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Abstract: Heat stress is one of the most prevalent issues in poultry production that reduces perfor-
mance, robustness, and economic gains. Previous studies have demonstrated that native chickens
are more tolerant of heat than commercial breeds. However, the underlying mechanisms of the
heat tolerance observed in native chicken breeds remain unelucidated. Therefore, we performed a
phenotypical, physiological, liver transcriptome comparative analysis and WGCNA in response to
heat stress in one native (Beijing You, BY) and one commercial (Guang Ming, GM) chicken breed. The
objective of this study was to evaluate the heat tolerance and identify the potential driver and hub
genes related to heat stress in these two genetically distinct chicken breeds. In brief, 80 BY and 60 GM,
21 days old chickens were submitted to a heat stress experiment for 5 days (33 ◦C, 8 h/day). Each
breed was divided into experimental groups of control (Ctl) and heat stress (HS). The results showed
that BY chickens were less affected by heat stress and displayed reduced DEGs than GM chickens,
365 DEGs and 382 DEGs, respectively. The transcriptome analysis showed that BY chickens exhibited
enriched pathways related to metabolism activity, meanwhile GM chickens’ pathways were related
to inflammatory reactions. CPT1A and ANGPTL4 for BY chickens, and HSP90B1 and HSPA5 for GM
chickens were identified as potential candidate genes associated with HS. The WGCNA revealed
TLR7, AR, BAG3 genes as hub genes, which could play an important role in HS. The results generated
in this study provide valuable resources for studying liver transcriptome in response to heat stress in
native and commercial chicken lines.

Keywords: heat stress; Beijing You; Guang Ming; transcriptome; WGCNA

1. Introduction

Global warming is one of the most serious issues facing the Earth, increasing global
temperature leading to climate change, which influences human health and causes com-
plications in animal production [1]. In poultry, the optimum temperature for handling
most birds is between 18 and 20 degrees Celsius, and an increase in this temperature can
negatively affect growth rate, productivity, and other biochemical characteristics [2–4].
This rise of temperature combined with humidity and other factors during prolonged hot
weather results in heat stress [5–7]. Stress is a biological response to the animal’s adapta-
tion to events that cause it to lose its normal physiological state [5]. When a bird’s heat
production exceeds its capacity to disperse it to the surrounding environment, it modifies
its behavior and physiological homeostasis in response to elevated temperatures to main-
tain appropriate thermoregulation [5,8–11]. Heat stress’s influence on chicken production
has been thoroughly examined, especially in broiler breeders [12] and laying commercial
hens [13,14].
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In addition, it has been reported that chickens under environmental stressor conditions
display increased levels of reactive oxygen species (ROS) [15–17] in broiler breeders [18]
and commercial hens [19]. This results in the oxidative stress stage, characterized by
the production and release of heat shock proteins (HSP). Under HSP production and
release, the host develops self-protection strategies against deleterious cellular effects of
ROS [20]. HSP70 accumulation could be employed as a biomarker to detect heat stress
injury in this circumstance [21]. Increased superoxide dismutase (SOD) and catalase
enzymes, on the other hand, result in a less severe heat-stress response in cells that lack
HSP expression [22]. HSP70 levels were observed to be significantly higher in broilers
and laying hens subjected to heat stress [23,24]. Moreover, Tan and collaborators reported
an upregulation of the activity of antioxidant enzymes in the liver and serum caused by
increased ambient temperature [25].

Moderate stress can benefit the body’s immunity, while severe stress impairs develop-
ment, productivity, reproduction, and also affects the immune system of animals, ultimately
resulting in immunological suppression, disease, and death [26]. Modern poultry geno-
types have been reported to generate more body heat as a result of their increased metabolic
activity [4,27]. Additionally, some studies have shown that heat stress can affect the number
of circulating cells, increasing the heterophil/lymphocyte (H/L) ratio [13,28,29]. This is
mainly due to the decrease in concentration of lymphocytes and monocytes and increase in
heterophils in the circulation, as a result of the increased glucocorticoid concentrations, such
as corticosterone, which is generated by activation of the hypothalamic-pituitary-adrenal
(HPA) axis [23,30–34].

Transcriptome comparison has recently gained popularity as a way of studying heat
stress. It has the potential to shed light on the genetic basis of heat stress [35]. Furthermore,
the liver plays an important role in maintaining homeostasis, general metabolism, and
protein synthesis by regulating fat and glucose metabolism [36]. Thus, additional molecular
and cellular mechanistic investigations using liver transcriptome profiling may be beneficial
for characterizing gene expression changes and elucidating the complex genomic response
to heat stress, thereby providing additional insight into the genetic regulation of heat
tolerance in chickens [7].

Heat stress affects the poultry industry, and it has been extensively studied. However,
the genetic mechanisms behind the heat tolerance observed in native chicken breeds remain
unclear. Particularly, no study has yet compared Beijing You and Guang Ming chickens
in response to heat stress. Therefore, this study was conducted to assess the phenotypical,
physiological, and transcriptome profiles differences between Beijing You and Guang
Ming chickens in response to heat stress exposition during five days at 33◦C (8 h/day).
We also performed a Weighted Gene Co-Expression Network Analysis (WGCNA) of the
liver transcriptome to identify these two genetically different chicken breeds’ heat stress-
related drivers and hub genes. This study provides valuable resources for studying the
mechanisms of heat tolerance in native and commercial chicken breeds and may also
facilitate the selection and breeding of heat-tolerant chicken lines.

2. Materials and Methods
2.1. Experimental Population and Design

Beijing You (BY) and Guang Ming No. 2 broiler line B (GM, new broiler breed bred in
China) female chickens were used in this study, involving a total of 140 (80 BY and 60 GM)
21 days old birds. On day 22, the chickens were housed in two environmentally controlled
chamber rooms (ECCR). The birds from each breed were divided into control (Ctl) and
heat stress (HS) groups. In brief, 50 BY and 30 GM chickens were randomly chosen and
allocated to the HS group in different cages within the same ECCR, while the remaining
birds (30 BY and 30 GM) were assigned to the Ctl group in separate cages within another
ECCR. From day 22 to 24, all the chickens from the two groups were raised with the same
temperature and humidity settings (24 ◦C and 60% relative humidity). Next, from day 25
to 29, the HS group was exposed to 33 ◦C (with 60% relative humidity) for eight hours
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each day [37,38]. However, the chickens from the Ctl group were maintained at 24 ◦C of
temperature and 60% of relative humidity during the whole experiment (day 25 to 29). The
chickens received ad libitum access to water and feed during the entire experiment.

2.2. Phenotypes and Sample Collection

At 5 days post heat stress (29 days old), 15 chickens from each breed (BY and GM)
and each experimental group (Ctl and HS) were randomly selected for the measure of the
body weight (BW), H/L ratio, Superoxide Dismutase (SOD), and total antioxidant capacity
(T-AOC). Before slaughtering the chickens, the body weight and H/L ratio were measured.
A total of 1 mL of blood per bird were obtained and stored into a 1.5 microcentrifuge
tube at room temperature for later isolation and harvest of serum. To measure the H/L
ratio, 10 µL of fresh blood was drawn from each bird’s basilic vein using a syringe, a
needle, and a micropipette of 10 µL to drop the same blood volume. Blood smears were
subsequently air-dried and stained with Giemsa staining [39]. A total of one hundred
leukocytes, including heterophils, lymphocytes, and monocytes, were counted using a
schematic diagram and a Leica DM500 microscope with a 100× magnification [40,41]. The
H/L ratio was calculated by dividing the heterophil cells by lymphocyte cells. Seven to
eight serum samples were used to measure the SOD and T-AOC concentrations according
to the manufacturer’s protocol, using the Enzyme-Linked Immunosorbent Assay (ELISA)
kit (Cusabio Biotech Co., Ltd., Wuhan, China).

2.3. RNA Isolation

To isolate the RNA from the liver, the chickens were aseptically opened and eviscerated
for collection of the liver (29 samples, 15 BY and 14 GM; 8–7 and 8–6 samples from Ctl
and HS, respectively for each breed). Liver samples were aseptically collected using sterile
scissors and tweezers, stored in a cryovial tube, snap-frozen in liquid nitrogen, and stored
at −80 ◦C for later RNA extraction. Next, the QIAGEN RNeasy Kit was used to isolate
total RNA, and genomic DNA was removed by using the TIANGEN DNase KIT. The
purity of the RNA was determined using the kaiaoK5500® Spectrophotometer (Kaiao,
Beijing, China), while the integrity and concentration of the RNA were determined using
the Bioanalyzer 2100 system’s RNA Nano 6000 Assay Kit (Agilent Technologies, Santa
Clara, CA, USA).

