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Fig. S1: Identification of long non-coding RNAs (lncRNAs) and mRNAsI involved in high 24 

altitude hypoxia adaptation in liver tissue. Coding potentiality filter using Coding Potential 25 

Calculator, Pfam, Phylogenetic codon substitution frequency, and Coding-Non-Coding 26 

Index (A). The boxplot shows the expression levels (log10 (FPKM +1)) of lncRNAs and 27 

mRNAs (B). Transcript lengths distribution of mRNAs (C) and lncRNAs (D). Exon number 28 

distribution of mRNAs (E) and lncRNAs (F). Open reading frame (ORF) length distribution 29 

of mRNAs (G) and lncRNAs (H). 30 
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lncRNA (HB vs HS), mRNA (GJ vs HS), lncRNA (GJ vs HS), mRNA (WT vs HS), lncRNA 37 
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log2FC <-1 (purple), -Inf< log2FC <5 (blue), log2FC =-Inf (green). 39 
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mRNA–mRNA interaction network of DE mRNAs in liver tissue. (B) mRNA–mRNA 41 
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 69 

Abstract 70 

Tibetan sheep have lived on the Qinghai-Tibetan Plateau for thousands of years and they 71 

have a good adaptability to the hypoxic environment and strong disease resistance. 72 

However, the molecular mechanism of the Tibetan sheep adapting to this extreme 73 

environment, especially the role of genetic regulation is still unknown. Emerging evidence 74 

suggests that long non-coding RNAs (lncRNAs) participate in the regulation of a diverse 75 

range of biological processes. To explore the potential lncRNAs involved in Tibetan sheep 76 

adapting to high altitude hypoxia environment, we analyzed the expression profile of 77 

lncRNAs and mRNAs in liver and lung tissue of sheep based on the comparative 78 

transcriptome analysis between four Tibetan sheep populations (high altitude) and Hu 79 

sheep (low altitude). The results showed a total of 7848 differentially expressed (DE) 80 

lncRNAs transcripts and 22971 DE mRNAs transcripts were detected by pairwise 81 

comparison. The expression patterns of selected mRNAs and lncRNAs were validated by 82 

qRT-PCR and the results correlated well with the transcriptome data. Moreover, the 83 

functional annotation analysis based on the Gene Ontology (GO) and Kyoto encyclopedia 84 

of genes and genomes (KEGG) databases showed that DE mRNAs and the target genes of 85 

the lncRNAs were significantly enriched in organ morphogenesis, response to stimulus, 86 

heme binding, immune system, arginine and proline metabolism, and fatty acid 87 

biosynthesis. The prediction of mRNA-mRNA and lncRNA-mRNA interaction networks 88 

further revealed transcripts potentially involved in adaptation to high altitude hypoxia, the 89 

hub genes that DDX24, PDCD11, EIF4A3, NDUFA11, SART1, PRPF8 and 90 

TCONS_00306477, TCONS_00306029, TCONS_00139593, TCONS_00293272, 91 

TCONS_00313398 were selected. Additionally, a set of target genes, PIK3R1, IGF1R, 92 

FZD6, IFNB2, ATF3, MB, CYP2B4, PSMD13, and TGFB1 were also identified as 93 

candidate genes associated with high altitude hypoxia adaptation. In conclusion, a 94 

collection of aberrantly expressed lncRNA, a set of target genes and biological pathways 95 

known to be relevant for altitude adaptation were identified by comparative transcriptome 96 

analysis between Tibetan sheep and Hu sheep. Our results first identified the 97 

characterization and expression profile of lncRNAs between Tibetan sheep and Hu sheep 98 
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and provides insights into the genetic regulation mechanisms for Tibetan sheep adaptation 99 

to high altitude hypoxia environments. 100 

Keywords: Tibetan sheep; transcriptome; lncRNAs; mRNAs; hypoxia 101 

Abbreviations 102 

LncRNA：Long non-coding RNA; 103 

DEG: Differentially expressed gene; 104 

GO: Gene Ontology;  105 

KEGG: Kyoto Encyclopedia of Genes and Genomes;  106 

FPKM: Fragments per kilo-base of exon per million fragments mapped;  107 

qRT-PCR: Quantitative Real-Time PCR;  108 

VEGF: Vascular endothelial growth factor;  109 

HIF-1: Hypoxia inducible factor-1. 110 

 111 

Introduction 112 

Tibetan sheep is one of China's three primitive sheep populations, mainly distributed 113 

among the Qinghai-Tibetan Plateau, with Qinghai, Tibet and Gannan in Gansu
1,2

. The 114 

combined effects of cold and hypoxia in high altitude areas pose severe physiological 115 

challenges for Tibetan sheep. The decrease in oxygen partial pressure at high altitude 116 

reduces the oxygen supply to the cells of the respiratory tissue
3
. Decreased tissue 117 

oxygenation will severely limit aerobic metabolism and inhibit the ability to produce heat, 118 

thereby resisting the effects of the decrease in ambient temperature that accompanies an 119 

increase in altitude on the body
4,5

. The cold and hypoxic conditions at high altitudes have 120 

seriously affected the metabolic needs of Tibetan sheep
6
. Therefore, it is an interesting 121 

scientific question to analyze the adaptive evolution mechanism of Tibetan sheep in high 122 

cold and hypoxic environment. To elucidate the molecular mechanism of the Tibetan sheep 123 

adapting to high cold and hypoxia is a scientific goal of evolutionary genetics. 124 

Oxygen is the key substance for the animal body to carry out metabolism and maintain 125 

life, and it is the first need for life activities
7
. The breathing oxygen is converted into 126 

available oxygen in the animal, called blood oxygen. The blood oxygen carried by the 127 
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blood inputs energy to the whole body, and the delivery amount of blood oxygen is closely 128 

related to the working state of the heart and brain. The stronger the heart's blood pumping 129 

ability, the higher the blood oxygen content; the strongly coronary blood transfusion ability 130 

of the heart, the higher the concentration of blood oxygen delivered to the heart and brain 131 

and whole body, the better operating state of important animal organs
8
. Medically, an area 132 

with an altitude of more than 3,000 meters is called a plateau. The impact of the plateau 133 

environment on animal organisms involves many aspects, such as atmospheric geography, 134 

geochemistry, ecology, and other factors. Factors such as low atmospheric pressure, low 135 

oxygen, low temperature, low humidity, solar radiation, airflow, rainfall, light, wind, and 136 

