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Abstract
Background: Most sheep breeding programs designed for the tropics and sub-tropics have to take into
account the impacts of both productive and adaptive traits. However, the genetic mechanism regulating
the multiple biological process remain unclear. Results: In this study, we report a novel PAT1 gene that
simultaneously explained the variations of productive trait (coat color), adaptive traits (altitude and
geography response) in 15 indigenous Tibetan sheep populations. Overlapped genomic regions
harboring 6 candidate genes across three traits were identi�ed at 27 chromosomes, with the top 1% of Fst
and |Zph| values. The SNP/INDELs and expression of these candidate genes were further analyzed, and
we �nd that only PAT1 gene, a CSDE1 homologue was consistent with the variation of multiple traits
regarding. Haplotype analysis of PAT1 reveal that Tibetan sheep breeds with C-type of PAT1 have
signi�cantly greater body weight, shear amount, chest width and body length, but have lower body height,
than those with CA-type of PAT1. Conclusions: We emphasized that PAT1 gene could be a potentially
selective target used for the improvements of environmental adaption and coat coloration in the future.
These results contribute to the knowledge of adaptive response in Tibetan sheep populations and will
help to guide future conservation programs for Tibetan sheep native to Qinghai-Tibetan Plateau.

Background
Recent research data and model predictions indicate that increasing frequencies of abnormal weather
events due to global climate change will have a fundamental impact on agricultural production [1]. For
example, the livestock experiences numerous environmental stressors that have effects on both
productive traits and adaptive traits, such as growth, reproductive performance, the meat quality and cold
tolerance [2, 3]. In particular, the in�uence of climate change – cold stress on living organisms is
exacerbated at the interface of extreme environments that typically occurred in high altitude, plateaus
and desert regions [4].

Designed breeding program for livestock should emphasize both productive traits and adaptive traits [5].
An interesting question arises here that except for cold environments adaptation, economic traits should
be taken into account such as coat coloration. This is partially due to an intensive concern as to whether
dark or light plumage is more effective in utilization of direct solar radiation since last century [6]. This
phenomenon has been discussed on both theoretical and experimental bases [7]. For example, surface
coloration arises from differential re�ection or transmission of short wave radiation (the longest
wavelength visually perceived by animals typically is near 700 nm). This leads to animals with dark-
colored pelages or plumages, and hence ostensibly greater absorptivity for short-wave radiation, acquire
greater heat loads from solar radiation that do animals with light-colored coats [8-10]. The heat load on
the skin from solar radiation is associated with index of coat color, body size and shape.

Tibetan sheep (Ovis aries) has ability to adapt to a wide range of agro-ecological conditions, it provides
an excellent model to gain new insights into genetic mechanisms underlying the rapid adaptations of
livestock to extreme environments [11-12]. This is also helpful to develop appropriate breeding programs



Page 4/24

under scenarios of future climate change. Tibetan sheep have lived on the Tibetan Plateau for thousands
of years; however, the process and consequences of adaptation to this extreme environment conditions
have not been elucidated [13]. This study is aimed to identify genes regulating environmental response
and coat coloration in Tibetan sheep living in the Qinghai-Tibetan Plateau areas in China. Tibetan sheep
representing different ecological regions in China and altitudes were used. Differentiated subpopulations
were classi�ed in respect of cold tolerance, geographic environments and coat coloration to uncover the
casual genes incorporated with whole-genome sequencing. The key genes identi�ed in this study would
be helpful to guide breeding practices for improvements of both cold tolerance and coat coloration traits.

Methods
Ethics statement

All animals were handled according to the Guidelines for the Biological Studies Animal Care and Use
Committee, People’s Republic of China. Animal experiments were approved by the Animal Ethics
Committee of the Institute of Animal Sciences of Chinese Academy of Agricultural Sciences.