2.4. RNA-Seq Library Preparation and Analysis

A total of 2 µg of RNA was used as input material for the production of the RNA
samples. The transcriptome data was aligned in paired-end mode to the chicken reference
genome (Ensembl GRCg6a) using the HISAT2 (Version: 2.2.0) (accessed on 8 February
2021) (https://daehwankimlab.github.io/hisat2/, accessed on 8 January 2022) with de-
fault settings, (Source: https://cloud.biohpc.swmed.edu/index.php/s/hisat2-220-source/
download, accessed on 8 January 2022). Sequencing libraries were prepared according
to the manufacturer’s instructions using the NEBNext® UltraTM RNA Library Prep Kit
for Illumina® (E7530L, New England Biolabs, Ipswich, MA, USA), and index codes were
added to assign sequences to each sample. The mRNA from the whole RNA was purified
using poly-T oligo-attached magnetic beads. In NEBNext First Strand Synthesis Reaction
Buffer, fragmentation was carried out using divalent cations at high temperatures (5X).
The first strand of cDNA was generated using a random hexamer primer and RNase H,
while the second was synthesized using buffer, dNTPs, DNA polymerase I, and RNase H.
Purification of library fragments using QiaQuick PCR kits, elution with EB buffer, terminal
repair, A-tailing, and adaptor addition were all performed. Finally, the target products
were identified, PCR was carried out, and the library was completed. Next, the quality
control of the sequencing data was performed using FastQC (version 0.11.5) [42].

https://daehwankimlab.github.io/hisat2/
https://cloud.biohpc.swmed.edu/index.php/s/hisat2-220-source/download
https://cloud.biohpc.swmed.edu/index.php/s/hisat2-220-source/download
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2.5. Differential Expression Genes Analysis

DESeq2 [43] (Version 18.2.0) in R software was used to assess the differentially ex-
pressed genes (DEGs). The p-values were obtained from the Wald test and then corrected
by multiple tests using Benjamini-Hochberg (BH) method [44]. The significance was set at
fold change of |log2| ≥ 1 and p-value < 0.05.

2.6. Gene Ontology (G.O.) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
Pathway Analysis

To investigate the function of DEGs between the Ctl and HS groups in BY and GM
chickens, the ClusterProfiler package [45] in R software was used to perform GO and KEGG
pathway enrichment analyses. Based on the DEGs obtained from the comparative analysis
of Ctl and HS groups from each breed, GO and KEGG enrichment analyses were performed
with a p-value of 0.05 stated as a threshold for significant enrichment.

2.7. Weighted Gene Co-Expression Network Analysis

Based on all samples’ normalized gene expression data, a weighted gene co-expression
network analysis was conducted using the WGCNA (version 1.41) package [46] in R soft-
ware, with some minor modifications. All the samples from the transcriptome analysis were
used to perform the weighted gene co-expression network analysis. The Fragments Per
Kilobase per Million (FPKM) was utilized as a standardized measurement of transcription
abundance to construct a gene expression matrix with a total of 27 samples (14 BY and
13 GM chicken). The genes with low expression were removed by the WGCNA default
function. Topological overlap matrix (TOM) was constructed using the step-by-step net-
work construction method (soft-threshold equal to 9 and 6 for BY and GM, respectively),
with a minimum module size of 30 for the module detection. Next, we generated a cluster
dendrogram including the module colors and merged dynamic. The modules’ colors
were merged with 0.40 and 0.35 for BY and GM, respectively. The cluster dendrogram
of co-expression network modules was generated using hierarchical clustering of genes
based on the 1−TOM matrix. To assess associations of co-expressed gene clusters with
treatment, the HS and Ctl groups were assigned nominal values of 1 and 0 respectively,
and the association of co-expressed genes with the other traits was also evaluated. High
absolute values of gene significance (GS > 0.5) and module membership (MM > 0.5) with a
threshold of p-value < 0.01 were used to identify the driver genes [47]. Gene co-expression
networks were determined using Cytoscape version 3.6.0 [48] with the edges and nodes
provided by the WGCNA “exportNetworkToCytoscape” function. Next, the genes with the
high weight based on the intramodular connectivity were identified as hub genes [49,50].

2.8. Statistical Analysis

The data were analyzed using GraphPad Prism version 8 (GraphPad Software, San
Diego, CA, USA) and R version 4.0.5. The phenotypical and physiological data were
analyzed in GraphPad Prism version 8 (GraphPad Software, San Diego, CA, USA). Two-
way ANOVA with Sidak’s multiple comparisons was used to analyze differences in H/L
ratio, body weight, SOD, and T-AOC between breeds and treatment. Comparison of DEGs
shared between the two breeds was performed using jvenn, an open source online tool for
comparing lists using Venn Diagrams (http://bioinfo.genotoul.fr/jvennc, accessed on 8
January 2022) [51]. The results are expressed as the mean and standard error of the mean
(SEM). All significance was declared for p < 0.05.

3. Results
3.1. Effects of Heat Stress on the Phenotypical and Physiological Parameters between Beijing You
and Guang Ming Chickens

To assess the heat stress tolerance between BY and GM, we measured the H/L ratio,
body weight (BW), SOD, and T-AOC five days post-heat stress (8 h at 33 ◦C/day). Chickens
from the two breeds were allocated into two environmentally controlled chamber rooms,

http://bioinfo.genotoul.fr/jvennc
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normal conditions (Ctl group), and stress conditions (HS group). It was noteworthy
that the chickens (BY and GM) from the HS group were affected and exhibited heat-
related symptoms such as inappetence and respiratory problems. However, BY chickens
from the HS group showed less mental depression and heat-related symptoms than GM
chickens [52,53]. The results showed that the heat stress increased the parameters studied,
except the BW that decreased in the HS group, compared to the Ctl group. The comparison
between breeds revealed that GM chickens were more susceptible than BY chickens under
heat stress. Moreover, we observed that GM chickens from HS group displayed significantly
increased H/L ratio and T-AOC than BY chickens from the HS group (p < 0.05; Figure 1A,D,
respectively). Remarkably, we observed no significant differences between BY chickens
from the Ctl and HS groups in terms of H/L ratio, BW, SOD, and T-AOC (Figure 1A–D,
respectively). In contrast, GM chickens from HS group showed significantly increased H/L
ratio (p < 0.0001) and T-AOC (p < 0.01), but significantly decreased BW (p < 0.05) than Ctl
group (Figure 1A,B,D, respectively).
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Figure 1. Phenotypical and physiological differences between BY and GM chickens in response to
heat stress. (A) Heterophils/Lymphocytes (H/L) ratio differences between BY and GM (Ctl, n = 13
and HS, n = 10). (B) Body weight (BW) differences between BY and GM (Ctl, n = 13 and HS, n = 12).
(C) Concentration differences of Superoxide Dismutase (SOD) between BY and GM (Ctl, n = 7; and
HS, n = 8). (D) Concentration differences of Total antioxidant capacity (T-AOC) between BY and
GM (Ctl, n = 7; and HS, n = 8). All the parameters were measured 5 days post-heat stress. Data
analysis was performed using two-way ANOVA, with Sidak’s multiple comparison (α = 0.05). ns (no
significant); * (p < 0.05); ** (p < 0.01); **** (p < 0.0001).

3.2. Liver Transcriptome Sequencing Profiling

In this study, twenty-nine liver samples (15 BY and 14 GM) were used to create
transcriptome profiles. The BY chickens included 8 and 7 samples for Ctl and HS groups,
respectively. At the same time, for the GM chickens 8 and 6 samples for Ctl and HS groups
were used, respectively. The RNA-seq libraries constructed generated more than 42 million
raw reads per sample. After filtering and quality control by removing the adaptors and
the low-quality reads, more than 40 million clean reads were obtained with an average
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clean reads rate of 93.09% (Supplement Table S1). Next, the clean reads were aligned to
the chicken reference genome (GRCg6a). In total, 23,405 genes were detected among all
liver samples. The BY and GM chickens displayed 19,626 (83.85%) and 19,654 (83.97%)
expressed genes, respectively.

3.3. Identification of Differential Expressed Genes (DEGs) from Beijing You and Guang Ming
Chickens between Control and Heat Stress Groups

To determine the DEGs in BY and GM chickens in response to heat stress, transcrip-
tome analysis of liver tissues was performed. In addition, multiple comparisons of DEGs
between the two chicken breeds and treatment were performed and visualized using a bar
plot (Figure 2A). From the DEGs obtained, we made the following comparison: BY_Ctl vs.
GM_Ctl, BY_Ctl vs. BY_HS, GM_Ctl vs. GM_HS, and BY_HS vs. GM_HS (Figure 2A). The
results showed more DEGs in the comparison of the two breeds under the same condition
(BY_Ctl vs. GM_Ctl and BY_HS vs. GM_HS) than in the comparison of each breed under
different conditions (BY_Ctl vs. BY_HS, GM_Ctl vs. GM_HS). In addition, we found that
GM chickens (GM_Ctl vs. GM_HS, 382 genes) displayed an increased number of total
DEGs, compared to BY chickens (BY_Ctl vs. BY_HS, 365 genes) in response to heat stress
(Figure 2A). Moreover, the number of unique and shared DEGs between BY and GM in
response to heat stress was also assessed using the Venn diagram (Figure 2B). We found
more unique DEGs in GM chickens (347) than in BY chickens (330), with a total of 35 DEGs
identified as shared between the two breeds in response to heat stress (Figure 2B). Among
the 35 shared DEGs, we can find some genes, such as early growth response 1 (EGR1),
ethanolamine-phosphate phospho-lyase (ETNPPL), NF-kappa-B inhibitor delta-like (ENS-
GALG00000028496), leucocyte cell-derived chemotaxin 2 (LECT2), pyruvate dehydrogenase
kinase 4 (PDK4), solute carrier family 24 member 1 (SLC24A1), transcription elongation
factor A3 (TCEA3). A list of 10 DEGs from each breed is shown in Table 1. The detailed
genes information is shown in Supplementary Tables S2 and S3 for BY and GM chickens.
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Figure 2. Identification of Differential Expressed Genes (DEGs) in BY and GM chickens. (A) Summary
of total DEGs between BY and GM in response to heat stress (p < 0.05 was used to determine significant
DEGs). (B) Venn diagram showing the number of unique and shared DEGs between BY and GM
in response to heat stress. BY_Ctl: Beijing You control group, GM_Ctl: Guang Ming control group,
BY_HS: Beijing You heat stress group, GM_HS: Guang Ming heat stress group.
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Table 1. DEGs of Beijing You and Guang Ming broiler chicken in response to heat stress (selected).

