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Abstract

Both poultry meat and eggs provide high-
quality animal protein [containing sufficient
amounts and proper ratios of amino acids
(AAs)] for human consumption and, therefore,
play an important role in the growth, develop-
ment, and health of all individuals. Because
there are growing concerns about the subopti-
mal efficiencies of poultry production and its
impact on environmental sustainability, much
attention has been paid to the formulation of
low-protein diets and precision nutrition
through the addition of low-cost crystalline
AAs or alternative sources of animal-protein
feedstuffs. This necessitates a better under-
standing of AA nutrition and metabolism in
chickens. Although historic nutrition research
has focused on nutritionally essential amino
acids (EAAs) that are not synthesized or are
inadequately synthesized in the body, increas-
ing evidence shows that the traditionally clas-
sified nutritionally nonessential amino acids
(NEAAs), such as glutamine and glutamate,
have physiological and regulatory roles other
than protein synthesis in chicken growth and
egg production. In addition, like other avian

species, chickens do not synthesize adequately
glycine or proline (the most abundant AAs in
the body but present in plant-source feedstuffs
at low content) relative to their nutritional and
physiological needs. Therefore, these two AAs
must be sufficient in poultry diets. Animal
proteins (including ruminant meat & bone
meal and hydrolyzed feather meal) are abun-
dant sources of both glycine and proline in
chicken nutrition. Clearly, chickens (including
broilers and laying hens) have dietary
requirements for all proteinogenic AAs to
achieve their maximum productivity and
maintain optimum health particularly under
adverse conditions such as heat stress and dis-
ease. This is a paradigm shift in poultry nutri-
tion from the 70-year-old “ideal protein”
concept that concerned only about EAAs to
the focus of functional AAs that include both
EAAs and NEAAs.
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EAA nutritionally essential amino acid
ICV intracerebroventricular
NEAA nutritionally nonessential amino acid
NMDA N-methyl-D-aspartate
NRC National Research Council
POX proline oxidase
α-KG α-ketoglutarate

7.1 Introduction

Amino acids (AAs) are the building blocks of
protein, which is the major dry matter component
of growth in chickens and their eggs (Baker
2009). As foods for humans, poultry and eggs
provide high-quality protein that contains suffi-
cient amounts and proper ratios of AAs, therefore
playing an important role in the growth, develop-
ment, and health of humans (McNeill et al. 2017;
Réhault-Godbert et al. 2019). Chicken or poultry
byproducts are also low-cost and high-quality
protein feedstuffs for livestock species, fish, and
companion animals (Li and Wu 2020). In addi-
tion, taurine (a nonproteinogenic AA), which is
present abundantly in poultry tissues, is essential
for the integrity and function of the eyes, heart
and skeletal muscle, as well as the nervous, diges-
tive, immune, and reproductive systems in both
mammals and birds (Wu 2020a). As for other
animals, adequate intakes of dietary AAs are cru-
cial for the optimum efficiency of poultry produc-
tion (Baker 2009). Either an excess or a
deficiency of AAs has negative impacts on the
health and productivity of chickens.

Compared with the chicken breeds
used 30 years ago, modern breeds of broilers
grow faster and gain more lean tissues, and mod-
ern breeds of leghorns lay more eggs (Applegate
and Angel 2014; Bailey 2020). However, there is
not much progress in our understanding of AA
nutrition and metabolism in chickens over the
past three decades (Bailey 2020). It is known
that the patterns of free AAs in plasma and skele-
tal muscles of chickens (Table 7.1) differ from
those in mammals (Wu 2018a, b) and that ammo-
nia is removed primarily as uric acid in birds
rather than as urea in mammals (Wu 2013).

Thus, there are distinct differences in AA metab-
olism and nutrition between avian and mamma-
lian species. Because improving the efficiency of
poultry production and sustaining the global envi-
ronment are important goals of animal agriculture
(Wu et al. 2020), much attention has been paid to
the formulation of low-protein diets through the
addition of low-cost crystalline AAs. This
necessitates renewed interest in the fundamental
knowledge of cell- and tissue-specific synthesis
and catabolism of AAs in chickens. Although
historic nutrition research has focused on nutri-
tionally essential amino acids (EAAs) that are not
synthesized or are inadequately synthesized in the
body (Baker and Han 1994), increasing evidence
shows that the traditionally classified nutritionally
nonessential amino acids (NEAAs; coined in
1912) such as glutamine and glutamate have
physiological and regulatory roles other than pro-
tein synthesis in chicken growth and egg produc-
tion (Wu 2014, 2018a, b). The major objective of
this article is to highlight recent advances in AA
nutrition and metabolism in meat-type and
egg-laying chickens.

7.2 Digestion of Dietary Protein
and Absorption of Its
Hydrolysis Products
in Chickens

The digestive system of chickens differs from that
of pigs, but these two species share common
features of digestion and absorption
(Wu 2018a). In birds, ingested feed passes
through the esophagus into the crop
(a temporary storage pouch) and then enters the
proventriculus (also known as the “true stom-
ach”). Within the proventriculus, feed is mixed
with HCl and digestive enzymes as in mammals
to initiate the hydrolysis of proteins and fats. This
acid is produced from NaCl and carbonic acid
(H2CO3) by parietal cells in the gastric glands of
the stomach to create an acidic environment (e.g.,
pH ¼ 2.5–3.5; equivalent to 10–2.5 to 10–3.5 M
HCl). Gastrin (released by the parietal cells of the
stomach) and acetylcholine (released by the
vagus nerve and enteric system) stimulate gastric
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acid production. In contrast, somatostatin (also
known as growth hormone-inhibiting hormone;
produced by D cells in the stomach, the small
and large intestine, and also the pancreas) and
secretin (produced by the S cells of the duode-
num) inhibit gastric acid secretion. Gastric HCl
aids in protein digestion by: (1) converting inac-
tive gastric proteases (pepsinogens A, B, C, and D
and pro-chymosin, collectively called zymogens,
which are synthesized and released by the chief
cells of the gastric glands) to active proteases
(pepsins A, B, C, and D, and chymosin); and
(2) denaturing dietary proteins so that they lose
their natural folded structures to expose their pep-
tide bonds to the active proteases for hydrolysis.

The specific activities of pepsinogens A, B and C
in the proventriculus increase progressively dur-
ing the embryonic development, reach a tempo-
rary peak several days before hatching, and
increase 30-fold within 24 h after hatching, in
comparison with the values at birth, regardless
of enteral feeding (Yasugi and Mizuno 1981).
Dietary protein, AAs, histamine, acetylcholine,
gastrin, gastrin-releasing peptide, vagal stimula-
tion, and vasoactive intestinal peptide enhance the
secretion of gastric proteases (Wu 2018a).

The digesta from the proventriculus enters the
gizzard (ventriculus; also known as the mechani-
cal stomach; pH ¼ 2.5–3.5) for grinding, mixing
and mashing. The digesta includes the large

Table 7.1 Concentrations of free amino acids in the plasma and skeletal muscles of 6-week-old fed and 48-h fasted male
White Leghorn chickensa

Amino
acid

Fed chickens 48-h fasted chickens

Plasma
(nmol/ml)

Gastrocnemius
muscle

Pectoralis
muscle Plasma

(nmol/ml)

Gastrocnemius
muscle

Pectoralis
muscle

(nmol/mg tissue) (nmol/mg tissue)

