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ABSTRACT 51 

The gray wolf (Canis lupus) is a widely distributed top predator and ancestor of the domestic 52 

dog. The specific evolutionary relationships of dogs and extant wolves are controversial and 53 

have been explored with a variety of genomic approaches. However, these studies suffer from 54 

a paucity of samples from throughout the Holarctic range of the wolf. To address questions 55 

about wolf relationships to each other and dogs, we assemble and analyze a dataset of 34 56 

canine genomes. The divergence between New and Old World wolves is the earliest 57 

branching event, and is followed by the divergence of Old World wolves and dogs, 58 

confirming that the dog was domesticated in the Old World. However, no single wolf 59 

population is more closely related to dogs, supporting the hypothesis that dogs were derived 60 

from an extinct wolf population. All extant wolves have a surprising recent common ancestry, 61 

and experienced a dramatic population decline beginning at least ~30 kya. We suggest this 62 

crisis was related to the colonization of Eurasia by modern human hunter-gatherers who 63 

competed with wolves for limited prey but also domesticated them, leading to a 64 

compensatory population expansion of dogs. We found extensive admixture between dogs 65 

and wolves, with up to 25% of Eurasian wolf genomes showing signs of dog ancestry. Dogs 66 

have influenced the recent history of wolves through admixture and vice versa, potentially 67 

enhancing adaptation. Simple scenarios of dog domestication are confounded by admixture, 68 

and studies that do not take admixture into account with specific demographic models are 69 

problematic. 70 

 71 

 72 

 73 

 74 
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INTRODUCTION 75 

The gray wolf (Canis lupus) is a dominant large predator that exerts important top-down 76 

effects on biodiversity (Levi and Wilmers 2012; Ripple et al. 2014). The species is widely 77 

distributed throughout the Holarctic (including the Nearctic and Palearctic regions) and as 78 

many as 32 subspecies have been described (Aggarwal et al. 2003). Gray wolves have an 79 

ancient origin, first appearing about 500 thousand years ago (kya) in Eurasia and in North 80 

America soon thereafter (Nowak 1979; Kurten and Anderson 1980). Initial studies based on 81 

mitochondrial DNA (mtDNA) data suggested that the gray wolf had a complex evolutionary 82 

history without clear worldwide phylogeographic structure (e.g. Wayne et al. 1992; Vila` et 83 

al. 1999). However, subsequent studies found subpopulation structure related to local 84 

environmental characteristics (e.g. Carmicheal et al. 2001; Geffen et al. 2004; Musiani et al. 85 

2007; vonHoldt et al. 2011; Pilot et al. 2006, 2010, 2014). Genome-wide approaches using 86 

SNP genotyping arrays have confirmed these environmentally related genetic partitions and 87 

demonstrated extensive admixture with coyotes and to a more limited extent, with domestic 88 

dogs (vonHoldt et al. 2010, 2011; Pilot et al. 2010, 2014). Using complete genome sequence 89 

data of a wolf from Europe, Israel and China, Freedman et al. (2014) found an unexpected 90 

recent coalescence of ~ 30 kya suggesting that wolves existing before that time were 91 

phylogenetically distinct, a result supported by genetic, isotopic and morphologic analyses 92 

(Leonard et al. 2007; Thalmann et al. 2013). The wolves from these three regions also 93 

suffered a substantial bottleneck that initiated about 15 kya, which was nearly coincident with 94 

the Wisconsin glacial maximum (Freedman et al. 2014). However, as inferred from genomic 95 

data, Zhang et al. (2014) found that Tibetan wolves experienced earlier and more dramatic 96 

population declines perhaps due to the extreme loss of wolf habitat with Late Pleistocene 97 

glaciations in the Tibetan Plateau. These findings suggest the recent worldwide history of 98 
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wolves is complex, and needs to be assessed with a fuller sample of genomes from 99 

throughout the historic range of the species. 100 

 The domestic dog (Canis lupus familiaris), a descendant of gray wolves, is the most 101 

widely abundant large carnivore (Vila et al. 1999; Thalmann et al. 2013), but the specific 102 

region of origin is controversial. Previous genetic evidence suggested that dogs were 103 

domesticated either in the Middle East or East Asia (Savolainen et al. 2002; vonHoldt et al. 104 

2010; Wang et al. 2013). However, a recent study based on ancient mtDNA analysis of dogs 105 

and wolves infers an origin in Europe from a now-extinct lineage of gray wolves (Thalmann 106 

et al. 2013). This result is consistent with whole genome analysis showing that none of the 107 

extant wolf lineages from putative domestication centers (Europe, Israel and China) were 108 

more closely related to dogs (Freedman et al. 2014). Very recently, however, these 109 

conclusions were questioned by results from an extensive study of SNP genotypes in 110 

worldwide sample of breed and village dogs, which concluded that dogs originated in Central 111 

Asia (Shannon et al. 2015). Consequently, we test for alternative regions of origin with a 112 

geographically broad sample of gray wolves. 113 

 The release of the boxer genome in 2005 (Lindblad-Toh et al. 2005) provided a high 114 

quality dog reference for comparison to wolves and other canids (e.g. Wang et al. 2013; 115 

Freedman et al. 2014; Zhang et al. 2014; Koepfli et al. 2015). However, no studies have been 116 

performed to investigate population subdivision, demography and relationships of gray 117 

wolves based on whole genome sequences. In this study, we generate whole genomes of nine 118 

individual wolves, one coyote and one golden jackal at 9x to 28x coverage using the Illumina 119 

HiSeq 2000 platform to geographically complement existing canine sequences. Combined 120 

with published genomes, we assemble a dataset with 34 canid genomes to: 1) assess 121 

relationship patterns across the entire geographic range of wolves; 2) affirm their recent 122 

demographic decline with a more geographically extensive sample; 3) assess admixture 123 
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between dogs and wolves; and 4) explore the possibility of dog domestication outside the 124 

Middle East, Europe and East Asia, which was not addressed in previous studies but is a 125 

possibility suggested by new findings (Shannon et al. 2015; Skogland et al. 2015).  126 

