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Supplementary Materials and Methods

Ethics statement

The methods were carried out in accordance with the approved guidelines of the Good
Experimental Practices adopted by the Institute of Zoology, Chinese Academy of
Sciences (CAS). All experimental procedures and animal collection were conducted
under a permit (No. I0Z13015) approved by the Committee for Animal Experiments
of the Institute of Zoology, Chinese Academy of Sciences, and conformed to the

China Wildlife Protection Law (CWPL).

Sample information

A total of 80 animals, representing 21 Chinese native sheep (Ovis aries) breeds (77
ewes) and three wild species (one animal from each species) of the Subfamily
Caprinae, viz Ovis aries musimon, Ovis ammon polii and Capra ibex, were included
in the whole-genome sequencing analysis. The wild species were used as outgroups in
the sheep phylogenetic tree and materials for comparison of genetic diversity, SNP
sharing and demographic changes (i.e., PSMC plots) with native sheep. Among the
native sheep, several breeds have inhabited extreme environments for thousands of
years (Du 2011). Specifically, 16 Tibetan sheep from areas of Tibet on the
Qinghai-Tibetan Plateau (four animals from each of the four locations: Nagqu County
[ZNQ], Qamdo County [ZCD], Shigatse [ZRK] and Nyingchi [ZLZ]) are from a
plateau environment (> 4,000 m, except for ZLZ, at c¢. 2,900 m), and nine animals

from breeds in the Taklimakan Desert region (four animals from Lop sheep [LOP] and



five animals from Baerchuke sheep [BRK]) are from a desert environment (average
annual precipitation < 10 mm; fig. 1A and B, supplementary table S1, Supplementary
Material online). Furthermore, five animals representing Hu sheep (HUS) and five
animals representing Wadi sheep (WDS) from non-extreme environments in Eastern
China (altitude < 100 m, average annual precipitation > 600 mm; fig. 1A and B,
supplementary table S1, Supplementary Material online) were sequenced for genomic
comparison. In addition, 20 animals from breeds on the Yunnan-Kweichow Plateau
(altitude = 1,700 — 3,300 m; five animals from each of the four breeds: Tengchong
sheep [TCS], Diqing sheep [DQS], Shiping Gray sheep [SPS] and Weining sheep
[WNS]), four animals of Ganzi sheep [GZS] from the southeastern margin of the
Qinghai-Tibetan Plateau, five animals of Minxian Black Fur sheep (MXS) and four
animals of Guide Black Fur sheep (GDS) from Northwestern China, five animals
representing sheep breeds from Xinjiang (one animal from each of the five breeds:
Altay sheep [ALS], Bayinbuluke sheep [BYK], Kazakh sheep [KAZ], Hetian sheep
[HTS] and Tashkurgan sheep [TSK]) and four animals representing sheep breeds from
Inner Mongolia (one animal from each of the four breeds: Ujimqin sheep [WZS],
Wuranke sheep [WRS], Sunite sheep [SNS] and Hulun Buir sheep [HLS]; fig. 1A,
supplementary table S1, Supplementary Material online) were sequenced to cover all
of the main biogeographic groups of Chinese native sheep (Zhong et al. 2010; Lv et al.

2015).

At a larger geographic scale, on the basis of the altitudinal differences among the



sampling locations, the geographic origins of the 77 native sheep can be roughly
categorized as high-altitude regions (> 1,500 m; defined as one type of extreme
environment; including ZNQ, ZCD, ZRK, ZLZ, GDS, GZS, MXS, TCS, WNS, SPS,
DQS, TSK and HTS) and low-altitude regions (< 1,300 m; defined as the counterpart;
comprising HUS, WDS, LOP, BRK, ALS, BYK, KAZ, WZS, WRS, SNS and HLS;
fig. 1A). Likewise, the geographic origins of the breeds can be divided into arid and
humid zones according to the 400 mm average annual precipitation line (Piao et al.
2010) in China. The arid zones (average annual precipitation < 400 mm, representing
arid and semi-arid regions; Piao et al. 2010; defined as one type of extreme
environment) provide homes for LOP, BRK, ALS, BYK, KAZ, TSK, HTS, ZNQ,
ZRK, GDS, WZS, WRS, SNS and HLS, and the humid zones (average annual
precipitation > 400 mm, representing humid and semi-humid regions; Piao et al. 2010;
defined as the counterpart) accommodate HUS, WDS, ZCD, ZLZ, GZS, MXS, TCS,

WNS, SPS and DQS (fig. 1B).

Genome sequencing

The overall analysis pipeline is detailed in supplementary fig. S14, Supplementary
Material online. In summary, we sequenced the whole genomes of 75 native sheep
and three wild animals at an average depth of ~5%, using a sequencing strategy similar
to that applied in the 1000 Genomes Project (see http://www.1000genomes.org; The
1000 Genomes Project Consortium 2010). In addition, we sequenced two animals

(one Tibetan sheep, ZNQ24, and one Lop sheep, LOP41) at a high depth of ~42x to



facilitate SNP calling and identify breed-specific structural variants in breeds from
extreme environments. This strategy enabled us to obtain more information regarding
genetic variability, and we were also able to obtain reliable genotype calls through

population-based SNP calling.

Genomic DNA was extracted from ear tissue using the standard phenol-chloroform
protocol (Sambrook and Russell 2000). High-quality DNA for genome sequencing
was processed to construct short-insert (500 bp) DNA libraries according to the
manufacturer’s specifications (Illumina, San Diego, CA). To generate 500-bp
mate-paired libraries, we used the Covaris Ultrasonic Processor (Covaris, Woburn,
MA) to cut genomic DNA into 500-bp fragments randomly, followed by the process
of end repairing, adding A to the tails, purification and PCR amplification. The Qubit
v.2.0 kit (Life Technologies, Gaithersburg, MD) was used to analyze the quality of the
constructed libraries. After diluting each library to 1 ng/ul, an Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA) was used to check the insert size
of the libraries, and real time gq-PCR was then performed to detect the effective
concentration of the libraries. The qualified libraries with appropriate insert size (500
bp) and concentration (> 2 nM) were sequenced using the Illumina HiSeq 2000
platform (Illumina, San Diego, CA), and 100-bp paired-end reads were generated and
managed using Illumina HiSeq Control Software (HCS) v3.3 (Illumina, San Diego,
CA). Overall, we produced approximately 13.56 billion raw reads (totaling 1356.75

Gb (gigabases) of raw data) from the 80 samples (supplementary table S30,



Supplementary Material online). The information of raw reads and high-quality data
for each sample are summarized in supplementary table S30, Supplementary Material

online.

