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SUMMARY
Leopards are the only big cats still widely distributed across the continents of Africa and Asia. They occur in a
wide range of habitats and are often found in close proximity to humans. But despite their ubiquity, leopard
phylogeography and population history have not yet been studied with genomic tools. Here, we present pop-
ulation-genomic data from 26 modern and historical samples encompassing the vast geographical distribu-
tion of this species. We find that Asian leopards are broadly monophyletic with respect to African leopards
across almost their entire nuclear genomes. This profound genetic pattern persists despite the animals’
high potential mobility, and despite evidence of transfer of African alleles into Middle Eastern and Central
Asian leopard populations within the last 100,000 years. Our results further suggest that Asian leopards orig-
inated from a single out-of-Africa dispersal event 500–600 thousand years ago and are characterized by
higher population structuring, stronger isolation by distance, and lower heterozygosity than African leopards.
Taxonomic categories do not take into account the variability in depth of divergence among subspecies. The
deep divergence between the African subspecies and Asian populations contrasts with the much shallower
divergence among putative Asian subspecies. Reconciling genomic variation and taxonomy is likely to be a
growing challenge in the genomics era.
INTRODUCTION

Leopards (Panthera pardus) are iconic big cats with the largest

current distribution of all species within the genus Panthera.

They are ecological generalists inhabiting semi-desert, savanna,

rainforest, and montane habitats and spanning an altitudinal

range from sea level to 5,200 m altitude.1,2 Historically, leopards

ranged throughout sub-Saharan and north Africa and in Asia,

from Turkey eastward to southeast Asia and the Russian Far

East. Within the past hundred years, populations in many parts

of this distribution have suffered declines and are becoming

increasingly fragmented.2,3 As a result, several leopard subspe-

cies are now considered critically endangered or extinct.1,4,5
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A particular focus of genetic studies of leopards has been their

subspecies taxonomy.1,2,6–9 Although alternative taxonomies

are used,2 here we follow the most recent taxonomy proposed

by Kitchener et al.5 This taxonomy recognizes eight extant sub-

species, with African leopards assigned to a single subspecies

and the remaining seven subspecies defined for different Asian

populations. The validity of these subspecies has been investi-

gated by using a range of molecular markers, including

allozymes, microsatellites, and mitochondrial sequences.1,2

However, the extent to which genetic patterns inferred from

these limited marker sets reflect broad patterns of variation

across the nuclear genome as a whole remains unknown. This

question is of further applied importance, given that subspecies
nc.
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taxonomy currently provides a basis for leopard conservation

planning and implementation. Thus, population-genomic inves-

tigations are vital to ensure that conservation efforts effectively

safeguard genetic as well as taxonomic diversity in leopards.

A second focus of genetic studies of leopards has been their

historical biogeography, which has primarily been inferred by

analysis of their mitochondrial DNA.2,8,10 In addition to Africa

and Asia, leopards were also widespread in Europe during the

Pleistocene, but went extinct during the Holocene.4,11 The study

of mitochondrial genome sequences suggested that both Asia

and Europe were colonized during a single out-of-Africa

dispersal event some time during the Middle Pleistocene (400–

700 Ka [thousands of years ago]2,10). In contrast, previous mito-

chondrial and paleontological studies have proposed multiple

migration waves,4,8 and it has been suggested that the

geographically isolated Javan leopard P. p. melas might repre-

sent a relict population from an earlier out-of-Africa migration

event.8 However, mitochondrial data provide limited power to

differentiate among these dispersal hypotheses, or to determine

the extent of post-colonization gene flow between continents,

due to the idiosyncratic nature of the evolution of single loci in

populations.

In this study, we analyze genome data from 26 leopards,

sampled across their current African and Asian distribution and

representing almost all extant subspecies, in order to investigate

the broad-scale genetic structure of leopards at the genomic

level. We dissect the biogeographical history of the leopard in

unprecedented detail, enabling us to make inferences about

the timing and magnitude of the colonization of Asia. We find ev-

idence for a single out-of-Africa dispersal event, resulting in

almost complete genome monophyly of Asian leopards; a

pattern that is not reflected in current taxonomy, which applies

equal rank to the African and all Asian subspecies. Our results

should stimulate the debate on the interplay between taxonomy

and conservation in the genomics era.
RESULTS

Intercontinental population structure of the leopard
We generated genome data from 23 leopard specimens, ranging

from 3x to 40x genome sequence coverage, comprising 5 mod-

ern samples (blood or tissue) and 18 samples from archival col-

lections (bone or preserved skin, henceforth referred to as ‘‘his-

torical samples’’) (Figure 1A; Table 1). Together with 3 previously

published individuals,12 our dataset provides genome-level data

from 14 African and 12 Asian leopards, representing 7 out of 8

currently recognized extant subspecies (all except P. p. nimr).5

Mitochondrial genome relationships among the sampled individ-

uals are consistent with those previously recovered, displaying

distinct African and Eurasian clades with 69% and 98% boot-

strap support, respectively (Figure S1).2,8,10

We also investigated the population structure of leopards by

using a principal components analysis (PCA) of 2.8 million

filtered variable positions (Figure 1B). This analysis revealed

strong differentiation of African and Asian leopards along prin-

cipal component 1 (PC1), representing almost 20% of the

sampled genomic variation. PC2 is considerably smaller

(approximately 5% of the variation) and separates leopards

within Asia. Among African leopards, the individual from

Morocco is also separated along this axis.

We investigated the extent of admixture among the African

and Asian population clusters indicated by the PCA by using

the program NGSadmix14 to assign, for each individual, the

genomic fractions descending from two hypothesized ancestral

populations (K = 2 as themost likely value of K, further supported

by the DK method;15,16 see STAR Methods). Using this method,

the genomes of all African and all but two Asian leopards were

assigned to their respective population clusters (Figures 1C

and S2). The exceptions were individuals from the Palestine re-

gion and from Afghanistan, which had estimated admixture frac-

tions of 25% and 10% from the African population, respectively.
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Figure 1. Leopard distribution and sample map, global leopard PCA, and admixture

(A) Map depicting all samples included in this study, numbers correspond to Table 1. Approximate species distribution is overlaid for reference (adapted from

Miththapala et al.1 and Uphyrkina et al.2). For this and all further figures, blue and red represent African (n = 14) and Asian (n = 12) samples, respectively.

(B) PCA of genetic variation of all leopards based on 2.8M variable positions. Axis labels include the percentage of variation explained by PC1 and PC2. The inset

is a scree plot showing the percentage of variation explained by each PC (PCs displayed in the main figure are shown in black).

(C) Admixture test based on genotype likelihood methods, using K = 2.

See also Figures S1 and S2.
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Effect of intercontinental structure and admixture on
leopard genomes
To investigate the extent to which population structuring and

admixture have shaped broad-scale patterns of genomic varia-

tion among African and Asian leopards, we divided their aligned

genome sequences (autosomes only) into 2,206 non-overlapping

one-megabase windows, calculated the maximum likelihood

phylogeny of each, and generated a summarizedmaximumclade

credibility (MCC) tree annotatedwith clade frequencies indicating

the proportion of genomewindows that recover each clade in the

tree (Figure 2). In >99% of the genome windows, Asian leopards

are monophyletic (Figure 2A). In contrast, African leopards are

monophyletic for only 36.9% of the genome windows. The per-

centageof genomewindows that support anAsianmonophyly re-

duces when smaller window sizes are used, as expected by

incomplete lineage sorting and recombination (99.0%, 95.7%,

89.4%, and 73.8% for 1 Mb, 500 kb, 250 kb, and 100 kb, respec-

tively). However, even for the smallest window size tested (10x

smaller, or 100 Kb) almost 74% of windows support the mono-

phylyofAsian leopards,whereasonly14%supportAfricanmono-

phyly. At this window size, a notable proportion of trees where

Asian leopards are not monophyletic involve a repositioning of

either thePalestinian or Afghan leopard, or both, outside another-

wise intact Asian clade (14.8% of total trees). This suggests

admixture with Africa indicated by the NGSadmix analysis is
1874 Current Biology 31, 1872–1882, May 10, 2021
detectable at this smaller window scale, although it does not

affect the general pattern ofmonophyly at thebroader 1Mbscale.

