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Comparative analysis of peripheral blood reveals transcriptomic
adaptations to extreme environments on the Qinghai-Tibetan
Plateau in the gray wolf (Canis lupus chanco)
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Abstract
Molecular adaptations to life on the Qinghai-Tibetan Plateau (QTP) have been detected in the genomes of many native animals,
but the contribution of variations in gene expression to high-altitude adaptation remains to be determined. Here, we sequenced the
peripheral blood transcriptomes of the lowland wolf and the Tibetan wolf (Canis lupus chanco), an endemic top predator on the
QTP, and analyzed how the gene expression pattern has become modified to cope with the extreme plateau environments.
Comparisons of the transcriptomes of Tibetan wolves and their lowland counterparts revealed 90 differentially expressed genes
(DEGs), including 6 genes (ATP6, ATP8, COX3, CYTB, ND2, and ND4) located in the mitochondrial respiratory chain. Several
DEGs are functionally involved in DNA repair (RAD52 and NUPR1), reactive oxygen species (ROS) regulation (GSTP1 and
RETSAT), and cardiovascular homeostasis (ACTA2, CD151, DDX6, HPSE, and YOD1). Further functional enrichment analyses
demonstrated that the identified DEGs were significantly enriched in specific functional categories related to energy metabolism,
hypoxic response, and cardiovascular homeostasis, indicating that the gene expression variation in Tibetan wolves may contrib-
ute to their adaptation to life on the QTP. The phylogenetic topology of worldwide populations based on 12 mitochondrial
protein-coding genes (MPGs) is inconsistent with the patterns revealed by a previous genome-wide study, implying that adaptive
evolution may have occurred in theMPGs of Tibetan wolves.Wolf ATP8was shown to have a higher dN/dS (ω) ratio (ω = 0.712)
than the other 11 genes (ω ≤ 0.272). Overall, our study provides new insights into the mechanisms underlying high-altitude
adaptations in a wild carnivore with not only mitochondrial gene adaptation but also fine-tuned gene expression responses.
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Introduction

Known as the “roof of the world” and the “third pole,” the
Qinghai-Tibetan Plateau (QTP) covers an area of 2.3 million

km2 at extreme altitude (average altitude > 4000 m)
(Thompson 2000). This habitat, characterized by a harsh nat-
ural environment (hypoxia, low temperature, and strong solar
radiation), imposes unique biological constraints on native
animals, which must have evolved exceptional genetic mech-
anisms to adapt to this extremely inhospitable environment.

The Tibetan wolf (Canis lupus chanco) was originally
found exclusively on the QTP, and its relatively large form
and woolier coat compared to those of lowland wolves sug-
gests local adaptation to the QTP environment (Busch 1998;
Roberts 1977). Additionally, diverse morphological, physio-
logical, and behavioral adaptations have been documented for
other QTP natives: lower mitochondrial volume and higher
capillary density in Tibetans (Beall 2007; Beall et al. 2010),
harder skin and a higher ratio of birth weight to sow weight in
Tibetan wild boars (Li et al. 2013), and hairy skirts (Wiener
et al. 2003) and high energy metabolism (Wang et al. 2011) in
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yak. These findings strongly suggest that in QTP native mam-
mals of numerous taxa, extreme environmental stress can in-
duce a wide range of phenotypic changes or physiological
responses to adapt to life on the QTP. However, understanding
the genetic basis of these adaptations to the QTP has proven
challenging.

Over the past several years, comparative genomics have
shed light on the issue of the genetic basis of animal adapta-
tions to the QTP. Genome-wide scans of positive selections on
Tibetans, their domesticated animals, and a few wild mam-
mals have revealed many candidate genes involved in high-
altitude adaptation (Ge et al. 2013; Li et al. 2013; Li et al.
2014; Qiu et al. 2012; Qu et al. 2013; Yi et al. 2010). Using
the resequencing strategy, one study attempted to illustrate the
genetic mechanisms of high-altitude adaptation in wolves;
three hypoxia-related genes (EPAS1, ANGPT1, and RYR2)
were identified, which also exhibited significant selection sig-
nals in Tibetans (Zhang et al. 2014). Collectively, most of
these studies used a similar comparative genomic analysis
strategy to identify promising genetic variants that might ex-
plain the functional modifications of biochemical or physio-
logical pathways responsible for high-altitude adaptation.
Genes participating in the hypoxia inducible factor pathway,
such as EPAS1, have usually been identified as major candi-
dates for high-altitude adaptation in humans (Yi et al. 2010)
and many other Tibetan mammals (Li et al. 2013; Wang et al.
2014; Zhang et al. 2014), implying an extraordinary pattern of
convergent adaptation among numerous taxa. Comparative
genomics have made important contributions to our under-
standing of the mechanisms of high-altitude adaptation, but
until now, the potential contributions of gene expression to
high-altitude adaptation have remained largely unknown.