Owing to base-calling duplicates and adapter contamination in each lane, the Illumina

Pipeline may generate low-quality reads (Li et al. 2014). To obtain reliable reads and

avoid reads with artificial biases that might affect downstream mapping and other

analyses, we implemented quality control procedures to exclude the following types

of reads:

1)  Unidentified nucleotides (N-content) > 10%;

i1) More than 50% of the read bases with a Phred quality score (Q-score) less than 5;

ii1) More than 10 nucleotides overlapped with the adapter sequence (< 10%
mismatches allowed);

iv) Duplicate reads which were generated by PCR amplification during DNA library
construction (i.e., read 1 and read 2 of two paired-end reads that were completely
identical). PCR duplicates were removed by using the command ‘rmdup’ in

SAMtools v0.1.19 (Li et al. 2009).

Read alignment
After raw reads filtering, the high-quality reads from each sample were aligned to the
sheep reference genome assembly Oar v3.1.75 using the Burrows-Wheeler Aligner

(BWA) tool (Li and Durbin 2009). First, the reference genome sequence was indexed



with the command ‘index’. The command ‘mem -t 10 -k 32’ was then used to identify
the suffix array (SA) coordinates of good hits for each individual read. Additionally,
the SA coordinates were converted into the best alignments in BAM format using
SAMtools v0.1.19 (Li et al. 2009). Other parameters in the BWA tool were set to

default values.

To obtain high-quality alignments for SNP calling and subsequent analyses, we

conducted the steps below:

1)  Filter the alignment read with mismatches > 5 and mapping quality = 0;

i1) Remove putative duplicated alignments. When two or multiple read-pairs were
aligned to identical positions on the reference genome, we retained only the pair
with the highest mapping quality score;

i11) Extract properly paired mapped reads with the command ‘samtools view -f 0x2’.

Variant calling

The highest accuracy alignments for each animal were processed using a Bayesian
approach as implemented in SAMtools v0.1.19 (Li et al. 2009). The command
‘mpileup’ was used to perform SNPs and indels (length < 100 bp) calling, with the
parameters ‘-C -D -S -m 2 -F 0.002 -d 1000°’. The raw SNPs were filtered in the
downstream analysis by requiring a minimum coverage depth of 5 and a maximum of
100, a minimum RMS (root mean square) mapping quality score of 20, and no gap

present within a 3-bp window. We then merged the SNPs from 77 native sheep into a



population SNP-matrix and subsequently identified population SNPs with a strict
criteria. We filtered the SNPs with MAF (minor allele frequency) < 0.05 and missing
genotype > 10% of animals in sheep population. The high-quality SNPs identified in
native sheep were categorized according to their genomic locations, including exons,
introns, UTRs and intergenic regions, and the SNPs located in exons were further
divided into synonymous and nonsynonymous SNPs. The high-quality SNPs obtained
here were subsequently regarded as ‘called high-quality SNPs’ and used in the SNP
summary, regions of homozygosity, linkage disequilibrium, selective sweep, gene
ontology and target gene analyses. In the two samples sequenced at a high read depth
(ZNQ24 and LOP41, each at ~42x), we detected structural variations (SVs, 100
bp—chromosome level; Alkan et al. 2011), including large fragment insertions (INS)
and deletions (DEL), inversions (INV), intra-chromosomal translocations (ITX) and
inter-chromosomal translocations (CTX), using the package BreakDancer v1.1 (Chen
et al. 2009) with the default parameters (e.g., -y 40, SV score greater than 40; -m
1000000000, maximum SV size of 1000000000), although the -q option (i.e., the
mapping quality threshold) was set to 20 and the -r option was set to 2 (i.e., SVs were
supported by at least two paired-end reads). We also identified copy number
variations (CNVs, 200 bp—5 Mb; Freeman et al. 2006) using the software CNVnator
v0.3 (Abyzov et al. 2011) with 100-bp bins and standard parameters. All of the

genomic variations were annotated using ANNOVAR software (Wang et al. 2010).

Validation of the called SNPs



To examine the reliability of the called SNPs, we first compared the SNPs identified
here with those from Build 143 of the sheep dbSNP database in the National Center
for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/SNP, last
accessed November 12, 2015). We then compared the genotypes of the called SNPs
with those on the Ovine 50K BeadChip array (Illumina, San Diego, CA) for 33 native
sheep with available chip data. The chip-based SNPs were filtered using the same
criteria as those adopted in this study, and the genomic locations of the SNPs were

adjusted according to the sheep reference genome assembly Oar v3.1.75.

Analysis of regions of homozygosity

Based on the 21.26 million called high-quality SNPs in the native sheep, we measured
the regions of homozygosity (ROH) for each breed/population using the ‘runs of
homozygosity’ function in the program PLINK v1.07 (Purcell et al. 2007), with the
following command ‘--homozyg-window-kb 5000 --sheep --homozyg-window-snp 50
--homozyg-window-het 1 --homozyg-snp 10 --homozyg-kb 100 --homozyg-density

10 --homozyg-gap 100°.

Inbreeding and linkage disequilibrium analyses

Because LD patterns can be affected by inbreeding, we estimated the value of
identity-by-state (IBS) between all samples to identify the genetic relatedness among
sheep individuals, using the 21.26 million called high-quality SNPs and the command
‘--file filename --cluster --matrix’ in the program PLINK v1.07 (Purcell et al. 2007).

10



Based on the non-inbred animals (IBS < 0.9), we then compared the patterns of
linkage disequilibrium (LD) among different sheep breeds/populations. The squared
correlation coefficient (+*; Hill and Robertson 1968) between pairwise SNPs was
calculated to estimate the decay of LD using the software Haploview v4.2 (Barrett et
al. 2005). The parameters in the program were set as: ‘-n -dprime -minGeno 0
-missingCutoff 1 -minMAF 0.01°. The average »* value was measured in a 500-kb
window size. We found differences in the rate of decay and the level of LD value,
which reflected the variations in population demographic history and effective

population size (N.) among the breeds/populations.

