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Introduction
In the face of climate change, sufficient genetic variations are
crucial for a population’s ability to adapt to climatic stress and
thereby maintain biodiversity (Han et al. 2014; Kristensen
et al. 2018). Although standing variation and new mutations
are important resources for the adaptive process, genomic
introgression between divergent evolutionary lineages may
also produce a variety of adaptive benefits in a wide spectrum
of organisms (Arnold and Kunte 2017). Recently, interspecies
genetic introgression has been the focus of much empirical
and theoretical interest (Larson and Burger 2013; Harrison
and Larson 2014). In particular, the contribution of wildrelative introgression to indigenous populations has been
studied at the genome-wide level in livestock based on modern and ancient genomic data (Bosse et al. 2014; Wu et al.
2018; Hu et al. 2019; Frantz et al. 2020). Nevertheless, wild
introgression associated with climatic adaptation has been
rarely investigated in livestock, which can provide important
information in molecular breeding for improved adaptation.
The genus Ovis contains domestic sheep (O. aries) and
seven extant wild relatives (argali O. ammon, Asiatic mouflon
O. orientalis, European mouflon O. musimon, urial O. vignei,
bighorn sheep O. canadensis, thinhorn sheep O. dalli, and
snow sheep O. nivicola; Rezaei et al. 2010). After domestication
from Asian mouflon (O. orientalis) in the Near East 8,000–
10,000 years ago (Ryder 1984; Zeder 2008, 2015; Stiner et al.
2014), sheep have acquired a worldwide range while adapting
to a wide range of environments (e.g., climate and pathogen)
and production systems and developing into as many as 1,400
breeds (Scherf 2000; Lv et al. 2014). For example, some breeds
(e.g., Bashibai and Awassi) showed a certain degree of resistance to pneumonia (Valle Zarate et al. 2006; Du 2018), which
is a common infectious disease in domestic sheep worldwide,
causing huge losses to the global sheep industry. In contrast to
domestic breeds, wild sheep species inhabit specific ranges that
overlap with that of domestic sheep. On rare occasions,

hybridization between wild (argali, urial, Asiatic mouflon,
European mouflon, and snow sheep) and domestic sheep
has been documented to produce viable and fertile interspecific hybrids in captivity as well as in the wild (Woronzow et al.
1972; Bunch and Foote 1977; Arnold 2004; Schröder et al. 2016;
Alberto et al. 2018). With the availability of the reference genome sequence of O. aries (Oar_v4.0), the wild and domestic
sheep offer the opportunity to investigate the contribution of
genomic introgression from congeneric wild species to rapid
local climatic adaptation in domestic populations.
Here, we generated a large data set of genome-wide highdensity (600K) single nucleotide polymorphisms (SNPs) and
whole-genome sequences of wild and domestic sheep. These
include European, Near East, and Central Asian populations
from regions underrepresented in earlier work but being essential to assess levels of wild-relative introgression. We combined these data with publicly available genotypes to build a
collection of 3,938 samples from 129 domestic populations
and all of the 7 wild sheep species (fig. 1A, supplementary
fig. S1 and tables S1 and S2, Supplementary Material online).
We further collected data for 117 climatic variables over
40 years to serve as a proxy for the environment to which
populations or species have adapted. We applied selection
tests to detect genomic introgression and climatic-induced
selective signatures based on the synthesis of molecular and
climatic data. Our main aims are 2-fold: 1) to detect the genomic traces left by centuries of climatic selective pressures
and genomic introgression from wild relatives in domestic
sheep; and 2) to evaluate the role of wild introgression in
shaping the adaptive genome landscape of native populations.

Results and Discussion
Genomic Diversity and Differentiation
Among domestic populations, we observed the highest level
of within-population genomic diversity (e.g., proportion of
polymorphic SNPs [Pn], observed [Ho] and expected
839
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How animals, particularly livestock, adapt to various climates and environments over short evolutionary time is of
fundamental biological interest. Further, understanding the genetic mechanisms of adaptation in indigenous livestock
populations is important for designing appropriate breeding programs to cope with the impacts of changing climate. Here,
we conducted a comprehensive genomic analysis of diversity, interspecies introgression, and climate-mediated selective
signatures in a global sample of sheep and their wild relatives. By examining 600K and 50K genome-wide single nucleotide
polymorphism data from 3,447 samples representing 111 domestic sheep populations and 403 samples from all their
seven wild relatives (argali, Asiatic mouflon, European mouflon, urial, snow sheep, bighorn, and thinhorn sheep), coupled
with 88 whole-genome sequences, we detected clear signals of common introgression from wild relatives into sympatric
domestic populations, thereby increasing their genomic diversities. The introgressions provided beneficial genetic variants
in native populations, which were significantly associated with local climatic adaptation. We observed common introgression signals of alleles in olfactory-related genes (e.g., ADCY3 and TRPV1) and the PADI gene family including in
particular PADI2, which is associated with antibacterial innate immunity. Further analyses of whole-genome sequences
showed that the introgressed alleles in a specific region of PADI2 (chr2: 248,302,667–248,306,614) correlate with resistance to pneumonia. We conclude that wild introgression enhanced climatic adaptation and resistance to pneumonia in
sheep. This has enabled them to adapt to varying climatic and environmental conditions after domestication.
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heterozygosity [He]) in Eastern and Central Asian populations, whereas the lowest level of genomic variability was
observed in African populations (fig. 1B, supplementary table
S4, Supplementary Material online). Our findings agreed with
previous findings using a lower density of SNPs (Kijas et al.
2012).
The principal component analysis (PCA), ADMIXTURE
with K ¼ 7 and neighbor-joining (NJ) tree revealed a clear
and consistent geographic pattern of domestic sheep coupled
with the influence of elite breeds, such as Merino and
Leicester (fig. 1, supplementary figs. S2–S4, Supplementary
Material online). We observed seven major regional genetic
groups, including populations from Eastern and Central Asia,
Western Asia, Africa, North America, Southern and Western
Europe, Northern Europe, and British origin. Both Asiatic and
European mouflon possess similar levels of genomic diversity,
840