Ala 521 � 14 3.21 � 0.15 1.20 � 0.08 616 � 8* 3.93 � 0.10* 1.70 � 0.09*
β-Ala 44 � 7 1.08 � 0.30 0.83 � 0.13 79 � 6* 1.49 � 0.15 0.78 � 0.05
Arg 461 � 32 0.40 � 0.03 0.24 � 0.02 297 � 13* 0.36 � 0.01 0.26 � 0.02
Asp 65 � 5 1.55 � 0.09 0.31 � 0.02 152 � 13* 0.74 � 0.05* 0.32 � 0.01
Asn 114 � 13 0.41 � 0.04 0.18 � 0.02 86 � 11 0.32 � 0.03 0.21 � 0.04
Cit 1.01 � 0.03 0.016 � 0.002 0.015 � 0.001 0.74 � 0.02* 0.014 � 0.001 0.013 � 0.001
Cys 251 � 17 0.23 � 0.02 0.21 � 0.01 173 � 12* 0.18 � 0.01* 0.17 � 0.01*
Gln 1089 � 60 9.45 � 0.64 1.41 � 0.04 941 � 26 3.02 � 0.17* 1.38 � 0.07
Glu 265 � 22 3.43 � 0.28 0.90 � 0.06 317 � 11* 1.69 � 0.12* 0.89 � 0.05
Gly 496 � 16 1.05 � 0.14 0.71 � 0.09 709 � 28* 1.37 � 0.12 0.80 � 0.08
His 138 � 7 0.10 � 0.01 0.14 � 0.02 181 � 12* 0.32 � 0.03* 0.24 � 0.01*
Hyp 103 � 6 0.048 � 0.002 0.043 � 0.002 71 � 4* 0.044 � 0.002 0.041 � 0.002
Ile 228 � 10 0.21 � 0.02 0.23 � 0.02 241 � 9 0.18 � 0.02 0.19 � 0.02
Leu 305 � 24 0.28 � 0.03 0.32 � 0.05 287 � 5 0.31 � 0.04 0.26 � 0.03
Lys 209 � 13 0.47 � 0.06 0.23 � 0.03 446 � 26* 0.52 � 0.08 0.26 � 0.04
Met 75 � 6 0.094 � 0.006 0.10 � 0.01 77 � 2 0.11 � 0.01 0.12 � 0.02
Orn 20 � 2 0.046 � 0.003 0.032 � 0.002 21 � 2 0.042 � 0.003 0.030 � 0.002
Phe 212 � 12 0.19 � 0.03 0.18 � 0.02 244 � 5 0.17 � 0.02 0.20 � 0.02
Pro 349 � 21 0.29 � 0.04 0.24 � 0.02 251 � 14* 0.27 � 0.02 0.22 � 0.01
Ser 481 � 33 1.60 � 0.15 0.71 � 0.04 503 � 31 1.17 � 0.08* 0.84 � 0.06*
Tau 249 � 33 11.8 � 0.30 0.45 � 0.06 512 � 29* 9.20 � 0.42* 0.42 � 0.05
Thr 260 � 17 0.77 � 0.09 0.57 � 0.05 294 � 10 0.76 � 0.07 0.66 � 0.05
Trp 68 � 2 0.04 � 0.01 0.05 � 0.01 82 � 3* 0.06 � 0.01* 0.06 � 0.01
Tyr 171 � 10 0.14 � 0.01 0.16 � 0.01 250 � 11* 0.21 � 0.02* 0.23 � 0.02*
Val 288 � 19 0.46 � 0.04 0.33 � 0.03 316 � 4 0.40 � 0.04 0.32 � 0.03

Cit ¼ citrulline; Hyp ¼ 4-hydroxyproline; Orn ¼ ornithine; Tau ¼ taurine
*P < 0.05 vs the Fed group as analyzed by unpaired t-test
aTaken from Watford and Wu (2005). Data are means � SEM, n ¼ 5
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polypeptides, small peptides and free AAs
resulting from the enzymatic hydrolysis by
pepsins in the stomach, as well as dietary proteins
that are resistant to pepsins in the stomach. The
transit time of food particles through the proven-
triculus and gizzard is about 90 min. Food
particles from the gizzard, the food particles
enter the small intestine for further digestion.
The pancreas plays an essential role in the diges-
tion of dietary protein because its acinar cells
secrete pro-proteases into the lumen of the duo-
denum (pH ¼ 6.0–6.5). These enzymes are the
zymogens of endopeptidases (trypsin,
chymotrypsins A, B and C, collagenase, and elas-
tase) and exopeptidases (carboxypeptidases A
and B), and are activated in the duodenal lumen
by a cascade of limited proteolysis by enteroki-
nase to remove an N-terminal oligopeptide (2 to
6 AA residues) from each zymogen. Specifically,
enterokinase (released by enterocytes of the duo-
denum) converts trypsinogen into trypsin through
the removal of an N-terminal hexapeptide. Sub-
sequently, trypsin converts other pancreatic
zymogens into active forms (e.g.,
chymotrypsins A, B and C, elastase, and
carboxypeptidases A and B). In addition,
aminopeptidases (exopeptidases; released by the
mucosa of the small intestine) cleave the last
peptide bond adjacent to an AA at the NH2 termi-
nus. Furthermore, prolyl oligopeptidase (prolyl
endopeptidase; released by the small intestine)
cleaves proline or hydroxyproline from the inside
of an oligopeptide that contains the imino acid.

The extracellular proteolysis occurring in the
duodenum of poultry is limited due to the short
length of this intestinal segment and a short transit
time of food particles (about 7 min). The chyme
moves into the jejunum (pH ¼ 6.5–7.0), where
most proteolysis takes place due to its long length
and high protease activities. The transit time of
the digesta through the jejunum is about 25 min.
Continuous digestion of protein and polypeptides
can occur in the ileum (pH ¼ 7.0–7.4) if their
hydrolysis is not completed in the jejunum, with
the transit time of the digesta through the ileum
being about 60 min. The small peptides
containing 4–6 AA residues are further
hydrolyzed by peptidases that are bound

primarily to the brush-border of enterocytes, and
to a lesser extent, in the intestinal lumen to form
free AAs, dipeptides, and tripeptides. Dipeptides
(not containing imino acids, i.e., proline or
hydroxyproline) and tripeptides are hydrolyzed
by mucosa-derived dipeptidases and
tripeptidases, respectively (Wu et al. 2011a).
However, dipeptides containing an imino acid
are cleaved by mucosa-derived prolidases. The
true ileal digestibilities of AAs in the proteins of
corn grain, soybean meal, sorghum grain, and
meat & bone meal are 85–89%, 86–91%,
84–88%, and 89–91%, respectively, in chickens
(Wu 2014).

Absorption of tripeptides and dipeptides by the
enterocytes of small intestine occurs through the
apical-membrane Na+-independent, H+-driven
peptide transporter 1 (Gilbert et al. 2010). Sodium
is indirectly required for this process because the
needed protons are provided by the Na+/H+

exchange. Within the enterocytes, tri- and
di-peptides are rapidly hydrolyzed by cytosolic
peptidases to form free AAs. Because of the
high activity of intracellular peptidases, a nutri-
tionally significant quantity of peptides does not
transcellularly enter the portal vein or the intesti-
nal lymphatics (Wu 2018a). It is possible that a
limited amount of special small peptides [e.g.,
those containing an imino acid (such as
Gly-Pro-OH-Pro, a degradation product of colla-
gen) or a formyl AA (e.g., N-formyl-Met-Leu-
Phe, a bacterial peptide serving as a chemotactic)]
are absorbed intact from the luminal content to
the bloodstream through M cells, exosomes, and
enterocytes via transepithelial cell transport (Hou
et al. 2017).

Free AAs in the intestinal lumen are absorbed
by enterocytes primarily via (a) Na+-independent
system (facilitated system; e.g., for basic AAs as
well as small and large neutral AAs) and (b) Na+-
dependent system (active transport; e.g., for
acidic AAs as well as small and large neutral
AAs) (Matthews 2000). There are reports that
elevating dietary AA intake increases the abun-
dance of the b0,+AT mRNA in the jejunum of
chickens (Osmanyan et al. 2018) and that dietary
supplementation with L-methionine or
DL-methionine promotes the expression of the
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B0AT transporter in the small intestine of broilers
(Zhang et al. 2017a). The international Nomen-
clature Committee has named AA transporters
according to their solute carrier families based
on their gene sequence similarities. Na+-depen-
dent AA transporters and Na+-independent AA
transporters account for the uptake of 60% and
40% of free AAs from the lumen of the small
intestine into enterocytes, respectively
(Wu 2018a, b). Before binding to an AA, the
Na+-dependent AA transporter binds to Na+

first, which will increase its affinity for the
AA. As a result, both Na+ and the AA are
transported into the cytoplasm of the enterocyte.
To maintain the balance of electrolytes within the
enterocyte, the Na+/K+-ATPase in its basolateral
membrane is responsible for pumping Na+ out of
the cell and getting K+ into the cell at the expen-
diture of ATP.

In chickens, the apical membrane of
enterocytes actively takes up AAs (including glu-
tamine, glutamate and aspartate) from the lumen
of the small intestine. At present, it is unknown
about the percentages of dietary AAs entering the
portal circulation of any poultry species. This
issue can be addressed by cannulating the portal
vein of chickens and obtaining blood samples
from the portal vein at various time points after
feeding for AA analyses, as performed in pigs
(Wu et al. 1994). Alternatively, Ussing chambers
can be used to assess the transfer of AAs (e.g.,
0.5–5 mM glutamine, glutamate, or aspartate)
from the luminal (apical, mucosal) side of the
small intestine (e.g., jejunum) of chickens to the
serosal (or basolateral, facing the blood) side of
the gut, as performed in the pig small intestine
(Wang et al. 2014). In pigs, about 70% of dietary
glutamine (Wu et al. 2011a) and 97% of dietary
glutamate (Hou and Wu 2018) are utilized (pri-
marily via oxidation to CO2) by the small intes-
tine during the first pass into the portal vein. If
this is also true for birds, most of the circulating
glutamine and glutamate in their bodies must be
derived from endogenous synthesis.

