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Comparative genomics provides insights 
into chromosomal evolution and 
immunological adaptation in horseshoe bats
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Horseshoe bats are natural hosts of zoonotic viruses, yet the genetic 
basis of their antiviral immunity is poorly understood. Here we generated 
two new chromosomal-level genome assemblies for horseshoe bat 
species (Rhinolophus) and three close relatives, and show that, during 
their diversification, horseshoe bats underwent extensive chromosomal 
rearrangements and gene expansions linked to segmental duplications. These 
expansions have generated new adaptive variations in type I interferons and 
the interferon-stimulated gene ANXA2R, which potentially enhance antiviral 
states, as suggested by our functional assays. Genome-wide selection screens, 
including of candidate introgressed regions, uncover numerous putative 
molecular adaptations linked to immunity, including in viral receptors.  
By expanding taxon coverage to ten horseshoe bat species, we identify new 
variants of the SARS-CoV-2 receptor ACE2, and report convergent functionally 
important residues that could explain wider patterns of susceptibility across 
mammals. We conclude that horseshoe bats have numerous signatures 
of adaptation, including some potentially related to immune response to 
viruses, in genomic regions with diverse and multiscale mutational changes.

Bats are the implicated natural reservoir hosts of several zoonotic 
viruses. Of all bats, horseshoe bats (family Rhinolophidae) show 
a high detection frequency of coronaviruses1 and have the clos-
est associations with betacoronaviruses within the subgenus 
Sarbecoviridae2, which include SARS-like viruses. These bats 
number more than 100 congeneric species, divided between two 
clades (Afro-Palaearctic and Asian)3 that diverged ~17 million years 
ago (Ma)4. The Asian horseshoe bat Rhinolophus sinicus was iden-
tified as the source of SARS-CoV5,6—the cause of the 2002–2003 

pandemic—and, more recently, horseshoe bats have also been 
reported as probable hosts of SARS-CoV-2 (refs. 7,8). To date, viruses 
with the highest sequence identity (>95%) to SARS-CoV-2 have been 
sampled from Rhinolophus species in Laos (Rhinolophus malayanus, 
Rhinolophus pusillus and Rhinolophus marshalli)7, with other close 
matches isolated from Rhinolophus affinis in China8. Large-scale 
viral surveillance of Chinese horseshoe bats further supports their 
role as hosts of SARS-like viruses, with ~9% of bats sampled showing 
asymptomatic infection9.
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were composed of an average of 31.39% long interspersed elements 
(LINEs) in Rhinolophus and an average of 34.90% LINEs in Hipposideros 
(Supplementary Table 9). Across these assemblies, pairs of SDs more 
commonly occurred on the same chromosome than on different chro-
mosomes. The number of large-scale SD blocks (>100 kb) was lowest 
in R. affinis and highest in R. ferrumequinum, although all bat genomes 
contained markedly fewer than the human genome, consistent with 
genome downsizing.

Phylogenetic analyses
We identified an average of 21,833 protein-coding genes for five 
new assemblies (Supplementary Tables 10–12). Together with the 
genes from 15 other mammals, we obtained 6,658 single-copy ortho-
logues to build a maximum-likelihood (ML) tree23 (Extended Data 
Fig. 1). The resulting phylogenetic tree showed that Rhinolophidae 
and Hipposideridae diverged ~37.5 Ma, consistent with both molecular 
and fossil evidence24–26. Next, we analysed 1.02 Tb of new resequenc-
ing data from 91 individuals of 10 Rhinolophus species, alongside 18 
published H. armiger resequencing datasets as outgroups27 (Sup-
plementary Table 13 and Supplementary Note 2). Using 5,494,189 
single nucleotide polymorphisms (Supplementary Table 14), we built 
a neighbour-joining (NJ) tree28, and found that both ML and NJ trees 
recovered a monophyletic clade of Asian horseshoe bats that diverged 
~15.6 Ma from the greater horseshoe bat of the Afro-Palaearctic clade 
(Fig. 1b). Within the Asian clade, we also recovered known relationships 
with an early split of R. pearsonii.

Chromosome rearrangements during Rhinolophus 
diversification
Marked karyotype variation among the four Rhinolophus species 
(R. affinis 2n = 62, R. ferrumequinum 2n = 58, R. pearsonii 2n = 44 
and R. sinicus 2n = 36) implies an association between chromosome 
rearrangement and speciation29. We reconstructed the ancestral 
Rhinolophus genome30 and identified evolutionary breakpoint 
regions (EBRs), observing a high level of synteny among genomes 
(Extended Data Fig. 2). Using the phylogeny of four Rhinolophus 
species, five bat outgroups and the horse, we inferred 30 ancestral 
chromosomes for horseshoe bats at a resolution of 300 kb, spanning 
~99% of each horseshoe bat genome (Fig. 2a and Supplementary 
Table 15). The ancestral genome shared 50 large-scale homologous 
synteny blocks (HSBs) with R. affinis, 41 with R. pearsonii, 42 with 
R. sinicus and 32 with R. ferrumequinum, with 19, 19, 24 and 3 EBRs, 
respectively (Supplementary Table 16). From these EBRs and HSBs 
we identified, respectively, 1, 9, 17 and 1 chromosome fusion events, 
and 2, 2, 2 and 0 fission events. The two fission events in the three 
Asian species appear to be shared, having occurred before their split 
with R. ferrumequinum (Fig. 2a). The fission sequences from the two 
ancestral chromosomes formed four independent chromosomes 
in R. pearsonii and R. affinis, and were involved in two chromosome 
fusions in R. sinicus. We verified the two chromosomal fissions by 
performing comparative analyses of the interaction signal map using 
Hi-C data between R. ferrumequinum and the other three Rhinolophus 
bats (Fig. 2b and Extended Data Fig. 3).

Taken together, R. ferrumequinum showed the fewest large-scale 
HSBs and EBRs, and only one chromosome fusion, implying its genome 
structure is most similar to that of the ancestral horseshoe bat. We 
also find evidence that horseshoe bat diversification was accompa-
nied by chromosome fusions (Fig. 2a) that led to longer but fewer 
chromosomes, as seen in R. pearsonii and R. sinicus. By contrast, the 
X chromosome shows no large-scale chromosome fusions during 
Rhinolophus evolution, consistent with evolutionary conservation 
across mammals31–33. Finally, Gene Ontology (GO) analyses of EBR 
genes point to enrichment for roles in the transmission and processing 
of sensory information in the olfactory system in four horseshoe bats 
(Supplementary Table 17 and Supplementary Note 3).

Despite close interactions between horseshoe bats and sarbeco-
viruses, the molecular mechanisms underlying horseshoe bat innate 
viral immunity are poorly understood. Comparisons of intestinal 
organoids from R. sinicus and humans show higher interferon (IFN) 
expression in R. sinicus, and showed stronger induction of type III 
IFNs and interferon-stimulated genes (ISGs) when challenged with a 
synthetic double-stranded RNA virus mimic, but not with the ances-
tral SARS-CoV-2 (ref. 10). Both organoids also showed susceptibility 
to SARS-CoV-2 and other coronaviruses, with R. sinicus organoids 
showing lower viral replication. Evidence for permissiveness to cer-
tain viruses also comes from work on horseshoe bat angiotensin 
convert enzyme 2 (ACE2) receptors, which contain specific residues 
that allow virus binding and cell entry, while enhanced viral immu-
nity is supported by a substitution (S358) in the STING (also known 
as MITA) protein of all bats11. Horseshoe bats also possess molecular 
changes that dampen inflammatory responses, including shared 
gene losses (for example, PYHIN12,13 and NF-κB regulators13,14) and a 
newly reported lineage-specific deletion in the pro-inflammatory 
protein ISG15 (ref. 1).

A more complete understanding of antiviral immunity in horse-
shoe bats has been hampered by a lack of comparative genome data. In 
particular, highly contiguous genome assemblies offer opportunities 
to uncover large-scale mutational processes, including segmental 
duplications (SDs) and chromosomal rearrangements, both of which 
have been linked to IFN clustering in mammals15,16. Such mutational 
processes might also be important in the diversification of horseshoe 
bats, which show marked karyotypic diversity among Asian species 
(14–26 chromosome pairs), but not among Afro-Palaearctic species 
(29 pairs)17. To pinpoint molecular adaptations that help explain anti-
viral responses and immunity in horseshoe bats, including large-scale 
mutational changes, here we generate chromosomal-level assem-
blies for horseshoe bats and their relatives, as well as low-coverage 
genome datasets spanning ten species. By combining comparative 
and population-based analysis with in vitro assays of immune func-
tion, we reveal new mechanisms and show that horseshoe bats are 
characterized by distinct putative immunological adaptations that 
have evolved via diverse and multiscale mutational changes across 
the genome.

