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I. INTRODUCTION
For some time after it became possible to maintain and grow rats on
purified diets, the more complicated nutritive requirements of the chick
could not be met except by the use of some natural feedstuffs. The chick
is comparatively sensitive to the lack of a number of dietary factors, in349
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eluding vitamin K, choline, manganese, potassium, magnesium, and the
more recently recognized members of the vitamin B complex. Their provision in substantially protein-free forms has been a necessary prerequisite to experiments on the amino acid requirements of chicks. In
recent years practically all of these factors have been identified and
made conveniently available. Similarly, the availability and cost of the
individual amino acids have improved greatly, through efforts of the
large chemical suppliers. The investigator no longer must devote much
time and money to manufacture a required amino acid, or to provide
for a certain vitamin activity.
At the inception of some of the work in which the writer was engaged,
uniform conditions were maintained in respect to breed and strain of
chicks used and protein or equivalent amino acid levels of the test diets.
Because of the unknown but probably considerable contribution of unabsorbed yolk to the protein intake in the first week of life, chicks reared
on practical diets for 10 days were used. This practice also facilitated
selection of chicks of uniform size, vigor and growth rate, leading to less
individual variability in response and greater significance of data. It
was observed at an early stage that responses of chicks to amino acid
variations took place very fast, often significantly within 24 hours, unlike
the slow responses obtained with many other nutritive factors. The test
diets, to eliminate the unknown variation in the cereal proteins, contained glucose and vegetable oils to provide energy, and thus were what
is now referred to as high-energy diets. These circumstances were established partly by foresight and partly by fortuity.
It is the purpose of this chapter to bring up to date the information
on amino acids requirements of certain animals and to mention variables
affecting these requirements, in association with the amino acids with
which the variables became recognized.
II. YOUNG FOWLS
A.

ARGININE

It had been reported that casein did not contain sufficient arginine
for the rapid growth of the chick and that the ability of the chick to
synthesize arginine was probably less than that of the young rat (Arnold
et al., 1936). With diets free of arginine, the extreme inability of the
chick to synthesize arginine was demonstrated. Rapid loss of weight was
completely reversed by added arginine, but not by ornithine (Klose
et al.y 1938). Later it was shown that a diet deficient in arginine could
be supplemented equally well by arginine or citrulline (Klose and Almquist, 1940) indicating that the chick converts the latter to arginine. The
impossibility of the regeneration of arginine from ornithine by the Krebs-
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Henseleit cycle in chicks became obvious (Klose and Almquist, 1940;
Klose et al, 1938; Almquist and Mecchi, 1942b). This result was in harmony with the low excretion of urea, and the relative absence of arginase
in the chick, except for small amounts in the kidney, which is probably
the site of the production of ornithine for the detoxication of benzoic
acid (as ornithuric acid) and the simultaneous increase of urea output
(Benton et al, 1954).
It is well known that arginine is a precursor of creatine in the rat. A
dietary deficiency of arginine will limit creatine formation in the chick
(Almquist et al, 1941; Hegsted et al, 1941a). The feeding of creatine,
creatinine, guanidinoacetic acid, or arginine improved both the growth
rate of chicks and the tissue creatine content. These results showed a
"sparing action" of the first three compounds on arginine, creatine being
most effective (Almquist et al, 1941, 1943).
A diet based upon 35% casein, glucose, and soybean oil, plus vitamin
and mineral supplements, supported improved growth of chicks when
arginine or creatine was added (Wietlake et al, 1954; Savage and O'Dell,
1956). Arginine was more effective for growth and for elevation of
muscle creatine content. A similar diet containing 25% casein yielded
similar results (Fisher et al, 1956) indicating that creatine can spare
some but not all of the arginine requirement.
In one of the early papers (Klose et al, 1938) it was commented:
"Evidently part of the arginine in casein exists in such form as to be
unavailable to the chick." Diets based exclusively upon casein as the
source of protein seem to require excessive amounts of supplementary
arginine (Wietlake et al, 1954; Fisher et al, 1956; Krautman et al, 1956;
Snyder et al, 1956). On the other hand, when the diets contain appreciable amounts of natural feedstuffs such as alfalfa meal (Almquist
and Merritt, 1950), corn and soya meals (Snyder et al, 1956), peanut
meal (Young et al, 1953), corn, and soya and corn gluten meals (Krautman et al, 1956), the arginine requirement turns out to be substantially
lower, and close to 6% of the dietary protein. It was suggested that an
unidentified factor of plant origin enhances the utilization of arginine in
casein (Krautman et al, 1956). The carbohydrate employed in the purified chick diet, whether sucrose or dextrin, may exert a very significant
effect on the utilization of arginine (Monson et al, 1955). It has been
noted that thiouracil decreases the requirement of arginine in a casein
purified diet, while iodinated casein increases the arginine requirement
(Fluckiger and Anderson, 1957).
Studies with isotopically labeled arginine, comparable to work done
with rats, have not been reported for the chick. In pigeons, arginine
labeled with N 15 in the amidine group is retained to a much greater
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extent than in rats. Synthesis of arginine from labeled precursors, as in
the rat, does not seem to take place in the pigeon (Block, 1946). Pigeon
kidney slices are comparatively inefficient in the synthesis of guanidinoacetic acid from glycine and arginine (Borsook and Dubnoff, 1941).
Isotopically-labeled arginine is employed for creatine formation distinctly
less efficiently in the pigeon than in the rat (Block, 1946). While it is
difficult to draw parallel comparisons between the chick and the pigeon
from the work reported, the impression remains that the metabolism of
arginine differs appreciably in these avian species.
The growth response to an increase in supply of an essential nutrient
will often be found to follow a curve of constantly diminishing increment, i.e., a logarithmic curve. In such cases, plotting the data on a

.3 =r.

FIG. 1. The relation of daily rate of weight gain of chicks, and the gain/feed
ratio of young pigs, to the logarithm of amino acid level in the diet, at different
levels of protein.

logarithmic basis will usually produce straight response lines up to the
limit of response. Such limit may be set by physiological, genetic, or
other nonnutritional limitations. When the limit is well defined, as by a
plateau in the data, the minimal requirement then is evident from the
intersection of the response and plateau lines. At a very low level of
nutrient intake, the data may sometimes be seen to vary from the principle, but, in this case, largely because reserve stores of the nutrient in
the animal, or synthesis within the animal, or small residual quantities
in the basal diet are no longer negligible in respect to controlled intake
(Almquist, 1952, 1953a).
In Fig. 1 are presented several examples of the application of this
principle to amino acid requirement. The left portion of this figure was
constructed from data on the arginine requirements of young chickens
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as affected by protein level at 15, 30, and 30% in the diet (Almquist and
Merritt, 1950). Noteworthy is the linear relation of rate of growth to the
logarithm of the total arginine level in the diet over all protein levels.
The relation reached a plateau of growth in each case as the protein
level of the diet became a limiting factor. A deficiency of arginine gave
the same net results as a deficiency of protein. The right portion was
constructed from data on the lysine requirements of the young pig at
two dietary protein levels (Brinegar et al., 1950a).
B.

