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High genetic diversity and low differentiation reflect
the ecological versatility of the African leopard
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The leopard has the highest diversity and lowest differentiation of
African large cats.
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e African and Amur leopards have markedly different
demographic trajectories

e Among big cats, African leopards have the highest genetic
diversity

e Gene flow on a continent-wide scale maintains low genetic
differentiation

e Broad dietary and habitat niche likely explain the
extraordinary genetic makeup
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In Brief

Pecnerova et al. analyze whole-genome
data from 53 African leopards and identify
genetic features that set the African
leopard apart from the Amur leopards, as
well as the other big cats. This includes
long-term high effective population size
and exceptionally high levels of genetic
diversity and connectivity.
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SUMMARY

Large carnivores are generally sensitive to ecosystem changes because their specialized diet and position at
the top of the trophic pyramid is associated with small population sizes. Accordingly, low genetic diversity at
the whole-genome level has been reported for all big cat species, including the widely distributed leopard.
However, all previous whole-genome analyses of leopards are based on the Far Eastern Amur leopards
that live at the extremity of the species’ distribution and therefore are not necessarily representative of the
whole species. We sequenced 53 whole genomes of African leopards. Strikingly, we found that the genomic
diversity in the African leopard is 2- to 5-fold higher than in other big cats, including the Amur leopard, likely
because of an exceptionally high effective population size maintained by the African leopard throughout the
Pleistocene. Furthermore, we detected ongoing gene flow and very low population differentiation within Af-
rican leopards compared with those of other big cats. We corroborated this by showing a complete absence
of an otherwise ubiquitous equatorial forest barrier to gene flow. This sets the leopard apart from most other
widely distributed large African mammals, including lions. These results revise our understanding of trophic
sensitivity and highlight the remarkable resilience of the African leopard, likely because of its extraordinary

habitat versatility and broad dietary niche.

INTRODUCTION

Apex predators are more sensitive to climate change and other
ecological disturbances than species at lower trophic levels.'™
This makes them more prone to demographic fluctuations and
thus more susceptible to population crashes and even extinc-
tion.* Given that genetic diversity is linked to demographic fluc-
tuations, apex predators are expected to have on average lower
genetic diversity than their herbivorous prey species. A rapidly
accumulating body of evidence from whole-genome studies®°
has confirmed this in, among others, all of the big cats, i.e., the
species belonging to Panthera,” a genus of typical apex
predators.

Among the big cats, the leopard, Panthera pardus, stands out
because of its extensive geographic distribution® and its ability to
persist under a wide range of ecological conditions, even close
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to human settlements, labeling it as a habitat and dietary gener-
alist.®° Given that genetic diversity is related to ecological resil-
ience, the leopard should have higher genetic diversity than
other big cats, yet this was not found in previous genome-wide
studies.® However, the only published whole-genome data
from the leopard®'° originates from the Amur leopard (P. p. ori-
entalis), which lives at the eastern extremity of the species’
geographic distribution (Figure S1). This population has a history
of severe range and population contractions, making it the most
critically endangered leopard subspecies with less than 60 indi-
viduals surviving in the wild.""

The leopard is thought to have originated in eastern Africa
approximately 2—4 million years ago (mya).'>'® The divergence
between African and Asian leopards has been dated to ~710
thousand years ago (kya) on the basis of a mitogenome phylog-
eny calibrated by using historical and ancient samples.'?
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Subsequently, the divergence between Asian and Pleistocene-
era European leopards was dated to ~483 kya, and if we assume
that this divergence reflects the out-of-Africa event, this sets the
likely timing of leopards entering Eurasia to 710-483 kya.'?
Because of this long period of separation, Asian and African
leopards might differ markedly in their evolutionary trajectories,
including effective population size and population connectivity.
This, combined with the Amur leopard’s very limited census pop-
ulation size and the fact that population contractions reduce ge-
netic diversity, suggests that the results of genomic analyses of
Amur leopards might not represent the entire leopard species
and in particular not the African leopards.

Although a few genetic studies have been performed on the
African leopard, they have all been based on microsatellites
and/or mitochondrial data. Based on these studies, which iden-
tified low population differentiation, all African leopards have
been classified as a single subspecies P. p. pardus.'*'® On
the contrary, a recent fine-scale sampling of 182 African leop-
ards by using 611 base pairs of mitochondrial DNA suggested
substantial population structure and deep divergence within Af-
rica.'” Therefore, our genetic understanding of leopards in their
proposed continent of origin remains conflicted and scarce.

In this study, we investigated population structure, demo-
graphic history, and genetic diversity in African leopards by
sequencing and analyzing 53 whole genomes, covering most
of their current range in Africa. The aim was to learn more about
the evolutionary dynamics of the leopard in its biogeographic
cradle and to assess whether the generalist ecology of the leop-
ard sets it apart from other big cats.

RESULTS

We generated whole-genome sequencing data for 53 African
leopards from 10 locations in sub-Saharan Africa and a total of
5 countries: Ghana, Namibia, Tanzania, Uganda, and Zambia
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Figure 1. Sampling locations

Locations of origin of the samples analyzed in this
study. Terrain and country borders are shown for
context. Sample sizes at each location are shown
within the colored circles. Information on the cur-
rent range of P. p. pardus was drawn from the [IUCN
Red List of Threatened Species 2020."" The tropical
rainforest is highlighted based on the extent in-
ferred in Mayaux et al.'® See also Figure S1 and
Table S1.

