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Abstract

Background: Long-term survival in isolated marginal seas of the China coast during the late Pleistocene ice
ages is widely believed to be an important historical factor contributing to population genetic structure in
coastal marine species. Whether or not contemporary factors (e.g. long-distance dispersal via coastal currents)
continue to shape diversity gradients in marine organisms with high dispersal capability remains poorly
understood. Our aim was to explore how historical and contemporary factors influenced the genetic diversity
and distribution of the brown alga Sargassum thunbergii, which can drift on surface water, leading to long-
distance dispersal.

Results: We used 11 microsatellites and the plastid RuBisCo spacer to evaluate the genetic diversity of

22 Sargassum thunbergii populations sampled along the China coast. Population structure and differentiation
was inferred based on genotype clustering and pairwise Fst and allele-frequency analyses. Integrated genetic
analyses revealed two genetic clusters in S. thunbergii that dominated in the Yellow-Bohai Sea (YBS) and East
China Sea (ECS) respectively. Higher levels of genetic diversity and variation were detected among
populations in the YBS than in the ECS. Bayesian coalescent theory was used to estimate contemporary and
historical gene flow. High levels of contemporary gene flow were detected from the YBS (north) to the ECS
(south), whereas low levels of historical gene flow occurred between the two regions.

Conclusions: Our results suggest that the deep genetic divergence in S. thunbergii along the China coast
may result from long-term geographic isolation during glacial periods. The dispersal of S. thunbergii driven by
coastal currents may facilitate the admixture between southern and northern regimes. Our findings exemplify
how both historical and contemporary forces are needed to understand phylogeographical patterns in coastal
marine species with long-distance dispersal.
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Background

The past decade has witnessed extensive research re-
garding genetic diversity and the evolutionary history of
marine species on the coast of China [1-5]. This is due,
in part, to the fact that the coast of China is character-
ized by distinct tectonic and geological processes, with a
series of marginal seas separating the eastern Asian con-
tinent from the Pacific Ocean [6]. During the Last
Glacial Maximum (LGM, 0.026—-0.019 Ma), the drastic
decline of sea levels (c. 135 m lower than today) restruc-
tured the marginal seas in the Northwest Pacific; the
beds of the Yellow-Bohai Sea (YBS) were entirely ex-
posed and the East China Sea (ECS) was reduced to an
elongated trough (the Okinawa Trough). The ECS and
South China Sea (SCS) were thus isolated due to a land
bridge extending from eastern China to Taiwan Island.
The Sea of Japan (SOJ) also became an enclosed inland
sea [6-8] (Fig. 1). Such restructuring of the marginal
seas isolated populations of coastal marine species along
the coast of China, resulting in dynamic phylogeographi-
cal signatures in present populations [5, 9, 10]. World-
wide, in marine environments, historical glaciation is
proved to be the most effective force in generating intra-
specific genetic splits [11], such as in Indo-West Pacific
[12], South East Pacific [13] as well as North East Atlan-
tic [14]. Two biogeographic scenarios have been pro-
posed for species isolated in the YBS/ECS basin (Fig. 1):
I) species possessed a homogeneous population structure
as reported in the barnacle Chthamalus challengeri [3]
and the alga Sargassum horneri [4] (Fig. 1a); and II) spe-
cies comprised two genetic clusters (YBS vs. ECS) which
were separated by the line of Changjiang estuary, as

Page 2 of 10

illustrated in the gastropod Cellana toreuma [15] and
the brown alga Sargassum fusiforme [16] (Fig. 1b). These
contrasting biogeographic patterns indicate that coastal
species co-distributed along the coast of China might ex-
hibit different ecological responses to climatic shifts.
Gene flow is another important factor driving biogeo-
graphic patterns in coastal marine species [17], including
macroalgae [18-21]. When the marginal seas in the
Northwest Pacific reunited due to postglacial sea-level
rise, populations that survived glaciation started to ex-
pand outward, with coastal currents (e.g. China Coastal
Current and South China Sea Warm Current) possibly
helping to accelerate genetic exchange between marine
basins [4, 22]. At the same time, the intertidal substrate
and/or diluted water may have acted as physical barriers
that maintained genetic divergence between isolated
populations. For example, the long stretches of salt
marshes along Jiangsu Province (Fig. 1), China, likely
acted as a geographic barrier to genetic introgression
between the YBS and ECS populations in the limpet Cel-
lana toreuma [15]. Similar patterns have also been con-
firmed in rocky intertidal seaweeds along European
coasts [23, 24]. As such, empirical surveys concerning
population genetic structure of marine species along the
coast of China must account for historical elements (e.g.
vicariance events) as well as contemporary environmen-
tal variables (e.g. oceanic currents, barriers to dispersal).
Sargassum is an ecologically dominant alga in much of
the Asia-Northwest Pacific (ANP) coastlines, especially
in tropics [25]. It is often characterized with high disper-
sal ability via rafting, as the thalli are easy to break up by
waves or grazers to form floating materials, making it a
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Fig. 1 Two biogeographic patterns for intertidal species in Yellow-Bohai Sea and East China Sea. Lineage distribution and neighbor-joining tree
were redrawn from (a) Sargassum horneri [4] and (b) Sargassum fusiforme [16]. Shaded sea areas are continental shelves that would have been
exposed to the air during periods of low sea level. CDW: Changjiang diluted water. Blue line: the coastline of Jiangsu Province
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perfected material to discuss how paleoclimatic oscilla-
tions and present ocean currents affected the genetic di-
versity and distribution pattern. For example, S.
muticum is one of the most well-known invasive species
[26, 27], and two clades were detected among the native
populations using the frnW-I marker: one is widely
spread in both native (e.g. Seto Inland Sea) and intro-
duced area (e.g. Canada, UK and France), and the other
is restricted along the east coast of Honshu, Japan [2].
The separation of the clades in Pacific-Japan sides may
be resulted from the ancient isolation and present re-
stricted gene flow [2]. Similarly, S. horneri and S. hemi-
phyllum in the ANP also showed deep genetic split
corresponding to the biogeographic basins, and homoge-
neous populations along the China coasts which ascribe
to the founder effects and recent expansion [4]. In con-
trast, S. aquifolium and S. polycystum in Southeast Asia
demonstrated shallow genetic structure with genetic di-
versity decline from south to north, implying surviving
in a single refugium during glacial period.

