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Abstract: Heat stress has a severe effect on animal health and can reduce the productivity and
reproductive efficiency; it is therefore necessary to explore the molecular mechanism involved in
heat stress response, which is helpful for the cultivation of an animal breed with resistance to heat
stress. However, little research about heat stress-responsive molecular analysis has been reported in
sheep. Therefore, in this study, RNA sequencing (RNA-Seq) was used to investigate the transcriptome
profiling in the liver of Hu sheep with and without heat stress. In total, we detected 520 and
22 differentially expressed mRNAs and lncRNAs, respectively. The differentially expressed mRNAs
were mainly associated with metabolic processes, the regulation of biosynthetic processes, and the
regulation of glucocorticoid; additionally, they were significantly enriched in the heat stress related
pathways, including the carbon metabolism, the PPAR signaling pathway, and vitamin digestion and
absorption. The co-located differentially expressed lncRNA Lnc_001782 might positively influence
the expression of the corresponding genes APOA4 and APOA5, exerting co-regulative effects on the
liver function. Thus, we made the hypothesis that Lnc_001782, APOA4 and APOA5 might function
synergistically to regulate the anti-heat stress ability in Hu sheep. This study provides a catalog of
Hu sheep liver mRNAs and lncRNAs, and will contribute to a better understanding of the molecular
mechanism underlying heat stress responses.
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1. Introduction

The development of the sheep industry is influenced by a number of factors, including the breeding
of different varieties, the selection of the breeding mode, the influence of the climate and environment,
and the heat stress, all of which have an important influence on sheep husbandry. The economic impact
of heat stress on global livestock production is thought to exceed $1.2 billion [1]. Heat stress has a severe
effect on the health of animals and compromises the immune function. It can reduce the productivity
and reproductive efficiency of livestock [2], and may eventually lead to multiple organ failure and
death [3]. The effects of heat stress are evident in the feed consumption, production efficiency in terms
of milk yield or weight gain per unit of feed energy, growth rate, egg production, and reproductive
efficiency [4]. In addition, heat stress can cause a decrease in the birth weight of sheep [5,6], and
lead to an increase in the rectal temperature and respiratory rate, as well as a decrease in the body
weight, average daily gain, and growth rate [7]. Under heat stress, sheep could activate corresponding
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mechanisms to offset the effects, such as reducing dry matter consumption, and increasing the respiratory
frequency and water consumption [8]. Heat resistance is usually measured in view of the respiratory
rate and rectal temperature [9]. Based on the air temperature, relative humidity, respiration rate and
temperature-humidity index, heat-tolerant models of 11 different breeds of sheep in Brazil have been
examined [10]. At present, studies on sheep heat stress mainly focus on physiology, behavior and
production. With the rapid development of transcriptome and proteomics studies, the molecular
mechanism of heat stress regulation on sheep has been studied, but a deeper and more systematic study
on the molecular mechanism still needs to be carried out. The transcriptome studies on heat stress
mainly focus on dairy cows, dairy goats, pigs, chickens, and rainbow trout. A large number of genes and
regulatory pathways related to heat stress have been identified in these species through transcriptomic
analyses. In dairy cows, the increased expression of heat shock proteins (HSPs), which prevent protein
aggregation and degrade misfolded proteins, was identified in heat-stressed animals, and several genes
involved in the fatty acid metabolism were also differentially expressed; under heat stress conditions,
ACOT7 (involved in long-chain fatty acid hydroxylation), CPT1C (involved in fatty acid β oxidation),
and ATF4 (regulates fatty acid synthesis) were upregulated, while RAC1, CDC42 and PRKAB2 (regulate
key enzymes involved in the de novo biosynthesis of fatty acids) were downregulated [11]. The heat
stress related study on dairy goats showed that the differentially expressed genes (DEGs) were mainly
enriched in the Gene Ontology (GO) terms related to biological processes and, to a lower extent, to
molecular functions and cellular components. Moreover, the Ingenuity Pathway Analysis (IPA) detected
important pathways related to cell proliferation and death, free radical scavenging, inflammatory
response, lipid metabolism, and glycolysis/gluconeogenesis; the transcriptional regulators most strongly
affected by heat stress were: SATB1 (global chromatin organizer) and PPARD (might be related to
insulin resistance) [12]. Additionally, 78 differentially expressed genes were identified in the porcine
longissimus dorsi muscle under constant heat stress, and these were mainly involved in muscle
development, glycolysis, lipid metabolism and stress response; in the group under heat stress, the DEGs
involved in the glycolysis and lipid metabolism pathways, including TPI1, GPI, PFKM, PGAM2, PKM2,
LDHA, PGK1, ENO3, FASN, and SCD, were down-regulated; the DEGs predicted to play roles in the
heat stress response (EIF4A2, RPL15, CRYAB, HSP90AB1, and HSPB1) and oxidative metabolism (COX1,
2, and 3; ND1, 2, and 5; and PDK4) were up-regulated [13]. A transcriptomic analysis in chickens
revealed that the transcripts of heat-shock proteins, including Hsp40 and Hsp90, were significantly
altered in response to thermal stress [14]. The transcriptome analysis in the rainbow trout identified
a large number of DEGs associated with heat stress, including HSP47, HSP90, and HSP70; and many
novel genes such as CYPLA3, CCT3, and PDIA3 were implicated in the thermal acclimation process [15].
However, rare research on the combination of lncRNA and heat stress has been reported, particularly in
sheep. The liver is the most crucial metabolic organ associated with stress response; however, little is
known about the mechanism underlying heat stress response in sheep. Therefore, in this study, we
performed a transcriptomic analysis of Hu sheep liver following exposure to heat stress to identify
related mRNAs, lncRNAs and pathways. Our results will facilitate the identification of critical genes
and pathways that are involved in the regulation of the heat stress response. The genes identified in this
study could serve as candidates for the development of breeding programs to produce sheep varieties
with a superior heat tolerance.

2. Methods

2.1. Ethical Statement

The study was approved by the Ethics Committees of the Laboratory Animal Center of South
China Agricultural University (permit number: SYXK-2014-0136). All experiments were performed in
accordance with the South China Agricultural University guidelines.
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2.2. Animals and Sample Collection

Female Hu sheep were born, raised and maintained at the same farm. All animals included in
this study received the same diet until they were slaughtered. All experimental animals were fed
the same diet throughout the year. The feedstuff mainly included silage, hay and concentrate, which
were mixed by total mixed rations (TMR) machine and fed twice a day. The experimental animals
were divided into two groups: with heat stress (75 ≤ temperature humidity index (THI) ≤ 85) and
without heat stress (THI < 75). The THIs were measured with a wet-bulb and dry-bulb recording
thermometer; the data were collected three times a day. The formula of the THI calculation was: THI =

0.72 (Td + Tw) + 40.6, of which Td and Tw were the dry ball index and wet ball index, respectively.
In addition, the frequency of breathing and the rectal temperature were the most significant indicators
of whether and to what extent the animal itself experienced heat stress, and were also recorded. 20 days
before the sampling, we collected the THI, the animals’ breathing rate and the rectal temperature.
In summer, when 75 ≤ THI ≤ 85, the average breathing rate was 101.54 times/min, and the mean
rectal temperature was 39.38 °C; we randomly chose three sheep as the heat stress group. In autumn,
when THI < 75, the average breathing rate and rectal temperature were 48.55 times/min and 38.56 °C,
respectively; another three sheep were randomly selected and assigned to the group without heat
stress. All the six experimental animals were healthy and almost the same age (1.4~1.6 years old);
when they were slaughtered, the length of the wool was similar. Before slaughter, we performed
a jugular vein blood collection for each experimental animal, separated the serum, and measured
the blood biochemical indexes, including: calcium (Ca), sodium (Na), potassium (K), total protein
(TP), urea nitrogen (BUN), creatine kinase (CK), triidothyronine (T3), tetraiodothyronine (T4), glucose
(GLU), corticosterone (Cor), superoxide dismutase (SOD), heat shock protein 70 (HSP70) and lactate
dehydrogenase (LDH); after slaughter, the liver tissue was collected. The liver samples were collected
at the same site from each experimental animal and immediately frozen in liquid nitrogen for a total
RNA extraction after harvesting.

