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Abstract

Bats (Chiroptera) constitute the second largest order of mammals and have several distinctive

features, such as true self-powered flight and strong immunity. The Pendlebury’s roundleaf bat,

Hipposideros pendleburyi, is endemic to Thailand and listed as a vulnerable species. We

employed the 10� Genomics linked-read technology to obtain a genome assembly of H. pendle-

buryi. The assembly size was 2.17 Gb with a scaffold N50 length of 15,398,518 bases. Our

phylogenetic analysis placed H. pendleburyi within the rhinolophoid clade of the suborder

Yinpterochiroptera. A synteny analysis showed that H. pendleburyi shared conserved chromo-

some segments (up to 105 Mb) with Rhinolophus ferrumequinum and Phyllostomus discolor

albeit having different chromosome numbers and belonging different families. We found positive

selection signals in genes involved in inflammation, spermatogenesis and Wnt signalling.

The analyses of transposable elements suggested the contraction of short interspersed nuclear

elements (SINEs) and the accumulation of young mariner DNA transposons in the analysed

hipposiderids. Distinct mariners were likely horizontally transferred to hipposiderid genomes

over the evolution of this family. The lineage-specific profiles of SINEs and mariners might

involve in the evolution of hipposiderids and be associated with the phylogenetic separations of

these bats from other bat families.
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1. Introduction

Bats (order Chiroptera) account for �20% (>1,400 species1) of all liv-
ing mammals and constitute the second largest order of the class

Mammalia.2 Compared to other mammals, bats show several unique
characters, such as true self-powered flight, echolocating mechanisms
and strong immunity.2 Their habitats and diets are also diverse,
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making them important pollinators and insect controllers in various
ecosystems.3 Bats have been originally classified into two groups,
microbats and megabats, based on morphological features, such as
body size and echolocating abilities.4 Molecular data were later used
to refine this classification, which led to the reclassification of bats into
the suborders Yinpterochiroptera and Yangochiroptera.4

Yinpterochiroptera comprises all frugivorous and nectarivorous bats
in the family Pteropodidae and some echolocating bats in the super-
family Rhinolophoidea.4 All other echolocating bats are members of
Yangochiroptera.4 This classification, which was supported by other
molecular studies,5,6 was controversial to the classification based on
morphological features because the rhinolophoids, similar to the echo-
locating bats in the suborder Yangochiroptera, had a laryngeal echolo-
cation ability and were insectivorous while pteropodids were
frugivorous or nectarivorous and lacked the laryngeal echolocation
ability but had a developed vision.6

Members of family Hipposideridae (superfamily Rhinolophoidea),
also known as the Old World leaf-nosed bats, are widespread in tropi-
cal and subtropical areas.7 Hipposideros is the largest genus of this
family, with 88 species currently known.7,8 They are members of la-
ryngeal echolocating bats in the suborder Yinpterochiroptera.7 The
Pendlebury’s roundleaf bat (Hipposideros pendleburyi) is endemic to
Thailand9 and being classified as vulnerable (facing a high risk of ex-
tinction in the wild) under the IUCN red list categories and criteria.10

It has been estimated that there were only 4,700 of the H. pendleburyi
bats remaining in Thailand.11 They could be found in only 14 caves
(3–800 individuals in each cave) in 7 provinces of peninsular
Thailand.11 The number of H. pendleburyi continues to decline due to
habitat disturbances.11

Recent advance in the nuclear genome study has provided insights
into the diversity and the evolution of Chiroptera members.5,12,13

Currently, genome data from 45 species in the order Chiroptera
were available for download at the NCBI Genomes database (https://
www.ncbi.nlm.nih.gov/datasets/genomes/, last accessed: 25 March
2022). Two-thirds of these 45 genomes are from the echolocating
bats in the suborder Yangochiroptera. Five genomes of the bats in
the suborder Yinpterochiroptera are from the superfamily
Rhinolophoidea (Supplementary Table S1) and only two of them are
from the family Hipposideridae (Hipposideros armiger and
Hipposideros galeritus). Most of the reported bat genomes have not
been scaffolded to a chromosome level yet they provide valuable in-
formation to help improve our understanding of bat behaviours and
evolution. For example, the analyses of the genomes of H. armiger
and other bats have shown that the contraction of olfactory receptor
genes might be associated with their diets.12 Transposable element
(TE) is another component of the genome that has been linked to the
evolution of bats.14 DNA transposons (class II TE), such as Tc1/
Mariner, hATs, piggyBacs and SPIN, are active in bats14–16 while
some of these DNA transposons are inactive in other mammals such
as humans, mice, rats and dogs.17 Several pieces of evidence sug-
gested that DNA transposons have been introduced into bat genomes
via horizontal transfer.14,18–20 The ability of bats to tolerate patho-
gen infection might facilitate the horizontal transfer in bats because
viruses and parasitic protozoans were potential vectors for the hori-
zontal introduction of DNA transposons.14,15 The horizontal trans-
fer of DNA transposons appears to be associated with the rapid
diversification of bats in the family Vespertilionidae.18

In this study, we employed 10� Genomics linked-read technology
to assemble the draft genome of H. pendleburyi. The analyses of
H. pendleburyi genome allowed us to demonstrate unique features in
the genome sequences of this bat species and other closely related

bats in the family Hipposideridae (hipposiderids) and in the super-
family Rhinolophoidea (rhinolophoids). Our analyses demonstrated
how TEs shaped the genome evolution of the analysed hipposiderids
and rhinolophoids and provided a better understanding of their ge-
netic diversity. To the best of our knowledge, our study is the first to
report the profiles of TEs in hipposiderids and rhinolophoids. In ad-
dition, as H. pendleburyi is endemic to Thailand and its population
continues to decline, the genome data reported here are valuable for
future conservation programmes. Our analysis results also lay a
foundation for comparative genomic studies in mammals.