 127 

RESULTS 128 

Genome data and heterozygosity 129 

In this study, we amassed the full genome sequences of 24 wolves, seven dogs (including the 130 

reference genome) and three outgroups (Fig. 1; Supplemental Table S1). Eleven of the 131 

individuals were uniquely sequenced in this study using the HiSeq 2000 platform with the 132 

remaining sequences obtained from previous studies (Wang et al. 2013; Freedman et al. 2014; 133 

Zhang et al. 2014; See Supplemental Information).  134 

 To quantify genome-wide heterozygosity, we calculated the number of heterozygous 135 

SNPs over all sites (Fig. 2; Supplemental Table S2). The Mexican wolf had the lowest 136 

autosomal heterozygosity (0.00046), and the two Tibetan wolves also showed very low 137 

heterozygosity (0.0007 and 0.00086). Within European wolves, the Portuguese wolf showed 138 

the lowest heterozgosity (0.00101). However, the SNP rate was similar in all wolves 139 

(Supplemental Table S2). Within dogs, the basenji and dingo had the lowest heterozygosity 140 

(< 0.001), with dingo having the lowest value of 0.00057 (Supplemental Table S2). We 141 

further calculated the heterozygosity of 5 Mb non-overlapping windows across the 38 142 

autosomal chromosomes (Supplemental Figs. S1-S4). The result confirmed that the low 143 

heterozygosity of two Tibetan wolves was evident across their entire genomes (Supplemental 144 

Fig. S1). The Mexican wolf exhibited extremely low heterozygosity in about half the 145 

chromosomes (Supplemental Fig. S4), and the Portuguese wolf also had very low 146 

heterozygosity in more than 15 autosomes (Supplemental Fig. S2). In contrast, the Inner 147 
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Mongolia wolf 2 had very high heterozygosity across all chromosomes, even higher than 148 

other Inner Mongolia wolves, which may reflect in part, lower genome coverage and a higher 149 

fraction of miscalled sites (Supplemental Figs. S1, S5). We also calculated the heterozygosity 150 

of exons and neutral regions (Supplemental Fig. S6). 151 

To avoid of inbreeding in the calculation of heterozygosity, we removed runs of 152 

homozygosity (ROH, see below) and re-calculated heterozygosity (Fig. 2). The results are 153 

similar to that of the full dataset. For example, the inbred Mexican wolf still had the lowest 154 

heterozygosity within wolves, and two Tibetan wolves had higher values than the Mexican 155 

wolf but lower than other wolves. 156 

Genome-wide phylogenetic tree and PCA analyses 157 

Autosomal SNPs were used to construct a maximum likelihood (ML) tree  (Fig. 3). The 158 

topology of ML trees with (Fig. 3) and without (Supplemental Fig. S7) the boxer reference 159 

genome is consistent with geographical proximity of populations and does not support any 160 

specific wolf population are more closely related and possibly ancestral to domestic dogs. 161 

Specifically, all the dogs are monophyletic, and define a sister taxon with Eurasian gray 162 

wolves which excludes a role for New World wolves in dog origins and suggests the 163 

divergence of modern Eurasian wolf population is nearly coincident with that of domestic 164 

dogs. Among gray wolves, East Asian wolves form a single clade, whereas European and 165 

Middle Eastern wolves (including Indian wolf) form a separate grouping. The Middle Eastern 166 

wolf is aligned with European rather than Asian wolf sequences (Fig. 3). For the New World 167 

wolves, two Yellowstone wolves cluster together, and then the Mexican wolf is grouped with 168 

them but the divergence is large suggesting an ancient separation of the two populations. 169 

However, the long branch of the Mexican wolf lineage may reflect the effect of small historic 170 

population size as the species went extinct in the wild, which was compounded by an extreme 171 

founding bottleneck in the captive population (Fredrickson et al. 2007). Both demographic 172 
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events would tend to inflate genetic distance values. Nonetheless, this finding supports a 173 

previous hypothesis that Mexican wolves represented an early migration into North America 174 

(Leonard et al. 2005).  175 

A PCA with LD pruned data excluding the three outgroups and four wolf sequences 176 

(Inner Mongolia wolf 2, Eastern Russian wolf, Yellowstone 2 and Yellowstone wolf 3) 177 

showed that PC1 (20.2% of variation) divided the samples into three clusters: domestic dogs; 178 

highland Chinese wolves; and other gray wolves (Fig. 4a). Further, when two outlier 179 

highland wolves were removed (Tibet wolf 1 and Qinghai wolf 1), dogs were more tightly 180 

clustered and separated from all wolves on PC1 whereas PC2 distinguished high altitude 181 

wolves and the Central Russian wolf from all other wolves (Fig. 4b; 27.7% of variation of 182 

both axes combined). PC3 and PC4 of both datasets separate Old and New World wolves, 183 

with the Mexican wolf showing the greatest distinction (Fig. 4c and 4d). The results with 184 

only wolves showed a similar pattern (Supplemental Fig. S8). Critically, we found no support 185 

for a closer association of Chinese wolves with domestic dogs as suggested by previous 186 

studies (Savolainen et al. 2002; Pang et al. 2009; Ding et al. 2012; Wang et al. 2013). We 187 

also ran PCAs for different geographical regions (Supplemental Figs. S9-S11). These results 188 

are consistent with the tree-based analysis in Fig. 3, but do not take into account rate 189 

variation between lineages that can bias inferences about the actual amount of divergence. 190 

Moreover, PCA is graphical approach that highlights genetic clusters in the data and should 191 

not be used to infer genealogical relationships (Novembre and Stephens 2008). 192 

