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Heat stress (HS) negatively affects chicken performance. Agricultural expansion will happen 
in regions that experience high ambient temperatures, where fast-growing commercial 
chickens are vulnerable. Indigenous chickens of such regions, due to generations of 
exposure to environmental challenges, might have higher thermal tolerance. In this study, 
two indigenous chicken ecotypes, from the hot and humid Mombasa (lowland) and the 
colder Naivasha (highland) regions, were used to investigate the effects of acute (5 h, 35°C) 
and chronic (3 days of 35°C for 8 h/day) HS on the cardiac and skeletal muscle, through 
RNA sequencing. The rectal temperature gain and the number of differentially expressed 
genes (DEGs) [False Discovery Rate (FDR) < 0.05] were two times higher in the acute stage 
than in the chronic stage in both ecotypes, suggesting that cyclic exposure to HS can lead 
to adaptation. A tissue- and stage-specific difference in response to HS was observed, with 
peroxisome proliferator-activated-receptor (PPAR) signaling and mitogen-activate protein 
kinase (MAPK) signaling pathways, enriched in heart and skeletal muscle, respectively, and 
the p53 pathway enriched only in the acute stage in both tissues. The acute and chronic 
stage DEGs were integrated by a region-specific gene coexpression network (GCN), and 
genes with the highest number of connections (hub genes) were identified. The hub genes 
in the lowland network were CCNB2, Crb2, CHST9, SESN1, and NR4A3, while COMMD4, 
TTC32, H1F0, ACYP1, and RPS28 were the hub genes in the highland network. Pathway 
analysis of genes in the GCN showed that p53 and PPAR signaling pathways were 
enriched in both low and highland networks, while MAPK signaling and protein processing 
in endoplasmic reticulum were enriched only in the gene network of highland chickens. 
This shows that to dissipate the accumulated heat, to reduce heat induced apoptosis, and 
to promote DNA damage repair, the ecotypes activated or suppressed different genes, 
indicating the differences in thermal tolerance and HS response mechanisms between the 
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INTRODUCTION

Chicken is a cheap source of high-quality protein and provides 
significant food and income security for rural communities 
(Mekonnen et al., 2010). Specialized trait selection, under controlled 
environments, has made commercial broiler chickens sensitive 
to environmental extremes (Mcmichael et al., 2007; Ciscar et al., 
2011; Kantanen et al., 2015). This creates significant hindrance 
for the expansion of poultry industry into regions that experience 
environmental conditions such as heat stress (HS) (Canario et al., 
2013; Lawrence and Wall, 2014; Rothschild and Plastow, 2014). 
Being homeothermic, chickens are able to maintain a constant 
body temperature across a wide range of temperature (Deeb and 
Cahaner, 1999); however, increasing ambient temperature due to 
global warming and climate change will have a major impact on 
the animal’s physiology and performance, resulting in significant 
economic losses to livestock industries (Renaudeau et al., 2012; 
Wang et al., 2017). HS is classified as the state at which the ambient 
temperature exceeds the tolerable range, making it difficult for 
the birds to maintain its homeostatic body temperature (Lara 
and Rostagno, 2013). It leads to reduction in meat quality, low 
growth rate, reductions in body weight, reduced egg weight and 
shell thickness, and also high mortality in commercial layers and 
boilers (Muiruri and Harrison, 1991; Wolfenson et al., 2001). They 
also cause significant immunosuppression due to reduced humoral 
immunity, rendering the birds susceptible to diseases (Padgett and 
Glaser, 2003; Wang et al., 2017; Monson et al., 2018). The birds’ 
response to HS depends on its genetics (Felver-Gant et al., 2012). 
While commercial fast-growing broilers are particularly more 
sensitive to HS (Yunis and Cahaner, 1999), indigenous chicken 
(IC) breeds that are native to tropical areas are documented to have 
higher HS tolerance relative to other breeds (Soleimani and Zulkifli, 
2010), suggesting that genetic resistance to HS can be acquired as 
a consequence of adaptation and can be inherited (Lu et al., 2007).

Future agricultural expansion, to support increasing global 
population, will mainly happen in regions with climatic 
conditions that are less suitable for commercial livestock, which 
lack the genetic potential to adapt to environmental extremes 
(Lara and Rostagno, 2013; Porto-Neto et al., 2014; Rothschild 
and Plastow, 2014). In the villages of developing countries like 
Kenya, IC production provides not only food security but also 
income security due to their low production cost and their ability 
to survive on scavenging and their resilience to environmental 
parasite challenge (Magothe et al., 2012). It was reported that 70% 
out of a total of 31.8 million domesticated chickens in Kenya were 
IC (Moraa et al., 2015). Kenya has seven different agroecological 
zones, including, arid, semi-arid, tropical, and temperate regions 
(Silvestri et al., 2012). Twelve ecotypes of chickens are found across 
these agroecological zones (Kingori et al., 2010; Moraa et al., 2015). 

The chickens show high genetic diversity and are well adapted to 
their local environment (Nyaga, 2007). The chickens are raised 
extensively under free range systems (Sonaiya, 1990), which 
exposes them to the negative influence of extreme weather changes. 
Native chicken ecotypes that have survived extreme environmental 
conditions over multiple generations would have developed 
tolerance at the genomic level (Chen et al., 2014; Lawrence and 
Wall, 2014; Porto-Neto et al., 2014; Fleming et al., 2017). Therefore, 
to mitigate impacts of HS through genetic approaches, it is prudent 
to examine chickens that have evolved in such environments 
(Fleming et al., 2017). Kenyan IC presents an opportunity to 
understand the genetic response to HS of hot temperature–adapted 
chickens. Previous studies on HS adapted and nonadapted chickens 
revealed the biological mechanisms regulated by HS and identified 
differential immune response between lowland- and highland-
adapted chickens exposed to tropical conditions (Park et al., 2019; 
Te Pas et al., 2019). In this study, we exposed chickens collected 
from local farmers in Mombasa, which is located at an elevation 
of approximately 50 m (lowland) in the Kenyan coast with an 
average temperature between 22°C and 35°C (Njarui et al., 2016), 
and from Naivasha, located at an elevation of approximately 1800 m 
(highland) with an average temperature of 8°C to 26°C (Ouko et al., 
2017), to a short-term HS treatment (acute) and a repeated longer-
term HS treatment (chronic) and analyzed the transcriptome 
response of skeletal and cardiac tissues using RNA sequencing. 
Exposure of chicken embryo to elevated temperature induces an 
adaptive response to HS at later stages in their life (Janke et al., 2004; 
Loyau et al., 2014; Loyau et al., 2015; Loyau et al., 2016; Fleming 
et al., 2017). It was hypothesized that chickens that were hatched 
at relatively higher temperature in the lowlands would respond to 
HS differently than the highland chickens that were hatched and 
raised at a lower temperature. Comparative transcriptome analysis 
by measuring global gene expression changes between the two will 
identify important genes and pathways that are critical for response 
to HS. We performed pairwise differential gene expression 
analysis between control and treatment groups at each time point 
and identified functional difference in response to HS between 
the tissues of the two chicken types. We then performed gene 
coexpression network (GCN) analysis by integrating the different 
differentially expressed gene (DEG) datasets generated from 
lowland and highland chickens to understand the overall response 
of the two ecotypes to HS.

MATERIALS AND METHODS

Experimental Design
The study involved two groups of chickens; one was collected 
from the lowland (low altitude) region and another from 

ecotypes. This study provides information on the HS response of chickens, adapted to two 
different agro climatic environments, extending our understanding of the mechanisms of HS 
response and the effect of adaptation in counteracting HS.

Keywords: heat stress, hub genes, PPAR signaling, MAPK signaling, p53 signaling, RNA-Seq
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the highland (high altitude) regions of Kenya. The lowland 
chickens were collected from local farmers in Mombasa 
(4°1′0″S, 39°35′24″E) (average temperature between 22°C and 
35°C), while the highland chickens were obtained from KALRO 
(Kenyan Agricultural and Livestock Research Organization) 
in Naivasha (average temperature between 8°C and 26°C). A 
schematic of the experimental design is given in Figure 1. A total 
of 32 (n = 16 from each region), 5-month-old female chickens 
were used in this study. The HS experiments were conducted at 
the KOPIA (Korea Project for International Agriculture) Kenya 
center at Nairobi. The birds had ad libitum access to feed and 
water. After acclimating the birds to the local environment in the 
experimental cage for 3 days, the experiments were performed. 
The experiments were performed in a specially designed cage 
fitted with a temperature controller (Supplementary Figure 1). 
The HS group (n = 16) was exposed to high temperatures of 35°C 
for 8 h per day (9:00–17:00 h) and remained at 28°C to 30°C at all 
other times. The control group (n = 16) was maintained at 24°C 
during the entire experimental period. The short-term HS group 
(acute group) (n = 16, four per region, including the controls) 
were euthanized after 5 h of increased temperature exposure, and 
cardiac and skeletal muscle tissues were collected. The long-term 
HS group (C) (n = 16, four per ecotype, including the controls) 
were euthanized at the end of 3 days of cyclic HS, and cardiac and 
skeletal muscle tissues were collected. Rectal temperatures were 
measured at the beginning and end of the treatment period using 
a temperature probe. A total of 64 samples were collected; they 
were stored in RNAlater (Ambion, Texas, USA) and transported 

to the National Institute of Animal Science (South Korea) and 
stored at −80°C until further use.

