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ARTICLE INFO ABSTRACT

Keywords: The growing phase of laying hens is crucial for growth and development due to its direct impact on their pro-

Glutamine ductivity during laying phase. During initial growth phase, intestinal tract undergoes rapid development which

I(ieuvlt:lth requires plenty of nutrients to help laying hens grow and mature. This study investigated the effect of Alanyl-
TO'

Glutamine (Aln-GlIn) levels on growth performance, ileal morphology and transcriptomic analysis of growing
Hy-line brown hens. A total of 480 day old Hy-line brown chicks having similar body weight (BW) were randomly
divided to be fed diets having 0%, 0.1%, 0.2% and 0.3% Aln-Gln for 6-wks (8 replicates/group, 15 birds/
replicate). One bird from every pen was slaughtered and morphological parameters of ileum were evaluated.
Results taken on day 42 revealed an improved average daily gain (ADG), final body weight (FBW) and feed-to-
gain ratio (F/G) in the birds that consumed 0.2% and 0.3% Aln-Gln supplemented diet (P < 0.05). Ileal
morphological assays showed that villus height, villus width and villus to crypts ratio (V/C) were significantly
increased at 42 days of age in birds fed diets with 0.2% Aln-Gln (P<0.05). The RNA sequencing (RNA-Seq) was
executed to identify differentially expressed genes (DEGs) among groups that found 2265 DEGs (1256 up-
regulated; 1009 down-regulated) in ileum tissue. According to the Kyoto Encyclopedia of Genes (KEGG) and
Genomic Pathway Enrichment Analysis, majority of DEGs indicated change in metabolic pathways. Genes related
to growth factors, intestinal morphology and protein metabolism were up-regulated in test groups as compared
to control group. In conclusion, addition of Aln-Gln to the diet improved growth performance and ileum
development in growing hens; transcriptomic analysis revealed up-regulation of genes related to growth and
intestinal morphology.

Transcriptomic analysis
Gene expression

Introduction

Poultry growth, production, enzymatic activity, and immunity pri-
marily rely on proteins. The building blocks of these proteins are amino
acids (AA), that are essential components of eggs and poultry (Beski
et al.,, 2015). To maximize the efficiency of poultry production, it’s
important to maintain a balanced and appropriate intake of AA. Over-
consumption of AA can negatively impact poultry growth and produc-
tion (Réhault-Godbert et al., 2019). During the growing period, the
health and development of hens are vital factors that influence their
laying performance (Lang et al., 2019). The size, weight, and overall
health of growing hens have a direct impact on egg production and
livability, by directly affecting the cost-effectiveness of poultry
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businesses. Providing proper nutrition and care during the growing
period is essential to ensure success in poultry farming (He et al., 2021).

Glutamine (Gln) is a precursor during synthesis of arginine and
proline, the constituents of body proteins. Glutamine upregulates the
expression of genes necessary for cell growth and downregulates the
oxidative stress and immunity-related genes (Hanczakowska and
Niwinska, 2013). Glutamine is considered as a key amino acid in the
feed of growing hens. The intrinsic Gln of the bird’s body is not enough
for disease and stressed conditions so it’s necessary to be given in the
feed. The utilization of free Gln in diets is not efficient (Xue et al., 2018).
Thus, Aln-Gln dipeptide is suggested to be an alternative to Gln mono-
mers due to its increased stability and solubility compared to free Gln.
(Zhu et al., 2020). It plays a significant role in accelerating the growth of
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intestinal villi and improving epithelium structure where nutrients are
absorbed, thus improving growth performance and feed efficiency in
hens. The effect of glutamine on intestinal microflora also improves
animal health. The digestive intestinal tract is the main site of glutamine
metabolism (Bortoluzzi et al., 2018). This progression leads to the syn-
thesis of pyrimidine and purine nucleotides, and also antioxidant
glutathione (Cruzat et al., 2018).

The progress in RNA-Seq has opened up more possibilities for
research by allowing the gathering of extensive data about the tran-
scriptome at the gene level (Wu et al., 2024). Currently, majority of
RNA-Seq studies in poultry nutrition are primarily focused on disease
resistance and growth performance (Dar et al., 2022), meat parameters
(Park et al., 2017), and feed efficiency (Karimi et al., 2022), with limited
studies on ileum morphology in growing Hy-line brown hens. Hence, we
consider this methodology applicable for revealing the gene expression
profile and pathway of ileum development in growing Hy-line brown
hens (Zhu et al., 2023). In this study, RNA-Seq technology was used to
study transcriptomic profiles of ileal tissues. Bio-informatics analysis
and validation experiments were used to find DEGs that regulate growth
performance and ileum development in growing Hy-line brown hens.
This study aims to provide a theoretical basis for regulating Aln-Gln to
increase growth performance and ileum development in Hy-line brown
hens through transcriptomic analysis and a finding that could signifi-
cantly impact the poultry industry.