(Figure 1; Table S1). We targeted 2-5x
depth of coverage for 47 samples and
deeply sequenced (to 15-20x depth of
coverage) the remaining 6 samples. Map-
ping and rigorous quality filtering of the
reference genomes and the samples (see
STAR methods and Tables S2 and S3) re-
sulted in a final dataset of 1,374,856,842
genomic sites when mapped to the leop-
ard reference genome and 916,801,099
sites for the domestic cat (Felis catus)
reference for 41 samples (36 low coverage
and 5 high coverage). The 12 discarded samples were removed
due to either low DNA quality, species mis-labeling, or sample
duplication (Tables S2-S5). Our final dataset contained two pairs
of first-degree relatives (Table S5), of which one individual per
pair was removed for analyses where relatedness can confound
the results. For all analyses including any low-depth samples, we
accounted for the genotype uncertainty by using methods based
on genotype likelihoods or single-read sampling instead of called
genotypes (see STAR methods).

Population structure within African leopards

We first explored the population structure of African leopards by
performing a principal component analysis (PCA) of 39 African
leopards (excluding 1 sample from each of the 2 pairs of first-de-
gree relatives) by using PCAngsd.'® We grouped samples by
country of origin, except for Tanzania, which we divided into
three groups (North, West, and East). The resulting plot roughly
mirrors the geography (Figure 2A). Specifically, the first principal
component (PC) captures a cline of genetic variation from the
north (Ghana and Tanzania North) to the southwest (Namibia),
whereas the second PC captures a cline across the northern lo-
cations. Notably, sampling locations are not discretely clustered
along these PC axes; instead, we detected a pattern consistent
with continuous genetic variation across the populations, with
the exception of the Ghana population.

Next, we estimated per-individual admixture proportions by
using NGSadmix.”® We excluded the single sample from Uganda
(n=38) because an imbalanced sample size can create biases in
admixture models.”* We found that a model with four ancestral
source populations (K = 4) provides the best fit to the dataset
(Figures 2B and S2). In this model, most sampling locations are
assigned to homogeneous ancestry groups with two exceptions:
first, Zambia is modeled as a mixture of the Namibia and
Tanzania West clusters; and second, Tanzania West and East
are grouped together, which might be caused by a small sample
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Figure 2. Population structure

(A) PCA of genetic variation in 39 individuals by
using PCAngsd,’® showing PC1 against PC2.
Samples are colored by sampling locations. See
also Figure S2A for plots showing PC1-PC4.

(B) Ancestry proportions estimated in NGSad-
mix?° for K = 4. The single sample from Uganda
has been excluded from the analysis. See also
Figure S2B for K = 2 and K= 3. The asterisk de-
notes individuals with distinct ancestry profiles
compared with those of the rest of samples from
the same population in (B) and (C).

(C) NJ tree based on an identity-by-state (IBS)
matrix of 39 individuals calculated in ANGSD?'
and plotted in the R package ape.”” Scale bar
shows the genetic distance.

(D) Evaluation of the admixture proportions shown
in (B) inferred by using the evalAdmix program.**
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size and/or little differentiation between them. However, we note
that an evaluation of the admixture model fit using evalAdmix?®
(Figure 2D) indicates that the discrete clustering imposed by
NGSadmix is not a good fit to the data, as shown by the presence
of numerous non-zero residuals within clusters, consistent with
the genetic continuity across geographic space suggested by
the PCA (Figure 2A).

To get a better sense of how the samples are genetically clus-
tered, we built a neighbor-joining (NJ) tree based on the 39 indi-
viduals from the PCA, as well as two previously published Amur
leopards (IDs 3042211 and 3042212).° We found that all African
leopards form a cluster with a branching pattern consistent with
the north-to-south cline observed in the PCA; however, it is
evident from the NJ tree that there is very low differentiation be-
tween the different sampling locations with short internal branch
lengths. Ghana was the most divergent group, whereas the other
sampling locations formed a separate cluster with a substructure
representing the sampling locations (with the exception of
Zambia) in the following order of divergence: Uganda; Tanzania
North, East, and West; Zambia; and Namibia (Figure 2C). One
sample (ID 5180) stands out as being labeled Tanzania West
and clustering with Tanzania North; however, this result is
consistent with NGSadmix results, indicating that the sample is
a mixture of the Tanzania West and North ancestral sources (Fig-
ures 2B and 20C).

Given that the estimated NJ tree largely supports our initial ge-
ography-based grouping of the samples, we decided to treat
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Correlation of residuals

these groupings as populations and
quantify the magnitude of genetic differ-
entiation between them by using Fsr.
However, before doing so, we first
confirmed that this population grouping
was justifiable by performing a popula-
tion homogeneity test using D-statistics (ABBA-BABA)*>*° on
the low-coverage samples that were not inferred to be admixed
in the NGSadmix analysis. Because of low sample sizes,
Tanzania East (n = 2) and Uganda (n = 1) were excluded. We
tested for relative differences in genetic affinity between all pairs
of individuals within a location (H1 and H2) and another sampling
location (H3), while using the Amur leopard reference (Pan-
Par1.0)° as an outgroup (H4). We found strong signals of sub-
structure in Zambia, where all D-statistics were significant (sug-
gesting gene flow with the other sampling locations), in contrast
to Ghana, Namibia, Tanzania North, and Tanzania West, where
we found zero or one significant test (|Z-score|>3) (Figure 3).
This result is consistent with the population structure analyses
(Figure 2) and suggests that Ghana, Namibia, Tanzania North,
and Tanzania West are meaningful population groupings. We
therefore quantified the magnitude of genetic differentiation be-
tween populations by estimating pairwise Fst. Overall, we find
low levels of differentiation, and the highest values of Fst were
0.118-0.145 (Table 1, lower triangle) between Ghana and the re-
maining populations, again consistent with the population struc-
ture results (Figure 2). In addition, we estimated Fst between all
pairs of individuals to factor out any downward bias from poten-
tial substructure within the populations. Note that we used the
Reich Fgr estimator?” because simulations show that it is robust
to low sample size, even down to a single sample from each pop-
ulation (Figure S7B). Because this analysis was based on called
genotypes, we restricted it to our five high-coverage samples
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Figure 3. Population homogeneity

D-statistics (ABBA-BABA) testing for homogeneity of designated groups. Each
panel is titled by the population being tested (H1 and H2), and the y axis is
labeled with the respective remaining African populations (H3). Dashed lines
mark the significance thresholds for Z-scores.