Based on the intakes of digestible AAs and the
accretion of AAs in the body of 14- and
42-day-old broiler chickens, we estimate that the
overall efficiency of digestible AAs for their
growth is 65.5% and 60.3%, respectively, with

the rates for individual AAs differing greatly from
40% to 79%, depending on age and diet
(Tables 7.2 and 7.3). If substantial amounts of
dietary AAs are catabolized by the small intestine
(either enterocytes, luminal microbes, or both) as
reported for pigs (Wu 2013), these efficiency
values may be greater, particularly for older
birds with more active microbes in the small
intestine. If nearly all of the dietary glutamate is
utilized by the small intestine in chickens as
reported for mammals (Wu 1998), glutamate
must be synthesized endogenously from other
AAs. We consider this to be highly possible.
Nonetheless, in 14- and 42-day-old chickens fed
rations containing 21.5% and 18.4% crude pro-
tein, respectively, all dietary AAs but glycine
appear to meet requirements for growth at the
rates of 36.3 and 112 g of body weight per day,
respectively. This raises an important question of
whether insufficient glycine intake may limit
maximum growth of chickens and whether die-
tary supplementation with glycine can reduce the
intake of total AAs by the birds without affecting
their growth performance.

7.3 Amino Acid Syntheses
in Chickens

Chickens, like other poultry species, do not form
the carbon skeletons of the following thirteen
proteinogenic AAs: arginine, cysteine, histidine,
isoleucine, leucine, lysine, methionine, phenylal-
anine, proline, threonine, tryptophan, tyrosine,
and valine (Wu 2013). This is because the birds
lack one or more of the enzymes (e.g., pyrroline-
5-carboxylate synthase, carbamoylphosphate
synthase-I, and ornithine carbamoyltransferase)
required for the biosynthesis of those carbon
skeletons from non-AA materials. Except for
arginine, cysteine, lysine, and threonine, the
α-ketoacids of the proteinogenic AAs can
undergo transamination with glutamate to gener-
ate their corresponding L-AAs. However,
chickens can convert: (1) phenylalanine into tyro-
sine in the liver and kidneys via the
tetrahydrobiopterin-dependent phenylalanine
hydroxylase, and (2) methionine into cysteine in
the liver via the transsulfuration pathway
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(Wu 2013). Tyrosine and cysteine can replace up
to 50% of phenylalanine and methionine in the
diets of chickens, respectively, depending on age
and dietary nutrient composition (Baker 2009). In
addition, relatively small amounts of ornithine
and proline are produced from arginine via argi-
nase, ornithine aminotransferase, and pyrroline-5-
carboxylate reductase (Austic 1973; Graber and
Baker 1973; Wu et al. 1995). Arginase
hydrolyzes arginine into ornithine and urea. The
latter is excreted in urine. Thus, despite the lack of
urea cycle in avian species, the body of

poultry contains urea of non-dietary origin. Fur-
thermore, a limited amount of citrulline is
generated from arginine via nitric oxide synthase.
This explains why the concentrations of ornithine
and citrulline in the plasma of chickens is very
low and negligible, respectively (Table 7.1), in
comparison with pigs (Wu 2018a).

Chickens synthesize de novo an additional
group of seven proteinogenic AAs (alanine,
asparagine, aspartate, glutamate, glutamine, gly-
cine, and serine), and some nonproteinogenic
AAs (e.g., taurine and γ-aminobutyrate) in a

Table 7.2 Utilization of proteinogenic amino acids in diet for the growth of 14-day-old broiler chickensa

AAs

AAs in diet

Intake of
digestible
AAs in diet
(g/day)b

AAs in the
body

AA
accretion
in the body
(g/day)

Digestible
AAs
catabolized to
CO2 (g/day)

Percentage (%) of
digestible AA

% of
diet
(as-fed
basis)

g/
100 g
AA

g/
100 g
wet
weight

g/
100 g
AAs

Oxidized
to CO2

Deposited
in the
bodyd

Ala 1.31 6.16 0.491 0.951 6.61 0.345 0.145 29.6 70.4
Arg 1.44 6.77 0.546 0.975 6.78 0.354 0.192 35.2 64.8
Asn 0.93 4.37 0.345 0.521 3.62 0.189 0.156 45.2 54.8
Asp 1.31 6.16 0.491 0.618 4.30 0.224 0.266 54.3 45.7
Cysc 0.51 2.40 0.186 0.219 1.52 0.079 0.106 57.2 42.8
Gln 1.81 8.51 0.684 0.747 5.19 0.271 0.413 60.4 39.6
Glu 1.70 7.99 0.647 1.190 8.28 0.432 0.216 33.3 66.7
Gly 0.88 4.14 0.326 1.670 11.6 0.606 – 0.280 – 86.0 186.3
His 0.55 2.58 0.202 0.306 2.13 0.112 0.091 44.9 55.1
Ile 0.88 4.14 0.333 0.513 3.57 0.186 0.146 44.0 56.0
Leu 1.79 8.41 0.673 0.988 6.87 0.359 0.315 46.7 53.3
Lys 1.40 6.58 0.514 0.881 6.13 0.320 0.194 37.8 62.2
Met 0.52 2.44 0.196 0.273 1.90 0.099 0.097 49.3 50.7
Phe 1.01 4.75 0.385 0.496 3.45 0.180 0.204 53.2 46.8
Pro 1.52 7.14 0.564 1.224 8.51 0.445 0.120 21.2 78.8
Ser 0.81 3.81 0.307 0.641 4.46 0.233 0.074 24.2 75.8
Thr 0.87 4.09 0.317 0.521 3.62 0.189 0.128 40.4 59.6
Trp 0.24 1.13 0.088 0.167 1.16 0.061 0.027 31.2 68.8
Tyr 0.78 3.67 0.295 0.379 2.64 0.138 0.157 53.3 46.7
Val 1.02 4.79 0.385 0.598 4.16 0.217 0.168 43.7 56.3
Hyp ND ND 0.499 3.47 0.181 – 0.181 – –

AA amino acid, Hyp 4-hydroxyproline, ND not detectable
aMale broiler chickens (Cobb) were fed a corn- and soybean meal-based diet containing 21.5% crude protein. Values are
means for 10 chickens. Amino acids in the diet and the animal body were analyzed by high-performance liquid
chromatography after acid and alkaline hydrolyses as previously described (Li and Wu 2020) and their values were
calculated on the basis of the molecular weights of intact AAs. A negative value indicates net formation
bFeed intake was 170 g/kg body weight per day. The mean body weight of 14-day-old broiler chickens was 297 g, and
their mean weight gain was 36.3 g/day. The true ileal digestibility (%) of AAs in the diet was: Ala, 88.1; Arg, 89.3; Asn,
87.2; Asp, 88.1; Cys, 85.6; Gln, 89.0; Glu, 89.6; Gly, 87.6; His, 86.3; Ile, 88.9; Leu, 88.5; Lys, 86.4; Met, 88.6; Phe,
89.6; Pro, 87.3; Ser, 89.1; Thr, 85.7; Trp, 86.5; Tyr, 88.9; and Val, 88.8 (Wu 2014)
cTotal cysteine (cysteine plus ½ cystine)
dAs protein and non-protein products
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cell- and tissue-specific manner (Wu 2013). To
date, compelling evidence shows that chickens
fed conventional diets do not adequately synthe-
size glycine and proline relative to their metabolic
needs (Baker 2009); therefore, these two AAs are
classified as EAA for the birds (Wu 2009). Note
that glutamate is the major excitatory neurotrans-
mitter in the central nervous system (He and Wu
2020). The transamination of branched-chain
AAs (BCAAs; leucine, isoleucine and valine)
with α-ketoglutarate (α-KG; derived primarily
from glucose metabolism) by BCAA

transaminase generates glutamate, which is
amidated with ammonia by the ATP-dependent
glutamine synthetase to form glutamine. Gluta-
mate is also transaminated with pyruvate or oxa-
loacetate by glutamate-pyruvate transaminase and
glutamate-oxaloacetate transaminase to yield ala-
nine and aspartate, respectively. Asparagine is
synthesized from aspartate and glutamine by the
ATP-dependent asparagine synthetase. Of note,
α-ketoisocaproate (the α-ketoacid of leucine) may
inhibit proteolysis in chicken skeletal muscle
(Nakashima et al. 2007), which fulfils another

Table 7.3 Utilization of proteinogenic amino acids in diet for the growth of 42-day-old broiler chickensa

AAs

AAs in diet

Intake of
digestible
AAs in diet
(g/day)b

AAs in the
body

AA
accretion
in the body
(g/day)

Digestible
AAs
catabolized to
CO2 (g/day)