Material Methods

The handling of birds and protocols in the current experiment was
performed in accordance with the YZU Animal Care and Use Committee
of Yangzhou University, Jiangsu, China (under permission number
SYXK [Su] 2021-0020).

Experimental design, birds, and diets

One-day-old 480 healthy, Hy-line brown chicks were arbitrarily
divided into 4 experimental groups with eight replicates of 15 chicks
each in a 42-day trial. All chicks were kept in cages (37 x 30 x 40 cm)
that were facilitated with external access devices for water and feed
throughout the trail and raised according to the Management guide of
Hy-line brown hen (Hy-Line, 2023). The test diets were formulated using
the soya-corn basal diets supplemented with 0% (control), 0.1%, 0.2%,
and 0.3 % Aln-Glu (groups A, B, C and D). The diets were formulated as
shown (Table 1) to meet the nutritional requirements of chicks ac-
cording to recommendations of NRC, 1994. A powder form of Aln-Gln
(Shandong Chen-long Pharmaceutical Co., Ltd, China) was added to
the diets. On the first day, the initial body weight (IBW) of each bird was
measured. At the end of each week, the fasted birds were weighed, and
their ADFI, ADG, and F/G were also measured.

Tissue sample collection

On 42 days, one bird with an average body weight from each repli-
cate was taken and butchered with a knife method following the
permitted protocols of the YZU Animal Care Advisory Committee. The
ileum part from the small intestine was isolated and sampled. It was
washed and fixed in a 4% solution of para-formaldehyde for ileal his-
tological analysis. The ileal mucosal samples were collected by rubbing
the microscopic slide on the ileal segments and stored at -80°C for
transcriptomic analysis. The process of pullet selection and ileal sam-
pling is shown in Fig. 1.

Ileal morphological analysis
The ileal segments were fixed in paraffin. The 5-um thick tissue

sections were subjected to deparaffinization, rehydration, and staining
with hematoxylin and eosin. A minimum of three films per fragment and
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Table 1
Composition of diet (0-6 weeks).

Ingredients (%) A Addition of Aln-Gln Powder

B C D
Corn 66.10 66.00 66.00 65.9
Soybean 29.00 29.00 28.90 28.99
Wheat Bran 0.200 0.200 0.200 0.200
Aln-Gln Powder - 0.1 0.2 0.3
Met 0.20 0.20 0.20 0.20
Lys 0.20 0.20 0.20 0.20
Salt 0.30 0.30 0.30 0.30
Limestone 1.30 1.30 1.30 1.30
CaHPO3 1.70 1.70 1.70 1.70
Premix 1 1 1 1
Total 100 100 100 100
ME (MJ/Kg) 11.98 11.98 11.98 11.98
CP % 18.4 18.4 18.4 18.4
Lys Dig. % 1.126 1.126 1.126 1.126
Met Dig. % 0.47 0.47 0.47 0.47
Thr Dig. % 0.68 0.68 0.68 0.68
Trp Dig. % 0.20 0.20 0.20 0.20
Arg Dig. % 1.22 1.22 1.22 1.22
Ile Dig. % 0.74 0.74 0.74 0.74
Val Dig. % 0.84 0.84 0.84 0.84
CF % 2.78 2.78 2.78 2.78
Ca % 1.078 1.078 1.078 1.078
P Av. % 0.45 0.45 0.45 0.45
Na % 0.023 0.023 0.023 0.023
Cl % 0.041 0.041 0.041 0.041

Per kilogram of diet, the following are provided: 11,000 IU of vitamin A, 3,000
IU of vitamin D3, 20 IU of vitamin E, 3 mg of vitamin K3 (as menadione), 0.02
mg of vitamin B12, 6.5 mg of riboflavin, 10 mg of calcium pantothenate, 40.1 mg
of niacin, 0.2 mg of biotin, 2.2 mg of thiamine, 4.5 mg of pyridoxine, 1,000 mg of
choline, 125 mg of ethoxyquin (antioxidant) Additionally, per kilogram of diet,
the following are provided: 66 mg of Mn (as manganese oxide), 70 mg of Zn (as
zinc oxide), 80 mg of Fe (as ferrous sulfate), 10 mg of Cu (as copper sulfate), 0.3
mg of Na (as sodium selenite), 0.4 mg of I (as calcium iodate), 0.67 mg of iodized
salt

A group having 0% Aln-Gln and also as the control group; B group having 0.1%
Aln-Gln; C group having 0.2% Aln-Gln; D group having 0.3% Aln-GIn

three segments from each bird were acquired for analysis. After the
collection of ileal mucosal samples, the villus height (VH), villus width
(VW), and crypt depth (CD) were measured using an NIKON YS100 light
microscope. The average measurements were then used to calculate the
villi-crypt ratio (VCR).

