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Abstract
Previous studies revealed extensive genetic introgression between Ovis species, which affects genetic adaptation and 
morphological traits. However, the exact evolutionary scenarios underlying the hybridization between sheep and 
allopatric wild relatives remain unknown. To address this problem, we here integrate the reference genomes of sev-
eral ovine and caprine species: domestic sheep, argali, bighorn sheep, snow sheep, and domestic goats. Additionally, 
we use 856 whole genomes representing 169 domestic sheep populations and their six wild relatives: Asiatic mouflon, 
urial, argali, snow sheep, thinhorn sheep, and bighorn sheep. We implement a comprehensive set of analyses to test 
introgression among these species. We infer that the argali lineage originated ∼3.08 to 3.35 Mya and hybridized with 
the ancestor of Pachyceriforms (e.g. bighorn sheep and snow sheep) at ∼1.56 Mya. Previous studies showed apparent 
introgression from North American Pachyceriforms into the Bashibai sheep, a Chinese native sheep breed, despite of 
their wide geographic separation. We show here that, in fact, the apparent introgression from the Pachyceriforms 
into Bashibai can be explained by the old introgression from Pachyceriforms into argali and subsequent recent intro-
gression from argali into Bashibai. Our results illustrate the challenges of estimating complex introgression histories 
and provide an example of how indirect and direct introgression can be distinguished.
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Introduction
Introgression or hybridization has been an important pro-
cess for introducing both deleterious (e.g. Petr et al. 2019) 
and adaptive (e.g. Jones et al. 2018) genetic variation in 
many species. Recent studies have shown that introgres-
sion commonly affects speciation, adaptation (Oziolor 
et al. 2019), morphological trait evolution (Zou et al. 
2022), and phylogenies (Nelson et al. 2021). Introgression 
between domestic animals and wild relatives has been re-
ported in many previous studies (supplementary table S1, 
Supplementary Material online). When the introgression 
occurs from wild species into domestic species, it is often 
considered a source of adaptive variation in the response 

to environmental change or as a source of genetic vari-
ation for animal or plant breeding (Frantz et al. 2013; Ai 
et al. 2015; Chen et al. 2018; Wu et al. 2018; Liu et al. 
2019; Lawal et al. 2020; Zhou et al. 2020; Yu et al. 2021). 
Hybridization between domestic and wild relatives, how-
ever, may also lead to a loss of genetic variation in wild an-
imals and consequently reduce their resilience to disease 
and climate change (Redford and Dudley 2018).

The evolutionary history of the Ovis genus, which in-
cludes domestic sheep and six wild relatives, has been sig-
nificantly influenced by introgression (Chen et al. 2021). 
These species inhabit diverse ecological and climate condi-
tions (see Fig. 1) and show a variety of adaptive traits 
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(Rezaei et al. 2010; Santos et al. 2021; Upadhyay et al. 2021), 
including insulating properties of fur and fat reserves of 
snow sheep and coat color pattern of Stone’s sheep. 
Previous investigations showed that different species in 
the genus Ovis can hybridize and produce viable hybrid 
offspring (Nadler et al. 1973; Valdez et al. 1978; Li et al. 
2022). Thus, species in the Ovis genus provide an excellent 
model for investigating the prevalence of historical inter-
specific hybridization and its impacts on species evolution. 
Ovis consists of 2 phylogenetic groups, the Argaliforms/ 
Moufloniforms and Pachyceriforms, and represents a com-
plex phylogeny shaped by interspecific hybridization and 
introgression (Valdez et al. 1978; Chen et al. 2021). The 
Argaliforms/Moufloniforms comprises four species (do-
mestic sheep [Ovis aries], Asiatic mouflon [Ovis gmelini], 
urial [Ovis vignei], and argali [Ovis ammon]), whose com-
mon ancestor can be traced to ∼2.3 Mya (Upadhyay 
et al. 2021), while the Pachyceriforms consist of snow 
sheep (Ovis nivicola), thinhorn (Ovis dalli), and bighorn 
(Ovis canadensis) sheep. Whole-genome sequencing 
(WGS) analyses have revealed that North American wild 
sheep (thinhorn and bighorn sheep) are monophyletic sis-
ter species to snow sheep (Santos et al. 2021; Upadhyay 
et al. 2021), supporting Cowan’s hypothesis that North 
American wild sheep diverged from a snow sheep–like 

species (Cowan 1940). Also, previous genomic studies 
show that ancient hybridization may facilitate the forma-
tion of subspecies (O. dalli stonei; Santos et al. 2021) and 
adaptation of snow sheep to the subarctic climate 
(Upadhyay et al. 2021). Recent analyses have documented 
introgression from wild relatives to domestic sheep popu-
lations, affecting morphological (e.g. coat color and horns) 
and adaptive characteristics (e.g. high altitude and pneu-
monia) (Hu et al. 2019; Deng et al. 2020; Cao et al. 2021; 
Cheng et al. 2023).

Lv et al. (2022) detected apparent introgression from the 
North American thinhorn/bighorn sheep into Chinese 
Bashibai sheep. However, the Bering Strait is a physical bar-
rier for terrestrial animals between Eurasia and the North 
American continent, impeding inter/intraspecific hybrid-
ization or gene flow events affecting species on the two dif-
ferent continents around 11 ka (Hu et al. 2010; Pacheco 
et al. 2022; Salis et al. 2022), the approximate time of sheep 
domestication (Sánchez-Villagra 2022). This conflict be-
tween observations of genomic introgression and phylo-
geographic patterns of the Ovis genus has inspired our 
interest in exploring interspecies introgression and the 
demographic history of the Pachyceriforms species. To 
this end, we performed a comprehensive integrated ana-
lysis. We included the reference genomes of 5 species— 

(b)

(a)

Fig. 1. Phylogeny, geographic distribution of Ovis species, and sampling locations. a) Phylogenetic tree of the genus Ovis with divergence times 
inferred by Upadhyay et al. (2021). b) Geographic distribution of six wild species (IUCN, www.iucnredlist.org) and production of sheep by coun-
try and sample location (n = 856), including six wild sheep and 169 domestic sheep populations. The dots indicate the sampling locations of 
domestic and wild sheep, and the pie charts show the sample numbers.
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domestic sheep, argali, bighorn sheep, snow sheep, and 
goats—and compiled a large genomic data set consisting 
of 856 individuals from 169 domestic populations and six 
wild species (Fig. 1b; supplementary table S2, 
Supplementary Material online). We analyzed signals of 
introgression using multiple statistical methods with a fo-
cus on introgression between allopatric species, such as do-
mestic sheep in Eurasia and wild sheep in Northern 
America.

