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Abstract

The tapertail anchovy (Coilia nasus) is an economically important species, mainly distributed along the coast of the northwestern
Pacific and associated freshwater bodies, including the Qiantang River, the Yangtze River, the Liaohe River, and the Yalu River
of China, and further eastward to Korean Peninsula and Ariake Sound of Japan. There have been many studies on population
genetics of C. nasus, but those were either focused on a few populations or used limited number of loci. The results are still
controversial and the range-wide population structure of C. nasus is not resolved. This study is aimed to estimate genetic
differences among populations from Japan, Korea and the major drainages of China using thousands of loci collected by
exon-capture method. The reconstructed maximum likelihood tree, Network, and STRUCTURE analysis confirmed that the
population from Lake Dongting should be considered as a separate species, C. brachygnathus, whereas the other populations
were mixed together except that fish collected from the Shuangtaizi River of Liaohe drainage were grouped with the fish from
Dongting. The AMOVA revealed that genetic variation was 6.36% among populations and 93.61% among individuals within
population, when C. brachygnathus was excluded from the analysis. Pairwise Fgr showed that genetic difference between
C. brachygnathus and C. nasus was high (0.0889-0.7350) and difference among the other populations were low (0.0086—
0.3127) but significant, suggesting imperfect natal homing of migratory C. nasus. According to our results, an integrated
management strategy should be taken jointly by the countries of this region to protect the valuable fisheries resource of C. nasus.

Keywords Migratory anchovies - Landlocked population - Genetic diversity - Population structure - The northwestern Pacific -
Fisheries management

Introduction

There are a series of marginal seas in the northwestern Pacific
with complex ocean currents. The population structure of ma-
rine organisms of this region may have been shaped by envi-
ronment factors and historical events during the Pleistocene
glacial and interglacial cycles (Hewitt 2000). Species with
different life histories may have responded differently to the
marine environment and show different patterns in population
structure. For example, the spottedtail goby (Synechogobius
ommaturus) have restricted gene flow between populations
probably due to their benthic lifestyle and limited dispersal
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capability (Song et al. 2010). The gizzard shad (Konosirus
punctatus) has two distinct lineages that appear to be closely
related to the separation of the seas during the Pleistocene
glacial cycles (Gwak et al. 2015), whereas the Japanese an-
chovy (Engraulis japonicus), a pelagic species exhibits no
significant population structure (Liu et al. 2006).

The tapertail anchovy (Coilia nasus) is a small to medium-
sized migratory fish distributed in the coastal and estuarine
areas of the northwestern Pacific, including the Qiantang
River, the Yangtze River, the Liaohe River and the Yalu
River of China, and further eastward to the Korean
Peninsula and Ariake Sound of Japan (Yang et al. 2011;
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Whitehead et al. 1988). The spawning season of C. nasus is
from May to August. At this time, adults migrate to river
estuaries and further upstream to spawn (Liu et al. 2018),
and some even settle in freshwater lakes (Cheng et al. 2019;
Lietal. 2015; Yuan et al. 1980; Wang et al. 2017; Yang et al.
2010; Jiang et al. 2018). Different populations of C. nasus
may show different life history strategies for spawning and
use different habitats, such that some breed in the estuary area
and some migrate far upstream into freshwater lakes and
streams to spawn (Cheng et al. 2019; Liu et al. 2018). It has
been shown that the sticklebacks (Gasterosteus aculeatus)
with different life histories often have high genetic differenti-
ation, because they can adapt to the new environment quickly
after being isolated by freshwater, resulting in reproductive
isolation (Kristjansson et al. 2002; Lavin and Mcphail
1993). So, have different life histories of C. nasus led to high
genetic differentiation among populations in different river
systems? Furthermore, anadromous fish such as
Oncorhynchus keta and Salmo gairdneri tend to spawn at
parental habitat (Tallman and Healey 1994; Lindsey et al.
1959). Therefore, C. nasus may also have natal homing be-
havior. If so, how would it affect the genetic structure among
its populations from different drainages along the coast of the
northwestern Pacific? These questions have not been fully
resolved yet.