Overall, this broad pattern of whole-genomemonophyly for Asian

leopards is consistent with a single out-of-Africa dispersal event

suggestedpreviouslybymitochondrial studies,2,10 althoughalter-

native explanations exist (such as a strong post-colonization

bottleneck, or allele ‘‘surfing’’ at the expansion front17). This

pattern persists despite gene flow fromAfrica intoMiddle Eastern

(Palestine region) and Central Asian (Afghanistan) populations.

Dating out-of-Africa dispersal and gene flow
We investigated the timing of leopard dispersal from Africa to

Asia by using Pairwise Sequentially Markovian Coalescent

(PSMC) analysis of individuals with high sequence coverage

(>16x, eight individuals). PSMC estimates population-size

changes over time from the distribution of coalescence times

of two alleles sampled along sections of the genome. For

diverging populations, the point at which their respective

PSMC curves bifurcate provides an estimate of the end of

panmixia in the ancestral population. PSMC curves for African

(Namibia, Tanzania, and Zambia) and Asian (Nepal, China, and

Java) individuals start to diverge around 500–600 Ka, suggesting

the initial out-of-Africa dispersal occurred around this time (Fig-

ure 3A). This date was calculated by using the mutation rate pre-

viously used for other big cats18 and later for the leopard



Table 1. Summarized details of leopard samples included in this study

Map Sample ID Locality Nominal subspecies Coverage Sample type Collection Notes

1 Shinta_10x Java P. p. melas 17.9 modern (skin biopsy) Berlin Tierpark

2 Bhagya Nepal P. p. fusca 40.6 modern (blood) Wuppertal Zoo, Germany

3 L033-L0665a Namibia P. p. pardus 32.0 modern (spleen) Leibniz-Institute for Zoo and

Wildlife Research, Berlin

Collection year: 2011

4 MFN_MAM_050746 Vietnam P. p. delacouri 6.9 historical (bone, turbinal) Museum für Naturkunde

Berlin

Collection year: 1962

5 MFN_MAM_056095 Palestine region P. p. tullianaa 4.1 historical (bone, phalange) Museum für Naturkunde

Berlin

6 MFN_MAM_083486 Afghanistan P. p. tulliana 9.1 historical (bone, petrous) Museum für Naturkunde

Berlin

Collection year: 1984

7 ZMUC3490 Kenya P. p. pardus 9.7 historical (bone) Natural History Museum of

Denmark

Collection year: 1945

8 ZMUC4446 Zambia A P. p. pardus 13.0 historical (bone) Natural History Museum of

Denmark

Collection year: 1960

9 ZMUC29 India P. p. fusca 11.8 historical (bone) Natural History Museum of

Denmark

Collection year: 1839

10 MFN_MAM_013705 Siam (Thailand) P. p. delacouri 4.3 historical (bone, petrous) Museum für Naturkunde

Berlin

Collection year: 1908

11 NMS.Z.2004.205 Malawi P. p. pardus 6.2 historical (skin) National Museums Scotland Collection year: 1960s

12 MFN_MAM_040560 Addis Ababa, Ethiopia P. p. pardus 13.7 historical (bone, petrous) Museum für Naturkunde

Berlin

13 MFN_MAM_047501 Ceylon (Sri Lanka) P. p. kotya 11.3 historical (bone, petrous) Museum für Naturkunde

Berlin

14 MFN_MAM_056356 Konde, Pemba Island,

Tanzania

P. p. pardus 12.2 historical (bone, petrous) Museum für Naturkunde

Berlin

15 SMNH605501 Korea P. p. orientalis 13.2 historical (tooth, cementum) Swedish Museum of Natural

History

16 MFN_MAM_056389 Akoafim, Gabon P. p. pardus 3.6 historical (bone, petrous) Museum für Naturkunde

Berlin

17 MFN_MAM_056545 Bafreng, Cameroon P. p. pardus 8.3 historical (bone, petrous) Museum für Naturkunde

Berlin

Collection year: 1908

18 SMNH581240 Equatorial Guinea P. p. pardus 6.2 historical (tooth, cementum) Swedish Museum of Natural

History

Collection year: 1964

19 SMNH582373 Morocco P. p. pardus 6.9 historical (tooth, cementum) Swedish Museum of Natural

History

Collection year: 1933

20 SMNH581311 Durban, South Africa P. p. pardus 12.1 historical (tooth, cementum) Swedish Museum of Natural

History

Collection year: 1840

21 SMNH595313 Eritrea P. p. pardus 3.0 historical (tooth, cementum) Swedish Museum of Natural

History

Collection year: 1911

(Continued on next page)
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genome.12 Although this divergence agemight be overestimated

if the founding population has not been sampled, it is notably

consistent with recent estimates based on mitochondrial DNA

(485–710 Ka10 and 471–825 Ka2).

Weestimated the timingof the last genefloweventbetweenAf-

rica and Asia by using an extension of the PSMC method

(hPSMC19), which involves PSMC analysis of a hybrid diploid

genome generated from the haploidized genomes of an African

and an Asian individual. When no more coalescent events occur

between these two genomes, the population size inferred by

PSMC will approach infinity, and can thus be used to date the

end of gene flow, at least at the level of less than 0.1 migrants

per generation.19 Pairwise analysis of African and Asian high-

coverage individuals produced estimates that are consistent

with simulated data based on cessation of gene flow between

0–100 Ka (Figure 3B). Although the upper limit of this time range

might represent an overestimate, because the Middle Eastern

and Central Asian individuals were not included in this analysis

because of their low sequence coverage, it indicates that African

and Asian leopards have exchanged alleles relatively recently

within the context of their 500–600 Ka initial divergence.

Intracontinental population structure of African and
Asian leopards
The phylogenetic analysis of the 2,206 non-overlapping one-

megabase-genome windows also provides information on pop-

ulation structuring within African and Asian leopards. Among Af-

rican leopards, phylogenetic analysis (Figure 2B) and PCA (Fig-

ure 4A) suggest three major groups: the Moroccan leopard, a

group containing two West African leopards (from Gabon and

Cameroon), and a group containing the remaining African leop-

ards (including a third West African leopard from Equatorial

Guinea). It should be noted that the recovered PCs all have

similar loadings (Figure 4A, inset), suggesting that the observed

structuring along PC1 does not reflect a substantially stronger

structuring than subsequent PCs. NGSadmix analysis of only

the African samples (most likely value of K is 2) (Figure S3A)

equally does not reveal strong structuring, and any tentative

groupings would require further testing and additional African

sampling. Within Asian leopards, we also find three major

groups, comprising central (Nepal, India, and Sri Lanka), western

(Palestine region and Afghanistan), and eastern clusters (Java,

China, Amur, Korea, Vietnam, and Thailand), with the latter two

groups recovered in >50% of phylogenies (Figure 2B). A PCA

of Asian leopards further supports these population clusters,

which separate along PCs 1 and 2 (Figure 4B). NGSadmix anal-

ysis of the Asian samples reveals similar geographical struc-

turing (most likely value of K is 2) (Figure S3B). Overall levels of

structuring are lower for African leopards than for Asian leop-

ards, as evidenced by generally lower frequencies of recovery

for clades (mean clade frequency of 0.13 and 0.46 for Africa

and Asia, respectively) (Figure 2B), and similar loadings for

consecutive PCs (Figure 4A, inset).