Results
Variants and Single-Copy Orthologous Genes
We collected WGS reads from 856 samples, including 70 
wild sheep from 6 species and 786 domestic sheep from 
169 populations (supplementary table S2, Supplementary 
Material online). Approximately 97.79% of the reads were 
aligned to the sheep reference genome Oar_rambouillet_ 
v1.0. The sequencing depth ranged from 6.63 to 28.01× in 
domestic sheep and from 9.45 to 30.11× in wild sheep. 
After single nucleotide polymorphism (SNP) filtering, 
134.8 million SNPs were identified. Additionally, we aligned 
5 reference genomes—domestic sheep, argali, bighorn 
sheep, snow sheep, and goats—and obtained 3,878 single- 
copy orthologous genes shared among domestic sheep, 
argali, bighorn sheep, and goats; 2,614 shared among do-
mestic sheep, argali, bighorn sheep, and goats; and 3,140 
shared among domestic sheep, argali, snow sheep, and 
goats, each with sequences exceeding 1,000 bp.

Genetic Relatedness between Wild and Domestic 
Sheep Species
We first used the outgroup f3-statistics to measure allele 
sharing. The Asiatic mouflon, being the direct ancestor of 
domestic sheep, unsurprisingly shares many alleles with 
them. We found that Asiatic mouflon had similar genetic 
divergence ( f3 = 0.200 to 0.733) from sheep populations 
of different geographic origins, except for Bashibai sheep 
( f3 = 1.93; Z-scores = 20.86) (Fig. 2a; supplementary fig. 
S1a and table S3, Supplementary Material online). 
Compared to the argali, the urial showed closer genetic re-
latedness to domestic sheep, as reflected by f3 values, which 

indicated similar pattern of allele sharing to that of Asiatic 
mouflon at the global geographic scale (Fig. 2a 
and b; supplementary fig. S1 and tables S4 and S5, 
Supplementary Material online). The three species of 
Pachyceriforms showed similarly low levels of allele sharing 
with domestic sheep populations (Fig. 2c; supplementary 
fig. S1 and tables S6 to S8, Supplementary Material online). 
In general, the f3-statistics did not support a correlation of 
geographic distance and genetic distance between wild 
sheep and domesticated sheep populations, and we did 
not find increased allele sharing between wild relatives 
and their sympatric modern domestic sheep populations 
(Fig. 2; supplementary fig. S1 and tables S3 to S8, 
Supplementary Material online). Furthermore, we calcu-
lated the fixation index (FST) between wild relatives and 
sheep populations (supplementary figs. S2 to S7, 
Supplementary Material online), and found similar results 
to those obtained with f3-statistics (supplementary fig. 
S8, Supplementary Material online). We also observed a 
specific population of Bashibai sheep, whose f3 values sig-
nificantly differed from the other domestic sheep popula-
tions (t-test, P < 0.01; Fig. 2a to c; supplementary tables 
S3 to S8, Supplementary Material online) when compared 
to all the six species. Compared to the other sheep popula-
tions, Bashibai sheep showed larger genetic divergence to 
Asiatic mouflon and urial, but exhibited closer genetic af-
finity with argali and the Pachyceriforms species (Fig. 2a 
to c; supplementary tables S3 to S8, Supplementary 
Material online).

Low-Frequency Introgressions between Wild and 
Modern Sheep
To further verify and quantify introgression from wild 
sheep into modern populations, we calculated allele shar-
ing between wild relatives and domestic sheep popula-
tions using D-statistics (Patterson et al. 2012). Initially, 
Menz sheep and Soay sheep were used as proxies for unad-
mixed populations. As the D-statistics results were consist-
ent using either of these two breeds (Fig. 3a; 
supplementary tables S9 to S14, Supplementary Material
online), we subsequently report only analyses with the 
Soay sheep as a putatively unadmixed population. We 

(a) (b) (c)

Fig. 2. Genetic differences between wild sheep and modern domestic sheep populations. a) f3-statistics measure shared alleles between Asiatic 
mouflon/urial and modern domestic sheep populations. b) f3-statistics measure shared alleles between argali and modern domestic sheep po-
pulations. c) f3-statistics measure shared alleles between each species of the Pachyceriforms (snow sheep, thinhorn sheep, and bighorn sheep) 
and modern domestic sheep populations.
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found 36/501 positive D-statistics and 5/36 were marginal-
ly significant (|Z| > 3) (Fig. 3b to g). In addition to a signifi-
cant signal of gene flow between argali and Kazakh 
Arkhar–Merino sheep (Fig. 3d), common introgression sig-
nals from argali, snow sheep, thinhorn sheep, and bighorn 
sheep into Bashibai were observed with Z-values as large as 
26.60 (Fig. 3d to g).