Percentage (%) of
digestible AA

% of
diet
(as-fed
basis)

g/
100 g
AA

g/
100 g
wet
weight

g/
100 g
AAs

Oxidized
to CO2

Deposited
in the
bodyd

Ala 0.93 5.08 1.36 0.944 6.55 1.057 0.302 22.2 77.8
Arg 1.21 6.61 1.79 0.971 6.74 1.088 0.703 39.3 60.7
Asn 0.76 4.15 1.10 0.519 3.60 0.581 0.518 47.1 52.9
Asp 1.09 5.95 1.59 0.617 4.28 0.691 0.901 56.6 43.4
Cysc 0.43 2.35 0.61 0.226 1.57 0.253 0.357 58.5 41.5
Gln 1.62 8.85 2.39 0.741 5.14 0.830 1.561 66.3 33.7
Glu 1.50 8.19 2.23 1.183 8.21 1.325 0.905 40.6 59.4
Gly 0.76 4.15 1.10 1.712 11.9 1.917 – 0.819 – 74.6 174.6
His 0.43 2.33 0.61 0.304 2.11 0.340 0.269 44.1 55.9
Ile 0.75 4.10 1.11 0.511 3.55 0.572 0.535 48.3 51.7
Leu 1.59 8.68 2.34 0.987 6.85 1.105 1.230 52.7 47.3
Lys 1.16 6.33 1.66 0.880 6.11 0.986 0.673 40.6 59.4
Met 0.47 2.57 0.69 0.272 1.89 0.305 0.385 55.8 44.2
Phe 0.86 4.70 1.28 0.493 3.42 0.552 0.726 56.8 43.2
Pro 1.41 7.70 2.04 1.236 8.58 1.384 0.657 32.2 67.8
Ser 0.83 4.53 1.23 0.640 4.44 0.717 0.510 41.5 58.5
Thr 0.75 4.10 1.07 0.518 3.59 0.580 0.486 45.6 54.4
Trp 0.21 1.13 0.30 0.168 1.17 0.188 0.109 36.6 63.4
Tyr 0.71 3.88 1.05 0.382 2.65 0.428 0.620 59.2 40.8
Val 0.85 4.64 1.25 0.601 4.17 0.673 0.579 46.2 53.8
Hyp ND ND ND 0.507 3.52 0.568 – 0.568 – –

AA, amino acid; Hyp, 4-hydroxyproline; ND not detectable
aMale broiler chickens (Cobb) were fed a corn- and soybean meal-based diet containing 18.4% crude protein. Values are
means for 10 chickens. Amino acids in the diet and the animal body were analyzed by high-performance liquid
chromatography after acid and alkaline hydrolyses as previously described (Li and Wu 2020) and their values were
calculated on the basis of the molecular weights of intact AAs. A negative value indicates net formation
bFeed intake was 74 g/kg body weight per day. The mean body weight of 42-day-old broiler chickens was 2245 g, and
their mean weight gain was 112.0 g/day. The true ileal digestibility (%) of AAs in the diet was: Ala, 88.0; Arg, 89.1; Asn,
87.1; Asp, 88.1; Cys, 85.5; Gln, 89.0; Glu, 89.5; Gly, 87.0; His, 86.1; Ile, 88.9; Leu, 88.5; Lys, 86.2; Met, 88.4; Phe,
89.5; Pro, 87.2; Ser, 89.0; Thr, 85.6; Trp, 86.4; Tyr, 88.9; and Val, 88.7 (Wu 2014)
cTotal cysteine (cysteine plus ½ cystine)
dAs protein and non-protein products
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physiological function of leucine. Due to its large
mass, skeletal muscle [constituting 40–45% of
body weight (BW)] is the major site for the
syntheses of glutamate, glutamine and alanine in
chickens, with both glutamine and alanine
participating in inter-organ metabolism of AAs
(Wu et al. 1989). Thus, glutamine is the most
abundant free α-AA in the plasma and gastrocne-
mius muscle (a skeletal muscle) of chickens
(Table 7.1). The avian liver is also an active
organ for the syntheses of glutamate, aspartate,
and alanine, but contributes to little or no net
synthesis of glutamine due to its use for uric
acid synthesis (the major route of ammonia detox-
ification in birds) under physiological conditions.

Plant-based diets are deficient in glycine and
proline relative to protein synthesis in chickens
(Hou et al. 2019; Li et al. 2011; Li and Wu 2020).
We determined that the typical corn- and soybean
meal-based diets for 7- to 14-day-old and 35- to
42-day-old broiler chickens provide 30.8% and
28.2% of the glycine needed for weight gain and
uric acid production in the body, respectively
(Table 7.4). Assuming that the amounts of gly-
cine used for the syntheses of creatine, purines,
glutathione, hippurate, and heme as well as the
oxidation to CO2 and water (i.e., 0.91 and 0.36 g
glycine/kg BW per day in 7- to 14- and 35- to

42-day-old male broiler chickens, respectively)
represents 20% of the needs for weight gain plus
uric acid production (Wang et al. 2013; Wu
2010), the needs for all glycine-dependent meta-
bolic pathways are 5.48 and 2.18 g glycine/kg
BW per day in 7- to 14- and 35- to 42-day-old
male broiler chickens, respectively. In other
words, the diets provided 25.7% and 23.5% of
the glycine required by 7- to 14-day-old and 35-
to 42-day-old broiler chickens, respectively.
Thus, the rapidly growing bird must synthesize
daily at least 74–76% of the needed glycine, as
reported for young pigs (Wang et al. 2014). This
AA is synthesized endogenously from threonine,
serine (via glucose and glutamate), and
4-hydroxyproline (a product of collagen degrada-
tion) via multiple pathways in a cell-and tissue-
specific manner involving primarily the liver,
kidney, and skeletal muscle (Li and Wu 2018).
For example, glycine is formed from serine in the
liver and kidneys via serine hydroxymethyl-
transferase (present in both the mitochondria and
cytosol), from threonine in the liver, and from
4-hydroxyproline in almost all tissues (Wu et al.
2019). Because of a small amount of choline in
the diet, this substance is a minor source of gly-
cine in the body. Glycine is the most abundant
AA in the body of chickens (Wu 2013). This is

Table 7.4 Use of dietary glycine for growth and uric acid production in broiler chickens fed corn- and soybean meal-
based dietsa

Age of
chickens

Feed intake
(g/kg BW
per day)

Digestible
glycine
intake (g/kg
BW per
day)

Glycine
accretion in
the body
(g/kg BW
per day)

Uric acid
excretion in
urine (g/kg
BW per
day)

Glycine
needed for
uric acid
productionb

(g/kg BW
per day)

Glycine
needed for
weight gain
and uric acid
production
(g/kg BW
per day)

Dietary
glycine
meeting
glycine
needed for
weight gain
and uric acid
production
(%)

Days
7–14

180.5 � 2.9 1.44 � 0.03 2.05 � 0.05 5.63 � 0.19 2.51 � 0.08 4.57 � 0.09 30.8 � 0.19

Days
35–42

75.6 � 0.55 0.51 � 0.01 0.98 � 0.01 1.88 � 0.04 0.84 � 0.02 1.82 � 0.02 28.2 � 0.11

BW body weight
aValues are means� SEM, n¼ 4 pens. Cobb male broiler chickens were fed 21.5% and 18.4% crude-protein diets (corn-
and soybean meal-based) between days 7 and 14 and between days 35 and 42 of age, respectively. There were 10 birds
per pen. The mean body weight of the chickens was 36, 118, 297, 1489 and 2245 g at 0, 7, 14, 35, and 42 days of age,
respectively. The content of glycine in the whole bodies of 14- and 42-day-old broilers were 1.65 and 1.68 g/100 g of
body weight, respectively
bCalculated on the basis of the fact that one mole of glycine is required to synthesize 1 mole of uric acid (Wu 2013). Uric
acid was determined as described by Flynn and Wu (1996)
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consistent with its diverse roles in the metabolism
and physiology. For example, glycine is required
for the syntheses of glutathione (the most abun-
dant low-molecular-weight antioxidant in cells),
heme (a component of hemoglobin, myoglobin,
and heme-containing enzymes), and bilirubin
(a vehicle for iron excretion via feces and urine).
This AA also regulates the expression of
proteases to inhibit protein degradation in chicken
skeletal muscle (Nakashima et al. 2008). Glycine
is also a major inhibitory neurotransmitter in the
spinal cord and lower brainstem to regulate the
behavior and function of the animals (He and Wu
2020). In addition to glycine, chickens are not
able to synthesize adequately proline to meet
their nutritional and physiological requirements
(Baker 2009).

