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Two experiments were conducted to evaluate the effects of digestible sulfur amino acids

(SAA) on performance, carcass yield, immunity, and amino acid transporters in broilers

fed diets with or without an antibiotic growth promoter (AGP). In experiment 1, a total

of 250 1-day-old Cobb500 male chicks were assigned to battery cages with two levels

of AGP (0 and 0.05% bacitracin) and five levels of SAA (0.7, 0.8, 0.9, 1.0, and 1.1%)

for 21 d. In experiment 2, a total of 900 1-day-old Cobb500 male chicks were assigned

to floor pens with two levels of AGP and three levels of SAA for the starter (0.7, 0.8,

and 0.9%) or finisher phase (0.52, 0.62, and 0.72%) for 42 d. In experiment 1, from 0

to 7 d, the body weight gain (BWG) was the lowest for birds fed 0.7% SAA. The AGP

significantly decreased the feed conversion ratio (FCR), and birds fed 0.9 and 1.1% SAA

had significantly lower FCR than 0.7% SAA. From 8 to 14 d, for the AGP-fed birds, the

lowest BWG was observed in the 0.7% SAA group. In birds not fed AGP, birds fed 0.8%

SAA had higher BWG than 0.7 and 1.1% SAA. Birds fed 0.7% SAA diet had lower feed

intake (FI) than 0.8% SAA and higher FCR than 0.8, 0.9, and 1.0% SAA. In experiment

2, from 0 to 21 d, the lowest BWG and the highest FCR were observed in birds fed 0.7%

SAA, whereas birds fed 0.9% SAA had the highest BWG and lowest FCR. From 22 to 42

d, FCR was lower for birds fed AGP, and for birds fed 0.72%. Interactions between the

factors were found for FI and BWG. The whole thigh and wing weights were the highest

for 0.62% SAA, and the pectoralis major weight was higher for birds fed 0.62% SAA than

those fed 0.52% SAA. There was an interaction between SAA and AGP for Lat1 (large

neutral amino acid transporter) expression, and AGP-fed birds had higher expression of

ileal interleukin 1β (Il−1β gene). The interleukin 10 (Il-10) expression was upregulated in

the ileum. There was an interaction between factors for sodium-dependent neutral amino

acid transporter B [0] AT1 (SLC6A19) expression. The results suggested that both AGP

and SAA supplementation would affect the growth performance of the broilers.
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INTRODUCTION

Commercial broiler diets containing soybeanmeal as the primary
protein source are deficient in sulfur amino acids (SAA),
and the synthetic supplementation of methionine (Met) is a
common practice (1, 2). The SAA include Met and cysteine
(Cys), which are used by broilers in several ways such as
feather development, improvement of growth performance,
and production of antibodies (3). Methionine has an immune
regulatory action (4, 5), playing a major role in humoral and
cellular immune responses in poultry (6, 7). However, a level
higher than the optimal growth level is required for improving
the immune response (3).

For about 50 years, broiler diets have been fortified with
antibiotics as growth promoters (AGPs) to reduce intestinal
microflora and improve growth (8, 9). It was proposed that
the AGPs could promote growth performance by reducing sub-
clinical infections, and therefore, reducing the production of
growth-depressing metabolites and nutrient utilization of the
microbiome and resulting in the enhanced nutrient uptake of
the host animals. (10). Previous research has also shown that
the effectiveness of AGPs could be affected by the environment.
When broilers are raised in battery cages, the effects of AGPs such
as bacitracin, avilamycin, and monensin are minimal, whereas
such effects are pronounced in floor pens. Such difference was
possibly due to the different extents of pathogen infections
as well as different microbial communities (11, 12). More
importantly, the use of such non-therapeutic AGPs in the food
of animals has been pointed out as one of the causes of antibiotic
resistance in the animals and the spreading of such resistance
from animals to humans is posing a serious threat to public
health (13–15). As a result, AGPs have been banned in Europe
and other parts of the world. In the United States, consumer
pressure has become one of the main reasons behind raising
chickens without AGPs (14, 16). There is a challenge to maintain
optimal animal production by withdrawing AGPs in feed without
simultaneously compromising growth performance and feed
efficiency. Alternative products to AGPs, such as probiotics,
prebiotics, and organic acids have been used for improving
animal health and production (17). Furthermore, nutritional
approaches, such as supplementing extra SAA with immune
response regulatory functions, could also possess the potential to
maintain the performance of AGPs’ withdrawal broilers.

The inclusion of digestible SAA at 0.88–0.90% in the
broiler starter diets supplemented with AGPs has been
already recommended (18). Previous studies had shown that
withdrawing the AGPs in the broiler diets can lead to decreased
growth performance as well as affected intestinal microflora
(19, 20) The optimal dietary SAA levels change with production
goal, like breast meat yield or growth performance (21). It would
be plausible to assume that withdrawing AGPs in diets can
change the optimal SAA levels for the broilers. Few studies have
been done to study the effects of AGPs withdrawal in diets
containing different levels of SAA on the growth performance
of broilers. Additionally, withdrawal of AGPs could affect the
immune response of the broilers (19, 22), as previously described,
methionine plays a role in immune responses regulation,

supplementing extra methionine might reverse the adverse effect
caused by AGPs withdrawal. Moreover, studies involving the
intestinal immune system and transporter genes in broilers fed
diets supplemented with both SAA and AGPs are still lacking
in the literature. Therefore, we have conducted two studies
to evaluate the effects of different levels of SAA on growth
performance, carcass yield as well as expression of immune and
Met transporter genes in broiler chickens, fed diets with or
without AGPs.

MATERIALS AND METHODS

The experimental protocol was reviewed and approved by
the University of Georgia Institutional Animal Care and Use
Committee (A2016 04–017).

Experiment 1
Animals, Diets, and Experimental Design
The experiment was conducted at the University of Georgia,
Poultry Research Center (Athens, GA), under the approval of
the Institutional Animal Care and Use Committee (IACUC)
(A2016 04–017). A total of 250 1-day-old Cobb-500 male broiler
chicks were randomly allocated to ten dietary treatments in a
2x5 factorial arrangement, with two levels of AGP (0 and 0.05%

TABLE 1 | Diet composition and nutritional values (experiment 1).