Physiological measurements of samples from different altitudes

15 Chinese indigenous Tibetan sheep populations derived from different altitudes ranging from 3000-
5000m were used, where these samples were divided into two subgroups, high altitudes (>4500m), and
low altitudes (<3500m). 8 parameters related to body size: body weight/height/length, bust, chest depth,
neck size, wool length, and shear amount; 13 physiological parameters: body temperature (Temperature),
breathe rates (Breathe), pulse rates (Pulse), pulse interval (pulse interval), red-cell numbers (RBC),
hematocrit, HCT, erythrocyte mean corpuscular volume (MCV), mean corpuscular hemoglobin (MCH),
Mean corpuscular hemoglobin concentration (MCHC), Hemoglobin (HGB), Platelet (PLT), Red blood cell
volume distribution width coe�cient variation (RGW-CV), White blood cell count (WBC). Biochemical
parameters: Glutamic pyruvic transaminase (ALT), Glutamic pyruvic transaminase (AST), Total protein
(TP), Albumin (ALB), Globulin (GLO), alkaline phosphatase (ALP), Lactate dehydrogenase (LDH),
Cholinesterase (PCHE), Glucose (GLU), Total cholesterol (CHOL), Total calcium (CA); 9 blood-gas
parameters: blood pH, pressure CO2 (pCO2), O2 saturation (O2S), concentration of HCO3-, standard
bicarbonate, total CO2 concentration, Base Excess (BE), Standard Base Excess (SBE); structural
parameters related to Lung tissue: bronchial, thin bronchial, end thin bronchial, alveolar numbers per area
(AN/m2), thick alveolar interval (TAI).

Sample collection and sequencing

Ten milliliters of blood was collected from the jugular vein of each animal. From the 10 mL samples, 2
mL samples were quickly frozen in liquid nitrogen and stored at -80°C for genomic DNA extraction, as
described previously [14]. The total DNA was extracted from the blood using the saturated salt method
and adjusted to 50 ng/μL [15]. The blood were sampled from 636 Tibetan sheep in the Qinghai-Tibetan
Plateau region in China as mentioned previously [16]. The detailed sampling information for the 15
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indigenous Tibetan sheep populations, i.e., population code, sample number, altitude, longitude and
latitude, sampling location, and geographical location, is shown in Table 1. For each Tibetan sheep,
genomic DNA was extracted from 200 μL of peripheral venous blood using the QIAamp DNA blood mini
kit (Qiagen, Germany) as described previously [17]. Brie�y, A260/280 ratio and agarose gel
electrophoresis were used to evaluate the quality and integrity of the DNA. Genomic DNA was masked to
a 300-400bp fragment for library preparation, followed by end repair and ligated with an Illumina
sequencing linker. The ligated products with sizes of 400-500bp were loaded on 2% agarose gels and
subsequently ampli�ed via PCR. Libraries were sequenced by HiSeq 2500 sequencer (Illumina) in a 2 ×
100 bp paired end mode.

Reads alignment and variations calling

Reads were aligned to the sheep reference genome Ovis 3.1
(https://www.ncbi.nlm.nih.gov/genome/genomes/83) using BWA (0.6.2-r126 version) followed by
duplicate removal using Picard-Tools-1.55 (http://broadinstitute. github.io/picard/). The Genome
Analysis Toolkit (GATK-2.6) was used to perform local realignment around existing INDELs and base
quality score recalibration. Variant detection was performed using the GATK Uni�ed Genotyper. To �lter
SNPs for �owing analysis, at least three reads with different start sites supporting the non-reference allele
had to be present.

Classi�cation of types from SNP/INDEL variants

The 15 indigenous Tibetan sheep populations living in the Qinghai-Tibetan Plateau areas in China were
classi�ed into different subpopulations to estimate the candidate genes (Table 2). According to
originated altitude information, two subpopulations were divided, i.e., lowland Tibetan sheep (~3500m):
GD, QL, TJ, QH, MX, GJ, QK, and GN; highland Tibetan sheep (>4500m): LKZ, JZ, GB, HB, DM, AW, and LZ.
In terms of coat coloration types, black coat coloration includes MX and GD, whereas white coat
coloration includes QL, TJ, QH, GJ, QK, GN, LKZ, JZ, GB, HB, DM, AW, and LZ. For geographic regions,
three different provinces in China were classi�ed, Qinghai (QH, GD, QL, and TJ); Gansu (MX, GJ, QK, and
GN); Titeban (LKZ, JZ, GB, HB, DM, AW and LZ).

