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Inter-species hybridization has been recently recognized as potentially common in wild animals, but the extent to which it

shapes modern genomes is still poorly understood. Distinguishing historical hybridization events from other processes lead-

ing to phylogenetic discordance among different markers requires a well-resolved species tree that considers all modes of

inheritance and overcomes systematic problems due to rapid lineage diversification by sampling large genomic character

sets. Here, we assessed genome-wide phylogenetic variation across a diverse mammalian family, Felidae (cats). We combined

genotypes from a genome-wide SNP array with additional autosomal, X- and Y-linked variants to sample∼150 kb of nuclear

sequence, in addition to complete mitochondrial genomes generated using light-coverage Illumina sequencing. We present

the first robust felid time tree that accounts for unique maternal, paternal, and biparental evolutionary histories. Signatures

of phylogenetic discordance were abundant in the genomes of modern cats, in many cases indicating hybridization as the

most likely cause. Comparison of big cat whole-genome sequences revealed a substantial reduction of X-linked divergence

times across several large recombination cold spots, which were highly enriched for signatures of selection-driven post-

divergence hybridization between the ancestors of the snow leopard and lion lineages. These results highlight the mosaic

origin of modern felid genomes and the influence of sex chromosomes and sex-biased dispersal in post-speciation gene

flow. A complete resolution of the tree of life will require comprehensive genomic sampling of biparental and sex-limited

genetic variation to identify and control for phylogenetic conflict caused by ancient admixture and sex-biased differences in

genomic transmission.

[Supplemental material is available for this article.]

There is an emerging consensus that gene flow frequently occurs
following speciation despite the establishment of reproductive
barriers that otherwise maintain species-level distinctiveness
(Roca et al. 2005; Good et al. 2008; Ellegren et al. 2012; Garrigan
et al. 2012; Toews and Brelsford 2012; Cahill et al. 2013, 2014;
Cui et al. 2013; Martin et al. 2013; Kutschera et al. 2014; Sullivan
et al. 2014). However, incomplete lineage sorting (ILS) is assumed
by default to underpin most cases of phylogenetic discordance.
Few studies in the literature account for hybridization by analyzing
all inheritance patterns (uniparental, sex-biased, biparental) with
high-resolution data, or instead have focused on only a few species
(Roca et al. 2005; Cahill et al. 2013, 2014; Trigo et al. 2013; Khan
et al. 2014). The cat family Felidae contains 38 recognized species
within eight lineages (designated henceforth by a capitalized
name, e.g., Puma lineage) that vary in the breadth of their geo-
graphic occurrence (Buckley-Beason et al. 2006; Johnson et al.
2006). While the relationships withinmany felid clades are robust
to variation in subgenomic sampling, several inter-generic and
inter-specific relationships remain unresolved and have not been
assessed genome-wide to determine the specific drivers of discord-
ance observed in previous studies (Johnson et al. 2006; Davis et al.
2010).

Although hybrid zones between related cat species have been
reported (Schwartz et al. 2004; Homyack et al. 2008; Trigo et al.

2008, 2013), the extent to which ancient and contemporary intro-
gression has occurred is poorly understood on broad geographic
and genomic scales. Recent genetic evidence suggests complex pat-
terns of admixture in felids of the Neotropical genus Leopardus, in-
cluding the presence of cryptic species (Trigo et al. 2008, 2013).
These observations are matched by the prevalence of felid hybrid-
ization in captivity (Gray 1972), which has generated numerous
hybrids of both large cats andmedium to small cats. These include
the gigantic liger, a hybrid between amale lion and female tiger, as
well as domestic cat inter-specific hybrid breeds, including the
Bengal and Savannah, which are common household pets world-
wide. This proclivity for hybridization is facilitated by the strong
colinearity among felid genomes coupled with recent genetic
divergence (Wurster-Hill and Centerwall 1982; Davis et al. 2009;
Cho et al. 2013). The genomes of modern felids thus present a
unique resource to study the dynamics of introgression and the ge-
netic basis of reproductive isolation in both controlled crosses and
natural populations (Davis et al. 2015).

Previous studies have demonstrated that robust phylogenetic
signal can be obtained by querying domestic animal SNP arrays
with DNA from related species of the same genus, family, or order,
despite having diverged tens ofmillions of years from the array ref-
erence genome (Decker et al. 2009; McCue et al. 2012). Here, we
generated genome-wide SNP data from 38 cat species and analyzed
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these separately and together with Y-linked variation and whole
mitogenomes, allowing us to disentangle different maternal,
paternal, and biparental histories within a diverse family of mam-
mals. We assessed genome-wide patterns of intra-lineage phyloge-
netic discordance and identified signals of ancient hybridization
throughout the genomes ofmany cat species.Manyof these nucle-
ar signatures were accompanied by patterns of mitonuclear dis-
cordance. Our results allow further insight into the evolutionary
processes leading to the diversification of extant cats of the world
and provide a roadmap for future in-depthpopulation genomics in
this group as a model system for better understanding the specia-
tion process.