whereas lower values were observed in the other wild sheep
species (fig. 1B, supplementary table S4, Supplementary
Material online). This may partly reflect their divergence
from domestic sheep for which the Illumina SNP array has
been designed (Miller et al. 2012, supplementary table S5,
Supplementary Material online). Nevertheless, the two
BeadChip were designed from a range of domestic breeds
and wild sheep which harbor high levels of polymorphism,
and, thus, the ascertainment bias in the comparison of heterozygosity between species or breeds introduced by the design of these chips would be small (Kijas et al. 2012). As allele
frequency-dependent diversity estimates are sensitive to ascertainment bias, we have removed the SNPs in high linkage
disequilibrium (LD) to counter the effect of the bias and, thus,
generated meaningful comparisons between species (Lopez
Herraez et al. 2009; Kijas et al. 2012).
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FIG. 1. Geographic origin, genetic diversity, and genetic differentiation of domestic sheep populations. Population names and their abbreviations
are detailed in supplementary table S1, Supplementary Material online. Colored regions represent the distribution range areas of wild sheep. (A)
Geographic origin of wild and domestic sheep studied. (B) Distribution of expected heterozygosity (He) for the seven wild sheep species and
domestic sheep from different geographic regions. The white dot indicates the median value. (C) NJ tree of domestic populations based on the
Reynolds’ distances (Reynolds et al. 1983).
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FIG. 2. Gene flow signals inferred by the analyses of ADMIXTURE, TreeMix, f3, and D statistics. (A) Admixture analysis of all the domestic sheep. (B)
Phylogenetic network analysis by TreeMix v.1.12 showing the inferred gene flow between argali and East and Central Asian populations. The
branch length is proportional to the drift of each population. ARG (argali) was used as the outgroup to root the tree. The scale bar shows ten units
of standard error (SE) of the entries in the sample covariance matrix. The migration weight represents the fraction of ancestry derived from the
migration edge. (C) Three-way admixture analysis between wild and domestic populations. The triples show the most significant f3 statistics for
various species, with sympatric domestic sheep as the target population and wild sheep species as one of the source population. Asiatic mouflon
(MCyp, WLD); Baluchi (BAL); Bozakh (BOZ); Afshari (AFS); European mouflon (MHun, MCor, MSar1, MSpa, MSar2, EUR); Chinese fine wool
Merino (MFW); Chinese superfine Merino (MSF); snow sheep (SNOW); Kulundin (KLND); Baikal fine-fleeced (BKFF). (D) D-statistics with the form
D (W, X; Y, Z) for wild and domestic populations. D-statistics were implemented to detect admixture from species of the tribe of Y (ARG, argali;
EMUF, European mouflon) to either W (MZS, Menz sheep) or X (sympatric domestic populations). Negative D statistic values indicate gene flow
from Y to X. COR(Corse), LIM(Limousine), OUE (Ouessant), MTR (Manech T^ete Rouge), NVE (Noire du Velay), BMC (Blanche du Massif Central),
MFW (Chinese fine wool Merino), LAM (Meat Lacaune), LAC (Dairy Lacaune), SOL (Solognote), CDL (Causse du Lot), MAS (Merinos d’Arles), PAS
(Prealpes du Sud), RAV (Rava), TAR (Tarasconnaise), CAU (Caucasian), MSF (Chinese superfine Merino), RAM (Merinos de Rambouillet), LEC
(Leccese), PME (Poll Merino), BBS (Brown Mountain), SUM (Sumavska), MER (Merino), ALT (Altamurana), RHS (Rhoen sheep), VAL (Valachian),
PRA (Pramenka), MKS (Carpathian Mountain), BSB (Bashibai).

Interspecies Common Introgression
We searched for potential gene flow between wild relatives
and their sympatric domestic populations using different
approaches. In the TreeMix analysis involving different combinations of wild (argali, Asiatic mouflon, European mouflon,
and snow sheep) and domestic sheep, the strict drift models
assuming 1, 4, 7, and 7 migration events could explain 99.8%,
99.7%, 96.4%, and 95.6% of the variance in relatedness among
populations, respectively. It revealed signals of genomic introgressions from argali to Bashibai (fig. 2B), Asiatic mouflon to
Grey Shirazi, European mouflon to Shetland and Corse, and
snow sheep to Kulundin and Tuva populations (supplementary fig. S5B, Supplementary Material online).
The f3 tests indicate significant evidence admixture (f3 < 0)
from argali in Bashibai, from Asiatic mouflon in Bozakh, from
European mouflon in Chinese Superfine Merino, and from
snow sheep in Baikal fine-fleeced (fig. 2C). D-statistics showed
significant values (D ¼ 0.0628 to 0.017; jZj > 3) for

introgression of argali ancestry in Bashibai, and for
European mouflon ancestry in 28 Southwestern European
populations (fig. 2D). Additionally, the ADMIXTURE analysis
showed the genetic components of wild species in several
sympatric domestic populations such as the genetic components of argali in Bashibai and Altay sheep, Asiatic mouflon in
Grey Shirazi and Bozakh, European mouflon in Corse and
Shetland, snow sheep in Buubei and Tuva (fig. 2A; supplementary fig. S5A, Supplementary Material online). It is noteworthy that rams of these domestic populations show similar
large and curled horns and coat colors as those of wild sheep
(fig. 3).
In particular, we detected the introgression signal of
European mouflon in Shetland sheep, which probably occurred before their arrival at the Shetland isles via the
Viking invasions (Ryder 1981). Shetland sheep is one of the
smallest British breeds and it retains many of the characteristics of wild sheep such as spiral horn, mouflon markings, and
841
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natural hardiness (fig. 3H, Chessa et al. 2009). Today, they are
considered a primitive or “unimproved” breed (Noddle and
Ryder 1974). Similar morphological features have been observed between primitive domesticates and their wild ancestors of other taxa, such as Capra (Horwitz and Bar-Gal 2006),
Bos (Upadhyay et al. 2017), Equus (Kvist et al. 2019;
Chodkiewicz 2020), and Canis (Jordana et al. 1999).
We next sought to estimate the average proportion of the
domestic sheep genome that may have a wild sheep origin
using PCAdmix with PP (posterior probabilities) 0.95. We
found the average proportions of their genomes from the
wild species were 0.29% (0.05–2.12%), 5.09% (3.68–6.99%),
0.97% (0.59–1.3%), and 0.076% (0.05–0.09%) for Eastern and
Central Asian, Western Asian, Southwestern European, and
Russian populations, respectively (supplementary table S9,
Supplementary Material online). The range in proportion of
introgressed genomes identified here is similar to that previously reported in the introgression from argali to Tibetan
sheep (5.23–5.79%; Hu et al. 2019), European mouflon to
European domestic sheep (1.0–4.1%; Barbato et al. 2017),
cattle to yak (1.3%; Medugorac et al. 2017), and banteng
to domestic cattle (2.93%; Chen et al. 2018).
Nevertheless, we could not differentiate that after centuries the wild introgression left in domestic sheep was
842

introduced by intercrossing in captivity or in the wild in
the past. We noted that it is difficult to discriminate the
signals of introgression and common ancestral polymorphisms at the whole-genome scale (Lowery et al. 2013;
Barbato et al. 2017; Hu et al. 2019), particularly between the
phylogenetically close species such as between Asiatic mouflon/European mouflon and domestic sheep. However, a very
small amount of common signals (argali: 0–4.57%, snow
sheep: 0–3.55%, Asiatic mouflon: 0–9.5%, and European mouflon: 0–21.59%) were detected in the introgression tests between the same wild species and different domestic
populations, which might preclude the possibility of incomplete lineage sorting (ILS; Huerta-Sanchez et al. 2014).
In the CIWI (consistently introgressed windows of interest)
analysis, we identified SNP alleles in a total of 1,499, 1,410,
3,493, and 801 genes in domestic sheep that originate from
argali, Asiatic mouflon, European mouflon or snow sheep,
respectively, using the 95th percentile. Our analyses identified
283 shared genes with alleles originating from the four wild
relatives (fig. 4D). In particular, introgression signal in RXFP2, a
prime candidate gene for horn type and size in ruminants
(Johnston et al. 2011; Allais-Bonnet et al. 2013), was also
detected from cattle to yak (Medugorac et al. 2017). The
findings suggested convergent genetic evolution in these
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FIG. 3. Images of introgression donors (A) argali, (B) Asiatic mouflon, (C) European mouflon, (D) snow sheep, and introgressed domestic sheep (E)
Bashibai, (F) Grey Shiraz, (G) Corse, (H) Shetland, and (I) Kulundin. Photo credits are showed in supplementary table S8, Supplementary Material
online.
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genes linked to interspecies introgression, which might be due
to similar adaptive functions of the genes in the species.
For the 283 genes, we identified significant (P < 0.05) gene
ontology (GO) terms associated with sensory perception of
chemical stimulus (GO:0007606, P ¼ 0.0332), lipid

