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A B S T R A C T   

Tibetan Mastiff has adapted to the extreme environment of the Qinghai-Tibetan Plateau. Yet, the underlying 
mechanisms of its high-altitude-adaptation and origin remains elusive. Here, we generated the draft genomes of 
Mongolia Mastiff, Tibetan Mastiff, and Canis Lupus. The phylogenetic tree uncovered that Tibetan Mastiff and 
Mongolia Mastiff were derived from Canis Lupus species. The comparative genomic analyses identified that the 
expansion of gene families related to DNA repair and damage response, and contraction related to ATPase ac
tivity revealed the genetic adaptations of Tibetan Mastiff and Canis Lupus to high altitude. In addition, the Ti
betan Mastiff and Canis Lupus had signals of positive selection for genes involved in fatty-acid α/β- oxidation for 
highland adaptation. Notably, the positively selected TERT of Tibetan Mastiff should be an adaptive trait for 
correcting DNA damage. These findings suggested that the Tibetan Mastiff and Canis Lupus evolves basic stra
tegies for adaptation to high altitude.   

1. Introduction 

With the “Tibetan Mastiff fever” in the 1980s, the massive drain of 
purebred Tibetan mastiffs led to the loss of germplasm resources and the 
complexity of breeds. Hence, the protection, utilization and research of 
Tibetan Mastiff are extremely urgent. Tibetan mastiff, one of the oldest 
and rarest dog breeds in the world, has been modified by deliberate 
selection in a relatively short period of time to adapt to the extremely 
high altitude of the Tibetan Plateau (typically 4500 m). The Tibetan 
Plateau is an extreme environment with a low-atmospheric oxygen 
pressure, a high level of ultraviolet radiation, a cold climate and limited 
resources [1]. With whole-genome sequencing technology, recent 
studies have indicated that the Tibetan Mastiff acquired various adap
tive traits, such as a thick coat, enhanced metabolic capacity, high 
Hb–O2 affinity, and low hemoglobin levels [2–9]. However, the genetic 
mechanisms of its adaptation to the high altitude are still limited to a 
few genes related to hypoxia response. It is reported that introgression 
could contribute to adaptive evolution [10]. Advance studies showed 
that the Canis Lupus (typically living in the Tibetan Plateau with 4500 m 
altitude) could provide a genetic source for the adaptation of Tibetan 
Mastiff by gene introgression [3,4]. Besides, recent mtDNA evidence 
revealed that the Tibetan Mastiff shares a common ancestor with other 

dogs deriving from the Canis Lupus [11,12]. However, several groups 
have demonstrated that the Tibetan Mastiff is more closely related with 
other Chinese native dog rather than Canis Lupus [3,13]. Therefore, how 
Tibetan Mastiff acquired the adaptive traits in high altitude remains 
elusive, and its origin also remains controversial. 

Comparison of the breeds from different altitudes could powerfully 
dissect the physiological and genetic mechanisms of the Tibetan Mastiff 
adaptation to the high-altitude environment [6]. The Mongolia mastiff, 
living in the Hulunbuir Grassland (typically 800 m), is similar to the 
Tibetan Mastiff in terms of morphological characteristics, sports per
formance, etc. Here, we used the Mongolia Mastiff, resided at lower 
altitude, as a control for identifying the biological basis of Tibetan 
Mastiff adaptation to high altitude. There is a proposition that the Ti
betan Mastiff was isolated in the Himalayan until they were enrolled 
into the Mongolian army of Genghis Khan, and then quickly spread 
across Eurasia in the early 13th century [13]. It is generally theorized 
that a consequence of this expansion promoted the germplasm of many 
famous large breeds such as mastiff-like dogs [12]. However, there is 
still no evidence showing that the germplasm of Mongolia Mastiff is also 
affected by Tibetan mastiff. 

In this study, we de novo assembled the genome sequence of Mongolia 
Mastiff, Tibetan Mastiff, and Canis Lupus with excellent continuity at the 
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contig and scaffold levels. In addition, we uncovered that Tibetan 
Mastiff was grouped with Mongolia Mastiff, and those two samples were 
more closely related with Canis Lupus than other species belonging to 
Canidae, Canis. In particular, InterPro classification of genes from 
significantly expanded and contracted gene family and from positively 
selected genes demonstrated significant enrichment in terms involved in 
DNA repair and damage response, ATPase activity, and fatty-acid α/β- 
oxidation for Tibetan Mastiff and Canis Lupus adaptation to high altitude 
environment with low oxygen, low temperature and strong UV. 

