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INTRODUCTION

Amino acid supplementation of foods and feeds brings about many
beneficial results. Of practical importance is the attainment of a better
balanced protein and, thereby, of a better balanced diet, an extension or
saving of the available protein supply, and an improvement in the efficiency of protein and food utilization. In general, in order to be successful, amino acid supplementation of foods and feeds must not only be
effectual but also economical.
Amino acid supplementation of foods and feeds has been practiced
for a number of years. All the important amino acids are commercially
available. The two most critical ones, methionine and lysine, are manu381
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factured by total synthesis. DL-Methionine and its α-hydroxy analog,
which can replace methionine in the presence of an amino-nitrogen
donor, are low-cost ingredients for food and feed supplementation, LLysine, marketed as the monohydrochloride, is no longer the expensive
chemical which it was only a few years ago. When the demand for lysine
will increase to the point of large scale production further price reductions can be visualized.
The world-wide shortage of protein and the success enjoyed in overcoming specific protein deficiencies by supplementation with essential
amino acids has created the need for a broader understanding of the
scientific rationale of amino acid supplementation of foods and feeds
and of the benefits which may be derived therefrom. It is the purpose
of this chapter to discuss the principles governing successful utilization
of amino acids in foods and feeds and to comment on some of the
methods available to demonstrate the nutritional improvement which
can be attained by amino acid supplementation.
II.

GENERAL PRINCIPLE OF AMINO ACID SUPPLEMENTATION
OF FOODS AND FEEDS

A.

T H E CONCEPT OF ESSENTIAL AMINO ACIDS AND OF REQUIREMENTS
FOR THE ESSENTIAL AMINO ACIDS

Amino acid supplementation of foods and feeds is based on the
results of over fifty years of research on the nutritional quality of proteins and their constituent amino acids. Much of the fundamental work
was carried out by Osborne and Mendel who studied the growth-promoting qualities of isolated proteins and recognized that specific amino
acids were missing or present in low concentrations in those proteins
which did not support adequate growth of the animal. Rose (1937, 1938)
divided the amino acids found in proteins into two main categories, the
essential and the nonessential amino acids. Essential are those amino
acids which the body cannot synthesize at all or not at the rate commensurate with maximum growth and which, therefore, must be supplied
in the food. Nonessential is the term applied to those amino acids which
the body can synthesize from normal food constituents. On the basis of
this classification, Rose (1937, 1938) suggested tentative figures for the
requirement of the individual essential amino acids by the rat and by
the dog (Rose and Rice, 1939) and proceeded then to study the human
requirements for the amino acids (reviewed by Rose, 1957). Rose's
amino acid requirement data for the rat, modified only slightly over the
years (Rose et al., 1949), are still in use today because no major deviations have been found. Minor adjustments will probably be made as
amino acid research continues to advance. In the meantime, the require-

AMINO ACID SUPPLEMENTATION OF FOODS AND FEEDS

383

ments of other species of animals, particularly of the growing chick and
of the pig, have been the subject of continuing research and are dealt
with in separate chapters as are discussions on the amino acid requirements of man at different stages of his life. Because of the outstanding
importance of such data as guides in proper nutrition, the National Research Council has issued tables containing such figures as part of their
bulletins on the Nutrient Requirements of domestic animals and of man.
A provisional pattern of amino acid requirements for man has been
suggested by the Food and Agriculture Organization of the United
Nations (1957).
Our understanding of the role amino acids play in metabolism, their
requirements by various species, interrelations between amino acids,
etc., is the result of the work of many outstanding scientists. It is on
the basis of their fundamental work that it has been possible to develop
theoretically sound and practical principles for the supplementation of
foods and feeds with amino acids. Important portions of this accumulated body of information are reviewed at appropriate places throughout this book. Only a few references to specific background information
can be given in this chapter. Some of the problems on amino acid supplementation have been reviewed by Flodin (1953, 1957), Howe (1958),
Rosenberg (1957), Scrimshaw et al. (1958), and Waddell (1958).
B.

T H E CONCEPT OF A PROTEIN'S FIRST LIMITING AMINO ACID

Following the discovery of definite requirements for the various
essential amino acids, Mitchell and Block (1946) collected amino acid
analyses for various foods and proteins from their own and other laboratories and compared the pattern with the tentative requirement
figures. They found that there was no protein that conformed in all
respects to the published requirement figures. By comparing the ratio
of the various amino acids in a protein with the ratio given for the requirements they developed the concept of the first limiting amino acid,
the amino acid which is present in the smallest amount in comparison
with the required ratio. This basic concept, like that of the specific and
quantitative amino acid requirements, has been widely used and has
been found to be most useful and entirely valid.
C.

GENERAL PRINCIPLE OF AMINO ACID SUPPLEMENTATION OF
FOODS AND FEEDS

As a general principle for amino acid supplementation, the first
limiting essential amino acid should be added in such an amount that
the total of this amino acid in the protein of the diet balances with the
amount of the second limiting amino acid and the rest of the protein
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according to the needs of the organism. When a sufficient amount of the
first limiting amino acid has been added to achieve proper balance, both
the first and the second limiting amino acid become of equal importance
in respect to the role they play in successful supplementation of foods
and feeds. Further supplementation should include both these amino
acids in the ratio of the organism's requirement. Addition of this mixture
to the protein or food should be made in such an amount that balance is
obtained with the third limiting amino acid. Then all three must be
added together and brought into balance with the fourth limiting amino
acid, and so forth, until all essential amino acids are in proper balance
with each other. Only then do we have a completely balanced protein
in respect to the essential amino acids. Over-all amino acid balance, however, is achieved only when the total amount of the nonessential amino
acids in the food or diet is in balance with the total amount of the essential amino acids. While there has been no critical study made of the
minimum amount of needed nonessential amino acid, practical experience
suggests that this is about equal in quantity with the total of the essential
amino acids. If over-all balance is attained we may speak of an ideal
protein, a balanced protein, or a complete protein.
This general principle is of eminent practical and theoretical importance. Supplementation with the first limiting essential amino acid
has been practiced extensively for a number of years for the improvement of poultry diets, and for the improvement of certain foods such as
specialty breads, and is expected to be used much more widely in the
near future. Supplementation with more than the first limiting amino
acid is still in the experimental stage.
In retrospect, these principles of amino acid supplementation appear
to be a logical conclusion from Rose's work on the amino acid requirements and Mitchell and Block's extensive calculation of the first limiting
amino acid in most proteins and foods. Actually, however, they were
not self-evident. Instead, a totally different philosophy of amino acid
supplementation was followed. Generally, the first limiting amino acid
was added to a diet in the total amount required by the organism. Little
or no consideration was given to the amount of the first and of the
second limiting amino acid present in the protein, or to the protein level
of the diet. In many diets, especially those containing a critically low
amount of protein, such addition of single amino acids caused decided
nutritional imbalances resulting in adverse physiological responses such
as a reduced rate of growth. This practice of improper amino acid supplementation resulted in the publication of many papers involving
originally unintentional and later intentional amino acid imbalances.
The principle of what is now considered proper amino acid supple-

AMINO ACID SUPPLEMENTATION OF FOODS AND FEEDS

385

mentation, i.e., of balancing the first limiting amino acid against the
second limiting amino acid in a protein or diet, evolved from studies on
animal and especially on poultry diets (reviewed by Rosenberg, 1957).
Apparently, this general principle is finding rapid acceptance (Rosenberg
and Culik, 1957; Howard et ah, 1958; Waddell, 1958).
D.

