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1 | INTRODUCTION

Anthropogenic disturbances, including climate change, constitute
the main causes of habitat loss for arctic and subarctic species. Large
cold-adapted mammals are particularly vulnerable because of their
reduced population sizes and relatively limited capacity to migrate
(in comparison to, for example, birds). Studying the evolutionary his-
tory and genetic diversity of representative species can help with
evaluating the species’ survival potential when under anthropogenic
pressures and to establish conservation policies or interventions for
other Holarctic species.

The snow sheep is the largest herbivorous mammal in the moun-
tains of northeast Asia. It is adapted to upper mountain habitats
above the forest belt, where, owing to the excellent insulating prop-
erties of fur and fat reserves combined with an optimal choice of
shelters, they can endure temperatures as low as -60 to -50°C with
strong winds (Zheleznov-Chukotsky, 1994). However, slow repro-
duction rates, disjointed habitat zones and low population densities
make this species vulnerable to environmental change. Moreover,
snow sheep cannot withstand even small anthropogenic loads, and
one of the reasons for its mountainous distribution is centuries-old
persecution by humans (Zheleznov-Chukotsky, 1994). Another rea-
son for the current snow sheep distribution is its dependence on
crooked vegetation (e.g., cedar elfin, stone birch, willow), which are
being pushed to higher altitudes by ongoing global warming, caus-
ing a significant decrease of available habitat (Ermolin & Medvedev,
2020). Snow sheep are so reactive to habitat change that some
populations that had lived in hills and low mountain systems have
disappeared within the last 35 years (Zheleznov-Chukotsky, 2007).
Due to all these factors, snow sheep can serve as a representative
species for studying the effects of climate change and anthropo-
genic disturbances on cold-adapted mammals. Furthermore, despite
having the largest distribution range and population size of all wild
sheep, snow sheep are the least studied species of the genus, Ovis.

The genus Ovis comprises species adapted to a wide range of
habitats. Seven species have been identified, based on body size,
horn morphology, coat colour and patterns, the number of chro-
mosomes, and geographical distribution (Rezaei et al., 2010). The
European mouflon (Ovis musimon) and the Asiatic mouflon (Ovis
orientalis), both with 54 (2n) chromosomes, are dispersed across
Europe and western Asia. The Asiatic mouflon is the wild ancestor of
domestic sheep (Ovis aries, 2n = 54). The argali sheep (Ovis ammon,
2n = 56) is found in the mountainous areas of central Asia, while
the urial sheep (Ovis vignei, 2n = 58) is found throughout the areas
southwest of the Caspian Sea. The Dall sheep, or thinhorn sheep
(Ovis dalli, 2n = 54), is native to the mountainous regions of north-
western America, and the bighorn sheep (Ovis canadensis, 2n = 54)
lives in the rocky mountainous regions of the United States, Canada
and Mexico. Snow sheep (Ovis nivicola, 2n = 52) mainly inhabit the
mountainous areas of northeastern Siberia.

Snow sheep, Dall sheep and bighorn sheep have been proposed
to form the subgenus Pachyceros, whose origin is explained by two
main hypotheses: Cowan (1940) proposed that American wild sheep

(Dall and bighorn sheep) evolved in Beringia (a continuous land
bridging present-day eastern Siberia and Alaska) from snow-sheep-
like species that expanded into North America. The other hypothesis
suggests that snow sheep and North American wild sheep evolved
from argali-like species. Analyses of mitochondrial DNA (mtDNA;
Bunch et al., 2006) have supported Cowan's hypothesis, but this
phylogenetic inference could be inaccurate due to incomplete lin-
eage sorting (ILS) and introgression.

Introgression, including adaptive introgression, is increasingly
being recognized as an important source of diversity and adapta-
tion across taxa (Arnold & Kunte, 2017). In sheep, introgression from
wild species into domestic sheep has been recorded by numerous
studies that have identified regions containing genes associated with
climatic adaptation and immunity (Barbato et al., 2017; Cao et al.,
2020). For instance, alleles in the PKN2 gene that were introgressed
from argali sheep into Chinese domestic breeds correlated with re-
sistance to bacterial pneumonia (Cao et al., 2020). This suggests that
introgression between wild sheep species is probable, and whole
genome sequencing (WGS) data would answer persistent questions
about the phylogeny of Ovis and allow for creation of the first map
of introgression among wild sheep.

Mammalian species adapted to arctic and antarctic conditions
survive these extremely cold environments by using the three basic
strategies of shivering and nonshivering thermogenesis (NST), in-
creasing subcutaneous adipose tissue, and hibernation (Yudin
et al., 2017). While the molecular mechanisms contributing to these
physiological changes are still poorly understood, it stands to rea-
son that these changes must have resulted from the accumulation
of genetic changes occurring in parallel in diverse gene families.
Indeed, several gene sets associated with cold adaptation have been
identified in a variety of species (Yudin et al., 2017), including polar
bears and Yakutian horses (Librado et al., 2015; Welch et al., 2014).
Characterizing regions under selection in snow sheep will contrib-
ute to understanding the mechanisms behind adaptations to cold
environments.

In our study, we analysed new WGS data from six snow sheep
along with published data from 32 sheep specimens to (i) character-
ize their genetic diversity and demographic history, (ii) resolve the
phylogenetic relationships and introgression patterns to shed light
on specific questions such as the origin of Pachyceros, and (iii) iden-
tify regions and genes under selection in snow sheep and discuss
their potential role in mechanisms of adaptation to cold.

