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Abstract

Chiroptera (bats) presents a fascinating model due to its remarkable variation in chromosome numbers, which range
from 14 to 62. This astonishing diversity makes bats an excellent subject for studying chromosome evolution. The
black-bearded tomb bat (Taphozous melanopogon) occupies a pivotal phylogenetic position within Chiroptera, em-
phasizing its crucial role in the systematic examination of bat chromosome evolution. In this study, we present the
first chromosome-level genome of T. melanopogon within the family Emballonuridae. Together with previously
published genomes, we construct a strongly supported phylogenetic tree of bats, which supports that Emballonuri-
dae forms a basal group within Yangochiroptera. Furthermore, we reconstruct ancestral karyotypes at key nodes
along the bat phylogeny and conduct a synteny analysis among the genomes of 12 bat species. Our findings iden-
tified evolutionary breakpoint regions (EBRs) that are of particular interest. Notably, some bat genomes exhibit an
enrichment of genes related to host defense against microbial pathogens within EBRs. Remarkably, one species
possesses multiple copies of some β-defensin genes, while six other species have experienced the loss of some
β-defensin genes due to EBRs. Furthermore, some olfactory receptor genes are located in EBRs of 12 species, 4
of which have a significant enrichment in sensory perception of smell. Together, our comparative genomic analysis
underscores the potential link between chromosome rearrangements and the adaptation of bats to defend against
microbial pathogens.
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INTRODUCTION

Chromosome rearrangements are a hallmark of chro-
mosome evolution that include duplications, deletions,
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fusions, fissions, translocations, and inversions (Morin
et al. 2017). As advances in the development of whole-
genome sequencing technology, the recognition of chro-
mosome rearrangements can be performed by compara-
tive genomic study, which shows a significant advantage
over fluorescence in situ hybridization (FISH)-based cyto-
genetics technology and could precisely identify homolo-
gous synteny blocks (HSBs) and evolutionary breakpoint
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regions (EBRs) (Kim et al. 2017). The associations of
EBRs or HSBs with sequence features, gene functions,
and regulatory elements indicate functional effects result-
ing from chromosome evolution (Larkin et al. 2009; Farré
et al. 2016). Previous studies have characterized associ-
ations between EBRs and gene functions, which identi-
fied genes located in EBRs that are enriched in functional
categories of taste and smell (Groenen et al. 2012; Fan
et al. 2019), immune responses and forebrain develop-
ment (Ullastres et al. 2014; Farré et al. 2016). In compari-
son, HSBs usually accumulate developmental and house-
keeping genes and conserved regulatory elements (Farré
et al. 2016; Damas et al. 2017).

The mammalian order Chiroptera consists of over 1400
species that are geographically widespread, accounting
for approximately a fifth of mammalian biodiversity (Fen-
ton & Simmons 2015). Chiroptera contains two subor-
ders, Yinpterochiroptera and Yangochiroptera, which di-
verged some 60 million years ago (Ma) (Teeling et al.
2005; Hao et al. 2024). Bats play a vital role in ecosys-
tems by preying on agricultural insect pests, pollinating
plants, and dispersing seeds (Boyles et al. 2011; Kunz
et al. 2011; Frick et al. 2020). Particularly, they have pe-
culiar mammalian adaptations, including powered flight,
sophisticated echolocation, unique immunity, and extraor-
dinary longevity (Teeling et al. 2018; Ramírez-Fráncel
et al. 2022). The lack of whole genomic data for repre-
sentative species makes the inference of Yangochiroptera
higher-level relationships less robust, which is specifi-
cally reflected in the phylogenetic position of the super-
family Emballonuroidea. Some studies determined the
basal position of Yangochiroptera (Teeling et al. 2018;
Hao et al. 2024), whereas some agreed with the sister-
group relationships with the superfamily Noctilionoidea
(Meredith et al. 2011; Amador et al. 2018; Álvarez-
Carretero et al. 2022). The bat family Emballonuridae,
members of which are widely distributed in tropical and
subtropical regions (Wilson & Reeder 2005), shows a
key phylogenetic location within Yangochiroptera (Teel-
ing et al. 2005; Meredith et al. 2011; Wu et al. 2023;
Hao et al. 2024). The black-bearded tomb bat (Tapho-
zous melanopogon), as a representative species of Embal-
lonuridae, is thus crucial to study the origin and evolution
of Chiroptera.

As chromosome-level genome assemblies of bats have
been continuously reported, we have opportunities to ex-
plore the molecular basis of bats’ unique adaptations in
terms of chromosome evolution. Reconstruction of ances-
tral karyotypes is one of the fundamental targets of evo-
lutionary biology and is of significance for understand-

ing chromosome evolution. It identifies gross changes
that shaped extant genomes and the time of change oc-
currence, suggesting the evolutionary history of species
and clades (Damas et al. 2018). In addition, ancestral
chromosome reconstruction permits the identification of
novel chromosome rearrangements and EBRs (Farré et al.
2019). The first ancestral karyotype reconstruction was
determined using chromosome banding patterns, zoo-
FISH, and genetic maps (Ijdo et al. 1991; Murphy et al.
2003; Richard et al. 2003). Since gene homology-based
ancestral karyotype reconstruction algorithms were ap-
plied, it expanded the range of species selection for ances-
tral karyotype reconstruction, but they are appropriated
for chromosome-level genome assemblies and have lim-
ited suitability for fragmented genome assemblies (Kim
et al. 2017).

Here, we present a chromosome-level genome assem-
bly of T. melanopogon, which is a representative species
of Emballonuridae. We reconstructed a phylogenetic tree
of bats based on 11 669 orthologs. Together with 10 other
chromosome-level bat genomes, we performed chromo-
somal evolutionary analyses in Chiroptera. First, we re-
construct the ancestral karyotype of three nodes in bat
phylogeny. These reconstructions trace dynamic changes
of bat chromosomes and indicate potential chromosome
rearrangement events resulting from chromosome fusions
and fissions during Chiroptera evolution. Next, we de-
tect interchromosomal rearrangement events and define
HSBs and EBRs among 12 modern bat species. In addi-
tion, we performed Gene Ontology (GO) functional en-
richment analyses for the genes located in EBRs of the
12 bat genomes linking chromosome rearrangements to
the evolution of β-defensin and olfactory receptor (OR)
genes.

MATERIALS AND METHODS

Sample collection and DNA extraction

The liver tissue of one male T. melanopogon was col-
lected and stored in liquid nitrogen before DNA extrac-
tion. Field sampling of this bat individual was approved
by the Institute of Zoology Guangdong Academy of Sci-
ences (Permit ID: GIABR2020810). Genomic DNA was
extracted by the Qiagen tissue kit (Catalog no. 13323).
Genomic DNA quality and concentration were measured
using 0.75% agarose gel electrophoresis and Qubit fluo-
rimeter (Invitrogen).
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Library construction and genome sequencing

The genomic DNA, which met the required qualifica-
tions, underwent size selection using BluePippin (Sage
Science) and was processed following the Ligation Se-
quencing Kit 1D (SQK-LSK109) protocol. The quality
of the DNA was assessed using a Qubit. In more detail,
DNA fragments were first repaired using NEBNext FFPE
Repair Mix from New England Biolabs. Following the
repair and 3′-adenylation steps using the NEBNext End
repair/dA-tailing Module reagents from New England Bi-
olabs, the Oxford Nanopore sequencing adapters were lig-
ated using the NEBNext Quick Ligation Module (E6056)
also from New England Biolabs. Finally, the library was
sequenced on four flow cells utilizing the PromethION
DNA sequencer by Oxford Nanopore for 48 h.

