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The modern coast of China is characterized by complicated hydrology, which
might be a potential factor shaping genetic structure of marine organisms.
Tridentiger barbatus is a widespread benthic goby in coastal China whose
range expansion might depend on larval dispersal in its spawning season. We
explored the genetic structure of T. barbatus and its interrelationships with
coastal currents, planktonic larval duration, and Pleistocene climate
fluctuations. Genealogies of Cytb, Rh, and RAGI reveal two lineages in T.
barbatus, namely the southern and northern lineages. The southern lineage is
distributed through the South China Sea to the South Yellow Sea but is absent
from the North Yellow Sea and Bohai Sea. The HYCOM average flow field
indicates an eddy between the North and South Yellow Seas, which might
cause larval retention and limit dispersal of the southern lineage into the North
Yellow Sea and the Bohai Sea. The northern lineage is distributed through the
South Yellow Sea to the Bohai Sea but is absent from the South China Sea and
East China Sea. The distribution of the northern lineage fits the eastward
deflection of the Yellow Sea Coastal Current at the boundary of the East
China Sea and South Yellow Sea, which might limit southward larval dispersal of
the northern lineage into the East China Sea. We also uncovered two Cytb
haplotype groups within the southern lineage, namely groups A and B, whose
distributions might be shaped by the northward Taiwan Strait Current. The
coincidence between the genetic structure of T. barbatus and the coastal
currents and eddies strongly implies significant roles of larval dispersal and
current transportation in shaping the genetic structure of T. barbatus. In
addition, significant isolation by distance is found in the southern lineage,
which coincides with its short planktonic larval duration (20-30 days). The
inference on divergence time suggests that the observed lineages and
haplotype groups in T. barbatus originated in the Pleistocene glaciations.
Therefore, the coastal currents, planktonic larval duration, and historical
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glacial isolation are proposed as important factors shaping the genetic
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structure of T. barbatus.
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Introduction

Due to the lack of solid barriers in the modern oceans, distance
is considered an important factor in isolating geographic
populations of marine species (Slatkin, 1993; Foll and Gaggiotti,
2006; Riginos et al., 2011). The ability to migrate over a geographic
distance, i.e., the dispersal potential of a marine species, would thus
affect gene flows and genetic structures of its geographic
populations (Dawson et al., 2014). Under restricted dispersal
potential, genetic differentiation among populations will
accumulate as geographic distances increase (Slatkin, 1993). Such
a genetic structure is termed as “isolation by distance” (IBD,
Wright, 1943). Large-size pelagic fishes, e.g., Coryphaena hippurus
Linnaeus 1758 and Thunnus albacares (Bonnaterre 1788), tend to
perform long-distance reproductive migration and utilize a
common spawning ground, which might result in genetic
homogeneity and low intra-oceanic genetic divergences (Ely et al,,
2005; Diaz-Jaimes et al., 2010; Pecoraro et al., 2018). Planktonic
larvae and eggs could disperse by passive drifting, which is an
alternative way to facilitate gene flow (Sale, 1980). Marine
organisms with a longer planktonic larval duration (PLD) are
generally expected to have higher dispersal potential and,
therefore, might show lower levels of genetic differentiation over
large geographical scales (Palumbi, 1994; Selkoe and Toonen, 2011).
Since planktonic larvae drift passively in the water column,
hydrographic conditions of the oceans, e.g., currents and eddies,
may mediate their dispersal potential (Shanks, 2009; Ni et al., 2014).
Currents are generally expected to facilitate further dispersal of
larvae and reduce genetic structures among populations (Song et al.,
2010; Ni et al,, 2014). Nevertheless, current transportation could
constrain the dispersal direction of larvae, resulting in directional
gene flows and shaping haplotype distributions among
geographical populations (Qiu et al., 2016; Muiloz-Ramirez et al,
2020). Frontal zones, eddies, and tidal currents might cause larval
retention and interrupt gene flows among populations, eventually
resulting in genetic differentiation (Rocha-Olivares and Vetter,
1999; Bakun, 2006; Magsino and Juinio-Meiez, 2008; Cowen and
Sponaugle, 2009; Mullaney and Suthers, 2013).