Deep Ancient Introgression
The D-statistics analysis indicated introgression of wild 
sheep such as snow, thinhorn, and bighorn sheep into 
Bashibai sheep (Fig. 3e to g). However, while this introgres-
sion pattern previously has been reported (Lv et al. 2022), 
it showed conflicts with the fact that there is a substantial 
geographic barrier between the North American sheep 
and the Chinese Bashibai breed. A potential explanation is 
that introgression of wild sheep, such as snow, thinhorn, 
and bighorn sheep into Bashibai sheep, is a argali-mediated 
introgression, in which recent introgression occurred be-
tween Bashibai sheep and argali (Fig. 3d) and deep ancient 
introgression occurred between argali and the 
Pachyceriforms. To explore whether the apparent similarity 
between Bashibai sheep and the Pachyceriforms can be 
explained with gene flow through argali, we calculated 
D-statistics of the form (Bashibai sheep, argali, 
Pachyceriforms [snow sheep, thinhorn sheep, and bighorn 
sheep], and ancestor) to test the genetic relatedness among 
the Pachyceriforms, argali, and Bashibai sheep. The result 
showed significant affinity between the Pachyceriforms 

and argali relative to the Pachyceriforms and Bashibai sheep 
(supplementary fig. S9, Supplementary Material online). To 
further elucidate this problem, we used several alternative 
methods for investigating the history of introgression be-
tween argali and the Pachyceriforms, including TreeMix 
(Pickrell and Pritchard 2012), phylogenetic weighting 
(Martin and Van Belleghem 2017), and the discordant-count 
test (DCT) + branch-length test (BLT) (Suvorov et al. 2022).

TreeMix analyses showed apparent introgression of the 
Pachyceriforms into argali (supplementary figs. S10 and 
S11, Supplementary Material online). For phylogenetic 
weighting analysis, we analyzed three data sets that each in-
cluded five taxa: (i) urial, argali, thinhorn sheep, snow 
sheep, and the outgroup ancestor; (ii) urial, argali, bighorn 
sheep, snow sheep, and the outgroup ancestor; and (iii) ur-
ial, argali, thinhorn sheep, bighorn sheep, and the outgroup 
ancestor. In the three analyses, the 15 possible topologies 
that describe the relationship between Argaliforms, 
Moufloniforms, and Pachyceriforms were interrogated at 
the whole-genome level (supplementary figs. S12 to S14, 
Supplementary Material online). The three phylogenetic 
weighting analyses revealed similar topologies (Fig. 4a; 
supplementary figs. S12 to S14, Supplementary Material
online). The 3 most common topologies were T3, T10, 
and T15 (Fig. 4a). T3 is consistent with the expected species 
tree, in which the three species of Pachyceriforms form a 
monophyletic group and the two Argaliforms and 
Moufloniforms form a monophyletic taxon (Rezaei et al. 
2010; Chen et al. 2021), whereas T10 is consistent with 

(a) (b) (c)

(d)

(e) (f) (g)

Fig. 3. Differential affinities of wild sheep to modern domestic sheep populations. a) D-statistics for the differential affinities of six wild sheep to 
present-day domestic sheep populations. Menz (y axis) and Soay sheep (x axis) were chosen as unadmixed populations. b) Differential affinities 
of Asiatic mouflon to modern domestic sheep populations. c) Differential affinities of urial to modern domestic sheep populations. 
d) Differential affinities of argali to modern domestic sheep populations. e) Differential affinities of snow sheep to modern domestic sheep po-
pulations. f) Differential affinities of thinhorn sheep to modern domestic sheep populations. g) Differential affinities of bighorn sheep to modern 
domestic sheep populations. Only the populations with positive D values are listed. The horizontal lines indicate three standard errors.
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interspecific introgression or ILS in the ancestor of 
Argaliforms/Moufloniforms. T15 also agrees with the hy-
pothesis of interspecific introgression or ILS in the ancestor 
of Argaliforms/Moufloniforms. However, under ILS, T10 
and T15 should be equally common in the genome. The 
fact that T10 is more common than T15 (Fig. 4a) (Mann– 
Whitney U test, P = 1.715e-14; see Materials and 
Methods) suggests the presence of introgression, for ex-
ample, between argali and the Pachyceriforms.

To further investigate the pattern observed in Fig. 4a, we 
investigated the topologies of trees of bighorn sheep, argali, 
and domestic sheep, in which bighorn sheep, argali, and do-
mestic sheep represent lineage of the Pachyceriforms, the 
Argaliforms, and the Moufloniforms, respectively, using 
BUSCO single-copy orthologous genes. We used two recently 
proposed tests of introgression, DCT and BLT (Suvorov et al. 
2022), based on gene tree topology counts with a χ2 

goodness-of-fit test and branch lengths using a Mann– 
Whitney U test, respectively. A total of 3,878 gene trees 
were inferred from BUSCO single-copy orthologous genes, 
and among these, we identified 1,080 discordant gene trees 
of the form ([bighorn sheep, argali], domestic sheep) and 
976 discordant gene trees of the form ([bighorn sheep, do-
mestic sheep], argali), respectively, which are both different 
from the species tree (Fig. 4b). We observed significantly 
more trees with topology ([bighorn sheep, argali], domestic 
sheep) than with topology ([bighorn sheep, domestic sheep], 
argali) (χ2 goodness-of-fit test, PDCT = 0.0218) and 

corresponding significant deviations from the expected null 
distribution of dT1 = dT2 under ILS alone (Mann–Whitney 
U test, PBLT = 0.0340) (Fig. 4b). We conducted analogous tests 
on snow sheep, argali, and domestic sheep and found no sig-
nificant excess of trees the topology ([snow sheep, argali], do-
mestic sheep) over ([snow sheep, domestic sheep], argali) 
([χ2 goodness-of-fit test, PDCT = 0.1854]) (supplementary 
fig. S15, Supplementary Material online). The average genetic 
distance was lower for the topology ([snow sheep, argali], 
domestic sheep) (dT2 = 0.3359) compared to ([snow sheep, 
domestic sheep], argali) (dT1 = 0.3489), although this difference 
was not statistically significant (Mann–Whitney U test, PBLT =  
0.1435) (supplementary fig. S15, Supplementary Material on-
line). The excess of gene trees with the ([bighorn sheep, argali], 
domestic sheep) topology, the inequality dT1 ≠ dT2, and lower 
average genetic distance for the topology ([snow sheep, argali], 
domestic sheep) support our previous results.