Base calling was conducted using Guppy (version
2.0.8) with default parameters, and the reads were filtered
to remove sequences with low-quality bases and adapter
remnants, controlled by the mean_qscore_template being
greater than or equal to 7. Next, we utilized Nextdeonovo
(https://github.com/Nextomics/NextDenovo) to per-
form correction with specific parameters, including
seed_cutoff = 25k. Subsequently, the corrected reads
were assembled using smartdenovo (https://github.com/
ruanjue/smartdenovo) with the following parameters: −k
21, −J 3000, and –e dom.

To further enhance the accuracy of the assembly,
Illumina reads were aligned to the genome assembly
using BWA (Li & Durbin 2010), and two rounds of
consensus correction were performed through NextPol-
ish (https://github.com/Nextomics/NextPolish). Follow-
ing these steps, benchmarking universal single-copy or-
thologs (BUSCO) was employed to evaluate the com-
pleteness of the genome assembly against the mam-
malia_odb9 database. Last, we conducted a GC-depth
analysis using minimap2 (Li 2018) or mapping Nanopore
reads to the genome to assess the decontamination proce-
dure.

Hi-C library construction and sequencing

The liver tissue cells were initially fixed with formalde-
hyde, and the DNA was digested using the restriction en-
donuclease DpnII. Subsequently, the 5′ overhangs of the
resulting fragments were repaired and labeled with bi-
otinylated nucleotides. Following this, the fragments were
ligated, and the DNA underwent purification to remove
biotin residues located at non-ligated fragment ends. The
ends of the fragments, which were sheared by sonication,
were further repaired using DNA polymerase. A-tails

were added to the fragment ends, and Illumina paired-
end sequencing adapters were then ligated. The final Hi-
C sequencing library was subjected to PCR amplification
and subsequently sequenced on an Illumina NovaSeq plat-
form, producing 2 × 150-bp paired-end reads.

To ensure the quality of the data, adapter sequences
and low-quality paired-end reads were filtered out us-
ing fastp (v0.12.6) with default parameters (Chen et al.
2018). The clean Hi-C reads were primarily aligned to the
draft genome assembly using Bowtie 2 (v2.2.3) with the
following parameters: –very-sensitive −L 30, and only
unique mapped paired-end reads were retained for fur-
ther analysis (Langmead & Salzberg 2012). Subsequently,
HiC-Pro (v2.7.8) was employed to filter out invalid reads,
including self-circle, dangling-end, and discarded pairs
from the pool of unique mapped read pairs (Servant et al.
2015).

Chromosomal-level genome assembly using Hi-C

data

Contigs were clustered, ordered, and oriented to form
chromosomes utilizing the LACHESIS tool (Burton et al.
2013), with specific parameters set as follows: CLUSTER
MIN RE SITES = 100; CLUSTER MAX LINK DEN-
SITY = 2.5; CLUSTER NONINFORMATIVE RATIO
= 1.4; ORDER MIN N RES IN TRUNK = 60; and OR-
DER MIN N RES IN SHREDS = 60. To assess the qual-
ity of the genome assembly at the chromosomal level, a
genome-wide Hi-C heatmap was generated and visualized
using ggplot2 in the R package.

Genome annotation

Gene prediction was approached through three dis-
tinct methods: ab initio, homology-based, and transcript-
based. For ab initio prediction, several tools were em-
ployed, including Program to Assemble Spliced Align-
ment (PASA) (Haas et al. 2003), Augustus (Stanke &
Waack 2003), Supplemental Nutrition Assistance Pro-
gram (SNAP) (Korf 2004), GlimmerHMM (Majoros et al.
2004), GeneID (Guigó 1998), and GeneScan (Burge &
Karlin 1997). Briefly, assembled transcripts were aligned
against the genome assembly, and gene structure mod-
els, which served as gene model training sets, were
refined through PASA. Subsequently, Augustus, SNAP,
and GlimmerHMM were applied to predict genes based
on these training sets. Gene models were generated us-
ing GeneID and GeneScan. Homology-based prediction
involved aligning protein sequences from a reference
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protein set of bats, horses, humans, and mice to the tar-
get genome using TBLASTN with an e-value of 1 ×
10−5. GeneWise (Birney et al. 2004) was utilized to
predict gene models by incorporating the aligned se-
quences and their corresponding query proteins as in-
put files. In the transcript-based approach, transcriptome
data from six different bats (Cynopterus sphinx, My-
otis myotis, Molossus molossus, Phyllostomus discolor,
Rhinolophus ferrumequinum, and Rousettus aegyptiacus)
were downloaded from NCBI. These RNA-seq data were
then aligned to the genome using Tophat (Trapnell et al.
2009) to identify exon–intron splice junctions. The fi-
nal gene models were predicted using Cufflinks (Trapnell
et al. 2012). Finally, all the gene models predicted by the
aforementioned three methods were integrated using EV-
idenceModeler (Haas et al. 2008). Gene function infor-
mation was obtained through homology searches in pub-
lic gene databases, which included SwissProt (Apweiler
et al. 2004), Pfam (Finn et al. 2016), NCBI Refseq (NR)
(Marchler-Bauer et al. 2010), GO (The Gene Ontology
Consortium 2017), and Kyoto Encyclopedia of Genes and
Genomes (Kanehisa et al. 2014).

Transposable elements were identified through both
homology-based and ab initio methods. In the homology-
based prediction, we utilized RepeatMasker (Tarailo-
Graovac & Chen 2009) to map the genome against the
Repbase (Jurka et al. 2005) TE library, applying default
parameters for the analysis. For the ab initio prediction,
we employed LTR FINDER (Xu & Wang 2007), PILER
(Edgar & Myers 2005), and RepeatScout (Price et al.
2005) with their default parameters to construct a refer-
ence repeat library. Subsequently, RepeatMasker was em-
ployed to align the genome against this newly created li-
brary. In addition to these methods, tandem repeats were
also identified using the Tandem Repeats Finder package
(Benson 1999), with the following parameters: 2 7 7 80
10 50 2000 −d –h.

