates to 30 days revealed similar nitrate depletion in both 
the model system and the intact ham muscles.

Low levels (0—14 ppm) of nitrate were recovered from 
hams to which only nitrite was initially added. This occurrence 
has also been observed in other processed meats and may par
tially result from the conversion of nitrite to nitrate with the 
autocatalytic oxidation of the iron in meat pigments (Mohler), 
1970; Herring, 1973). Studies of Mohler (1970) revealed that 
the formation of nitrate was correlated with the concentration 
of pigment, but it was independent of experimental conditions 
and amount of nitrite added. In contrast, Herring (1973) 
demonstrated that the accumulation of nitrate was proportion
al to amount of nitrite added in bacon. During storage the 
accumulation of nitrate may also be attributed to the dis
proportionation of nitrous acid to nitric oxide and nitrate and 
from the oxidation of nitric oxide by atmospheric oxygen in 
aqueous systems to give nitrate and nitrite (Herring, 1973; 
Ingram, 1973). Analytical methods may also contribute to this 
recovery and determination of nitrate below 10 ppm is not 
very precise.

REFERENCES

A O A C . 1 9 6 5 . “ O ffic ia l M e th o d s  o f  A n a ly s is ,”  1 0 th  ed . A sso c ia tio n  o f 
O ffic ia l A n a ly tic a l C h em is ts , W ash in g to n , D .C .

A rg an o sa , F .C . a n d  H e n ric k so n , R .L . 1 9 6 9 . C ure  d if fu s io n  th ro u g h  p re- 
a n d  p o s t-c h ille d  p o rc in e  m u sc les . F o o d  T e c h n o l. 2 3 : 1 0 6 1 .

B arn es , J .M . a n d  M agee, P .N . 1 9 5 4 . S o m e  to x ic  p ro p e r tie s  o f  d im e th y l-  
n itro s a m in e . B rit.  J .  In d . M ed. 1 1 : 1 6 7 .

B lu m er, T .N . 1 9 5 4 . C h em ica l c o m p o u n d s  a s s o c ia te d  w ith  aged  flav o r.
P h .D . th e s is , M ich igan  S ta te  U n iv e rs ity , E a s t L ansing .

B ro w n , C .L ., H e d r ic k , H .B . a n d  B ailey , M .E . 1 9 7 4 . C h a rac te r is tic s  o f 
c u re d  h a m  as in f lu e n c e d  b y  levels o f  so d iu m  n i t r i te  a n d  so d iu m  
a sc o rb a te .  J .  F o o d  S ci. 3 9 : 9 7 7 .

C h o , I.C . a n d  B ra tz le r , L .J .  1 9 7 0 . E f fe c t  o f  s o d iu m  n i t r i t e  o n  fla v o r  o f 
c u re d  p o rk . J .  F o o d  Sci. 3 5 : 6 6 8 .

C h ris tia n se n , L .N ., J o h n s to n ,  R .W ., K a u tte r ,  D .A ., H o w a rd , J .W . a n d  
A u n a n , W .J. 1 9 7 3 . E f fe c t  o f  n i t r i te  a n d  n i t r a te  o n  t o x in  p r o d u c t io n  
b y  C lo s tr id u m  b o tu l in u m  a n d  o n  n i tro sa m in e  fo r m a t io n  in  p e r is h 
a b le  c a n n e d  c o m m in u te d  c u re d  m e a t.  A p p l. M icro . 2 5 : 3 5 7 . 

C o c h ra n , W .G . a n d  C o x , G .M . 1 9 5 7 . “ E x p e r im e n ta l  D e sig n s ,”  2 n d  ed .
J o h n  W iley a n d  S o n s , In c .,  N ew  Y o rk .

C raig , H .B ., B lu m er, T .N ., C law so n , A .J . a n d  S m a rt ,  W .W .G . 1 9 6 4 . 
C h em ica l, p h y s ica l a n d  o rg a n o le p tic  e v a lu a tio n  o f  ag ed  c o u n try -  
s ty le  h a m  f ro m  h o g s  fed  ra t io n s  w ith  a n d  w i th o u t  p e a n u t  o il. J .  A n i. 
Sci. 2 3 : 9 5 6 .

F a z io , T ., W hite , R .H . a n d  H o w a rd , J.W . 1 9 7 1 . A n a ly sis  o f  n i t r i te  a n d / 
o r  n i t r a te  p ro c e sse d  m e a ts  fo r  N -n itro s o d im e th y la m in e . J . A ssoc . 
O ff. A nal. C h em . 5 4 : 1 1 5 7 .

F id d le r ,  W „ D io tro w s k i,  E .G ., P e n s a b e n e , J .W . a n d  W asserm an , A .E . 
1 9 7 2 . S o m e  c u r re n t  o b s e rv a tio n s  o n  th e  o c c u r re n c e  a n d  f o r m a t io n  
o f  N -n itro sa m in e s . P ro c . 1 8 th  M ee tin g  M ea t R es . W o rk e rs , p . 4 1 6 , 
G u e lp h , C an ad a .

F o l le t t ,  M .J. a n d  R a tc lif f ,  P.W . 1 9 6 3 . D e te r m in a t io n  o f  n i t r i te  a n d  
n i t r a te  in  m e a t p ro d u c ts .  J .  S ci. F o o d  A gr. 3 : 1 3 8 .

F o x ,  J .B . J r .  1 9 6 6 . T h e  c h e m is try  o f  m e a t p ig m e n ts . J .  A gr. F o o d  
C h em . 1 4 : 2 0 7 .

G id d y , C. 1 9 6 6 . T h e  ch an g es  in  m e a t p ig m e n ts  d u r in g  sau sag e  m a k in g  
p ro ce sse s . J .  S ci. F o o d  A gric . 1 7 : 14.

G la ss to n e , S. 1 9 4 6 . “ T h e  E le m e n ts  o f  P h y s ic a l C h e m is try .”  D . V an - 
N o s tra n d  C o ., N ew  Y o rk .

G ra h a m , P .P . a n d  B lu m e r, T .N . 1 9 7 2 . E f fe c t  o f  p re fre e z in g  h a m s  o n  
q u a li ty  a t t r ib u te s  o f  d ry  c u re d  p r o d u c t .  J .  M ilk  a n d  F o o d  T e c h n o l.  
3 5 : 9 8 .

G re e n b erg , R .A . 1 9 7 3 . T h e  e f fe c t  o f  n i t r i te  o n  b o tu l in a l  t o x in  fo r m a 
t io n  in  b a c o n . P ro c . M ea t In d . R es . C o n f., p . 6 9 , A M IF , C h ic ag o , 111. 

H e rrin g , H .K . 1 9 7 3 . E f fe c t  o f  n i t r i te  an d  o th e r  fa c to rs  o n  th e  p h y s ic o 
ch em ica l c h a ra c te r is t ic s  a n d  n i tro sa m in e  fo r m a t io n  in  b a c o n . P ro c . 
M ea t In d . R es . C o n f., p . 4 7 , A M IF , C h icag o , 111.

H o rn s e y , H .C . 1 9 5 6 . T h e  c o lo u r  o f  c o o k e d  c u re d  p o rk . 1 . E s tim a tio n  o f  
th e  n i tr ic  o x id e -h a e m  p ig m e n ts . J . Sci. F o o d  A g ric . 7 : 5 3 4 .

H u s ta d , G .O ., C erv en y , J .D .,  T re n k , H ., D ieb e l, R .H .,  K a u tte r ,  D .A ., 
F a z io , T ., J o h n s to n ,  R .W . a n d  K o la ri, O .E . 1 9 7 3 . E f fe c t  o f  so d iu m  
n i t r i te  a n d  so d iu m  n i t r a te  o n  b o tu l in a l  to x ic  p ro d u c t io n  a n d  n i t r o 
sam in e  fo rm a tio n  in  w ien e rs . A p p l. M icro . 2 6 : 2 2 .

In g ram , M. 1 9 7 3 . T h e  m ic ro b io lo g ica l e f fe c ts  o f  n i t r i te .  P ro c . In t .
S y m p . N itr i te  M eat P ro d .,  p . 6 3 , Z e is t, T h e  N e th e r la n d s .

J u d d ,  D .B . a n d  W y szeck i, G . 1 9 6 3 . “ C o lo r  in  B u sin e ss , S c ien ce  and  
I n d u s t r y ,”  2 n d  ed . J o h n  W iley a n d  S o n s , In c ., N ew  Y o rk .

K e lly , S .M . 1 9 6 5 . T h e  ch an g es  in  re la tiv e  a m o u n ts  o f  lo n g  c h a in  f a t ty  
a c id s  d u r in g  s to ra g e  o f  h a m  fa t  a n d  th e ir  p o s s ib le  re la t io n s h ip  to  
flav o r. M .S . th e s is , N o r th  C aro lin a  S ta te  U n iv e rs ity , R a le ig h .

K e m p , J .D .,  F o x ,  J .D . a n d  M o o d y , W .G. 1 9 7 4 . C u red  h a m  p ro p e r t ie s  as 
a f fe c te d  b y  n i t r a te  a n d  n i t r i te  a n d  fre sh  p o rk  q u a l i ty .  J .  F o o d  Sci. 
3 9 : 9 7 2 .

K o la ri, O .E . an d  A u n a n , W .J. 1 9 7 2 . T h e  re s id u a l leve ls  o f  n i t r i te  in  
c a n n e d  m e a t p ro d u c ts .  P ro c . 1 8 th  M ea t R es . W o rk ers , V o l 2 , p . 4 2 2 , 
G u e lp h , C an ad a .

L a n d m a n n , W .A . 1 9 6 6 . D e te rm in a tio n  o f  n i t r i te  a n d  n i t r a te  in  m e a t 
p ro d u c ts .  J .  A sso c . O ff. A n a l. C h em . 4 9 : 8 7 5 .

L ijin sk y , W. a n d  E p s te in ,  S .S . 1 9 7 0 . N itro s a m in e s  as  e n v iro n m e n ta l  
c a rc in o g en s . N a tu re  2 2 5 : 2 1 .

M agee, P .N . a n d  B arn es , J .M . 1 9 5 6 . T h e  p r o d u c t io n  o f  m a lig n a n t p r i 
m a ry  h e p a t ic  tu m o r s  in  th e  r a t  b y  feed in g  d im e th y ln i t ro s a m in e .  
B rit. J .  C an ce r 1 0 : 1 1 4 .

M cC ain , G .R ., B lu m er, T .N ., C ra ig , H .B . a n d  S te e l, R .G .D . 1 9 6 8 . F re e  
a m in o  ac id s  in  h a m  m u sc le  d u r in g  successive  ag ing  p e r io d s  a n d  th e i r  
r e la t io n  to  flav o r. J .  F o o d  S ci. 3 3 : 1 4 2 .

M irv ish , S .S ., W allcave, L ., E ag en , M . a n d  S h u b ik , P . 1 9 7 2 .  A sc o rb a te -  
n i t r i te  re a c t io n : p o ss ib le  m e a n s  o f  b lo c k in g  th e  f o r m a t io n  o f N- 
n itro s o  c o m p o u n d s . S c ien ce  1 7 7 : 65 .

M Ohler, L . 1 9 7 0 . F o r m a t io n  o f  cu rin g  p ig m e n t in  b e e f  m u s c le . 1 . O x i
d a t io n  o f  m u sc le  p ig m e n t a n d  n i t r i te .  Z . L e b e n s m itte l-U n te rs u c h . U. 
F o rsc h . 1 4 2 : 1 6 9 .

O lsm an , W .J. a n d  K ro l, B. 1 9 7 2 . D e p le t io n  o f  n i t r i te  in  h e a te d  m e a t 
p ro d u c ts  d u rin g  s to ra g e . P ro c . 1 8 th  M ea t R es . W o rk e rs , V o l 2. p. 
4 0 9 , G u e lp h , C an ad a .

S e n , N .P . 19 7  2. T h e  ev id en ce  fo r  th e  p re s e n c e  o f  d im e th y ln itro s a m in e  
in  m e a t p ro d u c ts .  F d . C o sm e t. T o x ic o l. 1 0 : 2 1 9 .

S im o n , S ., E llis, D .E ., M ac D o n a ld , B .D ., M ille r, D .G ., W ald m an , R .C . 
a n d  W este rb e rg , D .O . 1 9 7 3 . In f lu e n c e  o f  n i t r i te  a n d  n i t r a te  cu rin g  
in g re d ie n ts  o n  q u a lity  o f  p a ck a g e d  f r a n k fu r te r s .  J .  F o o d  S ci. 3 8 : 
9 1 9 .

S n e d e co r , G .W . a n d  C o ch ran , W .G . 1 9 6 7 . “ S ta tis t ic a l  M e th o d s ,”  6 th  ed .
T h e  Io w a  S ta te  U n iv e rs ity  P ress, A m es, Iow a.

W asserm an , A .E . a n d  T a lley , F . 1 9 7 2 . T h e  e f fe c t o f  s o d iu m  n i t r i te  o n  
th e  fla v o r  o f  f r a n k fu r te r s .  J .  F o o d  Sci. 3 7 : 5 3 6 .

W o d ick a , V .O . 1 9 5 6 . T h e  n a tu re  a n d  p ro p e r t ie s  o f  th e  p ig m e n t  o f  c u re d  
m e a ts . P h .D . th e s is , R u tg e rs —T h e  S ta te  U n iv e rs ity . N ew  B ru n s w ic k , 
N ew  J e rse y .

Ms re c e iv ed  1 /2 4 /7 5 ;  rev ised  3 /3 1 /7 5 ;  a c c e p te d  4 /8 /7 5 .__________________

P ap e r N o . 4 5 8 3  o f  th e  J o u rn a l  S eries  o f  th e  N o r th  C a ro lin a  A gri
c u ltu ra l  E x p e r im e n t S ta t io n ,  R a le ig h , N .C . D a ta  a re  f ro m  M .S . th e s is  o f 
th e  sen io r  a u th o r .

T h e  u se  o f  t r a d e  n a m e s  in  th is  p u b lic a tio n  d o e s  n o t  im p ly  e n d o rs e 
m e n t b y  th e  N o r th  C aro lin a  A g ric u ltu ra l E x p e r im e n t S ta t io n  o f  th e  
p ro d u c ts  n a m e d , n o r  c r itic is m  o f  s im ila r o n es  n o t  m e n tio n e d .



B. D. EAKES  and T. N. BLUM ER

Dept, o f Food Science, North Carolina State University, Raleigh, NC 27607

EFFECT OF VA R IO U S LEVELS OF POTASSIUM NITRATE AND  
SODIUM N ITR ITE ON COLOR AND FLAVOR OF CURED LOINS 

AND COUNTRY-STYLE HAMS

INTRODUCTION
CURRENT federal regulations for levels of sodium nitrite in 
cured meat products were established in 1925 as a direct result 
of studies conducted by Kerr et al. (1926). In this extended 
study it was confirmed that color and quality comparable to 
that of hams cured with nitrate could be attained when one- 
fourth to 1 ounce of nitrite/100 lb of meat was substituted for 
nitrate. The residual nitrite level was arbitrarily set at 200 ppm 
since this represented the maximum content found in any part 
of the nitrite cured hams.

Nitrite gained acceptance as an additive due to the prior 
knowledge that meats cured with nitrate contained nitrite and 
that it did not constitute any apparent health hazard (Kerr, 
1926). The toxicity of nitrosamines has been demonstrated by 
Barnes and Magee (1954) and it was later shown that di- 
methylnitrosamine possessed carcinogenic activity in rats 
(Magee and Barnes, 1956). The possible health hazard due to 
the reaction of nitrite and nitrosatible amines in foods to form 
nitrosamines has made it necessary to reevaluate the functions 
of nitrate and nitrite in cured meats, to justify levels of addi
tion, and to search for possible substitutes. These functions 
and levels must be established for a wide variety of processed 
meats due to variations in additives, processing conditions and 
subsequent time and temperature of storage of different types 
of products. Due to the importance of the issue, an expert 
panel was established by the United States Department of 
Agriculture to consider information regarding functions and 
levels of these two compounds and to make recommendations 
for their reduction or elimination. Thus, the importance of 
this study appears obvious.

In a related study (Eakes, 1974) it was determined that 
hams cured with nitrate and nitrite either alone or in combina
tion in the curing mixture had more acceptable color than 
hams cured with salt and sucrose only. In this study, a pork 
loin (longissimus dorsi muscle) model system and country- 
style hams were used to determine the minimum level of ni
trate and nitrite necessary to attain acceptable color and flavor 
compared with those traditionally employed.

EXPERIMENTAL

Curing and aging of loins
3 6  p o r c in e  lo n g is s im u s  d o r s i  m u s c le s  s e p a r a t e d  f r o m  lo in s ,  i n d iv id u 

a l ly  w r a p p e d  a n d  s to r e d  a t  - 2 0 °  C  w e re  r e m o v e d  a n d  a l lo w e d  t o  th a w  
a t  3 ° C . L o in s  w e r e  d iv id e d  i n t o  tw o  r e p l ic a te s  w i t h  2 0  a n d  1 6  lo in s  in  
R e p  1 a n d  2 , r e s p e c t iv e ly .  R e p  1 c o n s is te d  o f  f iv e  t r e a t m e n t s ,  w i th  f o u r  
lo in s  in  e a c h .  T r e a t m e n t  1 ,  t h e  c o n t r o l ,  w a s  c o m p o s e d  o f  a  c u r in g  
m ix tu r e  o f  7 8 .5 %  t a b l e  g r a d e  g r a n u la te d  s a l t ,  1 9 .7 %  w h i t e  c a n e  s u g a r ,
1 .5 %  K N 0 3 a n d  0 .3 %  N a N 0 2 . T h e  m ix tu r e  w a s  a p p l ie d  a t  t h e  r a t e  o f  
6 8 g /k g  o f  m e a t .  I n  t r e a t m e n t  2 ,  o n ly  d ry  g r a n u la t e d  t a b l e  g r a d e  s a l t  w a s  
a p p l ie d  t o  lo in s  a t  t h e  r a t e  o f  6 2 g /k g  o f  m e a t .  T r e a t m e n t s  3 , 4  a n d  5 
w e re  d r y  c u re d  w i th  s a l t ,  a n d  a q u e o u s  s o lu t io n s  (2 5  m l)  o f  n i t r a t e  
a n d / o r  n i t r i t e  w e re  a p p l ie d  t o  t h e  lo in  s u r fa c e s  a t  le v e ls  o f  1 0 ,  4 0 ,  7 0  
a n d  1 0 0  p p m . T r e a t m e n t  3  c o n t a i n e d  n i t r a t e  o n ly ,  t r e a t m e n t  4  n i t r i t e  
o n ly ,  a n d  t r e a t m e n t  5 n i t r a t e  a n d  n i t r i t e .  I n  t r e a t m e n t  5 t h e  n i t r i t e

c o n c e n t r a t i o n  w a s  e q u a l  t o  1 6 .6 7 %  o f  t o t a l  p p m  a d d e d  a n d  n i t r a t e  w a s  
e q u a l  t o  8 3 .3 3 % . T h e s e  r e p r e s e n t  t h e  s a m e  p r o p o r t i o n s  u s e d  in  t h e  
c o n t r o l  t r e a t m e n t .  R e p  2  c o n s i s te d  o f  o n ly  f o u r  t r e a t m e n t s  s in c e  t r e a t 
m e n t  2  ( s a l t  o n ly )  o f  R e p  1 w a s  e l im in a t e d  f r o m  t h e  s t u d y  b e c a u s e  t h e  
r e s u l t s  s h o w e d  t h i s  t r e a t m e n t  t o  b e  i n f e r i o r  t o  t h e  o th e r s .  O th e r  t r e a t 
m e n t s  r e m a in e d  t h e  s a m e  a s  in  R e p  1 e x c e p t  t h a t  n i t r a t e  a n d  n i t r i t e  
c o n c e n t r a t i o n s  u s e d  w e re  4 0 ,  7 0 ,  1 0 0  a n d  1 3 0  p p m .  I m m e d ia t e ly  a f t e r  
a p p l i c a t i o n  o f  c u r e  m ix ,  lo in s  w e re  p la c e d  a t  3 ° C  f o r  7  d a y s  t o  a l lo w  fo r  
a b s o r p t i o n  o f  c u r e .  T h e y  w e re  t h e n  r e m o v e d ,  w e ig h e d ,  s t o c k i n e t t e d  a n d  
h u n g  a t  11  ± 2 ° C ,  R H  6 0  ± 3 %  f o r  5 d a y s  e q u a l i z a t i o n  a n d  a t  2 7  ± 3 ° C , 
R H  5 5  ± 4 %  f o r  4  d a y s  a g in g .

Curing and aging of hams
1 6  p a i r e d  h a m s  w e re  p u r c h a s e d  f r o m  a  lo c a l  m e a t  p a c k e r  a n d  c u re d  

in  t h e  U n iv e r s i ty  M e a ts  L a b o r a t o r y  w i t h  s a l t ,  s u g a r  a n d  f o u r  le v e ls  o f  
n i t r a t e  a n d / o r  n i t r i t e .  C u r e  m ix  f o r  t r e a t m e n t  1 ( C o n t r o l )  o f  t h e  h a m s  
w a s  t h e  s a m e  a s  t h a t  s t a t e d  a b o v e  f o r  t r e a t m e n t  1 o f  t h e  lo in s .  T r e a t 
m e n t  2 ,  3  a n d  4  c u r e  m ix  w a s  c o m p o s e d  o f  7 8 .5 %  s a l t  a n d  1 9 .7 %  su g a r . 
T h e s e  m i x tu r e s  w e r e  a p p l ie d  a t  t h e  r a t e  o f  8 .4 %  o f  h a m  w e ig h t .  O n e -  
t h i r d  o f  t h e  c u r in g  m i x t u r e  r e q u i r e d  f o r  e a c h  h a m  w a s  a p p l i e d  o n  th e  
f i r s t ,  t h i r d  a n d  t e n t h  d a y s  o f  c u r e .  B y  o b s e r v in g  t h e  r e s u l t s  o f  t h e  lo in  
s t u d y ,  7 0 ,  1 0 0 ,  1 3 0  a n d  1 6 0  p p m  o f  n i t r a t e  a n d / o r  n i t r i t e  w e r e  p la c e d  
in  a q u e o u s  s o lu t io n s  (2 5  m l)  a n d  i n j e c t e d  i n t o  t h e  h a m s  o f  t r e a t m e n t s  
2 ,  3  a n d  4  p r i o r  t o  a p p ly in g  s a l t  a n d  s u g a r  in  a  d r y  f o r m .  T r e a t m e n t  2  
c o n t a i n e d  n i t r a t e ,  t r e a t m e n t  3 c o n t a i n e d  n i t r i t e  a n d  a  c o m b i n a t i o n  o f  
n i t r a t e  a n d  n i t r i t e  w a s  u s e d  in  t r e a t m e n t  4 .  W h e n  a  c o m b in a t io n  o f  
n i t r a t e  a n d  n i t r i t e  w a s  a d d e d ,  n i t r a t e  r e p r e s e n te d  8 3 .3 3 %  o f  t o t a l  p p m  
w i th  t h e  r e m a in in g  b e in g  n i t r i t e .  H a m s  w e re  p la c e d  in  c u r e ,  e q u a l i z a t i o n  
a n d  a g in g  f o r  a  p e r io d  o f  3 0  d a y s  e a c h  f o r  a  t o t a l  p ro c e s s in g  t im e  o f  9 0  
d a y s .  C o n d i t i o n s  m a in t a in e d  d u r in g  e a c h  p e r io d  w e r e  t h e  s a m e  a s  th o s e  
i n d i c a t e d  f o r  t h e  lo in s .

Chemical analyses and subjective evaluations
A n a ly s e s  f o r  p e r c e n t  m o i s tu r e ,  f a t  a n d  s a l t  w e r e  p e r f o r m e d  a c c o r d 

in g  t o  p r o c e d u r e s  d e s c r ib e d  b y  B u tz  e t  a l .  ( 1 9 7 4 ) .
T h e  p H  o f  e a c h  s a m p le  w a s  d e t e r m i n e d  o n  a  m e a t - w a te r  s lu r ry  

c o m p o s e d  o f  5 g  o f  m u s c le  t i s s u e  a n d  1 7 5  m l  d i s t i l l e d  w a te r  t h a t  h a d  
b e e n  b l e n d e d  f o r  5  m in  in  a  W a r in g  B le n d o r .

R e s id u a l  n i t r a t e  a n d  n i t r i t e  w e re  d e t e r m i n e d  a c c o r d i n g  to  t h e  m e t h 
o d  o f  F o l l e t t  a n d  R a t c l i f f  ( 1 9 6 3 )  w i th  t h e  m o d i f i c a t i o n  s u g g e s te d  b y  
L a n d m a n n  ( 1 9 6 6 ) .  P r e v io u s  s tu d ie s  c o n d u c t e d  in  th i s  l a b o r a to r y  in d i 
c a t e d  t h a t  i t  is  m a n d a to r y  t o  a d d  a n  a d d i t i o n a l  5  m l  o f  p H  9 .6  b u f f e r  
i m m e d ia t e ly  a f t e r  h e a t in g  t o  o b t a i n  m a x im u m  n i t r a t e  r e c o v e r y .  T h e  
l a t t e r  m o d i f i c a t i o n  w a s  p e r f o r m e d  t h r o u g h o u t  t h e  a n a ly s e s .

D e v e lo p m e n t  o f  n i t r o s o p ig m e n t s  w a s  m o n i t o r e d  a c c o r d in g  t o  e x 
t r a c t i o n  t e c h n iq u e s  d e s c r ib e d  b y  H o r n s e y  ( 1 9 5 6 )  a n d  b y  r e f le c ta n c e  
s p e c t r o p h o t o m e t r y .  A  r a t i o  o f  K /S  v a lu e s  f o r  p e r c e n t  r e f l e c t a n c e  r e a d 
in g s  a t  5 7 0  a n d  6 5 0  n m  w a s  u s e d  t o  d e t e r m i n e  t h e  d e g re e  o f  p ig m e n t  
n i t r o s a t i o n  ( J u d d  a n d  W y s z e c k i ,  1 9 6 3 ,  T a b le  D ; W o d ic k a ,  1 9 5 6 ;  G id d y ,
1 9 6 6 ) .

S u b je c t iv e  e v a l u a t io n s  o f  c o lo r  o f  le a n  w e re  m a d e  a t  t i m e  o f  s a m 
p l in g .  C o lo r  w a s  s c o r e d  f r o m  e x t r e m e ly  l ig h t  t o  e x t r e m e l y  d a r k ,  1 t o  5 , 
r e s p e c t iv e ly  w i t h  3 b e in g  id e a l .

Organoleptic evaluations
A ll  h a m s  w e re  e v a lu a te d  b y  s ix  e x p e r i e n c e d  t a s t e  p a n e l  m e m b e r s .  

S l ic e s  0 .6 3  c m  in  th i c k n e s s  w e re  b r o i l e d  in  a  c o n v e n t io n a l  o v e n  fo r  
a p p r o x i m a t e l y  12  m in  a t  a  d i s ta n c e  o f  1 5  c m  f r o m  t h e  h e a t  s o u rc e .  
E v a lu a t io n s  f o r  s a l t in e s s ,  e l a s t i c i t y ,  c r u m b l in e s s ,  s o f tn e s s ,  ju ic in e s s ,  
a c i d i t y ,  a g e d  f la v o r ,  c o lo r ,  c u r e d  f la v o r  a n d  o f f  f la v o r s  w e re  m a d e  o n  a  
1 t o  7  s c a le .
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Table 1—Average weight loss, percent water and salt and pH of porcine L. dorsi muscle after 16 days in processing and of hams after 90 days

Loins Hams

Variable Control3 Salt
n o 3
onlyb

n o 2
onlyb

n o 3+
IMOj b Control3

n o 3
only0

NOj
only0

n o 3+
N O ,0

% Wt loss 26.33 23.44 23.27 21.94 24.12 18.93 20.74 18.60 18.21
% Moisture 52.00 54.92 56.14 51.22 53.20 60.90 62.58 60.18 60.69
% Salt 7.89 7.36 8.62 9.38 8.82 5.08 5.31 5.85 5.30

pH 5.6 5.7 5.8 5.8 5.4 5.9 5.9 5.8 5.8

a C o n tro l trea tm ent con ta in ed  salt, sucrose, n itra te  (1 ,256 ppm ) and n itr ite  (251 ppm ), 
h  In ad d it io n  to  trea tm ent ingred ien ts listed, cu ring  m ix tu re s  con ta in ed  salt. 
c In a d d it io n  to  trea tm ent ingred ients listed, cu ring  m ix tu res con ta in ed  salt and sucrose.

RESULTS & DISCUSSION

Chemical characteristics
Mean values for chemical characteristics and weight losses 

of cured and aged porcine L. dorsi muscle and country-style 
hams are presented in Table 1. Lower percent moisture in the 
aged loin samples as compared to hams is attributed to the 
greater exposure of muscle surface areas of the former. Per
centage weight loss and percentage salt are seen to increase as 
moisture decreases. Chemical characteristics of all country- 
style hams regardless of curing treatment conform to normally 
expected ranges for commercially produced hams cured under 
similar conditions.

Color
The study using pork loins was conducted to determine the 

effect of low levels of nitrate and/or nitrite on color and to 
estimate a range of desirable levels for the ham study. The salt 
only treatment in Rep 1 did not produce acceptable color and 
was deleted from subsequent experiments. It is known that 
hams may be cured with salt only and an acceptable color can 
be attained after a Long aging period ; however, the red color in 
hams cured with salt only is not stable during cooking as it is 
with those cured with nitrate or nitrite. Table 2 shows reflec
tance ratios (K/S 570/K/S 650) for loins treated with various 
levels of nitrate and nitrite. An increase in this ratio is indica
tive of greater color development. Reflectance spectral analy
ses of controls revealed that a ratio of 2.84 or greater for loin 
samples and 2.90 or greater for ham samples indicates accepta

ble color. Although all values are not shown, reflectance 
measurements were confirmed by extracted pigment concen
trations and subject color scores. These measurements closely 
agreed with reflectance ratios and it appeared redundant to 
include these values. Comparisons for controls and various 
levels indicate that 70 ppm of nitrate and/or nitrite produce 
acceptable color in most samples analyzed. Increased levels 
produced higher concentrations of nitrosopigment; however, 
these levels of pigment were not considered necessary for color 
acceptability. The average percent moisture for loins treated 
with 70 ppm nitrite and/or nitrate was 53.15%. Previous stud
ies in this laboratory have confirmed that the level of color is 
affected by percent moisture and this factor may influence 
optimum levels of nitrate and nitrite.

Reflectance ratios from hams treated with various levels are 
also presented in Table 2. As in loins, an increase in concentra
tion of nitrate or nitrite resulted in higher levels of color devel
opment and comparisons between reflectance ratios and other 
color evaluations for controls and treatment levels (Fig. 1 and 
Table 3) revealed that hams injected with 70 ppm nitrate and/ 
or nitrite were acceptable from a color standpoint. In studies 
on the use of various levels of nitrite in packer-style hams, 
Brown et al. (1974) found that 182 ppm nitrite resulted in 
darker, more typical cured meat color than did 91 ppm of 
nitrite. Each value in Table 2 and Figure 1 represents one ham 
and some variability results from this nonreplicated experi
mental design. The average percent moisture for hams contain
ing 70 ppm nitrate and/or nitrite was 59.00% which is typical 
of commercially produced country-style ham.

Overall comparisons of color evaluations confirmed that

Table 2—Effect of level of nitrate and/or nitrite added on development of cured meat color in pork loins and country-style hams as measured 
by reflectance spectra ratios3

N 03 and/or N02 
added (ppm)

Loins Hams

Controlb n o 3° n o 2°
n o 3+°

n o 2 Controlb N 03d N02d
N 03+d

n o 2

2.84 - — — 2.90 __ _
10 2.82 2.38 1.80 — _ __

40 2.30 2.50 2.70 — _ __

70 2.91 3.00 3.02 3.92 3.75 2.93
100 2.25 3.73 3.18 3.31 3.25 2.79
130 2.70 3.58 3.59 3.76 3.17 3.36
160 — — — 3.51 3.33 3.36

a R e flec tan ce  spectra ratios equal to  or greater than  co n tro l ra tios ind ica te  accep tab le  co lo r  deve lopm ent, 
b  C o n tro l trea tm ent con ta ined  salt, sucrose, n itra te  (1,256 ppm ) and n itr ite  (251 ppm ). 
c  In ad d it io n  to  trea tm ent ingred ients listed, cu ring  m ix tu res con ta ined  salt.
4  In a d d it io n  to  trea tm ent ingred ien ts listed, cu ring  m ix tu res con ta ined  salt and sucrose.
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Fig. 1—Effect o f nitrate and/or nitrite added on development 
o f cured meat color in country-style hams as measured by 
pigment extraction techniques.

levels of nitrate and nitrite lower than those currently em
ployed may be added for development of acceptable color but 
the data do not strongly support the use of one specific treat
ment. The decision as to the use of either nitrate, nitrite or a 
combination is largely based on preference of the individual 
processor and is shown to be of little consequence from a 
technological point of view. However, this study does not in
clude microbiology of the ham in regard to protection from 
harmful microorganisms due to the presence of nitrite. This 
type of ham, because of high NaCl concentration and com
paratively low water activity would normally not be con
sidered conducive to the growth of most anaerobes.
Flavor

All hams were evaluated by experienced taste panelists and

results of these organoleptic evaluations are tabulated in Table
3. Flavor differences as affected by treatment were small due 
to the presence of other compounds associated with aged fla
vor development that may partially mask flavor differences 
due to nitrate and nitrite per se. At a level of 70 ppm, hams 
treated with nitrite only and with nitrate and nitrite were 
slightly more acceptable from an aged flavor standpoint; how
ever, cured flavor scores for the same samples indicate greater 
acceptability of hams containing nitrate only and nitrate and 
nitrite. Flavor evaluations over all concentrations revealed 
greatest acceptability of hams treated with nitrate only or a 
combination of nitrate and nitrite. Previous studies have 
shown that nitrite is the active agent in cured flavor develop
ment in all meat frankfurters and nitrate has been shown to 
have no effect (Simon et ah, 1973); however, nitrite had no 
effect in all beef frankfurters. Brown et al. (1974) have also 
reported an increase in the flavor of packer-style hams by the 
addition of 91 ppm nitrite in the curing brine; however, there 
were no flavor differences between hams treated with 91 and 
182 ppm. Country-style ham has a very distinctive aged flavor 
that is probably influenced by increases in salt, free amino 
acids and free fatty acids as well as nitrate that is gradually 
reduced to nitrite.
Residual nitrate and nitrite

Residual nitrate and nitrite in loins was determined after 16 
days in curing and aging and in hams after 90 days (Tables 4 
and 5). Both the loins and hams contained minimal amounts 
of nitrite at sampling. The depletion rate of nitrate was varia
ble and did not appear to be affected by initial level added or 
pH. Reduction of nitrate is a result of microbial action and 
variations in residual levels is probably dependent upon the 
population of nitrate reducing organisms within the product 
and upon storage time and temperature. Nitrate was observed 
in samples to which nitrite was initially added. This result has 
been noted in other processed meats to which nitrate was 
added (Mohler, 1970; Herring, 1973). The accumulation of 
nitrate has been attributed to oxidation and to the dispropor
tionation of nitrous acid in the cured meat to yield nitric

Table 3—Effect of curing treatment and level of nitrate and/or nitrite on sensory attributes of country-style hams

Levels
Treatment (ppm)

Salti
ness0

Elas-
ticityd

Crumbli-
nessd

Soft-
nessd

Juici-
nessd

Aged
flavor0

Acid-
ityd

Nutti
ness0

Cooked
color0

Cured
flavor0

Control3 3.9 3.0 4.8 4.9 4.7 3.7 4.8 4.3 3.5 3.9

Nitrate only*3 70 4.0 3.8 3.7 3.8 4.8 3.5 4.0 4.0 2.8 3.8
100 3.2 3.8 3.8 4.2 4.5 3.3 3.8 4.3 3.2 3.5
130 3.8 4.2 4.2 3.8 4.5 3.7 4.8 4.5 3.3 4.0
160 3.5 3.5 3.0 3.0 3.8 4.0 4.3 4.8 3.8 4.2

Mean 3.6 3.8 3.7 3.7 4.4 3.6 4.2 4.4 3.3 3.9

Nitrite onlyb 70 4.0 2.5 5.2 5.3 4.8 3.7 4.0 4.3 4.0 3.5
100 3.7 2.7 5.2 5.5 4.8 3.0 4.5 4.2 3.5 3.3
130 3.8 3.2 3.8 4.7 4.8 3.7 4.3 4.7 3.8 3.8
160 4.2 4.7 4.2 4.0 4.3 3.3 4.2 4.3 3.7 3.5

Mean 3.9 3.3 4.6 4.9 4.7 3.4 4.2 4.4 3.8 3.5

Nitrate and nitriteb 70 4.0 4.0 4.2 4.2 4.5 3.8 4.3 4.3 3.8 3.8
100 4.2 3.3 4.7 4.5 4.3 3.8 4.2 4.5 3.5 3.5
130 3.5 4.8 3.3 3.3 4.5 3.7 3.7 4.2 3.0 3.8
160 3.5 2.2 5.5 5.2 3.8 3.3 4.0 4.3 3.7 3.8

Mean 3.8 3.6 4.4 4.4 4.3 3.6 4.0 4.3 3.5 3.7

a C o n t ro l treatm ent con ta in ed  salt, sucrose, n itra te  (1 ,256 ppm ) and n itr ite  (251 ppm ), 
b  In add it ion  to  trea tm ent listed, cu r in g  m ix tu res  con ta ined  salt and sucrose.
0 Sca le  from  1 to  7 w ith  4 being  ideal; in tens ity  increases as va lue increases 
d Scale from  1 to  7; in tens ity  increases as va lue increases
e Sca le  from  4 to  7 w ith  4 being  neutral; in tens ity  increases as value increases
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Table 4—Initial levels and residual nitrate and nitrite in loins stored 16 days3

KN03 added NaN02 added KN03 + NalMOj added

Initial Residual Initial Residual Initial Residual

n o 3 n o 2 n o 3 n o 2 n o 3 n o 2 n o 3 n o 2 n o 3 n o 2 n o 3 n o 2

10 0 1 10 0 2 8 2 4 1
40 -  28 0 40 23 4 33 7 17 3
70 5 0 70 18 2 58 12 33 3

100 -  53 0 100 38 0 83 17 55 2
130 -  85 0 130 13 5 108 22 106 7

a A l l  values are given in parts per m illio n

Table 5-■ Initial levels and residual nitrate and nitrite in country-style hams stored 90 days3

k n o 3 added NaN02 added KN03 + NaNO 2 added

Initial Residual Initial Residual Initial Residual

n o 3 n o 2 n o 3 n o 2 n o 3 n o 2 i\io3 I\I02 n o 3 n o 2 n o 3 n o 2

70 38 0 70 17 0 58 12 54 0
100 33 0 100 24 5 83 17 61 0
130 127 0 130 10 0 108 22 120 0
160 149 10 160 32 0 133 27 142 0

a A l l  values are given in  parts per m illio n

oxide and nitrate. Nitric oxide may also be oxidized in aque
ous systems to yield nitrate and nitrite (Mohler, 1970; Herring, 
1973; Ingram, 1973).

It is evident from this study that levels of nitrate and nitrite 
can be significantly reduced without adverse effects on flavor 
and color of country-style hams. However, the effect of low 
levels on the growth of pathogenic microorganisms should also 
be assessed in order to continue to insure a high quality prod
uct from the standpoint of food safety. In addition, low levels 
of nitrate and/or nitrite in the curing mixture should be evalu
ated under commercial processing conditions to evaluate 
properly the quality of the resulting product.
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INTRODUCTION

CARCINOGENIC N-nitrosamines are classically produced by 
the electrophilic reaction between nitrite or nitrous acid and 
secondary and tertiary amines under acidic conditions. There 
is now no doubt that N-nitrosamines can be formed in food 
systems if the concentrations of nitrite and nitrosatable amines 
are high enough and the conditions are appropriate (Fan and 
Tannenbaum, 1973).

Nitrites are used in many countries as deliberate food addi
tives. These serve to stabilize the color of cured meats, con
tribute flavor and protect against the danger of botulism (Cho 
and Bratzler, 1970; Duncan and Foster, 1968; Wasserman and 
Talley, 1972). In addition, nitrates which are widely distrib
uted in vegetables such as spinach, beets, celery and lettuce 
can undergo bacterial reduction to produce significant con
centrations of nitrite (Sinios and Wodsak, 1965; Phillips,
1968).

Amines or amine precursors such as proteins, amino acids, 
phospholipids or quaternary ammonium compounds are pre
sent in most foods and may be available for reaction with 
nitrite. Secondary amines have been reported in fish (Gruger, 
1972; Wick et al., 1967), vegetables (Phillips, 1968; Preusser,
1966) and fruit juices (Stewart et ah, 1964). In certain in
stances, a single meal may have as much as 100 mg of second
ary amine (Sebranek and Cassens, 1973). Lijinsky and Epstein
(1970) speculated that the pyrolysis of protein and cooking of 
foods might produce nitrosatable secondary amines such as 
pyrrolidine and piperidine. This was confirmed by Gray and 
Dugan (1975) who reported the formation of N-nitrosopyrroli- 
dine when collagen was heated at elevated temperatures in 
frying oil in the presence of nitrite. The potential precursor 
role of phospholipids in N-nitrosamine formation was demon
strated by Mohler and Hallermayer (1973). They produced 
parts per million (ppm) quantities of N-nitrosamines by boiling 
lecithin and nitrite in buffer solutions in the pH range 3.5—7. 
Fiddler et al. (1972) showed that quaternary ammonium com
pounds such as neurine, choline, acetylcholine, carnitine and 
betaine all formed trace amounts of N-nitrosamines.

Since the presence of nitrite is a requisite for N-nitrosamine 
formation, any compound that could compete successfully 
with the secondary amine for the available nitrite would re
duce the possibility of N-nitrosamine formation. Mirvish et al.
(1972) and Fan and Tannenbaum (1973) working with model 
systems have demonstrated that ascorbic acid can block the 
N-nitrosation reaction by reacting with nitrite. Sodium ascor
bate or its isomer, erythorbate is used in cure mixtures to 
accelerate cure color formation. Fiddler et al. (1973) showed 
that frankfurters prepared with either 550 or 5500 ppm ascor
bate and 1500 ppm nitrite and processed for 2 hr had no 
N-nitrosamine present, in comparison with the approximate 10 
ppb present in the samples made with nitrite alone. While the 
mechanism for the inhibition of the N-nitrosation reaction is

1 P re s e n t add ress : D e p t, o f  F o o d  S c ien ce , U n iv e rs ity  o f  G u e lp h , 
G u e lp h , O n ta rio , C anada

not completely understood, it appears that these reductants 
compete for the nitrite, thereby making it less available for 
reaction with secondary amines.

Urea and ammonium sulfamate (Mirvish et al., 1972) and 
tannic acid (Bogovski et al., 1971) have been shown to inhibit 
the formation cf N-nitrosamines. The latter workers also noted 
an apparent inhibiting effect of milk on the N-nitrosation reac
tions in their model systems. Similar results were obtained by 
Fan and Tannenbaum (1973) who showed that the rate of 
formation of N-nitrosomorpholine in milk was retarded com
pared with the reaction in buffer solution at pH 6.0 and 25°C. 
Knowles (1974) also made the observation that nitrite inter
action with a wide variety of smoke phenols may occur in 
bacon during production and frying.

In this paper, the effect of certain compounds, some of 
which are endogenous to cured meat systems and some which 
may be added for preservative or other purposes, on the N- 
nitrosation reaction was investigated in both aqueous and low 
moisture carboxymethylcellulose systems.

EXPERIMENTAL
P r e p a r a t i o n  o f  m o d e l  s y s te m s

L o w  m o i s tu r e  c a r b o x y m e th y lc e l lu l o s e  (C M C ) s y s te m s .  A  s y s te m  
c o n ta in in g  s e c o n d a r y  a m in e  ( o r  a m in o  a c i d )  N a N 0 2 , v a r io u s  c o n c e n 
t r a t i o n s  o f  t h e  c o m p o u n d  u n d e r  i n v e s t ig a t io n ,  2 .5 g  C M C  7 H F  (H e rc u 
le s , I n c . )  a n d  25C  m l b u f f e r  w a s  p r e p a r e d  a s  d e s c r ib e d  e a r l i e r  ( G ra y  a n d  
D u g a n ,  1 9 7 4 ) .  T w o  b u f f e r  s y s te m s  ( b i p h t h a l a t e  f o r  p H  3 .5  a n d  c i t r a te  
f o r  p H  5 .5 ,  b o t h  0 .1 M )  w e r e  u s e d .  T h e  m i x t u r e  w a s  f r e e z e  d r i e d  f o r  2 4  
h r  i n  a  V i r t i s  R e P P  m o d e l  N o .  4 2  s u b l im a to r  a t  a  p r e s s u re  o f  5/u a n d  a  
p l a t e n  t e m p e r a t u r e  o f  2 4 °  C . R e s id u a l  m o i s tu r e  c o n t e n t  w a s  a p p r o x i 
m a te ly  3% . T h e  c o n c e n t r a t i o n s  o f  t h e  r e a c t a n t s  u s e d  in  th i s  s t u d y  a r e  
i n d i c a t e d  la te r .

T h e  d r ie d  s y s te m  w a s  m a c e r a t e d  t o  a  f i n e  p o w d e r  a n d  d o u b ly  
w r a p p e d  in  a l u m in u m  f o i l  b e f o r e  h e a t in g  in  a n  o v e n  a t  t h e  r e q u i r e d  
t e m p e r a t u r e .  T h e  N - n i t r o s a m in e  w a s  e x t r a c t e d  f r o m  t h e  m a t r ix  b y  
b le n d in g  w i th  2 5 0  m l d i s t i l l e d  w a te r  a n d  lO g  K 2 C 0 3 f o r  1 m in .  T h e  
a q u e o u s  s o lu t io n  w a s  e x t r a c t e d  w i t h  d i c h l o r o m e t h a n e  ( o n e  2 0 0  m l 
a l i q u o t  f o l l o w e d  b y  t w o  1 5 0  m l a l i q u o t s ) .

A q u e o u s  s y s te m s .  A  s y s te m  c o n ta in in g  s e c o n d a r y  a m in e ,  N a N 0 2 , 
v a r io u s  c o n c e n t r a t i o n s  o f  t h e  c o m p o u n d s  u n d e r  in v e s t ig a t io n  a n d  6 0  m l 
b u f f e r  s o lu t io n  w a s  h e a t e d  in  a  1 2 5  m l  s t o p p e r e d  io d in e  f la s k  in  a  w a te r  
b a t h  a t  6 9 ° C  f o r  3  h r .  O n  c o o l in g ,  t h e  c o n t e n t s  w e re  e x t r a c t e d  w i t h  
t h r e e  1 0 0  m l  a l i q u o t s  o f  d i c h lo r o m e th a n e .

A  s y s te m  c o n ta in in g  s e c o n d a r y  a m in e ,  N a N 0 2 , t e s t  c o m p o u n d ,  15g  
M a z o la  c o r n  o i l  a n d  6 0  m l b ip h t h a l a t e  b u f f e r  w a s  h e a t e d  a t  6 9 ° C  f o r  3 
h r .  T h e  r e a c t i o n  m ix tu r e  w a s  s h a k e n  c o n s t a n t l y  d u r in g  t h e  r e a c t io n  
p e r io d .  T h e  s y s te m  w a s  c o o le d  in  a  r e f r i g e r a t o r  f o r  3 0  m in  t o  s e p a r a te  
t h e  o i l  a n d  w a te r  p h a s e s .  T h e  s e p a r a t e d  p h a s e s  w e re  a d d e d  t o  3 5 0  m l 
3M  N a O H  a n d  v a c u u m  d is t i l l e d .  T h e  d i s t i l l a te ,  c o l l e c t e d  in  a  r e c e iv in g  
f la s k  a t  - 8° C ,  w a s  e x t r a c t e d  w i t h  t h r e e  1 0 0  m l a l i q u o t s  o f  d i c h lo r o 
m e th a n e .

A  s y s te m  in c o r p o r a t in g  s o lu b le  s t a r c h  ( D i f c o )  t o  i n h i b i t  s e p a r a t io n  
o f  o i l  f r o m  w a te r  w a s  p r e p a r e d  u s in g  5 g  c o m  o i l ,  1 5 g  s o lu b le  s ta r c h  a n d  
7 5  m l  b ip h t h a l a t e  b u f f e r ,  p lu s  t h e  r e q u i r e d  r e a c t a n t s .  T h e  s y s te m  w a s  
s h a k e n  f o r  4  h r  a t  5 0 ° C  a n d  8 h r  a t  r o o m  t e m p e r a tu r e .  T h e  r e a c t i o n  
m i x t u r e  w a s  d i s t i l l e d  u n d e r  v a c u u m  a f t e r  t h e  a d d i t i o n  o f  3 N  N a O H .

Q u a n t i t a t i o n  o f  N -n i t r o s a m in e

T h e  d i c h lo r o m e th a n e  e x t r a c t s ,  a f t e r  d r y in g  o v e r  a n h y d r o u s
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N a 2 S 0 4 , w e r e  c o n c e n t r a t e d  t o  a p p r o x i m a t e l y  5  m l  in  a  K u d e rn a -  
D a n is h  c o n c e n t r a t o r .  H e x a n e  (1 m l)  w a s  a d d e d  a n d  t h e  e x t r a c t  w a s  
f u r t h e r  c o n c e n t r a t e d  u n d e r  a  s t r e a m  o f  n i t r o g e n  t o  a  v o lu m e  o f  1 m l .  A  
B e c k m a n  G C -5  g a s  c h r o m a to g r a p h  e q u i p p e d  w i t h  d u a l  h y d r o g e n  f l a m e  
d e t e c t o r s  a n d  a  s ta in le s s  s te e l  c o lu m n  (6  f t  x  1 /8  in .  o . d . )  o f  C a r b o w a x  
2 0 M  o n  8 0 - 1 0 0  m e s h  C h r o m o s o r b  W  w a s  u s e d  f o r  a n a ly s is .  T h e  c h r o 
m a to g r a p h  w a s  o p e r a t e d  i s o th e r m a l ly  a t  9 0 ° C  f o r  d i m e th y ln i t r o s a m in e  
(D M N ) a n d  1 4 0 ° C  f o r  N - n i t r o s o p y r r o l id in e  (N -P y r )  a n a ly s e s ,  w i th  g a s  
f lo w s  o f  2 6 .0 ,  2 0 .0  a n d  3 0 0  m l /m i n  f o r  n i t r o g e n ,  h y d r o g e n  a n d  c o m 
p r e s s e d  a i r ,  r e s p e c t iv e ly .  M ass  s p e c t r o m e t r y  a n d  c o m p a r i s o n  o f  G L C  
r e t e n t i o n  d a t a  w i t h  a u t h e n t i c  N -n i t r o s a m in e s  w e r e  u s e d  f o r  p o s i t iv e  
i d e n t i f i c a t i o n  o f  t h e  a b o v e  c o m p o u n d s .

RESULTS & DISCUSSION
SINCE N-NITROSAMINES are formed in cured meat systems 
by the reaction between secondary amines and nitrite, it is 
reasonable to assume that any compound capable of reacting 
with nitrite may inhibit the N-nitrosation of the amine by 
competing for the available nitrite. The compounds selected to 
investigate this inhibitory action are either endogenous to a 
cured meat system, contain functional groups corresponding 
to endogenous reductants in meat systems or may be a pre
servative to prolong shelf life of the product.

The formation of N-nitrosamines was investigated in both 
low moisture CMC and aqueous systems. A pH of 3.5 was used 
in some cases because it facilitates the formation of N-nitros- 
amine from the secondary amine and a pH of 5.5 which is 
found in many meat systems. A temperature of 69°C was used 
since it is commonly used in the pasteurization of hams. The 
inhibitory effects of ascorbic acid and sodium bisulfite on the 
N-nitrosation of dimethylamine (DMA) in both systems are 
shown in Table 1. The concentration of DMA and NaNOj 
were 1 mM and 5 mM, respectively and essentially complete 
inhibition of the reaction was achieved when the ratio of 
ascorbic acid (or bisulfite) to nitrite was larger than 2:1. This 
is in agreement with the data of Fan and Tannenbaum (1973) 
who studied the effect of ascorbic acid on the formation of 
N-nitrosomorpholine in a model system. The percentage con
version of the amine to the N-nitrosamine varied with the pH 
and with the system. In the aqueous system, 40.26 and 6.2% 
conversions were obtained at pH 3.5 and 5.5 respectively; in 
the low moisture CMC system, conversions of 44.6 and 17.7% 
were obtained at pH 3.5 and 5.5.

Mirvish et al. (1972) studied the role of ascorbic acid as a 
possible means of preventing the formation of N-nitrosamine 
and concluded that the blocking of the N-nitrosation reaction 
by ascorbate was probably due to competition for the availa
ble nitrite, or more correctly, nitrous anhydride. In this study, 
at the pH values used, the proportion of the ascorbate anion is 
very significant and reaction with nitrite is very rapid. The 
ascorbate anion is 240 times more rapidly nitrosated than 
ascorbic acid, due presumably to the greater nucleophilic ac
tivity of the anion (Mirvish et al., 1972).

Sodium bisulfite was equally effective in inhibiting the 
formation of DMN, over 99% inhibition being achieved in both 
systems when the bisulfite:nitrite concentration ratio was 
greater than 2:1. Sulfur dioxide is used in the food industry to 
inhibit both enzymatic and nonenzymatic browning, to inhibit 
and control microorganisms and as an antioxidant and re
ducing agent (Roberts and McWeeny, 1972). Up to 450 ppm 
S 02 is permitted in sausages or sausage meat in the United 
Kingdom (Roberts and McWeeny, 1972).

Smaller concentrations of tannic acid were used as a result 
of its high molecular weight. Table 2 indicates that greater 
inhibition was achieved at the lower pH, where almost com
plete inhibition was achieved in both systems. Tannic acid has 
been implicated as a possible means of blocking the N-nitro
sation of secondary amines (Bogovski et al., 1971). They 
demonstrated that the highest concentrations of DMN formed 
in apple juice were only 5% of the amount formed in water 
under the same conditions and in most cases the amount was

less than 1%. Tannic acid is a natural constituent of apple 
juice, beer and tea and can be hydrolyzed to give gallic acid 
(Cram and Hammond, 1959). As a result of this reaction, 
propyl gallate was one of the phenolic-type compounds in
vestigated in this study.

Antioxidant compounds were also effective in blocking 
DMN formation, hydroquinone and a-tocopherol being es
pecially effective (Table 3). These were investigated in an

Table 1—Effect of ascorbic acid and sodium bisulfite on N- 
nitrosamine formation in model systems

System

Cone of 
compound 

mM

% Inhibition (DMA-> DMN) 

Ascorbic acid NaHS03

pH 3.5 pH 5.5 pH 3.5 pH 5.5

Low moisture 0
CMC 2.5 60.8 71.9 68.2 75.8

5.0 91.3 92.0 94.4 90.5
10.0 99.0 95.0 99.1 95.8
20.0 99.4 99.5 99.5 99.2

Aqueous 0
2.5 67.4 71.6 66.2 74.3
5.0 96.7 97.9 95.1 97.3

10.0 98.5 99.1 98.4 99.1
20.0 99.5 99.8 99.4 99.5

Table 2—Effect of tannic acid on N-nitrosamine formation in 
model systems containing NaNG2 (5 mM) and secondary amine (1 
mM)

System

Cone of 
Tannic acid 

mM

% Inhibition (DMA -*•DMNA)

pH 3.5 pH 5.5

Low moisture 0
CMC 0.01 6.0 3.0

0.10 58.5 63.1
0.50 84.3 82.2
1.00 97.5 87.3
2.00 99.5 90.6

Aqueous 0
0.01 1.8 0.0
0.10 59.8 67.8
0.50 97.0 82.9
1.00 99.2 85.4

Table 3—Effect of phenolic compounds on N-nitrosamine forma
tion in aqueous model systems (pH 3.5)

Compound Concentration % Blockage

Vanillin 5 mM 46.70
10 mM 60.53

Thymol 5 mM 54.68
10 mM 56.64

Hydroquinone 5 mM 98.82
10 mM 99.10

a-Tocopherol 5 mM 92.80
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aqueous system containing 1 mM DMA and 5 mM NaN02 and 
heated at 69°C for 2 hr. Hydroquinone is representative of 
more complex quinoid-type reductants that occur in animal 
tissues such as the K-vitamins, co-enzyme Q and ubiquinone 
(Fox and Ackerman, 1968). These workers investigating the 
mechanism of the formation of nitric oxide myoglobin and the 
role of various reductants, determined that hydroquinone (R) 
reacted with nitrous acid to give R-NO which then released 
nitric oxide for reaction with metmyoglobin. The cleavage 
which releases nitric oxide is a one electron transfer, presuma
bly resulting in the formation of a semiquinone. a-Tocopherol 
which possesses a chroman ring as well as the phenolic func
tional group probably functions in the same manner, causing 
reduction of the nitrite to nitric oxide.

Since it appeared that a reducing function was effective in 
blocking N-nitrosamine formation, a series of nitrogen and 
sulfur compounds was investigated. This system was composed 
of DMA (1 mM), NaN02 (5 mM), compound under investi
gation (5 mM) and 50 ml buffer solution and was heated at 
69°C for 3 hr. A greater inhibition of the N-nitrosation re-

Table 4—Effect of nitrogen and sulfur compounds on formation 
of N-nitrosamines in an aqueous system

Compound

% Inhibition (DMA-* 

pH 3.5

DMN) 

pH 5.5

Urea 24.0 13.4

Ammonium sulfamate 99.0 63.1

Methionine 90.2 55.0

Glutathione 98.7 88.0

Cysteine 99.0 88.1

2-Mercaptoethanol 75.8 —

Table 5—Effect of 
aqueous system

NADH on N-nitrosamine formation in an

Cone of
Secondary amine NADH (/uM) % Blocking

Dimethylamine 10 33.0
25 59.6
50 93.0

Pyrrolidine 10 28.0
25 62.3
50 93.1

Piperidine 10 33.1
25 63.2
50 91.0

Table 6—Effect of inhibitory reagents on N-nitrosamine forma
tion in a low moisture CMC system

N-Nitrosopyrrolidine % Conversion
System mg Proline-* N-Pyr % Blocking

Control 4.35 1.74 —

Ascorbic acid 0.02 0.008 99.5
Propyl gallate 0.02 0.008 99.5
L-cy steine 0.076 0.030 98.3

action was achieved at pH 3.5 (Table 4). The very small 
amount of blocking by urea was expected since Mirvish et al.
(1972) reported very low inhibition by urea of the N-nitro
sation of morpholine and piperazine in the pH range 2—4. 
Increasing the pH to 5.5 also decreased the degree of inhi
bition. Ammonium sulfamate was very effective at the lower 
pH, 99% blocking being achieved. A very marked reduction in 
inhibition was obtained at pH 5.5 which again is supported by 
the data of Mirvish et al. (1972). Urea and ammonium sulf
amate have been shown to react rapidly with nitrite and the 
sulfamate has been used to quench the N-nitrosation reaction 
prior to analysis (Issenberg and Tannenbaum, 1971).

The inhibiting effect of the amino acids cysteine, gluta
thione and methionine also varied with the pH of the system 
(Table 4). The readily oxidized cysteine and glutathione gave 
essentially total inhibition at pH 3.5 but only 88% at pH 5.5. 
Mirna and Hofmann (1969) investigated the reaction of nitrite 
with sulfhydryl compounds in an acid medium and showed 
that the formation of the nitrosothiol derivative was pH de
pendent. With glutathione, no reaction took place at pH 7.4, 
even after heating for 15 min at 100°C; at pH 5.0, a small 
glutathione-SH consumption was observed but at pH 2.3 at 
room temperature, practically all the glutathione-SH was con
sumed. Fox and Ackerman (1968) estimated that the titra- 
table reductant concentration in meat ranged as high as 100 
mM. Free sulfhydryl groups have been found in the range
21—25 mM (Hamm and Hofmann, 1966; Hofmann, 1971) 
which is about the concentration of cysteine in meat (AMIF,
1971) and is more than adequate to account for total nitrite 
depletion.

Methionine which does not possess a free sulfhydryl group 
did not give as good an inhibitory effect as did cysteine or 
glutathione. Approximate inhibitions of 90 and 55% at pH 3.5 
and 5.5 respectively were obtained. Since nitrite is a strong 
oxidant it is possible that the nitrite oxidized the amino acid 
to its sulfoxide or sulfone being itself reduced to nitric oxide.

2-Mercaptoethanol only gave a 75.8% inhibition at pH 3.5 
which was probably due to its extreme volatility. Theoretically 
a complete inhibition, like that obtained for cysteine, would 
be expected at the lower pH.

The role of (3-nicotinamide adenine dinucleotide, reduced 
form, (NADH) as a blocking agent was also investigated in an 
aqueous system containing secondary amine (50 /aM), NaN02 
(50 /iM) in the biphthalate buffer (pH 3.5). The system was 
heated for 12 hr at 50°C. Table 5 shows that NADH at 50/iM 
was an effective blocking agent. NAD is present in tissues rang
ing from 0.5—1.0M but it is not known what proportion is in 
the reduced form under the specified conditions (Fox and 
Nicholas, 1974).

Since the concentrations of the reactants used in the ma
jority of experiments were much greater than generally en
countered in most food systems, the inhibitory effect of ascor
bic acid, bisulfite and ammonium sulfamate was investigated 
using much smaller concentrations. In a system containing 25 
/uM DMA, 25 juM NaN02 and 25 /uM of the compound under 
investigation in a biphthalate buffer system (pH 3.5), inhi
bition of 98.9—99.5% was achieved.

The reaction between proline and NaN02 at high tempera
tures in a low moisture CMC system has been shown to pro
duce N-Pyr (Ender and Ceh, 1971; Gray and Dugan, 1975). A 
CMC system containing proline (2.5 mM), NaN02 (12.5 mM) 
and 12.5 mM of the compound under test (ascorbic acid, 
cysteine, and propyl gallate) was slurried in biphthalate buffer, 
pH 3.5, freeze dried and then heated at 185°C for 45 min. The 
temperature used was optimum for the formation of N-Pyr 
(Gray and Dugan, 1975). Table 6 shows that the three com
pounds investigated were very effective at blocking N-Pyr 
formation in this system which involves a heat stress.

An interesting effect was noted in the formation of N-Pyr 
in a system containing com oil and buffer solution. The sys-
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tern contained 15g corn oil, 65 ml biphthalate buffer (pH 3.5), 
pyrrolidine (1 mM), NaNOj (5 mM) and 5 mM ascorbic acid 
or monotertbutylhydroquinone (TBHQ) and propyl gallate or 
a-tocopherol. When the latter compound was used, no block
ing of the N-nitrosatior. reaction occurred, apparently due to 
tocopherol being completely isolated in the oil phase and 
unable to affect the nitrite-pyrrolidine reaction. On the other 
hand, ascorbic acid, TBHQ and propyl gallate gave 95-99% 
inhibition. The solubilities of TBHQ and propyl gallate in com 
oil are low, TBHQ being only 10% soluble at 25°C while 
propyl gallate is insoluble at the same temperature. These two 
antioxidants also have slight solubilities in water which was 
improved when 15 ml ethanol were added to the system 
(Eastman Chemical Products Inc. Technical Bulletin).

No N-Pyr was detected in the oil phase even when no re- 
ductant was used. When 5 mg N-Pyr was added to the oil- 
buffer system and shaken at 69°C for 3 hr, no N-nitrosamine 
was detected in the oil layer. Although N-Pyr is fat soluble, a 
100% partition in the aqueous phase was observed in this 
study.

The emulsifying properties of soluble starch was also em
ployed to give a homogeneous system with oil and water. This 
system was agitated on a mechanical stirrer for 4 hr at 50°C 
and at room temperature for 8 hr before analysis. Approxi
mately 99% inhibition was achieved with a-tocopherol which 
supports the previous conclusions about the oil-water systems. 
Similar inhibition was achieved with ascorbic acid, propyl gal
late and butylated hydroxytoluene.

CONCLUSIONS
THESE STUDIES have shown that any compound which can 
react with a nitrite can be utilized to at least partially inhibit 
the N-nitrosation reaction between secondary amine and 
sodium nitrite. Reducing agents such as cysteine and glutathi
one, endogenous to meat systems and ascorbic acid which is 
added to frankfurters (547 ppm) could be utilized to reduce 
N-nitrosamine formation. These reducing compounds would 
also serve to preserve the red color of minced meat or sausages. 
Rikert et al. (1957) have discussed the use of cysteine and 
ascorbic acid in reducing metmyoglobin, despite their two 
electron transfer mechanism. Bauernfeind and Pinkert (1970) 
also praised the use of ascorbic acid in meat as it lowers the pH 
of the system, thereby tenefitting the rate of curing.

The tocopherol, propyl gallate and TBHQ studies indicate 
that the phenolic functional groups are also capable of block
ing the N-nitrosation reaction. When a single antioxidant is 
added to a food, it must not exceed 0.01% (100 ppm), based 
on the fat content of the food. Since frankfurters contain 
about 30% fat, it is possible that the incorporation of antioxi
dant in the frankfurter emulsion could play an important role 
in preventing excess nitrite from reacting with available 
secondary amines. Simon et al. (1973) have shown that BHA 
and BHT do not adversely affect the flavor when added to 
all-meat frankfurters.
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INTRODUCTION
O N E  O F  T H E  F I R S T  r e c o r d e d  p r o p e r t i e s  o f  t h i a m i n e ,  t h e  
a n t i n e u r i t i c  v i t a m i n ,  w a s  i t s  r e l a t i v e  e a s e  o f  d e s t r u c t i o n  b y  
h e a t .  W i l l i a m s  ( 1 9 3 8 )  r e p o r t e d  t h a t  h e a t i n g  o f  t h i a m i n e  i n  
n e u t r a l  s o l u t i o n s  r e s u l t e d  i n  c l e a v a g e  o f  t h e  m o l e c u l e  a t  t h e  
m e t h y l e n e  b r i d g e  t o  y i e l d  p y r i m i d i n e  a n d  t h i a z o l e  f r a g m e n t s .  

T h i s  w a s  c o n f i r m e d  b y  W a t a n a b e  ( 1 9 3 9 a )  w h o ,  a f t e r  h e a t i n g  
a q u e o u s  t h i a m i n e  s o l u t i o n s  a t  2 4 8 ° F ,  i d e n t i f i e d  t h e  b r e a k 
d o w n  p r o d u c t s  t o  b e  2 - m e t h y l - 5 - h y d r o x y m e t h y l - 6 - a m i n o  p y 
r i m i d i n e  h y d r o c h l o r i d e  a n d  4 - m e t h y l - B - h y d r o x y e t h y l  t h i a z o l e .

T h e  m o s t  r e l i a b l e  a n d  s a t i s f a c t o r y  m e t h o d  o f  a p p r o a c h i n g  
v i t a m i n  B j  d e s t r u c t i o n  is  t h r o u g h  s i m p l e  r e a c t i o n  k i n e t i c s  

( F a r r e r ,  1 9 5 5 ) .  I n  o r d e r  t o  a c c u r a t e l y  s t u d y  t h e  e f f e c t s  o f  a  

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

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

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

p e r i o d .

A  s e a r c h  o f  t h e  l i t e r a t u r e  i n d i c a t e s  t h a t  t h e r e  is  a n  a l m o s t  
c o m p l e t e  l a c k  o f  d a t a  o n  t h e  e f f e c t  o f  h e a t  o n  t h i a m i n e  a t  

t e m p e r a t u r e s  a b o v e  2 5 0 ° F .  N o t  o n l y  a r e  t h e  a v a i l a b l e  d a t a  
l i m i t e d  t o  t e m p e r a t u r e s  o f  2 5 0 ° F  a n d  b e l o w ,  b u t  t h e y  a r e  
i n c o m p l e t e  a n d  i n  s o m e  c a s e s ,  c o n t r a d i c t o r y .  S u c h  a  s i t u a t i o n  

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

b e i n g  u s e d  i n  t h e  f o o d  i n d u s t r y  t o d a y .
T h e  o b j e c t i v e  o f  t h i s  s t u d y  w a s  t o  d e t e r m i n e  t h e  r a t e s  o f  

d e s t r u c t i o n  o f  t h i a m i n e  h y d r o c h l o r i d e  i n  p h o s p h a t e  b u f f e r  
( p H  6 . 0 )  a n d  s e l e c t e d  l o w - a c i d  f o o d s  o v e r  t h e  t e m p e r a t u r e  
r a n g e  2 5 0 - 2 8 0 ° F  u s i n g  a  t h e r m o r e s i s t o m e t e r .  T h e  l o w - a c i d  
f o o d  s y s t e m s  c h o s e n  w e r e  p e a  p u r e e ,  b e e f  p u r e e  a n d  p e a s - i n -  

b r i n e  p u r e e .

EXPERIMENTAL

P r e p a r a t io n  o f  s a m p le s

B u f f e r  s y s te m . A  s to c k  th i a m in e  s o lu t io n  w a s  p r e p a r e d  b y  d is s o lv in g

' P re s e n t add ress: N u tr i t io n  D e p t.,  G en era l M ills, In c ., 9 2 0 0  W ay za ta  
B lvd., M inneapo lis , M N 5 5 4 4 0

2 0 0  m g  U .S .P .  c r y s ta l l in e  t h i a m in e  c h lo r id e  h y d r o c h l o r i d e  (w h ic h  h a d  
b e e n  d r ie d  f o r  a t  l e a s t  2 4  h r  o v e r  p h o s p h o r u s  p e n t o x i d e  in  a  d e s ic c a to r )  
in  1 0  m l o f  2 5 %  (v /v )  e th a n o l .  T h e  b u f f e r e d  s o l u t i o n  w a s  m a d e  b y  
d i lu t in g  5 0  m1 o f  t h e  s to c k  t h i a m in e  t o  2 5  m l w i th  1 /1 0 M  p h o s p h a te  
b u f f e r  ( p H  6 .0 ) .

P e a  p u r e e  s y s te m .  A  1 5 %  p e a  p u r e e  w a s  p r e p a r e d  b y  l iq u id iz in g  3 0 g  
f r o z e n  g r e e n  p e a s  w i th  5 0  m l d i s t i l l e d  w a te r  in  a n  o m n im ix e r  a n d  t h e n  
m a k in g  t h e  v o lu m e  u p  to  2 0 0  m l w i th  t h e  s a m e  s o lv e n t .  A  th ia m in e -  
f o r t i f i e d  s y s te m  h a s  o b t a i n e d  b y  d is s o lv in g  8 0  m g  t h i a m in e  h y d r o c h l o 
r id e  in  5 0  m l o f  t h e  d i l u t e d  p u r e e .

B e e f  p u r e e  s y s te m .  A n  o v e n  r o a s t  t y p e  o f  b e e f ,  p u r c h a s e d  lo c a l ly ,  
w a s  t r i m m e d  o f  e x c e s s  f a t  a n d  c o n n e c t iv e  t i s s u e  a n d  f r o z e n  a n d  1 5 %  
b e e f  p u r e e  p r e p a r e d .  A  t h i a m in e - f o r t i f i e d  s y s te m  w a s  th e n  o b ta in e d  in  a  
w a y  s im i la r  t o  t h e  p e a  p u r e e  s y s te m .

P e a s - in -b r in e  p u r e e  s y s te m .  5 0 g  f r o z e n  g r e e n  p e a s  w e re  h o m o g e n iz e d  
w i th  5 0  m l o f  2 %  b r in e .  A  f o r t i f i e d  s y s te m  w a s  p r e p a r e d  b y  d i lu t in g  1 
m l o f  a  s t o c k  t h i a m in e  s o lu t io n  ( 3 7 .5  m g  t h i a m in e  h y d r o c h lo r i d e  in  25  
m l o f  2 5 %  e th a n o l )  t o  2 5  m l w i th  t h e  p e a s - in - b r in e  p u r e e .

T h e r m a l  p ro c e s s in g  s y s te m .  In  1 9 4 8 ,  S tu m b o  d e s ig n e d  a  t h e r m o 
r e s i s to m e te r  f o r  s t u d y in g  t h e  r e s i s ta n c e  o f  b a c t e r i a l  s p o re s  t o  t e m p e r a 
tu r e s  in  t h e  h ig h e r  r a n g e ,  f r o m  2 2 0 °  F  u p w a r d .  U s in g  th i s  e q u ip m e n t ,  
v i r t u a l ly  i n s t a n t a n e o u s  h e a t in g  a n d  c o o l in g  is  o b t a in a b le ,  so  t h a t  lo s se s  
o f  t h i a m in e  d u r in g  c o m e -u p  t im e s  w o u ld  h a v e  a  n e g lig ib le  e f f e c t  o n  th e  
a c c u r a c y  o f  t h e  r e s u l ts .  A ls o ,  h e a t in g  t im e s  m a y  b e  r e a d i ly  r e p r o d u c e d  
to  w i th in  0 .0 0 0 5  m in  a n d  h e a t in g  t e m p e r a t u r e s  in s id e  t h e  c h a m b e r s  
m a y  b e  c o n t r o l l e d  t o  w i th in  ± 0 .3 F °  ( S tu m b o ,  1 9 4 8 ) .

P r e l im in a r y  ru n s  u s in g  t h e  t h e r m o r e s i s t o m e t e r  in  t h e  c o n v e n t io n a l  
w a y  ( i .e . ,  f o r  t h e  p u r p o s e  o f  s tu d y in g  t h e  h e a t  r e s i s ta n c e  o f  s p o re  
s u s p e n s io n s ) ,  g a v e  r is e  t o  v a r ia b le  r e s u l t s .  F e l i c i o t t i  ( 1 9 5 5 )  e n c o u n t e r e d  
s im ila r  p r o b le m s  w h e n  h e  a t t e m p t e d  to  u s e  t h e  P f lu g  t h e r m o r e s i s to m e 
te r  t o  s tu d y  t h e  k in e t ic s  o f  t h i a m in e  d e g r a d a t io n  in  b u f f e r  s o lu t io n s  a n d  
lo w -a c id  f o o d s .

S in c e  c o n v e n t io n a l  m e t h o d s  w e re  n o t  s u c c e s s fu l ,  tw o  m o d i f ic a t io n s  
w e re  e m p lo y e d  in  u s in g  th e  t h e r m o r e s i s t o m e t e r  f o r  o u r  p u r p o s e s :

( 1 )  P a p e r  d is c s  o f  0 .2 5  in .  ( 0 .6 2 5  c m )  d i a m e te r  w e r e  p la c e d  in  th e  
a lu m in u m  c u p s  b e f o r e  t h e  s a m p le s  w e re  d e l iv e r e d  o n  to  t h e m .  T h e  d isc s  
w e re  u s e d  t o  p r e v e n t  a n y  p o s s ib le  s p a t t e r in g  o f  t h e  s a m p le  w h ic h  m ig h t  
h a v e  r e s u l te d  f r o m  t h e  s u d d e n  d r o p  in  p r e s s u re  w h e n  t h e  c e n t r a l  c h a m 
b e r  w a s  e x h a u s t e d  a t  t h e  e n d  o f  t h e  h e a t in g  p e r io d ;  a n d

(2 )  A t  t h e  c o n c l u s io n  o f  h e a t in g  t h e  p l a t e  o n  w h ic h  th e  s a m p le s  
w e re  p la c e d  w a s  b a c k e d  u p  t o  t h e  e n t r a n c e  p o r t  a n d  o n ly  t h e  c u p  
c o n ta in in g  t h e  p a p e r  d is c  a n d  s a m p le  w a s  p i c k e d  u p  w i th  a  p a ir  o f  
f o r c e p s  a n d  d r o p p e d  in t o  a  t e s t  t u b e  c o n ta in in g  t h e  d e s i r e d  d i lu e n t .  T h e  
b o a t s ,  u s e d  f o r  c a r r y in g  th e  c u p s ,  w e re  p i c k e d  o f f  t h e  p l a t e  a n d  d is 
c a r d e d .

T h r e e  t o  s ix  r e p l ic a te s ,  c o n s i s t in g  o f  2 0  p i  e a c h  o f  t h e  t e s t  s o lu t io n ,  
w e re  s im u l ta n e o u s ly  s u b je c te d ,  in  t h e  t h e r m o r e s i s t o m e t e r ,  t o  e a c h  o f  
t h e  s e le c te d  t i m e - t e m p e r a tu r e  t r e a t m e n t s .  C o n t r o l  s a m p le s ,  w h ic h  w e re  
n o t  h e a t e d ,  w e re  h a n d le d  in  a  s im i la r  w a y  t o  t h e  t e s t  o n e s .
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T h i a m in e  a n a ly s is

T h e  “ th i o c h r o m e  m e t h o d ”  f o r  t h i a m in e  a s s a y  d e s c r ib e d  b y  t h e  
A s s o c ia t io n  o f  V i t a m in  C h e m is ts  ( 1 9 6 6 )  w a s  u s e d  f o r  a l l  t h ia m in e  
a n a ly s e s .  T h i o c h r o m e  p r o c e d u r e s  d e p e n d  u p o n  t h e  o x i d a t i o n  o f  t h i a 
m in e  t o  t h i o c h r o m e  w h ic h  f lu o r e s c e s  in  U V  l ig h t .  U n d e r  s t a n d a r d  c o n 
d i t i o n s  a n d  in  t h e  a b s e n c e  o f  o t h e r  f lu o r e s c in g  s u b s ta n c e s ,  t h e  f lu o r e s 
c e n c e  is  p r o p o r t i o n a l  t o  t h e  t h i o c h r o m e  p r e s e n t  a n d  h e n c e  t o  t h e  t h i a 
m in e  o r ig in a l ly  i n  s o lu t io n .

T r e a t m e n t  o f  d a t a

T h e  o r d e r  o f  t h e  d e g r a d a t io n  r e a c t i o n  o f  t h i a m i n e  b y  h e a t  in  t h e  
v a r io u s  s y s te m s  u n d e r  s t u d y  w a s  a s c e r t a in e d  g r a p h ic a l ly  b y  p l o t t i n g  
d i f f e r e n t  f u n c t i o n s  o f  t h e  c o n c e n t r a t i o n  a g a in s t  t i m e  o f  h e a t in g  a t  c o n 
s t a n t  t e m p e r a t u r e .  A  f i r s t  o r d e r  r e a c t i o n  w a s  c h a r a c t e r i z e d  b y  a  s t r a ig h t  
l in e  w h e n  t h e  l o g a r i t h m  o f  t h e  c o n c e n t r a t i o n  w a s  s e le c te d  a s  t h e  f u n c 
t i o n  in  q u e s t i o n .  T h is  p l o t  y ie ld e d  a  r a t e  o f  d e s t r u c t i o n  c u rv e .  T h e  
r e c ip r o c a l  s lo p e  o f  t h i s  c u rv e ,  d e s ig n a te d  b y  t h e  l e t t e r  ‘D ’ r e p r e s e n t s  t h e  
t im e  r e q u i r e d  t o  d e s t r o y  9 0 %  o f  t h e  m a te r i a l  o r ig in a l ly  p r e s e n t .  F r o m  
t h e  ‘D ’ v a lu e s  o b t a i n e d  a t  d i f f e r e n t  t e m p e r a t u r e s ,  i t  w a s  p o s s ib le  t o  
d e r iv e  a  t h e r m a l  d e s t r u c t i o n  (T D )  c u rv e .  A  c u rv e  o f  t h i s  t y p e ,  o b t a in e d  
b y  p l o t t i n g  t h e  l o g a r i t h m  o f  t h e  ‘D ’ v a lu e s  a g a in s t  t h e  c o r r e s p o n d in g  
t e m p e r a t u r e s  (w h e r e  ‘z ’ r e p r e s e n t s  t h e  s lo p e  a n d  is  t h e  t e m p e r a t u r e  
d i f f e r e n c e  e f f e c t in g  a  t e n f o l d  c h a n g e  in  ‘D ’) ,  d e f in e s  t h e  t h e r m a l  d e 
s t r u c t i o n  c h a r a c t e r i s t i c s  a t  a  g iv e n  t e m p e r a t u r e  a s  w e l l  a s  t h e  s e n s i t iv i ty  
o f  t h e  m a te r i a l  t o  c h a n g e s  in  t e m p e r a tu r e .

RESULTS & DISCUSSION
T H E  R A T E  O F  D E S T R U C T I O N  c u r v e s  f o r  t h i a m i n e  h y d r o 
c h l o r i d e  a t  2 5 0 ,  2 6 0 ,  2 7 0  a n d  2 8 0 ° F  i n  p h o s p h a t e  b u f f e r  ( p H
6 .0 )  a n d  i n  p e a ,  b e e f  a n d  p e a s - i n - b r i n e  p u r e e s  ( a s  a  s e m i l o g  
p l o t  o f  t h i a m i n e  r e t a i n e d  v s .  h e a t i n g  t i m e  a t  c o n s t a n t  t e m p e r a 
t u r e )  m a y  b e  s e e n  i n  F i g u r e s  1 t h r o u g h  4 .  T h e  s o l i d  l i n e s  
r e p r e s e n t  t h e  p o r t i o n s  o f  t h e  c u r v e s  f i t t e d  b y  l i n e a r  r e g r e s s i o n .  
T h e  e x t r e m e l y  g o o d  f i t  o f  t h e  l i n e  t o  t h e  e x p e r i m e n t a l  p o i n t s  
i s  s t r o n g  e v i d e n c e  t h a t  t h e  t h e r m a l  d e s t r u c t i o n  o f  t h i a m i n e  i n  

t h e  s y s t e m s  u n d e r  s t u d y  is  f i r s t  o r d e r  i n  n a t u r e .
T a b l e  1 s h o w s  t h e  t i m e s  f o r  9 0 %  d e s t r u c t i o n  ( D  v a l u e s )  o f  

t h i a m i n e  h y d r o c h l o r i d e  i n  p h o s p h a t e  b u f f e r  ( p H  6 . 0 )  a n d  i n  
p e a  p u r e e ,  b e e f  p u r e e  a n d  p e a s - i n - b r i n e  p u r e e  a t  2 5 0 ,  2 6 0 ,  2 7 0  

a n d  2 8 0 ° F .  A n  e x a m i n a t i o n  o f  t h e  r e s u l t s  r e v e a l s  t h a t  t h e  
t h e r m a l  l a b i l i t y  o f  t h i a m i n e  i n c r e a s e s  w i t h  r i s i n g  t e m p e r a t u r e

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

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

F i g u r e  5 g iv e s  t h e  t h e r m a l  d e s t r u c t i o n  t i m e  c u r v e s  f o r  t h i a 
m i n e  h y d r o c h l o r i d e  i n  t h e  b u f f e r  a n d  f o o d  s y s t e m s  a s  p l o t s  o f  

t h e  l o g a r i t h m  o f  t h e  ‘D ’ v a l u e s  a g a i n s t  t h e  c o r r e s p o n d i n g  t e m 
p e r a t u r e s  o f  e x p o s u r e .  T h e s e  c u r v e s  a r e  a l s o  t h e  r e s u l t  o f  c o m 
p u t e r i z e d  r e g r e s s i o n  a n a l y s e s .  T h e  ‘z ’ v a l u e s  ( t e m p e r a t u r e  d i f 
f e r e n c e  i n  F °  e f f e c t i n g  a  t e n f o l d  c h a n g e  i n  ‘D ’)  s o  g e n e r a t e d  
r a n g e  f r o m  4 5  F °  f o r  p h o s p h a t e  b u f f e r  t o  4 9 F °  f o r  p e a s - i n -  

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

p u r e e s  a r e  c h a r a c t e r i z e d  b y  a  ‘z ’ o f  4 8 F ° .
V a r i o u s  g r o u p s  o f  w o r k e r s  w h o  h a v e  s t u d i e d  t h e  e f f e c t  o f  

t e m p e r a t u r e  o n  t h e  d e s t r u c t i o n  o f  t h i a m i n e  h a v e  d i s c u s s e d  

t h e i r  r e s u l t s  i n  t e r m s  o f  t h e  A r r h e n i u s  e q u a t i o n ,  n a m e l y :

lo g ,  0 k  =  ( - E a / 2 . 3 0 3 R ) 1 / T  +  C

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

Table 1—Times for 90% destruction (D values) of thiamine 
hydrochloride in phosphate buffer (pH 6.0), pea puree, beef puree 
and peas-in-brine puree at temperatures between 250° F and 280° F

Temperature

250° F 260° F 270° F 280°
D,min D.min D,min D,min

Phosphate buffer 156.8 93.0 54.0 34.3
Pea pu-ee 246.9 197.9 104.4 61.3
Beef puree 254.2 160.4 91.8 62.7
Peas-in-brine 226.7 145.4 76.1 59.1

puree

Fig. 1—Rate o f  destruction curves for thiamine 
hydrochloride in phosphate buffer (pH 6.0).

Fig. 2—Rate o f destruction curves for thiamine 
hydrochloride in pea puree.

Fig. 3 —Rate o f destruction curves for thiamine 
hydrochloride in beef puree.
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reaction that some believe to have the dimensions of energy, 
and C a constant of integration. Conformity with this equation 
is shown graphically by the linearity of the curve when log k is 
plotted against the reciprocal of the absolute temperature. 
From the slopes of the curves (which have been generated as 
described before) it was possible to calculate Ea for the ther
mal breakdown of thiamine in the four systems. Values of Ea 
so obtained ranged from 27.0 kcal/mole for peas-in-brine 
puree to 29.4 kcal/mole for phosphate buffer. The Ea values 
for beef puree and pea puree were intermediate, being 27.4 
and 27.5 kcal/mole, respectively.

The fact that the thermal destruction of thiamine hydro
chloride in buffered solutions follows a first order reaction 
rate is in accordance with the observations of several earlier 
authors (Watanabe, 1939a; Beadle et al., 1943; Farrer, 1941, 
1945a). In the case of food products, however, deviations 
from first order reactions have been observed (Bendix et al.,
1951).

The failure of some workers to obtain straight line relation
ships for the thermal degradation of thiamine over the entire 
heating interval because of initial irregularities might have been 
due to the fact that the equipment which they used to obtain 
their kinetic data could not be operated under ideal condi
tions. The inclusion of lag correction factors for come-up and 
cooling times may have introduced errors into the mathe
matics of the method. The extent of the control which the 
operator has over the thermoresistometer to ensure minimal 
lag periods and accurate holding times at the desired tempera
ture are reflected in the consistency of the results which were 
obtained.

Some workers have noted that oxygen affects the first 
order reaction rate of thiamine destruction. They obtained 
straight line destruction rate curves only after oxygen was 
excluded from the reaction vessel (Farrer and Morrison, 1949; 
Sabri et al., 1968). Our observations, on the other hand, lend 
support to the conclusions of those authors who state that the 
destruction of thiamine is thermal—not oxidative (Williams 
and Spies, 1938; Farrer, 1955). Further study may be neces

sary to resolve this apparent anomaly regarding the influence 
of redox potential on thiamine degradation.

The present results were obtained only after a slight modifi
cation was included in the way in which the thermoresistome
ter was operated. It was postulated that, in the original 
method, that is, for obtaining the heat resistance of bacterial 
spores, copper ions, from the bronze conveyor plate, were 
contaminating the thiamine solutions and giving rise to incon- 

• sistent and erroneous results.
Booth (1943) was the first to recognize the influence of 

copper ions in accelerating the rate of destruction of thiamine 
at 212°F. Tanaka (1966a, b) successfully crystallized a copper- 
thiamine complex having an empirical composition of 
C12H16-1702N4SCu and in a further study (Tanaka, 1969) 
reported that the thiamine-copper complex showed thiamine 
decomposing power nearly corresponding to an equimolar con
centration of copper ions. He suggested that, in a thiamine 
solution contaminated with copper, alternate formation and 
degradation of thiamine-copper complexes may occur and that 
this may be the cause of the gradual decomposition of thia
mine by copper. In studying the influence of copper on the 
rate of destruction of aneurin in buffer solutions at 100°C, 
Farrer (1947) concludes: “In the absence of any indication of 
an oxidation of aneurin, there appears to be no simple expla
nation for the mechanism of the accelerating effect of 
copper.’’

The observation that thiamine in natural foods is more 
heat-resistant than thiamine in aqueous and buffered solutions 
indicates the existence of factors, other than heat, that can 
modify the reaction. Mclntire and Frost (1944) showed that a 
and 13 amino acids and some of their derivatives have a marked 
stabilizing effect upon thiamine at pH 6.0. This effect became 
noticeable above pH 4.5-5.0 depending upon the concen
tration of thiamine and other factors and its magnitude in
creased with a decrease of acidity within the range studied, 
namely pH 4.5-7.0. Proteins are known to protect thiamine 
even though the protective mechanism involved has not been 
completely elucidated. Adsorption upon starch in foods may

Fig. 4-Rate  for destruction curves for thiamine Fig. 5-Thermal destruction time curves for Fig. 6-Arrhenius p lot for thermal degradation
hydrochloride in peas-in-brine puree. thiamine hydrochloride in buffer and purees. o f thiamine hydrochloride.
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a l s o  p l a y  a n  i m p o r t a n t  r o l e  i n  c a u s i n g  t h e  r e t e n t i o n  o f  t h i a 

m i n e  d u r i n g  h e a t i n g .
V a r i a t i o n  i n  t h e  p r o x i m a t e  c o m p o s i t i o n  o f  f o o d s  d o e s  n o t  

s e e m  t o  b e  o f  p r i m e  i m p o r t a n c e  i n  a c c o u n t i n g  f o r  d i f f e r e n c e s  
i n  t h i a m i n e  d e s t r u c t i o n  r a t e s  ( F e l i c i o t t i ,  1 9 5 5 ) .  T h e  s i m i l a r i t y  
i n  ‘D ’ v a l u e s  f o r  t h i a m i n e  d e s t r u c t i o n  i n  p e a s  a n d  b e e f  a p p e a r  
t o  b e a r  t h i s  o u t .  T h e  p r e s e n c e  o f  s o d i u m  c h l o r i d e  i n  s o l u t i o n  

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

t o  a n y  g r e a t  e x t e n t .
S o m e  i n v e s t i g a t o r s  h a v e  a t t e m p t e d  t o  e x p l a i n  t h e  i n c r e a s e d  

s t a b i l i t y  o f  t h i a m i n e  i n  b i o l o g i c a l  m a t e r i a l  i n  t e r m s  o f  t h e  
c o - c a r b o x y l a s e  f o r m  o f  t h e  v i t a m i n  ( G r e e n w o o d  e t  a l . ,  1 9 4 3 ) .  
S u b s e q u e n t  w o r k e r s ,  h o w e v e r ,  h a v e  s h o w n  t h a t  c o - c a r b o x y l a s e  

i s  a  g o o d  d e a l  l e s s  s t a b l e  t h a n  t h i a m i n e  ( B o o t h ,  1 9 4 3 ;  L i n c o l n  
e t  a l . ,  1 9 4 4 ;  F a r r e r ,  1 9 4 5 b ) .  T h e  e f f e c t  o f  p H  a n d  f o r m  o f  t h e  
v i t a m i n  o n  t h e  r a t e  o f  t h i a m i n e  d e s t r u c t i o n  w i l l  b e  d e a l t  w i t h  

i n  a  s u b s e q u e n t  p a p e r .
I t  i s  c l e a r  f r o m  t h e  e v i d e n c e  a v a i l a b l e  t h a t  t h e  t h e r m a l  d e 

s t r u c t i o n  o f  v i t a m i n  B i  i n  b u f f e r e d  a n d  f o o d  s y s t e m s  c a n  b e  

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

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

r a t e  c o n s t a n t ,  k ;  a s  a  h a l f - l i f e  t i m e ,  t y 2 =  l o g e 2 / k ;  o r  a s  D ,  t h e  
d e c i m a l  r e d u c t i o n  t i m e ,  D  =  2 . 3 0 3 / k .  W h i c h e v e r  s y s t e m  is  

p r e f e r r e d ,  t h e  r e s u l t  m a y  t h e n  b e  c o m p a r e d  w i t h  o t h e r  r e s u l t s  
o b t a i n e d  u n d e r  t h e  s a m e  c o n d i t i o n s .  I n  a d d i t i o n ,  t h e  k i n e t i c  
a p p r o a c h  is  a  n e a t  a n d  q u a n t i t a t i v e  e x p r e s s i o n  o f  t h e  p e r c e n t 
a g e  r e t e n t i o n  ( o r  l o s s )  a f t e r  a  g i v e n  t i m e  b u t ,  m o s t  o f  a l l ,  i t  i s  
t h e  f i r s t  s t e p  i n  c o r r e l a t i n g  l o s s e s  w i t h  t e m p e r a t u r e  a s  w e l l  a s  
w i t h  t i m e .
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KINETICS OF TH IAM INE DEGRADATION BY HEAT. 
Effect of pH and form of the vitamin 

on its rate of destruction

INTRODUCTION

THIAMINE occurs in natural foods and other biological ma
terial either in the free form or in a combined form as a 
protein complex, as a phosphorus-protein complex or as the 
pyrophosphoric acid ester, co-carboxylase (thiamine pyrophos
phate). The relative amounts of any of these forms may vary 
in different types of products but remain relatively constant in 
any one product.

Thiamine in natural products is notably more resistant to 
heat than pure thiamine in aqueous solutions, thus indicating 
the existence of factors which can modify the reaction. Some 
investigators have attempted to explain the increased stability 
of thiamine in biological material in terms of the presence of 
the co-carboxylase form of the vitamin (Greenwood et al.,
1943). However, Booth (1943), Lincoln et al. (1944), Farrer 
(1945b) and others later, agree that co-carboxylase is a good 
deal less stable than thiamine.

Feliciotti and Esselen (1957) after studying the thermal 
destruction rates of thiamine in pureed meats and vegetables 
suggested that its destruction in foods may be dependent on 
the inter-relationship of pH and the relative proportions of the 
‘free’ and ‘combined’ form of the vitamin. Farrer (1955) is 
also of the opinion that, in meats, the main variable affecting 
thiamine losses is likely to be the proportion of co-carboxylase 
present. A study of the inter-relationship between pH and the 
form of the vitamin on its rate of destruction should provide 
insight into the justification for using thiamine hydrochloride 
as an index of the efficacy of heat processing.

EXPERIMENTAL

P r e p a r a t io n  o f  s a m p le s

S to c k  s o lu t io n s  o f  t h ia m in e  h y d r o c h lo r i d e  a n d  c o - c a r b o x y la s e  w e re  
p re p a re d  b y  d is s o lv in g  3 7 .5  m g  o f  t h e  c h e m ic a l  in  2 5  m l o f  2 5 %  e t h a 
n o l .  In  e a c h  c a s e ,  t h e  s y n th e t i c  m a te r ia l  h a d  b e e n  d r ie d  f o r  a t  l e a s t  2 4  
h r  o v e r  p h o s p h o r u s  p e n to x id e  in  a  d e s ic c a to r .  W o rk in g  s o lu t io n s  o f  
th ia m in e  h y d r o c h lo r i d e  a n d  c o - c a r b o x y la s e  w e r e  m a d e  u p  a s  fo l lo w s :

1 0 0 % th ia m in e  h y d r o c h lo r i d e  ( 0 %  c o -c a r b o x y la s e ) :
1 m l s to c k  th ia m in e  h y d r o c h lo r i d e  d i lu t e d  t o  2 5  m l w i th  
b u f f e r  o f  d e s i r e d  p H

6 5 %  th ia m in e  h y d r o c h l o r i d e  (3 5 %  c o -c a r b o x y la s e ) :
0 .6 5  m l s to c k  th i a m in e  h y d r o c h lo r i d e  +  0 .3 5  m l  s t o c k  c o 
c a r b o x y la s e  d i l u t e d  t o  2 5  m l  w i th  b u f f e r  o f  d e s i r e d  p H  

3 0 %  th ia m in e  h y d r o c h l o r i d e  (7 0 %  c o -c a r b o x y la s e ) :
0 .3  m l  s to c k  th i a m i n e  h y d r o c h lo r i d e  +  0 .7  m l  s to c k  c o 
c a r b o x y la s e  d i l u t e d  t o  2 5  m l w i th  b u f f e r  o f  d e s i r e d  p H  

0 % th ia m in e  h y d r o c h l o r i d e  ( 1 0 0 %  c o - c a r b o x y la s e ) :
1 m l s t o c k  c o - c a r b o x y la s e  d i l u t e d  t o  2 5  m l  w i th  b u f f e r  o f  
d e s i r e d  p H

P h o s p h a te  b u f f e r  s o lu t io n s  ( 1 /1 0 M )  o f  p H  4 .5 ,  5 .0 ,  5 .5 ,  6 .0  a n d  6 .5  
w e re  u s e d .  T h e  e f f e c t  a t  h y d r o g e n - io n  c o n c e n t r a t i o n s  o f  p H  7 .0  a n d

1 P re se n t ad d re ss : N u tr i t io n  D e p t.,  G e n era l M ills, In c .,  9 2 0 0  W ay za ta  
B lvd., M in n eap o lis , M N 5 5 4 4 0

a b o v e  w a s  n o t  in v e s t ig a te d  b e c a u s e  t h i a m i n e  is  r e la t iv e ly  u n s t a b l e  in  
n e u t r a l  a n d  a lk a l in e  s o lu t io n s  a n d  f o o d s  p o s s e s s in g  s u c h  p H  v a lu e s  a re  
n o t  e n c o u n t e r e d  f r e q u e n t l y .

T h e r m a l  p ro c e s s in g  s y s te m

S t u m b o ’s t h e r m o r e s i s t o m e t e r  ( S tu m b o ,  1 9 4 8 )  w a s  u s e d  t o  c o n d u c t  
t h e  k in e t i c  s tu d ie s  o n  a ll  t h e  s a m p le s  a t  e a c h  p H .  M o d i f ic a t io n s  a d o p te d  
p r e v io u s ly ,  a s  d e s c r ib e d  e a r l i e r ,  w e re  e m p lo y e d  f o r  t h i s  s e t  o f  e x p e r i 
m e n ts  a ls o .  T r ip l i c a t e s ,  c o n s i s t in g  o f  2 0  p i  e a c h  o f  t h e  t e s t  s o lu t io n ,  
w e re  s im u l ta n e o u s ly  s u b je c t e d ,  i n  t h e  t h e r m o r e s i s t o m e t e r ,  t o  e v e ry  
t im e  t r e a t m e n t  a t  2 6 5 °  F .  C o n t r o l  s a m p le s ,  w h ic h  w e re  n o t  h e a t e d ,  w e re  
h a n d le d  in  a  s im ila r  w a y  t o  t h e  t e s t  o n e s .

T h i a m in e  a n a ly s is

A  m i c r o - m e th o d  f o r  a s s a y in g  t h i a m in e  in  th i s  s e r ie s  o f  e x p e r im e n t s  
w a s  d e v e lo p e d .  A f t e r  h e a t  p r o c e s s in g ,  t h e  t e s t  s a m p le  w a s  c o l l e c t e d  in  2  
m l 0 .1 N  h y d r o c h l o r i c  a c id .  T h e  s o lu t io n  w a s  t r a n s f e r r e d  b y  r in s in g  w i th
2 .7  m l  H C I in t o  a  5 0  m l  s t o p p e r e d  c e n t r i f u g e  tu b e .  S in c e  s y n th e t i c  
c h e m ic a ls  w e re  b e in g  e m p lo y e d ,  t h e  a c id  e x t r a c t i o n  s t e p  w a s  o m i t t e d .  
E n z y m e  h y d r o ly s i s  w a s  c a r r ie d  o u t  w i t h  0 .3  m l  f r e s h ly  p r e p a r e d  e n 
z y m e  s u s p e n s io n  f o r  a t  l e a s t  3 h r  a t  1 1 3 - 1 2 2 ° F .  C o n v e r s io n  to  th io -  
c h r o m e  a n d  m e a s u r e m e n t  o f  f lu r o e s c e n c e  w e r e  d o n e  in  t h e  c o n v e n 
t i o n a l  w a y  (A s s o c ia t io n  o f  V i ta m in  C h e m is ts ,  1 9 6 6 ) .  B la n k s  w e re  r u n  in  
e v e ry  c a s e .

T r e a t m e n t  o f  d a t a

T h e  k i n e t i c  r a t e  d a t a  w e re  o b t a i n e d  g r a p h ic a l ly  b y  p l o t t i n g  t h e  lo g a 
r i t h m  o f  t h e  c o n c e n t r a t i o n  a g a in s t  t i m e  a t  2 6 5 °  F .  T h is  w a s  d o n e  a t  
e a c h  p H  f o r  t h i a m in e  h y d r o c h l o r i d e  a n d  c o - c a r b o x y la s e  a s  w e ll  a s  f o r  
m ix tu r e s  o f  th e  tw o .  T h e  ‘D ’ v a lu e s  o b t a i n e d  w e re  p l o t t e d  a g a in s t  p H  in  
o r d e r  t o  i n t e r p r e t  t h e  e f f e c t  o f  t h e  h y d r o g e n  io n  c o n c e n t r a t i o n  a n d  th e  
fo r m  o f  t h e  v i t a m in  o n  i t s  r a t e  o f  d e s t r u c t i o n .

RESULTS & DISCUSSION
THE RATE OF destruction curves at 265°F for thiamine 
hydrochloride, co-carboxylase and mixtures of the two in 
phosphate buffer at pH 4.5, 5.0, 6.0 and 6.5 may be seen in 
Figures 1 through 5. These curves are lines of best fit located 
by linear regression analysis.

At every pH, first order rates of reaction were observed for 
both thiamine hydrochloride and co-carboxylase as well as for 
mixtures of the two. The D values obtained from these curves 
are presented in Table 1. An examination of the results indi
cates that the rate of destruction is directly related to the 
amount of co-carboxylase present with the differences in 
degradation rates being magnified with a rise in pH. Lowering 
the pH from 5.0 to 4.5 does not appear to affect the times for 
90% destruction for each system individually.

The sensitivity of thiamine to the action of alkali has been 
long recognized (Williams and Spies, 1938). The chemical 
properties of thiamine in relation to pH have been reviewed by 
Dwivedi and Arnold (1972). Williams and Ruehle (1935) first 
described the unusual behavior of thiamine chloride hydro
chloride and other thiamine salts when titrated with base. The 
first step in this titration, with pK! at about 4.8, represents 
the titration of the protonated amino pyrimidine group (Struc
ture I >  II, Fig. 6). In the second titration step, with a mid
point at pH 9.2, two equivalents of base are. taken up in a slow
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Fig. 1—Rate o f destruction curves for thiamine 
hydrochloride and co-carboxylase in phosphate 
buffer (pH 4.5) at 265° F.

Fig. 2—Rate o f destruction curves fcr thiamine 
hydrochloride and co-carboxylase in phosphate 
buffer (pH 5.0) at 265°F.

Fig. 3—Rate o f destr____ n curves for thiamine
hydrochloride and co-carboxylase in phosphate 
buffer (pH 5.5) at 265°F.

r e a c t i o n  w i t h  t h e  f o r m a t i o n  o f  p s e u d o - b a s e  ( S t r u c t u r e  I I I ) .  
T h i s  i n t e r m e d i a t e  u n d e r g o e s  a  r i n g  o p e n i n g  w i t h  f u r t h e r  d i s 
s o c i a t i o n  o f  a  p r o t o n  t o  g iv e  t h e  i o n i z e d  t h i o l  f o r m  ( S t r u c t u r e  

I V ) .
M o l i t o r  a n d  S a m p s o n  ( 1 9 3 6 )  s t a t e d  t h a t  p u r e  t h i a m i n e  

h y d r o c h l o r i d e  i n  a q u e o u s  s o l u t i o n  a t  p H  3 . 5  m a y  b e  h e a t e d  t o  
2 4 8 ° F  w i t h o u t  u n d e r g o i n g  d e c o m p o s i t i o n .  T h e  f a c t  t h a t  l e s s  

t h i a m i n e  b r e a k d o w n  o c c u r r e d  a t  p H  3 . 5  t h a n  a t  p H  5 . 0  o r  6 . 0  
s u g g e s t s  t h a t  t h e  p r o t o n a t e d  f o r m  o f  t h i a m i n e  ( S t r u c t u r e  I ) ,

w h i c h  p r e d o m i n a t e s  a t  p H  3 . 5 ,  i s  l e s s  p r o n e  t o  t h e r m a l  d e 

s t r u c t i o n  t h a n  i s  t h i a m i n e  I I .  I t  h a s  b e e n  o b s e r v e d  t h a t  i n  t h e  

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

i n c r e a s e d  s t a b i l i t y  t o  t h e  m o l e c u l e .  ( T h e  p y r i m i d i n e  m o i e t y  o f  
t h e  t h i a m i n e  m o l e c u l e  h a s  a n  a m i n o  g r o u p  o n  c a r b o n  6 . T h i s  
g r o u p  e n d o w s  t h e  m o l e c u l e  w i t h  b a s i c  p r o p e r t i e s  w h i c h  a r e  o f  

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

Fig. 4 —Rate o f destruc
tion curves for thiamine 
hydrochloride and co
carboxylase in phos
phate buffer (pH 6.0) 
at 265° F.

Fig. 5—Rate o f destruc
tion curves for thiamine 
hydrochloride and co
carboxylase in phos
phate buffer (pH 6.5) 
at 265°F.
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p e a r s  t o  b e  t h e  s a m e  f o r  b o t h  f o r m s .  T h e  m e c h a n i s m  i n v o l v e s  
b r e a k i n g  o f  t h e  C - N  b o n d  o f  t h e  m e t h y l e n e  “ b r i d g e ”  b e t w e e n  

t h i a z o l e  a n d  p y r i m i d i n e  m o i e t i e s  o f  t h i a m i n e .  A  p y r i m i d i n e  
d e r i v a t i v e ,  p r o b a b l y  2 - m e t h y l - 4 - a m i n o - 5 - h y d r o x y m e t h y l  p y 
r i m i d i n e  a n d  4 - m e t h y l - 5 - ( B - h y d r o x y e t h y l )  t h i a z o l e  r e s u l t  f r o m  

t h e  b r e a k d o w n  ( D w i v e d i  a n d  A r n o l d ,  1 9 7 2 ) .
T h e  e f f e c t s  o f  p H  o n  l o g  D  m a y  b e  v i e w e d  d i a g r a m m a t i c a l l y  

i n  F i g u r e  7 .  F r o m  t h i s  f i g u r e  o n e  m a y  c o n c l u d e  t h a t  c o n c e n 
t r a t i o n s  o f  c o - c a r b o x y l a s e  u p  t o  3 5 %  i n  a  t h i a m i n e  h y d r o c h l o 
r i d e - c o - c a r b o x y l a s e  m i x t u r e  d o  n o t  a p p e a r  t o  i n f l u e n c e  t h e  
r a t e  a t  w h i c h  t h i a m i n e  d e g r a d e s  a t  2 6 5 ° F  o v e r  t h e  p H  r a n g e  o f  
m o s t  f o o d  p r o d u c t s  ( v i z .  p H  4 . 5 —6 . 5 ) .  I n  d r a w i n g  a  c u r v e  
t h r o u g h  t h e  p o i n t s ,  i t  w a s  o b s e r v e d  t h a t  t h e  d a t a  l e n d s  i t s e l f  t o  
i n t e r p r e t a t i o n  b y  t w o  s t r a i g h t  l i n e s .  T h e  c h a n g e s  i n  s l o p e  o f  
t h e  c u r v e s  t e n d  t o  o c c u r  a t  g r e a t e r  H - i o n  c o n c e n t r a t i o n s  f o r  

c o - c a r b o x y l a s e  t h a n  f o r  t h i a m i n e  h y d r o c h l o r i d e .
A n  e x a m i n a t i o n  o f  F i g u r e  7  r e v e a l s  t h a t  w h e n  t h e  p H  o f  t h e  

p h o s p h a t e  b u f f e r  s o l u t i o n  e x c e e d e d  6 . 0 ,  t h e  s t a b i l i t y  o f  t h e  
t h i a m i n e  m o l e c u l e  d r o p p e d  s u d d e n l y  a s  e v i d e n c e d  b y  t h e  

s h a r p  d e c r e a s e  i n  t h e  D  v a l u e .  F e l i c i o t t i  ( 1 9 5 5 )  h y p o t h e s i z e s  

t h a t  t h e  p H  o f  t h e  p h o s p h a t e  b u f f e r  i n f l u e n c e s  t h e  t h i a m i n e  
m o l e c u l e  b y  n e u t r a l i z a t i o n  o f  t h e  h y d r o c h l o r i d e .  A t  a  p H  l e v e l  
b e l o w  6 . 2 ,  t h e  d y n a m i c  e q u i l i b r i u m  o f  t h e  s o l u t i o n  r e s u l t s  i n  

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

W h e n  t h e  p H  o f  t h e  b u f f e r  s o l u t i o n  w e n t  o v e r  6 . 2  a n d  t h e  
v i t a m i n  w a s  c o m p l e t e l y  w i t h o u t  p r o t e c t i v e  a c t i o n ,  t h e  s t a b i l i t y  
o f  t h e  m o l e c u l e  d r o p p e d  s u d d e n l y ,  a s  i n d i c a t e d  b y  t h e  l a r g e  
i n c r e a s e  i n  t h e  k  v a l u e .  T h e  b a s i s  o f  h i s  r e a s o n i n g  r e l a t e s  t o  t h e  

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

a g a i n s t  a n  e q u i m o l a r  s o l u t i o n  o f  s o d i u m  h y d r o x i d e .  W i l l i a m s  

a n d  R u e h l e  ( 1 9 3 5 )  r e p o r t e d  t h a t  t h e  a d d i t i o n  o f  a n  e q u i m o l a r  
c o n c e n t r a t i o n  o f  a l k a l i  r e s u l t e d  i n  t h e  c o m p l e t e  n e u t r a l i z a t i o n

( iv  )

Fig. 6-Acid-base equilibria o f thiamine.

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

T h i s  n e u t r a l i z a t i o n  w a s  f o u n d  t o  b e  o v e r  a t  a p p r o x i m a t e l y  p H

6 . 2 ,  a s  i n d i c a t e d  b y  t h e  s u d d e n  r a p i d  c h a n g e  i n  t h e  p H  o f  t h e  

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

d e s t r u c t i o n  o f  a n e u r i n  a t  2 1 2 ° F  F a r r e r  ( 1 9 4 5 a )  a l s o  o b s e r v e d  

t h a t  w h e n  l o g  k  w a s  p l o t t e d  a g a i n s t  p H  f o r  e a c h  b u f f e r  s o 
l u t i o n ,  t h e  c u r v e  f o r  t h e  S o r e n s e n  p h o s p h a t e  b u f f e r  c o n s i s t e d  

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

I n  t h e  c a s e  o f  c o - c a r b o x y l a s e  i t  m a y  b e  s e e n  t h a t  t h e  c h a n g e  
i n  s l o p e  i n  t h e  c u r v e  l o g  D  v s .  p H  o c c u r s  a t  a  l o w e r  p H  t h a n  i t  
d o e s  f o r  t h i a m i n e  h y d r o c h l o r i d e .  W h i l e  t h e r e  i s  n o  e x p e r i 

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

Table 1 —D values for thiamine hydrochloride and co-carboxylase 
in phosphate buffer between pH 4.5 and pH 6.5 at 265° F

0% 30% 65% 100%

pH
T-HCI 100% 70% 35% 0%

CoCar D,min D,min D,min D,min

4.5 88.6 100.1 100.8 99.5
5.0 97.6 102.2 114.3 107.3
5.5 64.4 76.6 97.0 107.7
6.0 27.7 46.8 73.6 76.0
6.5 11.6 24.6 32.8 36.0

Fig. 7—Effect o f pH  on D values o f thiamine 
hydrochloride and co-carboxylase in phosphate 
buffer.
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i n f l u e n c e  o n  t h e  m o l e c u l e  i s  r e m o v e d  a t  a  l o w e r  p H  t h a n  i n  t h e  
c a s e  o f  t h i a m i n e  h y d r o c h l o r i d e .  H o w e v e r ,  i t  w o u l d  a p p e a r  t h a t  
c o - c a r b o x y l a s e  c o n c e n t r a t i o n s  o f  l e s s  t h a n  3 5 %  i n  a  t h i a m i n e  
h y d r o c h l o r i d e - c o - c a r b o x y l a s e  m i x t u r e  a r e  w i t h o u t  i n f l u e n c e  a s  

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

F r o m  t h i s  w o r k  i t  i s  a p p a r e n t  t h a t ,  u n d e r  i d e n t i c a l  h e a t i n g  
c o n d i t i o n s ,  c o - c a r b o x y l a s e  i s  d e s t r o y e d  m o r e  r a p i d l y  t h a n  t h i a 
m i n e  h y d r o c h l o r i d e .  S i m i l a r  f i n d i n g s  w e r e  r e p o r t e d  b y  F a r r e r  
( 1 9 4 5 ,  1 9 4 9 ) .  T h e  p a r a l l e l  b e h a v i o r  o f  t h i a m i n e  h y d r o c h l o r i d e  

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

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

W h e n  b o t h  f o r m s  o f  t h i a m i n e  a r e  p r e s e n t  t o g e t h e r ,  t h e  i n 

c r e a s e d  l a b i l i t y  o f  c o - c a r b o x y l a s e  b e c o m e s  a p p a r e n t  o n l y  w h e n  
i t s  c o n c e n t r a t i o n  i n  t h e  m i x t u r e  e x c e e d s  3 5 % .  I f  t h e  p r e s e n t  

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

t i o n  o f  t h i s  v i t a m i n .  ( R e v i e w  o f  a v a i l a b l e  i n f o r m a t i o n  r e v e a l s  
t h a t  m o s t  f o o d s  f a l l  i n t o  t h i s  c a t e g o r y . )  H o w e v e r ,  a l l  t h e  f o r m s  
o f  t h i a m i n e  a r e  n o t  k n o w n  s i n c e  t h e r e  a r e  n o  a v a i l a b l e  a n a l y t i 

c a l  m e t h o d s  f o r  d i f f e r e n t i a t i n g  t h e m .  S o ,  w i t h  t h e  p r e s e n t  
k n o w l e d g e ,  i t  a p p e a r s  t h a t  c o - c a r b o x y l a s e ,  i n  a n  a m o u n t  n o r 
m a l l y  p r e s e n t  i n  f o o d s ,  w i l l  n o t  i n f l u e n c e  t h e  u s e  o f  t h i a m i n e  

a s  a n  i n d e x  o f  t h e  s t e r i l i z a t i o n  e f f i c a c y  o f  c a n n i n g .
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INTRODUCTION
T H E  E F F E C T  o f  t h e  h e a t  s t e r i l i z a t i o n  p r o c e s s  f o r  c a n n e d  
f o o d s  o n  t h e  q u a l i t y  a n d  n u t r i e n t  r e t e n t i o n  o f  t h e  f o o d  h a s  

b e e n  a  m a j o r  c o n c e r n  o f  f o o d  p r o c e s s o r s  e v e r  s i n c e  N i c h o l a s  
A p p e r t  f i r s t  d i s c o v e r e d  t h e  a r t  o f  c a n n i n g  f o r  f o o d  p r e s e r 
v a t i o n  i n  1 8 0 9 ,  a n d  o n e  o f  t h e  m o r e  r e c e n t  a d v a n c e s  i n  t h e  

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

T h e  m i c r o b i a l  s a f e t y  o f  f o o d  is  t h e  m o s t  i m p o r t a n t  c r i t e r i 
o n  f o r  d e t e r m i n i n g  t h e  h e a t  p r o c e s s  a n d ,  t o  d a t e ,  t h e  e f f i 
c i e n c y  o f  t h e  t h e r m a l  p r o c e s s  h a s  b e e n  t e s t e d  b y  m i c r o b i o l o g i 
c a l  m e t h o d s .  H o w e v e r ,  t h e  o c c u r r e n c e  o f  c o n t a m i n a t i o n  d u r 

i n g  s t e r i l i t y  t e s t i n g  o f  f o o d s  h a s  b e e n  r e c o g n i z e d  a n d  d o c u 
m e n t e d  ( D e n n y ,  1 9 7 0 ;  1 9 7 2 ) .  T h e  i n h e r e n t  l i m i t a t i o n s  o f  
m i c r o b i o l o g i c a l  m e t h o d s  i n  d e t e r m i n i n g  t h e  e f f i c a c y  o f  t h e r 
m a l  p r o c e s s i n g  a n d  t h e  t i m e ,  t e d i u m  a n d  e x p e n s e  a s s o c i a t e d  

w i t h  t h e s e  m e t h o d s  h a v e  p r o m p t e d  t h e  p r e s e n t  i n v e s t i g a t i o n .  

T h e o r e t i c a l  a p p r o a c h

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

t o  a i d  i n  t h e  p r e d i c t i o n  o f  n u t r i e n t  r e t e n t i o n  i n  t h e r m a l  p r o c 
e s s i n g  ( B a l l  a n d  O l s o n ,  1 9 5 7 ;  H a y a k a w a ,  1 9 6 9 ;  T e i x e i r a  e t  a l . ,
1 9 6 9 ) ,  t h e  m e t h o d  o f  J e n  e t  a l .  ( 1 9 7 1 )  h a s  b e e n  a d o p t e d  i n  
t h i s  s t u d y  s i n c e  i t  i s  r e a s o n a b l y  s i m p l e  a n d  v e r s a t i l e  i n  a p p l i 

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

a l l y .
I n  c o n d u c t i o n - h e a t i n g  c a n n e d  f o o d s ,  t h e  v o l u m e  o f  c o n c e r n  

i n  s t e r i l i z a t i o n  l i e s  w i t h i n  a n  i s o - j  r e g i o n  ( a  r e g i o n  i n  w h i c h  j ,  a  

l a g  f a c t o r ,  h a s  t h e  s a m e  n u m e r i c a l  v a l u e )  t h a t  e n c l o s e s  s o m e 
w h a t  l e s s  t h a n  o n e - t e n t h  o f  t h e  t o t a l  c a n  v o l u m e  ( S t u m b o ,
1 9 7 3 ) .  T h i s  i s  n o t  t r u e  w h e n  c o n s i d e r i n g  h e a t - v u l n e r a b l e  q u a l i 
t y  f a c t o r s —v e r y  s i g n i f i c a n t  a m o u n t s  o f  t h e s e  m a y  r e m a i n  i n  
t h e  o u t e r m o s t  r e g i o n s  o f  t h e  c o n t a i n e r  ( G r e e n w o o d  e t  a l . ,
1 9 4 4 ) .  T h e r e f o r e  i n  d e t e r m i n i n g  t h e  e f f e c t s  o f  h e a t  o n  t h e s e  

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

t h e  c o n t a i n e r  m u s t  b e  c a r r i e d  o u t .
A c c o r d i n g  t o  J e n  e t  a l .  ( 1 9 7 1 ) ,  f o r  c o n d u c t i o n - h e a t i n g  

p r o d u c t s  i n  c y l i n d r i c a l  c o n t a i n e r s ,  w h e n  t h e  l o g a r i t h m  o f  ( 1- v )  
w a s  p l o t t e d  a g a i n s t  ( F ^ - F c )  a l l  p o i n t s  r e p r e s e n t i n g  c o r r e 
s p o n d i n g  v a l u e s  o f  F ^  a n d  v ,  f r o m  t h e  c e n t e r  t o  t h e  w a l l  o f  t h e  
c o n t a i n e r  c o u l d  b e  r e p r e s e n t e d  b y  a  s t r a i g h t  l i n e .  T h e  e q u a t i o n  

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

In  (1-v) = m  ( F \ - F c )

i n  w h i c h :  1 =  v o l u m e  o f  c o n t a i n e r  ( t a k e n  a s  u n i t y ) ;  v  =  v o l u m e  
e n c l o s e d  b y  a n y  i s o - j  r e g i o n ;  F ^  =  F  v a l u e  o f  h e a t  r e c e i v e d  b y  
a n y  i s o - j  r e g i o n  ( ‘F ’ b e i n g  t h e  e q u i v a l e n t  i n  m i n u t e s  a t  2 5 0 ° F  
o f  a l l  h e a t  c o n s i d e r e d ,  w i t h  r e s p e c t  t o  i t s  c a p a c i t y  t o  d e s t r o y  
s p o r e s  o r  v e g e t a t i v e  c e l l s  o f  a  p a r t i c u l a r  o r g a n i s m ) ;  a n d  F c  =  F  
v a l u e  o f  h e a t  r e c e i v e d  b y  t h e  g e o m e t r i c a l  c e n t e r  o f  t h e  c o n 

t a i n e r .

1 P resen t ad d ress : N u tr i t io n  D e p t.,  G e n era l M ills, In c ., 9 2 0 0  W ay za ta  
B lvd., M inneapo lis , MN 5 5 4 4 0

S t a r t i n g  w i t h  t h e  b a s i c  i n t e g r a l  w h i c h  s i m p l y  s p e c i f i e s  t h a t  

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

1 0 ^ . 1 « /  1 0 ^ / D r  • d v  
*o

w h e r e  F s i s  t h e  i n t e g r a t e d  l e t h a l  v a l u e  o f  h e a t  r e c e i v e d  b y  a l l  
p o i n t s  i n  a  c o n t a i n e r  d u r i n g  p r o c e s s  a n d  D r  t h e  t i m e  r e q u i r e d  
a t  2 5 0 ° F  t o  d e s t r o y  9 0 %  o f  t h e  s p o r e s  o r  v e g e t a t i v e  c e l l s  o f  a  

g i v e n  o r g a n i s m ,  a n d  t a k i n g  v  =  0 . 1 9  ( w h e n  j ^ / j c  =  0 . 5  a n d  

g \ / g c  =  0 - 5 )  a s  a  p o i n t  o f  r e f e r e n c e  o n  t h e  s t r a i g h t  l i n e ,  t h e  
i n t e g r a l  w a s  s o l v e d  b y  s u b s t i t u t i n g  e q u i v a l e n t  v a l u e s  f r o m  t h e  
e q u a t i o n  o f  t h e  s t r a i g h t  l i n e .  O x  i s  d e f i n e d  a s  t h e  j  v a l u e  o f  t h e  
c o o l i n g  c u r v e  f o r  a n  i s o - j  r e g i o n  e n c l o s i n g  0 . 1 9  o f  c o n t a i n e r  

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

c o n t a i n e r  a n d  g ^  is  t h e  d i f f e r e n c e  i n  F a h r e n h e i t  d e g r e e s  b e 
t w e e n  r e t o r t  t e m p e r a t u r e  a n d  t h e  m a x i m u m  t e m p e r a t u r e  
r e a c h e d  b y  t h e  f o o d  a t  a n y  p o i n t  i n  t h e  c o n t a i n e r  o t h e r  t h a n  

t h e  g e o m e t r i c a l  c e n t e r . )  T h e  f o l l o w i n g  u s e  e q u a t i o n  w a s  
o b t a i n e d :

D r  +
Fs = F c + Dr log-------

1 0 .9 3  ( F X- F C)

¡A:

T h i s  e q u a t i o n  i s  v a l i d  o n l y  w h e n  v a l u e s  o f  j \  a n d  g ^  a r e  t a k e n  
a s  e q u a l  t o  o n e - h a l f  t h e  v a l u e s  o f  j c  a n d  g c , r e s p e c t i v e l y .  T h e  
r e a s o n  f o r  t h i s  i s  o n l y  o n e  o f  c o n v e n i e n c e  i n  p r o b l e m  s o l v i n g .  
F o r  f u r t h e r  d i s c u s s i o n  c o n c e r n i n g  t h e  d e r i v a t i o n  a n d  a p p l i 
c a t i o n  o f  t h i s  e q u a t i o n ,  s e e  S t u m b o  ( 1 9 7 3 ) .

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

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

T h e  e x p e c t e d  r e t e n t i o n s  o f  t h i a m i n e  i n  t h e  p r o c e s s e d  p r o d 

u c t s  w e r e  c a l c u l a t e d  b y  t h e  p r o c e d u r e  o f  J e n  e t  a l .  ( 1 9 7 1 )  
w h i l e  t h e  a c t u a l  a m o u n t  o f  t h i a m i n e  r e t a i n e d  w a s  a n a l y z e d  b y  
t h e  t h i o c h r c m e  m e t h o d  ( A s s o c i a t i o n  o f  V i t a m i n  C h e m i s t s ,

1 9 6 6 ) .  T h e  c o r r e l a t i o n  b e t w e e n  t h e  e x p e c t e d  a n d  a c t u a l  t h i a 
m i n e  r e t e n t i o n s  f o r m e d  t h e  b a s i s  f o r  t e s t i n g  t h e  a p p l i c a b i l i t y  
o f  t h i s  m e t h o d  a s  a n  i n d e x  o f  t h e  s t e r i l i z i n g  v a l u e  o f  a  t h e r m a l  
p r o c e s s .

EXPERIM EN TAL
P r e p a r a t io n  o f  s a m p le s

P e a  p u r e e .  T h e  p u r e e  w a s  p r e p a r e d  f r o m  f r o z e n  p e a s  p u r c h a s e d  f r o m  
a  lo c a l  f o o d  m a r k e t  w h ic h  w e re  q u ic k ly  t h a w e d  b y  p la c in g  th e m  in  
b o i l in g  w a te r  f o r  1 —2  m in .  A f te r  d r a in in g  o f f  t h e  w a te r ,  t h e y  w e re  
p la c e d  in  a  W a r in g  B le n d o r  in  c o n v e n i e n t  b a tc h e s  a n d  b l e n d e d  u n t i l  
s m o o th .  T h ia m in e  h y d r o c h lo r i d e ,  d is s o lv e d  in  a  f e w  m i l l i l i t e r s  o f  d is 
t i l l e d  w a te r ,  w a s  a d d e d  t o  t h e  p e a  p u r e e  a t  t h e  r a t e  o f  0 .1 6  m g  p e r  g ra m  
p u r e e .  J t  m a y  b e  n o t e d  t h a t  t h e  a d d i t i o n  o f  t h i a m in e  s e rv e d  o n ly  a s  a n
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i n d e x  o f  s te r i l i z in g  e f f i c a c y  a n d  h a d  n o  r e l a t i o n ,  in  t h a t  s e n s e ,  t o  n u 
t r i t i o n a l  c o n s id e r a t i o n s . )  T h e  p u r e e  w a s  b l e n d e d  t h o r o u g h l y  t o  e n s u r e  
u n i f o r m  d i s t r i b u t i o n  o f  t h e  t h i a m in e  ( a n a ly s e s  c o n d u c t e d  o n  r a n d o m  
s a m p le s  c o n f i r m e d  t h e  h o m o g e n e i ty  o f  t h e  m i x t u r e ) .  4 5 0 g  o f  t h e  f o r t i 
f i e d  p u r e e  w e re  p la c e d  in  e a c h  3 0 7  x  4 0 9  c a n  f o r  p ro c e s s in g .

B e e f  p u r e e .  O v e n  r o a s t s ,  p u r c h a s e d  lo c a l ly ,  w e re  t r i m m e d  o f  e x c e s s  
f a t  a n d  c o n n e c t iv e  t i s s u e  a n d  f r o z e n  u n t i l  r e a d y  f o r  u s e .  A  c o n v e n i e n t  
p o r t i o n  w a s  t h a w e d  w h e n  n e e d e d ,  c u t  i n t o  c u b e s ,  c o m m i n u t e d  a n d  
t h e n  p u r e e d  in  a  W a r in g  B le n d o r .  T h i a m in e  h y d r o c h l o r i d e  w a s  a d d e d ,  
a f t e r  d i s s o lu t io n  in  a  s m a l l  a m o u n t  o f  d i s t i l l e d  w a te r ,  a t  t h e  r a t e  o f  0 .1 6  
m g  th i a m in e  h y d r o c h l o r i d e  p e r  g ra m  o f  p u r e e .  4 5 0 g  o f  t h e  p u r e e  w e re  
w e ig h e d  o u t  i n t o  e a c h  3 0 7  x  4 0 9  c a n s  a f t e r  e n s u r in g  t h a t  t h e  t h ia m in e  
h y d r o c h l o r i d e  h a d  b e e n  t h o r o u g h l y  m ix e d  w i t h  t h e  b e e f .

P e a s - in -b r in e .  P e a s - in -b r in e  w a s  c h o s e n  a s  t h e  c o n v e c t io n  h e a t in g  
p r o d u c t  s in c e  p e a  p u r e e  w a s  s e le c te d  t o  r e p r e s e n t  c o n d u c t io n - h e a t i n g  
p r o d u c t s .

T o  p r e p a r e  ‘p e a s - in - b r in e , ’ b a t c h e s  o f  3 0 0 g  e a c h  o f  f r o z e n  g r e e n  p e a s  
w e re  p la c e d  in  b o i l in g  w a te r  f o r  a  m in u te  o r  tw o  a f t e r  w h ic h  t h e  w a te r  
w a s  d r a in e d  o f f .  T h e  b a t c h  w a s  t h e n  t r a n s f e r r e d  t o  a  3 0 7  x  4 0 9  c a n  a n d  
1 5 0  m l o f  t h i a m in e  h y d r o c h lo r i d e - e n r i c h e d  2 %  b r i n e  w e r e  p o u r e d  o v e r  
t h e  p e a s .  T h i a m in e  h y d r o c h l o r i d e  w a s  a d d e d  in  a n  a m o u n t  s u c h  t h a t  a 
c a n  o f  ‘p e a s - in - b r in e ’ c o n ta in e d  0 .0 6  m g  t h i a m in e  h y d r o c h l o r i d e  p e r  
g r a m  o f  p r o d u c t .  ,

T h e r m a l  p r o c e s s in g  s e t - u p

A ll r e t o r t  p ro c e s s e s  w e r e  c a r r ie d  o u t  a t  a b o u t  2 5 0 ° F  s in c e  t h a t  is 
c o n s id e r e d  to  b e  t h e  r e f e r e n c e  t e m p e r a tu r e  f o r  e s ta b l i s h in g  a  t h e r m a l  
p r o c e s s  f o r  c o m m e r c ia l  s t e r i l i ty .

I n  o r d e r  t o  e v a lu a te  t h e  s te r i l iz in g  v a lu e  o f  a  t h e r m a l  p r o c e s s  o r  t o  
c a l c u l a t e  t h e  p r e d i c t e d  t h i a m in e  r e t e n t i o n ,  h e a t  p e n e t r a t i o n  d a t a  h a v e  
t o  b e  o b t a i n e d  to  d e t e r m in e  t h e  t h e r m a l  d i f f u s iv i ty  o f  t h e  p r o d u c t  
u n d e r  i n v e s t ig a t io n .  F o r  h e a t  p e n e t r a t i o n  s tu d ie s  t h e  la rg e r  6 0 3  x  7 0 0  
c a n  w a s  u s e d ,  so  t h a t  t h e  h e a t  c o n d u c t e d  t h r o u g h  t h e  le a d - in  w ire s  
d i s s ip a te d  t o  t h e  s u r r o u n d in g  f o o d  m a te r i a l  b e f o r e  i t  c o u ld  a f f e c t  t h e  
t e m p e r a t u r e  a t  t h e  t h e r m o c o u p l e  j u n c t i o n .

C o m m e rc ia l ly - a v a i la b le  E k l u n d  t h e r m o c o u p le s  w e re  m o u n t e d  
t h r o u g h  t h e  w a ll  o f  t h e  c o n t a i n e r  s o  t h a t  b u lg in g  o f  t h e  c a n  e n d s  d u r in g  
r e t o r t i n g  w o u ld  n o t  d i s p la c e  t h e  t h e r m o c o u p l e  j u n c t i o n  f r o m  t h e  g e o 
m e t r i c a l  c e n t e r  o f  t h e  c a n .  A n o t h e r  t h e r m o c o u p le  w a s  p la c e d  o n  t h e  
o u t e r  w a ll  o f  t h e  c a n  t o  r e c o r d  t h e  p ro c e s s in g  t e m p e r a t u r e  in  t h e  r e t o r t .  
T h e  le a d  w ire s  f r o m  t h e  t h e r m o c o u p l e  w e re  c o n n e c t e d  t o  a  p re -c a l i-  
b r a t e d ,  r e c o r d in g  p o t e n t i o m e t e r  in  o r d e r  t o  o b t a i n  a  c o n t i n u o u s  s t r ip -  
c h a r t  r e c o r d in g  o f  t h e  t e m p e r a t u r e  h i s to r y  u n d e r  t h e  d e s i r e d  o p e r a t i n g  
c o n d i t i o n s .  T h e  h e a t  p e n e t r a t i o n  d a t a  o b t a i n e d  o n  t h e  6 0 3  X 7 0 0  c a n  
w e re  m a th e m a t i c a l l y  c o n v e r t e d  f o r  u s e  in  t h e  p r o c e s s  s im u la t io n  s tu d ie s  
o n ' t h e  3 0 7  x  4 0 9  c o n t a i n e r  a s  d e s c r ib e d  b y  O ls o n  a n d  J a c k s o n  ( 1 9 4 2 ) .

F o r  t h e  a c t u a l  c a n n in g  s tu d ie s  in  w h ic h  th e  h y p o th e s i s  w a s  b e in g  
t e s t e d ,  p r o d u c t s  w e re  p a c k e d  in  3 0 7  x  4 0 9  c a n s  a n d  s t i l l  r e t o r t e d  to  
c e r t a in  p r e - s e t  c o n d i t i o n s .

F o r  e a c h  p r o d u c t ,  t h r e e  p r o c e s s e s  o f  d i f f e r in g  s te r i l i z in g  e f f ic ie n c e s  
w e r e  s e t  u p  b y  c h o o s in g  v a r io u s  h e a t in g  t im e s  a t  2 5 0 ° F  so  a s  t o  s p a n  
t h e  e n t i r e  f h / U : g  t a b l e  f o r  z  =  4 8  (w h ic h  w a s  f o u n d  to  b e  t h e  ‘z ’ v a lu e  
f o r  t h i a m in e  in  t h e  p r o d u c t s  s tu d ie d ) .  T h e s e  p ro c e s s e s  w e re  m e a n t  to  
r e p r e s e n t  m o s t  o f  t h e  o n e s  in  c u r r e n t  u s e  f o r  lo w -a c id  f o o d s .

F o r  a n y  g iv e n  th e r m a l  p r o c e s s ,  tw o  3 0 7  x  4 0 9  c a n s  o f  p r o d u c t  w e r e  
u s e d ,  w i t h  o n e  o f  t h e m  b e in g  e q u ip p e d  w i th  a  t h e r m o c o u p le  a r r a n g e 
m e n t ,  s o  t h a t  a  p e r m a n e n t  r e c o r d  o f  t h e  p r o c e s s in g  c o n d i t i o n s  c o u ld  b e  
m a in t a in e d .  P r o c e s s e d  c o n ta in e r s  o f  p r o d u c t  w e r e  k e p t  a t  2 ° C  o v e r 
n ig h t ,  p r i o r  t o  a n a ly s is .

T h i a m in e  a n a ly s is

In  o r d e r  t o  e x p e r im e n ta l l y  d e t e r m i n e  t h e  t h i a m in e  r e t e n t i o n  a s s o c i 
a t e d  w i th  a n y  o n e  th e r m a l  p r o c e s s ,  e a c h  c a n  o f  p r o d u c t  w a s  b le n d e d  
s e p a r a t e ly  p r io r  t o  s a m p l in g .  G r e e n w o o d  e t  a l .  ( 1 9 4 4 )  d e m o n s t r a t e d  
c o n c lu s iv e ly  t h a t  a  v i t a m in  g r a d i e n t  e x i s t s  f r o m  t h e  o u t s id e  t o  th e  
c e n t e r  o f  a  p r o c e s s e d  c a n  o f  m e a t ,  s in c e  t h e  h e a t  t r e a t m e n t  re c e iv e d  b y  
t h e  p r o d u c t  in  t h e  c e n t e r  is  m a r k e d ly  d i f f e r e n t  in  d e g re e  f r o m  t h a t  
r e c e iv e d  n e a r  t h e  w a ll.