Results and discussion
Genome assembly and SD identification
We generated chromosome-level genomes for two horseshoe bat 
species (Rhinolophus pearsonii and R. sinicus), and three sister taxa, 
comprising two roundleaf bats (Hipposideros armiger and Hipposideros 
pratti) and one false vampire (Megaderma lyra). We applied a modified 
assembly procedure that uses Hi-C interaction pairs to cluster nanopore 
long sequences with potential linkages18,19 (Supplementary Table 1 and 
Supplementary Note 1). The final genomes ranged from 2.06 to 2.14 Gb, 
with 18 (R. sinicus) to 27 (M. lyra) chromosome pairs (Extended Data 
Table 1 and Supplementary Tables 2 and 3), and showed high complete-
ness, accuracy and contiguity based on standard measures (Fig. 1a and 
Supplementary Tables 4–6).

Repetitive sequences constituted 31.19–31.78% of four 
chromosome-level genomes of horseshoe bats, which are higher than 
for Old World fruit bats (25.50–27.72%), but lower than for their closest 
relatives and other bat genomes18 (Supplementary Table 7). A simi-
lar trend was previously reported for transposable element content 
based on an extended dataset of 248 mammalian genomes20,21. For 
each genome, we also identified SD sequences (>90% identity and 
>1 kb length), and found that genome SD content was proportionally 
lowest in the four Rhinolophus species (1.23–1.89%), followed by the 
two Hipposideros species (1.98% and 2.42%) and then M. lyra (3.72%) 
(Supplementary Table 8), although all values were substantially lower 
than equivalent values reported for humans (5.59%) and mice (4.94%)22. 
We classified non-redundant SDs as SD blocks, and found that blocks 
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Repeats and SDs as a potential driver of genome evolution
Previous studies suggest EBRs and associated chromosomal rearrange-
ments might stem from genomic instability caused by repetitive and 
duplicated elements29,34–37. We find that EBRs in Rhinolophus contain 
numerous repetitive sequences, particularly LINE L1 elements35–37 (Sup-
plementary Table 18). SDs might serve as a template for chromosomal 
rearrangements, as suggested for primates29. We related chromosome 
fusion and fission events, inferred from comparing HSBs positions in 
ancestral and extant taxa, to the location of SDs. We found that chro-
mosome fusion regions in the Rhinolophus genomes were enriched 
for SDs compared with the overall genome (mean 55.48% versus 1.59%; 
Supplementary Table 18). Notably, two fixed fissions were located in 
the SD dense region of R. ferrumequinum (Fig. 2b).

To explore the potential role of SDs in karyotypic evolution in 
horseshoe bats we focused on R. sinicus, which shares several ances-
tral chromosomal rearrangements with other Asian species and might 
thus serve as a model for the group. In this taxon, chromosomes 
12 and 14 originated from the fission of ancestral chromosome 14, 
whereas chromosomes 14 and 17 formed by the fission of ancestral 
chromosome 21 (Fig. 2b). We recorded abundant SDs in chromosomal 
regions adjacent to inferred fission sites in the ancestor. For example, 
11 interchromosomal SDs occurred between the collinear regions on 
chromosomes 12 and 14, and 8 interchromosomal SDs between chro-
mosomes 14 and 17 in R. sinicus (Supplementary Table 19). Interest-
ingly, we also detected an extra-long intrachromosomal SD (~51 kb) 
in R. sinicus in the fusion region between ancestral chromosomes 14 
and 21, and a long SD (~18 kb) in the fusion region between ancestral 
chromosomes 14 and 27. Although previous cytogenetic analyses have 
also reported chromosomal fusions in horseshoe bats, the mechanism 
for such chromosomal rearrangements is unclear17,38,39. Based on 
our findings, we suggest that horseshoe bat diversification involved 
chromosomal rearrangements that were probably facilitated by SDs, 

which provided a template for non-allelic homologous recombina-
tion events (Fig. 2c).

Expansion of the ANXA2R gene family in horseshoe bats
We examined gene family evolution using CAFE40 and found 14 gene 
families (85 loci) showing evidence of expansion on the horseshoe bat 
ancestral branch (Viterbi P value <0.05; Extended Data Fig. 1). Despite 
this, horseshoe bats showed no overall difference in rate of gene 
family evolution compared with other bats. GO analyses of these 85 
expanded genes identified 235 significant GO terms, of which 60 (25%) 
are related to immunity, including ‘immune response’ (GO:0006955, 23 
genes of 1,614 genes in set) and ‘cellular response to type I interferon’ 
(GO:0071357, 6 of 65 genes) (Supplementary Table 20).

Eight expanded gene families (57.14%), containing 21 loci, had at 
least one copy located in an SD region in the ancestral Rhinolophus, a 
pattern also seen in species-specific branches (Supplementary Fig. 1). 
These included three loci related to viral immunity: HS71B (four to six 
copies), BTNL (three to eight gene members) and ANXA2R (three to six 
copies) (Supplementary Table 21). HS71B encodes Heat-shock 70 kDa, 
which might serve as a viral receptor and inhibit viral replication41,42, 
whereas BTNL encodes a family of butyrophilin-like proteins, mem-
bers of which can attenuate tissue-related inflammatory responses43. 
ANXA2R encodes the Annexin A2 receptor, an ISG that is known to 
suppress virus replication44,45. Intriguingly, most ANXA2R copies were 
seen in R. sinicus, which has been closely linked to SARS-like viruses. We 
also detected an independent SD-mediated expansion on the ancestral 
branch of Pteropodidae (Fig. 3a and Extended Data Fig. 4), a related 
group that also shows widespread molecular adaptations for viral toler-
ance18. To further explore a potential adaptive basis for ANXA2R copy 
number variation in horseshoe bats, we performed gene-species tree 
reconciliation46 and detected multiple copies on the ancestral branches 
of the Asian (n = 3) and Afro-Palaearctic (n = 2) clades (Fig. 3b). We also 
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inferred more intact copies in horseshoe bats than either other bats  
(0 to 4 copies) (P = 0.01, Student’s t-test) or other mammals (0 or 1 
copy) (P < 0.001, Student’s t-test). In addition, three putative ANXA2R 
genes with non-ATG start codons (that is, ACG) were identified in the 
family Hipposideridae (Fig. 3c). These non-ATG start codons may result 
in relatively weaker translation initiation efficiency compared to the 
standard ATG codons47.

Previous work has shown that ANXA2R overexpression induces 
cell death in human cells48. Moreover, high levels of antibodies against 
its main ligand, AnxA2, have been linked to mortality in COVID-19 
patients49, suggesting a potential role of ANXA2R in the response to 
SARS-CoV-2 infection. Given that ANXA2R’s function is well docu-
mented and its assay is established44,45,48, we assessed the impact 
of varying ANXA2R expression on the replication of a SARS-CoV-2 
virus-like particle, aiming to determine whether additional ANXA2R 

copies might confer an enhanced antiviral state. We first established 
a Caco-2-N cell line, which expresses the nucleocapsid (N) protein 
of SARS-CoV-2, to support the replication of SARS-CoV-2 GFP/ΔN, a 
replication-competent SARS-CoV-2 virus-like particle in which the 
SARS-CoV-2 N gene is replaced with a green fluorescent protein (GFP) 
reporter gene50. Next, ANXA2R sequences for humans and R. affinis, 
along with a negative control using human-THO complex subunit 
4 (Thoc4, as described previously44) were introduced into Caco2-N 
cells using a lentivirus vector, in which ANXA2R expression is regu-
lated through a doxycycline-inducible gene expression system. In 
this expression system, higher doxycycline concentrations induce 
higher expression levels of ANXA2R51. After treatment with different 
doxycycline concentrations (0, 10, 100 μg ml−1) for 24 h, the expres-
sion of ANXA2R and human-Thoc4 in Caco2-N cells was confirmed 
by immunofluorescence of the N-terminal haemagglutinin (HA)-tag 
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(Supplementary Fig. 2). Finally, we performed an experiment by expos-
ing the doxycycline-treated cells to SARS-CoV-2 GFP/ΔN at a multiplic-
ity of infection of 0.1. GFP fluorescence images were captured 24 h 
post-infection to analyse the potential antiviral effects of ANXA2R.

