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Abstract

Chromosomal variation among closely related taxa is common in both plants and animals, and can
reduce rates of introgression as well as promote reproductive isolation and speciation. In mammals,
studies relating introgression to chromosomal variation have tended to focus on a few model systems
and typically characterized levels of introgression using small numbers of loci. Here we took a
genome-wide approach to examine how introgression rates vary among four closely related
horseshoe bats (Rhinolophus pearsoni group) that possess different diploid chromosome numbers
(2n=42, 44, 46, and 60) resulting from Robertsonian (Rb) changes (fissions/fusions). Using a
sequence capture we obtained orthologous loci for thousands of nuclear loci, as well as
mitogenomes, and performed phylogenetic and population genetic analyses. We found that the taxon
with 2n = 60 was the first to diverge in this group, and that the relationships among the three other
taxa (2n=42, 44 and 46) showed discordance across our different analyses. Our results revealed
signatures of multiple ancient introgression events between the four taxa, with evidence of
mitonuclar discordance in phylogenetic trees and reticulation events in their evolutionary history.
Despite this, we found no evidence of recent and/or ongoing introgression between taxa. Overall, our
results indicate that the effects of Rb changes on the reduction of introgression are complicated and
that these may contribute to reproductive isolation and speciation in concert with other factors (e.g.

phenotypic and genic divergence).
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1. Introduction

Chromosomal variation, including changes in diploid number (2n) of chromosomes as well as
structural rearrangements (fissions/fusions, translocations, and inversions), are widely reported in
plants and animals. By interfering with normal meiosis, chromosomal differences can reduce
heterozygote fitness (White, 1978; King, 1995), potentially driving reproductive isolation and
speciation (Dobzhansky, 1971; King, 1995; Rieseberg, 2001; Faria & Navarro, 2010; Lucek et al.,
2022), with cases of chromosomal speciation described in diverse taxa (Navarro & Barton, 2003;

Rieseberg & Livingstone, 2003; Ayala & Coluzzi, 2005; Charron et al., 2014).

Two common forms of chromosomal rearrangement that appear to be particularly important in
promoting reproductive isolation are Robertsonian (Rb) fusions and fissions. Indeed, Rb
rearrangements have been linked to restricted introgression between chromosomal taxa (race or
species) (e.g. Cicconardi et al., 2021; de Vos et al., 2020; Potter et al., 2022), although exceptions
occur (Searle, 1993; Searle, Polly, & Zima, 2019; King, 1995; Giménez et al., 2017). Chromosomal
fusions, like chromosomal inversions, have also been reported to contribute to adaptation (e.g.
Wellband et al., 2019; Liu et al., 2022). In addition, Rb fusions/fissions can even promote homoploid
hybrid speciation by fixation of novel Rb fusions/fissions in hybrid taxon that originate from
hybridization of different chromosomal taxa (e.g. Lukhtanov et al., 2015; Leducq et al., 2016). Yet
despite these findings, few studies examining the role of Rb fusions/fissions in divergence and
speciation have been conducted using genome-wide data (but see Potter et al., 2022; Franchini et al.,
2020; Cicconardi et al., 2021). These few previous studies suggest that Rb fusions may have little
effects on the fertility of hybrids and thus may play a minor role in causing reproductive isolation. To
generate a consensus conclusion about the role of Rb changes in the reduction of introgression, more

studies in other organism systems are needed.



Bats (order Chiroptera) are the second largest mammalian order with over 1400 species (Simmons &
Cirranello, 2020) (https://www.batnames.org/). Although there have been relatively few studies of
the role of chromosomal variation in diversification of bats at a genome scale, they appear to show
extensive chromosome diversity with 2n ranging from 14 to 62 (Sotero-Caio et al., 2017). Here,
differences in chromosome number across taxa appear to have been mainly caused by chromosomal
fusions and fissions, as also reported in other organisms, including lepidopterans (de Vos et al.,
2020), rock-wallabies (Potter et al., 2017) and shrews (Searle et al., 2019). Previous karyotypic
analyses using fluorescence in situ hybridization and G-banding have also revealed that Rb
rearrangements are the most common types of chromosomal changes (Ao et al., 2007; Mao et al.,
2008; Sotero-Caio et al., 2017), in particular in horseshoe bats (Rhinolophus) (Mao et al., 2007). The
Rhinolophus genus contains over 100 recognized species, which appear to have diversified rapidly
(Hutson et al.,, 2019). Interestingly, although most species possess 2n of either 58 or 62
chromosomes, some clades show extensive karyotypic diversity (2n = 28 to 62) (Zima et al., 1992;
Sotero-Caio et al., 2017). For example, different chromosome numbers have been reported to occur
among members of the R. hipposideros group (2n=54, 56 and 58), R. rouxi group (2n=36 and 56)
and the R. pearsoni group (Sotero-Caio et al., 2017), the latter two of which are closely related and
both belong to Asian clade (Sotero-Caio et al., 2017). Thus, Rhinolophus appears to be a promising

genus in which to investigate the role of Rb fusions and fissions in divergence and speciation.