HISTIDINE

Histidine has been established as an indispensable amino acid for the
growth of the chick (Klose et al., 1938; Hegsted et al, 1941a). On histi6 |-
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FIG. 2. The relation of the daily rate of weight gain of chicks to the percentages
of certain essential amino acids in the diet.

dine-deficient diets chicks did not lose weight nearly so rapidly as might
have been expected. This observation may have indicated a low requirement for maintenance, small amounts of histidine in the diets, or a
limited synthesis (Almquist, 1947) (see Fig. 2).
Solution of this problem requires a histidine-free diet which cannot
be attained with available proteins. A diet based entirely upon purified
amino acids in place of intact proteins was found to support good chick
growth when containing approximately 0.3% histidine (Rosenberg et at,
1957), in agreement with previous estimations of requirement (Almquist,.

354

H. J. ALMQUIST

1956). Although a zero level was not tried, the growth data at lower
levels extrapolate toward zero histidine well into the zone of negative
gains, similarly to the cases of other indispensable amino acids for the
chick (Almquist, 1947) and thus suggest that no appreciable synthesis
of histidine had taken place. For a further discussion of this point see
Almquist (1956, pp. 140-141).
C.

LYSINE

By using various combinations of proteins such as zein, edestin, and
casein, single deficiencies of lysine were produced in chick diets. The
calculated levels of lysine, as well as the levels produced by added
crystalline L-lysine, pointed to an adequate intake at 0.9% in the diet
(Almquist, 1947; Almquist and Mecchi, 1942a). A number of later reports have confirmed this estimate of the lysine requirement of the chick
and have been reviewed (Almquist, 1952). Protein level of the chick
diet was found to have a direct influence on the lysine requirement
(Grau, 1948). (See Table I.)
TABLE I
RELATION OF THE O P T I M A L PERCENTAGES OF A M I N O ACIDS IN T H E PROTEIN TO THE
L E V E L OF PROTEIN IN T H E D I E T OF CHICKS

Approximate
optimal percentages for growth a
Percentage of
protein in diet

Lysine

Methionine
plus cystine

Tryptophan

10
20
30
40

4.8
4.5
4.2
3.8

4.5
4.1
3.7
3.3

0.90
0.75
0.65
0.52

a

The data were chosen as examples only and were taken from Almquist (1952)
and Griminger et al. ( 1 9 5 6 ) .

The lysine requirement of the chick was given further study with
diets of 20.5% protein based upon wheat gluten and sesame meal as
protein sources. Lysine content was adjusted over a range of 0.70-1.40%
of the diet by additions of L-lysine. The experiments, started with dayold chicks, showed a need of 1.1% lysine when the chicks grew at their
best rates (Edwards et al., 1956). This is somewhat higher than original
estimates made with mixed White Leghorn chicks that had been started
on practical diet for 12-14 days. The higher requirement may be due to a
relatively higher need of day-old chicks and to the fact that the chicks
were a faster growing type than those originally employed. Optimal feed
conversion was also obtained at about 1.1% lysine in experiments run
to 6 weeks age of the birds.
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Requirements have been estimated for older chicks starting with a
normally-raised and fed 8-week-old chick and a 16% protein diet. Optimum growth and feed efficiency were observed at 0.72% total L-lysine
(Bird, 1953). This is 4.5% of the dietary protein, the same as observed
with the younger chick fed a practical diet for a week or so. In utilizing
the chick for the bio-assay for lysine, maximal weight gains were obtained
at 0.91% L-lysine in the diet, which contained 20.8%, in total, of protein
and amino acids (Tsien et at, 1957).
Diaminopimelic acid was ineffective as a lysine substitute in chick
diets (Donovan, 1957).
The quantitative lysine requirement of young turkeys, 1.3% of the
diet, was found to be proportional to the higher protein intake, which
was approximately 24% of the diet as compared to 20% for the chick
(Grau et dl., 1946). A summary of early reports on lysine requirement
of the young poult indicated that this was about 5.5% of the dietary
protein (Almquist, 1952).
Using practical rations and calculated lysine contents, the optimal
starting protein content was found to be 28% and lysine requirement
1.3% of the poult ration. After 8 weeks the lysine requirement appeared
to remain nearly constant at 4.0% of the protein (Kratzer et al., 1956),
although the latter decreased progressively. More recent analyses indicate that the lysine content of several of the feedstuffs used is somewhat higher than indicated at the time. It is probable, therefore, that
the above figures should be revised upward by at least 0.1% lysine in
the diet.
A series of protein levels in diets for poults 0-6 weeks age yielded
best gains at 27-31%. Lysine contents of the best diets were 5.7-5.9%
of the protein. A lysine supplement decreased the optimal protein level
to 25%, the total lysine remaining at 5.9% of the protein. From 6 to 12
weeks age the optimal protein level was 23-25% and the minimal lysine
requirement was at least 5.2% of the protein (Balloun and Phillips,
1957).
The occurrence of a white bar decolorization in the flight feathers of
young turkeys fed a lysine-deficient diet depends upon the relation of
the lysine level to the protein level of the diet (Kratzer et ah, 1950).
D-Lysine cannot replace the natural isomer for growth or feather pigmentation (Kratzer, 1950). Other compounds related to lysine as metabolites or possible precursors have similarly been found incapable of
replacing lysine in the diet of the poult. These compounds include proline, ornithine, homocitruUine, pipecolic acid, a-aminohexanoic acid, and
ε-aminohexanoic acid. ε-N-acetyl-DL-lysine was utilized to some extent
(Vohra and Kratzer, 1957a). The role of lysine in feather pigmentation
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appears to be mediated through its function in protein synthesis exclusively (Vohra and Kratzer, 1957b).
A few studies have been reported on the availability of lysine in
foods. Torula yeast was tested as a source of lysine in a simplified chick
diet containing corn gluten meal and zein as chief sources of protein.
At least 75% of the lysine in the yeast appeared to be available on basis
of growth response, feed efficiency, and nitrogen retention; however,
greater responses with yeast were obtained than could be accounted for
by its lysine content. With rats, lysine of yeast was about 90% as effective
as the purified L-lysine (Tsien et al., 1957).
The lysine in blood meal was assayed with chicks and with poults
by means of a diet containing corn and sesame seed oil meal. On the
basis of growth observed, lysine in blood meal was available to chicks
from 64 to 85% depending upon quality of the sample. The corresponding availability of lysine to poults was 49-76% (Kratzer and Green,
1957).
Availability of amino acids in foods is extremely difficult to measure.
Growth responses are often affected by some properties other than the
amino acid in question. Retention of the fed amino acid in the carcass
can yield only a minimum value for availability. Balance studies involving measurements of intake and excretion are complicated by the
possibility of bacterial destruction of amino acids in the digestive tract.
The in vitro effects of digestive enzymes in liberating amino acids from
proteins can, at best, be considered only a rough approximation of what
can transpire in the living animal and may suffice to show only a relatively unavailable fraction, with no guarantee that the dissolved amino
acid would all have become available to the animal.
Early studies on the effects of antibiotics in the diet revealed an
apparently favorable effect on availability of proteins and amino acids.
"The general effect of antibiotics is not to decrease protein or amino acid
requirements but possibly to permit more efficient utilization" (Almquist,
1952). Subsequent research showing, in essence, that the antibiotic increases the permeability of the intestinal wall has been concisely reviewed. In addition it was shown that the absorption of C14-L-lysine from
the gut of the chick was more efficient through the thinner intestinal
walls of chicks fed penicillin (Draper, 1958).
When the ability of an animal to remove amino acids from the blood
by combining them into body proteins is impaired for any reason, a
surplus of an amino acid may be more detrimental. For example, adding
tryptophan or methionine to a diet, which was already deficient in lysine,
further reduced the efficiency of utilization of the diet (March et al,
1950).
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The relation of amino acid intake and amino acid requirements to
the levels of free amino acids in the blood of chicks has been reviewed
(Almquist, 1954, 1956).
One may find in the literature reports of attempts to correct an apparent amino acid deficiency by adding, at one time, all the amino acids
in amounts to meet known requirements. It is not surprising that these
attempts have uniformly failed to restore a full balance to the diet. Universally, it is true that an imbalance is not fully corrected by adding a
balance to it, although the over-all relative severity of imbalance may be
somewhat diminished. It may be stated as a general principle that an
amino acid imbalance is correctable only by adding the specific components that are inadequately supplied, or by adding a complementary
imbalance.
D.

