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ARTICLE INFO ABSTRACT

Keywords: Recently diverged taxa are often characterised by high rates of introgressive hybridization and incomplete
Sequence capture lineage sorting, both of which can complicate phylogenetic reconstructions of species histories. Here we use a
Introgression sequence capture approach to obtain genome-wide data to resolve the evolutionary relationships, and infer the
Hybridization extent and timescale of hybridization and introgression events, among six recently diverged taxa of the horse-
r}::‘;z;c}:f:r discordance shoe bat species complexes Rhinolophus sinicus and R. thomasi. We show that two different methods of species

tree reconstruction applied to a set of ~1500 nuclear loci all recover species trees with similar topologies,
differing from the previous phylogeny based on two nuclear loci. By comparing the tree topology obtained from
the nuclear loci with that inferred from the mitochondrial genome, we observed at least three cases of conflict,
each of which likely results from past introgression. Of these, the occurrence of a highly similar mitogenome
sequence shared by individuals of two taxa in a sympatric region points to very recent mtDNA introgression. The
other cases are characterised by greater divergence and strong phylogeographic structure among putative in-
trogressed individuals and their source populations, and thus likely reflect more ancient hybridization events.
These results also suggest that two of the subspecies (R. s. septentrionalis and the undescribed taxon R. s. ssp) are
likely to represent full species, warranting full taxonomic descriptions. This work adds a growing number of
studies showing the potential problems of relying solely on mitochondrial sequences, or a limited number of loci,
to infer phylogenetic relationships among recently diverged taxa.

1. Introduction

Hybridization and its evolutionary consequences have concerned
evolutionary biologists since Darwin (e.g. Abbott et al., 2013; Payseur
and Rieseberg, 2016). With the advance of DNA sequencing technology,
hybridization - once considered rare in animals - has been documented
in many groups (Arnold, 1997; Pennisi, 2016). In particular, past hy-
bridization events (i.e. introgression) have often been interpreted from
mito-nuclear discordance (e.g. Chan and Levin, 2005; Toews and
Brelsford, 2012). However, characterising the extent and timescale of
introgression events relies on having a reliable species tree, and is thus
complicated by the fact that conflicts among gene trees are pervasive
(Degnan and Rosenberg, 2006, 2009). Apart from introgression, in-
complete lineage sorting also commonly leads to gene tree discordance,
especially in recently diverged species group (e.g. Zink and
Barrowclough, 2008; McKay and Zink, 2010).

* Corresponding authors.

In recent years, high throughput sequencing (HTS) has provided the
means to generate genome-wide datasets for non-model species for
which genomic resources were not previously available (Ekblom and
Galindo, 2011; Van Dijk et al., 2014). Yet whole genome sequencing
remains prohibitively expensive for studying population-level patterns
and processes, including gene flow and phylogeographic history. In-
stead studies of such phenomena have tended to apply HTS to a fraction
of the genome, and methods for genomic enrichment of homologous
loci have included RNA-seq (Wang et al., 2009), restriction site asso-
ciated DNA sequencing (RAD-seq, Baird et al., 2008) and targeted se-
quence capture (Briggs et al., 2009). Of these, RNA-seq has become an
important tool in evolutionary research (Alvarez et al., 2015) including
phylogenomics (e.g. Fernandez et al., 2014; Davies et al., 2015), how-
ever, the need for high quality samples with non-degraded RNA has
precluded RNA-seq from most studies. In contrast, RAD-seq has been
widely used in population genetic and phylogeographic studies (Narum
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et al,, 2013) as well as in phylogenetic inference (Diaz-Arce et al.,
2016). To date, multiple RAD protocols have been developed, each with
its relative merits and weaknesses, and therefore choosing a suitable
approach is not always straightforward (Puritz et al., 2014).

In most targeted gene resequencing approaches, exons or other
conserved sequences have been examined across multiple taxa for re-
constructing phylogenetic relationships (e.g. Leaché et al., 2015) and
phylogeographic histories (e.g. Westram et al., 2016). Recently, Harvey
et al. (2016) demonstrated the usefulness of targeted gene resequencing
for comparing across datasets and species because of its ability to
generate reliable orthologous markers, compared to methods such as
RAD-seq. As such, this approach is likely to be particularly promising
for uncovering evolutionary processes that operate over shallow evo-
lutionary timeframes (Harvey et al., 2016; Raposo do Amaral et al.,
2018).

