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ABSTRACT Standardized ileal digestibility coeffi-
cients (SIDC) of nitrogen (N) and amino acids (AA)
in wheat and sorghum at 6 different ages (d 7, 14, 21,
28, 35, and 42) of broilers were determined. Two assay
diets were formulated to contain 93.8% of each grain
as the sole source of AA in the diet. Titanium dioxide
(0.5%) was added as an indigestible marker. Each
assay diet was fed to 6 replicate cages housing 14 (d
7), 12 (d 14), 10 (d 21), 8 (d 28), 8 (d 35), and 6 (d
42) birds per cage for 4 d prior to ileal digesta collec-
tion. The apparent ileal digestibility coefficients
(AIDC) were standardized by using the age-appropri-
ate basal endogenous AA losses. In the case of wheat,
AIDC of N and all AA increased (linear or quadratic,
P < 0.05 to 0.001) with advancing age. No age effect
was noticed on the SIDC of N, average of
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indispensable (IAA) and dispensable AA (DAA),
though the average of total AA (TAA) tended (lin-
ear, P = 0.09) to increase as birds grew older. In sor-
ghum, the AIDC of N, average of IAA and DAA were
unaffected (P > 0.05) by age. The SIDC of N, average
SIDC of IAA, DAA and TAA were higher at d 7,
reduced at d 14 and then plateaued. Among the IAA,
the SIDC of Arg, His, Ile, Leu, Lys, Thr, Val, and the
SIDC of all individual DAA (except Cys) decreased
with age (linear or quadratic, P < 0.05 to 0.001) with
higher values at d 7. The higher SIDC values deter-
mined at d 7 were due to higher EAA losses during wk
1. The results showed that broiler age influences AA
digestibility and this may need be considered in prac-
tical feed formulations. The age effect is variable
depending on the grain type and specific AA.
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INTRODUCTION

Historically, amino acid (AA) digestibility in poultry
has been measured at the excreta level (Fonolla et al.,
1981; ten Doeschate et al., 1993; Angkanaporn et al.,
1997) but this approach suffers from several limitations,
including the modifying effects of hindgut microbiome,
contamination with urine AA and contribution of micro-
bial proteins to excreta AA (Ravindran and Bry-
den, 1999). These confounding issues are avoided when
the digestibility is measured at the terminal ileal level.
The ileal AA digestibility is expressed as either apparent
or standardized. The calculation of standardized ileal
digestibility (SID) involves the correction of apparent
ileal digestibility (AID) values for basal endogenous AA
(EAA) losses (Moughan et al., 1992; Lemme et al.,
2004). The SID of AA is more additive than AID in feed
formulations (Cowieson et al., 2019; An et al., 2020) and
increasingly being used by the poultry industry.
The first week after hatch is the most challenging

period in broilers because of the immaturity of the diges-
tive tract and, the higher protein demand for organ and
muscle development. The intestinal development in the
neonatal chick is dynamic. During the first few weeks of
life, significant morphological and developmental
changes occur. The secretion and activity of different
proteases (chymotrypsin, trypsin), intestinal peptidases
and dipeptidases are low in the hatchling (Jin et al.,
1998). Despite possible age effects on nutrient utilization
(Zelenka, 1968; Murakami et al., 1992; Tarvid, 1995;
Batal and Parsons, 2002), there are only sporadic data
on the influence of age on the AID or SID of AA of ingre-
dients in broilers (Fonolla et al., 1981; Wallis and
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Table 1. Composition of the experimental diets (%, as fed basis)
used in the ileal amino acid digestibility assay at different ages.

Ingredient Wheat Sorghum

Wheat 93.8 -
Sorghum - 93.8
Soybean oil 2.0 2.0
Dicalcium phosphate 1.8 1.8
Limestone 1.3 1.3
Titanium dioxide1 0.5 0.5
Sodium chloride 0.2 0.2
Sodium bicarbonate 0.2 0.2
Trace mineral premix2 0.1 0.1
Vitamin premix2 0.1 0.1

1Merck KGaA, Darmstadt, Germany.
2Supplied per kilogram of diet: antioxidant (ethoxyquin), 100 mg; bio-

tin, 0.2 mg; calcium pantothenate, 12.8 mg; cholecalciferol, 0.06 mg; cya-
nocobalamin, 0.017 mg; folic acid, 5.2 mg; menadione, 4 mg; niacin, 35
mg; pyridoxine, 10 mg; trans-retinol, 3.33 mg; riboflavin, 12 mg; thiamine,
3.0 mg; dl-a-tocopheryl acetate, 60 mg; choline chloride, 638 mg; Co, 0.3
mg; Cu, 3.0 mg; Fe, 25 mg; I, 1 mg; Mn, 125 mg; Mo, 0.5 mg; Se, 0.2 mg;
Zn, 60 mg.
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Balnave, 1984; Huang et al., 2005; Adedokun et al.,
2007; 2008; Szczurek et al., 2020) and the results are con-
tradictory. Some studies have recorded improved pro-
tein or AA digestibility with advancing age (Wallis and
Balnave, 1984; Huang et al., 2005), while others have
reported reduced AA digestibility (Fonolla et al., 1981;
Zuprizal et al., 1992).

Grains, because of their high inclusion levels in broiler
feed formulations, can contribute up to 40% of the die-
tary protein supply. Wheat and sorghum are 2 common
grains used in broiler diets. The digestibility of nutrients
in wheat and sorghum depends, inter alia, on the antinu-
tritive factors present in these grains. Wheat contains
high concentrations of soluble nonstarch polysaccharides
(NSP) that are not hydrolyzed in the intestinal tract of
poultry (Choct et al., 1999; Bach Knudsen, 2014). The
water-soluble fractions of NSP are viscous and have a
negative impact on the digestion and absorption of
nutrients (Choct and Annison, 1992a). Sorghum, a non-
viscous grain, contains several antinutritive factors like
kafirin, phenolic compounds, and phytate (Selle et al.,
2018). The phytate content of sorghum is greater than
most grains (Selle et al., 2003). Kafirin, a dominant pro-
tein fraction in sorghum endosperm, is present as dis-
crete protein bodies in association with starch granules
and may reduce the nutrient utilization because of
starch-protein interactions (Rooney and Pflug-
felder, 1986). The effects of antinutrients present in
wheat and sorghum may vary with the age of birds and
potentially influence AA digestion. Furthermore, the
increased feed consumption and the resultant ingestion
of greater amounts of antinutrients with advancing age
can lower AA digestion (Szczurek et al., 2020).

Almost all published estimates of SID AA for feed
ingredients have been derived using older broilers (22
−35 d) and used to formulate diets for different growth
stages of broiler chickens. To the authors’ knowledge,
only scattered data are available on the age effect on the
AA digestibility of grains, with no studies investigating
the SID AA from hatch to the end of broiler growth
cycle. The present study was, therefore, aimed to com-
pare the standardized ileal digestibility coefficients
(SIDC) of AA in wheat and sorghum at 6 different ages
(d 7, 14, 21, 28, 35, and 42) of broilers.
MATERIALS AND METHODS

The experiment was conducted according to the New
Zealand Revised Code of Ethical Conduct for the use of
live animals for research, testing and teaching and
approved by the Massey University Animal Ethics Com-
mittee.
Diets and Experimental Design

Two experimental diets with similar inclusions
(93.8%) of either wheat or sorghum, as the sole source of
AA in the diet, were developed (Table 1). The diets con-
tained titanium dioxide (0.5%; Merck KGaA,
Darmstadt, Germany) as an indigestible marker. Wheat
and sorghum were of Australian origin, obtained from a
commercial supplier and ground in a hammer mill to
pass through a screen size of 3.0 mm. The diets were
steam-conditioned at 70°C for 30 s and pelleted using a
pellet mill (Model Orbit 15; Richard Size Limited Engi-
neers, Kingston-upon-Hull, UK) capable of manufactur-
ing 180 kg of feed/h and equipped with a die ring (3-mm
apertures and 35-mm thickness). The pelleted diets were
crumbled for feeding during the first 2 wk of the study.
Representative samples of each grain were analyzed, in

duplicate, for DM, titanium, Nitrogen (N), starch, crude
fat, crude fiber, neutral detergent fiber (NDF), gross
energy (GE), calcium, phosphorus, and ash. The appar-
ent ileal digestibility coefficients (AIDC) of N and AA
in the grains were determined using the direct method.
Birds and Housing

Day-old male Ross 308 broilers were obtained from a
commercial hatchery, raised in floor pens and fed a com-
mercial crumbled broiler starter diet (AME, 2900 kcal/
kg; CP, 22.5%) from d 1 to 21 and a broiler finisher diet
(AME, 3030 kcal/kg; CP, 19.0%) from d 22 until d 42 in
pelleted form (Table 2).
A total of 696 birds were used in this experiment. On d

1, 168 chicks were individually weighed and allocated to
12 battery brooders (n = 14 chicks per replicate) so that
the average BW per replicate was similar. The remain-
ing chicks were raised in floor pens and fed the standard
diet (Table 2) until they were individually weighed and
allocated to 12 replicate cages per age group on d 7
(n = 12 birds per replicate cage), d 14 (n = 10 birds per
cage), d 21 (n = 8 birds per cage), d 28 (n = 8 birds per
cage), and d 35 (n = 6 birds per cage). Once assigned to
cages, the birds were fed broiler starter or finisher diets
and the first 3 d were considered as the adaptation
period. In each age group, the test diets were then fed
for 4 d (d 3−7 and 10−14 [crumbled]; d 17−21, 24−28,



Table 2. Composition and calculated analysis (%, as fed basis) of
starter and finisher diets used prior to the allocation of broilers to
the experimental periods.