RNA-Seq Analysis
Total RNA was isolated from 32 skeletal muscles and 32 cardiac 
muscles with RNeasy mini kit (Qiagen, USA) following the 
manufacturer’s protocol. The purity and concentration of 
the isolated RNA were measured with NanoDrop ND-1000 
UV-vis Spectrophotometer (NanoDrop Technologies Inc., 
Wilmington, DE, USA). The integrity of the RNA was measured 
on Bioanalyzer 2100 system using RNA Nano 6000 Assay kit 
(Agilent Technologies, CA, USA), and only samples with a 
RIN (RNA integrity number) value greater than 8 were used 
for sequencing. cDNA libraries were generated using Illumina 
TruSeq® RNA sample preparation v2 kit (Illumina, San Diego, 
CA, USA) following processes previously described (Srikanth 
et al., 2017b). Quality of the individual libraries was accessed 
on Bioanalyzer 2100 system using DNA Nano 1000 Assay 
kit. Paired-end (PE) sequencing was performed on Illumina® 
HiSeq 2000 on four lanes (21, 12, 7, and 24 samples on lanes 1, 
4, 5, and 6, respectively) of a single chip, blocking by treatment, 
tissue, and region. The sequencing was carried out by Macrogen 
(Seoul, South Korea). The raw reads are freely available at the 
NCBI (National Center for Biotechnology Information) SRA 
(Sequence Read Archive) database under accession number 
PRJNA557270. The quality of the raw reads was accessed 
using FastQC (version 0.11.5) (Andrews, 2010). Reads shorter 

FIGURE 1 | Schematic experimental design. 
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than 80 base pairs (bp), low-quality bases, and adapters were 
removed using TRIMMOMATIC (version 0.36) (Bolger et al., 
2014). All 100-bp reads were individually aligned to the chicken 
reference genome (Gallus gallus 5.0, release 94, Ensembl) 
using HISAT2 (version 2.0.5) (Kim et al., 2016) following 
methods previously described (Park et al., 2019). The DEGs 
were identified using CUFFLINKS (version 2.2.1) (Trapnell 
et al., 2012). The -G/–GTF flags was used to quantitate against 
reference transcript annotations. The expression of individual 
genes were measured as fragments per kilobase of exon per 
million, and DEGs (FDR < 0.05) were identified with CUFFDIFF. 
Eight DEG gene sets were generated (highland: control-acute, 
control-HS, HS-acute, HS-chronic; lowland: control-acute, 
control-HS, HS-acute, HS-chronic). Functional annotation and 
overrepresentative analyses were carried out using the web-
based gene ontology (GO) clustering tool DAVID (Huang et al., 
2008). The genes were annotated under the Biological Process, 
Molecular Function, and KEGG pathway terms. Significant 
terms (FDR <0.05 for KEGG and FDR <0.05 for GO terms) 
were plotted with ggplot2 package in R (version 3.4.1) (Team, 
2013). The Venn diagrams were generated with a web-based 
tool (http://bioinformatics.psb.ugent.be/webtools/Venn/).

GCN Analysis and KEGG 
Pathway Mapping
GCN was constructed using the partial correlation coefficient with 
information theory (PCIT) algorithm (Reverter and Chan, 2008). 
We constructed two networks (a lowland-specific network and a 
highland-specific network), using DEGs (differentially expressed), 
in at least one of the four gene sets that were generated from the 
lowland or highland chicken groups. Only genes that had a partial 
correlation |r| of ≥0.99 were included for network construction. 
The networks were visualized in CYTOSCAPE (version 3.4.1) 
(Shannon et al., 2003), analyzed with the NetworkAnalyzer 
plugin, and sorted according to degrees of connections. The genes 
in the network were then mapped to Kyoto Encylopedia of Genes 
and Genomes (KEGG) pathways (Ogata et al., 1999; Kanehisa and 
Goto, 2000) using the ClueGO plugin (Bindea et al., 2009).

Quantitative Reverse Transcriptase–
Polymerase Chain Reaction Analysis
One microgram of each of the isolated RNA was reverse 
transcribed into cDNA with Oligo(dT) using SuperScript III™ 

first-strand system for reverse transcriptase–polymerase chain 
reaction (RT-PCR) (Invitrogen, CA, USA) in a final volume 
of 20 μl using the manufacturer’s protocol. The resulting 
cDNAs were diluted 1:2, prior to their use for quantitative RT 
(qRT)–PCR analysis. The PCR reactions were carried out at a 
final volume of 10 μl containing 5 μl of Universal Master Mix 
containing dNTPs. MgCl2, reaction buffer and AmpliTaq Gold 
DNA polymerase, 90 nM of primers (forward and reverse) and 
250 nM of fluorescence-labeled TaqMan probe, and finally 2 μl 
of the cDNA. Amplifications were carried out on an ABI PRISM 
7900HT Sequence Detection Systems (Applied Biosystems, 
CA, USA) with initial denaturing for 10 min at 95°C, followed 
by 40 cycles of 95°C for 15 s and 60°C for 1 min. All samples 

were amplified in triplicates. The data were analyzed with the 
SEQUENCE DETECTOR software (Applied Biosystems). All 
reagents used in the qRT-PCR analysis were procured from Life 
Technologies (Carlsbad, CA, USA). The absolute fold change was 
calculated after normalization with the chicken glyceraldehyde-
3-phosphate dehydrogenase gene (GAPDH), using the 2-∆∆CT 
method (Schmittgen and Livak, 2008). All the primers used in 
the analyses are listed in Table 1.

RESULTS

All the chickens (n = 32) procured from the lowland Mombasa 
region and the highland Naivasha region were brought to the 
KOPIA center in Nairobi. After acclimating the birds to the 
local environment and the cage, the lowland and highland birds 
were randomly separated into four groups each (n = 4/group), 
comprising the acute stage groups: ALL (acute and lowland) and 
AHL (acute and highland); and the chronic stage groups; CLL 
(chronic and lowland) and CHL (chronic and highland). Each of 
these stages comprised a treatment group and a control groups 
(Figure 1).

Effect of HS on Rectal Temperature
Figure 2A shows the changes in the rectal temperatures of 
the animals before the start and at the end of the experiment. 
The maximum increases in rectal temperatures were in the 
AHL and the ALL HS groups. On an average, the rectal 
temperatures of AHL and ALL birds increased by 1.8°C and 
1.6°C, respectively. Only minor changes in temperature were 
noted in the control groups.

Transcriptome Alignment and 
Mapping Statistics
We constructed 64 cDNA libraries from the cardiac and skeletal 
muscle tissues of the lowland and highland Kenyan chicken 
groups from the two experimental time points (acute and 
chronic). There were 1.33 billion (647 million in cardiac and 
650 million in skeletal muscle), 100-bp PE reads corresponding 

TABLE 1 | List of primers used for qRT-PCR validation of RNA-Seq results.

Gene Primer sequencing (5′ –> 3′)

HSPH1 F –> TGAATTGGAAACTCAGGACCAGATG
R –> CCTCACTGTTCTCTTGCTGGTTATT

SRGN F –> GGCCGTGGTTCCAGCT
R –> GCTCCTGGTACGTCTTCATCAG

ATRAID F –> GTTGGACCTCAGCAACTGTTC
R –> CGTCAGGTCCAGCACGAC

MT4 F –> CGGAGCTGCCGCAAGA
R –> CCTTGGCACAGTTGTTGCA

PDK4 F –> TGACTGGTCGCATCCCAAGTAAG
R –> GGAAGAATTTGCCTGTTTGGAGG

OTUD1 F –> GCTGTGTCCCTCTCCAAGATG
R –> CACGCTTCTGTCCGTCTGT

GAPDH F –> GGAAGAATTTGCCTGTTTGGAGG
R –> TCGTCAAGCTTGTTTCCTGGTATGA
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FIGURE 2 | Rectal temperature gain during HS treatment and sample relationship inferred from principal components analysis. (A) Box plot showing gain in rectal 
temperature due to HS treatment. AHL, acute highland; CHL, chronic highland; ALL, acute lowland; CLL, chronic lowland. (B) Principal components analysis 
showing that the maximum variation is due to differences between the ecotypes. Only a small percentage of the variation is due to the HS effect.

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org


Transcriptome Response to Heat StressSrikanth et al.

6 October 2019 | Volume 10 | Article 993Frontiers in Genetics | www.frontiersin.org

to an average of 1.65 Gb of sequence data per sample that were 
generated. After trimming for adapters and low-quality reads, 
1.29 billion reads corresponding to 97.56% of total sequenced 
reads were used for downstream analysis. The reads were mapped 
to the chicken genome at an average alignment rate of 91.1% and 
85.12% for cardiac and skeletal muscle tissues, respectively. A 
summary of the mapping statistics is given in Supplementary 
File 3. Principal components analysis showed that the maximum 
variation is due to difference between the ecotypes, and only 
a small percentage of the variation is due to HS effect (Figure 
2B). A list of all the DEGs identified in this study is given in 
Supplementary File 1.

Effects of Acute HS on the Cardiac and 
Skeletal Muscle Transcriptome of the 
Highland and Lowland Chickens
Acute HS resulted in 351 and 322 genes in the skeletal muscle 
and 384 and 184 DEG in the cardiac tissues to be significantly 
differentially expressed (FDR <0.05) in the lowland and the 
highland, respectively (Figure 3A). Between the two ecotypes, 48 
and 30 DEGs overlapped between the cardiac and skeletal muscle 

tissues, respectively (Figure 3B). Ten DEGs were commonly 
differentially expressed between the two tissues in the lowland 
chickens; eight DEGs differed between the two tissues in the 
highland chickens (Figure 3B). Only two DEGs were found in 
all four contrasts. These were heat shock protein (HSP) family A 
(Hsp70) member 8 (HSPA8) and HSP family B (small) member 7 
(HSPB7). GO enrichment analysis (Figure 4A) of the up-regulated 
DEGs showed that at the acute stage in the cardiac tissue of lowland 
chicken, the most significant terms (Q  <0.05) enriched were 
“signal transduction,” “immune response “activation of MAPKK 
activity,” “fatty acid binding,” “response to unfolded protein,” and 
“apoptosis,” while in the highland chickens “signal transduction,” 
“serine-type endopeptidase activity,” “inflammatory response,” 
“immune response,” and “apoptosis” were the most significantly 
enriched terms. In the skeletal muscle of lowland chickens, the 
GO terms enriched were “response to heat,” “protein folding,” 
“apoptosis,” “oxido-reductase activity,” “activation of MAPKK 
activity,” and “positive regulation of ERK1 and ERK2 cascade,” 
while in the highland chickens, “signal transduction,” “protein 
folding,” “apoptosis,” “oxido-reductase activity,” “activation of 
MAPKK activity,” and “immune response.” Among the down-
regulated DEGs (Figure 4C) “protein kinase inhibitor activity,” 

FIGURE 3 | Genes differentially expressed relative to control group under different contrast. (A) Number of genes that were up-regulated or down-regulated after 
HS treatment. (B) Venn diagram showing common and unique genes differentially expressed during the acute stage treatment. (C) Venn diagram showing common 
and unique genes differentially expressed during the chronic stage treatment. M and H, skeletal muscle and cardiac muscle, respectively; AHL, acute highland; CHL, 
chronic highland; ALL, acute lowland; CLL, chronic lowland.
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“positive regulation of cell proliferation,” “negative regulation of 
apoptotic process,” lipid storage,” and “cell differentiation” were 
significantly down-regulated in cardiac tissues of acute stage 
lowland chickens, while “positive regulation of cell proliferation,” 
“negative regulation of apoptotic process,” “cellular response to 
tumor necrosis factor,” and “ATP binding” were down-regulated 
in the highland chicken. In the skeletal muscle, “insulin receptor 
signaling” and “calcium transport” were the most significantly 
enriched terms in the acute stage in the lowland chickens, while 
“ATP binding,” “nervous system development,” and “positive 
regulation of cell proliferation” were significantly enriched in the 
highland chickens. The enrichment analysis showed that several 
biological processes were regulated in more than one situation.