Results

We generated Illumina whole-genome genotyping data (∼63,000
SNPs) for 100 felid DNA samples covering virtually all recognized
species and validated the consistency of genotyping quality and
utility for phylogenomic inference (see Supplemental Table S1;
Supplemental Fig. S1; Methods). SNP call rates ranged from 92%

to 99% across felids andwere generally correlatedwith previous es-
timates of phylogenetic divergence (Johnson et al. 2006). Within
each felid lineage, SNP call rates for each species were very similar
(Supplemental Table S1), indicating that comparisons between
members of the same felid lineage (i.e., admixture tests) should
not be compromised by array ascertainment bias.

After excluding low-quality SNPs and heterozygous sites, we
generated maximum likelihood (ML) phylogenies for the com-
bined SNP supermatrix (Fig. 1) and for each chromosome (Sup-
plemental Fig. S2). No individual chromosome was strongly
discordant with the biparental SNP-based phylogeny, except for
the Y Chromosome data set from Johnson et al. (2006), which
strongly supported a closer association of the Bay cat lineage
with the Panthera lineage (also observed by Luo et al. 2014). To
confirm that SNP-based characters were robust for phylogenetic
inference, we compared our results to trees derived from an inde-
pendent 50-kb supermatrix of complete felid vomeronasal recep-
tor (V1R) gene repertoires for 27 felids (Montague et al. 2014).
The V1R ML topology showed strong congruence with the SNP-
based phylogeny and confirmed the nested position of the Bay
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Figure 1. Discordant phylogenetic patterns across maternal, paternal, and biparentally inherited subgenomic partitions. (A) Comparison of nuclear ge-
nome and mitogenome phylogenies. The nuclear phylogeny/time tree excludes the Y Chromosome partition. Lines between the two trees indicate alter-
native placement of particular species (black) or clades (red). Dashed lines represent poorly supported alternative placements. The time tree is based on the
average divergence times across eight individual MCMCtree analyses (Supplemental Table S3). Lineages are color-coded based on their current/historical
distributions (see insetmap). Dashed lines indicate hypothesized dispersal events out of Eurasia. Gray vertical bars indicate periods of extended low sea level
(Haq et al. 1987) that may have facilitated dispersal between continents/islands. Asterisks indicate ML bootstrap support values of 100 in all analyses (all
SNPs/binary-coded SNPs/SNP + gene supermatrix). (B) Phylogenies showing relationships and bootstrap support values for eight felid lineages based on
themitogenome, X Chr (5761-bp), Y Chr (5352-bp), and autosomal (123,906-bp) SNP + gene supermatrix partitions. Bootstrap support formonophyly of
each lineage is 100% (data not shown). The Bay cat clade is displayed in boldface to highlight the different topological positions based on different modes
of inheritance.
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cat lineage andmore basal positions for the Caracal andOcelot lin-
eages (Supplemental Fig. S3). We then generated a robust felid
phylogeny (Fig. 1A) based on biparentally inherited data (∼130-
kb from SNPs +V1R genes + published genes) that removed the
confounding effects of paternal evolutionary history (Fig. 1B).

Mitonuclear discordance

Next, we contrasted the maternal and biparental evolutionary his-
tory of felids by assembling complete mitochondrial genomes of
nearly all recognized species (except Neofelis diardi and Leopardus
guttulus) using light coverage whole-genome sequencing (see
Methods; Supplemental Table S1). Remapping the raw reads to
each assembly revealed extremely high and even depth of coverage
for each mitochondrial genome (avg. 135-fold) compared to the
expected nuclear genome coverage (avg. 0.3-fold coverage). This
process supported the true cytoplasmic origin of eachmitogenome
assembly. When we compared the mitogenome-based phylogeny
to our nuclear genome species tree, we identified nine topological
conflicts, including strongly supported differenceswithin Panthera
(i.e., the position of the snow leopard) as well as the relative posi-
tion of the Puma and Caracal lineages within Felidae (Fig. 1B). The
mitogenomic phylogeny supported a sister-group relationship be-
tween the Bay cat and Lynx lineages that was also observed in the
biparental phylogeny but not in the Y Chromosome phylogeny
(Fig. 1B), indicating the Bay cat lineage Y Chromosome tracks a
unique history relative to the other genomic partitions.

One potential and underappreciated source of mitonuclear
discordance is the inadvertent amplification and sequencing
of nuclear mitochondrial pseudogenes (numts) (Antunes et al.
2007). When we compared our reference mitogenomes to Gen-
Bank entries, we found that half of the published big cat (i.e., ge-
nus Panthera and Puma concolor) mitogenomes contained long
stretches of high sequence divergence that were consistent with
numt contamination (Supplemental Fig. S4; Supplemental Table
S2). These results underscore the confounding impact that numts
may have on phylogenetic relationships (Antunes et al. 2007;
Davis et al. 2010) and caution against indiscriminate use of pub-
lished mitochondrial DNA (mtDNA) sequences.