We observed lower GFP intensity (SARS-CoV-2 GPF/ΔN virus) 
with increased doxycycline concentration in Caco2-N cells express-
ing ANXA2R (either human or R. affinis), suggesting fewer cells contain 
detectable virus when ANXA2R expression is elevated (Fig. 3d). By 
contrast, no such GFP reduction was seen in the control. Therefore, 
increased dosage of ANXA2R may act to suppress viral replication, 
although expanding these experiments to encompass a broader range 
of viruses will be important to test this hypothesis.

Potential genetic compensation in type I IFNs
We examined the evolutionary history of type I IFN gene families, 
which are strongly associated with antiviral immune responses across 
vertebrates52. Six type I IFN subfamilies (IFNα, IFNβ, IFNδ, IFNϵ, IFNκ 

and IFNω) were present in all 13 chromosomal-scale bat genomes, 
located on one chromosome, as also reported for humans53. With 
the exception of IFNκ, all type I IFN genes were located in genomic 
regions rich in SD blocks, with IFNβ and IFNε in the outermost posi-
tions. Moreover, most bat IFNω and IFNδ genes were seen to occur in 
SDs, unlike in humans, in which only IFNα are reported to occur in SDs 
(Fig. 4a). Focusing on the four horseshoe bat genomes, we counted 
multiple intact gene copies for IFNα (one to five copies), IFNω (five 
to nine copies) and IFNδ (three to six copies), and single copies for 
the other subfamilies. Similar patterns of polymorphism were seen 
in Hipposideridae (two copies of IFNβ) and Pteropodidae. Our count 
of 5 IFNω genes and 1 IFNδ gene in the recently published genome14 of 
Rousettus aegyptiacus disagrees with previous reports of 22 IFNω loci 
based on an earlier scaffold-level assembly (Raegyp2.0)54. Synteny 
analysis revealed that Raegyp2.0 contains numerous duplicated scaf-
fold sequences carrying IFNω (Extended Data Fig. 5), suggesting that 
earlier counts might be overestimates.
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Fig. 4 | Diversity of type I IFN genes. a, Schematic showing distribution of type 
I IFNs in the 13 bat genomes and human outgroup. Left, positions of type I IFNs 
(coloured blocks), pseudogenes (red crosses), short homologues (black circles) 
and SDs (dark grey blocks) are shown. Right, summary counts for intact genes, 
short homologues and pseudogenes are given for IFNα (blue), IFNδ (orange) 
and IFNω (red). b, Phylogenetic ML tree of all type I IFNs in bat lineages. c, Venn 
diagram illustrating shared putative ISGs induced by IFNα, IFNω and IFNδ.  
d, Violin plot depicting the comparative expression levels and expression fold 
change for putative ISGs induced by IFNα (n = 124), IFNω (n = 158) and IFNδ 
(n = 398). Data are presented as the mean ± s.d. The centre dot represents the 
median; the box limits represent the upper and lower quartiles; the whiskers 

represent 1.5× the interquartile range (IQR). Statistical significance was 
determined using a two-tailed Mann–Whitney U-test. e, Schematic diagram 
showing possible compensatory adaptation among type I IFN subfamilies in 
horseshoe bats versus humans. Large, medium and small balls represent high, 
medium and low copy numbers, respectively. Within each taxon, the tilt of the 
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and bat silhouettes from phylopic.org, T. M. Keesey and Y. Wong, respectively, 
under a Creative Commons license CC0 1.0.
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To visualize IFN evolution in bats, we constructed a NJ tree for all 
type I IFN genes, using the IFNγ gene from type II IFN as an outgroup. 
Each subtype I IFN formed a well-supported monophyletic clade, con-
sistent with duplications pre-dating bat diversification, as seen in other 
vertebrates (Fig. 4b). Using the accepted species tree, we applied CAFE 
to test for gene expansions and contractions and found significant 
contraction of IFNα loci on the ancestral branch of all bats, alongside 
expansions of IFNδ and IFNω loci on the ancestral branch of Rhinolophi-
dae, and in R. sinicus and R. pearsonii (Extended Data Fig. 6). We also 
found evidence of an independent expansion of IFNβ in Hipposideridae 
(Fig. 4a). By generating a reconciliation tree46, we inferred a marked gain 
in intact IFNδ and IFNω loci at the base of Rhinolophidae followed by 
further lineage-specific gains in all Rhinolophus species, with R. sinicus 
and R. pearsonii each seen to possess the highest numbers of copies 
(nine IFNω and six IFNδ), followed by R. affinis and R. ferrumequinum 
(five IFNω and three IFNδ) (Extended Data Fig. 7).

To test whether the diversification of type I IFNs in horseshoe bats 
has been potentially driven by molecular adaptation, we also built 
gene trees for each type I IFN subfamily. We applied the branch-site 
test55 to the ancestral branch of horseshoe bats—which consist-
ently formed a monophyletic group—and found that 14.39% of sites 
for IFNδ were under positive selection (ω2 (i.e. the ω for the fore-
ground branch) = 4.44; P = 2.46 × 10−5), 16.96% for IFNω (ω2 = 6.55, 
P = 3.63 × 10−5) and 13.40% for IFNβ (ω2 = 7.14, P = 3.78 × 10−4) (Supple-
mentary Table 22). We also applied a clade model to these three gene 
trees, and found divergent selection pressures between Rhinolophidae 
and other bats, with levels of positive selection consistently higher in 
the former (Supplementary Table 22).

Finally, to examine the effect of horseshoe bat IFNα, IFNδ and IFNω 
on gene expression, we analysed published transcriptome data from 
stimulated RfKT cells (immortalized R. ferrumequinum kidney cells)56, 
and compared expression profiles of the induced putative ISGs (Sup-
plementary Note 5 and Supplementary Fig. 3). Comparisons of each 
treatment group (n = 3) with a control revealed consistent patterns in 
which 86.3–91.1% differentially expressed genes (DEGs) were upregu-
lated (Supplementary Tables 23–25). IFNδ induced most putative ISGs 
(n = 398) followed by IFNω (n = 158) and IFNα (n = 124) (Fig. 4c,d). The 
majority of the 114 putative ISGs induced by all three IFNs showed the 
same upward trend in expression from IFNα to IFNω to IFNδ based on 
expression levels (n = 87, 87 of 114 or 76.32%) and fold changes (n = 92, 
92 or 114 or 80.70%) (Supplementary Fig. 4). GO analysis of putative 
ISGs induced by IFNα, IFNδ and IFNω revealed 626, 812 and 1,249 sig-
nificant terms, respectively, with 510 shared terms (Supplementary 
Tables 26 and 27). For shared GO terms, we ranked each list based on 
corrected P values. We then ranked by the sum of the three ranks (Sup-
plementary Table 28) and found a strong signal of antiviral immunity 
throughout, with the top ten terms including ‘defence response to 
virus’ (GO:0051607) and ‘innate immune response’ (GO:0045087). 
However, despite the role of IFNs in inflammasome activation57–59, the 
highest term associated with inflammation (‘inflammatory response’; 
GO:0006954) was ranked 303rd.

Our results imply that horseshoe bats have undergone an adaptive 
expansion of their IFNδ and IFNω loci, following an ancient contrac-
tion of IFNα loci. Loss of some IFNα loci in bats might seem surprising 

given it is the largest type I IFN subfamily in many vertebrates60–62; 
however, our functional data suggest that, in horseshoe bats, IFNα 
has relatively weaker antiviral activity compared with that of IFNδ and 
IFNω. Thus, IFNδ and IFNω subfamily expansions in horseshoe bats 
might represent a form of genetic compensation (Fig. 4e). Indeed, IFNδ 
activates the JAK-STAT pathway to produce antiviral proteins by bind-
ing to type I IFN receptors63, whereas IFNω shows similar antiviral and 
immunomodulatory functions to IFNα62,64,65, based on its expression 
and ability to induce ISGs.

Widespread molecular adaptations in single-copy  
immune genes
To assess whether adaptive gene duplications for antivirus immunity 
are complemented by molecular adaptations in single-copy genes, we 
used PAML66 to analyse 6,658 orthologues in our comparative genome 
dataset (Extended Data Fig. 1). We identified 523 genes that showed 
evidence of both positive selection and rapid evolution on the ances-
tral horseshoe bat branch (Supplementary Table 29). GO analysis of 
these genes revealed 197 significant terms, including three related 
to immunity, ranked 13th, 58th and 152nd respectively: ‘viral process’ 
(GO:0016032; 40 of 528 genes; P < 0.001), ‘immune system process’ 
(GO:0002376; 92 of 2,462 genes; P < 0.001) and ‘virus receptor activity’ 
(GO:0001618; 8 of 80 genes; P = 0.03) (Supplementary Table 30). We 
repeated these analyses for three additional bat families, Hipposideri-
dae, Pteropodidae and Vespertilionidae, and recorded similar percent-
ages (84.48–89.83%) of lineage-specific genes, but lower percentages 
(79.55–85.45%) of lineage-specific immune-related genes for all three 
GO terms (Supplementary Fig. 5). Moreover, gene sets for other fami-
lies showed no enrichment for ‘virus receptor activity’ (GO:0001618) 
(Supplementary Table 31).