The position of the Moroccan leopard is difficult to resolve; of

the phylogenies that did not return African leopards asmonophy-

letic, a relatively large percentage (31%; or 20% of all

phylogenies) place this individual either as sister taxon to all

leopards (6.5%), or as sister to all Asian leopards (13.7%) (Fig-

ure 2A). This frequency is particularly noteworthy, considering
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Figure 2. Whole-genome phylogeny

(A) Frequency of topology classes observed in themaximum likelihood (ML) phylogenies, calculated in 1Mb non-overlapping sliding windows along the reference

genome: the left bar displays the percentage of trees that return African leopards as monophyletic in blue, and the percentage of the trees that return the

Moroccan individual as sister lineage either to all leopards, or to Asian leopards. The right barplot shows the percentage of trees that return Asian leopards as

monophyletic. Light gray portion of the barplot represents all topologies that occurred with a frequency of less than 3%.

(B) All 2,206 ML phylogenies with the MCC tree overlaid with node values indicating the clade frequency. Scale bar represents the number of substitutions per

nucleotide site. The three-letter code indicates the subspecies each individual is assigned to on the basis of geographical origin (following Kitchener et al.5):

Abbreviations are as follows: PAR, P. p. pardus; TUL, P. p. tulliana; FUS, P. p. fusca; KOT, P. p. kotiya; DEL, P. p. delacouri; ORI, P. p. orientalis; MEL, P. p. melas.
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that no other topology was represented by more than 3%. The

morphological distinctiveness of the north African leopard has

led to its assignment to a separate subspecies in the past (Bar-

bary leopard, P. p. panthera; Schreber, 1777), although all Afri-

can subspecies were later subsumed into a single subspecies,

P. p. pardus.1

We also examined the extent to which relationships among

leopard genomes can be predicted by geographical distance

(isolation by distance), by using a linear regression analysis of

pairwise genomic and geographical (Euclidean) distances.

Although both African and Asian leopards show significant isola-

tion by distance (Mantel test R = 0.42, p = 0.02 and R = 0.71, p =

0.001, respectively), the size of this effect is considerably lower

for African leopards than Asian leopards (standard major axis

[SMA] regression is 0.24 and 0.36 for African and Asian leopards,

respectively) (Figure 4C).

Finally, we compared genetic diversity in terms of average

genome-wide heterozygosity. We restricted this analysis to indi-

viduals with >10x sequencing coverage. Although we did

include historical samples in this analysis, we interpret their pre-

cise heterozygosity estimates with a degree of caution because

these can be affected by properties inherent to historical

sequence data (e.g., error rates and low coverage; see Fig-

ure S5). Our analyses showed that African leopards are, on

average, more than twice as diverse as Asian leopards (Fig-

ure 4D), with an estimated mean heterozygote frequency of

0.0026 and no obvious runs of reduced heterozygosity in any
individual (Figure S4A). The historical sample from Durban

(South Africa) had particularly high heterozygosity, outside the

range of the other African leopards (Figure 4D). Further analysis

of both modern and historical samples from this region would

be beneficial to investigate whether this is a property unique

to this genome data recovered from a historical specimen or

whether this is inherent to the southern African leopard popula-

tion. We also found a relatively high heterozygosity of the histor-

ical sample from Konde, Pemba Island (an island just north of

Zanzibar), which would suggest the population that this individ-

ual originates from was not a small, isolated population. Given

Pemba Island’s proximity to the African mainland (Tanzania), it

is conceivable that the island population maintained active

gene flow with the mainland populations, although an alterna-

tive explanation could be that the sample provenance is incor-

rect, for example having been traded from the mainland. Asian

leopards show a mean heterozygote frequency of 0.0010, which

was highest in the historical Indian individual (Figure 4D) and

lowest in the animal from the Henry Doorly Zoo and in the

Amur leopards, which are from a critically endangered, small

population6,20,21 (Table 1). The zoo animal and the Amur leop-

ards additionally showed sequential windows of reduced het-

erozygosity, indicative of inbreeding (Figure S4B). We also

found that individuals from small Asian populations (e.g., Java

and Amur) do have much lower heterozygosity than those

from larger populations (e.g., India and Nepal), which is consis-

tent with previous results.6
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Figure 3. Dating out-of-Africa dispersal and

gene flow by using PSMC

(A) PSMC of high-coverage leopard genomes

(>16x, n = 8). Plotting was performed by using a

generation time of 5 years and a substitution rate

of 1.1 3 10�9 per site per year. Ten bootstrap

replicates were performed for each individual

(gray).

(B) F1 hybrid PSMC to detect the end of geneflow

between continents, calculated for high-coverage

individuals. Simulated hPSMC with population

coalescent times (i.e., the end of admixture) be-

tween 0 and 300 Ka are displayed in dotted lines,

and the 1.5x and 10x pre-divergence population

sizes in horizontal dashed lines.
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DISCUSSION

African and Asian leopard genomes are highly distinct
Whole-genome monophyly represents the extreme theoretical

endpoint of population divergence. This phenomenon is most

likely to occur in allopatric populations with small effective pop-

ulation sizes, deep divergence times, and low migration rates.

Leopards, in contrast, have a large and continuous distribution,

generalist ecology, and high dispersal potential,22,23 and yet

we find that the Asian leopard clade in the genome phylogeny

is broadlymonophyletic across almost all of the nuclear genome.

Moreover, this phylogenomic pattern persisted despite evidence

of transfer of alleles from Africa.

This pattern is even more striking when comparable analyses

from other taxa are considered. At the smaller window size of

100 kb, Asian leopards are monophyletic in 74% of windows.

At the same window size, previous studies have found brown

bears (Ursus arctos) to be monophyletic with respect to their sis-

ter species, polar bears (U. maritimus), across only 66% of their

aligned genomes (polar bears, in contrast, show 99% mono-

phyly).24 Within the genus Panthera, analysis of the five currently

recognized species indicates that as much as 35% of their

aligned genome sequences failed to recover their correct evolu-

tionary relationship.25 Also noteworthy is the Middle Pleistocene
1878 Current Biology 31, 1872–1882, May 10, 2021
(500–600 Ka) divergence time of African

and Asian leopards indicated by the

PSMC analyses. Simulation studies

show that reaching reciprocal monophyly

is expected to take millions of years for

species with large effective population

sizes (> 100,000) and moderate genera-

tion times (>1 year).26 Therefore, the

most plausible scenario is that leopards

colonized Asia in a single out-of-Africa

dispersal event, involving a small and

closely related genetic subset of the Afri-

can source population and resulting in a

strong founder effect. Remarkably, the

cohesion of the Asian clade as a whole

has been retained for more than half a

million years despite the transfer of alleles

from Africa. Thus, genetic exchange

among Asian leopard populations ap-
pears to be sufficient to counteract the tendency for admixed

west Asian populations to be subsumed into the African clade.

The primary genetic division of African and Asian leopards is

not reflected by their current subspecies taxonomy. Given this

result, taxonomic changes could be justified under the criteria

of separately evolving metapopulation lineages,27 as well as

some other phylogenetic and genealogical species concepts

[reviewed in e.g., De Queiroz27]. However, this proposal con-

trasts strongly with the criteria used for species recognition in

current International Union for Conservation of Nature (IUCN)

felid taxonomy.5 It is also not directly supported by morpholog-

ical evidence,28,29 and the 500–600 Ka divergence time of Afri-

can and Asian leopards is considerably more recent than found

among all other felid species.5,30 Evidence for gene flow also

argues against separate species recognition under the biolog-

ical species concept,31 although genetic studies suggest inter-

species admixture might have occurred frequently during the

evolution of the Felidae.25,32 It is therefore challenging to

convey the broad scale pattern of genetic distinctiveness be-

tween African and Asian leopards within their current subspe-

cies taxonomy because of a lack of intermediate taxonomic

categories, given that their hierarchical structure of genetic dif-

ferentiation is not equally distributed across subspecies and

populations.
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Figure 4. PCA per continent, isolation by

distance, and heterozygosity

(A and B) PCA of genetic variation of African (A)

(blue) and Asian (B) (red) leopards, based on 2.4 M

and 1.2 M variable positions after filtering,

respectively. Axis labels include the percentage of

variation explained by PC1 and PC2. The insets

are scree plots showing the percentage of varia-

tion explained by each PC (PCs displayed in the

main figure are shown in black).