2. Results 

2.1. Genome assembly 

We carried out de novo sequencing of Mongolia Mastiff, Tibetan 
Mastiff, and Canis Lupus to generate 229.60, 236.92, and 253.54 Gb data, 
respectively, using Illumina's paired-end sequencing platform (Supple
mentary Table 1). We filtered the raw data to obtain high-quality reads 
by discarding low-quality reads, including reads containing ambiguous 
bases more than 20% of total length, and reads containing adaptor se
quences. After filtering, more than 96% and 90% of bases had Phred 
quality scores higher than 20 and 30, respectively. Besides, 203.88, 
208.93, and 222.77 Gb clean bases were obtained for de novo assembly 
of Mongolia Mastiff, Tibetan Mastiff, and Canis Lupus genome, respec
tively (Supplementary Table 1). By employed supernova, Mongolia 
Mastiff had an estimated genome size of 2.31Gb with 1.49 K scaffolds 
(scaffold N50 length of 36.42 Mb and a contig N50 length of 107.07 Kb), 
Tibetan Mastiff had an estimated genome size of 2.32Gb with 1.49 K 
scaffolds (scaffold N50 length of 40.78 Mb and a contig N50 length of 
107.94 Kb), and Canis Lupus had an estimated genome size of 2.32Gb 
with 1.49 K scaffolds (scaffold N50 length of 38.73 Mb and a contig N50 
length of 116.24 Kb) (Table 1). The assemblies' statistics were similar to 
domestic dog genome [14]. In particular, the whole-genome assembly of 
a female Canis Lupus had been submitted to NCBI. We found that our 
assembly quality was slightly better than submitted with longer contig 
N50 and more accurate GC content on the initial assembly (Supple
mentary Table 2). Our smaller assembly size might be attributed to 
different size of sex chromosomes of Canis Lupus, as well as shorter 
scaffold N50, probably resulting from adopting different assembly 
software (Supplementary Table 2). 

To assess assembly accuracy, we remapped filtered reads to the 
assembled genome. The Total mapping Rate of reads was above 99%, 
and the high Genome Coverage Rate indicated that the reads were 
evenly covered for Mongolia Mastiff, Tibetan Mastiff, and Canis Lupus 
genome (Supplementary Table 3). This implies that the current assembly 
covered almost all unique genomic regions. About 97.03%, 97.19%, and 
97.28% of Mongolia Mastiff, Tibetan Mastiff, and Canis Lupus genome, 
respectively, were covered by at least 30× reads, which guaranteed a 
highly accurate assembly at the single-nucleotide level (Supplementary 
Table 3). The GC content of our three species were almost all concen
trated between 20% and 80% (Supplementary Fig. 1). Thus, the de novo 
genomic assembly for Mongolia Mastiff, Tibetan Mastiff, and Canis Lupus 
were not strongly affected by GC-biased non-random sampling. The 
completeness of gene regions was further assessed using BUSCO, which 
demonstrated that 95.4%, 95.6%, and 95.7% of 4104 highly conserved 

single-copy orthologous genes were present in Mongolia Mastiff, Tibetan 
Mastiff, and Canis Lupus assembly, respectively (Supplementary 
Table 4). These results suggested that the assembly quality of Mongolia 
Mastiff, Tibetan Mastiff, and Canis Lupus were markedly high, thus 
ensuring the reliability of subsequent comparative genomic analyses. 

2.2. Genome annotation 

We identified repetitive regions in the genomes to discern assembly 
quality and to prepare the genome for annotation. We found that about 
762, 789, and 889 Mb repeat sequences were finally revealed, which 
accounted for 31.26%, 32.23%, and 36.48% of Mongolia Mastiff, Tibetan 
Mastiff, and Canis Lupus genome, respectively (Supplementary Table 5). 
Repeat content of our three assemblies were qualitatively similar to 
domestic dog genome [14]. The long interspersed nuclear elements 
(LINEs) are the top category of repetitive elements among those three 
genomes. We employed de novo, homology- and transcriptome 
sequencing- based methods to predict the protein-coding genes in 
Mongolia Mastiff, Tibetan Mastiff, and Canis Lupus genome. We success
fully generated 17,675/ 17,953/ 17,668 annotated genes of Mongolia 
Mastiff, Tibetan Mastiff, and Canis Lupus, respectively, which were very 
similar between our three individuals and the domestic dog (Table 2) 
[14]. We also annotated the gene structures of noncoding RNAs, 
including microRNA, rRNA, and tRNA, etc. The ratios of all categories 
were nearly consistent among our three assemblies (Supplementary 
Table 6). According to homologous searches against five databases, a 
total of 37,807 genes (99.17%), 38,492 genes (98.86%), and 36,986 
genes (99.20%) were functionally annotated using at least one public 
database for Mongolia Mastiff, Tibetan Mastiff, and Canis Lupus genome, 
respectively (Table 3). Gene Ontology (GO) was adopted to annotate 
protein function based on conserved protein domains and functional 
sites, which was involved in biology process (BP), component of cell 
(CC), or molecule function (MF). The GO annotation showed that the 
categories were nearly consistent among three species, except that there 
were one unique term involved biological phase for Canis Lupus, as well 
as two unique terms involved in virion and nutrient reservoir activity for 
both Tibetan Mastiff and Canis Lupus (Supplementary Fig. 2). In addi
tion, the gene number in each common category is also similar among 
Mongolia Mastiff, Tibetan Mastiff, and Canis Lupus. 

