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Abstract

The gray wolf (Canis lupus) is among the few large carnivores that survived the Late Pleistocene megafaunal extinctions. Thanks to

their complex history of admixture and extensive geographic range, the number of gray wolf subspecies and their phylogenetic

relationships remain poorly understood. Here, we perform whole-genome sequencing of a gray wolf collected from peninsular India

that wasphenotypically distinct from gray wolvesoutside India. Genomic analyses reveal that the Indian gray wolf is anevolutionarily

distinct lineage thatdiverged fromotherextantgraywolf lineages�110thousandyearsago.Demographicanalyses suggest that the

Indian wolf population declined continuously decline since separating from other gray wolves and, today, has exceptionally low

genetic diversity. We also find evidence for pervasive and mosaic gene flow between the Indian wolf and African canids including

African wolf, Ethiopian wolf, and African wild dog despite their current geographical separation. Our results support the hypothesis

that the Indian subcontinent was a Pleistocene refugium and center of diversification and further highlight the complex history of

gene flow that characterized the evolution of gray wolves.

Key words: gray wolf, Canis lupus pallipes, hybridization, gene flow, evolutionary history, Pleistocene refugium.

Introduction

The gray wolf (Canis lupus) first appears in the fossil records of

Eurasia and North America some 500,000 years ago (Nowak

1979) and later diversified into more than 37 named

subspecies (Wilson and Reeder 2005). Numerous morpholog-

ical and genomic analyses of gray wolves have presented a

complex and sometimes contradictory view of their evolution-

ary history (Leonard et al. 2007; Sinding et al. 2018; Smeds
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et al. 2019; Loog et al. 2020). For example, analyses of mito-

chondrial DNA have revealed a lack of strong haplotype struc-

ture among populations across the Northern hemisphere

(Thalmann et al. 2013; Loog et al. 2020), whereas nuclear

genomic analyses have identified distinct lineages in Eurasia

and North America (Fan et al. 2016; Gopalakrishnan et al.

2018). These studies have also revealed widespread admix-

ture among domestic dogs, gray wolves, and other species in

the genera Canis and Cuon (Freedman et al. 2014; Fan et al.

2016; Gopalakrishnan et al. 2018; Pilot et al. 2019). This evo-

lutionary history of dynamic long-distance dispersal, popula-

tion replacements, and cross-species gene flow has

complicated efforts to understand both how gray wolf pop-

ulations are related to each other and the location, origin, and

timing of dog domestication (Koepfli et al. 2015; Perri et al.

2021).

Among the least studied populations of gray wolves are

those that inhabit the Indian subcontinent. Early taxonomists

described two species endemic to this region: the Himalayan

wolf, Canis laniger (Hodgson 1847), found in the highland

regions of the Tibetan Plateau and eastern Kashmir, and the

Indian wolf Canis pallipes (Sykes 1831), distributed within the

arid/semi-arid lowland plains of peninsular India. Since these

first descriptions, Himalayan and Indian wolves have been

reclassified as subspecies within the gray wolf complex,

Canis lupus chanco and C. l. pallipes, respectively (Allen

1938). The current range of C. l. pallipes extends from the

eastern Mediterranean region of western Asia eastward to

peninsular India, where several isolated populations are

reported (Nowak 1995; Jhala 2003).

Genetic studies using mitochondrial and nuclear markers

have shown that the Himalayan wolf is distinct from other

gray wolf populations (Aggarwal et al. 2007; Ersmark et al.

2016; Werhahn et al. 2017, 2018). Similarly, Indian wolves

are morphologically, behaviorally, and genetically distinct

from other wolf subspecies (Aggarwal et al. 2003; Sharma

et al. 2004; Aggarwal et al. 2007). Compared with other

wolves, Indian wolves are smaller in size (18–22 kg) with

less and relatively shorter hair that is light brown in color

with black hair tips (fig. 1A). Indian wolves are also among

the most threatened canid subspecies in the world, with an

estimated population size of �2,000–3,000 individuals (Jhala

2003).

More recently, relationships among gray wolves have been

analyzed using whole-genome sequences. In one study exam-

ining admixture among gray wolves and domestic dogs (Fan

et al. 2016), a wolf presumed to originate from India but

lacking precise locality information (NCBI accession:

SRS661487) clustered with wolves from Iran and Israel, which

together were grouped within a larger cluster of gray wolves

from Eurasia. This result was, however, at odds with earlier

phylogenetic analyses based on mitochondrial sequences that

suggested that Himalayan wolves and wolves from peninsular

India are the earliest branchings and most divergent lineages

among all gray wolf populations, with Indian wolves diverging

from other lineages �270–400 thousand years ago (ka)

(Aggarwal et al. 2003; Sharma et al. 2004; Aggarwal et al.

2007). To resolve this inconsistency, additional analyses using

wolf samples of unambiguous provenance are necessary,

in particular as the complex history of admixture among

canids can lead to discordance among individual gene

trees (mitochondrial and nuclear) and the population/species

tree (Degnan and Rosenberg 2009; Toews and Brelsford

2012).

Here, we address this by generating and analyzing a high-

coverage nuclear and mitochondrial genome from a male

Indian wolf captured for a radio-telemetry study in

Velavadar Blackbuck National Park, Gujarat State, in western

India (Jhala 2003), which we call IW01. IW01 had the mor-

phological traits (supplementary fig. S1, Supplementary

Material online) and mitochondrial sequence of a typical

Indian peninsular wolf (Sharma et al. 2004). We analyze

IW01 in conjunction with previously published genomic

data from gray wolves sampled from Eurasia and North

America (supplementary table S1, Supplementary Material

online), including SRS661487, the wolf mentioned above

whose precise origins remain ambiguous. We find strong ev-

idence that IW01, along with Himalayan/Tibetan wolves,

comprise lineages that are basal to all other gray wolves in

both mitochondrial and nuclear phylogenies. Reconstruction

of demographic histories also reveals that IW01 has a distinct

effective population size trajectory compared with other

wolves. Finally, we uncover evidence of historical admixture

between IW01 and several canid lineages from Africa despite

their current geographical separation, as well as gene flow

between the domestic dog þ gray wolf clade and these

Significance

The gray wolf (Canis lupus) is one of the few megafaunal carnivores that survived the Late Pleistocene megafaunal

extinctions. Despite extensive research on living and extinct gray wolves, the evolutionary history of this lineage

remains unclear. Here, we sequence and analyze a draft genome of a gray wolf collected from peninsular India.