phosphorylation (GO:0046834, P ¼ 0.0033), and neurological
system process (GO:0050877, P ¼ 0.042) (supplementary table S10, Supplementary Material online). In particular, the GO
term (GO:0007606) contains olfactory-related genes ADCY3
(fig. 4C) and TRPV1, suggesting that genomic introgression
843
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FIG. 4. Introgression signals at the genomic level and their impact on genomic diversity. (A) Phylogenetic relationships among the Ovis species. The
signals of gene flow observed in this study were showed. (B) Graphical representation of the inferred local ancestry for Bashibai sheep (BSB) by
PCAdmix. The color scheme indicates the assignment of each block to one of the two reference populations. Genomic regions not analyzed by the
software due to the absence of SNPs are indicated as white gaps. The top panel is the inset expanding the genomic region on chromosome 2, where
genes related to the citrullination function are located. The second panel is the within-analysis concordance scores (A-scores) calculated along the
chromosome to represent the concordance of ancestry assignment among the 15 Bashibai individuals. The A-scores relative to the four reference
populations are represented by the colored segments. The CIWI (consistently introgressed windows of interest) score is calculated from the Ascores and is represented by the black solid line. The third panel shows the PCAdmix results for one individual (number 14) of Bashibai, identified
from the comparisons with four different domestic reference populations (SSS, HDW, HUS and WDS). SSS, Sishui Fur sheep; HDW, Large Tailed
Han sheep; HUS, Hu sheep; WDS, Wadi sheep. The bottom panel is the 15 diploid individuals of Bashibai, and they are represented by the 15
numbered lines. Each line represents a diploid individual of Bashibai. (C) Graphical representation of the inferred local ancestry for Tuva sheep
(TUVA) from the PCAdmix analysis. The top panel is the inset expanding the genomic region within chromosome 3. The second panel is withinanalysis concordance scores (A-scores). They are calculated along the chromosome to represent the concordance of ancestry assignment among
the 16 focal individuals. The third panel is the PCAdmix results for one individual (number 6) of Tuva, identified from the comparison with four
different domestic reference populations (BAJ, CAU, KUI, and ROM). BAJ, Baidarak; CAU, Caucasian; KUI, Kuibyshev; ROM, Romanov. The bottom
panel is the 16 focal diploid individuals from Tuva. Each line represents a diploid individual of Tuva and extends for the total length of chromosome
3. (D) Overlapped genes identified with introgression signals from argali, Asiatic mouflon, European mouflon, and snow sheep to domestic sheep.
(E) Expected heterozygosity (He), observed (Ho), and the proportion of polymorphic SNPs (Pn) of introgressed and nonintrogressed populations
domestic populations (*P < 0.05).
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Common Introgression in PADI2 Inferred from
Whole-Genome Sequences
To further test for introgression in the target genomic region
(chr2: 248,302,667–248,306,614), we calculated D-statistics by
three forms [[[MEN, BSB], ARGS], BIGS], [[[MEN, GSS],
AMUF], BIGS], and [[[MEN, CAUC], EMUF], BIGS] using
high-coverage whole-genome sequences. The D-statistics
showed that the ABBA pattern (donors to recipients) is significantly higher than the BABA pattern (donors to the reference population of nonintrogressed animals) among the
three forms in the target region (fig. 5A, supplementary fig.
S9A, Supplementary Material online). We concatenated the
introgressed tracks around PADI2 (chr2: 248.26–248.58 Mb).
We identified the total length of 140 kb (without interval),
200 kb (interval < 80 kb), and 300 kb (interval < 40 kb) in the
three forms above, respectively.
To further locate the introgressed regions in the genomes
of Bashibai, Grey Shiraz, and Caucasian sheep, we computed
the f-statistic (fd) value for each 100-kb window (with a 20-kb
step) across the genomes (Martin et al. 2015). The fd values in
the detected tracks were significantly higher than the threshold values (P < 0.05). Based on the cutoff P < 0.05, we
concatenated the potentially introgressed regions with interval <100 kb and detected 2,067, 2,176, and 1,434 significantly
introgressed genomic tracts for Bashibai, Grey Shiraz, and
Caucasian sheep, respectively. The genomic tracts have a total
length of 307,560, 350,480, and 239,460 kb and cover
12.56%, 14.31%, and 9.78% of the whole genomes,
respectively.
In order to rule out the possibility of ILS for the putatively
introgressed tract, we calculated the probability of ILS using a
generation time of 3 years (Zhao et al. 2017), a recombination
rate of 1.0  108 (Kijas et al. 2012) and a divergence time of
2.36 Ma between argali and domestic sheep (Yang et al. 2017),
and 0.01–0.021 Ma as the split time between mouflon
844

(including Asiatic mouflon and European mouflon) and domestic sheep (0.021 Ma between O. musimon and O. aries;
Yang et al. 2017). This analysis produced the expected length
of shared ancestral tracts of L(argali) ¼ 63.56 bp and
L(mouflon) ¼ 7,142.86–15,000 bp. The probability of a length
of 140, 200, and 300 kb (i.e., the observed introgressed regions
from argali, Asiatic mouflon, and European mouflon) was 0,
2.01  1011–2.32  105, and 0–4.33  108, respectively.
All the estimated probabilities were much lower than 0.05.
Thus, the identified introgressed genomic regions in Bashibai,
Grey Shiraz, and Caucasian sheep were unlikely due to ILS.
For the domestic breeds and wild species, we collected the
information of pneumonia resistance and pneumonia susceptibility from the records or description in previous publications (supplementary table S12, Supplementary Material
online). Only the breeds and species which have been
reported to be pneumonia resistant and pneumonia susceptible or show clear evidence of high/low mortality from pneumonia were included in the following analyses. In total, 16
domestic breeds and 7 wild species fit into the categories
(supplementary table S12, Supplementary Material online).
We computed the mean pairwise sequence divergence
(dxy) between wild sheep and either the pneumoniaresistant (Bashibai, Grey Shiraz, and Caucasian sheep) or
pneumonia-susceptible populations (Menz sheep). The
results showed that the dxy value in the focused regions
was significantly reduced in Bashibai, Grey Shiraz, and
Caucasian sheep but highly elevated in Menz sheep (fig. 5C,
supplementary fig. S9B, Supplementary Material online), suggesting genetic introgression in the target region. The FST
values (argali vs. Bashibai, Asiatic mouflon vs. Grey Shiraz,
European mouflon vs. Caucasian) were lower in the common
introgressed genomic region than in the rest of the genome
(fig. 5D, supplementary fig. S9C, Supplementary Material online). These results support the common introgression of
alleles in PADI2 from wild relatives to domestic populations.