2.3. Phylogenetic tree construction 

Using the sequence similarities among protein- coding genes among 
the species, we identified 17,674/ 17,953/ 17,669 genes in 14,845/ 
15,085/ 14,833 families of Mongolia mastiff/ Tibetan mastiff/ Canis 
Lupus, respectively (Fig. 1A). We classified 3658/ 3658/ 3658 single- 
copy genes and 6749/ 6789/ 6785 multiple-copy genes in the 
Mongolia Mastiff, Tibetan Mastiff, and Canis Lupus, respectively 
(Fig. 1A). Using the 3658 orthologous clusters that were shared among 
all the organisms to generate a maximum likelihood phylogenetic tree, 
our genomic analysis denoted that Tibetan Mastiff and Mongolia Mastiff 
belonged to the Carnivora, Canidae, Canis, Canis Lupus in the animal 
taxonomic status (Fig. 1B). Strikingly, we found that Tibetan Mastiff was 
most closely related to Mongolia mastiff, and these two species in turn 
formed a clade only with Canis Lupus (Fig. 1B). This result suggested that 
though the natural habitats of these three species were significant 
diverse, they were obviously most close among Canis Lupus familiaris 
with genome annotation. 

2.4. Gene family expansion and contraction 

The entire process of species evolution is accompanied by the 
contraction and expansion of gene families, which has been proposed as 
a major mechanism underlying adaptive evolution [15]. Since the 
phylogenomic datasets provide better precision and accuracy in esti
mating the timescale of placental mammal phylogeny, we adopted the 

Table 1 
Genome assembly of M. mastiff, T. mastiff, and C. lupus.   

Mongolia_mastiff Tibetan_mastiff Canis_lupus 

Number of long scaffolds(K) 1.49 1.76 1.85 
Edge N50(Kb) 17.52 18.16 14.24 
Contig N50(Kb) 107.07 107.94 116.24 
Phaseblock N50(Mb) 3.59 4.93 1.30 
Scaffold N50(Mb) 36.42 40.78 38.73 
Missing 10Kb(%) 1.83 1.81 1.59 
Assembly size(Gb) 2.31 2.32 2.32  

C. Cai et al.                                                                                                                                                                                                                                      
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whole genome sequence data of eight mammal species (including Odo
benus Rosmarus Divergens, Neomonachus Schauinslandi, Felis Catus, Pan
tholops Hodgsonli, Bos Mutus, Homo Saplens, Mus Musculus, and 
Sarcophilus Harrisii), Boxer Dog (reference genome), and our three sam
ples to encompass the breadth of mammalian phylogeny (Supplemen
tary Table 7–8) [16]. Then, we integrated the fossil-based temporal 
constraints to generate a phylogenetic tree to obtain contracted and 
expanded gene families and genes using CAFÉ [17]. We identified 225, 
262, and 265 gene families that were expanded and 1574, 1897, and 
1687 contracted in Mongolia Mastiff, Tibetan Mastiff, and Canis Lupus, 
respectively (Supplementary Table 9). In addition, 27, 14, and 23 gene 
families were significantly expanded and 14, 14, and 10 contracted in 
the Mongolia Mastiff, Tibetan Mastiff, and Canis Lupus, respectively 
(Supplementary Table 9). 

Based on GO annotations, expanded gene families of Tibetan Mastiff 
and Canis Lupus were highly enriched in DNA repair and damage 
response, and contracted were highly enriched in ATPase activity (Fig. 2 
and Table 4). However, there was not enrichment on above categories in 
Mongolia Mastiff (Fig. 2 and Table 4). The expansion in DNA repair and 
damage response should be an adaptive trait for Tibetan Mastiff and 
Canis Lupus exposure to strong UV radiation of high altitude. In addition, 
expanded and contracted gene families of both Tibetan Mastiff and 

Mongolia Mastiff were highly enriched in multiple receptor activity and 
neurological system process (Fig. 2 and Table 4). Interestingly, the 
expanded and contracted gene families of Tibetan Mastiff were specif
ically enriched in ion channel activity, while Mongolia Mastiff were 
particularly enriched in sensory system, tyrosine kinase activity, and 
transducer activity, etc. (Fig. 2). 

2.5. Positive selection on single- copy genes 

If the non-synonymous to synonymous substitution rates (Ka/Ks) is 
bigger than 1, it is supposed that this gene is subject to positive selection 
in the evolution, and non-synonymous mutation of this gene is retained 
as an advantage for adaptation. We select the Boxer Dog genomic se
quences as a reference for positive selection analysis. We classified 9480 
contained single-copy orthologous genes in the Mongolia Mastiff/ Ti
betan Mastiff/ Canis Lupus (Supplementary Table 10). Estimating the 
Ka/Ks based on orthologous, we identified 316, 338, and 317 positively 
selected genes (PSGs) in the Mongolia Mastiff, Tibetan Mastiff, and Canis 
Lupus genome, respectively (Supplementary Table 11). 