Ingredients
Starter diet
(0−21 d)

Finisher diet
(22−42 d)

Corn 57.4 66.0
Soybean meal, 46% 38.1 29.6
Soybean oil 0.88 1.36
Limestone 1.13 0.99
Dicalcium phosphate 1.07 0.82
DL-methionine 0.33 0.30
L-lysine HCl 0.20 0.19
L-threonine 0.10 0.07
Sodium bicarbonate 0.27 0.25
Sodium chloride 0.25 0.25
Trace mineral premix1 0.10 0.10
Vitamin premix1 0.10 0.10
Phytase 0.01 0.01
Calculated analysis

AME (kcal/kg) 2900 3030
CP 22.5 19.0
Digestible lysine 1.10 0.92
Digestible methionine 0.62 0.56
Digestible methionine + cysteine 0.92 0.83

Digestible threonine 0.72 0.60
Crude fat 3.20 3.90
Crude fiber 2.93 2.75
Calcium 0.98 0.85
Available phosphorus 0.49 0.42
Sodium 0.22 0.21
Chloride 0.23 0.23
Potassium 1.15 0.97

1Supplied per kilogram of diet: antioxidant (ethoxyquin), 100 mg; biotin,
0.2 mg; calcium pantothenate, 12.8 mg; cholecalciferol, 0.06 mg; cyanoco-
balamin, 0.017 mg; folic acid, 5.2 mg; menadione, 4 mg; niacin, 35 mg; pyri-
doxine, 10 mg; trans-retinol, 3.33 mg; riboflavin, 12 mg; thiamine, 3.0 mg;
dl-a-tocopheryl acetate, 60 mg; choline chloride, 638 mg; Co, 0.3 mg; Cu,
3.0 mg; Fe, 25 mg; I, 1 mg; Mn, 125 mg; Mo, 0.5 mg; Se, 0.2 mg; Zn, 60 mg.
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31−35, 38−42 [pelleted]) prior to ileal digesta collection
on d 7, 14, 21, 28, 35, and 42 posthatch.

The birds had ad libitum access to feed and water at
all times. During the first week, the average room tem-
perature was 32 § 1°C and gradually reduced to 23°C by
the end of the third week. The floor pens, battery
brooders and grower cages were housed in an environ-
mentally controlled room with 20 h of fluorescent illumi-
nation per day.
Growth Performance

Feed intake and BW were recorded on a cage basis
during the 4-d experimental period in each week. Mor-
tality was recorded daily.
Determination of the Coefficient of Apparent
Ileal Digestibility

The birds were euthanized by intravenous injection
(1 mL per 2 kg BW) of sodium pentobarbitone solution
(Provet NZ Pty. Ltd., Auckland, New Zealand) at the
end of respective experimental periods (d 7, 14, 21, 28,
35, and 42). Digesta were collected from the lower half
of the ileum and processed as described by
Ravindran et al. (2005). The ileum was defined as that
portion of the small intestine extending from the
Meckel’s diverticulum to a point »40 mm proximal to
the ileocecal junction. Briefly, the ileum was excised
and divided into halves (proximal and distal ileum)
and the digesta samples were collected from the lower
half toward the ileocecal junction after gently flushing
with distilled water into plastic containers. After the
collection, the digesta from birds were pooled within
a cage, frozen immediately and subsequently lyophi-
lized (Model 0610, Cuddon Engineering, Blenheim,
New Zealand). Diets and lyophilized digesta samples
were ground to pass through a 0.5-mm sieve and
stored in airtight plastic containers at 4°C until labo-
ratory analysis.
Gizzard pH and Jejunal Digesta Viscosity

Two birds from each replicate cage, euthanized for
ileal digesta collection, were used for the measurement
of gizzard pH by a digital pH meter (pH spear, Oakton
Instruments, Vernon Hill, IL). Briefly, the glass probe
was inserted through an opening made in the gizzard,
directly placed in the digesta and 3 values were taken
from the proximal, middle, and distal regions. The aver-
age value was considered as the final pH value. The jeju-
nal digesta viscosity was also measured in the same
birds. Digesta were collected from the distal jejunum
and centrifuged at 3000 £ g at 20°C for 15 min. A
0.5 mL aliquot of the supernatant was used in a viscome-
ter (Brookfield digital viscometer, Model DV2TLV;
Brookfield Engineering Laboratories Inc., Stoughton,
MA) fitted with CP-40 cone spindle with shear rates of 5
to 500/s to determine the viscosity.
Chemical Analysis

Dry matter was determined using the standard proce-
dure (Method 930.15; AOAC International, 2016). Tita-
nium was determined on a UV spectrophotometer
following the method described by Short et al. (1996).
Gross energy was measured by adiabatic bomb calorime-
ter (Gallenkamp autobomb, London, UK) standardized
with benzoic acid. Starch was measured using the Mega-
zymeTotal Starch Assay kit (Megazyme International Ire-
land Ltd., Wicklow, Ireland) based on thermostable
a-amylase and amyloglucosidase (McCleary et al., 1997;
AOAC International, 2016). Nitrogen was determined by
combustion (Method 968.06; AOAC International, 2016)
using a carbon nanosphere-200 carbon, N and sulfur auto
analyzer (LECO Corporation, St. Joseph, MI). The CP
content was calculated as N £ 6.25. Crude fat was mea-
sured using the Soxhlet extraction procedure (Method
2003.06; AOAC International, 2016). Neutral detergent
fiber was measured (Method 2002.04; AOAC Interna-
tional, 2016) using Tecator Fibertec (FOSS Analytical
AB, H€ogan€as, Sweden). Ash was determined by ashing in
a muffle furnace at 550 °C for 16 h (Method 942.05;
AOAC International, 2016). Calcium and phosphorus
concentrations were measured by Inductively Coupled
Plasma-Optical Emission Spectroscopy (ICP-OES) using



Table 3. Proximate, carbohydrate and amino acid composition
of wheat and sorghum (%, as-received basis).

Item Wheat Sorghum

DM 89.9 88.1
CP (N £ 6.25) 9.43 10.6
Starch 57.9 60.6
Crude fat 2.45 3.26
NDF 8.38 6.22
Gross energy (kcal/kg) 3,845 3,989
Ash 1.22 1.55
Calcium 0.022 0.010
Phosphorus 0.212 0.289
Indispensable amino acids (IAA)
Arginine 0.468 0.420
Histidine 0.217 0.242
Isoleucine 0.322 0.414
Leucine 0.631 1.44
Lysine 0.285 0.238
Methionine 0.168 0.170
Threonine 0.289 0.339
Tryptophan 0.125 0.126
Valine 0.412 0.525
Total IAA 2.92 3.91

Dispensable amino acids (DAA)
Alanine 0.354 0.993
Aspartic acid 0.499 0.719
Cysteine1 0.213 0.192
Glutamic acid 2.58 2.26
Glycine1 0.411 0.332
Proline 0.879 0.981
Serine 0.432 0.484
Total DAA 5.37 6.00
Total AA2 8.28 9.87
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a Thermo Jarrell Ash IRIS instrument (Thermo Jarrell
Ash Corporation, Franklin, MA).