Ingredientsa Amount (%)

Corn, grain 51.70

Soybean meal (48%) 36.97

Poultry fat 6.60

Defluorated phosphate 2.00

L-Lysine HCL 0.94

Limestone 0.66

Common salt 0.40

Chromic oxide 0.30

Vitamin premixb 0.25

Mineral premixc 0.08

Coccidiostat 0.05

Antibioticsd 0.05

Nutrient content

ME (kcal/kg)e 3200.00

CP (%)e 23.00

SAA (%)e 0.70

aDL-methionine was added in first 5 diets at the rate of 0, 0.04, 0.08, 0.12 and 0.16% in

basal diet and the remaining 5 diets had similar formulation but without AGP.
bVitamin premix provided the following (per kg of diet): thiamin mononitrate, 2.4mg;

nicotinic acid, 44mg; riboflavin, 4.4mg; D-Ca pantothenate, 12mg; vitamin B12

(cobalamin), 12.0 g; pyridoxine HCl, 4.7mg; D-biotin, 0.11mg; folic acid, 5.5mg;

menadione sodium bisulfite complex, 3.34mg; choline chloride, 220mg; cholecalciferol,

27.5 g; transretinyl acetate, 1,892 g; α tocopheryl acetate, 11mg; ethoxyquin, 125 mg.
cMineral premix provided the following (per kg of diet): manganese (MnSO4.H2O), 60mg;

iron (FeSO4.7H2O), 30mg; zinc (ZnO), 50mg; copper (CuSO4.5H2O), 5mg; iodine

(ethylene diamine dihydroiodide), 0.15mg; selenium (NaSe03), 0.3 mg.
dBMD-50 (Bacitracin Methylene Disalicylate) was added as an antibiotic growth promoter.
eME, metabolizable energy; CP, crude protein; SAA, sulfur amino acids.
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bacitracin) and five levels of SAA (0.7, 0.8, 0.9, 1.0, and 1.1%) as
the main effects. Each treatment had five replicates of five chicks
each. The levels of SAA were obtained by supplementing DL-Met
to the basal diet that contained 0.7% SAA. DL-Met was added at
0, 0.1, 0.2, 0.3, and 0.4% into the basal diet to make the treatment
diets containing 0.7, 0.8, 0.9, 1.0, and 1.1% SAA, respectively.
The chicks were raised in batteries (Petersime Incubator Co.,
Gettysburg, OH) with controlled electrical heating, lighting, and
trough-type feeders and waterers for 21 d. The lighting program
started with 23 h of light from 0 to 7 d, 22 h of light from 8 to 14
d, and 20 h of light from 15 to 21 d. All chickens received a broiler
starter diet containing 3,200 kcal/kg of metabolizable energy
(ME) and 23% crude protein (CP) and ad libitum water. All other
essential nutrients were provided either to meet or exceed starter
broiler chicks’ requirements except for SAA (Table 1).

Measurement of Growth Performance Data
The broilers and feed were weighed collectively by cage on d 0, 7,
14, and 21 using a standard weighing scale (Mettler Toledo Co.).
Feed additions were weighed and recorded. The bodyweight gain
(BWG) was calculated by subtracting initial bird weight from

final weight, and weekly feed intake (FI) was also calculated by
subtracting feed amount consumed in the respective weighing
periods. Feed conversion ratio (FCR) was calculated as the ratio
of FI to BWG. The dead chicks were removed and weighed daily
to calculate mortality and adjusted growth performance data.

Experiment 2
Animals, Diets, and Experimental Design
The experiment was conducted at the University of Georgia,
Poultry Research Center (Athens, GA), under the approval of
the Institutional Animal Care and Use Committee (IACUC)
(A2016 04–017). A total of 900 1-day-old Cobb500 broiler chicks
were randomly distributed to six dietary treatments in a 2×3
factorial arrangement, with six replicates of 25 birds each. The
main effects were two levels of AGP (0 and 0.05% bacitracin)
and 3 levels of SAA either for the starter (0.7, 0.8, and 0.9%) or
finisher phase (0.52, 0.62, and 0.72%). The chicks were housed in
floor pens equipped with nipple water drinkers (Ziggity Systems
Inc., Middlebury, IN), feeders, and wood shavings. The lighting
schedule was followed according to Cobb (18). The chicks were
fed a corn–soybean starter diet with 21% CP and 3,100 kcal/kg

TABLE 2 | Diet composition and nutritional values (experiment 2).

Ingredients and composition, % Starter dieta Finisher dietb

Corn, grain 60.01 59.89 59.77 58.83 68.80 69.35

Soybean meal (48%)c 33.47 33.49 33.51 22.50 25.74 25.30

Soybean oil 3.09 3.09 3.09 5.14 2.17 2.00

Defluorated phosphate 2.00 2.00 2.00 1.76 1.75 1.75

Limestone 0.68 0.68 0.68 0.65 0.65 0.65

Common salt 0.30 0.30 0.30 0.30 0.30 0.30

Vitamin premixd 0.25 0.25 0.25 0.25 0.25 0.25

Mineral premixe 0.08 0.08 0.08 0.08 0.08 0.08

AGPf 0.05 0.05 0.05 0.05 0.05 0.05

DL-methionine 0.02 0.12 0.22 0.00 0.01 0.12

Tryptophan - - - 0.32 - -

Threonine - - - 1.00 0.06 -

L-Lysine HCL - - - 1.50 0.08 0.10

Solka floc - - - 7.57 - -

Coccidiostat 0.05 0.05 0.05 0.05 0.05 0.05

Nutrient Content

ME (kcal/kg)g 3100.00 3100.00 3100.00 3100.00 3100.00 3100.00

CP (%)g 21.00 21.00 21.00 18.00 18.00 18.00

SAA (%)g 0.70 0.80 0.90 0.52 0.62 0.72

Lysine 1.94 0.94 1.00

SAA:Lysine 0.27 0.66 0.72

aDL-methionine was added at 0.02, 0.12 and 0.22% for 3 diets shown and remaining 3 diets were formulated as similar but without AGP.
bDL-methionine was added at 0, 0.01 and 0.12% for 3 diets shown and remaining 3 diets were formulated as similar but without AGP.
cCrude protein in parenthesis.
dVitamin premix provided the following (per kg of diet): thiamin mononitrate, 2.4mg; nicotinic acid, 44mg; riboflavin, 4.4mg; D-Ca pantothenate, 12mg; vitamin B12 (cobalamin),

12.0 g; pyridoxine HCl, 4.7mg; D-biotin, 0.11mg; folic acid, 5.5mg; menadione sodium bisulfite complex, 3.34mg; choline chloride, 220mg; cholecalciferol, 27.5 g; transretinyl acetate,

1,892 g; α tocopheryl acetate, 11mg; ethoxyquin, 125 mg.
eMineral premix provided the following (per kg of diet): manganese (MnSO4.H2O), 60mg; iron (FeSO4.7H2O), 30mg; zinc (ZnO), 50mg; copper (CuSO4.5H2O), 5mg; iodine (ethylene

diamine dihydroiodide), 0.15mg; selenium (NaSe03), 0.3 mg.
fBMD-50 (Bacitracin Methylene Disalicylate) was added as an antibiotic growth promoter.
gME, metabolizable energy; CP, crude protein; SAA, sulfur amino acid.
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of ME from 0 to 21 d. After d 21, the chicks received a finisher
diet with 18% CP and 3,100 kcal/kg of ME until d 42. Feed
and water were provided ad libitum. All other essential nutrients
were provided to meet the NRC starter and finisher broiler
requirements (23) except for SAA (Table 2). For the starter phase,
DL-Met was added at 0.02, 0.12, and 0.22% into the basal diet
containing 0.68%Met to make dietary treatments containing 0.7,
0.8, and 0.9% SAA, respectively. For the finisher phase, 0, 0.01 and
0.12%DL-Met were added tomake dietary treatments containing
0.52, 0.62, and 0.72% SAA, respectively.

