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How genomic insights into the evolutionary history of
clouded leopards inform their conservation
Jiaqing Yuan1†, Guiqiang Wang1†, Le Zhao1,2†, Andrew C. Kitchener3,4†, Ting Sun1, Wu Chen5,
Chen Huang1, Chen Wang5, Xiao Xu1, Jinhong Wang1, Huimeng Lu6, Lulu Xu1, Qigao Jiangzuo7,
William J. Murphy8, Dongdong Wu9*, Gang Li1,5*

Clouded leopards (Neofelis spp.), a morphologically and ecologically distinct lineage of big cats, are severely
threatened by habitat loss and fragmentation, targeted hunting, and other human activities. The long-held
poor understanding of their genetics and evolution has undermined the effectiveness of conservation
actions. Here, we report a comprehensive investigation of the whole genomes, population genetics, and adap-
tive evolution of Neofelis. Our results indicate the genus Neofelis arose during the Pleistocene, coinciding with
glacial-induced climate changes to the distributions of savannas and rainforests, and signatures of natural se-
lection associated with genes functioning in tooth, pigmentation, and tail development, associated with
clouded leopards’ unique adaptations. Our study highlights high-altitude adaptation as the main factor
driving nontaxonomic population differentiation in Neofelis nebulosa. Population declines and inbreeding
have led to reduced genetic diversity and the accumulation of deleterious variation that likely affect reproduc-
tion of clouded leopards, highlighting the urgent need for effective conservation efforts.
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INTRODUCTION
The two extant clouded leopard species, Neofelis nebulosa and Neo-
felis diardi, are the closest living relatives to the five big cats of the
genus Panthera, and, together, they form the subfamily Pantherinae
(1, 2). Clouded leopards (Fig. 1A) are highly adapted to an arboreal
lifestyle. They have broad paws, a long tail to maintain balance, and
flexible ankles that can rotate nearly 180°, allowing them to descend
trees headfirst (3). Compared to all other extant felids, clouded leop-
ards also have the largest upper canine teeth in proportion to body
size (4); their canines are similar in proportion to those of some
extinct sabertooth cats. Despite their large upper canines, clouded
leopards do not kill their prey with a canine shear bite (5) such as the
sabretooths but, instead, use a crushing nape bite such as extant
large felids.

Whereas the evolutionary history of Panthera is characterized by
frequent intercontinental migrations (6, 7), the historical range of
Neofelis is restricted to Southeast Asia, from the eastern Himalayas
to Sundaland (1, 2). Formerly recognized as a monospecifc genus,
Neofelis is now known to comprise two species. The mainland
clouded leopard (MCL), N. nebulosa, is distributed in Nepal,
India, South China, and the Indochinese Peninsula, while the

Sunda clouded leopard (SCL), N. diardi, is currently restricted to
the two islands of Borneo and Sumatra. The estimated population
size of the MCL ranges from 3700 to 5580 (8), while the SCL pop-
ulation is estimated at 4500 (9). The MCL has been subdivided into
three subspecies: N. nebulosa nebulosa (N. n. nebulosa) (southern
China and Indochinese Peninsula), N. nebulosa macrosceloides
(N. n. macrosceloides) (northeast India and Nepal), and N. nebulosa
brachyurus (N. n. brachyurus) from Taiwan that may extinct in
recent decades (1).

Clouded leopards are found only in tropical forests and have lost
more than 30% of their habitat over the past two decades (10), and
both species are listed by the IUCN (https://www.iucnredlist.org/)
as vulnerable (9). Habitat loss and fragmentation and illegal wildlife
trade (11) have led to profound andwell-documented genetic deple-
tion in other felids (12, 13), but little is known about these impacts
on the genetics of clouded leopards. Ex situ conservation efforts
have been impeded by the high incidence of pleomorphic sperma-
tozoa and pathogen transmission from domestic animals in captiv-
ity (14). Understanding the clouded leopards’ evolutionary history
and genetic diversity can potentially promotemore effective conser-
vation efforts by providing information about the selective pres-
sures important to the evolution and adaptation of the two
known extant species and identifying negative genetic consequenc-
es of ancient to modern demographic history. Here, we generated a
chromosome-level reference genome of the MCL and carried out
comparative genomics aimed at revealing the genomic signatures
underpinning the unique morphological adaptions of both
species. We reconstruct their demographic history to investigate
the occurrence of population bottlenecks during the origin and
population differentiation of clouded leopards associated with pa-
laeoclimatic changes in south Asia. We also investigate losses in
genetic diversity and the accumulation of deleterious mutations,
which may pose challenges for the future management of these
species both in the wild and in the captivity.
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Fig. 1. Results of genome assembly and phylogenomic tests of clouded leopard. (A) An MCL. (B) Circos plot of chromosome alignment between clouded leopard
(left) and domestic cat (right). The comparisons include gas chromatography content (I), gene density (II), repetitive elements [III: Short interspersed nuclear element
(SINE), IV: Long interspersed nuclear elements (LINE), and V: Long terminal repeats (LTR)], and the inner curves of genome collinearity in 20-kb sliding windows. (C)
Phylogenomic reconstruction and estimated divergence times (black numbers near each node) of genera Neofelis and Panthera. The expanded and contracted gene
families (red and blue numbers) are shown near each branch. (D) Distribution of the genomic phylogenetic discordance across each chromosome of Neofelis tested by 50-
kb sliding windows. The different colors represent the variable phylogenetic topologies of T0 to T3 shown in (E). (E) Topologies of the four most frequent sliding trees of
T0 to T3 with estimated divergent times. NNE, Neofelis nebulosa; NDI, Neofelis diardi; FCA, Felis catus. (F) The introgression test between Neofelis and tiger [Panthera tigris
(PTI)], leopard [Panthera pardus (PPA)], and lion [Panthera leo (PLE)]. Different colors marked six “trios” tests from 1 to 6.
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RESULTS AND DISCUSSION
Genomic data
We sequenced the genome of a female N. nebulosa (20 N. nebulosa
samples in table S1) using 175 gigabytes (GB) of Oxford Nanopore
Technology long reads, 70 gigabytes of Illumina paired-end short
reads, and 120 gigabytes of Hi-C reads to generate a high-quality
de novo genome assembly. We also sequenced the genome of a
female N. diardi using 80 gigabytes of Illumina reads that were
used in a variety of analyses to gain insights into different aspects
of clouded leopard genetics and evolutionary history. These analy-
ses included phylogenomic analysis, divergence time estimation,
tests for introgression or incomplete lineage sorting (ILS), investi-
gations into adaptive evolution, genomic diversity analysis, and
population genetics analysis. Each of these approaches used ad-
vanced methods and techniques to examine and interpret the
genomic data obtained from the sequencing reads. For the popula-
tion genetics analysis, we performed whole-genome resequencing
of 20 N. nebulosa samples gathered from museum collections and
wild or captive living individuals (table S1), which produced 1.2
terabytes (TB) of Illumina short-read data. The average sequencing
depth of each sample was 25.5×, coveringmore than 99% of genome
regions. A total of 4.16 million high-quality single-nucleotide poly-
morphisms (SNPs) from all 20 samples were detected (table S2).