Here, we take a genome-wide approach to assess diversification and introgression in closely related,
but chromosomally distinct members of the R. pearsoni group. This clade includes four species that
have been described based on morphological and cytogenetic (chromosome) differences: R.
pearsoni, R. yunanensis, R. chiewkweeae, and R. thailandensis (Hutson et al., 2019; Yoshiyuki &
Lim, 2005; Wu et al., 2009). Four chromosomal taxa have been documented to date, although R.

chiewkweeae has not yet been examined. Specifically, R. p. chinensis, R. p. pearsoni, R. yunanensis,



and R. thailandensis are characterised by 2n of 42, 44, 46 and 60, respectively (Table 1 and Figure
la). Such reported karyotypes are based on multiple individuals, including two of R. p. pearsoni
(Mao et al., 2007) and five of R. yunanensis (Wu et al., 2009), both of which were studied with G-
banding. Other species’ chromosomal numbers have been inferred from conventional karyotyping
approaches, including R. p. chinensis (n=5, Zhang, 1985) and R. thailandensis (n=2, Harada et al.,
1985; n=1 Wu et al.,, 2009). To date, more informative molecular cytogenetic methods (e.g.
chromosome painting) have only been applied to R. p. pearsoni (Mao et al., 2007), and thus it is
difficult to assess whether additional chromosomal rearrangements (e.g. inversions) have occurred
across these four chromosomal taxa. In addition, as far as we know, no chromosomal polymorphisms

have been described in each species of the pearsoni group.

Within our study group, R. pearsoni is the only one to include two recognized subspecies (R. p.
chinensis and R. p. pearsoni). The subspecies of R. p. chinensis is restricted to eastern China while
R. p. pearsoni occurs across South Asia, China, and Southeast Asia (Hutson et al., 2019; Bates et al.,
2019). Rhinolophus yunanensis also has a wide distribution across China, India, Myanmar and
Thailand (Hutson et al., 2019; Wu et al., 2009; Bates et al., 2019). In contrast, R. chiewkweeae and
R. thailandensis were regarded as endemic species to Malaysia (Yoshiyuki & Lim, 2005; Morni et
al., 2016; Waldien, 2020) and northern Thailand (Wu et al., 2009; Bouillard, 2021), respectively. We
previously reported evidence of introgression of mitochondrial and nuclear DNA between R. p.
chinensis and R. p. pearsoni in their contact region (Figure la, Mao et al., 2010, 2016), although the
small number of loci examined precluded quantification of the extent of this gene flow. In addition,
little is currently known about the levels of divergence and introgression among all four

chromosomal taxa in the pearsoni group.

To study the role of chromosomal changes in introgression and diversification, it is important to first



reconstruct the evolutionary history of closely related taxa that show chromosomal variation (e.g.
Franchini et al., 2020; Potter et al., 2022). In this study, we aim to relate introgression to
chromosome numbers across members of the pearsoni group. To this end, we first generated a de
novo assembly of a draft genome for R. p. chinensis. We then collected representative individuals
from all four chromosomal taxa, and screened these at over 1,500 loci using a sequence capture
approach. Using phylogenetic and population genetic analyses, our first aim was to clarify the
currently recognized taxa in the pearsoni group and reconstruct their phylogenetic relationships.
Second, we tested for signatures of ancient and/or recent introgression between the four chromosome
taxa. Specifically, we test the hypotheses, as suggested in few previous studies with genome-wide
data (Cicconardi et al., 2021; Potter et al., 2022; Franchini et al., 2020) that Rb changes may have
little effects on the reduction of introgression and they contribute to reproductive isolation together

with other factors (e.g. phenotypic differences).



2. Materials and methods

2.1 Sampling

To reconstruct phylogenetic relationships among taxa of the pearsoni group, we sampled 82
individuals from 32 localities across the known distributions of all four currently recognized
chromosomal taxa, including 14 R. p. chinensis, 55 R. p. pearsoni, 4 R. yunanensis, and 9 R.
thailandensis (Figure la and Supp. Table S1). Among these, 24 were from specimens that were
assigned to taxa based on morphology by the original field collectors or museums, and were later
retrospectively reclassified based on our current results (Supp. Table S1). One individual of
Hipposideros armiger was included as an outgroup. For 24 individuals, muscle tissues were
collected from the vouchers deposited in the museums (Supp. Table S1). For the remaining
individuals, we took 3-mm wing membrane biopsies using a dermatological punch, releasing bats at
their sites of capture. Tissue samples were stored in 95% ethanol at -20°C until DNA extraction.
Genomic DNA was extracted with DNeasy kits (Qiagen) and quantified using a Qubit 2.0

Fluorimeter.

2.2 Assembly of a draft genome

For SNPs calling, we first sequenced and de novo assembled a draft genome for R. p. chinensis. A
single female bat was euthanized, from which we collected fresh tissues (muscle, liver, brain, and
kidney) for flash freezing in liquid nitrogen and subsequent storage at -80 °C. Sampling and tissue
collection procedures were approved by the National Animal Research Authority, East China Normal
University (approval ID Rh20200801).

We extracted high molecular weight DNA from muscle tissue and constructed four DNA libraries:
one based on 500 bp inserts and three mate-pair libraries based on 2,000 bp, 5,000 bp and 10,000 bp
inserts. Libraries were constructed and sequenced on an Illumina HiSeq 4000 sequencing platform

(150 bp pair-end) at Novogene (Beijing, China). Raw sequencing reads were assessed using FastQC



version 0.11.8 (Andrews, 2010) and processed using Trimmomatic version 0.38 (Bolger et al., 2014)
to remove adapter sequences and low quality bases with the parameters of
SLIDINGWINDOW:4:20. We assembled sequence data using SOAPdenovo 2.04 (Luo et al., 2012)
with a k-mer value of 61. Scaffolds of <1000 bp were removed from the final assembly. The
completeness of the draft genome was assessed using BUSCO version 5.3.0 (Simao et al., 2015).
Raw reads generated from genome sequencing have been deposited to the NCBI Sequence Read

Archive (SRA) under Bioproject PRINA906200.

