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Impact Statement

This review highlights the historical development of
the concept of “ideal protein” that began in the 1950s
and 1980s for poultry and swine diets, respectively,
and the major conceptual deficiencies of the long-
standing concept of “ideal protein” in animal nutri-
tion based on recent advances in amino acid (AA)
metabolism and functions. Nutritionists should
move beyond the “ideal protein” concept to consider
optimum ratios and amounts of all proteinogenic
AAs in animal foods and, in the case of carnivores,
also taurine. This will help formulate effective low-
protein diets for livestock, poultry, and fish, while
sustaining global animal production. Because they
are not only species of agricultural importance, but
also useful models to study the biology and dis-
eases of humans as well as companion (e.g. dogs
and cats), zoo, and extinct animals in the world, our
work applies to a more general readership than the
nutritionists and producers of farm animals.

Abstract

Amino acids (AAs) are required for syntheses of proteins and low-molecular-weight
substances with enormous physiological importance. Since 1912, AAs have been
classified as nutritionally essential amino acids (EAAs) or nonessential amino
acids (NEAAs) for animals. EAAs are those AAs that are either not synthesized or
insufficiently synthesized de novo in the organisms. It was assumed that all NEAAs
(now known as AAs that are synthesizable in animal cells de novo [AASAs]) were
formed sufficiently in animals and were not needed in diets. However, studies over
the past three decades have shown that sufficient dietary AASAs (e.g. glutamine,
glutamate, glycine, and proline) are necessary for the maximum growth and optimum
health of pigs, chickens, and fish. Thus, the concept of “ideal protein” (protein with
an optimal EAA pattern that precisely meets the physiological needs of animals),
which was originally proposed in the 1950s but ignored AASAs, is not ideal in animal
nutrition. Ideal diets must provide all physiologically and nutritionally essential
AAs. Improved patterns of AAs in diets for swine and chickens as well as zoo and
companion animals have been proposed in recent years. Animal-sourced feedstuffs
supply abundant EAAs and AASAs (including glutamate, glutamine, glycine, proline,
4-hydroxyproline, and taurine) for diets of swine, poultry, fish, and crustaceans to
improve their growth, development, reproduction, and health, while sustaining global
animal production. Nutritionists should move beyond the “ideal protein” concept to
consider optimum ratios and amounts of all proteinogenic AAs in diets for mammals,

birds, and aquatic animals, and, in the case of carnivores, also taurine.
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Introduction

Amino acids (AAs) are natural substances containing both
amino and acid groups. Proline, which contains an imino
group but not an amino group, is loosely considered as an
AA in nutrition and metabolism.! Protein (the polymer of
AAs) is the major component of growth in animals and has
been a focus of nutritional research over the past century.?
Proteinogenic (protein-creating) in animals are alanine, argi-
nine, asparagine, asparate, cysteine, glutamate, glutamine,
glycine, histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, proline, serine, threonine, tryptophan, tyros-
ine, and valine. Selenocysteine that occurs in selenoproteins
is formed from selenium and serine during the process of
mRNA translation. AAs that are not precursors of proteins
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are called non-proteinogenic AAs, and some of them (e.g.
taurine) fulfill essential physiological functions, but are
either not synthesized by certain animals (e.g. cats) or inad-
equately synthesized in many species of fish.> Note that ani-
mals have no requirements for pure nitrogen.?

Structural support and function of animals require
collagens, which account for one-third of all proteins in the
body. About 31% of proline residues in collagens undergo
post-translational modification to 4-hydroxyproline and
3-hydroxyproline.* The content of hydroxyprolines in ani-
mals increases with age until reaching sexual maturity, but the
composition of all proteinogenic AAs is largely similar among
different species of growing animals (Table 1), with excep-
tions for certain AAs (e.g. glycine and arginine) in some fish
(e.g. largemouth bass and hybrid-striped bass)® and shrimp,*
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Table 1. Composition of amino acids in the whole bodies of mammals, chicks, fish, and shrimp.2

Amino acid Ratt Humane Cattlec Sheepd Chicke Pigf Rabbitd Fish Shrimpi
HSBh LMBi
Ala 66.0 72 76 66.5 66.3 65.7 55.5 68.8 68.6 60.3
Arg 68.2 77 75 68.0 68.5 67.7 66.4 69.6 69.9 65.1
Asn 36.5 - - 35.8 36.5 36.0 - 36.6 35.7 43.5
Asp 43.4 - - 43.7 431 42.8 - 45.9 45.0 52.3
Asp + Asn 79.9 90 87 79.5 79.6 78.8 74.8 82.5 80.7 95.8
Cys 14.5 - - 14.6 15.0 13.2 25.3 14.0 14.0 16.1
Gin 51.0 - - 50.9 50.5 51.2 - 56.6 56.1 56.3
Glu 83.8 - - 83.2 82.9 84.6 - 90.5 90.6 91.3
Glu + GIn 135 130 138 134 133 136 126.1 1471 146.7 147.6
Gly 114 118 121 113 115 117 74.6 91.0 91.3 771
His 21.0 26 27 21.2 211 20.8 30.8 23.8 22.6 20.8
lle 35.7 35 30 36.0 35.9 35.3 31.1 39.4 39.9 41.3
Leu 69.0 75 74 69.4 69.2 68.3 68.7 69.3 69.4 69.0
Lys 61.8 72 69 61.0 61.5 60.3 61.2 61.7 62.0 70.0
Met 19.2 20 18 19.0 18.9 18.7 12.4 28.5 29.0 21.2
Phe 34.1 41 39 34.6 34.8 34.3 39.8 40.5 40.6 45.9
Pro 85.7 84 87 85.5 85.3 86.1 - 66.2 66.3 68.2
OH-Pro 34.6 - - 34.8 34.8 37.9 - 21.5 21.2 12.3
Pro + OH-Pro 120 - - 120 120 124 - 87.7 87.5 80.5
Ser 44.8 44 47 45.2 45.0 44.3 45.4 49.0 49.2 52.4
Thr 36.0 41 43 36.8 36.3 35.1 39.2 40.6 41.0 40.7
Trp 12.0 - - 1.4 11.6 1.1 - 1.4 11.6 12.2
Tyr 26.8 29 27 27.0 26.6 27.2 30.7 29.2 29.3 37.6
Val 42.0 47 42 42.6 41.8 422 38.2 46.0 46.9 46.6

