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ABSTRACT

The sinipercids are freshwater fishes endemic to East Asia, mainly in China. Phylogenetic studies on the
sinipercids have made great progress in the last decades, but interspecific relationships and evolutionary
history of the sinipercids remain unresolved. Lack of distinctive morphological characters leads to prob-
lems in validating of some species, such as Siniperca loona. Moreover, genetic data are needed to delim-
itate species pairs with explicit hypothesis testing, such as in S. chuatsi vs. S. kneri and Coreoperca
whiteheadi vs. C. liui. Here we reconstructed phylogeny of the sinipercids with an unprecedented scale
of data, 16,943 loci of single-copy coding sequence data from nine sinipercid species, eight putative sister
taxa and two outgroups. Targeted sequences were collected using gene enrichment and Illumina
sequencing, yielding thousands of protein coding sequences and single nucleotide polymorphisms
(SNPs) data. Maximum likelihood and coalescent species tree analyses resulted in identical and highly
supported trees. We confirmed that the centrarchids are sister to the sinipercids. A monophyletic
Sinipercidae with two genera, Siniperca and Coreoperca was also supported. Different from most previous
studies, S. scherzeri was found as the most basal taxon to other species of Siniperca, which consists of two
clades: a clade having S. roulei sister to S. chuatsi and S. kneri, and a clade consisting S. loona sister to S.
obscura and S. undulata. We found that both S. loona and C. liui are valid species using Bayes factor delim-
itation (BFD*) based on SNPs data. Species delimitation also provided decisive support for S. chuatsi and S.
kneri being two distinct species. We calibrated a chronogram of the sinipercids based on 100 loci and
three fossil calibration points using BEAST, and reconstructed ancestral ranges of the sinipercids using
Lagrange Analysis (DEC model) and Statistical Dispersal-Vicariance Analysis (S-DIVA) implemented in
RASP. Divergence time estimates and ancestral habitat reconstruction suggested a wide-ranging distribu-
tion of the common ancestor of the sinipercids in southern China at 53.1 million years ago (CI: 30.4-
85.8 Ma). The calibrated time tree is consistent with historical climate changes and geological events that
might have shaped the current distribution of the sinipercids.

© 2017 Published by Elsevier Inc.

1. Introduction

Roberts, 1993). Molecular data also generally support the mono-
phyly of the sinipercids (Li et al.,, 2010; Near et al., 2012; Zhao

Sinipercidae (Perciformes) is a group of freshwater fish dis-
tributed in China, Korea, Japan, Russia, and Vietnam with most of
its species found only in China. The number of valid species in
sinipercids is about 9-12 according to different authors (Li, 1991;
Liu and Chen, 1994; Nelson, 2006; Zhou et al., 1988). Substantial
progress has been made in resolving phylogenetic relationships
among the sinipercids. Traditional classification based on morphol-
ogy agrees on a monophyletic sinipercids (Liu, 1997; Liu and Chen,
1994), which has been erected as a distinct family (Nelson, 2006;
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et al., 2008, 2006a, 2006b), except that Chen et al. (2007) found
that the sinipercids were paraphyletic based on cytochrome b
(cytb) sequence.

Morphological studies have competing hypotheses about the
sister group of the sinipercids, such as the Serranidae (Jordan,
1923; Nichols, 1943; Zhou et al., 1988) and the Percichthyidae
(Gosline, 1966), but consistent results have not been reached
(e.g., (Chang, 1988; Johnson, 1984; Liu, 1997; Liu and Chen,
1994; McCully, 1962; Nelson, 1994; Waldman, 1986; Zhou et al.,
1988). As for molecular studies, Zhao et al. (2005) found a clade
consisting of Perca and Pristigenys as the sister taxon of the siniper-
cids. Smith and Craig (2007) supported a clade of the percichthyids
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and the centrarchids as the sister taxon of the sinipercids. More
recent studies using molecular data recovered a sister-group rela-
tionship between the sinipercids and the centrarchids (Chen et al.,
2014; Li et al., 2010; Near et al., 2012).

The sinipercids were classified into three genera, Coreoperca,
Siniperca and Coreosiniperca, each containing three, seven and
one species respectively (Zhou et al., 1988; Zhu, 1985). A cladistic
analysis based on 34 morphological characters grouped Core-
osiniperca roulei with species of Siniperca (Liu and Chen, 1994),
which was also supported by molecular data (Chen et al., 2010;
Li et al,, 2010; Zhao et al., 2006a). Although previous molecular
studies greatly improved our understanding of the interrelation-
ships among major clades of the Sinipercidae, interspecific rela-
tionships among the sinipercids still remain unresolved. Several
different molecular phylogenetic analyses aimed at resolving inter-
relationship among species produced controversial results (Chen
et al, 2007, 2010; Li et al., 2010; Zhao et al., 2008, 2006a,
2006b). For example, mitochondrial loci, nuclear loci or combined
data supported different relationships among the sinipercids
(Fig. 1; (Chen et al., 2010; Li et al.,, 2010; Zhao et al., 2006a,
2006b). Among those studies, the only congruent result was a con-
firmed sister relationship between S. chuatsi and S. kneri, whereas
the other relationships were either inconsistent or having low sup-
port (Fig. 1).

More important problem challenging systematics of the siniper-
cids is that the species limits are still unclear. For example, S. loona
is often considered as a synonym of S. obscura (Zhou et al., 1988),
but Liu and Chen (1994) argued that S. loona should be a valid spe-
cies based on a couple of morphological characters and its allopa-
tric distribution from S. obscura (Fig. S1). Cryptic species was also
found in Coreoperca. The holotype of Coreoperca whiteheadi Boulen-
ger, 1900 was found in the Nandujiang River, Hainan, Chinese
southernmost island province. Cao et al. (2013) described a new
species, Coreoperca liui, on the basis of 19 specimens collected from
the Qiantangjiang River basin in Zhejiang province, southeastern
China (Fig. S2). The newly described species was similar to C.
whiteheadi morphologically, only distinguishable in a couple of
morphometric characters, but no genetic data were collected to
verify the distinctness of the new species. Finally, S. chuatsi and
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S. kneri are partially sympatric (Fig. S3), and they have obviously
morphological differences in characters, such as number of plyoric-
caecum, ratio between eye length and head length (Zhou et al,,
1988), but current molecular data (mitochondrial control region)
could not separate them as different species (Zhao et al., 2008).