2.3 Targeted gene resequencing and data analysis

For each individual, we generated sequences of 1,692 nuclear protein-coding genes and 13
mitochondrial protein-coding (MPC) genes using a targeted capture strategy. Genomic DNA library
construction, hybridization between baits and libraries, and recovery of baited libraries, have been
described previously (Bailey et al., 2016; Mao et al., 2019, 2020). We sequenced 83 DNA libraries
using a Hiseq2500 (Illumina, 150 bp paired-end). Raw reads generated in targeted gene resequencing
have been deposited to the NCBI Sequence Read Archive (SRA) under Bioproject PRINA906200.
Raw sequencing reads were assessed using FastQC version 0.11.8 (Andrews, 2010) and trimmed
using Trimmomatic v.0.38 (Bolger et al., 2014) with the parameters of SLIDINGWINDOW:4:20.
Reads with the length <50 bp were discarded. Then, we generated two different datasets including
sequence alignments and SNPs. Sequence alignments of nuclear exons and MPC genes were
generated using SECAPR pipeline v. 2.1.0 (Andermann et al., 2018). Briefly, trimmed reads were
assembled de novo into contigs using SPAdes 3.13.1 (Bankevich et al., 2012). Then, we extracted
targeted contigs using BLASTZ (Schwartz et al., 2003) with find target contigs module in
SECAPR. We used the same reference sequences as in Mao et al. (2019, 2020), including sequences
of a total of 12,227 nuclear exons and 13 MPC genes. After removing potential paralogous loci

identified with the find target contigs module, an average of 8544 exon sequences across all



individuals were retained, ranging from 4,242 to 10,714 (Supp. Table S2). We also obtained 13 MPC
genes for all individuals and each gene was aligned using MAFFT v7.490 (Katoh et al., 2002) with
default settings. To reduce the effect of missing individuals on the phylogenetic analysis, we only
kept the sequence alignments sampled in > 66 individuals (i.e. > 80 % of all individuals used in this
study). The remaining sequence alignments were further trimmed using trimAl v1.4 (Capella-
Gutiérrez et al., 2009) with default settings except for -gt of 0.8. A final of 6458 exon alignments
with the length of > 250 bp and 13 MPC gene alignments were retained for the downstream

analyses. For species tree inference using ASTRAL (see below), we only used exon
alignments with the length of =2 500 bp and with the inclusion of the
outgroup, resulting in 1153 exon alignments.

To call SNPs, clean reads of each individual were mapped onto the draft genome assembly of R. p.
chinensis using BWA-MEM Version 0.7.17 (Li & Durbin, 2010) with default settings. SAMtools
Version 1.7 (Li et al., 2009) was used to generate sorted BAM files and remove potential PCR
duplicates. We used BCFtools Version 1.7 (Li et al., 2011) to call SNPs for all 82 ingroup samples,
which was repeated with the outgroup included. To generate high quality SNPs, we kept the biallelic
SNPs with the minimum mapping quality of 30, minimum base quality of 30 and 10 < read depth <
250 for each individual. We also filtered out sites with missing data in any individuals and minor
allele frequency less than 0.05. Then, BAYESCAN v2.1 (Foll & Gaggiotti, 2008) was used to detect
loci under selection with the default settings. We identified 128 SNPs that showed evidence of
selection with 95% of the posterior distribution of alpha significantly different from zero (p <0.05
adjusted for the false discovery rate, Supp. Figure S1). After removing these outlier loci, a final of
16,164 and 4,339 SNPs were retained for all ingroup individuals and for all individuals including the
outgroup, respectively. Relatedness among individuals were assessed using VCFtools v0.1.16
(Danecek et al., 2011) with the --relatedness2 parameter (Manichaikul et al., 2010) and no samples

were found to be highly related (see detailed kinship coefficients in Supp. Table S3). We further used
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VCFtools to filter out SNPs with possible linkage disequilibrium (--thin 10-kb), resulting in 2838
unlinked SNPs based on the 82 ingroup individuals, and 1590 SNPs when the outgroup was

included.

2.4 Phylogenetic analysis on ncDNA

Exon alignments (n = 6458; total 1,977,201 bp) were concatenated and used for maximum-
likelihood (ML) tree construction in IQ-TREE v1.6.12 (Nguyen et al., 2015) with the best-fit model
estimated using ModelFinder (Kalyaanamoorthy et al., 2017). Node support values were estimated
with 1,000 ultrafast bootstraps (Hoang et al., 2018). To account for incomplete lineage sorting (ILS),
we also used a coalescent-based method to infer a species tree using ASTRAL-III version 5.7.1
(Zhang et al., 2018) with default settings. This analysis was based on multispecies coalescent (MSC)
model and required individual gene trees as the input. IQ-TREE was used to infer the best ML tree
for each exon alignment (1153 exon alignments, each >=500 bp) with the same procedure as the
above.

To complement to phylogenetic analysis based on sequence alignments, we also inferred
phylogenetic relationships based on SNPs dataset. We first reconstructed a ML tree based on
concatenated 4339 SNPs using IQ-TREE with the same procedures as the above. We also performed
a coalescent-based analysis to infer the species tree using the SVDQuartets (Chifman & Kubatko,
2014) implemented in PAUP v.4.0a149 (Swofford, 2002). For this analysis, we used 1590 unlinked
SNPs with all possible quartets. Node support was assessed with 100 bootstrap replicates.