5 g  o f  t h e  w e l l - b le n d e d  p r o d u c t  w e r e  w e ig h e d  in to  s m a l l  g la ss  
b e a k e r s  u s in g  a n  a n a ly t ic a l  b a la n c e .  D u p l ic a te  a n a ly s e s  w e re  p e r f o r m e d  
o n  e a c h  c a n  o f  p ro c e s s e d  p r o d u c t  a s  w e l l  a s  o n  t h e  c o n t r o l  ( u n h e a t e d )  
s a m p le .  T h e  w e ig h e d  s a m p le  w a s  t h e n  t r a n s f e r r e d  t o  a  1 0 0  m l  v o lu m e t 
r i c  f la s k  u s in g  7 5  m l 0 .1 N  HC1. A c id  e x t r a c t i o n  a n d  e n z y m e  d ig e s t io n  
w e re  p e r f o r m e d  in  e v e r y  c a s e . T h e  in c u b a t e d  s u s p e n s io n s ,  a f t e r  b e in g  
d i l u t e d  in  v o lu m e  w i th  d i s t i l le d  w a te r ,  w e re  f i l t e r e d .  10 0  jul o f  f i l t r a t e  
w e re  p i p e t t e d  i n t o  a  5 0  m l c e n t r i f u g e  t u b e  a lo n g  w i t h  5 m l d i s t i l le d  
w a te r .  ( D u p l ic a te  a n a ly s e s  w e re  c o n d u c t e d  in  e a c h  c a s e .)  C o n v e r s io n  to  
a n d  m e a s u r e m e n t  o f  th io c h r o m e  a n d  c a l c u l a t i o n  o f  t h e  t h ia m in e  p r e s 

e n t  w e r e  c a r r ie d  o u t  in  t h e  u s u a l  w a y .  B la n k s  w e r e  r u n  s im u l t a n e o u s ly  
in  a ll  c a se s .

T r e a t m e n t  o f  d a t a

U s in g  d a t a  o b t a in e d  f r o m  t h e  s t r i p - c h a r t  r e c o r d in g ,  h e a t  p e n e t r a t i o n  
c u rv e s  f o r  e a c h  p r o d u c t  w e r e  p l o t t e d  a c c o r d in g  t o  t h e  m e t h o d  p r o p o s e d  
b y  S tu m b o  ( 1 9 7 3 ) .  H e a t  p e n e t r a t i o n  p a r a m e te r s  g e n e r a t e d  f r o m  th e  
h e a t in g  c u rv e s  w e r e  e m p lo y e d  in  c a l c u la t in g  s t e r i l i t y  a n d  th i a m i n e  r e 
t e n t i o n  f o r  e a c h  p r o c e s s  t im e  a t  2 5 0 ° F  f o r  p a r t i c u l a r  p r o d u c t s .  T h e s e  
m a n u a l  c a l c u la t io n s  h a v e  b e e n  b a c k e d  u p  u s in g  t h e  c o m p u te r .

A c tu a l  t h i a m in e  r e t e n t i o n s  w e r e  c a l c u la te d  d i r e c t l y  f r o m  t h e  m e a n  
a s s a y  v a lu e s  f o r  t h ia m in e .  P e rc e n ta g e  r e t e n t i o n s  w e re  o b t a i n e d  b y  c o m 
p a r in g  t h e  c o n c e n t r a t i o n s  o f  t h i a m in e  in  a  p r o c e s s e d  s a m p le  w i th  t h o s e  
o f  i t s  r e s p e c t iv e  c o n t r o l .  T h e s e  v a lu e s  w e r e  t h e n  c h e c k e d  w i t h  p r e d i c t e d  
r e t e n t i o n s  t o  a s c e r t a in  t h e  v a l id i ty  o f  t h e  th e s i s .

RESULTS & DISCUSSION
H E A T  P E N E T R A T I O N  C U R V E S  f o r  p e a  a n d  b e e f  p u r e e s  i n  

6 0 3  X 7 0 0  c a n s  a t  2 5 2 ° F  a r e  p r e s e n t e d  i n  F i g u r e s  1 a n d  2 .  I n  
t h e  c a s e  o f  p e a s - i n - b r i n e ,  h e a t  p e n e t r a t i o n  d a t a  o b t a i n e d  o n  

t h e  3 0 7  X  4 0 9  c a n  w e r e  u s e d  t o  p r e d i c t  t h i a m i n e  r e t e n t i o n s .  
H e a t  p e n e t r a t i o n  d a t a  g e n e r a t e d  w i t h  t h e  6 0 3  X  7 0 0  c a n  g a v e  
r i s e  t o  e r r o n e o u s  f j ,  v a l u e s  f o r  t h e  3 0 7  X  4 0 9  c o n t a i n e r .  T h i s  i s  

n o t  a n  u n u s u a l  o b s e r v a t i o n  f o r  c o n v e c t i o n - h e a t i n g  f o o d s  s i n c e  
t h e  s i z e  o f  t h e  c o n t a i n e r  e x e r t s  a  l a r g e  i n f l u e n c e  o n  t h e  f h  

v a l u e  b y  a l t e r i n g  t h e  e x t e n t  t o  w h i c h  p r o d u c t  m o v e m e n t  m a y  
o c c u r  w i t h i n  t h e  c a n .  C o n d u c t i o n  e r r o r s  w i t h  t h e  s h o r t e r  t h e r 
m o c o u p l e s  w o u l d  b e  m i n i m a l  b e c a u s e  o f  t h e  r a p i d  r a t e  o f  h e a t  
t r a n s f e r  w i t h i n  t h e  c a n  o f  a  c o n v e c t i o n - h e a t i n g  p r o d u c t .  F i g u r e  

3  s h o w s  t h e  h e a t  p e n e t r a t i o n  c u r v e  f o r  p e a s - i n - b r i n e  i n  t h e  3 0 7  
X  4 0 9  c a n  a l s o  “ s t i l l - r e t o r t e d ”  a t  2 5 2 ° F .  T h e  f h  a n d  t h e r m a l  
d i f f u s i v i t i e s  g e n e r a t e d  b y  t h e s e  c u r v e s  a n d  c a l c u l a t e d  a c c o r d i n g  
t o  t h e  m e t h o d  d e s c r i b e d  b y  S t u m b o  ( 1 9 7 3 )  a r e  g i v e n  i n  T a b l e

1 .
A n  e x a m i n a t i o n  o f  t h e  h e a t  p e n e t r a t i o n  d a t a  f o r  p e a  p u r e e  

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

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

s e n c e  o f  a  f r e e l y  c i r c u l a t i n g ,  e f f i c i e n t ,  l i q u i d  h e a t - t r a n s f e r  
m e d i u m .  A s  a  r e s u l t ,  t h e  t o t a l  h e a t  t r e a t m e n t  r e q u i r e d  t o  s t e r i 
l i z e  c a n n e d  p u r e e d  p r o d u c t s  i s  c o n s i d e r a b l y  m o r e  s e v e r e  t h a n  
t h a t  t o  w h i c h  l i q u i d - p a c k e d  c a n n e d  f o o d s  a r e  s u b j e c t e d .

T h e  p e r c e n t  t h i a m i n e  r e t e n t i o n  f o r  e a c h  t h e r m a l  p r o c e s s  
a l o n g  w i t h  t h e  p r e d i c t e d  t h i a m i n e  r e t e n t i o n s  w h i c h  w e r e  c a l c u 
l a t e d  o n  t h e  b a s i s  o f  k i n e t i c  a n d  h e a t  p e n e t r a t i o n  d a t a  a r e  
g i v e n  i n  T a b l e s  2 ,  3  a n d  4 .  I n  t h e  c a s e  o f  p e a  p u r e e  a n d  

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

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

e s s e s  w i t h  r e g a r d  t o  t w o  t y p e s  o f  b a c t e r i a l  s p o r e s  ( c h a r a c t e r 
i z e d  b y  d i f f e r e n t  D  a n d  z  v a l u e s )  o f  p u b l i c  h e a l t h  a n d  c o m 
m e r c i a l  i m p o r t a n c e .  T h e  r e a s o n  f o r  i n c l u d i n g  t h i s  i n f o r m a t i o n  
is  i n  o r d e r  t o  g e t  a  f e e l i n g  f o r  t h e  r a n g e  o f  s e v e r i t i e s  o f  t h e  h e a t  
p r o c e s s e s  a n d  t o  v i s u a l i z e  w h e r e  c o m m e r c i a l  p r o c e d u r e s  w o u l d  
f i t  i n t o  t h e  w h o l e  s c h e m e .

I n  t h e  c a s e  o f  b e e f  p u r e e ,  e v e n  t h o u g h  t h e  s e m i - l o g  h e a t i n g  
c u r v e  i s  a  s t r a i g h t  l i n e  ( a s  i t  i s  w i t h  p e a  p u r e e  a n d  p e a s - i n -  
b r i n e ) ,  t h e  f h  v a l u e  a n d  t h e r m a l  d i f f u s i v i t y  a r e  n o t  i n  t h e  r a n g e  

e x p e c t e d  o f  c o n d u c t i o n - h e a t i n g  f o o d s .  I t  a p p e a r s  t h a t  t h e  
g r e a t e r  t h e r m a l  d i f f u s i v i t y  a n d  m o r e  r a p i d  h e a t  t r a n s f e r  w e r e  
d u e  t o  a  c h a n n e l i n g  e f f e c t  w i t h i n  t h e  s o l i d  s l a b  o f  p u r e e d  
m e a t ,  c a u s e d  b y  t h e  f o r m a t i o n  o f  a  b r o t h  o r  g r a v y  w i t h i n  t h e
c a n .  L i q u i d  s e p a r a t i o n  w a s  m o r e  p r o n o u n c e d  w i t h  e x t e n d e d  
p r o c e s s i n g  t i m e s .

R i c e  ( 1 9 7 1 )  s t a t e s  t h a t  w h e n  m e a t  o r  m e a t  p r o d u c t s  a r e  
h e r m e t i c a l l y  s e a l e d  i n  a  c o n t a i n e r  a n d  p r o c e s s e d  b y  h e a t  t o  

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

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



STER ILIZA TIO N  EFF IC A C Y  OF THERMAL PROCESSING-995

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

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

m i c r o s c o p y .  G i l e s  ( 1 9 6 9 )  s h o w e d  t h a t  m e a t  f i b e r  s h r i n k a g e  
a n d  s a r c o m e r e  s h o r t e n i n g  w e r e  c l o s e l y  r e l a t e d  a n d  t h a t  t h e r e  
w a s  v e r y  l i t t l e  c h a n g e  i n  e i t h e r  a t  c o o k i n g  t e m p e r a t u r e s  o f  
1 4 0 ° F ,  b u t  l a r g e  c h a n g e s  a t  t e m p e r a t u r e s  o f  1 5 8 ° F  o r  h i g h e r .

I t  i s  k n o w n  t h a t  t e m p e r a t u r e  c h a n g e s  t h e  s o l u b i l i t y  o f  m e a t  
p r o t e i n s  ( B o u t o n  a n d  H a r r i s ,  1 9 7 2 ) .  H a m m  a n d  D e a t h e r a g e
( 1 9 6 0 )  f o u n d  t h a t  c o a g u l a t i o n  o f  t h e  m y o f i b r i l l a r  p r o t e i n s  
b e g a n  b e t w e e n  8 6  a n d  1 0 4 ° F  a n d  w a s  n e a r l y  c o m p l e t e d  b y  
1 3 1 ° F .  T h e  s a r c o p l a s m i c  p r o t e i n s  w e r e  a l m o s t  c o m p l e t e l y  
d e n a t u r e d  b y  1 4 3 . 6 ° F  ( B e n d a l i ,  1 9 6 4 ) .  H a m m  a n d  D e a t h e r a g e

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

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

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

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

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

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

t o  p r e d i c t  t h i a m i n e  r e t e n t i o n  o r  b a c t e r i a l  i n a c t i v a t i o n .  A n  e x 

a m i n a t i o n  o f  T a b l e  3  d e m o n s t r a t e s  t h e  r e s u l t .  T h e  p o o r  c o r r e 
l a t i o n  b e t w e e n  p r e d i c t e d  a n d  a c t u a l  t h i a m i n e  r e t e n t i o n s  f o r  

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

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

Table 1—Results from heat penetration tests3 on pea puree, beef 
puree and peas-in-brine

Product
fh

(min)

Thermal
diffusivity
(in.2/min) ich Jcc

Pea puree 
603 X  700 can 
307 X  409 can

178.0
56.8 0.0151 1.6 2.0

Beef puree 
603 X  700 can 
307 X  409 can

117.0
37.9 0.0226 2.1 2.2

Peas-in-brine 
307 X  409 can 6.0 1.0 1.0

a Heat penetration curves based on the original data are shown in
F igu re s 1, 2 and  3.

T h e  r e s u l t s  w i t h  p e a  p u r e e  a n d  p e a s - i n - b r i n e ,  a s  s e e n  i n  
T a b l e s  2  a n d  4 ,  c o n f i r m  t h e  t h e s i s  t h a t  t h i a m i n e  r e t e n t i o n  c a n  

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

w a s  n e v e r  m o r e  t h a t  5 %  b e l o w  t h e  p r e d i c t e d  v a l u e .  T h e  a c t u a l  

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

c i s e l y  e q u a l  t o  t h e  v a l u e s  s u p p l i e d  a s  i n p u t  d a t a  t o  t h e  c o m 

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

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

d i c t e d  t h i a m i n e  r e t e n t i o n  is  t h e  r e t o r t  t e m p e r a t u r e .  I t  i s  r e c o g 
n i z e d  t h a t  a n  e r r o r  o f  ±  0 . 5 °  i n  r e t o r t  t e m p e r a t u r e  c o u l d  r e 
m a i n  u n d e t e c t e d  t h r o u g h o u t  t h e  p r o c e s s .  L i k e w i s e ,  t h e  p r o c e s s  
t i m e  c o u l d  b e  c o n t r o l l e d  o n l y  t o  w i t h i n  ±  0 . 5  m i n .  O t h e r  

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

Fig. 1—Heat penetration curve for pea puree in 
603 X  700 can "still-retorted" at 252° F.

Fig. 2—Heat penetration curve for beef puree in 
603 X  700 can "still-retorted" at 252° F.

Fig. 3—Heat penetration curve for peas-in-brine 
in 307 X  409 can "still-retorted"  at 252° F.
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Table 2—Thiamine retention in pea puree 
processed in 307 X 409 cans at 252° F

Fs

Sterility Thiamine Thiamine retention

D = 0.2 D =3.2 D = 234.0 Predicted Actual
z = 16 z= 14 z= 48 (%) (%>

15.4 17.6 66.4 52.0 48.3
1.6 3.6 31.6 73.3 71.1

8.4 92.1 90.0

Table 3—Thiamine retention in beef puree 
processed in 307 X 409 cans at 252° F

Fs

Thiamine retentionSterility Thiamine

D = 0.2 
z= 16

D = 3.2 
z = 14

D = 243.5 
z= 48

Predicted
(%)

Actual
(%)

34.7 37.8 71.4 50.9 40.6
14.9 17.4 50.8 61.9 57.7
2.7 4.6 27.7 77.0 76.6

Table 4—Thiamine retention in peas-in-brine 
processed in 307 X 409 cans at 252° F

Fs

Sterility Thiamine Thiamine retention

D = 0.2
z = 16

D = 3.2 
z = 14

D = 190.8 
z= 48

Predicted
<%)

Actual
<%)

27.2 28.3 25.6 73.4 69.7
16.7 17.2 16.4 82.1 79.8
3.5 3.3 5.7 93.4 88.0

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

a r e  s u s c e p t i b l e  t o  v a r i a t i o n s  f r o m  o b s e r v e d  v a l u e s .  T e i x e i r a
( 1 9 7 1 )  c o n s t r u c t e d  a  t a b l e  t o  s h o w  t h e  e f f e c t  o f  e a c h  o f  t h e s e  
p e r t u r b a t i o n s  o n  t h e  p r e d i c t e d  t h i a m i n e  r e t e n t i o n .  T h e  r e s u l t s  
s h o w  a  m a x i m u m  p o s s i b l e  v a r i a t i o n  o f  ±  6 %  i n  t h e  t h i a m i n e  
r e t e n t i o n  p r e d i c t e d  b y  t h e  c o m p u t e r  m o d e l  f o r  t h e  r e m o t e  

p o s s i b i l i t y  t h a t  a l l  t h e  e r r o r s  a r e  c o m p o u n d e d  i n  t h e  s a m e  
d i r e c t i o n .  H e  s t a t e s :  “ T h e  p r e c i s i o n  o f  t h e  e x p e r i m e n t a l  a n a l y 
s i s  i s  o f  t h e  s a m e  o r d e r  o f  m a g n i t u d e  a s  t h e  r e l i a b i l i t y  o f  t h e  
c o m p u t e r  m o d e l ,  a n d  a g r e e m e n t  b e t w e e n  t h e  t w o  w i t h i n  ±  6 %  

w o u l d  e s t a b l i s h  t h e  v a l i d i t y  o f  t h e  c o m p u t e r  m o d e l . ”  T h e  
m a x i m u m  v a r i a t i o n  o f  + 5 %  b e t w e e n  t h e  p r e d i c t e d  a n d  a c t u a l  
t h i a m i n e  r e t e n t i o n s  i s  w e l l  w i t h i n  t h e  p e r m i t t e d  r a n g e  a n d  s o  
c o n f i r m s  t h e  v a l i d i t y  o f  t h e  t h e s i s .

I n  c o n c l u s i o n ,  i t  m a y  b e  r e i t e r a t e d  t h a t  a n  a p p r o a c h ,  s i m i l a r  
t o  t h e  o n e  d e s c r i b e d  i n  t h i s  t h e s i s ,  w o u l d  b e  e q u a l l y  a p p l i c a b l e  
t o  a n y  f a c t o r  t h a t  d e g r a d e s  b y  f i r s t  o r d e r  k i n e t i c s .  T h e  c h o i c e  
o f  i n d e x  w o u l d  d e p e n d  o n  t h e  a m o u n t  o f  i n f o r m a t i o n  a v a i l a 

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

a n d  t h e  s t e r i l i z a t i o n  m e t h o d  i n  q u e s t i o n .  W i t h  t h e  g e n e s i s  o f  

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

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

T h e  e x p o s u r e  o f  t h e  c h e m i c a l  i n d e x  t o  t h e  c o n s t i t u e n t s  o f  t h e  
f o o d  m a t e r i a l  i n t r o d u c e s  s e v e r a l  v a r i a b l e s  w h i c h  m i g h t  ( o r  
m i g h t  n o t )  h a v e  a n  e f f e c t  o n  t h e  k i n e t i c s  o f  t h e  d e g r a d a t i v e  
r e a c t i o n .  A  s e t - u p  i n  w h i c h  t h e  i n d i c a t o r ,  c o n t a i n e d  i n  a  
p o u c h ,  c o u l d  b e  p l a c e d  a t  t h e  s l o w e s t - h e a t i n g  p o i n t  o f  a  p r o d 
u c t  b e f o r e  p r o c e s s i n g ,  s o  t h a t  s t e a m  ( o r  e l e c t r o m a g n e t i c  r a d i 
a t i o n ) ,  b u t  n o t  t h e  f o o d  c o n s t i t u e n t s ,  c o u l d  r e a c t  w i t h  t h e  
i n d e x ,  r e p r e s e n t s  a  m o r e  e f f i c i e n t  s o l u t i o n  t o  t h e  p r o b l e m  
s i n c e ,  i n  t h a t  c a s e ,  i t  w o u l d  n o t  b e  n e c e s s a r y  t o  v e r i f y  t h e  
d e g r a d a t i o n  k i n e t i c s  o f  t h e  i n d e x  i n  e v e r y  p r o d u c t  t o  b e  
t e s t e d .

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

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

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

t e n t i a l  o f  e f f e c t i n g  a  r e v o l u t i o n a r y  c h a n g e  i n  t h e  f o o d  a n d  
p h a r m a c e u t i c a l  i n d u s t r i e s .  .
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EFFECTS OF HEATING METHODS ON V ITAM IN  RETENTION  
IN S IX  FRESH OR FROZEN PREPARED FOOD PRODUCTS

INTRODUCTION
A L T H O U G H  t h e  u s e  o f  b u l k  p a c k e d  p r e p a r e d  f r o z e n  f o o d s  i s  

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

n u t r i e n t s  i n  s u c h  f o o d s .
F o r  i n d i v i d u a l  s e r v i n g  p o r t i o n s ,  C a u s e y  a n d  F e n t o n  ( 1 9 5 1 a ,  

b )  c o m p a r e d  t h e  e f f e c t s  o f  r e h e a t i n g  s e v e r a l  f r o z e n  c o o k e d  

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

w a s  7 0 —8 2 %  a n d  t h e r e  w e r e  n o  s i g n i f i c a n t  d i f f e r e n c e s  a m o n g  
t h e  r e h e a t i n g  m e t h o d s  u s e d .  L i t t l e  l o s s  o f  t h i a m i n e  w a s  o b 
s e r v e d  i n  a n y  o f  t h e  m e a t  p r o d u c t s  u s i n g  a n y  o f  t h e  r e h e a t i n g  
m e t h o d s .  H o w e v e r ,  d i f f e r e n t  m e t h o d s  s h o w e d  s i g n i f i c a n t  d i f 
f e r e n c e s  i n  t h i a m i n e  r e t e n t i o n s  f o r  s o m e  d i s h e s .  O t h e r  s t u d i e s  
b y  E h e a r t  ( 1 9 6 9 )  i n d i c a t e d  t h a t  f r o z e n  b r o c c o l i  r e h e a t e d  i n  a  
“ b o i l - i n - b a g ”  r e t a i n e d  m u c h  m o r e  a s c o r b i c  a c i d  t h a n  t h e  

f r e s h l y  c o o k e d  o r  t h e  f r o z e n - p a n  r e h e a t e d  b r o c c o l i .
K a h n  a n d  L i v i n g s t o n  ( 1 9 7 0 )  s t u d i e d  t h e  t h i a m i n e  r e t e n 

t i o n s  i n  f o u r  f r o z e n  p r e p a r e d  f o o d  p r o d u c t s  r e c o n s t i t u t e d  b y  
t h r e e  h i g h  s p e e d  h e a t i n g  m e t h o d s .  T h e  a v e r a g e  r e t e n t i o n s  o f  
f o u r  p r o d u c t s ,  i . e . ,  b e e f  s t e w ,  c h i c k e n  a  l a  k i n g ,  s h r i m p  n e w -  
b u r g  a n d  p e a s  i n  c r e a m  s a u c e ,  w e r e  9 3 . 5 %  f o r  m i c r o w a v e  o v e n ,  
9 0 %  f o r  i n f r a r e d  o v e n  a n d  8 6 %  f o r  t h e  h o t  w a t e r  i m m e r s i o n  
h e a t i n g  m e t h o d .  T h e y  a l s o  r e p o r t e d  t h a t  h o t - h o l d i n g  o f  f r e s h l y  
p r e p a r e d  p r o d u c t s  i n  h o t  w a t e r  a t  1 8 0 ° F  ( 8 2 . 2 ° C )  r e s u l t e d  i n  
t h e  r e t e n t i o n  o f  7 8 ,  7 4  a n d  6 7 %  o f  t h i a m i n e  a f t e r  1 , 2  a n d  3 
h r  r e s p e c t i v e l y .  T h e s e  s t u d i e s  w e r e  b a s e d  o n  i n d i v i d u a l  s e r v i n g  
p o r t i o n  p r e p a r a t i o n s  a n d  n o  s t a t i s t i c a l  d a t a  w e r e  g i v e n .  E a r l i e r  
s t u d i e s  o n  t h e  e f f e c t  o f  h o t - h o l d i n g  h a v e  b e e n  r e v i e w e d  b y  
H a r r i s  a n d  V o n  L o e s e c k e  ( 1 9 6 0 )  w h o  s t a t e d  t h a t  9 4 %  o f  a s 
c o r b i c  a c i d  a n d  6 6 %  o f  t h i a m i n e  w e r e  l o s t  a f t e r  3  h r  s t e a m  

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

t h e  C a t e r i n g  R e s e a r c h  U n i t  a t  t h e  U n i v e r s i t y  o f  L e e d s  ( 1 9 7 0 )  
e v a l u a t e d  t h e  n u t r i e n t  c o n t e n t  o f  a  v a r i e t y  o f  h o s p i t a l  f o o d  
i t e m s .  T h e y  f o u n d  t h a t  f r o z e n  p r e p a r e d  f o o d s  r e h e a t e d  i n  c o n 
v e c t i o n  o v e n s  i n  t h e  “ c o o k / f r e e z e ”  s y s t e m  r e t a i n e d  s i g n i f i 
c a n t l y  h i g h e r  a m o u n t s  o f  a s c o r b i c  a c i d  t h a n  f o o d s  i n  t h e  c o n 

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

a v a i l a b l e  l y s i n e  c o n t e n t  w a s  a l s o  r e p o r t e d  f o r  t h e  “ c o o k /  
f r e e z e ”  s y s t e m .  B o w e r s  a n d  F r y e r  ( 1 9 7 2 )  c o m p a r e d  t h e  r e t e n 
t i o n  o f  t h i a m i n e  a n d  r i b o f l a v i n  i n  c o o k e d ,  c o o k e d - r e h e a t e d  
a n d  c o o k e d - f r o z e n - r e h e a t e d  t u r k e y  m u s c l e s  u s i n g  g a s  a n d  m i 

c r o w a v e  o v e n s .  T h e i r  r e s u l t s  o n  a  m o i s t u r e - f r e e ,  f a t - f r e e  b a s i s  

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

t i o n s  o f  t h i a m i n e  a n d  r i b o f l a v i n .

T h e  e f f e c t s  o f  m i c r o w a v e  c o o k i n g  o n  n u t r i e n t  r e t e n t i o n  a s  
r e v i e w e d  b y  L i v i n g s t o n  e t  a l .  ( 1 9 7 3 )  a n d  A n g  a n d  L i v i n g s t o n
( 1 9 7 4 )  i n d i c a t e d  t h a t  f o r  s o m e  p r o d u c t s ,  h i g h e r  r e t e n t i o n s  o f  
t h i a m i n e ,  r i b o f l a v i n  a n d  a s c o r b i c  a c i d  w e r e  o b t a i n e d  w i t h  t h e

m i c r o w a v e  c o o k i n g  m e t h o d ,  b u t  f o r  s o m e  o t h e r s ,  t h e  c o n v e n 
t i o n a l  m e t h o d s  w e r e  b e t t e r  t h a n  t h e  m i c r o w a v e .  S t u d i e s  o n  
b u f f e r  s o l u t i o n s  s u g g e s t e d  t h a t  t h e  d e g r e e  o f  t h i a m i n e  d e s t r u c 
t i o n  b y  m i c r o w a v e  i s  d u e  s o l e l y  t o  t h e  t e m p e r a t u r e  e f f e c t  
( G o l d b l i t h  e t  a l . ,  1 9 6 8 ) ,  a n d  n o  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  
r e t e n t i o n  o f  t h i a m i n e  a n d  r i b o f l a v i n  c o u l d  b e  d e m o n s t r a t e d  
w h e n  e l e c t r i c  a n d  m i c r o w a v e  w e r e  c o m p a r e d  ( V a n  Z a n t e  a n d  
J o h n s o n ,  1 9 7 0 ) .

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

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

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

p h a s e  o f  P r o j e c t  A C T I O N  ( A u d i t i n g  C o n v e n i e n c e  T e c h n i q u e s ’ 
I m p a c t  o n  N u t r i t i o n )  ( C o  a n d  L i v i n g s t o n ,  1 9 6 9 ;  K a h n  a n d  
L i v i n g s t o n ,  1 9 7 0 )  a n d  h a s  b e e n  c o n d u c t e d  i n  c o l l a b o r a t i o n  

w i t h  t h e  U S D A  P r o t e i n  N u t r i t i o n  L a b o r a t o r y ,  H u m a n  N u t r i 
t i o n  R e s e a r c h  D i v . ,  B e l t s v i l l e ,  M d .  T h e  f o o d  p r e p a r a t i o n ,  r e 
c o n s t i t u t i o n  a n d  v i t a m i n  a n a l y s e s  w e r e  c a r r i e d  o u t  b y  t h e  
a u t h o r s  a t  C o l u m b i a  U n i v e r s i t y ,  a n d  t h e  p r o t e i n  n u t r i t i o n a l  
v a l u e  s t u d i e s  w e r e  c a r r i e d  o u t  a n d  r e p o r t e d  b y  t h e  c o l l a b o 
r a t o r s  ( B o d w e l l  a n d  W o m a c k ,  1 9 7 4 ) .

S i x  f o o d  p r o d u c t s ,  n a m e l y ,  m a s h e d  p o t a t o e s ,  p o t  r o a s t  w i t h  
g r a v y ,  p e a s  w i t h  o n i o n s ,  b e a n s  a n d  f r a n k f u r t e r s ,  d i c e d  c a r r o t s  
a n d  f r o z e n  f r i e d  f i s h  p o r t i o n s  w e r e  s t u d i e d .  T h e  h e a t i n g  p r o 
c e d u r e s ,  e q u i p m e n t  u s e d  a n d  m e t h o d s  o f  p r o d u c t  t e m p e r a t u r e  

m e a s u r e m e n t s  w e r e  t h o s e  d e s c r i b e d  i n  a  s e p a r a t e  p a p e r  ( A n g  e t  
a l . ,  1 9 7 5 ) .  T h e  r a w  m a t e r i a l s  u s e d ,  p r e p a r a t i o n  t e c h n i q u e s  a n d  
t h e  a n a l y t i c a l  r e s u l t s  a r e  r e p o r t e d  i n  t h i s  p a p e r .

EXPERIM EN TAL
M a te r ia ls

M a te r ia ls  u s e d  in  p r e p a r in g  o r  a s s e m b lin g  p r o d u c t s  w e re  p r o c u r e d  in  
t h e  f o r m  m o s t  c o m m o n ly  u s e d  b y  i n s t i t u t i o n a l  o p e r a to r s ,  e .g .,  f r e s h  
b e e f  a n d  f r a n k f u r t e r s ,  c a n n e d  b e a n s ,  f r o z e n  p e a s ,  o n io n s  a n d  c a r r o t s ,  
i n s t a n t  p o t a t o  f l a k e s  a n d  f r o z e n  p r e c o o k e d  b r e a d e d  f is h .  P r o d u c ts  w e re  
p r e p a r e d  in  t h e  l a b o r a t o r y  u s in g  p u b l i s h e d  i n s t i t u t i o n a l  r e c ip e s  w h e r 
e v e r  a p p l ic a b le .  4 - 5  lb  o f  p r o d u c t  w e re  p a c k e d  in  a lu m in u m  p a n s  o r  
p o ly e s t e r  p o u c h e s  a s  d e s c r ib e d  b y  A n g  e t  a l .  ( 1 9 7 5 )  e x c e p t  f o r  f r ie d  
f i s h  p o r t i o n s  w h e re  n o  p r e p a c k in g  w a s  r e q u i r e d .

M a s h e d  p o t a t o e s .  I n g r e d ie n t s  u s e d  f o r  t h i s  p r o d u c t  w e r e  d e h y d r a t e d  
p o t a t o  f la k e s  ( s u p p l ie d  b y  t h e  F o o d  D iv is io n ,  B o rd e n ,  I n c . ,  N e w  Y o rk ,
N .Y .)  i n s t a n t  n o n f a t  d r y  m i lk  ( C a r n a t io n  C o m p a n y ,  L o s  A n g e le s ,  C a l if .)  
a n d  m a rg a r in e  (M a z o la  b r a n d  m a d e  b y  B e s t  F o o d s ,  C P C  I n t e r n a t io n a l ,  
I n c . ,  E n g le w o o d  C lif f s ,  N .J . ) .  S u f f i c i e n t  q u a n t i t i e s  o f  e a c h  d r y  in g re d i
e n t  w e re  t h o r o u g h l y  b le n d e d  s e p a r a te ly  t o  p r o v id e  a  h o m o g e n e o u s  d r y  
m ix  w h ic h  w a s  t h e n  p a c k e d  in  p la s t i c  b a g s  u n d e r  n i t r o g e n  a n d  s to r e d  in  
a  r e f r i g e r a t o r  u n t i l  t h e  t im e  o f  u s e .

P o t  r o a s t  w i th  g ra v y . U .S .  G o o d  g r a d e ,  b o n e le s s  t o p  r o u n d  f r e s h  
b e e f  in  8 —1 1  lb  t i e d  r o l l s  w a s  p u r c h a s e d  f r o m  a  lo c a l  m e a t  s u p p l ie r .  A ll 
t h e  m e a t  w a s  r e c e iv e d  in  o n e  s h ip m e n t  a n d  s to r e d  u n d e r  r e f r i g e r a t i o n  a t  
2 - 4 ° C  u n t i l  u s e d  (u p  to  4 8  h r ) .  S h o r te n i n g  w a s  u s e d  in  r o a s t in g  (N u te x  
b r a n d ,  m a n u f a c tu r e d  b y  P r o c te r  a n d  G a m b le  C o . ,  C in c in n a t i ,  O h io ) .  A  
c o n c e n t r a t e d  a u  ju s  g ra v y  w a s  p r e p a r e d  b y  u t i l i z in g  h y d r o ly z e d  p la n t  
p r o t e in s  a n d  o t h e r  in g r e d ie n t s  s p e c i f i e d  in  a  f o r m u la  p u b l i s h e d  b y  th e
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N e s t le  C o m p a n y ,  I n c . ,  W h ite  P la in s ,  N e w  Y o r k  ( F o o d  I n g r e d i e n t s  D iv i
s io n ,  1 9 6 7 ) .

V e g e ta b le s .  C o m m e r c ia l ly  b l a n c h e d  a n d  in d iv id u a l  q u i c k  f r o z e n  
d a r k  s k in  P e r f e c t io n  p e a s ,  C r y s ta l  p e a r l  o n io n s  a n d  d i c e d  E m p e r a to r  
c a r r o t s  w e r e  u s e d  f o r  th i s  s t u d y  ( s u p p l ie d  b y  th e  G r e e n  G ia n t  C o .,  L e  
S u e u r ,  M in n .) .

B e a n s  a n d  f r a n k f u r t e r s .  C a n n e d  p e a  b e a n s  in  t o m a t o  s a u c e  a n d  f r o 
z e n  f r a n k f u r t e r s  ( 2 4  in .  lo n g ,  5 / 8  in . d i a m )  m a d e  f o r  u s e  in  t h e  c a n n e d  
p r o d u c t  w e re  u s e d  ( b o t h  w e r e  s u p p l ie d  b y  th e  C a m p b e l l  S o u p  C o m 
p a n y ,  C a m d e n ,  N .J .) .

F r o z e n  f is h  p o r t i o n s .  F is h  s a m p le s  in c lu d in g  (1 )  f r o z e n  ra w ,  (2 )  
b a t t e r e d  a n d  b r e a d e d  a n d  ( 3 )  b a t t e r e d ,  b r e a d e d  a n d  f r i e d  w e re  s e c u r e d  
b y  th e  a u t h o r s  in  t h e  f i s h  p ro c e s s in g  p l a n t  o f  F r i o n o r  N o rw e g ia n  F r o 
z e n  F i s h ,  L t d . ,  N e w  B e d f o r d ,  M ass . (T h e  b a t t e r  m ix ,  N o .  4 1 9 3  a n d  th e  
b r e a d in g  m ix  N o .  8 8 9 8  w e re  p r o d u c t s  o f  t h e  M o d e r n  M a id  F o o d  P r o d 
u c t s ,  I n c . ,  J a m a ic a ,  N .Y .)  A p p r o x im a te ly  2 ,5 0 0  p ie c e s  o f  f r o z e n  r a w  
c o d  f is h  p o r t i o n s  w e ig h in g  5 8  ± 6 g  (s iz e  a b o u t  3 x  1 6  x  1 c m )  w e re  
s e le c te d  f o r  f u r t h e r  p ro c e s s in g  w h ic h  c o n s i s te d  o f  b a t t e r i n g ,  b r e a d in g ,  
d e e p  f r y in g  f o r  4 5  s e c  a t  3 7 5 - 4 0 0 ° F  ( 1 9 1 —2 0 5 ° C )  a n d  b l a s t  f r e e z in g  
a t  - 4 0 ° C  f o r  1 2  m in .  T w o  h u n d r e d  p o r t i o n s  o f  f i s h  w e re  c o l l e c t e d  a t  
e a c h  o f  t h e  a b o v e  m e n t io n e d  p ro c e s s in g  s ta g e s .  W e ig h ts  w e r e  r e c o r d e d  
b e f o r e  a n d  a f t e r  e a c h  s ta g e .  A ll  s a m p le s  w e r e  s to r e d  in  a  f r e e z e r  a t  
- 1 0 ° C  u n t i l  u s e d .

G e n e r a l  p r o c e d u r e s  f o r  c o n v e n t io n a l  h e a t in g  m e th o d s

P r e p a r e d  f o o d s  p a c k e d  in  h a l f  s iz e  d i s p o s a b le  a lu m in u m  p a n s  a n d  
c o v e r e d  ( 4 - 5  l b / p a n  d e p e n d i n g  o n  p r o d u c t )  w e re  h e ld  in  a  f o o d  
w a r m e r  (C re s -c o r  m o d e l  H - 3 3 9 - 1 2 8 - 1 ,  C r e s c e n t  M e ta l  P r o d u c t s ,  I n c . ,  
C le v e la n d ,  O h io )  f o r  3 0  m in ,  1 -1 /2  h r  o r  3 h r .  T h e  a v e ra g e  w a r m e r  
t e m p e r a t u r e  w a s  a p p r o x i m a t e l y  2 0 0 —2 1 0 ° F  ( 9 3 . 3 —9 8 .8 ° C )  a n d  f o o d  
t e m p e r a t u r e  w a s  a b o u t  1 8 0 ° F  ( 8 2 .2 ° C ) .  S ix  o r  m o r e  r e p l i c a t e  p a n s  o f  
e a c h  p r o d u c t  w e re  p r e p a r e d  f o r  e a c h  t r e a t m e n t .

I n d iv id u a l  p r e p a r a t i o n  a n d  h e a t in g  m e th o d s  f o r  e a c h  p r o d u c t  a re  
d e s c r ib e d  b e lo w .

M a s h e d  p o t a t o e s .  D e h y d r a t e d  p o t a t o  f l a k e s  w e r e  r e c o n s t i t u t e d  w i t h  
m i lk ,  m a r g a r in e  a n d  w a te r  a c c o r d in g  t o  t h e  m a n u f a c t u r e r ’s d i r e c t i o n  
u s in g  a  5 -g a l s t e a m - ja c k e te d  k e t t l e  ( M a r k e t  F o r g e  C o m p a n y ,  E v e r e t t ,  
M a s s .)  a n d  s t i r r e d  f o r  5 m in  w i t h  a  w ire  w h ip .

T h e  p r o d u c t  t e m p e r a t u r e s  im m e d ia te ly  a f t e r  p r e p a r a t i o n  r a n g e d  
a p p r o x i m a t e l y  b e tw e e n  1 4 5 - 1 4 8 ° F  ( 6 3 - 6 4 . 5 ° C )  a n d  ro s e  t o  1 5 0 ° F  
( 6 5 .5 ° C ) ,  1 6 4 ° F  ( 7 3 .5 ° C )  a n d  1 7 5 ° F  ( 7 9 .4 ° C )  a f t e r  h o ld in g  f o r  1 /2 ,
1 - 1 /2  a n d  3 h r  r e s p e c t iv e ly .

P o t  r o a s t  w i t h  g ra v y .  F r e s h  r a w  b e e f  w a s  c o o k e d  a c c o r d in g  t o  th e  
A r m e d  F o r c e s  R e c ip e  ( A r m e d  F o r c e s  R e c ip e  S e rv ic e ,  1 9 6 9 )  w i th  s l ig h t  
m o d i f i c a t i o n .  T w o  ro l l s  o f  m e a t  w e re  p la c e d  in  a  d i s p o s a b le  a lu m in u m  
r o a s t i n g  p a n  ( 1 2  x  2 0  x  4 - 1 /2  in . )  c o n ta in in g  1 / 2  lb  s h o r t e n in g  a n d  
h e a t e d  in  a  c o n v e c t io n  o v e n  (g as  h e a t e d  a i r  f lo w  A F S - 1 0 0 - F F ,  W o lf  
R a n g e  C o .,  C a m p to n ,  C a l i f .)  p r e s e t  t o  4 2 5 ° F  ( 2 1 8 . 3 ° C ) .  F o u r  p a n s  
( t o t a l  w e ig h t  o f  m e a t  w a s  a b o u t  8 0  lb )  w e r e  c o o k e d  p e r  b a t c h .  T h e  
i n t e r n a l  t e m p e r a t u r e  o f  e a c h  r o l l  o f  m e a t  w a s  m o n i t o r e d  b y  a  t h e r m o 
c o u p le  c o n n e c t e d  t o  a  r e c o r d e r .  T h e  m e a t  w a s  t u r n e d  o n c e  a f t e r  3 0  m ir . 
o f  h e a t in g ,  s a l t  a n d  p e p p e r  b e in g  a d d e d  a t  th i s  t im e .  T h e  p a n s  w e re  th e r .  
c o v e r e d  w i t h  a lu m in u m  fo i l  o r  a n o t h e r  d is p o s a b le  a lu m in u m  p a n  a n d  
h e a t in g  w a s  c o n t in u e d  u n t i l  t h e  i n t e r n a l  t e m p e r a t u r e  r e a c h e d  1 6 0 ° F  
( 7 1 .1 ° C ) .  T h e  h e a t in g  t im e  ra n g e d  f r o m  3 - 1 /2 —5 - 1 /2  h r  d e p e n d in g  o n  
t h e  s iz e  o f  t h e  r o l l .  T h e  c o o k e d  b e e f  w a s  p la c e d  in  a  r e f r i g e r a t o r  
( 2 - 4 ° C )  o v e r n ig h t  b e f o r e  s lic in g . T h e  d r ip p in g s  ( 6 - 1 /2  g a l)  w e re  c o l 
l e c t e d  a n d  m ix e d  w i th  t h e  d i l u t e d  g ra v y  (8  f l  o z  g ra v y  c o n c e n t r a t e  in  10 
g a l  h o t  w a te r )  t o  m a k e  th e  f in a l  g ra v y .

E a c h  r o l l  o f  r o a s t  b e e f  w a s  t r i m m e d  t o  r e m o v e  e x c e s s  v is ib le  f a t  a n d  
s l ic e d  in  1 /8  in . t h ic k n e s s  w i th  a n  e l e c t r i c  m e a t  s l ic e r .  I n  o r d e r  t o  
r a n d o m iz e  v a r ia b i l i ty  f r o m  r o u n d  to  r o u n d ,  s l ic e s  f r o m  e a c h  r o l l  w e re  
d i s t r i b u t e d  in to  10  a l u m in u m  p a n s ,  w h ic h  w e re  l a te r  u s e d  f o r  d i f f e r e n t  
t r e a t m e n t s .  2 -1 /2  lb  o f  m e a t  w e re  c o l l e c t e d  i n t o  e a c h  p a n .  A ll  p a n s  
w e re  s to r e d  in  a  r e f r i g e r a t o r  u n t i l  a l l  t h e  m e a t  w a s  c o o k e d  a n d  t h e  g ra v y  
w a s  m a d e ;  2 lb  o f  g ra v y  w e re  t h e n  a d d e d  i n t o  e a c h  p a n  a n d  a l l  p a n s  
w e re  c h i l le d  h e ld  in  a  r e f r i g e r a t o r  b e f o r e  r e h e a t in g  in  a  c o n v e c t io n  o v e n  
t o  1 8 0 ° F .

V e g e ta b le s .  3 lb  10  o z  o f  p e a s  a n d  6  o z  o f  o n io n s  (1 0 %  o f  o n io n s  
p e r  4  lb  p a c k )  w e re  m ix e d  a n d  p a c k e d  in to  e a c h  p a n  o r  p o u c h .  C a r r o t s  
w e re  p a c k e d  d i r e c t ly  i n t o  4  lb  p a c k s  a n d  s to r e d  in  t h e  f r e e z e r .

B e a n s  a n d  f r a n k f u r t e r s .  F r o z e n  f r a n k f u r t e r s  w e re  f i r s t  c u t  i n t o  seg 
m e n t s  a p p r o x im a te ly  1 /2  in . lo n g .  1 lb  4  o z  o f  t h e  c u t  s e g m e n ts  w e re  
m ix e d  w i t h  3 lb  1 2  o z  o f  c a n n e d  b e a n s  t o  p r o v id e  5 lb  p e r  p a n  o r  p o u c h  
w i t h  a  r a t i o  o f  3 :1  b e a n s  t o  f r a n k f u r t e r s .

T h e  p a n s  w e re  f i r s t  s to r e d  u n d e r  r e f r i g e r a t i o n  a f t e r  p a c k in g ,  t h e n  
h e a t e d  in  t h e  c o n v e c t io n  o v e n  to  1 8 Q ° F .

F r o z e n  f r i e d  f is h  p o r t i o n s .  P a c k a g in g  i n t o  f o i l  p a n s  o r  p o u c h e s  w a s

n o t  r e q u i r e d  f o r  th i s  p r o d u c t .  F o r  c o n v e n t io n a l  h e a t in g ,  1 2  p o r t i o n s  o f  
f r o z e n  f r i e d  f i s h  ( a p p r o x im a te ly  2  l b )  w e re  p la c e d  u n c o v e r e d  o n  la rg e  
d i s p o s a b le  a lu m in u m  p a n s  ( 1 0  x  1 8  in . )  a n d  h e a t e d  in  t h e  c o n v e c t io n  
o v e n .  T o w a r d  t h e  e n d  o f  h e a t in g ,  t e m p e r a t u r e s  a t  d i f f e r e n t  l o c a t io n s  o f  
v a r io u s  p ie c e s  w e re  m e a s u r e d .  A  t o t a l  o f  1 4  p a n s  w e re  h e a t e d  f o r  e a c h  
t r e a t m e n t  in  o r d e r  t o  p r o v id e  s u f f i c i e n t  f in i s h e d  p r o d u c t  f o r  t h e  p r o 
t e i n  q u a l i t y  s tu d ie s .  N e t  w e ig h ts  w e re  d e t e r m i n e d  b e f o r e  a n d  a f t e r  h e a t 
in g  a n d  h o ld in g .

C o n v e n ie n c e  f o o d  s e rv ic e  h a n d l in g  m e t h o d s

P r e p a r e d  f o o d  p r o d u c t s  w e re  p a c k e d  e i t h e r  in  d is p o s a b le  a lu m in u m  
p a n s  o r  p o u c h e s  a n d  s to r e d  in  a  f r e e z e r  a t  — 1 0 ° C  u n t i l  u s e d .  T o  s im u 
la te  c o n v e n ie n c e  f o o d  s e rv ic e  h a n d l in g  th e s e  p r o d u c t s  w e re  r e h e a t e d  in  
a  c o n v e c t io n  o v e n ,  h ig h  p r e s s u re  s te a m e r ,  i n f r a r e d  o v e n  ( m o d e l  H E -  
5 0 0 0 ,  L i t t o n  I n d u s t r i e s ,  M in n e a p o l is ,  M N  5 5 4 1 1 ) ,  a n d  m ic ro w a v e  o v e n  
( 2 4 5 0  M H z , 2 .1  k w , M o d e l  1 1 0 4 ,  N .V .  P h i l ip s  G lo e i l a m p e n f a b r i e k e n )  
a n d  t h e n  h e ld  in  a c lo s e d  s t i l l  f o o d  w a r m e r  a t  1 8 0 ° F  f o r  3 0  m in  to  
s im u la te  t h e  n o r m a l  d e la y  b e tw e e n  r e h e a t in g  a n d  c o n s u m p t i o n  w h ic h  
w o u ld  b e  e n c o u n t e r e d  in  a  f o o d  s e rv ic e  o p e r a t i o n .

T h e  p a r t i c u l a r  p r e c a u t io n s  u s e d  in  e a c h  c a s e  t o  i n s u r e  u n i f o r m  h e a t 
in g  a n d  in t e r n a l  e n d  p r o d u c t  t e m p e r a t u r e s  h a v e  b e e n  d e s c r ib e d  b y  A n g  
e t a l .  ( 1 9 7 5 ) .

M e th o d s  o f  a n a ly s is

S u f f i c i e n t  a m o u n t  o f  e a c h  r a w  in g r e d ie n t  (5  lb  o r  m o r e )  w a s  h o m o 
g e n iz e d  a n d  a n a ly z e d .  F r o z e n  r a w  m a te r ia l s  w e re  f i r s t  t h a w e d  a t  r o o m  
t e m p e r a t u r e  f o r  4  h r  b e f o r e  b le n d in g .  I m m e d ia t e ly  a f t e r  h e a t in g ,  t h e  
f o o d  w a s  b l e n d e d  in  a  1-g a l b l e n d e r  a n d  s a m p le s  w e re  t a k e n  f o r  v i t a m in  
a n a ly s e s .  T h e  r e m a in in g  s a m p le s  ( b o t h  ra w  a n d  c o o k e d )  w e re  p la c e d  o n  
a lu m in u m  o r  s ta in le s s  s te e l  t r a y s  t o  1 /2  in .  d e p t h ,  c o v e r e d  w i t h  a lu m i 
n u m  f o i l ,  a n d  s to r e d  in  a  f r e e z e r .  T h e y  w e r e  l a t e r  f r e e z e  d r i e d  i n  a  
S to k e s  v a c u u m  d r y e r  f o r  2 - 3  d a y s .  M o d e r a te  h e a t  n o t  e x c e e d in g  1 0 0 ° F  
( 3 8 ° C )  w a s  a p p l ie d  o n  th e  s e c o n d  d a y  to  a c c e le r a te  d ry in g .  D r ie d  f o o d  
s a m p le s  w e r e  t h e n  c o m m in u te d  u s in g  a  f o o d  g r in d e r  a n d  v a c u u m  
p a c k e d  i n t o  p la s t i c  p o u c h e s  f o r  s h ip p in g  t o  t h e  c o l l a b o r a t o r s  f o r  p r o 
t e in  q u a l i t y  s tu d ie s .  S a m p le s  f o r  m o i s tu r e  a n a ly s is  w e r e  w e ig h e d  in to  
m o is tu r e  d is h e s  a n d  d r ie d  u n d e r  a  v a c u u m  o f  2 0  in .  H g  a t  7 0 ° C  u n t i l  a 
c o n s t a n t  w e ig h t  w a s  o b t a in e d ,  w h e r e a s  s a m p le s  f o r  o t h e r  n u t r i e n t s  w e re  
w e ig h e d  in t o  t i g h t ly  c o v e r e d  b e a k e r s  a n d  s to r e d  in  t h e  f r e e z e r .  A p p r o x i 
m a te ly  lO O g o f  e a c h  o f  t h e  c a r r o t  s a m p le s  w e re  p a c k e d  i n t o  p la s t ic  
b a g s ,  s e a le d ,  f r o z e n  a n d  s h ip p e d  u n d e r  d r y  ic e  t o  t h e  c o l l a b o r a t o r s  f o r  
c a r o t e n e  a s s a y .  A s c o rb i c  a c id  w a s  g e n e r a l ly  d e t e r m in e d  o n  t h e  d a y  f o l 
lo w in g  s a m p l in g ,  w h e r e a s  t h i a m in e  a n d  r ib o f la v in  w e re  d e t e r m i n e d  2 - 3  
d a y s  l a te r .

A n a ly t ic a l  m e th o d s  u s e d  f o r  r e d u c e d  a s c o r b ic  a c id ,  t h i a m in e  a n d  
r ib o f la v in  w e re  t h e  p h o t o m e t r i c ,  t h i o c h r o m e  a n d  f l u o r o m e t r i c  
m e th o d s ,  r e s p e c t iv e ly ,  o f  t h e  “ M e th o d s  o f  V i ta m in  A s s a y ”  ( V i t a m in  
C h e m is ts  A s s o c ia t io n ,  1 9 6 6 ) .  P r e l i m in a r y  s tu d ie s  s h o w e d  t h a t  t h e  e n 
z y m e s  p o l id a s e  - s  o f  t h e  S c h w a r z /M a n n  C o . (N e w  Y o r k )  a n d  c la r a s e -3 0  
o f  t h e  M ile s  L a b o r a to r i e s ,  I n c .  ( E l k h a r t ,  I n d . )  w e r e  s a t i s f a c to r y  f o r  t h e  
t h i a m in e  a s s a y .  T h e  p r o c e d u r e  o f  B lig h  a n d  D y e r  ( 1 9 5 9 )  w a s  u s e d  f o r  
f a t  d e t e r m i n a t i o n  a n d  c a r o t e n e  c o n t e n t  w a s  d e t e r m in e d  b y  t h e  m e t h o d  
o f  S w e e n e y  a n d  M a r s h  ( 1 9 7 0 ) .  D u n c a n ’s n e w  m u l t ip l e - r a n g e  t e s t  { S te e l  
a n d  T o r r i e ,  1 9 6 0 )  w a s  u s e d  in  s t a t i s t i c a l  a n a ly s e s .

RESULTS & DISCUSSION 
Individual products

T h e  t i m e s  r e q u i r e d  w i t h  v a r i o u s  h e a t i n g  m e t h o d s  t o  b r i n g  
t h e  a v e r a g e  i n t e r n a l  t e m p e r a t u r e  o f  t h e  p r e p a r e d  p r o d u c t  t o  
1 8 0 ° F  a r e  s h o w n  i n  T a b l e  1 . F o r  a l l  t h e  h e a t i n g  m e t h o d s  
c o m p a r e d ,  f r o z e n  m a s h e d  p o t a t o e s  ( 5  l b )  r e q u i r e d  t h e  l o n g e s t  
t i m e  w h i l e  f r o z e n  f r i e d  f i s h  p o r t i o n s  ( 2  l b  h e a t e d  i n  o n e  l a y e r )  
n e e d e d  t h e  s h o r t e s t  h e a t i n g  t i m e .  O v e r a l l ,  t h e  m i c r o w a v e  o v e n  
h e a t i n g  w a s  t h e  f a s t e s t ,  f o l l o w e d  b y  i n f r a r e d  a n d  s t e a m e r  

m e t h o d s ,  a n d  t h e  c o n v e c t i o n  o v e n  h e a t i n g  w a s  t h e  s l o w e s t .  
F r o z e n  f r i e d  f i s h  p o r t i o n s  w e r e  t h e  e x c e p t i o n  w h e r e  h e a t i n g  
t i m e  f o r  a l l  t r e a t m e n t s  w a s  c o m p a r a t i v e l y  s h o r t .  T a b l e s  2  t o  5 

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

Mashed potatoes. F r o z e n  m a s h e d  p o t a t o e s  r e h e a t e d  i n  t h e  
m i c r o w a v e  a n d  i n f r a r e d  o v e n s  w e r e  h i g h e r  i n  s o l i d s  c o n t e n t  
t h a n  t h o s e  o t h e r w i s e  h e a t e d .  T h i s  c o u l d  b e  a t t r i b u t e d  t o  t h e  
m o r e  f r e q u e n t  s t i r r i n g s  r e q u i r e d  f o r  h e a t i n g  i n  t h o s e  o v e n s .

A s c o r b i c  a c i d  a p p e a r e d  t o  b e  t h e  m o s t  u n s t a b l e  n u t r i e n t .  
R e t e n t i o n  o f  a s c o r b i c  a c i d  w a s  a s  l o w  a s  3 9 . 6 %  a f t e r  h o l d i n g
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f o r  3  h r  a n d  r a n g e d  f r o m  2 4 . 1 —4 1 . 4 %  f o r  f r o z e n  p r e p a r e d  

p r o d u c t  r e h e a t e d  b y  v a r i o u s  m e t h o d s .  S t a t i s t i c a l  a n a l y s i s  
s h o w e d  t h a t  t h e  a s c o r b i c  a c i d  c o n t e n t  w a s  s i g n i f i c a n t l y  r e 
d u c e d  a t  e a c h  s t a g e  w h e n  h o l d i n g  w a r m  f o r  1 / 2 ,  1 - 1 / 2  a n d  3 
h r .

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

1 - 1 / 2  h r .  A  s l i g h t l y  h i g h e r  c o n t e n t  o f  a s c o r b i c  a c i d  w a s  f o u n d  
i n  s t e a m e r - r e h e a t e d  p r o d u c t  b u t  n o t  s i g n i f i c a n t l y  h i g h e r  t h a n

i n  t h e  c o n v e c t i o n - r e h e a t e d  p r o d u c t  o r  t h e  p r o d u c t  h e l d  f o r  3 
h r .  T h e  i n f r a r e d  a n d  m i c r o w a v e  o v e n  r e h e a t i n g  m e t h o d s  w e r e  

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

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

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

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

s e r v e d  a f t e r  s t e a m e r  a n d  i n f r a r e d  r e h e a t i n g .

Table 1—Heating times (min) of various bulk-packed prepared products®

No. Treatment Mashed potatoes

Pot roast 
&

Gravyb Peas/onions Beans/franks Diced carrots
Fried fish 
portions

3 Freshly prepared, no holding — 3 0 -3 5 2 2 -2 4 3 3 -3 9 25—30c 1 3 -1 4
4 Freshly prepared, held 1/2 hr - 3 0 -3 5 22—24b 3 3 -3 9 25—30c 1 3 -1 4
5 Freshly prepared, held 1-1/2 hr — 2 7 -3 0 22—24b 3 3 -3 9 25—30c 1 3 -1 4
6 Freshly prepared, held 3 hr — 2 8 -3 2 22—24b 3 3 -3 9 25—30c 13 -1 4
8 Frozen-heated in convection oven, 57 -6 1  c 5 0 -6 0 56—65b 47— 57b 60—6 8 c 1 3 -1 4

held 1/2 hr
9 Frozen-heated in infrared oven, 58— 70d 30—40c 25—23c 25—35c 26—33d 9 - 1 0

held 1/2 hr
10 Frozen heated in steamer, held 112 hr 4 4 -5 6 3 0 -3 5 26 -31 4 2 -5 4 2 3 -3 0 1 3 -1 5
11 Frozen-heated in microwave oven, 30—37e 21—25e 31 -3 36 25—27e 17—20e 9 — 10e

held 112 hr

a T im e  to reach average in ternal tem p, o f 180° F (82.2° C)
b P re co o k in g  t im e  o f beef w as 3 -1 / 2 — 5-1/2 hr
c H eating w as in te rrupted  once  fo r  s t irr in g
d  H eating  w as in te rrup ted  several t im e s fo r  st irr ing
e In c lud e s  heating and stan d ing  tim e: P ro d u c ts  were stirred d u r in g  s tan d ing  periods.

Table 2—Vitamin content and percentage retention in mashed potatoes subjected to various heating treatments

(mg/100g)a Retention (%)b

No. Treatment Ascorbic acid Riboflavin Thiamine Ascorbic acid Riboflavin Thiamine

Raw materials

1A Instant potato flakes 20.81 0.076 0.217 - - -
1B Nonfat dry milk 13.30 1.619 0.264 - - -
1C Margarine - 0.034 0.007 - - -
1 Mixed raw materials (calculated value)

Conventional institutional 
handling

14.37 0.255 0.166 196.16 100.00 101.68

3 Freshly prepared, no holding 7.47 ± 0.59c 0.255 ± 0.008 0.163 ± 0.001 100.00 100.00a 100.00a
4 Freshly prepared, held 112 hr 4.94 ± 0.53 0.249 ± 0.010 0.158 ± 0.002 66.13 97.65a 96.73
5 Freshly prepared, held 1-1/2 hr 3.81 ± 0.76 0.250 ± 0.006 0.148 ± 0.003 51.00 98.04a 90.80bc
6 Freshly prepared, held 3 hr

Convenience food system 
handling

2.96 ± 0.74 0.248 ± 0.008 0.133 ± 0.005 39.62a 97.25a 81.60

7 Frozen-thawed 6.96 ± 0.22 0.251 ± 0.001 0.166 ± 0.004 93.17 98.43a 101.84a
8 Frozen-reheated in convection oven, 

held 112 hr
2.67 ± 0.50 0.246 ± 0.006 0 144 ± 0.005 35.74a 96.47ab 88.34bd

9 Frozen-reheated in infrared oven, 
held 1/2 hr

1.75 ± 0.53 0.239 ± 0.009 0.1 ¿5 + 0.004 23.83b 93.73bc 88.96bd

10 Frozen-reheated in steamer, 
held 112 hr

3.09 ± 0.41 0.236 ± 0.008 0.141 ± 0.002 41.36a 92.55c 86.50d

11 Frozen-reheated in microwave oven, 
held 112 hr

1.80 ± 0.32 0.246 ± 0.010 0.150 ± 0.003 24.10b 96.47ab 92.02c

a D ry  w e igh t basis; average o f  three d e te rm ina t io n s fo r  raw  m ateria ls
b  M ean  percent retention  in re la tion  to fre sh ly  prepared  p ro d u c t  (N o. 3); m eans fo llow e d  b y  the sam e letters are n o t  s ig n if ic a n t ly  d iffe ren t at the 

5 %  level. T reatm ent 1 is n o t  in c luded  in com p u ta t io n .
0 M ean  and standard  dev iation  o f s ix  p repara tion s
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W i t h  r e s p e c t  t o  t h e  t h a i m i n e  c o n t e n t ,  a p p r e c i a b l e  l o s s e s  

w e r e  f o u n d  w h e n  f r e s h l y  p r e p a r e d  p r o d u c t s  w e r e  h e l d  w a r m  
f o r  u p  t o  3  h r .  T h e  r e t e n t i o n  o f  t h i a m i n e  w a s  c o m p a r a b l e  f o r  
c o n v e c t i o n ,  i n f r a r e d  a n d  s t e a m e r  t r e a t m e n t s  ( 8 6 . 5  — 8 8 . 3 % )  

a n d  w a s  s i g n i f i c a n t l y  h i g h e r  t h a n  f o r  p r o d u c t  h e l d  f o r  3  h r  
( 8 1 . 6 % ) .  M i c r o w a v e  h e a t i n g  r e s u l t e d  i n  t h e  g r e a t e s t  r e t e n t i o n  
o f  t h i a m i n e  o f  a l l  r e c o n s t i t u t i o n  m e t h o d s  u s e d  b u t  t h e  r e t e n 
t i o n  w a s  s l i g h t l y  l o w e r  t h a n  f o r  f r e s h l y  p r e p a r e d  p r o d u c t  a n d  
h e l d  f o r  1 / 2  h r .  T h e  s h o r t e r  h e a t i n g  t i m e  r e q u i r e d  b y  t h e  

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

P e a s  a n d  o n i o n s .  T a b l e  3  s h o w s  t h e  v i t a m i n  c o n t e n t  a n d  
r e t e n t i o n s  i n  v e g e t a b l e  i t e m s .  T h e  a s c o r b i c  a c i d  c o n t e n t  o f  

p e a s  a n d  o n i o n s  i s  n o t  r e p o r t e d  h e r e  d u e  t o  t h e  i n s t a b i l i t y  o f  
t h i s  n u t r i e n t  w h e n  s a m p l e s  w e r e  p a r t i a l l y  t h a w e d  d u r i n g  a  
f r e e z e r  b r e a k d o w n .  T h e  r e t e n t i o n  o f  r i b o f l a v i n  w a s  g r e a t e r  
t h a n  9 0 %  f o r  a l l  t h e  h e a t  t r e a t m e n t s .  T h e  v e g e t a b l e s  h e a t e d  i n  
t h e  s t e a m e r  w e r e  v e r y  w a t e r y ,  a n d  t h e  l i q u i d  w a s  s u b s e q u e n t l y  
d i s c a r d e d  b e f o r e  a n a l y z i n g .  R e l a t i v e l y  l o w e r  a m o u n t s  o f  r i b o 

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

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

w a v e  o v e n s  w a s  n o t  s i g n i f i c a n t .  T h e  r e t e n t i o n  o f  t h i a m i n e  a f t e r  
i n f r a r e d  h e a t i n g  w a s  c o m p a r a b l e  t o  t h a t  o f  t h e  a l u m i n u m  p a n 
s t e a m e r  h e a t e d  a n d  h e l d  u p  t o  1 - 1 / 2  h r .  T h e  t h i a m i n e  c o n t e n t  
o f  t h e  c o n v e c t i o n  o v e n  h e a t e d  p r o d u c t s  w a s  b e t w e e n  t h a t  o f  
t h e  p r o d u c t s  h e l d  1 - 1 / 2  a n d  3  h r ,  b u t  n o t  s i g n i f i c a n t l y  d i f f e r 

e n t  f r o m  e i t h e r  o n e .  T h e  p o u c h  s t e a m e r  h e a t i n g  m e t h o d  r e 
s u l t e d  i n  t h e  l o w e s t  r e t e n t i o n  o f  t h i a m i n e  ( 8 0 . 1 5 % )  f o l l o w e d

b y  t h e  c o n v e n t i o n a l  p a n - s t e a m e r  h e a t i n g  f o l l o w e d  b y  3  h r  
h o l d i n g  ( 8 8 . 2 4 % ) .

C a r r o t s .  H e a t - t r e a t e d  c a r r o t s  w e r e  a n a l y z e d  f o r  t h i a m i n e  
a n d  c a r o t e n e  a n d  t h e  r e s u l t s  a r e  s h o w n  i n  T a b l e  3 .  M i c r o w a v e  
o v e n  h e a t e d  c a r r o t s  r e t a i n e d  t h e  h i g h e s t  l e v e l  o f  t h i a m i n e  

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

a n d  t o  t h e  a b s e n c e  o f  a n y  f r e e  l i q u i d .  T h e  r e l a t i v e l y  d r y  h e a t 
i n g  c o n v e c t i o n  o v e n  m e t h o d  r e s u l t e d  i n  r e t e n t i o n  o f  a m o u n t s  
o f  t h i a m i n e  c o m p a r a b l e  t o  s t e a m e r  h e a t i n g  i n  a l u m i n u m  p a n s  
f o l l o w e d  b y  1- 1 / 2  h r  h o l d i n g  o r  t o  s t e a m e r  h e a t i n g  u s i n g  

p o u c h e s .  S i m i l a r l y  t o  p e a s  w i t h  o n i o n s ,  c a r r o t s  w e r e  v e r y  
w a t e r y  a f t e r  s t e a m  c o o k i n g .  A p p r o x i m a t e l y  3 —4  o z  o f  l i q u i d  
w e r e  c o l l e c t e d  p e r  p a n .  R e s u l t s  s h o w  t h a t  t h e  r e t e n t i o n  o f  
t h i a m i n e  i n  v e g e t a b l e s  i s  a f f e c t e d  b o t h  b y  h e a t  a n d  b y  l e a c h 
in g .  T h e  t o t a l  c a r o t e n e  c o n t e n t  w a s  s i m i l a r  a m o n g  t r e a t m e n t s .  
A l t h o u g h  t h e  d a t a  p r e s e n t e d  i n  T a b l e  3  a r e  b a s e d  o n  o n l y  
s i n g l e  o r  d u p l i c a t e  d e t e r m i n a t i o n s ,  h i g h  r e t e n t i o n s  o f  t h e  c a r o 
t e n e  a r e  o b v i o u s .  S w e e n e y  e t  a l .  ( 1 9 5 9 ,  1 9 6 0 )  a n d  C h a p m a n  e t  
a l .  ( 1 9 6 0 )  a l s o  r e p o r t e d  t h a t  t h e r e  w e r e  n o  s i g n i f i c a n t  l o s s e s  o f  
c a r o t e n e  i n  f r e s h  a n d  f r o z e n  b r o c c o l i  c o o k e d  b y  d i f f e r e n t  
m e t h o d s ,  i n c l u d i n g  b o i l i n g ,  s t e a m i n g  a n d  m i c r o w a v e  h e a t i n g .

P o t  r o a s t  w i t h  g r a v y .  T h e  v i t a m i n  c o n t e n t  o f  t h i s  p r o d u c t  is  
e x p r e s s e d  o n  a  f a t - f r e e  m o i s t u r e - f r e e  b a s i s  t o  p r o v i d e  a n  a c c u 
r a t e  c o m p a r i s o n  o f  v i t a m i n  r e t e n t i o n s .  T h e  r e s u l t s  o f  a n a l y s i s  
o n  t h e  r a w  m a t e r i a l s ,  t h e  c o o k e d  b e e f  a n d  t h e  p r e p a r e d  p o t  

r o a s t  w i t h  g r a v y  a r e  s h o w n  i n  T a b l e  4 . . R i b o f l a v i n  a p p e a r e d  t o  
b e  v e r y  s t a b l e  d u r i n g  t h e  p r e - c o o k i n g  p r o c e s s  w h i l e  t h i a m i n e  
s h o w e d  s i g n i f i c a n t  l o s s e s .  R e t e n t i o n s  o f  r i b o f l a v i n  w e r e  n o t

Table 3—Vitamin content and percentage retention in vegetables subjected to various heating treatments

Carrots

Peas and onions Total

No. T reatment

(mg/100g)a

Riboflavin Thiamine

Retention (%)b 
Riboflavin Thiamine

Thiamine
(mg/100g)a

Retention
(%)b

carotene
(mcg/g)c

Retention k
(%)

Raw materials

1A Frozen peas 0.635 1.426 - -
1 B Frozen onions 0.152 0.227 - -
1 Mixed peas and onions or 0.601 1.358 100.00 100.00 0.407 100.00 1157 100.00

frozen diced carrots

Conventional institutional
handling

3 Heated in steamer, no holding 0.566 ± 0.026d 1.32 ± 0.04 94.18abc 97.06a 0.395 ± 0.016 97.05abc 1099 94.99
4 Heated in steamer, held 1 /2 hr 0.556 ± 0.015 1.28 ± 0.02 92.51 abc 94.12e 0.382 ± 0.016 93.86ce 1067 92.22
5 Heated in steamer, held 1-1/2 hr 0.545 ± 0.026 1.25 ± 0.04 90.68a 91 91cde 0.360 ± 0.011 88.45d 1018 87.99
6 Heated in steamer, held 3 hr 0.550 ± 0.025 1.20 ± 0.03 91,51abc 88.24b 0.339 = 0.012 83.29 1062 91.79

Convenience food system
handling

7 Thawed 0.577 ± 0.028 1.36 ± 0.01 96.01c 100.00a 0.405 ± 0.013 99.51a 1046 90.41
8 Heated in convection oven, 0.565 ± 0.009 1.22 ± 0.04 94.01 abc 89.71 be 0.373 ± 0.013 91.65de 1069 92.39

held 1/2 hr
9 Heated in infrared oven. 0.569 ± 0.032 1.27 ± 0.05 94.68bc 93.38de 0.389 ± 0.006 95.58 be 1104 95.42

held 1 /2 hr
10 Heated in steamer (in pouches) 0.545 ± 0.016 1.09 ± 0.03 90.85ab 80.15 0.363 ± 0.015 89.19d 1075 92.91

held 1 /2 hr
11 Heated in microwave oven. 0.560 ± 0.013 1.23 ± 0.02 93.18a be 90.00cd 0.396 + 0.004 97.30ab 1091 94.32

held 1 /2 hr

a Dry weight basis; average of three determinations for raw materials
b  M ean  percent retention  in rela tion  to fre sh  froze n  vegetables (N o. 1); m eans fo llow e d  by  the sam e letters are n o t  s ign ifican tly  d iffe re n t  at the  5 %  

level. T reatm en t 1 is no t  included  in co m p u ta t io n s. 
c Data based on  sing le  or dup lica te  ana lyses 
d  M ean  and  standard  deviation  o f s ix  p repara tion s
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s i g n i f i c a n t l y  d i f f e r e n t  a m o n g  t r e a t m e n t s ,  e x c e p t  t h a t  t h e  
s t e a m e r - r e h e a t e d  p r o d u c t  r e t a i n e d  s i g n i f i c a n t l y  l o w e r  a m o u n t s  
o f  r i b o f l a v i n  t h a n  t h e  f r o z e n  t h a w e d  p r o d u c t .  T h e  3  h r  h e l d  
p r o d u c t  h a d  l o w e r  r i b o f l a v i n  c o n t e n t  t h a n  t h e  f r o z e n  p r o d u c t s  
r e h e a t e d  i n  t h e  i n f r a r e d  a n d  c o n v e c t i o n  o v e n s .  L o s s e s  o f  
t h i a m i n e  w e r e  s i g n i f i c a n t  w h e n  t h e  p r o d u c t  w a s  e i t h e r  h e l d  a t  
1 8 0 ° F  f o r  3  h r ,  o r  w a s  f r o z e n  a n d  r e h e a t e d  b y  d i f f e r e n t  
m e t h o d s  a s  c o m p a r e d  t o  t h e  f r e s h l y  p r e p a r e d  p r o d u c t .  R e d u c 
t i o n s  o f  t h i a m i n e  i n  f r e s h l y  p r e p a r e d  p o t  r o a s t  h e l d  f o r  

1 / 2 — 1- 1 / 2  h r  a n d  i n  t h e  f r o z e n  t h a w e d  p r o d u c t  w e r e  n o t  s ig 
n i f i c a n t l y  d i f f e r e n t  f r o m  p r o d u c t  f r e s h l y  p r e p a r e d  o r  f r o z e n  

a n d  r e h e a t e d  i n  t h e  c o n v e c t i o n ,  i n f r a r e d  a n d  m i c r o w a v e  o v e n s .  
T h e  f r e s h l y  p r e p a r e d  p r o d u c t  h e l d  f o r  3  h r  a n d  t h e  f r o z e n  
s t e a m e r  r e h e a t e d  p r o d u c t  r e t a i n e d  t h e  l e a s t  a m o u n t  o f  t h i a 

m i n e .

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

f l e x i b l e  a n d  i t  w a s  d i f f i c u l t  t o  h a n d l e  5  l b  o f  p r o d u c t  c o n 
t a i n i n g  g r a v y ,  a  l a r g e r  s i z e  d i s p o s a b l e  a l u m i n u m  p a n  w a s  u s e d  
t o  s u p p o r t  t h e  h a l f - s i z e  s t e a m  t a b l e  p a n  d u r i n g  h e a t i n g  in  
t h e  c o n v e c t i o n  a n d  i n f r a r e d  o v e n s  a n d  h o l d i n g  i n  t h e  f o o d  

w a r m e r .  T h e  u s e  o f  t h i s  a d d i t i o n a l  p a n  m i g h t  h a v e  p r o l o n g e d  
t h e  h e a t i n g  t i m e  ( T a b l e  1 ) ,  b u t  i t  h a d  n o  e f f e c t  o n  t h e  h o l d i n g  
t e m p e r a t u r e  i n  t h e  f o o d  w a r m e r  a n d  t h i s  p r a c t i c e  a l s o  p r e 

v e n t e d  s c o r c h i n g  o f  p r o d u c t s  i n  t h e  b o t t o m  o f  t h e  p a n  d u r i n g  
i n f r a r e d  h e a t i n g .  T h e  r e h e a t i n g  t i m e  f o r  t h e  m e a t  w i t h  g r a v y  
w a s  s h o r t e r  f o r  t h e  i n f r a r e d ,  s t e a m e r  a n d  m i c r o w a v e  m e t h o d s  
( T a b l e  1 )  t h a n  f o r  t h e  c o n v e c t i o n  o v e n .  H o w e v e r ,  t h e  g r a v y  

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

m i n e .

B e a n s  w i t h  f r a n k f u r t e r s .  T h e  r e s u l t s  o f  a n a l y s i s  o f  b e a n s  
w i t h  f r a n k f u r t e r s  a r e  a l s o  s h o w n  i n  T a b l e  4 .  T h e  r i b o f l a v i n  
r e t e n t i o n s  i n  t h e  h e a t e d  p r o d u c t  w e r e  9 2 . 5 4 —9 9 . 5 6 %  r e l a t i v e  
t o  t h e  s t a r t i n g  r a w  m a t e r i a l s .  N o  s i g n i f i c a n t  d i f f e r e n c e s  w e r e  
f o u n d  a m o n g  a l l  t h e  t r e a t m e n t s .  T h e  l o s s e s  o f  t h i a m i n e  i n  t h i s  
p r o d u c t  w e r e  m o r e  s e r i o u s .  T h e  h o t - h o l d i n g  o f  p r e p a r e d  p r o d 
u c t  f o r  u p  t o  3  h r  r e t a i n e d  s i g n i f i c a n t l y  l o w e r  a m o u n t s  o f  
t h i a m i n e  a s  c o m p a r e d  t o  t h e  f r e s h l y  p r e p a r e d  p r o d u c t .  R e l a 

t i v e l y  h i g h e r  l e v e l s  ( 9 0 - 9 4 % )  o f  t h i a m i n e  w e r e  r e t a i n e d  b y  t h e  

t h r e e  h i g h  s p e e d  r e c o n s t i t u t i o n  m e t h o d s ,  i . e . ,  i n f r a r e d ,  c o n 
v e c t i o n  a n d  m i c r o w a v e  h e a t i n g  a n d  t h e  r e t e n t i o n s  w e r e  c o m 
p a r a b l e  t o  t h e  f r e s h l y  p r e p a r e d  a n d  3 0  m i n  h e l d  p r o d u c t .

F i s h .  T a b l e  5 s h o w s  t h e  t h i a m i n e  c o n t e n t  a n d  p e r c e n t  r e 
t e n t i o n s  i n  t h e  r a w  m a t e r i a l s  a n d  t h e  f r o z e n  f r i e d  f i s h  p r o d u c t  
s u b j e c t e d  t o  v a r i o u s  h e a t i n g  t r e a t m e n t s .  W e i g h t  m e a s u r e m e n t s  
d u r i n g  p r o c e s s i n g  i n  t h e  f i s h  p l a n t  i n d i c a t e d  t h a t  t h e  w e i g h t  
g a i n  f r o m  t h e  f r o z e n  r a w  f i s h  p o r t i o n s  t o  t h e  b a t t e r e d - b r e a d e d  

p o r t i o n s  w a s  a b o u t  3 0 . 3 % ,  w h i l e  t h e  n e t  w e i g h t  g a i n  f r o m  
b a t t e r e d - b r e a d e d  p o r t i o n s  t o  f r i e d  f i s h  w a s  a b o u t  3 . 4 % .  T h e  
t o t a l  s o l i d s  c o n t e n t  o f  f i s h  i n c r e a s e d  f r o m  2 7 . 4  t o  3 3 . 1 %  a n d  
t h e  f a t  c o n t e n t  f r o m  0 . 9 9  t o  7 . 1 8 % .  T h i a m i n e  c o n t e n t  o f  t h i s  
p r o d u c t  i s  e x p r e s s e d  o n  a  f a t - f r e e  d r y  w e i g h t  b a s i s .  T h e  3  h r  
h e l d  p r o d u c t  c o n t a i n e d  t h e  l o w e s t  a n d  t h e  c o n v e c t i o n  o v e n  
h e a t e d  p r o d u c t  b e f o r e  h o l d i n g  c o n t a i n e d  t h e  h i g h e s t  a m o u n t s  
o f  t h i a m i n e .  O t h e r  t r e a t m e n t s  i n  d e c r e a s i n g  o r d e r  o f  t h i a m i n e  
c o n t e n t  w e r e  t h e  c o n v e c t i o n  o v e n  h e a t i n g - 1 / 2  h r  h o l d i n g ;  
i n f r a r e d  o r  m i c r o w a v e  h e a t i n g — 1 / 2  h r  h o l d i n g ;  c o n v e c t i o n  

h e a t i n g — 1 - 1 / 2  h r  h o l d i n g ;  s t e a m e r  h e a t i n g — 1 / 2  h r  h o l d i n g ;  
a n d  t h e  c o n v e c t i o n  o v e n  h e a t i n g —3  h r  h o l d i n g .  A v e r a g e  r e 
t e n t i o n s  o f  t h i a m i n e  i n  h e a t e d  p r o d u c t s  w e r e  f r o m  7 7 . 1 8 — 

1 0 3 . 7 3 %  r e l a t i v e  t o  t h e  f r o z e n  f r i e d  f i s h  p r o d u c t .  C o m 
p a r a t i v e l y  l a r g e  v a r i a t i o n s  w e r e  o b s e r v e d  w i t h i n  e a c h  t r e a t 
m e n t .  S t a t i s t i c a l  a n a l y s i s  s h o w e d  n o  s i g n i f i c a n t  d i f f e r e n c e s  

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

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

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

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

j e c t e d  t c  h o t - h o l d i n g  r e t a i n e d  t h e  g r e a t e s t  a m o u n t  o f  t h i a m i n e  
f o l l o w e d  b y  t h e  p r o d u c t  s u b j e c t e d  t o  h o t - h o l d i n g  f o r  3 0  m i n .  
A n  i n v e r s e  r e l a t i o n s h i p  w a s  f o u n d  t o  e x i s t  b e t w e e n  t h e  h o l d i n g  

t i m e  a n d  t h i a m i n e  c o n t e n t .  T h e  a v e r a g e  r e t e n t i o n  i n  a l l  s i x  
p r o d u c t s  w a s  8 2 . 6 %  a f t e r  3  h r  o f  h o t - h o l d i n g .  T h i s  v a l u e  is

T a b le  5 —V i ta m in  c o n t e n t  a n d  p e rc e n ta g e  r e t e n t io n  o f  f r o z e n  f r ied  f i sh  p o r t io n s  s u b je c te d  t o  v a r io u s  h ea t in g  t r e a t m e n t s

T h ia m in e

R e t e n t i o n 15
N o .  T r e a t m e n t  ( m g /1 0 0 g ) a (%)

R a w  m a te r ia l s

1A Frozen raw fish 0.299 —

1 B Batter mix (dry) 0.118C —

1C Breading mix 0.226c _

2 Frozen breaded raw fish portions 0.250 -

C o n v e n t io n a l  in s t i t u t i o n a l  hand l ing

3 Heated in convection oven, no holding 0.250 ± 0.01 7d 103.73a
4 Heated in convection oven, held 1/2 hr 0.241 ± 0.011 100.00a b
5 Heated in convection oven, held 1-1/2 hr 0.220 ± 0.020 91.29bc
6 Heated In convection oven, held 3 hr 0.186 ± 0.028 77.18

C o n v e n ie n c e  f o o d  s y s te m  hand l ing

7 Frozen fried fish portions, thawed 0.241 ± 0.019 100.00ab
8 (Same as No. 4) — __

9 Heated in infrared oven, held 1/2 hr 0.231 + 0.014 95.85a be
10 Heated in steamer, held 1/2 hr 0.215 ± 0.021 89.21c
11 Heated in microwave oven, held 1/2 hr 0.231 ± 0.026 95.8abc

a Fat-free, d ry  w e ight basis; average o f three determ  ¡nations fo r  raw  m ateria ls
b  M ean  percent retention  in relation  to fro ze n  fried  fish  p o rt io n s  (N o. 7); m eans fo llow e d  b y  the sam e letters are not s ign ifican tly  d iffe ren t at the 

5 %  level.
c D r y  w e igh t basis
d  M e an s  and  standard  dev iation  of s ix  p repara tion s
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s o m e w h a t  h i g h e r  t h a n  t h o s e  r e p o r t e d  b y  H a r r i s  a n d  V o n  
L o e s e c k e  ( 1 9 6 0 )  f o r  s o m e  v e g e t a b l e s  a n d  b y  K a h n  a n d  L i v i n g 

s t o n  ( 1 9 7 0 )  f o r  e n t r e e  m i x t u r e s  i n  i n d i v i d u a l  p o r t i o n s .  T h e r e  
w a s  n o  s i g n i f i c a n t  l o s s  o f  t h i a m i n e  d u r i n g  f r o z e n  s t o r a g e  o r  

t h a w i n g .  T h e  p r e p a r e d  f r o z e n  f o o d s  r e c o n s t i t u t e d  b y  a n y  o f  
t h e  h i g h  s p e e d  h e a t i n g  m e t h o d s  a n d  h e l d  f o r  3 0  m i n  w e r e  

f o u n d  t o  b e  m o r e  f a v o r a b l e  t o  n u t r i e n t  r e t e n t i o n  t h a n  t h e  
c o n v e n t i o n a l l y  p r e p a r e d  a n d  h e l d  f o r  3  h r ,  e x c e p t  i n  t h e  c a s e  

o f  s t e a m - p o u c h - h e a t i n g  o f  f r o z e n  p e a s / o n i o n s  o r  c a r r o t s  w h e r e  
a p p r e c i a b l e  a m o u n t s  o f  n u t r i e n t s  w e r e  l o s t .

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

t a t o e s ,  p o t  r o a s t / g r a v y  a n d  c a r r o t s ) ,  b e t w e e n  t h e  s t e a m e r  a n d  
i n f r a r e d  o v e n  ( f o r  m a s h e d  p o t a t o e s ,  p o t  r o a s t / g r a v y ,  f i s h  p o r 
t i o n s )  a n d  b e t w e e n  t h e  s t e a m e r  a n d  m i c r o w a v e  o v e n  ( f o r  p o t  
r o a s t / g r a v y ,  b e a n s / f r a n k f u r t e r s  a n d  f i s h  p o r t i o n s ) .  L e s s  t h i a 

m i n e  w a s  r e t a i n e d  b y  c o n v e c t i o n  o v e n - h e a t i n g  i n  m a s h e d  p o 
t a t o e s  a n d  c a r r o t s  c o m p a r e d  t o  t h e  i n f r a r e d  a n d  m i c r o w a v e  
o v e n  h e a t i n g s ,  b u t  r e t e n t i o n  l e v e l s  w e r e  c o m p a r a b l e  i n  t h e  f o u r  
o t h e r  p r o d u c t s .  T h e  m i c r o w a v e  a n d  i n f r a r e d  m e t h o d s  w e r e  
c o m p a r a b l e  i n  m o s t  i n s t a n c e s  e x c e p t  f o r  m a s h e d  p o t a t o e s ,  
w h e r e  i n f r a r e d  h e a t i n g  r e s u l t e d  i n  a  l o w e r  r e t e n t i o n  o f  t h i a 
m i n e  a n d  i n  b e a n s  w i t h  f r a n k f u r t e r s ,  w h e r e  i t  r e s u l t e d  i n  a  
h i g h e r  r e t e n t i o n .  T h e  t w o  m e t h o d s  w e r e  e q u i v a l e n t  t o  o r  

s l i g h t l y  b e t t e r  t h a n  t h e  m e t h o d  o f  c o n v e n t i o n a l  p r e p a r a t i o n  
a n d  h o t  h o l d i n g  f o r  1 - 1 / 2  h r .  T h e  a v e r a g e  r e t e n t i o n  o f  t h i a 
m i n e  i n  a l l  s i x  b u l k  p r o d u c t s  w a s  9 2 . 5  a n d  9 2 . 2 %  b y  i n f r a r e d  
a n d  m i c r o w a v e ,  r e s p e c t i v e l y .  T h e s e  v a l u e s  a r e  c o m p a r a b l e  w i t h  

t h e  f i n d i n g s  o f  K a h n  a n d  L i v i n g s t o n  ( 1 9 7 0 ) .

Riboflavin. T h e  r e t e n t i o n s  o f  r i b o f l a v i n  i n  f o u r  p r o d u c t s  
w e r e  a b o v e  9 0 %  b y  a n y  t r e a t m e n t .  T h e r e  w e r e  n o  s i g n i f i c a n t  

l o s s e s  w h e n  t h e  p r o d u c t  w a s  h e l d  h o t  f o r  u p  t o  3  h r .  T h e  
f r o z e n  r e c o n s t i t u t e d  p r o d u c t s  w e r e  e q u i v a l e n t  t o  t h e  c o n v e n 
t i o n a l l y  p r e p a r e d ,  e x c e p t  t h a t  t h e  s t e a m  h e a t e d  v e g e t a b l e s  r e 
t a i n e d  l e s s  r i b o f l a v i n .  T h e  h i g h  p e r c e n t a g e  r e t e n t i o n  o f  r i b o 
f l a v i n  w a s  a l s o  r e p o r t e d  b y  B o w e r s  a n d  F r y e r  ( 1 9 7 2 )  i n  t h e i r  
s t u d i e s  o f  t u r k e y  m u s c l e s ,  w h e r e a s  l o w e r  v a l u e s  w e r e  r e p o r t e d  
b y  N o b e l  ( 1 9 7 0 )  f o r  c o o k e d  v a r i e t y  m e a t s .  N o  d i r e c t  c o m p a r i 

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

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

CONCLUSIONS
T H E  R E T E N T I O N  o f  n u t r i e n t s  i n  f r o z e n  p r e p a r e d  f o o d  p r o d 
u c t s  v a r i e s  w i t h  t h e  n a t u r e  o f  t h e  n u t r i e n t ,  t h e  n a t u r e  o f  t h e  
p r o d u c t ,  t h e  p r e p a r a t i o n  m e t h o d s ,  a n d  t h e  h e a t i n g  m e t h o d s  
u s e d .  A s c o r b i c  a c i d  a n d  t h i a m i n e  w e r e  f o u n d  u n s t a b l e  t o  h e a t ,  

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

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

3  h r  h o t - h o l d i n g  p r a c t i c e  t e n d e d  t o  r e d u c e  t h i a m i n e  a n d  a s 
c o r b i c  a c i d  c o n t e n t  t o  a n  a p p r e c i a b l e  e x t e n t .  M i c r o w a v e  o v e n  

h e a t i n g  w h i c h  r e q u i r e d  s h o r t e r  h e a t i n g  t i m e s ,  t e n d e d  t o  r e t a i n  
h i g h e r  a m o u n t s  o f  h e a t - l a b i l e  n u t r i e n t s .  I n  h e a t i n g  b u l k  p a c k e d  
f o o d s ,  h o w e v e r ,  f r e q u e n t  s t i r r i n g  w a s  r e q u i r e d  a s  w e r e  r e s t i n g  
p e r i o d s  t o  a v o i d  s c o r c h i n g .  T h i s  p r a c t i c e  w a s  e v i d e n t l y  d e t r i 
m e n t a l  t o  a s c o r b i c  a c i d  r e t e n t i o n .  I n f r a r e d  h e a t i n g  ( w h i c h  r e 
q u i r e d  l o n g e r  h e a t i n g  t i m e s  b u t  f e w e r  i n t e r r u p t i o n s )  h a d  a  
s i m i l a r  e f f e c t  o n  n u t r i e n t  r e t e n t i o n  a s  m i c r o w a v e  h e a t i n g  i n  
m o s t  c a s e s .  B o t h  o f  t h e s e  m e t h o d s  r e t a i n e d  e q u a l  o r  g r e a t e r  
a m o u n t s  o f  n u t r i e n t s  a s  c o m p a r e d  t o  f r e s h  p r e p a r a t i o n  f o l 
l o w e d  b y  1 - 1 / 2  h r  h o t - h o l d i n g .  C o n v e c t i o n  o v e n  h e a t i n g  r e 

q u i r e d  t h e  l o n g e s t  h e a t i n g  t i m e s  f o r  a l l  o f  t h e  b u l k  p a c k e d  
f r o z e n  f o o d s .  R e t e n t i o n s  o f  h e a t - l a b i l e  n u t r i e n t s ,  s u c h  a s  t h i a 
m i n e ,  i n  t h e  c o n v e c t i o n  o v e n  w e r e  s o m e t i m e s  l o w e r  ( m a s h e d  
p o t a t o e s  a n d  c a r r o t s )  a n d  s o m e t i m e s  c o m p a r a b l e  t o  i n f r a r e d  
a n d / o r  m i c r o w a v e  h e a t i n g .  F o r  t h e  h e a t i n g  o f  s i n g l e  l a y e r e d  

f i s h  p o r t i o n s  ( 2  l b  p e r  p a n )  t h e  c o n v e c t i o n  o v e n  h e a t i n g  t i m e

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

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

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

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

h o t  f o r  3  h r  a f t e r  p r e p a r a t i o n .
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ASCORBIC ACID, M INERAL AND QUALITY RETENTION IN 
FROZEN BROCCOLI BLANCHED IN WATER, STEAM AND AMMONIA-STEAM

INTRODUCTION
S I N C E  t h e  e a r l y  d a y s  o f  f r e e z i n g  p r e s e r v a t i o n  t h e  n e c e s s i t y  o f  
b l a n c h i n g  v e g e t a b l e s  p r i o r  t o  f r e e z i n g  h a s  b e e n  r e c o g n i z e d  a s  
e s s e n t i a l  f o r  e n z y m e  i n a c t i v a t i o n .  T h e  r e l a t i v e  m e r i t s  o f  s t e a m  

a n d  w a t e r  b l a n c h i n g  h a v e  b e e n  w i d e l y  s t u d i e d .  E x c e l l e n t  r e 
v i e w s  o f  t h e s e  m e t h o d s  ( F e a s t e r ,  1 9 6 0 ;  J o s l y n ,  1 9 6 6 ;  L e e ,
1 9 5 8 )  h a v e  b e e n  p u b l i s h e d .  A l t h o u g h  s o m e  d i s a g r e e m e n t  
e x i s t s  a m o n g  p u b l i s h e d  r e p o r t s ,  t h e  c o n c e n s u s  s e e m s  t o  b e  t h a t  
r e t e n t i o n  o f  s o l u b l e  n u t r i e n t s  i s  h i g h e r  i n  s t e a m - b l a n c h e d  t h a n  
i n  w a t e r - b l a n c h e d  v e g e t a b l e s  ( F e a s t e r ,  1 9 6 0 ) .  T h e r e  i s  s o m e  

e v i d e n c e ,  h o w e v e r ,  t h a t  s t e a m i n g  r e s u l t s  i n  g r e a t e r  d e s t r u c t i o n  
o f  c h l o r o p h y l l  i n  g r e e n  v e g e t a b l e s  t h a n  w a t e r  h e a t i n g .  A d v e r s e  
c h a n g e s  i n  b o t h  c o l o r  a n d  f l a v o r  w e r e  f o u n d  b y  F i s h e r  a n d  
V a n  D u y n e  ( 1 9 5 2 )  w h e n  s t e a m  u n d e r  p r e s s u r e  w a s  u s e d  t o  
b l a n c h  s e v e r a l  g r e e n  v e g e t a b l e s .  G o r d o n  a n d  N o b l e  ( 1 9 5 9 )  r e 
p o r t e d  b e t t e r  r e t e n t i o n  o f  c o l o r  i n  g r e e n  v e g e t a b l e s  c o o k e d  i n  

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

s t e a m  b l a n c h i n g ,  p o l l u t i o n  is  a n o t h e r  f a c t o r  t o  b e  c o n s i d e r e d .  
A n n u a l l y ,  t h e  c a n n e d  a n d  f r o z e n  f r u i t  a n d  v e g e t a b l e  i n d u s t r y  
d i s c h a r g e s  a b o u t  8 3  b i l l i o n  g a l l o n s  o f  w a s t e  w a t e r ,  g e n e r a t e s  
8 0 0  m i l l i o n  p o u n d s  o f  B O D ,  3 9 2  m i l l i o n  p o u n d s  o f  s u s p e n d e d  
s o l i d s  a n d  8  m i l l i o n  t o n s  o f  s o l i d  r e s i d u a l s  ( N a t i o n a l  C a n n e r s  
A s s o c i a t i o n ,  1 9 7 1 ) .  A l t h o u g h  t h e  e f f l u e n t  f r o m  b l a n c h i n g  is  

s m a l l  i n  v o l u m e  c o m p a r e d  t o  o t h e r  p r o c e s s i n g  s t e p s ,  e . g . ,  w a s h 
i n g ,  i t  c o n t r i b u t e s  a  s i g n i f i c a n t  p o r t i o n  t o  t h e  t o t a l  p o l l u t i o n  
l o a d .  B l a n c h i n g  m e t h o d s  w h i c h  m a x i m i z e  w a t e r  c o n s e r v a t i o n  
a n d  m i n i m i z e  w a s t e  d i s c h a r g e  m u s t  b e  s o u g h t .  T h e  b e n e f i t s  o f  

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

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

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

t h a t  v o l a t i l e  a c i d s  a r e  l i b e r a t e d  w h e n  v e g e t a b l e s  a r e  c o o k e d  
w a s  p r o p o s e d  a s  e a r l y  a s  1 9 2 0  ( C h a r l e y ,  1 9 7 2 ) .  S i n c e  s o l u t i o n s  
o f  a m m o n i u m  b i c a r b o n a t e  p r o d u c e  N H 3 g a s  w h e n  h e a t e d ,  t h i s  

s a l t  b e c o m e s  o f  i n t e r e s t  a s  a  p o s s i b l e  m e a n s  o f  n e u t r a l i z i n g  
a c i d s  a n d  t h u s  i m p r o v i n g  c o l o r  r e t e n t i o n  d u r i n g  s t e a m  b l a n c h 
i n g  o f  g r e e n  v e g e t a b l e s .  T h e  u s e  o f  a m m o n i u m  c o m p o u n d s  t o  
i n c r e a s e  c h l o r o p h y l l  r e t e n t i o n  d u r i n g  b l a n c h i n g  a n d  c o o k i n g  
g r e e n  v e g e t a b l e s  i n  w a t e r  h a s  b e e n  r e p o r t e d  p r e v i o u s l y  ( E h e a r t  
a n d  O d l a n d ,  1 9 7 3 a ,  b ) .

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

1 P re se n t ad d re ss : C o n su m e r a n d  F o o d  E c o n o m ic s  I n s t i tu te ,  A R S , 
U S D A , B eltsv ille , M D 2 0 7 0 5 . F o rm e r ly  w ith  th e  M ary lan d  A g ric u ltu ra l 
E x p e r im e n t S ta tio n .

EXPERIM EN TAL
B L U E  O C E A N  V A R I E T Y  o f  b r o c c o l i  g r o w n  in  E x m o r e ,  V a .  w a s  t r a n s 
p o r t e d  b y  t r u c k  t o  t h e  l a b o r a t o r y  w h e r e  i t  w a s  r e f r i g e r a t e d  o v e r  n ig h t  
a t  4 ° C  (m e a n  t e m p e r a t u r e )  u n t i l  u s e d  in  t h e  e x p e r im e n t .

B r o c c o l i  w a s  d iv id e d  in t o  f iv e  r e p l ic a te  lo t s .  L o t s  1 - 3  w e r e  
b l a n c h e d  t h e  f i r s t  d a y  a n d  lo t s  4  a n d  5 o n  t h e  f o l l o w in g  d a y .  I m m e d i 
a t e ly  p r io r  t o  b la n c h in g ,  b r o c c o l i  f r o m  e a c h  l o t  w a s  w a s h e d ,  d r ie d ,  
t r i m m e d  t o  a  5 - in c h  l e n g th ,  s p l i t  le n g th w is e  i n t o  p o r t i o n s  h a v in g  h e a d s  
a b o u t  1 .5  in c h e s  in  d i a m e te r ,  m ix e d  a n d  t h e n  d iv id e d  i n t o  t h r e e  s u b lo t s  
f o r  t h e  t h r e e  b la n c h in g  m e th o d s .

B la n c h  m e th o d s

W a te r  b l a n c h .  T a p  w a te r  (1 .5  g a l)  w a s  b r o u g h t  t o  b o i l  in  a n  a lu m i
n u m  p o t  (9  in .  h t  x  1 0  in .  d ia m )  e q u ip p e d  w i th  a n  o v e r a l l - p e r f o r a t e d  
a lu m in u m  b la n c h in g  b a s k e t .  T h e  b r o c c o l i  ( 7 0 0 g )  w a s  a d d e d  a n d  
b l a n c h e d  u n c o v e r e d  f o r  4  m in .

S te a m  b la n c h .  T a p  w a te r  ( 5 0 0  m l)  w a s  p la c e d  in  a  c lo s e ly  f i t t e d  tw o  
p ie c e  h o m e - s ty le  c a n n e r  ( 1 2  in .  X 1 2  in . d ia m )  a n d  w a s  h e a t e d  t o  a  f u l l  
b o i l  (m e a s u r e d  b y  t h e r m o c o u p le )  t o  f i l l  t h e  c a n n e r  w i t h  s te a m .  T h e  t o p  
o f  t h e  c a n n e r  w a s  re m o v e d  a n d  th e  b r o c c o l i  p la c e d  in s id e  in  a n  e le v a te d  
p e r f o r a t e d  a lu m in u m  b la n c h in g  b a s k e t  s im i la r  t o  t h a t  u s e d  f o r  w a te r  
b la n c h in g .  T h e  t o p  w a s  r e p la c e d  a n d  t h e  b r o c c o l i  b l a n c h e d  f o r  6  m in  a t  
a tm o s p h e r i c  p r e s s u re .

N H 3 —s te a m  b la n c h .  B ro c c o l i  w a s  b l a n c h e d  f o r  6 m in  id e n t i c a l l y  as 
in  t h e  s te a m  b la n c h  e x c e p t  t h a t  l g  N H 4 H C 0 3 w a s  d is s o lv e d  in  t h e  5 0 0  
m l o f  t a p  w a te r .  T h is  a m o u n t  w a s  d e t e r m i n e d  in  p r e l im in a r y  s t u d y  to  
g iv e  b r o c c o l i  h a v in g  o p t im u m  s e n s o ry  q u a l i t i e s .  P r e l im in a r y  d i s t i l l a t i o n  
s tu d ie s  d e m o n s t r a t e d  t h a t  N H 3 g as  w a s  e v o lv e d  a t  a f a i r ly  c o n s t a n t  r a t e  
f o r  a t  l e a s t  1 0  m in  a f t e r  t h e  N H 4 H C 0 3 s o lu t io n  w a s  b r o u g h t  t o  a  b o i l .

B la n c h  t im e s  f o r  e a c h  m e t h o d  h a d  b e e n  p r e d e t e r m in e d  b y  n e g a t iv e  
p e r o x id a s e  t e s t s  (M a s u re  a n d  C a m p b e l l ,  1 9 4 4 ) .  F o r  e a c h  r e p l i c a t i o n ,  t h e  
s e q u e n c e  o f  t h e  t h r e e  b la n c h in g  m e th o d s  w a s  r o t a t e d .  S a m p le s  f o r  e a c h  
m e th o d  w e r e  h e ld  u n d e r  r e f r i g e r a t i o n  u n t i l  b la n c h in g .

F o r  e a c h  m e th o d  a n d  e a c h  r e p l i c a t e ,  tw o  lo t s  o f  7 0 0 g  e a c h  w e r e  
b l a n c h e d  s e p a r a te ly  in  f r e s h  s o lu t io n s .  S a m p le s  w e re  c o o le d  in  ic e  w a te r  
( c h a n g e d  b e tw e e n  b l a n c h  m e t h o d s )  a n d  d r a in e d .  B ro c c o l i  f r o m  t h e  tw o  
b la n c h e s  w a s  t h e n  m ix e d ,  w e ig h e d ,  p a c k e d  in  f r e e z e r  b a g s  a n d  b o x e s ,  

q u ic k - f r o z e n  a t  - 2 3 ° C  a n d  f r e e z e r  s to r e d  a t  - 1 8 ° C .  F r o m  t h e  o r i 
g in a l  1 4 0 0 g  o f  b l a n c h e d  b r o c c o l i ,  f o u r  3 0 0 -g  s a m p le s  w e r e  p a c k a g e d  f o r  
u s e  in  c h e m ic a l  a n d  p h y s ic a l  t e s t s  a n d  o n e  2 0 0 -g s a m p le  f o r  u s e  in  
s e n s o ry  e v a lu a t io n .

E f f l u e n t  v o lu m e s  w e re  m e a s u r e d  a f t e r  e a c h  b l a n c h  a n d  a l i q u o t s  (5 %  
f o r  t h e  w a te r  b l a n c h  a n d  5 0 %  f o r  t h e  s te a m  b la n c h e s )  f r o m  t h e  tw o  
b la n c h e s  w e re  c o m b in e d  f o r  a n a ly s e s .

C o o k in g  m e th o d s

C o o k in g  t im e s  f o r  f r o z e n  b r o c c o l i  b la n c h e d  b y  e a c h  o f  t h e  t h r e e  
m e th o d s  w e re  s u b je c t iv e ly  d e t e r m in e d  in  p r e l im in a r y  s tu d y  t o  g iv e  s im i
la r  d e g re e s  o f  d o n e n e s s .  S a l te d  t a p  w a te r  (0 .6 3 g  N a C l / 1 5 0  m l  w a t e r /  
3 0 0 g  b r o c c o l i  o r  0 .4 2 g  N a C l /1 0 0  m l  w a te r /2 0 0 g  b r o c c o l i )  w a s  b r o u g h t  
t o  b o i l  in  a  p y r e x  s a u c e p a n ,  t h e  v e g e ta b le  a d d e d ,  t h e  p a n  c o v e r e d  a n d  
d o n e n e s s  t im e d  f r o m  a d d i t i o n  o f  t h e  v e g e ta b le  t o  t h e  p a n .  C o o k in g  
t im e s  w e re  1 0 .5 ,  11 a n d  8 .5  m in ,  r e s p e c t iv e ly ,  f o r  w a te r - b l a n c h e d ,  
s t e a m - b la n c h e d  a n d  s te a m - N H 3 - b la n c h e d  b ro c c o l i .

C h e m ic a l  a n d  p h y s ic a l  t e s t s

B la n c h  e f f lu e n t s .  B la n c h  e f f lu e n t s  w e re  a n a ly z e d  f o r  t o t a l  s o l id s ,  
t o t a l  a s h ,  P ,  K , N a , M n , C a ,  M g a n d  C u .

T o t a l  s o l id s  w e re  d e t e r m in e d  b y  r e d u c in g  t h e  v o lu m e  o f  e a c h  a l i 
q u o t  in  a  b e a k e r  o n  a  h o t  p l a t e  a n d  d ry in g  t o  c o n s t a n t  w e ig h t  in  a  
f o r c e d - d r a f t  o v e n  a t  6 5 ° C .
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T h e s e  r e s id u e s  w e re  q u a n t i t a t i v e l y  t r a n s f e r r e d  t o  p o r c e la in  c ru c ib le s  
a n d  a s h e d  o v e r n ig h t  a t  5 2 5 ° C  in  a  m u f f l e  f u r n a c e .  A s h  w e ig h ts  w e re  
r e c o r d e d .  A s h e d  s a m p le s  w e re  t h e n  d is s o lv e d  in  1 0  m l  1 :1  H C 1, t h e  
s o lu t io n s  h e a t e d  to  b o i l in g ,  f i l t e r e d  th r o u g h  W h a t m a n  # 2  f i l t e r  p a p e r ,  
w a s h e d  w i th  h o t  w a te r  a n d  a f t e r  c o o l in g ,  b r o u g h t  t o  a  10 0  m l  v o lu m e  
w i th  w a te r .  T h e s e  s o lu t io n s  w e re  a n a ly z e d  c o lo r im e t r i c a l l y  f o r  P 
(A O A C , 1 9 6 5 ) .  M g , C u ,  C a  a n d  M n  w e r e  d e t e r m i n e d  b y  a t o m i c  a b s o r p 
t i o n  (P e r k in - E lm e r ,  1 9 7 1 )  a n d  N a  a n d  K  b y  f l a m e  p h o t o m e t r y  u s in g  a  
B e c k m a n  (M o d e l  D U ) s p e c t r o p h o t o m e t e r  e q u i p p e d  w i t h  a  f l a m e  a t t a c h 
m e n t .

O n  e a c h  d a y  o f  b l a n c h in g ,  t a p  w a t e r  s a m p le s  w e re  d r a w n  p r io r  t o  
t h e  f i r s t  b l a n c h  a n d  a g a in  a f t e r  t h e  l a s t  b l a n c h .  E q u a l  v o lu m e s  o f  t h e  
tw o  s a m p le s  w e re  c o m b in e d  f o r  m in e r a l  a n a ly s e s .  T h e s e  a n a ly s e s  w e re  
u s e d  t o  c o r r e c t  t h e  c o n c e n t r a t i o n  o f  m in e ra ls  in  t h e  e f f l u e n t s  t o  g iv e  
t h e  a m o u n t s  l e a c h e d  f r o m  t h e  b r o c c o l i .

V e g e ta b le s .  A f t e r  1 w k  f r o z e n  s to r a g e ,  u n c o o k e d  s a m p le s  o f  b r o c 
c o l i  w e re  a n a l y z e d  f o r  t o t a l  s o l id s ,  p H ,  t i t r a t a b l e  a c i d i ty ,  c o lo r  d i f f e r 
e n c e  ( G a r d n e r  a / b ) ,  d e h y d r o -  a n d  r e d u c e d  a s c o r b ic  a c id s  (D A A  a n d  
R A A , r e s p e c t iv e ly )  a c c o r d in g  t o  p r e v io u s ly  d e s c r ib e d  m e t h o d s  ( E h e a r t  
a n d  O d la n d ,  1 9 7 2 a ,  b )  a n d  f o r  t o t a l  a s h ,  P , K , N a , M n , C a ,  M g a n d  C u .

F o r  a s h  a n d  m in e r a l  a n a ly s e s ,  o v e n - d r ie d  p l a n t  m a te r i a l  w a s  g r o u n d  
in  a  W ile y  m i l l  f i t t e d  w i t h  a  2 0 -m e s h  s c r e e n .  S a m p le s  o f  2 g  w e re  t a k e n  
f o r  a sh in g . T h e  p r o c e d u r e s  f o r  t o t a l  a sh  a n d  m in e r a l  a n a ly s e s  h a v e  b e e n  
d e s c r ib e d  a b o v e  f o r  b l a n c h  e f f lu e n t s .  R a w  s a m p le s  o f  b r o c c o l i  w e re  
s im ila r ly  a n a ly z e d .

A t  6 m o  f r o z e n  s to r a g e  b o t h  u n c o o k e d  a n d  c o o k e d  s a m p le s  o f  
b r o c c o l i  w e re  a n a l y z e d  f o r  t h e  s a m e  p a r a m e te r s  w i t h  t h e  e x c e p t i o n  o f  
t o t a l  a s h  a n d  m in e ra ls .  I n  a d d i t i o n ,  f i r m n e s s  o f  c o o k e d  s a m p le s  w a s  
d e t e r m in e d  b y  s h e a r  p r e s s  m e a s u r e m e n t  ( K r a m e r  a n d  T w ig g , 1 9 7 0 ) .  
T h e s e  v a lu e s  w e re  o b t a i n e d  u s in g  a  1 6 0 0  lb  r in g  w i t h  a  3 0  s e c  s t r o k e  a t  
5 0 %  r a n g e  a n d  w e re  e x p r e s s e d  a s  t h e  a v e r a g e  p e a k  h e ig h t  o f  d u p l i c a t e
1 0 0 -g s a m p le s .

S e n s o r y  e v a lu a t io n

A f t e r  5Vi m o  o f  f r o z e n  s to r a g e ,  a  s e n s o r y  p a n e l  o f  f iv e  t r a in e d  
m e m b e r s  e v a l u a te d  c o o k e d  b r o c c o l i  s a m p le s  f o r  b o t h  i n t e n s i t y  a n d  
a c c e p ta b i l i t y  o f  f la v o r ,  t e x t u r e  ( f i r m n e s s  a n d  s lo u g h in g )  a n d  c o lo r  a n d  
a ls o  f o r  o v e ra l l  a c c e p ta b i l i t y .  F la v o r  a n d  t e x t u r e  w e re  j u d g e d  u n d e r  
b lu e  l ig h t .

T h r e e  s a m p le s  w e re  s e r v e d  t o  e a c h  ju d g e  a t  e a c h  o f  f iv e  s e s s io n s .  
W a te r -b la n c h e d  s a m p le s  w e re  la b e l le d  “ c o n t r o l . ”  T h e  o t h e r  t w o  b l a n c h 
in g  t r e a tm e n t s  w e re  c o d e d  a n d  w e re  p r e s e n te d  in  r a n d o m  o r d e r .  P a n e l  
m e m b e r s  c o m p a r e d  t h e  c o d e d  s a m p le s  t o  t h e  c o n t r o l  a n d  f o r  e a c h  
q u a l i ty  f a c to r  r a t e d  t h e  tw o  s a m p le s  e i t h e r  “ t h e  s a m e  a s , m o r e  t h a n ,  o r  
le ss  t h a n  th e  c o n t r o l . ”  T h e s e  j u d g e m e n t s  w e re  s c o r e d  3 ,  m o r e  t h a n  3 o r  
le s s  t h a n  3 p o i n t s ,  r e s p e c t iv e ly ,  o n  a  5 - p o i n t  r a t i n g  s c a le .

S t a t i s t i c a l  a n a ly s e s

D a ta  w e r e  s t a t i s t i c a l ly  a n a l y z e d  b y  v a r ia n c e  a n d  b y  N e w m a n - K e u l’s 
S tu d e n t i z e d  r a n g e  (S o k a l  a n d  R o h l f ,  1 9 6 9 ) .

RESULTS & DISCUSSION 
T o t a l  s o l i d s  a n d  m i n e r a l s

T h e  e f f e c t s  o f  b l a n c h i n g  m e t h o d  o n  t o t a l  s o l i d s  a n d  m i n e r 
a l s  i n  b r o c c o l i  a n d  i n  t h e  e f f l u e n t s  f r o m  b l a n c h i n g  a r e  r e p o r t e d  
i n  T a b l e  1 . W a t e r - b l a n c h e d  b r o c c o l i  w a s  s i g n i f i c a n t l y  l o w e r  ( p  
<  0 . 0 1 )  i n  t o t a l  s o l i d s ,  t o t a l  a s h ,  P  a n d  K  t h a n  s t e a m - b l a n c h e d ,  
e i t h e r  w i t h  o r  w i t h o u t  t h e  a d d i t i o n  o f  N H 4 H C 0 3 . R e t e n t i o n  

o f  a l l  o t h e r  m i n e r a l s  a n a l y z e d ,  i . e . ,  N a ,  M n ,  C a ,  M g  a n d  C u ,  
w a s  n o t  a f f e c t e d  b y  b l a n c h  m e t h o d .

E f f l u e n t s  f r o m  w a t e r  b l a n c h i n g  c o n t a i n e d  s i g n i f i c a n t l y  
m o r e  ( p  <  0 .0 1 )  s o l i d s ,  a s h  a n d  a l l  o f  t h e  m i n e r a l s  a n a l y z e d  
t h a n  d i d  t h e  e f f l u e n t s  f r o m  t h e  t w o  s t e a m i n g  m e t h o d s ;  t h e  
l a t t e r  t w o  m e t h o d s  d i d  n o t  d i f f e r .

I n  g e n e r a l ,  t h e  c o n c e n t r a t i o n s  o f  s o l i d s ,  a s h  a n d  t h e  s e v e r a l  
m i n e r a l s  i n  t h e  e f f l u e n t  f r o m  w a t e r  b l a n c h i n g  r a n g e d  f r o m
9 — 1 6  t i m e s  a s  h i g h  a s  t h o s e  f r o m  t h e  s t e a m - b l a n c h  m e t h o d s .  
T h e s e  d i f f e r e n c e s  i n  e f f l u e n t  c o n c e n t r a t i o n  f r o m  w a t e r  a n d  

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

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

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

c o o l i n g  w a t e r s  w e r e  n o t  a n a l y z e d ,  t h e  t o t a l  a m o u n t s  o f  m i n e r 
a l s  a c c o u n t e d  f o r  i n  t h e  v e g e t a b l e  a n d  i n  t h e  b l a n c h  w a t e r  w e r e  
c a l c u l a t e d  a s  a  p e r c e n t a g e  o f  t h e  r a w  v e g e t a b l e  ( T a b l e  1 ) .  S ig 

n i f i c a n t  d i f f e r e n c e s  w e r e  f o u n d  f o r  t o t a l  s o l i d s ,  a s h ,  P ,  K  a n d  
N a .  I n  a l l  c a s e s ,  t h e s e  t o t a l s  w e r e  h i g h e r  f o r  w a t e r  t h a n  f o r  
s t e a m  b l a n c h m g .  T h i s  w o u l d  i n d i c a t e  t h a t  l o s s e s  o f  t h e s e  
c o m p o n e n t s  t o  t h e  c o o l i n g  w a t e r  w e r e  h i g h e r  f o r  s t e a m -  t h a n  
w a t e r - b l a n c h e d  b r o c c o l i .  L o s s e s  o f  M n ,  M g  a n d  C a  t o  t h e  c o o l 
i n g  w a t e r  w e r e  g r e a t e r  f o r  t h e  s t e a m  b l a n c h e s  t h a n  f o r  t h e  

w a t e r  b l a n c h  b u t  t h e s e  d i f f e r e n c e s  w e r e  n o t  s i g n i f i c a n t .  R e t z e r  
a n d  c o - w o r k e r s  ( 1 9 4 5 )  f o u n d  t h a t  s t e a m - b l a n c h e d  c a u l i f l o w e r  
r e t a i n e d  m o r e  a s c o r b i c  a c i d  t h a n  w a t e r - b l a n c h e d  d u r i n g  t h e

T a b le  1—T o ta l  solids, ash  an d  m in e ra l  c o n t e n t  of  b la n c h e d  b r o c c o l i  a n d  b la n c h  e f f lu e n t s  f r o m  t h r e e  m e th o d s  o f  b l a n c h in g s 3

Blanching
m e t h o d b

T o ta l
so lids

T  o ta  I
ash P K Na M n Ca Mg Cu

In 1 0 0 g d b ro cco l i ,  w e t  basis

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

Water 7 .4 8  V 0 .5 4 V 4 7 .6 2 V 1 7 4 .0 V 5 . 1 7 0.22 5 3 .0 2 2 2 .2 7 1 1 .9 1

Steam 8 .0 8 z 0.6 8 z 5 1 . 5 0 z 2 3 2 .0 Z 5 . 5 7 0 .2 8 5 7 .7 1 2 5 .1 1 1 6 .6 1

Steam-NH3 9 . 0 2 z 0 . 6 7 z 5 3 . 2 9 z 2 3 0 ,0 Z 6 .3 1 0 .2 8 5 3 . 0 7 2 5 .0 1 1 2 .9 5

In  b la n c h  e f f lu e n t  ( f ro m  10 0 g d raw  b rocco l i)

Water 1 ,2 4 z 0 .2 6 7 3 . 3 3 z 9 0 .4 Z 4 . 1 4 z 0 .0 9 z 13 . 2 1z 6 . 3 5 z 0 .0 6 z

Steam 0.1 0 V 0.02V 0.66V 6.9V 0 .3 6 V 0.00V 1.6 2 V 0 .5 7 V 0.00V

Steam-NH3 0 .0 9 V 0.02V 0 .4 1 V 5.9V 0 .3 2 V 0 .0 0 V 1.4 6 V 0 .4 6 V 0 .0 0 V

T o ta l  in  b ro cco l i a n d  e f f lu e n t  (% o f  raw)

Water 9 4 .3 Z 8 3 . 7 Z 9 0 .9 Z 7 8 .9 Z 8 7 . 9 Z* 9 5 .2 1 1 4 .5 9 9 .2 5 7 .1

Steam 8 8 .4 V 7 3 .4 V 8 4 .7 V 7 2 .2 V 5 6 .4 V 8 4 .8 102.0 8 9 .0 7 5 .0

Steam-NH3 8 7 .7 V 7 2 .6 V 8 7 . 3 yz 7 1 .0 V 6 3 .2 V 8 5 .4 9 3 .8 8 8 .3 6 1 . 7

a D iffe ren t superscrip ts ind icate  s ign ificance  at the  1 %  level un less m arked  * ( 5 %  level) 
b M e an  o f five rep lication s
c M e an s  fo r the raw  vegetable (e igh t sam ples) are reported  fo r  co m p a rison  p u rp o se s  
d  R ep o rted  in g fo r  total so lid s  and  total ash, in  pg  fo r  C u  and  in m g fo r  all o th e r m ine ra ls
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b l a n c h i n g  p r o c e s s  b u t  t h e  s t e a m - b l a n c h e d  l o s t  a  l a r g e r  a m o u n t  

o f  t h e  v i t a m i n  i n  t h e  c o o l i n g  w a t e r .  I n  t h e  p r e s e n t  s t u d y ,  
c a l c u l a t i o n s  i n d i c a t e d  t h a t  C a  w a s  a b s o r b e d  f r o m  t h e  c o o l i n g  
w a t e r ,  a t  l e a s t  i n  t h e  c a s e  o f  t h e  w a t e r - b l a n c h e d  b r o c c o l i .  A b 
s o r p t i o n  o f  C a  f r o m  b l a n c h i n g  w a t e r  b y  v e g e t a b l e s  h a s  b e e n  
r e p o r t e d  p r e v i o u s l y  ( B e n g t s s o n ,  1 9 6 9 ) .

A  r e c e n t  s t u d y  ( W e d l e r ,  1 9 7 1 )  r e p o r t e d  h i g h e r  r e t e n t i o n s  
( d a t a  w e r e  n o t  s t a t i s t i c a l l y  a n a l y z e d )  o f  K ,  N a ,  C a ,  M g  a n d  P  i n  
s t e a m - b l a n c h e d  t h a n  i n  w a t e r - b l a n c h e d  v e g e t a b l e s ,  w i t h  t h e  
g r e a t e s t  d i f f e r e n c e  b e i n g  i n  K .  I n  t h e  p r e s e n t  s t u d y  o n l y  K  a n d  
P  w e r e  f o u n d  t o  b e  s i g n i f i c a n t l y  h i g h e r  i n  s t e a m - b l a n c h e d  t h a n  
i n  w a t e r - b l a n c h e d  b r o c c o l i .  T h e  s t e a m - b l a n c h e d  b r o c c o l i  w a s  
h i g h e r  t h a n  w a t e r - b l a n c h e d  i n  N a ,  M n ,  C a ,  M g  a n d  C u ,  b u t  t h e  

d i f f e r e n c e s  w e r e  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t .  T h e  f a c t  t h a t  N a  

w a s  n o t  s i g n i f i c a n t l y  h i g h e r  i n  t h e  s t e a m - b l a n c h e d  v e g e t a b l e  
w a s  e v i d e n t l y  d u e  t o  t h e  h i g h e r  l o s s  ( p  <  0 . 0 5 )  f r o m  t h e  
s t e a m - b l a n c h e d  v e g e t a b l e s  t o  t h e  'c o o l i n g  w a t e r .  T h u s  l o s s  o f  
m i n e r a l s  d u r i n g  b l a n c h i n g  a n d  c o o l i n g  o f  b r o c c o l i  ( T a b l e  1 )  
v a r i e d  w i t h  t h e  m i n e r a l  a n a l y z e d .

A s c o r b i c  a c i d ,  c o l o r  a n d  p H

B r o c c o l i  b l a n c h e d  b y  t h e  t h r e e  m e t h o d s  d i f f e r e d  s i g n i f i 
c a n t l y  i n  p H  ( T a b l e  2 ) .  S t e a m - b l a n c h e d  b r o c c o l i  w a s  l o w e s t  i n  
p H  a n d  s t e a m - N H 3 b l a n c h e d  w a s  h i g h e s t .  T o t a l  a c i d s  w e r e  a l s o  

h i g h e r  i n  t h e  s t e a m - b l a n c h e d  v e g e t a b l e  t h a n  i n  t h o s e  b l a n c h e d  
b y  t h e  o t h e r  t w o  m e t h o d s .  T h e  p H  o f  v e g e t a b l e  t i s s u e  is  r e 
l a t e d  t o  c h l o r o p h y l l  d e g r a d a t i o n  a n d  t h e r e f o r e  t o  t h e  c o l o r  o f  
g r e e n  v e g e t a b l e s .  G a r d n e r  a / b  v a l u e s  w e r e  s i g n i f i c a n t l y  l o w e r  

( p  <  0 . B 1 )  f o r  s t e a m - b l a n c h e d  t h a n  f o r  w a t e r - b l a n c h e d  o r  
s t e a m - N H 3 - b l a n c h e d  b r o c c o l i .  T h e  l a t t e r  t w o  m e t h o d s  d i d  n o t  

d i f f e r  i n  c o l o r .
S t e a m - b l a n c h e d  b r o c c o l i  w a s  f o u n d  t o  b e  f i r m e r ,  a s  m e a s 

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

T o t a l  a s c o r b i c  a c i d  ( T A A )  w a s  s i g n i f i c a n t l y  h i g h e r  ( p  <
0 .0 1 )  i n  b o t h  t y p e s  o f  s t e a m - b l a n c h e d  b r o c c o l i  t h a n  i n  t h e  
w a t e r - b l a n c h e d .  A  n u m b e r  o f  e a r l i e r  s t u d i e s ,  r e v i e w e d  b y  
F e a s t e r  ( 1 9 6 0 ) ,  h a v e  r e p o r t e d  s i m i l a r  r e s u l t s  a l t h o u g h  i n  m a n y  

c a s e s  b l a n c h i n g  t i m e s  i n  s t e a m  a n d  w a t e r  h a d  n o t  b e e n  b a s e d  
o n  e n z y m e  i n a c t i v a t i o n .

S t o r a g e  o f  f r o z e n  b r o c c o l i  f o r  6  m o  r e s u l t e d  i n  a  s i g n i f i c a n t  
d e c r e a s e  i n  p H .  C o o k i n g  d i d  n o t  c h a n g e  t h e  p H  f u r t h e r  b u t  

g r e e n n e s s  w a s  d e c r e a s e d  c o n s i d e r a b l y .  A s c o r b i c  a c i d ,  b o t h  
R A A  a n d  T A A ,  w a s  d e c r e a s e d  ( p  <  0 . 0 1 )  b y  6  m o  s t o r a g e  a n d  
f u r t h e r  d e c r e a s e d  d u r i n g  c o o k i n g .  D A A  i n c r e a s e d  s i g n i f i c a n t l y  
d u r i n g  s t o r a g e ,  a  c h a n g e  w h i c h  w a s  e x p e c t e d .  T h e  s t o r e d ,  
c o o k e d  b r o c c o l i  c o n t a i n e d  a p p r o x i m a t e l y  4 5 %  o f  t h e  o r i g i n a l  
T A A  i n  t h e  r a w  b r o c c o l i .

Table 3—Blanch method X storage/cooking interaction for green
ness (Gardner)2

Blanch method Gardner values (a/b)

1 wk 6 mo 6 mo
uncooked uncooked cooked

Water —0.82yz —0.90z —0.75y
Steam —0.81yz —0.85z • —0 .66x
Steam-NHj —0.85z —0.89z —0.83yz

a M e a n s  o f five  sam ples; d iffe ren t sup e rsc r ip ts  ind icate  s ign ific ance  
at the 1 %  level

T h e  o n l y  s i g n i f i c a n t  i n t e r a c t i o n  b e t w e e n  s t o r a g e / c o o k i n g  
a n d  b l a n c h i n g  m e t h o d  w a s  f o u n d  f o r  G a r d n e r  a / b  v a l u e s  ( T a 
b l e  3 ) .  G a r d n e r  a / b  v a l u e s  w e r e  n o t  d e c r e a s e d  b y  6  m o  s t o r a g e  
( - 1 8 ° C )  o f  u n c o o k e d  b r o c c o l i  b l a n c h e d  b y  a n y  o f  t h e  t h r e e  

m e t h o d s .  C o o k i n g  t h e  f r o z e n  s t o r e d  s a m p l e s ,  h o w e v e r ,  r e 
v e a l e d  d i f f e r e n c e s  i n  c h l o r o p h y l l  s t a b i l i t y  a m o n g  t h e  t h r e e  
b l a n c h i n g  m e t h o d s .  I n  c o n t r a s t  t o  s t e a m -  a n d  w a t e r - b l a n c h e d  
s a m p l e s ,  N H 3 - s t e a m  b l a n c h e d  b r o c c o l i  d i d  n o t  d e c r e a s e  i n  a / b  
v a l u e  d u r i n g  c o o k i n g .  T h u s ,  t h e  u s e  o f  N H 4 H C 0 3 i n  s t e a m  
b l a n c h i n g  e v i d e n t l y  s t a b i l i z e d  t h e  c h l o r o p h y l l  d u r i n g  f r e e z e r  
s t o r a g e  a n d  s u b s e q u e n t  c o o k i n g .

P a n e l  s c o r e s

P a n e l  s c o r e s  f o r  c o o k e d  b r o c c o l i  w h i c h  h a d  b e e n  f r e e z e r  
s t o r e d  f o r  6  m o  a r e  g i v e n  i n  T a b l e  4 .  J u d g e s  f o u n d  t h e  f l a v o r  
o f  s t e a m - b l a n c h e d  b r o c c o l i  t o  b e  m o r e  i n t e n s e  ( p  <  0 . 0 5 )  t h a n  
w a t e r - b l a n c h e d  b u t  t h e r e  w a s  n o  d i f f e r e n c e  i n  f l a v o r  a c c e p t a 

b i l i t y .  T h e  t e x t u r e  o f  s t e a m - b l a n c h e d  b r o c c o l i  w a s  p r e f e r r e d  
o v e r  t h a t  o f  t h e  w a t e r - b l a n c h e d .  A l t h o u g h  t h e  s t e a m  b l a n c h e s  
r e s u l t e d  i n  b r o c c o l i  w h i c h  w a s  m o r e  f i r m  a n d  l e s s  s l o u g h e d  
t h a n  w a t e r  b l a n c h e d  t h e  d i f f e r e n c e s  w e r e  n o t  s t a t i s t i c a l l y  s ig 
n i f i c a n t .  C o l o r  s c o r e s  o f  b r o c c o l i  f o r  t h e  t h r e e  b l a n c h e s  d i f 

f e r e d  s i g n i f i c a n t l y  ( p  < 0 .0 1 )  f o r  b o t h  i n t e n s i t y  a n d  a c c e p t a 
b i l i t y  o f  c o l o r  w i t h  t h e  s t e a m - N H 3 b l a n c h e d  r e c e i v i n g  t h e  
h i g h e s t  s c o r e  a n d  t h e  s t e a m  b l a n c h e d  t h e  l o w e s t .  F o r  o v e r a l l  

a c c e p t a b i l i t y ,  t h e  s t e a m - N H 3 b l a n c h e d  s a m p l e s  w e r e  r a t e d  t h e  
h i g h e s t  o f  t h e  t h r e e  b l a n c h e s .

CONCLUSIONS
T H E  R E S U L T S  o f  t h i s  s t u d y  i n d i c a t e d  t h a t  t h e  u s e  o f  
N H 4 H C 0 3 i n  s t e a m - b l a n c h i n g  b r o c c o l i  g a v e  a n  e x c e l l e n t  p r o d -

Table 2—Effects of blanch method and storage (—18°C) /cooking on pH, color (Gardner a/b) and ascorbic acid retention of frozen broccoli2

Factor
effect

Dry
matter

(%)

Titratable
acidityb

(meq/100g)
Gardner

(a/b)
Firmness

(lb)

Ascorbic acid, mg/100g

pH Reduced Dehydro- Total

Rawb 9.24 6.64 3.49 94.0 4.2 98.2
Blanch method0

Water 7.96y 6.56y 1.47y —0.82z 421y 45.3y* 5.7y* 51.0y
Steam 8.60z 6.50x 1,97z —0.77y 499z 48.8yz 7.4Z 56.2Z
Steam-NH3 8.40z 6 .86z 1.60y —0.85z 446yz 51.2Z 6.3y 57.5Z

Storage/cooking0
1 wk/uncooked 7.86y 6.72z 1.77z* —0.83y - 56.5Z 7.0y 63.5Z
6 mo/uncooked 8.07y 6.61y 1.69yz —0 .88z — 48.5y 8 .8Z 57.3y
6 mo/cooked 9.03z 6.59y 1.58y —0.74x - 40 A x 3.5X 43.9X

a D iffe re n t  supe rscrip ts  ind icate s ign ificance  at the 1 %  level un less m arked  * ( 5 %  level); data are reported on  the  w et basis, 
b  M e an s  fo r  the  raw  vegetable (e ight sam ples) are reported  fo r  co m p a r iso n  pu rpose s 
c M e an s  o f 1 5  sam p les excep t five  sam p les fo r  firm ne ss
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Table 4—Panel scoresa’b»c for broccoli cooked after 6 months storage at —18°C

Intensity Acceptability
Blanch ________________________________________________ _____________________________
method F lavor Firmness Sloughing Color Flavor Texture Color Overall

Water 3.0y* 3.0 3.0 3.0y 3.0 3.0y* 3.0y 3.0y
Steam 3.5Z 3.5 2.6 2.4X 3.2 3.3Z 2.5X 3.2y
Steam-NH3 3.2yz 3.4 2.7 3.8Z 3.1 3.2yz 3.8Z 3.6Z

a C o n tro ls  (w ater-b lanched  sam p le s) were assigned  a score  o f  3.0. Judges rated expe rim enta l sam p les "g rea te r t h a n "  o r " le s s  t h a n "  co n tro l on  a 
5 -p o in t  scale

h  M e an s of 2 5  ju dgm e n ts  (5 judges X  5 rep lica tion s)
c D iffe ren t sup e rsc r ip ts  ind icate  s ign ificance  at the 1 %  level un less m arked  * ( 5 % )

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

c o n t e n t s  w e r e  s i g n i f i c a n t l y  h i g h e r  i n  b r o c c o l i  s t e a m - N H 3 
b l a n c h e d  t h a n  i n  s a m p l e s  c o n v e n t i o n a l l y  b l a n c h e d  i n  w a t e r .  A  

p a n e l  o f  t r a i n e d  j u d g e s  r a t e d  s t e a m - N H 3 - b l a n c h e d  b r o c c o l i  
s u p e r i o r  i n  c o l o r  a n d  i n  o v e r a l l  a c c e p t a b i l i t y  t o  b r o c c o l i  
b l a n c h e d  b y  e i t h e r  o f  t h e  t w o  c o n v e n t i o n a l  m e t h o d s .  T h u s ,  
t h e  u s e  o f  N H 4 H C 0 3 i n  s t e a m  b l a n c h i n g  w a s  s u c c e s s f u l  i n  
p r o d u c i n g  b r o c c o l i  a s  g r e e n  a s  w a t e r  b l a n c h e d  a n d  a s  h i g h  i n  
n u t r i e n t s  a s  s t e a m  b l a n c h e d .
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NUTRIENTS IN SEEDS AND SPROUTS OF ALFALFA, LENTILS, 
MUNG BEANS AND SOYBEANS

INTRODUCTION
T H E  A N C I E N T  P R A C T I C E  o f  s p r o u t i n g  s e e d s  f o r  f o o d  u s e  is  

i n c r e a s i n g  i n  p o p u l a r i t y .  S e v e r a l  k i n d s  o f  s p r o u t s  a r e  a v a i l a b l e  

i n  W e s t e r n  s u p e r m a r k e t s  a n d  i n c r e a s i n g  a m o u n t s  a r e  b e i n g  c o n 

s u m e d  i n  r a w  o r  c o o k e d  f o r m .  S u n s e t  ( A n o n . ,  1 9 7 4 )  t e s t -  
s p r o u t e d  3 1  d i f f e r e n t  k i n d s  o f  s e e d s  a n d  j u d g e d  1 0  a s  p a l a t a b l e  

a n d  e a s y  f o r  h o m e - s p r o u t i n g .  I n  2 — 7  d a y s  a n y o n e  c a n  m a k e  

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

i n  H o m e  &  G a r d e n  B u l l .  N o .  7 2  ( U S D A ,  1 9 7 1 )  b u t  c h e m i c a l  
a n a l y s e s  o f  t h e  n u t r i e n t s  o f  p o p u l a r  s p r o u t s  i s  i n c o m p l e t e .  T h i s  
s t u d y  r e p o r t s  p r o x i m a t e  m i n e r a l  a n d  s e l e c t e d  v i t a m i n  a n a l y s e s  

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

s p r o u t s  b o t h  r a w  a n d  c o o k e d .

EXPERIM EN TAL
P r e p a r a t io n  o f  s a m p le s

A lf a l f a  s e e d s ,  d r y  l e n t i l s ,  m u n g  a n d  s o y b e a n s  p u r c h a s e d  f r o m  a  
h e a l t h  f o o d  s to r e  w e r e  g r o u n d  t o  a  p o w d e r  i n  a  U d y  C y c l o n e  S a m p le  
M ill f o r  a n a ly s e s .  S e e d  p o w d e r s  w e re  w e ig h e d  d i r e c t l y  f o r  a n a ly s is .

S p r o u t in g  w a s  d o n e  in  t h e  d a r k  in  g a l lo n  j a r s  w i th  c h e e s e c lo th  
c o v e r s  h e ld  in  p la c e  b y  r u b b e r  b a n d s  ( A n o n . ,  1 9 7 4 ;  W h y te ,  1 9 7 3 ) .  
S e e d s  w e re  s o a k e d  o v e r n ig h t  in  t h r e e  t im e s  t h e i r  w e ig h t  o f  t a p  w a te r ,  
t h e n  d u r in g  t h e  3 -d a y  g ro w in g  p e r io d  th e y  w e r e  r in s e d  w i t h  t a p  w a te r  
a t  4 - h r  in te r v a l s  d u r in g  t h e  d a y .  A lf a l f a  s p r o u t s  w e r e  p la c e d  in  t h e  l ig h t  
t h e  t h i r d  d a y  t o  a l lo w  th e m  t o  d e v e lo p  g r e e n  c o lo r .  L o o s e  s e e d  c o a t s  
w e r e  d i s c a r d e d .