Values are mg amino acid/g protein.

aUnless indicated otherwise, calculations were based on the molecular weights of intact AAs.
bAdult rats (60day-old in the postabsorptive state) without intestinal lumen contents."
°Data for human fetuses (days 160—280 of gestation) and cattle (12-week old) were obtained from Davis et al.? It was not reported whether calculations were based

on the molecular weights of intact AAs or AA residues.
dAdult sheep (12-month old) without intestinal lumen contents.™

eChickens (10-day old chickens in the postabsorptive state) without intestinal lumen contents.™

fPigs (30-day old in the postabsorptive state) without intestinal lumen contents.
9Fifty-three-day-old New Zealand White rabbits (males and females).5

hJuvenile hybrid-striped bass (HSB; 509 of body weight) without intestinal lumen contents.?
iJuvenile largemouth bass (LMB; 509 of body weight) without intestinal lumen contents.?
IWhole body of the whiteleg shrimp (Litopenaeus vannamei; 15g of body weight) without intestinal lumen contents.'3

as well as glycine, cysteine, and methionine in rabbits.5 Like
taurine, 4-hydroxyproline is a potent antioxidant and a scav-
enger of free radical species to protect the intestine and other
tissues from oxidative damage.®” 4-Hydroxyproline is a
major substrate for glycine synthesis in tissues (e.g. the kid-
neys, liver, small intestine, and skeletal muscle) of animals.”
Of note, glycine, proline, and glutamate are the first, second,
and third most abundant AAs, respectively, in the body. The
intracellular synthesis of protein requires the simultaneous
presence of all proteinogenic AAs in adequate amounts and
proper ratios and, therefore, is limited by a deficiency of any
proteinogenic AAs (including those that are synthesized de
novo) at any given time.2 In other words, all proteinogenic
AAs are physiologically and nutritionally (as shown below)
essential for protein synthesis, growth, development, and
health in animals, such as pigs, poultry, and fish. This article
highlights the historical development of and recent revisions
to the long-standing concept of “ideal protein” in the nutri-
tion of the farm animals. Because they are not only species
of agricultural importance, but also useful models to study
the biology and diseases of humans and extinct animals in

the world 310 our work applies to a more general readership
than the nutritionists and producers of farm animals. In this
article, proteinogenic AAs, except for glycine, refer to their
L-isomers, unless specifically indicated.

Concepts of nutritionally essential AAs
and nonessential AAs

Animal cells cannot synthesize the carbon skeletons of the
following 11 proteinogenic AAs de novo: cysteine, histidine,
isoleucine, leucine, lysine, methionine, phenylalanine, threo-
nine, tryptophan, tyrosine, and valine.? Therefore, they have
been classified as nutritionally essential AAs (EAAs) and
must be included in diets for maintenance, growth, develop-
ment, and survival in all nonruminants. By contrast, animal
cells can synthesize the carbon skeletons of the following
eight proteinogenic AAs de novo: alanine, asparagine, aspar-
tate, glutamate, glutamine, glycine, proline, and serine, and
their nitrogen is derived primarily from EAAs.2 Whether
arginine synthesis occurs de novo depends on animal spe-
cies (see below). Dietary non-AA nitrogen (e.g. 2% urea or



ammonia) is effectively used for AA and protein synthesis by
ruminal microbes in ruminants.!4-16

Growing nonruminant mammals (e.g. pigs and rats) can
utilize a small amount of dietary ammonia-nitrogen for
AASA synthesis when diets are severely deficientin AASAs.
For example, nitrogen in the form of diammonium citrate
(providing 1.45 and 2.9% crude protein [CP]) added to soy-
bean meal- and cornstarch-based diets containing a low-
CP level (only 10.19%) can be used for AASA synthesis in
a dose-dependent manner by growing pigs (15-27 kg body
weight).!” Similarly, 2.15% diammonium citrate added to a
purified diet containing 8% EAAs (low-AA level) enhanced
the growth of young rats during weeks 0—4 postweaning.!8
Similarly, young chicks can use dietary diammonium cit-
rate (1.51 and 3.02%) for enhancing weight gain in a dose-
dependent manner when fed purified diets containing low
(10%) total AAs.! Interestingly, under this feeding condi-
tion, adding 0.8% urea to the low-AA diets also improved
the growth of chicks,' likely due to the synthesis of AAs by
intestinal microbes, but dietary supplementation with 1.5%
urea had no further effect.’” Note that (1) animal cells lack
urease, but the intestinal microbes of pigs and rats contain
urease to hydrolyze urea into ammonia plus CO,? and (2) in
all the previous studies involving low-CP or low-AA diets
supplemented with a non-AA nitrogen source, young non-
ruminant animals had suboptimum growth rates.”-22

In contrast to ruminants, neither pigs® nor rats?' can use
dietary urea for a nutritionally significant synthesis of AAs
or tissue growth. Indeed, adding 2% urea to wheat- and
fishmeal-based diets (22% CP) for growing pigs (4-11 weeks
of age) reduced their daily feed consumption, weight gain,
and feed efficiency,?’ possibly due to the toxicity of ammo-
nia produced from the ingested urea by intestinal microbes.
Likewise, adding 1% urea or 2.2% diammonium hydrogen
phosphate to the basal starter diet (containing 20.6% CP;
nearly adequate diet) of broiler chickens (04 weeks of age)
depressed their growth and feed conversion as compared
with the control diet (23.5% CP), whereas adding 0.5% urea
and 1.1% diammonium hydrogen phosphate to the basal
finisher diet (containing 18% CP; nearly adequate diet) of
broiler chickens (4-7 weeks of age) did not affect their weight
gain or feed conversion efficiency in comparison with the
control diet (20% CP).22