Beijing You Guang Ming Broiler

Ensembl Gene ID Gene Name Regulated p-Values * Ensembl Gene ID Gene Name Regulated p-Values *

ENSGALG00000000619 ANGPTL4 up 0.047959 ENSGALG00000000112 PLP1 down 0.013577
ENSGALG00000000949 HBEGF down 1.43 × 10−8 ENSGALG00000000158 MHCDMA down 0.000247
ENSGALG00000001094 ADGRD2 up 0.02279 ENSGALG00000000314 NEFL down 0.040557
ENSGALG00000001252 CREB3L3 down 9.88 × 10−10 ENSGALG00000000318 CSRP1 down 0.006843
ENSGALG00000001347 LHX6 up 0.040949 ENSGALG00000000556 UTS2 up 0.006796
ENSGALG00000001662 ATP10B down 0.030923 ENSGALG00000000667 EDN2 down 0.04102
ENSGALG00000001723 - up 0.040431 ENSGALG00000000901 - up 0.000927
ENSGALG00000001749 ACSBG2 up 0.000153 ENSGALG00000001000 HSPA5 up 2.31 × 10−5

ENSGALG00000001963 - down 0.019399 ENSGALG00000001115 MMEL1 up 0.008385
ENSGALG00000002028 GPRC5B down 4.84 × 10−6 ENSGALG00000001136 - up 0.048206

* p-values were obtained by BH method.

3.4. Gene Ontology (GO) Enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG)
Pathways Analysis of Beijing You and Guang Ming Chickens

Based on the DEGs found in BY (BY_Ctl vs. BY_HS, 365 genes) and GM (GM_Ctl
vs. GM_HS, 382 genes) chickens in response to heat stress, GO enrichment, and KEGG
pathways were analyzed to assess the effects of heat stress in the two breeds (Figure 3). The
results showed that BY and GM chickens displayed approximatively similar numbers and
categories, including three domains: biological process, cellular component, and molecular
function (Figure 3A,C). The BY chickens exhibited in total 17 GO terms enriched and
distributed as follows: (i) under biological process, 9 GO terms were enriched including,
positive chemotaxis, cell chemotaxis, response to bacterium, defense response to bacterium,
localization of cell, response to external biotic stimulus, response to other organism, re-
sponse to biotic stimulus, biological process involved in interspecies interaction between
organism; (ii) under cellular component, 1 GO term was found as enriched including,
extracellular space; and (iii) under molecular function, 7 GO terms were enriched including,
CCR6 chemokine receptor binding, chemoattractant activity, CCR chemokine receptor bind-
ing, chemokine receptor binding, G protein-coupled receptor binding, cytokine receptor
binding, and carbon–carbon lyase activity (Figure 3A). However, GM chickens displayed in
total 38 GO enriched terms distributed among (i) biological process, with 26 GO terms such
as defense response to other organism, response to biotic stimulus, response to external
stimulus, cell chemotaxis, defense response, immune system process, response to chemical,
response to stress, humoral immune response, among others were obtained; (ii) cellular
components domain, 4 GO terms were enriched including, extracellular region, integral
component of plasma membrane, intrinsic component of plasma membrane, extracellu-
lar space; and (iii) molecular function with 8 GO terms found as enriched including GO
such as cytokine receptor binding, organic acid binding, secondary active transmembrane
transporter activity, among others were obtained (Figure 3C).

The KEGG pathways analysis of BY chickens (BY_Ctl vs. BY_HS) showed 14 KEGG
pathways significantly (p < 0.05) enriched. Pathways related to metabolism activity such as,
pyruvate metabolism, proximal tubule bicarbonate reclamation, propanoate metabolism,
PPAR signaling pathway, peroxisome, insulin signaling pathway, insulin resistance, gly-
colysis/gluconeogenesis, glucagon signaling pathway, fatty acid biosynthesis, estrogen
signaling pathway, endocrine resistance, AMPK signaling pathway, and adipocytokine
signaling pathway were found as significantly enriched in BY_Ctl vs. BY_HS (Figure 3B
and Supplementary Table S5). Whereas, for GM chickens (GM_Ctl vs. GM_HS), we found
13 significantly (p < 0.05) enriched pathways. The pathways were related to inflamma-
tory reaction, including rheumatoid arthritis, prion diseases, phenylalanine metabolism,
osteoclast differentiation, neuroactive ligand-receptor interaction, IL-17 signaling path-
way, histidine metabolism, glycine, serine and threonine metabolism, estrogen signaling
pathway, cholesterol metabolism, breast cancer, amoebiasis, and adrenergic signaling in
cardiomyocytes (Figure 3D and Supplementary Table S5). Remarkably, the analysis of the
KEGG pathways showed that the estrogen signaling pathway was the only one shared
between the two breeds.
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Figure 3. Identification of Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathways enrichment of Beijing You and Guang Ming chickens in response to heat stress.
(A) The enriched GO terms are based on the DEGs identified in BY_Ctl vs. BY_HS. (B) KEGG
pathways enriched based on the DEGs identified in BY_Ctl vs. BY_HS. (C) The enriched GO terms
are based on the DEGs identified in GM_Ctl vs. GM_HS. (D) KEGG pathways enriched based on the
DEGs identified in GM_Ctl vs. GM_HS.

3.5. Weighted Gene Co-Expression Network Analysis (WGCNA) of Beijing You and Guang
Ming Chickens

To explore the underlying mechanisms of heat tolerance between BY and GM chickens
in response to heat stress, a Weighted Gene-Co-Expression Network Analysis (WGCNA)
was performed. This approach can help provide new information related to heat toler-
ance by identifying the potential driver, candidates, and hub genes associated with heat
stress and important blood indicators such as the H/L ratio, SOD, and T-AOC. In this
study, the whole liver transcriptome data was used to construct the expression matrix,
and the data were analyzed separately for each breed (BY and GM). A total of 19,520
and 19,504 genes were obtained to build the weighted gene co-expression network after
removing the offending genes in BY and GM, respectively. First, we determined the best
soft threshold 9 and 6 for BY and GM from the scale-free topological model and mean
connectivity (Figures 4A and 5A, respectively). Then, using hierarchical clustering of genes
based on the 1-TOM matrix, the cluster dendrogram of co-expression network modules
were generated (Figures 4B and 5B for BY and GM, respectively). As a result, sixteen
co-expression gene modules were established for BY, while seventeen were established for
GM. The corresponding modules-trait-relationships are presented in Figures 4C and 5C for
BY and GM, respectively.
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Figure 4. Weighted Gene-Co-Expression Network Analysis (WGCNA) results of Beijing You chickens
(liver transcriptomic) show the modules significantly correlated with treatment (heat stress) and
blood indicators (H/L, SOD, and T-AOC). (A) Scale-free topology model and Mean connectivity.
(B) Cluster dendrogram of Beijing You chickens reveals the module’s colors and the merged dynamic.
(C) Heat map of module-trait relationships, each cell has two values. The upper is the absolute value
of the correlation coefficient, and down is the p-value. Red and blue colors represent positive and
negative correlations, respectively.

The grey module of BY chickens (640 genes) was significantly and positively corre-
lated with treatment (r = 0.83, p = 2E-04, Figure 4C), while the GM chickens presented a
significantly negative correlation between the darkorange module (3388 genes) and the
treatment (r = −0.82, p = 5 × 10−4, Figure 5C). For the H/L trait, both breeds displayed
significant positive correlation with this trait. The BY chickens exhibited significant positive
correlation of the turquoise module (2272 genes) and brown module (1770 genes) with the
H/L ratio (r = 0.72, p = 0.004 and r = 0.52, p = 0.06, respectively; Figure 4C). However, for
the GM chickens we observed that the H/L ratio was positive correlated with lightcyan
(r = 0.41, p = 0.2) and black (r = 0.69, p = 0.009) modules, involving 526 and 1037 genes,
respectively. For the SOD trait, BY chickens showed positive correlation (r = 0.33, p = 0.3
with the black module (1037 genes), while GM chickens displayed a significant negative
correlation (1037; r = −0.6, p = 0.03) in the black module (1037 genes; Figure 5C). Finally, the
last trait (T-AOC), was positively correlated with greenyellow module (1290 genes; r = 0.38,
p = 0.2) but negatively correlated with brown module (1770 genes; r = −0.4, p = 0.2) for BY
chickens while, for GM chickens the black module (1037; r = 0.45, p = 0.1) was positively
correlated with T-AOC (Figure 5C).
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Figure 5. Weighted Gene-Co-Expression Network Analysis (WGCNA) results of Guang Ming chick-
ens (liver transcriptomic) show the modules significantly correlated with treatment (heat stress) and
blood indicators (H/L, SOD, and T-AOC). (A) Scale-free topology model and Mean connectivity.
(B) Cluster dendrogram of Guang Ming chickens reveals the module’s colors and the merged dy-
namic. (C) Heat map of module-trait relationships, each cell has two values. The upper is the absolute
value of the correlation coefficient, and down is the p-value. Red and blue colors represent positive
and negative correlations, respectively.