Sargassum thunbergii Kuntze is a perennial brown
macroalga occurring in the intertidal and sublittoral hab-
itats of the ANP, ranging from Sakhalin, Russia, to Hai-
nan Island, China [28]. This species grows abundantly
and can form seaweed forests together with other spe-
cies of Sargassum that serve as spawning, nursery, and
feeding grounds for marine animals [29]. S. thunbergii is
well adapted to diverse temperatures and salinities and
thus has been proposed as a promising candidate for re-
storing the structure and function of impacted inter-
tidal zones [30, 31]. In China, however, S. thunbergii
is one of the most heavily used natural feed for aqua-
culture animals (e.g. holothurian and abalone), which
has led to its near eradication in the past decade. Ef-
fective conservation of S. thunbergii will depend on
detailed biogeographic knowledge of evolutionarily
significant units [31-33]. We recently explored popu-
lation dynamics of S. thunbergii across its entire
range, and found that the Kuroshio Current played a
significant role in shaping population genetic connect-
ivity [22]. Similar diversity patterns were found in the
congeneric S. horneri [4] but not in S. fusiforme in
the ANP [16]. Hypervariable genetic markers and
genome-scale genotyping have recently shown prom-
ise in revealing population genetic differentiation in
seaweeds at a micro-geographic scale [18, 34-36], fa-
cilitating the exploration of cryptic population struc-
ture and biogeographic processes occurring in S.
thunbergii along the coast of China.

In this study, we integrated microsatellite genotyping
and a plastid marker to analyse the diversity and distri-
bution of S. thunbergii along the coast of China. Our
main goals were to (i) explore fine-scale population gen-
etic connectivity in S. thunbergii along the China coast;
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(ii) determine if the genetic subdivision was influenced
by long-distance dispersal at different time scales, and
(iii) test which biogeographic scenario summarized
above matches the genetic diversity patterns observed in
S. thunbergii along the China coast.

Methods

Sample collection

Sargassum thunbergii specimens (n = 661) were collected
from 22 sites along the coast of China, ranging from
39.04°N to 25.07°N (Additional file 1: Table S1). The
Jiangsu Province lacks rock substrate, so no samples
were collected in this region. At each site, samples were
collected from 25 to 43 individuals at >5 m intervals to
maximize spatial representation within a site. Leaf tips
(3-5 cm long) were dried and stored in silica gel for mo-
lecular analysis.

Molecular protocol

Genomic DNA was extracted using the Plant genomic
DNA kit (Tiangen Biotech CO., Ltd., Beijing, China) ac-
cording to the manufacturer’s instructions. The plastid
RuBisCo spacer (rbc spacer) was amplified using the pri-
mer set 3F (5'-CATCGTGCTGGTAACTCTAC-3’; [37])
and S97R (5'-CATCTGTCCATTCWACACTAAC-3';
[37]) PCR, electrophoresis, and sequencing were con-
ducted following our previous protocols [22]. The PCR
products contain partial rbcL. gene, partial 7bcS gene and
the spacer region (GenBank accession numbers:
MF767271-MF767277), which were included in Add-
itional file 2. Eleven species-specific microsatellites were
also used to explore the phylogeographical structure of
S. thunbergii. Details on the 11 microsatellites are also
summarized in Additional file 2. PCR was conducted fol-
lowing the protocol described by [31]. PCR products
were analysed on an Applied Biosystems (ABI) 3730xl
Genetic Analyzer with Capillary Electrophoresis. Individ-
ual genotypes were scored using GENEMAPPER ver. 4.0
(Applied Biosystems) with a size standard (LIZ 500) and
an internal control for allele calling; each allele was
coded using its size in nucleotides (bp). Microsatellite
settings for GENEMAPPER were: default base pair
range = 100-250; bin width = 1.3; peak height accept-
ance, <50 RFU = discard, 50 RFU <h <200 RFU = check,
h>200 RFU = accept. The presence of null alleles and
stutter were assessed using MICROCHECKER 2.23 [38].

Genetic diversity and variation

For the plastid rbc spacer, number of haplotypes (Ny),
haplotype (4) and nucleotide () diversity were estimated
for each locality using ARLEQUIN 3.5 [39]. This pro-
gram was also applied to calculate pairwise values of
genetic differentiation (Fst). All results for significance
of covariance components were tested using 10°
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permutations. A median-joining network among plastid
haplotypes was constructed using NETWORK 4.5 [40].

For microsatellite loci, allelic richness (N,), private al-
lelic richness (Ap), inbreeding coefficients (Fis), mean ex-
pected (H,) and observed (H,) heterozygosity were
calculated in GENETIX 4.05 [41]. Hardy-Weinberg equi-
librium (HWE) and linkage disequilibrium (LD) tests
were assessed using GENEPOP 4.3 [42]. The significance
level for multiple simultaneous comparisons was ad-
justed using the sequential Bonferroni technique [43].
Pairwise Fgy and Josts D (D.s, [44]) were performed
using the program SMOGD [45]. The overall D, for
each population comparison was calculated as the arith-
metic mean across loci. The hierarchical analysis of mo-
lecular variance (AMOVA) was conducted to detect the
proportion of genetic differentiation among regions, and
within and among populations [46].