We find that the Indian wolf lineage, which is both highly threatened and phenotypically distinct from other gray

wolves, is the most deeply diverging lineage of extant gray wolves and, despite their physical isolation from other wolf

lineages, has a long history of gene flow with other canid lineages.
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African canids. Our analyses indicate, however, that despite

this history of admixture, the Indian wolf lineage has been

evolving in isolation from other gray wolf lineages for around

110 thousands years.

Results and Discussion

Genome Sequencing and Mitochondrial Phylogeny

We extracted genomic DNA from IW01 using a whole blood

sample collected in 1995. We prepared four pair-end se-

quencing libraries from which we sequenced 93.5 G nucleo-

tide bases. We mapped sequencing reads to the domestic

dog CanFam3.1 reference genome assembly, which yielded

a 30.7-fold coverage genome for IW01. In addition, we de

novo assembled the mitochondrial genome from IW01 to

2,557-fold coverage. From this whole mitochondrial genome,

we extracted the cytochrome b and 16S rRNA gene sequen-

ces, which we used to estimate a phylogeny including IW01

and previously published mitochondrial data from Indian and

other gray wolves for which full mitochondrial genomes were

unavailable. Maximum-likelihood trees based on these two

genes place IW01 in a previously reported clade containing

other wolves from peninsular India that, along with

Himalayan/Tibetan wolves, is basal to Holarctic gray wolves
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FIG. 1.—Sampling location and mitochondrial phylogeny. (A) A photograph of an Indian wolf from peninsular India (provided by Y. Shah). (B) Map

showing the distribution of samples used in this study. The red dot depicts the location where the Indian wolf IW01 (supplementary fig. S1, Supplementary

Material online) was sampled. (C) Maximum-likelihood tree estimated from mitochondrial genomes (15,462 bp). The Indian wolf (IW01) is a sister clade to

domestic dogs and other gray wolves but inside the lineage of Tibetan wolfþHimalayan wolf. IDs in brackets are the GenBank accession numbers.
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and domestic dogs (supplementary fig. S2, Supplementary

Material online).

Using published raw read data, we also de novo assembled

mitochondrial genomes of wolves putatively originating from

India (SRS661487) and Iran (SRS661488), both of which lack

precise locality information (Fan et al. 2016). We aligned these

to a data set of 36 previously published mitochondrial

genomes representing different Eurasian and North

American gray wolf populations, including one Tibetan wolf

and one Himalayan wolf, domestic dogs, and other species

belonging to the genera Canis, Cuon, and Lycaon. As with the

single gene analyses, IW01 was basal to all Holarctic gray

wolves but inside the clade containing the Himalayan and

Tibetan wolves, and distant from the SRS661487 (India) and

SRS661488 (Iran), which cluster within the clade comprising

Holarctic wolves and domestic dogs (fig. 1C).

Phylogenetic Relationship between the Indian Wolf IW01
and Other Gray Wolves

We combined gene trees estimated from 5,000 randomly

selected 20-kb regions across the nuclear genomes of IW01

and 18 other canids and reconstructed a species tree using

ASTRAL-III (Zhang et al. 2018). As observed previously (Koepfli

et al. 2015; Gopalakrishnan et al. 2018), the African wolf and

golden jackal are basal to the coyote and gray wolf clades

(fig. 2A and B), and the Ethiopian wolf is an outgroup to the

golden jackal. Domestic dogs and East Asian gray wolves

formed a clade sister to European gray wolves, but with

low support (fig. 2A and supplementary fig. S3A,

Supplementary Material online). Quartet frequencies of

gene trees comprising domestic dog, East Asian wolf, and

European wolf were similar (supplementary fig. S3A,

Supplementary Material online). When IW01, SRS661487

(India), and SRS661488 (Iran) are included in the ASTRAL

tree, these three lineages form a well-supported clade basal

to North American and Eurasian wolves following the split of

Himalayan and Tibetan wolves, the latter of which comprises

the earliest diverging lineage in the gray wolf/domestic dog

clade (fig. 2A). This result is inconsistent with the phylogenetic

tree presented in Fan et al. (2016), based on a supermatrix

analysis of genome-wide SNP data that do not account for

gene tree discordance. In Fan et al. (2016), SRS661487 and

SRS661488 fall in the clade with European wolves, as they do

in our mitochondrial phylogeny (fig. 1C). When we estimated

the ASTRAL tree excluding IW01, SRS661487, and

SRS661488 cluster with European wolves (supplementary

fig. S4, Supplementary Material online) as in Fan et al.

(2016). When the ASTRAL tree includes IW01 but excludes

SRS661487 and SRS661488, IW01 falls basal to all gray

wolves and the domestic dog, including the Himalayan and

Tibetan wolf clade, with strong support (fig. 2C and D, panel

10). However, the placement of the Himalayan/Tibetan wolf

clade has low support (supplementary fig. S3B,

Supplementary Material online), suggesting that the phyloge-

netic relationship among IW01, Himalayan/Tibetan wolf, and

the domestic dog þ gray wolf clade is not well resolved, pos-

sibly due to incomplete sorting and/or gene flow among these

lineages.