Felid diversification and evidence for hybridization

We then applied Bayesian divergence time and ancestral area re-
construction approaches to explore spatial and temporal patterns
of diversification throughoutmodern felid evolution (Supplemen-
tal Figs. S5, S6; Supplemental Tables S3, S4). Our time tree indicat-
ed that the ancestors of each felid lineage originated within and
dispersed out of Asia in the late Miocene, obviating the need to in-
voke hypotheses requiring multiple dispersal events back to Asia
fromNorthAmerica (Fig. 1; Johnson et al. 2006). Rather, the ances-
tors of the Puma and Lynx lineages probably dispersed simultane-
ously to the Americas via the reopening of the Bering Land Bridge
∼5.9 million years ago (MYA) (Koufos et al. 2005) as documented
by the first occurrence of fossil Felinae in North America shortly
thereafter (Qiu 2003). Older divergence times (≥10 MYA) for the
progenitors of the Caracal and Ocelot lineages leave open the pos-
sibility that the ancestors of these two lineages dispersed out of
Asia into Africa and the Americas, respectively, via land bridges es-
tablished earlier rather than later in the Miocene (Haq et al. 1987;
Koufos et al. 2005).

Given our observation of substantial phylogenetic discord-
ance across the felid phylogeny, along with biogeographic recon-
structions that indicate ample spatial overlap in the history of

cat lineages, we scanned the genome-wide SNPmatrix for phyloge-
nomic patterns suggestive of inter-specific hybridization. Our first
approach used sliding window-based likelihood ratio tests to iden-
tify broad (>1 Mb) chromosomal regions that harbored signifi-
cantly different phylogenetic signal from the species tree (Fig.
2A,B), whichwould not be expectedwhen serial species divergenc-
es were separated by millions of years (Hobolth et al. 2007, 2011).
In order to distinguish discordant regions that are a result of hy-
bridization from ILS, we estimated the D-statistic from the ABBA/
BABA test (Table 1), which assesses phylogenetic asymmetry of
nonspecies trees and the proportion of the genome that is shared
between two taxa due to admixture (Durand et al. 2011). Taken to-
gether, these approaches provide genome-wide evidence for his-
torical gene flow within the majority of the eight felid lineages
(Table 1; Fig. 2).

On one end of this continuum, the Puma, Caracal, and Bay
cat lineages showed fewer discordant windows and possessed
D-statistics and Z-scores lower than most other clades (Table 1;
Fig. 2). These lineages each contain three ecologically distinct spe-
cies that diverged over long evolutionary time frames relative to
other felid groups, thus ILS-based discordance is less expected. In
contrast, the remaining five felid lineages possessed numerous
signatures of phylogenetic discordance, some of which may be at-
tributable to historical hybridization (Table 1; Fig. 2). One of the
best documented felid hybrid zones is between the bobcat and
Canada lynx, which share a broad trans-continental range overlap
in North America that has likely persisted to varying degrees as
climate fluctuated across time. Genetic studies have identified sev-
eral populations where hybridization is common along the US/
Canada border (Schwartz et al. 2004; Homyack et al. 2008; Koen
et al. 2014). ABBA/BABA tests indicate ancient signatures of bob-
cat-Canada lynx gene flow (Table 1), consistent with an extended
period of gene flow that continues to the present day. Our results
also indicate introgression between the Canada lynx and Eurasian
lynx (Table 1), which likely occurred during recurrent emergence
of the Bering Land Bridge during the Pleistocene.

The greatest amount of phylogenetic discordance was ob-
served within the Ocelot lineage, which diversified within the
past 2–3million years (MY) in the Neotropics, where many species
coexist in sympatry or parapatry. Recent genetic analyses de-
monstrated complex speciation/hybridization affecting at least
four species within this group: two tigrina species, one from
northeastern Brazil (Leopardus tigrinus) that possesses pampas
cat (L. colocolo) mitochondria within a tigrina-like nuclear back-
ground, and a recently proposed sister species from southeastern
Brazil (L. guttulus, not sampled here) which hybridizes with the
Geoffroy’s cat (L. geoffroyi) in a narrow hybrid zone in southern
Brazil (Trigo et al. 2008, 2013, 2014). As predicted, the northeast-
ern tigrina we genotyped possessed pampas cat mtDNA within a
tigrina nuclear DNA background (Supplemental Fig. S8) but also
contained nuclear signatures of ancient hybridization with the
Geoffroy’s cat (Table 1; Fig. 3A), suggesting an extended history
of admixture between the three species lineages. A Central
American tigrina (Fig. 1; Supplemental Fig. S8) showed large mito-
chondrial and nuclear divergence (11.0%–15.3% and 0.5%–0.6%,
respectively) from Brazilian tigrinas, as well as from the Geoffroy’s
cat and kodkod (L. guigna). Tigrinas have not been extensively
sampled for genetic variation across the northern part of their
range; however, our data support previous observations based
solely onmtDNA (Johnson et al. 1999; Trigo et al. 2008) of the po-
tential existence of an additional, presently unrecognized Central
American cat species.