snow often act on animal organisms. Among them, the impact of plateau hypoxia has 137 

attracted wide attention to scholars because of its most significant impact
3,9

. 138 

In terms of molecular research on hypoxia adaptation, studies have shown that hypoxia 139 

inducible factor-1 (HIF-1) is one of the genes being selected by the high altitude and low 140 

oxygen environment
10,11

. The HIF-1α subunit is encoded by the HIF-1A gene, mainly 141 

regulated by oxygen concentration and determines the level of HIF-1α activity
12

. The 142 

expression level of HIF-2α mRNA in Tibetan sheep is higher in lung, liver, kidney, and 143 

myocardial tissues than that in low altitude sheep. It can quickly induce the expression of 144 

its downstream factors VEGF (Vascular endothelial growth factor), EPO (Erythropoietin), 145 

lung surfactant, strengthen the lipid oxidative phosphorylation reaction, and thereby 146 

enhance the lung ventilation capacity, heart pumping function, kidney EPO synthesis and 147 

liver metabolic reaction to meet the oxygen and energy required for body activities. The 148 

expression level of STAT3 mRNA in Tibetan sheep is higher in lung, liver, and myocardial 149 

tissues than that in low altitude sheep
13

. It indicates that the hypoxia environment induces 150 

high expression of STAT3 protein to promote the generation of activated STAT3, which can 151 

effectively regulate the transcription of VEGF, COX-2, MnSOD, UCP1, HIF-1α and its 152 

downstream target genes, thereby enhancing the ventilation capacity of Tibetan sheep lungs, 153 

hypoxic adaptability of heart pumping function and energy metabolism
14

. 154 

At present, a number of scientists have studied the mechanism of hypoxic adaptation in 155 

the Tibetan Plateau at the genetic level, but the molecular mechanism of Tibetan sheep 156 
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adapting to this extreme environment, especially the role of genetic regulation is still 157 

unknown. Long non-coding RNAs (lncRNAs) are transcripts longer than 200 nucleotides 158 

that can regulate mRNA expression of both posttranscriptional and transcriptional levels
15

. 159 

There is limited literature on the detailed functional roles of lncRNAs in high altitude 160 

adaptation of Tibet
16-18

. The role of lncRNA in Tibetan sheep's hypoxic adaptation has not 161 

been reported yet. The latest research progress of high-throughput sequence technology has 162 

opened up a new path to exploring the molecular genetic basis of adaptive physiological 163 

traits. Transcriptome sequencing (mRNA and lncRNA) can not only find important genes 164 

that cope with physiological challenges, but also provide an in-depth understanding of the 165 

role of transcription regulation in adapting to evolutionary variation. 166 

In this study, the genetic expression and regulation mechanisms of different 167 

populations and tissues in the Tibetan sheep under different altitude conditions were 168 

investigated based on the comparative transcriptome analysis. Functional genes associated 169 

with high altitude hypoxia adaptation in Tibetan sheep were found by the perspective of 170 

mRNA, lncRNA and their co-expression networks analysis. 171 

Methods 172 

Ethic statement 173 

All the experimental procedures mentioned in the present study were approved by the 174 

Science Research Department (in charge of animal welfare issue) of the Institute of Animal 175 

Sciences, Chinese Academy of Agricultural Sciences (IAS-CAAS). We have obtained 176 

written informed consent to use the animals in this study from the owners of the animals 177 

and all experiments on animals were conducted under a permit approved by the ethics 178 

committee of Lanzhou Institute of Husbandry and Pharmaceutical Sciences, Chinese 179 

Academy of Agricultural Sciences (Approval No. SYXK-2014-0002). All animals were 180 

handled in strict accordance with the recommendations in the Regulations for the 181 

Administration of Affairs Concerning Experimental Animals of the State Council of the 182 

People’s Republic of China. This study was carried out in compliance with the ARRIVE 183 

guidelines. 184 
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Animal materials and sampling 185 

Five sheep (Ovis aries) populations, including Huoba (HB, altitude 4468 m), Awang 186 

(AW, altitude 4452 m), Ganjia (GJ, altitude 3851 m) and Qilian (WT, altitude 3621 m) 187 

Tibetan sheep on the Qinghai-Tibet Plateau and Hu sheep (HS, altitude -67 m) were 188 

obtained from individual farmers in this study. All the experimental sheep were raised 189 

under an environment with natural light and free access to food and water. The adult 190 

individuals (rams, aged 3~4 years) within each population were randomly selected for this 191 

study. More than five sheep within each population were used for physiological and 192 

biochemical characteristics analyses. All experimental animals were anesthetized by 193 

pentobarbital sodium, and then were put to death after bloodletting. Three sheep within 194 

each population were selected to obtain the liver and lung samples for transcriptome 195 

analysis (Table 1), and all the samples were immediately snap-frozen in liquid nitrogen for 196 

total RNA extraction. 197 

Physiological and biochemical measurement 198 

To observe the changes of related blood physiological and biochemical parameters 199 

under hypoxia at high altitude in sheep, we sampled Tibetan sheep and Hu sheep from 200 

different altitudes. Jugular venous blood samples from 3~4 years adult sheep that lived at 201 

different altitudes as described in Table 1 were collected to measure the haematological 202 

parameters: red blood cell count (RBC), white blood cell count (WBC), haemoglobin 203 

contents (HGB) and others using a HC-3000 Auto Hematology Analyzer (Jinan Meiyyilin 204 

Electronic Instrument Co., Ltd, Jinan, China China). Moreover, the blood gas indices 205 

including partial pressure of carbon dioxide (PCO2), oxygen partial pressure (PO2), oxygen 206 

saturation (O2S), standard base excess (SBE) and others were repeatedly measured on an IL 207 

1302 pH/ Blood Gas Analyzer (Instrumentation Laboratories, MA). For the analysis of 208 

blood biochemical indices, the blood samples were centrifuged at 3000 g for 10 min, after 209 

which the supernatant was collected, the serum biochemical parameters: alanine 210 

aminotransferase (ALT), aspartate aminotransferase (AST), total protein (TP), plasma 211 
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cholinesterase (PChE) and others were analyzed with a Dirui CS-600 automatic 212 

biochemical analyzer (Dirui Industrial Co., Ltd; Changchun, China). 213 

After euthanasia, lung organ was taken out immediately and excised into 7 pieces 214 

tissue from the same part of the left lung of each sheep. The lungs were washed with 0.9% 215 

saline, and then fixed with Bouin’s solution containing 75 mL saturated picric acid solution, 216 