2. Materials and methods

2.1. Sample collections and DNA extraction

A specimen of male H. pendleburyi was collected from Tham Le
Stegodon Cave, Palian District, Trang Province, Thailand (7.141 N,
99.789 E) based on the guidelines for use of wild mammal species in
research.21 The collection was conducted under the permission by
the Department of National Park, Wildlife and Plant Conservation
(project number 6210306). The specimen was deposited in the
Mammal Collection of the Princess Maha Chakri Sirindhorn
Natural History Museum, Prince of Songkla University (PSU), Hat
Yai, Songkhla, Thailand (https://nhm.psu.ac.th/, last accessed 21
July 2022) under the voucher number PSUZC-MM.2021.6.

To obtain high molecular weight DNA for 10� Genomics linked-
read sequencing, DNA was extracted from H. pendleburyi blood us-
ing the QIAGEN Genomic-tip 100/G following the manufacturer’s
protocol (Qiagen, Germany). DNA quality was assessed using
0.75% pulsed-field gel electrophoresis and the concentration was
tested with QubitVR dsDNA BR Assay Kits (Thermo Fisher Scientific)
and NanoDrop (Thermo Fisher Scientific).

2.2. DNA library preparation and sequencing

For library preparation and sequencing, 1 ng of high quality and mo-
lecular weight DNA was used for the 10� Genomics linked-read li-
brary preparation using the Chromium Genome Library Kit & Gel
Bead Kit v2, the Chromium Genome Chip Kit v2 and the Chromium
i7 Multiplex Kit according to the manufacturer’s instructions (10�
Genomics, Pleasanton, USA). The library quality was assessed using
Bioanalyzer DNA High Sensitivity DNA Assay (Agilent) and the con-
centration was tested with QubitVR dsDNA BR Assay Kits (Thermo
Fisher Scientific). The 10� Genomics library was sequenced on the
Illumina HiSeq X Ten (150 bp paired-end reads).

2.3. Genome assembly

The linked-read data were assembled using the Supernova assembler
version 2.1.1 with the default parameter setting (https://support.
10xgenomics.com/de-novo-assembly/software/pipelines/latest/using/
running, last accessed 21 July 2022; 10� Genomics, Pleasanton,
USA). For the quality assessment, short-read DNA sequences data
obtained from this study were mapped back the final assembly
sequences using minimap222 and the percentage of successful map-
ping was identified. We also employed the Benchmarking Universal
Single-Copy Orthologues (BUSCO)23 version 4.0.5 to evaluate the
assembly by testing for the presence and completeness of the ortho-
logues using the Laurasiatheria OrthoDB release 10.24
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2.4. Repeat modelling and masking

We used RepeatModeler25 (with default parameters) to construct li-
braries of the consensus sequences of TEs from the assemblies of
H. pendleburyi, H. armiger, H. galeritus, Rhinolophus ferrumequi-
num, Craseonycteris thonglongyai, Megaderma lyra, Rousettus
aegyptiacus, Pteropus vampyrus, Myotis lucifugus, Phyllostomus
discolor and Miniopterus natalensis. The assemblies of species other
than H. pendleburyi were retrieved from the NCBI Genomes data-
base (Supplementary Table S1). The numbers of consensus sequences
obtained from our RepeatModeler analyses are in Supplementary
Table S2. We merged our repeat libraries with the sequence library
generated and curated in previous study,5 which contained the con-
sensus sequences of TEs from several bat genera and the sequences
from the RepBase database. The merged repeat library was used
with RepeatMasker version 4.1.226 (with default parameters) to
identify repeats in H. pendleburyi and other 10 species. The repeat
landscapes of these 10 species were obtained by processing
RepeatMasker primary results with calcDivergcenceFromAlign.pl
and createRepeatLandscape.pl scripts, which were provided as utility
scripts in the RepeatMasker packages.

2.5. Analysis of TEs

To construct the phylogenetic tree of the consensus sequences, we
used CD-HIT software27 with an identity cut-off of 95% to obtain
representatives of the consensus sequences of Tc1/Mariner. The phy-
logenetic tree was then built from the representative sequences using
automatic FastTree28 and PhyMLþSMS29 pipelines on the
NGPhylogeny.fr webserver.30 To construct the phylogenetic tree of
the full-length Tc1/Mariner elements, we performed BLASTN search
by using the sequences of full-length Tc1/Mariner elements reported
in other study31 as query sequences and H. pendleburyi assembly as
a subject sequence. The Tc1/Mariner sequences were extracted from
H. pendleburyi assembly based on BLASTN results. Only the BLAST
hits with the alignment coverage of more than 90% of the query
length were considered. The phylogenetic tree was constructed in the
same way as another tree. To identify transposase domains of the
Tc1/Mariner elements, we performed TBLASTN search by using the
amino acid sequences of transposase domains obtained from other
study32 as query sequences and the assemblies of H. pendleburyi and
other bat species as subject sequences. We used an identity cut-off of
35% in TBLASTN search.33