Resistance to Pneumonia by Genetic Introgression
The NJ tree based on the p-distance of the common introgressed genomic region displayed a clear divergence pattern
between the pneumonia-susceptible and the pneumoniaresistant populations of wild and domestic sheep (fig. 5B),
rather than the phylogenetic relationships inferred from
chromosome-wise SNPs (supplementary fig. S10,
Supplementary Material online). In addition, we compared
the genotypes and haplotypes of the target genomic region
for pneumonia-susceptible and pneumonia-resistant populations based on well-documented records of pneumonia incidence (supplementary table S12, Supplementary Material
online). Particularly, we found that the genotype and haplotype patterns of Bashibai, Grey Shiraz, and Caucasian sheep
were highly similar to that of argali, Asiatic mouflon, and
European mouflon, respectively, but were strikingly different
from that of Menz sheep. Noteworthy, the genotype and
haplotype pattern of Menz sheep were similar to that of
highly susceptible wild species of bighorn, thinhorn, and
snow sheep (figs. 5E and F).
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from wild relatives contributed to the sensory perception of
chemicals (e.g., pheromones for reproduction success) in domestic populations.
We observed more shared functional genes
(1,119 ¼ 283 þ 836; fig. 4D) with high CIWI scores when
only the introgression signals from argali, Asiatic mouflon,
and European mouflon to sympatric domestic populations
were considered (fig. 4B, supplementary table S11,
Supplementary Material online). Of the 1,119 genes, we
revealed significantly enriched GO terms associated with immune function including protein citrullination (GO:0018101,
P ¼ 0.001), citrulline biosynthetic process (GO:0019240,
P ¼ 0.0049), and citrulline metabolic process (GO:0000052,
P ¼ 0.0176) (supplementary table S11, Supplementary
Material online). We detected common introgression signals
in the PADI (peptidyl arginine deiminases) gene family (e.g.,
PADI1, PADI2, PADI3, PADI4, and PADI6, fig. 4B), which are
involved in antibacterial innate immunity mediated by neutrophil extracellular traps (Li et al. 2010). The genes PADI2 and
PADI4 can citrullinate the important host defense peptide LL37, resulting in impaired bacterial destruction (Kilsgård et al.
2012).
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FIG. 5. Introgression in a specific region of PADI2 (chr2: 248,302,667–248,306,614). (A) Counts of observed site patterns (ABBA and BABA sites) and
genome-wide distribution of fd values calculated for 100-kb windows with a 20-kb step across the genome for Bashibai (BSB) sheep. Each dot
represents a 100-kb window and the dashed line indicates the significance threshold (P < 0.05). (B) NJ tree of 38 individuals from pneumoniaresistant and 50 individuals from pneumonia-susceptible populations based on p-distances using the SNPs in the introgressed genomic region
(chr2: 248,302,667–248,306,614). (C) Mean pairwise sequence divergence (dxy) of the introgressed genomic region on chromosome 2 between
argali (ARGS) and either Bashibai (BSB) or Menz (MEN) sheep. Bashibai (BSB) represents pneumonia-resistant sheep with signatures of argali
introgression. (D) Population differentiation (FST) around the introgressed genomic region on chromosome 2 between argali (ARGS) and Bashibai
(BSB). (E) The pattern of SNP genotypes in PADI2 among the pneumonia-susceptible (bighorn, thinhorn, snow, Thalli, Dorper, Kajli, Nellore,
Mecheri, Afar, Afshari, Tibetan, Menz, Karakul Sheep’ has been changed to ’bighorn sheep, thinhorn sheep, snow sheep, Thalli sheep, Dorper sheep,
Kajli sheep, Nellore sheep, Mecheri sheep, Afar sheep, Afshari sheep, Tibetan sheep, Menz sheep, Karakul sheep) and pneumonia-resistant (argali,
urial, Asiatic mouflon, European mouflon, Bashibai, Chinese fine-wool Merino, Djallonke, Kazakh, Awassi, Suffolk) populations of wild and
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Climate-Driven Selective Signatures
Using the Sambada approach, we selected the top 20,000
significant univariate models (0.01% of a total of

182,230,776 univariate models [1,557,528 genotypes  117
environmental parameters]) based on the Wald Score. We
detected 2,265 SNPs associated with climatic variables (supplementary table S17, Supplementary Material online). Using
the latent factor mixed model (LFMM) approach, we identified 3,437 SNPs with jzj scores 10 (supplementary table S18,
Supplementary Material online), suggesting that they were
significantly associated with climatic variables in the 70 autochthonous
breeds
(supplementary
table
S14,
Supplementary Material online). Overall, 393 SNPs were
detected by both the approaches, and were annotated to
be located near or within 317 functional genes associated
with climate-mediated selection (fig. 7A; supplementary table
S19, Supplementary Material online). This number of shared
genes between Sambada (n ¼ 808) and LFMM method
(n ¼ 1,101) was significantly greater than that expected by
chance (the total number of genes in sheep n ¼ 17,666, the
observed number of overlapping genes n ¼ 317, the number
of overlapping genes expected by chance n ¼ 49; P < 0.05)
(fig. 7C).
A close examination of the function of the 317 annotated
genes found: 1) 85 genes (e.g., METTL3, RNF34, ETS2, and
CAPN2) associated with tumor growth and suppression, cell
cycle progression, apoptosis, and cellular transformation; 2)
64 genes (e.g., NAV1, NRXN3, and SOX5) involved in the regulation of adrenergic neurons and receptors and semaphorins; 3) 46 genes (e.g., ASCC3, TNK2, and TESPA1) affecting
metabolism toward glycolysis and gluconeogenesis, GTPase
activity and lipid metabolism, and endocrine hormones; 4) 47
genes (e.g., PADI2, RBM33, AIG1, and FGD2) responsible for
autoimmune regulation and immunodeficiency; and 5) 54
genes (e.g., GPR39, PKP2, and NOCT) accounting for tissue
and organ morphology, and organismal abnormalities.
Functions of the climate-associated genes (e.g., METTL3
and NAV1) implied a strong impact of solar radiation (including UV radiation), temperature, and climate-related spread of
pathogens on livestock (Bertolini et al. 2018; Flori et al. 2019).
Of genes with evidence for putative selection, several (e.g.,
TTC7B, SLC28A3, IDH3B, and SLC14A2) were involved in the
regulation of the cardiovascular system and the development
of urinary and respiratory tract, which could be due to the
difference in altitude and precipitation of their distribution
regions (Flori et al. 2019). These three genes were also associated with climatic changes in a recent study in cattle (Flori
et al. 2019).
Also, we detected 25 reproduction-related genes (e.g.,
FSHR, TRIP12, and TSHZ2) involved in oocyte and follicular
development, premature ovarian failure or control of ovulation, some of which (e.g., FSHR and TSHZ2) were previously
found to be associated with climatic conditions in sheep and
goat (Lv et al. 2014; Bertolini et al. 2018; Osei-Amponsah et al.