In recent decades, huge efforts have been made to
understand the genetic structure of marine organisms along
the coast of China. The “vicariance, then secondary contact”
hypothesis is widely accepted to explain the genetic structure of
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marine organisms in coastal China (Ni et al., 2014; Qiu et al,,
2016). Due to dramatic sea level decline in the Pleistocene glacial
periods, the East China Sea Shelf (the ECS shelf, referring to the
continental shelf in the modern areas of the Bohai Sea, Yellow
Sea, and East China Sea) used to be terrestrial and unsuitable
habitat for marine organisms (Wang, 1999). The surfaced ECS
shelf might shatter marginal seas into multiple refugia, resulting
in isolation and divergences of marine organisms in the
Northwest Pacific (Hu et al., 2011; Ni et al., 2014), which was
highlighted by most studies as a barrier to causing lineage
divergences of coastal organisms (Cheng et al., 2019; Ni et al,,
2014; Zhang et al., 2019). The reflooded ECS shelf after the last
glacial period provided more habitats for marine organisms to
recolonize, which resulted in demographic expansion and
secondary contacts of isolated populations (Crandall et al,
2012; Ni et al., 2014; Xue, 2014; Qiu et al., 2016). Biological
(e.g., swimming capability and PLD) and hydrological factors
(e.g., temperature and currents) might also affect the post-glacial
recolonization process of marine species and continue to
mediate their modern range expansion, which might
subsequently shape their genetic structures in the reflooded
ECS shelf. Although evidence has been proposed that post-
glacial recolonization processes and contemporary hydrological
factors could affect the genetic structure of marine invertebrates
and algae in coastal China (e.g., Dong et al., 2012; Han et al,,
2015; Li et al., 2017a), only a few studies have provided vigorous
hypotheses and evidence about their impact on the genetic
structure of marine fishes (Song et al., 2010; Qiu et al., 2016).
The Shokihaze goby, Tridentiger barbatus, is a benthic
species characterized by dense barbels on the cheek and
mandible. It is a typical small-sized benthic fish, producing
adhesive eggs (Dotu, 1957). As a result, adults and eggs of T.
barbatus might lack long-distance migration, and its range
expansion might be limited to larval dispersal and affected by
coastal currents. Regardless of its limited dispersal potential, T.
barbatus is widely distributed in coastal China, Korea, and Japan
(Wuand Zhong, 2008), which might imply undiscovered genetic
structure within the species. Tridentiger barbatus would be an
ideal candidate to study the influence of coastal currents on the
genetic structure of marine organisms. In this study, individuals
of T. barbatus were collected along the coast of China and the
sequence data of three gene markers were analyzed to explore
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the genetic structure of geographical populations and their
relationship to contemporary hydrological factors, planktonic
larval duration, and historical climate fluctuations.

Material and methods
Sampling and DNA extraction

From 2014 to 2016, 256 specimens of T. barbatus were
collected from fish markets near landing sites in coastal China.
Tridentiger barbatus is a nearshore benthic species of little
commercial value. It is mainly harvested by nearshore bottom
trawling as bycatch and sold fresh locally at fish markets near the
landing sites. Therefore, the samples from the fish markets can

FIGURE 1

10.3389/fmars.2022.923439

be treated as individuals of the local populations. The sample
sites are shown in Figure 1, numbered 1-14 from south to north.
The specimens were fixed in 95% ethanol and taken back to the
lab. Two specimens of Tridentiger radiatus were collected from
Xiamen and selected as outgroups for Maximum Likelihood tree
reconstruction. The total genomic DNA of the specimens was
isolated from fin clips by a Micro-Elute DNA Clean/Extraction
Kit (GMbiolab), following the kit manual protocol.

Hydrology in coastal China during
spawning season of T. barbatus

To understand the correlation between ocean current
transportation and genetic structure, we compared the genetic

The southern lineage group A

. The southern lineage group B

. The northern lineage

A map depicting sampling sites, distribution of lineages and intra-lineage haplotype groups and summer hydrographical conditions (drawn
based on Yuan et al.,, 2017; Liu et al., 2021). Sampling sites are numerically coded from south to north: 1. Yangjiang, 2. Shenzhen, 3. Shanwei, 4.
Raoping, 5. Fuding, 6. Rui’ an, 7. Dongtou, 8. Taizhou, 9. Ningbo, 10. Shanghai, 11. Rudong, 12. Lianyungang, 13. Tianjin, and 14. Dandong.
Percentages of lineages and haplotype groups in each sample site are shown in pie charts. Abbreviations for ocean currents, freshwater
discharge and seas: TSC, the Taiwan Strait Current; CDW, the Changjiang Diluted Water; SBCC, the Subei Coastal Current; YSCC, the Yellow
Coastal Current; YSWC, the Yellow Sea Warm Current, SCS, the South China Sea; ECS, the East China Sea; SYS, the South Yellow Sea; NYS, the

Northern Yellow Sea; BS, the Bohai Sea.
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structure of T. barbatus with coastal currents along the coast of
China. The spawning season of T. barbatus falls in summer,
from May to September (Dotu, 1957). We divided the study
region into the marginal seas in coastal China (Figure 1, Wei
etal., 2011; Han et al,, 2015; Xu et al., 2021), i.e., the South China
Sea (SCS, sites 1-4), the East China Sea (ECS, sites 5-9), the
South Yellow Sea (SYS, sites 10-12), the North Yellow Sea (NYS,
site 13), and the Bohai Sea (BS, site 14). In summer, the SCS and
ECS are affected by several northward and northeastward coastal
currents, e.g., the South China Sea Coastal Currents, the
Guangdong Coastal Current, and the Taiwan Strait Current
(TSC, Liu et al,, 2021). We used the Taiwan Strait Current to
represent all the northward currents affecting the SCS and ECS.
The coasts of NYS, SYS, and BS are mainly affected by two
coastal currents; the Yellow Sea Coastal Currents (YSCC, Liu
et al., 2021), and the Subei Coastal Current (SBCC, Yuan et al,,
2017). The YSCC merges with the Changjiang Diluted Water
(CDW) and is deflected eastward (Figure 1, Yuan et al., 2017; Liu
et al,, 2021).

The chemistry of the Yellow Sea and the Bohai Sea is more
complicated and might exhibit inter-monthly and annual
changes. Outputs of ocean currents and temperature from the
Hybrid Coordinate Ocean Model (HYCOM), global 1/12°
resolution, and 3-hour interval reanalysis were used to
illustrate the average flow field of this region in the spawning
season of T. barbatus. In this study, the outputs in the domain
covering 32-42°N and 115-128°E at the surface level from May

42°N

40°N

38°N

34°N

32°N
M7°E

FIGURE 2

HYCOM_average (May-Sep/2015)

10.3389/fmars.2022.923439

to September of 2015 were used. A more thorough description of
the model configuration, data assimilation, and how the
optimization is carried out can be found at https://hycom.org.
The distribution of averaged ocean current and water
temperature in the Yellow Sea and Bohai Sea reconstructed in
HYCOM was shown in Figure 2. Specially, HYCOM indicated
that the SBCC merged with the southward YSCC at the northern
Yellow Sea, eastward off the Shandong Peninsula, and formed a
clockwise eddy (Figure 2).