The horseshoe bats (family Rhinolophidae) have radiated into more
than 100 species within about 20 million years (Csorba et al., 2019). To
date, hybridization and introgression have been reported to occur in
several closely related species or subspecies of horseshoe bats (Mao
et al.,, 2010a, 2010b, 2013a, 2014, Sun et al., 2016). In particular,
multiple cases of hybridization and introgression have been detected in
five divergent taxa/clades of R. sinicus (East R. s. sinicus, Hainan R. s.
sinicus, Central R. s. sinicus, R. s. septentrionalis, and R. s. ssp) and R.
thomasi (a closely related taxon to R. sinicus) (Mao et al., 2013b; c). In
most of these cases, inferences of introgression have been made by
comparing mitochondrial DNA tree and nuclear tree based on a few loci
generated by Sanger sequencing, however, reconstruction of the true
species relationships among recent diverged taxa may not be possible
with a limited number of loci. Indeed, two nuclear loci produced con-
flicting and unresolved phylogenetic relationships among the five taxa
of R. sinicus and R. thomasi (Mao et al., 2013c). More recently large
RNA-seq datasets from a single individual of each of the three R. sinicus
taxa (East R. s. sinicus, Central R. s. sinicus, and R. s. septentrionalis) were
used to infer species relationships, and revealed similar proportions of
loci supporting a sister relationship between Central R. s. sinicus and
either East R. s. sinicus or R. s. septentrionalis (Mao et al., 2017), thus
illustrating the difficulty of inferring correct species relationships when
using small numbers of individuals. In addition, due to the challenges of
RNA-based methods (see above), high-throughput datasets from the
other three taxa (Hainan R. s. sinicus, R. s. ssp and R. thomasi) have not
yet been obtained.

Here we set out to reconstruct the history of introgression among six
recently diverged clades of horseshoe bat using large genomic datasets
obtained through sequence capture. We generated and assembled se-
quence data for over 1500 homologous nuclear loci from multiple in-
dividuals of East R. s. sinicus, Hainan R. s. sinicus, Central R. s. sinicus,
and R. s. septentrionalis, R. s. ssp and R. thomasi. Using this dataset, we
first estimated the phylogenetic relationship among the six focal taxa.
We then compared the species tree with the tree based on the mito-
genome, and re-examined the cases of mito-nuclear discordances
among the six recently diverged taxa, which can be used to assess the
extent of introgression. Finally, by analysing the phylogeographic
structure of introgressed individuals (i.e. whether introgressed in-
dividuals are mixed with their source populations, or are separated
from their source populations), we aimed to infer the probable time-
scale of introgression events.

2. Materials and methods
2.1. Sampling

For targeted gene resequencing, we sampled 37 individuals (Table 1
and Fig. 1). Of these, 28 were identified as R. sinicus (six East R. s.
sinicus, seven Central R. s. sinicus, three Hainan R. s. sinicus, five R. s. ssp
and seven R. s. septentrionalis), seven as R. thomasi, and two from the
outgroups (one R. affinis and one R. pearsoni). Our study taxa show
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variation in morphology and call frequency. Briefly, R. s. septentrionalis
has a larger body size and lower echolocation call frequency than both
R. s. sinicus and R. thomasi (see details in Mao et al., 2013b; ¢), and
distinct skull and nose-leaf size have been recorded between R. thomasi
and R. sinicus (Bates et al., 2004).

From each bat, a biopsy of wing tissue was collected using a 3-mm
dermatological punch, before the bat was released in situ. Our sampling
procedure was approved by the National Animal Research Authority,
East China Normal University (approval ID 20080209). Samples were
stored in 95% ethanol at — 20 °C until DNA extraction using DNeasy kits
(Qiagen). Genomic DNA was quantified using a Qubit 2.0 Fluorometer.

2.2. Procedures for targeted gene resequencing and data analysis

For sequence capture, we targeted 13 mitochondrial protein-coding
(MPC) genes and 1919 nuclear single-copy genes. To monitor any cross
contamination between samples during the procedures of library con-
struction and sequencing, we included the sex determining region (sry)
gene in our targeted gene set. To test for the reliability of gene se-
quences generated by targeted resequencing strategy here, we obtained
the complete cytochrome b (cytb) sequences from 12 individuals using
Sanger sequencing. Details of primers, PCR reaction and the thermal
profile for cytb are given in Mao et al. (2013b). New sequences of cytb
were deposited in GenBank (Accession numbers: MK976903-
MK976914). In addition, we compared all cytb sequences from targeted
resequencing with those previously published for the same individuals
(Mao et al., 2014).