Phylogenetic reconstruction and divergence time

estimation

To elucidate the evolutionary history of T. melano-
pogon, we expanded our analysis to include the genomes
of 17 bat species and 7 outgroup species (horse, cattle,
pig, dog, cat, mouse, and human). Single-copy ortholo-
gous genes were identified using OrthoFinder (Emms &
Kelly 2015). Coding sequences were aligned with the L-
INS-I strategy in MAFFT (Katoh & Standley 2013), and
conserved sites were extracted using Gblocks (Talavera
& Castresana 2007). We created a super-matrix dataset

with 11 669 loci and 12 041 540 sites, excluding the third
codon positions. Phylogenetic trees were reconstructed
using both concatenated approach (IQ-TREE) and the co-
alescent method (ASTRAL). IQ-TREE (Nguyen et al.
2015) was used for concatenated super-matrix dataset,
and the best nucleotide substitution models for maxi-
mum likelihood (ML) analyses were determined using
ModelFinder (Kalyaanamoorthy et al. 2017). ML analy-
ses involved the ultrafast bootstrap algorithm with 10 000
replicates. For the coalescent tree, all 11 669 individual
gene trees were constructed using IQ-TREE mentioned
above, and then all gene trees were collected to construct
the species tree by ASTRAL (Zhang et al. 2018). Addi-
tionally, the estimation of divergence times among bats
was carried out using the MCMCtree program within the
PAML package (Yang 2007). Fossil constraints for these
estimations were drawn from Meredith et al. (2011) and
TimeTree, as detailed in Table S62, Supporting Informa-
tion.

Reconstruction of ancestral karyotypes

To reconstruct the ancestral karyotypes of Yinpte-
rochiroptera, Yangochiroptera, and Chiroptera, we em-
ployed 12 chromosomal-level genome assemblies, which
included 11 bat genomes along with the human genome
used as an outgroup. Our approach consisted of three
steps. First, we employed BLASTP to identify ortholo-
gous genes between pairs of species. Subsequently, we
constructed conserved synteny blocks containing a min-
imum of five consecutive orthologous genes using MC-
ScanX (v1.1) (Wang et al. 2012). Finally, for the iden-
tification of contiguous ancestral regions (CARs), we uti-
lized ANGES (v1.01) (Chauve & Tannier 2008), applying
identical parameters, except for adjustments made to the
target reconstruction node. Fission and fusion events were
determined by comparing the distribution of chiropteran
ancestral chromosomes in the CARs (or chromosomes)
of Yinpterochiroptera, Yangochiroptera, and T. melano-
pogon. A fission event is indicated if a CAR is formed
from one or more segments of ancestral chromosomes.
Conversely, a fusion event is indicated if a CAR is formed
from two or more ancestral chromosomes.

EBR detection among bat genomes

The analytical workflow to detect EBRs among bat
genomes was adapted from the study by Fan et al. (2019).
Initially, protein-coding genes were obtained through an-
notation for C. sphinx, Hipposideros armiger, Rhinolo-
phus sinicus, Megaderma lyra, Pteronotus davyi, and T.

4 © 2024 International Society of Zoological Sciences, Institute of Zoology/
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melanopogon. For R. aegyptiacus, R. ferrumequinum, P.
discolor, Desmodus rotundus, M. molossus, and M. my-
otis, gene data were sourced from the NCBI database.
Subsequently, we utilized SyMAP software (Soderlund
et al. 2011) to construct large-scale HSBs, using both
genome sequences and orthologous protein-coding genes
as input data. The local synteny blocks were defined as 20
bp or longer exact matches between two genomes. EBRs
were defined as the intervals between two consecutive
HSBs.

Functional enrichment analysis of genes located

in EBRs

In this analysis, the genes situated within EBRs were
aligned with human protein sequences via BLASTP, with
the best hit establishing the corresponding orthologous
genes. Subsequently, these orthologous genes were con-
verted into their corresponding human orthologs, com-
plete with gene IDs for reference. Finally, we performed
GO term enrichment analysis (Ashburner et al. 2000) us-
ing the clusterProfiler package (Yu et al. 2012). Any en-
richment with an adjusted P-value of less than 0.05 was
deemed significant.

Identification of bat OR genes located in EBRs

We constructed an ML tree using IQ-TREE (Nguyen
et al. 2015) to identify the family of OR genes within
EBRs in 12 bats. The input sequence file included human
OR genes downloaded from Human Olfactory Data Ex-
plorer (HORDE) database (https://genome.weizmann.ac.
il/horde) and 12 bats OR genes within EBRs.

Identification of bat β-defensins

We initiated our analysis by downloading intact β-
defensin protein sequences from the human database in
Uniprot. These sequences served as queries in TBLASTN
searches conducted against each of the 12 genome se-
quences. Our aim was to identify β-defensin genes, and
we used a stringent e-value threshold of 1 × 10−5 for
this purpose. Subsequently, non-overlapping blast hits,
extended by 10 000 base pairs in both directions, were
extracted to be used as inputs for Genewise (Birney et al.
2004). This step was crucial for predicting the gene struc-
tures of the β-defensins. All the β-defensin sequences ob-
tained through homologous annotation were aligned, and
a neighbor-joining tree was constructed. Based on this

analysis, β-defensin genes were categorized into intact
genes, pseudogenes, and partial genes.

RESULTS

Genome assembly

A total of 152.8-Gb high-quality clean reads were gen-
erated by the Oxford Nanopore PromethION DNA se-
quencer (Table S1, Supporting Information). After these
reads were assembled and corrected, we obtained the T.
melanopogon genome of 2158.2 megabases (Mb) with
178 contigs and a contig N50 of 47.1 Mb (Table S2, Sup-
porting Information). The average GC content of genome
assembly was 41.27%, indicating a qualified decontam-
ination procedure (Figs S1,S2, Supporting Information).
Furthermore, using high-throughput chromosome con-
formation capture (Hi-C) data, these assembled contigs
were successfully anchored into 21 chromosomes with the
scaffold N50 of 126.1 Mb. (Figs S1,S3 and Table S3, Sup-
porting Information). Particularly, during the alignments,
approximately 98.42% of the Hi-C reads were mapped to
the genome, 70% of which were uniquely mapped (Table
S4, Supporting Information). A total of 415 339 123 valid
read pairs were detected by HiC-Pro pipeline, account-
ing for 80.86% of the unique mapped read pairs (Table
S5, Supporting Information). Finally, BUSCO results re-
vealed that 95.13% of complete BUSCOs were detected
and only 2.56% of BUSCO genes were missed, indicat-
ing a high level of completeness of the genome assembly
(Table S6, Supporting Information).

Repeat analysis and genome annotation

A total of 798.41-Mb repeat sequences were identi-
fied in the T. melanopogon genome, which accounted for
36.99% of the genome assembly (Table S7, Supporting
Information). These repeat sequences belonged to four
major repeat classes: long interspersed nuclear elements
(30.80%), long terminal repeats (LTRs, 8.79%), DNA
transposons (3.14%), and short interspersed nuclear ele-
ments (1.50%) (Table S7, Supporting Information).

The combination of ab initio-based, homologue-based,
and transcript-based methods predicted 20 821 protein-
coding genes in the new genome, with an average gene
length, average exon length and average intron length of
37 973, 175, and 4313 bp, respectively (Table S8, Sup-
porting Information). A total of 18 913 genes, which ac-
counted for 90.84% of the predicted genes, were anno-
tated with putative functions (Table S9, Supporting Infor-
mation).

© 2024 International Society of Zoological Sciences, Institute of Zoology/
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Phylogenetic relationships of bats

Currently, two main hypotheses were proposed in
terms of the phylogeny of bats, with some controver-
sies in Yangochiroptera in previous studies: (1) The
superfamily Emballonuroidea was placed as the basal
lineages of Yangochiroptera, being a sister group to
other yangochiropteran taxa (Noctilionoidea and Vesper-
tilionoidea; Fig. 1a) (Teeling et al. 2018); (2) Embal-
lonuroidea unites Noctilionoidea as a clade, which is the
sister to Vespertilionoidea (Fig. 1b) (Meredith et al. 2011;
Amador et al. 2018; Álvarez-Carretero et al. 2022).