To our knowledge, the contribution of fine-tuned gene ex-
pression variations to high-altitude adaptation in mammals
has been demonstrated only in high-altitude deer mice, sug-
gesting that changes in gene expression contribute to adaptive
differences in thermogenic capacity under hypoxic conditions
(Cheviron et al. 2012; Cheviron et al. 2013; Cheviron et al.
2014; Velotta et al. 2016). Nevertheless, this study used a
comparative transcriptomic approach involving the analysis
of gene expression profiles from divergent species. A poten-
tially more reasonable strategy should compare the gene ex-
pression profiles of different populations within the same spe-
cies. As a widely distributed top predator in various ecologi-
cally different habitats (Ripple et al. 2014), wolves provide an
ideal model for comparative gene expression profiles among
populations of the same species to reveal the underlying gene
expression variations for adaptation to high-altitude life on the
QTP.

Hypoxia, which is the most formidable physiological chal-
lenge to restrict the viability of plateau animals, can have
profound effects on energy generation and expenditure strat-
egies (Beall 2007). Hence, the regulation of energy

metabolism is particularly critical for Tibetan wolves to sur-
vive under limited oxygen conditions. Proteins coded by mi-
tochondrial genes are essential for energy production through
oxidative phosphorylation and are therefore predicted to ac-
count for some of the adaptations to hypoxia in QTP. A clas-
sical instance of adaptive evolution in mitochondrial DNA
(mtDNA) is the NADH dehydrogenase subunit 1 (ND1)
3394 T > C mutation in Tibetan humans, which is advanta-
geous at high altitudes but deleterious at low altitudes and is
enriched by natural selection (Ji et al. 2012). However, adap-
tive patterns in the mitochondrial sequences of Tibetan wolves
remain unclear.

Blood plays an essential role in oxygen transportation and
energy metabolism and is expected to be under stress in hyp-
oxic conditions. As blood flows throughout the body, fluctu-
ations in the expression profiles of genes in the blood recapit-
ulate information about genetic, epigenetic, cellular, and envi-
ronmental factors (Chaussabel et al. 2010). Therefore, to ex-
amine how the genome-wide transcriptome has become mod-
ified to cope with extreme plateau environments, we per-
formed a comparative blood transcriptome study on 8 wolves
that represented two distinct geographical populations from
Tibet and Inner Mongolia (steppe, altitude < 1000 m). We
hypothesized that Tibetan wolves would also show adaptive
gene expression responses to extreme QTP environments in
addition to genomic adaptations. Moreover, we performed
phylogenetic analysis on worldwide wolves based on mito-
chondrial protein-coding genes (MPGs) and explored the po-
tential adaptive evolution of MPGs. Our study represents the
first attempt to contextualize the high-altitude adaptation of
wolves at the genome-wide transcriptomic level.

Materials and methods

Animals and sample collection

The eight adult wolves used for transcriptomic analysis were
obtained from a pair of high- and low-altitude localities in
China. Four highland wolves (C. l. chanco) were live trapped
in the area surrounding Lhasa (Tibet; ~ 3760 m altitude), and
four lowland wolves (C. l. laniger) were live trapped in the
Dailake National Nature Reserve (DNNR) (Inner Mongolia;
~ 560 m altitude). Although these individuals obtained from
the same locality were captured from several sites, we have no
accurate idea of the relatedness of these wolves. This may
become a possible confounding variable in our results.
Following capture, highland wolves (designated the H_wolf
group) were transferred from the trapping localities to
Luobulingka Zoo in Lasa, and the lowland wolves (designated
the L_wolf group) were raised in the wildlife rescue base of
DNNR and Yantai Zoo (Shandong; ~ 100m altitude). The two
wolf groups were fed the same diet as at their native
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elevations. During the acclimation period of 6 months, all the
animals were clinically healthy and well adapted to the artifi-
cial feeding conditions. Blood (0.5ml for each individual) was
then collected from the leg vein of each wolf after the wolves
were anesthetized. The fresh blood samples were immediately
stored in RNAprotect® animal blood tubes (QIAGEN,
Germany) and frozen in liquid nitrogen until use.

Additionally, fur samples from 8 other wolves from Inner
Mongolia (n = 5; ~ 560 m altitude) and Qinghai (n = 3; ~
3000 m altitude) were sampled. Mitochondrial genomes were
amplified from these samples for further phylogenetic and
evolutionary analysis. Additionally, 29 mitochondrial ge-
nomes of worldwide wolves were obtained from GenBank
and included in our phylogenetic analysis. Geographical dis-
tributions and detailed information for all samples in our study
are shown in Fig. S1 and Table S1. All of the sampling pro-
cedures complied with the guidelines of the Qufu Normal
University Institutional Animal Care and Use Committee on
the care and use of animals for scientific purposes (Permit
Number: QFNU2015-005).

Nucleic acid isolation, library construction,
and sequencing

All experimental operations on the eight blood samples were
performed in a single batch to avoid introducing technical
bias. Total RNA was isolated from each blood sample using
the RNeasy® Protect Animal Blood Kit according to the man-
ufacturer’s instructions (QIAGEN, Germany). Then, DNA
was removed from the total RNA using RNase-free DNase I
(QIAGEN, Germany). The RNA concentration and integrity
were assessed using the Qubit® 2.0 Fluorometer (Life
Technologies, CA, USA) and the Agilent 2100 system
(Agilent Technologies, CA, USA), respectively.