Three species/subspecies of C. nasus species complex have
been reported based on morphological characters in the
Yangtze River drainage, including the migratory C. nasus,
landlocked C. nasus taihuensis and freshwater
C. brachygnathus (Yuan et al. 1976), but subsequent analysis
using mitochondrial loci or AFLP data suggested that all three
were genetically indistinguishable (Yang et al. 2010).
However, more recent studies applying microsatellite markers
or genome-wide SNP data suggested that C. nasus and
C. brachygnathus are two distinct species (Cheng et al.
2019; Xue et al. 2019; Xuan et al. 2021). Genetic relationships
among populations other than C. brachygnathus also are con-
troversial. Analyses based on phylogenetic reconstruction
using mitochondrial loci suggested that fish from different
populations were mixed together and no monophyletic clades
were found related to any localities (Yang et al. 2010; Sun
et al. 2019; Yang et al. 2018), but comparison of genetic
distance or allele frequencies suggested that there was signif-
icant genetic divergence between the Japanese population and
the continental populations (Gao et al. 2014; Sun et al. 2019;
Xue et al. 2020; Yang et al. 2018; Yang et al. 2011). The
samples taken from the Huaihe River drainage also were
found to be different from other samples in one study using
microsatellite data (Xue et al. 2019), but no difference was
found in another study using more samples and exon-
capture data (Cheng et al. 2019). In summary, the current
consensus is that C. brachygnathus and C. nasus are two
distinct species and C. nasus and C. nasus taihuensis are
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indistinguishable, but the genetic relationships of populations
of C. nasus from different countries and drainages are still
controversial.

Mitochondrial loci often are the first choice for the popu-
lation study of fishes, because they are easy to amplify, but
microsatellite loci are preferred than mitochondrial markers,
because mitochondrial loci are maternally inherited and
evolve slower than microsatellite loci. Nonetheless, genome-
wide single nucleotide polymorphisms (SNPs) data can be
more powerful due to their high numbers (Lee and Edwards
2008). Exon-capture can be used to obtain data from thou-
sands of loci at a low cost and it is easy to identify their
orthology across species (Jiang et al. 2019). Exon-capture data
are not as “neutral” as anonymous markers such as those from
restriction site associated DNA sequencing (RAD
Sequencing), so scrutiny should be applied when analyzing
exon-capture data for studying genetic patterns among
populations.

Coilia nasus is an economically important fish.
Understanding genetic structure among different populations
is crucial for sustainable use and management of this valuable
resource. Previous studies on the genetic structure of popula-
tions of C. nasus have generated inconsistent results, probably
due to incomplete sampling of the populations and use of
inadequate loci used. In this study, we collected sequence data
from thousands of nuclear loci by applying a cross-species
exon-capture method (Li et al. 2013) on range-wide popula-
tion samples to assess 1) genetic relationships of C. nasus
among populations from China, Japan and the Korean
Peninsula, and population structure of C. nasus of the major
river systems in China; and 2) genetic diversity of all popula-
tions for a better management of C. nasus.

Materials and methods
Sample collection and DNA extraction

A total of 145 individuals were collected. Coilia
brachygnathus often is diagnosed by its short supermaxilla
that does not reach to the edge of the operculum, whereas
the supermaxilla of the migratory C. nasus does (Whitehead
et al. 1988). The short supermaxilla, however, is also seen in
the landlocked samples of Lake Tai and later found in some
samples collected from the main channel of the Yangtze River
as well (Tang et al. 2007). Therefore, we tentatively assigned
all fish to the names according to their locality:
“C. brachygnathus” for fish from Lake Dongting, “C. nasus
taihuensis” for fish from other freshwater lakes and
“C. nasus” for the rest (Table 1). The fish were collected from
coast and associated freshwater systems of Korea (KOR),
Japan (JAP) and 16 sampling sites in China (Fig. 1), including
the Liaohe River (LH), the Yellow Sea (YS), the Yalu River
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(YL), Lake Hongze (HZ), Lake Gaoyou (GY), Luan(LA),
Lake Chao(CH), Lake Tai(TH), mouth of the Yangtze River
(SH), the Qiantang River (QT) and Lake Dongting (DT). The
sampling sites in China included fiver river drainages: the
Qiantang River (QT), the Yangtze River (CH, TH, SH, DT),
the Huaihe River (HZ, GY, LA), the Liaohe River (LH) and
the Yalu River (YL). The sampling map was edited from
source file downloaded from the National Platform for
Common Geospatial Information Services of China (https://
www.tianditu.gov.cn/). Fin or muscle tissue were taken and
preserved in 95% alcohol, then stored in a refrigerator at 4 °C.
DNA was extracted by using Ezup column animal genomic
DNA extraction kit (SANGON, Shanghai, China, # Cat:
B518251). Integrity of extracted DNA was checked with aga-
rose gel electrophoresis. Concentration of DNA was measured
using a nanodrop 3300 ultramicro fluorescence spectropho-
tometer (Thermo Fisher Scientific, Wilminton, DE, USA).