To address the above controversy, we undertook an
analysis reconstructing the phylogeny and timeline of the
Chiroptera. This endeavor involved the utilization of a
dataset consisting of 17 bat species and 7 outgroups, in-
cluding horse, cattle, pig, dog, cat, mouse, and human,
based on 11 669 single-copy orthologous genes (Fig. 1c).
Both concatenated method and coalescent method showed
the same topology in bat species with high strong sup-
port (bootstrap values of all nodes for the ML method
= 100) and favored the hypothesis that the superfamily
Emballonuroidea is the basal lineages of Yangochiroptera
(Fig. 1c; Fig. S4, Supporting Information).

The molecular dating analyses showed that the diver-
gence times of bats, Yinpterochiroptera, and Yangochi-
roptera are approximately 65.3 Ma (60.3–70.1 Ma, 95%
highest posterior density [HPD]), 59.3 Ma (55.7–61.1
Ma, 95% HPD), and 56.6 Ma (51.8–61.2 Ma, 95% HPD),
respectively, which are similar with previous analyses
(Teeling et al. 2005; Teeling et al. 2018).

Reconstruction of ancestral karyotypes

We inferred ancestral Chiroptera karyotype (ACK), an-
cestral Yinpterochiroptera karyotype (AYIK), and ances-
tral Yangochiroptera karyotype (AYAK) by comparing
modern species and reconstructing the order of ancestral
genes (also referred to as protogenes) within contiguous
ancestral regions (CARs; also referred to as protochromo-
somes) (Fig. 2). The ACK was refined with 19 CARs (18
autosomes plus X chromosome) and 14 673 ordered pro-
togenes (Table S10, Supporting Information). The AYIK
was refined with 22 CARs (21 autosomes plus X chro-
mosome) and 11902 ordered protogenes (Table S11, Sup-
porting Information). The AYAK was refined with 23
CARs (22 autosomes plus X chromosome) and 13 753
ordered protogenes (Table S12, Supporting Information).
The AYIK evolved from the ACK by at least six fission
and seven fusion events (Fig. 2). The AYAK differed from
that of ACK by at least nine fission and six fusion events

(Fig. 2). The chromosomes of T. melanopogon evolved
from that of AYAK by at least one fission and eight fusion
events (Fig. 2).

As far as the chiropteran ancestral chromosomes are
concerned, yinpterochiropteran ancestor had 12 chromo-
somes rearranged (CAR1-CAR4, CAR7-CAR8, CAR10,
CAR12-CAR13, and CAR15-CAR17) and yangochi-
ropteran ancestor had 11 chromosomes impacted by
rearrangements (CAR1-CAR4, CAR6-CAR7, CAR10,
CAR13, CAR15, CAR17, and CAR19; Fig. 2). As a
result, only three chiropteran ancestral chromosomes
(CAR5, CAR9, and CAR14) and X chromosome were in-
tact in three reconstructed ancestors, suggesting that they
have been conserved during 65 millions of Chiroptera
evolution (Hao et al. 2024) (Fig. 2). In addition, CAR18
was only distributed in AYIK and its descendant mod-
ern species (R. sinicus, R. ferrumequinum, R. aegyptiacus,
and C. sphinx). Likewise, CAR19 was only distributed in
AYAK and its descendant modern species (P. discolor and
P. davyi; Fig. 2).

Chromosome rearrangements among bat

genomes

Advances in whole-genome sequencing have made it
possible to identify chromosome rearrangements at high
resolution. Due to strong collinearity, interchromosomal
rearrangements could be identified with unknown ori-
entations of scaffolds. Specifically, when the T. melano-
pogon genome was aligned to C. sphinx, R. aegyptiacus,
H. armiger, R. sinicus, R. ferrumequinum, M. lyra, P. dis-
color, D. rotundus, P. davyi, M. molossus, and M. myotis
genomes (Fig. 3), a range of 8–30 chromosome fission
events were detected (Tables S13,S14, Supporting Infor-
mation).

Furthermore, we used the same approach to align
each bat genome to other bat genomes. When C. sphinx
genome was mapped to the 11 remaining bat genomes,
we identified a range of 12–30 chromosome fission events
(Fig. S5 and Table S15, Supporting Information). When
R. aegyptiacus was aligned to 11 remaining bat genomes,
we identified a range of 9–24 chromosome fission events
(Fig. S6 and Table S16, Supporting Information). Regard-
ing H. armiger, we identified 10–28 chromosome fission
events (Fig. S7 and Table S17, Supporting Information).
For R. sinicus, we identified 13–25 chromosome fission
events (Fig. S8 and Table S18, Supporting Information).
As to R. ferrumequinum, we identified 3–17 chromosome
fission events (Fig. S9 and Table S19, Supporting Infor-
mation). With regard to M. lyra, we identified 21–31 chro-

6 © 2024 International Society of Zoological Sciences, Institute of Zoology/
Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.
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Chromosome-level genome of a tomb bat

a b

c

Figure 1 Phylogenetic relationships among bats and comparison of previous studies’ phylogenies. (a) Phylogenetic tree from Teeling
et al. (2018). (b) Phylogenetic tree from Meredith et al. (2011), Amador et al. (2018), and Álvarez-Carretero et al. (2022). (c)
Phylogenetic tree reconstructed using the maximum likelihood (ML) method in this study. The black dot on each node represents the
support value of 100. The family Emballonuridae is indicated with an asterisk. MRCA, most recent common ancestor.

© 2024 International Society of Zoological Sciences, Institute of Zoology/
Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.
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Z. Wang et al.

Figure 2 Reconstruction of proto-chromosomes for Chiroptera genome evolution. We reconstructed the ancestral karyotypes of
bats, which included the Ancestral Chiroptera Karyotype (ACK), Ancestral Yinpterochiroptera Karyotype (AYIK), and Ancestral

8 © 2024 International Society of Zoological Sciences, Institute of Zoology/
Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.
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Chromosome-level genome of a tomb bat

mosome fission events (Fig. S10 and Table S20, Support-
ing Information). For P. discolor, we identified 9–35 chro-
mosome fission events (Fig. S11 and Table S21, Support-
ing Information). For D. rotundus, we identified 10–34
chromosome fission events (Fig. S12 and Table S22, Sup-
porting Information). Focusing on P. davyi, we identified
5–29 chromosome fission events (Fig. S13 and Table S23,
Supporting Information). Concentrating on M. molossus,

we identified 1–23 chromosome fission events (Fig. S14
and Table S24, Supporting Information). For M. myotis,
we identified 3–26 chromosome fission events (Fig. S15
and Table S25, Supporting Information).

Notably, M. lyra exhibits a higher number of chromo-
some rearrangements compared to other bats, not only
due to its larger chromosome count but also implying the
possibility of lineage-specific chromosome evolution.