Among the 523 genes showing positive selection and rapid evolu-
tion in horseshoe bats were several candidates previously linked to 
pathogenic viruses, including bat zoonoses. C5aR1 encodes the C5a 
complement factor, a key component of the complement cascade (C5a–
C5aR1 axis) that is critical for sensing and clearance of pathogens and 
inflammation67,68, and which appears to induce inflammation following 
infection by Middle East respiratory syndrome69,70 and SARS-CoV-2 
(ref. 71). All ten horseshoe bats showed three unique replacements in 
C5aR1 (199Q/K, 278T and 322M) (Extended Data Fig. 8a). The mutations 
at E199 residue, known to reduce human C5aR1’s binding affinity to 
C5a72,73, are predicted to alter physicochemical properties and induce 
conformational changes in the horseshoe bat C5aR1 (Extended Data 
Fig. 8b). We therefore speculate that the two specific E199 substitutions 
in Rhinolophus bats alter ligand binding affinity of the complement 
cascade, potentially attenuating inflammatory responses to viruses.

Eight of the 523 genes under selection in horseshoe bats encode 
receptors for pathogenic viruses (Supplementary Table 32). Ephrin-B2 
(EFNB2) is a functional receptor for Hendra74, ACE2 mediates cellular 
entry of both SARS-CoV75 and SARS-CoV-2 (ref. 76), and neural cell 
adhesion molecule 1 (NCAM1) is a potential receptor for the rabies 
virus77. Similarly, scavenger receptor class B member 2 (SCARB2) has 
been confirmed as a receptor for enterovirus 71 (ref. 78), and supports 
efficient viral entry in horseshoe bats79. Among the receptors, ACE2 
was previously reported to show positive selection in horseshoe bats 

Fig. 5 | Evaluation of ACE2 critical sites determining SARS-CoV-2 binding  
and entry among species and individuals. a, Amino acids in the ACE2  
RBD that interact with SARS-CoV-2, based on human RBD/SARS-CoV-2  
(PDB 6M0J). Variable residues shown in red were examined in the assays.  
b, Immunofluorescence assays of bat ACE2 orthologues and related mutants in 
HEK293T cells showing differences in protein expression levels (top), binding 
efficiency with a purified recombinant SARS-CoV-2 RBD human IgG Fc fusion 
protein (middle) and cell entry of a SARS-CoV-2 S protein-bearing VSV (bottom). 
All scale bars are marked in the diagram. Results were consistent across two 
biological replicates. c, Ability of the rACE2 and related mutants to support 

the entry of coronavirus pseudotypes. HEK293T cells expressing the rACE2 
and their mutants were infected with SARS-CoV-2 using luciferase. Infection 
was analysed at 20 h post-infection. Error bars are presented as the mean ± s.d. 
(n = 3 technical replicates). Statistical significance was determined using a 
two-tailed Student’s t-test and shown as a P value. Results were consistent across 
two biological replicates. d, Binding affinities between ACE2 and SARS-CoV-2 
RBD shown for different protein concentrations. The y axis shows the real-time 
binding response. KD,app is the apparent binding affinity (Methods). Rhipea2-MUT 
contains two replacements (H41Y and E42Q). Species name abbreviations follow 
Supplementary Table 13. MUT, mutant-type; WT, wild-type.
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Site 24 27 31 34 38 41 42 45 79 82 83 90 322 330 353 354
hACE2 Q T K H D Y Q L L M Y N N N K G
Rhisin1 R T K S D Y Q L L N Y N N N K G
Rhisin2 R T E S N Y Q L L N Y N N N K G
Rhisin3 R I E S N Y Q L L N Y N N N K G
Rhisin4 R T E F N Y Q L L N Y N N N K G
Rhisin7 L T K S D Y Q L L N Y N N N K G
Rhisin8 R M T S D Y Q L L N Y N N N K G

Rhisin10 R I K S D Y Q L I N Y N N N K G
Rhisin13 R I K S D Y Q L L N Y N N N K G
Rhipea1 Q I K R D H E L L D Y N N N K D
Rhipea2 R I K R D H E L L D Y N N N K D
Rhipea7 R T K H D H E L L D Y N N N K D
Rhipea8 Q I K R D H E V L D Y N N N K D
Rhipus1 R I N R E Y Q L I D Y T N N K G
Rhipus3 R I N R E Y Q L L N Y T N K K G
Rhipus9 R I N R E Y Q L I D Y T N K K G

Rhipus12 R I N R E Y Q L I N Y T N N K G
Rhipus15 K I N R E Y Q L I N Y T N K K G
Rhipus21 E I N R E Y Q L L N Y T N K K G

Rhifer1 L K D S N H Q L L N F N N N K G
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as well as functional variation with respect to sarbecoviruses80. To 
build on earlier findings for ACE2, we compared gene sequences in 
our extended dataset of 91 Rhinolophus genomes and recorded 16 sites 
that are known to interact directly with the receptor binding domain 
(RBD) of SARS-CoV-2 (ref. 81) (Supplementary Table 33). These sites 
combined to form 30 haplotypes across 10 species, of which 21 (70%) 
have not been described elsewhere (Supplementary Table 34).

Functional assays performed on all 30 ACE2 variants revealed 
consistently strong SARS-CoV-2 RBD binding in six species (n = 11 vari-
ants), no binding in R. ferrumequinum (n = 1) and R. pearsonii (n = 4), 
and variable binding in two species (R. sinicus and R. pusillus) (Sup-
plementary Note 6, Supplementary Fig. 6 and Extended Data Fig. 9a,b). 
We also tested the influence of ACE2 phenotype on cellular entry of 
a SARS-CoV-2 S pseudotyped vesicular stomatitis virus (VSV), and 
found efficient infection in all but three variants from R pearsonii and 
one from R. sinicus (Supplementary Fig. 7 and Extended Data Fig. 9c). 
We pinpointed 16 ACE2 residues that correlated with intra- and inter-
specific phenotypic variation in our assays. Replacements associated 
with potentially reduced RBD binding were seen in R. sinicus (S34F) and  
R. pearsonii (Q24R and L45V) as well as between species (Y41H, Q42E, 
N82D and G354D; Fig. 5a). Among these, Y41 and Q42 were previously 
reported to affect hydrogen bond formation in the ACE2/SARS-CoV-2 
spike complex in bats82. Finally, we examined all 16 sites for evidence 
of positive selection (bayes empirical bayes probability value > 0.95) 
based on our PAML results and found one site (S34) in common to both 
sets (Supplementary Table 35).

To confirm the importance of these residues in explaining the 
observed phenotypic variation in ACE2–SARS-CoV-2 RBD interactions, 
we used site-directed mutagenesis to generate ACE2 single and double 
mutants, and compared these with their respective wild-type proteins 
in cell-based functional assays (Supplementary Note 7). RBD bind-
ing and SARS-CoV-2 entry were both increased by introducing single 
mutations into individuals of R. sinicus and R. pusillus and double muta-
tions in R. pearsonii. Similarly, other single mutations in R. pearsonii 
resulted in altered SARS-CoV-2 virus entry (Fig. 5b,c). Enhanced RBD 
binding in mutants was also confirmed using bio-layer interferometry 
assays, which showed higher affinity than the respective wild-types 
(Fig. 5d). Finally, to determine the potential molecular basis of altered 
RBD binding, we modelled the structure of the ACE2–SARS-CoV-
2-spike complex (Supplementary Note 7). We found that in both the 
single mutant of R. sinicus (F34S) and double mutant of R. pearsonii  
(H41Y and E42Q), the increased binding was associated with a reduc-
tion in distance between ACE2 and the SARS-CoV-2 spike protein, 
alongside the formation of an additional hydrogen bond with the 
residues in the RBD region (Supplementary Figs. 8 and 9).