KEGG pathway enrichment analysis of up-regulated DEGs 
(Figure 4B) showed that in the cardiac muscles of the lowland 
chickens the most enriched pathways (FDR <0.05) were “Jak-
STAT signaling pathway,” “PPAR signaling pathway,” “purine 
metabolism,” “neuroactive ligand–receptor interaction,” and “p53 
signaling,” while in the skeletal muscle tissue “cell cycle,” “MAPK 
signaling pathway,” “pathways in cancer,” “antigen processing and 
presentation,” and “p53 signaling pathway” were enriched. In the 
cardiac tissues of highland chickens, “PPAR signaling pathway,” 
“cell adhesion molecules,” and “p53 signaling pathway” and in the 
skeletal muscle “MAPK signaling,” “oxidative phosphorylation,” 

“PPAR signaling pathway,” “ribosome,” and “purine metabolism” 
were enriched. Among the down-regulated DEGs (Figure 4D) 
in the cardiac tissue of lowland chickens, “metabolic pathways” 
and “focal adhesion” were significantly down-regulated, while 
“estrogen signaling pathway,” “HTLV-I infection,” and “FoxO 
signaling pathway” were down-regulated in skeletal muscle. 
In the cardiac muscle of highland chickens, “transcriptional 
misregulation in cancer” and “TGF-beta signaling pathway” 
were significantly down-regulated, while “metabolic pathways” 
was down-regulated in the skeletal muscle.

Effects of Chronic HS on the Cardiac and 
Skeletal Muscle Transcriptome of the 
Highland and Lowland Chickens
Under chronic HS, 142 and 172 DEGs were found in the 
skeletal and cardiac tissues of the lowland chickens, while 
180 and 170 DEGs were found in the skeletal and cardiac 
tissues of the highland chickens (Figure 3A). Between the two 
chicken ecotypes, 33 DEGs were common between the cardiac 
and 36 DEGs were common between the skeletal muscle 
tissues (Figure 3C). Eight DEGs were common between the 
two tissues in the lowland chicken; 14 DEGs were common 
between the two tissues in the highland chicken (Figure 3C). 

FIGURE 4 | GO and KEGG pathway enrichment analysis (A) Dot plot shows the up-regulated GO terms (FDR <0.05) of biological processes and molecular 
functions identified using DAVID to be enriched under the different contrasts. (B) Dot plot shows the up-regulated KEGG pathways (FDR <0.1) enriched for different 
contrasts. The size of the dot is based on gene count enriched in the pathway, and the color of the dot shows the pathway enrichment significance. (C) Dot 
plot shows the down-regulated GO terms (FDR <0.05) of biological processes and molecular functions identified using DAVID to be enriched under the different 
contrasts. (D) Dot plot shows the down-regulated KEGG pathways (FDR <0.1) enriched for different contrasts. The size of the dot is based on gene count enriched 
in the pathway, and the color of the dot shows the pathway enrichment significance.
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Only two DEGs were common in all the four contrasts; these 
were the HSP family A (HSP70) member 8 (HSPA8) and 
fatty acid–binding protein 4 (FABP4) (Figure 3C), these two 
genes were previously found be differentially expressed in the 
hypothalamus of a meat-type chicken (Sun et al., 2015a). GO 
enrichment analysis of the up-regulated DEGs (Figure 4A) 
showed that in the lowland chickens “signal transduction,” 
“acute-phase response,” “immune response,” “inflammatory 
response,” and “serine-type endopeptidase activity” were 
enriched in the cardiac tissue, while “apoptosis,” “response 
to heat,” “positive regulation of ERK1 and ERK2 cascade,” 
and “immune response” were enriched in skeletal muscle. 
In the highland chicken, “regulation of gene expression,” 
“protein folding,” “inflammatory response,” and activation 
of MAPKK activity” were enriched in the cardiac tissues, 
while “inflammatory response,” “protein folding,” and “signal 
transduction” were enriched in skeletal muscle tissues. Among 
the down-regulated DEGs (Figure 4C), “regulation of cell 
cycle,” “positive regulation of cell proliferation,” “nucleic 
acid binding,” “lipid storage,” and “cell differentiation” were 
enriched in the cardiac muscle of lowland chickens, while 
“calcium transport” was enriched in the skeletal muscle. In the 
highland chicken, “negative regulation of apoptotic process,” 
“cell differentiation,” and “nucleic acid binding” were enriched 
in the cardiac muscle, while “ATP binding,” “positive regulation 
of I-kappaB kinase/NF-kappa signaling,” and “protein kinase 
inhibitor” were enriched in the skeletal muscle.

KEGG pathway enrichment analysis of up-regulated DEGs 
(Figure 4B) showed that in lowland chickens “PI3K-Akt 
signaling,” “pathways in cancer,” “Jak-STAT signaling,” and “Toll-
like receptor signaling pathway” were enriched in the cardiac 
tissue, and “MAPK signaling pathway,” “antigen processing and 
presentation,” and “cell adhesion molecules” were enriched in 
the skeletal muscle. In the highland chickens, “PPAR signaling 
pathway,” “purine metabolism,” and “cAMP signaling” pathways 
were enriched in the cardiac and “MAPK signaling pathway,” 
“ECM–receptor interaction,” and “cell adhesion molecules” 
pathways were enriched in the skeletal muscle. “Cell cycle,” 
“regulation of lipolysis in adipocytes,” and “estrogen signaling” 
pathways were down-regulated (Figure 4D) in the cardiac 
muscle, while “metabolic pathway” was down-regulated 
in the skeletal muscle in lowland chicken. In the highland 
chicken, “estrogen signaling pathway,” “HTVL-I infection,” and 
“transcriptional misregulation in cancer” were down-regulated 
(Figure 4D) in cardiac muscle, while “pathways in cancer,” 
“fatty acid metabolism,” and “metabolic” pathways were down-
regulated in the skeletal muscle.

Integration of Cardiac and Skeletal Muscle 
DEGs to Understand the Overall Response 
of the Highland and Lowland Chickens 
to HS
We integrated the DEGs identified in the acute and chronic 
stages in the cardiac and skeletal muscle tissues of the highland 
(Figure 5A) and lowland (Figure 5C) chickens through a GCN 
constructed based on PCIT (Reverter and Chan, 2008). The 

highland GCN comprised of 75 nodes (genes) and 244 edges 
(connections) (Figure 5A). KEGG pathway enrichment analysis 
of the genes in the network showed that four pathways comprising 
28 of the 77 genes in the networks were enriched; these included 
“PPAR signaling pathway,” “protein processing in endoplasmic 
reticulum,” “MAPK signaling pathway,” and “p53 signaling 
pathway’ (Figure 5B). The lowland gene network comprised 77 
nodes (genes) and 270 edges (connections) (Figure 5C). Three 
KEGG pathways comprising 25 of the 75 genes in the network 
were found to be enriched; these included “p53 signaling,” 
“steroid biosynthesis,” and “PPAR signaling” pathways (Figure 
5D). The networks were sorted according to degree (number of 
edges incident to the node [genes]). A list of all the genes in 
the network and their degree is given in Supplementary File 2. 
Genes with the maximum connections (degrees) in the lowland 
network included cyclin-B2 (CCNB2), crumbs homolog 2 
(Crb2), carbohydrate sulfotransferease 9 (CHST9), sestrin-1 
(SESN1), and nuclear receptor subfamily 4 group A member 3 
(NR4A3), while in the highland coexpression network COMM 
domain containing 4 (COMMD4), tetratricopeptide repeat 
domain containing protein 32 (TTC32), H1 histone family 
member 0 (H1F0), acylphosphatase 1 (ACYP1), and ribosomal 
protein S28 (RPS28) had the highest degree. Comparison of the 
two networks revealed that 30 genes were shared between the 
two networks (Supplementary File 2); among these were genes 
involved in PPAR signaling pathway (PLIN1, SCD, FABP4, 
FABP1, and DBI), p53 signaling pathway (CDK1, TP53I3, 
GADD45B, SESN1, GTSE1), and MAP Kinase signaling pathway 
(DUSP5 and DUSP8).

Validation of RNA-Seq Results
Out of 30 genes that overlapped between the two coexpression 
networks, six genes were randomly chosen for validation by 
qRT-PCR analysis. Figure 6 shows the PCR quantification of 
the OTUD1, HSPH1, PDK4, ATRAID, SRGN, and MT4 genes. 
The results broadly showed a similar expression profile between 
the RNA-Seq and qRT-PCR. A correlation of 0.86 was observed 
between the RNA-Seq and qRT-PCR log2 fold-change results 
(Figure 6).

DISCUSSION

High ambient temperatures affect the production and 
reproduction rates in animals (Srikanth et al., 2017a). Studies 
have highlighted the deleterious effect of HS on physiological 
(Altan et al., 2003; Mujahid et al., 2007), biochemical (Xie 
et  al., 2015), and immune capacity of chickens (Park et al., 
2019; Te Pas et al., 2019) (Altan et al., 2003; Mujahid et al., 
2006; Mujahid et al., 2007; Huang et al., 2015; Xie et al., 2015; 
Park et al., 2019; Te Pas et al., 2019). Fast-growing, commercial 
chickens, artificially selected and raised under controlled 
environment, are very sensitive to HS and might not have the 
genetic potential to develop thermal tolerance, limiting their 
potential for rearing in developing countries (Coble et al., 2014; 
Lan et al., 2016; Fleming et al., 2017). Native breeds and village 
ecotypes that have been under environmental challenges such 
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FIGURE 5 | Gene coexpression network (GCN) and pathway enrichment analysis integrated for the skeletal and cardiac muscle DEGs. (A) Degree sorted 
network of DEGs in at least one contrast in the highland chickens. The nodes are genes, and the edges are based on correlation coefficients. Only genes 
with a partial correlation | r | of ≥0.99 were included in network. Node color denotes the tissue type in which the gene expression was the highest, while 
node border denotes the stage at which the gene expression was the highest. (B) KEGG pathway networks in which all the genes in the highland GCN 
network were enriched. (C) Degree sorted network of DEG in at least one contrast in the lowland chickens. The nodes are genes, and the edges are based 
on correlation coefficients. Only genes with a partial correlation | r | of ≥0.99 were included in network. Node color denotes the tissue type in which the gene 
expression was the highest, while node border denotes the stage at which the gene expression was the highest. (D) KEGG pathway networks in which all 
the genes in the lowland GCN network were enriched.