Amino acids were analyzed following standard proce-
dures (Method 994.12; AOAC International, 2011). The
samples were hydrolyzed with 6 N hydrochloric acid
(HCl) (containing phenol) for 24 h at 110 § 2°C in glass
tubes in an oven. The AAs were determined using AA
analyzer (ion exchange) with ninhydrin postcolumn
derivatization. The chromatograms were integrated
using a dedicated software (Agilent Open Lab software,
Waldbronn, Baden-W€urttemberg, Germany) with AA
simultaneously detected at 570 and 440 nm. For the sul-
fur containing AA, Cys was analyzed as cysteic acid and
Met as methionine sulphone by oxidation with performic
acid for 16 h at 0°C and neutralization with hydrobromic
acid prior to hydrolysis.

For Trp analysis, the samples were saponified under
alkaline conditions with barium hydroxide solution in
the absence of air at 110°C for 20 h in an autoclave.
Following hydrolysis, a-methyl Trp as internal stan-
dard, was added to the mixture. After adjusting the
hydrolysate to pH 3.0 and diluting with 30% metha-
nol, Trp and the internal standard were separated by
reverse phase chromatography (RP-18) on a HPLC
column. Detection was selectively done by means of a
fluorescence detector to prevent interference by other
AA and constituents.
Abbreviations: AA, amino acid; NDF, neutral detergent fiber.
1Semi-indispensable amino acids for poultry.
2Total AA = IAA + DAA.
Calculations

All data were expressed on a DM basis. The AIDC of
AA was calculated from the dietary ratio of AA to Ti rel-
ative to the corresponding ratio in the ileal digesta using
the following formula.

AIDC of AA ¼ AA = Tið Þd � AA = Tið Þi
� �

= AA = Tið Þd
Where, (AA/Ti)d = ratio of AA to titanium in the diet,
and (AA / Ti)i = ratio of AA to titanium in the ileal
digesta.

Apparent digestibility data for N and AA were then
converted to SIDC, using the age-appropriate basal endog-
enous N and AA estimates (EAA; g AA per kg DM intake
[DMI]) determined at different ages (d 7, 14, 21, 28, 35,
and 42) in a previous study (Barua et al., 2021a).

SIDC ¼ AIDC þ Basal EAA g=kg DMIð Þ=Ing: AA g=kg DMð Þ½ �
Where, SIDC = standardized ileal digestibility coeffi-
cient of the AA, AIDC = apparent ileal digestibility
coefficient of the AA, Basal EAA = basal endogenous
AA loss, and Ing. AA = concentration of the AA in the
ingredient.
Data Analysis

Cage was considered as the experimental unit. For
each grain, data were analyzed by the GLM procedure
of SAS (version 9.4; 2015; SAS Institute, Cary, NC).
Orthogonal polynomial contrasts were performed to
determine the linear and quadratic effects of broiler age.
Statistical significance was declared at P < 0.05.
RESULTS

Proximate and Nutrient Composition

The proximate and nutrient composition of the grains
are presented in Table 3. The CP content in wheat and
sorghum were 9.43% and 10.6%, respectively. The starch
content in sorghum (60.6%) was higher than that in
wheat (57.9%) whereas wheat had higher NDF content
(8.38%) than sorghum (6.22%). Among the indispens-
able AA (IAA), the contents of Leu, Arg, Val, and Ile
were the highest in both wheat and sorghum. Lower
IAA contents were recorded for Trp, followed by Met, in
both grains. In the case of dispensable AA (DAA),
higher contents were recorded for Glu in both grains.
The total IAA and total DAA contents in wheat were
2.92 and 5.37%, respectively. In sorghum, the total IAA
and DAA contents were 3.91 and 6.00%, respectively.
The total AA (TAA) content was lower in wheat
(8.28%) than sorghum (9.87%).
Growth Performance, Gizzard pH, and
Jejunal Digesta Viscosity

Table 4 presents weekly data on the performance, giz-
zard pH and jejunal digesta viscosity of birds fed wheat-
or sorghum-based diets. Only 2 out of 696 birds died,
and the deaths were not related to any specific treat-
ment. Bird age had a significant (P < 0.001) effect on
performance parameters. The daily feed intake and



Table 4. Daily feed intake (DFI; g/bird/d), daily weight gain (DWG; g/bird/d), gizzard pH, and viscosity (cP) in jejunal digesta of
broilers fed wheat- and sorghum-based diets at different ages.1

Age (day) Orthogonal polynomial contrasts

Parameter 7 14 21 28 35 42 Pooled SEM Linear Quadratic

Wheat
DFI2 14.2 49.4 88.8 127 160 178 3.4 0.001 0.001
DWG2 13.6 32.2 41.7 58.1 62.6 63.5 1.88 0.001 0.001
Gizzard pH3 2.68 2.39 3.54 3.20 3.40 3.61 0.105 0.001 0.174
Viscosity3 3.31 5.60 6.38 8.29 8.01 7.77 0.470 0.001 0.001

Sorghum
DFI2 12.0 36.5 72.5 111 138 142 2.51 0.001 0.001
DWG2 9.41 23.0 37.6 47.0 54.1 56.4 1.35 0.001 0.001
Gizzard pH3 2.56 2.01 2.14 2.80 3.54 3.66 0.121 0.001 0.001
Viscosity3 1.86 2.32 3.68 3.64 2.87 2.55 0.142 0.001 0.001
1Each value represents the mean of 6 replicates (14, 12 and 10 birds per replicate for 7, 14 and 21-d old birds, respectively; 8 birds per replicate for 28

and 35-d old birds; and 6 birds per replicate for 42-d old birds).
2Measured during 4-d feeding of experimental diets.
3Calculated as the mean of 6 replicates (2 birds per replicate).
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weight gain increased quadratically (P < 0.001) with
advancing age in both wheat- and sorghum-based diets.

Gizzard pH increased linearly (P < 0.001) in wheat as
the birds grew older. A quadratic (P < 0.001) effect was
observed on the jejunal digesta viscosity with advancing
age. The viscosity increased from d 7 to 35 and then
decreased.

In the case of sorghum, both the gizzard pH and the
jejunal digesta viscosity were affected quadratically (P
< 0.001) by bird age. The gizzard pH decreased from d 7
to d 21 and then increased. The viscosity increased until
d 21, plateaued to d 28 and then decreased.

Ileal Digestibility Coefficients of N and AA in
Wheat

The influence of broiler age on AIDC, SIDC and SID
content of N and AA in wheat is summarized in Tables 5,
Table 5. Apparent ileal digestibility coefficients1 of nitrogen (N) and

Age (day)

Parameter 7 14 21 28 35

N 0.737 0.793 0.825 0.841 0.840
Indispensable amino acids

Arg 0.823 0.844 0.854 0.864 0.867
His 0.784 0.831 0.838 0.852 0.858
Ile 0.755 0.809 0.817 0.844 0.846
Leu 0.796 0.842 0.851 0.876 0.876
Lys 0.638 0.730 0.751 0.784 0.771
Met 0.745 0.803 0.855 0.875 0.870
Thr 0.577 0.664 0.690 0.699 0.711
Trp 0.705 0.777 0.812 0.825 0.831
Val 0.723 0.782 0.800 0.818 0.823
IAA 0.727 0.787 0.808 0.826 0.828

Dispensable amino acids
Ala 0.694 0.765 0.773 0.784 0.779
Asp 0.561 0.649 0.727 0.752 0.753
Cys2 0.697 0.765 0.809 0.823 0.828
Glu 0.922 0.942 0.935 0.943 0.941
Gly2 0.725 0.766 0.781 0.799 0.802
Pro 0.879 0.902 0.908 0.917 0.918
Ser 0.728 0.789 0.809 0.820 0.826
DAA 0.744 0.797 0.820 0.834 0.835
TAA 0.734 0.791 0.813 0.829 0.831

1Each value represents the mean of 6 replicates (14, 12 and 10 birds per rep
and 35-d old birds; and 6 birds per replicate for 42-d old birds).