7.4 Amino Acid Catabolism
in Chickens

In mammals (e.g., rats, pigs, and humans), it is
now known that not all digestible AAs enter the
portal circulation and that all individual
proteinogenic AAs present in the lumen of the
small intestine undergo catabolism by enterocytes,
intestinal microbes, or both at various rates
(Wu 2013). At present, little is known about this
key aspect of protein nutrition in any poultry spe-
cies. In mammals, among all the AAs in the arterial
blood, only glutamine is absorbed by the
basolateral membrane of the enterocyte in the
post-absorptive state (Wu 2013). This is because
the basolateral membrane of the enterocyte
expresses glutamine transporters but no or low
levels of transporters for other AAs. In adult rats
and young pigs, the small intestine takes up about
30% of glutamine but no glutamate or aspartate
from the arterial blood in the post-absorptive state
(Wu 1998). It is unknown whether this is also true
for poultry. Both in vivo (e.g., jejunal cannulation)
and in vitro (e.g., Ussing chambers) techniques can
be used to address this important issue.

Poultry can degrade all the twenty proteinogenic
AAs in a cell- and tissue-specific manner to form
ammonia and their respective carbon skeletons such
as pyruvate, oxaloacetate, and α-KG (Wu 2013).
For example, there is little degradation of asparagine

in the small intestine (Porteous 1980) but this AA is
hydrolyzed by asparaginase in the liver and kidneys
of chickens to aspartate and ammonia (Coon and
Balling 1984). Except for BCAAs, the avian liver is
the major site for initiating and completing the
catabolism of these AAs to form ammonia. This
organ has a limited ability to transaminate BCAAs
due to low BCAA transaminase activity under
physiological conditions. In contrast, skeletal mus-
cle converts BCAAs and α-KG into their respective
α-ketoacids [i.e., branched-chain α-ketoacids
(BCAAs)] and glutamate in chickens (Wu and
Thompson 1987). As noted previously, glutamine
and alanine (neutral AAs) are formed from gluta-
mate as vehicles for the inter-organ transport of
carbon and nitrogen atoms of AAs. In extrahepatic
tissues, such as skeletal muscle, small intestine, and
heart, some of the BCKAs undergo oxidative decar-
boxylation but most of them are released to the
blood stream. The liver is the major organ to take
up BCKAs in the blood for either oxidation to CO2,
glucose synthesis (except for the α-ketoacid of leu-
cine), and ketogenesis. Tissues of birds can convert:
(1) citrulline into arginine via argininosuccinate
synthase and lyase, and (2) ornithine into α-KG
via ornithine aminotransferase and pyrroline-5-car-
boxylate dehydrogenase. The latter is primarily
expressed in the liver. There is negligible catabo-
lism of taurine in animals (including poultry), and it
is excreted from the body via either urine as a free
AA or bile salt in feces.

In contrast to mammals, the liver of birds has a
very low activity of phosphate-activated gluta-
minase (Coon and Balling 1984; Watford and
Wu 2005) such that hydrolysis of glutamine to
glutamate and ammonia is limited in this organ.
Like mammals (Wu et al. 1991), the skeletal
muscles of chickens express glutaminase to
degrade glutamine (Wu et al. 1998). Table 7.5
summarizes the activities of glutaminase in the
liver, skeletal muscle and small intestine of
chickens. The low activity of hepatic glutaminase
ensures the synthesis of uric acid from ammonia
via the formation of glutamine and subsequently
purine nucleosides in the liver (Wu 2013). Notes
that adenosine and guanosine are generated from
not only glutamine but also glycine, aspartate,
formate, ribose-5-phosphate, bicarbonate and
ATP. Compared with ureagenesis in mammals,
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more energy is required for uric acid generation
per removal of one ammonia molecule, resulting
in the release of more heat. This explains, in part,
why the basal metabolic rate and body
temperatures are higher in birds than in mammals
(e.g, pigs, rats and humans). Because ammonia is
toxic to the central nervous system, it must be
removed via uric acid production (the primary
route for detoxification) and other biochemical
pathways such as glutamine and glutamate
syntheses in avian species.

Physiologically important products of AA catab-
olism in animal cells include polyamines (putres-
cine, spermidine and spermine). These substances
are essential to the synthesis of DNA and proteins
and, therefore, the rapid growth and development of
all animals, including chickens (Agostinelli 2020).
However, metabolic pathways for polyamine syn-
thesis in avian tissues are largely unknown. In
chickens, expression of arginase is relatively low
and pyrroline-5-carboxylate synthase is absent in all
tissues (Wu et al. 1995). At present, little is known
about proline oxidase (POX) for polyamine synthe-
sis in avian tissues. Recently, we found that arginase
and POX activities are present only in the mitochon-
drial fraction of the kidneys of chickens between
0 and 21 days of age (Furukawa et al. 2018). Renal
POX activity was greater on day 7 than Day 0, but
no change in renal arginase activity was detected

during this period. Accordingly, there were
age-dependent changes in the syntheses of
14C-putrescine, 14C-spermidine and 14C-spermine
from [U-14C]arginine or [U-14C]proline in the
chicken kidneys. Interestingly, concentrations of
putrescine, spermidine and spermine in the plasma
of chickens were about 10-, 100-, and ten-fold
greater, respectively, than those in plasma from
mammals. Consistent with enzymatic activities
and polyamine syntheses, concentrations of
polyamines in the kidney and plasma were greater
on day 7 than day 0, but then values decreased on
days 21 and 42. Thus, results of this study reveal
that polyamines are synthesized from arginine via
arginase and proline via POX in the chicken
kidneys and that polyamines released from the
kidneys into blood provide polyamines for
extrarenal tissues. This new knowledge helps to
better understand the nutritional biochemistry of
arginine and proline in birds.

7.5 Inter-organ Metabolism
of Glutamate and Glutamine
in Chickens

Because of the versatile and enormous roles of
glutamine and glutamate in metabolism and phys-
iology as noted previously, the past four decades

Table 7.5 Activities of glutaminase, glutamine synthetase, and rates of protein synthesis in tissues of 6-week-old fed
and 48-h fasted male White Leghorn chickensa

Tissue
Nutritional
state

Activity of phosphate- activated
glutaminase (unit/g wet weight of
tissue)

Activity of glutamine
synthetase (unit/g wet weight
of tissue)

Fractional rate of
protein synthesis
(%/day)

Liver Fed 0.67 � 0.02 (6) 1.68 � 0.09 (4) 128.4 � 7.5 (5)b

48-h fasted 0.61 � 0.05 (6) 1.75 � 0.08 (5) 52.6 � 3.8* (5)b

GM Fed 0.39 � 0.03 (3) 0.50 � 0.04 (4) 36.1 � 1.50 (5)
48-h fasted 0.28 � 0.04 (4) 0.73 � 0.03* (5) 13.6 � 0.55* (5)

PM Fed 1.67 � 0.09 (4) 0.07 � 0.01 (4) 10.5 � 0.86 (5)
48-h fasted 1.28 � 0.16 (4) 0.08 � 0.01 (5) 10.3 � 0.81 (5)

Jejunum Fed 0.14 � 0.02 (5) 0.034 � 0.002 (5) 96.3 � 4.6 (5)b

48-h fasted 0.12 � 0.02 (5) 0.031 � 0.002 (5) 41.8 � 2.3* (5)b

Kidney Fed 8.22 � 0.53 (6) ND 48.6 � 2.4 (5)b

48-h fasted 6.30 � 0.50 (7)* ND 39.2 � 1.7* (5)b

GM gastrocnemius muscle, ND not detected, PM pectoralis muscle
*P < 0.05 vs. the fed group
aAdapted from Watford and Wu (2005) and Wu et al. (1998). Values are means � SEM. The number of animals is
indicated in the parentheses. One unit represents 1 μmol of product formed per minute at 38 �C
bRates of fractional protein synthesis were measured as described by Watford and Wu (2005)
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have witnessed growing interest in the inter-organ
metabolism of glutamate and glutamine in
chickens. In the skeletal muscle of chickens, glu-
tamate and glutamine can be synthesized and
degraded, with the intracellular glutamine-
glutamate cycle regulating the release of gluta-
mine from this organ (Wu et al. 1991). The rate of
the oxidation of glutamate in the muscle is gener-
ally lower than the rate of the synthesis of gluta-
mine from glutamate (Wu and Thompson 1987).
In chickens, the rates of the oxidation of gluta-
mate and glutamine are greater in the breast mus-
cle (mainly glycolytic fibers) than in the leg
muscle (mainly oxidative fibers) (Wu et al.
1991, 1998). This explains why the concentration
of glutamine is much lower in the breast muscle
than in leg muscles (Table 7.1). In addition,
extensive metabolism of both AAs occurs in the
liver, small intestine, brain, and kidneys (Smith
and Campbell 1983; Tinker et al. 1986; Watford
et al. 1981; Watford and Wu 2005). The synthesis
of glutamine from glutamate is of physiological
significance for directly scavenging free ammonia
in the blood and other tissues.