A total of 3 μg of RNA per sample was used as input
material to prepare the sequencing library by using the
NEBNext® Ultra™ RNA Library Prep Kit for Illumina®
(NEB, USA). Briefly, mRNA was purified from total RNA
using poly-Toligo-attachedmagnetic beads. After purification
using the AMPure XP system, the library products were
assessed on the Agilent 2100 system. Clustering of the
index-coded samples was performed on a cBot Cluster
Generation System using the TruSeq SR Cluster Kit v3-
cBot-HS (Illumina, USA) according to the manufacturer’s in-
structions. After cluster generation, the library preparations
were sequenced on an Illumina HiSeq 2500 platform, and
125 base pair (bp) paired-end reads were generated.

Total genomic DNAwas extracted from fur or blood sam-
ples of 8 other individuals using the DNeasy Blood & Tissue
Kit (QIAGEN, Germany) and examined on a 1.0% agarose/
TBE gel to test the DNA integrity. We then used a series of
overlapping primers published in our previous study (Zhang
et al. 2015) to amplify all 13 MPGs in the mitochondrial

genome. PCR products were purified with a QIAquick Gel
Extraction Kit (QIAGEN, Germany) and cloned using a
pMD™18-T Vector Cloning Kit (TaKaRa, Japan). Three to
6 clones for each PCR product were sequenced to decrease the
possibility of sequencing error.

Quality control and mapping reads to the reference
genome

The RNA-seq reads were trimmed with Trimmomatic v0.33
(Bolger et al. 2014) to remove adapters and low-quality reads.
Quality parameters including Q20, Q30, and the GC-content
of clean data were calculated (Table S2). All downstream
analyses were based on the filtered clean data.

The reference genome (boxer genome, CanFam3.1) and
corresponding gene model annotation files were downloaded
from the Ensembl database (http://asia.ensembl.org/index.
html). An index of the reference genome was built using
bowtie2-build of the Bowtie2 v2.2.4 (Langmead and
Salzberg 2012), and paired-end clean reads for each individual
were aligned to the reference genome by TopHat v2.0.13
(Kim et al. 2013). The alignment results were presented in
Table S3. Unmapped or multiposition matched reads were
excluded from further analyses. Cufflinks v2.2.1 (Trapnell
et al. 2010) was used to construct and identify known and
novel transcript fragments from the TopHat alignment results.
All novel genes were annotated for protein function using
InterProScan (http://www.ebi.ac.uk/interpro/) and BLASTX
against the NCBI Nr database. The resulting InterPro and
BLAST annotations were then converted into Gene
Ontology (GO) annotations. The structure prediction and
functional annotation of these novel genes are presented in
Table S9.

Differential expression analysis

Differential expression analysis of the blood transcriptome
between the Tibetan and lowland wolves was performed using
two common methods, the DESeq2 v1.8.1 R package (Love
et al. 2014) and Cuffdiff, which is included in the Cufflinks
suite of tools (Trapnell et al. 2010). The fragments per kilo-
base of exon per million fragments (FPKM) value (Trapnell
et al. 2010) was calculated to ensure accurate quantification of
transcript expression. The DESeq2 method provides statistical
routines to determine differential expression in digital gene
expression data using a model based on the negative binomial
distribution (Anders et al. 2015). Cuffdiff computes a separate
variance model for single-isoform genes and multi-isoform
genes. A negative binomial model was introduced to address
the gene expression patterns for single-isoform genes and a
mixed model of negative binomials using the beta distribution
parameters as the mixture weights to identify the significant
DEGs (Rapaport et al. 2013). The p values were adjusted for
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multiple testing using the Benjamini-Hochberg method
(Benjamini and Hochberg 1995). For both methods, an adjust-
ed p value of 0.05 (adjusted p value < 0.05) and a gene ex-
pression fold change of 2 (|log2 (fold change)| > 1) were set as
the threshold for identifying significant DEGs. DEGs identi-
fied by two methods are presented in Table S4-S5.

Meanwhile, we obtained and analyzed the top 100 com-
monly highly expressed genes (HEGs) in 8 wolf blood sam-
ples (Table S6). The expression patterns of HEGs were inves-
tigated by performing hierarchical clustering for the eight
blood samples based on FPKM transcriptomic expression da-
ta. Then, we used the R package pvclust (Suzuki and
Shimodaira 2006) to assess the uncertainty in hierarchical
cluster analysis. In this analysis, an approximately unbiased
(AU) p value, which is a better approximation of the unbiased
p value than the bootstrap probability (BP) value, was calcu-
lated via multiscale bootstrap resampling on the gene FPKM
expression values.

GO and KEGG functional enrichment analyses

To gain further insights into the functional associations of the
DEGs, we performed the GO enrichment analysis on the up-
and downregulated DEGs identified by DESeq2. GO enrich-
ment analysis was implemented by the clusterProfiler R pack-
age (Yu et al. 2012). GO terms with p values less than 0.05
were considered significantly enriched among DEGs
(Table S10). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment analysis was used to identify
metabolic pathways or signal transduction pathways signifi-
cantly enriched in DEGs compared with the whole-genome
background. Significantly enriched pathways were identified
with KOBAS 2.0 (Xie et al. 2011) using a hypergeometric
test, and the pathways with p < 0.05 were considered to be
significant (Table S12).