Population genetics analysis

The pairwise genetic distance was determined relying on the number of allelic differences as described
previously [17]. Brie�y, the neighbor join tree was calculated based on the distance matrix Using PHYLIP
(version 3.69) [18]. SNP pair with high correlation were removed via PLINK (PLINK, RRID: SCR 001757)
[19]. The PCA and population structure were performed using EIGEN-SOFT (version 6.0.1) and FRAPPE
software (version 1.1), respectively [20, 21]. As previously mentioned, TreeMix was applied to estimate
migration events, with migration numbers m = 0-5 [22]. The selective sweep analysis was performed
using VCFtools, v0.1.12b [23], including θ (number of isolated sites), π (paired nucleotide difference), and
Tajima's D. There are 500,000 SNPs randomly selected from the genome, and these SNPs were used to
analyze the linkage disequilibrium r2 with Haploview [24].
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Genome-wide Selective Sweep Test

We calculated the genome-wide distribution of Fst values as previous reports in [25] for three
subpopulation pairs as mentioned above as to originated altitude information, coat coloration types, and
geographic regions (Table 2), using a sliding-window approach (100-kb windows with 50-kb increments).
To identify regions that were likely to be or have been under selection, the “Z transformed heterozygosity”
(ZHp) approach was used, as previously described [26]. Individual Hp values were Z transformed as
follows: ZHp = (Hp-μHp)/σHp, where μHp is the overall average heterozygosity, and σHp is the standard
deviation for all windows within each population. We calculated the ZHp value in sliding 150-kb windows
along the autosomes from sequence reads corresponding to the most and least frequently observed
alleles at all SNP positions as previously described [27].

Bioinformatics analysis of breed speci�c SNPs/INDELs

Overlapped candidate genes across originated altitudes, coat coloration, and ecological regions were
chosen for further analysis. In addition to this, we compared gene sequence of Capra hircus, Pantholops
hodgsonii, and Bos taurus from NCBI database (https://www.ncbi.nlm.nih.gov/genome). We speci�cally
focused on SNPs within genes and 1000-bp upstream and downstream �anking regions. Protein-protein
interaction network was used to compare potential interactive genes with key overlapped genes in Homo
sapiens from STRING database [28].

Validation of interactive genes

Expression of putative proteins interacted with key overlapped candidates relating to genetic variation of
originated altitudes, coat coloration, and ecological regions as mentioned above were con�rmed by qPCR.
Detailed procedures for real-time PCR ampli�cation were performed following standard protocol of SYBR
Green real-time PCR kit (Applied Biosystems™ SYBR™ Green). The primer is listed in Supplementary Table
S1. β-actin gene was used as internal control. The levels of relative gene expression were calculated
against the expression of RXFP2 [17], using 2-Ct method [29]. Four biological replicates and three
technical replicates were conducted.

Results
Genomic sequencing and PCA in 15 in indigenous Tibetan sheep populations

In this study, we aim to identify the candidate genes that explain the variations of both productive and
adaptive traits. To accomplish this, we sequenced 15 indigenous Tibetan sheep populations originated
from different altitudes (Table 1), via high-resolution whole genomic sequences techniques (WGS). To
dissect the genomic heterozygosity levels and recombination events, we classi�ed these 15 indigenous
Tibetan sheep populations into different subpopulations, including high altitude hypoxia (>4500m) vs.
low altitude hypoxia (<3500m), white vs. black coat coloration, and three different geography locations,
i.e., Qinghai, Gansu, and Tibetan (Table 2). WGS was performed on an Illumina HiSeq 2000 platform by
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using the pooled DNA from each population. Genome sequencing yielded a total of 214 Gb raw data, and
produced 230 to 310 million sequence reads per population (Table S2). Over 97.50% of the generated
sequence reads mapped to approximately 94.15 % (87.42-98.53%) of the newly annotated Tibetan sheep
reference genome (Ovis 3.1), indicating that high quality sequences were obtained (Table S3). Our efforts
yielded an average sequence coverage of 10.3× per population, within a range of 9~14 fold. Single-
nucleotide polymorphisms (SNPs) varied from 2-4 million for each population (Table S3-S4).

More than 9 million SNPs for each Tibetan sheep population that con�dently remained after �ltering were
used in the subsequent analyses. Results from SNPs statistics showed that 63% SNPs were identi�ed at
intergenic regions, whereas only 0.7% SNPs cases were found at exon regions (Table S5). Principal
components analysis (PCA) was performed to examine the genetic separation of 15 indigenous Tibetan
sheep populations originated spanning in the Qinghai-Tibetan Plateau areas in China (Fig. 1A). PCA
results clearly showed that most Tibetan sheep have high genetic homogeneity except Minxian Black Fur
sheep (MX) and Jiangzi sheep (JZ) (Fig. 1B). After calling SNP, we obtained ~ 9.3 million SNPs across
those Tibetan sheep populations. The distribution of minor allelic frequency (MAF) with 10 continued
classes from 0-0.05 to 0.45-0.50 for each population was observed (Fig. 1C). MAF of SNPs across 15
indigenous Tibetan sheep populations showed MAF within the range of 0 5% had most relative
abundance with around 20% of total SNPs, whereas 5 15% MAF showed relatively low abundance with
less than 3% across 15 indigenous Tibetan sheep populations. The distribution pattern of MAF among
Tibetan sheep populations was similar except for LKZ (Fig. 1C). Similarity index (IS) value was used to
estimate the homogeneity of SNPs across 15 indigenous Tibetan sheep populations. LKZ showed lowest
similarity with other Tibetan sheep populations, which is consistent with MAF distribution results (Fig.
1D).