25 mL formaldehyde, and 5 mL glacial acetic acid for 48 h at room temperature. Next, the 217 

tissues were embedded in paraffin and 4-μm-thick sections were made for 218 

hematoxylin-eosin (HE) staining. The morphology of lung tissues was observed under a 219 

virtual microscope (Olympus, BX51, Japan)
19

. 220 

RNA isolation, library construction and sequencing 221 

Total RNA was extracted using TRIzol® Reagent (Life Technologies) according to the 222 

manufacturer’s protocol. RNA degradation and contamination, especially DNA 223 

contamination, was monitored on 1.5% agarose gels. RNA concentration and purity were 224 

measured using the NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, 225 

Wilmington, DE). RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the 226 

Agilent Bioanalyzer 2100 System (Agilent Technologies, CA, USA). 227 

A total amount of 1.5 μg RNA per sample was used as input material for rRNA 228 

removal using the Ribo-Zero rRNA Removal Kit (Epicentre, Madison, WI, USA). 229 

Sequencing libraries were generated using NEBNext R UltraTM Directional RNA Library 230 

Prep Kit for Illumina R (NEB, USA) following manufacturer’s recommendations and index 231 

codes were added to attribute sequences to each sample. Briefly, Fragmentation was carried 232 

out using divalent cations under elevated temperature in NEBNext First Strand Synthesis 233 

Reaction Buffer (5X). First strand cDNA was synthesized using random hexamer primer 234 

and reverse transcriptase. Second-strand cDNA synthesis was subsequently performed 235 

using DNA Polymerase I and RNase H. Remaining overhangs were converted into blunt 236 

ends via exonuclease/polymerase activities. After adenylation of 3’ ends of DNA fragments, 237 

NEBNext Adaptor with hairpin loop structure was ligated to prepare hybridization. In order 238 

to select insert fragments of preferentially 150~200 bp in length, the library fragments were 239 
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purified with AMPure XP Beads (Beckman Coulter, Beverly, USA). Then 3 μL USER 240 

Enzyme (NEB, USA) was used with size-selected, adaptor-ligated cDNA at 37 °C for 15 241 

min before PCR. Then PCR was performed with Phusion High-Fidelity DNA polymerase, 242 

Universal PCR primers and Index(X) Primer. At last, PCR products were purified (AMPure 243 

XP system) and library quality was assessed on the Agilent Bioanalyzer 2100 and qPCR
20

. 244 

The libraries were sequenced on an Illumina Hiseq 2500 platform (Illumina Inc., San Diego, 245 

CA, USA) according to the manufacturer’s instructions and 125 bp paired-end reads were 246 

generated. 247 

Quality control and RNA-seq data analysis 248 

Raw data (raw reads) of fastq format were firstly processed through in-house perl 249 

scripts. In this step, clean data (clean reads) were obtained by removing reads containing 250 

adapter, reads containing poly-N and low-quality reads from raw data. At the same time, 251 

Q20, Q30, GC-content and sequence duplication level of the clean data were calculated. All 252 

the downstream analyses were based on clean data with high quality
21,22

. The clean reads 253 

were aligned to the genome using TopHat version 2.0.9. Mapped reads from TopHat for 254 

each sample were assembled using Cufflinks vision 2.1.1. The multiple assembled 255 

transcript files (GTF format) for different samples were then merged together to produce a 256 

unique transcriptome set using the Cuffmerge utility provided by Cufflinks package. 257 

LncRNA analysis and quantification of gene expression levels 258 

The transcriptome was assembled using the Cufflinks and Scripture based on the reads 259 

mapped to the reference genome. The assembled transcripts were annotated using the 260 

Cuffcompare program from the Cufflinks package. The unknown transcripts were used to 261 

screen for putative lncRNAs. Four computational approaches including CPC/ CNCI/ 262 

CPAT/ Pfam were combined to sort non-protein-coding RNA candidates from putative 263 

protein-coding RNAs in the unknown transcripts. Putative protein-coding RNAs were 264 

filtered out using a minimum length and exon number threshold. Transcripts with lengths 265 

more than 200 nt and have more than two exons were selected as lncRNA candidates and 266 

further screened using CPC/ CNCI/ CPAT/ Pfam that has the power to distinguish the 267 
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protein-coding genes from the non-coding genes. As well as the different types of lncRNAs 268 

including lincRNA, intronic lncRNA, anti-sense lncRNA were selected using cuffcompare. 269 

Cuffdiff (v2.1.1) was used to calculate fragments per kilo-base of exon per million 270 

fragments mapped (FPKMs) of both lncRNAs and coding genes in each sample
23

. Gene 271 

FPKMs were computed by summing the FPKMs of transcripts in each gene group based on 272 

the length of the fragments and reads count mapped to this fragment. 273 

Differential expression analysis 274 

Differential expression analysis of five groups was performed using the DESeq R 275 

package (1.10.1). DESeq provides statistical routines for determining differential 276 

expression in digital gene expression data using a model based on the negative binomial 277 

distribution. The resulting P-values were adjusted using Benjamini and Hochberg’s 278 

approach for controlling the false discovery rate. Genes with an adjusted P-value <0.01 and 279 

absolute value of log2 (Fold change) >1 found by DESeq were assigned as differentially 280 

expressed. 281 

Prediction of potential target genes of lncRNAs 282 

To explore the roles of lncRNA in Tibetan sheep adaption to hypoxia at high altitude, 283 

lncRNA-targeted genes were predicted based on cis and trans principle. Cis action indicated 284 

a positional relationship, representing a gene located within the range of 100 kb from the 285 

lncRNA. Trans action meant that there were complementary sequences between the mRNA 286 

and lncRNA; the sequences of mRNAs that overlapped with lncRNAs were predicted by 287 

LncTar software
24

. These two interaction mechanisms were considered preferential for the 288 

prediction of lncRNA-targeted genes. 289 

Functional enrichment analysis 290 

Gene functional enrichment analysis included Nr (NCBI non redundant protein 291 

sequences), COG (clusters of orthologous groups of proteins), Swiss-Prot (a manually 292 

annotated and reviewed protein sequence database), GO (Gene Ontology; 293 

http://www.geneontology.org/), and KEGG (Kyoto Encyclopedia of Genes and Genomes
25

, 294 
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which were utilized for screening genes related to highland hypoxia. GO enrichment 295 

analysis of the differentially expressed genes was implemented by the topGO R packages. 296 