S p r o u t s  w e r e  c o o k e d  f o r  2  m in  b y  t h e  s t i r - f r y  t e c h n i q u e  in  a  p r e 
h e a t e d  c o v e r e d  p a n  t r e a t e d  w i t h  a  n o n s t i c k  a g e n t  a n d  s t i r r e d  a f t e r  1 / 2 ,
1 - 1 /2  a n d  2 m in  d u r in g  c o o k in g .

2 0 0 g  o f  t h e  s p r o u t s  w e re  w e ig h e d  i n t o  a  b l e n d e r ,  a n d  e q u a l  w e ig h t  
o f  a b s o lu t e  e t h y l  a lc o h o l  w a s  a d d e d  a n d  t h e  s a m p le  w a s  b le n d e d  to  
f o r m  a  s lu r r y  ( R a n d a l l  e t  a l „  1 9 7 5 ) .  T h e  a lc o h o l  s lu r r ie s  w e r e  s to r e d  in  
c a p p e d  g la s s  c o n ta in e r s  a t  a b o u t  0 ° C  u n t i l  s u b s a m p le s  w e re  w i th d r a w n  
f o r  a n a ly s e s .

P r o x im a te  a n a ly s is

T o t a l  s o l id s .  2 0 g  o f  t h e  s p r o u t  s lu r r y  w e r e  m e a s u r e d  i n t o  a  w e ig h e d  
g la s s  e v a p o r a t in g  d is h ,  p a r t ly  d r ie d  o n  a  s te a m  b a t h ,  a n d  d r y in g  c o m 
p le t e d  in  v a c u o  a t  7 0 ° C  f o r  16  h r .  2 g  o f  s e e d  p o w d e r  w e r e  d r ie d  in  
v a c u o  a s  d e s c r ib e d .

P r o t e i n .  2 0 g  o f  s lu r ry  w e re  m e a s u r e d  i n t o  a  w e ig h e d  e v a p o r a t in g  
d i s h ,  e v a p o r a t e d  n e a r ly  t o  d r y n e s s  o n  a  s te a m  b a t h  a n d  n i t r o g e n  d e 
t e r m i n e d  b y  t h e  u s u a l  K je ld a h l  p r o c e d u r e  (A O A C , 1 9 7 0 ) .  P r o t e i n  is  N 
x  6 .2 5 .  l g  o f  s e e d  p o w d e r  w a s  t a k e n  f o r  n i t r o g e n  a n a ly s is .

C ru d e - f ib e r .  2 0 g  o f  s lu r ry  w e re  t a k e n  t o  a p p a r e n t  d r y n e s s  o n  a  
s te a m  b a t h  a n d  c r u d e - f ib e r  d e t e r m in e d  in  t h e  u s u a l  w a y  (A O A C , 1 9 7 0 ) .  
2 g  o f  s e e d  p o w d e r  w e r e  t a k e n  f o r  c r u d e - f ib e r  a n a ly s is .

A s h .  2 0 g  o f  s lu r ry  w e re  w e ig h e d  i n t o  a  V y c o r  c r u c ib le ,  e v a p o r a t e d  
t o  d r y n e s s  o n  a  s te a m  b a t h ,  c a r b o n iz e d  u n d e r  a n  in f r a r e d  h e a t e r ,  h e a t e d  
in  a  m u f f le  f u r n a c e  a t  5 5 0 ° C  o v e r n ig h t ,  c o o le d  a n d  w e ig h e d  (A O A C ,
1 9 7 0 ) .  2 g  o f  s e e d  p o w d e r  w a s  a s h e d  a s  d e s c r ib e d .

F a t .  2 0 g  o f  s lu r ry  w e re  w e ig h e d  i n t o  a  p o r o u s  t h im b le  a n d  p la c e d  
i n t o  a  S o x h le t  e x t r a c t o r ,  d r ie d  in  a  f o r c e d  d r a f t  o v e n  a t  7 0 ° C ,  a n d  th e  
f a t  e x t r a c t e d  w i th  e th e r  (A O A C , 1 9 7 0 ) .  0 .5 g  o f  s e e d  p o w d e r  w a s  e x 
t r a c t e d  w i th  e t h e r  d i r e c t ly .

1 D e p t, o f  F o o d  S c ien ce  & N u tr i t io n ,  C o lo ra d o  S ta te  U n iv e rs ity , 
F o r t  C o llin s , C O  8 0 5 2 3

M e ta l  d e t e r m i n a t i o n s

S o lid s  ( 3 0 0  m g ) f r o m  d e t e r m i n a t i o n  o f  s o l id s  c o n t e n t  o f  s p r o u t  
s a m p le s  w a s  p e l le t i z e d  a n d  m e ta l s  d e t e r m in e d  b y  e n e r g y  d is p e r s iv e  X - 
r a y  f lu o r e s c e n c e  s p e c t r o s c o p y  ( R e u te r  a n d  R a y n o l d s ,  1 9 7 4 ) .  D ry  s e e d  
p o w d e r s  ( 3 0 0  m g )  w e re  p e l le t i z e d  a n d  a n a l y z e d  d i r e c t l y .

V i t a m in  a n a ly s is

V i t a m in  C , t o t a l .  T o t a l  a s c o r b ic  a c id  w a s  d e t e r m i n e d  o n  a  5 %  m e ta -  
p h o s p h o r i c  a c id  e x t r a c t  in  t h e  b r o m i n e - o x id i z e d  f i l t r a t e  b y  t h e  2 ,4 -  
d i n i t r o p h e n y l h y d r a z i n e  p r o c e d u r e  a s  d e s c r ib e d  b y  F r e e d  ( 1 9 6 6 ) .

T h i a m in e  ( V i t a m in  B , ) .  T h i a m in e  w a s  d e t e r m in e d  b y  t h e  th io -  
c h r o m e  m e th o d  a s  d e s c r ib e d  b y  F r e e d  ( 1 9 6 6 )  a s  m o d i f i e d  b y  P ip p e n  
a n d  P o t t e r  ( 1 9 7 5 ) .

R ib o f la v in  ( V i t a m in  B 2 ) .  R ib o f la v in  w a s  d e t e r m i n e d  b y  m ic ro -  
b io lg o c ia l  a s s a y  b y  t h e  m e t h o d  o f  J o h n s o n  ( 1 9 4 8 )  u s in g  L . case i. T h e  
T e c h n ic o n  A u to A n a ly z e r  w a s  u s e d  t o  m e a s u r e  t h e  t u r b i d i t y  a n d  v i ta 
m in  c o n c e n t r a t i o n s  r e l a t e d  t o  a p p r o p r i a t e  s ta n d a r d s .

N ia c in .  M ic r o b io lo g ic a l  a s s a y  w a s  c o n d u c t e d  b y  t h e  m e t h o d  o f  
S a r e t t  e t  a l.  ( 1 9 4 5 )  u s i n g / . ,  p la n ta r u m .

S u g a r  a n a ly s e s

S u g a r  m ix tu r e s  f r o m  m u n g  b e a n s  a n d  d r ie d  s p r o u t s  w e r e  c o n v e r t e d  
t o  t h e i r  t r i m e th y l s i l y l  e th e r s  ( D e le n te  a n d  L a d e n b u r g ,  1 9 7 2 ;  B e c k e r  e t  
a l . ,  1 9 7 4 )  a n d  a n a ly z e d  b y  g a s  c h r o m a to g r a p h y .

RESULTS & DISCUSSION
V A L U E S  I N  T A B L E  1 a r e  o n  t h e  b a s i s  o f  f r e s h  w e i g h t  a s  

c o n s u m e d ,  f o r  e a s e  i n  e s t i m a t i n g  n u t r i t i o n a l  v a l u e  a n d  i n  c o m 
p a r i n g  v a l u e s  i n  H a n d b o o k  8  ( W a t t  a n d  M e r r i l l ,  1 9 6 3 ) .  P r o x i 
m a t e  a n d  m i n e r a l  a n a l y s e s  a r e  s i n g l e  a n a l y s e s ,  w h i l e  t h e  v i t a 

m i n  a n a l y s e s  a r e  a v e r a g e s  o f  r e p l i c a t e s .  C a l o r i e s  w e r e  c a l c u 
l a t e d  a s  4 / g  o f  c a r b o h y d r a t e  a n d  p r o t e i n  a n d  9 / g  o f  f a t .  W h e n  
c a l c u l a t e d  o n  t h e  s o l i d s  b a s i s  ( d a t a  n o t  p r e s e n t e d  h e r e  b e c a u s e  

s o l i d s  c a n  b e  c a l c u l a t e d  f r o m  T a b l e  1 )  t h e  p r o t e i n  c o n t e n t  o f  
a l l  o f  t h e  s p r o u t s  w a s  h i g h e r  t h a n  t h a t  o f  t h e  s e e d s  ( f r o m  
1 0 6 . 6 %  o f  t h e  o r i g i n a l  i n  l e n t i l s  t o  1 1 9 %  i n  m u n g  b e a n s )  d u e  
i n  p a r t  t o  a  l o s s  o f  l e a c h a b l e  s u g a r s  a n d  s e e d  c o a t s  d u r i n g  t h e  

s p r o u t i n g  p r o c e d u r e  a n d  p a r t l y  d u e  t o  p r o t e i n  s y n t h e s i s .  E v i 
d e n c e  o f  p r o t e i n  s y n t h e s i s  w a s  p r e s e n t e d  e a r l i e r  b y  K l e i n

( 1 9 5 5 )  w h o  r e p o r t e d  a  r i s e  i n  i h e  a m i n o  a c i d  c o n t e n t  o f  l e t 
t u c e  s e e d s  d u r i n g  g e r m i n a t i o n .  Y o u n g  a n d  V a r n e r  ( 1 9 5 9 )  c o n 
c l u d e d  t h a t  t h e  p r o t e i n  i n  t h e  e n z y m e s  o f  g e r m i n a t e d  p e a s  w a s  
n e w l y  f o r m e d  f r o m  s e e d  n i t r o g e n  c o m p o u n d s .  S e e d  n i t r a t e s  
a r e  n o t  a n a l y z e d  i n  t h e  u s u a l  K j e l d a h l  n i t r o g e n  m e t h o d  b u t  
w h e n  r e d u c e d  t o  p l a n t  p r o t e i n s  o r  a m m o n i u m  c o m p o u n d s  
t h e y  a r e  m e a s u r e d .  F a t  d e c r e a s e d  u p o n  s p r o u t i n g  i n  a l l  t e s t s .

B - C a r o t e n e  w a s  n o t  d e t e r m i n e d  o n  e i t h e r  t h e  s e e d s  o r  
s p r o u t s  b e c a u s e  t h e y  a r e  n o t  s i g n i f i c a n t  s o u r c e s  o f  v i t a m i n  A .

C h a n g e s  i n  t h i a m i n e  c o n t e n t  d u r i n g  s p r o u t i n g  w e r e  s m a l l .  
R i b o f l a v i n  c o n t e n t  o f  t h e  s p r o u t s  o n  t h e  d r y  b a s i s  i n c r e a s e d  t o  
t h r e e  t i m e s  t h e  o r i g i n a l  i n  t h e  a l f a l f a  s e e d s  a n d  a b o u t  2 . 5  t i m e s  
t h e  o r i g i n a l  c o n t e n t  i n  m u n g  a n d  s o y b e a n s ,  b u t  w a s  t h e  s a m e  
i n  l e n t i l  s p r o u t s .  T h e  n i a c i n  c o n t e n t  o f  a l l  t h e  s p r o u t s  w a s  
g r e a t e r  t h a n  t h e  s e e d s  w h i l e  a l f a l f a  a n d  m u n g  b e a n s  s h o w e d  
l a r g e r  i n c r e a s e s  t h a n  t h e  l e n t i l s  a n d  s o y b e a n s .  A s c o r b i c  a c i d  
c o n t e n t  o f  m u n g  a n d  s o y b e a n s  w a s  t o o  l o w  t o  m e a s u r e ;  h o w 
e v e r ,  s o y b e a n  s p r o u t s  c o n t a i n e d  m e a s u r a b l e  a m o u n t s ,  a n d  t h e  
o t h e r  t h r e e  k i n d s  o f  s p r o u t s  c o n t a i n e d  m u c h  m o r e  a s c o r b i c  
a c i d  t h a n  t h e  s e e d s .  M i n e r a l  c o n t e n t s  w e r e  u s u a l l y  t h e  s a m e

WOK-JOURNAL OF FOOD SCIENCE-Volume 40 (1975)



NUTRIEN TS IN SEED S AND SPRO U TS-^ 09

Table 1—Nutrients per hundred grams of seeds or sprouts

Sample

Alfalfa
Seed
Sprouts

Raw
Cooked

Lentils
Seed
Sprouts

Raw
Cooked

Mung beans
Seed
Sprouts

Raw
Cooked

Soybeans
Seed
Sprouts

Raw
Cooked

Food Ascorbic
Water

(%)
energy
(Cal.)

Protein
(g)

Fat
(g)

Fiber
(g)

Ash
(g)

Calcium
(mg)

Iron
(mg)

Zinc
(mg)

Thiamine
(mg)

Riboflavin
(mg)

Niacin
(mg)

acid
(mg)

7.4 389 35.1 12.6 7.9 3.1 136 12.9 6.9 1.08 0.58 1.8 26

88.3 41 5.1 0.6 1.7 0.4 28.0 1.4 1.0 0.14 0.21 1.6 16
87.5 5.1 — 1.7 0.4 28.3 1.4 1.0 0.12 0.20 0.8 11

9.6 340 26.1 1.6 4.6 2.6 33.0 12.8 4.6 0.72 0.29 3.2 7

72.7 104 8.4 0.3 1.1 0.8 12.0 3.0 1.5 0.21 0.09 1.1 24
68.7 8.8 — 1.1 0.8 13.7 3.1 1.6 0.22 0.09 1.2 24

10.1 334 22.9 1.4 4.9 3.4 83 11.6 3.8 0.70 0.47 1.8 -

85.9 53 4.3 0.2 0.6 0.6 13.0 1.9 0.9 0.14 0.18 1.1 20
84.3 4.3 — 0.7 0.6 13.1 1.9 0.9 0.14 0.18 1.2 16

8.4 428 38.2 20.1 5.1 4.6 220 1.5 6.2 1.19 0.23 3.0 -

73.2 105 12.0 2.6 2.3 3.0 75.0 0.4 1.6 0.32 0.16 1.1 12
67.2 13.1 - 2.5 3.2 81.7 0.4 2.1 0.42 0.19 1.1 12

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

N u t r i e n t  l o s s e s  d u e  t o  c o o k i n g  w e r e  s m a l l  e x c e p t  f o r  t h e  
l o s s  o f  n i a c i n  a n d  a s c o r b i c  a c i d  i n  a l f a l f a  s p r o u t s .  T h e  c o o k i n g  
t i m e  w a s  s h o r t  a n d  s t i r - f r y  m e t h o d s  u s e d  f o r  s p r o u t s  a r e  n o t  

d e s t r u c t i v e  o f  n u t r i e n t s .
D r y  m u n g  b e a n s  h a v e  a  l o w  g l u c o s e  ( 0 . 4 % ) ,  f r u c t o s e  

( 0 . 0 4 % )  a n d  s u c r o s e  ( 1 . 6 % )  c o n t e n t  a n d  s i g n i f i c a n t  a m o u n t s  o f  
g a l a c t o s e - c o n t a i n i n g  s u g a r s  ( 3 . 9 % ) .  U p o n  s p r o u t i n g ,  g l u c o s e  
a n d  f r u c t o s e  i n c r e a s e d  t e n f o l d ,  s u c r o s e  d o u b l e d ,  a n d  t h e  g a l a c 

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

t h a t  t h e y  a r e  a  n u t r i t i v e  a d d i t i o n  t o  t h e  h u m a n  d i e t  a n d  c o m 

p a r e  w e l l  w i t h  t h e i r  f r e s h  v e g e t a b l e  c o u n t e r p a r t s .
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FACTORS INFLUENCING THE EXTRACTAB IL ITY  
OF SAFFLOW ER PROTEIN (Carthamus tinctorius L.)

INTRODUCTION
T H E  L I M I T E D  S U P P L Y  a n d  d i s p r o p o r t i o n a t e  d i s t r i b u t i o n  o f  

f o o d  t h r o u g h o u t  t h e  w o r l d  h a s  b e e n  o n e  o f  t h e  m a j o r  p r o b 
l e m s  o f  t h e  t w e n t i e t h  c e n t u r y .  L e s s  r e l i a n c e  u p o n  a n i m a l  p r o 
t e i n  a n d  i n c r e a s e d  c o n s u m p t i o n  o f  p l a n t  p r o t e i n  b y  h u m a n s  
h a s  b e e n  p r o p o s e d  a s  a  p a r t i a l  s o l u t i o n  ( A n o n y m o u s ,  1 9 7 4 ) .  

S p i r a l i n g  c o s t s  h a v e  d i r e c t e d  t h e  a t t e n t i o n  o f  b o t h  d e v e l o p e d  
a n d  d e v e l o p i n g  n a t i o n s  t o w a r d  p l a n t  p r o t e i n .  O n e  s u c h  p r o t e i n  
s o u r c e  w h i c h  h a s  n o t  b e e n  f u l l y  e x p l o r e d  is  s a f f l o w e r  ( C a r 

t h a m u s  t i n c t o r i u s  L . ) .

T h e  w o r l d  p r o d u c t i o n  o f  s a f f l o w e r  i n c r e a s e d  s h a r p l y  i n  t h e  
e a r l y  1 9 6 0 ’s  a s  a  r e s u l t  o f  t h e  i n c r e a s e d  u s e  o f  t h e  h i g h l y  
u n s a t u r a t e d  o i l  a s  a n  e d i b l e ,  r a t h e r  t h a n  a n  i n d u s t r i a l ,  o i l .  M e x 
i c o  a n d  t h e  U n i t e d  S t a t e s  a r e  c u r r e n t l y  t h e  l e a d i n g  p r o d u c e r s  
w i t h  t o t a l  w o r l d  p r o d u c t i o n  e s t i m a t e d  a t  o v e r  5 0 0 , 0 0 0  t o n s  
f o r  1 9 7 4 .  W i t h  s a f f l o w e r  s e e d s  c o n t a i n i n g  a p p r o x i m a t e l y  1 5 %  
p r o t e i n ,  t h i s  r e p r e s e n t s  a  p o t e n t i a l  o f  s o m e  7 5 , 0 0 0  t o n s  o f  
p r o t e i n .

T h e  u t i l i z a t i o n  o f  s a f f l o w e r  p r o t e i n  h a s  b e e n  r e v i e w e d  
( B e t s c h a r t  e t  a l . ,  1 9 7 5 ) .  P r o c e s s e s  h a v e  b e e n  p a t e n t e d  w h i c h  
d e s c r i b e  t h e  p r e p a r a t i o n  o f  p r o t e i n  c o n c e n t r a t e s  a n d  f l o u r  

f r o m  s a f f l o w e r  s e e d s  o r  m e a l  ( K o p a s  a n d  K n e e l a n d ,  1 9 6 6 ;  
G o o d b a n  a n d  K o h l e r ,  1 9 7 0 ) .  T h e s e  m e t h o d s  i n v o l v e  e i t h e r  
c r a c k i n g  o r  m i l l i n g  t h e  s e e d s ,  f o l l o w e d  b y  c l a s s i f i c a t i o n  o n  t h e  
b a s i s  o f  p a r t i c l e  s i z e .

S a f f l o w e r  m e a l ,  a  b y - p r o d u c t  o f  t h e  o i l  i n d u s t r y ,  i s  g e n e r 
a l l y  s e p a r a t e d  i n t o  h i g h  f i b e r  a n d  h i g h  p r o t e i n  f r a c t i o n s .  T h e s e  
f r a c t i o n s  a r e  c u r r e n t l y  m a r k e t e d  a s  a n i m a l  f e e d s .  T h e  h i g h  
p r o t e i n  f r a c t i o n  is  n o t  s u i t a b l e  f o r  h u m a n  c o n s u m p t i o n  b e 

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

t h e  m e a l  ( P a l t e r  e t  a l . ,  1 9 7 2 ) .  T h e  h i g h  p r o t e i n  f r a c t i o n  m a y  
a l s o  c o n t a i n  a s  m u c h  a s  1 7 %  f i b e r .  T h u s ,  t h e  e x t r a c t i o n  a n d  
p r e p a r a t i o n  o f  a  p r o t e i n  i s o l a t e  f r o m  t h i s  m e a l  i s  o n e  m e t h o d  
o f  p r e p a r i n g  s a f f l o w e r  p r o t e i n  f o r  h u m a n  c o n s u m p t i o n .  T h e  
e x t r a c t e d  r e s i d u e  c o u l d  e i t h e r  b e  u s e d  f o r  a n i m a l  f e e d  a s  s u c h ,  
o r  m a r k e t e d  i n  c o m b i n a t i o n  w i t h  t h e  h i g h  f i b e r  f r a c t i o n .

I n  e a r l i e r  w o r k ,  V a n  E t t e n  e t  a l .  ( 1 9 6 3 )  d e s c r i b e d  t h e  e x 
t r a c t i o n  o f  n i t r o g e n  f r o m  s a f f l o w e r  k e r n e l  m e a l .  T h e  o b j e c t i v e  
o f  t h i s  s t u d y  w a s  t o  e x a m i n e  t h e  i n f l u e n c e  o f  v a r i o u s  f a c t o r s ,  
i n c l u d i n g  h e a t  t r e a t m e n t  o f  t h e  m e a l ,  u p o n  e x t r a c t a b i l i t y  o f  
s a f f l o w e r  p r o t e i n .

EXPERIM EN TAL
M a te r ia ls

S a f f lo w e r  s e e d s  w e re  o b t a in e d  f r o m  a  c o m m e r c ia l  s o u r c e  (P a c if i c  
V e g e ta b le  O il  I n t e r n a t io n a l ,  I n c .  (P V O ) ,  R ic h m o n d ,  C A ) .  T h r e e  e x p e r i 
m e n ta l  m e a ls  w e re  p r e p a r e d  f r o m  t h e s e  s e e d s  w h ic h  d i f f e r e d  in  h e a t  
t r e a t m e n t .  F i r s t ,  t h e  u n h e a t e d  c o n t r o l  m e a l  w a s  p r e p a r e d  in  t h e  l a b o r a 
t o r y  b y  tw ic e  e x t r a c t in g  s e e d s  g r o u n d  in  a  M o r e h o u s e  M ill w i th  h e x a n e  
a t  2 5 ° C  a n d  a ir  d r y in g  t h e  d e f a t t e d  m e a l .  S e c o n d ,  c o m m e r c ia l  e x p e l le r  
p r e s s  c a k e  (P V O ) ,  i .e . ,  t h e  r e s id u e  a f t e r  s e e d s  h a v e  b e e n  m e c h a n ic a l ly  
p r e p r e s s e d  p r io r  t o  f in a l  s o lv e n t  e x t r a c t i o n ,  w a s  u s e d .  T h e  p re s s  c a k e ,  
w h ic h  r e a c h e s  t e m p e r a tu r e s  o f  f r o m  8 5 —9 3 ° C  in  t h e  e x p e l le r ,  w a s  tw ic e  
e x t r a c t e d  w i t h  h e x a n e  a t  2 5 ° C  a n d  a ir  d r i e d  in  t h e  l a b o r a to r y .  T h i r d ,  a 
c o m m e r c ia l  m e a l  (P V O )  w a s  u s e d ,  w h ic h  h a d  b e e n  p r e -p r e s s e d ,  e x 

t r a c t e d ,  h e a t e d  a n d  d e s o lv e n t iz e d  in  a  d e s o lv e n t i z e r - to a s t e r  a t  t e m p e r a 
tu r e s  o f  1 0 7 - 1 1 0 ° C .  E a c h  o f  t h e  m e a ls  w a s  p a s s e d  th r o u g h  a  4 0  m e s h  
s ie v e  t o  r e m o v e  m o s t  o f  t h e  f i b r o u s  f r a c t i o n .

M e th o d s

F r a c t i o n a t i o n .  A  m e t h o d  s im ila r  t o  t h e  c la s s ic a l  f r a c t i o n a t i o n  p r o 
c e d u r e  o f  O s b o r n e  a n d  M e n d e l  ( 1 9 1 4 )  w a s  u s e d  t o  f r a c t i o n a t e  s a f f lo w e r  
p r o t e in .  D u p l ic a te  lO g  s a m p le s  o f  t h e  u n h e a t e d ,  c o n t r o l  m e a l  w e re  
tw ic e  e x t r a c t e d  s u c c e s s iv e ly  f o r  2  h r  w i t h  1 00  m l  o f  d o u b le  d i s t i l l e d  
w a te r ,  I N  N a C l,  7 0 %  a q u e o u s  a lc o h o l ,  a n d  0 .1 N  N a O H . T h e  e x t r a c t s  
w i t h  e a c h  s o lv e n t  w e re  p o o le d ,  c e n t r i f u g e d  a t  2 ,0 0 0  X  G  f o r  3 0  m in ,  
a n d  f i l t e r e d  t h r o u g h  W h a tm a n  N o .  1 p a p e r .  E a c h  o f  t h e  p o o le d  e x t r a c t s  
w e re  t h e n  d ia ly z e d  t h r o u g h  a  c e l lu lo s e  a c e t a t e  m e m b r a n e  a g a in s t  10 
v o lu m e s  o f  d o u b le  d is t i l l e d  w a te r  w i t h  f o u r  c h a n g e s  f o r  4 8  h r .  A ll  
o p e r a t i o n s  w e r e  p e r f o r m e d  a t  4 ° C .  E x t r a c t s  w e re  f r e e z e  d r ie d  a t  s h e l f  
t e m p e r a t u r e s  o f  < 1 5 ° C  a n d  m il le d  to  p a s s  t h r o u g h  a  2 0  m e s h  s iev e .

E x t r a c t i o n  o f  n i t r o g e n .  S a f f lo w e r  m e a ls  w e re  e x t r a c t e d  a c c o r d i n g  to  
a  p r e v io u s ly  d e s c r ib e d  m e th o d  ( B e t s c h a r t ,  1 9 7 4 )  w i t h  m in o r  m o d i f i 
c a t io n s .  E x t r a c t s  w e re  c e n t r i f u g e d  a t  4 ,0 0 0  X G , 2 5 ° C  f o r  15  m in ,  
f i l t e r e d  t h r o u g h  W h a tm a n  N o .  1 p a p e r ,  a n d  K je ld a h l  N  w a s  d e t e r m in e d  
o n  a n  a l i q u o t  o f  t h e  s u p e r n a t a n t .  P e r c e n t  n i t r o g e n  (N )  e x t r a c t e d  w a s  
c a l c u l a t e d  a s  m g  N  in  t h e  s u p e r n a t a n t / m g  N  in  t h e  m e a l  x  1 0 0 .  T h e  
in f l u e n c e  o f  s u c h  p a r a m e te r s  a s  e x t r a c t a n t ,  e x t r a c t i o n  t i m e  ( 1 5 - 1 2 0  
m in ) ,  e x t r a c t i o n  t e m p e r a t u r e  ( 1 0 - 7 0 ° C ) ,  c o n c e n t r a t i o n  o f  t h e  m e a l 
( 1 —1 0 % w /v ) ,  a n d  io n ic  s t r e n g th  w a s  i n v e s t ig a te d  u s in g  t h e  c o n t r o l  
m e a l .  A f te r  c o n d i t i o n s  f o r  e x t r a c t i o n  w e r e  e s ta b l i s h e d ,  t h e  t h r e e  e x p e r i 
m e n ta l  m e a ls  w e re  e x t r a c t e d  a t  p H  2 to  1 0 .

P r e c ip i t a t i o n  o f  p r o t e in s .  P o r t i o n s  ( 7 .5 g )  o f  e a c h  o f  t h e  m e a ls  w e re  
e x t r a c t e d  w i th  1 5 0  m l o f  w a te r  a d j u s t e d  t o  p H  8 . T h e  c e n t r i f u g e d ,  
f i l t e r e d  e x t r a c t  w a s  a d ju s t e d  t o  p H  1 . 5 - 1 0 . 5 ,  h e ld  f o r  3 0  m in ,  a n d  
c e n t r i f u g e d  a t  4 , 0 0 0  x  G  f o r  15  m ir ..  T h e  q u a n t i t y  o f  N  p r e c i p i t a t e d ,  a s  
a  f u n c t i o n  o f  p H ,  w a s  d e t e r m i n e d  i n d i r e c t ly  b y  K je ld a h l  a n a ly s i s  o f  N  
r e m a in in g  s o lu b le  in  t h e  s u p e r n a t a n t .

A ll  e x p e r im e n t s  w e re  d u p l i c a t e d  a n d  a l l  v a lu e s  w e re  p lo t t e d .
A n a ly s e s .  P r o x im a te  a n a ly s e s  w e r e  c o n d u c t e d  a c c o r d in g  to  A O A C  

p r o c e d u r e s  ( 1 9 7 0 ) .  A m in o  a c id s  a n a ly s e s  w e re  d e t e r m i n e d  b y  t h e  
m e th o d  o f  K o h le r  a n d  P a l te r  ( 1 9 6 7 ) .  P r o t e i n  is  e x p r e s s e d  a s  N  x  6 .2 5  
( c r u d e  p r o t e i n )  a n d  N  x  5 .3  ( F A O ,  1 9 7 0 ) .

RESULTS & DISCUSSION
Composition

T h e  d i s t r i b u t i o n  o f  p r o t e i n ,  c r u d e  f a t  a n d  c r u d e  f i b e r  w i t h 
i n  t h e  s a f f l o w e r  s e e d s  u s e d  i n  t h i s  s t u d y  i s  s h o w n  i n  T a b l e  1. 

T h e  k e r n e l  i s  h i g h  i n  o i l  a n d  p r o t e i n ,  w h e r e a s  t h e  h u l l  c o n t a i n s  
m o s t  o f  t h e  f i b e r .  A f t e r  t h e  o i l  h a s  b e e n  e x t r a c t e d  a n d  t h e  
m a j o r  p o r t i o n  o f  t h e  f i b e r  r e m o v e d  b y  s c r e e n i n g ,  a  h i g h  p r o 

t e i n  m e a l  r e m a i n s  w h i c h  c o n t a i n s  7 . 2 - 8 . 9 %  N  ( T a b l e  1 ) .  T h e  
h i g h  f i b e r  f r a c t i o n  o f  t h e  m e a l  t y p i c a l l y  c o n s i s t s  o f  a p p r o x i 
m a t e l y  3 %  N ,  2 %  c r u d e  f a t  a n d  5 0 %  c r u d e  f i b e r .  T h i s  f r a c t i o n  
s e r v e s  a s  a  s o u r c e  o f  f i b e r  i n  f e e d  f o r m u l a t i o n s .

Fractionation of protein
T h e  c l a s s i c a l  f r a c t i o n a t i o n  o f  t h e  u n h e a t e d ,  c o n t r o l  s a f 

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

b i l i t y ,  p r o v i d e d  i n f o r m a t i o n  f o r  f u r t h e r  e x t r a c t i o n  s t u d i e s .  T h e  
m a j o r  p r o t e i n  f r a c t i o n s  w e r e  s o l u b l e  i n  s a l t  o r  d i l u t e  a l k a l i  
( F i g .  1 ) .  S i n c e  a l l  f r a c t i o n s  w e r e  d i a l y z e d ,  t h e y  s h o u l d  b e  f r e e  

o f  l o w  m o l e c u l a r  w e i g h t ,  N - c o n t a i n i n g  c o m p o u n d s .  O n  t h e  
b a s i s  o f  e x t r a c t e d ,  n o n d i a l y z a b l e  N ,  1 8 . 1 %  w a s  w a t e r  s o l u b l e ,  
4 1 . 5 %  s a l t  s o l u b l e  a n d  3 9 . 1 %  a l k a l i  s o l u b l e .  A l t h o u g h  7 0 %
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Table 1—Composition of safflower constituents and meal (Percent-moisture free basis)

Protein
Crude

fat
Crude
fiberSample Nitrogen (N X 6.25) (N X 5.3) Ash

Safflower seed 2.63 16.44 13.94 44.23 21.94 2.68
Kernel 3.58 22.38 18.97 65.15 2.74 3.13
Hull 1.08 6.75 5.72 13.03 49.38 1.96

Meal
Unheated, control 7.54 47.13 39.96 6.29 13.01 7.74
Extracted expeller 8.88 55.50 47.06 1.74 9.95 8.82

press cake
Commercial, 7.21 45.06 38.21 1.76 17.33 7.47

desolventized

a q u e o u s  a l c o h o l  e x t r a c t e d  n e a r l y  1 8 %  o f  t h e  t o t a l  s o l i d s  o f  t h e  
m e a l ,  t h e  N  c o n t e n t  o f  t h i s  f r a c t i o n  w a s  l e s s  t h a n  0 . 2 % .  T h e  

s a l t  a n d  a l k a l i  s o l u b l e  f r a c t i o n s  c o n t a i n e d  m o r e  t h a n  1 7 %  N ,  
w h e r e a s  t h e  N  c o n t e n t  o f  t h e  w a t e r  s o l u b l e  f r a c t i o n  w a s  1 1 .7 %  
( T a b l e  2 ) .  W h e n  c o m p a r e d  w i t h  v a l u e s  i n  t h e  l i t e r a t u r e ,  s a f 
f l o w e r  p r o t e i n  c o n t a i n e d  l e s s  o f  t h e  w a t e r  a n d  s a l t  s o l u b l e ,  a n d  
m o r e  o f  t h e  a l k a l i  s o l u b l e  f r a c t i o n s  t h a n  d i d  s u n f l o w e r  m e a l  

( G h e y a s u d d i n  e t  a l . ,  1 9 7 0 ) .
D i f f e r e n c e s  i n  t h e  a m i n o  a c i d  c o m p o s i t i o n  o f  t h e  p r o t e i n  

f r a c t i o n s  a r e  s h o w n  i n  T a b l e  2 .  A s  c o m p a r e d  w i t h  t h e  o r i g i n a l  
m e a l ,  t h e  w a t e r  s o l u b l e  f r a c t i o n  c o n t a i n e d  e q u i v a l e n t  o r  h i g h e r  
q u a n t i t i e s  o f  s e v e n  o f  t h e  e s s e n t i a l  a m i n o  a c i d s ;  t h e  p r o t e i n s  
s o l u b l e  i n  w a t e r  c o n t a i n e d  m a r k e d l y  h i g h e r  q u a n t i t i e s  o f  l y 
s i n e ,  t h r e o n i n e ,  p h e n y l a l a n i n e  a n d  t y r o s i n e .  T h e  a l k a l i  s o l u b l e  
f r a c t i o n  w a s  c o n s i d e r a b l y  h i g h e r  i n  i s o l e u c i n e ,  m e t h i o n i n e ,  
c y s t i n e  a n d  t h e  a r o m a t i c  a m i n o  a c i d s  t h a n  w a s  t h e  s a l t  s o l u b l e  
f r a c t i o n .  T h e  r e p o r t e d  a m i n o  a c i d  c o m p o s i t i o n  o f  s a f f l o w e r  
p r o t e i n  i s o l a t e  ( V a n  E t t e n  e t  a l . ,  1 9 6 3 )  w a s  i n t e r m e d i a t e  b e 
t w e e n  t h a t  o f  t h e  s a l t  a n d  a l k a l i  s o l u b l e  f r a c t i o n s .

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

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

Extractability
E x p e r i m e n t s  d e s i g n e d  t o  e s t a b l i s h  o p t i m u m  c o n d i t i o n s  f o r  

p r o t e i n  e x t r a c t i o n  w e r e  c o n d u c t e d  o n  u n h e a t e d ,  c o n t r o l  m e a l

a t  p H  8 . 5  a n d  2 5 ° C  u n l e s s  o t h e r w i s e  s p e c i f i e d .  D a t a  f r o m  

e x p e r i m e n t s  i n  w h i c h  N  w a s  p r e c i p i t a t e d  b y  e i t h e r  I N  H C 1  o r  
1 0 %  ( w / v )  t r i c h l o r o a c e t i c  a c i d  s h o w e d  t h a t  f r o m  8 8 —9 2 %  o f  
e x t r a c t e d  s a f f l o w e r  N  w a s  p r e c i p i t a t e d .  T h u s ,  f r o m  8 — 1 2 %  o f  

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

T i m e .  U s i n g  a  m e a l  c o n c e n t r a t i o n  o f  5 % ,  N  e x t r a c t a b i l i t y  
w a s  m a x i m i z e d  w i t h i n  4 5  m i n  ( F i g .  2 ) .  A p p r o x i m a t e l y  8 0 %  o f  
t h e  s a f f l o w e r  m e a l  N  w a s  r e m o v e d  w i t h  e x t r a c t i o n  t i m e s  o f  

f r o m  4 5 — 1 2 0  m i n ;  s l i g h t l y  s m a l l e r  a m o u n t s  w e r e  e x t r a c t e d  a t  
1 5  a n d  3 0  m i n .  T i m e  w a s  a l s o  r e p o r t e d  t o  h a v e  a  m i n i m a l  
e f f e c t  u p o n  t h e  e x t r a c t i o n  o f  N  f r o m  s u n f l o w e r  m e a l  ( G h e y a 
s u d d i n  e t  a l . ,  1 9 7 0 ) .

T e m p e r a t u r e .  T h e  h e a t  s t a b i l i t y  o f  5 %  s o l u t i o n s  o f  s a f 
f l o w e r  p r o t e i n  e x t r a c t e d  a t  p H  8 . 5  w a s  e s t a b l i s h e d  i n  p r e l i m i 
n a r y  e x p e r i m e n t s .  F r o m  9 6 — 1 0 0 %  o f  t h e  e x t r a c t e d  N  r e 
m a i n e d  i n  s o l u t i o n  a t  t e m p e r a t u r e s  o f  f r o m  1 0 —8 0 ° C .  A t  9 0 ° C  
a n d  a b o v e ,  h o w e v e r ,  t h e  p r o t e i n  b e g a n  t o  p r e c i p i t a t e  w i t h  

f r o m  6 0 —6 5 %  r e m a i n i n g  i n  s o l u t i o n  a t  9 5 ° C .  S u b s e q u e n t l y ,  
e x t r a c t i o n  t e m p e r a t u r e s  o f  f r o m  1 0 —7 0 ° C  w e r e  e x a m i n e d .

W h e n  s a f f l o w e r  m e a l  w a s  e x t r a c t e d  a t  v a r i o u s  t e m p e r a t u r e s ,  
t h e  l e a s t  e f f e c t i v e  e x t r a c t i o n  t e m p e r a t u r e  w a s  1 0 ° C ,  w h e r e a s  

a p p r o x i m a t e l y  8 0 %  o f  t h e  N  w a s  e x t r a c t e d  a t  f r o m  2 0 —4 0 ° C  
( F i g .  3 ) .  S i n c e  e x t r a c t a b i l i t y  i n c r e a s e d  o n l y  s l i g h t l y  a t  6 0  a n d  
7 0 ° C ,  a n  a m b i e n t  t e m p e r a t u r e  o f  2 5 ° C  w a s  s e l e c t e d  f o r  e x 
t r a c t i o n .  T h e  o b s e r v e d  t e m p e r a t u r e  e f f e c t s  w e r e  s i m i l a r  t o

Table 2—Essential amino acid composition of safflower meal and protein fractions

FAO
provisional

pattern

Fractions

Fractions Meal
Water

soluble
1N NaCI 
soluble

0.1N NaOH 
soluble

Extracted
residue

-g amino acid/16g nitrogen----------------------------

Amino acid
Isoleucine 4.00 3.81 4.21 3.21 4.35 3.35
Leucine 7.04 6.42 7.08 5.91 6.84 5.62

Lysine 5.44 2.83 4.55 2.17 1.97 2.62

Methionine + Cystine 3.52 3.57 4.20 1.80 4.43 1.77

Phenylalanine + Tyrosine 6.08 6.27 7.67 6.42 9.21 5.80

Threonine 4.00 3.17 4.88 2.75 3.07 2.75

Tryptophan 0.96 - - — —
Valine 4.96 5.88 6.46 5.03 5.35 4.63

% Nitrogen - 9.31 11.71 17.16 17.45 1.41

% Nitrogen recovered - 92.5 93.8 90.9 89.6 83.8
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t h o s e  r e p o r t e d  f o r  s u n f l o w e r  m e a l  i n  w h i c h  N  e x t r a c t a b i l i t y  

i n c r e a s e d  a t  t e m p e r a t u r e s  u p  t o  4 5 ° C ,  a n d  b e g a n  t o  d e c r e a s e  a t  
7 5 ° C  ( G h e y a s u d d i n  e t  a l ,  1 9 7 0 ) .

C o n c e n t r a t i o n .  T h e  e x t r a c t a b i l i t y  o f  s a f f l o w e r  m e a l  N  w a s  

e x a m i n e d  a t  p H  1 .8  t h r o u g h  1 0 . 2  a n d  a t  c o n c e n t r a t i o n s  o f  1 ,  5 
a n d  1 0 %  ( w / v ) .  V a r y i n g  t h e  s o l v e n t  t o  m e a l  r a t i o s  h a d  n e g l i g i 
b l e  e f f e c t s  u p o n  N  e x t r a c t a b i l i t y  ( F i g .  4 ) .  T o  a v o i d  t h e  u s e  o f  

e x c e s s i v e  q u a n t i t i e s  o f  s o l v e n t ,  f u t u r e  l a b o r a t o r y  e x p e r i m e n t s  
w e r e  c o n d u c t e d  u s i n g  a  m e a l  c o n c e n t r a t i o n  o f  5 % .

O t h e r  e x t r a c t a n t s .  V a r i o u s  s o l v e n t s  w e r e  i n v e s t i g a t e d  i n  a n  
a t t e m p t  t o  e n h a n c e  N  e x t r a c t a b i l i t y .  I n c r e a s i n g  t h e  i o n i c  

s t r e n g t h  w i t h  N a C l  a t  p H  8 . 3  a n d  1 0 . 0  d i m i n i s h e d  t h e  e x t r a c t -  
a b i l i t y  o f  N .  R e d u c i n g  a g e n t s ,  s u c h  a s  0 . 1 M  m e r c a p t o e t h a n o l

o r  0 . 0 0 1  o r  0 . 1  M  s o d i u m  b i s u l f i t e  i n  a  s o d i u m  b o r a t e  b u f f e r  a t  
p H  8 . 0 ,  d i d  n o t  s i g n i f i c a n t l y  i n c r e a s e  N  e x t r a c t i o n .  T h u s ,  e x 
p e r i m e n t a l  c o n d i t i o n s  f o r  e x t r a c t i o n  w e r e  a  5 %  c o n c e n t r a t i o n  

o f  m e a l  a t  2 5 ° C  f o r  6 0  m i n .  T h e s e  c o n d i t i o n s  w e r e  u s e d  t o  
e v a l u a t e  t h e  i n f l u e n c e  o f  v a r i o u s  h e a t  t r e a t m e n t s  u p o n  t h e  N  

e x t r a c t a b i l i t y  o f  s a f f l o w e r  m e a l .

E f f e c t  o f  h e a t  t r e a t m e n t  o f  m e a l  o n  
n i t r o g e n  e x t r a c t a b i l i t y

T h e  i n f l u e n c e  o f  p H  u p o n  N  e x t r a c t a b i l i t y  o f  s a f f l o w e r  

m e a l  e x p o s e d  t o  v a r i o u s  h e a t  t r e a t m e n t s  i s  a p p a r e n t  i n  F i g u r e  
5 .  p H  w a s  a d j u s t e d  w i t h  e i t h e r  0 . 1  o r  1 . 0 N  H C 1  o r  N a O H .  T h e  
c o m m e r c i a l l y  p r e p a r e d  d e s o l v e n t i z e d  m e a l ,  w h i c h  w a s  e x p o s e d  
t o  t h e  h i g h e s t  t e m p e r a t u r e s  ( 1 0 7 — 1 1 0 ° C )  d u r i n g  p r o c e s s i n g  i n
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Fig. /—Fractions o f safflower meal protein soluble upon successive 
extraction o f the unheated, control meal with various solvents and 
subsequent dialysis o f the extracts.

Fig. 3—Influence o f extraction temperature upon extractability o f 
nitrogen from unheated, control safflower meal at 5% concentra
tion, pH  8.5, for 60 min.

Fig. 2—Influence o f extraction time upon extractability o f nitrogen 
from unheated, control safflower meal at 5% concentration, pH  8.5 
and 25° C.

Fig. 4—Influence o f concentration o f meal (w/v) upon extractability 
o f nitrogen from unheated, control safflower meal at p H  1.8-10.2, 
and 25° C for 60 min.
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t h e  d e s o l v e n t i z e r - t o a s t e r ,  e x h i b i t e d  t h e  p o o r e s t  N  e x t r a c t a -  
b i l i t y .  T h e  p e r c e n t  N  e x t r a c t e d  f r o m  t h e  d e s o l v e n t i z e d  m e a l  a t  
p H  8 , 9  a n d  1 0  w a s  6 0 ,  6 8  a n d  7 3 % ,  r e s p e c t i v e l y .  T h e  N  

e x t r a c t a b i l i t y  o f  t h e  u n h e a t e d ,  c o n t r o l  m e a l  a t  t h e s e  s a m e  
t h r e e  p H  v a l u e s  w a s  7 5 ,  8 3  a n d  8 8 % , r e s p e c t i v e l y .  T h e  e x t r a c t -  
a b i l i t y  o f  t h e  e x p e l l e r  c a k e  w a s  s i m i l a r  t o  t h a t  o f  t h e  c o n t r o l  
m e a l  a t  m o s t  p H  v a l u e s .  A t  p H  9 ,  6 8 , 8 0  a n d  8 3 %  o f  t h e

pH

Fig. 5—Influence o f heat treatment o f safflower meal upon extracta
bility o f nitrogen as a function o f pH. Meals included the unheated, 
control in which oil was extracted at 25°C; the expeller press cake 
heated to from 85—93°C; and the commercial, desolventized meal 
heated to from 107—110°C. Extraction conditions: 5% concentra
tion, and 25° C for 60 min.

pH

Fig. 6—Precipitation o f extracted nitrogen from various safflower 

meals as a function o f pH.

n i t r o g e n  w a s  e x t r a c t e d  f r o m  t h e  d e s o l v e n t i z e d  m e a l ,  t h e  e x 

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

N i t r o g e n  s o l u b i l i t y  i s  o f t e n  t a k e n  a s  a  g e n e r a l  i n d i c a t i o n  o f  

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

w h i c h  w a s  e x p o s e d  t o  t h e  h i g h e s t  t e m p e r a t u r e s ,  a p p e a r s  t o  b e  
t h e  m o s t  d e n a t u r e d .  I t  m a y  b e  i n f e r r e d  f r o m  t h e s e  d a t a  t h a t  
t h e  e x t r a c t a b i l i t y  o f  s a f f l o w e r  p r o t e i n  i s  n o t  m a r k e d l y  i n f l u 
e n c e d  b y  t e m p e r a t u r e  o f  8 5 —9 3 ° C ,  i . e . ,  t h e  t e m p e r a t u r e  o f  t h e  

e x p e l l e r  p r e s s  c a k e .  T h e  h i g h e r  t e m p e r a t u r e s  o f  1 0 7 - 1 1 0 ° C  
a t t a i n e d  i n  t h e  d e s o l v e n t i z e r - t o a s t e r ,  h o w e v e r ,  a r e  s u f f i c i e n t  t o  

i m p a i r  e x t r a c t a c i l i t y .

P r e c i p i t a t i o n  o f  e x t r a c t e d  n i t r o g e n

T h e  p r e c i p i t a t i o n  o f  e x t r a c t e d  N  a s  a  f u n c t i o n  o f  p H  i n d i 

c a t e s  t h e  q u a n t i t y  o f  p r o t e i n  N  p r e s e n t ,  a s  w e l l  a s  t h e  p o i n t  o f  

m a x i m u m  p r e c i p i t a t i o n  f o r  p r o t e i n  r e c o v e r y .  T h e  p r e c i p i t a t i o n  
c u r v e s  o f  N  e x t r a c t e d  f r o m  t h e  h e a t  t r e a t e d  a n d  c o n t r o l  s a f 
f l o w e r  m e a l s  w e r e  s i m i l a r  ( F i g .  6 ) .  F r o m  9 5  — 1 0 0 %  o f  t h e  
e x t r a c t e d  N  r e m a i n s  s o l u b l e  b e l o w  p H  2 ,  a n d  a b o v e  p H  8 . 

M i n i m a l  s o l u b i l i t y  o c c u r r e d  a t  p H  4  t h r o u g h  6 , w i t h  p H  5 
b e i n g  t h e  p o i n t  o f  m i n i m u m  s o l u b i l i t y  a n d / o r  m a x i m u m  p r e 

c i p i t a t i o n .  I t  i s  a p p a r e n t  t h a t  1 0 — 1 2 %  o f  t h e  N  e x t r a c t e d  f r o m  
t h e  t h r e e  m e a l s  w a s  n o t  p r e c i p i t a t e d  a t  p H  5 .  T h i s  i s  i n  a g r e e 
m e n t  w i t h  t h e  n a t u r e  o f  N  p r e c i p i t a t i o n  b y  1 0 %  ( w / v )  t r i c h l o 
r o a c e t i c  a c i d ,  a s  d i s c u s s e d  p r e v i o u s l y .  A l t h o u g h  h e a t  t r e a t m e n t  

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

I n  s u m m a r y ,  p r o p e r t i e s  o f  v a r i o u s  p r o t e i n  f r a c t i o n s ,  a n d  
c o n d i t i o n s  w h i c h  i n f l u e n c e  e x t r a c t i o n  a n d  p r e c i p i t a t i o n  o f  s a f 
f l o w e r  m e a l  p r o t e i n ,  h a v e  b e e n  d e s c r i b e d .  S t u d i e s  a r e  i n  p r o g 
r e s s  t o  e v a l u a t e  t h e  c o m p o s i t i o n ,  n u t r i t i o n a l  v a l u e ,  f u n c t i o n a l  
p r o p e r t i e s  a n d  y i e l d  o f  s a f f l o w e r  p r o t e i n  i s o l a t e s  p r e p a r e d  
u n d e r  s e l e c t e d  c o n d i t i o n s .
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COCONUT BREAD AS A MEANS OF IMPROVING  
PROTEIN NUTRITION

INTRODUCTION
T H E  P R O B L E M  o f  p r o t e i n  m a l n u t r i t i o n ,  s o  p r e v a l e n t  i n  m a n y  

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

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

l i m i t e d  i n  c e r t a i n  a m i r . o  a c i d s ,  e s p e c i a l l y  l y s i n e  ( B l o c k  a n d  
M a n d l ,  1 9 5 8 ;  B r e s s a n i  e t  a l . ,  1 9 6 0 ) .  T h e  n u t r i t i o n a l  v a l u e  o f  
w h e a t  f l o u r  c a n  b e  i m p r o v e d  b y  t h e  a d d i t i o n  o f  e i t h e r  t h e  

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

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

c o n t e n t  ( H a r r i s ,  1 9 6 7 ;  H a r t  e t  a l . ,  1 9 7 0 ;  M a t h e w s  e t  a l . ,  1 9 7 0 ;  
M i z r a h i  e t  a l . ;  1 9 6 7 ;  P o m e r a n z  e t  a l . ,  1 9 6 9 ; . S h e h a t a  a n d  F r y e r ,  
1 9 7 0 ;  S i d w e l l  a n d  H a m m e r l e ,  1 9 7 0 ;  T s e n  a n d  H o o v e r ,  1 9 7 3 ) .

S t u d i e s  b y  S t r e n g t h  ( 1 9 7 0 )  h a v e  s h o w n  t h e  p r o t e i n  e f f i 
c i e n c y  r a t i o  ( P E R )  i n  r a t s  o f  c o c o n u t  f l o u r  ( C F )  t o  b e  3 . 2 6  a s  
c o m p a r e d  w i t h  3 . 4 8  f o r  c a s e i n .  I n c o r p o r a t i o n  o f  C F  i n t o  b r e a d  
s h o u l d  r e s u l t  i n  a  p r o d u c t  o f  h i g h e r  p r o t e i n  q u a l i t y  t h a n  t h a t  
o f  c o n v e n t i o n a l  w h e a t  b r e a d .  H o w e v e r ,  n o  m a t t e r  h o w  n u t r i 
t i o n a l l y  v a l u a b l e  a  n e w  f o o d  m a y  b e ,  i t  i s  n o t  a l w a y s  r e a d i l y  
a c c e p t e d  b y  a  p o p u l a t i o n  w i t h  w e l l - e s t a b l i s h e d  f o o d  h a b i t s .  
C o c o n u t  i s  g r o w n  i n  m a n y  d e v e l o p i n g  c o u n t r i e s  a n d  t h u s  is  

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

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

p o s e  o f  t h e  f i r s t  p a r t  w a s  t o  d e v e l o p  a n  o r g a n o l e p t i c a l l y  a c 
c e p t a b l e  c o c o n u t  b r e a d  p r o d u c t .  B r e a d  p r o d u c e d  i n  t h i s  p a r t  
o f  t h e  s t u d y  w a s  h e l d  i n  f r e e z e r  s t o r a g e  b e f o r e  u n d e r t a k i n g  t h e  
s e c o n d  p a r t ,  t h e  p u r p o s e  o f  w h i c h  w a s  t o  e v a l u a t e  t h e  n u t r i 
t i o n a l  q u a l i t y  o f  t h e  c o c o n u t  b r e a d .

EXPERIM EN TAL
C F  W A S  P R E P A R E D  f r o m  c o m m e r c ia l  d r i e d  g r o u n d  c o c o n u t  m e a t  
f r o m  c o c o n u t s  g r o w n  in  Q u e z o n  P r o v in c e ,  P h i l ip p in e s  ( D u r k e e  F a m o u s  
F o o d s )  b y  th e  p r o c e d u r e  o f  S t r e n g t h  ( 1 9 7 0 ) .  T h e  d r ie d  g r o u n d  c o c o n u t  
m e a t  w a s  m il le d  a n d  m ix e d  w i th  n - h e x a n e  t o  e x t r a c t  t h e  f a t .  A v e ra g e s  
o f  a b o u t  6 5 %  o il  a n d  3 5 %  f lo u r  w e re  r e c o v e r e d  f r o m  g r o u n d  d r ie d  
c o c o n u t  m e a t .  T h is  t r e a t m e n t  r e s u l t e d  in  f lo u r  c o n ta in in g  le ss  t h a n  10%  
f a t  a n d  a p p r o x im a te ly  2 0 %  p r o t e i n .  T h e  c o m p o s i t i o n  o f  g r o u n d  c o c o 
n u t  m e a t ,  C F ,  a n d  w h e a t  f l o u r  (W F )  a re  c o m p a r e d  in  T a b le  1. 

P r e p a r a t i o n  o f  b r e a d

B re a d  c o n ta in in g  e ig h t  d i f f e r e n t  le v e ls  o f  C F  w e re  p r e p a r e d  b y  r e 
p la c in g  1 0 ,  1 3 ,  1 5 ,  1 8 ,  2 0 ,  3 0  a n d  5 0 %  o f  a l l - p u r p o s e  \ \ T  w i t h  C F  in  a  
s t a n d a r d  y e a s t  b r e a d  f o r m u la .  T h e  b r e a d  f o r m u la  is  s h o w n  in  T a b le  2 . 
I n g r e d ie n t s  o t h e r  t h a n  f lo u r  r e m a in e d  c o n s t a n t  in  e a c h  v a r ia t io n .  M ix 
in g  w a s  d o n e  b y  a  c o n v e n t io n a l  s t r a ig h t  d o u g h  m e t h o d  (B e n n io n  a n d  
H u g h e s ,  1 9 7 0 ) .

V o lu m e  m e a s u r e m e n t

L o a f  v o lu m e  o f  t h e  b a k e d  b r e a d s  w a s  d e t e r m in e d  b y  c u t t i n g  e a c h

lo a f  in  h a l f  c ro s s w is e  a n d  m e a s u r in g  th e  h e ig h t  in  c e n t im e t e r s  a t  t h e  
o u t e r  e d g e s ,  a t  t h e  c e n t e r ,  a n d  a t  p o i n t s  o n e - h a l f  t h e  d i s ta n c e  f r o m  t h e  
c e n t e r  t o  t h e  e d g e s .  T h e  m e a n  o f  th e s e  f iv e  m e a s u r e m e n t s  w a s  t h e n  
r e c o r d e d  a s  i n d e x  o f  v o lu m e  ( F u n k  e t  a l . ,  1 9 6 9 ) .

T a s t e  p a n e l  e v a lu a t io n

A  s ix  m e m b e r  t a s t e  p a n e l  c o n s is t in g  o f  t h r e e  A m e r ic a n s  a n d  th r e e  
C h in e s e  w a s  s e le c te d  b y  p r e t e s t i n g  t h r o u g h  t r i a n g le  a n d  r a n k in g  t e s t s .  
T h e  b r e a d  w a s  s c o r e d  f o r  c o lo r ,  g r a in ,  t e x t u r e ,  f la v o r  a n d  g e n e r a l  a c 
c e p t a b i l i t y  b y  t h e  p a n e l .  T h e  s c o re  c a r d  w a s  b a s e d  o n  a  7 - p o in t  s c a le  in  
w h ic h  a  s c o r e  o f  “ 7 ”  w a s  g iv e n  to  a n  “ E x c e l l e n t ”  p r o d u c t  a n d  “ 1 ”  t o  a  
“ V e ry  P o o r ”  p r o d u c t .

T h e  f r e s h ly  s lic e d  b r e a d  s a m p le s  w e re  c u t  t o  u n i f o r m  s iz e  a n d  p r e 
s e n te d  to  t h e  ju d g e s  o n  w h i te  p l a t e s  w i th  e a c h  s a m p le  n u m b e r e d .  
J u d g e s  w e re  s e a te d  a t  in d iv id u a l  t a b le s  a n d  e a c h  w a s  p r o v id e d  w i t h  a  
s c o r e  s h e e t ,  a  c u p  o f  r o o m - t e m p e r a t u r e  w a te r  a n d  t h e  b r e a d  s a m p le s .

A  c o n t r o l  b r e a d  ( n o  C F )  s a m p le  w a s  c o m p a r e d  w i t h  o t h e r  s a m p le s  
e a c h  t im e .  E a c h  le v e l o f  c o c o n u t  b r e a d  w a s  j u d g e d  a t  l e a s t  tw ic e  a n d  i f  
t h e r e  w a s  n o t  c lo s e  a g r e e m e n t  a m o n g  ju d g e s  o n  a  g iv e n  s a m p le ,  i t  w a s  
ju d g e d  a  t h i r d  t im e .  T h e  s c o r e s  w e r e  a v e r a g e d  a n d  t h e  m e a n s  r e c o r d e d  
in  T a b le  3 .

C h e m ic a l  a n a ly s i s  o f  b r e a d s

A f te r  f r e e z e r  s to r a g e ,  b r e a d s  c o n ta in in g  c o c o n u t  f l o u r  a t  le v e ls  o f  
1 3 , 1 5  a n d  2 0 % w e re  b r o k e n  b y  h a n d  i n t o  p ie c e s  a p p r o x i m a t e l y  1 in c h  
in  d i a m e te r  a n d  w e re  d r ie d  in  a  h o t  a ir  o v e n  a t  5 6 ° C  f o r  2 4 - 4 8  h r  t o  
s ta b i l iz e  t h e  m o is tu r e  c o n t e n t .  T h e  d r i e d  b r e a d  s a m p le s  w e r e  g r o u n d  in  
a  W ile y  M ill a n d  b l e n d e d  a t  a m b ie n t  t e m p e r a t u r e  a n d  m o i s tu r e .  M o is -

Table 1—Composition of ground coconut meat, coconut flour 
and wheat flour3

Ingredient

Crude protein 
(N X 6.25) 

(%>
Moisture

(%)

Fat
(ether

extraction)
(%)

Coconut meat 8.02 2.41 63.66
Coconut flour 20.93 6.12 9.19
Commercial all-purpose 11.91 9.56 0.74

wheat flour

a Figures represent averages of three analyses

Table 2—Basic bread formula

Commercial all-purpose wheat flour 330.0g
Milk 118.0 ml
Sugar 19.5g
Salt 7.5g
Commercial hydrogenated vegetable shortening 12.0g
Yeast, dry 3 . 5 g

Water 118.0 ml
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t u r e  w a s  d e t e r m in e d  a f t e r  h e a t in g  t h e  g r o u n d  b l e n d e d  s a m p le s  a t  1 0 0 ° C  
f o r  2 4  h r .  N i t r o g e n  d e t e r m i n a t i o n s  w e re  d o n e  o n  t h e  d r ie d  s a m p le s  b y  
th e  m a c ro -K je ld a h l  m e t h o d  (A O A C , 1 9 5 5 )  a n d  p r o t e i n  e s t i m a te d  b y  
t h e  f o r m u la  N  x  6 .2 5 .

P r e p a r a t i o n  o f  d i e t s

D r ie d  g r o u n d  p o r t i o n s  o f  1 3 ,  15 a n d  2 0 %  C F  b r e a d  w e re  i n c o r p o 
r a t e d  i n t o  r a t  d ie t s  w h ic h  w e re  f o r m u l a t e d  t o  c o n t a i n  10 % p r o t e i n  
( S t r e n g th ,  1 9 7 0 )  f r o m  c a s e in  o r  f r o m  b r e a d  s a m p le s .  D ie ts  w e re  m ix e d

Table 3—Effect of coconut flour on loaf volume and organolep
tic qualities3

Percentage of 
coconut flour 

in bread

Index of 
volume1* 

(cm) Color Grain Texture
General

Flavor acceptability

0 8.9 5.8 6.1 6.2 5.1 5.5
10 8.0 5.2 5.1 5.2 5.1 5.3
13 7.8 5.3 5.1 4.8 5.6 5.3
15 7.6 5.2 4.6 4.9 5.6 5.1
18 7.3 5.1 4.5 4.6 5.5 5.0
20 6.9 4.5 4.4 4.2 5.3 4.4

a O p t im u m  score  =  7. Sco re s  o f co n tro l bread (w ith  no  c o c o n u t  
flou r) are m eans o f five  judgm ents. Sco re s  of 1 0 and  1 3 %  c o c o n u t  
bread are m eans o f tw o  judgm ents. S c o re s  of 15  — 2 0 %  co co n u t  
bread are m eans o f three judgm ents. . 

b  A ve rage  m easurem en ts taken  at five  lo ca t ion s  ac ro ss  center o f 
vertical su rface  o f loaf.

Table 4—Composition of diets

Diet

I
Casein

(g)

II
0% CF
bread

(g)

III
13% C F 
bread

(g)

IV
15% C F 
bread

(g)

V
20% CF 
bread

(g)

Protein source 115 875 798 785 790
Cornstarch 650 - 77 90 85
Sugar 100 - - - -
Vitamin mixture #6a 20 20 20 20 20
Salt mixture #8a 50 50 50 50 50
Lard 50 50 50 50 50
Ascorbic acid 1.0 1.0 1.0 1.0 1.0
Agar 10 - - - -
Penicillin G 0.1 0.1 0.1 0.1 0.1
Alphacel 20 20 20 20 20
Water 24 24 24 24 24

a C o m p o s it io n  given in E xp e rim e n ta l section.

Table 5—Protein content of experimental breads

Protein in bread 
ingredients1*

Percentage of 
coconut flour 

in bread

Crude protein3 
(N X 6.25) 

(%)
WF
(%)

CF
(%)

Milk
(%)

Yeast
(%)

0 11.39 9.82 — 1.20 0.37
13 12.53 8.56 2.39 1.21 0.37
15 12.74 8.39 2.77 1.21 0.37
20 12.67 7.50 3.55 1.18 0.35

a F ig u re s  represent averages o f three ana ly se s  d on e  o n  a m oisture- 
free basis

b  Ca lcu la ted  values based u p o n  p ro p o rt io n  o f p ro te in  In Ingred ient 
added to  d ou gh  m ix

in  q u a n t i t i e s  o f  1 k g  a n d  s to r e d  u n d e r  r e f r i g e r a t i o n  a t  4 ° C  u n t i l  u s e d .  
D ie t  c o m p o s i t i o n  is s h o w n  in  T a b le  4 .

S a l t  m ix tu r e  # 8  ( S a lm o n ,  1 9 6 4 )  f e d  a t  5 0  g /k g  o f  d i e t  s u p p l ie d  t h e  
fo l l o w in g  in  g /k g  o f  d i e t :  c a l c iu m , 7 .3 3 ;  c o p p e r ,  0 . 0 1 6 ;  io d in e ,  0 . 0 2 2 ;  
i r o n ,  0 .2 0 ;  m a g n e s iu m , 0 .8 1 ;  m a n g a n e s e ,  0 . 0 4 ;  p h o s p h o r u s ,  5 . 6 8 ;  p o t a s 
s iu m , 3 .1 5 ;  s o d iu m ,  1 .9 1 ;  z in c ,  0 . 0 5 6 ;  s u l f u r ,  1 .0 6 .

V i t a m in  m ix tu r e  # 6  (S a lm o n ,  1 9 6 4 )  f e d  a t  2 0  g/kg o f  d i e t  s u p p l ie d  
t h e  f o l lo w in g  in  mg/kg o f  d ie t :  v i t a m in  A  ( r e t i n o l ) ,  3 0 .0 ;  v i ta m in  E  
( a - t o c o p h e r o l ) ,  5 5 ;  v i t a m in  K  ( v i t a m in  K , e q u iv a l e n t ) ,  5 0 ;  n ia c in ,  1 0 0 ;  
c a l c iu m  p a n t o t h e n a t e ,  5 0 ;  r ib o f la v in ,  2 0 ;  t h i a m in e  h y d r o c h l o r i d e ,  2 0 ;  
p y r id o x i n e  h y d r o c h lo r i d e ,  2 4 ;  in o s i t o l ,  2 0 0 .  F e d  in  s e p a r a te  s o lu t io n s  
w e re :  c h o l in e  c h lo r id e ,  3 g /k g  o f  d i e t ;  v i t a m in  D 2 ( c a lc i f e r o l ) ,  6 0 0  
IU/kg o f  d i e t ;  v i ta m in  B , 2 , 5 0  Mg/kg o f  d i e t ;  b i o t i n ,  5 0 0  Mg/kg o f  d ie t ;  
f o l i c  a c id ,  2  mg/kg o f  d i e t ;  c a l c i f e r o l  w a s  a d d e d  d is s o lv e d  in  0 .2  m l 
h e x a n e  f o r  e a c h  a m o u n t  a d d e d  t o  1 kg o f  d i e t .

A n im a ls  a n d  f e e d in g

2 1 -d a y  o ld  w e a n l in g  m a le  a lb in o  r a t s  o f  t h e  C h a r le s  R iv e r  C D  s t r a in  
w e re  u s e d .  T h e  r a t s  w e re  r a n d o m ly  p la c e d  in  s ix  t r e a t m e n t  g r o u p s  w i th  
e ig h t  a n im a ls  p e :  g r o u p .  T h e y  w e r e  h o u s e d  in  in d iv id u a l  w i r e - b o t t o m  
c a g e s  in  a  t e m p e r a tu r e - c o n t r o l l e d  r o o m .  F o r  t h e  f i r s t  3 d a y s ,  t h e  a n i 
m a ls  w e re  m a in ta in e d  o n  c o m m e r c ia l  r a t i o n  a n d  w a te r  t o  s ta b i l iz e  
t h e m .  A t  t h e  e n d  o f  th i s  s t a b i l i z a t i o n  p e r io d  o n e  g r o u p  w a s  s a c r if ic e d .  
C a rc a s s e s  w e re  w r a p p e d  in  a lu m in u m  f o i l  a n d  f r o z e n  f o r  l a te r  t o t a l  
n i t r o g e n  d e t e r m in a t io n s .  T h e  re m a in in g  f iv e  g r o u p s  w e re  f e d  t h e  r e s p e c 
t iv e  e x p e r im e n ta l  d ie t s  a n d  w e re  s im ila r ly  s a c r i f i c e d  a t  t h e  e n d  o f  th e  
e x p e r im e n ta l  p e r io d .

T h e  r a t s  w e re  f e d  im m e d ia t e ly  a f t e r  b e in g  p la c e d  in  t h e  in d iv id u a l  
c a g e s  a n d  d a i ly  t h e r e a f t e r .  G la s s  d i s t i l l e d  w a te r  w a s  s u p p l ie d  a d  l ib i tu m .  
A n im a ls  w e re  w e ig h e d  a t  a p p r o x im a te ly  t h e  s a m e  t im e  d a i ly  a t  w h ic h  
t im e  t h e  fe e d  ja r s  w e re  r e m o v e d ,  w e ig h e d  a n d  r e p le n i s h e d .

F e e d  c o n s u m p t io n  a n d  w e ig h ts  w e r e  r e c o r d e d  d a i ly  f o r  2  w k .  A t 
th i s  t im e  r a t s  in  t h e  g r o u p  re c e iv in g  t h e  1 3 %  C F  b r e a d  w e r e  k i l le d  a n d  
t h e  c a r c a s s e s  w e re  f r o z e n .  T h e  r a t s  o f  t h e  r e m a in in g  g r o u p s  w e r e  f e d  fo r  
a n  a d d i t i o n a l  w e e k  b e f o r e  t h e y  w e re  k i l l e d  a n d  f r o z e n .  F e e d in g  w a s  
t e r m i n a t e d  a t  t h e  t im e s  in d i c a t e d  b e c a u s e  o f  t h e  l im i t e d  s u p p ly  o f  th e  
b r e a d .  S t r e n g t h  ( 1 9 7 0 )  o b s e r v e d  t h a t  t h e  P E R  f o r  t h e  f i r s t  2  w k  w a s  
e q u a l  t o  t h e  P E R  f o r  th e  s e c o n d  2 -w k  p e r io d  o f  a  4 -w k  s tu d y .

P r o t e i n  e f f i c ie n c y  r a t i o

T h e  P E R  w a s  c a l c u la te d  a s  w e ig h t  g a in  in  g ra m s  f o r  e a c h  g ra m  o f  
p r o t e i n  (N X  6 .2 5 )  c o n s u m e d .  T h e  in d iv id u a l  P E R  v a lu e s  w e re  d e t e r 
m in e d  f o r  t h e  a n im a ls  a t  2 -  a n d  3 -w k  p e r io d s ,  a n d  g r o u p  m e a n s  w e re  
c a l c u la te d  f r o m  in d iv id u a l  P E R  v a lu e s .

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

T h e  f r o z e n  c a r c a s s e s  o f  a n im a ls  in  e a c h  t e s t  g r o u p  w e re  a l lo w e d  to  
th a w  a t  r o o m  t e m p e r a t u r e .  F i s s u r e s  w e re  m a d e  in  t h e  h e a d  a n d  a b d o 
m e n  to  f a c i l i t a t e  d r y in g  w h ic h  w a s  d o n e  a t  1 0 0 ° C  f o r  4 8  h r  a f t e r  w h ic h  
t h e  c a r c a s s e s  w e re  g r o u n d .  M o is tu r e  d e t e r m in a t io n s  w e re  d o n e  o n  
p o o le d  s a m p le s  f r o m  e a c h  g r o u p .  N i t r o g e n  c o n t e n t  w a s  d e t e r m in e d  o n  
a l i q u o t s  o f  t h e  p o o le d  s a m p le s  b y  th e  m a c r o - K je ld a h l  m e t h o d  (A O A C , 
1 9 5 5 ) .

RESULTS & DISCUSSION 
Acceptability of CF bread

I t  w a s  f o u n d  p o s s i b l e  t o  b a k e  a c c e p t a b l e  b r e a d  w i t h  u p  t o  
2 0 %  C F .  B r e a d  c o n t a i n i n g  3 0 ,  4 0  a n d  5 0 %  l e v e l s  o f  C F  w e r e  
n o t  a c c e p t a b l e  a n d  d i d  n o t  t a s t e  l i k e  b r e a d .  T h e  d o u g h  l a c k e d  
c o n s i s t e n c y  a n d  e l a s t i c i t y ;  i t  b r o k e  a p a r t  e a s i l y  a n d  f a i l e d  t o  
r i s e  a d e q u a t e l y .  N e i t h e r  v o l u m e  m e a s u r e m e n t s  n o r  t a s t e  p a n e l  

e v a l u a t i o n s  w e r e  d o n e  o n  t h e s e  p r o d u c t s .
I n  a l l  c a s e s ,  i n c l u s i o n  o f  C F  r e s u l t e d  i n  a  m o r e  c o m p a c t  l o a f  

o f  l o w e r  v o l u m e .  T h e  e f f e c t  o f  C F  o n  l o a f  v o l u m e  is  s h o w n  i n  
T a b l e  3 .

T h e  c r u s t  o f  t h e  c o c o n u t  b r e a d s  w a s  g o l d e n  b r o w n  a n d  f r e e  
f r o m  c r a c k s .  T h e  c r u m b  w a s  d a r k e r  a n d  c o a r s e r  t h a n  t h a t  o f  
w h e a t  b r e a d ,  a n d  t h e  r e l a t i v e l y  l a r g e  s i z e  o f  t h e  C F  p a r t i c l e s  
g a v e  t h e  p r o d u c t  a  g r a i n y  m o u t h f e e l .

T h e  t a s t e  p a n e l  s c o r e s  o n  d e s i r a b i l i t y  o f  b r e a d  ( T a b l e  3 )  
i n d i c a t e d  t h a t  b r e a d  c o n t a i n i n g  u p  t o  1 8 %  C F  w a s  a s  a c c e p t a 
b l e  a s  t h e  c o n t r o l  p r o d u c t .  A l t h o u g h  t h e  g e n e r a l  a c c e p t a b i l i t y  
o f  2 0 %  c o c o n u t  b r e a d  w a s  l o w e r ,  i t  w a s  s t i l l  c o n s i d e r e d  t o  b e  
d e s i r a b l e .  T h e  f l a v o r  o f  c o c o n u t  b r e a d  w a s  c o n s i d e r e d  v e r y  
a c c e p t a b l e  b y  m o s t  o f  t h e  p a n e l  m e m b e r s  a n d  a l s o  b y  o t h e r  
i n d i v i d u a l s  w h o  s a m p l e d  t h e  b r e a d .  A  s w e e t e r  t a s t e  w a s  o b -
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Table 6—Essential amino acids3 in wheat flour, coconut flour
and in experimental breads

WFb

Breads®

CFb 100%WF
13% CF 
87% WF

15% CF 
85% WF

20% C F 
80% W F

Isoleucine 4617 3710 549 579 584 590
Leucine 7711 8370 913 1015 1030 1059
Lysine 2285 3590 348 405 413 431
Methionine 1285 1630 163 185 189 196
Phenylalanine 5522 5110 619 671 678 683
Threonine 2904 3650 361 411 420 433
Trytophan 1190 1180 137 151 153 158
Valine 4284 5510 531 609 624 628

a C a lcu la ted  fro m  p ub lish ed  data (C hu rch  and C hu rch , 1 9 7 0  
S tren g th , 1970 ). 

b m g A m in o  a c id /100g  p ro te in  
c m g A m in o  a c id /100g  bread

s e r v e d  w i t h  i n c r e a s i n g  a m o u n t s  o f  C F .  F l a v o r  o f  t h e  b r e a d  

a p p a r e n t l y  h a d  t h e  g r e a t e s t  o v e r a l l  e f f e c t  o n  a c c e p t a b i l i t y .  T h e  
d e c r e a s e  i n  s c o r e s  f o r  g e n e r a l  a c c e p t a b i l i t y  w i t h  h i g h e r  l e v e l s  
o f  C F  w a s  n o t  a s  g r e a t  a s  t h e  d e c r e a s e  i n  s c o r e s  f o r  c o l o r ,  g r a i n  
a n d  t e x t u r e .

F r e s h n e s s  m a y  b e  a  v e r y  i m p o r t a n t  f a c t o r  i n  d e t e r m i n i n g  
a c c e p t a b i l i t y .  D u r i n g  s e l e c t i o n  a n d  p r a c t i c e  t r i a l s  o f  t h e  t a s t e  
p a n e l ,  b r e a d  s a m p l e s  t h a t  h a d  b e e n  f r o z e n  f o r  s e v e r a l  w e e k s  
w e r e  t h a w e d  a n d  s e r v e d .  T h e  b r e a d  w a s  n o t  a s  a c c e p t a b l e  a s  

w a s  f r e s h l y  b a k e d  c o c o n u t  b r e a d .  F l o w e v e r ,  i t  w a s  f o u n d  t h a t  
p a n e l  m e m b e r s  t e n d e d  t o  s c o r e  t h e  c o c o n u t  b r e a d  h i g h e r  w i t h  
s u c c e s s i v e  j u d g e m e n t s  o n  t h e  s a m e  s a m p l e s .  I t  s e e m e d  t h a t  t h e  
c o c o n u t - f l a v o r e d  b r e a d  b e c a m e  m o r e  a c c e p t a b l e  a s  j u d g e s  
b e c a m e  a c c u s t o m e d  t o  i t .  T a s t e  p a n e l  d a t a  w e r e  n o t  t r e a t e d  
s t a t i s t i c a l l y  b e c a u s e  o f  t h e  d r i f t  t o w a r d  h i g h e r  a c c e p t a b i l i t y  
w i t h  s u c c e s s i v e  j u d g e m e n t s ,  a n d  b e c a u s e  e a c h  i n d i v i d u a l  p a n e l  

m e m b e r  h a d  h i s  o w n  r a n g e  o f  v a l u e s .

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

T a b l e  5  s h o w s  t h e  r e s u l t s  o f  t h è  c h e m i c a l  a n a l y s e s  f o r  p r o 
t e i n  c o n t e n t  o f  t h e  b r e a d  a l o n g  w i t h  p r o t e i n  v a l u e s  f o r  t h e  
b r e a d  c o m p o n e n t s ,  a s  c a l c u l a t e d  f r o m  p u b l i s h e d  v a l u e s  

( C h u r c h  a n d  C h u r c h ,  1 9 7 0 ;  S t r e n g t h ,  1 9 7 0 ) .  A s  t h e  f i g u r e s  
i n d i c a t e ,  C F  b r e a d s  c o n t a i n e d  a  h i g h e r  p e r c e n t a g e  o f  c r u d e  
p r o t e i n  t h a n  d i d  1 0 0 %  W F  b r e a d  d u e  t o  t h e  h i g h e r  p r o t e i n  
c o n t e n t  o f  C F  a s  c o m p a r e d  t o  W F .  M i l k  a n d  y e a s t  a l s o  c o n 
t r i b u t e d  s m a l l  a m o u n t s  o f  p r o t e i n .

I n  t h e  1 0 0 %  W F  b r e a d ,  8 6 . 2 %  o f  t h e  t o t a l  p r o t e i n  w a s  f r o m  
W F ;  i n  t h e  2 0 %  C F  b r e a d ,  o n l y  6 0 . 0 %  o f  t h e  t o t a l  p r o t e i n  w a s  
f r o m  W F .  A s  m i g h t  b e  e x p e c t e d ,  a  c h a n g e  i n  a m i n o  a c i d  p r o 

p o r t i o n s  r e s u l t e d .  C a l c u l a t e d  d a t a  f o r  e i g h t  e s s e n t i a l  a m i n o  
a c i d s  a r e  s h o w n  i n  T a b l e  6 . T h e  l e v e l s  o f  a l l  a m i n o  a c i d s  w e r e  
i n c r e a s e d .  T h i s  i s  p a r t i c u l a r l y  i m p o r t a n t  i n  t h e  c a s e  o f  l y s i n e ,  
t h e  m o s t  l i m i t i n g  a m i n o  a c i d  i n  w h e a t  p r o t e i n  a n d  m a y  b e  

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

a m o u n t s .
M e a n s  f o r  w e i g h t  g a i n ,  p r o t e i n  c o n s u m p t i o n ,  a n d  P E R  

v a l u e s  a r e  s h o w n  i n  T a b l e  7 .  A s  e x p e c t e d ,  t h e  r e s p o n s e  o n  
c a s e i n  d i e t s  i n  e a c h  o f  t h e s e  w a s  m u c h  g r e a t e r  t h a n  t h a t  o n  a n y  
o f  t h e  b r e a d  d i e t s  a t  b o t h  2  a n d  3 w k .  T h e  c a s e i n  P E R  v a l u e  
3 . 3 1  c o m p a r e s  f a v o r a b l y  w i t h  P E R ’s o f  3 . 0 8  r e p o r t e d  b y  
S h e h a t a  a n d  F r y e r  ( 1 9 7 0 )  a n d  3 . 4 8  r e p o r t e d  b y  S t r e n g t h
( 1 9 7 0 ) .  T h e  d i f f e r e n c e s  i n  m e a n s  o f  w e i g h t  g a i n ,  p r o t e i n  c o n 
s u m p t i o n  a n d  P E R ’s b e t w e e n  t r e a t m e n t  g r o u p s  w e r e  t e s t e d  f o r  
s i g n i f i c a n c e  b y  D u n c a n ’s M u l t i p l e  R a n g e  T e s t  ( S t e e l  a n d  T o r -  

r i e ,  1 9 6 0 ) .
T h e r e  w a s  n o  p a t t e r n  i n  w e i g h t  g a i n  f o r  t h e  d i e t s  c o n t a i n i n g  

d i f f e r e n t  l e v e l s  o f  C F  a t  2  w k .  H o w e v e r ,  w e i g h t  g a i n  a f t e r  3  w k  
w a s  s i g n i f i c a n t l y  g r e a t e r  ( p  <  0 . 0 1 )  w i t h  a n  i n c r e a s e  i n  p e r 
c e n t a g e  C F  a d d e d  t o  t h e  d i e t .  T h e  a n i m a l s  o n  D i e t  I V  ( 1 5 %  
C F )  d i d  n o t  e a t  a n d  g a i n  a s  w e l l  a s  o t h e r s  i n i t i a l l y  b u t  i n  t h e  
t h i r d  w e e k  t h e y  r e g i s t e r e d  c o m p a r a b l e  w e i g h t  g a i n s .

A t  2  w k  t h e r e  w a s  n o  c o n s i s t e n t  c h a n g e  i n  p r o t e i n  c o n 
s u m p t i o n  w i t h  i n c r e a s e s  i n  C F .  T h e  p r o t e i n  c o n s u m p t i o n  a t  3  
w k  w a s  s i g n i f i c a n t l y  ( p  <  0 . 0 5 )  g r e a t e r  o n  D i e t  V  ( 2 0 %  C F )  
t h a n  o n  D i e t  I V  ( 1 5 %  C F ) ;  h o w e v e r ,  p r o t e i n  c o n s u m p t i o n  o n  
D i e t  I I  ( 1 0 0 %  W F )  w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  a t  2  o r  3  w k  

( p  >  0 . 0 5 ) .
T h e  P E R  f o r  D i e t  I V  a p p e a r s  t o  b e  o u t  o f  l i n e  a t  2  w k  b u t  

a n a l y s i s  i n d i c a t e s  a  s i g n i f i c a n t  ( p  <  0 . 0 5 )  i n c r e a s e  i n  P E R  a s  
t h e  p e r c e n t a g e  o f  C F  i n c r e a s e d .  A t  3  w k  t h e r e  w a s  a  s i g n i f i c a n t  
( p  <  0 . 0 1 )  l i n e a r  r e s p o n s e  t o  t h e  a d d i t i o n  o f  C F .  T h e  P E R  f o r

Table 8—Effect of diet on body nitrogen content

Group
Total group 

dry body wt (g)
Total nitrogen/ 

group (g)a Mean gN/100gb

Base® 188.5 19.0 10.1
Casein 516.4 33.7 6.5
100% W F 306.0 18.6 6.1
13% CFd 284.0 18.8 6.6
15% CF 302.0 22.2 7.4
20% CF 325.0 23.1 7.1

3 M e a n s  of seven d e te rm ina t io n s 
b  G ram s n itrogen  per 1 0 0  gram  d ry  w e igh t o f tissue  
c B a se— N o t  fed experim enta l d et; k illed  at b e g in n in g  o f e x p e r i

m ental period.
^ T h i s  g ro u p  w as fed the  experim enta l d ie t fo r 2 w k  w h ile  other 

g ro u p s  received d ie ts fo r  3  w k

Table 7—Performance of rats on coconut bread diets3

Diet

Mean wt 
gain (g)

Mean protein 
consumption (g) Mean PER

2 wk 3 wk 2 wk 3 wk 2 wk 3 wk

Diet 1: Casein 64.0 105.9 18.2 31.8 3.5 3.3
Diet II: 100% WF, 0% CF 15.0a 23.8a 11.7a 19.1ab 1.3a 1.3a
Diet III: 87% WF, 13% CF 20 .8b - 13.3b — 1.6b _
Diet IV: 85% WF, 15% CF 14.9a 27.8ab 10.5a 17.3a 1.4ab 1.6 b
Diet V: 80% WF, 20% CF 18.1ab 32.8b 11.8a 19.9b 1.5b 1.6b

a M e an s fo llow e d  b y  d iffe ren t letters (w ith in  a c o lu m n ) are d iffe ren t ( 5 %  level of s ign ificance  o f D u n c a n 's  M u lt ip le  R ange  Test).
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D i e t  I I  ( 1 0 0 %  W F )  w a s  1 . 2 5 ,  w h i c h  w a s  o n l y  s l i g h t l y  h i g h e r  

t h a n  t h e  P E R  o f  1 . 1 8  f o r  1 0 0 %  W F  r e p o r t e d  b y  S h e h a t a  a n d  
F r y e r  ( 1 9 7 0 ) .

T a b l e  8  s h o w s  m e a n s  o f  t h e  t o t a l  c a r c a s s  n i t r o g e n  r e t e n t i o n  
o f  t h e  p o o l e d  g r o u p s  o f  r a t s .  T h e s e  d a t a  i n d i c a t e  t h a t  a s  s u p 
p l e m e n t a t i o n  o f  w h e a t  b r e a d  w i t h  C F  i n c r e a s e d ,  t h e  a m o u n t  
o f  b o d y  n i t r o g e n  r e t a i n e d  a l s o  i n c r e a s e d .  H o w e v e r ,  t h e  c a r c a s s  

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

t h o s e  o n  c a s e i n  d i e t s .

CONCLUSIONS
T H E  F O L L O W I N G  c o n c l u s i o n s  c a n  b e  d r a w n  f r o m  t h e s e  
s t u d i e s :  ( 1 )  i t  i s  p o s s i b l e  t o  b a k e  a n  a c c e p t a b l e  l o a f  o f  b r e a d  
w i t h  u p  t o  2 0 %  c o c o n u t  f l o u r ;  ( 2 )  t h e  i n c l u s i o n  o f  c o c o n u t  

f l o u r  i n c r e a s e s  t h e  p r o t e i n  c o n t e n t  o f  b r e a d  f r o m  1 1 . 3 9 %  i n  
t h e  a l l  w h e a t  p r o d u c t  t o  1 2 . 6 7 %  i n  b r e a d  i n  w h i c h  c o c o n u t  
f l o u r  i s  s u b s t i t u t e d  f o r  2 0 %  o f  t h e  w h e a t  f l o u r ;  ( 3 )  t h e  i n 
c l u s i o n  o f  c o c o n u t  f l o u r  i n c r e a s e s  t h e  n u t r i t i v e  v a l u e s  o f  b r e a d  

f o r  t h e  r a t  a s  m e a s u r e d  b y  P E R  a n d  b y  t o t a l  b o d y  n i t r o g e n .
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EFFECTS OF ETHYLENE ON METABOLIC AND  
QUALITY ATTRIBUTES IN SWEET POTATO ROOTS

INTRODUCTION
P R E V I O U S  I N V E S T I G A T I O N S  h a v e  s h o w n  t h a t  e t h y l e n e  
s t i m u l a t e s  l e v e l s  o f  c a t e c h o l a s e  ( S t a h m a n n  e t  a l . ,  1 9 6 6 ) ,  p e r o x 
i d a s e  ( B i r e c k a  a n d  M i l l e r ,  1 9 7 4 ;  G a h a g a n  e t  a l . ,  1 9 6 8 ;  I m a s e k i ,  
1 9 7 0 ;  S t a h m a n n  e t  a l . ,  1 9 6 6 ) ,  p h e n y l a l a n i n e  a m m o n i a  l y a s e  
a n d  p h e n o l i c s  ( I m a s e k i  e t  a l . ,  1 9 6 8 )  i n  e x c i s e d  t i s s u e s  f r o m  
s w e e t  p o t a t o  r o o t s .  T h e  o x i d a t i o n  o f  p h e n o l i c s  b y  p e r o x i d a s e  
a n d  c a t e c h o l s e  i s  w e l l  k n o w n  t o  l e a d  t o  d i s c o l o r a t i o n  o f  p l a n t  
p r o d u c t s  ( A r t h u r  a n d  M c L e m o r e ,  1 9 5 6 ;  B u e s c h e r  e t  a l . ,  1 9 7 4 ;  
C r a f t  a n d  A u d i a ,  1 9 6 2 ;  S h e e n ,  1 9 7 4 ) .  H o w e v e r ,  t h e  e f f e c t s  o f  

e t h y l e n e  o n  p h e n o l i c  o x i d a s e  s y s t e m s  a n d  p r o c e s s e d  q u a l i t y  
a t t r i b u t e s  i n  i n t a c t  s w e e t  p o t a t o  r o o t s  h a v e  n o t  b e e n  r e p o r t e d .  
S i n c e  m a n y  o r g a n i s m s  e m a n a t e  e t h y l e n e  ( A b e l e s ,  1 9 7 3 )  i t  is  
l i k e l y  t h a t  s w e e t  p o t a t o  r o o t s  w o u l d  b e  e x p o s e d  t o  c o n c e n t r a 
t i o n s  o f  e t h y l e n e  t h a t  a r e  h i g h e r  t h a n  l e v e l s  p r o d u c e d  e n d o g 
e n o u s l y  d u r i n g  p o s t  h a r v e s t  h a n d l i n g  a n d  s t o r a g e .  F u r t h e r 

m o r e ,  h e a l t h y  r o o t s  m a y  b e  i n  c o n t a c t  w i t h  r o o t s  w i t h  
s t i m u l a t e d  e t h y l e n e  p r o d u c t i o n  c a u s e d  b y  w o u n d i n g  o r  
m i c r o b i a l  i n f e c t i o n  ( I m a s e k i  e t  a l . ,  1 9 6 8 ;  S t a h m a n n  e t  a l . ,

1 9 6 6 ) .
I n  t h i s  i n v e s t i g a t i o n  w e  d e t e r m i n e d  t h e  e f f e c t s  o f  e t h y l e n e  

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

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

a n d  d i s c o l o r a t i o n  i n  b a k e d  r o o t s .

METHODS & M ATERIALS
P r e p a r a t io n  a n d  t r e a t m e n t s

F r e s h ly  h a r v e s t e d  s w e e t  p o t a t o  r o o t s  (I p o m o e a  b a ta ta s ) ,  v a r ie ty  
C e n t e n n ia l ,  w e re  o b t a i n e d  f r o m  a  lo c a l  p r o c e s s o r ,  w a s h e d  in  w a te r  c o n 
ta in in g  2 0 0  p p m  c h lo r in e ,  a ir  d r ie d ,  a n d  s o r t e d  i n t o  u n i f o r m  lo t s  o f  10 
r o o t s .  E a c h  l o t  r e p r e s e n te d  o n e  o f  t h r e e  r e p l ic a te s  u s e d  f o r  e a c h  t r e a t 
m e n t  a n d  s a m p l in g  t im e .  E a c h  lo t  w a s  w e ig h e d  a n d  th e n  p la c e d  in  8 
l i t e r  r e s p i r a t i o n  c h a m b e r s  w i th  a ir  f lo w  a d ju s t e d  t o  a p p r o x im a te ly  2 0 0  
m l p e r  m i n u t e .  T r e a t m e n t s  c o n s i s te d  o f  (1 )  c o n t r o l  ( a i r ) ,  (2 )  10  p p m  
e th y le n e  d u r in g  a n d  a f t e r  c u r e ,  (3 )  1 0  p p m  e th y le n e  d u r in g  c u re  a n d  a ir  
a f te r  c u r e ,  a n d  ( 4 )  a ir  d u r in g  c u r e  a n d  1 0  p p m  e th y le n e  a f t e r  c u r e .  
E t h y le n e  w a s  m ix e d  in  t h e  a ir  s t r e a m  b y  t h e  s y s te m  p re v io u s ly  d e 
s c r ib e d  b y  S h a w  a n d  K a t t a n  ( 1 9 7 1 ) .  C u r in g  w a s  a c c o m p l i s h e d  a t  2 9 .4 ° C  
a n d  9 0 - 9 5 %  R H  f o r  7  d a y s .  A f t e r  c u r in g  t h e  r o o t s  w e re  s to r e d  a t  
1 5 .6 ° C  w i th  8 5 - 9 0 %  R H  ( L u tz  e t  a l . ,  1 9 6 8 ) .  R o o t s  w e r e  r e m o v e d  f o r  
e v a lu a t io n s  o f  f r e s h  a n d  b a k e d  a t t r i b u t e s  a f t e r  0 ,  7 , 1 4  a n d  21  d a y s  in  
s to r a g e .

R e s p i r a t io n

R e s p i r a t i o n  r a t e s  w e re  d e t e r m in e d  d a i ly  f r o m  t h e  le v e ls  o f  C 0 2 in  
t h e  a ir  s t r e a m s .  A  F is h e r - H a m i l to n  G a s  P a r t i t i o n e r  w a s  u s e d  to  a n a ly z e  
C 0 2 in  t h e  g a s  s a m p le s  (0 .3  m l)  t a k e n  w i th  a  H a m i l to n  t e f l o n  t i p  
s y r in g e .

E n z y m e s  a n d  p h e n o l ic s

P e r o x id a s e ,  c a t e c h o la s e  a n d  b e ta - a m y la s e  w e re  e x t r a c t e d  b y  h o m o g 
e n iz in g  i n t e r n a l  t i s s u e  s to r a g e  ( c ro s s  s e c t io n a l  s l ic e s  o f  r o o t s  w i t h  p e r i 
d e r m  a n d  v a s c u la r  c a m b iu m  r e m o v e d )  w i t h  0 . 1 5 M  N a C l in  0 .0 5 M  s o d i 
u m  p h o s p h a t e  b u f f e r  a t  p H  6 .5  ( l g  t i s s u e /5  m l b u f f e r ) ,  a n d  c e n t r i f u g in g  
f o r  1 0  m in  a t  1 0 ,0 0 0  r p m .  T h e  s u p e r n a t a n t  w a s  a s s a y e d  a f t e r  a p p r o p r i 
a t e  d i l u t i o n  f o r  e n z y m a t i c  a c t iv i ty .  P e r o x id a s e  a c t iv i t i e s  w e re  d e t e r 
m in e d  b y  t h e  in c r e a s e  in  a b s o r b a n c y  a t  4 6 0  n m  o f  a  m ix tu r e  c o n ta in in g

t h e  e n z y m e  e x t r a c t ,  h y d r o g e n  p e r o x id e  a n d  0 -d ia n i s id in e  a t  p H  6 .5  a n d  
2 0 °  C . C a te c h o la s e  a c t iv i t i e s  w e re  m e a s u r e d  b y  t h e  in c r e a s e  in  a b s o r b 
a n c y  a t  4 2 0  n m  o f  a  s o lu t io n  a t  2 0 ° C  c o n ta in in g  0 .0 6 M  c a t e c h o l  in  
0 .0 5 M  p h o s p h a t e  b u f f e r  ( p H  6 .5 )  a n d  a  p o r t i o n  o f  t h e  e n z y m e  e x t r a c t  
(B u e s c h e r  e t  a l . ,  1 9 7 4 ) .  B e ta - a m y la s e  a c t iv i t i e s  w e r e  a s s a y e d  b y  m e a s u r 
in g  t h e  in c r e a s e  in  r e d u c in g  u n i t s  ( N e ls o n ,  1 9 4 4 )  o f  a  m i x t u r e  c o n t a i n 
in g  1%  s o lu b le  s ta r c h  in  0 .0 1 6 M  a c e t a t e  b u f f e r  ( p H  4 .6 )  a n d  t h e  e n 
z y m e  e x t r a c t  i n c u b a t e d  f o r  5 m in u te s  a t  3 0 ° C .

P h e n o l ic s  w e re  e x t r a c t e d  b y  h o m o g e n iz in g  in t e r n a l  s to r a g e  t i s s u e  
w i th  8 0 %  h o t  e t h a n o l  a n d  r e p e a t e d  w a s h in g  o f  t h e  p e l l e t  a f t e r  c e n t r i 
f u g a t io n .  T h e  t o t a l  p h e n o l i c  c o n t e n t  w a s  a s s a y e d  b y  t h e  m e t h o d  d e 
s c r ib e d  b y  S w a in  a n d  H illis  ( 1 9 5 9 )  u s in g  F o l i n - C io c a l te a u  r e a g e n t .  

B a k in g  a n d  q u a l i t y

S w e e t  p o t a t o  r o o t s  w e re  b a k e d  f o r  7 5  m in  a t  1 6 8 ° C  a n d  t h e n  f r o z e n  
u n t i l  a ll  t r e a t m e n t s  c o u ld  b e  e v a lu a te d  a t  t h e  s a m e  t im e .  S e n s o r y  e v a lu 
a t io n s  w e re  c o n d u c t e d  b y  a  f iv e  m e m b e r  p a n e l  o n  a  s c a le  o f  1 t o  10  f o r  
f la v o r ,  f i r m n e s s  a n d  d i s c o l o r a t i o n .

RESULTS & DISCUSSION
R E S P I R A T I O N  a s  d e t e r m i n e d  b y  C 0 2 e v o l u t i o n  w a s  e n 
h a n c e d  b y  t h e  p r e s e n c e  o f  e t h y l e n e  d u r i n g  a n d  a f t e r  c u r i n g  
( F i g .  1 ) .  E t h y l e n e  s t i m u l a t e d  r e s p i r a t i o n  a f t e r  6  h r  a t  2 9 . 4 ° C  
w h i l e  m a x i m u m  s t i m u l a t i o n  w a s  o b s e r v e d  a f t e r  2 4  h r .  R e s p i r a 

t i o n  o f  t h e  c o n t r o l  d u r i n g  c u r i n g  w a s  s i m i l a r  t o  t h a t  r e p o r t e d  
b y  A p p l e m a n  e t  a l .  ( 1 9 4 3 ) .  T h e  m a g n i t u d e  o f  C 0 2 s t i m u l a t i o n  

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

Days

Fig. 1-E ffect o f ethylene on respiration o f sweet potato roots dur
ing and after curing.
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h a d  b e e n  t r e a t e d  d u r i n g  c u r i n g  o r  o n l y  a f t e r  c u r i n g .  F u r t h e r 

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

e t h y l e n e  w a s  r e m o v e d .  I m a s e k i  e t  a l .  ( 1 9 6 8 )  h a v e  r e p o r t e d  

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

F i g u r e  2  i l l u s t r a t e s  t h e  c l o s e  r e l a t i o n s h i p s  b e t w e e n  p e r o x i 
d a s e  a n d  c a t e c h o l a s e  a c t i v i t i e s ,  a n d  p h e n o l i c  c o n t e n t  i n  f r e s h

Fig. 2-Effects o f ethylene on peroxidase and catecholase activities 
and phenolic content in sweet potato roots during and after curing 
and associated changes in discoloration o f the baked product.

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

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

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

c u r i n g  ( 1 5 . 6 ° C )  t h a n  d u r i n g  t h e  c u r e  p r o c e s s  ( 2 9 . 4 ° C )  w h i c h  
w a s  p r o b a b l y  d u e  t o  t h e  t e m p  d i f f e r e n t i a l .  W h e n  e t h y l e n e  w a s  

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

c a n t l y  h i g h e r  t h a n  t h e  a c t i v i t y  i n  r o o t s  n o t  e x p o s e d  t o  e t h y l 
e n e .  C a t e c h o l a s e  a c t i v i t y  a n d  d i s c o l o r a t i o n  w e r e  n o t  s i g n i f i 

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

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

F l a v o r  e v a l u a t i o n  o f  b a k e d  s w e e t  p o t a t o e s  t r e a t e d  w i t h  

e t h y l e n e  a p p e a r e d  t o  b e  i n v e r s e l y  r e l a t e d  t o  t h e  l e v e l s  o f  

p e r o x i d a s e ,  p h e n o l a s e ,  p h e n o l i c s ,  a n d  d i s c o l o r a t i o n  ( F i g .  3 ) .  
E t h y l e n e  i n d u c e d  e n h a n c e m e n t  o f  p h e n o l i c  c o n t e n t  a n d  

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

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

f o o d  p r o d u c t s  ( J o s l y n  a n d  G o l d s t e i n ,  1 9 6 4 ;  V a n  B u r e n  e t  a l . ,
1 9 6 6 ) .  I n  a d d i t i o n ,  c a r r o t  r o o t s  t r e a t e d  w i t h  e t h y l e n e  h a d  i n 
c r e a s e d  l e v e l s  o f  p h e n o l i c s  w h i c h  w e r e  a s s o c i a t e d  w i t h  a d v e r s e  
f l a v o r  d e v e l o p m e n t  ( C h a l u t z  e t  a l . ,  1 9 6 9 ;  S a r k e r  a n d  T o n  
P h a n ,  1 9 7 4 ) .

R o o t s  e x p o s e d  t o  e t h y l e n e  h a d  r e d u c e d  b e t a - a m y l a s e  a c 
t i v i t y  ( F i g .  4 ) .  S t a h m a n n  e t  a l .  ( 1 9 6 6 )  h a v e  r e p o r t e d  t h a t  
a m y l a s e  a c t i v i t y  w a s  i n c r e a s e d  i n  s w e e t  p o t a t o  t i s s u e  t r e a t e d  

w i t h  e t h y l e n e  a l t h o u g h  t h e  s p e c i e s  o f  a m y l a s e  w a s  n o t  i n d i 
c a t e d  a n d  m a y  h a v e  b e e n  a l p h a - a m y l a s e  r a t h e r  t h a n  b e t a -  
a m y l a s e .  S i n c e  a  c l o s e  a s s o c i a t i o n  h a s  b e e n  e s t a b l i s h e d  b e 
t w e e n  f i r m n e s s  a n d  s t a r c h  c o n t e n t  i n  c a n n e d  s w e e t  p o t a t o e s  
( K a t t a n  a n d  L T t r e l l ,  1 9 6 3 ) ,  t h e  d e c l i n e  i n  f i r m n e s s  ( F i g .  5 )  
w h i c h  w e  o b s e r v e d  i n  b a k e d  r o o t s  t r e a t e d  w i t h  e t h y l e n e ,  m i g h t  
h a v e  b e e n  c a u s e d  b y  a  s t i m u l a t i o n  o f  a l p h a - a m y l a s e  a c t i v i t y .  
H o w e v e r ,  t h e  e f f e c t  o f  b e t a - a m y l a s e  o n  f i r m n e s s  s h o u l d  n o t  b e  
d i s r e g a r d e d  s i n c e  i t s  a c t i v i t y  m i g h t  h a v e  b e e n  r e d u c e d  w h e n  in  

c o n t a c t  w i t h  p h e n o l i c  c o m p o u n d s  d u r i n g  e x t r a c t i o n  ( Y o u n g ,
1 9 6 5 ) .  I n  f a c t ,  a  c l o s e  i n v e r s e  r e l a t i o n s h i p  i s  o b s e r v e d  b e t w e e n  
b e t a - a m y l a s e  a c t i v i t y  a n d  p h e n o l i c  l e v e l s .

Fig. 3—Flavor o f baked sweet potato roots 
as influenced by ethylene treatments during 
and after curing of the fresh roots.

Fig. 4—Effect o f ethylene on beta-amylase 
activities in sweet potato roots during and 
after curing.
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Fig. 5—Firmness o f baked sweet potato 
roots as influenced by ethylene treatments 
during and after curing o f the fresh roots.
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I n  c o n c l u s i o n ,  s w e e t  p o t a t o  r o o t s  w h i c h  w e r e  e x p o s e d  t o  
e t h y l e n e  d u r i n g  o r  a f t e r  c u r i n g  h a d  e n h a n c e d  l e v e l s  o f  p e r o x i 

d a s e ,  c a t e c h o l a s e  a n d  p h e n o l i c s .  D i s c o l o r a t i o n  a n d  a d v e r s e  
f l a v o r  d e v e l o p m e n t  i n  b a k e d  r o o t s  w e r e  a s s o c i a t e d  w i t h  t h e  

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

b e  a v o i d e d  d u r i n g  s t o r a g e  a n d  h a n d l i n g  p r o c e s s e s .
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EVALUATION OF METHODS FOR 
M EASURING ASPARAGUS TEXTURE

INTRODUCTION
N U M E R O U S  M E T H O D S  h a v e  b e e n  p r o p o s e d  f o r  t h e  e v a l u 
a t i o n  o f  t h e  t e x t u r a l  q u a l i t y  o f  a s p a r a g u s .  T h e s e  i n c l u d e  a  
n u m b e r  o f  c h e m i c a l  a n d  p h y s i c a l  m e t h o d s  s i m i l a r  t o  t h o s e  
u s e d  o n  o t h e r  f o o d  m a t e r i a l s ,  a s  w e l l  a s  h i s t o c h e m i c a l  l i g n i n  
s t a i n i n g  s i n c e  i t  h a s  l o n g  b e e n  r e c o g n i z e d  t h a t  t h e  t o u g h n e s s  is  
d u e  i n  l a r g e  p a r t  t o  t h e  l i g n i f i c a t i o n  o f  f i b r o v a s c u l a r  b u n d l e s  
( B i t t i n g s ,  1 9 1 7 ;  I s h e r w o o d ,  1 9 5 5 ) .  A l t h o u g h  t h e  g e n e r a l  v a 
l i d i t y  o f  s o m e  o f  t h e s e  m e t h o d s  h a s  b e e n  d e m o n s t r a t e d ,  t h e r e  

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

T h e  p r i n c i p a l  m e t h o d s  t h a t  h a v e  b e e n  a p p l i e d  t o  a s p a r a g u s  
m a y  b e  c l a s s i f i e d  a s  f o l l o w s :  ( 1 )  c h e m i c a l  s e p a r a t i o n  o f  e l e 

m e n t s  r e s p o n s i b l e  f o r  t o u g h n e s s ;  ( 2 )  m i c r o s c o p i c  e x a m i n a t i o n  
o f  s t a i n e d  s e c t i o n s ;  ( 3 )  m e c h a n i c a l  s e p a r a t i o n  o f  f i b r o u s  e l e 
m e n t s ;  ( 4 )  “ s h e a r ”  a n d  p r e s s u r e  t e s t s ;  a n d  ( 5 )  o r g a n o l e p t i c  

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

d i s c u s s e d  b y  J o s l y n  ( 1 9 7 0 ) .  H e  r e p o r t e d  t h a t  r e c o v e r y  o f  c e l l u 

l o s e  v a r i e s  f r o m  6 0 —8 0 %  a n d  l i g n i n  r e c o v e r y  f r o m  4 - 6 7 % .  
T h e  i n c o n s i s t e n c y  i n  r e c o v e r y  o f  l i g n i n ,  w h i c h  i s  l a r g e l y  r e 

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

A l c o h o l  i n s o l u b l e  s o l i d s  ( A I S )  c o n t e n t  w a s  s u g g e s t e d  b y  
L e e  ( 1 9 4 3 )  t o  b e  a  r e l i a b l e  i n d i c a t o r  o f  a s p a r a g u s  s t r i n g i n e s s .  
H o w e v e r ,  K r a m e r  e t  a l .  ( 1 9 6 0 )  r e p o r t e d  t h a t  b o t h  t h e  t e n d e r  
t i p s  a n d  t o u g h  b a s a l  s e g m e n t s  g a v e  h i g h  A I S  r e a d i n g s  c o m 
p a r e d  t o  t h e  m i d d l e  p o r t i o n s  o f  t h e  s p e a r s ,  i n d i c a t i n g  t h a t  t h i s  
m e t h o d  is  n o t  s u i t a b l e  f o r  a s p a r a g u s .

M i c r o s c o p i c  e x a m i n a t i o n  o f  s p e a r  c r o s s - s e c t i o n s  s t a i n e d  f o r  
l i g n i n  b y  v a r i o u s  c h e m i c a l s ,  u s u a l l y  a  c o m b i n a t i o n  o f  p h l o r o -  
g l u c i n o l  a n d  H C 1 , h a s  b e e n  u s e d  f o r  m a n y  y e a r s  t o  f o l l o w  f i b e r  

c h a n g e s  i n  a s p a r a g u s  ( B i t t i n g s ,  1 9 1 7 ;  B i s s o n  e t  a l . ,  1 9 2 6 ;  
L i p t o n ,  1 9 5 7 ) .  E x a m i n a t i o n  o f  b o t h  c r o s s  a n d  l o n g i t u d i n a l  
s e c t i o n s  a r e  o f  v a l u e  f o r  s e v e r a l  r e a s o n s :  t h e y  p e r m i t  o b s e r 
v a t i o n s  o f  t h e  r e l a t i v e  q u a n t i t i e s  a n d  t y p e s  o f  f i b r o u s  m a t e r i a l  
p r e s e n t ,  o b s e r v a t i o n s  o n  t h e  d i s t r i b u t i o n  a n d  c o m p a c t n e s s  o f  
t h e  t o u g h  e l e m e n t s ,  a n d  m o s t  i m p o r t a n t ,  a n  e s t i m a t i o n  o f  t h e  
d e g r e e  o f  l i g n i f i c a t i o n  a s  i n d i c a t e d  b y  d i f f e r e n c e s  i n  s t a i n i n g  
i n t e n s i t y .  I s h e r w o o d  ( 1 9 6 0 )  r e p o r t e d ,  h o w e v e r ,  t h a t  t h e  r e 
a c t i o n  o f  l i g n i n  t o  a  g i v e n  s t a i n  m a y  v a r y  s o m e w h a t  a c c o r d i n g  
t o  t h e  a g e ,  v a r i e t y  a n d  c u l t u r a l  c o n d i t i o n s  o f  t h e  p l a n t  m a t e r i a l  
u s e d  i n  t h e  i n v e s t i g a t i o n .

A  m e c h a n i c a l  m e t h o d  o f  f i b e r  d e t e r m i n a t i o n  w a s  d e v i s e d  
b y  S m i t h  a n d  K r a m e r  ( 1 9 4 7 )  w h i c h  i n v o l v e s  m a c e r a t i n g  t h e  
a s p a r a g u s  s a m p l e  a n d  s e p a r a t i n g  t h e  f i b r o u s  m a t e r i a l  f r o m  t h e  
p a r e n c h y m a t o u s  t i s s u e s  o n  a  s t a n d a r d  s i e v e .  T h i s  m e t h o d  is

r a p i d ,  w h e n  c o m p a r e d  t o  c h e m i c a l  a n a l y s e s ,  a n d  w a s  f o u n d  b y  
K r a m e r  e t  a l .  ( 1 9 4 9 )  t o  c o r r e l a t e  w e l l  w i t h  o r g a n o l e p t i c  r a t i n g s  

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

f i b e r s  b y  l i g n i n  ( I s h e r w o o d ,  1 9 6 3 ;  N o r t h c o t e ,  1 9 7 2 )  t h e n  t h i s  
m e t h o d  m a y  b e  j u s t i f i e d ,  s i n c e  t h e  i n d i v i d u a l  c e l l u l o s e  f i b e r s  
s h o u l d  p a s s  t h r o u g h  t h e  s i e v e  w h i l e  t h e  l i g n i f i e d  s t r u c t u r a l  
e l e m e n t s  a r e  r e t a i n e d .

T h e  s h e a r i n g  a n d  p r e s s u r e  m e t h o d s  a n d  a s s o c i a t e d  i n s t r u 
m e n t a t i o n  a r e  r e v i e w e d  e x t e n s i v e l y  b y  V o i s e y  ( 1 9 7 1 )  a n d  

S z c z e s n i a k  ( 1 9 7 3 ) .  V a r i o u s  m e c h a n i c a l  d e v i c e s ,  i n c l u d i n g  t h e  
t e n d e r o m e t e r  ( J e n k i n s  a n d  L e e ,  1 9 4 0 ;  C a r o l i u s  e t  a l . ,  1 9 5 3 )  
a n d  t h e  f i b r o m e t e r  ( W i l d e r ,  1 9 4 8 )  h a v e  b e e n  d e v e l o p e d  f o r  
a s p a r a g u s .  A p p l i c a t i o n  o f  t h e  s o - c a l l e d  s h e a r  p r e s s  t o  t e s t i n g  
a s p a r a g u s  w a s  f i r s t  r e p o r t e d  b y  W i l e y  e t  a l .  ( 1 9 5 6 ) .  S u b s e 
q u e n t l y  o t h e r  s t u d i e s  u s i n g  t h e  s h e a r  p r e s s  o n  r a w  a n d  c a n n e d  
a s p a r a g u s  w e r e  r e p o r t e d  b y  B a c k i n g e r  e t  a l .  ( 1 9 5 7 )  a n d  W e r n e r  
e t  a l .  ( 1 9 6 3 ) .  P e a k  c u t t i n g  f o r c e s  h a v e  b e e n  f o u n d  b y  W i l e y  e t  
a l .  ( 1 9 5 6 )  t o  b e  h i g h l y  c o r r e l a t e d  ( R  =  0 . 9 0 )  w i t h  f i b e r  d e 
t e r m i n a t i o n s  b y  t h e  m a c e r a t i o n  m e t h o d .  I t  s h o u l d  b e  p o i n t e d  
o u t  t h a t  t h e  u s e  o f  t h e  t e r m  “ s h e a r ”  i n  t h i s  c o n t e x t  i s  r e a l l y  a  
m i s n o m e r .  A s  S z c z e s n i a k  e t  a l .  ( 1 9 7 0 )  s u g g e s t ,  t h e  s p e a r  s p e c i 
m e n s  a r e  a c t u a l l y  s u b j e c t e d  t o  a  c o m b i n a t i o n  o f  t w o  o r  m o r e  
t y p e s  o f  f o r c e s  w h i c h  m a y  i n c l u d e  c o m p r e s s i o n ,  s h e a r  a n d  
e x t r u s i o n .  B o u r n e  ( 1 9 6 6 )  a t t e m p t e d  t o  q u a n t i t a t i v e l y  d e s c r i b e  
t h e  s h e a r  a n d  c o m p r e s s i o n  c o m p o n e n t s  i n v o l v e d  i n  t h e s e  
m e t h o d s .

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

p s y c h o m e t r i c  p r o c e d u r e s  t o  m i n i m i z e  t h e  d e g r e e  o f  s u b j e c 
t i v i t y  ( K r a m e r  a n d  T w i g g ,  1 9 7 0 ) .

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

r a t i n g s  a r .d  t o  d e t e r m i n e  i f  t h e s e  r e l a t i o n s h i p s  a r e  d e p e n d e n t  
o n  a n y  o f  t h e  v a r i o u s  s t o r a g e  f a c t o r s  a n d  s p e a r  c h a r a c t e r i s t i c s  
t h a t  a r e  k n o w n  t o  a f f e c t  a s p a r a g u s  t e x t u r e .  A  f u r t h e r  o b j e c t i v e  
w a s  t o  p r e s e n t  a  u n i f i e d  c o n c e p t u a l  i n t e r p r e t a t i o n  o f  t h e s e  
m e t h o d s  c o n s i s t e n t  w i t h  t h e  e m p i r i c a l  r e s u l t s  o b t a i n e d  i n  t h i s  
s t u d y .

EXPERIM EN TAL
D e s ig n  o f  e x p e r im e n t

C o n s id e r  t e x t u r e  m e a s u r e m e n ts  ( T x , T y ) b y  a n y  tw o  o f  t h e  m e th o d s  
a n d  a s s u m e  t h a t  t h e i r  r e l a t io n s h ip  c a n  b e  d e s c r ib e d  a d e q u a te ly  b y  a  
s im p le  f i r s t  o r d e r  e q u a t i o n  as fo l lo w s  a l lo w in g  f o r  t r a n s f o r m a t i o n  if  
n e c e s s a ry :

T y  =  a  +  b  T x  (1 )
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A n  i m p o r t a n t  q u e s t i o n  is  w h e th e r  o r  n o t  a  a n d  b  a r e  f u n c t io n s  o f  a n y  
o f  t h e  s to r a g e  f a c t o r s  o r  s p e a r  c h a r a c t e r i s t i c s  ( Z l5  Z 2 ; . . .Z ; ;  i = 1 ,5 ) .  A  
f i r s t  o r d e r  m o d e l  a l lo w in g  f o r  a ll  o f  t h e s e  p o s s ib le  e f f e c t s  is

T y  — u Q +  v 0 T x  +  iu j  +  V jT x )Z j (2 )

In  o r d e r  t o  b a la n c e  t h e  r e s p o n s e  s p a c e  a n d  m in im iz e  d a t a  c o l l e c t i o n  a 
V i(2 )4  f a c to r i a l  d e s ig n  w a s  u s e d  t o  h a n d le  t h e  t r e a t m e n t  v a r ia b le s :  
t e m p e r a t u r e ,  s to r a g e  t im e ,  s p e a r  l e n g th  a n d  d i a m e te r .  D u e  t o  t h e  e x 
t r e m e ly  la rg e  c u rv i l in e a r  in f l u e n c e  o f  a x ia l  p o s i t i o n  o n  to u g h n e s s ,  th e  
m e a s u r e m e n t s  w e re  t a k e n  a t  1 -in . in te r v a l s  a lo n g  t h e  s p e a r .

M a te r ia l  a n d  m e th o d s

A s p a ra g u s  (A s p a r a g u s  o f f ic in a l is )  s p e a r s  o f  v a r ie ty  M a r th a  W a s h in g 
t o n  w e re  m a n u a l ly  h a r v e s te d  e a r ly  o n  th e  t e s t  d a y  a n d  t r a n s p o r t e d  to  
t h e  l a b o r a t o r y  in  a n  in s u l a t e d  c h e s t  m a in t a in e d  a t  2 - 5 ° C  w i th  ic e  
p a c k s .  A f t e r  r e m o v in g  a n y  d e f e c t iv e  s p e a r s ,  t h e  r e m a in d e r  w e re  
t r i m m e d  a t  g r o u n d  le v e l a n d  c la s s if ie d  i n t o  t h r e e  l e n g th  c a te g o r ie s :  v iz , 
7 . 0 - 8 . 5  in . ;  9 . 5 - 1 1 . 0  in . ;  a n d  o th e r s .  T h e  f i r s t  tw o  g r o u p s  w e re  t h e n  
g r a d e d  a c c o r d in g  t o  d i a m e te r ,  m e a s u r e d  5 in . f r o m  t h e  t i p  e n d .  T h o s e  
f a l l in g  in t o  0 . 3 0 —0 .4 0  in .  a n d  0 . 4 5 - 0 . 5 5  in .  c a t e g o r ie s  w e re  a c c e p te d  
f r o m  w h ic h  a p p r o p r i a t e  s a m p le s  o f  1 0  s p e a r s  w e re  r a n d o m ly  s e le c te d  
f o r  e a c h  tr i a l .

T h e  s a m p le s  w e re  h e ld  a t  3 a n d  2 4 ° C  f o r  d u r a t i o n s  o f  3 a n d  2 5  h r  in  
a c c o r d a n c e  w i th  t h e  e x p e r im e n ta l  d e s ig n .  R e la t iv e  h u m i d i t y  w a s  m a in 
t a in e d  c o n s t a n t  a t  9 0 % . A f te r  r e m o v a l  f r o m  t h e  c h a m b e r ,  f iv e  s p e a r s  
w e re  r a n d o m ly  s e le c te d  f o r  o r g a n o le p t i c  e v a l u a t io n  a n d  t h e  o t h e r  f iv e  
w e re  u s e d  f o r  t h e  c u t t i n g ,  h i s to c h e m ic a l  a n d  m a c e r a t io n  te s t s .

T h e  s p e a r s  s e le c te d  f o r  o r g a n o le p t i c  e v a l u a t io n  w e re  c o o k e d  in  1%  
s a l t  w a t e r  a t  1 0 0 ° C  f o r  5 m in .  A f t e r  d r a in in g ,  t h e  s p e a r s  w e re  c o o le d  
f o r  3 0  m in  t o  r o o m  t e m p e r a t u r e  a n d  c u t  i n t o  1 -in . s e g m e n ts  s t a r t i n g  a t  
t h e  b u t t  e n d  a n d  d i s c a r d in g  th e  t i p  p o r t i o n .  T h e  s p e c im e n s  w e re  p la c e d  
in  c o v e r e d  p la te s ,  c o d e d  r a n d o m ly  a n d  p r e s e n te d  t o  a  p a n e l  o f  f iv e  
ju d g e s  w h ic h  h a d  b e e n  p re v io u s ly  c o n s t i t u t e d  u s in g  a  r a n g e  m e t h o d  
s im ila r  t o  t h a t  d e s c r ib e d  b y  K ra m e r  a n d  T w ig g  ( 1 9 7 0 ) .  T h e y  w e re  a s k e d  
to  r a t e  t h e  s a m p le s  o n  a  n in e - p o in t  h e d o n ic  s c a le  s im ila r  t o  t h e  o n e  u s e d  
b y  K ra m e r  e t  a l .  ( 1 9 4 9 )  w h e r e  1 = n o  f i b e r ,  5 = b o r d e r l i n e  o b j e c t i o n 
a b le ,  a n d  9  = w o o d y ,  c a n n o t  c h e w .

F r o m  t h e  r e m a in in g  f iv e  s p e a r s ,  1 /1 6  in . t h i c k  c ro s s  s e c t io n s  w e re  
t a k e n  a t  1 - in . in te r v a l s  a c r o p e t a l l y  f o r  h i s to c h e m ic a l  e x a m in a t i o n .  T h e  
s p e c im e n s  w e re  im m e r s e d  in  a  1%  s o lu t io n  o f  p h lo r o g l u c in o l  in  e th a n o l  
f o r  5  m in  a n d  t h e n  t r a n s f e r r e d  to  2 5 %  HC1 f o r  1 0  m in  (B is s o n  e t  a l . ,  
1 9 2 6 ) .  L ig n if ie d  e l e m e n t s  o f  t h e  t i s s u e  a r e  k n o w n  to  d e v e lo p  a  c h a r 
a c t e r i s t i c  r e d  c o lo r  w h e n  t r e a t e d  w i th  p h l o r o g l u c in o l  a n d  HC1 (W e isn e r  
r e a c t i o n ) .  T h e  d e g re e  o f  l i g n i f i c a t io n  c a n  b e  e s t i m a te d  b y  t h e  s h a d e  o f  
c o l o r a t i o n  a s  th e  s l ig h t ly  l ig n i f ie d  f ib r o v a s c u la r  b u n d le s  a p p e a r  l ig h t  
p i n k  a n d  th o s e  h e a v i ly  l ig n i f ie d  a r e  d a r k  r e d .  B a s e d  o n  m ic r o s c r o p ic  
e x a m in a t i o n  o f  t h e  n a tu r e  a n d  c o lo r  i n t e n s i t y  o f  t h e  s ta in e d  e le m e n ts ,  
t h e  fo l l o w in g  s c a le  w a s  d e v is e d  t o  e v a lu a te  t h e  d e g re e  o f  l ig n i f i c a t io n  
(S h a r m a ,  1 9 7 4 ) :

1 - N o  n o t ic e a b le  c o lo r  c h a n g e
2 - V a s c u la r  b u n d le s  s ta in  l ig h t  y e l lo w  c o lo r  d e m a r c a t in g  th e m

f r o m  m a t r ix ;  n o  v is ib le  c o lo r in g  o f  e p id e r m is
3 - V a s c u la r  b u n d le s  s ta in  l ig h t  p i n k ;  n o  c o lo r in g  o f  e p id e rm is
4  - V a s c u la r  b u n d le s  s ta in  p in k ;  l ig h t  y e l lo w  c o lo r in g  o f  e p i 

d e rm is
5 - V a s c u la r  b u n d le s  s ta in  p in k ;  e p id e r m is  a p p e a r in g  d e e p

y e llo w  o r  b ro w n
6 - V a s c u la r  b u n d le s  s t a i n  p in k - r e d ;  e p id e r m is  a p p e a r in g  p in k

w ith  g re e n is h  t i n t
7 - V a sc u la r  b u n d le s  s ta in  d e e p  p in k - r e d ;  e p id e r m is  a p p e a r in g

p in k - r e d
8 - In  a d d i t io n  t o  ( 7 ) ,  p e r ic y c l ic  f ib e r s  s ta in  l ig h t  p in k
9  - I n  a d d i t i o n  to  ( 7 ) ,  p e r ic y c l ic  f ib e r s  s t a in  d e e p  p in k - r e d  b u t

r e m a in  in d iv id u a l ly  s e p a r a te
1 0  - I n  a d d i t i o n  t o  ( 9 ) ,  s o m e  p e r ic y c l i c  f ib e r s  c a n  b e  s e e n  c e 

m e n te d  to g e th e r
11 - In  a d d i t i o n  t o  ( 1 0 ) ,  c e l ls  s u r r o u n d in g  v a s c u la r  b u n d le s  s ta in

p in k
1 2 -  I n  a d d i t i o n  t o  ( 1 1 ) ,  t h e  c o r t e x  a n d  g r o u n d  t i s s u e s  a re

s ta in e d  g iv in g  a  p in k  c o l o r a t i o n  t o  e n t i r e  m a t r ix
P e a k  c u t t i n g  f o r c e s  w e re  d e t e r m in e d  f o r  t h e  r e m a in in g  1 5 /1 6  in .  

lo n g  s p e a r  s e g m e n ts ,  u s in g  a  s h e a r  c e l l  w i th  a  s in g le  0 .0 3 5  in .  t h i c k  
c u t t i n g  b la d e ,  s im ila r  t o  t h a t  r e p o r t e d  b y  W ile y  e t  a l .  ( 1 9 5 6 ) .  A f te r  
m e a s u r in g  t h e  m a jo r  a n d  m in o r  c ro s s - s e c t io n a l  d ia m e te r s ,  t h e  b la d e  w a s  
a p p l ie d  a t  t h e  r a t e  o f  1 i n . /m in  a t  t h e  c e n t e r  o f  t h e  s p e c im e n s  o n  a n  
in d iv id u a l  b a s is .

T h e  p r o c e d u r e  f o r  t h e  m a c e r a t io n  m e t h o d  o f  e v a l u a t in g  f i b r o u s n e s s  
as o u t l i n e d  b y  S m i th  a n d  K r a m e r  ( 1 9 4 7 )  w a s  u s e d  w i t h  t h e  fo l l o w in g  
m o d i f ic a t io n s :
(a )  W ith  re g a rd  t o  p o s i t i o n  a lo n g  t h e  s p e a r ,  c o r r e s p o n d in g  s e g m e n ts  

f r o m  th e  f iv e  s p e a r s  w e re  p o o le d  to g e t h e r  ( f o l lo w in g  t h e  s h e a r  
t e s t )  t o  p r o v id e  s u f f i c i e n t ly  la rg e  s a m p le s  f o r  t h i s  m e t h o d .

(b )  I n s te a d  o f  t r a n s f e r r in g  th e  s e p a r a t e d  f i b r o u s  m a te r i a l  t o  a  p o r o u s  
f i l t e r  o r  n y lo n  c lo th ,  t h e  r e s id u e  w a s  l e f t  o n  a  U .S . N o . 3 0  s ie v e  f o r  
d ry in g  a n d  w e ig h in g .  T h e  s a m p le s  w e re  d r ie d  a t  1 0 0 ° C  f o r  4 8  h r ,  
d e s ic c a te d  f o r  3 0  m in  a n d  w e ig h e d  o n  a n  a n a l y t i c a l  b a la n c e .

RESU LTS & DISCUSSION
T H E  D A T A  A N A L Y S I S  w a s  c a r r i e d  o u t  w i t h  t h e  o b j e c t i v e  o f  

d e v e l o p i n g  t h e  i n t e r r e l a t i o n s h i p s  b e t w e e n  t h e  t h r e e  i n d i r e c t  
m e t h o d s  a n d  o r g a n o l e p t i c  e v a l u a t i o n ,  e a c h  b e i n g  i n  t h e  f o r m  
o f  E q  ( 2 ) .  F o r  e a c h  p a i r  o f  t e x t u r e  i n d i c a t o r s ,  a  s t e p - w i s e  

r e g r e s s i o n  a n a l y s i s  ( D i x o n ,  1 9 6 8 )  w a s  u s e d  f o r  s e l e c t i o n  o f  
s i g n i f i c a n t  v a r i a b l e s  a n d  a p p r o p r i a t e  l o g a r i t h m i c  t r a n s f o r m s .

A  s u m m a r y  o f  c o m p u t e d  r e s u l t s  f o r  t h e  s i x  r e l a t i o n s h i p s  is  
p r e s e n t e d  i n  T a b l e  1 , g i v i n g  t h e  s i g n i f i c a n t  v a r i a b l e s ,  p a r a m e t e r  
e s t i m a t e s  a n d  m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t s .  F r o m  t h i s  t a b l e  

i t  i s  e v i d e n t  t h a t  ( a )  a l l  o f  t h e  t e x t u r a l  m e t h o d s  s t u d i e d  a r e  
h i g h l y  c o r r e l a t e d ;  ( b )  t h e  s p e a r - d i a m e t e r  a n d  a x i a l  p o s i t i o n  
s h o w  n o t a b l e  i n f l u e n c e s ;  a n d  ( c )  t h e  p o s t - h a r v e s t  h o l d i n g  
t e m p e r a t u r e  a n d  d u r a t i o n  d o  n o t  s i g n i f i c a n t l y  a f f e c t  t h e s e  r e 

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

e x p r e s s i n g  f i b e r  c o n t e n t  a s  d e t e r m i n e d  b y  t h e  m a c e r a t i o n  t e s t  
s h o u l d  b e  r e c o n s i d e r e d  A s  s h o w n  i n  l i n e  1 ,  T a b l e  1 , t h e  s p e a r  

d i a m e t e r  p l a y s  a  s i g n i f i c a n t  r o l e  i n  t h e  f - E  r e l a t i o n s h i p .  I n  
o r d e r  t o  e x p l a i n  t h i s  p h e n o m e n o n ,  i t  i s  h e l p f u l  t o  n o t e  t h a t  
d u r i n g  h u m a n  i n g e s t i o n ,  i t  i s  p r i m a r i l y  t h e  d e g r e e  o f  l i g n i f i 
c a t i o n  o f  v a s c u l a r  s t r u c t u r e s  t h a t  i s  s e n s e d  a s  t o u g h n e s s .  F o r  
c o o k e d  a s p a r a g u s ,  t h e  n o n l i g n i f i e d  i n t e r v a s c u l a r  p a r e n c h y m a  
c e l l s  m a k e  a  r e l a t i v e l y  s m a l l  c o n t r i b u t i o n  t o  t h e  m a s t i c a t i o n  
f o r c e s .  F u r t h e r m o r e ,  i t  w a s  o b s e r v e d  i n  t h i s  s t u d y  t h a t  r e g a r d 
l e s s  o f  d i a m e t e r ,  s p e a r  c r o s s  s e c t i o n s  e x h i b i t  a  s i m i l a r  c o n f i g u 
r a t i o n  a n d  q u a n t i t y  o f  f i b r o v a s c u l a r  b u n d l e s ,  i . e . , a p p r o x i 
m a t e l y  s i x  c o n c e n t r i c  l a y e r s  h o l d i n g  a b o u t  6 0  b u n d l e s .  I t  i s  
e v i d e n t ,  t h e r e f o r e ,  t h a t  f o r  s p e a r  s e g m e n t s  h a v i n g  u n d e r g o n e  

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

W i t h  t h e s e  c o n c e p t s  i n  m i n d ,  t h e  s i g n i f i c a n c e  o f  s p e a r  d i 

a m e t e r  i n  u s i n g  t h e  m a c e r a t i o n  m e t h o d  c a n  b e  r e a l i z e d .  F i b e r  
c o n t e n t  ( f )  r e p r e s e n t s  t h e  c o n c e n t r a t i o n  o f  l i g n i f i e d  m a t e r i a l  
w i t h i n  t h e  t o t a l  s p e a r  m a s s  a n d  m a y  b e  e x p r e s s e d  a s :

j. _  w e ig h t  o f  d r y  l ig n i f ie d  f i b r o u s  m a te r ia l  p e r  u n i t  l e n g th  

f r e s h  w e ig h t  o f  t h e  s p e a r  t i s s u e  p e r  u n i t  l e n g th

W h e r e :  p :- a n d  p t  a r e  d e n s i t i e s  o f  f i b r o u s  m a t e r i a l  a n d  f r e s h  

s p e a r  t i s s u e ;  a c  a n d  A c  a r e  c r o s s - s e c t i o n a l  a r e a s  o f  f i b r o u s  a n d  
f r e s h  s p e a r  t i s s u e ,  r e s p e c t i v e l y .  I t  i s  c l e a r  t h a t  t h e  f i b e r  c o n t e n t  
v a l u e  ( f )  a s  d e t e r m i n e d  a b o v e  is  i n f l u e n c e d  b y  t h e  a m o u n t  o f  
s o f t ,  n o n c o n t r i b u t i n g  i n t e r v a s c u l a r  t i s s u e .  I n  o r d e r  t o  h a v e  a  

v a l i d  i n d i c a t o r  o f  t h e  t o t a l  t o u g h  m a t e r i a l  p e r  u n i t  l e n g t h  i n  a  
s p e a r  s e g m e n t ,  r a t h e r  t h a n  i t s  c o n c e n t r a t i o n ,  t h e  q u a n t i t y  p t f  
A c  s h o u l d  b e  u s e d  a s  p e r  E q  ( 3 ) .  S i n c e  p t i s  n e a r l y  t h e  s a m e  a s  
t h a t  o f  w a t e r  a n d  e s s e n t i a l l y  c o n s t a n t ,  t h e  t o u g h n e s s  c a n  b e  
c o n s i d e r e d  p r o p o r t i o n a l  t o  f  A c . T h e  r e s u l t s  o f  t h e  l o g  f - E  
r e g r e s s i o n  a n a l y s i s  g i v e n  i n  T a b l e  1 a r e  i n  c o m p l e t e  a g r e e m e n t  
w i t h  t h i s  h y p o t h e s i s  s i n c e  t h e  e s t i m a t e d  p a r a m e t e r  f o r  l o g  D  is  
h i g h l y  s i g n i f i c a n t  a n d  a p p r o x i m a t e l y  t w i c e  t h a t  f o r  l o g  f .  T h e  

P - f  r e s u l t s  s h o w n  o n  l i n e  3  f o l l o w  t h e  s a m e  p a t t e r n .  I t  s h o u l d  
b e  n o t e d  t h a t  i n  p r a c t i c e ,  i f  d a t a  a r e  a v a i l a b l e  o n  t h e  l e n g t h  o f  
t h e  s p e a r  s e g m e n t s ,  t h e  a p p r o p r i a t e  v a l u e  f o r  t o u g h n e s s  b y  t h e  
m a c e r a t i o n  m e t h o d  ( f  A c )  c a n  b e  c o m p u t e d  s i m p l y  a s  t h e
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Table 1—Stepwise regression analysis for developing relations between various texture indicators

No.