Population genetics analysis

To avoid statistical bias from low-coverage data, our population genetics inference
was based on genotype likelihoods (GL) which can take genotype uncertainty into
account. Following reads mapping, high-quality alignments (BAM files) were input to
the program ANGSD v.0.902 (Analysis of Next Generation Sequencing Data;
Korneliussen et al. 2014). An empirical Bayesian approach was then used to compute
GL, major/minor states and SNP calls (Kim et al. 2011), with the SAMtools model (Li
2011) and a SNP p-value threshold of 0.01. The ANGSD command was °./angsd -bam
bam.list -GL 1 -doMaf 1 -doGlIf 4 -SNP pval 0.01 -doMajorMinor 1 -nInd 80
-doGeno 5 -dopost 1 -out sheep’. This procedure produced 32.06 million
GL-associated high-quality SNPs (coverage depth > 5 and < 100, RMS mapping
quality > 20, MAF > 0.05 and the missing ratio of samples within population < 10%)

11



for the subsequent analyses of genetic diversity, population structure and demographic

history.

Based on the high-quality SNPs identified in the 77 native sheep from ANGSD, we
calculated the genomic variation within each breed (or each population within Tibetan
sheep) and within each group of breeds using pairwise nucleotide diversity (&,
Tajima 1983). The statistic was calculated by a sliding-window approach, with a
window width of 100-kb and a stepwise distance of 50-kb. We used the p-distance,
which represents the proportion of different amino acid sites between two sequences,
to infer the phylogeny. The p-distance was calculated for pairwise comparisons across
all 80 samples. The distance matrix was subsequently used to construct a phylogenetic
tree for the 77 native sheep with the neighbor-joining (NJ) method (Saitou and Nei
1987) as implemented in the software TreeBeST v1.9.2
(http://treesoft.sourceforge.net/treebest.shtml, last accessed August 6, 2013), and the
tree was rooted with either one wild species (O. a. musimon) or three wild species (O.
a. musimon, O. a. polii and C. ibex). We also conducted an individual-scale principal
component analysis (PCA) for the 77 naive sheep with the smartpca program in the

package EIGENSOFT v5.0 (Patterson et al. 2006).

To further investigate the genetic relationships among sheep breeds, we performed a
genetic structure analysis based on the GL-associated high-quality SNPs. Highly
linked SNPs (#* > 0.5) were excluded from the analysis using the command

12



“indep-pairwise 50 5 0.5 in PLINK v1.07. The list of pruned GL-associated SNPs
was used to infer the genetic structure of Chinese native sheep using the program
FRAPPE v1.170 (Tang et al. 2005), which employs the maximum likelihood and
expectation-maximization algorithm (Tang et al. 2005) to estimate ancestry
proportions for each individual. The number of assumed genetic clusters (K) ranged
from 2 to 9, with 10,000 iterations for each run. The graph outputs of the population
structure analysis were displayed by DISTRUCT vl1.1 (Rosenberg 2004). The
population genetic differentiation between the three identified groups of breeds
(Qinghai-Tibetan, Yunnan-Kweichow and Northern and Eastern Chinese breeds; see

Results) was measured by pairwise Fst value (Weir and Cockerham 1984).

Demographic history and population admixture analyses

We used the pairwise sequentially Markovian coalescent (PSMC; Li and Durbin 2011
method to estimate the changes in effective population size (N.) of sheep and three
wild species over the last one million years. This method uses a hidden Markov model
to reconstruct the history of N, based on the SNP distribution in an individual diploid
genome (Li and Durbin 2011). Two representative samples with a high sequencing
depth (ZNQ24 and LOP41; ~42x) and the other samples with relatively low coverage
(circa 5%) were analyzed separately. First, the SNP genotype of each animal was
called using the package SAMtools v0.1.19 (Li et al. 2009), with the command
‘mpileup’ and the parameter ‘-C 50 -D -S -m 2 -F 0.002°. Next, the program
‘fg2psmcfa’ in SAMtools was employed to transform the consensus sequences into a

13



FASTA-like format in which the i-th character in the output sequence indicates
whether there is at least one heterozygote in the bin [100i, 100i+100]. The parameters
were set as follows: -N30 -t15 -r5 -p ‘4+25*2+4+6°. Time was measured in units of
2N, generations, and the N, at time ¢ was scaled to Ny. Because of the absence of
reported estimates of the mutation rate per nucleotide in sheep, we used the average
mutation rate in human () of 2.5 x 10™ per base per generation. The generation time
(g) of the sheep was set to two years, which approximates the mean time required for
male and female sheep to reach sexual maturity (de Magalhaes and Costa 2009). To
assess the consistency of the estimates, we performed 100 bootstrap replications for
each sample. In addition, we retrieved atmospheric surface air temperature (°C) and
global relative sea level data for the past one million years from the NCDC
(http://www.ncdc.noaa.gov, last accessed October 27, 2013) and included them in the

PSMC output graphs.

As the PSMC approach does not have sufficient power to reconstruct demographic
events within 10,000 years due to the limited recombination events in this short time
period (Li and Durbin 2011), we also used the diffusion approximation for
demographic inference (0a0i; Gutenkunst et al. 2009) approach to infer the recent
demographic history (e.g., < 4,000 years) of the three identified sheep groups
(Qinghai-Tibetan, Yunnan-Kweichow and Northern and Eastern Chinese breeds; see
Results). This method employs the site frequency spectrum (SFS) of SNP data for
populations (Gutenkunst et al. 2009) rather than recombination events within the

14



individual genome as in the PSMC approach (Li and Durbin 2011). Briefly, dadi
computed a SFS for each of the tested demographic scenarios and then sought the
maximum similarity between the expected SFS of one tested scenario and the
observed SFS over the parameter values space. The software employed a
composite-likelihood ratio test to evaluate model fitting and to optimize model
selection. The model with the highest likelihood value was identified as the optimal

onc.

The SFS of all 80 samples and the 77 native sheep were estimated using a two-step
procedure implemented in ANGSD (Nielsen et al. 2012). First, sample
allele-frequency likelihood files (.saf) were generated using the option ‘-doSaf 2’,
with the ancestral state assigned according to the sheep reference genome assembly
Oar v3.1.75. The command was ‘./angsd -bam bam.list -GL 1 -dosaf 2 -out sheep
-anc Ovis_aries.Oar v3.l.dna.toplevel.fa -doMaf 1 —doMajorMinor’. Next, the
allele-frequency likelihood files were optimized with the realSFS program to estimate
the SFS. Genotypes were called using the full set of GL data. Then the posterior
probabilities of the genotypes were computed at each site for each animal using the
sample allele frequency as a prior. The command was °./realSFS sheep.saf.idx >
sheep.sfs’. To improve the accuracy of the genotypes and infer missing genotypes, we
used the program BEAGLE (Browning and Browning 2007) to infer the haplotypes of
the samples. After investigating the empirical distributions of the MAF, the
haplotypes were inferred for all genotype sites with MAF > 0.01. Only sites showing

15



a correlation value between the imputed and observed data (+%) greater than 0.9 were
retained. To determine the potential bias of imputation filtering, the SFS obtained

before and after filtering were compared.

