
PNAS  2024  Vol. 121  No. 2  e2310763120� https://doi.org/10.1073/pnas.2310763120   1 of 11

RESEARCH ARTICLE | 

Significance

Although all felid species are 
impacted by habitat loss and 
human activities. Conservation 
efforts for small felid species lag 
significantly behind their larger 
counterparts in the Felidae 
family, highlighting the need for 
greater attention and resources. 
Recognizing the critical role of 
conserving these felids is 
paramount for preserving 
species diversity. Our research 
focuses on the genomic analysis 
of the black-footed cat, 
elucidating its evolutionary 
history and genetic adaptations. 
Alarming levels of inbreeding 
within the black-footed cat 
population, likely resulting from 
habitat fragmentation, intensify 
the risk of amyloidosis, a 
prominent and fatal disease 
associated with deleterious 
mutations. This research 
underscores the urgency of 
investigating genomic variations 
and formulating effective 
strategies for small felids, which 
are integral to ecological balance 
and biodiversity.
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The genome of the black-footed cat: Revealing a rich natural 
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Habitat degradation and loss of genetic diversity are common threats faced by almost 
all of today’s wild cats. Big cats, such as tigers and lions, are of great concern and 
have received considerable conservation attention through policies and international 
actions. However, knowledge of and conservation actions for small wild cats are 
lagging considerably behind. The black-footed cat, Felis nigripes, one of the smallest 
felid species, is experiencing increasing threats with a rapid reduction in population 
size. However, there is a lack of genetic information to assist in developing effective 
conservation actions. A de novo assembly of a high-quality chromosome-level reference 
genome of the black-footed cat was made, and comparative genomics and population 
genomics analyses were carried out. These analyses revealed that the most significant 
genetic changes in the evolution of the black-footed cat are the rapid evolution of 
sensory and metabolic-related genes, reflecting genetic adaptations to its character-
istic nocturnal hunting and a high metabolic rate. Genomes of the black-footed cat 
exhibit a high level of inbreeding, especially for signals of recent inbreeding events, 
which suggest that they may have experienced severe genetic isolation caused by 
habitat fragmentation. More importantly, inbreeding associated with two deleterious 
mutated genes may exacerbate the risk of amyloidosis, the dominant disease that causes 
mortality of about 70% of captive individuals. Our research provides comprehensive 
documentation of the evolutionary history of the black-footed cat and suggests that 
there is an urgent need to investigate genomic variations of small felids worldwide to 
support effective conservation actions.

black-footed cat | introgression | conservation | inbreeding

Cats (Family Felidae) have evolved a conservative body plan as specialized predators of 
mostly vertebrates (1). Most species hunt their prey in a wide range of habitats using a 
stealthy approach (stalking) followed by an explosive burst of speed to capture their prey. 
However, human activities, such as habitat loss and hunting for fur, have an increasingly 
negative impact, threatening the survival of all wild cat species. The largest cats, like the 
tiger (Panthera tigris), leopard (P. pardus), and cheetah (Acinonyx jubatus), etc., receive 
considerable global attention and high levels of conservation funding linked to more 
comprehensive international protection. There are also considerable genetic data available 
for larger cat species, which provides important information about their evolution and 
the genetic consequences of human impacts that inform conservation actions. However, 
these data are generally lacking for small cat species, where even basic ecological data are 
either sparse or lacking.

The little-known black-footed cat (BFC), Felis nigripes, is one of the smallest (less than 
1.93 kg) (2) species in the Felidae. The BFC avoids competition with and direct predation 
by larger predators through its strictly nocturnal behavior, which has been revealed in 
recent field studies using radiocollars (3, 4). The BFC has a remarkably high hunting 
success of ~60% (5), so it can maintain high activity levels throughout the night. 
Correspondingly, the BFC has a high metabolic rate, which requires the consumption of 
~20% of its body weight per day to maintain energy levels (6, 7).

The BFC currently occupies arid regions of southern Africa from South Africa to 
Botswana, Namibia, and Zimbabwe (2) (Fig. 1A). Disproportionate to their small body 
sizes, both female and male BFCs occupy relatively larger home ranges compared to 
other larger felids (Fig. 1B and SI Appendix, Table S1). Faced with anthropogenic threats, 
such as habitat loss and fragmentation, there has been a fast decline in population, 
estimated locally as almost 50% during a long-term study over 20 y (4). Habitat frag­
mentation, leading to the isolation of subpopulations, may exacerbate reductions in 
genetic variability and increase levels of inbreeding in some populations. However, there 
is a paucity of genetic data about the BFC, so that much is still unknown about its 
evolutionary history, genetic diversity, and inbreeding risk.D
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Fig. 1. Phylogeny of Felis. (A) The geographical distribution of current Felis species based on IUCN data. (B) The distribution of the ratio (Z axis) of home range 
size (Y axis) to weight (X axis) shows F. nigripes is the highest among Felidae species. (C) Circos plots between the domestic cat (Right) and the BFC (Left). The 
circles from outside to inside represent karyotypes, GC contents, gene density, and repeats elements (LINE, SINE, LTR), respectively. (D) Each bar represents a 
chromosome of the domestic cat (felcat9.0). Colored bands represent tree topologies of 50-kb per window; colors correspond to the upright topologies, with 
white regions showing missing data. (E) The reconstructed time-scaled species tree of the genus Felis with Asian leopard cat, Prionailurus bengalensis, as outgroup. 
Colored lines represent the introgression between the BFC and other Felis species. (F) The schematic shows the current distribution area of the BFC (Left) and 
the estimated historically adaptative geographic space according to the historical climate conditions in the last glacial maximum period (Right). The black dots 
represent the locations of the observations of the BFCs, and the color bar indicates gradient of the probability of presence in the BFCs.D
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Severe mortality of about 70% of captive individuals of the 
BFC has been caused by amyloidosis (8), even though amyloid is 
present in wild BFC populations (8). Amyloidosis is caused by 
fibrillar protein depositions in many organs, and studies in animal 
models demonstrate that this disease has a genetic basis. Research 
has shown a much higher probability of amyloidosis in inbred 
mice than in non-inbred mice (9). Therefore, the BFC may face 
a combined crisis of high levels of inbreeding, which are still 
unknown, with a probable risk of amyloidosis affecting wild pop­
ulations, that calls for field surveys. It has been speculated that the 
type of amyloidosis in BFCs is inherited, which requires more 
comprehensive genetics research.

