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I . INTRODUCTION 

The evaluation of proteins and mixed protein diets for nutrition in man 
and animals can be accomplished most accurately in the species for which 
the proteins are intended and under the circumstances in which they are 
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used. Since this can seldom be accomplished, proteins are more conven
iently tested in a variety of other species having analogous nutritional 
requirements. More recently, through our increased knowledge of amino 
acid requirements, better methods of amino acid analysis, and an 
appreciation of the importance of amino acid availability, laboratory 
methods have been developed which accurately reflect protein quality as 
applied to specific species and conditions. 

Nevertheless, there are marked differences in the nutritive value of 
different types of proteins of similar amino acid content, and wide varia
tions in the nutritive quality of different samples of the same protein. 
Variations of this kind—which arise from differences in strain or variety, 
from variations in raw material sources, and from changes induced by 
processing—impose severe limitations on the choice of a single figure 
which can be representative of the nutritive value. 

Animal tests provide the standards by which laboratory procedures 
must be assessed. But the animal tests available do not all yield the 
same type of information, nor are they equally useful. Some of those 
frequently used are reviewed briefly. 

The protein efficiency ratio (PER) is the gain in weight of a growing 
animal divided by its protein intake. I t is a measure of protein quality 
when determined under specific conditions. However, as pointed out by 
Block and Mitchell (1) the PER is not a true efficiency ratio because not-
all the protein is used for growth, only that consumed above maintenance 
(2). Also, Mitchell has criticized the PER because it varies with the food 
intake ( 3 ) . The PER is used mainly in feeding experiments with small 
animals and has been used in studies on infants. 

The biological value (BV) is determined by nitrogen balance and is 
defined by the ratio nitrogen retained: nitrogen absorbed (4). This expres
sion of protein quality measures the percentage of absorbed nitrogen 
retained for growth and maintenance, but it does not include a correction 
for incomplete absorption. The protein must be fed at or below the level 
needed for maintenance in order to achieve maximum efficiency of 
utilization. Generally this level is 9 to 10% of the diet (w/w). 

The net protein utilization (NPU) expresses in a single index both the 
digestibility and BV of a protein. I t is the product of the coefficient of 
digestibility and the BV, and therefore represents the proportion of food 
nitrogen retained, i.e., nitrogen retained: nitrogen intake. The efficiency 
with which a protein is utilized is diminished if the caloric intake is too 
low or if the protein is fed in excess. For comparison of the quality of 
proteins, the NPU is measured under standardized conditions, with 
protein supplied at or below maintenance levels in a diet providing 
adequate calories (NPUst). The term NPU operative (NPUop) refers 
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to the utilization of a protein under those conditions in which it is actually 
eaten. 

The efficiency and concentration of a protein may be combined in a 
single index, called the net dietary protein value (NDPV) (5). This 
expression is the product of protein concentration and NPU (determined 
at the same protein level). The term ND pCa l% (6) is used when in the 
latter expression protein concentration is expressed as a percentage of 
calories in the diet. 

Growth results have also been assessed in terms of the contribution 
which a protein makes when used as a supplement to a standardized 
diet. For example, the gross protein value (GPV) for chicks measures 
the value of a protein source as a supplement for cereals (7, 8). 

Granting that the nutritional quality of a protein must be established 
biologically, there are many advantages to be derived from an in vitro 
method which accurately predicts the quality of a protein; these advan
tages are primarily the saving of time, space, and expense. 

The earliest in vitro methods assessed protein concentrates as sources 
of dietary nitrogen for use in animal feed formulations. For this purpose 
the conventional Kjeldahl method was used. Subsequently, various 
solubility tests were introduced hopefully to provide an indication of the 
protein quality of animal feeds. For special situations, such as in estimat
ing the heat treatment required for optimal nutritional value of soybean 
meals, the measurement of residual enzyme activity, e.g., urease, has 
been used. 

Only since the publication in recent years of accurate and relatively 
simple methods for amino acid analysis has it been feasible to develop 
reliable in vitro procedures for the measurement of protein quality (9-11). 
These procedures, based upon chemical analysis of proteins for their 
essential amino acids, yield figures which are well correlated with bio
logical values. In addition, they provide an indication of the essential 
amino acids limiting nutritional quality, and thus, the means of combining 
proteins or adding amino acids for most effective supplementation. 

Nevertheless, for certain proteins the calculated values do not agree 
with the results of animal assays. In addition, an obvious fault with these 
methods is that the biological values of many proteins are considerably 
changed by heat processing in the absence of discernible destruction of 
amino acids. These discrepancies have been attributed by Mitchell 
and Block (9) to the following possibilities: 

1. The digestibility of the protein may be depressed (12). 
2. A decreased digestibility may involve the elimination in the feces 

of a protein fraction containing disproportionate amounts of certain 
amino acids (13). 
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3. The application of heat to a protein may promote certain combina
tions between terminal groupings that are resistant to proteolytic action, 
resulting in atypical peptides that may be absorbed as such (14, 15) and 
excreted in the urine. 

Thus, in tests of protein quality which are based upon amino acid 
composition, the concept of amino acid "availability" must be introduced. 
A variety of procedures have been developed to measure amino acid 
availability in vitro (16-18) and their agreement with changes in the 
PER measured on growing rats has been reasonably good. 

Sheffner, Eckfeldt, and Spector developed an integrated index which 
combined the pattern of essential amino acids released by in vitro pepsin 
digestion with the amino acid pattern of the remainder of the protein 
(19). The new index—called the pepsin digest-residue (PDR) index—was 
found to correlate closely with the NPU value of a variety of proteins. 
Subsequent application of the procedure to heat-processed protein foods 
indicated that the PDR index also accurately predicted changes in the 
NPU of the treated proteins as well (20). A modification of the PDR 
index utilizing ion-exchange chromatography, rather than microbiological 
analysis for amino acids, was published recently by Akeson and Stahmann 
(21). 

In this chapter, I shall describe and briefly discuss many of the 
procedures which have contributed conceptually as well as practically 
to the development of in vitro methods for the evaluation of protein 
quality. Special emphasis will be placed on the PDR index, which was 
developed in the author's laboratory. In addition, a shortened PDR 
index is presented which appears to correlate well with the NPU of a 
variety of proteins, including seme subjected to heat processing. 

I I . CHEMICAL SCORES 

A. Chemical Score of Mitchell and Block 
Mitchell and Block (9) were the first to provide a reasonably suc

cessful method for the chemical evaluation of proteins based on amino 
acid content. The chemical score, as defined by Mitchell and Block, 
measured the value of proteins for growth only, since it was based on the 
concept that the complete absence of an essential amino acid renders a 
protein completely unavailable for the synthesis of body proteins. I t 
was their idea to judge the nutritive adequacy of a protein by comparison 
of its amino acid composition with that of a reference protein (whole egg 
protein). The ratio of the quantity of each essential amino acid in a test 
protein compared to the quantity of the respective amino acid in whole 
egg protein was computed and stated as a percentage value (the egg ratio). 
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The nutritive value of the protein was originally expressed as a "chemical 
score," equal to the greatest percentage deficit in an essential amino acid 
in a protein or mixture of proteins being evaluated; thus, the score was 
set as 100 for any protein or protein mixture completely devoid of any one 
essential amino acid (1). However, later the chemical score was taken as 
the lowest egg ratio, i.e., 100 minus the greatest percentage deficit of an 
essential amino acid relative to that present in egg protein (9). The lower 
the lowest egg ratio the poorer the protein is as a source of amino acids; 
the larger the chemical score the better is the protein. 

The protein used as a standard was whole egg which had earlier been 
shown to be nearly perfectly utilized in digestion and in metabolism for 
the growing rat (22), the mature rat (23), the dog (24), and adult man 
(25). Mitchell had also shown (26) that the growth-promoting value of 
whole egg protein, when carefully prepared to avoid heat and other 
damage, was not improved for the growing rat by supplementation with 
any of the essential amino acids except lysine, which induced a 3 % 
increase (statistically significant) in body weight in a 28-day feeding 
period. The absence of nutritionally unavailable essential amino acids 
in whole-egg proteins was demonstrated by the fact that the substitution 
of whole egg for starch at low levels in a nitrogen-free diet fed to rats did 
not appreciably increase the output of urinary nitrogen (23). Bender (27) 
has since reported that whole egg may have an approximately 15% 
surplus of essential amino acids for maximum NPU, but not necessarily 
for maximum growth of the rat. 

The amino acid content of the proteins was computed on the basis 
of a uniform protein containing 16% nitrogen, according to the method 
used by Block and Boiling (28). This was justified on the basis that 
utilization of dietary proteins by animals can best be studied by the 
nitrogen balance sheet method. Thus, an amino acid analysis of protein 
would be most useful in protein nutrition as a chemical description of the 
nitrogen contained in it. 

1. Calculation of Chemical Score 

All concentrations of amino acids in proteins to be compared are 
calculated to 16.0 gm of nitrogen. If the protein contains 18.6% of 
nitrogen, then the amino acid value (w/w) is multiplied by the factor 
16/18.6, or 0.86. If the nitrogen of the product is only 12.2%, then the 
amino acid figure is multiplied by the factor 16/12.2 = 1.31. 

The essential amino acid compositions ofjseveral proteins are shown 
in Table I. 

The ratio of the quantity of each essential amino acid in a food 
protein to the quantity of the respective amino acid in the same amount 
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T A B L E I 
ESSENTIAL AMINO ACID COMPOSITION OF VARIOUS FOOD PROTEINS0 

Whole Lactal- Soy White 
Amino acids egg bumin Casein flour flour 

Histidine 2. 6 2. 2 3. 2 2. ,6 1.9 
Lysine 7. ,8 9. .4 8. 1 6. ,3 2 .2 
Methionine 3. .2 2 .2 3. .0 1, ,3 1.8 
Cystine 2. .1 1. .5 0. 3 1, .0 1.2 
Methionine + cystine 5. .3 3 .7 3. .3 2 3 3 .0 
Phenylalanine 5 .5 4 .0 5 .5 4 .6 4 .4 
Tyrosine 3 .8 3 .4 5. ,2 3 .1 2 .7 
Phenylalanine + tyrosine 9 .3 7, .4 10 .7 7, .7 7.1 
Leucine 8 .8 13 .0 9, .8 8, .1 7.8 
Isoleucine 5 .9 7. .8 5 .8 5 .6 4 .6 
Valine 7. .1 6 .6 7, .2 5 .6 4 .7 
Threonine 4 .9 6 .0 4 .1 3 .8 2 .8 
Tryptophan 1 .4 2 .3 1 .2 1 .5 1.0 

Total 53 .1 58 .4 53 .4 43 .5 35.1 

a Obtained by microbiological assay. Values stated as grams per 16 gm 
of nitrogen. 

T A B L E II 
EGG RATIOS OF ESSENTIAL AMINO ACIDS IN VARIOUS FOOD PROTEINS 

Lactal- Soy White 
bumin Casein flour flour 

Amino acids (%) (%) (%) (%) 

Histidine 85 100 100 70 
Lysine 100 100 81 28« 
Methionine 69 94 U 56 
Methionine + cystine 70 62 43 57 
Phenylalanine 73 100 84 80 
Phenylalanine + tyrosine 80 100 83 76 
Leucine 100 100 92 88 
Isoleucine 100 98 95 78 
Valine 93 100 79 66 
Threonine 100 84 78 57 
Tryptophan 100 86 100 71 

a The chemical score, based on the limiting amino acid, is 
italicized. 
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of egg protein is then computed. These ratios are called egg ratios and 
are expressed as percentages. These values are presented in Table II . 

The limiting amino acid for each protein is taken to be that essential 
amino acid which has the greatest percentage deficit, i.e., the smallest 
egg ratio. Since methionine is metabolically convertible into cystine, 
but the reverse reaction does not occur, the limiting factor between these 
two is assumed to be methionine, or methionine plus cystine, whichever 
percentage deficit is the greater. The same relationship exists between the 
essential amino acid phenylalanine and the nonessential amino acid 
tyrosine, and these are treated in a like manner. 

Histidine should be used when evaluating the score for the growing 
rat, but not for man since this amino acid is not essential in human 
nutrition. 

Thus, the limiting amino acid for lactalbumin is methionine, and its 
chemical score is 69. For casein the limiting amino acids are methionine 
plus cystine, and its chemical score is 62. The chemical score for soy 
flour is 41 (methionine limiting) and for white flour is 28 (lysine limiting). 

2. Discussion of the Chemical Score 

There are obvious imperfections in the correlation between the 
chemical score and the biological data shown in Table I II . Block and 
Mitchell presented other numerous comparisons in their original papers 
and commented that animal tissues, muscle, liver, kidney, and heart, 
rank higher on the chemical scale than on the biological scale. On the 
other hand, wheat germ proteins are rated much lower on the basis of 
their chemical scores than on their biological performances. Nevertheless, 
the correlation coefficient of the regression line relating chemical score 
with biological value was found to be 0.861 on the basis of biological 

T A B L E I I I 
COMPARISON OF THE CHEMICAL SCORE, BIOLOGICAL VALUE, AND 

N E T PROTEIN UTILIZATION VALUE OF FOOD PROTEINS 

Chemical Protein Biological 
Protein score0 score6 value N P U 

Whole egg 100 100 98 97 ; 
Lactalbumin 69 63 84 82 
Soy flour 41 53 75 72 
Casein 62 62 68 66 
White flour 28 43 52 52 

° Chemical score—Block and Mitchell. 
b Protein score—F AO /WHO Expert Group. 
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values obtained with growing rats, and 0.833 when data obtained with 
growing pigs and dogs were included. 

B. Protein Scores by the FAO/WHO Procedure 
An alternative method for scoring proteins on the basis of their 

limiting essential amino acids was proposed by the 1963 Joint Food and 
Agricultural Organization/World Health Organization Expert Group 
(29). In the 1957 report of the FAO Committee on Protein Requirements 
(30) the provisional pattern of amino acid requirements was used to 
determine a protein score. This measured "the extent to which a food or 
food combination supplies the limiting amino acid as compared with the 
provisional pat tern/ ' based on an estimate of the requirements of healthy 
human beings. 

As noted by the FAO/WHO group, the provisional FAO pattern 
provided for more "nonessential" amino acid nitrogen than is found in 
natural diets. Thus, the utilization of essential amino acids for the 
synthesis of the nonessentials was minimized. Also, it was noted that the 
overall proportion of available amino acids is more important in deter
mining quality than simply the absolute amount of each of the essentials. 
An unbalanced pattern may adversely affect nutrition even if the quan
tity of essentia] amino acids is sufficient. In this respect, there is evidence 
that the proportion of sulfur-containing amino acids (methionine plus 
cystine), tryptophan, and lysine in the FAO provisional pattern is 
too high (29). Correction of the FAO pattern for these high values made 
the pattern resemble that of whole egg and human milk more closely. 
Therefore, the FAO/WHO Expert Group recommended adoption of the 
essential amino acid pattern of either egg or human milk for reference 
purposes. 

Protein requirements for growth and maintenance are most efficiently 
achieved when the diet furnishes the required quantity of balanced 
protein (31). A balanced protein may be defined as one in which the 
essential amino acids are each present in optimal ratios to each other for 
the highest efficiency of utilization for new tissue formation and for 
repair of preexisting tissues; it is implied, of course, that the protein 
contains sufficient nonessential amino acids to minimize metabolic 
diversion of the essential amino acids from their function in tissue 
formation. 

Therefore, another feature adopted by the FAO/WHO group was 
that the amino acid reference pattern be presented in terms of the 
relationship of each essential amino acid to the total of essential amino 
acids. This was done to facilitate the separate investigation of the effect 
of changes in the ratios of essential amino acids to each other and the 



3. IN VITRO PROTEIN EVALUATION 133 

relationship between the essential and nonessential amino acid com
ponents of the protein requirement. 

Such a pattern, that is, the ratio of each essential amino acid to the 
total content of essentials, had been introduced earlier by Sheffner et al. 
in their PDR index of net protein utilization (19). This had been done 
to evaluate separately the pattern of essential amino acids as well as the 
total quantity of essentials per unit protein. 

The concept of pattern was taken to mean that the nutritive value of a 
protein with a partial deficiency of one essential amino acid is limited to 
that fraction of the protein which has the appropriate balance of amino 
acids. If the single limiting amino acid is present as a certain fraction 
of the requirement for balance, then only that balanced fraction of the 
protein is usable for growth. Thus, increasing the amount of the imbal
anced protein in the diet, within limits, will increase the quantity of 
balanced protein which is available. 

1. Calculation of Protein Scores by 
the FAO/WHO Procedure 

To calculate the protein score: (a) Add up the contributions of all 
the essential amino acids, together with those of cystine and tyrosine; 
(b) calculate the percentage contributions of the potentially limiting 
amino acids to this total; (c) compare these percentages with the cor
responding ones for the reference pattern. 

The concentration of essential amino acids in whole egg protein, 
which is used as the standard, is given in Table I. In whole egg protein 
the total quantity of essential amino acids for the growing rat is 53.1 
gm per 16 gm of nitrogen (for man the value for histidine is subtracted 
from the total). Of these, methionine and cystine furnish 5.3 gm, or 
10.0%; lysine furnishes 7.8 gm, or 14.7%; and tryptophan? furnishes 
1.4 gm, or 2.6%. The percentage pattern for whole egg and several 
other proteins, as calculated in this manner, is shown in Table IV. The 
ratio of the percentages in the test protein to that in whole egg (egg 
ratio) is then determined in the same manner as used in the chemical 
score method of Mitchell and Block. 

For example, the limiting essential amino acids for soy flour, relative 
to that in whole egg protein, are methionine plus cystine (which are 
taken as a unit). The egg ratio for these amino acids is 5.3/10.0 or 53%, 
and thus the protein score for soy flour is 53. I t is pertinent that the FAO/ 
WHO group used the quantity of total sulfur amino acids when these 
were limiting; Mitchell and Block used methionine, or methionine plus 
cystine, whichever percentage deficit was the greater. 

A comparison of "chemical score" and "protein score" values are 
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T A B L E I V 
ESSENTIAL AMINO ACID PATTERN OF VARIOUS FOOD PROTEINS CALCULATED 

AS THE PERCENTAGE OF TOTAL ESSENTIAL AMINO ACIDS 

Whole egg 
(reference Lactal Soy White 

Amino acids standard) bumin Casein flour flour 
(%) (%) (%) (%) (%) (%) 

Histidine 4 .9 3 .8 6 .0 6 .0 5 .4 
Lysine 14.7 16.1 15.2 14.5 6 .3 
Methionine 6.0 3 .8 5 .6 3 .0 5.1 
Cystine 4 .0 2 .6 0.6 2 .3 3 .4 
Methionine + cystine 10.0 6 .3 6.2 5 .3 8 .5 
Phenylalanine 10.4 6.8 10.3 10.6 12.5 
Tyrosine 7 .2 5 .8 9.7 7.1 7.7 
Phenylalanine + tyrosine 17.5 12.7 20.0 17.7 20 .2 
Leucine 16.6 22.3 18.4 18.6 22.2 
Isoleucine 11.1 13.4 10.9 12.9 13.1 
Valine 13.4 11.3 13.5 12.9 13.4 
Threonine 9 .2 10.3 7.7 8.7 8 .0 
Tryptophan 2 .6 3 .9 2 .2 3 .4 2 .8 

presented in Table III . In some cases, for example, soy flour and white 
flour, the protein scores are closer to the biological values than are the 
chemical scores; however, with lactalbumin the protein score is not as 
close. By either procedure, however, the "score" tends to underestimate 
the experimentally obtained biological value (or the net protein utiliza
tion) of food proteins. 

III . INTEGRATED AMINO ACID INDICES 

The concept of chemical or protein "scores" was based on the amino 
acid requirements for growth as differentiated from those for maintenance 
of body tissues. However, Block (31) presented evidence that (a) tissue 
loss is relatively independent of the supply of amino acid, and (b) the 
amount of tissue synthesized—whether for growth or maintenance—is 
proportional to the supply of essential amino acids. Thus, there are 
probably no important differences in amino acid utilization for growth 
as compared to that for maintenance. Differences in requirements, such 
as between the adult and young growing rat for lysine, may be related to 
differences in amino acid catabolism or in utilization for specific metabolic 
processes. 

