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Abstract: Sheep is one of the ungulates and critical for animal husbandry development like on grassland, whereas there are few pieces of
research about their heat responses to date. In the present study, we selected two sheep breeds consisting of Mongolian sheep with evolving
cold resistibility and Dorper sheep specifically bred for heat tolerance to explore how the different breeds of sheep positively respond to heat
conditions. Three Mongolian sheep and 3 Dorper sheep underwent 37 °C stress (2 h per day) during 4 weeks. The energy metabolism-associated
adipose tissues of the experimental subjects were sampled, prepared and performed to RNA-seq following heat condition. Through the analysis
and comparison of sequencing outcomes on such aspects as the quality control, sequence alignment and quantification, we obtained 236
annotated protein-coding genes as well as 98 long noncoding RNA (IncRNA) genes with expression differences. Following Gene Ontology
(GO) term and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis measures, ten protein-coding genes were
screened as active genes triggered by heat stress in adipose tissue in which candidates referred to DNAJAI, FABP1, HMOXI, NABPI1, PNP,
FNDCS5, and PTGS2 of Mongolian sheep and PPP5C, PARP4, and SOD3 of Dorper sheep. The biological functions of the candidate genes were
severally targeted to heat shock protein binding, oxidation resistance, DNA repair, and brown adipocyte differentiation. Taking these findings

as a basis, we hope to promote comprehending on heat-tolerance of sheep and provide some inspiration to molecular stockbreeding.

Key words: Sheep, heat response, adipose tissue, RNA-seq, IncRNA

1. Introduction

Sheep (Ovis aries) belong to ruminants, and their diets
primarily include grasses, plant leaves, and lichens (Clutton-
Brock, 1999). Mongolian sheep originated from the
Mongolian plateau have a strong physique and good cold-
tolerance and, as an ancient sheep breed in China, are widely
distributed in Inner Mongolia with long and severe winters
and short warm summers, while Mongolian sheep also have
an excellent antioxidant capacity with prolificacy (Hou, 2014).
In South African, Dorper sheep are cross-bred by Dorset
Horn sheep and Blackheaded Persian sheep since the 1930s,
because of the initial development in the arid areas they can
positively respond to dehydration and rapidly supplement
weight loss through available water (Degen and Kam, 1992;
Cloete et al., 2000). As one of the most prolific sheep breeds,
Dorper sheep characterized with resistance to extremely high
summer temperature and radiation as the main breeding
direction can adapt to various climate and grazing conditions
and, is widely located in South Africa with abundant sunshine
and high temperature in summer (Cloete et al., 2000; Milne,
2000; Briggs, 2018). There is report indicating that the
modifications in different pathways like body size,
physiological responses, and energy metabolism achieve heat-
resistant capacity of sheep, but not via the coat type
(McManus et al., 2020). Additionally, heat stress negatively
influences the physiological responses and oxidative status of
sheep, while high dietary antioxidants supplementation
possibly contributes to protecting sheep from heat stress
through regulating skeletal muscle expression of NF-«kB
transcription, proinflammatory cytokine, and heat shock
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proteins (Chauhan et al,, 2014a,b). In accordance with some
polymorphisms in the gene encoding the inducible form of
the cytoplasmic Hsp90 (HSP90AAL), sheep of bearing the
CC(-660) genotype than that of presenting the CG(-660) or
GG(-660) exhibit higher expression levels in summer
(Marcos-Carcavilla et al.,, 2010). Two SNPs including G/C-
660 and A/G-444 located at the HSP90OAAI promoter are
coupled with heat stress-induced gene overexpression (Salces-
Ortiz et al, 2013). Research on HSP90 and HSP70 gene
polymorphism demonstrates that TACCA haplotype
combination of multi-SNPs possesses underlying selection
advantage for the identification of sheep more adaptable to
heat stress (Singh et al., 2017). So far, the researches on
Mongolian sheep and Dorper sheep mainly focus on growth,
reproduction rate and adaptability, but the study of gene
expression and posttranscriptional regulation coupled to heat
response is still inadequate.