2 | MATERIALS AND METHODS

2.1 | Sample collection

For WGS, six individuals from the Yakut snow sheep subspecies
(Figure 1a) were sampled from different habitats throughout the
Verkhoyansk Mountain chain (Figure 1b): Kharaulakh Ridge, Tiksi
(TIK), Orulgan Ridge (ORU), Central Verkhoyansk Ridge (VER),
Chersky Range (CHE; also Tas-Kystabyt), Sarychev Ridge (SAR) and
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FIGURE 1 (a)Photo showing a group of snow sheep. (b)
Sampling locations of snow sheep samples used in the present
study. Different colour-filled triangles refer to the approximate
location of the sampling sites: yellow colour-filled triangle marks
the location of Tiksi (TIK), green Orulgan Ridge (ORU), red Central
Verkhoyansk Ridge (VER), pink Chersky Range (CHE), blue
Momsky Ridge (MOM), and yellow colour-filled tringle marks the
location of Sarychev Ridge (SAR)
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Momsky Ridge (MOM). The sampling locations were selected after
examination of aerial observations made in 2008-2010 in an area
between 63°N and 71°N and between 128°E and 146°E.

2.2 | llumina whole genome sequencing

The library construction for lllumina sequencing was carried out
with 200 ng of genomic DNA following the lllumina library prepa-
ration protocols (NexteraFlex DNA library kit; Illumina). The result-
ing amplified library was quantified and controlled on an Agilent
Bioanalyzer 2100 (Agilent) and sequenced in 2 x 100-bp paired-end
mode on an lllumina HiSeq1500, yielding ~200 million read pairs.

2.3 | WGS alighment, SNP calling,
filtering and annotation

We collated the six snow sheep WGS data with additional 32 sam-
ples representing all ovine species and one outgroup sample of do-
mestic goat. These 33 samples were downloaded from the NCBI
SRA. All the WGS data were trimmed with sickLe using default pa-
rameters except that the length threshold was set to 50 bp (Joshi &
Fass, 2011). The trimmed reads were aligned onto the autosomes of
the domestic sheep assembly Oar_v4.0 (https://www.ncbi.nlm.nih.
gov/assembly/GCF_000298735.2) using the default parameters of
the BWA-MEM algorithm in swa version 0.7.17 (Li, 2013). Following
the alignment, picarp’s MarkDuplicates module was used to remove
the duplicated reads. Local realignment was carried out using the
RealignerTargetCreator and IndelRealigner modules of ATk version
3.8.0. In the first step, all variants were called using the command
bcftools mpileup on all the samples simultaneously and using the pa-
rameters of -q 20 -Q 20 -C 50 -I. In the next step, we filtered the
single nucleotide polymorphisms (SNPs) using these criteria: (i) re-
move multi-allelic SNPs and (ii) remove SNPs with mapping and base
quality less than 40. We set genotypes of samples as missing if they
displayed a depth greater than 3X or less than X/3, where X was the
average genome-wide depth of the respective sample. Annotations
of the filtered SNPs were carried out using sneerr (Cingolani et al.,
2012).

2.4 | Estimation of heterozygosity

Genetic heterozygosity was estimated directly from the bam file of
each individual using MLRHO version 2.9 (Haubold et al., 2010). The
method implemented in MLRHO co-estimates various parameters,
including the population mutation rate and sequencing error rate.
For this analysis, we used only the sites with a mapping quality and

a base quality greater than 20. Additionally, we also estimated the
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genome-wide heterozygosity by estimating the ®-Watterson esti-
mator in the bin of 100-kb nonoverlapping blocks using the Python
module scikiT-ALLEL version 1.3.2 (Miles et al., 2020). Genetic diversity
was also assessed as a count of heterozygous sites per sample per
100 kbp. The heterozygous sites were counted for the entire au-
tosomal genome in sliding windows of 100 kbp with a step size of
10 kbp. We only considered those windows where more than 80% of
the sites were called with high confidence. Further runs of homozy-
gosity (ROH) were identified using the command bcftools roh with
default settings (Narasimhan et al., 2016).

2.5 | Demographic history

We carried out a pairwise sequentially Markovian coalescent
(PSMC) analysis (Li & Durbin, 2011) on individuals with the depth
>8x to estimate the demographic history back to 10,000 years ago.
For this purpose, a consensus sequence of each bam file was built as
described previously (Li & Durbin, 2011). In brief, first, samtooLs mpi-
leup command was run with the -C50 option to minimize the effect
of reads having excessive mismatches; lastly, a vcfutils.pl script was
used to convert a vcf file (generated in the first step) to fastq format
after removing sites with less than a third or more than a third of the
average depth of the sample. The analysis was run using these pa-
rameters: -N30 -t15 -r5 -p 4 + 25*2 + 4 + 6. To convert coalescent
time to years, we set the average mutation rate (p) as 2.5 x 1078 per

base per generation (Li et al., 2020) and the generation interval to

4 years.
2.6 | Phylogenetic relationships within the
genus Ovis

Genetic clustering was carried out using pairwise identity by state
(IBS) distances between every possible pair of samples. IBS distances
were calculated using punk (Purcell et al., 2007). Subsequently, this
distance matrix was imported using the paup tool (Swofford, 2003)
to construct neighbour joining (NJ)-based clustering with goat as
an outgroup. Next, we used a maximum likelihood-based approach
as implemented in Treemix (Pickrell & Pritchard, 2012) to construct
a phylogenetic tree after grouping the samples into the respec-
tive populations. Treemix was run 100 times (100 bootstrapping
with blocks of 5000 SNPs) using these parameters: -k 5000, -noss,
-bootstrap. Subsequently, the Consense module of the pHyLIP pack-
age (Felsenstein, 1989) was used to generate a consensus phyloge-

netic tree.