Fig. 5. Continued
domestic sheep. (F) Haplotype pattern in the region (chr2: 248,301,993–248,309,349, 39 SNPs) of PADI2 gene. The introgressed haplotype is at high
frequency in pneumonia-resistant populations of wild (e.g., argali, Asiatic mouflon, European mouflon, and urial) and domestic (e.g., Bashibai)
sheep, whereas at low frequency in pneumonia-susceptible populations of wild (e.g., bighorn, thinhorn, and snow sheep) and domestic (e.g., Menz
and Karakul) sheep. Each column is a polymorphic genomic SNP, and each row is a phased haplotype. The reference and alternative allele are
indicated by black and gray, respectively.
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In the estimation of Tajima’s D, the introgressed region in
PADI2 showed positive values in the resistant populations but
negative values in the susceptible populations. Also, the estimates showed a higher jTajima’s D susceptible-populations 
Tajima’s D resistant-populationsj value (fig. 6A), which suggested a signature of positive selection in the putatively introgressed region within the gene. VolcanoFinder detected a
strong signal (maximum log likelihood ratio ¼ 14.63) beside
PADI2 in pneumonia-resistant and pneumonia-susceptible
populations, indicating an introgressed sweep (fig. 6B).
Furthermore, the genome scan across chromosome 2 by
the cross-population composite likelihood ratio (XP-CLR) approach showed significant signatures of positive selection in
PADI2 between pneumonia-susceptible and pneumoniaresistant populations of domestic sheep (fig. 6C, supplementary table S13, Supplementary Material online). We also
detected the largest LD block (chr2: 248,292,698–
248,306,614, 13 kb) in PADI2, overlapping largely with the
introgressed region inferred (fig. 6D). These results suggested
that the introgression of PADI2 from wild relatives could have
enhanced the resistance to pneumonia in domestic sheep.
For the susceptible wild species of bighorn, thinhorn,
and snow sheep, infection by relevant pathogens following
contact with domestic sheep will cause serious mortality
events (Foreyt and Jessup 1982). As a result, no hybrid
animal between them and domestic sheep was observed
in the wild, and, thus, no introgression could have occurred
between domestic sheep and the three susceptible wild
species. Nevertheless, hybrid animals between domestic
sheep and the species of argali, Asian mouflon, and
European mouflon have been found in the wild
(Woronzow et al. 1972; Arnold 2004; Schröder et al.
2016). These observations further supported the introgressed alleles of PADI2 from the wild relatives such as
argali, Asian mouflon, and European mouflon could have
contributed to pneumonia resistance in domestic sheep.
Overall, our study suggested PADI2 as a candidate gene
for future gene editing and molecular breeding for
pneumonia-resistant animals. Nevertheless, we cautioned
that ovine pneumonia can be caused by multiple factors
such as lung worms, maedi-visna, bacterial bronchopneumonia, enzootic pneumonia, and fungal infection (Tibbo
et al. 2001). Here we only have the general species/breed
information of resistance or susceptibility to pneumonia
for the wild and domestic sheep, whereas no clinical data
were recorded for the specific individuals sequenced. Thus,
further investigations on the molecular mechanisms underlying pneumonia resistance are needed.
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FIG. 6. Selective sweep analysis across chromosome 2 and LD pattern in the PADI2 gene. (A) PADI2 gene with signal of positive selection in
pneumonia-resistant population. Tajima’s D values are plotted using a 1-kb sliding window. The gray shadow is the introgressed regions (chr2:
248,301,993–248,309,349). (B) Plot of the maximum likelihood test statistic based on pneumonia-resistant and pneumonia-susceptible populations shows an introgressed sweep. (C) XP-CLR genome scan by comparing pneumonia-resistant (Bashibai, Caucasian, Grey Shiraz, Chinese finewool Merino, Djallonke, Kazakh, Awassi, and Suffolk sheep) with pneumonia-susceptible populations (Thalli, Dorper, Kajli, Nellore, Mecheri, Afar,
Afshari, Tibetan, Menz, and Karakul sheep) of domestic sheep. The top 1% cutoff level (XP-CLR score ¼ 6.568220) was indicate by a red horizontal
line. Significant selective signatures in PADI2 are marked in green. (D) LD plot of SNPs located in PADI2. LD values (D0 ) between two loci are detailed
in boxes (D0 ¼ 0  1). D0 ¼ 1 indicates perfect disequilibrium.
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Influence of Wild Introgression on the Genomes of
Domestic Populations
We examined genomic diversity in the 48 domestic populations which showed potential introgression from wild relatives. We found that 15 introgressed populations have
significantly (the Kruskal–Wallis test, P < 0.05) higher level
of genomic diversity than the 33 nonintrogressed populations
in terms of the indices of Ho, He, and Pn (introgressed populations: mean Ho ¼ 0.3387, mean He ¼ 0.3267, and mean Pn
¼ 0.946; nonintrogressed populations: mean Ho ¼ 0.3221,
mean He ¼ 0.31, and mean Pn ¼ 0.9036; fig. 4E). This finding
demonstrated that introgression from wild relatives has increased the genomic diversity in domestic populations.
Similarly, genomic introgressions from their progenitors
have increased the genetic diversity in managed populations
of honey bees (Harpur et al. 2012).
Further, we evaluated the contribution of introgression
from wild sheep to climatic adaptation of domestic populations. Of the 5,813 genes with introgressed alleles from wild
relatives, we found 144 genes associated with climatemediated selection (the observed number of genes associated
with climate-mediated selection n ¼ 317; fig. 7D). The observed number of overlapping selective signals is significantly
higher than the overlap expected by chance between the
methods (the total number of genes in sheep n ¼ 17,666,
the observed number of overlapping genes n ¼ 144; the number of overlapping genes expected by chance n ¼ 102;
P < 0.05; fig. 7D). A close examination of the 144 shared genes
848

detected in the wild introgression and climatic association
analyses showed that the overlapped genes have functions
closely related to local environmental and climatic adaptation
such as central nervous system development (EPHA5; Olivieri
and Miescher 1999), angiogenesis (NRP2; Sulpice et al. 2008),
oxytocin signaling pathway (RYR3; Matsuo et al. 2009), and
lung development (ADCY2; Hardin et al. 2012).
In particular, we found a set of genes associated with immune response, response to virus and xenophagy and bacterial invasion. The two immune-related genes PADI1 and
PADI2, which showed common introgression from various
wild relatives in domestic populations, were also identified
to be under climate-mediated selective pressure. Thus, the
two genes might play an important role in immune response
to local pathogens via adaptive introgression. Therefore, our
results provided strong evidence that genomic introgression
from congeneric wild sheep species has played an important
role in shaping the climate-induced adaptive genome landscape of domestic populations.

Conclusions
We performed a comprehensive genomic investigation on
the world’s wild and domestic sheep. We unveiled frequent
wild introgression, which have increased the genomic diversity of domestic sheep. A proportion of allelic variability in
functional genes received from wild relatives appears to provide locally adaptive phenotypes such as sensory perception
of chemical stimulus and odorants and in particular innate
immunity to pneumonia in domestic sheep. Coupled with
the evidence of climatic selective signatures, our results
revealed that frequent common introgression from wild relatives into sympatric domestic sheep has shaped the adaptive
genomic landscape of indigenous populations and contributed to their rapid adaptation to local climates. These findings add to our understanding the evolutionary mechanisms
of climate-mediated adaptation for local livestock populations. The newly generated genome-wide data are valuable
resources for the future genetic improvement of sheep to
develop new tolerant populations in the face of climate
change.