Our results provide compelling evidence of differences in sus-
ceptibility to SARS-CoV-2 among horseshoe bat species, as well as 
among individuals within species, supporting insights from fewer 
species82–86. In particular, the ACE2 receptor of R. pearsonii appears 
to show less susceptibility to SARS-CoV-2 infection when compared 
with other Asian species. Interestingly, the associated replacements 
H41 and E42 also occur in New World primates, whereas V45 occurs 
in some mongooses and civets (Supplementary Table 36), and it is 
noteworthy that these lineages have also been predicted to show lower 
susceptibility to SARS-CoV-2 compared with other lineages in their 
respective orders81. Further cases of molecular convergence are also 
seen in our results, with Y41H and N82D—associated with attenuated 

viral binding—showing independent evolution in R. pearsonii and 
R. ferrumequinum82, and in R. pearsonii and R. pusillus, respectively. 
Because high susceptibility may predispose certain taxa to infection, 
comparing the effects of different ACE2 genotypes may help reveal 
potential reservoir hosts81,83. Although previous surveys suggest 
that the coronaviruses with the closest RBD sequence similarity to 
SARS-CoV-2 are found in R. malayanus and R. pusillus (BANAL-52 and 
BANAL-103, respectively)7, we report that both of these species pos-
sess ACE2 variants that facilitate binding and invasion of SARS-CoV-2 
(Extended Data Fig. 9).

Genetic introgression in Rhinolophidae
Recent genome studies show that molecular adaptations underpin-
ning virus immunity can also be acquired via adaptive introgression 
among related taxa87–90. To test for genetic introgression among the 
ten Rhinolophus species, we ran ABBA–BABA tests91 and identified 
38 four-taxon combinations with genome-wide excess of shared 
derived alleles (Fig. 6a and Supplementary Note 8, Supplementary 
Figs. 10 and 11 and Supplementary Tables 37 and 38). Focusing on 
the four-taxon combination (R. sinicus, R. pearsonii, R. ferrumequi-
num, H. armiger) with the highest excess of shared derived alleles, we 
identified 436 ‘introgressed windows’, containing 735 genes (Fig. 6b). 
Introgressed windows showed lower genetic differentiation com-
pared with the wider genome (fixation index (FST) = 0.64 versus 0.67, 
P = 2.01 × 10−7, Mann–Whitney U-test) (Supplementary Fig. 12) and 
were also significantly enriched for selective sweep signals from 
horseshoe bats of the Asian clade (Supplementary Table 39). To test 
for possible adaptive introgression, we examined whether genes in 
putative introgressed windows show functional enrichment92. After 
accounting for spatial clustering of functionally related genes, we 
detected 43 significant GO terms for biological processes, including 
21 (~50%) related to immune function (Fig. 6c and Supplementary 
Table 40). Notably, we found that 186 (25%) of putative introgressed 
genes were also positively selected genes (PSGs) based on site 
model tests66, including 40 PSGs significantly associated with two 
immune-related GO terms (P = 0.04, χ2 test; Supplementary Tables 41 
and 42). GO analysis of the 186 PSGs, using all 735 introgression loci 
as the background, revealed 53 significant GO terms, including ‘viral 
genome replication’ (GO:0019079) and ‘regulation of inflammatory 
response’ (GO:0050727) (Supplementary Table 43). Thus horseshoe 
bats might have undergone adaptive introgression of immune-related 
genes, including loci with roles in altering responses to viruses.

Conclusions
Our analyses indicate that horseshoe bats have evolved numerous 
putative immunological adaptations via diverse and multiscale muta-
tional changes. SDs underlying chromosomal rearrangements during 
diversification have generated new expansions of the ANXA2R gene 
family alongside type I IFNs. Cell-based assays confirm that higher 
ANXA2R dosage inhibits viral replication in human cells, and that IFNδ 
and IFNω invoke more potent immune responses than the contracted 
IFNα, pointing to possible genetic compensation. At a finer scale, we 
uncover putative molecular adaptations in diverse immune genes, 
including some acquired through introgression. Finally, we report 
numerous previously undescribed ACE2 variants, and show that criti-
cal sites associated with reduced susceptibility to SARS-CoV-2 have 
evolved convergently across horseshoe bats.

Fig. 6 | Putative genetic introgression in Rhinolophidae. a, D statistic for ten 
Rhinolophus species when using H. armiger species as outgroup. We showed 
the 38 introgression patterns that have genome-wide excess of shared derived 
alleles with exhibiting the significant D values (values of D statistic, |Z-score| > 3). 
The error bars represent the mean ± s.e.m. The red asterisk marks the highest 
excess of ABBA sites. b, fd values tested for the four-taxon introgression pattern 

(R. sinicus, R. pearsonii, R. ferrumequinum, H. armiger). The cut-off for the top 
5% fd values is shown by a horizontal broken line. c, Top ten GO terms among all 
significantly enriched results of introgressed genes are shown. The P value was 
test by using the hypergeometric test, and we applied the family-wise error rate 
based on 10,000 random permutations to correct for multiple testing. R. rex, 
Rhinolophus rex.
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Methods
Sampling and sequencing
We collected individual females of R. sinicus, H. armiger and H. pratti 
from Xianning City, Hubei Province, China, one female of R. pearsonii 
from the Nanling Mountains, Guangdong Province, China, and one 
female of M. lyra from Huizhou City, Guangdong Province, China. 
All the bats were adults. All bats were captured with mist nets in 
caves, then each was placed into a separate clean cloth bag and trans-
ported to the temporary laboratory. Field sampling of these bats was 
approved by the Guangdong Institute of Applied Biological Resources 
(GIABR) of the Institute of Zoology Guangdong Academy of Sciences 
(GIABR20200810). DNA was isolated from liver tissue using Qiagen 
Genomic DNA extraction kits and was tested for quality before use in 
genomic libraries.

For short reads we constructed short insert (350 bp) libraries 
with ~1.5 μg of genomic DNA using the TruSeq Nano DNA HT Sample 
Preparation Kit (Illumina), and these were sequenced to generate 
150 bp paired-end data on an Illumina NovaSeq platform. Raw reads 
were filtered for low-quality reads using the fastp software93. For long 
reads, we treated DNA with the NEBNext FFPE DNA Repair Mix (M6630) 
and the NEBNext End repair/dA-tailing Module (E7546) in accordance 
with the manufacturer’s instructions. The resulting library was run 
on a PromethION sequencer (Oxford Nanopore Technologies), and 
reads with Phred quality scores of <7 were removed before assembly.

For each species, we also constructed Hi-C libraries using 
liver cells. Cells were fixed with formaldehyde and lysed to obtain 
cross-linked DNA. Following digestion with the restriction enzyme 
DpnII, the sticky ends were biotinylated and proximity-ligated to form 
chimeric junctions. Finally, fragments of 300–500 bp were enriched 
and processed into paired-end Hi-C libraries, which were sequenced 
on an Illumina NovaSeq platform to generate 150 bp paired-end reads. 
Data were filtered using fastp (v.0.23.2)93 and used for subsequent 
chromosome anchoring.

Genome assembly
First, we conducted k-mer frequency analysis to estimate the genome 
size of each bat using Jellyfish (v.2.1.3)94 by setting the k-mer length to 
17 bp. Next, we used a recently described improved assembly pipeline18 
to assemble chromosomal-level genomes. Briefly, the initial contigs 
were assembled using NextDenovo v.2.5.0 (https://github.com/Nex-
tomics/NextDenovo) and corrected with NextPolish v.1.4.0 (ref. 95). 
Linked contigs were then clustered by calculating Hi-C interaction 
frequencies using an agglomerative hierarchical clustering algorithm 
implemented in ALLHiC software (v.0.9.13)96 based on the initial con-
tigs as a reference. Next, we realigned all high-quality nanopore reads 
to the initial contigs and performed a local assembly after extracting 
optimal mapped reads of each contig group. This resulted in a final 
set of contigs. Finally, the Hi-C interaction pairs were again used to 
anchor these contigs onto chromosomes using the ALLHiC algorithm96. 
Finally, we used Juicebox v.1.22 (https://github.com/aidenlab/Juicebox) 
to visualize and adjust the placement and orientation of contigs that 
showed no chromatin interactions.

Repetitive sequences identification
Repetitive sequences were annotated using a combination of homol-
ogy searching and ab initio prediction. Homology-based prediction 
was performed using RepeatMasker (v.4.0.5)97 and RepeatProtein-
Mask (v.4.0.5) with default parameters to search against the Repbase 
library98. For ab initio prediction, we built a de novo repeat library based 
on combining the results from four tools (LTR FINDER v.1.0.7 (ref. 99), 
RepeatScout v.1.0.5 (ref. 100), PILER v.3.3.0 (ref. 101) and RepeatMod-
eler v.1.0.8 (ref. 102)) that were applied to all five genomes with default 
parameters. The de novo repeat library was used to mask repetitive 
sequences in each genome with RepeatMasker (v.4.0.5)103. In addition, 
tandem repeats were also predicted using Tandem Repeats Finder104.