For species tree inferences using ASTRAL-III and SVDQuartets, we assigned samples to each of the
six taxa (R. thailandensis, R. yunanensis, R. p. chinensis, and three clades of R. p. pearsoni, see

Results).

2.5 Phylogenetic analysis on mtDNA



We also produced a ML tree based on the concatenated sequences of the 13 MPC genes using
RAXML v8.2.12 (Stamatakis, 2014). This analysis was conducted with the GTRGAMMA model and
bootstrap support was estimated based on 1000 pseudoreplicate searches. In this analysis, we
included sequences of the 13 MPC genes from R. ferrumequinum, R. sinicus and R. rex, obtained

from Mao et al. (2017) as outgroups.

2.6 Genetic structure and differentiation

We used two methods to assess population structure based on 2838 unlinked SNPs for all 82 ingroup
individuals. First, we conducted an individual-based principal component analysis (PCA) using
PLINK version-1.07 (Purcell et al., 2007), which was repeated for R. p. pearsoni individuals only in
order to examine structure within this taxon. Second, we estimated individual assignment and
genetic admixture using ADMIXTURE version 1.3 (Alexander et al., 2009). Admixture analysis was
run with 10-fold cross-validation for a range of putative clusters (K=1 to 10). For each value of K,
we conducted 10 independent runs, the results of which were combined in CLUMPAK (Kopelman et
al., 2015). The most appropriate K value was selected based on the lowest average cross-validation
(CV) error. Finally, genetic differentiation among the four chromosomal taxa was assessed using Fst
(Weir & Cockerham, 1984) in VCFtools and P values of pairwise Fst were calculated using the R

package StAMPP v1.6.3 (Pembleton et al., 2013).

2.7 Analysis of introgression

To detect any signatures of introgression among taxa we applied the D-statistic (ABBA-BABA) test
(Durand et al., 2011; Green et al., 2010). This test examines the frequency of derived alleles
(designated ‘B’) at loci that exhibit either an ABBA or BABA pattern in a four-taxon phylogeny:
(((P1, P2), P3), outgroup) (Figure 3a). If only random lineage sorting of ancestral polymorphism

take place, ABBA or BABA patterns are expected to occur at equal frequency (D-statistic = 0),



whereas a bias towards one pattern indicates potential introgression between P3 and either P1 or P2.
Based on 16,164 SNPs with R. thailandensis 2n=60 as the outgroup, we used the Dtrios function in
Dsuite version 0.5 (Malinsky et al., 2021) to estimate the D-statistic test for all possible three-taxon
combinations in the species tree constructed by SVDquartets and ASTRAL above (Figure 3b). To
test for introgression between R. thailandensis (P3) and other chromosomal taxa (P1 or P2) (Figure
3¢), we also performed Dsuite analysis using H. armiger as the outgroup on the basis of 4339 SNPs.
Statistical significance for the difference of the D-statistic value from zero was assessed by
calculating the corresponding Z score using a standard block-jackknife procedure with different
block sizes. To account for multiple tests, the adjusted p-value of 0.001 was used as the cutoff for
significance of the D-statistic value after Benjamini and Hochberg adjustment (Benjamini &
Hochberg, 1995).

To further estimate the relative magnitude and direction of introgression among taxa, while
accounting for ILS, we used TreeMix version 1.13 (Pickrell & Pritchard, 2012). This analysis was
based on 16,164 SNPs with R. thailandensis as the outgroup. A maximum likelihood tree with a
migration edge (m) of zero was inferred and its likelihood was compared to ones of other ML trees
with m of 1 to 5. For each migration edge, we used different SNPs windows (k=1, 10, 500) to
account for the effect of linkage disequilibrium, which yielded same results. The optimal number of

migration edges was determined using the R package OPTM (Fitak, 2021).

2.8 Phylogenetic network analysis

Finally, to infer phylogenies with reticulation events, we used PhyloNet 3.8.0 (Wen et al., 2018) to
perform phylogenetic network analysis by accounting for both ILS and introgression. A maximum
pseudolikelihood (MPL) approach was used with the command “InferNetwork MPL”. Network
analysis was performed based on a same set of 1153 gene trees as used in the ASTRAL analysis

above. We tested for different number of reticulations (0-5) and each was performed with 20



independent searches using the parameters of —x —a —o. A bootstrap support threshold of 70 was
applied with -b flag. The optimal network of each reticulation was visualized in Dendroscope3.8.3

(Huson & Scornavacca, 2012).

3. Results

For SNP calling, we first assembled a draft genome. Illumina sequencing yielded 126, 52, 36 and 32
Gb data for DNA libraries of 300 bp, 2k bp, 5k bp, and 10k bp, respectively (106, 45, 32, and 27 Gb
data after trimming, Supp. Table S4). The draft genome assembly contains a total of 2.28 Gb with
73,147 scaffolds and its scaffold N50 was 330k bp (Supp. Table S5). BUSCO analysis revealed that
87.7% complete (S: 86.4%; D: 1.3%) and 4.3% fragmented BUSCOs were included in the draft
genome (Supp. Table S6). Using target sequence capture, we generated datasets based on sequence
alignments and SNPs. For sequence alignment datasets, we used 6458 nuclear exons of >250 bp
each, and 1153 exons of >500 bp. We also obtained 13 MPC genes for all individuals. For the SNP
datasets, we generated 16,164 SNPs (2838 unlinked) for ingroup individuals, and 4339 SNPs (1590

unlinked) for ingroup plus outgroup.