Materials and Methods
Ovine Infinium HD SNP BeadChip Data
The Ovine Infinium HD SNP BeadChip data consisted of SNP
genotypes generated in this study and those already available,
totaling 3,850 individuals from 111 domestic sheep populations (3,447 individuals, hereafter referred to as “data set I”)
and 7 wild sheep species (403 individuals, including 15 argali,
16 Asiatic mouflon, 4 urial, 98 European mouflon, 80 snow
sheep, 135 bighorn, and 55 thinhorn sheep). The data generated here included genotypes of 888 individuals from 63 domestic sheep populations genotyped using the Ovine
Infinium HD SNP BeadChip. DNA samples of the genotyped
individuals were provided by the contributors (supplementary tables S1 and S2, Supplementary Material online).
The already available data include genotypes of 2,684 individuals (2,490 domestic sheep, 2 Asiatic mouflon, 2 European
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2019). In particular, we found the gene FSHR related to seasonal breeding in sheep and other mammals (Rosa and
Bryant 2003; Hobbs et al. 2012). These observations are reasonable because reproduction in mammals is closely associated with their response to light cycles and temperature
(Chemineau et al. 2010; Lv et al. 2014).
GO and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis of the climate-driven selective genes
detected 12 and 11 significantly (P < 0.05) enriched GO categories and pathways, respectively (supplementary table S20,
Supplementary Material online). Some of them were reported
previously to be associated with climate-mediated adaptation
in mammals, such as calcium ion binding (GO:0005509,
P ¼ 0.00864) (Morenikeji et al. 2020), ATP binding
(GO:0005524, P ¼ 0.01503) (Mintoo et al. 2019), and neurotrophin signaling pathway (oas04722, P ¼ 0.001984) (Mitre
et al. 2017). Overall, the significant GO categories and pathways highlighted the main functional categories of the selective genes associated with climate-driven selective pressures,
such as 1) nervous system development and function, 2)
energy metabolism and endocrine regulation, 3) immune
and inflammatory response, 4) organ development and morphology, and 5) cancer and cell development and proliferation. We noted that the climatic data covered a period of only
40 years. This might not reflect the exact climatic conditions
since several hundred or several thousand years ago when the
native breeds have inhabited in their distribution regions.
Thus, future investigations with the climatic data over a longer period would show more informative results.
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FIG. 7. The overlapped genes of genetic introgression and climate-mediated selection signals. (A) Genome-wide distribution of significance values
[log10 (P)] for the correlation between SNPs and the environmental variables in the LFMM test. Arrows indicate the overlapped genes between
climate-mediated selection and introgression signals. (B) The geographic pattern of mean temperature in  C used in the SNP-environment
association analysis. (C) Overlapped genes identified from the LFMM and Sambada approaches; the number in parenthesis shows the number of
overlapping genes expected by chance. (D) Overlapped genes identified from introgression and climate-mediated selection; the number in
parenthesis shows the number of overlapping genes expected by chance. (E) Word cloud of GO terms and KEGG pathways with significant
(P < 0.05) enrichments for 144 overlapped genes between genetic introgression and climate-mediated selection.

mouflon, 135 bighorn sheep, and 55 thinhorn sheep) with
Ovine Infinium HD SNP BeadChip and 278 individuals (69
domestic sheep, 14 Asiatic mouflon, 4 urial, 96 European
mouflon, 15 argali, and 80 snow sheep; supplementary tables
S1 and S2, Supplementary Material online) with the
OvineSNP50 BeadChip. Summary information, including
breed names, abbreviations, geographic origins, sampling
sizes, and contributors is detailed in figure 1A, supplementary
figure S1 and tables S1 and S2, Supplementary Material online.
Approximate coordinates of the geographic origins for the
samples were provided by the contributors, or were assigned
as the centroid of their known range area.
In domestic sheep, we selected 70 autochthonous populations genotyped with the Ovine Infinium HD SNP BeadChip
(data set II) in the analyses of climatic selective pressures. To
assess genomic introgression from wild relatives to sympatric
domestic populations, 13 populations (n ¼ 896) from Eastern
and Central Asia, 13 populations (n ¼ 176) from Western
Asia, 34 populations (n ¼ 608) from Southwestern Europe,
and 9 populations (n ¼ 284) from Russia selected from data
set I were merged with argali (n ¼ 15), Asiatic mouflon
(n ¼ 18), European mouflon (n ¼ 98), and snow sheep
(n ¼ 80), respectively (hereafter named as data set III [832

individuals and 41,358 common SNPs], IV [194 individuals
and 41,057 common SNPs], V[695 individuals and 39,443
common SNPs], and VI [298 individuals and 41,737 common
SNPs]).

Climatic Data from 1961 to 2001
A total of 117 climatic and elevation parameters for the
geographic origins of 70 worldwide autochthonous breeds
(supplementary table S14, Supplementary Material online)
were extracted from the global climate data set (http://
www.cru.uea.ac.uk/data, last accessed September 24, 2020)
of the Climatic Research Unit, Norwich (New et al. 2002).
Data collected over a period of 40 years from 1961 to 2001
included yearly and monthly trends of the following variables: mean diurnal temperature range in  C (DTR), number
of days with ground frost (FRS), the coefficient of variation
of monthly precipitation in percent (PRCV), precipitation in
mm/month (PR), number of days with >0.1 mm rain per
month (RDO), relative humidity in percentage (REH), percent of maximum possible sunshine (percent of day length,
SUN), mean temperature in  C (TMP), and 10-m wind
speed in m/s (WND) (fig. 7B; supplementary fig. S11,
Supplementary Material online). High-resolution global
849
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distributions of elevation and the environmental variables
(yearly mean values), and the Spearman’s rho correlation
coefficient among the elevation and climatic parameters are
shown (supplementary fig. S12 and table S15,
Supplementary Material online).

SNP Data Quality Control

Whole-Genome Sequences and SNP Calling
Chromosome 2 in 88 whole-genome sequences from our
other studies was included in the analyses, comprising 54
domestic and 34 wild sheep (Deng et al. 2020; Li et al. 2020;
Chen ZH, Xu YX, and Li MH , unpublished data). The domestic sheep samples represent eight pneumonia-resistant (24
individuals) and ten pneumonia-susceptible populations (30
individuals) of different geographic origins from Asia (including the Middle East), Africa, and Europe. The wild sheep
samples represent four pneumonia-resistant (two argali,
four urial, seven Asiatic mouflon, and one European mouflon)
and three pneumonia-susceptible species (six bighorn, six
thinhorn, and eight snow sheep). The record of resistance
or susceptibility to pneumonia for the wild species and domestic populations was from well-documented literature
(supplementary table S12, Supplementary Material online).
All the samples were sequenced on the Illumina Hiseq X
Ten sequencer to a depth of 20–30 with an average depth
of 20.49. We filtered the raw reads using three criteria: 1)
reads with unidentified nucleotides (N) more than 10%, 2)
reads having adapters, and 3) reads with a phred quality score
<5 were excluded. Clean reads were used for further analysis.
Using the Burrows–Wheeler Aligner (BWA) v.0.7.17 MEM
module (Li and Durbin 2009) with the parameter “bwa –k 32
–M -R,” we mapped the clean reads onto the sheep reference
genome Oar v.4.0. Duplicate reads were excluded using Picard
MarkDuplicates and were sorted using Picard SortSam. We
only kept reads that were properly mapped with mapping
quality more than 20. Base quality score recalibrate (BQSR)
with ApplyBQSR module of the Genome Analysis Toolkit
850

(GATK) v.4.0 (McKenna et al. 2010) was applied to eliminate
potential sequence error. After mapping, SNP calling was carried out by GATK best practice workflow of joint genotyping
strategy. Two steps were carried out: 1) We called variants for
each sample using Haplotypecaller module with parameter
“–genotyping-mode DISCOVERY –min-base-quality-score 20
–output-mode EMIT_ALL_ SITES –emit-ref-confidence
GVCF”; and 2) we performed joint genotyping by combining
all the GVCFs using GenotypeGVCFs module and
CombineGVCFs module together. Variant sites with QUAL
<30.0, QD <2.0, FS >60.0, MQ <40.0, HaplotypeScore
>13.0,
MappingQualityRankSum
<12.5,
and
ReadPosRankSum
<8.0
were
discarded
using
VariantFiltration module of GATK. We called SNP separately
for each species and then merged them using BCFtools v1.9
(Li 2011). PLINK v1.09 was used for further filtering of SNPs in
the populations. We excluded SNPs that met any of the following criteria: 1) proportion of missing genotypes >10% and
2) SNPs with minor allele frequency <0.05. In total, we identified 119,884 SNPs on chromosome 2 for further analysis.