RNA Extraction, library construction, and sequencing

Total RNA was isolated using a Trizol reagent kit (Invitrogen,
Carlsbad, CA, USA) following the manufacturer’s guidelines. The quality
of the RNA was evaluated with an Agilent 2100 Bio-analyzer (Agilent
Technologies, Palo Alto, CA, USA) and confirmed via RNase-free agarose
gel electrophoresis. Subsequently, eukaryotic mRNA was enriched using
Oligo(dT) beads. For prokaryotic mRNA, rRNA was removed using the
Ribo-ZeroTM Magnetic Kit (Epicentre, Madison, WI, USA). The enriched
mRNA was then fragmented using a fragmentation buffer and reverse
transcribed into cDNA using the NEB Next Ultra RNA Library Prep Kit for
[lumina (NEB #7530, New England Bio labs, Ipswich, MA, USA). The
resulting double-stranded cDNA fragments were subjected to end-repair,
A base addition, and ligation to Illumina sequencing adapters. The
ligation reaction was purified using AMPure XP Beads(1.0X) and sub-
sequently underwent polymerase chain reaction (PCR) amplification.
The resulting cDNA library was sequenced using Illumina Novaseq6000
by Gene Denovo Biotechnology Co. (Guangzhou, China).

Differential Expression Analysis and Enrichment

The expression level of every gene was determined using the frag-
ments per kilobase per million reads (FPKM) method to identify the
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Fig. 1. This diagram depicts the experimental design for RNA-Seq.

differentially expressed genes among the 4 groups. Gene abundance was
assessed using RSEM (http://deweylab.biostat.wisc.edu/rsem/).
DESeq2 was used for the differential expression analysis, and genes with
|log2(fold change) |>0.585 and P value<0.05 were considered signifi-
cantly differentially expressed. Additionally, functional enrichment
analysis, including Gene Ontology (GO, http://www.geneontology.org)
and Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.ge
nome.jp/kegg/), was conducted at P<0.05 to identify DEGs significantly
enriched in GO terms and metabolic pathways compared to the entire

transcriptome background. The GO functional enrichment and KEGG
pathway analyses were performed using Goa tools (https://github.com/
tanghaibao/Goatools) and KOBAS (http://kobas.cbi.pku.edu.cn/home).

Gene Expression Analysis by qRT-PCR

To confirm the consistency and precision of the RNA Seq gene
expression data, we conducted quantitative real-time PCR (qRT-PCR)
validation of differentially expressed genes (DEGs) in several biological

Table 2
Primer sequences for the genes utilized in the qRT-PCR.
Name Details Gene ID Product length Primer ™
ND4L NADH de-hydrogenase subunit-4L 63549492 121 F: AAACCCCATCATTCGCCCTT 60.97
R: TTGTGTAGGTGGTCAGAGCC 59.09
ND4 NADH de-hydrogenase subunit-4 63549470 292 F: ACCTACCTGCCTCCTGAACA 59.89
R: AGGTCTGTTTGGCGTAAGCA 60.06
IGF1 Insulin-like growth factor 1 418090 197 F: TGGCCTGTGTTTGCTTACCTT 60.25
R: CACAACTCTGGAAGCAGCAC 60.01
OCLN occludin 396026 196 F: GCGGTTACTACTACAGCCCC 59.01
R: TAGCGCCAGATCTTACTGCG 60.67
CLDN1 claudin 1 424910 200 F: ACCCACAGCCTAAGTGCTTC 59.96
R: AGGTCTCATAAGGCCCCACT 59.02
ANPEP alanyl aminopeptidase, membrane 395667 164 F: GTCACCCAACGCTTCAACAC 59.97
R: TGCACGACCTCCTTGTTCTC 60.10
ADA adenosine deaminase 419194 278 F: ACCCCTCTTGTTAGGCTTGC 60.11
R: AAGGATGGGGGAGTCGATGA 59.76
TXNDC12 thioredoxin domain containing 12 772208 236 F: GCCCAGGAGAAGCTAACAGG 60.21
R: GCCAGGCAGAGGAGATAACA 59.81
PCK1 phosphoenolpyruvate carboxykinase 1 396458 86 F: GAAGGCTTAGGTGTGGACCC 59.96
R: CCTTGGGGCAGGCATTTAGA 60.25
CPT1A carnitine palmitoyltransferase 1A 423118 114 F: ATCCAGTCCCTCTCAGCCAT 59.97
R: CCATTAAGCGATGGCAACGG 60.04
PSAT1 phosphoserine aminotransferase 1 427263 219 F: TCAGAAGCTTGCGACGTTCA 60.75
R: CAAGCCCTTGCAAGATTGGG 59.75
PDE6B phosphodiesterase 6B 395092 176 F: CATGCCGATCGCTGTAGTCT 59.97
R: TTGGTTTGCGCAACATAGCC 60.04
ATP6VO0A4 ATPase H+ transporting VO subunit a4 418104 216 F: GAGCTCAGCAGGAACAACCT 59.96
R: GTGTGGTCTTCCTCACCCAG 60.04
B3GAT1 beta-1,3-glucuronyltransferase 1 373949 247 F: CTGGGGAACTGATGGTCCAC 60.04
R: CAAAGCAGCTGTTCACCCAC 59.93
PLIN1 perilipin 1 415487 177 F: GACCACAGCAAGGTACACGA 59.97
R: GATTGCTGCTGGGAGACCTT 60.03
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samples from each group. By using TRI-zol, we isolated RNA from ileum
tissues and determined the concentration of the isolated RNA using
NanoDrop2000 (Thermo Fisher Scientific). The Prime Script-RT reagent
kit with the gDNA Eraser was used to generate a reverse transcription of
1mg RNA. The qRT-PCR amplification was done using TB Green Premix
Ex Taq II (Tli RNaseHPlus) on a Bio-Rad CFX384 real-time PCR system,
following the protocol described in Luo et al., (2019). The gene
expression levels were calculated using the 2*2Ct technique, with
GAPDH serving as the control, as described by Livak and Schmittgen,
(2001). The primer sequences for genes used in the QRT-PCR is shown in
Table 2. All primers were designed by AZENTA Life Sciences Co., Ltd.,
located in Massachusetts, United States.