2.6. Genome annotation

The repeat masked sequences of H. pendleburyi were annotated for
gene models. For the evidence-based gene models, we used
MAKER2 software34 based on the assembled transcript sequences
from H. armiger from the NCBI sequence read archive (ID:
SRX1177145-SRX1177156) and the protein sequences from H. ar-
miger, R. ferrumequinum, Myotis brandtii, Myotis myotis, Eptesicus
fuscus, Pipistrellus kuhlii, M. natalensis, Molossus molossus, P. dis-
color, Artibeus jamaicensis, Sturnira hondurensis, Desmodus rotun-
dus, P. vampyrus, Pteropus giganteus and R. aegyptiacus (from the
NCBI Genomes database; Supplementary Table S1). The transcript
sequences from H. armiger were additionally mapped to the assem-
bled sequences using the PASA pipeline.35 For the ab initio gene pre-
diction, we used GeneMark-ET and AUGUSTUS via BRAKER2
pipeline36 based on the mapped transcripts and the vertebrate orthol-
ogous protein sequences from the OrthoDB release 10 database24

(odb10_vertebrata.fasta). EvidenceModeler was then used to com-
pile all gene models to obtain final consensus gene models based on

following weight for each evidence type: PASA¼10, protein2ge-
nome (maker2) ¼ 5, est2genome (maker2) ¼ 5 and BRAKER¼1.
We employed the BUSCO23 version 4.0.5 to evaluate the annotation
results by testing for the presence and completeness of the ortho-
logues using the Laurasiatheria OrthoDB release 10.24

2.7. Comparative genomics and phylogenetic analysis

We used OrthoFinder37 to identify orthologous groups from the
sequences of proteins of H. pendleburyi and the aforementioned spe-
cies, which were downloaded from the NCBI database. The protein
sequences from single-copy orthologous groups were aligned with
MUSCLE software.38 The alignments were further processed by
trimming gap-rich regions with trimAl39 (using the automated1 heu-
ristic method) software and concatenating with catsequences soft-
ware (https://github.com/ChrisCreevey/catsequences, last accessed:
21 July 2022). The final concatenated alignment was subjected to
ModelTest-NG software40 for identifying the substitution model of
each alignment block. The RAxML-ng software41 was used to con-
struct a maximum-likelihood phylogenetic tree from the
concatenated alignment and substitution models. Divergence times
between H. pendleburyi and H. armiger and between R. ferrumequi-
num and the Hipposideros clade in the phylogenetic tree were esti-
mated with the MCMCtree program (PAML4 package)42 using the
relaxed-clock model with the known divergence time obtained from
the TimeTree database.43 Synteny blocks of H. pendleburyi against
the R. ferrumequinum and P. discolor genomes were obtained and
visualized with SyMAP software.44

2.8. Ka/Ks analysis

The Ka/Ks ratio was estimated for each protein sequence in the
single-copy orthologous groups using the Codeml software (PAML4
package).42 We analysed branch-site selection45 in two dataset sys-
tems. In the first set, all bat species were considered as foreground
branches, and all other species were used as the background
branches. In the second set, Hipposideros branch and H. pendleburyi
branches were regarded as foreground branches and all other bat
species were used as the background branches. The likelihood ratio
test (LRT)46 was used to test the alternative hypothesis (positive se-
lection on the foreground branches; Ka/Ks>1) compared with the
null hypothesis (neutral selection; Ka/Ks¼1). Bayes empirical Bayes
method was used to identify amino acid residues that have poten-
tially evolved under the selection.47 All aforementioned analysis steps
were performed under VESPA pipeline.48 The final results were man-
ually inspected to find the genes that contained the positively selected
sites only in the conserved regions of the sequence alignment. The
LRT P-values of the finally selected genes were obtained using
EasyCodeML software.49 The gene ontology terms of the selected
proteins were obtained by performed blast search against the
reviewed protein data set from the uniprot database.50

3. Results and discussion

3.1. Genome assembly and annotations

We performed a whole-genome shotgun sequencing using the 10�
Genomics linked-read strategy. We obtained a total of 100.85 Gb of
Illumina paired-end 150 bp sequencing data from 336,176,017 raw
reads. De novo assembly yielded a draft genome of 2.17 Gb, which
was close to that of H. armiger.12 Our assembly had a scaffold N50
length of 15,398,518 bases (L50¼35 scaffolds; Table 1), which was
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about five times longer than that reported for the H. armiger assem-
bly.12 The analysis of k-mer distribution of the genome sequencing
reads provided an estimated genome size of 2.28 Gb, which was close
to the assembly size (Supplementary Fig. S1). For the quality assess-
ment, 97% of the DNA reads could be mapped to the assembled ge-
nome. The assessment of gene content with the BUSCO software23

showed that the gene prediction for H. pendleburyi recovered 94%
of the 12,234 highly conserved orthologues in the Laurasiatheria lin-
eage (Table 1). This percentage was similar to that estimated for
H. armiger (93%) and R. ferrumequinum (99%).