(Table 1, upper triangle). The results show a similar range in Fsrt
(0.12-0.17) between Ghana and the remaining populations as
the population-based Fst analysis.

Migration within Africa

The migration patterns between the different sampling locations
were further investigated by using Estimation of Effective Migra-
tion Surfaces (EEMS)?° (Figure 4). The results fit with an isolation-
by-distance model in most parts of the range (Figure S3), sug-
gesting that roughly distance-dependent gene flow is a major
determinant of the observed genetic differences. In addition,
we find that African leopards show only weak signatures of
migration barriers across the latitudinal cline, in particular across
the equatorial tropical rainforest. This is in sharp contrast to other
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African mammals with sub-Saharan distribution, including the
lion (Panthera leo), for which the dense rainforest is a barrier
(Figure 4).

Migration between Africa and Asia

We also tested for signals of post-divergence gene flow between
the Amur and African leopards by using D-statistics with the do-
mestic cat as an outgroup (H4). We found that all other popula-
tions (H2) contrasted against Ghana (H1) show a positive D-sta-
tistic (Figure 5), suggesting an excess of gene flow in the eastern
and southern African lineages with a source represented by, but
not necessarily equal to, the Amur leopard (H3). This is consis-
tent with the West African samples being more genetically
distant from the Amur leopard than leopards from East and
Southern Africa.

Demographic history across the big cats

To investigate the demographic history of the African leopard,
we inferred the effective population size through time by using
pairwise sequentially Markovian coalescent (PSMC)*° (Fig-
ure 6A). Because PSMC requires called genotypes, we restricted
the analysis to the five high-coverage African leopards. We
scaled the population size assuming a mutation rate of 108
per base per year, which has previously been used in studies
of big cat species,'® and a generation time of 7.5 years."" For
comparison, we applied the same procedure to genomes repre-
senting all the other big cats for which we could find publicly
available data.>'%®" We detected a clear signal of divergence
between the African and Amur leopards (Figure 6A), given that
their population size trajectories start to differ markedly around
300-400 kya, likely representing the out-of-Africa event. Our
PSMC results further show that after the divergence, the African
leopards maintained a high effective population size, in contrast
to the Amur leopards that went through a bottleneck. Notably,
the maintenance of high effective population sizes above
20,000 throughout the Pleistocene is unique for the African leop-
ard in comparison with all other big cats, which all show
decreasing effective population sizes in recent times.

Genetic diversity
Finally, we inferred the present-day genetic diversity of African
leopards by estimating the genome-wide heterozygosity, i.e.,
the proportion of heterozygous sites per sample. We inferred
on average ~2 heterozygous sites per 1,000 base pairs (bp),
with little variation between the various populations of African
leopards (Figure 6B). However, we note that the samples from
Ghana were within the higher end of the error rate distribution,
which could slightly upward-bias the estimates. To investigate
the minor differences in heterozygosity between the different
populations, we correlated the estimated heterozygosity levels
against tracts of runs of homozygosity (ROH) for the five high-
coverage samples. We found a negative linear correlation be-
tween the total length of ROH and heterozygosity (Figure S4B).
This indicates that the majority of variability in genetic diversity
among African leopard populations can be explained by differ-
ences in recent inbreeding rather than differences in demo-
graphic histories.

In line with the distinctive demographic trajectories inferred
from PSMC (Figure 6A), the estimated heterozygosity levels for
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Table 1. Fsy between populations and pairs of individuals

Ghana Namibia TanzaniaN TanzaniaW TanzaniaE

Ghana N/A 0.159 0.169 0.120 0.125
Namibia 0.144 N/A 0.134 0.076 0.080
TanzaniaN  0.145 0.100 N/A 0.069 0.076
TanzaniaW 0.118 0.067 0.051 N/A 0.019
TanzaniakE N/A N/A N/A N/A N/A

Lower triangle shows the estimated Fst between pairs of populations.
The upper triangle shows the estimated Fsr between pairs of high-
coverage individuals. Tanzania East (TanzaniakE) was excluded from the
population-based analysis. Figure S7B shows that the Fst between pairs
of individuals is not biased. The population based Fst was based on 2d-
SFS from all individuals from each population estimated with realSFS,*
whereas the individual Fst was based on the 2d-SFS from called geno-
types from a high-coverage individual from each population.

the African leopards are 3-fold higher than those in the Amur
leopards. They are also markedly higher than for any other big
cat species, and most felid species in general (Figure 6A; Table
S6), with the exception of two distantly related felids: the leopard
cat (Prionailurus bengalensis) and to a lesser degree the puma
(Puma concolor).

DISCUSSION
Our results provide new insights into the evolutionary history and

molecular ecology of the leopard in its biogeographic cradle, the
African continent. We found that the genetic diversity of the
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leopard was previously severely underestimated due to being
characterized in Amur leopards, which have an unrepresentative
population history for the species. We show that, in addition to
suffering recent population declines,*> Amur leopards also carry
a genetic legacy of the out-of-Africa event occurring in the mid-
dle Pleistocene (Figure 6A) and possibly a number of subsequent
founder events. Lower genetic diversity is also frequently
observed at the edge of species ranges because of somewhat
extreme demographic histories.*

In contrast to the Amur leopards, African leopards retained
large effective population sizes after the split. Furthermore, Afri-
can leopards consistently maintained much higher population
sizes than all other big cats throughout the Pleistocene (Fig-
ure 6A). Declining population sizes were also recently inferred
in the puma®* and the cheetah (Acinonyx jubatus).>> Consistent
with these differences in effective population size histories, the
African leopards have by far the highest genetic diversity not
only among big cats (Figure 6B) but among wild cats in general,
matched only by the leopard cat, a small felid mesopredator spe-
cies with a wide distribution in southern and eastern Asia.®**°