We performed targeted sequence capture following the approach set
out in Bailey et al. (2015). First, baits were designed based on the
targeted 1932 coding sequences (CDSs) of R. pearsoni which were
generated via homology searches of the complete CDSs from human
(see below) against the transcriptome of R. pearsoni (Mao et al., 2017)
using BLASTN (the E-value < 10~ °). The draft genome sequence of R.
ferrumequinum (GenBank accession: GCA_000465495.1) was used as the
reference during the process of baits design. Bait sequences were di-
vided into 80 nucleotide fragments that overlapped by 40 nucleotides
(2 x tiling density). Baits design and synthesis were performed by Arbor
Biosciences. Second, DNA libraries with insert fragments of ~300 bp
were constructed for each sample individually using the NEB Next Ultra
DNA Library Prep kit (New England Biosciences). Baits were then hy-
bridized with libraries according to the standard protocol for the MY-
baits kit (Arbor Biosciences). After hybridization, the baited libraries
were recovered with Streptavidin C1 magnetic beads and were washed
in order to remove the off-target sequences. Finally, post-hybridization
samples were indexed during PCR amplification using the Agilent
SureSelect*™ 96 index primers. For sequencing, all libraries were pooled
and 150bp pair-end sequences were generated on an Illumina
Hieq2500 using the fast mode.

Raw reads for each sample were cleaned by trimming unknown or
low-quality bases (Phred quality score < 20) at the end of the reads
using NGSQCToolkit_ v2.3.3 (Dai et al., 2010). Only reads longer than
120 bp after trimming were retained for further analysis. Filtered reads
were deposited to the NCBI Sequence Read Archive database (SRA)
(Accession number SRR157708, SRR9157945-47, SRR9176954-86). To
remove untargeted sequences, reads with homology to the targeted
genes were first identified by performing BLASTN searches with the
expectation value of 1E-6. Reads with blastn hits were extracted and
used for de novo assembly using Trinity v2.2.0 (Grabherr et al., 2011)
with default parameters. Redundancy of assembled contigs was reduced
using CD-HIT-EST (Li and Godzik, 2006) with 95% sequence identity
threshold and only contigs with an average sequencing depth over 10 X
were retained for further analysis. In addition, we estimated the se-
quencing coverage of the final assembled contigs using BWA-0.5.7 (Li
and Durbin, 2009) and RSEM with default settings.
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Table 1
Summary of samples used in targeted resequencing in this study.
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D Taxon Sex Locality Locality (No.)
FKDO001 East R. s. sinicus Male Wuyishan mountain, Fujian, China 9
FKD002 East R. s. sinicus Male Wuyishan mountain, Fujian, China 9
SYD04 East R. s. sinicus Male Jinggang mountain, Jiangxi, China 13
WLB009 East R. s. sinicus Female Guilin, Guangxi, China 21
WLB010 East R. s. sinicus Male Guilin, Guangxi, China 21
VN19 East R. s. sinicus Male Muong Do NR, Vietnam 43
YGL416 Hainan R. s. sinicus Male Yinggeling, Hainan, China 35
CX07 Hainan R. s. sinicus Female Qiongzhong, Hainan, China 37
DL161 Hainan R. s. sinicus Male Lingshui, Hainan, China 39
JJO5 Central R. s. sinicus Female Zhangjiajie, Hunan, China 24
JJo6 Central R. s. sinicus Male Zhangjiajie, Hunan, China 24
GZ06 Central R. s. sinicus Female Anlong, Guizhou, China 29
EM49 Central R. s. sinicus Male Emeishan, Sichuan, China 30
EM189 Central R. s. sinicus Female Emeishan, Sichuan, China 30
ZS01 Central R. s. sinicus Male Shangnuo, Shanxi, China 49
ZS03 Central R. s. sinicus Male Shangnuo, Shanxi, China 49
YBG18 R. s. septentrionalis Female Huize, Yunnan, China 31
SHC001 R. s. septentrionalis Male Fumin, Yunnan, China 33
SHC002 R. s. septentrionalis Male Fumin, Yunnan, China 33
WMO01 R. s. septentrionalis Male Yongde, Yunnan, China 34
WMO04 R. s. septentrionalis Female Yongde, Yunnan, China 34
WMO06 R. s. septentrionalis Female Yongde, Yunnan, China 34
WM16 R. s. septentrionalis Male Yongde, Yunnan, China 34
VN37 R. s. ssp Female Xuan Son, Ninh Binh, Vietnam 47
VN39 R. s. ssp Male Xuan Son, Ninh Binh, Vietnam 47
VN41 R.s. ssp Male Xuan Son, Ninh Binh, Vietnam 47
VN44 R. s. ssp Male Xuan Son, Ninh Binh, Vietnam 47
VN46 R. s. ssp Male Xuan Son, Ninh Binh, Vietnam 47
MNO5 R. thomasi Male Longling, Yunnan, China 44
MNO06 R. thomasi Female Longling, Yunnan, China 44
MN21 R. thomasi Female Longling, Yunnan, China 44
MN23 R. thomasi Female Longling, Yunnan, China 44
MN27 R. thomasi Female Longling, Yunnan, China 44
B0067 R. thomasi Female Jinuo, Yunnan, China 45
B0068 R. thomasi Female Jinuo, Yunnan, China 45