Functional annotation of the most significant PSGs related to adap
tation in the Mongolia Mastiff genome were enriched in the regulation of 
RNA polymerase II transcription and ubiquitin system (Table 5). PSGs 
classified in the regulation of RNA polymerase II transcription included 
p65, ATF3, CUX2, EHF, DDN, TLR4 precursor, ASXL1, IGBP1, AKIRIN2, 
Loc4981817, and GNL3. The proteins coding by p65, ATF3, and CUX2 
are the transcription factors [18–20], by EHF and ASXL1 could modulate 
the transcription of certain genes [21,22], by TLR4 precursor and IGBP1 
contributed to signal transduction [23,24], as well as the protein coding 
by GNL3 probably interacts with p53 to affect tumorigenesis and stem 
cell proliferation [25]. Besides, another PSG in Mongolia Mastiff genome 
was AMFR, which encodes a receptor as a member of the E3 ubiquitin 
ligase family to catalyze ubiquitination and endoplasmic reticulum- 
associated degradation of specific proteins [26]. 

Ka/Ks analyses of Canis Lupus adaptation for different GO categories 
revealed an enrichment in lipid metabolism, olfactory receptor activity 
and ubiquitin system (Table 5). PSGs classified in the lipid metabolism 
are related to fatty-acid catabolism and anabolism, and peroxisomal α/β- 
oxidation of fatty-acid. The proteins coding by P450 and ACSL1 
participate in lipid biosynthesis [27,28], as well as by PECR and TECR 
are the key enzyme of fatty-acid chain elongation in peroxisome and 
endoplasmic reticulum, respectively [29,30]. Besides, the trans-2-enoyl- 
CoA reductase (TER), encoded by the PECR gene, is also involved in 
peroxisomal α-oxidation system via cacatalyzing phytenoyl-CoA into 
phytanoyl-CoA [31]. Strikingly, the peroxisomal bifunctional enzyme 
isoform X1 (XP_545234.1 in NCBI), positively selected, is known as a 

Table 2 
Protein-coding gene annotation in the M. mastiff, T. mastiff, and C. lupus genome.  

Type Gene number mRNA number avRNA Length(bp) Exon number AvExon length(bp) Intron number avIntron Length(bp) 

Mongolia_mastiff 
De novo 81,597 81,597 12,078.8 298,624 238.4 217,027 4213.3 
Transcript-ome 55,280 55,280 73,968.5 590,155 164.6 534,875 5323.4 
EVM integration 17,877 17,877 33,203.1 162,121 180.6 144,244 3912.0 
PASA update 17,675 38,121 61,163.1 465,957 164.2 427,836 4644.9  

Tibetan_mastiff 
De novo 81,223 81,223 11,878.5 296,030 237.4 214,807 4164.3 
Transcript-ome 55,781 55,781 73,539.6 585,616 162.2 529,835 5316.7 
EVM integration 18,173 18,173 32,029.0 162,198 180.1 144,025 3838.6 
PASA update 17,953 38,934 59,841.9 465,344 164.7 426,410 4593.1  

Canis_lupus 
De novo 77,776 77,776 15,103.4 294,666 237.6 216,890 5093.3 
Transcript-ome 54,080 54,080 73,885.7 562,582 165.2 508,502 5325.9 
EVM integration 17,874 17,874 33,198.6 160,355 180.6 142,481 3961.4 
PASA update 17,668 37,283 59,956.7 443,828 164.2 406,546 4666.8  

Table 3 
Functional annotation of protein-coding genes for M. mastiff, T. mastiff, and 
C. lupus genome.  

Species Annotation database Annotated Number Percentage (%)* 

Mongolia_mastiff NR 36662 96.17% 
Swiss-prot 34773 91.22% 
INTERPRO 37700 98.89% 
GO 28373 74.43% 
KEGG 25091 67.94% 
All Annotated 37807 99.17% 

Tibetan_mastiff NR 37367 95.98% 
Swiss-prot 35442 91.04% 
INTERPRO 38378 98.57% 
GO 28951 74.36% 
KEGG 25583 67.23% 
All Annotated 38492 98.86% 

Canis_lupus NR 35844 96.14% 
Swiss-prot 34130 91.54% 
INTERPRO 36875 98.90% 
GO 27872 74.76% 
KEGG 24623 66.05% 
All Annotated 36986 99.20%  

* Percentage(%): The percentage of genes annotated to the database to the 
total number of genes. 

C. Cai et al.                                                                                                                                                                                                                                      
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Fig. 1. Evolutionary analyses of the M. mastiff, T. mastiff, and C. lupus genome. (A) Distribution of the number of genes and gene families in each species. The 
horizontal axis is the species, and the vertical axis is the number of corresponding genes. The blue column represents single-copy genes, orange represents multiple- 
copy genes, red represents species-specific genes, green represents genes other than species-common and unique genes, and purple represents genes that are not 
clustered into groups. (B) Phylogenetic analysis of M. mastiff, T. mastiff, C. lupus, and closely related dog species. The branch length represents the rate of evolution, 
and the value on the branch represents the number of Bootstrap support (when tree-making, set the Bootstrap to 100, and the support number is more than 70 to be 
more reliable). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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crucial enzyme that participates in hydration and dehydrogenation of 
long-chain fatty acid β-oxidation [32]. Besides, some PSGs related to 
olfactory receptor activity and ubiquitin system were classified into in
tegral component of membrane in Table 5. 