Measurement of Growth Performance and Carcass

Yield
Feed intake, BWG, and FCR during both starter and finisher
phases were determined as described in experiment I. The chicks
and the leftover feed were weighed on days 21 and 42, to calculate
total BWG, FI, and FCR. The FI and BWG of chickens were
adjusted for mortalities. Mortality was recorded and transformed
according to a previous study for analysis (24). At d 42, 5 chicks
from each pen were selected and individually wing-banded for
carcass yield evaluation. After 8 h of feed withdrawal, the chicks
were weighed individually, slaughtered, and eviscerated in the
processing plant at the University of Georgia. The carcasses were
cleaned by removing feathers, feet, and visceral organs. The
carcasses were chilled in slush ice overnight; the next day chilled
carcass weights were measured, and yield was obtained for the
entire carcass, pectoralis (P.) major, P. minor, whole thighs, and
wings. The whole carcass was weighed first, then each respective
organ was removed and weighed individually.

Measurement of Immune Genes and Amino Acid

Transporter Genes by Quantitative Real-Time

Polymerase Chain Reaction (qRT-PCR)
The jejunum and ileum samples were collected from one
bird/replicate at 21 and 42 days for gene expression analysis.
Briefly, total RNA from ileum and jejunum was extracted
using the Qiazol reagent (Life Technologies, Valencia, CA,
United States). The samples were then homogenized in a mini-
bead beater-16 homogenizer (Biospec Products, Fisher Scientific,
Bartlesville, OK) for 3min. After extraction, the RNA pellets
were dissolved in 200 µl nuclease-free water (Ambion, Applied
BioSystems, Life Technologies, Carlsbad, CA, United States),
and total RNA concentrations were determined at an optical
density of 260 nm using a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, MA, United States). The RNA was
normalized to a concentration of 2µg/µl, and purity was verified
at an optical density ratio of 260 to 280 nm. The normalized
total RNA was then reverse-transcribed using high-capacity
cDNA synthesis reverse transcription kits (Applied BioSystems,
Life Technologies, Carlsbad, CA, United States) following the
manufacturer’s protocol. The synthesized cDNA was stored at
−20◦C. Quantitative real-time polymerase chain reaction (qRT-
PCR) was performed in duplicate reaction including nuclease-
free water, both forward and reverse primers, cDNA, and
SYBR Green (Applied BioSystems, Life Technologies, Carlsbad,
CA) The data were generated using the 11Ct method by
normalizing the expression of the target gene to a housekeeping

TABLE 3 | Information of primers for quantitative real-time PCR.

Gene Forward primer

(5′-3′)

Reverse primer

(3′-5′)

Annealing

temperature
◦C

GAPDH GCTAAGGCTGT

GGGGAAAGT

TCAGCAGCAGC

CTTCACTAC

56

IL-1β CACAGAGATGGC

GTTCGTTC

GCAGATTGTGA

GCATTGGGC

57

INF-γ GCATCTCCTCT

GAGACTGGC

GCTCTCGGTG

TGACCTTTGT

57

IL-6 TTCGACGAGGC

AAGGAACC

AGGTCTGAAAG

GCGAACAGG

57

IL-10 GCTCTCCTTCCAC

CGAAACC

GGAGCAAAGCC

ATCAAGCAG

57

SLC6A19 TCTATTGAAGA

TTCGGGCAC

AATGGTAAGCA

CAAGGTATGG

56

LAT-1 TCCTTTTTACTT

GTTTGGGGTC

GCTTTTCCTG

CTTACGATTCT

54

GADPH, Glyceraldehyde 3-phosphate dehydrogenase; IL-1β, Interlukin-1β; INF-γ,

interferon-gamma; IL-6, Interleukin-6; IL-10, Interleukin-10; SLC6A19, sodium-dependent

neutral amino acid transporter B(0)AT1; LAT-1, large neutral amino acids transporters

small subunit 1.

gene, Glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
and the values were reported as fold changes of the expression
of the target genes in the experimental groups compared
with the control group. The qRT-PCR was performed for
immune genes including interleukin-1β (IL−1β), interferon-
gamma (IFN-γ), interleukin-6 (IL-6), and interleukin (IL-10) for
ileum, and transporter genes including the sodium-dependent
neutral amino acid transporter B[0]AT1 (SLC6A19) and the
large neutral amino acids transporters small subunit 1 (Lat1) for
jejunum using a step one thermo-cycler (Applied Biosystems,
Foster City, CA). Primers for genes of interest were designed
and checked using GeneBank from the National Center for
Biotechnology Information (NCBI) and are presented in Table 3.

Statistical Analysis
All data were analyzed by a 2 way-ANOVA, using the PROC
GLM procedure of the SAS software (version 9.2) (SAS Institute
Inc., Cary, NC). In both experiments, the main effects considered
in the model were AGP, SAA, and their interaction. The
significance of the differences among means was assessed by
Tukey’s multiple range test and p < 0.05 was defined as the level
of significance.

RESULTS

Experiment 1
From 0 to 7 d, there were no significant interactions (p>0.05)
between the factors for FI, BWG, and FCR (Table 4). The BWG
was affected by diets, in which birds fed 0.7% SAA had the lowest
BWG (p<0.001). The FCR was affected by both AGP and SAA,
and birds fed AGP had lower FCR than those not fed AGP
(p = 0.022), and birds fed 0.9 and 1.1% SAA showed lower
FCR than those fed 0.7% of SAA (p = 0.002). The FI was not

Frontiers in Veterinary Science | www.frontiersin.org 4 June 2022 | Volume 9 | Article 903901

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Adhikari et al. Total Sulfur Amino Acids in Broilers

TABLE 4 | Mean values of feed intake (FI), body weight (BW), and feed conversion ratio (FCR) of broilers fed different levels of sulfur amino acids (SAA) without or with an

antibiotic growth promoter (AGP) in battery cages from 0 to 7, 7 to 14, and 14 to 21 d (experiment 1).

AGP SAA2,3 0–7d 8–14d 15–21d 0–21d

FI (kg) BWG (kg) BW (kg) FCR FI (kg) BWG (kg) BW (kg) FCR FI (kg) BWG (kg) BW (kg) FCR FI (kg) BWG (kg) BW (kg) FCR

- 1 0.128 0.104 0.149b 1.23 0.282 0.179bcd 0.297bc 1.57 0.478 0.290 0.587 1.69 0.888 0.573 0.587 1.49

2 0.146 0.126 0.171ab 1.16 0.311 0.216a 0.353a 1.44 0.511 0.359 0.713 1.42 0.968 0.702 0.713 1.58

3 0.152 0.136 0.180a 1.12 0.306 0.208ab 0.351a 1.47 0.484 0.315 0.666 1.53 0.942 0.657 0.666 1.50

4 0.154 0.128 0.174ab 1.20 0.300 0.203abc 0.341ab 1.48 0.511 0.344 0.686 1.49 0.965 0.675 0.686 1.40

5 0.141 0.126 0.179a 1.13 0.272 0.173cd 0.322ab 1.59 0.461 0.296 0.606 1.56 0.875 0.596 0.606 1.53

+ 1 0.127 0.103 0.147b 1.22 0.278 0.157d 0.271c 1.77 0.523 0.303 0.574 1.74 0.929 0.563 0.574 1.43