2.3. Generation of exon sequences

To perform gene tree reconstructions, we first identified and parti-
tioned the sequences into exons. While genes with multiple exons may
offer greater resolving power, they are also more susceptible to re-
combination among exons, potentially violating the multispecies coa-
lescent model and leading to erroneous phylogenetic reconstruction
(Castillo-Ramirez et al., 2010). This possibility was recently supported
by Scornavacca and Galtier (2017), who showed that two exons from
the same gene did not yield more similar trees than two exons from
distinct genes, and thus exons should be viewed as genomic units for
gene-tree based phylogenetic analysis.

To generate a reference exon database, the complete CDSs of 1919
targeted nuclear genes from human were obtained from Ensembl
BioMart (http://www.ensembl.org/biomart/). We then used BLASTN
(the E-value < 10~ °) to search for these CDSs in the published R. sinicus
genomic sequence (GenBank accession: GCA_001888835.1), yielding a
total of 12,227 exon sequences from 1693 of the target set of genes. For
each individual bat, the assembled contig sequences were used to
BLAST against the reference with BLASTN (the E-value < 10~%). Exon
sequences of targeted genes for each individual were identified and
retrieved using custom Perl and bash scripts. Exon-wise sequence
alignments were performed in MAFFT v5 (Katoh et al., 2007) with
default parameters, and alignments were then trimmed using
Gblocks_0.91b (Castresana, 2000) with the default settings except for
treating gap positions to remove ambiguously aligned and unin-
formative positions (i.e. b = h). To increase the number of informative
sites in each exon, we filtered out exons < 150 bp. To reduce the effect
of missing data on phylogenetic reconstruction, only exons sampled for
at least 35 individuals (i.e. 10% missing individuals) were retained.
Previous studies have shown that datasets with more individuals

sequenced at low genomic coverage might be advantageous relative to
larger datasets with fewer individuals screened at greater coverage (e.g.
Roure et al., 2013).

To check for the presence of collapsed paralogous genes in our
alignments we screened for high levels of variability. For this, we es-
timated the mean sitewise Shannon entropy for each exon alignment
using the Shannon Heterogeneity using a custom script (available on
request from J. Parker). Alignments with mean sitewise Shannon en-
tropy values of > 0.02 were checked manually using MEGA7 (Kumar
et al., 2016) for potential paralogous copies that may be more divergent
with other ingroups than with outgroups. This approach is described in
Mao et al. (2017).

2.4. Inference of species tree

Our previous studies have shown evidence of hybridization between
R. s. septentrionalis and Central R. s. sinicus (Mao et al., 2013b, 2017), as
well as between R. s. septentrionalis and R. thomasi (Mao et al., 2013c).
In addition, the process of incomplete lineage sorting (ILS) cannot be
ruled out in explaining the phylogenomic discordance among taxa from
R. sinicus (Mao et al., 2017). To test for the effect of ILS and/or in-
trogressive hybridization on species tree inference among six closely
related taxa, we used two different methods (concatenation and coa-
lescent methods). First, the concatenation method was applied by re-
constructing a maximum-likelihood tree using RAXML 7.2.8 (Berger
et al.,, 2011) based on a super nucleotide matrix from concatenated
exon alignments. This analysis was conducted with the GTRGAMMA
model and bootstrap support was estimated from 1000 pseudoreplicate
searches (the —f a command line option was used).