Yangochiroptera Karyotype (AYAK). We inferred that the most recent common ancestor of bats had a 2n = 38 ancestral karyotype.
Color-coded blocks correspond to their chromosomal origins in the chiropteran ancestor. CAR18 is highlighted with a green circle,
while CAR19 is marked with a blue circle. The numbers of estimated rearrangements on the three branches are indicated, with purple
numbers representing fissions and red numbers indicating fusions. CAR, contiguous ancestral region.

Figure 3 Diagram depicting chromosomal rearrangements in the genome of Taphozous melanopogon. Colored blocks illustrate the
range of chromosome identity, spanning from 1 to 28 (Table S13, Supporting Information). Letters from A to L represent the following
bat species: Cynopterus sphinx, Rousettus aegyptiacus, Hipposideros armiger, Rhinolophus sinicus, Rhinolophus ferrumequinum,
Megaderma lyra, T. melanopogon, Phyllostomus discolor, Desmodus rotundus, Pteronotus davyi, Molossus molossus, and Myotis
myotis, respectively. Among them, the letter G corresponds to T. melanopogon, which is highlighted in red. T. melanopogon serves
as the reference point for comparison with the 11 other bat species. Regions that match T. melanopogon are known as homologous
synteny blocks (HSBs), while the interval regions between two adjacent HSBs are referred to as evolutionary breakpoint regions
(EBRs) specific to T. melanopogon.

© 2024 International Society of Zoological Sciences, Institute of Zoology/
Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.
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Z. Wang et al.

Identification and analysis of EBRs among bat

genomes

To detect potential EBRs, we identify large-scale HSBs
among 12 chromosome-level bat genomes by pairwise
comparisons. A total of 57, 65, 55, 59, 53, 95, 45, 48, 43,
33, and 59 large-scale HSBs were identified after align-
ing T. melanopogon genome to C. sphinx, R. aegyptiacus,
H. armiger, R. sinicus, R. ferrumequinum, M. lyra, P. dis-
color, D. rotundus, P. davyi, M. molossus, and M. myotis
genomes, respectively (Table S26, Supporting Informa-
tion).

Based on the identified large-scale HSBs, we estimated
the number and distribution of EBRs among these 12
genomes. The alignments between T. melanopogon and
each of 11 other genomes (C. sphinx, R. aegyptiacus, H.
armiger, R. sinicus, R. ferrumequinum, M. lyra, P. dis-
color, D. rotundus, P. davyi, M. molossus, and M. my-
otis) revealed 32, 40, 32, 36, 31, 69, 14, 21, 16, 10, and
34 EBRs, respectively (Table S27, Supporting Informa-
tion). Upon consolidating identical EBRs, we identified
a total of 144 EBRs spanning 120.38 Mb within the T.
melanopogon genome (Tables S28,S29, Supporting Infor-
mation).

We also identified large-scale HSBs and EBRs in C.
sphinx, R. aegyptiacus, H. armiger, R. sinicus, R. fer-
rumequinum, M. lyra, P. discolor, D. rotundus, P. davyi,
M. molossus, and M. myotis (Tables S30–S51, Supporting
Information). The detailed information of each bat EBRs
are shown in Tables S28–S29, Supporting Information.

Functional enrichment of genes located in EBRs

We identified a total of 1083, 543, 949, 734, 555,
1160, 1097, 1147, 589, 328, 407, and 622 genes in EBRs
of C. sphinx, R. aegyptiacus, H. armiger, R. sinicus,
R. ferrumequinum, M. lyra, P. discolor, D. rotundus, P.
davyi, M. molossus, M. myotis, and T. melanopogon, re-
spectively (Table S29, Supporting Information). Previous
studies have shown that EBRs are commonly located in
high-density regions of genomes, where the clustering
of genes is associated with adaptive phenotypes (Larkin
et al. 2009; Ullastres et al. 2014; Farré et al. 2016, 2019).
We performed GO functional enrichment analyses for the
genes located in EBRs of the 12 bat genomes. Ten of
the 12 species were found to show functional enrich-
ments, 6 species of which have significant enrichments
in GO terms such as viral transcription (GO:0019083)
and/or viral gene expression (GO:0019080), and 2 species
of which have significant enrichments in defense re-
sponse to gram-positive bacteria (GO:0050 830) (Tables

S29,S52–S61, Supporting Information). In addition, 4 of
the 12 species have significant enrichments in GO terms
such as detection of chemical stimulus involved in sen-
sory perception of smell (GO:0050911) and sensory per-
ception of smell (GO:0007608) (Tables S52–S61, Sup-
porting Information). All of the five functionally enriched
terms have been detected in T. melanopogon (Table S52,
Supporting Information).

We identified a total of 17, 47,108, 66, 18, 7, 21, 71,
29, 19, 26, and 54 OR genes in EBRs of C. sphinx, R.
aegyptiacus, H. armiger, R. sinicus, R. ferrumequinum,
M. lyra, P. discolor, D. rotundus, P. davyi, M. molossus,
M. myotis, and T. melanopogon, respectively (Table S29,
Supporting Information). These OR genes are classified
in 16 OR families (Fig. S16, Supporting Information).

Defensins possess potent antibacterial, antiviral, and
antifungal activities, which could be subdivided into α,
β, and θ defensins (Holly et al. 2017). We identified
32 types of β-defensin genes in 12 bats, with a varied
number ranging from 24 to 40, 9 of which are located
in EBRs: DEFB1, DEFB103–DEFB109, and DEFB130
(Fig. 4; Table S29, Supporting Information). Among
these genes, seven β-defensin genes (DEFB1, DEFB103–
DEFB108) were identified as located in C. sphinx
EBRs; three β-defensin genes (DEFB104, DEFB106, and
DEFB107) were identified as located in R. aegyptia-
cus EBRs; eight β-defensin genes (DEFB1, DEFB103–
DEFB106, DEFB108–DEFB109, and DEFB130) were
identified as located in H. armiger and P. discolor
EBRs; nine β-defensin genes (DEFB1, DEFB103–
DEFB109, and DEFB130) were identified as located
in R. sinicus, R. ferrumequinum, and P. davyi EBRs;
seven β-defensin genes (DEFB1, DEFB103–DEFB106,
DEFB109, and DEFB130) were identified as located
in M. lyra EBRs; eight β-defensin genes (DEFB103–
DEFB109 and DEFB130) were identified as located in
D. rotundus EBRs; four β-defensin genes (DEFB103,
DEFB105–DEFB107) were identified as located in M.
molossus EBRs; three β-defensin genes (DEFB108,
DEFB109, and DEFB130) were identified as located in
M. myotis EBRs; and eight β-defensin genes (DEFB1,
DEFB103, DEFB105–DEFB109, and DEFB130) were
identified as located in T. melanopogon EBRs (Fig. 4;
Table S29, Supporting Information).

Specifically, DEFB105 and DEFB107, situated within
EBRs of D. rotundus experienced gene duplications, re-
sulting in a higher copy number compared to other
bats (Fig. 4). DEFB105 is found in five copies, while
DEFB107 is present in two copies in D. rotundus (Fig. 4).
In addition, DEFB1 of M. myotis, DEFB104 of M. molos-
sus, DEFB105 of R. aegyptiacus, and DEFB107 of M.