In the avian small intestine, glutamine and
fructose-6-phosphate are known as substrates for
the synthesis of glucosamine-6-phosphate and,
thus, glycoproteins (including mucins and mem-
brane receptors) (Wu 2013). In addition, gluta-
mine is capable of activating the mechanistic
target of rapamycin signaling pathway to stimu-
late tissue protein synthesis and animal growth.
Because of limited glutaminase activity and abun-
dant glutamine content in common feedstuffs for
poultry diets, the concentration of glutamine in
the plasma of chickens is about 1 mM, which
doubles the concentration of glutamine in the
plasma of mammals (Wu 2018a, b). In contrast,
the concentration of glutamate in plasma is rela-
tively low (< 100 μM) in poultry, although gluta-
mate is abundant in common feedstuffs for
poultry diets. This can be now explained by a
high rate of glutamate oxidation and utilization
by the enterocytes of chickens (He et al. 2018), as
reported for rats and humans (Reeds et al. 2000)
as well as pigs (Hou and Wu 2018) and fish
(Li et al. 2020a). It is likely that glutamate is
utilized as a substrate for intestinal glutathione
synthesis by poultry (Porteous 1980).

A previous study showed that the rate of glu-
tamine consumption by chicken enterocytes was
higher than that of proline, serine, glutamate,
aspartate, asparagine, and glucose at 2.5 mM for
each amino acid and 5 mM for glucose (Porteous
1980). The author also showed that the rate of
glutamate consumption was only 20% of that for
glucose. In contrast, Wu et al. (1995) reported
that the enterocytes of growing chickens had a
low activity of glutaminase and a limited ability
to utilize this AA. Similarly, He et al. (2018)
reported that chicken enterocytes had a low rate
of catabolizing glutamine, but extensively
degraded both glutamate and aspartate via
reactions initiated primarily by transaminases to
provide the majority of ATP. This basic research
is highly significant because energy metabolism
is the basis of life (Wu 2018a).

The liver of chickens takes up glutamine from
the arterial blood at a higher rate in the fasting
state than in the fed state (Tinker et al. 1986). In
contrast, the liver of chickens in the fed state
actively takes up glutamate, and the hepatic
uptake of glutamate is the highest among all the
amino acids measured, including glutamine, argi-
nine, alanine and aspartate (Tinker et al. 1986).
Due to the low glutaminase activity in the liver of
chickens (Table 7.5), glutamine is mainly used to
synthesize purine and pyrimidine nucleotides.
The purine can be further converted into uric
acid, which is an important antioxidant in birds
(Fang et al. 2002). In contrast, the liver of
chickens can readily degrade glutamate by either
glutamate dehydrogenase or glutamate
transaminases (e.g., glutamate-pyruvate transam-
inase and glutamate-oxaloacetate transaminase),
with the carbon skeletons of glutamate being
mainly converted into CO2 and water. This is
because, in avian hepatocytes, phosphoenolpyr-
uvate carboxykinase is localized exclusively in
mitochondria and, therefore, glutamate is not
converted into glucose in these cells under fed
or fasting conditions (Watford et al. 1981). This
aspect of hepatic amino acid metabolism in birds
is distinct from that in mammals.

In contrast to pigs (Hou and Wu 2018), the
kidneys of chickens in the fed state take up gluta-
mine from the arterial blood, but not glutamate
(Tinker et al. 1986). In the long-term (6-day)
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fasting state, there is no uptake of both glutamine
and glutamate by the chicken kidneys (Tinker
et al. 1986). In avian renal tubules, phosphoenol-
pyruvate carboxykinase is present in both the
cytosol and mitochondria, which allows for the
production of glucose from glutamate under both
fed and fasting conditions (Watford et al. 1981).
This is significant for the regulation of glucose
homeostasis in birds (Wu 2018a). When renal
glutamate dehydrogenase activity is enhanced
under acidotic conditions, the glutamate-derived
ammonia contributes to the regulation of acid-
base balance in the whole body (Curthoys and
Watford 1995).

7.6 Amino Acid Nutrition
in Poultry

7.6.1 Growth Performance

Chickens grow fast and respond sensitively to
the dietary intakes of AAs (Baker 2009). This is
consistent with a relatively high rate of protein
synthesis in their skeletal muscles (Table 7.5). In
addition, growth is also associated with the accre-
tion of free AAs (particularly taurine,
γ-aminobutyrate, glutamate and glutamine) in
tissues, including skeletal muscle and brain
(Tomonaga et al. 2004, 2005). Because of the
differences in genetic selection, environment,
and dietary composition, modern breeds
of chickens have different requirements for AAs
than the breeds used 30 years ago (Bailey 2020).
Although previous studies reported that adult
roosters did not need dietary glutamate or gluta-
mine to maintain their body at a zero or positive
nitrogen balance when fed a purified diet during
the 3-day experimental period (Leveille and
Fisher 1959), dietary glutamate and glutamine
are vital for chickens to maintain a zero or posi-
tive nitrogen balance for long-term growth
and survival (Maruyama et al. 1976). Note that
nitrogen balance is not highly sensitive to assess
dietary requirements for all AAs in animals
within a short period time (Wu 2014). One
longer-term study (> a 14-day period)
demonstrated that the absence of glutamate from

diets decreased the BW gain of 1- to 14-day-old
chickens fed a purified diet, while 10% of gluta-
mate supplementation to a glutamate-free basal
diet increased the BW gain of young chickens
by four-fold (Maruyama et al. 1976).

Much evidence shows that, due to the limited
activities of arginase (Klain and Johnson 1962)
and proline oxidase (Furukawa et al. 2018) in
chickens for glutamine synthesis from arginine
and proline, dietary glutamine is of great signifi-
cance for the health (including intestinal health)
and growth of birds, particularly under stress
conditions (Awad et al. 2014). In support of this
notion, dietary supplementation with glutamine
or feed-grade glutamine plus glutamate stimulates
muscle protein synthesis and whole-body growth
in broiler chickens (Li et al. 2010). This finding is
consistent with the report that glutamine
stimulates protein synthesis and inhibits proteoly-
sis in chick skeletal muscle in vitro (Wu and
Thompson 1990). Co-supplementation with glu-
tamate and glutamine mitigated on muscle catab-
olism in heat-stressed broiler chickens by
inhibiting intramuscular proteolysis (Furukawa
et al. 2020). Similarly, supplementing 0.2%,
0.4%, or 0.8% glutamine to a corn- and soybean
meal-based diet for laying hens housed at
25–30 �C improved small-intestinal and oviduct
morphologies; the circulating levels of luteinizing
hormone, follicle stimulating hormone, triiodo-
thyronine and tetraiodothyronine; and egg pro-
duction (Dong et al. 2010). Furthermore, dietary
supplementation with 0.5% or 1% glutamine to
broilers raised under hot conditions (30–34 �C)
enhanced feed intake, serum insulin concentra-
tion, tissue integrity, and body-weight gain
(Hu et al. 2016a), while improving the water-
holding capacity, moisture and color of meat
(Hu et al. 2016b). These findings establish that
growing chickens cannot synthesize enough glu-
tamine to meet their growth requirements.

Besides glutamate and glutamine, there is
continued interest in the nutrition of EAAs in
chickens. Dietary supplementation with lysine or
methionine for 21- to 42-day-old broilers
increased their growth rate through changes in
metabolic pathways, as well as polygenic and
pleiotropic relationships (Zhai et al. 2016).
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Likewise, dietary supplementation with lysine
(Zarghi et al. 2020) or tryptophan (Mund et al.
2020) above the NRC (1994)-recommended
levels had positive effects on growth perfor-
mance, tissue development, immune responses,
and antioxidant status in broiler chickens. How-
ever, excessive supplementation with tryptophan
increased risks for pulmonary arterial pressure
and induced plexiform lesion (Kluess et al.
2012). Therefore, caution must be exercised to
formulate AA-balanced diets for chickens. Fur-
thermore, elevating dietary AA density for
broilers enhanced feed efficiency and breast mus-
cle yield, while reducing fat pad yield (Johnson
et al. 2020). Interestingly, although dietary methi-
onine (0.50% and 0.43% for starter and finisher
diets, respectively) is sufficient to support the
growth of broiler chickens with a normal hatching
weight, this may not be the case for chickens with
a low hatching weight. Thus, supplementing
0.1% DL-methionine to the diet for the chickens
with a low hatching weight augmented their aver-
age daily BW gain, food intake, and the growth of
breast muscle (Wen et al. 2014). Wen et al. (2014)
explained that the beneficial effects of dietary
supplementation of DL-methionine may be
mediated by increases in IGF-I synthesis, as
well as the expression of genes for the
TOR/4EBP1 and FOXO4/atrogin-1 pathway.