We tested five possible divergence models (supplementary table S18, Supplementary

Material online):

(1) Model 1: The ancestor simultaneously evolved into Northern and Eastern Chinese
sheep breeds, Yunnan-Kweichow sheep breeds and Qinghai-Tibetan sheep
breeds;

(1i1)) Model 2: The ancestor first evolved into Yunnan-Kweichow sheep breeds and
non-Yunnan-Kweichow sheep breeds, and non-Yunnan-Kweichow sheep breeds
were then split into Northern and Eastern Chinese sheep breeds and
Qinghai-Tibetan sheep breeds;

(i1i1)) Model 3: The ancestor first evolved into Northern and Eastern Chinese sheep
breeds and non-Northern and Eastern Chinese sheep breeds, and non-Northern
and Eastern Chinese sheep breeds were then split into Yunnan-Kweichow sheep
breeds and Qinghai-Tibetan sheep breeds;

(iv) Model 4: The ancestor first evolved into Qinghai-Tibetan sheep breeds and
non-Qinghai-Tibetan sheep breeds, and non-Qinghai-Tibetan sheep breeds were
then split into Northern and Eastern Chinese sheep breeds and Yunnan-Kweichow
sheep breeds;

(v) Model 5: The ancestor first evolved into Northern and Eastern Chinese sheep

16



breeds and Yunnan-Kweichow sheep breeds, and these two groups of breeds were

then admixed to form Qinghai-Tibetan sheep breeds.

To avoid the influence of SNPs under selection on demographic inferences, we used
only SNPs within the intergenic regions of all autosomes. As suggested in the dadi
approach (Gutenkunst et al. 2009), we started with simple models and increased the
model complexity gradually by adding more parameters. We used a strategy in which
a newly added parameter was discarded if it did not bring a marked improvement to
the likelihood. Gene flow was modeled as discrete migration events at a certain time
after population divergence. The unfolded frequency spectrum was used to avoid
biases, because there was no trinucleotide substitution used for statistical correction.
After model selection, scaled parameters for the best-supported model were
transformed into the real values using the same x and g as described above for the

PSMC analysis.

A population-level admixture analysis was carried out in the TreeMix v.1.12 program
(Pickrell and Pritchard 2012). This program uses genome-wide SNP sites to infer the
Maximum Likelithood (ML) tree for the 21 native sheep breeds (77 animals) and an
outgroup (O. a. musimon), with the command ‘-1 input -bootstrap -k 10000 -root
outgroup -o output’. The covariance matrix of the ML tree was estimated to reflect the
correspondence between the ML tree and the SNP data and to identify pairs of
populations that showed poor fits in the ML tree (Pickrell and Pritchard 2012). When

17



the ML tree did not fully describe the data, an admixture analysis was performed by
allowing migration events, with the poor-fit populations regarded as candidates for
adding potential migration edges (Pickrell and Pritchard 2012). Here, from one to 16
migration events were gradually added to the ML tree of the 21 native breeds until
98% of the variance between the breeds could be explained by the model. The

command was ‘-1 input -bootstrap -k 10000 -m migration events -o output’.

Genome-wide selective sweep test

We defined four pairs of groups of populations (i.e., four extreme-control group pairs;

supplementary table S2, Supplementary Material online) for the selection tests:

(1) The Tibetan sheep from the plateau environment (encoded as the Tibetan group,
including the Nagqu County [ZNQ], Qamdo County [ZCD] and Shigatse [ZRK]
populations; 12 animals) vs. the Control group from East China (including Hu
sheep (HUS) and Wadi sheep (WDS); 10 animals);

(i1)) Sheep breeds from the Taklimakan Desert region from the desert environment
(encoded as the Taklimakan Desert group, including Lop sheep [LOP] and
Baerchuke sheep [BRK]; 9 animals) vs. the Control group from East China (10
animals);

(i11) Sheep breeds from low-altitude areas (encoded as the Low-altitude group,
including HUS, WDS, LOP, BRK, ALS, BYK, KAZ, WZS, WRS, SNS and HLS;
26 animals) vs. Sheep breeds from high-altitude areas (encoded as the
High-altitude group, including ZNQ, ZCD, ZRK, ZLZ, GDS, GZS, MXS, TCS,

18



WNS, SPS, DQS, TSK and HTS; 51 animals);

(iv) Sheep breeds from the humid zone (encoded as the Humid group, including HUS,
WDS, ZCD, ZLZ, GZS, MXS, TCS, WNS, SPS and DQS; 47 animals) vs. Sheep
breeds from the arid zone (encoded as the Arid group, including LOP, BRK, ALS,
BYK, KAZ, TSK, HTS, ZNQ, ZRK, GDS, WZS, WRS, SNS and HLS; 30
animals).

The Nyingchi (ZLZ, 2900 m) population was excluded from the extreme-control

selection test because the elevation of its distribution region is much lower than that

of other populations of Tibetan sheep (4100- 4700 m; supplementary table S1,

Supplementary Material online).

We calculated the genome-wide distribution of Fst values (Weir and Cockerham 1984)
and 0, ratios (Nei and Li 1979; i.e., Or.control/On-Tibetan, @r-Control/On-Taklimakan Deserts
Or-Low-altitude/ On-High-altitude ANd O tiumid/Or-aria) for the four defined group pairs using a
sliding-window approach (100-kb windows with 50-kb increments). The Fgsr values
were Z-transformed as follows: Z(Fst) = (Fst - WFst) / 6Fsr, in which pFsr is the
mean Fgt and oFgr 1s the standard deviation of Fgr. The 6, ratios were
log,-transformed. Subsequently, we estimated and ranked the empirical percentiles of
Z(Fst) and logy(O; ratio) in each window. The windows that simultaneously showed
significantly high Z(Fsrt) (the top 5% level for empirical percentile, Z(Fst) > 1.834,
1.859, 1.731 and 1.823 for the Control group/Tibetan group, Control
group/Taklimakan Desert group, Low-altitude group/High-altitude group and Humid

19



group/Arid group, respectively) and logy(6, ratio) (the top 5% level for empirical
percentile, log,(6; ratio) > 0.352, 0.277, 0.247 and 0.198 for the Control
group/Tibetan group, Control group/Taklimakan Desert group, Low-altitude
group/High-altitude group and Humid group/Arid group, respectively) values were
considered as candidate outliers in strong selective sweeps. All outlier regions were
assigned to corresponding SNPs and annotated genes. Furthermore, we estimated the
cross-population extended haplotype homozygosity (XP-EHH; Sabeti et al. 2007)
statistic for the Tibetan group and the Taklimakan Desert group, using the Control
group as a reference. The genetic map was assumed to be 1 cM/Mb for the sheep
genome (Kijas et al. 2012). Also, we used the program LFMM (Frichot et al. 2013) to
calculate the correlations between the genetic variants of native sheep and climate
variables (i.e., altitude and precipitation). The z scores for all variants were calculated
using a burn-in of 100, 1,000 sweeps, and K = 3 latent factors on the basis of the
results from the population structure analysis. The threshold for identifying candidate
genes in the XP-EHH and LFMM analyses was set to the top 5% and top 1%

percentile outliers, respectively.