Overlapped selective signals regarding genomic heterozygosity among productive and adaptive traits

Fst values over the whole genome based on genetic differentiation in different Tibetan sheep populations
were classi�ed by altitude hypoxia (altitude), coat coloration (color), and geography locations, named
geography. Some overlapped genes were identi�ed with high Fst values, including ZEB, RALY, 1L12RB1,
ASIP, and ARAP1 (Fig. 2A-C; Table S6). Results showed that 31, 1, and 22 common genes were identi�ed
that in classi�cations of altitude & geography, color & altitude, and color & geography, respectively (Fig.
2D).

In addition, we found other 5 genes, except IL12RB1 at chr.5 which was identi�ed in both coat coloration
and geography. Among these genes we cite; CSF2, LOC106990309 that speci�cally in Tibetan geography
locations, TRNAC-GCA, ACSL6 and MEIKIN were speci�cally in white coat coloration subpopulations
(Figure S1; Table S6). At chr.15, another 11 genes, except ARAP1 mainly related to coat coloration and
geography clusters, were identi�ed with high Fst values, including LOC101104426, LOC101105946,
LOC101104685, LOC101106201, LOC101104933, LOC101106712, LOC101105186, LOC101104177,
LOC101105439, LOC101106459, and LOC101105686 (Figure 2E; Table S6). These genes also showed
high heterozygosity levels speci�cally to Tibetan geography locations and white coat coloration
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populations (Figure S1 and S3). We found 4 genes in chr.18 including CRYBB3, ADRBK2, KIAA1671, and
CRYBB2 (Figure 2E). These genes have high heterozygosity speci�cally in Tibetan geography locations
(Figure S3). At chr.23, there are two genes, PSMA8 and TAF4B, possessing high Fst values as well as high
heterozygosity levels, which are identi�ed uniquely in low altitude subpopulations (Figure S2; Table S6).
In addition, there are 7 genes at chr.27 with high Fst values and heterozygosity in low altitude
subpopulations, including LOC105605498, ITGB1BP2, LOC105605499, LOC101104554, GJB1, ZMYM3
and NONO (Table S6).

Moreover, we also identi�ed 13 novel genes at chr.13 with high Fst values that identi�ed in both altitude
and geography locations, including ZEB1, PANK2, RNF24, LOC101110166, VPS16, PCED1A, PTPRA,
TMEM239, C12H20, LOC101113781, CPXM1, LOC105606248 and EBF4. Among these genes, ZEB1 has
high heterozygosity speci�cally in low altitude subpopulations; however, PANK2, RNF24, LOC101110166,
VPS16, PCED1A, PTPRA are speci�cally in Tibetan geography subpopulations with high heterozygosity,
while TMEM239, C12H20, LOC101113781, CPXM1, LOC105606248 and EBF4 are speci�cally in white
coat coloration subpopulation (Table S6). These results suggested that these overlapped genes identi�ed
in both altitude and geography locations are related to convergent adaption to high altitudes in
indigenous sheep breeds.

Notably, among three de�ned clusters, i.e., cold, color and environments, there are 6 common genes that
have been identi�ed simultaneously. These genes are located at chromosome 27. These genes include
PAT1 (LOC101123097, also named productive and adaptive traits), KLF4, PSMA1, POF1B, APOOL, and
ZNF711 (Table S6). These genes have high heterozygosity levels within either white coat coloration or
low altitude subgroups (Table S6).