2.3. cDNA Library Preparation

The total RNA was isolated using a TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and
treated with DNase I (Qiagen, Beijing, China). The purified RNA was assessed by 1.5% agarose gel
electrophoresis to confirm the absence of any genomic DNA contamination. The RNA integrity was
assessed using the RNA Nano6000 Assay Kit and the Bioanalyzer 2100 system (Agilent Technologies,
Santa Clara, CA, USA).

The total RNA (3 µg) was used as input material for each sample preparation. First, the ribosomal
RNA (rRNA) was removed using the Epicentre Ribo-zero™ rRNA Removal Kit (Epicentre, Madison, WI,
USA), and the rRNA-free residue was cleaned up by ethanol precipitation. Subsequently, sequencing
libraries were generated using the rRNA-depleted RNA with the NEBNext® Ultra™ Directional RNA
Library Prep Kit for Illumina® (NEB, Beverly, MA, USA), according to the manufacturer’s instructions.
Briefly, fragmentation was carried out in NEBNext First Strand Synthesis Reaction Buffer (5×). First
strand cDNA was synthesized using random hexamer primers and M-MuLV reverse transcriptase
(RNaseH). The second strand cDNA synthesis was then performed using DNA polymerase I and
RNaseH. In the reaction buffer, dNTPs with dTTP were replaced by dUTP. The remaining overhangs
were converted into blunt ends via exonuclease/polymerase activities. After the adenylation of the
3′-ends of the DNA fragments, NEBNext Adaptors containing a hairpin loop structure were ligated
to prepare for the hybridization. To preferentially select cDNA fragments of 150–200 bp in length,
the library fragments were purified using the AMPure XP system (Beckman Coulter, Miami, FL,
USA). Subsequently, 3 µL USER enzyme (NEB, Beverly, MA, USA) was incubated with size-selected,
adaptor-ligated cDNA at 37 ◦C for 15 min, followed by 5 min at 95 ◦C. A PCR amplification was then
performed with Phusion High-Fidelity DNA polymerase, Universal PCR primers and Index (X) Primer.
Finally, the products were purified using the AMPure XP system (Beckman Coulter, Miami, FL, USA),



Genes 2019, 10, 395 4 of 15

and the library quality was assessed using the Agilent Bioanalyzer 2100 system (Agilent Technologies,
Santa Clara, CA, USA).

2.4. Sequencing and Transcriptome Assembly

The constructed libraries were sequenced on an Illumina HiSeq 4000 platform, and 150-bp
paired-end reads were generated. After removing the sequence containing adapter and the reads
containing ploy-N and low-quality reads through in-house Perl scripts, clean data were obtained. All
the downstream analyses were based on the clean data with high quality. To obtain the high-quality
reads, we performed the following filtering process: we removed the reads containing more than 10%
unknown nucleotides and the reads containing more than 50% low quality nucleotides with Phred with
a quality under 20. Mapping to the reference genome was the next step. Reads that passed the quality
control were then mapped to the Ovis aries reference genome (Oar_v3.1). The index of the reference
genome was built using bowtie2 v2.2.8, and paired-end clean reads were aligned to the reference
genome using HISAT2 (v2.0.4) [16]. HISAT2 was run with “–rna-strandness RF”, and other parameters
were set as default. Next was the transcriptome assembly. The mapped reads of each sample were
assembled by StringTie (v1.3.1) [17]. Our sequencing data could be found in the sequence read archive
(SRA) of NCBI. The submission ID was SUB4512950, and the bioproject ID was PRJNA490799.

2.5. Prediction of the Differentially Expressed mRNAs and Long Non-Coding RNAs

Before the screening, Cuffmerge was used to create the set of transcripts. Then, the lncRNA
screening was carried out through the following steps: Step1: select the number of transcripts with
≥2 exons; Step2: out of the results from step1, select the transcripts with a length >200 bp; Step3:
annotate the above transcripts using the Cuffcompare software; Step4: calculate the expression level
of each transcript by Cuffquant, and select the transcripts with FPKM ≥ 0.1; Step5: coding the
potential screening: the coding potential of the transcript was predicted by three softwares: CNCI
(Coding-Non-Coding-Index) (v2) [18], CPC (Coding Potential Calculator) (0.9-r2) [19], and PFAM
(Pfam Scan) (v1.3) [20,21]; the intersection of the transcripts without a coding potential screened
through the above three softwares with the default parameter was predicted as the lncRNA dataset.

The Ballgown was utilized to perform the straightforward linear-model-based differential
expression analyses within a default statistical modeling framework [22,23]. The transcripts with
p-adjust < 0.05 were assigned as being differentially expressed.

2.6. Target Gene Prediction of the lncRNAs

For each lncRNA locus, the 100-kb upstream and downstream regions were chosen to screen the
co-located genes through the UCSC Genome Browser [24].

2.7. GO and KEGG Enrichment Analysis

A Gene Ontology (GO) enrichment analysis of the DEGs or lncRNA target genes was implemented
using the GOseq R package, in which the gene length bias was corrected [25]. The GO terms with
a corrected p < 0.05 were considered significantly enriched for differential expressed genes.

KEGG (Kyoto Encyclopedia of Genes and Genomes) was a database resource for understanding
the high-level functions and utilities of biological systems [26], such as the cell, organism and ecosystem,
from molecular-level information, especially large-scale molecular datasets generated by genome
sequencing and other high-throughput experimental technologies (http://www.genome.jp/kegg/).
We used KOBAS software to analyze the enrichment of the DEGs or lncRNA co-located genes in the
KEGG pathways [27].

http://www.genome.jp/kegg/
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2.8. Quantitative Real-Time Polymerase Chain Reaction Validation

For the qRT-PCR analysis, 1 µg of total RNA was reverse transcribed using the RT reagent Kits
with gDNA Eraser (Takara, Dalian, China), according to the manufacturer’s protocol. The qRT-PCR
was performed on a StepOnePlus Real-Time PCR System (Life Technologies, Gaithersburg, MD,
USA), according to standard methods using Fast Start Universal SYBR Green Master (ROX) (Roche,
Mannheim, Germany).

3. Results

3.1. Blood Biochemical Parameters

The measurement results of the blood biochemical are shown in Table 1. Compared with the
WHSHS group, the concentrations of LDH and T4 in the HSHS group increased significantly, and
the Na+ concentration decreased significantly (p < 0.01). Additionally, the biochemicals TP, SOD and
cortisol increased significantly, and the concentration of HSP70 decreased significantly in the HSHS
group (p < 0.05). The other biochemical indexes showed no significant difference between the two
experimental groups (p > 0.05).

Table 1. Comparison of the blood biochemical indexes between HSHS and WHSHS.

Biochemical Indexes HSHS WHSHS p-Value

CK (U/L) 126.13 ± 38.87 146.27 ± 31.80 0.132
TP (g/L) 71.30 ± 4.33 67.59 ± 3.40 0.014

GLU (mmol/L) 2.23 ± 0.58 2.32 ± 0.33 0.591
BUN (mmol/L) 7.82 ± 1.01 7.30 ± 0.70 0.115

LDH (U/L) 666.27 ± 185.10 441.00 ± 101.74 0.000
Ca (mmol/L) 2.68 ± 0.13 2.67 ± 0.05 0.883
K+ (mmol/L) 4.29 ± 0.17 4.21 ± 0.14 0.213

Na+ (mmol/L) 141.53 ± 2.38 145.13 ± 1.95 0.000
SOD (U/mL) 102.18 ± 4.68 98.48 ± 4.82 0.042
T3 (ng/mL) 13.10 ± 0.37 13.03 ± 0.39 0.585
T4 (ng/mL) 553.17 ± 9.35 503.56 ± 10.54 0.000

Cor (ng/mL) 16.88 ± 9.97 10.16 ± 6.24 0.035
HSP70 (ng/mL) 15.27 ± 0.81 15.91 ± 0.82 0.038

Note: HSHS: heat stressed Hu sheep; WHSHS: Hu sheep without heat-stress; CK: creatine kinase; TP: total protein;
GLU: glucose; BUN: urea nitrogen; LDH: lactate dehydrogenase; Ca: calcium; K: potassium; Na: sodium; SOD:
superoxide dismutase; T3: triiodothyronine; T4: tetraiodothyronine; Cor: corticosterone; HSP70: heat shock
protein 70.