PSMC  193 

The pairwise sequentially Markovian coalescent model (PSMC) was applied to investigate 194 

the timing of population-specific demography. Here we report only the results for the higher 195 

mutation rate (Fig. 5; Supplemental Fig. S12) to be consistent with Freedman et al. (2014) 196 

but consider the results from both rates (1.0 × 10-8 and 0.4 × 10-8 per generation) in the 197 
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discussion, as effective size and the timing of population size changes should differ by a 198 

factor of ~2.5 (Supplemental Figs. S13, S14). All the wolves exhibited similar demographic 199 

trajectories until about 80 kya, thereafter, the four highland Chinese wolves showed very 200 

different trajectories when compared with all other wolves (Fig. 5a). The Tibetan wolves 201 

experienced a continuous population decline beginning ~25 to 55 kya, and did not experience 202 

further population growth, whereas Qinghai wolf experienced population growth at the same 203 

time as the Tibetan wolf bottleneck (Fig. 5a). However, caution needs to be used in 204 

interpreting these results as they might be explained by ancestral population structure or 205 

reflect smoothing across time intervals (Freedman et al., 2014). Other wolves experienced 206 

population growth or stagnation from 25 to 55 kya, which overlaps the Greatest Lake Period 207 

(25-40 kya; Li and Zhu 2001).  208 

 PSMC projections showed that the remaining wolves suffered a worldwide decline of 209 

2- to 3-fold beginning ~8-25 kya (Fig. 5), which is associated with the end of the last glacial 210 

period (10.5-25 kya) and megafaunal extinctions. The Chinese wolves showed the most 211 

divergent trajectories with the Tibetan wolves demonstrating a sharp decline beginning >25 212 

kya, followed by a less precipitous decline in Qinghai wolves. In contrast, the lowland 213 

Chinese wolf populations do not initiate a decline until about 10 kya (Fig. 5a). The Middle 214 

Eastern wolves (Israeli, Iranian and Indian wolves) and European wolves exhibited slightly 215 

different demographic trajectories between 10 kya and 80 kya (Fig. 5b). All these wolves 216 

show evidence of a population decline beginning 25 kya. Domestic dogs had similar 217 

trajectories, and experienced a population decline and demographic divergence from wolves 218 

beginning about 50 kya (Fig. 5c). The three Yellowstone wolves had concordant trajectories 219 

(Fig. 5d). However, the Mexican wolf experienced a more severe bottleneck, which may 220 

reflect both a recent history of decline and demographic smoothing across the last 10,000 221 

year interval (see Hendrick et al. 1997; Freedman et al. 2014). The Israeli golden jackal had 222 
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higher Ne than the Kenya golden jackal, and the California coyote exhibited a different 223 

trajectory as expected given their status as independent lineage (Supplemental Fig. S12). In 224 

conclusions, a consistent result across all these trajectories is a decline in population sizes 225 

during the period 8-25 kya, coincident with the expansion of modern humans worldwide and 226 

the development of technology for capturing large game (Van Valkenburgh et al. 2015).   227 

Autozygosity segments 228 

To assess the history of inbreeding, we quantified genome-wide ROH using PLINK (Fig. 2; 229 

Supplemental Fig. S15). The Mexican wolf had the longest ROH with a total length of 230 

1,569,600 kb (Fig. 2), which was consistent with a founding bottleneck and subsequent 231 

inbreeding (Hendrick et al. 1997; Fredrickson et al. 2007). In fact, the distribution of ROH in 232 

the Mexican wolf was distinct from that of all other wolves, and showed the highest fraction 233 

of autozygous long segments (Supplemental Fig. S15d), which suggests very recent 234 

inbreeding (e.g. Boyko et al. 2010). The two Tibetan wolves had the longest total length of 235 

ROH (947,844 kb and 835,018 kb) and the highest fraction of autozygous segments in Old 236 

World wolves, especially at small segment size. This result indicates ancient inbreeding in 237 

Tibetan wolf population (Fig. 2; Supplemental Fig. S15a). The Italian wolf had the highest 238 

fraction of autozygous segments at smaller ROH sizes among European wolves, whereas the 239 

Portuguese wolf had more segments at longer sizes (Supplemental Fig. S15b). This 240 

contrasting pattern is consistent with previous genetic analysis suggesting an ancient 241 

population decline in Italian wolves (Lucchini et al. 2004; Pilot et al. 2014) and historical 242 

records showing a very recent population decline in Portuguese wolves (Sastre et al. 2011). 243 

Within dogs, dingo and basenji had the greatest ROH (dingo: 1,097,810 kb; basenji: 589,502 244 

kb). They also had a higher fraction of autozygous segments especially in the size range 245 

below 4Mb than the Tibetan mastiff and three Chinese indigenous dogs (Fig. 2; Supplemental 246 

Fig. S15c) suggesting more ancient inbreeding perhaps in the founding population of dingo 247 
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that arrive to Australia (>4 kya) and in the origin of the basenji, an ancient breed of domestic 248 

dog. These results show that novel demographic insights into population specific 249 

demography are provided by PSMC and ROH analyses, which are consistent with known 250 

recent history and past environmental events. 251 

ABBA-BABA 252 

Multiple runs of the ABBA-BABA test were performed to assess gene flow between Old 253 

World wolves and dogs (Supplemental Table S3). The results showed that all the European 254 

wolves and the Israeli wolf had significant gene flow with basenji and boxer. For the Asian 255 

wolves, the two Russian wolves and all the lowland Chinese wolves had significant gene 256 

flow with all the Chinese indigenous dogs, Tibetan mastiff and dingo, whereas the two 257 

Tibetan wolves did not show any significant admixture with any dogs (Supplemental Table 258 

S3). However Qinghai wolf 1 showed significant gene flow with two of the three Chinese 259 

indigenous dogs, and both Qinghai wolves had gene flow with dingo. The Mexican wolf and 260 

Yellowstone wolf did not show any admixture signal with boxer, dingo or Chinese 261 

indigenous dogs (Supplemental Table S3). We note that where admixture is detected from 262 

multiple dogs samples in one or more wolf populations, it may suggested that gene flow 263 

actually occurred from the common ancestor these dogs into a specific wolf population or 264 

one that was ancestral to multiple wolf populations. 265 

 We estimated the proportion of Chinese indigenous dog ancestry in Asian wolves that 266 

had evidence for significant admixture and for which more than one dog defined the 267 

comparison pool (Supplemental Table S3, see above and Green et al. 2010; Durand et al. 268 