Genome assembly and annotation
De novo assembly produced a high-quality chromosome-level ref-
erence genome of a female N. nebulosa (Fig. 1B), comprising 65
contigs with high contiguity of N50 = 122 megabytes (MB),
which were scaffolded into 19 chromosomes using Hi-C data (fig.
S1 and table S3). This new reference genome has a length of 2.43
gigabytes and contains 20,258 annotated protein-coding genes.
The completeness of the assembly was assessed using BUSCO,
with 8871 (96.1%) complete genes of the total of 9226 mammalian
conserved orthologues. A total of 786 megabytes (32.03%) of the
genome is made up of repetitive elements. The gene function anno-
tations with the nonredundant and Swiss-Prot databases are 99.7
and 94.87%, respectively (table S4). The results of genome compar-
ison between the mainland clouded leopard (MCL) and the domes-
tic cat, Felis catus (felCat 9.0), involving the chromosomal variation
in gas chromatography content, gene density, repeat sequences, and
genomic synteny, are depicted in Fig. 1B and fig. S2.

Divergence time of Neofelis
We aligned the genome of N. nebulosa with three Panthera species
(tiger, leopard, and lion) and a domestic cat as the outgroup. The
aligned whole-genome sequences without repeat sequences were
used to estimate divergence times. Our results indicate the diver-
gence between Neofelis and Panthera occurred approximately 6.19
million years (Ma) ago in the Late Miocene with wide 95% confi-
dence intervals (CIs) of 4.05 to 8.95 Ma, which is comparable to
earlier estimates (6, 15). N. diardi diverged from N. nebulosa
around 2.22 Ma ago (CI, 1.39 to 3.27 Ma) (Fig. 1C). The oldest
fossil record of a diagnosable Panthera ancestor was found in the
Tibetan Himalaya from Late Miocene–Early Pliocene (16) deposits,
at a time when the global climate became cooler and more arid,
causing grasslands to expand (17–19). The rapid expansion of grass-
lands dominated by C4 plants between 8.5 and 6.0Ma promoted the
diversification of herbivore populations (20, 21), which led to the

evolution of large mammalian carnivores, such as Panthera,
which occupied the open grassland for more abundant food
sources (16, 22). However, the clouded leopards’ highly arboreal ad-
aptations have limited their distribution to tropical forests (23),
which is consistent with the limited fossil record (7, 24). The esti-
mated divergence between Neofelis species (1.39 to 3.27 Ma) agrees
with the previous estimates based on both nuclear and mitochon-
drial datasets (1, 15) but challenges a recent study (25). The earliest
clouded leopard fossils are reported from late the Pleistocene and
Holocene (3) of Southeast Asia and Central China (26). Glacial
movements during the early Pleistocene (2.6 to 2.0 Ma) led to
great changes in Southeast Asia’s climate. As the rainforests con-
tracted, they were replaced by savannas (27, 28), while humid trop-
ical forests were limited to a few areas (29). The ancestor of clouded
leopards likely occupied tropical forests in the south and north as
natural refuges (30), which may have promoted genetic isolation
and divergence. Subsequent sea level rises in interglacial periods
erased former land bridges connecting the Sunda archipelago
from the Peninsular Malaysia and contributed to further isolation
of the two clouded leopard species.