PRACTICAL APPLICATION OF THE PRINCIPLE OF AMINO ACID
SUPPLEMENTATION OF FOODS AND FEEDS

In order to apply the general principle of amino acid supplementation, discussed in the preceding paragraphs, it should be necessary only
to know the amino acid composition of the food or feed to be supplemented and the amino acid requirement of the species that is to consume
the supplemented item. From these data it is easy to identify the first
and second limiting amino acid and to calculate the amount of the first
limiting amino acid needed to bring it into balance with the second
limiting amino acid.
An alternative procedure, used frequently in the author's laboratory,
has the advantage of giving a visual picture of the amino acid pattern
of the protein to be supplemented in relation to the amino acid requirement of the species that is to benefit from the supplementation. Actually,
the amino acid analysis of the test protein is plotted on a graph on
which the amino acids are arranged under a so-called "requirement line."
The latter serves also as a protein requirement line in the case of the
growing chick. Figure 1 shows a picture of the graph actually in use
for the latter. This arrangement represents the requirements for protein
and for the essential amino acids according to the National Research
Council. (The histidine requirement is plotted as determined by Rosenberg et ah, 1957.) The ordinate is provided with a scale to measure the
amounts of amino acids as per cent of diet. Separate graphs have been
printed for the requirements of the various species and of man. As an
example of the use of these graphs, in Fig. 2 the amino acid pattern of
bread, based on the analyses published by Block and Weiss (1956), is
plotted on the graph indicating the amino acid requirements of the
growing rat. After the value of each amino acid had been plotted it was
obvious that the pattern deviated in many respects from the "ideal" or
"balanced" protein represented by the printed requirement line. A new
line was then drawn from the origin of the requirement line on the
abscissa to the amino acid in shortest supply, lysine. This new line represents the amount of "effective" or "complete" protein in the total protein.
In order to determine the approximate amount of the first limiting amino
acid, lysine, needed to balance with the second limiting amino acid, the
requirement line is turned like the hand of a clock around the origin of
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the line on the abscissa until it reaches the second amino acid in shortest
supply. This proved to be threonine. The amount of lysine needed can
then be read directly from the graph.
The amount of the first limiting amino acid to be used for supplementation and determined by calculation or from the graph should be

FIG. 1. Amino acid requirement pattern of the growing chick (NRC values).

considered as a tentative figure only. In the present state of our knowledge it is necessary to test this amount experimentally. Especially when
a new food or feed item is involved, and if new combinations are tried,
the experimental test becomes imperative. Such an experiment should
be designed around the amount of the first limiting amino acid most
likely to yield balance with the second limiting amino acid.
Other experimental groups receiving slightly larger and slightly
smaller supplementation as well as the basal diet should be tested (see
the examples in Tables II, III, and IV). In our hands, the experimen-
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tally determined value often agreed with the calculated value. Apparent
discrepancies can be traced, usually, to insufficient or incorrect knowledge of the amino acid composition of a particular protein or to inadequate data of the species' requirements for one or more of the
essential amino acids. Of course, there may be other good reasons why
in any particular case a calculated value may deviate materially from
an experimentally determined one. It may be possible, for example, that
the experimental procedure used to test the supplementation may not be
suitable for the purpose. Or the diet used to test a particular protein

FIG. 2. Amino acid pattern of white bread in relation to the amino acid requirement pattern of the growing rat.

may be unsuitable. For example, the diet may not contain enough energy
to permit full utilization of the supplemented protein (see III-A). Or
the diet may contain too much or too little protein (III-B). Often, however, the problem of amino acid availability may be involved because
the nutritional value of a protein is a function not only of the absolute
amount of the essential amino acids in the protein but also of the digestibility of the protein and the availability of the amino acids from
the native protein for the synthesis of tissue protein (see III-D).
Finally, there are differences in amino acid requirements due to age
and sex (III-C) which must be considered when testing for amino acid
balance. The amount of any amino acid needed by an organism is in
fact dependent upon the requirement of the individual of each species.
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This means that all the considerations given to requirement apply also
to the amino acid supplementation problem.
The practical application of the general principles of amino acid
supplementation to proteins and to animal diets is a straightforward
process which has created little difficulty. The major factors governing
or modifying the amount of the limiting essential amino acid which can
be used effectively are believed to be reasonably well understood. For
animal feeds there is always the opportunity for directly evaluating the
results of amino acid supplementation on the basis of imparted nutritional value as well as on the basis of strict economy.
For man, however, there is no simple procedure for evaluating the
effect of an improvement in the nutritional value of a protein or diet.
There is, moreover, considerable uncertainty about the amino acid requirements of man. Nevertheless it is reasonable to recommend the use
of the best possible protein foods. In the absence of a better procedure
it is suggested that the results of animal studies be used as guides for
the nutritional evaluation of proteins for the human dietary.
The identity of the first limiting amino acid in many common foods
and feeds is known. There is little information, however, as to the extent
of this deficiency and of the nutritional value that is obtained after suitable amino acid supplementation. There is a great need for information
concerning practically every food item and every feed ingredient. Of
course, single food items are seldom consumed alone to any appreciable
extent. Practical knowledge is required as to the amino acid deficiency
of the total protein of a meal so that amino acid supplementation can
be considered especially in those countries where acute protein deficiencies are a common occurrence.
In the field of animal feeds, mixtures of feedstuffs are practically
always used and the problem of devising satisfactory diets is in many
ways easier than for man. Here again, however, the amino acid pattern
of every item should be known as well as that of the final mixture. Only
then will it be possible to assess the benefits attainable by amino acid
supplementation of all types of mixed feeds.
E.

MULTIPLE AMINO ACID SUPPLEMENTATION OF PROTEINS

Systematic studies on multiple amino acid supplementation of proteins have only recently been initiated after the general principles of
amino acid supplementation had been recognized. Rosenberg et ah
(1959) have presented evidence which supports the earlier stated (II-C)
general theory of amino acid supplementation. Accordingly multiple
amino acid supplementation should be carried out in such a manner
that, in accordance with the requirements of the organism, the sup-
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plemented amino acids are present in the proper ratio to each other and
in balance with the next limiting amino acid or nutrient in the diet.
These studies were carried out with rice, corn meal, and bread and
their supplementation with the first two limiting amino acids was investigated quantitatively. For example, in the case of rice fourteen
levels of lysine were tested in various combinations with seven different
levels of threonine. The results of rat growth studies were plotted on
three-dimensional graphs, the two amino acids forming the ordinates
and the gain or efficiency of food utilization the third dimension. The
graphs obtained resembled pictures of mountain ridges. Mathematical
equations were then developed which adequately describe the observed
data. The mathematical model chosen is a second degree Taylor Series.
For details of this procedure as well as for other important observations
made in these studies the reader is referred to the forthcoming papers
which describe these experiments.
III.

FACTORS AFFECTING AMINO ACID SUPPLEMENTATION
OF FOODS AND FEEDS
A.

ENERGY CONTENT OF THE D I E T

It has long been realized that a protein can fulfill its nutritional value
only if there is sufficient energy in the diet from nonprotein sources to
satisfy the requirements of the organism for calories. Recommendations
ranging from 11 to 15% of the total calories as protein calories depending upon the quality of the protein and the age of the consumer have
been made for man.
That the available energy in a diet can be of critical importance for
the successful amino acid supplementation of animal feeds was not
realized until recently when a direct relationship between the energy
and the protein content was demonstrated in broiler feeds. In poultry
nutrition the energy content of a ration is usually expressed in calories of
productive energy or of metabolizable energy. Metabolizable energy is
the gross food energy minus the energy contained in the excreta which
comprises the nondigestible part of the food and the fecal and urinary
end-products of metabolism. Calories of productive energy are, according
to Fraps (1946) who determined most of the values in use today, those
calories which are stored as fat and flesh, i.e., are available for useful
work, maintenance, and production. The difference between the two
expressions constitutes what is known as the specific dynamic effect. For
the purpose of supplementing diets with essential amino acids, productive
energy is considered to be the preferred measure. Metabolizable energy
values of supplemented and unsupplemented diets are identical, but productive energy values change when diets are made more complete by
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amino acid supplementation (Baldini, 1958). When protein-energy relationships are considered, ideally only the completely balanced portion of
the protein should be calculated as protein and the rest as energy. The
amount of complete protein can be expressed easily in terms of the
amount of the first limiting amino acid. It was through work on supplementing chick diets with the first limiting amino acid, methionine, that
the energy-protein relationship was discovered. Using a corn-soybean
meal diet little or no response had been obtained in chicks when a small
amount of methionine was added to the ration in spite of the fact that
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FIG. 3. Methionine-energy content of various broiler diets and their response
to supplemental DL-methionine. Y = 0.000736X — 0.2269. O = diets improved
by DL-methionine.