The sinipercids are endemic to East Asia, widely distributed in
most Chinese river drainages, so it could represent an interesting
group for biogeographic studies on Chinese freshwater fish fauna.
Delimiting species boundary and resolving the species phylogeny
of the sinipercids are the first step to understand the origin of
the sinipercids, the impact of past geological events on their evolu-
tionary patterns, and the evolution of Chinese freshwater fish
fauna in general.

A great number of independent loci could result in better-
resolved phylogenies (Corl and Ellegren, 2013; Kimball and
Braun, 2014). In this study, we applied a targeted gene capture
method (Li et al., 2013) to generate a large amount of protein cod-
ing sequences and single nucleotide polymorphisms (SNPs) data
from eleven species (33 individuals) of the sinipercids, as well as
10 outgroup taxa. Our objectives are: (1) to delimit species status
between C. liui and C. whiteheadi, S. obscura and S. loona, and S. chu-
atsi and S. kneri using multiple independent nuclear loci; (2) to
resolve the undetermined interspecific relationships within the
sinipercids; (3) and to reconstruct the evolution history of the
sinipercids using fossil calibration, with regard to species diver-
gence time and ancestral area reconstruction. Our work may pro-
vide a backbone for a better understanding of evolutionary
history, biogeography and conservation of the sinipercids.

2. Materials and methods
2.1. Taxon sampling and DNA extraction

Thirty-three individuals from nine species of the sinipercids
were sampled and each species was represented by two to ten
individuals. The sampling covers all species of the family except
for S. fortis, S. liuzhouensis and S. robusta due to availability (Table 1).
Ten outgroup species were examined, including Micropterus
salmoides, Pomoxis nigromaculatus (Centrarchidae), Lateolabrax
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Fig. 1. Different hypotheses about the interrelationship among the sinipercids proposed by previous studies: (A) MP tree based on mitochondrial DNA control region (Zhao
et al., 2006b); (B) MP tree obtained from cytochrome b sequence (Zhao et al., 2006a); (C) ML phylogeny inferred from combined data including mtDNA, nuclear loci, and

viperin (Chen et al., 2010); (D) species tree based on 11 nuclear loci (Li et al., 2010).
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Table 1

Taxa sampling, summary of the sequencing results of the 33 sinipercids, eight putative sister taxa and two outgroups.

Voucher Species name Collection location and drainage system  Abbreviation Collection No. raw No. filtered No. captured
number dates reads?® reads” loci®
CL938_1 S. chuatsi Lake Dongting, Hunan; Yangtze River YZ 938_1 Jun 30, 2005 33561432 8363230 13442
CL942_1 S. chuatsi Lake Boyang, Jiangxi; Yangtze River YZ 942_1 Jun 29, 2005 15206272 3787898 12569
CL943_1 S. chuatsi Chizhou, Anhui; Yangtze River YZ 943_1 Jun 29, 2005 14501920 3611962 12331
CL951_1 S. chuatsi Shunchang, Fujian; Minjiang River M] 951-1 Aug 2005 3633648 901364 11381
CL955_1 S. chuatsi Chizhou, Anhui; Yangtze River YZ 955_1 Jun 6, 2006 5239592 1303200 11781
CL949 S. kneri Shunchang, Fujian; Minjiang River M] 949 - 21746376 5416704 13699
CL954 S. kneri Lake Qiandao, Zhejiang; Qiantangjiang QT 954 Aug 2005 23051680 5745336 13706
River
CL957 S. kneri Lake Qiandao, Zhejiang; Qiantangjiang QT 957 Sept, 2005 10642184 8517722 13702
River
CL839_1 S. kneri Nanjing, Jiangsu; Yangtze River YZ 839-1 Oct 2015 6497054 5136100 11862
CL839_3 S. kneri Nanjing, Jiangsu; Yangtze River YZ 839-3 Oct 2015 8118608 6300110 12373
CL839-4 S. kneri Nanjing, Jiangsu; Yangtze River YZ 839-4 Oct 2015 6440994 4934930 11728
CL839_5 S. kneri Nanjing, Jiangsu; Yangtze River YZ 839-5 Oct 2015 7615900 5877168 12115
CL839_6 S. kneri Nanjing, Jiangsu; Yangtze River YZ 839-6 Oct 2015 6878628 5207730 10848
CL839_8 S. kneri Nanjing, Jiangsu; Yangtze River YZ 839-8 Oct 2015 7267738 5760464 11478
CL839_9 S. kneri Nanjing, Jiangsu; Yangtze River YZ 839-9 Oct 2015 7886972 5928396 11506
CL947 S. roulei Shunchang, Fujian; Minjiang River M] 947 - 18543936 4617042 12101
CL961-2 S. roulei - -961-2 - 16535328 4119726 12481
CL961_3 S. roulei - -961-3 - 23520992 5857214 12071
CL946 S. undulata Lake Qiandao, Zhejiang; Qiantangjiang QT 946 - 20562456 5122090 13478
River
CL946_2 S. undulata Lake Qiandao, Zhejiang; Qiantangjiang QT 946_2 - 14934496 3718414 11567
River
CL944_4 S. scherzeri Nanping, Fujian; Minjiang River M] 944_4 Aug 2005 35644536 8882916 13834
CL960 S. scherzeri Lake Dongting, Hunan; Yangtze River YZ 960 Jun 30, 2005 2385184 595500 6959
CL934_1 S. loona Yangshuo, Guangxi; Pearl River PR 934-1 Apr 2006 25821400 6432892 13950
CL934_2 S. loona Yangshuo, Guangxi; Pearl River PR 934_2 Apr 2006 10929030 8804618 12098
CL937_2 S. obscura Fujian; Minjiang River M] 937-2 Mar 2006 8165236 6518180 11820
CL937_3 S. obscura Fujian; Minjiang River M] 937_3 Mar 2006 8484384 6485200 11084
CL939-1_2 S. obscura Shunchang, Fujian; Minjiang River M] 939-1_2 Mar 2006 9942692 7869080 12517
CL831_1 C. whiteheadi Sanfang, Guangxi; Pearl River PR 831_1 Sept, 2015 11168216 8776824 11862
CL935_1 C. liui Shunchang, Fujian; Minjiang River M] 935-1 Aug 2005 21394912 5318962 13285
CL940_1 C. whiteheadi Baisha, Hainan; Nandujiang River ND 940-1 May 15,2006 28135368 7003488 12932
CL940_2 C. whiteheadi Baisha, Hainan; Nandujiang River ND 940_2 May 15,2006 5586960 1388952 11424
CL945_3 C. liui Lake Qiandao, Zhejiang; Qiantangjiang QT 945_3 - 22396200 5578106 12481
River
CL958_1 C. liui Lake Qiandao, Zhejiang; Qiantangjiang QT 958_1 - 30100336 7495112 14050
River
Out-group
CL173 P. Platte River, USA Centrarchidae 2006 16520760 4115292 11991
nigromaculatus
CL626 M. salmoides Lingang, Shanghai (from aquaculture Centrarchidae 2015 18290192 4554282 12369
farm)
CL202 P. waigiensis - Latidae - 14107776 3507554 3287
CL212 N. spinosus - Serranidae - 18754920 4673430 11544
CL647_2 E. awoara Hainan Serranidae 2015 18139248 4518010 11357
CL301 D. labrax - Moronidae - 12991504 3234166 11239
CL302 P. trucha - Percichthyidae - 13482752 3356498 11982
CL322 L. japoricus Luchaogang, Shanghai Lateolabracidae 2012 16618472 4138728 12231
CL8-2 M. swinhonis Lake Nanyihu, Langxi, Anhui Odontobutidae 2009 10309292 10170586 12557
1100¢ E. acanthopoma - Eleotridae - 8574974 8344860 11780