Genome-wide introgression analyses
To study the correlation of local genomic phylogeny within extant
Pantherinae, we constructed the topologies of locally aligned frag-
ments across the whole genomes of two clouded leopards and three
Panthera species (Fig. 1D). Our results found less than 5% phyloge-
netic discordance, which was sporadically scattered along the whole
reference genome architecture (Fig. 1D and fig. S3), i.e., the two
most frequent nonspecies tree topologies are shown as topology 2
and topology 3 in Fig. 1D. To distinguish the effects caused by in-
trogression or ILS, which are the main causes of discordance
between gene trees and species trees, we applied the software
Dsuite to test presumptive introgression between Neofelis and Pan-
thera species. The results provided values less than 0.015 and non-
significant P values (>0.05) and Z scores (<2) (Fig. 1E).
Furthermore, by dating the trees with genealogical discordant to-
pologies, our results supported the estimated divergence time
between Neofelis and Panthera species as being older than the ear-
liest divergence time for the differentiation of Panthera species
(Fig. 1F), indicating that ILS is the major contributor to the ob-
served phylogenetic discordance. Previous studies have shown fre-
quent postspeciation hybridization in Panthera and even strong
signals of ancient introgression among different clades of the
Felidae (31). Our phylogenomic results indicate strong genetic iso-
lation of clouded leopards from tiger, lion, and leopard, which we
attribute to the highly specialized arboreal niche differentiation in
the former (32).

Forest adaptation in clouded leopard genome
Comparing MCL with tiger, leopard, lion, and two small cats [do-
mestic cat and Asian leopard cat (Prionailurus bengalensis)], we
identified 19,721 orthologous genes shared by all six taxa. The
results of gene family alteration show that 44 gene families (176
genes) were expanded uniquely in MCL, and the expanded genes
are functionally enriched into cellular process, metabolic process,
immune system process, etc. (Fig. 1C, fig. S4, and table S5).

To identify specific signatures of natural selection in the clouded
leopard lineage, we performed positive selection tests (see Materials
and Methods) on 11,833 single-copy orthologues shared between
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Neofelis and Panthera. Our results revealed 153 positively selected
genes (PSGs), 386 rapidly evolving genes (REGs), and 21 evolution-
arily convergent genes that are strongly associated with tooth devel-
opment (5 genes), pigmentation (17 genes), muscle development (5
genes), stature (4 genes), and olfaction, among others (Fig. 2A and
tables S6 to S8). We highlight some of these below.

Proportionally longest canine teeth in modern cats
Clouded leopards have the longest upper canines (in relation to
body size) of all living cat species. In contrast to the suffocating
throat bite commonly used by other big cats to kill larger prey rel-
ative to their body size (33), clouded leopards only use a nape bite to
kill larger prey, such as primates, deer, and Eurasian wild pigs (32).

Fig. 2. Genomic signatures of arboreal adaptation in Neofelis. (A) Genes with signatures of adaptive evolution in Neofelis. (B) Clouded leopards have the largest ratio
of upper canine tooth (CH) length to condylobasal-skull (CL) length among extant modern cats. (C) The positively selected APC gene is important in regulating tooth
development in the model of the WNT–APC–β-catenin pathway. (D) Clouded leopards have the highest ratio of tail length to head-and-body length among extant
modern cats. (E) The schematic shows the crucial genes associated with the trunk (Oct4 and Gdf11) and tail bud (Gdf11, Lin28, Hox13, and TBXT) in embryos, and the
specific mutated genes of Lin28 and TBXTmay affect the development of the long tail of clouded leopards compared with most other modern cats. (F and G) Location of
amino acid replacements inMC1R influences the regulation of the formation of melanosomes inmelanocyte cells. ATP, adenosine 50-triphosphate; cAMP, adenosine 30 ,50-
monophosphate; PKA, protein kinase A; MITF, microphthalmia-associated transcription factor. (H) Convergent evolution of genes MYSM1 and GOLGB1 associated with
pigmentation formation in clouded leopards and the marbled cat.
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We collected data on relative length of the canine crown height to
condylobasal-skull length for extant cat species, which showed that
clouded leopards have relatively the longest upper canines (Fig. 2B
and table S9). One PSG and four REGs were identified in the ances-
tor of Neofelis (Fig. 2A and fig. S5). APC (APC regulator of WNT
signaling pathway) is a crucial gene that regulates cell proliferation
by down-regulating the transcription of β-catenin, a major intracel-
lular signal transducer in the WNT signaling pathway (Fig. 2C).
Mutations of APC cause dental anomalies in number and size, par-
ticularly supernumerary teeth (34), which are positively correlated
with macrodontia (35).

Longest tail among modern cats
Clouded leopards process the highest ratio of tail length to head-
and-body length in all Felidae species (Fig. 2D and table S10).
After compiling a list of 31 genes previously reported as being asso-
ciated with variation in tail development (36), we detected several
unique amino acid mutations in the Lin28 and TBXT genes of
clouded leopards. These sequences are extremely conserved
within all other modern extant cats and even other mammalian lin-
eages (Fig. 2E and figs. S5 and S6). For LIN28A gene, one missense
nucleotide mutation, which is the only amino acid variant within
the LIN28A protein found across Felidae, alters the methionine at
position 123 to valine (fig. S6). LIN28A has been suggested to play a
crucial function in controlling the activity of tail bud axial progen-
itors (36). Knockout of the LIN28A gene influences the ratio of tail
length to head-and-body length ratio in experiments on mice (37).
In addition, compared with the two conserved RNA polymerase
binding elements (CAAT) in the promoter regions of the LIN28A
gene in other cats, we observed a third CAAT element in clouded
leopards (fig. S7), which may influence the expression of LIN28A.
In clouded leopards, the TBXT gene contains an amino acid substi-
tution from glycine to aspartate at position 251 within the sixth
exon, which was predicted to produce a significant change in
charge that might alter protein function by SIFT (affecting
protein function with a significant score of 0.01) and PolyPhen-2
(probably damaging with a significant score of 0.980), respectively.
TBXT plays an important function in the maintenance of axial skel-
eton extension (38), and deletions of the sixth exon of TBXT dele-
tion produce tailless or short-tailed phenotypes in mice (39).