Interestingly, our results suggest that after the divergence, the
African populations remained genetically connected with the
Asian populations, given that we detected gene flow with a pop-
ulation represented by the Amur leopard lineage and the African
leopards (Figure 5). The extent of Asian ancestry is not equal be-
tween African populations, suggesting either ancestral popula-
tion structure before the split or a backflow into the ancestral
branch of the eastern and southern African populations. Uphyr-
kina et al." found that the South Arabian leopard (P. p. nimr)
could not be consistently placed with either African or Asian
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Figure 4. Reconstruction of migration surfaces

Estimation of effective migration surfaces (EEMS)*° was used to identify barriers to gene flow and regions of sustained genetic connectivity. The color scale of
blue to dark orange represents the log10-transformed effective migration rates (m); the blue indicates areas with relatively higher migration, and orange indicates
areas with relatively lower migration. Circles represent the demes (subpopulations) rather than the predefined sampling locations. The lion and elephant plots
have smaller scales to make the coloring clearer because of a lower resolution in the microsatellite data. The equatorial rainforest is highlighted with gray shading
(according to Mayaux et al.'®) to show that, unlike in the other species, it does not constitute a barrier for gene flow in leopards. See also Figure S3.
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Figure 5. D-statistics with low coverage
samples and Amur leopard

All pairs of individuals assigned to each possible
pair of African locations are grouped as H1 and H2
with the Asian leopard sample with ID 3042211 as
H3. The domestic cat was used as an outgroup

. . . I (H4). Comparisons with a significant D-statistic
TanzaniakE, Zambia, Asia g g ' (absolute Z score above 3) are plotted as golden
Namibia, Zambia, Asia == |Z score| <3 points.
TanzaniaN, Zambia, Asia i |Z score| > 3
TanzaniaN, TanzaniaW, Asia — CI:
TanzaniaE, Namibia, Asia — =i
TanzaniaW, Zambia, Asia — B . .
TanzaniaN. Namibia. Asia — . out as having low levels of population
TanzaniaN, T’anzaniaE: Asia ¥ structure compared with that of the ma-
TanzaniaW, Namibia, Asia — - jority of other species in the African
TanzaniaW, TanzaniaE, Asia | = large-mammal savanna guild that show
Uganda, Zambia, Asia — i strong regional structuring.>**" The
Uganda, TanzaniaW, Asia | T average pairwise Fgt between popula-
Uganda, TanzaniaN, Asia | b tions was 0.10, which is considerably
Uganda, Namibia, Asia | g3 lower than corresponding values for
Uganda, TanzaniaE, Asia — { other co-distributed African carnivores
Ghana, Uganda, Asia E - 1--- (cheetah: 0.2942 and lion: 0.2543).
Ghana, Zambia, Asia T D Although genome-wide data can be ex-
Ghana, TanzaniaW, Asia - mJe 3 pected to capture finer-scale structure,
Ghana, TanzaniaN, Asia — QO our results are consistent with early
Ghana, Namibia, Asia SO W NN studies based on microsatellite data
Ghana, TanzaniaE, Asia — -3 and partial mitochondrial sequences,
: : | : | which reported limited genetic structure
< « o « <« within the African continent.’*'°> Howev-
o o o o o
S S S S S er, a recent and densely sampled study
! ' contrastingly found strong structure in
D statistic

leopards, which would be in accordance with genetic connectiv-
ity between a proto-eastern African leopard population and
those of the Arabian Peninsula and the Middle East. Our results
therefore suggest Pleistocene-era intercontinental genetic con-
nectivity comparable to the level observed in another versatile
carnivore, the spotted hyena.®’

The topology of our genome-wide NJ tree is consistent with a
southward expansion of the eastern African lineage after diver-
gence with Ghana (Figure 2C); however, the internal branch
lengths are very short, suggesting that any such pattern is
only tentative and obscured by pervasive gene flow. Overall,
we found signatures of an isolation-by-distance model in
most parts of the range, but this pattern is attenuated by exten-
sive gene flow on a continent-wide scale within Africa (Fig-
ure S3). Concordantly, we found that African leopards show
at best weak signatures of dispersal barriers across the latitudi-
nal cline (Figure 4). Although the character of sampling and low
density of samples from western and northern Africa prevent us
from resolving genetic connectivity patterns on a finer scale,
the continent-level pattern in leopards clearly stands out
compared with that of other co-distributed African mammals
by presence of gene flow across the equatorial rainforest. The
equatorial tropical rainforest is one of the main drivers of diver-
sification for many African mammals,®® but we found no evi-
dence of it being a barrier for leopards, underlining their excep-
tional habitat tolerance. Accordingly, the leopard also stands

Africa.” This discrepancy is possibly ex-

plained by the use of mitochondrial

data,’” which only reflects the female
lineage and fails to capture the male-biased dispersal in
leopards.**

As typical apex predators, the big cats of the genus Panthera
are specialized hypercarnivores depending on large prey spe-
cies.*>*® Being at the top of the trophic pyramid,** carnivores
tend to have lower effective population sizes, and are thus
more affected by environmental fluctuations and habitat frag-
mentation in periods when the climatic conditions are not favor-
able.*”*® As a consequence, carnivores are prone to increased
genetic drift and low genetic diversity compared with herbi-
vores,>%%9 |eading to an increased risk of extinction,**° with
Holliday and Steppan“® labeling highly specialized carnivory as
an evolutionary “dead end.” In stark contrast to its congeners,
we find that the African leopard is an exceptionally adaptable
apex predator. High mobility,>"> habitat versatility,®° and die-
tary generalism'®°® have buffered the long-term high effective
population sizes in the African leopards by making them less
sensitive to habitat fragmentation and environmental fluctua-
tions during the Pleistocene climatic cycles. In this light, our re-
sults are surprising, but they are in line with the biology of the
leopard being defined by a broader dietary and habitat niche
than any other big cat. We argue that the African leopard might
constitute an evolutionary anomaly with a better chance of
long-term survival than other Panthera species. Future studies
involving more extensive sampling throughout the leopard range
will resolve how current genetic diversity is connected with
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Figure 6. Demographic history and genetic diversity
(A) Effective population sizes were reconstructed by using pairwise sequentially Markovian coalescent (PSMC®°) assuming a mutation rate, mu, of 107® and a
generation time, g, of 7.5 years. African leopards have a distinct demographic history compared with that of the Amur leopard and the other big cats. See also