3.1 Phylogenetic relationships based on nuclear data

ML trees constructed separately using concatenated SNPs (n = 4339) and concatenated exons (n =
6458) showed similar topologies (Figure 2a and Supp. Figure S2). Here we described phylogenetic
patterns based on the former. All four chromosomal taxa were reciprocally monophyletic with
respect to each other (100 support rates). Of these, R. thailandensis (2n=60) and R. yunanensis
(2n=46) showed early successive splits, and R. p. pearsoni (2n=44) and R. p. chinensis (2n=42)
exhibited a sister relationship. Except for R. p. pearsoni, the other three chromosomal taxa had
restricted distributions (Figure 1a). Within R. p. pearsoni, three separate clades were identified, with

over 80 support rates (hereafter R. p. pearsoni-clade 1, clade 2 and clade 3). Among these, clade 1



diverged first, with members of this clade recorded in Hai Phong, Vietnam. Members of clade 2 were
also from restricted regions (Hunan and Shanxi, locality of 9-12 in Figure 1a), whereas clade 3 had
wide distributions ranging from China, Vietnam to Thailand (Figure 1la). To complement
concatenation-based phylogenetic analyses, we also produced coalescent-based summary trees using
ASTRAL and SVDQuartets based on 1153 exon alignments and 1590 unlinked SNPs, respectively.
Both analyses recovered the same phylogenetic relationships among the four chromosomal taxa as
revealed by concatenation (Figure 1d), however, within R. p. pearsoni (2n=44), coalescent methods
supported a sister relationship between clade 1 and clade 3.

Consistent with results from phylogenetic analyses above, PCA based on 2838 unlinked SNPs for all
ingroup individuals first separated R. thailandensis (2n=60) from others at PC1, which accounted for
59.4% of variance (Figure 1b). However, PC2 (18.5% variance) further separated R. p. chinensis
(2n=42) from R. p. pearsoni (2n=44) and R. yunanensis (2n=46), supporting a closer relationship
between R. p. pearsoni and R. yunanensis, contradicting the phylogenetic results. A second PCA for
R. p. pearsoni also identified three separate clusters, corresponding to the three clades identified in
the phylogenetic analyses.

Admixture analysis based on 2838 unlinked SNPs recovered the three chromosomal taxa (R.
thailandensis, R. yunanensis and R. p. chinensis) and the three clades of R. p. pearsoni when run for
K=6 (Figure 1c). The most likely number of clusters (i.e. lowest average CV error) was determined
to be 7 (Supp. Figure S3), which recovered two clusters within clade 3 (Figure 1c). Consistent with
results from phylogenetic analyses and PCA, R. thailandensis separated from the other bats at K=2,
however, consistent with PCA result but in contrast to phylogenetic analyses, R. p. chinensis was the
second to separate from R. p. pearsoni and R. yunanensis at K=3, supporting a closer relationship
between R. p. pearsoni and R. yunanensis. Within R. p. pearsoni, individuals of clade 3 in Guizhou
and Guangxi (locality of 15, 16 and 17 in Figure la and Supp. Table S1) were mixed with

individuals from clade 2. It was notable that three individuals of R. thailandensis also mixed with R.



YVUNAanensis.

Finally, pairwise Fst between the four chromosomal taxa also revealed R. thailandensis as the most
divergent taxon with high Fst value (0.51-0.74) between R. thailandensis and each of the others
(Figure 1d). In addition, genetic differentiation analysis also supported a closer relationship between
R. p. pearsoni and R. yunanensis than between R. p. pearsoni and R. p. chinensis with Fst values of

0.16 and 0.25, respectively (Figure 1d).

3.2 Phylogenetic discordance between ncDNA and mtDNA

A concatenation-based ML tree using 13 MPC genes was consistent with ncDNA results, whereby R.
thailandensis split first from the other taxa (Figure 2b). However, although R. p. chinensis and R.
yunanensis were also identified as separated lineages with 100 support rates, these two taxa were
nested within the R. p. pearsoni. Specifically, discordant with ncDNA results, R. yunanensis was
classified with R. p. pearsoni clade 2 and some individuals of clade 3 from Guizhou (locality of 15
and 16) and Guangxi (locality of 17 in Figure 1a) where were near to the region of R. yunanensis.
Similarly, R. p. chinensis was also classified with individuals of clade 2 and clade 3, although
samples of clade 3 were far from the geographic range of R. p. chinensis. Finally, and in contrast to
ncDNA results, clade 1 was not the most divergent lineage in R. p. pearsoni and was classified

within clade 3.