METHIONINE, CYSTINE, HOMOCYSTINE, AND SULFATE

Like mammalian species, the chick has the ability to grow well if
given only methionine as a source of the sulfur-containing amino acids,
and, obviously, can synthesize cystine under these conditions (Grau and
Almquist, 1943). Cystine in the diet will reduce the requisite methionine
to a certain point, but not appreciably below one-half the level needed
when cystine is not present (Almquist and Grau, 1945; Grau and Almquist, 1943).
The similarity in the sulfur-containing amino acid metabolism of
mammalian and avian species is further carried out in the utilization of
homocystine. This compound, which is a demethylated methionine, was
utilized efficiently as a substitute for methionine by the chick only when
a sufficient level of choline was also present. Efficient methylation of
homocystine by choline or betaine requires also the presence of vitamin
Bi2 (Jukes and Stokstad, 1952). In the absence of a methylating agent,
homocystine may still serve as a substitute for cystine. S-Methylcystine
was found ineffective either in the methylation of homocystine or the
replacement of cystine (Grau and Almquist, 1943; Klose and Almquist,
1941).
In all probability, methionine is the specific carrier of methyl groups
for the conversion of guanidinoacetic acid to creatine in the chick. It
has not been possible, however, to demonstrate more than a slight lowering of muscle creatine content by dietary deficiencies of methionine,
or choline, or both. This is a marked contrast to the withholding of
arginine and glycine. These results suggest that the methylation stage
of creatine formation in the chick takes precedence over the other needs
for methionine.
Work on the quantitative methionine requirement of the chick has
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been reviewed in detail (Almquist, 1952). As in the example of lysine,
methionine requirement was found to increase or decrease with protein
level of the chick diet (Almquist, 1949; Grau and Kamei, 1950). A good
deal of effort has been expended recently in relating methionine requirements to energy levels. Since the chick eats principally to satisfy caloric
requirements, it will eat less of diets that are more concentrated in
energy. It is obvious that for most rapid and efficient growth the highcalorie diet must contain higher minimum levels of essential amino acids
as well as energy, vitamins, and minerals. This was demonstrated in the
case of methionine, with diet energy variations from 800 to 1000 calories
per pound, adjusted by means of added fat (Baldini and Rosenberg,
1955). The requirements observed at the higher caloric level agree with
some of the earliest estimates of methionine requirement which were
determined with high-energy diets. Similar further results were reported
with practical diets. The improvement noted on addition of methionine
was especially in reference to feed efficiency (Rosenberg et ah, 1955).
The principle demonstrated here is a broad and generally recognized
one. It does not imply any specific relation between methionine and
energy intake. Of interest in this connection is a recent report that the
lysine requirement of rats increases with increase in caloric content of
the diet (Rosenberg and Culik, 1955).
On the basis of recorded data on sulfur amino acids and lysine requirements of chicks, it was pointed out that the percentage of indispensable amino acid required in the protein fraction of the diet showed
a consistent trend downwards as the protein level increased. "Since the
fraction of the protein which is metabolized for energy must increase
with the level of protein fed and such utilization does not require the
indispensable amino acids, it may be that lower but properly proportioned levels of indispensable amino acids will suffice in association with
the fraction of protein that is utilized for formation of proteins of the
growing animal" (Almquist, 1952) (Table I ) .
It is of interest to note indications that, at the higher caloric intakes,
the percentage of essential amino acid (methionine) required in the
protein remains more constant in relation to protein level (Rosenberg
and Baldini, 1957), and shows less of the drift downwards at increasing
protein levels that may be noted with lower caloric intakes.
It is becoming apparent that the addition of extra calories to diets
(as by fat) will tend to accentuate amino acid imbalance in the protein.
These observations are no doubt related to more complete diversion of
the protein for protein purposes and less for energy purposes when the
diet is well supplied with calories from sources other than protein. As
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the degree of utilization of protein for growth and production is enhanced, essential amino acid balance assumes greater importance.
Among fowls, the very young are required to divert a particularly
large proportion of their sulfur amino acid intake to the rapid growth
of feathers which may contain as much as 10% of cystine. The rate of
feather protein synthesis as compared to body protein synthesis may
determine the sulfur amino acid requirement for maximal growth. It is
possible that the sulfur amino acid requirement may be more intense in
smaller fowls which have relatively more surface area per unit of body
weight (Almquist, 1952) (see also chapter by H. H. Mitchell). The
presently available data on sulfur amino acid requirements indicate the
relative needs of young fowls as seen in Table II.
TABLE II
COMPARISON O F RELATIVE REQUIREMENTS O F SULFUR A M I N O ACIDS I N THE D I E T O F
YOUNG F O W L S

Approximate requirement as per cent of the protein
in the diet at optimal protein levels