Validation of RNA-seq results with qRT-PCR

To validate the repeatability and reproducibility of gene ex-
pression data obtained by RNA sequencing, real-time quanti-
tative reverse transcription PCR (qRT-PCR) was carried out
on 12 randomly selected DEGs using the total RNA used for
transcriptome construction. Primers of selected DEGs for
qPCR were designed using Primer-Premier 5 (Premier
Biosoft Interpairs, Palo Alto, CA). Primer sequences and
amplicon lengths are listed in Table S7.

qRT-PCR was carried out on the 7500 Real-Time PCR
System (Applied Biosystems, America) using the following
program: 95 °C for 10 min followed by 40 cycles of 95 °C for
30 s, 58 °C for 30 s, and 72 °C for 30 s. Four biological
replicates and three technical replicates were carried out for
each of the selectedDEGs. The relative expression levels were

analyzed using the classic R = 2-ΔΔCt method (Livak and
Schmittgen 2001).

Phylogenetic and adaptive evolution analysis based
on MPGs

Protein-coding genes in the mitochondrial genome are essential
for energy production by oxidative phosphorylation and are
therefore predicted to account for some of the adaptations to
hypoxia in this environment. Based on mtDNA data, we first
performed phylogenetic reconstruction among the 8 newly
sampled and the other 29 worldwide distributed wolves (Fig.
S1; Table S1) using the maximum likelihood (ML) and the
Bayesian inference (BI) methods. Coyote (Canis latrans) was
used as the outgroup. The concatenated nucleotide sequences
of all 12 heavy-strand encoded MPGs were aligned using
CLUSTAL X (Larkin et al. 2007). The best-fit model (TIM+
I +G) of sequence evolution was selected using Modeltest 3.7
(Posada and Crandall 1998) based on the Akaike Information
Criterion (AIC). The ML analysis was conducted with PAUP*
version 4.0b10 (Cummings 2004), and 1000 bootstraps were
used to assess the support of nodes. BI was performed using the
program MrBayes version 3.1 (Ronquist and Huelsenbeck
2003) with the same model and parameters used in the ML
method. Four Metropolis-coupled Markov Chain Monte
Carlo analyses were run for 2,000,000 generations with trees
sampled every 1000 generations. Stationarity was defined as a
mean standard deviation of split frequency less than 0.01.

We compared nonsynonymous/synonymous substitution
ratios (ω = dN/dS) to evaluate natural selective pressures on
each MPG across the branches of Tibetan and lowland
wolves. We first used the single likelihood ancestral counting
(SLAC) method implemented in the Hyphy package (Pond
et al. 2005) to obtain overall ω ratios for each of the 12
MPGs. Evidence of positive selection at individual sites of
each MPG along the branch of Tibetan wolves was further
detected by using the branch-site likelihood method imple-
mented in PAML v4.8 (Yang 2007). Branch-site model anal-
yses were conducted using the MA model (model = 2,
NSsite = 2, fix omega = 0) and the MA null model (model =
2, NSsite = 2, fix omega = 1) (Zhang et al. 2005). Likelihood
ratio tests (LRT) were used to compare pairs of models. By
using the Bayes Empirical Bayes approach (BEB), the sites
with a posterior probability > 0.9 were considered candidates
for significant selection.

Results

RNA-seq and read alignment to the reference genome

To explore the adaptive transcriptomic variation in Tibetan
wolves for life on the QTP, we sequenced the transcriptomes
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of the blood of 8 wolves of Tibet and Inner Mongolia popu-
lations and generated over 383 million reads in total. After
trimming and quality filtering, 42–51 million pair-end clean
reads were retained for each sample. Alignment of the se-
quence reads against the dog genome yielded 62.7–80.5% of
uniquely aligned reads across the eight samples, of which
60.0–80.3% fell in annotated exons, 15.1–21.8%were located
in introns, and the remaining 3.7–21.8% were assigned to
intergenic regions. Unmapped or multiposition matched reads
(19.5–37.3%) were excluded from further analyses. An over-
view of the sequencing and mapping is outlined in Table 1.

All the mapped reads from the eight individuals were
merged and assembled by Cufflinks. The known gene model
was from the Ensembl website, and novel genes were charac-
terized using Cuffcompare. A total of 1729 new transcripts
were determined (Table S9). The locations of exons and in-
trons from each novel gene are also defined. Functional anno-
tation of the new transcripts was conducted by BLASTN
against the Nr database, and 835 transcripts had corresponding
homologs in the Nr database. We further conducted GO clas-
sifications on the novel transcripts. A total of 474 genes were
assigned to corresponding GO terms (Table S9).

Furthermore, 4 wolves in the same group were used to
eliminate the background noise of individual-specific tran-
scription, enabling the acquisition of more relevant data from
the two groups. The correlation of transcript expression be-
tween samples is the most important indicator for the reliabil-
ity of experimental results and the rationality of sampling
(Kang et al. 2013). Calculated based on the FPKM value,
the correlation coefficients (R2) between paired individuals
within the H_wolf and L_wolf groups were shown to be
0.91–0.95 and 0.84–0.93, respectively (Fig. S2). This result
indicated that the similarity of the 4 biological replicates with-
in each group was sufficiently high.