2.7 | Divergence time estimation using MCMCtree

Divergence times within the genus Ovis were estimated using the
MCMCtree module of pamL (dos Reis & Yang, 2019; Yang, 2007).
Because MCMCtree works only with one sample per species, we

randomly selected one sample per species, including the outgroup.
First, a consensus sequence for each of these eight samples was gen-
erated; for this, the command bcftools mpileup was ran in multiple-
sample mode within each species separately to call genotype at each
position, and a consensus sequence was then created for a single
individual per species by considering these parameters: (i) sites with
mapping quality less than or equal to 40, (ii) sites with depth less
than a third or greater than a third of the average coverage of a sam-
ple was set to missing, and (iii) heterozygous SNPs were replaced
by their respective IUPAC nucleotide codes. Subsequently, an align-
ment file was prepared by concatenating the coding sequences of
one-to-one orthologues of goat and sheep. Next, a phylogenetic
tree was inferred using the default settings in RaxmL-NG (Kozlov et al.,
2019; Kozlov & Stamatakis, 2019). We chose the GTR + G substitu-
tion model because of its generality and based on published sug-
gestions (Abadi et al., 2019). The concatenated coding sequences
and the phylogenetic tree were used as inputs for the MCMCtree
analysis. Divergence times were estimated using the approximate
likelihood function as previously described (dos Reis & Yang, 2019).
In the first step, branch lengths, their gradients, and the Hessian of
the log likelihood (usedata = 3) were estimated using the HKY + T
model of nucleotide sequence evolution. We employed the options
of gradient estimation and Hessian matrix (usedata = 2) for Markov
chain Monte Carlo (MCMC) sampling of the posterior distribution.
The independent log-normal clock model (clock = 2) with priors was
used for the node ages to be uniformly distributed (BDparas =1 1
0). The prior for the substitution rates was gamma distributed with a
mean of 0.05 substitutions per 100 million years (rgene_gamma = 2
40 1). The rate variance parameter was set as sigma2_gamma = 1 10
1. The MCMC chain was run for 50,000,000 iterations and sampled
every 100 iterations, with the first 500,000 iterations discarded as
burn-in. One internal fossil calibration was used, a recently identified
fossil (Wang et al., 2016) from an extinct mountain sheep that lived
~3.2-5.4 million years ago (Ma). Therefore, the most recent common
ancestor (MRCA) of the genus Ovis was set with a uniform prior at
3.2-5.4 Ma with a probability of violating the upper bound of 0.20.

2.8 | Investigation of introgression hypotheses
using F, statistics, and testing for incomplete
lineage sorting

To test the hypotheses of introgression in the genus Ovis involving
the snow sheep lineage, we estimated the F, statistic. This statis-
tic was first introduced by Reich et al. (2009) and is a statistically
powerful measure for differentiating between ILS and introgression.
It assumes the unrooted tree topology ((A, B), (C, D)), where A-B
and C-D are pairs of sister taxa. A significant deviation from zero is
an indication of introgression. Guided by the inferred phylogeny, we
tested introgression between snow sheep and Dall or bighorn sheep
(A and B), with the remaining sheep species in C and D. Furthermore,
we replaced D with the outgroup (O), or, in other words, ((A, B), (C,
Q)), in the quadruplet in which the statistic indicated deviation from



UPADHYAY ET AL.

6705
MOLECULAR ECOLOGY V4| LEYJ—

a tree-like model of the tree topology. This was done to identify the
exact lineage (i.e., C or D) responsible for deviation from a tree-like
pattern or to identify whether C or D shared gene flow with either A
or B. These hypotheses are represented in the form of phylogenetic
trees. The analysis was carried out on the 241,026 SNPs that re-
mained after filtering out SNPs that were a distance from each other
of <10 kb (Liu et al., 2019).

To rule out the hypothesis of ILS, the significance of the statistic
was assessed by a Z-value obtained from block jackknifing, as well
as with a simulation-based approach as implemented in the F, tool
(Meyer et al., 2016). The F, tool uses coalescent simulation to pro-
duce the sequence data sets of the quadruplet A, B, C and D with
similar sizes and amounts of missing data as the empirical data. The
demographic model implemented by the F, tool does not assume
migration, and parameters (divergence times and population size) are
optimized until the simulated sequences are similar to the observed
data. We ran 1000 such simulations and reported the probability
(pg;) @s the proportion of simulated data sets producing an F, statis-
tic at least as extreme as that observed.

2.9 | Identification of introgressed segments

To identify the introgressed genomic segments, variations of the
relative node depth (RND) were estimated along the genome (Feder
et al., 2005; Rosenzweig et al., 2016). seacLE 5.1 was used to phase
the filtered data (Browning et al., 2018). Using a custom Python
script, we first calculated nucleotide divergence (ny) between each
haplotype of snow sheep and argali in the nonoverlapping window
size of 50 kbp. Subsequently, the minimum nucleotide divergence
value (D) for each window was normalized by the average distance
(D,
outgroup) to calculate the minimum RND (RND

) between each of the wild sheep (argali, snow sheep and the
out

min)- The introgressed
segments in the genotypes are expected to show exceptionally low
RND

<2x the standard deviation from the mean were used as putative

min Values. Only those segments that displayed RND_; values
introgressed segments (Ips). To compare the observed RND, . val-
ues against that of the values that could be obtained under the null
hypothesis of isolation with no migration, we simulated the data fol-
lowing this study (Liu et al., 2019). In brief, considering the diver-
gence time estimates of MCMCtree, constant effective population
size of 100,000 individuals for all eight species (seven sheep spe-
cies and an outgroup), and a generation interval of 4 years, we simu-
lated 1000 loci of 100 kbp using Momi2 (Kamm et al., 2020) with the
demographic model that does not consider migration. The RND_.-
values of these simulated data were used to assess significance val-
ues of the empirical RND, ;. data. However, we also note that such
simulations normally require knowledge of detailed and precise de-
mographic parameters. Therefore, inaccurate assumptions about
the effective population size coupled with unknown bottleneck/
expansion events may lead to under-/over-representation of ILS.