The AAs that are synthesizable de novo in animals
(AASAs) have been termed nutritionally nonessential
amino acids (NEAAs) since the early 1910s,?® and they were
thought to be sufficiently formed in animals and dispensable
in their diets. However, this view has not been substanti-
ated by experimental results from animal studies over the
past 110years.?*26 De novo synthesis of arginine in animals
depends on their species, as this metabolic pathway exists
in most mammals (including pigs, cattle, sheep, rats, and
many breeds of dogs), is limited in cats, and is absent in
some mammals (e.g. ferrets and minks), birds, and possi-
bly many species of fish.?” It should be borne in mind that
NEAAs and EAAs account for 60 and 40% of total AAs in
animals, respectively.? This indicates a greater requirement
of animals for NEAAs than EAAs for protein synthesis
in tissues. However, such a fundamental knowledge had
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not received much attention from nutritionists until recent
years.31113262931 The traditional view that animals have no
dietary requirements for NEAAs must be refuted in light
of the new knowledge of AA biochemistry, nutrition and
physiology. The term “NEAAs” has now been recognized
as a misnomer in nutritional science3? and, therefore, should
be replaced by AAs that are synthesizable de novo in animal
cells (AASAs).

Historical development of the “ideal
protein” concept in chicken nutrition

The concept of “ideal protein” (a protein with an optimal EAA
pattern that precisely meets the physiological needs of ani-
mals) in nutrition was initially proposed in the late 1950s by
poultry nutritionists at the University of Illinois for chicken
diets.323 Guided by the textbook view of the time that animals
sufficiently synthesized de novo all AASAs, the conceptual-
ization of an “ideal protein” concerned arginine, histidine, iso-
leucine, leucine, lysine, methionine, phenylalanine, threonine,
tryptophan, and valine, but not AASAs.33 The early research-
ers used the composition of EAAs in both casein and chicken
eggs as the experimental basis to formulate purified diets
for young chicks, but were largely unsuccessful for weight
gain and feed efficiency partly because of the imbalances and
excessive amounts of many EAAs. In 1960, based on EAA
profiles in the chick carcass, Klain ef al.3* revised the dietary
content of AAs with the following crystalline AAs (% of diet)
to feed 7-day-old male broilers for 5-7days: arginine-HCl,
1.40; histidine-HCl, 0.51; lysine-HCl, 1.54; tyrosine, 0.80; tryp-
tophan, 0.18; phenylalanine, 1.18; cystine, 0.40; DL-methionine,
0.20; pL-threonine, 1.16; leucine, 1.66; DL-isoleucine, 1.68; DL-
valine, 1.92; glycine, 0.50; and glutamic acid (the sole source
of nonspecific nitrogen), 15.00. The authors observed that the
daily weight gain of the chicks was enhanced with the revised
“ideal protein,” but remained largely unsatisfactory for maxi-
mum growth rate and feed efficiency.3* Note that the content
of total EAAs in chicks and other animals is much lower than
that of total AASAs (Table 1).511.12

During the late 1960s and the early 1970s, Baker et al.353¢
included proline along with cystine, glycine, and glutamic
acid in purified diets for broilers, which led to an improve-
ment in their growth performance. In birds, as in mam-
mals, cysteine is generated from methionine in hepatocytes;
glycine from serine, threonine, and choline; proline from
arginine; and glutamate from glutamine and ammonia plus
o-ketoglutarate in a cell- and tissue-specific manner.3”3 In
those and the earlier studies, glutamic acid was used to pro-
vided nonspecific AA nitrogen, but was not considered to
be required in poultry diets. These findings led to sequen-
tially three versions of the “chick AA requirement standard”
for 1- to 21-day-old broilers.*#! In 1994, Baker and Han*
revised the reference values for EAAs in the diets of broilers
to further improve their feed efficiency (Table 2). Note that
all the proposed versions of the “ideal protein” for chick
diets33-363942 did not contain alanine, aspartate, asparagine,
glutamine, or serine; differed substantially for glycine and
proline and, to a lesser extent, for branched-chain AAs,
histidine, and sulfur-containing AAs (Table 2); and were
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Table 2. The University of lllinois patterns of amino acid compositions in ideal proteins for broiler chicks during the first 3weeks posthatching.2

Amino acid Amino acid content Dean and Scott Huston and Scott Sasse and Baker Baker and Han

in the carcass®* standard (1965)3° standard (1968)4° standard (1973)*! standard (1994)42