A GO functional classification of the most significant PSGs related to 

adaptation in the Tibetan Mastiff genome were enriched in the regula
tion of RNA polymerase II transcription and response to hypoxia 
(Table 5). PSGs classified in the regulation of RNA polymerase II tran
scription included p65, ATF3, EHF, Loc4981817, ZNF280D, MYPOP, 
ATF5, and FOXI2. It is notable that the p65, ATF3, EHF, and Loc4981817 

Fig. 2. Comparative genomic analysis of 
M. mastiff, T. mastiff, and C. lupus. Functional 
enrichment annotation of the most signifi
cantly expansive and contract gene families in 
M. mastiff (A), T. mastiff (B), and C. lupus (C) 
genome. The horizontal axis Rich Factor rep
resents the ratio of Input frequency/Back
ground frequency in the enrichment analysis, 
and the vertical axis represents GO term. The 
size of the bubble indicates the number of 
mutant genes annotated to this GO term, and 
the color corresponds to the q-value in the 
enrichment analysis.   

C. Cai et al.                                                                                                                                                                                                                                      
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Table 4 
Functional annotation of the most significantly expansive and contract gene 
families related to adaption for M. mastiff, T. mastiff, and C. lupus genome.  

Species GO terms Input 
no. 

Backgro- 
und no. 

P 
value 

Mongoliamastiff receptor activity 58 1280 2.17E- 
31 

integral component of 
membrane 

79 4417 1.21E- 
17 

ATP binding 27 1208 4.17E- 
07 

protein autophosphorylation 5 132 3.68E- 
03 

axon 5 154 7.03E- 
03 

neuromuscular junction 2 18 8.45E- 
03 

wound healing 5 190 1.63E- 
02 

visual perception 3 83 2.68E- 
02 

digestive tract 
morphogenesis 

2 33 2.70E- 
02 

cell-substrate adhesion 4 165 3.98E- 
02 

Tibetan mastiff receptor activity 17 1245 2.65E- 
05 

neuronal cell body 3 108 1.27E- 
02 

blood microparticle 2 61 3.08E- 
02 

DNA binding 10 1374 8.63E- 
02 

sequence-specific DNA 
binding transcription factor 
activity 

6 808 1.55E- 
01 

transcription, DNA- 
templated 

11 1912 2.36E- 
01 

integral component of 
membrane 

23 4418 2.39E- 
01 

regulation of neuron death 1 106 3.81E- 
01 

axon 1 155 5.04E- 
01 

lipid binding 2 386 5.21E- 
01 

Canis lupus DNA binding 29 1342 6.00E- 
11 

integral component of 
membrane 

42 4414 4.93E- 
05 

embryo implantation 3 25 3.51E- 
04 

nucleus 36 4015 9.13E- 
04 

RNA polymerase II core 
promoter proximal region 
sequence-specific DNA 
binding 

6 202 9.15E- 
04 

receptor activity 16 1255 1.37E- 
03 

transcription, DNA- 
templated 

20 1855 2.50E- 
03 

RNA polymerase II core 
promoter proximal region 
sequence-specific DNA 
binding transcription factor 
activity involved in positive 
regulation of transcription 

4 134 6.64E- 
03 

ATP binding 13 1175 1.28E- 
02 

intracellular membrane- 
bounded organelle 

44 6247 2.73E- 
02  

Table 5 
Functional categories of the most significant PSGs related to adaption in 
M. mastiff, T. mastiff, and C. lupus genome.  

Species GO terms Input 
no. 

Backgro- 
und no. 

P 
value 

M_B* cerebral cortex development 4 58 1.63E- 
02 

RNA polymerase II core promoter 
proximal region sequence-specific 
DNA binding transcription factor 
activity involved in negative 
regulation of transcription 

4 72 3.29E- 
02 

RNA polymerase II transcription 
regulatory region sequence-specific 
DNA binding transcription factor 
activity involved in negative 
regulation of transcription 

5 110 3.80E- 
02 

artery smooth muscle contraction 1 4 6.56E- 
02 

positive regulation of transcription 
from RNA polymerase II promoter 

12 456 8.42E- 
02 

peptidyl-proline 4-dioxygenase 
activity 

1 6 9.67E- 
02 

negative regulation of appetite 1 6 9.67E- 
02 

RNA polymerase II core promoter 
proximal region sequence-specific 
DNA binding 

6 200 1.22E- 
01 

receptor activity 27 1280 1.30E- 
01 

positive regulation of pri-miRNA 
transcription from RNA polymerase 
II promoter 

1 10 1.56E- 
01 

T_B hypoxia-inducible factor-1alpha 
signaling pathway 

1 3 5.19E- 
02 

RNA polymerase II transcription 
regulatory region sequence-specific 
DNA binding transcription factor 
activity involved in negative 
regulation of transcription 

4 110 1.29E- 
01 

RNA polymerase II core promoter 
proximal region sequence-specific 
DNA binding transcription factor 
activity involved in negative 
regulation of transcription 