Cat speciation and hybridization
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The Asian Leopard cat lineage (genus Prionailurus) includes a
similar radiation of small-bodied cats distributed throughout
Southeast Asia. The leopard cat is broadly sympatric with other
members of the genus, and recent molecular evidence indicates
that its Indochinese and Sundaic populations display species-level
measures of Y Chromosome and mitochondrial divergence (Luo
et al. 2014). Whole-genome SNP data from 13 Asian leopard cats
sampled across these regions confirmed a species-level separation
of more than one million years, which was further supported by
deepmtDNAdivergence (Fig. 3B). Interestingly, mitogenome phy-
logenies support a closer relationship between the fishing cat and
Indochinese leopard cat populations than between the latter and
supposed conspecifics, a pattern consistent with ancient hybridi-
zation when coupled with evidence of inter-species gene flow
from SNP-based admixture tests (Table 1). This unique pattern of
mitonuclear discordance suggests capture of an unsampled or ex-
tinct Prionailurus sp. mitochondrion in the ancestral lineage of
the fishing cat. As with the Ocelot lineage, further phylogeo-
graphic sampling of Asian leopard cats throughout their broad dis-
tribution, along with their closely related congeners, will further
aid in delimiting new species boundaries more conclusively.

Within the Domestic cat lineage, species/subspecies of the
closely related Felis silvestris complex are known to hybridize in
nature (e.g., Nussberger et al. 2013; Le Roux et al. 2015) and hy-
brids of the domestic cat and Jungle cat are the progenitors of

an exotic cat breed known as the Chausie. Similarly, we find
evidence for two episodes of ancient admixture within the
Domestic cat lineage derived from D-statistics inferred from the
SNP matrix (Table 1). To demonstrate that our SNP-based D-statis-
tics were not artifacts due to ascertainment bias driven by factors
such as genotyping error or recurrent mutation, we analyzed
∼20–30× Illumina whole-genome sequence coverage for three of
the non-silvestrismembers of the Domestic cat lineage: Black-foot-
ed cat, Sand cat, and Jungle cat, and a close outgroup species, the
Asian leopard cat. We aligned these reads to the domestic cat
v6.2 assembly, generated reference assemblies, and calculated
D-statistics after stringent filtering of the SNV data set (mean =
26.6 million SNVs per species) (see Methods). Our results (Supple-
mental Table S5; Fig. 3C) provide highly significant D- and
Z-scores between the same pairs of taxa observed with the SNP
array-based statistics (Table 1).

As an additional validation of the SNP-based D-statistics, we
remapped the domestic cat SNP probes to the new Felis genome se-
quences and recalculated the statistics from a reduced set of high-
est confidence orthologous SNPs, for which we required 99%
pairwise identity between the domestic cat probe sequence and
100% identity to the SNP call in the reference assemblies of the
other felids. The results (Supplemental Table S6) demonstrated
that even with a smaller, high confidence set of orthologous
SNPs that match the sequence probe (and the SNP call) precisely,
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theD-statistics remain significant. These results confirm that phy-
logenetic noise or genotyping errors were not biasing the results
and further validated the use of the array-based D-statistics. As a
third measure to assess the potential impact of phylogenetic noise
in the SNP array data generated for the non-Felis lineages, we jack-
knifed the outgroup taxon for the significant comparisons shown
in Table 1 of the manuscript, and in nearly all cases the Z-scores
remained significant (Supplemental Table S7).

Big cat hybridization and remarkable patterns

of X Chromosome divergence

Big cats of the genus Panthera readily reproduce in captivity (Gray
1972), yielding many possible hybrids among the parent species,
including the liger (male lion × female tiger). The recent sequenc-
ing of several big cat genomes (Cho et al. 2013) provided an oppor-
tunity to perform a high-resolution test of the hypothesis that
ancient introgressionmayhave led to themitonuclear discordance
in the phylogenetic position of the snow leopard (Figs. 1, 3D).
Genome-wide analysis of tiger, lion, and snow leopard single nu-
cleotide variants (mean = 20.8 million SNVs/species), using the
domestic cat as the outgroup, identified significant signatures of

admixture between the lion and snow leopard genomes (Supple-
mental Table S8; Fig. 3). The most striking signal was observed
for the X Chromosome, where sliding window-based divergence
time estimates were significantly younger than autosomes and
notably enriched for topologies supporting a sister relationship
between snow leopard and lion (Supplemental Fig. S9; Fig. 4A),
similar to the mitogenome phylogeny where the snow leopard
is sister to lion and leopard. Furthermore, our estimates for
lion/snow leopard X Chromosome divergence were very similar
to the mean mitogenomic divergence (∼2.1 MYA) (Supplemental
Fig. S5B).