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org


Transcriptome Response to Heat StressSrikanth et al.

10 October 2019 | Volume 10 | Article 993Frontiers in Genetics | www.frontiersin.org

as high ambient temperature over multiple generations might 
have developed thermal tolerance due to adaptation to local 
conditions (Clarke, 2003; Chen et al., 2009; Seebacher, 2009; 
Nardone et al., 2010; Lawrence and Wall, 2014; Porto-Neto 
et al., 2014); examining such native breeds will provide us with 
genetic information needed to mitigate the impact of HS. In 
this study, we explored the transcriptomic response of Kenyan 
chicken ecotypes collected from two different environmental 
regions. The cardiac muscle was chosen due to its central role 
in heat dissipation through blood circulation (Zhang et al., 
2017), and skeletal muscle was chosen due to its susceptibility 
to HS-induced oxidative damage and damages to membrane 
integrity (Sandercock et al., 2001; Mujahid et al., 2006), which 
affects meat quality.

Difference in HS Response Between Acute 
and Chronic Stages
Considerably higher changes in rectal temperature were noted 
in the acute group birds, suggesting difficulties in maintaining 
the core body temperature in response to sudden increase in 
temperature, compared to the chronic group birds, which were 

able to regulate their body temperature better at the end of the 
experimental period. This may be due to acclimation for cyclic 
HS. The highest change in rectal temperature was observed in 
the highland chickens of the acute group. These chickens were 
less adapted to HS as compared to lowland chickens. Therefore, 
it may be assumed that the response of highland chickens to 
HS is less robust than the response of lowland chickens. While 
response to acute HS is under homeostatic regulation (reflex-
responsive regulation), the response to chronic HS is under 
homeorhetic regulation, i.e., metabolic regulation through 
endocrinal hormones (Collier et al., 2018). Studies have shown 
that in chickens acute HS, i.e., shock due to sudden change in 
ambient temperature, is more stressful (Lan et al., 2016) than 
cyclic HS (Coble et al., 2014). In the lowland chicken, in both 
cardiac and skeletal muscles, the acute group had 2.2 to 2.5 times 
more DEGs than the chronic group; however, in the highland 
chickens, while there were 1.7 times more DEGs in the acute stage 
of skeletal muscle tissues, a similar number of DEGs were found 
at both stages in the cardiac tissue (Figure 3A). This suggests a 
difference in heat sensitivity in the cardiac tissues between the 
lowland and highland chickens. The overall increased number 
of DEGs in the lowland chickens and the comparatively lesser 

FIGURE 6 | Validation of RNA sequencing results with qRT-PCR analysis. The real-time PCR analyses of HSPH1, OTUD1, PDK4, ATRAID, SRGN, and MT4 were 
performed on all the samples that were used in the RNA-Seq analysis. GADPH, which showed constant expression in all samples, was used as a normalization 
gene. Log2 fold changes identified in the RNA-Seq analysis were plotted as bar, and the fold changes through qRT-PCR were plotted as line graph. A scatter plot of 
RNA-Seq Log2 fold change and the qRT-PCR fold change were plotted, and the correlation (r2) between the two methods was identified.
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change in rectal temperature (Figure 2) suggest a considerably 
stronger response to HS than the highland chickens. This 
difference may denote the difference in acclimatization (rate) 
between highland and lowland chickens due to a difference in 
adaptation to HS.

Between the different contrasts in the acute and chronic 
stages, very few genes overlapped. Overall only two genes 
in cardiac (HSPA8 and HSPB7) and two genes in skeletal 
muscle (HSPA8 and FABP4) overlapped. Thus, we conclude 
that acclimatization leads to a complete change in response 
to HS. The HSPA8 gene (up-regulated in all contrast) is a 
member of the HSP70 family of molecular chaperones and is 
known to play an important role in directing correct folding 
of newly synthesized proteins and in the destruction of non-
reversibly denatured proteins (Hartl, 1996; Iwamoto et al., 
2005). HSPA8 has been found to be up-regulated under HS 
in chickens (Sun et al., 2015b; Wang et al., 2015) and could 
serve as a good biomarker. HSPB7 is a member of the small 
HSP (sHSP) family, whose expression is restricted to skeletal 
and cardiac muscles (Bonomini et al., 2018). HSPB7 functions 
in protecting cells from protein aggregation (Vos et al., 2010) 
and is required for maintaining muscle integrity (Juo et al., 
2016). HS causes aggregation of denatured proteins (Srikanth 
et al., 2017a). HSPB7 was found to be significantly up-regulated 
in lowland chicken’s cardiac (acute and chronic) and skeletal 
muscle (acute), while the effect was opposite (down-regulated) 
in the highland chickens. This could indicate that the lowland 
chickens might be able to counteract the effects of HS-induced 
protein aggregation better than the highland chickens. We also 
observed stage-specific difference in HS response (Figure 4B). 
The p53 pathway, which is essential for DNA damage repair, 
initiation of cell cycle arrest, and cell apoptosis (Rappold et al., 
2001; Harris and Levine, 2005), was enriched in both cardiac 
and skeletal muscles in the acute stage, suggesting that acute HS 
might have an inhibiting effect on cell cycle; similar observation 
was noted in liver of heat-stressed broilers (Jastrebski et al., 
2017). The PPAR signaling pathway, which is required for 
energy metabolism (Wang, 2010) and regulating the oxidative 
stress–induced inflammatory response (Kim et al., 2017), was 
found to be enriched under chronic HS in three of the four 
contrasts (Figure 4B). Prolonged exposure to heat can cause 
considerable oxidative stress damage in chickens (Azad et al., 
2010; Akbarian et al., 2016). The enrichment of PPAR signaling 
in the chronic HS group could be indicative of HS-induced 
reactive oxygen species (ROS) accumulation and oxidative 
stress. While this may relate to the inflammatory response, it 
may also just indicate differences between tissues.

Difference in HS Response Between 
Cardiac and Skeletal Muscle
The overlapping of very few genes between cardiac and 
skeletal muscle within and between the two ecotypes (lowland 
and highland) (Figures 3B, C) shows that not only is there a 
difference in HS response between the tissues, but there is 
also an ecotype-specific difference in HS response, suggesting 
differences in HS adaptation. This was indicated by the 

enrichment of the PPAR signaling pathway in the cardiac and 
the MAPK signaling pathway in the skeletal muscle. While 
PPAR signaling pathway regulates energy metabolism and 
regulation of the oxidative stress response (Wang, 2010; Kim 
et al., 2017), the MAPK signaling is required for activating 
programmed cell death (Pearson et al., 2001). The activation 
of members of the PPAR signaling pathway in cardiac muscle 
might be due to the requirement of considerable energy for 
pumping blood to dissipate the accumulated heat or to alleviate 
oxidative stress, while the enrichment of MAPK signaling genes 
could be indicative of cellular damage in the skeletal muscle and 
the triggering of apoptosis.

Difference in HS Response Between 
Lowland and Highland Chicken
The DEGs generated under different contrasts were integrated 
into lowland and highland gene correlation networks (GCNs) 
to study their overall response to HS. The GCNs were then 
sorted for number of edges, denoting connections between 
nodes (genes), to identify hub genes in each ecotype. The top 
5 hub genes in the lowland GCN all function in regulating cell 
cycle, cell signaling, cell division, or in DNA repair mechanism. 
Cyclin B2 (CCNB2), which is an important regulator of cell 
mitosis (Brandeis et al., 1998), was significantly up-regulated 
in lowland skeletal muscle at the chronic stage. CCNB2 
was previously found to be significantly down-regulated in 
the fast-growing ROSS 708 broilers compared to the slow-
growing Illinois broiler under HS and was suggested to be 
indicative of the reduction in cell cycle activity in the Ross 
broilers (Zhang et al., 2017). The Crb2, a BRCT protein, is a 
cell cycle checkpoint mediator that is essential for cellular 
response to DNA damage and repair (Kilkenny et al., 2008). 
Crb2 was found to be significantly up-regulated in the 
skeletal muscle at acute and chronic stages. Carbohydrate 
N-acetylgalactosamine-4-O-sulfotransferase 9 (CHST9), a 
member of the N-acetylgalactosamine-4-O-sulfotransferase 
family that catalyzes the transfer of sulfate to position 4 of 
nonreducing terminal GalNAc residues, is implicated in cellular 
signaling events (Xia et al., 2000; Baenziger, 2003; Zhao et al., 
2010). The expression of CHST9 was found to be up-regulated 
in the acute stage in skeletal muscle. SESN1, which was found 
to be critical for prolonging the life span of Caenorhabditis 
elegans by preventing muscle degeneration, is required for ROS 
clearance and plays a key role in defense against HS (Yang et al., 
2013). The expression of SESN1 was found to be up-regulated 
in the skeletal muscle in the acute stage. The NR4A3 is a nuclear 
orphan receptor and a member of the Nur77 family. The NR4A3 
activates several genes that are critical for regulating cell cycle, 
inflammation, and DNA repair (Wenzl et al., 2015). NR4A3 
expression was found to up-regulated in the skeletal muscle of 
lowland chicken. The differential expression of these key hub 
genes, which had significant expression correlation with 91 
other genes in the network (degrees), suggests that the lowland 
chickens were affected by HS, and they responded robustly 
by activating, cell cycle checkpoints, cell cycle arrestors, ROS 
clearance, and DNA damage and repair mechanisms.
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The top hub genes in the highland coexpression network (Figure 
5A), identified by the degrees of connections, were COMMD4, 
TTC32, H1F0, and ACYP1. COMM (Copper metabolism gene 
MURR1) domain containing 4 (COMMD4) is an inhibitor of 
TNF (tumor necrosis factor)–induced NF-κB (nuclear factor κB) 
(Burstein et al., 2005). Activated NF-κB regulates the expression 
of several genes that controls cell proliferation, apoptosis, and 
inflammation (Liu et al., 2016). The expression of COMMD4 was 
found to be significantly down-regulated in the cardiac (acute 
and chronic stages) and skeletal muscle (acute stage) of highland 
chickens, possibly indicating the activation of NF-κB transcription 
regulatory factor. TTC32 was found to be up-regulated in the 
cardiac and skeletal muscle tissues at chronic and acute stages, 
respectively. The function of TTC32 is unknown; however, a 
number of TPR (tetratricopeptide repeat domain) interact with 
HSP family HSP70, HSP70, and HSP90 and are required for 
regulation of protein folding and transport (Ballinger et al., 1999), 
and HSP90AA1, a member of the HSP90 family, was significantly 
up-regulated in the skeletal muscle in the acute stage. H1F0 is 
involved in apoptotic DNA fragmentation (Wang et al., 2018) 
and contributes to labeling DNA damage (Keck et al., 2018). The 
expression of H1F0 was found to be up-regulated at both stages 
in the skeletal muscle and at the chronic stage in cardiac tissue in 
the highland chickens. The expression of ACYP1, an isoform of 
ACYP, which can induce apoptosis and is involved in ion transport 
(Degl’innocenti et al., 2004; Degl’innocenti et al., 2019), was found 
to be significantly elevated in the cardiac (chronic) and skeletal 
muscle (acute), while the expression of ACYP2 (another isoform 
of ACYP) was found to be elevated in the cardiac (Acute) and 
skeletal muscle (Chronic). This might indicate the activation of 
apoptosis due to DNA or cellular damage.