(C) Correlation between the relative genomic dis-

tance (calculated by using the identity-by-state

[IBS] matrix), and the geographical distance,

calculated for all combinations of African (blue)

and Asian (red) samples, using random base

sampling and removal of singletons to exclude

errors. The significance (calculated by using a

Mantel test) and strength (calculated by using

MSA) are indicated for Africa and Asia. The shaded

area indicates the upper and lower 2.5% jackknife

confidence intervals.

(D) Average frequency of heterozygous positions

in 1 Mb windows for individuals with genome

sequence coverage >10x.

See also Figures S3, S4, and S5.
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Evolutionary history of African and Asian leopards
Our results consolidate several previous hypotheses on leopard

evolution. The previously proposed African origin for leopards2,33

is supported by the lack of whole-genomemonophyly and higher

genetic diversity of African leopards. Of particular interest in this

regard is the Moroccan leopard, which we recovered as sister to

either the Asian leopards or to all leopards in a disproportionally

large number of phylogenies compared with those of other Afri-

can leopards. Although an East African origin of leopards is sug-

gested by the fossil record,33,34 our results could suggest that

leopards in northwest Africa served as the source population

for the colonization of Asia, and potentially even as the origin

for all modern leopards. A similar re-interpretation of the

geographical origin from east to northwest Africa has also

recently been proposed for hominids.35,36 However, more in-

depth analyses with improved sampling across north Africa and

the Arabian Peninsula are needed to further test this hypothesis

and place these genomic results into a more complete context.

Our results provide no evidence for multiple dispersal waves

or relict Asian populations, given the high consistency of

pairwise divergence dates estimated across all tested African

and Asian leopard pairs (Figure 3C). Furthermore, the consensus

genome phylogeny of Asian leopards reflects a series of nested

east-to-west clades, suggesting the colonization of southern

Asia in a single expansion event (Figure 2B). The initial
Current B
colonization of Asia by leopards around

500–600 Ka also coincides with an

important period of faunal exchange be-

tween Africa and Asia, after the last long

period of higher aridity in Africa.37 This

period also included the initial out-of-

Africa dispersal of several species,38

as well as increased pulses of human

dispersal.39
One unusual aspect of our results are the admixture propor-

tions of the Middle Eastern and Central Asian individuals esti-

mated by using NGSadmix (up to 25% admixed with the African

population) which contrasts with the extremely low frequency (14

out of 2,206, or 0.1%) of 1 Mb sections of the genome where

either or both of those individuals share more recent ancestry

with an African leopard. Although the latter estimate increases

substantially at smaller window sizes (3.6%, 8.5%, and 14.8%

for 500 kb, 250 kb, and 100 kb, respectively), it still fails to reach

the magnitude of admixture suggested by NGSadmix. In this

context, it is noteworthy that NGSadmix is a method based on

single-nucleotide polymorphisms (SNPs) through genotype like-

lihood methods.14 Therefore, the observed signal of admixture

with African leopards must occur in relatively small segments

of the genome, suggesting that the introgression of these seg-

ments took place relatively long ago and has subsequently

been broken up by recombination. An alternative admixture sce-

nario that could explain this discrepancy is admixture with a

currently unsampled population that contributed SNPs shared

with the African population on a genetic background of common

ancestry with the Asian populations. A candidate for such a sce-

nario is the Pleistocene European leopard, which was found to

be sister to the Asian leopard clade in the mitochondrial phylog-

eny10 (Figure S1). It might have possessed SNPs shared with the

African population that were lost in the common ancestor of the
iology 31, 1872–1882, May 10, 2021 1879
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Asian populations, but which were secondarily transferred to

populations in the west of Asia through admixture. This could

potentially also explain the absence of a signal of admixture in

the leopards from Eritrea and Ethiopia (Figure 1C), despite their

geographical proximity to Asia. Nuclear data from Pleistocene

European leopards would be the best way to robustly test this

hypothesis.

Our analyses also reveal substantially different population

processes operating within African and Asian leopards. Asian

leopards are characterized by high levels of structuring, strong

isolation by distance, and overall low heterozygosity, in contrast

to African leopards where these patterns are diametrically

opposed. The prominent population structure of Asian leopards

could also be a relic of the initial dispersal into Asia, given that

population expansions can produce population structuring at

neutral loci,17 although such patterns can be erased over time

if levels of gene flow are high. Given the dispersal capacity of

leopards and the time that has passed since their colonization

of Eurasia, factors in addition to their initial population expansion

might therefore also have contributed to the observed phylogeo-

graphical pattern. In particular, the much stronger structuring in

Asia than in Africa might reflect differences in recent habitat loss

and fragmentation, which have been much more severe in Asia

(83%–87% habitat reduction) than in Africa (48%–67%).3 How-

ever, although relatively small, our dataset includes samples

ranging from almost 200 years old to freshly collected, which

all conform to the general pattern in divergence and heterozy-

gosity we see between Africa and Asia, suggesting that these

genetic patterns were present before the most recent encroach-

ments by humans and could thus be considered an intrinsic

feature of these populations.

Conclusion
It could be expected that in well-studied groups, such as mam-

mals, taxonomic consensus has been achieved. However, in

contrast to this expectation, recent genomic studies have re-

vealed unexpectedly strong population separations and ancient

divergences that have led to the proposal of a number of new

mammalian species, including red pandas,40 golden jackals,41

and orangutans.42 Our analysis of Asian and African leopards re-

vealed a striking pattern of almost complete genomicmonophyly

of Asian leopards, contrasting with a relatively recent divergence

date of approximately 600 Ka and evidence for limited gene flow

between the two continental groups. Thus, genome analysis

might reveal subgroups that fulfill the criteria of species under

some species concepts, but lack supportive evidence from other

aspects of their biology. In microbiology, debate on the interplay

between genomics and taxonomy is well underway.43,44 Given

the continuing reduction in genome-sequencing costs, it seems

likely that the field of vertebrate biology will face similar chal-

lenges in the near future.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

Guanidine hydrochloride Roth Cat#0037.1

Guanidinium thiocyanate Roth Cat#0017.1

HMW MagAttract kit QIAGEN Cat#67563

ChromiumTM Genome Reagent Kit v1 10x Genomics Cat#CG00022

ChromiumTM Genome Library, Gel Bead &

Multiplex Kit

10x Genomics Cat#PN-120229

ChromiumTM Genome Chip Kit 10x Genomics Cat#PN-120216

Symphony Tissue Extraction kit QIAGEN Cat#931236

QIAGEN MinElute kit QIAGEN Cat#28004

PipppinPrep Cassette 1.5% agarose, w/ EtBr,

external marker, 250 bp �1.5 kb

Sage Science Cat#CSD1510

Critical Commercial Assays

D1000 Screen Tape (Tapestation2200) Agilent Cat#5067-5582

dsDNA HS Assay Kit (Qubit 2.0) Thermofisher Cat#Q32851

Deposited Data

Unprocessed sequence data, fastq format This study ENA: PRJEB43565

Oligonucleotides

IS7 amplification primer: ACACTCTTTC

CCTACACGAC

Meyer and Kircher45 Sigma Aldrich

IS8 amplification primer: GTGACTGGAGT

TCAGACGTGT

Meyer and Kircher45 Sigma Aldrich

IS1_adaptor.P5: A*C*A*C*TCTTTCCC

TACACGACGCTCTTC

CG*A*T*C*T

(* indicates a PTO bond)