The distribution of the alternative topologies on Panthera X
Chromosomes was nonrandom, with more than half occupied
by massive blocks of reduced divergence time. These blocks corre-
spond to one ∼45-Mb recombination cold spot and at least two
smaller 5- to 10-Mb cold spots on the domestic cat X Chromosome
(Schmidt-Kuntzel et al. 2009), a genomic feature virtually absent
on autosomes (Fig. 4B). Intriguingly, a large recombination cold
spot, also flanked by high recombination rate regions, is found
on the domestic pig X Chromosome in nearly the same syntenic
region (Ma et al. 2010; Ai et al. 2015). Both species share colinear-
ity with the human chromosome over the vast majority of the
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Figure 3. Patterns of hybridization within felid lineages. (A) Ocelot lineage, showing the discordant position of the northern tigrina (green) between
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chromosome (Murphy et al. 1999; Davis et al. 2009; Ma et al.
2010), which would preclude an inversion-based mechanism to
explain this extremely large nonrecombining region that is shared
across divergent mammalian orders.

Recently, Ai et al. (2015) found similar patterns of introgres-
sion between high- and low-altitude populations of pigs within
the large X Chromosome recombination cold spot and suggested
that these events were driven by an adaptive sweep. Natural selec-
tion is most effective in low-recombination regions (Smith and
Haigh 1974), particularly on the X Chromosome, where both ben-
eficial and deleterious recessive alleles are exposed in hemizygous
males (Charlesworth et al. 1987). However, distinguishing positive
from background selection can be difficult, as both types of selec-
tion will shorten the time to the most recent common ancestor
(O’Fallon 2013). We suggest that the marked inter-node depth
and time reduction of (lion + snow leopard) phylogenies within
but not outside of low-recombination regions is also consistent
with a similar selective sweep across this region (Fig. 4B).

Moreover, we propose that the reduced lion–snow leopard X
Chromosome divergence, together with the retention of a lion/
leopard-related mitochondrion within the snow leopard genome
(Fig. 1) can be best explained under a scenario of hybridization,

similar to that invoked to explain recent X Chromosome diver-
gence between chimpanzee and human (Patterson et al. 2006). If
fertile F1 female hybrids, derived from snow leopard-ancestor
males and lion/leopard-ancestor females, backcrossed to males
from the snow leopard ancestor, a strong selective sweep favoring
a newly beneficial X Chromosome allele(s), coupled with severely
limited recombination across a large portion of the X Chromo-
some (Fig. 4), could account for the presence of this large intro-
gressed region within the genome of modern snow leopards. The
persistence of phylogenetically discordant X Chromosome haplo-
types is expected as they maintain a mitochondrion-like signature
longer than other nuclear markers, being carried twice as often by
females than males. This trend would be exacerbated in X Chro-
mosome regions with extremely reduced recombination.

Discussion

Like most mammals, felid males disperse farther than females
(Sunquist and Sunquist 2002), hence the maternally transmitted
mitochondrial genome is not predicted to reflect species boundar-
ies as accurately as Y Chromosome and autosomal markers (Currat
et al. 2008; Petit and Excoffier 2009). This prediction is supported
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by the greater discordance between the felid mitochondrial phy-
logeny and different nuclear partitions, the latter of which are
more similar (Fig. 1). In addition, felid inter-species hybrids follow
Haldane’s Rule (Haldane 1922) specifically as it relates to hybrid
sterility: Females are generally fertile, while males are overwhelm-
ingly sterile (Gray 1972; Davis et al. 2015). Unisexual sterility cou-
pled with male-biased dispersal promotes situations where the
mitochondrion of one species or lineagemay persist within the ge-
nomic background of a different species following introgression
into one of the parental populations (e.g., Roca et al. 2005). This
pattern is exemplified by the northeastern tigrina and the fishing
cat genomes, which possess mitochondrial DNA more similar to
that of a different species.

Such sex-biased asymmetries in fertility and dispersal may
also explain the observed discordancies at deeper branches of the
felid phylogeny when interpreted jointly with Bayesian ancestral
geographic reconstructions (Supplemental Fig. S6). In one exam-
ple, the mitogenomic phylogeny strongly supports the Puma line-
age as sister to the Lynx+Bay cat clade, while the nuclear genome
places the Puma lineage as sister to the Asian leopard cat+Domestic
cat clade. Although ILS could explain this pattern, we interpret the
strongly supported alternate topologies and the reduced relative
divergence times between genomic partitions (Supplemental Fig.
S5A,B) as evidence for historical admixture and mitochondrial
capture between ancestors of the Puma lineage and Lynx+Bay
cat lineage within Asia, preceding migration to North America in
the Late Miocene (Fig. 1). Similarly, the Caracal clade origin is ∼2
MY and multiple inter-nodes younger in the mitogenome tree
than in the biparental tree (Fig. 1A,B; Supplemental Fig. S5A,B),
a pattern that is also consistent with a scenario involving mito-
chondrial capture.