Haplotypes of PAT1 are related to adaptive response to environments and body size

To further analyze the natural variations of these 6 overlapped genes, we analyzed INDELs of these genes
including 2k-bp promoter and CDS regions along with other species, such as Capra, Pantholops, and Bos
Taurus (Figure 3). Results from INDEL information showed that 62% INDEL events were identi�ed at
intergenic regions, whereas only 0.3% INDEL cases were found at exon regions (Table S7). Our �ndings
suggested that among 6 genes, only INDEL at 5’-�ank region of PAT1 can fully explain the variations of
different de�ned clusters in altitude variations, coat color, and geography locations. C-type is occurred in
high altitude, black coat coloration, and Gansu geography location, while CA-type is occurred in low
altitude, white coat coloration, and both Qinghai and Tibetan geography regions (Figure S1-S3).

We further analyzed the protein structure and gene expression pattern among different indigenous
Tibetan sheep populations (Figure 4). According to bioinformatics analysis, we predicted the protein
sequences of PAT1 according to translate tool in ExPASy database (https://web.expasy.org/translate/),
and found the similarities score is 99% in both mRNA and protein sequences between CSDE1 and PAT1
protein, indicating its counterpart roles of PAT1 with CSDE1. We predicted the secondary structure of
PAT1 with 798 amino acids, and found there are 13 different amino acids. Most variation loci were
observed at N-terminal of protein containing 7 different amino acids, and these amino acids were located
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in either Beta strand or Turn domains, but not Helix (Figure 4A). Three different amino acids were mapped
at 3D protein structure from two PDB entries (1WFQ and 2YTX) according to Uniprot database
(CSDE1_Human Protein ID: O75534).

To compare the expression between PAT and CSDE1, we used 6 indigenous Tibetan sheep populations,
including Guide Black Fur sheep (GD), Qilian White Tibetan sheep (QL), Minxian Black Fur sheep (MX),
Ganjia Tibetan sheep (GJ), Huoba Tibetan sheep (HB) and Awang Tibetan sheep (AW). These Tibetan
sheep can be classi�ed into different populations regarding altitude, coat coloration and geography
locations. We found PAT1 gene is highly expressed in high altitude, black coat coloration subpopulations,
rather than low altitude and white coat coloration subpopulations. PAT1 gene also performed distinct
pattern among different geography locations (Figure 4C). CSDE1 gene exhibited similar pattern with PAT1
across different Tibetan sheep populations, except in QL which showing high expression of PAT1, but is a
white coat coloration sheep (Figure 4D). Therefore, an interesting question arising here is whether
interactive proteins with CSDE1 could show similar expression pattern between the subpopulations of
altitude, color and geography region? Therefore, we reconstructed the protein-protein interaction networks
using CSDE1, and found PABPC1 and MYC, with relatively high correlation with PAT1, bears similar
expression pattern with PAT1 (Figure S4).

To interpret the biological functions of PAT1, we compared 47 physiological and biochemical parameters
in representative 4 indigenous Tibetan sheep populations with different promoter haplotypes of PAT1
gene (Figure 5; Table 2). As mentioned in Figure 3C, there are two haplotypes, C-type and CA-type,
containing AW&HB, and GJ & QL Tibetan sheep populations, belong to both high and low altitude
clusters, respectively. Tibetan sheep subpopulations with C-type of PAT1 have signi�cantly greater body
weight, shear amount, chest width and body length, but have low body height, relative to sheep in
subgroups with CA-type of PAT1 (Figure 5A-B).

Discussion
Global climate change would have a fundamental impact on agricultural production. Integrated
characteristic for livestock needs to be taken in consideration for designed breeding program, including
adaptive ability to high altitudes, black coat coloration, and widespread geographical locations. Tibetan
sheep is known to adapt to various agro-ecological conditions, it therefore represents an excellent model
for understanding genetic mechanisms on adaptations of livestock to extreme environmental conditions.
This study is aimed to identify key genes those regulate environmental response and coat coloration
simultaneously.

Overlapped genes in the explanation of altitude and geography variations

It is common that hypoxia-inducible factors (HIFs) are transcription factors that respond to changes in
the available oxygen in the cellular environment under high-altitude conditions. In this study, we identi�ed
a candidate gene, ZEB1 at chr.13 with top 1% Fst values in both altitude and geography variations (Figure
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2 A-C). It is reported that ZEB1 is a target gene of HIFs, which is critical in the regulation of the
macrovascular angiogenic response but not that of microvascular angiogenesis [32]. Moreover, under
hypoxic conditions, HIF-1α up-regulates the expression of proteins that induce TWIST1 and ZEB1 [33,34].
RALY is identi�ed to be correlated with both altitude and geography variations, which has been reported
as candidate genes with signi�cant enrichments in spliceosomal complex pathway in high-altitude
adaption Tibetan sheep populations, indicating its important roles in hypoxia response [13]. Fst values,
also named �xation index, were typically used to evaluate differentiated genomic regions and identify
selective signals among whole-genomic SNPs [30, 31]. IL12RB1 is identi�ed with high Fst values for both
color and geography (Figure 2 B-C), and IL12RB1 also has high levels of heterozygosity speci�cally in
Tibetan geography locations (Figure S3). The numbers of totally overlapped candidate genes were
presented based on top 1% Fst values for different combinations among altitude, color and geography
from 150-kb windows (Figure 2D).