Fowl

Methionine

Cystine

Total

White Leghorns
Heavy meat chickens
Turkeys

2.5
2.3
2.0

2.0
1.7
1.3

4.5
4.0
3.3

This comparison of relative requirement of sulfur amino acids in the
protein fraction of the diet indicates that smaller fowls need higher proportions of sulfur amino acids in the dietary protein. On the other hand,
some evidence has been reported which suggests a genetic difference
among strains of chickens in the ability to utilize methionine (McDonald,
1957).
The presence of an antienzyme in raw legumes, such as the soybean,
is well known. The apparent interference with methionine availability
in the example of raw soybean meal has long been recognized. It was
pointed out that this apparent interference was, probably, merely coincidental with the fact that soybean protein does not contain enough
methionine to meet the needs of fast growing animals (Almquist and
Merritt, 1951).
Subsequently, it has been shown, by proper choice of proteins fed in
conjunction with an effective level of raw soybean enzyme inhibitor,
that a partial deficiency of lysine or arginine or isoleucine or tryptophan
may also be made more severe by the presence of the antienzyme from
the raw soybean (Almquist and Merritt, 1951, 1952). It is evident, therefore, that the methionine case is only part of a more general phenomenon
which may be demonstrated with other amino acids. There is no evi-
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dence, nor reason to assume, that the methionine in raw soybean meal
is unavailable.
Synthetic DL-methionine appeared to be essentially completely utilized as a supplement to natural feed diets moderately deficient in the
amino acid (Grau and Almquist, 1943). The hydroxy analog, DL-ahydroxy-Y-methylmercaptobutyric acid, and the corresponding amide
were well utilized by the chick for growth (Bird, 1952). It has been
reported that the racemic hydroxy analog was slightly more effective
than racemic methionine but equal to L-methionine in satisfying the requirement of the chick, while D-methionine was less effective than any
of the other compounds (Gordon and Sizer, 1955a). This was taken to
indicate that the hydroxy analog was capable of a more complete conversion to natural methionine.
DL-Methionine was more effective than its hydroxy analog for promoting growth of chicks fed a simplified diet which was based on
isolated soybean protein to provide a total of 11-13% protein. This low
protein diet did not provide sufficient extra nitrogen to permit efficient
conversion of the analog to methionine in which process an amino group
must replace the hydroxy group. Urea and ammonium citrate improved
the growth response to the analog, apparently by providing the required
extra amino groups (Sullivan and Bird, 1957). A subsequent report on
experiments conducted similarly has indicated no difference in the
relative efficiency of utilization of DL-methionine and its hydroxy analog
(Machlin and Gordon, 1957).
Early studies on methionine requirement of the turkey have been
reviewed (Almquist, 1952). Results to 12 weeks age with turkey diets
of 24, 26, and 28% protein and methionine supplements of 0.05 and
0.10% have shown that growth increased directly with protein level.
When caloric content of diets was increased 100 calories per pound by
fat additions, growth was depressed; however, there was a marked
growth response to 0.05% added methionine and little further increase
to the higher level. Feed conversion improved progressively with both
supplementary additions (Ferguson et al., 1957). It may be calculated
that at least 0.55% total methionine was needed at the 28% protein level,
in agreement with former requirement estimates. This work furnishes a
striking illustration in support of the prior observations concerning the
influence of caloric intake on amino acid balance.
Poults kept on diets of 28% protein to 8 weeks showed best growth
at a level of 0.51% methionine. For the period 9-16 weeks, the protein
level was 22% and best methionine level 0.41%. From 16 to 24 weeks
the protein level was 17% and best methionine level about 0.34% (Donovan et al., 1955). At all protein levels the optimal proportion of meth-
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ionine in the protein tended to remain the same. (The above estimates
are based upon calculations by the reviewer.)
At a constant level of protein, 26% of the diet, the methionine requirement of the poult varied directly with the energy content of the
diet (Baldini et al., 1957). A logarithmic analysis of the data (Almquist,
1952, 1953a) indicates that at the higher caloric intakes the methionine
requirement for best rates of gain and feed efficiency became constant
at about 0.57% of the diet. The cystine content of the diet was not raised
and it seems possible that some of the supplementary methionine could
have been replaced as well by supplementary cystine.
Reports on the utilization of labeled-S in sulfate by chicks have a
bearing on the sulfur amino acid requirement. While such sulfate is only
to a negligible extent incorporated into amino acids, it does appear in
certain body constituents as taurine and in the chondroitin sulfate of
cartilage (Machlin and Pearson, 1956; Machlin et al., 1955a; Gordon
and Sizer, 1955b). It, therefore, meets part of the total sulfur requirement
of the chick, a part which would have to be secured from the sulfur
amino acids, if from no other source. Data showing growth-promoting
effects of sulfate added to a low-sulfate, low-methionine diet for chicks
bave been presented (Machlin and Pearson, 1956; Machlin et al., 1955a).
I t appears that demonstration of the effect requires a diet low in total
sulphur and in sulfate.
After injection of cystine containing S35 into the incubating egg, the
labeled-S was recovered from the hatched chick. An average value of
10% was present in taurine, 12% as sulfate, 1.3% as methionine, and
49% as cystine. When S-labeled methionine was injected, 9.1% was recovered as taurine, 10% as sulfate, 43% as cystine, and 35% as methionine (Machlin et al., 1955b).
It is quite possible that sulfates are present in some crude sources of
""unknown growth factors." Fortunately, many of the simplified diets
used to estimate amino acid requirements were well supplied with sulfates used as convenient forms to provide certain required metallic elements such as magnesium, manganese, etc.
E.

TRYPTOPHAN

The essential nature of tryptophan in the diet of the chick has been
well demonstrated (Almquist and Mecchi, 1941; Grau and Almquist,
1944a; Klose et dl., 1938). In contrast to the rat and mouse, the chick
did not appear to utilize the unnatural form, and racemic tryptophan
was, therefore, only half as active for the chick as the natural form
(Grau and Almquist, 1944a). With other types of diets and chicks, evidence has been obtained that the chick does utilize the D-isomer to a
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variable degree, possibly with the assistance of microorganisms. These
studies have been reviewed (Almquist, 1952).
In further studies of tryptophan requirement, chicks were fed diets
containing acid-hydrolyzed casein, in which tryptophan has been largely
destroyed. The diet was supplemented with adequate amounts of
arginine, glycine, methionine, and niacin. The testing involved growth
studies starting with 10-day-old normal male chicks fed diets of 10, 20,
30, and 40% protein. Various levels of L-tryptophan were added. The
authors concluded that the total tryptophan for maximal gain was 0.09,
0.14, 0.18, and 0.20% at the respective protein levels (Griminger et al.y
1956). This agrees with findings with other essential amino acids that
the requirement increases with the protein level, but usually at a slower
rate (Almquist, 1952) (Table I ) .
It is evident that the birds did not grow well—in fact retarded growth
with hydrolyzed-protein and amino acids diets has been known for
years (Luckey et ah, 1947; Stokstad, 1941), and is possibly due to physiological causes, not to any deficiencies. Among such causes may be the
increased caloric requirement noted with amino acid diets by Rose and
co-workers (1954), and appetite factors (Almquist, 1947). There is
some question whether requirements measured at anything below good
growth rates will represent the full requirement of the animal.
The reviewer has analyzed the data from the standpoint of feed
efficiency versus log tryptophan content of diet. Feed efficiency is sometimes more consistent than growth rate when diets permit only subnormal growth. The data fall on a plot which shows, as have former
examples with arginine and lysine (Almquist, 1953b), that feed efficiency
is a continuous function of the log tryptophan intake over all protein
levels, with plateaus in feed efficiency attained as the gross protein level
of the diet becomes the limiting factor in each case. While the data are
not satisfactory for assessment of practical tryptophan requirement, they
do fit remarkably well into the concepts already illustrated in the cases
of other amino acids.
By means of a diet containing 0.036% tryptophan, it was shown that
D-tryptophan is very poorly utilized by the oral route, but much more
efficiently utilized when given to the chick by subcutaneous injection.
This work suggests that inefficient absorption is a primary cause of poor
utilization of dietary D-tryptophan (Morrison et al., 1946).
Tryptophan, which is a precursor for niacin synthesis in mammals, is
also effective in counteracting the pellagric syndrome induced in niacindeficient chicks (Briggs, 1945; Briggs et dl., 1946).
In agreement with an earlier report (Grau and Almquist, 1944a)
L-tryptophan was found twice as active as the DL-form in the chick for
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growth and also for niacin replacement when the carbohydrate in the
diet was glucose. Replacement of glucose by starch permitted significant
utilization of the D-isomer, apparently through the aid of microorganisms
(Anderson et ah, 1950). The replacement of sucrose by dextrin in a
purified chick diet was also found to enhance the efficiency of a tryptophan supplement (Benton et ah, 1954).
The relation of niacin to tryptophan in the chick was further investigated with a diet of corn, isolated soybean protein, gelatin, methionine,
plus vitamins and minerals. The tryptophan added was the DL-form,
which introduces an uncertainty involving the magnitude of utilization
of the D-isomer. The basal diet apparently contained 0.15% tryptophan
(calculated 0.19%). At this level approximately 13-15 mg. of niacin per
pound of diet were required for optimal growth. When 0.1% DL-tryptophan was added, the niacin requirement decreased to 8-9 mg. (Patterson et ah, 1956).
Studies on the tryptophan requirement of the poult have been reviewed (Almquist, 1952).
F.