3.2. Phylogenetic relationships

We analysed the interordinal relationships of H. pendleburyi with 15
bats and 12 mammals (Fig. 1). Our phylogenetic analysis showed
that Chiroptera was placed as a sister group to Ferungulata within
the Laurasiatheria superclade. This placement was consistent with
several other molecular phylogenetic studies.3,5,6 Two internal nodes
within the Ferungulata clade showed a low bootstrap support value
(Fig. 1) as also reported in the previous study,6 suggesting the rapid
speciation events in the Laurasiatheria superclade.6

For the order Chiroptera, the superfamily Rhinolophoidea was
placed as a sister group to the family Pteropodidae within the subor-
der Yinpterochiroptera (Fig. 1), which was consistent with other
phylogenetic studies.4–6 Hipposideros pendleburyi formed a mono-
phyletic group with H. armiger and R. ferrumequinum within the su-
perfamily Rhinolophoidea (Fig. 1). As all species were placed with a
100% bootstrap value within the Chiroptera branch, we calculated
the molecular divergence times only in this branch. The divergence
between Yinpterochiroptera and Yangochiroptera occurred about
65 million years ago (Mya).4 Within the Yinpterochiroptera branch,
the divergence time between the superfamily Rhinolophoidea and the
family Pteropodidae was estimated to be 58 Mya.51 The divergence
between R. ferrumequinum and the Hipposideros clade was esti-
mated to be 33 Mya (with a 95% credibility interval of 21–48 Mya;
Fig. 1). H. pendleburyi was estimated to diverge from H. armiger
about 5 Mya (3–9 Mya; Fig. 1), which was in the same period when
P. vampyrus and P. giganteus diverged from each other.43 H. pendle-
buryi was formerly classified as a subspecies of the Hipposideros tur-
pis complex.9 The phylogenetic analysis based on Cytochrome b
sequences and the analyses of morphological and ecological data
later revealed that H. pendleburyi formed a monophyletic group

with H. armiger.9 Our phylogenetic tree constructed based on
sequences of nuclear genes supported the close relationship between
H. pendleburyi and H. armiger. However, the lack of the genome
data of H. turpis has hindered further analysis of the relationship be-
tween this species and H. pendleburyi.

The topology of phylogenetic trees from this and previous studies
suggested that pteropodids, which lack the ability of laryngeal echolo-
cation, were nested among echolocating bat lineages, and their diversi-
fication appeared to be associated with a rising in global temperature
in the early Eocene, which resulted in an increase in plant diversity and
abundance and insect diversity.4 The divergence timeline was also in
agreement with the hypothesis stating that laryngeal echolocation abil-
ity might be originally evolved in bat ancestors and was inherited in
both Yinpterochiroptera and Yangochiroptera lineages but was subse-
quently lost in pteropodids.5

3.3. Synteny analysis

The contiguity of our assembly enabled us to investigate the synteny
between H. pendleburyi and other chromosome-level bat genomes.
We identified synteny blocks in the H. pendleburyi (family
Hipposideridae), R. ferrumequinum (Rhinolophidae) and P. discolor
(Phyllostomidae) genome assemblies. The results showed 18,114 se-
quence matches (referred to as anchors52) from the alignment of the
scaffolds of H. pendleburyi assembly to R. ferrumequinum chromo-
somes, while 17,604 anchors were obtained from the alignment with
P. discolor chromosomes (Supplementary Table S3). The synteny
blocks (generated from a set of high similarity scored anchors52)
from the alignments with R. ferrumequinum and P. discolor genomes
covered 91% and 89% of the H. pendleburyi genome, respectively
(Supplementary Table S3). The longest alignment length between the
synteny blocks of H. pendleburyi to the R. ferrumequinum chromo-
somes was 99 Mb, which was comparable to the longest alignment
between the chromosomes of P. discolor and R. ferrumequinum
(106 Mb). The analyses depicted that the synteny blocks (collinearity
with rearrangements52) were almost as long as the chromosome of
R. ferrumequinum. In addition, the synteny blocks were found to be
conserved among the analysed bats, although they were from differ-
ent families (Supplementary Fig. S2). Bat genomes were relatively
small compared to other mammal genomes.2 The small size of the
genomes may restrict the reshuffling of chromosome segments and
may be associated with the conservation of the synteny blocks
among bats from different families.

The chromosome numbers of Chiroptera species (chiropterans)
are highly varied.53 H. pendleburyi is more closely related to R. fer-
rumequinum than to P. discolor yet the chromosome number of H.
pendleburyi (2n¼32)53 is equal to that of P. discolor and is notice-
ably lower than that of R. ferrumequinum (2n¼58). Despite the dif-
ference in chromosome number, the synteny block analyses showed
that the sequences of H. pendleburyi scaffolds were more similar to
the sequences of R. ferrumequinum chromosomes than to those of P.
discolor chromosomes. The results suggested that the chromosome
number might not be a good indicator to study the phylogenetic rela-
tionship and also highlighted the importance of genomic resources
for studying the evolution in bats.