Sex-biased asymmetry can also produce rare instances of Y
Chromosome discordance, the nuclear marker that is least expect-
ed to show discordance in species withmale-biased dispersal (Petit
and Excoffier 2009). Such an example exists within the felid
phylogeny, where the 9.5 MYA coalescence of the Bay cat and
Panthera lineage Y Chromosomes (Luo et al. 2014) post-dates the
estimated biparental lineage divergence by >2MY, spanning sever-
al internal nodes that are discordant between the two topologies.
We interpret this pattern as indication of an episode of ancient ad-
mixture within Eurasia where these two lineages originated and
diversified (Supplemental Fig. S6). Introgression of a Panthera-
like Y Chromosome into the Bay cat lineage ancestor early during
post-speciation divergence could have been derived from the
generation of fertilemale backcross hybrids, and their transient in-
creased fitness over nonhybrid males. This could effectively result
in a selective sweep by a Panthera-like Y Chromosome within the
nuclear genome background of a Bay cat lineage ancestor. In this
particular scenario, it is worth noting that the ancestors of each
of these cat lineages were much less divergent at the putative
time of hybridization than many living felids that currently pro-
duce viable and fertile inter-specific hybrids (Gray 1972; Schwartz
et al. 2004).

Although phylogenetic discordance is often attributed to
ILS, the low effective population size of mitochondrial and Y
Chromosome DNA, and that of felid species in general, coupled
with the influence of male-mediated dispersal and Haldane’s
Rule on introgression, suggests that the conflicting phylogenetic
signals between genomic partitions are best explained by hybridi-
zation (Currat et al. 2008; Petit and Excoffier 2009; Cahill et al.
2013). Our observations of historical admixture between many
pairs of cat species are consistent with evidence for contemporary

inter-specific hybridization in nature and captivity spanning large
phylogenetic distances. Ongoing whole-genome sequencing ef-
forts in different felid species should provide much greater resolu-
tion and insight into the genomic landscape of admixture and
provide further tests of these SNP array-based inferences.

Hybridization is a natural component of the evolutionary
process, yet anthropogenic influences may further promote in-
ter-specific hybridization in low-density carnivore populations
(Allendorf et al. 2001). This is especially critical for the majority
of cat species worldwide, where habitat encroachment, poaching,
deforestation, and climate change are drastically reducing felid
numbers. We have highlighted groups of species where further
population genomic sampling will better define the architecture
of admixture and genes underlying adaptive introgression and
divergence. Differentiating between natural and human-mediated
hybridization will be critical to develop effective conservation ef-
forts on behalf of these threatened carnivores.

Methods

SNP genotyping and analysis

We used 150–300 ng of DNA from each felid species to genotype
∼63,000 SNPs on the Illumina feline array. The 63K array was de-
signed using the domestic genome sequence as a reference with
62,897 SNPs ascertained from six domestic cats and an African
wild cat (Felis lybica) (Mullikin et al. 2010), distributed across all
18 autosomes and the X Chromosome. The vast majority of the
SNPs on the array were ascertained in a pool of domestic cat breeds
from low-coverage whole-genome sequencing (Mullikin et al.
2010). Illumina array genotypes for all individuals were filtered
to include only SNP call rates >95%.Weexcluded all SNPs included
in the array design that assay felid lineage-specific apomorphies
and phenotype-associated mutations (Eizirik et al. 2003; Johnson
et al. 2006). Heterozygous sites (predominantly found in the do-
mestic cat and its closest relatives, the European wild cat, African
wild cat, and Chinese desert cat) (Supplemental Table S1) were
scored as ambiguities in phylogenetic analyses only.

Since the creation of the 63K chip, revisions to the feline
genome assembly required reassessment of the physical marker
location of the SNP probe sequences. We compared each probe
sequence to the Felis catus v6.2 (felCat5) assembly using BLAST
(Altschul et al. 1997). After removal of SNPs with negative and/
or highly duplicated probemapping results, 59,628 SNPs remained
in our analyses. The highest nondomestic cat SNP calling rate was
observed between the three wildcat subspecies/species of the Felis
silvestris complex (i.e., European wild cat, African wild cat, and
Chinese desert cat; average call rate > 99.4%). The lowest SNP call
rate (86%) was observed for the Andean mountain cat DNA sam-
ple, extracted from a museum hide, which may have contributed
to its poor phylogenetic placement within the Ocelot lineage.

To demonstrate that a potential bias of nucleotide identi-
fication caused by the two-dye Illumina genotyping system on
nondomestic cat species did not influence phylogenetic accuracy,
we also performed a second phylogenetic analysis in which
the nuclear SNP matrix was translated into a binary matrix (“0”
representing G or C; “1” representing A or T), following Decker
et al. (2009).