2 0.151 0.137 0.182a 1.11 0.304 0.201abc 0.347a 1.52 0.497 0.344 0.678 1.45 0.952 0.682 0.678 1.58

3 0.140 0.138 0.181a 1.02 0.303 0.208ab 0.354a 1.46 0.525 0.363 0.717 1.45 0.968 0.708 0.717 1.37

4 0.140 0.126 0.171ab 1.11 0.306 0.202abc 0.339ab 1.52 0.491 0.356 0.695 1.39 0.937 0.685 0.695 1.42

5 0.149 0.134 0.179a 1.11 0.298 0.194abc 0.339ab 1.54 0.479 0.342 0.616 1.39 0.926 0.606 0.616 1.42

AGP

- 0.144 0.124 0.170 1.17a 0.294 0.196 0.333 1.51 0.489 0.321 0.651 1.61 0.927 0.641 0.651 1.50

+ 0.141 0.128 0.172 1.11b 0.298 0.193 0.330 1.56 0.503 0.341 0.656 1.48 0.942 0.649 0.656 1.45

SAA

1 0.127 0.104b 0.148b 1.23a 0.280b 0.168 0.284b 1.67a 0.501 0.296 0.581b 1.71 0.908 0.568b 0.581b 1.46

2 0.149 0.131a 0.176a 1.13ab 0.307a 0.208 0.350a 1.48b 0.504 0.352 0.695a 1.44 0.960 0.692a 0.695a 1.58

3 0.146 0.137a 0.181a 1.07b 0.304ab 0.208 0.353a 1.47b 0.504 0.339 0.691a 1.59 0.955 0.683a 0.691a 1.44

4 0.147 0.127a 0.172a 1.16ab 0.303ab 0.202 0.340a 1.50b 0.501 0.350 0.690a 1.44 0.951 0.680a 0.690a 1.41

5 0.145 0.130a 0.179a 1.12b 0.285ab 0.184 0.330a 1.56ab 0.470 0.319 0.611ab 1.57 0.900 0.601ab 0.611ab 1.48

P-Value

AGP 0.5600 0.3820 0.5881 0.0225 0.5647 0.5115 0.6441 0.1031 0.2584 0.1806 0.8474 0.2277 0.4288 0.7184 0.8474 0.3820

SAA 0.0563 <0.0001 <0.0001 0.0027 0.0272 <0.0001 <0.0001 0.0012 0.3566 0.1266 0.0060 0.4480 0.1480 0.0029 0.0060 0.3969

AGP*SAA 0.5264 0.8475 0.7941 0.6080 0.5264 0.0457 0.3727 0.1420 0.3113 0.6622 0.8238 0.6971 0.6054 0.8899 0.8238 0.9303

SE 0.0025 0.0024 0.0024 0.0136 0.0034 0.0032 0.0047 0.0191 0.0062 0.0078 0.0128 0.0526 0.045 0.061 0.0128 0.029

a−dMeans within a column with no common superscript differ significantly (p < 0.05).

Represent level of SAA in starter (1 = 0.7, 2 = 0.8, 3 = 0.9%, 4 = 1.0%, 5 = 1.1%).

SSA, sulfur amino acid.

significantly different between the treatments. From 8 to 14 d, a
significant interaction was found (p= 0.045) for BWG. Birds fed
0.8% SAA showed higher BWG than those fed 0.7% in both with
and without AGP groups. Increasing SAA levels higher than 0.8%
tended to decrease BWG in birds not fed AGP while for birds fed
AGP, such a trend was not observed as the SAA levels increased
from 0.8 to 1.1%. During this phase, no interactions were found
between FI and FCR. The FI was lower when birds were fed 0.7%
SAA compared to 0.8%, and FCR was lower for birds fed 0.8, 0.9,
and 1.0% SAA compared to 0.7% SAA (p < 0.02). From 15 to 21
d, no interactions between AGP and SAA were found, and the
two factors did not affect the performance of the birds during
this phase.

Experiment 2
Growth Performance
From 0 to 21 d, no interactions were found between the factors
for FI, BWG, and FCR (Table 5). The FI was the highest for birds
fed 0.8% SAA (p = 0.040), the BWG was the lowest for birds fed
0.7% of SAA (p < 0.001), and the FCR was the lowest for birds
fed 0.9%, followed by 0.8% of SAA, and birds fed 0.7% of SAA
had the highest FCR (p < 0.001).

From 22 to 42 d, interactions between SAA levels and AGP
were found for FI and BWG (p < 0.001) (Table 5). Birds fed
AGP showed higher FI and BWG than birds without AGP when
receiving diets with 0.52 and 0.62% SAA, whereas birds fed
0.72 SAA showed similar results regardless of AGP addition
in the diet. These results suggest that the highest level of SAA
(0.72%) was able to reverse the poor results caused by the
absence of AGP in the diet. The FCR was lower for birds fed
AGP, and for birds fed 0.72% SAA compared to 0.52% SAA
(p < 0.001, p= 0.032).

Carcass Yield
No interactions were found for the carcass yield parameters
(p > 0.05). There was an effect of SAA levels on all parameters
(p < 0.001) (Table 6). The birds fed 0.72% SAA had the highest
chilled carcass weight, P. major weight, and P. minor weight,
and the birds fed 0.62% SAA had intermediate value whereas the
0.52% SAA-fed birds had the lowest values. Both 0.72 and 0.62%
SAA-fed birds had higher whole thigh and wings weight than the
0.52% SAA-fed birds. There was an effect of AGP on P. major
where the AGP included groups that had higher P. major weight
than the birds fed without AGP.
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TABLE 5 | Mean values of feed intake (FI), body weight (BW), body weight gain (BWG), and feed conversion ratio (FCR) of broiler chicks fed different levels of sulfur amino

acids (SAA) without or with an antibiotic growth promoter (AGP) in floor pens from 0 to 21 and 22 to 42 d (p < 0.05) (experiment 2).

AGP SAA2,3 0–21d 22–42d 0–42d

FI (kg) BWG (kg) BW (kg) FCR Mortality4 FI (kg) BWG (kg) BW (kg) FCR Mortality FI (kg) BWG (kg) BW (kg) FCR Mortality

- 1 1.09 0.628 0.671c 1.74 1.013 2.06b 0.767b 1.481c 2.81 1.017 3.15b 1.395c 1.481c 2.30a 1.029

2 1.16 0.746 0.788ab 1.56 1.007 2.04b 0.711b 1.440c 2.89 1.007 3.27b 1.457c 1.440c 2.27a 1.013

3 1.11 0.772 0.814a 1.44 1.007 3.21a 1.44a 2.239b 2.26 1.000 4.32a 2.208ab 2.239b 1.97ab 1.007

+ 1 1.13 0.667 0.708bc 1.71 1.010 3.33a 1.50a 2.303ab 2.24 1.000 4.46a 2.162b 2.303ab 2.07ab 1.010

2 1.19 0.754 0.795a 1.58 1.003 3.14a 1.50a 2.342ab 2.07 1.010 4.52a 2.253ab 2.342ab 2.01ab 1.013

3 1.13 0.791 0.833a 1.43 1.007 3.38a 1.69a 2.547a 1.99 1.007 4.53a 2.482a 2.547a 1.83b 1.013