PHENYLALANINE AND TYROSINE

Chicks lose weight rapidly on diets which do not contain phenylalanine (Almquist and Grau, 1944; Hegsted, 1944). Phenylalanine may
meet all the requirement for these aromatic amino acids, but tyrosine has
a growth-promoting effect only when the phenylalanine level is not optimal (Almquist and Grau, 1944; Grau, 1947). The relation between
these amino acids in the chick is similar to that already known in other
species.
A first estimate of the phenylalanine requirement of the chick placed
it at not more than 0.9% of the diet (Almquist, 1947). A later report
placed this requirement at 0.6-0.8% of the diet, but the growth rates of
the chicks were much below optimal (Grau, 1947).
Further studies on the phenylalanine requirement of the chick have
been reported (Fisher, 1956). The first experiment was conducted with
a diet of approximately 20% protein provided from wheat germ meal,
gelatin, and amino acids, so as to contain 0.5% L-phenylalanine. Weight
gains were about half those to be expected from the type of chick used.
However, the average data show a response of weight gains to additions
of L-phenylalanine up to a total dietary content of 0.9%. A plot of the
feed efficiency data against log L-phenylalanine shows a close linear
relation up to 0.9%. In a second similar experiment best results were
again obtained with 0.9% L-phenylalanine.
The phenylalanine requirement was further studied, using a diet containing about 18% of amino acids, including 0.7% L-tyrosine, in place of
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protein. The requirement of the L-phenylalanine was approximately 0.5%
and of the DL-form 0.8% of the diet, for maximal weight gain. In the
presence of 0.46% L-phenylalanine, the tyrosine requirement was at least
0.5%. With tyrosine absent, the phenylalanine was required at a level
more than 1% of the diet. It appears, therefore, that the chick utilizes
D-phenylalanine only poorly and to a lesser extent at higher levels of
intake (Fisher et al, 1957).
The rat converts L-phenylalanine to tyrosine with an efficiency not
better than 80%. Therefore, the sum of the minimum requirements of
L-phenylalanine and L-tyrosine is clearly less than that observed when
the former is relied upon to meet the needs for both (Armstrong, 1955).
The same situation also must apply to the chick.
While the chick is able to synthesize vitamin C, some dietary interrelation appears to exist between this vitamin and protein metabolism,
especially of tyrosine, which may be analogous to that in other species.
When tyrosine is added to a chick diet there is a reduction in the vitamin
C content of the chick liver (Hill et ah, 1945). Chicks fed a practical
diet supplemented with tyrosine at levels of 2.5, 5.0, 7.5, and 10.0%
showed poor growth, abnormal feathering, and high mortality at the
highest level. There was an increase in tyrosine metabolites such as
homogentisic acid and keto acids in the urine. The addition of ascorbic
acid to the diet largely alleviated these conditions (Sanford et ah, 1954).
G.

LEUCINE

The requirement of leucine in the chick has been established (Almquist and Grau, 1944; Grau and Peterson, 1946; Hegsted, 1944). In this
case, the racemic amino acid is so effective for the chick as to suggest a
high degree of utilization of the unnatural isomer. In contrast, only the
natural form is utilized for growth by the rat and mouse. This furnishes
perhaps the only instance in which the amino acid requirements of the
chick are less specific than those of other species (Grau and Peterson,
1946).
H.

ISOLEUCINE

A diet based upon dried beef blood cell protein was used to demonstrate isoleucine requirement of the chick (Grau and Almquist, 1944b).
With an amino acids diet the necessity of isoleucine in the diet of the
chick was confirmed (Almquist and Grau, 1944; Grau and Peterson,
1946). The requirement appeared to be approximately 0.5% (Grau and
Peterson, 1946) or 0.6% of the diet (Almquist, 1947). D-Isoleucine was
inactive for the chick (Grau and Peterson, 1946).
A blood meal diet for poults required an isoleucine supplement es-
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timated to increase the total isoleucine content to approximately 0.8%
of a 27% protein diet. D-Isoleucine appeared to be inactive (Kratzer
et al, 1952).
I.

VALINE

Valine requirement of the chick was proven with amino acids diets
(Almquist and Grau, 1944; Grau and Peterson, 1946; Hegsted, 1944).
As with other essential amino acids the lack of valine in the diet caused
an immediate loss of weight and early death. Valine requirement was
estimated as 0.7% (Grau and Peterson, 1946) and 0.8% of the diet (Almquist, 1947).
J.

THREONINE

An amino acids diet was used to demonstrate threonine requirement
of the chick (Almquist and Grau, 1944). Optimal threonine content was
estimated as approximately 0.6% of a 20% protein diet for chicks (Almquist, 1947). A few other reports having a bearing on the threonine requirement have been reviewed (Almquist, 1952), without change in the
estimate of requirement.
K.

GLYCINE

A dietary supply of glycine is necessary for optimal growth of the
young chick (Almquist and Grau, 1944; Almquist and Mecchi, 1940;
Almquist et al, 1940; Hegsted et al, 1941b). A deficiency of this simplest
of amino acids in the chick results in poor growth, reduced creatine
formation, a generalized weakness and muscular attenuation (Almquist
and Mecchi, 1940; Almquist et al, 1941), and poor feather formation
(Hegsted et al, 1941b; Jukes, 1941). The requirement for glycine and
arginine appears more acute in a more rapidly feathering breed of
chickens, since feather protein contains large percentages of these amino
acids (Hegsted et al, 1941a). The chick has a limited ability to conduct
synthesis of glycine (Almquist and Grau, 1944; Almquist and Mecchi,
1942b; Hegsted, 1944). This is unaffected by the omission or inclusion
of serine (Almquist and Grau, 1944), glycolic acid, betaine, ß-alanine, or
choline, but is apparently favored by the addition of acetates to the diet
(Almquist and Mecchi, 1940). The glycine requirement of the young
chick was found to be approximately 1.5% of the diet when provided
as free glycine or 1.0% when provided in combined form (Almquist and
Mecchi, 1942b).
A reinvestigation of the glycine requirement of young chicks confirmed the estimated requirement of 1.5% of free glycine in a 20%
protein diet. The growth effect of the glycine was apparently not due to
nitrogen alone, as it was not replaceable by ammonium compounds
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(Wixom et al, 1955, 1958). The basal diet contained approximately 1.2%
serine.
Serine, glycolic acid, and betaine did not replace glycine (Wixom
et al., 1958), in agreement with an earlier report (Almquist and Mecchi,
1940). Aminoethanol—but not mono- and dimethyl aminoethanol (Wixom et al., 1958)—or choline (Almquist and Mecchi, 1940) could replace
glycine. In similarity to betaine, di- and monomethyl glycine did not
replace glycine (Wixom et al., 1958). It was suggested that conversion
of aminoethanol to glycine might proceed via glycolaldehyde-glycolic
acid-glyoxylic acid; however, there is nothing to rule out a possible direct
oxidation of aminoethanol to glycine without intermediate deamination.
Several studies with free glycine supplements have indicated requirements of 1.5% or higher, while on the other hand, several practical protein concentrates, used to provide all the protein in the diet, are not
improved by a glycine supplement although furnishing no more than
approximately 1% of glycine, on the basis of present analyses. Until this
situation is further clarified it seems proper to adhere to the 1% minimum
glycine level for practical diets.
At levels higher than 2% of the chick diet, glycine appears to be
harmful to growth (Almquist et al., 1940). Large doses are toxic to hens
(Patton, 1939). This toxicity in chickens may be related to the nicotinic
acid (niacin) content of the diet; glycine or gelatin in a niacin-deficient
diet will accelerate the development of symptoms of chick pellagra
(Briggs, 1945; Groschke and Briggs, 1946) but the addition of sufficient
niacin will enable the chick to tolerate as much as 6% of glycine in the
diet. Niacin is evidently concerned in the metabolism of glycine, arginine, and alanine in the chick. It may be significant that the formation
of cartilaginous tissues, which are rich in these amino acids, is deranged
in the niacin-deficient chick (as manifested by perosis).
It has been suggested that glycine requirement and glycine toxicity
may be modified by the age of the chick. In older chicks, apparently,
glycine and creatine syntheses are well established, hence dietary glycine
is more likely to constitute a toxic surplus (Albert et al., 1956). In addition to niacin, both folacin and vitamin B12 can alleviate glycine toxicity
(Machlin et al., 1956). No clues could be found in tissue and blood
levels of glycine or of folacin, or in the employment of glycine metabolites
as to the mechanism of the effect of folacin (Naber et al, 1956).
Young poults fed a ration based upon casein, arginine, and cystine
showed growth response to additions of glycine to build the total to
0.90% of the diet (Kratzer and Williams, 1948). The status of glycine
toxicity was reviewed and further work with the turkey presented to
show that in low-folacin diets the addition of glycine caused depressed
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growth, increased mortality, and cervical paralysis, all preventable by
folacin (Kratzer and Lantz, 1957).
L.