3.3 Inference of introgression

We used two approaches to infer introgression. First, we used Dsuite to detect signatures of
introgression by performing D-statistic tests for all possible three-taxon combinations. Dsuite
analysis was first conducted under the species tree constructed by SVDquartets and ASTRAL and R.
thailandensis as the outgroup (Figure 3b), which revealed five introgression events. Of these, three

were between R. yunanensis and each of the three R. p. pearsoni clades (D=0.12, 0.11 and 0.12, see



Supp. Table S7). The others were between R. p. chinensis and R. p. pearsoni clade 2, and between R.
p. pearsoni clade 2 and clade 3. To test for introgression between R. thailandensis and other
chromosomal taxa, we performed a second Dsuite analysis with H. armiger as the outgroup (Figure
3¢). Consistent with results of the Admixture analysis that several R. thailandensis individuals were
mixed with R. yunanensis (Figure 1c), Dsuite analysis identified a signature of introgression between
these two taxa (Supp. Table S7).We also used TreeMix, accounting for ILS, to estimate the relative
magnitude and direction of introgression among taxa. The ML tree reconstructed by TreeMix
revealed the same phylogenetic relationships among the six lineages (R. thailandensis, R.
yunanensis, R. p. chinensis, and the three clades of R. p. pearsoni) as revealed in the species tree
reconstructed by SVDquartets and ASTRAL. Under this ML tree, one migration event (m=1) was
best supported by OptM and this introgression event was from R. p. chinensis into R. p. pearsoni

clade 2 (Figure 3d).

3.4 Phylogenetic networks

Our observation of mitonuclear discordance and introgression analyses above both suggested
occurrences of multiple introgression events among the four chromosomal taxa. To infer phylogenies
with reticulation events, we used PhyloNet to perform phylogenetic network analysis. When
reticulations were set to 1 and 2, the corresponding optimal networks (Figure 4) exhibited the same
phylogenetic relationships among the four chromosomal taxa as revealed in the phylogenetic tree
analyses (Figure le and 2a), while for reticulation of 3 to 5, the topologies were different from the
phylogenetic tree analyses. In addition, the likelihood scores increase greatly from reticulation=0 to
reticulation=1 and 2, followed by a gradual increase with more reticulations (Supp. Table S8 and
Supp. Figure S4). Therefore, we only considered networks with one and two reticulation events,
which best explain our current data. Both networks supported introgression between R. thailandensis

and R. yunanensis and a second introgression event was inferred between R. p. chinensis and R. p.



pearsoni clade 2 when reticulation was set to 2 (Figure 4).

4. Discussion

Based on widespread sampling, our study included all four known chromosomal taxa of the pearsoni
group (2n=42, 44, 46, 60). By performing phylogenetic, population genetic and introgression
analyses on data of thousands of genomic loci, we demonstrated levels of diversification and
introgression between the four chromosomal taxa. First, we reconstructed reliable phylogenetic
relationships among the chromosomal taxa using phylogenetic tree and network methods by
accounting for both ILS and introgression. Second, using different approaches, we detected multiple
signatures of introgression between taxa and these introgression events might have occurred
anciently. Below we discuss general implications of our results for diversification and introgression

of closely related taxa with Rb changes.

4.1 Phylogenetic relationships among chromosomal taxa

Our phylogenetic analysis using both concatenation and coalescent methods supported a sister
relationship between the two R. pearsoni subspecies (R. p. chinensis and R. p. pearsoni) to the
exclusion of R. yunanensis (Figure le, 2a and Supp. Figure S2). However, results of population
genetic analyses (PCA, Admixture and Fst estimates) all indicated that R. p. pearsoni had a closer
relationship with R. yunanensis than with R. p. chinensis (Figure 1b-d, see details in Results), which
can be best explained by introgression between R. yunanensis and R. p. pearsoni (see ‘Introgression
among chromosomal taxa’ below). To account for the effects of introgression between taxa on
phylogenetic reconstruction, we also used TreeMix and PhyloNet to determine phylogenetic
relationships between the chromosomal taxa. These two analysis approaches have been widely used
to infer phylogeny while accounting for reticulation events (e.g. Ferreira et al., 2021; Hinojosa et al.,

2022; Esquerré et al., 2022). The ML tree reconstructed by TreeMix (Figure 3d) and networks by



PhyloNet (Figure 4) both support the topology of ((R. p. chinensis, R. p. pearsoni), R. yunanensis) as
revealed in the phylogenetic analyses. Thus, inference of the phylogenetic relationships using
population genetic analyses might be not reliable when introgression had occurred, as shown in our
case here. Our current study implies an importance of combining different analyses (e.g.
phylogenetic, population genetic and network methods) in resolving phylogenetic relationships of
closely related taxa with reticulation events, such as in the radiation of the Heliconius (Kozak et al.,
2021) and Petrogale (Potter et al., 2022), and multiple chromosomal races of the house mouse on
island (Franchini et al., 2020).

It was notable that ILS might also contribute to the genetic similarity between R. yunanensis and R.
p. pearsoni observed in population genetic analyses. Even with the analyses of genome-wide data, it
is now still difficult to distinguish the relative effects of ILS and introgression on phylogenetic
reconstruction (e.g. Meleshko et al., 2021; Lopes et al., 2021). However, in this study, results of the
ABBA-BABA tests in Dsuite and TreeMix, both accounting for ILS, suggested that introgression
scenario was more likely. In the future, a method of quantifying introgression via branch length
(QulBL) (Edelman et al., 2019) can be applied to the whole genome sequencing data to further test
for the relative effects of introgression and ILS in phylogenetic discordances among the three
chromosomal taxa.