(% of crude Amount % of Amount % of Amount in % of Amount % of

protein)® in diet¢ lysine in diet® lysine diet° lysine in diet® lysine
Arginine 6.65 1.10 98.2 1.00 105 0.95 104 0.95 106
Cystine - 0.35 31.3 0.35 36.8 0.35 38.5 0.325 36.1
Glycine - 1.60 143 1.20 126 0.60 65.9 0.60 66.7
Isoleucine 4.35 0.80 71.4 0.60 63.2 0.60 65.9 0.60 66.7
Histidine 1.80 0.30 26.8 0.30 31.6 0.33 36.3 0.32 35.6
Leucine 7.2 1.20 107 1.20 126 1.00 110 0.98 109
Lysine 6.6 1.12 100 0.95 100 0.91 100 0.90 100
Methionine 1.98t 0.55 49.1 0.35 36.8 0.35 38.5 0.325 36.1
Phenylalanine 4.25 0.68 60.7 0.50 52.6 0.50 55.0 0.50 55.6
Proline - 1.00 89.3 0.20 21.1 0.40 44.0 0.40 44.4
Threonine 4.4 0.65 58.0 0.65 68.4 0.65 71.4 0.60 66.7
Tryptophan 0.98 0.23 20.5 0.15 15.8 0.15 16.5 0.145 16.1
Tyrosine - 0.63 56.3 0.45 47.4 0.45 49.5 0.45 50.0
Valine 5.0 0.82 73.2 0.82 86.3 0.69 75.8 0.69 76.7
Glutamic acid? - 12.0 1071 10.0 1053 12.0 1319 12.0 1333
Total amino acids - 23.0 - 18.7 - 19.9 - 19.8 -
Total nitrogen - 2.83 - 2.33 - 2.37 - 2.35 -

aThese ideal protein models were developed for 0—21-day-old broilers using crystalline amino acids. It was assumed that all of these amino acids were 100% available
for absorption into enterocytes in chicks. Except for glycine and methionine, all amino acids are L-isomers. bL-methionine is used herein.

bAverage values for 1-week-old and 4-5-week-old chicks.

% of diet (as-fed basis; 90% dry matter).

dProvided as the nitrogenous source for synthesis of all NEAA in chicks.
tThis value refers to L-methionine.

arbitrarily set to contain only a relatively small amount of
proline and glycine. This is likely due to significant varia-
tions in the reported AA composition of the chicken body*+#
and the lack of crucial information on the content of many
abundant AASAs (including proline plus 4-hydroxyproline,
glutamate, glutamine, aspartate, and asparagine) in chicks
during the 1950s—the 1990s.

It is noteworthy that the dietary content of glutamic acid
in the previous studies (e.g. 13 times that of lysine)*! to pro-
vide chicks with “nonspecific AA nitrogen” is particularly
high. Glutamate shares the same transporters with aspartate,
cysteine, and cystine in animal cells, and also actively partici-
pates in the metabolism of many AAs (including branched-
chain AAs, glutamine, and proline).2 Thus, there is concern
that a great excess of glutamic acid in diets may result in
AA and acid-base imbalances, as well as abnormalities in
transmembrane AA transport, interorgan AA metabolism,
and neurological function in chickens. Such an issue was
not addressed in all the studies of the University of Illinois
researchers.33-363%+42 Possibly due to the forementioned con-
cern and the 1994 publication of the ninth revised edition
of Nutrient Requirements of Poultry by National Research
Council (NRC) of the United States,* glutamic acid, glycine,
and proline were excluded in 1997 by Baker from the final
version of the “ideal protein” for the diets of 0-56-day-old
broiler chickens (Table 3). This decision might have resulted
from an insufficient understanding of avian AA metabolism
before the 2000s. Sufficient dietary supply of glutamate, gly-
cine, and proline is crucial for maximum growth and pro-
duction performance in poultry, including chickens.!32¢

Historical development of the “ideal
protein” concept in swine nutrition

Like chickens, pigs are monogastric animals. Thus, the previ-
ous extensive research on developing the “ideal protein” for
poultry diets provided useful framework for swine studies
in the 1980s and 1990s. In 1980, by simulating AA composi-
tion in the carcass of growing pigs, Cole*® proposed “opti-
mum” dietary ratios of EAAs (relative to lysine) for their
feeding. This concept was accepted in the subsequent year
by the Agricultural Research Council (ARC) of the United
Kingdom* and in 1988 by the NRC.5* However, the ARC’s
version of the “ideal protein” for swine did not include two
EAAs (histidine and arginine) and all AASAs (Table 4). The
absence of histidine from the conceptualized “ideal protein”
in swine diets lacked a sound biochemical and physiologi-
cal basis because this AA is an essential constituent of all
proteins but is not synthesized de novo in any animal cells.?
In addition, the exclusion of arginine from the study diet5!
likely resulted from a lack of knowledge about arginine
metabolism and nutrition in swine before the 1990s.% Also,
the conceptual foundation of the “ideal protein” on the com-
position of EAAs in the body or carcass is flawed, because
the ratios of EAAs in animals (including swine) do not match
those in diets due to the following factors.2?8 First, all AAs in
the diet undergo catabolism at different rates in the mucosa
(mainly enterocytes), microbes in the small intestine, or both.
Due to the extensive first-pass metabolism of dietary AAs
in the portal-drained viscera, the concentrations of AAs in
plasma are very different from those in the ingested food
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Table 3. The Baker’s and NRC patterns of amino acid composition in ideal proteins for 0-56-day-old chicks.

Amino acid Baker’s* modified models (1997) for chicks? NRC (1994)45 (0—21-day-old
chicks)e
0-21 days® 21-42 days® 42-56 days¢

% of lysine in diet

Lysine 100 100 100 100
Methionine 36 37 37 42
Cystine 36 38 38 33
Threonine 67 70 70 67
Valine 77 80 80 75
Arginine 105 108 108 104
Tryptophan 16 17 17 17
Isoleucine 67 69 69 67
Leucine 109 109 109 100
Histidine 35 35 35 29
Phe + Tyr 105 105 105 112

aThese ratios are based on true digestible levels of amino acids in diet (as-fed basis; 90% dry matter). Adapted from Baker.464” Except for glycine, all amino acids are
L-isomers.

bPatterns of amino acid composition in the ideal protein are the same for male and female chickens. The amounts of digestible lysine in diet (as-fed basis; 90% dry
matter) are 1.12 and 1.02% for male and female chickens, respectively.

cPatterns of amino acid composition in the ideal protein are the same for male and female chickens. The amounts of digestible lysine in diet (as-fed basis; 90% dry
matter) are 0.89 and 0.84% for male and female chickens, respectively.

dPatterns of amino acid composition in the ideal protein are the same for male and female chickens. The amounts of digestible lysine in diet (as-fed basis; 90% dry
matter) are 0.76 and 0.73% for male and female chickens, respectively.

eThese ratios are based on total amino acids in a typical corn- and soybean meal-based diet.*5 The amount of digestible lysine in diet (as-fed basis; 90% dry matter)
is 1.2% for 0—21-day-old chicks.