OTHER AMINO ACIDS

Proline, hydroxyproline, and glutamic acid have been given no further study since an early report on temporary or slight growth retardation
following their omission from chick diets. No such influence could be
attributed to lack of alanine or aspartic acid or serine. The chick appeared to require glutamic acid for best growth (Almquist and Grau,
1944) (Table I I I ) .
TABLE III
T H E ESSENTIALITY OF A M I N O ACIDS FOR CHICKS

May be
absent
without
detriment
to chick
Alanine
Aspartic acid
Hydroxyproline
Proline
Serine

Required
under
certain
conditions
Cystine
Tyrosine

Required for normal growth
Arginine
Glutamic acid
Glycine
Histidine
Isoleucine
Leucine

Lysine
Methionine
Phenylalanine
Threonine
Tryptophan
Valine

Certain aspects of carcass analyses for amino acids and of free amino
acids in the blood, which have a bearing on amino acid requirements,
have been reviewed (Almquist, 1956).
III. ADULT FOWLS
Information available on the requirements for amino acids by adult
fowls is mostly of a quantitative nature. The early phases of this work
have been reviewed (Almquist, 1952).
A.

METHIONINE

Supplemental methionine in a corn-soybean meal diet for laying
chickens was carefully tested for effects on egg production, egg weight,
shell thickness, feed required per dozen eggs, hatchability, and bird
weight. There were no appreciable effects attributable to the methionine.
The methionine contents of the diets determined by analysis agreed very
closely with contents that may be calculated from modern tables and
were, on an average, 0.28% methionine in a 15% protein diet (Heywang, 1956). This is the same as the estimate of the optimal methionine
content based upon reports previously covered by the reviewer (Almquist, 1952).
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Reduction of cannibalism in laying hens followed addition of synthetic methionine to a laying mash. The total content of methionine required to prevent these vices appeared to be 0.30% of the diet (Neal,
1956).
A diet of peas, glucose, gelatin, etc. was employed with laying hens
(Welch and Couch, 1955). The methionine assay on the peas indicated
0.42% which is much higher than has been reported elsewhere. The
total diet was calculated to contain 0.26% methionine, this actually may
have been less. Production was poor with the basal diet. Homocystine
or vitamin B i 2 alone did not affect production, but the combination improved production. Choline addition with homocystine was much more
effective, but not equal to methionine. The best production was observed in groups supplemented with methionine and especially with
methionine, choline, and vitamin Bi 2 .
B.

LEUCINE

Laying rations high in wheat, but containing commonly used amounts
of fish meal, meat scrap, soybean and alfalfa meals, dried whey, and
other supplements, may be deficient in leucine. This was shown by
small, but practical, improvements in egg production, feed efficiency,
and body weight, when corn gluten meal (rich in leucine) was substituted for soybean meal, or when 0.3% L-leucine (technical grade) was
added to the ration. It would appear that a diet of 17.5% protein with
1.26% leucine, and one of 15.3% protein with 1.14% leucine, were both
mildly deficient in this amino acid (Anderson and Draper, 1956). It is
not known whether all of the 0.3% L-leucine addition was required.
C.

THREONINE

A preliminary report has indicated that the laying hen needs L-threonine at a level of 0.42% of the diet for good egg production and maintenance of body weight (Adkins et dl., 1957).
D.

OTHER AMINO ACIDS

The formulation of a successful amino acids diet for laying hens and
a more complete classification of essential amino acids for laying hens
have been reported (Fisher and Johnson, 1956; Johnson and Fisher,
1956). Good production was maintained and, in a limited experiment,
good fertility and hatchability observed. The essential amino acids for
egg production were found to be the same as those of the growing chick,
with the exception of glycine. Glutamic acid was semi-essential, i.e.,
required for best production. It has been found to be required for best
chick growth (Almquist and Grau, 1944). Deletion of any other essential
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amino acid caused immediate cessation of production. The hens appeared to have only very small reserve protein which was quickly exhausted on the deficient diets.
Barred Rock pullets in laying cages were fed a basal synthetic diet
adequate in all nutrients except arginine and glycine. Most efficient production was obtained only when both arginine and glycine were restored
to adequate levels in the diet. The body weight gain was influenced to a
certain degree by glycine but not by arginine or a combination of the
two. This preliminary report indicates a joint need for glycine and arginine in the diet of the laying hen (Menge et at, 1956).
In Table IV recent data on amino acids in poultry products and
dietary requirements have been compared. With the exception of lysine,
the egg is markedly richer in the indispensable amino acids as comTABLE IV
COMPARATIVE AMINO ACID COMPOSITION OF POULTRY PRODUCTS«1

Egg,
edible
parts0
Arginine
Histidine
Lysine
Methionine
Cystine
Phenylalanine
Tyrosine
Tryptophan
Threonine
Leucine
Isoleucine
Valine
Glycine
a
0
c
d

6\7
2.4
6.1
3.3
2.3
5.8
4.1
1.6
5.0
9.2
6.0
7.4
3.6

Chicken
muscle6

edible
parts0

Egg,

Hen
dietary6
requirement

6\7
2.0
8.4
2.4
1.0
4.1
2.7
1.0
4.0
8.2
4.2
4.1

Ü2
1.5
3.8
2.1
1.4
3.6
2.6
1.0
3.1
5.7
3.7
4.6
2.3

+ ~d

5.7

3.3
1.9

1.0
3.0
8.0
3.3

+d

For complete tables of amino acid analyses see Block and Weiss (1956).
As percentage of the crude protein (% N X 6.25).
Per unit of tryptophan.
Indicates a positive requirement, minimum level not yet determined.

pared to chicken muscle. When the egg composition is recalculated on
basis of tryptophan content as unity, the same as in muscle, it is evident
that the agreement in proportions of most indispensable amino acids is
quite close, with the exceptions that the egg proteins are relatively lower
in arginine and lysine. This may indicate that the hen is better adapted
to utilize proteins in cereals and many seeds which are deficient in
lysine for the growing bird.
Comparison of the third column with the fourth indicates that the

370

H. J. ALMQUIST

relative proportions of indispensable amino acids in the egg agree approximately with those required in the hen diet, with the exception of
leucine. Valine requirement of the hen could be expected to be approximately 5.0%, and phenylalanine requirement approximately 3.5%
of the dietary protein.
IV. YOUNG SWINE
A.