To understand the evolutionary history, unique genomic adap­
tations, and assessment of current genetic risks of the BFC, we 
generated a high-quality chromosome-level reference genome 
from a female individual and collected samples from nine 
non-related BFCs (SI Appendix, Fig. S1) to generate the whole 
genome resequencing data (>20X genomic coverage for each one). 
Combined with the previously published genomic data of the 
BFCs and all other Felis species (31 genomic data) (SI Appendix, 
Table S2), we carried out genomic comparisons and population 
genomics research on this very small cat species.

Results

Genomic Sequencing, Assembly, and Annotation. A total of 
~265 GB genomic sequencing data were used for the high-quality 
de novo genome assembly of the BFC, including 80.51 GB of 
PacBio long reads, 80.24 GB of Illumina paired-end short reads, 
and 104.8 GB Hi-C reads (SI Appendix, Table S2). The de novo 
genome assembly constructed 446 contigs with long-sequence 
contiguity (N50 equals to 37.19 Mb), which were anchored to 
19 chromosomes (Fig. 1C and SI Appendix, Fig. S2 and Table S3). 
This assembled reference genome has a genome size of 2.46 GB 
with high genome completeness [97.6% by BUSCO test and 53 
of quality value (QV)]. The results of genome annotation present 
790.68 Mb (32.14%) of repetitive sequences and 20,470 protein-
coding genes within the BFC genome (SI Appendix, Tables S4 and 
S5). The gene function annotations with non-redundant (NR) 
and UniProt databases are up to 20,389 (99.60%) and 19,299 
(94.28%), respectively (SI  Appendix, Table  S5). The results of 
genome comparison between the BFC and domestic cat, Felis 
catus (felCat 9.0), involving chromosomal variation, GC content, 
gene density, and repeat sequences (SINE, LINE, and LTRs), are 
depicted in Fig. 1C. To better understand the genetic variations 
of the BFCs on population level, we generated ~570 Gb Illumina 
paired-end short reads data of nine individuals of the BFCs, with 
approximately 20X whole genome coverages for each individual.

Phylogenomic Analysis. To investigate variation in genome-wide 
phylogenetic signals in the genus Felis, we applied continuous 
sliding window scanning across the whole-genome alignment 
matrix of the BFC, jungle cat (Felis chaus), sand cat (Felis 
margarita), domestic cat/wildcats group (European wildcat (Felis 
silvestris), Asian wildcat (Felis ornata), Chinese mountain cat 
(Felis bieti), North African wildcat (Felis lybica) and domestic 
cat (Felis catus), as well an outgroup of the Asian leopard cat 
(Prionailurus bengalensis) (SI Appendix, Table S6). After filtering 
repetitive sequences and alignment gaps, the final ~601 Mb 
of aligned genomic data shared by all nine taxa were used to 
reconstruct phylogenetic trees. The summarized results of all non-
overlapped sliding-window (50-kb window size) trees produced 
more than 928 different highly supported tree topologies (>70% 
bootstrap of all nodes), indicating massive signals of phylogenetic 

discordance in Felis (Fig. 1D and SI Appendix, Fig. S3). Without 
considering the phylogenetic complexity within the domestic cat/
wildcat lineage, the dominant topology was supported by 65.9% 
(13,730/20,846) of all sliding windows (T1 in Fig. 1D) and the 
seven additional tree topologies covered from 12.1 to 0.3% of all 
sliding tree topologies (Fig. 1D).

We performed additional phylogenetic analyses of the coding 
gene sequence matrix, including nucleotide and protein sequences 
of one-to-one single copy orthologues from all sampled felids 
genomes, to construct a bifurcating species tree (SI Appendix, 
Fig. S4). All of these approaches produced identical tree topologies 
to the dominant tree reconstructed by the sliding windows test 
(T1 topologies), which we used as the species tree for divergence 
time estimation. We used the concatenated genome data of sliding 
windows possessing T1 signals to estimate a time tree for the genus 
Felis. Our results show that the jungle cat diverged first from the 
Felis lineage around 3.34 (CI = 2.10 to 4.78) Mya, followed by 
the BFC (3.03 Mya, CI = 1.94 to 4.40 Mya) and the sand cat 
(2.47 Mya, CI = 1.54 to 3.55 Mya). The domestic cat/wildcat 
group formed two clades about 1.57 Mya; the first clade comprises 
the European wildcat, Asian wildcat, and Chinese mountain cat, 
while the second clade includes African wildcat and domestic cat 
Fig. 1E.

Introgression of BFC. To disentangle whether phylogenetic 
discordance among Felis taxa has resulted from introgression or 
incomplete lineage sorting (ILS) as was previously reported (10), 
we conducted a series of tests using different software [Dsuite (11), 
QuIBL (12), and ANGSD (13)] with independent algorithms 
based on input data of sequences or phylogenetic trees.