Furthermore, we identified the top five driver genes from each module-trait relation-
ship for BY and GM chickens by filtering the significant genes (p < 0.01). After filtering
the treatment trait’s genes, we found a total of 62 and 755 significant genes for BY (grey
module) and GM (darkorange module) chickens, respectively. In the case of the H/L trait
for the BY chickens, the results revealed 407 and 99 significant genes in the turquoise and
brown modules, respectively. However, for the H/L ratio trait measured in GM chickens,
193 significant genes were detected in the black module. Concerning the SOD, 4 and 90 sig-
nificant genes were identified in BY and GM chickens, respectively. Finally, the T-AOC trait
evaluated in BY and GM chickens, 9 and 20 significant genes were detected as significant in
the greenyellow and black modules, respectively. Next, the top 5 driver genes were selected
according to the absolute value of gene significance (GS) and module membership (MM).
As a result, the top 5 drivers are presented in Table 2.
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Table 2. Top five driver genes in the significant modules of Beijing You and Guang Ming chickens
5 days post-heat stress.

Trait Breed Correlation Module Color Gene Names (GS, MM)

Treatment

Beijing You Positive Grey
HARS (0.89, 0.77), TRMT12 (0.86, 0.69),

ENSGALG00000004144 (0.85, 0.78), B4GALT4 (0.83,
0.80), MSI1 (0.82, 0.88)

Guang Ming Negative Darkorange
POLR2I (−0.95, 0.93), C1orf232 (−0.94, 0.81),

GGACT (−0.93, 0.88), MIF4GD (−0.92, 0.73), ECD
(−0.92, 0.81)

H/L

Beijing You Positive

Turquoise
OMG (0.88, 0.80), ENSGALG00000030007 (0.88,
0.70), LONRF1 (0.88, 0.69), BRI3BP (0.87, 0.83),

MMP13 (0.87, 0.72)

Brown
ENSGALT00000045744 (0.91, 0.64), SEC61A2 (0.83,

0.75), UGT1A1 (0.83, 0.82), RD3L (0.82, 0.76),
ENSGALT00000101291 (0.82, 0.76)

Guang Ming Positive Black

ENSGALG00000053515 (0.91, 0.79), CILP (0.87, 0.61),
ENSGALT00000106076 (0.87, 0.79),
ENSGALT00000028967 (0.86, 0.83),
ENSGALG00000048900 (0.86, 0.82)

SOD

Beijing You Positive Black
ENSGALG00000031869 (0.76, 0.50), CNIH3 (0.74,
0.58), ENSGALT00000053113 (0.67, 0.66), RTCA

(−0.75, −0.49)

Guang Ming Negative Black
NCAPG2 (−0.88, 0.76), ENSGALT00000098242

(−0.87, 0.77), UBE2T (−0.87, 0.57), ESCO2 (−0.85,
0.62), OVALX (−0.85, 0.62)

T-AOC

Beijing You Positive Greenyellow
ENSGALG00000046741 (0.77, 0.62), DPH2 (0.76,

0.59), MEF2A (0.74, 0.44), ENSGALG00000047728
(0.73, 0.40), ENSGALG00000019352 (0.72, 0.71)

Guang Ming Positive Black
RUFY3 (0.83, 0.62), ENSGALG00000051746 (0.81,

0.59), ENSGALG00000037214 (0.80, 0.43), GALNT11
(0.79, 0.061), CEP112 (0.77, 0.53)

Note: GS, Gene Significance; MM, Module Membership.

3.6. Screening of Hub Genes Related to Heat Stress in Beijing You and Guang Ming Chickens

The hub gene class is a set of highly connected genes within a module significantly
involved in biological functions [54]. First, we filtered the key module by selecting the
modules strongly correlated with traits to identify the candidate’s hub genes. The co-
expression network with detected hub genes of the significant modules identified for BY
and GM chickens is shown in Figures 6 and 7, respectively. The grey (Treatment), brown
(H/L ratio), turquoise (H/L ratio), black (SOD), and greenyellow (T-AOC) modules were
identified as highly correlated with the studied traits in BY chickens (Figure 6), while
the darkorange, black, and lightcyan modules were detected as strongly correlated with
Treatment and H/L ratio, respectively in GM chickens (Figure 7). Interestingly, some
hub genes were identified as the driver and are presented in Table 2. The treatment
trait was significantly and positively (r = 0.83 and p = 2 × 10−4) correlated with the grey
module for BY chickens (Figure 4C), while the darkorange module was identified as
significantly and negatively (r = −0.82 and p = 5 × 10−4) correlated with the treatment in
GM chickens (Figure 5C). In the grey module (Figure 6A), we found 2 hub genes, histidyl-
tRNA synthetase (HARS) and coiled-coil domain containing 130 (YJU2B). However, we
identified the G-patch domain containing 11 (GPATCH11) for the treatment in GM chickens
in the darkorange module (Figure 7A). For the H/L ratio, we identified the brown (r = 0.52
and p = 0.06, Figure 4C) and turquoise (r = 0.72 and p = 0.004, Figure 4C) modules in
BY chickens (Figure 6), while the black (r = 0.69 and p = 0.009, Figure 5C) and lightcyan
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(r = 0.41 and p = 0.2, Figure 5C) modules were identified as significantly and positively
correlated with H/L ratio in GM chickens (Figure 7). From the brown module (Figure 6B),
we identified nardilysin convertase (NRDC), while for the turquoise module fructosamine
3 kinase-related protein (FN3KRP) was identified as hub gene (Figure 6C) in BY chickens.
In the black and lightcyan modules, we identified centrosomal protein 128 (CEP128) and
the transcript ENSGALT00000106893 as hub genes, respectively (Figure 7B,C, respectively)
in GM chickens. Concerning the SOD, we found a module (black) correlated (r = 0.33 and
p = 0.3, Figure 4C) with this trait only in BY chickens. The ENSGALT00000060014 transcript
in the black module was identified as the hub gene for SOD (Figure 6D). Like the SOD, the
T-AOC showed only one module correlated (r = 0.38 and p = 0.2) with it in BY chickens, the
greenyellow module (Figure 4C). The transcript ENSGALT00000060014 and member RAS
oncogene family (RAB3B) were identified as hub genes in Beijing You chicken (Figure 6E).
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Figure 6. Co-expression network of hub genes in BY chickens: (A) Filtered co-expression network
treatment grey module. (B) Filtered co-expression network H/L brown module. (C) Filtered co-
expression network H/L turquoise module. (D) Filtered co-expression network SOD black module.
(E) Filtered co-expression network T-AOC greenyellow module.



Genes 2022, 13, 416 13 of 21Genes 2022, 13, x FOR PEER REVIEW 13 of 21 
 

 

 
Figure 7. Co-expression network of hub genes in GM chickens: (A) Filtered co-expression network 
treatment darkorange module. (B) Filtered co-expression network H/L black module. (C) Filtered 
co-expression network H/L lightcyan module. 

4. Discussion 
Climate change has been observed in recent decades due to global warming. High 

temperatures are one of the major environmental variables causing important economic 
losses in the agricultural sector and poultry production. Heat stress has been extensively 
studied as a source of concern for animal growth and development, particularly 
reproductive efficiency [55,56]. Therefore, a heat stress index must be measured to 
elucidate the underlying biological mechanisms of heat stress on production performance 
in poultry. Heat stress-induced alterations in homeostasis can be measured using 
physiological indices of heat tolerance [57]. Heat stress can also impair the immune 
system’s effective response to infections, resulting in increased disease severity or death 
[5]. Previous research has been conducted to investigate the effect of heat stress on the rate 
of development and production in birds [5,13,30,58,59]. In the present study, we 
performed a comparative phenotypic, physiological, liver transcriptome analysis, and 
WGCNA in response to heat stress between BY and GM chickens to determine which of 
these two breeds displays heat tolerance advantages. The phenotypical comparison 
revealed that the heat stress induced significant changes in the physiology of the birds 
and that BY chickens were less affected. In accordance with our results, previous studies 
reported significant changes induced by the exposition to heat stress [13,29,58]. 

Heterophil cells are a type of white blood cell found in chickens, which act on innate 
immunity, immunological defense, and immune control. Heterophils, known as 
neutrophils in mammals, display functions such as pathogens killing and trapping, 
phagocytosis, oxidative bursts, cytokine generation, and other mechanisms protecting 
poultry from the invasion of pathogens [60]. The ROS production of phagocytic 
leukocytes in response to external stimuli (such as microbes and microorganism-related 
chemicals) is known as oxidation or respiratory burst. Numerous studies have shown that 
the H/L ratio is an essential feature of cell-mediated immunity that can be used as an 
accurate physiological indicator or biomarker to predict heat stress response and disease 
resistance [41,61–63]. The H/L ratio in chicken peripheral blood is widely recognized as a 
valid and accurate physiological biomarker of stress response in chickens [32,60,61,64–67]. 
External stressors (such as bacterial infection, high or low temperature, excessive NH3 
exposure, and other stress reactions) decrease the number of lymphocytes and monocytes 
in the blood while inducing an increase in heterophils number, increasing the H/L ratio 
[29,63,68,69]. This work found an increased H/L ratio in both breeds, with less effect in BY 
chickens than in GM chickens. Similarly, we observed the same tendency for the T-AOC 
blood serum level and the body weight. These results suggest that compared to GM 

Figure 7. Co-expression network of hub genes in GM chickens: (A) Filtered co-expression network
treatment darkorange module. (B) Filtered co-expression network H/L black module. (C) Filtered
co-expression network H/L lightcyan module.