Table 4. Previously proposed amino acid ratios in “ideal proteins” for 10-20kg growing pigs.2

Amino acid Amino acid content ARC Wang and Fuller Chung and Baker NRC NRC Baker
in the carcass*6® (1981)49.¢ (1989)51. d9 (1992)52 dh (1998)33 en (2012)54i (2000)47% &h
% of lysine
Arginine 91 - - 42 42 44 42
Glycine - - - 100 - - -
Histidine 47 33 - 32 32 34 32
Isoleucine 53 55 60 60 54 52 60
Leucine 111 100 110 100 102 101 100
Lysine 100 100 100 100 100 100 100
Met + Cys 49 50 63 60 57' 56" 60
Phe + Tyr 100 96 120 95k 94m 940 95k
Proline - - - 33 - - -
Tryptophan 12 15 18 18 19 16 17
Threonine 61 60 72 65 62 62 65
Valine 72 70 75 68 68 65 68
Glutamatef - - 826 878 - - -

aThese ratios are based on true digestible levels of amino acids in diet, except for ARC.4? Except for glycine, all amino acids are L-isomers.
®The body proteins in 20—45kg pigs contain 63 g lysine/16 g nitrogen.

cThese ratios are based on total amino acids in the diet. The total level of lysine in the diet is 1.10% (as-fed basis; 90% dry matter).
dThe diet contains 1.20% true digestible lysine (as-fed basis; 90% dry matter).

eThe diet contains 1.01% true digestible lysine (as-fed basis; 90% dry matter).

Provided as the nitrogenous source for synthesis of other NEAA in animals.

9Dietary requirements are for 25-50kg gilts.

hDietary requirements are for 10-20kg pigs.

Total amino acid in a typical corn- and soybean meal-based diet (as-fed basis; 90% dry matter). The diet contains 1.40% total lysine.5*
IThe ratio of L-methionine to L-cystine is 1:1.

kThe ratio of L-phenylalanine to L-tyrosine is 53:47.

'The ratio of L-methionine to L-cystine is 47:53.

mThe ratio of L-phenylalanine to L-tyrosine is 64:36.

"The ratio of L-methionine to L-cystine is 51:49.

°The ratio of L-phenylalanine to L-tyrosine is 63:37.

(e.g. milk, forage, and corn- and soybean meal-based feed).
Third, proteinogenic AAs in plasma are taken up by cells in
animals at various rates and have various metabolic fates via
diverse cell-specific metabolic pathways. Fourth, the types

and AA composition of proteins in animals differ from those
in plant-based foods. For these reasons, the usefulness of
the early versions of the “ideal protein” for swine feeding
is limited.
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During the late 1980s, Wang and Fuller?! used young
gilts (25-50kg) in feeding trials to revise EAA patterns in the
earlier “ideal protein” by considering maintenance require-
ments for AAs. Disappointingly, the authors also did not
consider arginine, histidine, and AASAs in the “ideal pro-
tein.” The semi-purified diets used in the study of Wang
and Fuller® included a high amount of glutamic acid as the
sole source of nonspecific AA nitrogen (826% of the lysine
content). Unfortunately, the content of glutamate in the feed-
stuffs used for all those previous studies was not determined
due to technical difficulties.®45-51 As in the earlier work
with chickens noted previously, Wang and Fuller> did not
consider that (1) such a high intake of glutamate by swine
may have possible adverse effects on animal metabolism
and health (including intestinal health) and (2) growing pigs
have a dietary requirement for glutamic acid and glutamine.
Adequate provisions of these two AA in diets are crucial for
the maximum growth, optimum intestinal health, and maxi-
mum production performance of pigs.>>

During the 1990s, Baker’s group® recognized some of
the deficiencies in the “ideal protein” for swine diets and,
therefore, conducted a series of feeding trials to determine
optimum ratios of EAAs to lysine in the purified diets for
10-20kg pigs. In their study, the basal diet contained 1.2%
true digestible lysine and the various ratios of the follow-
ing five AAs relative to lysine (arginine, 0.42; glycine, 1.00;
histidine, 0.32; and proline, 0.33, and glutamic acid (the sole
source of nonspecific AA nitrogen), 8.78. The inclusion of
arginine, glycine, histidine, and proline in the swine diets
was a significant improvement over Wang and Fuller’s ver-
sion of the “ideal protein” for gilts.>! However, the “ideal
protein” of Chung and Baker?? for swine diets still did not
include (1) cysteine and tyrosine, which are not synthesized
de novo in any animal cells; and (2) many AASAs (alanine,
aspartate, asparagine, glutamine, and serine), which are
abundant in the body and actively participate in metabo-
lism, including one-carbon metabolism and the synthesis of
purine and pyrimidine nucleotides.? In addition, although
Baker’s group,*? like other researchers,?5! used glutamic
acid to formulate isonitrogenous diets for animal feeding,
none of these investigators considered that animals have
dietary requirements for glutamic acid and glutamine for
optimal growth, intestinal health, and production perfor-
mance.?% There is no experimental evidence that the sup-
plemental glutamate supports an adequate synthesis of all
other AASAs (including alanine, asparagine, aspartate, glu-
tamine, and serine) in pigs. Furthermore, Chung and Baker>?
did not explain why different amounts of arginine, glycine,
histidine, and proline were included in the diets for growing
pigs. Unfortunately, the 10th edition of the Swine Nutrient
Requirements by the NRC> did not recognize that young
pigs have dietary requirements for proline and glycine.
Possibly due to this official publication, Baker*” excluded
these two AAs from his last version of the “ideal protein” for
swine diets. Disappointingly, guided by the outdated con-
cept of the ideal protein, the NRC>* also failed to recognize
the important role of dietary glutamate, glycine, and proline
in swine nutrition. These AAs, along with glutamine and
arginine, are crucial for maximum growth and production
performance in swine.22%5-57