Finally, the wide geographical sampling of bats in this study has revealed inconsistent taxonomic
assignments in earlier work. In particular, some samples of R. p. pearsoni clade 3 and R. yunanensis
in this study (see below) were previously recognized as ‘R. yunanensis’ and ‘R. p. pearsoni’,
respectively (Mao et al., 2010). Rhinolophus yunanensis and R. pearsoni have long been confused
and their close morphological similarity means that they are likely to be frequently misidentified in
the field. Indeed, it is noteworthy that bats from Cambodia and Thailand that were analysed in this
study were previously classified as R. yunanensis by fieldworkers (Supp. Table S1). In light of our

new results, which are based on wide sampling of taxa in the pearsoni complex, alongside karyotype



data (Wu et al., 2009) and genetic variation (Figure 2), we suggest that samples from Sichuan are
more likely to be ascribed to R. yunanensis, further highlighting the importance of combining
different sources of data for correct species recognition. Currently, karyotype data are lacking for
most populations of the pearsoni group. Ultimately, it will be important to determine whether some
genetically divergent lineages in this group belong to different chromosomal taxa, such as

populations from Hai Phong in Vietnam, Songkhla in Thailand and Kampot in Cambodia.

4.2 Introgression among chromosomal taxa

Our analyses using Dsuite, TreeMix and PhyloNet all supported introgression between R. p.
chinensis (2n=42) and R. p. pearsoni clade 2 (2n=44), which was also suggested by the detection of
mitonuclear discordance here (see details in Results) and in a previous study based on mtDNA and
two nuclear loci (Mao et al., 2010). Nuclear introgression between these two subspecies has also
been inferred based on gene flow analysis of multiple nuclear loci (Mao et al., 2016). However,
despite these findings, our PCA and admixture analyses both pointed to a lack of recent or ongoing
introgression, and introgressed R. p. pearsoni mtDNA sequences were seen to be highly divergent
from those of R. p. chinensis (Figure 2b), again consistent with no recent hybridization and mtDNA
introgression. Although phenotypic differences are not a focus of this study, the cessation of gene
flow between R. p. pearsoni and R. p. chinensis is further supported by divergence in their
echolocation call frequencies (~10 kHz difference, Mao et al., 2010). Previous work has found a link
between call frequency divergence and negative assortative mating, implying possible prezygotic
isolation (Kingston & Rossiter, 2004; Puechmaille et al., 2014). At the same time, it is not known
whether such call frequency divergence is directly related to chromosomal differences observed
between our study taxa, although chromosomal variation has previously been linked to local
adaptation in salmon (Wellband et al., 2019) and trait divergence in deer mice (Hager et al., 2022).

Indeed, previous studies of house mice suggested an important role of Rb fusions specifically in



phenotypic divergence (Franchini et al., 2016). Future chromosome-level genome assemblies
alongside whole genome resequencing will be important in testing roles of chromosomal changes in
isolation between chromosomal taxa, including structural rearrangements such as translocations and
inversions, in addition to Rb changes (e.g. Moran et al., 2020; Cheng et al., 2021; Huang et al.,
2022). Similarly, genome scans and genome-wide associated studies (GWAS) may also offer
opportunities to identify candidate genomic loci associated with phenotypic variation and/or
reproductive isolation, including whether or not they are located within rearranged regions (e.g.
Jackson et al., 2021; Mérot et al., 2022).

Using the D-statistic test in Dsuite, we also found evidence of substantial past introgression between
R. yunanensis (2n=46) and each of the three clade of R. p. pearsoni (2n=44), although this was not
recovered by TreeMix and PhyloNet. Based on the parsimony principle for inferring possible
introgression events (Pulido-Santacruz et al., 2020; Zhang et al., 2021), we proposed that a single
introgression event might have occurred between R. yunanensis and the ancestor of R. p. pearsoni.
The classification of R. yunanensis with R. p. pearsoni clade 3 from Guangxi and Guizhou (locality
of 15, 16 and 17 in Figure 1a) in the mtDNA tree (Figure 1a and 2b) also supported an occurrence of
hybridization and introgression between them.

Similarly, a closer relationship between R. p. pearsoni and R. yunanensis than between R. p.
pearsoni and R. p. chinensis, as revealed in the PCA, Admixture and Fst analyses, also supported a
scenario of introgression. Yet, like the results for R. p. pearsoni and R. p. chinensis, no recent and
ongoing introgression was detected between R. yunanensis and any clade of R. p. pearsoni, a result
further supported by the separation of R. yunanensis into a monophyletic clade in the mtDNA tree
(Figure 2b). Similar examples of ancient introgression between a taxon and the ancestor of a set of
other taxa have previously been reported in other study systems, including fishes (Meier et al.,
2017), birds (Zhang et al., 2021) and plants (Meleshko et al., 2021). Once again, whole genome

sequencing in the future will help to shed light on the extent and timing of introgression between R.
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p. pearsoni and R. yunanensis.

Finally, we found unexpected evidence of introgression between R. thailandensis (2n=60) and R.
yunanensis (2n=46) using Admixture (Figure 1c), the D-statistics test (Figure 3c) and network
analysis (Figure 4). These results seem to suggest that even complex Rb changes (at least seven
fusions/fissions here) may not impede introgression, a result also documented in the rock-wallaby
group (Potter et al., 2022) and the common shrew (Polyakov et al., 2011; Horn et al., 2012). Because
R. thailandensis is only reported in the Chiang Mai area of Thailand (Wu et al., 2009; Bouillard,
2021), such introgression may well have occurred between R. thailandensis and a more widely
distributed ancestor of R. yunanensis. Additional sampling of R. yunanensis in Thailand, together
with karyotyping and genome sequencing, will help address the question of whether there are R.
yunanensis individuals with 2n=46 in Thailand, and the level of diversification and introgression
between these R. yunanensis individuals and R. thailandensis.