Candidate gene analysis

Using the 77 native sheep, we tested whether the selective signals detected from the
extremely contrasted group pairs (e.g., Control group vs. Tibetan group, 22 animals;
Control group vs. Taklimakan Desert group, 19 animals) were robust in a larger panel
of samples (i.e., 77 animals). Firstly, NJ trees were constructed by TreeBeST v1.9.2

20



with the SNPs located in the candidate genes of Tibetan sheep and breeds from the
Taklimakan Desert region. Also, we performed an analysis of the large-effect SNPs
(i.e., nonsynonymous SNPs in candidate genes) for the candidate genes of Tibetan
sheep and breeds from the Taklimakan Desert region. When the candidate genes were
specific to Tibetan sheep, absolute values of the frequency differences for the
large-effect SNPs were calculated between pairwise groups of Qinghai-Tibetan breeds,
Yunnan-Kweichow breeds and Northern and Eastern Chinese breeds (fig. 1E). For the
candidate genes in breeds from the Taklimakan Desert region, the absolute values of
the frequency differences for the large-effect SNPs were estimated between pairwise
groups of Qinghai-Tibetan breeds, Yunnan-Kweichow breeds, breeds from the
Taklimakan Desert region (i.e., LOP and BRK) and Northern and Eastern Chinese
breeds (except for breeds from the Taklimakan Desert region; fig. 1E). The statistical
significance of the frequency difference values between the pairwise-group
comparisons was evaluated by the Kruskal-Wallis nonparameter test (Kruskal and
Wallis 1952). In addition, we compared the Z(Fst) and logy(6; ratio) values for the
selective genomic regions with those at the whole-genome scale for Tibetan sheep,
breeds from the Taklimakan Desert region, breeds from high-altitude areas and breeds
from the arid zone. For the altitude-associated and arid-associated genes identified in
extreme environments, we further compared the overlap between the candidate genes
identified here and the predefined gene panels (i.e., the previously published
candidate genes of other mammalian species under similar extreme environments)
with the overlap expected by chance (Hancock et al. 2008; Lv et al. 2014). The
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predefined high-altitude gene panel comprised human (Simonson et al. 2010; Yi et al.
2010), dog (Gou et al. 2014; Li et al. 2014), wolf (Zhang et al. 2014), yak (Qiu et al.
2012), pig (Li et al. 2013) and Tibetan antelope (Ge et al. 2013), whereas the

predefined arid gene panel included the Bactrian camel (Wu et al. 2014).

We used the sheep reference genome assembly Oar v3.1.75 to identify the
coordinates of nucleotide sequences, and used the most up-to-date database of sheep
gene annotation in Ensembl (Cunningham et al. 2015; http://www.ensembl.org, last
accessed October 2, 2015) to assess gene function. We performed Gene Ontology
(GO) and functional pathway analyses of the candidate genes (i.e., all of the annotated
genes in the outlier windows with the top 5% Z(Fst) and logy(6, ratio) values) using
the PANTHER (Protein ANalysis THrough Evolutionary Relationships) Classification
System version 10 (Mi et al. 2013; Mi et al. 2016). Specifically, the genes were
submitted to PANTHER for functional enrichment analysis of GO biological
processes (GO-BP), molecular function (GO-MF) and Cellular Component (GO-CC)
terminologies (The Gene Ontology Consortium 2013) and pathways (Pathway; Mi
and Thomas 2009). In the PANTHER tests, all known human genes were used as the
background, and the Binomial distribution test (Mi et al. 2013) was used to assess the
statistical significance (P-values) of the tests. Only significantly (P < 0.05)
over-represented GO terms were considered to be biologically meaningful. We also
positioned the candidate genes on known KEGG pathways (http://www.kegg.jp, last
accessed October 16, 2015) and Reactome pathways (http://www.reactome.org, last
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accessed October 16, 2015). The functions of the candidate genes were consulted
based on the annotations in the NCBI (http://www.ncbi.nlm.nih.gov, last accessed
October 2, 2015) and Ensembl (http://www.ensembl.org, last accessed October 2,
2015) databases. The expression levels of the candidate genes from the proposed
network of pathways (see Results) in different sheep organs were tested through four
functional genomics experiments in the EBI Gene Expression Atlas database

(Petryszak et al. 2014).

Target gene analysis

To further dissect the genetic mechanisms that enable sheep to adapt to the plateau
and desert environments, we focused on two target genes that exhibited high Fgsr
ranking and were located in the proposed network of pathways (SOCS2 in Tibetan
sheep; GPX3 in breeds from the Taklimakan Desert region; see Results). The Z(Fsr)
and logy(f, ratio) values of the two target genes were compared with adjacent regions.
As Tajima’s D (Tajima 1989) value is an informative indicator of selective signature
(e.g., a negative value indicates a recent selective sweep and a positive value shows
balancing selection), we used Tajima’s D to test the target genes. Tajima’s D was
computed as D = ﬁ , in which d is the difference between the mean number of
pairwise differences () and the number of segregating sites (S), and V(d) is the
square root of the standard deviation of d (Tajima 1989). We expected smaller (i.e.,
more negative) values of Tajima’s D to be observed in the target genes under extreme

environments than under contrasting environments. The inter-species NJ tree was
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constructed for the SOCS2 gene using TreeBeST v1.9.2
(http://treesoft.sourceforge.net/treebest.shtml, last accessed August 6, 2013) based on
the orthologous sequences from 12 other vertebrates retrieved from Ensembl
(Cunningham et al. 2015; http://www.ensembl.org, last accessed October 2, 2015).
The allele frequencies of the SNPs in the GPX3 gene were summarized across the
native sheep breeds. Moreover, the expression levels of the two target genes in
different sheep and human organs were tested through four and seven functional
genomics experiments in the EBI Gene Expression Atlas database (Petryszak et al.