“~" means the lack of information.
¢ The total number of the raw reads.
> The number of reads after removing PCR-duplicates and low quality reads.
€ The number of captured loci.
4 DNA sample from Texas A&M University - Corpus Christi.

japonicus (Lateolabracidae), Percichthys trucha (Percichthyidae),
Morone labrax (Moronidae), Niphon spinosus, Epinephelus awoara
(Serranidae), Psammopperca waigiensis (Latidae), Micropercops
swinhonis and Eleotris acanthopoma (Gobioidei), which covered
most putative sister taxa and closed relatives that have been pro-
posed in previous studies. Genomic DNA was extracted from
ethanol-preserved fin or muscle tissue using Ezup Column Animal
Genomic DNA Purification Kits (Sangon, Shanghai, China). The con-
centration of the extracted DNA was quantified using a NanoDrop
3300 Fluorospectrometer (Thermo Fisher Scientific, Waltham [
Wilmington, MA/DE, USA). Voucher specimens were lodged at
the fish collection of Shanghai Ocean University or otherwise noted
in Table 1.

2.2. Target gene markers, baits design and synthesis

Single-copy nuclear gene markers were selected using
EvolMarkers tool (Li et al., 2012). Briefly, single-copy coding
sequences were extracted from eight well-annotated fish genomes
including: Lepisosteus oculatus, Danio rerio, Oryzias latipes, Gasteros-
teus aculeatus, Tetraodon nigroviridis, Anguilla japonica, Gadus
macrocephalus, and Oreochromis niloticus, following EvolMarkers
pipeline (Li et al., 2012). A suite of 17,817 single-copy conserved
nuclear coding markers was found. The sequences of O. niloticus
(3,508,171 bp) were used to design 120 bp biotinylated RNA baits
(MYcroarray, Ann Arbor, Michigan). The bait sequence was padded
with thymine (T) to 120 bp at the 3’end for those targets that were
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less than 120 bp. The information of the selected markers, and the
final bait sequences can be found in supplemental materials.

2.3. Library preparation, gene capture and sequencing

Genomic DNA was sheared to approximately 250 bp using a
Covaris E220 Focused-ultrasonicator (Covaris, Woburn, USA). Sub-
sequently, 350-500 ng of the sheared DNA from each sample was
used to construct libraries. Gene capture was performed on each
sample library following the manual of the MYBaits Target Enrich-
ment System (MYcroarray, Ann Arbor, Michigan) with some mod-
ification (Li et al., 2013). To increase the number of captured genes,
double capturing for each sample was performed according to the
protocol (Li et al., 2013). Custom 8 bp indices on the adapter were
used to distinguish reads from different samples. After gene cap-
ture, one hundred indexed samples were pooled consisting of 33
samples of this study and 67 samples from other projects in
equimolar quantities for sequencing on one Illumina HiSeq 2500
lane (Illumina, Inc, San Diego, CA).

2.4. Data assembly and alignment

The raw reads were parsed according to the custom 8 bp indices
for different samples. A wrapper, trim_galore v0.4.1 (http://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/, accessed on
June 24, 2016) was used with Cutadapt (Martin, 2011) to trim
adapter sequence and exclude reads with Phred score less than
20. The subsequent downstream assembly and alignment were
performed following the methods described in Yuan et al. (2016).
Firstly, PCR amplification duplicates were removed, and then the
reads were parsed into different files according to their similarity
to each target sequence of the query (O. niloticus) using a custom
perl script (Yuan et al,, 2016). Then, de novo assembly was per-
formed to directly reconstruct reads into contigs without a refer-
ence using Trinity (Grabherr et al., 2011). The resulting output
containing more than one contig were processed with Geneious
V7.1.5 (Kearse et al., 2012) to merge overlapping contigs from
the same target region. Smith-waterman algorithm (Smith and
Waterman, 1981) was used to find the best matched sequence by
comparing the query sequence with contigs derived from de novo
assembly. Finally, putative orthologous gene was chosen by align-
ing the best matching contig to the genome of O. niloticus using
blast v2.2.27 (Camacho et al., 2009). If the alignment returned a
hit located out of the target region, the contig was discarded. The
final output included three files: one containing coding region
without flanks, one containing coding region with flanks and the
other one containing intron sequence. The sequences without
flanking regions were used for subsequent analyses.

2.5. Phylogenetic analysis

Each individual locus was aligned using Clustal Omega v1.1.1
(Sievers et al., 2011) with default parameter settings. To test the
effect of missing data on phylogenetic reconstruction, three data-
sets: loci with no missing taxa (786 loci, 262,458 bp), each locus
with up to 10% missing taxa (7011 loci, 1,633,572 bp), and all data
included (16,943 loci, 3,213,258 bp) were analyzed in RAXML
v8.0.0 (Stamatakis, 2006, 2014) and ExaML v3 (Kozlov et al.,
2015) under GTRGAMMA model. The alignment of all three data-
sets was partitioned by codon position. A thousand bootstrap repli-
cates were performed to assess the nodal supports. PartitionFinder
v2.0 (Lanfear et al., 2012) was used to select best-fit partitioning
schemes to compare with the analyses applying partitioning by
codon position on the 786 loci dataset. The best partitioning
scheme was picked under GTRGAMMA model and BIC criterion

using the relaxed clustering algorithm to 0.01% (i.e.--rcluster-
percent 0.01) (Lanfear et al., 2014).