Genetic Diversity and Population Genetic Structure
We evaluated the genomic diversity for the populations of
wild and domestic sheep based on seven metrics, including the proportion of polymorphic SNPs (Pn), observed
(Ho) and expected heterozygosity (He), inbreeding coefficient (F) using PLINK v1.09, and allelic richness (Ar) and
private allele richness (pAr) using ADZE v1.0 (Szpiech
et al. 2008). We investigated the levels of LD between
pairs of autosomal SNPs with the r2 estimate (the parameters “–r2 –ld-window 99999 –ld-window-r2 0”) using
PLINK v1.09. Recent effective population size (Ne) for
each population was then calculated based on the LD
estimates (Kijas et al. 2012).
To examine population genetic structure, we first implemented PCA based on the SmartPCA program from the
EIGENSOFT v.6.0beta (Patterson et al. 2006). Additionally,
we constructed an NJ tree based on pairwise Reynolds’ genetic distances (Reynolds et al. 1983) using PHYLIP v.3.695
(Felsenstein 1993). The NJ tree was visualized with FigTree
v.1.4.3 (Rambaut 2014), and the robustness of a specific tree
topology was tested by 1,000 bootstraps. We explored the
genetic components of the populations using the maximumlikelihood clustering program ADMIXTURE v1.23 with
K ¼ 2–10 (Alexander et al. 2009). We then performed additional ADMIXTURE analyses for the domestic populations
from different geographic regions selected in the genomic
introgression analyses (see below) using the sympatric wild
species as the outgroup (i.e., argali for 13 Eastern and Central
Asia populations, Asiatic mouflon for 13 Western Asian populations, European mouflon for 34 Southwestern European
populations, and snow sheep for 20 Russian populations). We
processed the results with Clumpp v1.1.2 (Jakobsson and
Rosenberg 2007) and visualized them with Distruct v1.1
(Rosenberg 2003).
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We first merged the Ovine Infinium HD BeadChip data sets
and updated the SNP physical positions based on the assembly Oar v.4.0 (http://www.ncbi.nlm.nih.gov/ assembly/GCF_
000298735.2, last accessed September 24, 2020) using the
program PLINK v1.09 (Purcell et al. 2007). Owing to differences in the number of SNPs and samples in the data sets, we
then implemented quality control for the data sets using
various criteria in PLINK v.1.09 software (supplementary table
S3, Supplementary Material online). After filtering, we identified 495,965 SNPs and 3,217 individuals from data set I for
genomic diversity and selective sweep analyses, 53,279 SNPs
and 3,217 individuals from data set I for population structure
analysis, 519,176 SNPs and 1,156 individuals of the 70 autochthonous breeds from data set II for climatic association analyses, 36,395 SNPs and 832 individuals from data set III, 36,508
SNPs and 194 individuals from data set IV, 36,148 SNPs and
695 individuals from data set V, and 29,562 SNPs and 298
individuals from the data set VI for genomic introgression
analysis (supplementary table S3, Supplementary Material
online).
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Genomic Introgression

showing no signals of introgression in either populationlevel or genomic-level analysis were considered as
“nonintrogressed populations.” To examine the contribution
of wild introgression to genomic diversity in domestic populations, we compared the genomic diversity estimates (e.g.,
He, Ho, and Pn) between the two groups of domestic populations (introgressed vs. nonintrogressed) using the
Kruskal–Wallis test in the software SPSS v24.0 (IBM Corp.
2016).