SD identification
To identify SDs, the soft-masked genome sequence was used to conduct 
self-genome alignments through the package LASTZ (v.1.04.15)105, 
allowing a maximum simultaneous gap of 100 bp. Overlapping 
fragments were removed, and the non-redundant alignments were 
obtained. Genomic regions with alignment lengths >1 kb and iden-
tities of >90% were considered as SDs. To benchmark our pipeline, 
we ran it on a human chromosome assembly (GRCh38) and found 
an almost identical SD content as previously reported (5.59% versus 
5.54%, respectively)22.

Gene family cluster analysis
For gene family cluster analyses, we used proteins from 20 focal 
mammals (Supplementary Table 10). We first selected the longest 
protein-coding sequences of each gene and filtered out transcripts 
of <150 bp. Next, protein sequences were clustered into paralogous 
and orthologous sequences using OrthoFinder (v.2.3.1) with default 
parameters106. This process yielded 22,536 gene families, including 
6,681 single-copy orthologues. Subsequently, we minimized the impact 
of multiple sequence alignment errors and divergent regions by apply-
ing the Gblocks (v.0.91b) package107, and the high-quality alignments 
were obtained from single-copy orthologues with PRANK (v.170427)108. 
Finally, we discarded alignments shorter than 150 nucleotides and used 
the remaining 6,658 single-copy orthologues for subsequent analysis.

Resequencing of 91 horseshoe bats
For resequencing, we collected wing membrane biopsies from 91  
Rhinolophus individuals from 10 species, sampled at sites across 
Guangxi, Guangdong, Yunnan, Zhejiang, Hainan and Guizhou prov-
inces in China. This was approved by the Institute of Zoology Guang-
dong Academy of Sciences (GIABR20200810). All the bats were adults. 
All bats were captured with mist nets in caves, then each was placed into 
a separate clean cloth bag and transported to the temporary laboratory. 
All individuals were released at their point of capture after sampling. 
Genomic DNA was extracted using TIANamp genomic DNA kits (Tian-
gen Ltd). Adapter ligation and clean up was performed using MGIEasy 
DNA Adapters kits and a polymerase chain reaction was carried out on 
purified adapter-ligated DNA and cleaned-up again using magnetic 
beads. After quality control using Qubit dsDNA HS Assay Kit (Thermo 
Fisher Scientific), purified polymerase chain reaction products were 
denatured and ligated to generate single-strand circular DNA librar-
ies. Libraries were used to generate an average of 11.20 Gb of 150 bp 
paired-end reads per sample on a MGI DNBSEQ-T7 platform (MGI Tech 
Co., Ltd). In addition, we downloaded paired-end read datasets (mean 
34.83 Gb) for 18 H. armiger individuals27 from the NCBI database (acces-
sion number PRJNA309742).

Phylogeny construction and divergence time estimation
We performed ML phylogenetic reconstruction based on our set of 
6,658 loci for 20 focal mammals in RaxML (v.8.2.12)23. We applied 
a GTR+GAMMAX substitution model, as indicated by MODEL-
TEST (v.0.1.7)109 with 1,000 bootstrap replicates. To generate a 
time-calibrated tree, we estimated divergence times in MCMCTree 
(v.4.5)66. We included two fossil constraints: the divergence times 
between mouse and human (61.5–100.5 Ma) and horse and human 
(95.3–113 Ma)110 as well as calibration points obtained from the Time-
Tree database111 for the divergence between pig and cow (54 Ma), dog 
and cat (62 Ma) and horse and cow (75 Ma).

GO enrichment analysis
We generated a tailored GO database for the R. sinicus using the 
g:Profiler database112, which synchronizes quarterly with Ensembl 
(current Ensembl 110) and obtains functional data from geneontol-
ogy.org. Specifically, we conducted a BLASTX analysis113 with an E 
value of 1 × 10−5, comparing the protein-coding gene sequences of  
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R. sinicus with those of humans and two bat species (Pteropus vampyrus 
and R. ferrumequinum) already included in the g:Profiler database. 
The resulting alignments of each pair of species were utilized as input 
for the MCScanX package, with a requirement for at least three genes 
in a syntenic block. This facilitated the identification of orthologous 
gene pairs. Following that, we used the curated GO term mapping file 
for these three species in the g:Profiler database to illustrate the map-
ping relationships between R. sinicus genes and GO terms. A total of 
18,483 R. sinicus protein-coding genes were successfully associated 
with 22,406 GO terms.

Based on the acquired GO annotation file of R. sinicus, we gener-
ated a standard file in gene matrix transpose format. This file was then 
uploaded to the g:Profiler web server (http://biit.cs.ut.ee/gprofiler/) as 
the query database, with the R. sinicus gene set designated as the back-
ground for performing gene enrichment analyses. Fisher’s one-tailed 
test was used for statistical significance, and the P values were cor-
rected for multiple testing by the Benjamini–Hochberg method. All 
the GO enrichment analyses were used in subsequent analyses unless 
stated otherwise.

Expansion and contraction analysis
Using our dataset of 22,536 gene families, we tested for gene family 
expansion and contraction across 20 mammals (Extended Data Fig. 1) 
using CAFE (v.5.0)40. We used a time tree (Extended Data Fig. 1) as input, 
and estimated a global evolutionary rate (λ) of 0.0056. We first identi-
fied gene families showing evidence of rapid evolution (family-wide 
P value <0.05). From these, we subsequently identified gene families 
showing significant shifts on the ancestral branch of Rhinolophidae 
(Viterbi P value <0.05). We also tested whether horseshoe bats showed 
a different overall rate of gene family evolution by comparing a two-rate 
model (λ1 bats, λ2 other mammals) to a three-rate model (λ3 horseshoe 
bats). These models did not differ in likelihood (P > 0.05, likelihood 
ratio test), probably reflecting the fact that sister lineages of horseshoe 
bats also show gene expansions (Extended Data Fig. 1).

Reconstruction of gene repertoire evolution
We predicted gene gains and losses based on the reconciliation method 
in NOTUNG (v.2.9)46, by comparing the species tree and the gene tree. 
We used a species tree topology and branch lengths based on the time 
tree (Extended Data Fig. 1). To build the gene tree, we first obtained 
gene sequence alignments from multiple species using the MUSCLE 
program (v.3.8.31)114, and then inferred an ML tree in RaxML23 fitting a 
GTR+GAMMA model with 1,000 bootstrap replicates.

Selection associated with the evolution of type I IFNs
To test whether natural selection drives the diversification of type I IFNs 
in horseshoe bats, we used CodeML in PAML (v.4.10.6)66. We ran tests 
of: (i) positive selection; and (ii) diversifying selection on the gene trees 
of three subfamilies (IFNδ, IFNω and IFNβ) of type I IFN. For positive 
selection, we labelled the ancestral branch of the Rhinolophidae as the 
foreground and compared the modified branch-site model A with site 
class ω2 > 1 with a null model in which the same site is under purifying 
selection or neural evolution. For diversifying selection, we labelled 
the Rhinolophidae as a foreground clade and compared clade model C 
(CmC) with its null model (M2a_rel)115,116. The CmC model accounts for 
divergence by estimating distinct ω ratios for two or more clades (for 
example, ω2 and ω3 for two clades). By contrast, the M2a_rel model is 
derived from CmC by imposing a single constraint that equates the ω 
ratios (ω2 = ω3). For both tests, we assessed significance with a likeli-
hood ratio test with P-values calculated following a χ2 distribution.

Analysis of RNA sequencing for RfKT cells
We filtered raw reads to remove adapters and low-quality reads using 
the fastp software93. High-quality reads were then aligned to the  
R. ferrumequinum reference genome using HISAT2 software (v.2.2.1)117. 

Subsequently, we used HTSeq (v.2.0.3) to quantify the read numbers 
mapped to each gene118. The fragments per kilobase of transcript per 
million mapped reads were computed for each gene. DEGs were identi-
fied using DESeq2 (v.1.42.0) in the R package (v.4.2.0)119. The resulting  
P values underwent adjustment using Benjamini and Hochberg’s 
method to control the false discovery rate (FDR). Genes with an abso-
lute fold change ≥2 and an FDR-adjusted P value ≤0.05 were considered 
significant DEGs. All significant DEGs resulting from IFN stimulation 
were considered to be putative ISGs.