Based on findings from studies with rats
(Fu et al. 2005; Jobgen et al. 2009) and pig (Tan
et al. 2009) that arginine reduces white fat accre-
tion, much attention has been directed to such a
novel role of this AA in poultry. For example,
dietary supplementation with arginine
(0.25–1.00%) from 21 to 42 days of age of
broilers reduced the abdominal fat deposition
without any side effect on meat flavor or quality
(Fouad et al. 2013). The underlying mechanisms
include: (1) reductions in the expression of
lipogenic genes in the liver and abdominal fat
tissue (Pirsaraei et al. 2017); (2) improvements
in blood metabolic profiles (including hematol-
ogy; Oso et al. 2017) and the development of
immune organs (e.g., thymus and spleen; Oso
et al. 2017); (3) enhancement in immunity, as
shown by amelioration of immunosuppression in
chickens inoculated with infectious bursal disease

virus (Tan et al. 2014); (4) alleviation of oxidative
stress and inflammation (Yazdanabadi et al.
2020); and (5) decreases in Salmonella counts in
the small intestine (Oso et al. 2017).

With the availability of low-cost feed-grade
EAAs, two or more of their combinations have
been used to improve the growth performance of
chickens. For example, Emadi et al. (2011)
reported that dietary supplementation of the com-
bination of arginine plus tryptophan above the
NRC (1994) requirements not only enhanced
their growth performance but also had a positive
immunomodulatory effect on innate (interferon-
α), cellular (interferon-γ) and humoral (immuno-
globulin G) immune responses in broiler chickens
challenged with an infectious bursal disease vac-
cine. In addition, supplementation with glycine
plus threonine increased the growth performance
of 21- to 35-day-old broiler chickens fed diets
based exclusively on plant-source feedstuffs
with low protein levels (Ospina-Rojas et al.
2013). Furthermore, supplementing a mixture of
AAs (0.3% Leu, 0.2% Gly, 0.2% Pro, 0.2% Ala,
0.6% Asp, and 0.6% Glu) to a reduced-protein
(18% crude protein) diet for broilers (days 6–21)
enhanced body-weight gain and feed efficiency
without affecting feed intake, compared with the
control group fed an 18% crude protein diet
(Corzo et al. 2005).

7.6.2 Neurological Function and Feed
Intake

AAs are known to modulate neurological func-
tion in animals (He and Wu 2020). Intracerebro-
ventricular (ICV) injection of L-proline inhibited
spontaneous activity and increased sleeping pos-
ture of chicks in a dose-dependent manner
(Hamasu et al. 2009). The sedative and hypnotic
effects induced by L-Pro was mediated by
N-methyl-D-aspartate (NMDA) receptors
(Hamasu et al. 2010). In addition, L-Ser, L-Asp,
D-Asp, L-Trp, D-Pro, L-Pro, L-Glu, glutathione,
or creatine has been reported to inhibit spontane-
ous activity and attenuate adverse stress
behaviors in chicks (Asechi et al. 2006; Erwan
et al. 2012; Erwan et al. 2014; Yoshida et al.
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2012; Yamane et al. 2009a, b). However, the
mechanisms responsible for the sedative effects
of these AAs are different. Specifically, L-Ser
inhibits the social separation stress-induced
behaviors, which is mediated by
γ-aminobutyrate A receptors. L-Asp induces sed-
ative and hypnotic effects via NMDA receptors,
whereas L-Pro, D-Pro, and glutamate exert the
same effects via NMD, glycine, and NMDA
plus AMPA receptors, respectively. In contrast,
D-Asp reduces stress response through the simul-
taneous involvement of other receptors besides
the NMDA receptor. These receptors are proteins,
indicating an important role of AAs in overall
neural network, behavior, and food intake (Tran
et al. 2019). For example, there are reports that:
(1) ICV injection of L-leucine increased the food
intake of neonatal chicks, while the other two
BCAAs or α-ketoisocaproate had no effect
(Izumi et al. 2004); (2) ICV injection of
L-ornithine, carnosine, L-His, β-Ala, and hista-
mine to neonatal chicks decrease their food intake
(Tran et al. 2016; Tomonaga et al. 2004;
Kawakami et al. 2000); these AAs are potential
acute satiety signals in the brain of neonatal
chicks; (3) the effect of L-Pro on food intake by
neonatal chicks varied with feeding status, with
ICV injection of L-Pro stimulating food intake
under free access conditions but decreasing food
intake in the fasting state (Haraguchi et al. 2007).
To translate these discoveries into feeding, stud-
ies involving dietary supplementation of one or
more AAs should be conducted with poultry.

7.6.3 Anti-oxidative
and Anti-inflammatory
Reactions

Glycine, arginine, glutamine, methionine, cyste-
ine, tryptophan, proline, taurine, and creatine
have anti-oxidative and anti-inflammatory
functions in animals, including chicks (Sestili
et al. 2011; Wu 2013). This line of research is
still active in the field of poultry nutrition. For
example, Xiao et al. (2018) reported that taurine
enhanced antioxidant status in the duodenum and
ameliorated lipopolysaccharide-induced intestinal
inflammation in chickens by improving

mitochondrial membrane permeability and goblet
cell function. The anti-oxidative property of tau-
rine also protects cardiomyocytes from oxidative
injury, as taurine supplementation enhanced the
levels of antioxidant molecules (e.g., glutathione,
superoxide dismutase and glutathione peroxidase)
and inhibited apoptosis in the cardiomyocytes of
broilers with right ventricular hypertrophy (Li et al.
2020b). Furthermore, adding glycine-Zn chelates
to the diet of broiler chickens enhanced the anti-
oxidative capacity of their skeletal muscle and
reduced the concentration of malondialdehyde
(a product of lipid peroxidation), thereby improv-
ing meat quality (Winiarska-Mieczan et al. 2020).

7.6.4 Revisit of the Ideal Protein
Concept in Chicken Nutrition

Animals have requirements for dietary AAs but
not protein (Wu 2018a). Growth of poultry is
characterized by the deposition of not only pro-
tein but also free AAs. The latter (e.g., free gluta-
mate, glutamine, aspartate and asparagine) can
constitute a significant proportion of the total
AA pool in the body and, therefore, should not
be neglected when considering dietary AA
requirements (Wu 2013). Unfortunately, chemi-
cal analysis of these AAs in feedstuff and body
proteins was not developed until the work of Li
et al. (2011). The century-old term “NEAA” has
recently been recognized as a misnomer in
nutritional sciences and should be replaced by a
new term, AASA (an AA that is synthesizable de
novo in animal cells (Hou and Wu 2017).

The “ideal protein” concept has played a sem-
inal role in advancing the development of AA
nutrition in chickens over the past 70 years. How-
ever, this nutritional concept has flaws due to the
limited knowledge of tissue-specific AA metabo-
lism and underdeveloped analytical tools in the
1950s–1970s. The “ideal protein” concept has
now been recognized to have significant
shortcomings because it ignores nutritionally
and physiologically important NEAAs in dietary
formulations (Wu 2014). Revisiting the historic
milestones in the development of the “ideal pro-
tein” concept will provide nutritional scientists
with “foods” for thoughts.
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Beginning in the late 1950s, researchers at the
University of Illinois conceptualized an ideal pro-
tein (optimal proportions and amounts of EAAs)
for diets of chickens (Glista et al. 1951; Fisher
and Scott 1954). This concept concerned only
EAAs but no NEAAs. Early attempts to define
an ideal protein were based on the composition of
EAAs in casein and chicken eggs, but were
largely unsuccessful partly because of the
imbalances and excessive amounts of many
EAAs. Several years later, Klain et al. (1960)
simulated the profile of EAAs in the chick carcass
to design a revised pattern of dietary EAAs in the
ideal protein. An improvement in the growth per-
formance of broilers was achieved with the
revised ideal protein, but remained largely
unsatisfactory.

Subsequently, a mixture of four AAs (cystine,
glycine, proline, and glutamic acid), which are
synthesized from methionine or other AAs by
birds and had previously been thought to be
NEAAs in chicken nutrition, was used in dietary
formulations to yield better results on growth
performance in broilers (Baker et al. 1968; Graber
and Baker 1973). The extensive research during
the 1960s and the 1970s culminated in several
versions of the “chick AA requirement standard”
for the first 3 weeks post-hatching (Dean and
Scott 1965; Huston and Scott 1968; Sasse and
Baker 1973). The reference values for EAAs
were revised by Baker and Han (1994) to improve
their balance in diets. The common features
shared by these different recommended standards
of dietary requirements of chickens for EAAs are
that the diets included: (a) all proteinogenic EAAs
that are not synthesized de novo by poultry;
(b) several AAs (glutamic acid, glycine, and pro-
line) that are synthesized de novo by birds to
various extents; and (c) no data on alanine, aspar-
tate, asparagine, glutamine, or serine.