The protein requirement for growth is also generally small compared 
to that for maintenance, even in the rapidly growing animal or infant. 
For example, the caloric requirement of a 1-week-old infant is about 120 
cal/kg. Approximately 40% of this is for growth (32) and the remaining 
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60% is for basal metabolic needs and loss in excreta. Assuming the 
amount of nitrogen required for daily maintenance to be 2 mg per basal 
calorie (33), 144 mg Ν is needed for maintenance out of the estimated 
total requirement per kilogram of 368 mg Ν (2.3 gm reference protein) 
(29). Even in the first week of life only 6 1 % of the nitrogen requirement 
is for growth. By 3 months of age, the requirement for growth is only 
36%, after 6 months 26% and by one-year is only about 14% of the 
total nitrogen requirement (29). Thus, the chemical and protein "scores," 
which theoretically measure the value of a protein only for growth, 
should not be expected to predict accurately the biological value which 
measures the utilization of a protein for growth plus maintenance. 

I t is obvious that a chemical score as defined by Mitchell and Block 
or by the FAO/WHO procedures can be only a partial measure of the 
biological value of a protein; for more accurate evaluation it became 
necessary to approach the problem in a different manner. 

In order to improve the accuracy of the "score" methods, these 
additional factors had to be considered: (a) essential amino acids are 
used in metabolic processes other than for the synthesis of proteins; 
and (b) all the necessary amino acids must be available at the site and 
at the time of synthesis of tissue proteins. 

Amino acids are used in metabolism for more than the synthesis 
of proteins. They take part in a variety of reactions and are used as 
source material for the synthesis of compounds in which the full comple
ment of amino acids is not required. Therefore, the utilization of a protein 
is not entirely limited by a deficiency in a single amino acid. Furthermore, 
the need for all the essential amino acids to be presented to the body 
within a specific time interval has been emphasized by several investi
gators (34-37). 

I t has been suggested that the "free" amino acid composition of the 
intestinal contents remains rather uniform when proteins of widely 
varying composition are ingested (38). However, data obtained by 
Sheffner and Bergeim (39) and by Longenecker and Hause (40) have 
shown that the changes in tissue and plasma amino acids which occur 
following the ingestion of protein reflect, although not precisely, the 
amino acid composition of the administered protein. Thus, it is reasonable 
to consider the entire essential amino acid content of a protein or diet in 
order to properly evaluate its biological value. 

A. Kuhnau's Integrated Index 
Kuhnau, in 1949, proposed a method of rating proteins according 

to the sum of the percentages of essential amino acids (10). He used the 
amino acid composition of human milk as the standard of comparison. 

The percentages of the essential amino acids, plus cystine, arginine, 
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and tyrosine, in the mixed proteins of human milk were summed. A 
similar computation was made for the proteins to be evaluated. The 
ratio of the sum for the test protein to that of the reference protein was 
called the "total value" (gesamte Wertigkeit). But this computation 
credits the test protein with concentrations of amino acids in excess of 
those occurring in the reference protein, excesses that presumably con
tribute little to the inherent nutritive value of the protein. 

Therefore, Kuhnau repeated the summation, disregarding these 
excesses, to obtain a "pure value" (reine Wertigkeit). The differ
ence between these two values is called the "supplementary value" 
{Erganzungswertigkeit), and is presumably available for supplementary 
relations with other proteins that may be deficient in those amino acids 
which occur in excess in the test protein. 

1. Calculation of the Nutritive Value of Proteins 
by the Method of Kuhnau 

An example of Kuhnau's method of calculating the nutritive value 
of casein is presented in Table V. Since arginine is generally considered to 
be synthesized by the rat (although not sufficiently for maximum growth) 

TABLE V 
CALCULATION OF THE NUTRITIVE VALUE OF 

CASEIN BY THE METHOD OF KUHNAU" 

Excess of test 
Human over reference 

Amino acids milk6 Casein protein 

Histidine 2 .2 3 .2 1.0 
Lysine 6.6 8.1 1.5 
Methionine 2 .0 3 .0 1.0 
Cystine 2 .0 0 .3 — 
Phenylalanine 4 .3 5.5 1.2 
Tyrosine 5 .2 5 .2 — 
Leucine 9.1 9 .8 0.7 
Isoleucine 5 .5 5.8 0 .3 
Valine 6.3 7 .2 0.9 
Threonine 4 .5 4.1 — 
Tryptophan 1.6 1.2 — 

Sum 49.3 53.4 6 .6 
"Total" value 100 108 

53.4 - 6 .6 
"Pure" value — = 95 

49.3 
— 

"Supplementary" value — 108 - 95 = 13 — 
a Values expressed as grams per 16 gm of nitrogen. 
6 From average values published by Orr and Watt (41). 
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and by man, this amino acid has not been included in the calculations. The 
values for casein were obtained by microbiological assay in the author's 
laboratory and those for human milk as published by Orr and Watt (41). 

Summation is made of the essential amino acids in the reference pro
tein (human milk), plus cystine, tyrosine, and histidine (Table V). 
Conceivably, histidine should be omitted when Kuhnau's index is used 
for evaluating the nutritive value of a protein for man. 

The total of the essential amino acids in human milk proteins (based 
on 16 gm for nitrogen) is 49.3. A similar summation for casein yields a 
value of 53.4. Dividing 53.4 by 49.3 gives 108, the "total" value for 
casein. The value for the reference protein is arbitrarily set at 100. 

The summation for casein is repeated, this time disregarding the 
quantities of amino acids in excess of those occurring in the reference 
protein. The new sum divided by the 49.3 gives a value of 95, the "pure" 
value. The difference between the "total" and "pure" values is 13, the 
"supplementary" value. 

2. Discussion of Kuhnau's Index 

Kuhnau's method at first impression does not appear to provide 
an accurate estimate of biological value. However, closer scrutiny of its 
development indicates that when first conceived the amino acid values 
available for human milk protein, the reference protein, were considerably 
higher in many cases than those now considered to be correct. 

Computation of Kuhnau's index using amino acid values available 
in 1949 provides index values which are as close to the respective bio
logical values as those obtainable by Oser's Essential Amino Acid Index. 
Mitchell, in describing Kuhnau's method in 1954, utilized values which 
were particularly high for lysine, isoleucine, and valine (42). Using this, 
in a sense, arbitrary standard the following index values are obtained: 
lactalbumin 85, casein 83, fish muscle 75, soy flour 69, white flour 56, and 
gelatin 30, all of which are reasonably close to the experimentally ob
tained biological values. 

Part of the reason for the accuracy of Kuhnau's method when the 
arbitrary standard is used stems from the fact that the essential amino 
acids account for about 60% of the total weight of the better proteins, 
but only about 40% of the poorer proteins (43). Thus an amino acid 
reference which is set arbitrarily high permits the comparison of proteins, 
if for no other reason, on the basis of their total essential amino acid 
content. 

B. Osers Essential Amino Acid Index 
Using a method incorporating the "egg ratio" concept of Mitchell 

and Block, but including all the essential amino acids, plus cystine, 
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tyrosine, histidine, and arginine, Oser, in 1951 (11), devised an inte
grated "Essential Amino Acid Index" which incorporated certain features 
of Kuhnau's index as well as the egg ratio concept of Mitchell and Block. 
The novel feature of Oser's index was the use of the geometric mean 
of the egg ratios to estimate the nutritive value of a protein. 

The probability of two or more events occurring simultaneously 
is a function of the probability of their individual occurrences. Thus, 
the probability that all the essential amino acids will be available at the 
site of protein synthesis within a tissue is a function of their product, 
not of their sum. Kuhnau's method (described above) utilizes the sum 
of the percentages of essential amino acids. However, a protein devoid 
of one essential amino acid, and therefore incapable of supporting growth, 
should theoretically have a nutritional value of zero. An index based 
on the product of these percentages, instead of their sum, would yield the 
theoretical value of zero in the case cited above. 

Nevertheless, even proteins completely deficient in certain essential 
amino acids, e.g., gelatin or gluten, are found to have low, but not zero, 
biological values when tested in experimental animals. This is due 
primarily to the short test periods used, in which the products of tissue 
catabolism may be partially reused for the synthesis of new protein. 
Consequently, Oser reasoned that, in order to correlate observed bio
logical values with an integrated essential amino acid index, it is necessary 
to assume the presence of a small amount of even the missing essential 
amino acids. Thus a more or less arbitrary assumption upon which this 
integrated essential amino acid is based is that the minimum ratio 
of essential amino acid content relative to that of the standard protein 

The standard protein chosen by Oser was whole egg protein, following 
the recommendation of Mitchell and Block. The adoption of an "ideal" 
protein involved the further assumption that the percentage of an essen
tial amino acid in a protein in excess of its percentage in the standard 
can be ignored. Thus, the maximum ratio of essential amino acid content 
relative to that of the standard protein is 100%. 

The essential amino acid index (EAA index) was defined as the geo
metric mean of the "egg ratios" (i.e., the ratio of the essential amino 
acids in a protein relative to their respective amounts in whole egg pro
tein), in which the subscript ρ refers to the food protein; s, the standard 
protein, whole egg; and n, the number of amino acids (counting pairs 
such as methionine and cystine as one) entering into the calculation. 

i s l % . 
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The amino acid concentrations were standardized to a common 
nitrogen basis for the test and standard proteins, usually to 16 gm of 
nitrogen. The test protein:egg protein ratios were computed and ex
pressed as percentages; all percentages over 100 were then reduced to 
100. A geometric mean was then taken of these ratios, equal to the 
antilogarithm of the mean logarithm of the ratios. Oser did not consider 
tyrosine in his calculations at first (11), but did include cystine and 
arginine. Subsequently, Oser (44) accepted Mitchell's suggestion to 
include tyrosine, but he would not accept the proposal to eliminate 
arginine from the calculation. In the example of this procedure presented 
in Table VI, Mitchell's proposal to add tyrosine and eliminate arginine 
has been followed. In addition, as suggested by Mitchell, although the 
semiessential amino acids tyrosine and cystine are included, they are 
counted only to the extent that they are contained in the standard protein. 

1. Calculation of the Oser EAA Index as 
Modified by Mitchell (ME A A Index) 

The procedure for calculating the EAA index as modified by Mitchell 
(42) is illustrated in Table VI using casein as an example. 

T A B L E V I 
COMPUTATION OF THE MODIFIED ESSENTIAL AMINO ACID INDEX 

Whole egg 
protein Casein Logs of 

(gm/16 gm (gm/16 gm Egg Corrected corrected 
Amino acids N) N) ratio ratios ratios 

Histidine 2 .6 3 .2 123 100 2.0000 
Lysine 7 .8 8.1 104 100 2.0000 
Methionine 3 .2 3 .0 94 — — 
Cystine 2.1 0 .3 14 — — 
Methionine 5.3 3 .3 62 62 1.7924 

+ cystine 
Phenylalanine 5.5 5 .5 100 — — 
Tyrosine 3 .8 5 .2 137 — — 
Phenylalanine 9 .3 10.7 115 100 2.0000 

4- tyrosine 
Leucine 8 .8 9 .8 111 100 2.0000 
Isoleucine 5.9 5 .8 98 98 1.9912 
Valine 7.1 7 .2 101 100 2.0000 
Threonine 4 .9 4.1 84 84 1.9243 
Tryptophan 1.4 1.2 86 86 1.9345 

Average logarithm = 1.9603 
Modified EAA index = 9 1 
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Egg ratios are calculated as described for the chemical score of 
Mitchell and Block (Section II , A), except that the semiessential amino 
acids are not used in amounts above that found in the standard protein, 
even when the total of the essential amino acid plus its metabolic pre
cursor, e.g., tyrosine plus phenylalanine, is present in smaller quantity 
than in the standard. For phenylalanine a value of 5.5 is used; for tyrosine 
3.8 is used (the value in egg), not 5.2. If the concentration of phenyl
alanine in casein had been less than 5.5, the value for tyrosine used 
would still have been 3.8, i.e., not greater than the quantity in the 
standard. The values used are then added (5.5 + 3.8 = 9.3) and di
vided by the sum of these amino acids in whole egg protein, 9.3. The 
egg ratio is thus 100, rather than 115. 

The geometric mean of the corrected egg ratios is then computed 
by taking the logarithm of each egg ratio, averaging these logarithms, 
and then obtaining the antilogarithm of this average value. The average 
logarithm obtained was 1.9603; and its antilogarithm, 91, is the modified 
EAA index value for casein. 

C. Discussion of Integrated Essential Amino Acid Indices 
The validity of the modified essential amino acid indices and the 

chemical scores of proteins (or mixtures of foods) are best assessed by 
correlating them with the corresponding biological values determined 
by the nitrogen balance method. This is so because the biological value 
of proteins is expressed as a percentage, thus facilitating mathematical 
correlations between this method and the methods of chemical scoring. 

Mitchell (42) selected 48 food proteins for which apparently satis
factory analyses of the essential amino acids (plus cystine and tyrosine) 
and for which seemingly satisfactory biological values are available. 
Most of the biological values were obtained with growing rats, but also 
included are 7 values secured with growing pigs and 8 values for growing 
dogs. 

The correlation between Mitchell's modified essential amino acid 
index and the biological values for the growing rat, pig, and dog was 
quite good, the coefficient, r, being 0.948. A similar comparison for 
Mitchell and Block's chemical score yields a correlation coefficient of 
0.833. The difference between these coefficients is highly significant. 
This supports Oser's contention that the use of the integrated index, 
utilizing all the essential amino acids, takes into account the require
ments for maintenance as well as growth, and is therefore a better method 
for estimating the biological value of proteins even for growing animals. 

Nevertheless, factors which affect the degree or rate of release of 
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amino acids during gastrointestinal digestion of a protein will influence 
its nutritive value, especially its biological value as measured by nitrogen 
balance. Consequently, integrated amino acid indices based on the total 
essential amino acids in a protein tend to overestimate the experimental 
value. A comparison of the biological values of certain food proteins 
and their modified essential amino acid indices is shown in Table XII . 

I t is obvious that for some proteins, especially casein, the index 
values are relatively high. Furthermore, the index does not take into 
consideration the effects of heat processing on the subsequent liberation 
of amino acids during digestion. However, the MEAA index is a useful 
method for (a) predicting the maximum potential biological value of a 
protein, (b) estimating the limiting essential amino acids of protein foods, 
and (c) providing a logical basis for the mutual supplementation of 
proteins for the improvement of diets. 

I V . CHEMICAL METHODS OF EVALUATING PROTEIN QUALITY 

In preparing foodstuffs, particularly for animal feeds, decisions are 
needed quickly: rapid evaluation is usually needed when processing 
machinery is being adjusted and also when consignments after arrival 
at port have to be purchased or rejected by buyers. 

Thus, a variety of procedures have been developed which can be 
performed quickly on a routine basis in a chemical laboratory. In general, 
these procedures have been assessed by comparison with two standard 
biological methods: (a) the gross protein value (GPV) procedure for 
chicks, in which the protein source to be tested is fed as a supplement to 
cereal protein; and (b) by the net protein utilization (NPU) procedure with 
rats, in which the test material is the sole source of protein in the diet. 

Neither the GPV nor the NPU test measures the amount of a single 
amino acid. In the GPV assay a low level of test protein is fed as a supple
ment to a higher level of cereal protein. Since lysine is the limiting amino 
acid in cereal proteins, the value obtained is usually a measure of the 
lysine contribution made by the protein supplement. However, with 
the NPU assay, the entire complement of essential amino acids is con
sidered, although generally methionine (plus cystine) and/or tryptophan, 
as well as lysine, are the limiting amino acids, and these receive greater 
emphasis. 

A. Simple Nitrogen Analysis 
Cereals vary little in protein quality, with the exception of maize 

(45). In maize bred to contain a high level of protein, quality is reduced 
because the extra protein is mostly zein, which, of course, is of low quality. 
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With the common varieties of maize a simple nitrogen analysis will give 
an indication of quality as well as the quantity of protein present (46). 
With other protein sources, e.g., fish meal, meat meal, and whole meat 
meal, no correlation was found between protein concentration and GPV 
or NPU (47). 

Corrections for "Useless" Nitrogen 

Certain tests are available for deducting values for obviously useless 
nitrogenous components from crude protein figures. For example, the 
insoluble residue from the peptic digestion of meat meals is of little 
nutritional value; it comes from contamination with horn, hoof, and 
wool (48). Urea nitrogen can also be estimated and deducted from the 
total nitrogen in meals made from dogfish sharks (49). 

B. Urease Inactivation 

Soybean proteins exhibit marked differences in biological value 
after various types of processing without change in amino acid composi
tion or, in many cases, in digestibility measured in animal tests. The 
improvement in biological value with moderate heating is due to several 
factors, including destruction of a trypsin inhibitor and of a toxin (50), 
which apparently acts independently of the inhibitor. 

The heat treatment required for optimal nutritional value also 
inactivates most of the enzyme urease that occurs in raw soybeans (51). 
This inactivation has been widely used as a test for inadequate heating; 
the test material has only to be digested in the presence of urea, which 
will be hydrolyzed to ammonia and CO2 at a rate proportional to the 
quantity of urease remaining in the preparation. The production of 
ammonia is easily measured; a titrimetric procedure is described by 
Croston et al. (52). 

Boyne et al. (47) reported urease determinations conducted on 11 
soybean samples and found no evidence of a simple relationship between 
urease values and the results of the GPV tests. 

The GPV test indicates the value of a protein as a lysine source; 
thus moderate heating of the soybean—which inactivates the trypsin 
inhibitor—should increase the GPV value. Sheffner et al. (20) have 
shown that there is a marked increase in the release of lysine during 
tryptic digestion of properly heated soybean meals relative to that 
which occurs with the raw preparations. The measurement of trypsin 
inhibitor activity per se is rather simple and would appear to provide 
a more accurate measure of lysine availability (and GPV value) than the 
urease procedure and to be more useful as a test for adequate heating of 
soybean meals. 
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C. Protein Solubility Tests 

An obvious change in the physical properties of heated proteins is 
their reduced solubility in water. Differences between optimally heated 
and overheated soybean meals are shown if the test material is shaken 
successively with water, 5% KC1, 70% ethanol, and 0.2% KOH. By 
this procedure, the range of values for the original nitrogen remaining 
undissolved was 30 to 60% for a series of commercial soybean meals (53). 
The results suggest that this procedure can give an indication of the 
nutritive value of a meal. The same series of meals was also tested for 
their solubility after digestion with pepsin and dilute acid; but this 
treatment dissolved 93 to 95 % of all meals, so that the values could not 
be used to discriminate between them. 

Solubility of soybean proteins in water, mild acid, or alkali has not 
been found useful for differentiating the effect of heat processing, for 
even with optimal heating little soybean protein remains soluble in these 
solutions (54). 

1. Chemical Quality Index 

The problem of evaluating the nutritional quality of processed cotton
seed is complicated by both protein damage and the presence of gossypol 
in a toxic form and by the apparent interaction of gossypol with protein 
during processing. Cottonseed proteins are variably soluble in 0.02 Ν 
NaOH depending upon treatment. Consequently, Lyman et al. (55) 
proposed a "chemical quality index" defined as the percentage of nitrogen 
soluble in 0.02 Ν NaOH divided by either the percentage of gossypol in 
the meal or 0.85, whichever is less. The index for a series of 22 samples 
was closely correlated with values obtained by chick-growth tests. 

Other investigators have not found that the chemical quality index 
properly grades meals prepared by a wider range of procedures (56, 57). 
Boyne et al. reported (47) that the chemical index values correlated 
closely with the GPV, but the relation was no closer than that found pre
viously between the simple solubility in alkali and the GPV of the sample. 

2. Protein Quality Index 

Almquist et al. (58) studied various criteria of quality that would 
apply in a general way to all meat industry by-products. A scheme of 
chemical analysis was proposed that include the following: (A) the 
percentage of total nitrogen precipitated by copper (inclusive of Β and 
C); (B) the percentage of total nitrogen not digestible with pepsin; 
(C) the percentage of total protein nitrogen soluble in hot water; and 
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(D) the percentage of total nitrogen precipitated by phosphotungstic 
acid. 

By comparison with chick growth data and a process of trial, an 
expression—the protein quality index—was calculated equal to 

A — (B + 0.6 Ο + 0.4 D 

The indices for various fish and meat meals varied from 40.0 to 88.5, 
a perfect animal protein having an arbitrary value of 100. 

Independent studies by March et al. (59) have shown positive cor
relations between the index and feeding results with chicks for both 
fish and meat meals. Other investigators have also reported (47) that the 
PQI for whale meals were well correlated with the results of GPV feeding 
tests; the correlation was lower with fish meals. With meat, cottonseed, 
and soybean meals, the PQI values did not show a significant correlation 
with the results of either the GPV or NPU tests. 

D. Tests for Specifically Reacting Amino Groups 
A variety of tests to detect processing damage in soybean meals have 

been based on changes in the general reactivity of the protein molecules. 