Individual gene trees were inferred using RAXML v8.0.0 with
the GTRGAMMA model. All individuals of each species were used
to reconstruct the gene tree. Gene trees were summarized into a
species tree with ASTRAL 4.10.6 (Mirarab et al., 2016, 2014;
Mirarab and Warnow, 2015). ASTRAL is statistically consistent
and has outstanding accuracy improving coalescent-based and
concatenation methods with certain amounts of incomplete lin-
eage sorting. All three datasets, 786 loci, 7011 loci and 16,943 loci
were analyzed separately to test the effect of missing data on spe-
cies tree reconstruction. Quartet support setting, -t 3 was chosen in
the ASTRAL analyses.

2.6. Single nucleotide polymorphisms (SNPs) extraction and species
delimitation

To facilitate single nucleotide polymorphisms (SNPs) calling
among multiple samples, consensus reference sequences were
made from coding sequences of closely related taxa of interest with
no missing data (Yuan et al., 2016). BWA mapping was performed
to align the trimmed fastq sequence reads back to the consensus
reference implemented in BWA v0.7.5a (Li and Durbin, 2009) with
default parameter settings. Alignments with the sequence map
(SAM) format (Li et al., 2009) were converted into binary (BAM)
format. BAM files were processed for SNPs and indel detection
using GATK v 3.2.2 (DePristo et al., 2011; McKenna et al., 2010)
with standard hard filtering parameters. The core NGS data pro-
cessing steps and the key methods of variant discovery followed
Van der Auwera et al. (2013). One of the best SNP site with fewest
missing taxa and highest SNP calling score was chosen for each tar-
get region to meet the requirement of linkage equilibrium for sub-
sequent analyses. VCF files from SNP calling results were converted
to Nexus format for Bayes factor delimitation analysis (BFD*;
Bouckaert et al.,, 2014) using a custom Perl script (Yuan et al.,
2016).

To determine the number of species in Coreoperca, we tested
two scenarios with genome-wide SNP data using the program
SNAPP (Leaché et al., 2014) and BFD* (Bouckaert et al., 2014).
One scenario contained two samples collected from Qiantangjiang
River basin in Zhejiang, where the type specimens of C. liui were
found, and two samples collected from the Nandujiang River in
Hainan Island, where the holotype of C. whiteheadi was found. In
total, 7508 SNPs were obtained from alignments of the four Core-
operca samples in addition to two outgroups (S. roulei and S.
obscura). In the other scenario, we added two samples of Coreop-
erca, each collected from the Minjiang River (Fujian province)
and the Pearl River (Guangxi province) respectively. Following
our phylogenetic results, the specimen from the Minjiang River
was lumped with samples from the Qiangtangjiang River, and
the specimen from the Pearl River was grouped with samples from
the Nandujiang River, which resulted in 6874 SNPs. In both scenar-
ios, we compared the model by lumping all Coreoperca samples
into one species or separating them into two putative species, C.
whiteheadi and C. liui. We conducted path sampling with 48 steps
to estimate the marginal likelihood with a Markov chain Monte
Carlo (MCMC) chain length of 200,000 and a pre-burnin of
50,000 following the recommended settings in BFD* (Leaché
et al.,, 2014). The strength of support for compared hypotheses
was evaluated from Bayes factor scale, 2In(BF) using the frame-
work of Kass and Raftery (1995). The BF scale is as follows:
0<2In(BF)<2 is not worth more than a bare mention, 2 <2In
(BF) < 6 means positive evidence, 6 < 2In(BF) < 10 represents strong
support, and 2In(BF) > 10 represents decisive support.

To test whether S. chuatsi and S. kneri are genetically distinct
and whether S. obscura and S. loona are two valid species, we
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conducted similar analyses as described above. We extracted 4784
SNPs from alignments of 5 S. chuatsi, 10 S. kneri and 2 outgroup
samples (S. roulei and S. obscura), and 5864 SNPs from S. obscura,
S. loona, S. undulata and an outgroup samples (S. roulei). The models
lumping S. chuatsi and S. kneri as one species or grouping S. obscura
and S. loona as one species were compared to model assigning
them as separate species.

2.7. Time calibration

Three subsets of the data, each containing 100 randomly
selected loci from 6086 loci without missing any of the 11 taxa,
including nine ingroups and two sister taxa were used to calibrate
the time tree. One individual from each putative species was cho-
sen to fit speciation model. Subsampling also was necessary to
make analyses tractable and to obtain well-mixed runs in BEAST
analyses (Bouckaert et al., 2014). BEAUti v2.3.2 was used to gener-
ate the BEAST input XML files (Drummond and Rambaut, 2007).
Data were partitioned by three codon positions to accommodate
rate heterogeneity. Substitution model used was GTRGAMMA with
four rate classes and unlinked among partitions. A relaxed clock
lognormal model and a birth-death speciation model with default
priors were applied and linked across partitions. For the relaxed
clock lognormal model, two parameters, mean and standard devi-
ation were given exponential distribution. For the birth-death spe-
ciation model, speciation rate and extinction rate as uniform prior
were implemented. The estimated RAXML tree was converted into
a time calibrated tree based on fossil dates using penalized likeli-
hood in R, which was used as a starting tree in the BEAST calibra-
tion. The subtree-slide, Wilson-Balding, and narrow and wide
exchange operators were turned off to prevent BEAST from explor-
ing topology space. Two replicate analyses of 20,000,000 genera-
tion of the Markov chain Monte Carlo (MCMC) with 4,000,000
preburn-in were carried for each of the 100-loci datasets. The log
files were examined in Tracer v.1.6 (Rambaut et al., 2014) to verify
effective sampling of all parameters and to assess convergence of
independent chains. After removing 20% of samples as burn-in, a
maximum clade-credibility (MCC) tree, with means and 95% high-
est posterior density of divergence times was constructed using
TreeAnnotator v.1.8.1 (Drummond and Rambaut, 2007). The
resulting trees were viewed in FigTree v1.4.0 (Rambaut, 2013).