To further explore the placement of IW01, we aligned the

high-coverage nuclear genomes from IW01, a Tibetan wolf, a

Chinese wolf, and a dhole and divided the alignment into

250-kb, 500-kb, and 1-Mb nonoverlapping segments, and

then estimated maximum-likelihood phylogenetic trees for

each segment. The most commonly observed topology,

which accounted for 48–57% of windows, placed IW01 as

basal to the Tibetan wolf and the Chinese wolf (supplemen-

tary fig. S5, Supplementary Material online).

Given that the most commonly observed topology placed

IW01 as basal to Tibetan wolves, which previously estimated

contained as much as 39% ancestry from a deeply divergent

“ghost” lineage (Wang et al. 2020), it is possible that all or

some component of the ancestry of IW01 is also from this

“ghost” lineage. To test this, we constructed a neighbor-

joining tree using only genomic segments characterized as

of “ghost” origin in Himalayan and Tibetan wolves (Wang

et al. 2020). Similar to the mitochondrial tree (fig. 1C), IW01

and Himalayan/Tibetan wolves formed two distinct clades in

this analysis, with the latter clade basal to other gray wolves,

including IW01, with high bootstrap support (supplementary

fig. S6, Supplementary Material online). These results suggest

that IW01 is not the possible source of the “ghost” lineage

ancestry. Instead, the “ghost” lineage is likely basal to IW01.

Finally, we modeled the genetic makeup and phylogenetic

assignments of IW01 using admixture graphs. Because this

analysis is based on genotype calls, we prioritized genomes

with sequence coverage over 10-fold. In agreement with the

above analyses, our data fit the graph models (no f4 outliers) in

which IW01 is assigned to a lineage basal to Eurasian gray

wolves and shows no signals of admixture with other gray

wolf populations (fig. 3). Our results also indicate Tibetan

wolves have admixed ancestry that is perhaps derived from

ancient hybridization between a lineage basal to IW01 and

Eurasian gray wolves. Interestingly, this analysis suggests that

the Mongolian wolf is also admixed (fig. 3), with the majority of

its ancestry coming from European wolves, and the remainder

from a lineage connecting them to Himalayan/Tibetan wolves.

Previous studies have suggested that the range of Himalayan/

Tibetan wolves was probably expanded across much of

Mongolia and Northwest China (Sharma et al. 2004), although

these wolves maintain different distributions and represent dis-

tinct genetic lineages today (Werhahn et al. 2017).

Gene Flow between Indian Wolf IW01 and Other Canids

The uncertainty of the phylogenetic placement of gray wolves

SRS661487 (India) and SRS661488 (Iran), as well as previous

reports of admixture among canid lineages (Koepfli et al.

Wang et al. GBE
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indicates the quartet topology with branches 15 and 16 together on one side and branches 6 and 8 on the other side. Quartet topology frequencies for 16

branches in the underlying unrooted phylogeny are shown in supplementary figure S3A, Supplementary Material online. The red bar indicates the frequency

of the topology shown in (A) and the other blue-colored bars represent frequencies of the two alternative topologies. The dotted line represents the one-third

frequency cut-off of the true topology for each quartet (Allman et al. 2011). (C) Phylogenetic tree estimated from the nuclear genome using ASTRAL-III but

excluding the previously reported gray wolf genomes of SRS661487 (India) and SRS661488 (Iran). (D) The quartet frequencies of three possible topologies for

branch 10 in (C). Quartet topology frequencies for 14 branches in the underlying unrooted phylogeny are shown in supplementary figure S3B,

Supplementary Material online.
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2015; Skoglund et al. 2015; Gopalakrishnan et al. 2018), sug-

gest that one or more of the sampled Middle Eastern and

Indian wolf lineages may have admixed ancestry. We explored

genetic affinity and admixture between IW01 and other gray

wolves using TreeMix (Pickrell and Pritchard 2012) and D-sta-

tistics (Green et al. 2010) by analyzing 32 nuclear genomes

(supplementary table S1, Supplementary Material online). Our

results support IW01 as a diverged wolf lineage basal to other

Eurasian gray wolves and that SRS661487 is closely related to

Iranian and European gray wolves (fig. 4 and supplementary

figs. S4–S9, Supplementary Material online).

We also found evidence of gene flow between IW01 and

the two wolves of suspect origin (SRS661487 [India] and

SRS661488 [Iran]) (figs. 4 and 5A and B; supplementary

figs. S7–S9, Supplementary Material online), as well as be-

tween IW01 and three more recently reported Iranian wolves

(supplementary fig. S10, Supplementary Material online)

(Amiri Ghanatsaman et al. 2020). Admixture among these

lineages is expected, given the lack of reproductive barriers

and any major geographic barriers separating these popula-

tions. We did not find evidence, however, of gene flow be-

tween IW01 and the Himalayan wolf. This is surprising, given

the proximity of their ranges but consistent with previous

findings based on mitochondrial sequences (Sharma et al.

2004) and our phylogenetic results. It is possible that differ-

ences in local adaptation between highland wolves of the

trans-Himalayan and Tibetan plateau (Werhahn et al. 2018;

Wang et al. 2020) versus lowland wolves of the semi-arid

habitats in peninsular India, along with the small population

sizes and fragmented habitat of Indian wolves may lessen

chances for admixture between these lineages (Owen et al.

2002; Blinkhorn and Petraglia 2017). However, given that our

analyses are currently limited to a single Indian wolf sample of

known origin, additional genomes from wolves sampled

across peninsular India and the Himalayan region will be re-

quired to reveal the extent of gene flow among these

lineages.