Moving beyond the “ideal protein”
concept

The “ideal protein” concept has greatly advanced the field
of swine and poultry protein nutrition over the last four and
six decades, respectively, resulting in the practice of dietary
supplementation with crystalline EAAs to improve the
growth, feed efficiencies and productivity of pigs and poul-
try.143758-62 This nutritional concept has also been adopted
by the dairy cattle industry to provide rumen-escape protein
or EAAs for high-producing cows!* and highlighted in the
literature concerning the nutrition of other farm animals,
including fish and crustaceans.® In addition, the “ideal pro-
tein” concept is now also used to feed zoo® (e.g. carnivores)
and companion® (e.g. cats and dogs) animals. However,
the “ideal protein” concept is imperfect in animal nutrition
for the following reasons. First, the composition of AAs in
the diet is not the same as that in the whole body due to the
catabolism of dietary AAs by the mucosa, microbes, or both
of the small intestine at various rates, as indicated previ-
ously.?® In addition, the composition of AAs (particularly
glycine, proline, and hydroxyproline) in the animal body
varies with age* and, therefore, data on carcass or muscle
AA composition at one particular age may not be applicable
to other ages. Second, EAAs are degraded in extraintestinal
tissues at various rates via a cell-specific manner, result-
ing in the synthesis of AASAs (particularly glutamate, glu-
tamine, glycine, and proline) at various rates.? Third, the
amounts of EAAs and the ratios of EAAs to lysine in diets
are only some of the factors that affect protein nutrition in
animals. As noted previously, animals have dietary require-
ments for AASAs for realizing their genetic potentials for
maximum growth and production performance (e.g. embry-
onic survival, milk yield, and postweaning survival) and
optimum health (e.g. intestinal health in weanling piglets,
antioxidative responses in endotoxin-challenged pigs, and
the resistance of pigs and rodents to pathogens).®” Sufficient
AASAs must be provided in diets. Fourth, the “ideal pro-
tein” concept does not take, into consideration, the needs
of animals for dietary AASAs for optimum metabolic pro-
cesses and intestinal microbial metabolism.

Fifth, the “ideal protein” concept ignores the nutritional
and physiological needs of the small intestine, the reproduc-
tive system, and immunocytes of animals (including pigs,
chickens, and fish) for AASAs, which are not only major
energy sources for enterocytes but also key regulators of
gene expression, gut integrity, spermatogenesis, embryonic
survival, immunity, and health.313295667-69 FEor example,
dietary glutamate, glutamine, glycine, and proline protect
the small intestine from oxidative stress and atrophy in
weanling pigs,>%%7 whereas dietary arginine enhances pla-
cental water transport and nitric oxide (NO) synthesis, as
well as embryonic and fetal survival in gestating swine.t*7!
Furthermore, a lack of glutamate or glutamine in diets
results in high rates of mortality in juvenile hybrid-striped
bass.”> Thus, although poultry and swine nutritionists have
adopted the “ideal protein” concept for animal feeding for
over 60 and 40years, respectively, the production perfor-
mance and feed conversion efficiencies of swine and poultry
remain suboptimum.”>7> For example, adequate provision



of arginine, glutamate, glutamine, glycine, and proline in
diets are required to improve health (including intestinal and
reproductive health), growth performance, lactation, and
productivity of swine.25286873 In addition, sufficient dietary
glutamate and glutamine are also essential for maximum
lean tissue gain in broiler chickens particularly under stress
conditions.?6?’ Furthermore, although there have been good
progress in the manufacturing of environmentally sustain-
able, low-CP diets based on the “ideal protein” concept to
meet the requirements of swine and poultry for all EAAs, all
the attempts without the inclusion of AASAs in diets have not
been successful for the maximum growth or productivity of
the animals.”679

In view of the foregoing, we suggest that the “ideal
protein” concept be replaced with “optimum ratios and
amounts of all proteinogenic AAs” for animals. This new
concept provides the much-needed scientific basis for
formulating low-protein diets with AASAs, such as glu-
tamate, glutamine, glycine, proline, and serine. Dietary
provision of these AAs that are highly abundant in the
body will minimize the needs for both dietary EAAs and
energy to synthesize AASAs via cell-specific metabolic
pathways. Disappointingly, AASAs are currently not con-
sidered in most studies for reducing CP content in animal
diets. Readers are referred to recent excellent reviews on
this topic.6280 The revision of the “ideal protein” concept
by the integration of AASAs can improve AA provision in
the diets of animals. Because animals have dietary require-
ments for AAs but not protein,? a term “optimal ratios and
amounts of all proteinogenic AAs” is scientifically more
accurate and practically more useful than the “ideal pro-
tein.” In the case of carnivorous species, taurine should also
be provided in their diets to prevent damage to the eyes,
heart, and other organs. Of note, there has been increasing
interest in the use of protein hydrolysates (including small
peptides) and functional AAs (in the crystalline or liquid
form) to feed animals.262

Optimal ratios and amounts of all
proteinogenic AAs in diets for swine
and chickens, as well as companion
and zoo animals