Ribonucleic acids, a class of polymer molecules in the
organism, play essential biological roles in gene coding, gene
decoding and gene expression regulation. It is well known that
messenger RNA (mRNA) is used to transmit genetic
information and guide protein synthesis in cells. In addition
to the mRNA transcribed by protein-coding gene, long
noncoding RNA (IncRNA) is also very pivotal for animal life
activities and is generally defined as a nonprotein-coding
transcript with a length of more than 200 nucleotides (Perkel,
2013). At posttranscriptional level, cis-acting IncRNAs (cis-
IncRNAs) regulate the expression of genes in close genomic
proximity via transcriptional interference or chromatin
modification, while trans-acting IncRNAs (trans-IncRNAs)
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control the expression of distant genes by recruiting
chromatin-modifying complexes and binding to transcription
elongation factors or RNA polymerases (Ma et al., 2013).

Adipose tissue maintains energy balance via storing and
expending energy, moreover, adipocytes secrete free fatty
acids and lipids to other tissues like muscle and liver (Leiria
and Tseng, 2020). Using the RNA-seq method (Wang et al.,
2009) and statistical strategy, the present work is conducive to
investigate mRNAs and IncRNAs induced by heat stress in fat
depot-associated white adipose tissues, through comparing
Mongolian sheep with Dorper sheep. Following gene
annotation and enrichment, and analyses of mRNA-IncRNA
colocation and coexpression, we expect to reveal the effect of
sheep breeds on molecular actions, further interpreting how
sheep adipose tissue respond to heat condition.

2. Materials and methods

2.1. Animal groups distribution and treatment

Procedures involving animals, their care, and humane kill
were conducted in conformity with Guidelines on the
Humane Treatment of Laboratory Animals (HTLA Pub.
Chapter 2-6, revised 2006 in China) and were approved by
the Animal Care and Use Committee of the Inner Mongolia
Agricultural University (IMAU-IACUC-2019-31360271).
The written informed consent of experimental research
achieved by the animal owner was obtained. The adult female
Mongolian sheep and Dorper sheep were individually signed
as test groups and baseline group with 3 subjects per groups
(Appendix). The six sheep were incubated at 37 °C stress and
underwent 2 h per day over a 4 week period. All of the sheep
were sacrificed through bleeding of the carotid artery
following intravenous injection of 20 mg/kg pelltobarbitalum
natricum. Then we collected the white adipose tissues and
kept the tubes loaded with samples in liquid nitrogen (-196
°C).

2.2. RNA extraction, quantification, and qualification
RNeasy Mini Kit (QIAGEN, Germany) worked for isolating
total RNA from adipose tissue. RNA purity was assessed by
the NanoPhotometer spectrophotometer (IMPLEN, USA)
after the detection of degradation and contamination using
agarose gels. The Qubit 2.0 Fluorometer with Qubit RNA
Assay Kit (Life Technologies, USA) and the Bioanalyzer 2100
system with RNA Nano 6000 Assay Kit (Agilent
Technologies, USA) individually —monitored RNA
concentration and integrity.

2.3. Library construction and sequencing

Taking total RNA as input stuff, the amount of 3 pg each
sample served to establish the IncRNA library. Epicentre
Ribo-zero rRNA Removal Kit (Epicentre, USA) fulfilled
ribosomal RNA removing, then rRNA free residue was
cleaned up by ethanol precipitation. Through using rRNA-
depleted RNA by NEBNext Ultra Directional RNA Library
Prep Kit for Illumina (NEB, USA), the library generation went
on according to the following programs: first-strand cDNA
synthesis, second-strand c¢DNA synthesis, end repair,
adenylation of 3’ ends of DNA fragments, adaptor ligation,
the selection of cDNA fragment size, U-excision, PCR and
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product purification, quality identification of library. The
cBot Cluster Generation System involving TruSeq PE Cluster
Kit v3-cBot-HS (Illumina, USA) and Illumina HiSeq 4000
platform was exerted for index-coded samples clustering and
library construction via RNA-seq (Konczal et al., 2014) in the
light of the manufacturer’s instructions.