1. Reactivity to Dyes 

Frolich (60) obtained results suggesting that heat processing increased 
the absorptive property of meals for dyes containing a phthalein group. 
Phenolphthalein was most useful in distinguishing between underheated, 
properly heated, and overheated meals. Cresol red could also be used and 
was more stable under the alkaline conditions used in the test. With 
cresol red, absorption of the dye reflected heat treatments in underheated 
to properly heated meals; however, overtreatment could not be measured. 

The orange G test is designed to give an indirect measure of reactive 
amino groups (61). The test protein is shaken with an aqueous orange G 
solution of known strength, and the unbound dyestuff measured colori-
metrically. Boyne et al. (47) compared dye binding of orange G with GPV 
values for meals prepared from whale meat, fish, meat, and groundnut. 
An indication of a correlation between GPV and dye binding was ob
tained with all the meals except groundnut. 

2. Reactivity with Formaldehyde 

Almquist and Maurer (62) found that overheating of soybean meals 
decreased their reactivity with formaldehyde. A preliminary comparison 
of rat-growth results with values from simple formol-titration procedure 
indicated a promising correlation. 
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3. Available Lysine Value (Carpenter) 

Animal proteins contain relatively high concentrations of lysine 
and, when added to cereal diets, markedly improve the biological value 
of the supplemented diets. The most severe effect of processing on animal 
proteins appears to be a decrease in the nutritional availability of lysine 
that reduces their value as protein supplements. A chemical procedure 
that could show that a particular product contains much available lysine 
would provide a measure of the nutritional value of the raw material 
and in addition indicate the degree of processing to which it had been 
subjected. 

The reduced availability of lysine is due largely to the reaction 
of its €-amino group with other active groups under conditions of moist 
heat to form a linkage that resists hydrolysis with enzymes (63). Car
penter and his associates proposed that only lysine molecules with reac
tive eamino groups are nutritionally available. This hypothesis was 
used as the basis for a procedure to measure "available" lysine by reac
tion of fluoro-2,4-dinitrobenzene (FDNB) with the free amino groups in 
intact protein; the dinitrophenyllysine released after subsequent acid 
hydrolysis was measured colorimetrically (64, 65). 

Results obtained with Carpenter's procedure for a series of fish, whale, 
and meat products indicated a close correlation with corresponding 
results of chick feeding tests, under conditions in which the lysine con
tribution of the test materials was the most important nutritional 
consideration (66). 

Additional studies with the "available lysine" procedure showed 
that the values obtained correlated well with the GPV of a variety of 
animal proteins. They showed no correlation with the NPU results for 
meat meals (47). 

Determinations of "available lysine" with FDNB were also made on 
groundnut, cottonseed, and soybean meals; however, the range of values 
obtained was quite narrow; and the results with corresponding samples 
showed no correlation with tests on chickens. 

Carpenter, in a later paper (67), suggested that for animal protein 
materials there was nearly the same degree of correlation of FDNB-
available lysine values with the NPU test (which measures the amino 
acid "balance" of a protein) as there was with the "supplementary pro
tein" chick test (which essentially measures the value of a material as a 
lysine source). This statement does not appear to be supported by the 
work of Boyne et al. (47). 

A modification of the original FDNB procedure, now recommended 
by Carpenter (68), apparently overcomes the interference by free arginine 
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to which the original method was subject. Free lysine is not measured, 
so that lysine supplemented foods cannot be evaluated. Hydroxyproline 
in proteins is measured although it is of no nutritive value. I t is claimed 
that the procedure can distinguish samples differing by 5% in their 
available lysine value, if they are assayed at the same time, or by 8% if at 
different times (68). Careful control of hydrolysis conditions is necessary, 
and peroxide-free diethyl ether must be used for extraction of surplus 
reagent and unwanted complexes formed with amino acids other than 
lysine. 

The FDNB procedure has been adopted widely for the quality control 
of fish and meat meals used in animal feeding and also as one of the 
routine tests for material such as fish flour being developed under United 
Nations auspices for the feeding of children in protein-deficient areas of 
the world (67). 

The latest procedure utilized by Carpenter (68) is as follows. 
a. Stage 1. At least 50 gm of the material to be analyzed is ground 

so that it passes a y^Q-irwYi sieve. Samples are taken for the determina
tion of nitrogen in duplicate. Two portions, each containing an estimated 
30-50 mg of nitrogen are then taken into round-bottomed flasks and 
to each is added 8 ml of 8% (w/v) NaHC0 3. They are shaken gently to 
disperse the material and then left for 10 minutes. FDNB (0.3 ml), 
previously dissolved in 12 ml of ethanol, is added to each flask, which is 
then stoppered and shaken gently on a mechanical shaker for 2 hours. 

The stoppers are removed and the flasks are allowed to stand in 
boiling water until their effervescence ceases, even on shaking. I t may 
be checked that this point corresponds to a loss of weight of 10 gm, i.e., 
the weight of ethanol added. Immediately 24 ml of 8.1 Ν HC1 is added: 
the flasks are then refluxed gently for 16 hours with condensers adequate 
to prevent loss of HC1. The flasks are disconnected after the condensers 
have been washed with water. (The condensers may still give a yellow 
color on being placed in alkaline washing water owing to the presence of 
dinitrophenol, a decomposition product of FDNB which is colorless in 
acid solution.) After the flasks have remained in ice water for 1 to 2 hours 
the contents are filtered through a paper, such as Whatman No. 541, 
with water washings and the filtrates are made up to 200 ml. A portion 
of each filtrate is diluted again if necessary so that 2 ml contains an 
estimated equivalent of 35-55 μg of "available lysine" from the original 
sample. (This usually involves a twofold to fivefold dilution.) 

b. Stage 2. Portions (2 ml) from each diluted filtrate are pipetted 
into each of two glass-stoppered tubes A and B, graduated at 10 ml, 
and a small conical flask C. The contents of the tubes are extracted 
twice with 5-ml (approximately) portions of ether; the ether layers are 
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discarded; and the tubes are held in boiling water until effervescence 
from the residual ether ceases, and then they are cooled. Tube A is 
made up to 10 ml with Ν HC1 and kept for the final readings. 

c. Stage 3. The contents of flask C are titrated with 10% (w/v) 
NaOH, with phenolphthalein as indicator, and then discarded. The 
same volume of NaOH is then added to tube B, followed by 2 ml of 
buffer solution, pH 8.5. Methoxycarbonyl chloride (0.045-0.055 ml) 
is then added, and the tube is shaken vigorously to disperse and dissolve 
the compound. After 5 to 10 minutes 0.75 ml of concentrated HC1 is 
added, cautiously at first and with agitation to prevent the contents 
from frothing over. The contents are again extracted twice with 5 ml of 
ether. The ether washings are discarded. The residual ether in the aqueous 
layer is evaporated by standing the tube in boiling water, and the volume 
is made to 10 ml with water. 

d. Stage 4-  The extinction coefficients of the contents of tubes A and 
Β are measured in 1-cm cells at 435 πΐμ (or with a filter having maximum 
transmission between 420 and 450 ιημ if necessary). "Reading A — 
reading B " was taken as the extinction due to eDNP-lysine, and is 
compared with the corresponding values obtained with 2 ml of standard 
DNP-lysine solution treated according to the described procedure from 
stage 2 onward, with omission only of the ether-washing in stage 2. 
The equivalent amount of lysine from the test food that has reacted 
with FDNB is calculated with a suitable correction for losses due to 
hydrolysis where necessary (this appears to be multiplication by a factor 
of 1.09). 

V. ENZYMATIC AND MICROBIOLOGICAL METHODS 
FOR MEASURING PROTEIN QUALITY 

Mitchell (69), while reviewing in 1952 a half century of progress 
in nutritional evaluation of proteins, questioned whether a method 
which depended in its entirety upon the total amino acid composition 
could predict precisely the biological value of proteins, since many other 
factors affect the utilization of dietary protein. One of these factors is 
conceivably related to the observation that delayed supplementation of a 
deficient protein with the lacking amino acids is ineffective in correcting 
the deficiency. 

Based upon this fact and subsequent work of their own, Melnick, 
Oser, and Weiss (70), and Riesen et al. (71) proposed that, in addition to 
the total amino acid composition, the rate of release of amino acids from 
protein by pancreatic digestion was also an important factor in the nutri
tional quality of a protein. 
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A. Enzymatic Methods for Measuring Amino Acid Availability 

Melnick, Oser, and Weiss (70) allowed food proteins to be digested 
with U.S.P. pancreatin at pH 8.3 for 1 to 5 days at 37°C; at intervals 
aliquots of the incubation mixture were withdrawn and the degree of hy
drolysis was measured by formol titration. Enzymes naturally present 
were inactivated, and bacterial action was prevented; amide nitrogen and 
fat were not interfering factors under the conditions employed. 

By means of this procedure, it was determined that those factors 
known to increase the nutritive value of soy protein also increased the 
susceptibility of the protein to enzymatic digestion. Improvement in 
biological value which occurred in the manufacture of soy grits was 
evidenced by the greater degree and rate of digestibility. 

In addition to the measuring of protein hydrolysis by means of the 
formol titration procedure, several amino acids were measured individu
ally. I t was found that methionine is released earlier from heat-processed 
soy meal than from raw soy meal. Since animal experiments indicated 
that the total fecal excretion of methionine was the same for both prod
ucts, it was concluded that absorption of methionine was the same for 
both products and that, in the case of the raw meal, absorption occurred 
too late in the intestinal transit. Thus, the remaining amino acids of the 
protein, which were absorbed relatively early, were apparently inef
ficiently utilized for the synthesis of body protein. 

The concept developed may be correct and certainly has been useful 
in stimulating thought concerning the importance of amino acid avail
ability. However, two facts utilized in development of this hypothesis 
require comment: (a) The excretion of amino acids in the feces is rather 
constant although protein intake may be varied greatly, and apparently 
does not represent unabsorbed amino acids; more likely fecal amino 
acids are synthesized by intestinal bacteria or are derived from intestinal 
secretions and incorporated into bacterial proteins (72). (b) Although 
heating of soy meals markedly improves the rate at which methionine 
is released by pancreatin digestion, studies by Riesen et al. (71), also 
utilizing pancreatin, and by Sheffner et al. (20), who used pepsin plus 
pancreatin digestion, indicate that the liberation of other amino acids is 
improved as much. One reason for the discrepancy is that both of the 
latter groups measured methionine by microbiological methods, whereas 
Melnick et al. used a chemical procedure. Nevertheless, the improvement 
in biological value of properly heated soy meals is likely due to inactiva-
tion of the "toxic" factor, as well as the greater availability of several 
essential amino acids resulting from destruction of the trypsin inhibitor. 

Riesen et al. (71) treated soybeanjneals with pancreatin and ;mea-
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suredjjthe liberated amino acids by microbiological assay techniques. 
They found that in order to obtain a soybean meal of maximum nutritive 
value, it was necessary not only to destroy the trypsin inhibitor, but also 
to alter the protein in such a way that it could be more readily attacked 
by proteolytic enzymes. Excessive heat treatment resulted in further 
change which made the meal less readily attacked by pancreatin. 

Ingram et al. (73) utilized the procedures of Riesen in an attempt to 
correlate the enzymatic release of amino acids from soy protein with the 
growth of chicks fed the corresponding samples. The results indicated 
that the relative nutritive value of soybean oil meals could be determined 
by this in vitro technique, but only if the differences in value were very 
large. 

1. Lysine Availability by Enzyme Digestion 

Mauron and co-workers (74-76) measured overall digestibility and 
availability of lysine by in vitro digestion of proteins with pepsin followed 
by pancreatin (during simultaneous dialysis). Although initially three 
individual amino acids, trytophan, methionine and lysine, were measured, 
it was shown that for practical purposes only lysine need be measured for 
evaluation of heat damage to most proteins. The procedure has been used 
extensively in the quality control of heat-processed milk, and the agree
ment with the protein efficiency ratio measured on growing rats was 
excellent (75). 

Since the procedure of Mauron et al. evaluates only the availability 
of lysine, it suffers from the same defect ascribed previously to the FDNB 
procedure of Carpenter. For example, Mauron and Mottu (75) indicate 
that in milk proteins which contain an excess of lysine (relative to the 
concentration of the sulfur amino acids) considerable damage to the 
protein and decreased availability of lysine may occur without an ap
preciable decrease in nutritive value, as measured in the growing rat. 

Nevertheless, the procedure is useful in measuring heat-processing 
damage to proteins used to supplement cereal diets (deficient in lysine). 
Under these circumstances lysine is by far the limiting amino acid, and 
even small losses would have a deleterious effect on the nutritive value 
of the total diet. 

Values for lysine availability in processed milks obtained with this 
rather lengthy procedure are similar to those obtained with the simple 
FDNB method, but are more accurate when lysine availability is very low 
(76). However, with peanut flour to be used for human consumption in 
underdeveloped countries, Mauron has indicated that the FDNB method 
is preferable to the in vitro digestion procedure for quality control. 

Procedure for Determining Lysine Availability by the Method of Mauron 
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et al. An amount of sample corresponding to 8.4 gm protein is first di-
alyzed against tap water to eliminate low molecular weight substances 
and then digested in a dialysis bag with 50 mg pepsin at a pH of about 2 
and at 37°C. After 15 hours of pepsin digestion the pH in the dialysis 
bag is adjusted to 8 and 200 mg pancreatin is added. The digestion is 
now continued for 24 hours at 50°C under stirring. The pH is kept between 
7 and 7.5. The dialyzed fractions containing the amino acids are siphoned 
every hour and lysine is measured with a specific decarboxylase. The 
method for lysine is specific for the free, completely unsubstituted amino 
acid. 

2. Protein Digestibility Determined with Pepsin and 
Bacterial Proteolytic Action 

JVIertz et al. (77) published a procedure for estimating the digestibility 
of proteins utilizing pepsin and the proteolytic action of the bacterium 
Pseudomonas aeruginosa. Digestion coefficients for a variety of proteins 
were obtained which, in most cases, were within 10% of the coefficients 
determined on the same samples by the usual animal procedures. Dialyz-
able sugars and certain ether-soluble substances inhibited the proteolytic 
activity of the bacterium, and had to be removed before digesting the 
sample. 

B. Microbiological Methods for Evaluation of Protein Quality 
Accepted methods for the evaluation of protein quality utilizing 

laboratory animals are relatively costly, and much too slow for routine 
use in judging large numbers of samples, as in the control of the quality 
of animal feeds. Consequently, interest developed in microbiological 
methods, some with the protozoan Tetrahymena pyriformis as the test 
organism, others with various strains of bacteria, including Streptococcus 
faecalis, Streptococcus zymogenes, and Leuconostoc mesenteroides. 

1. Tetrahymena pyriformis 

The studies of Kidder and Dewey (78) on the nutritional require
ments of the protozoan Tetrahymena pyriformis revealed the poten
tialities of this organism as an experimental animal. I t is a ciliated 
protozoan which can be grown in pure culture on a chemically defined 
medium, and its requirements are in many respects like those of higher 
animals. In particular, the organism has essential amino acid require
ments similar to those of the growing rat and can digest protein. 

Dunn and Rockland (79, 80) used T. pyriformis to assay protein 
quality, taking acid production over 41 days as an index. Turbidimetric 
measurements of the population densities could not be successfully 
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employed inasmuch as media containing particulate protein would, in 
most instances, be opaque prior to inoculation with the organism. 
Digestion of the protein by the organism thus complicated measurement 
of the increase in density as a result of growth. 

Anderson and Williams developed a technique using a colorimetric 
procedure for the estimation of the growth of T. pyriformis W (81). 
Growth responses to the amino acids essential to this organism were 
measured by determination of the red triphenylformazan (TPF) formed 
by the enzymatic reduction of colorless 2,3,5-triphenyltetrazolium 
chloride (TPTZ). This procedure could be used with an incubation 
period of 3 to 5 days and permitted a more extensive evaluation of the 
growth requirements of the organism. The response of the organism to 
various proteins used as a nitrogen source did not correlate well with that 
observed with the growing rat. 

A modification of the TPTZ method for measuring the growth of 
T. pyriformis W was used by Pilcher and Williams (82) to determine 
the growth-promoting ability of several additional proteins. They 
concluded that the method does not yield absolute values which are 
always identical with those found for the rat; but it differentiates between 
good and poor growth-promoting proteins and ranks them in the same 
order as that found in the rat. In the author's experience, even the ranking 
of proteins by this method frequently did not correspond to that obtained 
with the growing rat. 

A further modification in the use of T. pyriformis W was reported 
by Fernell and Rosen (83,84), consisting mainly in the use of growth in 
relation to ammonia Ν production—rather than in relation to food 
nitrogen—as an index of the efficiency of protein utilization. In addition, 
these investigators found that the colors produced in the presence of 
TPTZ varied according to the nature of the protein added to the culture. 
Consequently, they used a direct microscopic count to assess the growth 
response of the organism. 

The relative nutritive values of protein materials obtained with 
T. pyriformis by Fernell and Rosen were in general agreement with the 
chemical scores and, for the few proteins compared, in good agreement 
with protein efficiency ratios (rat). However, correspondence with net 
protein utilization values (reported in the literature) was not uniformly 
close. Nevertheless, lowering in the nutritive value of ground meat and 
soybean proteins resulting from overheating could be demonstrated, 
and the beneficial effect of trytophan supplementation of gelatin was 
observed. 

Many aspects of the nutritive requirements of T. pyriformis W are 
still unknown, and its use for the study of protein quality in natural 
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materials must be viewed cautiously. Furthermore, culturing and mea
suring growth of the protozoan is complex and subject to many variables. 
Thus, the procedure may not be suited to the routine assay of proteins 
for nutritional quality. 

2. Leuconostoc mesenteroides 

Most of the nutritive changes in cottonseed meal resulting from 
processing are due to changes in amino acid availability rather than to 
destruction. Consequently, Horn et al. (85) evaluated the nutritional 
quality of processed cottonseed meal by measuring the amino acids made 
available for the growth of microbiological assay organisms by previous 
treatment of the meal with pepsin, trypsin, and hog mucosa. 

The quantity of each essential amino acid (for the rat), plus arginine, 
in the digests was measured and calculated in terms of grams percent. 
Each of these values was then divided by that for the respective amino 
acid as measured in enzyme digests of the unprocessed cottonseed meal, 
which was the control. 

These ratios were averaged for the 10 amino acids to give a "nutritive 
index." This index provided relative values which corresponded reason
ably well with protein efficiency ratios determined in the rat. 

The original procedure was subsequently simplified by measuring 
total growth of L. mesenteroides p-60 in a medium in which the enzyme 
digest of cottonseed meal was the sole source of amino acids (86). Com
parison of growth on the digests of processed cottonseed meal with that 
of the unprocessed control gave an "index" of protein values. Protein 
efficiency values (obtained with the growing rat) for a series of processed 
meals and their respective "index" values gave a similar ranking of 
samples, although the "index" procedure was not sensitive to moderate 
differences in quality. 

The "index" of Horn et al. (86) compares the effects of a digestive 
enzyme system upon the same cottonseed meal before and after process
ing, and to this extent it appears to measure changes in digestibility 
of a single cottonseed meal during processing. However, it has not been 
used to compare proteins from different sources. 

3. Streptococcus faecalis 

The "digestive enzyme-microbiological" concept introduced by 
Horn et al. (86) had been anticipated shortly before by Halevy and 
Grossowicz (87). The latter published a method in 1953 (at about the 
same time as Horn et al. submitted theirs for publication) in which 
protein quality was measured by the growth response of S. faecalis 
to a pancreatic digest of the test protein. These investigators utilized 
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this procedure to compare the nutritive value of a variety of proteins, 
and thus extended the work of Horn et al.} who had compared the effects 
of processing on only a single protein-containing food substance. 

The enzymatic hydrolysis was conducted according to the procedure 
of Melnick and Oser (88). Five grams of a protein sample was suspended 
in 150 ml of alkaline buffer (pH 8.4) containing 300 mg of 3X U.S.P. 
pancreatin and covered with a layer of toluene. The mixture was incu
bated 48 hours at 37°C. To allow better contact between enzyme and 
substrate the digestion was performed with constant mixing by means of 
a magnetic stirrer. About 40% of the protein was hydrolyzed by this 
treatment. Undigested protein was precipitated by the addition of glacial 
acetic acid and boiling the sample a few minutes. The supernatant fluid 

TABLE VII 
COMPARATIVE GROWTH OF Streptococcus faecalis 

WITH PANCREATIC DIGESTS OF PROTEINS 

Relative activity (%) 
Net protein 

Halevy and Teeri utilization 
Grossowicz et al. (casein = 100%) 

Protein (87) (91) (%) 

Egg albumin 105 125 115" 
Casein 100 100 100* 
Gelatin 29 89 35* 
Gluten 15 64 51° 
Zein 2 36 — 

a "Protein Requirements" (29). 
b Block and Mitchell (1). 

was filtered and adjusted to pH 7, and the amount of amino-N liberated 
was determined by formol titration. Finally, the solution was diluted 
to provide a growth response of about 40 to 50% of that obtained with 
the complete medium of Henderson and Snell (89). 