Furthermore, for each I, an NJ algorithm based on F; distances

ps’
was applied to assess the clustering pattern of the species involved

in introgression. Additionally, a five-taxon-based phylogenic test as
implemented in proiL (Pease & Hahn, 2015) was also carried out for
each Ips to assess the direction of introgression. proiL analysis was
carried out on a consensus sequence generated for each species
separately considering the multiple samples and these parameters:
(i) sites with mapping quality less than or equal to 40, (ii) sites with
depth less than a third or greater than a third of the average pooled
samples were set to missing, and (iii) heterozygous SNPs were re-
placed by their respective IUPAC nucleotide codes. A segment was
only considered introgressed if that conclusion was supported by

all three of the above-mentioned approaches (RND_. , NJ-based ge-

min’
netic clustering and proiL statistics).

2.10 | Selection scans
To identify the genomics segments under selection, we first applied
the branch-site model as implemented in copemt (Yang, 2007). For
this purpose, protein sequences from a slightly improved annotation
of the snow sheep genome were used (Note S1; Table S1); the tran-
scriptome sequences that are used for the purpose of annotation
have been described previously (Upadhyay et al., 2020). Protein-
coding sequences from nine additional species (Table S2; opossum,
human, horse, dog, pig, cattle, goat, sheep and Marco Polo sheep)
were downloaded from Ensembl and NCBI, and the domestic sheep
sequences (reference, Oar_v4.0) were downloaded from NCBI.
Subsequently, for each of these species, the protein sequences of
the longest isoform per gene were extracted. Next, the ORTHOFINDER
tool (Emms & Kelly, 2019) was used to identify one-to-one ortho-
logues across these species. Later, coding sequences (CDS) of these
orthologous proteins were aligned using the codon mode in PRANK
(Léytynoja, 2014). The branch-site model requires an a priori phy-
logenetic tree; therefore, fourfold degenerate sites were extracted
from the aligned CDS, and raxML-NG was used to reconstruct the
phylogenetic tree. To identify a positive selection in the snow sheep
lineage, a model was run with snow sheep as the foreground branch
and allowing some sites to be under selection. Likelihood ratio test
(LRT) was calculated by comparing this Model A vs. the Model A ;.
in which neutral evolution/negative selection were assumed on
the foreground branch. To reduce the false positives, these steps
were followed: (i) hard-trimming of the alignment was carried out
using cBLocks (Castresana, 2000), (ii) next, orthologous sequences
in the domestic sheep genome were searched for the CDS identi-
fied under selection in snow sheep using sLat, and (iii) finally, it was
verified whether the lllumina WGS of snow sheep aligned with the
domestic sheep genome and if the domestic sheep genome had the
same variants that were present in the snow sheep genome assem-
bly. Furthermore, we only considered those genes for which cobemL
also output the sites under selection with a Bayes empirical Bayes
(BEB) value >0.85.

Additionally, Fay and Wu's H test (FWH) was also carried out to
identify genomic segments under selection in snow sheep. FWH
statistics were estimated directly from the alignment files of snow
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sheep samples using the Ancsp tool (Korneliussen et al., 2014). FWH
was calculated in windows of 50 kbp with 10 kbp as the step size,
and the consensus sequence of goat was used as an outgroup. The
top 0.1% segments (245 of ~245,000) showing the most negative
values of FWH were selected as putative segments under selection.
Furthermore, for these segments, the p-values for FWH were also
estimated using coalescent simulations as implemented in Zeng's bH

program (Zeng et al., 2006).

3 | RESULTS

3.1 | Characterizing genetic diversity and
demographic history

We carried out WGS on six snow sheep samples and collated these
data with an additional 32 whole genome sequences (Table S3) be-
longing to all wild species of the genus Ovis and one goat sample to
be used as an outgroup. After aligning these data against the do-
mestic sheep reference genome, Oar_v4.0, and applying stringent
filtering criteria, we obtained genome-wide coverage in the range
of ~4.3 to ~16.6 (Table S3), with an average of ~11.4 for all 38 sam-
ples (excluding the outgroup sample). The average genome-wide
coverage for snow sheep was about 13x. By using bcftools mpileup
for variant calling, applying stringent filtering criteria and remov-
ing goat-specific single nucleotide variants (SNVs), we identified
~56.4 million SNVs across the genus Ovis. Within snow sheep,
a total of ~18.6 million SNVs were identified. Similar to what is
shown in Figure 2a, the greatest number of shared SNVs was with
Dall sheep (shared SNPs, ~13.3 million) and bighorn sheep (shared
SNPs, ~13.5 million). A total of ~2.4 million SNVs were specific
to snow sheep, ~1.6 million of which were heterozygous, while
the remaining ~0.8 million SNVs were found only in homozygous
form. Of these ~0.8 million SNVs, ~0.3 million were completely
fixed in the snow sheep lineage. It is noteworthy that this number
of snow-sheep-specific SNVs may be slightly inflated because of
the stringent filtering criteria, possibly because it is likely that a
small number of SNVs designated as missing in other Ovis line-
ages and identified in snow sheep samples might also have been
designated as snow-sheep-specific. Nevertheless, these species-
specific SNVs represent valuable resources for wildlife manage-
ment of snow sheep.