Molecular markers, library construction, gene
enrichment, and high-throughput sequencing

A suite of 4,434 target loci were developed for ray-finned
fishes by Jiang et al. (2019). MYbaits RNA probes targeting
the 4,434 exon of clupeiform fishes were synthesized at Arbor
Biosciences (Ann Arbor, USA; cat#: ClupiformsV2 MYbaits-
1). These sets of probes were successfully used in

investigating freshwater invasion of C. nasus in the Yangtze
River (Cheng et al. 2019).

The extracted DNA was sheared to around 250 bp using
Covaris M220 (Woburn, Massachusetts, USA). DNA library
was constructed according to the methods of Li et al. (2013).
Gene enrichment of 4434 single-copy nuclear genes was car-
ried following the protocol of Cheng et al. (2019). The
enriched libraries were sequenced on an Illumina Hiseq
2500 platform by GENWIZ biotechnology company
(Suzhou, China).

Read assembly and SNP calling

The Assexon pipeline (Yuan et al. 2019) was employed to
process the reads. The sequence reads were separated to each
individual according to 8 bp barcode sequence. The sequenc-
ing adaptor and reads with low quality bases (Qscore < 20)
were trimmed by using a custom Perl script (trim_adaptor.pl).
Removal of PCR repeats and sequence assembling followed
the Assexon pipeline (Yuan et al. 2019). The 4434 loci of
Danio rerio were used as the reference for read assembling
(Jiang et al. 2019). Sequences with poor alignment results
were filtered out and the reference sequences were removed
for re-alignment using a custom Perl script (Yuan et al. 2019).
The loci with poor enrichment result (only one sample se-
quence) were excluded from further analysis.

Fig. 1 Sampling localities: KOR \’_A.!
(1), JAP (2), LH (3), YS (4), YL —

(5), HZ (6), GY (7), LA (8), CH
9), TH (10, 11, 12), SH (13, 14,
15), QT (16), DT (17, 18). The
details of the abbreviation of the
region name and the sample site
number can be found in Table 1.
The colored histogram show the 3
allelic composition of each

individual sampled at each site

estimated from STUCTURE

analysis. Red/dark indicates al-

leles from Coilia nasus, and

green/light shows alleles from

C. brachygnathus. Map source: 30°
National Platform for Common
Geospatial Information Services
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Consensus sequences were made from the alignment of
each locus using a custom Perl script (consensus.pl) (Cheng
etal. 2019). BWA v0.7.16 (Li and Durbin 2009) were used to
index the consensus sequence. The trimmed reads were
aligned to the consensus sequence using BWA v0.7.16.
BAM format conversion and PCR repeat deduplication were
completed using Picard (http://broadinstitute.github.io/
picard/). The default parameters of GATK pipeline were
used for SNP calling (Depristo et al. 2011, Van der Auwera
et al. 2013). The obtained VCF file was converted into
NEXUS file and STRUCTURE file by a custom Perl script
(veftosnps.pl) (Cheng et al. 2019). In our previous study on
freshwater invasion of Coilia in the Yangtze River, we found
124 outlier exons between the anadromous fish (SH) and the
resident fish of DT and PY and 22 outliers between the anad-
romous fish (SH) and the resident fish of CH and eastern TH
applying F-DIST analysis (Cheng et al. 2019), so we analyzed
the data both excluding and including these adaptive loci for
comparison.

Genetic diversity and population analysis

A VCF format file containing all SNP sites was used as the
input file of DNAsp v5.10 (Librado and Rozas 2009) to cal-
culate the nucleotide diversity (Pi). A phylogenetic tree was
constructed using the maximum likelihood method in
RAxML and multipoint data (Stamatakis 2014). A
GTRGAMMA model was set for the ML analysis with 1000
bootstrap replicates. Arlequin v3.5 (Excoffier and Lischer
2010) was used to calculate pairwise fixation index (Fgt)
(Weir and Cockerham 1984) and Analysis of Molecular
Variance (AMOVA) (Excoffier et al. 1992) based on SNP
data. Default parameters were used to calculate pairwise Fgr
where the iteration parameter of AMOVA was set to 1000. A
total of 934 SNP sites with less than 4% missing data were
used for network analysis with median-joining (MJ) calcula-
tion (Bandelt et al. 1999). VCF file was filtered using Vcftools
0.1.15 (https://vcftools.github.io/). Weight of characters was
set as 10, and weights of single nucleotide mutation
transversions and transitions was set as 1:1, and epsilon = 0,
frequency > 1 and MJ square option as inactive.