3 72 1.33E- 
01 

cellular response to interleukin-1 2 42 1.69E- 
01 

sequence-specific DNA binding RNA 
polymerase II transcription factor 
activity 

10 415 1.97E- 
01 

cellular response to hypoxia 2 53 2.39E- 
01 

glucose transport 2 54 2.46E- 
01 

sequence-specific DNA binding 
transcription factor activity 

17 808 2.57E- 
01 

receptor activity 25 1245 2.73E- 
01 

response to hypoxia 3 104 2.77E- 
01 

C_B monoterpenoid metabolic process 1 2 3.27E- 
02 

mitochondrion 23 1022 8.07E- 
02 

positive regulation of 
phosphatidylinositol 3-kinase 
signaling 

2 38 1.30E- 
01 

drug metabolic process 1 9 1.39E- 
01 

integral component of membrane 81 4414 1.42E- 
01 

cell-substrate adhesion 5 167 1.43E- 
01 

fatty acid beta-oxidation 2 41 1.47E- 
01 

fatty acid transport 2 43 1.58E- 
01 

(continued on next page) 
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were positively selected in both Mongolia Mastiff and Tibetan Mastiff. In 
addition, several genes involved in response to hypoxia were identified 
as being under positive selection pressure in Tibetan Mastiff. The liver 
fatty acid binding protein (FABPL), encoded by the FABPL gene, is 
known as a major fatty acids chaperone protein to facilitate uptake, 
intracellular transport, as well as mitochondrial and peroxisomal 
α/β-oxidation of fatty acids [33]. Another PSG, TERT encodes telome
rase reverse transcriptase (TERT), which is one of the subunits of telo
merase, the ribonucleoprotein complex [34]. The TERT expression is 
responsible for telomerase activity [35]. The classical activity of telo
merase is to add the guanine-rich repetitive sequences to the chromo
some ends and thus maintains telomere length to ensure genome 
stability in normal cells. The uncanonical role of telomerase is related to 
tumor development, apoptosis, and DNA repair. Shin et al. have 
revealed that the telomerase could accelerate the efficiency of DNA 
repair for different types of DNA damage by recruiting DNA repair 
proteins to the damaged DNA sites [36]. 

3. Discussion and conclusion 

The Tibetan Plateau is an extreme environment with dry, cold 
climate, low oxygen, and strong UV radiation. The harsh conditions 
result in the evolution of organisms to well- adapted to high altitude 
[37]. Tibetan Mastiff takes a relatively short period to adapt to the 
extremely high altitude of the Tibetan Plateau. The physiological and 
genetic mechanisms of its adaptation to high altitude have always been 
the focus. However, the genetic mechanisms of its adaptation are still 
limited to a few genes related to hypoxia adaptation, such as EPAS1 and 
HBB 2–9. Besides, the origin of Tibetan Mastiff also remains controversial 
[38]. In this study, we provided a de novo genome of Mongolia Mastiff, 
Tibetan Mastiff, and Canis Lupus, as well as carried out a series of 
comparisons with other species to reveal the origin and underlying 
mechanisms for Tibetan Mastiff adaptation to high altitude. 

we de novo assembled the genome sequence of Mongolia Mastiff, Ti
betan Mastiff, and Canis Lupus with excellent continuity at the contig/ 
scaffold N50, mapping rate, GC depth, and completeness. The ratio/ 
number of repetitive sequences, predicted genes, and annotated protein 
sequences in Mongolia Mastiff, Tibetan Mastiff, and Canis Lupus were 
nearly consistent with domestic dog. The high- quality genome could 
provide a solid foundation for population and conservation studies, as 
well as for investigation of how the species acquired the adaptive traits. 

Several groups have indicated that the Tibetan Mastiff derives from 
the Canis Lupus with mtDNA sequencing, while others revealed that the 
Tibetan Mastiff is more closely related with other Chinese native dog 
rather than Canis Lupus with mtDNA and whole-genome sequencing 
[3,11–13]. It is reported that modern wolves probably arise from the 
expansion of a population in Northeast of Sibera, which replaced other 
ancient wolf populations worldwide [39]. The dogs might derive from 
the ancient wolf populations, and interacted with the modern wolf 
population through admixture to obtain the adaptive traits in high 
altitude [39]. Our phylogenic tree indicated that the Tibetan Mastiff 
clustered with Mongolia Mastiff, and both species were most closely 
related to Canis Lupus. Furthermore, the Tibetan Mastiff and Mongolia 
Mastiff clade was clustered with currently annotated species belonged to 
the Carnivora, Canidae, Canis, Canis Lupus, which suggested that Tibetan 