Meyer and Kircher45 Sigma Aldrich

IS2_adaptor.P7:

G*T*G*A*CTGGAGTTCAGACGTGTG

CTCTTCCG*A*T*C*T

Meyer and Kircher45 Sigma Aldrich

IS3_adaptor.P5+P7: A*G*A*T*CGGAA*G*A*G*C Meyer and Kircher45 Sigma Aldrich

P5 indexing primer: AATGATACGGCGACC

ACCGAGATCTACACnnnnnnnnACACTCTT

TCCCTACACGACGCTCTT

Gansauge et al.46 Sigma Aldrich

P7 indexing primer: CAAGCAGAAGACGGC

ATACGAGATnnnnnnnnGTGACTGGAGTTCA

GACGTGT

Gansauge et al.46 Sigma Aldrich

Software and Algorithms

skewer v0.2.2 Jiang et al.47 https://github.com/relipmoc/skewer

Flash v1.2.11 38 Mago�c and Salzberg48 https://ccb.jhu.edu/software/FLASH/

FASTX-Toolkit v0.0.14 N/A http://hannonlab.cshl.edu/fastx_toolkit/

BWA v0.7.8 39 Li and Durbin49 http://bio-bwa.sourceforge.net/

Samtools v1.3.1 Li et al.50 https://sourceforge.net/projects/samtools/

MapDamage v2.0.7 41 Jónsson et al.51 https://ginolhac.github.io/mapDamage/

ANGSD v0.914 42 Korneliussen et al.52 http://www.popgen.dk/angsd

RAxML v8.2.12 and v8.2.4 Stamatakis13 https://github.com/stamatak/standard-RAxML

R version v3.5.2 44 R Core Team53 https://www.r-project.org/

‘vegan’ package v2.5-6 (57) Oksanen et al.54 https://cran.r-project.org/web/packages/vegan/

index.html

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

‘lmodel2’ R package55 Legendre56 https://rdrr.io/cran/lmodel2/man/lmodel2.html

Geographic Distance Matrix Generator N/A http://biodiversityinformatics.amnh.org/

open_source/gdmg/download.php)

MarkReadsByStartEnd.jar N/A https://github.com/dariober/Java-cafe/tree/

master/MarkDupsByStartEnd

CLUMPAK server Kopelman et al.15 http://clumpak.tau.ac.il/help.html

Geneious v7.0 N/A https://www.geneious.com/

NGSadmix Skotte et al.14 http://www.popgen.dk/software/index.php/

NgsAdmix

TreeAnnotator v1.8.2 Suchard et al.57 https://beast.community/treeannotator

PSMC v0.6.5-r67 Li and Durbin55 https://github.com/lh3/psmc

hPSMC Cahill et al.19 https://github.com/jacahill/hPSMC

CIPRES Science Gateway Miller et al.58 https://www.phylo.org/portal2/login!input.action

Other

Proteinase K Promega Cat#V3021

T4 Polynucleotide Kinase (10U/mL) Thermo Fisher Cat#EK0032T4

T4 DNA Polymerase (5U/mLl) Thermo Fisher Cat#EP0062

T4 DNA Ligase (5U/mLl) Thermo Fisher Cat#EL0011

Bst DNA Polymerase, Large Fragment (8 U/mL) NEB Cat#M0275S

AccuPrime Pfx DNA Polymerase Thermo Fisher Cat#12344-024

Herculase II Fusion DNA Polymerase Thermo Fisher Cat#600679

SYBR � Green PCR Master Mix Thermo Fisher Cat#4309155

Zymo-Spin V column (Zymo Research) Zymo Cat#C1016-50

Covaris S220 microTUBE AFA Fiber Snap-Cap (PN

520045)

Covaris Cat#PN 520045

PEG-4000 (50% (w/v)) Thermo Fisher Cat#EP0061

T4 DNA Ligase Buffer (10x) Thermo Fisher Cat#B69

Tango Buffer (10x) Thermo Fisher Cat#BY5

ATP (100 mM) Thermo Fisher Cat#R0441T4

BSA Thermo Fisher Cat#B14

beta-mercaptoethanol Roth Cat#4227.3

ThermoPol Reaction Buffer NEB Cat#B9004S
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Johanna

L.A. Paijmans (paijmans.jla@gmail.com).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The accession number for the raw, unprocessed raw sequence data (fastq format) reported in this paper is ENA: PRJEB43565.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Historical samples were collected from collections at the Natural History Museum Berlin, Natural History Museum of Denmark (Uni-

versity of Copenhagen), Swedish Museum of Natural History and the National Museums Scotland. Where possible, the petrous bone

or tooth cementum were sampled as these have been shown to be more likely to yield high endogenous DNA.59,60 Alternative sam-

pling involved other bones (turbinals or phalanges) or preserved skin. Two zoo animals, ‘‘Shinta’’ from Berlin Tierpark and ‘‘Bhagya’’

from Wuppertal Zoo, both in Germany, were sampled during routine veterinary interventions, either from a skin biopsy or blood.
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Bhagya was an individual wild-born in Nepal. Shinta was a captive-born Javan leopard (P. p. melas) from a wild-born father and wild-

born grandparents on the mother’s side, documented in the International studbook for the Javan leopard (WAZA). Three additional

samples were collected from carcasses or taken when collaring during the course of field research. All appropriate permits from the

respective authorities were in place, and samples were transported with appropriate CITES permits (details available upon request).

Published sequences for two wild Amur leopards12 were downloaded from ftp://biodisk.org/Distribute/Leopard/Rawdata/

Amurleopard_resequencing1/ and ftp://biodisk.org/Distribute/Leopard/Rawdata/Amurleopard_resequencing2/. Sequence data

from a Chinese leopard P. p. japonensis (here assigned to P. p. orientalis) from the Henry Doorly Zoo, Nebraska (no further prove-

nance information available) was downloaded from the SRA (Acc Nr SRR5382750) using the SRA toolkit v2.8.1 (https://trace.ncbi.

nlm.nih.gov/Traces/sra/sra.cgi?view=software).

Samples were assigned to subspecies based on their geographical origin. Due to the overlapping subspecies distributions in the

region, assignment of the Palestinian sample (‘MFN_MAM_056095’) to either P. p. tullania or P. p. nimr is not straightforward. The

original publication of this specimen reports the length of the specimen (skin) to be 2.6 m, which is large – especially for a female.61

Therefore, we assign this sample to P. p. tullania, rather than the smaller-bodied P. p. nimr. The Chinese leopard (‘PP28’) from the

SRA is assigned here to P. p. orientalis rather than P. p. japonensis, following5 for taxonomic consistency in this manuscript, and is

thus indicated as ‘Zoo ORI’ in Figures and Tables.

METHOD DETAILS

Lab procedures
For historical samples, all pre-PCR steps were performed in dedicated cleanroom facilities. Extraction was performed following a

protocol optimized for the retrieval of short DNA fragments.62 This procedure in brief: tissue lysis for bone or tooth samples (25-

50mg powdered) was performed in a 1mL reaction mix containing 0.45M EDTA and 0.25mg/mL Proteinase K, and for skin samples

in a 1mL reactionmix containing 5M guanidinium thiocyanate, 25mMNaCl, 50mMTris-HCl, 20mMEDTA, 1%Tween-20, 1%beta-

mercaptoethanol, incubated overnight at 37�C with rotation. For both tissue types, centrifugation was performed to pellet remaining

tissue, and the supernatant combined with a volume of 13 mL of binding buffer (5 M guanidine hydrochloride, 40% isopropanol,

0.05% Tween-20, and 90 mM sodium acetate). Purification was performed using a Zymo-Spin V Column reservoir combined with

a QIAGEN MinElute column. Two wash steps were performed using PE Buffer (QIAGEN), followed by a drying spin for 1 min at

13,000 rpm. DNA was eluted twice, each using 12.5 mL TET buffer (10 mM Tris-HCl, 1 mM EDTA, 0.05% Tween-20), using a

10 min incubation time.