10 © 2024 International Society of Zoological Sciences, Institute of Zoology/
Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.
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Chromosome-level genome of a tomb bat

Figure 4 Nine β-defensin genes located within evolutionary breakpoint regions (EBRs). A total of 32 β-defensin genes have been
identified in bats, each designated with Arabic numerals following “DEFB” (e.g. DEFB131). The numbers following each species’
Latin name indicate the total count of β-defensin genes within that specific species. Gene names excluding “DEFB” are displayed
above the colored blocks, with nine β-defensin genes situated in EBRs highlighted in red. DEFB104 in Molossus molossus, DEFB105
in Rousettus aegyptiacus, DEFB107 in Hipposideros armiger and Phyllostomus discolor are lost due to EBRs positioned on a single
scaffold. Additionally, DEFB1 in Myotis myotis and DEFB107 in Megaderma lyra are absent because of EBRs found between two
separate scaffolds.

lyra, H. armiger, and P. discolor, are lost resulting from
evolutionary chromosome breakages (Fig. 4).

DISCUSSION

The phylogenetic position of Emballonuroidea has
long been a topic of debate (Teeling et al. 2005; Mered-
ith et al. 2011; Amador et al. 2018; Teeling et al.
2018; Álvarez-Carretero et al. 2022). This ongoing de-
bate can be attributed to the lack of extensive genomic
datasets encompassing representative species within this
superfamily. Previous phylogenetic studies, while striv-
ing to achieve comprehensive species sampling, pro-
duced somewhat less robust relationships, likely owing to
the substantial amounts of missing data (Philippe et al.
2004). To tackle this challenge, we have provided the first
chromosome-level genome for a member of the super-
family Emballonuroidea and have reconstructed the evo-
lutionary history of bats using data from 11 669 orthologs.

In our analysis, ML method placed T. melanopogon at the
base of the Yangochiroptera clade. To minimize the poten-
tial effects of incomplete lineage sorting, we conducted a
more detailed examination of the topology using coales-
cent methods, particularly ASTRAL, which yielded con-
sistent results. A recent family-level phylogenetic study
with a more extensive taxon sampling based on nine genes
has also recovered the basal position of Emballonuroidea,
which is consistent with our results (Hao et al. 2024).
Nevertheless, our analysis might still benefit from the in-
clusion of other emballonurid species to mitigate the po-
tential issue of long-branch attraction and obtain a more
robust evolutionary framework in the future.

Reconstructing ancestral karyotypes plays a crucial
role in enhancing our understanding of genome evolution.
By deciphering the chromosome organization of com-
mon ancestors within the vertebrate phylogeny, we can
detect chromosome rearrangements and establish their
connections between phenotypic evolution and speciation

© 2024 International Society of Zoological Sciences, Institute of Zoology/
Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.
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Z. Wang et al.

(Deakin & Ezaz 2014; O’Connor et al. 2018; Sacerdot
et al. 2018). Damas et al. reconstructed ancestral kary-
otypes of 14 important nodes within the avian phylogeny
and described the rates of chromosome rearrangements
and the distribution of EBRs of avian ancestors (Damas
et al. 2018). They also reconstructed ancestral kary-
otypes of 16 ancestral nodes along mammalian phylogeny
(Damas et al. 2022). Previous studies utilizing compara-
tive chromosome mapping have reconstructed ancestral
karyotypes of ruminants and carnivores; these studies
have shown that the genome organization of different taxa
evolved at varying rates and involved different types of re-
arrangements (Kulemzina et al. 2011; Ruiz-Herrera et al.
2012; Beklemisheva et al. 2016). In this study, we recon-
structed ancestral karyotypes of three nodes within the
bat phylogeny. The reconstruction of ancestral karyotypes
is dependent on the input tree file. Based on our recon-
structed bat phylogeny, the ACK likely had 18 pairs of
autosomes plus X chromosome, which is similar to the
ancestral eutherian karyotype (19 pairs of autosomes plus
X chromosome). The reconstructed karyotypes have pro-
vided valuable insights into the patterns of structural evo-
lution resulting from chromosome fusions and fissions in
bats chromosomes over a span of approximately 61 mil-
lion years of evolution (Hao et al. 2024). By tracing these
differences, we have a better opportunity to understand
the evolutionary dynamics and genomic changes that have
occurred in bat lineages.

The number of EBRs identified in each bat indicated
that R. ferrumequinum has relatively small number of
EBRs (Table S29, Supporting Information), which may
be related to the high chromosome number. However, it
is not applied to M. lyra (2n = 54), implying lineage-
specific chromosome evolution in M. lyra.

Chromosome breakage is nonrandom and EBRs ap-
pear to be hotpots of evolutionary activity (Damas et al.
2021). EBRs tend to locate in regions with a higher den-
sity of zinc-finger genes, and genes located in EBRs
could be related to lineage-specific adaptive phenotypes
(Larkin et al. 2009; Ullastres et al. 2014; Farré et al.
2016, 2019). Some studies have identified associations
between gene functions and EBRs. For example, Rhe-
sus macaque EBRs are in gene-rich regions being en-
riched in GO terms related to immune system (Ullastres
et al. 2014). An eariler study identified 124 EBRs in the
cattle lineage (Bovine Genome Sequencing and Analy-
sis Consortium et al. 2009). These EBRs were found to
contain genes that are associated with immune response.
Larkin et al. identified a total of 1064 EBRs through
pairwise comparisons of 10 amniote genomes; the genes
for these EBRs were enriched in relation to the inflam-

matory response (Larkin et al. 2009). In our study, we
identified EBRs of 12 bats (Table S29, Supporting Infor-
mation). An enrichment analysis showed that genes lo-
cated in EBRs are enriched in GO terms associated with
the defense against microbial pathogens (viral transcrip-
tion, viral gene expression, and defense response to gram-
positive bacterium), which may be related to bats’ ability
to carry multiple viruses (Letko et al. 2020; Zhao et al.
2022, 2023; Wang et al. 2024), indicating that chromo-
some rearrangements have the potential to impact the de-
fense against microbial pathogen.

In addition, we found for some species of Chiroptera,
genes located in EBRs are significantly enriched for
functions in sensory perception of smell (GO:0007608)
(Tables S52–S61, Supporting Information). Most of the
species with this enrichment in OR genes are insectivo-
rous, including T. melanopogon, H. armiger, and R. sini-
cus. Fan et al. also found that some genes located in car-
nivoran genome EBRs were functionally enriched the sen-
sory perception of olfaction (Fan et al. 2019). These re-
sults suggest that evolution of olfactory system could be
generally affected by chromosome rearrangement events.

Among those genes located in EBRs of bat genomes,
we detected nine β-defensin genes (DEFB1, DEFB103–
DEFB109, and DEFB130). DEFB105 and DEFB107, lo-
cated in EBRs of D. rotundus, exhibit a higher copy num-
ber compared to other bats. These genes may be expressed
in the testis, as shown in primates (Semple et al. 2003),
suggesting potential functional implications for the host
defense of male reproductive tract. This highlights the im-
portance of structural genomic changes in the evolution-
ary and adaptive processes related to microbial pathogen
defense (Semple et al. 2003).