Overlapped genes in the explanation of coat coloration and geography variations

Differentiated genomic regions in classi�cation of geography factor re�ect environmental selections and
robustness. We identi�ed that two known genes that is related to variation of both geography and coat
coloration. ARAP1 gene at chr.15 has been previously reported to be under climate-driven selection as
signal molecular involving in GTPase regulator activity process [35], which is in charge of various types
of membrane transport, such as vesicle fusion and docking of transport vesicles to speci�c target
organelles and/or plasma membranes during secretory processes [36,37]. It can anchor and transport
melanosomes to the plasma membrane, and melanosomes within melanocytes is critical for
pigmentation synthesis of hair [38]. IL12RB1 at chr.5, was also correlated with environmental selection
[35]. It is involved in cytokine-cytokine receptor interaction pathways, and cytokine is secreted by
keratinocytes and by melanocytes during the �rst two steps of Hyperpigmentation in the epidermis [39].
We also compared levels of genomic heterozygosity within different subpopulations as represented by
|ZHp| values [40], and found IL12RB1 has high levels of heterozygosity speci�cally in Tibetan geography
locations (Figure S3).

Coat coloration, altitude and geography variations

Our �ndings suggested that only variation of SNP/INDEL at 5’-�ank region of PAT1 can fully explain the
phenotypic variations in combined characteristics of altitude response, coat color, and geography
locations (Figure 3C). This indicates that the expression of this gene could play key roles in regulating
these productive and adaptive traits, which would be discussed in the following. For other genes, the
INDEL variation only can explain partially to de�ned clusters. For example, the KLF4 has 4 types of
INDELs, in 5’�ank and other 3 intron regions. The types of INDEL can explain the variation of altitudes
and coat coloration, but not three geography types. PSMA1 can explain coat coloration variation but
cannot explain variation of other two clusters, whereas ZNF711 can explain altitude variation, but cannot
explain variation of another two clusters. Taken together, only the 5’-UTR of PAT1 can largely explain the
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variance of three classi�cations, indicating that genetic basis of such as coat coloration and adaptive
traits relies on gene expression.

Function of PAT1 in productive and adaptive characteristics

The CSDE1 (Cold Shock Domain Containing E1), alternative name: UNR, is a conserved RBP containing
�ve cold-shock domains (CSDs) that bind single-stranded RNA [41, 42]. We con�rmed CSDE1
homologous protein, PAT1 showed clear differences between high low altitudes subpopulation of Tibetan
sheep populations and between different geography locations with changed climate conditions (Figure
3C). CSDs represent the most evolutionarily conserved nucleic acid-binding protein domain, found in
bacteria and eukaryotes [43, 44]. This domain of around 70 amino acid residues mediates binding to
single-stranded DNA and RNA [45, 46]. Function of proteins possessing CSDs are involved in two
processes: transcriptional and translational control. Two major old shock proteins CspA and CspB in
Escherichia coli and Bacillus subtilis, respectively, were intensively reported. CspA and CspB are
massively and transiently induced after a temperature downshift and are involved in the adaptation to
cold shock [47].

To explain the relationship of PAT1 and CSDE1 with coat coloration, we reconstructed the CSDE1-
centerized module according to STRING protein-interaction database, and we found 9 genes that
involving in this module. These are: MAX, MYC, YBX1, HNRNPU, DHX9, PABPC1, PAIP1, STRAP, SYNCRIP.
Differential gene expression analysis via qPCR suggested that these genes have strong correlation with
CSDE1 and PAT1 (Table S8). Previous reports showed that CSDE1 mRNA is up-regulated in a high
percentage of skin and ovary cancers, and UNR/CSDE1 regulates critical Melanoma genes, including
PABPC1 gene [48]. Beside, CSDE1 regulates internal ribosome entry site (IRES)-dependent translation of
the transcripts encoding the oncogene MYC [49]. The both PABPC1 and MYC were identi�ed in CSDE1-
interative protein network (Figure S4), and we con�rmed that expression of the two genes showed distinct
pattern between white coat coloration and black coat coloration subpopulations, especially for PABPC1
(Figure S4C). These inherent correlations probably explain the variation of coat coloration regulated by
CSDE1/PAT1.