Mastiff and Mongolia Mastiff were derived from Canis Lupus. 
The UV radiation on Qinghai-Tibet Plateau is among the highest 

worldwide, and the strong UV radiation could induce direct damage to 
DNA [40]. In addition, hypoxia at high altitude causes increased pro
duction of reactive oxygen species (ROS), which directly damage the 
DNA. Functional categories showed that the expanded gene families of 
Tibetan Mastiff and Canis Lupus were highly enriched in DNA repair and 
damage response, which should be an adaptive trait for correcting UV- 
and ROS- induced DNA damage. Besides, upon hypoxia, the ATP pro
duction is limited for reducing mitochondrial oxidative phosphorylation 
[41]. Maintaining ATP homeostasis to adapt hypoxia, cells might sup
press the ATPase activity to decrease ATP consumption [42]. Our 
research revealed that the contraction in ATPase activity of both Tibetan 
Mastiff and Canis Lupus was conducive to the survival and adaptation in 
hypoxia stress. These results were consistent with our previous finding 
in Tibetan Antelope that positively selected genes were enriched in the 
ATPase and DNA repair categories to adapt to harsh highland environ
ments [43]. 

Population and comparative genomic studies of high-altitude ani
mals and humans have revealed numerous genes for high-altitude 
adaptation, many of which are involved in hypoxia adaptation, related 
to hypoxia-inducible factor (HIF) pathway and hemoglobin (Hb) vari
ants [44,45]. Studies about the HIF pathway are focused on EPAS1, 
encoding endothelial PAS domain containing protein 1 (EPAS1) that is a 
O2-regulated subunit of the HIF-2α, while about the Hb variants are 
focused on amino acid mutations of HBB (β-globin) gene cluster that 
encodes the β-type subunits of Hb isoforms. Previous genomic studies of 
Tibetan Mastiff also revealed clear evidence for positive selection on 
EPAS1 and β-globin gene cluster [5,6]. The striking signature of positive 
selection on both EPAS1 and β-globin gene cluster of Tibetan Mastiff are 
attributable to introgressive hybridization from Canis Lupus [3,4,9]. 
Notably, our study identified a novel PSG, TERT, in the Tibetan Mastiff 
genome for hypoxia adaptation. The protein encoded by TERT is crucial 
for accelerating the efficiency of DNA repair for different types of DNA 
damage, caused by strong UV radiation and hypoxia on Qinghai-Tibet 
Plateau, via recruiting DNA repair proteins to the damaged DNA sites. 
In addition, the protein encoded by TERT is one of the subunits of 
telomerase, the classical activity of which is to maintain telomere length 
for ensure genome stability. Interestingly, previous study showed that 
the reduced telomere length was negatively related to high-altitude 
pulmonary edema /maladaptation, which indirectly support that the 
positive selection of TERT contributes to hypoxia adaptation of Tibetan 
Mastiff to high altitude [46]. Additional confirmatory studies are 
required to determine the role and mechanism of TERT in high-altitude 
adaptation. 

The cold climate and low oxygen are hostile to sustain prolonged 
thermogenesis of mammal native to high altitude by increasing ther
moregulatory costs and limiting both thermogenesis and aerobic exer
cise capacity, respectively. Previous studies have shown that the 
capacity of fatty-acid oxidation is significantly enhanced in high-altitude 
deer mice and ground tit to promote thermogenic endurance under cold 
stress conditions [37,47]. The enhanced capacity of thermogenesis 
should be another adaptive trait for Tibetan Mastiff and Canis Lupus 
exposure to hypoxic cold stress of high altitude. The PSGs analysis of 
Canis Lupus genome revealed for the first time that the positively 
selected genes, encoding TER and peroxisomal bifunctional enzyme 
isoform X1, are critical for promoting peroxisomal fatty-acid 
α/β-oxidation to sustain prolonged thermogenesis. In addition to 
enhanced capacity of fatty-acid oxidation, an enhanced capacity to up
take and transport fatty acids also greatly elevate thermogenic capacity 
and endurance [48]. Our study first demonstrated that the positively 
selected FABPL of Tibetan Mastiff combines with fatty acids to facilitate 
fatty-acid uptake, intracellular transport, as well as mitochondrial and 
peroxisomal α/β-oxidation, and thus promote the thermogenic capacity 
for a prolonged period. Under conditions of chronic O2 deprivation and 
cold climate at high altitude, the strong selection in enhancement in 

Table 5 (continued ) 

Species GO terms Input 
no. 

Backgro- 
und no. 

P 
value 

regulation of catalytic activity 16 773 2.09E- 
01 

mitochondrion organization 8 354 2.32E- 
01  

* M_B: Functional categories of the positive selected genes between Mongo
lia_mastiff and Boxer_dog. 
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fatty-acid oxidation capacity may also contributes to high-altitude 
adaptation of Canis Lupus and Tibetan Mastiff. 

Our study obtained a draft genome for Mongolia Mastiff, Tibetan 
Mastiff, and Canis Lupus. The comparative genomic analyses have sug
gested that both Mongolia Mastiff and Tibetan Mastiff belonged to Canis 
Lupus species, as well as our three samples were closely related. 
Although further experimental verification is needed, our three assem
bled genomes provided useful genomic resources for further investi
gating adaptation to harsh and extreme highland environments. 

4. Materials and methods 

4.1. Ethical statements 

Animals were handled and blood samples were collected in accor
dance with regulations of the Animal Experimental and Medical Ethics 
Committee of the Qinghai University Medical College, Qinghai 
University. 