3.4. Genes under selection pressure

We performed the positive selection analysis with branch-site models45

to identify positively selected sites in the sequences of orthologous
genes. We first identified the selective sites that were specific to
Chiroptera members. In this analysis, the foreground branch contained

Table 1. Assembly statistics of the H. pendleburyi genome

Genomic features 10� genomics

N50 scaffold size (bases) 15,398,518
L50 scaffold number 35
N75 scaffold size (bases) 5,979,547
L75 scaffold number 90
N90 scaffold size (bases) 1,220,106
L90 scaffold number 208
Total (bases) 2,170,000,000
Number of scaffolds 28,685
Number of scaffolds �100 kb 492
Number of scaffolds �1 Mb 226
Number of scaffolds �10 Mb 60
Longest scaffold (bases) 98,956,843
GC content (%) 41.15
BUSCO 94.4%
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all species within the Chiroptera clade of the phylogenetic tree (Fig. 1),
and the background branch had other mammals. The analysis identi-
fied the selective sites in the sequences of interleukin (IL)-9 and
Granzyme A (GzmA) encoding genes (Table 2), which were involved
in inflammation.54,55 The selection of these genes was consistent with
the evolution of bat immunomodulation that limit virus-induced pro-
inflammatory responses to reduce tissue damage while limiting virus
propagation.56 Previously, the positive selections of inflammation-
related genes, caspase-8 and IL genes, were reported in Rousettus
bats.6 The positive selections of caspase-1 in Pteropus bats and IL-1b
in Myotis bats have been reported to result in a dampened inflamma-
tion.57 Similar to the roles of these two genes,57 GzmA played a role in
cleaving of the IL-1b precursor to produce functional IL-1b.58 In addi-
tion to the Chiroptera-specific selections, we identified the selections
specific to the analysed Hipposideros (H. pendleburyi þ H. armiger in
the foreground branch and all other Chiroptera members in the back-
ground branch). The results showed the positively selected sites in the
sequences of the cell death regulator Aven (an inhibitor of caspase acti-
vation59), IL-5 receptor and IL-17F encoding genes at the
Hipposideros branch level (Table 2). The manifestation of the posi-
tively selected sites in the sequences of these genes were also related to
the immunomodulatory adaptation of bats.2

For Hipposideros, positively selected sites were additionally identi-
fied in the sequences of protein disulfide-isomerase-like protein of the

testis (PDILT), SUN domain-containing protein 5 (Sun5) and ATP-
dependent RNA helicase TDRD9 (Tdrd9) encoding genes (Table 2),
which played roles in spermatogenesis. PDILT was shown in human
to be induced in testis during puberty and essential for the spermato-
genesis during the final stages of germ cell maturation.60 Sun5 and
Tdrd9 involve in spermatozoa integrity61 and maturation arrest62 and
are associated with mice male infertility. The timing of spermatogene-
sis in bats depended on several conditions, such as climate, season,
food availability and age, puberty onset age, genera and species of
bats.63,64 Positive selection of reproduction genes at the genus level
may imply the formation of reproduction barriers between H. pendle-
buryi and H. armiger that diverged at about 5 Mya.

We also identified the positively selected sites in the sequence of
the Secreted frizzled-related protein 5 (Sfrp5) encoding genes of
Hipposideros (Table 2). The selection sites of Sfrp5 were not found
in other Chiroptera members or other analysed mammals. Sfrp5 pro-
tein, a modulator in the Wnt signalling pathway,65 involves in gut
development in Xenopus66 and mouse,67 co-evolutionary patterning
of teeth and taste buds in Cichlid,68 and incisor renewal69 and early
trunk formation in mouse.70 The positively selected sites in the
Olfactory receptor 52M1 and the Cytochrome P450 8B1 encoding
genes (Table 2) were additionally identified for Hipposideros. These
genes play roles in regulating the intestinal absorption of dietary lip-
ids in mouse.71 These results suggested that the availability and type

Figure 1. The maximum likelihood phylogenetic tree of bats and other mammals. All internal nodes receive a 100% bootstrap support value from the analysis

(not shown in the figure for clarity), except for three internal nodes where bootstrap values are shown in red. Bats from different families are shown in different

colours, Pteropodidae: red, Rhinolophidae: cyan, Hipposideridae: pink, Phyllostomidae: purple, Molossidae: green, Miniopteridae: brown and Vespertilionidae:

blue. The superfamily Rhinolophoidea is shown in lime and other taxonomic ranges are in navy blue. The divergence times that are shown in a normal typeface

at internal nodes are obtained from the TimeTree database. The values in the associated parentheses are ranges of divergence times compiled from several stud-

ies by the TimeTree database. These divergence times and the associated ranges are used as prior calibration time points for the estimation of unknown diver-

gence times. The divergence times estimated in this study are displayed in bold typeface and the values in the associated parentheses show 95% credibility

interval. (A color version of this figure appears in the online version of this article.)
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of diets, which varied in different ecological niches,72,73 might exert
selective pressure to these genes of Hipposideros.

3.5. Transposable elements

We obtained 12,212 consensus sequences of TEs from the assemblies
of 11 bats, including three echolocating bats (M. natalensis, M.
lucifugus and P. discolor) of the suborder Yangochiroptera and three
hipposiderids (H. pendleburyi, H. armiger and H. galeritus), three
other rhinolophoids (R. ferrumequinum, C. thonglongyai and M.
lyra) and two pteropodids (P. vampyrus and R. aegyptiacus) of the
suborder Yinpterochiroptera (Supplementary Table S2). For H.
pendleburyi, TEs accounted for 38.6% (0.84 Gb) of the assembly,
which was similar to the proportion of TEs in H. armiger (32.9%),
H. galeritus (42.1%) and R. ferrumequinum (38.9%; Supplementary
Table S4). For each species, the Kimura substitution levels (k-distan-
ces) of TE sequences were shown in the TE landscapes (Fig. 2). The
k-distance values represented the divergence of the TE sequences
from their consensus sequences. We found unique profiles of short
interspersed nuclear elements (SINEs; class I TEs) and DNA transpo-
sons (class II TEs) within the k-distance range from three to seven in
hipposiderids (Figs 2 and 3A). The TEs within this k-distance range
were referred to as young TEs.