PCR and sequencing

Polymerase chain reactions (PCR) of cytochrome b (Cytb),
recombination-activating gene 1 (RAGI), and Rhodopsin (Rh)
were performed using ProTaq DNA polymerase sets (Pro-tech
Technology) and 2x SuperRed PCR Mastermix (Toolsbiotech).
PCR protocols, cycling conditions, and primers used in this
study are shown in Supplementary Data 1. PCR products were
purified using the SAP-Exo Kit following the recommended
protocol (Jena Bioscience GmbH) and sent out for sequencing
by a commercial company. Sequences were assembled with
Seqman in Larsergene v7.1.0 (DNASTAR Inc., Madison, WI),
aligned using the Clustal W method in Mega 7.0 using the
default parameters, and trimmed to the same length (Thompson
etal, 1994; Kumar et al., 2016) and revised by eye. Haplotypes of
each gene were identified by DnaSP 6 (Rozas et al., 2017), and

22

=21

Temperature (°C)

The distribution of averaged ocean current and water temperature during May to September in the Yellow Sea and Bohai Sea. Generated from

HYCOM.
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Cytb, RAGI, and Rh were labeled C, Ra, and Rh, respectively.
Cytb, RAG1, and Rh haplotypes of T. barbatus and sequences of
T. radiatus were deposed in NCBI, under accession numbers
MK257014-MK257105 and MN413603-MN413608
(Supplementary Data 2). Haplotype composition of each
sampling locality is summarized in Supplementary Table 1.

Neighbor-joining tree, maximum
likelihood tree and TCS haplotype
network

Best-fit models for aftermentioned molecular analyses were
selected by the jModelTest2 based on the Bayesian information
criterion (Schwarz, 1978; Darriba et al., 2012). The HKY+G
model was selected for Cytb and the best fit model for RAGI and
Rh genes was the K80 model (Kimura, 1980; Hasegawa et al,
1985). Haplotype networks of each gene were assembled in
Popart v1.7 (http://popart.otago.ac.nz) with the TCS algorithm
and default settings (Clement et al., 2002). Neighbor-joining
trees were reconstructed with T. radiatus, a congener of T.
barbatus, as an outgroup using MEGA 7.0 (Cui et al.,, 2013;
Kumar et al, 2016). Maximum likelihood (ML) trees were
reconstructed in IQ-TREE v1.6.8 with the outgroup T.
radiatus (Nguyen et al., 2015). Bootstrap values (BS) of the NJ
and ML trees were estimated with 1,000 bootstrap replicates
(Felsenstein, 1985).

Spatial analysis of molecular variance
within geographic populations

We implemented a spatial analysis of molecular variance
(SAMOVA; Dupanloup et al., 2002) and principal component
analyses (PCA; Wold et al., 1987) to determine genetic partitions
of geographic populations. Because two lineages, i.e., the
southern and northern lineages, with a clear differentiation
were revealed (see the Results section), we only estimated
further spatial differentiations within the lineages. Because Rh
and RAGI showed low haplotype diversities, which led to
insignificant statics in preliminary analyses, SAMOVA and
PCA were only performed with Cytb data. SAMOVA selected
an optimal partition strategy based on a simulated annealing
process maximizing differences among groups of the population
(i.e., the For coefficient, Excoffier et al., 1992). SAMOVA and
analysis of molecular variance (AMOVA, Excoffier et al., 1992)
of the best partition strategy were performed in SAMOVA v2.0
(Dupanloup et al., 2002) with ten simulated annealing processes,
100,000 simulated annealing steps, and a prior definition of the
number of groups, K (2-11 for the southern lineage and 2-4 for
the northern lineage based on the numbers of their geographic
populations). PCA was performed in Primer-E v6.0 (Clarke and
Gorley, 2005) using pairwise fixation index (Fst) matrices
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generated in Arlequin v3.5 (Excoffier and Lischer, 2010).
Relationships among the sampling sites were plotted at the
first two principal coordinates.

Molecular dating and historical
demography

Due to a lack of fossil data for T. barbatus, we applied the
expansion dating method proposed by Crandall et al. (2012) to
estimate substitution rates. Demographic expansion was first
assessed with the D test of Tajima, the Fs test of Fu, and the
Bayesian skyline plot (BSP, Drummond et al., 2005). Significant
negative Tajima’s D and Fu’s Fs values were can be interpreted as
signals of demographic expansion. BSP infers historical
population dynamics over time by estimating the unscaled
effective population size (0) between coalescence events
(Drummond et al,, 2005). Tajima’s D and Fu’s Fs values were
calculated in DnaSP v6 (Tajima, 1989; Fu and Li, 1993; Rozas
et al, 2017) with 1,000 permutations of significant test.
Uncalibrated BSP was generated in Beast v1.8.4 (Drummond
et al., 2005; Drummond et al., 2012). Because insufficient
convergence of BSP and insignificant statics of neutral tests
were retrieved from the RAGI and Rh datasets, we only assessed
demographic history and divergence time with the Cytb dataset.
The best fit model and priors for Cytb determined by
jModelTest2 were applied to BSP reconstruction, i.e., HKY+G
(x = 7.1489, v = 0.18). The substitution rate was set to 1.0
substitution/site/million years based on Crandall et al. (2012).
Two Markov chain Monte Carlo (MCMC) runs were performed
with 100,000,000 generations, sampling every 10,000
generations and discarding the first 10% of samples as burn-
in. Sufficient convergence of parameters and burn-in of runs
were checked with Tracer v1.7 (http://tree.bio.ed.ac.uk/software/
tracer) and ESS values (above 200). The tree and log files of the
two runs for each lineage were combined in LogCombiner v1.8.4
of the BEAST package and then used for uncalibrated BSP
reconstructions in Tracer v1.7. The time of the uncalibrated
BSP is in the unit of substitution/site.