This digest was used as the source of essential amino acids for the 
growth of S. faecalis. The basal growth medium was prepared according 
to that used by Henderson and Snell, the only important difference 
being the omission of the essential amino acids (for the growing rat) 
and arginine. Growth of the organism was measured turbidimetrically. 

The results reported by Halevy and Grossowicz with this procedure 
are shown in Table VII. 

The S. faecalis procedure correctly indicated that the nutritive value 
of egg albumin was greater than that of casein, but not to the extent 
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shown by rat growth assay (NPU). The value for gelatin and zein also 
appear to be consistent with the known nutritional value of these proteins. 
However, the value of gluten is much lower than that which has been 
reported for the growing rat. 

One aspect of the work of Halevy and Grossowicz which is disturbing 
(relative to the use of the S. faecalis procedure for measuring protein 
quality) is that the indicated limiting amino acid for egg albumin and 
casein was found to be lysine; data reported by Frost (90), using the 
protein repletion method, show that the limiting amino acid for egg 
albumin is isoleucine and that for casein is methionine plus cystine. These 
differences suggest that S. faecalis requires relatively more lysine than 
does the growing or depleted rat. 

A modification of the previous procedure was introduced by Teeri 
et al. in 1956 (91), which although continuing the use of S. faecalis as 
the test organism, utilized several enzymes—pepsin, pancreatin, and 
erepsin—to hydrolyze the test protein. The series of enzymes used was 
similar to that employed by Horn et al. and offered another opportunity 
to determine whether this type of assay could be used to compare the 
nutritional quality of proteins from various sources. 

The enzymatic hydrolysis used by Teeri et al. followed a sequence 
paralleling human digestion. Five-gram samples were incubated for 
24 hours at 37°C in 150 ml of 0.5% pepsin solution adjusted to an initial 
pH of 1.8 with HC1. On completion of the peptic digestion the solutions 
were adjusted to pH 8.4 and buffered with boric acid and potassium 
chloride. After the addition of 300 mg of 3X U.S.P. pancreatin and 100 
mg each of trypsin and a mixture of endopeptidases ("erepsin"), the 
solutions were placed in the incubator for 72 hours. Frequently during the 
incubation the hydrolyzates were well shaken to improve contact between 
enzyme and substrate. The hydrolyzates were then adjusted to pH 7.0 
and filtered to remove the bulk of undigested material. 

The assay involved measuring acid production by S. faecalis after 
incubation in a basal medium containing 3 % of hydrolyzate as the sole 
source of amino acids. The culture containing the hydrolyzate was 
incubated for 72 hours at 37°C, and the acid produced determined by pH 
measurement. 

The results shown in Table VII indicate good agreement with NPU 
values for egg albumin and wheat gluten (relative to casein as a standard); 
however, the microbiological value for gelatin was much higher than that 
of the NPU, and the value for zein, although not directly compared, 
appears too high. Thus, both this procedure and the similar one of Halevy 
and Grossowicz give good agreement with the NPU values for the better 
proteins, but do not always indicate the value of the proteins which are of 
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poor quality as measured with the growing rat. In addition, a somewhat 
similar S. faecalis method utilized by Bunyan and Price (92) did not 
distinguish between a variety of meat meals—the biological values of 
which ranged from about one-third to two-thirds that of casein. 

4. Streptococcus zymogenes 

Ford (93) used the proteolytic bacterium Streptococcus zymogenes 
to obtain a measure of the relative nutritive value (RNV) of a variety 
of food proteins and demonstrated a reasonably close correlation between 
microbiological and biological estimates of protein quality. The organism 
used for these tests was S. zymogenes NCDO 592, obtained from the 
National Collection of Dairy Organisms at the National Institute for 
Research in Dairying, Shinfield, Reading (U.K.). I t is vigorously 
proteolytic and has an absolute requirement for exogenous methionine, 
tryptophan, arginine, histidine, leucine, isoleucine, valine, and glutamic 
acid. Of the "essential" amino acids, lysine, threonine, and phenylal
anine were not indispensable for the organism although the omission of 
any one from the culture medium caused a marked fall in growth rate. 

RNV was defined as the amount of growth of the bacterium that 
occurs on a protein food, compared with the amount of growth on an 
equinitrogenous quantity of casein under the same conditions. The 
growth on the casein standard was given an arbitrary value of 100. 

The basal medium (Table VIII) was developed empirically by modi
fying the medium of Ford, Perry, and Briggs (94). The amino acids 
were omitted, and the pH-buffering characteristic was modified in order 
to minimize the fall in pH that occurs during growth of the test cultures. 

Stock cultures were grown at 37°C for 24 hours, first in a broth 
comprised of basal medium supplemented with 20 mg of Tryptone (OXO, 
Ltd.) per 100 ml, and then in stab culture in basal medium supplemented 
with 150 mg of casein, 15 mg of sodium glutamate and 1.5 gm of agar 
per 100 ml. The stab cultures were stored at 2°C and subcultured at 
intervals of one month. 

Assay tubes were inoculated each with one drop of a 24-hour culture 
(undiluted) grown in basal medium supplemented with 150 mg of casein 
and 15 mg of sodium glutamate per 100 ml. 

The assays were conducted in wire racks each holding 72 optically 
matched Pyrex test tubes (19 X 150 mm). Standard and test prepara
tions were added to paired tubes in amounts of 2, 4, 6, and 8 ml. Two 
milliliters of the basal medium (5X single strength) was then added, 
and water to bring the fluid content of each tube to 10 ml. The racks 
of filled tubes were each covered with a folded towel held firmly in 
position by an aluminum lid. They were then heated in flowing steam for 
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5 minutes, cooled to 37°C, inoculated, and incubated in a waterbath at 
37°C. 

The growth response was measured mainly by two procedures: 
(a) turbidity measurement and (b) reduction of triphenyltetrazolium 
chloride. For turbidity measurement the cultures were incubated 48 
hours, after which the racks of tubes were heated in flowing steam for 
10 minutes and cooled to room temperature. The tubes were stoppered 
and shaken vigorously and then set aside for 2 to 3 minutes to allow air 

T A B L E VIII 
COMPOSITION OF THE BASAL MEDIUM FOR GROWTH 

OF S. zymogenes (5 X SINGLE STRENGTH) 

Glucose 12 gm Thiamine 2 mg 
K 2H P 0 4 12 gm Pyridoxal (pyridoxal 
Citric acid 0.5 gm ethylacetal · HC1) 2 mg 
Sodium acetate 2 .5 gm Riboflavin 2 mg 

(trihydrate) Nicotinic acid 2 mg 
Tween 80° 1 ml Calcium pantothenate 2 m g 
Mineral solution6 10 ml Folic acid 0.2 mg 
Adenine 5 mg p-Aminobenzoic acid 2 mg 
Guanine 5 mg Biotin 10 mg 
Uracil 5 mg Vitamin B ) 2 2 jug 
Xanthine 5 mg Ascorbic acid 0.5 gm 

pH adjusted with Ν acetic acid to 7.2 
Water added to 200 ml 

° Polyoxyethylenesorbitan monooleate. 
b Contains MgCl2-6 H 20 , 20 gm; CaCl2, 5 gm; FeCl3-6 H 20 , 0.5 gm; 

ZnS04-7 H 20 , 0.5 gm; MnS04-4 H 20 , 0.25 gm; CoCl2-6 H 20 , 0.25 gm; 
CuS04-5 H 20 , 0.25 gm; VS0 4, 0.25 gm; N a 2M o 0 4, 0.25 gm, dissolved in 
1 liter of distilled water with addition of Ν H 2S 0 4 to clear. 

bubbles to rise and any particulate food residues to settle. The optical 
densities of the cultures were measured in the tubes at 580 ηΐμ with a 
Lumetron Model 400A colorimeter, although any suitable colorimeter 
will do. 

When the test solutions were themselves turbid the growth of the 
assay organism was measured indirectly, by the amount of red pigment 
produced in the test cultures by the enzymatic reduction of added tri
phenyltetrazolium chloride [Anderson and Williams (81)]. 

The assay tubes were incubated for 24 hours. To each tube were then 
added 2 ml of 1.5% (w/v) solution of 2,3,5-triphenyltetrazolium chloride 
in 0.2 Μ potassium phosphate buffer (pH 7.6). Incubation was continued 
for 20 minutes, after which 15 ml of acetone was added to each. The 
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tubes were then shaken to extract the red pigment from the cell precipi
tate, and eentrifuged. The supernatant fluids were decanted and their 
color densities measured at 485 ηΐμ. The extracts were diluted, if neces
sary, with 50% aqueous acetone. To prepare "blanks," additional tubes 
were prepared at each dose level and sterilized by autoclaving for 5 
minutes at 110°C before the addition of the tetrazolium solution. Since 
the rate of reduction of the tetrazolium reagent is accelerated by bright 
light, it is important to do the test in subdued lighting. 

The vitamin-free casein and the proteins to be tested were ground 
in a laboratory mill and sieved through an 80-mesh screen. Samples were 
then weighed, in amounts containing precisely 100 mg of nitrogen, and 
prepared for test by one of the following procedures: 

(a) The samples were stirred for 30 minutes at 45° with 80-ml portions 
of an aqueous solution of tris(hydroxymethyl) aminomethane (Tris) 
(0.2%, w/v) and Tween 80 (polyoxyethylenesorbitan monooleate) 
(0.02%, w/v). The digests were brought to pH 7.2 with 0.2 Ν H 3P 0 4 

and water was added to make the volume to 100 ml. Finally, 10-ml 
portions were taken and diluted to 100 ml with a 0.013% (w/v) aqueous 
solution of sodium glutamate. 

(b) The samples were transferred to glass-stoppered test tubes, 
and to each were added 10 ml of an aqueous solution containing per liter: 
1 gm papain (BDH); 30 mg sodium cyanide; 5 gm sodium citrate, and 
enough citric acid to bring the pH value to 7.0. The pH value of the tube 
contents was adjusted, if necessary, to 7.0 by the use of narrow-range 
pH indicator paper (Johnsons, Ltd., Hendon). The tubes were then in
cubated for 3 hours in a water bath at 46°, with occasional shaking. 
After incubation the digests were diluted to 100 ml with water, and finally 
10 ml portions were taken and diluted to 100 ml with a 0.013% (w/v) 
aqueous solution of sodium glutamate. 

Streptococcus zymogenes is itself vigorously proteolytic, but pretreat-
ment of the casein and the test sample with papain improved the assay 
by speeding growth, and increasing linearity and reproducibility of the 
dose-response curve. 

Comparison of RNV values, obtained with S. zymogenes, with NPU 
values, as measured with the growing rat, are presented in Table IX. 
I t was found that, in general, good correlation was obtained. However, 
certain exceptions were found, in particular the high values for milk 
proteins relative to that of whole egg and to most of the other food pro
teins studied. Excluding the milk proteins, and using whole egg pro
tein as the standard, the RNV values for a variety of proteins, including 
soybean proteins, dried food yeast, fish meal, meat meal, wheat gluten, 
and groundnut meal, were closely correlated with the corresponding NPU 
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values, as measured with the growing rat by the nitrogen balance 
method of Mitchell. 

The "availability" of amino acids in various proteins for growth of 
S. zymogenes has also been studied (95, 96). However, it is not yet possible 
to assess the correlation of availability of amino acids determined with 
this organism to that obtained by animal studies because of the dearth 
of animal data. 

TABLE IX 
RELATIVE NUTRITIONAL VALUES OF DIFFERENT PROTEINS 

FOR S. zymogenes AND THE GROWING RAT 

RNV NPU 
Test protein (S. zymogenes) (rat) 

Dried whole egg 94 95 
Casein, Labco 100 — 
Casein, Genatosan 99 84 
Dried skim milk 

SM 8 99 78 
SM 19 106 89 

Dried buttermilk: SM 29 107 83 
Soybean meal, unsupplemented 72 70 
Soybean meal + 1 % methionine 90 82 
Drakett soya protein 56 63 
Dried food yeast 80 69 
Fish meal, FM 17 52 54 
Meat meal, MM 10 39 40 
Wheat gluten 55 54 
Groundnut meal: GN 12 54 58 

V I . THE PEPSIN DIGEST-RESIDUE ( P D R ) AMINO ACID INDEX 

The relationship between the pattern of amino acids released by 
digestive enzymes and the biological value of food proteins was studied 
by Sheffner, Eckfeldt, and Spector (19). Amino acid patterns resulting 
from in vitro pepsin digestion revealed differences between proteins which 
were not apparent from their total essential amino acid content, nor from 
the patterns existing when the pepsin digests were further digested with 
trypsin and erepsin. Consequently, an amino acid index was devised which 
combined the pattern of essential amino acids released by in vitro pepsin 
digestion with the amino acid pattern of the remainder of the protein 
to produce an integrated index—the pepsin digest-residue (PDR) amino 
acid index. The results obtained with the new index were highly correlated 
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with the net utilization values of the proteins studied, including those 
which were heat-processed with various degrees of severity. 

A. Experimental Basis for the PDR Index 
The conditions established for obtaining in vitro pepsin digests were 

determined from feeding experiments with rats which indicated that 
approximately 30% of ingested egg protein nitrogen is absorbed before 
the chyme has reached the area of the intestine where tryptic activity 
is significant. Consequently, the quantity of pepsin used and the dura
tion of incubation in the in vitro procedure were adjusted to produce 
approximately 30% release of microbiologically available essential amino 
acids from egg protein. The quantity of amino nitrogen released when 
1 gm of egg protein is digested with 25 mg of pepsin for 24 hours is almost 
90 % of that which occurs when either the amount of pepsin or the incuba
tion time is doubled. With pepsin of the proper activity the conditions 
are such that small variations in time, temperature, and quantity of 
enzyme will not cause significant variation in the PDR index. The activ
ity of the pepsin used in these experiments was U.S.P. 1-10,000. Use of 
3 X crystallized pepsin resulted in a more rapid release of amino acids 
but did not change the pattern of amino acids made available. 

Following the proposal of Mitchell and Block (9), whole egg protein 
was used as the reference protein for the PDR index of net protein 
utilization. These investigators reported that whole egg protein was 
almost perfectly utilized in digestion and metabolism for the growing 
rat. I t was demonstrated in the present work that when the well-utilized 
standard egg protein was treated with digestive enzymes in a manner 
simulating the physiological sequence, then the pattern of amino acids 
changed as digestion proceeded. These^results suggest that the optimal 
pattern varies with the stage of digestion or position in the digestive tract. 
In this respect, many investigators have*jfound that whole protein is 
better utilized in the diet than protein* jhydrolyzates or amino acid 
mixtures containing essentially equal quantities of amino acids (97-100). 
Therefore, it appears that the most efficiently utilized pattern of amino 
acids may vary with the stage of digestion. 

The patterns of microbiologically available essential amino acids 
present in enzymatic digests and in complete hydrolyzates of whole egg 
and casein are given in Table X. I t can be seen that there are large 
differences in the proportions of amino acids liberated from the two 
proteins by pepsin digestion. These differences are considerably reduced 
when digestion is continued by treatment with trypsin, or trypsin and 
erepsin. For example, isoleucine represented 24.3% of the 9 amino acids 
measured in the pepsin digest of whole egg, whereas it was only 8.8% in 
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the pepsin digest of casein. This ratio of 3:1 was reduced to almost 1:1 
following treatment with trypsin. Similarly, the proportion of methionine 
in the pepsin digest of whole egg was 23 times as great as in the pepsin 
digest of casein. After tryptic action the ratio is diminished to only 
about 2 :1 . Leucine is present in much smaller proportion in the pepsin 
digest of whole egg than of casein; it is present in almost equal propor
tions in the tryptic digests of both proteins. When the proteins are hy-
drolyzed to completion the proportions of the 9 amino acids in the two 
hydrolyzates are almost identical. 

Melnick et al. (70) have reported that similar differences in the rate 
of release of individual amino acids occur after treatment of proteins with 
pancreatin; however, the results presented here demonstrate that when 
proteins are first treated with pepsin, as occurs under physiological 
conditions, the differences between proteins upon subsequent treatment 
with trypsin are considerably reduced. These data prompted the hypoth
esis that if appreciable absorption of the products of peptic digestion 
occurred, some of the differences in biological value between proteins 
of comparable total amino acid content could be accounted for by the 
diversity in pattern of amino acids released by pepsin digestion. 

Using whole egg protein as the standard, the total essential amino 
acid patterns in proteins can be compared by computing "egg ratios" (11). 
The integrated essential amino acid egg ratios of a variety of proteins are 
presented in Table XI. These values are calculated according to the 
method of Oser (11), as modified by Mitchell (42) to include tyrosine 
but omit arginine in computing the revised index (modified essential 
amino acid index, MEAA). In general, the MEAA index overestimates 
the biological value. This fact lends support to the hypothesis that much 
of the potential nutritional value of many proteins is lost by the release 
and absorption of disproportionate amounts of essential amino acids at 
an early stage in digestion. In the new index the pattern of essential amino 
acids obtained from analysis of the pepsin digest are combined with the 
amino acid pattern of the remainder of the protein to produce an inte
grated index—the pepsin digest-residue (PDR) amino acid index. 

Comparison of the PDR amino acid index with the net protein utiliza
tion and the biological value of food proteins for the growing rat and for 
man is presented in Tables XI and XII . Values for the chemical score 
and the modified essential amino acid index of Mitchell (MEAA) are 
also given for comparison. I t will be noted that the chemical score, based 
upon the limiting amino acid, always underestimates the biological value. 
While the MEAA index gives values in closer agreement with the biolog
ical value, there are many cases where the correlation for the MEAA 
index is also poor. The PDR indices are found to be in close agreement 
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T A B L E X I 
COMPARISON OF THE P D R INDEX OF FOOD PROTEINS WITH THEIR BIOLOGICAL 

VALUE AND N E T UTILIZATION FOR THE GROWING RAT 

Net P D R / Chemi
Biological Digesti utiliza PDR digesti MEAA cal 

Protein0 value bility tion index bility index score 

Whole egg 98* 99 97 100 101 100 100 
Egg albumin 97b 100 97 95 95 96 84 
Defatted egg 87b 97 84 83 86 93 75 

(conVl) 
Lactalbumin 84' 98 82 82 84 92 70 
Soy flour 96 72 71 74 82 44 
Casein, Labco 97 66 65 67 92 64 
Brewers' yeast 6 6 c' 93 61 61 66 72 36 
White flour 52c 100 52 51 51 65 26 

α The test proteins used in this study were obtained from the following sources: 
dried whole egg, Blue Star Foods Co.; egg albumin, Emulsol Corp.; defatted egg, 
Viobin Corp.; lactalbumin (Labco), Borden Co.; soy flour (Nutri Soy), Archer-
Daniels-Midland Co.; casein (Labco, vitamin free), Borden Co.; brewers' yeast, 
(U.S.P. XII) , Nutritional Biochemicals Corp.; and white flour (Pillsbury's Best) 
Pillsbury Mills, Inc. 

b Mitchell and Beadles (101). 
c Mitchell and Block (9). 
d Greaves et al. (102). 
e Chick et al. (103). 
' Mitchell (104). 

T A B L E X I I 
COMPARISON OF THE PDR INDEX OF FOOD PROTEINS WITH THEIR BIOLOGICAL 

VALUE AND N E T UTILIZATION FOR ADULT M A N 

Net P D R / Chemi
Biological Digesti utiliza PDR digesti MEAA cal 

Protein value bility tion index bility index score 

Whole egg 100··6 96 96 100 104 100 100 
Egg albumin 91 c 101 92 95 94 96 84 
Soy flour 73 d 90 66 69 77 81 44 
Casein, Labco 68c 96 65 63 66 90 64 
White flour 4 1 d 97 40 49 51 64 26 

"Murlin et al. (105). 
6Murl in et al. (106). 
'Hawley et al. (107). 
<*Bricker et al. (108). 
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with the net utilization values of the respective proteins for the growing 
rat and for man. Therefore, the values obtained by dividing the 'PDR 
index by digestibility are closely correlated with the biological values 
(net utilization/digestibility). 

PDR Index/Digestibilit y MEAA Inde x 

FIG. 1. A comparison of the biological values of selected food proteins with their 
respective P D R index/digestibility and M E A A index values. 