Three calibration points were selected as priors for divergence
time estimation. The hard minimum ages and soft maximum ages
were assumed based on the reported fossil age of related taxa
(Chen et al, 1999; Liu and Su, 1962; Liu et al, 1962).
tTungtingichthys was suggested as the ancestor of the sinipercids
fishes based on counts of the dorsal, anal and pelvic fin rays, verte-
brae, and its marginal caudal fin (Ohe, 1984). {Tungtingichthys was
used to constrain the time to the most recent common ancestor
(MRCA) of the clade of Siniperca + Coreoperca. {Tungtingichthys
was widely found in China, and its stratigraphic horizon age esti-
mate is Paleogene (23.03-66 Ma; Li, 1987). {Siniperca wusiangensis
was the only fossil assigned to the genus Siniperca, so it was used
as the minimum hard bound to constrain the MRCA of Siniperca
(Liu and Chen, 1994). The date of {S. wusiangensis was estimated
as from Pliocene based on paleomagnetic method, (2.39-3.3 Ma;
Cao et al.,, 1985). {Coreoperca shandonggensis was a fossil of the
genus Coreoperca and its stratum age was estimated at 10-16 Ma
(Yang and Sun, 2000), so it was used to calibrate the MRCA of Core-
operca. The fossil otoliths assigned to the Acanthomorphorum for-
callensis (124-122 Ma) was used to constrain the maximum age
of the clade of Sinipercidae (Nolf, 2004; Santini et al., 2009). All fos-
sil priors were placed under a log-normal distribution, allowing for
the possibility that these nodes are considerably older than the fos-
sils themselves. A hard minimum age, 23.03 Ma and 95% soft max-
imum age, 124 Ma (mean, 3.3; standard deviation, 0.8) were

applied to the ancestral node of Siniperca and Coreoperca. A hard
minimum age, 10 Ma and a 95% soft maximum age, 66 Ma (mean
2.71, standard deviation 0.8) were applied to the ancestral node
of Coreoperca. The ancestor (crown) of Siniperca was constrained
with a hard minimum age, 2.39 Ma and a 95% soft age, 66 Ma
(mean 2.38, standard deviation 0.8).

2.8. Reconstruction of ancestral distribution areas of the sinipercids

Lagrange Analysis (DEC model; Ree and Smith, 2008) and Statis-
tical Dispersal-Vicariance Analysis (S-DIVA; Nylander et al., 2008;
Yu et al., 2010) implemented in RASP v3.1 (Yu et al., 2015, 2010)
were used to reconstruct the possible ancestral ranges of the
sinipercids. The trees sampled from time-calibrated analyses were
used. After removing 20% of samples as burn-in, 16,000 trees from
MCMC output were used to run DEC and S-DIVA. For DEC model,
dispersal constrains were set so that gene flow between non-
adjacent areas were not allowed. The number of maximum areas
was kept as six. Outgroups were excluded from the analysis. Mean-
while, sinipercids biogeography was evaluated with six different
models (DEC, DEC+j, DIVALIKE, DIVALIKE+j, BAYAREALIKE, BAYAR-
EALIKE+j) implemented in BioGeoBEARS for comparison (Matzke,
2013). The number of maximum area and the input tree used
was the same as analyses in RASP.

Six biogeographic areas were defined based on major river
basins and distributions of extant sinipercids: A. the Pearl River
and the Nandujiang River; B. independent rivers that flow in Fujian
and Zhejiang province; C. the Yangtze River and the Huaihe River;
D. the Yellow River and the East Liaohe River; E. the Yalujiang River
and the Amur River; F. the Korea Peninsula (Li, 1981; Zhou et al.,,
1988). In our study, only C. whiteheadi was found in the Nandujiang
River in Hainan island (Li, 1991), which was connected to the main
island in recent time (Li, 1981), so we grouped the Pearl River and
the Nandujiang River as zone A. Our phylogenetic analysis sug-
gested that zone B consisting of the Qiantangjiang River and the
Minjiang River would be appropriate. The Yangtze River once con-
nected to the Huaihe River as channels to the ocean from the
Palaeocene epoch to the early Oligocene (Li, 1981). The Yellow
River and the Liaohe River had connected to each other; whereas
the Yalujiang River and the Amur River had a river capture event
(Li, 1981).

3. Results
3.1. Sequencing results and assembly

[llumina sequencing returned in an average of 14,891,408 reads
per sample (2,385,184-35,644,536). After adapter trimming and
quality filtering, we obtained 5,395,117 reads per sample
(595,500-10,170,586). The raw reads were lodged in NCBI
Sequence Read Archive (SRA) with accession numbers
SRR5074315, SRR5091908, SRR5091909 and SRR5091911. Microp-
ercops swinhonis had the most number of reads and P. waigiensis
had the least number of reads. Of the 17,817 target loci, 16,943
were captured in at least in one sample. In average, 11,965 loci
were captured per sample. Only P. waigiensis and one S. scherzeri
(CL960) had fewer loci captured probably due to their low DNA
quality (Table 1). The average length of locus was 190 bp and
totaled 3,213,258 bp for the 16,943 loci.

3.2. Phylogenetic relationships

Our concatenated ML analyses resulted in a well-resolved
phylogeny that is consistent when datasets containing 786, 7011,
or 16,943 loci were used (Fig. 2; Figs. S4-S6). All species were
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Fig. 2. The concatenated ML tree of the sinipercids based on three datasets: loci have no missing taxa (786 loci, 262,458 bp), each locus could have up to 10% missing taxa
(7011 loci, 1,633,572 bp), and all data included (16,943 loci, 3,213,258 bp). All clades are supported with 100 bootstrap values except that the clade of S. loona, S. undulata and
S. obscura has a support value of 99 for the 786 loci dataset. Gobioidei was used as outgroup (not shown). For sample code after the species name, see Table 1.

monophyletic in the resulting phylogeny with bootstrap support
value of 100 (Fig. 2). All internal nodes also had high bootstrap sup-
port values of 100 except that in the analysis using 786 loci, where
the node unifying S. loona, S. obscura and S. undulata had a boot-
strap value of 99. The best partitioning scheme suggested by Parti-
tonFinder had 45 partitions for the 786 loci data (supplementary
file: PartitionFinder scheme.txt), with a resulting phylogeny simi-
lar to the result of analyses partitioned by codon position (Fig. S7).

Species tree reconstructed using ASTRAL was consistent with
the results from the ML analysis with a normalized quartet score
0.7. Analyzing the three different datasets also produced exactly
the same result. All nodes had a bootstrap value of 100, except that
the species tree based on the 786 loci data had three nodes with
bootstrap values ranged between 96 and 99 (Fig. 3). We found that
the Centrarchidae (represented by M. salmoides and P. nigromacula-
tus) is sister to the Sinipercidae, and the Percichthyidae (P. trucha)
is sister to a clade consisting of the Centrarchidae and the Siniper-
cidae. The Sinipercidae consists of two monophyletic genera, Sini-
perca and Coreoperca. Within Siniperca, S. scherzeri is most basal.
The rest species were split into two groups: one clade grouping
S. chuatsi, S. kneri and S. roulei together and the other clade contain-
ing S. obscura, S. loona and S. undulata (Figs. 2 and 3).

