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SUMMARY

Although gray wolves (Canis lupus) are one of the most widely distributed terrestrial mammals, their

origins in China are not well understood. We sequenced six specimens from wolf skins, showing that

gray wolves from Southern China (SC) derive from a single lineage, distinct from gray wolves from the

Tibetan Plateau and Northern China, suggesting that SC gray wolves may form a distinct subpopula-

tion. Of SC gray wolves, one wolf from Zhejiang carries a genetic component from a canid and had

gene flow from a population related to or further diverged fromwolves than the dhole. This may indi-

cate that interspecific gene flow likely played an important role in shaping the speciation patterns and

population structure in the genusCanis. Our study is the first to surveymuseumgraywolves’ genomes

from Southern China, highlighting how sequencing the paleogenome from museum specimens can

help us to study extinct species.

INTRODUCTION

The place of origin for domestic dogs (Canis lupus familiaris) remains a controversial question for the sci-

entific community despite many efforts at studying dog domestication (Botigué et al., 2017; Frantz et al.,

2016; Liu et al., 2018; Shannon et al., 2015; Thalmann et al., 2013; Vonholdt et al., 2010; Wang et al.,

2016a). Geographic distribution, population structure, and genomic features of wild ancestors are essential

factors to determine sources of domestication (Wang et al., 2016b). Gray wolves (Canis lupus) are the

closest wild relative of dogs, and they are also one of themost widely distributed terrestrial mammals, orig-

inally inhabiting major parts of Eurasia, North America, and North Africa (Loog et al., 2018; Wilson and

Reeder, 2005; Young et al., 1944). Previous studies suggested that gray wolves have a complex history (von-

Holdt et al., 2011; Wayne et al., 1992), with subpopulation structure related to local niches (Carmichael

et al., 2001; Geffen et al., 2004; Pilot et al., 2006, 2014) and long-term genetic admixture not only with

dogs (Freedman et al., 2014; Liu et al., 2018) but also with coyotes (Fan et al., 2016; Monzon et al., 2014;

Pilot et al., 2014; vonHoldt et al., 2016; vonHoldt et al., 2011). In China, gray wolves were distributed across

the mainland, including most southern regions (Smith and Xie, 2014; Wang et al., 2016b). Genomic

approaches using gray wolf specimens from Southern China (SC) may help to shed new light on the

demographic history of gray wolves and domestic dogs.

RESULTS AND DISCUSSION

From two natural history museums in China, we obtained six historical gray wolf skin samples collected from

Mainland China (Figures 1A and S1 and Table 1, detailed description in Wang et al., 2016b). More details

for the samples are shown in the methods (Transparent Methods). As skin samples were treated with

chemical reagents and underwent special processing for preservation during storage and exhibition in

museums, we used a modified ancient DNA (aDNA) protocol (Dabney et al., 2013) to retrieve genetic

material from the skin samples. In total, 35 genomic libraries were produced for these six samples using

a double-stranded library preparation protocol (Kircher et al., 2012; Meyer and Kircher, 2010), and each

was treated with uracil-DNA glycosylase and endonuclease (Endo VIII) to remove characteristic aDNA

deamination (Briggs et al., 2007) (Table S1). We sequenced the libraries using 23150-bp reads on an

Illumina HiSeq X platform.

We included 103 canids from previous studies (Auton et al., 2013; Botigué et al., 2017; Decker et al., 2015;

Freedman et al., 2014; Marsden et al., 2016; Skoglund et al., 2015; Tang et al., 2019; vonHoldt et al., 2016;
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Figure 1. Geographic Locations, Population Structure of 31 Gray Wolves, and Phylogeny of 39 Canids

(A and B) (A) Geographic locations, where the key is shared with the principal-component analysis in (B). In (B), the label ‘‘New’’ represents the six samples

sequenced in the study, and the label ‘‘Published’’ represents 25 samples from previous studies.

(C) The maximum likelihood tree of 39 canids, where the Andean fox is used as an outgroup. All the gray wolves are in the red line, and the newly sequenced

individuals are marked in bold and italics.
Wang et al., 2019a; Wang et al., 2016a; Wang et al., 2013; Wang et al., 2019b; Zhang et al., 2014), including

an ancient gray wolf, Taimyr; 25 modern gray wolves chosen from regions overlapping their current ranges;

70 domestic dogs from all over the world; two jackals; two coyotes; one red wolf; one dhole; and one An-

dean fox (Figure 1, Table S2). We obtained 13.74 million SNPs, including 4.25 million transversions for

further analysis (Transparent Methods).

All samples were sequenced to �0.15- to 15.3-fold average coverage except for the Jiangxi wolf

(W2_Jiangxi), which was sequenced to 37.00-fold coverage (Table 1). Because most samples have low

average coverage, we focused on SNPs previously found for modern canids (Marsden et al., 2016;

Wang et al., 2016a), for which we called haploid alleles using randomly chosen sequence reads for every

sample except W2_Jiangxi. We applied a filter where we ignored fragments with length less than 30,

ignored the first and last two base pairs of each fragment, and required a base pair quality higher

than 20 and mapping quality of at least 30. For the high-coverage W2_Jiangxi (Table 1) as well as the

two medium-coverage Guizhou wolves (W12_Guizhou and W13_Guizhou), we called heterozygotes using

the software GATK with the Unified Genotyper parameter to determine diploid calls (DePristo et al.,

2011). Results using diploid calls for W12_Guizhou and W13_Guizhou are similar to results using random

calls without heterozygous sites.

Phylogeny and Population Structure

To investigate the relationship of the newly sampled individuals to wolf and dog populations, we calculated

pairwise allele-sharing distances among all pairs of wolf and dog populations. We applied a principal-com-

ponents analysis (PCA) to the resulting pairwise distance matrix using SMARTPCA (version: 13050)
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Sample ID Coverage SNPs Sources Location

W6_Jilin 1.87 6,890,236 National Zoological Museum of China,

Beijing, China

Jilin

W7_Zhejiang 0.15 1,866,574 Zhejiang

W9_Heilongjiang 1.61 5,438,606 Heilongjiang

W12_Guizhou 15.33 12,688,043 Kunming Natural History Museum of

Zoology, Yunnan, China

Guizhou

W13_Guizhou 12.39 12,968,150 Guizhou

W2_Jiangxi 37.00 13,528,667 Jiangxi

Table 1. Information on Samples Sequenced in This Study
(Patterson et al., 2006). The first principal component distinguishes between gray wolf and dog popula-

tions, whereas the second principal component distinguishes between East Asian and European dogs (Fig-

ure S2), consistent with previous studies (Frantz et al., 2016; Vonholdt et al., 2010; Wang et al., 2016a). To

obtain increased resolution, we redid the PCA excluding dog populations (Figure 1B). The resulting PCA

shows that the two new Guizhou wolves (W12_Guizhou andW13_Guizhou) cluster with a Chinese wolf from

the San Diego Zoo, whose origin is not recorded (labeled as ‘‘China_X’’ in this study) (Freedman et al.,

2014), and two gray wolves from Shanxi, China, sampled in 1988 near the border of SC (Wang et al.,

2016a). We also find that the new Jilin and Heilongjiang wolves (W6_Jilin and W9_Heilongjiang) cluster

with gray wolves from Inner Mongolia and Liaoning. The new Jiangxi wolf (W2_Jiangxi) is closest to the

Qinghai wolf, whereas the Zhejiang wolf (W7_Zhejiang) is closest to the cluster containing the gray wolves

from Inner Mongolia and Liaoning (Figure S1).

We constructed a maximum likelihood (ML) tree (Figure 1C) and a neighbor-joining tree with only wolves

(Figure S3), from which we further find that the Zhejiang wolf forms a clade with the Guizhou, Shanxi, and

China_X wolves (Figure 1C). We define these gray wolves as the gray wolves from SC and find that they are

most closely related to the Qinghai, Tibet, and Jiangxi wolves, where the Tibetan gray wolf (Canis lupus

chanco) is a gray wolf subspecies that occupies habitats on the Qinghai-Tibet Plateau (Pocock, 1941)

and possesses adaptations to high-altitude environments (Zhang et al., 2014). Other gray wolves from

Northern Asia (NA, e.g., W6_Jilin, W9_Heilongjiang, and Liaoning) form a clade with the SC and Tibetan

gray wolves relative to other NA, Middle Eastern, and European gray wolves that form a distinct clade

with each other. The 35,000-year-old wolf from the Taimyr Peninsula in Northern Siberia joins at the

base of the Eurasian wolf phylogeny, and American wolves separate the earliest from other wolves, consis-

tent with Freedman et al. (2014).

We used TreeMix (v. 1.13) (Pickrell and Pritchard, 2012) to investigate the genetic relationship between his-

torical and present-day wolves. TreeMix determines population structure using ML trees and allows for

both population splits and potential gene flow by using genome-wide allele frequency data and a Gaussian

approximation of genetic drift. TheML tree (Figure S4) without admixture (m = 0) is consistent with previous

patterns, wherein gray wolves from East Asia form three groups: Guizhou and Zhejiang wolves form a clade

with Shanxi and China_X wolves, the Jiangxi wolf forms a clade with Tibet andQinghai wolves, and Jilin and

Heilongjiang wolves, like other NA wolves, are outgroup to SC and Tibetan wolves. All three of these

groups form a clade relative to non-Asian wolves.

We measured the shared genetic drift between each newly sequenced individual (X) and other dogs and

wolves (Y) since their separation from an outgroup, Dhole, using f3(X, Y; Dhole) (Raghavan et al., 2014;

Wang et al., 2019a) and found a similar pattern as above, where the Zhejiang wolf shares the most

genetic drift with gray wolves from Guizhou (Figure S5). We then used D-statistics (Patterson et al., 2012)

of the form D(Fox, Test; X, Y), where X and Y are previously published wolves, to formally test the relation-

ship these historical wolves have with different wolf populations. For Guizhou and Zhejiang wolves, we

find that they share more alleles with the SC gray wolves (Shanxi and China_X) than with all other wolves,

as D(Fox,W12_Guizhou/W13_Guizhou/W7_Zhejiang; X, SC) > 0 (9.8 < Z < 38.0, Table S3). The Jiangxi wolf

shares more allele with the Tibet and Qinghai gray wolves than with other wolves, as D(Fox,W2_Jiangxi; X,

Tibet/Qinghai) > 0 (11.9 < Z < 27.6, Table S3), whereas Jilin and Heilongjiang wolves share the most alleles

with NA gray wolves. These results support our above-mentioned analyses, again grouping the Guizhou
112 iScience 20, 110–118, October 25, 2019



and Zhejiang wolves with the SC wolves, the Jiangxi wolf with the Tibetan wolves, and the Jilin and Heilong-

jiang wolves with the NA wolves.