Patterson’s D statistics with Dsuite or ANGSD showed that 
Felis went through more than 10 introgression events (SI Appendix, 
Tables S7 and S8). While these introgression events could not 
completely explain all of the phylogenetic discordance, we per­
formed additional introgression tests, using the method “quanti­
fying introgression via branch lengths” [QuIBL (12)] to focus on 
introgression between the BFC and other Felis species. We took 
the triplet (jungle cat, BFC, and sand cat) with Asian leopard cat 
as the outgroup to detect potential introgression or ILS, which 
may cause topology 2 (T2) in Fig. 1D. The results of this test 
support an introgression event between the BFC and the jungle 
cat (Fig. 1E). A similar test of the triplet (BFC, sand cat, and 
domestic cat) showed that the ancestors of the BFC and the sand 
cat went through an ancient introgression event (Fig. 1E and 
SI Appendix, Table S9). In addition, species distribution modeling 
analysis of BFC at the Last Glacial Maximum (LGM) showed that 
the BFC extended its range to a broader East African region com­
pared to its current distribution (Fig. 1F).

Adaptive Evolution. To further study the adaptive evolution of the 
BFC, a pipeline of comparative genomics analyses was performed 
on five cat species, including the BFC, jungle cat, domestic cat, 
Asian leopard cat, and Canada lynx, for which high-quality 
genome data are available. We applied the software Orthofinder 
(14) to identify 20,477 homologous groups of gene families 
(SI Appendix, Table  S10). Compared to other Felis species, 43 
expanded gene families, including 106 genes, were identified on 
the BFC branch (Fig. 2A), the functions of which are significantly 
(P < 0.05) enriched to the KEGG pathway items of immunity 
or local disease, such as African trypanosomiasis. (Fig. 2B and 
SI Appendix, Table S11).

Testing for signatures of natural selection, we identified 113 
positively selected genes (PSGs) and 319 rapidly evolved genes 
(REGs) in the BFC lineage (SI Appendix, Tables S12 and S13). D
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The result of KEGG tests suggested the functions of these genes 
are significantly (P < 0.05) enriched to the regulation of actin 
cytoskeleton, Fanconi anemia pathway, longevity regulating path­
way, ovarian steroidogenesis, metabolic pathways, glycine, serine 

and threonine metabolism, linoleic acid metabolism, etc. (Fig. 2C 
and SI Appendix, Tables S14–S16).

The BFC is a highly active nocturnal hunter and is reported to 
have a high metabolic rate among cats (6, 7). We identified a series 

Fig. 2. Genomic signatures of genetic adaptation in the BFC. (A) Gene family expansion/contraction of the compared species of the genus Felis and outgroups. 
(B) KEGG enrichment items of the expanded family genes in BFC. (C) The results of KEGG functional enrichment test of detected PSGs and REGs. (D) The metabolic 
related functional genes with the tested significant selection signals in digestive system BFC. (E) Three PSGs have defined functions in stereocilia connections 
and mechanosensory transduction (PCDH15 and PTPRQ) and regulation of actin polymerization within stereocilia (DIAPH1), while one REG (HOMER2) is a receptor 
involved in transduction of nerve impulses. (F) BFC-specific amino acid mutations at the conserved structures (FNIII: Fibronectin type III domain, cadherin domain, 
and Polar residues) in PCDH15 and PTPRQ genes compared with different felid species and outgroups. These two genes are involved in the function of inner 
hair cells’ stereocilia movement.
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of PSGs or REGs and their functions are significantly associated 
with fat and protein metabolism (Fig. 2D and SI Appendix, 
Tables S14–S16). For example, the butanoate metabolism–related 
gene ACSM5, is involved in the digestion of short chain fatty acids 
in the intestine, as well as four genes ACSM5, SCP2, SHMT1, 
and BCKAHA, which are all involved in pathways of fat and pro­
tein metabolism.

The BFC possesses sensitive visual capabilities and one of 
the largest ratios of auditory bulla size to body size among 
extant felids (5, 15–17). Several sensory genes, such as the 
vision gene OPN1SW, and hearing-related genes, PCDH15, 
PTPRQ, AKNAD1, DIAPH1, MYO18B, and HOMER2 (from 

https://hereditaryhearingloss.org) were detected with signifi­
cant signals of positive natural selection or rapid evolution in 
the BFC (Fig. 2E and SI Appendix, Fig. S5 and Table S16).

Genetic Diversity Analysis. The results of the principal components 
analysis (PCA) and phylogenetic tree building revealed the genetic 
separation between the BFCs and other Felis spp. (Fig. 3A and 
SI Appendix, Fig. S6). To identify unique selection sweeps within 
the BFC compared with those of other Felis species, we performed 
population tests to scan the population genomic data of 15 BFCs 
versus those of 23 genomic data of the other three Felis species/
subspecies. Given the results of the analysis, we identified 379 