Nucleotide diversity was assessed using genome-wide hetero-
zygosity values inferred from the ®-Watterson estimator in 100-kb
blocks. The results (Figure 2b) revealed that genome-wide diver-
sity varies considerably across sheep species. The estimators sug-
gested overall low diversity in snow sheep (0.0005 + 0.0002), Dall
sheep (0.0003 + 0.0002) and bighorn sheep (0.0004 + 0.0002),
while the Asiatic mouflon (0.0032 + 0.0008), domestic sheep
(0.0023 + 0.0007) and urial sheep (0.0026 + 0.0007) harboured sig-
nificantly high diversity. Because the sample sizes varied across the
different sheep species, mean heterozygosity was also estimated
across the individual genomes in 100-kbp windows (Figure 2c).

On average, snow sheep samples had ~91 + 5 heterozygous sites
per 100 kbp, which was the lowest of all species, while urial sheep
(422 + 16) and the Asiatic mouflon (367 + 46) had the highest num-
ber of heterozygous sites. It is noteworthy that argali displayed
intermediate values for both the ®-Watterson estimator and hetero-
zygous sites. Additionally, we also calculated the population muta-
tion rate for each individual sample using MLrRHO. The results were in
agreement (Table S4) with the Watterson estimator (Figure 2b) and
mean heterozygosity (Figure 2c).

Runs of homozygosity were identified for all samples (Figure 2d)
using bcftools roh. On average, it was observed that snow sheep had
about 68.38 + 5.08% (translating to 1.67 + 0.12 Gbp) of the total
genome covered by ROH. This average was the highest of all the
Ovis species. In fact, on average, Dall sheep and bighorn sheep also
had a high fraction of their genomes under ROH (56.05 + 2.74% and
54.26 + 5.62%, respectively); however, these are lower than the frac-
tion observed in snow sheep. Among all Ovis species, on average,
urial sheep had the lowest fraction (14.10 + 1.19%) of its genome
under ROH. Interestingly, a large fraction of the genome identified in
snow sheep, Dall sheep and bighorn sheep were under short ROHs
(<1 Mbp). Argali samples displayed relatively higher fractions of the
genome under long (>2.5 Mbp) and medium (>1 and <2.5 Mbp) ROH.

In the demographic histories inferred by PSMC (Figure 2e), the
five snow sheep samples with lower coverage (<15x) and one snow
sheep sample with higher coverage (~17x) displayed concordant de-
mographic trends. They showed a population expansion of between
0.3 and 0.2 Ma and a population reduction thereafter until about
80-60 thousand years ago (ka), after which the population stabi-
lized. The demographic trajectories of Dall sheep and bighorn sheep
mirrored the patterns of snow sheep except for the population in-
crease after ~40-30 ka in Dall and, especially, bighorn sheep. On the
other hand, the demographic trajectories of domestic sheep (Figure
S1) were similar to those previously reported (Li et al., 2020), with
two apparent population expansions and two severe bottlenecks. It
is noteworthy that Asiatic mouflon and urial sheep displayed demo-
graphic trajectories (Figure 2e) similar to the domestic sheep, with
the exception of the most recent period for which we estimate a

population expansion of the Asiatic mouflon.

3.2 | Phylogenetic relationships and
introgression patterns

Two phylogenetic approaches and one clustering-based ap-
proach (Figures 3 and S2) resulted in a consistent tree topology
that was similar to those reported using mtDNA. With goat as an
outgroup, the NJ-based clustering (Figure 3a) based on pairwise
IBS distance separated the samples into two major groups. One
group included the clades of snow sheep, Dall sheep and bighorn
sheep, while the other group included the clades of argali, Asiatic
mouflon, urial sheep and domestic sheep. Molecular clock dat-
ing (Figure 3b) indicated that ovine species shared their MRCA
~3.8 Ma. Subsequently, argali sheep diverged from the MRCA of
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domestic sheep, urial sheep and Asiatic mouflon ~2.3 Ma. The
urial lineage diverged from the MRCA of domestic sheep and
mouflon ~1.0 Ma. Snow sheep diverged from its MRCA with North
American sheep ~0.9 Ma, which was followed by the divergence of
Dall sheep and bighorn sheep ~0.43 Ma.

Using snow sheep and bighorn sheep, or snow sheep and Dall
sheep, as the sisters and the remaining wild sheep as the other sister
group inthe tree topology ((A, B), (C, D)), we tested whether the snow
sheep lineage was involved in hybridization with urial sheep, argali,
Asiatic mouflon and/or domestic sheep (Figure 4). Interestingly,
we observed deviations (p < .05) from a tree-like model of popula-
tion branching in all the cases that involved argali with urial sheep
(Figure 4a,b) or Asiatic mouflon or domestic sheep as the sisters.
Furthermore, using goat lineage as an outgroup, with argali as the
donor/recipient lineage and snow sheep and bighorn sheep as the
sisters, we observed significant z-values, indicating deviation from
the expected tree topology (Figure 4e). These results indicate that
argali could have hybridized with snow sheep after the latter di-
verged from the lineage of North American wild sheep. To validate
this hypothesis and rule out the possibility of ILS, we used simulated
data as implemented in the F, tool. In all quadruplets showing a sig-

nificant z-value, we observed that the probability (p_. ) of producing

sim
an F, statistic at least as extreme as the observed value was <.05,
indicating that the most probable cause of the deviation from the
expected tree topology is gene flow between argali and snow sheep.

With Dall and snow sheep as focal sister species (Figure 4d), the
argali lineage did not produce significant z-values, possibly due to
an excess of shared derived alleles between snow sheep and Dall
sheep, in turn caused by gene flow between these lineages. Indeed,
using goat lineage as an outgroup with snow sheep as the donor/
recipient lineage (Figure 4c) and Dall and bighorn sheep as the focal

sister species, we observed significant z-values as well as p; < .05,

suggesting introgression between snow sheep and Dall sheep after

the latter diverged from bighorn sheep.