Pathway enrichment analysis of the genes in the GCNs 
(Figures 5B, D) showed that the p53 signaling and PPAR 
signaling pathways were enriched in both the lowland and 
highland networks. While p53 signaling pathway plays a pivotal 
role in cell death and cell survival by activating genes that induce 
cell cycle regulation, DNA repair, and cell death (Vogelstein et al., 
2000; Zhang et al., 2010), PPAR signaling is critical for energy 
homeostasis (Wang, 2010), and considerable energy is spent 
in maintaining body temperature and dissipating heat, under 
hyperthermic condition. Moreover, there is a transcriptional 
dependence on PPAR for heat shock response (Vallanat et al., 
2010). The steroid biosynthetic pathway was enriched only in the 
lowland network (Cook et al., 2015). Genes in this pathway can 
modulate the activities of RORγ (retinoic acid–related orphan 
receptors), which can regulate apoptosis (Kurebayashi et al., 
2000). The MAPK signaling pathway and protein processing in 
endoplasmic reticulum (PP-ER) pathway were enriched only 
in the highland network (Figure 5B). HS is proteotoxic, and 
denatured proteins can become cytotoxic by forming aggregates 
(Srikanth et al., 2017a). Cell responds to this by activating the 
PP-ER pathway (Harding et al., 1999), which increases the 
protein-folding capacity in the endoplasmic reticulum and also 
activates apoptosis (programmed cell death) (Welihinda et al., 
1999). Heat shock is known to activate several members of the 
MAPK family, which constitutes serine/threonine kinases that 
play a crucial role in transmitting signals required for cell growth, 

differentiation, and apoptosis (Pearson et al., 2001; Gorostizaga 
et al., 2005). The enrichment of multiple apoptosis activation 
pathways and hub genes that are proapoptotic factors in the 
highland network suggests that considerable cellular damage has 
taken place in the highland chickens

CONCLUSION

This study examined the transcriptome response to HS of two 
IC ecotypes from the lowlands and highlands of Kenya. Rectal 
temperature measurements and RNA-Seq analysis revealed that 
comparing the responses of acute HS and chronic HS indicated 
acclimatization of both lowland and highland chickens in such a 
short period. Furthermore, the response to HS is tissue and stage 
specific. The GCN analysis showed that the hub genes identified 
in the lowland chickens were cell cycle arrestors and DNA repair 
genes, while the highland hub genes were apoptotic and oxidative 
stress–responsive genes. These results lead us to conclude that, 
although both the ecotypes experienced HS, the lowland chickens 
responded more robustly than the highland chickens and might 
have a higher tolerance to HS than the highland chickens. This 
better acclimatization may be due to previous adaptation to 
higher temperatures in the lowland environment. This study 
extends our understanding of the HS response of chickens, and 
the genes and pathways identified could serve as a foundation for 
improving thermal tolerance in chickens.

DATA AVAILABILITY STATEMENT

The raw reads are available at the NCBI (National Center for 
Biotechnology Information) SRA (Sequence Read Archive) 
database under accession number PRJNA557270.

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional 
Animal Care and Use Committee, National Institute of Animal 
Science, South Korea.

AUTHOR CONTRIBUTIONS

MB, MP, and J-EP conceived the project. SK and DL collected the 
samples. KS, MB, HK, and WP performed the experiments. MB 
and J-EP secured the funding for the project. KS, J-MK, and WP 
analyzed the data. KS and J-EP interpreted the results and drafted 
the manuscript. J-MK and MP edited the manuscript.

FUNDING

This study was carried out with the support of “Investigation 
of expression profiles and genetic network related to heat stress 
for chicken” (project PJ01122101) and “Experimental metadata 
generation for sharing genome and metagenome data of Korean 

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org


Transcriptome Response to Heat StressSrikanth et al.

13 October 2019 | Volume 10 | Article 993Frontiers in Genetics | www.frontiersin.org

and African chickens” (project PJ01275601), Rural Development 
Administration (RDA), Republic of Korea. KS and HK were 
supported by a 2019 RDA Fellowship Program of National 
Institute of Animal Science, Rural Development Administration, 
Republic of Korea.

ACKNOWLEDGMENTS

The authors thank the staff of International Livestock Research 
Institute (ILRI, Kenya), Kenyan Agricultural and Livestock 

Research Organization (KALRO, Naivasha), and Korea Project 
for International Agriculture (KOPIA, Kenya) for all the help 
made available for successful completion of this project.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: 
https://www.frontiersin.org/articles/10.3389/fgene.2019.00993/
full#supplementary-material

REFERENCES

Akbarian, A., Michiels, J., Degroote, J., Majdeddin, M., Golian, A., and De Smet, S. 
(2016). Association between heat stress and oxidative stress in poultry; 
mitochondrial dysfunction and dietary interventions with phytochemicals. 
J. Anim. Sci. Biotechnol. 7, 37. doi: 10.1186/s40104-016-0097-5

Altan, Ö., Pabuçcuoğlu, A., Altan, A., Konyalioğlu, S., and Bayraktar, H. (2003). Effect 
of heat stress on oxidative stress, lipid peroxidation and some stress parameters 
in broilers. Br. Poult. Sci. 44, 545–550. doi: 10.1080/00071660310001618334

Andrews, S. (2010). FastQC: a quality control tool for high throughput sequence 
data. 

Azad, M., Kikusato, M., Maekawa, T., Shirakawa, H., and Toyomizu, M. (2010). 
Metabolic characteristics and oxidative damage to skeletal muscle in broiler 
chickens exposed to chronic heat stress. Comp. Biochem. Physiol. Part A Mol. 
Integr. Physiol. 155, 401–406. doi: 10.1016/j.cbpa.2009.12.011

Baenziger, J. (2003). Glycoprotein hormone GalNAc-4-sulphotransferase. London: 
Portland Press Limited. doi: 10.1042/bst0310326

Ballinger, C. A., Connell, P., Wu, Y., Hu, Z., Thompson, L. J., Yin, L.-Y., et al. (1999). 
Identification of CHIP, a novel tetratricopeptide repeat-containing protein 
that interacts with heat shock proteins and negatively regulates chaperone 
functions. Mol. Cell. Biol. 19, 4535–4545. doi: 10.1128/MCB.19.6.4535

Bindea, G., Mlecnik, B., Hackl, H., Charoentong, P., Tosolini, M., Kirilovsky, A., 
et al. (2009). ClueGO: a Cytoscape plug-in to decipher functionally grouped 
gene ontology and pathway annotation networks. Bioinformatics 25, 1091–
1093. doi: 10.1093/bioinformatics/btp101

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a flexible trimmer 
for Illumina sequence data. Bioinformatics 30, 2114–2120. doi: 10.1093/
bioinformatics/btu170

Bonomini, F., Favero, G., Trapletti, V., and Rezzani, R., (2018). “HSP70 in 
human diseases and disorders.,” in Heat shock proteins in cardiovascular 
diseases: from bench to bedside, 223-245. (Switzerland: Springer). doi: 
10.1007/978-3-319-89551-2_11

Brandeis, M., Rosewell, I., Carrington, M., Crompton, T., Jacobs, M. A., Kirk, J., 
et  al. (1998). Cyclin B2-null mice develop normally and are fertile whereas 
cyclin B1-null mice die in utero. Proc. Natl. Acad. Sci. 95, 4344–4349. 
doi:  10.1073/pnas.95.8.4344

Burstein, E., Hoberg, J. E., Wilkinson, A. S., Rumble, J. M., Csomos, R. A., 
Komarck, C. M., et al. (2005). COMMD proteins, a novel family of structural 
and functional homologs of MURR1. J. Biol. Chem. 280, 22222–22232. 
doi: 10.1074/jbc.M501928200

Canario, L., Mignon-Grasteau, S., Dupont-Nivet, M., and Phocas, F. (2013). 
Genetics of behavioural adaptation of livestock to farming conditions. Animal 
7, 357–377. doi: 10.1017/S1751731112001978

Chen, C.-F., Gourichon, D., Huang, N.-Z., Lee, Y.-P., Bordas, A., and Tixier-
Boichard, M. (2009). Performance comparison of dwarf laying hens segregating 
for the naked neck gene in temperate and subtropical environments. Genet. Sel. 
Evol. 41, 13. doi: 10.1186/1297-9686-41-13

Chen, F., Yu, Y., Haigh, S., Johnson, J., Lucas, R., Stepp, D. W., et al. (2014). 
Regulation of NADPH oxidase 5 by protein kinase C isoforms. PloS ONE 9, 
e88405. doi: 10.1371/journal.pone.0088405

Ciscar, J.-C., Iglesias, A., Feyen, L., Szabó, L., Van Regemorter, D., Amelung, B., 
et al. (2011). Physical and economic consequences of climate change in Europe. 
Proc. Natl. Acad. Sci. 108, 2678–2683. doi: 10.1073/pnas.1011612108

Clarke, A. (2003). Costs and consequences of evolutionary temperature adaptation. 
Trends Ecol. Evol. 18, 573–581. doi: 10.1016/j.tree.2003.08.007