Fig. 3. A comparison of genomic selection between the BFC and other Felis species. (A) Plots of principal components 1, 2, and 3 from PCA analysis of Felis 
spp. (B) Distribution of ln (pi ratios) and Fst values calculated in 50-kb sliding windows with 25-kb increments between BFCs group and control group (including 
jungle cat, sand cat, and other five wildcat species). The data points in blue [corresponding to the top 5% of the empirical ln(pi ratios) distribution with values < 
= -3.485 and the top 5% of the empirical Fst distribution with values > 0.406] are genomic regions under selection in BFC group. (C) The top 20 KEGG pathways 
were identified by the functional enrichment tests on genes that are under selection from Tajima’s D test, and the most significant item is the metabolic pathway  
(P: 4.76E-05). The KEGG items with different colors were associated with metabolism (red), immune (blue), and nervous system (orange). (D) A region with 
significant genetic divergence and selection (Fst = 4.793 and π ratio = 2.652) between BFC and other contains three genes: MRPL30, MITD1 and LIPT1, and the 
pattern of genotypes shows the different between BFC (major allele) in yellow and others (minor allele) in blue.D
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and 1,900 candidate genes located in regions that were detected 
with the highest divergence (top 1% of Fst values cutoffs, Fst > 
0.437; top 5% of Fst values cutoffs, Fst > 0.406) between the 
BFC and other Felis species, and the results of KEGG enrichment 
tests suggested the function of these genes are significantly (P < 
0.01) associated with the metabolic pathways (SI Appendix, Fig. S7 
and Tables S17–S20). We further carried out pairwise nucleotide 
diversity (θπ) tests. The results identified 291 regions (including 
129 genes) that were significantly diverged between the BFCs 
and other Felis spp., supported by both Fst (Fst > 0.406, top 5% 
level) and θπ [log2(θπ ratio) < −3.485, top 5% level] tests. The 
further gene functional enrichment tests showed that the function 
of these 129 genes was significantly (P < 0.01) associated with the 
thyroid hormone signaling pathway, Fanconi anemia, and nitrogen 
metabolism, as well the regulation of lipolysis in adipocytes, which 
are linked to the bioprocess of energy metabolism (Fig. 3B and 
SI Appendix, Tables S21 and S22). In addition, we also conducted 
the Tajima’s D tests and the results of this analysis found 941 
regions with the Tajima’s D values lower than zero. The results of the 
gene functional enrichment test on 432 genes within these regions 
also provided the strongest signals of relative metabolic functions 
(Fig. 3C and SI Appendix, Tables S23 and S24). Finally, combined 
with all results of Fst, θπ, and Tajima’s D test, we identified 27 
shared regions from 18 genes of the BFCs were strongly diverged 
from the back group of other Felis spp. (SI Appendix, Table S25). 
For instance, a region adjacent to 61 Mb on chromosome A3, 
including genes of MRPL30 (mitochondrial ribosomal protein 
L30) and LIPT1 (lipoyltransferase 1), is functionally involved in 
energy metabolism (Fig. 3D).

Demographic History and Genomic Diversity. A pairwise sequential 
Markovian coalescent (PSMC) model was used to trace the demo­
graphic histories of Felis species (Fig. 4A). The results revealed 
that BFC has the almost lowest effective population size within 
the past 300,000 y (Ky) within the genus Felis (excepting only 
the sand cat). Unlike major population expansions that occurred 
around 60 Kya (within the last interglacial period) in most Felis 
species, the BFC population experienced a continuing long-term 
decline in population size. However, a slight population expansion 
of the BFC may have occurred around 20 Kya just after the peak 
of the LGM.

We compared average heterozygosity of the BFC with that of 
other Felis species, which showed that the BFC and the sand cat 
have the lowest level of heterozygosity which are even lower than 
those of major the big cat species of the genera Panthera and Puma 
(Fig. 4B and SI Appendix, Table S26), as well as higher fraction of 
runs of homozygosity (FROH) (Fig. 4 B and C and SI Appendix, 
Table S27). ROH fragments with different lengths can reflect a 
gradient of inbreeding history. In our study, all the analyzed BFC 
individuals were detected with a high level of ROH in their 
genomes (535 Mb to 1.07 Gb) which were widely distributed on 
each chromosome in genome (Fig. 4D and SI Appendix, Fig. S8).

Deleterious Mutations Associated with Amyloidosis. To under­
stand the current impact of amyloidosis, which is the major cause 
of mortality in captivity, we targeted variants within genes that 
are related to this disease in the population genomic data of the 
BFCs. By gene database searching (https://www.ncbi.nlm.nih.
gov/gene), we set a gene group including 77 annotated coding 
genes which were reported functionally to involve the disease 
of amyloidosis. In this group of genes, we found the frequent 
presence of missense mutations, including 67 alleles of 29 genes 
(Fig. 4E and SI Appendix, Tables S28 and S29). It is worth noting 

that BFCs carried a missense deleterious mutation (Gly to Ser) in 
a gene previously linked to amyloidosis (TRR) (18–20) (Fig. 4F). 
In addition, TTR and a second gene B4GALT6, which are also 
strongly linked to amyloidosis in mice and human (21, 22), are 
located in the ROH region of the BFC. Moreover, a missense 
deleterious mutation (alanine to glycine) on the 37th amino acid 
site of another gene related to amyloidosis (BACE1) was found 
in the BFC. Protein-sequence alignment suggested this gene is 
extremely conserved across all representative mammalian species 
(SI Appendix, Fig.  S9). A functional prediction test performed 
with SIFT, suggested the BFC-specific mutations cause potential 
functional change of protein.

Discussion

Phylogeny of Felis. The historical and current geographical 
distributions of Felis spp. are correlated with their phylogenetic 
relationships that were reconstructed in our study using genomic 
data. The common ancestor of the genus Felis is inferred to be of 
East Asian origin from the characters of the oldest known fossil 
Felis from the Mazegou Formation of the Yushe Basin, Shanxi 
(3.7 to 2.8 Ma), China, which is similar to the modern jungle 
cat (23, 24). This was the first species to split from the Felis 
lineage within this genus and currently extends westward from 
South Asia to Egypt in North Africa (25). The distribution of the 
BFC is restricted to a limited area in southern Africa (26), while 
the sand cat is in South West Asia and North Africa (27). The 
estimated divergence time (~2.47 Mya) between the sand cat and 
wildcats occurred in the early Pleistocene (~2.58 to 0.773 Mya) 
(28), when severe cyclical climate change was caused by repeated 
alternation of ice ages (29–31). The oldest wildcat fossil (Felis 
lunensis Martelli, 1906) has been recorded from the late Pliocene 
to early Pleistocene (c.1.5-2.0 Mya) in several sites across Europe 
(1, 32), which is consistent with the estimated divergence time 
between sand cats and the wildcat lineage. Our results supported 
two clades within the wildcats’ group, which may have diverged 
approximately 1.57 Mya. One clade includes the European wildcat 
(Felis silvestris), the Asian wildcat (Felis ornata), and the Chinese 
mountain cat (Felis bieti). Long-term cooling during the mid-
Pleistocene transition (~1.2 to 0.7 Mya) led to the expansion of 
the semi-deserts and steppes in Asia (33, 34), which coincided 
with the estimated divergence time of European wildcats from the 
common ancestor of Asian wildcats and Chinese mountain cats at 
approximately ~1.10 Mya. The current geographical distribution 
of Asian wildcats and Chinese mountain cats are closer and overlap 
in northern China (Fig. 1A). The second clade is composed of 
African wildcats and includes domestic cats, which is consistent 
with previous research that showed that domestic cats originated 
from North African/Near Eastern wildcats (35).