3.3. Species delimitation

Bayesian species delimitation analysis provided strong supports
for all three species pairs to be genetically distinctive. The Bayes
factor scores were decisive in splitting samples of Coreoperca col-
lected from the Nandujiang River and the Qiantangjiang River
(2InBF = 2646, Table 2). When the samples from the Pearl River
and the Mingjiang River were added, two species of Coreoperca
were still highly supported (2InBF = 14,648, Table 2). Similarly,
we found that S. chuatsi and S. kneri are two genetically different
species instead of one (2InBF = 62,014, Table 2) and S. obscura
and S. loona also are distinct (2InBF = 39,728, Table 2). The splitting
of S. loona and S. undulata is also supported (2[nBF=18,708,
Table 2).

3.4. Divergence time analyses

Two independent runs for each of the three 100-loci dataset
reached stationarity in BEAST v2.3.2. Effective sample sizes for all
parameters were above 200 and all analyses produced similar
results. The age of the common ancestor of all sinipercids was esti-
mated at 53.1 Ma (CI: 30.4-85.8 Ma; Fig. 4) during the early
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Fig. 3. The species tree obtained from ASTRAL analysis on the three datasets as described in Fig. 2. The number on braches are bootstrap supports for analyses based on

16943/7011/786 loci.

Table 2
Results of species delimitation based on SNPs data using BFD".
Group Model Marginal 2InBF
likelihood
C. whiteheadi and C. Splitting samples from QT]  —9662
liui and NDJ

Lumping individuals from —10985 2646
QTJ and NDJ
Splitting two clades of -15403
Coreoperca
Lumping two clades of —22727 14648
Coreoperca

S. chuatsi and S. kneri  Splitting S. chuatsi and S. —28755
kneri
Lumping S. chuatsi and S. -59762 62014
kneri

S.loona, S. obscura and ~ Splitting S. loona, S. obscura  —22466

S. undulata and S. undulata

Lumping S. loona and S. —42330 39728
obscura
Lumping S. obscura and S. —37467 30002
undulata
Lumping S. loona and S. -31820 18708
undulata

Eocene. The ancestor of genus Siniperca was estimated at 12.2 Ma
(CI: 6.5-19.8 Ma) during Miocene. The node splitting the S. chuatsi
clade vs. S. obscura clade was estimated to be 9.4 Ma (CI: 5.2-
15.5 Ma). Within the S. chuatsi clade, S. roulei split off at 8.4 Ma
(CI: 4.5-14.2 Ma) and S. chuatsi and S. kneri diverged from each
other at 4.3 Ma (CI: 1.7-7.5 Ma). In the clade of S. obscura, S. loona
first split off at 8.7 Ma (Cl: 4.5-14.4 Ma) and then S. obscura and S.
undulata diverged at 7 Ma (CI: 3.4 - 12 Ma). The two Coreoperca
lineages were separated at 15 Ma (CI: 10.9-22.3 Ma, Fig. 4).

3.5. Biogeographical analysis

The results of DEC analysis showed that the ancestor of all
sinipercids was widely distributed in southern China, including
areas south of the Yangtze River (A, B, C or AB, AC, BC in Fig. 5).
The results of S-DIVA analysis showed even wider range of distri-
bution of the ancestor of all sinipercids (Fig. S8). Two ancestor dis-
tribution areas were recovered with similar possibilities for
Coreoperca living in China (AB, AC in Fig. 5). Because of the lack
of the samples of Coreoperca from Japan and Korea, the ancestral
area of all Coreoperca cannot be established. The genus Siniperca
has an ambiguous ancestral area reconstruction and four origins
are found (Fig. 5), thus, it might distribute widely in southern
China. The ancestor of S. roulei, S. chuatsi, and S. kneri and the
ancestor of S. chuatsi and S. kneri have equal probability distribut-
ing in one of the zone in southern China (A, B, C in Fig. 5). In Bio-
GeoBEARS analysis, the best model suggested by AIC value is
BayArea without j parameters. The results of BioGeoBEARS analysis
are similar as the DEC results implemented in RASP (Fig. S9).

4. Discussion
4.1. Species delimitation

The genus Coreoperca used to have three described species: C.
whiteheadi, C. herzi and C. kawamebari (Zhou et al., 1988). Coreop-
erca kawamebari is distributed mainly in Japan and part of Korea,
whereas C. herzi is distributed only in Korea (Kim et al., 1997;
Masuda et al., 1984). Coreoperca whiteheadi is endemic to China
and northern Vietnam (Gao, 1991; Kottelat, 2001), and it was once
the only described species in China until Cao and Liang (2013)
described a new species, C. liui based on 19 samples collected from



S. Song et al./Molecular Phylogenetics and Evolution 111 (2017) 44-55 51

S. loona

—— S. obscura

- S. undulata

S. roulei

—— S. chuatsi

LS. kneri

S. scherzeri

C. whiteheadi

C. liui

9
Upper Palaeo. Eocene Oligo. Miocene |P.
Crataceous Palaeogene Neogene Q.

T T T T T T T T T T T T T T T T T T 1
90 80 70 60 50 40 30 20 10 0

Fig. 4. Time-calibrated phylogeny of the sinipercids inferred from BEAST based on 100 loci. Mean divergence time estimates are shown with 95% highest posterior density
(HPD; blue bars). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Result of Lagrange Analysis (DEC model) on the sinipercids. Biogeographic zone: A. The Pearl River and the Nandujiang River; B. Independent rivers flow Fujian and
Zhejiang province; C. The Yangtze River and the Huaihe River; D. The Yellow River and the East Liaohe River; E. The Yalujiang River and the Amur River; F. The Korea
Peninsula. Pie charts at the nodes indicate probabilities supporting for particular ancestral range reconstructions. Outgroups Micropercops swinhonis and Eleotris acanthopoma
are excluded from the analysis.
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the Qiantangjiang River. The characters distinguishing this new
species from C. whiteheadi included different body depth (depth
28.3-31.6% vs. 33.5-39.1% SL) and eye size (diameter 4.6-5.6%
vs. 6.6-8.5% SL) than those of C. whiteheadi. However, the validity
of the new species had not been tested explicitly using genetic
data. Our results showed that the samples collected from the Nan-
dujiang River and the Qiantangjiang River diverged from each
other 15 million years ago, older than ages of all the other Siniperca
species (Fig. 4). BFD* analysis also supported the two Chinese Core-
operca lineages as different species (2LnBF = 2646, Table 2). Our
sample from the Minjiang River is nested within samples collected
from the Qiantangjiang River and the sample collected from the
Pearl River is grouped with samples from the Nandujiang River
(Fig. 2). Cao et al. (2013) found two clades of Coreoperca separated
by the Nanling-Wuyi Mountain range based on mtDNA cytb and S7
intron1 data, but they did not sample the Nandujiang River, where
the holotype of C. whiteheadi was described. Zhao and Zhao (2007)
also found two clades of Coreoperca based on mitochondrial control
region sequences, their results showed that samples from Pearl
River were different from samples collected from the Nandujiang
River, but they were very similar to the samples from the Yangtze
River, which is inconsistent with our results, probably due
mitochondrial-nuclear discordance. Nonetheless, all studies found
low within population genetic diversity and isolation between dif-
ferent populations, suggesting that more cryptic species might
exist in Coreoperca. Coreoperca lives in small streams of mountains
with disjunctive distribution area (Zhou et al., 1988), thus it might
restrict gene flow between different populations and drove specia-
tion, therefore, samples from wider distribution areas should be
targeted for future study to further elucidate species status in
Coreoperca.