In summary, our results revealed that the lowland Chinese wolves (Fan et al., 2016) consisted of two major

populations: SC andNA wolves. Gray wolves from Zhejiang and Guizhou groupmost closely with and share

the most genetic drift with SC wolves, which includes present-day populations in Shanxi and China_X. The

Jilin and Heilongjiang gray wolves share the most genetic similarity to the NA gray wolves, which is the

other clade in Northern China and Eastern Russia.
Testing for Admixture in Gray Wolves

Using D(Fox, X; Test, Y), we find that all gray wolves (X) share more alleles with the Guizhou, Jilin, and Hei-

longjiang wolves (Test) than with the gray wolves from Tibet and Qinghai, i.e., D(Fox, X; Test, Qinghai/

Tibet) < 0 (Table S5). The Jiangxi wolf shares more alleles with the Tibet and Qinghai wolves than with

the other wolves (Table S3), and here, we find that the Tibet and Qinghai wolves share more alleles with

the Jiangxi wolf, i.e., D(Fox, Qinghai/Tibet; W2_Jiangxi, X) < 0 (�34.5 < Z < �15.4, Table S5), emphasizing

that the Jiangxi, Tibet, and Qinghai wolves form a clade. However, whereas D(Fox, X; W2_Jiangxi,

Qinghai)�0 (�2.3 < Z < 1.8, Table S5), indicating a symmetric relationship as expected for the Jiangxi

and Qinghai wolves forming a clade, we observe D(Fox, X; W12_Jiangxi, Tibet) < 0 (Table S5), suggesting

that the Jiangxi wolf has a connection to other wolves relative to the Tibetan wolf. Thus, we observe that the

Tibet and Qinghai gray wolves act as an outgroup to most SC and NA gray wolf populations, and although

the Jiangxi wolf forms a clade with the Tibet and Qinghai gray wolves, the Jiangxi wolf also shows connec-

tions to non-Tibetan wolf populations. To test for admixture between the SC, NA, and Tibetan wolves, we

used f3(Test; X, Y), where a significantly negative value (Z < �3) suggests that the Test population is a

mixture of ancestry related to X and Y, two other wolf populations. Testing all combinations as both a

source population and the admixed population, we found that f3(W12_Jiangxi/Qinghai; Tibetan,

SC/NA) < 0 (�19.101 < Z < �9.141, Table S4), suggesting that both the Jiangxi and Qinghai wolves

show evidence of ancestry from populations related to both Tibetan and SC gray wolves, explaining why

the Jiangxi gray wolf shares a connection to non-Tibetan gray wolf populations.

In contrast to all other gray wolves from China, the Zhejiang wolf shows a markedly different pattern, where

all other wolf populations, including the Tibetan and Qinghai gray wolves and more distantly related

wolves from further west, form a clade with each other relative to the Zhejiang wolf. That is, we observe

that D(Fox, X; W7_Zhejiang, Y) > 0 (8.0 < Z < 81.3, Table S5), where X and Y are all other gray wolves,

including the Taimyr. Earlier, we found that D(Fox, W7_Zhejiang; X, Shanxi/China_X) > 0 (Table S3),

indicating that the Zhejiang wolf shows connections to the wolves from Shanxi and China_X. These results

suggest that the Zhejiang wolf shows a close relationship to gray wolves from Shanxi and China_X, but that

this wolf also possesses an ancestral component that is older than the common ancestral population of the

Taimyr and all other gray wolves. The error rate for the Zhejiang wolf (0.4%) is higher than that estimated for

other wolves sequenced in this study (0.1%–0.2%), likely because of its low coverage (Table 1). After

simulating an error rate similar to that observed for the Zhejiang wolf in these other wolves, we find that

our results remain consistent with our previous results. That is, the Zhejiang wolf shows a distinct pattern

from that observed in other wolves for both lower and higher error rates.

We use the genomic data from canids typically outgroup to all wolves and dogs, the Dhole, Jackal, Coyote,

and Red wolf, to understand how deeply the old component found in the Zhejiang wolf separated from

other canid populations. Other canids separated fromwolf populations very early, with the Dhole diverging

earliest, followed by the Jackal and most recently the Coyote (Lindblad-Toh et al., 2005; Macdonald and

Sillero-Zubiri, 2004; Wayne et al., 1997). The Red wolf is genetically very similar to the Coyote and shows

substantial gene flow from gray wolves (vonHoldt et al., 2016; vonHoldt et al., 2011). First, comparing

the Jackal to wolves (X) and the Coyote, we find that for all wolves but the Zhejiang wolf, D(Fox, Jackal;

X, Coyote) ranges from �0.042 to �0.017 (�16.5 < Z < �6.4, Table S6), indicating a connection between

the Jackal and gray wolves. We find the reverse for the Zhejiang wolf, however, where the Jackal shares

more alleles with the Coyote than with the Zhejiang wolf, i.e., D(Fox, Jackal; W7_Zhejiang, Coyote)

=0.134 (Z = 34.1, Table S6). We find similar results replacing the Coyote with the Red wolf. The large

contrast between the results for the Zhejiang wolf compared with other gray wolves suggests that the

old component came from a population that diverged deeply in the past, who separated before the

common ancestor of jackals and coyotes.
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We also observe that for all gray wolves, we findD(Fox,Dhole; X, Jackal) > 0 (Table S6), suggesting that gray

wolves share a deep lineage older than the separation of the Jackal and Dhole or that there is a direct

genetic connection between the Jackal and Dhole. However, whereas D ranges from 0.004 to 0.028

(4.5 < Z < 7.9, Table S6) for most gray wolves, using the Zhejiang wolf greatly increases the D value to

0.117 (Z = 20.2, Table S6). We find that D(Fox, Dhole; W7_Zhejiang, Jackal) remains significantly positive

(Z = 12.2) using only transversions, suggesting that the result for the Zhejiang wolf is not related to

aDNA damage and likely reflects an unusual admixture history. If the Zhejiang wolf was no different

from other gray wolves, especially the two Guizhou individuals to which they share the closest relationship

(Table S5), we would expect to find that D(Fox, Dhole; X, Zhejiang)�0, which would indicate that the

Zhejiang wolf and other gray wolves are similarly related to the Dhole. However, we observe that D(Fox,

Dhole; X, W7_Zhejiang) < 0 (�22.4 < Z < �11.7, Table S6), indicating that the Dhole shares more alleles

with other gray wolves than with the Zhejiang wolf. These patterns suggest that the ancestral component

found in the Zhejiang wolf came from a population that diverged earlier than the common ancestor of the

Jackal and Dhole, which is older than the separation of the Jackal and Dhole from wolves, suggesting that

the Zhejiang wolf possesses very deep ancestry not found in other gray wolves.

Using the tree model with no admixture from TreeMix (Figure S6), we visualized the matrix of residuals (Fig-

ure S7) to determine how the estimated genetic relationship between each pair of canids fit the model. A

high residual indicates that the pair does not fit the tree model and may be candidates for an admixture

event. We find two candidate admixture events, the first between the Andean fox and Zhejiang wolf (Fig-

ure 2) and the second between gray wolves from Portugal and Iberia. In an ML tree allowing two admixture

events, admixture from the lineage leading to the Andean fox to the lineage leading to the Zhejiang wolf is

included, whereas gray wolves from Portugal and Iberia are grouped into the same cluster (Figure S8).

Admixture between the outgroup Andean fox and the Zhejiang wolf supports our conclusions from the

D-statistic analysis (Tables S5 and S6), in which the Zhejiang wolf possesses an ancestral component that

came from a population that diverged earlier than the Jackal or Dhole did fromwolves. The estimated value

of the migration event in the Zhejiang individual is 12.3%G 0.4% (p = 2.23 10�308). In the TreeMix analysis,

we used the Andean fox as an outgroup, whose distance from the included canids would result in weak

phylogenetic constraints. In addition, we also used the F4-ratio test to estimate the proportion of this

deep ancestry, and as it is older than the separation of the Jackal and Dhole, we used an unrooted phylog-

eny where the Fox is used as a proxy for the source of the deep ancestry (Figure S9). Thus, we estimate the

proportion of ancestry related to the Fox, which is given by:

f4ðDhole; Jackal; Coyote; XÞ
f4ðDhole; Jackal; Coyote; Andean FoxÞ ;

where X is each gray wolf in turn.

Using this method, we found that the estimated admixture proportion of the deep ancestry for the

Zhejiang wolf is 11.7% G 0.5%, whereas all other gray wolves have an estimated admixture proportion

close to zero. Similarly, in the qpGraph analysis, we estimated an admixture proportion for the deep

ancestry in W7_Zhejiang of 14% (Figures S10–S14). Thus the TreeMix, F4-ratio and admixture graph

analyses all support the presence of gene flow from an ancient canid population into the ancestors of

the Zhejiang wolf.
Conclusion

The distribution of gray wolves in East Asia is controversial because some studies have claimed that

gray wolves never existed (Callaway, 2013; Larson and Fuller, 2014) or are now extinct in SC (Lau

et al., 2010), whereas others sources, especially those based on Chinese literature, have stated that

they are present across all of mainland China (Wang et al., 2016b). In this study, we provide the first

comparative genomic analysis of gray wolves from East Asia, focusing particularly on wolves from SC,

where some believed no gray wolves were distributed (Callan et al., 2013; Larson and Fuller, 2014).

Previously, Asian wolves could be divided into two populations: Tibetan gray wolves (Canis lupus chanco)

and Chinese lowland wolves (Fan et al., 2016; Zhang et al., 2014). Here, using ancient genome-wide

data, we reconstruct the phylogeny and evaluate the population structure and shared genetic drift

between East Asian gray wolves to show that they form three major groups, which we call Southern

China (SC), Northern Asia (NA), and Tibetan, based on their geographic distribution. Interestingly,

specimens from SC gray wolves were all collected from 1963 to 1988. Our results highlight that the
114 iScience 20, 110–118, October 25, 2019



Figure 2. The Maximum Likelihood Tree Based on TreeMix with m = 1

The scale bar shows 10 times the average standard error of the entries in the sample covariance matrix. We have used the prefix ‘‘Gray_Wolf_’’ for

highlighting gray wolves.
population in SC is endemic, and with the fast growing economic development of China, it is paramount

to protect and restore their ecological habitat. Through our study, we also emphasize the value of using

paleogenomic approaches to study the numerous museum specimens available (Min-Shan Ko et al.,

2018; Roy et al., 1994), and we address the importance of using population genomics to determine cur-

rent or future conservation efforts.

Finally, our analyses show that admixture played a large role between the different Asian wolves, and we

highlight two instances here. First, we find that a wolf as far southeast as Jiangxi province shows evidence of

being a mixture of Tibetan-related wolves and other wolves in China. Second, we traced an unusual admix-

ture event in the Zhejiang wolf. In many analyses, this wolf behaved similarly to other gray wolves in China,

particularly those from SC. However, tests of admixture suggest that the Zhejiang wolf shows gene flow

from a canid that diverged earlier than the separation of wolves and jackals. D-statistic analysis suggests
iScience 20, 110–118, October 25, 2019 115



that this may be from the Dhole, a species distributed in SC and Southeast Asia (Iyengar et al., 2005), or

another canid that separated earlier than the divergence between wolves and the Dhole. Whatever the

source of this ancestry, estimates of the admixture proportion from this deeply diverging population are

estimated to be �12%–14%. Our results, taken together with previous research (Gopalakrishnan et al.,

2018), reveal that canids are an ideal system in which to study how gene flow can shape speciation in a

genus, and highlight the need for greater study of ancient gray wolf populations.
Limitations of Study

Although our results showed support for a SC gray wolf population and strong evidence for interspecific

gene flow to the W7_Zhejiang wolf, the source of the interspecific gene flow into W7_Zhejiang is unclear.