3.3 | Genes underlying introgression between
snow sheep and argali

Introgressed segments between argali and snow sheep were identi-
fied based on the consistency of our results from three approaches—
RND, ... Fsi-based phylogenetic tree, and prolL statistics (Figure 5a,b).
First, 223 putative introgressed segments of 50 kbp were identified
based on an RND, .. threshold of 0.12 (Figure 5b). This threshold

was significantly lower than the lowest value of the RND . statistics

min
(~0.28) that were observed in simulated data under ILS (Figure S3).
Next, the F¢;-based phylogenetic approach identified 151 (151/223)
segments for which argali clustered within the nodes of snow sheep,
Dall sheep or bighorn sheep. A subsequent proiL analysis supported
introgression in 42 of these 151 segments. Furthermore, for almost
all of the introgressed segments (41/42), the proiL statistics implied
gene flow between the MRCAs of the Pachyceros and argali lineage
or from the snow sheep to argali lineage. These segments encom-
passed 45 genes (Figure 5a; Table S5 excluding uncharacterized loci)
that might be potential targets of adaptive introgression in the argali
and snow sheep lineage. These segments involved genes associated
with immunity, such as LRRC19 and PKN2 (Figure 5c; Ng & Xavier,
2011; Peckham et al., 2017); genes associated with cold adapta-
tion, such as STAU2, RPTOR (Figure 5d) and RALGAPA1 (Ding et al.,
2018; Sun et al., 2010); and genes associated with spermatogenesis,
such as NEK1 and EZH2 (Cai et al., 2020; Holloway et al., 2011).
Interestingly, at least eight genes (Kim et al., 2012; Morandi et al.,
2016; Nakagami, 2013; Walden et al., 2012; Table S5) are associated
with adipogenesis or obesity-related traits, and five genes (HOXCS8,
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HOXC9, HOXC10, HOXC11 and HOXC12) were homeobox genes that

are also involved in body morphology.

3.4 | Genes under positive selection

To identify positive selection in the snow sheep lineage, the branch-
site likelihood ratio test was estimated for 7084 protein-coding se-
quences that had been identified as one-to-one orthologues across
the 10 species (opossum, human, horse, dog, pig, cattle, goat, do-
mestic sheep, Marco Polo sheep and snow sheep). After the first
round of analysis, a total of 606 genes were identified under posi-
tive selection. However, visual inspection revealed that many of
these genes could be the result of errors in sequencing, annotation
(i.e., incorrect gene structure in gene prediction) and/or alignment.

Therefore, a pipeline was developed to minimize false positives

(see Section 2). This pipeline led to the identification of eight amino
acid substitutions (Table 1) in seven genes under positive selection
in the snow sheep lineage. One of these was transmembrane pro-
tein 131 (TMEM131), which is the gene that encodes a protein that
regulates endoplasmic reticulum (ER) stress response and collagen
production. Interestingly, a previous study (Vasan et al., 2007)
associated SNPs in this gene with heart rate and exercise perfor-
mance in humans. The predicted structure (Figure 6a) for this gene
in the snow sheep assembly is very similar to that of cattle, goats
and domestic sheep. Genes related to hypoxia and environmental
adaptations, such as ZFYVE16 and MGARP, were also identified
under selection in the snow sheep lineage (Pan et al., 2017). The
THBD gene, associated with blood clotting along with immunity
and defence, was also identified under selection. Next, a detailed
investigation of the lllumina WGS data revealed that six amino acid
substitutions identified under selection were fixed in all six of the
snow sheep samples, with corresponding variants also observed in
RNA-sequencing data for four substitutions (Table 1; Figure 6b).
Using the FWH and pH-based simulations, a total of 81 genes (Table
S6) were identified under selection in the snow sheep lineage. Of
these, ~30 genes were associated with functions related to either
olfactory receptors (OR) or immune response. It is well known that
OR and immunity-related genes evolve rapidly through mecha-
nisms associated with copy number variations. However, a previous
study has shown that OR genes are strong candidates for positive
selection in the Homininae branch because of their role in taste and
smell (Daub et al., 2017). FWH analysis also identified (Figure 6c,d)
genes such as Dynamin-like 120 kDa protein, mitochondrial (OPA1),
a gene associated with lung morphology/development (Smits
et al., 2010), and Growth/differentiation factor 3 (GDF3), a gene in-
volved in adipose-tissue homeostasis under selection (Figure 6c,d;
Andersson et al., 2008).

4 | DISCUSSION

In this study, we used newly generated WGS data from snow sheep
and combined those data with publicly available data for all re-
maining sheep species. Our analyses showed that snow sheep con-
sistently displayed the least genetic diversity among wild sheep,
which could be related to its demographic history and life history
traits. Interestingly, Ovis species adapted to colder environments
(subgenus Pachyceros) show significantly lower diversity than spe-
cies adapted to temperate or semi-arid climates (domesticated
sheep, Asiatic mouflon and urial). Argali is in an intermediate posi-
tion in terms of both diversity and environmental conditions. The
demographic trends of snow sheep were similar to those of other
sheep, especially the other members of the subgenus Pachyceros,
the Dall and bighorn sheep. This agrees with the phylogenetic and
divergence time inference. Our results also revealed introgression
within Pachyceros and between Pachyceros and argali lineages, in-

dicating that these lineages must have had larger and overlapping
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geographical distributions during the Pleistocene. Our data also in-
dicated that introgression and selection involving prominent genes

contributed to the adaptive fitness of snow sheep.