Coble, D. J., Fleming, D., Persia, M. E., Ashwell, C. M., Rothschild, M. F., Schmidt, 
C. J., et al. (2014). RNA-Seq analysis of broiler liver transcriptome reveals 
novel responses to high ambient temperature. BMC Genomics 15, 1084. 
doi: 10.1186/1471-2164-15-1084

Collier, R. J., Baumgard, L. H., Zimbelman, R. B., and Xiao, Y. (2018). Heat stress: 
physiology of acclimation and adaptation. Anim. Front. 9, 12–19. doi: 10.1093/
af/vfy031

Cook, D. N., Kang, H. S., and Jetten, A. M. (2015). Retinoic acid-related 
orphan receptors (RORs): regulatory functions in immunity, development, 
circadian rhythm, and metabolism. Nucl. Recept. Res. 2, 1–24. doi: 
10.11131/2015/101185

Deeb, N., and Cahaner, A. (1999). The effects of naked neck genotypes, ambient 
temperature, and feeding status and their interactions on body temperature 
and performance of broilers. Poult. Sci. 78, 1341–1346. doi: 10.1093/
ps/78.10.1341

Degl’innocenti, D., Marzocchini, R., Malentacchi, F., Ramazzotti, M., Raugei, G., and 
Ramponi, G. (2004). ACYP1 gene possesses two alternative splicing forms that 
induce apoptosis. IUBMB Life 56, 29–33. doi: 10.1080/15216540310001654349

Degl’innocenti, D., Ramazzotti, M., Sarchielli, E., Monti, D., Chevanne, M., 
Vannelli, G. B., et al. (2019). Oxadiazon affects the expression and activity 
of aldehyde dehydrogenase and acylphosphatase in human striatal precursor 
cells: a possible role in neurotoxicity. Toxicology 411, 110–121. doi: 10.1016/j.
tox.2018.10.021

Felver-Gant, J., Mack, L., Dennis, R., Eicher, S., and Cheng, H. (2012). Genetic 
variations alter physiological responses following heat stress in 2 strains of 
laying hens. Poult. Sci. 91, 1542–1551. doi: 10.3382/ps.2011-01988

Fleming, D. S., Weigend, S., Simianer, H., Weigend, A., Rothschild, M., Schmidt, C., 
et al. (2017). Genomic comparison of indigenous African and Northern 
European chickens reveals putative mechanisms of stress tolerance related to 
environmental selection pressure. G3: Genes Genomes Genet. 7, 1525–1537. 
doi: 10.1534/g3.117.041228

Gorostizaga, A., Brion, L., Maloberti, P., Maciel, F. C., Podestá, E. J., and Paz, C. (2005). 
Heat shock triggers MAPK activation and MKP-1 induction in Leydig testicular 
cells. Biochem. Biophys. Res. Commun. 327, 23–28. doi: 10.1016/j bbrc.2004.11.129

Harding, H. P., Zhang, Y., and Ron, D. (1999). Protein translation and folding 
are coupled by an endoplasmic-reticulum–resident kinase. Nature 397, 271. 
doi: 10.1038/16729

Harris, S. L., and Levine, A. J. (2005). The p53 pathway: positive and negative 
feedback loops. Oncogene 24, 2899. doi: 10.1038/sj.onc.1208615

Hartl, F. (1996). Molecular chaperones in cellular protein folding. Nature 381, 
571–579. doi: 10.1038/381571a0

Huang, C., Jiao, H., Song, Z., Zhao, J., Wang, X., and Lin, H. (2015). Heat stress 
impairs mitochondria functions and induces oxidative injury in broiler 
chickens. J. Anim. Sci. 93, 2144–2153. doi: 10.2527/jas.2014-8739

Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2008). Systematic and 
integrative analysis of large gene lists using DAVID bioinformatics resources. 
Nat. Protoc. 4, 44. doi: 10.1038/nprot.2008.211

Iwamoto, S., Koike, Y., Hosomichi, K., Hara, H., Yoshida, Y., Ogawa, H., et al. 
(2005). Identification of cDNA for the HSPA2, HSPA5 and HSPA8 orthologs of 
the heat shock protein 70 family from guinea fowl (Numida meleagris). Anim. 
Sci. J. 76, 519–524. doi: 10.1111/j.1740-0929.2005.00299.x

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fgene.2019.00993/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2019.00993/full#supplementary-material
https://doi.org/10.1186/s40104-016-0097-5
https://doi.org/10.1080/00071660310001618334
https://doi.org/10.1016/j.cbpa.2009.12.011
https://doi.org/10.1042/bst0310326
https://doi.org/10.1128/MCB.19.6.4535
https://doi.org/10.1093/bioinformatics/btp101
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1007/978-3-319-89551-2_11
https://doi.org/10.1073/pnas.95.8.4344
https://doi.org/10.1074/jbc.M501928200
https://doi.org/10.1017/S1751731112001978
https://doi.org/10.1186/1297-9686-41-13
https://doi.org/10.1371/journal.pone.0088405
https://doi.org/10.1073/pnas.1011612108
https://doi.org/10.1016/j.tree.2003.08.007
https://doi.org/10.1186/1471-2164-15-1084
https://doi.org/10.1093/af/vfy031
https://doi.org/10.1093/af/vfy031
https://doi.org/10.11131/2015/101185
https://doi.org/10.1093/ps/78.10.1341
https://doi.org/10.1093/ps/78.10.1341
https://doi.org/10.1080/15216540310001654349
https://doi.org/10.1016/j.tox.2018.10.021
https://doi.org/10.1016/j.tox.2018.10.021
https://doi.org/10.3382/ps.2011-01988
https://doi.org/10.1534/g3.117.041228
https://doi.org/10.1016/j.bbrc.2004.11.129
https://doi.org/10.1038/16729
https://doi.org/10.1038/sj.onc.1208615
https://doi.org/10.1038/381571a0
https://doi.org/10.2527/jas.2014-8739
https://doi.org/10.1038/nprot.2008.211
https://doi.org/10.1111/j.1740-0929.2005.00299.x


Transcriptome Response to Heat StressSrikanth et al.

14 October 2019 | Volume 10 | Article 993Frontiers in Genetics | www.frontiersin.org

Janke, O., Tzschentke, B., and Boerjan, M. (2004). Comparative investigations of 
heat production and body temperature in embryos of modern chicken breeds. 
Avian Poult. Biol. Rev. 15, 191–196. doi: 10.3184/147020604783637868

Jastrebski, S. F., Lamont, S. J., and Schmidt, C. J. (2017). Chicken hepatic response 
to chronic heat stress using integrated transcriptome and metabolome analysis. 
PloS One 12, e0181900. doi: 10.1371/journal.pone.0181900

Juo, L.-Y., Liao, W.-C., Shih, Y.-L., Yang, B.-Y., Liu, A.-B., and Yan, Y.-T. (2016). 
HSPB7 interacts with dimerized FLNC and its absence results in progressive 
myopathy in skeletal muscles. J. Cell Sci. 129, 1661–1670. doi: 10.1242/
jcs.179887

Kanehisa, M., and Goto, S. (2000). KEGG: Kyoto encyclopedia of genes and 
genomes. Nucleic Acids Res. 28, 27–30. doi: 10.1093/nar/28.1.27

Kantanen, J., Løvendahl, P., Strandberg, E., Eythorsdottir, E., Li, M.-H., Kettunen-
Præbel, A., et al. (2015). Utilization of farm animal genetic resources in a 
changing agro-ecological environment in the Nordic countries. Front. Genet. 
6, 52. doi: 10.3389/fgene.2015.00052

Keck, M., Van Dijk, R. M., Deeg, C. A., Kistler, K., Walker, A., Von Rüden, E.-L., 
et al. (2018). Proteomic profiling of epileptogenesis in a rat model: focus on 
cell stress, extracellular matrix and angiogenesis. Neurobiol. Dis. 112, 119–135. 
doi: 10.1016/j.nbd.2018.01.013

Kilkenny, M. L., Doré, A. S., Roe, S. M., Nestoras, K., Ho, J. C., Watts, F. Z., et al. 
(2008). Structural and functional analysis of the Crb2–BRCT2 domain reveals 
distinct roles in checkpoint signaling and DNA damage repair. Genes Dev. 22, 
2034–2047. doi: 10.1101/gad.472808

Kim, D., Langmead, B., and Salzberg, S. (2016). “HISAT2 implementation”. 
Kim, J.-S., Lee, Y.-H., Chang, Y.-U., and Yi, H.-K. (2017). PPARγ regulates 

inflammatory reaction by inhibiting the MAPK/NF-κB pathway in 
C2C12 skeletal muscle cells. J. Physiol. Biochem. 73, 49–57. doi: 10.1007/
s13105-016-0523-3

Kingori, A., Wachira, A., and Tuitoek, J. (2010). Indigenous chicken production 
in Kenya: a review. Int. J. Poult. Sci. 9, 309–316. doi: 10.3923/ijps.2010.309.316

Kurebayashi, S., Ueda, E., Sakaue, M., Patel, D. D., Medvedev, A., Zhang, F., et al. 
(2000). Retinoid-related orphan receptor γ (RORγ) is essential for lymphoid 
organogenesis and controls apoptosis during thymopoiesis. Proc. Natl. Acad. 
Sci. 97, 10132–10137. doi: 10.1073/pnas.97.18.10132

Lan, X., Hsieh, J. C., Schmidt, C. J., Zhu, Q., and Lamont, S. J. (2016). Liver 
transcriptome response to hyperthermic stress in three distinct chicken lines. 
BMC Genomics 17, 955. doi: 10.1186/s12864-016-3291-0

Lara, L., and Rostagno, M. (2013). Impact of heat stress on poultry production. 
Animals 3, 356–369. doi: 10.3390/ani3020356

Lawrence, A., and Wall, E. (2014). Selection for ‘environmental fit’ from existing 
domesticated species. Rev. Sci. Tech. 33, 171–179. doi: 10.20506/rst.33.1.2275

Liu, L., Fu, C., Yan, M., Xie, H., Li, S., Yu, Q., et al. (2016). Resveratrol modulates 
intestinal morphology and HSP70/90, NF-κB and EGF expression in the 
jejunal mucosa of black-boned chickens on exposure to circular heat stress. 
Food Funct. 7, 1329–1338. doi: 10.1039/C5FO01338K