Microsatellite-based cluster analyses

We used two approaches to infer the number of distinct
genetic clusters and to assign individuals to a given clus-
ter. First, a Bayesian clustering analysis was implemented
in STRUCTURE 2.3.4 [47, 48]. The program was run
with 10 independent simulations for each value of K (=
number of clusters) from 1 to 12, each with 800,000 iter-
ations, following a burn-in period of 100,000 iterations.
The model assumed admixture, correlated allele fre-
quencies [49] and non-informative priors. The likelihood
results were collected and assessed in STRUCTURE
HARVESTER [50], using the method AK [51]. The re-
sults of 10 replicate runs for K were combined in
CLUMPP ver.1.1.2 [52], and displayed graphically using
DISTRUCT 1.1 [53]. Second, we estimated patterns of
population genetic differentiation derived from pairwise
Fsr values with a principal coordinates analysis (PCoA)
using GENALEX [41]. To visualize the phylogenetic re-
lationships among samples, an unweighted pair group
method with arithmetic mean (UPGMA) dendrogram
based on Neis genetic distance [54] was constructed
using the program TFPGA [55]. Bootstrap analysis (1000
pseudoreplicates) was used to evaluate statistical nodal
support.

Contemporary and historical migration

In order to determine if the population genetic differenti-
ation in S. thunbergii along the coast of China was influ-
enced by long-distance dispersal of floating thalli at
different time scales, we estimated contemporary and his-
torical gene flow. BAYESASS 3.0 [56] could identify the
signature of gene flow from the current generation up to a
few past generations. In contrast, MIGRATE-n [57] con-
siders all gene flow between populations from the current
generation back to the most recent common ancestor to
detect historical processes. Furthermore, in sampling
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regions, some populations are geographically proximate
(e.g. POP1/2/3) (Fig. 2), and in order to facilitate statistical
performance we chose one or two populations in each re-
gion to conduct following gene flow analyses.

Recent migration rates (m) were calculated with
BAYESASS 3.0 [56]. It assumes linkage equilibrium and
that populations have not been subjected to genetic drift
within the past 2-3 generations before sampling, and al-
lows deviations from Hardy-Weinberg expectations
within populations [58]. We used the methodology of
3 x 10° iterations, with a burn-in of 10° iterations, and a
sampling frequency of 2x 10* Five replications were
performed to ensure consistency between runs.

Mutation-scaled migration rate (M) estimates were
calculated using a Bayesian coalescent approach imple-
mented in MIGRATE-n 3.6 [57]. MIGRATE allows devi-
ations from Hardy-Weinberg expectations, but assumes
that populations are in migration-drift equilibrium. A
Brownian motion model was run to estimate mutation-
scaled migration rate M (M = m/u, m is historical migra-
tion rate, ¢ is mutation rate per generation). Our ana-
lyses included 3 long chains and 5 replicates. Burn-in
was set in 4 x 10* with a sampling increment of 40 and a
total of 5 x 10* recorded steps. Heating was set with four
temperatures (1.0, 1.5, 3.0 and 6) with a static scheme.
We calculated the effective number of migrants using
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Fig. 2 Haplotype distribution along the coast of China and median-
joining network inferred from plastid rbc spacer data. Each line
between main haplotypes represents one mutation step. Detailed
locality information is shown in Table 1. Shaded sea areas are
continental shelves that would have been exposed to the air
during periods of low sea level. CCC: China Coastal Current;
SCSWC: South China Sea Warm Current




Li et al. BMC Evolutionary Biology (2017) 17:246

the relation (N, = ® x M/4, ® is mutation-scaled effect-
ive population size) to keep them comparable to con-
temporary estimates.

Results

Plastid DNA

We obtained 661 plastid rbc spacer sequences with an
aligned length of 795 bp, which contained seven poly-
morphic sites and yielded seven haplotypes (GenBank
accession numbers: MF767271-MF767277). Of these
haplotypes, five (R2, R3, R4, R6, R7) were unique and
two (R1 and R5) were present in most of the sampling
locations (Fig. 2 and Additional file 1: Table S1). Haplo-
type R1 was mainly detected in the Yellow-Bohai Sea
(YBS, 97.9%), whereas haplotype R5 was mainly detected
in the East-China Sea (ECS, 90.4%) (Fig. 2 and Add-
itional file 1: Table S1). The populations from Sanpanwei
(POP18), Chengshantou (POP11) and Huangqi (POP20)
showed the highest genetic diversity (4 =0.290-0.551,
=0.037-0.077; Table 1).
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Basic statistics for microsatellites

No evidence of null alleles or stutter was observed in
any of the eleven microsatellites studied. Tests for
Hardy-Weinberg Equilibrium (HWE) showed little evi-
dence for significant deviations from equilibrium expec-
tations (Additional file 3: Table S3). No evidence of
linkage disequilibrium was found. No significant positive
values of the inbreeding coefficient Fis were detected.
Mean allelic richness ranged from 1.909 to 3.364 and
the highest value was detected in Dongbang (POP1) and
Yingzuishi (POP2). The number of private alleles ranged
from 0.000 to 0.182 in the YBS and from 0.091 to 0.455
in the ECS (Table 1), with the highest value detected on
Zhuyu Island (POP 19). The populations in the north
coast (POP 1-14) (N, =2.182-3.364, H, =0.236-0.451,
H, =0.243-0.498) showed slightly higher genetic diver-
sity than those in the south coast (POP 15-22) (N, =
1.909-3.000, H,=0.175-0.425, H.=0.212-0.419; Table
1). The highest values of expected and observed hetero-
zygosity were found in Jiming Island (POP10) (H, =
0.451, H, = 0.498; Table 1).