AGP

- 1.12 0.716 0.758 1.58 1.009 2.44 0.971 1.720 2.65a 1.008 3.58b 1.687b 1.720 2.179a 1.016

+ 1.15 0.737 0.780 1.57 1.007 3.28 1.56 2.397 2.10b 1.006 4.50a 2.299a 2.397 1.969b 1.012

SAA

1 1.11b 0.647b 0.690b 1.72a 1.012 2.70 1.131 1.892 2.52a 1.008 3.81b 1.788b 1.892 2.184a 1.020

2 1.18a 0.752a 0.792a 1.57b 1.005 2.59 1.105 1.891 2.48ab 1.008 3.89b 1.855b 1.891 2.139a 1.013

3 1.12b 0.782a 0.824a 1.43c 1.007 3.30 1.563 2.393 2.12b 1.003 4.43a 2.345a 2.393 1.898b 1.010

P-Value

AGP 0.1676 0.1711 0.1713 0.8577 0.5641 <0.0001 <0.0001 <0.0001 0.0002 0.4700 <0.0001 <0.0001 <0.0001 0.0034 0.3505

S 0.0404 <0.0001 <0.0001 <0.0001 0.3411 <0.0001 <0.0001 <0.0001 0.0326 0.3464 <0.0001 <0.0001 <0.0001 0.0027 0.2185

AGP*SAA 0.9476 0.7109 0.7264 0.8444 0.9187 <0.0001 0.0006 0.0002 0.2222 0.0114 <.0001 0.0009 0.0002 0.7158 0.0648

SE 0.0112 0.0122 0.0122 0.0264 0.0018 0.1036 0.0692 0.0777 0.0837 0.0018 0.1039 0.0746 0.0777 0.0415 0.0024

a−cMeans within a column with no common superscript differ significantly (p < 0.05).
2Represent Level of SAA in Starter (1=0.7, 2=0.8 and 3=0.9%) and Finisher (1 = 0.52, 2 = 0.62, and 3 = 0.72%).
3SSA, sulfur amino acid.

4Mortilty was transformed as

√

dead birds
total birds

+ 1.

Immune Genes and Amino Acid Transporter Genes
At 21 d, there was a significant interaction between SAA
and AGP for Lat1 gene expression in the jejunum of birds
(p = 0.020) (Table 7). Birds fed 0.9% SAA and AGP showed
higher expression of the LAT1 transporter compared to birds
fed 0.70% SAA without AGP. No other significant differences
were observed. The expression of IL-10 and IL−1β genes was
upregulated in the ileum of birds fed AGP (p < 0.038). No
differences between the treatments were found for SLC6A19,
IL-6, and INF-γ expressions (p > 0.05).

At 42 d, there was a significant interaction between SAA and
AGP for SLC6A19 expression in the jejunum (p = 0.03). The
birds fed 0.7% SAA without AGP had higher expression of this
gene than those fed 0.7% with AGP, 0.8% without AGP, and 0.9%
with and without AGP. The IL-10 expression was upregulated
in the ileum when birds were fed AGP (p = 0.001), and no
differences were found between the treatments for the expression
of Lat1 in the jejunum and IL-6, IL−1β and INF-γ in the ileum
(p > 0.05).

DISCUSSION

Determination of the essential nutrients such as SAA
with/without AGP has not been investigated despite studies
that have tested AGP alternative compounds supplementation
against AGP and how they affected optimal growth performance,
immunity, and gut microbiome in poultry (25, 26).We compared

different levels of SAA with/without supplementation of AGP
and observed interactions between these two factors in growth
performance and key gene expression of immunity and nutrient
transport. It was reported that supplementation of AGP and
sulfaquinoxaline to chicks from 0 to 21 d resulted in better FCR
than in unmedicated chicks, but there was no any interaction
between the increasing levels of methionine and AGP (13).
However, bacitracin improved FCR and BWG in these studies.
The estimates of SAA requirements for broiler chicks from 3 to
6 weeks of age ranged from 0.72 to 0.80% (27). Our inclusions
of 0.72 and 0.80% SAA to the diets for chickens from 3 to 6
weeks of age were in the range of the study by Hickling et al.
(14). Mendonca and Jensen (28) conducted a study with a
corn–soybean meal diet (3,200 kcal/kg of ME) supplemented
with DL-methionine and reported that 0.78% SAA was needed
to maximize feed efficiency/FCR. However, our FCR values for
finisher chicks were like Lei, Ru (26), where they reported FCR
of 1.99 obtained with AGP. In our finisher diet, we chose 3 levels
of SAA, and 0.72% SAA (SAA to Lys = 0.72%), which was the
highest level, with and without AGP showed the best growth
performance compared to the other levels (0.27 and 0.66% SAA
to Lys ratios). These results suggest that there has not been a
drastic change in the requirement of SAA when we compared
our values with previous works discussed above. After 21 d, the
addition of AGP in finisher diets with the highest SAA level had
significantly positive effects on BWG, which was like a study
reported by Lei, Ru (26). In a study by Matsushita, Takahashi
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TABLE 6 | Mean values of carcass yield of broiler finisher chicks fed different levels of sulfur amino acids (SAA) without or with an antibiotic growth promoter (AGP) on d

42 (p < 0.05) (experiment 2).

AGP SAA2,3 Chilled carcass (kg) P. major3 (g) P. minor3 (g) Whole thigh (g) Wings (g)

- 1 1.05d 183.7d 50.64d 343.5b 128.2b

2 1.64c 345.5c 84.97bc 500.4a 188.3a

3 1.80ab 399.5ab 111.4a 525.5a 195.8a

+ 1 1.03d 196.0d 59.10cd 328.7b 125.2b

2 1.72bc 370.5bc 91.17ab 522.5a 189.9a

3 1.88a 439.5a 106.1ab 545.5a 201.0a

AGP

- 149.8 309.6b 82.33 456.5 170.8

+ 154.4 335.3a 85.47 465.9 172.0

SAA

1 1.04c 189.8c 54.87c 336.1b 126.7b

2 1.68b 358.0b 88.07b 512.0a 189.1a

3 1.84a 419.5a 108.8a 535.5a 198.4a

P-Value

AGP 0.0887 0.0150 0.5527 0.3230 0.7103

SAA <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

AGP*SAA 0.1512 0.5608 0.5224 0.1999 0.5954

SE 0.0291 0.0090 0.0031 0.0082 0.0029

a−dMeans within a column with no common superscript differ significantly (p < 0.05).
2Represent Level of SAA in Finisher (1 = 0.52, 2 = 0.62, and 3 = 0.72%).
3SAA, sulfur amino acid; P. major, Pectoralis Major; P. minor, Pectoralis minor.

TABLE 7 | Mean values of relative expression of nutrient transporters in the jejunum and immune genes in the ileum and of chickens fed different levels of sulfur amino

acids (SAA) without or with an antibiotic growth promoter (AGP) (p<0.05) (experiment 2).