Prediction
variable
(Ty)a

Multiple correlation coefficients after each step Estimates of parameters with all 
significant variables in analysis

1st Variable 2nd Variable 3rd Variable
1st Variable 
into analysis

2nd Variable 
into analysis

3rd Variable 
into analysis

Symbol R Symbol R Symbol R 0. SE 03 SE 03 SE

1 E log f 0.931 log D 0.958 X 0.968 1.55 0.193 3.82 0.917 -0.34 0.094

2 E P 0.960 X 0.969 — - 0.465 0.051 -0.333 0.090 - -
3 P log f 0.924 log D 0.972 - - 3.115 0.146 10.328 1.203 - -
4 E log F 0.949 X 0.977 - - 3.192 0.064 -0.473 0.086 - -
5 f F 0.929 log D 0.952 - - 0.018 0.009 -0.978 0.229 - -
6 P log F 0.954 X 0.970 - - 5.886 0.560 -0.578 0.111 — —

a See  n om en c la tu re  fo r  d e f in it io n  o f  s y m b o ls

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

T h e  s u b j e c t i v e  s c a l e  ( P )  f o r  t h e  h i s t o c h e m i c a l  s t a i n i n g  

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

t i t y  o f  i n t e r v a s c u l a r  t i s s u e .  T h u s  t h i s  m e t h o d  s h o u l d  b e  g e n e r 
a l l y  i n d e p e n d e n t  o f  s p e a r  d i a m e t e r .  T h e  r e s u l t s  s h o w n  i n  T a b l e  
1 ( l i n e s  2  a n d  3 )  t e n d  t o  s u p p o r t  t h i s  c o n t e n t i o n  s i n c e  P  is  
c l o s e l y  r e l a t e d  t o  t h e  p r e v i o u s l y  a c c e p t e d  i n d i c a t o r s  o f  t o u g h 

n e s s :  v i z . ,  E  a n d  f  A c .
T h e  s h e a r  m e t h o d  c o r r e l a t e d  w e l l  w i t h  t h e  o t h e r  t o u g h n e s s  

i n d i c a t o r s .  H o w e v e r ,  t h e  r e g r e s s i o n  r e s u l t s  d o  n o t  s h o w  a n y  

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

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

o f  f o r c e s  ( u p  t o  9 5  l b )  i n c l u d e d  i n  t h e  r e g r e s s i o n  a n a l y s i s  a n d  

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

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

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

t h e  p r o c e s s i n g  p l a n t .

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

g r e a t e s t  c o n t r i b u t i o n  i n  a c c o u n t i n g  f o r  u n e x p l a i n e d  v a r i a t i o n  
i n  t h o s e  r e l a t i o n s h i p s  i n v o l v i n g  t h e  s h e a r  m e t h o d  ( s e e  l i n e s  4  
a n d  6 , T a b l e  1 ) .  T h i s  m a y  b e  d u e  t o  a  d i s t i n c t  d i f f e r e n c e  i n  t h e  
c u t t i n g  a c t i o n  t h a t  t a k e s  p l a c e  b e t w e e n  t h e  t i p  a n d  b u t t  e n d s  
o f  t h e  s p e a r .  T o w a r d s  t h e  t i p  e n d ,  a  s i m p l e  s m o o t h  c u t t i n g  
a c t i o n  w a s  o b s e r v e d  w h e r e a s  n e a r  t h e  b u t t  e n d ,  t h e  h e a v i l y  
l i g n i f i e d  t i s s u e  t e n d e d  t o  r u p t u r e  u n d e r  c o m p r e s s i v e  a n d  
b e n d i n g  f o r c e s  d u e  t o  f a i l u r e  o f  t h e  w e a k  i n t e r s t i t i a l  m a t r i x  
b e t w e e n  t h e  l i g n i f i e d  f i b r o v a s c u l a r  b u n d l e s .  A l s o  t h e  e f f e c t s  o f  
X  a r e  c o m m o n  t o  t h o s e  r e l a t i o n s h i p s  i n v o l v i n g  o r g a n o l e p t i c  
e v a l u a t i o n .  T h i s  m a y  b e  d u e  t o  a  d i f f e r e n c e  i n  t h e  d e g r e e  o f  
c o o k i n g  e x p e r i e n c e d  b y  t h e  l a r g e r  b u t t  e n d  s p e c i m e n s  a s  c o m 
p a r e d  t o  t h e  t i p  s e g m e n t s  w h i c h  c o u l d  r e s u l t  i n  a  d i f f e r e n t i a l  i n  
t h e  s o f t n e s s  o f  t h e  i n t e r v a s c u l a r  t i s s u e .  T h e  p a n e l i s t s  m a y  b e  
a s s o c i a t i n g  t h i s  c o o k i n g  e f f e c t  w i t h  t h e  t o u g h n e s s  a n d  t h u s  
o v e r s c o r i n g  t h e  s e g m e n t s  t o w a r d  t h e  b u t t  e n d  o f  t h e  s p e a r s .  
A l t h o u g h  t h e  p o s i t i o n  e f f e c t  a s  d e s c r i b e d  a b o v e  is  s i g n i f i c a n t ,  
i t  w a s  d e c i d e d  t o  e x c l u d e  i t  f r o m  t h e  f i n a l  e q u a t i o n s .  I t  i s  
b e l i e v e d  t h a t  i n  p r a c t i c a l  a p p l i c a t i o n ,  t h e  s i m p l i f i c a t i o n  t h u s  

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

f a c t o r .

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

o d s  a r e  p r e s e n t e d  i n  T a b l e  2  w i t h  c o r r e s p o n d i n g  c o r r e l a t i o n  

c o e f f i c i e n t  a n d  s t a n d a r d  e r r o r  o f  e s t i m a t e s .  A l l  o f  t h e  c o r r e 
l a t i o n  c o e f f i c i e n t s  a r e  h i g h ,  r a n g i n g  f r o m  0 . 9 5 0 —0 . 9 7 0 .  N o t e  
t h a t  a n  i m p r o v e d  c o r r e l a t i o n  b e t w e e n  t h e  m a c e r a t i o n  a n d  

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

e s t i m a t e d  p a r a m e t e r s  a r e  l e s s  t h a n  5 %  o f  t h e i r  r e s p e c t i v e  e s t i 
m a t e s ,  i n d i c a t i n g  f a v o r a b l e  c o n f i d e n c e  l e v e l s .

S u b s e q u e n t  t o  t h e  c o m p l e t i o n  o f  t h e  a b o v e  s t u d i e s ,  i t  w a s  
d e c i d e d  t o  g iv e  s p e c i a l  c o n s i d e r a t i o n  t o  t h e  a s p a r a g u s  f i b r o m e -  

t e r  ( W i l d e r ,  1 9 4 8 )  b e c a u s e  o f  i t s  e x t e n s i v e  u s a g e  b y  p r o c e s s o r s .  
T h e  f i b r o m e t e r  c o u l d  n o t  b e  i n c o r p o r a t e d  i n t o  t h e  p r e v i o u s  
e x p e r i m e n t  b e c a u s e  i t  i s  s i m p l y  a  “ G O - N O  G O ”  d e v i c e  w h i c h  
d e t e r m i n e s  t h e  c r i t i c a l  c u t - o f f  p o i n t  a l o n g  t h e  s p e a r  d i v i d i n g  i t  
i n t o  t e n d e r  a n d  t o u g h  p o r t i o n s .  I n  o r d e r  t o  f i n d  a  r e l a t i o n s h i p  

b e t w e e n  t h e  f i b r o m e t e r  a n d  t h e  s h e a r  m e t h o d ,  r a n d o m  s a m 
p l e s  o f  t e n  s p e a r s  w e r e  s u b j e c t e d  t o  t h e  s a m e  '/ i f  2 ) 4  f a c t o r i a l  
d e s i g n  t r e a t m e n t s  a s  p r e v i o u s l y  u s e d .  I n  t h i s  c a s e ,  f i v e  s p e a r s  
w e r e  s u b j e c t e d  t o  t h e  s h e a r  t e s t  a s  d e s c r i b e d  e a r l i e r  a n d  t h e  

o t h e r  f i v e  w e r e  e v a l u a t e d  w i t h  t h e  f i b r o m e t e r  a f t e r  p r o c e s s i n g  
in  N o .  3 0 3  s e a l e d  c a n s  f o r  2 5  m i n  a t  1 1 5 ° C .  F o r  e a c h  s a m p l e ,  
t h e  m e a n  p e a k  c u t t i n g  f o r c e s  t a k e n  a t  o n e  i n c h  i n t e r v a l s  w e r e  

p l o t t e d  a g a i n s t  a  n o r m a l i z e d  p o s i t i o n  v a r i a b l e  d e s i g n a t e d  a s  
p o s i t i o n  m o d u l u s  w h i c h  is  t h e  r a t i o  o f  d i s t a n c e  a l o n g  s p e a r  
a x i s  f r o m  g r o u n d  l e v e l  t o  t h e  t o t a l  s p e a r  l e n g t h .  B y  s u p e r i m 

p o s i n g  t h e  m e a n  “ c u t - o f f ”  p o s i t i o n  m o d u l u s  d e t e r m i n e d  b y  
t h e  f i b r o m e t e r  o n  t h i s  c u r v e ,  a  p e a k  c u t t i n g  f o r c e  ( F e q )  f o r  
r a w  a s p a r a g u s  e q u i v a l e n t  t o  t h e  t h r e e  p o u n d  f i b r o m e t e r  l o a d  a s  

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

R e g r e s s i o n  a n a l y s i s  s h o w e d  t h a t ,  o u t  o f  t h e  f o u r  t r e a t m e n t

Table 2—Summary of relationships between the various texture 
methods

Equation Corr coeff SE (Ty) SE(jS, )

E = 8.229 + 2.191 log (fAe) 0.957 0.574 0.0965
E = 1.10 + 0.33 P 0.960 0.557 0.0269
P = 11.08 + 3.36 log (fAc) 0.966 0.788 0.132
E = -1.628 + 4.922 log F 0.950 0.630 0.240
fA c = -0.0346 + 0.004 F 0.970 0.0267 0.00017
P = -4.02 + 7.52 log F 0.954 0.907 0.345
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v a r i a b l e s ,  o n l y  t h e  s p e a r  d i a m e t e r  ( D )  s i g n i f i c a n t l y  i n f l u e n c e s  
t h i s  e q u i v a l e n t  c u t t i n g  f o r c e .  T h i s  e f f e c t  ( R  =  0 . 8 8 )  i s  d e f i n e d  
b y  E q  ( 4 ) .

FEq = 1.25 + 22.5 D (4)

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

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

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

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

C o n s i d e r i n g  t h e  9 - p o i n t  o r g a n o l e p t i c  s c a l e  a n d  a s s u m i n g  a  

r a t i n g  o f  4  ( s o m e  f i b e r ,  b u t  n o t  o b j e c t i o n a b l e )  c a n  b e  t a k e n  a s  
t h e  c r i t i c a l  “ c u t - o f f ”  l e v e l  f o r  a c c e p t a b l e  q u a l i t y ,  t h e n  t h e  

n e w l y  d e v e l o p e d  l o g  F - E  r e l a t i o n s h i p  ( T a b l e  2 )  i n d i c a t e s  t h a t  
s p e a r  s e g m e n t s  r e g i s t e r i n g  p e a k  c u t t i n g  f o r c e s  g r e a t e r  t h a n  1 4  

l b  s h o u l d  b e  d e e m e d  u n a c c e p t a b l e .  I n  t h i s  s t u d y  t h e  s p e a r  
d i a m e t e r s  a t  t h e  f i b r o m e t e r  c u t o f f  r a n g e d  f r o m  0 . 3 4 - 0 . 6 4  i n .  

w h i c h  i f  a p p l i e d  t o  E q  ( 4 )  g iv e s  a n  e q u i v a l e n t  c r i t i c a l  c u t t i n g  
f o r c e  r a n g e  o f  8 . 9 - 1 4 . 4  l b .  T h u s  t h e  c r i t i c a l  c u t t i n g  f o r c e  
b a s e d  o n  o r g a n o l e p t i c  r a t i n g s  c o m p a r e s  f a v o r a b l y  w i t h  t h e  
f i b r o m e t e r  ( F e q ) f o r  l a r g e  d i a m e t e r  s p e a r s .  H o w e v e r ,  w i t h  
s m a l l e r  s p e a r s ,  t h e  f i b r o m e t e r  t e n d s  t o  b e  m o r e  c o n s e r v a t i v e  i n  
t e x t u r a l  e v a l u a t i o n .

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

NOMENCLATURE
Ac a r e a  o f  s p e a r  c ro s s  s e c t io n  a t  X  (s q  in . )  
a c  a r e a  o f  t h e  l ig n i f ie d  f ib r o u s  t i s s u e  a t  X  (s q  in .)
D d i a m e t e r  o f  s p e a r  c ro s s  s e c t io n  a t  X  ( in . )
E  o r g a n o le p t i c  e v a l u a t io n  r a t i n g  (1 = t e n d e r ,  9  =  t o u g h )
F  p e a k  c u t t i n g  f o r c e  ( lb )
F e q  P e a k  c u t t i n g  fo r c e  e q u iv a l e n t  f o r  f i b r o m e t e r  
f  f i b e r  c o n c e n t r a t i o n  ( lb  d r y  f i b e r / l b  f r e s h  w e ig h t)
P  h i s to c h e m ic a l  r a t in g  (1 = n o  s ta in in g ,  1 2  =  d e e p  p in k - r e d  s t a i n 

in g )
R c o e f f i c i e n t  o f  c o r r e la t io n
S E  s t a n d a r d  e r r o r  o f  e s t i m a te
T x  t e x t u r e  m e a s u r e m e n t  b y  m e th o d  x 
T y  t e x t u r e  m e a s u r e m e n t  b y  m e th o d  y
X  a x ia l  p o s i t i o n  a lo n g  th e  s p e a r  m e a s u r e d  f r o m  g r o u n d  le v e l a t  

t i m e  o f  h a rv e s t  ( in . )
Z  s to r a g e  f a c to r  o r  s p e a r  c h a r a c t e r i s t i c
¡3 c o e f f ic ie n t  o f  r e g r e s s io n
P f  d e n s i ty  o f  d r y  l ig n i f ie d  f i b r o u s  t i s s u e  
p t  d e n s i ty  o f  f r e s h  s p e a r  t i s s u e
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TEXTURE OF BROCCOLI AND CARROTS COOKED BY MICROWAVE ENERGY

IN T R O D U C T IO N

W I T H  I N C R E A S I N G  U S E  o f  t h e  m i c r o w a v e  o v e n ,  r e c o g n i t i o n  
a n d  i d e n t i f i c a t i o n  o f  t h e  p o s s i b l e  c a u s e s  o f  r e p o r t e d  u n d e s i r a 

b l e  c h a r a c t e r i s t i c s  i n  s o m e  f o o d s  b e c o m e  i m p o r t a n t .  F o r  m o s t  
v e g e t a b l e s ,  n e i t h e r  c o o k i n g  b y  m i c r o w a v e s  n o r  c o n v e n t i o n a l  
b o i l i n g  y i e l d e d  a  c o n s i s t e n t l y  s u p e r i o r  p r o d u c t  ( K y l e n  e t  a l . ,
1 9 6 1 ) ,  b u t  t w o ,  b r o c c o l i  a n d  c a u l i f l o w e r ,  d i d  s c o r e  s i g n i f i 
c a n t l y  l o w e r  i n  o v e r a l l  p a l a t a b i l i t y  w h e n  c o o k e d  b y  m i c r o -  
w a v e s .  B o t h  v e g e t a b l e s  h a d  m u c h  l e s s  a c c e p t a b l e  t e x t u r e ,  w h i l e  

f o r  c a u l i f l o w e r  o t h e r  a s p e c t s  o f  p a l a t a b i l i t y  w e r e  i n v o l v e d  a l s o .  
V e g e t a b l e s  c o o k e d  b y  m i c r o w a v e s  t e n d e d  t o  d e h y d r a t e  u n l e s s  
c o v e r e d  b y  w a t e r  a n d  a n  o u t e r  s k i n  f o r m e d  w h i c h  b e c a m e  
p r o g r e s s i v e l y  t h i c k e r  a s  c o o k i n g  i n c r e a s e d  ( B o l l m a n  e t  a l . ,  
1 9 4 8 ;  B o w m a n  e t  a l . ,  1 9 7 1 ) .

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

E X P E R IM E N T A L

P r e p a r a t io n  o f  t h e  v e g e ta b le s

F o r  e a c h  r e p l i c a t i o n  ( s ix  p e r  v e g e t a b le )  f iv e  c a r r o t s  o r  f iv e  s ta lk s  o f  
b r o c c o l i  w e re  u s e d .  S ta lk s  o f  b r o c c o l i  w e re  w a s h e d ,  t r i m m e d  o f  w o o d y  
t i s s u e  a n d  le a v e s  a n d  s e p a r a t e d  f r o m  t h e  f lo w e r  h e a d s .  C a r r o t s  w e re  
w a s h e d ,  s c r a p e d  a n d  t r i m m e d  t o  a  4 - in .  c e n t r a l  s e c t io n  o f  t h e  r o o t .  
E a c h  p ie c e  o f  v e g e t a b le  w a s  c u t  in  h a l f  l e n g th w is e ;  o n e - h a l f  w a s  a s 
s ig n e d  to  t h e  l o t  t o  b e  c o o k e d  b y  m ic ro w a v e s  a n d  t h e  o t h e r  t o  t h e  l o t  
c o o k e d  c o n v e n t io n a l l y .  F o u r  s e ts  o f  p a i r e d  h a lv e s  w e r e  u s e d  f o r  s e n s o ry  
e v a lu a t io n  a n d  t h e  f i f t h  s e t  p r o v id e d  b o t h  r a w  a n d  c o o k e d  s u b s a m p le s  
f o r  h i s to lo g ic a l  o b s e r v a t i o n s  a n d  p e c t ic  a n a ly s is .

C o o k in g

L o t s  t o  b e  c o o k e d  b y  m ic ro w a v e s  ( 1 6 0 0  w a t t s ,  2 4 5 0  M H z ) w e re  
a d d e d  to  5 0 0  m l b o i l in g  w a te r  in  a  c o v e r e d  2 - q t  p y r e x  b a k in g  d is h ,  t h e  
s iz e  o f  w h ic h  a l lo w e d  t h e  p ie c e s  t o  h e  i n  a  s in g le  la y e r .  L o t s  c o o k e d  
c o n v e n t io n a l ly  w e re  a d d e d  t o  5 0 0  m l b o i l in g  w a t e r  in  a  2 -q t  a lu m in u m  
s a u c e p a n .  T h is  a m o u n t  o f  w a te r  w a s  a d e q u a t e  t o  k e e p  t h e  v e g e ta b le s  
c o v e re d  t h r o u g h o u t  t h e  c o o k in g  p e r io d .  T h e  s a u c e p a n  w a s  u n c o v e r e d  
f o r  t h e  f i r s t  5  m in  w h e n  b r o c c o l i  w a s  c o o k e d  b u t  w a s  c o v e r e d  t h e  e n t i r e  
c o o k in g  p e r io d  f o r  c a r r o t s .  C o o k in g  t im e s  (T a b le  1) w e r e  p r e d e t e r 
m in e d  t o  i n s u r e  t h a t  t h e  d e g re e  o f  d o n e n e s s  f o r  b o t h  m e th o d s  w a s  a s  
n e a r ly  e q u a l  a s  p o s s ib le .  V e g e ta b le s  w e r e  r e m o v e d  f r o m  th e  c o o k in g  
w a te r  a s  s o o n  a s  t h e y  w e re  d o n e ,  p la c e d  c u t - s id e  d o w n  o n  a b s o r b a n t  
to w e ls ,  a n d  c o v e r e d  w i th  p la s t i c  w r a p  to  a v o id  e x c e s s iv e  e v a p o r a t io n  
d u r in g  a  3 0 -m in  c o o l in g  p e r io d .  C o o l in g  d id  n o t  i n t e r f e r e  w i t h  t h e  
s e n s o ry  e v a lu a t io n  o f  t e x t u r e  a n d  w a s  n e c e s s a r y  t o  e l im in a te  t h e  r a p id  
c h a n g e  in  w e ig h t  a s  t h e  s u b s a m p le s  w e re  w e ig h e d .

A n a ly t ic a l  m e th o d s

A  t r a in e d  p a n e l  o f  f o u r  m e m b e r s  e v a l u a te d  t h e  c o n t o u r  o f  t h e  
p a ire d  h a lv e s  o f  e a c h  v e g e t a b le  b y  m a tc h in g  t h e i r  s h a p e s  w i th  s k e tc h e s  
o n  a  s c o re  c a rd .  I n  a d d i t i o n ,  t h e  ju d g e s  r a n k e d  t h e  c a r r o t s  f o r  t e n d e r 
n e s s  o f  o u te r  c y l in d e r  a n d  i n n e r  c o re  a n d  b r o c c o l i  f o r  t e n d e r n e s s  o f  
i n n e r  f le s h  a n d  o u t e r  l a y e r .

F r a c t io n s  o f  p e c t i c  s u b s ta n c e s  w i t h  s o lu b i l i t y  c h a r a c te r i s t i c s  c o m 
p a r a b le  t o  th o s e  in  s i tu  w e r e  o b t a i n e d  b y  c o ld  e x t r a c t i o n  p r o c e d u r e  
(D ie tz  a n d  R o u s e ,  1 9 5 3 ;  R u iz ,  1 9 5 8 ;  M a c k e y  e t  a l . ,  1 9 7 3 ) .  A f t e r  p u r i f i 
c a t io n  w i th  a lc o h o l ,  p e c t ic  s u b s ta n c e s  w e re  f r a c t i o n a t e d  a c c o r d in g  to

t h e i r  s o lu b i l i t y  in  w a te r ,  0 .4 %  s o d iu m  h e x a m e t a p h o s p h a t e ,  o r  0 .0 5 N  
s o d iu m  h y d r o x id e .  T h e  c o n c e n t r a t i o n  o f  p e c t i c  s u b s t a n c e s  in  e a c h  f r a c 
t i o n  w a s  d e t e r m in e d  b y  a  u r o n ic  a c id - c a r b a z o le  m e th o d  a s  m o d i f i e d  b y  
B i t t e r  a n d  M u ir  ( 1 9 6 2 )  a n d  r e p o r t e d  a s  a n h y d r o g a la c tu r o n ic  a c id  o n  a 
f r e s h  w e ig h t  b a s is .

T i s s u e  f o r  h i s to lo g ic a l  o b s e r v a t i o n  w a s  f i x e d  in  C R A F  I I  f ix a t iv e .  
P e r io d i c  a c i d - S c h i f f  s r e a c t i o n  w a s  u s e d  t o  lo c a l iz e  t h e  c e l l  w a l l  p o ly 
s a c c h a r id e s  ( J e n s e n ,  1 9 6 2 ) .

R E S U L T S

C o n to u r

H a l v e s  o f  b o t h  c a r r o t  a n d  b r o c c o l i  c o o k e d  b y  m i c r o w a v e s  
h a d  a  r a t h e r  c o l l a p s e d  a n d  s h r u n k e n  a p p e a r a n c e ,  w h i l e  t h o s e  
c o o k e d  c o n v e n t i o n a l l y  m o r e  n e a r l y  r e s e m b l e d  t h e  s h a p e  o f  t h e  
r a w  s t a l k  o r  r o o t .  D i s t o r t i o n  o f  s h a p e  w a s  o b s e r v e d  t h e  l e n g t h  
o f  t h e  p i e c e .  F o r m a t i o n ,  a n d  o f t e n  s e p a r a t i o n ,  o f  a  d e n s e r  

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

b y  m i c r o w a v e s .  P h o t o m i c r o g r a p h s  ( F i g .  1 a n d  2 )  s h o w  c o n 
t o u r s  o f  t h e  r a w  a n d  c o o k e d  v e g e t a b l e s .

T e n d e r n e ss

B o t h  v e g e t a b l e s  w e r e  e v a l u a t e d  f o r  t e n d e r n e s s  a s  i n f l u e n c e d  
b y  t w o  t i s s u e  t y p e s :  ( 1 )  p a r e n c h y m a t o u s  t i s s u e  w h i c h  p r e 
d o m i n a t e s  i n  m o s t  v e g e t a b l e s ;  a n d  ( 2 )  s u p p o r t i v e / c o n d u c t i v e  
t i s s u e s .  I n  c a r r o t s ,  p a r e n c h y m a t o u s  t i s s u e  f o r m s  t h e  o u t e r  
l a y e r s  s u r r o u n d i n g  t h e  c o r e ,  w h i l e  i n  b r o c c o l i  i t  m a k e s  u p  t h e  
l a r g e  c e n t r a l  p o r t i o n  o f  t h e  s t a l k .  S i m i l a r l y ,  t h e  c o r e  o f  c a r r o t  
c o r r e s p o n d s  i n  t i s s u e  t y p e  t o  t h e  o u t e r  l a y e r  o f  s u p p o r t i v e /  
c o n d u c t i v e  t i s s u e  n e a r  t h e  s k i n  i n  b r o c c o l i .  H a l v e s  o f  c a r r o t s  
c o o k e d  b y  m i c r o w a v e s  w e r e  j u d g e d  t o  h a v e  a  m o r e  s p o n g y  
o u t e r  c y l i n d e r  a n d  a  m o r e  f i b r o u s  c o r e  t h a n  d i d  t h e  m a t c h i n g  

h a l v e s  c o o k e d  c o n v e n t i o n a l l y ,  ( F i g .  3 ) .  T h e  o u t e r  a r e a  o f  b r o c 
c o l i  c o c k e d  b y  m i c r o w a v e s  w a s  t o u g h e r  t h a n  t h a t  o f  t h e  c o r r e 
s p o n d i n g  h a l v e s  c o o k e d  c o n v e n t i o n a l l y  b u t  t h e  i n t e r i o r  w a s  
j u d g e d  s o f t e r .  I n  e a c h  c a s e  t h e  d i f f e r e n c e  w a s  h i g h l y  s i g n i f i c a n t
( p  <  0 . 0 1 ) .

W eigh t lo ss

L o s s  o f  w e i g h t  f o r  e a c h  v e g e t a b l e  c o o k e d  b y  m i c r o w a v e s  
w a s  m e r e  t h a n  d o u b l e  t h a t  o f  t h e  m a t c h i n g  h a l v e s  c o o k e d  
c o n v e n t i o n a l l y  ( T a b l e  2 ) ,  d e s p i t e  e n o u g h  w a t e r  t o  k e e p  t h e  
v e g e t a b l e s  c o v e r e d  a s  t h e y  c o o k e d .  H a l v e s  c o o k e d  b y  m i c r o -

Tsble 1 — Raw weights and cooking times of vegetables3

Total
wt

(g)

Cooking
water
(ml)

Cooking
time
(min)

Carrots
Microwave 8 1 .1 5 0 0 8
Conventional 8 0 .8 5 0 0 20

Broccoli
Microwave 6 7 .5 5 0 0 5
Conventional 6 7 .5 5 0 0 12

a Average o f  six rep lica tion s

V o l u m e  4 0  ( 1 9 7 5 ) - J O U R N A L  O F  F O O D  S C 7 F /V C F -1 0 2 5
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Fig. 2 -C e ll structure 141X ) and cross section (2X) o f carrots. (Top: Raw carrots; Center: Carrots cooked conventionally; B ottom : Carrots cooked  
b y  microwaves.)
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w a v e s  f l o a t e d  d u r i n g  t h e  e n t i r e  c o o k i n g  p e r i o d  i n s t e a d  o f  s i n k 

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

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

C e l l  s t r u c t u r e

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

g r a p h s  o f  r a w  a n d  c o o k e d  b r o c c o l i  a n d  c a r r o t s  ( F i g .  1 a n d  2 ,  
r e s p e c t i v e l y ) .  C e l l  w a l l s  r e m a i n e d  i n t a c t  a f t e r  c o o k i n g  b y  e i 
t h e r  m e t h o d .  C e l l s  f r o m  t i s s u e  c o o k e d  c o n v e n t i o n a l l y  w e r e  
s o m e w h a t  d i m i n i s h e d  ir .  s i z e ,  a s  i n d i c a t e d  b y  w r i n k l i n g  o f  t h e  

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

Table 2—Weight loss of cooked vegetable3 (% of fresh weight)

Cooking method

Microwave Conventional

Carrots 34.2 15.7
Broccoli 26.8 11.0

a Average o f six rep lica tion s

Table 3—Content of anhydrogalacturonic acid 
of pectic substances2 (%  of fresh weight)

in three fractions

Extractions

h 2o (N aP03 )6 NaOH Total

Carrots
Raw 0.10 0.27 0.34 0.71
Microwave 0.21 0.24 0.12 0.57
Conventional 0.18 0.28 0.08 0.53

Broccoli
Raw 0.02 0.16 0.24 0.42
Microwave 0.11 0.26 0.18 0.55
Conventional 0.12 0.25 0.17 0.54

a Average o f  tw o  subsam ples fo r  each o f six rep lica tion s

PA REN C H YM A TO U S
T IS S U E

CARROTS (outer cylinder) 
Microwove 
Conventional

BROCCOLI (central flesh) 
Microwave 
Conventional

SU P P O R T IV E -
CO ND U CT IVE  T ISSUE

C A R R O TS  (core) 
Microwave 
Conventional

BROCCOLI (outer layer) 
M icrowave 
Conventional

Fig. 3 —Average ranks for tenderness o f broccoli and carrot tissue.

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

m o r e  e x t e n s i v e l y  i n  c a r r o t s .

C o n t e n t  o f  p e c t i c  s u b s t a n c e s

C o n c e n t r a t i o n s  o f  t h e  t h r e e  p e c t i c  f r a c t i o n s  f o u n d  i n  c a r 
r o t s  a n d  b r o c c o l i  a r e  s h o w n  i n  T a b l e  3 .  T h e  s o d i u m  h e x a m e t a -  
p h o s p h a t e - s o l u b l e  f r a c t i o n  c o n s i s t s  o f  l o w  m e t h o x y l  c a l c i u m  
a n d  m a g n e s i u m  p e c t i n a t e s  a n d  t h e  s o d i u m  h y d r o x i d e - s o l u b l e  

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

t i o n  w h i c h  w a s  w a t e r  s o l u b l e .  T h e  c o l d  e x t r a c t i o n  p r o c e d u r e  
f a i l e d  t o  r e m o v e  a l l  t h e  p e c t i c  s u b s t a n c e s  f r o m  t h e  r a w  b r o c 
c o l i ,  a s  i n d i c a t e d  b y  g r e a t e r  t o t a l  p e c t i c  c o n t e n t  o f  t h e  c o o k e d  
v e g e t a b l e  a s  c o m p a r e d  w i t h  t h e  r a w .  C o o k i n g  s i g n i f i c a n t l y  i n 
c r e a s e d  t h e  w a t e r  s o l u b l e  f r a c t i o n  ( p  <  0 . 0 1 )  a n d  s i g n i f i c a n t l y  
d e c r e a s e d  t h e  s o d i u m  h y d r o x i d e - s o l u b l e  f r a c t i o n  ( p  <  0 .0 1 ) ,  
s u b s t a n t i a t i n g  t h a t  c o o k i n g  i n c r e a s e s  s o l u b i l i t y  o f  p e c t i c  s u b 
s t a n c e s  ( S t e r l i n g ,  1 9 5 5 ) .  C o m p a r i n g  t h e  e f f e c t s  o f  t h e  t w o  
m e t h o d s ,  b o t h  v e g e t a b l e s  c o o k e d  b y  m i c r o w a v e s  c o n t a i n e d  
s i g n i f i c a n t l y  m o r e  s o d i u m  h y d r o x i d e - s o l u b l e  f r a c t i o n  ( p  <

0 . 0 1 ) .  T h u s  t h e  g r e a t e r  t o u g h n e s s  o f  b o t h  a r e a s  o f  c a r r o t s  a n d  
t h e  o u t e r  l a y e r  o f  b r o c c o l i  c o o k e d  b y  m i c r o w a v e s  a c c o m p a 
n i e d  t h e  h i g h e r  s o d i u m  h y d r o x i d e - s o l u b l e  f r a c t i o n  f o u n d  i n  
t h e s e  t i s s u e s .  H o w e v e r ,  w h e n  b o t h  i n s o l u b l e  f r a c t i o n s  [ N a O H  

a n d  ( N a P 0 3 ) 6 ] w e r e  c o m b i n e d ,  t h e r e  w a s  e s s e n t i a l l y  n o  d i f 
f e r e n c e  i n  t h e  t o t a l  i n s o l u b l e  p e c t i c  s u b s t a n c e s  d u e  t o  m e t h o d  
o f  c o o k i n g .  I n  b r o c c o l i ,  w h e r e  t e n d e r n e s s  o f  t h e  c e n t r a l  p o r 
t i o n  o f  t h e  s t a l k  c o n t r a s t e d  w i t h  t o u g h n e s s  o f  t h e  o u t e r  l a y e r ,  
a n a l y z i n g  t h e  t i s s u e s  s e p a r a t e l y  m i g h t  h a v e  g i v e n  a  c l e a r e r  p i c 
t u r e  o f  t h e  p o s s i b l e  r o l e  o f  p e c t i c  s u b s t a n c e s .

D IS C U S S IO N

D A T A  o n  t h e  p e c t i c  s u b s t a n c e s  a r e  i n a d e q u a t e  t o  a c c o u n t  f o r  
t h e  d i f f e r e n c e  i n  t e x t u r e  o f  t h e  t w o  v e g e t a b l e s  d u e  t o  c o o k i n g  

m e t h o d .  O t h e r  o b s e r v a t i o n s  s u g g e s t  a  m o r e  a d v a n c e d  s t a t e  o f  
d e h y d r a t i o n  i n  t i s s u e  c o o k e d  b y  m i c r o w a v e s .  L o s s  o f  w e i g h t  
w a s  m o r e  t h a n  d o u b l e  t h a t  d u r i n g  a  l o n g e r  c o o k i n g  p e r i o d  b y  
c o n v e n t i o n a l  b o i l i n g .  C o n t o u r s  o f  t h e  p i e c e s  o f  v e g e t a b l e  a n d  

o f  t h e  p a r e n c h y m a  c e l l s  r e s e m b l e d  t h o s e  o f  v e g e t a b l e s  u n d e r 
g o i n g  d e h y d r a t i o n  ( R e e v e ,  1 9 4 2 ,  1 9 4 3 ;  V a n  A r s d e l ,  1 9 6 3 ) .  
T h e  p h o t o m i c r o g r a p h  o f  c a r r o t  t i s s u e  c o o k e d  b y  m i c r o w a v e s  
( F i g .  2 )  s h o w s  c o l l a p s e  o f  h i g h l y  v a c u o l a t e d  c e l l s  a n d  p r o 
n o u n c e d  f o l d i n g  o f  c e l l  w a l l s  c o m p a r a b l e  t o  t h a t  i n  c a r r o t s  a t  
e a r l y  s t a g e s  o f  d e h y d r a t i o n  ( R e e v e ,  1 9 4 2 ) .  S t a l k s  o f  b r o c c o l i  

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

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

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

e v e r ,  i n h e r e n t  i n  t h e  m i c r o w a v e  m e t h o d  o f  c o o k i n g  i s  t h e  r a p i d  
a n d  m a s s i v e  c o n v e r s i o n  o f  w a t e r  i n  t h e  t i s s u e  t o  s t e a m ,  w h i c h  
d e v e l o p s  s u c h  i n t e r n a l  v a p o r  p r e s s u r e  a s  t o  c a u s e  r a d i a l  f i s s u r e s  
i n  t i s s u e  h e a t e d  b y  m i c r o w a v e s  ( H u x s o l l  a n d  M o r g a n ,  1 9 6 8 ) .  
T h i s  s u g g e s t s  t h a t  w a t e r  i n  t h e  t i s s u e  is  a l m o s t  e n t i r e l y  i n  t h e  
g a s e o u s  r a t h e r  t h a n  l i q u i d  s t a t e .  R a p i d  r e m o v a l  o f  a  h i g h  p r o 

spongy/ slightly tender very
firm firm (soft) soft mushy

very slightly slightly
tough tough tough tender tender
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p o r t i o n  o f  t h e  w a t e r  h e l d  i n  t h e  p o l y s a c c h a r i d e  g e l  o f  a m o r 

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

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

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

o f  t h e  c e l l s  i n  t h e  t i s s u e  i n v o l v e d .
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ESTIMATION OF THE COMPONENTS OF A PENETRATION  
FORCE OF SOME TROPICAL FRUITS

IN T R O D U C T IO N

T H E  M A G N E S S  T A Y L O R  F r u i t  P r e s s u r e  T e s t e r  ( M a g n e s s  a n d  
T a y l o r ,  1 9 2 5 )  h a s  b e e n  a  u s e f u l  s i m p l e  a p p a r a t u s  f o r  t h e  e v a l u 
a t i o n  o f  t e x t u r e  o f  m a n y  f r u i t s  ( B o u r n e ,  1 9 6 6 ) .  A l t h o u g h  t h e  

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

1 9 6 6 ,  1 9 7 4 ) .
O n e  o f  t h e  p r o b l e m s  i n v o l v e d  i n  t h e  i n t e r p r e t a t i o n  o f  t h e  

r e s u l t s  o b t a i n e d  b y  t h e  F r u i t  P r e s s u r e  T e s t e r  i s  t h e  f a c t  t h a t  
t h e  t o t a l  p e n e t r a t i o n  f o r c e  i n c l u d e s  c o m p o n e n t s  s u c h  a s  c o m 
p r e s s i o n  a n d  s h e a r  w h i c h  a r e  d e p e n d e n t  u p o n  t h e  d i a m e t e r  o f  
t h e  p e n e t r a t i o n  p l u n g e r .  B o u r n e  ( 1 9 6 6 )  s h o w e d  t h a t  t h e  p e n e 
t r a t i o n  f o r c e  o f  f o o d s  a n d  m o d e l s  c o u l d  b e  r e p r e s e n t e d  b y  t h e  

f o l l o w i n g  e q u a t i o n :

F  =  K CA +  K SP  +  C

w h e r e  F  i s  t h e  t o t a l  p e n e t r a t i o n  f o r c e ;  K c  a  c o n s t a n t  r e p r e s e n t 
i n g  t h e  e f f e c t  o f  t h e  c r o s s e c t i o n a l  a r e a  ( m a i n l y  c o m p r e s s i o n ) ;  

A  t h e  p l u n g e r  c r o s s e c t i o n a l  a r e a ;  K s a  c o n s t a n t  r e p r e s e n t i n g  
t h e  e f f e c t s  o f  t h e  p e r i m e t e r  ( m a i n l y  s h e a r ) ;  P  t h e  p l u n g e r  
p e r i m e t e r ;  a n d  C  a n  e x p e r i m e n t a l  c o n s t a n t .  F o r  c i r c u l a r  p l u n g 

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

o n l y  i . e . ,

F = K'CD2 + KjD + C

w h e r e  D  i s  t h e  p l u n g e r  d i a m e t e r  ( B o u r n e ,  1 9 6 6 ) .

T h e  p r o c e d u r e  f o r  t h e  d e t e r m i n a t i o n  o f  t h e  c o n s t a n t s  i n  
B o u r n e ’s  e q u a t i o n  w a s  b a s e d  o n  t w o  s e t s  o f  t e s t s  i n  w h i c h  t w o  

s e t s  o f  f l a t  p l u n g e r s  w e r e  u s e d .  O n e  s e t  h a d  a  c o n s t a n t  c r o s s -  

s e c t i o n a l  a r e a  a n d  t h e  o t h e r  a  c o n s t a n t  p e r i m e t e r  l e n g t h .  F o r  

m a n y  o f  t h e  c o m m o d i t i e s  t e s t e d  b y  B o u r n e  i t  h a s  b e e n  f o u n d  
t h a t  t h e  c o n s t a n t  C  w a s  v e r y  s m a l l  i n  m a g n i t u d e  a n d  t h e r e f o r e  
c o u l d  b e  e l i m i n a t e d  f r o m  t h e  e q u a t i o n  w i t h o u t  i n t r o d u c i n g  
a n y  g r e a t  i n a c c u r a c y  ( B o u r n e ,  1 9 6 6 ) .  F o r  t h e s e  c o m m o d i t i e s ,  
w h e r e  t h e  c o n s t a n t  C  i s  e l i m i n a t e d ,  B o u r n e ’s  e q u a t i o n  c a n  b e  
w r i t t e n  i n  t h e  f o r m  o f :

F/D = K^D + Kg

F o r  a n  u n k n o w n  c o m m o d i t y  o r  m a t e r i a l ,  i f  t h e  l a t t e r  l i n e a r  
r e l a t i o n s h i p  b e t w e e n  F / D  a n d  D  c o u l d  b e  p r o v e d  t o  e x i s t ,  t h e  
a s s u m p t i o n  t h a t  t h e  c o n s t a n t  C  i s  n e g l i g i b l e  c a n  b e  c o n s i d e r e d  

a s  c o r r e c t .  T h e  a p p l i c a t i o n  o f  t h i s  c o n s i d e r a t i o n  w a s  d e m o n 
s t r a t e d  f o r  c u c u m b e r s  b y  S u  a n d  H u m p h r i e s  ( 1 9 7 2 ) ,  e v e n  
t h o u g h  t h e y  u s e d  o n l y  t h r e e  p l u n g e r s  i n  a  f a i r l y  l a r g e  d i a m e t e r  
r a n g e .

A l t h o u g h  B o u r n e ’s  b a s i c  e q u a t i o n  h a s  b e e n  u s e d  f o r  t h e  
e v a l u a t i o n  o f  t h e  p e n e t r a t i o n  f o r c e  i n  t e r m s  o f  c o m p r e s s i v e  
a n d  s h e a r  c o m p o n e n t s ,  i t  h a s  b e e n  r e p o r t e d  t h a t  s o m e  m a t e r i 
a l s  m i g h t  h a v e  o t h e r  k i n d s  o f  c o m p o n e n t s  ( D e  M a n n  1 9 6 9 ) .  I t  
h a s  a l s o  b e e n  r e p o r t e d  t h a t  o t h e r  g e o m e t r i c a l  f a c t o r s ,  s u c h  a s

t h e  s h a p e  a n d  a c t u a l  c o n t a c t  a r e a ,  a f f e c t e d  t h e  p e n e t r a t i o n  
f o r c e  a s  w e l l  ( A h m e d  a n d  F l u c k ,  1 9 7 2 ) .

I n  t h i s  s t u d y  w e  h a v e  e v a l u a t e d  t h e  p o s s i b i l i t y  o f  u s i n g  
B o u r n e ’s e q u a t i o n  t o  e s t i m a t e  t h e  c o m p r e s s i v e  a n d  s h e a r  

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

E X P E R IM E N T A L

M a te r ia ls

L o c a l  p in e a p p le  f r u i t s  a n d  p l a n t a in s  a t  d i f f e r e n t  s ta g e s  o f  m a t u r i t y  
w e r e  p u r c h a s e d  in  a  lo c a l  m a r k e t  a n d  t e s t e d  o n  t h e  d a y  o f  p u r c h a s e .  
M a n g o e s  o f  v a r ie t i e s  w h ic h  d o  n o t  c o n ta in  f ib e r s  (M a n g a ,  S e n s a t i o n ,  
K e n t  a n d  S a n d e r s h a )  w e re  c o l l e c t e d  f r o m  e x p e r i m e n t a l  p l a n t a t i o n s .  
A f te r  b e in g  w a s h e d  a n d  w a x e d  t h e y  w e r e  l e f t  t o  r i p e n  a t  r o o m  t e m p e r a 
t u r e  ( 2 0 - 2 4 ° C ) .  P a p a y a  f r u i t s  c o l le c te d  f r o m  c o m m e r c ia l  p l a n t a t i o n s  a t  
a  “ g r e e n - r ip e ”  s ta g e  w e re  l e f t  t o  m a t u r e  a n d  w e r e  t e s t e d  a s  p re v io u s ly  
r e p o r t e d  (P e le g ,  1 9 7 4 ) .

A g a r  g e ls  w e r e  p r e p a r e d  u s in g  A g a r  A g a r  ( M e rc k  W . G e r m a n y  N o  
1 6 1 4 ) .  T h e  h o t  s o lu t io n s  w e r e  f i l le d  i n t o  f l a t  c o n t a i n e r s  t o  a b o u t  1 .5  
c m  d e p t h  a n d  l e f t  o v e r n ig h t  b e f o r e  p e n e t r a t i o n  t e s t s  w e r e  p e r f o r m e d .  

T e s t  p r o c e d u r e

A n  I n s t r o n  U n iv e rs a l  T e s t in g  M a c h in g  (M o d e l  T M )  w a s  u s e d  in  a  
c o m p r e s s io n  a r r a n g e m e n t .  F r e s h ly  c u t  h a lv e s  o f  m a n g o e s  a n d  p l a n t a in s  
o r  s l ic e s  o f  p in e a p p le  a n d  p a p a y a  w e r e  s u b je c t e d  t o  t h e  p e n e t r a t i o n  
t e s t s .  T w o  s e ts  o f  f iv e  c y l in d r i c a l  m e t a l  p lu n g e r s  w e re  e m p lo y e d .  F o r  
p in e a p p le  a n d  p a p a y a  t h e  s e t  c o n t a i n e d  p lu n g e r s  h a v in g  d i a m e te r s  o f  
3 / 1 6 ,  5 / 1 6 ,  7 / 1 6 ,  9 / 1 6  a n d  1 1 /1 6  in .  F o r  m a n g o e s  a n d  p l a n t a in s  t h e  s e t  
c o n t a i n e d  p lu n g e r s  h a v in g  d i a m e te r s  o f  3 / 1 6 ,  1 / 4 ,  5 / 1 6 ,  3 / 8  a n d  7 / 1 6  
in .  T h r e e  p lu n g e r  d i a m e te r s  ( 3 / 1 6 ,  5 / 1 6  a n d  7 / 1 6  in . )  w e r e  u s e d  f o r  a l l  
f r u i t s .  F o r  t h e  A g a r  g e ls  a l l  t h e  p lu n g e r s  o f  t h e  t w o  s e ts  w e re  e m p lo y e d .  
A ll t h e  p lu n g e r s  h a d  a  s p h e r ic a l  p e n e t r a t i n g  e n d  s im ila r  in  s h a p e  t o  t h a t  
o f  t h e  s t a n d a r d  F r u i t  P r e s s u r e  T e s te r  d e s c r ib e d  b y  M a g n e s s  a n d  T a y lo r  
( 1 9 2 5 ) .  A ll  t h e  s a m p le s  w e re  p e n e t r a t e d  a t  a  s p e e d  o f  2 0  c m / m i n  a n d  
t h e  p lu n g e r s  w e re  w i th d r a w n  a f t e r  a  y ie ld  p o i n t  h a d  b e e n  r e c o r d e d .

Fig. 1—Force-diameter relationship in pene
tration o f  Agar gels with circular plungers.
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Fig. 2 —Force-diameter relationship in pene
tration tests o f  mangos.

D (cm)

Fig. 3 — Force-diameter relationship in penetration tests o f  papayas.

B e tw e e n  t h r e e  a n d  e ig h t  p e n e t r a t i o n s  w e re  p e r f o r m e d  w i th  e a c h  
p lu n g e r .  T h e  lo w e r  n u m b e r  g e n e r a l ly  r e p r e s e n t s  t h e  tw o  b ig g e r  p lu n g e r s  
o f  e a c h  s e t  o f  p lu n g e r s ,  f o r  w h ic h  t h e  a v a i la b le  f r u i t  s u r f a c e  w a s  s o m e 
t im e s  t e c h n ic a l ly  l im i t e d .

A f te r  t h e  t e s t s ,  s l ic e s  o f  t h e  f r u i t s  w e r e  p e e l e d  a n d  d i s in t e g r a t e d  b y  a  
d o m e s t ic  O s te r iz e r .  T h e  t o t a l  s o lu b le  s o l id s  c o n t e n t  (T S S )  o f  t h e  p u r e e  
w a s  d e t e r m in e d  b y  a  r e f r a c t o m e t e r  a n d  t h e  r e s u l t s  a r e  e x p r e s s e d  in  
° B r ix .

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

A gar-agar g e ls

R e s u l t s  o f  a g a r - a g a r  g e l s  p e n e t r a t i o n  i n  t h e  f o r m  o f  F / D  v s .  

D  r e l a t i o n s h i p  a r e  g i v e n  i n  F i g u r e  1 . T h e s e  s h o w e d  t h a t  f o r  
c o n c e n t r a t i o n  o f  1 ,  2  a n d  3 % ,  l i n e a r  r e l a t i o n s h i p  c o u l d  w e l l  
r e p r e s e n t  t h e  e x p e r i m e n t a l  d a t a  f o r  c u r v e d  p l u n g e r s  r a n g i n g  i n  
d i a m e t e r  f r o m  3 / 1 6 - 1 / 2  i n .  ( 0 . 4 7 6 — 1 . 2 7 0  c m ) .  H o w e v e r ,  f o r  
b i g g e r  d i a m e t e r s  d e v i a t i o n s  f r o m  t h i s  l i n e a r  r e l a t i o n s h i p  c o u l d  

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

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

p e r i m e n t a l l y  .

P e n e tr a t io n  o f  m a n g o s , p a p a y a , p in e a p p le  an d  p la n ta in s
P e n e t r a t i o n  r e s u l t s  i n  t h e  f o r m  o f  F / D  v s .  D  a r e  g i v e n  i n  

F i g u r e s  2 ,  3 ,  4  a n d  5 .  T h e s e  s h o w e d  t h a t  i n  t h e  r a n g e  o f  
p l u n g e r  d i a m e t e r s  b e t w e e n  3 / 1 6 —7 / 1 6  i n .  ( 0 . 4 7 6 — 1 .1  1 3  c m )  
f o r  m a n g o e s  a n d  p l a n t a i n s  a n d  i n  t h e  r a n g e  3 / 1 6 - 1 1 / 1 6  i n .

D (cm)

Fig. 4 —Force-diameter relationship in pene
tration tests o f  pineapples.

D (cm)

Fig. 5-Force-diam eter relationship in pene
tration tests o f  plantains.

( 0 . 4 7 6  — 1 . 7 4 6  c m )  f o r  p a p a y a s  a n d  p i n e a p p l e s ,  t h e  e x p e r i 
m e n t a l  d a t a  c o u l d  b e  w e l l  r e p r e s e n t e d  b y  a  l i n e a r  r e l a t i o n s h i p  

b e t w e e n  F / D  a n d  D .  I n  t e r m s  o f  B o u r n e ’s  e q u a t i o n  i t  m e a n t  
t h a t  e l i m i n a t i n g  t h e  e x p e r i m e n t a l  c o n s t a n t  C  w a s  p r a c t i c a l l y  
j u s t i f i e d .

E stim a tio n  o f  th e  c o m p r ess iv e  an d  sh ear  c o n tr ib u t io n s  
to  th e  p e n e tr a t io n  fo r c e

T h e  p o s s i b i l i t y  o f  r e p r e s e n t i n g  t h e  p e n e t r a t i o n  f o r c e  o f  a g a r  
m o d e l  g e l s ,  m a n g o s ,  p a p a y a s ,  p i n e a p p l e s  a n d  p l a n t a i n s  b y  t h e  
r e d u c e d  f o r m  o f  B o u r n e ’s  e q u a t i o n  a n d  t h e  f a c t  t h e  d i a m e t e r s  
o f  t h e  t w o  s t a n d a r d  p l u n g e r s  o f  t h e  F r u i t  P r e s s u r e  T e s t e r  ( 5 / 1 6  
a n d  7 / 1 6  i n . )  w e r e  f o u n d  t o  b e  w i t h i n  t h e  r a n g e  f o r  w h i c h  t h i s  

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

w a y  t h e y  e n a b l e d  t h e  c a l c u l a t i o n  o f  t h e  c o m p r e s s i v e  a n d  s h e a r  
c o n t r i b u t i o n s  t o  t h e  t o t a l  f o r c e ,  f r o m  t h e  t e r m s  K J ; D 2 a n d  
K g D ,  r e s p e c t i v e l y .  F o r m u l a e  f o r  t h e  c a l c u l a t i o n  o f  t h e  c o e f f i 
c i e n t s  i n  B o u r n e ’s  e q u a t i o n  f r o m  r e s u l t s  o b t a i n e d  b y  a n y  t w o  
p l u n g e r s  a n d  b y  t h e  t w o  s t a n d a r d  ( 5 / 1 6  a n d  7 / 1 6  i n . )  p l u n g e r s  
a r e  g i v e n  i n  T a b l e  2 .  C a l c u l a t i o n  o f  t h e  s h e a r  a n d  c o m p r e s s i v e  
c o n t r i b u t i o n s  i n  t e r m s  o f  p e r c e n t a g e  o f  t h e  t o t a l  p e n e t r a t i o n  
f o r c e  i s  a l s o  g i v e n  i n  t h i s  t a b l e .  I t  c a n  b e  s e e n  t h a t  f o r  a  g i v e n  
p a i r  o f  p l u n g e r s  t h e  c o m p r e s s i v e  a n d  s h e a r  c o n t r i b u t i o n s  a r e  a  
f u n c t i o n  s o l e l y  o f  t h e  r a t i o  b e t w e e n  t h e  p e n e t r a t i o n  f o r c e s  
o b t a i n e d  b y  t h e  t w o  p l u n g e r s  a n d  t h e r e f o r e  a r e  i n d e p e n d e n t  o f  
t h e  p e n e t r a t i o n  f o r c e  u n i t s .
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Table 1—Texture uniformity of some tropical fruits determined 
by penetration tests3

Fruit
T SS

(°Brix)

Mean
penetration

force
(kg)

Coef. of
variance

<%>

M ango (Kent) 23.7 0.576 22.7
23.1 0.256 19.9

Papaya 8.1 0.529 16.7
8.8 0.403 15.4
9.9 0.408 18.8

10.0 0.514 20.6

P ineapp le 14.2 2.69 18.2
15.2 2.30 25.7
15.6 2.43 38.9

P lan ta in green-unripe 6.54 8.3
sem i-ripe 2.81 10.6
ripe 1.43 11.0
ripe 1.23 16.4

a Determ ined  by 5/16 in. p lunger at a penetra tion speed o f 20
cm /m in .

Table 2— Estimation of the penetration force components from re
sults obtained by two plungers

General equation: L .

D .

E i

Da

For two plungers:

Equation for the 5/16 Kj.= 2.834 F (7/16) -  3.968 F(5/16)
and 7/16 in. standard
plungers of the "F ru it  K ,=  4.409 F (5/16) — 2.250 F (7/16)
Pressure Tester"3

5/16 in. 
plunger

%  Compression 
and 

shear
contributions

7/16 in. 
plunger

%  Comp. = 1 78.6 F(,7/16>' -  250 
F (5/16)

F (7/16)
%  Shear = 350 -  178.6

F (5/16)

%  Comp. = 350 -  490 -
F (7/16)

%  Shear = 490
F (5/16) 

F (7/16)
— 250

3 F in  kg, KJ. in kg /cm 2 and in kg/cm

Table 3— Estimated contributions of the penetration force components of some tropical fruits

Fruit

No.
of

tests
T S S  range 

(°Brix)
Mean forces 

ratio

Coef.
of

variance

(%)

Plunger
diam
(in.)

Contribution

Comp.
(%)

Shear
(%)

5/16 94.1 5.9
Mango 25 12.5-24.8 0.519 16.2 7/16 95.7 4.3

5/16 79.5 20.5
Papaya 19 7.6-11.5 0.542 16.5 7/16 84.4 15.6

5/16 67.8 32.2
Pineapple 22 12.5-19.2 0.562 11.1 7/16 74.6 25.4

5/16 85.7 14.3
Plantain 25 - 0.532 1C.6 7/16 89.3 10.7

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

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

t h e  5 / 1 6  a n d  7 / 1 6  i n .  p l u n g e r s .  I n  e v e r y  t e s t  8 — 1 6  p e n e t r a 
t i o n s  w e r e  p e r f o r m e d  w i t h  e a c h  p l u n g e r  a n d  t h e  r a t i o  b e t w e e n  
t h e  m e a n  f o r c e s  w a s  c a l c u l a t e d  f o r  e a c h  f r u i t .

M e a n  p e n e t r a t i o n  f o r c e  r a t i o s  a n d  t h e i r  c o e f f i c i e n t s  o f  v a r i 
a n c e  a r e  g i v e n  i n  T a b l e  3 .  T h e s e  s h o w e d  t h a t  c o n s i d e r a b l e  
v a r i a t i o n s  e x i s t e d  w i t h i n  t h e  s a m e  g r o u p  o f  f r u i t s .  I t  w a s  
p r o b a b l y  d u e  t o  t h e  n a t u r a l  t e x t u r a l  s t r e n g t h  v a r i a b i l i t y  w i t h i n  
t h e  i n d i v i d u a l  f r u i t s  ( T a b l e  1 )  b u t  i t  m i g h t  a l s o  s u g g e s t  t h e  
p o s s i b i l i t y  t h a t  t e x t u r a l  d i f f e r e n c e s  b e t w e e n  f r u i t s  a r e  e x 
p r e s s e d  n o t  o n l y  b y  t h e  p e n e t r a t i o n  f o r c e  m a g n i t u d e ,  b u t  b y  
d i f f e r e n c e s  i n  t h e  s h e a r - c o m p r e s s i o n  r a t i o  a s  w e l l .

R e s u l t s  o f  t h e  c a l c u l a t e d  c o n t r i b u t i o n s  o f  t h e  s h e a r  a n d  
c o m p r e s s i v e  c o m p o n e n t s  b a s e d  o n  t h e  m e a n  p e n e t r a t i o n  f o r c e  
r a t i o s  a r e  a l s o  g i v e n  i n  T a b l e  3 .  T h e s e  s h o w e d  t h a t  d e s p i t e  
i n d i v i d u a l  v a r i a t i o n s ,  t h e  f r u i t s  a s  g r o u p s  d i f f e r e d  i n  t h e i r  
s h e a r - c o m p r e s s i v e  c o m p o n e n t s  r a t i o s .  I t  c o u l d  b e  s e e n  t h a t  
w h i l e  r i p e  m a n g o e s  h a d  a n  e x t r e m e l y  l o w  s h e a r  c o m p o n e n t ,  i n  
t h e  o r d e r  o f  m a g n i t u d e  o f  4 —6 % ,  p i n e a p p l e s  w i t h  t h e i r  f i b r o u s  
t e x t u r a l  s t r u c t u r e  h a d  a  s h e a r  c o m p o n e n t  i n  t h e  o r d e r  o f  
2 5 —3 2 % .  A s  c o u l d  b e  e x p e c t e d  f r o m  t h e  d e f i n i t i o n  o f  t h e

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

w i t h  t h e  i n c r e a s e  o f  t h e  a b s o l u t e  s h e a r  c o n t r i b u t i o n  m a g n i 
t u d e .
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COMPUTER ANALYSIS  OF THE VA R IABLES  
AFFECTING RESPIRATION AND QUALITY OF 
PRODUCE PACKAGED IN POLYMERIC FILMS

IN T R O D U C T IO N

P A C K A G I N G  o f  p r o d u c e  i n  p o l y m e r i c  f i l m s  i s  a  c o m m o n  

t e c h n i q u e  d e s i g n e d  t o  p r e v e n t  m o i s t u r e  l o s s ,  t o  p r o t e c t  a g a i n s t  
m e c h a n i c a l  d a m a g e ,  a n d  t o  p r o v i d e  b e t t e r  a p p e a r a n c e .  P r o p e r  

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

b l e s ,  r e s u l t i n g  i n  a n  e x t e n d e d  s h e l f  l i f e  a n d  i m p r o v e d  q u a l i t y .  
A  p r o d u c e  p a c k a g e  i s  a  d y n a m i c  s y s t e m  i n  w h i c h  t w o  m a i n  
p r o c e s s e s ,  r e s p i r a t i o n  a n d  p e r m e a t i o n ,  a r e  o c c u r r i n g  s i m u l 
t a n e o u s l y .  S h o r t l y  a f t e r  h e r m e t i c  p a c k a g i n g ,  t h e  r a t e  o f  p r o 
d u c e  r e s p i r a t i o n  w i l l  b e  e q u a l  t o  t h e  r a t e  o f  0 2 p e r m e a t i o n  
i n t o  t h e  p a c k a g e  a n d  C 0 2 p e r m e a t i o n  o u t  o f  t h e  p a c k a g e ,  a n d  
t h e  c o n c e n t r a t i o n  o f  t h e s e  g a s e s  w i l l  b e  m a i n t a i n e d  a t  a  c o n 
s t a n t  l e v e l  ( T o m k i n s ,  1 9 6 2 ) .  T h e  l o w e r  0 2 l e v e l  a n d  t h e  e l e 
v a t e d  C 0 2 c o n c e n t r a t i o n  t h a t  p r e v a i l  d u r i n g  t h i s  s t e a d y  s t a t e  
p e r i o d  w i l l  l o w e r  t h e  p r o d u c e  r e s p i r a t i o n  r a t e  a n d  c o n s e q u e n t 
l y  e x t e n d  t h e  p r o d u c e  s h e l f  l i f e .  M u c h  o f  t h e  p r e v i o u s  w o r k  o n  
p r o d u c e  p a c k a g i n g  h a s  b e e n  r e l a t e d  t o  t h e  e f f e c t  o f  g a s  c o m p o 
s i t i o n  o n  p r o d u c e  q u a l i t y ,  w i t h  l i t t l e  a t t e n t i o n  t o  t h e  d y n a m i c s  

o f  t h e  p e r m e a t i o n - r e s p i r a t i o n  i n t e r a c t i o n  ( D a u n  e t  a l . ,  1 9 7 3 ;  
H a r d e n b u r g ,  1 9 7 1 ) .  S e v e r a l  w o r k e r s  ( J u r i n  a n d  K a r e l ,  1 9 6 3 ;  
K a r e l  a n d  G o ,  1 9 6 4 ;  V e e r a j u  a n d  K a r e l ,  1 9 6 6 )  h a v e  s t u d i e d  
t h e  p e r m e a t i o n - r e s p i r a t i o n  i n t e r a c t i o n  a n d  d e v i s e d  a  g r a p h i c a l  
s o l u t i o n  t o  p r e d i c t  t h e  s t e a d y  s t a t e  i n t e r n a l  a t m o s p h e r e  i n  

a p p l e  a n d  b a n a n a  p a c k a g e s .

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

a g e s .  T h e  c o m p u t e r  s o l u t i o n  i s  t h e n  v a l i d a t e d  b y  c o m p a r i n g  i t  
t o  m o d e l  p a c k a g e s ’ r e s u l t s ,  a n d  is  f u r t h e r  u s e d  t o  a n a l y z e  t h e  

d i f f e r e n t  p a c k a g i n g  s y s t e m  v a r i a b l e s ’ e f f e c t  o n  i n t e r n a l  p a c k 
a g e  a t m o s p h e r e .  T h i s  t e c h n i q u e  e n a b l e s  t h e  r a p i d  p r e d i c t i o n  o f  
t h e  0 2 a n d  C 0 2 c o n c e n t r a t i o n s  w i t h i n  p r o d u c e  p a c k 
a g e s  -  t a k i n g  i n t o  a c c o u n t  a l l  t h e  p a c k a g e  v a r i a b l e s  -  a n d  a l s o  
p r o v i d e s  a  g o o d  t o o l  f o r  p a c k a g e  d e s i g n  f o r  a n y  c o m m o d i t y  
w i t h o u t  r e q u i r i n g  e x t e n s i v e  e x p e r i m e n t a t i o n  o r  f i e l d  t r i a l s .

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

P a c k a g in g  f i lm s  a n d  t h e i r  p e r m e a b i l i ty

P la s t ic iz e d  p o ly v in y l  c h lo r id e  f i lm s  m a n u f a c t u r e d  b y  t h e  B o r d e n  
C h e m ic a l  C o . ( C o d e d  V F -7 1  a n d  R M F -6 1 )  w e r e  u s e d  in  a l l  e x p e r im e n t s .  
T h e s e  f i lm s  c o n t a i n e d  a n  a n t i- f o g g in g  a g e n t  w h ic h  e l im in a t e d  a n y  w a te r  
c o n d e n s a t io n  o n  th e  f i lm  s u r f a c e .

T h e  p e r m e a b i l i t y  o f  th e s e  f i lm s  to  0 2 a n d  C 0 2 w a s  m e a s u r e d  b y  th e  
G i lb e r t  a n d  P e g a z  ( 1 9 6 9 )  t e c h n iq u e .  0 2 a n d  C 0 2 c o n c e n t r a t i o n s  w e re  
d e te r m in e d  u s in g  A e r o g r a p h  A 9 0 -P 3  a n d  B e c k m a n  G C -5  g a s  c h r o m a t o 
g ra p h s ,  r e s p e c t iv e ly .

T o m a t o  re s p i r a t io n  r a t e  m e a s u r e m e n ts

W e ig h e d  a m o u n ts  o f  t o m a t o e s  ( ty p i c a l ly  4  t o m a to e s  w e ig h in g  a b o u t  
4 0 0 - 5 0 0 g ,  h a v in g  a  d i a m e t e r  o f  a p p r o x i m a t e l y  2 .5  in . )  w e re  p la c e d  in  
s q u a r e  a lu m in u m  d e s ic c a to r s  ( 4 - 3 /4  in .  x  4 - 3 / 4  in .  x  4 - 3 /4  in . ,  h a v in g  a  
f r e e  v o lu m e  o f  1 2 8 0  c c ) ,  w h ic h  s e rv e d  a s  t h e  r e s p i r a t i o n  c h a m b e r s .

E a c h  c h a m b e r  w a s  c o m p le t e l y  s e a le d  b y  g lu in g  a lu m in u m  f o i l  t o  i ts  
e d g e s .  A t  c o n s t a n t  t im e  in te rv a ls ,  0 .3 - c c  s a m p le s  w e re  d r a w n  f r o m  e a c h  
c h a m b e r  t h r o u g h  a  r u b b e r  c e m e n t  s a m p l in g  p o r t  a n d  a n a l y z e d  f o r  C 0 2 
a n d  0 2 c o n c e n t r a t i o n  u s in g  t h e  tw o  g a s  c h r o m a to g r a p h s  m e n t io n e d  
p r e v io u s ly .  F iv e  c h a m b e r s  w e r e  u s e d  t o  m e a s u r e  0 2 c o n s u m p t io n  r a t e  
a n d  C 0 2 e v o lu t io n  r a t e  s im u l t a n e o u s ly ,  a n d  5 c h a m b e r s  w e r e  u s e d  to  
m e a s u r e  0 2 c o n s u m p t i o n  r a t e  u n d e r  c o m p le t e  a b s o r p t i o n  o f  C 0 2 ( th e  
C 0 2 w a s  a b s o r b e d  b y  a  K O H  s o l u t i o n  p la c e d  in  p e t r i  d i s h e s  a t  th e  
b o t t o m  o f  e a c h  c h a m b e r ) .  T h e  C 0 2 a n d  0 2 c o n c e n t r a t i o n s  w e re  p l o t 
t e d  v e r s u s  t im e .  T h e s e  c u rv e s  w e r e  d iv id e d  i n t o  l in e a r  a n d  c u rv i l in e a r  
p o r t i o n s .  A ll  p o i n t s  b e lo n g in g  t o  t h e  c u r v i l in e a r  p o r t i o n  w e r e  p l o t t e d  
o n  a  s e m i lo g a r i th m ic  p a p e r  t o  g iv e  a  s t r a ig h t  l in e .  R e g r e s s io n  a n a ly s is  
w a s  c a r r ie d  o u t  o n  b o t h  p o r t i o n s  o f  t h e  c u rv e  t o  d e t e r m i n e  th e i r  re 
g r e s s io n  c o e f f i c i e n t s  a n d  i n t e r c e p t  v a lu e s .  H a v in g  o b t a i n e d  th e s e  c o 
e f f i c ie n t s ,  0 2 c o n s u m p t i o n  r a t e s  a n d  C 0 2 e v o lu t io n  r a t e s  u n d e r  d i f 
f e r e n t  0 2 a n d  C 0 2 c o n c e n t r a t i o n s  w e re  c a l c u l a t e d .

M o d e l  p a c k a g e s  o f  t o m a t o e s

T h e  r e s p i r a t i o n  c h a m b e r s  d e s c r ib e d  a b o v e  s e rv e d  a s  t h e  m o d e l  p a c k 
a g e s  a f t e r  t h r e e  w in d o w s  w e re  o p e n e d  in  e a c h  o f  t h e m ,  w h ic h  w e re  t h e n  
c o v e r e d  b y  t h e  p r o p e r  p a c k a g in g  f i lm .  A  w e ig h e d  a m o u n t  o f  t o m a to e s  
w a s  p la c e d  in  e a c h  p a c k a g e ,  w h ic h  w a s  t h e n  s e a le d  f r o m  th e  t o p  b y  th e  
p r o p e r  p a c k a g in g  f i lm  a n d  p r o v id e d  w i t h  a  s i l ic o n e  r u b b e r  s e p tu m  f o r  
g a s  a n a ly s is .  T h e  f i lm  a r e a  o f  e a c h  m o d e l  p a c k a g e  w a s  in  t h e  r a n g e  
5 2 . 5 - 5 3  s q  in . ;  t h e  f r e e  v o lu m e  o f  a n  e m p ty  m o d e l  p a c k a g e  w a s  1 3 3 0  
c c .  A tm o s p h e r i c  s a m p le s  ( 0 .3  c c )  w e re  t a k e n  f r o m  th e  p a c k a g e s  a t  
c o n s t a n t  t im e  in te r v a l s  a n d  a n a l y z e d  f o r  0 2 a n d  C 0 2 u s in g  g a s  c h r o m a 
t o g r a p h y .

M a th e m a t ic a l  m o d e l  f o r  t h e  p a c k a g in g  s y s te m

In  o r d e r  t c  f in d  th e  0 2 a n d  C 0 2 c o n c e n t r a t i o n s  w i th in  a  p r o d u c e  
p a c k a g e  a t  a n y  t im e  b e tw e e n  t h e  s t a r t  o f  t h e  e x p e r i m e n t  a n d  th e  t im e  
s te a d y  s t a t e  c o n d i t i o n s  w e re  a c h i e v e d ,  t w o  o r d in a r y  f i r s t - o r d e r  d i f f e r 
e n t i a l  e q u a t io n s  r e p r e s e n t i n g  th e  s y s te m  w e re  s o lv e d :

d V o i

c t
=  K ,

V c i.
x  A  x  ( 0 .2 1  - ~ - ) - f  (— , v ( 1)

d V c i
d t =  g

A m  V c i ,  „
- y  > v  • (2)

w h e re :  V o i  =  v o lu m e  o f  0 2 in  t h e  p a c k a g e  ( c c ) ;  V c i  =  v o lu m e  o f  C 0 2 in  
t h e  p a c k a g e  (c c ) ;  V  =  t o t a l  f r e e  v o lu m e  in  t h e  p a c k a g e  ( c c ) ;  K ,  = 
p e r m e a b i l i t y  o f  t h e  f i lm  t o  0 2 ( c c /h r  x  i n . 2 ) ;  A  =  a r e a  o f  t h e  p a c k a g in g  
f i lm  ( i n . 2 ) ;  K ,  =  p e r m e a b i l i ty  o f  t h e  f i lm  t o  C 0 2 ( c c / h r  x  i n .2 ) ;  t  = 
t im e  ( m i n ) ;  f  =  a  f u n c t i o n  r e p r e s e n t in g  0 2 c o n s u m p t i o n  r a t e ;  a n d  g  = a  
f u n c t i o n  r e p r e s e n t i n g  C 0 2 e v a lu a t io n  r a t e .

T h e  f u n c t io n s  o f  f  a n d  g w e re  d e t e r m in e d  f r o m  t h e  r e s p i r a t io n  
m e a s u r e m e n ts ,  a n d  K , , K 2 f r o m  th e  p e r m e a b i l i t y  e x p e r im e n t s .  E q .  (1 )  
a n d  (2 )  w e re  s o lv e d  n u m e r ic a l ly  u s in g  a n  IB M  3 6 0  c o m p u t e r  a t  R u tg e r s  
C o m p u t a t i o n  C e n t e r .  T h e  c o m p u te r  p r i n t - o u t  p r o v id e d  th e  0 2 a n d  C 0 2 
c o n c e n t r a t i o n s  a t  1-h r  t im e  in te rv a ls  u n t i l  s t e a d y  s t a t e  c o n d i t i o n s  o c 
c u r r e d ,  a t  w h ic h  p o i n t  th e  a n a ly s is  w a s  t e r m i n a t e d  a n d  th e  f in a l  0 2 a n d  
C 0 2 c o n c e n t r a t i o n s  w e re  p r i n t e d  o u t .

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

T H E  P E R M E A B I L I T Y  V A L U E S  o f  R M F - 6 1  a n d  V F - 7 1  f i l m s  
t o  0 2 a n d  C 0 2 a t  2 3 ° C  a r e  p r e s e n t e d  i n  T a b l e  1 . T h e  r a t e s  o f
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0 2 c o n s u m p t i o n  a n d  C 0 2 e v o l u t i o n  o f  f i e l d  t o m a t o e s  ( “ J e t  

S t a r ”  v a r i e t y )  a t  2 3 ° C  a s  a  f u n c t i o n  o f  0 2 a n d  C 0 2 c o n c e n t r a 
t i o n s  a r e  g i v e n  i n  F i g u r e  1 . T h e  0 2 c o n s u m p t i o n  r a t e  u n d e r  

c o m p l e t e  a b s o r p t i o n  o f  C 0 2 w a s  c o n s t a n t  ( 2 3 . 1 3 5  c c / k g  h r )  i n  
t h e  r a n g e  o f  2 1  — 1 1 . 5 3 %  0 2 ; b e l o w  1 1 . 5 3 %  0 2 , a  l i n e a r  d e 
c r e a s e  i n  0 2 c o n s u m p t i o n  r a t e  t o o k  p l a c e  t o  a b o u t  4 %  0 2 , 
w i t h  a  s l o p e  ( f o r  t h e  l i n e a r  p o r t i o n  o f  t h e  c u r v e )  o f  2 . 0 0  c c / k g  

h r  %  0 2 .

W h e n  C 0 2 w a s  a c c u m u l a t i n g  s i m u l t a n e o u s l y  w i t h  0 2 r e 
d u c t i o n ,  t h e  0 2 c o n s u m p t i o n  r a t e  w a s  s i g n i f i c a n t l y  r e d u c e d ,  
b u t  t h e  r e d u c t i o n  w a s  s u r p r i s i n g l y  l o w .  T h e  0 2 c o n s u m p t i o n  
r a t e  w a s  c o n s t a n t  ( 2 1 . 9 4  c c / k g  h r )  i n  t h e  r a n g e  2 1  — 1 2 . 0 8 %  

0 2 , t h e n  d e c r e a s e d  l i n e a r l y  w i t h  a  s l o p e  o f  1 . 8 1 5  c c / k g  h r  %
0 2 . T h i s  r e s p i r a t i o n  p a t t e r n  w a s  o b s e r v e d  t o  b e  t y p i c a l  o f  

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

t i o n  r a t e .

T h e  e v o l u t i o n  r a t e  o f  C 0 2 w a s  c o n s t a n t  u p  t o  a  C 0 2 c o n 
c e n t r a t i o n  o f  9 %  i n  t h e  r e s p i r a t i o n  c h a m b e r  ( 1 8 . 5 2  c c / k g  h r ) ,  
a b o v e  w h i c h  a  s t e p - w i s e  d r o p  i n  C 0 2 e v o l u t i o n  r a t e  o c c u r r e d  

t o  a  r a t e  o f  1 2 . 1 9  c c / k g  h r .  R . Q .  v a l u e s  r e m a i n e d  c o n s t a n t  a t  
a b o u t  0 . 9  i n  t h e  r a n g e  0 - 9 %  C 0 2 t h e n  a  d r o p  t o  0 . 6  w a s  
o b s e r v e d ,  w i t h  a  f u r t h e r  i n c r e a s e  a f t e r  t h a t  t o  1 . 4 .  W h e n  0 2 
c o n c e n t r a t i o n s  w e r e  l e s s  t h a n  4 %  t h e  R . Q .  v a l u e s  r o s e  t o  1 .5  

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

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

b e  m e a s u r e d  a c c u r a t e l y .  T h i s  w a s  e s s e n t i a l  i n  v i e w  o f  t h e  f a c t  
t h a t  t h e  m o d e l  p a c k a g e s  r e s u l t s  h a d  t o  b e  c o m p a r e d  w i t h  t h e  
c o m p u t e r  c a l c u l a t e d  v a l u e s .  T h e  m o d e l  p a c k a g e s  c o n s i s t e d  o f  
a b o u t  0 . 4 7  k g  o f  t o m a t o e s  ( 4  t o m a t o e s  p e r  p a c k a g e ) ,  a n  a r e a  
o f  5 3  s q  i n . ,  a n d  a  f r e e  v o l u m e  o f  8 4 3  c c .  I n  R M F - 6 1  m o d e l  
p a c k a g e s ,  0 2 c o n c e n t r a t i o n  d e c r e a s e d  t o  a b o u t  8 %  0 2 c o n c e n 

t r a t i o n  i n  2 4  h r ,  t h e n  a n  e q u i l i b r i u m  c o n c e n t r a t i o n  o f  0 2 w a s  
a t t a i n e d  a t  6 . 9 %  f o r  a b o u t  7  d a y s  ( F i g .  2 ) .

S i m u l t a n e o u s l y ,  C 0 2 c o n c e n t r a t i o n  i n c r e a s e d  t o  4 %  i n  1 2  
h r ,  a t t a i n e d  a  s h o r t  e q u i l i b r i u m  a t  t h a t  l e v e l ,  a n d  t h e n  d e 
c r e a s e d  t o  a  f i n a l  l e v e l  o f  2 %  f o r  7  d a y s .  A l l  t h e  R M F - 6 1  

m o d e l  p a c k a g e  v a r i a b l e s ,  i n c l u d i n g  s u r f a c e  a r e a ,  t o m a t o  
w e i g h t ,  f r e e  v o l u m e ,  f i l m  p e r m e a b i l i t y  a n d  t o m a t o  r e s p i r a t i o n  
r a t e  u n d e r  c o m p l e t e  a b s o r p t i o n  o f  C 0 2 w e r e  f e d  t o  t h e  c o m 
p u t e r  p r o g r a m ,  w h i c h  i n  t u r n  r e a d  t h e  c h a n g e  i n  0 2 a n d  C 0 2 
c o n c e n t r a t i o n s  w i t h  t i m e  u n t i l  t h e  a t t a i n m e n t  o f  e q u i l i b r i u m  
c o n d i t i o n s .  T h e  c o m p u t e r  c a l c u l a t e d  r e s u l t s  a r e  p r e s e n t e d  i n  
F i g u r e  2  a s  c o m p a r e d  t o  t h e  e x p e r i m e n t a l  r e a d i n g s  o f  t h e  

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

I n  V F - 7 1  t o m a t o  m o d e l  p a c k a g e s ,  0 2 c o n c e n t r a t i o n  d e 

c r e a s e d  t o  a b o u t  4 %  i n  3 0  h r  a n d  t h e n  a t t a i n e d  a n  e q u i l i b r i u m  
c o n c e n t r a t i o n  o f  3 . 5 %  f o r  7  d a y s  ( F i g .  3 ) .  C 0 2 c o n c e n t r a t i o n  
i n c r e a s e d  t o  1 0 %  i n  1 6  h r ,  r e m a i n e d  c o n s t a n t  f o r  a  s h o r t  p e r i 
o d ,  a n d  d e c r e a s e d  t o  a  f i n a l  e q u i l i b r i u m  c o n c e n t r a t i o n  o f  4 % .  
A s  i n  t h e  p r e v i o u s  e x a m p l e  o f  t h e  R M F - 6 1  p a c k a g e ,  a  g o o d  f i t  
b e t w e e n  c o m p u t e d  a n d  e x p e r i m e n t a l  d a t a  i s  o b s e r v e d  ( F i g .  3 ) .

A f t e r  e s t a b l i s h i n g  t h e  v a l i d i t y  o f  t h e  c o m p u t e r - a i d e d  s o l u 
t i o n ,  i t  w a s  u s e d  t o  a n a l y z e  t h e  e f f e c t  o f  e a c h  p a c k a g i n g  s y s 
t e m  v a r i a b l e  o n  t h e  c h a n g e  i n  0 2 a n d  C 0 2 c o n c e n t r a t i o n  w i t h  
t i m e .  A  c h a n g e  i n  t h e  f i l m  p e r m e a b i l i t y  t o  0 2 f r o m  2 0 0 0  t o  
2 6 0 0  c c / 2 4  h r  X 1 0 0  i n . 2 X a t m  w o u l d  r e s u l t  i n  a n  e l e v a t e d  
s t e a d y  s t a t e  c o n c e n t r a t i o n  o f  0 2 ( f r o m  6 . 9 5 %  t o  8 . 2 0 % )  f o r  a  
p a c k a g e  h a v i n g  t h e  s a m e  d i m e n s i o n s  a s  t h e  m o d e l  p a c k a g e .  
A l s o ,  a  c h a n g e  i n  0 2 p e r m e a b i l i t y  f r o m  6 0 0  t o  1 3 0 0  w o u l d  
i n c r e a s e  t h e  e q u i l i b r i u m  l e v e l  o f  0 2 f r o m  2 . 7  t o  a b o u t  5 %  f o r  

t h e  s a m e  p a c k a g e  d i m e n s i o n s .  A  c h a n g e  i n  t h e  C 0 2 f i l m  p e r 

m e a b i l i t y  f r o m  4 0 0 0  t o  1 2 0 0 0  w o u l d  r e s u l t  i n  a  d e c r e a s e  o f  
t h e  C 0 2 s t e a d y  s t a t e  c o n c e n t r a t i o n  f r o m  3 . 4 6 %  t o  2 . 5 4 % .  A  
c h a n g e  i n  t h e  w e i g h t / f r e e  v o l u m e  r a t i o  f r o m  4 4 5 / 8 8 5  t o

1 0 0 0 / 3 0 0  ( g / c c )  f o r  a n  R M F - 6 1  m o d e l  p a c k a g e  w o u l d  r e s u l t  i n  
a  d e c r e a s e  o f  0 2 e q u i l i b r i u m  c o n c e n t r a t i o n  f r o m  7 . 2 %  t o  4 %  
0 2 , a s  s e e n  f r o m  F i g u r e  4 .  F o r  a  p a c k a g e  w i t h  c o n s t a n t  d i m e n 

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

T a b le  1—P e rm e a b ility  o f  R M F -61  an d  V F -7 1  p ack ag in g  f i lm s  to  
0 2 a n d  C 0 2 (a t  2 3 °C )

O a P e rm e a b ility a >b  C 0 2 P e rm e a b il i ty a >b
cc  cc

F ilm c 2 4  h r  X 1 0 0  in .2 X a tm  2 4  h r  X 1 0 0  in .2 X a tm

RM F-61 2100 10811
VF-71 698 3598

a Mean value o f at least 3 rep licates , 
b C o e ff ic ie n t  o f variance  less than 5%
c Th ickness  o f R M F -6 1 , 0 .7 -0 .8  m il; o f V F -7 1 , 0 .6 -0 .7  m il

LEG EN D:

Fig. 1 — The e ffec t o f  0 2 and C 0 2 concentrations on 0 2 consum p
tion rate and C 0 2 evolution rate

Fig. 2 —A comparison between com puter calculation and experi
mental results o f  the atmosphere change in RMF-61 package
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Fig. 3 —A comparison between com puter calculation and experi
mental results o f  the atmosphere change in VF-71 package

0 2 e q u i l i b r i u m  c o n c e n t r a t i o n  a n d  a n  i n c r e a s e  i n  C 0 2 e q u i l i b r i 
u m  c o n c e n t r a t i o n .  A n  i n c r e a s e  i n  p a c k a g e  f r e e  v o l u m e  w h e n  
t o m a t o  w e i g h t  w a s  k e p t  c o n s t a n t  m e r e l y  l e n g t h e n e d  t h e  t i m e  

i n  w h i c h  t h e  e q u i l i b r i u m  c o n d i t i o n s  w e r e  a t t a i n e d .  A  c h a n g e  i n  
t h e  R M F - 6 1  p a c k a g i n g  f i l m  a r e a  f r o m  4 0  t o  9 5  s q  i n .  f o r  a  
c o m m e r c i a l  p a c k a g e  w o u l d  c h a n g e  t h e  0 2 e q u i l i b r i u m  c o n c e n 

t r a t i o n  f r o m  5 . 4 2 %  t o  9 . 5 %  ( F i g .  5 ) .
L o w e r i n g  t h e  t e m p e r a t u r e  f r o m  2 3 ° C  t o  1 5 ° C  r e s u l t e d  i n  a  

r e d u c t i o n  o f  0 2 c o n s u m p t i o n  r a t e  f r o m  2 3  t o  1 5 . 5  c c / k g  h r ,  a  
c h a n g e  i n  t h e  d e f l e c t i o n  p o i n t  f r o m  1 1 . 5  t o  1 1 . 7 %  0 2 , a n d  a  
c h a n g e  i n  t h e  s l o p e  a f t e r  d e f l e c t i o n  f r o m  2 . 0 0  t o  1 . 5 0  c c / k g  h r  
%  0 2 . T h i s  3 3 %  r e d u c t i o n  i n  r e s p i r a t i o n  r a t e  w i t h  a  d e c r e a s e  i n  

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

l i t e r a t u r e  ( F o r w a r d ,  1 9 6 0 ) .
T h e  d a t a  f r o m  m o d e l  p a c k a g e s  d e m o n s t r a t e d  t h a t  w h i l e  t h e  

c h a n g e s  i n  i n t e r n a l  a t m o s p h e r e  c o m p o s i t i o n  h a d  b e e n  s l o w e r  
t o  o c c u r  a t  t h e  l o w  t e m p e r a t u r e ,  t h e  f i n a l  0 2 a n d  C 0 2 e q u i l 
i b r i u m  c o n c e n t r a t i o n s  w e r e  a b o u t  t h e  s a m e  a t  1 5 ° C  a n d  2 3 ° C  
f o r  b o t h  R M F - 6 1  a n d  V F - 7 1  p a c k a g e s .  T h i s  p h e n o m e n o n  s u g 
g e s t s  t h a t  t e m p e r a t u r e  c h a n g e s  a f f e c t  b o t h  r e s p i r a t i o n  r a t e  a n d  

f i l m  p e r m e a b i l i t y  r a t e  t o  t h e  s a m e  d e g r e e .  H o w e v e r ,  t h e  c o m 
b i n e d  e f f e c t  o f  l o w e r  t e m p e r a t u r e ,  l o w  0 2 c o n c e n t r a t i o n ,  a n d  
h i g h  C 0 2 c o n c e n t r a t i o n  l e a d s  t o  a  f u r t h e r  r e d u c t i o n  i n  t h e  

r e s p i r a t i o n  r a t e  t h a n  t h e  c o n c e n t r a t i o n  e f f e c t  i t s e l f .

C O N C L U S IO N S

I N  S U M M A R Y ,  t h e  t w o  d i f f e r e n t i a l  e q u a t i o n s  r e p r e s e n t i n g  t h e  
c h a n g e  i n  0 2 a n d  C 0 2 c o n c e n t r a t i o n  w i t h  t i m e  i n  a  m o d e l  
p a c k a g e  a t m o s p h e r e  w e r e  s o l v e d  n u m e r i c a l l y  u s i n g  a  c o m 
p u t e r .  D a t a  o b t a i n e d  b y  t h e  t h e o r e t i c a l  s o l u t i o n  w e r e  c o m 
p a r e d  w i t h  m o d e l  p a c k a g e s  r e s u l t s  w i t h  v e r y  g o o d  a g r e e m e n t .  
T h e  e f f e c t  o f  t h e  p a c k a g i n g  s y s t e m  v a r i a b l e s  o n  t h e  i n t e r n a l  
a t m o s p h e r e  c o m p o s i t i o n  w a s  t h e n  a n a l y z e d  w i t h  t h e  v a l i d a t e d  

c o m p u t e r  p r o g r a m .  T h e  p r o p o s e d  m e t h o d s  a n d  c o m p u t e r  s o l u 
t i o n  p r o v i d e  a  r a p i d  a n d  a c c u r a t e  w a y  o f  p r e d i c t i n g  e q u i l i b r i 
u m  c o n c e n t r a t i o n s  o f  0 2 a n d  C 0 2 ; t h e y  a l s o  e n a b l e  t h e  d e v e l 

o p m e n t  o f  a  p a c k a g e  f o r  a n y  c o m m o d i t y  w i t h o u t  r e q u i r i n g  

e x t e n s i v e  e x p e r i m e n t a t i o n  o r  f i e l d  t r i a l s .

Fig. 4 —The e ffec t o f  weight/free volume ratio on 0 2 concentration 
in RMF-61 package.

Fig. 5 —The e ffec t o f  area on 0 2 concentration in RMF-61 package.
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IN T R O D U C T IO N

R A I S I N S  a r e  a n  i m p o r t a n t  w o r l d  c r o p ,  w i t h  t h e  l a r g e s t  t o n 

n a g e  p r o d u c e d  i n  t h e  U n i t e d  S t a t e s .  I n  t h i s  c o u n t r y  a b o u t
2 0 0 , 0 0 0  t o n s  a r e  p r o d u c e d  a n n u a l l y ,  r e t u r n i n g  t o  t h e  g r o w e r  
o v e r  1 0 0  m i l l i o n  d o l l a r s .  R a i s i n  h a r v e s t i n g  r e q u i r e s  a  l a r g e  
a m o u n t  o f  h a n d  l a b o r .  I n  t h e  U n i t e d  S t a t e s ,  h a r v e s t i n g  c o n s i s t s  

o f  c u t t i n g  t h e  g r a p e  b u n c h e s  i n d i v i d u a l l y  b y  h a n d  a n d  l a y i n g  
t h e m  o n  p a p e r  t r a y s ,  b e t w e e n  t h e  r o w s .  A f t e r  a p p r o x i m a t e l y  2  
w k ,  t h e  r a i s i n s  o n  t h e  t r a y s  a r e  t u r n e d  o v e r  a n d  t h e  g r a p e s  a r e  
a l l o w e d  t o  d r y  f o r  a n o t h e r  w e e k ,  o r  u n t i l  t h e y  c o n t a i n  a b o u t  
1 4 %  m o i s t u r e .  N e x t ,  t h e  p a p e r  t r a y s  a r e  r o l l e d  i n t o  p a c k e t s ,  
a n d  l a t e r  p i c k e d  u p  a n d  e m p t i e d  i n t o  w o o d e n  b i n s  f o r  d e l i v e r y  
t o  t h e  p r o c e s s i n g  p l a n t .  T h e s e  o p e r a t i o n s  r e q u i r e  a p p r o x i m a t e 
l y  3 5  h r  o f  l a b o r  p e r  t o n  o f  r a i s i n s .  A n  i m p r o v e m e n t  o f  t h e  
w h o l e  r a i s i n  h a r v e s t i n g  o p e r a t i o n  i s  d e s i r a b l e  i f  r a i s i n s  a r e  t o  
c o n t i n u e  t o  b e  p r o d u c e d  a t  a  p r i c e  t h a t  t h e  c o n s u m e r  c a n  
a f f o r d .  T h i s  p a p e r  e v a l u a t e s  r a i s i n s  p r e p a r e d  b y  t w o  d i f f e r e n t  
p r o c e d u r e s  i n v o l v i n g  m e c h a n i c a l  h a r v e s t i n g ,  a n  a p p r o a c h  t o  

s a v i n g  l a b o r  c o s t s .
O n e  m e t h o d  f o r  m e c h a n i c a l l y  h a r v e s t i n g  r a i s i n s  w a s  i n 

v e s t i g a t e d  b y  O l m o  a n d  S t u d e r  ( 1 9 6 7 )  a n d  S t u d e r  a n d . O l m o
( 1 9 7 4 ) .  H o w e v e r ,  t h e i r  p r o c e d u r e  a t  t h i s  p o i n t  s t i l l  h a s  s e v e r e  
l i m i t a t i o n s  t h a t  h a s  r e s t r i c t e d  i t s  w i d e s p r e a d  u s a g e ,  e s p e c i a l l y  
w i t h  r e s p e c t  t o  c r i t i c a l  c r o p  l o s s e s  d u e  t o  r a i n s ,  w h i c h  s o m e 

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

P e t r u c c i  e t  a l .  ( 1 9 7 4 )  r e p o r t e d  t w o  p r o c e d u r e s  f o r  m e c h a n i 
c a l  h a r v e s t i n g  i n  c o n j u n c t i o n  w i t h  t h e  p r e p a r a t i o n  o f  r a i s i n s .  
T h e s e  h a r v e s t i n g  a n d  d r y i n g  m e t h o d s  c i r c u m v e n t  t h e  d a n g e r  o f  

c r o p  l o s s  b y  r a i n .  I n  t h e  f i r s t  m e t h o d  t h e  g r a p e s  a r e  s p r a y e d  o n  
t h e  v i n e  w i t h  a  f a t t y  a c i d  e s t e r  e m u l s i o n ,  w h i c h  m o d i f i e s  t h e  
w a x y  c u t i c l e  a n d  a l l o w s  r a p i d  t r a n s p i r a t i o n  o f  w a t e r .  W h e n  t h e  
g r a p e s  h a v e  d r i e d  o n  t h e  v i n e  t h e y  a r e  h a r v e s t e d  m e c h a n i c a l l y .  
T h e  s e c o n d  m e t h o d  u s e s  m e c h a n i c a l l y  h a r v e s t e d  f r e s h  g r a p e s ,  
w h i c h  a r e  d i p p e d  i n  a  2 %  e s t e r  e m u l s i o n  a n d  d r i e d  i n  a  t u n n e l  

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

( 1 ) d e s c r i b i n g  t h e  e f f e c t i v e n e s s  a n d  l i m i t a t i o n s  o f  v a r i o u s  e s t e r  
e m u l s i o n s  w i t h  r e s p e c t  t o  p r o d u c i n g  r a i s i n s ;  ( 2 )  c o m p a r i n g  t h e  
e f f e c t s  o f  m e c h a n i c a l  h a r v e s t i n g  v s .  h a n d  h a r v e s t i n g  g r a p e s  o n  
s o m e  p h y s i c a l  a n d  c h e m i c a l  p r o p e r t i e s  o f  r a i s i n s ,  a s  w e l l  a s  
h o w  o l e a t e  t r e a t m e n t  i n f l u e n c e s  t h e s e  p r o p e r t i e s ;  a n d  ( 3 )  
d e t e r m i n i n g  w h a t  e f f e c t  t h e  o l e a t e  t r e a t m e n t  h a s  o n  t e x t u r e  
a n d  w a t e r  a b s o r p t i o n  a n d  d e s o r p t i o n  p r o p e r t i e s  o f  r a i s i n s .

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

F O R  T U N N E L  D E H Y D R A T IO N  e x p e r im e n t s  t h e  h a n d  h a r v e s te d  
g ra p e s  w e re  p ic k e d  a s  b u n c h e s  o n  th e  d a y  th e y  w e re  d r ie d .  F o r  m e c h a n 
ic a l h a r v e s t i n g ,  c a n e s  w e re  c u t  a n d  5 d a y s  l a t e r  t h e  g ra p e s  w e re  h a r v e s t 
e d  u s in g  a  C h is h o lm - R y d e r  g ra p e  h a r v e s te r .  B o th  h a r v e s t  p r o c e d u r e s  
w e r e  c a r r ie d  o u t  o n  t h e  s a m e  d a y ,  a n d  a l l  o f  t h e  g ra p e s  w e re  t h e n  1

1 D e p t, o f P la n t S c ien ce , C a lifo rn ia  S ta te  U n iv e rs ity , F re s n o , CA 
9 3 7 1 0

d ip p e d  in  a  2 % a q u e o u s  e m u ls io n  o f  f a t t y  e s t e r  o r  a c id ,  w h ic h  w a s  
s h o w n  b y  S t a f f o r d  e t  a l.  ( 1 9 7 4 )  t o  p r o v id e  m a x im u m  r e s id u e s  o f  f a t t y  
d e r iv a t iv e s  o f  a b o u t  1 4 0  p p m .  In  p r e l im in a r y  e x p e r i m e n t s  w i t h  e m u l 
s io n s  r a n g in g  f r o m  1 — 1 0 % , t h e  2 %  c o n c e n t r a t i o n  w a s  p i c k e d  a s  t h e  b e s t  
c o m p r o m is e  b e tw e e n  d ry in g  r a t e  a n d  c o s t .  S in c e  t h e  e s t e r s  a r e  n o t  
w a te r  s o lu b le  a n  e d ib le  e m u ls i f y in g  a g e n t  m u s t  b e  u s e d  t o  k e e p  th e m  in  
s u s p e n s io n .  A f te r  d ip p in g ,  g ra p e s  w e re  d r i e d  t o  1 1 - 1 4 %  m o i s t u r e  a t  
6 5 - 7 6 ° C .  S in c e  a ll m e c h a n ic a l ly  d e h y d r a t e d  ra is in s  a r e  t r e a t e d  in  s o m e  
w a y  to  a c c e le r a te  d r y in g ,  c o n t r o l s  in  th i s  c a s e  w e r e  r a is in s  p r e p a r e d  b y  
th e  c o m m e r c ia l  s o d a - d ip  p r o c e s s  in  w h ic h  th e  g ra p e s  a r e  d ip p e d  in  h o t  
0 .2 5 %  s o d iu m  h y d r o x i d e  b e f o r e  d r y in g .  M o s t  d e h y d r a t e d  r a is in s  a r e  
“ g o ld e n  b l e a c h e d ”  w i t h  s u l f u r  d io x id e .  S a m p le s  o f  t h e  h a n d - h a r v e s t e d  
a n d  m e c h a n ic a l ly  h a r v e s te d  ra is in s  w e re  e x p o s e d  to  s u l f u r  d io x id e  
f u m e s  b e f o r e  d r y in g  t o  p r o d u c e  th i s  v a r ie ty  o f  r a is in .  E ig h t  p o u n d s  o f  
s u l f u r  w a s  u s e d  p e r  t o n  o f  g ra p e s .  In  s o m e  e x p e r im e n t s ,  s e v e ra l  d ip p in g  
e m u ls io n s  w e re  t e s t e d ,  in c lu d in g  s u s p e n s io n s  o f  m e t h y l  o l e a t e ,  e t h y l  
o l e a t e ,  b u t y l  o l e a t e ,  o le ic  a c id ,  s t e a r i c  a c id ,  c a p r y l ic  a c id  a n d  a n  e t h y l  
o le a te  e m u ls io n ,  “ E e m u ls o y le ”  ( V ic to r i a n  C h e m ic a l  C o .) .  B o th  v in e -  
d r ie d  a n d  t u n n e l - d r i e d  ra is in s  c o m p a r e d  in  th i s  s t u d y  w e re  p r e p a r e d  
w i th  a n  “ e th y l  o l e a t e ”  p r e p a r e d  f r o m  o le ic  s a f f lo w e r  o i l .  T h i s  p r o d u c t  
c o n ta in s  a p p r o x i m a t e l y  8 0 %  e th y l  c l e a t e  a n d  lo w  p e r c e n t a g e s  o f  e th y l  
l i n o le a te ,  s t e a r a t e  a n d  p a lm i t a t e .

R a is in s  w e re  a n a ly z e d  f o r  m o i s tu r e  a n d  s u g a r  b y  t h e  A O A C  ( 1 9 7 0 )  
p r o c e d u r e s .  A c id i ty  w a s  d e t e r m in e d  b y  s o d iu m  h y d r o x i d e  t i t r a t i o n ,  a n d  
s u l f u r  d io x id e  b y  t h e  m e t h o d  o f  P o n t i n g  a n d  J o h n s o n  ( 1 9 4 5 ) .  C o lo r  
m e a s u r e m e n ts  w e re  m a d e  o n  t h e  w h o le  r a is in s  w i th  a  G a r d n e r  A u t o 
m a t ic  C o lo r  D i f f e r e n c e  M e te r  u s in g  a  s t a n d a r d  t i l e  w i th  L  =  2 4 .4 ,  a  = 
+ 1 5 .7  a n d  b  = + 4 .3  f o r  d a rk  u n s u l f u r e d  ra is in s  a n d  L  =  5 2 .2 ,  a  =  - 3 . 4  
a n d  b  =  + 3 1 .6  fo r  t h e  g o ld e n  s u l f u r e d  o n e s ;  a  h ig h e r  L  v a lu e  i n d i c a t e s  a 
l ig h te r  r a is in .  T e x t u r e  w a s  d e t e r m in e d  u s in g  a n  I n s t r o n  T e n s i le  T e s t e r ,  
M o d e l  T T C M 7 , t o  m e a s u r e  t h e  f o r c e  r e q u i r e d  t o  f o r c e  a  0 .0 9 4 - in .  r o d  
th r o u g h  a  s in g le  th i c k n e s s  o f  r a is in  s k in  c l a m p e d  b e tw e e n  t w o  d is k s .  
R e a d in g s  w e re  t a k e n  o n  s ix  r a is in s  a t  e a c h  m o i s tu r e  le v e l. R a i s in s  w e re  
h y d r a t e d  in  w a te r  a t  5 0 ° C , f o l l o w e d  b y  c e n t r i f u g a t io n  to  r e m o v e  s u r 
fa c e  m o i s tu r e .  D e s ic c a t io n  w a s  a c c o m p l i s h e d  in  a  1 7 %  r e la t iv e  h u m i d i t y  
(R H )  r o o m .

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

D ip s  and d ry in g  t im e s—d e h y d r a tio n

A n  o l e a t e  e m u l s i o n  d i p  i s  o n l y  f e a s i b l e  f o r  u s e  i n  p r e p a r i n g  
r a i s i n s  i f  i t  a c c e l e r a t e s  t h e  d r y i n g  r a t e  o f  t h e  g r a p e s ,  a t  a  r e s i 
d u e  c o n c e n t r a t i o n  l o w  e n o u g h  t h a t  i t  w i l l  n o t  a f f e c t  t h e  f l a v o r  
o f  t h e  f i n a l  p r o d u c t .  S i n c e  a  2 %  s u s p e n s i o n  o f  t h e  f a t t y  a c i d  
e s t e r s  p r o v e d  t o  b e  t h e  l o w e s t  w h i c h  w a s  c o n s i s t e n t l y  e f f e c 
t i v e ,  t h i s  c o n c e n t r a t i o n  w a s  u s e e  t h r o u g h o u t  t h e  s t u d y .  O f  t h e  

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

g e t h e r ,  a c c e l e r a t e  m o i s t u r e  l o s s  t h e  l e a s t .  C a p r y l i c  a c i d  a n d  
b u t y l  o l e a t e  i m p a r t e d  a n  o b j e c t i o n a b l e  o f f - f l a v o r  t o  t h e  r a i s i n s ,  
a n d  s t e a r i c  a c i d - t r e a t e d  p r o d u c t s  d e v e l o p e d  a n  o b j e c t i o n a b l e  
t a s t e  d u r i n g  s t o r a g e .  M e t h y l  o l e a t e ,  e t h y l  o l e a t e  a n d  o l e i c  a c i d  
a c c e l e r a t e d  d r y i n g  a n d  d i d  n o t  a f f e c t  f l a v o r ,  e v e n  a f t e r  p e r i o d s  
o f  s t o r a g e .  T a s t e  t h r e s h o l d  s t u d i e s  w i l l  b e  t h e  s u b j e c t  o f  
a n o t h e r  p a p e r .  B o t h  s u l f u r e d  a n d  u n s u l f u r e d  g r a p e s  t r e a t e d  
w i t h  t h e s e  l a t t e r  m a t e r i a l s  d r i e d  i n  a b o u t  11 h r  a t  7 4 - 7 6 ° C ,  o r

1 9 —2 0  h r  a t  6 5 ° C .  A t  h i g h e r  a i r  t e m p e r a t u r e s  h e a t  d a m a g e  c a n  
o c c u r  u n l e s s  t h e  p r o d u c t  t e m p e r a t u r e  i s  c a r e f u l l y  m o n i t o r e d  
a n d  t h e  r a i s i n s  r e m o v e d  b e f o r e  t h e y  b e c o m e  t o o  h o t .  A  s a f e r  
d r y i n g  p r o c e d u r e ,  w h i c h  s t i l l  t a k e s  a d v a n t a g e  o f  t h e  i n c r e a s e d  

d r y i n g  r a t e ,  c o n s i s t s  o f  d r y i n g  i n  t w o  s t a g e s .  G r a p e s  a r e  f i r s t
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d r i e d  a t  8 8 ° C  i n  a  p a r a l l e l  a i r  f l o w  t u n n e l  f o r  2 - 1 / 2  h r ,  a n d  
t h e n  p l a c e d  i n  a  6 8 ° C  c o u n t e r - c u r r e n t  a i r f l o w  f o r  f i n a l  d r y i n g .  

S o d a  d i p p e d  r a i s i n s  w i t h  n o  o l e a t e  t r e a t m e n t  r e q u i r e  2  h r  
l o n g e r  t o  d r y  t h a n  t h e  e t h y l  o r  m e t h y l  o l e a t e - t r e a t e d  f r u i t .  A n  

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

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

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

Table 1— Effect of mechanical harvesting on sulfured and unsul- 
fured processed dehydrated grapes3

Harvesting
method

Sulfur dioxide 
(ppm)

Reflectance1*
(L)

Sugar

(%)
Acidc

(%)

Moisture

(%>

Hand _ 23.6 78.6 2.19 17.2
Mechanical - 22.5 80.2 2.06 16.6
Hand 770 32.2 82.6 2.26 17.6
Mechanical 1330 31.3 78.6 2.23 17.1

3 Average o f  five  values
k  Used d iffe ren t standard  fo r  su lfu red  and unsu lfu red  (see M ateria ls 

&  M ethods) 
c A s  ta rta ric

Table 2 
grapes3

-Effect of oleate treatment on processed dehydrated

Sulfur dioxide 
Treatment (ppm)

Reflectance1*
(L)

Sugar

(%)

Ac idc
(%>

Moisture
<%>

None — 21.0 79.8 2.27 18.0
Oleate - 24.1 79.8 2.05 16.3
None 2468 31.6 81.0 2.53 17.9
Oleate 1132 31.9 81.2 2.21 17.2

3 Average o f five  values
b Used d iffe re n t standard  fo r  su lfu red  and unsu lfu red  (see M ateria ls 

&  M ethods) 
c A s  tartaric

Fig. 1 —Hydration rate o f  unprocessed raisins in 50° C water.

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

r a i s i n s  ( T a b l e  1 ) .  H o w e v e r ,  t h e r e  w a s  a  d i f f e r e n c e  i n  r e s i d u a l  
s u l f u r  d i o x i d e  c o n t e n t s .  R a i s i n s  p r o d u c e d  f r o m  m e c h a n i c a l l y  

h a r v e s t e d  g r a p e s  c o n t a i n e d  a  m e a n  o f  1 3 3 0  p p m  s u l f u r  d i 
o x i d e ,  c o m p a r e d  t o  7 7 0  p p m  i n  h a n d  h a r v e s t e d  f r u i t ,  w h i c h  is  
a  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  a t  t h e  5 %  l e v e l .  T h i s  d i f f e r 

e n c e  m a y  p o s s i b l y  a r i s e  b e c a u s e  t h e  m a c h i n e - p i c k e d  g r a p e s  a r e  
p u t  o n  t h e  t r a y s  a s  l o o s e  b e r r i e s  a n d  a r e  l o a d e d  m o r e  l i g h t l y  
t h a n  h a n d - p i c k e d  c l u s t e r s ,  t h u s  a l l o w i n g  t h e m  t o  a b s o r b  S 0 2 
m o r e  r e a d i l y .

E f f e c t  o f  g r a p e  o l e a t e  t r e a t m e n t

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

t i o n  a n d  c o l o r  o f  r a i s i n s .  O l e a t e - t r e a t e d  g r a p e s  a b s o r b e d  a n d  
r e t a i n e d  5 0 %  l e s s  s u l f u r  d i o x i d e  t h a n  u n t r e a t e d  f r u i t  ( T a b l e  2 ) ,  
w h i c h  i s  s t a t i s t i c a l l y  s i g n i f i c a n t  ( a  =  0 . 5 ) .  P o s s i b l y ,  t h e  o i l  

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

g r a p e s  t o  d r y  f a s t e r ,  a l l o w i n g  l e s s  t i m e  f o r  e n z y m a t i c  b r o w n i n g  
t o  o c c u r  a n d  r e s u l t i n g  i n  a  l i g h t e r  c o l o r e d  u n s u l f u r e d  r a i s i n ,  
( T a b l e  2 ) .  A  d i f f e r e n c e  i n  L  v a l u e s  o f  2  u n i t s  o r  m o r e  i s  v i s u a l 
l y  n o t i c e a b l e .  U n s u l f u r e d  o l e a t e - d r i e d  r a i s i n s ,  i n  a d d i t i o n  t o  

b e i n g  l i g h t e r  i n  c o l o r ,  h a d  a  s l i g h t  b u t  d e f i n i t e  g r e e n  t i n t .  T h i s  
c o l o r  d i f f e r e n c e ,  w h i c h  w a s  n o t i c e d  o n l y  i n  t h e  v i n e - d r i e d  
p r o d u c t s ,  w a s  d e t e c t e d  o b j e c t i v e l y  f r o m  r e f l e c t a n c e  h u e  ( a ,  b )  
m e a s u r e m e n t s .  D e h y d r a t e d  o l e a t e - t r e a t e d  g r a p e s  h a d  a n  “ a ”  

r e f l e c t a n c e  v a l u e  o f  + 1 . 5 ,  c o m p a r e d  t o  —4 . 1  f o r  t h e  v i n e - d r i e d  

p r o d u c t s ,  i n d i c a t i n g  t h a t  t h e  l a t t e r  c o n t a i n e d  m o r e  g r e e n  p i g 
m e n t .  T h e  e n z y m a t i c  b r o w n i n g  t h a t  o c c u r s  d u r i n g  r e g u l a r  d r y 
i n g ,  r e s u l t s  i n  t h e  m a s k i n g  o f  t h e  g r e e n  p i g m e n t a t i o n  o f  t h e  
g r a p e s .  T h e  o l e a t e  t r e a t m e n t  r e d u c e s  e n z y m a t i c  b r o w n i n g .  
T h e r e  w a s  n o  s h i f t  i n  t h e  “ b ”  v a l u e s .

E f f e c t  o f  o l e a t e  t r e a t m e n t  o n  r a i s i n s

S i n c e  f a t t y  a c i d s  a n d  t h e i r  e s t e r s  m o d i f y  t h e  s k i n  o f  t h e  
f r e s h  g r a p e  t o  c a u s e  f a s t e r  d r y i n g ,  i t  w o u l d  b e  e x p e c t e d  t h a t  
r a i s i n s  f r o m  o l e a t e - t r e a t e d  g r a p e s  w o u l d  a b s o r b  a n d  d e s o r b  
w a t e r  d i f f e r e n t l y  t h a n  r e g u l a r  u n t r e a t e d  r a i s i n s .  T h e  e f f e c t  o f  
t h e  o l e a t e  t r e a t m e n t  o n  m o i s t u r e  a b s o r p t i o n  a n d  t e x t u r e  w a s  
s t u d i e d  o n  o l e a t e - t r e a t e d  v i n e - d r i e d  r a i s i n s .  O l e a t e  t r e a t m e n t  
n o t  o n l y  a c c e l e r a t e d  t h e  d r y i n g  o f  t h e  g r a p e s ,  b u t  i t  a l s o  
c a u s e d  t h e  r a i s i n s  t o  a b s o r b  m o i s t u r e  m o r e  r a p i d l y  t h a n  r a i s i n s  

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

s o r p t i o n  c h a r a c t e r i s t i c s  o f  u n t r e a t e d  s u n - d r i e d  a n d  o l e a t e - t r e a t 
e d  v i n e - d r i e d  r a i s i n s  a r e  c o m p a r e d  i n  F i g u r e  1 . I n  t h e  f i r s t  f e w  
s e c o n d s ,  t h e  a b s o r p t i o n  r a t e  f o r  o l e a t e - t r e a t e d  v i n e - d r i e d  

r a i s i n s  w a s  o v e r  5 0 %  f a s t e r  t h a n  f o r  t h e  u n t r e a t e d  s u n - d r i e d  
o n e s .  T h e  l i n e a r  p o r t i o n s  o f  t h e  a b s o r p t i o n  c u r v e s  h a v e  s l o p e s  
o f  0 . 6 6  a n d  0 . 5 0  f o r  t h e  o l e a t e - t r e a t e d  v i n e - d r i e d  a n d  u n t r e a t 
e d  s u n - d r i e d  r a i s i n s ,  r e s p e c t i v e l y .  A s  t h e s e  r e s u l t s  i n d i c a t e ,  t h e  
o l e a t e - t r e a t e d  r a i s i n s  c o n t i n u e  t o  a b s o r b  m o i s t u r e  f a s t e r  d u r i n g  

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

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

i t  w o u l d  b e  s u s p e c t e d  t h a t  t h i s  t r e a t m e n t  w o u l d  a l s o  h a v e  a n  
e f f e c t  o n  t h e  d e s i c c a t i o n  r a t e  o f  r a i s i n s .  T h e  w e i g h t  l o s s  o f  
r e g u l a r  s u n - d r i e d  a n d  o l e a t e - t r e a t e d  r a i s i n s  w a s  f o l l o w e d  d u r i n g  
s t o r a g e  a t  1 7 %  R H  a n d  2 1 ° C .  F r o m  t h e s e  d a t a ,  e q u a t i o n s  f o r  
m o i s t u r e  l o s s  c u r v e s  w e r e  c a l c u l a t e d  f o r  b o t h  t y p e s  o f  1 7 .5 %  
m o i s t u r e  r a i s i n s  c o v e r i n g  a  p e r i o d  o f  1 —3 0  d a y s  s t o r a g e .  T h e  
e q u a t i o n  f o r  s u n - d r i e d  r a i s i n s  is :

y  =  1 7 . 8 7 1 x '0 - 1 9 8

a n d  t h e  e q u a t i o n  f o r  v i n e - d r i e d  r a i s i n s  i s :

y  =  1 7 .5 0 0 x " ° ,2 ° 2

w h e r e  y  i s  t h e  p r e d i c t e d  m o i s t u r e  a t  x  +  1 d a y s ,  w i t h  a  c o r r e l a 
t i o n  o f  0 . 9 8 4 .  T h e  m o i s t u r e  l o s s  d i f f e r e n t i a l  i s  g r e a t e r  a t  h i g h e r
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Table 3 —Texture of field-dried raisins at different moisture levels

Untreated Oleate-treated
sun-dried vine dried

Moisture

(%)
Texture3

<g>
Moisture

(%>

Texture®

(9)

17.9 304 18.1 290
15.6 299 15.1 237
13.6 301 12.9 235
11.7 320 11.3 270
10.3 345 9.8 303
9.1 360 9.1 307

a G ram s o f fo rce  requ ired  to  rup tu re  the raisin  skin
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Fig. 2 —Moisture loss rate o f  raisins at 21° C and 17% RH.

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

( F i g .  2 ) .
R a i s i n  t e x t u r e  w a s  a l s o  i n f l u e n c e d  b y  o l e a t e  t r e a t m e n t s ,  

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

t u r e  l e v e l  ( T a b l e  3 ) .  T h e  r a t i o n a l e  b e h i n d  t h e  p h y s i c a l  t e n d e r 

i z i n g  e f f e c t  o l e a t e  h a s  o n  t h e  r a i s i n s  s k i n  h a s  n o t  b e e n  s t u d i e d .  
A  c o m p a r i s o n  o f  t h e  o v e r a l l  m e a n s  f o r  t h e  o l e a t e - t r e a t e d  v i n e -  
d r i e d  a n d  u n t r e a t e d  s u n - d r i e d  r a i s i n s ,  w h i c h  w e r e  2 7 2 g  a n d  
3 2 2 g  r e s p e c t i v e l y ,  i n d i c a t e d  a  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r 

e n c e ,  w i t h  F  =  8 . 3 6  a n d  a  s t a n d a r d  e r r o r  o f  1 2 . 3 .  T h e r e  w a s  
a l s o  a  s i g n i f i c a n t  t o u g h e n i n g  o f  t h e  u n t r e a t e d  s u n - d r i e d  r a i s i n  
a t  l o w e r  m o i s t u r e  l e v e l s  ( a  =  0 . 5 ) ,  b u t  n o t  w i t h  o l e a t e - t r e a t e d  
v i n e  d r i e d .  T e x t u r a l  p r o p e r t i e s  o f  r a i s i n s  a r e  i m p o r t a n t .  R a i s i n s  

a r e  m a r k e t e d  a t  a  l o w e r  m o i s t u r e  l e v e l  t h a n  o t h e r  d r i e d  f r u i t s  
a n d  t h e r e f o r e  h a v e  a  f i r m e r  t e x t u r e ;  h o w e v e r ,  t h i s  d i f f e r e n c e  is  
m o d u l a t e d  t o  a  d e g r e e  b y  t h e i r  h i g h  p e r c e n t a g e  o f  i n v e r t  s u g a r  
( a p p r o x i m a t e l y  7 0 ° ) .

C O N C L U S IO N S

M E T H Y L  A N D  E T H Y L  e s t e r  e m u l s i o n s  c a n  b e  u s e d  t o  a c 

c e l e r a t e  d r y i n g  o f  g r a p e s .  E t h y l  e s t e r s  a r e  c u r r e n t l y  a p p r o v e d  
b y  F D A  f o r  u s e  i n  f o o d ,  b u t  m e t h y l  e s t e r s  h a v e  n o t  y e t  r e 
c e i v e d  a p p r o v a l .  A t  l e v e l s  o f  l e s s  t h a n  1 4 0  p p m ,  r e s i d u e s  o f  
o l e a t e s  d o  n o t  a p p e a r  t o  p r e s e n t  f l a v o r  p r o b l e m s ,  e v e n  a f t e r  

s t o r a g e  a t  e l e v a t e d  t e m p e r a t u r e s .  F l a v o r  t h r e s h o l d  d a t a  a n d  
s t o r a g e  s t u d i e s  w i l l  b e  t h e  s u b j e c t  o f  a  l a t t e r  r e p o r t .  U s e  o f  
e s t e r  e m u l s i o n s  t o  a c c e l e r a t e  d r y i n g ,  i n  c o n j u n c t i o n  w i t h  
m e c h a n i c a l  h a r v e s t i n g  c a n  r e d u c e  l a b o r ,  e n e r g y  a n d  p r o c e s s i n g  

r e q u i r e m e n t s  f o r  r a i s i n s .
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IN T R O D U C T IO N

T H E  P R A C T I C A L  S U C C E S S  o f  r e v e r s e  o s m o s i s  f o r  f r u i t  j u i c e  
c o n c e n t r a t i o n  d e p e n d s  o n  a d e q u a t e  r e c o v e r y  o f  t h e  f l a v o r  
c o m p o n e n t s  w h i c h  e s c a p e  t h r o u g h  t h e  m e m b r a n e  d u r i n g  t h e  
p r o c e s s .  S i n c e  r e v e r s e  o s m o s i s  s e p a r a t i o n s  o f  t h e  f l a v o r  c o m 

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

e s s e n t i a l l y  f r e e  f r o m  s u g a r s  ( M a t s u u r a  e t  a l . ,  1 9 7 4 c ) ,  i t  w a s  
s u g g e s t e d  ( M a t s u u r a  e t  a l . ,  1 9 7 3 ;  1 9 7 4 a )  t h a t  t h e  p r o c e s s  b e  
c a r r i e d  o u t  i n  m o r e  t h a n  o n e  s t a g e .  I n  t h e  f i r s t  s t a g e ,  t h e  

p r i m a r y  o b j e c t i v e  c o u l d  b e  t h e  r e c o v e r y  o f  m o s t  ( >  9 9 % )  o f  
t h e  s u g a r s  p r e s e n t  i n  t h e  f r u i t  j u i c e ;  a  p a r t  o f  t h e  f l a v o r  c o m p o 
n e n t s  i s  a l s o  r e c o v e r e d  a l o n g  w i t h  t h e  s u g a r s  i n  t h i s  f i r s t  s t a g e  

o p e r a t i o n .  I n  t h e  s e c o n d  a n d  s u b s e q u e n t  s t a g e s ,  t h e  p r i m a r y  
o b j e c t i v e  c o u l d  b e  t h e  r e c o v e r y  o f  m o s t  o f  t h e  r e m a i n i n g  f l a 
v o r  c o m p o n e n t s  b y  r e p e a t e d  r e v e r s e  o s m o s i s  t r e a t m e n t  o f  t h e  
m e m b r a n e  p e r m e a t e d  f r u i t  j u i c e  w a t e r s  ( o b t a i n e d  f r o m  t h e  
f i r s t  s t a g e  o p e r a t i o n )  u n d e r  a p p r o p r i a t e  e x p e r i m e n t a l  c o n d i 
t i o n s ;  t h e  s m a l l  f r a c t i o n  o f  t h e  s u g a r s  l e f t  i n  t h e  f r u i t  j u i c e  
w a t e r s  f r o m  t h e  f i r s t  s t a g e  o p e r a t i o n  m a y  b e  e x p e c t e d  t o  b e  

r e c o v e r e d  e s s e n t i a l l y  c o m p l e t e l y  d u r i n g  t h e  s e c o n d  a n d  s u b s e 
q u e n t  s t a g e s  a l o n g  w i t h  t h e  f l a v o r  c o m p o n e n t s .  T h e  p o s s i b i l i t y  
o f  s u c h  r e c o v e r y  o f  f l a v o r  c o m p o n e n t s  h a s  b e e n  e x p e r i m e n t a l 
l y  d e m o n s t r a t e d  u s i n g  a p p l e  j u i c e  w a t e r s  a n d  c e l l u l o s e  a c e t a t e  
m e m b r a n e s  ( M a t s u u r a  e t  a l . ,  1 9 7 4 a ) .

R e c e n t  w o r k  ( M a t s u u r a  e t  a l . ,  1 9 7 4 d ;  D i c k s o n  e t  a l . ,  1 9 7 5 )  
h a s  i n d i c a t e d  t h a t  p o l a r  o r g a n i c  s o l u t e s  o f  t h e  t y p e  p r e s e n t  a s  
f l a v o r  c o m p o n e n t s  i n  f r u i t  j u i c e s  a r e  s e p a r a t e d  t o  a  m u c h  h i g h 
e r  e x t e n t  w i t h  a r o m a t i c  p o l y a m i d e  m e m b r a n e s  t h a n  w i t h  c e l l u 

l o s e  a c e t a t e  m e m b r a n e s  w i t h  a b o u t  t h e  s a m e  a v e r a g e  p o r e  s i z e  
o n  t h e  m e m b r a n e  s u r f a c e .  C o n s e q u e n t l y ,  a r o m a t i c  p o l y a m i d e  
m e m b r a n e s  a p p e a r  t o  b e  b e t t e r  s u i t e d  f o r  r e v e r s e  o s m o s i s  r e 

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

T h i s  p a p e r  i s  c o n c e r n e d  w i t h  a n  e x p l o r a t i o n  o f  t h e  e f f e c t i v e 
n e s s  o f  a r o m a t i c  p o l y a m i d e  m e m b r a n e s  d e v e l o p e d  e a r l i e r  ( M a t 

s u u r a  e t  a l . ,  1 9 7 4 d )  f o r  t h e  s e p a r a t i o n  o f  s o m e  t y p i c a l  a p p l e  
f l a v o r  c o m p o n e n t s  p r e s e n t  i n  d i l u t e  a q u e o u s  s o l u t i o n s .

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

i s m  ( S o u r i r a j a n  a n d  M a t s u u r a ,  1 9 7 3 ) .  A c c o r d i n g  t o  t h i s  
m e c h a n i s m  r e v e r s e  o s m o s i s  s e p a r a t i o n  i s  g o v e r n e d  b o t h  b y  t h e  
p o r o u s  s t r u c t u r e  o f  t h e  m e m b r a n e  s u r f a c e  a n d  p r e f e r e n t i a l  
s o r p t i o n  a t  t h e  m e m b r a n e - s o l u t i o n  i n t e r f a c e  u n d e r  t h e  g i v e n  
e x p e r i m e n t a l  c o n d i t i o n s .  P r e f e r e n t i a l  s o r p t i o n  a t  t h e  m e m 
b r a n e - s o l u t i o n  i n t e r f a c e  i s  a  f u n c t i o n  o f  t h e  s o l u t e - s o l v e n t -  
p o l y m e r  ( m e m b r a n e  m a t e r i a l )  i n t e r a c t i o n s .  T h e s e  i n t e r a c t i o n s  
a r i s e  i n  g e n e r a l  f r o m  p o l a r - ,  s t e r i c - ,  n o n p o l a r - ,  a n d / o r  i o n i c -  

c h a r a c t e r  o f  e a c h  o n e  o f  t h e  a b o v e  t h r e e  c o m p o n e n t s  i n  t h e  
r e v e r s e  o s m o s i s  s y s t e m .  F o r  a  g i v e n  m e m b r a n e  ( i . e . ,  s p e c i f i e d  
m e m b r a n e  m a t e r i a l  a n d  s u r f a c e  p o r o s i t y ) ,  i n  a  r e v e r s e  o s m o s i s  
s y s t e m  i n v o l v i n g  p r e f e r e n t i a l  s o r p t i o n  o f  w a t e r  ( s o l v e n t )  a t  t h e  
m e m b r a n e - s o l u t i o n  i n t e r f a c e ,  w h e n  t h e  s o l u t e  i s  u n - i o n i z e d  
a n d  w h e n  i t s  m o l e c u l a r  s t r u c t u r e  d o e s  n o t  c o n t a i n  m o r e  t h a n  
t h r e e  s t r a i g h t  c h a i n  c a r b o n  a t o m s  n o t  a s s o c i a t e d  w i t h  a  p o l a r  
f u n c t i o n a l  g r o u p ,  s o l u t e  s e p a r a t i o n  i n  r e v e r s e  o s m o s i s  i s  
g o v e r n e d  b y  p o l a r  a n d  s t e r i c  e f f e c t s  o n l y .  M a n y  v o l a t i l e  f l a v o r

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

T h e  p o l a r  a n d  s t e r i c  e f f e c t s  i n  r e v e r s e  o s m o s i s  h a v e  b e e n  
d i s c u s s e d  ( M a t s u u r a  e t  a l . ,  1 9 7 4 b ;  1 9 7 5 a ) .  I t  h a s  b e e n  s h o w n  
t h a t  t h e  p o l a r  a n d  s t e r i c  e f f e c t s  g o v e r n i n g  r e v e r s e  o s m o s i s  s e p a 
r a t i o n s  c a n  b e  e x p r e s s e d  q u a n t i t a t i v e l y  i n  t e r m s  o f  a p p r o p r i 

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

a l . ,  1 9 7 5 a ) .  T h e s e  p a r a m e t e r s  c a n  t h e n  b e  b u i l t  i n t o  t r a n s p o r t  
e q u a t i o n s  e n a b l i n g  t h e  p r e d i c t i o n  o f  s o l u t e  t r a n s p o r t  p a r a m 
e t e r  D a m / K 5  ( t r e a t e d  a s  a  s i n g l e  q u a n t i t y )  f o r  a  l a r g e  n u m b e r  
o f  u n - i o n i z e d  p o l a r  s o l u t e s  f r o m  d a t a  o n  m e m b r a n e  s p e c i f i c a 
t i o n s  o n l y ,  g i v e n  i n  t e r m s  o f  p u r e  w a t e r  p e r m e a b i l i t y  c o n s t a n t  
A  a n d  s o l u t e  t r a n s p o r t  p a r a m e t e r  D A M / K 5  f o r  s o d i u m  c h l o 

r i d e  ( M a t s u u r a  e t  a l . ,  1 9 7 4 a ;  1 9 7 5 b ;  S o u r i r a j a n ,  1 9 7 0 b ) .
T h e  a b o v e  p r e d i c t i o n  p r o c e d u r e  w a s  u s e d  i n  t h i s  w o r k  t o  

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

a n a l y s i s  ( M a t s u u r a  e t  a l . ,  1 9 7 4 a )  t o  c a l c u l a t e  o b t a i n a b l e  o v e r a l l  
s o l u t e  s e p a r a t i o n s  a s  f u n c t i o n s  o f  f r a c t i o n  p r o d u c t  r e c o v e r y  
a n d  o p e r a t i n g  p r e s s u r e .  F i n a l l y ,  s o m e  r e v e r s e  o s m o s i s  c o n c e n 

t r a t i o n  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  w i t h  a c t u a l  a p p l e  j u i c e  
w a t e r s  ( p e r m e a t e  f r o m  t h e  f i r s t  s t a g e )  u s i n g  a r o m a t i c  p o l y 

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

E X P E R IM E N T A L

R e v e rs e  o s m o s is  e x p e r im e n t s

T w o  t y p e s  o f  r e v e r s e  o s m o s is  c e l ls ,  f lo w  t y p e  a n d  n o n f lo w  ty p e ,  
w e re  u s e d  in  t h i s  w o r k .  D e ta i ls  o f  c e l l  d e s ig n  a n d  e x p e r i m e n t a l  p r o c e 
d u r e  a r e  g iv e n  in  t h e  l i t e r a t u r e  ( S o u r i r a j a n ,  1 9 7 0 a ) .  T h e  n o n f lo w  t y p e  
c e l l  ( e f f e c t iv e  f i lm  a r e a  = 9 .6  c m 2 ) w a s  u s e d  f o r  t h e  f i r s t  s ta g e  c o n c e n 
t r a t i o n  o f  a p p le  j u i c e  t o  o b t a in  t h e  m e m b r a n e  p e r m e a t e d  ju i c e  w a te r ,  
a n d  t h e  s u b s e q u e n t  re v e r s e  o s m o s is  t r e a t m e n t  o f  t h e  a b o v e  a p p le  ju ic e  
w a te r  t o  c o n c e n t r a t e  t h e  f la v o r  c o m p o n e n t s  d i s s o lv e d  in  i t .  C o m m e r 
c ia l ly  a v a i la b le  A l le n ’s a p p le  ju ic e  w a s  u s e d  in  t h e  e x p e r im e n t s .  T h e  
f la v o r  c o m p o n e n t s  p r e s e n t  in  th i s  p a r t i c u l a r  j u i c e  s a m p le  t e s t e d  a re  
h o w e v e r  n o t  k n o w n .  T h e  f lo w  t y p e  c e l l  ( e f f e c t i v e  f i lm  a r e a  =  1 3 .2  c m 2 ) 
w a s  u s e d  f o r  t h e  re v e r s e  o s m o s is  e x p e r im e n t s  in v o lv in g  t h e  e s te r  s o lu te s  
l i s t e d  in  T a b le  1. L a b o r a to r y  m a d e  a r o m a t i c  p o l y a m id e  m e m b ra n e s  
r e p o r t e d  e a r l i e r  ( M a ts u u r a  e t  a l .,  1 9 7 4 d )  w e re  u s e d  in  a l l  t h e  e x p e r i 
m e n ts .

T h e  m e m b r a n e s  u s e d  a r e  s p e c if i e d  ( S o u r i r a ja n ,  1 9 7 0 b )  in  T a b le  2  in  
t e r m s  o f  t h e  p u r e  w a te r  p e r m e a b i l i ty  c o n s t a n t  A  ( in  g  m o le s  H 2 0 / c m 2 
s e c  a t m )  a n d  th e  s o lu t e  t r a n s p o r t  p a r a m e te r  D A M / K 6 ( in  c m /s e c )  fo r  
s o d iu m  c h lo r id e  a t  t h e  in d ic a te d  o p e r a t i n g  p r e s s u r e .  S o m e  d a t a  o n  
m e m b r a n e  p e r f o r m a n c e  f o r  t h e  s y s te m  N a C l-H 2 0  a r e  a ls o  g iv e n  in  
T a b le  2  f o r  t h e  s p e c i f i e d  fe e d  c o n c e n t r a t i o n  a n d  m a s s  t r a n s f e r  c o e f f i 
c i e n t  k  ( in  c m /s e c )  o n  th e  h ig h  p r e s s u re  s id e  o f  t h e  m e m b r a n e s .  U n le s s  
o th e r w i s e  s t a t e d ,  t h e  r e p o r t e d  p r o d u c t  r a t e s  a r e  t h o s e  c o r r e c t e d  to  
2 5 ° C  u s in g  t h e  r e la t iv e  v is c o s i ty  a n d  d e n s i t y  o f  p u r e  w a te r .  I n  a l l  e x 
p e r im e n ts ,  t h e  t e r m s  “ p r o d u c t ”  a n d  “ p r o d u c t  r a t e ”  r e f e r  t o  m e m b r a n e  
p e r m e a te d  s o lu t io n s .

U n le s s  o th e r w is e  s t a t e d ,  a l l  e x p e r im e n t s  w e r e  c a r r ie d  o u t  a t  th e  
l a b o r a t o r y  t e m p e r a t u r e  ( 2 3 - 2 5 ° C ) .  S o m e  e x p e r im e n t s  o n  j u i c e  w a te r  
c o n c e n t r a t i o n  w e re  c a r r ie d  o u t  a t  7 .5 ° C  w i t h  t h e  n o n f lo w - ty p e  cell 
p la c e d  in  a  c o ld  b o x ;  t h e  t e m p e r a t u r e  o f  t h e  c e l l  in  t h e  c o ld  b o x  c o u ld
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Table 1—Physicochemical data on ester solutes studied3

Solute
no. Esters

AGj> A G i —AAG
k X  104 ------- -  ----------

Formula Mol wt £ E S cm/sec R T  R T  R T

R , - O O

1 Methyl acetate c h 3, c h 3 74.08 0.0 18.0 8.37 5.97 2.40
2 Ethyl acetate c h 3, c 2h 5 88.10 -0 .0 7 16.3 8.66 6.55 2.11
3 Methyl n-butyrate C 3H 7, c h 3 102.13 -0 .36 15.2 8.95 7.12 1.83
4 Ethyl propionate c 2h 5. c 2 h 5 102.13 -0 .14 15.1 8.95 7.12 1.83
5 Butyl acetate c h 3, c 4 h , 116.16 -0 .3 9 14.1 9.23 7.70 1.53

a T  = 298° K; l<Nac i  = 22 X  10 ’ 4 cm/sec; Data on  £ E S from  T a f t  (1956)

b e  h e ld  c o n s t a n t  w i th in  ± 1 ° C  d u r in g  t h e  e x p e r i m e n t .  T h e  o p e r a t in g  
p r e s s u r e  u s e d  w a s  e i t h e r  5 0 0  o r  1 0 0 0  p s ig  a s  i n d i c a t e d .

T h e  f r a c t i o n  s o lu t e  s e p a r a t i o n  f  f o r  t h e  d i f f e r e n t  f e e d  s o lu t io n s  u s e d  
w a s  c a l c u l a t e d  a s  fo l lo w s .  F o r  a q u e o u s  s o d iu m  c h lo r id e ,  a n d  o rg a n ic  
e s t e r  f e e d  s o lu t io n ,

j. s o lu t e  p p m  in  f e e d  -  s o lu t e  p p m  in  p r o d u c t  
s o lu t e  p p m  in  f e e d

F o r  t h e  s e p a r a t i o n  o f  v o la t i l e  f l a v o r  c o m p o n e n t s  p r e s e n t  in  t h e  m e m 
b r a n e  p e r m e a t e d  f r u i t  j u i c e  w a te r s  o b t a i n e d  f r o m  t h e  f i r s t  s ta g e  c o n c e n 
t r a t i o n  p ro c e s s ,

t i o n s  f o r  c a l ib r a t io n s .  T h e  d e ta i l s  o f  t h e  c o lu m n  u s e d  a n d  t h e  e x p e r i 
m e n ta l  c o n d i t i o n s  e m p lo y e d  w e re  t h e  s a m e  a s  t h o s e  r e p o r t e d  e a r l i e r  
(M a ts u u r a  e t  a l . ,  1 9 7 4 a ) .

T h e  o v e ra l l  a c c u r a c y  o f  t h e  a n a ly s is  w i t h  r e s p e c t  t o  t h e  in d iv id u a l  
e s te r  c o m p o n e n t s  a n d  th e  f l a v o r  c o m p o n e n t s  r e f e r r e d  t o  a b o v e  w a s  
e s t i m a t e d  t o  b e  w i th in  3 % .

I t  is  r e c o g n iz e d  t h a t  i t  is  r a t h e r  c r u d e  t o  t r e a t  t h e  c o n c e n t r a t i o n  o f  
f la v o r  c o m p o n e n t s  in  t e r m s  o f  e q u iv a le n t  e t h y l  a l c o h o l  c o n c e n t r a t i o n ;  
s u c h  t r e a t m e n t  h o w e v e r  d o e s  n o t  a f f e c t  t h e  g e n e r a l  c o n c lu s io n s  r e a c h e d  
in  th i s  p a p e r .

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

j. _  e q u iv  E tO H  p p m  in  fe e d  -  e q u iv  E tO H  p p m  in  p r o d u c t  
e q u iv  E t O H  p p m

Analysis
T h e  c o n c e n t r a t i o n  o f  s o d iu m  c h lo r id e  in  a q u e o u s  s o lu t io n s  w a s  

d e t e r m i n e d  u s in g  a  c o n d u c t iv i t y  b r id g e .  A  T r a c o r  (m o d e l  1 6 0 )  gas  
c h r o m a t o g r a p h  w a s  u s e d  f o r  t h e  a n a ly s is  o f  e s te r  s o lu te s  a n d  t h e  f la v o r  
c o m p o n e n t s  p r e s e n t  i n  s o lu t io n  in  t h e  a p p le  j u i c e  w a te r s .