2Semi-indispensable amino acids for poultry.
Abbreviations: DAA = average digestibility of dispensable amino acids; IAA =
ibility of all amino acids.
6 and 7, respectively. Age quadratically influenced the
AIDC of N (P < 0.001) and average digestibility of IAA,
DAA and TAA of wheat (P < 0.01; Table 5). The average
AIDC of IAA, DAA and TAA increased from d 7 to 14,
then plateaued up to d 21, and then increased to d 42. The
AIDC of Arg, Glu and Gly increased linearly (P < 0.001)
with age, while the increases in AIDC of other AA were
quadratic (P < 0.05−0.001).
No age effect was observed on SIDC of N and, average

digestibility of IAA and DAA in wheat (P > 0.05;
Table 6). The broiler age, however, tended (P = 0.092)
to linearly influence the average of TAA. Among IAA,
the SIDC of Met (quadratic; P < 0.05) was higher on d
7, increased from d 14 to 21, and then plateaued. The
SIDC of Trp increased linearly (P < 0.001) with advanc-
ing age. Among the DAA, a linear effect of age was
observed for SIDC of Asp (P < 0.001), Cys (P < 0.001),
and Glu (P < 0.05).
amino acids of wheat at different ages of broilers.1

Orthogonal polynomial contrasts

42 Pooled SEM Linear Quadratic

0.856 0.0088 0.001 0.001

0.875 0.0090 0.001 0.275
0.872 0.0085 0.001 0.033
0.865 0.0105 0.001 0.045
0.892 0.0088 0.001 0.032
0.808 0.0186 0.001 0.022
0.886 0.0103 0.001 0.001
0.739 0.0159 0.001 0.021
0.848 0.0127 0.001 0.002
0.840 0.0107 0.001 0.012
0.847 0.0108 0.001 0.008

0.801 0.0131 0.001 0.017
0.775 0.0162 0.001 0.001
0.839 0.0086 0.001 0.001
0.948 0.0039 0.001 0.232
0.819 0.0104 0.001 0.090
0.922 0.0043 0.001 0.007
0.845 0.0102 0.001 0.007
0.849 0.0092 0.001 0.002
0.848 0.0101 0.001 0.005

licate for 7, 14 and 21-d old birds, respectively; 8 birds per replicate for 28

average digestibility of indispensable amino acids; TAA = average digest-



Table 6. Standardized ileal digestibility coefficients1 of nitrogen (N) and amino acids of wheat at different ages of broilers.2

Age (day) Orthogonal polynomial contrasts

Parameter 7 14 21 28 35 42 Pooled SEM Linear Quadratic

N 0.950 0.904 0.931 0.949 0.947 0.933 0.0088 0.393 0.586
Indispensable amino acids
Arg 0.953 0.909 0.914 0.933 0.928 0.914 0.0089 0.197 0.162
His 0.904 0.896 0.899 0.919 0.919 0.913 0.0085 0.079 0.975
Ile 0.929 0.899 0.907 0.939 0.929 0.921 0.0105 0.333 0.718
Leu 0.934 0.910 0.920 0.953 0.944 0.937 0.0088 0.051 0.938
Lys 0.839 0.824 0.840 0.884 0.859 0.863 0.0186 0.097 0.705
Met 0.886 0.868 0.921 0.949 0.933 0.923 0.0103 0.001 0.017
Thr 0.965 0.891 0.911 0.905 0.931 0.900 0.0139 0.083 0.066
Trp 0.852 0.859 0.898 0.915 0.918 0.911 0.0127 0.001 0.070
Val 0.899 0.876 0.894 0.917 0.914 0.905 0.0108 0.075 0.903
IAA 0.910 0.881 0.900 0.924 0.919 0.909 0.0108 0.141 0.987

Dispensable amino acids
Ala 0.881 0.857 0.865 0.887 0.873 0.863 0.0131 0.862 0.922
Asp 0.813 0.779 0.855 0.885 0.882 0.864 0.0162 0.001 0.119
Cys3 0.896 0.879 0.917 0.928 0.939 0.926 0.0085 0.001 0.282
Glu 0.981 0.969 0.963 0.974 0.969 0.967 0.0039 0.047 0.144
Gly3 0.894 0.853 0.868 0.892 0.889 0.881 0.0104 0.448 0.334
Pro 0.972 0.949 0.957 0.966 0.966 0.957 0.0043 0.712 0.372
Ser 0.948 0.905 0.926 0.931 0.943 0.928 0.0101 0.819 0.273
DAA 0.912 0.885 0.907 0.923 0.923 0.912 0.0092 0.101 0.950
TAA 0.909 0.882 0.903 0.923 0.921 0.911 0.0099 0.092 0.902

1Apparent digestibility values were standardized using the following basal ileal endogenous flow values (g/kg DM intake), determined by the feeding N-
free diet at different ages (Barua et al., 2021a):
D7: N, 3.59; Arg, 0.68; His, 0.29; Ile, 0.63; Leu, 0.97; Lys, 0.64; Met, 0.27; Thr, 1.35; Trp, 0.21; Val, 0.81; Ala, 0.75; Asp, 0.75; Cys, 0.47; Glu, 1.71; Gly,
0.78; Pro, 0.91; and Ser, 1.06.
D14: N, 1.87; Arg, 0.30; His, 0.16; Ile, 0.33; Leu, 0.49; Lys, 0.30; Met, 0.12; Thr, 0.73; Trp, 0.12; Val, 0.43; Ala, 0.37; Asp, 0.73; Cys, 0.27; Glu, 0.80; Gly,
0.39; Pro, 0.48; and Ser, 0.55.
D21: N, 1.79; Arg, 0.31; His, 0.15; Ile, 0.33; Leu, 0.49; Lys, 0.28; Met, 0.12; Thr, 0.71; Trp, 0.12; Val, 0.43; Ala, 0.36; Asp, 0.72; Cys, 0.26; Glu, 0.80; Gly,
0.40; Pro, 0.48; and Ser, 0.56.
D28: N, 1.82; Arg, 0.36; His, 0.16; Ile, 0.34; Leu, 0.55; Lys, 0.32; Met, 0.14; Thr, 0.67; Trp, 0.13; Val, 0.45; Ala, 0.41; Asp, 0.74; Cys, 0.25; Glu, 0.89; Gly,
0.43; Pro, 0.48; and Ser, 0.54.
D35: N, 1.81; Arg, 0.32; His, 0.15; Ile, 0.30; Leu, 0.49; Lys, 0.28; Met, 0.12; Thr, 0.71; Trp, 0.12; Val, 0.42; Ala, 0.37; Asp, 0.72; Cys, 0.26; Glu, 0.81; Gly,
0.40; Pro, 0.47; and Ser, 0.56.
D42: N, 1.29; Arg, 0.20; His, 0.10; Ile, 0.20; Leu, 0.31; Lys, 0.18; Met, 0.07; Thr, 0.52; Trp, 0.09; Val, 0.29; Ala, 0.25; Asp, 0.49; Cys, 0.21; Glu, 0.53; Gly,
0.28; Pro, 0.34; and Ser, 0.40.

2Each value represents the mean of 6 replicates (14, 12 and 10 birds per replicate for 7, 14 and 21-d old birds, respectively; 8 birds per replicate for 28
and 35-d old birds; and 6 birds per replicate for 42-d old birds).

3Semi-indispensable amino acids for poultry.
Abbreviations: DAA = average digestibility of dispensable amino acids; IAA = average digestibility of indispensable amino acids; TAA = average digest-
ibility of all amino acids.

Table 7. Influence of age on standardized ileal digestible protein (CP) and amino acid contents1 of wheat (%; as-received basis).

Age (day) Orthogonal polynomial contrasts

Parameter 7 14 21 28 35 42 Pooled SEM Linear Quadratic

CP 8.96 8.52 8.78 8.95 8.93 8.79 0.083 0.393 0.584
Indispensable amino acids

Arg 0.446 0.422 0.428 0.437 0.434 0.428 0.0043 0.213 0.169
His 0.196 0.195 0.195 0.199 0.199 0.198 0.0018 0.074 0.984
Ile 0.298 0.289 0.292 0.302 0.299 0.297 0.0034 0.306 0.722
Leu 0.589 0.574 0.581 0.602 0.596 0.591 0.0055 0.048 0.974
Lys 0.239 0.235 0.239 0.252 0.245 0.246 0.0053 0.097 0.715
Met 0.149 0.146 0.155 0.159 0.157 0.155 0.0018 0.001 0.021
Thr 0.288 0.257 0.263 0.262 0.269 0.260 0.0046 0.013 0.012
Trp 0.106 0.107 0.112 0.114 0.115 0.114 0.0016 0.001 0.069
Val 0.370 0.361 0.368 0.378 0.377 0.373 0.0044 0.069 0.913
IAA 2.67 2.59 2.63 2.70 2.69 2.66 0.0303 0.221 0.862