AGP SAA2,3 21d 42d

SLC6A193 Lat1 IL-6 IL-10 IL-1β INF-γ SLC6A19 Lat1 IL-6 IL-10 IL-1β INF-γ

- 1 1.06 1.02b 1.01 1.08 1.27 1.07 1.02a 1.04 1.01 1.00 1.02 1.03

2 0.785 1.52ab 1.14 2.21 1.61 1.57 0.320b 1.12 2.23 1.80 1.24 1.41

3 1.32 1.28ab 1.02 1.21 1.68 1.90 0.310b 0.754 1.63 1.25 1.41 1.06

+ 1 0.826 1.38ab 1.89 2.66 1.73 2.20 0.425b 1.27 1.45 1.30 1.28 1.55

2 1.05 1.21ab 2.43 1.66 1.92 3.77 0.594ab 1.27 1.91 1.10 1.11 1.52

3 1.05 1.69a 3.49 2.44 1.59 4.11 0.369b 1.04 1.54 1.13 1.28 1.08

AGP

- 1.05 1.27 1.52 1.05b 1.50b 1.52 0.550 0.972 1.22 1.51b 1.35 1.22

+ 0.974 1.42 1.74 2.60a 2.25a 1.74 0.462 1.19 1.22 3.36a 1.18 1.22

SAA

1 0.945 1.20 1.50 1.45 1.87 1.50 0.722 1.15 1.15 1.64 1.15 1.15

2 0.916 1.36 1.76 1.78 1.94 1.76 0.457 1.20 1.17 2.67 1.45 1.17

3 1.18 1.48 1.63 2.25 1.83 1.63 0.339 0.896 1.35 3.00 1.19 1.35

P-Value

AGP 0.5942 0.1626 0.4966 0.0005 0.0382 0.4966 0.3346 0.2391 0.9985 0.0016 0.4484 0.9985

SAA 0.3008 0.1165 0.8042 0.2193 0.9649 0.8042 0.0108 0.3612 0.8882 0.0785 0.5024 0.8882

AGP*SAA 0.2875 0.0200 0.7850 0.1999 0.0425 0.7850 0.0031 0.9525 0.8544 0.5721 0.2080 0.8544

SE 0.0750 0.0655 0.2475 0.1909 0.1461 0.3193 0.0571 0.0855 0.1647 0.1138 0.1420 0.1107

abmeans within a column with different superscripts trend to be different (P < 0.05).
2Represent Level of SAA in Starter (1 = 0.7, 2 = 0.8, and 3 = 0.9%) and Finisher (1 = 0.52, 2 = 0.62, and 3 = 0.72%).
3SAA, sulfur amino acid; SLC6A19, sodium-dependent neutral amino acid transporter B(0)AT1; Lat-1, large neutral amino acids transporters small subunit 1; IL-6, Interleukin-6; IL-10,

Interleukin-10; IL-1β, Interlukin-1β; INF-γ, interferon-gamma.
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(29), diets were formulated with salinomycin and enromycin as
antibacterial agents. We used 0.05% bacitracin as an AGP source
in both of our studies unlike in a study by Lei, Ru (26) that used
only 0.02%.

Factors such as environment, management, and nutrition
can affect the outcome of broiler feeding studies. Yang, Iji
(30) discussed some of the factors including environment,
management, nutrition, bird type, age, and stage of production
that would lead to contrasting results in studies with probiotics.
This can be applied to the effects of AGP in our study. The battery
cages used in Exp. 1 had a rather cleaner facility where droppings
were collected directly below the raised wires and hygiene was
maintained throughout for 21 d. The shavings initially used in
our floor pen study were clean and as the chickens grew up until
d 42, the shavings were not replaced and were contaminated with
droppings of chicks. We cannot maintain chickens in battery
cages (Experiment 1) for more than 21 d due to their increasing
body weight and size. In this study, when chickens were raised
beyond 21 d in the floor pen, there was more probability of
chickens getting susceptible to germs, and we had observed a
stronger effect of AGP on growth performances.

The pattern of P. major yield obtained from our study was
similar to the value reported by Matsushita, Takahashi (29),
where the AGP-added diet showed a higher yield only in P. major,
but there was no greater difference in the rest of the variables.
The addition of DL-methionine at 0.15% in a finisher chick diet
without AGP resulted in a similar yield for P. major (31). The
whole thigh yield from diets containing 0.72% SAA in our study
was >0.78% SAA with AGP reported by Goulart, Costa (32).

The role of methionine and cysteine in enhancing immune
function has been well described (33). However, an increased
methionine content, above the level required for optimal
growth, improves the immune responses (3). The previous
studies have shown that under stressed conditions, methionine
supplementation can alter the expression of pro- or anti-
inflammatory cytokines (34, 35). However, such alteration in
expressions was not observed in this study possibly because the
birds were raised in normal conditions.

Interleukin-1β is a pro-inflammatory cytokine secreted
from monocytes and macrophages and mediates inflammatory
response (36). The IL-1β activates a range of cells including
macrophages and T lymphocytes that may thus lead to the
production of other cytokines and chemokines. Similar to our
study, a higher mRNA expression of IL-1β was observed in
deccox and monensin-treated group compared to the untreated
group in the study by Lee et al. (22). In this study, the higher
IL-10 expression level in AGP-supplemented diets indicated that
there was a suppression of inflammation because IL-10 was an
anti-inflammatory cytokine. However, in the finisher phase, we
did not see any differences in the expressions of all the immune
cytokines tested between the groups with and without AGP.

Dietary regulation of intestinal amino acid (AA) transporter
genes has been studied for several amino acids (37). Amino
acids are transported across the plasma membrane by different
transporter systems (38). Met and Cys are neutral AA which

are transported by the common neutral AA transporters such
as solute carrier family 6 member 19 (SLC6A19), L- type
AA transporter (LAT-1), and LAT-4 (39, 40). A previous
study has found that methionine-deficient diets would lead to
downregulation of LAT1 in the broilers which correspond to
the result found in this study that broilers fed lower SAA
diets showed lower expression of LAT1. However, the SLC6A19
expression levels decreased as the SAA levels increased as pointed
out by previous research that higher expression of AA transporter
shown in the intestinal tissue correlates with the phenomenon
to overcome the lower concentration of SAA that reaches the
specific section of the intestine (41). The results also indicated
that the effects of these two transporters are regulated differently
by the SAA levels in the diets. Besides, the effects of SAA levels on
expressions of AA transporters were influenced by the presence
of AGP because a significant interaction effect was observed
in this study. The mechanism that led to these findings would
require further study.

CONCLUSION

Feeding broilers with diets supplemented with SAA at previously
determined levels (0.88–0.90% for starter and 0.74% for finisher)
was the best for growth performance. AGP-supplemented birds
had better FCR and immune status, suggesting that AGP can be
supplemented in finisher diets because of the increasing challenge
(e.g., poor hygiene) in the floor pen environment. Broilers reared
in an environment containing ubiquitous microorganisms may
have a constant activation of the immune response. More studies
should be conducted with different pathogen challenge models
to find the relationships between total sulfur amino acids and
immunity in broilers.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by the University
of Georgia Institutional Animal Care and Use Committee.

AUTHOR CONTRIBUTIONS

PA and WK: conceptualization. PA and FC: methodology, data
collection, and formal analysis. PA, FC, and GL: writing. WK:
writing—review and editing. All authors have read and agreed
to the published version of the manuscript.