2.4. Quality control, sequence alignment, and transcriptome
assembly

The approaches removing reads with adapter, ploy-N, and
low quality converted raw data into clean data which Q20,
Q30, and GC content were further computed. Reference
genome file was downloaded from Ovis aries genome
Ensembl Release-81 (ftp://ftp. ensembl.org/pub/release-
81/fasta/ovis_aries/) (Oliveira et al., 2020). Index of the
reference genome was created by Bowtie (v2.0.6) (Langmead
et al., 2009) while paired-end clean reads were mapped to the
reference genome by TopHat (v2.0.9) (Kim et al., 2013).
Cufflinks (v2.1.1) (Trapnell et al., 2010) was implemented in
the aligned reads assembly for each sample.

2.5. Terminal data analysis

CNCI (v2) (Sun et al., 2013), CPC (0.9-r2) (Kong et al., 2007),
Pfam Scan (v1.3) (Bateman et al., 2002; Punta et al., 2012),
PhyloCSF (v20121028) (Lin et al., 2011) were applied to
distinguish protein-coding and noncoding sequences through
adjoining nucleotide triplets, the extent and quality of the
open reading frame in the transcript, corresponding known
protein family domains, and evolutionary signatures
characteristic to alignments of conserved coding regions in
turn. The protein-coding and IncRNA genes were annotated
by Owis aries databases, and the quantification and differential
analysis linked with gene expression was performed by using
Cuftdiff (v2.1.1) (Trapnell et al., 2012). According to cis and
trans roles, the IncRNA targeting genes were envisioned as
colocated characteristic since upstream/downstream 100 kb
localized on IncRNA gene, and coexpressed feature owing to
Pearson correlation coefficient in line with the absolute value
of Pearson correlation higher than 0.95 (Ma et al., 2013).
Metascape (https://metascape.org) (Zhou et al., 2019) was
invoked to build protein-protein interaction (PPI) network,
and analyze Gene Ontology (GO) term and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway.

3. Results

3.1. Differential gene expression and target prediction

As shown in statistic results of RNA-seq data, 236 of 495
protein-coding genes identified as the significant difference (p
<0.05) are completely annotated, comprising 160 upregulated
genes (e.g., AACS and TGM5) and 76 downregulated genes
(e.g., QPCT and NDNF) in Mongolian sheep compared to
Dorper sheep (Figures 1A and 1B). There were palpably (p <
0.05) upregulated 50 (e.g, XLOC_4890562 and
XLOC_816003) and downregulated 58 IncRNA genes (e.g.,
XLOC_3472117 and XLOC_5086154) detected in the adipose
tissue (Figure 1C). Along with 2 active IncRNA transcripts
originated from XLOC_1801419 and XLOC_5119031,
XLOC_1443013 and XLOC_1801452 generated 3 IncRNA
transcripts of higher expression, respectively. XLOC_4747998
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Figure 1. Differential genes in adipose tissue. (A) Number of protein-coding genes of differential expression. Log2(fold change) value of

differential transcripts of protein-coding genes (B) and IncRNA genes (C). a or b or ¢ indicates different transcripts from same IncRNA

gene.
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as well as XLOC_5136775 presented 1 upward and 1
downward regulation of transcripts. Notably, IL-8 and
XLOC_4890562 had specific expression in the adipose tissue
of Mongolian sheep while DGKG, CCDCI170, and
XLOC_819851 were uniquely invoked in the fat tissue of
Dorper sheep (Figure 2A). The transcentric role was exposed
between differentially expressed IncRNA and their 2454
potential targets.

3.2. Establishment of proteins interaction network

The PPI network was built and ranged over 76 participants
based on the proteins corresponded by 236 protein-coding
genes of differential expression. DNAJA1 had more partners
(DEGREE = 10) with the interactive relations, followed by
POMC (DEGREE = 8) (Figure 2B). Three clusters were
MCODE1, MCODE2, and MCODE3, while here were their
independent members: MCODE1 referring to CCLI1S6,
CXCR5, POMC, HRH4, PENK, GAL and S1PR3; MCODE2
including PPP2R2C, RPL5, HK1, DNAJAI and PPP2R2B;
MCODES3 consisting of FOS, JUNB and FOSB (Figure 2B).