Second, the species tree was inferred using coalescent methods for
the set of complete 3914 exon alignments. Recent studies suggest that
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Fig. 1. Sampling map of the six focal taxa in this study (modified from Mao et al., 2013c). The numbers noted for each sampling locality correspond to the ones in

Table 1.

concatenation methods can yield results that differ from those obtained
by coalescent-based methods, especially in the presence of ILS (Degnan
and Rosenberg, 2006; Liu et al., 2015). We implemented the coalescent
methods in MP-EST (Liu et al., 2010) and STAR (Liu and Edwards,
2009), which are robust to ILS. For both of these analyses, input ML
trees were obtained for each exon alignment using RAXML with the
GTRGAMMA model, with bootstrap support estimated from 100 pseu-
doreplicate searches. All trees were rooted with R. pearsoni. Aside from
ILS, introgression can also alter the topology of the estimated species
tree. Thus to incorporate both processes, we used another coalescent
method implemented in a Bayesian concordance analysis (Ané et al.,
2007) with the software BUCKy (Larget et al., 2010). This method has
been widely used to infer the species tree in recently diverged groups
with phylogenetic discordance (e.g. White et al., 2009; Cui et al., 2013).
To reduce the computation time, we included two or three individuals
from each focal taxon and one from the outgroup R. affinis. For BUCKy
analysis, the posterior probability of each gene tree for each exon was
first obtained using MrBayes 3.1.2 (Ronquist et al., 2012). Two Me-
tropolis-coupled Markov chain Monte Carlo (MCMC) runs were con-
ducted, each comprising four chains and 10 million generations. Trees
were sampled every 100 generations, and the first 25% of the sampled
trees was discarded as a burn-in. BUCKy was then used to combine all
genes and estimate the concordance factor (CF) for each group with
different values of the Dirichlet parameter (a0 = 1, 2 and 5). Output files
were visualized with bucky-tools (www. stat.wisc.edu/~ane/bucky/).

2.5. Phylogenetic analysis of mtDNA

We generated the sequences of 13 mitochondrial protein-coding
genes (MPCs) applying the same procedure as the above for exon se-
quences, but using the 13 MPCs of East R. s. sinicus (Mao et al., 2017) as
the reference. None of the retrieved mtDNA sequences contained stop
codons and were thus considered to be genuine mitochondrial genes
(i.e. not nuclear copies). Sequences from the 13 MPC genes were
aligned using MAFFT with default parameters and were concatenated
into a final mitochondrial nucleotide matrix. Based on this mtDNA
matrix, we generated trees using Bayesian inference (BI) implemented
in MrBayes 3.1.2 and maximum-likelihood (ML) method in RAXML. The
best-fit substitution model was determined to be GTR + 1+ G
[T =0.6096; G =1.1195] using jModelTest (Posada, 2008). For BI
analysis, we conducted two simultaneous runs of Metropolis-coupled
Markov chain Monte Carlo (MCMC) analysis using the substitution
model parameters above, each comprising four chains and 10 million
generations. Trees and parameters were sampled every 100 genera-
tions, and the first 25% of the sampled trees were discarded as a burn-
in. Convergence of the analysis was determined by checking the
average standard deviation of split frequencies that were below 0.01.
For ML tree, we used the same parameters as the above for the con-
catenated nuclear matrix. Trees were rooted with R. pearsoni.
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3. Results
3.1. Tests for the procedures in targeted gene resequencing

The assembled contigs ranged in average sequencing depth from
111x to 174x per individual bat. After sequence alignment and
trimming, an average of 9469 exon sequences were captured from
12,227 targeted exon sequences, ranging from 8766 to 10,132 exons
per individual. After filtering out exons that were short (< 150 bp) or
sampled in < 35 individuals, we retained 3942 exon sequences for
further analysis.

To test for potential cross contamination between samples we ex-
amined the male-specific sex determining region gene (sry). Of 19 bats
for which the sry was retrieved (> 120 x ) we recorded two mismatches
with field morphological records. Specifically, no sry sequence was
obtained from FKDO0O1, assigned as a male in the field, whereas a sry
sequence was recorded from EM189, assigned as a female in the field.
Given that our cytb sequences suggested no cross contamination be-
tween these two individuals (see below), these mismatches are likely
caused by a labelling error in the field.