We next used D-statistics and fd-statistics to quantity 
the amount of introgression between argali and the 
Pachyceriforms. We found three positive D-statistics that 
were marginally significant (|Z| > 3), and introgression 
from snow sheep, thinhorn sheep, and bighorn sheep 
into argali was observed with similar proportions of intro-
gression tracts (12.87% to 13.05%) with each other (Fig. 4c). 
Furthermore, our observations indicated a significant over-
lap of ∼67.55% among the introgressed regions inferred to 
be derived snow sheep, thinhorn sheep, and bighorn sheep 
in the genome of Bashibai (supplementary fig. S16, 

(d)

(a) (c)

(b)

Fig. 4. Overview of the phylogenomic methods used to detect the introgression between genus Ovis. a) The three top weighting taxon topologies 
for these four taxa. Urial, argali, snow sheep, and thinhorn sheep on the left; urial, argali, snow sheep, and bighorn sheep on the middle; urial, 
argali, snow sheep, and bighorn sheep on the right. b) The DCT + BLT was used to identify introgression from bighorn sheep into argali. c) Similar 
introgression patterns from the three species of the Pachyceriforms into argali. D-statistics estimate introgression on the left; fd-statistics meas-
ure the proportion of introgression tracts on the right. d) Three alternative models with different introgressed events across the genus Ovis.
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Supplementary Material online). These results suggest a 
deep ancient introgression in argali from the ancestor of 
the Pachyceriforms although more recent gene flow among 
multiple species cannot be ruled out. In Fig. 4d, we outline 
three possible scenarios that may be compatible with the 
observations of excess allele sharing reported so far.

To further distinguish between these hypotheses 
(Fig. 4d), we used analysis of the multidimensional site fre-
quency spectra (SFS) using a composite likelihood method 
(Excoffier et al. 2013), which is well suited for investigating 
complex scenarios using large genomic data sets in this 
study. In accordance with our previous results, the best sup-
ported model with the highest average value of estimated 
log10(likelihood) is hypothesis 3, which assumes ancestral 
introgression between argali and the Pachyceriforms 
(Fig. 4d; supplementary fig. S17, Supplementary Material
online). We also used a Bayesian approach that 
models the multispecies-coalescent-with-introgression 
model (MSci) (Flouri et al. 2020) to estimate the timing 
and levels of ancestral hybridization between argali and 

the species of Pachyceriforms. Using bighorn sheep, we ob-
tained estimates of hybridization between argali occurring 
∼1.56 Mya (95% HPD: 0.789 to 2.927 Mya) with an admix-
ture fraction of ∼0.56% (95% HPD: 0.064% to 1.124%) in the 
argali (Fig. 5a). When using snow sheep, we estimate an ad-
mixture time of ∼0.65 Mya (95% HPD: 0.441 to 0.872 Mya) 
and an admixture fraction of ∼0.67% (95% HPD: 0.078% to 
1.326%) in the argali from snow sheep (Fig. 5b). We notice 
that the HPDs from these analyses are overlapping and that 
the results may be somewhat sensitive to assumptions re-
garding effective population sizes through time, and there-
fore in itself, do not provide evidence for multiple 
introgression events. Nonetheless, the results are compat-
ible with hypothesis of old introgression into the argali.

The Distribution of Introgressed Segments in the 
Bashibai Sheep Genome
At the population level, we found significant introgression 
signals from argali into Bashibai sheep in this and previous 

(a) (b)

(c)

Fig. 5. Overview of phylogenetic scenario of the Ovis genus. Demographic coalescent-based model evaluated using the MSci BPP program: big-
horn sheep, argali, and domestic sheep a) and snow sheep, argali, and domestic sheep b). A new simple model of the phylogeny scenario of the 
Ovis genus is supported by this study c).

Lv et al. · https://doi.org/10.1093/molbev/msae212                                                                                             MBE

6

http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae212#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msae212#supplementary-data


studies (Lv et al. 2022), but the degree of introgression var-
ied considerably between individuals of Bashibai sheep. 
D-statistics revealed gene flow in only 3 out of the 10 indi-
viduals (BSB130, BSB140, and BSBS 139) from argali (|Z|>3; 
supplementary fig. S18, Supplementary Material online). 
We examined the genomic characteristics of the intro-
gressed regions in terms of proportion, gene density, 
and distribution. The genome proportions of argali in 
BSB130, BSB140, and BSBS 139 were estimated to be 
15.51%, 9.98%, and 6.46%, respectively (Fig. 6a and b; 
supplementary fig. S19, Supplementary Material online); 
correspondingly, 1,256, 834, and 565 blocks with introgres-
sion signals, respectively, were identified based on the fd va-
lues (supplementary table S15, Supplementary Material
online). This is consistent with artificial hybridization be-
tween argali and Bashibai sheep in Xinjiang (Joken·Anwax 
et al., 2007; Joken·Anwax, 2010), in which introgression re-
gions may have heterogenized in the population. We fur-
ther investigated the distribution of argali introgressed 
tracts in Bashibai sheep and in the Pachyceriforms. We 
found 1,846 introgression tracts from the Pachyceriforms 
into argali and among these (supplementary fig. S20, 
Supplementary Material online); 537 (24.55%) are also 
found as introgression tracts from argali into Bashibai 
(supplementary fig. S21, Supplementary Material online).

We annotated 857 functional genes within 1,846 intro-
gression tracts (supplementary table S16, Supplementary 
Material online) and identified enrichment in 7 GO/ 
KEGG terms (Padj < 0.01), including G protein-coupled re-
ceptor signaling pathway (GO:0007186) and olfactory 
transduction (oas04740) (supplementary table S17, 
Supplementary Material online). To explore potential evo-
lutionary characteristics of the introgressed regions, we 
compared GC content, nucleotide diversity (He), transpo-
sons elements (TEs), and dN/dS ratios with nonintro-
gressed regions. The analysis revealed no significant 
differences between introgressed and nonintrogressed 
tracts, except for some variation in He (Supplementary 
Figs. 22 to 24, Supplementary Material online).