The availability of few specimens makes sampling in appropriate regions difficult, and where specimens are

available, obtaining high coverage genomic data is not easy owing to natural degradation processes and

loss of genetic material from museum storage methods. More samples are needed in future studies to

further understand the admixture dynamics in canids.
METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
DATA AND CODE AVAILABILITY

The accession number for the sequence data of six gray wolf genomes in this paper is GSA: PRJCA001135

and the SRA: PRJEB34110. The SNP set is available on the iDog database (http://bigd.big.ac.cn/idog/).
SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.09.008.
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Supplemental Information

Figure S1. Geographical origin of six museum wolf skin specimens in China, two samples from
Guizhou. The collection year is indicated in parantheses. Related to Figure 1.



Figure S2. PCA analysis with wolf and dog populations. We have used the prefix "Gray_Wolf_"
for highlighting specimens of gray wolves. Related to Figure 1.



Figure S3. Neighbor-Joining tree including 39 canids without dogs. The Andean fox is the
outgroup. The newly sequenced individuals are marked in bold and are italicized. Related to
Figure 1.



Figure S4. The maximum-likelihood tree based on TreeMix using 39 canids without dogs and
m=0. The scale bar shows ten times the average standard error of the entries in the sample
covariance matrix. Related to Figure 2.



Figure S5. f3(Dhole; X, Y), where X is one of the six newly sequenced wolves and Y are other
canids. We have used the prefix "Gray_Wolf_" for highlighting specimens of gray wolves. Related
to Figure 1.



Figure S6. The maximum-likelihood tree based on TreeMix with m=0 for all canids. The scale bar
shows ten times the average standard error of the entries in the sample covariance matrix. We have
used the prefix "Gray_Wolf_" for highlighting specimens of gray wolves. Related to Figure 2.



Figure S7. The residual fit from the maximum likelihood tree in Figure S6. This is determined by
dividing the residual covariance between each pair of populations by the average standard error
across all pairs. Colors are described in the palette on the right. Residuals above zero represent
populations that are more closely related to each other in the data than in the best-fit tree, and thus
are candidates for admixture events. We have used the prefix "Gray_Wolf_" for highlighting
specimens of gray wolves. Related to Figure 2.



Figure S8. The maximum-likelihood tree based on TreeMix with m=2. The scale bar shows ten
times the average standard error of the entries in the sample covariance matrix. We have used the
prefix "Gray_Wolf_" for highlighting specimens of gray wolves. Related to Figure 2.
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Figure S9. Unrooted tree used to estimate the archaic admixture proportion in the Zhejiang wolf.
Related to Figure 2.



Figure S10. Basal Admixture Graph model with Gray_Wolf_Iberia added. Related to Figure 2.



Figure S11. Adding Gray_Wolf_Indian to the graphs from Figure S10. Related to Figure 2.



Figure S12. Adding W9_Heilongjiang to the graphs from Figure S11. Related to Figure 2.



Figure S13. Adding W7_Zhejiang to the graphs from Figure S12. Related to Figure 2.



Figure S14. Adding Gray_Wolf_Great_Lakes to the graphs from Figure S13. Related to Figure 2.



Table S1. Sequencing metrics on the libraries of the samples. Related to Table 1.
Sample_ID Lib_ID Raw Merged &L30 Mapped %Mapped Unique Average Length

W12_Guizhou L4705 285343617 282720996 279349969 193639299 69 87020138 66

W12_Guizhou L4706 122888988 121920909 120203042 81036195 67 37300930 66

W12_Guizhou L4723 99422832 98301650 95950384 66689079 70 27296673 60

W12_Guizhou L4724 129941007 128741838 125878134 86419489 69 35693699 60

W12_Guizhou L4721 458823905 457178101 448236865 354599384 79 172415148 75

W12_Guizhou L1236 220782482 214658250 212167619 172702204 81 83601122 82

W13_Guizhou L4715 174435249 170656674 168612632 143289506 85 67178876 71

W13_Guizhou L4733 100006948 97480812 96184443 79766884 83 37206113 74

W13_Guizhou L4716 139660264 136843871 135476042 94368328 70 41458135 75

W13_Guizhou L4734 72759420 71413179 70557705 48841322 69 20183735 72

W13_Guizhou L1237 376669471 358779675 356919462 259792144 73 138338276 94

W2_Jiangxi L4717 57032184 56165346 55929745 49470031 88 25470196 81

W2_Jiangxi L4718 108657013 107230625 106675141 95573663 90 49006998 78

W2_Jiangxi L4735 84038690 82911815 82368601 73430883 89 34211885 74

W2_Jiangxi L4736 904760479 897952829 896171857 792391018 88 457142173 92

W2_Jiangxi L1228 614619758 568519001 567900196 519132756 91 335201526 126

W6_Jilin L4707 127681136 126097468 118289082 90384661 76 26902055 48

W6_Jilin L4708 125430513 123589141 116027856 87251813 75 25879613 49

W6_Jilin L4725 58051880 57192340 49981995 32368357 65 10635232 43

W6_Jilin L4726 77378791 76219741 65107619 47902350 74 15267977 42

W6_Jilin L1232 389136153 325919319 315703233 246562564 78 11324756 58

W7_Zhejiang L4709 39112069 38593429 35402488 1843676 5 732974 57

W7_Zhejiang L4710 35581720 35083335 32713276 1193424 4 395721 56

W7_Zhejiang L4711 39015421 38438945 35639593 1833027 5 705431 64

W7_Zhejiang L4712 39853260 39242507 36562343 2739467 7 1008169 63

W7_Zhejiang L4727 39610530 39030578 32984973 2129260 6 796738 47

W7_Zhejiang L4728 35207785 34640731 29296827 1317589 4 404382 46

W7_Zhejiang L4729 44741369 44125280 37579861 2065001 5 683061 55

W7_Zhejiang L4730 35964348 35467842 30198475 2576745 9 810242 54

W7_Zhejiang L1233 216672870 196311964 188328108 8194354 4 324626 89

W9_Heilongjiang L4713 60306027 59823823 56491103 48351903 86 17888738 51

W9_Heilongjiang L4714 48275546 47733287 45095180 35539238 79 13910738 51

W9_Heilongjiang L4731 78659917 78002396 69178887 58004190 84 20595472 44

W9_Heilongjiang L4732 67266981 66511206 60235429 47951316 80 18366379 45

W9_Heilongjiang L1234 146878870 129755983 125676741 53058660 42 1949475 71



Table S2. Genome information from public databases. Related to Table 1.
Species Location ID Data sources