Genetic structures of the populations were investigated
using STRUCTURE v2.3.4 (Pritchard et al. 2000) with the
SNP data. The parameters were set as: length of burnin period,
500; number of MCMC reps after burnin, 500000; number of
genetic cluster, K value:1 to 3 and each run was repeated for
three times. The best K value was retrieved from the online
platform “STRUCTURE HARVESTER” (Earl and Vonholdt
2012).

Mantel test with 1000 permutation was used to test the null
hypothesis of isolation by distance between populations of
C. nasus distributed in different drainages (Mantel 1967,
Smouse et al. 1986). The geographic distance between

sampling locations was calculated along the rivers and coast-
lines using ArcGIS v10.2 (ESRI 2011). The genetic distance
was represented by Fgr values.

Results
Read assembly and SNP calling

Each fish was enriched to an average of 1,920 loci with a
maximum of 2,714 and a minimum of 981 loci. A total of
3,761 loci were obtained for all fish and 2,565 loci remained
after filtering. Through GATK mutation detection, we obtain-
ed 9,572 SNP sites, with an average of 3.73 SNP sites per
locus. We found 95 adaptive loci in the resulting data. The
results excluding these adaptive loci were almost the same as
those including these loci. Hereafter, we only report the results
from analyses excluding the adaptive loci.

Genetic diversity and population structure

The nucleotide diversity (Pi) of different populations ranged
from 0.00011 (LH) to 0.0063 (KOR), with the LH population
having the lowest nucleotide diversity and the Korea popula-
tion having the highest (Table 2). AMOVA analysis of all
populations showed that 49.55% of the molecular variation
existed between C. nasus and C. brachygnathus (p < 0.01),
4.54% among populations within C. nasus and
C. brachygnathus (p < 0.01) (Table 3). After removing

Table 2 Nucleotide

diversity (Pi) of each Population Theta (per site) from Pi

population
LH 0.00106
DT 0.00111
JAP 0.00161
YS 0.00222
CH 0.00232
TH 0.00298
SH 0.00311
YL 0.00314
GY 0.00335
QT 0.00415
LA 0.00463
HZ 0.00467
KOR 0.00631

Populations: Korea (KOR), Japan (JAP),
Liaohe River (LH), the Yellow Sea (YS),
the Yalu River (YL), Lake Hongze (HZ),
Lake Gaoyou (GY), Luan (LA), Lake
Chao (CH), Lake Tai (TH), mouth of the
Yangtze River (SH), the Qiantang River
(QT) and Lake Dongting (DT)
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Table 3 Results of analysis of

molecular variance (AMOVA). Source of variation Sum of Variance Percentage of P-value
All populations included squares components variation
Among groups (species) 682.999 14.791 49.55 0
Among populations within groups ~ 309.611 1.356 4.54 0.00098
Within populations 1808.894 13.704 4591 0.0088
Total 2801.503 29.851

C. brachygnathus from the AMOVA analysis, the genetic
variation was 6.39% among populations (p < 0.01) and the
remaining variation was among individuals within population
(Table 4). The Fgy value between C. nasus and
C. brachygnathus were high (Fst = 0.2870-0.7350, P <
0.00064 after Bonferroni correction) (Table 5). After remov-
ing C. brachygnathus, the genetic differentiation within pop-
ulation was low but significant (Fgr = 0.0086-0.3127, P <
0.00064). The genetic differentiation between DT and LH
was low and not significant (Fgr = 0.0889, P = 0.00901);
whereas the Fgt value between DT and other groups
(0.5108-0.7350), and between LH and other groups
(0.2870-0.6554) were high (P < 0.00064) (Table 5). The
paired Fgr values among 8 populations in fiver Chinese water
systems (the Qiantang River, the Yangtze River, the Huaihe
River, the Liaohe River and the Yalu River) were lower
(0.0086—-0.2649) and some values were significant (P <
0.00064), but the values are far less than the Fgr value be-
tween C. nasus and C. brachygnathus (Table 5).