F o r  t h e  a n a ly s i s  o f  t h e  e s te r  s o lu te s ,  a  1 0 0  f t  lo n g ,  0 . 0 2 0  in .  i .d .  
s u p p o r t  c o a t e d  o p e n  t u b u l a r  ( S .C .O .T .)  c o lu m n  c o n ta in in g  C a r b o w a x  
1 5 4 0  w a s  e m p lo y e d .  T h e  c o lu m n  t e m p e r a t u r e  w a s  5 0 ° C .  H e l iu m  c a r r ie r  
g a s  f l o w  r a t e  w a s  1 2  c m 3 /m in .  S a m p le  s iz e  u s e d  w a s  2  /ul. T h e  e n t i r e  
e f f l u e n t  f r o m  t h e  c o lu m n  p a s s e d  i n t o  a  h y d r o g e n  f l a m e  io n i z a t i o n  d e 
t e c t o r .  M e th y l  e t h y l  k e to n e  o r  a c e to n e  w a s  u s e d  a s  t h e  i n t e r n a l  s t a n d 
a rd .

T h e  f l a v o r  c o m p o n e n t s  p r e s e n t  in  a p p le  j u i c e  w a te r s  w e re  a n a ly z e d  
in  t e r m s  o f  e q u iv a le n t  e t h y l  a lc o h o l  u s in g  s t a n d a r d  e t h y l  a l c o h o l  s o lu 

U n -io n iz e d  p o lar  a lip h a tic  o rg a n ic  s o lu te s  
in  d ilu te  a q u e o u s  so lu t io n s

G en era l e x p r e s s io n  fo r  s o lu te  tr a n sp o rt p a r a m e te r , D A M /
K S .  F o r  t h e  c a s e  w h e r e  r e v e r s e  o s m o s i s  s e p a r a t i o n s  a r e  g o v 
e r n e d  b y  p r e f e r e n t i a l  s o r p t i o n  o f  w a t e r  a t  t h e  m e m b r a n e - s o l u 
t i o n  i n t e r f a c e  a n d  t h e  p o l a r -  a n d  s t e r i c - c h a r a c t e r  o f  t h e  s o l u t e  

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

In  ( D a m / K 6 )  = In  C * NaC1 +  In  A *  + S * 2 E s ( 1)

T h e  b a s i s  o f  E q .  ( 1 )  h a s  b e e n  d i s c u s s e d  ( M a t s u u r a  e t  a l . ,  

1 9 7 5 a ) .  T h e  m e a n i n g  o f  t h e  f o u r  p a r a m e t e r s  g i v e n  o n  t h e  r i g h t  
s i d e  o f  E q .  ( 1 ) ,  a n d  t h e  m e t h o d  o f  o b t a i n i n g  n u m e r i c a l  v a l u e s

Table 2—Specif ications of the aromatic polyamide membranes used and some performance data3 

Film no. 1b 2b 3b 4c

Operating pressure, psig 5 0 0 1000 5 0 0 1000 5 0 0 1000 5 0 0 1000
Pure water permeability constant

g mole H, O 
A, 2 X 1 0 6 0.39 0.37 0.32 0.31 0.41 0.39 0.67 0.64

cm 2 .sec.atm

Solute transport parameter 

(D A M /KÔW c i '  (cm/sec) X 10s 3.40 3.83 3.95 4.45 8.44 9.52 1.30 1.47
In (D A M /K6)NaCi -10 .29 -10 .17 -10 .14 -10.02 -  9.38 -  9.26 -11 .25 -1 1 .13
In C * NaC1 -  9.56 -  9.44 -  9.41 -  9 .29 -  8.65 -  8.53 -10 .52 -1 0 .40
In A * -  2.08 -  2.12 -  2.12 -  2.12 -  2.12 -  2.12 -  1.58 -  1.65
Solute separation, % 85.5 94.2 81.0 90.3 71.6 79.7 88.2 97.2
Product rate, g/hr 10.5 20.5 8.6 17.4 11.2 21.8 12.3 24.1

a S od ium  ch lo r id e  con cen tra t ion  in feed: 3500  ppm  
b F ilm  1—3: F lo w  type  cell, f ilm  area 13.2 cm 2 , k = 22 X  10 '4 cm /sec 
c F i lm  4: N o n flo w  type  ce ll, f ilm  area 9.6 cm 2 , k = 20 X  10~4 cm/sec
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f o r  t h e  a b o v e  p a r a m e t e r s  a r e  g i v e n  b r i e f l y  a s  f o l l o w s  w i t h  

r e f e r e n c e  t o  t h e  a r o m a t i c  p o l y a m i d e  ( m e m b r a n e  m a t e r i a l ) -  
w a t e r  ( s o l v e n t )  s y s t e m  u n d e r  c o n s i d e r a t i o n .

T h e  q u a n t i t y  I n  C * N a c n  i s  a  m e a s u r e  o f  t h e  a v e r a g e  p o r e  
s i z e  o n  t h e  m e m b r a n e  s u r f a c e ;  t h i s  q u a n t i t y  c a n  b e  c a l c u l a t e d  
f r o m  d a t a  o n  m e m b r a n e  s p e c i f i c a t i o n s  o b t a i n e d  f r o m  a  d i l u t e  
a q u e o u s  s o d i u m  c h l o r i d e  f e e d  s o l u t i o n  u s i n g  t h e  r e l a t i o n :

l n  ( ° A M / K 5 ) N a C l  -  In  C * N a C l  + ( 2)

T h e  v a l u e s  o f  ( —A A G / R T ) N a +  a n d  ( —A A G / R T ) C 1- a t  2 5 ° C  a r e  
—2 . 0 8  a n d  + 1 . 3 5  r e s p e c t i v e l y  f r o m  p r e v i o u s  w o r k  ( D i c k s o n  e t  
a l . ,  1 9 7 5 ) .

T h e  q u a n t i t y  l n  A *  i s  a n  a d j u s t m e n t  p a r a m e t e r  t o  c a n c e l  
t h e  o v e r l a p  i n  r e p r e s e n t a t i o n  o f  t h e  e f f e c t  o f  p o r e  s i z e  i n 

c l u d e d  i n  t h e  c o m b i n e d  t e r m  ( l n  C * N a c i  +  5 * 2 E S)  i n  E q .  ( 1 ) .  
T h i s  a d j u s t m e n t  p a r a m e t e r  i s  e x p r e s s e d  i n  F i g u r e  1 i n  t h e  f o r m  

o f  l n  A *  v e r s u s  l n  C * N a c ii  c o r r e l a t i o n  o n  t h e  b a s i s  o f  p r e v i o u s  
w o r k  ( M a t s u u r a  e t  a l . ,  1 9 7 5 a ) .  A s  a l r e a d y  p o i n t e d  o u t ,  t h i s  
c o r r e l a t i o n  i s  i n d e p e n d e n t  o f  t h e  n a t u r e  o f  t h e  f u n c t i o n a l  
g r o u p  i n  t h e  s o l u t e  m o l e c u l e  u n d e r  c o n s i d e r a t i o n .

T h e  q u a n t i t y  ( —A A G / R T )  i s  t h e  p o l a r  f r e e  e n e r g y  p a r a m 

e t e r  f o r  t h e  s o l u t e  m o l e c u l e .  T h i s  p a r a m e t e r  i n v o l v e s ,  b e s i d e s  
t h e  u n i v e r s a l  g a s  c o n s t a n t  R  a n d  t h e  a b s o l u t e  t e m p e r a t u r e  T ,  
t h e  q u a n t i t y  A  A G  w h i c h  c a n  b e  o b t a i n e d  f r o m  t h e  r e l a t i o n :

A A G  — A G j — A G B (3)

w h e r e  A G  r e p r e s e n t s  t h e  f r e e  e n e r g y  o f  s o l u t e - s o l v e n t  i n t e r 
a c t i o n  ( i . e . ,  t h e  f r e e  e n e r g y  o f  h y d r a t i o n  i n  t h e  p r e s e n t  d i s c u s 
s i o n )  a n d  t h e  s u b s c r i p t s  I  a n d  B  r e f e r  t o  t h e  m e m b r a n e - s o l u 
t i o n  i n t e r f a c e  a n d  t h e  b u l k  s o l u t i o n  p h a s e  r e s p e c t i v e l y .  I t  h a s  

b e e n  s h o w n  ( B u t l e r ,  1 9 3 7 ;  D i a m o n d  a n d  W r i g h t ,  1 9 6 9 ;  M a t 
s u u r a  e t  a l . ,  1 9 7 5 a )  t h a t  t h e  f r e e  e n e r g y  o f  h y d r a t i o n  i n  t h e  
b u l k  s o l u t i o n  p h a s e ,  a n d  t h e  c o r r e s p o n d i n g  q u a n t i t y  i n  t h e  
m e m b r a n e - s o l u t i o n  i n t e r f a c e  a r e  a d d i t i v e  f u n c t i o n s  o f  t h e  
s t r u c t u r a l  g r o u p s  i n  t h e  s o l u t e  m o l e c u l e  c o n c e r n e d .  C o n s e 

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

i n v o l v e d  i n  t h e  m o l e c u l e  s o  t h a t ,

A G 3  =  2 7 b  ( s t r u c t u r a l  g r o u p )  +  7 B O  (4 )

T h u s  f r o m  d a t a  g i v e n  i n  T a b l e s  2  a n d  3 ,  T a f t ’s  t a b l e  ( T a f t ,

1 9 5 6 ) ,  a n d  F i g u r e s  1 a n d  2 ,  t h e  q u a n t i t i e s  o n  t h e  r i g h t  s i d e  o f  

E q .  ( 1 ) ,  a n d  h e n c e  D a m / K 6  f o r  t h e  d i f f e r e n t  p o l a r  o r g a n i c  
s o l u t e s  c a n  b e  c a l c u l a t e d  f o r  a  g i v e n  m e m b r a n e .

F r e e  e n e r g y  p a r a m e t e r s  f o r  e s t e r - s o l u t e s .  T h e  m a j o r  f l a v o r  

c o m p o n e n t s  p r e s e n t  i n  a p p l e  j u i c e  w a t e r s  c o n s i s t  o f  a l c o h o l s ,  
a l d e h y d e s  a n d  e s t e r s  ( M e r s o n  a n d  M o r g a n ,  1 9 6 8 ;  C h a n d r a s e -  
k a r a n  a n d  K i n g ,  1 9 7 1 ) .  W h i l e  t h e  d a t a  g i v e n  i n  T a b l e  3  a r e  
a d e q u a t e  f o r  o b t a i n i n g  t h e  f r e e  e n e r g y  p a r a m e t e r s  f o r  m a n y  

a l c o h o l -  a n d  a l d e h y d e - s o l u t e s  u s i n g  E q .  ( 3 ) ,  s i m i l a r  d a t a  f o r  
e s t e r - s o l u t e s  c a n n o t  b e  o b t a i n e d  f r o m  T a b l e  3  s i n c e  i t  d o e s  n o t

O
11

c o n t a i n  t h e  7 j  v a l u e  f o r  t h e  s t r u c t u r a l  g r o u p  - C - O - .  T h i s  l a t t e r  
v a l u e  w a s  o b t a i n e d  i n  t h i s  w o r k  b y  a n  i n t e r p o l a t i o n  t e c h n i q u e  
b a s e d  o n  a  c o n s i d e r a t i o n  o f  t h e  s p e c i f i c  f r e e  e n e r g y  o f  h y d r a 

t i o n  o f  t h e  p o l a r  f u n c t i o n a l  g r o u p s  i n  t h e  b u l k  s o l u t i o n  p h a s e  
a n d  i n  t h e  m e m b r a n e - s o l u t i o n  i n t e r f a c e ,  r e p r e s e n t e d  b y  t h e  
s y m b o l s  A G B s p  ( p o l a r  f u n c t i o n a l  g r o u p )  a n d  A G j  s p  ( p o l a r  
f u n c t i o n a l  g r o u p )  r e s p e c t i v e l y .  T h e s e  l a t t e r  q u a n t i t i e s  w e r e  

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

Fig. 1— Correlation o f In A *  vs In C *N a C I for arom atic polyam ide  
membranes.

a n d

A G t  =  £ 71  ( s t r u c t u r a l  g r o u p )  +  7 j  0  (5 )

w h e r e  7 B ( s t r u c t u r a l  g r o u p )  i s  t h e  i n c r e m e n t a l  f r e e  e n e r g y  o f  

h y d r a t i o n  f o r  t h e  s t r u c t u r a l  g r o u p  c o n c e r n e d ,  a n d  7 B i o  i s  a  
c h a r a c t e r i s t i c  c o n s t a n t  a p p l i c a b l e  t o  a l l  s t r u c t u r a l  g r o u p s  i n  t h e  
b u l k  s o l u t i o n  p h a s e ,  a n d  71  ( s t r u c t u r a l  g r o u p )  a n d  7 I O  a r e  t h e  
c o r r e s p o n d i n g  q u a n t i t i e s  a p p l i c a b l e  f o r  t h e  m e m b r a n e - s o l u t i o n  
i n t e r f a c e .  T h e  a v a i l a b l e  d a t a  o n  t h e  n u m e r i c a l  v a l u e s  o f  7 B 

( s t r u c t u r a l  g r o u p ) ,  7 B , o .  T i  ( s t r u c t u r a l  g r o u p ) ,  a n d  7 I O  a r e  
l i s t e d  i n  T a b l e  3 .

T h e  q u a n t i t y  6 * S E s i n  E q .  ( 1 )  r e p r e s e n t s  t h e  c o n t r i b u t i o n  

o f  s t e r i c  e f f e c t  t o  s o l u t e  t r a n s p o r t  p a r a m e t e r .  T h e  q u a n t i t y  
2 E S r e p r e s e n t s  T a f t ’s  s t e r i c  p a r a m e t e r  f o r  t h e  s u b s t i t u e n t  

g r o u p  i n  t h e  s o l u t e  m o l e c u l e ;  n u m e r i c a l  v a l u e s  o f  2 E S f o r  
m a n y  s u b s t i t u e n t  g r o u p s  a r e  o b t a i n a b l e  f r o m  T a f t ’s  t a b l e  
( T a f t ,  1 9 5 6 ) .  T h e  c o e f f i c i e n t  Ô *  a s s o c i a t e d  w i t h  2 E S i s  a  f u n c 
t i o n  o f  t h e  p o r o u s  s t r u c t u r e  o f  t h e  m e m b r a n e  s u r f a c e ,  a n d  t h e  
c h e m i c a l  n a t u r e  o f  b o t h  t h e  m e m b r a n e  m a t e r i a l  a n d  s o l u t e  
m o l e c u l e ;  t h i s  f u n c t i o n  h a s  t o  b e  d e t e r m i n e d  e x p e r i m e n t a l l y .  
F i g u r e  2  r e p r e s e n t s  t h e  a v a i l a b l e  d a t a  o n  6 * p e r t i n e n t  t o  t h i s  

w o r k  ( M a t s u u r a  e t  a l . ,  1 9 7 5 a ) .

Table 3—Structural group contribution to A G B and AG j for 
aromatic polyamide membrane3

Structural groups

7B,O = -1 2 .0 4 71,0 = 10-70

7 b 71

-c h 3 11.07 -1 .16
> c h 2 0.17 0.34
>CH ',b — -0 .25
-Ç-H -10.62 1.82

-C- -21.50 3.33
cyclic 20.49 -4 .17
-OH 3.99 -8 .33
-COO- -  5.14 —

> 0 -  4.03 -3 .59
-CN 5.02 —

> c = o -  5.80 -5 .5 5
-CHO 5.80 -6 .34

a D ata  f ro m  M a tsu u ra  e t al. (1 9 7 5 a )
^  > C H j re fe rs  to  m e th y le n e  g ro u p s  in  th e  m o le c u la r s tru c tu re , 

w h ic h  are separated fro m  a fu n c t io n a l g ro u p  b y  th re e  o r m ore  
ca rb o n  a to m s  in a s tra ig h t ch a in .
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Fig. 2 — Correlation o f  6 * vs 
In C*/\ja ç/ for aromatic 
polyam ide  membranes.

F ig .  3 — Corre lation  o f  

AG  /, sp (polar functional 
group) «  A G g  jp (polar 
functional group) for aro

m a t ic  po lyam ide  m em 

branes.
A G B Sp (polar functional group), kcal/g mole

u s i n g  t h e  d a t a  g i v e n  i n  T a b l e  3  a n d  t h e  m e t h o d  i n d i c a t e d  b y  A G i  s p  v a l u e s ,  i t  i s  c l e a r  t h a t ,  f o r  t h e  s t r u c t u r a l  g r o u p  O  
D i a m o n d  a n d  W r i g h t  ( 1 9 6 9 ) .  F o r  t h e  b u l k  s o l u t i o n  p h a s e ,  "

A G ß .s p (-O H ) -  a g b (C H 3 C H 2 O H )  -  a g b (C H 3 C H 3 )

=  3 .1 9 -  1 0 .1 0  =  - 6 . 9 1 ;

A G b  s p (-C H O ) =  a g b (C H 3 C H 2 C H O )  -  A G b (C H 3 C H 3 )

=  5 .0 0 -  1 0 .1 0  =  - 5 . 1 0 ;

A G B s p ( > C = 0 ) =  A G B (C H 3 C O C H 3 )  -  a g b (C H 3 C H 3 )

= 4 .3 0 -  1 0 .1 0  =  - 5 . 8 0 ;

a g b  sp ( - 0 - ) =  a g b (C 2 H 5 O C 2 H 5 ) -  A G b  (C 2 H 5 C 2 H s )

O = 6 A 1 -  1 0 .4 4  =  - 4 . 0 3 ;  a n d

a g b ,s p

II
( - C - 0 - ) =  a g b (C H 3 C O O C H 3 ) -  A G B  (C H 3 C H 3 )

= 4 .9 6  -  1 0 .1 0  =  - 5 . 1 4 .

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

i n t e r f a c e ,

A G I>SP ( -O H ) 

A G IiSP ( -C H O ) 

A G j sp  ( > C = 0 )

A G j sjj (-0 -)

= A G j (C H S  C H ,, O H )  -  A G !  (C H 3 C H , )
=  1 .5 5  -  8 .3 8  =  - 6 . 8 3 ;

= A G ! (C H 3 C H 2 C H O )  -  A G j  (C H 3 C H 3 )
= 3 .5 4  -  8 .3 8  =  - 4 . 8 4 ;

=  A G j ( C H 3 G O C H , )  -  A G i  (C H 3 C H ,  )

= 2 .8 3  -  8 .3 8  =  - 5 . 5 5 ;

= A G i (C2H 5OC2H s ) -  A G j  (C2H s C2H 5) 
= 5 .4 7  - 9 . 0 6  =  - 3 . 5 9 .

A  p l o t  o f  A G B s p  v e r s u s  A G i  s p  ( F i g .  3 )  f o r  t h e  s t r u c t u r a l  
g r o u p  - O H ,  - C O ,  - C H O ,  a n d  - O -  s h o w s  t h a t  t h e  c o r r e l a t i o n  is  a  
s t r a i g h t  l i n e  f r o m  w h i c h  A G !  s p  f o r  t h e  s t r u c t u r a l  g r o u p  O

- C - O -

c a n  b e  o b t a i n e d  b y  i n t e r p o l a t i o n  a s  —4 . 8 4 .  C o m p a r i n g  E q .  ( 4 )  
a n d  ( 5 )  a n d  t h e  m e t h o d  u s e d  a b o v e  f o r  c a l c u l a t i n g  A G B s p  a n d

O  O
n n

A G B ,Sp  ( - C - 0 - )  =  7 B  ( - C - 0 - )

a n d
O  O

A G i iSP ( - C - 0 - )  =  71  ( - C - 0 - )

O
n

T h e r e f o r e  t h e  7 i  v a l u e  f o r  t h e  s t r u c t u r a l  g r o u p  - C - O - i s  —4 . 8 4  
w h i c h  c a n  b e  u s e d  f o r  o b t a i n i n g  t h e  f r e e  e n e r g y  p a r a m e t e r  

d a t a  f o r  e s t e r - s o l u t e s .

V a l u e s  o f  5 *  a p p l i c a b l e  f o r  e s t e r - s o l u t e s .  T h e  I n  C * N a d  
v e r s u s  5 *  c o r r e l a t i o n s  g i v e n  i n  F i g u r e  2  a r e  t h o s e  e s t a b l i s h e d  
e a r l i e r  e x p e r i m e n t a l l y  f o r  t h e  a l c o h o l - ,  a l d e h y d e - ,  k e t o n e - ,  a n d  

e t h e r - s o l u t e s  ( M a t s u u r a  e t  a l . ,  1 9 7 5 a ) .  S i m i l a r  c o r r e l a t i o n  f o r  
e s t e r - s o l u t e s  h a s  n o t  y e t  b e e n  f i r m l y  e s t a b l i s h e d .  I t  m a y  h o w 
e v e r  b e  n o t e d  t h a t  t h e  c o r r e l a t i o n  i s  i d e n t i c a l  f o r  b o t h  k e t o n e -  
a n d  e t h e r - s o l u t e s .  S i n c e  t h e  s p e c i f i c  f r e e  e n e r g y  o f  h y d r a t i o n

O
n

( A G B s p )  f o r  t h e  p o l a r  f u n c t i o n a l  g r o u p  - C - O -  ( =  — 5 . 1 4 )  l i e s  
b e t w e e n  t h e  c o r r e s p o n d i n g  d a t a  f o r  t h e  f u n c t i o n a l  g r o u p s  
> 0 = 0  ( =  — 5 . 8 0 )  a n d  - O -  ( =  —4 . 0 3 ) ,  i t  s e e m e d  r e a s o n a b l e  t o  
c o n s i d e r  t h a t  t h e  I n  C * N a C ]  v e r s u s  5 *  c o r r e l a t i o n  g i v e n  i n  
F i g u r e  2  f o r  t h e  k e t o n e -  a n d  e t h e r - s o l u t e s  w a s  a l s o  a p p l i c a b l e  
f o r  t h e  e s t e r - s o l u t e s .  T h e  f o l l o w i n g  e x p e r i m e n t a l  r e s u l t s  o b 
t a i n e d  i n  t h i s  w o r k  j u s t i f i e d  t h e  a b o v e  c o n c l u s i o n .

E x p e r i m e n t a l  r e v e r s e  o s m o s i s  d a t a  w e r e  o b t a i n e d  u s i n g  t h e  
f i v e  e s t e r - s o l u t e s  l i s t e d  i n  T a b l e  1 a n d  t h e  p o l y a m i d e  f i l m s  1 , 2  
a n d  3  s p e c i f i e d  i n  T a b l e  2 .  T h e  o p e r a t i n g  p r e s s u r e  u s e d  w a s  
5 0 0  p s i g  a n d  t h e  s o l u t e  c o n c e n t r a t i o n s  i n  t h e  f e e d  s o l u t i o n s  
u s e d  w e r e  i n  t h e  r a n g e  2 2 0 —3 5 0  p p m  ( 0 . 0 0 3 g  m o l e / l i t e r ) .

T h e  o b t a i n a b l e  s o l u t e  s e p a r a t i o n s  f o r  t h e  e s t e r - s o l u t e s  w e r e  
a l s o  c a l c u l a t e d  o n  t h e  b a s i s  o f  D A M / K 8  v a l u e s  p r e d i c t e d  b y  
E q .  ( 1 ) .  F o r  t h e  p u r p o s e  o f  t h i s  p r e d i c t i o n ,  t h e  I n  C * N a C i 
v e r s u s  5 *  c o r r e l a t i o n  g i v e n  i n  F i g u r e  2  f o r  t h e  k e t o n e  a n d  
e t h e r  s o l u t e s  w a s  a s s u m e d  v a l i d  f o r  t h e  e s t e r - s o l u t e s  a l s o ;  t h e
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a p p l i c a b l e  v a l u e s  o f  I n  A * ,  ( —A A G / R T ) ,  a n d  2 E S w e r e  t a k e n  
f r o m  F i g u r e  1 a n d  T a b l e  1 . U s i n g  t h e  D A M / K 5  v a l u e s  p r e 

d i c t e d  b y  E q .  (  1 ) ,  s o l u t e  s e p a r a t i o n  f  w a s  c a l c u l a t e d  f r o m  t h e  

f o l l o w i n g  r e l a t i o n  d e r i v e d  e a r l i e r  ( M a t s u u r a  a n d  S o u r i r a j a n ,
1 9 7 3 ) :

D“ /Ks=365k ¥ h U 5f e !

w h e r e  P R  =  p r o d u c t  r a t e  i n  g r a m s / h o u r  p e r  g i v e n  a r e a  S  o f  f i l m  

s u r f a c e  ( =  1 3 . 2  c m 2 i n  t h e  p r e s e n t  c a s e ) ,  d  =  s o l u t i o n  d e n s i t y  
w h i c h  is  e s s e n t i a l l y  t h e  s a m e  a s  t h a t  o f  p u r e  w a t e r  ( i n  g r a m /  

c m 3 )  a n d  k  =  m a s s  t r a n s f e r  c o e f f i c i e n t  ( i n  c m / s e c )  o n  t h e  h i g h  

p r e s s u r e  s i d e  o f  t h e  m e m b r a n e  c a l c u l a t e d  b y  t h e  m e t h o d  d e 
s c r i b e d  e a r l i e r  ( M a t s u u r a  e t  a l . ,  1 9 7 4 c ) .  B e c a u s e  o f  t h e  n e g l i g i 

b l e  o s m o t i c  p r e s s u r e  o f  t h e  f e e d  s o l u t i o n s  i n v o l v e d ,  t h e  q u a n t i 
t y  P R  w a s  a s s u m e d  e q u a l  t o  t h e  p u r e  w a t e r  p e r m e a t i o n  r a t e  
( P W P )  f o r  t h e  g i v e n  a r e a  o f  t h e  m e m b r a n e  s u r f a c e ;  t h e  l a t t e r  
q u a n t i t y  w a s  c a l c u l a t e d  f r o m  d a t a  o n  A  g i v e n  i n  T a b l e  2 .  T h e  

v a l u e s  o f  k  a p p l i c a b l e  f o r  t h e  e x p e r i m e n t a l  c o n d i t i o n s  u s e d  a r e  
l i s t e d  i n  T a b l e  1 .

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

w e r e  f o u n d  t o  b e  i n  r e a s o n a b l e  a g r e e m e n t .  T h i s  i s  i l l u s t r a t e d  i n  
F i g u r e  4 .  O n  t h e  b a s i s  o f  t h i s  a g r e e m e n t ,  t h e  I n  C * N a c i  v e r s u s  
S *  c o r r e l a t i o n  g i v e n  i n  F i g u r e  2  f o r  t h e  k e t o n e  a n d  e t h e r -  
s o l u t e s  w a s  a s s u m e d  v a l i d  f o r  t h e  e s t e r - s o l u t e s  a l s o  i n  t h i s  

w o r k .

Separation of some typical flavor components 
present in apple juice waters

T w e l v e  f l a v o r  c o m p o n e n t s  w h i c h  h a v e  b e e n  i d e n t i f i e d  i n  
a p p l e  j u i c e s  ( M e r s o n  a n d  M o r g a n ,  1 9 6 8 ;  C h a n d r a s e k a r a n  a n d  

K i n g ,  1 9 7 1 ;  B e d n a s ,  1 9 7 4 )  a r e  l i s t e d  i n  T a b l e  4 .  O n e  c a n  c a l c u 
l a t e  r e v e r s e  o s m o s i s  s e p a r a t i o n s  o b t a i n a b l e  f o r  e a c h  o f  t h e s e  
f l a v o r  c o m p o n e n t s  w i t h  a  g i v e n  p o l y a m i d e  f i l m  u s i n g  E q s .  ( 1 )  

a n d  ( 6 )  a n d  t h e  m e t h o d  d e s c r i b e d  b e l o w .
C o n s i d e r i n g ,  f o r  i l l u s t r a t i o n ,  t h e  p o l y a m i d e  f i l m  4  a t  t h e  

o p e r a t i n g  p r e s s u r e  o f  1 0 0 0  p s i g ,  t h e  a p p l i c a b l e  v a l u e  o f  I n  

C * N a C i  i s  — 1 0 . 4  f r o m  T a b l e  2 ,  t h a t  o f  I n  A *  is  — 1 . 6 5  f r o m  
F i g u r e  1 . T h e  f r e e  e n e r g y  p a r a m e t e r  ( —A A G / R T )  f o r  e a c h  o f

Fig. 4 — Com parison o f experimental an d  calculated separation o f  
ester solutes b y  arom atic po lyam ide  membranes. Solute numbers 
same as in Table 1.

t h e  f l a v o r  c o m p o n e n t s  c a n  b e  c a l c u l a t e d  u s i n g  E q s .  ( 3 ) ,  ( 4 )  
a n d  ( 5 )  a n d  t h e  d a t a  g i v e n  i n  T a b l e  3 ;  t h e  v a l u e s  o f  

( —A A G / R T )  s o  c a l c u l a t e d  a r e  g i v e n  i n  T a b l e  4 .  T h e  a p p l i c a b l e  

v a l u e s  o f  6 * f o r  t h e  f i l m  a r e  0 . 3 6 ,  1 . 7 7  a n d  1 . 1 8  f o r  t h e  
a l c o h o l - ,  a l d e h y d e - ,  a n d  t h e  e s t e r - s o l u t e s  r e s p e c t i v e l y  f r o m  
F i g u r e  2  a n d  p r e v i o u s  d i s c u s s i o n .  T h e  2 E S v a l u e s  f o r  e a c h  o f  

t h e  s u b s t i t u e n t  g r o u p s  i n v o l v e d ,  e x c e p t  ( s - C 4 H ,  ) C H 2 , c a n  b e  
o b t a i n e d  f r o m  T a f t ’s  t a b l e  ( T a f t ,  1 9 5 6 ) ;  t h e s e  v a l u e s  o f  2 E S 
a r e  a l s o  i n c l u d e d  i n  T a b l e  4 .  T h e  v a l u e  o f  2 E S f o r  t h e  s u b s t i t u 
e n t  g r o u p  ( s - C 4 H ,  ) C H 2 w a s  o b t a i n e d  b y  a n  i n t e r p o l a t i o n  t e c h 

n i q u e .  A  p l o t  o f  T a f t ’s  d a t a  o n  2 E S f o r  t h e  s u b s t i t u e n t  g r o u p  
R  v e r s u s  t h a t  f o r  t h e  s u b s t i t u e n t  g r o u p  R - C H 2 g iv e s  a  s t r a i g h t  
l i n e  c o r r e l a t i o n  a s  s h o w n  i n  F i g u r e  5 f r o m  w h i c h  £ E S f o r  

( s - C 4 H ,  ) C H 2 c a n  b e  r e a d  t o  b e  — 1 .3 1  c o r r e s p o n d i n g  t o  t h e  
2 E S v a l u e  o f  — 1 . 1 3  f o r  s - C 4 H ,  g i v e n  i n  T a f t ’s  t a b l e .  T h u s  a l l

(6)

T a b le  4 —P h y s ico c h em ic a l p a ra m e te rs  a n d  so lu te  s e p a ra tio n s  o f  ty p ic a l  f lav o r  c o m p o n e n ts  in a p p le  ju ic e 3

k N aC l = 2 0  X 1 0 “1 c m /se c k N a c i  = 5 0  X IO 4 cm /se c

— A A G
S o lu te

k X 1 0 4 sep
S o lu te

k X 10 4 sep

F lav o r c o m p o n e n ts F o rm u la M ol w t S E s R T c m /se c % c m /se c %

Methyl alcohol C H jO H 32.0 0.0 3.06 22.4 84.3 56.0 87.7

Ethyl alcohol C2 H s OH 46.1 -0 .07 2.76 18.6 87.1 46.4 90.5

¡-Butyl alcohol i-C4 H, OH 74.1 -0 .93 2.42 14.8 91.7 37.0 94.5

n-Hexyl alcohol n-C6 H, 3 OH 102.2 -0 .40 2.81 13.0 84.8 32.5 90.2

i-Butyraldehyde i-C3 H 7OH 72.1 -0 .70 2.40 15.4 96.6 38.5 97.8

n-Hexanal n-C5 Hj [ CHO 100.2 -0 .40 2.19 13.2 94.9 33.1 96.8

Ethyl acetate
Q

c 2 h 5o c c h 3 88.1 -0 .07 2.11 14.8 92.1 37.1 94.7

n-Butyl acetate n-C4 H , 0 ? C H 3 116.2 -0 .39 1.53 12.9 96.5 32.2 97.8

Ethyl butyrate c 2h s o $ c 3h 7 116.2 -0 .43 1.53 12.9 96.6 32.2 97.9

2-Methyl-1-butyl O
acetate C 2 H 5C H (CH 3)C H 2O C C H 3 130.2 -1.31 1.46 12.2 98.8 30.5 99.3

Ethyl 2-Methyl- 0
99.2butyrate C 2 H 5O C C H (C H 3 )C2 H 5 130.2 -1 .20 1.46 12.2 98.7 30.5

n-Hexyl acetate
0

n-C6 H 13O Ö C H 3 144.2 -0 .40 3.95 11.6 69.2 29.0 79.7

3 T  = 2 9 8 °  K, L E S values fro m  T a f t  (1 9 5 6 ) .
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q u a n t i t i e s  o n  t h e  r i g h t  s i d e  o f  E q .  (  1 )  a r e  k n o w n  s o  t h a t  I n  
( D A m / K Ô )  f o r  e a c h  o f  t h e  f l a v o r  c o m p o n e n t s  l i s t e d  c a n  b e  

c a l c u l a t e d  f o r  f i l m  4 .
T h e  d a t a  o n  s o l u t e  t r a n s p o r t  p a r a m e t e r  c a l c u l a t e d  a b o v e  

c a n  b e  u s e d  i n  E q .  ( 6 )  t o  c a l c u l a t e  s o l u t e  s e p a r a t i o n  f ,  f o r  
w h i c h  p u r p o s e  t h e  a p p l i c a b l e  d a t a  o n  P R ,  S ,  d  a n d  k  a r e  n e e d 
e d .  S i n c e  t h e  f l a v o r  c o m p o n e n t s  a r e  p r e s e n t  i n  v e r y  l o w  c o n 
c e n t r a t i o n s  i n  a p p l e  j u i c e  w a t e r s ,  P R  i s  e s s e n t i a l l y  t h e  s a m e  a s  

P W P  w h i c h  c a n  b e  o b t a i n e d  f r o m  t h e  p u r e  w a t e r  p e r m e a b i l i t y  
c o n s t a n t  f o r  t h e  f i l m  g i v e n  i n  T a b l e  2 .  T h e  d e n s i t y  d  o f  t h e  
a p p l e  j u i c e  w a t e r  m a y  b e  c o n s i d e r e d  t o  b e  e s s e n t i a l l y  t h e  s a m e  
a s  t h e  d e n s i t y  o f  p u r e  w a t e r .  T h e  e f f e c t i v e  m e m b r a n e  a r e a  S  
w a s  t a k e n  h e r e  a s  9 . 6  c m 2 w h i c h  is  t h e  a r e a  a p p l i c a b l e  f o r  t h e  
n o n f l o w  t y p e  a p p a r a t u s  u s e d  i n  t h i s  w o r k .  T h e  v a l u e  o f  t h e  
m a s s  t r a n s f e r  c o e f f i c i e n t  k  f o r  t h e  f l a v o r  c o m p o n e n t  o n  t h e  

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

r e l a t i o n  ( M a t s u u r a  e t  a l . ,  1 9 7 4 c ) :

k  “  k N aC l
D a

2 / 3

(D A B )N aC l
(7 )

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

( M a t s u u r a  e t  a l . ,  1 9 7 4 b ,  c )  f o r  t h e  s a m e  o r  s i m i l a r  s o l u t e s  w i t h  
c o m p a r a b l e  c e l l u l o s e  a c e t a t e  m e m b r a n e s  s t u d i e d  e a r l i e r .  H e n c e  

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

j u i c e  w a t e r s .

R e su lts  o f  sy s te m  a n a ly sis
T h e  a p p l i c a t i o n  o f  s y s t e m  a n a l y s i s  ( O h y a  a n d  S o u r i r a j a n ,

1 9 7 1 )  f o r  p a r a m e t r i c  s t u d i e s  o n  c o n c e n t r a t i o n  o f  a p p l e  j u i c e  
w a t e r s  h a s  b e e n  i l l u s t r a t e d  ( M a t s u u r a  e t  a l . ,  1 9 7 4 a ) .  T h e  r e 

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

c a l c u l a t e d  f o r  f i l m  4  w i t h  r e s p e c t  t o  t h e  f l a v o r  c o m p o n e n t s
2 - m e t h y l - 1 - b u t y l  a c e t a t e  ( w h o s e  r e v e r s e  o s m o s i s  s e p a r a t i o n  

w a s  t h e  h i g h e s t  f o r  t h e  f i l m  c o n s i d e r e d ) ,  n - h e x y l  a c e t a t e  
( w h o s e  r e v e r s e  o s m o s i s  s e p a r a t i o n  w a s  t h e  l o w e s t )  a n d  e t h y l  

a l c o h o l  ( w h o s e  r e v e r s e  o s m o s i s  s e p a r a t i o n  w a s  i n  t h e  i n t e r 
m e d i a t e  r a n g e ) .  I t  m a y  b e  r e c a l l e d  t h a t  t h e  p a r a m e t e r s  o f  
s y s t e m  s p e c i f i c a t i o n  a n d  s y s t e m  p e r f o r m a n c e  a r e  d e f i n e d  a s  

f o l l o w s :

w h e r e  k N a C 1  =  m a s s  t r a n s f e r  c o e f f i c i e n t  f o r  N a C l  o n  t h e  h i g h  
p r e s s u r e  s i d e  o f  t h e  m e m b r a n e  w i t h  t h e  r e f e r e n c e  f e e d  s o l u t i o n  
N a C l - H 2 0 ,  a n d  ( D A B ) N aC 1  a n d  D A B  r e f e r  t o  d i f f u s i v i t y  o f  
N a C l  a n d  t h e  f l a v o r  c o m p o n e n t  r e s p e c t i v e l y  i n  w a t e r .  T h e  
v a l u e s  o f  D A B  m a y  b e  c a l c u l a t e d  a s  b e f o r e  ( M a t s u u r a  a n d  
S o u r i r a j a n ,  1 9 7 3 )  f r o m  t h e  e m p i r i c a l  e q u a t i o n  o f  W i l k e  a n d  
C h a n g  ( 1 9 5 5 ) .  T h e  r e l a t i v e  v a l u e s  o f  k  s o  c a l c u l a t e d  a r e  a l s o  
i n c l u d e d  i n  T a b l e  4 .

F o l l o w i n g  t h e  a b o v e  m e t h o d  f o r  c a l c u l a t i n g  f ,  t w o  s e t s  o f  
c a l c u l a t i o n s  w e r e  m a d e  c o r r e s p o n d i n g  t o  k N a C j v a l u e s  o f  2 0  X 
1CT4 c m / s e c  a n d  5 0  X  1 0 ' 4 c m / s e c .  T h e  f o r m e r  v a l u e  o f  k  w a s  
t h e  o n e  a c t u a l l y  o b t a i n e d  i n  t h e  a p p a r a t u s  u s e d  i n  t h i s  w o r k ,  
a n d  t h e  l a t t e r  v a l u e  o f  k  i s  t h e  o n e  w h i c h  i s  m o r e  d e s i r a b l e  f o r  

i n d u s t r i a l  a p p l i c a t i o n s  ( M a t s u u r a  e t  a l . ,  1 9 7 4 a ) .  T h e  v a l u e s  o f  f  
f o r  e a c h  f l a v o r  c o m p o n e n t  c o r r e s p o n d i n g  t o  t h e  a b o v e  v a l u e s  
o f  k N a C i  a r e  g i v e n  i n  T a b l e  4 .  I t  h a s  a l r e a d y  b e e n  s h o w n  t h a t  

m i x e d  s o l u t e s  i n  d i l u t e  s o l u t i o n  b e h a v e  i n d e p e n d e n t l y  i n  r e 
v e r s e  o s m o s i s  ( M a t s u u r a  e t  a l . ,  1 9 7 4 c ) .  T h e r e f o r e ,  f o r  t h e  p o l y 
a m i d e  m e m b r a n e  u s e d ,  T a b l e  4  g i v e s  t h e  o b t a i n a b l e  v a l u e s  o f  
s o l u t e  s e p a r a t i o n s  f o r  t h e  f l a v o r  c o m p o n e n t s  l i s t e d .  T h e  d a t a

STERIC PARAMETER 2 E , 
OF SUBSTITUENT R

Fig. 5 — C o r r e la t io n  o f  s t e r i c  p a r a m e t e r  X E S o f  s u b s t i t u e n t  R C H 2 vs 
s t e r i c  p a r a m e t e r  T.ES o f  s u b s t i t u e n t  R .  S u b s t i t u e n t  g r o u p s :

A

R

c h 3 F c y c l o - C 6 H  ,
B C 2 H s G c 6 h 5
C c , w , H c 6 h 5 c h 2
D 1 C 6 H J C H J
E

P a ra m eters o f  sy s te m  s p e c if ic a t io n

o s m o t i c  p r e s s u re  o f  i n i t i a l  f e e d  s o lu t io n
y  =--------------------------;-------------------------------

o p e r a t in g  p r e s s u r e

9 =  ( D A M / K 6 ) / ( p u r e  w a te r  p e r m e a t io n  v e lo c i ty )
a n d  \  =  k / ( D A M /K S ) .

P a ra m eters o f  sy s te m  p e r fo r m a n c e

A =  v o lu m e t r i c  f r a c t i o n  w a te r  r e c o v e r y

V ,
=  1 —— -  in  b a t c h  o p e r a t i o n

-  _  avg  p r o d u c t  c o n e  f o r  g iv e n  A
3 in i t i a l  c o n e  o f  f e e d

a n d  t  = S v ^ , t / V j  °  in  b a t c h  o p e r a t i o n ,

w h e r e  S  =  m e m b r a n e  a r e a ,  c m 2 ; t  =  t i m e ,  s e c ;  v ^  =  p u r e  w a t e r  
p e r m e a t i o n  v e l o c i t y ,  c m / s e c ;  V .  =  v o l u m e  o f  s o l u t i o n  o n  t h e  
h i g h  p r e s s u r e  s i d e  o f  m e m b r a n e  a t  a n y  t i m e  i n  a  b a t c h  p r o c e s s ,  

c m 3 a n d  V ,  °  =  v a l u e  o f  V ,  a t  t h e  s t a r t  o f  b a t c h  o p e r a t i o n ,  
c m 3 .

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

p s ig .  T h e  v a l u e s  o f  A9  g i v e n  i n  T a b l e  5  a r e  b a s e d  o n  t h e  a c t u a l  

v a l u e s  o f  k N a C i o b t a i n e d  i n  t h e  a p p a r a t u s  u s e d  i n  t h i s  w o r k .  
T h e  d a t a  o n  s y s t e m  s p e c i f i c a t i o n s  s h o w  t h a t  b o t h  9  a n d  A 9  
d e c r e a s e  w i t h  i n c r e a s e  i n  o p e r a t i n g  p r e s s u r e .  A t  a  g i v e n  l e v e l  o f  
A ,  a  d e c r e a s e  i n  9  t e n d s  t o  d e c r e a s e  C 3 ( w h i c h  m e a n s  h i g h e r  
r e t e n t i o n  o f  t h e  f l a v o r  c o m p o n e n t  i n  t h e  c o n c e n t r a t e ) ,  w h i l e  a  

d e c r e a s e  i n  A6  t e n d s  t o  i n c r e a s e  C 3 . T h e r e f o r e  i t  i s  n o t  o b v i o u s  
w h i c h  o p e r a t i n g  p r e s s u r e  i s  d e s i r a b l e  i n  o r d e r  t o  o b t a i n  a  h i g h 
e r  r e t e n t i o n  o f  t h e  f l a v o r  c o m p o u n d  i n  t h e  c o n c e n t r a t e  i . e . ,  a  
d e c r e a s e  i n  C 3 . T h e  r e s u l t s  o f  s y s t e m  a n a l y s i s  b a s e d  o n  t h e  
a b o v e  s y s t e m  s p e c i f i c a t i o n s  a r e  g i v e n  i n  F i g u r e  6 . T h e s e  r e s u l t s  
s h o w  p r e c i s e l y  t h a t  t h e  v a l u e s  o f  C 3 a r e  l o w e r  a t  1 0 0 0  p s i g  
t h a n  a t  5 0 0  p s i g  f o r  a l l  t h e  t h r e e  f l a v o r  c o m p o n e n t s  s t u d i e d .  
T h e s e  r e s u l t s  m e a n  t h a t  t h e  h i g h e r  o p e r a t i n g  p r e s s u r e  i s  d e s i r a 
b l e  i n  o r d e r  t o  o b t a i n  a  h i g h e r  r e c o v e r y  o f  f l a v o r  c o m p o n e n t s  
i n  t h e  c o n c e n t r a t e  b y  t h e  r e v e r s e  o s m o s i s  t r e a t m e n t  o f  a p p l e  
j u i c e  w a t e r s .

R ev erse  o s m o s is  tr e a tm e n t o f  a p p le  ju ic e  w a te rs

T h e  f o r e g o i n g  a n a l y s i s  o n  t h e  e f f e c t  o f  o p e r a t i n g  p r e s s u r e ,  
a n d  t h e  a n a l y t i c a l  a n d  e x p e r i m e n t a l  r e s u l t s  r e p o r t e d  e a r l i e r  
( M a t s u u r a  e t  a l . ,  1 9 7 4 a )  l e a d  t o  t h e  c o n c l u s i o n  t h a t  a  h i g h e r
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Table 5—System specifications for some flavor components

500 psig 1000 psig

Parameters Flavor component Flavor component
of -------------------------------------------------------------------------- --------------------------------------------------

system 2-Methyl-1- Ethyl n-Hexyl 2-Methyl-1- Ethyl n-Hexyl
specification butyl acetate alcohol acetate butyl acetate alcohol acetate

v * vw »
(cm/sec) X  104 4.09 4.09 4.09 7.84 7.84 7.84

<DA m /K«>,
(cm/sec) X  10s 0.51 8.52 18.05 0.53 8.96 18.97

k,
(cm/sec) X  104 12.2 18.6 11.6 12.2 18.6 11.6

7 0 0 0 0 0 0
0 0.012 0.208 0.441 0.007 0.114 0.242
Xd 2.975 4.531 2.840 1.554 2.366 1.481

Table 6— Experimental details and design parameters for recovery of apple flavor components11

Run
no.

Experimental details Design parameters at A = 0.6

Operating
pressure

psig

Operating
temp

°C

Initial feed 
cone

ppm eq. EtOH (cA )f/(cAti c 3

Processing 
capacity 

gal d a y '1 f t '2

1 1250 7.5 160 2.22 0.16 9.1
2 1000 25 694 1.65 0.56 19.2
3 1000 7.5 735 2.19 0.19 8.6
4 1000 7.5 160 2.22 0.15 7.7
5 500 7.5 163 2.07 0.28 4.8
6 250 7.5 185 1.81 0.46 1.9

a Membrane: A ro m a t ic  p o ly am ide  f ilm  4

o p e r a tin g  p ressu re  to g e th e r  w ith  a lo w e r  o p e r a t in g  te m p e r a 
tu re  can  resu lt  in  a r e la t iv e ly  h ig h er  r ec o v er y  o f  fla v o r  c o m p o 
n e n ts  in  th e  c o n c e n tr a te  du rin g  th e  reverse  o sm o s is  tr e a tm e n t  
o f  ap p le  ju ic e  w a te rs . T h is  c o n c lu s io n  w a s v e r if ie d  e x p e r i
m e n ta lly  b y  a se t  o f  s ix  e x p e r im e n ts  u s in g  th e  p o ly a m id e  f ilm  
4  an d  a c tu a l a p p le  ju ic e  w a ters . In  th e se  e x p e r im e n ts , th e  
o p e r a tin g  te m p er a tu r e  u sed  w as e ith e r  7 .5 ° C  or  2 5 ° C . T h e  
o p e r a tin g  p ressu re  u se d  w as in  th e  ran ge 2 5 0 —1 2 5 0  p sig . T h e  
v o lu m e tr ic  fr a c t io n  o f  m em b ra n e  p e r m ea te d  ju ic e  w a te r  w a s in  
th e  range 6 0 —70% . T h e  c o n c e n tr a t io n  o f  f la v o r  c o m p o n e n ts  in  
th e  fe e d  e x p r e s se d  in  term s o f  e q u iv a le n t  e th y l  a lc o h o l  c o n c e n 
tra tio n  w as in  th e  range 1 6 0 - 7 3 5  p p m . T h e  e x p e r im e n ta l re
su lts  o b ta in e d  are illu s tra te d  in  F ig u re  7 in  th e  fo r m  o f  correla 
t io n s  o f  th e  c o n c e n tr a t io n  ra tio  ( c A ) f / ( c A ) ; [ i .e . ,  c o n c e n tr a 
t io n  o f  fla v o r  c o m p o n e n ts  in  th e  fin a l c o n c e n tr a te ,  
( CA  ) f /c o n c e n tr a t io n  o f  fla v o r  c o m p o n e n ts  in  th e  in it ia l  fe e d  
( c A ) i i  versus A , C 3 , an d  p r o c ess in g  c a p a c ity  o f  th e  m em b ra n e . 
T h e  q u a n tity  “ p r o c e ss in g  c a p a c ity ” is d e f in e d  as th e  v o lu m e  o f  
fe e d  so lu t io n  th a t  o n e  sq u are  f o o t  o f  f i lm  su rfa ce  ca n  h a n d le  
per day  in  a b a tc h  c o n c e n tr a t io n  p r o c e s s  to  o b ta in  a g iv en  
v a lu e  o f  ( c A ) f / ( c A )i. T a b le  6 g ives th e  e x p e r im e n ta l d e ta ils  fo r  
th e  ru n s n o te d  in  F ig u re  7 . _

T a b le  6  also  g iv es d a ta  o n  ( c A) f / ( c A ) j ,  C 3 an d  p r o c ess in g  
c a p a c ity  o f  the  f ilm  a t A  =  0 .6  arb itra r ily  c h o se n  fo r  c o m p a r i
so n . F r o m  th e  p o in t o f  v ie w  o f  h ig h er  r e c o v e r y  o f  fla v o r  c o m 
p o n e n ts  in  th e  c o n c e n tr a te , it  is d e s ir a b le _ to  h a v e  a h ig h er  
va lu e  fo r  ( c A ) f / ( c A )j an d  a lo w e r  v a lu e  o f  C 3 at a g iv en  v a lu e  
o f  A ; i t  is  a lso  d esirab le  t o  h a v e  a h ig h er  v a lu e  fo r  p r o c ess in g

0.4|----------- 1-----------1-----------I----------- 1-----------1----------- 1----------- 1----------- 1----------

2 -  M ETHYL-1 - BU TYL  ACETATE

° '2 _  PRESSURE, psig

500

Fig. 6 — Results o f reverse osm osis system  analysis for the recovery 
o f som e apple flavor com ponents b y  arom atic polyam ide membrane 
(film 4).
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c a p a c i t y  s o  t h a t  t h e  m e m b r a n e  a r e a  n e e d e d  f o r  p r a c t i c a l  u s e  i n  
r e c o v e r y  o f  f l a v o r  c o m p o n e n t s  i s  w i t h i n  e c o n o m i c  l i m i t s .

T h e  r e s u l t s  g i v e n  i n  T a b l e  6  s h o w  t h a t  ( c A ) f / ( c A ) j  i n c r e a s e s  
a n d  C 3 d e c r e a s e s  s i g n i f i c a n t l y  b y  ( i )  d e c r e a s e  i n  o p e r a t i n g  t e m 
p e r a t u r e  ( r u n  n u m b e r s  2  a n d  3 ) ,  ( i i )  i n c r e a s e  i n  o p e r a t i n g  p r e s 

s u r e  i n  t h e  r a n g e  2 5 0 — 1 0 0 0  p s i g  ( r u n  n u m b e r s  4 ,  5  a n d  6 ) ,  a n d
( i i i )  d e c r e a s e  i n  f e e d  c o n c e n t r a t i o n  ( r u n  n u m b e r s  3  a n d  4 ) .  T h e  

r e s u l t s  a l s o  s h o w  t h a t  a n  i n c r e a s e  i n  o p e r a t i n g  p r e s s u r e  f r o m  
1 0 0 0  t o  1 2 5 0  p s i g  ( r u n  n u m b e r s  4  a n d  1 )  h a d  n o  s i g n i f i c a n t  

e f f e c t  o n  ( c A ) f / ( c A ) j  a n d  C 3 . A l l  t h e  a b o v e  r e s u l t s  a r e  c o n 
s i s t e n t  w i t h  t h e  r e s u l t s  o f  s y s t e m  a n a l y s i s  d i s c u s s e d  a b o v e  ( F i g .
6 )  a n d  i n  t h e  p r e v i o u s  p a p e r  ( M a t s u u r a  e t  a l . ,  1 9 7 4 a ) .

T h e  c e l l u l o s e  a c e t a t e  f i l m  J 2 1  u s e d  e a r l i e r  ( M a t s u u r a  e t  a l . ,  
1 9 7 4 a )  a n d  t h e  a r o m a t i c  p o l y a m i d e  f i l m  4  u s e d  i n  t h i s  w o r k  
( T a b l e  2 )  g a v e  e s s e n t i a l l y  t h e  s a m e  l e v e l  o f  s o l u t e  s e p a r a t i o n  

f o r  s o d i u m  c h l o r i d e  u n d e r  i d e n t i c a l  e x p e r i m e n t a l  c o n d i t i o n s .  
O n  t h i s  b a s i s ,  t h e  r e l a t i v e  p e r f o r m a n c e  o f  t h e  a b o v e  t w o f i l m s  
i s  c o m p a r a b l e .  A t  A  =  0 . 6 ,  t h e  v a l u e s  o f  ( c A ) f / ( c A ) j  a n d  C 3 f o r  
t h e  a b o v e  c e l l u l o s e  a c e t a t e  f i l m  w e r e  1 .4 1  a n d  0 . 7 4  r e s p e c t i v e 

l y  a t  1 0 0 0  p s i g  a n d  7 . 5 ° C ;  t h e  c o r r e s p o n d i n g  v a l u e s  f o r  t h e  

p o l y a m i d e  f i l m  w e r e  2 . 2 2  a n d  0 . 1 5  r e s p e c t i v e l y  ( r u n  n o .  4  i n  
T a b l e  5 ) .  T h e s e  d a t a  e x p r e s s  p r e c i s e l y  t h e  a d v a n t a g e  o f  t h e  
p o l y a m i d e  m e m b r a n e  f o r  h i g h e r  r e c o v e r y  o f  f l a v o r  c o m p o 

n e n t s  b y  r e v e r s e  o s m o s i s  t r e a t m e n t  o f  a p p l e  j u i c e  w a t e r s .  

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

p r o c e s s i n g  c a p a c i t i e s  w e r e  3 2  g a l / d a y  f t 2 a n d  7 . 7  g a l / d a y  f t 2 
r e s p e c t i v e l y  f o r  t h e  c e l l u l o s e  a c e t a t e  a n d  t h e  p o l y a m i d e  m e m -

CVJ

Fig. 7— Experim ental results on reverse osm osis concentration o f  
apple juice water b y  aromatic polyam ide mem brane (film 4). Exper

imental details, given in Table 6.

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

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

a p p l e  j u i c e  w a t e r s .  A s  E q .  ( 6 )  i n d i c a t e s ,  t h e  u s e  o f  m o r e  p r o 

d u c t i v e  a r o m a t i c  p o l y a m i d e  m e m b r a n e s  ( i . e . , t h o s e  g i v i n g  h i g h 
e r  P R  v a l u e s  f o r  t h e  s a m e  D A M / K 5  v a l u e s )  c a n  r e s u l t  i n  e v e n  

g r e a t e r  s e p a r a t i o n ,  a n d  h e n c e  h i g h e r  r e c o v e r y ,  o f  f l a v o r  c o m 
p o n e n t s  t h a n  t h o s e  o b t a i n e d  i n  t h i s  w o r k .
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STABIL ITY OF GRAPE ANTHOCYANIN IN A CARBONATED BEVERAGE

IN T R O D U C T IO N

T H E  C O N T I N U I N G  R E D U C T I O N  i n  t h e  n u m b e r  o f  c o a l  t a r  

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

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

q u a n t i t i e s  ( o n e - f o u r t h  o f  a l l  f r u i t  p r o d u c e d  i n  t h e  w o r l d  i s  
g r a p e s ) ,  e s p e c i a l l y  f o r  w i n e  a n d  j u i c e  p r o d u c t i o n .  T h e  g r a p e  

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

w h i c h  m a y  e v e n t u a l l y  b e c o m e  a n  i m p o r t a n t  s o u r c e  f o r  t h e  
e x t r a c t i o n  o f  t h e s e  p i g m e n t s .  A l r e a d y  i n  I t a l y  a  p o w d e r  a n d  a  
s o l u t i o n  c o n t a i n i n g  g r a p e  a n t h o c y a n i n s  a r e  m a r k e t e d  u n d e r  
t h e  n a m e  E n o c i a n i n a ,  o r  E n o c y a n i n  ( G a r o g l i o ,  1 9 6 5 ) .  T h e s e  
p r o d u c t s  a r e  i n t e n d e d  p r i m a r i l y  f o r  f o r t i f y i n g  t h e  r e d  c o l o r  o f  
w i n e s .  P e t e r s o n  a n d  J a f f e  ( 1 9 6 9 )  p a t e n t e d  a  p r o c e s s  r e s u l t i n g  
i n  e x t r a c t s  r i c h  i n  c o l o r  a n d  f l a v o r  b y  t r e a t i n g  g r a p e  p o m a c e  
w i t h  w a t e r  o r  a l c o h o l  c o n t a i n i n g  2 0 0 —2 , 0 0 0  p p m  S 0 2 . R e 

c e n t l y  P h i l i p  ( 1 9 7 4 )  s u g g e s t e d  a n t h o c y a n i n  r e c o v e r y  f r o m  

g r a p e  w a s t e s  b y  e x t r a c t i o n  w i t h  m e t h a n o l  ( o r  e t h a n o l )  c o n 
t a i n i n g  0 . 1  — 1 . 0 %  t a r t a r i c  a c i d  a n d  s u b s e q u e n t  p r e c i p i t a t i o n  o f  
t h e  e x c e s s  t a r t a r i c  a c i d  a s  p o t a s s i u m  h y d r o g e n  t a r t r a t e .

I t  i s  a l s o  k n o w n  t h a t  a n t h o c y a n i n s  a r e  n o t  v e r y  s t a b l e  p i g 
m e n t s  ( M a r k a k i s ,  1 9 7 4 ) .  A m o n g  t h e  f a c t o r s  t h a t  a f f e c t  t h e i r  
s t a b i l i t y  i n  f o o d s  a r e  c e r t a i n  e n z y m e s ,  p H ,  t e m p e r a t u r e ,  o x y 

g e n ,  l i g h t ,  e t c .  ( J u r d ,  1 9 7 2 ;  V a n  B u r e n  e t  a l . ,  1 9 6 8 ) .
T h e  o b j e c t i v e  o f  t h i s  w o r k  w a s  t o  e x t r a c t  b y  a  s i m p l e  m e t h 

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

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

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

E X P E R IM E N T A L

A n th o c y a n i n  s o u rc e
F r e s h  w in e  p o m a c e  o f  t h e  g r a p e  v a r ie ty  N a p a - G a m a y  w a s  o b ta in e d  

f r o m  t h e  C h r i s t i a n  B r o th e r s  W in e ry  in  C a l i f o r n ia .  T h e  p o m a c e  w a s  
s h ip p e d  t o  th i s  l a b o r a t o r y  b y  a i r  m a i l  in  p la s t i c  b a g s  a n d  f r o z e n  a t  
- 1 5 ° C  u p o n  a r r iv a l .

E x t r a c t i o n
J u s t  b e f o r e  e x t r a c t i o n  t h e  p o m a c e  w a s  t h a w e d  a n d  t h e  s k in s  w e re  

s e p a r a te d  f r o m  t h e  s e e d s  a n d  s te m s  b y  h a n d .  A n  e f f o r t  t o  d ry  th e  
p o m a c e  in  a n  a ir  d r a f t  t o  f a c i l i t a t e  t h e  s e p a r a t i o n  o f  s k in s  r e s u l te d  in  a 
lo w  r e c o v e r y  o f  a n t h o c y a n i n .  T h e  w e ig h t  r a t i o  o f  s k in s  t o  s e e d s -p lu s -  
s te m s  a n d  t h e  m o i s tu r e  o f  t h e  s k in s  w e re  d e t e r m i n e d .  T h e  m o is t  s k in s  
w e re  d iv id e d  i n t o  5 -g  p o r t i o n s  a n d  e a c h  p o r t i o n  w a s  g r o u n d  in  a  P o ly -  
t r o n  m ill  ( m a r k e t e d  b y  B r in k m a n  In c . ,  N .Y .) ,  in  t h e  p re s e n c e  o f  2 5  m l 
o f  e i th e r  h o t  w a te r  ( 1 0 0 - 9 5 ° C )  o r  o n e  o f  t h r e e  S 0 2 s o lu t io n s :  5 0 0  
p p m ,  1 ,0 0 0  p p m  a n d  2 ,0 0 0  p p m  a q u e o u s  S 0 2 , a t  r o o m  t e m p e r a tu r e .  
T h e  g r in d in g  la s t e d  3 m in .  T h e  m a c e r a te  a lo n g  w i th  t h e  l i q u id  u s e d  to  
w a s h  t h e  g r in d e r  w a s  f i l t e r e d  u n d e r  s u c t io n  o n  W h a tm a n  N o . 1 p a p e r .  
T h e  f i l t r a t e  w a s  s a v e d  a n d  t h e  s e d im e n t  w a s  g r o u n d  a  s e c o n d  t im e  w i th  
f r e s h  s o lv e n t .  F i l t r a t i o n  a n d  re -g r in d in g  w e r e  r e p e a t e d  tw ic e  m o r e .  T o  
e v a lu a te  t h e  e f f i c ie n c y  o f  e x t r a c t i o n  e a c h  f i l t r a t e  w a s  s u b je c te d  t o  t o t a l  
a n t h o c y a n i n  d e t e r m in a t io n .  F o r  th e  p r e p a r a t i o n  o f  a  q u a n t i t y  o f  p ig 
m e n t  t o  b e  u s e d  a s  a  b e v e r a g e  c o lo r a n t ,  o n ly  tw o  c o n s e c u t iv e  e x t r a c 
t i o n s  w e re  d e e m e d  a d v is a b le  a n d  th e  c o r r e s p o n d in g  tw o  f i l t r a t e s  w e re  

c o m b in e d .

C o n c e n t r a t i o n
T h e  f i l t r a t e s ,  s in g le  o r  c o m b in e d ,  w e re  c o n c e n t r a t e d  t o  a b o u t  o n e -  

f i f t h  o f  t h e  o r ig in a l  v o lu m e  in  a  f la s h  e v a p o r a t o r  a t  5 0 ° C  a n d  th e

c o n c e n t r a t e s  w e re  m a d e  u p  to  a n  e x a c t  v o lu m e  w i th  w a te r .  T h e  su s 
p e n d e d  m a te r ia l  w a s  r e m o v e d  b y  c e n t r i f u g a t i o n  a t  3 0 ,0 0 0  X  G  in  a  
S o rv a l l  R C 2 -B  c e n t r i f u g e .  T h e  s u p e r n a t a n t  w a s  u s e d  f o r  a n t h o c y a n in  
d e t e r m i n a t i o n  a n d  f o r  t h e  p r e p a r a t i o n  o f  a  p o w d e r  b y  f r e e z e  d ry in g  in  a 
V ir -T is  1 0 -1 4 5  M R -B A  lv o p h i l i z e r .

M e a s u r e m e n t
T h e  a n t h o c y a n i n  c o n t e n t  o f  t h e  e x t r a c t s ,  t h e  c o n c e n t r a t e s  a n d  th e  

b e v e r a g e s  w a s  m e a s u r e d  b y  d i f f e r e n t i a l  a b s o r p t i o n  s p e c t r o p h o t o m e t r y  
( S o n d h e im e r  a n d  K e r te s z ,  1 9 4 8 ) .  T h e  fo l lo w in g  tw o  b u f f e r s  w e re  u s e d :
(a )  0 .1 3 M  H C 1 - 0 .0 5 M  K C1, p H  1 .0 ;  a n d  (b )  0 .0 5 M  H C 1 -0 .5 M  
C H 3 C O O N a , p H  4 .5 .  T h e  m i x tu r e s  o f  b u f f e r  a n d  s a m p le  w e re  e q u i l i 
b r a t e d  in  d a r k n e s s  f o r  1 h r  a n d  t h e i r  a b s o r b a n c e  w a s  m e a s u r e d  a t  5 2 0  
n m  in  a  B e c k m a n  D U  s p e c t r o p h o t o m e t e r .  T h e  p ig m e n t  c o n c e n t r a t i o n  
w a s  e x p r e s s e d  in  E n o c y a n in  e q u iv a le n t s  (E E ) ,  o b t a i n e d  f r o m  a  r e f e r 
e n c e  c u rv e  b a s e d  o n  d i f f e r e n t i a l  a b s o r b a n c e  a t  5 2 0  n m  vs. c o m m e r c ia l  
E n o c y a n in  c o n c e n t r a t i o n  (m g /m l) .

B e v e ra g e  p r e p a r a t i o n  a n d  s to r a g e
T w o  b e v e ra g e s  w e re  p r e p a r e d  d i f f e r in g  o n ly  in  t h e  s o lv e n t  u s e d  fo r  

a n t h o c y a n i n  e x t r a c t i o n ,  n a m e ly  h o t  w a te r  o r  5 0 0  p p m  S 0 2 . T h e  c o m 
p o s i t i o n  o f  t h e  b e v e ra g e s ,  in  g  p e r  10 0  m l ,  w a s : a n t h o c y a n i n  p o w d e r
0 .7 ;  c i t r i c  a c id  0 .1 ;  s u c r o s e  1 3 .0 ;  g r a p e  f la v o r  0 .2 ;  a n d  s o d iu m  b e n z o a te
0 .0 5 .  T h e  b e v e ra g e  a ls o  c o n ta in e d  C 0 2 , 1 .7  v o lu m e s .  T h e  s y r u p  w a s  
b o i l e d  f o r  5 m in  b e f o r e  m ix in g  w i th  t h e  o t h e r  in g r e d ie n t s ,  a n d  th e  
b e v e r a g e  w a s  c a r b o n a t e d  t o  s a t u r a t i o n  a t  0 ° C  ( J a c o b s ,  1 9 5 9 ) .  T h e  p H  
o f  t h e  b e v e ra g e s  w a s  3 .7 .  T h e  c o lo r  ( a b s o r b a n c e  a t  5 2 0  n m )  o f  th e  
b e v e r a g e  p r e p a r e d  w i th  h o t  w a te r  a n t h o c y a n i n  e x t r a c t  w a s  t h a t  o f  a 
b e v e r a g e  c o n ta in in g  5 8 1  m g  E n o c y a n in  p e r  1 0 0  m l,  w h i le  t h e  b e v e ra g e  
p r e p a r e d  w i th  a q u e o u s  S 0 2 ( 5 0 0  p p m )  a n t h o c y a n i n  e x t r a c t  h a d  a  c o lo r  
c o r r e s p o n d in g  to  6 4 0  m g  o f  E n o c y a n in  p e r  1 0 0  m l.  T e n  m l  a m p o u le s  
w e re  f i l le d  w i th  b e v e ra g e  a t  0 ° C ,  t h e  s m a l l  h e a d  s p a c e  w a s  f lu s h e d  w i th  
C 0 2 a n d  th e  a m p o u le s  w e re  s e a le d  in  a  f la m e .  T h e  f i l le d  a m p o u le s  w e re  
s to r e d  u n c e r  t h e  f o l lo w in g  c o n d i t i o n s :  (a )  d a r k n e s s  a t  3 .5  ± 2 ° C ;  (b )  
d a r k n e s s  a t  1 0  ± 2 ° C ; (c )  d a r k n e s s  a t  2 0  ± 2 ° C ;  (d )  d a r k n e s s  a t  3 8  ± 
1 °C ; (e )  d i f f u s e  d a y l ig h t  ( n o r t h e r n  w in d o w )  a t  2 0  ± 2 ° C ;  a n d  ( f )  c o n 
t i n u o u s  f lu o r e s c e n t  l ig h t  ( 8 0  f o o t  c a n d le s )  a t  2 2  ± 2 °C .

T h e  a n t h o c y a n i n  c o n t e n t  o f  t h e  b e v e r a g e  w a s  d e t e r m in e d  e v e ry  15 
d a y s .  T w o  a m p o u le s  w e re  o p e n e d  f r o m  e a c h  g r o u p  a n d  d u p l i c a t e  d e t e r 
m in a t io n s  w e re  m a d e  o n  e a c h  a m p o u le ,  u s in g  d i f f e r e n t i a l  s p e c t r o p h o 
t o m e t r y .  T h e  r e s u l t s  a r e  g iv e n  a s  t h e  a v e r a g e s  o f  t h e  f o u r  v a lu e s ,  w h ic h  
w e re  f o u n d  t o  v a ry  n o t  m o r e  t h a n  ± 5 % .

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

P ig m e n t e x tr a c t io n
T h e  s k i n s  r e p r e s e n t e d  5 5 %  o f  t h e  w e i g h t  o f  t h e  p o m a c e ,  

t h e  r e m a i n i n g  4 5 %  b e i n g  s e e d s  a n d  s t e m s .  T h e  m o i s t u r e  o f  t h e  

s k i n s  w a s  6 0 % .  T h e  r e c o v e r y  o f  a n t h o c y a n i n  f r o m  t h e  s k i n s  
w i t h  h o t  w a t e r  a n d  5 0 0  p p m  S 0 2 s o l u t i o n  u s i n g  f o u r  c o n s e c u 
t i v e  e x t r a c t i o n  s t e p s  i s  p r e s e n t e d  i n  T a b l e  1.

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

s o l v e n t s  r e g a r d i n g  t h e  t o t a l  a n t h o c y a n i n  e x t r a c t e d  f r o m  t h e  
g r a p e  s k i n s .  W i t h  1 , 0 0 0  p p m  a n d  2 , 0 0 0  p p m  S 0 2 s o l u t i o n s  t h e  
p i g m e n t  y i e l d s  w e r e  3 3 . 8 g  a n d  3 4 . 8 g  o f  E E  p e r  lO O g  o f  m o i s 

t u r e - f r e e  s k i n s ,  r e s p e c t i v e l y .  I n  s u b s e q u e n t  e x p e r i m e n t s ,  h o w 
e v e r ,  o n l y  t h e  5 0 0  p p m  S 0 2 s o l u t i o n  w a s  u s e d .  T h e  t w o  f i r s t  
e x t r a c t i o n  s t e p s  r e s u l t e d  i n  r e c o v e r i n g  a p p r o x i m a t e l y  9 4 %  o f  

t h e  t o t a l  a m o u n t  o f  a n t h o c y a n i n  w h i c h  c o u l d  b e  e x t r a c t e d  
w i t h  a l l  f o u r  s t e p s .  F o r  t h i s  r e a s o n  o n l y  t h e  t w o - s t e p  e x t r a c 
t i o n  w a s  u s e d  f o r  t h e  p r e p a r a t i o n  o f  t h e  p i g m e n t  w h i c h  w a s  
l a t e r  a d d e d  t o  t h e  c a r b o n a t e d  b e v e r a g e .  A l t h o u g h  a f t e r  f o u r  
c o n s e c u t i v e  e x t r a c t i o n s  w i t h  e i t h e r  s o l v e n t  t h e  p o m a c e  l o o k e d
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b l e a c h e d ,  s o a k i n g  w a s  t r i e d  f o r  t h e  p o s s i b l e  r e c o v e r y  o f  s t i l l  
g r e a t e r  q u a n t i t i e s  o f  a n t h o c y a n i n .  A f t e r  t h e  f i r s t  m a c e r a t i o n ,  
t h e  p o m a c e  w a s  l e f t  a t  a m b i e n t  t e m p e r a t u r e  e i t h e r  w i t h  w a t e r  

o r  w i t h  5 0 0  p p m  S 0 2 f o r  p e r i o d s  u p  t o  1 6  h r  b e f o r e  t h e  t h r e e  
f i n a l  e x t r a c t i o n  s t e p s  w e r e  p e r f o r m e d  a s  i n  t h e  n o - s o a k i n g  p r o 
c e d u r e .  T h e  y i e l d  i n  a n t h o c y a n i n  w i t h  w a t e r  a s  a n  e x t r a c t a n t  
d i d  n o t  i n c r e a s e  u p o n  s o a k i n g ,  w h i l e  t h a t  w i t h  5 0 0  p p m  S 0 2 
i n c r e a s e d  b y  7 %  a f t e r  4  h r  a n d  1 0 %  a f t e r  8  o r  1 6  h r  o f  s o a k i n g .  
I n  a  s i m i l a r  a t t e m p t  t o  e x t r a c t  a n t h o c y a n i n  f r o m  c r a n b e r r y  
p o m a c e ,  C h i r i b o g a  a n d  F r a n c i s  ( 1 9 7 0 )  f o u n d  t h a t  a  c o m b i n a 
t i o n  o f  m a c e r a t i o n  a n d  r e p e a t e d  q u i c k  e x t r a c t i o n s  w i t h  a c i d i 
f i e d  m e t h a n o l  r e s u l t e d  i n  h i g h  p i g m e n t  r e c o v e r y  a n d  r e n d e r e d  

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

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

t h a t  w o u l d  r e s u l t  i n  h i g h e r  p i g m e n t  y i e l d s ,  s h o u l d  S 0 2 s o l u 
t i o n  b e  u s e d  f o r  e x t r a c t i o n .

T h e  a n t h o c y a n i n - c o n t a i n i n g  d r y  p o w d e r  w h i c h  w a s  o b 
t a i n e d  b y  h o t  w a t e r  e x t r a c t i o n  f o r  u s e  a s  b e v e r a g e  c o l o r a n t  
w a s  f o u n d  t o  h a v e  7 8 8  m g  E E  p e r  g ,  w h i l e  t h a t  o b t a i n e d  b y  
S 0 2 s o l u t i o n  h a d  9 0 5  m g  E E  p e r  g . H o t  w a t e r  e x t r a c t e d  m o r e  

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

P i g m e n t  s t a b i l i t y
F i g u r e s  1 a n d  2  i l l u s t r a t e  t h e  e f f e c t  o f  t w o  s t o r a g e  p a r a m e 

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

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

b e v e r a g e .  I n  d a r k n e s s ,  a t  3 8 ° C ,  a f t e r  1 3 5  d a y s ,  o n l y  2 3 %  o f  
t h e  o r i g i n a l  a m o u n t  o f  h o t - w a t e r - e x t r a c t e d  p i g m e n t  w a s  l e f t  i n  
t h e  b e v e r a g e ,  w h i l e  a t  3 . 5 ° C ,  u n d e r  t h e  s a m e  c o n d i t i o n s  o f  
s t o r a g e ,  9 2 %  o f  t h e  p i g m e n t  w a s  r e a t i n e d .  S i m i l a r l y  s i g n i f i c a n t  

w a s  t h e  t e m p e r a t u r e  e f f e c t  o n  t h e  p i g m e n t  e x t r a c t e d  w i t h  t h e  
S 0 2 s o l u t i o n .  O n  t h e  a v e r a g e  t h e  l o s s  o f  a n t h o c y a n i n  i n  t h e  
b e v e r a g e  s t o r e d  a t  2 0 ° C  w a s  a l m o s t  d o u b l e  t h a t  a t  1 0 ° C ,  i n d i 
c a t i n g  a  Q i o  o f  a p p r o x i m a t e l y  2 .

E x p o s u r e  t o  l i g h t  a l s o  a c c e l e r a t e d  t h e  d e g r a d a t i o n  o f  t h e  
p i g m e n t ;  e .g . ,  a f t e r  1 3 5  d a y s ,  i n  t h e  d a r k ,  a t  2 0 ° C ,  a p p r o x i 

m a t e l y  3 0 %  o f  t h e  h o t - w a t e r - e x t r a c t e d  p i g m e n t  w a s  l o s t ,  w h i l e  
f o r  t h e  s a m e  p e r i o d  a n d  t e m p e r a t u r e ,  b u t  w i t h  a  n o r t h e r n  
w i n d o w  e x p o s u r e  o f  t h e  b e v e r a g e ,  t h e  p i g m e n t  l o s s  w a s  5 0 % .  

U n d e r  c o n t i n u o u s  f l u o r e s c e n t  l i g h t ,  f o r  t h e  s a m e  p e r i o d  ( 1 3 5  

d a y s ) ,  a n d  a t  a  s l i g h t l y  h i g h e r  t e m p e r a t u r e  ( 2 2 ° C ) ,  t h e  a n t h o 
c y a n i n  d e s t r u c t i o n  w a s  7 0 % .

A  c o m p a r i s o n  o f  F i g u r e  1 w i t h  F i g u r e  2  r e v e a l s  a  h i g h e r  
s t a b i l i t y  f o r  t h e  a n t h o c y a n i n  e x t r a c t e d  w i t h  5 0 0  p p m  S 0 2 
s o l u t i o n  t h a n  w i t h  h o t  w a t e r .  T h e  s t a b i l i t y  d i f f e r e n c e s  d u e  t o  
e x t r a c t i o n  m e t h o d s  a n d  s t o r a g e  c o n d i t i o n s  w e r e  e a s i l y  q u a n t i 
f i e d  w h e n  t h e  d a t a  w e r e  p l o t t e d  s e m i l o g a r i t h m i c a l l y  ( l o g  o f  %  
r e t e n t i o n  v s .  t i m e )  a n d  i t  w a s  d e t e r m i n e d  t h a t  t h e  d e g r a d a t i o n  
o f  t h e  p i g m e n t  i n  t h e  b e v e r a g e  f o l l o w e d  f i r s t  o r d e r  r e a c t i o n  
k i n e t i c s .  T h e  r e a c t i o n  r a t e  c o n s t a n t s  w e r e  c a l c u l a t e d  b y  t h e  
f o r m u l a  o f  a v e r a g e s  ( K i n g ,  1 9 6 3 ) :

, 1 A anth. cone
k = ------ ------------------- X ---------------------- avg

(anth. cone) avg At

a n d  t h e y  a r e  l i s t e d  i n  T a b l e  2 .  T h e  h a l f - l i v e s ,  T l / 2  =  0 . 6 9 3 / k ,  
f o r  e a c h  t r e a t m e n t  a r e  a l s o  s h o w n  i n  T a b l e  2 .  T h e  p i g m e n t  
e x t r a c t e d  w i t h  5 0 0  p p m  S 0 2 a p p e a r s  t o  b e  f r o m  3 0 %  ( h i g h  
s t o r a g e  t e m p e r a t u r e s )  t o  6 0 %  ( l o w  s t o r a g e  t e m p e r a t u r e s )  m o r e  
s t a b l e  t h a n  t h e  p i g m e n t  e x t r a c t e d  w i t h  h o t  w a t e r .  T h e  r e a s o n  
f o r  t h e  d i f f e r e n c e  i n  s t a b i l i t y  b e t w e e n  t h e  t w o  e x t r a c t i o n  
m e t h o d s  i s  n o t  c l e a r .  P a p e r  c h r o m a t o g r a m s  o f  t h e  t w o  p i g m e n t  
e x t r a c t s ,  u s i n g  W h a t m a n  3  M M  p a p e r  a n d  a  s o l v e n t  c o n t a i n i n g

T a b le  1—R e c o v e ry  o f  a n th o c y a n in  f ro m  g ra p e  sk in s

W ith  h o t  w a te r W ith  5 0 0  p p m  a q u e o u s  S O ,

A s  g E n o c y a n in % of A s g E n o c y a n in % o f
p e r  lOOg to ta l p e r  1 0 0 g to ta l

m o is tu re -fre e  sk in s reco v e ry m o is tu re - fre e  sk in s re c o v e ry

1 st extraction 26.66 82.2 26.17 79.9
2nd extraction 3.93 12.2 4.39 13.4
3rd extraction 1.36 4.2 1.43 4.4
4th ext'action 0.47 1.4 0.75 2.3

Total 32.42 100.0 32.74 100.0

Fig. 1-E f fe c t  o f storage temperature an d  light on  anthocyanin  re

tention in a carbonated beverage colored with anthocyanin ex
tracted from grape sk in s b y  hot water.

-1------------------- 1--------------------1_____________I_____________L_
15 45 75 105 135

TINE, DAYS

Fig. 2 -E f fe c t  o f storage temperature an d  light on  anthocyanin re

tention in a carbonated beverage colored with anthocyanin ex
tracted from grape skins by  a 5 0 0  ppm  S 0 2 solution.
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Table 2—Reaction rate constants (k) (days'1) and half-life (T y 3 )

(days) of anthocyanin in the stored beverage

S to ra g e
c o n d itio n s

A n th o c y a n in  e x t r a c te d  w ith

B o ilin g  w a te r 5 0 0  p p m  A q u e o u s  S 0 2

k T * k T *

3.5°C, dark 0.000736 941 0.000451 1536
10°C, dark 0.001320 525 0.000901 769
20°C, dark 0.002684 258 0.001665 416
20°C, day light 0.005068 136 0.003518 197
22°C, continuous light 0.008715 79 0.006836 101
38°C, dark 0.011123 62 0.008684 80

b u t a n o l : a c e t i c  a c i d : w a t e r  ( 4 : 1 : 5  v / v / v )  a c c o r d i n g  t o  M a t t i c k  e t  

a l .  ( 1 9 6 9 ) ,  d i d  n o t  r e v e a l  v i s u a l l y  d e t e c t a b l e  d i f f e r e n c e s  i n  
a n t h o c y a n i n  c o m p o s i t i o n .  T h e  z i n c  n i t r o p r u s s i d e  t e s t  f o r  r e s i d 

u a l  S 0 2 i n  t h e  b e v e r a g e s  c o n t a i n i n g  p i g m e n t  e x t r a c t e d  w i t h  
5 0 0  p p m  S 0 2 s o l u t i o n  ( l i m i t  o f  d e t e c t i o n  3 . 5  |U g; F e i g l ,  1 9 5 8 )  

w a s  n e g a t i v e .  P o s s i b l y ,  t h e  h o t  w a t e r  e x t r a c t  o f  t h e  s k i n s  c o n 
t a i n e d  s u b s t a n c e s  w h i c h  a c c e l e r a t e d  t h e  d e g r a d a t i o n  o f  a n t h o -  
c y a n i n s  i n  t h e  b e v e r a g e .  A s  h a s  b e e n  n o t e d  p r e v i o u s l y ,  h o t  

w a t e r  e x t r a c t e d  m o r e  n o n a n t h o c y a n i n  m a t e r i a l  f r o m  t h e  s k i n s  

t h a n  t h e  S 0 2 s o l u t i o n .
U s i n g  t h e  a n t h o c y a n i n  r e t e n t i o n  d a t a  a t  3 . 5 ,  1 0 ,  2 0  a n d

3 8 ° C ,  i n  d a r k  s t o r a g e ,  a n d  t h e  A r r h e n i u s  e q u a t i o n ,  t h e  a c t i v a 
t i o n  e n e r g y  f o r  t h e  p i g m e n t  d e g r a d a t i o n  r e a c t i o n  w a s  c a l c u 

l a t e d .  F o r  t h e  h c t - w a t e r - e x t r a c t e d  p i g m e n t  t h e  a c t i v a t i o n  e n e r 
g y  w a s  1 3 . 7 4  k c a l / m o l e  a n d  t h e  S 0 2 - e x t r a c t e d  p i g m e n t  1 4 . 7 3  

k c a l / m o l e .
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IN T R O D U C T IO N

T H E  O B J E C T  o f  t h i s  s t u d y  w a s  t o  i n v e s t i g a t e  t e x t u r a l  p a r a m e 
t e r s  o f  h i g h - s o l i d  m i x t u r e s  c o n t a i n i n g  c o m m o n  f o o d  i n g r e d i 
e n t s .  C a n d y  l i c o r i c e  w a s  s e l e c t e d  a s  a  m o d e l  b e c a u s e  t h e  p r o d 
u c t  c o n t a i n s  a  h i g h  c o n c e n t r a t i o n  o f  s u g a r ,  s t a r c h  a n d  p r o t e i n ,  
a n d  t h e  t e x t u r a l  p r o p e r t i e s  p l a y  t h e  m o s t  i m p o r t a n t  r o l e  i n  

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

C a n d y  l i c o r i c e  i s  a  c o n f e c t i o n  c o n s i s t i n g  m a i n l y  o f  w h e a t  
f l o u r  a n d  s u g a r  s y r u p .  I t  i s  m a n u f a c t u r e d  t r a d i t i o n a l l y  b y  g e 
l a t i n i z i n g  s t a r c h  w i t h i n  t h e  f l o u r - s y r u p - w a t e r  s y s t e m  i n  a n  
o p e n  k e t t l e  w i t h  c o n s t a n t  m i x i n g .  T h e  s u g a r - w a t e r  r a t i o  d u r i n g  
c o o k i n g  r a n g e s  f r o m  a b o u t  2 : 3  t o  3 : 2  b y  w e i g h t .  T h e  r e s u l t i n g  
p a s t e ,  h a v i n g  a  m o i s t u r e  c o n t e n t  o f  a p p r o x i m a t e l y  3 0 % ,  is  

e x t r u d e d  a n d  d r i e d  t o  m o i s t u r e  c o n t e n t  o f  1 5 - 2 5 %  o f  t h e  
t o t a l  w e i g h t .  T h e  p r o d u c t  i s  c h a r a c t e r i s t i c a l l y  c h e w y ,  s t i l l  n o t  
t o u g h  c a n d y  t h a t  s u g g e s t s  v i s c o e l a s t i c  c h a r a c t e r i s t i c s .  D e 
p e n d i n g  o n  t h e  c o n c e n t r a t i o n s  o f  s u g a r ,  f l o u r  a n d  w a t e r  a n d  
p r o c e s s i n g  p a r a m e t e r s ,  a  w i d e  r a n g e  o f  t e x t u r a l  c h a r a c t e r i s t i c s  
c a n  b e  b u i l t  i n t o  t h e  f i n a l  p r o d u c t .  I n  t h e  c a n d y  l i c o r i c e  i n 
d u s t r y  i t  i s  k n o w n  t h a t  t h e  t e x t u r e  o f  t h e  p r o d u c t  is  o n e  o f  t h e  
m a j o r  c r i t e r i a  f o r  c o n s u m e r  a c c e p t a b i l i t y .  V o i s e y  ( 1 9 7 3 )  r e 
c e n t l y  s t u d i e d  t h e  f i r m n e s s  o f  s o m e  l i c o r i c e  p r o d u c t s  a n d  

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

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

c h a r a c t e r i z e d  o b j e c t i v e l y  a p p l y i n g  a  t e x t u r e  p r o f i l e  a n d  p e n e 
t r a t i o n  t e s t .  T h e  t e x t u r a l  p a r a m e t e r s  o f  f i v e  p o p u l a r  b r a n d s  o f  
c a n d y  l i c o r i c e  p r o d u c e d  i n  F i n l a n d  w e r e  s t u d i e d  i n  o r d e r  t o  
c h a r a c t e r i z e  t h e i r  t e x t u r a l  p r o p e r t i e s .  T h e  c o m m e r c i a l  s a m p l e s  

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

T h e  G e n e r a l  F o o d s  T e x t u r e  P r o f i l e  ( G . F . T . P . )  d e v e l o p e d  b y  
S z c z e s n i a k  ( 1 9 6 3 ) ,  S z c z e s n i a k  e t  a l .  ( 1 9 6 3 )  a n d  F r i e d m a n  e t  
a l .  ( 1 9 6 3 ) ,  a n d  l a t e r  m o d i f i e d  f o r  a  U n i v e r s a l  T e s t i n g  M a c h i n e  

b y  B o u r n e  ( 1 9 6 9 )  w a s  a p p l i e d .  S a m p l e s  f r o m  t h e  s a m e  s e t  
w e r e  a l s o  s u b j e c t e d  t o  a  p e n e t r a t i o n  t e s t  w i t h  a  t a p e r e d  p l u n g 
e r  w h i c h  w a s  f o u n d  t o  b e  s u i t a b l e  f o r  t h i s  m a t e r i a l  i n  p r e l i m i 

n a r y  t e s t i n g .
G . F . T . P .  a s  a p p l i e d  t o  t h e  I n s t r o n  U n i v e r s a l  T e s t i n g  M a 

c h i n e  h a s  b e e n  u s e d  b y  B o u r n e  ( 1 9 6 9 ) ,  S c h m i d t  a n d  A h m e d
( 1 9 7 1 ) ,  A h m e d  a n d  D e n n i s o n  ( 1 9 7 1 )  t o  m e a s u r e  t h e  t e x t u r e  
o f  f r u i t s ;  b y  B r e e n e  e t  a l .  ( 1 9 7 2 )  f o r  c u c u m b e r s ;  a n d  b y  R e i d y  
a n d  H e l d m a n  ( 1 9 7 2 )  f o r  f r e e z e - d r i e d  m e a t .  I n  g e n e r a l ,  t h e r e  i s  
o n l y  l i m i t e d  r e f e r e n c e  o r  e l a b o r a t i o n  f o r  s e l e c t i n g  a  p a r t i c u l a r  
r a t e  o f  d e f o r m a t o n .  S h a m a  a n d  S h e r m a n  ( 1 9 7 3 a )  r e c e n t l y  
s t u d i e d  t h e  e f f e c t  o f  r a t e  o f  f o r c e  a p p l i c a t i o n  o n  t h e  m e a s u r e 
m e n t s  o f  t e x t u r e  w i t h  a  u n i v e r s a l  t e s t i n g  m a c h i n e .  T h e  e f f e c t  
o f  s t r e s s  r e l a x a t i o n  d u r i n g  f o r c e - c o m p r e s s i o n  t e s t i n g  o n  f o o d s  
w i t h  a  u n i v e r s a l  t e s t i n g  m a c h i n e  w a s  a l s o  s t u d i e d  b y  S h a m a  
a n d  S h e r m a n  ( 1 9 7 3 b ) .  F r o m  t h e s e  s t u d i e s  i t  i s  e v i d e n t  t h a t  t h e  
s e l e c t i o n  o f  d e f o r m a t i o n  s p e e d  i s  o f  i m p o r t a n c e  i n  f o r c e - d e f o r 

1 P re se n t a d d re ss : Q u een  E liz a b e th  C o lleg e, U n iv e rs ity  o f  L o n d o n , 
C am p d en  R o a d , L o n d o n , W 8 7 A H , E n g lan d

2 P re se n t a d d re ss : D e p t, o f N u tr i t io n  & F o o d  S c ien ce , M assach u se tts  
In s t i tu te  o f  T e c h n o lo g y , C am b rid g e , M A 0 2 1 3 9

m a t i o n  t e s t i n g  l i k e  G . F . T . P .  o n  f o o d  m a t e r i a l s .  T h e  p r e s e n t  
s t u d y  w a s  c a r r i e d  o u t  o v e r  a  r a n g e  o f  d e f o r m a t i o n  s p e e d s  u p  t o  
t h e  l i m i t  o f  r e c o r d i n g  a b i l i t y  o f  t h e  s t a n d a r d  I n s t r o n  U n i v e r s a l  
t e s t i n g  m a c h i n e .  T h i s  w a s  d e t e r m i n e d  t o  b e  d e f o r m a t i o n  s p e e d  
o f  1 0  c m / m i n  w i t h  t h e  a c c o m p a n y i n g  r e c o r d e r  s p e e d  o f  1 0 0  
c m / m i n  f o r  G . F . T . P .  m e a s u r e m e n t s .

E X P E R IM E N T A L

T H E  C O M M E R C IA L L Y  p u r c h a s e d  s a m p le s  w h ic h  w e re  p a c k a g e d  in  
p o l y e t h y l e n e  b a g s  w e re  k e p t  in  a lu m in u m  f o i l  t o  m in im iz e  m o i s t u r e  
lo s s .

S a m p le s  w e re  c u t  i n t o  1 .5 -c m  l e n g th s  w i t h  a  w ir e  c u t t e r .  T h e  d i a m e 
t e r  o f  t h e  s te e l  w ir e  w a s  0 .0 2  c m . T o  d e t e r m i n e  t h e  c r o s s - s e c t io n a l  a r e a s  
o f  t h e  s a m p le s ,  t h e  lo n g e s t  a n d  s h o r t e s t  d i a m e te r s  o f  t h e  s a m p le s  w e re  
m e a s u r e d  w i th  a  c a l ip e r .  T h e  c ro s s - s e c t io n a l  a r e a  w a s  t h e n  c a l c u l a t e d  
f r o m  t h e  e l l ip s e  f o r m u la  w i th  t h e  c o e f f i c i e n t  0 .9 5  t o  c o m p e n s a t e  f o r  
i r r e g u la r i t i e s  in  t h e  c r o s s - s e c t io n a l  f o r m .  T h i s  c o e f f i c i e n t  w a s  d e t e r 
m in e d  b y  c o m p a r in g  a r e a s  c a l c u la te d  f r o m  t h e  e l l ip s e  f o r m u la  t o  t h e  
a r e a s  o b t a i n e d  b y  t r a c in g  t h e  s a m p le  s u r f a c e  o n  t h e  g r a p h  p a p e r ,  p r e s s 
in g  a n  im a g e  a n d  c o u n t in g  t h e  n u m b e r  o f  s q u a r e s  i n  t h e  a c t u a l  a r e a  o f  
t h e  s a m p le  c ro s s  s e c t io n .  T h e  p r o c e s s  w a s  r e p e a t e d  f iv e  t im e s  f o r  e a c h  
b r a n d .  T h e  c ro s s - s e c t io n a l  a r e a s  o f  t h e  s a m p le s  r a n g e d  f r o m  a p p r o x i 
m a te ly  0 .8  c m 2 t o  2 .0  c m 2 .

I n s t r o n  U n iv e r s a l  T e s t in g  M a c h in e  M o d e l  T M -M  w i t h  2  a n d  1 0 0  k g  
c e l ls  w a s  u s e d  f o r  G .F .T .P .  a n d  t a p e r e d  p lu n g e r  t e s t i n g .  D e f o r m a t io n  
s p e e d s  0 .0 5 ,  0 .1 0 ,  0 . 5 0 ,  1 .0 ,  5 .0  a n d  1 0 .0  c m /m in  a n d  r e c o r d e r  s p e e d s  
o f  0 .5 ,  1 .0 ,  5 .0 ,  1 0 .0 ,  5 0 .0  a n d  1 0 0 .0  c m /m in  w e r e  u s e d  t o  g iv e  a  1 :1 0  
r a t i o  o f  d e f o r m a t i o n  s p e e d  to  r e c o r d e r  s p e e d .  T h e  t e m p e r a t u r e  a t  w h ic h  
m e a s u r e m e n ts  w a s  t a k e n  w a s  2 0 ° C .

G .F .  t e x t u r e  p r o f i l e

A  f l a t  p l a t e  (5  c m  in  d ia m )  w a s  u s e d  a s  t h e  c o m p r e s s io n  b o d y  in
G .F .T .P .  m e a s u r e m e n ts .  T h e  m a x im u m  p r e s e le c te d  d e f o r m a t i o n  in  b o t h  
s t r o k e s  w a s  1 .0  c m  w h ic h  w a s  e q u iv a le n t  t o  2 / 3  o f  t h e  s a m p le  h e ig h t .  
T h e  f o r c e - d e f o r m a t i o n  c u rv e s  w e r e  a n a ly z e d  b y  t a k in g  f o r c e  r e a d in g s  
f r o m  t h e  c h a r t s  a t  in te r v a l s  e a c h  c o r r e s p o n d in g  t o  0 .0 5  c m  s a m p le  
d e f o r m a t i o n .  A  F o r t r a n  IV  p r o g r a m  w a s  d e v e lo p e d  t o  c o m p u t e  t h e  
p a r a m e te r s  f r a c t u r a b i l i t y ,  h a r d n e s s ,  c o h e s iv e n e s s ,  s p r in g in e s s ,  g u m m i
n e s s ,  c h e w in e s s  a n d  a d h e s iv e n e s s  a s  d e f in e d  in  a  t y p i c a l  f o r c e - d e f o r 
m a t io n  c u rv e  (F ig .  1 ). I n  p r a c t i c e ,  a  t e r m  s u c h  a s  f r a c t u r a b i l i t y  w o u ld  
n o t  b e  p r o p e r ly  d e s c r ip t iv e  f o r  c a n d y  l ic o r ic e .  N e v e r th e le s s ,  th i s  t e r m  is 
u s e d  h e r e  t o  r e p r e s e n t  t h e  f i r s t  p e a k  o f  t h e  f o r c e - d e f o r m a t i o n  c u rv e .  
T h e  r a t i o  o f  t h e  a r e a  u n d e r  t h e  u p s t r o k e  t o  t o t a l  a r e a  w a s  d e t e r m i n e d  in  
o r d e r  t o  f i n d  o u t  t h e  s ig n i f ic a n c e  in  t h e  c a l c u l a t i o n  o f  t h e  p a r a m e t e r ,  
c o h e s iv e n e s s .  E n e rg ie s  r e q u i r e d  f o r  t h e  f i r s t  d o w n s t r o k e  w e r e  r e c o r d e d  
s e p a r a te ly .  S in c e  t h e r e  w e re  la rg e  d i f f e r e n c e s  in  t h e  s a m p le  c ro s s -  
s e c t io n a l  a r e a s ,  a l l  G .F .T .P .  r e s u l t s  w e re  s t a n d a r d i z e d  t o  a  c ro s s -  
s e c t io n a l  a r e a  o f  1.0  c m 2 .

P e n e t r a t i o n  t e s t in g

A  f l a t  b o t t o m e d  c i r c u la r  p lu n g e r  w a s  u s e d  (F ig .  2 ) .  T h e  d i a m e t e r  o f  
t h e  b o t t o m ,  0 .2  c m ,  w a s  s m a l l  e n o u g h  s o  t h a t  a ll  t h e  s a m p l e  d i a m e t e r s  
w e re  s ig n i f ic a n t ly  la rg e r  a n d  t h u s  t h e  e f f e c t  o f  s a m p le  a r e a  w a s  e l im i
n a t e d  f r o m  t h e  v a lu e s .  T h e  c ro s s - s e c t io n a l  a r e a  o f  t h e  p l u n g e r  w a s  r e 
d u c e d  a b o v e  th e  b o t t o m  s u r f a c e  s o  t h a t  t h e  l ic o r ic e  d i d  n o t  c o n t a c t  th e  
s id e s  o f  t h e  p lu n g e r  s h a f t  d u r in g  p e n e t r a t i o n .  F o r c e - d e f o r m a t i o n  c u rv e s  
w e re  a n a ly z e d  in  a  m a n n e r  s im i la r  t o  G .F .T .P .  c u rv e s  f o r  t h e  p a r a m e te r s  
s h o w n  in  F ig u r e  3 . M a x im u m  p r e d e t e r m in e d  p e n e t r a t i o n  w a s  1 .0  c m  
f r o m  th e  s a m p le  s u r fa c e .  F o r c e - d e f o r m a t io n  c u rv e s  w e r e  a n a ly z e d  a s  
a b o v e ,  a n d  a  F o r t r a n  IV  p ro g r a m  w a s  d e v e l o p e d  t o  c o m p u t e  t h e  p a 
r a m e te r s .

A ll  m e a s u r e m e n ts  w e re  m a d e  w i t h  f o u r  s a m p le s  a t  e a c h  d e f o r m a t io n  
s p e e d .  M o is tu r e  c o n t e n t s  o f  t h e  s a m p le s  w e r e  m e a s u r e d  b y  d ry in g  d u p l i -
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c a t e  5 -g  s a m p le s  a t  1 0 5 ° C  f o r  2 4  h r ,  a n d  c h e c k in g  f o r  c o n s t a n t  w e ig h t .  
N i t ro g e n  c o n t e n t s  o f  t h e  s a m p le s  w e re  d e t e r m in e d  b y  t h e  K je ld a h l  
m e th o d  (A O A C , 1 9 5 5 ) .

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

C H A N G E S  i n  t h e  p a r a m e t e r s  s l o p e  o r  f r o m  l o g a r i t h m i c  t o  

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

w e r e  a p p a r e n t  i n  s e v e r a l  c a s e s .  T h u s  t h e  m e a n  v a l u e s  o f  t h e  
t e x t u r a l  p a r a m e t e r s  w e r e  f i t  w i t h  r e g r e s s i o n  l i n e s  f o r  t h e  f o l 
l o w i n g :  ( 1 )  t e x t u r a l  p a r a m e t e r  v s .  d e f o r m a t i o n  s p e e d ;  ( 2 )  t e x 

t u r a l  p a r a m e t e r  v s .  l o g  o f  d e f o r m a t i o n  s p e e d ;  a n d  ( 3 )  c o m b i 
n a t i o n  o f  t h e  a b o v e ,  w i t h  a  c h a n g e  o f  s l o p e .  A  b e s t  f i t  c u r v e  
w a s  t h e n  s e l e c t e d  o n  t h e  b a s i s  o f  c o r r e l a t i o n  t o  t h e  e x p e r i 

m e n t a l  d a t a ,  a n d  s t a t i s t i c a l  s i g n i f i c a n c e .

T h e  G . F . T . P .  p a r a m e t e r s ,  h a r d n e s s ,  c o h e s i v e n e s s ,  s p r i n g i 

n e s s ,  g u m m i n e s s  a n d  c h e w i n e s s ,  a n d  t h e  p e n e t r a t i o n  t e s t  p a 
r a m e t e r ,  f o r c e  a t  m a x i m u m  p e n e t r a t i o n ,  a r e  g i v e n  f o r  t h e  f i v e  
s a m p l e s  i n  F i g u r e s  4  t h r o u g h  1 1 .  I n  a l l  b u t  t h r e e  c a s e s  t h e  
p a r a m e t e r s  i n c r e a s e d  w i t h  t h e  i n c r e a s i n g  d e f o r m a t i o n  s p e e d .  

T h e  t h r e e  e x c e p t i o n s ,  a l l  i n  s a m p l e  2 ,  w e r e  d e c r e a s e s  i n  c o h e 
s i v e n e s s  a n d  d i s t a n c e  t o  s u r f a c e  f a i l u r e  i n  p e n e t r a t i o n  t e s t i n g ,  
a n d  t h e  s p r i n g i n e s s  w h i c h  w a s  i n d e p e n d e n t  o f  t h e  d e f o r m a t i o n  
s p e e d .  I n  g e n e r a l ,  t h e  n a t u r e  o f  t h e  c h a n g e  i n  t e x t u r a l  p a r a m e 

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

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

i n t e r s e c t e d  f r e q u e n t l y .  A p p r o x i m a t e l y  o n e - t h i r d  o f  t h e s e  
c u r v e s  h a d  a  c h a n g e  i n  s l o p e ,  m o s t  o f  w h i c h  o c c u r r e d  i n  t h e  
e x p e r i m e n t a l  r e g i o n  o f  0 . 5 — 1 .0  c m / m i n  d e f o r m a t i o n  s p e e d .  

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

l i k e  c a n d y  l i c o r i c e ,  i n  o r d e r  t o  f u l l y  c h a r a c t e r i z e  t h e  t e x t u r a l  
p a r a m e t e r s ,  t h e  d e f o r m a t i o n  s p e e d  c a n n o t  b e  s e l e c t e d  a t  
r a n d o m ;  r a t h e r ,  a  s e r i e s  o f  m e a s u r e m e n t s  i s  n e c e s s a r y .

T e x tu r e  p r o file  m e a su r e m e n ts

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

t i o n  c o e f f i c i e n t .  S a m p l e s  4  a n d  5  b e h a v e d  i n  a  s i m i l a r  m a n n e r  

a n d  s a m p l e s  1 , 2  a n d  3  s h o w e d  s i m i l a r  b e h a v i o r .  F r a c t u r a b i l i t y  
o f  s a m p l e  3  w a s ,  h o w e v e r ,  h i g h e r  w h i l e  i t  s h o w e d  l o w e r  h a r d 
n e s s  a t  l o w e r  d e f o r m a t i o n  t h a n  t h o s e  o f  s a m p l e s  1 a n d  2 .  A t
1 .0  c m / m i n ,  d e f o r m a t i o n  s p e e d ,  s a m p l e s  4  a n d  5 c h a n g e  t h e i r  
f u n c t i o n a l  f o r m  a n d  s a m p l e  3  h a s  a  c h a n g e  i n  s l o p e .  C o h e s i v e -
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Fig. 2 — Tapered 
plunger used in 
plunger testing.

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

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

l e a s t  e f f o r t  a n d  h a d  a  g r a n u l a r  a p p e a r a n c e  a t  t h e  b r o k e n  s u r 
f a c e ,  h a d  t h e  l o w e s t  c o h e s i v e n e s s  v a l u e s .  T h e  u p s t r o k e  a r e a s  a s  
p e r c e n t a g e  o f  r e s p e c t i v e  d o w n s t r o k e  a r e a s  r a n g e d  f r o m
4 . 5 —9 . 6 %  f o r  t h e  f i r s t  s t r o k e  a n d  f r o m  2 5 —4 1 %  f o r  t h e  s e c o n d  
s t r o k e  i n  t h e  G . F . T . P .  m e a s u r e m e n t s .  T h i s  r e p r e s e n t s  a  s i g n i f i 

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

P LUNGER POSITION

Fig. 1-T y p ica l  instron G.F. texture profile force deformation curve 
for candy licorice. [ H l — Brittleness; H 2 =  Hardness; A , j — Area of 
first downstroke; A , 2 =  Area o f first upstroke; A 2 , = Area o f  
second  downstroke; A 22 — Area o f  second upstroke; and  A 3 — 
Adhesiveness.] [Cohesiveness =  (A 21 + A  2 2 )/ (A , 2 + A , 2 ); G um m i

ness =  Cohesiveness X  Hardness; and  Chewiness =  Cohesiveness X  

Hardness X  Springiness.!

Fig. 3 — Typical plunger testing force-distance curve for candy lico

rice. [F1  =  Force at surface penetration; F 2  =  Force at m ax pene
tration deformation (deformation predeterm ined); D1  =  Distance  

from sample height to surface penetration; A 1  =  Energy required 
for surface penetration; and A 1  + A 2  =  Energy required for pre

determined penetration deformation.]
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i n  h i g h l y  v i s c o e l a s t i c  m a t e r i a l  s u c h  a s  c a n d y  l i c o r i c e .  S p r i n g i 
n e s s  f o r  s a m p l e s  1 , 3 ,  4  a n d  5 i n c r e a s e s  a s  a  l i n e a r  f u n c t i o n  o f  
t h e  d e f o r m a t i o n  s p e e d ,  w i t h  s a m p l e s  3  a n d  5 c u r v e s  i n t e r 

s e c t i n g  a n d  s a m p l e  2  i n d e p e n d e n t  o f  t h e  d e f o r m a t i o n  s p e e d  
a n d  t h e  v a l u e  w e l l  b e l o w  t h o s e  o f  o t h e r  s a m p l e s .

G u m m i n e s s ,  w h i c h  i s  a  p r o d u c t  o f  h a r d n e s s  a n d  c o h e s i v e 
n e s s ,  h a s  a  h i g h  c o r r e l a t i o n  t o  h a r d n e s s ,  a n d  a n  e v e n  h i g h e r  
c o r r e l a t i o n  t o  c o h e s i v e n e s s  i n  a l l  t h e  s a m p l e s  e x c e p t  s a m p l e  2 . 
T h e  v a l u e  o f  a n d  c h a n g e s  i n  h a r d n e s s  a r e  a  f e w  o r d e r s  o f  
m a g n i t u d e  g r e a t e r  t h a n  c o h e s i v e n e s s ,  a n d  t h u s  n u m e r i c a l l y  

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

Fig. 4 — G.F.T.P. fracturability vs. log o f  crosshead speed for candy  
licorice.

Fig. 6 — G.F.T.P. cohesiveness vs. log o f crosshead speed for candy  
licorice.

d i f f i c u l t  t o  a t t r i b u t e  t h e  e f f e c t s  o f  h a r d n e s s  a n d  c o h e s i v e n e s s  
i n  t h e  g u m m i n e s s .

C h e w i n e s s  i s  a  p r o d u c t  o f  h a r d n e s s ,  c o h e s i v e n e s s  a n d  s t r i n g 
i n e s s .  I t  h a s  h i g h  c o r r e l a t i o n  t o  h a r d n e s s  f o r  a l l  t h e  s a m p l e s ,  

a n d  a  r e l a t i v e l y  h i g h  c o r r e l a t i o n  t o  c o h e s i v e n e s s  a n d  s p r i n g i 
n e s s  f o r  a l l  s a m p l e s  e x c e p t  s a m p l e  2 .  I n  t h i s  c a s e ,  a t  h i g h  
d e f o r m a t i o n  s p e e d s  s a m p l e s  4  a n d  5 a g a i n  h a d  v e r y  c l o s e  v a l 

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

u p o n  t h e  s u r f a c e  m a t e r i a l  o f  t h e  m e a s u r e m e n t  c e l l .  I n  m o s t  
c a s e s ,  t h e  v a l u e  w a s  c l o s e  t o  0 , a n d  i t  i s  e x c l u d e d  f r o m  t h e  

r e s u l t s .

Fig. 5 — G.F.T.P. hardness vs. log o f  crosshead speed for candy lico
rice.

Fig. 7 -G .F .T .P . springiness vs. log o f crosshead speed for candy  
licorice.



T EXT U R A L  P A R A M E T E R S  OF C A N D Y  L IC O R IC E -^ 5 3

P e n e t r a t i o n  t e s t

I n  g e n e r a l ,  t h e  f o r c e  r e q u i r e d  f o r  s u r f a c e  p e n e t r a t i o n  w a s  
w e l l  c o r r e l a t e d  w i t h  f r a c t u r a b i l i t y .  T h e  f o r c e  f o r  m a x i m u m  
p e n e t r a t i o n  t o  h a r d n e s s  a n d  d i s t a n c e  t o  s u r f a c e  f a i l u r e  t o  

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

r a n k i n g  o f  s a m p l e s ,  i n d i c a t e s  t h a t  t h e  c o r r e c t i o n  f o r  t h e  s a m 
p l e  a r e a s  i s  j u s t i f i e d .  F o r  i n s t a n c e ,  s a m p l e s  4  a n d  5 h a d  t h e  

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

o f  t h e  p e n e t r a t i o n  t e s t .

Fig. 8 — G.F.T.P. gum m iness vs. log o f crosshead speed for candy  

licorice.

Fig. 10 -G .F.T .P . area under first dow nstroke vs. log o f  crosshead  

speed for candy licorice.

V i s u a l  o b s e r v a t i o n  i n d i c a t e d  t h a t  s a m p l e s  4  a n d  5  h a d  t h e  
m o s t  h o m o g e n o u s  s t r u c t u r e ,  w h i l e  s a m p l e  3 ,  w h i c h  c o u l d  b e  

e a s i l y  b r o k e n ,  r e v e a l e d  a  g r a i n y  a p p e a r a n c e .  S a m p l e s  1 a n d  2  
w e r e  i n  b e t w e e n  t h e s e  e x t r e m e s .

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

w i t h  t h e  o b s e r v a t i o n  o f  S h a m a  a n d  S h e r m a n  ( 1 9 7 3 b )  a b o u t  

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

I n  r e s t r e s s i r . g ,  t h e  i m p o r t a n c e  o f  s e l e c t i n g  a n  a p p r o p r i a t e  

d e f o r m a t i o n  s p e e d  i s  e v i d e n t  f r o m  t h e  r e s u l t s  o f  t h i s  s t u d y .  I t  
s e e m s  t h a t  i n  o r d e r  t o  c h a r a c t e r i z e  t h e  t e x t u r e  p a r a m e t e r s  t h e  
a p p r o a c h  o f  V o i s e y  a n d  C r e t e  ( 1 9 7 3 )  s h o u l d  b e  c o n s i d e r e d .  

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

Fig. 9 -G .F .T .P .  chewiness vs. log o f crosshead speed for candy  
licorice.

Fig. 11— Penetration testing force o f  m axim um  penetration vs. log 
of crosshead speed for candy licorice.
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m e n t s  t h e n  m a d e  a t  n e a r  t h e  r e g i o n  o f  m e a n  v a l u e .  I n  o r d e r  t o  
f i n d  t h e  p a r a m e t e r  b e h a v i o r  i n  t h e  o r g a n o l e p t i c  t e s t i n g  r a n g e ,  

t h e  m e a s u r e m e n t s  s h o u l d  b e  m a d e  e i t h e r  a t  t h e  e x t r e m e  v a l u e s  
o f  t h e  r a n g e  o r  a t  a  d i s t a n c e  o f  o n e  o r  t w o  s t a n d a r d  d e v i a t i o n s  
f r o m  t h e  m e a n .

C O N C L U S IO N S

T H E  F O L L O W I N G  w e r e  c o n c l u d e d  f r o m  t h i s  s t u d y :

1 . S e v e r a l  G . F . T . P .  p a r a m e t e r s  h a v e  a  h i g h  c o r r e l a t i o n  w i t h  

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

2 .  T h e  u p s t r o k e  a r e a s  i n  t h e  G . F . T . P .  m e a s u r e m e n t s  s h o u l d  b e  
i n c l u d e d  i n  t h e  a r e a  c a l c u l a t i o n s  f o r  m a t e r i a l s  l i k e  c a n d y  

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

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

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

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

e x p e r i m e n t a l  r a n g e .
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m a n g o e s  a n d  p each es . J . T e x tu re  S tu d ie s  2 : 4 8 9 .

B o u rn e , M .C. 1 9 6 8 . T e x tu re  p ro f ile  o f  r ip e n in g  p e a rs . J . F o o d  Sci. 3 3 : 
2 2 3 .
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EFFECT OF VARIETY, GROWING LOCATION AND THEIR INTERACTION  
ON THE FATTY ACID COMPOSITION OF PEANUTS

IN T R O D U C T IO N

T H E  F A T T Y  A C I D  c o m p o s i t i o n  o f  t h e  e n d o g e n o u s  f a t s  a n d  
o i l s  i n  a g r i c u l t u r a l  p r o d u c t s  p l a y s  a n  i m p o r t a n t  r o l e  i n  d e t e r 

m i n i n g  s h e l f  l i f e ,  n u t r i t i o n  a n d  f l a v o r  o f  t h e  e n s u i n g  f o o d  
p r o d u c t s  ( L e a ,  1 9 6 2 ;  A l f i n - S l a t e r  a n d  D e u e l ,  1 9 6 0 ) .  D i r e c t  
i n c o r p o r a t i o n  o f  p e a n u t  o i l  i n t o  f o o d  p r o d u c t s  o r  i n c o r p o 

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

b e h e n i c  a n d  a r a c h i d i c ,  i n  p e a n u t  o i l  m a y  b e  i m p l i c a t e d  i n  h e a r t  
d i s e a s e  h a s  b e e n  p u b l i s h e d  ( N u t r i t i o n  F o u n d a t i o n ,  I n c . ,  1 9 7 3 ) .  
T h e  h i g h  l i n o l e a t e  c o n t e n t  o f  s o m e  p e a n u t  v a r i e t i e s  h a s  b e e n  
s h o w n  t o  d e c r e a s e  t h e  s h e l f  l i f e  o f  r o a s t e d  p e a n u t  p r o d u c t s  

( Y o u n g  e t  a l . ,  1 9 7 2 ) .

E n v i r o n m e n t ,  g e n o t y p e  a n d  g r o w i n g  l o c a t i o n  a r e  r e p o r t e d  
t o  i n f l u e n c e  t h e  f a t t y  a c i d  c o m p o s i t i o n  o f  m o s t  o i l s e e d s  
( C a n v i n ,  1 9 6 5 ;  H i t c h c o c k  a n d  N i c h o l s ,  1 9 7 1 ) .  T h e  i n f l u e n c e  

o f  g e n o t y p e  o n  t h e  f a t t y  a c i d  c o m p o s i t i o n  o f  p e a n u t s  h a s  b e e n  
w e l l  d e m o n s t r a t e d  b y  W o r t h i n g t o n  a n d  H a m m o n s  ( 1 9 7 1 ) .  V a r 
i a t i o n s  i n  l i p i d  c o m p o s i t i o n  f r o m  o n e  s e a s o n  t o  a n o t h e r  ( w i t h 
i n  t h e  s a m e  y e a r )  a l s o  h a v e  b e e n  r e p o r t e d  ( S u  a n d  C h e n ,

1 9 7 3 ) .  S m a l l  d i f f e r e n c e s  i n  t h e  o i l  c o m p o s i t i o n  o f  p e a n u t s  
h a v e  b e e n  r e p o r t e d  f o r  w i d e l y  s e p a r a t e d  g r o w i n g  l o c a t i o n s  d u r 
i n g  t h e  s a m e  y e a r  ( S u  a n d  C h e n ,  1 9 7 3 ;  Y o u n g  e t  a h ,  1 9 7 4 ) ;  
b u t  w h e t h e r  o r  n o t  t h e  d i f f e r e n c e s  w e r e  d u e  t o  e n v i r o n m e n t a l  

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

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

a c i d  c o m p o s i t i o n  o f  p e a n u t s .

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

M a te r ia ls

Peanut (A ra c h is  h y p o g a e a  L.) samples used in these experiments 
were drawn from pooled replicates from the 1972 National Regional 
Peanut Variety Trials (NRT) and were grown with supplemental irri
gation on the respective state experiment stations and at the latitudes 
indicated: Yoakum, Texas (29° 18'N), Bryan, Texas (30° 41'N ), Mari
anna, Fla. (30° 45 'N ), Tifton, Ga. (31° 27'N), Stephenville, Texas (32° 
12'N), Ft. Cobb, Okla. (35° 08'N) and Holland, Va. (36° 43'N). Varie
ties tested were: (a) Spanish botanical type; Comet, Starr, Spanhoma, 
T P  716-2-1, TP 931, (b) Virginia botanical type; Va. 72R, (c) Virginia 
market type; Florigiant, (d) runner market type; F 439-16-6, Flo- 
runner, and (e) Spanish m arket type; Wilco I. Traditionally the runner 
market type and Virginia m arket type have been arbitrary divisions of 
the Virginia botanical group for purposes of commerce, the runner 
market type having smaller pods and higher seed counts. Florigiant, 
Florunner and F 439 were derived from infraspecific crosses between 
Spanish and Virginia botanical types and are m arketed as Virginia and 
runner market types on the basis of their physical similarity to the 
traditional market types (Hammons, 1973). Wilco 1 is o f uncertain 
ancestry. It has some characteristics of both botanical groups and is 
sold as a Spanish variety.

All planting seed for each variety was from the same seed lot. Har-

1 P re s e n t add ress : U SD A  S o u th e rn  R eg io n al R ese a rch  C en te r , A R S, 
N ew  O rlean s , LA 701 7 9

vesting and curing were done according to the recommended proce
dures for each state. Samples were received “ in shell” shortly after 
curing. They were shelled within 30 days of receipt and passed over 
standard screens (15/64 x  3/4 in. for Spanish and 16/64 X 3/4 in. tor 
Wilco I, runner and Virginia type varieties). Peanuts riding the respec
tive screens were then hand-sorted to remove visually immature and 
off-color nuts, and the resulting sound m ature kernels were stored at 
4°C in sealed glass jars.

Florigiant, F 439-16-6 and Va. 72R varieties were not grown at Ft. 
Cobb, Okla., due to the normally short growing season, and all of the 
later m aturing varieties in the tests at Holland, Va., were lost due to 
heavy rains during the harvest period.
A n a ly t ic a l  m e th o d s

Oil samples were obtained by cold-pressing in polyethylene bags as 
described previously (Brown et al., 1974). Oven keeping times (60°C) 
were determined according to the procedure outlined by Young (1970). 
Fatty  adds in the oils were determined by gas chromatography after 
transesterification to their m ethyl esters by the procedure o f Metcalfe 
et al., (1966). Esters were separated using a Beckman GC-5 chrom ato
graph equipped with a FID using a 72 X 1/4 in. stainless steel column 
packed with 10% EGSS-X on Gas Chrom P and an oven tem perature of 
180°C: after on-column injection the averages from three or more disc 
integrator tracings were used to com pute peak areas, and the peak areas 
were normalized to total 100%.
S ta t i s t i c a l  m e th o d s

Principal com ponent analyses were obtained using the computer 
program designed by Barr and Goodnight (1972). A total o f 62 ‘variety 
by location’ vectors for the seven fatty  acids were available for statisti
cal analysis due to the missing varieties at Ft. Cobb, Okla. (3) and 
Holland, Va. (5). These data vectors were used in principal components 
procedures. The correlation coefficients betw een fatty  acids were 
by-products of these analyses.

R E S U L T S

F a t t y  a c i d  a n a l y s e s

A l l  o f  t h e  f a t t y  a c i d s  c o m m o n l y  f o u n d  i n  p e a n u t  o i l  e x c e p t  
l i g n o c e r i c  a n d  l i n o l e n i c  a c i d  w e r e  q u a n t i t a t e d .  A l t h o u g h  l i n o -  
l e n a t e  is  p a r t i a l l y  r e s o l v e d  f r o m  a r a c h i d a t e  a n d  e i c o s e n a t e  o n  
E G S S - X  c o l u m n s ,  i t s  p r e s e n c e  w a s  n o t  d e t e c t e d  i n  t h e  s a m p l e s .  
O p e r a t i n g  p a r a m e t e r s  u s e d  i n  t h e  G L C  a n a l y s e s  w e r e  n o t  v e r y  

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

w h i c h  w a s  p r e s e n t  i n  t h e  r a n g e  o f  a b o u t  1 —3 % . T h e  n o r m a l 
i z e d  r e s u l t s  ( l i g n o c e r a t e  e x c l u d e d )  o f  t h e  c o m p l e t e  f a t t y  a c i d  
a n a l y s e s  o f  t h e  o i l s  f r o m  a l l  o f  t h e  v a r i e t i e s  g r o w n  a t  Y o a k u m  
( S o u t h  T e x a s ) ,  T i f t o n  ( S o u t h w e s t e r n  G e o r g i a )  a n d  F t .  C o b b  
( S o u t h  C e n t r a l  O k l a h o m a )  a r e  s h o w n  i n  T a b l e  1 . I n  a d d i t i o n  
t o  t h e  f a t t y  a c i d s  r e p o r t e d  i n  T a b l e  1 , t r a c e s  o f  p a l m i t o l e i c  
w e r e  f o u n d  i n  a l l  o f  t h e  s a m p l e s .

B o t h  v a r i e t y  a n d  l o c a t i o n  a f f e c t e d  t h e  c o m p o s i t i o n  o f  p e a 
n u t  o i l .  I n  g e n e r a l  t h e  t h r e e  m a j o r  f a t t y  a c i d s ,  p a l m i t i c ,  o l e i c  
a n d  l i n o l e i c ,  w e r e  a f f e c t e d  m o r e  t h a n  t h e  m i n o r  f a t t y  a c i d s .  
C o r r e s p o n d i n g  t r e n d s  w e r e  r e c o r d e d  a t  t h e  o t h e r  l o c a t i o n s  
t e s t e d  i n  1 9 7 2 .  C o m p a r a t i v e  d a t a  f o r  p a l m i t a t e ,  o l e a t e  a n d  
l i n o l e a t e  i n  a l l  t h e  v a r i e t i e s  f r o m  a l l  s e v e n  o f  t h e  t e s t  l o c a t i o n s ,  
l i s t e d  i n  t h e  o r d e r  o f  i n c r e a s i n g  n o r t h  l a t i t u d e ,  a r e  r e p o r t e d  i n  
T a b l e  2 .  W i t h  i n c r e a s i n g l y  m o r e  n o r t h e r n  g r o w n i n g  l o c a t i o n s ,  
t h e  o l e a t e  a n d  p a l m i t a t e  c o n t e n t s  o f  a l l  v a r i e t i e s  t e n d e d  t o

V o l u m e  4 0  ( 1 9 7 5 1 - J O U R N A L  O F  F O O D  S C I E N C E - 1 0 5 5
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d e c r e a s e ,  w h i l e  t h e  l i r . o l e a t e  c o n t e n t  t e n d e d  t o  i n c r e a s e .  T h e  
o i l  c o m p o s i t i o n  o f  t h e  V i r g i n i a  v a r i e t i e s  w a s  a f f e c t e d  m o r e  

s t r o n g l y  t h a n  t h e  c o m p o s i t i o n  o f  t h e  S p a n i s h  t y p e  a n d  F  
4 3 9 - 1 6 - 6  v a r i e t i e s .

T h e  o v e r a l l  c h a n g e s  i n  f a t t y  a c i d  c o m p o s i t i o n  o f  t h e  l a r g e -  
s e e d e d  v a r i e t i e s ,  V a .  7 2 R ,  F l o r i g i a n t  a n d  F l o r u n n e r ,  w e r e  r e l a 
t i v e l y  l a r g e ,  a n d  i n c r e a s e s  i n  l i n o l e a t e  a n d  d e c r e a s e s  i n  p a l m i -  
t a t e  a n d  o l e a t e  w i t h  i n c r e a s i n g  l a t i t u d e ,  Y o a k u m ,  B r y a n ,  M a r i 

a n n a ,  T i f t o n ,  S t e p h e n v i l l e ,  F t .  C o b b  a n d  H o l l a n d ,  w e r e  o b 
s e r v e d .  T h e  o n e  e x c e p t i o n  w a s  a t  M a r i a n n a  w h e r e  t h e  c o m p o 

s i t i o n  o f  t h e  V i r g i n i a  b o t a n i c a l  t y p e  p e a n u t  o i l s  w a s  m o r e  l i k e  
t h e  Y o a k u m  s a m p l e s  t h a n  t h e  B r y a n  s a m p l e s .

C o r r e l a t i o n  c o e f f i c i e n t s  f o r  t h e  f a t t y  a c i d s  f r o m  t h e  o i l s  o f  
t h e  1 0  v a r i e t i e s  a t  t h e  s e v e n  l o c a t i o n s  w e r e  c a l c u l a t e d  f o r  t h e  
v a r i e t y  a n d  t h e  l o c a t i o n  e f f e c t s .  T h e  c o r r e l a t i o n  c o e f f i c i e n t s  

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

t h o s e  r e p o r t e d  b y  W o r t h i n g t o n  a n d  H a m m o n s  ( 1 9 7 1 )  f o r  1 1 0  
v a r i e t i e s  g r o w n  a t  T i f t o n ,  G a . ,  i n  1 9 6 8  a n d  a r e  n o t  s h o w n .  T h e  
o n l y  e x c e p t i o n  w a s  t h e  r e l a t i o n s h i p  b e t w e e n  e i c o s e n o i c  a n d  
a r a c h i d i c  a c i d s .  T h e s e  t w o  a c i d s  w e r e  p o s i t i v e l y  c o r r e l a t e d  a t  
t h e  0 . 0 5  r e j e c t i o n  l e v e l ,  w h i l e  W o r t h i n g t o n  a n d  H a m m o n s  r e 

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

0 . 0 0 1  l e v e l .  T h e  d i s c r e p a n c y  p r o b a b l y  r e f l e c t s  t h e  a n a l y t i c a l  
d i f f i c u l t i e s  a s s o c i a t e d  w i t h  d e t e r m i n i n g  t h e  l o w  c o n c e n t r a t i o n s  

o f  e i c o s e n o a t e  i n  t h e  s a m p l e s .

C o r r e l a t i o n  c o e f f i c i e n t s  l i s t e d  i n  T a b l e  3  a r e  s t a t i s t i c a l  e s t i 
m a t e s  o f  t h e  e f f e c t  o f  l o c a t i o n  o n  t h e  r e l a t i o n s h i p s  b e t w e e n  
f a t t y  a c i d s  i n  t h e  i n d i v i d u a l  v a r i e t i e s .  L o c a t i o n  a f f e c t e d  t h e

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

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

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

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

P r i n c i p a l  c o m p o n e n t  a n a l y s e s

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

t e n t  d a t a  f o r  t h e s e  v a r i e t i e s  a n d  l o c a t i o n s  i n  t h e  1 9 7 2  N R T  
r e p o r t e d  e a r l i e r  b y  R h e e  e t  a l .  ( 1 9 7 3 )  w e r e  s u b j e c t e d  t o  p r i n c i 

p a l  c o m p o n e n t  a n a l y s i s .  U s i n g  t h i s  t e c h n i q u e ,  t h e  u n i q u e  a n d  
i n d e p e n d e n t  i n f o r m a t i o n  c h a r a c t e r i z i n g  t h e  v a r i e t i e s  a n d  l o c a 

t i o n s  c o n t a i n e d  i n  t h e  d a t a  w a s  e x t r a c t e d  a n d  r e c o m b i n e d  i n t o  
a  s m a l l e r  n u m b e r  o f  l a t e n t  v a r i a t e s ,  i . e . ,  p r i n c i p a l  c o m p o n e n t s  
( B l a c k i t h  a n d  R e y m e n t ,  1 9 7 1 ) .  T h r o u g h  t h i s  t e c h n i q u e ,  w h i c h  
is  o f t e n  u t i l i z e d  i n  t a x o n o m i c  s t u d i e s ,  t h e  d e g r e e  o f  r e l a t e d n e s s  

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

f i r s t  a n d  s e c o n d  c o m p o n e n t s  r e p r e s e n t i n g  8 6  a n d  9 %  o f  t h e  
t o t a l  v a r i a b i l i t y  b e t w e e n  t h e  v a r i e t i e s  a r e  p l o t t e d  i n  F i g u r e  1. 

T h e  f i v e  t r u e  S p a n i s h  b o t a n i c a l  v a r i e t i e s  w e r e  c l o s e l y  c l u s t e r e d  
a n d  a r e  c l o s e l y  r e l a t e d  i n  t e r m s  o f  t h e  v a r i a b l e s  w h i c h  w e r e  
m e a s u r e d .  B y  t h i s  a n a l y s i s  t h e  F  4 3 9 - 1 6 - 6  v a r i e t y  a p p e a r e d  t o  

h a v e  S p a n i s h  c h a r a c t e r i s t i c s  a n d  F l o r u n n e r ,  F l o r i g i a n t  a n d  V a .  
7 2 R  p o s s e s s  c h a r a c t e r i s t i c s  w h i c h  a r e  r e l a t i v e l y  s i m i l a r  t o  e a c h  
o t h e r .  P l o t t i n g  t h e  f i r s t  a n d  s e c o n d  c o m p o n e n t s  r e p r e s e n t i n g

Table 1 — Fatty acid composition of peanuts from three locations in the National Regional Peanut Variety Trials in 1972 (Normalized to 100%)

Variety Palmitic Stearic Oleic Linoleic Arachidic Eicosenoic Behenic

Yoakum, Texas

Spanhoma 11.8 2.9 45.5 34.7 1.5 0.9 2.8
Comet 11.9 2.4 44.7 36.0 1.4 1.0 2.5
Starr 12.2 2.4 45.6 35.1 1.4 1.0 2.3
TP 716-2-1 12.0 3.2 45.6 34.0 1.5 0.8 2.9
TP 931 11.8 2.0 47.7 34.7 0.9 0.7 2.1
Wilco I 11.5 1.7 49.1 33.6 1.3 1.1 1.8
Florunner 9.6 1.5 59.1 25.8 1.0 1.1 1.8
F 439-16-6 11.2 1.9 45.1 38.2 0.8 1.1 2.4
Florigiant 9.1 2.2 60.3 24.2 1.1 1.0 1.8
Va. 72R 9.0 2.1 61.7 23.4 1.4 1.0 1.5

Tifton, Georgia

Spanhoma 10.7 2.8 46.6 34.9 1.3 0.8 2.6
Comet 11.3 2.3 46.5 35.0 1.4 0.9 2.5
Starr 11.4 2.0 46.4 36.0 1.8 1.6 2.8
TP 716-2-1 11.3 2.6 46.6 35.0 1.4 0.9 2.3
TP 931 11.4 2.6 47.9 33.3 1.4 0.7 2.6
Wilco I 11.1 1.4 46.7 36.6 0.4 1.4 2.2
Florunner 9.6 1.3 55.5 28.8 1.2 1.3 2.2
F 439-16-6 10.8 1.7 41.3 41.9 0.7 1.1 2.4
Florigiant 9.0 2.4 56.4 26.8 1.8 1.1 2.4
Va. 72R 8.8 1.6 60.0 26.2 0.8 0.9 1.6

Ft. Cobb, Oklahoma®

Spanhoma 11.0 2.2 42.7 38.7 0.9 0.8 2.9
Comet 11.5 2.6 42.5 37.5 1.8 1.1 3.0
Starr 11.3 2.3 45.0 36 7 1.0 1.1 3.0
TP 716-2-1 10.8 2.4 43.3 38.2 1.2 1.2 3.0
TP 931

1 0 8  »
2.6 43.0 37.1 2.0 1.3 3.1

Wilco I 10.5 1.6 41.1 40.1 1.7 2.2 2.6
Florunner 9.0 1.4 48.0 36.5 1.1 1.8 2.3

a F lo r ig ian t, Va, 72R  and F 439-16-6 no t tested at Ft. C obb
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6 0  an d  27%  o f  th e  sa m e  b io c h e m ic a l c h a r a c te r is t ic s  o v er  lo 
c a t io n s  r esu lted  in  a c lu ste r in g  o f  B ry a n , Y o a k u m  a n d  M ari
anna and t o  a le s se r  d eg ree  H o lla n d , F t . C o b b , T if to n  an d  
S te p h e n v ille  (F ig . 2 ) .

O le a te /l in o le a te  ra tio s

O le a te / l in o le a te  (O /L )  r a tio s  in  th e  sa m p le s  w ere  c a lc u la te d  
fo r  all 10  v a r ie tie s  g r o w n  at th e  se v e n  lo c a t io n s  (T a b le  4 ) .  T h e

h ig h e s t  O /L  ra tio s  fo r  th e  sta n d a rd  S p a n ish  b o ta n ic a l  ty p e  
v a r ie tie s  w ere  o b ta in e d  a t  M arianna, averag in g  1 .4 7 ,  w h ile  th e  
o th e r  th r e e  so u th e r n  lo c a t io n s ,  Y o a k u m , B ryan  an d  T if to n  
av era g ed , r e sp e c t iv e ly , 1 .3 1 ,  1 .3 2  an d  1 .3 5 . T h e  h ig h e st  O /L  
r a tio s  fo r  th e  o th e r  v a r ie tie s , all o f  w h ic h  are n o r m a lly  har
v e s te d  la ter  th a n  th e  tr u e  S p a n ish  v a r ie tie s , w ere  r ec o rd ed  at 
Y o a k u m . T h e  v a lu e s  fr o m  M ariann a, B ry a n  a n d  T if to n  w ere  
q u ite  s im ila r  an d  ran k ed  in  th e  ord er  g iv en  fo r  th e  lo c a t io n s .