Fox Andean Andean_fox AdamAuton et al., 2013, Plos Genetics

Dhole Beijing Zoo RUFZCHN00001
Guo-Dong Wang et al., 2018, National Science

Review

Jackals
Krasnodar, Russia AUR008537 Xuan Wang et al., 2019, Cell Research

Krasnodar, Russia AUR008538 Xuan Wang et al., 2019, Cell Research

Coyotes Monterey area, Canada LAT007000 Xuan Wang et al., 2019, Cell Research

California, US SAMN02921301
Bridgett M. vonHoldt et al., 2016, Science

Advances

Red wolf USA SAMN02921317
Bridgett M. vonHoldt et al., 2016, Science

Advances

Ancient wolf Taimyr, Russia Taimyr Pontus Skoglund et al., 2015, Current Biology

Gray wolves

Great Lakes, USA gwglw_RKW2455
Bridgett M. vonHoldt et al., 2016, Science

Advances

Yellowstone, USA gwynp_RWK1547
Bridgett M. vonHoldt et al., 2016, Science

Advances

Iran LUP004103 Xuan Wang et al., 2019, Cell Research

Iran LUP004107 Xuan Wang et al., 2019, Cell Research

Iran gwirw_RKW3073 Clare D. Marsden et al., 2016, PNAS

India SAMN02921311
Bridgett M. vonHoldt et al., 2016, Science

Advances

Bryansk, Russia LUPWRUS00003
Guo-Dong Wang et al., 2013, Nature

Communications

Iberia gwibe_XXWIB98
Laura R. Botigue et al., 2017, Nature

Communications

Portugal gwprt_LOBO423 Clare D. Marsden et al., 2016, PNAS

Shanxi, China LUPZCHN00005 Guo-Dong Wang et al., 2016, Cell Research

Shanxi, China LUPZCHN00006 Guo-Dong Wang et al., 2016, Cell Research

San Diego Zoo (from

China)
gwcwz_RKW3916 Adam H. Freedman et al., 2014, Plos Genetics

Qinghai, China gwcwq_XinQH11 Wen-Ping Zhang, et al., 2014, Plos Genetics

Tibet, China gwcwt_XinTI09 Wen-Ping Zhang, et al., 2014, Plos Genetics

Liaoning, China LUPWCHN00003 Guo-Dong Wang et al., 2016, Cell Research

Inner Mongolia, China LUPWCHN00001
Guo-Dong Wang et al., 2013, Nature

Communications

Inner Mongolia, China LUPZCHN00002 Guo-Dong Wang et al., 2016, Cell Research

Chukotka, Russia LUPWRUS00002
Guo-Dong Wang et al., 2013, Nature

Communications

Xinjiang, China LUPWCHN00008 Guo-Dong Wang et al., 2016, Cell Research

Xinjiang, China LUPWCHN00009 Guo-Dong Wang et al., 2016, Cell Research

Xinjiang, China LUPWCHN00010 Guo-Dong Wang et al., 2016, Cell Research



Xinjiang, China LUPWCHN00013 Guo-Dong Wang et al., 2016, Cell Research

Xinjiang, China gwcwx_XinXJ24 Wen-Ping Zhang, et al., 2014, Plos Genetics

Xinjiang, China gwcwx_XinXJ30 Wen-Ping Zhang, et al., 2014, Plos Genetics

Altai, Russia LUPWRUS00001
Guo-Dong Wang et al., 2013, Nature

Communications

Breed dogs

Afghan FAMBAFG00001 Guo-Dong Wang et al., 2016, Cell Research

Alaskan Malamute FAMBALM00001 Guo-Dong Wang et al., 2016, Cell Research

Belgian Malinois FAMBBEM00001 Guo-Dong Wang et al., 2016, Cell Research

Chihuahua FAMBCHI00001 Guo-Dong Wang et al., 2016, Cell Research

East Siberian Laika FAMBESL00001 Guo-Dong Wang et al., 2016, Cell Research

Finnish Lapphund FAMBFIL00001 Guo-Dong Wang et al., 2016, Cell Research

Galgo Español FAMBGAL00001 Guo-Dong Wang et al., 2016, Cell Research

Gray Norwegian Elkhound FAMBGNE00001 Guo-Dong Wang et al., 2016, Cell Research

Greenland dog FAMBGRD00001 Guo-Dong Wang et al., 2016, Cell Research

German Shepherd Dog FAMBGSD00001 Guo-Dong Wang et al., 2016, Cell Research

Jämthund FAMBJAM00001 Guo-Dong Wang et al., 2016, Cell Research

Lapponian Herder FAMBLAH00001 Guo-Dong Wang et al., 2016, Cell Research

Mexican hairless FAMBMEN00001 Guo-Dong Wang et al., 2016, Cell Research

Peruvian hairless FAMBPEN00001 Guo-Dong Wang et al., 2016, Cell Research

Samoyed FAMBSAM00001 Guo-Dong Wang et al., 2016, Cell Research

Siberian Husky FAMBSIH00001 Guo-Dong Wang et al., 2016, Cell Research

Sloughi FAMBSLO00001 Guo-Dong Wang et al., 2016, Cell Research

Swedish Lapphund FAMBSWL00001 Guo-Dong Wang et al., 2016, Cell Research

Tibetan Mastiff FAMBTIM00001 Guo-Dong Wang et al., 2016, Cell Research

Airedale ddair_RS74411 D. Marsden Clare et al., 2016 PNAS

Basenji ddbas_RS80704 D. Marsden Clare et al., 2016 PNAS

Border Collie ddbdr_RS74410 D. Marsden Clare et al., 2016 PNAS

Border Terrier ddbdt_RS86407 D. Marsden Clare et al., 2016 PNAS

Berger Picard ddber_RS86405 D. Marsden Clare et al., 2016 PNAS

Black Russian Terrier ddbrt_RS86399 D. Marsden Clare et al., 2016 PNAS

Chinese Crested ddccr_RS88178 D. Marsden Clare et al., 2016 PNAS

English Spring Spaniel ddess_RS80702 D. Marsden Clare et al., 2016 PNAS

Golden Retriever ddgdr_RS86402 D. Marsden Clare et al., 2016 PNAS

German Shephard

Marsden
ddgsh_RS80703 D. Marsden Clare et al., 2016 PNAS

Jack Russell Terrier ddjrt_RS86400 D. Marsden Clare et al., 2016 PNAS

Jack Russell Terrier ddjrt_RS86404 D. Marsden Clare et al., 2016 PNAS

Kerry Blue Terrier ddkbt_RS74408 D. Marsden Clare et al., 2016 PNAS

Labrador Retriever ddlab_RS86398 D. Marsden Clare et al., 2016 PNAS

Portuguese Podengo ddppo_RS74409 D. Marsden Clare et al., 2016 PNAS

Pembroke Welsh Corgi ddpwc_RS73323 D. Marsden Clare et al., 2016 PNAS

Pembroke Welsh Corgi ddpwc_RS86409 D. Marsden Clare et al., 2016 PNAS



Scottish Terrier ddsct_RS86393 D. Marsden Clare et al., 2016 PNAS

Scottish Deerhound ddsdh_RS86401 D. Marsden Clare et al., 2016 PNAS

Standard Poodle ddspo_RS86408 D. Marsden Clare et al., 2016 PNAS

Shetland Sheepdog ddssd_RS88649 D. Marsden Clare et al., 2016 PNAS

Tibetan Terrier ddtbt_RS86403 D. Marsden Clare et al., 2016 PNAS

Tibetan Terrier ddtbt_RS86406 D. Marsden Clare et al., 2016 PNAS

West Highland White

Terrier
ddwhw_RS86397 D. Marsden Clare et al., 2016 PNAS

Village dogs

Xi’an, Shaanxi, China FAMICHN00001
Guo-Dong Wang et al., 2013, Nature

Communications

Ya’an, Sichuan, China FAMICHN00003
Guo-Dong Wang et al., 2013, Nature

Communications

Dalian, Liaoning, China FAMICHN00004 Guo-Dong Wang et al., 2016, Cell Research

Gansu, China FAMICHN00005 Guo-Dong Wang et al., 2016, Cell Research

Gansu, China FAMICHN00006 Guo-Dong Wang et al., 2016, Cell Research

Gansu, China FAMICHN00007 Guo-Dong Wang et al., 2016, Cell Research

Hebei, China FAMICHN00012 Guo-Dong Wang et al., 2016, Cell Research

Shanxi, China FAMICHN00014 Guo-Dong Wang et al., 2016, Cell Research

Shanxi, China FAMICHN00015 Guo-Dong Wang et al., 2016, Cell Research

Shaanxi, China FAMICHN00016 Guo-Dong Wang et al., 2016, Cell Research

Shaanxi, China FAMICHN00017 Guo-Dong Wang et al., 2016, Cell Research

Xinjiang, China FAMICHN00019 Guo-Dong Wang et al., 2016, Cell Research

Simao, Yunnan, China FAMICHN00002
Guo-Dong Wang et al., 2013, Nature

Communications

Guangdong, China FAMICHN00010 Guo-Dong Wang et al., 2016, Cell Research

Guizhou, China FAMICHN00011 Guo-Dong Wang et al., 2016, Cell Research

Yunnan, China FAMICHN00021 Guo-Dong Wang et al., 2016, Cell Research

Yunnan, China FAMICHN00023 Guo-Dong Wang et al., 2016, Cell Research

Anhui, China FAMICHN00025 Guo-Dong Wang et al., 2016, Cell Research

Ibadan, Nigeria FAMINGR00001 Guo-Dong Wang et al., 2016, Cell Research

Ondo, Nigeria FAMINGR00002 Guo-Dong Wang et al., 2016, Cell Research

Uyo, Nigeria FAMINGR00003 Guo-Dong Wang et al., 2016, Cell Research

Taraba State, Nigeria FAMINGR00004 Guo-Dong Wang et al., 2016, Cell Research

China/Vietnam border FAMIVNM00001 Guo-Dong Wang et al., 2016, Cell Research

China/Vietnam border FAMIVNM00002 Guo-Dong Wang et al., 2016, Cell Research

China/Vietnam border FAMIVNM00003 Guo-Dong Wang et al., 2016, Cell Research

China/Vietnam border FAMIVNM00004 Guo-Dong Wang et al., 2016, Cell Research

China/Vietnam border FAMIVNM00005 Guo-Dong Wang et al., 2016, Cell Research



Table S3. Z-scores for D(Fox, Test; X, Y). Related to Figure 1 and Figure 2.
D(Andean_fox, W12_Guizhou; P3, P4)

X/Y

A
nc
ie
nt
_T

ai
m
yr

Ir
an

In
di
an

Po
rt
ug
al

In
ne
r_
M
on
go
lia

L
ia
on
in
g

X
in
jia
ng

A
lta
i

C
hu
ko
tk
a

B
ry
an
sk

Sh
an
xi

C
hi
na
_X

Ib
er
ia

Q
in
gh
ai

T
ib
et

Ancient_Taimyr -0.7 0.0 5.8 25.7 24.1 18.8 16.0 18.7 7.5 31.8 27.8 5.1 14.3 2.4

Iran 0.7 1.0 7.9 28.4 25.1 22.9 17.2 21.8 9.5 34.0 28.3 7.4 15.4 2.9

Indian 0.0 -1.0 6.3 25.1 22.4 16.5 14.5 17.2 7.1 29.8 26.5 6.2 15.0 2.5

Portugal -5.8 -7.9 -6.3 19.2 18.8 11.3 9.3 12.1 1.1 28.3 23.9 -0.4 10.1 -0.5

Inner_Mongolia -25.7 -28.4 -25.1 -19.2 3.8 -15.0 -12.7 -8.5 -20.5 15.1 13.8 -20.2 -3.2 -11.8

Liaoning -24.1 -25.1 -22.4 -18.8 -3.8 -15.0 -13.2 -10.4 -18.0 10.9 11.3 -18.8 -5.4 -13.4

Xinjiang -18.8 -22.9 -16.5 -11.3 15.0 15.0 0.3 4.4 -10.4 25.4 20.6 -10.8 5.3 -5.3

Altai -16.0 -17.2 -14.5 -9.3 12.7 13.2 -0.3 3.2 -8.8 22.8 19.8 -9.6 4.8 -5.2

Chukotka -18.7 -21.8 -17.2 -12.1 8.5 10.4 -4.4 -3.2 -11.9 20.6 18.0 -12.8 2.5 -6.6

Bryansk -7.5 -9.5 -7.1 -1.1 20.5 18.0 10.4 8.8 11.9 27.8 24.2 -1.3 9.5 -1.0

Shanxi -31.8 -34.0 -29.8 -28.3 -15.1 -10.9 -25.4 -22.8 -20.6 -27.8 1.7 -29.0 -14.3 -19.7

China_X -27.8 -28.3 -26.5 -23.9 -13.8 -11.3 -20.6 -19.8 -18.0 -24.2 -1.7 -24.3 -14.1 -20.7

Iberia -5.1 -7.4 -6.2 0.4 20.2 18.8 10.8 9.6 12.8 1.3 29.0 24.3 10.2 -0.3

Qinghai -14.3 -15.4 -15.0 -10.1 3.2 5.4 -5.3 -4.8 -2.5 -9.5 14.3 14.1 -10.2 -12.4

Tibet -2.4 -2.9 -2.5 0.5 11.8 13.4 5.3 5.2 6.6 1.0 19.7 20.7 0.3 12.4

D(Andean_fox, W13_Guizhou; P3, P4)
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Ancient_Taimyr -0.8 -0.6 6.5 27.1 27.3 20.3 16.0 18.8 8.8 32.2 29.8 5.0 13.2 3.4

Iran 0.8 0.1 9.1 27.8 26.8 27.5 18.4 21.9 10.5 33.5 29.0 7.0 14.4 3.9

Indian 0.6 -0.1 7.2 24.9 23.7 20.2 16.0 18.7 8.4 31.0 27.7 5.6 14.3 4.0

Portugal -6.5 -9.1 -7.2 19.1 20.3 12.3 9.5 11.9 1.3 26.4 24.5 -1.9 9.3 0.3

Inner_Mongolia -27.1 -27.8 -24.9 -19.1 5.5 -13.5 -11.3 -7.1 -20.0 15.6 13.8 -21.4 -2.7 -10.3

Liaoning -27.3 -26.8 -23.7 -20.3 -5.5 -15.1 -13.6 -11.4 -20.6 9.2 9.3 -22.1 -6.1 -12.2

Xinjiang -20.3 -27.5 -20.2 -12.3 13.5 15.1 -0.8 3.8 -12.3 23.0 19.9 -15.1 4.1 -4.7

Altai -16.0 -18.4 -16.0 -9.5 11.3 13.6 0.8 3.6 -8.7 21.8 19.5 -10.9 4.2 -4.3

Chukotka -18.8 -21.9 -18.7 -11.9 7.1 11.4 -3.8 -3.6 -11.7 19.6 18.1 -14.3 1.9 -5.9

Bryansk -8.8 -10.5 -8.4 -1.3 20.0 20.6 12.3 8.7 11.7 26.6 24.8 -3.3 9.1 -0.2

Shanxi -32.2 -33.5 -31.0 -26.4 -15.6 -9.2 -23.0 -21.8 -19.6 -26.6 0.5 -29.7 -14.1 -18.9

China_X -29.8 -29.0 -27.7 -24.5 -13.8 -9.3 -19.9 -19.5 -18.1 -24.8 -0.5 -25.8 -13.2 -18.3