The proportions of skeletal muscle, connective tissue, white
adipose tissue, and other tissues in animals (such as pigs
and rats) change with the increase of age and may differ
among different breeds of the same species.?? In addition,
the proportions of specialized proteins (e.g. collagens) in
animals increase with their growth.* Thus, although the com-
position of AAs in individual proteins is generally not influ-
enced by diet and disease, the composition of AAs and the
rates of AA metabolism in animals (expressed per kg body
weight) vary during their life cycles. Therefore, the require-
ments of animals for proteinogenic AAs and, in the case of
carnivores, also taurine are not fixed but rather undergo
dynamic changes during different physiological stages and
in response to alterations in genotypes and environmental
factors (including dietary composition, ambient tempera-
tures, and infections). Furthermore, with improvements
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in animal-breeding techniques to produce new breeds of
livestock, poultry, and fish, their lean tissue grows much
faster than the previous breeds, and in the case of swine,
a marked increase in both litter size at birth and skeletal
muscle gain.”>7> Also, considerations for sustainability and
value chain in animal agriculture call for precision nutrition
in feeding practices. Adequate knowledge of AA metabolism
and nutrition is necessary to meet the needs of animals for
dietary AAs.%!

Our guiding principles for the development of new opti-
mal patterns of all AAs in diets for swine and chickens at a
production stage are (1) endogenous syntheses of AASAs
from EAAs are inadequate in highly productive animals, (2)
EAAs and AASAs are needed in optimal proportions and
amounts for maximum productivity and optimum health,
(3) dietary AAs are metabolized at different rates in the small
intestine of animals, and (4) dietary requirements of animals
for AAs depend on tissue-specific protein turnover and AA
metabolism. Since 1992, extensive research has been con-
ducted to improve AA patterns in diets for gestating, lactat-
ing, suckling, weanling, and finishing swine through both
basic research on AA metabolism and dietary supplementa-
tion with functional AAs (including arginine, glutamine,
glutamate, proline, or glycine).2?>28686982 Research to refine
dietary requirements of lactating sows for AAs (including
AASAs) has also been advanced through the determination
of their mammary gland growth and development, whole-
body composition of all proteinogenic AAs, as well as milk
composition and production.?122859.61 The quantifiable
outcomes are increases in the number and litter weight of
live-born piglets, the growth and survival rates of neonatal
and postweaning piglets, the milk yield of lactating sows
and their subsequent pregnancy rates, as well as immunity
and resistance to infectious pathogens. Similarly, the past
30years have witnessed remarkable progress in the pro-
ductivity of birds (e.g. growth rate, feed efficiency, and egg
production).?6:37,6075

With advances in our understanding of AA biochemistry
and nutrition over the past three decades, Wu and coworkers
have proposed optimal ratios and amounts of true digest-
ible AAs in diets for swine (Table 5) and chickens (Table 6)
during the different phases of their growth and production.
Values for cats®® as well as carnivorous and omnivorous zoo
animals’! have also been proposed in recent years. Because the
dynamic requirements of animals for dietary AAs are influ-
enced by a plethora of factors as indicated previously, the
data in Tables 5 and 6 as well as the literature3!% serve only as
references to guide feeding practices and nutritional research.
Diets should be formulated for animals on farms under their
practical production conditions for optimum nutrient effi-
ciencies. Note that (1) the recommendations include AASAs
in the optimal ratios and amounts of dietary AAs for swine
and poultry, as well as other animals at various production
stages and (2) animals have particularly high requirements
for dietary arginine, glutamate, glutamine, glycine, and pro-
line for optimum intestinal health, and these AAs are very
abundant in animal-sourced feedstuffs, including blood meal,
chicken visceral digest, feather meal, insect meal, intestinal
mucosal and peptone products, meat and bone meal, and
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Table 5. Texas A&M University’s optimal ratios of true digestible amino acids in diets for swine, and the NRC values of total amino acids in diets for

lactating sows.2

Amino acid Texas A&M University’s optimal ratios of true digestible amino acids NRC (2012)54d

Growing pigs (kg)® Gestating pigs® Lactating P1 P2+

sows?

5-10 10-20 20-50 50-110 d 0-90 d 90-114
Alanine 1.14 0.97 0.80 0.64 0.69 0.69 0.83 - -
Arginine 1.19 1.01 0.83 0.66 1.03 1.03 1.37 0.48 0.47
Asparagine 0.80 0.68 0.56 0.45 0.50 0.50 0.66 - -
Aspartate 1.14 0.97 0.80 0.64 0.61 0.61 0.94 - -
Cysteine 0.32 0.28 0.24 0.20 0.19 0.19 0.26 0.24 0.23
Glutamate 2.00 1.70 1.39 1.12 0.89 0.89 1.81 - -
Glutamine 1.80 1.53 1.25 1.00 1.00 1.60 1.38 - -
Glycine 1.27 1.08 0.89 0.71 0.48 0.48 0.75 - -
Histidine 0.46 0.39 0.32 0.26 0.29 0.29 0.39 0.35 0.34
Isoleucine 0.78 0.66 0.54 0.43 0.45 0.45 0.66 0.49 0.47
Leucine 1.57 1.33 1.09 0.87 1.03 1.03 1.41 0.96 0.92
Lysine 1.19 1.01 0.83 0.66 0.51 0.51 0.80 0.86 0.83
Methionine 0.32 0.28 0.24 0.20 0.16 0.16 0.25 0.23 0.23
Phenylalanine 0.86 0.73 0.60 0.48 0.54 0.54 0.77 0.47 0.46
Proline 1.36 1.16 0.95 0.76 0.89 0.89 1.24 - -
Serine 0.70 0.60 0.49 0.39 0.45 0.45 0.74 - -
Threonine 0.74 0.65 0.55 0.46 0.41 0.41 0.56 0.58 0.56
Tryptophan 0.22 0.19 0.17 0.14 0.11 0.11 0.18 0.16 0.15
Tyrosine 0.67 0.57 0.46 0.37 0.40 0.40 0.62 0.51 0.48
Valine 0.85 0.72 0.59 0.47 0.55 0.55 0.72 0.75 0.72

aData for Texas A&M University’s optimal ratios of true digestible amino acids are taken from Wu.6” Except for glycine, all amino acids are L-isomers. Values are based
on true ileal digestible amino acids. Crystalline amino acids (e.g. feed-grade arginine, glutamate, glutamine, and glycine), whose true ileal digestibility is 100%, can be
added to a diet to obtain their optimal ratios. The molecular weights of intact amino acids were used for all the calculations. The content of dry matter in all the diets
was 90%. The content of metabolizable energy in the diets of growing pigs, gestating pigs, and lactating pigs is 3330, 3122, and 3310kcal/kg diet, respectively.