The estimation of transition time (tyansition) i @ key step in
the expansion dating method (Crandall et al., 2012). Although
Crandall et al. (2012) proposed estimating tyansition Using the
two-epoch model in BEAST, our preliminary tests with the two-
epoch model failed to converge after 1,000,000,000-step MCMC
runs. Therefore, we estimated tyansiion based on growth rate
changes in the BSP curves. Crandall et al. (2012) assumed that
coastal species that underwent post-glacial expansion had two
different population stages, i.e., a constant population size stage
and a population growth stage, and tiapsition 1S the timing when a
population shifted from the constant stage to the population
growth stage, where the growth rate (r) was positive at the
population growth stage but negative or close to zero at
the constant stage. Therefore, we assumed that the timing of
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the most recent shift of growth rate from negative/zero to
positive was the tyansiion Of the two stages. A matrix
containing 50 data points for each uncalibrated BSP curve was
generated in Tracer v1.7. Growth rate was estimated with the
matrices using the grow rate formula, r = (8; — 0,)/(8, (t; — to)),
in which 0, and 0, were the present and past unscaled effective
population size and t; and t, were the present and past time.
Uncalibrated ty.nsition Was in the unit of substitutions/site.
Following Crandall et al. (2012), we applied the Bolling
Interstadial period (started at 14.58 Kya) as the calibrating
point (c) of population expansion, during which reflooding of
continental shelves might truly begin. Then the calibrated
substitution rate can be calculated as [l = tyansition/C-

Divergence times of lineages were estimated with Cytb
haplotypes using the Yule process model (Yule, 1925) in Beast
v1.8.4 (Drummond et al., 2012). The same substitution model
for BSP was applied to the divergence time estimation. The
calibrated substitution rate by the expansion dating method was
applied using the strict clock model with a normal distribution
covering its 95% highest posterior density interval (95% HPD).
Two MCMC runs were performed with 10,000,000 generations,
sampling every 1,000 generations and discarding the first 10% of
samples as burn-in. Sufficient convergence of parameters and
burn-in of runs were checked with Tracer v1.7 and ESS values
(above 200). The tree files of the two runs were combined in
LogCombiner v1.8.4 of the BEAST package and then used for
generating consensus trees using maximum clade credibility in
TreeAnnotator v1.8.4 (the BEAST package, Drummond et al.,
2012). The calibrated divergence times were in units of a million
years (Myr).

Planktonic larval duration, habitat use,
and isolation by distance

To understand the relationship between the dispersal
potential and genetic structure, we estimated the PLD and
isolation by distance pattern of T. barbatus. Sagittal otoliths
were extracted from four specimens from the Jiulong River,
Fujian (near site 5, Figure 1) and embedded in Epofix resin
before repeated grinding and polishing along the sagittal plane
until the core was revealed on the surface. The otoliths were
carbon coated before the quantitative analysis of the Sr : Ca ratio
at 10-um intervals from the otolith core to the edge by an
electron probe microanalyzer (EPMA, JEOL JXA-8900R, JEOL,
Japan). The Sr : Ca ratio of the fish otolith is mainly affected by
the Sr concentration in the aquatic environment. Low Sr : Ca
ratio is proposed as a signal of exposure to freshwater while high
Sr : Ca ratio represents exposure to marine/brackish water,
which could thus reflect habitat use of fish species (lizuka,
2012). The transition of freshwater to brackish water (or
seawater) was around 2 to 3 x 107> in Sr : Ca ratio (lizuka,
2012). After the analysis of otolith Sr : Ca ratios, the otoliths were
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polished to remove the carbon layer and etched with 0.1 M HCI
for 10-15 s to enhance the contrast of growth increments before
being observed under a compound light microscope.
Ontogenetic shifts of fish usually induce a change in their
otolith microstructure, which results in a blurred and
uncountable zone in the otolith (Sponaugle and Cowen, 1994).
Therefore, regular and high-contrast growth increments beneath
this zone are assumed to be formed during the planktonic larval
stage before the fish settles onto benthic habitats, which is the
PLD of marine organisms.

To test the hypothesis of isolation by distance (Slatkin,
1993), we estimated reduced major axis (RMA) regression of
standardized Cytb pairwise Fst values [Fst/(1 — Fst)] and
pairwise geographic distances in IBD v1.5.1 (Bohonak, 2002).
Negative standardized Fst was treated as zero in IBD v1.5.1. The
significance of the linear relationship between matrices of
geographic distance and standardized Fst was tested using the
Mantel test with 1,000 randomization (Manly, 1994). The
geographic distance between each pair of sampling sites was
estimated by measuring their linear distance along the coastline
on Google Map.