Dispensable amino acids
Ala 0.312 0.304 0.306 0.314 0.309 0.305 0.0046 0.814 0.904
Asp 0.406 0.389 0.427 0.441 0.440 0.431 0.0081 0.001 0.123
Cys2 0.191 0.187 0.195 0.198 0.199 0.198 0.0018 0.001 0.334
Glu 2.53 2.49 2.48 2.51 2.49 2.49 0.010 0.045 0.144
Gly2 0.367 0.350 0.357 0.367 0.365 0.362 0.0043 0.461 0.341
Pro 0.854 0.834 0.841 0.849 0.849 0.841 0.0038 0.722 0.342
Ser 0.409 0.391 0.399 0.402 0.407 0.401 0.0044 0.773 0.277
DAA 5.07 4.95 5.01 5.08 5.07 5.03 0.036 0.488 0.735
Total AA 7.74 7.54 7.64 7.78 7.76 7.69 0.066 0.347 0.790

Standardized digestible amino acid content (%) = [Ingredient amino acid content (%) £ standardized ileal digestibility (%)] £ 100.
1Each value represents the mean of 6 replicates (14, 12 and 10 birds per replicate for 7, 14 and 21-d old birds, respectively; 8 birds per replicate for 28

and 35-d old birds; and 6 birds per replicate for 42-d old birds).
2Semi-indispensable amino acids for poultry.

Abbreviations: DAA, total digestible dispensable amino acid contents; IAA, total digestible indispensable amino acid contents; Total AA = total digest-
ible content of all amino acids.
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Table 8. Apparent ileal digestibility coefficients1 of nitrogen (N) and amino acids of sorghum at different ages of broilers.1

Age (day) Orthogonal polynomial contrasts

Parameter 7 14 21 28 35 42 Pooled SEM Linear Quadratic

N 0.745 0.762 0.748 0.776 0.753 0.777 0.0164 0.242 0.990
Indispensable amino acids

Arg 0.815 0.805 0.789 0.837 0.817 0.835 0.0173 0.216 0.436
His 0.727 0.733 0.693 0.735 0.701 0.733 0.0156 0.850 0.286
Ile 0.783 0.807 0.769 0.797 0.772 0.801 0.0169 0.917 0.617
Leu 0.845 0.875 0.842 0.844 0.819 0.846 0.0115 0.098 0.862
Lys 0.677 0.727 0.649 0.748 0.696 0.744 0.0335 0.227 0.762
Met 0.737 0.779 0.791 0.823 0.792 0.824 0.0164 0.001 0.152
Thr 0.637 0.627 0.607 0.650 0.633 0.664 0.0252 0.359 0.355
Trp 0.719 0.764 0.733 0.770 0.754 0.786 0.0192 0.045 0.978
Val 0.753 0.766 0.737 0.772 0.749 0.775 0.0182 0.550 0.586
IAA 0.744 0.765 0.734 0.775 0.748 0.778 0.0182 0.289 0.716

Dispensable amino acids
Ala 0.845 0.879 0.838 0.835 0.811 0.836 0.0115 0.014 0.816
Asp 0.739 0.747 0.754 0.780 0.759 0.781 0.0173 0.066 0.789
Cys2 0.580 0.501 0.605 0.679 0.658 0.681 0.0318 0.001 0.975
Glu 0.858 0.892 0.841 0.842 0.816 0.841 0.0114 0.002 0.608
Gly2 0.702 0.688 0.615 0.683 0.657 0.679 0.0234 0.493 0.094
Pro 0.781 0.788 0.753 0.777 0.743 0.764 0.0146 0.126 0.596
Ser 0.748 0.736 0.724 0.758 0.739 0.767 0.0209 0.438 0.386
DAA 0.750 0.747 0.733 0.765 0.741 0.764 0.0176 0.586 0.566
TAA 0.747 0.758 0.735 0.771 0.745 0.772 0.0177 0.385 0.664
1Each value represents the mean of 6 replicates (14, 12 and 10 birds per replicate for 7, 14 and 21-d old birds, respectively; 8 birds per replicate for 28

and 35-d old birds; and 6 birds per replicate for 42-d old birds).
2Semi-indispensable amino acids for poultry.

Abbreviations: DAA, average digestibility of dispensable amino acids; IAA, average digestibility of indispensable amino acids; TAA, average digestibility
of all amino acids.

AGE INFLUENCES AMINO ACID DIGESTIBILITY 7
No age effects (P > 0.05) were observed for the SID
contents of protein, total IAA, total DAA, and TAA of
wheat (Table 7). Among the IAA, the SID contents of
Leu and Met increased (P < 0.05) by broiler age in linear
and quadratic manner, respectively. However, the SID
content of Thr showed quadratic decline (P < 0.05) as
birds grew older. The SID Trp content increased linearly
from 0.106% at d 7 to 0.114% at d 42. Among the DAA,
the SID content of Asp and Cys increased linearly (P <
0.001) with age. A linear effect (P = 0.045) of bird age
was observed for the SID content of Glu.
Ileal Digestibility Coefficients of N and AA in
Sorghum

The influence of broiler age on AIDC, SIDC and SID
content of N and AA in sorghum are summarized in
Tables 8, 9, and 10, respectively. No effect of age (P >
0.05) was recorded for the AIDC of N and, average
digestibility of IAA, DAA and of TAA (Table 8).
Among the IAA, the AIDC of Met (P < 0.001) and Trp
(P < 0.05) increased linearly with advancing age. The
AIDC of Cys increased linearly (P < 0.001) from 0.580
at d 7 to 0.681 at d 42. A linear effect of bird age was
also observed for Ala (P < 0.05) and Glu (P < 0.01). The
AIDC of Asp tended (P = 0.066) to linearly increase
from 0.739 at d 7 to 0.781 at d 42.

The highest SIDC of N, average SIDC of IAA, DAA
and TAA were determined at d 7, declining at d 14 and
then plateauing (Table 9). Among the IAA, a quadratic
decline (P < 0.05−0.01) was observed for the SIDC of
Arg, His, Thr, and Val with advancing age. The SIDC of
Ile, Leu, Lys, and the average of IAA were linearly
decreased (P < 0.05−0.001) with advancing age, with
the highest SIDC values being recorded on d 7. The
SIDC of individual DAA, except Cys, and the average of
DAA was influenced by bird age either linearly or
quadratically (P < 0.05−0.001; Table 9). A linear
decrease (P < 0.05−0.001) was observed in SIDC of Ala,
Asp, Glu, and Pro as birds grew older. The SIDC of Gly,
Ser and average DAA reduced with advancing age, but
the decline was greater between d 7 and 14 resulting in a
quadratic effect (P <0.05−0.01). The average SIDC of
TAA declined linearly (P < 0.01) with advancing age,
from 0.903 at d 7 to 0.828 at d 42.
The SID protein content of sorghum declined

quadratically (P < 0.05) from 9.78% on d 7 to 8.86%
on d 42 (Table 10). With the exception of Met and
Trp, the SID contents of individual IAA declined
either in quadratic (Arg and Thr; P < 0.05−0.01) or
linear (His, Ile, Leu, Lys and Val; P < 0.01−0.001)
manner with age, with the highest values recorded
mostly on d 7. Except Asp and Cys, the SID contents
of all individual DAA and TAA of sorghum declined
either linearly or quadratically (P < 0.01−0.001) with
advancing age. Similar to IAA, the greatest SID AA
contents were observed on d 7.
Uplift in Digestibility Coefficients Due to
Correction for Endogenous Amino Acid
Losses as Influenced by Age

The percentage increase in the digestibility coeffi-
cients of N and AA in wheat and sorghum after correc-
tion of AIDC for age-appropriate basal endogenous N
and AA losses is shown in Table 11.