T a b le  2 — L in o le a te ,  o l e a te  a n d  p a lm i t a t e  c o n t e n t s  o f  10  p e a n u t  va r ie t ie s  g r o w n  in t h e  N a t io n a l  R eg iona l  P e a n u t  V a r i e ty  T r ia ls  in 1 9 7 2  (N o rm a l 
ized t o  100%)

V a r ie ty
Y o a k u m

T e x a s
B ry a n
T e x a s

M a r ia n n a
F lo r id a

T i f to n
G eorg ia

S te p h e n v i l l e
T e x a s

F t .  C o b b  
O k l a h o m a 3

H o l lan d
V irg in ia3

L in o lea te  c o n t e n t

Spanhoma 34.7 35.7 33.2 34.9 38.5 39.7 38.4
Comet 36.0 34.9 33.5 35.3 37.4 37.5 39.5
Starr 35.1 34.3 32.1 36.3 38.1 36.7 37.0
TP 716-2-1 34.0 35.0 32.2 35.3 37.3 38.2 37.3
TP 931 34.7 33.9 33.3 33.3 37.8 37.1 38.1
Wilco 1 33.6 34.0 34.5 36.6 40.7 40.1 _

Florunner 25.8 28.3 27.9 28.8 35.6 36.5 _

F 439-16-6 38.2 40.0 38.6 41.9 46.0 _ __

Florigiant 24.3 25.5 24.9 26.8 33.4 __ _

Va. 72R 23.4 25.8 25.1 26.2 33.5 - -

O le a te  c o n t e n t

Spanhoma 45.5 45.2 47.8 46 6 42.5 42.7 43.9
Comet 44.7 45.1 47.7 46 5 43.7 42.5 42.6
Starr 45.6 44.9 48.5 44.4 43.4 45.0 43.3
TP 716-2-1 45.6 46.1 49.6 46.5 43.4 43.3 43.6
TP 931 47.7 47.3 47.9 47.9 43.5 43.0 43.8
Wilco I 49.1 47.1 47.7 46.7 41.5 41.1 _

Florunner 59.1 54.3 55.2 55.5 49.9 47.9 _
F 439-16-6 45.1 41.4 44.1 41.3 38.5 __ _

Florigiant 60.3 57.5 58.1 56.4 51.7 _ _

Va. 72R 61.7 57.9 58.2 60.0 52.4 - -

P a lm i t a t e  c o n t e n t

Spanhoma 11.8 11.9 11.7 10.7 10.9 11.0 11.4
Comet 12.0 12.3 12.4 11.3 11.3 11.5 11.6
Starr 12.2 12.3 12.0 11.4 11.4 11.3 11.6
TP 716-2-1 12.0 12.4 11.9 11.3 11.2 10.7 11.0
TP 931 11.8 12.2 12.2 11.4 11.7 10.8 11.3
Wilco I 11.5 10.7 11.3 11.1 10.8 10.5 —
Florunner 9.6 9.6 9.5 9.6 9.5 9.0 _

F 439-16-6 11.2 10.9 11.2 11.4 9.9 __ _

Florigiant 9.1 9.4 10.5 9.0 8.8 — —

Va. 72R 9.0 9.1 9.4 9.0 9.0 - -

a - N o t  ava ilab le  from  Ft. C obb , Okla.; lo s t in  heavy rains at H o lland , Va.

T ab le  3 —C o r r e l a t i o n  co e f f ic ie n ts  (r) o f  f a t t y  a c id s  w i th in  10  va r ie t ies  ove r  seven  lo c a t io n s  d e t e r m in e d  f o r  t h e  N a t io n a l  R e g io n a l  P e a n u t  V a r ie ty  
Tria ls  sa m p le s  f r o m  1 9 7 2 a

F a t ty  acid S tea r ic Oleic L in o le ic A ra c h id ic E ic o se n o ic Behen ic

Palmitic 0.305* 0.503** -0.561** -0.052 -0.431** -0.511**
Stearic 0.367** -0.553** 0.463** -0.233 -0.069
Oleic -0.948** 0.015 -0.470** -0.521**
Linoleic -0.252 0.325* 0.372**
Arachidic 0.527** 0.312*
Eicosenoic 0.616**

a d .f. = 55 
* P  «  0.05 

** P «  0.01
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T h e  lo w e s t  O /L  ra tio s  w ere  o b ta in e d  fo r  m o st  o f  th e  v a r ie tie s  
at F t. C o b b , b u t  th e  ra tio s  at S te p h e n v ille  an d  H o lla n d , th e  
o th e r  n o r th e r n  lo c a t io n s ,  d if fe r e d  v ery  l it t le  fr o m  F t . C ob b . 
T h e O /L  ra tio s  fr o m  F lo r u n n e r  r e sp o n d e d  d if fe r e n t ly . A  c o n 
s id e r a b ly  lo w e r  r a tio  w a s o b ta in e d  at F t . C o b b  th a n  S te p h e n 
v ille .

D IS C U S S IO N

T H E  D A T A  in  T a b les  1 an d  2 and th e  p r in c ip a l c o m p o n e n t  
a n a ly s is  in  F igu re  1 in d ic a te  th a t th e  fa t ty  acid  c o m p o s it io n s  
o f  th e  f iv e  S p a n ish  b o ta n ic a l ty p e  v a r ie tie s  an d  F 4 3 9 -1 6 -6  
w e re  q u ite  s im ila r  w ith in  a g iv en  lo c a t io n ,  an d  th a t th e  c o m p o 
s it io n s  o f  th e  th r e e  la rg e -seed ed  V irg in ia  v a r ie tie s , F lo r u n n e r ,  
V a. 7 2 R  and F lo r ig ia n t, a lso  w ere  q u ite  s im ila r  to  e a ch  o th e r  
w ith in  a g iv en  lo c a t io n . T h e  c o m p o s it io n  o f  W ilco  I d iffe re d  
fr o m  th e  o th e r  S p a n ish  v a r ie tie s  an d  e x p r e s se d  s o m e  o f  th e  
c h a r a c te r is t ic s  o f  th e  la rg e -seed ed  V irg in ia  b o ta n ic a l  ty p e . Su  
an d  C h en  ( 1 9 7 1 ) ,  W o r th in g to n  and H a m m o n s ( 1 9 7 1 )  and  
Y o u n g  e t  al. ( 1 9 7 4 )  r ep o rte d  sim ila r  d if fe r e n c e s  b e tw e e n  sev 
eral v a r ie tie s  g r o w n  c o m m e r ic a lly  in  th e  U .S .

T h e  fa t ty  acid  c o m p o s it io n  o f  c o m p a r a b le  v a r ie tie s  g r o w n  
o n  T a iw a n  (S u  an d  C h en , 1 9 7 1 )  w ere  q u ite  s im ila r  to  o u r  
v a lu e s  fr o m  Y o a k u m  a n d  T if to n . D a ta  fo r  Starr and S p a n h o m a  
v a r ie ty  p e a n u ts  g r o w n  at T if to n  and F t. C o b b , in  1 9 6 8  and  
1 9 6 9  w ere  r ep o rte d  b y  Y o u n g  e t  al. ( 1 9 7 4 ) .  A g r e e m e n t b e 
tw e e n  th e ir  d a ta  and o u r  d ata  fo r  F t. C ob b  w a s v e ry  c lo se . O n  
th e  o th e r  h an d  w e  fo u n d  larger d if fe r e n c e s  b e tw e e n  G eorg ia  
g r o w n  a n d  O k la h o m a  g r o w n  Starr and S p a n h o m a  S p a n ish  p ea 
n u ts  th a n  th e y  r ep o rte d . T h e y  r ep o rte d  m o re  p a lm ita te  
(1 .3 % ), m o r e  l in o le a te  (0 .5 % ) and le ss  o le a te  (2 .2 % ) th a n  in  
th e  1 9 7 2  N R T  sa m p les  fro m  T if to n . H igh er v a lu e s  fo r  stea ra te  
(0 .8 % ) and lo w e r  v a lu es fo r  a ra ch id a te , e ic o s e n o a te  and be- 
h e n a te  a lso  w e re  r ep o rte d  b y  Y o u n g  e t al. ( 1 9 7 4 ) .  B o th  g ro u p s  
o f  resea rch ers r ep o rte d  r e la tiv e ly  large d if fe r e n c e s  in  c o m p o 
s it io n  fr o m  y e a r  to  y ea r  an d  Su  and C h en  ( 1 9 7 1 )  a lso  r ep o rte d  
s iz e a b le  d if fe r e n c e s  in  c o m p o s it io n  fro m  fa ll and sp rin g  p la n t
in g s in  T a iw a n  o f  th e  sa m e  v a r ie tie s  w ith in  th e  sa m e  y ear.

T h e  d ata  in T a b les  1—3 s h o w  th a t la t itu d e  r e la ted  e f fe c t s  
p la y  m o r e  s ig n if ic a n t r o le s  in  p e a n u t lip id  c o m p o s it io n  th a n  
e a s t -w e s t  e f fe c t s .  D if fe r e n c e s  b e tw e e n  th e  fa t ty  a c id  c o m p o 
s it io n  o f  th e  p e a n u ts  g r o w n  at B ryan  and Y o a k u m , T e x a s  and  
T if to n ,  G a. an d  M arianna, F la . are r e la tiv e ly  sm a ll d e sp ite  th e  
fa c t  th a t  th e  fo r m e r  lo c a t io n s  are a b o u t  8 5 0  m ile s , or  m o re  
th a n  1 1 ° , w e st  o f  th e  G eo rg ia  and F lo r id a  lo c a t io n s . O n th e  
o th e r  h a n d , th e  d a ta  in  T a b le  2 , w h ic h  is arran ged  in  th e  order  
o f  in c re a sin g  n o r th  la t itu d e , reveal d e f in ite  la t itu d e  e f fe c ts .  
T h e  o le a te  c o n te n t s  o f  th e  V irg in ia  p e a n u ts  b e c a m e  p ro g res
s iv e ly  lo w e r  w ith  in crea sin g  la t itu d e  an d  a sim ilar  d ecrea sin g  
tr en d  w a s n o te d  w ith  p a lm ita te . L in o le a te  c o n te n t  o f  th e  V ir
g in ia  p e a n u ts  b e c a m e  p ro g ress iv e ly  grea ter  w ith  in crea sin g  
n o r th  la t itu d e . F o r  e x a m p le  in  F lo r u n n e r  p e a n u ts  g r o w n  at F t. 
C ob b  ( 3 5 °  0 8 'N ) ,  th e  lin o le a te  c o n te n t  w as 11% greater  or
1 -1 /2  t im e s  th e  l in o le a te  c o n te n t  o f  th e  F lo r u n n e r  o il  from  
Y o a k u m  ( 2 9 °  1 8 'N ). T h e  o le a te  c o n te n t  o f  th e  F t . C ob b  
g r o w n  F lo r u n n e r  v a r ie ty  is 3 /4  o f  th e  v a lu e  at Y o a k u m .

C h a n g es in  th e  fa t ty  a c id  c o m p o s it io n  o f  S p a n ish  b o ta n ic a l  
ty p e  p e a n u ts  w ere  n o t  as large as th o s e  in  th e  V irg in ia  and  
r u n n er  ty p e s . T h e  o le a te  an d  p a lm ita te  c o n te n ts  o f  th e  S p an ish  
v a r ie tie s  g ro w n  at th e  th ree  n o r th e r n m o s t  lo c a t io n s  w e re  lo w e r  
th a n  at th e  fo u r  so u th e r n  lo c a t io n s ,  b u t th e  order w ith in  th e  
n o r th e r n  and so u th e r n  g ro u p s w a s sc r a m b led  w ith  r e sp e c t to  
la t itu d e . L in o le a te  c o n te n t  at th e  th r e e  n o r th e r n  g r o w in g  lo 
c a t io n s  w a s h igh er  th a n  at Y o a k u m , B ry a n , M arianna an d  T if
to n ,  b u t  th e  order w ith in  th e  t w o  g r o u p s again  d id  n o t  para lle l 
in c re a sin g  la t itu d e . T h e  e x tr e m e  v a lu e s  in c o m p o s it io n  w ere  
fr o m  H o lla n d  and M arianna. T h e  o le a te  c o n te n t  o f  S p an ish  
v a r ie tie s  g r o w n  at H o lla n d  ( 3 6 °  4 3 'N )  w as 5% lo w e r  th a n  at 
M ariann a ( 3 0 °  4 5 ’N ), w h ile  th e  l in o le a te  c o n te n t  a t H o llan d  
w a s a b o u t  5% greater th a n  in th e  S p a n ish  p e a n u ts  g ro w n  at 
M arianna.

T h e  fa c ts  th a t th e  c o m p o s it io n s  o f  th e  S p a n ish  a n d  V irg in ia  
p e a n u t o ils  an d  th e  O /L  r a tio s  o f  th e  M ariann a o ils  w e re  m o re  
lik e  th o s e  fr o m  Y o a k u m  th a n  w o u ld  h a v e  b e e n  a n t ic ip a te d  
fro m  its  la t itu d e , and th a t th e  d e v ia t io n  w a s g r ea te r  a m o n g  th e  
S p a n ish  p e a n u ts  th a n  th e  la ter  m a tu r in g  V ir g in ia  a n d  r u n n er  
p e a n u ts  w ere  n o te d  earlier. T h e  d e v ia t io n s  m a y  s im p ly  r e f le c t  
an e x tr e m e  y e a r ly  e f fe c t  o n  c o m p o s it io n .  H o w e v e r , th e  ag ro 
n o m ic  h is to r y  and th e  c o m p o s it io n  o f  th e  p e a n u ts  g r o w n  at 
M arianna su g g est  th a t  th e  h ig h  o le a te  and lo w  l in o le a te  c o n 
te n t  are d u e  to  m o is tu r e  stress.

Fig. 1—Clustering o f 10 peanut varieties in the 1972 National Re
gional Peanut Variety Trials on the basis o f the first and second 
principal components derived from the location data vectors within 
the varieties.
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S im ila r ly  lo w e r e d  lin o le a te  an d  in c re a se d  o le a te  c o n te n ts  
w ere r ep o rte d  fo r  dry la n d  g r o w n  p e a n u ts  in  O k la h o m a  and  
G eorgia  fo r  1 9 6 8  an d  1 9 6 9  b y  Y o u n g  e t  al. ( 1 9 7 4 ) .  T h e  M ari
anna S p an ish  p e a n u ts  r e c e iv e d  su p p le m e n ta l irr ig a tio n  in  J u n e  
o n ly , w h erea s th e  V irg in ia  an d  ru n n er  v a r ie tie s  a lso  rec e iv e d  
su p p le m e n ta l irr ig a tio n  in  S e p te m b e r  w h e n  th e  p o d s  o n  th e se  
v a r ie tie s  w ere  in th e ir  la ter  sta g e s  o f  m a tu r a tio n . T h e  a d d i
t io n a l irr ig a tio n  a fter  th e  S p a n ish  b o ta n ic a l v a r ie ty  h arvest  
w o u ld  b e  e x p e c te d  t o  p a r tia lly  r e liev e  th e  e f fe c t s  o f  m o is tu r e  
stress o n  th e  V irg in ia  p e a n u ts  and resu lt in  a m o r e  ‘n o r m a l’ 
c o m p o s it io n . T h e  fa t ty  a c id  c o m p o s it io n  o f  th e  M arianna  
g ro w n  V irg in ia  ty p e  p e a n u ts  w ere  m u c h  c lo se r  to  th e  e x p e c te d  
c o m p o s it io n  a n d , th u s , le n d s  su p p o r t  to  th e  stress h y p o th e s is .

T h e  a th e r o g e n ic ity  (p r o life r a t io n  o f  granu lar , co lla g e n -  
c o n ta in in g  le s io n s , p a r ticu la r ly  in  th e  a o r ta )  o f  p e a n u t o il  has  
b e e n  r ev iew ed  r e c e n t ly  (N u tr it io n  F o u n d a t io n , In c ., 1 9 7 3 ) .  
T h e  r e la tiv e ly  h ig h  c o n te n t  o f  lo n g -c h a in  sa tu ra te d  fa t ty  a c id s , 
p r in c ip a lly  a ra ch id ic  an d  b e h e n ic , a lo n g  w ith  p o s it io n a l iso m 
erism  has b e e n  im p lic a te d  w ith  th e  u n u su a lly  h ig h  a th e r o 
g e n ic ity  o f  p e a n u t o i l  in  c o m p a r iso n  t o  o th e r  v e g e ta b le  o ils . 
T h e  p o te n t ia l ly  a d v erse  e f f e c t  o f  th e se  t w o  fa t ty  a c id s  sh o u ld  
b e  c o n s id e r ed  in  e v a lu a tin g  v a r io u s  p e a n u t  v a r ie tie s .

T h e  r esu lts  in  T a b le  1 a n d  th e  r e sp e c t iv e  c o r r e la t io n  c o e f f i 
c ie n ts  w ith  l in o le a te  in  T a b le  3 in d ic a te  th a t  v a r ie ty  an d  g r o w 
in g  lo c a t io n  a f fe c t  th e  p e r c e n ta g e  o f  b e h e n a te  in  p e a n u t  o il,  
w h ile  th e  p e r ce n ta g e  o f  a ra ch id a te  is r e la t iv e ly  in se n s it iv e  to  
lo c a t io n  an d  v a r ie ty . D a ta  (n o t  s h o w n )  fo r  a ra ch id a te  an d  b e 
h e n a te  a t th e  o th e r  lo c a t io n s  a lso  c o n f ir m s  th e  v a r ie ty  an d  
lo c a t io n  e f fe c t s .  T h e  r e la tiv e  p r o p o r t io n  o f  b e h e n ic  a c id  in 
creased  w ith  m o r e  n o r th e r ly  g r o w in g  lo c a t io n s  an d  w as lo w e r  
in  th e  V irg in ia  ty p e  v a r ie tie s . G en e r a lly , v a r ie tie s  p o sse ss in g  
h ig h  p a lm ita te  an d  l in o le a te  p e r c e n ta g e s  w ere  h ig h er  in  b e 
h e n a te  as w e ll. S in ce  th e  a ra ch id a te  p e r c e n ta g e  rem a in s rela 
t iv e ly  c o n s ta n t  o ver  v a r ie tie s  an d  lo c a t io n s ,  to ta l  sa tu ra ted  
lo n g -c h a in  fa t ty  a c id s  (b e h e n a te  p lu s  a r a c h id a te )  a lso  are 
h ig h er  in  S p a n ish  v a r ie t ie s  an d  h ig h er  at in c re a s in g  m o r e  n o r th 
erly  g ro w in g  lo c a t io n s . It is  n o te w o r th y  th a t th e  F  4 3 9  v a r ie ty  
w as m u ch  lo w e r  in  a r a ch id a te  an d  r e la t iv e ly  lo w  in  b e h e n a te  as 
w ell. W h eth er  o r  n o t  th e  2 0 —30%  h ig h er  b e h e n a te  c o n te n t  at 
th e  th r e e  n o r th e r n -m o st  g r o w in g  lo c a t io n s ,  th e  average
1 0 - 2 0 %  g rea ter  b e h e n a te  c o n te n t  o f  S p a n ish  p e a n u ts  o r  th e  
u n u su a l c o m p o s it io n  o f  th e  F  4 3 9 -1 6 -6  v a r ie ty  are n u tr it io n 
a lly  s ig n if ic a n t  is  n o t  k n o w n . H o w e v er , th e se  o b se r v a tio n s  
su g g est th a t th e  c o m p o s it io n  o f  p e a n u t  o il  ca n  b e  im p r o v ed  
so m e w h a t fr o m  th e  s ta n d p o in t  o f  p o te n t ia l  h e a lth  e f fe c t s  
th r o u g h  g e n e t ic  s e le c t io n .

C o n sid era b le  im p o r ta n c e  has b e e n  a scr ib ed  to  th e  ro le  o f  
th e  o le a te /l in o le a te  ra tio  in  g o v e rn in g  p r o d u c t  s h e lf  life  
(Y o u n g  e t ah, 1 9 7 4 ;  W o r th in g to n  e t ah , 1 9 7 2 ) .  H igh er O /L

r a tio s  u su a lly  lea d  t o  in crea sed  o il- s ta b ility  and are th o u g h t  to  
b e  in d ic a t iv e  o f  p o te n t ia l ly  lo n g e r  s h e lf  l ife  in  ro a sted  p ea n u t  
p r o d u c ts . In fa c t , so m e  m a n u fa c tu re rs  b le n d  S p a n ish  a n d  V ir
g in ia  ty p e  p e a n u ts  to  o b ta in  p r o d u c ts , p a r ticu la r ly  p ea n u t  
b u tte r , w ith  b e tte r  te x tu r e ,  fla v o r  an d  s ta b il ity  (W o r th in g to n  
and H a m m o n s, 1 9 7 1 ) .

T h e  O /L  ra tio s  fo r  th e  1 9 7 2  N R T  p e a n u ts  rep re se n t th e  
c o m b in e d  e f fe c t  o f  y ea r , lo c a t io n ,  e n v ir o n m e n t an d  a g r o n o m ic  
fa c to r s  o n  c o m p o s it io n .  C o n c lu s io n s  d r a w n  fr o m  th e se  data  
are o b v io u s ly  te n ta t iv e  a n d  n e e d  t o  b e  v a lid a te d  o v e r  a p e r io d  
o f  severa l y ea rs . H o w e v er , a p p lic a t io n  o f  th e  O /L  th e o r y  t o  th e  
r esu lts  sh o w n  in  T a b le  4  lea d s  to  th e  c o n c lu s io n  th a t p r o d u c ts  
p rep ared  fr o m  th e  n o r th e r n  g r o w n  p e a n u ts  fr o m  th e  N R T  in  
1 9 7 2  w o u ld  b e  le s s  s ta b le  th a n  p r o d u c ts  fr o m  th e  c o r r e sp o n d 
in g  v a r ie tie s  g r o w n  at th e  so u th e r n  lo c a t io n s . F u r th e rm o r e , 
p e a n u t p r o d u c ts  m a d e  fr o m  V irg in ia  p e a n u ts  g r o w n  at Y o a 
k u m  w o u ld  b e  e x p e c te d  to  h a v e  th e  lo n g e s t  s h e lf  liv es, w h ile  
p r o d u c ts  m ad e  fr o m  M arianna g r o w n  S p a n ish  p e a n u ts  sh o u ld  
b e  m o re  sta b le  th a n  S p a n ish  p e a n u t  p r o d u c ts  fro m  th e  o th e r  
lo c a t io n s . T h e  lea s t  s ta b le  p r o d u c ts  w o u ld  be  a n tic ip a te d  from  
th e  F  4 3 9 -1 6 -6  v a r ie ty , a n d  th e  m o st  s ta b le  p r o d u c ts  from  V a. 
7 2 R  an d  F lo r ig ia n t p e a n u ts . T h e  O /L  ra tio s  r ep o rte d  b y  
Y o u n g  et al. ( 1 9 7 4 )  fo r  n in e  S p a n ish  p e a n u t v a r ie tie s  g r o w n  at 
T if to n  in  1 9 6 8  a n d  1 9 6 9  averaged  a b o u t  0 .1 5  u n its  h igh er  
th a n  at F t. C ob b  fo r  th e  sa m e  y e a r  a n d  su p p o r t  th e  v a lid ity  o f  
o u r  O /L  r a t io - lo c a t io n  d a ta . W h eth er  o r  n o t  d if fe r e n c e s  in O /L  
ra tio s  w ill b e  r e f le c te d  in  p r o d u c t  s ta b il ity  is  u n k n o w n , and  
m u c h  m o r e  r esea rch  o n  th is  su b je c t  is  n e e d e d .

Y o u n g  ( 1 9 7 0 )  an d  W o r th in g to n  e t  al. ( 1 9 7 2 )  d e m o n str a te d  
th a t o il  s ta b il ity  (o v e n -k e e p in g  t im e s  a t 6 0 ° C )  can  b e  corre
la te d  w ith  O /L  ra tio s . H o w e v e r , th e  c o r r e la t io n s  are h igh ly  
v a r ia b le  fro m  y e a r  t o  y e a r , a n d  W o r th in g to n  e t  al. ( 1 9 7 2 )  w ere  
a b le  t o  a c c o u n t  fo r  o n ly  1 0 —73%  o f  th e  v a r ia tio n  o n  th e  basis 
o f  O /L  ra tio s . T h e  rea so n s fo r  th e  large v a r ia tio n  in  o il  s ta b ility  
v a lu e s  fr o m  o n e  y e a r  to  a n o th e r  are u n k n o w n , b u t W orth in g
to n  and H a m m o n s ( 1 9 7 1 )  h a v e  su g g e s te d  th a t  v a r ia tio n s  in  
c lim a tic  c o n d it io n s , in  so il  m o is tu r e  du rin g  m a tu r a tio n  and in  
te m p e r a tu r e  du rin g  cu r in g  are p o s s ib le  ca u ses.

In a p re lim in a ry  s tu d y  w e  h a v e  fo u n d  a c o r r e la t io n  o f  r =
0 .6 3  fo r  th e  r e la t io n sh ip  b e tw e e n  O /L  r a tio s  a n d  th e  o v e n 
k e e p in g  t im e s  o f  th e  o ils  fr o m  th e  10 v a r ie tie s  g r o w n  at th e  
se v e n  lo c a t io n s  sa m p le d  in  th e  1 9 7 2  N R T . T h is  v a lu e  a c c o u n ts  
fo r  o n ly  a b o u t  39%  o f  th e  v a r ia tio n  r e c o r d e d . T h u s , it w o u ld  
se e m  u n lik e ly  th a t th e  sm a ll d if fe r e n c e s  in  c o m p o s it io n  be
tw e e n  p e a n u ts  fro m  w ith in  th e  so u th e r n  p o r t io n s  or  w ith in  th e  
n o r th e r n  p o r t io n s  o f  th e  U .S . p r o d u c t io n  area w ill  b e  n o t ic e a 
b le  in  p r o d u c t  s ta b il ity , e x c e p t  w h e n  V irg in ia  and Sp an ish  
m a rk et ty p e s  or  w h e n  n o r th ern  a n d  so u th e r n  g r o w n  V irg in ia  
an d  ru n n er  p e a n u ts  are c o m p a r ed . T h e se  h y p o th e s e s  regarding

Table 4—Oleate/linoleate ratios of peanuts grown in the National Regional Peanut Variety Trials in 1972

Variety
Yoakum
Texas

Bryan
Texas

Marianna
Florida

Tifton
Georgia

Stephenville
Texas

Ft. Cobb 
Oklahoma3

Holland
Virginia3

Spanhoma 1.31 1.27 1.44 1.34 1.10 1.10 1.15
Comet 1.24 1.29 1.43 1.33 1.17 1.13 1.08
Starr 1.30 1.31 1.51 1.29 1.14 1.23 1.17
TP 716-2-1 1.34 1.32 1.54 1.33 1.16 1.13 1.17
TP 931 1.38 1.39 1.44 1.44 1.15 1.16 1.15
Wilco 1 1.46 1.38 1.38 1.28 1.02 1.02 -

Florunner 2.29 1.92 1.98 1.93 1.40 1.31 -
F 439-16-6 1.18 1.03 1.14 0.99 0.84 - -
Florigiant 2.49 2.25 2.33 2.10 1.55 - -
Va. 72R 2.63 2.24 2.32 2.29 1.57 — —

a —N o t  available  from  Ft. Cobb , O kla.; lost in heavy rains at H o lland , Va.
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th e  N R T  p e a n u ts  c u r r e n tly  are b e in g  te s te d  in  o u r  la b o r a to ry  
in  sh e lf - l ife  te s t s  o f  p e a n u t  b u tte r  p rep a red  fr o m  th e  N R T  
sa m p le s .

T h e  c h a n g e s  in  p e a n u t o il  c o m p o s it io n  w ith  in c re a sin g ly  
m o r e  n o r th e r n  g r o w in g  lo c a t io n s  are p r o b a b ly  te m p er a tu r e  
in d u c e d  e f fe c t s .  T h e  fa c t  th a t th e  c o m p o s it io n  o f  o ils  o b ta in e d  
fr o m  so m e  p la n ts , i .e . ,  su n f lo w e r , rap e an d  f la x ,  var ies  w id e ly  
a c c o r d in g  t o  th e  te m p er a tu r e  a t w h ic h  th e  p la n ts  are g ro w n  
h as b e e n  r e c o g n iz e d  fo r  a n u m b e r  o f  y e a r s  (K in m a n  an d  E arle, 
1 9 6 4 ;  C a n v in , 1 9 6 5 ) .  G en er a lly  m o n o u n sa tu r a te s  in c re a se  and  
p o ly u n sa tu r a te s  d ec re a se  w ith  in c re a sin g  te m p er a tu r e . T h e  
r a tio  o f  m o n o u n sa tu r a te s  is g o v e rn ed  b y  th e  a v a ila b ility  o f  
o x y g e n  an d  th e  rate  o f  o x y g e n  d if fu s io n  in to  th e  a c t iv e ly  
m e ta b o liz in g  c e ll sy s te m . U n d er  f ie ld  c o n d it io n s  in crea sed  
te m p e r a tu r e  lea d s t o  lo w e r  p o ly u n sa tu r a t io n  an d  h ig h er  m o n o 
u n sa tu r a t io n  (o le a te ,  e r u c a te , e ic o s e n o a te ,  e t c . )  d u e  to  th e  
h ig h er  m e ta b o lic  ra te  r ec o rd ed  at e le v a te d  te m p e r a tu r e s  (B o n 
ner  an d  G a ls to n , 1 9 5 1 )  an d  d ecrea sed  a v a ila b ility  o f  o x y g e n  
fo r  r e o x id iz in g  th e  d esa tu ra se  e n z y m e  sy s te m  req u ired  to  
s y n th e s iz e  l in o le a te  an d  T n o le n a te , e tc .

P ea n u ts  p r e se n t a ra tlier  u n iq u e  b io lo g ic a l  e n v ir o n m e n t fo r  
th e  o c c u r r e n c e  o f  th e  b io c h e m ic a l p r o c e s se s  a sso c ia te d  w ith  
m a tu r a tio n . T h e  p e a n u t seed  is in it ia te d  a b o v e  g ro u n d  b u t  
m a tu r e s  in  a su b terra n ea n  e n v ir o n m e n t 1 to  3 in c h e s  b e lo w  th e  
so il  su r fa c e . T h e  c a rb o n  u t i l iz e d  in  lip id  b io sy n th e s is  is  tran s
lo c a te d  fr o m  th e  leaves to  th e  seed  th r o u g h  th e  p e g  in  th e  
fo r m  o f  c a r b o h y d r a te  and th e n  is c o n v e r te d  in to  lip id . T h u s, 
so il  te m p e r a tu r e  ra th er  th a n  air te m p e r a tu r e  is p r o b a b ly  th e  
g o v e rn in g  fa c to r  in  p e a n u t se e d  lip id  b io sy n th e s is .

S o u th e r n  g r o w n  p e a n u ts  are n o r m a lly  se t  an d  m a tu re  in  
J u ly  an d  A u g u st and are h a rv ested  in  A u g u st or  S e p te m b e r .  
S o il  te m p e r a tu r e s  a p p ro a ch  th e  air te m p e r a tu r e  in  f ie ld s  w ith  
fu ll  p la n t c a n o p ie s . In  S o u th  T e x a s  (Y o a k u m ) th e  su rfa ce  t e m 
p e r a tu r es  can  e a s ily  rise  t o  4 0 ° C , and th e  so il  te m p e r a tu r e s  an  
in c h  an d  a h a lf  b e lo w  th e  so il  su rfa ce  u n d e r  th e  c a n o p y  can  
s ta y  a b o v e  3 0 ° C  fo r  d a y s  (B o sw e ll ,  1 9 7 4 ) .  P ea n u ts  g r o w n  in  
S te p h e n v il le ,  F t .  C ob b  an d  H o lla n d  n o r m a lly  se t  fru it in  S e p 
te m b e r  an d  are h a rv ested  in  la te  O c to b e r . T h u s, th e y  are e x 
p o s e d  to  m a x im u m  su rfa ce  te m p e r a tu r e s  in  th e  ran ge o f
2 0 —3 5 ° C  and su b su r fa ce  te m p er a tu r e s  in  th e  range o f
2 0 —2 5 ° C . C o n d it io n s  at B ryan  and h a rv est d a te s  are in te r 
m e d ia te  b e tw e e n  th e  n o r th e r n  an d  so u th e r n  lo c a t io n s .

T h e  data  lea d s o n e  to  p o s tu la te  th a t F  4 3 9 -1 6 -6 ,  W ilco  I, 
F lo r u n n e r , V a . 7 2 R  an d  F lo r ig ia n t are p r o b a b ly  m o r e  se n s it iv e  
to  te m p e r a tu r e  th a n  th e  S p a n ish  b o ta n ic a l t y p e  v a r ie tie s  and  
th a t  th e  th r e e  v a r ie tie s  w ith  th e  largest se e d s  are th e  m o st  
s u sc e p t ib le  t o  lo c a t io n  e f fe c ts .  T h e  o b ser v e d  g rea ter  s e n s it iv ity  
o f  th e  la rg e -seed ed  V irg in ia  ty p e  p e a n u ts  t o  lo c a t io n  e f fe c t s  
c o u ld  b e  d u e  d ir e c t ly  to  th e  s iz e  o f  th e  se e d s . O x y g e n  r eq u ire 
m e n ts  fo r  ce llu la r  m e ta b o lism  in  large se e d s  p r o b a b ly  are s im i
lar to  th o s e  in  sm a ller  se e d s , w h ile  th e  rate  o f  o x y g e n  d if fu s io n  
in to  th e  large se e d s  is p r o b a b ly  s lo w e r  b e c a u se  o f  th e  re la tiv e ly  
lo w e r  su r fa c e  to  v o lu m e  ra tio s  in  large se e d s . T h e r e fo r e , o n e  
m ig h t e x p e c t  th e  d e sa tu r a se s  r e sp o n s ib le  fo r  c o n v e r tin g  o le a te  
t o  l in o le a te  to  b e  d ep ressed  to  a grea ter  e x te n t  in  large seed s  
a n d  th a t th e  r e la tiv e  a m o u n t o f  l in o le a te  sh o u ld  b e  d ecrea sed  
m o r e  th a n  in  S p a n ish  p e a n u ts  p r o d u c e d  u n d e r  th e  sa m e  te m 
p era tu re  r eg im e . T h e  o b serv ed  c lo s e r  s im ila r ity  b e tw e e n  O /L  
r a tio s  in  V ir g in ia  and S p an ish  p e a n u ts  g r o w n  at n o r th e r n  lo 
c a t io n s  c o u ld  a lso  b e  e x p e c te d  o n  th e  b a sis  o f  th e  te m p era tu re -  
o x y g e n  d if fu s io n  e x p la n a t io n , s in c e  m e ta b o lic  o x y g e n  req u ire 
m e n ts  sh o u ld  b e  lo w e r  at lo w e r  g r o w in g  te m p er a tu r e s .

T h e  p o s s ib il ity  th a t d if fe r e n c e s  in  p h o to p e r io d , m a tu r ity  
an d  se e d  so u r c e s  m a y  h a v e  b e e n  r e sp o n s ib le  fo r  th e  d if fe r e n c e s  
in  lip id  c o m p o s it io n  se e m s u n lik e ly , a lth o u g h  p h o to p e r io d  and  
m a tu r ity  c a n n o t  b e  c o m p le te ly  e x c lu d e d . T h e  fa c t  th a t all o f

th e  se e d s  fo r  e a ch  v a r ie ty  w ere  o b ta in e d  fr o m  th e  sa m e  se e d  
lo t  v ir tu a lly  e lim in a te s  th e  se e d  so u r c e  a n d  g e n e t ic  d if fe r e n c e s  
as p o s s ib le  so u rc e s  o f  v a r ia tio n . T h e  fa c t  th a t  th e  lip id s  are 
s y n th e s iz e d  in  a su b terra n ea n  e n v ir o n m e n t  a rg u es s tr o n g ly  
a ga in st th e  p h o to p e r io d  e x p la n a t io n  b u t  d o e s  n o t  c o m p le te ly  
e lim in a te  th e  p o s s ib il ity  th a t  d ecrea sed  o r  in c r e a se d  c a r b o 
h y d r a te  su p p lie s  m ig h t s ig n if ic a n t ly  a lter  th e  e n e rg y  b a la n c e  
w ith in  th e  se e d . T h e  fa c t  th a t  th e  p e a n u ts  w e re  so r te d  fo r  
m a tu r ity  o n  th e  b a sis  o f  seed  s iz e , p er ica rp  c o lo r  an d  fo r  a b 
se n c e  o f  w r in k lin g  ca sts  d o u b t  o n  th e  p o s s ib il ity  th a t th e  
m a tu r ity  o f  th e  n u ts  fr o m  a n y  o f  th e  lo c a t io n s  w a s s ig n if i
c a n t ly  d if fe r e n t . T h e  fo r e g o in g  h y p o th e s e s  sh o u ld  b e  p u rsu e d  
in  fu tu r e  in v e s t ig a t io n s  in  ord er  t o  m o r e  c le a r ly  id e n t i fy  th e  
fa c to r s  r e sp o n s ib le  fo r  d if fe r e n c e s  in  l ip id  c o m p o s i t io n  in  
p e a n u ts .
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RELATIONSHIP BETWEEN CHOPPING TEMPERATURES  
AND FAT AND WATER BINDING  

IN COMMINUTED MEAT BATTERS

INTRODUCTION
F A T  A N D  W A T E R  B IN D IN G  b y  c o m m in u te d  sa u sa g e  m ea t  
b a tte rs  is im p o r ta n t  as t h e y  re la te  t o  o p t im iz a t io n  o f  p r o d u c 
t io n  p r a c tic es  a n d  to  th e  te x tu r e  an d  ju ic in e s s  o f  th e  c o o k e d  
p r o d u c t. R e fe r e n c e  to  sau sage  m e a t b a tte rs  as “ e m u ls io n s ”  are 
w id esp rea d  in  th e  lite r a tu r e  (H a n se n , 1 9 6 0 ;  S w ift  e t  a h , 1 9 6 1 ,  
H elm er  an d  S a ffle , 1 9 6 3 ;  B a ro n , 1 9 6 5 ;  R o n g e y , 1 9 6 5 ;  B or-  
ch ert e t  ah , 1 9 6 7 ;  S a ff le , 1 9 6 8 ;  A c to n  a n d  S a ff le ,  1 9 6 9 ) .  T h e  
p rev a len t c o n c e p t  in  th e se  rep o rts  is th a t sau sage m e a t b a tte rs  
h a v e  p r o p e r tie s  v e ry  sim ila r  to  o il  in  w a te r  e m u ls io n s , an d  th a t  
c h o p p in g  a c tu a lly  r esu lts  in  s im u lta n e o u s  s iz e  r e d u c t io n , sa lt  
so lu b le  p r o te in  e x tr a c t io n ,  a n d  e m u ls if ic a t io n . T h e  sa lt so lu b le  
p r o te in s  are g e n e ra lly  c o n s id e r e d  th e  e m u ls ify in g  ag en t. B aron
( 1 9 6 5 )  th e o r iz e d  th a t m e a t “ e m u ls io n s ”  sep a ra te  or  b e c o m e  
u n sta b le  w h e n  th e  fa t  p a r tic le  s iz e  b e c o m e s  so  sm a ll th a t th e ir  
t o ta l  su rfa ce  area b e c o m e s  t o o  large fo r  th e  sa lt so lu b le  p r o 
te in s  t o  co v er f

T h e  m ech a n ism  in v o lv e d  in  th e  s ta b il iz a t io n  o f  sau sage  b a t
ters is n o t very  w e ll u n d e r s to o d . M eyer  e t al. ( 1 9 6 4 )  and  
A b o u l-S a a d  ( 1 9 7 0 )  r e p o r te d  th a t  c o m m e r c ia l f o o d  e m u ls if ie r s  
w h e n  ad d ed  to  sau sage  b a tte r s  a c tu a lly  d e c re a se d  ra th er  th a n  
in creased  th e  fa t b in d in g . F u r th e r m o r e , o p t im u m  fa t an d  w a 
ter  b in d in g  in  th e  c h o p p e d  b a tte rs  ap p ear  to  b e  very  str o n g ly  
d e p e n d e n t u p o n  th e  f in ish  te m p er a tu r e  in  c h o p p in g . T h is  t e m 
p era tu re  w h ic h  is  in  th e  range o f  1 5 —2 2 °  (H a n se n , 1 9 6 0 ;  H el
m er an d  S a ff le ,  1 9 6 3 )  is  lo w e r  th a n  th e  m e lt in g  te m p e r a tu r e s  
o f  th e  p r e d o m in a n t  fa t  p resen t in  th e se  b a tte rs  (T o w n se n d  e t  
al., 1 9 6 8 ) .  It is  p o ss ib le  th a t so m e  m e c h a n ic a lly  and th e r m a lly  
s ta b le  o r d e re d  la y er in g  o f  th e  p r o te in  fa t  a n d  w a te r  m o le c u le s  
o c c u r  in  th e  b a tte r  w h e n  a c er ta in  te m p e r a tu r e  range is 
rea c h e d  du rin g  c h o p p in g . M ech a n ica l e n tr a p m e n t o f  fa t  par
t ic le s  in  a sta b le  m a tr ix  o f  p r o te in  fa t an d  w a te r  is p r o b a b ly  
r e s p o n s ib le  fo r  th e  s ta b il ity  o f  c o m m in u te d  m ea t b a tte rs .

In th is  r ep o rt, th e  ch a n g es  in  s ta b il ity  o f  m e a t  b a tte r s  dur
in g  c o m m in u t io n  w as s tu d ie d  t o  e s ta b lish  w h e th e r  th e  te m p e r 
atu res a tta in e d  du rin g  c h o p p in g  h a v e  a d ir e c t  r e la tio n sh ip  to  
s ta b ility  o r  w h e th e r  th e  o b serv ed  te m p e r a tu r e  e n d p o in t  fo r  
o p tim u m  s ta b il ity  w as m e r e ly  a c o n se q u e n c e  o f  th e  e x te n t  o f

m e c h a n ic a l a c t io n  in  th e  c h o p p e r . T h e  c h a n g e s  in th e  b o u n d  
w a te r  le v e l w as a lso  m ea su red  u s in g  N u cle a r  M a g n etic  R e so 
n a n c e  te c h n iq u e s , t o  d e te r m in e  i f  s o m e  r e s tr ic t io n  o f  w a te r  
m o b il ity  o c cu rs  at t im e s  du rin g  th e  c h o p p in g  p r o c e s s  w h ere  
s ta b il i ty  is o p t im u m .

MATERIALS & METHODS
Form ulation

Table 1 shows the proxim ate com position o f  the meats used in the 
experiments.

Two different form ulations show n in Table 2 were chopped. The 
first tw o batches used for follow ing change in fat and water binding and 
bound water content w ith com m inution was formula 1. The ratio o f  
boneless beef protein to fat in this form ulation was 0 .1 3 7 -1 .  The third 
batch used for studying the role o f  fat in both fat and water binding 
and the effect o f  prolonged chopping at a constant temperature on 
stability had the com position o f  formula 2. The ratio o f  boneless beef 
protein to fat in this form ulation was 0 .3 7 4 -1 .
Com m inution

Ingredients for a 13.6 kg batch were placed in the bow l o f  a Hely 
Jolly silent cutter (H ely Jolly Co., Tassin, France) and com minuted.

Table 1—Composition of meats used in comminuted meat for
mulations

Proximate composition

Type of meat
Fat
(%)

Moisture
<%>

Protein
(%)

Boneless beef 20 56 21.8
Beef plates and flanks 42 42.3 18.3
Pork trim m ings 45.7 38.1 13.6
Pork back fat 89.5 8.2 2.3

Table 2—Formulation of comminuted meat mixtures

Weight Composition

Pork
Boneless Beef plates Pork back fat Water

Formula beef and flanks trimmings trimmings (as ice) NaCI Protein Fat Water

no. (g) (g) (g) (g) (g) (g) (%> (%) (%)

1 4080 3060 3060 — 3094 306 13.7 25.7 57.6

2 1140 — - 3060 3094 306 11.9 30.6 53.7
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Batter temperature was constantly m onitored and recorded using ther
m ocouples and a potentiom eter recorder. Approxim ately 200-g samples 
were removed at various intervals and the chopping tim e and batter 
temperature were recorded at the tim e each of the samples were taken. 
The samples were stored inside screwcapped jars at 38°F  (3°C) until 
used for analysis.

Chopping was continued until the batter temperature reached 77°F  
(25°C ), at which time dry ice was added. Samples were taken just prior 
to  addition o f  dry ice, and after approxim ately five revolutions o f  the 
chopper bow l past dry ice addition. Chopping was continued as before 
w ith continuous temperature m onitoring and periodic removal o f  sam
ples. In the first experim ent, dry ice was added only once. To test for 
the effect o f  a second cycle o f  dry ice addition on the ability o f  the 
batter to regain the fat and water binding, tw o dry ice additions were 
done in the second experim ent.

In a third experim ent, pork trimmings were not added until the beef 
m ixture was chopped for 6 min, and the first sample was not taken 
until 2 min o f  chopping had elapsed after fat addition. The batter 
temperature was allow ed to  rise to 55°F  (12.7°C ) at which tim e dry ice 
was added to drop the temperature to 35°F  (1.7°C ). Chopping was 
continued with controlled addition o f dry ice to maintain the batter 
temperature at 5 5 °F (12.7°C ). After 4 0  min o f  chopping, more dry ice 
was added to drop the batter temperature and chopping was resumed 
until the batter temperature reached 77°F  (25°C ). More dry ice was 
added the second tim e to  drop the temperature and chopping was 
allowed to proceed for an additional 16 min allowing the temperature 
to  increase.

Determ ination o f fat and water binding
Binding capacities o f  the batters were determ ined by taking cylin

drical plugs o f  the batters weighing approxim ately 50g by inserting a 
cylinder into the batter and leveling the ends o f  the cylinder with a 
spatula. The plugs were then pushed out o f  the cylinder into  tared 500  
ml Erlenmeyer flasks, using a plunger. The flasks were covered with  
aluminum foil, placed in racks, and immersed into a pre-heated (80°C ) 
water bath for 1 hr. At the end o f  the heating period, the liquid that 
was released from the sample in each flask was poured into a graduated 
cylinder and the ml fat and water lost by the sample was measured. 
This volum e was corrected for the weight o f  the sample and expressed 
as ml fat or water released per 50g o f  sample.

Bound water determ ination
The bound water content in the batters was determ ined using a 

PA-7 Wide Line NMR Process Analyzer (Varian Associates, Palo A lto , 
Calif.) follow ing the procedure reported by Shanbhag e t al. (1 9 7 0 ). 
Since the com positions o f  the samples from the same batch were the 
same, and since only the relative am ount o f  bound water, rather than 
the absolute quantity present was o f  interest in the study, the results 
are presented in terms o f  NMR units per gram o f sample, rather than 
the actual am ount o f  bound water present. Subsequent analysis o f  the 
water content o f  the samples by the vacuum oven m ethod reveal differ
ences not exceeding 0.5% betw een samples.

RESULTS & DISCUSSION
F IG U R E S  1 A N D  2 sh o w  th e  e x te n t  o f  fa t and w a te r  b in d in g  
in  sa u sa g e  b a tte r s  du rin g  c o m m in u t io n . It ca n  b e  se e n  th a t  th e  
in crea ses  in  te m p e r a tu r e  w ith  t im e  o f  c h o p p in g  are  c o n s is te n t  
fo r  th e  tw o  b a tte rs . T h e  b in d in g  c a p a c it ie s  fo r  fa t  a n d  w a te r  
a lso  in c re a se d  w ith  in c re a sin g  te m p e r a tu r e  t o  5 0 —7 0 ° F  
( 1 0 —2 1 ° C )  a fter  w h ic h  i t  d e c re a se d . A fte r  a b o u t  6  m in  o f  
c h o p p in g  w h er e  a te m p e r a tu r e  o f  5 0 ° F  ( 1 0 ° C )  w a s  a tta in e d ,  
th e  b a tte r s  h a d  sa t is fa c to r y  fa t b in d in g  c a p a c it ie s . T h e  b in d in g  
c a p a c it ie s  r em a in ed  sa t is fa c to r y  u p  to  14 m in  o f  c o m m in u t io n  
w h ere  th e  b a tte r  te m p e r a tu r e  a t th is  p o in t  w a s 7 4 ° F  
( 2 3 - 2 4 ° C ) .  A fte r  th a t p o in t, th e  p r o f ile s  sh o w e d  a s te e p  in 
crease  in th e  a m o u n t o f  fa t  and m o is tu r e  re lea sed . T o w n se n d  
e t  al. ( 1 9 6 8 )  sh o w e d  th a t a 2 3 —2 4 ° C  b e e f  fa t  sh o u ld  b e  in  th e  
liq u id  p h a se . T h e  e x te n t  o f  fa t  an d  w a te r  re lea se  b y  th e  b a tte rs  
at th is  te m p e r a tu r e  (F ig s . 1 a n d  2 )  sh o w  th a t  th e  l iq u e f ic a t io n  
o f  fa t  d e c re a se d  ra th er  th a n  in c re a se d  th e  b in d in g  c a p a c ity .

T h e  b a tte rs  a p p ea r  t o  lo se  th e ir  b in d in g  c a p a c ity  fo r  w a te r  
earlier  th a n  fo r  fa t . T h e  c h a n g e s  in  w a te r  b in d in g  d u rin g  c o m 
m in u t io n  w ere  m o r e  gra'dual c o m p a r e d  t o  fa t  th e  f ir s t  t im e  th e  
b a tte r s  b e c a m e  u n sta b le . T h is  su g g es ts  th a t d u r in g  th e  p r o c ess  
o f  c o m m in u t io n  a n d  th e  fo r m a tio n  o f  s ta b le  m e a t  b a tte rs ,  
w a te r  b in d in g  an d  fa t  b in d in g  are in te r r e la te d . It a p p ea r s  th a t  
as w a te r  is  r e lea sed , th e  o rd ered  str u c tu r e  o f  p r o te in  w a te r  an d

Fig. 1—Effect o f  chopping and re
cooling on fat and water binding  
by com m inuted meat batters. 
Temperature curves represent bat
ter temperature during com m inu
tion.
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fat w h ic h  m e c h a n ic a lly  tra p s th e  rest o f  th e  fa t p a r tic le s  d is in 
teg ra tes  an d  fa t  is re lea sed .

W hen th e  te m p er a tu r e s  w ere  d r o p p e d  b y  th e  a d d itio n  o f  
dry ice  to  th e  b a tte rs , th e r e  w a s n o  im m e d ia te  ch a n g e  in  th e  
w ater  and fa t b in d in g . H o w e v e r , as th e  b a tte rs  w ere  c o m m i
n u te d , th e y  g ra d u a lly  reg a in ed  th e ir  fa t an d  w a te r  b in d in g  ca
p a c it ie s . T h e  m a x im u m  b in d in g  c a p a c ity , h o w e v e r , w a s n o t  at 
th e  sam e lev e l as th a t p r ior  to  th e  a d d it io n  o f  th e  dry ice . 
A p p a r e n tly  so m e  ch a n g es  h a v e  o c cu rr ed  o n  th e  p r o te in  su c h  
th a t th e  m a tr ix  fo r m e d  w a s w e a k e r  th a n  th e  o r ig in a l o n e . It 
to o k  b e tw e e n  5 an d  6 m in  o f  c o m m in u t io n  a fter  th e  a d d itio n  
o f  dry ic e  b e fo r e  th e  b a tte r s  rea c h e d  th e ir  m a x im u m  b in d in g  
c a p a c it ie s  fo r  th e  s e c o n d  t im e . T h e  te m p e r a tu r e  at th e  p o in t  
w as b e tw e e n  5 4  an d  5 6 ° F  ( 1 2 . 2 - 1 3 . 3 ° C ) . T h e  b a tte rs  m a in 
ta in ed  th e ir  m a x im u m  b in d in g  c a p a c it ie s  fo r  o n ly  4  m in  o f  
c o m m in u t io n  a fter  dry ic e  w a s a d d ed  as o p p o se d  t o  8 m in  
b e fo r e  th e  a d d itio n  o f  dry ice . T h u s, th e  c o n d it io n  o f  th e  
m a tr ix  n o t  o n ly  a f fe c ts  th e  a m o u n t o f  fa t  and w a te r  b o u n d ,  
b u t a lso  th e  r es is ta n c e  o f  th e  b a tte rs  t o  stress.

In F igu re  2 , th e  te m p er a tu r e  o f  th e  b a tte r  w as d r o p p ed  b y  
ad d in g  dry ic e  fo r  th e  s e c o n d  t im e . A fte r  th e  s e c o n d  c o o lin g  
tr e a tm e n t fo r  th e  b a tte rs  th e  fa t an d  w a te r  b in d in g  p r o p e r tie s  
im p r o v ed  very  s lig h t ly  w ith  a d d itio n a l c o m m in u t io n . A fte r  th e  
se c o n d  c o o lin g  tr e a tm e n t th e  b a tte r  p r a c tic a lly  had  n o  r es is t
a n ce  to  stress an d  th e  t im e  fo r  m a x im u m  b in d in g  p e rsisted  fo r  
less  th a n  4  m in . T h e se  d a ta  in d ic a te  th a t th e  a b ility  o f  th e  
p r o te in  to  fo r m  an o rd ered  str u c tu r e  w ith  fa t and w a te r  w as  
d am aged  e a c h  t im e  b a tte r  te m p er a tu r e s  e x c e e d e d  a cer ta in  
range du rin g  c o m m in u t io n . T h is  im p a ir m e n t o f  p r o te in  q u a lity  
w as n o t  c o m p le te ly  rev ers ib le  w ith  a lo w e r in g  o f  th e  te m p e r a 
tu re . T h is  is in d isa g r e em e n t w ith  H elm er  and S a ffle  ( 1 9 6 3 )  
w h o  c o n c lu d e d  th a t th e r e  are n o  c h a n g e s  in th e  p r o te in  th a t

c o u ld  b e  o b serv ed  at th e  p o in t  w h er e  th e  b a tte rs  lo se  th e ir  fat 
an d  w a te r  b in d in g  c h a r a c te r is t ic s  d u rin g  c o m m in u t io n .

F ig u res  1 and 2 a lso  s h o w  th e  b o u n d  w a te r  c o n te n t  in  th e  
b a tte r s  at v a r io u s  sta g e s  o f  c o m m in u t io n . T h is  b o u n d  w ater  
c o n te n t  w as d e :e r m in e d  u s in g  th e  rf sa tu r a t io n  te c h n iq u e  d e 
scr ib ed  b y  S h a n b h a g  e t  al. ( 1 9 7 0 )  o n  a w id e -lin e  N M R . U sin g  
th is  t e c h n iq u e , fr ee  w a ter  d o e s  n o t  r eg iste r  an N M R  a b so r p tio n  
p e a k  w h er ea s  b o u n d  w a ter  a b so rb s g iv in g  a p ea k  area d ir ec tly  
p r o p o r t io n a l t o  th e  q u a n t ity  o f  b o u n d  w a te r  p re se n t.

C orn  o il  and  w a te r  e m u ls if ie d  u s in g  “ T w e e n  6 0 ” as an 
e m u ls if ie r  d id  n o t  sh o w  a n y  c h a n g e s  in  th e  N M R  a b so r p tio n  as 
th e  e m u ls io n  w as fo r m e d . T h u s, w a te r  is n o t  “ b o u n d ,” as d e 
f in e d  b y  th is  rf sa tu ra tio n  N M R  te c h n iq u e  fo r  b o u n d  w a ter  
d e te r m in a t io n , du rin g  a regu lar e m u ls if ic a t io n  p r o c ess . T h e  
cu rv es sh o w in g  th e  ch a n g e s  in  b o u n d  w a te r  c o n te n t  w ith  t im e  
o f  c o m m in u t io n  in  b o th  F ig u res 1 an d  2 revea l th a t in  th e  case  
o f  sau sage  b a tte rs  an  a c tu a l ch a n g e  in  th e  re la tiv e  m o b ility  o f  
w a ter  m o le c u le s  can  b e  o b ser v e d . T h e  b o u n d  w a te r  c o n te n t  
in c re a se s  as th e  b a tte r  a p p r o a c h e s  m a x im u m  s ta b il ity , sta y s  
r e la tiv e ly  c o n s ta n t  at th e  reg io n  o f  m a x im u m  fa t and w ater  
s ta b il ity  an d  again  d e c re a se s  as th e  b a tte r  b e g in s  to  release  
in c re a s in g  a m o u n ts  o f  fa t an d  w a te r . A lth o u g h  q u a n tita t iv e ly ,  
th e  b o u n d  w a ter  c o n te n t  d o e s  n o t  a p p ea r  to  b e  in  d ir ec t p ro
p o r t io n  tc  th e  e x te n t  o f  fa t an d  w a te r  r e ta in e d  b y  th e  b atters, 
th e  tren d  o f  in crea sin g  b o u n d  w a te r  le v e ls  w ith  d ec re a sin g  fat 
an d  w a ter  re lea sed  is v e ry  a p p a ren t.

T h e  r e la tio n sh ip s  b e tw e e n  b a tte r  te m p e r a tu r e  and fa t and  
w a ter  b in d in g  ap p ears to  b e  ra th er  in d e f in ite .  A lth o u g h  the  
te m p er a tu r e s  a tta in e d  w h ere  fa t  an d  w a te r  b in d in g  are m a x i
m u m  are very  c o n s is te n t  at th e  very  first m a x im a  in  th e  fat 
a n d  w a ter  b in d in g  cu rves, su b s e q u e n t  te m p er a tu r e  c y c lin g  did  
n o t  sh o w  a d ir ec t c o r r e la t io n  b e tw e e n  fa t and w a te r  b in d in g

Fig. 2—Effect o f chopping and 

two re-cooling cycles on fat and 
water binding by com m inuted  
meat batters. Temperature curves 

represent batter temperature dur

ing comminution.
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Fig. 3 —Interrelationship tetween fat and water binding by a com m inuted meat batter containing a high ratio c f  b inder meat proteins to fat. Tem

perature curves represent batter temperature during comminution.

a n d  te m p er a tu r e . In  F igu re  2 , th e  b a tte r  n ever  rega in ed  its  
o r ig in a l w a te r  b in d in g  p r o p e r ty  a fter  th e  s e c o n d  c o o lin g  c y c le .  
In  F ig u r e  3 w h ere  th e  te m p er a tu r e  w a s h e ld  d o n sta n t du rin g  
p r o lo n g e d  c h o p p in g , c h a n g e s  in  fa t  and w a te r  b in d in g  still c o n 
t in u e d  to  o c cu r .

F ig u re  3 a lso  sh o w s  th e  in te r r e la t io n sh ip  o f  fa t  and w a ter  
b in d in g  in  c o m m in u te d  m ea t b a tters . W hen fa t a d d itio n  w as  
d e la y e d  in  a m e a t b a tte r  h av in g  th e  c o m p o s it io n  sh o w n  in  
fo r m u la  2 , th e  m in im a  in  th e  curve fo r  w a te r  re lea se  as a 
fu n c t io n  o f  t im e  o f  c o m m in u t io n  d id  n o t  rea ch  th e  lev e ls  a t
ta in e d  in  b a tte rs  h av in g  th e  c o m p o s it io n  o f  fo r m u la  1. In th is  
p a rticu la r  s y s te m  it  ap p ears th a t  th e r e  is an  in v erse  r e la tio n sh ip  
b e tw e e n  fa t  and w a te r  b in d in g . A s fa t b in d in g  in crea ses , w a ter  
b in d in g  d e c re a se s , an d  'd ee  versa . T h u s fa t  an d  w a te r  b in d in g  
b y  c o m m in u te d  m ea t b a tte rs  d o  n o t  a lw a y s  p ara lle l e a ch  o th e r  
an d  in th is  p a r ticu la r  fo r m u la t io n  and c h o p p in g  p ro c ed u r e , 
th e y  a p p ea r  t o  b e  in  c o m p e t it io n  w ith  e a c h  o th e r  fo r  b in d in g  
in  th e  s y s te m . N o  N M R  data  fo r  b o u n d  w a te r  w a s o b ta in e d  in  
th is  e x p e r im e n t .

CONCLUSIONS
S T A B IL IZ A T IO N  o f  fat an d  w a te r  b in d in g  b y  c o m m in u te d  
m e a t b a tte rs  app ear to  b e  m o r e  in v o lv e d  th a n  a s im p le  e m u ls i
f ic a t io n  p ro cess. C h an ges in  th e  b o u n d  w a te r  c o n te n t  as m ea s
u red  b y  w id e -lin e  N M R  te c h n iq u e s  can  b e  o b serv ed  in d ic a tin g  
a r e s tr ic t io n  in  th e  m o b ility  o f  th e  w a ter  p resen t in  th e  b a tte rs  
at th e  p o in t  in th e  c h o p p in g  p r o c ess  w h e r e  m a x im u m  b in d in g  
is o b ser v e d . T h e  te m p er a tu r e  range a tta in e d  b y  th e  b a tte r  dur
in g  c h o p p in g , w h ere  b in d in g  is m a x im u m , o c cu rs  at 1 5 —2 2 ° C  
b u t th is  is  o n ly  tru e th e  first t im e  a s ta b le  b a tte r  is p r o d u ced

fr o m  th e  o r ig in a l u n c h o p p e d  m ea t. P ro lo n g e d  c h o p p in g  r esu lts  
in  c h a n g e s  in th e  fa t  an d  w a te r  b in d in g  regard less o f  te m p e r a 
tu r e  c o n tr o l.
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BEEF PATTIES: THE EFFECT OF TEXTURED SOY PROTEIN AND  
FAT LEVELS ON QUALITY AND ACCEPTABILITY

INTRODUCTION
T H E  U S E  O F  te x tu r e d  s o y  p r o te in  (T S P ) p r o d u c ts  to  e x te n d ,  
and th u s  r ed u c e  th e  c o s t  o f  g ro u n d  b e e f  p a tt ie s  h as b e c o m e  
w id e sp re a d , b u t th e  a c c e p ta n c e  o f  th e se  p r o d u c ts  h as b e e n  
variab le . T h e  F o o d  a n d  N u tr it io n  S erv ice  (U S D A )  has ap 
proved  th e  u se  o f  T SP  in  th e  s c h o o l  lu n c h  program . M any  
m a n u fa ctu rers o f  m e a t p a tt ie s  u se  th e se  e x te n d e r s  in sc h o o l  
lu n ch  p a tt ie s  b u t n o t  in  th e  p a tt ie s  so ld  d ir e c t ly  to  th e  c o n 
su m er. R o b in so n  ( 1 9 7 2 )  r ep o rte d  th a t 71%  o f  all p erso n s  
q u e s t io n e d  w ere  p r e ju d ic ed  a g a in st m e a t a n a lo g s , b u t th is  f ig 
ure w as r ed u c ed  to  58%  a fter  e x p o su r e  to  g o o d  m ea t a n a lo g s.

Jud ge e t  ?1. ( 1 9 7 4 )  su g g es ted  th a t c o o k  sh rin k a g e  (d e c re a se  
in  p a tty  d ia m e te r )  is o n e  o f  th e  cr iter ia  o f  g ro u n d  b e e f  q u a lity , 
and r ep o rted  th a t s o y a  a d d itiv e s  su b s ta n tia lly  r ed u c ed  sh r in k 
age in  sa m p le s  c o n ta in in g  2 0  and 30%  fa t. A n d e r so n  and L ind
( 1 9 7 4 )  fo u n d  th a t r e te n t io n  o f  w a te r  and r e te n t io n  o f  fa t  w as  
d ir e c t ly  p r o p o r t io n a l to  th e  a m o u n t o f  T S P  in  g r o u n d  b e e f .  
N o llm a n  and P ratt ( 1 9 7 2 )  fo u n d  th a t th e  a d d itio n  o f  2% T SP  
to  m ea t lo a v es  had  n o  e f fe c t  in  to ta l  c o o k in g  lo ss  or in d iv id u a l  
in f lu e n c e  o n  m o is tu r e  or  fa t r e te n t io n . W o lf  ( 1 9 7 0 )  in d ic a te d  
th a t T S P  ad d ed  to  m e a t lo a v e s  in crea sed  m o is tu r e  r e te n t io n .

L aw  e t al. ( 1 9 7 1 )  r ep o rte d  th a t c o n su m e r s  p referred  g ro u n d  
b e e f  w ith  th e  r e la tiv e ly  lo w  fa t  c o n te n t  o f  1 5 - 2 0 %  and th a t  
m o istu re  c o n te n t  varied  in v e rse ly  w ith  th e  fa t c o n te n t .  A s th e  
fa t c o n te n t  o f  g r o u n d  b e e f  w a s in c re a se d  th e  a m o u n t o f  fa t  
lo s t  in  c o o k in g  in c re a se d ; h o w e v e r , h ig h  to ta l  w e ig h t  lo s se s  
c o n s is te d  m a in ly  o f  m o is tu r e . K aiser e t al. ( 1 9 7 0 )  fo u n d  th a t  
fa t c o n te n t  had  n o  in f lu e n c e  o n  c o n su m e r  a c c e p ta n c e  o f  
c o o k e d  g r o u n d  b e e f . In c o n tr a st  to  th e  f in d in g s  o f  L aw  e t al.
( 1 9 7 1 ) ,  C o le  e t  al. ( 1 9 6 0 )  r ep o rte d  th a t la b o r a to r y  and fa m ily  
ta ste  p a n els  ra ted  g r o u n d  b e e f  w ith  15% fa t le s s  a c c e p ta b le  
th a n  g ro u n d  b e e f  w ith  2 5 ,  3 5  and 45%  fat.

T h is  s tu d y  w as in it ia te d  to  d e te r m in e  i f  a sy n e r g is t ic  e f fe c t  
e x is te d  b e tw e e n  fa t a n d  T S P  lev e ls  th a t w o u ld :  ( 1 )  o p t im iz e  
th e  q u a lity  an d  a c c e p ta b il ity  o f  g ro u n d  b e e f  c o n ta in in g  T SP  
and (2 )  a f fe c t  th e  fa t a n a ly s is  as d e te r m in e d  b y  e ith er  h ea t or  
so lv e n t  e x tr a c t io n .

EXPERIMENTAL
USDA CHOICE TOP ROUNDS, 7 - 1 0  days postm ortem , were obtained  
from a commercial source along with cod and kidney fat. A 24 factorial 
design was used that consisted o f  four fat levels (15 , 20 , 25 and 30% by  
raw weight o f  patties) plus four levels (0, 15, 20 and 25% by raw weight 
o f patties) o f Archer Daniels Midland Co. Minced 180 textured soy 
protein (TSP). Levels o f  TSP added were calculated on a wet weight 
basis; moisture content o f  the hydrated form was 65% in all instances 
(USDA, FNS N otice 219).

The rounds were trimmed o f  cover r'at and cut into strips about 5 
cm thick. A 1.27 cm plate was used to grind the meat and fat sepa
rately. Prior to  fat and TSP addition to the lean ground beef, the fat 
content o f the lean ground b eef was determ ined using a Hobart Fat 
Percent Indicator described by Beilis et al. (1967). Ground beef, tex
tured vegetable protein and fat in the proper am ounts were combined  
on a w t/w t basis into the 16 treatments. Each treatment (4.54 kg) was 
m ixed for 3 min in a Hobart Mixer (Model N o. H-600-T) to insure 
thorough blending o f  the ingredients. After mixing, each treatment was 
ground through a 0.3 cm plate. A llo llym atic  F ood Portioning machine

(M odel 54) was used to produce patties 7 .6  cm in diameter, 1.27 cm  
thick and approxim ately 71g ± 0 .3g  in weight. The patties were 
wrapped in freezer-paper, frozen at -2 3 .3 °C  and stored at -1 7 .8 ° C  
until analysis.

Total cooking loss o f  the patties was determined by weight differ
ence. Moisture content o f  raw and cooked patties was determined by 
placing the samples in a 70°C  oven with 507  mm o f vacuum for 24 hr. 
Fat content o f  the raw patties was determined by a Hobart Fat Percent 
Indicator, and o f  the raw and cooked patties by the Soxhlet extraction  
m ethod.

Sensory quality evaluations were performed with a screened and 
trained panel o f  1 2 -1 4  members. Eight sessions were required, and 
four samples of one-third o f  a patty each were served at each session. In 
four o f  the sessions, one o f  the four fat levels was held constant and 
TSP varied; in the other four sessions the procedure was reversed. All 
test samples were evaluated on a nine-point descriptive quality rating 
scale ranging from 9 = E xcellent, 5 = Fair and 1 = Extrem ely Poor. Five 
general attributes o f  quality were rated in this order: color, odor, fla
vor, texture and appearance. Samples were served in balanced random 
order. The frozen patties were grilled 5 m in per side in an electric 
frypan calibrated to an average surface temperature o f  176°C. They 
were held warm (about 63°C) until served. Water and unsalted crackers 
were used betw een samples to reduce flavor carryover.

For sensory acceptance evaluation, 32 consumer judges were se
lected at random from a roster o f  500  Natick Labs staff volunteers. The 
nine-category Hedonic Scale was used to rate flavor and texture sepa
rately. Samples were presented one at a tim e to judges seated at a 
partitioned counter. Judges were provided with a standard instructional 
set describing the Hedonic m ethod and were advised upon entering the 
laboratory that they were to “ rate flavor and texture o f  grilled beef 
patties.” Optional salt in portion-control packets was offered with each 
sample (one-half patty).

RESULTS & DISCUSSION
T A B L E  1 in d ic a te s  th a t as th e  a m o u n t o f  fa t  w a s r ed u ced , 
to ta l  c o o k in g  lo sse s  w ere  a lso  r e d u c e d ; as th e  a m o u n t o f  T SP  
w a s in c re a se d  to ta l  c o o k in g  lo s se s  d e c re a se d . A  s ig n if ic a n t in 
crease  in  c o o k in g  lo ss  d u e  to  fa t  c o n te n t  w a s fo u n d , and th e  
largest r e d u c t io n  (2 .5 g )  o c cu rred  b e tw e e n  2 5  an d  20%  fat. 
A n o th e r  s ig n if ic a n t  r e d u c t io n  ( 1 .7 g )  o c cu rr ed  b e tw e e n  2 0  and  
15% fa t.

Table 1—Total cooking loss in grams for ground beef patties (71g 
ea) w th added increments of textured vegetable protein and fata

Amount of TSP (%) _
Amount of ----------------------------------------  X for effect

fat (%> 0 15 20 25 of fat

30 20.95 19.32 18.43 13.36 18.01a

25 21.16 16.40 16.97 14.97 17.28a

20 17.00 14.66 14.50 12.97 14.78b

15 16.57 11.66 11.80 12.12 13.04c

X  for effect 18.92a 15.51b 15.42b 13.26c

of T SP

a Va lues fo llo w e d  by the same le tte r in co lum ns or row s d id  not 
d iffe r  s ig n ifican tly  from  each o ther at P > 0.95.
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A s th e  a m o u n t  o f  T S P  w a s in c re a se d , t o ta l  c o o k in g  lo s s  w a s  
s ig n if ic a n t ly  r ed u c ed . P a ttie s  c o n ta in in g  n o  T SP  had a to ta l  
m ean  c o o k in g  lo s s  o f  1 8 .9 2 g  and th is  figu re  w a s s ig n if ic a n tly  
r e d u c e d  b y  th e  a d d itio n  o f  15% T SP . In crea sin g  th e  le v e l o f  
T S P  to  25%  resu lted  in  fu r th er  s ig n if ic a n t  r e d u c t io n  in  to ta l  
c o o k in g  lo sse s .

A s sh o w n  in T a b le  2 , th e  a m o u n t o f  T SP  in c o r p o r a te d  in to  
g ro u n d  b e e f  h ad  n o  e f f e c t  o n  fa t  lo s se s . A s th e  a m o u n t o f  T S P  
in c re a se d  fr o m  0  to  25%  n o  b in d in g  e f fe c t  o f  T S P  o n  fat  
c o n te n t  w as o b ser v e d . T h e  a m o u n t o f  fa t lo s t  d u rin g  c o o k in g  
d e p e n d e d  u p o n  th e  lev e l o f  fa t  o r ig in a lly  in c o r p o r a te d  in to  th e  
raw  g r o u n d  b e e f  p a tt ie s  b e fo r e  c o o k in g .

A s th e  a m o u n t o f  fa t in  g ro u n d  b e e f  w a s in crea sed  fro m  15  
to  30% , an in c re a se  in  fa t lo s se s  o c cu rr ed  d u rin g  c o o k in g , b u t  
th e  o n ly  s ig n if ic a n t  c h a n g e  in  fa t  lo ss  w as b e tw e e n  th e  15%  
and 30%  fa t lev e ls .

M o istu re  lo sse s  du rin g  c o o k in g  o f  g ro u n d  b e e f  c o n ta in in g  
s e le c te d  lev e ls  o f  fa t and T S P  are p r e se n te d  in  T a b le  3 . T h e  
in it ia l a m o u n t  o f  fa t in  raw  g r o u n d  b e e f  p a tt ie s  had  n o  s ig n if i-

Table 2—Grams fat lost during cooking of beef patties (71 g ea) 
with selected amounts of textured vegetable protein and fata

Amount of 
fat (%)

Amount of TSP (%)
X for effect 

of fat0 15 20 25

30 6.33 8.33 6.78 4.91 6.58a

25 4.30 4.27 4.52 3.25 4.08ab

20 1.70 1.44 1.02 3.00 2.54ab

15 0.36 0.61 1.47 1.03 0.86b

X  for effect 3.17a 3.66a 3.39a 3.04a

of T SP

a Va lu e s fo llo w e d  by the same letter in co lum ns or rows d id  n o t 
d iffe r  s ig n ifica n tly  from  each o ther at P > 0.95.

Table 3—Grams moisture lost during cooking of beef patties (71 g 
ea) with selected amounts of textured vegetable protein and fata

Amount of TSP (%) _
Amount o f ____________________________ X for effect

fat <%) 0 15 20 25 of fat

30 14.19 10.81 11.46 7.78 11 ,06a
25 16.89 11.73 10.86 11.66 12.78a
20 14.30 12.97 13.17 9.99 12.60a
15 16.01 10.78 9.49 10.87 11.78a
X  for effect 15.34a 11.57b 11.24b 10.07b

of T SP

a Va lues fo llo w e d  by the same le tter in co lum ns or rows d id  n o t 
d iffe r  s ig n ifican tly  from  each o th er at P > 0.99.

Table 4—F-ratios sensory quality evaluation of beef patties con
taining four levels of fat and TSP (trained panel)

Source of
variation Color Odor Flavor Texture Appearance

T SP 0.46n s 5 .4 4 ** 79.51 * * 1 ,83N S 4 . '7 * *
F A T 1.66n s 1.63n s 0 .76 n s 0.86N S 2.75 *
T S P  & F A T 0.10N S 0.40n S 1 . 1 9 N S 0 .40n s 0." 1 N S

* * P > 0.99 
* P > 0.95

c a n t in f lu e n c e  o n  th e  fin a l m o is tu r e  c o n te n t  o f  th e  c o o k e d  
p r o d u c t . T h e  p r e se n c e  o f  T S P , h o w e v e r , h ad  a s ig n if ic a n t  in f lu 
e n c e  o n  th e  a m o u n t o f  m o is tu r e  r e ta in e d  in th e  c o o k e d  p r o d 
u c t . C o o k e d  g ro u n d  b e e f  p a tt ie s  c o n ta in in g  1 5 , 2 0  an d  25%  
T S P  lo s t  e q u iv a le n t  a m o u n ts  o f  m o is tu r e  d u rin g  c o o k in g ,  an d  
s ig n if ic a n t ly  le s s  th a n  p a tt ie s  c o n ta in in g  n o  a d d ed  T SP .

R aw  g ro u n d  b e e f  p a ttie s  c o n ta in in g  T S P  had s ig n if ic a n t ly  
h ig h er  a m o u n ts  o f  m o is tu r e  th a n  p a tt ie s  c o n ta in in g  n o  T SP . 
S o m e  o f  th e  in crea sed  m o istu r e  :n th e  c o o k e d  p a tt ie s  c o n ta in 
in g  T SP , w a s p o s s ib ly  d u e  to  w a te r  u sed  to  r e h y d r a te  th e  T SP . 
H o w e v er , th e  m o is tu r e  lo ss  w a s e q u iv a le n t  at all le v e ls  o f  T S P  
s tu d ie d  and s ig n if ic a n t ly  less  th a n  p a tt ie s  w ith  n o  T S P ; th u s  it 
can  b e  c o n c lu d e d  th a t T S P  d id  b in d  m o is tu r e  du rin g  c o o k in g .

G ro u n d  b e e f  is p u rch a sed  b y  th e  m ilita r y  o n  th e  b a sis  o f  fa t  
c o n te n t ,  and  th e  H ob art F a t P er ce n t In d ica to r  is u sed  b y  th e  
M ilitary  to  d e te r m in e  th e  a m o u n t o f  fa t p r e se n t. In a s tu d y  
u sin g  20%  fa t in  th e  g ro u n d  b e e f ,  B e ilis  e t  al. ( 1 9 6 7 )  d e 
te rm in e d  th a t fa t c o n te n t  c o u ld  b e  d e te r m in e d  b y  e ith e r  th e  
H ob art M eth o d  or th e  S o x h le t  M eth o d  w ith  e q u a l a c c u r a c y .  
H o w e v er , th e  q u e s t io n  arose  w h e th e r  o r  n o t  th e se  t w o  m e th 
o d s  w o u ld  c o m p a r e  fa v o ra b ly  w h e n  th e  g ro u n d  b e e f  c o n ta in s  
in c r e m e n ts  o f  T S P  w ith  cer ta in  le v e ls  o f  fa t.

T h e r e  w a s n o  e v id e n t  s ta t is t ic a l in te r a c t io n  b e tw e e n  fa t  an d  
T S P  c o n te n t .  B o th  m e th o d s  o f  fa t d e te r m in a t io n  p r o d u c e d  
r esu lts  th a t w ere  c o m p a r a b le  regard less o f  T SP  c o n te n t .  A t all 
c a lc u la te d  fa t le v e ls  b o th  th e  H o b a rt an d  S o x h le t  m e th o d s  
p r o d u c e d  c o m p a r a b le  r esu lts  th a t  w ere  w ith in  ± 1%. T h e  
a m o u n t o f  fa t  and T S P  p resen t in  th e  raw p a tt ie s  had  n o  e f f e c t  
on  e ith e r  H ob art or S o x h le t  m e th o d  o f  fa t e x tr a c t io n . T h e  
H ob art M eth o d  fo r  fa t d e te r m in a tio n  in d ic a te d  a v a r ia tio n  o f  
1.75%  b e tw e e n  g ro u n d  b e e f  w ith  0% an d  25%  T S P . T h e  S o x h 
le t m e th o d  o f  fa t d e te r m in a tio n  in d ic a te d  a v a r ia tio n  o f  2 .5%  
b e tw e e n  sa m p le s  w ith  0 and 25%  T SP . A t th e  fo u r  le v e ls  o f  
T S P  th e  d if fe r e n c e s  b e tw e e n  th e  tw o  m e th o d s  w e r e  0 .0 7 ,  1 .0 2 ,
0 .7 8  and 0 .7 8 ,  r e sp e c t iv e ly . A ll d if fe r e n c e s  in  a n a ly z e d  fa t  
c o n te n t  w ere  sm all and e ith e r  m e th o d  w o u ld  p r o d u c e  a c cu ra te  
and c o m p a r a b le  r esu lts  regard less o f  T SP  or  fa t c o n te n t  fo u n d  
in g ro u n d  b e e f  w ith in  th e  range o f  fa t and T S P  e v a lu a ted .

R e su lts  o f  q u a lity  and a c c e p ta n c e  e v a lu a tio n s  o f  c o o k e d  
p a ttie s  are e x h ib ite d  in  T a b les  4 , 5 and 6 . T ab le  4  in d ic a te s ,  
th a t o f  th e  f iv e  gen era l a ttr ib u te s  e v a lu a ted  b y  th e  tra in ed  
p a n el, th e  e f fe c t s  o n  c o lo r  and te x tu r e  w e re  n o t  s ig n if ic a n t  fo r  
fa t and T S P  lev e ls  in v e stig a ted  and th e r e  w ere  n o  s ig n if ic a n t  
in te r a c t io n s . T h e  e f fe c t  o f  T SP  o n  o d o r  sc o r es  w as s ig n if ic a n t .  
H o w e v er , th e  N e w m a n -K e u ls  T e s t ,  c o m p u te d  w h e n  s ig n if ic a n t  
F r a tio s  are fo u n d , r ev ea led  th is  w a s pr im arily  d u e  t o  s c o r e s  at 
th e  1 5% fa t lev e l w h er e in  th e  0% T SP  p a tty  w a s ra ted  s ig n if i
c a n tly  h ig h er  th a n  th o s e  c o n ta in in g  a n y  lev e l o f  T S P . A lth o u g h  
F  r a tio s  su g g ested  th a t fa t  and T S P  le v e ls  h a d  a s ig n if ic a n t  
e f fe c t  o n  ap p earan ce  sc o r es , th e  d ir e c t io n  o f  th e  d if fe r e n c e s  
fo llo w e d  n o  c o n s is te n t  p a ttern  w ith  r e sp e c t  to  lev e l o f  e ith e r  
in g r e d ie n t, and  average ratin gs w ere  w ith in  a narrow  ran ge o f  
q u a lity  ( le s s  th a n  0 .5  sc a le p o in t) .

Table 5—Mean sensory ratings of cooked patties for odor, flavor 
and appearance as affected by textural soy protein content (trained 
panel)3

Percent TSP

Characteristic 0 15 20 25

Odor 6.83a 6.59b 6.50b 6.41b
Appearance 6.99a 6.68b 6.79b 6.92a
Flavor 6.83a 5.27b 5.08b 4.72c

a Values followed by the same letter in 
cantly from  each other at P > 0.S9.

row s did not differ sign if i-
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Table 6--Acceptance ratings for flavor and texture (consumer
panel)3

Number of
Percent Attribute

judgments Fat TSP Flavor T exture

Acceptance Test 1

32 30 0 7.2a 7.1a
32 15 0 6.9a 6.5a
32 30 25 5.8b 6 .6a
32 15 25 5.5b 6.7a

Acceptance Test 2

32 20 & 25 0 7.2a 6.9a
32 20 & 25 15 6.5b 7.0a
32 20 & 25 20 5.9b 6.7a
32 20 & 25 25 6 .0b 6.7a

a V a lues fo llo w e d  b y  th e  sam e le tte r  in c o lu m n s  d id  n o t d if fe r  sig
n if ic a n t ly  f ro m  each o th e r  a t P >  0 .9 9 .

T ab le  4  sh o w s  th a t T S P  lev e l had  a h ig h ly  s ig n if ic a n t  e f fe c t  
o n  flavor  an d  fa t le v e l had  n o  e f fe c t .  T a b le  5 d isp la y s  th e  
ra tin gs fo r  th e  T SP  lev e ls  averaged  a cro ss th e  fo u r  fa t  lev e ls . 
P a ttie s  a t 0% T S P  w ere  ra ted  s ig n if ic a n t ly  h igh er  th a n  p a tt ie s  
c o n ta in in g  IS  an d  20%  T S P . In creasin g  th e  T SP  le v e l t o  25%  
r esu lted  in  a fu r th e r  s ig n if ic a n t  d ec re a se  in  f la v o r  ratin gs.

S in ce  o b je c t iv e  d a ta  su g g es ted  th a t th e  e x tr e m e s  o f  fa t  and  
T S P  lev e ls  c o u ld  p r o d u c e  th e  largest d if fe r e n c e s  in  fa t and  
m o istu r e  r e te n t io n  (T a b le  5 ) ,  th e  fo u r  o u t  o f  16 c o m b in a t io n s  
r ep re se n tin g  th e se  le v e ls  w e re  s e le c te d  fo r  an  in it ia l p r e fe r e n c e  
ev a lu a tio n . T h e y  w ere: 30%  fa t, 0% T S P ; 3 0 ,  2 5 ;  1 5 , 0 ;  and  
1 5, 2 5 . A s th is  e x p e r im e n t  d e m o n s tr a te d  th a t  T S P , b u t  n o t  fa t  
lev e l had  a s ig n if ic a n t  e f fe c t  o n  p r e fe r e n c e , a fo llo w -u p  e x p e r i
m e n t w as ru n  w h er e in  th e  t w o  in te r m e d ia te  fa t le v e ls  w ere  
c o m b in e d  an d  a ll fo u r  le v e ls  o f  T S P  w ere  p r e se n ted .

In a c c e p ta n c e  te s t  1, T a b le  6 , p a t t ie s  w ith  0% T S P  w ere  
s ig n if ic a n tly  p referred  fo r  f la v o r  at b o th  in it ia l raw -b asis fa t  
lev e ls  o ver  th o s e  c o n ta in in g  th e  h ig h e st  lev e l s tu d ie d . R e su lts  
from  a c c e p ta n c e  te s t  2 agreed  w ith  te s t  1: th e  p a n e l s ig n if i
c a n tly  p re ferred  th e  0% T S P  p a tty  o ver  all th o s e  c o n ta in in g  
T SP , an d  n o  p r e fe r e n c e s  o c cu rred  b e tw e e n  lev e ls . In b o th  
te s ts ,  v o lu n ta r y  p a n e l c o m m e n ts  w ere  fe w  an d  d id  n o t  p ro v id e  
clear  rea so n s fo r  a c c e p ta n c e  e x p r e sse d  v ia  th e  H e d o n ic  sca le . 
A t 2 0  an d  25%  T S P  le v e ls , 25%  or m o r e  o f  th e  p a n e lis ts  e x 
p ressed  so m e  d egree  o f  d is lik e  w h ic h  c o u ld  a lso  b e  in ferred  
fro m  th e  r e la tiv e ly  h ig h  stan d ard  d e v ia t io n s  a m o n g  th e ir  rat
ings. T e x tu r e  ratin gs in  b o th  p r e fe r e n c e  te s ts  w e r e , fo r  p ra c ti
cal p u r p o se s , id e n tic a l, and  th ere  w a s l it t le  e v id e n c e  from  
pan el c o m m e n ts  or  a u th o r s ’ o b se r v a tio n s  o f  a n y  n o ta b le  d if fe r 
en ces .

CONCLUSIONS
T O T A L  C O O K IN G  L O SS can  b e  r e d u c e d  w ith  th e  a d d itio n  o f  
T S P  to  th e  g r o u n d  b e e f  p a tt ie s .  T S P  d id  n o t  h a v e  a b in d in g  
e f fe c t  o n  th e  fa t p r e se n t in  th e  p r o d u c t , b u t  th e  a d d itio n  o f  
T S P  to  g ro u n d  b e e f  p a tt ie s  r esu lted  in  a p r o d u c t  h ig h er  in  
m o istu r e , b o th  b e fo r e  and a fter  c o o k in g . T h e  a m o u n t o f  fa t  
lo s t  d u rin g  c o o k in g  w as d ir e c t ly  r e la ted  to  th e  o r ig in a l lev e l o f  
fa t in  p a tt ie s  and n o t  to  th e  lev e l o f  T SP .

In th e  d e te r m in a tio n  o f  th e  a m o u n t o f  fa t in c o rp o ra te d  
in to  th e  b e e f  p a tt ie s ,  b o th  th e  H o b a rt F a t P er ce n t In d ica to r  
and th e  Sox '.ile t m e th o d s  p r o d u c e d  e q u a lly  re lia b le  resu lts  
regard less o f  fa t an d  T S P  c o n te n ts  o ver  th e  ranges in v e stig a ted .  
E ith er  m e th o d  o f  fa t d e te r m in a t io n  w a s c o n s id e r e d  to  b e  
a c c e p ta b le .

S e n so r y  d a ta  in d ic a te d  th a t: ( 1 )  T S P  le v e l h ad  n o  e f fe c t  o n  
th e  q u a lity  a ttr ib u te s  o f  a p p ea r a n c e  and c o lo r , and a lim ite d  
e f fe c t  o n  o d o r ; ( 2 )  w ith in  T S P  le v e ls  s tu d ie d , n e ith e r  tra in ed  
n o r  c o n su m e r  ju d g e s  p e r ce iv e d  d if fe r e n c e s  in  te x tu r e ;  (3 )  b o th  
tra in ed  an d  c o n su m e r  ju d g es  fo u n d  T SP  a d d itio n  to  have a 
h ig h ly  s ig n if ic a n t  e f fe c t  o n  fla v o r; ( 4 )  th e  v a r io u s  lev e ls  o f  fa t  
had n o  e f fe c t  o n  c o lo r , o d o r , fla v o r , te x tu r e  or  a c c e p ta n c e ;  (5 )  
th e r e  w a s n o  in te r a c t in g  e f fe c t  fo u n d  b e tw e e n  th e  T S P  and fat 
lev e ls  an d  a n y  a d d itio n  o f  T S P  r e su lte d  in  lo w e r  q u a lity  and  
a c c e p ta n c e  ra tin gs regard less o f  fa t c o n te n t .
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DIELDRIN, FAT AND MOISTURE LOSS DURING THE COOKING  
OF BEEF LOAVES CONTAINING TEXTURIZED  SOY PROTEIN

INTRODUCTION
S E V E R A L  S T U D IE S  have sh o w n  th a t p e s t ic id e  lev e ls  in  f o o d s  
can  b e  r ed u c ed  b y  c o o k in g  (R it c h e y  e t  a l.,  1 9 6 9 ;  R e in e r t e t  
al., 1 9 7 2 ;  L iska e t  a l.,  1 9 6 7 ;  S m ith  e t  a l., 1 9 7 3 ) .  Y a d rick  e t al.
( 1 9 7 1 )  r e p o r te d  th a t  d ie ld r in  r es id u e s  in  b a c o n  c o u ld  b e  re
d u ce d  b y  p an  fr y in g  a n d  b a k in g . M ost o f  th e  lo s se s  w ere  fo u n d  
in  th e  d rip  a n d  w ere  a ttr ib u te d  to  fa t  ren d er in g ; a lth o u g h , h e a t  
d e s tr u c t io n  a n d  c o d is t i lla t io n  w e re  a lso  c ite d  as b e in g  r e sp o n s i
b le  fo r  so m e  d e c re a se  in  d ie ld r in  lev e ls .

M organ  e t al. ( 1 9 7 2 )  r ep o rte d  th a t s im m e r in g  an d  pressure  
c o o k in g  c h ic k e n  s ig n if ic a n t ly  r ed u c ed  le v e ls  o f  severa l p e s t i
c id e s , in c lu d in g  lin d a n e , d ie ld r in , D D T  an d  D D E . T h e se  p e s t i
c id e s  w ere  r e p o r te d  to  b e  ren d ered  in to  th e  b r o th  w ith  th e  fa t . 
H o w e v e r , o n ly  6 0 —80%  o f  th e  p e s t ic id e s  w ere  r e c o v er ed .  
T h e r e fo r e , th e se  a u th o rs  in d ic a te d  th a t v o la t il iz a t io n  a n d /o r  
c o d is t i lla t io n  w ere  r e sp o n s ib le  fo r  so m e  r e d u c t io n  in p e s t ic id e  
lev e ls .

Y a d ric k  e t al. ( 1 9 7 2 )  r o a sted  p ork  m u sc le s  w h ic h  had b een  
tr im m e d  o f  a ll su rfa ce  fa t  th e r e b y  m in im iz in g  drip  lo sse s . T h e y  
r e p o r te d  th a t  d ie ld r in  r e d u c t io n  a c c o m p a n ie d  v o la t ile  lo sse s  
u n d e r  th e se  c o n d it io n s .  R itc h e y  e t  al. ( 1 9 6 9 )  su g g ested  th a t  
a lth o u g h  th e  g r ea te s t  r e d u c t io n s  in  D D T  le v e ls  du rin g  c o o k in g  
o c c u r r e d  th r o u g h  th e  le e c h in g  o f  fa t ,  lo n g  h e a t in g  t im e s  c o u ld  
a lso  b e  r e sp o n s ib le  fo r  so m e  r e d u c t io n  in  to ta l  r e s id u e  lev e ls . A  
fu r th e r  s tu d y  b y  R itc h e y  e t  a l. ( 1 9 7 2 )  co v er in g  a w id e  range o f  
p e s t ic id e s  in d ic a te d  th a t w h ile  lin d a n e  an d  h e p ta c h lo r  e p o x id e  
c o u ld  b e  r e d u c e d  b y  h e a t in g  a lo n e , e n d r in , d ie ld r in  an d  aldrin  
c o u ld  n o t .

R a k o sk y  ( 1 9 7 4 )  r ep o rte d  th a t s o y  p r o te in s  are ca p a b le  o f  
a b so rb in g  w a te r  a n d  b in d in g  fa t  in  m e a t-so y  c o m b in a t io n s  
th e r e b y  r ed u c in g  c o o k in g  lo sse s , p a r ticu la r ly  drip  lo sse s . A l
th o u g h  th e  u se  o f  30%  te x tu r iz e d  s o y  in  a m e a t- lo a f  sy s te m  
h as b e e n  fo u n d  t o  r e d u c e  o v era ll c o o k in g  lo sse s  (W illiam s and  
Z a b ik , 1 9 7 5 ;  N ie ls e n  an d  C arlin , 1 9 7 4 ) ,  th e  m o is tu r e  c o n te n t  
o f  th e  lo a v e s  c o n ta in in g  30%  s o y  w as fo u n d  t o  b e  lo w e r  th a n  
th a t o f  th e  c o n tr o l  lo a v e s  (W illiam s an d  Z a b ik , 1 9 7 5 ) .  B o th  
research ers fo u n d  th e  fa t c o n te n t  o f  th e  c o o k e d  lo a v e s  w ith  
30%  s o y  to  b e  s im ila r  to  th a t o f  th e  C o n tr o l m ea t lo a v e s  ev en  
th o u g h  su b s t itu t io n  o f  g ro u n d  m ea t w ith  r eh y d r a ted  s o y  c o n 
ta in in g  1% fa t d id  r e d u c e  th e  fa t  c o n te n t  o f  th e  raw  m e a t-lo a f  
sy stem .

S in ce  th e  a d d it io n  o f  s o y  h as b e e n  fo u n d  to  r e d u c e  drip  
lo s se s  (W illiam s an d  Z a b ik , 1 9 7 5 ) ,  th is  m a y  a f fe c t  th e  r ed u c 
t io n  o f  p e s t ic id e s  d u r in g  c o o k in g . T h is  s tu d y  w a s c o n d u c te d  to  
d e te r m in e  if  a su b s ta n tia l d ec re a se  in  c o o k in g  lo sse s  w o u ld  
o c c u r  w ith  th e  su b s t itu t io n  o f  v a r io u s  le v e ls  o f  te x tu r iz e d  so y  
p r o te in  (T S P ) in to  a m e a t- lo a f  s y s te m , an d  to  d e te r m in e  h o w  
c h a n g e s  in  v o la t ile  an d  drip  lo s se s  w o u ld  a f fe c t  th e  r e d u c t io n  
o f  p e s t ic id e s  du rin g c o o k in g .

EXPERIMENTAL
Sample

Lean chuck sections o f Hereford beef, w hich had been removed 
from  the market since it contained greater than 0.3 ppm dieldrin (1 ,2 ,3 , 
4 , 1 0 , 1 0 -h ex a ch lo ro -6 ,7 -ep oxy-l,4 ,4a ,5 ,6 ,7 ,8 ,8a -octah yd ro-l ,4 -endo, 
exo-5,8-dim ethanonaphthalene-H E O D ) from a tail head biopsy, was

taken from freezer storage ( -2 3 ° C )  and made into meat loaves con
taining 0, 10, 20, 30 and 50% rehydrated TSP based on the w eight o f  
the meat. The TSP was Ultrasoy (a product o f  Far-Mar-Co., Inc.).

The formula used for the meat loaf mixture is given in Table 1. A 
com m on lot o f  meat loaf was made for each level o f  TSP substitution. 
Enough b eef for five replications o f  each variable was ground through a 
Hobart Food Cutter, M odel 8 4181D , using a plate w ith  4 .7  mm extru
sion holes. The ground beef and TSP which had been rehydrated w ith  
distilled water (1:2  by weight) were stirred together for approxim ately  
30 sec. The meat-TSP mixture was then reground to assure hom oge
neity. The additional ingredients were com bined w ith  the meat using a 
Hobart mixer-Model A -200, at speed one for 3 min. O ne-half the meat 
loaf mixture was m ixed at one time. A 1500-g batch o f  this mixture 
was weighed into a ham loaf press lined w ith  Saran wrap and pressed 
for 3 min. The pressed loaves were wrapped in aluminum fo il and 
stored at — 18°C. Before baking, the loaves were defrosted for approxi
m ately 24 hr at 5°C. One-third o f  each loaf was removed for raw 
analysis and refrozen at -1 8 ° C .
Baking

The remaining portion o f  each loaf was weighed and placed un
wrapped on a rack in a 9 x  12 x  2 in. aluminum pan. The loaves were 
baked in an Etco electric thermal convection oven w hich was regulated 
at 175° C ± 4° by a H oneyw ell controller. Each loaf was cooked to an 
internal temperature o f  75°C , as indicated by an iron constantan ther
m ocouple w ith a 4 in. immersion length w hich was positioned at the 
center o f  the loaf. Each loaf was allowed to coo l at room  temperature 
for 15 mir. prior to weighing. The loaves were wrapped in alum inum  
foil and refrozen at - 1 8 ° C  along w ith  the raw samples for later chem i
cal analyses.

Cooking losses, expressed as total, volatile and drip were determ ined  
as outlined by Funk et al. (1966a). The drip was collected b y  rinsing 
the roasting pan and rack w ith acetone, and then evaporating the 
acetone from  the drip. These samples were stored at -1 8 ° C  for later 
chem ical analyses. Samples were defrosted for approxim ately 24 hr at 
5°C before being chemically analyzed.
Moisture analysis

The moisture content o f  the raw and cooked sam ples was de
termined in duplicate using the procedure outlined b y  Funk et al. 
(1966b). The percentage change in m oisture betw een raw and cooked  
meat loaves was calculated by the formula [(% raw -  % cooked)/(%  
raw)] x  100.

Table 1 —Ingredients used in meat loaves3

Ingredient
Quantity

%

Beef and rehydrated soy15 100
Bread crumbs 12
Catsup 11
Barbecue sauce 4
Salt (NaCI) 2
Onion (dry flakes) 2

3 Q u a n tit ie s  are based on th e  w e ig h t o f  th e  m e a t in  th e  c o n tro l,  
b s o y  was re h y d ra te d  b y  2 p a rts  d is t i lle d  w a te r  to  1 p a r t  te x tu r iz e d  

soy (w /w ) .
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Pesticide extraction
For pesticide analysis, 8g duplicate samples o f  the defrosted raw and 

cooked meat loaves were weighed to the nearest O.OOOlg after three 1/2  
in. slices had been hom ogenized in a 275 ml blender jar, using a Waring 
Blendor at the low  speed for 30 sec. Two o f the slices were taken from  
a distance o f  1 in. from each end, and the third slice was taken from the 
center. The entire drip from  each meat loaf was also analyzed.

Extraction with hexane-acetone (2 :1 ), acetonitrile partitioning, and 
Florasil-Celite colum n cleanup were performed as described by Yadrick 
e ta l.  (1971).

Fat analysis
The fat content o f  each sample was estim ated by determining the 

percentage fat in a dried aliquot o f  hexane used to remove the fat 
(Yadrick et al., 1971). The percentage fat was converted to a dry 
weight basis.

Gas chromatographic analyses
Gas chromatographic analyses were carried out using a Beckman gas 

chromatograph, Model 72-5 interfaced to Digital Equipm ent Corpo
ration PDP-8/E interfaced to a PD P-11/40 RSTS system . The gas chro
matograph was equipped w ith a discharge electron capture detector and 
fitted with a 6 ft (1 .83m ) x  1/8 in. (2 .0  mm) Pyrex colum n packed 
with 3% SE30 on 8 0 /1 0 0  Gas Chrom Q w ith colum n, injector, and 
detector temperatures o f  175°, 280°, and 260°C , respectively. The 
Helium flow  rate was 95 m l/m in for the discharge side o f  the detector  
and 40  m l/m in for the column.

External standards were prepared from 99+% pure recrystallized  
HEOD (Shell Chemical Co.) in nanograde hexane. Q uantitations were 
based on peak height. Spiked m eat-loaf system s gave recoveries o f  ap
proxim ately 91% using this m ethod o f  analysis.

Dieldrin levels were expressed as total micrograms, ppm o f solids 
and ppm o f  fat. Total micrograms in the cooked meat plus drip as 
compared w ith the total micrograms in the raw meat were used to 
calculate percentage recovery. Losses through codistillation were esti
mated using the formula O ne-(%  recovery).

Mass spectrometry analyses
The presence o f  dieldrin was confirm ed by mass spectrom etric 

analysis run on a pool o f  all o f  the extracted samples. A GC-MS-CPU 
system  was used which consisted o f  a Beckman GC-65 gas chromato
graph interfaced to  a DuPont 21-490 Mass Spectrometer which was in 
turn interfaced to a Digital PDP-12 computer. The mass spectra were 
obtained at an ionizing voltage o f  70 eV w ith a source temperature o f  
150°C.

Data analyses
Data were analyzed for variances attributable to degree o f  soy sub

stitution and interrelations due to state, i.e ., cooked vs raw. Duncan’s 
Multiple Range Test (1 9 5 7 ) was used to pinpoint sources o f  significant 
differences. When appropriate, correlation coefficients were calculated 
(D ixon and Massey, 1957).

RESULTS & DISCUSSION
F a t c o n te n t

T h e  a d d itio n  o f  T S P  sh o u ld  h a v e  h a d  a d ilu t in g  e f f e c t  o n  
th e  fa t c o n te n t  o f  th e  raw  m e a t lo a v es  p r o p o r t io n a l t o  th e  
p e r c e n ta g e  o f  s o y  p r o te in  a d d e d , s in c e  th e  fa t  c o n te n t  o f  T SP  
w a s c ite d  b y  th e  m a n u fa c tu re r  t o  b e  1.0% . F r o m  T a b le  2 , it 
can  b e  se e n  th a t th e  fa t  c o n te n t  o f  th e  raw  m e a t lo a v e s  te n d e d  
to  d e c re a se  as th e  le v e l o f  T S P  su b s t itu t io n  in c re a se d ; h o w ev e r , 
th e  d ecrea se  w h ic h  o c cu rr ed  w a s far  sm a ller  th a n  had b een  
e x p e c te d  fo r  so m e  o f  th e  le v e ls  o f  T S P  su b s t itu t io n s . T h e  fa t  
c o n te n t  o f  th e  m e a t lo a v e s  c o n ta in in g  50%  T S P  w as a p p r o x i
m a te ly  o n e -h a lf  th a t o f  th e  C o n tr o l;  h o w e v e r , th e  fa t c o n te n t  
o f  th e  m e a t lo a v es  c o n ta in in g  10%  T S P  w a s h ig h er  th a n  th a t o f  
th e  C o n tr o l and th e  fa t  c o n te n t  o f  lo a v e s  c o n ta in in g  20%  T SP  
w a s n o t  s ig n if ic a n t ly  d if fe r e n t  fr o m  th a t  o f  th e  C o n tro l. A l
th o u g h  th e  b e e f  c a m e  fr o m  th e  le a n  c h u c k  p o r t io n  o f  th e  sam e  
a n im a l, o b v io u s  d if fe r e n c e s  in  th e  o r ig in a l fa t  c o n te n t  o c 
curred .

A s sh o w n  b y  p r e v io u s  s tu d ie s , th e  u se  o f  T S P  in  th e  m eat 
lo a v es  h as a b in d in g  e f f e c t  o n  th e  fa t  (W illia m s an d  Z abik , 
1 9 7 5 ;  N ie lse n  an d  C arlin , 1 9 7 4 ) .  W ith  in crea sed  le v e ls  o f  T SP  
su b s t itu t io n ,  sm a ller  d if fe r e n c e s  in th e  fa t  c o n te n t  b e tw e e n  th e  
c o o k e d  an d  raw  sa m p le s  w ere  e v id e n t . T h e  m e a t  lo a v e s  su b sti
tu te d  w ith  0% and 10% T S P  c o n ta in e d  s ig n if ic a n t ly  less fa t  
a fter  c o o k in g  (p  <  0 .0 1 ) ;  h o w e v e r , th e  m e a t lo a v e s  c o n ta in in g  
2 0 ,  3 0  and 50%  T S P  sh o w e d  n o  s ig n if ic a n t  fa t  r e d u c t io n  u p o n  
c o o k in g .

T h e  c o o k e d  lo a v e s  a lso  sh o w e d  sm a ller  d if fe r e n c e s  in  fa t  
c o n te n t  a m o n g  lo a v e s  o f  v a r y in g  le v e ls  o f  T S P  su b s t itu t io n  
th a n  w a s fo u n d  in  th e  raw  lo a v e s . B e fo r e  c o o k in g , th e  c o n tr o l  
c o n ta in e d  s ig n if ic a n t ly  h ig h er  le v e ls  o f  fa t  th a n  th e  lo a v e s  su b-

Table 2—Moisture, fat and cooking loss data for meat loaves substituted with texturized soy proteins3’*3

Level of substitution
Type of -------------------------------------------------------------------------------------------  Statistical significance0
analysis 0% 10% 20% 30% 50% p< 0.05

% Cooking losses
Total 1 7 .6  ± 0 . 5 16 .1  ± 1.0 1 4 .6  ± 0 . 6 1 3 . 7  ± 1 .0 1 6 .5  ± 0 . 6 0 > 5 0 1 0 > 2 0 3 0

D rip 2 .0  ± 0 . 3 1 . 7  ± 0 .3 0 .9  ± 0 .2 0.2 ± 0 . ' 0.0 ± 0.0 0 > 1 0 > 2 0 > 3 0 5 0
Volatile 1 5 .5  ± 0 . 4 1 4 .3  ± 1.0 1 3 . 8  ± 0 . 5 1 3 .6  ± 1 . 0 1 6 .5  ± 0 . 6 5 0 > 0 > 1 0  2 0  3 0

% M o is tu re

Raw 5 7 .8 8  ± 0 .3 9 5 5 .5 1  ± 0 .3 1 5 6 .4 7  ± 0 .1 1 5 7 .2 9  ± 0 .1 8 5 6 .0 5  ± 0 .3 9 R>C
Cooked 5 1 .8 4  ± 1 .2 2 5 0 .0 4  ± 0 .7 0 5 2 .0 5  ± 0 .4 4 5 1 .5 2  ± 1 . 1 5 4 7 .5 0  ± 0 .4 9 Ro R3o R 20 R 50 Rio

% Difference 1 0 .4 4 9 .8 5 7 .8 3 1 0 .0 7 1 5 .2 5 ^2 0 ^0 3̂ 0^^! 0^ 5 0

% Fat
Raw 2 0 .9 3  ± 1 .8 7 2 4 .1 3  ± 1 .8 0 1 9 .6 1  ± 0 .8 4 1 7 . 3 2  ± 1 .5 3 1 0 .8 9  ± 0 .3 4 R0> c 0 R i o > c ,0
Cooked 1 7 .2 0  ± 1 .2 7 1 9 .0 7  ± 0 .8 1 1 8 .1 9  ± 0 .4 7 1 6 .3 1  ± 1 .0 8 1 1 .3 1  ± 0 .9 8 R 1 0> R 0 Rao^Rao^R;

^10 ^2 0 ^0 3̂ 0^^5 0

C o o k in g  tim e

(min.) 7 1 .4  ± 3 . 1 7 0 .0  ± 4 .8 66.8 ± 3 .6 7 1 .2  ± 3 . 3 8 0 .4  ± 4 .0 5 0 > 0  3 0  1 0  2 0

a R e h y d ra te d  soy p ro te in  w as s u b s titu te d  fo r  an equa l w e ig h t o f  th e  m e a t in  th e  C o n tro l 
b  M eans and s tandard  d e v ia tio n s  w ere  based o n  f iv e  re p lic a tio n s .
c V a lu e s  u nderscored  w ith  th e  same lin e  are n o t  s ig n if ic a n t ly  d i f fe re n t  (D u n ca n , 195  + ).
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s t i tu te d  w ith  30%  T SP . In a d d it io n , th e  lo a v es  w ith  10% T S P  
c o n ta in e d  s ig n if ic a n t ly  h ig h er  le v e ls  o f  fa t  th a n  th a t  o f  lo a v es  
w ith  20%  T S P . H o w e v er , a fter  c o o k in g  th e  fa t  c o n te n t  o f  th e  
lo a v es  w ith  0  a n d  30%  T S P  or  w ith  10 an d  20%  T S P  w ere  n o t  
s ig n if ic a n tly  d if fe r e n t .

T h e  lo a v e s  w ith  50%  T S P  sh o w e d  n o  drip  lo ss . H o w e v er , 
th e  in it ia l  le v e l o f  fa t in th e  raw  m e a t  lo a v e s  w as so  m u c h  
lo w e r  th a n  th e  fa t  c o n te n t  o f  th e  o th e r  lo a v e s , th a t a fter  
c o o k in g , th e  fa t  c o n te n t  o f  th e  50%  T S P  su b s t itu te d  lo a v e s  
w a s s t i l l  s ig n if ic a n t ly  lo w e r .

C o o k in g  t im e
F u n k  a n d  B o y le  ( 1 9 7 2 )  fo u n d  th a t c o o k in g  t im e  w as re

la ted  to  th e  fa t  c o n te n t  o f  th e  raw  g r o u n d  b e e f  w h e n  c y lin d er s  
o f  m e a t w ere  r o a ste d  at severa l o v e n  te m p e r a tu r e s . A t 1 2 1 °C  
and 1 4 9 ° C , th e  fa t  c o n te n t  an d  c o o k in g  t im e  w ere  fo u n d  to  b e  
in v e r se ly  r e la te d ;  h o w e v e r , a t 1 7 7 ° C  n o  r e la t io n sh ip  w a s  
n o te d .

In  th is  s tu d y  (o v e n  te m p e r a tu r e  1 7 5 ° C )  a v e ry  h ig h ly  sig 
n if ic a n t  n e g a tiv e  c o r r e la tio n  w a s fo u n d  b e tw e e n  th e  fa t c o n 
t e n t  o f  th e  m e a t lo a v e s  an d  th e  c o o k in g  t im e  (T a b le  2 ) .  T h e  
fa t  c o n te n t  o f  th e  c o o k e d  lo a v e s  c o rr e la te d  b e tte r  (r  =  —0 .7 2 )  
w ith  c o o k in g  t im e  th a n  d id  th e  fa t  c o n te n t  o f  th e  raw  lo a v e s  (r 
=  - 0 . 66 ) .

T h is  r e la t io n sh ip  w as m o s t  p r o n o u n c e d  fo r  m e a t lo a v es  c o n 
ta in in g  50%  T S P  w h ic h  had a s ig n if ic a n t ly  lo w e r  fa t  c o n te n t  
b e fo r e  a n d  a fte r  c o o k in g  as w e ll as a s ig n if ic a n t ly  lo n g e r  c o o k 
in g  t im e  (P  <  0 .0 0 1 ) .

M o is tu r e  an d  c o o k in g  lo s se s
A c c o r d in g  to  R a k o sk y  ( 1 9 7 4 )  s o y  p r o te in s  h a v e  an  a f f in ity  

fo r  m e a t ju ic e s  a n d , th e r e fo r e , p r o d u c e  a ju ic ie r  p r o d u c t . In  
c o n tr a s t , W illiam s and Z a b ik  ( 1 9 7 5 )  fo u n d  th e  m o is tu r e  c o n 
t e n t  o f  c o o k e d  m ea t lo a v e s  su b s t itu te d  w ith  30%  s o y  to  be  
lo w e r  th a n  th a t  o f  th e  C o n tro l m ea t lo a v es .

It can  b e  se e n  (T a b le  2 )  th a t a ll o f  th e  raw  m ea t lo a v es  
c o n ta in e d  s ig n if ic a n t ly  m o r e  m o is tu r e  th a n  th e  c o o k e d  lo a v es . 
N o  c o n s is te n t  r e la t io n sh ip  w a s sh o w n  b e tw e e n  d e g ree  o f  T SP

su b s t itu t io n s  an d  th e  m o is tu r e  c o n te n t  in  raw  a n d  c o o k e d  
sa m p les.

V o la t i le  lo s se s , p r e v io u s ly  fo u n d  to  b e  d ir e c t ly  r e la te d  to  
c o o k in g  t im e  (F u n k  an d  B o y le , 1 9 7 2 ) ,  are in  a g r e e m e n t w ith  
th e  f in d in g s  o f  th is  s tu d y . A  v e ry  h ig h ly  s ig n if ic a n t  c o r r e la t io n  
o f  r =  0 .7 6  w a s c a lc u la te d  fo r  c o o k in g  t im e  and ch a n g e  in  
m o istu r e  c o n te n t  du rin g  r o a stin g .

T h e  g r ea te st  ch a n g e  in  m o is tu r e  c o n te n t  o c c u r r e d  in  th e  
m e a t lo a v es  w ith  50%  s o y  d u e  t o  th e  v e r y  lo n g  c o o k in g  t im e . 
T h e  m o is tu r e  c o n te n t  o f  th e  o th e r  c o o k e d  m e a t lo a v e s  d e 
p e n d e d  o n  th e  in it ia l m o is tu r e  c o n te n t  as w e ll as c o o k in g  t im e .

T h e  a d d itio n  o f  s o y  t o  m e a t p r o d u c ts  h as a lso  b e e n  re
p o r te d  to  d e crea se  to ta l  c o o k in g  lo sse s , p a r ticu la r ly  d rip  lo sse s  
(W illiam s an d  Z ab ik , 1 9 7 5 ;  N ie ls e n  and C arlin , 1 9 7 4 ) .  T o ta l  
lo s se s  (T a b le  2 )  te n d e d  to  d ec re a se  w ith  in c re a se d  le v e ls  o f  
T S P  su b s t itu t io n .  T h e  m ea t lo a v e s  s u b s t itu te d  w ith  50%  T S P  
d id  n o t  fo l lo w  th is  tr en d . H o w e v er , th e se  lo a v e s  sh o w e d  c o o k 
ing  lo sse s  w h ic h  w ere  n o t  s ig n if ic a n t ly  d if fe r e n t  fr o m  th e  
lo a v es  s u b s t itu te d  w ith  10% T S P . T h is  w a s d u e  t o  th e  e x 
tr e m e ly  h ig h  v o la t ile  lo s se s  w h ic h  o c cu rr ed  in  m e a t  lo a v e s  c o n 
ta in in g  50%  so y . A s e x p e c te d ,  lo s se s  w h ic h  o c c u r r e d  th r o u g h  
drip sh o w e d  a c o n s is te n t  d ec re a se  w ith  in c re a se d  su b s t itu t io n .

D ie ld r in  le v e ls

T h e  m ass sp e c tr a l a n a ly se s  v e r if ie d  th e  p r e se n c e  o f  d ie ld r in  
in  th e  m ea t lo a v es . S in c e  c h lo r in a te d  h y d r o c a r b o n  p e s t ic id e s  
are fa t -so lu b le , a r e d u c t io n  in  th e  le v e l o f  fa t  b y  s o y  a d d itio n  
sh o u ld  h a v e  d ecrea sed  d ie ld r in  le v e ls  in  th e  raw  m e a t lo a v e s .  
H o w e v er , s in c e  th e  in it ia l fa t  c o n te n t  o f  th e  m e a t  v a r ied , th is  
did  n o t  o c c u r  (T a b le  3 ) .  T h e  lo a v e s  w ith  30%  T S P  had s ig n if i
c a n tly  h ig h er  le v e ls  o f  d ie ld r in , b u t  n o  o th e r  s ig n if ic a n t  d if fe r 
e n c e s  w ere  n o te d  a m o n g  a n y  o f  th e  o th e r  fo u r  le v e ls  o f  T S P  
su b s t itu t io n s . D if fe r e n c e s  in  sa m p le s  ta k e n  fr o m  th e  sam e  
p o r t io n  o f  an a n im a l h ave b e e n  r e la ted  to  d if fe r e n c e s  in  th e  
m e ta b o lis m  o f  th e  p e s t ic id e  (Y a d r ic k  e t  a l., 1 9 7 1 ) .

O n  th e  fa t  b asis , th e  raw  m e a t lo a v e s  w ith  3 0  a n d  50%  T SP  
sh o w e d  s ig n if ic a n t ly  h igh er  d ie ld r in  le v e ls  th a n  th o s e  w ith  0 ,

Table 3—The dieldrin content8 of raw and cooked meat loaves substituted with various levels of soy proteinb

Statistical significance 
p < 0.05

Level of substitution ------------------------------------
Dieldrin
content 0% 10% 20% 30% 50%

Level of 
substitution0 State

Total pg
Raw 7.08 ± 0.55 8.24 ± 2.00 8 .11c ± 1.16 9.98 +1.70 7.58 ±0.72 30R>10R 20R 50R OR R & O D
Cooked 6.13 ±0.58 6.20 ± 1.02 7.59 ± 1.39 8.00 ±1.16 4.93 + 1.00 30C 20010C  OC 50C 10R>10C
Drip 0.66 ± 0.23 0.59 ± 0.20 0.31 ± 0.06 0.12 ±0.09 0.00 +0.00 OD 10D>20D>30D 50D 30R>30C

50R>50C

ppm fat
Raw 0.080 ± 0.014 0.076 ± 0.020 0.095c ± 0.014 0.133 ± 0.029 0.156 ±0.011 50R 30R>20R OR 10R R & O D
Cooked 0.091 ± 0.013 0.077 ± 0.013 0.103 ± 0.019 0.115 ± 0.016 0.101 +0.026 30C 20C 50C0C 10C 50R>50C
Drip 0.040 ±0.012 0.043 ± 0.009 0.045 ± 0.009 0.074 ± 0.049 0.000 +0.000 30D>20D 10D 0D>50D

ppm dry
Raw 0.017 ± 0.002 0.018 ± 0.004 0.019C ± 0.003 0.023 ± 0.004 0.017 +0.002 30R 20R 10R 50R OR D>R & C
Cooked 0.016 ± 0.002 0.015 ± 0.003 0.019 ± 0.003 0.019 ± 0.003 0.011 ±0.002 30C 20C0C10C50C
Drip 0.033 ± 0.011 0.033 ± 0.007 0.038 ± 0.008 0.062 ± 0.043 0.000 ± 0.000 30D>20D10D0D>50D

% Recovery 96,2 ± 10.6 85.3 ± 21.5 98.6 ± 20.1 82.5 ± 13.8 64.9 +9.4 20 0 10 30 50

a Means and standard deviation were based on five replications, 
k Substitution is based on the weight of the meat in the Control. 
c Means and standard deviations were based on four replications.
d Values underscored by the same line are not significantly different (Duncan, 1957).
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10 o r  20%  T SP . S m ith  e t  al. ( 1 9 7 3 )  a lso  fo u n d  th a t th e  p e s t i
c id e  lev e l w as n o t  r e la te d  to  fa t  c o n te n t  in  fish . T h e  d ie ld r in  
c o n te n t  o f  th e  c o o k e d  m e a t  lo a v e s  w a s lo w e r  th a n  th a t o f  th e  
raw  m ea t lo a v e s  fo r  a ll le v e ls  o f  T S P  su b s t itu t io n s . T h is  o b se r 
v a tio n  su p p o r ts  p r e v io u s  f in d in g s  th a t p e s t ic id e  c o n te n t  can  be  
r ed u c ed  b y  c o o k in g  (L isk a  e t  a l.,  1 9 6 7 ;  R itc h e y  e t  a l., 1 9 6 9 ;  
R ein ert e t a l., 1 9 7 2 ) .

F a t r en d er in g  has b e e n  su g g es ted  as th e  m ajor  m o d e  fo r  
p e s t ic id e  r em o v a l (R itc h e y  e t  a l.,  1 9 6 9 ,  1 9 7 2 ;  M organ e t  a l.,
1 9 7 2 ) .  A lth o u g h  fa t ren d er in g  h as b e e n  fo u n d  b y  a ll in v e s t i
g a to rs to  r ed u ce  p e s t ic id e  lev e ls , o th e r  d a ta  su g g est th a t  a d d i
t io n a l m e ch a n ism s a lso  m a y  b e im p o r ta n t  (Y a d r ic k  e t  a l., 
1 9 7 1 ;  F u n k  e t  a l., 1 9 7 1 ) .  F u n k  e t  al. ( 1 9 7 1 )  r e p o r te d  d ie ld rin  
lo s se s  d u rin g  th e  b a k in g  o f  sau sage  p a tt ie s  t o  be  4 2  and 46% . 
H o w ev er , th e  drip  a c c o u n te d  fo r  o n ly  9  a n d  4% o f  th e se  lo sse s ,  
r e sp e c t iv e ly .

Y a d ric k  e t al. ( 1 9 7 1 )  fo u n d  th a t w h e n  b a c o n  w a s b a k ed ,  
th e  d ie ld r in  c o n te n ts  w ere  r e d u c e d  b y  5 1 , 8 2  an d  62% , w h ile  
th e  drip  c o n ta in e d  o n ly  1 5 , 8 a n d  19%  o f  th e  d ie ld r in , r e s p e c 
t iv e ly . Y a d rick  e t  al. ( 1 9 7 2 )  r e p o r te d  th a t w ith  m in im a l drip  
lo s se s  fr o m  r o a stin g  tr im m e d  p o r k  r o u n d  m u sc le s , m o s t  o f  th e  
r es id u e  lo ss  a c c o m p a n ie d  v o la t ile  lo sse s . R itc h e y  e t  al. ( 1 9 6 9 )  
su g g es ted  th a t  lo s se s  in  t o ta l  p e s t ic id e  le v e ls  can b e  r e d u c e d  b y  
in crea sed  h e a t in g  t im e . In a m o re  r e c e n t  s tu d y , R itc h e y  e t  al.
( 1 9 7 2 )  fo u n d  th a t  lin d a n e  an d  h e p ta c h lo r  e p o x id e  w ere  re
d u ce d  b y  h ea t a lo n e , a n d  th a t th e  r e d u c t io n  o f  lin d a n e  in 
crea sed  as th e  h e a t in g  t im e  in c re a se d . T h e y  fo u n d , h o w e v e r ,  
th a t e n d r in , a ld r in  an d  d ie ld r in  w ere  n o t  s ig n if ic a n t ly  d e 
creased  b y  h e a t.

In  th e  c u rren t s tu d y , th e  lo s se s  w h ic h  o c cu rr ed  th r o u g h  
c o o k in g  w ere  s ig n if ic a n t  o n ly  fo r  th e  m e a t lo a v es  w ith  1 0 , 3 0  
and 50%  T S P  s u b s t itu t io n s . In  n o  case  d id  th e  d ie ld r in  c o n te n t  
in  th e  drip  a c c o u n t  fo r  a s ig n if ic a n t  lo s s  in  th e  p e s t ic id e  c o n 
te n t . T h e r e fo r e , so m e  o th e r  m o d e  o f  r em o v a l su c h  as c o d is t i l 
la t io n  or so m e  o th e r  u n id e n t if ie d  fa c to r  w a s r e sp o n s ib le  fo r  
th e se  s ig n if ica n t d ecrea ses .

In fa c t, th e  a m o u n t o f  d ie ld r in  lo s t  t e n d e d  to  be  a sso c ia te d  
w ith  v o la t ile  lo s se s  e v e n  th o u g h  drip  lo sse s  d e c re a se d  as th e  
lev e l o f  T S P  su b s t itu t io n  in c re a se d . A s th e  p e r ce n ta g e  m o istu r e  
ch a n g e  in c r e a se d , th e  a m o u n t o f  d ie ld r in  r ec o v e r e d  d ecrea sed  
( r =  - 0 . 5 8 ) .

D ie ld r in  le v e ls  w ere  lo w e r  in  th e  drip  th a n  in  th e  raw  sa m 
p les and te n d e d  to  b e  h igh er  in  th e  c o o k e d  th a n  th e  raw  
lo a v es . Z a b ik  ( 1 9 7 4 )  and R itc h e y  e t al. ( 1 9 6 9 )  in d ic a te d  th a t  
c h lo r in a te d  h y d r o c a r b o n s  are le e c h e d  in to  th e  drip  w ith  th e  
fa t . O n  th e  b a sis  o f  p e r ce n ta g e  fa t , Z ab ik  ( 1 9 7 4 )  fo u n d  th a t  
th e  res id u a l le v e ls  in  th e  drip  w ere  sim ilar  to  le v e ls  in  th e  raw  
and c o o k e d  sa m p le s . E v id e n tly , in  th e  cu rren t s tu d y  th e  d ie l
drin  w a s b o u n d  t o  so m e  e x te n t  in  th e  m e a t- lo a f  sy s te m . S tarch  
h as b e e n  fo u n d  to  b e  ca p a b le  o f  b in d in g  p e s t ic id e s  (F u n k  e t  
al., 1 9 7 2 ) .  T h e r e fo r e , c o m p o n e n ts  su c h  as b read  cru m b s c o u ld  
b e r e sp o n s ib le  fo r  th is  p h e n o m e n o n .

A lth o u g h  s ig n if ic a n t lo s se s  d id  n o t  o c c u r  th r o u g h  th e  d rip , 
so m e  res id u a l lev e ls  w ere  fo u n d  in  th e  d r ip . T h e  q u a n t ity  o f  
d ie ld rin  in  th e  drip s h o w e d  th e  sa m e  r e la t io n sh ip  as th e  drip  
lo sse s  s in c e  th e  q u a n t ity  o f  d ie ld rin  in  th e  drip  d e c re a se d  as 
th e  lev e ls  o f  T S P  su b s t itu t io n s  in crea sed .

O n a dry w e ig h t  b a sis , n o  s ig n if ic a n t  d if fe r e n c e s  w ere  fo u n d  
b e tw e e n  raw  a n d  c o o k e d  lo a v es  fo r  a n y  le v e l o f  T S P  su b s ti
tu t io n  or  a m c n g  a n y  le v e ls  o f  T S P  s u b s t itu t io n  fo r  th e  raw  or  
c o o k e d  sy s te m s . T h e  drip  c o n ta in e d  s ig n if ic a n t ly  h igh er  lev e ls  
o f  d ie ld r in  th a n  e ith er  th e  raw  or  c o o k e d  lo a v e s  fo r  all lev e ls  o f  
su b s t itu t io n  in d ic a t in g  th a t m o r e  d ie ld r in /g  o f  d ry  m ater ia l 
w as p r e se n t in  th e  drip .

F r o m  th e se  data  it  a p p ea rs th a t w ith  th e  u se  o f  in crea sed  
le v e ls  o f  T S P  su b s t itu t io n  le s s  d ie ld r in  is lo s t  in  th e  drip  u p o n  
c o o k in g . H o w e v er , o th e r  m e c h a n ism s  su c h  as c o d is t i lla t io n  
ap p ear  to  p la y  an im p o r ta n t  part in  th e  r e d u c t io n  o f  d ie ld r in  
le v e ls  in  th is  m e a t- lo a f  s y s te m . T h e  d eg ree  o f  c o d is t i lla t io n  
se e m s to  b e  r e la ted  to  c h a n g e  in  m o is tu r e  c o n te n t  an d , th e r e 
fo r e , c o o k in g  t im e  an d  fa t  c o n te n t  o f  th e  m e a t lo a v es .
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USE OF COAGULATED LACTALBUMIN FROM 
CHEESE WHEY IN GROUND MEATS

IN T R O D U C T IO N

U S E  O F  U N D E N A T U R E D  so lu b le  c h e e se  w h e y  p r o te in s  in  
h u m a n  f o o d s  h as b e c o m e  fe a s ib le  as a resu lt o f  sev era l n e w  
te c h n o lo g ie s  (M orr et a l., 1 9 7 3 ) .  H o w e v er , th e se  te c h n o lo g ie s  
m a y  n o t  b e  e c o n o m ic a l  fo r  sm a ller  c h e e se  m a n u fa c tu re rs . T h e  
s im p le  p r o c ess  o f  h ea t-a c id  c o a g u la t io n  o f fe r s  an  o p p o r tu n ity  
t o  r e c o v e r  th e  m ajor  w h e y  p r o te in  fr a c t io n s  as a h e a t-  
c o a g u la te d  la c ta lb u m in  curd (L C ) (e .g .,  W ebb and H u fn a g e l, 
1 9 4 6 ;  S c o t t  and M cD o n a ld , 1 9 5 2 ;  P ien , 1 9 7 1 , e t c . ) .  S o  far th is  
p r o d u c t  has fo u n d  l im ite d  a c c e p ta n c e  in  h u m a n  f o o d s  d u e  to  
i t s  in s o lu b i l i ty  an d  g r it ty  ch a ra cter  (W in gerd , 1 9 7 1 ;  M ann,
1 9 7 1 ) .

V a r io u s  n o n  m ea t p r o te in s  w e re  in v e st ig a te d  fo r  u se  as e m u l
s io n  sta b ilize r s  o r  b in d e rs  (In k la a r  and F o r tu in , 1 9 6 9 ;  S m ith  et  
ah , 1 9 7 3 )  and as e x te n d e r s  or m ea t rep la cers in  g ro u n d  m e a ts  
and sau sages (T h o m a s  e t  ah , 1 9 7 3 ;  A n o n .,  1 9 7 3 ;  Y e o  e t  a l.,
1 9 7 4 ) .  C u rren t in te r e st  h a s b e e n  fo c u s e d  o n  th e  so y b e a n  p r o d 
u c ts  a d d ed  to  m e a ts  as p o w d e r s  (J u d g e  e t a h , 1 9 7 4 ) ,  cu rd s  
(Y e o  e t  a l., 1 9 7 4 ) ,  or  in  th e  te x tu r iz e d  fo r m  (T P ). T h e  T P- 
g r o u n d  b e e f  m ix tu r e s  h ave b e e n  su c c e s s fu lly  m a r k e te d  for  
b o th  in s t itu t io n a l  an d  reta il u se.

M ilk  p r o te in s  in  va r io u s fo r m s —N F D M , N a -c a se in a te , co -  
p r e c ip ita te s -h a v e  a lso  b e e n  u t i l iz e d  in m e a t sa u sa g es (A n o n .,  
1 9 7 3 ;  T h o m a s  et a h , 1 9 7 3 ) .  T h e  s im p lic ity  o f  th e  h ea t-a c id  
c o a g u la t io n  p r o c ess  an d  th e  a v a ila b ility , n u tr it iv e  e x c e lle n c e  
an d  c o m p a t ib ility  w ith  p a r ticu la te  f o o d s  su g g est LC as a p o 
te n t ia l  m ea t a d d itiv e . T h e  p u rp o se  o f  th is  s tu d y  w as t o  ev a lu 
a te  th e  p e r fo r m a n c e  o f  th e  LC u sed  as an  e x te n d e r  in grou n d  
b e e f  m ea t balls.

E X P E R IM E N T A L

Preparation o f  the lactalbumin curd
Fresh cottage cheese w hey obtained from a local processor was 

adjusted to pH 6.5 with NaOH, heated in a cheese vat to  95°C , acidified  
to pH 4.5 with acetic acid, held for about 2 hr to cool gradually to 
am bient temperature, and the settled curd separated by decantation as 
described previously (Jelen et ah, 1973). The curd was placed into a 
perforated stainless steel box  lined w ith  cheese cloth , and left to drain 
overnight at 5°C. The moisture content o f  the drained curd was 84.4%. 
Most o f  the curd was freeze dried in a pilot-plant drier (Virtis Co., 
Gardiner, N .Y .) in order to obtain constant and uniform supply o f  
experim ental material. The dry LC was reconstituted as needed to 30% 
total solids (TS) for subsequent m ixing with the ground meats. The 
dehydration o f  LC irreversibly reduced the high water-binding capacity 
o f  the curd as discussed by Webb (1970). To obtain the crumbly struc
ture typical o f  fresh LC, the freeze-dried material was used reconsti
tuted to 30% TS. R econstitution to 15% TS resulted in a rather fluid 
paste.
Preparation o f  meat balls

Commercial ground beef was thoroughly m ixed w ith fresh (15.6%  
TS) or reconstituted (30% TS) LC in a 5 liter Hobart mixer (Model 
K5-A, Hobart Mfg. Co., Troy, Ohio), at the # 2  speed using a flat beater. 
Most o f  the experim ents in this work were carried out with mixtures 
containing up to  40% LC. Preliminary tests showed that with higher LC 
content the meat balls became organoleptically unacceptable. Higher 
levels o f  LC were used only in the moisture and fat retention study.

Meat balls o f  25 ± O .lg each were formed by hand and deep fried in 
an all-vegetable shortening at 175°C  for predetermined times. The 
cooked meat balls were drained o f  excess oil on an absorbent paper 
tow el before testing. For comparison, ground beef-TP m ixture was also 
prepared using the same meat sample and rehydrated (30% TS) Promate 
III (Griffith Labs, Ltd., Scarborough, O nt.). Four replicate meat balls 
for each treatm ent were prepared at a tim e and fried sim ultaneously. 
Three or four different groups o f  meat ball replicates were fried in a 
single batch.
Experimental procedures

Proximate analysis. Moisture, protein and fat o f  the raw experi
m ental materials were determined by vacuum oven (80°C  for 20 hr), 
micro-Kjeldahl and Soxhlet standard procedures, respectively (Table 1). 
The same procedures were used for analyses o f  com posite samples o f  
the fried replicate meat balls.

Cooking loss and texture. All meat balls were weighed before and 
after frying and the weight loss in % o f initial weight was calculated. 
The Lee-Kramer shear press m odel SP-12 (Lee Inc., Washington, D.C.) 
with the standard shear compression cell C-1S and the 3000  lb max 
electronic proving ring R-1E (experim ental setting 0 - 3 0 0  lb), was used 
for texture measurements. A fried meat ball was placed into the cell 
and maximum force during the disintegration was recorded. Three repli
cates were used for the texture measurements at each replacem ent level.

Organoleptic evaluations. The basic m ethod was the hedonic scale 
scoring using a nine-point numerical-verbal scale (extrem ely w ell l ik e d -  
9, to extrem ely d islik ed -1 ) as described (Larmond, 1970). Taste panels 
were selected from a group o f  15 members o f  the Dept, o f  F ood Sci
ence staff with past experience in sensory evaluation. The panelists 
were not specifically instructed as to the particulars o f  the products 
tested. The taste panel data were evaluated b y  the Duncan’s m ultiple 
range test.

R E S U L T S

T e x tu r e

T h e  e f fe c t  o f  la c ta lb u m in  cu rd  o n  te x tu r e  o f  th e  d e e p -fr ie d  
m ea t b a lls  is  sh o w n  in  F ig u re  1. A  g en era l tren d  o f  d ec re a sin g  
sh ear fo r c e  w ith  in crea sin g  le v e ls  o f  LC w a s o b ser v e d  at all 
fr y in g  t im e s ;  w ith  regard to  d o n e n e s s , 6 —8 m in  fr y in g  w a s  
c o n s id e r e d  o p t im a l. T h e  f in a l in te rn a l te m p e r a tu r e  w a s  
8 0 —8 5 ° C . W ith  lo n g e r  fr y in g  t im e s  th e  o u te r  la y er  o f  th e  b a lls  
b e c a m e  t o o  c ru sty  an d  th e  sh ear  fo r c e  read in gs f e l l  o u t s id e  th e

Table 1—Proximate analyses of the experimental materials

Sample
Moisture

<%)
Protein

(%)
Fat
(%)

Fresh lactalbumin curd 84.6 n.d.a n.d.a-b
Freeze-dried lactalbumin curd 2.2 51.3 n.d.^k
Ground beef — batch 1 58.7 17.6 23.2
Ground beef — batch 2 60.2 18.0 21.6

a N o t determ ined
b T h e  use o f cottage cheese w hey  im p lies absence o f  fat.

^072—JOURNAL OF FOOD SCIENCE-Volume 40 (1975)
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PERCENT LC

Fig. 1—Effect o f percent lactalburnin curd 
(LC) in ground beef/LC mixtures on weight 
loss and texture o f the deep-fried meat bails.

PERCENT LC

Fig. 2—Moisture o f the deep-fried meat bails 
as affected by frying time and percent lac- 
talbumin curd in LC/ground beef mixtures.

PERCENT LC

Fig. 3—Moisture content, fat content and 
weight loss after deep frying o f LC/ground 
beef meat balls (8 min frying at 175°Cl.

range o f  th e  m a c h in e . In crea sin g  le v e ls  o f  LC ca u sed  th e  b a lls  
t o  b e c o m e  n o t ic e a b ly  g r it ty  an d  m o r e  p a r ticu la te  th a n  th e  
a ll-b ee f  c o n tr o ls . T h is  p r o b a b ly  a c c o u n te d  fo r  th e  d ec re a se  in  
th e  sh ear fo r c e . In creasin g  g r it t in e ss  or  m e a lin e ss  w a s a lso  
n o te d  severa l t im e s  in  th e  ta s te  p a n e l e v a lu a t io n s . S im ilar  re
su lts  h a v e  b e e n  r e p o r te d  fo r  b r o ile d  b e e f -s o y  curd  p a tt ie s  (Y e o  
e t a l.,  1 9 7 4 ) .