3.2. Read Mapping

Generally, the proportion of the nucleotides with Q30 in the total nucleotides should be larger
than 85%; in our study, the proportion of each sample exceeded 91%. In total, 86,231,172, 80,485,006,
84,145,628, 85,369,917, 72,563,302, and 83,970,873 mapped reads of the HSHS03, HSHS06, HSHS36,
WHSHS08, WHSHS48, and WHSHS67 libraries, respectively, were obtained from the clean data, and
more than 85% were mapped to the O. aries reference genome (Table 2).

Table 2. Summary of clean reads mapped to the Ovis aries reference genome.

Sample HSHS03 HSHS06 HSHS36 WHSHS08 WHSHS48 WHSHS67

Raw Reads 101,911,032 95,707,656 103,944,564 99,986,482 9,219,4420 104,239,158
Clean Reads 95,803,190 91,642,522 95,317,472 94,234,468 84,488,554 95,701,894

Q30 (%) 92.48 91.71 92.05 92.31 91.67 91.70
GC Content (%) 47.58 46.81 47.15 48.94 49.38 48.20

Total Mapped 86,231,172
(90.01%)

80,485,006
(87.82%)

84,145,628
(88.28%)

85,369,917
(90.59%)

72,563,302
(85.89%)

83,970,873
(87.74%)

Note: HSHS: heat stressed Hu sheep; WHSHS: Hu sheep without heat-stress.
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3.3. Enrichment Analysis of the Differentially Expressed mRNAs

The transcripts with p < 0.05 were classified as differentially expressed. In total, we identified
520 mRNA transcripts that were differentially expressed. Compared with the WHSHS library,
204 mRNAs were upregulated in the HSHS library and 316 mRNAs were downregulated (Figure 1A
and Additional file 1). To explore the similarities and to compare the relationships between the different
libraries, the expression pattern of the differentially expressed mRNAs was evaluated by a systematic
cluster analysis (Figure 1B). To further clarify the biological function, we carried out a GO and KEGG
enrichment analysis of the 520 differentially expressed mRNAs. In total, we found 50 GO terms
with p < 0.05 (Additional file 2), most of which were associated with a biological process, including
metabolic processes, the regulation of biosynthetic processes, and the regulation of glucocorticoid
receptor signaling pathways (Table 3). Additionally, we detected 17 KEGG pathways significantly
enriched by the differentially expressed mRNAs (p < 0.05) (Table 4 and Additional file 3), several of
which were related to heat stress, including the carbon metabolism, metabolic pathways, biosynthesis
of amino acids, the PPAR signaling pathway, and vitamin digestion and absorption. Of the top 50
DEGs, NR1H3 was involved in the PPAR signaling pathway, and it also showed an association with
the biological process of the cellular metabolic process, nitrogen compound metabolic process, and
biosynthetic process; APOA4 was discovered in the pathway of vitamin digestion and absorption,
and this gene was related to the cellular metabolic process, fatty acid biosynthesis process, fatty acid
metabolic process, and fatty acid biosynthetic process; both ALDOB and ETNK1 were associated
with metabolic pathways, and they were simultaneously detected in the GO term of the cellular
metabolic process.

Table 3. Biological process enriched by the differentially expressed mRNAs.

Gene Ontology (GO) Term (Biological Process) Observed * p-Value

Oxoacid metabolic process 45 1.40 × 10−5

Organic acid metabolic process 45 1.40 × 10−5

Carboxylic acid metabolic process 42 1.40 × 10−5

Regulation of fatty acid biosynthetic process 8 4.72 × 10−4

Positive regulation of protein deacetylation 6 1.88 × 10−3

Alpha-amino acid metabolic process 17 2.60 × 10−3

Cellular amino acid metabolic process 23 4.37 × 10−3

Small molecule metabolic process 74 4.65 × 10−3

Protein deacetylation 10 7.33 × 10−3

Regulation of protein deacetylation 7 7.33 × 10−3

Protein deacylation 10 8.09 × 10−3

Negative regulation of glucocorticoid receptor signaling pathway 4 9.81 × 10−3

Cellular metabolic process 251 1.29 × 10−2

Small molecule biosynthetic process 22 1.51 × 10−2

Regulation of glucocorticoid receptor signaling pathway 4 1.86 × 10−2

Organic acid biosynthetic process 17 1.90 × 10−2

Carboxylic acid biosynthetic process 17 1.90 × 10−2

Regulation of fatty acid metabolic process 8 2.03 × 10−2

Single-organism biosynthetic process 22 2.03 × 10−2

Organonitrogen compound metabolic process 60 2.56 × 10−2

Monocarboxylic acid biosynthetic process 12 3.34 × 10−2

Positive regulation of fatty acid biosynthetic process 4 3.34 × 10−2

Nitrogen compound metabolic process 163 3.83 × 10−2

Fatty acid biosynthetic process 10 3.87 × 10−2

Heterochromatin organization 4 3.87 × 10−2

Regulation of lipid biosynthetic process 10 4.11 × 10−2

Negative regulation of intracellular steroid hormone receptor signaling pathway 6 4.35 × 10−2

Histone modification 22 4.35 × 10−2

Biosynthetic process 145 4.35 × 10−2

Positive regulation of cellular biosynthetic process 56 4.96 × 10−2

Note: * Number of differentially expressed genes.
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Table 4. KEGG pathway enrichment analysis of differentially expressed mRNAs.

KEGG Pathway Number of Genes p-Value

One carbon pool by folate 5 6.99 × 10−4

Carbon metabolism 11 1.17 × 10−3

Biosynthesis of amino acids 8 3.92 × 10−3

Spliceosome 11 1.15 × 10−2

Protein processing in endoplasmic reticulum 12 1.34 × 10−2

Glyoxylate and dicarboxylate metabolism 4 1.43 × 10−2

Type I diabetes mellitus 6 1.45 × 10−2

Metabolic pathways 54 1.69 × 10−2

Phagosome 11 2.33 × 10−2

Circadian rhythm 4 2.37 × 10−2

Graft-versus-host disease 5 2.45 × 10−2

Citrate cycle (TCA cycle) 4 2.60 × 10−2

PPAR signaling pathway 6 2.91 × 10−2

Allograft rejection 5 3.43 × 10−2

Vitamin digestion and absorption 3 4.00 × 10−2

Cysteine and methionine metabolism 4 4.52 × 10−2

Herpes simplex infection 12 4.53 × 10−2

Figure 1. Analyses of differentially expressed mRNAs in the RNA-seq libraries. (A) Volcano plot
showing the overall distribution of the differential transcript or gene, with the threshold set to q < 0.05.
Red: the genes significantly upregulated in the heat stress group (p < 0.05); Green: the genes significantly
downregulated in the heat stress group (p < 0.05). (B) Hierarchical clustering analysis of mRNA
expression profiles with 520 differentially expressed mRNAs.

3.4. Enrichment Analysis of the Differentially Expressed lncRNAs

In total, we identified 20 lncRNA transcripts that were differentially expressed (Additional file 4);
the sequence could be found in the Additional file 5. Compared with the WHSHS library, 11 lncRNAs
were upregulated in the HSHS library, and nine lncRNAs were downregulated (Table 5).

To investigate the possible function of the differentially expressed lncRNAs, we predicted the
potential targets of lncRNAs in a cis-regulatory relationship. We searched for protein-coding genes
100-kb upstream and downstream of the differentially expressed lncRNAs. In total, we identified
57 protein-coding neighbors corresponding to the differentially expressed lncRNAs (Additional file
6). GO analysis of the 57 genes was performed to explore their functions. We found 25 GO terms
that were significantly enriched (p < 0.05) (Additional file 7), and all of these terms were assigned to
the biological process. The top 10 enriched terms were mainly associated with the oxygen species
metabolic process, regulation of growth, and triglyceride catabolic process (Table 6). Additionally, the
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co-located genes (INSR, ENSOARG00000011276 and GTF2IRD1) of Lnc_003603 and Lnc_004811 were
found to be significantly enriched in the cGMP-PKG signaling pathway (p < 0.05), however, none of
the three genes were differentially expressed between the two experimental groups.