Statistical Analysis

The data of all parameters were analyzed using one-way analysis of
variance (ANOVA), and the general linear model procedure was used in
SPSS17.0; LSD’s multiple test was used for multiple comparisons. The
statistical significance was considered at P < 0.05 for all the analyses.
The figures were created using Graph-Pad Prism 8 (Graph Pad Software
Inc., San Diego, CA).

Results
Sequencing Data and Quality Control

After conducting transcriptomic analysis of ileum tissue samples
from 6-week-old Hy-line brown hens, quality control generated 70.34 Gb
of clean reads. Each sample produced clean reads of more than 30.60
GB, and the percentage of Q30 bases was more than 94.18%. The GC
content ranged from 46.46% to 49.67%. More than 92.55% of the reads
were successfully mapped to the genome of the laying hens, spanning
various regions of the chicken reference genome, predominantly within
the coding sequences of exons and introns. The total fragments of the
coding regions ranged from 84.73% to 86.74%, with the number of in-
trons ranging from 8.99% to 10.79%, and the percentage of intergenic
regions ranging from 3.90% to 5.04%. These results confirmed the
reliability of the data for further analysis (Table 3).

Gene Expression Profile and Differential Expression Analysis

Gene expression levels were typically measured by FPKM or tran-
scripts per million reads (TPM). The FPKM method can eliminate the

Table 3
Gene sequencing data of Hy-line brown chicks (0-6 weeks).
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effect of gene length and sequencing volume differences on the calcu-
lation of the gene expression and was therefore selected to perform the
expression analysis. The overall distribution of expression levels is
shown in Fig. 2. Principal components analysis (PCA) was performed
and the results are shown in Fig. 2. We obtained 69.5% for PC1 and
16.7% for PC2. Based on this RNA sequencing data analysis of ileum
tissue from the 6-week-old brown hen pullets, a total of 17,571
expressed genes were detected and subjected to differential expression
analysis to further identify transcriptional changes between ileum tissue
of pullets having different levels of Aln-Gln in diets. A total of 2265 DEGs
were identified by comparing the gene expression between four treat-
ments (| log2(fold change) | > 1.5, P-value < 0.05), with 1256 up-
regulated and 1009 down-regulated genes. The volcano plot showed
statistically significant differences in gene expression levels between
different treatments Fig. 3.

GO and KEGG Enrichment Analysis of DEGs

The GO is a database created by the Gene Ontology Consortium. It
enables the categorization of genes in the selected gene set: the bio-
logical process involved, components that make up the cell, and mo-
lecular functions achieved, among others. For this, we employed GO
analysis to annotate RNA-Sequence functionally. A total of 44 GO terms
were identified by comparing 4 different groups. The top 20 GO terms
for DEGs in the comparative library in the ileum are listed in Fig. 2.
These GO terms include cellular processes, biological regulation, meta-
bolic process, binding, catalytic activity, transporter activity, membrane
part, organelles, and cell part. Significant enrichment of biological
processes with GO terms related to growth, protein metabolism, syn-
thesis, and translocation is shown in Fig. 2. The gene associated with
these GO terms may be essential for the synthesis and metabolism of AA,
which is required for chick ileum’s growth and intestinal development.

To better understand the modulatory role of DEGs in metabolism, we
performed KEGG enrichment analysis. The total DEGs were condensed
into 243 KEGG pathways, and the top 20 KEGG pathways are shown in
Fig. 2. In ileum tissue, DEGs showed significant enrichment in metabolic
pathways, the PPAR signaling pathway, lipid atherosclerosis, cysteine
and methionine metabolism, and the chemokine signaling pathway.
Analyzing the genes connected to the pathway can give insights into the
temporal and spatial expression of associated genes with AA metabolism
in the ileum.