Coat color and pattern
Unlike the spotted, striped, or uniform fur coloration of Panthera
species, clouded leopards have a darker pelage dominated by cloud-
like markings, which are an adaptation for camouflage (disruptive
coloration) in dappled light in dense forests (7). Among 171 pig-
mentation-associated genes (40), 3 PSGs and 12 REGs were identi-
fied on the branch of the Neofelis ancestor (table S8). MC1R is a key
receptor anchored on the membrane of melanocytes, which triggers
melanosome production and sustains pigment synthesis to deter-
mine darker pigmentation, such as black or brown, which could
contribute to effective camouflage (Fig. 2, F and G) (41). In
clouded leopards, the gene for this protein (MC1R) has rapidly
evolved; an amino acid substitution at position 232 from His (H;
charged) to Pro (P; nonpolar) in the conservative domain of “G
protein–coupled receptors family 1 profile” is estimated to probably
cause a change to the charge of the protein and could potentially
affect its protein function as predicted by SIFT with a score of
0.02 (<0.05 as deleterious).

Clouded leopards and the marbled cat (Pardofelis marmorata)
represent an example of notable ecomorphological convergence
within the Felidae, sharing similar clouded markings, proportion-
ately long tails, and flexible ankle joints to hunt similar prey as part
of a highly arboreal lifestyle (42). These similarities led previous au-
thorities to misclassify the marbled cat within the Pantherinae
lineage (43), although current genomic studies indicate the ancestor
of the two lineages diverged around 12 to 15Ma ago.We conducted
screens for convergent molecular evolution between clouded leop-
ards and the marbled cat and identified two parallel amino acid sub-
stitutions: N30S in MYSM1 gene and S384L in GOLGB1 (Fig. 2H
and table S11). Previous studies showed that variants in the
MYSM1 gene were closely associated with skin phenotypes (44), in-
cluding abnormal hair follicle patterning or pigmentation in mouse
experiments (44). Mutations in GOLGB1 have been reported to
affect the formation of feather pigments (45).

Reproductive decline
One of the major challenges to ex situ conservation of clouded leop-
ards is poor reproductive success in captivity. This has been attrib-
uted in part to a high proportion (82%) of structurally abnormal
spermatozoa, the highest of all assayed felids (Fig. 3A) (46).
Defects include high rates of acrosomal defects (61.60% of MCL
and 50% of SCL) as well as a variety of midpiece and flagellum ab-
normalities (Fig. 3B) (46).

After analyzing the resequencing data of 20 MCLs, we identified
407 single-nucleotide variants in 289 protein-coding genes that
were classified as highly deleterious mutations, which may cause
structural and/or functional changes to the protein. We have calcu-
lated the frequencies of the highly deleterious mutations in all
clouded leopard individuals in our study. The results showed that
the rare variants comprised more than 31.45% (fig. S8) of all detect-
ed deleterious mutations in the sample of clouded leopards. We
further scanned the population genomic data of different Panthera
species. The results of these tests showed that the deleterious muta-
tions found in our sample of the MCLs occurred at lower levels in
different Panthera species (tables S12 to S15). Gene ontology (GO)
analysis of these 289 genes identified significant (P < 0.05) enrich-
ments in metabolic process (GO:0008152), response to stimulus
(GO:00508996), and reproductive process (GO:0022414) (Fig. 3C,
fig. S9, and tables S16 and S17). Thirty-one deleterious mutation
genes (ABCA15, ACE3, etc.) have been previously reported to be as-
sociated with sperm development (table S18), including gamete
generation and cilium movement, and cellular processes involved
in reproduction inmulticellular organisms, which can cause the dis-
eases of varicocele and male infertility (Fig. 3D).

Major histocompatibility complex (MHC) genes play important
roles in the immune response, and several studies have identified
associations with vertebrate reproduction (47). In comparison to
the MHC gene region of the domestic cat (3.17 megabytes) (48),
we found that clouded leopards had the shortest region length
(2.69 megabytes) and the fewest classical Feline Leukocyte
Antigen (FLA) gene numbers among all Pantherinae species
(Fig. 3E). Two lost FLA genes in clouded leopards, including
FLA-G and partial of FLA-M, are homologous to human HLA
Class I Histocompatibility Antigen, B Alpha Chain (HLA-B) and
HLA Class I Histocompatibility Antigen, C Alpha Chain (HLA-
C) gene (48), genetic variants of which have been associated with
human male infertility (49).
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Genetic diversity in clouded leopards
We compared the average heterozygosity of clouded leopards to es-
timates for other cat species. The heterozygosity of the MCL
(0.0406%) is similar to that of the African cheetah, Acinonyx
jubatus, and about two- to fivefold lower than most Panthera
species (Fig. 4A), with the exception of the snow leopard, Panthera
uncia (0.0430%). Heterozygosity of the SCL (0.0154%) is the lowest
of all Pantherinae species and similar to that of the Iberian lynx
(Lynx pardinus) (0.0102%), which is considered the most endan-
gered extant felid (Fig. 4B and table S19) (13). Previous studies
have illustrated the effects of inbreeding on genetic diversity of

endangered species (50). Here, we evaluated the inbreeding coeffi-
cient by runs of homozygosity (ROHs) and found very high
genomic inbreeding coefficients in MCLs (FROH = 34.72%) and
SCLs (FROH = 52.02%), with values greater than that of the
Iberian lynx (FROH = 32%) (Fig. 4C, fig. S10, and table S20) (13).