Iberia -5.0 -7.0 -5.6 1.9 21.4 22.1 15.1 10.9 14.3 3.3 29.7 25.8 10.6 1.2

Qinghai -13.2 -14.4 -14.3 -9.3 2.7 6.1 -4.1 -4.2 -1.9 -9.1 14.1 13.2 -10.6 -10.0



Tibet -3.4 -3.9 -4.0 -0.3 10.3 12.2 4.7 4.3 5.9 0.2 18.9 18.3 -1.2 10.0

D(Andean_fox, W2_Jiangxi; P3, P4)
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Ancient_Taimyr 0.3 1.4 3.0 23.3 24.9 18.5 14.9 16.0 5.1 28.5 24.7 3.9 26.0 27.0

Iran -0.3 1.7 3.3 22.6 24.9 25.5 14.7 17.7 5.4 28.8 23.7 4.5 26.8 27.3

Indian -1.4 -1.7 1.6 18.7 20.7 16.1 11.7 13.5 2.9 24.3 20.9 2.4 26.5 27.6

Portugal -3.0 -3.3 -1.6 17.2 19.3 14.6 10.3 12.3 1.5 24.2 20.7 1.1 24.4 25.4

Inner_Mongolia -23.3 -22.6 -18.7 -17.2 4.2 -9.5 -7.5 -6.6 -19.8 11.1 9.7 -16.0 18.2 21.1

Liaoning -24.9 -24.9 -20.7 -19.3 -4.2 -13.3 -10.8 -10.7 -20.6 6.0 6.7 -17.9 16.4 19.8

Xinjiang -18.5 -25.5 -16.1 -14.6 9.5 13.3 -0.2 1.4 -14.9 18.8 15.7 -12.9 21.8 23.5

Altai -14.9 -14.7 -11.7 -10.3 7.5 10.8 0.2 1.2 -10.4 15.5 14.4 -9.3 21.0 23.1

Chukotka -16.0 -17.7 -13.5 -12.3 6.6 10.7 -1.4 -1.2 -12.2 16.5 14.3 -10.7 20.1 22.2

Bryansk -5.1 -5.4 -2.9 -1.5 19.8 20.6 14.9 10.4 12.2 26.0 22.2 -0.3 24.7 25.7

Shanxi -28.5 -28.8 -24.3 -24.2 -11.1 -6.0 -18.8 -15.5 -16.5 -26.0 1.7 -23.1 13.1 17.1

China_X -24.7 -23.7 -20.9 -20.7 -9.7 -6.7 -15.7 -14.4 -14.3 -22.2 -1.7 -19.4 11.9 16.1

Iberia -3.9 -4.5 -2.4 -1.1 16.0 17.9 12.9 9.3 10.7 0.3 23.1 19.4 23.9 25.2

Qinghai -26.0 -26.8 -26.5 -24.4 -18.2 -16.4 -21.8 -21.0 -20.1 -24.7 -13.1 -11.9 -23.9 12.4

Tibet -27.0 -27.3 -27.6 -25.4 -21.1 -19.8 -23.5 -23.1 -22.2 -25.7 -17.1 -16.1 -25.2 -12.4

D(Andean_fox, W6_Jilin; P3, P4)
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Ancient_Taimyr -1.7 -2.0 5.4 25.7 22.3 15.9 15.1 18.2 7.6 24.1 21.5 6.1 6.8 -1.2

Iran 1.7 -0.8 9.3 28.8 24.3 25.5 15.9 22.5 10.6 26.2 21.8 10.4 8.4 -0.3

Indian 2.0 0.8 7.6 24.0 22.0 18.3 14.0 19.4 8.8 22.6 20.7 8.9 8.6 -0.1

Portugal -5.4 -9.3 -7.6 18.6 17.2 10.5 8.3 14.1 1.8 18.2 15.5 0.3 3.4 -4.1

Inner_Mongolia -25.7 -28.8 -24.0 -18.6 3.9 -15.8 -10.0 -5.3 -19.0 3.0 2.4 -20.2 -8.9 -14.4

Liaoning -22.3 -24.3 -22.0 -17.2 -3.9 -14.3 -11.2 -7.2 -16.9 -1.2 -1.1 -18.3 -10.9 -16.0

Xinjiang -15.9 -25.5 -18.3 -10.5 15.8 14.3 1.9 7.2 -7.9 15.3 12.1 -11.6 -1.7 -8.7

Altai -15.1 -15.9 -14.0 -8.3 10.0 11.2 -1.9 3.7 -8.1 11.8 9.2 -9.2 -2.5 -8.8

Chukotka -18.2 -22.5 -19.4 -14.1 5.3 7.2 -7.2 -3.7 -12.0 6.9 5.9 -13.6 -5.2 -11.2

Bryansk -7.6 -10.6 -8.8 -1.8 19.0 16.9 7.9 8.1 12.0 19.1 15.9 -1.7 2.1 -4.9

Shanxi -24.1 -26.2 -22.6 -18.2 -3.0 1.2 -15.3 -11.8 -6.9 -19.1 0.0 -20.0 -10.6 -15.3

China_X -21.5 -21.8 -20.7 -15.5 -2.4 1.1 -12.1 -9.2 -5.9 -15.9 0.0 -17.3 -10.3 -15.1

Iberia -6.1 -10.4 -8.9 -0.3 20.2 18.3 11.6 9.2 13.6 1.7 20.0 17.3 3.2 -4.2

Qinghai -6.8 -8.4 -8.6 -3.4 8.9 10.9 1.7 2.5 5.2 -2.1 10.6 10.3 -3.2 -10.1

Tibet 1.2 0.3 0.1 4.1 14.4 16.0 8.7 8.8 11.2 4.9 15.3 15.1 4.2 10.1



D(Andean_fox, W7_Zhejiang; P3, P4)
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Ancient_Taimyr -1.0 -0.6 5.3 21.7 23.4 14.4 11.7 14.6 4.6 32.6 29.1 5.2 16.6 7.3

Iran 1.0 0.2 8.9 26.0 27.1 22.1 14.9 20.1 7.9 38.0 30.4 8.9 19.7 8.6

Indian 0.6 -0.2 7.1 21.5 22.9 16.0 12.6 15.8 5.8 31.7 28.2 7.0 18.9 8.5

Portugal -5.3 -8.9 -7.1 15.3 17.6 8.1 6.3 9.8 -0.9 28.6 24.0 -0.4 13.2 4.4

Inner_Mongolia -21.7 -26.0 -21.5 -15.3 4.7 -13.2 -11.8 -6.9 -19.0 16.6 14.9 -16.9 1.8 -4.4

Liaoning -23.4 -27.1 -22.9 -17.6 -4.7 -16.5 -14.4 -10.6 -20.3 11.1 12.5 -19.6 -1.6 -6.8

Xinjiang -14.4 -22.1 -16.0 -8.1 13.2 16.5 -0.5 4.3 -10.5 28.6 23.2 -9.0 9.7 1.1

Altai -11.7 -14.9 -12.6 -6.3 11.8 14.4 0.5 3.7 -8.3 25.9 22.1 -6.8 9.0 1.2

Chukotka -14.6 -20.1 -15.8 -9.8 6.9 10.6 -4.3 -3.7 -11.5 21.1 19.1 -10.2 6.1 -0.7

Bryansk -4.6 -7.9 -5.8 0.9 19.0 20.3 10.5 8.3 11.5 31.2 26.5 0.6 13.8 4.8

Shanxi -32.6 -38.0 -31.7 -28.6 -16.6 -11.1 -28.6 -25.9 -21.1 -31.2 2.6 -29.4 -9.8 -12.8

China_X -29.1 -30.4 -28.2 -24.0 -14.9 -12.5 -23.2 -22.1 -19.1 -26.5 -2.6 -25.1 -10.7 -14.8

Iberia -5.2 -8.9 -7.0 0.4 16.9 19.6 9.0 6.8 10.2 -0.6 29.4 25.1 13.3 4.6

Qinghai -16.6 -19.7 -18.9 -13.2 -1.8 1.6 -9.7 -9.0 -6.1 -13.8 9.8 10.7 -13.3 -8.3

Tibet -7.3 -8.6 -8.5 -4.4 4.4 6.8 -1.1 -1.2 0.7 -4.8 12.8 14.8 -4.6 8.3

D(Andean_fox, W9_Heilongjiang; P3, P4)
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Ancient_Taimyr -1.4 -1.1 5.5 23.1 24.5 15.3 13.1 16.0 7.7 23.4 21.0 5.4 5.8 -2.4

Iran 1.4 0.0 9.1 25.4 25.6 25.7 14.7 20.5 9.3 24.4 21.8 9.3 7.8 -1.7

Indian 1.1 0.0 6.6 21.5 22.8 16.7 12.5 16.2 7.2 21.3 19.7 7.1 7.3 -1.7

Portugal -5.5 -9.1 -6.6 15.9 19.4 9.7 7.5 12.2 1.6 16.1 14.7 -0.3 2.6 -5.1

Inner_Mongolia -23.1 -25.4 -21.5 -15.9 7.1 -12.5 -9.4 -5.3 -16.6 2.3 3.0 -18.5 -9.8 -15.1

Liaoning -24.5 -25.6 -22.8 -19.4 -7.1 -16.0 -14.0 -10.4 -19.8 -5.1 -3.8 -21.1 -13.2 -17.3

Xinjiang -15.3 -25.7 -16.7 -9.7 12.5 16.0 0.8 6.1 -7.1 12.9 11.7 -11.3 -3.0 -9.8

Altai -13.1 -14.7 -12.5 -7.5 9.4 14.0 -0.8 4.0 -7.5 11.4 10.2 -8.6 -2.9 -9.3

Chukotka -16.0 -20.5 -16.2 -12.2 5.3 10.4 -6.1 -4.0 -10.2 7.0 6.9 -12.8 -5.8 -11.6

Bryansk -7.7 -9.3 -7.2 -1.6 16.6 19.8 7.1 7.5 10.2 17.2 15.8 -1.8 1.3 -5.8

Shanxi -23.4 -24.4 -21.3 -16.1 -2.3 5.1 -12.9 -11.4 -7.0 -17.2 1.0 -18.5 -10.8 -15.7

China_X -21.0 -21.8 -19.7 -14.7 -3.0 3.8 -11.7 -10.2 -6.9 -15.8 -1.0 -17.1 -10.7 -15.6

Iberia -5.4 -9.3 -7.1 0.3 18.5 21.1 11.3 8.6 12.8 1.8 18.5 17.1 2.6 -5.0

Qinghai -5.8 -7.8 -7.3 -2.6 9.8 13.2 3.0 2.9 5.8 -1.3 10.8 10.7 -2.6 -10.5

Tibet 2.4 1.7 1.7 5.1 15.1 17.3 9.8 9.3 11.6 5.8 15.7 15.6 5.0 10.5



Table S4. F3 tests among the SC, NA, and Tibetan gray wolves. Related to Figure 1 and Figure 2.
Source 1 Source 1 Target f_3 std. err Z SNPs
Tibetan SC Jiangxi -0.08023 0.007068 -11.352 2638661
Tibetan NA Jiangxi -0.06734 0.007366 -9.141 2478583
Tibetan SC Qinghai -0.09735 0.005096 -19.101 2631539
Tibetan NA Qinghai -0.09298 0.00522 -17.811 2488007