4.2. Materials and genome sequencing 

The blood sample used for the 10× Genomics library construction 
was acquired from male Mongolia Mastiff, Tibetan Mastiff, and Canis 
Lupus captured in Hulun Buir Grassland (800 m), Inner Mongolia, China, 
in Yushu (3780 m), Qinghai, China, and in Hoh Xil National Nature 
Reserve (4560 m), Qinghai, China, respectively. Blood DNA was isolated 
using Qiagen DNA purification kit (Qiagen, Valencia, CA, USA) 
following the manufacturer's instructions. Subsequent sequencing, as
sembly and analysis were conducted at Capital Bio Corporation (Beijing, 
China). A paired-end sequencing library with an insertion length of 150 
bp was constructed for each individual genome sequencing according to 
the Illumina protocol (Illumina, San Diego, CA, USA). The HTQC 
package was adopted to filter low-quality bases and reads [49]. 

4.3. Scaffold assembly and assembly quality assessment 

Illumina paired-end reads were assembled into contigs by employing 
supernova 2.0 assembler [50]. The sequencing coverage and GC content 
distribution of the assembled genome sequence were evaluated by 
mapping all sequencing reads back to the scaffolds using BWA [51]. The 
completeness of genome assembly was evaluated using BUSCO by 
searching the single copy orthologs set against the assembled genome 
[52]. 

4.4. Repeat identification, gene prediction, and annotation 

RepeatMasker was performed for homologous comparison by 
searching against Repbase database to identify known repeats and low 
complexity DNA sequences [53]. The repeat elements of assembled 
genome were de novo predicted using RepeatModeler [54]. Employing a 
comprehensive strategy to annotate protein-coding genes by combining 
homology-based predictions, ab initio predictions, and RNA seq-based 
prediction methods. Augustus, SNAP, GeneMark-ET were used for ab 
initio prediction, Genewise was adopted for homology annotation, and 
PASA was employed to assembly RNA-seq reads into transcripts 
[55–57]. The gene sets predicted by above three approaches were in
tegrated with EVM, and then update the gene sets by PASA. Based on the 
Rfam database, we adopted the cmscan program in the software 
INFERNAL to perform a genome-wide comparison to identify non- 
coding RNAs (ncRNAs) [58]. The structures of tRNAs and rRNAs were 
predicted by tRNAscan-SE and RNAmmer, respectively [59]. We func
tionally annotated the protein-coding genes according to homologous 
searches against five databases of NR, Swiss-prot, Interpro, KEGG and 
Gene Ontology [60–64]. 

4.5. Gene family construction 

The genomes of 13 species of vertebrate were downloaded from 
NCBI. Only the longest transcript was selected for each gene locus with 
alternative splicing variants. According to the filtered sequence, we 
performed the all-vs-all BLAST to obtain the similarity of protein se
quences among 13 species and our three samples. Orthologous groups 
were constructed by ORTHOMCL using the default settings based on the 
filtered BLAST results [65]. 

4.6. Phylogenetic tree construction 

Single-copy gene families were retrieved from the ORTHOMCL re
sults and used for phylogenetic tree construction. Before building a 
phylogenetic tree, it is necessary to employ the software ProtTest to 
select the best amino acid substitution model [66]. ProtTest can estimate 
the maximum likelihood of model parameters through AIC (Akaike In
formation Criterion), BIC (Bayesian Information Criterion) or DT (De
cision Theory Criterion) to sort various models to find the best model. 
The best evolution model for this study is “VT + I + G + F”. Finally, a 
phylogenetic tree was constructed by RAxML [67]. The model is 
“PROTGAMMAIVTF model”, and the bootstrap is 100. 

4.7. Gene family expansions and contractions 

Expansion and contraction of gene clusters were determined using 
CAFÉ [17]. The phylogenomic datasets provide both precision and ac
curacy in estimating the timescale of placental mammal phylogeny [16]. 
Hence, a phylogenetic tree was used in CAFÉ by adopting the whole 
genome sequence data of eight mammal species, Boxer Dog (reference 
genome), and our three samples to encompass the breadth of mamma
lian phylogeny, together with fossil-based temporal constraints. 

4.8. Positively selected genes 

Use ORTHOMCL to obtain the orthologous genes of Mongolia 
Mastiff, Tibetan Mastiff, Canis Lupus and Boxer Dog (reference genome), 
and compare and analyze the Mongolia Mastiff/ Tibetan Mastiff/ Canis 
Lupus to Boxer Dog according to the following steps. First, use the 
MUSCLE software to compare and analyze the amino acid sequences 
corresponding to genes that are orthologous to each other between the 
two samples, and obtain the corresponding CDS sequence comparison 
results [68]. Then, use the yn00 tool in PAML to calculate the Ka and Ks 
values between gene pairs that are orthologous genes [69]. Finally, if 
Ka/Ks > 1, it is considered that the evolution of this gene is affected by 
positive selection, and the non-synonymous mutation of this gene is 
retained as an advantage. 
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