Sample Raw-Reads Raw-bases Clean-reads Clean-bases Total mapped Q30 (%) GC content(%)
A1-Aln-Gln 38271306 5740695900 38021570 5642914332 35299830 (93.35%) 94.57 47.34
A2-Aln-Gln 48231938 7234790700 47866016 7087881255 44760881 (93.84%) 94.76 46.52
A3-Aln-Gln 46223572 6933535800 45972838 6830372797 42386335 (93.16%) 94.18 48.65
A4-Aln-Gln 47945182 7191777300 47641892 7072861253 44556378 (93.86%) 94.38 46.89
B1-Aln-Gln 40847150 6127072500 40592026 6020012312 37377076 (92.55%) 95.33 49.67
B2-Aln-Gln 40460184 6069027600 40241946 5961331647 37525033 (93.57%) 95.59 47.34
B3-Aln-Gln 42768594 6415289100 42543926 6315837758 39832018 (93.93%) 95.59 46.88
B4-Aln-Gln 37104466 5565669900 36886158 5472667186 34489432 (93.85%) 95.39 46.89
C1-Aln-Gln 48601216 7290182400 48265474 7182102691 44987098 (93.67%) 95.49 47.49
C2-Aln-Gln 52529796 7879469400 52254910 7753668439 48892390 (93.88%) 95.74 47.14
C3-Aln-Gln 58361910 8754286500 57997660 8607143449 54276569 (94.01%) 94.74 46.83
C4-Aln-Gln 45531608 6829741200 45250216 6705512548 42129028 (93.48%) 94.79 47.38
D1-Aln-Gln 41228030 6184204500 40992338 6092668907 38321241 (93.94%) 95.04 46.46
D2-Aln-Gln 42243864 6336579600 41977636 6230226486 38987916 (93.32%) 94.88 48.52
D3-Aln-Gln 36941974 5541296100 36675252 5438938861 34296869 (93.93%) 94.43 46.81
D4-Aln-Gln 40100498 6015074700 39868188 5899916850 37300464 (93.84%) 94.93 46.54

Note: Raw reads: total number of entries of raw sequencing data; Raw bases: total amount of raw sequencing data; Clean reads: total number of entries of post-quality
control sequencing data; Clean bases: total amount of post-quality control sequencing data; Total mapped: the number of clean reads that can be localized to the
genome; Q30 (%): quality assessment of post-quality control sequencing data, referring to the percentage of bases with sequencing quality above 99.9% of the total
bases; Guanine-cytosine (GC) content (%): the sum of G and C bases corresponding to quality control (QC) data as a percentage of the total bases.

A group having 0% Aln-Glu and also as the control group; B group having 0.1% Aln-Glu; C group having 0.2% Aln-Glu; D group having 0.3% Aln-Glu



U. Nazir et al. Poultry Science 103 (2024) 104479

Violin plot of gene expression PCA Statistics of DEGs

50 600
! C3-Ala-GIn
20000
oFhacin
+ ezamcn 483
A
. seansn oescn 431
= CHARERnGR @ 400
£ 81 o
g ]
£ = ARG AL ARESNRA-Gn
£ o gou
E] £ o A °A 2 309
3 o
g I3 R a2 ° 265 [ K3
2 00 b 5 ] I pown
: 9 +o 2 233
S 200
Al-Ala-Gln A2-Ala-GIn z
20000 ° 132
25 97 110 109
- A3-Ala-GIn
62
£ £ £ £ £ £ £ £ £ £ £ £ £ & £ £ 37
G v o v 6 v T T O 9 0 9 9o © 0O 6
555 25 355 2 3% 35 3% 35 % 0
< ¥ 2 I 8 8 8 3 38 8 8 5 8 8 8 3 ~40000 ] 40000
Sample PC1(69.5%) A-vs-B A-vs-C A-vs-D B-vs-C B-vs-D C-vs-D
Top 20 of KEGG Enrichment
Top 20 of GO Enrichment Retrograde endocannabinoid signaling | .
Viral protein interaciion wih 1
6010008009 chemakine aciviy . eytokine and cytokine receptor
G0:0048018 recepior ligand activity] ~ ® PPAR signaling pathway '
GO:0030546 signaling receptor activator activity- . Pertussis: .
G0:0030545 signaling receptor regulator activity{ ~ ® Metabolic pathways{ @
GO:0001227 DNA-binding wransecripton repressor| Complement and coagulation cascades: .
aciviy, RNA polymerase Il-speciic Gonetumber
6010001217 DNA-binding ranseripton repressor activiy| & Fat digestion and absorption . P
(G0:0042379 chemokine receptor binding . Ganenumber Lipid and atherosclerosis | . 3=
60:0016491 ovidoreductase aciviy| @ oh > Cysteine and methionine metabolism . 44
G0:0004667 prostaglandin-D synthase aciiviy- - | e H Chemokine signaling pathway .
£ Goo016860intamolecular oxidoreductase actiy- . e H Coronavirus disease - COVID-19- . aue
g G0:0005499 vitamin D binding { . Metabolism of xenobiotics by cytochrome P450- . 025
010008289 ipid binding | ® oo Glycosaminoglycan biosynthesis - keratan sulfate{ . oz
G0:0005501 retinid binding . o Tryptophan metabolism: . o010
(GO:0008137 NADH dehychogenase (ubiquinone) actviy . Alzheimer disease .
G0:0019840 isoprenoid binding . Prion disease .
6010008375 acetylglucosaminyransierase actity . Diabetic cardiomyopathy .
GO:0003624 catalytc actvity| @ Tollke receptor signaling pathway. .
GO:0005179 hormone activity| o Chemical carcinogenesis - reactive oxygen species. .
G0:0050136 NADH dehycrogenase (quinone) activity . ne carbon pool by cate .
6010003955 NAD(P)H dehyiogenase (auinone) activty . T
00 06 RichFactor