the first limiting amino acid in the diet's protein was methionine. When,
however, fat was added to the diet the chicks responded to supplemental
dietary methionine with better growth and improved feed efficiency
(Rosenberg et at, 1955). This effect was due to increased energy, not to
fat per se as was shown later on when carbohydrates were used to replace
the fat (Baldini and Rosenberg, 1957). A survey was then made of over
fifty different diets, which had been tested on chicks for their response
to supplementary methionine. The diets were plotted according to their
methionine and energy content. A dividing line could then be drawn
(Fig. 3) between those diets which responded and those which did not
respond to methionine supplementation. Provisionally this line was proposed as the line of ideal balance between the methionine and energy
contents of broiler diets, at least within the explored area (Baldini and
Rosenberg, 1955). The position and slope of this line was then confirmed
in a series of specially designed experiments, using isonitrogenous diets
and varying the energy content over a 200 calorie range. The combined
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results of two such experiments are shown in Fig. 4. A corn-soybean oil
meal diet, modified to include a substantial amount of peameal, was
used. This diet was adjusted to three different caloric levels, 800, 900,
and 1000 calories of productive energy per pound, by interchanging cellulose and fat. As seen in Fig. 4, optimum performance was obtained at
different levels of methionine for diets of different caloric content. Results from these and other experiments show that the methionine requirement of the growing male chick may be expressed as per cent of diet in
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FIG. 4. Methionine requirement of the growing chick consuming 21% protein
diets of different energy content.

a straight line function of the energy content of the diet according to
formula ( 1 ) :
Y = 0.000736X — 0.2269
(1)
in which Y represents per cent methionine in the diet and X the productive energy content per pound of diet.
This energy-methionine relationship has been explained on the basis
that birds eat primarily to satisfy their energy requirements, although
their food intake is governed also by a number of other factors including
protein concentration and composition of the protein. When the energy
content of a diet is increased birds eat less per unit of gain. Increase in
energy content of the diet results therefore in an increase in the efficiency
of feed utilization. For example, in a typical chick growth experiment
the birds consumed 2.85 gm. of feed per gram of gain but after the addition of fat only 2.60 gm. of feed was needed for each gram of gain.
Assuming that both diets contained 0.45% methionine, the birds would
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have obtained 12.8 mg. methionine per gram of gain on the regular diet
but only 11.7 mg. on the higher energy diet If the chicks on the regular
diet received the proper amount of methionine for optimum growth, the
chicks on the higher energy diet would obtain only about 90% of the
optimal amount. As a result they would grow at a slower rate than those
which received an adequate amount of methionine. It is obvious, then,
that care must be exercised to provide the birds in the smaller amount of
high-energy feed with all the nutrients essential for optimum performance. In other words, as the energy content of a diet increases the
amount of essential nutrients, expressed as per cent of diet, must also
be increased.
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The relationship of the energy content of a diet to the efficiency,
with which the diet is utilized by the growing chick, is shown in Fig. 5.
While the position of the line depends on various factors such as strain,
sex, and age of the birds, the slope is considered a good approximation
of the feed efficiency-energy relationship.
There are, of course, limitations to these relationships. For example,
if an animal is physically unable to consume enough food to satisfy its
energy requirements because the ration is bulky and has a low energy
content, the relationships obviously do not apply. On the other hand, if
the ration's energy content is increased the amino acid-energy relationship ceases to function as soon as one or more of the other amino acids
becomes limiting (Rosenberg, 1957). This occurs, as discussed earlier,
when a sufficient amount of the first limiting amino acid has been added
to achieve balance with the second limiting amino acid.
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This finding of the methionine-energy relationship has many implications, especially on the considerations concerning nutritional requirements. Obviously, the methionine requirement of the chick, when
expressed as per cent of diet, is not as constant as it was believed to be,
but increases with increasing energy content of the diet. The same
principle is believed to apply to all essential amino acids. This has been
found to be the case in other experimental studies, i.e., for the lysine
requirement of the growing rat (Rosenberg and Culik, 1955; Rosenberg,
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FIG. 6. Lysine requirement of the growing rat consuming 24% protein diets
of different energy content.
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1957), and of the chick (Williams and Grau, 1956; Schwartz et al, 1958),
and for the methionine requirement of the turkey (Baldini et al., 1957).
As another example, Fig. 6 shows the results of a study on the lysine
requirement of the growing rat on diets of 24% protein and various
energy levels ranging from 700 to 1500 calories of productive energy per
pound of diet. The protein of the diets consisted of wheat gluten to
which all amino acids but lysine were added in such amounts as to bring
the level to 1.5 times the rat's requirement. The only variable in these
diets was fat and fiber which were interchanged to obtain the desired
energy content. Each diet was supplemented with graded levels of lysine
and fed to groups of weanling rats. After 5 weeks the gain and food con-
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sumption of each animal on each diet was determined and the index of
performance plotted against the total per cent lysine in the diet (Fig. 6).
Obviously the dietary lysine requirement increased with increasing content of the diet.
Other aspects of caloric intake and nitrogen utilization and of the
protein sparing effects of fats are discussed in special chapters of this
book.
In animal experiments with low protein diets several investigators
noted a slightly smaller amino acid requirement, expressed as per cent
of diet, when dextrin made up the bulk of the diet than when sucrose
was used. The difference was due largely to the smaller intake of the
sucrose-containing diets, yet it was stated that the effect was not due to
a difference in energy content of the diets. The authors attribute the
effect to the nature of the carbohydrate. A summary of the data (Harper
and Elvehjem, 1957) should be consulted if diets of low protein and
high sucrose content are to be supplemented with amino acids.
B.

PROTEIN CONTENT OF THE D I E T

That the amount of protein in the diet may control the amount of the
first limiting amino acid that should be added is evident from the discussion on the energy content. When there is a small amount of protein
in the diet in relation to the amount of dietary energy, the protein, obviously, can be fully supplemented with the first limiting amino acid
as described under "General Principle of Amino Acid Supplementation" (II-C). As the per cent of protein in the diet is increased at constant energy level the point will be reached where the second limiting
amino acid will be in balance with the diet's energy content. Upon further increase of protein level it will not be possible to supplement this
protein fully with the first limiting amino acid because the amount of
energy in the diet will limit the amount of balanced protein that the
body can use for protein synthesis. Any excess will be catabolized and
used as a source of energy. In accordance with this concept it was found
that diets for the growing chick required increasing amounts of the first
limiting amino acid, methionine, as the protein content was increased.
This increase in the first limiting amino acid was proportional to the
increase in total protein as long as the diet contained sufficient energy
to permit the bird to make full use of the balanced portion of the protein
for growth and maintenance. If, however, insufficient energy was available from the nonprotein sources, apparently the animal used some of
the protein to satisfy its energy requirements. Under such conditions, the
noneffective part of the protein, in preference to the balanced portion,
may be used for energy. This interpretation is based on the finding that,
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with restricted energy content, the requirement for methionine did not
increase in proportion to the increase in protein (Rosenberg and Baldini,
1957).
This experimentally established relationship may be expressed in a
different manner. When the ratio of calories to protein is held constant,
the amount of amino acids required by the body for best performance
and expressed as per cent of protein remains relatively constant when
the concentration of protein in the diet is increased. When the ratio of
calories to protein is increased the amino acid requirement as per cent
of protein increases also. When the ratio of calories to protein decreases
the amino acid requirement, as per cent of protein, decreases.
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FIG. 7. Change in relative amounts of lysine, methionine, and methionine plus
cystine in corn-soybean oil meal diets as function of protein content of diet.