ACKNOWLEDGMENTS

The authors would like to thank all members of Kim lab for their
help during sampling of birds, lab analysis, and animal care.

Frontiers in Veterinary Science | www.frontiersin.org 8 June 2022 | Volume 9 | Article 903901

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Adhikari et al. Total Sulfur Amino Acids in Broilers

REFERENCES

1. Si J, Fritts CA, Waldroup PW, Burnham DJ. Effects of excess methionine

from meeting needs for total sulfur amino acids on utilization of diets

low in crude protein by broiler chicks. J Appl Poult Res. (2004) 13:579–

87. doi: 10.1093/japr/13.4.579

2. Pokoo-Aikins A, Timmons JR, Min BR, Lee WR, Mwangi SN, Chen C.

Effects of feeding varying levels of DL-methionine on live performance and

yield of broiler chickens. Animals (Basel). (2021) 11:2839. doi: 10.3390/ani111

02839

3. Bunchasak C. Role of dietary methionine in poultry production. Poult Sci.

(2009) 46:169–79. doi: 10.2141/jpsa.46.169

4. Rama Rao SV, Praharaj NK, Ramasubba Reddy V, Panda

AK. Interaction between genotype and dietary concentrations

of methionine for immune function in commercial broilers.

Br Poult Sci. (2003) 44:104–12. doi: 10.1080/00071660310000

85283

5. Van Brummelen R, Du Toit D. L-methionine as immune

supportive supplement: a clinical evaluation. Amino Acids. (2007)

33:157–63. doi: 10.1007/s00726-006-0390-2

6. Swain BK, Johri TS. Effect of supplemental methionine, choline

and their combinations on the performance and immune response

of broilers. Br Poult Sci. (2000) 41:83–8. doi: 10.1080/000716600

86457

7. Mohammed D. Effect of excess lysine and methionine on immune

system and performance of broilers. Ann Biol Res. (2012) 3:3218–

24. doi: 10.1080/09712119.2019.1583571

8. Feighner SD, Dashkevicz MP. Subtherapeutic levels of antibiotics in poultry

feeds and their effects on weight gain, feed efficiency, and bacterial

cholyltaurine hydrolase activity. Appl Environ Microbiol. (1987) 53:331–

6. doi: 10.1128/aem.53.2.331-336.1987

9. Engberg RM, Hedemann MS, Leser TD, Jensen BB. Effect of zinc bacitracin

and salinomycin on intestinal microflora and performance of broilers. Poult

Sci. (2000) 79:1311–9. doi: 10.1093/ps/79.9.1311

10. Gaskins HR, Collier CT, Anderson DB. Antibiotics as growth

promotants: mode of action. Anim Biotechnol. (2002) 13:29–

42. doi: 10.1081/ABIO-120005768

11. Pedroso AA, Menten JF, Lambais MR, Racanicci AM, Longo FA, Sorbara JO.

Intestinal bacterial community and growth performance of chickens fed diets

containing antibiotics. Poult Sci. (2006) 85:747–52. doi: 10.1093/ps/85.4.747

12. Willis WL, Murray C, Talbott C. Campylobacter isolation trends of cage

vs. floor broiler chickens: a one-year study1. Poult Sci. (2002) 81:629–

31. doi: 10.1093/ps/81.5.629

13. Williams RJ, Heymann DL. Containment of antibiotic resistance. Sci. (1998)

279:1153–4. doi: 10.1126/science.279.5354.1153

14. Mehdi Y, Létourneau-Montminy M-P, Gaucher M-L, Chorfi

Y, Suresh G, Rouissi T, et al. Use of antibiotics in broiler

production: global impacts and alternatives. Animal Nutrition. (2018)

4:170–8. doi: 10.1016/j.aninu.2018.03.002

15. Forgetta V, Rempel H, Malouin F, Vaillancourt Jr R, Topp E, Dewar K,

et al. Pathogenic and multidrug-resistant Escherichia fergusonii from broiler

chicken. Poult Sci. (2012) 91:512–25. doi: 10.3382/ps.2011-01738

16. Gonzalez Ronquillo M, Angeles Hernandez JC. Antibiotic and synthetic

growth promoters in animal diets: Review of impact and analytical

methods. Food Control. (2017) 72:255–67. doi: 10.1016/j.foodcont.2016.

03.001

17. Dibner J, Richards J. The digestive system: challenges and opportunities. J

Applied Poultry Res. (2004) 13:86–93. doi: 10.1093/japr/13.1.86

18. Cobb-Vantress. Cobb500 Broiler Performance & Nutrition

Supplement. Available online at: https://www.cobb-vantress.com/assets/

5a88f2e793/Broiler-Performance-Nutrition-Supplement.pdf (accessed 2018).

19. Maria Cardinal K, Kipper M, Andretta I, Machado Leal Ribeiro A.

Withdrawal of antibiotic growth promoters from broiler diets: performance

indexes and economic impact. Poult Sci. (2019) 98:6659–67. doi: 10.3382/ps/

pez536

20. Choi JH, Lee K, Kim DW, Kil DY, Kim GB, Cha CJ. Influence of dietary

avilamycin on ileal and cecal microbiota in broiler chickens. Poult Sci. (2018)

97:970–9. doi: 10.3382/ps/pex360

21. Vieira SL, LemmeA, Goldenberg DB, Brugalli I. Responses of growing broilers

to diets with increased sulfur amino acids to lysine ratios at two dietary protein

levels. Poult Sci. (2004) 83:1307–13. doi: 10.1093/ps/83.8.1307

22. Lee KW, Lillehoj HS, Lee SH, Jang SI, Park MS, Bautista DA, et al. Effect of

dietary antimicrobials on immune status in broiler chickens. Asian-australas J

Anim Sci. (2012) 25:382–92. doi: 10.5713/ajas.2011.11259

23. Council NR. Nutrient Requirements of Poultry: Ninth Revised Edition.

Washington, DC: The National Academies Press (1994). p. 176.

24. Adhikari P, Yadav S, Cosby DE, Cox NA, Jendza JA, Kim

WK. Research note: effect of organic acid mixture on growth

performance and salmonella typhimurium colonization in broiler

chickens. Poult Sci. (2020) 99:2645–9. doi: 10.1016/j.psj.2019.

12.037

25. Isabel B, Santos Y. Effects of dietary organic acids and essential oils on growth

performance and carcass characteristics of broiler chickens. J Appl Poult Res.

(2009) 18:472–6. doi: 10.3382/japr.2008-00096

26. Lei XJ, Ru YJ, Zhang HF. Effect of Bacillus amyloliquefaciens-

based direct-fed microbials and antibiotic on performance, nutrient

digestibility, cecal microflora, and intestinal morphology in broiler

chickens. J Appl Poult Res. (2014) 23:486–93. doi: 10.3382/japr.2014-0

0965

27. Hickling D, Guenter W, Jackson ME. The effects of dietary methioine and

lysine on broiler chicken performance and breast meat yield. Can J Anim Sci.