The maximum likelihood tree from RAXML analysis
showed that the 145 individuals were mainly divided into
two clades. One clade included QT, HZ, TH, CH, LA, YL,
GY, SH, YS, JAP, and KOR samples and the other included
LH and DT, with the exception that two individuals of
C. nasus taihuensis were clustered into the clade of
C. brachygnathus (Fig. 2). The samples from Korea, Japan,
and most of the Chinese water were gathered together with no
monophyletic groups formed according to locality (Fig. 2).
The result of STRUCTURE analysis also showed that two
groups (K = 2) best represented the population variation
(Fig. 3). LH and DT samples formed one group, and the rest
of samples were clustered as the other group, which confirmed
that C. nasus from China, Japan, and Korea maintained sub-
stantial gene flow among them. Mantel test showed that there

was a moderate correlation between geographical distance and
genetic structure ( = 0.358746, P = 0.027). Some individuals
from TH, HZ, GY, and LA were mixed in between of the two
groups suggesting their hybrid origin, which is consistent with
the previous study (Fig. 3) (Cheng et al. 2019). Pairwise Fgr
showed that genetic difference between LH and DT and other
populations was high (0.2870-0.7350, P <0.00064) and dif-
ference among the other populations were low but significant
(0.0086-0.3127, P < 0.00064) (Table 5). Network analysis
also revealed the same pattern as the results of the RAXML
tree and the Structure analysis. The results of the Network
analysis showed that the populations of LH and DT and other
populations were separated (Fig. 4) and two samples of TH
were nested in C. brachygnathus.

Discussion

New population of Coilia brachygnathus found in
Liaohe River

Coilia brachygnathus was described from fish found in Lake
Dongting based on morphological characters, such as the rear
extension of supermaxilla being shorter than that of C. nasus
(Yuan et al. 1980). However, individuals with shorter
supermaxilla also have been found in Lake Tai and main trib-
utaries of the Yangtze River (Ni and Wu 2006; Tang et al.
2007), so the morphological differences are not always reli-
able for taxonomy of Coilia. Subsequent molecular analyses
suggested that C. brachygnathus and C. nasus are the same
species and indistinguishable genetically (Tang et al. 2007,
Yang et al. 2010) . However, these early studies used only
mitochondrial loci (Tang et al. 2007), so the data may not have
had adequate power to differentiate recent diverged species.

Table 4 Results of analysis of

molecular variance (AMOVA). Source of variation Sum of Variance Percentage of P-value
Analysis with population of Lake Squares components variation
Dongting and the Liaohe River
excluded Among populations (within C. nasus)  491.483 1.957 6.39 0.00684
Within populations 3069.610 28.688 93.61
Total 3561.093 30.645
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Table 5
<0.00064 after Bonferroni correction

Pairwise Fgt values between populations (below diagonal) and their p-value (above diagonal). The asterisk indicates significance at level of

QT SH TH GY HZ CH LA YL YS JAP KOR LH DT

QT 0 0 0 0 0.01802 0 0 0.69369  0.15315 0.28829 0 0
SH 0.1951* 0.07207 0 0 0.06306 0.28829 0 0 0.01802 0 0 0
TH 0.1878* 0.0758 0 0 0.25225 0.01802 0 0 0.02703 0 0 0
GY  0.2615% 0.1378% 0.0596* 0 0 0.17117 0 0 0.00901 0 0 0
HZ 0.2649*  0.1109* 0.0299* 0.0101* 0 0 0 0.09910 0 0.01802 0 0
CH 02190  0.1115  0.0880  0.0113* 0.0340%* 0.01802 0 0 0.03604 0 0 0
LA 0.2150* 0.1196  0.0086  0.0464  0.0235*% 0.0979 0 0.04505  0.08018 0 0 0
YL 0.2454* 0.0909* 0.0925*% 0.1023* 0.0510% 0.0717* 0.0708* 0 0.02703  0.00901 0 0
YS 0.0205  0.1069* 0.1245% 0.1545* 0.1321  0.1631* 0.0974  0.0983* 0.09009 0.8018 0 0
JAP 02028 0.2454 02061  0.2687  0.3127* 02625 0.2424 02893  0.0857 0.10811 0.03604 0
KOR -0.0857 0.0574* 0.0723* 0.0359* 0.0325  0.0766* 0.0264* 0.0254  -0.04070 -0.0999 0
LH 0.5346* 0.5525*% 0.3819* 0.5873* 0.5872* 0.5816* 0.4856* 0.6139* 0.4381*  0.6554  0.2870* 0.00901
DT 0.6924*  0.6682* 0.5327* 0.6854* 0.6818* 0.6870* 0.6172* 0.7060* 0.6108*  0.7350* 0.5108* 0.0889

Populations: Korea (KOR), Japan (JAP), Liaohe River (LH), the Yellow Sea (YS), the Yalu River (YL), Lake Hongze (HZ), Lake Gaoyou (GY), Luan
(LA), Lake Chao (CH), Lake Tai (TH), mouth of the Yangtze River (SH), the Qiantang River (QT) and Lake Dongting (DT)

Yang et al. (2010) applied AFLP data to investigate the rela-
tionship between C. brachygnathus and C. nasus and con-
cluded that they were the same species, but they mistakenly
assigned C. mnasus collected from Lake Tai as
C. brachygnathus based on its short supermaxilla extension
that was superficially similar to C. brachygnathus. Recent
studies using more nuclear loci have unequivocally indicated
that C. brachygnathus is a valid species genetically different
from C. nasus (Yang et al. 2018; Xue et al. 2019; Xuan et al.
2021).