KOBAS software
26

 was used to test the statistical enrichment of differentially expressed 297 

genes (DEGs) in KEGG pathways. 298 

Interaction Network Construction 299 

Protein-protein interaction analysis of DEGs was based on the commonly used 300 

STRING database
27

. Briefly, the sequences of differentially expressed lncRNA targets were 301 

blasted (blastx) to Ovis aries genome to predict protein-protein interactions using the 302 

STRING database. Then, the mRNA-mRNA and lncRNA–mRNA interaction networks 303 

were visualized by using Cytoscape version 3.5.1
28

. 304 

Quantitative Real-Time PCR (qRT-PCR) Validation 305 

Several DE lncRNAs, target genes and mRNAs putatively associated with hypoxia 306 

responses at high altitudes were selected and confirmed by qRT-PCR with GAPDH used as 307 

an internal reference. The primers used for qRT-PCR are listed in Table S1. The qRT-PCR 308 

was carried out with a Roche LightCycler
®
 96 using iTaq

TM
 Universal SYBR

®
 Green 309 

Supermix (Bio-Rad, United States). Each real-time RT-PCR reaction (in 25 μ L) involved 310 

12.5 μL 2× SYBR Green Realtime PCR Master Mix (TaKaRa, Dalian), 1 μL of each 311 

primer, 2 μL cDNA and 8.5 μL H2O. The amplification procedures were 95 ℃ for 5 min 312 

initially, followed by 45 cycles of 95 ℃ for 15 s and 60 ℃ for 1 min. Quantification of 313 

mRNAs and lncRNAs was performed using the standard curve method with average cycle 314 

thresholds (Ct). The qRT-PCR data were generated from three independent samples per 315 

group. The correlation between the results of RNA-seq and qPCR was calculated using a 316 

correlation test. 317 

Statistical analysis 318 

All data was presented as the mean ± SD. The Statistical Program for Social Sciences 319 

(SPSS) 20.0 software was employed to perform all of the statistical analyses. The 320 



10 

multi-group comparisons of the means were analyzed using one-way analysis of variance. 321 

Statistically significant differences were determined at p-value < 0.05. 322 

Results 323 

The physiological and biochemical indices of five sheep populations from different 324 

altitude region 325 

The measurement results of physiological and biochemical indices are shown in Table 326 

S2 and Fig. 1. The results show that he lung of Tibetan sheep at high altitude regions has 327 

typical characteristics in tissue structure. Compared with Hu sheep from low-altitude 328 

regions, the terminal bronchioles of Tibetan sheep showed larger diameter, the thickness of 329 

the alveolar septum increased, and the number of alveoli and blood vessels has increased 330 

per unit area (P<0.05). Furthermore, the measurement results from blood gas indices of 331 

Tibetan sheep at different altitudes found that the PO2, O2S, and SBE decreased 332 

significantly as the altitude increased (P<0.05). 333 

In addition, the results showed that the HGB, RBC, white WBC, and other indices of 334 

Tibetan sheep at high altitude were significantly higher than those of low-altitude Hu 335 

sheep (P<0.05), and the red blood cell distribution width coefficient of variation 336 

(RDW-CV) became smaller. The measurement results from serum biochemical indices 337 

showed that AST, TP, and others increased with altitude (P<0.05), while ALT and PChE 338 

decreased. 339 

Identification of lncRNAs and mRNAs in sheep liver and lung tissue 340 

The Illumina sequencing of 30 sample’s cDNA libraries derived from five sheep 341 

populations yielded a total of 187.28 Gb and 190.63 Gb clean data for liver and lung tissue, 342 

respectively. At least 78.05% of the clean reads from each sample was mapped to the sheep 343 

reference genome (Oar_v3.1, ftp://ftp.ensembl.org/pub/release-78/fasta/ovis_aries/), of 344 

which more than 78.52% were uniquely mapped (Table S3). 345 

In liver samples, a total of 6,249 lncRNAs was identified after coding potential filters 346 

using CNCI, CPC, CPAT and Pfam-scan software, 20,078 mRNAs and 2,728 novel 347 

transcripts were identified. In addition, a total of 1,798 lncRNAs, 13,319 mRNAs and 750 348 

ftp://ftp.ensembl.org/pub/release-78/fasta/ovis_aries/
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novel transcripts were identified from lung samples (Table S4). A majority of lncRNAs 349 

comprised two or three exons, whereas mRNAs contained a broad range of exon numbers 350 

from two to thirty. The transcript length and ORF length of lncRNAs were significantly 351 

shorter than those of mRNAs. Moreover, the expression levels of mRNAs and lncRNAs 352 

were further analyzed using FPKM. The mRNA transcript levels were higher than those of 353 

lncRNAs in both liver (Fig. S1) and lung (Fig. 2) tissue. 354 

DE lncRNA and mRNA between Hu sheep and Tibetan sheep 355 

The correlation coefficient tends to 1 between samples of the same group, thus 356 

indicating that it is reasonable to perform further data analyses (Fig. S2). Based on a fold 357 

change of ≥2 and false discovery rate of <0.05, in total, 7,848 DE lncRNA transcripts and 358 

22,971 DE mRNA transcripts were detected in all groups by pairwise comparison (Table 359 

S5).  360 

Furthermore, we focused on the analysis of the pairwise comparison between Tibetan 361 

sheep and Hu sheep (AW vs HS, HB vs HS, GJ vs HS, WT vs HS). We found that most of 362 

the DE genes were enriched on chromosomes 1, 2, 3, and chromosome X (Fig. 3, Fig. S3 363 

and Table S6). The analysis of common DE genes between liver and lung by pairwise 364 

comparison found 3 common DE lncRNAs and 316 common DE mRNAs (Fig. 4A and B). 365 

Further analysis of common differentially expressed genes (DEGs) among Tibetan sheep 366 

and Hu sheep groups, 2 common DE lncRNAs and 99 common DE mRNAs in liver were 367 

detected by pairwise comparison (Fig. 4C and D). Additionally, 1 common DE lncRNA 368 

transcripts and 63 common DE mRNA transcripts were detected in lung (Fig. 4E and F). 369 

Functional Annotation of DE mRNAs and the target genes of DE lncRNAs 370 

The overall functional annotation of DE mRNAs in pairwise comparison (AW vs HS, 371 