The effect of a change in protein level is a problem of considerable
practical importance as feeds for domestic animals range from 10%
protein for the fattening pig to 30% protein for the turkey poult. In the
United States most diets are based on corn and soybean oil meal. Corn
contains about 8-10% protein while soybean oil meals ranging from
40% to somewhat above 50% protein are available. Each of these two
materials has its own pattern of amino acids, lysine being the first limiting amino acid in corn and methionine the first limiting amino acid in
soybean oil meal. As these two ingredients are mixed in different proportions to yield diets of different protein concentration the relative
amino acid content of the protein in these mixtures changes. This is
illustrated in Fig. 7, in which per cent protein in the diet is plotted
against per cent of amino acid in the protein for lysine, methionine, and
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the combination of methionine and cystine. As the level of protein is
increased, the relative amount of lysine in the diet increases, while the
relative amounts of the sulfur-bearing amino acids decrease. Therefore,
as the protein level increases, methionine deficiency is likely to occur or
to increase. Conversely, as the protein level decreases, lysine deficiency
is likely to occur. It should also be noted that a change of protein level
in these diets causes a change in energy content. Low protein diets contain a greater amount of corn, which is a high energy feedstuff, than high
protein diets which contain a greater amount of soybean oil meal which
is a low energy feedstuff.
C.

AGE AND SEX OF THE SPECIES CONSUMING THE DIETS

The relationship of age to amino acid requirements has been the
subject of many studies and a special chapter of this book is devoted to
a discussion thereof. This problem will, therefore, not be dealt with in
this chapter. It may suffice to point out that all problems concerning age
of the species and its amino acid requirements apply equally well to the
amino acid supplementation of foods and feeds.
Less attention has been paid to a difference between sexes in respect
to their amino acid requirements. Actually, there is such a difference
although this is relatively small. An illustration is given in Table IV,
showing the results of a study on the lysine requirement of the growing
hooded rat. Maximum growth was obtained when about 0.65% lysine
was in the diet of the males while only about 0.57% lysine was needed
for maximum growth of the females. Interestingly enough, this difference in requirement disappears when the amount of lysine required
per gram of gain is calculated. Similar figures from a study involving
animals of both sexes were presented in an earlier publication (Table
II, Rosenberg, 1957).
Assuming similar differences between the sexes in all the amino acid
requirements the largest difference, as far as rat growth is concerned,
exists for lysine and is about 0.08% of the diet. The smallest difference
would be in the tryptophan requirement, amounting to less than 0.01%
of the diet.
Differences of similar order of magnitude have been observed in the
growing chick. Accordingly, it has been proposed to feed male and
female broilers and poults separate diets. Highest possible efficiency
might thus be achieved in commercial poultry production.
D.