2011). The proportion of Chinese indigenous dogs ancestry in the two Russian wolves varied 269 

from 15.3% to 19.52%. The proportion of dog ancestry in the two Xinjiang wolves varied 270 

from 9.28% to 11.3%. The average proportion of the dog ancestry in four Inner Mongolia 271 

wolves was 10.86%, 12.06%, 13.16%, and 21.59% (Supplemental Table S4). These results 272 
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suggest substantial dog ancestry in wolf populations worldwide, which is conceivable given 273 

the long co-existence of dogs and wild wolf populations (Thalmann et al. 2013; Freedman et 274 

al. 2014). The only Old World population not showing any dog ancestry is the Tibetan wolf, 275 

which is also the most divergent population in PCA analysis  (Fig. 4) suggesting the dog 276 

component of wolf genomes may influence patterns of relationships. The high altitude wolf 277 

populations also have a very recent history of exposure to aboriginal dog populations given 278 

the area was only permanently colonized by humans ~7 kya (Brantingham et al. 2010; Chen 279 

et al. 2015). 280 

Regarding the European and Middle Eastern wolves, we used basenji and boxer to 281 

estimate the dog ancestry in these wolf genomes (Supplemental Table S4). The proportion of 282 

dog ancestry in Israeli wolf, Western Russian wolf and Spanish wolf is greater than 20%. Of 283 

the others, the Portuguese wolf had the smallest proportion at 7.97%, whereas the Croatian 284 

wolf had the largest at 13.76% dog ancestry (Supplemental Table S4). These findings 285 

indicate a highly variable but substantial dog ancestry in most all extant wolf populations.  286 

Demographic inference with G-PhoCS 287 

We used the Generalized Phylogenetic Coalescent Sampler method (G-PhoCS) to infer the 288 

demographic history of wolves and dogs, including ancestral population sizes, divergence 289 

times, and rates of gene flow (Fig. 6). The analysis shows that wolf populations diverged 290 

over a relatively short period of time from ~11,000 – 13,000 years ago (ya), assuming a per-291 

generation mutation rate of μ=1.0 × 10-8 and an average generation time of three years (Fig. 292 

6). If a slower mutation rate of μ=0.4 × 10-8 is used as suggested by Skoglund et al. (2015), 293 

this period of time is increased by a factor of 2.5 to 27,500-32,500 ya (see Discussion). The 294 

divergence of New World and Old World wolves is the oldest of these events at 12,500 ya, 295 

followed by divergence of Eastern and Western Eurasian wolves at 11,700 ya. The 296 

divergence times between sequences from Europe, the Middle East, and Asia fall within a 297 
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relatively short period of time of ~1,600 years. New World wolves show an intermediate 298 

divergence time of ~5,400 ya. We infer dogs diverged from wolves just before the Eurasian 299 

wolf population splits (11,700 ya; CI: 11,100-12,300 ya). This divergence time is only 285-300 

1,565 years (95% CI) more recent than the divergence of New World wolves. The tree 301 

implies a considerable pre-ancestry of extant dogs of 1,400-2,700 years, and a substantial 302 

level of divergence among existing dog lineages (dingo, Chinese indigenous dog and basenji). 303 

In contrast, gray wolves have a much more recent common ancestry than expected from their 304 

fossil record, and all the population diverged over a narrow time period consistent with a 305 

bottleneck followed by a rapid population expansion across Eurasia. 306 

The population ancestral to Old World and New World wolves was estimated to have 307 

a relatively large effective size of 45,100 individuals (CI: 44,400-45,900), when assuming a 308 

per-generation mutation rate of μ=1.0 × 10-8. After divergence of Old and New World wolves, 309 

both populations experience decline, to 8,000 individuals in Old World wolves, and 17,300 310 

individuals in New World wolves (Fig. 6; Supplemental Table S5). The Tibetan wolf had the 311 

smallest Ne within the Old World wolves (2,500 individuals), whereas the lowland Chinese 312 

wolves had near 4-fold larger Ne (Fig. 6; Supplemental Table S5). The ancestral population of 313 

New World wolves had a relatively large effective size of 17,300 individuals, implying a 314 

fairly modest bottleneck in the founding of the North American population. However, the two 315 

sampled populations have much lower inferred sizes of 3,500 individuals for the Yellowstone 316 

wolf and 600 individuals for the Mexican wolf. The latter likely reflects a history of decline 317 

and extinction in the wild (see Discussion).  318 

G-PhoCS models migration bands allowing a test of admixture from D-statistics. We 319 

infer relatively high rates of gene flow (5%-21%; aggregated 95% Bayesian credible intervals) 320 

from Chinese indigenous dogs to all Asian wolf populations, and significant gene flow 321 

(2.4%-7.2%) in the opposite direction only for the lowland Chinese wolves (Table 1). 322 
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Conversely, we find little evidence of admixture with the ancestors of the dingo (migration 323 

rates less than 3% in both directions). For the two highland Chinese wolf populations, G-324 

PhoCS found relatively high rates of gene flow from Chinese indigenous dogs (Tibetan wolf: 325 

5.5%-8.8%; Qinghai wolf: 14.1%-18.9%) although ABBA-BABA test did not find evidence 326 

of admixture. In Western Eurasia, we observe high rates of gene flow between the Israeli 327 

wolf and basenji in both directions (4.3%-13.6%), and somewhat lower rates from Croatian 328 

wolf to basenji (1.3%-6.4%). Our findings of admixture between Chinese dogs and Asian 329 

wolves and Israeli wolf and basenji, suggests admixture between the lineages ancestral to 330 

these breeds and wolf populations, as their geographic overlap is currently very limited. 331 

Consistent with previous results are the high rates of gene flow inferred from the population 332 

ancestral to all wolves and dogs into the golden jackal population (11.3%-13.6%), and much 333 

lower rates from several sampled wolf populations into the golden jackal population (up to 334 