Loyau, T., Bedrani, L., Berri, C., Métayer-Coustard, S., Praud, C., Coustham, V., 
et  al. (2015). Cyclic variations in incubation conditions induce adaptive 
responses to later heat exposure in chickens: a review. Animal 9, 76–85. doi: 
10.1017/S1751731114001931

Loyau, T., Hennequet-Antier, C., Coustham, V., Berri, C., Leduc, M., Crochet, S., 
et al. (2016). Thermal manipulation of the chicken embryo triggers differential 
gene expression in response to a later heat challenge. BMC Genomics 17, 329. 
doi: 10.1186/s12864-016-2661-y

Loyau, T., Métayer-Coustard, S., Berri, C., Crochet, S., Cailleau-Audouin, E., 
Sannier, M., et al. (2014). Thermal manipulation during embryogenesis has 
long-term effects on muscle and liver metabolism in fast-growing chickens. 
PLoS One 9, e105339. doi: 10.1371/journal.pone.0105339

Lu, Q., Wen, J., and Zhang, H. (2007). Effect of chronic heat exposure on fat 
deposition and meat quality in two genetic types of chicken. Poult. Sci. 86, 
1059–1064. doi: 10.1093/ps/86.6.1059

Magothe, T., Okeno, T., Muhuyi, W., and Kahi, A. (2012). Indigenous chicken 
production in Kenya: I. Current status. World’s Poult. Sci. J. 68, 119–132. doi: 
10.1017/S0043933912000128

Mcmichael, A. J., Powles, J. W., Butler, C. D., and Uauy, R. (2007). Food, livestock 
production, energy, climate change, and health. Lancet 370, 1253–1263. doi: 
10.1016/S0140-6736(07)61256-2

Mekonnen, H., Mulatu, D., Kelay, B., and Berhan, T. (2010). Assessment of the 
nutritional status of indigenous scavenging chickens in Ada’a district, Ethiopia. 
Trop. Anim. Health Prod. 42, 123. doi: 10.1007/s11250-009-9395-7

Monson, M. S., Van Goor, A. G., Ashwell, C. M., Persia, M. E., Rothschild, M. F., 
Schmidt, C. J., et al. (2018). Immunomodulatory effects of heat stress and 
lipopolysaccharide on the bursal transcriptome in two distinct chicken lines. 
BMC Genomics 19, 643. doi: 10.1186/s12864-018-5033-y

Moraa, G., Oyier, P., Maina, S., Makanda, M., Ndiema, E., Alakonya, A., et  al. 
(2015). Assessment of phenotypic traits relevant for adaptation to hot 
environments in indigenous chickens from four agro-climatic zones of Kenya. 
Livest. Res. Rural Dev. 27, 1–11. 

Muiruri, H., and Harrison, P. (1991). Effect of roost temperature on performance of 
chickens in hot ambient environments. Poult. Sci. 70, 2253–2258. doi: 10.3382/
ps.0702253

Mujahid, A., Pumford, N. R., Bottje, W., Nakagawa, K., Miyazawa, T., Akiba, Y., 
et  al. (2007). Mitochondrial oxidative damage in chicken skeletal muscle 
induced by acute heat stress. J. Poult. Sci. 44, 439–445. doi: 10.2141/jpsa.44.439

Mujahid, A., Sato, K., Akiba, Y., and Toyomizu, M. (2006). Acute heat stress 
stimulates mitochondrial superoxide production in broiler skeletal muscle, 
possibly via downregulation of uncoupling protein content. Poult. Sci. 85, 
1259–1265. doi: 10.1093/ps/85.7.1259

Nardone, A., Ronchi, B., Lacetera, N., Ranieri, M. S., and Bernabucci, U. (2010). 
Effects of climate changes on animal production and sustainability of livestock 
systems. Livest. Sci. 130, 57–69. doi: 10.1016/j.livsci.2010.02.011

Njarui, D., Gichangi, E., Gatheru, M., Nyambati, E., Ondiko, C., Njunie, M., et al. 
(2016). A comparative analysis of livestock farming in smallholder mixed 
crop-livestock systems in Kenya: 1. Livestock inventory and management. 
Development 28, 4. 

Nyaga, P. (2007). Good biosecurity practices in small scale commercial and 
scavenging production systems in Kenya. Rome: FAO 157, 1–34. 

Ogata, H., Goto, S., Sato, K., Fujibuchi, W., Bono, H., and Kanehisa, M. (1999). 
KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 27, 
29–34. doi: 10.1093/nar/27.1.29

Ouko, V., Ilatsia, E., Oduho, G., and Kios, D. (2017). Genetic parameters for large 
white pigs reared under intensive management systems in Kenya. East Afr. 
Agric. For. J. 82, 47–56. doi: 10.1080/00128325.2016.1219544

Padgett, D. A., and Glaser, R. (2003). How stress influences the immune response. 
Trends Immunol. 24, 444–448. doi: 10.1016/S1471-4906(03)00173-X

Park, W., Srikanth, K., Lim, D., Park, M., Hur, T., Kemp, S., et al. (2019). 
Comparative transcriptome analysis of Ethiopian indigenous chickens from 
low and high altitudes under heat stress condition reveals differential immune 
response. Anim. Genet. 50, 42–53. doi: 10.1111/age.12740

Pearson, G., Robinson, F., Beers Gibson, T., Xu, B.-E., Karandikar, M., Berman, K., 
et al. (2001). Mitogen-activated protein (MAP) kinase pathways: regulation and 
physiological functions. Endocr. Rev. 22, 153–183. doi: 10.1210/edrv.22.2.0428

Porto-Neto, L. R., Reverter, A., Prayaga, K. C., Chan, E. K., Johnston, D. J., 
Hawken, R. J., et al. (2014). The genetic architecture of climatic adaptation of 
tropical cattle. PloS One 9, e113284. doi: 10.1371/journal.pone.0113284

Rappold, I., Iwabuchi, K., Date, T., and Chen, J. (2001). Tumor suppressor p53 
binding protein 1 (53BP1) is involved in DNA damage–signaling pathways. J. 
Cell Biol. 153, 613–620. doi: 10.1083/jcb.153.3.613

Renaudeau, D., Collin, A., Yahav, S., De Basilio, V., Gourdine, J., and Collier, R. 
(2012). Adaptation to hot climate and strategies to alleviate heat stress in 
livestock production. Animal 6, 707–728. doi: 10.1017/S1751731111002448

Reverter, A., and Chan, E. K. (2008). Combining partial correlation and 
an information theory approach to the reversed engineering of gene 
co-expression networks. Bioinformatics 24, 2491–2497. doi: 10.1093/
bioinformatics/btn482

Rothschild, M. F., and Plastow, G. S. (2014). Applications of genomics to improve 
livestock in the developing world. Livest. Sci. 166, 76–83. doi: 10.1016/j.
livsci.2014.03.020

Sandercock, D., Hunter, R., Nute, G., Mitchell, M., and Hocking, P. (2001). Acute 
heat stress–induced alterations in blood acid–base status and skeletal muscle 
membrane integrity in broiler chickens at two ages: implications for meat 
quality. Poult. Sci. 80, 418–425. doi: 10.1093/ps/80.4.418

Schmittgen, T. D., and Livak, K. J. (2008). Analyzing real-time PCR data by the 
comparative C T method. Nat. Protoc. 3, 1101. doi: 10.1038/nprot.2008.73

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://doi.org/10.3184/147020604783637868
https://doi.org/10.1371/journal.pone.0181900
https://doi.org/10.1242/jcs.179887
https://doi.org/10.1242/jcs.179887
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.3389/fgene.2015.00052
https://doi.org/10.1016/j.nbd.2018.01.013
https://doi.org/10.1101/gad.472808
https://doi.org/10.1007/s13105-016-0523-3
https://doi.org/10.1007/s13105-016-0523-3
https://doi.org/10.3923/ijps.2010.309.316
https://doi.org/10.1073/pnas.97.18.10132
https://doi.org/10.1186/s12864-016-3291-0
https://doi.org/10.3390/ani3020356
https://doi.org/10.20506/rst.33.1.2275
https://doi.org/10.1039/C5FO01338K
https://doi.org/10.1017/S1751731114001931
https://doi.org/10.1186/s12864-016-2661-y
https://doi.org/10.1371/journal.pone.0105339
https://doi.org/10.1093/ps/86.6.1059
https://doi.org/10.1017/S0043933912000128
https://doi.org/10.1016/S0140-6736(07)61256-2
https://doi.org/10.1007/s11250-009-9395-7
https://doi.org/10.1186/s12864-018-5033-y
https://doi.org/10.3382/ps.0702253
https://doi.org/10.3382/ps.0702253
https://doi.org/10.2141/jpsa.44.439
https://doi.org/10.1093/ps/85.7.1259
https://doi.org/10.1016/j.livsci.2010.02.011
https://doi.org/10.1093/nar/27.1.29
https://doi.org/10.1080/00128325.2016.1219544
https://doi.org/10.1016/S1471-4906(03)00173-X
https://doi.org/10.1111/age.12740
https://doi.org/10.1210/edrv.22.2.0428
https://doi.org/10.1371/journal.pone.0113284
https://doi.org/10.1083/jcb.153.3.613
https://doi.org/10.1017/S1751731111002448
https://doi.org/10.1093/bioinformatics/btn482
https://doi.org/10.1093/bioinformatics/btn482
https://doi.org/10.1016/j.livsci.2014.03.020
https://doi.org/10.1016/j.livsci.2014.03.020
https://doi.org/10.1093/ps/80.4.418
https://doi.org/10.1038/nprot.2008.73


Transcriptome Response to Heat StressSrikanth et al.

15 October 2019 | Volume 10 | Article 993Frontiers in Genetics | www.frontiersin.org

Seebacher, F. (2009). Responses to temperature variation: integration of 
thermoregulation and metabolism in vertebrates. J. Exp. Biol. 212, 2885–2891. 
doi: 10.1242/jeb.024430

Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). 
Cytoscape: a software environment for integrated models of biomolecular 
interaction networks. Genome Res. 13, 2498–2504. doi: 10.1101/gr.1239303

Silvestri, S., Bryan, E., Ringler, C., Herrero, M., and Okoba, B. (2012). Climate 
change perception and adaptation of agro-pastoral communities in Kenya. Reg. 
Environ. Change 12, 791–802. doi: 10.1007/s10113-012-0293-6

Soleimani, A., and Zulkifli, I. (2010). Effects of high ambient temperature on blood 
parameters in Red Jungle fowl, Village fowl and broiler chickens. J. Anim. Vet. 
Adv. 9, 1201–1207. doi: 10.3923/javaa.2010.1201.1207

Sonaiya, E. (1990). The context and procespects for development of smallholder 
rural poultry production in Africa. Proceedings of CTA-Seminar on 
Smallholder Rural Poultry Production; October 9–13; Thessaloniki, Greece 
1, 35–52.