Results
Genetic diversity and genealogy

Nucleotide sequences of Cytb (682 bp), Rh (441 bp), and
RAGI (1216 bp) were obtained from all 256 individuals. Sixty-
three, 18, and 11 haplotypes were identified in the Cytb, RAGI,
and Rh data, respectively. Genealogies of Cytb, Rh, and RAGI
indicated a north-south differentiation within T. barbatus. All
the specimens could be categorized into two lineages based on
their Cytb, RAGI, and Rh haplotypes, namely, the southern and
northern lineages (Figure 3; Supplementary Figure 1). An
individual with a Cytb haplotype of the southern lineage but
RAGI and Rh haplotypes of the northern lineage, or vice versa,
was not found among the study specimens. TCS networks
indicated 69, 5, and 10 fixed differences between the two
lineages in Cytb, Rh, and RAGI, respectively (Figure 3). The
southern lineage included 206 individuals and was distributed
through sites 1 to 12, while the northern lineage included 50
individuals and was distributed through sites 10 to 14 (Figure 1).
The distributions of the two lineages overlapped at sites 10-12,
with 107 individuals from these three sites (Figure 1). The NJ
trees of Cytb, RAGI and Rh (Supplementary Figure 1) were also
well supported (BS = 97-100) by the monophyly of each lineage,
except that the monophyly of the southern lineage was less
supported by the Rh tree (BS = 74). Monophyly of the two
lineages was well-supported (BS = 99-100) in the ML trees of
Cytb and RAGI, but the northern lineage was a monophyletic
clade (BS = 97) nested within the southern lineage in the Rh ML
tree (Supplementary Figure 1).
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TCS networks of Cytb (A), RAGI (B), and Rh (C) genes, indicating relationships of lineages and infra-lineage haplotype groups of T. barbatus. The

numbers of mutation steps greater than one are shown in red.

Genetic differentiation within lineages
of T. barbatus

SAMOVA based on Cytb data indicated two partition strategies
that maximally differentiated the southern lineage (Supplementary
Figure 2A): K = 2, sites 1-4 vs. sites 5-12; and K = 11, only sites 3-4
were grouped. Most sites of the southern lineage are divided into
two groups in the PCA result: sites 1-4 vs. sites 5-12
(Supplementary Figure 3A). Therefore, we selected the K = 2
partition strategy as the best solution for the southern lineage.
AMOVA of the K = 2 partition strategy indicated that the difference
among groups (Fcr) was significant (p <0.05) and explained 22.31%
of total genetic variation within the southern lineage (Table 1). The
maximum Fcr of the northern lineage was observed when K = 3
(Supplementary Figure 2B, sites 10-12 vs. site 13 vs. site 14). Three
groups were also indicated in PCA for the northern lineage, i.e., sites
10-12, site 13 and site 14 (Supplementary Figure 3B). However, Fcr

of the northern lineage was not significant in the AMOVA result
(p >0.05, Table 1).

Five dominant Cytb haplotypes (C6, C7, C26, C46, and C50)
were identified. Each of them accounted for 9% to 16% of
analyzed individuals, summing up to 65% of all the studied
specimens (Figure 3; Supplementary Table 1). The distributions
of Cytb haplotypes showed spatial structures within the two
lineages. In the northern lineage, most haplotypes can be found
only on a single site, except for C50, which was shared by sites
10-13. In the TCS network, we found two Cytb haplotype groups
of the southern lineage with different geographic distributions:
group A, C26, C46, and their close related haplotypes, and group
B, C6, C7, and their closely related haplotypes (Figure 3A).
Group B is monophyletic and nested within group A, supported
by bootstrap values of 27 and 89 in the NJ and ML trees,
respectively (Supplementary Figure 1A), but the ultrametric tree
generated from BEAST resolved reciprocal monophyly of the

TABLE 1 AMOVA for the southern and northern lineages of T. barbatus with best partition strategies selected by SAMOVA.

Source of variation Variance component

(A) the Southern lineage (sites 1-4 vs. sites 5-12)

Among groups 0.32282
Among populations within groups 0.01784
Within populations 1.10658

(B) the Northern lineage (sites 10-12 vs. site 13 vs. site 14)

Among groups 0.38596
Among populations within groups -0.01449
Within populations 0.46561
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Percentage of variance (%) F statistics p-value
2231 0.22306 0.00000
1.23 0.01587 0.11339
76.46 0.23539 0.00684
46.11 0.46108 0.10068
-1.73 ~0.03212 0.16325
55.62 0.44377 0.00000
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two haplotype groups (Figure 4). Group A can be found in sites
1-12, while group B was only found in sites 5-12 (Figure 1).
Both the northern and southern lineages were each dominated
by a single haplotype of RAGI and Rh, which showed no spatial
structure within the lineages (Figure 3).