Mitochondrial genome sequencing and assembly

To obtain high-quality complete mitochondrial genome sequenc-
es and to avoid sequencing nuclear mitochondrial pseudogenes,
we isolated DNA from mitochondria-enriched preparations of
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fibroblast cells for 35 felid species where cell lines or tissues
were available. Mitochondrial enrichment was performed with a
two-step sucrose gradient procedure (Jones et al. 1988) that yields
both mitochondrial and nuclear-enriched pellets. Each pellet was
extracted using the Qiagen DNeasy kit. Standard Illumina frag-
ment libraries (∼300-bp average insert size) were prepared for
each mitochondria-enriched DNA isolate and were sequenced to
∼0.3× genome-wide depth of coverage on the Illumina HiSeq
2000 platform. We generated de novo mitochondrial genome as-
semblieswith SOAPdenovo2 (Luo et al. 2012) by evaluating a series
of k-mer sizes. Following assembly, all raw Illumina reads were
mapped to assembled contigs using default settings in BWA-
MEM to assess coverage depth (Li and Durbin 2009). Mapping
results were analyzed using SAMtools, including removal of PCR
duplicates (Li et al. 2009). Mitochondrial contigs were identified
with BLAST (Altschul et al. 1997) comparisons to the domestic
cat mitochondrial genome and confirmed by read-depth statistics.

Sequence alignment, phylogenetic reconstruction, and tree

topology comparison

The SNP matrix was combined with several published genes
and gene supermatrices, including a 5.6-kb CES7 gene matrix (Li
et al. 2011), the 23-kb multigene supermatrix of Johnson et al.
(2006), and a 49.7-kb vomeronasal (V1R) gene supermatrix (Mon-
tague et al. 2014). Sequence alignments were performed with
MAFFT (Katoh and Toh 2010). We applied MODELTEST (Posada
and Crandall 1998) to select the best-fitting substitution model
for each data set. RAxML7.2.8 (Stamatakis 2006) was used formax-
imum likelihood tree searching and bootstrapping. We also ana-
lyzed a more conservative subset of the SNP matrix (40,225
SNPs) that excluded all SNP markers whose flanking probe se-
quence failed to produce a single unique BLAST hit with 100%nu-
cleotide identity to the felCat5 (v6.2) genome reference sequence.
This precaution was taken because SNPs on the array were identi-
fied from previous low coverage (1.9×) assemblies of the domestic
cat genome, i.e., versions felCat3/4 (Pontius et al. 2007; Mullikin
et al. 2010).

Divergence time estimation and ancestral area reconstruction

We used the MCMCtree v4.8a software in the PAML-4 package
(Yang 2007) to estimate divergence times using previously pub-
lished fossil constraints for Felidae (Johnson et al. 2006). Analyses
were run for 100,000 generations with a burn-in of 10,000 gener-
ations. Analyses were run twice to check for convergence. The final
time trees in Supplemental Figure S5, A and B are based on the
mean of analyses that varied fossil constraint (hard- versus soft-
bounded), rate model (independent versus autocorrelated), and
character sampling (only for the nuclear gene supermatrix, both
with and without the SNP matrix) (Supplemental Tables S3, S4).
Ancestral area reconstructions were performed with the Bayesian
Binary MCMC (BBM) approach implemented in the software
RASP (Ali et al. 2012).

Detection of historical gene flow

We used Consel (Shimodaira and Hasegawa 2001) to perform
approximately unbiased (AU) tests to compare different tree to-
pologies across the whole-genome SNP matrix. We divided the
whole-genome matrix into 10-Mb sliding windows (step = 100-
kb), chosen to contain adequate sequence variation within each
felid lineage (Supplemental Table S9) to allow for examination of
variation in phylogenetic signal across each chromosome. Maxi-
mum likelihood trees for each window were built using RAxML

(GTR + Γ substitutionmodel) and compared to the null hypothesis
(i.e., the species tree topology).

To detect admixture over longer evolutionary time scales, we
applied the ABBA/BABA approach of Green et al. (2010) to the SNP
matrix as well as whole-genome SNV data sets (see below). This
method identifies imbalances in alternative topology frequencies
under a four-taxon scenario (three ingroup taxa and one out-
group). For analyses based on the Illumina SNP matrix, we tested
alternative phylogenetic scenarios only within members of the
eight felid lineages, to eliminate any ascertainment bias that
would result from the SNPs being discovered in the domestic cat
(Felis silvestris catus). Although each SNP character state that
is observed within any of the non-Felis cat lineages may be due
to recurrent mutation, relative to the domestic cat from which
they were discovered, these mutations are unique within each of
the felid lineages and will track lineage-specific changes within
that clade and in its immediate ancestors. Whether the mutation
occurred within the immediate ancestor of the domestic cat and
the ancestors of another felid lineage is irrelevant because we did
not include members of the Domestic cat lineage as outgroup
taxa when calculating SNP array-based D-statistics for the other
seven felid lineages. AllD-statistics calculated within the Domestic
cat lineage were validated using whole-genome sequencing SNV
data, to rule out ascertainment bias effects within the members
of the genus Felis.