AVAILABILITY OF AMINO ACIDS FROM FOODS AND FEEDS

Much work has been done on the problem of the availability of the
individual amino acids from native foods for protein synthesis in man
and animals. It is not the purpose of this paragraph to review this work.
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It is sufficient to say that on the basis of good experimental evidence, a
portion of the analytically determined amino acids may not be available
for assimilation. The reader is referred to a recent article from Gupta
et al. (1958) on the biological availability of lysine. The authors of this
article conclude that in their studies lysine in corn was only about 50%
available, in wheat flour about 70%, and in rice about 80-85%. The
availability of tryptophan (Gupta and Elvehjem, 1957) and of isoleucine
(Deshpande et al.9 1957) was investigated earlier in the same laboratory.
Nevertheless, too little is known at present about the quantitative aspects
of this phenomenon to be of use in the calculation for the amount of
supplementary amino acids.
IV. METHODS FOR EVALUATION OF AMINO ACID SUPPLEMENTATION OF FOODS AND FEEDS: COMMENTS ON SELECTED
PROCEDURES
Methods for the evaluation of amino acid supplementation of foods
and feeds must be capable of measuring the specific effects for which
amino acid supplementation is intended. The first step, then, in the
evaluation program should be to define the objective of the testing procedure. Occasionally, considerable confusion has occurred because results obtained with a procedure which answered one particular question
were interpreted improperly as answers to an entirely different question
which the procedure chosen could not possibly answer. For example,
an experimental procedure to determine quantitatively the amount of
the first limiting amino acid to bring about balance with the second
limiting amino acid in a given protein cannot possibly answer the question as to whether or not the protein balanced with respect to the first
and second limiting amino acid is also balanced with respect to the third
limiting amino acid. Once the objective is clearly stated an experimental
evaluation procedure can be chosen or must be newly designed. It is
important that the procedure be critical and sensitive in the area where
the measurement is to be made. For example, if the objective is to obtain
information on the amino acid supplementation of a pig starter ration it
may be justifiable to use the rat for preliminary studies. But it might
not be justifiable to use a nitrogen balance test when a growth procedure
is primarily needed. The additional point to be made here is that a single
procedure will seldom answer all problems regarding amino acid supplementation.
In principle any method used for the evaluation of the nutritive value
of proteins should also be useful for the evaluation of the improvement
in nutritive value brought about by supplementation of proteins with
amino acids. There are many fine reviews on the general subject, espe-
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daily those by Allison (1949, 1951, 1955, 1957). Throughout this book
the subject is treated in several different ways. These procedures will,
therefore, not be reviewed here. However, a few problems which are
particular to the use of free amino acid will be discussed.
The Rat Growth Test. It is recommended that any program for the
evaluation of amino acid supplementation be started with an evaluation
of the effect on the growth of the weanling rat. Diets intended for poultry
are perhaps an exception, since they should be checked with the growing
chick. Rat feeding experiments are relatively easy to perform and from
the results reasonable predictions can be made as to the effect on other
species.
The main problem in designing a rat test is to select the level of
protein. It must be low enough to permit the measurement of the first
limiting amino acid yet the protein should not be stretched too far because otherwise the animals may have neither normal metabolism nor
reasonably normal growth. If the complete amino acid pattern of a
protein or food is known, it would be a good stratagem to select the level
of total protein in such a manner that there is enough of the third limiting
amino acid for normal growth of the animals but not quite enough of
the second limiting amino acid. This would mean, of course, that each
protein be tested at a different level which may be objectionable for
routine evaluation. In such cases a 10% protein level is usually chosen.
Some workers have used lower percentages, but the disadvantages of a
lower protein diet are usually greater than the advantages. On the other
hand, low protein diets (6-8%) may have to be used in studies involving the second limiting amino acid. Often, especially when the supplementation of low protein food items such as cereals is to be studied,
there is much to be learned if they be tested as 90% of the diet, the
remaining 10% to be made up with salts, vitamins, and fat, if needed.
Examples of rice, corn meal, and bread evaluated in this manner will be
found under V. A comparison of the growth attained from these foods
is particularly instructive.
For routine evaluation the use of the male rat only is recommended,
but in some cases information concerning both sexes may be needed.
Usually groups of 6-10 animals are selected per treatment. At weaning
(20-23 days of age), the animals are housed individually in screenbottom cages and weekly measurements are made of weight gain and
food consumption. The test is carried out over a 3-5 week period. Fiveweek data are routinely obtained in the author's laboratory.
Amino acid supplementation is evaluated by adding to the basal diet,
e.g., to the 90% cereal diet, a number of different levels of the amino
acid under study. Ideally, the levels should be selected in such a manner
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that there are at least two levels below the calculated optimum level of
supplementation and at least one level above. Three levels below and
two above is much to be preferred. The sequence of levels should follow
either an arithmetic or a geometric progression. The smallest amount of
added amino acid that gives maximum gain and feed efficiency is considered the level at which the first limiting amino acid is in balance with
the second limiting amino acid and with the rest of the protein. For
practical purposes, it is often sufficient to select the level above which
there is no further significant increase in performance. Statistical evaluation of the data is desirable.
To assure adequate control of all experimental details a group of
rats on a standard diet should be included in each test. A stock diet is
often used for this purpose. A special diet based on the Animal Nutrition Research Council's special casein has recently been suggested for
this purpose (Chapman et al., 1959).
Protein Efficiency Ratio (PER) is defined as the ratio between the
weight gained and the weight of the protein consumed. For the purpose
of comparing various sources of protein for human consumption, the
PER is usually determined in rat growth experiments run at a 10-15%
protein level. PER values are used frequently to express the improvement of the nutritive value of a food attained by amino acid supplementation. A recent survey (Derse, 1958) showed that this procedure,
originated by Osborne and Mendel (1919, 1920), is still the method of
choice for evaluating protein quality. PER is a valuable tool provided
the following two limitations are kept in mind: (1) PER varies according
to the level and type of protein in the diet. Sure (1955), for example,
pointed out that the PER of wheat tended to improve with increasing
protein level in the diet, rolled oats yielded essentially the same PER at
7 to 12% protein levels, and egg and milk proteins gave decreasing values
with increasing protein level. Mitchell (1944) had already called attention to the need of finding the dietary level of a given protein that would
yield maximum efficiency as visualized originally by Osborne and Mendel. (2) PER varies with the length of the experimental period. A threeweek rat growth, for example, yields a higher PER than a 4- or 5-week
experiment. Also the relative decrease in PER from week to week varies
with the protein.
Nitrogen Efficiency Ratio is defined as the ratio between the weight
gained and the weight of the dietary nitrogen consumed. This ratio is,
then, almost identical with the PER but nitrogen values are used rather
than protein values. It is more logical to use NER than PER when
amino acids are present in the diet because amino acids are not proteins,
neither physiologically nor chemically, and the commonly used factors
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to express analytically determined nitrogen in terms of protein do not
apply to amino acids.
Feed efficiency is the efficiency with which a food or feed is utilized
for vital functions, usually growth and maintenance, or production of
meat, milk, eggs, etc. It is expressed as the amount of gain per unit of
feed. As the number increases the efficiency with which a feed is utilized
increases. In practical animal production the reciprocal value is often
used. This number, obtained on dividing feed by gain, expresses the
amount of feed needed to obtain a unit of gain.
When a protein deficient in one particular amino acid is fed to a
group of animals and similar groups of animals obtain the same diet
supplemented with increasing levels of the deficient amino acid, the rate
of growth will increase until a maximum growth rate is obtained beyond
which no further improvement is attainable. Occasionally, however, it
has been observed that maximum feed efficiency may not be obtained
at the level of amino acid supplementation found optimum for growth
but when a slightly larger amount was added. This is common experience
when poultry diets are supplemented with methionine.
Test for Body Composition. The rat growth test, based on weight
gains and efficiency of food utilization is, by and large, sufficient to appraise the improvement attainable by amino acid supplementation.
Actually, however, it is possible for two groups of animals to obtain
identical gains from two different types of protein yet there may be a
considerable difference in the body composition of the two groups of
animals. In order to take this factor into consideration the rats, at the
end of the growth period, are killed and their carcasses are analyzed for
water, nitrogen, and fat. Body composition changes with diet as well as
with age. For example, the water content of rats in our colony decreases by at least 10% from weaning until maturity and decreases
further thereafter. Simultaneously, the fat and nitrogen content increase,
the fat content more so than the nitrogen content. While these changes
are very gradual in animals on the stock diet, more rapid changes occur
as a result of feeding diets of different composition. As a general rule, if
the protein content of a diet is reduced below the optimum level or if
the protein is markedly unbalanced in respect to its essential amino acid
content, a deviation from the normal body composition may be expected.
There is, unfortunately, little published information on this subject and
on the effect of amino acid supplementation of proteins on carcass composition. Nevertheless, there is much practical application to be expected
from a more thorough study of this subject, particularly for the raising
of lean pigs. Possible application to problems of human health may also
derive from such studies.
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Efficiency of Nitrogen Retention. This is a procedure for measuring the actual amount of nitrogen retained. In principle a rat growth
test is performed and after an appropriate length of time, 10 days, 3
weeks, or 5 weeks, the gain and food consumption is recorded and the
carcass composition is determined. From the total amount of nitrogen
in the carcass is subtracted the total amount of nitrogen present in a
similar group of animals at the beginning of the experiment. The difference constitutes the amount of nitrogen retained by the animals. From
the amount of feed consumed and the nitrogen content of the feed the
amount of nitrogen consumed is calculated. Finally, the amount of
nitrogen retained by the animals is divided by the amount of nitrogen
consumed and the quotient obtained is multiplied by 100. This product
represents the per cent of nitrogen retained. This may be expressed in
formula ( 2 ) :
,.
. r _..
Carcass N at end of test —
Per cent of Nitrogen
C a r c a s s N a t s t a r t of test
Retained (% NR) = —r=
JT
: — ϊ — X 100
(2)
v
'
'
N consumed by animals
during test period
In the author's laboratory this method has been used successfully for
problems involving amino acid supplementation. An example is given
in Table I. Depending upon the purpose of the test the protein level is
chosen with the same considerations as discussed under the rat growth
test. It is deemed important, for example, to keep the protein level high
enough to avoid starving the test animals for nonessential amino acid
nitrogen. Amino acids should, in general, be added on top of the test
protein, not replace it. If it should be necessary to determine nitrogen
retention at constant dietary nitrogen a source of nonessential nitrogen
should be added to the basal diet and this material should then be exchanged on an equal nitrogen basis with the amino acid to be evaluated.
This method appears to be identical, in principle, with the nitrogen retention method used by McCollum and Shukers (McCollum and Simmonds, 1929).
Net Protein Utilization. Miller and Bender (1955) and Bender and
Doell (1957) define Net Protein Utilization by the formula ( 3 ) :
Bp — BR -4- IK
NPU =
z—^
(3)
where BF is the carcass nitrogen of protein-fed rats; BKy the carcass
nitrogen of rats on a protein-free diet; IF, the total dietary nitrogen; and
IK, nitrogen from the test diet without the test protein. Net protein
utilization, according to the authors, is the product of "biological value"
and digestibility. This method is similar in many respects to the proce-

TABLE I

—.

93.3
66.3
88.3
91.1
94.6
50.1
112.3

0.58
0.50
0.23
0.43
0.43
0.43

2.46
2.36
1.74
1.78
1.88
1.96
3.50

1.20

—

87.3

0.50

2.28

—

97.8

0.30
0.50

(%)

Average
weight
of 6 males
(gm·)
55.0<*
73.6
95.0

2.14
2.18

(%)

Lysine
in diet

105
50
106

100

108
65
98

81

112

2.40
2.95
2.08

2.60

2.06
2.95
2.62

2.73

2.77

Average Nitrogen
in
food
consumed carcass
(gm.)
(%)
—
2.66
84
2.74
109
2.93

23

39

—

49

32
43
49

47

50

24

41

—

50

33
46
50

49

51

32
57

—

—
31
55

NPU&

% NR«

—
2.29

2.90

2.76

2.24
1.18
2.85

2.17

2.41

—
1.31
2.57

PERc

δ

% NR = per cent of nitrogen retained.
NPU = net protein utilization.
c
PER = protein efficiency ratio.
d
Data of animals at start of experiment ( 2 1 days old).
e
These high levels of DL-threonine and DL-methionine were used because they produced a remarkable increase in
NPU under the conditions of Benders (1958) experiments.

a

90% Bread diet
+0.25% L-Lysine-HCl
+0.25% L-Lysine-HCl +
0.88% DL-threoninee
+0.35% L-Lysine-HCl +
1.40% DL-threoninee +
1.10% DL-methioninee
+0.25% L-Lysine-HCl +
1.0% glycine
70% Bread diet
+0.25% L-Lysine-HCl
+0.25% L-Lysine-HCl +
0.88% DL-threoninee
+0.25% L-Lysine-HCl +
1.00% glycine
Protein-free diet
Stock diet