2014), respectively.

Supplementary Results and Discussion

Genome sequencing and mapping

By sequencing the whole genomes of 77 Chinese native sheep and three wild species,
we generated a total of 1356.75 Gb of raw sequences and obtained 1267.51 Gb of
high-quality sequences, with 95.16% and 87.29% of the data showing Phred quality
scores higher than 20 and 30, respectively (supplementary table S30 and fig. S15,
Supplementary Material online). Based on the high-quality sequence data, the
genomic GC content was on average 44.51% for the 77 native sheep, 44.20% for O. a.
musimon, 42.45% for O. a. polii and 42.67% for C. ibex (supplementary table S30,
Supplementary Material online). Such GC ratios are typical and comparable to those
observed in the genomes of cattle, yak (Qiu et al. 2012), Tibetan antelope, cow, horse,
human and mouse (Ge et al. 2013), indicating that our sequencing data were not
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influenced by GC bias. The mapping rates of our samples to the Oar v3.1.75
reference genome assembly ranged from 83.90% to 99.85%, and the mean mapping
coverage was 96.01% at > 1x and 60.45% at > 4x for all 80 samples (supplementary
table S30, Supplementary Material online). After mapping, we obtained 1149.70 Gb
of aligned high-quality data and a 438x effective sequence coverage. For individual
samples, an average of 123.04 Gb of high-quality data, a 41.77x effective sequencing
depth, 98.99% coverage at> 1 x and 98.52% coverage at > 4x were generated for the
two high-coverage sequencing samples (ZNQ24 and LOP42); an average of 13.10 Gb
(11.48 — 17.52 Gb) of high-quality data, at 4.54x (3.84x — 6.10x%) effective sequencing
depth, 95.93% (91.93% — 97.76%) coverage at> 1 x and 59.48% (46.83% — 77.61%)
coverage at > 4x were obtained for the other 78 individual samples (supplementary
table S30, Supplementary Material online). With regard to the genomic distribution of
high-quality SNPs in the 77 native sheep, the number of SNPs located on the 26
autosomes ranged from 0.34 to 2.29 million, and 0.62 million SNPs were located on
the X chromosome. For the individual genome of native sheep (i.e., average over 77
individuals), there were 0.0678 to 0.398 million SNPs located on the autosomes and
0.103 million located on the X chromosome (supplementary table S8, Supplementary

Material online).

Principal component analysis (PCA) and site frequency spectrum (SFS)
In the individual-based PCA, the first component explicitly distinguished
Yunnan-Kweichow breeds from the others (fig. 1F, supplementary fig. S4,
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Supplementary Material online). Furthermore, the second and third eigenvectors
further split Tibetan sheep from Northern and Eastern Chinese breeds, with GZS,
MXS and GDS being situated between the two groups (fig. 1F, supplementary fig. S4,

Supplementary Material online).

A comparison of the SFS distribution among all 80 samples (supplementary fig. S16A,
Supplementary Material online) and the 77 native sheep (supplementary fig. S16B,
Supplementary Material online) indicated that substantially more SNPs were shared
among the native sheep than between the native sheep and the three wild species.
After filtering, a large number of low-frequency SNPs were eliminated, which
increased the proportion of SNPs shared among all animals (supplementary fig. SI6A

and B, Supplementary Material online).

Functions of important candidate genes in plateau environment

Regarding the pathway candidate genes involved in plateau adaptations in Tibetan
sheep (fig. 7A), NOX4 (NADPH Oxidase 4), a source of reactive oxygen species
(ROS), could function as an oxygen sensor that regulates HIFla activity and
oxygen-dependent VEGF gene expression in human cells (Lassegue and Clempus
2003; Meng et al. 2012). PDK1 (Pyruvate Dehydrogenase Kinase, Isozyme 1), which
is induced by HIFla, plays critical roles in conserving mitochondrial function under
hypoxic conditions by diverting metabolic intermediates from the tricarboxylic acid
cycle (TCA) to glycolysis and preventing toxic ROS production (Kim et al. 2006; Jian
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et al. 2010). A deficiency of PDKI in cardiac muscle could result in heart failure and
increased sensitivity to hypoxia (Mora et al. 2003). NCOA3 (Nuclear Receptor
Coactivator 3) affects the expression of the EPO (Erythropoietin) gene which is
known as the primary hormone in regulation of erythrocyte differentiation and
circulating erythrocyte mass in response to hypoxia (Stopka et al. 1998; Wang et al.
2010). Knocking down NCOA3 in human Hep3B cells decreases hypoxia-induced
EPO transcriptional activity (Wang et al. 2010). LONPI (Lon Peptidase 1,
Mitochondrial) can be induced by hypoxia and ROS, and provides protection for cells
against oxidative stress (Pinti et al. 2015). PDGFD (Platelet Derived Growth Factor D)
has a role in the regulation of blood vessel maturation during angiogenesis (Uutela et
al. 2004). RRAS (Related RAS Viral Oncogene Homolog) regulates the integrity and
functionality of tumor blood vessels under pathological hypoxic conditions (Sawada
et al. 2012). NFI (Neurofibromin 1) is associated with typical hypervascular tumors
which show high VEGF expression levels, and silencing this gene induces
upregulation of VEGF expression in murine cells (Kawachi et al. 2013), indicating a
potential role of NFI in preventing tumors or hypoxic diseases related to VEGF.
HAND?2 (Heat And Neural Crest Derivatives Expressed 2) is essential for cardiac
morphogenesis, and is required for vascular development and the regulation of
angiogenesis (Villanueva et al. 2002). PRKGI (Protein Kinase, CGMP-Dependent,
Type 1) acts as key mediator of NO and cGMP in the VSMC pathway, and
phosphorylates proteins that regulate smooth muscle contraction and cardiac function
(Tang et al. 2003). NOSIP (Nitric Oxide Synthase Interacting Protein) modulates the
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activity and localization of nitric oxide synthase (NOSI and NOS3) and thus NO
production (Dreyer et al. 2004; Schleicher et al. 2005). NO dilates blood vessels and
consequently increases blood flow and delivers more oxygen to tissues (Ge et al.

2013).