To further understand the historical background of genetic
erosion in clouded leopards, we investigated the demographic
history of each species with the pairwise sequentially Markovian co-
alescent (PSMC) approach. The results indicated a continuous
decline of effective population size (Ne) of Neofelis in the past 1
million years (Fig. 4D and fig. S11). Extremely low genomic

Fig. 3. Reproductive decline of clouded leopards. (A) The violin plot indicates the morphologically abnormal sperm rate in extant felid species (46). The black solid line
on each violin plot represents the median value, and the blue dashed lines represent the top or bottom quartiles. (B) Box plots of acrosome intactness. The y axis rep-
resents the proportion of acrosome intactness (46). The colored box plots represent felid species along the x axis. (C) Metascape bar graph showing the top-level GO
biological processes of the 289 highly deleterious mutated genes. (D) Metascape network enrichment analysis (top) and the enrichment analysis in DisGeNET (bottom) of
31 reproduction genes. (E) Gene organization in the MHC gene clusters of five felids. The colored boxes indicate three different classes of MHC genes (class I, class III, and
class II) with the arrangement in order along the chromosomes. The red colinear curves indicate the genes (FLA-G and FLA-M) that were lost in clouded leopard.
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heterozygosity, as well the severity of inbreeding in each clouded
leopard species, highlights the need for urgent conservation
efforts for both species.

Population genetics and genome-wide selective sweep test
We first investigated the population structure of 20 MCLs by esti-
mating a neighbor-joining (NJ) tree based on 4.16 million autoso-
mal SNPs. The tree divided MCLs into two groups (Fig. 5A) also
supported by principal components analysis (PCA) (Fig. 5B). We
further estimated per-individual ancestry proportions using soft-
ware ADMIXTURE (51). The results supported the model with a
best fit to the dataset as two ancestral source populations (K = 2)

(Fig. 5C). We scanned the genome for regions with extreme diver-
gence in allele frequency (FST) and the highest differences in genetic
diversity (π log ratio) in 50-kb sliding windows on autosomes
(Fig. 5D). In total, we identified 115 candidate regions covering
99 genes (ZFST > 3.09, π log ratio > 1.778) both with a significance
level of P < 0.001 (fig. S12 and tables S21 and S22). To determine
whether similar gene functions were under selection in the entire
gene network, we performed an enrichment analysis using
KOBAS (table S23). We found the identified candidate genes
under selection to be overrepresented (corrected P < 0.05) in path-
ways related to high-altitude adaptation, including circadian en-
trainment, galactose metabolism, hypoxia-inducible factor 1

Fig. 4. Loss of genetic diversity and elevated inbreeding in clouded leopards. (A) Average heterozygosity of different felids. (B) The level of genome-wide hetero-
zygosity of the two clouded leopards in comparison to other mammals (the image source listed in table S26), in relation to conservation status (IUCN Red List of Threat-
ened Species). (C) Comparison of inbreeding coefficients (FROH) of two clouded leopards and other living felids. ****P < 0.001 (D) The estimated historical changes in
effective population sizes (Ne) of Pantherinae species using PSMC. The gray-shaded boxes represent the Xixiabangma Glaciation (XG), Naynayxungla Glaciation (NG), the
second Pleistocene Glacial Period (PG), and the last glacial maximum (LGM).
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(HIF-1) signaling pathway, starch and sucrose metabolism, and
fructose and mannose metabolism. In addition, some of the signifi-
cant GO terms (corrected P <0.05) were the glucose 6-phosphate
metabolic process and the glycolytic process. These pathways
related to high-altitude adaptation and GO terms involved three
genes (HK1, HKDC1, and CAMK2G). HK1 plays an important

role in the cardioprotective mechanism induced by adaptation to
severe intermittent hypobaric hypoxia (52).

In addition, we detected a candidate region covering the
BCL2L10, GNB5,MYO5C, andMYO5A genes, which showed a sig-
nificant local reduction in nucleotide diversity (Fig. 5D). MYO5A
encodes myosin VA, which is an intracellular organelle transport

Fig. 5. Population structure, divergence, and local adaptation in MCLs. (A) NJ tree of 20 MCL individuals, showing divergence between lowland-adapted (red) and
high altitude–adapted (orange) MCLs. (B) The PCA for 20 MCL individuals. (C) Population structure of 20 MCLs inferred from ADMIXTURE with K = 2. (D) A region with
significant genetic divergence (FST = 4.793 and π ratio = 2.652) between the two MCL populations contains four genes: GNB5, BCL2L10, MYO5C, and MYO5A. The hap-
lotypes were hierarchically clustered within each MCL group. The major allele at each SNP position in group1 (allele frequency ≥ 50%) is shown in yellow and the minor
allele in blue. (E) Demographic history of two MCL populations inferred from MSMC. The blue-shaded boxes represent the ice ages described in Fig. 4D. (F) Inferred
relative cross-coalescence rates between two MCL populations. (G) Two obvious regions of clouded leopard pelages from S1 to S2 were used to detect reflectance along
the different wavelengths.
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protein with important functions in the dendritic spines of melano-
cytes (53). Previous study has reported MYO5A variants associated
with coat color dilution (54). Compared with animals in humid and
warm environments, animals in dry and cold areas display lighter
coat colors, which may be a plastic response to different climates
(55). Studies have found that GNB5 plays crucial roles in parasym-
pathetic regulation of heart rate (56), and mutations or knockout
experiments of GNB5 were correlated with significant changes in
heart rate (57). The microdeletions inGNB5, BCL2L10, and
MYO5C were found to be linked to cardiac arrhythmias (58). A
multiple sequentially Markovian coalescent (MSMC) plot showed
that clouded leopards went through a constant population decline
(Fig. 5E), and MSMC plot indicated these genetic differences
between the two subpopulations of MCLs occurred between 7
and 9 ka (Fig. 5F), probably associated with the largest amplitude
of a cooling event at 8200 BP in the Holocene (59).