bFed ad libitum (90% dry matter).
°Fed 2kg/day on days 0-90 and 2.3kg/day on days 90—114 (90% dry matter).

dData from National Research Council (NRC 2012) refer to total amino acids in a typical corn- and soybean meal-based diet.>* Dry matter content of the diet is 90%.

P1=parity 1; P2+ =parity 2 or greater.

poultry by-products.® These ingredients can increase both the
sustainability of animal agriculture and value chain in animal
nutrition. Of particular note, AASAs have now been used to
cost-effectively manufacture diets for swine,?>%% poultry,87
fish,% and crusyacean'® to enhance the efficiency of lean tissue
growth. The optimal ratios and amounts of AAs in animal diets
can reduce their protein content and feedstuff costs as well as
the excretion of nitrogenous wastes and release of greenhouse
gasses (e.g. methane and CO,) to the environment, while sus-
taining global animal agriculture 2’8891 Additional benefits
are improvements in growth, production performance, and
food efficiency in livestock and companion animals, as well as
the survival and expansion of extinct animals in the world.?3!
Furthermore, because the current Institute of Medicine pub-
lication, which does not adopt the “ideal protein” concept
for the requirements of humans for dietary AAs, ignores the
requirements of humans for AASAs,*? findings from farm
and laboratory animals may have important implications
for improving the nutrition of infants (particularly preterm
babies), children, and adults (particularly the elderly).

Conclusions

As the term “ideal protein” implies for nutrition, it should be
a protein with optimal ratios of all AAs required for maximum

growth and productivity, as well as optimum metabolic pro-
cesses, intestinal microbial metabolism, and health in animals.
However, the “ideal protein” concept, which was originally
proposed in the 1950s and based solely on EAAs but ignored
AASAs, is imperfect in animal nutrition. The long-standing
term “NEAAs” has recently been recognized as a misnomer in
nutritional science and, therefore, replaced by AASAs. Not all
AASAs are sufficiently synthesized by mammals, birds, fish,
and crustaceans for their maximum productivity. An ideal diet
must provide all EAAs and AASAs (in the cases of carnivores,
also taurine) in proper ratios and sufficient amounts. AASAs
must be adequate in diets for minimizing the environmental
impact of animal production. Animal-sourced feedstuffs sup-
ply abundant EAAs and AASAs (including glutamate, glu-
tamine, glycine, proline, 4-hydroxyproline, and taurine) for
the diets of both vertebrates and invertebrates to improve their
growth, development, reproduction, and health. Nutritionists
should think outside the box and move beyond the “ideal
protein” concept to consider optimum ratios and amounts of
all proteinogenic AAs in animal foods, and in the case of strict
carnivores, also taurine in diets. This will help formulate effec-
tively low-protein diets for livestock (including swine and
high-producing dairy cattle), poultry, fish, and crustaceans, as
well as zoo and companion animals, while sustaining global
animal production.
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Table 6. Texas A&M University’s optimal ratios of true digestible amino acids in diets for broiler chickens and laying hens.2

Amino acid Age of broiler chickens Laying hense
0-21daysP 21-42days° 42-56 days? Content of digestible AAs Percentage of digestible
in diet (%, as-fed basis) lysine in diet (%)
(% of digestible lysine in diet)

Alanine 102 102 102 0.90 110
Arginine 105 108 108 1.03 126
Asparagine 56 56 56 0.72 88
Aspartate 66 66 66 1.03 126
Cysteine 32 33 33 0.29 35
Glutamate 178 178 178 1.45 177
Glutamine 128 128 128 1.58 193
Glycine 176 176 176 1.00 120
Histidine 35 35 35 0.41 50
Isoleucine 67 69 69 0.70 85
Leucine 109 109 109 1.52 185
Lysine 100 100 100 0.82 100
Methionine 40 42 42 0.38 46
Phenylalanine 60 60 60 0.53 65
Proline 184 184 184 1.31 160
Serine 69 69 69 0.80 98
Threonine 67 70 70 0.61 74
Tryptophan 16 17 17 0.19 23
Tyrosine 45 45 45 0.41 50
Valine 77 80 80 0.78 95

Adapted from He et al.26

agExcept for glycine, all amino acids are L-isomers. Values are based on true ileal digestible amino acids.
bPatterns of amino acid composition in the ideal protein are the same for male and female chickens. The amounts of digestible lysine in diet (as-fed basis; 90% dry

matter) are 1.12 and 1.02% for male and female chickens, respectively.

cPatterns of amino acid composition in the ideal protein are the same for male and female chickens. The amounts of digestible lysine in diets (as-fed basis; 90% dry

matter) are 0.89 and 0.84% for male and female chickens, respectively.

dPatterns of amino acid composition in the ideal protein are the same for male and female chickens. The amounts of digestible lysine in diets (as-fed basis; 90% dry

matter) are 0.76 and 0.73% for male and female chickens, respectively.

eA diet that consists of 60% corn grain (containing 9.3% crude protein) and 24% soybean meal (43.5% crude protein), and is supplemented with 0.2% glycine and

0.1% L-methionine can meet the requirements of laying hens for all amino acids.
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