For the genes governing the body morphology of Tibetan sheep, FSTLI
(Follistatin-Like 1), which encodes a secreted protein of the BMP inhibitor and
functions through interactions with the BMP signaling pathway, has been implicated
to control the development of different organs like skeletal, lung and ureter in
zebrafish and mouse (Geng et al. 2011; Sylva et al. 2011; Sylva et al. 2013). EXT2
(Exostosin Glycosyltransferase 2) encodes an enzyme that synthesizes heparan sulfate
which is involved in limb and brain development in mouse (Inatani and Yamaguchi
2003; Norton et al. 2005). ALX4 (ALX Homeobox 4) plays an essential role in
regulating skull, limb, skin and embryonic development in vertebrates (Panman et al.
2005; Boras-Granic et al. 2006). Dysfunction of ALX4 substantially disrupts
craniofacial and epidermal development in human (Kayserili et al. 2009). SOX6 (Sex
Determining Region Y-Box 6) encodes a protein that is required for normal
development of the nervous system, chondrogenesis, and skeletal muscle (Hagiwara
2011). Disruption of SOX6 is associated with delayed development and dysmorphic
features in human (Ebrahimi-Fakhari et al. 2015). BMPR2 (Bone Morphogenetic
Protein Receptor, Type II) is involved in endochondral bone formation, ovary
development and embryogenesis (Zhao et al. 2002; Rossi et al. 2016). Mutations in
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BMPR?2 have been associated with typical hypoxia-induced diseases, including
primary pulmonary hypertension and pulmonary venoocclusive disease (Long et al.

2015).

Functions of the pathway genes in desert environment

Regarding the pathway candidate genes involved in desert environment adaptations
(fig. 7B), ANXA6 (Annexin A6), CALM?2 (Calmodulin 2) and CACNA2D]1 (Calcium
Channel, Voltage-Dependent, Alpha 2/Delta Subunit 1) are all involved in the
regulation of cellular Ca®", which are probably functionally related to water-salt
metabolism. ANXA6 encodes a protein that belongs to a family of calcium-dependent
membrane proteins. This gene may regulate the release of Ca®" from intracellular
stores and is involved in the GO term of ion transmembrane transport (GO:0034220).
CALM? (Calmodulin 2) controls a large number of enzymes and ion channels by Ca*",
and CACNA2DI regulates the calcium current density and calcium channels
(Schleithoff et al. 1999). PTGS2 (Prostaglandin-Endoperoxide Synthase 2), also
known as COX2 (Cyclooxygenase 2), encodes a rate-limiting enzyme in the
conversion of arachidonic acid into prostaglandins. The prostaglandins regulate blood
flow and water-salt absorption (Gatalica et al. 2008), and interact with prostanoid
receptors which exert important regulatory effects on renal function (Breyer and
Breyer 2000). CPA3 (Carboxypeptidase A3) encodes a secretory granule
metalloexopeptidase. The GO annotations related to this gene include regulation of
angiotensin level in blood (G0O:0002002) and angiotensin maturation (GO:0002003),

29



both of which are potentially involved in renal vasodilation and natriuresis (Nehme et
al. 2015). ECEI (Endothelin Converting Enzyme 1) encodes proteins associated with
the proteolytic processing of endothelin precursors to biologically active peptides that
mediate vasoconstriction (Maquire et al. 1997). KCNJ5 (Potassium Channel, Inwardly
Rectifying Subfamily J, Member 5) is functionally annotated to GO terms related to
potassium ion transport process (GO:0006813, GO:0010107, GO:0034765 and
GO:0071805). SLC4A4 (Solute Carrier Family 4, Member 4) is involved in regulating
bicarbonate secretion and absorption (Aalkjaer et al. 2004). The GO annotations for
this gene are mainly associated with sodium ion (GO:0006814) and bicarbonate

(GO:0015701) transport.

Positively selected genes related to high-altitude and arid environment
adaptations

The functions of the following candidate genes are discussed based on the annotations
in the NCBI (http://www.ncbi.nlm.nih.gov, last accessed October 2, 2015) and
Ensembl (http://www.ensembl.org, last accessed October 2, 2015) databases.
Regarding high-altitude environment adaptation, STK774, which exhibited the second
highest Z(Fst) value, is a regulator of cellular reactive oxygen species (ROS) — an
important active molecule in the HIF-1 pathway. An important paralog of STK17A,
the MYLK4 gene, is functionally involved in the vascular smooth muscle contraction
(VSMC) pathway, which plays an essential role in regulating the diameter of blood
vessels and the speed of blood flow. EIF2AK3 has functions associated with
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integrated stress responses such as the response to oxidative stress. An important
paralog of TMTC?2, the TMTC3 gene, is a member of the functionally enriched GO
terms related to lung (G0O:0030324) and lung alveolus (GO:0048286) development.
PTPNY plays a key role in haematopoiesis and modulates the EGFR gene located in
the HIF-1 pathway. MREG has GO annotations in pigmentation (GO:0043473) and
melanocyte differentiation (GO:0030318), which are possibly associated with
response to UV. Regarding arid environment adaptation, RABIIFIP2 is involved in
the regulation of water balance through the renal aquaporins pathway (Reactome), and
its associated GO terms are related to renal water homeostasis (GO:0003091) and
water transport (0006833). CPVL is located in the renin-angiotensin system pathway
(KEGG), and the GO annotation of MFSD6 includes transmembrane transport

(GO:0055085).
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Supplementary Figures and Figure Legends
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FIG. S1. SNP validation using a 50K chip array. The consistency between the
sequence-based SNPs and the Illumina ovine 50K SNPs was tested in 33 native
sheep samples. The sequencing-based SNPs with base pairs matching the ovine 50K
chip SNPs were defined as validated SNPs. The distribution percentage (blue) and
accumulative percentage (red) of validated SNPs for the 33 samples were recorded

and plotted.
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FIG. S2. Summary statistics for genomic variation. (A) A Venn diagram of the
shared SNPs among the three groups of Chinese native sheep breeds
(Qinghai-Tibetan breeds, n = 29; Yunnan-Kweichow breeds, » = 20; and Northern
and Eastern Chinese breeds, n = 28). (B) Average within-breed pairwise nucleotide
distance (6,) of the mutation rate per base pair. (C) Average within-group pairwise
nucleotide distance (6;) values. (D) Average size of regions of homozygosity (ROH)
in the genomes of Chinese native sheep breeds. (E) Average ROH size in the

genomes of three Chinese sheep groups. (F) Average ROH number in the genomes
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of Chinese native sheep breeds. (G) Average ROH number in the genomes of three
Chinese sheep groups. NEC, Northern and Eastern Chinese breeds; QT,
Qinghai-Tibetan breeds; YK, Yunnan-Kweichow breeds. See supplementary table S1,