For class I TEs, we found fragments of MIR SINEs in all analysed
species, while VES and MEG families of SINE class were found only
in vespertilionids and pteropodids, respectively (Fig. 3B). These
results were consistent with previous reports.74,75 Rhin-1 SINEs
were found only in hipposiderids and R. ferrumequinum, which was
consistent with previous report.76 The proportion of young Rhin-1
in R. ferrumequinum (0.385% of the assembly) was about 50 times
higher than those in H. pendleburyi (0.008%), H. armiger (0.007%)
and H. galeritus (0.006%; Fig. 3B). In addition, the average k-dis-
tance of all Rhin-1 in H. pendleburyi (15.4 6 4.8), H. armiger
(15.5 6 4.8) and H. galeritus (16.7 6 4.6) were significantly (Welch’s
t-test, P<0.01) higher than that in R. ferrumequinum (7.9 6 3.4%;
Supplementary Table S5). These results suggested that Rhin-1 in
H. pendleburyi, H. armiger and H. galeritus was older than those in
R. ferrumequinum and implied that the amplification of Rhin-1 was
likely suppressed in hipposiderids.

In most bat species, the proportion of SINE was observed to be
correlated with the proportion of long interspersed nuclear element
(LINE) because SINEs required reverse transcriptase encoded by
LINEs for their amplification.77,78 Intriguingly, hipposiderids had a
slightly lower proportion of SINEs (0.08 6 0.02%) than pteropodids
did (0.10 6 0.02%; Supplementary Table S5), even though its LINE
proportion (2.10 6 0.96%) was about two times higher than those
of pteropodids (0.96 6 0.38%), which lost LINE-1, the most preva-
lent LINE family, from their genomes.79 The results suggested that
the amplification of SINEs in the analysed hipposiderids might be
suppressed by other mechanisms, such as the inhibition by APOBEC
family proteins78,80 and methylation.78,81 Changes in the proportion
of retroelements, including SINEs, have been shown to be associated
with the evolution and radiation of pteropodids79 and sigmodontine
rodents.82 In this study, we showed that the contraction of SINEs,
particularly Rhin-1 and MEG families (Fig. 3B), might be linked to
the phylogenetic separation of the hipposiderids from R. ferrumequi-
num (rhinolophid), other rhinolophoids and pteropodids.

For class II TEs, a high proportion of young DNA transposons
was found in all analysed hipposiderids and rhinolophid (Fig. 3A).
The exploration of DNA transposon families indicated that young
Tc1/Mariner elements were the most prevalent in this group ofT
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species (13.1 6 0.1%; Fig. 3C and Supplementary Table S5). We did
not find a similar profile in other bats, suggesting that a high accu-
mulation of Tc1/Mariner was specific to the analysed hipposiderids
and rhinolophid. The lineage-specific accumulation of particular
DNA transposon families has been reported in Vespertilionidae
and Miniopteridae echolocating bats.13,14,18 To classify the Tc1/
Mariners, the consensus sequences obtained from our
RepeatModeler25 analyses together with the Tc1/Mariner consensus
sequences compiled in other study5 were used to construct a phyloge-
netic tree (Fig. 4A). For rhinolophoids, we found four groups of Tc1/
Mariner elements (Groups I–IV in Fig. 4). Compared to the TE
sequences of P. discolor and M. lucifugus that each formed one
group in the phylogenetic tree, rhinolophoids had a higher number
of Tc1/Mariner groups, which was consistent with their high Tc1/
Mariner proportions (Fig. 3C). RepeatModeler performed a de novo
identification of consensus sequences from genome sequence.25 As a

support of RepeatModeler consensus-sequence identifications, we
additionally identified Tc1/Mariner elements in the assemblies of
H. pendleburyi and other species based on the amino acid sequences
of transposase domains that are compiled in other study32 (using
TBLASTN search). Hits from the TBLASTN search included
Apismar1.1, Apismar2.1-2.2 (domains from Acyrthosiphon pisum),
Dnomar2.1-2.2, Dnomar3.1 (Diuraphis noxia) and Mpmar1.1
(Myzus persicae) transposase domains (Supplementary Fig. S3).
These domains belonged to the DD34D transposase family of mari-
ners.32 Apismar2.1-2.2 and Dnomar2.1-2.2 have also been found in
R. ferrumequinum.32 These results together indicated that the major-
ity of young Tc1/Mariner in the analysed hipposiderids and rhinolo-
phid were mariner elements, which were consistent with the results
from RepeatModeler and RepeatMasker (Fig. 3C).