Table 1 Genetic diversity indices of Sargassum thunbergii populations along the coast of China inferred from plastid rbc spacer and

microsatellites

Sampling localities rbc spacer microsatellites

N N, h 7 (x107%) N Na A H, H, Fis
1. DongBang, Liaoning, China 26 2 0.077 0.029 25 3364 0.091 0.302 0.380 0.226
2. Yingzuishi, Liaoning, China 29 1 0.000 0.000 25 3.364 0.182 0429 0475 0.117
3. Yazishi, Liaoning, China 35 1 0.000 0.000 25 2.909 0.000 0404 0413 0.044
4. Lvshun, Liaoning, China 24 1 0.000 0.000 24 3.000 0.091 0.371 0.399 0.091
5. Beihuangcheng, Yantai, China 34 1 0.000 0.000 25 2.545 0.000 0.302 0.393 0.252
6. Daqgin, Yantai, China 34 1 0.000 0.000 25 3.182 0.182 0345 0401 0.159
7. Changdao, Yantai, China 30 1 0.000 0.000 25 2818 0.091 0.302 0.351 0.159
8. Yantai University, China 31 1 0.000 0.000 25 2.545 0.000 0.236 0.243 0.047
9. Xiaoshi Island, Weihai, China 24 1 0.000 0.000 24 2.182 0.000 0333 0323 -0011
10. Jiming Island, Weihai, China 30 1 0.000 0.000 25 3.273 0.091 0451 0498 0.114
11. Chengshantou, Weihai, China 22 2 0312 0.039 25 3.000 0.182 0411 0411 0.020
12. Yueliang Bay, Weihai, China 43 2 0.047 0.006 25 2.727 0.091 0.364 0.340 —-0.049
13. Ailian Bay, Weihai, China 40 2 0.050 0.006 25 2.909 0.182 0407 0437 0.088
14. Badaguan, Qingdao, China 29 2 0.133 0.017 25 2818 0.182 0.364 0.348 -0.026
15. Shengsi, Zhoushan, China 32 2 0.226 0.028 25 2.545 0.182 0.175 0.212 0.197
16. Dongtou, Wenzhou, China 30 1 0.000 0.000 25 2.909 0.091 0425 0419 0.005
17. Longchuanjiao, Wenzhou, China 29 1 0.000 0.000 25 3.000 0.091 0.291 0.309 0.079
18. Sanpanwei, Wenzhou, China 33 4 0.551 0.077 25 2.000 0.091 0.260 0.269 0.054
19. Zhuyu Island, Wenzhou, China 29 1 0.000 0.000 25 2273 0.455 0.291 0.281 -0.015
20. Huanggi, Fuzhou, China 24 2 0.290 0.037 24 2455 0.364 0.265 0.253 -0.025
21. Nanri Island, Putian, China 30 1 0.000 0.000 29 2.091 0.182 0238 0276 0.154
22. Meizhou Island, Putian, China 23 1 0.000 0.000 24 1.909 0.182 0.227 0.199 -0.122°

N number of sequences, Ny, number of haplotypes, h haplotype diversity, m nucleotide diversity, N, allelic richness, A, private allelic richness, H, observed

heterozygosity, H. expected heterozygosity, Fis inbreeding coefficient
P <0.05 (1000 permutations)
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Population genetic differentiation and clustering
Pairwise D, values revealed high levels of genetic diver-
gence between populations from the YBS and ECS (aver-
age D, =0.291; Additional file 4: Figure S1 and
Additional file 5: Table S4). In contrast, D,y estimates
were relatively low between populations in the YBS
(average Deg = 0.120) and ECS (average Deg = 0.047), re-
spectively (Additional file 4: Figure S1 and Additional
file 5: Table S4). Similar results were also observed in
pairwise Fst values based on microsatellites (Additional
file 5: Table S4). Pairwise Fgy values based on rbc¢ spacer
also indicated deep genetic divergence between the
north and south coasts (Additional file 4: Figure S1 and
Additional file 6: Table S5). AMOVA analyses based on
rbc spacer also showed significant divergence between
clusters (YBS vs. ECS), accounting for 89.03% of the
total variance (Additional file 7: Table S6). However,
microsatellite analyses showed that most of the genetic
variance occurred within populations (65.38%), despite a
deep genetic split detected between two clusters (D¢t =
0.223, P < 0.0001; Additional file 7: Table S6).
Microsatellite-based clustering results showed that S.
thunbergii populations were hierarchically structured.
The most likely number of genetic clusters was K=2
(Additional file 8: Figure S2), where S. thunbergii indi-
viduals in the YBS formed a clade, while individuals in
the ECS formed another clade (Fig. 3). We found genetic
subdivision of populations in the YBS when K=3, 4, 5
(Fig. 3). In contrast, no clear population genetic vari-
ation was detected on the south coast of China (Fig. 3).
A deep genetic split in S. thunbergii along the coast of
China was also supported by the PCoA profiling in which
the north and south coast populations were grouped into
the YBS and ECS clusters, respectively (Fig. 4). The
UPGMA tree indicated that populations from the YBS
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and ECS have diverged into two groups with a 100% boot-
strap support (Additional file 9: Figure S3).

Contemporary vs. historical migration

The five replications in BAYESASS yielded similar re-
sults. For populations in the YBS, the highest gene flow
was between Dongbang (POP1) and Beihuangcheng
(POP5) (m =0.0258, Fig. 5a). Contemporary gene flow
between populations in the YBS was mostly symmetrical
except for between Beihuangcheng (POP5) and Xiaoshi
Island (POP9) (m =0.0129) (Fig. 5a). For ECS popula-
tions, the highest contemporary gene flow was from
Shengsi (POP15) to Dongtou (POP16) (m =0.0343) and
the lowest was from Dongtou (POP16) to Qingdao
(POP14) (m=0.0112). In addition, strong asymmetric
gene flow was detected from Qingdao (POP14) to
Shengsi (POP15) (m = 0.0241) and Dongtou (POP16) (m
=0.0227), respectively, which was almost two times lar-
ger than gene flow in the opposite direction (Fig. 5a).
Historical migration rates were the highest from Bei-
huangcheng (POP5) to Dongbang (POP1) (N, = 0.0978)
and the lowest from Qingdao (POP14) to Dongtou
(POP16) (N, = 0.0034; Fig. 5b). When comparing histor-
ical to contemporary gene flow, the greatest decline
occurred in ECS between Qingdao-Dongtou (POP14 —
POP16, N,, — m=-0.0193), followed by Qingdao-
Shengsi (POP14 — POP15, N,,, — m = -0.0137; Fig. 5). In
contrast, most of the historical gene flow was higher
than contemporary estimates in the YBS, and the great-
est decline was between Dongbang-Beihuangcheng
(POP5 — POP1, N,, — m=0.0701). All historical gene
flow between populations in the ECS were lower than
contemporary gene flow except in the pairwise Shengsi-
Dongtou (POP16 — POP15; Fig. 5).