The intricate pattern of hybridization among Felis species 
throughout their evolutionary history is one of the main reasons 
for observed phylogenetic discordance (10, 36, 37). Rapid species 
radiation and lack of sufficient time to establish genetic isolation 
and divergence, together with overlaps of historical distribution 
between species, may have led to frequent introgression events 
among ancestors of the Felis species. In our study, we detected 
introgressions between the BFC and the respective ancestors of the 
jungle cat, sand cat, and wildcats. The results of the historical dis­
tribution modeling tests for the BFC suggested that the geological 
regions with suitable climatic conditions for the BFC could have 
expanded to Eastern Africa in the LGM, which we speculate were 
sympatric with the African wild cat, and contributed to the 
observed genome introgressions between these two groups (Fig. 1F).
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Adaptive Evolution of the BFC. The BFC is a strictly nocturnal 
hunter (3, 5), which may allow it to avoid competition for 
resources and escape from predation by larger carnivorans (3, 
26, 38). The BFC’s excellent senses of hearing and sight allow 
it to hunt effectively in almost complete darkness. Compared 
to other felids, the BFC has a much higher hunting success rate 
(up to 60%) (5). In our study, a series of sensory genes have 
signatures of positive natural selection, which may be beneficial 

for hunting prey. For example, the visual gene OPN1SW encodes 
for a photopigment called S-cone opsin, which is involved in 
the perception of fast-moving objects (39, 40). Therefore, we 
speculate that this gene may contribute to effective hunting of 
small, fast-moving prey (5). The BFC has two classical hunting 
styles of “slow-hunt” and “sit-down,” both of which depend on 
the ability to detect the slightest sounds or movements from prey 
(5). For genes associated with hearing, five PSGs (PCDH15, 

Fig. 4. Conservation genetics of the BFC. (A) PMSC analysis of the population history of eight Felis species during three major glacial periods, i.e. the LGM, 
Penultimate Glacial (PG) and Naynayxungla Glaciation (NG). (B) The levels of heterozygosity (Left) of small Felis species and big cats (Right). (C) The levels of FROHs 
(Left) of small Felis species compared with those of three big cats (Right). (D) The histogram exhibits the total ROH lengths of all 15 BFCs, and the landscape of 
the distribution of ROH fragments on 18 autosomes of the BFC individual BFC6 which was used for de novo genome assembly. (E) The 67 alleles of missense 
mutations detected in 29 amyloidosis-associated genes carried by 15 BFCs. The red colored boxes represent the missense SNPs compared with the reference 
genome of the BFC. The histogram at left shows the frequencies of the mutated alleles in 67 alleles of 15 BFCs. (F) The gene structure of TTR contains four exons 
in BFC with four SNPs. The missense deleterious mutation (ChrD3 52,756,499 G/A Gly23Ser) found at the first position of codon23 in the second exon of the TTR 
gene. The bottom diagram simply shows the process that abnormal deposits of TTR protein in various tissues and organs throughout the body.
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PTPRQ, DIAPH1, AKNAD1, and MYO18B) and one REG of 
HOMER2 were detected in the BFC. Damage to these genes 
causes hearing loss (41–46). PCDH15 encodes a crucial cadherin 
of protocadherin-15 to connect stereocilia (41), which are small 
hair-like structures in the cochlea and are responsible for hearing. 
The function of PTPRQ, also named shaft connectors, involved in 
stereocilia connections (43), and the products of DIAPH1 regulate 
the actin polymerization in inner hair cells (47, 48). HOMER2 
encodes the postsynaptic density scaffolding proteins to regulate 
signal transduction in the inner hair cells of humans and mice 
(45). These genes are under significant selections and may have 
potential importance in enhancing the auditory capabilities of 
the BFC.

High levels of nocturnal hunting and the need to balance heat 
loss from a small animal in low temperatures at night require faster 
and relatively higher energy consumption, so that the BFC’s met­
abolic rate is among the highest in felids (6, 7). Our genome 
comparisons revealed genetic adaptive evolution of genes that are 
involved in digestive metabolism, like ACSM5 (a transport role 
in cellular lipid absorption) (49), ANXA9 (fatty acid transporting) 
(50), HEXA (a major regulator of systemic lipid metabolism) (51), 
and LIPT1 (glyoxylate metabolism and glycine degradation and 
metabolism) (52, 53). These results suggest that a suite of genetic 
adaptations has evolved to support the high metabolic rate of the 
BFC.

Conservation of the BFC. Compared to big cats, such as tigers, 
leopards, or cheetahs, ecological and genetic studies of small cats 
are neglected. In the case of the BFC, we know very little about 
even basic life history and genetic traits, owing to its small size, 
scarcity, and secretive nocturnal activities. While based on limited 
data, a long-term study of the BFC showed a rapid loss of nearly 
half of the local population size within 20 y (26). The BFC has 
the most restricted distribution among African felid species (36), 
and habitat fragmentation, prey loss, and human activities (such 
as farming practices, bait poisoning, and steel-jaw traps) are 
crucial threats to their survival. The BFC has the largest home 
range relative to body size among felids [16.1 to 20.7 km2 and 
8.6 to 10 km2 of males and female adults (26)], suggesting that 
prey population density and abundance is low or highly variable, 
and hence, this species is more vulnerable to habitat loss and 
fragmentation.