Table S5. Z-scores for D(Fox, X; Test, Y). Related to Figure 1 and Figure 2.
D(Andean_fox, P2; W12_Guizhou, P4)
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Ancient_Taimyr -5.7 -6.7 3.8 2.7 2.0 0.2 2.4 4.1 2.6 2.1 1.8 2.8 -8.5 -12.8

Iran -4.1 38.2 14.5 4.4 2.5 14.5 11.5 8.0 14.9 1.5 1.5 14.8 -6.1 -10.8

Indian -5.2 36.2 9.1 3.6 1.5 11.4 8.9 6.2 8.9 0.4 -0.2 8.6 -4.5 -8.7

Portugal -1.8 8.2 4.4 4.6 2.9 11.9 8.3 8.3 19.8 1.0 -0.6 30.5 -7.4 -15.0

Inner_Mongolia -22.4 -25.8 -21.6 -14.2 2.2 -9.6 -7.0 -3.4 -13.2 2.2 2.9 -17.6 -10.4 -14.7

Liaoning -21.8 -24.4 -20.8 -16.7 -1.7 -12.7 -10.5 -7.0 -15.0 1.3 1.8 -16.5 -10.9 -15.3

Xinjiang -18.2 -6.7 -6.0 1.2 7.5 3.7 8.1 4.8 1.3 3.0 2.7 -2.0 -8.0 -12.1

Altai -11.7 -5.0 -4.6 0.7 5.0 2.1 6.3 5.0 3.1 2.3 3.4 0.4 -6.7 -11.7

Chukotka -12.3 -11.3 -10.1 -2.2 5.2 4.6 0.1 1.8 -2.5 1.7 2.8 -4.5 -8.5 -13.2

Bryansk -4.3 7.5 3.4 20.3 4.8 3.4 10.2 10.5 7.6 1.9 1.8 18.5 -7.8 -12.8

Shanxi -29.9 -32.0 -29.5 -26.9 -13.4 -9.5 -22.9 -20.6 -19.7 -25.0 4.2 -28.4 -14.0 -18.7

China_X -27.1 -28.8 -28.0 -24.8 -12.3 -9.7 -20.6 -18.0 -16.9 -23.1 2.3 -24.3 -13.8 -19.9

Iberia -2.5 7.1 3.1 30.3 2.8 3.2 8.4 9.1 7.1 19.7 1.9 1.2 -7.9 -13.2

Qinghai -23.7 -22.7 -18.7 -18.6 -6.1 -4.7 -14.4 -11.4 -11.9 -18.8 0.3 -0.8 -21.3 24.1

Tibet -19.4 -18.7 -14.6 -17.9 -2.4 -1.8 -8.4 -8.0 -8.3 -17.1 2.0 0.7 -17.8 34.6

D(Andean_fox, P2; W13_Guizhou, P4)
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Ancient_Taimyr -5.3 -5.7 3.7 2.7 2.1 0.3 2.3 3.5 2.5 1.9 1.8 2.5 -7.8 -12.4

Iran -4.4 35.9 14.8 4.2 2.4 14.7 11.3 7.7 14.3 1.4 1.2 13.1 -6.4 -11.3

Indian -4.9 34.8 9.8 4.1 2.0 12.5 9.2 6.7 9.0 1.0 0.4 8.0 -4.1 -8.8

Portugal -1.8 8.2 4.2 4.3 2.8 11.4 8.0 8.1 20.2 0.8 -0.7 29.6 -7.9 -15.6

Inner_Mongolia -21.9 -24.4 -18.8 -12.7 3.5 -7.7 -6.0 -2.2 -12.6 3.6 4.2 -15.1 -9.6 -14.3

Liaoning -22.3 -24.7 -20.9 -17.5 -2.4 -12.8 -11.4 -8.0 -15.9 0.5 1.3 -17.4 -10.8 -15.1

Xinjiang -16.8 -7.3 -6.3 0.3 5.6 2.5 6.9 3.7 0.4 1.6 1.6 -2.5 -8.8 -12.8

Altai -10.7 -5.1 -4.2 0.8 5.0 2.2 6.4 5.1 3.2 2.4 3.4 0.4 -6.6 -11.6

Chukotka -11.7 -11.6 -9.7 -2.5 4.6 4.0 -0.3 1.5 -2.8 1.3 2.5 -4.4 -8.8 -14.1

Bryansk -4.2 7.1 2.9 21.2 4.9 3.2 9.9 10.6 7.3 1.7 1.4 18.2 -8.9 -14.2

Shanxi -28.3 -30.6 -28.3 -24.9 -11.9 -8.6 -21.0 -19.3 -19.4 -23.9 4.2 -24.9 -13.4 -18.5

China_X -27.5 -27.9 -26.5 -24.7 -10.8 -8.0 -19.7 -16.4 -16.1 -22.4 3.7 -23.3 -13.0 -18.4

Iberia -1.7 7.9 3.6 31.0 3.8 4.2 9.7 9.8 7.4 20.1 2.8 2.0 -7.3 -13.7

Qinghai -22.2 -21.0 -16.5 -17.1 -5.3 -4.2 -12.9 -10.5 -10.7 -18.1 0.7 -0.3 -18.1 23.7

Tibet -19.9 -18.7 -14.6 -18.5 -3.9 -3.0 -8.8 -8.8 -9.2 -17.5 0.5 -0.7 -18.3 33.5



D(Andean_fox, P2; W2_Jiangxi, P4)
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Ancient_Taimyr 3.4 2.2 8.5 8.7 8.7 7.5 8.2 8.3 8.0 8.4 8.4 8.2 -0.5 -8.7

Iran 3.2 33.5 16.2 9.3 8.3 15.3 13.3 10.9 16.2 7.3 7.3 14.6 0.9 -6.8

Indian 1.2 31.5 12.5 8.2 7.0 14.1 11.9 10.0 11.6 6.2 5.5 10.8 1.6 -4.8

Portugal 6.1 14.1 11.2 11.1 10.3 17.1 13.5 14.8 23.4 8.8 8.0 33.6 0.9 -9.0

Inner_Mongolia -6.2 -6.0 -5.1 -0.8 10.3 5.0 4.6 7.3 -0.3 10.5 11.2 -2.3 1.8 -8.2

Liaoning -9.0 -9.6 -9.3 -4.5 7.4 0.5 0.3 3.8 -3.7 9.3 9.9 -4.3 -0.6 -9.6

Xinjiang -3.2 3.9 3.8 8.2 11.7 10.0 12.2 10.5 8.1 9.7 10.0 6.1 1.3 -7.1

Altai -1.3 3.2 3.3 6.6 9.8 8.0 11.2 9.7 8.2 8.6 9.4 6.3 1.0 -7.0

Chukotka -1.2 0.2 0.3 5.9 12.0 12.0 9.0 9.1 5.7 9.8 10.2 4.3 1.1 -7.6

Bryansk 5.0 13.1 9.8 23.3 11.4 11.0 15.4 15.5 13.2 10.1 9.8 20.8 0.9 -8.0

Shanxi -12.1 -12.9 -12.8 -8.9 3.0 4.9 -4.2 -3.5 -2.1 -8.1 14.5 -8.5 -0.5 -10.8

China_X -12.0 -13.2 -13.2 -10.4 2.0 4.0 -5.0 -3.6 -2.4 -8.6 13.3 -8.9 -2.3 -12.0

Iberia 5.1 10.9 8.4 31.4 8.7 9.3 12.6 12.7 11.0 20.2 8.6 7.8 0.1 -9.4

Qinghai -28.3 -28.3 -26.2 -25.1 -18.3 -18.0 -23.2 -21.8 -21.8 -25.5 -15.4 -15.4 -26.1 16.9

Tibet -34.5 -33.2 -31.8 -33.7 -27.0 -26.9 -29.5 -29.3 -29.4 -32.4 -25.6 -26.7 -33.4 3.4

D(Andean_fox, P2; W7_Zhejiang, P4)
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Ancient_Taimyr 48.6 41.7 49.2 56.0 51.6 61.0 50.7 52.2 47.2 54.3 48.3 46.8 31.9 18.1

Iran 42.9 81.3 62.1 59.3 55.9 80.2 60.5 62.2 59.0 57.5 52.3 65.3 35.4 21.8

Indian 36.5 80.5 51.9 49.4 48.9 74.4 52.0 57.1 48.1 50.0 45.0 54.6 34.1 22.5

Portugal 38.5 57.4 45.5 48.3 48.4 73.2 49.5 57.1 54.9 48.8 43.4 58.9 28.7 17.2

Inner_Mongolia 28.8 37.5 32.1 39.2 57.4 62.1 47.8 52.4 38.1 60.4 56.9 37.1 36.3 18.3

Liaoning 23.3 27.3 22.7 30.3 44.5 43.3 34.7 42.5 28.9 49.7 46.2 29.7 30.2 14.9

Xinjiang 40.2 60.5 54.5 60.5 74.7 68.9 68.3 68.6 55.6 71.3 63.2 59.6 39.5 21.7

Altai 35.9 49.8 44.7 47.8 62.8 53.7 71.2 58.5 49.0 60.9 53.3 48.0 33.6 19.2

Chukotka 32.1 41.7 36.5 43.9 57.0 58.6 60.0 47.5 41.8 57.0 52.9 42.9 32.4 16.2

Bryansk 43.1 64.4 50.8 60.5 61.7 59.1 73.4 61.0 59.9 62.8 52.9 62.4 31.3 17.7

Shanxi 12.9 14.6 12.5 19.3 36.8 35.5 30.9 26.5 30.6 19.7 38.1 20.2 23.0 11.0

China_X 9.0 9.4 8.4 12.3 27.2 30.3 21.9 19.5 21.9 13.6 32.8 12.7 16.6 8.0

Iberia 41.3 63.0 52.6 60.9 54.8 55.0 71.6 57.6 55.6 61.8 57.7 46.8 31.1 16.9

Qinghai 15.1 19.5 17.0 18.6 35.2 35.0 38.4 27.0 32.3 21.3 41.7 34.8 21.3 44.3

Tibet 14.4 20.1 19.2 17.0 33.8 33.7 35.6 26.1 26.2 20.7 36.1 33.9 17.9 54.2

D(Andean_fox, P2; W6_Jilin, P4)
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Ancient_Taimyr -6.1 -7.7 3.0 1.6 0.8 -1.0 1.5 2.8 2.0 1.0 0.9 2.2 -8.6 -13.3

Iran -4.1 35.5 12.8 5.2 2.6 13.4 13.1 6.7 18.9 1.5 0.9 14.3 -5.3 -10.0

Indian -4.8 31.9 8.1 6.1 3.0 11.2 12.0 6.2 12.8 1.6 0.5 9.0 -3.0 -7.8

Portugal -2.6 6.1 2.8 4.8 2.5 9.1 8.8 7.3 23.1 0.2 -2.0 30.0 -6.7 -14.6

Inner_Mongolia -25.2 -24.1 -19.8 -13.3 2.9 -8.8 -7.8 -3.2 -14.4 3.1 3.6 -17.0 -9.0 -13.8