3.3. Enrichment analyses coupled with GO terms and KEGG
pathways

The 160 upregulated and 76 downregulated protein-coding
genes were recruited significantly (p < 0.05) to 72 (e.g,
calcium ion binding and growth factor receptor binding) and
16 (e.g., heparin-binding and lipid binding) molecular
functions, 996 (e.g., cell chemotaxis and leukocyte migration)
and 141 (e.g., cell part morphogenesis and exocrine system
development) biological processes, 49 (e.g., cytoplasmic
vesicle lumen and specific granule lumen) and 20 (e.g.,
collagen-containing extracellular matrix and basement
membrane) cellular components, 49 (e.g., cytokine-cytokine
receptor interaction and adipocytokine signaling pathway)
and 1 [Cell adhesion molecules (CAMs)] pathways (Figures
2C and 3A). In accord with statistical significance (p < 0.05),
the underlying targets aimed by differential IncRNAs were
enriched to 448 (e.g., kinase binding and transcription factor
binding) molecular functions, 2769 (e.g., actin cytoskeleton
organization and plasma membrane-bounded cell projection
morphogenesis) biological processes, 373 (e.g., adherens
junction and focal adhesion) cellular components, and 141
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Figure 2. Specific genes and machine learning. (A) Breed-specific expression of genes in adipose tissue under heat stress. (B) Differential
protein-coding genes corresponding PPI network. (C) Top 10 of Gene Ontology terms enriched by differential protein-coding genes and

potential targets of differential IncRNAs, respectively.
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Figure 3. Pathway analysis and IncRNA-target relations. (A) Top 10 of KEGG pathways recruited individually by differentiated protein-
coding genes and underlying targets of differentiated IncRNAs. (B) Screening of potential IncRNA-target relations in response to heat.

(e.g,  ECM-receptor interaction and  retrograde
endocannabinoid signaling) pathways (Figures 2C and 3A).

3.4. Screening of protein-coding genes and IncRNA genes in
response to heat stress

Based on enrichment analysis, the heat-responsive protein-
coding genes were screened. Seven upregulated protein-
coding genes including DNAJAI, FABP1, HMOXI, NABPI,
PNP, FNDC5 and PTGS2 were identified as positive heat-
response genes in adipose tissue of Mongolian sheep while the
biological effect of the 7 genes was severally focused on
positive regulation of HSP70 binding, peroxidase activity,
mitochondrial DNA repair and brown adipocyte
differentiation. The 3 downregulated genes containing
PPP5C, PARP4 and SOD3 were selected as positive regulated
genes for heat stress in adipose of Dorper sheep with HSP90
binding, superoxide dismutase activity and DNA repair,
respectively.

Taking cis- and trans-acting of IncRNA as selection
criteria, 101 differentially expressed protein-coding genes
were screened as potential genes targeted by differential
IncRNA genes. Subsequently, XLOC_4847333,
XLOC_1977971, XLOC_184528, XLOC_1443013,
XLOC_286076, XLOC_4597338, XLOC_5119031,
XLOC_1801452, XLOC_4770420, XLOC_104670,
XLOC_2631027, XLOC_3500945 and XLOC_4747998 were
predicted to mediate gene expression of NABPI, FNDC5 and
PTGS2 potentially related to positive heat response by trans-
acting in adipose tissue of Mongolian sheep, while
XLOC_3472117, XLOC_4266485, XLOC_689557,
XLOC_3207695, XLOC_4528081, XLOC_033048,
XLOC_909138, XLOC_094822, XLOC_3226761,
XLOC_1791264, XLOC_1097375, XLOC_4934288,
XLOC_461891, XLOC_453578, XLOC_2253763 and

XLOC_4912737 were performed regulation to PPP5C, SOD3
and PARP4 (Figure 3B).