Previous studies showed that five β-defensin genes
(DEFB118–DEFB119 and DEFB121–DEFB123) located
in macaque EBRs (Ullastres et al. 2014). The observed
differences in the categories of β-defensin genes between
macaque and Chiroptera EBRs suggest that different taxa
have selectively focused on lineage-specific β-defensin
genes during the course of chromosome evolution.

CONCLUSIONS

The study of chromosome evolution has seen renewed
interest due to the rapid growth of chromosome-level
genome assemblies, particularly in vertebrates. In this
work, we presented a chromosome-level genome for T.
melanopogon and reconstructed the phylogenetic rela-
tionships among bats, suggesting that Emballonuridae
represents the basal lineage of Yangochiroptera. Based
on these phylogenetic relationships, we reconstructed

12 © 2024 International Society of Zoological Sciences, Institute of Zoology/
Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.
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Chromosome-level genome of a tomb bat

the karyotypes of the Chiroptera ancestor, Yinpterochi-
roptera ancestor, and Yangochiroptera ancestor, provid-
ing valuable new insights into the evolutionary history
and patterns of chromosome evolution in Chiroptera.
Our analysis also involved synteny analysis among 12
chromosome-level Chiroptera genomes, which allowed us
to identify HSBs and EBRs. Additionally, functional en-
richment analysis of EBR genes in the 12 bat genomes
indicated that events associated with chromosome re-
arrangement may impact the defense against microbial
pathogens. This finding establishes a potential connection
between chromosome evolution and the evolution of func-
tional genes in the context of microbial pathogen defense.
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SUPPLEMENTARY MATERIALS

Additional supporting information may be found on-
line in the Supporting Information section at the end of
the article.

Figure S1 Genome characteristics of Taphozous
melanopogon. (a) Ideogram of 21 chromosomes, with
each tick representing 10 megabases (Mb). (b) Gene den-
sity, expressed as the number of genes per 100 kilo-
bases, ranging from 1 to 19. (c) GC content within a 100-
kilobase (kb) window, with values ranging from 31% to

65%. (d) Percentage of repeat sequence coverage in 100-
kb windows, encompassing a range from 3% to 94%.

Figure S2 GC-depth distribution of genome. X-axis in-
dicates GC contents and Y-axis shows depths with a win-
dow size of 50 kb.

Figure S3 The heatmap depicting all-by-all interac-
tions among 21 chromosomes (resolution = 100 kb).
Colour bar shows interaction degrees ranging from white
(low) to red (high).

Figure S4 The reconstructed phylogenetic tree of bats
using the coalescent method.

Figure S5 The diagram of chromosomal rearrange-
ments in C. sphinx genome. Colored blocks show chro-
mosome identity range from 1 to 28 (Supplementary Ma-
terials: Table S13). Letter from A to L indicates species of
C. sphinx, R. aegyptiacus, H. armiger, R. sinicus, R. fer-
rumequinum, M. lyra, P. discolor, D. rotundus, P. davyi,
M. molossus, M. myotis and T. melanopogon, respec-
tively. HSBs and C. sphinx lineage-specific EBRs com-
pared with other 11 bat species are shown.

Figure S6 The diagram of chromosomal rearrange-
ments in R. aegyptiacus genome. Colored blocks show
chromosome identity range from 1 to 28 (Supplemen-
tary Materials: Table S13). Letter from A to L indicates
species of R. aegyptiacus, C. sphinx, H. armiger, R. sini-
cus, R. ferrumequinum, M. lyra, P. discolor, D. rotundus,
P. davyi, M. molossus, M. myotis and T. melanopogon,
respectively. HSBs and R. aegyptiacus lineage-specific
EBRs compared with other 11 bat species are shown.

Figure S7 The diagram of chromosomal rearrange-
ments in H. armiger genome. Colored blocks show chro-
mosome identity range from 1 to 28 (Supplementary Ma-
terials: Table S13). Letter from A to L indicates species of
H. armiger, C. sphinx, R. aegyptiacus, R. sinicus, R. fer-
rumequinum, M. lyra, P. discolor, D. rotundus, P. davyi,
M. molossus, M. myotis and T. melanopogon, respectively.
HSBs and H. armiger lineage-specific EBRs compared
with other 11 bat species are shown.

Figure S8 The diagram of chromosomal rearrange-
ments in R. sinicus genome. Colored blocks show chro-
mosome identity range from 1 to 28 (Supplementary Ma-
terials: Table S13). Letter from A to L indicates species of
R. sinicus, C. sphinx, R. aegyptiacus, H. armiger, R. fer-
rumequinum, M. lyra, P. discolor, D. rotundus, P. davyi,
M. molossus, M. myotis and T. melanopogon, respectively.
HSBs and R. sinicus lineage-specific EBRs compared
with other 11 bat species are shown.

Figure S9 The diagram of chromosomal rearrange-
ments in R. ferrumequinum genome. Colored blocks show
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chromosome identity range from 1 to 28 (Supplemen-
tary Materials: Table S13). Letter from A to L indicates
species of R. ferrumequinum, C. sphinx, R. aegyptiacus,
H. armiger, R. sinicus, M. lyra, P. discolor, D. rotundus,
P. davyi, M. molossus, M. myotis and T. melanopogon, re-
spectively. HSBs and R. ferrumequinum lineage-specific
EBRs compared with other 11 bat species are shown.

Figure S10 The diagram of chromosomal rearrange-
ments in M. lyra genome. Colored blocks show chromo-
some identity range from 1 to 28 (Supplementary Mate-
rials: Table S13). Letter from A to L indicates species of
M. lyra, C. sphinx, R. aegyptiacus, H. armiger, R. sini-
cus, R. ferrumequinum, P. discolor, D. rotundus, P. davyi,
M. molossus, M. myotis and T. melanopogon, respectively.
HSBs and M. lyra lineage-specific EBRs compared with
other 11 bat species are shown.

Figure S11 The diagram of chromosomal rearrange-
ments in P. discolor genome. Colored blocks show chro-
mosome identity range from 1 to 28 (Supplementary Ma-
terials: Table S13). Letter from A to L indicates species
of P. discolor, C. sphinx, R. aegyptiacus, H. armiger, R.
sinicus, R. ferrumequinum, M. lyra, D. rotundus, P. davyi,
M. molossus, M. myotis and T. melanopogon, respectively.
HSBs and P. discolor lineage-specific EBRs compared
with other 11 bat species are shown.

Figure S12 The diagram of chromosomal rearrange-
ments in D. rotundus genome. Colored blocks show chro-
mosome identity range from 1 to 28 (Supplementary Ma-
terials: Table S13). Letter from A to L indicates species
of D. rotundus, C. sphinx, R. aegyptiacus, H. armiger, R.
sinicus, R. ferrumequinum, M. lyra, P. discolor, P. davyi,
M. molossus, M. myotis and T. melanopogon, respectively.
HSBs and D. rotundus lineage-specific EBRs compared
with other 11 bat species are shown.