C o o k in g  lo ss

W eight lo s se s  u p o n  c o o k in g  a lso  d e c re a se d  w ith  in crea sin g  
lev e ls  o f  LC at a ll fr y in g  t im e s  (F ig . 1 ). H o w e v er , th e  c o n s is 
te n t  p a tte rn  o f  d ec re a sin g  m o is tu r e  w ith  in c re a sin g  lev e ls  o f  
LC in  th e  fr ied  b a lls  w a s o b serv ed  w ith  m ea t b a lls  c o n ta in in g
0 - 4 0 %  LC (F ig . 2 ) .  E v en  th o u g h  th e  in d iv id u a l d a ta  p o in ts  are  
so m e w h a t s c a tte r e d , th e  tr en d  to w a r d  lo w e r  m o is tu r e  c o n te n t  
w ith  in crea sin g  LC at a ll fo u r  c o o k in g  t im e s  is c lea r ly  n o t ic e a 
b le . C o m p u te r  e v a lu a t io n  o f  th e  d a ta  rev ea led  th a t th e  b e s t-f it  
m o d e l (lin ea r  w ith  r e sp e c t to  % L C ) in  th e  fo r m

M = 5 3 .1 6 0  -  1 .692t -  0 .0 1 3 2 F  + [0 .163 -  0 .0 4 3 t + 0 .0 0 1 2 F  ] L

(w h ere  M =  % m o istu r e  c o n te n t;  t =  c o o k in g  t im e ;  and L =  % 
LC in  th e  m ix tu r e )  f its  a ll th e  e x p e r im e n ta l d a ta  in  F igu re  2 
w ith  an average error o f  2 .8%  (m a x  error w a s 7 .6% ). R e p lic a te  
e x p e r im e n ts  c o n fir m e d  th e  n e g a tiv e  c o r r e la t io n  b e tw e e n  m o is 
tu re  c o n te n t  a fter  fr y in g  a n d  th e  % LC in  th e  m ea t b a ll m ix 
tu re  in th e  0 - 4 0 %  LC c o n te n t  ran ge, e v en  th o u g h  s lig h t ly  
d iffe re n t n u m er ica l r e su lts  w ere  o b ta in e d . T h is  w a s p r o b a b ly  
d u e  to  th e  d if f ic u lt  te m p e r a tu r e  c o n tr o l in  th e  fr y in g  p r o c e 
dure.

T h e  se e m in g ly  c o n tr a d ic to r y  o b se r v a tio n s  o f  d im in ish in g  
w eig h t lo sse s  w ith  d im in ish in g  m o istu re  c o n te n t  in d ic a te d  th a t  
in creased  w a te r  r e te n t io n  o f  th e  LC w a s n o t  th e  r ea so n  fo r  th e  
high er c o o k in g  y ie ld s . F u r th e r  e x p e r im e n ts  w e re  carried  o u t  to  
esta b lish  w h e th e r  th e  e f f e c t  is  d u e  to  h ig h er  fa t a b so r p tio n  or  
h igh er  so lid s  r e te n t io n  o r  b o th .

M o istu re  and fa t
M o istu re , fa t and c o o k in g  lo ss  w ere  d e te r m in e d  w ith  m eat  

b a lls fr ied  fo r  8 m in . T h e  su b s t itu t io n  range w a s e x te n d e d  to  
80%  ( i .e . ,  2 0  parts m e a t  and 8 0  p arts L C ). B o th  fresh  and  
r e c o n s t itu te d  LC w ere u sed  in  o rd er  to  g a in  m o r e  in fo r m a tio n

a b o u t  th e  p o s s ib le  e f fe c t  o f  h ig h er  fa t  a b so r p tio n  in to  th e  
v o id s  l e f t  b y  v a p o r ize d  w a te r , a n d  a b o u t  th e  g en era l per
fo r m a n c e  o f  th e  fresh  LC in  th e se  c o n d it io n s .  T h e  r esu lts  are 
su m m a riz ed  in  F igu re  3.

T h e  tr en d  o f  d e c re a se d  c o o k in g  lo ss  w ith  in c re a sin g  LC  
c o n te n t  w as o b ser v e d  in  th e  w h o le  0 —80%  su b s t itu t io n  range  
w ith  b o th  fr esh  an d  r e c o n s t i tu te d  LC; h o w e v e r , th e  d e c re a se  is 
v e ry  s lig h t in  th e  case  o f  th e  fr esh  LC. D e cr e a sin g  m o istu r e  
c o n te n t  a fter  c o o k in g  w as a lso  o b se r v e d  in  th e  0 —40%  LC 
c o n te n t  range. A t h ig h er  r e p la c e m e n t  le v e ls  th e  LC had a re
v erse  e f fe c t .  T h e  s ig n if ic a n t ly  h ig h er  m o is tu r e  c o n te n t  o f  th e  
raw  m ix tu r e s  w ith  h ig h  LC c o n te n t  w a s th e  l ik e ly  r ea so n  fo r  
th e  s lo w e r  m o is tu r e  r em o v a l u p o n  th e  8 m in  c o o k in g .

In c o n tr a s t , th e  fa t c o n te n t  sh o w s  a reverse  tr en d  w ith  a 
m a x im u m  c o r r e sp o n d in g  t o  th e  m o is tu r e  m in im u m . T h e  in 
crea se  in  th e  fa t c o n te n t  a fte r  c o o k in g  o v e r  th a t o f  th e  pure  
b e e f  m ea t b a lls  in d ic a te d  so m e  fa t  a b so r p t io n  b y  th e  fried  
m ea t b a ll fr o m  th e  o il  b a th . A t  h ig h er  L C  lev e ls , th e  d rastic  
d e c re a se  o f  in it ia l  fa t c o n te n t  in  th e  raw  m ix tu r e  o b v io u s ly  
c o u ld  n o t  b e  c o m p e n sa te d  fo r  b y  th e  fa t  a b s o r p t io n  fr o m  th e  
o il b a th . T h e  m ass tra n sfer  p r o c e s s  m ig h t  h a v e  b e e n  retard ed  
a lso  d u e  to  th e  m u c h  tig h te r  s tr u c tu r e  o f  th e  raw  m ea t ball. 
T h is  w o u ld  e x p la in  b o th  th e  lo w  fa t  c o n t e n t  a n d  h ig h  m o istu r e  
c o n te n t  a t th e  h ig h  LC s u b s t itu t io n  range.

T a ste  p a n e l ev a lu a tio n

In th e  f irs t e x p e r im e n t  (T a b le  2 )  th e  p a n e lis ts  w ere  o ffe r e d  
a d if fe r e n t  sa m p le  e a ch  d a y  fo r  5 d a y s . T h e  sa m p le s , in c lu d in g  
an a ll-b e e f  c o n tr o l,  th e  e x p e r im e n ta l p r o d u c ts  w ith  1 0 , 2 0  and  
30%  m e a t rep la c ed  b y  LC, an d  a 75%  b e e f /2 5 %  T P  m ix tu r e  
w ere  fr ied  fo r  6 m in  an d  served  w arm ; th e  sa m p lin g  se q u e n c e  
w a s at ra n d o m . It ap p ears th a t u n d e r  th e se  c o n d it io n s  all th e  
sa m p le s  w ere  c o n s id e r e d  a c c e p ta b le , a lth o u g h  th e r e  is an  
o b v io u s  te n d e n c y  to w a r d s lo w e r  s c o r e s  in  fla v o r , te x tu r e  an d  
o v era ll q u a lity  w ith  in creasin g  LC a d d it io n . N o  sp ic e s , c o n d i
m e n ts  or  fla v o r in g s  w ere  ad d ed  t o  a n y  o f  th e  sa m p le s  w h ic h  
u n d o u b te d ly  c o n tr ib u te d  to  th e  g e n e r a lly  lo w  le v e l o f  a c c e p t
a n c e . T h e  m ain  d e fe c t  n o te d  b y  p a n e lis ts  w a s d r y n e ss  and  
c ru m b lin ess  o f  th e  m ea t b a lls  c o n ta in in g  h ig h er  a m o u n ts  o f  
LC.

In c o n d it io n s  o f  d irect c o m p a r iso n , th e  a ll-b e e f  m e a t balls
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Table 2—Mean taste panel scores3 of the deep fried meat balls 
evaluated independently

Sample 
composition 

(% LC 
in mixture)

Sampling
day Appearance Flavor T exture

Overall
quality

0 3 5.1 a,b 5.6 b,c 6.4 5.9 c
10 4 5.8 a,b 5.1 a,b 5.4 a 5.6 b,c
20 2 4.9 a,b 4.6 a 5.0 a 4.5 a
30 5 5.9 a 5.1 a,b 4.9 a 4,8 a,b
25b 1 4.8 b 6.1 c 5.4 a 6.1 c

3 A ccord ing to 9-po int iscale (9 —like e xtrem e ly . 5 —neither like  nor
d is like , 1—d islike  e x tre m e ly ). Means fo llow ed by the same letter 
are not sig n ifican tly  (P <  0 .0 5 ) d iffe rent, 

k  T P  added instead of LC

Table 3—Mean taste panel scores3 of the deep fried meat balls 
evaluated in comparison

Sample
composition Appearance Flavor Texture

Overall
quality

All Beef 7.0 b 7.0 b 6.5 b 6.8
90% Beef/10% LC 6.4 a 5.5 a 5.6 a,b 5.7 a
90% Beef/10% TP 6.9 a,b 6.0 a,b 5.2 a 5.7 a

3 A ccord ing  to 9-po int scale (9 —like  ex tre m e ly , 5 —neither like  nor 
d is like , 1—d islike  e x trem e ly ). Means fo llow ed by the same letter 
are not s ign ificantly  (P < 0 .0 5 ) d iffe rent.

w e re  g e n e r a lly  p re fer a b le  to  e ith er  T P -b e e f  or  L C -b ee f p r o d 
u c ts  e x te n d e d  at 10% le v e l (T a b le  3 ) .  T h is  su g g ests  th a t  n o t  
m o r e  th a n  5 —10%  LC r e p la c e m e n t m ig h t b e  u sed  in  pure  
g r o u n d  b e e f  w ith o u t  s ig n if ic a n t ly  c h a n g in g  i t s  o r g a n o le p tic  
q u a lity .

D IS C U S S IO N

A L T H O U G H  N O  E F F O R T  w as m a d e  to  o p t im iz e  th e  flavor  
a n d  th e  c o n c lu s io n  m a y  th u s  b e  c o n s id e r e d  p r e lim in a r y , it  
a p p ea rs  th a t  c er ta in  a m o u n ts  o f  th e  la c ta lb u m in  curd  m a y  b e  
a d d e d  to  m e a t p r o d u c ts  w ith o u t  se r io u s  a d v erse  e f fe c t s .  T h e  
m a in  v a lu e  o f  th e  curd w o u ld  b e  in d e c re a sin g  c o s t  w ith o u t  
a p p r e c ia b le  e f fe c t  o n  n u tr it iv e  q u a lity . D u e  t o  th e  h ig h  m o is 
tu r e  c o n te n t ,  th e  fresh  curd  w o u ld  n o t  b e  su ita b le  as a w a te r 
b in d in g  a gen t; in  fa c t ,  m ix in g  w ith  c er ta in  e s ta b lish e d  d ry  
m e a t a d d itiv e s , su c h  as T P  or  N F D M , m ig h t  b e  d esira b le  to  
a v o id  th e  h ig h er  m o is tu r e  lo sse s  an d  r e su lt in g  d r y n e ss  o b ser v e d  
w ith  th e  m e a t  b a lls. C o o k in g  m e th o d s  o th e r  th a n  d e e p  fr y in g  
m a y  a lso  h e lp  to  d im in ish  th is  p r o b le m . In  a d d itio n , grou n d  
m e a ts  o th e r  th a n  b e e f  m ig h t b e  m o r e  su ita b le  fo r  e x te n s io n  b y

c er ta in  n o n m e a t  a d d itiv e s , as in d ic a te d  b y  a b r ie f  r ep o rt o n  
p r o to ty p e  d e v e lo p m e n t  o f  m e a t- in sta n t  m a sh ed  p o ta to  m ix 
tu r e s  (S a d le r , 1 9 7 4 ) .  T h e  p a la ta b ility  o f  b e e f -c o n ta in in g  p r o d 
u c ts  in  th is  w o r k  w a s in fe r io r  t o  th o s e  m a d e  w ith  g r o u n d  la m b ,  
p o r k , c h ic k e n  or  f ish . S im ila r ly , fresh  p o r k  sa u sa g e  c o n ta in in g  
80%  g r o u n d  p o rk  an d  20%  o f  th e  r e c o n s t i tu te d  LC (30%  T S )  
w a s ra ted  as v e ry  a c c e p ta b le , an d  n o  g r it t in e ss  o r  d r y n e ss  w a s  
n o t ic e d  in  th e  b o ile d  sa u sa g es (J e le n , 1 9 7 4 ) .

T h e  c o m p a r iso n  o f  e x p e r im e n ts  w ith  fr esh  vs r e c o n s t itu te d  
LC (F ig . 3 )  su g g ests  th a t th e  fresh  LC, d e sp ite  its  h ig h  m o is 
tu r e  c o n te n t ,  w o u ld  p er fo rm  s a t is fa c to r ily  in  g r o u n d  m e a ts .  
T h e  u se  o f  fr esh  LC in  v a r io u s  m e a t  p r o d u c ts  a p p ea rs fe a s ib le  
e sp e c ia lly  w ith in  a lim ite d  g e o g ra p h ic  area, w ith  sm a ller  c h e e s e  
p r o c e ss in g  p la n ts  su p p ly in g  th e  lo c a l m e a t  p r o c e sso r s . In d r ied  
fo r m , th e  LC p o w d e r  is a g o o d  w a te r -b in d in g  a g e n t a n d  it  
m ig h t b e  su ita b le  as a fu n c t io n a l  m eat p r o d u c t  a d d itiv e  s im ila r  
to  th e  c u r re n tly  m a rk eted  u n d e n a tu r e d  w h e y  p r o te in  p r o d 
u c ts . D a ta  o f  B erlin  e t  al. ( 1 9 7 3 )  su g g est th a t  th e  w a te r-  
b in d in g  c a p a c ity  o f  th e  w h e y  p r o te in s  is  n o t  a lter ed  b y  h e a t  
d e n a tu r a t io n . T h u s, th e  h e a t-a c id  t e c h n o lo g y  m a y  b e  m o r e  
e c o n o m ic a l  th a n  n e w e r  so p h is t ic a te d  m e th o d s  in  c a se s  w h e r e  
p r o te in  in so lu b i li ty  w o u ld  n o t  b e  d e tr im e n ta l.
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EFFECT OF BONING BEEF CARCASSES PRIOR  
TO CHILLING ON MEAT TENDERNESS

IN T R O D U C T IO N

IN C R E A S IN G  P R O D U C T IO N  C O S T S  as a resu lt o f  sp ira lin g  
en ergy  p rices an d  w age  ra tes, c o m b in e d  w ith  a sh if t  in  c o n 
su m er tren d s to w a r d  p o r t io n -c o n tr o lle d  m ea t p r o d u c ts , has  
str o n g ly  su g g es ted  a n e e d  fo r  a m o r e  e f f ic ie n t  m e th o d  o f  fa b r i
ca tin g  th e  b e e f  carcass. H e r e to fo r e , su b s ta n tia l e f fo r t  h as b e e n  
given  to  h o t  or  a c c e le r a te d  p r o c e ss in g  o f  th e  p o rk  carcass as 
m ay b e n o te d  in  a rev iew  b y  F a lk  ( 1 9 7 4 ) .  It is g e n e ra lly  r e c o g 
n ized  th a t th e  h o t  p r o c e ss in g  o f  th e  p o rk  carcass m a y  b e  in it i
a ted  b e tw e e n  4 5  m in  to  1 hr p o s tm o r te m  w ith o u t  s ig n if ic a n t  
d im in u tio n  in  c o lo r , te n d e r n e ss , w a te r -h o ld in g  c a p a c ity  and  
flavor.

H o t b o n in g  o f  th e  b e e f  carcass p r e se n ts  a m o r e  d if f ic u lt  
p r o b lem  w h e n  co m p a r ed  to  p o rk  b e c a u se  o f  th e  r e la tiv e ly  s lo w  
rate o f  p o s tm o r te m  g ly c o ly s is .  M arsh ( 1 9 5 4 )  r ep o rte d  th a t all 
g ly c o ly t ic  p r o c esses  in  b o v in e  ca rca sses sh o u ld  b e  c o m p le te d  
w ith in  3 6  hr p o s tm o r te m . Ju n g k  e t  al. ( 1 9 6 7 )  r ep o rte d  th a t  
m a x im u m  iso m e tr ic  t e n s io n  w as a tta in e d  w ith in  3 — 16 hr a fter  
d e a th . B u sch  e t  al. ( 1 9 7 2 )  u s in g  a v e ry  se n s it iv e  m e a su r em e n t  
o f  iso m e tr ic  te n s io n , illu s tr a te d  th a t w h e n  b o v in e  ST  m u sc le  
str ip s w ere  su sp en d e d  in  a 3 7 ° C  d ilu te  sa lin e  s o lu t io n ,  te n s io n  
d e v e lo p m e n t rea c h e d  a m a x im u m  at 3 —5 hr p o s tm o r te m . T h e  
a u th o rs  fu rth er  o b ser v e d  th a t  b o v in e  m u sc le  d id  n o t  b e g in  to  
d e v e lo p  iso m e tr ic  t e n s io n  as ea r ly  p o s tm o r te m  as d id  e ith er  
rabb it o r  p o r c in e  m u sc le .

T h e  c o m p a r a tiv e ly  s lo w  rate  o f  p o s tm o r te m  g ly c o ly s is  in  
b e e f  has r esu lted  in  a n u m b e r  o f  v a r ia tio n s  in  p r o c ed u r e  re
garding th e  t im e  at w h ic h  th e  m u scu la tu re  w as e x c is e d , as w e ll  
as th e  su b s e q u e n t  tr e a tm e n t o f  th e  h o t-b o n e d  m u sc le . S c h m id t  
and G ilb ert ( 1 9 7 0 )  e x c is e d  m u sc le s  fr o m  6  ca rca sses a t a p 
p r o x im a te ly  2 hr p o s tm o r te m . T o  o v e r c o m e  th e  e f fe c t s  o f  
m u scle  sh o r te n in g  and to u g h e n in g , th e  h o t  m u sc le  w as aged  
fo r  2 4  or  4 8  hr p o s tm o r te m  at 1 5 °C  in gas im p e r m e a b le  bags  
and fr o z e n  at — 1 4 °C . C o ld -b o n e d  m u sc le s  w ere  e x c is e d  fro m  
th e  rem a in in g  s id e  o f  th e  carcass w h ic h  w as su sp e n d e d  fo r  2 4  
hr at 9 °C . R e su lts  in d ic a te d  th a t h o t-b o n e d  m u sc le s  aged  fo r  
2 4  hr w e re  sim ila r  to  th e  c o n tr o ls  in  te n d e r n e ss , w h ile  h o t 
b o n ed  m u sc le s  aged  fo r  4 8  hr w ere  s ig n if ic a n t ly  m o re  te n d e r  
th an  m u sc le  fr o m  th e  c o n tr a la te ra l s id e . K a stn er  e t al. ( 1 9 7 3 ) ,  
u sin g  18 a n im a ls , p r o p o se d  a se c o n d  m e th o d  to  a lle v ia te  th e  
p ro b lem s in v o lv e d  w ith  r igor  m o r tis  b y  a llo w in g  th e  m u sc le s  to  
rem ain  in ta c t  o n  o n e  s id e  o f  a carcass fo r  e ith er  2 , 5 or  8 hr  
p o stm o r te m . T h e  h o t -b o n e d  sid e  w as v e r t ic a lly  su sp en d e d  
from  th e  rail in  a 1 6 °C  c o o le r  fo r  th e  ass ign ed  tr e a tm e n t  
p er iod . T h e  r em a in in g  s id e  w as s im ila r ly  su sp e n d e d  in a 2 °C  
ch ill c o o le r  fo r  4 8  hr p o s tm o r te m , serv in g  as th e  c o n tr o l or  
co ld -b o n e d  s id e . M u sc les b o n ed  ( lo n g is s im u s  d o r si, b ic ep s  
fem o r is , s e m im e m b r a n o su s , and se m ite n d in o su s )  a t 2  and 5 hr  
p o s tm o r te m  w ere  fo u n d  to  b e  s ig n if ic a n tly  le s s  te n d e r  th a n  
th e ir  c o rresp o n d in g  c o n tr o ls .  T h e  8 hr h o t-b o n e d  m u sc le s  w ere  
n o t  s ta tis t ic a lly  d if fe r e n t  as com p a red  to  m u sc le s  fr o m  th e

1 Present address: D ep t, o f  F o o d  Science & N u tr ition , 1 -7 4  Agri
culture B ldg., U niversity o f  M issouri, C olum bia, MO 6 5 2 0 1

c o n tr o l s id e . A lth o u g h  n o  s ta t is t ic a l  c o m p a r iso n  w as m a d e  b e 
tw e e n  tr e a tm e n ts , i t  is im p o r ta n t  to  n o te  th a t th e  d if fe r e n c e  in  
te n d e r n e ss  b e tw e e n  h o t  and c o ld  m u sc le s  w as su b s ta n tia lly  less  
at th e  5-hr tr e a tm e n t w h e n  c o m p a r ed  w ith  th e  2-hr h o ld in g  
p er io d . A d d it io n a lly , n o  s ta t is t ic a l e v a lu a t io n  w as m ad e  o n  th e  
in d iv id u a l te s t  m u sc le s . S c h m id t  an d  K em a n  ( 1 9 7 4 )  ev a lu a ted  
th e  e f fe c t  o f  h o t  p r o c e ss in g  o n  6 A n g u s s te er  ca rca sses. In th is  
p r o c e d u r e , th e  r ig h t s id e  o f  e a ch  carcass w as h o t  b o n e d  1 hr 
a fter  s la u g h ter , w h erea s  th e  le f t  s id e  w as p la c ed  in  a 1°C  r o o m . 
T h e  b o n e le ss  w h o le sa le  c u ts  fr o m  th e  r igh t s id e  w ere  k e p t at 
7 °C  fo r  4  hr and w ere s u b s e q u e n t ly  p la c ed  in  1°C  r o o m  o ver
n ig h t. T h e  c u ts  w ere  th e n  v a c u u m  p a ck a g ed  and rep la ced  in  
th e  c o ld  r o o m  fo r  7 d a y s . T h e  c o n tr o l s id e  w as b o n e d  after  
c h illin g  fo r  8 days at 7 °C . T a ste  p a n el e v a lu a t io n  as w e ll as 
e v a lu a tio n  b y  W arner-B ratzler  sh ear d id  n o t  in d ic a te  a s ig n if i
c a n t d if fe r e n c e  in  te n d e r n e ss  b e tw e e n  th e  tw o  p ro cessin g  
m e th o d s . M ea su rem en ts  o f  fib er  d ia m e ter  sh o w e d  th a t m o st  
h o t-b o n e d  m u sc le s  in crea sed  in  fib er  d ia m e te r  w h e n  co m p a red  
w ith  th e  c o n tr o l.

H o t  b o n in g  th e  b o v in e  carcass h as severa l p o te n t ia l  advan 
tages. M ost n o ta b le  is th e  fa c t  th a t th e  p r o c ed u r e  r esu lts  in  th e  
r em o v a l o f  b o n e  an d  e x c e s s  fa t p r ior  to  c h illin g , th e r e b y  re
d u c in g  th e  a m o u n t  o f  n e c e ssa r y  c o o lin g . P ro c esso r s  w o u ld  
b e n e fit  fr o m  in crea sed  e f f ic ie n c y  r esu lt in g  fr o m  th e  u t iliz a t io n  
o f  o n -th e -r a il b o n in g  (B r a s in g to n  a n d  H a m m o n s, 1 9 7 1 )  w h ic h  
is e n h a n c e d  b y  th e  fa c t  th a t  th e  m u sc le  an d  fa t are p lia b le  and  
e a sily  r em o v e d  fro m  th e  h o t  carcass. T h e  b o n e le ss  p r o d u ct  
w o u ld  m a x im iz e  re fr ig era tiv e  sp a ce  and len d  i t s e lf  w e ll to  p o r 
t io n  c o n tr o l.

T h is  s tu d y  w a s d e sig n e d : (1 )  to  e v a lu a te  th e  fe a s ib ility  o f  
h o t  b o n in g  th e  b e e f  carcass at 3 , 5 an d  7 hr p o s tm o r te m  w ith  
r e sp e c t to  te n d e r n e ss;  an d  ( 2 )  to  d e te r m in e  th e  m in im u m  c o n 
d it io n in g  t im e  b e fo r e  h o t  b o n in g  c o u ld  b e  in it ia te d .

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

30 C H O IC E  A N G U S  S T E E R S  ranging in weight from  4 0 5 -5 5 5  kg, 
were random ly assigned to 3 treatment groups (3, 5 or 7 hr postm or
tem). Fo llow ing  the 24-hr shrinkage period, the steer was weighed and 
given antemortem  Federal inspection. Care was exercised in handling 
the animals to avoid any adverse effect upon  postm ortem  metabolic 
reactions, as weh as ultimate product quality. Each animal was stunned, 
raised from  the floor b y  both  legs and bled. The  time o f  death was 
recorded upon com pletion o f  exsanguination. D u ring  the conventional 
dressing operation extreme care was exercised to assure accurate split
ting for even weight distribution on  the vertically (tendon o f Achilles) 
suspended sides. The slaughter and dressing operation proceeded as 
rapid ly as possible so that Federal inspection was given w ith in  45  min 
postmortem. E ither the right or left side o f  the carcass was random ly 
assigned to one of two treatments: (1) rem oving the muscles at 3, 5 or 
7 hr postm ortem  while the carcass was still warm  (hot bon ing) or (2) 
rem oving the muscles after a 48  hr ch illing period (cold bon ing) at 1°C.

Hot-boned side

Im m ediately after being weighed, the hot side was placed in a 16°C 
hold ing room. Therm ocouples were inserted into the three test muscles, 
namely, the longissim us dorsi (L D ),  sem im em branosus (SM )  and semi-
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tendinosus (ST ). Each  therm ocouple was in turn connected to a H oney
well record ing potentiometer. Fo llow ing  the expiration o f  a 3, 5 or 7-hr 
ho ld ing period, the side was fabricated into a streamlined hindquarter.

T h is  fabrication consisted o f  chuck removal at the fifth thoracic 
vertebra w ith the flank and plate removed as in the commercial trade. 
After the streamlined hindcuarter was weighed, on-the-rail dissection o f 
muscles and muscle systems was initiated in the 16°C  hold ing area.

The  fat was carefully stripped from  the muscle so that the epi- 
m ysium  remained intact. Exc is ion  o f the muscles from  the streamlined 
hindquarter was found  to be the m ost efficient if  they were removed in 
the fo llow ing order: tensor fascia latae, sartorius, semimembranosus, 
semitendinosus, biceps femoris, quadriceps com plex, psoas major, glu
teus com plex and longissim us dorsi. The  rem aining lean and small m us
cles were excised and utilized for lean trim. A s  soon as the excision o f a 
given muscle was completed, it was placed into a C ry-O -V ac bag (S-507) 
(no vacuum  was drawn) to prevent surface desiccation. Other com 
ponents (bone, fat and lean trim ) were treated in an identical manner. 
The dissection o f  the streamlined hindquarter was completed approx i
mately 1 hr after initiation. The  com ponents were then removed to a 
1°C cooler for the rem aining portion o f  the 48-hr period (same cooler 
as the cold  side).

Cold-boned side

Im m ediately after obtaining the hot weight, the side to be cold 
boned was placed into a 1°C chill cooler for 48  hr. Fo llow ing  the 
expiration o f  this time period, the cold-boned side was reweighed and 
broken dow n into a streamlined hindquarter. The  side was then re
moved to the 16°C hold ing area and an identical procedure to that o f 
the hot side was followed.

Sam ple preparation

Three test muscles (L D ,  SM , and ST ) were selected for tenderness 
evaluation b y  both  subjective and objective measures. Sam ple locations 
were the same for both  the hot- and cold-boning treatment. D u ring  the 
sam pling procedure the muscles were held at 1°C.

Steaks for the organoleptic evaluation and shear force were pack
aged, labeled and frozen ( - 1 0 ° C) for analysis at a later date. The  steaks 
for histological exam ination were held fresh at 1°C until sampled.

pH  Determ ination

Measurements o f  p H  were taken from  1 through 5-hr postmortem  
and then again at 24 and 48-hr postm ortem  from  the psoas major o f 
both the hot and control sides. The  psoas major was used in order to 
avoid cutting the test muscles w hich w ould result in tension loss and 
could possibly influence product tenderness. The  procedure at each 
measurement period involved excising a freshly cut transverse section 
from  the same general area on each side, using the skeleton as a guide
line. lO g o f finely minced muscle were weighed into a beaker con
taining 50 m l o f distilled water. The so lution was m ixed thorough ly  and 
allowed to stand for 1 m in at w hich time m ix ing  was repeated. The 
recorded pH  was used as an index o f the extent and rate o f  postm ortem  
glyco lysis in the hot- as compared to the cold-boned side.

Shear force

The  test steaks were thawed at 1°C for 24 hr. T w o  steaks from  each 
o f the three test muscles were evaluated for both  hot and cold boning; 
thus, 12 steaks were analyzed from  each o f  the 30 carcasses. The 
thawed steaks were cooked in deep fat until an internal temperature o f 
72°C  was reached. The  cooked steaks were chilled for 24 hr at 1°C to 
provide adequate firmness and insure un iform  cores (Kastner and Hen- 
rickson, 1969). Each  steak yielded three, 1.90 cm diam  cores and each 
core was sheared three times by  the Warner-Bratzler shear instrument. 
A  1.90 cm bore was preferred to a 2.54 cm bore as it facilitated the 
removal o f  three cores from  each steak. Paul and Bratzler (1955) found 
that there was close agreement between shears o f  1.27 and 2.54 cm in 
diameter and suggested that either size m ay be used to measure shear 
force. Therefore, no loss o f  accuracy was anticipated as a result o f  using 
the smaller diameter bore.

H istological evaluation

Fiber diameter and k inkiness score. One, 1.27 cm core was removed 
from  the center o f corresponding steaks o f  the hot and cold L D ,  S M  
and ST. Cores from  the twc steaks o f  a given muscle and process (hot 
or cold) were placed in 1 0 %  buffered form alin  and stored at 1°C until 
the muscle fibers were isolated. The form alin  was changed after 24 hr 
to insure adequate fixation. The fiber diameter was observed at the 
same time as the k inkiness score (Cagle and Henrickson, 1970).

Sarcomere length. Because o f the d ifficu lty  o f  measuring sarcomere 
length, a lim ited study was accomplished using the previously discussed 
fibers isolated from  hot and cold L D  muscles o f  the first four carcasses

in each hold ing period (3, 5 or 7 hr). The  suspension o f  fibers contained 
in a sample vial was placed in a W aring B lendor jar w ith  reversed blades 
and blended at high speed (100  on the rheostat) for 1 m in to isolate the 
m yofibrils. The  suspension was then returned to the glass jar. F ive  
m yofibrils per jar were random ly photographed using a Zeiss phase- 
contrast m icroscope equipped w ith a Polaroid camera and Zeiss light 
meter at 1500  magnifications. Thus a total o f  120 m yofib rils  (20  hot 
and 20 cold for each hold ing period) were photographed. The ind i
vidual m yofib ril on each photom icrograph was evaluated b y  measuring 
the length o f  ten sarcomeres by  use o f  a caliper. The  caliper was placed 
on a meral ruler w ith 1/100-in. graduations, and the value was con
verted to mm. Sarcomere length was calculated as follows:

A
-----------  = Sarcomere length in m icrons
(B ) (C)

where A  = Num ber o f  m illimeters measured; B  = Num ber o f sarcomeres 
measured = 10; and C  = M agnification o f m yofib ril = 1500

Organoleptic evaluation (tenderness panel)

The L D  and S M  muscles were utilized for appraisal b y  a tenderness 
panel. Because o f  its size, the S T  was not used. Tw o  steaks from  the L D  
and S M  muscles o f  both  right and left sides o f the carcass were thawed 
for 24 hr at 1°C. S ix  trained panel members were used fo r each trial, 
although all six  members were not the same from  trial to trial. The 
judges consisted o f  both  men and w om en o f  different ages selected 
from  the employees o f  the Meat Science Laboratory.

The duo-trio test (Kram er and Twigg, 1966; Am erine et ah, 1965) 
was used to determine whether differences in tenderness existed be
tween hot and cold boning. Each judge was asked to choose w hich  o f 
the unknow ns best matched the reference sample. Random ization  was 
used to determine w hich process (hot or cold) w ou ld  serve as the pair 
(reference and corresponding unknow n) and w hich w ou ld  be designated 
as the single (odd sample). The steaks from  a given muscle were 
weighed and then cooked in F rym ax  oil at 135°C  to an internal temper
ature o f  72°C. A fter cooking, the steaks were blotted, reweighed, and 
prepared for sample extraction. A  1.27 cm diameter bore was used to 
remove two cores from  the steak used as the pair and one core from  the 
steak serving as the single.

Care was exercised to avoid extraneous variation in response by 
control o f  sample position, labeling, random ization, temperature, light
ing and odors.

The  duo-trio test was perform ed first, then each judge was asked to 
indicate a preference for one o f the two unknow ns. I f  there were no 
preference, the judge was asked to flip a coin. Lastly, each judge as
signed to each unknow n  a level o f  acceptability based on a six-point 
scale (the larger the number, the higher the level o f acceptability).

The duo-trio panel was evaluated by means o f  Table 85 as show n in 
Kram er and Tw igg (1966) such that 73/120 correct responses were 
required for significance at the 0.05 level. A na lysis  o f  the preference 
selection was accomplished b y  assigning the preferred treatment a value 
of 2 and the remaining treatment a value o f  1. The  hedonic scale was 
evaluated sim ilarly such that the treatment receiving the higher level of 
acceptability was ranked w ith a 2 and the rem aining treatment w ith a 
value o f 1. In  case o f  a tie, each treatment received a value o f 1.50. 
Both  the preference and hedonic evaluation were analyzed b y  the 
Freidm an test (Conover, 1971).

Statistical analysis

The S A S  com puter program m ing system  (Service, 1972) was used to 
analyze all data presented in this study. O rganoleptic panels were evalu
ated by  using the ranking procedure described b y  Conover (1971 ) in 
conjunction w ith the Chi-square test. The analysis o f  variance was used 
in the remainder o f  the statistical evaluations. F-tests concerned w ith 
the main unit analysis utilized the animal x  process mean square w ith 
nine degrees o f  freedom as the error term. The subunit analysis F-tests 
were conducted using the pooled animal x  steak plus anim al x  process 
x  steak mean square w ith 18 degrees o f  freedom. Furtherm ore, it is 
im portant to note that each ho ld ing period was considered as a separate 
experiment. Th us no statistical com parison was made between the 3, 5 
and 7-hr treatments.

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

A S SH O W N  IN  T A B L E  1, d iffe re n c es  in  sh ear  fo r c e  va lu es  
b e tw e e n  h o t  vs c o ld  b o n e d  m u sc le  w ere sm a ll, averaging  less  
th a n  0 .9 0  kg. A lth o u g h  n o t  im p o r ta n t fr o m  a p ra c tica l s ta n d 
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p o in t, sh ear fo r c e  v a lu e s  w ere  s ta t is t ic a lly  d if fe r e n t  (P  <  0 .0 5 )  
o n ly  a t th e  5-hr h o ld in g  p e r io d  fo r  th e  L D  an d  at th e  7-hr  
h o ld in g  p er io d  fo r  th e  SM . S ta t is t ic a l e v a lu a t io n  o f  th e  in te r 
a c tio n  as a resu lt o f  sa m p lin g  lo c a t io n  w as n o n s ig n if ic a n t  (P  >
0 .0 5 )  in  th e  th r e e  te st  m u sc le s  at all h o ld in g  p e r io d s , in d ic a t in g  
that s te a k s fr o m  a g iv en  lo c a t io n  r e sp o n d e d  sim ila r ly  regard less  
o f  p r o c ess in g  m e th o d .

A s sh o w n  in  T a b le  2 , sa r c o m e r e  le n g th  w as s lig h t ly , b u t n o t  
s ig n if ic a n tly , sm a ller  (P  >  0 .0 5 )  in  h o t-p r o c e s se d  L D  as c o m 
pared to  th e  4 8 -h r  c o n tr o l a t a ll h o ld in g  p e r io d s  in d ic a t in g  th a t  
th e  h o t  m u sc le  h ad  n o t  sh o r te n e d  a p p re c ia b ly . D if fe r e n c e s  in  
th e  fib er  d ia m e te r  w ere  s ig n if ic a n t  (P  <  0 .0 5 )  in  th e  L D , SM  
and ST m u sc le s  at th e  3-hr h o ld in g  p e r io d  (T a b le  3 ) .  H o w ev er , 
th e  largest d if fe r e n c e  b e tw e e n  th e  tw o  p r o c esses  w as o n ly  7 .0  
jum (3  hr S T ), r ep re se n tin g  an  11%  d ec re a se  in  fib er  le n g th  as 
co m p a red  to  th e  c o n tr o l s id e . A  d ec re a se  in  le n g th  o f  th is  
m a g n itu d e  is n o t  o f  c o n se q u e n c e  w h e n  o n e  c o n s id e r s  th a t  a 
m u scle  m a y  sh o r te n  b y  20%  w ith  l it t le  o r  n o  d ec re a se  in  t e n 
dern ess (M arsh and L e e t , 1 9 6 6 ) .  F ib er  d ia m e te r  w as s lig h t ly  
greater fo r  h o t-p r o c e s se d  L D  and ST  as c o m p a r ed  to  th e  c o n 
tro l at th e  3 , 5 an d  7-hr h o ld in g  p e r io d s . It is in te r e s t in g  to  
n o te  th a t th e  reverse  s itu a t io n  o c cu rr ed  in th e  SM  at all b o n in g  
p er io d s. A  large a m o u n t o f  sh o r te n in g  w a s n o t  a n tic ip a te d  in  
th e  SM as s tu d ie s  b y  H erring e t  al. ( 1 9 6 5 )  and H o ste tle r  e t al. 
( 1 9 7 0 ;  1 9 7 2 ;  1 9 7 3 )  d e m o n s tr a te d  th a t su sp e n s io n  o f  s id e s  b y  
th e  A c h ille s  te n d o n  d o e s  n o t  e x e r t  a s tr e tc h in g  e f fe c t  o n  th e  
SM; th e r e fo r e , r em o v a l o f  th e  in ta c t  m u sc le  sh o u ld  n o t  ad 
v erse ly  in f lu e n c e  its  te n d e r n e ss .

K in k in e ss  sc o r e s  fo r  th e  h o t-b o n e d  L D  (T a b le  4 )  w ere  
so m e w h a t grea ter  (P  <  0 .0 5 )  th a n  th e  c o r r e sp o n d in g  c o n tr o l at 
all th r e e  h o ld in g  p e r io d s . D if fe r e n c e s  in  k in k in e ss  sc o r es  fo r  
h o t  vs c o ld -b o n e d  SM an d  ST  m u sc le s  (T a b le  4 )  w ere  n o n 
s ig n if ica n t (P  >  0 .0 5 )  fo r  all h o ld in g  p e r io d s . It is o f  fu r th er  
im p o r ta n c e  to  n o te  th a t k in k in e ss  sc o r es  w ere  in  th e  range o f  
w a v y  to  tw is te d  ( 3 - 5 ) ,  g iv in g  fu r th e r  e v id e n c e  th a t th e  h o t 
b o n e d  m u sc le s had  n o t  u n d e r g o n e  a su b s ta n tia l d e g ree  o f  
sh o rten in g .

S u b je ctiv e  e v a lu a t io n  v ia th e  d u o -tr io  te s t  rev ea led  th a t th e  
ju d g es  w ere  a b le  to  d is t in g u ish  d if fe r e n c e  (P  <  0 .0 5 )  b e tw e e n  
th e  te n d e r n e ss  o f  h o t  and c o ld  p r o c e sse d  L D  o n ly  at th e  7-hr  
h o ld in g  p e r io d  (T a b le  5 ) . A s sh o w n  in  T a b le  6 , rank  a n a ly sis  o f  
p referen ce  fr e q u e n c y  sh o w e d  n o  s ta t is t ic a l d if fe r e n c e  in p r e f
eren ce  b e tw e e n  th e  tw o  p r o c e sse s  a t th e  3 an d  7-hr h o ld in g  
p er io d s. A  s ig n if ic a n t  d if fe r e n c e  (P  <  0 .0 5 )  w a s in d ic a te d  fo r  
the  L D  at th e  5-hr h o ld in g  p er io d  as th e  p a n e lis ts  p referred  th e  
c o ld -b o n e d  sa m p le  62%  o f  th e  t im e  w h er ea s  th e  h o t-b o n e d  
m u scle  w as preferred  38%  o f  th e  t im e . H o t-b o n e d  L D  w as

Table 1 
muscles

—Shear values (kg) of hot vs cold-boned LD, SMand ST

Holding Mean Mean Std. error
period® "hot" shear "cold" shear of treatment

Muscle (hr) force force mean

LD 3 7.46 6.86 0.21
5 6.92 6 .10* 0.20

7 6.62 6.50 0.21

SM 3 9.40 8.91 0.20

5 9.08 8.75 0.15
7 9.72 8.96* 0.21

ST 3 9.83 9.48 0.15
5 9.63 9.62 0.12

7 10.18 9.87 0.14

a Postm ortem  holding period fo r hot-boned side
♦ Sign ificant d ifference (P <  0 .0 5 ) between hot- and cold-boned 

sides

Table 2—Sarcomere length (¿im) in hot vs coJd-boned LD

Holding
period®

(hr)

Mean "hot" 
sarcomere 

length

Mean "cold" 
sarcomere 

length
Std. error of 

treatment mean

3 2.04 2.15 0.05
5 2.00 2.06 0.02
7 2.14 2.25 0.03

a Postm ortem  holding period fo r hot-boned side

Table 3—Fiber diameter (jum) in hot vs cold-boned LD, SM and 
ST muscles

Holding Mean "hot" Mean "cold"

Muscle
period®

(hr)
fiber

diameter
fiber

diameter
Std. error of 

treatment mean

LD 2 69.84 63.72* 1.52
5 67.16 63.52 1.34
7 66.04 64.48 1.88

SM 3 58.00 62.00* 0.69
5 61.16 62.24 1.48
7 60.04 61.36 1.09

ST 3 65.12 58.64* 1.64
5 61.00 59.48 2.05
7 54.88 54.76 1.28

a Postm ortem  holding period fo r hot-boned side
♦ Sign ificant c iffe ren ce  (P <  0 .0 5 ) between hot- and cold-boned 

sides

Table 4- Kinkiness score in hot vs cold-boned LD , SM and ST

Mean "hot" Mean "cold"
Holding kinkiness kinkiness Std. error of

Muscle perioda score score treatment mean

LD 3 4.90 3.54* 0.35
5 5.16 3.52* 0.33
7 4.46 3.18* 0.28

SM 3 3.98 4.66 0.29
5 4.38 4.30 0.27
7 4.47 4.91 0.25

ST 3 3.00 3.62 0.26
5 3.01 3.63 0.27
7 3.27 3.88 0.28

a Postm ortem  holding period fo r hot-boned side 
♦ S ign ificant d ifference (P <  0 .0 5 ) between hot- 

steaks
and cold-boned

Table 5 -Paired comparison analyses for the LD and SM muscles

Holding Total number Total number
perioda of paired identifying

Muscle (hr) comparisons pair

LD 3 120 63
5 120 62
7 120

*COr-

SM 3 120 60
5 120 51
7 120 59

a Postm ortem  holding period fo r hot-boned side
♦ Sign ificant d ifference (P < 0 .0 5 ) between hot- and cold-boned

steaks



1078-JO U R N A L  OF FOOD SCIENCE-Volum e 40 (1975)

s lig h t ly  p referred  (5 2 % ) to  th e  4 8 -h r  c o n tr o l at th e  7 -h r  h o ld 
ing  p e r io d . D if fe r e n c e s  in  th e  fr e q u e n c y  o f  a ss ig n in g  o n e  p r o c 
ess or  h ig h er  le v e l  o f  a c c e p ta b il ity  o v er  a n o th e r  w ere  n o n s ig 
n if ic a n t  (P  >  0 .0 5 )  a t th e  5 and 7-h r h o ld in g  p e r io d s  (T a b le  7 ) ,  
b u t a s ig n if ic a n t  d if fe r e n c e  (P  <  0 .0 5 )  d id  o c c u r  at th e  3-hr  
h o ld in g  p e r io d  as th e  h o t-b o n e d  L D  w a s g iv en  a h ig h er  lev e l o f  
a c c e p ta b il ity  41%  o f  th e  t im e . C o m p a r iso n  o f  T a b le  1 w ith  
T a b les 6 an d  7 illu s tr a te s  th a t th e  su b je c t iv e  te n d e r n e ss  ev a lu 
a t io n  o f  th e  L D  m irrored  th e  sh ear fo r c e  a n a ly sis . A s m a y  b e  
n o te d , th e  h o t-b o n e d  m u sc le  sh o w e d  a s lig h t d ec re a se  in b o th  
p r e fe r e n c e  a n d  a c c e p ta b il ity  c o m p a r in g  th e  3 and 7-hr h o ld in g  
p e r io d s  t o  th e  5-hr h o ld in g  p e r io d . T h e  a u th o r  q u e s t io n s  th e  
s ig n if ic a n c e  o f  th e  d u o -tr io  te s t  at th e  7-hr h o ld in g  p er io d  
(T a b le  5 ) b e c a u se  o f  th e  sm a ll d if fe r e n c e s  in  a c tu a l h e d o n ic  
sc o r es  and p r e fe r e n c e  ra n k in g  b e tw e e n  h o t  an d  c o ld  L D  
(T a b le s  6  an d  7 ) .  S ig n if ic a n t d if fe r e n c e s  in  a c c e p ta b il ity  and  
p r e fer en ce  sc o r e s  a t th e  3 and 5-hr h o ld in g  p e r io d s  (T a b le s  6  
and 7 ) ,  r e s p e c t iv e ly , w ere  g rea tly  d im in ish ed  b y  th e  fa c t  th a t  
th e  ju d g e s  c o u ld  n o t  d if fe r e n tia te  b e tw e e n  th e  tw o  p r o c esses  
in  th e  d u o -tr io  te s t . T h is  s ta te m e n t  is su p p o r te d  b y  th e  s im i
la r ity  in  a c tu a l h e d o n ic  sco res . T h e r e fo r e , th e  a p p a ren t la ck  o f  
a g r ee m en t o f  th e  d u o -tr io  te s t  w ith  th e  p r e fer en ce  an d  ac
c e p ta b ility  a n a ly se s  w as fu r th e r  in d ic a t io n  th a t th e  d if fe r e n c e s  
in  te n d e r n e ss  w ith in  ste a k s  o f  a g iv en  p r o c ess  w ere  n o  greater  
th a n  d if fe r e n c e s  b e tw e e n  p r o c esses .

T h e  d u o -tr io  te s t  fo r  th e  SM (T a b le  5 )  rev ea led  th a t th e  
ju d g es  c o u ld  n o t  d is t in g u ish  d if fe r e n c e s  (P  >  0 .0 5 )  in  te n d e r 
n e ss  b e tw e e n  p r o c e sse s  at a n y  h o ld in g  p e r io d . R an k  a n a ly sis  
(T a b le  6 )  sh o w e d  a grea ter  p r e fe r e n c e  fr e q u e n c y  (59%  vs 51% ) 
fo r  th e  c o ld -b o n e d  m u sc le  as co m p a r ed  to  th e  h o t-b o n e d  SM  
at 3 hr; h o w e v e r , th e  d if fe r e n c e  in  fr e q u e n c y  w a s n o n s ig n if i

Table 6 —Preference rank analyses for the LD and SM muscles

Muscle

Holding
period3

(hr)

Mean rank 
of hot

boned steaks'3

Mean rank 
of cold

boned steaks'3

LD 3 1.40 1.60
5 1.38 1.62*
7 1.52 1.48

SM 3 1.41 1.59*
5 1.46 1.54
7 1.47 1.53

3 Postm ortem  holding period fo r hot-boned side 
b Larger value denotes increased preference
•S ig n if ic a n t  d ifference (P <  0 .05 ) between hot- and cold-boned 

steaks

Table 7—Hedonic scale score rank analyses for the LD and SM 
muscles

Holding Mean "hot" Mean "cold" Mean "hot" Mean "cold" 
period3 hedonic hedonic ranked ranked

Muscle (hr) scoreb scoreb scoreb score

LD 3 4.14 4.42 1.41 1.59*
5 4.42 4.68 1.41 1.59
7 4.47 4.41 1.52 1.48

SM 3 3.96 4.08 1.46 1.54
5 3.91 4.19 1.42 1.58
7 3.76 4.07 1.43 1.57

3 Postm ortem  holding period fo r hot-boned side 
b Larger value denotes increased preference
* S ig n ifican t d ifference (P <  0 .0 5 ) between hot- and cold-boned 

steaks

c a n t (P  >  0 .0 5 )  a t th e  5 an d  7-hr h o ld in g  p e r io d s . A t all 
h o ld in g  p e r io d s , p a n e lis ts  a ss ig n ed  a h ig h er  le v e l o f  a c c e p ta 
b ility  (T a b le  7 )  t o  th e  c o ld -b o n e d  sa m p le  m o r e  fr e q u e n t ly  
th a n  t o  th e  SM w h ic h  w as h o t  b o n e d . A s m a y  b e  n o te d , a c tu a l  
h e d o n ic  sc o r es  averaged  s lig h t ly  a c c e p ta b le  a t all h o ld in g  
p er io d s . C o m p a r iso n  o f  T a b le  1 w ith  T a b le s  6  and 7 aga in  
illu s tra te s  th a t  th e  su b je c t iv e  e v a lu a t io n  m irrored  th e  o b je c t iv e  
a n a ly sis  b y  W arner-B ratzler  sh ear. N o  s ig n if ic a n t  in te r a c t io n s  
(P  >  0 .0 5 )  w ere  n o te d  w ith  r e sp e c t  t o  sa m p lin g  lo c a t io n  in  
e ith e r  th e  L D  or  SM  m u sc le s . T h e  so m e w h a t  lo w  le v e ls  o f  
a c c e p ta b il ity , w ith  p a rticu la r  r e fe r e n c e  to  th e  L D , w e re  d u e  to  
th e  fa c t  th a t th e  m e a t w a s n o t  aged . T h e  r esu lts  o f  th e  te n d e r 
n ess p a n e l fu r th e r  r e in fo r c e d  th e  s lig h t d if fe r e n c e s  e x h ib ite d  
b y  W arner-B ratzler  sh ear and th e  h is to lo g ic a l  e v a lu a t io n  w ere  
o f  l it t le  p ra c tica l im p o r ta n c e . It is  g e n e r a lly  a c c e p te d  th a t  a 
m in im u m  d if fe r e n c e  o f  at lea st 0 .5  k g  o r  m o r e  (K h a n  e t a l.,
1 9 7 3 )  m u st e x is t  in  sh ear fo r ce  b e fo r e  d e te c t io n  is p o s s ib le  b y  
se n so ry  p a n e l e v a lu a t io n . F u r th e r m o r e , Sharrah e t al. ( 1 9 6 5 )  
p o s tu la te d  th a t  se n so r y  d isc r im in a tio n  a m o n g  sa m p le s  w a s  
m o re  a c u te  w ith in  a lo w e r  range o f  sh ear  fo r c e  v a lu e s  th a n  
w ith in  a h ig h er  range.

T h e  fe a s ib ility  o f  h o t  b o n in g  b o v in e  m u sc le  as ea r ly  as 3 hr 
p o s tm o r te m  w as fu r th e r  su p p o r te d  b y  b o th  th e  pH  a n d  t e m 
peratu re  d ata . A s sh o w n  in  F igu re  1, th e  pH  o f  h o t-b o n e d  
p so a s m ajor (P M ) w a s a lw a y s  lo w e r  fr o m  th e  2  th r o u g h  th e
2 4 -h r  m e a su r e m e n t p er io d  as c o m p a r ed  w ith  th e  4 8 -h r  c o n tr o l.  
T h e so m e w h a t  m o r e  rapid ra te  o f  p H  d e c lin e  w a s a r esu lt  o f  
c o n d it io n in g  th e  h o t  s id e  in  a 1 6 °C  c o o le r , a l lo w in g  th e  m u s
c le s  to  m a in ta in  th e ir  te m p e r a tu r e  (3 7 ° C )  fo r  a lo n g e r  p e r io d  
o f  t im e .

A s m a y  b e  n o te d  in F igu re  1, th e  pH  cu rves o f  h o t  and  
c o ld -b o n e d  s id e s  at th e  3-hr h o ld in g  p e r io d  in d ic a te d  th a t th e  
rate o f  pH  d e c lin e  w as so m e w h a t  grea ter  fr o m  1 - 3  hr p o s t 
m o r te m  as c o m p a r ed  to  th e  sam e t im e  p e r io d  fo r  s id e s  as
sig n ed  to  e ith e r  th e  5- o r  7-hr c o n d it io n in g  p e r io d . H o w e v e r , 
fro m  3 - 4 8  h r  p o s tm o r te m , o n ly  m in o r  v a r ia tio n s  in  p H  a m o n g

Fig. 1—p H  decline 
in hot vs cold-boned  
psoas major at 
the 3, 5 and 7-hr 
holding period.
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Fig. 2-Tem perature  
decline o f  test 
muscles in the 7-hr , 

hot-boned side.

c o n d it io n in g  p e r io d s  o c cu rr ed . M ean pH  fo r  all h o t  s id e s  a t 3 
hr p o s tm o r te m  w as 5 .7 6  ± 0 .0 7 .

F igu re 2 rev ea led  th a t b o th  th e  L D  an d  ST m u sc le s  had  
a tta in e d  th e ir  m a x im u m  ra tes o f  te m p er a tu r e  d e c lin e  fro m
1 - 3  hr p o s tm o r te m , w h er ea s , th e  SM  m u sc le  sh o w e d  a lm o st  
n o  te m p er a tu r e  d ec re a se  d u rin g  th is  in terv a l. C o n s id e r in g  th e  
m ass and lo c a t io n  o f  th e  th r e e  m u sc le s  s tu d ie d , o n e  w o u ld  
e x p e c t  th e  m o st  rapid te m p er a tu r e  d e c lin e  in  th e  L D , fo l lo w e d  
b y  th e  ST , and la s t ly  th e  SM . T h e se  d a ta  ga in  im p o r ta n c e  
w h en  o n e  c o n s id e r s  th a t p o s tm o r te m  g ly c o ly s is  w ill resu lt in  
su b sta n tia l h e a t p r o d u c tio n  and th e r e fo r e , o n e  w o u ld  n o t  e x 
p e c t m a x im a l d ecrea ses  in  te m p e r a tu r e  u n til  th e r e  w a s a c o n 
c o m ita n t  d ecrea se  in  g ly c o ly t ic  ra te , as d e m o n s tr a te d  b y  th e  
pH  d a ta  in F igu re 1. A lth o u g h  o n ly  te m p e r a tu r e  d ata  fro m  th e
7-hr h o ld in g  p e r io d  are p r e se n te d , s im ila r  tr en d s w ere  fo l lo w e d  
in  th e  te st  m u sc le s  fr o m  b o th  th e  3 an d  5-hr c o n d it io n in g  
p er iod s.

T h e se  d ata  p r o v id e  e v id e n c e  th a t th e  h o t-b o n e d  m u sc le  had  
begu n  to  p r o c e e d  in to  th e  o n se t  p h ase  o f  r igor m o r tis  b e fo r e  
e x c is io n  w as in it ia te d . F u r th e rm o r e , th e r e  d o e s  n o t  ap p ear  to  
be a r eq u is ite  fo r  m u sc le  to  a tta in  its  u lt im a te  pH  prior to  
e x c is io n  in o r d e r  to  m in im iz e  th e  e x te n s iv e  m u sc le  sh o r te n in g  
w h ic h  is d e le te r io u s  to  te n d e r n e ss . B o u to n  e t  al. ( 1 9 7 2 )  
p o in te d  to  th e  fa c t  th a t w ith  th e  m a n y  c o n f l ic t in g  fa c to r s  
w h ic h  m a y  in f lu e n c e  te n d e r n e ss  in  “ n o rm a l a n im a ls” h av in g  
u ltim a te  pH  v a lu es o f  le ss  th a n  6 .0 ,  it w o u ld  b e  su rp risin g  th a t  
there  w ere  a lw a y s  a d irect r e la t io n sh ip  b e tw e e n  pH  and te n d e r 
ness. T h ere  d o e s , h o w ev e r , se e m  to  b e  th e  r eq u ire m en t fo r  
m u scle  to  h ave ju s t  b eg u n  t o  p r o c ee d  in to  th e  o n s e t  p h ase  o f  
rigor m o r tis  b e fo r e  b e in g  b o n e d . T h is  p o in t  m a y  b e illu s tra te d  
b y K astn er  e t  al. ( 1 9 7 3 )  w h o  fo u n d  th a t m u sc le  b o n e d  at 2 hr 
p o s tm o r te m  w as still in th e  d e la y  p h ase  an d  th e r e fo r e  sh o r t
ened  and to u g h e n e d  a p p re c ia b ly  b e c a u se  o f  th e  la ck  o f  re- 
stra in m en t d u rin g  th e  in it ia l s ta g es o f  th e  o n s e t  ph ase . T h u s, 
th e  p r o b le m s in cu rred  b y  fa b r ica tin g  h o t  carcasses at 2 hr  
p o stm o rte m  m a y  b e o v e r c o m e  b y  r estra in in g  th e  m u sc le  o n  
th e  carcass fo r  an a d d itio n a l h o u r  b e fo r e  b o n in g .

C O N C L U S IO N S

R E S U L T S  fro m  b o th  th e  W arner-B ratzler sh ear and h is to lo g i

cal e v a lu a t io n  o f  te n d e r n e ss  d e m o n s tr a te d  th a t  o n ly  v ery  
m in o r  ch a n g es  in c o n tr a c t io n  s ta te  are to  b e  a n tic ip a te d  if  
m u scle  is tr ea te d  as d e sc r ib ed  in th is  r ep o rt. F u r th e r m o r e , th e  
sm a ll d if fe r e n c e s  in  c o n tr a c t io n  s ta te  resu lted  in m in o r  d iffe r 
e n c e s  in te n d e r n e ss  w h e n  e v a lu a ted  b y  se n so r y  p a n el. O ne  
m u st a lso  c o n s id e r  th a t n o  a t te m p t  w as m a d e  to  age th e  h o t 
b o n e d  m u sc le . T h is  fa c t  b e c o m e s  p a r ticu la r ly  im p o r ta n t  w h en  
o n e  rea lizes  th a t fresh  m ea t n o r m a lly  req u ires 7 —10 d a y s  to  
pass th r o u g h  d is tr ib u tio n  c h a n n e ls  and m a y  h a v e  b een  te n d e r 
ize d  m e c h a n ic a lly . In v ie w  o f  th e se  fa c ts , th e  slig h t d if fe r e n c e s  
in  te n d e r n e ss  b e tw e e n  m u sc le  w h ic h  is h o t  b o n e d  at 3 hr p o s t 
m o r te m  and th a t w h ic h  is a llo w e d  to  rem a in  o n  th e  su sp en d e d  
carcass fo r  4 8  hr are n o t  p r a c tic a lly  s ig n if ica n t.
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PREDICTION OF TEMPERATURE OF ICED FISH

IN T R O D U C T IO N

T H E  M A X IM U M  T IM E  o f  tra n sp o rt o f  ice d  f ish  in  India  varies  
fr o m  7 2 - 8 0  hr. T h e  te m p er a tu r e  o f  f ish  sh o u ld  n o t  e x c e e d  
5 °C  du rin g  th e  p er io d  o f  tr a n sp o rt. In a tr o p ic a l c o u n tr y  lik e  
In d ia  w h ere  th e  a m b ie n t  te m p e r a tu r e  m a y  b e  as h ig h  as 4 0 ° C  
du rin g  su m m er , it  b e c o m e s  e x tr e m e ly  d if f ic u lt  t o  tra n sp o rt  
f ish  at 5 °C  w ith o u t  u s in g  large q u a n t it ie s  o f  ic e  or  r e-ic in g  th e  
c o n s ig n m e n t  a t in te r m e d ia te  p o in ts  e n r o u te  (C h a tto p a d h y a y  
e t  a l., 1 9 7 4 a , b ) .  F o r  e f fe c t iv e  an d  e c o n o m ic a l  u t i l iz a t io n  o f  
ic e ,  it is n e c e ssa r y  to  k n o w  th e  t im e  req u ired  fo r  a q u a n t ity  o f  
ic e  t o  m e lt  as w e ll as th e  te m p e r a tu r e  o f  th e  f ish  k e p t  in s id e  a 
c o n ta in e r . A u to m a t ic  r eco rd in g  o f  te m p er a tu r e  b y  m e a n s o f  
th e r m o c o u p le s  p o s it io n e d  at d if fe r e n t  p o in ts  in s id e  a c o n ta in e r  
is a d if f ic u lt  ta sk  w h en  f ish  is tr a n sp o rte d  in  n o n re fr ig e ra te d  
rail w a g o n  a lo n g  w ith  o th e r  c o m m o d it ie s .

N u m e r o u s  m e th o d s  are ava ilab le  fo r  p r e d ic tin g  fo o d  te m 
p e ra tu res  du rin g  v a r io u s  p r o c e ss in g  tr e a tm e n ts  (C h arm , 1 9 6 1 ,  
1 9 6 3 ;  H a y a k a w a , 1 9 7 1 ,  1 9 7 2 ;  H a y a k a w a  an d  B a ll, 1 9 7 1 ;  
K o p e lm a n  and P flu g , 1 9 6 8 ;  L en z  and L u n d , 1 9 7 3 ;  P flu g  e t  a l.,
1 9 6 5 ) .  A n a ly t ic a l  so lu t io n s  are a lso  av a ila b le  in th e  fie ld  o f  
h e a t c o n d u c t io n  b u t th e se  are m o s t ly  re lev a n t to  s im p le r  p ro b 
le m s  (A r p a c i, 1 9 6 6 ;  C arslaw  and Jaeger , 1 9 5 9 ;  L u ik o v , 1 9 6 8 ) .  
T r a n sie n t te m p er a tu r e s  are a lso  p r e d ic te d  fr o m  L ap lace  tran s
fo r m a t io n  (L u n d  e t  a l.,  1 9 7 2 )  an d  b y  n u m er ica l m e th o d s  
(W a d sw o r th  and S p a d a ro , 1 9 7 0 ) .  B u t n o  a t te m p t  has y e t  b e e n  
m a d e  to  p red ic t th e  f ish  te m p er a tu r e  in  ic e  and f ish -p a ck ed  
c o n ta in e r .

It h as th u s  b e e n  fo u n d  n e c essa ry  t o  d er ive  a c o m p u ta t io n a l  
te c h n iq u e  fo r  th e  d e te r m in a tio n  o f  t im e  o f  m e ltin g  o f  ic e  and  
su b s e q u e n t  rise  o f  f ish  te m p er a tu r e  in ice d  f ish  c o n ta in e r s  to  
a scerta in  th e  to ta l  t im e  req u ired  fo r  th e  f ish  at 0 °C  to  r ise  o ver  
5 °C  d u rin g  tr a n sp o r ta tio n . T h is  p r o b le m  m a y  b e  d iv id ed  in to  
tw o  parts: ( 1 )  A sce r ta in in g  th e  t im e  ta k e n  fo r  th e  ic e  at 0 ° C  to  
m e lt c o m p le te ly  a ssu m in g  th e  f ish  te m p e r a tu r e  rem a in s c o n 
sta n t  at 0 ° C  d u rin g  th e  e n tire  p er iod  o f  m e lt in g  o f  ice ;  and (2 )

1 Central M echanical E ngineering R esearch In stitu te , Durgapur 7 1 3  
2 0 9 , India

2 V ice-C hancellor, Jadavpur U niversity , C alcutta 70 0  0 3 2 , India

A sce r ta in in g  th e  a d d itio n a l t im e  ta k e n  fo r  th e  f ish  to  r ise  fr o m  
0 ° C  to  5 °C  a fter  th e  c o m p le te  m e lt in g  o f  th e  ice .

In th is  in v e s t ig a t io n , (a ) an error fu n c t io n  s o lu t io n  o f  in 
verse  L a p la ce  tr a n s fo r m a tio n  is u sed  to  d e te r m in e  th e  t im e  
req u ired  fo r  th e  m e ltin g  o f  th e  ic e  a n d  (b )  a n u m er ica l m e th o d  
w a s u sed  to  d e te r m in e  th e  te m p e r a tu r e  r ise  o f  f ish  in  th e  c o n 
ta in e r  a fter  th e  m e lt in g  o f  ic e  is  c o m p le te ,  t o  a sc e r ta in  th e  
t im e  req u ired  fo r  th e  f ish  to  r ise  t o  5°C .

D e v e lo p m e n t  o f  c o m p u ta t io n a l p r o c ed u r e

T h e  p r o b le m , a lth o u g h , a th r e e  d im e n s io n a l o n e ,  is c o n 
s id ered  in  th is  p ap er , fo r  s im p lic i ty ,  as o n e  d im e n s io n a l as
su m in g  a sy m m e tr ic a l c en tra l p la n e .

F u r th e r , h ea t f lo w  h as b e e n  a ssu m e d  t o  ta k e  p la c e  in  a 
tw o -la y e r  c o m p o s ite :  (a ) o n e  la y er  o f  in su la t io n  a n d  a n o th e r  
la y er  o f  ic e  in  c o n s ta n t  c o n ta c t  fo r  th e  d e te r m in a t io n  o f  t im e  
req u ired  fo r  c o m p le te  m e lt in g  o f  ic e ;  (b )  o n e  la y er  o f  in su 
la t io n  an d  o n e  layer  o f  f ish  in c o n s ta n t  c o n ta c t  (c o n s id e r in g  
th e  sam e as a so lid  la y er )  w h ile  d e te r m in in g  th e  te m p e r a tu r e  
rise  in  f ish  a fter  m e lt in g  o f  ic e . T h e  fo l lo w in g  a ssu m p tio n s  
w ere  a lso  m ade: (a ) in  m e ltin g , ic e  sh if t s  to  th e  rear, and (b )  
th a t w a ter  fr o m  th e  m o lte n  ic e  h as c o m p le te ly  d r a in e d  o f f .  

T im e  req u ired  fo r  c o m p le te  m e lt in g  o f  ice  
u se d  in a f ish  c o n ta in e r

T h e  h ea t c o n d u c t io n  e q u a t io n  in n o n d im e n s io n a l fo r m  to  
b e  so lv e d  is:

86', ( 82 o \
9t' " d x ' 2

9 j i  x a ,T
where 0'. =—-  , t '  =— , x' = —  and a'. = ------

V  T L L2

L et u s c o n s id e r  th e  s e c t io n  o f  th e  f ish  c o n ta in e r  r e p r e se n te d  
b y  F igu re  1.

T h e  in it ia l c o n d it io n  is,

5 , = 02 = 0 at 0 < x and t < 0

Fig. 1—One dimensional heat flow  in fish 
container packed with ice and fish.
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w h ere, 0'2 = — . B o u n d a r y  c o n d it io n s  are:

0 ' = 1 at x ' = 0 and t ' >  0 as hs is very large
£,

d\ = d\ at x ' = —  and t ' >  0

S  £
8? -  0 at— -  <  x ' <  —  and t ' >  0, L  L

/* 90'. L t p L 2 r  9e' £,
K ,  ------  d t ' = ----------- I  ----- d t ' at x ’ = —  and t > 0

1 9x  V T  J  at ' L

w h ere , e =  ^  an d  <= is th e  e le m e n ta r y  w id th  o f  th e  ic e  la y er

w h ic h  h as b e e n  m e lte d  in  t im e  d t. N o w  th e  h e a t  c o n d u c t io n  
e q u a tio n  can  b e  so lv e d  w ith  th e  a b o v e  in it ia l an d  b o u n d a r y  
c o n d it io n s . T h e  error f u n c t io n  s o lu t io n  fo r  in v e rse  L ap lace  
tr a n sfo r m a tio n  m a y  b e  a p p lie d  (C arslaw  a n d  Jaeger , 1 9 5 9 )  
as:

r  2n£, -1  

(x ' + ------ - )
r  2n£, -,

( x --------- - )

E
n=0

erfc
L - i

n=0

erfc
L

2\fa\ t' 2s/a[ t'
( 1)

T h e  first d er iv a tiv e  o f  E q. ( 1 )  b e c o m e s:

.90',
a x ' E

n = 0

2 n £ ,
( x ' + - — 4 2

4a ', t '

2 n £ ,
( x ' -  — — - ) 2

4a ', t'
(2)

/ d0
-  K , —  dt is  re q u ire d  to  m e lt  c o m -  

o
p le te ly  a layer  o f  ic e  w ith  a th ic k n e ss  (£ 2 — ^ i ) and  d e n s ity  
p  as sh o w n  in  F ig u re  1, w e  ca n  w rite ,

- / * ■ & dt = L t (£j -  £, )p (3)

w h er e  K ! is th e  th e r m a l c o n d u c t iv ity  o f  th e  in su la te d  m a 
ter ia l. A g a in , w r it in g  th e  d im e n s io n le ss  v a r ia b les as,

w e  h ave ,

and

0, x t
0', = — , x ' = —  and t ' = —  

V  L  T

90 V  90’,

9x  L  9 x '
(4)

dt = T  dt ' (5)

F r o m  E q. (3 ) ,  ( 4 )  and ( 5 )  w e  g e t ,

90',
-  J  — r dt' = l t  («2 -  e >  J  9x K, V T

(6)

F ro m  E q. (2 )  a n d  ( 6 )  w e  ca n  w rite ,

v S t
0 n=0

2n£,
(x' + - j-i)2

2n£, ~\
( x ' --------- - ) 2

4a', t' 4a', t'
dt'

(7)

— L r r  ( 6 2  —  £ l)p [ k̂ vt]

T h e  in te g ra l E q. ( 7 )  w a s so lv e d  n u m e r ic a lly  fo r  t ’ (o r  t, 
th e  t im e  req u ired  fo r  ic e  m e lt in g )  u s in g  th e  tr a p e z o id a l rule  
in  a M o d e l IBM  1 1 3 2  C o m p u te r  (M cC ra ck en  and D o rn , 
1 9 6 5 ;  M cC o rm ick  a n d  S a lv a d o ri, 1 9 6 4 ) .  A  su b r o u tin e  w as 
p rep ared  to  rep re se n t th e  error f u n c t io n  an d  a p rogram  w as  
d e v e lo p e c  to  carry o u t  th e  su m m a tio n  o f  th e  le ft -h a n d  sid e  
o f  E q . ( 7 ) .  A ll fa c to r s  o n  th e  r ig h t-h a n d  s id e  o f  E q . ( 7 )  w ere  
a v a ila b le  fr o m  th e  th e r m o -p h y s ic a l  p r o p e r t ie s  o f  m a ter ia ls  
(C h a tto p a d h y a y  e t a l., 1 9 7 4 a ) .

Temperature of fish after complete melting of ice
T h e  b a s ic  o n e -d im e n s io n a l h e a t c o n d u c t io n  e q u a tio n  can  

b e  r e p r e se n te d  in  th e  fo l lo w in g  f in ite  d if fe r e n c e  fo r m  (G er
a ld , 1 9 7 0 )  a fte r  n e g le c t in g  th e  error te rm s,

/y U Opy V

0i+i.j = - j j r  (0y+i + 9 ij-i)  + (1 -----(8)

T h e  s o lu t io n  fo r  E q . ( 8 )  ca n  b e  o b ta in e d  b y  im p o s in g  th e  
fo l lo w in g  b o u n d a r y  c o n d it io n s ,

0, (2,, tt) = 0 2 (£,, tj)

0 2 ( X j ,  t0) =  0

0 2 (e 2 -  h, tj) = 0 2 (8 , + h, t,) 

w h e r e , t 0 =  t im e  ta k e n  fo r  th e  c o m p le te  m e lt in g  o f  ice .

8 1 and  62 d e n o te  th e  te m p e r a tu r e  in  th e  in su la t io n  and  
f ish  la y er s , r e s p e c t iv e ly  (F ig . 1). A  sep a ra te  p rogram  w a s d e
v e lo p e d  t o  so lv e  E q. ( 8 )  in  a M o d e l IBM  1 1 3 2  c o m p u te r  as 
th e  t im e  req u ired  fo r  c o m p le te  m e lt in g  o f  ic e  is a lrea d y  d e 
te r m in e d  fr o m  E q. (7 ) .

E X P E R IM E N T A L

A  P L Y W O O D  E O X  lined inside w ith  4 0 0  gauge polyethylene film, a 
p lyw ood  b o x  lined inside w ith  1 cm  th ick  expanded polystyrene (B A S F  
Ind ia  Ltd.) and a 3-ply m oisture-proof double-walled corrugated fiber- 
board b o x  were packed w ith  ice and fish (Tilapia mosambica). Three 
different ice-to-fish ratios (1:1, 2:1 and 3:1 b y  weight) were used in 
this study. The dimensions o f  the experimental boxes were 30.48 cm x  
30.48 cm x  30.48 cm. F ish  was kept at the m iddle o f the b ox  and was 
surrounded b y  crushed ice on  all sides. The  thickness o f  ice layer was 
the same on all sides and varied depending upon  the ice-to-fish ratio. A ll 
boxes were kept in a room  m aintained at 31°C, and the time required 
for complete melting o f ice was noted. Triplicate experiments were 
conducted w ith each b o x  using a particular ice-to-fish ratio.

The  fish temperature along the sym m etrical central plane o f these 
containers after complete melting o f  ice was recorded b y  a Negretti and 
Zam bra autom atic recorder (Bestobell Ind ia  Ltd.) using an ice-to-fish 
ratio of 1:1 by weight and fo llow ing  the icing process as described 
earlier. The  temperature sensor was placed at the geometric center of 
the container. Triplicate experiments were conducted w ith  each con
tainer.

The procedures for the determ ination o f  the values o f the thermo
physical constants of the materials are described in our earlier w ork 
(Chattopadhyay etal., 1974a).

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

T H E  N U M B E R IC A L  V A L U E S  o f  th e  p h y s ic a l c o n s ta n ts  and  
b o u n d a r y  c o n d it io n s  u sed  fo r  so lv in g  E q . (7 )  an d  ( 8 )  are g iven  
in  T a b le  1. T h e  a m b ie n t  te m p e r a tu r e  (V )  w a s 3 1 ° C  and th e  
la te n t  h e a t o f  fu s io n  o f  ic e  ( L x )  w a s ta k e n  as 8 0  K ca l/k g .

T h e  a c cu ra c y  o f  th e  so lu t io n  o f  th e  in teg ra l E q . (7 )  b y  th e  
n u m er ica l m e th o d  d e p e n d s  o n  th e  n u m e r ic a l m a g n itu d e  o f  x  
and t '. A fte r  c a re fu l e x a m in a tio n  o f  th e  e x p e r im e n ta l r esu lts  it  
w a s fo u n d  th a t th e  d esired  a c c u r a c y  ca n  b e  o b ta in e d  if  b o th  x

, , £,
an d  t are m a d e  e q u a l to  u n ity  or , in  o th e r  w o r d s , x =—  = 1
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t
a n d  t' = —  = 1 . T h e  v a lu e s , c lo se  to  th e  e x p e r im e n ta l resu lts , 

T
have to  b e  a ssu m e d  fo r  L a n d  T , so  th a t  =  L and t =  T . It 
w as o b ser v e d  th a t  th e  su m m a tio n  in E q . ( 7 )  can  b e  carried  o u t  
w ith in  th e  v a lu e s  o f  n =  1 —5 in  o rd er  t o  o b ta in  a f in ite  so lu 

t io n  w ith  r e a so n a b le  a c cu ra c y . E q. ( 7 )  w a s so lv e d  n u m e r ic a lly  
in  th is  s tu d y . T h e  th r e e  e x p e r im e n ta l v a lu e s  o f  t ( t im e  req u ired  
fo r  ic e  m e lt in g )  fo r  d if fe r e n t  ic e - to - f is h  r a t io s  u sed  in  d if fe r e n t  
c o n ta in e r s  are g iv en  in T a b le  2 . T h e  d if fe r e n c e s  in  e x p e r i
m e n ta l an d  p r e d ic te d  v a lu e s , a lth o u g h  in s ig n if ic a n t , w ere  o b -

Table 1—Numerical values of the physical constants and boundary conditions used in the mathematical models

Thermal
Thickness conductivity Density Specific heat Thermal diffusity

is» (K) (p) (Cp) (a )
Material (m) (Kcal/m hr °C) (kg/m3) (Kcal/kg 3C) <m2/hr)

Plywood3 0.0040 0.0376 480 0.65 1.20 X 10‘ 4
Polyethylene3 0.0001 0.0280 94C 0.55 0.41 X 10' 4
Expanded polystyrene3 0.0100 0.0280 15 0.24 77.00 X 10' 4
3-ply moisture
proof corrugated board3

0.0032 0.0544 310 0.32 5.50 X 10’4

Fishb C 0.4740 842 0.80 1.50 X 10'4
lced c 0.9100 916 0.49 42.54 X 10’4

a C hattopadhyay et al. (1974 a) 
b Cutting  (1969)
c T h ickn ess of ice and fish  layers depends upon icing techn ique , ratio  of ice to fish  and dim ension of the! container.
d F A O  (1 9 6 8 ).

Table 2- Time required for melting of entire amount of ice used in different fish containers at 31“C

Container
description cubic: Thickness Thickness Time required for

30.48 cm X
30.48 cm X Ratio of

of ice 
layer 
(m)

of fish 
layer 
(m)

ice melting (hr)

Container no. Material 30.48 cm Run no. ice to fish Experimental Predicted from Eq. 7

1 Plywood Plywood box 1 1:1 0.09 0.06 39.5
lined Inside 40.0 38
with polyeth
ylene film

2 2:1

40.5

0.12 0.03 50.0
52.5 50
53.5

3 3:1 0.14 0.01 60.0
59.0 59
61.0

2 Plywood Plywood box 1 1:1 0.09 0.06 64.0
lined inside 63.5 61
with 1 cm 
thick ex-

64.5

panded poly- 2 2:1 0.12 0.03 83.5
styrene in 84.5 82
polyethylene 84.0
bag

3 3:1 0.14 0.01 96.0
96.0 93
96.0

3 Paper 3-ply double 1 1:1 0.09 0.06 50.5
walled corru- 49.5 49
gated moisture- 50.0
proof board 
with wood/wool 2 2:1 0.12 0.03 63.5
insulation in 64.0 62
between two 64.5
walls

3 3:1 0.14 0.01 75.0
75.0
75.0

74
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HOUR

Fig. 2—Temperature history curve o f iced fish 
in container 1 (Run no. 1) after complete melt
ing o f ice. Line represents predicted values; 
open circles, dosed circles and crosses represent 
experimental results o f triplicate experiments. 
Ambient temperature = 31° C.

Fig. 3—Temperature history curve o f iced fish 
in container 2 (Run no. 11 after complete melt
ing o f ice. Line represents predicted values; 
open circles, dosed circles and crosses represent 
experimental results o f triplicate experiments. 
Ambient temperature = 31° C.

Fig. 4—Temperature history curve o f iced fish 
in container 3 (Run no. 1) after complete melt
ing o f ice. Line represents predicted values; 
open circles, dosed circles and crosses represent 
experimental results o f triplicate experiments. 
Ambient temperature = 31°C.
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served  as th e  su m m a tio n  in  E q. ( 7 )  w a s carried  o u t  w ith in  th e  
v a lu e s  o f  n =  1 —5. It m a y  b e  n o te d  h ere  th a t th e  th ic k n e s s e s  o f  
ic e  an d  f ish  la y er s  d e p e n d  o n  th e  ra tio  o f  ic e  t o  f ish  as w e ll as 
o n  th e  d im e n s io n  o f  th e  f ish  c o n ta in e r .

If  all th e  c o n d it io n s  are sy m m e tr ic a l  a ro u n d  th e  m id -p la n e , 
a o n e  d im e n s io n a l h e a t f lo w  c o n d it io n  m a y  b e  a ssu m e d . T h e  
f ish  te m p e r a tu r e s  a lo n g  th e  sy m m e tr ic a l c en tra l p la n e  a fter  
m e lt in g  o f  ic e , w ere  d e te r m in e d  fro m  E q . ( 8 )  at v a r io u s  t im e  
in te rv a ls . T h e  m o st  su ita b le  m e sh  le n g th  w as fo u n d  t o  b e  h =
0 .0 1  and k =  0 .0 0 0 1 .  T h e  c o m p u te r -p r e d ic te d  te m p e r a tu r e  
v a lu e s  are c o m p a r ed  w ith  tr ip lic a te  e x p e r im e n ta l v a lu e s  in  
F ig u re s  2 to  4 . It ca n  b e  se e n  th a t  fo r  m o st  o f  th e  ca ses  th e r e  is 
r e a so n a b le  a g r e e m e n t b e tw e e n  th e  e x p e r im e n ta l a n d  p r e d ic te d  
te m p e r a tu r e  v a lu e s  ( th e s e  tw o  v a lu e s  b e c a m e  a lm o s t  e q u a l dur
in g  th e  1 0 th  a n d  1 1 th  h o u r).

W h en  all s id es  o f  th e  e x p e r im e n ta l (c u b ic a l)  b o x  are e x 
p o se d  to  th e  sam e e x te r n a l e x c ita t io n s ,  it w o u ld  p o s s ib ly  cau se  
th e  ic e  la y er  to  m e lt  u n ifo r m ly  fr o m  all s id e s  p ro v id ed  th e  
e f fe c t  o f  e d g e s  an d  co rn ers  are n e g le c te d . C o m p le te  m e lt in g  
w ill b e  n e c e ssa r y  to  cau se  a n y  rise  in th e  f ish  te m p er a tu r e  
w h ic h  can  b e  c o m p u te d  b y  th e  m e th o d  ju s t  d e sc r ib ed . B u t if  
th e  s id e s  are d iss im ila r  or  h a v e  d if fe r e n t  e x c ita t io n s ,  th e n  th e  
d e p th  o f  m e lt in g  o f  ic e  la y er  in  d if fe r e n t  w a lls  w ill  b e  d iffe r 
e n t . In th a t ca se  th e  f ish  te m p er a tu r e  m a y  start r is in g  fr o m  th e  
o n e  s id e  w h er e  ic e  la y er  h as b e e n  c o m p le te ly  m e lte d .

C O N C L U S IO N S

A N A L Y T IC A L  M E T H O D S  can  b e  a p p lie d  to  p r e d ic t  th e  t im e  
r eq u ired  fo r  c o m p le te  m e lt in g  o f  ic e  u sed  t o  tra n sp o rt ice d  
f o o d  m a ter ia ls . A  n u m er ica l t e c h n iq u e  ca n  b e  u sed  to  p r e d ic t  
th e  te m p e r a tu r e  h is to r y  o f  th e  fo o d  m a ter ia l t o  a sc e r ta in  th e  
d e te r io r a t io n  in  q u a lity  d u e  to  a r ise  in  te m p e r a tu r e  d u rin g  
tr a n sp o r ta t io n . If th e  th e r m o -p h y s ic a l p r o p e r tie s  a n d  b o u n d a 
ry  c o n d it io n s  are k n o w n , th e se  m e th o d s  can  b e  a p p lie d  to  
c o n ta in e r s  o f  a n y  d im e n s io n , c a p a c ity  o r  m a ter ia l w ith  rea so n 
a b le  a c cu ra c y .

N O M E N C L A T U R E

V  outside air temperature (°C)
S ' dimensionless temperature
T  representative time (hr)
t time required for complete m elting o f ice (hr)
t ' dim ensionless time
L  representative thickness (m)
x ' dim ensionless thickness
2, actual thickness (m)

aT
a  = ------= dimensionless thermal diffusiv ity

L2
a = K/pCp = thermal diffusivity (m 2 /hr)
p density (kg/m 3)
C p specific heat (Kcal/kg °C)

K  thermal conductivity (Kcal/m  hr °C)
L t  latent heat o f fusion  o f ice (Kcal/kg)
i time index
j position  index
S , temperature in container wall (°C)
S ,  temperature in fish layer (°C)
h spacing for variable “x ”
e elementary w idth o f  the ice layer (m)
k  spacing for variable “ t”
h s surface heat transfer coefficient (Kcal/m 2 hr °C)

R E F E R E N C E S

A rpaci, V .S . 1 9 6 6 . “ C o n d u ctio n  H eat T ran sfer.” A ddison-W esley  P u b
lish ing C o., R eading, Mass.

Carslaw, H .S. and Jaeger, J.C. 1 9 5 9 . “ C o n d u ctio n  o f  H eat in  S o lid s .” 
O xford  U niversity  Press, L ondon .

Charm, S .E . 1 9 6 1 . A m eth od  for calcu latin g th e  tem p eratu re  d istr i
b u tio n  and m ass average tem p eratu re in  co n d u ctio n -h ea ted  can n ed  
fo o d s  during w ater coo lin g . F o o d  T ech n o l. 16: 2 4 8 .

Charm, S .E . 1 9 6 3 . “ The F u n d am en ta ls  o f  F o o d  E ngineering .” T h e A vi 
P u blish ing C o., Inc., W estport, C onn.

C h attop ad h yay , P., R aychaudh uri, B.C. and B ose, A .N . 1 9 7 4 a . C om p u 
ta tio n  o f  in su la tion  e ffic ien c ies  o f  fish  transport con ta in ers. J. F o o d  
Sci. 39: 1 0 0 6 .

C h attop ad h yay , P., R aychaudh uri, B.C. and B ose , A .N . 1 9 7 4 b . C om 
pu ter sim u la tion  o f  therm al characteristics o f  fish  con ta in ers. Pre
sen ted  at th e  F ou rth  In tern ation al C ongress o f  F o o d  S c ien ce  & 
T ech n o lo g y . S ep tem b er  22 —2 7 , at M adrid, Spain.

C utting, C.L. 1 9 6 9 . F ish  processing. In “ F o o d  Industries M anual,” 2 0 th  
ed , p . 2 3 0 . L eonard Hill. L on d on .

F A O . 1 9 6 8 . Ice in fisheries. F ish  R ep . (5 9 ):  6 8 .
G erald, C .F . 1 9 7 0 . “ A pplied  N um erical A n a lysis .” A ddison-W esley  Pub

lish in g C o., C alifornia.
H ayakaw a, K. 1 9 7 0 . E xp erim en ta l form u las for .accurate  e s t im a tio n  o f  

tran sien t tem p eratu re o f fo o d  and  th eir  ap p lica tion  to  th erm al proc
ess eva lu ation . F o o d  T ech n o l. 24: 1 4 0 7 .

H ayakaw a, K. 1 9 7 1 . E stim atin g fo o d  tem p eratu res during various proc
essing or handling treatm en ts. J. F o o d  Sci. 36: 3 7 8 .

H ayakaw a, K. and Ball, C.O. 1 9 7 1 . T heoretica l form u las for tem p era
tu res in  cans o f  so lid  fo o d  and for evaluating various heat processes. 
J. F o o d  Sci. 36: 3 0 6 .

H ayakaw a, K. 1 9 7 2 . E stim ating tem p eratu res o f fo o d  during various 
heatin g or co o lin g  trea tm en ts. A SH R A E  Journal 1 4 (9 ) :  65 .

K opelm an , I.J. and Pflug, I.J. 1 9 6 8 . T he rela tion sh ip  o f  th e  surface, 
m ass average and geom etr ic  cen ter tem p eratu res in tran sien t c o n 
d u ctio n  heat flo w . F o o d  T ech n o l. 2 2 (6 ): 1 4 1 .

L enz, M .K. and L und, D .B . 1 9 7 3 . T em perature d istr ib u tion  during  
h e a t/h o ld  processing o f  fo o d . J. F o o d  S ci. 38: 6 3 0 .

L uikov, A .V . 1 9 6 8 . “ A n a ly tica l H eat C o n d u ctio n  T h eo ry .” A cad em ic  
Press, In c., N ew  Y ork.

L und , D .B ., Bruin, S . Jr. and Lazar, M .E. 1 9 7 2 . Internal tem p eratu re  
d istr ib u tion  during ind ividu al qu ick  b lan ch in g . J. F o o d  Sci. 37 : 1 6 7 .

M cC orm ick, J.M. and Salvadori, M .G. 1 9 6 4 . “ N um erical M eth od s in  
F O R T R A N .” Prentice  H all, N .J.

M cC racken, D .D . and D orn, W .S. 1 9 6 5 . “ N um erical M eth od s and  
F O R T R A N  Program m ing.” Joh n  W iley & S o n s, N ew  Y ork.

Pflug, I.J., B laisdell, J .L . and K op elm an , I.J. 1 9 6 5 . D evelop in g  tem p era
ture tim e curves for ob jects  th a t can be ap p roxim ated  b y  a sphere, 
in f in ite  p late, or in fin ite  cy lin d er. A SH R A E  Trans. 71 : 2 3 8 .

W adsw orth, J.L  and Spadaro, J.J. 1 9 7 0 . T ransient tem p eratu re d istr i
b u tio n  in  w h o le  sw eet p o ta to  ro o ts  during im m ersion  heatin g. 2. 
C om pu ter sim u la tion . F o o d  T ech n o l. 24 : 9 1 3 .

Ms received  1 /1 5 /7 5 ;  revised 4 /1 9 /7 5 ;  a ccep ted  4 /2 2 /7 5 .

This in vestigation  w as supported  fin an cia lly  b y  th e  Indian C ouncil
o f  A gricultural R esearch , N ew  D elh i. T he authors thank Dr. S .K .
M ajumdar and Mr. M.K. R o y , C om puter C entre, Jadavpur U n iversity ,
for th eir  assistance.



RESEARCH NOTES

M. W. BENSON, R. H. K U R TZ M A N  JR., W. U. H ALB  RO OK and R. M. M cCREAD Y  
USD A Western Regional Research Laboratory, ARS, Berkeley, CA 94710

A Research Note
AFLATOXIN  PRODUCTION ON SOME FEEDS AND FOODS

IN T R O D U C T IO N

T E S T S  fo r  a f la to x in  p r o d u c t io n  h ave b e e n  r ep o rte d  o n  so m e  
cereal grains and o il  se e d  c o m m o d it ie s  w h ic h  are k n o w n  to  b e  
h o sts  o f  A s p e r g i l lu s  f l a v u s  L in k  (A r m b r e c h t  e t  a l . , 1 9 6 3 ;  
M ayne e t  a l., 1 9 6 6 ) ,  an d  o n  fo r a g es  (H e s se lt in e  e t a l., 1 9 6 8 ;  
S m a lley  e t  a l., 1 9 7 2 ) .  A .  f l a v u s  w as r ep o rte d  to  in fe c t  p ec a n s  
(L illard  e t  a l., 1 9 7 0 ) ,  c o r n  (K o e h le r  an d  W o o d w o r th , 1 9 3 8 ) ,  
se e d s  o f  C i tr u s  sp p . (D u rb in , 1 9 5 9 )  and P h a s e o lu s  sp p . ( S e y 
m o r e , 1 9 2 9 ) .  B ork er  e t al. ( 1 9 6 6 )  r ep o rte d  c o rn , p ea s and  
p o ta to e s  sa m p les  have b e e n  fo u n d  c o n ta m in a te d  w ith  a fla 
to x in .  A . f la v u s  m ig h t g r o w  o c c a s io n a lly  o n  fo o d s  and fe e d s ,  
th e r e fo r e , its  g r o w th  an d  p r o d u c t io n  o f  a f la to x in s  o n  so m e  
se le c te d  h y d ra te d  c o m m o d it ie s  w as in v e stig a te d .

E X P E R IM E N T A L

Growth of A sp erg illu s  f la vu s
Meals, pulps and som e other materials, 25g  o f  solid  com m odity  was 

m ixed w ith 50  m l o f water, or 40g  o f fresh or frozen com m odity  was

Table 1—Growth of Aspergillus flavus and production of afla
toxin on hydrated, autoclaved commodities

Commodity
Days

incubated Growth
Aflatoxin

(ppb)

Alfalfa, meal 15 +++ 0

Apples, dried 18 +++ 50
Apricots, dried 16 + + 50
Castor, meal 14 +++ 0
Celery, sliced 11 +++ 50
Dates, dried 8 +++ 250
Egg White, dried3 19 + 50
Egg, whole, drieda 12 ++ 250
Figs, dried 8 +++ 50
Onion, sliced 7 +++ 250
Peaches, dried 16 +++ 50
Pecans, chopped 8 +++ 50
Potatoes, sliced 8 +++ 500
Prunes, dried 21 +++ 50
Raisins, dried 12 ++ 50
Split Peas, dried 5 +++ 500
Sugar Beets, ground 18 +++ 250

a Egg samples were pasteurized and not autoclaved.

m ixed w ith 40  m l o f  water and sterilized b y  autoclaving for 20 m in at 
15 psi. After cooling, the sterile hydrated materials were inoculated 
with an F D A  isolate o f  A . flavus and allowed to grow  for up to 21 days 
at 25°C.

D ried pasteurized whole eggs and whites were placed directly into 
sterile petri dishes w ith sterile distilled water, and then inoculated.

Replicates c f  cultures o f feed meals w hich w ou ld  not support the 
production  o f aflatoxins by  the F D A  isolate o f  A. flavus were inocu
lated w ith a second aflatoxin-producing strain o f  A. flavus to see if the 
lack o f  production  was due to the one isolate.

Assay of cultures for aflatoxins (Wiley, 1966)
Cultures were extracted w ith 7 0 %  acetone-water, filtered, treated 

w ith neutral lead acetate and centrifuged. A fla tox in s were extracted 
with chloroform , dried w ith anhyd rous sod ium  sulfate and evaporated 
to dryness. The residue was transferred w ith ch loroform  to a vial evapo
rated under nitrogen and diluted to 100 pi w ith  chloroform . H a lf the 
aflatoxin-extract was spotted across one thin-layer chrom atography 
plate (1:1 silica gel and cellulose) along w ith an internal standard (sam
ple and aflatoxin  spotted together, the aflatoxin  standard was obtained 
from Dr. L. Goldblatt, Southern  Regional Research Laboratory, U S D A ,  
New  Orleans, La.).

The T L C  plates were developed in anhydrous m ethyl acetate, dried, 
viewed under U V  light and marked. The band even w ith the standard 
aflatoxin (B. ) was scraped off, eluted w ith acetone, dried, extracted 
with chloroform , dried and dissolved in 50  p i chloroform . Ten pi o f  this 
solution (sample), an internal standard and standards were spotted on a 
T L C  plate and developed in 2 %  v/v m ethanol chloroform . The aflatoxin 
spots viewed under U V  illum ination were estimated nearest to the ap
propriate standard o f 50, 250 and 500  ppb.

Confirmation of aflatoxin
The production  o f aflatoxin B, by the isolate o f  A. flavus used was 

confirm ed chem ically with acetic acid and th iony l chloride, and with 
form ic acid and th iony l chloride. The products using T L C  were visually 
identical w ith those obtained by reacting authentic B, in  the same way 
(Andrellos and Reid, 1964).

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

S E L E C T E D  C O M M O D IT IE S su c h  as se e d s , gra in s and p ieces  
w ere su rfa ce  ste r ilize d  b y  so a k in g  in  2% h y d r o g e n  p e r o x id e — 
1% e th a n o l fo r  2 m in , w a sh e d , 20%  w a te r  a d d ed  and in o c u 
la ted  w ith  A. f la vu s .  T h e  e x p e r im e n ts  are n o t  r ep o rte d  h ere  in  
ta b le  fc r m  b e c a u se  p o o r  g r o w th  o f  A. f l a v u s  o c cu rred  prob a
b ly  b e c a u se  in su ff ic ie n t  w a ter  w a s u se d  fo r  h y d r a tio n  in so m e  
cases and b e c a u se  so m e  u n id e n t if ie d  p h y c o m y c e te s  o u tg r e w  
th e  A . f la v u s .  W hen  A. f l a v u s  g r ew  in  a p er io d  o f  8 d a y s , n u ts, 
grains and fresh  v e g e ta b le s  s h o w e d  h ig h  c o n ta m in a t io n  w ith  
a f la to x in . W hen th e  c o m m o d it ie s  te s te d  w ere  a u to c la v e d , s te r i
liz a t io n  w as c o m p le te  and th e  m a ter ia ls  w ere  u n ifo r m ly  
h y d ra ted .
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T h e  r esu lts  in  T a b le  1 sh o w  h y d r a te d  c o m m o d it ie s  te s te d  
here c o n ta in  n u tr ie n ts  w h ic h  su p p o r t  th e  g r o w th  o f  A .  f la v u s  
and a f la to x in  is p r o d u c e d . In th e  ca se  o f  a lfa lfa  an d  c a sto r  
m ea l g r o w th  o f  A .  f l a v u s  o c cu rr ed  b u t th e  m e d iu m  b e c a m e  
a lk a lin e . N o  a f la to x in  w as e x tr a c te d  fro m  th e  a lk a lin e  m e d i
u m . W hen  th e  m e d iu m  w as a c id if ie d  w ith  m in era l ac id  to  pH  3 
or b e lo w , c o n d it io n  w h er e  th e  la c to n e  ring w o u ld  fo r m , n o  
a f la to x in  c o u ld  b e  e x tr a c te d  fr o m  th e  a c id if ie d  m e d iu m .

M o st o f  th e  h y d r a te d , s te r iliz e d  fo o d s  and fe e d s  te s te d  here  
c o n ta in  n u tr ie n ts  to  su p p o r t  th e  g r o w th  o f  A .  f l a v u s  and  p r o 
d u c e  a f la to x in . H o w e v er , m o d e r n  fo o d  h a n d lin g  and p r o c e s
sin g  p r o c e d u r e s  d o  n o t  in c lu d e  sto r a g e  o f  h ig h  m o is tu r e  fo o d s  
e x c e p t  at fr e e z in g  te m p er a tu r e s . O n ly  in  e x c e p t io n a l  or  a c 
c id e n ta l iso la te d  in s ta n c e s  w o u ld  dan ger o f  a f la to x in  c o n 
ta m in a t io n  o f  f o o d s  be  lik e ly .
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A Research Note
A SIMPLIFIED METHOD FOR THE QUANTITATIVE DETERMINATION  

OF SUCROSE, RAFFINOSE AND STACHYOSE IN LEGUME SEEDS

IN T R O D U C T IO N

A L T H O U G H  L E G U M E  S E E D S  have h ig h  n u tr it io n a l va lu e  
a m o n g  v e g e ta b le  p r o te in s , th e y  c o n ta in  a c o n s id e r a b le  a m o u n t  
o f  o lig o sa c c h a r id e s  w h ic h  h a v e  b e e n  im p lic a te d  as fa c to r s  re
sp o n s ib le  fo r  f la tu le n c e  (S te g g er d a , 1 9 6 8 ;  S teggerd a  and  
D im m ic k , 1 9 6 8 ;  H e lle n d o o r n , 1 9 6 9 ) .  T h e  f la tu s  p r o d u c e d  b y  
fe r m e n ta t io n  o f  d ie ta ry  c a r b o h y d r a te s  in th e  lo w e r  in te s t in e  
m a y  ca u se  n a u se a , c ra m p s, d iarrh ea  and d is c o m fo r t . T h e  
fla tu s-fo r m in g  fa c to r  is m a in ly  fo u n d  in  th e  lo w  m o lec u la r  
w eig h t c a r b o h y d r a te  fr a c t io n s  o f  le g u m e s  (R a c k is  e t a l., 1 9 7 0 ) ,  
w h ic h  c o n ta in  p r im a rily  su c r o se , r a ff in o se  and s ta c h y o s e .

A n a q u e o u s  o r  a lc o h o lic  e x tr a c t  o f  le g u m e  se e d s  is u su a lly  
p rep a red , c la r ifie d , th e n  c h r o m a to g r a p h e d  fo r  th e  a n a ly s is  o f  
its  sugar c o n te n t .  Q u a n tita t iv e  d e te r m in a t io n  o f  su gars b y  
pap er c h r o m a to g r a p h y  w a s r ep o rte d  b y  T a n u si e t al. ( 1 9 7 2 ) .  
S u g im o to  an d  V a n  B u ren  ( 1 9 7 0 )  sep a ra ted  m o n o sa c c h a r id e s ,  
su cr o se , r a ffin o se , s ta c h y o s e  and v e r b a sc o se  in  th e  so y b e a n  
m ilk  o n  a c e llu lo se  sh e e t  b y  an a sc e n d in g  th in  la y er  c h r o m a 
to g r a p h y . T h eir  q u a n t it ie s  w ere  d e te r m in e d  c o lo r im e tr ic a lly  
a fter  e lu t io n  fr o m  a c u t -o u t  sp o t  o n  a p ap er  or  th in -la y e r  
ch ro m a to g ra m . A  rapid g a s-liq u id  c h r o m a to g r a p h y  m e th o d  
w as d e v e lo p e d  r e c e n t ly  b y  D e le n te  and L a d en b u rg  ( 1 9 7 2 )  to  
a n a ly z e  o lig o sa c c h a r id e s  in  d e fa t te d  so y b e a n  m ea l. K im  e t  al.
( 1 9 7 3 )  e m p lo y e d  liq u id  c h r o m a to g r a p h y  fo r  th e  rapid d e te r 
m in a tio n  o f  m o n o sa c c h a r id e s , d isa c c h a r id es  and s ta c h y o s e  and  
r a ffin o se  in  so y b e a n s , b u t a b s o lu te  v a lu e s  fo r  th e  q u a n t ity  o f  
th e  d if fe r e n t  sugars w ere  n o t  o b ta in e d  b y  th is  m e th o d .

T h e  p r e se n t w o r k  d e sc r ib es  an  a n a ly t ic a l p r o c ed u r e  fo r  
d e te rm in in g  th e  a m o u n ts  o f  su cr o se , r a ff in o se  and s ta c h y o s e  in  
th e  w h o le  leg u m e  se e d s  b y  u s in g  th e  th io b a r b itu r ic  acid  re
a c tio n  (P er ch er o n , 1 9 6 2 ) .  T h e  p resen t m e th o d  is fa st and d o e s  
n o t  req u ire th e  u se  o f  e x p e n s iv e  a n a ly t ic a l e q u ip m e n t su ch  as 
gas c h r o m a to g r a p h y  or  liq u id  c h r o m a to g r a p h y  u n its .

E X P E R IM E N T A L

S O Y B E A N S ,  green m ung beans, adzuki beans and white beans were 
purchased from  a local grocery store. W hole dry beans (lO g) were 
ground to 20 mesh and suspended in 100 mi o f 8 0 %  ethanol (Kawa- 
mura et al., 1966). The suspension was refluxed for 1 hr and filtered

through a W hatm an No. 1 filter paper. The  residue was stirred in 100 
ml o f  distilled water for 30 m in and filtered again, then washed with 
water until the filtrate gave negative triphenyltetrazolium  chloride re
action o f  the washing (H orn  et al., 1968). The extracts and washings 
were com bined and concentrated to 100 m l under vacuum  below 50°C.

The am ount o f 20 pi o f the concentrated sugar extract was applied 
on an Eastm an Chrom agram  sheet (catalog num ber 6064, cellulose) and 
developed by ascending chrom atography using a m ixture o f n-propanol, 
ethylacetate and water (6:1:3, v/v). The m odified a-naphthol reagent 
(A lb on  and Gross, 1950) was sprayed to locate fructose-containing 
sugars. The guide-strip technique was used to determine the am ounts of 
sucrose, raffinose and stachyose. A  sugar spot on a chrom atogram  was 
scraped o ff and the sugar was extracted w ith 2 m l o f distilled water in a 
test tube overnight at room  temperature. One m l o f eluent (containing 
1 0 - 7 0  Mg o f sugar) was m ixed w ith 1 m l o f  0 .02M  th iobarbituric acid 
and 1 ml o f  concentrated hyd roch loric  acid. The m ixture was heated in 
a bo iling water bath for exactly 6 min, then cooled under runn ing water 
(Percheron, 1962). The yellow  color produced was read at 432.5 nm in 
a Beckm an type D B -G  spectrophotometer. The concentration o f sugar 
was calculated from  w ork ing standards, ranging from  1 0 - 1 0 0  Mg sugar 
per 20 Ml-

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

A  S O L V E N T  S Y S T E M  (n -p r o p a n o l, e th y la c e ta te  and w ater , 
6 : 1 : 3 ,  v /v )  w as d e v e lo p e d  to  p r o v id e  a g o o d  se p a r a tio n  o f  
su cr o se , r a ff in o se  an d  s ta c h y o s e  o n  a c e llu lo se  th in -la y e r  c h r o 
m agram  sh ee t. F o r  th e  d e te r m in a tio n  o f  su gars, th e  th io b a r 
b itu r ic  acid  r e a c tio n  w as c h o se n  b e c a u se  n o t  o n ly  is th is  reac
t io n  s p e c if ic  to  fr u c to s e , b u t a lso  th e  in te r fe r e n c e  o f  g lu c o se , 
g a la c to se , lip id s  and p r o te in s  is n e g lig ib le  u n d e r  th e  c o n d it io n s  
o f  th e  te s t . T h e r e fo r e , th e  r em o v a l o f  lip id s  and p r o te in s  from  
leg u m e  se e d s  is n o t  n e c essa ry  fo r  o u r  p r o c ed u r e . T h is  is in  
c o n tr a s t  to  th e  p h e n o l-su lfu r ic  acid  m e th o d  u sed  b y  S u g im o to  
and V an  B u ren  ( 1 9 7 0 ) ,  T a n u si e t al. ( 1 9 7 2 )  and K im  e t  al.
( 1 9 7 3 )  w h ere  th e ir  m e a su r em e n ts  w ere  fo u n d  to  b e  in te r fe re d  
w ith  in  th e  p r e se n c e  o f  lip id s  or  p r o te in s . O lig o sa c c h a r id es  
te s te d  in  th e  c o n c e n tr a t io n  range o f  0 —1 0 0  p g  sh o w e d  h ig h ly  
s ig n if ic a n t lin ea r  c o rr e la tio n s  w ith  th e  a b so r b a n c e  at 4 3 2 .5
nm .

T h e  r eco v ery  te s ts  w ith  a ser ie s  o f  tern a ry  m ix tu r e s  c o n ta in 
in g  v a ry in g  a m o u n ts  o f  su c r o se , r a ff in o se  and s ta c h y o se  
sh o w e d  th e  h ig h  re lia b ility  o f  o u r  p r o c e d u r e  (T a b le  1). R aff:-

Table 1—The recovery of sugars from ternary mixture

Sucrose — mg/100 ml Raffinose — mg/100 ml Stachyose — mg/100 ml

Recovery Recovery Recovery

Mixture Added Found (%) Added Found <%) Added Found <%)

1 250 252 100.8 375 379 101.1 187.5 187.5 100

2 187.5 190 101.3 125 136 108.8 250 249.5 99.8

3 125 125 100 250 237 94.8 125 135 108

4 62.5 65 104 187.5 185 98.7 125 130 104

Average 101.5 100.8 102.9

Volume 40 (1975Ì—JO U RN AL OF FOOD S C IE N C E - ^ !



1088-JO U R N A L  OF FOOD SCIENCE-Volum e 40 (1975)

Table 2—Oligosaccharides in legume seeds

Weight in g/100g seeds

Seeds Procedure Sucrose Raffinose Stachyose

So yb e a n s ours 4 .0 1 1 .2 5 3 .8 0
H y m o w itz  et a l . (19721 5 .0 6 - 6 .7 8 0 .6 5 - 0 .9 5 2 .2 3 - 3 .0 5
T a n u s i et a l . (1 9 7 2 ) 4 .2 1 .3 2 .7
K a w a m u ra  et a l . (1 9 6 6 ) 5 .0 1.1 3 .8
K a w a m u ra  (1 9 5 4 ) 3 .7 1 .0 3 .2

M ung beans ours 0 .9 3 0 .4 4 1 .9 6
T a n u s i et a l . (1 9 7 2 ) 0 .8 5 0 .4 9 1.71

A d z u k i beans o urs 0 .7 4 0 .2 5 4 .0 6
T a n u s i et a l . (1 9 7 2 ) 0 .6 2 0 .2 5 2 .8 0

W h ite  beans o urs 2 .61 0 .6 6 3 .3 9
B e c k e r et a l . (1 9 7 4 ) 0 .4 3 .7

n o se  and s ta c h y o s e  d e te r m in a tio n s  had  so m e w h a t  m o re  vari
a t io n  th a n  su cr o se . A lth o u g h  o u r  p r o c ed u r e  in c lu d e s  th e  u se  o f  
th in -la y e r  c h r o m a to g r a p h y , e x tr a c t io n  and c o lo r im e tr y , th e  
average o v era ll rec o v er y  o f  th e  ad d ed  sugars w a s sa t is fa c to r y .

T a b le  2 sh o w s  th e  c o n te n ts  o f  o l ig o sa c c h a r id e s  o f  d if fe r e n t  
ty p e s  o f  leg u m e  se e d s  a n a ly z e d  b y  o u r  m e th o d , a lo n g  w ith  
th o s e  p r e v io u s ly  r ep o rte d . It is k n o w n  th a t  th e  lev e l o f  th e  
o lig o sa c c h a r id e s  in  th e  le g u m e  se e d s  is d if fe r e n t  a m o n g  varie
t ie s  and stra in s an d  a lso  r ises  du rin g  th e  m a tu r a tio n  o f  th e  
s e e d s  (H y m o w itz  e t  ah , 1 9 7 2 ) .  H o w e v er , th e  r e la tiv e  lev e ls  
fo u n d  in  o u r  s tu d y  w ere  in a g r ee m en t w ith  th o s e  p r e se n te d  b y  
o th e r  w o rk ers .

F u r th e r m o r e , so m e  o f  th e  p r o c ed u r es  u sed  in  th is  s tu d y  can  
b e  m o d if ie d  i f  o n e  d esires to  h a v e  a rapid  d e te r m in a tio n . T h e  
w a te r  e x tr a c t io n  p r o c ed u r e  u sed  b y  D e le n te  and L ad en b u rg
( 1 9 7 2 )  can  r ep la ce  th e  80%  e th a n o l e x tr a c t io n  p r o c ed u r e . 
H o w e v e r , th e  sa m p le  sh o u ld  be  fu lly  d e fa t te d  b y  th is  m e th o d .  
Sugars se p a r a ted  o n  a c h r o m a to g r a m  can  b e  e lu te d  b y  w a te r  in  
a te s t  tu b e  at 7 0 ° C  fo r  2 hr w ith  o c c a s io n a l sh a k in g s (S u g i-  
m o to  an d  V a n  B u ren , 1 9 7 0 ) .
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A Research Note
NATURE OF LUTEIN ACYLATION IN MARIGOLD (Tagetes erecta) FLOWERS

IN T R O D U C T IO N

T H E  M A J O R  C A R O T E N O I D  i n  m a r i g o l d  ( T a g e t e s  e r e c t a ) 
f l o w e r s  i s  l u t e i n  w h i c h  o c c u r s  n a t u r a l l y  a c y l a t e d  w i t h  f a t t y  
a c i d s  ( Q u a c k e n b u s h  a n d  M i l l e r ,  1 9 7 2 ) .  A l a m  e t  a l .  ( 1 9 6 8 )  

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

m a r i g o l d  f l o w e r s  a n d  c a r o t e n o i d  e x t r a c t s  f r o m  t h e m  a r e  u s e d  
a s  a  c h i c k e n  f e e d  s u p p l e m e n t  t o  e n h a n c e  t h e  c o l o r  o f  e g g  
y o l k s .  G u e n t h n e r  e t  a l .  ( 1 9 7 3 )  c o m p a r e d  t h e  e g g  c o l o r i n g  e f 
f i c i e n c y  o f  p u r e  l u t e i n  w i t h  a  n u m b e r  o f  n a t u r a l  e x t r a c t s  c o n 

t a i n i n g  l u t e i n  a n d  c o n c l u d e d  t h a t  n a t u r a l  e x t r a c t s  c o n t a i n e d  
u n k n o w n  f a c t o r s  t h a t  a i d e d  t h e  u t i l i z a t i o n  o f  l u t e i n  b y  c h i c k 
e n s .  T h i s  i n v e s t i g a t i o n  w a s  u n d e r t a k e n  t o  s t u d y  t h e  n a t u r e  o f  

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

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

T H E  M A R IG O L D  ( T a g e te s  e r e c ta )  f lo w e r  e x t r a c t s  w e re  o b t a i n e d  f r o m  
IN E X A  I n d u s t r i a  E x t r a c t o r a ,  Q u i t o ,  E c u a d o r  in  M a y , 1 9 7 4 .

Instrumental analysis
V is ib le  s p e c t r u m :  P e rk in - E lm e r  2 0 2  U V -V is ib le  S p e c t r o p h o t o m e t e r  
I R  s p e c t r u m :  P e r k in - E lm e r  1 3 7  IR  S p e c t r o p h o t o m e r  (K B r  d is c )  
N M R  s p e c t r u m :  V a r ia n  T 6 0  N M R  S p e c t r o m e t e r  (C C 14 )
G a s  c h r o m a to g r a p h y :  W ilk e n s  I n s t r u m e n t  a n d  R e s e a r c h  I n c .  M o d e l 
6 0 0  C  w i th  F I D .

Thin-layer chromatography
A d s o r b e n t :  S il ic a  g e l G
S o lv e n t  1: A c e to n e  +  p e t r o l e u m  e th e r  ( 3 0 - 6 0 ° C ) ,  5 +  9 5 .
S o lv e n t  2 :  A c e to n e  +  b e n z e n e  +  p e t r o l e u m  e th e r  ( 3 0 - 6 0 ° C ) ,  2 0  +  
1 0  +  7 0 .

Quantitative analysis
T h e  m a r ig o ld  e x t r a c t  ( l .O g )  w a s  s a p o n i f ie d  u s in g  t h e  m e t h o d  o f  

Q u a c k e n b u s h  ( 1 9 7 3 ) .  T h e  s a p o n i f ie d  c a r o t e n o id s  w e re  t a k e n  u p  in  
c a r b o n  d is u l f id e  ( 1 0 0  m l)  a n d  t h e  a b s o r b a n c e  m e a s u r e d  a t  4 7 5  n m  
( t o t a l  c a r o t e n o id s ) .  A n  a l i q u o t  ( 1 .0  m l)  o f  s a p o n i f ie d  c a r o t e n o id s  w a s  
a p p l ie d  a s  a  t h i n  s t r ip  o n  s ilic a  g e l  G  p la te s  a n d  d e v e lo p e d  w i th  s o lv e n t
2 . T h e  l u t e i n  b a n d  w a s  q u a n t i t a t i v e ly  s c r a p e d  o f f ,  e lu t e d  w i th  c a r b o n  
d is u l f id e  a n d  a b s o r b a n c e  m e a s u r e d  a t  4 7 5  n m  a f t e r  a p p r o p r i a t e  d i 
lu t io n .  T h e  t o t a l  c a r o te n o id s  w e re  c a l c u l a t e d  a s  l u t e in  b a s e d  o n  a n  
E ^ m  v a lu e  o f  2 1 6 0  a t  4 7 5  n m  in  c a r b o n  d i s u l f id e  (D a v ie s ,  1 9 6 5 ) .

t h e  c o n c e n t r a t i o n  o f  l u t e in  e s te r s  in  t h e  e x t r a c t  w a s  c a l c u la te d  as 
f o l lo w s :  A  c h lo r o f o r m  s o lu t io n  o f  t h e  e x t r a c t  w a s  a p p l ie d  a s  a t h i n  s t r ip  
o n  s ilic a  g e l G  p la te s  a n d  d e v e lo p e d  u s in g  s o lv e n t  1. T h e  l u t e in  e s te r  
b a n d s  w e re  q u a n t i t a t i v e ly  s c r a p e d  o f f ,  e lu t e d  a n d  th e  a b s o r b a n c e  m e a s 
u r e d  a t  4 4 3  n m (A m a x ) in  h e x a n e .  T h e  p e r c e n t a g e  o f  l u t e i n  e s te r s  w a s  
c a lc u la te d  b a s e d  o n  t h e  r e la t iv e  a b s o r b a n c e  a t  4 4 3  n m  in  h e x a n e .

Purification of lutein esters
T h e  m a r ig o ld  f lo w e r  e x t r a c t  w a s  s u b je c te d  to  a  p r e l im in a r y  p u r i f i 

c a t io n  b y  c o lu m n  c h r o m a to g r a p h y  o n  a lu m in a  b y  t h e  m e t h o d  o f  P h il ip
(1 9 7 3 ) .  A p r e l im in a r y  s e p a r a t i o n  o f  x a n t h o p h y l l  e s te r s  o n  s il ic a  g e l G  
th in  la y e r s  u s in g  s o lv e n t  1 , r e v e a le d  t h e  p r e s e n c e  o f  t h r e e  m a jo r  e s te r  
b a n d s  a n d  s e v e ra l m in o r  e s te r  b a n d s .  B a s e d  o n  t h e  v is ib le  s p e c t r a ,  t h e  
t h r e e  m a jo r  b a n d s  (B a n d s  A , B a n d  C ) w e re  r e c o g n iz e d  a s  l u t e i n  e s te r s .  
T h e y  w e re  is o la te d  in  la rg e  q u a n t i t i e s  b y  p r e p a r a t i v e  T L C  u s in g  s o lv e n t
1 . T h e  b a n d s  A  a n d  B c o n t a i n e d  t r a c e s  o f  s h o r t - c h a in  t r i g ly c e r id e  im 
p u r i t i e s  a n d  w e re  t r e a t e d  a s  f o l lo w s :  T o  a  s o lu t io n  o f  e s te r s  in  b e n z e n e  
(5 m g /1  m l)  in  a  sc rew  c a p  b o t t l e ,  5 m l o f  0 .4 N  s o d iu m  m e t h y l a t e  in  
m e t h a n o l  w a s  a d d e d .  T h e  b o t t l e  w a s  t h e n  im m e r s e d  in  a  w a te r  b a t h  a t

6 5 ° C  f o r  3 m in  w i th  t h e  s c r e w  c a p  s e c u r e ly  a p p l ie d .  T h e  b o t t l e  w a s  
r e m o v e d ,  c o o le d  a n d  t h e  c o n t e n t s  t r a n s f e r r e d  t o  a  s e p a r a to r y  fu n n e l  
c o n ta in in g  p e t r o l e u m  e t h e r  ( 5 0  m l) .  T h e  lo w e r  l a y e r  w a s  d r a in e d  a n d  
t h e  p e t r o l e u m  e t h e r  l a y e r  w a s h e d  w i t h  d i s t i l l e d  w a te r .  T h e  p e t r o l e u m  
e th e r  la y e r  w a s  e v a p o r a t e d  a n d  t h e  e s te r  p u r i f i e d  b y  T L C  u s in g  s o lv e n t
1 . U n d e r  th e s e  c o n d i t i o n s ,  v e ry  l i t t l e  h y d r o ly s i s  o f  e s te r s  t o o k  p la c e .  O n  
t h e  o t h e r  h a n d ,  t h e  t r i g ly c e r id e  im p u r i t i e s  w e re  c o n v e r t e d  t o  f a t t y  a c id  
m e t h y l  e s te r s  ( P h i l ip  e t  a l . ,  1 9 7 1 ) .  T h e  m e t h y l  e s te r s  m o v e d  w i th  t h e  
s o lv e n t  f r o n t  d u r in g  T L C  p u r i f i c a t i o n  u s in g  s o lv e n t  1.

Fatty acid analysis
T h e  f a t t y  a c id  a n a ly s e s  w e re  c a r r ie d  o u t  a c c o r d in g  t o  t h e  m e th o d  o f  

A la m  e t  a l  ( 1 9 6 8 ) .

Preparation of lutein esters
L u t e in  (5  m g )  i s o la te d  f r o m  m a r ig o ld  f lo w e r  e x t r a c t s  a n d  c r y s ta l 

l iz e d  f r o m  m e th a n o l ,  w a s  d is s o lv e d  in  p y r id i n e  (1 0  m l)  a n d  t h e  s o lu t io n  
w a s  t r a n s f e r r e d  t o  a  s e p a r a to r y  f u n n e l .  A c y l  c h lo r id e  (1 0  d r o p s )  w a s  
a d d e d  d r o p w is e  a n d  th e  m i x t u r e  s h a k e n  v ig o ro u s ly  f o r  5  m in .  P e t r o l e 
u m  e th e r  (5 0  m l)  w a s  t h e n  a d d e d ,  a n d  t h e  m i x t u r e  a f t e r  s h a k in g ,  
w a s h e d  w i th  d i l  H C l (1  +  2 )  a n d  d i s t i l l e d  w a te r .  T h e  p e t r o l e u m  e th e r  
l a y e r  w a s  e v a p o r a t e d  to  d ry n e s s  a n d  t h e  e s te r  w a s  u s e d  f o r  c o m p a r is o n  
o f  R f  v a lu e s .

Solubility of lutein esters
A  w e ig h e d  a m o u n t  o f  l u t e in  e s te r s  (a  m i x t u r e  o f  d ip a lm i t a t e  a n d  

d im y r i s t a t e  i s o la te d  f r o m  m a r ig o ld  f lo w e r  e x t r a c t s )  w a s  s lo w ly  a d d e d  
w i th  s t i r r i n g  to  c o m m e r c ia l  c o r n  o i l  ( l .O g )  c o n ta in e d  in  a  b e a k e r  m a in 
t a in e d  a t  8 0 ° C  o n  a w a te r  b a t h .  T h e  o i l  w a s  o c c a s io n a l ly  c o o le d  to  
r o o m  t e m p e r a t u r e  t o  o b s e r v e  p r e c i p i t a t i o n  o f  e s te r s  a n d  a d d i t i o n  o f  
e s te r  w a s  c o n t in u e d  u n t i l  s a tu r a t i o n .  T h e  s o lu b i l i t y  w a s  c a l c u la te d  o n  a 
w e ig h t  p e r  w e ig h t  b a s is .

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

T H E  E X T R A C T  o f  m a r i g o l d  ( T a g e t e s  e r e c t a )  f l o w e r s  c o n 
t a i n e d  1 1 . 9 %  t o t a l  x a n t h o p h y l l s .  T h e  m a j o r  x a n t h o p h y l l  o f  
t h e  e x t r a c t  r e a d i l y  c r y s t a l l i z e d  f r o m  m e t h a n o l  a n d  h a d  t h e  

f o l l o w i n g  p h y s i c o - c h e m i c a l  p r o p e r t i e s :  Xm a x  i n  h e x a n e  4 2 1 ,  
4 4 4  a n d  4 7 6  n m ;  X m a x  i n  c a r b o n  d i s u l f i d e  4 4 7 ,  4 7 5  a n d  5 0 6  
n m ;  N M R  s i g n a l s  a t  8 . 0 3 ,  8 . 2 8 ,  8 . 3 0 ,  8 . 9 4 ,  9 . 0 2  a n d  9 . 1 7 r i n  

t h e  r a t i o  4 : 1 : 1 : 2 : 1 : 1  a n d  R f  v a l u e  0 . 3 0  i n  s o l v e n t  2 .  T h e  
s p e c t r a l  s h a p e  i n d i c a t e d  t h e  p r e s e n c e  o f  a  c h r o m o p h o r e  s i m i l a r  

t o  z e a x a n t h i r . ,  a n d  t h e  N M R  b a n d s  a t  9 . 0 2 ,  9 . 1 7  a n d  8 . 9 4 r  
s h o w e d  t h e  p r e s e n c e  o f  b o t h  a -  a n d  ( L e n d  g r o u p s  ( B a r b e r  e t  
a l . ,  1 9 6 0 ) .  B a s e d  o n  t h e s e  p r o p e r t i e s ,  t h e  m a j o r  x a n t h o p h y l l  o f  

t h e  m a r i g o l d  f l o w e r  e x t r a c t  w a s  i d e n t i f i e d  a s  l u t e i n .  L u t e i n  
a c c o u n t e d  f o r  6 0 %  o f  t h e  t o t a l  x a n t h o p h y l l s .

T h e  e p i p h a s i c  n a t u r e  o f  u n s a p o n i f i e d  x a n t h o p h y l l s  o f  m a r i 
g o l d  f l o w e r s  i n d i c a t e d  t h a t  t h e i r  h y d r o x y l  g r o u p s  a r e  e n g a g e d  
i n  a c y l a t i o n  w i t h  f a t t y  a c i d s .  T h e  u n s a p o n i f i e d  x a n t h o p h y l l s  
r e a d i l y  s e p a r a t e d  o n  s i l i c a  g e l  G  t h i n  l a y e r s  w h e n  d e v e l o p e d  
w i t h  a  n o n p o l a r  s o l v e n t  ( s o l v e n t  1 ) .  B a s e d  o n  t h e  v i s i b l e  a b 
s o r p t i o n  s p e c t r u m  (X m a x  i n  h e x a n e  4 2 1 ,  4 4 4  a n d  4 7 4  n m ) ,  
t h r e e  m a j o r  b a n d s  ( b a n d s  A ,  B  a n d  C )  w e r e  r e c o g n i z e d  a s  
l u t e i n  e s t e r s .  T h e  p r o p e r t i e s  o f  l u t e i n  e s t e r s  a r e  g i v e n  i n  T a b l e
1 . T h e  i n f r a r e d  s p e c t r a  o f  b a n d s  A ,  B  a n d  C  s h o w e d  s t r o n g  
e s t e r  c a r b o n y l  v i b r a t i o n s  a t  1 7 2 5  c m "1 c o n f i r m i n g  t h e  n a t u r e  
o f  l u t e i n - f a t t y  a c i d  b o n d .  T h e  a b s e n c e  o f  h y d r o x y l  v i b r a t i o n s  
i n  t h e  i n f r a r e d  s p e c t r a  o f  b a n d s  A  a n d  B  i n d i c a t e d  t h a t  t h e y  
w e r e  l u t e i n  d i e s t e r s .  T h e  l o w  R f  v a l u e  o f  b a n d  C  i n  s o l v e n t  1 
a n d  t h e  p r e s e n c e  o f  h y d r o x y l  v i b r a t i o n  ( 3 3 - 3 6 0 0  c m ' 1 )  i n  i t s
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Table 1— Physico-chemical properties of lutein esters

R f value ¡\.max 'n hexane
Band % (Solvent 1) (nm) -OH ester C = 0 Fatty acid Id e n tity3

A 56 0.45 421,444,474 - + palmitic acid Lutein dipalmitate
B 36 0.44 421,444,474 - + myristic acid Lutein dimyristate
C 8 0.10 420,443,473 + + myristic acid Lutein monomyristate

a The  id en t ity  o f bands A and B was con firm ed  by  com paring  R f  values w ith  syn th e t ic  lu te in  d ipa lm ita te  and lu te in  d im yrista te .

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

h y d r o l y s i s .  B a s e d  o n  t h e s e  d a t a ,  t h e  l u t e i n  e s t e r s  w e r e  i d e n t i 
f i e d  a s  l u t e i n  d i p a l m i t a t e  ( b a n d  A ) ,  l u t e i n  d i m y r i s t a t e  ( b a n d  B )  

a n d  l u t e i n  m o n o m y r i s t a t e  ( b a n d  C ) .  T h e  i d e n t i t i e s  o f  l u t e i n  
d i p a l m i t a t e  a n d  l u t e i n  d i m y r i s t a t e  w e r e  c o n f i r m e d  b y  c o m p a r i 

s o n  o f  t h e i r  R f  v a l u e s  w i t h  s y n t h e s i z e d  e s t e r s .
A  m i x t u r e  o f  l u t e i n  d i p a l m i t a t e  a n d  l u t e i n  d i m y r i s t a t e  a r e  

s o l u b l e  i n  h o t  c o r n  o i l  ( 8 0 ° C )  t o  t h e  e x t e n t  o f  2 5 %  ( w / w )  a n d  
f o r m s  a  r e d  h o m o g e n e o u s  s o l u t i o n .  T h e  s o l u b i l i t y  o f  l u t e i n  

e s t e r  i n  c o l d  c o r n  o i l  w a s  l e s s  t h a n  2 5 % .

C O N C L U S IO N

T H E  O C C U R R E N C E  o f  l u t e i n  a s  e s t e r s  i n  m a r i g o l d  f l o w e r  

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

( 1 9 7 3 )  t h a t  n a t u r a l  e x t r a c t s  c o n t a i n i n g  l u t e i n  a r e  b e t t e r  u t i 
l i z e d  b y  c h i c k e n  c o m p a r e d  t o  p u r e  l u t e i n .  T h e  e f f e c t  o f  l u t e i n  
a c y l a t i o n  o n  e g g  c o l o r i n g  e f f i c i e n c y  i s  u n d e r  i n v e s t i g a t i o n  i n  

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

o f  x a n t h o p h y l l s  ( S c o t t  e t  a l . ,  1 9 6 8 )  a n d  l u t e i n  a c c o u n t s  f o r  
6 0 %  o f  t h e  t o t a l  c a r o t e n o i d s .  L u t e i n  a n d  l u t e i n - f a t t y  a c i d  

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

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

a s  a  p o t e n t i a l  f o o d  c o l o r a n t  f o r  h u m a n  c o n s u m p t i o n .  T h e  h i g h  
s o l u b i l i t y  o f  l u t e i n  e s t e r s  i n  v e g e t a b l e  o i l  ( 2 5 % )  c o m p a r e d  t o

t h e  p o o r  o i l  s o l u b i l i t y  o f  F D A  a p p r o v e d  s y n t h e t i c  c a r o t e n o i d s  
( B u n n e l l  a n d  B a u e r n f e i n d ,  1 9 6 2 )  i s  a  v e r y  i m p o r t a n t  f a c t o r  i n  
t h e  c o m m e r c i a l  a p p l i c a t i o n  o f  x a n t h o p h y l l  e s t e r s  f o r  c o l o r i n g  

f o o d s .
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A Research Note
DONENESS OF COMMERCIALLY COOKED BROILER THIGHS 

AS INDICATED BY AN OBJECTIVE COLOR METHOD

IN T R O D U C T IO N

M A N Y  F U R T H E R  p r o c e s s e d  b r o i l e r  p r o d u c t s  a r e  c o o k e d ,  
f r o z e n ,  s t o r e d  a n d  r e h e a t e d  p r i o r  t o  c o n s u m p t i o n .  T h e s e  p r o d 
u c t s  a r e  l a b e l e d  “ c o o k e d ”  t o  i n d i c a t e  t h e y  m e e t  U S D A  i n s p e c 

t i o n  r e q u i r e m e n t s  o f  a t  l e a s t  7 1 . 1 ° C  i n t e r n a l  t e m p e r a t u r e  t o  
i n s u r e  d e s t r u c t i o n  o f  m i c r o o r g a n i s m s  ( M e a t  a n d  P o u l t r y  I n 
s p e c t i o n  R e g . ,  1 9 7 3 ) .  H o w e v e r ,  m o s t  c o m p a n i e s  a t t e m p t  t o  
c o o k  t h e i r  p r o d u c t s  t o  a n  a d e q u a t e  d e g r e e  o f  d o n e n e s s  ( i . e . ,  

h i g h e r  t h a n  7 1 . 1 ° C )  s o  t h a t  a d d i t i o n a l  r e c o m m e n d e d  h e a t i n g  

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

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

c l u d e d  “ s p e a r i n g ”  o f  l e g  a n d  b r e a s t  m u s c l e s  t o  d e t e r m i n e  t e n 
d e r n e s s  a n d  “ w o r k i n g ”  o f  w i n g  a n d  l e g  j o i n t s  t o  d e t e c t  s o f t e n 
i n g  o f  t e n d o n s  ( A l e x a n d e r ,  1 9 4 1 ) .  S u b j e c t i v e  e v a l u a t i o n s  o f  

c o l o r ,  t a s t e  a n d / o r  g e n e r a l  a p p e a r a n c e  a s  m e a s u r e s  o f  d o n e n e s s  
h a v e  a l s o  b e e n  e m p l o y e d  ( M o s t e r t  a n d  S t a d e l m a n ,  1 9 6 4 ;  S t o n e  

a n d  M a y ,  1 9 6 9 ) .  T h e  m o s t  c o m m o n  m e t h o d  o f  e s t i m a t i n g  
d o n e n e s s  o f  c o m m e r c i a l l y  c o o k e d  b r o i l e r  p a r t s  i s  t o  s u b j e c 

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

b l e  c o l o r  ( p i n k  o r  r e d )  n e a r  t h e  b o n e .
T h e  w o r k  o f  L y o n  e t  a l .  ( 1 9 7 5 )  e s t a b l i s h e d  t h a t  H u n t e r  a L 

v a l u e s  ( d e g r e e  o f  r e d n e s s )  c o u l d  b e  u s e d  t o  e s t i m a t e  d o n e n e s s  
o f  l a b o r a t o r y - p r e p a r e d  w a t e r - c o o k e d  b r o i l e r  t h i g h s .  T h e  o b j e c 

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

p r o d u c t s  a n d  t o  r e l a t e  t h e s e  d a t a  t o  t h e  f i n d i n g s  o f  L y o n  e t  a l .
( 1 9 7 5 )  a n d  t o  d e t e r m i n e  w h e t h e r  r e h e a t i n g  p r o c e d u r e s  s ig 
n i f i c a n t l y  a f f e c t e d  f i n a l  y i e l d  o f  t h e s e  p r o d u c t s .

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

F R O Z E N  C O O K E D  b r o i l e r  th ig h s ,  f r o m  f o u r  c o m m e r c ia l  p o u l t r y  p r o c 
e s s in g  f i r m s ,  a r e  d e f in e d  in  T a b le  1 . P r o c e s s o r s  A  a n d  B u s e d  w a te r -  
c o o k in g  m e th o d s  e x c lu s iv e ly .  P r o c e s s o r  C  u s e d  a  w a te r - c o o k in g  m e th o d  
f o r  p r o d u c t  1 a n d  a  s te a m - c o o k in g  m e th o d  f o r  p r o d u c t  2 . P ro c e s s o r  D 
u s e d  a  d e e p - f a t  f r y  a n d  in f r a - r e d  o v e n  c o m b in a t io n  c o o k in g  p ro c e d u r e .  
A ll  p r o d u c t s  w e re  s to r e d  a t  - 3 0 ° C  u n t i l  r e a d y  f o r  d o n e n e s s  ( c o lo r )  
e x a m in a t i o n  w i th  t h e  H u n te r  C o lo r  a n d  C o lo r  D i f f e r e n c e  M e te r .  D e 
t e r m i n a t i o n s  w e re  m a d e  o n  t h a w e d  p r o d u c t s  a n d  o n  p r o d u c t s  r e h e a t e d  
d i r e c t l y  f r o m  t h e  f r o z e n  s t a t e .

F o r  e x a m in a t i o n  o f  t h e  t h a w e d  p r o d u c t s ,  f iv e  t h ig h  p ie c e s  o f  e a c h  
o f  t h e  s e v e n  p r o d u c t  ty p e s  w e re  r e m o v e d  f r o m  f r o z e n  s to r a g e  a n d  
th a w e d  a t  r o o m  t e m p e r a t u r e  f o r  4  h r .  F o r  e x a m in a t i o n  o f  r e h e a t e d  
p r o d u c t s  f iv e  th ig h  p ie c e s  o f  e a c h  p r o d u c t  t y p e  w e re  r e m o v e d  f r o m  
f r o z e n  s to r a g e ,  w e ig h e d ,  a n d  r e h e a t e d  f r o m  t h e  f r o z e n  s t a t e  a c c o rd in g  
to  e a c h  p ro c e s s in g  F irm ’s i n s t r u c t io n s  f o r  r e h e a t in g  (T a b le  1 ). R e h e a t in g  
p ie c e s  b y  d e e p - f a t  f r y in g  ( F r y m a x  o i l )  w a s  d o n e  in  a  H o t p o i n t  d e e p - f a t  
f r y e r .  A  D e s p a tc h  r o t a r y  r e e l  o v e n  w a s  u s e d  f o r  o v e n  r e h e a t in g .  Im 
m e d ia t e l y  a f t e r  t h e  s p e c i f i e d  r e h e a t in g  p e r io d ,  a  c o p p e r - c o n s t a n t a n  
t h e r m o c o u p le  p r o b e  w a s  i n s e r te d  i n t o  m e a t  a d j a c e n t  t o  t h e  f e m u r  in  
tw o  o f  f iv e  t h ig h  p ie c e s  a n d  t h e  m a x im u m  i n t e r n a l  t e m p e r a t u r e  r e a c h e d  
w a s  r e c o r d e d  w i th  a H o n e y w e l l  p o t e n t i o m e t e r .