Diet

Nitrogen
in diet

EFFICIENCY OF NITROGEN RETENTION AND N E T PROTEIN UTILIZATIOINr OF BREAD D I E T S BASED ON 10 DAYS RAT GROWTH
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dure which measures the per cent nitrogen retained. The considerations given the latter procedure in the previous paragraphs should also
apply to the determination of the NPU. In the example given in Table
I the values obtained for the % nitrogen retained and for NPU are
practically identical.
Nitrogen Balance Index. Among the various nitrogen balance techniques, we are particularly impressed by the nitrogen balance index as
it gives rise to fewer misinterpretations than any of the other methods.
Using this method and six different proteins, good correlation was obtained in a collaborative study between the values obtained for the
growing rat and man (Allison, 1951, 1955, 1957). Whether or not this
good correlation will also hold true for studies involving amino acid
supplementation remains to be seen. Nitrogen balance studies on adults
are sometimes difficult to interpret as the values obtained depend upon
the physiological state of the body, i.e., upon the amount of protein the
body stores. There is a trend toward very rapid adjustment to any
change in protein intake by re-establishment of nitrogen equilibrium.
Protein Utilization Index, used for the evaluation of the protein
quality of foods for children, is calculated by multiplying weight gains
with nitrogen retention in milligram per kilogram body weight (Albanese et al., 1956). A coefficient of utilization is then obtained by calculating the ratio between the index from the test protein and the index
from a reference protein, evaporated milk. "Expression of the bio-assay
results in this manner has several advantages. First, it equalizes disparities between body weight changes and nitrogen retention values
which often arise in infants from transposition of body fluid compartments. Secondly, it directly relates increments in nitrogenous tissue to
qualitative amino acid differences of the test nitrogenous moiety of the
diets. And lastly, it provides a simple numerical comparison of the test
substance with a standard infant food—evaporated milk."
Performance Index. This is used frequently in commercial broiler
production and in other animal production as well as in experimental
work when groups of animals are to be compared for weight gain as
well as for efficiency of feed utilization. In the simplest form the weight
gain is multiplied by the gain over feed ratio (Bird, 1955).
Follow-up Procedures. There are many other procedures which have
been used for the evaluation of the nutritive value of proteins. No one
method can be expected to answer all the questions of the value of amino
acid supplementation. Each problem of supplementation is different in
some respect from others and to answer that particular phase specific
tests may have to be performed or devised. The author's first choice for
the study of any problem is, as stated above, the short range (5-week)
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rat growth test. This is followed up with rat growth tests extended over
longer periods of time, extending from half a year to the entire life span.
Finally reproduction studies may be advisable. For example, this complete series of tests has been carried out with bread baked from flour
supplemented with lysine (see V-C). Other methods may be used to
supplement the rat studies, e.g., the depletion-repletion techniques applied to dogs or pigs.
Finally some type of demonstration experiment is required or desirable to ascertain that the improvement in protein quality has significance for the species for which the food or feed is intended. This
causes relatively little difficulty with animals since amino acid supplementation is not recommended unless the improvement can be measured
readily. For the human dietary, however, this can be a knotty problem.
Often it is impossible or impractical to conduct long-lasting growth
studies and to obtain valid nitrogen balance data. Here we must search
for specific symptoms, e.g., of biochemical or clinical character. Unfortunately there are not many such symptoms which lend themselves to an
evaluation procedure. Unquestionably, additional and better methods
are needed.
There are reports showing that occasionally it is possible to obtain
in patients responses from amino acid supplementation of foods. Albanese
et al. (1955a, b) has shown that a high percentage of infants who failed to
respond to conventional formulas grew normally after the addition of
lysine. Similarly, Albanese et al. (1957) used lysine successfully in the
aged with poor appetites. Among the specific symptoms which have been
helpful in the evaluation of amino acid supplementation are hemoglobin
level, found low during pregnancy and after delivery, and significantly
raised after lysine administration (Terry, 1957), and bone density (P. B.
Mack). In children, urinary creatinine output has been related directly
to muscle mass and muscle mass to normal growth, thus providing a useful tool for the study of the need for improving the protein quality of
children's food by amino acid supplementation (Steams et al., 1958).
There is a preliminary report (Longenecker and Hause, 1958) that,
following a test meal, the changes in the free amino acid content of the
blood plasma of dogs reflect both the amino acid composition of the test
protein and the dog's amino acid requirement. This promises to be a
valuable tool in amino acid supplementation research.
Finally, mention should be made of population surveys and the opportunities they open for the evaluation of an amino acid supplementation program. For example, a recent study (Lantz and Wood, 1958) on
adolescents in New Mexico indicated large differences in food intake as
well as in general health between a so-called "Anglo" group, receiving
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about 70% of their protein from animal sources, and a "Spanish-American" group which received only about 50% high quality protein. In
comparison with the Anglos, the Spanish-Americans showed retarded
height and weight, retarded maturation in the bones, greater incidence
of low serum protein levels, and lower hemoglobin levels. If all food
items containing wheat and consumed by the Spanish-American group
had been supplemented with lysine, the proportion of high quality protein in the diet of the Spanish-American group would have been substantially increased. It might be possible to measure directly the benefits
obtained from such an amino acid supplementation program.
V. EXAMPLES OF SUPPLEMENTATION OF FOODS AND FEEDS WITH
THE FIRST LIMITING AMINO ACID
In the following paragraphs a few examples will be given of the
supplementation of foods and feeds with their first limiting amino acid.
A.

CORN MEAL

Corn meal is an important foodstuff especially in the southern part of
the United States. The first limiting amino acid of corn is lysine according
to calculation based on its amino acid analysis as well as according to
experimental results. Mitchell and Smuts (1932) obtained definite improvement in growth when 0.25% lysine was added to an all corn diet
containing 8% protein. Other investigators have carried out similar experiments but apparently graded levels of lysine were never fed in order
to determine the extent to which an all corn diet might be improved by
supplementation with the first limiting amino acid. Emphasis, instead,
was placed on the simultaneous addition of several amino acids (Sure,
1953; Sauberlich et al., 1953) in order to provide all amino acids in at
least the required amounts and in order to obtain growth equivalent to
that obtained from a normal diet.
For the purpose of illustration, degerminated corn meal was chosen
rather than whole corn. It was fed as 90% of a diet which contained all
the essential vitamins, minerals, and 5% of fat. From calculation, based
on its amino acid analysis (Edwards and Allen, 1958), about 0.03%
lysine would be needed to bring this amino acid in balance with tryptophan, the second limiting amino acid. The design and the results of two
rat growth experiments are seen in Table II. There is considerable uniformity in these data which suggest that about 0.05% L-lysine · HC1,
equivalent to 0.04% lysine, brought about maximum response. Weight
gain in these experiments was improved 37% and 4 1 % , respectively, due
to balancing the protein with lysine. Supplementation of this diet with
larger amounts of lysine depressed growth and feed efficiency. As the

406

HANS R. ROSENBERG

corn meal contained very little protein, 6.75% (N X 6.25), the animals
responded readily to an induced amino acid imbalance (Rosenberg,
1959).
TABLE II
SUPPLEMENTATION OF CORN MEAL WITH L-LYSINE · HCl a

Experiment R-268
L-Lysine-HC1
added to
basal 117 (%)
0
0.0125
0.025
0.05
0.10
0.20
a

Total
lysine in
diet(%)

Gain
(gm·)
36
41
45
51
34
26

0.16
0.17
0.18
0.20
0.24
0.32

Experiment R-304
Feed

Feed

Gain

Gain

(gm·)

Gain

10.21
9.31
7.95
7.45
9.91
14.69

40

7.90

44
55
35
31

7.56
6.59
8.04
8.13

—

—

Five-week data. Six male rats per treatment.
B.