Table 9. Standardized ileal digestibility coefficients1 of nitrogen (N) and amino acids of sorghum at different ages of broilers.2

Age Orthogonal polynomial contrasts

Parameter 7 14 21 28 35 42 Pooled SEM Linear Quadratic

N 0.933 0.860 0.842 0.872 0.848 0.845 0.0164 0.003 0.037
Indispensable amino acids

Arg 0.961 0.869 0.857 0.913 0.885 0.879 0.0173 0.043 0.031
His 0.837 0.793 0.748 0.795 0.757 0.771 0.0156 0.005 0.034
Ile 0.915 0.875 0.837 0.869 0.836 0.843 0.0170 0.004 0.109
Leu 0.906 0.905 0.872 0.878 0.849 0.865 0.0115 0.001 0.345
Lys 0.934 0.847 0.841 0.877 0.808 0.814 0.0252 0.003 0.353
Met 0.874 0.842 0.855 0.895 0.852 0.859 0.0164 0.988 0.866
Thr 0.967 0.817 0.792 0.824 0.818 0.799 0.0246 0.001 0.003
Trp 0.869 0.848 0.821 0.862 0.842 0.849 0.0192 0.637 0.339
Val 0.891 0.839 0.810 0.849 0.819 0.826 0.0183 0.031 0.009
IAA 0.906 0.849 0.826 0.862 0.829 0.834 0.0167 0.011 0.089

Dispensable amino acids
Ala 0.912 0.913 0.870 0.872 0.844 0.859 0.0115 0.001 0.232
Asp 0.916 0.839 0.845 0.874 0.851 0.844 0.0173 0.048 0.149
Cys3 0.810 0.725 0.729 0.800 0.786 0.781 0.0207 0.554 0.095
Glu 0.927 0.924 0.874 0.878 0.848 0.863 0.0113 0.001 0.116
Gly3 0.911 0.795 0.723 0.797 0.765 0.756 0.0234 0.001 0.003
Pro 0.873 0.837 0.802 0.825 0.792 0.799 0.0146 0.001 0.105
Ser 0.943 0.838 0.827 0.857 0.843 0.841 0.0209 0.012 0.014
DAA 0.899 0.826 0.810 0.843 0.819 0.820 0.0176 0.014 0.045
TAA 0.903 0.844 0.819 0.854 0.825 0.828 0.0164 0.007 0.059
1Apparent digestibility values were standardized using the following basal ileal endogenous flow values (g/kg DM intake), determined by the feeding N-

free diet at different ages (Barua et al., 2021a); see Table 6.
2Each value represents the mean of 6 replicates (14, 12 and 10 birds per replicate for 7, 14 and 21-d old birds, respectively; 8 birds per replicate for 28

and 35-d old birds; and 6 birds per replicate for 42-d old birds).
3Semi-indispensable amino acids for poultry.

Abbreviations: DAA, average digestibility of dispensable amino acids; IAA, average digestibility of indispensable amino acids; TAA, average digestibility
of all amino acids.
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Although the correction of AIDC for endogenous
losses increased the SIDC of N and AA at all ages,
the magnitude of increase was remarkably higher on
d 7 and declined with advancing age. Standardization
of AIDC estimates for EAA losses increased the aver-
age TAA digestibility coefficients in wheat by 23.8%
Table 10. Influence of age on standardized ileal digestible protein (CP

Age

Parameter 7 14 21 28 35

CP 9.78 9.45 8.82 9.14 8.88
Indispensable amino acids

Arg 0.394 0.369 0.351 0.375 0.363
His 0.196 0.209 0.175 0.186 0.177
Ile 0.382 0.376 0.349 0.363 0.349
Leu 1.28 1.28 1.23 1.24 1.19
Lys 0.206 0.181 0.185 0.193 0.178
Met 0.149 0.148 0.146 0.153 0.146
Thr 0.327 0.301 0.268 0.278 0.277
Trp 0.105 0.104 0.099 0.104 0.102
Val 0.459 0.452 0.418 0.438 0.423
IAA 3.49 3.42 3.22 3.33 3.21

Dispensable amino acids
Ala 0.887 0.834 0.847 0.848 0.822
Asp 0.639 0.544 0.589 0.609 0.593
Cys2 0.147 0.157 0.132 0.145 0.142
Glu 2.01 2.10 1.89 1.91 1.84
Gly2 0.297 0.278 0.236 0.259 0.249
Pro 0.754 0.819 0.692 0.713 0.683
Ser 0.450 0.431 0.394 0.409 0.402
DAA 5.19 5.17 4.79 4.89 4.73
Total AA 8.69 8.59 7.99 8.22 7.94

Standardized digestible amino acid content (%) = [Ingredient amino acid co
1Each value represents the mean of 6 replicates (14, 12 and 10 birds per rep

and 35-d old birds; and 6 birds per replicate for 42-d old birds).
2Semi-indispensable amino acids for poultry.

Abbreviations: DAA, total digestible dispensable amino acid contents; IAA, to
content of all amino acids.
(d 7), 11.5% (d 14), 11.1% (d 21), 11.3% (d 28),
10.8% (d 35), and 7.43% (d 42), respectively. The
corresponding uplifts in digestibility coefficients in
sorghum were 20.9% (d 7), 11.3% (d 14), 11.4% (d
21), 10.8% (d 28), 10.7% (d 35), and 7.25 % (d 42),
respectively.
) and amino acid contents1 of sorghum (%; as-received basis).

Orthogonal polynomial contrasts

42 Pooled SEM Linear Quadratic

8.86 0.158 0.001 0.048

0.360 0.0060 0.003 0.021
0.180 0.0036 0.001 0.138
0.353 0.0066 0.001 0.119
1.22 0.016 0.001 0.354
0.179 0.0054 0.006 0.297
0.147 0.0028 0.558 0.732
0.270 0.0073 0.001 0.002
0.103 0.0023 0.492 0.375
0.426 0.0084 0.002 0.105
3.24 0.055 0.001 0.106

0.836 0.0111 0.004 0.091
0.588 0.0114 0.391 0.060
0.142 0.0038 0.079 0.332
1.87 0.024 0.001 0.241
0.247 0.0067 0.001 0.002
0.689 0.0115 0.001 0.362
0.401 0.0078 0.001 0.006
4.77 0.074 0.001 0.090
8.01 0.132 0.001 0.088

ntent (%) £ standardized ileal digestibility (%)] £ 100.
licate for 7, 14 and 21-d old birds, respectively; 8 birds per replicate for 28

tal digestible indispensable amino acid contents; Total AA, total digestible



Table 11. Percentage increase in digestibility coefficients of nitrogen and amino acids in wheat and sorghum after correction of apparent
ileal digestibility coefficients for age-appropriate basal endogenous amino acid losses of broilers.

Wheat Sorghum

Age (day) Age (day)

Parameter 7 14 21 28 35 42 7 14 21 28 35 42
N 28.9 13.9 12.9 12.8 12.7 8.99 25.2 12.9 12.6 12.4 12.6 8.75
Indispensable amino acids

Arg 15.8 7.70 7.03 7.99 7.04 4.46 17.9 7.95 8.62 9.08 8.32 5.27
His 15.3 7.82 7.28 7.86 7.11 4.70 15.1 8.19 7.94 8.16 7.99 5.18
Ile 23.0 11.1 11.0 11.3 9.81 6.47 16.9 8.43 8.84 9.03 8.29 5.24
Leu 17.3 8.08 8.11 8.79 7.76 5.04 7.22 3.43 3.56 4.03 3.66 2.25
Lys 31.5 12.9 11.9 12.8 11.4 6.81 37.9 16.5 29.6 17.3 16.1 9.41
Met 18.9 8.09 7.72 8.46 7.24 4.18 18.6 8.09 8.09 8.75 7.58 4.25
Thr 67.2 34.2 32.0 29.5 30.9 21.8 51.8 30.3 30.5 26.8 29.2 20.3
Trp 20.9 10.6 10.6 10.9 10.5 7.43 20.9 11.0 12.0 11.9 11.7 8.02
Val 24.3 12.0 11.8 12.1 11.1 7.74 18.3 9.53 9.91 9.97 9.35 6.58
IAA 25.2 11.9 11.4 11.9 10.9 7.32 21.8 11.0 12.5 11.2 10.8 7.19

Dispensable amino acids
Ala 26.9 12.0 11.9 13.1 12.1 7.74 7.93 3.87 3.82 4.40 4.07 2.75
Asp 44.9 18.6 17.6 17.7 17.1 11.5 24.0 12.3 12.1 12.1 12.1 8.07
Cys1 28.6 14.9 13.4 12.8 13.4 10.4 39.7 44.7 20.5 17.8 19.5 14.7
Glu 6.39 2.87 2.99 3.29 2.98 2.00 8.04 3.59 3.92 4.28 3.92 2.62
Gly1 23.3 11.4 11.1 11.6 10.9 7.57 29.8 15.6 17.6 16.7 16.4 11.3
Pro 10.6 5.21 5.40 5.34 5.23 3.79 11.8 6.22 6.51 6.18 6.59 4.58
Ser 30.2 14.7 14.5 13.5 14.2 9.82 26.1 13.9 14.2 13.1 14.1 9.65
DAA 22.6 11.0 10.6 10.7 10.5 7.42 19.9 10.6 10.5 10.2 10.5 7.33
TAA 23.8 11.5 11.1 11.3 10.8 7.43 20.9 11.3 11.4 10.8 10.7 7.25
1Semi-indispensable amino acids for poultry.