D-statistics and Z-scores calculations were performed with
the R package evobiR (http://www.uta.edu/karyodb/evobiR/index
.html), which measures signatures of alternative phylogenetic
asymmetry and the proportion of the genome that is shared be-
tween two taxa due to admixture, respectively (Durand et al.
2011). ABBA/BABA tests performed on the SNP data set included
heterozygous sites by generating pseudohaploid sequences, fol-
lowing Green et al. (2010) and Cahill et al. (2013, 2014). Statistical
significance of the Z-score was assessed for each replicate by con-
verting the Z-score into a two-tailed P-value (Eaton and Ree
2013). One thousand bootstrap iterations were used to measure
the standard deviation of the D-statistic derived from the SNP-ar-
ray data, because the ABBA/BABA SNP sites are largely unlinked
(∼1 SNP per 4 Mb) (Eaton and Ree 2013, Streicher et al. 2014).
We defined significant D-statistics as those having Z-scores≥ 3
(following Green et al. 2010; Cahill et al. 2013).

Whole-genome sequencing and alignment of Felis species

We constructed standard 300-bp insert Illumina fragment libraries
using high molecular weight DNA extracted from fibroblast cell
cultures of sand cat (Felis margarita), jungle cat (Felis chaus), and
Asian leopard cat (Prionailurus bengalensis). For each sequencing li-
brary, we generated ∼25× genome coverage with 2 × 125-bp reads
on the Illumina HiSeq 2500 platform. In addition, we analyzed
∼713 million raw Illumina sequence reads (2 × 100-bp, Illumina
HiSeq 2000) from a black-footed cat, Felis nigripes. Reads were
trimmed (Trim Galore, http://www.bioinformatics.babraham.ac.
uk/projects/trim_galore/) and mapped to the v6.2 domestic cat
genome assembly using BWA-MEM (Li and Durbin 2009) with de-
fault settings. SAMtools (Li et al. 2009) was used to call raw single
nucleotide variants (SNV). We filtered the SNV data as follows: (1)
We identified high-quality SNVs (quality > 100); (2) we restricted
our analysis to variants with mapping quality≥ 30 and excluded
variants from regions with read-depth variation greater or less
than 50% of the genome-wide average; (3) we evaluated the likeli-
hood score for each genotype (i.e., likelihood of double-strand al-
ternative genotype equal to 0); and (4) wemerged the filtered SNV
data to whole-genome alignments conforming to the structure of
the domestic cat v6.2 reference genome assembly.D-statistics were
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calculated in a similar fashion as for the SNP data set; however,
statistical significance of theZ-scorewas assessedwith a block jack-
knife test (5-Mb block size) with 100 replicates resampled with
replacement.

Whole-genome analysis of Panthera species

To detect signals of phylogenetic discordance and introgression
within the whole genomes of tiger, lion, and snow leopard, we
generated D-statistics and performed a sliding window-based di-
vergence time scan across all chromosomes. Illumina short reads
from the three Panthera species (Cho et al. 2013) were aligned to
the repeat-masked domestic cat genome assembly (serving as the
outgroup) using BWA (Li andDurbin 2009) with the following set-
tings: bwa aln –n 0.08. SNV data for three Panthera species was ob-
tained and filtered applying the same strategy used for the Felis
whole-genome data. Whole-genome four-way alignment blocks
were created and analyzed in 100-kb windows (with 25-kbmoving
steps) across the whole-genome alignment.D-statistics were calcu-
lated in the same manner as the Felis data set (described above).
Maximum likelihood trees were constructed for each window
with RAxML (Stamatakis 2006) (GTR+GAMMA substitution
model). We used MCMCtree in PAML to calculate the relative
divergence time for each node, assuming independent rates and
employing three soft-bounded constraints established from the
95% credibility intervals of our biparental matrix time tree
(Supplemental Table S3): a minimum of 8 MY and maximum of
16 MY for the split between the domestic cat and Panthera, and
a maximum of 7 MY for the basal Panthera node. These secondary
constraints were consistent with the fossil constraints of Johnson
et al. (2006).

Data access

Mitochondrial sequence data generated for this study have been
submitted to GenBank (http://www.ncbi.nlm.nih.gov/Genbank/)
under accession numbers KP202255–KP202295. The Illumina ge-
notype matrix is deposited in DRYAD (doi:10.5061/dryad.751cv).
Whole genome Illumina sequencing reads from Felis chaus,
Felis margarita, Felis nigripes, and Prionailurus bengalensis are de-
posited in the NCBI Sequence Read Archive (SRA; http://www.
ncbi.nlm.nih.gov/sra/) under accession numbers SRX1058146,
SRX1058385, SRS1087700, and SRX1058464, respectively. Scripts
used for sliding-window analysis can be found in the Supplemen-
tal Material.
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