Figure S13 The diagram of chromosomal rearrange-
ments in P. davyi genome. Colored blocks show chromo-
some identity range from 1 to 28 (Supplementary Mate-
rials: Table S13). Letter from A to L indicates species of
P. davyi, C. sphinx, R. aegyptiacus, H. armiger, R. sini-
cus, R. ferrumequinum, M. lyra, P. discolor, D. rotundus,
M. molossus, M. myotis and T. melanopogon, respectively.
HSBs and P. davyi lineage-specific EBRs compared with
other 11 bat species are shown.

Figure S14 The diagram of chromosomal rearrange-
ments in M. molossus genome. Colored blocks show chro-
mosome identity range from 1 to 28 (Supplementary Ma-
terials: Table S13). Letter from A to L indicates species
of M. molossus, C. sphinx, R. aegyptiacus, H. armiger, R.
sinicus, R. ferrumequinum, M. lyra, P. discolor, D. rotun-
dus, P. davyi, M. myotis and T. melanopogon, respectively.

HSBs and M. molossus lineage-specific EBRs compared
with other 11 bat species are shown.

Figure S15 The diagram of chromosomal rearrange-
ments in M. myotis genome. Colored blocks show chro-
mosome identity range from 1 to 28 (Supplementary Ma-
terials: Table S13). Letter from A to L indicates species
of M. myotis, C. sphinx, R. aegyptiacus, H. armiger, R.
sinicus, R. ferrumequinum, M. lyra, P. discolor, D. rotun-
dus, P. davyi, M. molossus and T. melanopogon, respec-
tively. HSBs and M. myotis lineage-specific EBRs com-
pared with other 11 bat species are shown.

Figure S16 The phylogenetic tree of OR genes within
EBRs in 12 bats using the ML method.

Table S1 Statistics of the Nanopore subreads for
genome assembly

Table S2 Statistics of the genome assembly before Hi-
C correction

Table S3 Statistics of the Hi-C assembly of the genome

Table S4 The alignment of the Hi-C clean data to the
genome assembly

Table S5 Statistics of different types of read pairs pro-
duced by Hi-C

Table S6 BUSCO assessment of the genome assembly

Table S7 Statistics of the repeat sequences in the
genome assembly

Table S8 Statistics of predicted protein-coding genes
in the genome

Table S9 Summary of functional annotations for pre-
dicted genes

Table S10 The ordered ancestral genes of ACK and
related modern species

Table S11 The ordered ancestral genes of AYIK and
related modern species

Table S12 The ordered ancestral genes of AYAK and
related modern species

Table S13 Chromosome identity and corresponding
scaffold for 12 bat genomes

Table S14 The chromosome fission events identified in
11 bat genomes relative to T. melanopogon

Table S15 The chromosome fission events identified in
11 bat genomes relative to C. sphinx

Table S16 The chromosome fission events identified in
11 bat genomes relative to R. egyptiacus

Table S17 The chromosome fission events identified in
11 bat genomes relative to H. armiger

Table S18 The chromosome fission events identified in
11 bat genomes relative to R. sinicus
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Table S19 The chromosome fission events identified in
11 bat genomes relative to R. ferrumequinum

Table S20 The chromosome fission events identified in
11 bat genomes relative to M. lyra

Table S21 The chromosome fission events identified in
11 bat genomes relative to P. discolor

Table S22 The chromosome fission events identified in
11 bat genomes relative to D. rotundus

Table S23 The chromosome fission events identified in
11 bat genomes relative to P. davyi

Table S24 The chromosome fission events identified in
11 bat genomes relative to M. molossus

Table S25 The chromosome fission events identified in
11 bat genomes relative to M. myotis

Table S26 The detailed information of HSBs in T.
melanopogon genome

Table S27 The detailed information of identified EBRs
caused by inter-/intra-chromosome events in T. melano-
pogon genome

Table S28 The detailed position of identified EBRs in
T. melanopogon, C. sphinx, R. egyptiacus, H. armiger, R.
sinicus, R. ferrumequinum, M. lyra, P. discolor, D. rotun-
dus, P. davyi, M. molossus and M. myotis genomes

Table S29 The information of EBRs and genes located
in EBRs in 12 Chiroptera genomes

Table S30 The detailed information of HSBs in C.
sphinx genome

Table S31 The detailed information of HSBs in R.
egyptiacus genome

Table S32 The detailed information of HSBs in H.
armiger genome

Table S33 The detailed information of HSBs in R. sini-
cus genome

Table S34 The detailed information of HSBs in R. fer-
rumequinum genome

Table S35 The detailed information of HSBs in M. lyra
genome

Table S36 The detailed information of HSBs in P. dis-
color genome

Table S37 The detailed information of HSBs in D. ro-
tundus genome

Table S38 The detailed information of HSBs in P.
davyi genome

Table S39 The detailed information of HSBs in M.
molossus genome

Table S40 The detailed information of HSBs in M. my-
otis genome

Table S41 The detailed information of identified EBRs
caused by inter-/intra-chromosome events in C. sphinx
genome

Table S42 The detailed information of identified EBRs
caused by inter-/intra-chromosome events in R. egyptia-
cus genome

Table S43 The detailed information of identified EBRs
caused by inter-/intra-chromosome events in H. armiger
genome

Table S44 The detailed information of identified EBRs
caused by inter-/intra-chromosome events in R. sinicus
genome

Table S45 The detailed information of identified EBRs
caused by inter-/intra-chromosome events in R. ferrume-
quinum genome

Table S46 The detailed information of identified EBRs
caused by inter-/intra-chromosome events in M. lyra
genome

Table S47 The detailed information of identified EBRs
caused by inter-/intra-chromosome events in P. discolor
genome

Table S48 The detailed information of identified EBRs
caused by inter-/intra-chromosome events in D. rotundus
genome

Table S49 The detailed information of identified EBRs
caused by inter-/intra-chromosome events in P. davyi
genome

Table S50 The detailed information of identified EBRs
caused by inter-/intra-chromosome events in M. molossus
genome

Table S51 The detailed information of identified EBRs
caused by inter-/intra-chromosome events in M. myotis
genome

Table S52 Significantly enriched gene ontology (GO)
biological process terms for the genes in EBRs of T.
melanopogon genome

Table S53 Significantly enriched gene ontology (GO)
biological process terms for the genes in EBRs of C.
sphinx genome

Table S54 Significantly enriched gene ontology (GO)
biological process terms for the genes in EBRs of R. egyp-
tiacus genome

Table S55 Significantly enriched gene ontology (GO)
biological process terms for the genes in EBRs of H.
armiger genome

Table S56 Significantly enriched gene ontology (GO)
biological process terms for the genes in EBRs of R. sini-
cus genome
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Table S57 Significantly enriched gene ontology (GO)
biological process terms for the genes in EBRs of R. fer-
rumequinum genome

Table S58 Significantly enriched gene ontology (GO)
biological process terms for the genes in EBRs of P. dis-
color genome

Table S59 Significantly enriched gene ontology (GO)
biological process terms for the genes in EBRs of D. ro-
tundus genome

Table S60 Significantly enriched gene ontology (GO)
biological process terms for the genes in EBRs of P. davyi
genome

Table S61 Significantly enriched gene ontology (GO)
biological process terms for the genes in EBRs of M. my-
otis genome

Table S62 Six fossil constraints used in this study
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