Abbreviations: DAA, average digestibility of dispensable amino acids; IAA, average digestibility of indispensable amino acids; TAA, average digestibility
of all amino acids.
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DISCUSSION

The main aim of this study was to investigate
whether age affects the SIDC of AA in wheat and
sorghum in broilers. Whilst there are sporadic data
on age-related digestibility of AA in different ingre-
dients for broilers (Fonolla et al., 1981; Wallis and
Balnave, 1984; Adedokun et al., 2007;
Szczurek et al., 2020), these studies determined the
digestibility only at 2 or 3 specific ages of broilers
using assay diets fed in mash form. Previous
attempts to establish a link between the age and AA
digestibility have been inconclusive (Fonolla et al.,
1981; Wallis and Balnave, 1984; Zelenka and
Liska, 1986; Huang et al., 2005). The unique fea-
tures of the present experiment are that 1) this is
the first study reporting the SIDC of AA in wheat
and sorghum from hatch to the end of growth cycle,
2) age-appropriate EAA losses (Barua et al., 2021a)
were used to standardize the AIDC and 3) the assay
diets were pelleted so the physical form of diet
resembled the industry practice.
Nutrient Composition

The proximate and amino acid concentrations of test
cereals were, in general, within the range reported in the
literature (Huang et al., 2005; Leeson and Sum-
mers, 2005; Ravindran et al., 2005; Bryden et al., 2009a,
b; Selle et al., 2012). Some variation in ingredient nutri-
ent composition is to be expected due to differences in
cultivar, geographical location, agronomy, growing sea-
son, and analytical techniques (Gutierrez-Alamo et al.,
2008; Mateos et al., 2019).
Performance, Gizzard pH, and Jejunal
Digesta Viscosity

As could be expected, the daily feed intake and weight
gain values increased as the birds grew older, regardless of
the grain type. The gizzard pH in birds fed wheat- (2.68)
and sorghum-based diets (2.56) on d 7 in the current
study was close to the findings of Angel et al. (2010) that
analyzed 15 published studies and Morgan et al. (2014),
in a study with corn-, wheat- and sorghum-based diets,
reporting gizzard pH of 2.37 and 2.42 on d 7, respectively.
Gizzard pH increased from 2.68 in d 7 to 3.61 in d 42 in
wheat-based diets and from 2.56 in d 7 to 3.66 in d 42 in
sorghum-based diets. Although the digestive secretions
and enzyme activities (Nitsan et al., 1991), and concur-
rent secretion of HCl, increase with broiler age, the
increase in gizzard pH with age in present study could be,
partially, due to increased consumption of feed with neu-
tral pH (Ravindran, 2013), which could dilute the HCl
concentration and increase the pH.
In birds fed wheat-based diets, the jejunal digesta vis-

cosity increased with advancing age until d 35, with
lower viscosities recorded on d 7 and 14. The positive
relationship between the soluble NSP content and
digesta viscosity is known (Choct and Annison, 1992b).
Higher viscosity with advancing age could be a reflection
of increased feed intake and intake of soluble NSP. The
measured viscosities, however, were lower in birds fed
sorghum diets, which is an expected result for a grain
with low soluble NSP contents (Bryden et al., 2009a).
Viscosity is correlated with the antinutritive effects of
NSP on nutrient digestion and absorption (Fengler and
Marquardt, 1988; Choct et al., 1999). In the present
study, however, despite increased viscosity, the AIDC of
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AA in wheat increased with age, whereas no influence
was observed in sorghum. No explanation could be pro-
vided for the lack of relationship between viscosity and
AA digestibility.
Ileal Digestibility Coefficients of Nitrogen
and Amino Acids

It is widely accepted that poultry feed formulations
based on digestible AA are superior to those based on
total AA (Rostagno et al., 1995; Ravindran and Bry-
den, 1999). To ensure adequate supply of available AA,
therefore, better understanding of AA digestibility in
birds at different ages of growth is fundamental.

In the present study, the AIDC of N, IAA, DAA, and
TAA of wheat increased with advancing age in broilers.
Several earlier studies have found that the AIDC of AA
differs between broilers of different ages (Fonolla et al.,
1981; Wallis and Balnave, 1984; Zuprizal et al., 1992;
Noy and Sklan, 1995; Tarvid, 1995; Uni et al., 1995;
Batal and Parsons, 2002; Huang et al., 2005). Wallis and
Balnave (1984) reported an increased ileal AA digestibil-
ity in broilers from d 30 to 50 posthatch fed finisher diets
containing a range of grain and protein sources. Batal and
Parsons (2002) reported an increase in the total tract
digestibility of AA in a corn-soybean diet from 0 to 10 d
of age. Huang et al. (2005) determined AIDC AA of 8
feed ingredients (wheat, sorghum, corn, soybean meal,
canola meal, cottonseed meal, mill run and, meat and
bone meal) at 3 different ages (d 14, 28 and 42) of broiler
and, observed a variable age effects depending on the
ingredient. They concluded a general increase in digest-
ibility with age. The AIDC of AA in corn, canola meal,
soybean meal and, meat and bone meal were higher at d
28 and 42 than d 14. In contrast, the AIDC of most AA in
wheat was found to be higher at d 14 than at d 28 and 42.
No age effect was observed in the case of cottonseed meal.
The ileal N digestibility of a corn-soybean meal diet was
reported to be low in broilers at d 4 posthatch and
increased at d 14 or 21 (Noy and Sklan, 1995; Uni et al.,
1995). Adedokun et al. (2008) reported the ileal AA
digestibility of 5 plant-based feed ingredients (light and
dark distiller’s dried grains with solubles, canola meal,
soybean meal and corn) in broilers at d 5 and 21 of age.
Though the AID AA increased with age in all feed ingre-
dients, the SID AA increased only in distiller’s dried
grains with solubles and corn. In the case of soybean meal
and canola meal, there were no differences in SID AA
between the 2 age groups.

Increased apparent AA digestibility of wheat with bird
age may be, partly, explained by the age effect on feed
passage rate. Food transit time through the gastrointesti-
nal tract plays an important role in the digestion of
nutrients by determining the contact time among
nutrients, absorptive surfaces, digestive enzymes and
microbiome (Clemens et al., 1975; Mateos et al., 1982).
The nutrient absorption is facilitated by increased digesta
retention time as the contact time between the digesta
and absorptive surface is increased (Washburn, 1991). It
has been reported that feed passage rates decrease with
bird age (Wilson et al., 1980). Hence, the digesta is
exposed longer to digestive and absorptive processes, thus
increasing nutrient digestibility (Wallis and Bal-
nave, 1984). Besides, the gizzard of older birds is more
developed than the young birds with heavy musculature.
Increased digesta retention time in a well-developed giz-
zard enhances nutrient digestibility, including AA, by
increasing intestinal refluxes and re-exposing the digesta
to pepsin (Abdollahi and Ravindran, 2013).
Intestinal microbiome is known to play a key role in

the digestive process by competing for nutrients
(Stanley et al., 2013; Mancabelli et al., 2016). The coloni-
zation of microbiota in avian gut occurs naturally either
at hatching or even before hatching by passing the
microbes through the eggshell pores (Roto et al., 2016;
Lee et al., 2019). Strict hygienic practices in the hatchery
prevent any colonization and the gastrointestinal tract of
newly hatched chick is sterile. Instead of natural mater-
nal source, the hatchlings receive the initial microbial
load from the farm environment (Donaldson et al.,
2017). Initial colonization, followed by species richness
and complexity of population structure, and finally mat-
uration and stabilization of microbiota is noticed as the
birds grow older. This process of development and stabi-
lization of gut microbiota normally takes about 3 wk in
commercial broilers (Oakley et al., 2014; Johnson et al.,
2018; Lee et al., 2019). Gut bacteria are consumers of
protein and AA, potentially influencing the digestibility
estimates in the host (Yadav and Jha, 2019) and may
partly contribute to the age effects.
While the AIDC of N and most AA in wheat increased