Discussion
Previous whole-genome analyses uncover signals of genetic 
introgression among the Ovis genus, in particular between 
domestic sheep and North American wild sheep such as 
bighorn sheep and thinhorn sheep, and identified intro-
gressed genes associated with adaptation and morpho-
logical traits, such as RXFP2 and HBB (Hu et al. 2019; 
Santos et al. 2021; Upadhyay et al. 2021). However, allopat-
ric interspecific introgression events between domestic 
sheep and the Pachyceriforms species have never been 
documented and seem unlikely given their geographic sep-
aration. The significant introgression between Bashibai 
sheep and North American wild sheep (thinhorn and big-
horn sheep) conflicts with the presence of a significant geo-
graphic barrier between them in the form of the Bering 
Strait, which separated Asia and North America beginning 
in the Holocene (Jakobsson et al. 2017), earlier than the do-
mestication time of sheep (Colledge et al. 2005; Zeder 
2008). In addition, no evidence has documented migrations 
of wild and domestic sheep between East Asia and America 
(Dunmire 2013; Spangler et al. 2017). However, occasional 
human-mediated hybridization remains a possibility.

We estimated the relative genomic proportions of the 15 
different rooted topologies for the phylogeny urial, argali, 
snow sheep, thinhorn, and bighorn sheep. The commonly ac-
cepted species topology was the most common, but two 
other topologies, T10 and T15, were also commonly observed 
(Fig. 4a; supplementary figs. S12 to S14, Supplementary 
Material online). Under ILS, these topologies should be equal-
ly common, but the fact that T10 is more common than T15 
(Fig. 4a) suggests the presence of introgression between argali 
and the Pachyceriforms, in accordance with hypothesis 3 
from Fig. 4d. Further analyses using a data set of single-copy 
ortholog genes including domestic sheep, argali, bighorn 
sheep, and goats, using branch length and gene tree count- 
based statistical approaches (Suvorov et al. 2022), again sug-
gested introgression into the argali (Fig. 4b) and substantial 
argali introgression into Bashibai. Many of the introgression 
fragments in the argali were shared between Bashibai and 

Fig. 6. Characteristics of intro-
gressed tracts in Bashibai sheep 
from argali. a) Admixture pro-
portions estimated by admix-
ture analysis (K = 6). b) The 
proportion of introgressed 
tracts measured by fd-statistics. 

(a)

(b)
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the Pachyceriforms. In fact, 537 of 1,846 introgressed tracts 
from the Pachyceriforms into argali were also found in the 
Bashibai sheep individuals (supplementary fig. S21, 
Supplementary Material online), conforming the hypothesis 
of ancestral hybridization into the argali later transmitted 
from the argali into the Bashibai (Fig. 4d) and contradicting 
the hypothesis of differential introgression of different gen-
omic regions by different donor species (Zheng et al. 2020).

The fossil record from Yukon in the Middle Pleistocene 
Gold Run tephra (735 ± 88 kya) (Osborn 1912; Frick 1937; 
Guthrie 1968) supports the hypothesis of North America 
sheep deriving from a nivicola-like ancestor (Cowan 
1940). Furthermore, the Bering Land Bridge connected 
East Asia and North America during several periods of 
the Pleistocene, thus providing the opportunity for the 
contact between argali/Asiatic mouflon/urial and 
Pachyceriforms (Hu et al. 2010; Batchelor et al. 2019), 
which may have led to hybridization events between 
Argaliforms/Moufloniforms and Pachyceriforms, such as 
thinhorn sheep and Asiatic mouflon (Chen et al. 2021). 
As the argali are indigenous to the area in which 
Bashibai sheep are being bred, direct introgression be-
tween these 2 species is a likely scenario.

Glacial-interglacial cycles over the past million years 
have been associated with the formation and loss of the 
Bering Land Bridge, which can connect East Asia and 
North America. This formation of the Beringian land bridge 
provides the opportunity for introgression between other-
wise genetically isolated species. Our results provide evi-
dence of ancestral introgressions between Argaliforms/ 
Moufloniforms and Pachyceriforms. Similar patterns of 
introgression have been documented in bears and horses 
(Vershinina et al. 2021; Lan et al. 2022). Such introgression 
may also be a vehicle for the exchange of adaptive alleles. 
For instance, gene flow from the ancestors of extant brown 
bears into polar bears around 150 kya may have introduced 
new genetic variations that facilitated their adaptation to 
changing environments (Lan et al. 2022). Additionally, 
Eurasian horses diverged from North American popula-
tions ∼1.0 to 0.8 Mya, with bidirectional gene flows occur-
ring between ∼875 to 652 kya and ∼200 to 50 kya 
(Vershinina et al. 2021). Our study, together with other re-
cent studies, provides evidence that interglacial cycles 
dominate the alternating history of introgression and diver-
gence in mammalian species in Eurasia and North America.

In conclusion, we identified apparent genetic introgression 
between domestic sheep in East Asia and wild sheep in North 
America and explored possible explanations. We uncovered a 
detailed evolutionary history of the Ovis genus, in which the 
argali originated ∼3.08 to 3.35 Mya and experienced an an-
cient hybridization event with the ancestor of the 
Pachyceriforms and much later introgression with domesti-
cated sheep. Argali-mediated introgression instead of direct 
hybridization between domestic sheep and other wild rela-
tives (snow sheep, thinhorn sheep, and bighorn sheep) shapes 
the domestic sheep genome. Our study provides an example 
of the difficulties in identifying the exact history of introgres-
sion between species. In particular, it can be very difficult to 

distinguish between direct and indirect gene flow and simple 
statistics, such as Patterson’s D, may not be sufficient to fully 
unravel the introgression history. However, by dating intro-
gression events and by analyzing the degree of shared intro-
gression tracts among species, it is possible to distinguish 
different introgression scenarios. In this case, we were able 
to demonstrate that the previously claimed introgression 
from the Pachyceriforms into Bashibai, in fact, can be ex-
plained by ancient introgression from Pachyceriforms into ar-
gali and subsequent recent introgression from argali into 
Bashibai.