Transcriptome profiles of wolf blood

The distributions of the expression levels of all genes were
similar for all 8 blood samples. Regarding mRNA expression,
more than 90.9% of the current annotated genes were
expressed at < mean 10 FPKM and only < 1.3% of the genes
were expressed at > mean 100 FPKM across all 8 samples
(Fig. 1a). In total, uniquely mapped reads covered 62.8% of
the current annotated genes across all eight blood samples,
representing 16,290 genes (FPKM > 0.1). Of these, 15,558
(59.9%) and 15,127 (58.3%) expressed genes were identified
in L_wolf and H_wolf blood, respectively. Moreover, there
were 14,395 (55.5%) commonly expressed genes between
the two groups (Fig. 1b). Several well-known hypoxia-related
genes in mammals on the Tibetan Plateau, such as EPAS1,
ANGPT1, and RYR2, were also detected in our transcriptome
data (data not shown). The HEGs were ranked by mean
FPKM value and the top three were HBA1, TMSB4X, andTa
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FTL (Table S6), which was completely consistent with a pre-
vious study on panda (Du et al. 2015). Hierarchical clustering
on HEGs did not cluster the Tibetan wolves and lowland
wolves into corresponding groups (Fig. S3), reflecting the
conservative expression patterns of HEGs under high-
altitude conditions.

Differential expression analysis and validation
of DEGs by qRT-PCR

Comparisons of the transcriptomes between the L_wolf and
H_wolf groups using commonly used DESeq2 and Cuffdiff
methods generated similar estimates of the number of DEGs.
The DESeq2 results showed that a total of 90 genes were
significantly differentially expressed (|log2 (fold change)| > 1
and q < 0.05), and 30 genes were also identified as DEGs by
Cuffdiff (Table S4-S5). Further analysis revealed that 67
DEGs, including 6 mitochondria-related genes (ATP6,
ATP8, COX3, CYTB, ND2, and ND4), were downregulated
and 23 DEGs were upregulated in the blood of the Tibetan
wolves (Table S4). The expression patterns of the identified
DEGs are shown in Fig. S4. Functional annotation indicated
that many DEGs are involved in carbohydrate metabolism
(AMPD1, HPSE, MDM4, ITPR2, ATP6, ATP8, COX3,
CYTB, ND2, and ND4), DNA repair (RAD52, NUPR1) and
cardiovascular homeostasis (ACTA2, CD151, DDX6, HPSE,
and YOD1). The expression modifications of these genes may
contribute to the life of the Tibetan wolves in this extreme
alpine environment.

To validate the gene expression levels determined byRNA-
seq data, we randomly selected 12 DEGs for qRT-PCR

analysis. As shown in Fig. S5, the expression patterns of these
12 DEGs measured using qRT-PCR were in agreement with
gene expression changes observed in transcriptomic analysis,
suggesting that the transcriptome data can reflect the real gene
expression patterns of the wolf blood.

GO and KEGG pathway enrichment analyses of DEGs

To gain further insights into the functional associations of the
identified DEGs, we conducted functional enrichment analy-
sis. We found that among genes upregulated in Tibetan
wolves, the significantly enriched GO terms in the biological
process category (BP) were associated with the cardiovascular
and immune system, such as blood coagula t ion
(GO:0007596), regulation of blood pressure (GO:0008217),
response to virus (GO:0009615), and non-recombinational
repair (GO:0000726) (Fig. 2a; Table S10). Interestingly, sev-
eral upregulated genes were enriched in skin development
(GO:0043588) and regulation of hair cycle (GO:0042634)
(Table S10), which might be related to the wooly coat of
Tibetan wolves. Among genes downregulated in Tibetan
wolves, almost all the significantly enriched GO terms in BP
were associated with the energy metabolism and hypoxic re-
sponse, such as oxidative phosphorylation (GO:0006119),
cellular respiration (GO:0045333), and response to hyperoxia
(GO:0001666) (Fig. 2b; Table S11). Respiratory chain com-
plex (GO:0098803) and hydrogen ion transmembrane trans-
porter activity (GO:0015078) were the most significantly
enriched GO terms in the cellular component (CC) and mo-
lecular function categories (MF), respectively (Table S11).

Fig. 1 Gene expression profiles of blood in Tibetan and lowland wolves.
a Boxplot of the log transformed FPKM expression values across eight
wolf blood samples. FPKM: fragments per kilobase of exon per million
fragments. The solid horizontal line represents the median, and the box

encompasses the lower and upper quartiles. b Venn diagram of the
number of expressed genes in the H_wolf and L_wolf groups. H_wolf
refers to the Tibetan wolf, and L_wolf refers to the lowland wolf
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The KEGG pathway enrichment results showed that oxi-
dative phosphorylation (cfa00190) was the most significantly
enriched (p < 0.01) KEGG pathway (Table S12). Six genes,
ATP6, ATP8, COX3, CYTB, ND2, and ND4, were found to be
involved in this pathway. Moreover, the enrichedKEGG path-
ways for DEGs were also related to metabolic pathways
(cfa01100), the Ras signaling pathway (cfa04014), and pro-
tein processing in the endoplasmic reticulum (cfa04141)
(p < 0.05) (Table S12; Fig. 3).