RICE

This example is taken from a publication of Rosenberg and Culik
(1957). Earlier workers had not been able to demonstrate a beneficial
effect from the addition of the first limiting amino acid (lysine) alone
since they added to the low (7-8%) protein diet, the full requirement
of lysine, 1.0% of the diet, as suggested by Rose (1937) for the growing
rat. Thus an imbalance was created resulting in no improvement in the
growth rate of the animals. Pecora and Hundley (1951), however, had
made the important discovery that the combination of lysine plus threonine improved growth considerably in short term rat experiments. According to amino acid calculations, however, lysine should be the first
limiting amino acid in rice (Mitchell and Block, 1946).
In this example precooked rice was used rather than raw rice in order
to test this food in the approximate condition in which it is consumed.
The design of the experiment in which the rice was fed as 90% of the
diet and the responses at 5 weeks are shown in Table III. Highly sigTABLE III
SUPPLEMENTATION

OF PRECOOKED RICE WITH LYSINE;

EFFECT

ON FIVE

WEEKS'

RAT GROWTH 0

Males

Females

L-Lysine · HC1
added to
basal (%)

Total
lysine
in diet (%)

Gain
(gm.)

Feed

Gain
(gm.)

Feed

Gain

0.00
0.05
0.10
0.20

0.25
0.29
0.33
0.41

83
106
118
93

5.82
4.98
4.81
4.93

81
114
123
115

5.79
5.03
4.68
4.61

a

Twenty animals per treatment.

Gain
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nificant responses to L-lysine-HCl supplementation were obtained, best
gains and efficiency of food utilization being observed at a level of 0.10%
of supplementary L-lysine-HCl for both males and females. Over-all
growth is roughly twice as good on the optimally supplemented ration
as on the adequately supplemented corn meal ration, yet it was only
about half as good as that obtained with the fully supplemented bread
diet or with the stock diet.
In order to carry the evaluation program beyond the initial stage of
the short range rat growth test, a larger number of animals was studied
over a half-year period. The growth curves for the group of animals on
the basal rice diet and on the diet supplemented with 0.1% L-lysine-HCl
T

1

1

1

1

1

1

1

1

1

r

WEEKS ON EXPERIMENT

FIG. 8. Growth response of rats on precooked rice diet to supplementation with
optimum level of L-lysine-HCl.

are reproduced in Fig. 8. The important observation, here, is that the
animals consuming the properly supplemented rice diet have grown to
essentially the same weight as similar animals do on a stock diet. On the
other hand, the animals on the unsupplemented diet were distinctly abnormal in size as well as in weight and appearance, with rough coats and
scaly tails.
C.

BREAD

This example is of particular interest because supplementation of
various breads has been practiced commercially since 1954. This development is based on extensive studies over a ten-year period on the improvement in the nutritional quality of bread by supplementation with
lysine, the first limiting amino acid. It was realized from the start that
because of differences in digestibility experimental studies should be
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carried out with bread, not with flour. It was also known from the work
of earlier authors that lysine is somewhat subject to destruction by heat.
Initially, therefore, a study was undertaken to learn the extent of the
destruction of the native lysine in the flour during the baking procedure
(Rosenberg and Rohdenburg, 1951). Next, these authors (Rosenberg
and Rohdenburg, 1952) determined the amount of lysine-HCl which,
when added to commercial white bread, would give optimum response
in the 5-week rat growth test. Table IV shows the results of a similar
TABLE IV
SUPPLEMENTATION OF W H I T E BREAD WITH L - L Y S I N E * H C 1 ; E F F E C T ON F I V E W E E K S '
RAT GROWTH

L-Lysine ·

Total
HCl
lysine
added
to basal in diet

(%)

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
ock diet

(%)

0.33
0.41
0.49
0.57
0.65
0.73
0.81
0.89
0.97

Males
Gain
(gm·)
71
117
159
188
228
203
174
223
186
218

Feed
Gain
6.00
4.58
3.70
3.30
2.97
3.04
3.24
2.93
3.13
2.92

Lysine
per gram
of gain
(mg.)
20
19
18
19
19
22
26
27
30

Females
Gain
(gm·)
69
93
130
140
139
138
134
140
140
137

Feed
Gain
6.01
4.92
3.99
3.61
3.60
3.58
3.62
3.67
3.62
3.76

Lysine
per gram
of gain
(mg.)
20
20
20
20
23
26
29
32
35

experiment run almost ten years after the first experiment with animals
from the same colony and with a commercial white bread containing 5%
non-fat milk solids (Rosenberg, 1959). Addition of 0.4% L-lysineHCI
to the 90% air dried bread diet gave maximum response for the males
while 0.3% L-lysine-HCl was needed by the females. It is to be noted
that at these levels of supplementation the animals grew as well as on
the stock diet. It seems justified, therefore, to repeat the earlier conclusion: "These results suggest that, as far as rat growth is concerned, the
only important amino acid deficiency in commercial bread is lysine."
These investigators proceeded then to a similar growth study extended over 6 months, the results of which are seen in Fig. 9. Another
group of animals, not shown in this graph, was fed the stock diet and
grew as well as the animals on the bread diet fortified with the largest
amount of lysine. Of particular significance are, perhaps, the results
obtained from the addition of 0.2% lysine. The animals (mixed sex)
grew during the period of early growth at an average rate of about 75%
iof that of a similar group of animals on the stock diet. This disadvantage
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was essentially overcome by the time the animals were 6 months old.
Animals receiving less than 0.2% lysine supplementation, after 25 weeks'
growth, did not attain weights comparable to those receiving the stock
diet. It is also obvious that this relatively small addition, 0.2% lysine,
to the basal diet was utilized very effectively. The protein efficiency was
much improved over that observed with diets of lower lysine content
and not greatly inferior to that found with larger lysine additions.
Breads were then baked from flour to which 0.25 pounds of L-lysine
•HC1 had been added per 100 pounds. The growth responses were
found similar to those from bread to which the lysine had been added

0

5

10
IS
TIME IN WEEKS

20

25

FIG. 9. Twenty-five weeks' growth response of rats to bread diets containing
increasing amounts of supplementary lysine.

after baking. On the basis of many experiments of this kind it seemed
appropriate to consider 0.25% L-lysine HC1 as a reasonable addition to
flour. The lysine content of the supplemented flour and bread compares
favorably with accepted standards (Fig. 10). The flour thus supplemented may also be considered to have been reconstituted to that of
whole wheat as far as its amino acid pattern is concerned.
The results of a reproduction and lactation study with rats have
recently been published (Culik and Rosenberg, 1958) in which the
effects of commercial white bread containing 6% milk solids were compared with a similar bread baked from flour supplemented with 0.25%
lysine HC1 and with the stock diet. The comparison was carried out
with groups of animals maintained on their respective diets from weaning until death and bred until fertility ceased. The first litter of the
parent generation on each diet was raised to maturity and then mated.

ISOLEUCINE

PHENYLALANINE +
TYROSINE

FLOUR

· H Ct

TRYPTOPHAN

7.0

-U.0

Hl.O

2.0 h

1.0h

FIG. 10. Proportions by weight of essential amino acids in white flour, egg, and meat protein compared
with FAO reference pattern (based on data from Home Econ. Research Rept. No. 4, "Amino Acid Content of
Foods/' U.S. Department of Agriculture, 1957).
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From many observations over a three-year period, on the parent generation as well as on their seven litters and on six successive generations,
involving ultimately several thousand animals, it was obvious that commercial bread as the only source of dietary protein did not support adequate reproduction. There was a reduced rate of conception as well as
poor lactation, resulting in very low body weights.
Lysine supplementation of the bread improved reproduction and
lactation performance considerably and uniformly. Figure 11 shows the
average weights of the litters of the parent generation at 9 weeks of age.
In order to obtain continued reproduction, the females on the commercial
bread diet had to be supplied with males from the stock colony for about
200

100

1

<

I

4

LITTER

LILU

5

■

STOCK DIET

D

LYSINE-SUPPLEMENTED BREAD DIET

B

COMMERCIAL BREAD DIET

FIG. 11. Growth response of seven litters of rats on commercial bread diets.