Materials and Methods
Genome Data Collection, Filtering, and SNP Calling
WGS data of domestic and wild sheep were retrieved from 
the National Center for Biotechnology Information data-
base (https://www.ncbi.nlm.nih.gov/) and Lv et al. (2022), 
which included a total of 856 individuals (supplementary 
table S2, Supplementary Material online). These indivi-
duals represented 6 wild sheep species (8 urial, 6 argali, 
13 snow sheep, 6 thinhorn sheep, 6 bighorn sheep, and 
31 Asiatic mouflon) and a worldwide collection of domes-
tic sheep (194 individuals from 24 African populations, 317 
individuals from 70 Asian populations, 259 individuals 
from 69 European populations, and 16 individuals from 6 
North American populations) (Fig. 1; supplementary 
table S2, Supplementary Material online). The samples en-
compass nearly the entire geographic distribution of do-
mestic sheep across 6 genetic groups, as well as all wild 
relatives, representing a broad range of genetic diversity, 
geographic regions, and phylogenetic lineages.

All the raw reads were trimmed to remove Illumina 
adapters, and the low-quality reads or bases were filtered 
out using Trimmomatic v0.36 (Bolger et al. 2014) with 
default parameters (ILLUMINACLIP:TruSeq3-PE.fa:2:30:10:2: 
True LEADING:3 TRAILING:3 MINLEN:36). All the passed 
quality-filtered reads were mapped to the sheep reference 
genome assembly Oar_rambouillet_v1.0 (GenBank accession 
no. GCF_002742125.1) with the Burrows–Wheeler Aligner 
(BWA) tool using the BWA-MEM algorithm (Li and Durbin 
2009). Duplicate reads were removed using the 
MarkDuplicates module in GATK v 4.1.2.0 (McKenna et al. 
2010). Genome-wide SNPs and INDELs were called from the 
BAM files via the GATK HaplotypeCaller module following 
the GATK best-practice recommendations (McKenna et al. 
2010). Raw SNPs were selected by the GATK SelectVariants 
module and filtered by the GATK VariantFiltration module 
following the filter expression “QUAL < 30.0 || QD < 2.0 || 
MQ < 40.0 || FS > 60.0 || SOR > 3.0 || MQRankSum <  
−12.5 || ReadPosRankSum < −8.0.” All the variants (SNPs) 
that passed the hard filter threshold were further annotated 
with SnpEff v4.3t (Cingolani et al. 2012).

Inference of Ancestral Alleles
The ancestral allelic state for each SNP was inferred using 
the reference genome assemblies of goats (ARS1), cattle 
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(ARS-UCD1.2), and sheep (Oar_rambouillet_v1.0). The as-
semblies of ARS1 and ARS-UCD1.2 were split into continu-
ous regions of 1,000 bp bins in the output format of fastq 
files, which was subsequently mapped to the sheep refer-
ence genome assembly Oar_rambouillet_v1.0. The above 
analyses were performed using LAST v983 (http://last. 
cbrc.jp, last accessed June 15, 2022). Then, we called 
SNPs using BCFtools v1.9 (http://samtools.github.io/ 
bcftools, last accessed July 5, 2022) with the default setting 
and merged the 2 sets of SNPs (the SNP data of 856 wild 
and domestic sheep and the SNP data of goats and cattle). 
The ancestral allele of each SNP was defined if the geno-
types of the cattle and goats were homozygous and 
identical.

Relatedness of Wild Species to Domestic Populations
We quantified the genetic drift shared between wild 
species and domestic populations using the outgroup 
f3-statistics test (Patterson et al. 2012). We implemented 
outgroup f3-statistics of the form f3 (ancestral allele; wild 
sheep, domestic population) using the ancestral allele as 
the outgroup, where the wild sheep were Asiatic mouflon, 
urial, argali, snow sheep, bighorn sheep, or thinhorn sheep. 
All the analyses were conducted using the program 
qp3Pop with the default parameters. Standard errors and 
Z-scores were computed using a weighted block jackknife 
over 5 Mb blocks (Patterson et al. 2012).

Admixture Tests
We applied Patterson’s D-statistics (Patterson et al. 2012) 
to test if some domestic sheep populations shared derived 
alleles with wild sheep by genetic introgression. For the 4 
populations H1, H2, H3, and H4, we calculated D-statistics as

D =


i (PiH1 − PiH2 )(PiH3 − PiH4 )


i (PiH1 + PiH2 − 2PiH1 PiH2 )(PiH3 + PiH4 − 2PiH3 PiH4 ) 

where PiHj is the allele frequency of derived allele in SNP i in 
population Hj, and the sum in the numerator and denom-
inator is over all SNPs in the genome.

Under the null hypothesis corresponding to topology 
(H1, H2; H3, H4), the value of D is expected to be 0. To 
understand the degree of introgression between domestic 
sheep and wild sheep, we calculated D-statistics (non- 
admixed population, X; wild sheep, ancestral alleles), in 
which the ancestral alleles and X represented the outgroup 
and each population/breed of domestic sheep, respective-
ly. We also used Soay sheep and Menz sheep as proxies for 
“nonadmixed” domestic populations, as both breeds ex-
hibit pure genetic characteristics and have not undergone 
hybridization or introgression with other sheep popula-
tions (Chessa et al. 2009; Kijas et al. 2012; Lv et al. 2022). 
Six D-statistics were calculated as D (nonadmixed popula-
tion, X; wild species, ancestral allele), in which the wild spe-
cies represented one of the wild sheep species such as 
Asiatic mouflon, urial, argali, snow sheep, thinhorn sheep, 
or bighorn sheep.