Illumina sequencing libraries were constructed following a double-stranded library preparation protocol for the historical sam-

ples.10,45,63 The procedure in brief: blunt-end repair of the extracted DNA was performed in 35 mL reactions containing 1x Buffer

Tango, 100 mM each dNTP, 1 mM ATP, 0.5 U/mLl T4 Polynucleotide Kinase, 0.1 U/mL T4 Polymerase and 25 mLl template DNA.

The reaction was incubated at 25�C for 20 min, followed by an inactivation phase at 72�C for 20 min. Double-stranded adaptors

were then ligated in a 60 mL reaction containing 1x T4 DNA Ligase Buffer, 5% (w/v) PEG-4000, 0.125 U/mL T4 DNA Ligase, and

0.5 mM double-stranded adaptor mix. To reduce the potential of adaptor dimers, the 35 mL template (blunt-end adaptor mixture)

was mixed with the double-stranded adaptor mix prior to adding the ligase mastermix. The reaction was incubated at 22�C for

30 min. The resulting product was then purified using the QIAGENMinElute kit using 2x 10 mL elution volume. Adaptor fill-in was per-

formed in a 40 mL reaction containing 1x Thermopol buffer, 250 mM each dNTP, 0.3 U/mL Bst Polymerase Large Fragment and 20 mL

template. The reaction was incubated at 37�C for 20 min, followed by an inactivation phase at 80�C for 20 min. To determine the

appropriate number of indexing PCR cycles, a quantitative PCR was performed in 10 mL reactions containing 1x SYBR Green

qPCRmaster mix, 0.2 mMeach of IS7 and IS8 amplification primers, and 1 mL of a 1:20 dilution of the unamplified library. Temperature

profile for the qPCRwas as follows: initial denaturation at 94�C for 10min, followed by 40 cycles (denaturation phase at 94�C for 15 s,

annealing phase at 60�C for 30 s and extension phase at 72�C for 60 s). The point of inflection on the qPCR curve was used as the

optimal number of cycles for the indexing PCR, corrected for different reaction volumes and template amount in the indexing PCR.

Indexing PCR was performed in 80 mL reactions containing 1x AccuPrime Pfx reaction mix, 0.75 mM each of P5 and P7 indexing

primers, and 0.1 U/mL AccuPrime Pfx Polymerase. Indexing primers with a 8 bp unique adaptor sequence nested within the P5

and P7 Illumina adaptors were used for each sample (adapted from Gansauge and Meyer72). Temperature profile for the indexing

PCR was as follows: initial denaturation at 94�C for 2 min, followed by the selected number of cycles (denaturation phase at 95�C
for 15 s, annealing phase at 60�C for 30 s and extension phase at 68�C for 60 s) followed by a final extension phase at 68�C for

3 min. Resulting libraries were purified using the QIAGEN MinElute kit, and quantified on a TapeStation 2200 instrument (Agilent)

with D1000 screen tape and reagents, and a Qubit 2.0 instrument (Fisher) with the dsDNA HS Assay kit.

Test sequencing to assess the endogenous content for each sample was performed on the Illumina NextSeq 500 platform. Deep

sequencing for selected samples was performed on the HiSeq X at SciLifeLab Stockholm, using a 100bp paired-end strategy.

For most modern samples, DNA was extracted using the HMWMagAttract kit from QIAGEN. DNA was then sheared on a Covaris

S220 to an estimated size of 500bp using a Covaris S220 microTUBE (130 mL volume). Double-stranded library preparation was per-

formed following the same protocol as for the historical samples described above, but with a higher concentration of adaptor mix

(2.5 mM) during adaptor ligation, and a different amplification polymerase (Herculase II polymerase) for the indexing PCR.64 Indexing

PCRwas performed in 80 ml reactions containing 1x Herculase Buffer, 0.75 mMeach of P5 and P7 indexing primers, 0.1 mg/mL BSA,

0.25 mM each dNTP, and 0.05 U/mL Herculase II Fusion DNA polymerase. Temperature profile for the indexing PCR was as follows:
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initial denaturation at 94�C for 2min, followed by the selected number of cycles (denaturation phase at 94�C for 30 s, annealing phase

at 60�C for 45 s and extension phase at 72�C for 45 s) followed by a final extension phase at 72�C for 3 min. Size selection of the

resulting libraries was then performed on the PippinPrep, selecting for fragments between 400-900 bp using the PippinPrep Cassette

1.5% w/EtBr. For the Javan leopard the libraries were prepared on the 10X Genomics Chromium Controller instrument, using the

‘ChromiumGenomeReagent Kit v1’ in conjunctionwith the ‘ChromiumGenome Library, Gel Bead &Multiplex Kit’ and the ‘Chromium

Genome Chip Kit’ (https://www.10xgenomics.com/resources/user-guides/ - Manual Part Number: CG00022 Rev C). Samples

P8506_116_GS (Tanzania) and P8506_117_GS (Zambia B) were extracted on a QIAGEN robot with the ‘Symphony Tissue Extraction

kit’. Library preparation and sequencing on the HiSeq 2000 was performed at the National Genomics Infrastructure (NGI).

Sequence processing
Raw sequences were trimmed using Skewer v0.2.2,47 with default parameters and a minimum length of 30bp, and merged using

Flash v1.2.11,48 with a maximum allowed overlap of 150 bp (-M) to account for the short fragment length of historical samples.

For the Javan leopard a further 22 bp were trimmed off the start of the reads to remove Chromium 10x adaptor sequences using

FASTX-toolkit v0.0.14 (http://hannonlab.cshl.edu/fastx_toolkit/) prior tomerging. Trimmed andmerged readswere aligned to the do-

mestic cat (Felis catus) reference genome (v6.2; RefSeq: GCF_000181335.1),65 in order to avoid any potential biases that can arise if

there has been uneven admixture between target and reference species, which has been shown to be particularly problematic for

ancient or historical datasets.66,67 The Burrows-Wheeler Aligner ‘mem’ algorithm (BWA mem) v0.7.8 and samtools v1.3.149,50

were used for mapping. Supplementary alignments and unmapped reads were removed, using the -F256 and -F4 flag, respectively.

Reads with low mapping quality (< Q30) were removed using samtools. Duplicate reads were removed using samtools rmdup.

Detailed sequence data recovery statistics for each sample are included in Table S1. For recovery of mitochondrial genomes, reads

were mapped to a leopard mitogenome sequence available from GenBank (GenBank: KP202265),32 using the same tools and pa-

rameters as described above, except for duplication removal: to avoid over-collapsing of duplicates for high-coveragemitogenomes,

duplications were marked and removed taking both mapping coordinates into consideration (MarkDupsByStartEnd.jar: https://

github.com/dariober/Java-cafe/tree/master/MarkDupsByStartEnd).

QUANTIFICATION AND STATISTICAL ANALYSIS

Population structure & admixture
Population-genomic analyses were performed using the ANGSD tool v0.914,52 considering only autosomal chromosomes. First, we

assessed the coverage, quality and error estimations using -doErrorEst and -doCounts in ANGSD, using the highest coverage sam-

ple as an ‘error free’ individual (‘Bhagya’, a zoo leopard wild-born in Nepal, ~40x coverage). For all ANGSD analyses, we applied a

maximum global depth filter of the 95th percentile of the global coverage to remove areas with exceptionally high coverage (e.g.,

duplicate regions). Data with a base quality (-MinQ) and mapping quality (-minMapQ) less than 30 were removed. Due to the high

levels of deamination in some of the historical samples (checked using mapDamage v2.0.751 using default parameter settings

and statistical estimation disabled), transversions were removed in any analyses that included the historical samples (-rmTrans 1).