Using D-statistics, we did not find any evidence of admix-

ture between IW01 and the Asiatic dhole when the domestic

dog, East Asian wolf, Croatian wolf, Spanish wolf, or North

American wolf are in position H2 (fig. 5C). However, we

detected significant gene flow between IW01 and Kenyan

African wolf (fig. 5D), Ethiopian wolf (fig. 5E), and African

wild dog (fig. 5F). This is consistent with the recent radiation

of including Lycaon, Cuon, and Canis, which has been esti-

mated at �1.72 Ma in models that include the possibility of

gene flow among lineages (Chavez et al. 2019). Such gene

flow may have been mediated through an unknown, earlier

diverging donor species (Gopalakrishnan et al. 2018). We also

found evidence of gene flow between IW01 and each of

three recently reported northwestern African wolves (from

Senegal, Morocco, and Algeria) (Liu et al. 2018), although

the proportion of shared ancestry varied among individuals

sampled (supplementary tables S2 and S3, Supplementary

Material online). Moreover, past gene flow has been reported

in other geographically distant canid species (fig. 5E and F;

supplementary table S2, Supplementary Material online), such

as between Ethiopian wolf and Eurasian gray wolves and

golden jackals, and between Ethiopian wolf and lineage an-

cestral to northwestern and eastern African wolves

(Gopalakrishnan et al. 2018).

We constructed admixture graph models to further inves-

tigate admixture among IW01 and African canids. Because

this analysis requires a specified graph topology for testing, it

is challenging to implement this test with a large number of

populations or species with histories involving complex admix-

ture events. Following previous canid genomic studies

(Sinding et al. 2018), we simplified admixture graphs by be-

ginning with a model that includes European wolf, Tibetan

wolf, IW01, and Andean fox (as an out-group), and then

adding African canid species to fit all possible f4-statistics

(Lipson 2020). In agreement with our D-statistics results, the
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FIG. 5.—D-statistics testing the amount of allele sharing between IW01 and other canid species. (A) Schematic plot showing the topology used for

calculating D-statistics. The calculation with jZj�3 was considered statistically significant. (B) D-statistics find no clear evidence of admixture between IW01

and Himalayan wolf. Most D values are positive, suggesting that IW01 shares more derived alleles with other gray wolves (H2) than with the Himalayan wolf.

We note that D(IW01, H2; Himalayan wolf, Andean fox) calculated when H2 includes North American wolves showed significant negative values. However,

this should not be taken to signify admixture between IW01 and the Himalayan wolf. Rather, this is likely due to North American wolves sharing ancestry

from more divergent species like the coyote (vonHoldt et al. 2016; Sinding et al. 2018). (C) D-statistics plot showing the amount of allele sharing between

dhole and IW01 and other gray wolves. (D) D-statistics plot showing allele sharing between the African wolf and IW01. (E) D-statistics plot depicting allele

sharing between the Ethiopian wolf and IW01. This test also finds evidence of admixture between the African wolf and the Ethiopian wolf. (F) D-statistics plot

showing allele sharing between the African wild dog and IW01. (G) D-statistics plot showing the amount of allele sharing between the golden jackal and the

ancestral clade of gray wolves. D-statistics were significantly positive when the domestic dog, East Asian wolves, and European wolves were in position H2,

but became insignificant when North American wolves and Tibetan wolves were in the H2 position. These results suggest past gene flow between the

Eurasian golden jackal and the ancestor of domestic dog and Eurasian gray wolves, supporting previous studies (Gopalakrishnan et al. 2018; Chavez et al.

2019). This also suggests that the Eurasian golden jackal has no or less gene flow with IW01 compared with domestic dogs and Eurasian gray wolves, despite

the overlapping distributions of the former two species.
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fitted admixture graphs (no f4 outliers) indicated that IW01

had gene flow with the African wolf, Ethiopian wolf, and

African wild dog (fig. 6 and supplementary fig. S11,

Supplementary Material online). We found more gene flow

between IW01 and the African wolf and Ethiopian wolf than

between IW01 and with the African wild dog. Because the
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FIG. 6.—Admixture graph modeling the gene flow between IW01 and African canids. (A) Fitted model (no f4 outliers) showing the genetic makeup of

the Ethiopian wolf. (B) Fitted model (no f4 outliers) showing that the African wild dog carries 1% ancestry from IW01, which supports the D-statistics analysis

(fig. 5F). Admixture between IW01 and African wild dogs is also detected when African wolf or golden jackal are included (supplementary fig. S11,

Supplementary Material online). (C) Fitted model (no f4 outliers) showing admixture between IW01 and the African wolf and the Ethiopian wolf. This result is

also supported by an alternative fitted model (supplementary fig. S11, Supplementary Material online). Both support a previous conclusion that African

wolves carry admixed ancestries (Gopalakrishnan et al. 2018). Dashed lines indicate inferred admixture events and admixture proportions are reported beside

the dashed lines. Because this analysis required genotype calls, we included only genomes with sequencing coverage >10-fold. As genome sequence

coverage for the Himalayan wolf is 7-fold, we used the Tibetan wolf to represent the highland gray wolf for admixture graph construction.
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admixture history among gray wolf and canid species is com-

plex, these fitted graphs reflect a parsimonious summary of

our data and may not reflect the complete admixture history

for these lineages.

Lastly, we applied PCAdmix (Brisbin et al. 2012) to perform

local ancestry inference for IW01, with African canids,

Eurasian gray wolf, and domestic dog as source populations.

Although this analysis has low power and resolution to infer

small tracts reflecting anciently admixed ancestry, IW01

shared some potentially admixed tracts (posterior

probabilities > 0.9) with each of the three African canid spe-

cies, the African wolf, Ethiopian wolf, and African wild dog

(supplementary table S4, Supplementary Material online). The

identified admixed tracts were short and few in number, in-

dicative of ancient gene flow. IW01 shared the largest num-

ber and length of admixed blocks with the African wolf,

followed by the Ethiopian wolf.

The above analyses support pervasive ancient gene flow

between IW01 and African canids. Compared with the two

wolves SRS661487 (India) and SRS661488 (Iran), IW01 shares

less ancestry with African wolves and a comparable amount

of ancestry with the Ethiopian wolf (fig. 5D and E). A possible

explanation for this pattern is that gene flow between IW01

and African canids was mediated through Middle Eastern

wolves. However, this model does not explain the shared an-

cestry between IW01 and African wild dogs (figs. 5F and 6;

supplementary fig. S11, Supplementary Material online).