HB vs HS, GJ vs HS, WT vs HS) is described in Table S7. As lncRNAs could exert effects 372 

on cis-acting or trans-acting target genes, we predicted 1,739 target genes of DE lncRNAs 373 

that might be potentially involved in the adaptation to high altitudes based on the cis and 374 

trans RNA-RNA interaction principle. In total, 218 and 197 target genes were differentially 375 

expressed and annotated from liver and lung tissue by pairwise comparison (Table S7).  376 
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To elucidate the functions of DE mRNAs, GO enrichment analysis was performed 377 

using topGO to search the most significant GO term of DE mRNAs. The most enriched GO 378 

terms of the DE mRNAs in each comparison are shown in Table S8. All of the DE mRNAs 379 

were assigned to GO terms of biological processes, cellular components, and molecular 380 

function. Moreover, response to stimulus, tissue development, skeletal system development, 381 

response to stress, regulation of signal transduction, organ development, antioxidant 382 

activity, calcium ion binding, heme binding, and lipid antigen binding were identified as 383 

significantly enriched GO terms. According to the KEGG analysis, the most enriched 384 

pathway to DE mRNAs (P<0.05) is predominantly associated with amino acid metabolism, 385 

lipid metabolism and immune system, such as arginine and proline metabolism, 386 

hematopoietic cell lineage, fatty acid biosynthesis, glutathione metabolism, and 387 

biosynthesis of unsaturated fatty acids. 388 

LncRNA-mRNA co-expression networks construction 389 

In order to understand the effects of lncRNAs on the regulation of the target genes, we 390 

constructed mRNA-lncRNA regulatory network. Firstly, we selected the target genes of DE 391 

lncRNAs to construct functional networks by referring to the STRING database, with each 392 

gene corresponding to a node. Two genes were connected by an edge, indicating a 393 

correlation between mRNA-mRNA. Next, DE lncRNAs and their corresponding target 394 

genes were used to construct the lncRNA-mRNAs interaction network. Then, the 395 

mRNA-mRNA and lncRNA-mRNAs network were merged (Fig. S4). Within the network 396 

analysis, we focused on the top 10 DE mRNAs with the highest degree and lncRNAs that 397 

interacted with more target genes (Table S9), constituting probably the core of the network. 398 

The results implied that DE mRNAs DDX24, PDCD11, EIF4A3, NDUFA11, SART1, 399 

PRPF8 and DE lncRNAs TCONS_00306477, TCONS_00306029, TCONS_00139593, 400 

TCONS_00293272, and TCONS_00313398 might play key roles in adaptation to hypoxia. 401 

Although these lncRNAs requires further experimental validation, this information might 402 

be helpful to explore the potential mechanisms involved in the adaptation to hypoxia at 403 

high altitudes. 404 
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The candidate genes screen for the adaptation to hypoxia at high altitudes 405 

A set of candidate genes that were putatively associated with hypoxia responses to high 406 

altitudes were screened from the target genes of DE lncRNAs. For a detailed description of 407 

the relevant functions and pathway to candidate genes see Table 2. Among them, three 408 

(PIK3R1, IGF1R and PDK1) were located in the classical HIF-1 pathway; five were found 409 

in the corresponding downstream vascular endothelial growth factor (VEGF, FZD4 and 410 

IFNB2) and glycolysis/gluconeogenesis pathways (ATF3, PPCK1 and PFKFB2). The 411 

dysregulation of genes in these relevant pathways indicated that hypoxia-induced factors, 412 

angiogenesis, and glycolysis metabolism are the most important factors that allowed sheep 413 

to manage extreme hypoxic environmental pressure. We also found six genes (MB, 414 

CYP2C31, CYP2B4, CYP2B5, CYP1A1, and CYCS) were functionally involved in oxygen 415 

binding, oxygen transport, and heme binding. 416 

Moreover, we found the GO terms of the target genes were primarily associated with 417 

metabolic processes (amino acid, lipid, and fatty acid), regulation of immune system 418 

process, immune response, biological regulation, response to stress and response to 419 

stimulus (Table S7). These functional terms are biologically relevant to the plateau 420 

adaptations because they are involved in energy metabolism, immune function, oxidation 421 

reaction, and stress response, which are important regulating factors of Tibetan sheep 422 

response to extreme hypoxic environments. 423 

Validation of DE mRNAs and lncRNAs by qRT-PCR 424 

To evaluate the reliability of RNA sequencing, 7 DE lncRNAs, 13 target genes, and 20 425 

DE mRNAs were selected and validated by qRT-PCR from different sheep groups. All 426 

levels of DE lncRNAs and mRNAs were consistent with the RNA-seq results, indicating 427 

that the RNA-seq data were reliable (Table S10). The result of qRT-PCR and RNA-seq for 428 

the common DE lncRNA TCONS_00139593 and TCONS_00332125 in liver and 429 

TCONS_00377466 in lung are shown in Fig. 5. Additionally, the confirmed results of 3 DE 430 

mRNAs that were enriched in heme binging term (PTGS2 and LOC101107056) and HIF-1 431 

pathway (TFF3) are also shown in Fig. 5. 432 
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Discussion 433 

Comparison of physiological and biochemical indices 434 

At present, the research on the adaptability of Tibetan sheep to hypoxia at high altitude 435 

has made important progress in histology, morphology, physiology, and anatomy
29-32

. 436 

Studies suggest that compared to Tan sheep living at low altitude areas, Tibetan sheep have 437 

developed a cerebral arterial system, the main arteries are thicker in diameter, and the 438 

collateral branches in the cerebral arteries are developed and stretched longer. There are 439 

many small arteries, and this feature is conducive to effective blood supply to the brain 440 

tissue and the regulation of cerebral arterial blood pressure
33

. This might be one of the 441 

anatomical characteristics of Tibetan sheep aiding in adapting to high altitude hypoxia 442 

environment. Anatomical studies on the vascular system of other tissues and organs of 443 

Tibetan sheep have similar results. For example, compared to small-tailed Han sheep, 444 

Tibetan sheep have more capillaries in the alveolar septum, and they are mostly open, 445 

which also increases with altitude. The alveolar septum is thick, indicating that the alveolar 446 

septum is rich in capillaries and elastic fibers. These structural features are conducive to 447 

increasing alveolar ventilation, increasing pulmonary blood flow, accelerating blood 448 

oxygen transport, and improving lung gas exchange rate in a hypoxic environment. 449 