Morphological and physiological parameters of different haplotypes

Different haplotypes of PAT1 could be re�ective of altitude response, and is related to changes of
morphological characters, such as body weight, shear amount, chest width and body length and body
height (Figure 5A-B). This is consistent with the conclusion that large physical size in highland as
observed in man [50]. In particular, body weight of Tibetan sheep in C-type population is 1.7 times higher
than that in CA-type group. For body haematological parameters, body temperature, pulse interval, MCH,
MCHC, HGB levels are at least 1.5 times higher in C-type of PAT1 group than that in CA-type population;
this is similar to that observed in Tibetan sheep and dogs [13, 51]. Interestingly, breathe rates, pulse rates,
RBC, HCT, MCV, PLT, and RDW-CV are relatively lower in C-type of PAT1 than that in CA-type population.
Values of blood-gas parameters were similar or relatively lower in C-type population than that in CA-type
population, except for pO2. For lung tissue structure parameters, values are relatively higher in C-type
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population than that in CA-type population. In particular, elevated lactate dehydrogenase (LDH) in C-type
population relative to CA-type population support the found in other sheep studies on hypoxemia
response [52].

Conclusion

Dissection of casual genes and molecular mechanism responsible for high altitude and coat coloration in
this study is pivotal in Tibetan sheep objective breeding towards improvements of productive and
adaptive traits. We identi�ed a CSDE1 like gene, named PAT1, variation of INDEL at chr 27: 72792241
within 5’-UTR explain the genetic diversity and phenotypic classi�cation in given 15 indigenous Tibetan
sheep populations. We highlight that the importance of PAT1 in future Tibetan sheep breeding program
for environmental adaptation and coat economics.
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allelic frequency; HIFs: hypoxia-inducible factors; CSDE1: Cold Shock Domain Containing E1; CSDs: cold-
shock domains.
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Table 1. Sampling information for the 15 indigenous Tibetan sheep populations used in this study
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Population population
code

Sample
number

Altitude
(m)

Longitude
and

 latitude

Sampling location

Guide Black Fur
sheep

GD 39 3100 N:38°61′152″
E:103°32′160″

Senduo Town, Guinan County, Hainan Tibetan Autonomous
State, Qinghai Province

Qilian White
Tibetan sheep

QL 44 3540 N:42°20′178″
E:116°64′618″

Qilian Town, Qilian County, Delingha City, Mongolian
Autonomous State, Qinghai Province

Tianjun White
Tibetan sheep

TJ 64 3217 N:42°18′158″
E:116°42′210″

Shengge Countryside, Tianjun County, Delingha City,
Mongolian Autonomous State, Qinghai Province

Qinghai Oula
Tibetan sheep

QH 44 3630 N:34°16′433″

E:101°32′141″

Jianke Village, Kesheng Town, Henan Mongolian
Autonomous County, Qinghai Province

Minxian Black
Fur sheep

MX 67 3180 N:36°54′48″

E:103°94′107″

Taizi Village, Qingshui Town, Minxian County, Dingxi City,
Gansu Province

Ganjia Tibetan
sheep

GJ 58 3022 N:35°32′49″

E:102°40′802″

Xike Village, Ganjia Town, Xiahe County, Gannan Tibetan
Autonomous State, Gansu Province

Qiaoke Tibetan
sheep

QK 71 3410 N:35°42′106″

E:102°42′210″

Waeryi Village, Qihama Town, Maqu County, Gannan Tibetan
Autonomous State, Gansu Province

Gannan Oula
Tibetan sheep

GN 52 3616 N:33°51′312″

E:101°52′424″

Daerqing Administrative Village, Oula Town, Maqu County,
Gannan Tibetan Autonomous State, Gansu Province

Langkazi Tibetan
sheep

LKZ 10 4459 N:28°58′951″

E:090°23′757″

Kexi Village, Langkazi Town, Langkazi County, Shannan
Territory of Tibet Autonomous Region