East China Sea

Yellow-Bohai Sea
K=2
K=3
K=4
K=5
1 2 3 4 5 6 7 8

9 10 11

Fig. 3 Clustering results of 22 S. thunbergii populations based on microsatellites, with K ranging from K= 2 to K= 5. Each individual is depicted by
a vertical bar that is partitioned into colored sections. Population codes in parentheses are the same as in Table 1 and Fig. 2
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Fig. 4 Principal Component Analysis (PCoA) based on microsatellites.
The population codes are the same as in Table 1 and Fig. 2

Discussion

In this study, microsatellites and plastid DNA consist-
ently revealed two genetically diverged clusters in Sar-
gassum thunbergii along the coast of China, and their
geographical distributions are in accordance with two
marginal seas: the Yellow-Bohai Sea (YBS) and East
China Sea (ECS). In addition, contemporary gene flow
driven by coastal currents could cause a low yet signifi-
cant connectivity between populations in two marine
regimes.

Genetic divergence in Sargassum thunbergii

Sargassum thunbergii populations were divided into two
genetic clusters that correspond to the YBS and ECS
(Fig. 2). This biogeographic pattern matches scenario II
proposed earlier (see Introduction) along the coast of
China, as exemplified in the newly reported congeneric
species S. fusiforme [16]. Historical vicariance might ac-
count for this observed pattern in S. thunbergii along
the coast of China. Shifting sea levels during the
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Quaternary ice ages likely caused ancestral populations
of S. thunbergii to be isolated in multiple refugia [4, 5].
In the ECS, the southern populations (POP19-22) har-
boured a higher number of private alleles (4, =0.182—
0.455) than the northern populations (POP15-18) (A, =
0.091-0.182), suggesting that S. thunbergii populations
in the ECS may have survived in the southern Okinawa
Trough or the SCS during glacial periods. Populations in
the YBS, on the other hand, were possibly recolonized
from the northern Okinawa Trough or the Sea of Japan.
In addition, our simulations of gene flow revealed lim-
ited historical gene flow between populations from the
YBS and ECS (Fig. 5b), strengthening confidence in the
putative vicariance event. Comparable postglacial disper-
sal patterns were also reported in the congeneric species,
S. hemiphyllum (2] and S. fusiforme [16].

Hydrographic factors, such as the Changjiang diluted
water (CDW, Fig. 1), have been documented as a major
barrier to gene flow in intertidal marine species [15, 59].
Huge freshwater outflow and influx profoundly reduce
seawater salinities, pH, and dissolved inorganic nutrients
of the ECS, influencing species’ growth and survival
[29, 60, 61]. However, recent phylogeographical stud-
ies indicated that the hydrological barrier was not in-
surmountable for some intertidal species with broad
temperature and salinity tolerances, such as in Erio-
cheir sensu stricto [1], Cyclina sinensis [59], and S.
horneri [4]. Sargassum thunbergii has a broad toler-
ance to salinity (12-34 psu; [29]) which exceeds the
sea surface water salinity range of the Changjiang
River Estuary during summer (15-31 psu; [62]), thus
enabling it to cross the physical barrier. More import-
antly, research cruises reported that Sargassum beds
(including S. thunbergii) could be transported to
fringe areas of the continental shelf and waters

-
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influenced by the Kuroshio Current after they become
detached off Zhejiang Province, China [63, 64]. We
thus infer that the CDW did not impede gene flow
between S. thunbergii populations in the YBS and
ECS respectively, an assumption that was further sup-
ported by shared haplotypes (Fig. 2) and contempor-
ary gene flow between the two regions (Fig. 5a).
Similarly, a marine biogeographic break at 30°S was
detected in most intertidal species along the coast of
the temperate South East Pacific (SEP) [65, 66], and
the upwelling seems to be the dominant factor influ-
encing coastal communities. While some coastal spe-
cies, such as Stichaster striatus and Tegula atra,
showed low yet significant northward migration
across the 30°S break, which have been able to
achieve significant connectivity between biogeographic
regions, slightly eroding the historic signature [66].
Thus dispersal potential and the levels of tolerance
was the variable that always best explained the con-
trasting genetic structure of co-distributed species.