It is noteworthy that the patterns of AA com-
position in the ideal protein for chicks, as pro-
posed by the Scott and Baker groups, differed
substantially for glycine and proline, and, to a
lesser extent, for branched-chain AAs, histidine,
and sulfur-containing AAs (Dean and Scott 1965;
Huston and Scott 1968; Sasse and Baker 1973;
Baker and Han 1994). These differences may
reflect variations in the AA composition of

chickens reported in the literature (Price et al.
1953; Robel and Menge 1973). Because the con-
tent of proline plus hydroxyproline, as well as
glutamate, glutamine, aspartate and asparagine,
in the body of chickens was not known at that
time, the relatively small amount of proline in the
recommended ideal protein was only arbitrarily
set and the diets still contained no glutamine,
aspartate or asparagine, which are all highly
abundant in the body (Wu 2013). In contrast, a
very large amount of glutamic acid (e.g., 13 times
the lysine value in the modified Sasse and Baker
Reference Standard) was used to presumably
meet the entire need for “nonspecific AA nitro-
gen”. However, key questions regarding whether
glutamic acid fulfilled this role and whether
excessive glutamic acid might interfere with the
transport, metabolism and utilization of other
AAs in chickens were not addressed by the Uni-
versity of Illinois researchers. Possibly due to
these concerns and the publication of the NRC
(1994) nutrient requirements for poultry, Baker
(1997) excluded glutamic acid, glycine or proline
from the ideal protein for the diets of 0- to
56-day-old broiler chickens in his final version
of the Ideal Ratios of Amino Acids for the birds.
This is unfortunate but reflects an inadequate
understanding of AA biochemistry and nutrition
in poultry at the earlier times. Recent advances in
nutrition research indicate that chickens, just like
swine, have dietary requirements for NEAAs
under certain physiological and environmen-
tal conditions (Wu 2014, 2018a). These NEAAs
are now considered to be conditionally essential
AAs in diets and play crucial roles in supporting
the health and the maximum growth and
egg-laying of chickens, as noted previously.
Thus, sufficient NEAAs in diets are critical for
improving the efficiency of poultry and egg pro-
duction worldwide.

7.6.5 Texas A&MUniversity’s Optimal
Ratios of AAs for Chickens

The composition of AAs in diets differ from that
in the skeletal muscle protein of broiler chickens
(Tables 7.3 and 7.6) because dietary AAs are
catabolized in animal tissues to different extents
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and some AAs are synthesized in a tissue-specific
manner at various rates (Wu 2013). As noted
previously, AAs (e.g., glutamate and glutamine)
that are present in the free pool at high
concentrations (Table 7.6), as well as glycine
and proline (the most abundant AAs in the
body), should be taken into consideration when
defining dietary requirements of chickens for
AAs. Based on the recent advances in the nutri-
tion and metabolism of AAs, particularly the
functional AAs (Wu 2010), Wu (2014) proposed
the Texas A&M University’s optimal ratios of
true digestible AAs in diets for growing broiler
chickens during different growth phases
(Table 7.7). This is consistent with the recent

findings that animals (including poultry) have
particularly high requirements for dietary gluta-
mate, glutamine, glycine and proline. These AAs
are very abundant in rendered animal sources of
feedstuffs, such as blood meal, feather meal,
ruminant meat & bone meal, and poultry
by-products (Li et al. 2011). In addition,
hydrolyzed feather meal is an abundant source
of both glycine and proline in chicken nutrition.
In contrast, plant-source feedstuffs contain rela-
tively low content of both glycine and proline
(Hou et al. 2019; Li and Wu 2020).

The Texas A&MUniversity’s optimal ratios of
dietary AAs for chickens (Wu 2014) are expected
to beneficially reduce dietary protein content and

Table 7.7 Texas A&M University’s optimal ratios of true digestible amino acids in diets for growing broilersa

AA

Age of broiler chickens Laying hensb

0 to
21 daysc

21 to
42 daysd

42 to
56 dayse Content of digestible AAs in diet

(%, as-fed basis)
Percentage of digestible
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 Wu (2014)
aExcept for glycine, all amino acids are L-isomers. Values are based on true ileal digestible amino acids
bA 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
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 1.12% and 1.02% 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 0.89% and 0.84% for male and female chickens, respectively
ePatterns 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
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nitrogen excretion, while improving the effi-
ciency of nutrient utilization, growth and produc-
tion performance, as well as sustaining the global
animal agriculture. It is noteworthy that this new
nutritional concept is now widely used to guide
the practice of poultry feeding worldwide (e.g.,
Badawi et al. 2019; Belloir et al. 2017; Chrystal
et al. 2020; Dessimoni et al. 2019; Liu et al. 2016;
Refaie et al. 2017; Zhang et al. 2017b).

The productivity of modern laying hens has
increased but their BW has decreased, when com-
pared with breeds used decades ago (Bailey
2020). This means that the requirements (mainte-
nance plus production) of the hens for dietary
AAs must be revised to modify those
recommended by NRC (1994). As for growing
chickens, the ideal protein concept without the
consideration of AAs that are synthesized in the
body has also been applied to the formulation of
diets for laying hens (Lemme 2009). At present,
only Arg, Ile, Lys, Met + Cys, Thr, Trp, and Val
are considered in various ideal AA profiles pro-
posed by different authors (see Lemme 2009 for
review). This is unfortunate, because AAs (e.g.,
glutamate, glutamine, glycine and proline) that
are synthesized by the egg-laying birds may not
meet their requirements for their maximum pro-
ductivity or optimum health (including intestinal
health). For example, there is evidence that the
provision of glutamine from corn- and soybean
meal-based diets (containing 18% crude protein)
is insufficient for the maintenance of a healthy gut
or a healthy oviduct in laying hens and that die-
tary supplementation with 0.4% or 0.8% gluta-
mine is needed to sustain their normal
morphology (Dong et al. 2010). It is likely that:
(1) as reported for broilers (He et al. 2018), the
small intestine of laying hens uses dietary gluta-
mate and aspartate as the major metabolic fuels;
and (2) as indicated for broilers (Table 7.4), die-
tary glycine is inadequate for protein accretion
and the detoxification of ammonia as uric acid
in laying hens.

Although common feedstuffs contain both
EAAs and NEAAs, dietary requirements of lay-
ing hens for all proteinogenic AAs (including
glutamate, glutamine, glycine, serine, proline
and tyrosine) must be recommended to guide
both research and the feeding practices.

Methionine is usually the first limiting AA in
the typical diets for laying hens, and there is
evidence that supplementing 0.1% methionine to
a corn- and soybean meal-based diet containing
16% crude protein and 0.29% methionine
enhances egg production (Calderon and Jensen
1990). Furthermore, supplementation with 0.4%
or 0.8% glutamine to a corn- and soybean meal-
based diet for laying hens for 42 days augmented
their egg production (Dong et al. 2010). Similar
findings were reported by Gholipour et al. (2017)
for laying guinea fowls fed a corn- and soybean
meal-based diet containing 18% crude protein.
Based on these considerations and research
findings, we proposed Texas A&M University’s
optimal ratios of AAs for laying eggs to further
stimulate research in this field. Animal-source
feedstuffs are good sources of all AAs for these
animals (Li and Wu 2020). Laying hens have a
particularly high requirement for glutamine, leu-
cine, glutamate, proline, arginine aspartate and
glycine, because these AAs are highly abundant
in the maternal bodies and in eggs. Inclusion of
4-hydroxyproline (a precursor of glycine; Li and
Wu 2018) and taurine (a product of cysteine
catabolism) in diets may reduce the requirements
of laying hens for dietary glycine and cysteine,
respectively. Both 4-hydroxyproline and taurine
are highly abundant in animal-source feedstuffs
(Li and Wu 2020). These findings have important
implications for improving the nutrition of zoo
birds (Herring et al. 2020).

7.7 Conclusion

AAs are not only the building blocks of proteins
but also signaling molecules, neurotransmitters,
and regulators of metabolic pathways. Although
AAs have been classified as EAAs or NEAAs for
animals since 1912, growing evidence shows that
a sufficient provision of NEAAs (e.g., glutamine,
glutamate, glycine, and proline) is necessary for
the optimal growth and health of chickens,
including broilers and laying hens. Thus, the con-
cept of “ideal protein”, which was based solely on
EAAs and ignored all AAs that are synthesized in
the animals, is not ideal in animal nutrition. Ideal
diets for poultry must provide all physiologically
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and nutritionally essential AAs (including EAAs
and NEAAs) to maximize their growth perfor-
mance and productivity, while promoting opti-
mum health. To achieve this goal, we have
proposed the Texas A&M University’s optimal
ratios of dietary amino acids for growing broilers
and laying hens. These data are expected to facil-
itate the formulation of low-protein diets and
precision nutrition through the addition of
low-cost crystalline AAs or their alternative
sources of animal proteins. Feedstuffs of animal
origin can provide AAs (including leucine, lysine,
methionine, arginine, glutamate, glutamine,
aspartate, glycine, and proline) to prepare
AA-balanced diets for chickens and help sustain
the global animal agriculture.
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