All analyses were implemented using the program 
qpDstat with the default parameters (Patterson et al. 
2012). We computed D-statistics using the allele 
frequency-based method, and the standard errors and 
Z-scores estimated with a weighted block jackknife pro-
cedure over 5 Mb blocks were applied to assess signifi-
cance. Absolute values of Z-scores ≥ 3 indicated that the 
D-statistics significantly deviated from 0 and the null hy-
pothesis was rejected.

Ancient Introgression Analyses between Argali and 
the Common Ancestor of the Pachyceriforms Species
We used 3 methods to explore the relationship between 
argali and the 3 species of Pachyceriforms, including 
Phylogenetic weighting (Martin and Van Belleghem 
2017), D-statistics (Patterson et al. 2012), and the DCT– 
BLT, which combines counts of loci supporting either dis-
cordant topology and the branch-length distributions of 
the gene trees supporting them, to test an introgression- 
free null model (Suvorov et al. 2022). We tested for 
introgression in both argali and the Pachyceriforms using 
3 species such as domestic sheep, argali, and bighorn sheep 
and using goats as outgroup. We adopted the phylogenetic 
weighting method to evaluate alternative genealogical 
relationships caused by introgression or ILS between 
argali and Pachyceriforms. Autosomal genotypes for all 
the wild sheep samples, BSB130, BSB139, BSB140, and 
ancestral alleles, were extracted and filtered with the 
setting “FORMAT/DP < 10 | FORMAT/GQ < 30.” The gen-
otypes of all the above samples were phased using 
BEAGLE.r1399 (Browning et al. 2021) with default settings, 
except for using 10,000 windows and 1,000 overlapping 
steps. Neighbor-joining trees were inferred with sliding 
windows of 50 SNPs and the GTR model. The exact weights 
for 3 distinct evolutionary scenarios were computed for all 
the inferred genealogies using the program Twisst (http:// 
github.com/simonhmartin/twisst, last accessed May 22, 
2022). Equality of topological proportions was tested using 
a paired Mann–Whitney U test applied to the weights 
(proportions) of topologies inferred on each chromosome.

We also calculated D-statistics (Patterson et al. 2012) to 
explore introgression patterns between argali and the 3 
species of Pachyceriforms as D (nonadmixed population, 
argali; X, ancestral allele), in which the ancestral allele re-
presents the outgroup. Furthermore, we used the f4 ratio 
to quantify the genome-wide fraction of introgression 
(Patterson et al. 2012). We calculated the f4 ratio using 
Menz sheep or Soay sheep as P1, argali as P2, 1 of the 
Pachyceriforms species as P3, and ancestral alleles as the 
outgroup. P3 was randomly divided into 2 subgroups, P3a 

and P3b, to provide a pair of admixed populations.

f4 − ratio =
D(P1, P2, P3, O)

D(P1, P3a, P3b, O) 

We further used TreeMix v.1.12 program (Pickrell and 
Pritchard 2012) to investigate the introgression between 
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the Pachyceriforms and argali. ML trees were first con-
structed using blocks of 1,000 SNPs. Then, we inferred trees 
with mixture events (M) ranging from 1 to 6 and quanti-
fied the residual fit of each mixture event based on covari-
ance (Pickrell and Pritchard 2012).

Additionally, we used the DCT-BLT approach, another 
gene-tree-based method (Suvorov et al. 2022), to identify 
phylogenetic asymmetry as an evidence of introgression 
from annotated genes. For the 5 species of domestic sheep, 
argali, bighorn sheep, snow sheep, and goats, single-copy 
orthologous genes were generated from the reference gen-
ome assemblies GCF_002742125.1, GCA_003121645.1, GCA_ 
004026945.1, GCA_903231385.1, and GCF_001704415.1 
using the program BUSCO v 4.1.4 (Manni et al. 2021). 
The single-copy orthologous gene cluster was aligned using 
the program MAFFT v7.490 (Kuraku et al. 2013), and mul-
tiple sequence alignments (MSAs) were trimmed using the 
program trimal 1.2rev59 (Capella-Gutiérrez et al. 2009) un-
der an automated setting and concatenated into a 
Supermatrix using the python script geneSticher.py 
(https://github.com/ballesterus/Utensils/blob/master, last 
accessed May 21, 2023). We inferred the ML trees for 
each gene and species using IQTREE v1.6.5 (Nguyen et al. 
2015) with the setting of 1,000 ultrafast bootstrap replicates 
(Hoang et al. 2018) and the GTR + I + G model (Tavaré 
1986). We performed a DCT and BLT test on all the triplets 
(domestic sheep, argali, and bighorn sheep) and (domestic 
sheep, argali, and snow sheep) extracted from the gene 
trees. We used a χ2 goodness-of-fit test to test for deviations 
from equal frequencies of gene tree counts among discord-
ant gene trees and a Mann–Whitney U test to compare the 
distribution of dT1 and dT2. dT1 and dT2 are genetic distances 
in the first and second discordant topology, which are cal-
culated by averaging the external branch lengths leading to 
the 2 sister taxa under the topologies ([bighorn sheep, do-
mestic sheep], argali) and ([argali, bighorn sheep], domestic 
sheep) and the topologies ([snow sheep, domestic sheep], 
argali) and ([argali, snow sheep], domestic sheep). The 
P-values were subsequently corrected for multiple testing 
using the Benjamini–Hochberg procedure with a false dis-
covery rate cutoff of 0.05.