Compared to low-altitude sheep, Tibetan sheep have more red blood cells and higher 450 

hematocrit and hemoglobin content. Under low oxygen environment, Tibetan sheep mainly 451 

adapt to the low oxygen environment by increasing the hemoglobin content of the blood
34

. 452 

In this study, we first examined the haematological changes and serum biochemical 453 

parameters in four Tibetan sheep and one Hu sheep population. In agreement with previous 454 

reports, the haematological parameters, serum biochemical parameters, the blood gas 455 

indices and the morphology of lung tissues showed significant changes between Tibetan 456 

sheep (high altitude) and Hu sheep (low altitude). The haematological parameters including 457 

RBC, WBC, HGB, HCT, MCV, and PLT became significantly higher as the altitude 458 

increased (P <0.05). The reason for the difference might be due to the high cold and 459 

hypoxic factors, especially the value of HGB increases from the increase of altitude. Under 460 
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low PO2, HGB dissociates from oxygen to provide the body of the oxygen needed for 461 

energy metabolism to better adapt to the low oxygen environment. The biochemical 462 

parameters including AST, TP, ALB, GLO, ALP, and LDH significantly increased with 463 

increasing altitude, while the ALT and PCHE decreased from increasing altitude. In 464 

particular, the values of TP increased to the altitude, which is helpful to enhance the 465 

immune function of sheep and adapt to the high-altitude ecological environment. Moreover, 466 

the blood gas indices including PCO2, PO2, O2S, SBC, TCO2, and SBE all significantly 467 

decreased with increasing altitude. Related studies have shown that Tibetan sheep can 468 

reduce tissue oxygen demand and cell metabolism levels through specific physiological 469 

changes, and adapt to the plateau hypoxia environment at the molecular level by regulating 470 

hypoxia inducible factor
13

. Additionally, the morphology of lung tissue was observed and 471 

we found that the terminal bronchioles, the number of alveolar counted per unit area, the 472 

alveolar septum thickness and the number of vessels per unit area significantly increased 473 

with increasing altitude. These changes in tissue structure are conducive to accelerating 474 

blood oxygen transport and increasing alveolar ventilation, increasing Tibetan sheep's lung 475 

blood flow and the lung gas exchange rate of Tibetan sheep in a hypoxic environment to a 476 

certain extent. Early studies have shown that these changes are the key characteristics of 477 

Tibetan sheep adapting to high altitude environments
35,36

. 478 

Analysis of lncRNAs and their target genes 479 

Owing to the key roles of lncRNAs in many important biological processes, these are 480 

currently of particular interest
37,38

. The rapid development of high throughput sequencing 481 

methods had led to the discovery of thousands of lncRNAs in recent years. The studies 482 

have reported that the lncRNAs involved in primary wool follicle induction in carpet wool 483 

sheep
39

, sheep fat-tail development
40

, sheep skeletal muscle development
41

, prolificacy in 484 

Hu sheep
42

 and sheep testicular maturation
19,39

 with high throughput sequencing technology. 485 

But expression and function of lncRNAs in Tibetan sheep adapting to high altitude hypoxia 486 

are still unclear. To provide some insights into the biological functions of lncRNAs in 487 

Tibetan sheep adaption to high altitude hypoxia, a comprehensive analysis of lncRNA and 488 
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mRNA profiling data from Tibetan sheep and Hu sheep, together with data from a public 489 

database was performed. We identified the core lncRNAs and their target genes, and 490 

validated their expression by qRT-PCR. Overall, our work uncovered an interlaced 491 

transcripts network that is involved in high altitude hypoxia environment. 492 

By the analysis of common DE genes among Tibetan sheep and Hu sheep groups, 2 493 

common DE lncRNAs TCONS_00139593 and TCONS_00332125 in liver and 1 common 494 

DE lncRNA TCONS_00377466 in lung were found. Moreover, the lncRNA–mRNA 495 

interaction network of liver sample showed that TCONS_00306477, TCONS_00306029, 496 

TCONS_00029720, TCONS_00145870, TCONS_00139593, TCONS_00380986, 497 

TCONS_00309307, TCONS_00225957, TCONS_00321529, and TCONS_00100469 498 

interacted with more target genes and suggested as hub genes that related to high altitude 499 

hypoxia adaptation; the lncRNA–mRNA interaction network in lung sample showed that 500 

TCONS_00293272, TCONS_00313398, TCONS_00344932, TCONS_00078812, 501 

TCONS_00352306, TCONS_00380999, TCONS_00088235, TCONS_00467816, 502 

TCONS_00078180, and TCONS_00315164 interacted with more target genes and 503 

suggested as hub genes. 504 

For the research of candidate genes that are associated with hypoxia responses at high 505 

altitudes, an early research reported genome-wide scans that revealed positive selection in 506 

several regions that contained genes whose products are likely to be involved in high 507 

altitude adaptation
43

. Finally, a set of 247 functional candidate genes were identified. The 508 

functional candidate genes categories included detection of oxygen (GO: 0003032), NO 509 

metabolic process (GO: 0046209), oxygen sensor activity (GO: 0019826), oxygen binding 510 

(GO: 0019825), oxygen transport (GO: 0015671), oxygen transporter activity (GO: 511 

0005344), response to hypoxia (GO: 0001666), response to oxygen levels (GO: 0070482), 512 

Vasodilation (GO: 0042311), and hypoxia response via HIF activation (P00030) in panther 513 

pathway. In this study, we found that the target genes including MB, PIK3R1, CYP1A1, 514 

MMP14, and TGFB1 belong to the list of 247 hypoxia genes. In addition, the candidate 515 

genes (MMP14
44

, TUBB4B
45

, PSMD13
46

, COL3A1, COL1A2
47

, DSG3
48,49

, and ATP6
50

 516 
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were also identified as candidate genes associated with high altitude adaptation by previous 517 

functional studies.  518 

Myoglobin, encoded by MB, is a haemoprotein present in cardiac, skeletal and smooth 519 

muscle and serves as a reserve supply of oxygen and facilitates the movement of molecular 520 

oxygen from the cell membrane to mitochondria
51

. The study has demonstrated that 521 

PIK3R1 involved in the HIF-1α signaling pathway plays a critical role in mediating adipose 522 

tissue insulin sensitivity
52

. Previous study shows CYP1A1 transcriptional activation was 523 

significantly decreased upon PCB 126 stimulation under conditions of hypoxia. 524 