In our study, we have revealed that the BFC has undergone a 
continuous long-term historical decline in its effective population 
size. Repeated glacial cycles may have caused this decline, such 
that it has among the lowest effective population sizes of all Felis 
species during the last 500,000 y. The recent sharp reduction and 
fragmentation of its habitat caused by human activities may also 
have contributed to the low genome heterozygosity recorded in 
our study. Additional evidence of a high frequency of ROHs 
reflects high levels of inbreeding within BFC populations.

Inbreeding may lead to high incidences of genetic disease (54, 
55). Amyloidosis, which is responsible for ~70% of deaths of cap­
tive BFCs and has a probable genetic basis (8), is the primary barrier 
to building an effective captive population for conservation. In our 
sample of BFCs, we frequently found the presence of missense 
mutations that occurred in genes associated with to amyloidosis. 
Two genes, TTR and B4GALT6, which have previously been asso­
ciated with amyloidosis (8, 21), are located in a long ROH frag­
ment. More than 130 mutations scattered in the coding region of 
human TTR gene have been associated with amyloidosis (18), and 
the missense of Gly23Ser we detected would likely affect protein 
function by SIFT. Furthermore, the mutation of the exon from 
GGC to AGC is located next to the exon/intron boundary 

(GT-AG), which could cause the potential splicing error by com­
pleting the normal split site (56, 57). Potentially deleterious muta­
tions of TTR were detected in our BFC genome. In addition, the 
BFC BACE1 gene, which is also related to amyloidosis (58, 59) 
possesses a mutation at the 37th amino acid site which is otherwise 
highly conserved in other placental mammals. Future population- 
based screening of these variants in a case–control study of captive 
individuals would be an important next step to identify whether 
either gene is a causal variant for amyloidosis (58, 59).

Conclusion

Analysis of the genome of the BFC has allowed us to reveal the 
intricate evolutionary history of the BFC and other cats of the 
genus Felis, as well as possible genetic features that contribute to 
the adaptive evolution of the BFC. This study highlights the 
importance of additional genomic studies on other neglected small 
felids, which may reveal loss of genetic diversity and ancient to 
recent historic inbreeding leading to an increased frequency of 
deleterious genetic variation in captive and natural populations. 
These genomic data will be vital for influencing conservation strat­
egies for small felids throughout the world.

Materials and Methods

Genome Sequencing. The cultured fibroblast cells of a female BFC established 
by Laboratory of Genomic Diversity, National Cancer Institute, collection was used 
for whole genome sequencing. Paired-end Illumina sequencing libraries with 
insert sizes of 350 bp were constructed and sequenced (2 × 150 base pairs, bp) 
on the Illumina NovaSeq 6000 platform.

High-quality genomic DNA was extracted from muscle tissue using the 
Magnetic Animal Tissue Genomic DNA Kit (TIANGEN), using a modified cetyl-
trimethylammonium bromide (CTAB) method. Genomic DNA was sheared to a 
size of 40 kb, using a Megaruptor (Diagenode) device (Belgium), and was then 
used for single-molecule real-time (SMRT) library preparation as recommended 
by PacBio. Scaffolding was performed with publicly available Hi-C reads from 
DNA Zoo (60, 61).

We collected nine BFC samples of zoo origin from National Museums Scotland. 
DNA samples used for whole genome resequencing were extracted from the 
muscle tissue using the Magnetic Animal Tissue Genomic DNA Kit (TIANGEN). 
Sequence libraries were constructed using the Novogene NGS DNA library prep 
set (Cat No.PT004)*. The sequencing works were performed using the platform 
of Illumina NovaSeq 6000.

Genome Assembly of BFC. All PacBio sequences provided by Maryland 
Genomics (University of Maryland, institute for genome sciences) were conducted 
by fastqc (v0.11.9) with default parameters and fastp (v0.20.1) with the parame-
ters of “-5 -W 5 -M 30 -q 30 -z 1 -n 5” and then were corrected by NEXTDENOVO 
(v2.4.0) (https://github.com/Nextomics/NextDenovo) with default parameters 
and assembled using Flye (v2.8.1-b1676) (62) with parameters “--nano-raw 
--iterations 2.” Assembled contigs were further polished by NextPolish (v1.3.1) 
(https://github.com/Nextomics) with minimap2_options parameter “-x map-ont” 
for three rounds using Illumina reads. Redundant sequences were identified and 
removed using PURGE_DUPS (v1.2.5) (https://github.com/dfguan/purge_dups). 
The assembled contigs with Hi-C data, downloaded from DNAZoo (SI Appendix, 
Table S2), were used to construct the chromosome-level assembly. Final assem-
bly was curated manually with Juicebox (v1.9.8) (61). Benchmarking Universal 
Single-Copy Orthologs (BUSCO) (v4.1.2) (63) was used to evaluate the complete-
ness of the gene sets in our draft genome. We also performed the evaluation of 
assembly quality with Quality Value (QV) score, which was calculated using the 
formula QV = −10*log10(substitution_number/genome_size).

Mapping to Construct Assemblies. Paired-end reads of five Felis spp. (sand cat, 
European wildcat, Chinese mountain cat, Asian wildcat, and African wildcat) were 
mapped to those of their close relative with a high-quality assembly genome, the 
domestic cat (GCF_018350175.1) with the bwa mem algorithm (64) and sam-
tools/bcftools (v1.1) (65) with its consensus algorithm, to generate five consensus D
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genomes. The detailed commands are “samtools mpileup -uf reference.fa bam.
file | bcftools call -mv -Oz -o vcf.out” and “cat reference.fa | bcftools consensus 
vcf.out > consensus.genome.fa.”