We used Sanger sequencing to obtain complete cytb sequences for
12 of the focal individuals, of which 11 matched the respective se-
quence obtained by targeted capture. The exception was individual
VN46, for which the two sequences differed by 48 nucleotides and one
amino acid. To reduce the effect of possible inclusion of nuclear copy of
mitochondrial DNA, sequences of 13 MPCs from this individual were
excluded from subsequent phylogenetic analyses for mtDNA. In addi-
tion, we also compared a section of the cytb sequence in the remaining
22 individuals generated here with those published previously from the
same individuals, including both EM189 and FKD00O1 (Mao et al.,
2014). This comparison revealed identical respective sequences from
the two methods, implying that our targeted gene capture is reliable for
phylogenetic analyses.

We estimated heterogeneity (i.e. the mean sitewise Shannon en-
tropy) across all alignments, and found that 319 exon alignments
showed mean sitewise Shannon entropy values of > 0.02. Of these, 27
alignments were removed due to misalignments and 28 were edited
manually by deleting putative paralogous copies that were highly di-
vergent, even with respect to the outgroup sequences. In the remaining
264 alignments, high heterogeneity was mainly caused by the inclusion
of outgroup individuals. In total, 3914 exon alignments were retained,
each =150 bp long, and sampled for > 34 individuals.

3.2. Inference of species tree

We used four different methods to infer the species tree of six closely
related taxa. First, we conducted a ML tree reconstruction based on the
concatenated sequence alignments of 3914 exons. The resulting tree
revealed one outlier individual from R. s. septentrionalis (i.e. SHC002)
that fell outside of all other ingroup individuals, and instead showed a
closer relationship with the outgroups (Fig. S1). To test for the effects of
this outlier on tree topology, we repeated the ML trees after removing
SHC002 and observed changes in the topologies of both trees. In par-
ticular, the relationships among the major clades differed, especially
with respect to the position of R. s. ssp (Fig. 2a and S1). We confirmed
the correct identification of this individual (SHC002) based on results
from mtDNA tree in which it was classified with other R. s. septen-
trionalis individuals (see below). We propose that this outlier is likely an
artefactual error, introduced during sequencing and/or reads assembly.
In subsequent analyses based on nuclear datasets, we therefore focus on
the trees without SHC002.

In the ML tree based on concatenated nucleotide matrix (Fig. 2a) all
individuals were classified into the following five maximally-supported
(BPP = 1) major clades: R. thomasi, Central R. s. sinicus, East + Hainan
R. s. sinicus, R. s. septentrionalis, and R. s. ssp. The sole exception of
individual GZ60707 was from Central R. s. sinicus, which was classified
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with East + Hainan R. s. sinicus. Examining the relationships among
these five clades revealed high support for (R. thomasi + R. s. septen-
trionalis) and ((Central R. s. sinicus + (East + Hainan R. s. sinicus)), with
node support of 93 and 100, respectively. R. s. ssp was basal with re-
spect to the other four clades, which were grouped together with the
support value of 79.

To complement the concatenation method, which does not account
for ILS, the species tree was also inferred using three coalescent-based
methods. These were implemented in MP-EST and STAR, which both
incorporate ILS (Fig. S2), and BUCKy, which accounts for both ILS and
introgression (Fig. S3). These methods recovered almost identical
topologies as the concatenated tree produced by RAXML. It was notable
that the support rate based on bootstrap analysis from both MP-EST and
STAR were very low for each clade or the combination of clades (< 50,
data not shown). For BUCKy analysis, we only present results from
a = 1 because no difference for concordance factor (CF) was observed
among different a values.

Overall, both concatenation and coalescent methods supported the
following relationships: (i) Central R. s. sinicus is sister to East + Hainan
R. s. sinicus, (ii) R. thomasi is sister to R. s. septentrionalis, (iii) R. s. ssp is
basal with respect to the other taxa.