A phylogenetic tree based on full-length mariner sequences in
H. pendleburyi showed four groups of mariners (Groups i–iv in

Figure 2. The TE profiles. The TE landscapes of (A) M. natalensis, (B) M.lucifugus, (C) P. discolor, (D) H. pendleburyi, (E) H. armiger, (F) H. galeritus, (G) R. ferrume-

quinum, (H) C. thonglongyai, (I) M. lyra, (J) P. vampyrus and (K) R. aegyptiacus are shown. Different TE families are shown with different colours. Younger TEs

had a lower Kimura substitution level (k-distance) than the older TEs. The proportions of TEs at each k-distance level are expressed as a percentage of the ge-

nome size. The k-distances and the proportions of TEs are shown on the x and y-axes, respectively.
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Fig. 4B), which was consistent with the phylogenetic tree of the Tc1/
Mariner consensus sequences (Groups I–IV in Fig. 4A). The
BLASTN results also showed that the mariners of Group i (corre-
sponding to Group I in Fig. 4A) resembled that of the mariners of
treeshrew (designated as Tcmar after Tupaia chinensis) and insect
(Camar1 after Chymomyza amoena) with average identities of
88 6 0.2% and 71 6 0.3%, respectively (Fig. 4A and B;
Supplementary Table S6). The mariners in Group i were found in all
analysed hipposiderids but not in other rhinolophoids. In contrast,
the mariners of Group iv (Group IV in Fig. 4A) were found in all rhi-
nolophoids and resembled the mariner of caecilian (Rbmar after

Rhinatrema bivittatum, referred to as Mari2_Pca in the previous
study5; Fig. 4A and B). These data together indicated that the mari-
ner elements found in hipposiderids and rhinolophoids were not
detected in other bat groups but existed in species distantly related to
bats. The presence of full-length copies of mariner elements sug-
gested that the expansion of these elements is ongoing.14 A similar
observation has been described in vespertilionid bats.14 In addition,
the star-like topology of the mariner elements in Groups i and iv in-
dicated the accumulation of distinct mutations after a single burst
of transposition15,19 (Fig. 4C and D). These results together sug-
gested that mariner elements were introduced into hipposiderid

Figure 3. The proportion of young TEs. (A) The proportions of four main TE classes within the k-distance range between 3 and 7 (considered as young TE ele-

ments) in H. pendleburyi and other 10 species are shown. The proportions of each TE class are expressed as a percentage of the genome size. (B and C)

Compositions of different families are shown as a percentage of total young SINEs or DNA transposons.
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and rhinolophoid genomes via horizontal transfer and are still
active.16,19,20

3.6. Horizontal transfer of mariner elements

To further investigate the possibility of horizontal mariner acquisi-
tion in H. pendleburyi, we performed BLASTN search using the mar-

iner consensus sequences of H. pendleburyi as query sequences

against the NCBI nr/nt database. The BLAST results showed that
only the mariners of groups I and IV (Fig. 4A) matched to non-
mammalian sequences. The consensus sequences of Group I matched
to the sequences of tree shrews (T. chinensis and Tupaia belangeri;
Mammalia) and insects, including ant (Tetramorium bicarinatum;
Hymenoptera), hoverfly (Criorhina berberina; Diptera) and hornet
moth (Sesia apiformis; Lepidoptera), which were consistent with the
results from another BLASTN (previous section). The consensus

Figure 4. The phylogenetic trees of DNA transposons. (A) The unrooted phylogenetic tree of the consensus sequences of Tc1/Mariner elements is shown. (B) The

unrooted phylogenetic tree of the full-length mariner sequences extracted from H. pendleburyi assembly is shown. (C and D) The subtrees of groups i and iv in

the phylogenetic tree of the full-length mariner sequences are shown, respectively. Colours feature separate groups of DNA transposons and are synonymous

between sub-panels.
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sequences of Group IV matched to the sequences of rock hyrax
(Procavia capensis; Mammalia) and two caecilians (Geotrypetes ser-
aphini and R. bivittatum; Amphibia). These BLAST hits were
obtained with the query coverages of >99% of the consensus se-
quence length (about 1,290 bases) and the identity of >86%. We
also performed the BLASTN searches for other analysed bat
species. We considered only the consensus sequences that were
longer than about 50% of the full-length mariners (550–1,300 bp)
and only the BLAST hits with the query coverage of >90% and
the identity of >80% (Supplementary Table S7). The results
showed that the Group IV mariners of rhinolophoids matched to the
sequences of G. seraphini and R. bivittatum, consistent with
the results of H. pendleburyi (hipposiderid). For echolocating bats
(Yangochiroptera), the mariners of P. discolor formed their own
group (blue group in Fig. 4A) and were not related to any of the hip-
posiderid and rhinolophoid mariners. P. discolor mariners matched
the sequences of mariners in other echolocating bats in the database
(Supplementary Table S7). A mariner in P. discolor (PD_rnd-5_fam-
ily-494) matched to the sequences of Artiodactyla mammals such as
bovines, goats, sheep, deer, dolphins and whales. This particular
mariner formed a separate clade on the branch, in which Group I re-
sided (Fig. 4A). For pteropodid bats (Yinpterochiroptera), the P.
vampyrus mariner did not show any significant match from the
BLASTN search. These results together indicated that the BLAST
hits of the mariners in groups I and IV were specific to the analysed
hipposiderids and rhinolophids, respectively. These BLAST results
also agreed with several examples of the horizontal transfer of mari-
ner elements in mammals, insects and amphibians.15,16,19,31,83

The acquisition of mariner elements in rhinolophids and hipposi-
derids might be linked to their feeding behaviours. Rhinolophids and
hipposiderids are both insectivorous and the insects in the order
Lepidoptera, Diptera and Hymenoptera are their main preys.84 The
consumption of Hymenoptera ants by Hipposideros species has also
been documented.85 The interactions between mammals and insects,
including the feeding on insects of mammals31,83 and the transfer of
pathogens from insects to mammal hosts,15 were believed to increase
the likelihood of TE horizontal transfer. It is therefore possible that
hipposiderids have first received the mariner elements of Group I
from their prey.