Annotation. Repetitive sequences and transposable elements in the above 
assembly of the BFC genome were detected by a combination of de novo and 
homology-based approaches. Repeatmasker (v4.0.7) (http://www.repeatmasker.
org/) with the parameters of “-e ncbi -gff -xsmall -species Carnivora” was used 
to identify repeats based on homology predictions with the Repbase database 
(v 2017-01-27) of known repeats in Carnivora. RepeatModeler (v1.0.11, http://
www.repeatmasker.org/RepeatModeler/) with the parameters of “-database spe-
cies -LTRStruct” was applied to construct the de novo repeat custom library, which 
was used to predict repeats by Repeatmasker.

The assembly genome of the black-footed cat with masked repeat sequences 
was used to perform gene prediction by homology-based and de novo predictions. 
Homology-based gene predictions were adopted from the protein sequences of six 
related species, including of domestic cat (GCA_000181335.5, according to its high-
quality of gene-structure’s annotation), Asian leopard cat (GCF_016509475.1), 
tiger (GCF_018350195.1), Canada lynx (GCF_007474595.2), African wild 
dog (GCF_012295265.1), domestic dog (GCF_014441545.1), and human 
(GCF_000001405.39), and were aligned with the assembled genome of the BFC 
using GeMoMa (v1.8) (66, 67) with MMseqs2 v.13.45111 (68) as an alignment 
tool. All six gene predictions were combined into a final annotation after the filter 
using GeMoMa annotation filter (GAF) with the parameters of “ce/rce==1” and 
“iAA>=0.8.” Another homology-based gene prediction was made using Genewise 
(v2.4.1) with default parameters. The homology-based annotated genes were then 
used for de novo prediction using AUGUSTUS (v3.2.3) (69) and SNAP (v2017-
03-01) (70). Finally, EVidenceModeler (71) with biased weights was used to inte-
grate the homology-based and de novo annotated gene models into primary gene 
models, which were finally filtered for unmatched ones by searching with Pfam 
(evalue:1e-5) database.

The predicted protein-coding genes were annotated with NCBI non-redundant 
(NR), UniProt (UniProt and TrEMBL), and eggNOG-mapper databases using dia-
mond command with default parameters. Gene ontology (GO) and KEGG items 
were annotated by searching with eggnog-mapper.

Whole-Genome Alignment. The genomes of seven Felis species (jungle cat, 
BFC, sand cat, European wildcat, Asian wildcat, Chinese mountain cat, and North 
African wildcat) with an outgroup of Asian leopard cat were used to align with the 
domestic cat genome using LAST software (v980, “-P8 -m100 -E0.05”) (72). Then, 
the programme Multiz (v11.2) (73) was used to integrate eight whole genome 
alignments into a multi-sequence alignment of nine taxa.

Phylogenetic Analysis. The genome-wide alignment sequences constructed 
above were cut into different window sizes, and a maximum likelihood method 
was used to construct a phylogenetic tree (RAxML v8.2.12) (https://github.com/
stamatak/standard-RAxML). The software orthofinder (v2.5.4) (14) was used to 
identify the one-to-one orthologues among all involved genomes of felids. The 
nucleotide and protein sequences of one-to-one orthologues were aligned 
and combined to create an independent data matrix used for phylogenetic tree 
building.

Dating. The alignment results of the super-sequence constructed above were 
used as input files to infer divergence times using the MCMCTREE program in the 
PAML (v4.5) software package (74). The calibrated time nodes were “>1 Mya” for 
wildcat species, “>1.79 Mya <4.05 Mya” for the split between the domestic cat 
(=African wildcat) and sand cat, “>4.80 Mya <8.55 Mya” for the split between 
the domestic cat lineage and the leopard cat lineage, and “>6.19 Mya <12.52 
Mya” for the split between the lynx lineage and the leopard cat lineage, based 
on previously published calibrations (10).

Introgression Tests. Both Dsuite (v 0.4 r41) (11) and QuIBL (12) were used to 
detect potential introgressions among Felis species. The resequencing samples 
of Felis individuals were mapped onto the reference domestic cat genome (75) 
and samtools/bcftools (76) were used to call the whole-genome SNPs, which were 
filtered with the “-i INFO/DP>1000” and then Dsuite was employed to perform 
the Patterson’s D-statistics (ABBA-BABA tests). The assumption of P1, P2, and P3 
with an outgroup (O) followed by (((P, P2), P3), O) was used to detect potential 
introgression between P3 and P2 or P3 and P1. Finally, we filtered the trios that 

violated this assumption and classified significant introgression with Z > 2 (or P 
< 0.05) and others not significant defined as weak introgression.

QuIBL took a strategy using branch lengths, and species triplet topologies of 
the constructed local Maximum Likelihood (ML) trees of the alignments of the 
sliding-windows sequences. We conducted QuIBL programme on the detected 
species triplets with the parameters (Asian leopard cat as the outgroup and num-
steps: 50). QuIBL takes the results of mixprop1 as ILS and mixprop2 as introgres-
sion by comparing branch lengths. To detect the triplet of domestic cat, BFC, and 
jungle cat, we used a total of 19,690 local ML trees of whole genome level to 
distinguish between ILS and introgression. We detected the triplet of jungle cat, 
sand cat, and BFC with 21,726 local ML trees as the input datasets.

Gene Family Analysis. The protein sequences obtained from the five genomes 
with high-quality assemblies: jungle cat, BFC, domestic cat and two outgroups, 
Canada lynx and Asian leopard cat, were used to perform multiple alignments using 
orthofinder pipeline (v2.5.4) (14), and the identified gene family file was used as 
the input file. Café (v4.2) (77) was used to test for significantly (P = 0.05) expanded 
or contracted gene families, and the results were displayed with FigTree (v1.2.2).