4. Discussion

Mongolian sheep and Dorper sheep are developed from two
different environment. Evidence shows that, in new
environments, change in gene expression serves to ecological
speciation via enhancing population persistence (Rajkov et al.,
2021). For rapid evolution, one putative route is through
variation in the expression of genes affecting traits under
selection (Hamann et al., 2021). Some changes in expression
of metabolism- and physiology-related genes also signify that
natural environment can alter gene expression (Krishnan et
al., 2020). In terms of livestock breeding, the heat-tolerance is
generally considered as one of the important objectives, but
the class, quantity and characterization of genes coupled to
heat response are still vague in sheep. Our study presented 236
annotated protein-coding genes and 108 IncRNA genes with
appreciably differential expression. By analyzing the top ten
GO terms and KEGG pathways based on statistical
significance, we found that calcium ion binding
(GO:0005509) in molecular functions, plasma membrane-
bounded cell projection morphogenesis (GO:0120039), cell
projection morphogenesis  (GO:0048858), cell part
morphogenesis (GO:0032990), cell morphogenesis involved
in differentiation (GO:0000904) in biological processes,
extracellular matrix (GO:0031012) in cellular components,
IL-17 signalling pathway (ko04657) in pathways as common
were enriched by upregulated/downregulated protein-coding
genes and IncRNA targeting genes. Certain of these terms also
were tightly linked to thermoregulation, such as growth factor
activity  (GO:0008083) and positive regulation of
inflammatory response (GO:0050729). The cold condition
causes fibroblast growth factor 21 expression with increased
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circulating levels, cooccurring with brown fat thermogenesis
(Klein Hazebroek and Keipert, 2020). The increased levels of
IL-4 and IL-10, the intensive thermogenic protein activity and
browning in adipose tissues invest Fas-mutant mice with
high-fat diet-elicited obesity resistance (Choi et al., 2020).
The previous extensive researches are focused on heat
shock proteins (HSPs), produced by cells in response to stress,
which is related to heat shock (Ritossa, 1962) and expressed
under cold and ultraviolet exposure (Matz et al., 1995; Cao et
al., 1999) and during wound recovery or tissue remodeling
(Laplante et al., 1998). HSPs mainly induced by heat shock
factor play essential roles in heat shock response, and the
members of the HSP family usually perform molecular
chaperone function by the folding and translocation of
polypeptides across membranes and the resolubilization of
denatured proteins under the stress (Wu, 1995; De Maio,
1999). In addition to HSP, we discovered that there is a
positive correlation between antioxidant capacity and heat-
tolerance based on the previous studies of fish (Lu et al., 2016),
Gracilaria lemaneiformis (Lu et al., 2012) and wheat seedling
(Kolupaev and Oboznyi, 2012). As one of the most heat-
tolerance life forms, Bacillus amylolyticus can survive from
DNA damage caused by exposure to 420 °C high temperature
via an effective DNA repair mechanism (Beladjal et al., 2018).
Given the past studies, the enhanced heat shock protein
binding, antioxidant capacity and DNA repair are closely
associated with effective heat-tolerance. Besides Dorper
sheep, the heat-responsive genes were also enriched in heat
shock protein binding, antioxidant capacity and DNA repair
in adipose tissue of Mongolian sheep. Concerning heat shock
protein binding, DNAJA1 exhibits upregulated expression in
adipose tissue of Mongolian sheep with more interactive
partners, while prior studies indicate that DnaJ heat shock
protein family (HSP40) member Al encoded by DNAJAI
binds HSP70 with 70 kilodaltons and mediates thermal
adaptation of organisms by protein folding and unfolding
(Chellaiah et al., 1993; Terada and Mori, 2000; Gotoh et al.,
2004; Ajayi et al., 2018). PPP5C was highly expressed in
adipose tissue of Dorper sheep. As chaperone protein of
HSP90 with 90 kilodaltons, protein phosphatase 5 catalytic
subunit encoded by PPP5C is active responded to heat
through maintenance of steroid receptors and transcription
factors (Schlesinger, 1990). Compared with HSP90, HSP70 is
more effective in capturing unfolded proteins (Wegele et al.,
2006). In the aspect of antioxidation, the expression of FABP!
and HMOXI1 is upregulated in the adipose tissue of
Mongolian sheep. Fatty acid-binding protein 1 encoded by
FABPI and heme oxygenase 1 encoded by HMOXI protect
cells from the damage mediated by hydrogen peroxide (Wang
etal., 2005; Lin et al., 2007), however, as part-time antioxidant
protein, their functions mainly focus on long-chain fatty acids
binding and heme decomposition (Nelson and Cox, 2008;
Smathers and Petersen, 2011; Huang et al., 2016; Schroeder et
al., 2016). The expression level of SOD3 is high in the adipose
tissue of Dorper sheep. Previous researches present that
superoxide dismutase 3 encoded by SOD3 catalyzes the
disproportionation of superoxide radical (O;) to an ordinary
oxygen molecule (O,) (Carlsson et al., 1996; Freiberger et al.,
2004; Hayyan et al., 2016). On DNA repair, the expression of