Table 5. The 20 differentially expressed lncRNAs in the liver of the Hu sheep.

Transcript ID Gene ID FPKM
(HSHS/WHSHS)

log2
(HSHS/WHSHS) p-Value

LNC_005888 XLOC_171029 67.33/30.65 1.135395178 1.80 × 10−3

LNC_004811 XLOC_139887 1.43/2.70 −0.914641699 8.78 × 10−3

LNC_003332 XLOC_095440 7.80/12.88 −0.723050426 1.12 × 10−2

LNC_001340 XLOC_039194 0.21/4.06 −4.299912802 1.14 × 10−2

LNC_001712 XLOC_048154 2.81/0.94 1.580309792 1.43 × 10−2

LNC_003730 XLOC_106375 0.24/2.81 −3.559291973 1.63 × 10−2

LNC_000765 XLOC_023257 0.85/2.74 −1.690587291 1.70 × 10−2

LNC_000193 XLOC_005239 10.93/0.00 – 1.73 × 10−2

LNC_003439 XLOC_098618 43.58/11.56 1.915191489 2.23 × 10−2

LNC_001699 XLOC_047869 6.44/2.94 1.130446672 3.06 × 10−2

LNC_006006 XLOC_173090 1.12/11.56 4.062706206 3.27 × 10−2

LNC_004068 XLOC_115897 0.18/2.94 −4.411271344 3.30 × 10−2

LNC_004817 XLOC_140078 1.92/0.07 4.754006517 3.51 × 10−2

LNC_002885 XLOC_083427 1.47/3.89 2.215701391 3.64 × 10−2

LNC_004624 XLOC_133494 5.93/2.28 1.377877824 3.84 × 10−2

LNC_001782 XLOC_050277 1.04/3.95 −1.923392878 3.92 × 10−2

LNC_005777 XLOC_169074 5.09/5.98 −0.231523482 4.02 × 10−2

LNC_003630 XLOC_103678 3.66/2.05 0.833707374 4.28 × 10−2

LNC_004460 XLOC_127505 1.58/6.24 −1.978854313 4.74 × 10−2

LNC_004835 XLOC_140490 4.44/1.61 1.465355203 4.98 × 10−2

Note: FPKM: fragments per kilo base of exon per million fragments mapped; HSHS: heat stressed Hu sheep;
WHSHS: Hu sheep without heat-stress.

Table 6. Gene ontology (GO) enrichment analysis of the protein-coding genes co-located with the
differentially expressed cis-acting lncRNAs (GO level >3).

GO Term: Biological Process Observed * p-Value

GO:0072593~reactive oxygen species metabolic process 4 1.07 × 10−9

GO:0051239~regulation of multicellular organismal process 4 9.47 × 10−9

GO:0045927~positive regulation of growth 4 9.47 × 10−9

GO:0010897~negative regulation of triglyceride catabolic process 4 3.67 × 10−8

GO:0090209~negative regulation of triglyceride metabolic process 4 1.74 × 10−7

GO:2000377~regulation of reactive oxygen species metabolic process 4 1.74 × 10−7

GO:0010896~regulation of triglyceride catabolic process 4 2.83 × 10−7

GO:0048583~regulation of response to stimulus 4 2.83 × 10−7

GO:0060192~negative regulation of lipase activity 4 4.30 × 10−7

GO:0016043~cellular component organization 8 7.78 × 10−3

Note: * Number of genes targeted by the differentially expressed cis-acting lncRNAs; GO level > 3: each GO term
contained more than three genes targeted by the differentially expressed cis-acting lncRNAs identified in our study.

3.5. Combined Analysis of the Differentially Expressed lncRNAs and Differentially Expressed mRNAs

Interestingly, we found three differentially expressed genes in the vicinity of the differentially
expressed lncRNA Lnc_001782, including ZPR1, APOA4 and APOA5; furthermore, Lnc_001782 was
located between APOA4 and APOA5. ZPR1 was annotated with growth related GO terms, including
“regulation of multicellular organismal process” (GO: 0051239), “regulation of growth” (GO: 0040008),
“cellular metabolic process” (GO: 0044237), and “biosynthetic process” (GO: 0009058). APOA4 and
APOA5 were enriched in “oxoacid metabolic process” (GO: 0043436), “organic acid metabolic process”
(GO: 0006082), “regulation of fatty acid biosynthetic process” (GO: 0042304), and “cellular metabolic
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process” (GO: 0044237). The pathway analysis showed that APOA4 and APOA5 were respectively
enriched in vitamin digestion and absorption, and in the PPAR signaling pathway (p < 0.05).

3.6. Validation of Differentially Expressed lncRNAs and mRNAs

To further evaluate the RNA-Seq data, six differentially expressed lncRNAs and six differentially
expressed mRNAs were randomly selected for a qRT-PCR analysis. The results showed that the gene
expression patterns were concordant with the RNA-Seq data, although the absolute fold changes in the
expression levels differed between the two sets of data (Figure 2).

Figure 2. Validation of the differentially expressed mRNAs and lncRNAs by qPCR. (A) The qRT-PCR
results of the differentially expressed mRNAs were compared with the RNA-Seq. Red: RNA-Seq; Blue:
qRT-PCR. (B) The qRT-PCR results of the differentially expressed lncRNAs were compared with the
RNA-Seq. Red: RNA-Seq; Blue: qRT-PCR.

4. Discussion

The accumulating evidence indicated the important roles of mRNAs in heat stress in chicken,
duck, and mice; for instance, three zinc ion-binding genes (GLIS2, ZBTB7A, and TRAF4), MAP3K6,
and p38MAPK were highly expressed in the heat stress group compared with the control group [28–30].
An improved understanding of these changes will be useful in the development of breeding programs
aimed at generating highly heat-resistant animals to reduce the risk of heat stress. Most of the previous
bioinformatics analyses revealed a differential mRNA expression in the liver. However, no studies
on the function of lncRNAs in regulating the heat stress response in Hu sheep have been reported.
Therefore, in this study, we performed transcriptome sequencing of the liver of Hu sheep with and
without heat stress and analyzed the differentially expressed mRNAs and lncRNAs to clarify their
roles in heat stress, which would be helpful for providing a valuable catalog of functional mRNAs and
lncRNAs associated with heat stress in Hu sheep.