Positive selection and rapid evolution analyses
To identify genes that have undergone (i) positive selection and (ii) 
rapid evolution in horseshoe bats, we estimated selection pressure 
in 6,658 single-copy orthologues using CodeML66. We labelled the 
ancestral branch of the Rhinolophidae as the foreground. For positive 
selection, we compared the modified branch-site model A with its null 
model as previously described. For rapid evolution, we compared a 
two-ratio branch model in which the foreground branch can evolve 
at a faster rate than the background to model M0 in which ω is fixed 
across the tree. We ran likelihood ratio tests and adjusted P values for 
the FDR to correct for multiple tests. Using the same strategy, we also 
identified genes showing signatures of molecular adaptation on the 
ancestral branches of Hipposideridae, Pteropodidae and Vespertilioni-
dae (two species per clade). Gene sets were analysed for GO enrichment 
as previously described.

Cell-based assays for ACE2
Cell cultures and plasmids. We maintained Vero E6 (CRL-1586; ATCC) 
and HEK293T cells (CRL-1586; ATCC) in Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco) supplemented with 10% fetal bovine serum 
(FBS), 2.0 mM l-glutamine, 110 mg l−1 sodium pyruvate, and 4.5 g l−1 
d-glucose. I1-Hybridoma (CRL-2700) producing a monoclonal antibody 
targeting VSV glycoprotein was maintained in minimum essential 
medium (Gibco) with Earle’s salts and 2.0 mM l-glutamine. All cells were 
cultured at 37 °C with 5% CO2 and regularly passaged every 1–2 days.

We synthesized the DNA sequences of human codon-optimized 
ACE2 orthologues and their mutations, fused with a C-terminal 3× 
FLAG-tag (DYKDHDGDYKDHDIDYKDDDDK), which were subcloned 
into a lentiviral transfer vector (pLVX-IRES-puro) through the EcoRI 
and BamHI restriction sites (F-primer: CTCGAGCTTTTGGAGTACGT; 
R-primer: GCGGCCGCTCACTTGTCGTC). The DNA sequence of human 
codon-optimized SARS-CoV-2 S protein (Wuhan-Hu-1, GenBank 
MN908947) was cloned into the pCAGGS vector with a C-terminal 
18 amino acid deletion to improve VSV pseudotyping efficiency, 
and the D614G mutation was introduced into the SARS-CoV-2-S 
coding sequence to enhance in vitro infection efficiency. In addi-
tion, plasmids were generated to express coronavirus RBD–immu-
noglobulin G (IgG) Fc fusion proteins, with the coding sequences of 
SARS-CoV-2 RBD (amino acids 331–530) inserted into the pCAGGS 
vector to express fusion proteins with C-terminal human Fc (IgG1) 
and an N-terminal CD5 secretion leading sequence (MPMGSLQPLAT-
LYLLGMLVASVL). We also created plasmids to express ACE2 ectodo-
main (amino acids 18–740) proteins, which were also inserted into 
the pCAGGS vector and expressed as fusion proteins with C-terminal 
Twin-Strep-tag and an N-terminal CD5 secretion leading sequence 
(MPMGSLQPLATLYLLGMLVASVL).

SARS-CoV-2 pseudovirus production. To produce pseudoviruses con-
taining spike proteins from SARS-CoV-2, we followed a published pro-
tocol with minor modifications120. HEK293T cells were transfected with 
plasmids expressing S proteins using Lipofectamine 2000 (Biosharp). 
After 24 h, the transfected cells were infected with VSV-deactivated 
glycoprotein (dG)-firefly luciferase (FLuc)-enhanced green fluorescent 
protein (EGFP) (1 × 106 the 50% tissue culture infectious dose per ml) 
diluted in DMEM. The mixture was incubated on a shaker for 2 h at 37 °C, 
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and then replenished with DMEM containing anti-VSV-G monoclonal 
antibody (I1, 0.1 μg ml−1). After another 24 h, the supernatant containing 
the SARS-CoV-2 pseudovirus was harvested and clarified by centrifuga-
tion at 13,523×g for 5 min at 4°C, and stored at −80 °C. The 50% tissue 
culture infectious dose of pseudovirus was determined using a serial 
dilution-based infection assay on BHK-21-hACE2 cells, and calculated 
according to the Reed–Muench method.

ACE2 expression assay. To evaluate expression levels of ACE2 variants, 
we used an immunofluorescence assay based on targeting a C-terminal 
3× FLAG-tag. HEK293T cells were transiently transfected with Lipo-
fectamine 2000 and seeded into poly-lysine pretreated 96-well plates 
at a cell density of 5 × 105 per ml (100 μl per well), and cultured for 48 h. 
The cells were fixed with 4% paraformaldehyde for 10 min at room tem-
perature, permeabilized with 0.2% Triton X-100–phosphate-buffered 
saline (PBS) for 10 min at room temperature, and blocked with 1% 
BSA at 37 °C for 30 min. The cells were then incubated with a mouse 
monoclonal antibody targeting the FLAG-tag (M2; Sigma, catalogue 
no. F1804A-5MG) at 1:1,000 dilution in 1% BSA–PBS at 37 °C for 1 h. 
After three rounds of washing with PBS, cells were incubated with 
Alexa Fluor 594-conjugated goat anti-mouse IgG (Thermo Fisher Sci-
entific, catalogue no. A32742) at 1:1,000 dilution in 1% BSA–PBS at room 
temperature for 30 min. Nuclei were stained blue with Hoechst 33342 
(1:5,000 dilution in PBS) and images captured using a fluorescence 
microscope (MI52-N; Mshot).

Protein expression, purification and binding assay. Recombinant 
SARS-CoV-2-RBD-hFc proteins and ACE2 ectodomains (with a strep tag) 
were produced through the transient transfection of HEK293T cells 
with Lipofectamine 2000. The transfected cells were cultured in SMM 
293-TIS Expression Medium (serum-free, without l-glutamine; Sino 
Biological). The supernatant containing the recombinant proteins 
was collected at days 2, 4 and 6 post-transfection, the RBD was puri-
fied using Protein A/G Plus Agarose (Thermo Fisher Scientific) and 
the ACE2 ectodomains were purified using Strep-Tactin XT 4Flow 
high-capacity resin (IBA). The protein concentration was determined 
using the BCA protein determination kit (EpiZyme). The proteins were 
analysed by sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis with Coomassie blue staining. HEK293T cells overexpressing ACE2 
orthologues were generated by transfecting ACE2 coding sequences 
(pLVX-EF1a-Puro; GENEWIZ) into HEK293T cells using Lipofectamine 
2000 (Biosharp). After 48 h, the cells were incubated with RBD–hFc 
protein (4 μg ml−1) diluted in growth medium for 0.5 h at 4 °C. Cells 
were washed twice with DMEM and then incubated with Alexa Fluor 
488-conjugated goat anti-human IgG (Thermo Fisher Scientific, cata-
logue no. A11013) at 1:1,000 dilution in DMEM with 2% FBS for 30 min 
at 4 °C. The nucleus was stained blue with Hoechst 33342 (1:5,000 
dilution in PBS). Images were captured with a fluorescence microscope 
(MI52-N; Mshot).

Pseudotype entry assay. The HEK293T cell lines were transfected with 
various ACE2 orthologues and inoculated with SARS-CoV-2 pseudo-
typed viruses in DMEM with 10% FBS after 24 h. At 16 to 24 h after infec-
tion, images of infected cells with GFP expression were acquired using 
a fluorescence microscope (MI52-N). Intracellular luciferase activity 
was determined using a Bright-Glo Luciferase Assay Kit (Promega) 
and measured using either a SpectraMax iD3 Multi-well Luminometer 
(Molecular Devices) or a GloMax 20/20 Luminometer (Promega).

Bio-layer interferometry binding assays. The apparent binding affin-
ity (KD,app) between the RBD and ACE2 was measured using the Octet 
RED96 system (ForteBio). The buffer for analysis was PBS with 0.05% 
Tween 20. The RBD (10 μg ml−1) was captured on ProA biosensors, 
followed by binding of ACE2 ectodomains at twofold serial dilutions 
from 500 or 8,000 nM for 500 s and then dissociated in PBS with 0.05% 

Tween 20 for another 500 s. The kinetics were performed in a 1:1 model 
using Octet Analysis Studio v.12.2.0.20 (ForteBio). Mean KD,app values 
were determined by averaging all binding curves that matched the 
theoretical fit with an R2 value ≥0.95. Methods followed ref. 83.