Analysis of phylogeny and adaptive evolution
in the MPGs of wolves

The BI and ML analyses yielded identical topology with high
Bayesian posterior probabilities and ML bootstrap propor-
tions at key branches (Fig. 4). The phylogenetic tree divided
extant wolves into two clades with Tibetan wolves grouped
into one clade and the remaining wolves grouped into another
clade. This topology was inconsistent with the phylogenetic
pattern of the geographical proximity of worldwide popula-
tions, indicating that adaptive evolution may have occurred in
the mtDNA of Tibetan wolves.

The ω calculated for 12MPGs varied greatly, with relative-
ly high values (ω = 0.712) for ATP8 and smaller values for the
remaining genes (ω ≤ 0.272) (Table S8). This result indicates
that the substitution rate in ATP8 is accelerated. When the
branch-site model was used to detect potential positively

selected sites of MPGs on the Tibetan wolf branch, only three
codons were identified in ATP8 (codon 31) and ND2 (codon
48 and 275) of the Tibetan wolves. However, the LRT tests
suggested that the alternative models did not fit the data better
than the null models (data not shown).

Discussion

Molecular mechanisms of high-altitude adaptation have been
studied in the genomes of many natives of the QTP, but the
contribution of gene expression variation to high-altitude ad-
aptation remains to be determined. Here, we used high-
throughput RNA sequencing to investigate the whole-
genome transcriptomic profiles of the peripheral blood in
wolves and further analyzed how the transcriptome has been
modified to cope with the harsh environmental conditions on
the QTP.

In this study, we established a peripheral blood tran-
scriptome of 8 wolves originating from the QTP and lowland
InnerMongolia and conducted differential expression analysis
between the two groups. In total, 90 DEGswere characterized,
23 of which were upregulated and 67 downregulated in
Tibetan wolf blood (Table S4). The number of upregulated
DEGs was found to be lower in Tibetan wolves than in low-
land wolves. Additionally, the overall number of expressed
genes in blood transcriptomes was found to be lower in
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Tibetan wolves (Fig. 1b). These results implied that Tibetan
wolves may have a conservative blood RNA expression pro-
file. Interestingly, identical conservative gene expression pat-
terns were also found in the blood of the saker falcon, a bird
native to the QTP (Pan et al. 2017). We annotated the func-
tions of these 90 DEGs and found that some of them were
related to energy production, DNA repair and cardiovascular
homeostasis. Functional enrichment analysis demonstrated
that the identified DEGs were enriched predominantly in bio-
logical categories related to energy metabolism, hypoxic re-
sponse, and cardiovascular homeostasis (Figs. 2 and 3). The
above results indicated that the functional modification under-
lying gene-expressing changes may play critical roles in
adapting Tibetan wolves to life on the QTP. Interestingly, the
analogous functional implication was not only consistent with
the comparative transcriptomic study in high-altitude deer
mice (Cheviron et al. 2012) but also with the comparative
genomic results in many Tibetan animals (Ge et al. 2013; Li
et al. 2013; Qiu et al. 2012; Yu et al. 2016), which indicates
that species endemic to the high-altitude habitat might share
similar mechanistic underpinnings of adaptive strategies.
Hierarchical clustering on HEGs did not cluster the Tibetan
wolves and lowland wolves into separate groups (Fig. S3).
This finding may indicate that neither genetic background
nor the environment influences on the overall expression pat-
tern of HEGs and implies that HEGs exhibit robust expression
profiles. However, further research including more samples is
needed to test and verify this conclusion.

Among the various extreme conditions in the Tibetan pla-
teau, hypoxia may be the most formidable physiological chal-
lenge restricting the viability of native animals. Hence, the

regulation of oxygen usage and energy production is particu-
larly critical for native animals to survive under limited oxy-
gen conditions. Previous genome-wide studies on Tibetan an-
imals have frequently found genes involved in energy metab-
olism to be under positive selection (Ge et al. 2013; Li et al.
2013; Li et al. 2014; Qiu et al. 2012; Qu et al. 2013). In our
study, based on differential expression analysis and the subse-
quent functional enrichment analysis of DEGs, we found that
several DEGs were involved in energy metabolism, including
6 downregulated mitochondrial genes in Tibetan wolves
(Table S10-S12). This finding indicated that adaptive func-
tional modifications have occurred in terms of oxygen usage
and energy production at the level of gene expression.
However, the functional implications of downregulated mito-
chondrial gene expression are unclear at present. Among
Tibetan wolves, limited mitochondrial respiration somehow
supports a comparable energy requirement to that of lowland
wolves, perhaps implying that some adaptive variations in
mitochondrial genes elevated the enzyme activities and then
improved oxidative phosphorylation efficiency to meet the
metabolic energy demands of the organism. Additionally, a
recent study revealed that downregulated expression of
mtDNA may be involved in the decrease in ROS (reactive
oxygen species) production under hypoxic conditions (Sumi
et al. 2018). Therefore, the downregulated expression of
mtDNA in Tibetan wolves may be a trade-off between energy
supplementation and ROS toxicity under hypoxic conditions.