Heat stress can affect the metabolism of animals. It was suggested that heat stress could cause
changes in the carbohydrate metabolism in cows [31,32]. Compared with the non-heat stressed group,
heat stress resulted in a 200–400 g/d decrease in the lactose content in milk produced by Holstein
cows [33], which may be due to an abnormal liver function caused by heat stress. In cows, heat stress
resulted in increased plasma levels of urea nitrogen, which was the product of protein breakdown
and metabolism. A series of studies have confirmed that heat stress could lead to the reduction
in the plasma levels of non-esterified fatty acids (NEFA) in animals [34–36]. The ability to better
absorb and store triglycerides in the intestines and liver could be improved under the condition of
heat stress [36]. Ronchi et al. hypothesized that the decrease in plasma NEFA concentrations may
be due to the decrease in the fat catabolism caused by heat stress and the improvement of NEFA
utilization [37]. In further studies on the inhibition of fat mobilization under heat stress, it was shown
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that heat stress leads to increased insulin concentrations, which promotes the synthesis and storage
of fatty acids and reduces fat decomposition [34]. At the same time, the heat produced by NEFA for
β-oxidation (lipid metabolism) was higher than that associated with carbohydrate metabolism, and
dairy cows metabolized carbohydrates preferentially to supply energy and reduce their own metabolic
heat production. In this study, the VNN1 gene was at the top of the differentially expressed genes; and
it was expressed less in animals under heat stress. Many studies showed that VNN1 played a very
important role in the lipid metabolism. It was found that the expression of the mouse VNN1 gene could
be affected by the fasting and lipid-lowering drug, and could also be regulated by PPARα. PPARα was
an important member of the peroxisome proliferator-activated receptor family and was an important
regulator of the fat metabolism; it can promote fatty acid catabolism and reduce fatty acid synthesis
and storage by regulating the expression of fatty acid-related genes. Therefore, it was suggested that
VNN1 might be involved in the body’s lipid metabolism [38–40]. VNN1 also played a key role in the
glycogenesis pathway, regulating the process of the glucose metabolism. Its altered expression might
influence the concentration of LDH in the blood; LDH is found in almost all tissues and is an important
enzyme in the body’s metabolic process; it could lead to an enhanced glycolytic process in animals;
studies have shown that, with prolonged heat stress, the serum LDH activity increases significantly [41],
which was in accordance with our results. The overexpression of VNN1 in mouse hepatocytes could
activate glycogenesis and increase the expression of the PEPCK and G6Pase gene and the hepatic
sugar output, which was significant for stimulating physiological changes in the body [33], resulting in
an elevated concentration of cortisol in heat-stressed Hu sheep blood, for a better resistance to high
temperature. The inhibition of the VNN1 expression could improve the tolerance of fasted mice to
glucose, reduce the output of liver sugar, and inhibit the expression of gluconeogenesis related genes,
which might decrease the heat produced by the body. It was also confirmed that the transcription of
VNN1, promoted by the cooperation of PGC-1α and HNF4α, could activate gluconeogenesis, which
might be mediated by the Akt signaling pathway [42]. In recent years, studies have shown that the
regulation of the VNN1 expression was closely related to liver-related transcription factors (such as
PPARs, HNF1, HNF4, C/EBP, etc.) and microRNAs involved in the fat metabolism (such as miR-122,
miR-33, miR-370, etc.), indicating that VNN1 had a great potential research value in the process of
the liver glycolipid metabolism [42–44]. In our study, the expression of the VNN1 gene decreased in
the heat stress group, and the biological analysis results revealed that VNN1 was engaged in the GO
terms, including “organic acid metabolic process”, “negative regulation of intrinsic apoptotic signaling
pathway in response to oxidative stress”, and “T cell differentiation in thymus”. It was suggested that
VNN1 might regulate the anti-heat stress process of Hu sheep via the PPAR signaling pathway; its
reduced expression would enhance animals’ tolerance to heat stress. Among the top differentially
expressed genes, NR1H3 showed a decreased expression level in the animals in summer. It was
predicted to be associated with the cellular metabolic process, nitrogen compound metabolic process,
and biosynthetic process; the pathway analysis revealed that NR1H3 was significantly enriched in the
PPAR signaling pathway. NR1H3 was mainly expressed in the liver, adipose tissue and macrophage,
and its main function was to regulate the lipoprotein metabolism and fat synthesis [45,46]. In addition,
it could affect the development of pathogenic conditions, including hepatic steatosis, and increase
the hepatic triglyceride content; the inhibition of NR1H3 contributes to the recovery from hepatocyte
steatosis [47]. Studies have clarified that NR1H3 is the important regulator of hepatic lipogenesis [48].
Thus, we hypothesized that both VNN1 and NR1H3 were involved in the heat stress response, and
played a key role in improving animals’ resistance to heat stress; however, the underlying mechanism
still required further investigation.

Non-coding genes were distinguished by their potential coding capability. In this study, we used
a highly stringent filtering pipeline to minimize the selection of false-positive lncRNAs, with the
aim of removing transcripts showing evidence of a protein-coding potential. Using this approach,
we identified a total of 6273 lncRNAs. LncRNAs are a group of endogenous RNAs that function as
regulators of the gene expression, and are involved in developmental and physiological processes.
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In total, we detected 20 putative lncRNAs that were differentially expressed in pairwise comparisons
between the HSHS and WHSHS libraries, and which might have specific biological roles in heat stress
in Hu sheep. These lncRNAs and their functions were all predicted by a bioinformatics method, and
further molecular experiments should be carried out for validation using in vitro systems or cell lines,
as this would help enrich the functional annotation of the identified lncRNAs; the limitation is that the
functional experiments are not included, but we are designing experiments to validate the regulatory
function of the discovered lncRNAs. In this study, we identified, in total, 57 protein-coding neighbors
100-kb upstream and downstream of the differentially expressed lncRNAs. A GO analysis showed that
these protein-coding genes were associated with the reactive oxygen species metabolic process, growth
regulation, triglyceride metabolic process and fatty acid metabolic process; and some of the co-located
genes (INSR, ENSOARG00000011276 and GTF2IRD1) of Lnc_003603 and Lnc_004811 were significantly
enriched in the cGMP-PKG signaling pathway; this pathway could contribute to the regulation of
insulin secretion, influencing the glucose metabolism [49]. Therefore, in addition to mRNAs, the
differentially expressed lncRNAs reported here could be considered as important novel regulatory
factors involved in the heat stress response in Hu sheep. Among the 20 screened lncRNAs, Lnc_001782
was found to be located between the differentially expressed genes APOA4 and APOA5. APOA4
displayed a significantly lower expression level in the HSHS group. It was predicted to be significantly
enriched in the vitamin digestion and absorption pathway, which could potentially enhance the body’s
immunity, improving the tolerance to heat stress. This gene can also affect the chylomicron formation
and dietary fat absorption [50]. Furthermore, the APOA4 synthesis in the liver and small intestine
can be regulated by lipase activity, which could activate lecithin-cholesteryl thiol transferase and
affect the lipid metabolism by affecting the cholesterol metabolism. The APOA5 gene was a recently
discovered member of the apolipoprotein APOA1-APOC3-APOA4-APOA5 gene cluster, which played
an important role in the plasma triglyceride metabolism and lipid-related metabolism [51]. In this
study, APOA5 was significantly less expressed in the HSHS group. Previous studies have shown that
this gene was associated with high-density lipoprotein cholesterol and plasma triglyceride levels [52].
Lnc_001782, APOA4 and APOA5 were all downregulated in the heat stress group; due to the potential
cis-regulatory effect, Lnc_001782 might positively influence the expression of APOA4 and APOA5,
exerting co-regulative effects on the liver function corresponding to heat stress.

The heat-stress response is a very complex process, which might be synergistically regulated by
our discovered DEGs and differentially expressed lncRNAs, resulting in the altered concentration
of blood biochemicals. In this study, we found that Na+ was significantly decreased in the blood
of animals under heat stress. Na+ is an important electrolyte for maintaining the osmotic pressure,
acid-base balance, neuromuscular stress and extracellular fluid volume. Previous studies also showed
that the Na+ concentration would be significantly reduced under heat stress [53]. Compared with the
WHSHS group, the HSP70 content was significantly decreased in animals under heat stress; however,
many studies suggest that the HSP70 content would be increased due to the stress of a high ambient
temperature [54,55]. Perhaps this was related to the reason that our experiment was performed in
South China, where most of the time there is a high temperature across the year; and the sheep raised
under a high temperature for a long time gradually adapt to this environment; the sudden transition
from a high temperature to a low temperature might cause stress to the animals, and the circadian
rhythm might also be changed, resulting in an elevated concentration of HSP70 to strengthen the
body’s resistance to environmental changes. T4 plays an important role in the animal’s adaptation
to environmental changes; it is associated with the basal metabolic rate, glucose utilization, lipid
metabolism, and neural functions [56,57]. Normally, the T4 level will decrease under chronic heat
stress, trying to reduce the basal metabolism and body temperature [58,59]. However, due to the above
reason, the internal environment of the animals sampled in autumn may be disturbed and cause an
imbalance of blood biochemicals, resulting in the significant lower level of T4 in the WHSHS group.
In this study, we explored the alteration of blood parameters and the liver genetic difference in Hu
sheep caused by heat stress. The kidney also plays an important role in animals’ resistance to thermal
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stress; however, in the current study, we did not study the functional and genetic changes of kidneys,
which is a limitation of our research. Additionally, further studies should be carried out to detect the
regulative effects of kidneys in the resistance to heat stress.