Additionally, hypoxia pre-treatment reduced PCB 126 induced AhR binding to CYP1 target 525 

gene promoters
53

. Moore research showed that MMP14 is upregulated in hypoxic 526 

conditions and that this occurs by the interaction of HIF-1α and the MMP14 gene promoter 527 

region
54

. Chen et al suggested that TGF-b1 encoded by TGFB1 decreases 528 

hypoxia-reoxygenation injury and attenuates alterations in NOS and PKB phosphorylation 529 

in myocytes exposed to hypoxia-reoxygenation
55

. 530 

Yang et al
56 

generated whole-genome sequences from 77 native sheep and detected a 531 

novel set of candidate genes as well as pathways and GO categories that were putatively 532 

associated with hypoxia responses at high altitudes. Specifically included several positively 533 

selected genes within or regulating the HIF-1 pathway, the VEGF pathway, the VSMC 534 

pathway, and glycolysis and lipid for energy metabolism. The network of relevant 535 

pathways indicated that hypoxia-induced factors, angiogenesis, vasodilatation and 536 

glycolysis metabolism were the most important factors that allowed sheep to manage 537 

extreme hypoxic environmental pressure. Seven sheep breeds representing both highland 538 

and lowland breeds from different areas of China were genotyped for a genome-wide 539 

collection of single-nucleotide polymorphisms (SNPs)
57

. Then detected selection events 540 

spanning genes were involved in angiogenesis, energy production and erythropoiesis 541 

played a crucial role in hypoxia adaption. Here, we found the target genes that PIK3R1, 542 

IGF1R and PDK1 in the classical HIF-1 pathway and FZD4, IFNB2, ATF3, PPCK1, 543 

PFKFB2 in the corresponding downstream VEGF and glycolysis/gluconeogenesis 544 

pathways, which played a central role in regulating cellular responses to hypoxia
43,58,59

. 545 
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Hypoxia regulates IGF1 expression through HIF-1α, and the inhibition of HIF-1α or 546 

IGF1R decreased CD133- and Oct4-positive GRPs under hypoxia
60

. Mora et al found that 547 

the PDK1 signalling network plays an important role in regulating cardiac viability and 548 

preventing heart failure, the deficiency of PDK1 in cardiac muscle results in heart failure 549 

and increased sensitivity to hypoxia
61

. ATF3 is a stress-induced transcription factor that 550 

plays important roles in regulating immune and metabolic homeostasis. Overwhelming 551 

evidence confirms that the ATF3 gene is activated in many tissues by a variety of stress 552 

signals, including proinflammatory cytokines, ischemia and hypoxia
62

. Parra et al found 553 

that the mRNA levels of glycolytic markers HK2, PFKFB2 and GLUT1 increased 554 

accordance with a metabolic shift towards non-mitochondrial ATP generation during 555 

hypoxia
63

. The VEGF pathway downstream of HIF-1 and glycolysis is an important 556 

mechanism of energy metabolism for sheep under extreme hypoxic conditions. The 557 

dysregulation of genes in these pathways indicated that hypoxia-induced factors, 558 

angiogenesis, and glycolysis metabolism were the most important factors that allowed 559 

sheep to manage extreme hypoxic environmental pressure. 560 

The genes CYP2C31, CYP2B4, CYP2B5, and CYCS were functionally involved in 561 

oxygen binding, oxygen transport, and heme binding. In humans, indirect evidence 562 

suggests that hypoxia reduces the rate of biotransformation of drugs cleared by cytochrome 563 

P450 subfamilies CYP1A, 2B, and 2C. Fradette et al found that hypoxia down-regulates 564 

rabbit hepatic CYP1A1, 1A2, 2B4, 2C5, and 2C16 and up-regulates CYP3A6. CYP3A11 and 565 

P-glycoprotein were up-regulated in the livers of hypoxic rats
64

. In addition, the genes 566 

(TUBB4B, PSMD13, COL3A1, COL1A2, DSG3, and ATP6) were also identified as 567 

candidate genes associated with high altitude adaptation by previous functional studies. 568 

Kharrati-Koopaee et al found that PSMD13 gene was associated with the hypoxia by whole 569 

genome sequencing of lowland and highland chickens
46

. Qi et al conducted a cross-tissue, 570 

cross-altitude, and cross-species study to characterize the transcriptomic landscape of 571 

domestic yaks. They found that lung and heart are two key organs showing adaptive 572 

transcriptional changes, five of collagen genes (COL1A2, COL3A1, COL5A2, COL14A1, 573 

and COL15A1) highlighting the crucial role of collagen involved pathways in high altitude 574 

https://pubmed.ncbi.nlm.nih.gov/?term=Mora+A&cauthor_id=12970179
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adaptation
47

. The previous exome sequencing of five Chinese cashmere goat breeds 575 

revealed a candidate gene, DSG3, responsible for high altitude adaptation of the Tibetan 576 

goat. And the mutations significantly segregated high- and low-altitude goats in two 577 

clusters, indicating the contribution of DSG3 to the high altitude hypoxia adaptation in the 578 

Tibetan goat
49

. Wang et al sequenced the ATP8 and ATP6 genes in 66 Tibetan yaks and 81 579 

domestic cattle found that haplotypes H4 in ATP8 and H5 in ATP6 present only in Tibetan 580 

yaks were suggested to be positively associated with high altitude adaptation
50

. 581 

Overall, the expression profile of lncRNAs and mRNAs in liver and lung tissue based 582 

on the comparative transcriptome analysis between high- and low- altitude sheep indicate 583 

that lung and liver are two key organs showing adaptive transcriptional changes. Moreover, 584 

the candidate genes involved in HIF-1, VEGF, and glycolysis/gluconeogenesis pathways, 585 

as well as oxygen binding, oxygen transport, and heme binding molecular function that 586 

were putatively associated with hypoxia responses at high altitudes were screened. These 587 

findings, in combination with the results of physiological and biochemical indices analysis, 588 

are valuable to understanding the genetic mechanism of hypoxic adaptation in sheep. 589 

Conclusions 590 

In summary, we demonstrated the expression profiles of mRNAs and lncRNAs in 591 

Tibetan sheep and Hu sheep in order to understand their regulatory roles in Tibetan sheep 592 

adaption to high altitude hypoxia environment. A collection of aberrantly expressed lncRNA, 593 

a set of target genes and biological pathways known to be relevant for altitude adaptation 594 

were identified by comparative transcriptome analysis between Tibetan sheep and Hu sheep. 595 