The timeline of mariner acquisition is also of interest. Even
though rhinolophoids and hipposiderids fed on overlapping groups
of prey, Group I mariners existed only in the analysed hipposiderids
(Fig. 4A). Based on the assumption that these two groups of bats re-
ceived the mariner elements from their prey, we hypothesized that
hipposiderids acquired Group I mariners after they had diverged
from other bats of the Rhinolophoidea superfamily. In contrast,
Group IV mariners, which were found in both hipposiderids and rhi-
nolophoids (Fig. 4A), might have been acquired before such diver-
gence. This hypothesis was supported by the star-like topology of
Group I mariners (Fig. 4C) that displayed a better proportioned
shape than that of Group IV mariners (Fig. 4D). The difference of
star-like topologies suggested that the mariner elements of Group IV,
compared to those of Group I, might be accumulated more muta-
tions, by the amplification of pre-existing mutated copies after verti-
cal transfer events within Rhinolophoidea lineage. A higher k-
distance value of the elements of Group IV (8.33 6 1.22) than that of
Group I (6.33 6 0.91) also supported this hypothesis. Previously, the
acquisition of Tc1/Mariner elements in M. natalensis and the vesperti-
lionids were proposed to begin just before the divergence of the
Miniopterus and the vespertilionid.18 Sequence analyses indicated that
four mariners in M. natalensis (GOLEM-1 MNa, GOLEM D MNa,

TIGGER-1 Mna and TIGGER-17 MNa)18 were similar to Tigger and
GOLEM ancient mariners. The phylogenetic analysis additionally
showed that these mariners were not in any mariner groups in hipposi-
derids and rhinolophoids (Fig. 4A). The difference of mariner profiles
suggested that the acquisitions of mariner elements in vespertilionids18

and rhinolophoids possibly occurred separately over the course of
evolution.

The insertion of TEs introduces new nucleotide sequences to
host genomes and can result in the emergence of new genetic fea-
tures in host genomes by altering original coding or regulatory
sequences.86–89 The species with the insertions of TEs could adapt
to new environment more quickly than those that relied solely on
point mutations.18 In primates, the fusion between mariner trans-
poson and SET gene resulted in the emergence of SETMAR protein
family, which had functions in DNA-double-strand break re-
pair.86,87 The insertion of TEs has been shown to alter transcrip-
tional regulations and phenotypes in plants.88 For bats, the lineage-
specific accumulation of DNA transposons in vespertilionids was
linked to the rapid and repeated introduction of novel p/miRNAs,
which were involved in posttranscriptional regulation.89 The ex-
pansion was also associated with the radiation of vespertilionids.89

The insertion of TEs has been suggested to be related to the separa-
tion of hipposiderids from rhinonycterids (both belong to the su-
perfamily Rhinolophoidea).7 Based on this information, we
proposed that the lineage-specific accumulation of mariner DNA
transposons might be linked to the phylogenetic separation of hip-
posiderid and rhinolophid bats from other bats within the suborder
Yinpterochiroptera.

4. Conclusions

We reported a draft genome assembly of Pendlebury’s roundleaf bat
(H. pendleburyi), endemic to Thailand and currently listed as a vul-
nerable species. The size of the assembled genome was 2.17 Gb,
which was similar to those of other bat genomes. Our phylogenetic
analysis placed H. pendleburyi within the clade of rhinolophoids in
the suborder Yinpterochiroptera. The synteny analysis showed that
genome structures of echolocating bats were highly conserved and
shared contiguous chromosome segments, although they had differ-
ent numbers of chromosomes and were from different families
(Hipposideridae, Rhinolophidae and Phyllostomidae). We found
positively selected sites in genes that might play roles in inflammation
control, spermatogenesis and foregut morphogenesis. The positive
selection of these genes implied the genetic adaptation of H. pendle-
buryi to its environments. From the analysis of TEs, we found a high
accumulation of mariner DNA transposons in the analysed hipposi-
derid and rhinolophid genomes. The lineage-specific accumulation of
this DNA transposon family might be involved in the evolution of
hipposiderid and rhinolophid bats and could be related to the phylo-
genetic separation of this group of species from its related species.
The analyses also suggested that some groups of mariner elements
were horizontally transferred to hipposiderids after they had sepa-
rated from rhinolophids and other rhinolophoids while other mari-
ner groups had been transferred prior to the speciation. The
contractions of Rhin-1 and other families of SINEs could also be
linked to the separation of the hipposiderids from rhinolophid and
other bats. The genome assembly data and its analysis results
reported in this study are valuable for H. pendleburyi conservation
and lay a foundation for mammal comparative genomic studies.
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