(D)

Fig. 2. (A) Violin plot of gene expression; (B) Principal component Analysis (PCA); (C) Statistics of DEGs; (D) The top 20 gene ontology (GO) terms of DEGs in the

2 o4
RichFactor

relative library of ileal tissue; (E) Top 20 KEGG analysis of DEGs between groups.

AysC

(E)

6 P & 6
- - -
24 ER P
S o
>
g [4 4
=] o o
! 3 3
o o o
2 2
0 0
up
nosig
@® down
6
75 6
34 3 B
S S s
a 9._’540 E 4
o o =
o
3 3 2
s k] g
25
0.0
-15 -10 10 15

0
log2(fc)

Fig. 3. Comparison of DEGs between groups by Volcano plots.




U. Nazir et al.
Validation of DEGs by qRT-PCR

According to the RNA-expression profile, we identified 15 DEGs (10
upregulated and 5 downregulated genes) selected for qRT-PCR, which
possessed the characteristics of abundant expression and higher FC.
These genes were Insulin-like growth factor 1 (IGF1), NADH dehydro-
genase subunit 4L (ND4L), NADH dehydrogenase subunit 4 (ND4),
claudin 1 (CLDN1), occluding (OCLN), alanyl aminopeptidase, mem-
brane (ANPEP), adenosine deaminase (ADA), thioredoxin domain con-
taining 12 (TXNDC12), phosphoenolpyruvate carboxykinase 1 (PCK1),
carnitine palmitoyltransferase 1A (CPT1A), phosphoserine amino-
transferase 1 (PSAT1), phosphodiesterase 6B (PDE6B), ATPase H+
transporting AY/0] subunit a4 (ATP6VO0OA4), beta-1,3-
glucuronyltransferase 1 (B3GAT1), and perilipin 1 (PLIN1). As shown
in Fig. 4, the relative expression of IGF1, ND4L, ND4, CLDN1, OCLN,
ANPEP, ADA, TXDNC12, PCK1, and CPT1A were significantly increased
(P<0.05) in those groups who fed Aln-Gln as compared to control group.
Whereas the expression levels of PSAT1, PDE6B, ATP6VOA4, B3GAT1,
and PLIN1 decreased (P<0.05) in the test groups compared to the con-
trol group. These findings align with the variation trend observed in the
RNA-Seq data, thus indicating the reliability and accuracy of our
sequencing data. Moreover, it highlights that RNA-Seq is an excellent
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reference method for expression profiling.

Growth Performance

As revealed in Table 4, the Intake of Aln-Gln had a significant effect
on ADG, F/G, and FBW. By increasing Aln-Gln in the feed significantly
increased ADG and FBW (P < 0.05), and F/G improved linearly with
increasing levels of Aln-Gln in diet (P < 0.05). The ADG and FBW were
significantly higher in the group C and D having 0.2% Aln-Gln and 0.3%
Aln-Gln than in the 0.1% Aln-Gln group (P < 0.05), and 0.2% to 0.3%
Aln-Gln was associated with lower F/G and the most uniform body
weight at 6-wk old versus the control group (0% Aln-Gln).

Ileal morphology

The effect of different levels of Aln-Gln on the ileal morphology of a
42-day old Hy-line brown hen was shown in Table 5. The VH in the ileum
was higher in groups B and C than the other two groups. The VW in the
ileum was higher in groups B and C than the control group (P < 0.05),
But crypt depth was decreased in Aln-Gln groups as compared to the
control group. The villi-to-crypts ratio was significantly higher in group
C and the B and D groups than the control group (P < 0.05).
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Fig. 4. Validation of RNA-seq results by qRT-PCR, presented as mean + SEM.