Accordingly, there might be a possible mechanism by which the lncRNAs could affect the
liver function by mediating the regulation of the corresponding target mRNAs. Understanding the
mechanism of our screened lncRNAs and mRNAs that might work on the liver function could be useful
for animal breeding that involves high heat-resistance characteristics, and this would be significant for
relieving heat stress and improving animals’ welfare, while also benefitting animal husbandry.

5. Conclusions

In conclusion, the present study provided a systematic description of the changes in mRNAs and
lncRNAs in Hu sheep under conditions of heat stress. Furthermore, the data obtained represented
a resource for further investigations of the function of some of these lncRNAs, as it was helpful for
providing basic information that is required to elucidate the mechanisms associated with the regulation
of heat stress in Hu sheep at the molecular level.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/10/5/395/s1.
Additional file 1: The 520 differentially expressed mRNAs in the liver of Hu sheep with and without heat stress
(XLS). Additional file 2: Gene ontology (GO) enrichment analysis of the differentially expressed mRNAs (XLS).
Additional file 3: KEGG pathway enrichment analysis of differentially expressed mRNAs (XLS). Additional
file 4: Details of the differentially expressed lncRNAs (XLS). Additional file 5: Sequence of the differentially
expressed lncRNAs (DOC). Additional file 6: Protein-coding genes detected 100-kb upstream and downstream
of the differentially expressed lncRNAs (XLS). Additional file 7: Gene ontology (GO) enrichment analysis of
protein-coding genes co-located with the differentially expressed lncRNAs (XLS).

Author Contributions: D.L. and G.L. designed the experiments. Z.L., Y.H. and M.D. contributed to sample
collection. L.K. and Y.G. performed the bioinformatics and statistical analyses. L.K. performed the qRT-PCR
experiment. L.K. and Y.L. drafted the manuscript. Y.L. and B.S. helped to revise the manuscript. All authors read
and approved the final manuscript.

Funding: This work was supported by the Youth Innovative Personnel Project of Department of Education of
Guangdong Province (2017KQNCX014), and the Project for Public Welfare Research and Capacity Building of
Guangdong Science and Technology Department (2017A020208050 and 2017B020201014).

Acknowledgments: We would like to thank the native English speaking scientists of Elixigen Company
(Huntington Beach, California) for editing our manuscript. We also thank WENS Company for the help
in conducting our experiment.

Conflicts of Interest: The authors declare that they have no competing interests

References

1. Baumgard, L.H.; Rhoads, R.P., Jr. Effects of heat stress on postabsorptive metabolism and energetics.
Annu. Rev. Anim. Biosci. 2013, 1, 311–337. [CrossRef]

2. Fuquay, J.W. Heat stress as it affects animal production. J. Anim. Sci. 1981, 52, 164–174. [CrossRef] [PubMed]
3. Quinn, C.M.; Duran, R.M.; Audet, G.N.; Nisha, C.; Leon, L.R. Cardiovascular and thermoregulatory

biomarkers of heat stroke severity in a conscious rat model. J. Appl. Physiol. 2014, 117, 971–978. [CrossRef]
4. Daramola, J.O.; Abioja, M.O.; Onagbesan, O.M. Heat Stress Impact on Livestock Production. Springer:

Berlin/Heidelberg, Germany, 2012; pp. 53–73.
5. Shelton, M. Birth Weight and Mortality of Lambs Relation of Environmental Temperature During Gestation

to. J. Anim. Sci. 1964, 23, 360–364. [CrossRef]
6. Alexander, G.; Williams, D. Heat stress and development of the conceptus in domestic sheep. J. Agric. Sci.

1971, 76, 53–72. [CrossRef]
7. MaraiI, F.M.; Bahgat, L.B.; Shalaby, T.H.; Abdel-Hafez, M.A. Fattening performance, some behavioural traits

and physiological reactions of male lambs fed concentrates mixture alone with or without natural clay.
Annals Arid Zone 2000, 39, 449–460.

8. Marai, I.F.M.; El-Darawany, A.A.; Fadiel, A.; Abdel-Hafez, M.A.M. Physiological traits as affected by heat
stress in sheep—A review. Small Rumin. Res. 2007, 71, 1–12. [CrossRef]

http://www.mdpi.com/2073-4425/10/5/395/s1
http://dx.doi.org/10.1146/annurev-animal-031412-103644
http://dx.doi.org/10.2527/jas1981.521164x
http://www.ncbi.nlm.nih.gov/pubmed/7195394
http://dx.doi.org/10.1152/japplphysiol.00365.2014
http://dx.doi.org/10.2527/jas1964.232360x
http://dx.doi.org/10.1017/S0021859600015616
http://dx.doi.org/10.1016/j.smallrumres.2006.10.003


Genes 2019, 10, 395 13 of 15

9. Correa, M.P.C.; Cardoso, M.T.; Castanheira, M.; Landim, A.V.; Dallago, B.S.L.; Louvandini, H.; McManus, C.
Heat tolerance in three genetic groups of lambs in central Brazil. Small Rumin. Res. 2012, 104, 70. [CrossRef]

10. Mcmanus, C.; Dallago, B.S.L.; Lehugeur, C.; Ribeiro, L.A.; Hermuche, P.; Guimaraes, R.F.; de Carvalho, O.A.;
Paiva, S.R. Patterns of heat tolerance in different sheep breeds in Brazil. Small Rumin. Res. 2016, 144, 290.
[CrossRef]

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

12. Cabrera, M.C.; Saadoun, A. An overview of the nutritional value of beef and lamb meat from South America.
Meat Sci. 2014, 98, 435–444. [CrossRef]

13. Hao, Y.; Feng, Y.J.; Yang, P.G.; Cui, Y.J.; Liu, J.R.; Yang, C.H.; Gu, X.H. Transcriptome analysis reveals that
constant heat stress modifies the metabolism and structure of the porcine longissimus dorsi skeletal muscle.
Mol. Genet. Genom. 2016, 291, 2101–2115. [CrossRef] [PubMed]

14. Sun, H.Y.; Jiang, R.S.; Xu, S.Y.; Zhang, Z.B.; Xu, G.Y.; Zheng, J.X.; Qu, L.J. Transcriptome responses to heat
stress in hypothalamus of a meat-type chicken. J. Anim. Sci. Biotechnol. 2015, 6, 6. [CrossRef]

15. Li, Y.J.; Huang, J.Q.; Liu, Z.; Zhou, Y.J.; Xia, B.P.; Wang, Y.J.; Kang, Y.J.; Wang, J.F. Transcriptome analysis
provides insights into hepatic responses to moderate heat stress in the rainbow trout (Oncorhynchus mykiss).
Gene 2017, 619, 1–9. [CrossRef]

16. Cheng, A.Y.Y.; Leiter, L.A. PPAR-alpha: Therapeutic role in diabetes-related cardiovascular disease. Diabetes
Obes. Metab. 2008, 10, 691–698. [CrossRef] [PubMed]

17. Chen, S.Y.; Zhang, W.X.; Tang, C.Q.; Tang, X.L.; Liu, L.; Liu, C. Vanin-1 Is a Key Activator for Hepatic
Gluconeogenesis. Diabetes 2014, 63, 2073–2085. [CrossRef]

18. van Diepen, J.A.; Jansen, P.A.; Ballak, D.B.; Hijmans, A.; Hooiveld, G.J.; Rommelaere, S.; Galland, F.;
Naquet, P.; Rutjes, F.P.J.T.; Mensink, R.P.; et al. PPAR-alpha dependent regulation of vanin-1 mediates hepatic
lipid metabolism. J. Hepatol. 2014, 61, 366–372. [CrossRef]

19. Li, Y.Y.; Wang, X.G.; Yu, J.F.; Shao, F.; Zhang, Y.P.; Lu, X.Y.; Gu, Z.L. MiR-122 targets the vanin 1 gene to
regulate its expression in chickens. Poultry Sci. 2016, 95, 1145–1150. [CrossRef] [PubMed]