Supplementary Material online for the abbreviations of the breeds.
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FIG. S3. Phylogenetic tree. Rooted NJ tree constructed from the p-distance matrix of
SNPs among O. aries using O. a. musimon as an outgroup. Groups of breeds with
different geographic origins are shown in different colors. NMS represents sheep
breeds from Inner Mongolia and includes Ujimqin sheep (WZS), Wuranke sheep
(WRS), Sunite sheep (SNS) and Hulun Buir sheep (HLS). For the abbreviations of the

other sheep breeds, see supplementary table S1, Supplementary Material online.
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(WZS), Wuranke sheep (WRS), Sunite sheep (SNS) and Hulun Buir sheep (HLS). For
the abbreviations of the other sheep breeds, see supplementary table S1,

Supplementary Material online.
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FIG. S5. Population genetic structure of 21 native sheep breeds inferred with
FRAPPE v1.1. The length of each colored segment represents the proportion of the
individual’s genome inferred from K = 2-9 ancestral populations. For the
abbreviations of the individuals, see supplementary table S1, Supplementary Material

online.

49



'g ~ Northern and Eastern Chinese breeds (n = 27)

20

1o

0.5

0.5
Effective population size (x<104) @

0.0
L
0.0

Effective population size (<104) >

i v pe " — T — T
Years (g =2, u = 2.5%10-8) Years (g =2, y=2.5x10-8)

o 7 Yunnan-Kweichow Plateau breeds (n =20) ei - Qinghai-Tibetan Plateau breeds (n = 28)

Effective population size (<104) 0
.5 K 5 L .5 0
Effective population size (x104) ©

ke N ™
Years (g =2, u=2.5%108) Years (g =2, u = 2.5x10-8)

FIG. S6. Pairwise sequential Markovian coalescent (PSMC) analysis results for the
native sheep sequenced at low coverage (~5x) exhibit inferred variations in N, over
the last 10° years. (A) PSMC results showing the demographic history of O. a.
musimon, O. a. polii and C. ibex. (B) PSMC results showing the demographic
history of Northern and Eastern Chinese sheep breeds (n = 27 animals). (C) PSMC
results showing the demographic history of Yunnan-Kweichow sheep breeds (n = 20
animals). (D) PSMC results showing the demographic history of Qinghai-Tibetan

sheep breeds (n = 28 animals).
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events. (A) Maximum likelihood (ML) tree of the 21 native breeds and an outgroup (O. a. musimon) with five migration events allowed. (B)
Residual matrix fit from the ML tree. Arrows indicate migration events, and the spectrum of heat colors indicates the migration weights of the
migration events. NMS represents sheep breeds from Inner Mongolia and includes Ujimqin sheep (WZS), Wuranke sheep (WRS), Sunite sheep

(SNS) and Hulun Buir sheep (HLS). For the abbreviations of the other sheep breeds, see supplementary table S1, Supplementary Material online.
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FIG. S8. Phylogenetic tree reconstructed from the SNPs located in candidate genes.
(A) Neighbor-joining (NJ) tree reconstructed from the intragenic SNPs under
selection in Tibetan sheep. (B) NJ tree reconstructed from the intragenic SNPs under
selection in the sheep breeds from the Taklimakan Desert region. The samples
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collected from the three geographic regions are indicated by colored lines (purple:
Qinghai-Tibetan Plateau, China; green: Yunnan-Kweichow Plateau, China; red:
Northern and Eastern China). The dotted lines represent outlier individuals sampled
from high-altitude regions or the regions with average annual precipitation > 200
mm but were unexpectedly clustered into low-altitude regions or the regions with

average annual precipitation < 200 mm.
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SNPs) and genome-wide SNPs between the main groups of sheep breeds. (A) Allele
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the candidate genes from the Tibetan sheep and allele frequency differences in
genome-wide SNPs. (B) Allele frequency differences in the nonsynonymous
mutations within the SNPs located in the candidate genes from sheep breeds from
the Taklimakan Desert region and allele frequency differences in genome-wide SNPs.
* and ** denote that differences between the two mean values are significant at the

0.05 and 0.01 levels (i.e., P < 0.05 and P <0.01), respectively.
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FIG. S11. Comparison between 6, ratio values for genomic regions that have
undergone selective sweeps and 6, ratio values at the whole-genome scale. (A)
Tibetan sheep from the plateau environment. (B) Sheep from high-altitude regions.
(C) Sheep from the desert environment of the Taklimakan Desert region. (D) Sheep
from arid zones. The upper, middle (within the box) and boundary lines of the boxes
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FIG. S12. Male (left) and female (right) sheep from the Qinghai-Tibetan Plateau,
Yunnan-Kweichow Plateau and Taklimakan Desert. The photos were obtained from

Du (2011).
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FIG. S13. The expression levels of GPX3 in different human tissues. The results are
based on seven variable experiments deposited in the EBI Gene Expression Atlas
database. The FPKM (fragments per kilobase of transcript per million mapped reads)

value is used to measure expression levels.

60


http://www.ebi.ac.uk/gxa/home�

Re-sequencing
(Illumina HiSeq 2000)
)\

Raw data (Short Reads) |

J———————————— Quality Control

Quality Control
5 reads per IND

(ZNQ24, LOP41) I Alignment to Oar_v3.1

| CNV and SV calls |

ANGSD
Genotype likelihood

Raw SNP and Indel

| Variant Sits

Demography History (Adaptation to drought)

Variant Sits
(Adaptation to high altitude)

Fyp|An
LFMM | XP-EHH

Fgr|An
LFMM | XP-EHH

| Fixed sits in drought sheep | | Fixed sits in highland sheep |

IBS
TREEMIX

<z
2| %

PSMC
LD ROH 6w 6n
STRUCTURE

SNP annotation

Candidate genes

!
Pathway/GO

enrichment

SNP annotation

Candidate genes

Pathway/GO

enrichment

Functional analysis
(expression/haplotype)

Functional analysis
(expression/haplotype)

l

Candidate genes
(Adaptation to extreme environment)

!

Adaptive mechanisms
to extreme environment

FIG. S14. Flow chart illustrating the overall pipeline of the genomic analyses

conducted in this study.
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	To examine the reliability of the called SNPs, we first compared the SNPs identified here with those from Build 143 of the sheep dbSNP database in the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/SNP, last accessed ...


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile ()

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [612.000 792.000]

>> setpagedevice