S a m p le s  w e r e  p r e p a r e d  f o r  c o lo r  e x a m in a t i o n  u s in g  th e  p r o c e d u r e  o f  
L y o n  e t  a l .  ( 1 9 7 5 ) .  T h e  e n t i r e  p r o c e d u r e  w a s  r e p l i c a t e d  tw ic e  th u s

Table 1— Hunter aL values, reheated yields and end-point reheating temperatures of commercially cooked broiler thighs

Processor and product
Reheat

procedure

Hunter au 

Thawed

values3

Reheated
Reheated

yie ldb
End-point 

tem pc (°C)

A - 1 (Precooked and breaded)
Deep-fat fry 
6 min. 162.7°C 5.9a 6 .0a 83 ± 1,0%d 59.4 ± 1.3bc

2 (Precooked and browned)
Oven
30 min. 176.6°C 6.5a 6.7a 94 ± 0.4%a 68.8 ± 6 .2ab

B - 1 (Precooked and breaded)
Deep-fat fry 
6 min. 1 76.6°C 5.2a 5.6a 86.5 ± 0.4%c 47.7 ± 1.6c

2 (Precooked and battered)
Oven
30 min. 1 76.6°C 4.9a 4.7a 94 ± 0.6%a 75.2 ± 1.4a

C- 1 (Precooked and breaded)
Deep-fat fry 
6 min. 162.7°C 4.5a 5.0a 89 ± 1,0%b 46.9 ± 0.6c

2 (Precooked and battered)
Deep-fat fry 
6 min. 1 76.6°C 4.8a 4.6a 72 + 1.0%e 46.1 ± 2.1c

D - 1 (Precooked and breaded)
Oven
35 min. 190.5°C 7.2a 5.1b 85 ± 0.5cd 82.2 ± 4.3a

a Each Hunter a. value is a mean o f 10 observations. Va lues w ith in  row s fo llo w e d  by d iffe ren t letters d iffe r  s ig n ifica n tly  (P < 0.05) accord ing  to 
Duncan 's M u lt ip le  Range Test.

b W eights were taken p r io r  to  and a fter reheating. Each num ber is a mean value o f 10 observations w ith  the  standard  e rro r o f  the mean. Values 
w ith in  a co lum n fo llo w e d  by  the same letter are not s ign ifican tly  d iffe ren t (P < 0.05) accord ing  to  D undan 's M u lt ip le  Range Test. 

c Tem peratures represent h ighest in ternal tem perature reached. Each num ber is the mean o f fo u r  observations w ith  the  standard error o f the mean. 
Va lues w ith in  a co lum n  fo llo w e d  by the same letter are n o t s ig n ifican tly  d iffe ren t (P < 0.05) accord ing  to  D uncan 's  M u lt ip le  Range Test.
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Table 2— Ranges of Hunter aL values which correspond to  panel 
terms of doneness3

Doneness Terms

Very
underdone

Moderately Slightly 
underdone underdone Done

Panel 1 >8.9 8.9—7.3 7.2—5.6 <5.6
Panel 2 >7.0 7.0—5.9 5.8 - 4 .6 <4.6

a Ranges o f H un te r a L  values ex trapo la ted  from  doneness regression 
lines o f best f i t  a ccord ing  to  data from  the  study by L y o n  et al. 
(1 9 7 5 ) .

p ro v id in g  d a t a  f o r  10  t h a w e d  ( u n h e a t e d )  a n d  10  r e h e a t e d  th ig h s  o f  e a c h  
o f  t h e  s e v e n  p r o d u c t  t y p e s .  S ig n i f i c a n t  d i f f e r e n c e s  b e tw e e n  m e a n s  w e re  
d e t e r m i n e d  b y  u s in g  D u n c a n ’s M u l t ip le  R a n g e  T e s t  ( S te e l  a n d  T o r r ie ,  
1960).

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

H U N T E R  a L  v a l u e s  f o r  t h a w e d  a n d  r e h e a t e d  s a m p l e s  a r e  
s h o w n  i n  T a b l e  1 . T h e  a ^  v a l u e s  c a n  b e  c o n v e r t e d  t o  s u b j e c t i v e  
e s t i m a t e s  o f  d o n e n e s s  b y  u s e  o f  t h e  r e l a t i o n  b e t w e e n  H u n t e r  
a j ,  v a l u e s  a n d  p a n e l  d o n e n e s s  s c o r e s  e s t a b l i s h e d  b y  L y o n  e t  a l .
( 1 9 7 5 ) .  I n  t h a t  s t u d y  t w o  h i g h l y  t r a i n e d  s i g h t  p a n e l s  e a c h  

e s t a b l i s h e d  r a n g e s  o f  d o n e n e s s  b a s e d  o n  e v a l u a t i o n  o f  c o l o r  
d i f f e r e n c e s  i n  w a t e r - c o o k e d  b r o i l e r  t h i g h s .  T h e  t w o  p a n e l s  d i f 
f e r e d  i n  t h e i r  r e s p o n s e s  t o  t h e  s a m e  c h a n g e  i n  a ^  v a l u e s  a n d  
e s t a b l i s h e d  d i f f e r e n t  d o n e n e s s  r a n g e s  f o r  c o o k e d  s a m p l e s  
( T a b l e  2 ) .

A l l  a L  v a l u e s  o f  t h e  c o m m e r c i a l l y  c o o k e d  t h i g h s  ( T a b l e  1 )  
a r e  w i t h i n  t h e  “ s l i g h t l y  u n d e r d o n e ”  t o  “ d o n e ”  r a n g e  a s  e s t a b 

l i s h e d  b y  P a n e l  1 ( T a b l e  2 ) .  T h e  h i g h e s t  a l  v a l u e  f o r  t h a w e d  
s a m p l e s  w a s  f o r  t h e  p r e c o o k e d  a n d  b r e a d e d  p r o d u c t  o f  P r o c e s 
s o r  D  ( 7 . 2 ) .  T h i s  a L  v a l u e  i s  o n  t h e  u p p e r  l i m i t  o f  t h e  “ s l i g h t l y  
u n d e r d o n e ”  r a n g e  ( P a n e l  1 ) .  H o w e v e r ,  t h e  a ^  v a l u e  o f  t h i s  
p r o d u c t  r e h e a t e d  ( 5 . 1 )  w a s  i n  t h e  “ d o n e ”  r a n g e .  W h e n  a l  
v a l u e s  f o r  t h e  c o m m e r c i a l l y  c o o k e d  t h i g h s  ( t h a w e d  a n d  r e 
h e a t e d )  w e r e  c o m p a r e d  t o  t h e  a l  r a n g e s  f o r  d o n e n e s s  f o r  P a n e l  

2  ( T a b l e  2 ) ,  o n e  a l  v a l u e  w a s  i n  t h e  “ v e r y  u n d e r d o n e ”  r a n g e  
( t h a w e d  p r o d u c t ,  P r o c e s s o r  D ) ,  f o u r  w e r e  i n  t h e  “ m o d e r a t e l y  
u n d e r d o n e ”  r a n g e ,  e i g h t  w e r e  i n  t h e  “ s l i g h t l y  u n d e r d o n e ”  
r a n g e ,  a n d  o n e  w a s  i n  t h e  “ d o n e ”  r a n g e .

D i f f e r e n c e s  i n  a l  v a l u e s  b e t w e e n  t h a w e d  a n d  r e h e a t e d  s a m 
p l e s  w e r e  s i g n i f i c a n t  o n l y  f o r  P r o c e s s o r  D  ( T a b l e  1 ) .  T h e  
c h a n g e  i n  t h i s  v a l u e  o f  7 . 2  t o  5 . 1  u p o n  r e h e a t i n g  c o r r e s p o n d s  
t o  c h a n g e  f r o m  “ s l i g h t l y  u n d e r d o n e ”  t o  “ d o n e ”  ( P a n e l  1 )  o r  
“ v e r y  u n d e r d o n e ”  t o  “ s l i g h t l y  u n d e r d o n e ”  ( P a n e l  2 ) .

E n d - p o i n t  t e m p e r a t u r e s  o f  a l l  o v e n  r e h e a t e d  p r o d u c t s  w e r e  
s i g n i f i c a n t l y  h i g h e r  t h a n  t h o s e  o f  d e e p - f a t  f r y  r e h e a t e d  p r o d 
u c t s  e x c e p t  f o r  t h e  p r o d u c t s  o f  P r o c e s s o r  A .  T h e r e  w e r e  n o  

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

( o v e n  1 9 0 . 5 ° C —3 5  m i n )  r e c o m m e n d e d  b y  P r o c e s s o r  D  g a v e  

t h e  h i g h e s t  e n d - p o i n t  p r o d u c t  t e m p e r a t u r e  ( 8 2 . 2 ° C )  a n d  t h e  
o n l y  s i g n i f i c a n t  r e d u c t i o n  i n  v a l u e  d u e  t o  r e h e a t i n g  ( T a b l e

1 ) .  T h i s  i n d i c a t e d  t h a t  P r o c e s s o r  D ’s  i n i t i a l  c o o k i n g  p r o c e d u r e  
a n d  c o m p l i a n c e  w i t h  r e h e a t i n g  i n s t r u c t i o n s  w o u l d  i n s u r e  a  
d o n e  p r o d u c t .  R e h e a t i n g  m e t h o d s  r e c o m m e n d e d  b y  t h e  o t h e r  
p r o c e s s o r s  f o r  t h e i r  r e s p e c t i v e  p r o d u c t s  d i d  n o t  s i g n i f i c a n t l y  

r e d u c e  a L  v a l u e s ,  i n d i c a t i n g  t h a t  r e h e a t i n g  d i d  n o t  i n c r e a s e  
d e g r e e  o f  d o n e n e s s  o f  t h e s e  p r o d u c t s .

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

f e c t e d  y i e l d ,  w h i c h  r a n g e d  f r o m  7 2 - 9 4 %  ( T a b l e  1 ) .  T h e  h i g h e r  
o v e n  t e m p e r a t u r e  a n d  l o n g e r  e x p o s u r e  t i m e  r e c o m m e n d e d  f o r  
P r o c e s s o r  D ’s p r o d u c t  r e s u l t e d  i n  a  s i g n i f i c a n t l y  l o w e r  y i e l d  

( 8 5 % )  t h a n  t h e  o t h e r  t w o  o v e n  r e h e a t e d  p r o d u c t s  ( 9 4 % ) .  A l l  
y i e l d s  o f  d e e p - f a t  f r y  r e h e a t e d  p r o d u c t s  w e r e  s i g n i f i c a n t l y  d i f 

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

I n  s u m m a r y ,  a v e r a g e  H u n t e r  a L  v a l u e s  o f  s e v e n  t y p e s  o f  
c o m m e r c i a l l y  c o o k e d  b r o i l e r  t h i g h s  r a n g e d  f r o m  4 . 5 — 7 . 2  w h e n  
p r o d u c t s  w e r e  e x a m i n e d  t h a w e d  a n d  f r o m  4 . 6 —6 . 7  w h e n  t h e  
p r o d u c t s  w e r e  r e h e a t e d  f r o m  t h e  f r o z e n  s t a t e .  R e h e a t i n g  p r o 

d u c e d  a  s i g n i f i c a n t  r e d u c t i o n  i n  a L  v a l u e  i n  o n l y  o n e  o f  t h e  
s e v e n  p r o d u c t s .  T h e s e  d a t a  c a n  b e  c o m p a r e d  t o  p r e v i o u s  w o r k ,  
b u t  d e f i n i t e  s t a t e m e n t s  o n  a d e q u a t e  d o n e n e s s  o f  t h e s e  p r o d 

u c t s  c a n n o t  b e  m a d e  u n t i l  t h e r e  i s  m o r e  i n f o r m a t i o n  o n  c o r r e 
l a t i o n s  o f  c o n s u m e r  a c c e p t a n c e  c r i t e r i a  w i t h  o b j e c t i v e  c o l o r  
m e a s u r e m e n t s  a s  p l a n n e d  b y  t h e s e  a u t h o r s .
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IN T R O D U C T IO N

T H E  N E E D  t o  r e l a t e  b e e f  q u a l i t y  a t t r i b u t e s  d i r e c t l y  t o  m e t h 
o d s  f o r  c a r c a s s  c l a s s i f i c a t i o n ,  s u g g e s t s  t h a t  t h e  d e v e l o p m e n t  o f  
a  q u i c k  a n d  a c c u r a t e  m e t h o d  f o r  t e n d e r n e s s  e v a l u a t i o n s  u s i n g  

r a w  t i s s u e s  w o u l d  b e  o f  i m m e n s e  v a l u e .  T a k a h a s h i  e t  a l .  ( 1 9 6 7 )  
s t u d i e d  p o s t m o r t e m  c h a n g e s  i n  t h e  p e c t o r a l  m u s c l e s  o f  c h i c k 
e n  b r e a s t s  a n d  d e v e l o p e d  a  f r a g m e n t a t i o n  i n d e x  t o  d e t e r m i n e  
t h e  p e r c e n t  o f  m y o f i b r i l s  b r o k e n  d u r i n g  p o s t m o r t e m  a g i n g  a s  
a n  i n d i c a t i o n  o f  m u s c l e  t e n d e r n e s s .  T h e s e  r e s e a r c h e r s  r e p o r t e d  
a  d e f i n i t e  r e l a t i o n s h i p  b e t w e e n  m y o f i b r i l  f r a g m e n t a t i o n  a n d  
t i m e  p o s t m o r t e m ,  a l t h o u g h  n o  d i f f e r e n c e  i n  f r a g m e n t a t i o n  w a s  
o b s e r v e d  b e t w e e n  “ t e n d e r ”  a n d  “ l e s s  t e n d e r ”  p e c t o r a l  m u s c l e s  

( T a k a h a s h i  e t  a l . ,  1 9 6 7 ) .  I n  a  s i m i l a r  s t u d y ,  S a y r e  ( 1 9 7 0 )  c o n 
c l u d e d  t h a t  t h e  m e c h a n i c a l  b r e a k i n g  o f  m y o f i b r i l s  u p o n  
h o m o g e n i z a t i o n  w a s  a n  i n d i c a t i o n  o f  t h e  s t r u c t u r a l  w e a k e n i n g  

t h a t  o c c u r s  w i t h  i n c r e a s e s  i n  t e n d e r n e s s .

B e r r y  ( 1 9 7 2 )  d e v e l o p e d  a  f r a g m e n t a t i o n  i n d e x  w h i c h  i n 
v o l v e d  d e t e r m i n a t i o n s  o f  t h e  s i z e  o f  m y o f i b r i l  f r a g m e n t s  a n d  
t h e  n u m b e r  o f  s a r c o m e r e s  p e r  m y o f i b r i l ,  f o l l o w i n g  m u s c l e  

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

c l o s e l y  a s s o c i a t e d  w i t h  h i g h e r  s e n s o r y  p a n e l  s c o r e s  f o r  t e n d e r 
n e s s  ( B e r r y ,  1 9 7 2 ) .  D u t s o n  a n d  L a w r i e  ( 1 9 7 4 ) ,  s t u d y i n g  t h e  
e f f e c t  o f  p o s t m o r t e m  a g i n g  o n  b o v i n e  m u s c l e  t e n d e r n e s s ,  o b 

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

a n d  t h e  m u s c l e s  b e c a m e  m o r e  t e n d e r .  T h u s ,  i t  s e e m s  f e a s i b l e  
t h a t  a  m e t h o d ,  s i m i l a r  t o  t h a t  u s e d  b y  D u t s o n  a n d  L a w r i e
( 1 9 7 4 ) ,  m i g h t  b e  i d e n t i f i e d  w h i c h  w o u l d  b e  u s e f u l  f o r  p r e d i c t 

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

E X P E R IM E N T A L

S E M IM E M B R A N O S U S  M U S C L E S  w e re  e x c i s e d  f r o m  t h e  i n t a c t  l e f t  
s id e  o f  2 0  b o v in e  c a r c a s s e s  f o l l o w in g  a  7 - d a y  a g in g  p e r io d  a t  2 ° C .  T h e  
m u s c le s  w e re  w r a p p e d  in  tw o  la y e r s  o f  p o ly e th y le n e - c o a t e d  f r e e z e r  
p a p e r  a n d  f r o z e n  in  a  - 3 4 ° C  b l a s t  f r e e z e r .  A f t e r  f r e e z in g ,  f o u r  s te a k s  
(2 .5  c m  in  t h ic k n e s s )  w e r e  r e m o v e d  f r o m  t h e  c e n t e r  s e S tio n  o f  e a c h  
m u s c le ,  d o u b le  w r a p p e d  in  p o ly e th y le n e - c o a t e d  f r e e z e r  p a p e r  a n d  
s to r e d  in  a  - 2 3 ° C  f r e e z e r .  T h e  tw o  c e n t e r  s t e a k s  w e re  u t i l i z e d  f q r  s h e a r  
f o r c e  d e t e r m in a t io n s  a n d  s e n s o r y  p a n e l  e v a lu a t io n s  a n d  t h e  r e m a in in g  
tw o  s te a k s  ( s te a k s  1 a n d  4 )  w e re  u t i l i z e d  f o r  f r a g m e n t a t i o n 'm e a s u r e 
m e n ts .  S te a k s  f o r  s e n s o ry  p a n e l  a n a ly s e s  a n d  s h e a r  f o r c e  d e t e r m in a t io n s  
w e re  c o o k e d  in  a  1 7 5 ° C  e l e c t r i c  o v e n  f o r  5 0  m in  to  a n  a p p r o x im a te  
in te r n a l  t e m p e r a tu r e  o f  7 2 ° C .  A  s ix -m e m b e r  t r a in e d  s e n s o r y  p a n e l  
e v a lu a te d  e a c h  s a m p le  f o r  t h r e e  t e n d e r n e s s  t r a i t s  ( in i t i a l  t e n d e r n e s s ,  
m u s c le  f ib e r  t e n d e r n e s s  r a t i n g  a n d  a m o u n t  o f  c o n n e c t iv e  t i s s u e  r a t in g )  
as d e s c r ib e d  b y  C ro s s  e t  a l .  ( 1 9 7 3 ) .  S h e a r  f o r c e  v a lu e s  w e re  d e te r m in e d  
u s in g  f iv e  1 .3  c m  c o r e s  t a k e n  f r o m  e a c h  s a m p le .  T e n  s e m im e m b r a n o s u s  
m u s c le s  w i th  s h e a r  f o r c e  v a lu e s  le ss  t h a n  5 .3 3  k g  ( “ t e n d e r ” ) a n d  t e n  
s e m im e m b r a n o s u s  m u s c le s  w i th  s h e a r  f o r c e  v a lu e s  g r e a te r  t h a n  8 .8 8  k g  
( “ t o u g h ” ) w e re  s e le c te d  f o r  u s e  in  d e v e lo p in g  a  f r a g m e n ta t io n  in d e x  to  
p r e d i c t  m u s c le  te n d e r n e s s .  T h e  ra w  m u s c le  s a m p le s  w e re  g r o u n d

1 P re s e n t address: D e p t, o i  F o o d  S c ien ce , U n iv e rs ity  o f G eorg ia , 
A th e n s , G a.

t h r o u g h  a 4 .8  m m  p l a t e  a n d  b l e n d e d  in  a  V i r t i s  h o m o g e n iz e r  a t  h ig h  
s p e e d  f o r  t h e  s e le c te d  b l e n d in g  t im e s .  T w o  s a m p le  s iz e s  (5 g  a n d  lO g ) 
a n d  t w o  b le n d in g  t im e s  ( 3 0  s e c  a n d  6 0  s e c )  w e re  c o m p a r e d  t o  id e n t i f y  
t h e  o p t i m u m  p r o c e d u r e .  A f t e r  b le n d in g ,  t h e  h o m o g e n a te  w a s  f i l t e r e d  
t h r o u g h  o n e  l a y e r  o f  c h e e s e c lo th  (C u r t i s s  N o . 5 0 ) .  A  2 0  m l a l i q u o t  o f  
t h e  f i l t r a t e  w a s  p la c e d  in  a  p r e w e ig h e d ,  5 0  m l  p o l y e t h y l e n e  c e n t r i f u g e  
t u b e  a n d  c e n t r i f u g e d  a t  3 1 ,3 0 0  x  G  f o r  1 0  m in .  T h e  s u p e r n a t a n t  w a s  
d e c a n te d ,  le a v in g  t h e  m y o f i b r i l l a r  p r o t e i n  r e s id u e  in  t h e  c e n t r i f u g e  
tu b e .  T h e  r e m a in in g  f a t  p a r t i c le s  w e re  r e m o v e d  f r o m  t h e  in s id e  o f  th e  
c e n t r i f u g e  tu b e  u s in g  a  m e ta l  s p a tu l a  w r a p p e d  w i th  c h e e s e c lo th .  T h e  
t u b e  c o n ta in in g  t h e  r e s id u e  w a s  a g a in  w e ig h e d  a n d  t h e  t o t a l  w e ig h t  o f  
t h e  r e s id u e  d e t e r m in e d .  R e s id u e  w e ig h t  (m u s c le  f r a g m e n t  w e ig h t )  w a s  
u s e d  a s  a n  i n d e x  o f  f r a g m e n ta t io n .

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

S I M P L E  C O R R E L A T I O N  C O E F F I C I E N T S  f o r  s h e a r  f o r c e  
v a l u e s  a n d  m u s c l e  f r a g m e n t  w e i g h t s  f o r  e a c h  o f  t h e  f o u r  f r a g 
m e n t a t i o n  m e t h o d s  a r e  p r e s e n t e d  i n  T a b l e  1 . T h r e e  o f  t h e  f o u r  

i n d i c e s  w e r e  s i g n i f i c a n t l y  ( P  <  0 . 0 1 )  c o r r e l a t e d  w i t h  s h e a r  
f o r c e  v a l u e s .  T h e  f r a g m e n t a t i o n  i n d e x  e m p l o y i n g  a  1 0 - g  s a m 
p l e  a n d  6 0  s e c  o f  b l e n d i n g  t i m e  e x h i b i t e d  t h e  h i g h e s t  c o e f f i 
c i e n t  o f  c o r r e l a t i o n  a n d  w a s  s e l e c t e d  f o r  s u b s e q u e n t  e v a l u a 
t i o n s .

M e a n s  a n d  s t a n d a r d  d e v i a t i o n s  f o r  m u s c l e  f r a g m e n t  w e i g h t s  
a n d  s h e a r  f o r c e  v a l u e s  f o r  t h e  “ t o u g h ”  a n d  “ t e n d e r ”  g r o u p s  o f  
m u s c l e s  a r e  r e p o r t e d  i n  T a b l e  2 .  T h e  a v e r a g e  w e i g h t  o f  t h e  
c e n t r i f u g e d  p e l l e t ,  r e s u l t i n g  f r o m  t h e  u s e  o f  a  1 0 -g  s a m p l e  

b l e n d e d  f c r  6 0  s e c  o b t a i n e d  f r o m  t h e  m u s c l e  s a m p l e s  c l a s s i f i e d  
a s  t e n d e r ,  w a s  s i g n i f i c a n t l y  ( P  <  0 . 0 1 )  g r e a t e r  t h a n  t h a t  o b 

t a i n e d  f r o m  t h e  t o u g h  m u s c l e s .  T h e s e  f i n d i n g s  s u p p o r t  t h e  
t h e o r y  ( S a y r e ,  1 9 7 0 )  t h a t  a s  m u s c l e  t e n d e r n e s s  i n c r e a s e s ,  t h e  
d e g r e e  o f  f r a g m e n t a t i o n  w h i c h  o c c u r s  w h e n  a  m u s c l e  i s  
b l e n d e d  a l s o  i n c r e a s e s .  S h e a r  f o r c e  v a l u e s  d i f f e r e d  s i g n i f i c a n t l y  

( P  <  0 . 0 1 )  b e t w e e n  t h e  t w o  g r o u p s  o f  m u s c l e s  u t i l i z e d  i n  t h e  
p r e s e n t  s t u d y .

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

Table 1 —Simple correlation coefficients between shear force 
values and muscle fragment weights

Fragmentation
method3

Sample
size

(g)

Blending
tim e
(sec)

Correlation between muscle 
fragment weights and 
shear force values (r)

1 5 30 - 0 .6 4 * *
2 5 60 -0 .4 2
3 10 30 - 0 .6 6 * *
4 10 60 - 0 .7 9 * *

a n = 20 m uscle samples per fragm enta tion  m ethod 
**  F <  0.01
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Table 2— Means 
weights and shear 
muscle

and
force

standard deviations for 
values fo r tough and

muscle fragment 
tender samples of

Muscle tenderness
Muscle fragment weight3 Shear force, kg

group n x S.D. x S.D.

Tough 10 1.16b 0.17 9.2b 1.13
Tender 10 1,94e 0.28 4.6e 0.64

a T h e  w e igh t (g) o f the cen trifuged  m y o fib r il la r  p e lle t obta ined  
from  the  cheeseclo th  f ilte red  fra c t io n  o f  a 1 0-g m eat sam ple b len d 
ed fo r  60  sec.

k»c Means in the  same co lu m n  bearing d iffe re n t superscrip ts d iffe r  
s ig n ifica n tly  (P < 0.01).

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

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

e v a l u a t i o n  o f  t h i s  c o n c e p t  f o r  p r e d i c t i n g  t e n d e r n e s s .  F r a g 
m e n t a t i o n  i n d e x  v a l u e s  w e r e  c l o s e l y  a s s o c i a t e d  ( P  <  0 . 0 1 )  w i t h  
s h e a r  f o r c e  v a l u e s  ( r  =  —0 . 7 9 )  i n d i c a t i n g  t h a t  t h e  i n d e x  d e v e l 
o p e d  i n  t h e  p r e s e n t  s t u d y  m e a s u r e d  t h e  s a m e  t e n d e r n e s s  c o m 
p o n e n t s  t h a t  w e r e  e v a l u a t e d  b y  t h e  W a r n e r - B r a t z l e r  s h e a r  

m a c h i n e .

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

i n d e x  a s  a n  o b j e c t i v e  i n d i c a t o r  o f  m u s c l e  t e n d e r n e s s .  H o w e v e r ,  
t h e  s i g n i f i c a n t  ( P  <  0 . 0 1 )  a s s o c i a t i o n  b e t w e e n  t h e  f r a g m e n t a 

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

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

c o o k e d  m e a t .
I n  c o n c l u s i o n ,  d e t e r m i n a t i o n s  o f  f r a g m e n t a t i o n  i n d e x  b y  

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

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

t r e a t m e n t s  s u c h  a s  a g i n g ,  m e c h a n i c a l  t r e a t m e n t s  o r  e n z y m a t i c  
t e n d e r i z a t i o n  c o u l d  b e  u s e d  t o  i m p r o v e  t h e  p a l a t a b i l i t y  o f  l e s s  
d e s i r a b l e  c a r c a s s e s .
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APPARATUS FOR MAINTAINING HOLDING TEMPERATURE 

WHILE SERVING CAFETERIA ROUNDS OF BEEF

IN T R O D U C T IO N

L A R G E  B E E F  R O A S T S  ( 3 0 —4 0  l b )  a r e  r o u t i n e l y  h e l d  o n  

c o n v e n t i o n a l  c a f e t e r i a  s e r v i n g  l i n e s  a n d  m a y  r e m a i n  o n  t h e  
s e r v i n g  l i n e  f o r  a s  l o n g  a s  1 0  h r .  I n  t h e  a b s e n c e  o f  p r o p e r  

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

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

m e t h o d  o f  o p e r a t i o n ;  h o w e v e r ,  a  b a c t e r i o l o g i c a l  s u r v e y  ( B r y a n  
a n d  K i l p a t r i c k ,  1 9 7 1 )  h a s  d e m o n s t r a t e d  t h a t  t h i s  p r a c t i c e  
y i e l d s  h o l d i n g  t e m p e r a t u r e s  i n  t h e  r a n g e  t h a t  s u p p o r t  g r o w t h  
o f  C l o s t r i d i u m  p e r f r i n g e n s  ( 6 5 — 1 2 2 ° F ) .

T h e  r e c o m m e n d e d  t e m p e r a t u r e  f o r  h o l d i n g  h o t  f o o d s  i n  
f o o d - s e r v i c e  o p e r a t i o n s  i s  1 4 0 ° F  ( U S P H S ,  1 9 6 2 ) ,  b u t  p r o p r i e 
t o r s  c o n t e n d  t h a t  h o l d i n g  t h e s e  l a r g e  r o u n d s  o f  b e e f  o n  s e r v i n g  
l i n e s  f o r  e x t e n d e d  p e r i o d s  a t  c o n d i t i o n s  n e c e s s a r y  t o  m a i n t a i n  
1 4 0 ° F  t e n d s  t o  d r y  t h e  m e a t ,  l e a v i n g  i t  u n d e s i r a b l e  f o r  t h e i r  
c u s t o m e r s .  S u c h  d r y i n g  i s  d u e  p r i m a r i l y  t o  t h e  l a c k  o f  p r o p e r  
e q u i p m e n t  t o  h o l d  t h e  l a r g e  s i z e  r o u n d s  a t  u n i f o r m  t e m p e r a 

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

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

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

U S D A  C H O I C E  c a f e t e r ia  r o u n d s  o f  b e e f  ( 3 3 - lb  b o n e le s s ,  r o l l e d  a n d  
t i e d ,  r u m p  a n d  s h a n k  o f f ,  k n u c k le  r e m o v e d ;  I t e m  n u m b e r  1 6 6 ,  M e a t  
B u y e r ’s G u id e ,  N A M P , 1 9 6 1 )  w e re  s e le c te d  f o r  t h e  e x p e r im e n t s  a s  b e 
in g  r e p r e s e n ta t i v e  o f  r o a s t s  u s e d  c o m m e r c ia l ly .  A  t o t a l  o f  1 3  r o u n d s  
w e re  p la c e d  o n  r a c k s  i n  a  r o a s t in g  p a n  a n d  c o o k e d  in  a  c o m m e r c ia l  o v e n  
( V u lc a n -H a r t ,  M o d e l  6 7 5 1 A )  a t  lo w  ( 1 6 0 - 2 2 5 ° F )  o r  m o d e r a t e  ( 3 0 0 ° F )  
o v e n  t e m p e r a tu r e s .  T h e  r o a s t s  w e re  r e m o v e d  f r o m  t h e  o v e n  so  t h a t  
r e s id u a l  c o o k in g  e f f e c t s  y ie ld e d  a  f in a l  c e n t e r  t e m p e r a t u r e  o f  a p p r o x i 
m a te ly  1 4 0 ° F  ( r a r e ) .  T h e  in s t r u m e n t a t i o n  w a s  l e f t  in  p o s i t i o n  a n d  t h e  
r o a s ts  w e re  p la c e d  d i r e c t ly  o n  th e  s e rv in g  ta b le .

M e a t  t e m p e r a t u r e s  w e re  r e c o r d e d  d u r in g  c o o k in g  a n d  h o ld in g  b y  a  
m u l t i p o i n t  r e c o r d e r  ( D y n a m a s te r ,  B r is to l  C o .)  u s in g  c o p p e r - c o n s t a n t a n  
th e r m o c o u p le s  ( O .F .  E c k lu n d ,  C u s to m e r  T h e r m o c o u p le s ) .  T h r e e  s e ts  o f  
t h r e e  t h e r m o c o u p le s  w e re  p la c e d  n e a r  t h e  s u r f a c e  ( 1 / 4  in .  a b o v e  a n d  
1 /1 6  a n d  1 - 1 /2  in .  b e lo w )  o n  t h e  t o p ,  s id e ,  a n d  b o t t o m  s u r f a c e s  o f  t h e  
r o a s t .  T e m p e r a tu r e s  a t  1 /1 6  in .  b e lo w  t h e  s u r f a c e  w e re  c o n s id e r e d  a s  
s u r f a c e  t e m p e r a tu r e .  A  t e m p e r a t u r e  p r o f i l e  w a s  m e a s u r e d  a lo n g  th e  
h o r i z o n ta l  a x is  w i th  t h r e e  a d d i t i o n a l  t h e r m o c o u p le s  lo c a t e d  a t  3 a n d
4 - 1 /2  in .  b e lo w  th e  s u r f a c e  a n d  a t  t h e  c e n t e r  o f  t h e  r o a s t .  O v e n  te m 
p e r a tu r e s  w e re  r e c o r d e d  in  f o u r  c o rn e r s  o f  t h e  o v e n  a n d  t h e  a v e r a g e  w a s  
c o n s id e r e d  a s  o v e n  t e m p e r a tu r e .

A  p o r t a b l e  r o a s t  b e e f  s e rv in g  t a b le  (S e c o  C o .,  M o d e l  B -2 -R B ) w a s  
m o d if ie d  t o  d e v e lo p  a  s y s te m  f o r  m a in ta in in g  h o ld in g  t e m p e r a t u r e  in  
r o u n d s  o f  b e e f  o n  c a f e t e r i a  s e rv in g  l in e s . T h e  m a jo r  m o d i f i c a t i o n  to  t h e  
s t a n d a r d  s e rv in g  t a b l e  c o n s i s te d  o f  a  s ta in le s s  s te e l  d e e p - w e l l  s e rv in g  p a n  
w h ic h  w a s  in s ta l le d  in  t h e  w e t-w e l l  o p e n in g  in  t h e  s e rv in g  ta b le  a n d  
p r o v id e d  th e r m a l  p r o t e c t i o n  f o r  t h e  s id e s  o f  t h e  r o a s t  (F ig .  1 ) .  T h e  
d e e p - w e l l  e n c lo s e s  m o s t  o f  t h e  r o a s t  e x p o s in g  o n ly  e n o u g h  o f  t h e  t o p  
s u r f a c e  t o  f a c i l i ta te  s lic in g . T h e  w e ll  is 1 6  in .  in  d i a m e te r  b y  8 in . d e e p .  
T h e  s e rv in g  p a n  is e q u ip p e d  w i th  a n  a d ju s t a b l e  r a c k  so  t h a t  t h e  e n t i r e  
r o a s t  c a n  b e  ra is e d  in  1- in . i n c r e m e n t s  a s  t h e  t o p  s u r f a c e  is s l ic e d  a w a y .

S te a m  in  t h e  w e t-w e l l  s u r r o u n d e d  t h e  d e e p - w e l l  e n c lo s u r e  so  t h a t  th e  
t e m p e r a t u r e  in  t h e  d e e p - w e l l  o f  t h e  p a n  c o u ld  b e  c o n t r o l l e d  b y  c o n 
t r o l l in g  t h e  w a te r  t e m p e r a t u r e  in  t h e  w e t - w e l l  ( ± 1 / 2 ° F ) .  T e n  h o ld in g  
t e s t s  w e re  c o n d u c t e d  w i t h  t h e  r o a s t  e x t e n d in g  a p p r o x im a te ly  3 in . 
a b o v e  t h e  t o p  s u r f a c e  o f  t h e  s e rv in g  p a n .  V a r io u s  h e a t  la m p  a r r a n g e 
m e n t s  w e re  u s e d  w i th  w e t-w e l l  t e m p e r a t u r e s  b e tw e e n  1 9 0  a n d  2 1 2 ° F .

In  a d d i t i o n  t o  t h e  h o ld in g  t e s t s ,  t h r e e  r u n s  w e r e  c o n d u c t e d  w h e re  
t h e  r o a s t  w a s  r a is e d  a n d  s l ic e d  a t  t h e  r a t e  o f  1 in . e a c h  h o u r .  A  w e t-w e ll  
t e m p e r a t u r e  o f  1 9 5 ° F  a n d  tw o  in f r a r e d  l a m p s  1 6  in .  a b o v e  th e  c u t t in g  
s u r f a c e  w e re  u s e d .  F o r  t h e  s l ic in g  t e s t s ,  t h e r m o c o u p le s  w e re  p o s i t io n e d  
a t  f iv e  l o c a t io n s  o n  t h e  t o p  a n d  s id e  s u r f a c e s  a n d  a t  1- in . in te rv a ls  b e lo w  
t h e  s lic in g  s u r f a c e  a lo n g  t h e  v e r t i c a l  a x is  o f  t h e  r o a s t .

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

A N G E L O T T I  e t  a l .  ( 1 9 6 1 ,  1 9 6 3 )  a n d  B r y a n  a n d  K i l p a t r i c k
( 1 9 7 1 )  i n d i c a t e  t h a t  h o t  f o o d s  s h o u l d  b e  m a i n t a i n e d  a t  1 4 0 ° F  

t o  i n s u r e  t h e  p r e v e n t i o n  o f  o u t b r e a k s  o f  i l l n e s s  f r o m  f o o d 
p o i s o n i n g  o r g a n i s m s  (C .  p e r f r i n g e n s ,  s a l m o n e l l a ,  s t a p h y l o c o c c i  
a n d  s t r e p t o c o c c i ) .  T h e  r e c e n t  w o r k  o f  B r o w n  a n d  T w e d t
( 1 9 7 2 )  s u g g e s t s  t h a t  a f t e r  a  b e e f  r o a s t  i s  h e a t e d  t o  1 4 0 ° F ,  C . 
p e r f r i n g e n s ,  S a l m o n e l l a  e n t e r i t i d i s  a n d  S t a p h y l o c o c c u s  a u r e u s  
c o n t i n u e  t o  b e  i n a c t i v a t e d  a t  a n y  t e m p e r a t u r e  a b o v e  1 2 8 ° F .

Fig. I—Serving system for cafeteria rounds o f beef.
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Fig. 2—Roast beef serving in a deep-well pan at the rate o f 1-in. per 
hour.

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

r o a s t  b e e f  w a s  a  m a s s  a v e r a g e  i n t e r n a l  t e m p e r a t u r e  o f  a t  l e a s t  
1 4 0 ° F .  T o  p r e v e n t  t h e  p o s s i b i l i t y  o f  r e c o n t a m i n a t i o n  o n  t h e  
s u r f a c e  o f  t h e  r o a s t ,  t h e  t e m p e r a t u r e  s h o u l d  n o t  d r o p  b e l o w  
1 2 8 ° F  f o r  e x t e n d e d  p e r i o d s .

O n e  t e s t  w a s  c o n d u c t e d  t o  s i m u l a t e  c u r r e n t  c o m m e r c i a l  
t e c h n i q u e s .  A  r o a s t ,  c o o k e d  t o  a  c e n t e r  t e m p e r a t u r e  o f  1 3 5 ° F ,  
w a s  p l a c e d  o n  t h e  p e r f o r a t e d  d r i p  r a c k  o f  t h e  p o r t a b l e  s e r v i n g  
t a b l e ,  w i t h  m o s t  o f  t h e  s u r f a c e  o f  t h e  r o a s t  e x p o s e d  t o  a m b i 
e n t  c o n d i t i o n s .  W i t h  t h e  1 , 0 0 0 - w a t t  w e t - w e l l  h e a t e r  o p e r a t i n g  

c o n t i n u o u s l y ,  t h e  w e t - w e l l  w a t e r  t e m p e r a t u r e  w a s  m a i n t a i n e d  
a t  2 1 2 ° F .  O n e  i n f r a r e d  h e a t  l a m p  w a s  d i r e c t e d  o n t o  t h e  t o p  
s u r f a c e  o f  t h e  r o a s t  f r o m  a  d i s t a n c e  o f  1 1  i n .  W i t h i n  1 5  m i n ,  
t h e  s u r f a c e  t e m p e r a t u r e s  a r o u n d  t h e  s i d e s  o f  t h e  r o a s t  w e r e  
l e s s  t h a n  9 0 ° F .  B y  t h e  e n d  o f  t h e  8 - h r  h o l d i n g  p e r i o d ,  e q u i 
l i b r i u m  c o n d i t i o n s  w e r e  a t t a i n e d  w i t h  i n t e r n a l  t e m p e r a t u r e s  
f a l l i n g  b e l o w  1 2 2 ° F .  T h e  a v e r a g e  t e m p e r a t u r e  w a s  1 1 0 ° F ,  
s o m e  3 0 ° F  l e s s  t h a n  t h e  r e c o m m e n d e d  h o l d i n g  t e m p e r a t u r e .

T h e s e  d a t a  s h o w  t h a t  a d d i t i o n a l  t h e r m a l  a s s i s t a n c e  i s  
n e e d e d  t o  m a i n t a i n  r o a s t s  a t  t h e  r e q u i r e d  h o l d i n g  t e m p e r a 
t u r e s ,  a n d  t h e  m o d i f i e d  s e r v i n g  t a b l e ,  w i t h  t h e  d e e p - w e l l  e n 
c l o s u r e  t h a t  p r o t e c t e d  t h e  s i d e s  o f  t h e  r o a s t ,  p e r f o r m e d  w e l l .  
W i t h  t h e  w e t - w e l l  t e m p e r a t u r e  h e l d  a t  2 0 6 ° F ,  a n d  o n e  i n f r a r e d  
l a m p  1 4  i n .  a b o v e  t h e  t o p  o f  t h e  r o a s t ,  s u r f a c e  t e m p e r a t u r e s  

r e m a i n e d  a b o v e  1 3 0 ° F  f o r  t h e  e n t i r e  8 - h r  h o l d i n g  p e r i o d  w i t h  
i n t e r n a l  m e a t  t e m p e r a t u r e s  r a n g i n g  f r o m  1 4 2 — 1 4 8 ° F .

M a i n t a i n i n g  w e t - w e l l  t e m p e r a t u r e  i s  i m p o r t a n t .  A  t e s t  w a s  
c o n d u c t e d  i d e n t i c a l  t o  t h e  a b o v e  e x c e p t  t h a t  w e t - w e l l  t e m p e r 
a t u r e  w a s  h e l d  a t  1 9 0 ° F ,  a n d  s u r f a c e  t e m p e r a t u r e s  o n  t h e  s i d e s  
o f  t h e  r o a s t  d r o p p e d  t o  1 1 7 ° F .

O t h e r  f a c t o r s  a f f e c t e d  t h e  r e q u i r e d  w e t - w e l l  t e m p e r a t u r e :

( 1 )  A  2 0 0 ° F  w e t - w e l l  t e m p e r a t u r e  w a s  s u f f i c i e n t  f o r  a  r o a s t  
c o o k e d  i n  a  3 0 0 ° F  o v e n .  H i g h e r  c o o k i n g  t e m p e r a t u r e s  y i e l d  
h i g h e r  m e a t  t e m p e r a t u r e s  n e a r  t h e  s u r f a c e  f o r  t h e  s a m e  c e n t e r  

t e m p e r a t u r e ,  a n d  t h i s  l e a d s  t o  a  s m a l l e r  e n e r g y  d e m a n d  f r o m  
t h e  h o l d i n g  s y s t e m .  ( 2 )  T w o  i n f r a r e d  l a m p s  l o c a t e d  1 6  i n .  
a b o v e  t h e  c u t t i n g  s u r f a c e  o f  t h e  r o a s t ,  w i t h  a  w e t - w e l l  t e m p e r 

a t u r e  o f  1 9 5 ° F ,  w e r e  s u f f i c i e n t  t o  m a i n t a i n  s u r f a c e  t e m p e r a 
t u r e s  o f  t h e  r o a s t  a b o v e  1 3 4 ° F .  ( 3 )  F o r  o n e  t e s t ,  t h e  i n f r a r e d  

l a m p s  w e r e  r e p l a c e d  w i t h  1 5 0 - w a t t  i n c a n d e s c e n t  f l o o d  l a m p s .  
T h e  s u r f a c e  t e m p e r a t u r e s  d r o p p e d  t o  1 2 1 ° F  i n d i c a t i n g  t h a t  
f l o o d  l a m p s  c a n n o t  s u p p l y  a d e q u a t e  h e a t i n g  t o  t h e  t o p  s u r 
f a c e .  ( 4 )  A l s o ,  r o a s t s  n o t  p l a c e d  o n  s e r v i n g  l i n e s  i m m e d i a t e l y  

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

p e r i o d  o f  t i m e .

R e s u l t s  o f  a  t y p i c a l  s l i c i n g  t e s t  a r e  s h o w n  i n  F i g u r e  2 .  L o 

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

s t a n t  u n t i l  i t  r e a c h e s  a  p o i n t  a b o u t  1 —2  i n .  b e l o w  t h e  c u t t i n g  
s u r f a c e .  T h e n  t h e  t e m p e r a t u r e  b e g i n s  t o  f a l l  u n t i l  t h e  e f f e c t  o f  
t h e  h e a t  l a m p s  i s  f e l t  a s  t h e  p o i n t  m o v e s  c l o s e r  t o  t h e  c u t t i n g  
s u r f a c e .  T h e s e  d a t a  i n d i c a t e  t h a t  t h e  h e a t  l o s s  t o  t h e  s u r 

r o u n d i n g s  o c c u r s  o n  t h e  p e r i p h e r y  o f  t h e  r o a s t  b e t w e e n  t h e  
c u t t i n g  s u r f a c e  a n d  t h e  t o p  o f  t h e  d e e p - w e l l  s e r v i n g  p a n .  T h i s  
d i s t a n c e  s h o u l d  t h e r e f o r e  b e  k e p t  a t  t h e  m i n i m u m  p r a c t i c a l  
l e v e l  t h a t  w i l l  n o t  i m p a i r  e f f i c i e n t  s l i c i n g  o p e r a t i o n s .  W h e r e a s  
t h e  m i n i m u m  s u r f a c e  t e m p e r a t u r e  b e f o r e  s l i c i n g  ( F i g .  2 ) ,  

w h i c h  o c c u r s  o n  t h e  s i d e  s u r f a c e  a b o v e  t h e  d e e p - w e l l  p a n ,  
t e n d e d  t o  f a l l  b e l o w  t h e  m i n i m u m  o f  1 2 8 ° F ,  t h e  t i m e  s p e n t  a t  
t h e s e  t e m p e r a t u r e s  i s  t o o  b r i e f  f o r  a n y  s i g n i f i c a n t  m i c r o b i a l  

g r o w t h  ( a b o u t  1 h r ) .  D u r i n g  p e r i o d s  o f  r e d u c e d  s l i c i n g  a c t i v i t y ,  
t h e  r o a s t  c a n  b e  l o w e r e d  c o m p l e t e l y  i n t o  t h e  d e e p - w e l l  s e r v i n g  
p a n  a n d  c o v e r e d  w i t h  a  l i d .

B a s e d  o n  t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n ,  a  r o a s t  b e e f  m u s t  
h a v e  t h e r m a l  p r o t e c t i o n  f o r  i t s  s i d e  s u r f a c e s  i n  o r d e r  t o  s a t i s f y  
t h e  h o l d i n g  c r i t e r i a  e s t a b l i s h e d .  T h e  a p p a r a t u s  d e s c r i b e d  i n  t h i s  
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A Research Note
THE EFFECT OF TEXTURED SOY FLOUR PARTICLES ON THE 

MICROSCOPIC MORPHOLOGY OF FRANKFURTERS

IN T R O D U C T IO N

C U R R E N T  D I R E C T I O N  i n  t h e  m a n u f a c t u r e  o f  m e a t  f o o d s  is  
t o  b a l a n c e  q u a l i t y  a n d  q u a n t i t y  o f  p r o t e i n  a g a i n s t  m a n u f a c t u r 
i n g  f u n c t i o n a l i t y ,  n u t r i t i o n a l  v a l u e  a n d  c o s t .  A  v a r i e t y  o f  n o n 
m e a t  i n g r e d i e n t s  h a v e  b e e n  u s e d  a s  f i l l e r s ,  b i n d e r s  a n d  e x 
t e n d e r s  i n  c o m m i n u t e d ,  c o o k e d ,  c u r e d  m e a t  f o o d  s a u s a g e s .  
T h e s e  h a v e  b e e n  u s e d  i n  f o r m u l a t i o n s  a t  a  3 —4 %  l e v e l  b a s e d  o n  
w e i g h t  o f  m e a t  ( e d i b l e  f l e s h ) .  W h e n  h i g h e r  l e v e l s  a r e  i n c o r p o 
r a t e d ,  p r o b l e m s  a r e  o f t e n  e n c o u n t e r e d  w i t h  e m u l s i o n  s t a b i l i t y ,  

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

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

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

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

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

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

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

T H R E E  B A T C H E S  o f  f r a n k f u r t e r s  ( T a b le  1 ) w e re  p r e p a r e d  a t  t h r e e  
d i f f e r e n t  t im e s .  B a t c h  # 1  w a s  a  t y p i c a l  a ll  m e a t  f r a n k f u r t e r  f o r m u la 
t io n ,  w h e re a s  B a t c h  # 2  h a d  9 .9 %  f in e ly  d iv id e d  s o y  f l o u r  a d d e d ,  a n d  
B a tc h  # 3  h a d  t h e  s a m e  a m o u n t  o f  c o a r s e ly  d iv id e d  t e x t u r e d  s o y  f l o u r  
a d d e d .  T h e  p r o d u c t  w a s  m a n u f a c tu r e d  in  a  c o n v e n t io n a l  S i l e n t  C u t t e r ,  
a n d  a f t e r  c o m m in u t io n ,  w a s  s tu f f e d  i n t o  2 2  m m  c e l lu lo s e  c a s in g s  a n d  
h e a t  p r o c e s s e d  in  a  c o n v e n t io n a l  s m o k e h o u s e  f o r  l - l ' A  h r .  F in i s h e d  
in te r n a l  p r o d u c t  t e m p e r a t u r e  o f  7 0 ° C  w a s  r e a c h e d ,  a n d  t h e n  t h e  p r o d 
u c t  w a s  c o ld  s h o w e r e d  w i th  w a te r  f o r  5  m in  a n d  p la c e d  o v e r n ig h t  i n  a  
0 ° C  c o o le r  b e f o r e  p e e l in g  a n d  v a c u u m  p a c k a g in g  t h e  fo l l o w in g  d a y .

T h e  c o a r s e ly  d iv id e d  t e x t u r e d  s o y  f l o u r  w a s  a  c o m m e r c ia l  p r o d u c t  
(“ P r o m a t e ” )  m a n u f a c t u r e d  b y  T h e  G r i f f i t h  L a b o r a to r i e s ,  a n d  h a d  a n  
a p p r o x im a te  s iz e  o f  1 /4  x  1 /8  x  1 /8  in .  T o  m a k e  f in e ly  d iv id e d  m a te r i 
a l, th i s  c o a r s e  p r o d u c t  w a s  g r o u n d  t h r o u g h  a  la b  m o d e l  R a y m o n d  H a m - 
m e rm il l  so  t h a t  i t  w o u ld  b e  r e t a in e d  o n  a  10 0  m e s h  s c r e e n .

M ic r o s c o p ic  e v a lu a t io n  w a s  c o n d u c t e d  o n  t h e  f in i s h e d  p r o d u c t  
s to r e d  f r o m  1 —6 w k  a t  c o o le r  t e m p e r a t u r e  o r  f r o z e n  f o r  t h e  s a m e  
le n g th  o f  t im e .  W h o le  s lic e s  o f  f r a n k f u r t e r s  w e re  f r o z e n  in  l iq u id  n i t r o 
g e n  a n d  s e c t io n e d  a t  a p p r o x im a te ly  1 0 m th ic k n e s s  i n  a  c r y o s t a t .  S e c 
t io n s  w e re  s t a i n e d  w i th  O il  r e d  O  a n d  H a r r is  h e m a to x y l in .

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

A  P H O T O M I C R O G R A P H  r e p r e s e n t a t i v e  o f  t h e  c o n t r o l  s a m p l e  

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

c a l  o r  o v a l  d e p o s i t s ,  a n d  h a v e  a  s i z e  d i s t r i b u t i o n  r a n g i n g  f r o m  
a b o u t  1 6 0 i i  d i a m e t e r  d o w n  t o  v e r y  s m a l l  g l o b u l e s  a t  t h e  l i m i t  
o f  r e s o l u t i o n  w i t h  t h e  l i g h t  m i c r o s c o p e .  T h e  l i p i d  g l o b u l e s  a r e  

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

1 D e p t, o f A nim al S c ie n c e , U n iv e rs ity  o f  W isconsin , M ad ison , WI 
5 3 7 0 6

2 T h e  G rif f ith  L a b o ra to r ie s , 1 4 1 5  W. 3 7 th  S t. ,  C h icag o , IL

I 9 6 0 ;  S w i f t  e t  a j* , 1 9 6 1 ;  H e l m e r  a n d  S a f f l e ,  1 9 6 3 ;  C a r p e n t e r  

a n d  S a f f l e ,  1 9 6 4 ;  M e y e r  e t  a l . ,  1 9 6 4 ;  B o r c h e r t  e t  a l . ,  1 9 6 7 ) .

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

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

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

f a c t u r e  o f  t h e  f r a n k f u r t e r  p r o d u c t .  T h e  s p h e r i c a l  l i p i d  d r o p 
l e t s ,  i n d i c a t e d  a s  a r t i f a c t s  i n  F i g u r e  l a  a n d  b ,  a r e  a l m o s t  
c e r t a i n l y  d i s p l a c e d  f r o m  e l s e w h e r e .  S u c h  d i s p l a c e d  l i p i d  g l o b 
u l e s  a r e  o f t e n  o n  t h e  s u r f a c e  o f  t h e  s e c t i o n  a n d  c a n  b e  c o n 
f i r m e d  b y  c a r e f u l  f o c u s i n g .  F i x a t i o n  p r i o r  t o  s e c t i o n i n g  d i d  
n o t  i m p r o v e  t h e  p r o b l e m .

T h e  c h u n k s  o f  t e x t u r e d  s o y  f l o u r  a r e  d e t e c t e d  e a s i l y  i n  
F i g u r e  l b  a n d  c ,  b y  t h e i r  c h a r a c t e r i s t i c  m o r p h o l o g y .  T h i s  is  
b e s t  d e s c r i b e d  a s  a  l o o s e l y  c o n n e c t e d  n e t w o r k  o f  “ f i b e r s ”  
w h i c h  f o r m  o r  e n c l o s e  l o n g ,  o v a l  s h a p e d  o p e n i n g s  o r  i n t e r 
s t i c e s .  S p e c i f i c  h i s t o c h e m i c a l  t e s t s  f o r  i d e n t i f i c a t i o n  o f  s o y  
p r o t e i n  p r o d u c t s  i n  m e a t  f o o d s  h a v e  b e e n  d e s c r i b e d  ( L i n k e ,  
1 9 6 9 ;  C o o m a r a s w a m y  a n d  F l i n t ,  1 9 7 3 ) .

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

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

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

t h o s e  i n  t h e  c o n t r o l  s a m p l e s .  S e c o n d ,  l i p i d  w a s  a p p a r e n t l y  n o t  
i n c o r p o r a t e d  i n t o  t h e  i n t e r s t i c e s  o f  t h e  t e x t u r e d  s o y  f l o u r .  
E x a m p l e s  o f  t h e s e  t w o  o b s e r v a t i o n s  a r e  i d e n t i f i e d  i n  F i g u r e  1.

Table 1— Frankfurter form ulations using fine ly  divided and 
coarsely divided textured soy f lo u ra>b

Ingredient

Batch number

1 2 3

Edible flesh 74.4 49.9 49.9
Ice/water 19.1 33.9 33.9
Finely divided TSPC 9.9
Coarsely divided TSPC 9.9
Seasoning/sugar 4.5 4.5 4.6
Salt 2.0 1.7 1.7

a Ingredients expressed as percent
^ T he  equ iva len t o f 1/4 oz sod ium  n itr ite , 1/8 oz sod ium  erythor- 

bate and 7 oz sod ium  acid  p y rop ho spha te  per TOO tb batch  was 
added.

c T ex tu re d  soy f lo u r
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Fig. 1—Fresh frozen sections (10m thick) made from frankfurters and stained with O il red O and Harris hematoxylin (Mag. 72X). L ip id  has been 
stained black, the protein-water matrix is gray and open areas are white. " A "  (left) is from a control all meat frankfurter, " f i"  (center) contains 
finely divided textured soy flour and "C "  (right) contains coarsely divided textured soy flour. L ip id  droplets are identified as "L ,"  textured soy 
flour is identified as " T "  and artifacts are identified as "A .”

T w o  i r r e g u l a r l y  s h a p e d  l i p i d  g l o b u l e s  a r e  i d e n t i f i e d  i n  F i g u r e  
l b  a n d  t h e  c h u n k s  o f  t e x t u r e d  s o y  f l o u r  s e e n  i n  F i g u r e  l b  a n d  

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

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

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

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

C h e m i c a l  a n a l y s i s  r e v e a l e d  t h a t  t h e  c o n t r o l  b a t c h e s  c o n t a i n e d  

2 8 —3 2 %  l i p i d ,  w h i l e  t h e  b a t c h e s  c o n t a i n i n g  t e x t u r e d  s o y  f l o u r  
h a d  a  l i p i d  c o n t e n t  r a n g i n g  f r o m  2 0 —2 5 % .  T h i s  i s  a  w e l l -  
k n o w n  e f f e c t  w h e n  u s i n g  t e x t u r e d  s o y  f l o u r s  i n  f r a n k f u r t e r  

f o r m u l a t i o n s  ( l i p i d  i s  d i l u t e d  t o  a  l o w e r  l e v e l  a n d  p r o t e i n  i s  
i n c r e a s e d  s u b s t a n t i a l l y ) .

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

m e r e l y  t a k i n g  u p  s p a c e  i n  t h e  m a t r i x ,  a n d  t h e r e b y  l i m i t i n g  t h e  
a m o u n t  o f  f a t  w h i c h  c a n  b e  d i s p e r s e d  a n d  h e l d  i n  t h e  p r o d u c t .
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A Research Note
EFFECT OF LINEAR APPROXIMATION OF ENTHALPY-TEMPERATURE 

CURVE IN SIMULATING HEAT TRANSFER DURING FREEZING

IN T R O D U C T IO N

S I M U L A T I O N  o f  h e a t  t r a n s f e r  d u r i n g  a  f r e e z i n g  o p e r a t i o n  w a s  

r e c e n t l y  m a d e  b y  i n t e g r a t i n g  n u m e r i c a l l y  a  s e t  o f  d i f f e r e n t i a l  
e q u a t i o n s  o n  a  d i g i t a l  c o m p u t e r  ( J o s h i  a n d  T a o ,  1 9 7 4 ) .  A m o n g  
t h e  i n p u t s  r e q u i r e d  f o r  s u c h  c o m p u t a t i o n s  i s  t h e  e n t h a l p y -  
t e m p e r a t u r e  r e l a t i o n s h i p  o f  t h e  s y s t e m  t o  b e  f r o z e n .  A b o v e  
t h e  f r e e z i n g  t e m p e r a t u r e ,  h e a t  c a p a c i t i e s  o f  m o s t  s y s t e m s  u s u 

a l l y  h a v e  o n l y  m i n o r  t e m p e r a t u r e  d e p e n d e n c y  a n d  t h e  e n t h a l 
p y  w o u l d  b e  l i n e a r .  F o r  t h e  t e m p e r a t u r e  b e l o w  t h e  f r e e z i n g  

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

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

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

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

T h i s  n o t e  p r e s e n t s  t h e  f r e e z i n g  c u r v e s  o b t a i n e d  b y  t h e  s i m u l a 
t i o n  p r o g r a m  o f  J o s h i  a n d  T a o  ( 1 9 7 4 )  f o r  t h e  n o n l i n e a r  a s  w e l l  
a s  t h e  t w o  l i n e a r i z e d  e n t h a l p y  f u n c t i o n s .

E X P E R IM E N T A L

T H E  S Y S T E M  S I M U L A T E D  is  a n  a p p le  s la b  o f  2 - in . t h ic k n e s s .  O r ig i
n a l ly  a t  7 7 . 5 ° F  (T *  =  1 .7 0 ) ,  i t  w a s  s u d d e n ly  d ip p e d  i n t o  a  w e ll  s t i r r e d  
c o o l in g  b a t h  s o  t h a t  t h e  s la b  s u r f a c e  w a s  m a in t a in e d  c o n s t a n t l y  a t  
- 3 9 °  F  (T *  = 0 ) .  T h e  n o n l in e a r  e n th a lp y  f u n c t i o n  w a s  o b t a i n e d  b y  
u s in g  R ie d e l ’s  w o r k  ( 1 9 5 1 )  o f  a p p le  j u i c e  t o  b e  a d ju s t e d  w i th  m o r e  
so lid s  c o n t e n t  f o r  t h e  a p p le  s la b .

R E S U L T S

L I N E A R I Z A T I O N  o f  t h i s  e n t h a l p y  c u r v e  m a y  b e  m a d e  i n  
t e r m s  o f  m a n y  p i e c e w i s e - c o n t i n u o u s  l i n e a r  s e g m e n t s  a n d  t h e  

s i m p l e s t  w o u l d  b e  t o  u s e  o n l y  t w o  s e g m e n t s .  I n  t h i s  s t u d y  t w o  
a r b i t r a r i l y  c h o s e n  p a t t e r n s  o f  t w o  l i n e s  a r e  s h o w n  i n  F i g u r e  1 . 
T h e  d a s h  l i n e s  a r e  t a n g e n t s ,  o n e  a t  t h e  f r e e z i n g  p o i n t  a n d  t h e  

o t h e r  a t  —4 0 ° F .  T h i s  l i n e a r i z a t i o n  e m p h a s i z e s  a  g o o d  a p p r o x i 
m a t i o n  n e a r  t h e  f r e e z i n g  p o i n t  t e m p e r a t u r e  a n d  t h e  s u r f a c e  

t e m p e r a t u r e .  T h e  d o t t e d  l i n e s  r e p r e s e n t  a  l i n e a r i z a t i o n  f o r  
g o o d  a p p r o x i m a t i o n s  i n  t h e  r e g i o n  o f  - 4 0  t o  2 0 ° F .  C e r t a i n l y  
o t h e r  l i n e s  c a n  a l s o  b e  d r a w n  f o r  o b s e r v a t i o n  i f  n e c e s s a r y .  T h i s  
l i n e a r i z a t i o n  i n  t e r m s  o f  t w o  l i n e s  r e d u c e d  a b o u t  2 0 %  o f  t h e  
c o m p u t a t i o n  t i m e  o f  t h e  s a m e  s y s t e m  w i t h  t h e  n o n l i n e a r  e n 
t h a l p y - t e m p e r a t u r e  f u n c t i o n .

T h e s e  c o m p u t e d  f r e e z i n g  c u r v e s  o f  t h e  s a m e  s y s t e m  w i t h  

t h e  n o n l i n e a r  a n d  t w o  l i n e a r i z e d  e n t h a l p y - t e m p e r a t u r e  f u n c 
t i o n s  a r e  s h o w n  i n  F i g u r e  2 .  T h e s e  r e s u l t s  d i s p l a y  g r a p h i c a l l y  
t h e  s e n s i t i v i t y  o f  f r e e z i n g  c u r v e s  t o w a r d  t h e  c h a n g e s  o f  e n t h a l 

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

f o l l o w i n g  o b s e r v a t i o n s :
1 . L i n e a r  a p p r o x i m a t i o n s  o f  t h e  e n t h a l p y  c u r v e  u s e d  h e r e  a f 

f e c t  v e r y  l i t t l e  t h e  f r e e z i n g  c u r v e  o f  t h e  s l a b  c e n t e r  p r i o r  t o  
i t s  r e a c h i n g  t h e  f r e e z i n g  t e m p e r a t u r e  ( 0 — 1 5  m i n )  e v e n  

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

-W -20 0 20 W

Temperature. °F

Fig. 1—Three enthalpy-temperature functions are related ice frac
tions.

Fig. 2—Calculated freezing curves at a slab center for three different 
enthaloy functions.
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2. T h e  e n th a lp y  cu rve  o r  lin e  im m e d ia te ly  b e lo w  th e  fr ee z in g  
te m p e r a tu r e  a p p ea rs to  h a v e  m ajor  in f lu e n c e  o n  th e  p la te a u  
( 1 5 —2 0  m in )  o f  th e  fr e e z in g  cu rve. A  m o r e  v e r tica l e n th a l
p y  l in e  e f fe c t s  a lo n g e r  p la te a u  p o r t io n .

3. F o r  th e  t im e  range o f  0 —2 2  m in  h e r e , th e  fr e e z in g  curve  
b a sed  o n  th e  u se  o f  :w o  ta n g e n t  s e g m e n ts  is  v e ry  c lo se  to  
th a t  u s in g  th e  n o n lin e a r  e n th a lp y  fu n c t io n .  T h is  o f fe r s  a 
u s e fu l g u id e  fo r  m a k in g  th e  lin ea r  a p p r o x im a t io n  o f  e n th a l
p y -te m p e r a tu r e  d a ta  in  s im u la t io n  c o m p u ta t io n s .

A  corollary' o f  ite m  1 is th a t th e  lin ea r  a p p r o x im a t io n  o f  
e n th a lp y  d a ta  ap p ears to  a f fe c t  v e ry  l it t le  th e  c o m p u te d  t im e  
r eq u ire m en t fo r  th e  c e n te r  to  rea ch  th e  fr e e z in g  te m p e r a tu r e .
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A Research Note
ANTHOCYANINS OF GARLIC (Allium sativum L.)

IN T R O D U C T IO N

T H E  D R I E D  i n n e r  s c a l e  l e a v e s  o f  g a r l i c  ( A l l i u m  s a t i v u m  L . )  
a r e  c o l o r e d ,  b u t  t h e  t y p e s  o f  p i g m e n t s  p r e s e n t  a n d  t h e i r  c o m 
p o s i t i o n  h a v e  n o t  b e e n  r e p o r t e d .  A n o t h e r  A l l i u m  s p e c i e s ,  n o 
t a b l y  t h e  S p a n i s h  r e d  o n i o n ,  A .  c e p a  L .  w a s  k n o w n  t o  c o n t a i n  
a n t h o c y a n i n s  w h i c h 'w e r e  r e s p o n s i b l e  f o r  i t s  c o l o r .  T h i s  s t u d y  
r e p o r t s  i s o l a t i o n  a n d  p a r t i a l  i d e n t i f i c a t i o n  o f  t h e  m a j o r  p i g 
m e n t s  i n  g a r l i c .

E X P E R IM E N T A L

F R E S H  G A R L IC  C L O V E S  { A ll iu m  s a t iv u m  L .)  w e re  o b t a i n e d  f r o m  a  
lo c a l  f o o d  m a r k e t .  T h e  d r y  o u t e r  s c a le  le a v e s  w e re  p e e l e d  a n d  d i s c a r d 
e d ,  w h ile  t h e  i n n e r  c o lo r e d  d r y  s c a le  le a v e s  w e re  c o l le c te d ,  p e e l e d ,  a n d  
m a c e r a te d  in  a  b l e n d e r  w i t h  s e v e ra l  d i f f e r e n t  c o n c e n t r a t i o n s  o f  H C 1/ 
m e th a n o l  (0 .0 5 % , 0 .5 % , 1% , 3 % ) t o  o b s e r v e  t h e  e f f e c t  o f  m in e r a l  a c id  
o n  th e  c o m p o s i t i o n  o f  a n t h o c y a n i n s  d u r in g  e x t r a c t i o n .  F o r  is o la t in g  
in d iv id u a l  p ig m e n ts ,  0 .0 5 %  H C l /m e th a n o l  w a s  u s e d  a s  t h e  e x t r a c t in g  
s o lv e n t .  T h e  e x t r a c t  w a s  c o n c e n t r a t e d  t o  a  s m a l l  v o lu m e ,  w a s h e d  w i th  
h e x a n e  a n d  e th y l  a c e t a t e  r e s p e c t iv e ly ,  f u r t h e r  c o n c e n t r a t e d  a n d  p u r i 
f ie d  o n  C G -5 0  A m b e r l i t e  c a t i o n  e x c h a n g e  re s in  t o  g iv e  a  p a r t i a l l y  p u r i 
f ie d  p ig m e n t  e x t r a c t  ( F u le k i  a n d  F r a n c is ,  1 9 6 8 ) .

I s o la t io n  o f  p u r e  g a r l ic  a n th o c y a n in s
T h e  p a r t i a l l y  p u r i f i e d  p ig m e n t  e x t r a c t  w a s  p u r i f i e d  b y  p a p e r  c h r o 

m a to g r a p h y  a s  d e s c r ib e d  b y  D u  e t  a l.  ( 1 9 7 5 ) .

I d e n t i f i c a t i o n  o f  g a r l ic  a n th o c y a n in s
T h e  i d e n t i f i c a t i o n  o f  p ig m e n ts  f o l l o w e d  in  g e n e r a l  t h e  s p e c t r o s c o p ic  

a n d  c h r o m a to g r a p h ic  m e th o d s  d e s c r ib e d  b y  H a r b o r n e  ( 1 9 6 7 ) .  D e ta i ls  
o f  s o lv e n t  s y s te m s ,  s p e c t r a l  m e a s u r e m e n ts ,  m o b i l i t y ,  p a r t i a l  a n d  c o m 
p le te  a c id  h y d r o ly s i s ,  p e r o x id e  h y d r o ly s i s ,  a lk a l i  h y d r o ly s i s ,  e t c .  w e re  
r e p o r t e d  p re v io u s ly  (D u  e t  a l . ,  1 9 7 5 ) .  I n  o r d e r  t o  d e t e c t  a c id  la b i le  
i n te r m e d ia te s ,  a  s o l u t i o n  o f  p ig m e n t  in  0 .5 %  H C l /m e th a n o l  w a s  h e a t e d  
in  a  b o i l in g  w a te r  b a t h  f o r  a b o u t  5 m in ,  a f t e r  w h ic h  2 N  HC1 w a s  a d d e d  
d ro p w is e  a t  1 /2  m in  in te r v a l s  f o r  5  m in ,  a n d  f in a l ly  a n  e q u a l  v o lu m e  o f  
2 N  HC1 to  e f f e c t  c o m p le t e  h y d r o ly s i s .  A l iq u o t s  w e re  w i th d r a w n  a t  
1/ 2 -m in  in te rv a ls  d u r in g  t h e  e a r ly  s ta g e s  o f  a c id  h y d r o ly s i s  a n d  s p o t t e d  
o n  W h a tm a n  N o . 1 p a p e r  a lo n g  w i th  a u t h e n t i c  s t a n d a r d s  a n d  d e v e lo p e d  
in  B F W  a n d  1 5 %  H A c .

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

P R O L O N G E D  C H R O M A T O G R A P H Y  o f  g a r l i c  p i g m e n t  e x 

t r a c t  i n  B F W  ( 2  d a y s )  s h o w e d  t h e  p r e s e n c e  o f  s e v e n  p i g m e n t  
b a n d s  ( T a b l e  1 ) .  P i g m e n t  b a n d s  G 4 ,  G 5 ,  G 6 , G 7  w e r e  p r e s e n t  
i n  t r a c e  q u a n t i t i e s  a n d  a p p e a r e d  t o  b e  c o n t a m i n a t e d  w i t h  o t h 
e r  p l a n t  c o n s t i t u e n t s .  I s o l a t i o n  a n d  i d e n t i f i c a t i o n  o f  t h e s e  
b a n d s  w a s  n o t  a t t e m p t e d .  P i g m e n t s  G l ,  G 2  a n d  G 3  w e r e  t h e  
m a j o r  b a n d s .  T h e  m i n e r a l  a c i d  s t r e n g t h  o f  t h e  e x t r a c t i n g  s o l 
v e n t  h a s  a  g r e a t  e f f e c t  o n  t h e  r e l a t i v e  a m o u n t s  o f  p i g m e n t s  o f  
b a n d s  G l ,  G 2  a n d  G 3 .  1 - 3 %  H C l / m e t h a n o l  r e s u l t e d  i n  g r e a t  
r e d u c t i o n  o f  t h e  i n t e n s i t y  o f  G l  a n d  G 2  a n d  i n c r e a s e d  G 3 ,  

w h i l e  t h e  u s e  o f  0 . 0 5 %  H C l / m e t h a n o l  a s  t h e  e x t r a c t i n g  s o l v e n t  
r e v e a l e d  t h a t  G l  a n d  G 2  w e r e  p r e s e n t  i n  m u c h  g r e a t e r  c o n c e n 
t r a t i o n ,  b u t  G 3  w a s  s t i l l  t h e  m a j o r  p i g m e n t .  A l k a l i  h y d r o l y s i s  
o f  t h e  p u r i f i e d  p i g m e n t  e x t r a c t  r e s u l t e d  i n  t h e  c o m p l e t e  d i s a p 
p e a r a n c e  o f  G l  a n d  G 2  b u t  n o t  G 3 ,  s u g g e s t i n g  t h a t  G l  a n d  G 2  

w e r e  p o s s i b l y  a c y l a t e d  a n t h o c y a n i n s .
G l ,  G 2  a n d  G 3  s h o w e d  a  p o s i t i v e ,  b l u e  c o l o r  r e a c t i o n  w i t h

l e a d  a c e c a t e  ( F u l e k i  a n d  F r a n c i s ,  1 9 6 7 )  t y p i c a l  o f  c y a n i d i n  

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

s is  o f  G l ,  G 2  a n d  G 3  y i e l d e d  o n l y  g l u c o s e .
G 3  e x h i b i t e d  t h e  t y p i c a l  s p e c t r a l  p r o p e r t i e s  o f  a  C y - 3 - g l y c o -  

s i d e  ( E v i s .  m a x  =  5 2 8  n m ,  E u v .  m a x  =  2 8 0  n m ,  E 4 4 0  n m / E v i s .  

m a x  =  2 2 % ,  E 3 2 0  n m / E u v .  m a x  =  2 2 % ,  p o s i t i v e  A I C I 3 s h i f t )  
w i t h  n o n a r o m a t i c  a c i d  a c y l a t i o n .  I t  a l s o  y i e l d e d  n o  d e t e c t a b l e  

h y d r o l y z e d  i n t e r m e d i a t e s  o n  p a r t i a l  a c i d  h y d r o l y s i s .  B a s e d  o n  
i d e n t i c a l  c h r o m a t o g r a p h i c  m o b i l i t y  o f  G 3  t o  t h a t  o f  a u t h e n t i c  

p i g m e n t  ( T a b l e  2 ) ,  G 3  w a s  p o s i t i v e l y  i d e n t i f i e d  a s  c y a n i d i n - 3 -  
g l u c o s i d e ,  t h e  p r e d o m i n a n t  p i g m e n t  i n  g a r l i c .

T h o u g h  r e a d i l y  a l k a l i  h y d r o l y z e d  t o  f o r m  C y - 3 - G ,  G 2  
s h o w e d  n o  a r o m a t i c  a c y l a t i o n  a n d  e x h i b i t e d  a  t y p i c a l  
C y - 3 - g l y c o s i d e  s p e c t r u m  ( E v i s .  m a x  =  5 2 7  n m ,  E u v .  m a x  =  2 8 0  
n m ,  E 4 - 0  n m / E v i s .  m a x  =  2 2 % ,  E 3 2 0  n m / E u v .  m a x  =  2 1 % ,  
p o s i t i v e  A 1 C H  s h i f t ) .  U p o n  p a r t i a l  a c i d  h y d r o l y s i s  u n d e r  m i l d  
c o n d i t i o n s ,  G 2  f o r m e d  t w o  h y d r o l y z e d  i n t e r m e d i a t e s :  o n e  c o r -

Table 1— Separation o f garlic pigments in BFW

Pigments bands Relative quantity RCy-3-G X 10°a

Gl ++ 230
G2 ++ . 163
G3 ++++ 100
G4 trace 87
G5 trace 56
G6 + 36
G7 trace 19

a Average values determ ined  on W hatm an No. 1 paper at band 
fron ts  a fte r 2 days separation in B F W

Table 2— Chromatographic m ob ility  o f anthocyanins from  garlic

Solvent systems

BFW 1%HCI HAc-HCI
Pigments Cy-3-G X 100 Rf X 100 15% HAc

G1 220 15 49 67
G2 162 10 38 55
G3 101 8 32 50

Authentic markers
Cy-3-G (Raspberry, Francis, 

1972) 100 7 32 51
Cy-3-laminariobioside (Red 

orion, Du et al., 1975) 45 9 34 53
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r e s p o n d i n g  t o  C y - 3 - G  a s  t h e  m a j o r  h y d r o l y z e d  c o m p o u n d ,  a n d  

a n o t h e r  i n t e r m e d i a t e  w i t h  f a s t  m o b i l i t y  i n  B F W  ( R c y - 3 -G  =  
2 3 6 ) .  T h e  l a t t e r  i n t e r m e d i a t e  w a s  r e a d i l y  d e t e c t e d  a t  t h e  e a r l y  
s t a g e s  o f  a c i d  h y d r o l y s i s ,  a n d  i t  d i d  n o t  c o r r e s p o n d  t o  a n y  
k n o w n  a n t h o c y a n i d i n s  o r  a n t h o c y a n i n s .  F r o m  t h e  a b o v e  e v i 
d e n c e ,  f ty *  p i g m e n t  w a s  p o s t u l a t e d  t o  b e  C y - 3 - G - ( U )2  o r  

C y - 3 - G < T u  w h e r e  U  is  a n  u n k n o w n  a l i p h a t i c  a c y l  r e s i d u e .  O c 

c u r r e n c e  o f  d o u b l e  a r o m a t i c  a c y l a t i o n  h a s  b e e n  r e p o r t e d  i n  
S o l a r i u m  g u i n e e s e  ( F r a n c i s  a n d  H a r b o r n e ,  1 9 6 6 ) ,  a n d  n o n a r o 
m a t i c  a c y l  r e s i d u e s  w e r e  n o t e d  m o r e  r e c e n t l y  i n  Z e a  m a y s  
( H a r b o r n e  a n d  G a r v a z z i ,  1 9 6 9 ) ,  a p p l e s  ( T i m b e r l a k e  a n d  B r i d l e ,

1 9 7 1 ) ,  a n d  g r a p e s  ( A n d e r s o n  e t  a h ,  1 9 7 0 ) .  I n  t h e  c a s e  o f  
g r a p e s ,  t h e  a c y l  g r o u p  w a s  r e p o r t e d  t o  b e  a c e t i c  a c i d .  B l o o m  
a n d  G e i s s m a n  ( 1 9 7 3 )  r e p o r t e d  t h a t  t h e  a c y l  m o i e t y  o f  c y -  
a n i d i n - 3 - g l u c o s i d e  f r o m  M i m u l u s  L u t e n s  w a s  m a l o n i c  a c i d .

G 1 a l s o  i n d i c a t e d  n o  c i n n a m o y l  a b s o r p t i o n  a n d  g a v e  a  t y p i 

c a l  C y - 3 - g l y c o s i d e  s p e c t r u m  ( E v i s .  m a x  =  5 2 8  n m ,  E u v .  m a x  =  
2 8 0  n m ,  E 4 4 0  n m / E v i s .  m a x  =  2 1 % ,  E 3 2 0  n m / E u v .  m a x  =  
2 6 % ,  p o s i t i v e  A I C I 3 s h i f t ) .  U p o n  p a r t i a l  a c i d  h y d r o l y s i s ,  i t  
y i e l d e d  C y - 3 - G  a n d  G 2  a s  t h e  m a j o r  i n t e r m e d i a t e s ,  a n d  i n  
a d d i t i o n ,  t w o  m i n o r  i n t e r m e d i a t e s ;  o n e  c o r r e s p o n d e d  t o  t h e  
h y d r o l y z e d ’ i n t e r m e d i a t e  f o u n d  w i t h  G 2  a n d  a n o t h e r  h i g h l y  

m o b i l e  o n e  ( R c y - 3 -G  =  2 9 0 )  w h i c h  w a s  n o t  i d e n t i f i e d .  T h u s ,  
G 1  w a s  t e n t a t i v e l y  i d e n t i f i e d  a s  C y - 3 - G < J j  T h e  t w o  p o s t u 
l a t e d  s t r u c t u r e s  f o r  t h e  a c y l a t e d  C y - 3 - G  c o m p o u n d s  w o u l d  f i t  
t h e  c h r o m a t o g r a p h i c  m o b i l i t y  a n d  p a r t i a l  h y d r o l y s i s  d a t a  b u t  
c o n c l u s i v e  p r o o f  o f  s t r u c t u r e  w i l l  d e p e n d  o n  t h e  i d e n t i f i c a t i o n  
o f  t h e  t y p e  a n d  a m o u n t  o f  t h e  a c y l  m o i e t y .

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

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

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

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

d e a c y l a t i o n .  U s e  o f  o r g a n i c  a c i d s  ( A n d e r s o n  e t  a l . , 1 9 7 0 )  a n d  
l o w  a m o u n t s  o f  H C 1  i n  t h e  e x t r a c t i n g  s o l v e n t  a r e  p r e f e r a b l e .  
W e  h a v e  f o u n d  t h a t  t h e  u s e  o f  0 . 1 —0 . 5 %  H C l / m e t h a n o l  a s  a  
p i g m e n t  s t r e a k i n g  s o l u t i o n  h a s  t h e  a d v a n t a g e  o f  g i v i n g  m u c h  
g r e a t e r  b a n d  r e s o l u t i o n  d u r i n g  s e p a r a t i o n  i n  B F W  t h a n  a  p i g 

m e n t  s o l u t i o n  i n  a c e t i c  a c i d .  D e a c y l a t i o n  o f  a n t h o c y a n i n s  a t  

t h i s  H C 1  c o n c e n t r a t i o n  w a s  n e g l i g i b l e  d u r i n g  t h e  c h r o m a t o 
g r a p h i c  s e p a r a t i o n .
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IN T R O D U C T IO N

D E M A N D  f o r  c a n n e d  p e a c h e s  i n  t h e  U n i t e d  S t a t e s  i s  p r e d i c t e d  

t o  r e a c h  1 , 8 5 7 . 7  m i l l i o n  p o u n d s  b y  1 9 8 0 ,  a  4 3 %  i n c r e a s e  o v e r  
c o n s u m p t i o n  i n  1 9 6 8  ( U S D A ,  1 9 7 1 ) .  T h e  e x p e c t e d  d e m a n d ,  
i n  c o n j u n c t i o n  w i t h  l a b o r  s h o r t a g e  a n d  t h e  i n c r e a s e d  c o s t s  o f  
p e a c h  p r o d u c t i o n ,  h a s  i n f l u e n c e d  r e s e a r c h  w i t h  p l a n t  g r o w t h  
r e g u l a t o r s  t o  i n c r e a s e  y i e l d s  a n d  q u a l i t y ,  a n d  t o  s h o r t e n  t h e  

r i p e n i n g  p e r i o d  t o  f a c i l i t a t e  o n c e - o v e r  m e c h a n i c a l  h a r v e s t i n g .  
C o n s i d e r a b l e  s u c c e s s  h a s  b e e n  a c h i e v e d  w i t h  s u c c i n i c  a c i d - 2 , 2 -  
d i m e t h y l h y d r a z i d e  ( S A D H )  a p p l i e d  t o  p e a c h  t r e e s  p r i o r  t o  

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

A p p l i c a t i o n  o f  S A D H  t o  p e a c h  t r e e s  h a s t e n s  t h e  r i p e n i n g  o f  
f r u i t  ( B y e r s  a n d  E m e r s o n ,  1 9 7 3 ) .  S A D H  t r e a t e d  f r u i t  a b c i s e  
m o r e  r e a d i l y  f r o m  t h e  s t e m  a n d  l e a v e  f e w e r  f r u i t  o n  t h e  t r e e  
a f t e r  m e c h a n i c a l  h a r v e s t  ( G a m b r e l l  e t  a l . ,  1 9 6 7 ) .  R e d  a n d  y e l 
l o w  s k i n  c o l o r s  a r e  i n c r e a s e d  b y  S A D H  ( B y e r s  a n d  E m e r s o n ,

1 9 6 9 ) ,  a n d  b e t t e r  i n t e r n a l  c o l o r  i s  a p p a r e n t  ( S i m s  e t  a h ,  1 9 7 1 ;  
B a u m g a r d n e r  e t  a h ,  1 9 7 2 )  p e r h a p s  a s  a  r e s u l t  o f  i n c r e a s e d  
c a r o t e n e  b i o s y n t h e s i s .  O t h e r  p a r a m e t e r s  s u c h  a s  f i r m n e s s ,  
t i t r a t a b l e  a c i d i t y ,  s o l u b l e  s o l i d s  a n d  p H ,  w h i c h  a r e  u s e d  a s  
i n d i c e s  o f  q u a l i t y ,  t e n d  t o  v a r y  w i t h  p e a c h  c u l t i v a r s .  H o w e v e r ,  

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

D a n i e l l  ( 1 9 6 9 )  i n d i c a t e d  t h a t  n o  d e t r i m e n t a l  e f f e c t s  w e r e  
o b s e r v e d  o n  t h e  o d o r  a n d  f l a v o r  o f  m i d - r i p e  f r u i t  t h a t  h a d  
b e e n  t r e a t e d  w i t h  S A D H .  P r e l i m i n a r y  f i n d i n g s  b y  S e n t e r
( 1 9 7 4 )  i n d i c a t e d  t h a t  a p p l i c a t i o n  o f  1 5 0 0  p p m  o f  S A D H  t o  

‘L o r i n g ’ a n d  ‘E l b e r t a ’ p e a c h  t r e e s  e n h a n c e d  t h e  f l a v o r  o f  f r e s h ,  
r i p e  f r u i t  a n d  s i g n i f i c a n t l y  i n c r e a s e d  a c c e p t a b i l i t y .  I n f o r m a t i o n  
is  n o t  a v a i l a b l e  c o n c e r n i n g  t h e  e f f e c t s  o f  S A D H  o n  t h e  f l a v o r  

o f  c a n n e d  p e a c h e s .
B e c a u s e  o f  t h e  c o m m e r c i a l  a c c e p t a n c e  o f  S A D H  f o r  

a p p l i c a t i o n  t o  p e a c h  t r e e s ,  t h e  p r e s e n t  s t u d y  w a s  d e s i g n e d  t o  
f u r t h e r  e v a l u a t e  t h e  e f f e c t s  o f  S A D H  o n  t h e  f l a v o r  o f  f r e s h  f r e e 
s t o n e  p e a c h e s ,  a n d  t o  d e t e r m i n e  i f  t h e  d i f f e r e n c e s  w e r e  

a p p a r e n t  i n  c a n n e d  p e a c h e s .

E X P E R IM E N T A L

Samples
‘D ix i la n d ’ p e a c h  t r e e s  in  t h e i r  7 th  y e a r  w e re  s e le c te d  f r o m  a  0 .8  

h e c t a r e  p lo t  a t  t h e  U S D A  R e s e a r c h  S t a t i o n  a t  B y r o n ,  G a . f o r  u n i 
f o r m i ty  o f  f r u i t - s e t  a n d  v ig o r .  T h e  2 5  t r e e s  w e re  o rg a n iz e d  i n t o  f iv e  
r e p l ic a t io n s  in  a  r a n d o m iz e d  c o m p le te  b lo c k  d e s ig n  a n d  th e i r  i d e n t i t i e s  
w e re  m a in ta in e d  t h r o u g h  t h e  e v a lu a t io n  o f  t h e  p r o c e s s e d  p e a c h e s .  
S A D H  a t  c o n c e n t r a t i o n s  o f  0 ,  1 0 0 0 ,  1 5 0 0 ,  2 0 0 0  a n d  2 5 0 0  p p m  w a s  
a p p l ie d  t o  s in g le - tre e  p lo t s  a t  t h e  b e g in n in g  o f  p i t - h a r d e n in g .

A b o u t  3 4  k g  (1 .5  b u )  o f  f r u i t  w a s  h a r v e s te d  f r o m  e a c h  t r e e  o n  J u ly  
1 7 .  F r u i t s  w e re  s e le c te d  r a n d o m ly  f r o m  e a c h  t r e e  f o r  t h e  f i r m - r ip e  s ta g e  
o f  m a t u r i t y .  T h e  h a rv e s t  w a s  m a d e  a t  d a y b r e a k  a n d  f r u i t s  w e re  t r a n s 
p o r t e d  in  a n  a ir  c o n d i t i o n e d  v e h ic le  t o  t h e  l a b o r a t o r y .  T h e y  w e re  s to r e d  
w i th in  2  h r  f r o m  h a rv e s t  a t  4 ° C  u n t i l  t h e  f r u i t  w e re  e v a lu a te d  f o r  f r e s h

q u a l i t y  a n d  th e  r e m a in d e r  w a s  p ro c e s s e d  f o r  e v a lu a t io n s  o f  c a n n e d  
q u a l i t y .

2 4  p e  ic h e s  w e re  s e le c te d  f r o m  e a c h  s a m p le  f o r  u n i f o r m  s ize  (7  c m  
d ia m  ± 1 c m )  a n d  r ip e n e s s  ( f i r m - r ip e ) .  F i r m n e s s ,  m e a s u r e d  b y  th e  
M a g n u s -T a y lo r  p r e s s u re  t e s t e r  ( 0 .4 7  c m  t i p )  o n  t h e  p a r e d  c h e e k s  o f  
p e a c h e s ,  .vas u s e d  a s  t h e  i n d e x  f o r  r ip e n e s s .  S e le c t io n s  w e re  l im i t e d  to  
f r u i t  h a v in g  a v e ra g e  r e a d in g s  o f  3 - 6  lb  f o r c e .  F r e s h  f r u i t  a n a ly s e s  a n d  
c a n n in g  w e re  c o m p le t e d  w i th in  2 4  h r  f r o m  h a rv e s t .

Fresh fruit
F o u r  p e a c h e s  w e re  r a n d o m ly  c h o s e n  f r o m  th e  2 4  s e le c te d  f r o m  e a c h  

s a m p le  a n d  c o m p o s i t e d  o n  a  t r e a t m e n t  b a s is .  T h e y  w e re  t h e n  w a s h e d  in  
c o ld  w a te r  a n d  q u a r t e r e d .  S e c t io n s  f r o m  e a c h  o f  t h e  2 0  f r u i t  w e re  th e n  
b l e n d e d  i t  l e w  s p e e d  f o r  15 se c . P o r t i o n s  o f  t h e  p u r e e  t h u s  f o r m e d  
w e re  u s e d  f o r  s e n s o ry  a n d  c h e m ic a l  e v a l u a t io n s  o f  t h e  f iv e  t r e a tm e n ts .

A l i q u m t s  o f  t h e  p u r e e  w e re  p o u r e d  in t o  c o d e d ,  4 -o z  s ty r o f o a m  
c u p s .  T h e  c u p s  w e re  c a p p e d  a n d  l e f t  a t  r o o m  t e m p e r a tu r e  f o r  15 m in  to  
a l lo w  th e  v o la t i le  c o m p o n e n t s  o f  t h e  p u r e e  t o  e q u i l i b r a t e .  T h e  s a m p le s  
w e re  p r e s e n te d  to  p a n e l i s t s  in  a  s e n s o ry  e v a l u a t io n  r o o m  t h a t  h a d  c o n 
t r o l l e d  1 g h t in g  (g r e e n ) ,  p o s i t iv e  a ir  p r e s s u r e ,  a n d  b o o t h s .  M u lt ip le  
c o m p a r i s o n  e v a lu a t io n s  w e re  m a d e  o n  th e  f iv e  r a n d o m ly  a r r a n g e d  s a m 
p le s  u s in g  a  n o n t r e a t e d  s a m p le  a s  r e f e r e n c e .  P a n e l is ts  w e re  i n s t r u c t e d  to  
i n d ic a te  ;h e i r  a p p r a i s a l  o f  e a c h  s a m p le  o n  a  7 - p o in t  s c a le  w h ic h  r a n g e d  
f r o m  “ v e ry  s u p e r io r  t o  r e f e r e n c e ”  (S c o r e  = 7 )  t o  “ v e ry  in f e r i o r  t o  
r e f e r e n c e ”  ( S c o r e  =  1 ) . I n  a d d i t i o n  to  m u l t i p l e  c o m p a r i s o n  a n a ly s is ,  th e  
s a m p le s  w e re  r a t e d  o n  a  h e d o n ic  s c a le  o f  9  ( l ik e  v e ry  m u c h )  to  1 
(d is l ik e  v e ry  m u c h ) .  3 6  e v a lu a t io n s  w e r e  m a d e  b y  1 2  p a n e l i s t s  in  2 4  h r  
( 1 1 :0 0  a  m . ,  3 :0 0  p .m .  a n d  1 1 :0 0  a .m . ) .  E a c h  p a n e l  w a s  r u n  o n  q u a r t e r -  
s e c t io n  a l i q u o t s  o f  th e  s a m e  20  p e a c h e s  p e r  t r e a t m e n t  t h a t  h a d  b e e n  
m a in t a in e d  a t  4 ° C .

S o lu b le  s o l id s ,  t i t r a t a b l e  a c i d i ty  a n d  p H  w e re  m e a s u r e d  o n  p u re e  
f r o m  c o m p o s i t e s  o f  t h e  r e m a in in g  q u a r t e r  s e c t io n s  o f  t h e  2 0  f r u i t  p e r  
t r e a t m e n t .  A  1 0 0 -g  s a m p le  f r o m  e a c h  c o m p o s i t e  w a s  t a k e n  f o r  p H  
m e a s u r e m e n t  w i th  g la ss  e l e c t r o d e s  a n d  f o r  t i t r a t a b l e  a c i d i ty  d e t e r m in a 
t io n s .  T i t r a t a b l e  a c i d i ty  w a s  e x p r e s s e d  a s  m l o f  0 .1 N  N a O H  r e q u i r e d  to  
t i t r a t e  t h e  1 0 0 -g  s a m p le  t o  p H  8 .1 .  S o lu b le  s o l id s  o f  f i l t e r e d  ju ic e ,  
e x p r e s s e d  a s  %  s u c r o s e ,  w a s  d e t e r m in e d  w i th  a n  A b b e ' r e f r a c to m e te r .

Canned fruit
T h e  2 0  p e a c h e s  r e m a in in g  f r o m  th e  o r ig in a l  2 4  s e le c te d  f r o m  e a c h  

t r e e  w e re  m a in ta in e d  t h r o u g h o u t  c a n n in g  o p e r a t i o n s  a n d  s e n s o r y  e v a lu 
a t i o n s  o f  c a n n e d  f r u i t  o n  a  “ p e r  t r e e ”  b a s is .  C o m m e rc ia l  c a n n in g  p r o c e 
d u r e s  w eTe u s e d .  T h e  p e a c h e s  w e re  w a s h e d  in  c o ld  w a te r ,  p i t t e d  w i th  a  
c o m m e r c ia l  f r e e s to n e  p e a c h  p i t t e r ,  p e e l e d  w i th  h o t  s o d iu m  h y d r o x id e  
(2 %  N a O H  a t  9 0 ° C ) ,  a n d  w a s h e d  w i th  h ig h  p r e s s u re  w a te r  s p ra y .  T h e  
p r e p a r e d  p e a c h  h a lv e s  w e re  r e t a in e d  in  a  1%  a s c o rb ic  a c id  s o lu t io n  u n t i l  
p a c k e d .  T h e  h a lv e s  w e re  p a c k e d  in  N o .  2  c a n s  w i th  a  2 5 %  s o lu t io n  o f  
s u c r o s e  'V a n  B la r ic o m , 1 9 4 8 )  a n d  e x h a u s t e d  to  a n  i n t e r n a l  t e m p e r a tu r e  
o f  6 5 ° C  T h e  c a n s  w e r e  t h e n  s e a le d  a n d  c o o k e d  a t  1 1 6 ° C  f o r  7  m in  in  a 
r o t a r y  c o o k e r  t h a t  h a d  b e e n  m o d i f ie d  f o r  l a b o r a t o r y  p u r p o s e s .  T h e  c a n s  
w e re  c o o le d ,  d r ie d  a n d  th e n  s to r e d  a t  a m b i e n t  t e m p e r a t u r e s  f o r  8 w k .

F iv e  p a n e l s ,  c o m p o s e d  o f  t h e  1 2  m e m b e r s  w h o  r a t e d  f r e s h  f r u i t ,  
e v a lu a te  1 t h e  f la v o r  o f  th e  c a n n e d  p e a c h e s .  E a c h  p a n e l  w a s  h e ld  a t  
m id - m o rn in g  o n  c o n s e c u t iv e  d a y s .  T h e s e  e v a l u a t io n s  w e re  c o n d u c t e d  as 
b e f o r e  u s in g  m u l t ip l e  c o m p a r is o n  a n a ly s e s  a n d  h e d o n ic  r a t in g s  o f  p u re e  
f r o m  th e  f iv e  t r e a tm e n t s .  T h r e e  c a n s  o f  p e a c h e s  w e re  r a n d o m ly  s e le c te d  
f r o m  e a c h  s a m p le .  F o r  e a c h  o f  t h e  f iv e  p a n e l s ,  s a m p le s  f r o m  d i f f e r e n t
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t r e e s  w i th in  t r e a t m e n t s  w e r e  e v a lu a te d .  F o r  e a c h  p a n e l ,  t h r e e  c a n s  f r o m  
e a c h  t r e a t m e n t  w e re  o p e n e d ,  t h e  f r u i t  w a s  c o m p o s i t e d ,  d r a in e d  f o r  4 5  
m in  a n d  p u r e e d .

P e a c h  h a lv e s  f r o m  e a c h  t r e a t m e n t  w e re  w a s h e d ,  b l o t t e d  d r y  a n d  
p u r e e d  f o r  d e t e r m i n a t i o n  o f  p e r  c e n t  s o lu b le  s o l id s .  M e a s u r e m e n t s  w e re  
m a d e  o n  f i l t e r e d  ju i c e  w i th  t h e  r e f r a c t o m e t e r  a n d  f o u n d  t o  b e  1 7 .4 % .

R E S U L T S

F r e s h  f r u i t

T a b l e  1 r e p o r t s  t h e  m e a n s  o f  M a g n u s  T a y l o r  p r e s s u r e  t e s t s  
f o r  f i r m n e s s  o f  p e a c h e s  s e l e c t e d  f r o m  e a c h  t r e a t m e n t  a n d  t h e  

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

( P  <  0 . 0 5 )  b e t w e e n  n o r  w i t h i n  t r e a t m e n t s .
F l a v o r  s c o r e s  w e r e  t r e a t e d  b y  a n a l y s i s  o f  v a r i a n c e  a n d  D u n 

c a n ’s  m u l t i p l e  r a n g e  t e s t  ( D u n c a n ,  1 9 5 5 ) .  P r e f e r e n c e  w a s  s i g 
n i f i c a n t  ( P  <  0 . 0 5 )  i n  b o t h  t h e  m u l t i p l e  c o m p a r i s o n  t e s t  a n d  
t h e  h e d o n i c  r a t i n g s  f o r  p e a c h e s  t r e a t e d  w i t h  2 5 0 0  p p m  S A D H .  

G e n e r a l l y ,  n o  s i g n i f i c a n :  d i f f e r e n c e s  w e r e  f o u n d  a m o n g  t h e  
o t h e r  t r e a t m e n t s ,  n o r  b e t w e e n  t h e s e  t r e a t m e n t s  a n d  t h e  c o n 
t r o l  ( T a b l e  2 ) .  D i f f e r e n c e s  a m o n g  p a n e l i s t s  a n d  p a n e l  s e s s i o n s  
w e r e  n o t  s i g n i f i c a n t .  F u r t h e r  a n a l y s i s  o f  t h e s e  d a t a  b y  t h e  

F r i e d m a n  t e s t  w a s  s i g n i f i c a n t  ( K  =  3 . 1 5 ) ,  i n d i c a t i n g  t h e  p r o b a 
b i l i t y  w a s  <  0 .0 0 1  t h a t  t h e s e  j u d g m e n t s  h a p p e n e d  b y  c h a n c e .

C a n n e d  f r u i t

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

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

Table 1— Mean value of select physicochemical properties of 
SADH treated 'D ix iland ' peaches

ppm SADH Firmness3 pH>>
Titratable
acid itybo

Soluble
solidsbd

Control 4.56e 3.66e 79.3e 11.4«
1000 4.08e 3.72e 78.8e 11.2«
1500 3.54e 3.77« 81.0« 11.2«
2000 4.33e 3.77e 80.2« 10.7«
2500 3.88e 3.75e 78.4« 11.4«

a Pounds fo rce , Magnus T a y lo r  pressure tester (0,47 cm  tip). Means 
based on 120 observations per treatm ent. 

b Ana lyses made on samples com posed  o f com pos ited  quarter-sec
tion s  from  20 peaches per treatm ent. 

c ml 0.1 N N aO H  requ ired  to  titra te  1 00-g sam ple to  pH  8.1. 
d Expressed as % sucrose
e Mean separation in co lum ns by Duncan 's m u ltip le-range test, 5% 

level

Table 2— Mean flavor scores of puree from  fresh and canned 
'D ix iland ' peaches as affected by various concentrations o f SADH

Fresha Cannedb

ppm SADH
M ultip le 0

comparison
Hedonic0

rating
M ultip le0

comparison
Hedonic0

rating

C on tro l 3.89d 5.28d 4.00d 5.60d
1000 4.25d 5.72d 4.60e 6.47«
1500 3.97d 5.33d 4.37ed 6.07e
2000 3.69d 5.11d 4.80« 6.60«
2500 4.97« 6.94« 5.46f 7.47f

a Means o f 36 observations per treatm ent (12 panelists, three ses-
sions)

b Means o f 30  observations per trea tm ent (six d iscrim ina t ing  pane l
ists, five  sessions).

c M u lt ip le  C om parison , 1—7, 7 = very supe rio r to  reference. He
d on ic  rating, 1—9, 9 = like  very m uch, 

d-f Mean separation in co lum ns by D uncan 's M u lt ip le  Range Test, 
5% level

a m o n g  t h e  r a t i n g s  o f  t h e  1 2  p a n e l  m e m b e r s .  T h e  r a t i n g s  o f  
e a c h  m e m b e r  w e r e  t h e n  a n a l y z e d  b y  a n a l y s i s  o f  v a r i a n c e  t o  
d e t e r m i n e  c o n s i s t e n c y  o f  t h e  p a n e l i s t s  a n d  t h e i r  a b i l i t y  t o  d i s 
c r i m i n a t e  ( A m e r i n e ,  1 9 6 5 ) .  T h e  v a r i a n c e  r a t i o s  ( F  V a l u e s )  o f  

s i x  m e m b e r s  w e r e  f o u n d  t o  b e  s i g n i f i c a n t  a t  t h e  1 0 %  l e v e l ,  
i n d i c a t i n g  t h e i r  a b i l i t y  t o  d i s c r i m i n a t e .  F u r t h e r  e x a m i n a t i o n  o f  
t h e  r a t i n g s  o f  t h e s e  m e m b e r s  i n  t h e  m u l t i p l e  c o m p a r i s o n  t e s t s  
s h o w e d  t h e y  h a d  c o n s i s t e n t l y  i d e n t i f i e d  t h e  u n t r e a t e d  s a m p l e .  
T h e  r a t i n g s  f r o m  t h e s e  s i x  p a n e l  m e m b e r s  w e r e  t h e n  a n a l y z e d ,  
a n d  r e s u l t s  i n d i c a t e d  d i f f e r e n c e s  b e t w e e n  t h e  s c o r e s  f o r  t r e a t e d  

a n d  n o n t r e a t e d  p e a c h e s  w e r e  s i g n i f i c a n t  ( P  <  0 . 0 5 ) .  P e a c h e s  
t r e a t e d  w i t h  2 5 0 0  p p m  S A D H  w e r e  s i g n i f i c a n t l y  p r e f e r r e d  t o  
o t h e r  t r e a t e d  f r u i t  ( T a b l e  2 ) .  S c o r e s  a s s i g n e d  t o  t h e  s a m p l e s  b y  

5  o f  t h e  p a n e l  m e m b e r s  i n c r e a s e d  w i t h  i n c r e a s i n g  c o n c e n t r a 
t i o n s  o f  S A D H ,  b u t  s c o r e s  a s s i g n e d  b y  t h e  6 t h  m e m b e r  d e 
c r e a s e d  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n s  o f  S A D H .

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

p l e s  h i g h e r  i n d i c a t e d  t h e y  h a d  b a s e d  t h e i r  p r e f e r e n c e  o n  a  
s w e e t e r ,  m o r e  p l e a s a n t  f l a v o r  i n  t h e  s a m p l e s  t h e y  h a d  r a t e d  
h i g h  a n d  t h e  a b s e n c e  o f  a n  o d o r - f l a v o r  t h a t  w a s  r e m i n i s c e n t  o f  
p e a c h  p i t s ,  o r  b e n z a l d e h y d e ,  t h a t  w a s  a p p a r e n t  i n  t h e  s a m p l e s  
t h e y  h a d  r a t e d  l o w e r .

D IS C U S S IO N

T H E  P R E F E R E N C E  S H O W N  f o r  S A D H - t r e a t e d  p e a c h e s  i n  
t h i s  s t u d y  c a n n o t  b e  a t t r i b u t e d  t o  a  v a r i a t i o n  i n  t h o s e  f a c t o r s  
n o r m a l l y  a s s o c i a t e d  w i t h  t h e -  s w e e t n e s s  o r  a c i d i t y  o f  a  p e a c h  
( T a b l e  1 ) .  T h e r e f o r e ,  i t  i s  s u g g e s t e d  t h a t  p r e f e r e n c e  f o r  t h e  
S A D H  t r e a t e d  p e a c h e s  w a s  c a u s e d  b y  a n  i n c r e a s e  i n  o r g a n i c  

c o n s t i t u e n t s  c o m p r i s i n g  t h e  f l a v o r  o f  p e a c h e s  ( D o  e t  a l . ,
1 9 6 9 ) ,  o r  a  d e c r e a s e  i n  t h o s e  c o n s t i t u e n t s  t h a t  w o u l d  t e n d  t o  
m a s k  t h e  t r u e  p e a c h  f l a v o r .  T h i s  i s  p a r t i a l l y  s u b s t a n t i a t e d  b y  
t h e  b e n z a l d e h y d e  o d o r  t h a t  a p p e a r e d  t o  b e  s t r o n g e r  i n  t h e  

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

F u r t h e r  r e s e a r c h  i n  d i f f e r e n t  y e a r s  i s  n e e d e d  t o  d e t e r m i n e  
t h e  e f f e c t s  o f  S A D H  o n  t h e  f l a v o r  o f  d i f f e r e n t  c u l t i v a r s  o f  
f r e e s t o n e  a n d  c l i n g s t o n e  p e a c h e s  b e f o r e  t h i s  p r a c t i c e  c a n  b e  
r e c o m m e n d e d  f o r  i m p r o v i n g  t h e  f l a v o r  q u a l i t y  o f  f r e s h  a n d  
c a n n e d  p e a c h e s .  T h i s  s t u d y  d o e s  i n d i c a t e ,  h o w e v e r ,  t h a t  w i t h i n  
l i m i t s ,  c h a n g e s  i n  p e a c h  f l a v o r  c a u s e d  b y  S A D H  a r e  d e s i r a b l e .
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IN T R O D U C T IO N

E X T E R N A L  C O L O R  h a s  t r a d i t i o n a l l y  b e e n  u s e d  a s  a n  i n d e x  

f o r  t h e  h a r v e s t i n g  o f  p a p a y a s .  T h e  r i p e n i n g  o f  t h e  p a p a y a  
f r u i t s  i s  a c c o m p a n i e d  b y  t h e  a p p e a r a n c e  o f  l i g h t  l o n g i t u d i n a l  
b a n d s  w h i c h  t u r n  y e l l o w  a s  r i p e n i n g  p r o c e e d s .  H o w e v e r ,  t h e  
y e l l o w  c o l o r a t i o n  p a t t e r n  i s  n o t  n e c e s s a r i l y  r e s t r i c t e d  t o  t h e  
b a n d s  p a t t e r n  o n l y  a n d  y e l l o w  c o l o r e d  s i t e s  c a n  a p p e a r  a l m o s t  
a n y w h e r e  o n  t h e  p a p a y a  s k i n .  U n d e r  f i e l d  c o n d i t i o n s  t h e  e s t i 
m a t i o n  o f  t h e  c o l o r a t i o n  d e g r e e  i s  u s u a l l y  d o n e  b y  p e r s o n a l  
j u d g m e n t  a n d  t h e r e f o r e  p e r s o n a l  e x p e r i e n c e  m i g h t  i n t r o d u c e  a  
c r u c i a l  f a c t o r  i n t o  t h e  q u a l i t y  o f  p o s t  h a r v e s t  r i p e n i n g  f r u i t s .  

G u i d i n g  c r i t e r i a  o f f e r e d  b y  A k a m i n e  a n d  G o o  ( 1 9 7 1 )  f o r  t h e  
S o l o  v a r i e t y  s u g g e s t  t h a t  f r u i t s  w i t h  i n i t i a l  c o l o r a t i o n  c o v e r i n g  
a l m o s t  6 %  o f  t h e  o u t e r  s u r f a c e  a r e a  d e v e l o p  t h e i r  f u l l  t o t a l  
s o l u b l e  s o l i d s  c o n t e n t .  I n  a  p r e v i o u s  c o m m u n i c a t i o n  ( P e l e g  a n d  
G ô m e z  B r i t o ,  1 9 7 4 ) ,  i t  w a s  r e p o r t e d  t h a t  t h e  i n i t i a l  m a x i m u m  

y e l l o w  c o l o r  i n t e n s i t y  i n  t e r m s  o f  H u n t e r  “ b ”  u n i t s  m i g h t  
p r o v i d e  a n  i n d i c a t i o n  a b o u t  t h e  p e r c e n t a g e  a n d  t i m e  o f  n o r m a l  
r i p e n i n g  o f  t h e  V e n e z u e l a n  p a p a y a  f r u i t s .  T h e  m e n t i o n e d  i n 

d i c e s ,  h o w e v e r ,  a s  w e l l  a s  o t h e r  c r i t e r i a  o f f e r e d  f o r  p a p a y a s  
( P a p a y a s  i n  H a w a i i ,  1 9 7 0 ;  B r u k n e r  a n d  K i n c h ,  1 9 6 8 )  r e q u i r e  
e i t h e r  a  s u b j e c t i v e  e s t i m a t i o n  o f  t h e  c o l o r a t i o n  d e g r e e ,  o r  t h e  
a p p l i c a t i o n  o f  r e l a t i v e l y  s o p h i s t i c a t e d  i n s t r u m e n t a l  t e c h n i q u e s  

w h i c h  a r e  h a r d l y  s u i t a b l e  u n d e r  f i e l d  c o n d i t i o n s .  F u r t h e r m o r e ,  
t h e  C a r i c a  p a p a y a  f a m i l y  i s  c h a r a c t e r i z e d  b y  t h e  p h e n o m e n o n  
t h a t  o n  t h e  s a m e  p l a n t ,  f r u i t s  a t  e v e r y  p o s s i b l e  m a t u r i t y  s t a g e — 

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

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

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

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

i n i t i a l  e x t e r n a l  c o l o r  a n d  p o s t  h a r v e s t  r i p e n i n g  p a t t e r n s .  A s  t h e  
y e l l o w  c o m p o n e n t  a n d  l i g h t n e s s  o f  t h e  i n i t i a l  c o l o r  ( P e l e g  a n d  
G ô m e z  B r i t o ,  1 9 7 4 )  c o u l d  p r o v i d e  o n l y  p a r t  o f  t h e  d e s i r e d  
i n f o r m a t i o n ,  w e  s t u d i e d  t h e  p o s s i b i l i t y  o f  r e l a t i n g  t h e  m a t u r i t y  
g r a d e s  o f  p a p a y a s  t o  t h e  i n i t i a l  r e d  c o m p o n e n t  o f  t h e i r  e x 
t e r n a l  c o l o r .

E X P E R IM E N T A L

R a w  m a te r ia l

F r e s h  V e n e z u e la n  p a p a y a  f r u i t s  w e re  c o l l e c t e d  in  c o m m e r c ia l  p la n 
ta t io n s .  E lo n g a te d ,  h e r m a p h r o d i t e - t y p e  o f  f r u i t s  r a n g in g  in  w e ig h t  
b e tw e e n  3 a n d  6  k g  w e r e  s e le c te d .  E x t e r n a l  c o lo r  o f  t h e  f r u i t  r a n g e d  
f r o m  t h e  s ta g e  w h e re  y e l lo w  b a n d s  w e re  b a r e ly  a p p a r e n t  u p  t o  t h e  s ta g e  
o f  c o m p le te l y  y e l lo w  s k in .  T h ë  f r u i t s  w e re  w a s h e d  a n d  p a c k e d  in  w o o d 
e n  c a s e s  w i th  c lo th  s h r e d s  t o  a v o id  m e c h a n ic a l  d a m a g e  d u r in g  t h e  t r a n s 
p o r t  f r o m  th e  f ie ld  t o  t h e  l a b o r a t o r y .  I n i t i a l  c o lo r  e v a lu a t io n  s t a r t e d  
a b o u t  2 4  h r  a f t e r  h a rv e s t  a n d  th e  f r u i t s  w e re  l e f t  t o  r ip e n  a t  r o o m  
t e m p e r a tu r e  ( 2 2 - 2 4 ° C ) .  ■

C o lo r  e v a lu a t io n

C o lo r  w a s  e v a lu a te d  b y  a  H u n t e r l a b  C o lo r  D i f f e r e n c e  M e te r  m o d e l  
D 2 5 D 2  c a l ib r a t e d  w i t h  a  s t a n d a r d  y e l lo w  t i l e  (L  = 7 8 .1 ;  a  =  - 2 . 2 ;  b  =  
2 2 .6 ) .  A  p la s t i c  s h e e t  h a v in g  a  r o u n d  a p e r t u r e  o f  2 0  m m  d ia m e te r  w a s  
p la c e d  in  a  w a y  t h a t  i t s  a p e r t u r e  w a s  l o c a t e d  in  a  c e n t r a l  p o s i t i o n  w i th  
r e g a rd  t o  t h e  o r ig in a l  a p e r t u r e  o f  t h e  H u n t e r  i n s t r u m e n t .  T h e  H u n te r  
c o lo r  c o m p o n e n t s  (L ,  a  a n d  b )  o f  v a r io u s  y e l lo w  c o lo r  s t a n d a r d s  ( F e d e r 
a l S t a n d a r d  N o . 5 9 5 )  w e re  m e a s u r e d  w i th  a n d  w i t h o u t  t h e  a b o v e  m e n 
t i o n e d  c o v e r .  F r o m  th e s e  d a t a  c a l i b r a t i o n  e q u a t io n s  w e re  d e r iv e d  w h ic h  
e n a b le d  th e  c a l c u la t io n  o f  t h e  c o lo r  c o m p o n e n t s  in  t e r m s  o f  H u n te r  
u n i t s  f r o m  c o lo r  m e a s u r e m e n ts  t a k e n  a t  t h e  r e s t r i c t e d  s i te s .

T h e  e x t e r n a l  c o lo r  o f  t h e  p a p a y a s  w a s  e v a l u a te d  b y  p la c in g  th e  
i n t a c t  f r u i t  u n d e r  t h e  s h e e t  w i t h  t h e  20  m m  a p e r t u r e  in  a  p o s i t i o n  in  
w h ic h  t h e  m o s t  a p p a r e n t l y  y e l lo w  f ie ld  w o u ld  b e  u n d e r  t e s t .  T w o  t o  
f o u r  f ie ld s  w e re  e x a m in e d  o n  e a c h  f r u i t  a n d  f o r  e a c h  f ie ld ,  t h e  f r u i t  w a s  
m o v e d  s l ig h t ly  u n t i l  m a x im u m  v a lu e s  w e re  o b t a i n e d  o n  t h e  d ig i ta l  c o n 
t r o l l e r  o f  t h e  H u n te r  i n s t r u m e n t .

T h e  i n t e r n a l  c o lo r  o f  t h e  s to r e d  f r u i t s  w a s  e v a lu a te d  u s in g  lo n g i
t u d in a l  f le s h  s lic e s . M a x im u m  H u n t e r  “ a ”  v a lu e s  w e re  d e t e r m in e d  u s in g  
th e  f u l l  a p e r tu r e  o f  t h e  H u n te r  i n s t r u m e n t  (P e le g  a n d  G o m e z  B r i to ,
1 9 7 4 ) .

R ip e n e s s  c la s s i f ic a t io n

F r u i t s  a f t e r  s o f t e n in g  o r  a f t e r  1 4 —1 5  d a y s  s to r a g e  w e re  a n a ly z e d  fo r  
t o t a l  s o lu b le  s o l id s  c o n t e n t  b y  a  r e f r a c t o m e t e r ,  m a x im u m  r e d  c o lo r a 
t i o n  o f  f le s h  b y  t h e  H u n t e r  i n s t r u m e n t ,  a n d  t e x t u r a l  s t r e n g t h  b y  p e n e 
t r a t i o n  w i th  a  5 / 1 6 - in . p lu n g e r  m o u n t e d  o n  t h e  m o v in g  a r m  o f  a n  
I n s t r o n  U n iv e r s a l  T e s t in g  M a c h in e  M o d e l  T M . T h e  p e n e t r a t i o n  s p e e d  
w a s  2 0  c r r . /m in .

F r u i t s  w e re  c la s s if ie d  a c c o r d in g  to  P e le g  a n d  G o m e z  B r i to  ( 1 9 7 4 )  t o  
t h r e e  r ip e n e s s  le v e ls : r ip e ,  a lm o s t  r ip e  a n d  n o t  r ip e .  T h e  l a t t e r  w e re  
b a s e d  o n  c o m b in e d  le v e ls  o f  t h e  T S S  c o n t e n t ,  f le s h  c o lo r  d e v e l o p m e n t  
a n d  t e x t u r e  s o f tn e s s .

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

D e t e r m i n a t i o n  o f  t h e  e x t e r n a l  c o l o r  o f  p a p a y a

Y e l l o w  c o l o r  d e t e r m i n a t i o n  o f  p a p a y a  w i t h  t h e  s t a n d a r d  
H u n t e r l a b  C o l o r  D i f f e r e n c e  M e t e r  r e p r e s e n t s  c e r t a i n  d i f f i 
c u l t i e s .  T h e  m a j o r  p r o b l e m  is  t h a t  t h e  y e l l o w - c o l o r e d  s i t e s ,  a t  
l e a s t  i n  t h e  v e r y  i n i t i a l  s t a g e s  o f  t h e  c o l o r  d e v e l o p m e n t ,  s e l d o m  
o c c u p y  a n  a r e a  b i g  e n o u g h  t o  b e  w h o l l y  c i r c u m s c r i b e d  b y  t h e  
o r i g i n a l  a p e r t u r e  o f  t h e  s t a n d a r d  H u n t e r  i n s t r u m e n t .  F u r t h e r 

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

I n  o r d e r  t o  m i n i m i z e  s u c h  e r r o r s  a n d  t o  e n a b l e  c o l o r  m e a s 
u r e m e n t s  w i t h i n  r e s t r i c t e d  s i t e s  o n  t h e  p a p a y a  s k i n ,  e x p e r i 
m e n t s  w e r e  c a r r i e d  o u t  u s i n g  v a r i o u s  p l a s t i c  s h e e t s  h a v i n g  a p e r 
t u r e s  d o w n  t o  7  m m  i n  d i a m e t e r .  H o w e v e r ,  t h e  s m a l l e r  t h e  

a p e r t u r e ,  t h e  l e s s  s e n s i t i v e  t h e  m e a s u r e m e n t s  w e r e ,  r e s u l t i n g  i n  
g r e a t e r  p o s s i b l e  e x p e r i m e n t a l  e r r o r s .  D u e  t o  t h e s e  a n t a g o n i s t i c  

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

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

s u b s e q u e n t l y  o n  a  s e p a r a t e d  p l a n e  f o r m  s h o w e d  t h a t  t h e  c u r v a -
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Fig. 1 —Relationship between Hunter "a" and 
"b " values o f papayas external color, deter
mined at sites 20 mm in diameter.
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Fig. 2—Ripening o f papaya fruits as a function o f their initial red 
color component. (Light portions o f the columns represent ripe 
fruits; dotted portions represent almost ripe fruits.)

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

c a u s e  o f  e x p e r i m e n t a l  e r r o r .
F r u i t s  a t  v a r i o u s  s t a g e s  o f  m a t u r i t y —f r o m  t h e  g r e e n  u n r i p e  

s t a g e  t o  f u l l y  r i p e —w e r e  a n a l y z e d  t o  t h e i r  m a x i m u m  y e l l o w  
c o l o r a t i o n .  A s  c o u l d  b e  e x p e c t e d  ( P e l e g  a n d  G ó m e z  B r i t o ,
1 9 7 4 ) ,  t h e  i n t e n s i f i c a t i o n  o f  t h e  y e l l o w  c o m p o n e n t  “ b ”  w a s  

a c c o m p a n i e d  b y  a  l i g h t e r  o v e r a l l  c o l o r  w h i c h  w a s  r e p r e s e n t e d  
b y  a n  i n c r e a s e  o f  t h e  H u n t e r  “ L ”  v a l u e s .

T h e  r e l a t i o n s h i p  b e t w e e n  t h e  r e d  c o m p o n e n t  “ a ”  a n d  t h e  
y e l l o w  c o m p o n e n t  “ b ”  i n  t h e  2 0  m m  s i t e s  i s  d e m o n s t r a t e d  i n  
F i g u r e  1 . U n l i k e  t h e  c a s e  o f  u s i n g  t h e  f u l l  a p e r t u r e  o f  t h e  
H u n t e r  i n s t r u m e n t  ( P e l e g  a n d  G ó m e z  B r i t o ,  1 9 7 4 )  i t  c a n  b e  

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

h u e .  T h e  m e a s u r e m e n t s ,  h o w e v e r ,  s h o w e d  c o n s i d e r a b l e  d i s 
p e r s i o n  w h i c h  m i g h t  b e  e x p l a i n e d  b y  c o l o r  v a r i a t i o n s  w i t h i n  
t h e  s i t e s  u n d e r  t e s t .  I t  w a s  e s p e c i a l l y  n o t i c e d  i n  t h e  p r e s e n c e  o f  
s m a l l  g r e e n  s p o t s  w h i c h  a f f e c t e d  t h e  “ a ”  r e a d i n g s  t o  a  g r e a t  
e x t e n t .  B e c a u s e  t h e  H u n t e r  “ a ”  v a l u e s  r e p r e s e n t  b y  d e f i n i t i o n  

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

o v e r a l l  m e a s u r e d  “ a ”  v a l u e s .  I t  s e e m s ,  t h e r e f o r e ,  t h a t  s o m e  o f  
t h e  s i t e s  w h i c h  a r e  r e p r e s e n t e d  i n  F i g u r e  1 h a d  a p p a r e n t l y  
m o r e  i n t e n s e  o r a n g e  h u e  t h a n  t h e  e x p e r i m e n t a l  d a t a  s h o w e d .

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

M o r e  t h a n  2 0 0  f r u i t s  w e r e  c l a s s i f i e d  a c c o r d i n g  t o  t h e i r  c a l 

c u l a t e d  H u n t e r  “ a K a n d  “ b ”  c o m p o n e n t s  a t  t h e  m o s t  y e l l o w  

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

l e f t  f o r  a n o t h e r  d a y  a n d  t h e n  c l a s s i f i e d  t o  i t s  m a t u r i t y  g r a d e  
b y  t h e  c r i t e r i a  s u g g e s t e d  b y  P e l e g  a n d  G ó m e z  B r i t o  ( 1 9 7 4 ) .  
A f t e r  1 4 — 1 5  d a y s  t h e  r e m a i n i n g  f r u i t s  w e r e  a l s o  a n a l y z e d  i n  

t h e  s a m e  w a y .  R e s u l t s  o f  t h e  p e r c e n t a g e  a n d  t i m e  o f  r i p e n i n g  
a s  a  f u n c t i o n  o f  t h e  i n i t i a l  r e d  c o m p o n e n t  “ a ”  i n  t h e  m o s t  
y e l l o w  s i r e s  a r e  s h e w n  i n  F i g u r e  2 .  I t  c o u l d  b e  o b s e r v e d  t h a t  
t h e  f u n c t i o n  w a s  v e r y  s i m i l a r  i n  s h a p e  t o  t h e  r e l a t i o n s h i p  b a s e d  

o n  t h e  “ b ”  v a l u e s  a s  p r e v i o u s l y  r e p o r t e d .  I t  c o u l d  b e  s e e n  t h a t  
t h e  h i g h e r  t h e  i n i t i a l  H u n t e r  v a l u e s ,  t h e  g r e a t e r  t h e  p o r t i o n  o f  
f r u i t s  r i p e n e d  n o r m a l l y .  I t  w a s  a l s o  o b s e r v e d  t h a t  t h e  t i m e  
u n t i l  r i p e n i n g  f o r  t h e  m a j o r  p a r t  o f  t h e  f r u i t s  w a s  s h o r t e r  f o r  
t h o s e  h a v i n g  i n i t i a l l y  h i g h e r  H u n t e r  “ a ”  v a l u e s .  R e s u l t s  a l s o  
s h o w e d  t h a t  i n i t i a l  p o s i t i v e  H u n t e r  “ a ”  v a l u e s  ( i . e . ,  t h e  p r e s 
e n c e  o f  a n  a p p a r e n t  r e d  c o m p o n e n t  o n  t h e  p e e l )  w e r e  w e l l  

c o r r e l a t e d  w i t h  n o r m a l  r i p e n i n g  i n  t e r m s  o f  p e r c e n t a g e  o f  r i p e  
f r u i t s .  T h e r e f o r e ,  t h e  l e v e l  o f  t h e  i n i t i a l  H u n t e r  “ a ”  v a l u e  
c o u l d  b e  a  f a i r l y  g o o d  c r i t e r i o n  f o r  s a f e  h a r v e s t i n g  o f  t h e  
f r u i t s .  W i t h  r e g a r d  t o  r i p e n i n g  t i m e ,  h o w e v e r ,  t h e  d i s t r i b u t i o n  

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

i t y  o f  f r u i t s  h a v i n g  h i g h e r  i n i t i a l  H u n t e r  “ a ”  v a l u e s ,  i t  w a s  a l s o  
o b s e r v e d  t h a t  i n d i v i d u a l  f r u i t s ,  s h o w i n g  t h e  s a m e  i n i t i a l  c o l o r a 
t i o n  i n t e n s i t y ,  c o u l d  r i p e n  a t  a l m o s t  a n y  t i m e .  T h i s  m e a n t  t h a t  
t h e  l e v e l  o f  t h e  i n i t i a l  H u n t e r  “ a ”  v a l u e  c o u l d  o n l y  i n d i c a t e  a  
t r e n d  b u t  c o u l d  n o t  p r o v i d e  a  s a t i s f a c t o r y  s i n g l e  i n d e x  f o r  
r i p e n i n g  t i m e  p r e d i c t i o n .
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A Research Note
CYANIDE CONTENT OF APRICOT KERNELS

IN T R O D U C T IO N

C Y A N O G E N E T I C  G L Y C O S I D E S  y i e l d i n g  h y d r o c y a n i c  a c i d  
u p o n  h y d r o l y s i s  a r e  w i d e l y  d i s t r i b u t e d  w i t h i n  a p p r o x i m a t e l y  

1 5 0  p l a n t  s p e c i e s .  A m y g d a l i n ,  p r o b a b l y  t h e  f i r s t  k n o w n  o f  
t h e s e  c o m p l e x  g l y c o s i d e s ,  i s  p r e s e n t  i n  t h e  k e r n e l s  o f  s t o n e  
f r u i t s  a n d  w a s  f i r s t  i s o l a t e d  f r o m  t h e  s e e d  o f  b i t t e r  a l m o n d  
( L i e n e r ,  1 9 6 6 ) .

A l t h o u g h  a c c i d e n t a l  c y a n i d e  p o i s o n i n g s  f r o m  c o n s u m p t i o n  
o f  s t o n e  f r u i t  k e r n e l s  a r e  n o t  f r e q u e n t l y  r e p o r t e d ,  a c t u a l  
p o i s o n i n g ,  e s p e c i a l l y  o f  c h i l d r e n ,  i s  a  w o r l d w i d e  o c c u r r e n c e  
( S a y r e  a n d  K a y m a k c a l a n ,  1 9 6 4 ) .  A p p a r e n t l y  m a n y  p e o p l e  l i k e  

t h e  t a s t e  o f  r a w  k e r n e l s .  I n  a d d i t i o n ,  a p r i c o t ,  p e a c h  a n d  c h e r r y  

k e r n e l s  h a v e  b e e n  u t i l i z e d  i n  G e r m a n y  a n d  t h e  U n i t e d  S t a t e s  
f o r  t h e  m a n u f a c t u r e  o f  a  f i x e d  o i l ,  b i t t e r - a l m o n d  o i l ,  a n d  
m a c a r o o n  p a s t e  ( C r u e s s ,  1 9 5 8 ) .  T h e  p u r p o s e  o f  t h i s  s t u d y  w a s  
t o  i n v e s t i g a t e  t h e  c y a n i d e  c o n t e n t  o f  k e r n e l s  f r o m  s p e c i f i c  

c u l t i v a r s  o f  a p r i c o t s .

E X P E R IM E N T A L

K E R N E L S  o f  f iv e  c u l t iv a r s  o f  a p r i c o t ,  P r u n u s  a r m e n ic a  L . ,  w e re  a n a 
ly z e d :  M o o rp a rk ,  a n  o ld  E n g l is h  c u l t iv a r  o f  u n k n o w n  p a r e n ta g e ;  S u m -  
m e r la n d  4 E -5 5 -9  ( P e r f e c t i o n  o p e n  p o l l i n a t e d ) ,  a  s e le c t io n  f r o m  th e  
b r e e d in g  p ro g r a m  o f  t h e  R e s e a r c h  S t a t i o n ,  C a n a d a  D e p a r tm e n t  o f  
A g r ic u l tu r e ,  S u m m e r la n d ,  B r i t i s h  C o lu m b ia ;  V e e c o t  (R e l ia b le  o p e n  
p o l l i n a t e d )  a  c u l t iv a r  i n t r o d u c e d  b y  th e  H o r t i c u l tu r a l  R e s e a r c h  I n s t i t u t e  
o f  O n ta r io ,  V in e la n d ,  O n ta r io  in  1 9 6 5 ;  V ic e r o y  (G e n e v a  x  N a r a m a ta )  
a ls o  i n t r o d u c e d  b y  t h e  H o r t i c u l tu r a l  R e s e a r c h  I n s t i t u t e  o f  O n ta r io  in  
1 9 6 5 ;  V in e la n d  5 1 1 7 5  ( P e r f e c t i o n  x  G e n e v a )  a  s e le c t io n  f r o m  th e  
b re e d in g  p r o g r a m  a t  th e  H o r t i c u l tu r a l  R e s e a r c h  I n s t i t u t e  o f  O n ta r io .  
T h e  p i ts  w e re  r e m o v e d  f r o m  th e  f r u i t ,  a ir  d r ie d  f o r  1 m o n t h ,  a n d  s to r e d  
a t  0 ° C  f o r  3  m o n th s  p r io r  t o  c ra c k in g  f o r  k e r n e l  e x c is in g .  T h e  k e rn e ls  
w e re  g r o u n d  in  a  l a b o r a t o r y  m il l  a n d  a n a ly z e d  f o r  h y d r o c y a n ic  a c id ,  
a f t e r  s te a m  g e n e r a t e d  d i s t i l l a t i o n  b y  t h e  f l u o r o m e t r i c  p r o c e d u r e  o f  J e f f 
re y  a n d  W ie b e  ( 1 9 7 1 ) .  T h e  m e th o d  w a s  s l ig h t ly  m o d i f ie d  in  t h a t  e a c h  
s a m p le  in  5  v o l o f  w a te r  w a s  p la c e d  o v e r n ig h t  a t  5 0 ° C ,  a n d  1 0 %  t a r t a r i c  
a c id  w a s  a d d e d  p r io r  to  d i s t i l l a t i o n  f o r  m o r e  e f f i c i e n t  a m y g d a l in  h y d r o l 
y sis.

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

A S  S E E N  I N  T A B L E  1 , t h e  c y a n i d e  c o n t e n t  o f  t h e  f i v e  c u l t i 
v a r  k e r n e l s  r a n g e d  f r o m  a b o u t  1 2  t o  1 7 7  m g / l O O g .  T a s t i n g  t h e  
k e r n e l s  s h o w e d  t h a t  o n l y  t h o s e  o f  M o o r p a r k  c o n t a i n i n g  s i g n i f i 
c a n t l y  l o w e r e d  ( P  <  0 . 0 5 )  c y a n i d e  w e r e  s w e e t ,  w h i l e  t h e  o t h e r  
c u l t i v a r  k e r n e l s  h a d  a  s t r o n g  b i t t e r  f l a v o r .  T h i s  b i t t e r n e s s  h a s  
b e e n  s h o w n  t o  b e  d u e  t o  t h e  r e l a t i v e l y  l a r g e  q u a n t i t i e s  o f  
a m y g d a l i n  ( M c C a r t y  e t  a l . ,  1 9 5 2 ) .  A l t h o u g h  t h e  S u m m e r l a n d  

4 E - 5 5 - 9  c u l t i v a r  h a d  t h e  h i g h e s t  a m o u n t  o f  c y a n i d e  ( P  <
0 . 0 5 ) ,  a n d  t h e r e f o r e  a m y g d a l i n ,  t h e  t a s t e  s e e m e d  t o  h a v e  
a b o u t  t h e  s a m e  l e v e l  o f  b i t t e r n e s s  a s  t h e  l o w e r  c y a n i d e  c o n 
t a i n i n g  k e r n e l s  o f  V i n e l a n d  5 1 1 7 5  a n d  V e e c o t .

T h e  a m o u n t  o f  c y a n i d e  i n  a p r i c o t  k e r n e l s  m a y  v a r y  w i t h  
c u l t i v a t i o n  p r a c t i c e s ,  i . e . ,  i n c r e a s e  w i t h  i n c r e a s e d  f e r t i l i z a t i o n ,  
i r r i g a t i o n  a n d  u s e  o f  c e r t a i n  p e s t i c i d e s  ( G u n d e r s  e t  a l . ,  1 9 6 9 ) ,  
a s  w e l l  a s  c u l t i v a r s .  I n g e s t e d  c y a n i d e  s a l t s  h a v e  a  m i n i m u m  
l e t h a l  d o s e  o f  a b o u t  2 - 4  m g / k g  b o d y  w e i g h t ,  b u t  e v e n  l a r g e r

Table 1—Cyanide content of air-dried apricot kernels

Cultivar
CN'a

(mg/100g)

Moorpark 11.7 ± 0.51
Summerland 4E-55-9 177.1 ± 11.13
Veecot 143.5 ± 9.9J
Viceroy 164.0 ± 10.92' 3
Vineland 51'75 132.5 ± 9.02

Mear vaues ± standard error of 4 replicates/cultivar. The content 
of cyanide exhibiting significant differences (P < 0.05) are indi- 
catec by having a different superscript number, e.g., Moorpark 
significantly lower than all other cultivars.

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

a p r i c o t  k e r n e l s  i n  p o t e n t i a l l y  t o x i c  a m o u n t s  m a y  b e  o f  p u b l i c  
h e a l t h  c o n c e r n  i n  I s r a e l  ( Y a t z i v ,  1 9 6 9 )  a n d  T u r k e y  ( S a y r e  a n d  
K a y m a k c a l a n ,  1 9 6 4 )  a s  w e l l  a s  o t h e r  a p r i c o t  p r o d u c i n g  a r e a s  
o f  t h e  w o r l d .  T h e  i n d u s t r i a l  h a z a r d s  o f  c y a n i d e  r e l e a s e d  i n  t h e  
p r o c e s s i n g  o f  a p r i c o t  k e r n e l s  f o r  t h e  m a n u f a c t u r e  o f  o i l s  a n d  
f l a v o r i n g  p a s t e s  h a s  b e e n  i n v e s t i g a t e d  ( G r a b o i s ,  1 9 5 4 ) .

A p r i c o t  p i t s  y i e l d  a b o u t  2 4 %  o f  k e r n e l s  w h i c h  is  h i g h e r  
t h a n  m o s t  o t h e r  s t o n e  f r u i t s .  T h e  u t i l i z a t i o n  o f  w a s t e  f r u i t  p i t s  
h a s  b e c o m e  a n  i m p o r t a n t  i n d u s t r y ,  p r i m a r i l y  i n  C a l i f o r n i a  
( C r u e s s ,  1 9 5 8 ) .  T h u s ,  d e v e l o p m e n t  a n d  c u l t i v a t i o n  o f  l o w  
a m y g d a l i n ,  o r  s w e e t  k e r n e l  a p r i c o t  c u l t i v a r s  w o u l d  y i e l d  a  
d o u b l e  b e n e f i t :  D e c r e a s e d  p u b l i c  a n d  o c c u p a t i o n a l  h e a l t h  
h a z a r d s  a n d  i n c r e a s e d  m a r k e t a b i l i t y  o f  a  b y - p r o d u c t .  C o n s i d e r 
a t i o n  o f  t h e  q u a l i t y  o f  u s a b l e  b y - p r o d u c t s  i s  i m p o r t a n t  t o  t h e  
e n t i r e  f r u i t  a n d  v e g e t a b l e  i n d u s t r y .
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