3.3. Phylogenetic analysis on mtDNA

Complete sequences for all 13 MPC genes were obtained for all in-
dividuals except for VN46. Based on concatenated 13 MPC genes,
phylogenetic analyses using both Bayesian inference (BI) and ML
methods generated the same tree topologies in which three major
clades were resolved with extremely high support. Among them, the
first clade is R. thomasi, the second includes R. s. septentrionalis and
Central R. s. sinicus, and the third includes East R. s. sinicus, Hainan R. s.
sinicus and R. s. ssp (Fig. 2b). In this tree topology, R. thomasi is the basal
taxon with respect to the other taxa, thus differing from the ncDNA
trees. It was notable that the mitogenomes of two individuals of R.
thomasi (MNO6 and MN21) were almost identical to that of R. s. sep-
tentrionalis. Additionally, two individuals from Central R. s. sinicus
(ZS01 and ZS03) were classified with the major clade of (East + Hainan
R. s. sinicus + R. s. ssp) with support rates of 69 and 0.9 in ML and BI
trees, respectively. We also noted that the mtDNA sequence of SHC002
was correctly classified with other R. s. septentrionalis individuals.

4. Discussion
4.1. Inference of the species tree

Based on a large dataset of 3914 nuclear loci, four different analy-
tical approaches of species tree reconstruction (i.e. concatenation and
coalescent methods) recovered almost identical phylogenetic topolo-
gies. Specifically, each tree showed sister relationships between Central
R. s. sinicus and East + Hainan R. s. sinicus, and also between R. thomasi
and R. s. septentrionalis, with R. s. ssp positioned as basal relative to
these former taxa (Fig. 2a). These results, including mtDNA and ncDNA
conflicts (see below), provide insights into their evolutionary history
and respective species boundaries among the six focal taxa. It is note-
worthy that the monophyletic grouping of R. thomasi and R. s. septen-
trionalis, and the position of R. s. ssp, were not resolved in earlier study
based on just two nuclear loci (Mao et al., 2013b), thus highlighting the
importance of using genome-wide datasets for determining phyloge-
netic relationships among recently diverged taxa.

Our finding that the concatenation and coalescent approaches ap-
plied to nuclear loci gave consistent results was perhaps surprising.
Indeed theoretical and simulation studies indicate that concatenation
approaches may sometimes yield misleading estimates of the species
tree in the presence of ILS, and in such instances may be outperformed
by coalescent methods (Degnan and Rosenberg, 2009; DeGiorgio and
Degnan, 2010; Liu et al., 2015). Our current study also indicated that
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Fig. 2. ML trees reconstructed based on nuclear and mitochondrial genomes, respectively. (a) ML-tree based on a concatenated dataset of 3914 exon alignments.
Node support is indicated with ML bootstrap values; (b) ML-tree based on a concatenated dataset of 13 mitochondrial protein-coding genes. Node support is indicated
with ML bootstrap values and Bayesian posterior probabilities (given above and below the branch, respectively).

phylogenetic reconstruction based on concatenation was more sensitive
than coalescent methods to the presence of an outlier (Fig. S4). On the
other hand, concatenation methods continue to be commonplace in the
field of systematics (e.g. Fernandez et al., 2014; Davies et al., 2015),
and coalescent methods are not always found to be superior to con-
catenation analyses (e.g. in mammalian phylogenomics, Scornavacca
and Galtier, 2017), with conflicts likely reflecting the nature of the
empirical data. In the future, whole-genome resequencing will be used
to investigate the effects of ILS and/introgression on the species tree
reconstruction in our current system.

4.2. Discordance between mtDNA and ncDNA datasets

Compared with the species tree, phylogenetic reconstruction based
on the complete mitogenome recovered a discordant topology in which
R. thomasi was the basal taxon, and R. s. ssp was classified with East and
Hainan R. s. sinicus (Fig. 2b). In line with our findings, large numbers of
studies have reported extensive discordance between mtDNA and
ncDNA datasets (e.g. Weigand et al., 2017; Wallis et al., 2017; Thielsch
et al., 2017). Such cases are commonly explained by hybridization
among lineages, leading to introgression of the mitochondrial genome,
which has a high propensity to cross species boundaries (Chan and
Levin, 2005; Toews and Brelsford, 2012). Such introgression can occur
via either neutral demographic processes, such as resulting from range
expansion during past climatic changes (e.g. Cahill et al., 2013;
Marques et al., 2017), or through adaptive retention of mtDNA, such as
in species that harbour deleterious mtDNA mutations (Llopart et al.,

2014; Hulsey et al., 2016). Introgression of mtDNA among lineages can
be commonly inferred by the observation that mtDNA haplotypes are
mixed (or shared) in their current or former contact regions. In contrast,
related or shared haplotypes among lineages tend to be more geo-
graphically scattered under the scenario of ILS (Funk and Omland,
2003).