Liaoning -22.6 -24.2 -21.0 -15.6 -1.2 -12.4 -11.7 -6.3 -16.2 1.8 2.3 -16.5 -9.4 -14.9

Xinjiang -18.7 -7.2 -6.5 1.2 7.1 3.6 8.3 4.5 1.5 2.7 2.2 -1.9 -8.0 -12.1

Altai -13.1 -5.9 -5.3 -0.5 3.0 0.3 4.0 3.2 1.9 0.4 1.5 -0.9 -7.5 -12.6

Chukotka -14.6 -13.3 -12.4 -4.1 2.4 1.5 -3.0 -0.7 -5.1 -1.3 -0.2 -6.5 -10.6 -15.3

Bryansk -5.9 5.6 1.6 18.6 3.8 1.6 8.6 10.4 6.4 0.1 -0.4 17.5 -8.7 -14.0

Shanxi -24.8 -26.0 -23.1 -18.1 0.0 3.3 -12.6 -12.0 -8.7 -19.1 16.1 -19.8 -4.0 -11.0

China_X -22.2 -24.0 -22.3 -17.9 0.6 3.5 -12.4 -9.1 -6.6 -16.4 16.3 -17.8 -5.0 -11.7

Iberia -4.2 6.0 1.7 31.3 1.5 2.0 7.8 9.2 5.9 20.4 0.3 -0.6 -9.1 -14.6

Qinghai -21.0 -14.3 -10.6 -10.4 1.6 2.4 -6.2 -6.7 -4.8 -16.5 8.5 6.4 -14.1 27.1

Tibet -18.3 -16.6 -11.3 -14.9 2.5 2.3 -4.0 -5.1 -5.2 -15.9 6.8 4.3 -15.9 36.9

D(Andean_fox, P2; W9_Heilongjiang, P4)
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Ancient_Taimyr -5.1 -7.2 2.7 2.3 1.5 0.1 2.0 3.5 2.5 1.7 1.4 2.6 -7.9 -12.5

Iran -3.7 35.6 12.9 5.0 2.8 14.0 12.5 7.0 19.5 1.4 0.6 15.2 -5.0 -9.8

Indian -5.5 29.8 7.1 5.1 2.1 10.5 9.9 5.4 10.9 0.7 -0.3 8.2 -3.2 -7.8

Portugal -2.9 6.2 2.8 4.7 2.4 9.5 8.6 7.4 24.5 -0.5 -2.5 29.9 -7.0 -14.8

Inner_Mongolia -23.3 -21.5 -18.5 -11.4 4.0 -6.7 -6.6 -1.9 -13.0 4.2 4.7 -15.7 -8.1 -12.9

Liaoning -23.2 -24.0 -22.2 -17.4 -3.6 -13.7 -13.6 -8.3 -17.8 -0.8 -0.3 -17.7 -11.3 -15.5

Xinjiang -17.7 -6.5 -6.1 1.1 6.7 3.8 8.3 4.8 1.3 2.7 1.8 -1.6 -7.9 -11.7

Altai -12.3 -5.1 -5.2 -0.2 4.0 1.0 5.4 4.0 2.2 1.2 2.1 -0.3 -6.6 -11.5

Chukotka -12.8 -12.3 -11.2 -3.2 3.7 3.0 -1.5 0.3 -4.2 -0.2 1.1 -5.1 -9.5 -14.5

Bryansk -5.8 5.5 1.6 18.5 3.9 1.9 8.5 9.8 6.2 -0.5 -0.8 17.5 -9.2 -14.2

Shanxi -24.3 -24.2 -22.8 -17.6 1.5 4.9 -11.3 -9.8 -7.6 -18.8 17.0 -18.9 -3.1 -10.1

China_X -21.9 -24.1 -22.2 -18.4 1.4 4.1 -12.1 -9.4 -6.2 -18.5 16.2 -18.5 -4.6 -11.2

Iberia -3.2 7.3 2.4 31.1 2.2 2.9 9.1 8.8 6.2 21.5 0.7 -0.4 -8.9 -14.1

Qinghai -19.2 -12.7 -9.5 -9.6 3.5 3.8 -4.8 -5.4 -3.9 -16.7 9.7 7.3 -12.9 27.7

Tibet -15.8 -13.4 -9.5 -13.1 4.6 4.4 -1.1 -3.0 -3.1 -13.5 8.2 6.5 -14.5 37.2



Table S6. D values and Z-scores for D(Fox, Dhole/Jackal; Test,
Jackal/Coyote/Red_wolf/Zhejiang). Related to Figure 1 and Figure 2.

D(Fox, Jackal; P3, P4)

D-value Z-score

P3/P4

D
ho
le

C
oy
ot
e

R
ed
_W

ol
f

W
7_
Z
he
jia
ng

D
ho
le

C
oy
ot
e

R
ed
_W

ol
f

W
7_
Z
he
jia
ng

Dhole 0.624 0.619 0.527 100.0 100.0 100.0

Coyote -0.624 0.017 -0.134 -100.0 6.4 -34.1

Red_Wolf -0.619 -0.017 -0.147 -100.0 -6.4 -37.0

Ancient_Taimyr -0.619 -0.042 -0.030 -0.189 -100.0 -16.2 -10.7 -39.7

W12_Guizhou -0.614 -0.035 -0.022 -0.247 -100.0 -14.3 -8.9 -49.5

W13_Guizhou -0.612 -0.033 -0.021 -0.205 -100.0 -13.4 -8.7 -41.8

W2_Jiangxi -0.611 -0.033 -0.021 -0.194 -100.0 -12.9 -7.8 -42.7

W7_Zhejiang -0.527 0.134 0.147 -100.0 34.1 37.0

W6_Jilin -0.612 -0.030 -0.019 -0.179 -100.0 -11.0 -6.4 -33.6

W9_Heilongjiang -0.606 -0.030 -0.017 -0.170 -100.0 -10.5 -5.6 -29.9

Indian -0.612 -0.037 -0.025 -0.179 -100.0 -12.8 -9.4 -43.5

Iran -0.609 -0.035 -0.023 -0.175 -100.0 -14.3 -10.2 -50.6

Portugal -0.611 -0.038 -0.026 -0.186 -100.0 -13.3 -9.9 -41.7

Inner_Mongolia -0.610 -0.035 -0.023 -0.188 -100.0 -15.1 -9.5 -45.9

Liaoning -0.612 -0.038 -0.026 -0.192 -100.0 -16.1 -10.7 -46.1

Xinjiang -0.610 -0.036 -0.024 -0.186 -100.0 -16.5 -11.5 -55.5

Altai -0.612 -0.038 -0.026 -0.184 -100.0 -15.3 -9.9 -44.3

Chukotka -0.611 -0.036 -0.024 -0.186 -100.0 -14.5 -9.5 -45.5

Bryansk -0.612 -0.039 -0.027 -0.181 -100.0 -15.4 -10.3 -42.0

Shanxi -0.611 -0.037 -0.025 -0.191 -100.0 -16.4 -10.4 -45.0

China_X -0.610 -0.038 -0.026 -0.195 -100.0 -15.0 -9.5 -40.5

Qinghai -0.612 -0.037 -0.025 -0.193 -100.0 -13.3 -9.3 -43.1

Tibet -0.610 -0.032 -0.019 -0.183 -100.0 -12.0 -6.9 -39.6

D(Fox, Dhole; P3, P4)

D-Value Z-score

P3/P4
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Jackal -0.004 -0.012 -0.117 -1.5 -3.9 -20.2

Coyote 0.004 -0.009 -0.114 1.5 -3.2 -19.2

Red_Wolf 0.012 0.009 -0.109 3.9 3.2 -17.8

Ancient_Taimyr 0.014 0.013 0.007 -0.109 4.6 4.1 2.1 -14.2

W12_Guizhou 0.020 0.017 0.011 -0.150 6.5 5.7 3.7 -19.4

W13_Guizhou 0.019 0.017 0.010 -0.125 5.9 5.4 3.2 -18.1



W2_Jiangxi 0.020 0.017 0.010 -0.119 6.6 5.6 3.4 -17.8

W7_Zhejiang 0.117 0.114 0.109 20.2 19.2 17.8

W6_Jilin 0.028 0.024 0.017 -0.102 7.5 7.2 4.7 -11.7

W9_Heilongjiang 0.026 0.024 0.017 -0.108 7.0 6.3 4.2 -12.1

Indian 0.016 0.013 0.006 -0.113 5.6 4.7 2.2 -17.3

Iran 0.016 0.013 0.006 -0.108 6.3 5.4 2.6 -19.7

Portugal 0.015 0.012 0.005 -0.117 4.9 4.3 1.8 -18.0

Inner_Mongolia 0.015 0.012 0.005 -0.114 5.6 4.6 2.1 -19.0

Liaoning 0.015 0.013 0.005 -0.114 5.2 4.4 1.9 -19.0

Xinjiang 0.014 0.011 0.004 -0.116 5.4 4.6 1.6 -22.4

Altai 0.013 0.010 0.003 -0.113 4.4 3.5 1.0 -18.2

Chukotka 0.017 0.014 0.007 -0.117 5.6 4.9 2.5 -19.8

Bryansk 0.015 0.012 0.005 -0.114 5.0 3.9 1.6 -17.9

Shanxi 0.013 0.010 0.003 -0.124 4.4 3.6 1.0 -20.5

China_X 0.017 0.014 0.007 -0.115 5.5 4.8 2.3 -17.3

Qinghai 0.015 0.012 0.005 -0.117 5.2 4.5 1.9 -18.1

Tibet 0.017 0.015 0.007 -0.112 5.5 4.7 2.5 -17.0
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- CONTACT FOR RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and

will be fulfilled by the Lead Contact Ya-Ping Zhang (zhangyp@mail.kiz.ac.cn).

- METHOD DETAILS

- + Extraction
Six historical wolf skin samples were collected from two museums: National

Zoological Museum of China in Beijing, and Kunming Natural History Museum of

Zoology in Yunnan. The Zhejiang wolf (W7_Zhejiang) was collected from Lin’an,

Zhejiang province in 1974 and the Jiangxi wolf (W2_Jiangxi) was collected from

Jiangxi province in May 1974. Both regions are located in the downstream region of

the Yangtze River in South China. The two Guizhou wolves (W12_Guizhou and

W13_Guizhou) were collected from Guizhou province in South China near Southeast

Asia in 1963. The final two wolves sampled in this study (W9_Heilongjiang and

W6_Jilin) were collected from Northeast China (Baoqing, Heilongjiang province on

Jan 24th, 1957, and Baicheng, Jilin province on Feb 11th, 1957, respectively) (Figure

1A). All samples were treated by As2O3 for storage.

We extracted DNA from these six different skin samples. Each sample was shaved

with a sterilized razor blade to remove the fur. For each skin sample, we cut 25 mg

into small pieces of size <1 cubic millimeter, using sterilized scissors between each

sample, placing the pieces into a PCR clean 2.0 mL DNA LoBind tube (Eppendorf,

cat. No. 30108078). For each sample, we rinsed the pieces in 70% ethanol (Sigma

Aldrich, cat. No. E7023). The mixture was vortexed at maximum speed for one

minute and then spun at 13,200 rpm in a table centrifuge for one minute. Finally, we

removed the resulting supernatant. We repeated these steps three times and let the

tube stand for five minutes at 40°C for complete ethanol evaporation. We used the

remaining skin sample in each tube to prepare 50 uL of DNA extract per sample,

using the DNA extraction method described in Dabney et al (Dabney et al., 2013).