Ocean currents, coastal barriers and population
connectivity

Patterns in genetic diversity inferred from Quaternary
glaciation events may be obscured by environmental fac-
tors. In this study, the two genetic lineages of S. thunber-
gii along the coast of China may indicate different
evolutionary processes. We detected substantial popula-
tion subdivision in the YBS, but no clear genetic diver-
gence among populations in the ECS (Figs 4 and 5), a
scenario resembling the phylogeographical structure ob-
served in S. fusiforme [16]. The two contrasting patterns
may be ascribed to different environmental variables and
coastal topographies. The coastline of the YBS includes
the Bohai Bay and Shandong peninsula, which may act
as geographic barriers for genetic exchange between
populations [67, 68], leading to the formation of sub-
structure. In contrast, the coastline of the ECS lacks geo-
graphical or physical barriers. Thus, the population
structuring of S. thunbergii along the ECS was mainly
dictated by coastal currents, particularly during the
monsoon seasons [69]. Under the southwest monsoon,
the water in the Taiwan Strait originates mainly from the
South China Sea Warm Current (summer) and the
Taiwan Warm Current (spring) [70]. These monsoon-
driven coastal currents can facilitate long-distance dis-
persal of floating S. thunmbergii, leading to population
homogenization in the ECS (Fig. 5a; [18]). Oceano-
graphic circulations have also caused the contrasting
phylogeographic patterns between coastal species in the
Japan-Pacific and the Sea of Japan. Greater dispersal po-
tential exists in the Sea of Japan because of the Tsushima
Warm Current, whereas there is comparatively limited
dispersal potential by drifting along the Japan-Pacific
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coasts owing to the complex oceanographic circulations
(e.g.  southward-flowing  Tsugaru Current and
northward-flowing Kuroshio Current) and multiple pre-
senting hydrographic barriers to dispersal [16, 22].

Interestingly, our results indicated that S. thunbergii
populations in the YBS (northern area) had higher gen-
etic diversity than in the ECS (southern area) (Table 1).
Similar results were detected in the limpet Cellana tor-
euma in this region [15]. This pattern is clearly different
from that reported in most intertidal species along
European coastlines which show a characteristic reduc-
tion in genetic diversity with increasing latitude as major
refugial areas occurred at low latitudes [24]. High gen-
etic diversity and significantly large pairwise genetic dis-
tance support the conclusion that the YBS group was
largely isolated from the ECS and the potential refugia
located at marginal area other than southern area. Alter-
natively, the Yellow Sea Warm Current may have bring
individuals of S. thunbergii into the YBS from the west
coast of the Korean Peninsula (e.g. the Jeju Island), lead-
ing to high levels of genetic admixture as reported in the
red alga Gelidium elegans [71].

Conclusions

The genetic divergence of S. thunbergii in the YBS and
the ECS suggest long-term isolation. Besides, the com-
parison of contemporary and historical gene flow indi-
cate that the Changjiang diluted water could not restrict
the gene flow of S. thunbegii populations along the
Chinese coasts. These findings contrast with some previ-
ous studies on invertebrates with similar phylogeo-
graphic structure [10, 15]. Future phylogeoghic studies
in this region should not only focus on establishing pat-
terns of genetic divergence in intertidal species, but also
consider fine-scale patterns of gene flow using multilo-
cus markers. The interpretation of patterns of phylogeo-
graphic structure and genetic exchange could provide a
framework for marine biodiversity conservation.

Additional files

Additional file 1: Table S1. Sampling locality, code, coordinates,
sample size and RuBisCo spacer (rbc spacer) haplotype distribution in
each Sargassum thunbergii population. (DOCX 15 kb)

Additional file 2: Table S2. Sequences of 7 rbc spacer haplotypes and
primers of 11 microsatellite markers. (DOCX 15 kb)

Additional file 3: Table S3. Probability of deviation from Hardy-
Weinberg equilibrium (p) for each population and each locus.
(DOCX 19 kb)

Additional file 4: Figure S1. The average D, matrix based on
microsatellites (upper right) and Fsy based on plastid rbc spacer (lower
left), respectively. (DOCX 113 kb)

Additional file 5: Table S4. Pairwise differentiation of 22 Sargassum
thunbergii populations base on microsatellites. (DOCX 18 kb)



dx.doi.org/10.1186/s12862-017-1089-6
dx.doi.org/10.1186/s12862-017-1089-6
dx.doi.org/10.1186/s12862-017-1089-6
dx.doi.org/10.1186/s12862-017-1089-6
dx.doi.org/10.1186/s12862-017-1089-6

Li et al. BMC Evolutionary Biology (2017) 17:246

Additional file 6: Table S5. fst values between 22 Sargassum
thunbergii populations based plastid rbc spacer. (DOCX 16 kb)

Additional file 7: Table S6. Analysis of molecular variance (AMOVA) to
partition genetic variance in the Northwest Pacific Sargassum thunbergii
based on rbc spacer and SSR. (DOCX 14 kb)

Additional file 8: Figure S2. Most likely number of genetic clusters using
the Evanno method for Sargassum thunbergii individuals using 11
microsatellites from all the localities along the coast of China. (DOCX 51 kb)

Additional file 9: Figure S3. UPGMA tree of 22 Sargassum thunbergii

populations based on microsatellites. (DOCX 53 kb)

Abbreviations

ANP: Asia-Northwest Pacific; COW: Changjiang diluted water; ECS: East China
Sea; HWE: Hardy-Weinberg Equilibrium; LGM: Last Glacial Maximum;

SCS: South China Sea; SEP: South East Pacific; SOJ: Sea of Japan; YBS: Yellow-
Bohai Sea

Acknowledgements

We thank Ying-Jie Xu, Jie Zhang and Ruo-Yu Liu (IOCAS), and Wan-Dong
Chen (Nanji Islands National Natural Reserve Administration) for assisting in
seaweed collections. Special thanks go to Dr. Trevor T. Bringloe (University of
New Brunswick, Canada) for editing and commenting on the manuscript. We
particularly thank two anonymous reviewers for providing valuable and
constructive comments to improve the manuscript.

Funding

This work was supported by the National Natural Science Foundation of
China (31370264, 41761144057) granted to ZM. Hu, the Scientific and
Technological Innovation Project from Qingdao National Laboratory for
Marine Science and Technology (No. 2015ASKJ02), and the Fundamental
Research Funds for the Central Universities (2017B04014) granted to J.J. Li.

Availability of data and materials
Sequences are deposited in Genbank (MF767271-MF767277) and included in
Additional file 2. All other data are included in this published article.