Our results showed that populations from the LH and
DT were grouped together, whereas the other populations
formed another cluster, except that two C. nasus from Lake
Tai were grouped with fish from LH and DT (Figs. 2 and
4). The STRUCTURE analysis also showed that the best
number of groups, K = 2, which divided the LH and DT
populations from others (Fig. 3). AMOVA results showed
that 49.55% of the molecular variation was mainly caused
by the differences between C. nasus and C. brachygnathus
(P < 0.01) (Table 3). Although the TH, HZ, GY and LA
populations had frequent gene exchange with LH and DT
populations (Figs. 2 and 3), they still reached high level of
differentiation (Fgr=0.3819-0.6854, P < 0.00064)
(Table 5). The results of STRUCTURE analysis provided
additional evidence that TH, HZ, GY, and LA are diverged
from the LH and DT group (Fig. 3). All of our results are
consistent with the current consensus, that C. nasus and
C. brachygnathus are two valid species. The two individ-
uals of C. nasus of Lake Tai that clustered with
C. brachygnathus were probably due to hybridization
(Figs. 2 and 4).

A surprising finding of our results is that the samples from
the LH are genetically similar to samples from DT (Figs. 2 and
3). The Fgt between LH and DT was much lower than that
between them and the other groups (Table 5). The nuclear
diversity of LH and DT populations was quite smaller than
that of other populations, suggesting the small effective pop-
ulation size of C. brachygnathus comparing to C. nasus
(Table 2). It was estimated that the first freshwater invasion
of C. nasus occurred 4.07 million years ago and it gradually
settled in Lakes in the middle reach of Yangtze River and
differentiated into C. brachygnathus from its anadromous an-
cestor (Cheng et al. 2019). Coilia brachygnathus has been
recorded nowhere other than the middle reach of the
Yangtze River and its associated lakes. Zhang et al. (2020)
collected “C. nasus” samples from the Dayang River, an up-
per reach of Liaohe River as well. They found that “C. nasus”
of the Dayang River was different from that of the Yalu River
and Lake Taihu, which was consistent with our results. Both
the Shuangtaizi River and the Dayang River are located in the
inland fresh water basin of the Liaohe River. Therefore, there
may be a population of C. brachygnathus in the Liaohe River
Basin undiscovered previously. Xue et al. (2019) showed that
the Liaohhe population was not different from other popula-
tions of C. nasus in China which was different from our re-
sults. This may be related to their sampling site being different
from ours. We collected samples from the Shuangtaizi River,
an upstream section of Liaohe drainage. Why
C. brachygnathus appears in Liaohe River basin and whether
there are populations of C. brachygnathus in other regions
should be investigated with more samples from different
locations.
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4 Fig.2 A ML tree based on sequences concatenating 2,565 loci. Clade a,
Coilia nasus; clade b, C. brachygnathus. One asterisk, freshwater
C. nasus; two asterisks, migratory C. nasus; three asterisks, C. nasus
from Korea, and four asterisks, Japanese samples. One dot,
C. brachygnathus from Lake Dongting; two circles, C. brachygnathus
from the Liaohe River

Genetic difference among populations of Coilia nasus
from China, Korea, and Japan

As the northwestern Pacific is vast, there may be limited gene
flow or significant genetic differences among different geo-
graphical populations in the Northwest Pacific. There are
many factors that usually affect the population structure of
marine fish including physical barriers, ocean currents, life
history of fish, and juvenile active movement. Some marine
organisms distributed along the northwestern Pacific have sig-
nificant population differentiation such as Synechogobius
ommatus (Song et al. 2010). Weak dispersal ability limited
admixture of S. ommatus individuals which ultimately corre-
sponds to restricted gene flow, and genetic distance increases
with geographic distance between populations (Song et al.
2010). In contrast, E. japonicus has no notable genetic differ-
ence at population level throughout the northwestern Pacific
probably because of its high dispersal ability.