Divergence time and historical
demography

Significant (p <0.05) negative Tajima’s D and Fu’s Fs values
were retrieved in the two lineages (Figure 5, the southern lineage,
Tajima’s D: —2.15, Fu’s Fs: —48.30; the northern lineage, Tajima’s
D: -2.36, Fu’s Fs: —10.80). The BSPs indicated population
growth following a population decrease in both the southern
and northern lineages (Figure 5). In both lineages, growth rates
at the population growth stage were mostly positive, while at the
population decrease stage they were mostly negative (Figure 5).
In particular, we observed a growth rate decrease following an
increase stage at the population growth stage in both lineages
(Figure 5). The mean tyansiion Of the southern and northern
lineages was 0.0014 substitutions (95% HPD: 0.0011-0.0017
substitutions) and 0.0017 substitutions (95% HPD: 0.0009-
0.0019 substitutions). Based on the expansion dating method
(Crandall et al., 2012), the calibrated substitution rates were

10.3389/fmars.2022.923439

9.60%/Myr (95% HPD: 7.54%-11.66%/Myr) and 11.90%/Myr
(95% HPD: 6.24%-12.95%/Myr) for the southern and northern
lineages, respectively. As the calibrated substitution rate of the
southern lineage was based on more sequence data, we applied
the substitution rate and its 95% highest posterior density
interval for divergence time estimation, using a strict clock
model with a normal distribution (mean = 0.0960 substitution/
site/Myr, standard deviation = 0.0124). The mean divergence
time between the two lineages was 0.56 Myr (95% HPD: 0.37-
0.79 Myr, Figure 4), while that between groups A and B of the
southern lineage was 0.07 Myr (95% HPD: 0.04-0.09 Myr). The
mean time to the most recent ancestor (tMRCA) of the northern
lineages was 0.05 Myr (95% HPD: 0.04-0.08 Myr).

Planktonic larval duration, habitat use,
and isolation by distance

Near the core of the four analyzed otoliths, 26-28 growth
increments were clear and discernible (i.e., No. 875, 26
increments; Nos. 890 and 891, 27 increments; and No. 893, 28
increments, Supplementary Figure 4). Beyond this zone, the
growth increments were blurred and uncountable. Therefore, we
assume the PLD of T. barbatus is about 20-30 days. Otolith Sr: Ca
ratios showed a typical marine signature that fluctuated between 4
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and 11 x 10~ without evident trends from the otolith core to the
edge (Supplementary Figure 4; Brown and Severin, 2009). Only
otolith no. 875 showed lower otolith Sr : Ca ratios of between 0
and 3 x 107 at 300-400 um from the core, which were
accompanied by two distinct growth increments slightly beyond
the blurred ontogenetic shift zone (Supplementary Figure 4A).
The mean reduced major axis regression for the southern and
northern lineages was y = 0.000275x — 0.134 (r* = 0.715) and y =
0.000545x — 0.134 (r* = 0.25) (Figure 6A). The Mantel test
indicated that the IBD pattern was highly significant (p <0.001)
for the southern lineage but non-significant (p >0.05) for the
northern lineage (Figure 6B).

Discussion

Currents shaping genetic structure
of T. barbatus

Correlations of the genetic structure within T. barbatus and
coastal current basins during its spawning season are uncovered
(Figure 1), supporting that the currents in coastal China might
constrain the spatial distributions of the genetically diverged
groups within marine species. Correlations of hydrographic
patterns with genetic structures are occasionally found in
marine species, such as the basins of Alaska and California
Currents with the lineage distributions of the northeast Pacific
coastal species (Rocha-Olivares and Vetter, 1999; Xuereb et al.,
2018), and numerous coastal current basins with the north-
south lineage divergence in the Northwest Pacific (Shen et al,
2011; Han et al., 2012; Ni et al.,, 2014; Qiu et al., 2016). In this
study, two lineages were found within T. barbatus, i.., the
southern and northern lineages (Figure 3). The southern
lineage of T. barbatus is found through the South China Sea to
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the South Yellow Sea (i.e., sites 1-12) but absent from the North
Yellow Sea and Bohai Sea (i.e., sites 13-14, Figure 1), which
coincides with the summer flow field around the Yellow Sea
(Figure 2). Yuan et al. (2013, 2017) reported that the surface
drifters released in Jiangsu Province, China (i.e., near sites 10-
12, Figure 1) could not reach the North Yellow Sea in summer,
suggesting that northward dispersal of drifting objects from the
South Yellow Sea into the North Yellow Sea and the Bohai Sea
(i.e., from site 12 to sites 13-14, Figure 1) might be limited due to
the surface flow field. A larval retention zone of Japanese
anchovy (Engraulis japonicus Temminck & Schlegel 1846) has
been identified off the southeast coast of the Shandong Peninsula
from May to October (Xing et al., 2020), suggesting that
northward dispersal of fish larvae into the North Yellow Sea
could be restricted. Our HYCOM results show a clockwise eddy
formed by confluence of the YSCC and SBCC off the east
Shandong Peninsula, which lays between the South Yellow Sea
(sites 10-12) and North Yellow Sea (site 13, Figure 1). The
observed clockwise eddy off the east Shandong Peninsula
(Figure 2) might be a potential barrier constraining larval
dispersal into the North Yellow Sea and the Bohai Sea, which
could explain the absence of the southern lineage from these two
marginal seas. The YSCC flows southward along the Changjiang
Bank and deflects eastward off the Changjiang River mouth (i.e.,
site 10, Figure 1; Wei et al., 2011). The observed southernmost
boundary of the northern lineage (i.e., site 10, Figure 1) is also
close to the eastward deflection of the YSCC near the Changjiang
River. The YSCC might transport the larvae of the northern
lineage southward during the spawning season, but its deflection
near the Changjiang River might cause larval retention and limit
the further dispersal of the southern lineage into the East China
Sea. In addition, Yuan et al. (2017) observed that surface drifters
around the Shandong Peninsula [i.e., drifters 77 and 90, figure 12
in Yuan et al. (2017)] would eventually arrive at the Chinese
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Subei coast (i.e., sites 10-12, Figure 1) from August to
September. The congruence between the drifter trajectories
and distribution of the northern lineage might also imply an
effect of the surface flow field on the dispersal potential of the
northern lineage.