Further, our results show that Iranian wolf genomes shared

a large excess of genetic ancestry with IW01 (fig. 4 and sup-

plementary fig. S7, Supplementary Material online). This sug-

gests that the lineage leading to IW01 may have been more

widely distributed in the past, from the Indian subcontinent to

the Arabian Peninsula (Sharma et al. 2004), and overlapping

in range and potentially hybridizing with Middle-Eastern gray

wolves and African canid lineages in the past.

Our results support the hypothesis that the Sinai Peninsula

and Southwest Levant are important hubs of canid evolution,

where pervasive interspecific hybridization has been detected

among gray wolves, African wolves, and Eurasian golden

jackals (Koepfli et al. 2015; Gopalakrishnan et al. 2018).

Assemblages of Early Pleistocene mammalian fossils from

the Pinjor Formation in India, including remains of at least

two species of Canis, suggest paleobiogeographic linkages

with African and Middle Eastern faunas (Patnaik and Nanda

2010). The connections between the faunas of India and

Africa are also supported by the vertebrate fossil records

from Late Pleistocene deposits in Gujurat, which includes a

Canis sp. that is larger and more robust than the present-day

Indian wolf (Costa 2017), and from other taxa, as Asiatic lions

in India have experienced extensive gene flow with African

lions (de Manuel et al. 2020), and African leopards are known

to have admixed with leopards from the Middle East

(Palestine region) and Central Asia (Afghanistan) (Paijmans

et al. 2021). Our model is, of course, speculative, and

additional data from both fossils and living animals will be

helpful to understand the history of admixture among these

canid lineages.

Intriguingly, D-statistics tests of allele sharing between

IW01 and African canids revealed the Himalayan wolf as dis-

tinct from other wolf lineages (fig. 5C–G), leading us to hy-

pothesize that the Himalayan wolf was less admixed. To test

this, we computed D-statistics with the Himalayan wolf as H1,

domestic dog and gray wolves as H2, and African wolf,

Ethiopian wolf, African wild dog, or golden jackal as H3. All

analyses resulted in significant positive D values (Z> 3), sug-

gesting that the domestic dog and gray wolves also shared

excess derived alleles with African canids and golden jackals

(supplementary fig. S12, Supplementary Material online). This

analysis provides support for the idea that present-day wolves

and domestic dogs have admixed ancestries (Fan et al. 2016;

Frantz et al. 2016) and that the Himalayan wolf is relatively

isolated (less or unadmixed with other canids) compared with

other wolves (fig. 5B).

Demographic History and Divergence Time for the IW01

and Other Gray Wolves

To place the evolution of IW01 in a chronological context

along with other gray wolves, we calculated relative cross-

coalescence rates (CCR, the ratio between the cross- and

the within-coalescence rates) for each pair of populations us-

ing the multiple sequentially Markovian coalescent (MSMC)

model (Schiffels and Durbin 2014), including genomes with a

sequence coverage >20-fold. Using 50% CCR as a cutoff to

estimate divergence time, these analyses suggest that IW01

diverged from domestic dogs and Chinese, Tibetan,

European, and American wolves �110 ka (fig. 7A). This di-

vergence date is much older than the previous estimates of

�68–81 ka for divergence between the Tibetan wolf and

domestic dog/East Asian gray wolves (Wang et al. 2020)

and supports our phylogenetic result that IW01 is basal to

the Tibetan/Himalayan wolf and domestic dog þ gray wolf

clade (figs. 2C and 4; supplementary figs. S5–S7,

Supplementary Material online). This analysis also showed

that IW01 split from SRS661487 (India) and SRS661488

(Iran) more recently, around 86 and 81 ka, respectively

(fig. 7A), although these estimates will be impacted by the

admixed ancestry of these three individuals (fig. 4). We esti-

mated that SRS661487 diverged from the domestic dog and

Chinese wolf �68–85 ka and from European wolf �17 ka

(supplementary fig. S13, Supplementary Material online), and

that SRS661487 separated from the Iranian wolf (SRS661488)

�5.5 ka, consistent with these two samples clustering to-

gether in the phylogeny (fig. 4 and supplementary figs. S6

and S7, Supplementary Material online). Therefore,

SRS661487 likely represents a gray wolf that recently

descended from Middle Eastern and European wolf lineages
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that then admixed with the IW01 lineage, whereas IW01 is a

distinct and deeply diverged lineage.

We used the pairwise sequentially Markovian coalescent

(PSMC) model (Li and Durbin 2011) to reconstruct historical

patterns of effective population size over time for IW01 and

other gray wolves with sequencing coverage �20-fold

(fig. 7B). Generally, all gray wolves shared similar demo-

graphic trajectories up to �150 ka. Thereafter, IW01 and

the Tibetan wolf diverged first around 110 ka and then expe-

rienced continuous contractions in population size. Generally

consistent with MSMC and PSMC, we used Coal-HMM

(Mailund et al. 2011) and estimated that IW01 diverged

from dogs and other gray wolves �130–140 ka

(supplementary fig. S14, Supplementary Material online). In

contrast, SRS661487 shared a similar demographic trajectory

with European, Iranian, and North American wolves whose

population size expanded slightly between 100 and 50 ka,

which was then followed by contraction (fig. 7B). These

results corroborate that IW01 and SRS661487 represent

two different gray wolf lineages.