40% of their breeding since the males on the commercial bread diet had
died early. Figure 12 shows a similar picture for the six successive generations. During this work several symptoms of lysine deficiency were
observed including nervousness, irritability, and perverted appetite. The
rats chewed on everything they could reach and ate their own hair, thus
denuding those parts of their body which they could reach. The hair
accumulated in their stomachs and, upon death, hair boluses were found
in all animals maintained on the commercial bread diet. No such hair
boluses nor any of the other symptoms were seen in the animals reared
on lysine-supplemented bread.
After these reports were published many laboratories here and
abroad worked on this problem. The initial findings were confirmed in
this country (Jahnke and Schuck, 1957; Westerman and his co-workers,
1957; Sabiston and Kennedy, 1957) and abroad (Hutchison et al., 1956)
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and extended. For example, it was shown that regardless of the level
of non-fat milk solids chosen as addition to commercial bread, lysine is
still the first limiting amino acid in bread and the nutritive value of bread
can be improved substantially by lysine supplementation.
2001-

100 h

1
2

3
4
GENERATION
STOCK DIET

D

1

H_

5

6

LYSINE-SUPPLEMENTED BREAD DIET
COMMERCIAL BREAD DIET

FIG. 12. Growth response of six successive generations of rats on commercial
bread diets.

D.

ANIMAL FEEDS BASED ON CORN AND SOYBEAN O I L MEAL

1. Broiler Diets
To illustrate the use of methionine and of its hydroxy analog, two
examples are given. The diets are a 24% protein commercial type 1958
broiler ration and the 2 1 % protein Arkansas performance test diet
(Stephenson, 1956), the compositions of which are shown in Table V.
The results obtained with these diets are seen in Tables VI and VII.
Groups of 70 day-old crossbred chicks (Vantress males X Nichols #12
females) were raised in floor pens for 9 weeks. With diets of this type
3-pound broilers are raised commercially in 8 weeks with a consumption
of a little over 6 pounds of feed per bird. This would not be possible
without the methionine supplementation which improves both growth
and efficiency of feed utilization and is highly economical.
2. Turkey Diets
This example has been chosen to illustrate the saving in feedstuffs
which can be accomplished by amino acid supplementation (Baldini
et al., 1954). Turkey starter rations are usually formulated to contain
28-30% protein. Commercially, methionine is now added generally to
turkey rations to improve the efficiency. The example in Table VIII

&

Commercial
1958
broiler
ration0
50.67
—
26.50
3.00
5.00
—
3.00
5.00
—
—
X
1.50
0.30
—
3.00
—
2.00
2.0
2.0

Arkansas
performance test
diet0
55\5
—
25.3
2.0
4.0
2.0
—
3.0
1.4
—
X
2.0
0.5
37.57
55.00
—
2.50
—
—
—
—
2.50

60.57
32.00
—
2.50
—
—
—
—
2.50
—
X
1.25
0.45
—
—
—
—

X
1.25
0.45

Turkey
starter
28%
protein

Turkey
starter
20%
protein

The commercial formulation of this diet contains 1-2 pounds of DL-methionine per ton of feed.
The Arkansas performance test diet contains an additional 2 pounds of DL-methionine per ton of feed.

Components
Ground yellow corn
Soybean oil meal, solv., 45% protein
Soybean oil meal, dehulled 50% protein
Alfalfa meal
Fish meal
Fish solubles
Meat scraps
Fat
Limestone
Calcium carbonate
Vitamin supplement
Dicalcium phosphate
Salt, iodized
Trace mineral mix
Dried whey
Butyl fermentation sol.
Dried distillers' solubles

a

TABLE V

COMPOSITION OF ANIMAL FEEDS BASED ON CORN AND SOYBEAN O I L MEAL

90.6
5.7
—
—
—
—
—
—
—
1.2
X
0.9
0.5
0.1
—
—

Pig
starter

3W
8

o

>
2

C/3

o
oÖ

*l

o3
o

g
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2

C/5
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shows that a 20% turkey starter ration supplemented with methionine
and lysine may give as good a performance as a 28% protein diet supplemented with methionine. The latter combination was not improved
by additional supplementation with lysine. Jersey Buff poults were fed
TABLE VI
SUPPLEMENTATION OF BROILER RATION WITH DL-METHIONINE

DL-Methionine
supplementation
to 1958 commercial
type broiler ration«

Nine-week
gain of
broilers
(gm·)
1536
1564
1596
1594

(%)

0
0.05
0.10
0.15

Feed
Gain

Index of
performance

2.45
2.30
2.30
2.30

627
680
691
693

a

When this diet is mixed commercially DL-methionine is added at the rate
of 1-2 pounds per ton.
TABLE VII
T H E METHIONINE RESPONSE IN THE ARKANSAS PERFORMANCE TEST D I E T

Supplementation
to test diet

Weight gain
of broilers at 9
weeks (gm.)

~
0.05% DL-Methionine
0.05% "Hydan"<*
α

1582
1658
1640

ee

Gain

Index of
performance

SÜ51
2.39
2.38

63(3
694
692

"Hydan" — Du Pont's calcium methionine hydroxy analog.
TABLE VIII
SUPPLEMENTATION OF TURKEY STARTER D I E T WITH AMINO ACIDS

Treatment
20%
20%
20%
20%

Protein basal
Protein basal +
Protein basal -f
Protein basal -f
+ 0.30% lysine
28% Protein basal
28% Protein basal -f

0.30% L-lysine-HCl
0.20% DL-methionine
0.20% DL-methionine
HC1
0.20% DL-methionine

Average
6-week
gainn (gm.)

Feed
Gain

671
785
749

2.30
2.17
2.16

807
764
812

2.17
2.32
2.27

the diets shown in Table V. The saving in feed possible by reduction of
protein level to 20-22% and supplementation with both lysine and
methionine has been confirmed (Fisher et al, 1956). There are great
opportunities for further improvements in turkey diets by increasing the
productive energy content, lowering the protein level, and careful amino
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acid supplementation (Baldini et al, 1957). This may become the first
practical use of two amino acids when the price of lysine should make
this more economically attractive.
3. Pig Diets
Catron et al. (1953) have published the results of a study in which
pigs were given a 12% corn-soybean oil meal diet (Table V) supplemented with graded doses of lysine. The results, shown in Table IX,
TABLE IX
SUPPLEMENTATION OF PIG D I E T WITH L-LYSINE-HCI®

L-Lysine · HCl
as supplement
to diet (%)

Daily gain
(pounds)

Feed

0
0.05
0.10
0.15

1.07
1.11
1.21
1.18

3.74
3.22
3.01
3.14

Gain

a
Poland China X Landrace X Durve pigs self-fed from an average of 22.8
pounds to 100 pounds.

illustrate the point made earlier that corn-soybean oil meal mixtures
tend to become deficient in lysine as the protein level is lowered. Best
response was obtained with 0.1% supplementary L-lysine · HCl. These
data are of considerable practical importance as many farmers in the
corn belt feed their pigs probably no better diets than the unsupplemented diet used in this test.
VI. CONCLUSION
It has been shown that the amount of "effective," "balanced," or "complete" protein in any food or feed can be increased by appropriate supplementation with the first limiting amino acid. The amount of supplementation that can be used effectively is governed mainly by the concentration of the second limiting amino acid present in the food or feed
and available to the organism. Proper supplementation is achieved when
the amount of the first is in balance with the amount of the second limiting amino acid and with the rest of the protein according to the needs
of the species. All other nutrients must, of course, be present in the diet
to assure full utilization of the balanced portion of the protein. These
theoretically sound principles are used presently by the highly competitive feed industry for formulation of various poultry diets. Little use
has been made of the opportunities for the human dietary with the exception of providing a superior bread which is commercially available
in some areas of this country. Further development awaits the demonstration that the improvement of basic foodstuffs such as rice and corn
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can be of benefit. As these data become available amino acid supplementation will be used wherever needed to improve the health and
well-being of people throughout the world.
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