Siniperca chuatsi was distributed from the Pearl River and north-
ward up to the Amur River, but S. kneri was absent to the north of
the Huaihe River. Siniperca chuatsi was distinguished from S. kneri
in that its maxilla extends beyond the rear end of eye, whereas the
macxilla of S. kneri never passes over the rear end of its eyes (Zhou
et al., 1988). They were two distinct species in morphology and
distribution pattern, but mitochondrial data could not separate
them because S. kneri was found embedded in the clade of S. chu-
atsi (Zhao et al., 2008). Our BFD* analyses with a decisive support
suggested that S. chuatsi and S. kneri are two distinct species
(Table 2). The reason for the mitochondrial data being indecisive
could be due to incomplete sorting between the two recently split-
ting species or due to introgression. With thousands of indepen-
dent loci, our analyses for the first time provided firm evidence
for that S. chuatsi and S. kneri are two distinct species.

Siniperca loona was thought to be synonymous to S. obscura
(Zhou et al., 1988), but Liu and Chen (1994) argued that S. loona
should be considered as a valid species because it has scaly cheeks
and lower body height than that of S. obscura and it was distributed
in the Pearl River, middle and upper reach of the Yangtze River,
while S. obscura was distributed in lower reach of the Yangtze River
and southeastern part of China. Kong and Zhou (1993) found minor
differences between S. obscura and S. loona based on comparison of
skeletal characteristics. Zhao et al. (2007) found S. loon and S.
obscura as distinct clades based on mitochondrial control region
data. Our phylogenetic results and BFD* species delimitation sup-
ported S. loona to be a valid species (Fig. 2, Table 2).

4.2. Phylogenetic interrelationship of the sinipercids

Most of the previous morphological and molecular studies
agreed with that the Sinipercidae is monophyletic (Li et al., 2010;
Liu, 1997; Liu and Chen, 1994; Near et al., 2012; Zhao et al.,
2008, 20064, 2006b). The concatenated ML analyses and coalescent
species trees analysis resulted in an exactly, strongly supported

tree with all clades had BS values of 100%. Tonini et al. (2015) sug-
gested that concatenation method could perform as well or better
than species tree method. Our study concurred with the suggestion
that both concatenation method and species tree method are rele-
vant and should be compared in phylogenetic study (Tonini et al.,
2015). Our results supported the sinipercids as a monophyletic
group (Figs. 2 and 3). Previous classifications placed the sinipercids
within the families Serranidae (Jordan, 1923; Nichols, 1943; Zhou
et al., 1988), Percichthyidae (Gosline, 1966; Liu and Chen, 1994;
Nelson, 1976, 1984), Centropomidae (Nelson, 1994; Waldman,
1986), and Sinipercidae (Nelson, 2006; Roberts, 1993) or as sister
taxon to the centropomids, centrarchids, and Lateolabrax (Liu,
1997) or close to Perca and Pristigenys (Zhao et al., 2005). Our phy-
logenetic analyses placed the centrarchids as the sister group of the
sinipercids with BS values of 100%.

Zhou et al. (1988) divided the sinipercids into three genera:
Coreoperca, Siniperca and Coreosiniperca based on morphological
characters of a wide collection of fishes from China, Japan and
Korea, which was corroborated by Kong and Zhou (1993) after
examining skeletal characteristics of seven species of the siniper-
cids. However, Liu and Chen (1994) suggested that the Sinipercidae
consisted only of two genera: Siniperca and Coreoperca on the basis
of their cladistic analysis on 34 osteological characters, and
assigned Coreosiniperca roulei to Siniperca, which was also sup-
ported by subsequent molecular studies (Fig. 1; Chen et al,
2010; Li et al., 2010; Zhao et al., 2006a, 2006b). We recovered
two major clades: Siniperca and Coreoperca, which is consistent
with the previous studies (Chen et al., 2010; Li et al., 2010; Zhao
et al., 2006a, 2006b). Nevertheless, we identified some new rela-
tionships. For example, we found S. scherzeri as the oldest Siniperca
species, which was only supported by Li et al. (2010), while many
other authors found S. scherzeri was more closely related to derived
sinipercids (Fig. 1). A basal S. scherzeri is more consistent with its
current distribution range than a derived S. scherzeri, because its
distribution extends into the Korean Peninsular, which is compat-
ible with an old S. scherzeri lineage (more discussion see Sec-
tion 4.3). Another unexpected result is that S. roulei was found
closely related to S. chuatsi and S. kneri with strongly supported
in all analyses, which has not been reported before.

4.3. Divergence time and historical biogeography of the sinipercids

The Sinipercidae was widely dispersed in the East Asia, extend-
ing from Amur River in the north to Nandujiang River, Hainan
Island, China in the south. Eastward, it expanded to the southern
part of the west side of Japanese Honshu island, and westward to
the lower reaches of the Jinshajiang River of the west Sichuan basin
in China (Li, 1991). Siniperca chuatsi and S. scherzeri, which span the
Palaearctic and the Oriental, were the most widely distributed
sinipercids. Other species of Siniperca and the Chinese Coreoperca
were distributed in many river systems of South China, preferring
warm temperate but their reproduction needed some degrees of
low-temperature in the winter (Li, 1991). Most sinipercids occur
below 500 meters above sea level excepted that S. scherzeri has
been found in Lake Qionghai at 1767 meters in the west Sichuan
basin (Li, 1991; Zhou et al., 1988), which was attributed to presum-
ably very recent rising up of the region and suitable conditions in
the lake to Siniperca (Li, 1991). Siniperca chuatsi, S. kneri and S.
scherzeri inhabit large rivers and lakes, whereas S. obscura, S. loona,
S. undulata, S. roulei and Coreoperca were often found in tributaries
or in relatively small drainage (Chen et al., 1999).