The regression lines correlating the biological values with the MEAA 
indices and the PDR/digestibility values are shown in Fig. 1. The corre
lation coefficient, r, of the regression line for the PDR index/digestibility 
is only slightly better than that for the MEAA index since the latter 
index does, in general, show the proper order of value. However, the 
regression line for the PDR index/digestibility passes closer to the origin 
and shows a much smaller standard error of estimate, SE , indicating that 
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this index more accurately reflects the quantitative differences in biolog
ical value between the various proteins. 

B. Methods and Materials Used in Developing the PDR Index 
Pepsin digests were prepared by incubating 1 gm of protein (Ν X 6.25) 

with 25 mg of pepsin (U.S.R 1:10,000) in 30 ml of 0.1 Ν H 2S 0 4 for 24 
hours at 37°C. For pepsin plus trypsin digests, the pepsin digests were 
buffered with 3 gm of KH2PO4, adjusted to pH 8.4, and incubated with 
25 mg of trypsin (4 X U.S.P. pancreatin) at 37°C for 24 hours. For 
subsequent erepsin digestion, samples previously treated with pepsin 
and trypsin were adjusted to pH 7.8 and incubated with 100 mg of 
erepsin at 37°C for 72 hours. The samples were covered with toluene 
during incubation and stirred occasionally. Enzyme blanks were prepared 
for each stage of digestion with 10 times the quantity of enzyme used 
for sample treatment. At the end of the indicated incubation periods the 
digests were heated in a boiling water bath for 10 minutes, cooled and 
adjusted to pH 2. One volume of 10% sodium tungstate and one volume 
oi%N H2SO4 were then added for each 8 volumes of digest. The mixtures 
were allowed to stand for 10 minutes and filtered. The clear filtrates 
were adjusted to pH 6.8, diluted to the appropriate amino acid concen
tration, and stored frozen until analyzed. In the case of starchy samples, 
e.g., white flour, most of the starch was removed by centrifugation before 
the digest was heated. 

Acid hydrolyzates for the determination of the total amino acid 
content were prepared by autoclaving each protein for 16 hours at 120°C 
with 20 ml of 2 Ν HC1 per gram dry weight of sample. However, for the 
measurement of cystine the samples were autoclaved only 3 hours (109). 
Alkaline hydrolyzates for the assay of tryptophan and tyrosine were 
prepared using 20 ml of 5 Ν NaOH per gram dry weight of sample and 
autoclaving at 120°C for 8 hours. To eliminate gel formation in the flour 
samples, these were steamed for 30 minutes in 25 ml of 0.1 Ν HC1 prior 
to hydrolysis with alkali. Individual amino acid analyses were performed 
by microbiological procedures (110, 19) in which the final volume per 
tube was 2 ml and the acid produced by the growth of the organisms 
was measured by means of a quinhydrone electrode and the Cannon 
titration apparatus. Also, for the determination of cystine the medium 
and samples were autoclaved separately to minimize destruction of this 
amino acid. Leuconostoc mesenteroides P-60 was used for the assay of 
cystine, histidine, lysine, methionine, phenylalanine, tyrosine, and valine; 
and Streptococcus faecalis for isoleucine, leucine, threonine, and trypto
phan. Total nitrogen was measured by the macro-Kjeldahl procedure 
using mercuric oxide as the digestion catalyst. 
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C. Calculation of the PDR Index 

The 8 amino acids essential in human nutrition plus cystine and 
tyrosine are used when the test protein is evaluated for man. When the 
protein is evaluated for the growing rat, histidine is also included. To 
illustrate the method, calculation will be made of the PDR index of 
casein for use with the growing rat. The calculations involve only simple 
arithmetic although they may appear intricate at first glance. 

1. Stage 1 

The concentration of these 11 amino acids in whole egg (reference 
protein) and in casein are determined in the completely hydrolyzed 

T A B L E XIII 
ESSENTIAL AMINO ACIDS IN WHOLE EGG AND CASEIN" 

Whole egg Casein 

Pepsin Pepsin 
Amino acid Total digest Residue Total digest Residue 

Histidine 2 .68 0 .04 2 .64 3 .18 0. .01 3 . 17 
Lysine 8, .28 0 .29 7, .99 8.08 0. .03 8. 05 
Methionine 3. .16 0. 72 2 .44 3 .04 0. 02 3 . 02 
Cystine 2 .14 0. .05 2 .09 0.34 0. .01 0. 33 
Phenylalanine 5. .54 1. .14 4 .40 5.54 0. .48 5. 06 
Tyrosine 3 .63 0. .59 3 .04 5.20 0, .62 4. 58 
Leucine 8. .07 5 .25 2 .82 9.84 3. .82 6. 02 
Isoleucine 5 .54 3 .82 1 .72 5.81 0. .59 5. 22 
Valine 6, .63 1. .17 5 .46 7.25 0. .11 7. 14 
Threonine 4 .90 2 .59 2 .31 4.12 1 .25 2. 87 
Tryptophan 1 .35 0 .68 0 .67 1.16 0 .40 0. 76 

Total 51 .92 16 .34 35 .58 53.56 7. .34 46. 22 

a Values stated as grams per 16 gm of nitrogen. 

proteins and in the pepsin digests. The concentration of each amino 
acid (grams per 16 gm of nitrogen) microbiologically available in the 
pepsin digest is subtracted from the concentration of the respective amino 
acid in the total hydrolyzate to give the "residue" fraction (Table XII I ) . 

2. Staged 

The concentration of each amino acid is then calculated as the 
percentage of the sum of the 11 "essential" amino acids in the pepsin 
digest and residue fractions, respectively. These are the "percentage 
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patterns/ ' For example, the microbiologically available histidine in the 
pepsin digest of whole egg is 0.04 gm/16 gm N. The sum of the 11 amino 
acids measured in the pepsin digest is 16.34 gm/16 gm N. Thus, histidine 
constitutes 0.04/16.34 or 0.24% of the sum (rounded off to 0.2%; Table 
XIV); similarly lysine constitutes 1.8% of the sum. 

TABLE X I V 
EXAMPLE FOR CALCULATION OF THE PDR INDEX FOR CASEIN 

Pepsin digest Residue 

Amino acid 

Whole 
egg 

(%) 
Casein 
(%) 

Egg 
ratio 

Log egg 
ratio 

Whole 
egg 

(%) 
Casein 
(%) 

Egg 
ratio 

Log egg 
ratio 

Histidine 0.2 0.1 50 1 .6990 7 .4 6 .9 93 1.9685 
Lysine 1.8 0 .4 22 1 .3424 22.5 17 .4 77 1.8865 
Methionine 4 .4 0.3 — — 6.9 6 .5 — — 
Cystine 0.3 0.1 — — 5.9 0 .7 — — 
Methionine 4.7 0.4 9 0 .9542 12.8 7. .2 56 1.7482 

+ cystine 
Phenylalanine 7 .0 6.5 — — 12.4 11 .0 — — 
Tyrosine 3 .6 8 .5 — — 8.5 9, .9 — 
Phenylalanine 10.6 10.1 95 1 .9777 20.9 19 .5 93 1.9685 

+ tyrosine 
Leucine 32.1 52.1 100 2 .0000 7.9 13 .0 100 2.0000 
Isoleucine 23.4 8 .0 34 1 .5315 4 .8 11 .3 100 2.0000 
Valine 7 .2 1.5 21 1 .3222 15.3 15 .4 100 2.0000 
Threonine 15.8 17.0 100 2 .0000 6.5 6 .2 95 1.9777 
Tryptophan 4 .2 5 .5 100 2 .0000 1.9 1 .6 84 1.9243 

Average logarithm of egg ratios 
Geometric mean: 

1 .6474 1.9415 

antilog 1.6474 = 44.4 antilog 1.9415 = 87.4 

Corrected geometric mean: 

44.4 X 7.34/16.34 = 19.9 87.4 X 46.22/35.58 = 113.5 

PDR index = antilog (0.315 X log 19.9 + 0.685 X log 113.5) = 66 
PDR index/digestibility = 68 

In the residue fraction, histidine constitutes 2.64/35.58 or 7.4% of the 
"essential" amino acids in this fraction; the value for lysine is 22.5%. 

Similar calculations are made for casein, which is the protein being 
evaluated. At this stage we have percentage patterns for the two fractions 
(pepsin digest and residue fractions) of the reference protein (egg) and 
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that of the test protein (casein). The computations thus far are similar 
to that described previously for the FAO/WHO amino acid procedure 
(Section II, B) except that for each protein two patterns are obtained, 
rather than one. In the FAO/WHO method only the "total" essential 
amino content of the proteins are used. 

3. Staged 

The patterns of amino acids obtained above for each fraction in casein 
are then compared with those obtained with the egg standard. This is 
done by the egg ratio method of Mitchell and Block (9). For example, 
the percentage of histidine in the pepsin digest fraction of casein is 
divided by the percentage for histidine obtained in the pepsin digest of 
whole egg to give the egg ratio. Similar calculations are made for the 
remaining "essential" amino acids in the pepsin digest fraction and for 
those in the residue fraction. 

Egg ratios less than one are considered to be one in order to avoid 
negative logarithms. In computing the egg ratios, percentage concen
trations of amino acids in excess of those present in the standard protein 
are disregarded. Methionine and cystine are considered as a unit, as are 
phenylalanine plus tyrosine. If the essential precursor amino acid of the 
pair, e.g., methionine, is present in excess of that in egg, the excess can 
be used to make up the deficiency of the nonessential amino acid, but the 
reverse is not done. For example, the pepsin digest of casein is credited 
with only 3.6% of tyrosine, i.e., the same as in whole egg, rather than 
8.5%. The total of phenylalanine (6.5%) plus tyrosine (3.6%) is thus 
10.1% and the egg ratio is 10.1/10.6 or 95. 

4. Stage 4 

The egg ratios for the amino acids in each fraction must be "averaged" 
to obtain a single value for the pattern of amino acids. The geometric 
mean, first introduced in this type of calculation by Oser (11), was used, 
since values obtained by this procedure conform more closely to biological 
values obtained experimentally. The geometric mean of the egg ratios 
is computed by taking the logarithm of the egg ratios from a table of 
logarithms, averaging the logarithms, and obtaining the antilogarithm of 
the average (Table XIV). These values are 44.4 for the pepsin digest 
fraction and 87.4 for the residue fraction. 

5 . Stage δ 

The geometric means obtained above represent the amino acid 
patterns of each fraction relative to that of the same fraction in the 
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reference protein (whole egg). This is a qualitative value, but as yet does 
not indicate the quantitative contribution each fraction makes to the 
total value. 

Two adjustments are therefore necessary: (a) a correction for the 
degree of proteolysis relative to that obtained with the reference protein 
and (b) an evaluation of the contribution which the pepsin digest of the 
reference protein itself makes to its own total value. 

a. Correction for Proteolysis. The factor used to correct each fraction 
for the amount of proteolysis relative to that of the reference protein is 
obtained as follows: The concentrations (gm/16 gm N) of the 11 amino 
acids in each fraction of the test protein (casein) are summed and divided 
by the sum of the concentrations obtained for the respective fractions of 
the reference protein (egg). For example, the sum of the 11 amino acids 
in the pepsin digest of casein is 7.34 and for egg is 16.34. The factor is 
7.34/16.34. Similarly, the residue fraction factor is 46.22. (casein)/35.58 
(egg). Multiplying the geometric means of the two fractions by their 
respective proteolysis factors yields the "corrected geometric means/ ' 
19.9 and 113.5 (Table XIV). 

b. Correction for the Quantitative Importance of the Two Fractions. The 
concentrations of the 11 "essential" amino acids measured in the pepsin 
digest of the reference egg protein (Table XIII) represented 16.34/51.92 
or 31.5% of the "essential" amino acids in the entire protein, and the 
quantity of these amino acids in the residue fraction represented 35.58/ 
51.92 or 68.5%. Accordingly, the corrected means of the pepsin digest 
and residue fractions are weighted and averaged geometrically to obtain 
the PDR index for the whole protein. The calculation is shown as follows: 
PDR index = antilog (0.315 X log 19.9 + 0.685 X log 113.5) = antilog 
(0.315 X 1.2989 + 0.685 X 2.0550) = antilog (0.4092 + 1.4077 = anti-
log 1.8169 = 66. 

This value, the PDR index, represents the net protein utilization 
(biological value X digestibility). A measure of the biological value 
(according to Mitchell) can be computed by dividing the PDR index value 
by the "digestibility," derived from animal experimentation. The PDR 
method cannot be used to obtain digestibility and biological value data 
directly. 

D. Measurement of the Net Protein Utilization of Heat-Processed 
Proteins by the PDR Index 
The most serious defect in the integrated amino acid indices of Kuhnau 

(10), Oser (11), and Mitchell (42) is that these methods do not reflect 
changes in the nutritional value of heat processed foods in the absence 
of discernible destruction of amino acids. This is undoubtedly due to the 
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reduced availability of certain essential amino acids resulting from heat 
treatment (111-113). 

Beuk et al. (114) reported the effect of autoclaving pork upon the 
enzymatic release of amino acids and showed that processing for 4 hours 
resulted in the subsequent liberation of 83% as much arginine, 47% as 
much histidine, and 8% as much cystine as was liberated from raw pork. 

In a study of the effect of heat processing on the nutritive value of 
herring, Clandinin reported (115) that increasing the temperature from 
185° to 220°F depressed the enzymatic liberation of total essential amino 
acids from 21.5 to 3.0%. The liberation of lysine was affected most, 
being reduced 94%, while arginine and tryptophan were affected least, 
the reduction being about 77%. 

Almquist (116) has suggested that even a uniform rather than variable 
depression of amino acid availability following heat processing would 
explain a drop in utilization if the effect were great enough to bring the 
intake of limiting amino acids below the critical requirement level of the 
animal. The release of amino acids may also be delayed sufficiently to 
permit utilization of some of these by intestinal microorganisms, although 
an increased fecal excretion of the amino acids may not occur. 

The PDR index was developed primarily to extend the use of inte
grated amino acid indices to heat-processed food proteins. Consequently 
a study was made of the PDR indices and the respective net utilization 
values of heat processed proteins and foods. 

The test protein materials used in this study were the following: 
vitamin-free casein (Labco), low-temperature solvent-extracted soybean 
meal, and raw soybean meal. The raw soybean meal was finely ground 
with solid C 0 2 in a Wiley mill before use. For heat treatment, the finely 
divided casein and soybean samples were spread in a petri dish to a 
depth of 0.5 inch and heated in a thermostatically controlled electric 
oven or in an autoclave. Steaming of samples was done in the autoclave 
at atmospheric pressure. Casein and soy samples which were heat treated 
in the autoclave were subsequently dried under vacuum for 24 hours at 
room temperature and then finely ground with a mortar and pestle. 
The preparations were then thoroughly blended in a kitchen mixer. 

The beef used in the study was from boneless cuts from the low end of 
the loin in U.S. Good beef. Steaks were cut one-half inch in thickness 
and trimmed of fat to three-eighths inch. Pan-fried beef was obtained by 
frying the steaks without added fat at 375°F for a total of 2% minutes, 
the steaks being turned every one-half minute. Before analysis the meat 
samples were finely ground in an electric meat grinder and mixed thor
oughly. Beef used in the canned ground meat and spaghetti was of utility, 
cutter, or canner grade, trimmed and boned and carrying not more than 
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10% of trimmable fat. The spaghetti was a semolina farina-egg albumin 
blend containing not less than 12.2% (Ν X 5.7) of protein. The ratio of 
meat to spaghetti in the product was 5 to 1. The meat and spaghetti 
were precooked, the meat being braised without burning. Heat processing 
was done at 240°F for 140 minutes. 

1. The PDR Index Values of Heated Casein 

The effect of heat treatment upon the PDR index and net utilization 
of casein is presented in Table XV. Heating casein in the electric oven at 
350°F resulted in a progressive decrease in PDR index values from 68, 
initially, to 23 after 5 hours. The net utilization values of the oven-heated 
caseins as determined by the Mitchell method of nitrogen balance in rats 
were similarly lowered. The PDR index of casein was not appreciably 

T A B L E X V 
EFFECT OF HEAT TREATMENT UPON THE P D R INDEX 

AND N E T UTILIZATION OF CASEIN 

Net 
Treatment P D R index utilization 

None 68 82 
Oven, 350°F, 40 min 60 — 
Oven, 350°F, 1 hr 39 44 
Oven, 350°F, 5 hr 23 24 
Autoclave, 250°F, 30 min 7 1 — 
Autoclave, 250°F, 20 hr 66 — 

changed when the casein was autoclaved at 250°F for 30 minutes or for 
20 hours. Net utilization values were not obtained for these samples; 
however, Chick et al. (103) reported little, if any, change in the biological 
value or digestibility of casein heated at 250°F for as long as 73 hours. 

2. The PDR Index Values of Processed Beef 

The effect of processing and storage upon beef and a beef with spa
ghetti mixture is presented in Table XVI. For fresh raw beef, a PDR index 
value of 76 was obtained. This checks closely with the net utilization 
values obtained by Mitchell and co-workers (117) and Mayfield and 
Hedrick (118). Pan-fried beef was not significantly^different from the 
control. In this respect, both Mitchell et al. and Mayfield and Hedrick 
have reported that roasting does not reduce the net utilization of beef 
protein. In the case of the mixed beef and spaghetti, there was a decrease 
in the PDR index from 72 to 66 after processing and a further decrease 
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T A B L E X V I 

EFFECT OF PROCESSING AND STORAGE UPON THE P D R INDEX AND 
N E T UTILIZATION OF B E E F PRODUCTS 

PDR Net 
Product Treatment index utilization 

Beef None (raw) 76 74% 76b 

Beef Roasted, 5 hr, 300°F — 74* 
Beef Roasted, open pan, 325°F to internal — 

temp, of 176°F 
Beef Pan fried, 2}i min, 375°F 77 
Beef with spaghetti Precooked 72 77 
Beef with spaghetti Precooked, processed, 250°F, 140 min 66 66 
Beef with spaghetti Processed, 250°F, 140 min, stored 6 60 58 

months, 118°F 

« Mitchell et al. (117). 
6 Mayfield and Hedrick (118). 

to 60 after storage for 6 months at 118°F. These changes in PDR index 
reflected the drop in net utilization as measured by rat assay. 

3. The PDR Index Values of Heated Soybean Meals 

The PDR index and net utilization value of raw and heated soybean 
meals are presented in Table XVII. The PDR index of soybean meal 
steamed for 30 minutes was the same as the net utilization value. Soybean 
meal autoclaved for 8 hours showed an equivalent decrease in both the 
PDR index and the net utilization value. The PDR index of low-temper
ature, solvent-extracted soybean meal also was very close to the net 
utilization value. However, contrary to the PDR index results, the rat 
assays indicated that the raw soybean meal has a net protein utilization 
value which was much below that of the steamed soybean meal. Since in 

T A B L E X V I I 
EFFECT OF HEAT TREATMENT UPON THE P D R INDEX AND 

N E T PROTEIN UTILIZATION OF SOYBEAN M E A L 

PDR Net 
Treatment index utilization 

Raw 70 58 
Steamed, 212°F, 30 min 69 69 
Autoclaved, 250°F, 8 hr 44 47 
Low temp, solvent extracted 65 63 
Low temp, solvent extracted, steamed, 212°F, 30 min 70 — 
Low temp, solvent extracted, autoclaved, 250°F, 8 hr 42 — 
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the calculation of the PDR index, only the pepsin digest and total amino 
acid data are used, the question arose whether a correction for trypsin 
digestion should be introduced into the PDR index to account for the 
effects of antitryptic factors in raw soybean meal. 