To verify differences in coat color, we recorded reflectance of two
groups of clouded leopards’ pelages in a museum collection, from
which two obvious areas of S1 and S2 were used to detect reflectance
(Fig. 5G and fig. S13). Considering that most mammals can see light
with a wavelength range of 380 to 780 nm (400 to 700 on primates)
(60), we plotted the distributions of pelage reflectance values along
the wavelength range of visible light in mammals (Fig. 5G and table
S24). From the comparison, group 1 MCLs showed higher reflec-
tance at all selected spots (S1-S2) compared with group 2 at the
same wavelengths; paired t tests show that two groups both at S1
with a mean difference of 12.00 (95% CI, 11.79 to 12.21) and at
S2 with a mean difference of 12.14 (95% CI, 11.85 to 12.43) are sig-
nificantly different (P < 0.05) (Fig. 5G).

These data would appear to support the differentiation of the
MCL into two subspecies that were previously recognized (24), N.
n. nebulosa from China and Southeast Asia and N. n. macrosce-
loides, which ranges from northern Myanmar to Nepal and India,
including at higher elevations. However, there are no distinctive
morphological differences between these two putative subspecies
(2), and it is likely that this recent physiological differentiation rep-
resents different ecotypes rather than subspecies. Moreover, the
high-altitude adaptations occur in clouded leopards whose ances-
tors originated from Vietnam, which is outside the distribution of
putative N. n. macrosceloides. These two ecotypes should probably
be managed separately in both in situ and ex situ conservation.

We identified genetic adaptions using comparative genomic ap-
proaches that play potentially play crucial roles in the clouded leop-
ards’ high dependence on arboreal habitats. Our study has
identified low levels of heterozygosity and high levels of inbreeding
as serious concerns faced by remnant populations of clouded leop-
ards. Our results support a probable causal association between
ancient Ice Age–induced climate changes that precipitated a contin-
uous historical decline of the effective population sizes of the two
species of clouded leopards, which continues to deteriorate due to
the modern illegal wildlife trade and deforestation. Severe habitat
fragmentation has probably accelerated the accumulation of delete-
rious mutations due to high levels of inbreeding. High levels of in-
breeding and deleterious genes are key indicators of the genetic
crisis affecting clouded leopard conservation and highlight the
need for urgent action for the survival of these imperiled big cat
species. Our study on the population genetics and adaptive evolu-
tion of the clouded leopards enables a comprehensive understand-
ing of the genetic basis of the key adaptations of these big cats.

Knowledge of the genetic structure, adaptive potential, and evolu-
tionary dynamics of populations of both clouded leopards will fa-
cilitate the development of conservation programs that target the
maintenance of genetic diversity in the wild and captivity, planning
for protected areas and improving captive breeding to help the con-
servation and restoration of clouded leopards.

MATERIALS AND METHODS
Genome sequencing, assembly, and annotation
We sampled 20 MCLs (N. nebulosa) and one SCL (N. diardi) from
specimens in zoos andmuseums (table S1) based on DNA extracted
from blood. High-quality genomic DNA were extracted from
clouded leopards’ blood using DNeasy Blood and Tissue Kit
DNA kit (QIAGEN, Hilden, Germany) and delivered to the
GrandOmics company (Wuhan, China) for library preparation
and sequencing. One paired-end library [2 × 150 base pairs (bp)]
with insertion sizes of 350 bp was constructed with VAHTS Univer-
sal DNA Library Prep Kit for Illumina V2 kit (Vazyme, Nanning,
China) and sequenced on the Illumina NovaSeq 6000 platform. The
DNA molecule of approximately 20 kb was selected by the Pip-
pinHT system (Sage Science, USA) for long-read sequencing;
further, Nanopore library was constructed using the Genomic
DNA by Ligation (SQK-LSK109, Oxford Nanopore Technology,
UK) and sequenced three flow cells on Nanopore PromethION se-
quencer instrument (Oxford Nanopore Technologies, UK). All
long-read Nanopore sequences were aligned against themselves to
generate consensus sequences using NEXTDENOVO v2.4.0
(https://github.com/Nextomics/NextDenovo) with default settings.
After self-correction and trimming, the corrected long reads were
used for genome assembly using FLYE v2.8.1-b1676 (61) with pa-
rameters “--nano-raw --iterations 2.” Contigs were further polished
by NEXTPOLISH v1.3.1 (62). Three rounds of polish were per-
formed using Nanopore reads and Illumina paired-end short
reads. All options within the NEXTPOLISH configuration file
were set to their default settings, except for the modification of
“lgs_minimap2_options” to “-x map-ont.” Redundant sequences
were identified and removed with PURGE_DUPS v1.2.5 (63). To
obtain a chromosome-level assembly, the assembled contigs were
anchored by Hi-C reads applying Juicer v1.5.7 (64) and 3D-DNA
v180922 (65). Juicebox Assembly Tools v1.9.9 (66) was then used
for manual curation to detect and correct misjoins and to
improve assembly quality. Last, Benchmarking Universal Single-
Copy Orthologs v4.1.2 (BUSCO, http://busco.ezlab.org) was used
to evaluate the completeness of the gene sets in our draft genome
with parameters “-m genome -l mammalia_odb10.”