20. Uemura, T.; Goto, T.; Kang, M.S.; Mizoguchi, N.; Hirai, S.; Lee, J.Y.; Nakano, Y.; Shono, J.; Hoshino, S.;
Taketani, K.; et al. Diosgenin, the main aglycon of fenugreek, inhibits LXRalpha activity in HepG2 cells and
decreases plasma and hepatic triglycerides in obese diabetic mice. J. Nutr. 2011, 141, 17–23. [CrossRef]

21. Jakobsson, T.; Treuter, E.; Gustafsson, J.A.; Steffensen, K.R. Liver X receptor biology and pharmacology: new
pathways, challenges and opportunities. Trends Pharmacol. Sci. 2012, 33, 394–404. [CrossRef]

22. Zhang, B.; Shang, P.; Qiangba, Y.; Xu, A.; Wang, Z.; Zhang, H. The association of NR1H3 gene with lipid
deposition in the pig. Lipids Health Dis. 2016, 15, 99. [CrossRef] [PubMed]

23. Bischoff, E.D.; Daige, C.L.; Petrowski, M.; Dedman, H.; Pattison, J.; Juliano, J.; Li, A.C.; Schulman, I.G.
Non-redundant roles for LXRalpha and LXRbeta in atherosclerosis susceptibility in low density lipoprotein
receptor knockout mice. J. Lipid Res. 2010, 51, 900–906. [PubMed]

24. Sandoval, A.; Duran, P.; Gandini, M.A.; Andrade, A.; Almanza, A.; Kaja, S.; Felix, R. Regulation of L-type
CaV1.3 channel activity and insulin secretion by the cGMP-PKG signaling pathway. Cell Calc. 2017, 66, 1–9.
[CrossRef] [PubMed]

25. Lopez-Miranda, J.; Williams, C.; Lairon, D. Dietary, physiological, genetic and pathological influences on
postprandial lipid metabolism. Br. J. Nutr. 2007, 98, 458–473. [CrossRef] [PubMed]

26. Pennacchio, L.A.; Olivier, M.; Hubacek, J.A.; Cohen, J.C.; Cox, D.R.; Fruchart, J.C.; Krauss, R.M.; Rubin, E.M.
An apolipoprotein influencing triglycerides in humans and mice revealed by comparative sequencing.
Science 2001, 294, 169–173. [CrossRef] [PubMed]

27. van der Vliet, H.N.; Sammels, M.G.; Leegwater, A.C.; Levels, J.H.; Reitsma, P.H.; Boers, W.; Chamuleau, R.A.
Apolipoprotein A-V: a novel apolipoprotein associated with an early phase of liver regeneration. J. Biol.
Chem. 2001, 276, 44512–44520. [CrossRef]

28. Oh, J.; Byrd, A.; Park, M.; Kong, H.; Segre, J. Temporal Stability of the Human Skin Microbiome. Cell 2016,
165, 854–866. [CrossRef]

29. Pertea, M.; Kim, D.; Pertea, G.M.; Leek, J.T.; Salzberg, S.L. Transcript-level expression analysis of RNA-seq
experiments with HISAT, StringTie and Ballgown. Nat. Protocol. 2016, 11, 1650–1667. [CrossRef]

http://dx.doi.org/10.1016/j.smallrumres.2011.11.001
http://dx.doi.org/10.1016/j.smallrumres.2016.10.004
http://dx.doi.org/10.1007/s00484-017-1392-3
http://dx.doi.org/10.1016/j.meatsci.2014.06.033
http://dx.doi.org/10.1007/s00438-016-1242-8
http://www.ncbi.nlm.nih.gov/pubmed/27561287
http://dx.doi.org/10.1186/s40104-015-0003-6
http://dx.doi.org/10.1016/j.gene.2017.03.041
http://dx.doi.org/10.1111/j.1463-1326.2007.00747.x
http://www.ncbi.nlm.nih.gov/pubmed/17593234
http://dx.doi.org/10.2337/db13-0788
http://dx.doi.org/10.1016/j.jhep.2014.04.013
http://dx.doi.org/10.3382/ps/pew039
http://www.ncbi.nlm.nih.gov/pubmed/26944978
http://dx.doi.org/10.3945/jn.110.125591
http://dx.doi.org/10.1016/j.tips.2012.03.013
http://dx.doi.org/10.1186/s12944-016-0269-5
http://www.ncbi.nlm.nih.gov/pubmed/27229308
http://www.ncbi.nlm.nih.gov/pubmed/20388921
http://dx.doi.org/10.1016/j.ceca.2017.05.008
http://www.ncbi.nlm.nih.gov/pubmed/28807144
http://dx.doi.org/10.1017/S000711450774268X
http://www.ncbi.nlm.nih.gov/pubmed/17705891
http://dx.doi.org/10.1126/science.1064852
http://www.ncbi.nlm.nih.gov/pubmed/11588264
http://dx.doi.org/10.1074/jbc.M106888200
http://dx.doi.org/10.1016/j.cell.2016.04.008
http://dx.doi.org/10.1038/nprot.2016.095


Genes 2019, 10, 395 14 of 15

30. Sun, L.; Luo, H.T.; Bu, D.C.; Zhao, G.G.; Yu, K.T.; Zhang, C.H.; Liu, Y.N.; Chen, R.S.; Zhao, Y. Utilizing
sequence intrinsic composition to classify protein-coding and long non-coding transcripts. Nucleic Acids Res.
2013, 41, e166. [CrossRef]

31. Kong, L.; Zhang, Y.; Ye, Z.Q.; Liu, X.Q.; Zhao, S.Q.; Wei, L.; Gao, G. CPC: assess the protein-coding potential
of transcripts using sequence features and support vector machine. Nucleic Acids Res. 2007, 35, W345–W349.
[CrossRef]

32. Finn, R.D.; Coggill, P.; Eberhardt, R.Y.; Eddy, S.R.; Mistry, J.; Mitchell, A.L.; Potter, S.C.; Punta, M.; Qureshi, M.;
Sangrador-Vegas, A.; et al. The Pfam protein families database: Towards a more sustainable future.
Nucleic Acids Res. 2016, 44, D279–D285. [CrossRef] [PubMed]

33. Christison, G.I.; Johnson, H.D. Cortisol turnover in heat stressed cows. J. Anim. Sci. 1972, 53, 1005–1010.
[CrossRef] [PubMed]

34. Ding, W.; Wang, L.Q.; Qiu, P.; Kostich, M.; Greene, J.; Hernandez, M. Domain-oriented functional analysis
based on expression profiling. BMC Genom. 2002, 3, 32. [CrossRef]

35. Xu, W.B.; Chen, L.; He, P.; Yang, J.; Xu, C.D.; Wang, B.; Wang, Z.J.; Yang, H.Y.; Xie, M.H.; Yang, S.M.; et al.
Analysis of Cf-12 Tomato Transcriptome Profile in Response to Cladosporium fulvum Infection with Hisat,
StringTie and Ballgown. Int. J. Agric. Biol. 2018, 20, 2590.

36. Han, D.X.; Sun, X.L.; Fu, Y.; Wang, C.J.; Liu, J.B.; Jiang, H.; Gao, Y.; Chen, C.Z.; Yuan, B.; Zhang, J.B.
Identification of long non-coding RNAs in the immature and mature rat anterior pituitary. Sci. Rep. 2017, 7,
17780. [CrossRef] [PubMed]

37. Young, M.D.; Wakefield, M.J.; Smyth, G.K.; Oshlack, A. Gene ontology analysis for RNA-seq: Accounting for
selection bias. Genome Biol. 2010, 11, R14. [CrossRef] [PubMed]

38. Kanehisa, M.; Araki, M.; Goto, S.; Hattori, M.; Hirakawa, M.; Itoh, M.; Katayama, T.; Kawashima, S.;
Okuda, S.; Tokimatsu, T.; et al. KEGG for linking genomes to life and the environment. Nucleic Acids Res.
2008, 36, D480–D484. [CrossRef]

39. Mao, X.Z.; Cai, T.; Olyarchuk, J.G.; Wei, L.P. Automated genome annotation and pathway identification
using the KEGG Orthology (KO) as a controlled vocabulary. Bioinformatics 2005, 21, 3787–3793. [CrossRef]