2.8%) (Freedman et al. 2014). The higher observed value of admixture between golden jackal 335 

and the common ancestor of modern wolves suggests an ancient admixture event. Finally, we 336 

infer low, but significant levels of gene flow from the basenji into the Mexican wolf 337 

population (1.2%-3.2%), suggesting that like other wolf populations, the New World wolves 338 

also experienced admixture with dogs or share a common ancestor with Old World wolves 339 

that experienced admixture.  340 

 341 

DISCUSSION 342 

Genetic diversity and relationships of Old and New World wolves 343 

Analysis of complete genome sequence data adds considerable resolution to the evolutionary 344 

relationships of gray wolves and domestic dogs. First, the genome-wide phylogenetic tree 345 

shows that the earliest split was between New and Old World wolves, which was followed by 346 
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divergence between Old World wolves and dogs (Fig. 3). This result confirms dogs were 347 

domesticated in the Old World. In addition, the finding that no single wolf population is more 348 

closely clustered with domestic dogs supports the hypotheses that dogs were derived from a 349 

now extinct population of Late Pleistocene wolf (Thalmann et al. 2013; Freedman et al. 350 

2014). However, the divergence time suggested by G-PhoCS (11,700 ya; CI: 11,100-12,300 351 

ya) is more recent than estimates based on ancient DNA analysis of early dogs and wolves 352 

(27,000 ya; Thalmann et al. 2013). These differences might be caused by inflated mutation 353 

rates in the neutral regions used in this study, undetected admixture with dogs or other 354 

assumptions of the underlying G-PhoCS model. The existence of dog fossils, confirmed by 355 

mtDNA sequence data, those are older than this recent divergence date supports a more 356 

ancient origination (Thalmann et al. 2013; Skoglund et al. 2015). In fact, if the mutation rates 357 

associated with Skoglund et al. (2015) are used, the divergence time increases to ~29 kya, a 358 

value close to their estimate of 27 kya (Fig. 6). Finally, within the Old World clade, wolf and 359 

dog represent sister taxa. Therefore, suggestions that the dog or dingo are a separate species 360 

(Canis familiaris) (e.g. Crowther et al. 2014) would cause gray wolves to be a polyphetic 361 

taxon and consequently, our results support dogs as a divergent subspecies of the wolf. This 362 

result has societal significance as legislation in some countries and regional governments 363 

consider wolves and dogs as distinct species restricting the possession, interbreeding or the 364 

use of vaccines and medications in wolves or dog-wolf hybrids if they have only been 365 

approved for use in dogs. In this sense, analysis of evolutionary history informs law and 366 

veterinary practice, as dogs lineages are nearly as distinct from each other as wolves are from 367 

dogs, and the justification for treating dogs and wolves differently is questionable. 368 

 The evolutionary tree (Fig. 3) and PCA (Fig. 4) show that the Mexican wolf is a 369 

divergent form of gray wolf, suggesting it is a remnant of an early invasion into North 370 

America (Garcia-Moreno et al. 1996; Leonard et al. 2005; vonHoldt et al. 2011) and 371 
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contradicting suggestions that it is not a distinct subspecies (Cronin et al. 2015). The ROH 372 

and genome-wide heterozygosity results (Fig. 2) also showed that the Mexican wolf is a 373 

highly inbred population (vonHoldt et al. 2011). The subspecies had the smallest effective 374 

population size of only 600 individuals in the sampled wolf populations (Fig. 6 and 375 

Supplemental Table S5). Further, the high long range ROH in the Mexican wolf implies a 376 

long-term decline followed by a small founding population and inbreeding in the captive 377 

population (Hendricks et al. 1997; Fredrickson et al. 2007). These results justify immediate 378 

conservation actions to protect this endangered and distinct wolf lineage. Further, population 379 

numbers should be increased through captive breeding and in situ conservation to prevent 380 

additional genetic erosion. Currently, such efforts have been hindered by the lack of an 381 

informed management plan (Wayne and Hedrick 2011, Hendricks et al. in press).  382 

The Tibetan wolf was found to be the most highly divergent Old World wolf, given 383 

its distinct position in the phylogenetic tree (Fig. 3) and the PCA plot (Fig. 4). It also 384 

exhibited extreme low heterozygosity (Fig. 2; Supplemental Figs.  S1-S4), suggesting that it 385 

experienced a historical bottleneck, and only recently recolonized much of the Tibetan 386 

Plateau. Indeed, PSMC revealed that the Tibetan wolf suffered a substantial population 387 

bottleneck that began about 55 kya (mutation rate 1.0 × 10-8) or > 100 kya assuming a slower 388 

mutation rate, and then declined to the present day (Fig. 5a). Notably, all other wolves 389 

showed evidence of growth during the Greatest Lake Period ~25 to 55 kya (Fig. 5). The 390 

severe habitat loss during glaciations probably contributed to the dramatic population decline 391 

of the Tibetan wolf between 10 kya and 55 kya (Xu and Shen 1995; Yi et al. 2005; Clark et al. 392 

2009; Chevalier et al. 2011; Heyman 2014; Zhang et al. 2014). In addition, both 393 

archaeological and genetic analysis suggest that the first colonization might be as early as 30 394 

kya (Aldenderfer 2011), and little evidence exists for permanent human occupation before 7 395 

kya (Brantingham et al. 2010; Chen et al. 2015). Therefore, the appearance of human 396 
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settlements may have contributed to the decline of Tibetan wolf population, but did not 397 

initiate the population bottleneck more than 50 kya. Finally, Tibetan wolves had the longest 398 

total length of ROHs of the Old World wolves (Fig. 2), and a large proportion of their ROHs 399 

are in relatively short segments (Supplemental Fig. S15), which suggest that it experienced 400 

ancient inbreeding. Moreover, the ABBA-BABA test did not detect substantial gene flow 401 

between Tibetan wolf and dogs suggesting dog admixture did not contribute to ROH (see 402 

discussion below). In summary, we suggest that the unique high altitude environment and 403 

history of the Tibetan Plateau made wolves there were more susceptible to habitat loss, 404 

genetic isolation and allowed for local adaptation. Consequently, these conditions resulted in 405 

the evolution of the most distinct wolf population in the Old World. 406 

 Geographical structure is evident within Old World wolves (Fig. 3). Previously 407 

analysis of Eurasian wolves with mtDNA control region sequences did not reveal any distinct 408 

genetic partitions and suggested modern wolves originated over 250 kya (Vila et al. 1999). 409 

However, European and Middle Eastern partitions were apparent in genome-wide SNP data 410 