Jiangzi Tibetan
sheep

JZ 46 4398 N:28°55′113″

E:089°47′692″

Reding Village, Cheren Town, Jiangzi County, Shannan
Territory of Tibet Autonomous Region

Gangba Tibetan
sheep

GB 85 4403 N:28°15′281″

E:088°24′787″

Yulie Village, Gangba Town, Gangba County, Rikaze Territory
of Tibet Autonomous Region

Huoba Tibetan
sheep

HB 34 4614 N:30°13′822″

E:083°00′249″

Rima Village, Huoba Town, Zhongba County, Rikaze Territory
of Tibet Autonomous Region

Duoma Tibetan
sheep

DM 8 4780 N:29°48′609″

E:091°36′191″

Sixth Village, Maqu Town, Anduo County, Naqu Territory of
Tibet Autonomous Region

Awang Tibetan
sheep

AW 5 4643 N:30°12′101″

E:098°63′098″

Ayi Third Village, Awang Town, Gongjue County, Changdou
Territory of Tibet Autonomous Region

Linzhou Tibetan
sheep

LZ 9 4292 N:29°09′121″

E:091°25′063″

Tanggu Village, Tanggu Town, Linzhou County, Tibet
Autonomous Region

 

Table 2 Criterion of indigenous Tibetan sheep populations classi�ed for different factors
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Types Parameters Subpopulation
Altitude <3500 m GD QL TJ QH MX GJ QK GN

>4500 m LKZ JZ GB HB DM AW LZ
Coat coloration Black MX GD

White QL TJ QH GJ QK GN LKZ JZ GB HB DM AW LZ
Geographic locations Qinghai GD QL TJ

Gansu QH MX GJ QK GN
Tibetan LKZ JZ GB HB DM AW LZ

 

 

Figures
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Figure 1

SNP analysis and population structure for 15 indigenous Tibetan sheep populations. A: distributive map
of 15 indigenous Tibetan sheep populations living in the Qinghai-Tibetan Plateau areas in China used in
this study; B: Principal component analysis on whole genomic DNA sequencing in different Tibetan sheep
populations; c: Distribution of minor allelic frequency (MAF) with 10 continued classes from 0-0.05 to
0.45-0.50; D: Relatedness of similarity index (IS) values in 15 Tibetan sheep populations. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.
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Figure 2

Manhattan analysis and candidate genes exploration. A-C: Manhattan plot representing Fst values for
each SNP across Chromosomes for three clustered subpopulations. The overlapped genes were
highlighted in blue fonts. Identi�ed genes in two and three clusters were labeled in yellow and blue,
respectively. D: Venn diagram representing overlapped genes across different clustered subpopulations.
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E: Numbers of corresponding genes harboring overlapped SNPs across different clustered
subpopulations.

Figure 3

Gene INDEL analysis for 4 candidate overlapped genes. A-D: INDEL analysis on KLF4, PSMA1, PAT1, and
ZNF711 genes within clustered subpopulations in addition to three other species including Capra,
Pantholops, and Bos taurus.
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Figure 4

Comparison on sequence alignments and expression pattern between PAT1 and CSDE1. A: Secondary
structure of PAT1 and differentiated amino acids between PAT1 and CSDE1. The location of 7
differentiated amino acids were depicted in symbol “*”, which are majorly on beta-strand and turn.
Secondary structure of protein is predicted via Uniprot database from different PDB entries. B:
Differentiated location of amino acids on representative 3D protein structure; C-D: Comparison on
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expression of CSDE1 and PAT1 in given 6 indigenous Tibetan sheep populations in this study. The 6
indigenous Tibetan sheep populations include Guide Black Fur sheep (GD), Qilian White Tibetan sheep
(QL), Minxian Black Fur sheep (MX), Ganjia Tibetan sheep (GJ), Huoba Tibetan sheep (HB) and Awang
Tibetan sheep (AW). Expression values were calculated against GAPDH using mRNA in lungs, and four
biological replicates were conducted.

Figure 5

Comparison on morphological and physiological traits in Tibetan sheep populations with different
haplotype promoters of PAT1 gene. A: Representative picture of indigenous Tibetan sheep (Huoba
Tibetan sheep, HB for C-type, and Guide Black Fur sheep, GD for CA type) originated between two
haplotypes promoter of PAT1; B: Comparison on different physiological parameters of 15 Tibetan sheep
between CA and C haplotype of PAT1. CA type include GJ and QL, while C type include AW and HB. The
averaged values for each parameter was derived from at least 10 biological replicates.
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