4. Discussion

Climate change has been observed in recent decades due to global warming. High
temperatures are one of the major environmental variables causing important economic
losses in the agricultural sector and poultry production. Heat stress has been extensively
studied as a source of concern for animal growth and development, particularly reproduc-
tive efficiency [55,56]. Therefore, a heat stress index must be measured to elucidate the
underlying biological mechanisms of heat stress on production performance in poultry.
Heat stress-induced alterations in homeostasis can be measured using physiological indices
of heat tolerance [57]. Heat stress can also impair the immune system’s effective response
to infections, resulting in increased disease severity or death [5]. Previous research has
been conducted to investigate the effect of heat stress on the rate of development and
production in birds [5,13,30,58,59]. In the present study, we performed a comparative
phenotypic, physiological, liver transcriptome analysis, and WGCNA in response to heat
stress between BY and GM chickens to determine which of these two breeds displays heat
tolerance advantages. The phenotypical comparison revealed that the heat stress induced
significant changes in the physiology of the birds and that BY chickens were less affected.
In accordance with our results, previous studies reported significant changes induced by
the exposition to heat stress [13,29,58].

Heterophil cells are a type of white blood cell found in chickens, which act on innate
immunity, immunological defense, and immune control. Heterophils, known as neutrophils
in mammals, display functions such as pathogens killing and trapping, phagocytosis,
oxidative bursts, cytokine generation, and other mechanisms protecting poultry from the
invasion of pathogens [60]. The ROS production of phagocytic leukocytes in response
to external stimuli (such as microbes and microorganism-related chemicals) is known as
oxidation or respiratory burst. Numerous studies have shown that the H/L ratio is an
essential feature of cell-mediated immunity that can be used as an accurate physiological
indicator or biomarker to predict heat stress response and disease resistance [41,61–63].
The H/L ratio in chicken peripheral blood is widely recognized as a valid and accurate
physiological biomarker of stress response in chickens [32,60,61,64–67]. External stressors
(such as bacterial infection, high or low temperature, excessive NH3 exposure, and other
stress reactions) decrease the number of lymphocytes and monocytes in the blood while
inducing an increase in heterophils number, increasing the H/L ratio [29,63,68,69]. This
work found an increased H/L ratio in both breeds, with less effect in BY chickens than in
GM chickens. Similarly, we observed the same tendency for the T-AOC blood serum level
and the body weight. These results suggest that compared to GM chickens, BY chickens
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display heat tolerance advantages. Accordingly, a previous study comparing resistance
and susceptible chickens to heat stress reported an increase in the H/L ratio.

Body weight is one of the major physiological parameters affected by heat stress in
animals. It has been shown that broilers are the most affected by heat stress and display
a more pronounced alteration of the growth rate performance [27,70–73]. Accordingly,
we observed that GM chickens (compared to GM_Ctl) displayed significantly decreased
body weight under heat stress compared to BY chickens. The results obtained in terms of
phenotypical parameters can be explained by the fact that native chickens display more
homeostasis regulation mechanisms than commercial chickens. Previous research [74]
comparing two chicken breeds, a fast-growing commercial (Arbor Acres) and a slow-
growing local breed (Beijing You chicken), reported a decrease in body weight in heat-
exposed broilers, while local chicken growth was not affected. The same authors also
suggested that the Beijing You breed is more resistant to high-temperature environments.

It is known that exposure to high temperatures induces an increase in ROS, which will
stimulate the production of oxidative enzymes, such as SOD and T-AOC [25,75]. However,
Willemsen and collaborators found that chronic heat stress in broilers did not alter plasma
SOD activity [76]. Therefore, based on blood serum analysis performed in this study,
we found no significant effects of heat stress exposition in both breeds in terms of SOD
concentration. However, concerning T-AOC blood serum concentration, we found that
GM_HS chickens displayed significantly increased T-AOC compared to GM_Ctl chickens.
Moreover, we found that for the same indicators, BY chickens showed no significant
changes due to heat stress exposition. These results indicate that GM chickens were more
affected than BY chickens under heat stress. In contrast, a study carried out with another
species of bird reported a decrease in CAT (catalase) and SOD activities in the liver, as
well as a decrease in total antioxidant capacity (T-AOC) in Pekin ducks exposed for 1 h
to 39 ± 0.5 ◦C [77]. This difference with our study may be explained by the difference in
species, age, temperature, and time of heat stress exposition.

Transcriptome sequencing has been used in several species, such as poultry, cattle,
and swine, to identify the genes that play a key role in response to exposition to high
environmental temperature [78,79]. In the present study, we performed transcriptome anal-
ysis from liver tissue of two different chicken breeds to explore the candidate genes that
could play a major role in heat tolerance. The liver is widely recognized as an important
organ in sustaining homeostasis when the animal is subjected to high temperatures. In
the current work, 365 DEGs, including 195 downregulated and 170 upregulated, were
identified in BY liver transcriptome analysis in response to heat stress. Based on DEGs
and KEGG pathways analysis, 25 genes were identified (Supplementary Table S5). Among
these genes, PCK1, G6PC, CPT1A, PPARGC1A, and ANGPTL4 were identified as candidate
genes related to heat stress. Phosphoenolpyruvate carboxykinase (PCK1) is a key target
for gluconeogenesis control. Insulin, glucocorticoids, cAMP, and nutrition can modulate
this gene’s expression to adjust glucose production to physiological requirements [80].
Glucose-6-phosphatase (G6PC), a critical enzyme in blood glucose homeostasis regulation,
catalyzes the terminal step in gluconeogenesis and glycogenolysis [81]. Carnitine palmi-
toyltransferase IA (CPT1A) is a liver enzyme involved in fatty acid oxidation, and it is
critical for energy production [82–84]. Due to its enzymatic capabilities and location, it
is known as L-CPT1 or CPT1A in mammals and chickens. This gene has been reported
to be activated during lack of energy in humans and mice muscles [85–87]. PPARGC1A
gene functions as a coactivator for nuclear receptors and other transcription factors that
regulate energy metabolism genes. This protein can interact with and modulate the ac-
tivity of cAMP response element binding protein (CREB) and nuclear respiratory factors
(NRFs). It establishes a direct relationship between external physiological stimuli and the
regulation of mitochondrial biogenesis, and is a critical factor in determining the type of
muscle fiber. Moreover, this protein is possibly implicated in blood pressure regulation,
cellular cholesterol homeostasis regulation, and the development of obesity [88]. The
angiopoietin-like 4 (ANGPTL4) gene has been identified to play a key role in the process
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of homeostasis and reactive oxygen species (ROS) [89]. A group of researchers [90] found
that the ANGPTL4 gene was recognized as DEG upregulated in the Fayoumi breed, a local
chicken considered a heat-resistance breed. This emphasizes the important involvement of
ANGPLT4 in the function of heat-induced metabolic alterations in the liver. All the genes
previously mentioned were related to metabolism activity and the following pathways:
insulin resistance, adipocytokine signaling, insulin signaling, glucagon signaling, AMPK
signaling, glycolysis/gluconeogenesis, and PPAR signaling pathway, which are activated
in response to stress and fatty oxidation.

Concerning GM chickens, 382 DEGs, including 229 downregulated and 153 upregu-
lated, were identified in GM liver transcriptome analysis in response to heat stress. Based
on these DEGs and KEGG pathways 38 genes were identified (Supplementary Table S5).
Among these genes, IL1R1, HSP90B1, and HSPA5 were identified as candidate genes as-
sociated to heat stress. IL1R1 is a member of the interleukin-1 receptor family of cytokine
receptors (α, β, and antagonist), a critical mediator in the immunological and inflammatory
responses caused by various cytokines [91]. HSP90B1 is an HSP90 protein found in the
endoplasmic reticulum [92]. HSP90 proteins are a family of highly conserved molecular
chaperones that play critical functions in signal transduction, protein folding, degradation,
and morphological evolution. HSP90 proteins generally accompany other newly generated
proteins and the stabilization and refolding of denatured proteins after stress. Heat Shock
Protein Family A (Hsp70) Member 5 (HSPA5), is a protein localized in the endoplasmic
reticulum (ER) lumen, where it acts as a normal HSP70 chaperone, assisting in the folding
and assembly of proteins within the ER and acting as a master regulator of ER homeosta-
sis. HSPA5 interacts with the transmembrane stress sensor proteins. HSPA5, also known
as glucose-regulated protein 78 (GRP78), is a key component of the antioxidant defense
mechanism that works towards the end of macroautophagy under stress. These genes were
related to inflammatory reactions, and enriched in amoebiasis, estrogen signaling, prion
diseases, osteoclast differentiation, and IL-17 signaling pathways.