To explore the recent history of the Indian wolf population,

we examined nucleotide diversity and runs of homozygosity

(ROH) for IW01 and compared this with the estimates from

other gray wolves. Because such analyses are sensitive to

genotyping errors, we focused on genomes with sequencing

coverage �20-fold. IW01 had a nucleotide diversity of
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approximately 0.001046 0.00098 (mean6SD), slightly

higher than that of the Tibetan wolf, but lower than that

estimated for European wolves, SRS661487, the Iranian

wolf (SRS661488), the Mongolian wolf, and the North

American wolf (supplementary fig. S15, Supplementary

Material online). IW01 had 11 blocks of ROH with a length

>1 Mb, the longest of which was 1.57 Mb, whereas the

Tibetan wolf had 48 blocks of ROH >1 Mb and 5 ROH

>2 Mb (supplementary fig. S16, Supplementary Material on-

line). We found that 33% of the IW01 genome and 43% of

the Tibetan wolf genome were homozygous, which was

higher than that observed in other gray wolves except for

the Chinese wolf (supplementary fig. S16, Supplementary

Material online). These results are consistent with the long-

term small effective population sizes inferred in our PSMC

analysis and with earlier ecological studies (Aggarwal et al.

2003, 2007; Sharma et al. 2004), and also suggest recent

inbreeding.

Conclusion

Our results suggest that IW01 represents an evolutionarily

distinct gray wolf lineage living in the semi-arid lowland region

of the Indian subcontinent that diverged from other gray wolf

populations �110 ka. IW01 shares ancestry with other gray

wolves (SRS661487 and SRS661488) that fall within the geo-

graphic range described for C. l. pallipes. Consistent with our

previous study, gray wolves from the Trans-Himalayan moun-

tain range and Tibetan Plateau also carry deeply diverged

ancestries (Wang et al. 2020). The persistence of these an-

cient and diverged lineages in the Indian subcontinent may be

due in part to the region’s unique topography and paleoen-

vironmental history. Similar patterns of locally divergent line-

ages have been observed in Trans-Himalayan red pandas (Hu

et al. 2020) and Chinese mountain cats (Yu et al. 2021).

Together, these findings point to the importance of the

Indian subcontinent and Trans-Himalayan region as refugia

during the Pleistocene (Sharma et al. 2004; Costa 2017)

that enabled the persistence of divergent lineages.

During the Pleistocene ice ages, the Indian subcontinent

was dry and cold, and much of the Himalayan and Trans-

Himalayan regions and southern Tibet (Owen et al. 2002)

were covered by ice. Regional unglaciated refugia persisted,

however, within which small populations of gray wolves may

have become isolated, leading to the evolution of distinct

lineages (Blinkhorn and Petraglia 2017). Our estimate of the

timing of divergence between IW01 and other gray wolves

coincides roughly with the end of the Last Interglacial period

(Eemian), when warmer, wetter conditions occurred in the

northern latitudes of Eurasia, whereas the Indian subcontinent

and neighboring lower latitude regions experienced a cooler,

drier climate (Pedersen et al. 2017). These paleoclimatic differ-

ences, combined with geographic isolation, may have

facilitated ecological and genetic divergence of the Indian

wolf lineage.

Despite the relative isolation and small population size of

Indian wolves today, we find that the IW01 lineage harbors

evidence of a mosaic of past gene flow with the African wolf,

Ethiopian wolf, African wild dog, and western Asian gray

wolves. We also find that the Himalayan wolf shares signifi-

cantly less admixed ancestry with modern-day African canids

(supplementary fig. S12, Supplementary Material online),

which is consistent with its isolation and adaptation to the

high-altitude arid environments of the Himalayan and Tibetan

plateaus. It is possible that the distribution of gray wolves and

African canids overlapped in the past, possibly in the Sinai

Peninsula or Southwest Levant where several canid species

are hypothesized to have hybridized (Gopalakrishnan et al.

2018).

Our results present a scenario of pervasive gene flow be-

tween gray wolves and other canid species, adding to the

growing evidence of the important role of interspecific hybrid-

ization in the evolution of canid species and populations spe-

cifically and the role of network-linked and reticulated

evolution of species more generally. Although our study is

based on a single sample of precisely known provenance,

our analyses of IW01 bridge a data gap for gray wolves and

provide an important resource for future studies. Additional

sampling of Indian wolves from other regions of peninsular

India, of other wolves from across the range of C. l. pallipes,

and perhaps from ancient samples will be necessary to inform

the conservation of this threatened and elusive gray wolf

subspecies.

Materials and Methods

IW01: Origins and Sampling

The Indian wolf (IW01; fig. 1 and supplementary fig. S1,

Supplementary Material online) sequenced for this study

was captured in 1995 inside Velavadar Blackbuck National

Park in Gujarat state, India (latitude ¼ 22.0438�N,

longitude ¼ 72.0202�E), for a radio-telemetry-based ecolog-

ical study of the species. The wolf was captured using a

rubberized-jaw McBride foot-hold trap (Minnesota) and anes-

thetized using Telozol (Kreeger et al. 1989). Whole blood was

drawn from the brachial vein for DNA profiling and disease

study. Permissions for capture and collaring were obtained

from the Ministry of Environment and Forest, government

of India, and from the Chief Wildlife Warden, Gujarat state.

The whole blood sample was stored in alcohol at�20 �C until

genomic DNA was extracted.

Genome Sequencing and Variant Calling

Four paired-end DNA sequencing libraries were prepared for

IW01, resulting in a total of 311,789,040 paired-end 150-bp

reads (corresponding to 93.5 Gb) generated by the M/s Xcelris
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Labs Ltd. Ahmedabad, Gujarat, India, using the Illumina HiSeq

2500 platform. We downloaded published genomic sequen-

ces from 30 other canid samples from the NCBI SRA (acces-

sion IDs are available in supplementary table S1,

Supplementary Material online) including domestic dogs,

African wild dog (Lycaon pictus), dhole (Cuon alpinus), coyote

(Canis latrans), Eurasian golden jackal (Canis aureus), African

wolf (Canis lupaster), Ethiopian wolf (Canis simensis), and

Andean fox (Lycalopex culpaeus). We used Btrim (Kong

2011) to remove low-quality bases. Because a highly contig-

uous chromosome-level reference genome assembly is not

yet available for the gray wolf, we aligned the remaining reads

to the domestic dog CanFam3.1 reference genome (Lindblad-

Toh et al. 2005) using the BWA-MEM algorithm (Li 2014) with

the settings “-t 4 –M.” We processed the bam alignment by

coordinate sorting, marking duplicated reads, performed local

realignment, and recalibrated base quality scores using the

Picard (version 1.56; http://broadinstitute.github.io/picard/,

last accessed January 27, 2022) and GATK (version 3.7.0)

packages (McKenna et al. 2010). We called SNPs for all sam-

ples together using the UnifiedGenotyper function in GATK.