METHIONINE AND CYSTINE

A 2 1 % protein diet, based on oxidized casein and gelatin as the sole
source of protein and 0.3% DL-tryptophan, was found by microbiological
analysis to contain 0.1% methionine and 0.01% cystine. Poor gains were
but slightly improved when cystine alone was added (Shelton et al.,
1951b). In the case of diets containing 0.31% cystine or more, the reviewer has plotted the observed gain-feed ratios against the logarithms
of the methionine levels of the diet. This treatment indicates an optimal
methionine level of 0.38%.
Data from another study (Curtin et al., 1952c) have been similarly
analyzed. Two experiments were reported, one of which is in close agreement with that discussed above (Shelton et al., 1951b). Both experiments
indicate an optimal methionine content of 0.41% in the presence of an
ample level of cystine (0.38%) for a 22% soybean protein diet.
Another report (Curtin et al., 1952b) of results, with a diet containing isolated soybean protein and yeast as the sources of protein, was
subjected to similar analysis. This indicated a methionine requirement
of 0.45% in a ration containing 0.26% cystine and 22% protein. It is
probable that the cystine level could have been raised to 0.30% to good
effect, and the methionine correspondingly lowered to 0.41%.
The methionine and cystine need of the young pig was further
studied with diets which were based upon isolated soybean protein,
starch, dextrose, and corn oil, plus mineral and vitamin supplements.
Analysis indicated methionine 0.15, cystine 0.17, and lysine 0.71% in a
12.6% protein diet. Approximately 0.10% added DL-methionine was sufficient for maximal rate of gain. However, the next level added, 0.20%
of DL-methionine or of methionine hydroxy analog, yielded best feed
efficiency (Becker et al., 1955a). The reported cystine content seems
unusually high in view of the fact that the cystine content of this protein
preparation, as reported by the manufacturer, is much less than the
methionine content.
B.

LYSINE

A 10.6% protein diet, in which the nitrogen was furnished by linseed
meal with supplements of methionine and histidine, was varied by the
addition of L-lysine. Maximal rate of gain and feed efficiency were at-
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tained at 0.58% total lysine. A 22% protein diet based on sesame meal
required fortification to 1.17% lysine for the attainment of maximal rate
of gain and best feed efficiency. A third diet based on meat and bone
scraps, zein, and wheat gave maximal results at more than 1.00% but
not more than 1.20% total lysine (Brinegar et dl., 1950b). In this diet
the reported lysine content is approximately 0.2% higher than would be
expected from published analyses of similar ingredients. If corrected on
this basis the data from the third experiment are in close agreement
with those of the second. All three experiments on a plot of gain-feed
ratio against log total lysine form one continuous line with plateaus developed as the limiting effect of each protein level is attained (Fig. 1).
The lysine content of the optimal diet appears to be approximately 1.2
or 5.5% of the protein. This report is in agreement with findings with
other species in that the essential amino acid requirement is closely
related to total protein intake.
A ration containing 23.8% of protein furnished as zein, gelatin, and
amino acid supplements was fed to young pigs (Shelton et ah, 1951a).
Lysine was varied from the assayed basal diet content of 0.50% up to
1.40%. Maximal gains and best feed efficiency were apparently attained
at 1.0% total lysine; however, the data beyond this point are not sufficiently consistent to define a plateau of gain.
Lysine requirement of the suckling pig was studied using a ration
with dry skim milk and sesame oil meal as sources of protein. Lysine in
the ration was assayed to be 0.53%, and protein 14.3%. DL-Lysine was
added. Maximal gain and feed efficiency were attained with a total of
0.93% L-lysine (assuming the D-isomer inactive). This is equivalent to
6.6% of the protein and may indicate that the requirement of the very
young pig is higher than that of the weaned pig (Hutchinson et ah,
1957b). A further study with the weaned pig fed a corn and sesame oil
meal diet indicated that the minimum requirement was not over 0.52%
L-lysine in an 11.7% protein diet, equivalent to 4.5% lysine in the protein
(Hutchinson et ah, 1957a). The pigs were fed twice daily rather than
ad lib. and gains were not as good as normally expected.
C.

HISTIDINE

The essential nature of histidine for the young pig was further studied
with a simplified diet of mixed amino acids. Pigs receiving no histidine
supplement grew poorly or not at all. When histidine was added to their
diets, the pigs showed improved appetites and fair rates of growth. Evidently, histidine is needed for normal growth of young pigs (Eggert
etal, 1955).
Histidine requirement of baby pigs has been further studied by use
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of dried whey and amino acid mixtures. At an equivalent of 20% protein, weight gains improved when L-histidine was raised up to 0.30% of
the diet, while a 16% protein diet showed improvements up to 0.20%
L-histidine. Definite depressions were noted at higher histidine levels.
The optimal levels are equivalent to 1.2-1.5% histidine in the protein.
It may be added that in both experiments the gains were a linear function of the log of the histidine in the diet, up to the levels cited (Rechcigl
etal, 1956).
D.

TRYPTOPHAN

A zein and gelatin combination plus amino acids was used as a protein source for the study of tryptophan requirement. Microbiological
analysis of the diet indicated less than 0.1% tryptophan. DL-Tryptophan
was added by 0.1% stages to 0.4%. As good a growth was attained by
0.2% added DL-tryptophan as at any higher level while 0.1% was clearly
inadequate (Shelton et ah, 1951c). Since it has been shown that other
species can utilize D-tryptophan to some extent, is is probable that the
pig can do so. Nitrogen balance studies with young pigs have indicated
that some utilization of D-tryptophan does take place (Thompson et ah,
1952).
It was concluded that no more than 0.115% tryptophan was needed
in a pig diet containing 15.3% protein, provided principally by corn and
fishmeal (Becker et al., 1955b). The data are too variable to justify an
exact estimate of tryptophan requirement. In particular, results with
the 0.115% tryptophan level are so out of line with adjacent results as
to appear unreliable. The data more consistently indicate that the requirement is higher than 0.115%. The value of tryptophan assigned to
the basal diets was 0.075-0.078% which is surprisingly low in view of
the ingredients used. Calculation from modern tables of amino acid
composition indicate that the tryptophan content may have been as much
as 0.18% of the diet.
Further studies on the tryptophan requirement of the baby pig have
been reported. Unfortunately this work employed a hydrolyzed casein
diet and DL-tryptophan. In the absence of niacin more tryptophan was
required. Since the utilization of the D-isomer is undoubtedly affected
by many factors including the level fed, it is difficult to interpret the
data in terms of natural tryptophan requirement (Firth and Johnson,
1956).
E.