In an attempt to answer this question, the soybean samples were 
treated with pepsin as usual, then adjusted to pH 8.2 and incubated with 
pancreatin for 24 hours at 37°C. The total amino acid composition of 
the proteins and the percentage liberation of amino acids from the raw 
and steamed soybean meals by the pepsin and the pepsin plus pancreatin 
treatments are presented in Table XVIII. Whereas there is no change 

T A B L E XVIII 
EFFECT OF OPTIMAL HEATING UPON THE ENZYMATIC RELEASE OF 

AMINO ACIDS FROM SOYBEAN M E A L 

Complete 
hydrolysis 
(mg/gm) 

Pepsin 
(% liberation) 

Pepsin plus 
pancreatin 

(% liberation) 

Amino acid Raw Steamed0 Raw Steamed Raw Steamed 

Cystine 12.8 12 .4 2 .3 1.6 4 .7 21 .0 
Lysine 59.1 59 .5 2 .0 1.7 20.6 68.9 
Histidine 29 .2 30 .8 2 .4 2 .0 17.1 33 .8 
Valine 57.8 56 .5 16 .3 15.4 36.7 56.8 
Methionine 13.2 13 .5 15 .9 14.1 36 .4 51.1 
Isoleucine 54.0 54 .5 47 .6 47 .6 68 .2 89.9 
Leucine 77.3 78 .0 57 .6 60.3 77.8 96.4 
Tyrosine 31.0 30 .9 13 .9 13.9 66.8 81.6 
Tryptophan 16.8 17 .0 22 .6 22 .4 43 .4 51.2 
Phenylalanine 57.0 59 .7 17 .7 16.8 44.9 50.2 
Threonine 37.9 39 .0 53 .8 48.7 74.9 84.1 

° Steamed at atmospheric pressure (212°F). 

in the quantity of amino acids in the completely hydrolyzed protein 
nor in the amount of amino acids released by pepsin, there is a considerable 
increase in the amount of amino acids released from the steamed soybean 
meal by the pepsin plus pancreatin treatment. The results also show that 
this increased liberation following pancreatin treatment varies with the 
individual amino acids, and in this respect they are in agreement with 
the work of Melnick, Oser, and Weiss (70). Thus, while the increase in 
geometric mean for the 11 amino acids was only 42.3%, the increase for 
cystine was 347% and for lysine 234%. However, contrary to the results 
obtained by Melnick et al. with pancreatin alone, the increased liberation 
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of methionine from the steamed soybean meal was found to be no greater 
than that of the mean increase. 

The nonuniform suppression of the pancreatic release of amino acids 
by antitryptic factors has been suggested as a major cause of the lower 
biological value of raw soybean meal (70). If this were true, supplementa
tion of optimally heated soy meal with the amino acids limiting in the 
trypsin digest, namely lysine and cystine (or methionine), should not 
result in a biological value greater than that of the supplemented raw 
meal. Consequently, in the present study, raw soybean meal was supple
mented to correct for the deficiency of these amino acids both at the 
tryptic stage of digestion and in the total protein. Another sample 
of the raw soy meal was similarly supplemented after optimal heat 
treatment. The biological values of these preparations as determined by 
rat assay are presented in Table XIX. The results show that an equivalent 

T A B L E X I X 
EFFECT OF OPTIMAL HEATING AND AMINO ACID SUPPLEMENTATION 

UPON THE BIOLOGICAL VALUE OF RAW SOYBEAN M E A L 

Biological 
Supplementation Treatment value 

None None 68 
None Steamed, 30 min 75 
Methionine and lysine None 79 
Methionine and lysine Steamed, 30 min 86 

increase in biological value due to heating occurred whether or not the 
raw soybean meal was supplemented with lysine and methionine. Since 
lysine and methionine (or cystine) were the amino acids most affected 
by the antitryptic factors, the data suggest that although the anti
tryptic factors of raw soybean meal introduce differences in the rate of 
release of individual amino acids, these differences do not significantly 
influence the biological value of the raw protein. On the basis of the results 
reported here, a correction for tryptic digestion would not be expected to 
improve the accuracy of the PDR index for predicting the net utilization 
value of raw soybean meal. 

Overestimation by the PDR index of the net utilization value of 
raw soybean meal is probably best explained as being due to the presence 
in the meal of a toxic factor or factors. Such toxic factors have been 
experimentally demonstrated and shown to be sensitive to heat (50, 119-
121). Consequently, the PDR index should also be an accurate indicator 
of the net protein utilization in soybean preparations in which the toxic 
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factor has been destroyed by heat treatment. Furthermore, the ratio 
of tryptophan released by pepsin plus pancreatin (trypsin) digestion of 
soybean meal before and after optimal heating appears to afford a good 
measure of trypsin inhibitor activity. Since the heat sensitivity of the 
soybean toxic factor is approximately the same as that of the trypsin 
inhibitor, it may be feasible to apply an adequate correction for both 
factors. 

The correction may be performed as follows: Pepsin plus pancreatin 
digests are prepared as described in Section VI, B. Using this procedure, 
43% of tryptophan was released from raw soybean meal and 5 1 % from 
optimally steamed meal. Therefore, multiplying the PDR index value for 
raw soybean meal, 70, by the factor 43/51 yields a value of 59, which 
is quite close to the net utilization value of 58 obtained with the growing 
rat. 

In order to apply this correction factor it is necessary to prepare an 
optimally heated standard. The urease inactivation procedure, described 
in Section IV, Β may be used to estimatenadequate heating^'of^the jsoy-
bean meal sample. 

E. The PDR Index Values of Dehydrated Beef, Fish, and Beans 
Interest in the dehydration of foods has increased steadily in recent 

years. Dehydration not only is an effective means of preserving food but 
also provides significant savings in shipping space, weight, and refrig
eration. Suitable methods have now been developed for the commercial 
dehydration of meat, fish (122-124), and beans (125, 126). Consequently, 
the PDR index was used to study the nature and extent of the nutri
tive changes in the proteins of beef, fish, and beans which result from 
dehydration (127). 

1. Preparation of Samples 

The beef selected for this study was U.S. Good grade sirloin butt steak. 
Steaks were sliced one-half inch thick and were about 4 ounces in weight. 
The steaks were frozen and freeze-dehydrated at a plate temperature of 
110°F for 24 or 48 hours depending upon the desired moisture content of 
the final product. The steaks were vacuum packed in cans or flexible 
packages with and without an in-package desiccant (calcium oxide). 
Dehydrated steaks were rehydrated by soaking for 30 minutes at room 
temperature. The steaks were pan-fried without added fat at 375°F for 
a total time of 2J^ minutes, the steaks being turned every one-half 
minute. 

Haddock caught in the mid-Atlantic Ocean during the late summer 
months was used in this investigation. The fresh haddock was on ice 6 
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days before it was filleted. Fillets were laid in 10-pound blocks, frozen, 
and sawed into sticks. Frozen fish sticks were freeze-dehydrated at a 
plate temperature of 100.4°F and a pressure of 200 to 250 μ for 28 to 
29 hours. The dehydrated sticks were hermetically sealed under vacuum 
in cans. The fish sticks were rehydrated by soaking in water 1 minute at 
room temperature. Cooked fish was obtained by frying the fish for 1 
minute in deep fat heated to 375°F. 

Navy (Michigan pea variety), red kidney, and baby lima (Birdseye 
brand) beans were selected for this experiment. The navy beans were 
washed and soaked overnight. The soaked beans were then screened to 
remove those that had not swelled. Precooking was done in a pressure 
retort at 245°F for 20 minutes. The beans were frozen and dehydrated for 
1)4 hours in a Proctor and Schwartz through-air-flow tray dehydrator 
at 170°F utilizing low humidity. Red kidney beans were washed and 
soaked overnight, precooked at 245°F in a steam-pressure cooker for 
15 minutes, frozen, and dehydrated for 63̂  hours at 130°F. Fresh frozen 
lima beans were precooked by simmering at 212°F for 18 minutes. The 
beans were then treated with 0.05% sulfite solution for 1 minute, drained, 
frozen, and dehydrated at 160°F for 3 hours. 

2. Dehydrated Beef 

In Table X X are presented the pepsin digest-residue (PDR) indices 
of beef samples subjected to one or several of the following treatments: 
dehydration, rehydration, cooking, and storage. The results indicated 
that dehydration, rehydration, and cooking (fresh or rehydrated) did not 
change the nutritional quality of the beef. Storage of raw beef at — 20°F 
produced a 10% decrease in nutritional quality, due primarily to destruc-

T A B L E X X 
PEPSIN DIGEST-RESIDUE (PDR) AMINO ACID INDEX VALUES OF 

DEHYDRATED, COOKED, AND STORED B E E F 
FRESH, 

Treatment PDR index 

None (frozen fresh) 76 
Fresh cooked 77 
Dehydrated (2% moisture) 77 
Rehydrated 78 
Rehydrated cooked 76 
Frozen fresh, stored 12 months, - 2 0 ° F 68 
Dehydrated (2% moisture), stored 12 months, — 20°F, flexible package 81 
Dehydrated (8% moisture), stored 12 months, 70°F, flexible package 76 
Dehydrated (2% moisture), stored 12 months, 100°F, canned 80 
Dehydrated (8% moisture), stored 12 months, 100°F, canned 76 
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tion of small amounts of cystine, isoleucine, leucine, lysine, tryptophan, 
tyrosine, and valine; the release of amino acids by pepsin digestion was 
not impaired. Beef steaks dehydrated to 2% moisture had slightly higher 
PDR index values after storage for 12 months either at — 20°F in flexible 
containers or at 110°F in cans. If the beef steaks were dehydrated initially 
to only 8% moisture and then stored at 70°F in flexible packages or at 
100°F in cans they did not show the increased nutritional values; however, 
their values were equivalent to that of fresh beef. 

3. Dehydrated Fish 

The PDR index values of fresh, processed, and stored haddock are 
presented in Table XXI. I t is apparent that dehydration, rehydration, 
and storage did not affect the nutritional quality of haddock. For fresh 

TABLE X X I 
P D R INDEX VALUES OF FRESH, DEHYDRATED, COOKED, AND STORED HADDOCK 

Treatment PDR index 

None (frozen fresh) 78 
Fresh cooked 86 
Dehydrated 78 
Rehydrated 76 
Rehydrated cooked 83 
Frozen fresh, stored 12 months, - 2 0 ° F 78 
Dehydrated, stored 12 months, - 2 0 ° F 80 
Dehydrated, stored 12 months, 40°F 77 
Dehydrated, stored 12 months, 100°F 78 

and dehydrated haddock PDR index values of 78 were obtained. This 
checks closely with a net protein utilization value of 74 obtained for 
vacuum-dried haddock by the nitrogen balance method (128). Under 
our conditions, cooking significantly increased the nutritive value of fresh 
and rehydrated haddock. Dehydrated haddock retains its nutritive value 
during storage even at 100°F. The essential amino acid composition of 
haddock was found to be in close agreement with that reported by 
Proctor and Lahiry (129) and Neilands et al. (130). 

4.  Dehydrated Beans 

The effect of heating upon the enzymatic release of amino acids from 
lima beans is presented in Table XXII . The data show that in general 
there was no change in the quantity of amino acids released by pepsin; 
however, after cooking of the beans there was a considerable increase in 
the amounts of amino acids released by the pepsin plus pancreatin 
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treatment. Similar results were obtained with kidney beans. However, 
the quantity of amino acids released by pepsin plus pancreatin digestion of 
cooked lima beans was decreased by subsequent dehydration of the beans. 
Although it has been shown that the degree of digestibility with pancreatic 
enzymes per se is not correlated with the nutritional quality of a protein, 
the findings indicate that the dehydration process is causing structural 
changes in the bean proteins. Although these changes do not reflect a 
decrease in the protein quality of the present product, they suggest that 
any further increase in severity of the dehydration process with regard to 
time or temperature will affect the availability of the amino acids during 
digestion. 

T A B L E X X I I 
EFFECT OF COOKING AND DEHYDRATION UPON THE ENZYMATIC 

RELEASE OF AMINO ACIDS FROM LIMA B E A N S 0 

Pepsin Pepsin plus pancreatin 

Un- Pre- Precooked Un- Pre- Precooked 
Amino acid processed cooked dehydrated processed cooked dehydrated 

Histidine 8. .1 6 .5 6 .7 16 .2 39, .0 34. .2 
Lysine 2 .5 2 .0 2 .0 16, 2 44. .5 28. ,5 
Methionine 19 .0 17. .6 15, .8 35 .4 47, .6 36. .5 
Cystine 3 .5 1. ,7 2. ,0 0. .0 1. 1 0. ,0 
Phenylalanine 15 .8 19, .8 17 .9 33 .4 50. 3 46. .2 
Tyrosine 8, .6 8. ,8 8. .8 27. .5 52. .5 46. ,9 
Leucine 29 .9 39. .6 33 .8 39, .5 65. .2 51. .2 
Isoleucine 31 1 37. 2 35 .8 37 .0 56. 2 53. .4 
Valine 15. .0 12. 2 12, .4 24, .6 35, .8 30. .6 
Threonine 38. 6 39. 6 34. 6 46. .6 62. .2 53. .2 
Tryptophan 15. 2 16. 3 13 .1 21, .5 35 .1 26, .3 

a Values are given as percent liberation. 

The effect of cooking upon the PDR indexes of kidney, lima, and navy 
beans is indicated in Table XXII I . The PDR index value of 75 for cooked 
lima beans is higher than the net utilization value of 58 reported by Metta 
and Johnson (131). Although this difference can be accounted for by 
variations in conditions (freshness, maturity), methods of preparation, 
and variety of bean, the extremely low net utilization value of 34 which 
Metta and Johnson found for raw lima beans is probably due to the 
growth inhibitors present in many legumes. The PDR index has been 
shown to predict the net utilization value of this type of product only if 
the "toxic" factors are inactivated by mild heat treatment (20). 

Application of the trypsin digestibility factor previously applied to 
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the PDR values of raw soybean meal (Section VI, D, 3) indicates that such 
a correction may be useful. The percent liberation of tryptophan by 
pepsin plus pancreatin digestion of raw (unprocessed) lima beans was 
22%, and of precooked lima beans was 35%. Multiplication of the factor 
22/35 by 74, the PDR value of the unprocessed beans, yields a value of 
46, which is 37% less than that of the heated sample. Metta and Johnson 
(131) found that the net utilization value of raw lima beans was 4 1 % 

T A B L E X X I I I 
EFFECT OF COOKING AND DEHYDRATION UPON THE P D R INDEX VALUES 

OF KIDNEY, LIMA, AND NAVY BEANS 

Product Treatment PDR index 

Kidney bean None 69 
Kidney bean Precooked 68 
Kidney bean Precooked, dehydrated 70 

Lima bean None 74 
Lima bean Precooked 75 
Lima bean Precooked, dehydrated 74 

Navy bean None 71 
Navy bean Precooked 70 
Navy bean Precooked, dehydrated 70 

Chili con carnea Precooked, dehydrated 77 

α Composition: 58.4% precooked, dehydrated red kidney 
beans; 25.3% precooked, freeze-dried hamburger; 6.68% tomato 
solids; 3.9% beef soup and gravy base; 2.97% chili powder; 
2.23% sodium chloride; and 0.03% garlic powder. 

less than that of cooked lima beans, indicating in this case also that 
tryptophan release by pepsin plus pancreatin provides a reasonable mea-
ure of the trypsin inhibitor (or toxic factor) of oil bean meals. 

F. The PDR Index of Irradiated and Heated Foods 
The potential use of gamma radiation for the preservation of food 

makes it important to determine the effect of this type of treatment 
upon the nutritional quality of food proteins. In this respect it has been 
shown that although moderate doses of ionizing radiation produce 
significant destruction of individual amino acids in pure solution (132, 
133), proteins must be irradiated at several times the usual sterilization 
dose range of 0.5 to 6.0 million rep (roentgen equivalent physical) before 
nutritionally significant losses of amino acids are observed (134). How-
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ever, viscosity and solubility studies indicated that irradiation produces 
definite increases in cross linking as well as degradation of the treated 
proteins (135). Since these structural changes can modify the suscepti
bility of the treated proteins to digestion it became of interest to study 
the in vitro digestibility of irradiated proteins and to estimate the effects 
of digestibility changes upon nutritional value as measured by the PDR 
index (136). 

1. Preparation of Samples 

Evaporated milk was prepared by the usual production procedure. 
In this procedure the raw milk is heated for 10 minutes at 210°F and then 
condensed in a double-effect evaporator. For the first effect the milk is 
treated at 180°F for 2% minutes; in the second effect the milk is further 
treated at 125°F for 2% minutes. After canning of the unsterilized 
condensed milk, samples for control purposes and for subsequent irradia
tion were removed from the conveyor belt. Remaining samples were 
heat-sterilized at 242°F for 14 minutes. All canned condensed milk 
samples were kept chilled until analyzed. Freezing of milk samples was 
avoided to minimize structural changes in the proteins. 

Beef used in this study was obtained from the longissimus dorsi 
muscles of premium grade steers. Meat was trimmed, 20% fat by weight 
was added, and the mixture was ground through a 1-inch by lj^-inch 
plate and then a 3^-ineh plate. Pork meat was obtained from the longissi
mus dorsi muscles of matched pork loins. After being trimmed to 20% 
trimmable fat, the pork meat was ground in the same manner as the beef. 
Samples were canned under 20 inches vacuum in No. 2% cans. Heat-
processed samples were autoclaved at 240°F for 161 minutes (FO = 6.95). 
Unsterilized samples prepared for irradiation were stored frozen. 

Turkeys used in this study were all of the same brood and fed in the 
same flock. Meat was removed in large pieces and excess fat was removed. 
Both dark and light meat and skin were cut into strips, ground, and 
mixed. Samples were vacuum packed in No. 2% cans. Heat processing 
was performed at 240°F for 114 minutes (FO = 11.6). Unsterilized 
samples prepared for irradiation were kept frozen. After processing, all 
meat samples were stored at — 20°F until analyzed. 

Irradiation sterilization was done by gamma irradiation from spent 
fuel rods at the Argonne National Laboratory. All samples were given 
radiation doses of 2 million rep as determined by ferrous dosimetry. 
Milk samples were held at approximately 35°F and meat samples were 
kept frozen in solid C 0 2 packs until placed in the irradiation canal. 
Since the longest period of irradiation was approximately 2 hours, the 
meat samples were probably frozen throughout the treatment. Previous 
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tests had indicated that aqueous solutions in No. 2 cans remain frozen 
for 3 hours in the canal. 

2. Effect of Irradiation and Heat Processing on 
Amino Acid Content and Enzymatic Release 

Irradiation with 2 X 106 rep gamma rays produced no significant 
destruction of amino acids in milk, turkey, or beef protein. In pork there 
was a 16% loss of cystine following irradiation, but no other destruction 

T A B L E X X I V 
CONCENTRATIONS OF AMINO ACIDS (MG/GM) IN PEPSIN DIGESTS OF FOOD 

PROTEINS SUBJECTED TO IRRADIATION AND THERMAL PROCESSING 

Evaporated milk Turkey 

Amino acid Con.° Irr.b Therm.c Con. Irr. Therm. 

Methionine 1.2 1.0 1.2 6.9 6 .8 4 .8 
Cystine 0.17 0.12 0.15 1.04 0.99 0.52 
Phenylalanine 5.7 5 .2 6.2 8 .9 8.1 4 .8 
Tyrosine 5 .5 5 .4 5 .9 5 .5 5 .4 3 .1 
Histidine 0.26 0.22 0.26 1.7 1.6 1.2 
Lysine 0.60 0.70 0.74 2 .8 2 .6 2 .1 
Tryptophan 4 .5 4 .2 4.7 4 .2 3 .6 1.5 
Leucine 39 .0 37 .0 41.7 46.9 47.5 30 .4 
Isoleucine 8.9 7 .8 7 .8 34.3 35 .0 31 .5 
Valine 2 .5 2 .4 2.7 10.6 10.8 6 .8 
Threonine 13.8 13.4 14.4 31 .0 28 .0 21 .2 

Pork Beef 

Con. Irr. Therm. Con. Irr. Therm. 

Methionine 10.0 10.0 6 .6 10.0 9 .3 7 .0 
Cystine 1.4 1.1 0.44 1.1 1.1 0.32 
Phenylalanine 10.0 9.1 4 .7 11.6 9 .5 5.1 
Tyrosine 5.6 5 .4 3 . 0 6 .5 5 .7 3 .1 
Histidine 1.6 1.5 1.1 2 .6 2 .3 2 .1 
Lysine 3 .2 2 .4 1.8 3 .4 3 .1 1.9 
Tryptophan 5.2 4 .6 2 .0 7 .0 5 .3 2 .1 
Leucine 48.5 46.1 27.2 62.2 59 .0 38 .2 
Isoleucine 25 .4 24 .8 14.0 29 .2 30.1 14.8 
Valine 11.5 10.6 6 .9 12.4 11.4 7 .0 
Threonine 29 .0 26.9 16.5 27.1 27 .4 17.5 

a Unprocessed controls. 
6 Irradiated with 2 Χ 106 rep. 
c Thermal processed. 
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was observed. After heat processing, no loss of amino acids was found in 
any of the protein foods studied. 

Rate of release of amino acids during pepsin digestion was approxi
mately the same for both irradiated and nonirradiated turkey meat 
(Table XXIV). In the case of irradiated evaporated milk the liberation 
of cystine was reduced 29%, but the remaining amino acids were unaf
fected. Similarly, with irradiated pork, only phenylalanine was not as 
readily released by pepsin, and for beef only phenylalanine and trypto
phan were reduced. On the other hand, there was a decided decrease in 
the release by pepsin of all the amino acids measured in the heat-processed 
meat samples. For heat-processed evaporated milk, only the rate of re
lease of cystine was reduced. 