Repeatmasker v4.0.7 (www.repeatmasker.org) was used to iden-
tify repeats on the basis of the homology predictions with the
Repbase database v2017-01-27 of known repeats in Carnivora. Re-
peatModeler v1.0.11 (http://repeatmasker.org/RepeatModeler/)
was applied to construct the de novo repeat custom library, which
were used to predict repeats by RepeatMasker.

Homology and de novo predictions were carried out to identify
the structures of protein-coding genes using the following ap-
proaches. First, orthologous protein-coding evidence from homol-
ogous species (tiger, lion, leopard, domestic cat, puma, dog, and
human) was downloaded from National Center for Biotechnology
Information (NCBI) and independently used to predict the protein-
coding genes of clouded leopard using the GeMoMa pipeline v1.6.1
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(67). The predicted gene sets were then combined with the module
GAF from GeMoMa using the filter “iAA>=0.8 and ce/rce==1.”
Second, downloaded orthologous protein sets were aligned to the
clouded leopard genome using TBLASTN v2.11.0 with an e value
parameter of 1 × 10−5, and the aligned best Hits regions were
further used for gene prediction with GeneWise v2-4-1 (68) pro-
gramme. Third, the prior predicted genes from GeMoMa and
GeneWise were used as training-gene sets to perform the de novo
predictions by Augustus v3.3.1 (69), GlimmerHMM v3.0.4 (70),
and SNAP v2017-03-01 (71). Last, the predicted gene structures
from both homology and de novo predictions were combined on
the basis of a weighted consensus by EVidenceModeler v 1.1.1
(https://github.com/EVidenceModeler/EVidenceModeler).

Phylogenomic analysis and divergence time estimation
We aligned three Panthera genomes and two Neofelis genomes to
the reference genome of the domestic cat (felCat 9.0) using LAST
v1133 (72) with parameters “-m100, -E0.05,” and MULTIZ v11.2
(73) to combine all pairwise alignments into a six-species whole-
genome alignment data (table S25). For the phylogeny of local
alignments of sliding windows among all compared genomes, we
partitioned the data into nonoverlapping sliding windows with
varying window sizes of 20, 50, 100, and 200 kb to reconstruct phy-
logenetic trees. All windows with more than 75% gaps were
removed. RAxML v 8.2.12 (74) was used to construct maximum
likelihood trees from each alignment, and the low consensus trees
(bootstrap < 50%) were discarded.

Sequences from windows with identical tree topologies were
concatenated into supermatrices (83.92 megabytes) using in-
house made Perl script and independently used for the divergence
time estimation using MCMCTree in PAML v4.5 (75), which was
applied to calculate the divergence time with two previously used
time calibrations: (i) The crown radiation of extant felids from
11.46 to 16.35 Ma ago (15) and (ii) the crown radiation of Panthera
with a minimum of 3.8 Ma.

Orthologue identification
Protein-coding genes from five felid species (F. catus, P. bengalensis,
Panthera tigris, Panthera leo, and Panthera pardus) were download-
ed from NCBI and Ensembl databases (table S25), and the longest
transcript of each gene was selected to identify orthologous groups
of genes for the two clouded leopard species using the Orthofinder
pipeline v2.5.2 (https://github.com/davidemms/OrthoFinder), pro-
ducing a total of 11,833 single-copy orthologous genes. The single-
copy gene datasets were then aligned using Prank v170427 (76).
RAxml v8.2.12 (74) with a PROTGAMMAWAG model was
applied to reconstruct a phylogenetic tree for each protein sequence
of gene. With the classified orthologous genes and the estimated
time tree, we performed a CAFÉ v4.2 (77) analysis to detect the
gene family expansions and contractions, in which the default pa-
rameters of lambda (-s) and a P value cutoff of 0.05 were used to
detect the significant expansions/contractions along each branches.

Adaptation analysis
Nonsynonymous and synonymous substitution rates (Ka/Ks) were
calculated using codeml program in PAML v4.5 (75) package. We
used the branch site model and two-ratio models to detect signa-
tures of natural selection on coding genes of Neofelis. Statistical sig-
nificance was determined using likelihood ratio tests. The candidate

genes were further functionally annotated and tested for gene en-
richment into the GO items and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathways by Metascape (78). To investigate
the effects of the mutations on their functions and protein struc-
tures, we applied the bioinformatic tools PolyPhen-2 (http://
genetics.bwh.harvard.edu/pph2/) (the prediction as probably dam-
aging, possibly damaging or benign), SIFT (https://sift.bii.a-star.
edu.sg/) (amino acids with the scores of <0.05 are predicted to be
deleterious) and SWISS-MODEL (https://swissmodel.expasy.org)
to assess the influences of amino acid substitutions.

Read alignment and variant calling
We used the Burrows-Wheeler Aligner (BWAmem, v0.7.17-r1188)
(79) to align the high-quality Illumina short reads to the reference
assembly of MCL with default parameters. SAMtools and Picard
Tools Version 1.56 (http://broadinstitute.github.io/picard) were
used to sort bam files and filter duplicate reads. Last, SNPs calling
within all genomic alignments were performed using the command
HaplotypeCaller and GenotypeGVCFs of the Genome Analysis
ToolKit package v3.8 (80) and then were filtered using the Variant-
Filtration command with the following criteria: “DP < 161; DP >
1453; QD < 2.0; FS > 60.0; MQ < 40.0; MQRankSum < −12.5; Read-
PosRankSum < −8.0; SOR > 3.0.”High-quality SNPs were exported
into variant call format (VCF) files for further population genet-
ics tests.