Figure S7A for PSMC with a generation time of 5 years.
(B) Estimates of genome-wide heterozygosity inferred in ANGSD?" are compared between the African leopard populations, and also between all felid species with

available whole-genome estimates. See also Figures S4, S6, S7A and Table S6.

demographic history. We speculate that the Amur leopard will Despite their resilience, leopards have lost 48%—-67% of their
most likely not be representative of other Asian leopard subspe-  original distribution in Africa within the last ~300 years'® (Fig-
cies because of its recent bottleneck® and its position at the ex-  ure S1), and their range is contracting at a similar rate to some of
tremity of the leopard geographic range (Figure S1). the other big cats.>*>® Even though our results highlight that the
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leopards might be among the most adaptable of apex predators,
and therefore relatively robust to environmental change and distur-
bance, anthropogenic activities can pose an unprecedented threat
to their survival. Until recently, these have not had a major effect on
leopard populations in Africa, but their potential effect is evident in
the other leopard subspecies, particularly the critically endangered
Amur leopard, which has been strongly affected by the lack of
available prey, illegal hunting, and fragmentation of habitat."' In
addition, unlike species that went through periods of low popula-
tion size, African leopards have had constantly high population
sizes and have not endured bottlenecks, which would have purged
strongly deleterious variation from the gene pool. African leopards
might therefore harbor a larger number of strongly deleterious mu-
tations at low population frequencies. These can increase in fre-
quency as a result of population contractions, placing the African
leopard at risk of inbreeding depression.”®>®

In conclusion, we correct the existing bias in the assessment
of leopard genetic diversity and show that African leopards
have exceptionally high genetic diversity for their trophic posi-
tion, coupled with high continent-wide genetic connectivity in
one of their biogeographic strongholds. Also, on the basis of
our observations of low population differentiation and lack of
migration barriers across Africa, we hypothesize that these un-
usual genetic features are caused by the resilience, adaptability,
and high mobility of the leopard. This study represents a rare
positive narrative in conservation genetics and, to our knowl-
edge, one of the most convincing couplings of a species’ gener-
alist ecology with its correspondingly exceptional long-term
evolutionary dynamics and genetic features.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

RNase A QIAGEN Cat# 19101

Critical Commercial Assays

DNeasy Blood & Tissue Kit QIAGEN Cat# 69506

AxyPrep MAG PCR Clean-Up Kit Axygen MAG-PCR-CL-50

QIAquick Gel Extraction kit QIAGEN Cat# 28706X4

Deposited Data

Raw sequencing reads This study ENA accession number: PRIEB41230

Software and Algorithms

NGmerge Gaspar™® https://github.com/jsh58/NGmerge

BWA-mem v0.7.17 Li and Durbin® http://bio-bwa.sourceforge.net/

Samtools v1.9 Li et al.c http://www.htslib.org/

GENMAP v1.2.0 Pockrandt et al.®? https://github.com/cpockrandt/genmap
RepeatMasker v4.0.8 Smit®* http://www.repeatmasker.org/

ANGSD Korneliussen® http://www.popgen.dk/angsd/index.php/ANGSD
PCAngsd v0.973 Meisner and Albrechtsen'® http://www.popgen.dk/software/index.php/PCAngsd
megaBLAST Morgulis et al.® https://blast.ncbi.nim.nih.gov

GATK McKenna et al.®® https://gatk.broadinstitute.org/hc/en-us
NGSAdmix Skotte et al.?° http://www.popgen.dk/software/index.php/NgsAdmix
EvalAdmix Garcia-Erill and Albrechtsen® https://github.com/GenisGE/evalAdmix

PLINK v1.9 Purcell et al.®® https://www.cog-genomics.org/plink/

realSFS v0.931 Nielsen et al.?® http://www.popgen.dk/angsd/index.php/RealSFS
Bcftools v1.9 Li¢’ http://samtools.github.io/bcftools/

PSMC Li and Durbin®° https://github.com/Ih3/psmc

R package ape Purcell et al.®® https://cran.r-project.org/package=ape

EEMS Petkova et al.>® https://github.com/dipetkov/eems

RStudio v1.2.5033 RStudio Team https://rstudio.com/

make_eems_plots script Petkova et al.”® https://github.com/dipetkov/reemsplots2
Snakemake Késter and Rahmann®® https://snakemake.readthedocs.io/en/stable/
Other

Panthera pardus reference genome PanPar1.0 Kim et al.” GenBank: GCF_001857705.1

Domestic cat reference genome Felis_catus_9.0 Pontius et al.®® GenBank: GCA_000181335.4

Panthera pardus mitogenome Wei et al.”® GenBank: NC_010641.1

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Kristian
Hanghgj (kristian.hanghoej@gmail.com).

Materials availability
This study did not generate new unique reagents

Data and code availability

The accession number for the sequencing data reported in this paper is ENA: PRJEB41230. The code used for analyses in this project
is available on the project’s github: https://github.com/KHanghoj/leopardpaper. Some pipelines were developed using
snakemake.®®
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

We analyzed fifty-three tissue samples of African leopards kindly provided from an existing collection of Peter Arctander. These sam-
ples were collected between 1993-1998 in Ghana, Namibia, Tanzania, Uganda, and Zambia (Table S1), with the assistance of the
local wildlife management authorities and in compliance with the local and international legislation. Most samples were from skin tis-
sue and were kept in a DMSO buffer in the field and stored at —20°C as soon as possible. The samples were subsequently transferred
to a —80°C freezer for long-term storage.