To increase the reliability of the data, SNPs were further fil-

tered as previously described (Wang et al. 2020) using the

VariantFiltration command in GATK with parameters:

“QUAL < 40.0 MQ < 25.0 MQ0 � 4 && ((MQ0/

(1.0�DP)) > 0.1) cluster 3 -window 10.” Index, depth, and

mapping statistics were computed using available tools in

SAMtools v1.3.1 (Li et al. 2009).

Mitochondrial Assembly and Phylogenetic Analysis

Because no complete mitochondrial genome is available in

GenBank for the Indian wolf, we performed de novo assembly

of the mitochondrial genome for IW01, SRS661487 (India),

and SRS661488 (Iran) using NOVOPlasty v2.7.2 (Dierckxsens

et al. 2017) with a k-mer size of 31 based on whole-genome

sequencing data. The domestic dog mitochondrial genome

(GenBank accession: NC_002008.4) was used as a seed/ref-

erence sequence. We downloaded mitochondrial genomes

for coyote, African dog, dhole, African wolf, and other gray

wolves and domestic dogs from NCBI (GenBank accessions

are shown in fig. 1C) and included the Tibetan and Himalayan

wolf sequences from a previous study (Wang et al. 2020). A

total of 39 mitogenomes were analyzed in this study. These

sequences were aligned using MUSCLE v3.8.31 (Edgar 2004)

and the alignments were checked manually. After removing

poorly aligned and control regions, an alignment file with a

length of 15,462 bp was used for phylogenetic analysis. A

maximum-likelihood tree was reconstructed using RAxML

v8.2.12 (Stamatakis 2014) with the GTRþG model of DNA

substitution, and 1,000 bootstraps were run to assess node

support.

We also downloaded previously reported mitochondrial

cytochrome b and 16S rRNA sequences for Indian wolf,

domestic dog, and other gray wolves from GenBank (acces-

sions are shown in supplementary fig. S2, Supplementary

Material online) and aligned and analyzed these data

(554 bp for 16S rRNA and 332 bp for cytochrome b) for

phylogenetic analysis using the same methods described

above.

Nuclear Phylogeny Construction

We constructed phylogenetic trees using nuclear genome

sequences to explore the relationship of IW01 with other

gray wolves and canid species. For each canid taxon, only

one sample was used. Given that domestic dogs constitute

a monophyletic clade (Fan et al. 2016; Wang et al. 2016), we

chose the high-coverage Dingo genome (31.3-fold;

SRR7120191) to represent the domestic dog lineage. As a

result, a total of 19 samples were used to construct phyloge-

netic trees (fig. 2A and supplementary fig. S3, Supplementary

Material online). We generated a consensus genome for each

sample using ANGSD v0.931 (Korneliussen et al. 2014) (-

doFasta 1). Reads with a minimum mapping quality lower

than 25 were discarded (-minMapQ 25). For genomes with

an average sequencing depth of over or less than 10-fold, the

minimum depth for each base was set to 4-fold (-

setMinDepth 4) or to 3-fold (-setMinDepth 3), respectively.

Additional filter parameters implemented were: -doCounts

1 -uniqueOnly 1 -nThreads 2. We selected 5,000 random

regions with a length of 20 kb from across the genome of

the domestic dog reference assembly and the other 18 canid

taxa using the “random” function in BEDTools v2.28.0

(Quinlan and Hall 2010) (-l 20,000 -n 5,000). Sequences for

each region were retrieved using the “faidx” function of

SAMtools v1.3.1 (Li et al. 2009). For each region, a

maximum-likelihood tree was constructed by RAxML

v8.2.12 (Stamatakis 2014) with 100 bootstrap replicates using

the command: raxmlHPC-PTHREADS-SSE3 -x 12,345 -k -#

100 -p 321 -m GTRGAMMAI -T 4 -s myseq.fas -f a -n

myseq.ml.tre. The 5,000 gene trees were then concatenated

and used as input for ASTRAL-III v5.7.5 (Zhang et al. 2018) to

generate a species tree, using default parameters. We used

DiscoVista (Sayyari et al. 2018) to analyze the discordance

frequencies between the ASTRAL species tree and the

5,000 gene trees.

We retrieved and concatenated genotypes for 31 samples

(in VCF format) within regions containing the signal of di-

verged origin in high-altitude wolves (Himalayan and

Tibetan wolves) (Wang et al. 2020), and converted into .fas

format files. A neighbor-joining tree was constructed using

the mega-cc tool (Kumar et al. 2012) in MEGA7 (Kumar et al.

2016) and nodal support was evaluated with 1,000 bootstrap

replicates. Lastly, following (Wang et al. 2020), we split four

high-coverage genomes from the Chinese wolf, IW01,

Tibetan wolf, and dhole into 250-, 500-, and 1,000-kb win-

dows across autosomes and constructed phylogenies for each
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window using TreeMix v1.13 (Pickrell and Pritchard 2012)

with dhole as the outgroup. The frequency of each topology

was calculated using APE v5.5 (Popescu et al. 2012).