Furthermore, two haplotype groups of Cytb with
asymmetrical distributions were found within the southern
lineage, which might be another evidence for currents affecting
the genetic structure of T. barbatus. Both PCA and SAMOVA
concluded two geographic partitions within the southern lineage,
ie., sites 1-4 vs. sites 5-12 (Figure 1). AMOVA indicates that
haplotype compositions of these two partitions are significantly
different (p <0.05): sites 1-4, includes only group A, sites 5-12,
includes both groups A and B (Table 1; Figures 1-3). The genetic
structure within the southern lineage is similar to two lineages of
another gobiiform species, Bostrychus sinensis Lacepéde 1801 (the
widespread lineage, distributed in both the South China Sea and
East China Sea; and the restricted lineage, found only in the East
China Sea, Qiu et al,, 2016). Qiu et al. (2016) proposed that the
genetic structure of B. sinensis might be a result of a “vicariance,
then secondary contact” process. The surfaced Taiwan Strait
during glacial period act as a barrier to cause genetic
differentiation (Qiu et al., 2016). After the last deglaciation, the
summer TSC facilitates northward dispersal of B. sinensis but
concurrently, hinders southward larval dispersal of the restricted
lineage (Qiu et al, 2016). By the same token, the TSC might
account for northward mixing of group A and group B in sites 5-
12 and restrict southward expansion of group B into sites 1-4
(Figure 1), thereby, shaping asymmetrical distributions of the two
haplotype groups. Additionally, coastal China was characterized
by a stronger northward monsoon during the last deglaciation, i.e.,
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the East Asian Summer Monsoon, which might drive stronger
northward surface currents (Kubota et al,, 2010). The stronger
northern surface currents during the deglaciation process might
be another factor constraining the dispersal directions of the two
haplotype groups.

Limited dispersal potential of T. barbatus

A significant IBD pattern is observed in the southern lineage
of Tridentiger barbatus (Figure 6A), suggesting that its dispersal
potential is restricted along the coast of China. T. barbatus tends
to utilize intertidal mudflats of inner bays and estuaries as their
spawning and nursery grounds (Dotu, 1957; Gao et al., 2018),
which are sheltered habitats discretely distributed along the coast
of China. Due to the limited dispersal potential of eggs and adults
(Dotu, 1957), larval dispersal is an important process for T.
barbatus to link the separated geographical populations. Coastal
currents in China, with an average speed of c. 25 cm/s, are
proposed as an important factor in transporting larvae over a
long distance, which could facilitate gene flows and reduce genetic
structure (Song et al., 2010; Li et al., 2017a). In fact, the dispersal
potential of a species is the integration of numerous factors,
including dispersal distance and emigration rate (Selkoe and
Toonen, 2011; Benestan et al, 2021). Despite the significant
effect of current transportation on dispersal distance, a low
emigration rate might also account for IBD (Slatkin, 1993;
Selkoe and Toonen, 2011). Tt is observed that a large proportion
of fish larvae spawned in estuaries and inner bays tend to be
retained in their nursery ground (Teodosio and Garel, 2015;
Fobert et al, 2019), while estuarine freshet can intermittently
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flush them offshore into the coastal currents (Teodosio and Garel,
2015). Among the four analyzed otoliths, only No. 875 showed a
low Sr : Ca ratio area near the ontogenetic shift zone
(Supplementary Figure 4A), implying that occasional transient
invasion or exposure to freshwater (e.g., estuarine freshet) is
possible for T. barbatus. However, larvae of T. barbatus with a
shorter PLD of 20-30 days might have fewer chances to get
flushed offshore from their sheltered nursery ground and
transported by strong coastal currents, which could result in a
low emigration rate and a significant IBD pattern of the southern
lineage. IBD patterns are also found in other estuarine gobiiform
species in the Northwest Pacific with relatively short PLDs (e.g.,
Acanthogobius hasta (Temminck and Schlegel 1845), PLD = 5-6
days, Fan et al., 2005; Song et al., 2010; Acanthogobius flavimanus
(Temminck and Schlegel 1845), PLD <30 days, Suzuki et al., 1989;
Hirase et al,, 2020), supporting that shorter PLD might be related
to IBD.