Genetic diversity and demography

Snow sheep, Dall sheep and bighorn sheep all displayed similar de-
mographic trends (Figure 2e ) after their lineages split. These popula-
tions experienced demographic declines starting around 150 ka and
lasting until 60-80 ka, after which their populations stabilized or
increased. The demographic minimum of those patterns apparently
fell in the youngest part of Marine Isotope Stage 5 (MIS 5) and MIS
4, which were preceded by the colder MIS 2-4 last glacial periods.
Considering that MIS 5 has several interglacial substages, the demo-
graphic pattern of snow sheep and North American wild sheep sup-
ports refugium dynamics of cold-adapted species. In such dynamics,
the populations of cold-adapted species shrink and retreat to north-
ern and alpine refugia during interglacial periods and then expand
during glacial periods (Stewart et al., 2010). It is possible that during
interglacial periods, snow sheep and North American wild sheep be-
came confined to high-altitude refugia, increasing their genetic isola-
tion. Such isolation could be the cause of the low heterozygosity and
relatively high proportion of short genomic ROH observed in snow
sheep (Figure 2 d). Furthermore, the latest census estimated around
78,000 individuals in the overall snow sheep population. However,
the low degree of heterozygosity in the genome suggests that snow
sheep have had low effective population sizes since their origin.

Origin and divergence of Pachyceros

The two hypotheses concerning the origin of snow sheep and North
American wild sheep (Dall and bighorn sheep) address their origin
as being an argali-like ancestor or a snow-sheep-like ancestor dis-
tributed throughout Beringia (Bunch et al., 2006; Cowan, 1940). In
agreement with a previous mtDNA-based study (Bunch et al., 2006),
our results (Figure 3) support a phylogenetical closer relationship of
snow sheep with North American wild sheep than with argali sheep.
We estimated their MRCA at around 0.9 Ma and the Dall and big-
horn sheep divergence around 0.43 Ma. These estimates are much
younger than the estimations reported from mtDNA (Bunch et al.,
2006). This could be due to the different time constraints used for
calibration in the different studies, the difference in the substitu-
tion rates between mtDNA and nuclear DNA, or most importantly,
to an increased chance of lineage sorting in mtDNA, given that it
constitutes a single locus (Arbogast et al., 2002). Because of this, it is
even possible that mtDNA has been introgressed from an old lineage
within the Pachyceros genus. This possibility is not remote given that
we discovered that introgression has occurred within the subgenus

Pachyceros, and moreover, that the distantly related argali sheep and
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snow sheep each had some degree of introgression as well.
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4.3 | Introgression involving the Pachyceros and
argali lineages

The F, statistics of real and simulated data (Figure 4) indicated
that, after speciation, snow sheep had gene flow with Dall sheep
(Figure 4c). This was possible through the Bering land bridge that

connected Siberia and Alaska until about 12 ka and acted as a migra-
tion route during glacial periods when sea level was lower. Indeed,
a biogeographical role of the Bering bridge in the dispersal of other
megafaunal species is well known. For instance, a recent analysis of
ancient DNA of brown bears and lions found that these mammalian
species underwent multiple dispersals between North America and
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Eurasia, and that these events coincided with glacial periods of low
sea levels (Salis et al., 2020).

The F, statistics as well as broiL statistics revealed a complex in-
trogression scenario involving ancestral lineages of snow sheep and
argali sheep (Figure 4a-b). Indeed, as a part of the middle-to-large
sized group of megafaunas that expanded during the Pleistocene,
snow sheep were much more widespread during the Pleistocene
than during the Holocene. They inhabited the south of western
Siberia, a significant part of eastern Siberia, and the Far East, in-
cluding both mountainous and lowland territories. According to
Boeskorov (2014), the remains of snow sheep belonging to the
Pleistocene were found in a number of places outside the modern
area, including the southern part of western Siberia. There is abun-
dant evidence (Danilkin, 2005), including fossil-based evidence
(Note S2), suggesting that the snow sheep and argali habitats over-
lapped in many areas of southern Siberia during the Middle and
Late Pleistocene. The distribution overlap was so large that Ovodov
(2003) proposed that the main reasons for the extinction of the
snow sheep in the southern part of central Siberia and the Baikal
region at the end of the Pleistocene were the expansion of the
Siberian Forest belt and competition with argali sheep. Therefore,
the evidence seems consistent that, during the Pleistocene, snow
sheep had gene flow with argali.

4.4 | Genes underlying the introgressed segments
The introgressed segments between the snow sheep lineage and
argali contain genes mainly involved in immune response, adipo-
genesis and adaptation (Figure 5a; Table S5). For instance, the PKN2
gene has been associated with responses to viral respiratory disor-
ders in the domestic pig and Mycoplasma ovipneumoniae infection in
sheep (Dekkers et al., 2017; Mousel et al., 2021). Indeed, the adap-
tive introgression of immune-related genes has been hypothesized
in other mammalian species, including humans, Iberian hares and
alpine ibex (Deschamps et al., 2016; Grossen et al., 2014; Holloway
et al., 2011). Furthermore, we observed a strikingly high number of
adipogenesis-related genes. For instance, genes in the homeobox
cluster, such as HOXC9 and HOXCS8, are highly expressed in brite
adipose tissue (Walden et al., 2012). Brite adipose tissues could
play an important role in thermogenesis under prolonged cold con-
ditions (Rosenwald et al., 2013). Another introgressed gene, NFIA,
was identified as a positive transcriptional regulator of adipogene-
sis that is associated with brown adipose tissue (BAT) (Hiraike et al.,
2017). Interestingly, a previous study (Cao et al., 2020) found that
NFIA was introgressed from argali into Chinese domestic sheep that
are adapted to high altitude. In fact, of the 45 genes that we identi-
fied as introgressed between the argali and snow sheep lineages, six
were also inferred as introgressed from argali or a related species
into domestic sheep (mainly of China) in the previous study (Cao
et al., 2020). Therefore, our data suggest that adaptive segments
can cross the boundary of multiple species because of multiple in-
trogression events.