460

NABP] and PNP was upregulated in adipose tissue of
Mongolian sheep. NABPI encoding nucleic acid-binding
protein 1 is integral for a variety of DNA metabolism
encompassing replication, recombination, damage detection
and repair (Richard et al., 2008; Huang et al., 2009). PNP
encoding purine nucleoside phosphorylase participates to
accelerate the repair of mitochondrial DNA by preventing the
accumulation of mitochondrial dGTP (Arpaia et al., 2000). A
high expressed level of PARP4 was detected in adipose tissue
of Dorper sheep. Poly (ADP-ribose) polymerase family
member 4 encoded by PARP4 as a critical nick sensor is
necessarily required in nicking and rejoining of DNA strands
(Jean et al., 1999). As an exciting discovery, the expression
levels of FNDC5 and PTGS2 related to positive regulation of
the differentiation of brown adipocytes were upregulated in
adipose tissue of Mongolian sheep (Vegiopoulos et al., 2010;
Bostrom etal., 2012). Brown adipose tissue contains abundant
small fat droplets and mitochondria (Enerback, 2009) while
nonshivering heat production is mediated by uncoupling
protein promotes cold-tolerance (Hayward and Lisson, 1992;
Cannon and Nedergaard, 2004; Emmett et al, 2017).
Moreover, according to the research of FOK rat adapting to
the hot environment, brown adipocyte demonstrates low
reactivity to weak sympathetic stimulation in thermogenesis
while FOK rats achieve heat-tolerance through low heat
production of brown adipocytes under 39.9 °C heat stress
(Tanaka et al., 1997). In adipose tissue of Mongolian sheep
and Dorper sheep, the above NABPI, EFNDC5, PTGS2, PPP5C,
SOD3 and PARP4 were predicted as targeted genes that
regulated by 29 IncRNAs, such as XLOC_184528,
XLOC_3207695 and XLOC_4912737.

In conclusion, RNA-seq data evidence that Mongolian
sheep and Dorper sheep may positively respond to heat stress
by triggering HSP binding, DNA repair and antioxygenation
in white adipose tissue with IncRNA regulation. However, the
molecular mass and function of HSPs aimed by the high
expressed chaperone genes are different in Mongolian sheep
and Dorper sheep. Mongolian sheep increased the gene
expression of mitochondrial DNA repair but lacked the full-
time antioxidant gene like SOD3 of Dorper sheep adipose
tissue. In addition, Mongolian sheep potentially improve heat
adaptation by invoking genes coupled to positive regulation
of brown adipocyte differentiation that Dorper sheep do not
possess. Although Mongolian sheep were not bred specifically
for heat tolerance, they show heat-tolerance actions at the
molecular level. Focusing on the heat-tolerance genes in the
future, samples increasement, quantitative detection, and
further cellular study would be favorable for verifying these
results. We hope that our findings can assist people to
comprehend the heat response of sheep and inspire sheep’s
molecular breeding on heat endurance.
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Appendix. Details of six sheep.

Indicator Sheep

No. 1 2 3 4 5 6

Sheep breed Mongolian sheep | Mongolian sheep | Mongolian sheep | Dorper sheep Dorper sheep Dorper sheep
Weight (kg) 60.5 61 59.8 85.9 85.1 84.8

Age (months old) 9 9 9 7 8 8

Physiological stage Sexual maturation| Sexual maturation Sexual maturation| Sexual maturation| Sexual maturation Sexual maturation|
Lactation number Null Null Null Null Null Null

Birth number Null Null Null Null Null Null

Body condition Normal Normal Normal Normal Normal Normal

Nutritional condition

Grass silage

Grass silage

Grass silage

Grass silage

Grass silage

Grass silage

Environmental
condition

Naturally ventilated sheep house in Hohhot (Inner Mongolia) located in the sub temperate zone with continental

monsoon climate