METHOD DETAILS

DNA extraction

For DNA extraction, we used the QIAGEN DNeasy Blood & Tissue Kit (QIAGEN, Valencia, CA, USA), following the manufacturer’s
protocol. 10uL RNase A was added to get RNA-free genomic DNA. DNA concentrations were measured with a Qubit 2.0 Fluorometer
and with a Nanodrop. We subsequently used gel electrophoresis to ascertain genomic DNA quality.

Sequencing
After DNA extraction, 1 ug genomic DNA was randomly fragmented by Covaris (350 bp on average), followed by purification by Ax-
yPrep Mag PCR clean up kit. The fragments were end repaired by End Repair Mix and purified afterward. The repaired DNAs were
combined with A-Tailing Mix, then the lllumina adaptors were ligated to the DNA adenylate 3’ ends, followed by product purification.
Size selection was performed targeting insert size of 350 base pairs. Several rounds of PCR amplification with PCR Primer Cocktail
and PCR Master Mix were performed to enrich the Adaptor-ligated DNA fragments. After purification, the libraries were assessed by
the Agilent Technologies 2100 Bioanalyzer and ABI StepOnePlus Realtime PCR System.

All samples were sequenced in paired-end 2x150 bp mode, 47 of these to approximately 2-5X depth of coverage on the lllumina
NovaSeq platform, and six samples were sequenced to approximately 15-20X depth of coverage on the lllumina HiSeq2500 plat-
form. In total, 7.2 billion raw reads were generated and analyzed (Table S2).

Mapping

Cleaned paired-end reads were collapsed when read termini overlapped by at least 11 base pairs (bp) using NGmerge®* (options: -b
11 -g -f). Collapsed reads and uncollapsed paired-end reads were mapped separately with BWA-MEM (v0.7.17; default settings)®°
to: 1) a Panthera pardus reference genome (PanPar1.0; GenBank: GCF_001857705.1,° representing a female zoo specimen of an
Amur leopard), and 2) a reference genome from a female domestic cat (Felis_catus_9.0; GenBank: GCA_000181335.4).°° Read du-
plicates (markdup, default settings) were marked and removed (-F 3852) using Samtools (v1.9).°" We retained mapped collapsed
reads, and properly paired and mapped paired-end reads. All reads with mapping quality below 30 were excluded from all down-
stream analysis. For mapping statistics, see Table S2.

QUANTIFICATION AND STATISTICAL ANALYSES

Reference Quality filtering: Mappability and RepeatMasker

We estimated the mappability of each site in the reference genomes using GENMAP (v1.2.0).° Mappability scores were computed
with 100 bp k-mers, allowing two mismatches (-K 100 -E 2), with remaining settings set to default. We excluded all sites with a mapp-
ability score less than one. We also excluded low complexity and repeat sequences as identified with RepeatMasker (v.4.0.8, sen-
sitive mode, -engine wublast -s -no_is -cutoff 255 -frag 20000, http://www.repeatmasker.org/).%® Lastly, we removed all scaffolds
smaller than 1 MB.

Reference Quality filtering: Global Sequencing Depth filter

We calculated the global depth (read count across all samples) for each site using ANGSD.?" Next, we calculated the lower and upper
1% percentile global depth threshold and excluded all sites outside this range. This analysis was done for all samples as well as sepa-
rately for the low-coverage and high-coverage samples (Figure S5A).

Reference Quality filtering: Autosomal and sex-linked scaffold identification

To identify sex-linked scaffolds, we first calculated the average depth for each scaffold for each sample normalized by the average
depth of the five largest scaffolds. Based on the normalized depths, we then performed a principal component analysis (PCA) and
identified two main clusters of samples, likely representing males and females (Figure S5B). Finally, considering that in leopards fe-
males have two X chromosomes and males have a single X chromosome, we designated and excluded putative sex-linked scaffolds
where the mean difference was greater than 0.4 between the two clusters. In addition, we excluded all scaffolds with an average
normalized depth greater than 1.1 or lower than 0.9 across all samples (Figure S5C). This resulted in 23 scaffolds being identified
as X chromosome-linked (Figure S5D) and excluded from further analyses.
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Reference Quality filtering: Excessive heterozygosity filter

Several factors related to genomic repeats, like the presence of copy number variation between the reference genome and the
analyzed samples, can lead to mis-mapping of reads originating from multiple genome locations to a single location. Any differences
in these locations will result in inferred sites with an excess of heterozygosity that can be used to identify and mask these regions. We
computed a preliminary genotype likelihoods file for common polymorphic sites (MAF > 0.05 and SNP p value < 1079 restricted to
data with a base quality of at least 30.?" Using these genotype likelihoods as input to PCAngsd,'® we calculated per-site inbreeding
coefficients (F), ranging from —1 where all samples are heterozygous to 1 where all samples are homozygous, and performed a
Hardy-Weinberg equilibrium (HWE) likelihood ratio test accounting for population structure.”" To obtain individual allele frequencies
in PCANngsd, three principal components that account for population structure were considered. Based on the per-site inbreeding
coefficients, windows of 100kb around sites with significant excessive heterozygosity estimates (F < —0.95 and p value < 107%)
were excluded (Figure S5E). In addition, entire scaffolds where either 20% or more of their total sequence was removed or scaffolds
with average F value across all sites F < —0.1 were excluded.

Reference Quality filtering: Summarizing reference quality filters

The union of all masks of the reference genome (scaffold size, mappability, RepeatMasker, aligned depth, autosome identification,
excessive heterozygosity), resulted in 1.3 and 0.9 billion accessible bases in the leopard and cat reference genomes, respectively
(Table S8), henceforth referred to as strictref. The strictref filter was applied to all analyses unless otherwise noted.