For pelagic fishes, the blocking effect of ocean barrier is
weak, where ocean current contribute to dispersal and the
exchange of genes among fish from different locations, ho-
mogenizing genetic constituent of the species (Ward et al.
2010; Grant and Bowen 1998). For anadromous fishes, such
as C. nasus, the individual movement route is more complex,
and the swimming range is larger, including freshwater basins
(inland rivers, estuaries) (Masson et al. 2018), which may lead
to limited gene flow among populations. The results of
STRUCTURE analysis showed that the sampled C. nasus
from China, Korea and Japan were combined as one group
(Fig. 3). The RAXML tree also showed that most of the fish
from populations in China, Korea and Japan were grouped

1.00
0.80
0.60
0.40
0.20

0.00
JAP
KOR CH
Fig. 3 Structure analyses of all populations, including Japan (JAP),

Korea (KOR), the Yellow Sea (YS), the Qiantang River (QT), the Yalu
River (YL), Lake Chao(CH), mouth of the Yangtze River (SH), Lake

YS YL
QT

SH

together (Fig. 2). The results of Fgt show that the level of
genetic difference between the populations from the three
countries was far less than that between them and DT and
LH populations (Table 5). Therefore, we concluded that most
populations of Korea, Japan and China (except LH and DT)
belong to one species though morphological differences were
reported between C. nasus populations in the three countries
for characteristics such as the number of anal fin ray, number
of longitudinal scales, number of scutes and vertebrae (Takita
1967).

Morphological data can be easily affected by different en-
vironmental conditions. Very often, this led to problems in
species identification. Molecular studies had confirmed low
genetic difference between Japanese and Chinese populations
(Sunetal. 2019; Gao et al. 2014; Yang et al. 2016). Analyzing
pairwise fixation index (Fgt) has revealed that there was more
frequent gene exchange between the Korean population and
Chinese population than between the Chinese and Japanese
population (Table 5). In conclusion, we think that the marine
physical barrier did not affect the gene flow of C. nasus
among different geographic populations and that ocean cur-
rents may also aid gene exchange between different popula-
tions, so C. nasus of different marine geographic populations
should be treated as one species.

Genetic structure of Coilia nasus among major
drainage of China

Low level of population diversity often occurs in the anadro-
mous fish (Ward et al. 2010; Grant and Bowen 1998; Boguski
et al. 2016). The genetic divergence values among migratory
C. nasus of different water systems in China were relatively
low but most are significant (Fgr = 0.0708 - 0.2649; P
<0.00064). Thus, gene exchange should take place but is re-
stricted among all water systems. The differentiation level
between the Yalu River water system and the Yangtze River
water system is small (average Fgt = 0.1290). Divergence of

GY LA
TH HZ LH

Tai(TH), Lake Gaoyou (GY), Lake Hongze (HZ), Luan(LA), the
Liaohe River (LH), and Lake Dongting (DT). Countries are separated
by solid lines, and populations in China are separated by dashed lines

DT

@ Springer



43 Page 10 of 13

Marine Biodiversity (2022) 52:43

1 Korea : KOR
@ Japan : JAP
3 Liaohe River : LH
@ Yellow Sea ; YS
& Yalu River : YL
6) Lake Hongze ; HZ
7) Lake Gaoyou ; GY
’8? Luan: LA
9) Lake Chao : CH
10’ Lake Tai : TH
) Estuarial Yangtze River : SH
2 Qiantang River : QT
3 Lake Dongting : DT
Fig.4 A network of 145 individuals based on 934 SNP loci. Gray circle (6,
7,9, 10), freshwater Coilia nasus; green circle (4, 5, 8, 11, 12), migratory
C. nasus; yellow circle (1), C. nasus from Korea; purple circle (2), Japanese

a

the QT population from other water systems was slightly
higher than that among other water systems (average Fgt =
0.2270), but far less than the difference between species. It may
be due to the different environment of the Qiantang River and its
locations. Although the Qiantang River estuary and the Yangtze
River estuary are close to each other, the life history pattern of
C. nasus in the Qiantang River is different from that in the
Yangtze River. In terms of difference between populations,
HZ and GY had the lowest Fgt value (0.0101). These two lakes
are close to each other and both of them have freshwater resident
C. nasus, so the barrier to gene exchange would be small. On the
contrary, there is a large distance between the QT and HZ loca-
tions, and their populations belong to different ecotypes, so their
Fst value was the largest (0.2649). The result of Mantel test
suggested moderate correlation between geographic distance
and genetic distance of C. nasus distributed in different drain-
ages, so isolation by distance would be one but not the only
cause for the genetic patterns among populations.