Positions with missing data in at least one individual were also removed. Where possible, singletons were removed by only taking

variants into account that occurred in at least two individuals (i.e., minimum SNP frequencies of 2/number of individuals).

To recover population structure, Principal Component Analyses (PCA) were performed from the genotype-likelihood data (major/

minor allele) using single-base sampling, using the previously described ANGSD filters. Eigenvalues were calculated from the result-

ing covariance matrix in R v3.5.2.53 Admixture proportions were calculated using NGSadmix14 assuming two ancestral populations

as prior (K = 2). This assumption was further tested using a range of values for K, from 2 to 5, and selecting themost likely value based

on 10 replicates of each using the Clumpak server15 and theDKmethod of Evanno et al.16 (Figure S2). K values above K = 5were also

investigated but not considered further as they produced private groups for individual samples. NGSadmix was also performed for

Asian and African samples separately (Figure S3), and the most likely value of K was estimated following the method above, which

also yielded K = 2 as most likely value for both sets of samples.

Genome-wide phylogeny
Pseudohaploid consensus sequences were generated for each individual in ANGSD, taking a consensus-base sampling approach

(-doFasta 3) and restricting the analysis to the autosomes only. Maximum likelihood trees for each 1Mb non-overlapping sliding win-

dow along the reference genome were then calculated, specifying the domestic cat (F. catus) as outgroup. Windows where any in-

dividual had > 50% missing data were removed. Sequence data were then converted to a binary format to exclude transition sites

and RAxML v8.2.1013 was used to calculate the phylogeny using a BINGAMMA substitution model. Amaximum clade-credibility tree

was generated using TreeAnnotater v1.8.2 as included in the BEAST package v1.8.2.57 It should be noted that branch lengths in the

resulting trees can be affected by methodological aspects, such as differences in lab protocols, although the topology has been

shown to be robust against such artifacts.68 Recovery and counting of topology classes was performed using custom Perl scripts.

We tested the effect of window size by repeating the analysis also for smaller window sizes (500Kb, 250Kb and 100Kb) for the largest

chromosome (~240Mb).
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PSMC & hPSMC
For the Pairwise Sequential Markovian Coalescent (PSMC) only high-coverage samples could be considered, resulting in a total of

eight individuals for this analysis (three African and five Asian). Heterozygous positions were recovered using samtools, filtering data

for low mapping (< 30) or base quality (< 30). Minimum and maximum depths were set at respectively half and double the average

coverage of each sample. Only data for the autosomes were considered. PSMC v0.6.5-r6755 was used following the same strategy

as used previously for the leopard genome,12 with a mutation rate of 1.13 10�9 substitutions/site/year18 and a generation time of 5

years. For the remaining PSMC parameters, we also used parameter values as for the leopard genome,12 which followed those used

for great apes:69 maximum numbers of iterations (-N) 25, maximum 2N0 coalescent time (-t) 15, initial theta/rho ratio (-r) 5, and param-

eter pattern (-p) 4+25*2+4+6. Results were plotted in R. Ten bootstrap replicates were performed for each individual, using random

re-sampling with replacement.55

For hPSMC,19 a F1 hybrid psmc-fasta sequence was generated for each possible combination of African and Asian individuals.

The pre-divergence population size was estimated by taking the lowest recovered population size from the hPSMC output, i.e.,

approximately 60,000. For estimating the time of the end of gene flow, simulated hPSMC data were generated using ms,70 with

the time of population divergence ranging from 0 to 300 Ka in 50 Ka intervals. PSMC was then calculated using the parameters

as described above. The point at which the simulated data plot overlaps the real data within the range of 1.5–10x population size

can be taken as indicative that admixture with > 0.1 individuals per generation was still occurring.19

Isolation-by-distance and heterozygosity
We tested the correlation between geographical distance and genomic distance within African and Asian leopards. As exact GPS

coordinates were not available for these samples, locations were estimated based on the geographical information for each sample,

and the distance was measured in kilometres using the Geographic Distance Matrix Generator (http://biodiversityinformatics.amnh.

org/open_source/gdmg/download.php). The genomic distance within each group was calculated using random base sampling and

singleton removal as described above (section ‘Population structure and admixture’). A Mantel test from the ‘vegan’ package v2.5-

654 in R was performed to estimate whether there is a significant relationship between pairwise genomic and Euclidean distances. A

Standard Major Axis (SMA) regression analysis from the ‘lmodel2’ R package56 was then used to recover the slope (i.e., the strength

of the relationship). The significance of the slope was calculated by performing jackknife replicates, following a leave-one-individual-

out strategy, resulting in 14 replicates for the African leopards and 12 for the Asian leopards, and recovering the 2.5 and 97.5 per-

centiles (Figure 4C).

Heterozygosity was calculated for medium- and high-coverage (> 10x) leopards, to avoid biases from the increased error rates of

the low-coverage historical samples, leaving 15 leopards for analyses (8 Asian and 7 African). We confirmed the presence of such

biases by subsampling five of our historical samples to 10x, 5x and 2x (Figure S5). Allele frequencies were calculated for each indi-

vidual in ANGSD, applying mapping and base-quality filters as described above, and using 0.5 and 2x the average sequence

coverage as minimum and maximum depth filters. realSFS was then used to calculate the frequency of heterozygous positions in

1 Mb non-overlapping windows.

Mitogenome phylogeny
Mitogenome consensus sequences were generated from the mapped data using Geneious v7.0 (www.geneious.com), using a min-

imum sequence depth of 3x and a strict 90%majority rule for base calling. The resulting consensus sequences for each sample were

combined with 24 additional leopard mitogenome sequences available from GenBank at the time of analysis,10,32 as well as other

Felidae species, using the spotted linsang (Prionodon pardicolor, GenBank: NC_024569)71 as outgroup, resulting in an alignment

of 83 sequences. This alignment contained 24 previously published leopard mitogenomes (Accession numbers GenBank:

MH588611 – MH588632, NC_010641, KJ866876), as well as 35 additional felid mitogenomes (Accession numbers GenBank:

AY463959, FCU20753, HM589214, JF357967, JF357968, JF357969, JF357970, JF357973, JF357974, KC834784, KF297576,

KF776494, KF892541, KF907306, KJ508412, KJ508413, KP202267, NC_005212, NC_008450, NC_010638, NC_010642,

NC_014456, NC_014770, NC_016189, NC_016470, NC_018053, NC_022842, NC_024569, NC_028299, NC_028300, NC_028303,

NC_028305, NC_028306, NC_028312, NC_028316). The sequences were aligned using ClustalW with default parameters,72 as im-

plemented in Geneious. The control region, as well as any columns in the alignment that contained missing data, were removed, re-

sulting in a final alignment of 10,192 bp. Amaximum-likelihood tree was calculated, using RAxML-HPC v8.2.413 on the CIPRES black

box version, with default substitution model GTRCAT, using rapid bootstrapping and search for the best-scoring ML tree, selecting