4.5 | Genes under positive selection in snow sheep
We identified several genes under selection in the snow sheep line-
age (Tables 1 and Sé) that might be contributing to adaptation to
subarctic climates. Mammals adapted to arctic and subarctic climates
employ several behavioural, physical and physiological adaptations
to survive harsh cold, food scarcity and seasonal sunlight variations
(Blix, 2016). One of the most important physiological adaptations is
the accumulation of a large amount of body fat in autumn to survive
food scarcity in winter. Furthermore, accumulated adipose tissues
are used to increase metabolic heat production through the pro-
cess termed NST. The FWH analyses (Figure 6c) identified the GDF3
gene as one of the candidates under selection in snow sheep. GDF3
is highly expressed in adipose tissue and plays an important role
in adipose tissue homeostasis. One study (Andersson et al., 2008)
showed that Gdf3”~ mutant mice accumulated less adipose tissue
than wild mice. Furthermore, this gene is regulated by the activin
receptor ALK7, which plays an important role in NST (Marmol et al.,
2020). CADM2, a gene expressed in adipocytes and associated with
obesity and energy homeostasis (Yan et al., 2018), was also identi-
fied as under recent positive selection in a human Mongolian popu-
lation (Nakayama et al., 2017). The HS6ST1 gene encodes heparan
sulphate proteoglycans that contribute to lung morphology and
function (Smits et al., 2010). The syndecan-2 (SDC2) gene has also
been identified to be under positive selection in Ethiopian popula-
tions adapted to altitude-associated hypoxia (Huerta-Sanchez et al.,
2013). The USH2A gene is associated with hearing and vision and has
been identified as under selection in grey wolves (Schweizer et al.,
2016). Moreover, the variants in this gene have been identified to be
under convergent and divergent selection across several mammalian
species (Marcovitz et al., 2019).

The ratio of nonsynonymous (d,) to synonymous substitutions (d,),
d./d,, as estimated using copemL identified the transmembrane gene
TMEM131 as under selection (Figure 6a,b). This gene was also identi-
fied as under selection in racing pigeons (Gazda, 2019) and also under
long-term selection in Scandinavian Mesolithic and modern Finnish
human populations (Gunther et al., 2018) adapted to cold environ-
ments. A recent study (Zhang et al., 2020) revealed that TMEM131
proteins play an important role in regulating the ER stress response
and collagen production. It is noteworthy that it has been reported
that ER stress is associated with cardiac function under hypoxic con-
ditions (Yuan et al., 2017). Therefore, it can be hypothesized that
codon/sites (SNPs) identified as under selection might be contributing
to improvements in cardiac performance, providing long-term adapta-
tion to a cold climate. One more gene, the Zinc finger protein (ZFPM2),
plays a central role in cardiac morphogenesis and the development of
coronary vessels in the epicardium. This gene was also identified as
under positive selection in Tibetan pigs (Dong et al., 2014).

It is well known that mitochondria play a vital role in acclimatiza-
tion to hypoxic conditions (Murray & Horscroft, 2016). Our analyses
(Figure 6c; Tables 1 and S6) identified two genes under positive se-
lection that have been associated with mitochondrial function and
morphology in previous studies. The OPA1 gene encodes a protein
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that helps regulate mitochondrial stability and energy output by
maintaining a mitochondrial cristae morphology (Frezza et al., 2006).
Because many proteins and enzymes associated with oxidative phos-
phorylation are located in the mitochondrial cristae membrane, its
structure is vital for mitochondrial function. A recent study (Wang
et al., 2019) has shown that OPA1 was over-expressed in the tis-
sues of Tibetan sheep but not in small-tail Han sheep. Furthermore,
the numbers of mitochondrial cristae in all four of the tissues they
collected were much higher than those in small-tailed Han sheep.
The study proposed that high numbers of the cristae allow Tibetan
sheep to optimize oxygen use in energy consumption. Interestingly,
our transcriptome data (Figure S4) also showed that the OPA1 gene
is highly expressed in snow sheep tissues. Another gene, MGARP,
is also located within the inner/cristae membrane of mitochondria
and has been proposed to play an important role in mitochondrial
remodelling and cristae shaping (Zhang, 2019).

Snow sheep share a biogeography, evolutionary history, mor-
phology, metabolism and behaviour with other cold-adapted spe-
cies. The factor that decouples snow sheep from most Quaternary
mammalian megafauna that remarkably disappeared in the last 50 ka
is probably its capacity to adapt to alpine habitats, becoming less
dependent on a steppe-tundra habitat, which also allowed the snow
sheep to stay in the regions historically avoided by humans.

5 | CONCLUSION

In this paper, we presented the snow sheep, Ovis nivicola, as a ref-
erence species for monitoring anthropogenic disturbances and cli-
mate change. Our data show that despite large census population
sizes, the snow sheep genome has low heterozygosity, which could
be attributed to historical climate change. Therefore, the genomic
data generated in the present study have great implications for es-
tablishing conservation policies and interventions in the manage-
ment of snow sheep populations. Hybridization events, as is implied
between Dall sheep and snow sheep, also confirm the role of the
Bering land bridge in shaping the genetic diversity of Arctic and sub-
arctic species. Complex introgression events, such as that implied
between argali and the snow sheep lineage, also revealed that wild
sheep species had a vast geographical distribution during the mid-
dle and early Pleistocene. Characterizing introgressed genomic re-
gions revealed genes associated with immunity and adipogenesis,
highlighting the role of adaptive introgression in wild sheep species.
Additionally, the genes identified as under selection in the snow
sheep lineage provide insight into the genetic basis of adaptation
to cold environments. These results hint at new points of interest
for future research regarding environmental adaptation of species
threatened by anthropogenic disturbance.
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