U. Nazir et al.

Table 4

Growth Performance of Hy-line brown chicks (0-6 weeks).
Items A B C D SEM P-yalue
IBW (g) 38.76 38.66 38.90 38.74 0.046 0.10
ADFI (g) 27.10 27.27 27.30 27.43 0.031 1.73
ADG (g) 9.73¢ 10.54° 11.41* 11.31* 0.122 0.00
F/G 2.78% 2.58" 2.39¢ 2.42¢ 0.028 0.00
FBW (g) 447.54¢ 481.43° 518.48" 514.58% 5.154 0.01

Note: Raw reads: total number of entries of raw sequencing data; Raw bases:
total amount of raw sequencing data; Clean reads: total number of entries of
post-quality control sequencing data; Clean bases: total amount of post-quality
control sequencing data; Total mapped: the number of clean reads that can be
localized to the genome; Q30 (%): quality assessment of post-quality control
sequencing data, referring to the percentage of bases with sequencing quality
above 99.9% of the total bases; Guanine-cytosine (GC) content (%): the sum of G
and C bases corresponding to quality control (QC) data as a percentage of the
total bases.

A group having 0% Aln-Glu and also as the control group; B group having 0.1%
Aln-Glu; C group having 0.2% Aln-Glu; D group having 0.3% Aln-Glu

Table 5

Ileum Morphology of Hy-line brown chicks (0-6 weeks).
Items A B C D SEM P-value
VH (um) 592.51°  629.39° 627.42° 602.49°  4.08 0.00
VW (um) 87.81° 93.48° 94.20° 90.14° 0.71 0.01
CD (um) 116.25% 104.52° 102.73" 107.90" 1.65 0.04
VCR 5.09¢ 6.02° 6.11° 5.58" 0.24 0.02

a, b, ¢, showed in the same row with different letters differ significantly at P<
0.05.

A group having 0% Aln-Gln and also as the control group; B group having 0.1%
Aln-Gln; C group having 0.2% Aln-Gln; D group having 0.3% Aln-Gln

VH= villus height, VW= villus width, CD= crypt depth and VCR= villi-to-crypts
ratio

Discussion

The growing period of laying hens is a crucial phase that significantly
impacts their growth, development, and production performance after
they start laying eggs. Therefore, it is important to ensure that hens
receive proper and balanced nutrients during this phase.

The intestine plays a vital role in chicks’ digestion and absorption of
nutrients and considered as a key component of their immune system.
However, during the initial stages of bird growth, the development of
the small intestine is incomplete and delicate. As a result, growth often
results in common issues such as functional disorders and structural
damage to the gut (Rehman et al., 2007).

Alanyl-glutamine, a stable dipeptide of Gln, has been observed to
have better blood Gln availability than the free form (Minguetti-Camara
et al., 2014). A number of studies have demonstrated that Aln-Gln can
enhance animal performance and intestinal integrity in-vitro and in
animal models (Ueno et al., 2011; Zhou et al., 2012; Rodrigues et al.,
2013). This study aimed to assess whether dietary supplementation with
Aln-Gln could improve growth performance, intestinal development,
and transcriptomic analysis performance using growing hens as the
animal model.

In this study, supplementation with Aln-Gln at levels of 0.1% and
0.2% in the diet improved the performance and ileum morphology of
growing Hy-line Brown birds. Previous reports have provided inconsis-
tent results regarding the effects of Gln supplementation on bird per-
formance. Sakamoto et al. (2006) observed no difference in performance
between 14-day-old broilers fed corn-soy diets with or without 0.1% Gln
supplementation, whereas Bartell and Batal, (2007) noted a significant
improvement in body weight gain with the same level of Gln supple-
mentation. However, the effects of Gln are likely to be more pronounced
in the presence of stressors, as suggested by Novak et al. (2002), who
proposed that Gln may be conditionally essential for broiler health and
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productivity under critical conditions. Researchers found that Gln
significantly improved growth performance in growing birds (Dai et al.,
2012; Olubodun et al., 2015; Hu et al., 2016).

As the current study revealed Aln-Gln enhanced ileum’s villus
height, V:C ratio, and decreased crypt depth. These findings are
consistent with previous research that demonstrated the pronounced
effects of dietary Gln supplementation on small intestinal development.
Additionally, it has been estimated that the small intestinal mucosa
catabolizes all of the dietary glutamine and most of the glutamate and
aspartate (Sakamoto et al., 2006). The studies revealed that L-Glutamine
might offer enterocytes metabolic fuel to benefit gut morphology and
mucosa (Bartell and Batal, 2007). Increased villus height may result in a
stronger absorptive potential for available nutrients. Low crypt depth
suggests lowering metabolic cost for intestinal epithelium turnover (Xue
et al., 2018), which may be reflected by the lower F/G that was observed
in the current study. This might be because the crypt serves as the villus
factory, and more crypts depth suggest quicker tissue turnover for villus
renewal as required in reaction to inflammation caused by infections or
associated toxins (Namroud et al., 2017). A higher V:C ratio, thus, points
to better performance, less gastrointestinal secretion, and more ab-
sorption of nutrients. Moreover, greater weight increase and lower FCR
with adding Aln-Gln may be the proof that Gln has a favorable effect on
enterocytes to prevent injury, as shown by less crypt depths and longer
villus height on d 42 (Jazideh et al., 2014). An alternate theory holds
that Gln enhances stress or challenge recovery without increasing
enterocyte renewal rate (Tan et al.,, 2017). This demonstrates how
broiler chicks that had starved for 48 hours after hatching recovered
from delayed small intestine growth with a 0.1% GIn supplementation
(Namroud et al., 2017). A variety of studies revealed genes related to
production and ileum development discovered in meat type birds,
including Myf5, MyoG (Genxi et al., 2014), and IGF-2 (Beccavin et al.,
2001). However, limited studies have investigated ileum development
and growth in laying hens during the growing period from a tran-
scriptomic perspective. In this experiment, RNA-Seq was conducted on
laying hens of growing phase to uncover differentially expressed genes
(DEGs) associated with intestinal development, metabolism, and
growth. The total 2265 DEGs were identified by comparing gene
expression in 6-week-old growing laying hens. The GO enrichment
analysis revealed that the DEGs, consisting of downregulated and
upregulated genes, were associated with various GO biological process
terms. These GO biological processes were primarily involved in bio-
logical processes, cellular components, and molecular functions. Based
on the ileum’s mucosal transcriptomic profile in the current experiment,
AA metabolism is likely an important factor affecting birds’ intestinal
development and growth (Han et al., 2023).