BY and GM chickens shared only one KEGG pathway, the estrogen signaling path-
way. Estrogen plays a critical physiological role in female development and reproductive
function during times of stress [93–95]. Estrogen regulates the physiological processes of
lipid metabolism in chicken liver during the egg-laying cycle [96]. Estrogens have been
shown to induce transcription of estrogen-dependent genes and to improve the stability
of transcripts [97]. Estrogens act via two estrogen receptors, α (Erα) and β (Erβ) [98].
It is well established that estrogens have a dramatic effect on the neuroendocrine and
reproductive behavioral responses to stress, and that these capacities are mediated by the
estrogen receptor Erα [99]. In addition, Erα is altered when it is involved in modulating the
reproductive function under stressful conditions. Two DEGs (ADCY1 and FOS) were found
in this pathway for both breeds. ADCY1 is the founding member of the adenylate cyclase
family of enzymes responsible for the synthesis of cAMP [100]. ADCY1 gene was also
enriched in adrenergic signaling in cardiomyocytes pathway, which is critical in regulating
cardiac function in response to environmental changes [101]. FOS, FOSB, FOSL1, and
FOSL2 are the four members of the Fos gene family. These genes code for leucine zipper
proteins, which can bind to JUN family proteins to create the transcription factor complex
AP-1. As a result, the FOS proteins have been linked to cell proliferation, differentiation,
and transformation regulators [102].

Weighted Gene Co-Expression Network Analysis (WGCNA) was performed to explore
the underlying mechanisms of heat tolerance between BY and GM chickens in response to
heat stress. BMP15, AR, and TLR7 were three of the hub genes from BY chickens. BMP15 is
a member of the bone morphogenetic proteins (BMPs) family of multifunctional growth
factors that are a subfamily of the transforming growth factor β (TGF-β) superfamily [103].
BMP15 promotes the proliferation and differentiation of granulosa cells, as well as ovarian
folliculogenesis, and appears to be required for female reproduction in mammals [104].
An androgen receptor (AR) is a hormone-inducible DNA-binding transcription factor that
is required for reproduction through the transmission of androgen signals [105]. TLR7 is
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a critical component of innate and adaptive immunity involved in the identification of
RNA viruses, particularly highly dangerous ones, such as avian influenza viruses [106].
Another study discovered that members of the Toll-like receptor (TLR) family are required
for Salmonella detection and clearance [107,108]. Salmonella-induced TLR activation results
in the generation of inflammatory cytokines and antimicrobial chemicals, including IL-
1β, IL-18, IFN-γ, TNF-α, and reactive oxygen species, which are essential mediators for
bacterial growth control in host tissues [109]. Moreover, in GM chickens we found CCNA2,
UBE2T and BAG3 as hub genes. CCNA2 has been reported to be required in all stages of the
mammalian embryonic and somatic cell cycles [110], and functions by forming specialized
serine/threonine protein kinase holoenzyme complexes with either CDK1 or CDK2 [111].
UBE2T catalyzes ubiquitin’s covalent binding to protein substrates. Additionally, this
gene is involved in the degradation and ubiquitination of BRCA1 [112]. BAG3 acts as a
co-chaperone for the chaperone proteins HSP70 and HSC70 [113]. It also acts as a nucleotide-
exchange factor (NEF), stimulating the release of ADP from the HSP70 and HSC70 proteins
and therefore initiating the release of client/substrate proteins. In vitro and in mammalian
cells, the BAG domains of BAG1, BAG2, and BAG3 selectively interact with the Hsc70
ATPase domain [114]. Taken together these results show that the candidate genes are not
only considered as potentially associated with heat stress, but also are relevant for female
reproduction and immune system of the host. The candidate genes identified in this study
may be beneficial for future studies related to heat tolerance in chickens.

5. Conclusions

Heat stress is one of the major environmental stressors affecting poultry production
in tempered regions and intensive production systems. This study evaluated the effects
of heat stress on phenotypical, physiological, and transcriptomic parameters of two ge-
netically distinct breeds, namely Beijing You and Guang Ming chickens. According to the
phenotypical and physiological results, Beijing You chickens were less affected by heat
stress than Guang Ming chickens, indicating that this native breed displays heat stress
resistance advantages compared to the commercial breed. Based on transcriptome analysis,
we found that CPT1A and ANGPTL4 in Beijing You, and HSP90B1 and HSPA5 in Guang
Ming chickens could be potential biomarkers of heat stress in chickens due to their respec-
tive functions. Moreover, ADCY1 and FOS genes were identified in the estrogen signaling
pathway, which was shared between the two breeds. Finally, driver and hub genes such as,
TLR7, AR, BAG3 were also identified. Therefore, this study provides a valuable resource of
data sets to study the heat tolerance in native and commercial chicken lines. Furthermore,
the driver and hub genes identified in this work could be useful for future molecular study
and thus contribute to expanding our current knowledges related to heat tolerance in
chickens and the development of heat stress resistant chicken lines.
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shared between the two breeds; Table S5: Significant GO terms and KEGG pathways of Beijing you
and Guang Ming chicken.
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60. Redmond, S.B.; Chuammitri, P.; Andreasen, C.B.; Palić, D.; Lamont, S.J. Proportion of circulating chicken heterophils and
CXCLi2 expression in response to Salmonella enteritidis are affected by genetic line and immune modulating diet. Vet. Immunol.
Immunopathol. 2011, 140, 323–328. [CrossRef]

61. al-Murrani, W.K.; Kassab, A.; al-Sam, H.Z.; al-Athari, A.M. Heterophil/lymphocyte ratio as a selection criterion for heat resistance
in domestic fowls. Br. Poult. Sci. 1997, 38, 159–163. [CrossRef]

62. Campo, J.L.; Davila, S.G. Estimation of heritability for heterophil:lymphocyte ratio in chickens by restricted maximum likelihood.
Effects of age, sex, and crossing. Poult. Sci. 2002, 81, 1448–1453. [CrossRef]

63. Gross, W.B.; Siegel, H.S. Evaluation of the heterophil/lymphocyte ratio as a measure of stress in chickens. Avian Dis. 1983, 27,
972–979. [CrossRef] [PubMed]

64. Al-Aqil, A.; Zulkifli, I.; Hair Bejo, M.; Sazili, A.Q.; Rajion, M.A.; Somchit, M.N. Changes in heat shock protein 70, blood parameters,
and fear-related behavior in broiler chickens as affected by pleasant and unpleasant human contact. Poult. Sci. 2013, 92, 33–40.
[CrossRef] [PubMed]

65. Bedanova, I.; Voslarova, E.; Chloupek, P.; Pistekova, V.; Suchy, P.; Blahova, J.; Dobsikova, R.; Vecerek, V. Stress in broilers resulting
from shackling. Poult. Sci. 2007, 86, 1065–1069. [CrossRef] [PubMed]

66. Huth, J.C.; Archer, G.S. Comparison of Two LED Light Bulbs to a Dimmable CFL and their Effects on Broiler Chicken Growth,
Stress, and Fear. Poult. Sci. 2015, 94, 2027–2036. [CrossRef] [PubMed]

67. Najafi, P.; Zulkifli, I.; Soleimani, A.F.; Kashiani, P. The effect of different degrees of feed restriction on heat shock protein 70, acute
phase proteins, and other blood parameters in female broiler breeders. Poult. Sci. 2015, 94, 2322–2329. [CrossRef]

68. Gross, W.B. Factors affecting chicken thrombocyte morphology and the relationship with heterophil:lymphocyte ratios. Br. Poult.
Sci. 1989, 30, 919–925. [CrossRef]

69. Stevenson, J.R.; Taylor, R. Effects of glucocorticoid and antiglucocorticoid hormones on leukocyte numbers and function. Int. J.
Immunopharmacol. 1988, 10, 1–6. [CrossRef]

70. Attia, Y.A.; Hassan, R.A.; Tag El-Din, A.E.; Abou-Shehema, B.M. Effect of ascorbic acid or increasing metabolizable energy level
with or without supplementation of some essential amino acids on productive and physiological traits of slow-growing chicks
exposed to chronic heat stress. J. Anim. Physiol. Anim. Nutr. 2011, 95, 744–755. [CrossRef]

71. Ghazi, S.; Habibian, M.; Moeini, M.M.; Abdolmohammadi, A.R. Effects of different levels of organic and inorganic chromium on
growth performance and immunocompetence of broilers under heat stress. Biol. Trace Elem. Res. 2012, 146, 309–317. [CrossRef]

72. Imik, H.; Ozlu, H.; Gumus, R.; Atasever, M.A.; Urcar, S.; Atasever, M. Effects of ascorbic acid and α-lipoic acid on performance
and meat quality of broilers subjected to heat stress. Br. Poult. Sci. 2012, 53, 800–808. [CrossRef]

73. Niu, Z.Y.; Liu, F.Z.; Yan, Q.L.; Li, W.C. Effects of different levels of vitamin E on growth performance and immune responses of
broilers under heat stress. Poult. Sci. 2009, 88, 2101–2107. [CrossRef] [PubMed]

74. Lu, Q.; Wen, J.; Zhang, H. Effect of chronic heat exposure on fat deposition and meat quality in two genetic types of chicken.
Poult. Sci. 2007, 86, 1059–1064. [CrossRef]