(vonHoldt et al. 2011). The one million year divergence time between wolves and coyotes 411 

used previously was based on fossil occurrence data and given the dynamics of 412 

morphological turnover in the coyote lineage (Meachen and Samuels 2012), first occurrence 413 

of a coyote-like specimens may not accurately reveal the ancestry of modern forms. Our 414 

results and those from previous studies (Freedman et al. 2014; Skoglund et al. 2015; Koepfli 415 

et al. 2015) suggest the one million year divergence time may be inflated by a factor of 20 or 416 

more, and modern Eurasian wolves coalesce ~13 kya or ~32.5 kya, the latter using the slower 417 

mutation rate from Skoglund et al. (2015). Importantly, the slower rate leads to divergence 418 

dates more consistent with the presence of ancient dog fossils well before 15,000 years ago. 419 

Nonetheless, the Skoglund et al. rate needs additional confirmation as it is based on a single 420 

fossil specimen with only 1-fold sequencing depth and used only a subset of DNA sequence 421 
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to calculate the rate (Skoglund et al. 2015). Thus, until more direct measurements of mutation 422 

rates become available, fossil calibration will remain the main source of uncertainty in the 423 

timing of key events in canid evolutionary history.  424 

The PSMC results revealed that all wolves shared a similar trajectory before ~100-425 

125 kya (mutation rate 0.4 × 10-8) or ~30-50 kya (mutation rate 1.0 × 10-8). In combination, 426 

the dating and PSMC results suggested that over the last million years, numerous wolf-like 427 

forms existed but that turnover was high and modern wolves were not the lineal ancestors of 428 

dogs (Leonard et al. 2005; Thalmann et al. 2013; Freedman et al. 2014). Indeed, the 429 

population size of Croatian wolf reduced about 10-fold compared to the wolf ancestor, and 430 

Yellowstone wolf and Mexican wolf also reduced 5- to 28-fold (Fig. 6; Supplemental Table 431 

S5). This pattern of population reduction and turnover also is supported by recent mtDNA 432 

sequence analysis of modern and ancient wolves from the LGM (Leonard et al. 2007; Pilot et 433 

al. 2010; Thalmann et al. 2013) and the dynamic pattern of turnover in other large carnivores 434 

such as brown and polar bears, hyenas and lions as inferred from genetic data (Miller et al. 435 

2012; Cho et al. 2013).  436 

 Finally, even assuming a slower mutation rate, our results imply a remarkably recent 437 

coalescence of extant wolves, several hundred thousand years after the appearance of wolf-438 

like canids (Wayne and Ostrander 2007). Both slow and fast mutation rate estimates are 439 

consistent with the possibility that modern humans impacted the demography of gray wolves 440 

as they colonized Eurasia, encountered wolves, domesticated some and possibly caused the 441 

decline of others. Humans are the most effective competitor of large carnivores and could 442 

have readily removed them from ecosystems as they do today. Additionally, the presence of 443 

large domestic dogs may have accelerated the rate of decline of carnivores that competed 444 

with humans (e.g. Shipman et al. 2015). Our results imply that the effect of humans on large 445 
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predators my have preceded the megafaunal extinctions about 10 kya and may represent one 446 

of the earliest anthropogenic causes of decline in animal populations. 447 

Admixture and relationships to domestic dogs 448 

None of our wolf sequences cluster exclusively with domestic dogs, supporting the 449 

hypothesis based on only three wolf genomes (Freedman et al. 2014) and ancient DNA 450 

(Thalmann et al. 2013) that the immediate gray wolf ancestor of dogs is now extinct. 451 

Nonetheless, modern gray wolves have likely influenced the recent history of domestic dogs 452 

through admixture. Both the ABBA-BABA tests and G-PhoCS support the notion of 453 

extensive admixture between dogs and wolves, with up to 20% of the genome of East Asian 454 

wolves showing signs of dog ancestry. We also detected that the genomes of European and 455 

Middle Eastern wolves had ~7 to 25% dog ancestry. Most of the observed gene flow events 456 

have not been reported previously. Interestingly, the two highland wolf populations of the 457 

Tibetan Plateau showed no evidence of admixture in the ABBA-BABA tests, but G-PhoCS 458 

did infer elevated migration rates from Chinese indigenous dogs into these populations 459 

(Tibetan wolf: 5.5%-8.8%; Qinghai wolf: 14.1%-18.9%). Conceivably, this finding may be a 460 

result of gene flow from dogs into the population ancestral to all modern wolves, which 461 

influenced the distribution of coalescent times but cannot be detected using D-statistics 462 

because it similarly affected all wolf populations. 463 

 For comparison, using ABBA-BABA tests, it was found that modern humans 464 

admixed with Neanderthals over 40 kya, but no more than 5% of the modern human genome 465 

could be attributed to admixture (Green et al. 2010), suggesting that wolves and dogs have 466 

more extensive and regionally based admixture. As in Neanderthals, admixture may have 467 

enhanced adaptation in wolves. For example, admixture of pre-Columbian dogs and wolves 468 

in North American transferred the black coat color locus to wolves conferring greater 469 

longevity and resulting in a continent-wide selective sweep (Anderson et al. 2009; Coulson et 470 
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al. 2011). However, in the North American wolves sampled, no apparent trace of admixture 471 

remains elsewhere in the genome (Anderson et al. 2009). The persistent admixture between 472 

dogs and wolves suggests a unique mode of evolution where mutations that occur 473 

independently in dogs and wolves, under dramatically different selective regimes, can be 474 

shared and potentially accelerate the process of evolution. Such coupled evolutionary 475 

histories may exist in other vertebrate species as well, such as wild and domestic pigs, and 476 

brown bears and polar bears (Groenen et al. 2012; Miller et al. 2012).  477 

Finally, admixture can have a confounding affect on inferences about dog 478 

domestication history. Specifically, past inferences about dog origins based on private SNPs 479 

shared with dogs (vonHoldt et al. 2010), greater genome wide similarity between Chinese 480 

wolves and dogs (Wang et al. 2013) or lower LD (Shannon et al. 2015) may reflect regional 481 

admixture with wolves and gene flow among dog populations rather than the geographic 482 

origin of domestication. Similarly, highly divergent breeds may have more admixture and 483 

wolf ancestry retained in their genome. Potentially, this bias might be removed by applying 484 

analytical approaches that excise dog segments from wolf genomes. However, direct tracking 485 

of genetic changes in wolves and dogs through ancient DNA analysis may be a more robust 486 

approach (Grimm 2015).  487 

 488 

METHODS 489 

Samples and sequencing 490 

We sequenced genomes of dogs, wolves and other wild canids from Africa, Asia, Europe, the 491 