40. Jastrebski, S.F.; Lamont, S.J.; Schmidt, C.J. Chicken hepatic response to chronic heat stress using integrated
transcriptome and metabolome analysis. PLoS ONE 2017, 12, e0181900. [CrossRef]

41. Hocking, P.M.; Maxwell, M.H.; Mitchell, M.A. Haematology and blood composition at two ambient
temperatures in genetically fat and lean adult broiler breeder females fed ad libitum or restricted throughout
life. Br. Poult. Sci. 1994, 35, 799–807. [CrossRef]

42. Zeng, T.; Zhang, L.P.; Li, J.J.; Wang, D.Q.; Tian, Y.; Lu, L.Z. De novo assembly and characterization of Muscovy
duck liver transcriptome and analysis of differentially regulated genes in response to heat stress. Cell Stress
Chaperones. 2015, 20, 483–493. [CrossRef]

43. Bhusari, S.; Hearne, L.B.; Spiers, D.E.; Lamberson, W.R.; Antoniou, E. Transcriptional profiling of mouse
liver in response to chronic heat stress. J. Therm. Biol. 2008, 33, 157–167. [CrossRef]

44. Streffer, C. Aspects of metabolic change after hyperthermia. Recent Results Cancer Res. 1988, 107, 7–16.
[PubMed]

45. Baumgard, L.H.; Wheelock, J.B.; Sanders, S.R.; Moore, C.E.; Green, H.B.; Waldron, M.R.; Rhoads, R.P.
Postabsorptive carbohydrate adaptations to heat stress and monensin supplementation in lactating Holstein
cows. J. Dairy Sci. 2011, 94, 5620–5633. [CrossRef] [PubMed]

46. Wheelock, J.B.; Rhoads, R.P.; Vanbaale, M.J.; Sanders, S.R.; Baumgard, L.H. Effects of heat stress on energetic
metabolism in lactating Holstein cows. J. Dairy Sci. 2010, 93, 644–655. [CrossRef]

47. Pearce, S.C.; Upah, N.C.; Harris, A.; Gabler, N.K.; Ross, J.W.; Rhoads, R.P.; Baumgard, L.H. Effects of heat
stress on energetic metabolism in growing pigs. FASEB J. 2011, 25, 1052.5.

48. Sano, H.; Takahashi, K.; Ambo, K.; Tsuda, T. Turnover and oxidation rates of blood glucose and heat
production in sheep exposed to heat. J. Dairy Sci. 1983, 66, 856–861. [CrossRef]

49. Sanders, S.R.; Cole, L.C.; Flann, K.L.; Baumgard, L.H.; Rhoads, R.P. Effects of acute heat stress on skeletal
muscle gene expression associated with energy metabolism in rats. FASEB J. 2009, 23, 598.7.

50. Ronchi, B.; Bernabucci, U.; Lacetera, N.; Supplizi, A.V.; Nardone, A. Distinct and common effects of heat
stress and restricted feeding on metabolic status of Holstein heifers. Zootecnica E Nutrizione Animale 1999.

http://dx.doi.org/10.1093/nar/gkt646
http://dx.doi.org/10.1093/nar/gkm391
http://dx.doi.org/10.1093/nar/gkv1344
http://www.ncbi.nlm.nih.gov/pubmed/26673716
http://dx.doi.org/10.2527/jas1972.3551005x
http://www.ncbi.nlm.nih.gov/pubmed/5085291
http://dx.doi.org/10.1186/1471-2164-3-32
http://dx.doi.org/10.1038/s41598-017-17996-6
http://www.ncbi.nlm.nih.gov/pubmed/29259254
http://dx.doi.org/10.1186/gb-2010-11-2-r14
http://www.ncbi.nlm.nih.gov/pubmed/20132535
http://dx.doi.org/10.1093/nar/gkm882
http://dx.doi.org/10.1093/bioinformatics/bti430
http://dx.doi.org/10.1371/journal.pone.0181900
http://dx.doi.org/10.1080/00071669408417744
http://dx.doi.org/10.1007/s12192-015-0573-4
http://dx.doi.org/10.1016/j.jtherbio.2008.01.001
http://www.ncbi.nlm.nih.gov/pubmed/3287523
http://dx.doi.org/10.3168/jds.2011-4462
http://www.ncbi.nlm.nih.gov/pubmed/22032385
http://dx.doi.org/10.3168/jds.2009-2295
http://dx.doi.org/10.3168/jds.S0022-0302(83)81867-0


Genes 2019, 10, 395 15 of 15

51. Rommelaere, S.; Millet, V.; Gensollen, T.; Bourges, C.; Eeckhoute, J.; Hennuyer, N.; Bauge, E.; Chasson, L.;
Cacciatore, I.; Staels, B.; et al. PPARalpha regulates the production of serum Vanin-1 by liver. FEBS Lett.
2013, 587, 3742–3748. [CrossRef] [PubMed]

52. Duval, C.; Fruchart, J.C.; Staels, B. PPAR alpha, fibrates, lipid metabolism and inflammation. Arch. Mal.
Coeur. Vaiss. 2004, 97, 665–672.

53. Junjie, L.; Runzi, S. The Influence of heat stress on semen quality and serum biochemical indexon beef
breeding bull. J. Hebei Agric. Univ. 2002, 25, 71.

54. Wang, S.; Edens, F.W. Heat conditioning induces heat shock proteins in broiler chickens and turkey poults.
Poult Sci. 1998, 77, 1636–1645. [CrossRef]

55. Yahav, S.; Shamay, A.; Horev, G.; Bar-Ilan, D.; Genina, O.; Friedman-Einat, M. Effect of acquisition of improved
thermotolerance on the induction of heat shock proteins in broiler chickens. Poultry Sci. 1997, 76, 1428–1434.
[CrossRef]

56. Koluman, N.; Daskiran, I. Effects of ventilation of the sheep house on heat stress, growth and thyroid
hormones of lambs. Trop. Anim. Health Prod. 2011, 43, 1123–1127. [CrossRef]

57. Todini, L.; Malfatti, A.; Valbonesi, A.; Trabalza-Marinucci, M.; Debenedetti, A. Plasma total T3 and T4
concentrations in goats at different physiological stages, as affected by the energy intake. Small Rumin. Res.
2007, 68, 285–290. [CrossRef]

58. Attebery, J.T.; Johnson, H.D. Effects of environmental temperature, controlled feeding and fasting on rumen
motility. J. Anim. Sci. 1969, 29, 734–737. [CrossRef]

59. Pantoja, M.H.A.; Esteves, S.N.; Jacinto, M.A.C.; Pezzopane, J.R.M.; Paz, C.C.P.; Silva, J.; Lourenco Junior, J.B.;
Brandao, F.Z.; Moura, A.B.B.; Romanello, N.; et al. Thermoregulation of male sheep of indigenous or exotic
breeds in a tropical environment. J. Thermal Biol. 2017, 69, 302–310. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.febslet.2013.09.046
http://www.ncbi.nlm.nih.gov/pubmed/24140347
http://dx.doi.org/10.1093/ps/77.11.1636
http://dx.doi.org/10.1093/ps/76.10.1428
http://dx.doi.org/10.1007/s11250-011-9811-7
http://dx.doi.org/10.1016/j.smallrumres.2005.11.018
http://dx.doi.org/10.2527/jas1969.295734x
http://dx.doi.org/10.1016/j.jtherbio.2017.09.002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Ethical Statement 
	Animals and Sample Collection 
	cDNA Library Preparation 
	Sequencing and Transcriptome Assembly 
	Prediction of the Differentially Expressed mRNAs and Long Non-Coding RNAs 
	Target Gene Prediction of the lncRNAs 
	GO and KEGG Enrichment Analysis 
	Quantitative Real-Time Polymerase Chain Reaction Validation 

	Results 
	Blood Biochemical Parameters 
	Read Mapping 
	Enrichment Analysis of the Differentially Expressed mRNAs 
	Enrichment Analysis of the Differentially Expressed lncRNAs 
	Combined Analysis of the Differentially Expressed lncRNAs and Differentially Expressed mRNAs 
	Validation of Differentially Expressed lncRNAs and mRNAs 

	Discussion 
	Conclusions 
	References