Authors’ contributions

ZMH conceived the project; JJL performed molecular experiments, analysed
and interpreted the data; ZMH, ZMS, JTY and PF designed sampling and
conducted important collections; FLL helped analyse the microsatellite data,
JJL, ZMH and DLD wrote the paper; PF, FLL, ZMS and JTY helped revise the
manuscript. All authors have read and approved the final manuscript.

Ethics approval and consent to participate
The manuscript does not report on or involve the use of any vertebrate or
human data or tissue, therefore this section is not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Key Laboratory of Experimental Marine Biology, Institute of Oceanology,
Chinese Academy of Sciences, Qingdao 266071, China. “Laboratory for
Marine Biology and Biotechnology, Qingdao National Laboratory for Marine
Science and Technology, Qingdao 266071, China. 3Institute of Marine
Biology, College of Oceanography, Hohai University, Nanjing 210098, China.
“Laboratory of Marine Organism Taxonomy & Phylogeny, Institute of
Oceanology, Chinese Academy of Sciences, Qingdao 266071, China. *Key
Laboratory of Sustainable Development of Marine Fisheries, Ministry of
Agriculture, Yellow Sea Fisheries Research Institute, Chinese Academy of
Fishery Sciences, Qingdao 266071, China. %Unidad de Bioinform atica, Institut
Pasteur de Montevideo, Mataojo, 2020 Montevideo, Uruguay.

Page 9 of 10

Received: 15 August 2017 Accepted: 21 November 2017
Published online: 07 December 2017

References

1. Xu JW, Chan TY, Tsang LM, Chu KH. Phylogeography of the mitten crab
Eriocheir sensu stricto in East Asia: Pleistocene isolation, population
expansion and secondary contact. Mol Phylogenet Evol. 2009;52(1):45-56.

2. Cheang CC, Chu KH, Ang PO. Phylogeography of the marine macroalga
Sargassum hemiphyllum (Phaeophyceae, Heterokontophyta) in northwestern
Pacific. Mol Ecol. 2010;19(14):2933-48.

3. Cheang CC, Tsang LM, Ng WC, Williams GA, Chu KH, Chan BKK.
Phylogeography of the cold-water barnacle Chthamalus challengeri in the
north-western Pacific: effect of past population expansion and
contemporary gene flow. J Biogeogr. 2012;39(10):1819-35.

4. Hu ZM, Uwai S, Yu SH, Komatsu T, Ajisaka T, Duan DL. Phylogeographic
heterogeneity of the brown macroalga Sargassum horneri (Fucaceae) in the
northwestern Pacific in relation to late Pleistocene glaciation and tectonic
configurations. Mol Ecol. 2011;20(18):3894-909.

5. Hu ZM, Li JJ, Sun ZM, Oak JH, Zhang J, Fresia P, Grant WS, Duan DL.
Phylogeographic structure and deep lineage diversification of the red alga
Chondrus ocellatus Holmes in the Northwest Pacific. Mol Ecol. 2015;24(19):
5020-33.

6. Wang PX. Response of western Pacific marginal seas to glacial cycles:
paleoceanographic and sedimentological features. Mar Geol. 1999;156(1-4):
5-39.

7. Ota H. Geographic patterns of endemism and speciation in amphibians and
reptiles of the Ryukyu archipelago, Japan, with special reference to their
paleogeographical implications. Res Popul Ecol. 1998,40(2):189-204.

8. Kitamura A, Takano O, Takata H, Omote H. Late Pliocene-early Pleistocene
paleoceanographic evolution of the sea of Japan. Paleogeogr Paleoclimatol
Paleoecol. 2001;172(1-2):81-98.

9. Benzie JAH, Williams ST. Genetic structure of giant clam (Tridacna maxima)
populations in the west Pacific is not consistent with dispersal by present-
day ocean currents. Evolution. 1997,51(3):768-83.

10. Ni G, Li Q Kong LF, Yu H. Comparative phylogeography in marginal seas of
the northwestern Pacific. Mol Ecol. 2014;23(3):534-48.

11, Hewitt GM. The genetic legacy of the quaternary ice ages. Nature. 2000;
405(6789):907-13.

12. Kirkendale LA, Meyer CP. Phylogeography of the Patelloida profunda group
(Gastropoda: Lottidae): diversification in a dispersal-driven marine system.
Mol Ecol. 2004;13(9):2749-62.

13. Tapia FJ, Largier JL, Castillo M, Wieters EA, Navarrete SA. Latitudinal
discontinuity in thermal conditions along the nearshore of central-northern
Chile. PLoS One. 2014;,9(10):11.

14, Li JJ, Hu ZM, Duan DL. Genetic data from the red alga Palmaria palmata
reveal a mid-Pleistocene deep genetic split in the North Atlantic. J
Biogeogr. 2015;42(5):902-13.

15. Dong YW, Wang HS, Han GD, Ke CH, Zhan X, Nakano T, Williams GA. The
impact of Yangtze River discharge, ocean currents and historical events on
the biogeographic pattern of Cellana toreuma along the China coast. PLoS
One. 2012;7(4):e36178.

16. Hu ZM, Li JJ, Sun ZM, Gao X, Yao JT, Choi HG, Endo H, Duan DL. Hidden
diversity and phylogeographic history provide conservation insights for the
edible seaweed Sargassum fusiforme in the Northwest Pacific. Evol Appl.
2017;10(4):366-78.

17. Vera-Escalona |, Habit E, Ruzzante DE. Echoes of a distant time: effects of
historical processes on contemporary genetic patterns in Galaxias platei in
Patagonia. Mol Ecol. 2015;24(16):4112-28.

18. Hu ZM, Zhang J, Lopez-Bautista J, Duan DL. Asymmetric genetic exchange
in the brown seaweed Sargassum fusiforme (Phaeophyceae) driven by
oceanic currents. Mar Biol. 2013;160(6):1407-14.