Middle East and North America. Together with published canid genomes, we generated a 492 

final dataset with 34 full genome sequences at 9x to 28x coverage with an average coverage 493 

of 29.8x (Fig. 1; See Supplemental Information).  494 
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Mapping short reads and genotyping 495 

The 100 bp pair-end (PE) short reads of each sample were aligned to the dog genome 496 

(CanFam3.1) using Bowtie 2 (Langmead and Salzberg 2012) under the local alignment 497 

algorithm with very sensitive model and proper insert sizes of each sample. Default options 498 

were used for other parameters. Then, we applied Picard and GATK toolsets (DePristo et al. 499 

2011) to process the alignments to SNP calls. The whole pipeline converted the short reads to 500 

BAM format alignment files, and then generated genotype calls in Variant Call Format 501 

(VCF). The pipeline is the same as used in our previous studies (Fan et al. 2014; Freedman et 502 

al. 2014; Zhang et al. 2014). We applied a series of data quality filters to improve the quality 503 

of genotype calls (See Supplemental Information). 504 

Phylogenetic tree and PCA 505 

A ML tree from whole genome SNP data was constructed using SNPhylo (Lee et al. 2014). 506 

SNPhylo transforms genotype data into a structured data array (Bioconductor gdsfmt), and 507 

then generates and aligns SNP sequences and constructs the phylogenetic trees. The program 508 

was run with 100 bootstrap repetitions and only one outgroup was used (Israeli golden jackal) 509 

due to the software's internal limitations.  510 

 PCA was performed using the pairwise allele-sharing genetic distance. Following 511 

vonHoldt et al. (2011), sites exhibiting apparent strong local linkage disequilibrium (R2 > 0.5) 512 

were filtered using the --indep option in PLINK (--indep 50 5 0.2). To improve resolution 513 

among wolves, the two golden jackals and coyote were removed from the PCA because they 514 

were too divergent from dogs and wolves and their inclusion compressed the scatter among 515 

wolves on the first few PCAs. The lower coverage genomes (< 10-fold; Inner Mongolia wolf 516 

2, Eastern Russian wolf, and Yellowstone wolf 3) were also removed due to their potential 517 

high genotype error (Supplemental Fig. S5). Additional PCA was also performed excluding 518 
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one Tibetan wolf and one Qinghai wolf based on the observation that highland Chinese 519 

wolves were similar to each other but were highly divergent from all other wolves (Zhang et 520 

al. 2014). Finally, additional PCAs were performed with samples from specific geographic 521 

regions such as Asia or Europe and including only gray wolves.  In both tree and PCA 522 

analyses, we excluded the Yellowstone wolf 2 because it is the offspring of Yellowstone wolf 523 

1 (mother) and Yellowstone wolf 3 (father).  524 

Inference of population size changes through time with PSMC 525 

We used PSMC (Li and Durbin 2011) to infer demographic history. The following 526 

parameters were used: numbers of iterations = 25, time interval = 64*1, and generation time 527 

= 3 (Freedman et al. 2014; Zhang et al. 2014). Our previous studies used a mutation rate of 528 

1.0 × 10-8 per generation, a commonly applied value. However, one recent study based on 529 

ancient wolf genome sequences estimated that the mutation rate was only 0.4 × 10-8 per 530 

generation (Skoglund et al. 2015). Therefore, we used both mutation rates in our study to 531 

bracket estimates of divergence time and effective population size.  532 

Runs of homozygosity analysis  533 

ROHs were calculated with PLINK (Purcell et al. 2007). The input data here is the same data 534 

in PCA analysis. We then searched for ROHs spanning at least 500 homozygous SNPs in 1 535 

Mb non-overlapping windows, allowing for a maximum of 5 heterozygous sites and 30 536 

missing genotypes per window.  537 

Detection of gene flow using the D-statistic  538 

To test whether there was gene flow between wolves and dogs in each geographical region 539 

after their divergence, we applied the ABBA-BABA test (D-statistic) between closely related 540 

populations by detecting differences in allele sharing between two lineages (P1 and P2) with 541 

a third lineage (P3) (Durand et al. 2011 and see Supplemental Information). Under the 542 
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assumption of one gene flow event that is recent compared to the divergence of dogs and 543 

wolves, we further used the Durand et al. (2011) equation to estimate the proportion of dog 544 

ancestry in the wolf genomes (See Supplemental Information).  545 

Demographic inference with G-PhoCS  546 

The G-PhoCS method (Gronau et al. 2011) was used to estimate divergence times, population 547 

sizes and migration rates. Considering the computational resources required, our analysis 548 

focused on a subset of 22 of the 33 genomes that represent all 11 wolf populations, four dog 549 

populations, and the Israeli golden jackal as outgroup (Supplemental Table S6). Alignments 550 

of the 22 genomes were done over the 13,647 neutral loci designed by Freedman et al. (2014) 551 

for use in demographic inference. We ran several analyses (See Supplemental Information) 552 

using the standard settings and assumed standard priors for model parameters, as described 553 

by Gronau et al. (2011).  554 

 555 
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 569 

FIGURE LEGENDS 570 

Figure 1. Sample distribution. Solid circle are samples sequenced in this study. Open circle 571 

indicates sequences from Zhang et al. (2014), triangles and boxes indicates sequences from 572 