Sample quality filtering: Error rates estimation

To identify and exclude highly error-prone samples from the dataset, we estimated error rates in ANGSD?" using the “perfect-indi-
vidual” approach as described in Orlando et al.””> Sample 3241 was selected as the “perfect-individual” sample for the analysis
based on the overall mapping statistics. A consensus sequence was generated for this sample with the -doFasta 2 option in
ANGSD,?" taking the most commonly observed base (-doAncError 2) as the consensus. Since the “perfect-individual” approach as-
sumes equal genetic distances of the samples to the outgroup, we used the domestic cat reference genome as the ancestral (out-
group) sequence. Error rates were then measured as an excess/deficit of derived alleles from the outgroup compared to the “perfect-
individual” sample. Both for generating the consensus sequence and for the error estimation, we restricted the data to a base quality
of at least 30. Based on the estimated error rates, we removed four samples from the dataset (sample IDs 6350, 6352, 7465, 7466),
which differed considerably from the “perfect-individual” estimate (Figures S6A and S6B).

Sample quality filtering: BLAST analyses of mtDNA

To ensure that all samples were leopard samples, we investigated the genetic similarity between the mitochondrial genome for each
sample and the leopard mitogenome. Mitochondrial genomes for each sample were reconstructed by creating consensus se-
quences using ANGSD?' option -doFasta 2 which selected the most common base observed per position on the NC_010641.1 scaf-
fold.”® We then used BLAST to compare the mitogenomes of our African leopards to the non-redundant BLAST nucleotide sequence
database using megaBLAST®* with a threshold of 90% identity and 75% query cover. All samples were inspected and summary sta-
tistics for the samples with extreme results are available in Table S4. Since these overlapped with the samples with high error rates
this analysis did not lead to removal of any additional samples.

Sample quality filtering: Identification of related and duplicated samples

Using the methodology described in Waples et al.,”® we identified and removed closely related and potentially duplicated samples by
first inferring two-dimensional site frequency spectrum (2d-SFS) for each pair of samples. Then we calculated three statistics directly
from the 2d-SFS for each pair of samples: R0,”® R1,”® and KING-robust kinship’“ that can be used to identify close familial relatives”®
without estimates of population allele frequencies.

Using this approach, we identified 12 duplicated samples. All of these had KING-robust kinship values > 0.470, R1 values > 10, and
RO values < 1078, Within each set of duplicated samples, we removed the sample with the highest error rate, thus removing eight
samples for further analyses (sample IDs 6342, 6344, 6348, 6349, 6353, 6556, 6357, 6359). All duplicated samples originated
from Zambia (Table S2). We also identified pairs of related samples, down to second-degree relatives (expected kinship = 0.125),
based on RO, R1, and KING-robust kinship following the criteria from Manichaikul et al.”* and Waples et al.”® In total, we found
two pairs of first-degree relatives: one parent-offspring pair and one full-sibling pair, and seven second-degree pairs of relatives (Ta-
ble S5). For some of the analyses we removed one of the samples from each of the pairs of first-degree relatives (samples 8647 and
7943).

For a summary of the sample sizes used for each analysis, see Table S3.

Genotype likelihoods, SNPs, and genotype calling
We used ANGSD?' to estimate genotype likelihoods using the genotype likelihood (GL) model from GATK (-gl 2),°° inferring major and
minor from GL data (-doMajorminor 1), estimating allele frequencies from the GL data (-doMaf 1), and applying the strictref filter
(-sites). We restricted the analysis to bases with base quality of at least 30.

For SNP calling we used a likelihood ratio test (p value = 10~%) as implemented in ANGSD.?' We only included common alleles (MAF
> 0.05).
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For the five high-coverage samples, we called genotypes using bcftools (v.1.9).°” We called the genotypes per sample using the
multiallelic caller methodology (-m). We disabled base alignment qualities (BAQ; -B) and restricted the analysis to base qualities of at
least 30. In addition to the strictref filter (-T), we also excluded sites with a depth of coverage below 10 and heterozygous calls with
less than 3 reads support for each allele using plugin setGT to reduce genotype calling errors. These additional genotype calling filters
were validated based on heterozygous calls in runs of homozygosity (ROH) in these five samples (Figure S4A).

PCA analyses

We performed PCA (Figure 2A) on 39 individuals based on genotype likelihoods using PCAngsd,19 which accounts for missingness in
low-coverage samples. We excluded the two first-degree relatives (sample IDs 8647 and 7943) from the analysis. We used three ei-
genvectors to model population structure in the iterative procedure of PCAngsd'® as anything higher would reflect genetic variation
within populations (Figure S2A).

NGSadmix

We estimated admixture proportions for 38 individuals with NGSadmix®® (Figure 2B) based on genotype likelihoods. Besides
removing the two first-degree relatives, we also removed the only individual sampled in Uganda (sample ID 8540), as unbalanced
sample sizes prevent from accurately characterizing the genetic composition of its population of origin. We ran NGSadmix from
K =2 to K = 6. For each K we performed several independent optimization runs either until convergence, defined as having the 3
top maximum likelihood results within 2 log-likelihoods unit of each other, or until a limit of 100 runs was reached without conver-
gence. For the values of K where the results converged (Figure S2), we assessed the model fit of the resulting admixture proportion
with evalAdmix, which estimates the pairwise correlation of the residual between individuals.?® Individuals within a population with a
bad model fit show a positive correlation of their residuals (Figure 2D).

Runs of homozygosity (ROH) analysis
We estimated ROH with the filtered genotypes of high coverage samples (see STAR Methods). We used the command ‘~homozyg’ in
PLINK v1.9°¢ with default settings, except using a minimum of 500 kilobases to detect a ROH (-homozyg-kb 500).