Statistical analysis
For data summary, we calculated means with standard errors or stand-
ard deviation. Statistical analyses were performed using Prism 7 soft-
ware (GraphPad, v.9.4.1). Differences were assessed using two-tailed 
Mann–Whitney U-tests (two independent samples) or paired two-tailed 
t-tests (related samples).

Genetic introgression analysis
To test for potential genetic introgression among populations of differ-
ent Rhinolophus species, we first calculated genome-wide D-statistics 
in the qpDstat program in AdmixTools (v.7.0.2)91. Standard errors were 
estimated by jackknifing121 and a Z-score of ≥3 standard errors was used 
to indicate statistical significance. To test for potential introgression 
in specific parts of the genome, we also calculated the related statistic 
fd (an improved version of the statistic originally designed to measure 
genome-wide admixture proportions) for 100 kb non-overlapping slid-
ing windows across the genome122 using the General tools for genomic 
analyses (v.0.4)123.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
New genome sequence data for the five bats are deposited at the 
Genome Sequence Archive in National Genomics Data Center (https://
ngdc.cncb.ac.cn) under accession code CRA018832. Genome assem-
blies are deposited at the NGDC GenBank under accessions GWH-
FDMV00000000.1 (https://ngdc.cncb.ac.cn/gwh/Assembly/86071/
show, R. sinicus), GWHFDMW00000000.1 (https://ngdc.cncb.ac.cn/
gwh/Assembly/86072/show, R. pearsonii), GWHFDMX00000000.1 
(https://ngdc.cncb.ac.cn/gwh/Assembly/86073/show, H. armiger), 
GWHFDMY00000000.1 (https://ngdc.cncb.ac.cn/gwh/Assem-
bly/86073/show, H. pratti) and GWHFDMZ00000000.1 (https://
ngdc.cncb.ac.cn/gwh/Assembly/86075/show, M. lyra). RNA-seq 
data of RfKT cells can be accessed at the NGDC (accession number: 
PRJCA023723). SARS-CoV-2 S protein sequence was obtained from Gen-
Bank (accession number: MN908947). Human ACE2 protein sequence 
was obtained from GenBank (accession number: NP_001358344.1). 
The data files used for the population genomics analyses, gene family 
analysis and PAML analysis are available via Figshare at https://doi.
org/10.6084/m9.figshare.27612597 (ref. 124).

Code availability
The code and pipelines used for the analyses are available via Zenodo at 
https://doi.org/10.5281/zenodo.13690583 (ref. 125) and GitHub (https://
github.com/SLbio/Comparative-genomics-of-horseshoe-bats).
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Extended Data Table 1 | Global summary of genome assemblies for six bats

Species R. sinicus R. affinis* R. pearsonii H. armiger H. pratti M. lyra

Karyotype (2n) 36 62 44 32 32 54

Genome size (Gb) 2.06 2.09 2.08 2.12 2.13 2.02

Contig N50 (Mb) 45.68 31.54 41 52.97 58.05 25.26

Contig Number 104 587 176 265 271 883

Scaffold N50 (Mb) 182.9 93.07 172.78 174.32 175.14 94.71

Anchoring onto chromosomes (%) 99.95 99.67 99.63 99.74 99.97 99.88

Gene Number 22,650 21,220 21,211 22,249 21,669 21,986

Average intron length per gene (bp) 4,307 4,167 4,011 4,378 4,235 3,572

Repeat ratio (%) 31.19 31.41 31.98 34.73 34.51 32

Quality Value (QV) 42.68 41.98 42.37 42.39 42.48 41.43

Complete BUSCOs (%) 95.7 95.4 95.6 94.5 94.3 95.4

Note: * indicates R. affinis assembly have been published in GenBank (Accession Number: JAUKPG000000000).
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Extended Data Fig. 1 | Maximum likelihood (ML) tree of 13 bats and 7 other mammals, showing numbers of expanded (purple) and contracted (red) gene families. 
Grey blocks indicate confidence intervals for divergence times for all nodes. Orange shading corresponds to Rhinolophidae (horseshoe bats), pink to Hipposideridae, 
blue to other bats, and green to non-bat mammals.



Nature Ecology & Evolution

Article https://doi.org/10.1038/s41559-025-02638-2

Extended Data Fig. 2 | Chord diagram depicting genome synteny between R. sinicus and each of R. affinis, R. pearsonii, and R. ferrumequinum. In each diagram, 
R. sinicus is shown on the right-hand side. Syntenic blocks are connected, with percentages indicating the overall synteny rates across the genomes.
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Extended Data Fig. 3 | Tracing chromosomal evolution of Rhinolophidae. 
The top panel displays the heat map of the interaction signal after aligning the 
R. pearsonii Hi-C data to the R. ferrumequinum genome. The middle panel shows 
the collinearity of the sequences related to two ancestral chromosome fission 
events between R. pearsonii and R. ferrumequinum, and between R. affinis and 

R. ferrumequinum, respectively. The bottom panel displays the heat map of the 
interaction signals after aligning the R. affinis Hi-C data to the R. ferrumequinum 
genome. Abbreviations: RAC, Rhinolophus ancestral chromosome; Chr, 
Chromosome.
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Extended Data Fig. 4 | Evolution of ANXA2R genes. (a) The significant change of 
ANXA2R loci in each branch. “1” represents expansion, “−1” denotes contraction, 
no marks mean no change. Orange shading corresponds to horseshoe bats 
(Rhinolophidae), pink to roundleaf bats (Hipposideridae), blue to other bats, 

and green to non-bat mammals. (b) Phylogenetic tree analysis of intact ANXA2R 
genes of Yinpterochiroptera bats. The human ANXA2R sequence is used as an 
outgroup. All nodes received 100% bootstrap support.
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Extended Data Fig. 5 | Collinear analysis of R. aegyptiacus between the chromosome-level genome and the scaffold-level genome (Raegyp2.0). There were many 
duplicated scaffold sequences where IFN-ω was located when examining.
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Extended Data Fig. 6 | Evolutionary expansions and contractions of type I IFN 
genes across 20 focal mammals. “1” represents an expansion event relative to its 
ancestral clades, “−1” denotes a contraction event relative to its ancestral clades. 
“0” and no marks mean no change. We used the conditional likelihoods to test the 

statistical significance for each lineage (P < 0.05). Orange shading corresponds 
to horseshoe bats (Rhinolophidae), pink to roundleaf bats (Hipposideridae), blue 
to other bats, and green to non-bat mammals.
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Extended Data Fig. 7 | Gene gain and loss events in the examined bats. The 
intact IFN-δ (a) and IFN-ω (b) gene repertoires of bats, with humans serving as the 
outgroup. Gene gain and loss events are mapped to the species tree, marked by 

purple and red numbers, respectively. Orange shading corresponds to horseshoe 
bats (Rhinolophidae), pink to roundleaf bats (Hipposideridae), blue to other 
bats, and green to humans.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Molecular evolutionary changes in C5aR1 protein. 
(a) Alignment of C5aR1 protein sequences. The bottom panel shows the 
alignment for 20 mammals, with dots representing amino acids identical to 
the human sequence, and dashes denoting alignment gaps. The top panel 
shows the genotypes for three Rhinolophus-specific residues in 10 Rhinolophus 

populations, with H. armiger for comparison. We assessed the predicted 
physicochemical impact and found that E199Q (R. ferrumequinum and R. 
pearsonii) and L278T (all Rhinolophus bats) alters hydrophilic affinity, and E199K 
(R. sinicus and R. affinis) alters negative charge. (b) 3D-structure predictions of 
C5aR1 proteins for humans, R. sinicus, R. pearsonii, and H. armiger.
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Extended Data Fig. 9 | Functional assays in Rhinolophus ACE2. (a) Expression 
of Rhinolophus ACE2 orthologues. We conducted immunofluorescence of 
intracellular Rhinolophus ACE2 expression level by detecting the C-terminal 
3×FLAG-tag. The label ‘Human’ represents human ACE2-expressing HEK293T 
cells, and the ‘Vector’ indicates the HEK293T control cells. The scale bar is 
shown. One time for this experiment. (b) Assessment of the interaction between 

various Rhinolophus ACE2 orthologues and the SARS-CoV-2 RBD (receptor 
binding domain). Results were consistent across two biological replicates. (c) 
Characterization of Rhinolophus ACE2 orthologues mediating entry of SARS-
CoV-2 viruses as shown using intracellular EGFP (Enhanced Green Fluorescent 
Protein). One time for this experiment.