Wang et al. (2013) and Freedman et al. (2014), respectively. Red, blue, green and yellow 573 

indicates the sample is from a gray wolf, dog, coyote and golden jackal, respectively. The 574 

reference dog genome is from a boxer. 575 

Figure 2. Total length of runs of homozygosity (ROHs) and heterozygosity. The black 576 

line is the total length of ROHs (kb) in each genome, and the blue bar and red bar are the 577 

genome-wide heterozygosity with and without ROHs, respectively.  578 

Figure 3. The maximum likelihood tree of 30 sequences. Numbers represent node support 579 

inferred from 100 bootstrap repetitions. The reference genome boxer was not included. The 580 

Israeli golden jackal is the outgroup. 581 

Figure 4. Principal component analyses.   (a) PC1 and PC2 of dogs and 20 wolves; (b) PC1 582 

and PC2 of dogs and 18 wolves, excluding the Tibetan wolf 1 and Qinghai wolf 1; (c) PC3 583 

and PC4 of dogs and 20 wolves; (d) PC3 and PC4 of dogs and 18 wolves, excluding the 584 

Tibetan wolf 1 and Qinghai wolf 1. 585 

Figure 5. Demographic history inferred using PSMC. Following Freedman et al. (2014) 586 

and Zhang et al. (2014), we used a generation time = 3 and a mutation rate = 1.0 × 10-8 per 587 

generation. The Tibetan wolf 1 and Inner Mongolia wolf 4 are shown in all the plots for 588 

comparison purpose. (a) all the Asian wolves; (b) all the European wolves and Middle 589 

Eastern wolves and Indian wolf; (c) dogs; (d) Mexican wolf and Yellowstone wolves.  590 
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Figure 6. Demographic model inferred using G-PhoCS. Estimates of divergence times and 591 

effective population sizes (Ne) inferred by applying a Bayesian demography inference 592 

method (G-PhoCS) to sequence data from 13,647 putative neutral loci in a subset of 22 canid 593 

genomes (because of limitations in computational power). Estimates were obtained in four 594 

separate analyses (Methods; Supplemental Table 6). Ranges of Ne are shown and correspond 595 

to 95% Bayesian credible intervals. Estimates are calibrated by assuming a per-generation 596 

mutation rate of μ=10-8. Mean estimates of divergence times are indicated by vertical bars 597 

(dashed) and ranges correspond to 95% Bayesian credible intervals. Scales are given in units 598 

of years by assuming an average generation time of 3 years and two different mutation rates: 599 

μ=10-8 (blue) and μ=0.4x10-8 (red). The model also considered gene flow between different 600 

population groups (see Table 1). 601 
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Table 1 Migration events detected from G-PhoCS. Numbers are the migration rates (total rate %). 602 

Wolf population 
-> Chinese 

Dog Chinese Dog -> -> Dingo Dingo -> -> Basenji Basenji -> -> Jackal Jackal -> 

Inner Mongolian 5.9 (4.8-7.2) 2 15.3 (12.1-16.9) 2 0 (0-0.2) 2 0.1 (0-0.7) 2 --------- --------- 0 (0-0.4) 2 0.1 (0-0.3) 2 

Xinjiang 3.1 (2.4-4.0) 
3
 10 (8.6-11.1) 

3
 0.3 (0-1.7) 

3
 1.4 (0.8-2.2) 

3
 --------- --------- 2 (1-2.9) 

3
 0.2 (0.1-0.4) 

3
 

Tibetan 0 (0-0.2) 2 6.8 (5.5-8.8) 2 1.8 (0-2.8) 2 0 (0-0) 2 --------- --------- 0 (0-0.1) 2 0.3 (0.2-0.5) 2 

Qinghai 0 (0-0.1) 2 16.1 (14.1-18.9) 2 0.3 (0-3.0) 2 0 (0-0.1) 2 --------- --------- 0.1 (0-0.6) 2 0.4 (0.2-0.6) 2 

Russian 0.9 (0-2.8) 2 18.7 (15.7-20.8) 2 0.2 (0-1.4) 2 0.1 (0-0.7) 
2
 --------- --------- 1.6 (0.6-2.8) 2 0.2 (0.1-0.4) 2 

Croatian --------- --------- 0.3 (0-1.9) 
4
 1.2 (0-2.5) 

4
 3.7 (1.3-6.4) 

4
 0.2 (0-1.2) 

4
 0.1 (0-1.3) 

4
 0 (0-0.1) 

4
 

Israeli --------- --------- 0.1 (0-1) 
4
 0.1 (0-0.8) 

4
 8 (4.3-13.1) 

4
 11.2 (8.7-13.6) 

4
 0.7 (0-2.5) 

4
 0.2 (0-0.7) 

4
 

Iranian --------- --------- 0.1 (0-0.6) 
4
 0 (0-0.2) 

4
 0.1 (0-0.8) 

4
 0 (0-0.5) 

4
 0 (0-0.5) 

4
 0 (0-0.2) 

4
 

Indian --------- --------- 0.1 (0-1.5) 
4
 0 (0-0.7) 

4
 0.1 (0-0.7) 

4
 0.2 (0-2.2) 

4
 0.1 (0-0.7) 

4
 0.9 (0-4.4) 

4
 

Mexican --------- --------- --------- 0.4 (0-1.5) 
1
 --------- 2.2 (1.2-3.2) 

1
 0 (0-0.2) 

1
 0.2 (0-0.5) 

1
 

Yellowstone --------- --------- --------- 0.1 (0-0.6) 
1
 --------- 0 (0-0.2) 

1
 0 (0-0.3) 

1
 0.4 (0.2-0.6) 

1
 

Other migration bands 

Israeli� Croatian 0.1 (0-0.8) 
1
 

Croatian � Israeli 0 (0-0.4) 
1
 

Tibetan �Inner Mongolian 5 (3.1-6.8) 
1
 

Inner Mongolian � Tibetan 0.3 (0-1.3) 
1
 

Dog/Wolf ancestor �Jackal 11.9 (11.3-13.6) 
1
 

Jackal� Dog/Wolf ancestor 0 (0-0) 
1
 

1 estimated in ‘global’ run of G-PhoCS 603 
2 estimated in ‘asian’ run of G-PhoCS with Inner Mongolian wolf 604 
3 estimated in ‘asian run of G-PhoCS with Xinjiang wolf 605 
4 estimated in ‘european’ run of G-PhoCS606 
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