Positively Selected Genes in BFC. One-to-one orthologues identified by the 
orthofinder programme (v2.5.4) (14) were used to identify positive selective 
evolution and rapid evolution using codeml in PAML (v4.5) (74). For the branch 
model, we performed the one-ratio model and two-ratio model, which were 
used to test for rapid evolution at the test branch. For the test model, the branch 
site model was used to test for positive selection. Finally, a chi-square test was 
used to test for significance, of which “P ≤ 0.05 and P ≤ 0.01” were defined as 
significant and highly significant, respectively.

Quality Filtering, Variant Calling, and Genotyping. The reads of the studied 
species were mapped to the reference genome using Burrows-Wheeler Aligner 
(bwa) mem (v0.7.17-r1188) (64) and samtools (v1.8) (76), and then transformed, 
sorted to remove redundancies. SNPs calling within all genomic alignments 
was performed using the command HaplotypeCaller and GenotypeGVCFs of 
the Genome Analysis ToolKit package v3.8 (78) and then was filtered using the 
VariantFiltration command with the following criteria: “QD < 4.0; FS > 60.0; MQ 
< 40.0; MQRankSum < −12.5; ReadPosRankSum < −8.0; SOR > 3.0.” Individual 
genotypes were screened to eliminate those with read depths falling below one-
third or exceeding twice the mean read depth for that specific individual.

Genetic Diversity Analysis of BFC. The FST statistic was employed to identify 
potential genomic differentiation between the BFC and other Felis species. First, 
the above VCF calling method was used to construct genome-wide SNPs in a 
VCF file between the BFC and the other seven Felis species (jungle cat, sand cat, 
European wildcat, Asian wildcat, Chinese mountain cat, North African wildcat, 
and domestic cat). Then, a sliding-window approach of 50-kb sliding windows 
(step = 25 kb) was applied to the genome-wide SNPs in the VCF file to quantify 
genetic differentiation (FST) using the VCFtools (v0.1.16) (79) with the parameters 
“-window-pi 50000 -window-pi-step 25000.” We then calculated FST values and 
the top 1% and 5% of regions were identified as significant selection regions. 
The genes in the region of top 5% Fst and pairwise nucleotide diversity (θπ) 
were defined as selection genes and used for further study. Tajima’s D test was 
also applied to detect selection with the parameter settings of “—TajimaD 50000 
--max-missing 0.9.”

Heterozygosity and ROHs Estimates. ROH analysis was performed using 
Plink (v1.90b6.26) (80) with the normal settings of the parameters (--homozyg 
-homozyg-window-snp 20 -homozyg-density 50 -homozyg-kb 50) following 
the method described in the studies (81, 82). The assessment of genome-wide 
heterozygosity involved calculating the proportion of heterozygous sites in the 
reference genome using Plink, with the “--het” parameter. FROHs were calculated 
as the total length of ROH within an individual over the length of the reference 
genome.

Demographic History Analysis. PSMC (version 0.6.5-r67) was applied to 
assess changes in effective population size (Ne) of the BFCs, relative to other 
Felis spp. (jungle cat, sand cat, African wildcat, Chinese mountain cat, domestic 
cat, European wildcat, and Asian wildcat). The individuals with a high sequencing 
depth were selected to ensure the quality of the consensus sequence. We pro-
cessed quality-trimmed Illumina sequences for each Felis spp. by aligning them D
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to their respective genome assemblies using the bwa with default parameters. To 
determine average mapping coverage and identify and filter nucleotide variants, 
samtools was employed. The parameters of the PMSC test were set as -N25, t15, 
-r5, -p “4 + 25*2 + 4+6”. Here, we assume that the mutation rate of the Felis 
spp. as 0.86e-8 and the generation time as 2 y (83). We assessed the consistency 
of the PSMC tests by conducting 100 bootstrap replicates.

Deleterious Mutation. SnpEff v5.0 (75) and SIFT (https://sift.bii.a-star.edu.sg/) 
were used to identify high-confidence deleterious mutations. First, variants lead-
ing to a functional change are candidates for deleterious mutations. We mainly 
used snpEff for the functional annotation of each variant. For the preparation of 
the assembly of genomic, protein-coding-genes annotation and the genome-
wide SNPs in the VCF file are needed. First, the annotation file of the BFC was 
annotated in a “gff” file, which was then transformed into a “gtf” file with the 
programme of gffread from cufflinks packages. Second, the reference assem-
bly of the BFC genome and the genome-wide SNPs were also prepared. The 
results of snpEff were mainly categorised into four types: “high” (with stop-gain 
or frameshift variant), “moderate” (with missense variant or in-frame deletion), 
“low” (with synonymous variant), and “modifier” (with exon variant or down-
stream gene variant).

SIFT online was used to predict whether amino acid substitutions affect 
protein function based on homology and the physical properties of amino 
acids. Scores of less than 0.05 were usually identified as probably affecting 
protein function.

Species Distribution Modeling. We applied the method of MAXENT (84), which 
is a computer program rooted in the principle of maximum entropy from statis-
tical mechanics and information theory, to perform the modeling of species’ 
geographic distributions. To project whether a region that meet the conditions 
to the ecological niche requirements of the target species. The “presence-only” 
distribution data of the BFC were obtained from the GBIF database (https://www.
gbif.org/zh/) and the environmental data of the LGM period sourced from the 
Paleoclim database (http://www.paleoclim.org/). These data were used to project 
the potential habitat of the BFC and explore their potential response to climate 
change.

Data, Materials, and Software Availability. Both raw FASTQ sequences 
(accession numbers: SAMN34164677, SAMN34164678, and SAMN37521773-
SAMN37521781) and the reference genome assembly (accession number: 
JAVSGG000000000) (85) of the black-footed cat have been deposited and 
released in the NCBI database under BioProject accession number PRJNA955150. 
The major codes used in this research are available at the GitHub repository 
(https://github.com/GanglabSnnu/bfcproj) (86).
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