ISOLEUCINE

Requirement of isoleucine was estimated by means of a blood flour
diet with amino acid supplements. Blood flour is relatively deficient in
isoleucine. The diets contained 20.8-22.1% crude protein and the iso-
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leucine was supplied in the form of DL-isoleucine. Since no animals are
known to utilize D-isoleucine it was assumed that only the L-component
was active. Maximal gain and feed efficiency were attained at more than
0.58% isoleucine but not more than 0.70% (Brinegar et al., 1950a). The
isoleucine content found by analysis of the diet compares closely with
that obtained by calculation from existing data. A log plot of these data
indicates a maximum requirement not much more than 0.63% of the
diet or approximately 2.8% of the protein.
A further study of the isoleucine requirement of the weanling pig
was made with the two diets of 13.4 and 26.7% protein based on soluble
blood flour and supplements of L-isoleucine. Minimum isoleucine levels
for optimal results were 0.46% of the 13.4% protein diet, and 0.65%, or
slightly more, of the high protein diet. As a percentage of the protein,
less isoleucine was required at the higher protein level. An isoleucine
deficiency appears very unlikely in practical diets (Becker et al., 1957).
F.

LEUCINE

A preliminary mention of results on leucine requirement studies with
the very young pig (Sewell et al., 1953) indicates a requirement between
4 and 5% of the dietary protein.
G.

THREONINE

Requirement for threonine was demonstrated with diets containing
an amino acid mixture in place of protein. Pigs grew on the diet containing 10 essential amino acids, but lost weight when threonine was not
included. With a corn and amino acids diet containing 13.2% crude
protein, it was shown that the threonine requirement was not more than
0.4% of the diet (Shelton et al, 1950).
Studies on the requirement of the very young pig for threonine were
conducted with a simulated milk diet containing isolated soybean protein
and amino acids (Sewell et al, 1953). When placed on a log plot, the
data show a linear relation between gain-feed ratio and log total L-threonine in the submaximal zone. The maximal is not well defined. The requirement is probably between 0.73 and 0.92% of the diet, which contained approximately 25% protein.
H.

VALINE

A 12.8% protein diet, based upon corn and amino acids as sources of
protein, was supplemented with DL-valine. The daily gain of pigs reached
a well-defined plateau at 0.4% L-valine (Mertz et al., 1953). Since there
was only one clearly submaximal datum the response line cannot be ac-
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curately placed and the requirement may, possibly, be less than 0.4%
in diets of this protein content.
I.

PHENYLALANINE

Data on this amino acid are not yet sufficient for more than a rough
estimate that the requirement is not more than 0.5% of a 20% protein
diet (Mertz et al, 1954).
J.

OTHER AMINO ACIDS

A diet containing only the 10 indispensable amino acids and diammonium citrate as sources of nitrogen was fed to young pigs. Pigs receiving all 10 indispensable amino acids showed good average daily
gains of 1.12-1.29 lb. Pigs receiving no arginine showed much poorer
gains. Those receiving no leucine or valine lost weight. Animals receiving
no added phenylalanine barely maintained weights; however, their diets
contained traces of phenylalanine. In addition to other amino acids already mentioned, arginine and phenylalanine may be added to the list
required by the young pig for good growth (Mertz et at, 1952).
After analyses of pig tissues for amino acids, and using lysine as the
common standard of comparison, calculations were made of the amino
acid dietary requirements (Curtin et al.9 1952a). The agreement of
estimates from tissue analyses and actual growth requirements is fairly
good in the cases of isoleucine, leucine, threonine, and valine, but quite
divergent in the cases of methionine and tryptophan.
"Essential Amino Acid Index" was calculated from the amino acid
composition of practical protein sources and related to biological value
of the proteins as determined with pigs. A correlation of 0.77 was found
(Armstrong and Mitchell, 1955). The essential amino acid index amounts
to an average of the degrees of adequacy of the supply of each essential
amino acid. By such calculation an amino acid, only moderately deficient, has an effect on the index despite the fact that another amino
acid may be more acutely deficient. It remains to be seen whether a
protein source of low biological value, because of one serious essential
amino acid deficiency, is affected at all in respect to this biological value
if another essential amino acid is varied from adequacy to moderate
deficiency.
A diet of corn, soybean meal, tankage, and wheat shorts as protein
sources was fed to weanling pigs. Additions of lysine, tryptophan, and
methionine improved growth rate and feed efficiency. The requirements
of the weanling pig appeared to have been met by 5.0 lysine, 3.5 methionine plus cystine, and 1.0 tryptophan, expressed as a percent of the
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protein. Protein levels were 14, 16, and 18% (Pfander and Tribble,
1955).
Practical diets containing 0.13% tryptophan, 0.23% methionine, and
0.63% lysine in a total of 14-16% protein were adequate for the pig
from 40-100 lb. (Becker et al., 1954). The reported tryptophan contents
of the diets appear to be much lower than calculations would indicate.
The addition of either tryptophan, methionine, or lysine to a 15.9%
protein diet for 70-lb. pigs did not improve the nitrogen retention, presumably because this level of protein is in excess of needs of pigs of the
size used (Meade, 1956a).
The nitrogen balance of the young pig fed diets of approximately 12,
14, and 16% protein was studied with methionine, lysine, and tryptophan
variables. In general, best nitrogen retention and weight gains were
observed at 16% protein. At this level of protein results were not significantly improved by raising the methionine level above 1.7% of the
protein, although an upward trend may be noted. Tryptophan at about
1% of the protein appeared to be adequate. Lysine was adequate at the
minimum level fed, 4.6% of the protein (Meade, 1956b; Meade and
Teter, 1956).
V.

SHEEP

The sulfur requirement of lambs was estimated with a simplified diet
of starch, glucose, straw, wood pulp, vegetable oils, minerals, and vitamins, together with 4% urea to provide 92% of the total nitrogen. Sulfur
was provided as the element, as sodium sulfate, and as methionine. An
optimal requirement for each form was found with the growth efficiency
increasing in the order sulfur, sulfate, methionine. Only the latter improved wool yield. The total requirement for methionine was 0.64% of
the diet (Albert et al., 1956). In practical diets cystine would be expected to equal, to replace in part, or perhaps to exceed the efficiency
of the methionine.
VI.

FISHES

The formulation of a successful amino acids diet for salmonoid fishes
has been described (Halver, 1957). Small Chinook salmon were found
to require, for good growth, the same 10 amino acids required by the
young rat and the young pig (DeLong et al., 1956). However, the fish
showed no ability to synthesize arginine, so it may be said that they
resemble the chick, qualitatively, in amino acid requirements.
VII.

SUMMARY

Comparative amino acid requirements of various species, as indicated
in the reports reviewed, have been summarized in Table V.

a

20

1.2
0.3
1.0
0.20
0.45
0.8
1.4
0.6
0.8
0.6
1.0

Young
chick
(per cent
of
diet)

28

15

+c

0.45

1.2
0.5
0.8*

1.0»

0.50
0.15
0.28

+c

Laying
hen
(per cent
of
diet)

1.5
0.26&
0.53

L6ö

Young
turkey
(per cent
of
diet)

20

0.3
1.1»
0.2
0.37»
0.70»
1.2
0.6&
0.6»
0.6»

03

Pig
(per cent
of
diet)

Young

20

0.4
1.0
0.2
0.4
0.7
0.8
0.5
0.7
0.5
0.0

02

Young
rat
(per cent
of
diet)

h
(

When the diet contains all other amino acids of significance for requirements plus nonessential amino aci

Arginine
Histidine
Lysine
Tryptophan
Methionine
Phenylalanine
Leucine
Isoleucine
Valine
Threonine
Glycine
Approximate
protein level

Amino acid

TABLE V
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