Evolutionary Simulations of Ancestral Introgression 
between Argali and the Common Ancestor of 
Pachyceriforms
We reconstructed alternative demographic models of the 
Ovis genus and used fastsimcoal v2.6 (Excoffier et al. 
2013) to assess the fit of alternative models by approximat-
ing the likelihood with coalescent simulations (Nielsen 
2000; Adams and Hudson 2004). The method can handle 
large WGS data set and is well suited to the study of com-
plex scenarios (Gravel et al. 2011; Tennessen et al. 2012; 
Excoffier et al. 2013; Sousa and Hey 2013). Forty-six samples 
(average depth = 17.14×) from Bashibai sheep (n = 3), 
Asiatic mouflon (n = 10), urial (n = 8), argali (n = 6), 
snow sheep (n = 7), thinhorn sheep (n = 6), and bighorn 
sheep (n = 6) were selected. A total of 822,229 high-quality 

autosomal SNPs were kept following the 5 criteria as fol-
lows: (i) within intergenic regions, (ii) outside the CpG is-
lands as defined by the UCSC annotation (https:// 
hgdownload.soe.ucsc.edu/hubs/GCF/002/742/125/GCF_ 
002742125.1/bbi/, last accessed July 20, 2022), (iii) non- 
missing genotypes in all the samples, (iv) depth > 20× in 
all the samples, and (v) ancestral state of the SNPs. The 
multidimensional unfold-SFS file was generated using the 
Python script vcf2sfs.py (https://github.com/marqueda/ 
SFS-scripts, last accessed March 7, 2022).

We aimed to investigate if there was ancestral introgres-
sion or hybridization between argali and the common ances-
tor of Pachyceriforms. We proposed 3 alternative models, i.e. 
hypotheses 1, 2, and 3 (Fig. 4d). To compare the alternative 
models, we estimated parameters for models I, II, and III with-
in certain bounds as described in supplementary table S18, 
Supplementary Material online, and obtained the maximum 
likelihood value for each model. We calculated the maximum 
likelihood of each model with all the entries of SFS for the first 
25 cycles (-l 25) and then optimized the maximum likelihood 
of each model for the remaining 40 cycles (-L 65). We per-
formed 1,000,000 coalescent simulations and 100 optimiza-
tion runs starting from random initial conditions to obtain 
the highest likelihood for a given set of parameters. All the 
analyses were implemented using fastsimcoal v2.6 with a con-
stant mutation rate of 1.51e-8/gen/site (Chen et al. 2019) and 
a generation time of 3 years (Zhao et al. 2017).

After identifying the optimal model for the evolutionary 
history of Ovis, we estimated species divergence or hybrid-
ization times between argali and Pachyceriforms under the 
MSci (Flouri et al. 2020). We selected the single-copy ortho-
logous genes identified using the program BUSCO v 4.1.4 
(Manni et al. 2021) and filtered the data set via the pipeline 
described in the DCT and BLT analyses. In total, 2,614 
single-copy orthologous genes among species of domestic 
sheep, argali, and bighorn and 3,140 single-copy ortholo-
gous genes among species of domestic sheep, argali, and 
snow sheep with more than 1,000 bp were used in the 
MSci analyses. The analyses were implemented in the pro-
gram BP&P v 4.6.2 (Flouri et al. 2020) under the MSci model 
with an automatic adjustment of fine-tune parameters. We 
used module A00 to infer the species divergence or hybrid-
ization times (τ), the population size parameter (θ), and the 
introgression probability (ϕ). Three independent replicates 
were run through 1,200,000 generations each and sampled 
every 2 generations, with a burn-in of 10,000 generations. 
We used TRACER version 1.7.2 (Rambaut et al. 2018) to 
combine the results of the 3 independent runs and assess 
the convergence (effective sample size > 200). The species 
divergence or hybridization time was calibrated based on 
the most recent common ancestor for Ovis’s species, which 
had uniform value of 3.2 to 5.4 Mya (Wang et al. 2016).

Testing Genomic Patterns of Recent Introgression 
from Argali to Bashibai Sheep
We first used a model-based least-squares optimization al-
gorithm to infer individual admixture coefficients (Frichot 
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et al. 2014). The data set, which included all the wild sheep 
samples, BSB130, BSB139, BSB140, and the inferred ances-
tor, was generated and filtered with an MAF < 0.05, 
Hardy–Weinberg equilibrium < 0.001, and a proportion 
of missing genotypes > 10%. We pruned the data set 
with the PLINK option “–indep-pairwise 50 5 0.2.” 
Finally, 4,781,407 SNPs were retained to calculate the ad-
mixture coefficients. We used the program sNMF 
(Frichot et al. 2014) to infer individual admixture coeffi-
cients with the parameter K ranging from 2 to 15. The 
best run was determined by the smallest value of the cross- 
entropy criterion.

The fd-statistic was used to quantify the genome-wide 
fraction of introgression (Martin et al. 2015) and detect in-
trogressed tracts. We calculated the fd using the popula-
tions of Menz sheep and Soay sheep as P1; the individuals 
of BSB130, BSB139, and BSB140 as P2; the argali as P3; and 
the ancestral alleles as the outgroup. We performed fd ana-
lyses using the python script ABBABABAwindows.py 
(https://github.com/simonhmartin/genomics_general/blo 
b/master/, last accessed September 20, 2022) with 25 kb 
windows across chromosomes and a minimum of 250 
SNPs within each window. Proportion of ancestor inferred 
by sNMF was used to identified threshold of fd values. The 
genomic regions with fd values greater than 0.3532, 0.3679, 
and 0.3632, corresponding to 15.51%, 6.46%, and 9.98% 
genome proportions of argali, were determined to be the 
introgressed regions for samples BSB130, BSB139, and 
BSB140, respectively. We annotated the introgressed re-
gions using the sheep reference assembly Oar_rambouillet 
_v1.0 in snpEff v4.3t (Cingolani et al. 2012) and compared 
nucleotide diversity dN/dS ratios and GC content between 
the introgressed regions and nonintrogressed regions. 
Additionally, we assessed the presence of transposons 
elements (TEs) in these regions using the RepeatMasker 
database (https://ftp.ncbi.nlm.nih.gov/genomes/all/GCF/ 
002/742/125/GCF_002742125.1_Oar_rambouillet_v1.0/). 
A summary of all software used in this study is provided in 
supplementary table S19, Supplementary Material online.
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