3. PDR Indices of Irradiated and Heat Processed Food Proteins 

PDR amino acid indices of net protein utilization (biological value X 
digestibility) for the 4 proteins studied in this series of experiments 
are presented in Table XXV. In each case, irradiation with 2 X 10e rep 

TABLE X X V 
P D R INDEX OP N E T PROTEIN UTILIZATION OF FOODS SUBJECTED 

TO THERMAL AND RADIATION STERILIZATION 

P D R index0 

Thermal 
Protein Unprocessed processed Irradiated 

Beef 86 85 87 
Pork 88 80 89 
Turkey 74 71 74 
Evaporated milk 75 75 74 

β Standard errors; beef 0.76, pork 1.29, turkey 0. 92, and milk 
0.83. 

produced no significant change in nutritional quality as measured by the 
PDR index. Heat processing produced an apparent but not significant 
(5% level) decrease in the PDR value of turkey and a very significant 
lowering in the PDR index of pork protein. 

The biological value of evaporated milk has been reported to be 
significantly lowered by irradiation with 3 X 106 rep gamma rays 
(137). No change in digestibility was observed. These results were 
interpreted as suggesting that some essential amino acid was partially 
destroyed or bound so as not to be available at an optimal rate for most 
efficient utilization. In subsequent reports from the same laboratory 
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(138) it was shown that cystine and methionine were destroyed to the 
extent of 43.7% and 29.4%, respectively, by 3 Χ 106 rep. They also 
found that the effects of irradiation upon the biological value of the milk 
proteins could be compensated for by supplementation of the irradiated 
milk with 0.3% cystine. Nevertheless, the data reported in the present 
study indicated that irradiation with 2 Χ 106 rep does not significantly 
destroy amino acids in evaporated milk. Also, with the exception of 
cystine there was no significant change in the enzymatic availability of 
amino acids in the irradiated milk proteins. 

Diminished enzymatic liberation of cystine by itself would not be 
expected to have nutritional significance since the concentration of cystine 
in milk proteins is very low, especially in comparison with that of methio
nine. However, calculation of the PDR index of irradiated milk using 
methionine and cystine values which reflect the destruction reported by 
Rama Rao and Johnson (138) produces a decrease of 4.5% in the PDR 
index which is similar to the 5.0% decrease in biological value found 
by Metta and Johnson in their later experiments (139). Thus, gamma 
irradiation with up to 2 X 10e /rep does not cause significant destruction 
or change in availability of amino acids in the proteins of evaporated 
milk; however, with larger doses some destruction of cystine and methio
nine may occur which depresses the nutritional value of the irradiated 
milk. 

In the case of turkey, pork, or beef, irradiation with 2 Χ 106 rep 
caused only minor alterations in the concentration or enzymatic avail
ability of amino acids. The PDR indices of these protein foods were 
therefore not significantly changed. In this respect Metta and Johnson 
(137) reported no change in the biological value of beef following irradia
tion with 3 X 106 rep and Calloway et al. (140) obtained similar results 
with turkey irradiated up to 6 Χ 106 rep. Also, Rosner (141) found no 
amino acid destruction or change in the pepsin digestibility of beef 
irradiated up to 6 X 106 rep. 

Heat-treated proteins of turkey, pork, and beef did not show evidence 
of amino acid destruction nor of changes in the pattern of amino acids 
released by digestive enzymes. However, the heat treatment did cause 
a significant decrease in the quantity of amino acids released by in vitro 
incubation with pepsin. I t is evident from previous work (20) that 
diminished susceptibility to in vitro pepsin digestion usually results in 
a decrease in the nutritional quality of a protein. The observed decrease 
in pepsin digestibility of heated pork and turkey, were thus reflected in 
lower PDR index values, although only for pork was the change statis
tically significant. However, whereas heated beef protein was less sus
ceptible to pepsin digestion, the PDR index value reported here and the 
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biological value as obtained by the Mitchell method of nitrogen balance 
were not decreased. 

Inspection of the data for calculation of the PDR index indicated 
that the heated beef had a higher essential amino acid content per unit 
of nitrogen than did the untreated beef. This phenomenon, which may 
be due to volatilization of nonessential nitrogenous compounds, is 
possibly one reason that heat-processed beef protein appears to retain 
completely its nutritional value on a nitrogen basis, in spite of the fact 
that the protein is considerably less susceptible to enzymatic digestion. 
A more important reason may be related to the fact that following 
treatment with pepsin the amino acid pattern in the undigested fraction 
of heated beef proteins is superior (relative to the standard egg protein) to 
the pattern of the same residual fraction of raw beef protein. This improve
ment in the amino acid pattern of protein not digested by pepsin but 
subsequently digested by intestinal enzymes could compensate for the 
effect of decreased pepsin susceptibility of the heat-processed beef 
proteins. 

G. Discussion of the PDR Index Method 
The excellent correlation between the PDR index and the net protein 

utilization value of representative proteins suggested that this index 
should be a valuable in vitro method for predicting the nutritional 
quality of proteins. However, aside from this practical aspect the observed 
correlations indicate the importance of peptic digestion for optimal 
utilization of dietary proteins. In this respect, Mellander (142), Kotschneff 
(143, 144), and Sheffner et al. (99) have suggested that the wall of the 
intestine is permeable to amino acid complexes. Consequently, it appears 
reasonable that an appreciable quantity of the products of pepsin diges
tion are absorbed from the duodenum before pancreatic enzymes can 
act on them, and that the pattern of these absorbed amino acids and pep
tides is an important factor in the efficient utilization of ingested protein. 

The extent to which the assay microorganisms used in this study 
measured peptides or larger amino acids complexes is not known. However, 
the PDR indices could not be correlated with their respective bio
logical values if the large polypeptides in the protein-free (tungstic acid 
filtrates) pepsin digests were hydrolyzed before the digests were analyzed. 
In this connection, Sheffner, Kirsner, and Palmer (unpublished data) 
found that when humans wererifed a protein-containing meal, the con
centrations of microbiologically nonavailable polypeptide amino acids 
of plasma, i.e., large polypeptides, decreased after the meal, whereas 
concomitantly the microbiologically available plasma amino acids 
(free amino acids and small polypeptides) were significantly increased. 
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These data suggest therefore that if polypeptides are absorbed at an 
early stage of digestion, they probably consist of relatively few amino acid 
residues. 

I t is apparent that the last step in the calculation of the PDR index 
predicts that any process which severely decreases peptic digestibility 
will lower the nutritional value of the treated protein in spite of patterns 
of subsequently released amino acids which are equally good. The 
significance of this is not yet understood, nor for that matter is it known 
whether the excellent correlations obtained are entirely fortuitous. 
Nevertheless, the fact that the PDR index has closely predicted the net 
utilization values of many proteins, including these subjected to various 
types of processing treatments suggests that pepsin digestion plays a 
role in the efficient utilization of proteins. This was shown most clearly 
for casein, a protein whose total amino acid pattern would suggest that 
its NPU value should be over 90 (EAA index), when in fact it is about 66. 
The only explanation that is apparent is that the digestibility of casein 
with pepsin is considerably lower than that of most other proteins. Heat 
processing of casein which results in still greater resistance to pepsin 
digestion leads to a further reduction in the PDR value and to the NPU. 

The importance of the pattern of essential amino acids in the pepsin 
digest may not be great, although it cannot be completely ignored. 
The overall digestibility with pepsin seems to be the most important 
factor in addition to the total essential amino acid content. In the short
ened PDR procedure, to be described in the following section, a measure 
of digestibility to pepsin is obtained with only 3 amino acids—lysine, 
methionine, and tryptophan—which are the amino acids most subject to 
destruction during processing. 

VII. MODIFICATIONS OF THE PDR INDEX 

A. A Pepsin-Pancreatin Digest Index of Protein Quality 
A modification of the PDR index was published by Akeson and 

Stahmann in 1964 (21). This procedure involved pepsin plus pancreatin 
digestion as well as total hydrolysis of the sample. One hundred milligrams 
of dried protein was incubated with pepsin for 3 hours. After neutraliza
tion of the acid, the mixture was incubated with pancreatin for 24 hours. 
Enzyme blanks were prepared by incubation under the described condi
tions with the protein sample omitted. 

Undigested protein was removed by precipitation with picric acid, 
the supernatant passed through an anion exchange column, and the 
effluent dried by lyophilization. The dried samples were dissolved in 
buffer and analyzed for their amino acid content by the ion exchange 
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method of Moore et al. (145) using the Spinco Model 120 amino acid 
analyzer. The acidic and neutral amino acids were separated on one 
column, whereas the basic amino acids were separated on a second column. 

Another sample of the protein was acid hydrolyzed. The amino acids 
freed by this procedure were also determined by ion exchange. The latter 
provided a measure of the total amount of each amino acid in the protein. 
Although acid hydrolysis resulted in the destruction of tryptophan, 
a separate alkaline hydrolysis indicated that such a procedure had little 
influence on the calculated figure for the protein value. 

T A B L E X X V I 
COMPARISON OF THE PEPSIN-PANCREATIN DIGEST VALUES WITH P D R INDEX 

VALUES AND BIOLOGICAL VALUES FOR THE GROWING RAT 

Literature Pepsin-
Food biological pancreatin PDR P D R / 

protein value digest index index digestibility7 

Whole egg 96,* 976 100 100 101 
Egg albumin 83,* 82,c 97* 89 95/ 95 
Lactalbumin 85,* 84c 85 82 84 
Casein 69,* 73,' 78" 78 65 67 
Soybean (heated) 75,°-c 74e 68 71 74 
Yeast 63,° 69c 74 61 66 
Wheat flour 52°.* 54 51 51 

• Block and Mitchell (1). 
6Sommer (146). 
c Mitchell and Block (9). 
d Mitchell and Beadles (101). 
e Rippon (147). 
f Sheffner et al. (19). The PDR index measures NPU; PDR/digestibility measures 

biological value. 

Akeson and Stahmann used essentially the same method used by 
Sheffner, Eckfeldt, and Spector (PDR index) (19) for converting the 
values for the relative amounts of amino acids liberated by enzymatic 
digestion into a number representing the biological value of the protein. 
These calculations are described in the section on the PDR index (VI,C). 

The final values reported by Akeson and Stahmann were called the 
pepsin-pancreatin digest index. These values were compared with the 
biological values reported in the literature for the 12 food proteins 
studied. A further comparison of some of these pepsin-pancreatin digest 
values with the PDR index values reported by Sheffner et al. (19) is 
given in Table XXVI. 
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The data presented do not indicate an improvement in values obtained 
with the new index over those obtained with the PDR index. Also, no 
data were reported to support the supposition that the pepsin-pancreatin 
digest index measured changes in biological value during heat processing. 
I t had been found during development of the PDR index that, compared 
to the use of combinations of enzymes, changes in susceptibility to pepsin 
digestion alone was a more sensitive indicator of protein damage. Akeson 
and Stahman used the additional pancreatin digestion because it was 
necessary for improving the separation of amino acids by ion-exchange 
chromatography. The similarity in values obtained by the two procedures 
suggests that the amino acid values measured in pepsin digests by 
microbiological assay may include small peptides and thus approximate 
the values measured in pepsin-pancreatin digests by ion-exchange 
chromatography. Inspection of Akeson and Stahmann's chromatograms 
indicates that the concentrations of essential amino acids measured 
in the pepsin-pancreatin digests is 10 to 20 times as great as in the pepsin 
digests alone. Data obtained by Sheffner, Eckfeldt, and Spector (unpub
lished) indicate that, when microbiological assays are used, on the 
average the quantity of amino acids released by the pepsin-pancreatin 
combination is only about twice that released by pepsin alone. Thus, 
the pepsin-pancreatin digest index and the PDR index may measure 
approximately the same degree of digestion. For laboratories not familiar 
with microbiological assay methods, the pepsin-pancreatin digest index— 
which utilizes an anion exchange chromatographic technique for mea
suring amino acids—may be a useful method for predicting the bio
logical value of food proteins. 

The PDR index measures net protein utilization (as defined by 
Mitchell); however, with proteins whose "digestibility" approaches 
100%, the biological value and net protein utilization are similar, and 
for such proteins the PDR index also measures biological value. I t remains 
to be seen whether the pepsin-pancreatin method, when applied to proc
essed foods, measures biological value or net protein utilization. 

B. A Shortened PDR Index 

Although the calculations used in the PDR index can be ration
alized, the fact remains that they are arbitrary and were developed on 
a trial and error basis. Consequently, attempts were made to shorten the 
procedure and to simplify the calculations. One such procedure—which 
may be called the "shortened PDR"—involves the microbiological 
measurement of only 3 amino acids in pepsin digests to obtain a factor 
for amino acid availability. This factor is then integrated with the 
essential amino acid (EAA) index of Mitchell (after Oser) by a simple 



3. IN VITRO PROTEIN EVALUATION 187 

procedure to yield a value for the NPU of proteins. A comparison of values 
obtained by the shortened procedure with PDR and NPU values is shown 
in Table XXVII. 

Values calculated with the shortened PDR compare favorably 
with those of the more complicated PDR index. Considering that a 10% 
variation may be expected in NPU values obtained with the growing 
rat, the observed differences are not important. I t is noteworthy that the 
shortened PDR appears to measure the changes in NPU resulting from 
heat processing. For example, the NPU of a beef and spaghetti prepara
tion was decreased 25% by heat processing and storage; similarly the 
shortened PDR of the preparation was reduced 21%. 

TABLE XXVII 
COMPARISON OP THE "SHORTENED P D R , " P D R , AND N E T 

PROTEIN UTILIZATION VALUE OF FOOD PROTEINS 

Food protein 
Shortened 

P D R P D R N P U 

Whole egg 100 100 97 
Egg albumin 95 95 97 
Lactalbumin 75 82 82 
Soy flour 73 71 72 
Casein 67 65 66 
Brewers* yeast 60 61 61 
White flour 50 51 52 
Casein, 350°F, 5 hr 30 23 24 

(24)« 
Beef and spaghetti, precooked 70 72 77 
Beef and spaghetti, processed at 240°F for 55 60 58 

40 min; stored 6 months at 118°F (53) 

α Values in parentheses are corrected for destruction of amino acids during 
processing. 

The three amino acids used in the shortened PDR are lysine, methio
nine, and tryptophan, since on heat processing of food proteins these 
amino acids are the ones most likely to be destroyed or to become less 
available enzymatically. Consequently, the procedure should be useful 
for measuring nutritional changes resulting from the processing of most 
proteins. 

1. Procedure for Obtaining the Shortened PDR Index 
a. Step 1. Pepsin digests are prepared as described for the PDR index 

(Section VI, B). However, only three amino acids—lysine, methionine, 
and tryptophan—are measured by microbiologicaljassay. Total hydrol-
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yzates are also prepared for measurement of the entire amounts of essen
tial (and semiessential) amino acids present in the food protein to be 
tested. For a less accurate estimation of the NPU of well-characterized 
protein preparations, literature values such as those compiled by Orr and 
Watt (41) may be used. 

b. Step 2. The modified essential amino acid (MEAA) index de
scribed in Section III , Β, 1 is first computed from values determined in 
the total hydrolyzates or from literature values. Briefly, egg ratios are 
calculated for each essential (and semiessential) amino acid. Amounts 

TABLE X X V I I I 
COMPUTATION OF THE 1 'SHORTENED PDR," INDEX FOR CASEIN 

Pepsin digest 

Amino acid Whole egg Casein 

Lysine 0.29 0.03 
Methionine 0.72 0.02 
Tryptophan 0.68 0.40 

Sum 1.69 0.45 

Digestion factor = 0.45/1.69 = 27 
MEAA index (obtained from total hydrolyzates) = 9 1 

0.25 X log 27 = 0.25 X 1.4314 = 0.3578 
0.75 X log 91 = 0.75 X 1.9590 = 1.4692 

Sum = 1.8279 
Antilogarithm of 1.8270 = 67 

above that found in the reference egg protein are not used, and the 
ratios never exceed 100. The geometric mean of the egg ratios is then 
calculated by taking the logarithm of each egg ratio, averaging these 
logarithms and then obtaining the antilogarithm of this average value. 
An example of the method of calculation of the MEAA index for casein 
is shown in Table VI, and the value obtained is 91. 

c. Step 3. The quantities of lysine, methionine, and tryptophan in 
the pepsin digests of whole egg protein and casein are summed (Table 
XXVIII), and the sum for casein divided by that for whole egg (0.45/ 
1.69 = 27) to give a digestibility factor. The digestibility factor, 27, and 
the MEAA index, 91, are then weighted and averaged geometrically. The 
digestibility factor is arbitrarily weighted as 25%, and the MEAA index 
as 75%. 
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For example: 
0.25 X log 27 
0.75 X log 91 

Sum 

0.3578 
1.4692 
1.8270 

The antilogarithm of the sum is 67, which is the shortened PDR 
value for casein. The PDR index, calculated in the usual manner, is 65. 

The pepsin digest-residue (PDR) amino acid index was found to 
be highly accurate in measuring the net protein utilization of natural 
and processed proteins. The steps in the calculation are as follows: 

(1) The essential amino acids in the protein are divided into two 
fractions: (a) the quantity of amino acids made microbiologically avail
able by pepsin digestion and (b) the remainder of the quantity of these 
amino acids in the protein, i.e., the residue. 

(2) The patterns of amino acids in these two fractions are then com
pared with their respective fractions of standard egg protein without 
consideration of the amount of amino acids in the fractions. 

(3) A correction is made for the total quantity of essential amino 
acids in the fraction relative to the respective fraction of egg protein. 
In other words, a value is determined for the quality of the pattern and 
multiplied by how much of that pattern is present. 

(4) Since the standard egg protein fractions are divided into about 
one-third of the protein in the pepsin digest fraction and about two-thirds 
in the residue fraction, when the nutritional value of the two fractions 
(the corrected geometric means) are integrated, the values are weighted 
accordingly. 

The formula as constituted consequently is based upon the assumption 
that the two most important factors which determine the efficiency of 
utilization of a protein are (a) the pattern of essential amino acids in the 
pepsin and residue stages, and (b) the amount of amino acids as a group 
containing the particular pattern. 

The shortened PDR index retains the concept that the amino acid 
pattern is the major determinent of the nutritional quality of proteins. 
However, the digest fraction is now used only as an arbitrary "measure" 
of decreased availability of essential amino acids. I t is fortuitous that 
the sum of the quantities of lysine, methionine, and trytophan released 
enzymatically can be used to evaluate availability, since it is the avail
ability of these amino acids which is generally reduced during food 
processing. But, more extensive work is necessary to evaluate the general 

2. Discussion of the Shortened PDR Index 
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usefulness of the shortened PDR index for estimation of the net protein 
utilization values of food proteins. 

V I I I . CONCLUSION 

The development of in vitro methods for the nutritional evaluation 
of proteins has made significant strides from the early attempts based 
solely on the determination of total nitrogen. Nevertheless, results 
obtained with some laboratory procedures give values which bear little 
relation to protein quality, as measured by several established animal 
tests. Other in vitro methods may appear useful; yet the occasional 
discrepancies introduce an uncertainty that is disconcerting. 

Inconsistencies between animal tests and in vitro methods may arise 
from several sources. 

1. Both animal tests and chemical analyses are subject to considerable 
variation in measurement. 

2. Proteins of the same type obtained from different sources may 
vary greatly in nutritional value, and batches tested in vitro are fre
quently not representative of the proteins fed. 

3. In vitro methods may not show the biological effect of amino acid 
antagonism or balance, although this is apparently considered in the 
integrated amino acid indices. 

4. Most in vitro methods do not take into consideration the "avail
ability" of essential amino acids. Only some of the more recent methods, 
e.g., the lysine availability method of Carpenter and the PDR index 
of Sheffner et al., have introduced corrections for availability. 

5 . Feeding tests are sometimes affected by factors other than protein, 
including bacterial contamination of the diets; toxins, such as gossypol 
in cottonseed meals; and goitrogenic substances. 

Neither animal tests nor in vitro methods measure the nutritional 
quality of proteins under many stress conditions. I t is yet not known 
whether amino acid requirements vary with such situations as infection, 
trauma, and anxiety; or whether amino acid patterns needed by the body 
are the same for maintenance, growth, and protein replenishment after 
deficiency and disease. 