(1990) 70:673–8. doi: 10.4141/cjas90-079

28. Mendonca CX, Jensen LS. Influence of protein concentration on the sulphur-

containing amino acid requirement of broiler chickens. Br Poult Sci. (1989)

30:889–98. doi: 10.1080/00071668908417215

29. Matsushita K, Takahashi K, Akiba Y. Effects of adequate or marginal excess of

dietary methionine hydroxy analogue free acid on growth performance, edible

meat yields and inflammatory response in female broiler chickens. Poult Sci.

(2007) 44:265–72. doi: 10.2141/jpsa.44.265

30. Yang Y, Iji PA, Choct M. Dietary modulation of gut microflora in broiler

chickens: a review of the role of six kinds of alternatives to in-feed

antibiotics. World’s Poult Sci J. (2009) 65:97–114. doi: 10.1017/S0043933909

000087

31. Corzo A, Kidd MT, Dozier WA, Shack LA, Burgess SC. Protein

expression of pectoralis major muscle in chickens in response to dietary

methionine status. Br J Nutr. (2006) 95:703–8. doi: 10.1079/BJN200

51716

32. Goulart CD, Costa FGP, da Silva JHV, de Souza JG, Rodrigues VP,

de Oliveira CFS. Requirements of digestible methionine plus cystine for

broiler chickens at 1 to 42 days of age. Rev Bras Zootecn. (2011) 40:797–

803. doi: 10.1590/S1516-35982011000400013

33. Li P, Yin YL Li D, Kim SW, Wu G. Amino acids and immune function. Br J

Nutr. (2007) 98:237–52. doi: 10.1017/S000711450769936X

34. Lai A, Dong G, Song D, Yang T, Zhang X. Responses to dietary levels

of methionine in broilers medicated or vaccinated against coccidia

under Eimeria tenella-challenged condition. BMC Vet Res. (2018)

14:140. doi: 10.1186/s12917-018-1470-8

35. Liu G, Magnuson AD, Sun T, Tolba SA, Starkey C, Whelan R, et al.

Supplemental methionine exerted chemical form-dependent effects on

antioxidant status, inflammation-related gene expression, and fatty acid

profiles of broiler chicks raised at high ambient temperature1. J Anim Sci.

(2019) 97:4883–94. doi: 10.1093/jas/skz348

36. Kumar S, Ciraci C, Redmond SB, Chuammitri P, Andreasen CB, Palic

D, et al. Immune response gene expression in spleens of diverse

chicken lines fed dietary immunomodulators. Poult Sci. (2011) 90:1009–

13. doi: 10.3382/ps.2010-01235

37. Humphrey BD, Klasing KC. The acute phase response alters cationic amino

acid transporter expression in growing chickens (Gallus gallus domesticus).

Comp Biochem Physiol Part AMol Integr Physiol Comp Biochem Phys A. (2005)

142:485–94. doi: 10.1016/j.cbpa.2005.10.002

38. Mann GE, Yudilevich DL, Sobrevia L. Regulation of amino acid and glucose

transporters in endothelial and smooth muscle cells. Physiol Rev. (2003)

83:183–252. doi: 10.1152/physrev.00022.2002

39. Zeng PL Li XG, Wang XQ, Zhang DX, Shu G, Luo QB. The relationship

between gene expression of cationic and neutral amino acid transporters

in the small intestine of chick embryos and chick breed, development,

Frontiers in Veterinary Science | www.frontiersin.org 9 June 2022 | Volume 9 | Article 903901

https://doi.org/10.1093/japr/13.4.579
https://doi.org/10.3390/ani11102839
https://doi.org/10.2141/jpsa.46.169
https://doi.org/10.1080/0007166031000085283
https://doi.org/10.1007/s00726-006-0390-2
https://doi.org/10.1080/00071660086457
https://doi.org/10.1080/09712119.2019.1583571
https://doi.org/10.1128/aem.53.2.331-336.1987
https://doi.org/10.1093/ps/79.9.1311
https://doi.org/10.1081/ABIO-120005768
https://doi.org/10.1093/ps/85.4.747
https://doi.org/10.1093/ps/81.5.629
https://doi.org/10.1126/science.279.5354.1153
https://doi.org/10.1016/j.aninu.2018.03.002
https://doi.org/10.3382/ps.2011-01738
https://doi.org/10.1016/j.foodcont.2016.03.001
https://doi.org/10.1093/japr/13.1.86
https://www.cobb-vantress.com/assets/5a88f2e793/Broiler-Performance-Nutrition-Supplement.pdf
https://www.cobb-vantress.com/assets/5a88f2e793/Broiler-Performance-Nutrition-Supplement.pdf
https://doi.org/10.3382/ps/pez536
https://doi.org/10.3382/ps/pex360
https://doi.org/10.1093/ps/83.8.1307
https://doi.org/10.5713/ajas.2011.11259
https://doi.org/10.1016/j.psj.2019.12.037
https://doi.org/10.3382/japr.2008-00096
https://doi.org/10.3382/japr.2014-00965
https://doi.org/10.4141/cjas90-079
https://doi.org/10.1080/00071668908417215
https://doi.org/10.2141/jpsa.44.265
https://doi.org/10.1017/S0043933909000087
https://doi.org/10.1079/BJN20051716
https://doi.org/10.1590/S1516-35982011000400013
https://doi.org/10.1017/S000711450769936X
https://doi.org/10.1186/s12917-018-1470-8
https://doi.org/10.1093/jas/skz348
https://doi.org/10.3382/ps.2010-01235
https://doi.org/10.1016/j.cbpa.2005.10.002
https://doi.org/10.1152/physrev.00022.2002
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Adhikari et al. Total Sulfur Amino Acids in Broilers

sex, and egg amino acid concentration. Poult Sci. (2011) 90:2548–

56. doi: 10.3382/ps.2011-01458

40. Geier EG, Schlessinger A, Fan H, Gable JE, Irwin JJ, Sali A, et al. Structure-

based ligand discovery for the large-neutral amino acid transporter 1, LAT-1.

Proc Natl Acad Sci U S A. (2013) 110:5480–5. doi: 10.1073/pnas.1218165110

41. Fraga S, Pinho MJ. Soares-da-Silva P. Expression of LAT1 and

LAT2 amino acid transporters in human and rat intestinal epithelial

cells. Amino Acids. (2005) 29:229–33. doi: 10.1007/s00726-005-0

221-x

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Adhikari, Castro, Liu and Kim. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Veterinary Science | www.frontiersin.org 10 June 2022 | Volume 9 | Article 903901

https://doi.org/10.3382/ps.2011-01458
https://doi.org/10.1073/pnas.1218165110
https://doi.org/10.1007/s00726-005-0221-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Effects of Total Sulfur Amino Acids on Growth Performance, Immunity, and Meat Yield in Broilers Fed Diets With and Without Antibiotics
	Introduction
	Materials and Methods
	Experiment 1
	Animals, Diets, and Experimental Design
	Measurement of Growth Performance Data

	Experiment 2
	Animals, Diets, and Experimental Design
	Measurement of Growth Performance and Carcass Yield
	Measurement of Immune Genes and Amino Acid Transporter Genes by Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

	Statistical Analysis

	Results
	Experiment 1
	Experiment 2
	Growth Performance
	Carcass Yield
	Immune Genes and Amino Acid Transporter Genes


	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