Srikanth, K., Kwon, A., Lee, E., and Chung, H. (2017a). Characterization of genes and 
pathways that respond to heat stress in Holstein calves through transcriptome 
analysis. Cell Stress Chaperones 22, 29–42. doi: 10.1007/s12192-016-0739-8

Srikanth, K., Lee, E., Kwan, A., Lim, Y., Lee, J., Jang, G., et al. (2017b). Transcriptome 
analysis and identification of significantly differentially expressed genes in 
Holstein calves subjected to severe thermal stress. Int. J. Biometeorol. 61, 1993–
2008. doi: 10.1007/s00484-017-1392-3

Sun, H., Jiang, R., Xu, S., Zhang, Z., Xu, G., Zheng, J., et al. (2015a). Transcriptome 
responses to heat stress in hypothalamus of a meat-type chicken. J. Anim. Sci. 
Biotechnol. 6, 6. doi: 10.1186/s40104-015-0003-6

Sun, L., Lamont, S. J., Cooksey, A. M., Mccarthy, F., Tudor, C. O., Vijay-Shanker, K., 
et al. (2015b). Transcriptome response to heat stress in a chicken hepatocellular 
carcinoma cell line. Cell Stress Chaperones 20, 939–950. doi: 10.1007/
s12192-015-0621-0

Te Pas, M. F., Park, W., Srikanth, K., Kemp, S., Kim, J.-M., Lim, D., et al. (2019). 
Transcriptomic profiles of muscle, heart, and spleen in reaction to circadian 
heat stress in Ethiopian highland and lowland male chicken. Cell Stress 
Chaperones 24, 175–194. doi: 10.1007/s12192-018-0954-6

Team, R. C. (2013). R: a language and environment for statistical computing. 
Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R., et al. 

(2012). Differential gene and transcript expression analysis of RNA-Seq 
experiments with TopHat and Cufflinks. Nat. Protoc. 7, 562. doi: 10.1038/
nprot.2012.016

Vallanat, B., Anderson, S. P., Brown-Borg, H. M., Ren, H., Kersten, S., 
Jonnalagadda, S., et al. (2010). Analysis of the heat shock response in 
mouse liver reveals transcriptional dependence on the nuclear receptor 
peroxisome proliferator-activated receptor α (PPARα). BMC Genomics 11, 16. 
doi: 10.1186/1471-2164-11-16

Vogelstein, B., Lane, D., and Levine, A. J. (2000). Surfing the p53 network. Nature 
408, 307. doi: 10.1038/35042675

Vos, M. J., Zijlstra, M. P., Kanon, B., Van Waarde-Verhagen, M. A., Brunt, 
E. R., Oosterveld-Hut, H. M., et al. (2010). HSPB7 is the most potent polyQ 
aggregation suppressor within the HSPB family of molecular chaperones. 
Hum. Mol. Genet. 19, 4677–4693. doi: 10.1093/hmg/ddq398

Wang, M., An, S., Wang, D., Ji, H., Geng, M., Guo, X., et al. (2018). Quantitative 
proteomics identify the possible tumor suppressive role of protease-activated 
receptor-4 in esophageal squamous cell carcinoma cells. Pathol. Oncol. Res., 
3, 1–7. doi: 10.1007/s12253-018-0395-7

Wang, S.-H., Cheng, C.-Y., Tang, P.-C., Chen, C.-F., Chen, H.-H., Lee, Y.-P., et al. 
(2015). Acute heat stress induces differential gene expressions in the testes 
of a broiler-type strain of Taiwan country chickens. PLoS One 10, e0125816. 
doi: 10.1371/journal.pone.0125816

Wang, Y.-X. (2010). PPARs: diverse regulators in energy metabolism and metabolic 
diseases. Cell Res. 20, 124. doi: 10.1038/cr.2010.13

Wang, Y., Saelao, P., Chanthavixay, K., Gallardo, R., Bunn, D., Lamont, S., et al. 
(2017). Physiological responses to heat stress in two genetically distinct chicken 
inbred lines. Poult. Sci. 97, 770–780. doi: 10.3382/ps/pex363

Welihinda, A. A., Tirasophon, W., and Kaufman, R. J. (1999). The cellular response 
to protein misfolding in the endoplasmic reticulum. Gene Expr. 7, 293–300. 

Wenzl, K., Troppan, K., Neumeister, P., and Ja Deutsch, A. (2015). The nuclear 
orphan receptor NR4A1 and NR4A3 as tumor suppressors in hematologic 
neoplasms. Curr. Drug Targets 16, 38–46. doi: 10.2174/138945011566614112
0112818

Wolfenson, D., Bachrach, D., Maman, M., Graber, Y., and Rozenboim, I. (2001). 
Evaporative cooling of ventral regions of the skin in heat-stressed laying hens. 
Poult. Sci. 80, 958–964. doi: 10.1093/ps/80.7.958

Xia, G., Evers, M. R., Kang, H.-G., Schachner, M., and Baenziger, J. U. 
(2000). Glycobiology and extracellular matrices—molecular cloning and 
expression of the pituitary glycoprotein hormone N-acetylgalactosamine-
4-O-sulfotransferase. J. Biol. Chem. 275, 38402–38409. doi: 10.1074/jbc.
M007821200

Xie, J., Tang, L., Lu, L., Zhang, L., Lin, X., Liu, H.-C., et al. (2015). Effects of acute 
and chronic heat stress on plasma metabolites, hormones and oxidant status 
in restrictedly fed broiler breeders. Poult. Sci. 94, 1635–1644. doi: 10.3382/ps/
pev105

Yang, Y.-L., Loh, K.-S., Liou, B.-Y., Chu, I.-H., Kuo, C.-J., Chen, H.-D., et al. (2013). 
SESN-1 is a positive regulator of lifespan in Caenorhabditis elegans. Exp. 
Gerontol. 48, 371–379. doi: 10.1016/j.exger.2012.12.011

Yunis, R., and Cahaner, A. (1999). The effects of the naked neck (Na) and frizzle 
(F) genes on growth and meat yield of broilers and their interactions with 
ambient temperatures and potential growth rate. Poult. Sci. 78, 1347–1352. 
doi: 10.1093/ps/78.10.1347

Zhang, J., Schmidt, C. J., and Lamont, S. J. (2017). Transcriptome analysis reveals 
potential mechanisms underlying differential heart development in fast-and 
slow-growing broilers under heat stress. BMC Genomics 18, 295. doi: 10.1186/
s12864-017-3675-9

Zhang, X.-D., Qin, Z.-H., and Wang, J. (2010). The role of p53 in cell metabolism. 
Acta Pharmacol. Sin. 31, 1208. doi: 10.1038/aps.2010.151

Zhao, X., Wu, Q., Fu, X., Yu, B., Shao, Y., Yang, H., et al. (2010). Examination of copy 
number variations of CHST9 in multiple types of hematologic malignancies. 
Cancer Genet. Cytogenet. 203, 176–179. doi: 10.1016/j. cancergencyto.2010.07.132

Conflict of Interest: The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could be construed as a 
potential conflict of interest.

Copyright © 2019 Srikanth, Kumar, Park, Byun, Lim, Kemp, te Pas, Kim and Park. This 
is an open-access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permitted, 
provided the original author(s) and the copyright owner(s) are credited and that the 
original publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://doi.org/10.1242/jeb.024430
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1007/s10113-012-0293-6
https://doi.org/10.3923/javaa.2010.1201.1207
https://doi.org/10.1007/s12192-016-0739-8
https://doi.org/10.1007/s00484-017-1392-3
https://doi.org/10.1186/s40104-015-0003-6
https://doi.org/10.1007/s12192-015-0621-0
https://doi.org/10.1007/s12192-015-0621-0
https://doi.org/10.1007/s12192-018-0954-6
https://doi.org/10.1038/nprot.2012.016
https://doi.org/10.1038/nprot.2012.016
https://doi.org/10.1186/1471-2164-11-16
https://doi.org/10.1038/35042675
https://doi.org/10.1093/hmg/ddq398
https://doi.org/10.1007/s12253-018-0395-7
https://doi.org/10.1371/journal.pone.0125816
https://doi.org/10.1038/cr.2010.13
https://doi.org/10.3382/ps/pex363
https://doi.org/10.2174/1389450115666141120112818
https://doi.org/10.2174/1389450115666141120112818
https://doi.org/10.1093/ps/80.7.958
https://doi.org/10.1074/jbc.M007821200
https://doi.org/10.1074/jbc.M007821200
https://doi.org/10.3382/ps/pev105
https://doi.org/10.3382/ps/pev105
https://doi.org/10.1016/j.exger.2012.12.011
https://doi.org/10.1093/ps/78.10.1347
https://doi.org/10.1186/s12864-017-3675-9
https://doi.org/10.1186/s12864-017-3675-9
https://doi.org/10.1038/aps.2010.151
https://doi.org/10.1016/j.cancergencyto.2010.07.132
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Cardiac and Skeletal Muscle Transcriptome Response to Heat Stress in Kenyan Chicken Ecotypes Adapted to Low and High Altitudes Reveal Differences in Thermal Tolerance and Stress Response
	Introduction
	Materials and Methods
	Experimental Design
	RNA-Seq Analysis
	GCN Analysis and KEGG Pathway Mapping
	Quantitative Reverse Transcriptase–Polymerase Chain Reaction Analysis

	Results
	Effect of HS on Rectal Temperature
	Transcriptome Alignment and Mapping Statistics
	Effects of Acute HS on the Cardiac and Skeletal Muscle Transcriptome of the Highland and Lowland Chickens
	Effects of Chronic HS on the Cardiac and Skeletal Muscle Transcriptome of the Highland and Lowland Chickens
	Integration of Cardiac and Skeletal Muscle DEGs to Understand the Overall Response of the Highland and Lowland Chickens to HS
	Validation of RNA-Seq Results

	Discussion
	Difference in HS Response Between Acute and Chronic Stages
	Difference in HS Response Between Cardiac and Skeletal Muscle
	Difference in HS Response Between Lowland and Highland Chicken

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