The nonprotein components of the diet also influence the utilization 
of protein: variations may occur due to differences in total energy intake 
as well as in the supply of vitamins and minerals. These factors cannot 
be measured in vitro. What is evaluated is the relative quality of proteins 
under comparable conditions of use. 

The degree of accuracy required for the assessmentof protein quality 
will depend on the manner in which the results are applied. For certain 
purposes nitrogen data or solubility characteristics will suffice. A chemical 
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score or integrated amino acid index may be useful to determine the 
suitability of protein concentrates for use in supplementing the food 
supply of undernourished populations. To estimate the effects of process
ing upon digestibility or amino acid availability, microbiological and 
enzymatic procedures are generally necessary; the F - D N B procedure 
for available lysine may also be useful for this purpose. 

For determination of the net protein utilization—and the effects of 
processing—on proteins and mixed protein diets, the P D R index has 
been remarkably accurate. This procedure requires the microbiological 
measurement of the essential amino acids in a pepsin digest and total 
hydrolyzate of the protein being evaluated. A shortened P D R index, 
which involves the determination of only three amino acids in the pepsin 
digest plus the total essential amino acid composition, has been found to 
yield values similar to that obtained with the original procedure, when 
the two methods were compared on a limited number of samples. For 
most purposes only one total hydrolyzate need be prepared for a par
ticular protein source or batch; and the effect of processing can be 
estimated from the measurement of lysine, methionine, and tryptophan 
in pepsin digests of the processed samples. 

The quantity of tryptophan released from processed soybean meal 
by pepsin plus pancreatin may indicate the degree of processing required 
for optimum nutritive value; a factor derived from this information 
may be useful to correct P D R or chemical score values for the presence 
of trypsin inhibitor or toxins in the unprocessed meals. 

In vitro methods are extremely useful when used under circumstances 
for which they are appropriate. When used with discretion, these methods 
are an important complement to animal tests for the nutritional evalua
tion of protein quality. 

ACKNOWLEDGMENTS 

The author expresses his appreciation to Miss Gladys Eckfeldt, Mr. Richard R. 
Adachi, Dr. Doris H. Calloway, and the late Dr. Harry Spector for their significant 
contributions to the development of the PDR index. 

REFERENCES 

1. R. J. Block and Η. H. Mitchell, Nutr. Abstr. Revs. 1 6 , 249 (1946). 
2. M. A. Boas-Fixsen, J. D. C. Hutchinson, and Η. M. Jackson, Biochem. J. 

2 8 , 592 (1934). 
3. Η. H. Mitchell, Ind. Eng. Chem. Anal. Ed. 1 6 , 696 (1944). 
4. Η. H. Mitchell, Λ Biol. Chem. 5 8 , 873 (1924). 
5. B. S. Piatt and D. S. Miller, Proc. Nutr. Soc. 1 8 , vii (1959). 
6. B. S. Piatt, D. S. Miller, and P. R. Payne, in "Recent Advances in Human 

Nutrition" (J. F. Brock, ed.), p. 360. Churchill, London, 1961. 



192 A. LEONARD SHEFFNER 

7. Η. J. Almquist, Ε. L. R. Stokstad, and E. R. Halbrook, J. Nutr. 10, 193 
(1935). 

8. K. J. Carpenter, G. M. Ellinger, and D. H. Shrimpton, J. Sci. Food Agr. 
6 , 296 (1955). 

9. Η. H. Mitchell and R. J. Block, J. Biol. Chem. 1 6 3 , 599 (1946). 
10. J. Kuhnau, Angew. Chem. 6 1 , 357 (1949). 
11. B. L. Oser, J. Am. Dietet. Assoc. 2 7 , 396 (1951). 
12. W. H. Seegers and H. A. Mattil, J. Biol. Chem. 110, 531 (1935). 
13. D. B. Jones and H. C. Waterman, J. Biol. Chem. 5 3 , 357 (1922). 
14. E. S. London and N. Kotschneff, Z. Physiol. Chem. 2 2 8 , 235 (1934). 
15. J. E. Rhoads, A. Stengel, Jr., C. Riegel, F. A. Cajori, and W. D. Frazier. 

Am. J. Physiol. 1 2 5 , 707 (1939). 
16. Ε. T. Mertz, S. R. Sheldon, and E. W. Cole, J. Nutr. 5 6 , 437 (1955). 
17. K. J. Carpenter and G. M. Ellinger, Biochem. J. 6 1 , xi (1955). 
18. J. Mauron, F. Mottu, E. Bujard, and R. H. Egli, Arch. Biochem. Biophys. 

5 9 , 433 (1955). 
19. A. L. Sheffner, G. A. Eckfeldt, and H. Spector, J. Nutr. 6 0 , 105 (1956). 
20. A. L. Sheffner, R. Adachi, and H. Spector, J. Nutr. 6 0 , 507 (1956). 
21. W. R. Akeson and M. A. Stahmann, J. Nutr. 83, 257 (1964). 
2 2 . Η. H. Mitchell and G. G. Carman, J. Biol. Chem. 6 8 , 183 (1926). 
23. M. L. Bricker and Η. H. Mitchell, / . Nutr. 3 4 , 491 (1947). 
24. J. B. Allison, J. A. Anderson, and J. I. White, Trans. Am. Assoc. Cereal 

Chemists 7, 24 (1949). 
25. Ε. E. Hawley, J. R. Murlin, E. S. Nasset, and T. A. Szymanski, J. Nutr. 

3 6 , 153 (1948). 
26. Η. H. Mitchell, in "Proteins and Amino Acid Requirements of Mammals" 

(A. A. Albanese, ed.), p. 1. Academic Press, New York, 1950. 
27. A. E. Bender, Natl. Acad. Sci.—Natl. Res. Council Publ. 8 4 3 , 1961. 
28. R. J. Block and D. Boiling, in "The Amino Acid Composition of Proteins 

in Natural Foods." Thomas, Springfield, Illinois, 1945. 
29. "Protein Requirements," Report of a joint FAO/WHO expert group. World 

Health Organ. Tech. Rept. Ser. 3 0 1 (1965). 
30. FAO Committee on Protein Requirements, Food Agr. Organ. UN. FAO Nutr. 

Studies 16, (1957). 
31. R. J. Block, Borden's Rev. Nutr. Res. 1 7 , 75 (1956). 
32. V. C. Vaughan III, in "Textbook of Pediatncs" (W. E. Nelson, ed., p. 22, 

Saunders, Philadelphia, Pennsylvania, 1964. 
33. E. F. Terroine, Quart. Bull. Health Organ. League Nations 5 , 427 (1936). 
34. C. P. Berg and W. C. Rose, J. Biol. Chem. 8 2 , 479 (1929). 
35. R. J. Block and D. Boiling, in "The Amino Acid Composition of Proteins 

and Foods," 2nd ed. Thomas, Springfield, Illinois, 1950. 
36. E. Geiger, / . Nutr. 3 4 , 9 7 (1947). 
37. Κ. M. Henry and S. K. Kon, / . Dairy Res. 1 4 , 330 (1946). 
38. E. S. Nasset, P. Schwartz, and Η. V. Weiss, / . Nutr. 5 6 , 83 (1955). 
39. A. L. Sheffner and O. Bergeim, / . Nutr. 4 8 , 139 (1952). 
40. J. B. Longenecker and N. L. Hause, Arch. Biochem. Biophys. 8 4 , 46 (1959). 
41. M. L. Orr and Β. K. Watt, in "Amino Acid Content of Foods" Home Economics 

Res. Rept. No. 4, U.S. Dept. Agr., Washington, D.C. (1957). 
42. Η. H. Mitchell, in "Symposium on Methods for the Evaluation of Nutritional 



3. IN VITRO PROTEIN EVALUATION 193 

Adequacy and Status" (H. Spector, M. S. Peterson, and Τ. E. Friedemann, 
eds.), p. 13. National Research Council, Washington, D.C., 1954. 

43. D. V. Frost and H. R. Sandy, J. Nutr. 39, 427 (1949). 
44. B. L. Oser, in "Protein and Amino Acid Nutrition" (A. A. Albanese, ed.), 

p. 281. Academic Press, New York, 1959. 
45. K. J. Carpenter, Proc. Nutr. Soc. 17, 91 (1958). 
46. Η. H. Mitchell, T. S. Hamilton, and J. R. Beadles, J. Nutr. 48, 461 (1952). 
47. A. W. Boyne, K. J. Carpenter, and A. A. Woodham, J. Sci. Food Agr. 12, 

832 (1961). 
48. A. J. Gehrt, M. J. Caldwell, and W. P. Elmslie, J. Agr. Food Chem. 3, 159 

(1955). 
49. M. Rhian, J. S. Carver, R. W. Harrison, and W. S. Hamm, Bull. Wash. State 

Univ. Agr. Expt. Sta. 416 (1942). 
50. I. E. Liener and H. L. Fevold, Arch. Biochem. 21, 395 (1949). 
51. H. R. Bird, R. V. Boucher, C. D. Caskey, Jr., J. W. Hayward, and J. E. 

Hunter, J. Assoc. Ofic.Agr. Chemists 30, 354 (1947). 
52. C. B. Croston, A. K. Smith, and J. C. Cowan, J. Am. Oil Chemists' Soc. 32, 

279 (1955). 
53. R. J. Evans and J. L. St. John, J. Nutr. 30, 209 (1945). 
54. S. L. Balloun, E. L. Johnson, and L. K. Arnold, Poultry Sci. 32, 517 (1953). 
55. C. M. Lyman, W. Y. Chang, and J. R. Couch, J. Nutr. 49, 679 (1953). 
56. Μ. Z. Condon, E. A. Jensen, A. B. Watts, and C. W. Pope, J. Agr. Food 

Chem. 2, 822 (1954). 
57. E. Eagle and D. L. Davies, / . Am. Oil Chemists' Soc. 34, 454 (1957). 
58. H. J. Almquist, E. L. R. Stokstad, and E. R. Halbrook, J. Nutr. 10, 193 

(1935). 
59. Β. E. March, D. Stupich, and J. Biely, Poultry Sci. 28, 718. 
60. A. Frolich, Nature 174, 879 (1954). 
61. H. Fraenkel-Conrat and M. Cooper, J. Biol. Chem. 154, 239 (1944). 
62. H. J. Almquist and S. Maurer, Poultry Sci. 32, 549 (1953). 
63. N. R. Eldred and G. Rodney, / . Biol. Chem. 162, 261 (1946). 
64. K. J. Carpenter and G. M. Ellinger, Biochem. J. 61, xi (1955). 
65. D. Bruno and K. J. Carpenter, Biochem. J. 67, 13P (1957). 
66. K. J. Carpenter, G. M. Ellinger, Μ. I. Munro, and E. J. Rolfe, Brit. J. 

Nutr. 11, 162 (1957). 
67. K. J Carpenter, in "Recent Advances in Food Science" (J. M. Leitch and 

D. N. Rhodes, eds.), Vol. 3, p. 104. Butterworths, London, 1963. 
68. K. J. Carpenter, Biochem. J. 77, 604 (1960). 
69. Η. H. Mitchell, Nutrition Rev. 10, 33 (1952). 
70. D. Melnick, B. L. Oser, and S. Weiss, Science 103, 326 (1946). 
71. W. H. Riesen, D. R. Clandinin, C. A. Elvehjem, and W. W. Cravens, J. Biol. 

Chem. 167, 143 (1947). 
72. A. L. Sheffner, J. B. Kirsner, and W. L. Palmer, J. Biol. Chem. 176, 89 (1948). 
73. G. R. Ingram, W. H. Riesen, W. W. Cravens, and C. A. Elvehjem, Poultry 

Sci. 28, 898 (1949). 
74. J. Mauron, F. Mottu, E. Bujard, and R. H. Egli, Arch. Biochem. Biophys. 

59, 433 (1955). 
75. J. Mauron and F. Mottu, Arch. Biochem. Biophys. 77, 312 (1958). 
76. J. Mauron, Natl. Acad. Sci.—Natl. Res. Council Publ. 843, 425 (1961). 



194 A. LEONARD SHEFFNER 

77. Ε. Τ. Mertz, S. S. Rennert, and E. W. Cole, J. Nutr. 56, 437 (1955). 
78. G. W. Kidder and V. C. Dewey, in "Biochemistry and Physiology of Protozoa" 

(A. Lwoff, ed.), Vol. I, p. 323. Academic Press, New York, 1951. 
79. M. S. Dunn and L. B. Rockland, Proc. Soc. Exptl. Biol. Med. 64, 377 (1947). 
80. L. B. Rockland and M. S . Dunn, Food Technol. 3, 289 (1949). 
81. Μ. E. Anderson and Η. H. Williams, J. Nutr. 44, 335 (1951). 
82. H. L. Pilcher and Η. H. Williams, J. Nutr. 53, 589 (1954). 
83. W. R. Fernell and G. D. Rosen, Brit. J. Nutr. 10, 143 (1956). 
84. G. D. Rosen and W. R. Fernell, Brit. J. Nutr. 10, 156 (1956). 
85. M. J. Horn, A. E. Blum, M. Womack, and C. E. F. Gersdorff, J. Nutr. 48, 

231 (1952). 
86. M. J. Horn, A. E. Blum, and M. Womack, J. Nutr. 52, 375 (1954). 
87. S. Halevy and N. Grossowicz, Proc. Soc. Exptl. Biol. Med. 82, 567 (1953). 
88. D. Melnick and B. L. Oser, Food Technol. 3, 57 (1949). 
89. L. M. Henderson and Ε. E. Snell, / . Biol. Chem. 172, 15 (1948). 
90. D. V. Frost, in "Protein and Amino Acid Requirements of Mammals" (A. 

A. Albanese, ed.), p. 33. Academic Press, New York, 1950. 
91. A. E. Teeri, W. Virchow, and Μ. E. Loughlin, J. Nutr. 44, 335 (1956). 
92. J. Bunyan and S. A. Price, J. Sci. Food Agr. 11, 25 (1960). 
93. J. E. Ford, But. J. Nutr. 14, 485 (1960). 
94. J. E. Ford, K. D. Perry, and C. A. E. Briggs, / . Gen. Microbiol. 18, 273 (1958). 
95. J. E. Ford, Brit. J. Nutr. 16, 409 (1962). 
96. D. G. Waterworth, Brit. J. Nutr. 18, 503 (1964). 
97. D. W. Woolley, J. Biol. Chem. 162, 383 (1946). 
98. M. Womack and W. C. Rose, J. Biol. Chem. 162, 735 (1946). 
99. A. L. Sheffner, J. B. Kirsner, and W. L. Palmer, Gastroenterology 16, 757 

(1950). 
100. Κ. H. Maddy and R. W. Swift, Λ Nutr. 47, 243 (1952). 
101. Η. H. Mitchell and J. R. Beadles, J. Nutr. 40, 25 (1950). 
102. E. O. Greaves, A. F. Morgan, and Μ. K. Loven, J. Nutr. 16, 115 (1938). 
103. H. Chick, M. A. Boas-Fixsen, J. D. C. Hutchinson, and Η. M. Jackson, Bio

chem. J. 29, 1712 (1935). 
104. Η. H. Mitchell, in "Proteins and Amino Acids in Nutrition" (M. Sayhun, 

ed.), p. 46. Reinhold, New York, 1948. 
105. J. R. Murlin, L. E. Edwards, and Ε. E. Hawley, J. Biol. Chem. 156, 785 (1944). 
106. J. R. Murlin, T. A. Szymanski, and E. S. Nasset, J. Nutr. 36, 171 (1948). 
107. Ε. E. Hawley, J. R. Murlin, E. S. Nasset, and T. A. Szymanski, Λ Nutr. 

36, 153 (1948). 
108. M. L. Bricker, Η. H. Mitchell, and G. M. Kinsman, Nutr. 30, 269 (1945). 
109. W. H. Riesen, Η. H. Spengler, A. R. Robblee, L. V. Hankes, and C. A. 

Elvehjem, Λ Biol. Chem. 171, 731 (1947). 
110. A. L. Sheffner, J. B. Kirsner, and W. L. Palmer, J. Biol. Chem. 175, 107 (1948). 
111. J. D. Gupta and C. A. Elvehjem, J. Nutr. 62, 313 (1957). 
112. J. D. Gupta, A. M. Dakroury, A. E. Harper and C. A. Elvehjem, J. Nutr. 

64, 259 (1958). 
113. C. H. Lushbough, T. Porter, and B. S. Schweigert, J. Nutr. 62, 513 (1957). 
114. J. F. Beuk, F. W. Chornock, and Ε. E. Rice, J. Biol. Chem. 175, 291 (1948). 
115. D. R. Clandinin, Poultry Sci. 28, 128 (1949). 
116. H. J. Almquist, "Proteins and Amino Acids in Animal Nutrition." J. S. 

Industrial Chemicals, Inc., New York, 1948. 



3. I N V I T R O P R O T E I N E V A L U A T I O N 195 

117. Η. H. Mitchell, T. S. Hamilton, and J. R. Beadles, Λ Nutr. 3 9 , 413 (1949). 
118. H. L. Mayfield and Μ. T. Hedrick, Arch. Biochem. 3 7 , 487 (1949). 
119. Ι. E. Liener, J. Nutr. 4 9 , 527 (1953). 
120. H. S. R. Desikachar and S. S. De, Science 1 0 6 , 421 (1947). 
121. R. J. Westfall, D. K. Bosshardt, and R. H. Barnes, Proc. Soc. Exptl. Biol. 

Med. 68, 498 (1948). 
122. E. G. B. Gooding and E. J. Rolfe, Food Technol. 1 1 , 302 (1957). 
123. J. C. Harper and A. L. Tappel, Advan. Food Res. 7 , 171 (1957). 
124. F. Kidd, Brit. Patent 539,477 (1941). 
125. C. Feldberg, H. W. Fritzche, and J. R. Wagner, Food Technol. 1 0 , 523 (1956). 
126. A. I. Nelson, M. P. Steinberg, H. W. Norton, C. C. Cleven, and H. W. Fritzche, 

Food Technol. 1 0 , 91 (1956). 
127. R. R. Adachi, A. L. Sheffner, and H. Spector, Food Res. 2 3 , 1 (1958). 
128. L. A. Maynard and Α. V. Tunison, Ind. Eng. Chem. 2 4 , 1168 (1932). 
129. Β. E. Proctor and N. L. Lahiry, Food Res. 2 1 , 91 (1956). 
130. J. B. Neilands, R. J. Sirvey, I. Sohljell, F. M. Strong, and C. A. Elvehjem, 

J. Nutr. 3 9 , 187 (1949). 
131. V. C. Metta and B. C. Johnson, Progr. Rept. UJS. Army Office Surgeon Gen. 

Contract No. DA-49-007-MD-5U, March 27 (1956). 
132. C. R. Maxwell, D. C. Peterson, and Η. E. Sharpless, Radiation Res. 1 , 530 

(1954). 
133. G. Stein and J. Weiss, J. Chem. Soc. p. 3256 (1949). 
134. Β. E. Proctor and D. S. Bhatia, Food Technol 4 , 357 (1950). 
135. W. E. Bellamy, L. B. Clark, R. M. Mondenhall, and P. Schwartz, Progr. Rept. 

(final), UJS. Army Quartermaster Corps Contract No. DA19-129-qml29, April 
30 (1956). 

136. A. L. Sheffner, R. R. Adachi, and H. Spector, Food Res. 2 2 , 455 (1957). 
137. V. C. Metta and B. C. Johnson, / . Nutr. 5 9 , 479 (1956). 
138. P. B. Rama Rao and B. C. Johnson, Progr. Rept. U£. Army Office Surgeon 

Gen. Contract No. DA-49-O07-MD-5U, Sept. 26 (1956). 
139. V. C. Metta and B. C. Johnson, Progr. Rept., U.S. Army Office Surgeon Gen. 

Contract No. DA-49-007-MD-5U, July 5 (1956). 
140. D. H. Calloway, E. W. Cole and H. Spector, J. Am. Dietet. Assoc. 33, 1027 

(1957). 
141. L. Rosner, Progr. Rept., UJS. Army Quartermaster Corps Contract No. DA19-

129-qm-618, Oct. 4 (1956). 
142. O. Mellander, Nutr. Rev. 1 3 , 161 (1955). 
143. N. Kotschneff, Arch. Ges. Physiol. 2 1 4 , 343 (1926). 
144. N. Kotschneff, Arch. Ges. Physiol. 2 1 8 , 635 (1928). 
145. S. Moore, D. H. Spackman, and W. H. Stein, Anal. Chem. 3 0 , 1185 (1958). 
146. Ε. E. Sommer, J. Nutr. 16, 129 (1938). 
147. W. P. Rippon, Brit. J. Nutr. 1 3 , 243 (1959). 