Phylogenetic analysis based on the concatenated sequences
of 12 MPGs divided worldwide wolves into two clades with
Tibetan wolves grouped into one clade, and the remaining
wolves were grouped into another clade (Fig. 4). This

Fig. 3 Scatterplot of enriched
KEGG pathways for DEGs
between the Tibetan and lowland
wolves. The enrichment factor is
the ratio of the DEG number to
the total gene number in the
pathway. The dot size and color
represent the gene number and the
range of the p value respectively
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phylogenetic pattern was not consistent with the geographical
proximity of the worldwide wolf populations derived from
whole genomic data (Fan et al. 2016). This finding implied
that adaptive evolution may have occurred in some amino
acids of mitochondrial proteins. Indeed, such functional mu-
tations in mitochondrial genomes have been identified in
many Tibetan animals (Ji et al. 2012; Luo et al. 2008), and
these amino acid substitutions potentially function in the mod-
ulation of mitochondrial complexes and electron transport ef-
ficiency during hypoxia adaptation. In our study, wolf ATP8
was shown to have a higher dN/dS (ω) ratio (ω = 0.712) than
the other 11 genes (ω ≤ 0.272). Interestingly, the relatively
higher evolutionary rate of ATP8 than other MPGs was also
detected in cetacean mammals, which have adapted to the
low-oxygen aquatic life (Mori and Matsunami 2018).
Although the positively selected site detected in ATP8 of
Tibetan wolves has no significant statistical support, this site

showed radical amino acid changes in terms of electric charge
and indicated that the amino acid substitutions might affect the
function of this protein.

Strong solar radiation, which is a considerable threat to
genomic integrity and cell survival, is the other deleterious
ecological factor faced by animals living on the QTP.
Animals at high altitude need relevant functional modification
to cope with this deleterious situation. Hence, candidate genes
involved in DNA repair universally display selection signals
in many genomes of Tibetan animals (Ge et al. 2013; Li et al.
2013; Qiu et al. 2012). Using the RNA-seq method, we found
that several genes involved in DNA repair, such as RAD52
homolog (RAD52) and nuclear protein 1 (NUPR1), were up-
and downregulated, respectively, in the Tibetan wolves com-
pared with the lowland wolves. Earlier studies have shown
that RAD52 encodes a DNA repair protein involved in the
DNA repair mechanisms of mammals and functions in the

Fig. 4 Reconstructed
mitochondrial DNA tree of the
worldwide distributed wolves.
The numbers at each node are the
Bayesian posterior probabilities
(right) and ML bootstrap propor-
tions (left)
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recognition and binding of double-strand breaks (Benson et al.
1998; Liu and Maizels 2000). NUPR1, also known as p8 and
Com1, is a stress-induced gene that is widely expressed in
mammal organs (Cano et al. 2011). NUPR1 was previously
shown to act as a negative regulator of the activity of MSL1
(male-specific lethal protein 1) complexes, which are involved
in DNA damage detection and DNA repair after double-strand
DNA damage (Gironella et al. 2009; Lopez et al. 2015).
Furthermore, consistent with our results, RAD52 and
NUPR1 have been found to be up- and downregulated in
response to ionizing radiation and ultraviolet treatment, re-
spectively (Gironella et al. 2009; Liu and Maizels 2000;
Park 1995), implying enhanced uvioresistant capability in
Tibetan wolves. Furthermore, the increased intracellular
ROS concentration induced by hypoxia can also damage
DNA (Wallace et al. 2010); therefore, ROS cellular homeo-
stasis seems to be vital for the survival of indigenous animals
on the QTP. Glutathione S-transferase pi 1 (GSTP1) is a mem-
ber of the glutathione s-transferases (GST) family that plays
an important role in detoxifying intracellular ROS and reduc-
ing lipofuscin, which is a recognized biomarker for exposure
to ROS and other radicals (Kanwal et al. 2014; Martinelli et al.
1990). Using a proteomic approach, one study found that the
GSTP1 protein was increased fourfold in Tibetans compared
with lowland resident Nepali, and this increase was accompa-
nied by upregulation of its mRNA level (Gelfi et al. 2004). In
this study, the expression pattern of GSTP1 in Tibetan wolves
was consistent with that in Tibetans, indicating a more effi-
cient ROS detoxification capability in Tibetan wolves than in
lowland wolves. Additionally, a recent study revealed that
retinol saturase (RETSAT) is a potent modulator of the cellular
response to oxidative stress and plays an important role in the
regulation of ROS (Pang et al. 2017). This gene is upregulated
in the blood of Tibetan wolves, and the mechanisms of ROS
regulation need further study. It is worth mentioning that the
downregulated expression of mtDNA may be involved in the
decrease in ROS production under hypoxic conditions (Sumi
et al. 2018). In conclusion, these results indicated that Tibetan
wolves possessed intrinsic protectivemechanisms to reduce or
avoid DNA damage caused by ultraviolet light and ROS,
which may make them well adapted to strong solar radiation
conditions.

In addition to the DEGs described above, other DEGs are
also particularly interesting because of their functional impli-
cations in cardiovascular homeostasis. Hypoxia inducible fac-
tor 1 subunit alpha (HIF-1α) is a key transcription factor that
has essential functions in maintaining oxygen homeostasis
and regulating the expression of many hypoxia-dependent
genes, such as vascular endothelial growth factor (VEGF)
(Manalo et al. 2005; Wang and Semenza 1993). DEAD box
helicase 6 (DDX6), which is a component of the P-bodies, has
critical functions in translation suppression and mRNA deg-
radation (Coller and Parker 2005; Nonhoff et al. 2007).