PSMC Analysis

We used the PSMC model to infer historical demographic

trajectories for the sampled gray wolves (Li and Durbin

2011). We only analyzed genomes with coverage >20-fold

to ensure the accurate calling of heterozygotes

(Nadachowska-Brzyska et al. 2016), although some studies

used low coverage genomes with false negative rate correc-

tions (Kim et al. 2014; Hawkins et al. 2018). A diploid con-

sensus sequence for each individual was generated using the

“mpileup” command of the SAMtools package (v1.3.1) (Li

et al. 2009) with the option “-C50.” Variants with less than

about 1/3 (“-d” option) or over two times (“-D” option) of

average read depth were marked as missing and excluded

from consensus sequence assignment. Sequences with con-

sensus quality lower than 20 were also filtered out. The pro-

gram “fq2psmcfa” from the PSMC package was used to

convert the consensus sequences into 100-bp bin-input files

for PSMC. We ran PSMC with parameters “-N25 -t15 -r5 -p

4þ 25�2þ 4þ 6.” A total of 100 bootstraps were analyzed

for each sample. These PSMC estimates are scaled using a

generation time (g) of 3 years and a mutation rate (m) of

4e� 9 substitutions per site per generation as used previously

(Skoglund et al. 2015). This mutation rate was comparable to

a recent estimation based on pedigree analysis (Koch et al.

2019).

MSMC and Coal-HMM Inference of Splitting Time

We used the multiple sequential Markovian coalescent

(MSMC2) model to infer the divergence time for the domestic

dog and gray wolf population pairs (Schiffels and Durbin

2014). Genotypes for all dogs and wolves were phased to-

gether using Beagle V.4.1 (Browning and Browning 2016).

The MSMC input files comprising four haplotypes (two indi-

viduals) were generated as suggested by the authors using

available tools from the MSMC-tool package (https://github.

com/stschiff/msmc-tools, last accessed January 27, 2022). We

ran MSMC for each pair of genomes using default settings

and the time when the relative cross-coalescent rate was

dropped to 50% as an approximate estimate of the splitting

time (Malaspinas et al. 2016). For each calculation, four hap-

lotypes were analyzed, and estimations were scaled using a

generation time (g) of 3 years and a mutation rate (m) of 4e

�9 substitutions per site per generation (Skoglund et al.

2015). Similar to the PSMC analysis, we restricted this analysis

to genomes with coverage >20-fold.

We also used Coal-HMM (Mailund et al. 2011), a coales-

cent hidden Markov model-based approach, to measure the

divergence time for the Indian wolf (IW01) and dog and other

wolves. We performed estimation for each population pair

using 1-Mb nonoverlapping sliding window segments across

each chromosome. We filtered out windows with over 10%

missing rate for such analysis. We also removed results for

each segment where: 1) the recombination rate was lower

0.1 or over 10 cM/Mb, 2) the ancestral effective population

size below 1,000 or above 1,000,000, and 3) the split time

was below 1,000 years or above 1,000,000 years.

Nuclear Diversity and ROH Analysis

Nucleotide diversity (p) (Nei and Li 1979) was calculated for

each sample across the autosomes using VCFtools v0.1.13

(Danecek et al. 2011) in 50-kb sliding windows with a step

of 25 kb. ROH was calculated for each sample across the

autosomes using the “roh” function in the BCFtools v1.4-7-

g41827a3 (Narasimhan et al. 2016) with default parameters.

TreeMix, ABBA-BABA, and AdmixtureGraph Analyses

To explore the phylogenetic relationships and admixture

among gray wolves and other canid species, we also used

TreeMix v1.13 (Pickrell and Pritchard 2012) to construct

maximum-likelihood tree graphs by allowing gene flow.

TreeMix analysis was run for all variants located on autosomes

using 1,000 variants per block (-k 1,000) and allowing zero to

five migrations, with Andean fox used as the outgroup.

We used the ABBA-BABA test, also known as D-statistics

(Green et al. 2010) to detect the amount of allele sharing

between gray wolf populations. This analysis is based on

the topology (((H1, H2), H3), Outgroup) as shown in

figure 5A. D¼ 0 suggests no gene flow between ingroup

(H1 or H2) and H3; D> 0 suggests gene flow between H3

and H2; and D< 0 suggests gene flow between H3 and H1.

We used the function “-doAbbababa 1” in ANGSD v0.931

(Korneliussen et al. 2014) to perform this analysis with the

additional settings “-doCounts 1 -minMapQ 25 -minQ 25 -

uniqueOnly 1 -nThreads 6.”

To assess the genetic makeup and relationships among

IW01, gray wolves, and three African canid species (African

wolf, Ethiopian wolf, and African wild dog), we constructed

admixture graph models using the qpGraph tool from

AdmixTools package (Patterson et al. 2012), the admixture-

graph R package (Leppala et al. 2017), and qpBrute (Ni

Leathlobhair et al. 2018; Liu et al. 2019). Because this analysis

requires high-confidence genotype calls, we chose one sam-

ple with genome sequencing coverage over 10-fold from

each population or species for constructing admixture graphs.

To resolve the relationship between IW01, Himalayan/Tibetan

wolves, and Eurasian gray wolves, we tested all possible graph

models to fit all possible f4-statistics. The phylogenetic tree

based on “ghost” admixed sequences and mitochondrial

genomes from Himalayan or Tibetan wolves showed that

the “ghost” lineage was basal to IW01. Therefore, we con-

sidered graphs in which Himalayan or Tibetan wolves were

modeled as a product of admixture with one source from the
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lineage basal to IW01. To investigate the admixture between

IW01 and African canids, we constructed admixture models

starting with three populations (IW01, European wolf, and

Himalayan or Tibetan wolf) and the fitted graph was then

used as the base model in which we successively added

each of the three African canid species.

Local Ancestry Inference

To identify potential admixed tracts along each chromosome

in IW01, we performed local ancestry inference using

PCAdmix (Brisbin et al. 2012). We used phased genotypes

as mentioned above as input, with IW01 designated as an

admixed population and each of the African canid species,

domestic dog, and Eurasian gray wolves as source popula-

tions. We performed two independent runs using 20 (default

by the software) and 40 SNPs per window (“-w” parameter),

respectively. The identified regions with posterior probabilities

>0.9 were considered as potentially admixed.

Supplementary Material

Supplementary data are available at Genome Biology and

Evolution online.
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