In addition, our screening of DEGs identified several genes linked to
growth, intestinal morphology, and protein metabolism, Such as ND4L,
ND4, IGF1, OCLN, CLDN1, ANPEP, ADA, TXNDC12, PCK1, CPTI1A,
PSATI1, PDE6B, ATP6V0OA4, B3GAT1, and PLIN1. The most important
upregulated gene expressed in the test groups was IGF-1, which plays a
key role in the growth of different tissues, such as muscle cells. There are
different genetic variations that affect how the gene is expressed during
transcription and translation. These variations could impact the growth
and development of animals (Karabag and Ersal, 2019). The same theory
was observed in the current study, and a significant improvement was
found in the growth performance of growing birds. We found genes
ND4L, ND4, and ATP6V0A4 of oxidative phosphorylation. The ND4L and
ND4 were upregulated, and the upregulated genes of this pathway
appear in major mitochondrial complexes, including complex I, IIL, IV,
and ATP synthase (Rich and Maréchal, 2010). These complexes form the
electron transport chain, which helps in energy production in mito-
chondria, a basic need for the metabolism and growth of birds in the
growing phase (Liu et al., 2020). We found significantly higher expres-
sion of CLDN1 and OCLN genes in the test groups, especially in the C and
D groups. The role of CLDN1 and OCLN was observed to maintain the
integrity of the gut barrier in bovine colostrum, which is the source of
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essential nutrients and maternal antibodies for newborn animals
(Stewart et al., 2016). It leads to increased CLDN1 and OCLN expressions
in the ileal tissues of bovine and chicken (Stephens and Johnson, 2017).
Our results revealed that ileal morphology was significantly improved
upon up-regulation of these genes. The ANPEP gene was also upregu-
lated in groups B and C compared to the control group. In small intes-
tine, aminopeptidase N plays a vital role in the digestion of peptides that
are formed through the hydrolysis of protein by pancreatic and gastric
proteases (Volf et al., 2021). The ADA gene was upregulated in test
groups, which is responsible for an enzyme that plays a key role in
participating in purine metabolism (Iwaki-Egawa et al., 2004). The
TXNDCI12 gene up-regulated in the following experiment, which is
responsible for a redox protein that reduces oxidative stress in animals
(Zhu et al., 2024). The PCK1 and CPTIA genes were upregulated in this
study which act as a machinery for gluconeogenesis and lipid meta-
bolism in animal bodies (Yu et al., 2021; Li et al., 2022) This study’s
downregulated PSAT1 gene in growing hens indicates the biosynthesis
of serine in magnum, which may be needed for synthesizing egg-white
protein, as it showed expression in laying hens (Sah et al., 2021). All
these genes were interconnected with metabolism to provide secondary
support for improving the growth performance and ileal morphology of
Hy-line brown hens, as indicated by the results of the current study. The
present study showed downregulated PDE6B and B3GAT1 genes, which
are responsible for the production of hormones named melatonin and
glycosaminoglycan biosynthesis (Morin et al., 2001; Roy et al., 2013).
The PLIN1 knockout in adipocytes increased basal lipolysis and
decreased the size of lipid droplets; it resists diet-induced obesity in
chickens. As in growing stage of laying hens we need to maintain body
weight because over-weight may have difficulties in laying stage. The
PLIN1 gene was downregulated in test group because it showed no
expression in early stages of life. It mostly needed to be upregulated to
control the weight of the hens during the laying period (Sun et al.,
2019). Taken together, these data reveal that Aln-Gln had a positive
effect on growth performance and ileal morphology of growing hens as
explained by relevant gene expression.

Conclusion

We have concluded that the addition of Aln-Gln to the diet improved
growth performance and ileum development of Hy-line brown growing
hens; transcriptomic analysis revealed upregulation of gene expression
related to growth and intestinal morphology.
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