Whole-Genome Sequence Analyses and ILS
Furthermore, we focused on the introgressed region chr2:
245–249 Mb (especially the focal gray-shaded region:
248.28–248.4 Mb, 248.28–248.58 Mb, and 248.26–248.5 Mb
in argali introgression, Asiatic mouflon introgression, and
European mouflon introgression, respectively) that harbors
the PADI2 gene using high-depth whole-genome sequences.
We validated the introgressed signals detected above using
ABBA, BABA, D-statistics, and f-statistic (fd) value (Martin
et al. 2015). We used the D-statistics [[[MEN, BSB], ARGS],
BIGS], [[[MEN, GSS], AMUF], BIGS], and [[[MEN, CAUC],
EMUF], BIGS], in which BIGS (bighorn sheep) is the outgroup;
ARGS (argali), AMUF (Asiatic mouflon), and EMUF
(European mouflon) represent the donor species; MEN
(Menz sheep) and populations of BSB, GSS, and CAUC
(Bashibai, Grey Shiraz, and Caucasian sheep) represent the
domestic sheep susceptible and resistant to pneumonia, respectively. To further locate the introgressed genomic regions,
we computed the f-statistic (fd) value for each 100-kb sliding
window with 20-kb step across the whole genome of argali
versus Bashibai sheep, Asiatic mouflon versus Grey Shiraz
sheep, and European mouflon versus Caucasian sheep, respectively, with Menz sheep as the nonintrogressed reference
population and bighorn sheep as the outgroup. We phased
the genotypes of chromosome 2 using Shapeit v2.12
(Delaneau et al. 2014).
Further, we calculated the mean pairwise sequence divergence (dxy) between argali and Menz/Bashibai, between
Asiatic mouflon and Menz/Grey Shiraz, as well as between
European mouflon and Menz/Caucasian. Also, the FST value
of the common introgressed genomic region was calculated
for the pairwise comparisons of argali vs. Bashibai, Asiatic
mouflon vs. Grey Shiraz, and European mouflon vs.
Caucasian. The introgressed tract could be due to ILS. To
verify that the target genomic region was derived from introgression rather than common ancestry, we calculated the
probability of ILS for the three tracks, which were inferred
to be introgressed from argali to Bashibai, Asiatic mouflon to
Grey Shiraz, and European mouflon to Caucasian sheep. The
expected length of a shared ancestral sequence is L ¼ 1/
(r  t), in which r is the recombination rate per generation
per base pair (bp), and t is the branch length between argali/
mouflon and domestic sheep since divergence. The probability of a length of at least m is 1  GammaCDF (m, shape ¼ 2,
r ¼ 1/L), in which GammaCDF is the Gamma distribution
function (Huerta-Sanchez et al. 2014; Hu et al. 2019).
In addition, we constructed the NJ tree based on the pdistance for the target genomic region among the
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To determine the potential genomic introgressions from wild
relatives into sympatric domestic breeds, such as argali to
Eastern and Central Asian breeds, Asiatic mouflon to
Western Asian breeds, European mouflon to Southwestern
European breeds, and snow sheep to Russian breeds (fig. 4A),
we implemented three different statistical analyses in the selected populations of wild and domestic sheep (supplementary table S9, Supplementary Material online), including
TreeMix (Pickrell and Pritchard 2012), f3-statistics (Patterson
et al. 2012), and D-statistics (Patterson et al. 2012). In the
TreeMix analysis, we constructed the maximum likelihood
trees using blocks of 1,000 SNPs and the wild species of argali,
Asiatic mouflon, European mouflon, and snow sheep as the
roots. We set the number of tested migration events (M)
from 1 to 20 and quantified the model by the covariance
for each migration event. Additionally, we computed f3-statistics using the qp3Pop program with the default parameters
in the AdmixTools package (Patterson et al. 2012). We used
the f3-statistics based on the following scenarios: f3(C; argali,
B), f3(C; Asiatic mouflon, B), f3(C; European mouflon, B), and
f3(C; snow sheep, B), where B and C represent domestic
breeds from the same geographic regions such as Eastern
and Central Asia, Western Asia, Southwestern Europe, and
Russia. We considered f3-statistics <0 as statistically significant, indicating historical events of admixture (Reich et al.
2009). Also, we estimated D-statistics using the program
AdmixTools (Patterson et al. 2012) for the following scenarios:
D (MZS, X, argali, BIGHORN), D (MZS, X, Asiatic mouflon,
BIGHORN), D (MZS, X, European mouflon, BIGHORN), and D
(MZS, X, snow sheep, BIGHORN), where MZS, X, and
BIGHORN represent Menz sheep (the nonintrogressed reference population), domestic populations from the four geographic regions above, and the outgroup of bighorn sheep,
respectively. jZj scores >3 indicated statistically significant
(P < 0.001) deviations from D ¼ 0, suggesting gene flow occurred between the donor wild species and tested domestic
population X.
Further, we characterized the introgressed genomic
regions on the basis of local-ancestry assignment and
CIWIs (Barbato et al. 2017). We first phased the genotypes
using the program fastPHASE v1.239 with the default
parameters (Scheet and Stephens 2006). For the focal domestic populations, we identified the genomic segments of
the wild ancestry based on the reference of a wild and four
domestic populations using the program PCAdmix v1.0
(Brisbin et al. 2012). We further used a sliding window to
identify the introgressed genomic segments following the
method developed by Barbato et al. (2017). We filtered
the results of highly concordant introgression signals along
chromosomes and assigned a concordance score to each
sliding window. We took the 95th percentile of the genomewide concordance score distribution as the CIWIs for each
autosome.
Based on the results of TreeMix, Admixture, f3-statistics,
D-statistics, and CIWI analyses, breeds showing introgression
signals in both population-level and genomic-level analyses
were selected as “introgressed populations,” whereas others
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Signatures for Local Climatic Adaptation
We performed two different algorithms to detect signatures
of local adaptation across the 70 worldwide autochthonous
breeds (supplementary table S14, Supplementary Material
online). First, we used an individual-based spatial analysis
method (Stucki et al. 2017) in the Sambada software
(https://lasig.epfl.ch/sambada, last accessed September 24,
2020). The algorithm measured explanatory variables incorporating population structure into the models to decrease
the occurrences of spurious genotype–environment associations. The Sambada calculated multiple univariate logistic
regression analyses, whereby individuals were coded as either present or absent (i.e., binary information: 1 or 0) for a
given SNP allele and the association between all possible
pairs of allele and environmental variable was measured
across the sampling sites. We considered the significant
models based on the Wald tests with the Bonferroni correction at the level of P < 0.01.
We further calculated the correlations between SNPs and
climatic variables using the LFMM (http://membres-timc.
imag.fr/Olivier.Francois/lfmm/index.htm, last accessed
September 24, 2020) program, which is based on population
genetics, ecological modeling, and statistical learning techniques (Frichot et al. 2013). The LFMM can efficiently control for random effects that represent population history
and isolation-by-distance patterns and lower the risk of
false-positive associations in landscape genomics (Frichot
et al. 2013). We summarized all the climatic variables by
using the first axis from a PCA (supplementary table S16,
Supplementary Material online). We identified K ¼ 4 latent
factors on the basis of population structure analyses using
the programs SmartPCA and STRUCTURE v2.3.4 (supplementary figs. S13 and S14, Supplementary Material online).
We computed LFMM parameters (jzj scores) for all the
variants based on the MCMC (Markov chain Monte
Carlo) algorithm with a burn-in of 5,000 and 10,000 iterations. The threshold for identifying candidate genes in
LFMM analyses was set to jzj scores 10, indicating significant SNP effects at the level of P < 1022 after Bonferroni
correction for a type I error a ¼ 1016 and L  1  106 loci
(Frichot et al. 2013; Lv et al. 2014).

Haplotype, Selective Signature, and LD Analysis within
PADI2
To examine the haplotypes in PADI2, we first excluded SNPs
with proportion of missing genotypes >2% and minor allele
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frequency <0.01 in the 88 individuals with whole-genome
sequences. Shapeit v2.12 (Delaneau et al. 2014) was then
used to infer the haplotypes. Furthermore, genome scan
across chromosome 2 was performed to identify potential
regions under positive selection between pneumoniaresistant (Bashibai, Caucasian, Grey Shiraz, Chinese finewool Merino, Djallonke, Kazakh, Awassi, and Suffolk) and
pneumonia-susceptible (Thalli, Dorper, Kajli, Nellore,
Mecheri, Afar, Afshari, Tibetan, Menz, and Karakul) breeds
of domestic sheep using XP-CLR v.1.0 (Chen et al. 2010). The
SNPs with <10% missing data were allowed (–max-missing
0.9) in the analysis. XP-CLR scores were calculated using the
grid points spaced by 2,000 bp with a maximum of 200 SNPs
in a window of 0.5 cM and the down-weighting contributions
of highly correlated variants (r2 > 0.95) with the parameters w1 0.005 200 2000 2 -p0 0.95. The top 1% genomic regions
with the highest XP-CLR scores were considered to be the
selective signatures. In addition, the sliding-window approach
(window size ¼ 1 kb) was used to quantify the Tajima’s D of
pneumonia-resistant and pneumonia-susceptible populations using vcftools v0.1.14 (Danecek et al. 2011). Also, we
implemented genome-wide scans of adaptive introgression
using VolcanoFinder v1.0 (Setter et al. 2020). We first generated the allele frequency file and the unnormalized site frequency spectrum using SweepFinder2 (DeGiorgio et al. 2016).
The two files were then used as input in the program
VolcanoFinder with the options of ./VolcanoFinder –ig
1000 and the Model 1. Haploview software (Barrett et al.
2005) was then used to examine the LD pattern in PADI2.

Gene Annotation, GO, and Pathway Analysis
We annotated genes located within 20 kb upstream and
downstream of these selective regions or SNPs using the
O. aries assembly Oar_v.4.0 (https://www.ncbi.nlm.nih.gov/
assembly/GCF_000298735.2, last accessed September 24,
2020). We implemented GO enrichment and KEGG pathway
analyses for the annotated genes using the sheep genome
background in the DAVID (database for annotation, visualization, and integrated discovery) Bioinformatics Resources
v.6.8 (Huang et al. 2009). The threshold was set to P < 0.05
and at least two genes from the input gene list in the enriched
category were considered as the enriched GO terms and
KEGG pathways. We created word clouds for the significance
GO terms and KEGG pathways on the Wordcloud generator
(https://www.jasondavies.com/wordcloud/, last accessed
September 24, 2020).

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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pneumonia-susceptible and pneumonia-resistant populations using PLINK v1.09 (Purcell et al. 2007). To view the
specific genotype pattern of the common introgressed gene
PADI2, we extracted the genotypes of 435 SNPs in the PADI2
gene (chr2: 248,285,826–248,352,997) from the high-depth
whole-genome sequences and compared the pattern of the
genotypes between the pneumonia-susceptible (i.e., 3
pneumonia-susceptible wild species, 20 individuals; 10
pneumonia-susceptible domestic breeds, 30 individuals)
and pneumonia-resistant samples (i.e., 4 pneumoniaresistant wild species, 14 individuals; 8 pneumonia-resistant
domestic breeds, 24 individuals).
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