75. Lin, H.; Decuypere, E.; Buyse, J. Acute heat stress induces oxidative stress in broiler chickens. Comp. Biochem. Physiol. Part A Mol.
Integr. Physiol. 2006, 144, 11–17. [CrossRef] [PubMed]

http://doi.org/10.3389/fgene.2021.723519
http://doi.org/10.3389/fgene.2020.01009
http://doi.org/10.1186/1471-2105-15-293
http://doi.org/10.3389/fpsyt.2020.00074
http://doi.org/10.1016/j.copsyc.2019.06.023
http://doi.org/10.7150/ijbs.21657
http://www.ncbi.nlm.nih.gov/pubmed/29209141
http://doi.org/10.1007/978-81-322-0879-2_3
http://doi.org/10.1093/af/vfy027
http://www.ncbi.nlm.nih.gov/pubmed/32002237
http://doi.org/10.1017/S0021859600015902
http://doi.org/10.1080/03079457.2012.709315
http://doi.org/10.3390/ani10081266
http://doi.org/10.1016/j.vetimm.2011.01.006
http://doi.org/10.1080/00071669708417962
http://doi.org/10.1093/ps/81.10.1448
http://doi.org/10.2307/1590198
http://www.ncbi.nlm.nih.gov/pubmed/6360120
http://doi.org/10.3382/ps.2012-02446
http://www.ncbi.nlm.nih.gov/pubmed/23243228
http://doi.org/10.1093/ps/86.6.1065
http://www.ncbi.nlm.nih.gov/pubmed/17495074
http://doi.org/10.3382/ps/pev215
http://www.ncbi.nlm.nih.gov/pubmed/26201348
http://doi.org/10.3382/ps/pev246
http://doi.org/10.1080/00071668908417218
http://doi.org/10.1016/0192-0561(88)90143-9
http://doi.org/10.1111/j.1439-0396.2010.01104.x
http://doi.org/10.1007/s12011-011-9260-1
http://doi.org/10.1080/00071668.2012.740615
http://doi.org/10.3382/ps.2009-00220
http://www.ncbi.nlm.nih.gov/pubmed/19762862
http://doi.org/10.1093/ps/86.6.1059
http://doi.org/10.1016/j.cbpa.2006.01.032
http://www.ncbi.nlm.nih.gov/pubmed/16517194


Genes 2022, 13, 416 20 of 21

76. Willemsen, H.; Swennen, Q.; Everaert, N.; Geraert, P.A.; Mercier, Y.; Stinckens, A.; Decuypere, E.; Buyse, J. Effects of dietary
supplementation of methionine and its hydroxy analog DL-2-hydroxy-4-methylthiobutanoic acid on growth performance, plasma
hormone levels, and the redox status of broiler chickens exposed to high temperatures. Poult. Sci. 2011, 90, 2311–2320. [CrossRef]
[PubMed]

77. Zeng, T.; Li, J.J.; Wang, D.Q.; Li, G.Q.; Wang, G.L.; Lu, L.Z. Effects of heat stress on antioxidant defense system, inflammatory
injury, and heat shock proteins of Muscovy and Pekin ducks: Evidence for differential thermal sensitivities. Cell Stress Chaperones
2014, 19, 895–901. [CrossRef] [PubMed]

78. Coble, D.J.; Fleming, D.; Persia, M.E.; Ashwell, C.M.; Rothschild, M.F.; Schmidt, C.J.; Lamont, S.J. RNA-seq analysis of broiler
liver transcriptome reveals novel responses to high ambient temperature. BMC Genom. 2014, 15, 1084. [CrossRef] [PubMed]

79. Srikanth, K.; Lee, E.; Kwan, A.; Lim, Y.; Lee, J.; Jang, G.; Chung, H. Transcriptome analysis and identification of significantly
differentially expressed genes in Holstein calves subjected to severe thermal stress. Int. J. Biometeorol. 2017, 61, 1993–2008.
[CrossRef]

80. Yu, H.; Thun, R.; Chandrasekharappa, S.; Trent, J.M.; Zhang, J.; Meisler, M.H. Human PCK1 encoding phosphoenolpyruvate
carboxykinase is located on chromosome 20q13.2. Genomics 1993, 15, 219–221. [CrossRef] [PubMed]

81. Lei, K.J.; Shelly, L.L.; Pan, C.J.; Sidbury, J.B.; Chou, J.Y. Mutations in the glucose-6-phosphatase gene that cause glycogen storage
disease type 1a. Science 1993, 262, 580–583. [CrossRef]

82. Skiba-Cassy, S.; Collin, A.; Chartrin, P.; Médale, F.; Simon, J.; Duclos, M.J.; Tesseraud, S. Chicken liver and muscle carnitine
palmitoyltransferase 1: Nutritional regulation of messengers. Comp. Biochem. Physiol. Part B Biochem. Mol. Biol. 2007, 147, 278–287.
[CrossRef] [PubMed]

83. Murthy, M.S.; Pande, S.V. Malonyl-CoA binding site and the overt carnitine palmitoyltransferase activity reside on the opposite
sides of the outer mitochondrial membrane. Proc. Natl. Acad. Sci. USA 1987, 84, 378–382. [CrossRef]

84. Bieber, L.L. Carnitine. Annu. Rev. Biochem. 1988, 57, 261–283. [CrossRef] [PubMed]
85. Hildebrandt, A.L.; Neufer, P.D. Exercise attenuates the fasting-induced transcriptional activation of metabolic genes in skeletal

muscle. Am. J. Physiol. Endocrinol. Metab. 2000, 278, E1078–E1086. [CrossRef] [PubMed]
86. Kelley, D.E.; Goodpaster, B.; Wing, R.R.; Simoneau, J.A. Skeletal muscle fatty acid metabolism in association with insulin

resistance, obesity, and weight loss. Am. J. Physiol. 1999, 277, E1130–E1141. [CrossRef] [PubMed]
87. Pilegaard, H.; Saltin, B.; Neufer, P.D. Effect of short-term fasting and refeeding on transcriptional regulation of metabolic genes in

human skeletal muscle. Diabetes 2003, 52, 657–662. [CrossRef] [PubMed]
88. Lin, J.; Wu, P.H.; Tarr, P.T.; Lindenberg, K.S.; St-Pierre, J.; Zhang, C.Y.; Mootha, V.K.; Jäger, S.; Vianna, C.R.; Reznick, R.M.;

et al. Defects in adaptive energy metabolism with CNS-linked hyperactivity in PGC-1alpha null mice. Cell 2004, 119, 121–135.
[CrossRef]

89. Zhu, P.; Goh, Y.Y.; Chin, H.F.; Kersten, S.; Tan, N.S. Angiopoietin-like 4: A decade of research. Biosci. Rep. 2012, 32, 211–219.
[CrossRef]

90. Lan, X.; Hsieh, J.C.F.; Schmidt, C.J.; Zhu, Q.; Lamont, S.J. Liver transcriptome response to hyperthermic stress in three distinct
chicken lines. BMC Genom. 2016, 17, 955. [CrossRef]

91. Tominaga, K.; Yoshimoto, T.; Torigoe, K.; Kurimoto, M.; Matsui, K.; Hada, T.; Okamura, H.; Nakanishi, K. IL-12 synergizes with
IL-18 or IL-1beta for IFN-gamma production from human T cells. Int. Immunol. 2000, 12, 151–160. [CrossRef]

92. Chen, B.; Piel, W.H.; Gui, L.; Bruford, E.; Monteiro, A. The HSP90 family of genes in the human genome: Insights into their
divergence and evolution. Genomics 2005, 86, 627–637. [CrossRef] [PubMed]

93. Ren, J.; Tian, W.; Jiang, K.; Wang, Z.; Wang, D.; Li, Z.; Yan, F.; Wang, Y.; Tian, Y.; Ou, K.; et al. Global investigation of
estrogen-responsive genes regulating lipid metabolism in the liver of laying hens. BMC Genom. 2021, 22, 428. [CrossRef]
[PubMed]

94. Agarwal, A.; Gupta, S.; Sharma, R.K. Role of oxidative stress in female reproduction. Reprod. Biol. Endocrinol. RBE 2005, 3, 28.
[CrossRef]

95. Niranjan, M.K.; Koiri, R.K.; Srivastava, R. Expression of estrogen receptor alpha in response to stress and estrogen antagonist
tamoxifen in the shell gland of Gallus gallus domesticus: Involvement of anti-oxidant system and estrogen. Stress 2021, 24,
261–272. [CrossRef]

96. Tanabe, Y.; Nakamura, T.; Tanase, H.; Doi, O. Comparisons of plasma LH, progesterone, testosterone and estradiol concentrations
in male and female chickens (Gallus domesticus) from 28 to 1141 days of age. Endocrinol. Jpn. 1981, 28, 605–613. [CrossRef]
[PubMed]

97. Flouriot, G.; Pakdel, F.; Valotaire, Y. Transcriptional and post-transcriptional regulation of rainbow trout estrogen receptor and
vitellogenin gene expression. Mol. Cell. Endocrinol. 1996, 124, 173–183. [CrossRef]

98. Shughrue, P.J.; Lane, M.V.; Merchenthaler, I. Comparative distribution of estrogen receptor-alpha and -beta mRNA in the rat
central nervous system. J. Comp. Neurol. 1997, 388, 507–525. [CrossRef]

99. Handa, R.J.; Mani, S.K.; Uht, R.M. Estrogen Receptors and the Regulation of Neural Stress Responses. Neuroendocrinology 2012, 96,
111–118. [CrossRef]