Origin of genetic structures
within T. barbatus

Our study uncovers two divergences within T. barbatus, i.e.,
the divergence of the southern and northern lineages, and the
divergence of haplotype groups A and B in the southern lineage,
which might be related to isolation during the Pleistocene
glaciations. North-south differentiations in coastal China are
observed within many marine fishes, isolations due to sea level
declines in glacial periods are proposed as causes for such genetic
structure (Liu et al., 2007; Ni et al., 2014; Qiu et al., 2016).
Divergence of the southern and northern lineages is dated back
to 0.37-0.79 Myr (HPD95 interval), which approximately falls
into marine oxygen isotope stages (MIS) 11-19 during the
Pleistocene glacial cycles (about 0.39-0.78 Myr, Figure 3,
Spratt and Lisiecki, 2016). The divergence time interval covers
two fierce glacial periods, i.e., the MIS 12 (0.43-0.46 Myr) and
MIS 16 (0.62-0.64 Myr), whose average sea level was about
130 m lower than the present day (Figure 4, Spratt and Lisiecki,
2016). The significant sea level decline in the two stages might
account for the exposure of the ECS shelf and, resultantly, the
divergence of the two lineages. The mean divergence time (0.57
Myr, Figure 4) of the southern and northern lineages is close to a
short and mild glacial period at the MIS 14 (about 0.54-0.56
Myr, Hao et al., 2015), whose average temperature is only 3-5°C
lower than the present day (Zanchetta et al., 2017). The North
Hemisphere might have experienced an extra-long interglacial
period during MIS 13-15 (0.48-0.62 Myr) characterized by high
sea levels (Hao et al, 2015). The ancestral population of T.
barbatus might have become widespread in the Northwest
Pacific in this extended interglacial period, and the exposure of
the ECS shelf in MIS 12 subsequently resulted in the isolation
and divergence of the T. barbatus populations (Figure 4). We
also uncovered two haplotype groups in the southern lineage,
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whose divergence time (0.04-0.09 Myr) is encompassed in the
last glacial period (about 0.01-0.11 Myr, Hughes et al., 2013),
implying that the divergence of the two haplotype groups is
related to another isolation event in the last glaciation.
Therefore, divergences of the lineages and haplotype groups in
T. barbatus populations might be related to glacial isolation,
while the modern coastal current might be a factor to mediate
their recent spatial distributions in the reflooded ECS shelf.

The expansion dating method provided an alternative way to
estimate the substitution rate of species lacking fossil data.
However, evaluation of its reliability was limited to checking
the congruence between the calibrated tiansition and the
reflooding events (e.g., the Bolling Interstadial period)
(Crandall et al., 2012; Koblmdiller et al., 2015; Hoareau, 2016),
which was only verifying the prior assumption of the expansion
dating method (Crandall et al., 2012). Since the method was
developed for calibrating divergence time, its capability to date
divergence events back to their related geographical events
should be more important. It has been broadly accepted that
both glacial and deglacial processes have significant effects on the
genetic structure and demography of coastal species in coastal
China (Song et al., 2010; Ni et al., 2014; Qiu et al., 2016; Li et al.,
2017b). If the reflooding of continental shelf had caused
demographic expansion of marine organisms (Crandall et al,
2012), it is plausible to assume that the exposed shelf in glacial
periods could also cause isolation and divergences of lineages in
some of these organisms (Ni et al, 2014). We observed two
independent divergence events within T. barbatus, whose
divergence times fall into the Pleistocene glacial events
(Figure 4). The congruence of their divergence times with the
Pleistocene glaciations might be potential evidence to support
the reliability of the expansion dating method. By the same
token, testifying the congruence of calibrated divergence time
with the timing of other geographical events, e.g., the divergence
time of transisthmian geminate species calibrated by the
expansion dating method with the closure time of the Panama
Isthmus (Marko, 2002), might also provide potential evidence to
support the reliability of the method. Further multispecies
studies may provide more insightful evidence on the reliability
of the expansion dating method.

Nevertheless, the parametric two-epoch model proposed in
Crandall et al. (2012) might be unsuitable to estimate the
uncalibrated tiansition- The two-epoch model simulates an
exponential or logistic growth preceded by a constant stage
(Crandall et al,, 2012), in which the exponential growth assumes
infinite carrying capacity and a constant growth rate, and the
logistic growth model assumes constant and finite carrying
capacity and a decreasing growth rate (Schacht, 1980). The
timing of a population shift from a constant stage to a
logistical or exponential growth stage is assumed to be an
uncalibrated tiansition. In the uncalibrated BSPs (Figure 5), we
observed a growth rate increase over time followed by a growth
rate decrease at the population growth stage for both lineages of
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T. barbatus, which obviously deviates from the growth rate
scenario assumed in either the exponential or logistic growth
model (i.e., constant or decreasing growth rate, Schacht, 1980).
In fact, Crandall et al. (2012) hypothesized increasing habitat
availability in the post-glacial reflooding process, in which the
carry capacity is assumed to increase over time. It clearly violates
the prior assumption of carrying capacity in both the
exponential and logistic growth models. Crandall et al. (2012)
retrieved an uninformative posterior distribution of growth rate
from the two-epoch model, which might also imply potential
deviation of the two-epoch model from the analyzed datasets.
Therefore, the two-epoch model might be unsuitable to describe
the post-glacial demographic expansion, and its application to
tiransition €Stimation might cause systematic error. Our method to
estimate tyungition With BSP growth rate changes might provide a
non-parametric solution to apply the expansion dating method,
which could avoid prior assumptions on growth rate and
carrying capacity, but its reliability needs to be further
validated with more datasets in the future.

Conclusion

In this study, we present the first exploration of the genetic
structure of T. barbatus in coastal China. The distribution of
lineages and haplotypes within T. barbatus shows congruence
with the modern summer ocean current pattern of China,
which provides potential evidence of ocean currents
constraining the dispersal of marine organisms in coastal
China. However, the divergence times of the lineages and
haplotypes are dated back to the Pleistocene glacial periods,
suggesting that the isolation by the continental shelf in the
Pleistocene glaciations accounts for the divergences within T.
barbatus. We also found a short PLD of T. barbatus (20-30
days), which might account for a significant IBD pattern in
geographic populations of the species. Therefore, we conclude
that the contemporary coastal currents, planktonic larval
duration, and historical glacial isolation might be important
factors shaping the genetic structure of T. barbatus.
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