Our divergence time analysis provided a robust time-scale for
the Sinipercidae originating around 53.1 Ma (Fig. 4). It is the first
time that fossil evidences of the sinipercids were used to calibrate
the time tree of the Sinipercidae, and the inferred time of their ori-
gin are older than estimates from previous studies (Chen et al.,
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2004; Zhao et al., 2008). Warm and wet climatic conditions pre-
vailed over northern latitudes, even within the Arctic, for much
of the Tertiary and especially during the Eocene (54-34 Ma) with
cooling gently and then fluctuated until 15 Ma with cooling pro-
gressively (Guo, 2010; Milne and Abbott, 2002). The climate condi-
tion of the geologic periods was most favorable to the sinipercids
at the origin while the later cooling and fluctuation might drive
speciation events in the sinipercids.

The age of the split leading to the separation of Siniperca scherz-
eri from the genus Siniperca was estimated at 12.2 Ma (Fig. 4). Spe-
ciation in other species of the genus Siniperca mainly occurred
between late Miocene to the early Pliocene (Fig. 4). The initial col-
lision between India and Asia in the early Palaeogene (50-55 Ma)
or even earlier, about 70 Ma (Yin and Harrison, 2000) affected
the major tectonic episode continued through the Oligocene and
well into the Miocene (Harrison et al., 1992). During these times,
associated geological processes occurred, ranging from the uplift
(thickening) of the Himalaya-Tibetan plateau to lateral extrusion
of the continental landmass. The Himalaya orogeny caused the tec-
tonic evolution of China, including faulting and subsidence of east
and uplifting of west of Wulingshan Mountain in south China (Jia
et al.,, 2004). Geological researches indicated that the southern
and central Tibetan plateau probably has reached the highest ele-
vation in the Middle Miocene (about 14 Ma; Blisniuk et al., 2001;
Coleman and Hodges, 1994), or even earlier (at 15 Ma; Spicer
et al., 2003), suggesting that southern China had begun to be estab-
lished geomorphologic feature at least as early as Middle Miocene
time. The Asian Monsoon formation occurred before 22 Ma (Guo,
2010) and then continued intensification, about 8.5-6 Ma ago
(Guo, 2010; Kroon et al., 1991), influencing rainfall and rain belt
location. Geological change and rainfall variability might cause
habitat diversification and promote sympatric differentiation of
the species in genus Siniperca.

Siniperca scherzeri is widespread in south China, but occurs in
scattered localities in Korea and Liaoning province. The Changbai
Mountain Range is located in eastern of the Northeast China,
stretching along the border between China and Korea. The orogeny
of the Changbai Mountain originated from volcanic eruptions in
the Oligocene Epoch around 28.4 Ma, mainly occurring in the Mio-
cene, Pliocene and the early Pleistocene, and stopped in the Pleis-
tocene at 1.2 Ma (Wan, 2012; Yin, 2010). The current distribution
of S. scherzeri in Korea corroborates the hypothesis of a basal S.
scherzeri lineage older than the formation of Changbai Mountain
as a barrier to its dispersal to Korea or vice versa, which could be
one of its refugial regions for surviving cooling climate. On the con-
trary, the younger species, S. chuatsi did not expand over to the
Korea peninsular. Zhao et al. (2008) pointed out S. chuatsi could
be divided into the north (the Amur River and Yellow River) and
the south (the Yangtze, Qiantang and Minjiang River) groups along
the Qinling-Dabie Mountain Range and genetic diversity of the
north group is significantly less than that of the south group, sug-
gesting that the north region was colonized by the south group.

Chinese Coreoperca is mainly distributed from the Yangtze
River, southward to Hainan Island and northeastern Vietnam in
small mountainous tributaries with gravel bases (Kottelat, 2001;
Li, 1991; Zhou et al., 1988). Scattered habitat limits its dispersal
and gene flow, promoting population differentiation (Cao et al.,
2013; Zhao and Zhao, 2007). Different river drainages and moun-
tain range noticeably affects the population structure, and distribu-
tion of fish community. Chinese Coreoperca probably originated
from the South China as suggested by DEC ancestor area recon-
structions analysis (Fig. 5), and was split into two species at the
Mean Miocene (11-22.2 Ma) coinciding with the process of the
orogenic movement. These massive formations disrupted wind
and weather patterns, altering rainfall distribution and Chinese
topography and climate. The Himalayan orogeny and the uplift of

Nanling and Wuyi in the South China created massive mountains
and deeply carved valleys (Jia et al., 2004), which might act as bar-
riers to dispersal and facilitated divergence of Coreoperca species.
Because of the lack of samples of C. kawamebari and C. herzi, we
cannot estimate the divergence time and the ancestral area of
the genus Coreoperca as a whole, which should be done for future
studies. The close relationship between C. whiteheadi distributed in
Hainan Island and Guangxi province was observed in our phyloge-
netic analysis. The time of separation of the freshwater fish fauna
of the Hainan Island from the continent is not well resolved
(Shan, 2015). The Qiongzhou Strait, which separates Hainan Island
from the continent is around 40 meters deep and could not act as a
significant barrier to gene flow when accounting the descending of
sea level about 100 m in Quaternary ice age (Li, 1981). More sam-
ples of C. whiteheadi from the continent just across the Qiongzhou
Strait and probably from North Vietnam should be collect in the
future to test the hypotheses about the origin and the age of the
C. whiteheadi population of the Hainan Island.

5. Conclusions

We reconstructed a robust phylogeny of the sinipercids using
thousands of nuclear coding sequences obtained through target
enrichment. We confirmed the monophyly of the sinipercids and
the sister-taxa relationship between the centrarchids and the
sinipercids as proposed in previous studies. The results of Bayes
factor delimitation (BFD*) analysis using thousands of SNPs sup-
ported S. loona and C. liui as the valid species and provided first
genetic evidence distinguishing S. chuatsi and S. kneri as separate
species. We also found S. scherzeri as the most basal Siniperca spe-
cies, which is more consistent with current distribution of the
sinipercids than a derived S. scherzeri as reported from previous
studies. According to the results of fossil calibration analysis and
reconstruction of ancestral distribution areas, the ancestor of
sinipercids fishes was widely distributed in southern China during
the Late Palaeogene and the early Eocene.
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