Previous studies have revealed that under hypoxia, a decrease
in DDX6 expression induced by elevated expression of the
MicroRNA-130 family can enhance the translation of HIF-
1α (Saito et al. 2011). Hence, DDX6 served as a translational
repressor to negatively regulate HIF-1a protein levels.
Moreover, the decline in DDX6 expression under prolonged
hypoxia leads to enhanced VEGF translation and secretion
and further promotes blood vessel formation and oxygen de-
livery (de Vries et al. 2013). Consistent with the expression
pattern under hypoxia, the mRNA level ofDDX6 is downreg-
ulated in the Tibetan wolves, indicating a potential role of
DDX6 in cardiovascular homeostasis. The transmembrane 4
superfamily, also known as the tetraspanin family, regulates a
wide spectrum of physiological processes, such as cell devel-
opment, activation, growth, and motility (Stipp et al. 2003).
As a member of this family, CD151 has been demonstrated to
promote tissue vascularization and increase the capillary den-
sity in physiological studies of many experimental animal
models (Lan et al. 2005; Zuo et al. 2009) and thus may func-
tion in elevating oxygen exchanging efficiency. In this study,
CD151 is upregulated in Tibetan wolves. A previous study
showed a similar result: CD151 expression was significantly
enhanced under hypoxic condi t ions in cul tured
cardiomyocytes in vitro and ischemic rat myocardium
in vivo (Wei et al. 2011). Heparanase (HPSE), which is also
upregulated in Tibetan wolves, was reported to function in
elevating microvessel density by stimulating VEGF expres-
sion (Elkin 2001; Ren et al. 2011). YOD1 deubiquitinase
(YOD1) was found to be related to pulmonary vascular remod-
eling and to be downregulated in the lungs of mice and in
human pulmonary artery smooth muscle cells under chronic
hypoxia (Yang et al. 2012), which is consistent with the ex-
pression pattern of the YOD1 gene in this study. ACTA2 (actin
alpha 2, smooth muscle) is a unique contractile protein specif-
ically expressed in vascular smoothmuscle cells, whose role is
to stabilize and/or provide contractility to blood vessels to
regulate blood pressure and flow (Guo et al. 2007). In the
current investigation, ACTA2 was found to be upregulated in
Tibetan wolves, which may indicate increased vascular con-
tractility and a greater capacity to regulate blood pressure.
Functional adaptations of the cardiovascular system were es-
sential for Tibetan native animals to live under hypoxic con-
ditions (Beall 2007). Previous genomic studies also detected
evidence of selection in cardiovascular-related genes in the
genomes of many Tibetan animals (Ge et al. 2013; Li et al.
2013; Qiu et al. 2012; Yu et al. 2016). In our study, the iden-
tified DEGs are potentially involved in promoting blood ves-
sel formation, increasing blood vessel density and elevating
oxygen transport efficiency, implying that the cardiovascular
system of Tibetan wolves may has developed some efficient
mechanisms of acclimatization to high-altitude conditions.

Given the important functions of blood in oxygen transpor-
tation and energy metabolism and the inaccessibility of other
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organs or tissues, blood was used as a particularly attractive
source of surrogate tissue for assessing the status of the host
(Chaussabel et al. 2010). However, it is always difficult to
collect adequate blood samples from wildlife, especially large
carnivores such as wolves. The small sample size used for this
study potentially limits our ability to draw more in-depth and
comprehensive conclusions. Therefore, further research is
needed to test and verify our findings, and we will continue
to enlarge the sample size to obtain more convincing results. It
is also worth mentioning that many DEGs detected in this
study do not have certain known functional roles involved in
high-altitude adaptation, and additional functional analysis is
needed to validate the potential roles in this adaptation.

Conclusions

To our knowledge, this study represents the first attempt to
contextualize the high-altitude adaptation of Tibetan
wolves at the whole-genome transcriptome level. By com-
paring the transcriptome of peripheral blood between
Tibetan and lowland wolves, we identified DEGs. Further
functional enrichment analyses revealed that the identified
DEGs were significantly enriched in specific functional
categories with regard to energy metabolism, hypoxic re-
sponse and cellular respiration, demonstrating adaptive
variations in gene expression in Tibetan wolves for life
on the QTP. Specifically, efficient energy metabolism, a
potential stronger DNA repair mechanism and a fine-
tuned cardiovascular system play critical roles in the adap-
tation of Tibetan wolves to the extreme environment on the
QTP. Phylogenetic analysis of mitochondrial DNA
(mtDNA) divided extant wolves into two clades with
Tibetan wolves grouped into one clade, and the remaining
wolves into another clade. This topology is inconsistent
with the geographical proximity of worldwide populations,
implying that adaptive evolution may have occurred in the
mtDNA of Tibetan wolves. Overall, our study provided
new insights into the molecular mechanisms underpinning
high-altitude adaptation, including not only fine-tuned
gene expression responses but also mitochondrial gene ad-
aptation. As a widely distributed mammal found in various
ecological habitats, wolves are necessary for the mainte-
nance of biodiversity and ecosystem function. We advocate
further study of the selective and gene expression varia-
tions to characterize the evidence for underlying adaptive
mechanisms among different wolf populations from vari-
ous habitats.
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