Preparation of samples was performed in a clean room at the Laboratory on Molecular

Paleontology, at the Institute of Vertebrate Paleontology and Paleoanthropology



(IVPP), Chinese Academy of Sciences, Beijing, China. All used tubes and other

experiment materials were UV irradiated for 40 mins, and the used reagents were UV

irradiated for 20 mins. All laboratory procedures were conducted using contamination

controls, such as use of full body coverings, bleach decontamination, and UV

irradiation of tools and work area before and between uses.

- + Library preparation

Thirty-five libraries were produced using a double stranded library preparation

protocol (Kircher et al., 2012; Meyer and Kircher, 2010) (Table S1). Libraries were all

treated with uracil-DNA-glycosylase (UDG) and endonuclease (Endo VIII) to remove

characteristic ancient DNA deamination (Briggs et al., 2007). All 35 libraries were

PCR amplified using AccuPrimePfx DNA polymerase (Life Technologies) (Dabney

and Meyer, 2012). Sample-specific indexes were introduced into both the P5 and P7

adaptors during this library amplification to make it possible to distinguish samples

from the new libraries from any other library (Kircher et al., 2012). Library

concentrations were determined using a NanoDrop 2000 spectrophotometer and a

DNA-1000 chip on the Agilent Bioanalyzer 2100.

- + Sequencing and data processing

We sequenced the libraries using 2×150 bp reads on an Illumina HiSeq Xten platform.

Reads were demultiplexed according to the expected index pairs (Table S1) allowing

one mismatch on each pair of reads. The resulting paired reads were then merged into

a single read, requiring an overlap of at least 11 bp (with one mismatch allowed),

using a modified form of SeqPrep (John, 2011), in which higher quality bases (and

scores) are used in the overlap region. After stripping adapters, merged reads were

aligned as unpaired molecules using BWA (v 0.6.1) using samse (Li and Durbin,

2009). Reads were considered duplicates if they had the same start and end positions,

and all duplicates were removed with bam-rmdup

(https://github.com/mpieva/biohazard-tools), keeping only the read for each set of

duplicates with the highest quality bases (Table S1).

https://github.com/mpieva/biohazard-tools


- + Genotype calling

We merged the SNPs from Wang et al (Wang et al., 2016) and Marsden et al (Marsden

et al., 2016), excluding any variants where the alleles did not match and any SNPs

only present in one of the datasets. Together, this merging yielded 13.74 million SNPs,

including 4.25 million transversions. We used this SNP set to call alleles for other

canids from previous studies (Auton et al., 2013; Botigué et al., 2017; Freedman et al.,

2014; vonHoldt et al., 2016; Wang et al., 2019a; Wang et al., 2013; Wang et al., 2019b;

Zhang et al., 2014), and for the samples in the present study. For all but the Jiangxi

sample, we used random allele calling, choosing not to determine heterozygous sites,

as the sequencing depths for most individuals are low (~0.15x-15.3x, Table 1). We

applied a filter where we ignored the first and last two base pairs of each fragment,

required a base pair quality higher than 20, a fragment length of no less than 30, and

mapping quality of no less than 30. The W2_Jiangxi sample was sequenced to 37x

(Table 1), a high enough coverage to call heterozygotes confidently. Thus, we applied

the software GATK 3.3 with the Unified Genotyper parameter to determine diploid

calls. For the two Guizhou samples (W12_Guizhou and W13_Guizhou), we also

made diploid calls with GATK using a similar process as for W2_Jiangxi to test

whether results were consistent or not. After comparing all the analyses, we found the

test results are similar to those obtained using random calling without heterozygous

sites.

- QUANTIFICATIONAND STATISTICALANALYSIS

- + Principal components analysis

To investigate the relationship of the newly sampled individuals to wolf and dog

populations, we calculated pairwise allele-sharing distances among all pairs of wolf

and dog populations (Cavalli-Sforza, 1997). We applied a principal components

analysis (PCA) to the resulting pairwise distance matrix using SMARTPCA (version:

13050) (Patterson et al., 2012). For the gray wolves (31 individuals, including six new

individuals sequenced in this study from China), we grouped populations by region:



America, Europe, Middle East, North Asia, Tibet, and Southern China. In the PCA,

the six new samples are presented with a black edge and are slightly larger than the

points for other samples (Figure 1B). The PCA also includes other wolves and select

domesticated dogs, including breed dogs from across the world and indigenous dogs

from South and North China. The first PC distinguishes between gray wolf and dog

populations, while the second PC distinguishes between East Asian and European

dogs (Figure S2). We changed the following options in the default PAR file:

altnormstyle: No; outliermode: 1 and 2 for Figure 1B and Figure S2, respectively.

- + Phylogeny

We constructed the phylogenetic relationship of 31 gray wolves (Canis lupus), one

ancient wolf from Taimyr, two coyotes (Canis latrans), two jackals (Canis aureus),

one red wolf (Canis rufus), one dhole (Cuon alpinus), and one Andean fox (Lycalopex

culpaeus) using the MEGA-CC (Compute Core) for Linux systems

(https://megasoftware.net/) (Kumar et al., 2016). The MEGA-Proto requires two

setting files (.mao) – one is for generating a Maximum Likelihood phylogeny and the

other is for generating a Neighbor-Joining phylogeny. Support values of each node

were inferred using 1000 rapid bootstrap replicates, where all other settings are set to

the defaults. The fasta file for the 39 individuals was converted from the

EIGENSOFT format using a customized script, and degenerate base symbols were

used to represent the heterozygotes.

- + f3-statistics

For f3 statistics, we use the same dataset as shown in Figure S2, but including the

Jackal. We measured the shared genetic drift between each newly sequenced wolf (X)

and other dogs, gray wolves, and the Jackal (Y). We computed statistics of the form

f3(X, Y; Dhole) using qp3Pop (version: 412), which measures the shared genetic drift

between populations X and Y since their separation from an outgroup (Dhole)

(Raghavan et al., 2014). After ranking the f3 results, we drew a scatter plot with error

bars for the six new samples (Figure S5).



- + D-statistics

We used D-statistics (Green et al., 2010; Meyer et al., 2012; Patterson et al., 2012) of

the form D(Fox, Test; X, Y) and D(Fox, X; Test, Y) to formally test the relationship

these samples have with different wolf populations using qpDstat (version: 712),

where X and Y are 15 previously published wolves and Test are each of the six newly

sequenced gray wolves. We divided the results into 12 sub-tables (Table S3 and S5),

and the results were highlighted according to the magnitude of the Z values. We also

used D(Fox, Jackal/Dhole; Test, Jackal/Coyote/Red Wolf/Zhejiang) to assess the

ancient genetic component in the Zhejiang wolf (Table S6), where Test are each of the

Dhole, Coyote, Red wolf, six newly sequenced wolves and 14 previously published

wolves.

- + TreeMix

We applied TreeMix (v.1.13) (Pickrell and Pritchard, 2012) to investigate the

relationship between the newly sequenced samples and wolf and dog populations.

TreeMix determines population structure using maximum likelihood trees and allows

for both population splits and potential gene flow by using genome-wide allele

frequency data and a Gaussian approximation of genetic drift. To further investigate

how well the tree model fits the data, we visualized the matrix of residuals for the tree

model with no admixture. We test trees for zero, one, and two migration events (m).

The maximum-likelihood tree for m = 0 (Figure S4) is based on 39 canids excluding

dogs. Figure S6 and S7 are based on all canids and m = 0. Figure 2 and Figure S8 are

based on all canids with m = 1 and m = 2, respectively. To assess how well supported

the Treemix phylogeny is, each node was inferred using 1000 rapid bootstrap

replicates, with all other settings set to default parameters. To visualize the tree and

residual plot, we used the R script plotting_funcs.R, and the plot_tree and plot_resid

functions, which are provided with the source code for Treemix

(https://github.com/joepickrell/pophistory-tutorial/tree/master/example2).



- + F4-ratio test

In the D-statistic analyses, we observed that the Zhejiang wolf showed patterns

indicating ancestry from a canid population that separated from wolves earlier than

the dhole separated from wolves. To estimate the proportion of ancestry in the

Zhejiang wolf that was contributed by admixture with a population more archaic than

the dhole, we use the F4-ratio test, which provides an unbiased estimate of the

admixture proportion (Reich et al., 2011). We used qpF4ratio (v1.0) from the

ADMIXTOOLS software package (Patterson et al., 2012). We use the dhole and fox

as the two source populations for the wolves (X), assuming an unrooted tree (Figure

S9). Then, we expect the admixture proportion, α , in the f4-ratio test to be given by

the following equation, where X is each gray wolf in turn.

- + Admixture Graph

We used qpGraph (version: 6065) from the ADMIXTOOLS packages (Patterson et al.,

2012) to test all possible relationships between the select individuals representing the

major branches for canids. We began with a base graph using three samples

(Andean_fox, Dhole and Ancient_Taimyr). Then we proceeded by attempting to fit

the selected gray wolf samples (Gray_Wolf_Iberia, Gray_Wolf_Indian,

W9_Heilongjiang, W7_Zhejiang and Gray_Wolf_Great_Lakes) in turn. If there are no

models that fit, we change the order of addition and repeat the analysis.

We added Gray_Wolf_Iberia to all possible nodes of basal Admixture Graph either as

a simple branch without mixture, or as a mixture between two branches. All together,

we identified two models that fit the data (maximum |Z|<3, Figure S10). We then

added Gray_Wolf_Indian to all possible nodes of these two graphs (Figure S10),

either as a simple branch without mixture, or as a mixture between two branches. We



identified two models that fit the data (maximum |Z|<3, Figure S11). Adding

W9_Heilongjiang to all possible nodes of the two graphs that fit the data for

Gray_Wolf_Iberia and Gray_Wolf_Indian (Figure S11), we identified only one model

that fit the data (maximum |Z|<3, Figure S12). We added W7_Zhejiang to all possible

nodes of this graph (Figure S12) and identified one model that fit the data (maximum

|Z|<3), Figure S13) We finally added Gray_Wolf_Great_Lakes to the previous graph

(Figure S13) and identified only one model that fit the data (maximum |Z|<3, Figure

S14).

We additionally tested adding other canids to the admixture graph, but no graph fit the

data well (i.e. all maximum |Z|>3). From the final admixture graph (Figure S14), we

confirmed patterns similar to that observed in other analyses and we estimated a

similar admixture proportion (14%) for deep ancestry in W7_Zhejiang (Figure S14).

- DATAAND SOFTWAREAVAILABILITY

Sequence data for six gray wolf genomes has been submitted to the Genome

Sequence Archive (http://gsa.big.ac.cn/) under accession number PRJCA001135. The

SNP set will be made available on the iDog database (http://bigd.big.ac.cn/idog/).
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