In our study, two mtDNA haplotypes of R. thomasi (MNO6 and
MN21) (Fig. 2b), shared with R. s. septentrionalis and sampled in the
current contact region of the two taxa, might result from a recent mi-
tochondrial introgression with R. s. septentrionalis (see also Mao et al.,
2013c). However, no nuclear introgression was detected between these
two taxa, suggesting there was almost complete reproductive isolation
between them. In the future, detailed morphological and gene flow
analysis will be needed to test for the species status of R. s. septen-
trionalis. Another case of mtDNA introgression was observed between
Central R. s. sinicus and R. s. septentrionalis, with close relationships
between most of Central R. s. sinicus and R. s. septentrionalis in mtDNA
tree, compared with close relationships between Central R. s. sinicus and
East + Hainan R. s. sinicus in the ncDNA tree (Fig. 2, see also Mao et al.,
2013b, 2017). Unlike the case in the two individuals of R. thomasi
(MNO6 and MN21), the almost complete differentiation of mtDNA ob-
served between Central R. s. sinicus and R. s. septentrionalis implies that
the mtDNA introgression was an ancient event.

Further discordance was seen in the phylogenetic positions of R.
thomasi and R. s. ssp, with R. thomasi either basal among the six taxa in
the mtDNA tree, or sister to R. s. septentrionalis in the ncDNA trees (with
R. s. ssp as the ancestor). Clear divergence between R. s. ssp and other
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focal taxa was also reflected by an amino acid change in the sry gene,
which has been suggested to be associated with reproductive isolation
and thus less likely to introgress between taxa (Geraldes et al., 2008;
Melo-Ferreira et al., 2009). Thus, our current data support the species
status of R. s. ssp, which must be verified in the future by detailed
morphological analyses. Like Central R. s. sinicus and R. s. septen-
trionalis, the classification of R. s. ssp and East R. s. sinicus in the current
mtDNA tree might also result from ancient mtDNA introgression. Such
historical events are much harder to detect than recent ones, where
mtDNA is often still shared or highly similar (as seen for R. s. septen-
trionalis and R. thomasi). It follows that older events are more proble-
matic in the context of phylogenetic inference.

4.3. Applications of sequence capture

This study demonstrates that sequence capture provides a powerful
alternative to other some more commonly-used approaches, such as
RAD-seq, for obtaining orthologous sequences (also see Harvey et al.,
2016). As such, capture approaches are likely to become increasingly
adopted in studies of the structure, divergence and phylogeographic
history of populations and closely related species. Importantly, se-
quence capture also has the advantage of generating data that can be
combined with other datasets, both current and in the future. Indeed,
the large set of loci generated here for several related horseshoe bat
taxa of varying phylogenetic relatedness will be useful for comparing
with similar datasets of other taxa in this highly speciose family (e.g.
Bailey et al., 2015). In the near future, even when whole-genome re-
sequencing becomes commonly applicable, sequence capture will con-
tinue to contribute the development of many evolutionary disciplines
due to its broad implementation (Jones and Good, 2016).

Yet despite these advantages of sequence capture, our current re-
sults also highlight several potential caveats. First, even with due care,
cross-contamination between samples may still occur during library
construction and sequencing, necessitating additional quality control
steps such as the inclusion of sex-specific genes in baits. Second, the
presence of mitochondrial genes in baits can give rise to uneven pull-
down due to the relatively high copy number of mitochondria, and may
also cause the untargeted pull-down of nuclear copies of mitochondrial
sequence, potentially leading to misinterpretations of results. Third,
where baits are designed to only include orthologous genes, the possi-
bility that paralogous copies are captured cannot be ruled out.
Informatics and analytical steps to identify and remove outliers, for
example on the basis of high divergence, can reduce these problem.

5. Conclusions

We show that the large-scale sequence capture of nearly 4000 or-
thologous exons provides a powerful means of resolving phylogenetic
and phylogeographic histories at shallow evolutionary timescales. All
concatenation and coalescent methods used here produced a single
species tree topology in which R. s. ssp was positioned as basal, and R.
thomasi and R. s. septentrionalis showed a sister relationship. These re-
sults suggest that two of the subspecies (R. s. septentrionalis and the
undescribed taxon R. s. ssp) are likely to represent full species, war-
ranting further taxonomic investigation. In addition, comparisons of
phylogenetic reconstructions based on large-scale ncDNA and mtDNA
datasets provided compelling evidence of both recent and ancient in-
trogressive hybridization.
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