Our study might contribute to find out the core DE lncRNAs between Tibetan sheep and Hu 596 

sheep. In addition, further study of these lncRNAs could provide useful insights into the 597 

genetic regulation mechanism of lncRNAs in Tibetan sheep adaption to high altitude hypoxia 598 

environment. 599 
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Fig. 1: The physiological and biochemical indices of five sheep populations from different 754 

altitude. (A) Partial pressure of carbon dioxide (PO2). (B) Haemoglobin contents (HGB). (C) 755 

Total protein (TP). (D) The number of alveolar counted per unit area (MAN). The columns 756 

with different letters are significantly different at P < 0.05. 757 

Fig. 2: Identification of long non-coding RNAs (lncRNAs) and mRNAs involved in high 758 

altitude hypoxia adaptation in lung tissue. Coding potentiality filter using Coding Potential 759 

Calculator, Pfam, Phylogenetic codon substitution frequency, and Coding-Non-Coding 760 

Index (A). The boxplot shows the expression levels (log10 (FPKM +1)) of lncRNAs and 761 

mRNAs (B). Transcript lengths distribution of mRNAs (C) and lncRNAs (D). Exon number 762 

distribution of mRNAs (E) and lncRNAs (F). Open reading frame (ORF) length distribution 763 

of mRNAs (G) and lncRNAs (H). 764 

Fig. 3: The up and down regulation of DE genes of five sheep populations. (A) Number of 765 

DE lncRNAs in liver samples. (B) Number of DE lncRNAs in lung samples. (C) Number of 766 
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DE mRNAs in liver samples. (D) Number of DE mRNAs in lung samples. Red: up-regulated; 767 

Green: down-regulated. 768 

Fig. 4: Venn diagram of common differential expression genes. (A) The common DE 769 

lncRNAs in pairwise comparison between lung and liver tissue. (B) The common DE 770 

mRNAs in pairwise comparison between lung and liver tissue. (C) The common DE 771 

lncRNAs in four comparison groups of liver samples (AW vs HS, HB vs HS, GJ vs HS, WT 772 
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groups of lung samples (AW vs HS, HB vs HS, GJ vs HS, WT vs HS). (F) The common DE 775 

mRNAs in four comparison groups of lung samples (AW vs HS, HB vs HS, GJ vs HS, WT vs 776 

HS). 777 

Fig. 5: Confirmation of expression patterns of the eight selected differential expression genes 778 

using qRT-PCR. The trends of qRT-PCR results are consistent with RNA-seq data. (A) The 779 

common DE lncRNA TCONS_00139593 in five sheep populations of liver samples (AW, 780 

HB, GJ, WT, HS). (B) The common DE lncRNA TCONS_00332125 in five sheep 781 

populations of liver samples (AW, HB, GJ, WT, HS). (C) The common DE lncRNA 782 

TCONS_00377466 in five sheep populations of lung samples (AW, HB, GJ, WT, HS). (D) 783 
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liver samples (AW, HB, GJ, WT, HS). (F) The common DE mRNAs TFF3 in five sheep 786 

populations of lung samples (AW, HB, GJ, WT, HS). (G) The common DE mRNAs ATF3 in 787 

five sheep populations of lung samples (AW, HB, GJ, WT, HS). (H) The common DE 788 
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Figures

Figure 1

The physiological and biochemical indices of �ve sheep populations from different altitude. (A) Partial
pressure of carbon dioxide (PO2). (B) Haemoglobin contents (HGB). (C) Total protein (TP). (D) The
number of alveolar counted per unit area (MAN). The columns with different letters are signi�cantly
different at P < 0.05.



Figure 2

Identi�cation of long non-coding RNAs (lncRNAs) and mRNAs involved in high altitude hypoxia
adaptation in lung tissue. Coding potentiality �lter using Coding Potential Calculator, Pfam, Phylogenetic
codon substitution frequency, and Coding-Non-Coding Index (A). The boxplot shows the expression levels
(log10 (FPKM +1)) of lncRNAs and mRNAs (B). Transcript lengths distribution of mRNAs (C) and lncRNAs



(D). Exon number distribution of mRNAs (E) and lncRNAs (F). Open reading frame (ORF) length
distribution of mRNAs (G) and lncRNAs (H).

Figure 3

The up and down regulation of DE genes of �ve sheep populations. (A) Number of DE lncRNAs in liver
samples. (B) Number of DE lncRNAs in lung samples. (C) Number of DE mRNAs in liver samples. (D)
Number of DE mRNAs in lung samples. Red: up-regulated; Green: down-regulated.



Figure 4

Venn diagram of common differential expression genes. (A) The common DE lncRNAs in pairwise
comparison between lung and liver tissue. (B) The common DE mRNAs in pairwise comparison between
lung and liver tissue. (C) The common DE lncRNAs in four comparison groups of liver samples (AW vs
HS, HB vs HS, GJ vs HS, WT vs HS). (D) The common DE mRNAs in four comparison groups of liver
samples (AW vs HS, HB vs HS, GJ vs HS, WT vs HS). (E) The common DE lncRNAs in four comparison



groups of lung samples (AW vs HS, HB vs HS, GJ vs HS, WT vs HS). (F) The common DE mRNAs in four
comparison groups of lung samples (AW vs HS, HB vs HS, GJ vs HS, WT vs HS).

Figure 5

Con�rmation of expression patterns of the eight selected differential expression genes using qRT-PCR.
The trends of qRT-PCR results are consistent with RNA-seq data. (A) The common DE lncRNA
TCONS_00139593 in �ve sheep populations of liver samples (AW, HB, GJ, WT, HS). (B) The common DE



lncRNA TCONS_00332125 in �ve sheep populations of liver samples (AW, HB, GJ, WT, HS). (C) The
common DE lncRNA TCONS_00377466 in �ve sheep populations of lung samples (AW, HB, GJ, WT, HS).
(D) The common DE lncRNA TCONS_101107056 in �ve sheep populations of liver samples (AW, HB, GJ,
WT, HS). (E) The common DE mRNAs TFF3 in �ve sheep populations of liver samples (AW, HB, GJ, WT,
HS). (F) The common DE mRNAs TFF3 in �ve sheep populations of lung samples (AW, HB, GJ, WT, HS).
(G) The common DE mRNAs ATF3 in �ve sheep populations of lung samples (AW, HB, GJ, WT, HS). (H)
The common DE mRNAs PTGS2 in �ve sheep populations of lung samples (AW, HB, GJ, WT, HS).
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