Introgression tests
We performed ABBA/BABA four-taxon D statistic tests using
Dsuite v0.4-r43 (81) to evaluate introgression between clouded
leopards and Panthera species, including of the trios: (MCL,
(leopard, lion)), domestic cat), ((MCL, (leopard, tiger)), domestic
cat), ((MCL, (tiger, lion)), domestic cat), as well as the SCL. Specif-
ically, we adopt the “Dtrios” progress of Dsuite to assess historical
gene flow using the generated VCF files. To assess whetherD values
calculated with Dsuite were significantly larger than zero, a standard
block jackknife procedure (82) was used to calculate the Z scores
with a cutoff of 2 and the associated P values with a cutoff of 0.05
as the significant ones.

Identification of deleterious mutations
First, the annotation of clouded leopard genome in GTF format was
used to construct the local database by SnpEff v5.0 (http://snpeff.
sourceforge.net/), and the earlier generated VCF files of 20 rese-
quenced MCLs were used as the input data to evaluate the potential
effects of genetic variants. Themutations ranked as “high” function-
al effects were considered deleterious mutations used in further
gene enrichment tests.

ROHs and genome-wide heterozygosity
We identified ROHs using Plink v1.9 (83) with the following pa-
rameters: --homozyg -homozyg-window-snp 20 --homozyg-
window-het 2 -homozyg-density 50 -homozyg-kb 50. The
genomic inbreeding coefficient (FROH) refers to the ratio of the
total length of ROH to the whole genome. The evaluation of
genome-wide heterozygosity was calculated by the proportion of
heterozygous sites in the genome using Plink with the parame-
ter “--het.”
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Demographic history
PSMC v0.6.5-r67 (84) method was used to assess changes in effec-
tive population size (Ne) of the MCLs over time, relative to tigers,
lions, and other Felidae. We selected individuals with a high se-
quencing depth to ensure the quality of the consensus sequence. Pa-
rameters were set as -N25, t15, -r5, -p ‘4 + 25*2 + 4 + 6’. Here, we
assumed that the mutation rate of the MCL as 1 × 10−8 and the gen-
eration time as 5 years (31). MSMC2 v2.1.1 (85) was used to infer
population separation history. To obtain a greater resolution, we es-
timated divergence time between the two clouded leopard sub-
groups using eight haplotypes per group and then used key model
“1*2 + 25*1 + 1*2” to estimate the differentiation time, mutation
rate as 1 × 10−8 and the generation time as 5 years (31).

Population structure
We performed PCA of all individuals using the smart PCA pro-
gramme in EIGENSOFT v5.0 (www.hsph.harvard.edu/alkes-
price/software/). The significance level of the eigenvectors was de-
termined by the Tracy-Widom test. Genome-wide admixtures
among the MCL population were quantified using ADMIXTURE
v1.3.0 (51), which was run for each possible group number (K
from 2 to 4) with 1000 bootstrap replicates. We calculated a distance
matrix (1-IBS) based on all samples in Plink (version 1.9) (83). We
further used MEGA v11 (86) to construct an NJ tree based on the
genetic distance matrix and performed 1000 bootstrap replicates to
assess nodal support. Last, we used PopLDdecay (87) to evaluate
linkage disequilibrium patterns. Natural selection typically results
in lower genetic diversity within populations and higher genetic dif-
ferentiation between populations. FST (genetic differentiation
index) is a standardizedmeasure of the variance of allele frequencies
between populations. Here, we used VCFtools v0.1.16 (http://
vcftools.sourceforge.net) to calculate FST between the two popula-
tions and the nucleotide diversity π within the population. FST was
calculated with parameters as follows: “--weir-fst-pop group1
--weir-fst-pop group2 --fst-window-size 50,000 --fst-window-step
20,000 --maf 0.05 --max-missing 0.90.” Nucleotide diversity π was
calculated with parameters as follows: “--window-pi 50,000
--window-pi-step 20,000 --maf 0.05 --max-missing 0.90.” We
lastly used KOBAS (http://bioinfo.org/kobas) to perform KEGG
pathway and GO term enrichment analyses for selected genes
located in specific regions.

Diffuse reflectance spectroscopy
Data acquisition from Maya spectrometers with an optical fiber
probe (Ocean Optics, QR400-7-SR) was controlled by oceanview
v2.0.8. Measurements were made directly on the images of the
two groups of clouded leopard pelages in the collection of National
Museums Scotland; muscle samples from these same specimens
were used to generate whole-genome sequences reported here.
The reflectance of each scanned region of each pelage was recorded
three times, and the mean value was recorded. GraphPad Prism
v9.0.0 was used to depict the reflectance distributions along the
wavelengths, and significant tests were carried out on paired t test.

Ethics statement
The study protocols received ethical approval from the Ethics Com-
mittee of the Guangzhou Zoo (permit number: GZZ2020C03, 18
April 2020), National Museum Scotland (GB003), and the
Kunming Institute of Zoology (CN005) under the UK CITES

label 1887. The study adhered to good clinical practice guidelines
and complied with relevant local regulations. All research proce-
dures were conducted in full compliance with national and institu-
tional regulations.
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