100. Ludwig, M.G.; Seuwen, K. Characterization of the human adenylyl cyclase gene family: cDNA, gene structure, and tissue
distribution of the nine isoforms. J. Recept. Signal Transduct. Res. 2002, 22, 79–110. [CrossRef]

http://doi.org/10.3382/ps.2011-01353
http://www.ncbi.nlm.nih.gov/pubmed/21934015
http://doi.org/10.1007/s12192-014-0514-7
http://www.ncbi.nlm.nih.gov/pubmed/24796798
http://doi.org/10.1186/1471-2164-15-1084
http://www.ncbi.nlm.nih.gov/pubmed/25494716
http://doi.org/10.1007/s00484-017-1392-3
http://doi.org/10.1006/geno.1993.1040
http://www.ncbi.nlm.nih.gov/pubmed/8432541
http://doi.org/10.1126/science.8211187
http://doi.org/10.1016/j.cbpb.2007.01.007
http://www.ncbi.nlm.nih.gov/pubmed/17337350
http://doi.org/10.1073/pnas.84.2.378
http://doi.org/10.1146/annurev.bi.57.070188.001401
http://www.ncbi.nlm.nih.gov/pubmed/3052273
http://doi.org/10.1152/ajpendo.2000.278.6.E1078
http://www.ncbi.nlm.nih.gov/pubmed/10827011
http://doi.org/10.1152/ajpendo.1999.277.6.E1130
http://www.ncbi.nlm.nih.gov/pubmed/10600804
http://doi.org/10.2337/diabetes.52.3.657
http://www.ncbi.nlm.nih.gov/pubmed/12606505
http://doi.org/10.1016/j.cell.2004.09.013
http://doi.org/10.1042/BSR20110102
http://doi.org/10.1186/s12864-016-3291-0
http://doi.org/10.1093/intimm/12.2.151
http://doi.org/10.1016/j.ygeno.2005.08.012
http://www.ncbi.nlm.nih.gov/pubmed/16269234
http://doi.org/10.1186/s12864-021-07679-y
http://www.ncbi.nlm.nih.gov/pubmed/34107898
http://doi.org/10.1186/1477-7827-3-28
http://doi.org/10.1080/10253890.2019.1710127
http://doi.org/10.1507/endocrj1954.28.605
http://www.ncbi.nlm.nih.gov/pubmed/7344950
http://doi.org/10.1016/S0303-7207(96)03960-3
http://doi.org/10.1002/(SICI)1096-9861(19971201)388:4&lt;507::AID-CNE1&gt;3.0.CO;2-6
http://doi.org/10.1159/000338397
http://doi.org/10.1081/RRS-120014589


Genes 2022, 13, 416 21 of 21

101. Schaub, M.C.; Hefti, M.A.; Zaugg, M. Integration of calcium with the signaling network in cardiac myocytes. J. Mol. Cell. Cardiol.
2006, 41, 183–214. [CrossRef]

102. Renaud, S.J.; Kubota, K.; Rumi, M.A.K.; Soares, M.J. The FOS transcription factor family differentially controls trophoblast
migration and invasion. J. Biol. Chem. 2014, 289, 5025–5039. [CrossRef] [PubMed]

103. Shimasaki, S.; Moore, R.K.; Otsuka, F.; Erickson, G.F. The Bone Morphogenetic Protein System In Mammalian Reproduction.
Endocr. Rev. 2004, 25, 72–101. [CrossRef] [PubMed]

104. Otsuka, F.; Yao, Z.; Lee, T.; Yamamoto, S.; Erickson, G.F.; Shimasaki, S. Bone morphogenetic protein-15. Identification of target
cells and biological functions. J. Biol. Chem. 2000, 275, 39523–39528. [CrossRef] [PubMed]

105. Yeh, S.; Tsai, M.Y.; Xu, Q.; Mu, X.M.; Lardy, H.; Huang, K.E.; Lin, H.; Yeh, S.D.; Altuwaijri, S.; Zhou, X.; et al. Generation and
characterization of androgen receptor knockout (ARKO) mice: An in vivo model for the study of androgen functions in selective
tissues. Proc. Natl. Acad. Sci. USA 2002, 99, 13498–13503. [CrossRef] [PubMed]

106. Soh, J.; Donnelly, R.J.; Kotenko, S.; Mariano, T.M.; Cook, J.R.; Wang, N.; Emanuel, S.; Schwartz, B.; Miki, T.; Pestka, S. Identification
and sequence of an accessory factor required for activation of the human interferon gamma receptor. Cell 1994, 76, 793–802.
[CrossRef]

107. Talbot, S.; Tötemeyer, S.; Yamamoto, M.; Akira, S.; Hughes, K.; Gray, D.; Barr, T.; Mastroeni, P.; Maskell, D.J.; Bryant, C.E. Toll-like
receptor 4 signalling through MyD88 is essential to control Salmonella enterica serovar typhimurium infection, but not for the
initiation of bacterial clearance. Immunology 2009, 128, 472–483. [CrossRef]

108. Vazquez-Torres, A.; Vallance, B.A.; Bergman, M.A.; Finlay, B.B.; Cookson, B.T.; Jones-Carson, J.; Fang, F.C. Toll-like receptor 4
dependence of innate and adaptive immunity to Salmonella: Importance of the Kupffer cell network. J. Immunol. 2004, 172,
6202–6208. [CrossRef]

109. Eckmann, L.; Kagnoff, M.F. Cytokines in host defense against Salmonella. Microbes Infect. 2001, 3, 1191–1200. [CrossRef]
110. Murphy, M.; Stinnakre, M.G.; Senamaud-Beaufort, C.; Winston, N.J.; Sweeney, C.; Kubelka, M.; Carrington, M.; Bréchot, C.;

Sobczak-Thépot, J. Delayed early embryonic lethality following disruption of the murine cyclin A2 gene. Nat. Genet. 1997, 15,
83–86. [CrossRef]

111. Pagano, M.; Pepperkok, R.; Verde, F.; Ansorge, W.; Draetta, G. Cyclin A is required at two points in the human cell cycle. EMBO J.
1992, 11, 961–971. [CrossRef]

112. Ueki, T.; Park, J.H.; Nishidate, T.; Kijima, K.; Hirata, K.; Nakamura, Y.; Katagiri, T. Ubiquitination and downregulation of BRCA1
by ubiquitin-conjugating enzyme E2T overexpression in human breast cancer cells. Cancer Res. 2009, 69, 8752–8760. [CrossRef]
[PubMed]

113. Takayama, S.; Xie, Z.; Reed, J.C. An evolutionarily conserved family of Hsp70/Hsc70 molecular chaperone regulators. J. Biol.
Chem. 1999, 274, 781–786. [CrossRef] [PubMed]

114. Rauch, J.N.; Zuiderweg, E.R.; Gestwicki, J.E. Non-canonical Interactions between Heat Shock Cognate Protein 70 (Hsc70) and
Bcl2-associated Anthanogene (BAG) Co-Chaperones Are Important for Client Release. J. Biol. Chem. 2016, 291, 19848–19857.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.yjmcc.2006.04.005
http://doi.org/10.1074/jbc.M113.523746
http://www.ncbi.nlm.nih.gov/pubmed/24379408
http://doi.org/10.1210/er.2003-0007
http://www.ncbi.nlm.nih.gov/pubmed/14769828
http://doi.org/10.1074/jbc.M007428200
http://www.ncbi.nlm.nih.gov/pubmed/10998422
http://doi.org/10.1073/pnas.212474399
http://www.ncbi.nlm.nih.gov/pubmed/12370412
http://doi.org/10.1016/0092-8674(94)90354-9
http://doi.org/10.1111/j.1365-2567.2009.03146.x
http://doi.org/10.4049/jimmunol.172.10.6202
http://doi.org/10.1016/S1286-4579(01)01479-4
http://doi.org/10.1038/ng0197-83
http://doi.org/10.1002/j.1460-2075.1992.tb05135.x
http://doi.org/10.1158/0008-5472.CAN-09-1809
http://www.ncbi.nlm.nih.gov/pubmed/19887602
http://doi.org/10.1074/jbc.274.2.781
http://www.ncbi.nlm.nih.gov/pubmed/9873016
http://doi.org/10.1074/jbc.M116.742502
http://www.ncbi.nlm.nih.gov/pubmed/27474739

	Introduction 
	Materials and Methods 
	Experimental Population and Design 
	Phenotypes and Sample Collection 
	RNA Isolation 
	RNA-Seq Library Preparation and Analysis 
	Differential Expression Genes Analysis 
	Gene Ontology (G.O.) and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathway Analysis 
	Weighted Gene Co-Expression Network Analysis 
	Statistical Analysis 

	Results 
	Effects of Heat Stress on the Phenotypical and Physiological Parameters between Beijing You and Guang Ming Chickens 
	Liver Transcriptome Sequencing Profiling 
	Identification of Differential Expressed Genes (DEGs) from Beijing You and Guang Ming Chickens between Control and Heat Stress Groups 
	Gene Ontology (GO) Enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) Pathways Analysis of Beijing You and Guang Ming Chickens 
	Weighted Gene Co-Expression Network Analysis (WGCNA) of Beijing You and Guang Ming Chickens 
	Screening of Hub Genes Related to Heat Stress in Beijing You and Guang Ming Chickens 

	Discussion 
	Conclusions 
	References