Overall, we have discovered multiple signatures of ancient introgression between four chromosomal
taxa that differ by one or more Rb changes. Our current results thus seem to support the idea that Rb
changes have little effect on the fertility of hybrids and thus may play a minor role in causing
reproductive isolation, as observed in house mice (Garagna et al., 2014; Grize et al., 2019), shrews
(Searle et al., 2019) and rock-wallabies (Potter et al., 2022). At the same time, no recent and/or
ongoing introgression was observed between these three chromosomal taxa (2n=42, 44 and 46),
implying that simple chromosomal changes may also reduce introgression and promote isolation.
One possible explanation for this discrepancy is that the legacy of ancient introgression events
involving ancestral taxa will be easier to detect since they will likely be seen at broader geographical
scales, reflecting the ranges of the descendant taxa, as opposed to recent events involving single
extant populations, which are less likely to be sampled. Alternatively, this discrepancy could be
explained by ancient introgression events among individuals with chromosome polymorphisms, in

which gene flow ceased after fixation of chromosome differences. Thus, our work is consistent with
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the findings in other organism systems (Potter et al., 2022; Franchini et al., 2020) that the effects of
Rb changes on the reduction of introgression are complicated and Rb changes may contribute to

speciation together with other factors (e.g. genic evolution).

A more robust way to test whether Rb changes have consequences for diversification and
introgression would be to compare introgression rates between groups of taxa that differ with respect
to Rb changes but which show similar divergence times; however, this latter condition is not met by
our study group. In the future, chromosome-level sequence alignments and whole genome
resequencing will likely provide better insights into the extent of rearrangements (e.g. translocations
and inversions) as well as the timing of introgression (e.g. Hibbins & Hahn, 2018). In particular,
comparing the timing of chromosomal changes between the chromosomal taxa will provide
information on whether introgression occurred before or after the formation of chromosomal
changes, and thus whether chromosomal changes might have contributed to reproductive isolation,
or accumulated subsequently (Faria & Navarro, 2010). More importantly, the four chromosomal taxa
studied here, in particular the two closely related R. pearsoni subspecies (R. p. chinensis and R. p.
pearsoni), can be used as a good system to investigate the molecular mechanisms of chromosomal
speciation (e.g. Yin et al., 2021). Together with the identification of candidate loci associated with
phenotypic divergence (e.g. call frequency divergence between the two R. pearsoni subspecies),
whole genome sequencing data will be needed to test for the role chromosomal rearrangements in

ecological speciation (e.g. Jackson et al., 2021).
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Figure legends

Figure 1. (a) A map showing sampling localities in this study and approximate ranges of the four
species in the Rhinolophus pearsoni group. Taxa memberships of individuals in each location are
based on the results of clustering (b and c) and phylogenetic analyses (e and Figure 2a). (b) PCAs
results for all 82 ingroup individuals and only R. p. pearsoni individuals based on 2838 SNPs,
respectively. Individuals were classified into six clusters, R. thailandensis, R. yunanensis, R. p.
chinensis and three clades of R. p. pearsoni. (c) K=6 and 7 from ADMIXTURE results for all 82
ingroup individuals based on 2838 SNPs. Six clusters when K=6 match those identified in the PCAs.
A further cluster was observed within R. p. pearsoni clade 3 when K=7. (d) Fst results between
pairwise comparisons of the four chromosomal taxa. * indicates that all Fst values were significant
with P-value <0.05. (e) Inference of the species tree using SVDquartets and ASTRAL based on 1590
SNPs and 1153 gene trees, respectively. Numbers in each branch represent bootstrap values from
SVDquartets (above the branch) and posterior probabilities from ASTRAL (below the branch).
Hipposideros armiger was used as the outgroup. Taxa are colored according to those in the PCAs
and Admixture analyses.

Figure 2. Phylogenetic trees based on nuclear DNA (ncDNA, a) and mitochondrial DNA (mtDNA,
b). NcDNA tree was inferred based on concatenated 4354 nuclear SNPs using IQtree and mtDNA
tree based on concatenated 13 mitochondrial protein-coding genes using RAXML. The numbers on
branches indicate the bootstrap support values.

Figure 3. Introgression analysis results. (a) A diagram showing an example of the D-statistic test. (b)
The D-statistic test results using R. thailandensis as the outgroup under the species tree topology. (¢)
The D-statistic test results using Hipposideros armiger as the outgroup under the species tree
topology. (d) TreeMix results for the most likely number of introgression event (m=1) and selection
of the most likely number of migration edges by the OptM R package. The arrow indicates relative
magnitude and direction of introgression from R. p. chinensis into R. p. pearsoni clade 2. Six taxa
match those in the species tree (see Figure 1e). R. thailandensis was used as the outgroup.

Figure 4. Phylogenetic networks estimated using PhyloNet with reticulation of 1 and 2. Blue lines

represent the reticulation event and are labeled with inheritance probabilities. The log-likelihood
score was shown below each network.
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Table 1. References of the four chromosomal taxa included in this study. 2n: diploid chromosome
number.

Taxon 2n Sample locality References

R. p. chinensis 42 Anhui, China Zhang 1985

R. p. pearsoni 44 Guizhou, China Mao et al. 2007

R. yunanensis 46 Sichuan, China Wau et al. 2006; 2009

R. thailandensis 60 Chiang Mai, Thailand Harada et al. 1985; Wu et al. 2009
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