the spotted linsang as outgroup (P. p. pardicolor), on the CIPRES Science Gateway58 (Figure S1).
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Figure S1: Mitogenome phylogeny. Related to Figure 1 and STAR Methods. Maximum 
likelihood (RaxML) phylogeny of both the new and previously published mitochondrial genomes, 
with outgroup taxa removed for visualisation. Branch labels indicate bootstrap support. Bootstrap 
values less than 70 were removed for clarity. The mitogenomes from samples for which whole 
genomes were generated in this study are indicated with an asterisk (*) and bold font. 
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Figure S2: NGSadmix for higher values of K. Related to Figure 1 and STAR Methods. 
NGSadmix analysis of admixture including all leopards, using genotype likelihoods, for K values 2-
5. K=2 (upper left panel) is also displayed as Fig. 1C, and included here again for comparative 
purposes. Higher K values were not included, as discrete single individual clusters started to appear.
Optimal value of K was found to be K=2 (see STAR Methods). 
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Figure S3: NGSadmix for Asian and African leopards separately. Related to Figure 4. 
NSGadmix analysis of admixture including only African (A) and only Asian (B) samples, using 
genotype likelihoods, for K values 2-5. Higher K values were not included, as discrete single 
individual clusters started to appear. Optimal value of K was found to be K=2 (see STAR Methods).
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Figure S4: Genome heterozygosity in 1Mb sliding windows. Related to Figure 4. Genome 
heterozygosity calculated in 1 Mb sliding windows for all African (A, N=7) and Asian (B, N=8) 
individuals with sequence coverage over 10x. 
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Figure S5: Heterozygosity estimations at lower coverage. Related to Figure 4 and STAR 
Methods. Heterozygosity estimates for five historical samples. Datasets were subsampled to 10x, 
5x and 2x, and the heterozygosity estimated using genotype likelihood methods in ANGSD (see 
STAR Methods). 
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Table S1: Sequence results per sample. Related to Table 1.
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Shinta_10x Java (Berlin Tierpark) P. p. melas 268,851,030 3,824,787 1,184,878 267,644,413 267,644,413 19,874,203 247,770,210 385,215,352 353,236,455 8.30 40,113,514,950 17.68 17.11

Bhagya Nepal P. p. fusca 416,890,983 17,005,913 24,777 416,814,671 416,814,671 83,943,859 332,870,812 625,034,920 558,242,287 10.69 94,811,698,320 41.72 40.56

L033-L066a Namibia P. p. pardus 427,813,526 69,069,862 55,288 427,473,832 427,473,832 216,856,918 210,616,914 391,023,244 329,032,491 15.85 74,757,084,321 32.90 31.98

50746-NB Vietnam P. p. delacouri 453,124,522 429,633,614 2,712,012 449,078,126 449,078,126 437,833,678 11,244,448 338,994,995 214,323,935 36.78 16,100,898,644 7.43 6.89

56095-B Palestine region P. p. tulliana 423,587,395 397,743,819 6,239,580 415,468,148 415,468,148 400,925,894 14,542,254 190,411,063 146,498,708 23.06 9,583,013,796 5.61 4.10

83486-P Afghanistan P. p. tulliana* 415,362,944 372,946,050 628,591 414,154,774 414,154,774 401,282,445 12,872,329 296,291,299 228,835,727 22.77 21,188,110,812 9.79 9.06

ZMUC3490 Kenya P. p. pardus 398,615,960 461,031,155 3,985,398 530,734,009 530,734,009 513,574,942 17,159,067 395,822,541 306,128,671 22.66 22,661,386,652 10.24 9.69

ZMUC4446 Zambia A P. p. pardus 386,935,317 304,502,032 923,611 488,460,940 488,460,940 433,986,121 54,474,819 364,760,873 273,690,915 24.97 30,431,188,300 13.50 13.02

ZMUC29 India P. p. fusca 431,353,451 497,073,021 3,425,980 596,182,134 596,182,134 571,976,778 24,205,356 425,216,279 353,465,809 16.87 27,628,100,739 12.41 11.82

13705-Pet Siam (=Thailand) P. p. delacouri 284,408,870 264,822,797 7,216,170 273,489,961 273,489,961 268,950,659 4,539,302 161,288,434 144,918,557 10.15 10,153,593,183 4.91 4.34

NMS.Z.2004.205 Malawi P. p. pardus 424,822,274 371,007,884 22,240,158 394,016,892 394,016,892 377,017,314 16,999,578 259,497,041 196,751,241 24.18 14,417,333,914 6.63 6.17

MfN40560 Addis Ababa, Ethiopia P. p. pardus 381,325,086 290,251,505 336,453 380,479,008 380,479,008 364,907,889 15,571,119 314,510,964 272,573,044 13.33 31,948,920,389 14.22 13.66

MfN47501-2 Ceylon (=Sri Lanka) P. p. kotya 433,464,706 363,480,786 2,400,108 408,423,488 408,423,488 397,396,467 11,027,021 330,577,006 285,350,729 13.68 26,341,118,980 11.76 11.27

MfN56356-2 Konde, Pemba Island, Tanzania P. p. pardus 441,169,756 361,649,022 1,392,255 421,138,856 421,138,856 408,877,730 12,261,126 346,851,710 280,310,857 19.18 28,491,388,792 12.69 12.19

SMNH605501 Korea P. p. orientalis 372,588,022 277,373,213 57,183 371,738,272 371,738,272 358,650,519 13,087,753 301,639,857 250,481,894 16.96 30,768,887,164 13.77 13.16

MfN56389 Akoafim, Gabon P. p. pardus 159,476,201 112,845,057 743,373 150,163,587 150,163,587 140,698,133 9,465,454 101,668,337 81,263,980 20.07 8,324,298,195 4.28 3.56

MfN56545 Bafreng, Cameroon P. p. pardus 398,324,887 285,085,616 1,039,379 393,172,497 393,172,497 373,506,300 19,666,197 303,093,883 185,723,155 38.72 19,420,202,725 8.75 8.31

SMNH581240 Equatorial Guinea P. p. pardus 293,278,906 223,662,800 916,592 278,952,484 278,952,484 268,792,239 10,160,245 192,372,570 138,042,969 28.24 14,567,365,072 6.59 6.23

SMNH581311 Durban, South Africa P. p. pardus 427,531,065 340,851,759 463,186 420,702,133 420,702,133 411,214,845 9,487,288 311,652,170 249,586,243 19.92 28,259,370,014 12.64 12.09

SMNH582373 Morocco P. p. pardus 443,295,703 323,407,780 397,110 438,696,223 438,696,223 420,764,887 17,931,336 164,803,593 135,951,769 17.51 16,178,695,192 7.31 6.92

SMNH595313 Eritrea P. p. pardus 110,113,409 87,608,429 34,081 109,330,753 109,330,753 105,422,364 3,908,389 84,765,611 63,036,674 25.63 7,007,051,521 3.58 3.00

PP28 “Zoo ORI” (Chinese leopard, Henry Doorly Zoo) P. p. orientalis** 205,153,391 63,226 68 205,153,317 205,153,317 11,055,879 194,097,438 362,892,062 302,446,204 16.66 38,689,926,941 17.05 16.55

Amurleopard_PPO1 Amur A P. p. orientalis 463,914,011 212,038 1,344 463,795,055 463,795,055 6,481,317 457,313,738 845,502,626 820,475,054 2.96 80,767,696,721 35.55 34.55

Amurleopard_PPO5 Amur B P. p. orientalis 457,450,100 144,274 1,319 457,367,927 457,367,927 6,428,005 450,939,922 834,685,433 809,979,832 2.96 79,832,613,639 35.13 34.15

P8506_116_GS Tanzania P. p. pardus 232,858,068 2,909,047 24,647 232,600,523 232,600,523 51,936,417 180,664,106 333,468,694 282,124,309 15.40 48,882,498,074 21.49 20.91

P8506_117_GS Zambia B P. p. pardus 245,154,688 4,889,420 23,035 244,573,346 244,573,346 62,118,991 182,454,355 339,684,000 289,665,692 14.73 51,496,468,748 22.63 22.02

* = See text for taxonomic assignmentS1

** = Although the SRA classification is P. p. japonensis, we assign this sample to P. p. orientalis followingS2 for taxonomic consistency
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