with advancing age, only the SIDC of Met, Trp, Asp, Cys
and Glu were influenced. The SIDC of Met, Trp, Asp and
Cys followed the same pattern as AIDC and increased
with broiler age. In contrast, Szczurek et al. (2020) mea-
sured the ileal AA digestibility in wheat, triticale and bar-
ley at 2 ages (d 14 and 28) of broilers and reported no age
effect on the SID of AA in wheat.
In the case of sorghum, only the AIDC of Met, Trp

and Cys increased with broiler age. Broiler age had no
effect on the average AIDC of IAA, DAA and TAA.
Huang et al. (2005) reported that the AIDC AA in sor-
ghum was higher at d 42 than d 28, but similar to that
at d 14. In contrast to the trends observed for AIDC, the
highest SIDC of N, average of IAA, DAA and TAA were
determined at d 7, which declined at d 14 and then pla-
teaued. The SIDC of TAA in sorghum at d 7 was 8.3%
higher than those from average SIDC of d 14 to 42.
Among the IAA, higher values were recorded on d 7 for
the SIDC of Arg, His, Thr and Val. The SIDC of most
individual IAA and all individual DAA, except that of
Cys, reduced with advancing age.
A number of early studies (Hakansson and Eriks-

son, 1974; Fonolla et al., 1981; Hassan and Del-
pech, 1986; Zelenka and Liska, 1986; Carr�e et al., 1991;
ten Doeschate et al., 1993) have investigated the influ-
ence of age on the AA digestibility in poultry and, found
that the protein and AA digestibility is lower in
older birds. These studies, however, determined the



Figure 1. Apparent and standardized ileal digestibility coefficients
of total amino acids (TAA) in wheat (bars represent means § SE) as
influenced by broiler age. Abbreviations: L, linear; Q, quadratic.
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digestibility over the total tract. Carr�e et al. (1991)
reported that the apparent protein digestibility of field
pea was higher in 3-wk-old broilers than in adult roos-
ters. Fonolla et al. (1981) observed a reduction in appar-
ent protein digestibility of broilers with advancing age
(d 21 vs. d 52) by feeding 4 diets (starter, finisher, fin-
isher diet with 1.39% urea, finisher diet with 0.25% Lys,
0.10% Met and 0.22% Gly). These researchers suggested
that this reduction was caused by increased excretion of
metabolic N. ten Doeschate et al. (1993) also observed
decreased protein digestibility coefficients with increas-
ing broiler age, with the values of 0.849 (d 13 to 15),
0.830 (d 27 to 29), 0.840 (d 41 to 43).
Zuprizal et al. (1992) reported that the true digestibility
of protein and AA in soybean meal or rapeseed meal for
broilers decreased from wk 3 to 6. The total tract digest-
ibility findings, however, are not comparable to the ileal
digestibility values determined in the current study,
Figure 2. Apparent and standardized ileal digestibility coefficients of t
by broiler age. a,bValues with different superscripts differ significantly (P < 0
because of the possible microbial fermentation and alter-
ation of AA composition in the hindgut (Salter and
Coats, 1971; Ravindran and Bryden, 1999), and AA con-
tamination from urine (Sykes, 1971; Terpstra, 1979).
Some reports suggest that the ileal digestibility of major

nutrients, including AA, in feed ingredients declines with
advancing age. Adedokun et al. (2007) reported a reduc-
tion in the AIDC of TAA in meat and bone meal for
broilers from 0.705 on d 5 to 0.595 on d 21. Decreased
digestibility with age was observed even after the stan-
dardization of AIDC using EAA losses determined by
feeding a N-free diet (0.760 on d 5 vs. 0.632 on d 21).
Reduction in the digestibility of other nutrients with bird
age has also been reported. Moss et al. (2020) observed a
reduction in starch digestibility from 0.935 on d 10 to
0.885 on d 35 in broilers fed a corn-based diet. The corre-
sponding starch digestibility values on d 10 and 35
reported to be 0.901 and 0.845 for red sorghum, and 0.987
and 0.904 for wheat, respectively. David et al. (2020)
reported a decrease in apparent ileal calcium digestibility
with advancing age in broilers from 0.51 on d 7 to 0.36 on
d 21, and 0.27 on d 42. According to Li et al. (2018), the
AIDC of calcium was higher in 9-d old broiler chickens
than 21 d, regardless of the dietary calcium level.
Currently broiler feeds are being formulated based on

SIDC AA because of the recognition that SIDC values
for individual feed ingredients are additive when mixed
into a complete diet. On the other hand, the AIDC AA
undervalues the digestibility of several nutritionally crit-
ical AA and is less additive in feed formulations than
SIDC (Cowieson et al., 2019; An et al., 2020). The only
difference between AIDC and SIDC values is the correc-
tion for basal EAA flow (Ravindran, 2021). Despite the
shortcomings of apparent digestibility estimates, the
AIDC data are also presented in this paper to under-
stand what proportion of the age effect on SIDC could
be attributed to EAA losses. The data demonstrated
that the observed differences in patterns between AIDC
and SIDC (Figures 1 and 2) was due to the use of age-
otal amino acids in sorghum (bars represent means § SE) as influenced
.05). Abbreviations: L, linear; Q, quadratic.
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appropriate EAA flows which were substantially higher
at d 7, almost similar from d 14 to 35, and much lower at
d 42. The basal ileal endogenous flow of TAA, used for
standardization of AIDC values (Barua et al., 2021a), in
d 7 (12.93 g/kg DMI) was 96% higher than the average
endogenous loss of TAA from d 14 to 35 (6.61 g/kg
DMI), and 189% higher than the endogenous loss of
TAA in d 42 (4.481g/kg DMI). Once corrected for age-
related endogenous AA flows, substantial differences
were observed for the percentage increase in SIDC of
AA over AIDC values at different ages (Table 11).
Though a large number of studies (Lemme et al., 2004;
Bryden et al., 2009b; Szczurek, 2009; Bandegan et al.,
2011; Kim et al., 2012; Ravindran et al., 2014, 2017;
Barua et al., 2020, 2021b) exist on the SIDC of AA of a
wide range of poultry feed ingredients, only few studies
(Zuprizal et al., 1992, Garcia et al., 2007;
Adedokun et al., 2007; 2008; Szczurek et al., 2020) have
determined the SIDC at different broiler ages. To
the authors’ knowledge, apart from those by
Adedokun et al. (2008) and Szczurek et al. (2020), all
previous studies have used a single EAA flow value,
derived from older birds. As the EAA loss is highest in d
7 and decreases with advancing age, the use of a single
EAA value for correction at different ages underesti-
mates the SIDC in early life and overestimates the SIDC
in birds older than d 35.

Correction of AIDC values using age-appropriate
EAA losses resulted in an increase of 23.8% in the SIDC
of average TAA in wheat in d 7, which was almost twice
than the increase in d 14 to 35 (10.8−11.5%), and 3 times
more than d 42 (7.43%). Similar trends were recorded for
the average SIDC of TAA in sorghum at d 7 being 20.9%
higher than the average AIDC of TAA. The magnitude
of uplift in the average SIDC of TAA at d 14 to 35 and d
42 were 10.7 to 11.4% and 7.25%, respectively. In
essence, the trends in age effects on SIDC were reflective
of those on EAA flow.

Overall, the exact reasons for the observed age effects
on AA digestibility are intricate and complicated by the
interactions among plethora of factors including diges-
tion, absorption, transport, endogenous losses, feed
intake, digesta passage rate and intestinal microbiome.
The present data also showed that the EAA flow is the
prime contributing factor contributing to SIDC, espe-
cially during wk 1.
CONCLUSIONS

The present study, for the first time, provides infor-
mation on the SIDC of AA in wheat and sorghum from
hatching to the end of growth cycle of broilers. These
results suggest that the age effect on AA digestibility is
variable depending on the grain type and specific AA.
Though the apparent AA digestibility in wheat
increased by age, the SIDC was not affected in most of
the AA. In the case of sorghum, except for a few AA,
the AIDC of most AA was unaffected by age. However,
the highest SIDC AA of sorghum were recorded at d 7,
reduced at d 14, and then plateaued. The correction of
apparent AA digestibility values using age-appropriate
EAA flows resulted in substantial increases in SIDC
over AIDC at different ages in both wheat and sor-
ghum. The EAA value used for correction of apparent
values in this study was notably higher at d 7 compared
to other ages. Because the use of a single EAA value for
birds of different ages might underestimate the SIDC in
early life and overestimate the SIDC in older birds,
application of age-appropriate EAA values for stan-
dardization should be considered to improve the preci-
sion of feed formulations.
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