Some anadromous fishes have a unique habit of returning to
their birthplace to lay eggs, such as Oncorhynchus keta
(Tallman and Healey 1994) and Salmo gairdneri (Lindsey
et al. 1959). These fish migrate upstream to the spawning site

@ Springer
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samples; blue circle (13), C. brachygnathus from Lake Dongting and light
blue (3), C. brachygnathus from the Liaohe River

during the breeding season and rarely deviate from the route.
Even if they enter the spawning site of established popula-
tions of conspecifics by mistake, they may not be able to
reproduce (Tallman and Healey 1994). In our study, the
level of differentiation between C. nasus populations of dif-
ferent drainages was low but some were significant
(P<0.00064), indicating that there was differentiation but
also restricted gene exchange between different populations.
There was no monophyletic clade corresponding to river
drainages in the maximum likelihood tree probably due to
their short divergence time or strayed individuals with im-
perfect natal homing (Fig. 2). Jiang et al. (2016) used laser
ablation inductively coupled plasma mass spectrometry (LA-
ICPMS) to analyze the element composition in the otolith
nucleus region of C. nasus in the Yangtze River and showed
that C. nasus use Lake Poyang, the Yangtze River and the
Yellow Sea as their natal lake, migration pathway, and feed-
ing ground, respectively. They also revealed different life
history patterns among populations of C. nasus from four
river drainages in China, and suggested that the distribution
of Sr concentrations and Sr:Ca ratios should be a better tool
to estimate natal homing and populations structure than
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genetic data (Jiang et al. 2014a). In conclusion, we consider
C. nasus as a migratory species with imperfect natal homing
behavior.

Fisheries management

Coilia nasus is one of the most economically important fishes
in China and East Asia. In recent years, the natural populations
of C. nasus are declining rapidly (Ma et al. 2010; Xue et al.
2019), in most cases due to anthropogenic activities (Xue et al.
2019). For instance, a number of water conservancy projects,
such as hydroelectric dams have been constructed, which
could be barriers on the migratory route of C. nasus (Mao
et al. 2015). The construction of the Isahaya bay reclamation
dike has led to disappearance of some spawning grounds and
emergence of freshwater isolated populations (Simanjuntak
et al. 2015). Restricted gene flow among populations may
contribute to the reduction of genetic diversity. Higher genetic
diversity promotes population persistence and resilience, as
well as their ability to adapt a changing environment (Presti
and Wasko 2014; Li et al. 2017). Overfishing is also becom-
ing a concern for the wild stock of C. nasus (Mao et al. 2015).
It has been reported that the total catch and average body size
of C. nasus has been decreasing (Mao et al. 2015; Dai et al.
2020). Tremendous efforts have been made on research and
conservation of the resources of C. nasus. For example,
C. nasus has been listed in the "critical species" list of rare
wild aquatic organisms in Japan (Liu et al. 2018). In order to
protect the fish resources of the Yangtze River, China has
implemented a fishing ban on the Yangtze River since 2003.
In 2005, all fishing vessels are required to hold a fishing li-
cense. In 2019, the issuing of C. nasus fishing licenses was
stopped, and the fishing of C. nasus was banned totally (He
2019).

Most conservation efforts so far have been focused on a
few populations or a particular river drainage, but C. nasus
of other regions have not been considered. The environ-
ment of the Qiantang River is very similar to that of the
Ariake Sea in Japan, with a large confluence area of sea-
water and fresh water (Liu et al. 2020). Coilia nasus from
the Qiantang River and Japan can be divided into three
types as short-term, long-term and non-freshwater depen-
dent according to the degree of freshwater dependence
(Khumbanyiwa et al. 2018; Liu et al. 2020; Liu et al.
2018). The life history of C. nasus in the Qiantang River
is different from that of the Yangtze River and the Yellow
Sea (Jiang et al. 2014a; Khumbanyiwa et al. 2018; Jiang
et al. 2014b). The nucleotide diversity (Pi=0.00415) of the
C. nasus population of the Qiantang River was higher than
that of other migratory populations in China (Table 2). We
also found that nucleotide diversity was the highest in
Korean samples (Pi=0.0063) (Table 2). Based on these
result, we recommend establishing a “fishery sanctuary”

or “genetic resource protection area” for C. nasus near
the sampling locations of Korea (Hongdo) and the
Qiantang River as well. Integrated management strategy
should be taken by the countries of this region to protect
the valuable fisheries resource of C. nasus.
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