D-statistics

We used the D-Statistics (ABBA-BABA)?>**® method to test for population homogeneity and gene flow. We used ANGSD?' option
-doAbbababa 1, which samples a random base at each position to estimate the counts of ABBA and BABA sites between each triplet
of H1, H2 and H3 individuals in blocks of a predefined size of 5 MB. We calculated the Z-score based on jackknife procedure’® with
475 blocks for data mapped to domestic cat reference and 567 blocks for samples mapped to Amur leopard.

First, we explored the homogeneity of the designated groupings (Figure 3). For each sampling location group, we tested all low-
depthindividuals in a pairwise manner as (H1, H2) against the remaining African groups (H3). We excluded all individuals from Uganda
and Tanzania East due to low sample size, and three individuals with distinct ancestry profiles in the NGSadmix analyses with K = 4
compared to the rest of samples in their group (marked with an asterisk in Figure 2). The Amur leopard reference (PanPar1.0) was
used as an outgroup (H4). Second, we tested for relative differences in gene flow between the African groups (H1, H2) and the Asian
leopard (H3; ID 3042211). As an outgroup, we used the cat reference genome (H4). We excluded one Zambian sample (sample ID
2523) due to low mapping quality, which the D-statistics is sensitive to when placed in H1 or H2, and the same three individuals
with distinct ancestry profiles in the NGSadmix analyses that were also excluded from the D-statistics to test for population
homogeneity.

Site frequency spectrum

We estimated the site frequency spectrum (SFS) with the realSFS®® program (v0.931) within ANGS using default settings,
based on saf files generated with ANGSD (-dosaf 1 -gl 2 -minQ 30). This procedure was used to estimate one-dimensional (1d)
SFS per individual and per population and two-dimensional (2d) SFS for all pairs of individuals and populations.

D’21,28

SFS-based analyses: Fst estimation

A genome-wide estimate of Fgr (Table 1) for each pair of populations was computed directly from the 2d-SFS, estimated with
realSFS,?® using the Reich estimator.?’ To estimate Fsr between a pair of high-coverage individuals, we used as input the
2d-SFS based on called genotypes.

SFS-based analyses: Estimation of heterozygosity
We estimated heterozygosity for each sample in ANGSD?' as the proportion of heterozygous loci in the obtained per-individual 1d-
SFS. For the population and species comparison (Figure 6B), we only used the final dataset of 41 samples, minus two samples with
slightly elevated error rates, which show a linear trend between heterozygosity and error rates (Figure S6C).

For genetic diversity comparisons, we obtained whole-genome-based estimates from the literature (see Table S6 for details). To
ensure that these were comparable to our estimates we also re-estimated those for the genomes that we re-analyzed for our PSMC
analyses.
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PSMC
We used PSMC™ to estimate the population size trajectory back through time for our five high coverage African leopards. We fol-
lowed the recommended procedure for generating a diploid sequence per individual using bcftools (v 1.9)°” and -c for calling geno-
types. PSMC was applied with default settings. For scaling, we used a mutation rate of 10~8 and generation time of 5 and 7.5
years.> %" Five years is the generation time most commonly used in similar studies, but the IUCN" lists the leopard generation
time at 7.42 years. Hence, we consider 7.5 more appropriate (Figure 6A), but we also performed the analysis with a generation
time of 5 years (Figure S7A) for consistency with previous studies.

For PSMC comparisons, we re-analyzed whole genome data from published studies of other big cats, including Amur leopards,®
tiger,®" lion,®" jaguar,'® and snow leopard.®' Briefly, we mapped the sequencing data to the cat reference genome using the same
pipeline as for the African leopard sequencing data. Unless otherwise noted, we also applied the strictref filter to all analyses.

Identity-by-state (IBS)

We estimated the pairwise genetic distance matrix (IBS) between all individuals by randomly sampling a single read from each po-
sition from each sample applying the strictref filter, using -dolBS in ANGSD. This determines the allelic distance (0 or 1) in sites with
information from both individuals and calculates the average identity-by-state (IBS) across all sites.

IBS-based analyses: Neighbor-joining (NJ) tree
We used the IBS matrix to construct a NJ tree (Figure 2C) using the R package ape®” (https://cran.r-project.org/package=ape). The
NJ tree included samples with distinct ancestry profiles as inferred from NGSadmix, denoted with an asterisk.

IBS-based analyses: Estimation of Effective Migration Surfaces (EEMS)

We used the pairwise IBS matrix as input to EEMS?® to estimate the relative migration rates (Figure 5, Figure S3). For each sampling
locality we visually inferred the centroid of its geographical coordinates and used this as the coordinate input to EEMS. EEMS was run
using the runeems_snps program and default settings for 5 million steps and a burn-in of 1 million steps, with 400 demes and the
number of sites (n = 1,374,592,127) based on the IBS matrix. For comparison, we ran EEMS with the same settings for other African
mammals with available SNP datasets - waterbuck,'® African buffalo (Nursyifa et al., in prep.), and common warthog (Jergensen
et al., in prep.). Furthermore, we included the savanna African elephant76 and African lion,”” for which microsatellite datasets with
continent-wide sampling were available. For the microsatellite data, the runeems-sats was run using the genotypes and individual
sample coordinates as input and the same settings as above. The elephant data by Wasser et al.”® has been previously used for
the estimation of relative migration rates in the original EEMS publication.?® Unlike Petkova et al. we used the full savannah elephant
dataset (n = 1001), including samples assumed to be hybrids; however, the results are very similar.

For all species, the same habitat outline was used and was selected to encompass the sampling localities of all included species.
The outline was drawn manually using the tool available here: http://www.birdtheme.org/useful/v3tool.html. The results were visu-
alized in RStudio v1.2.5033 using the make_eems_plots script (available here: https://github.com/dipetkov/reemsplots2) as the
log10-transformed migration rates with posterior probabilities > 0.90. An outline of the equatorial rainforest was added based on
the spatial distribution of African rainforests in Mayaux et al.'®
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