19. Wernberg T, Thomsen MS, Connell SD, Russell BD, Waters JM, Zuccarello GC,
Kraft GT, Sanderson C, West JA, Gurgel CFD. The footprint of continental-
scale ocean currents on the biogeography of seaweeds. PLoS One. 2013;
8(11)8.

20. Bussolini LT, Waters JM. Genetic analyses of rafted macroalgae reveal regional
oceanographic connectivity patterns. J Biogeogr. 2015:42(7):1319-26.

21. Macaya E, Lopez B, Tala F, Fellier F, Thiel M. Float and raft: role of buoyant
seaweeds in the phylogeography and genetic structure of non-buoyant


dx.doi.org/10.1186/s12862-017-1089-6
dx.doi.org/10.1186/s12862-017-1089-6
dx.doi.org/10.1186/s12862-017-1089-6
dx.doi.org/10.1186/s12862-017-1089-6

Li et al. BMC Evolutionary Biology (2017) 17:246

22.

23.

24.

25.

26.

27.

28.
29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43,
44,

45.

46.

associated flora. In: Hu ZM, Fraser Cl, editors. Seaweed phylogeography:
adaptation and evolution of seaweeds under environmental change. Berlin,
Heidelberg: Springer; 2016. p. 97-130.

Li JJ, Hu ZM, Gao X, Sun ZM, Choi HG, Duan DL, Endo H. Oceanic currents
drove population genetic connectivity of the brown alga Sargassum
thunbergii in the north-west Pacific. J Biogeogr. 2017;44(1):230-42.

Hoarau G, Coyer JA, Veldsink JH, Stam WT, Olsen JL. Glacial refugia and
recolonization pathways in the brown seaweed Fucus serratus. Mol Ecol.
2007;16(17):3606-16.

Provan J, Maggs CA. Unique genetic variation at a species' rear edge is under

threat from global climate change. Proc R Soc B Biol Sci. 2011,279(1726):39-47.

Philippon N. Biogeography of Sargassum (Phaeophyta) in the Pacific basin.
In: Abbott IA, editor. Taxonomy of economic seaweeds, vol 5 California Sea
Grant College system, la Jolla; 1995. p. 107-45.

Deysher L, Norton TA. Dispersal and colonization in Sargassum muticum
(Yendo) Fensholt. J Exp Mar Biol Ecol. 1981,56(2-3):179-95.

Cacabelos E, Olabarria C, Viejo RM, Rubal M, Veiga P, Incera M, Gestoso |,
Vaz-Pinto F, Mejia A, Engelen AH, et al. Invasion of Sargassum muticum in
intertidal rockpools: patterns along the Atlantic Iberian peninsula. Mar
Environ Res. 2013;90:18-26.

Tseng CK. Common seaweeds of China. Beijing: Science Press; 1983.

Chu SH, Zhang QS, Tang YZ, Zhang SB, ZC L, High YYQ. Tolerance to fluctuating
salinity allows Sargassum thunbergii germlings to survive and grow in artificial
habitat of full immersion in intertidal zone. J Exp Mar Biol Ecol. 2012;412:66-71.
Yu YQ, Zhang QS, Lu ZC, Tang YZ, Zhang SB, Chu SH. Small-scale spatial
and temporal reproductive variability of the brown macroalga Sargassum
thunbergii in contrasting habitats: a study on the island of Xiaoheishan,
Changdao archipelago, China. Estuar Coast Shelf Sci. 2012;112:280-6.

Liu FL, Hu ZM, Liu WH, Li JJ, Wang WJ, Liang ZR, Wang FJ, Sun XT.
Distribution, function and evolution characterization of microsatellite in
Sargassum thunbergii (Fucales, Phaeophyta) transcriptome and their
application in marker development. Sci Rep. 2016;6:9.

Moritz C. Defining 'Evolutionarily significant Units' for conservation. Trends
Ecol Evol. 1994;9(10):373-5.

Zhao FJ, Wang XL, Liu JD, Duan D. Population genetic structure of
Sargassum thunbergii (Fucales, Phaeophyta) detected by RAPD and ISSR
markers. J Appl Phycol. 2007;19(5):409-16.

Neiva J, Pearson GA, Valero M, Serrao EA. Fine-scale genetic breaks driven
by historical range dynamics and ongoing density-barrier effects in the
estuarine seaweed Fucus ceranoides L. BMC Evol Biol. 2012;12:16.

Coyer JA, Hoarau G, Pearson G, Mota C, Juterbock A, Alpermann T, John U,
Olsen JL. Genomic scans detect signatures of selection along a salinity
gradient in populations of the intertidal seaweed Fucus serratus on a 12 km
scale. Mar Genom. 2011;4(1):41-9.

Krueger-Hadfield SA, Roze D, Mauger S, Valero M. Intergametophytic selfing
and microgeographic genetic structure shape populations of the intertidal
red seaweed Chondrus crispus. Mol Ecol. 2013,22(12):3242-60.

Mattio L, Payri CE, Stiger-Pouvreau V. Taxonomic revision and geographic
distribution of the subgenus Sargassum (Fucales, Phaeophyceae) in the
western and central Pacific islands based on morphological and molecular
analyses. J Phycol. 2008;44(6):1541-55.

van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P. MICRO-CHECKER:
software for identifying and correcting genotyping errors in microsatellite
data. Mol Ecol Notes. 2004;4(3):535-8.

Excoffier L, Lischer HEL. Arlequin suite ver 3.5: a new series of programs to
perform population genetics analyses under Linux and windows. Mol Ecol
Resour. 2010;10(3):564-7.

Bandelt H-J, Forster P, Rohl A. Median-joining networks for inferring
intraspecific phylogenies. Mol Biol Evol. 1999;16(1):37-48.

Peakall R, Smouse PE. GENALEX 6: genetic analysis in excel. Population genetic
software for teaching and research. Mol Ecol Notes. 2006,6(1):288-95.
Rousset F. GENEPOP ' 007: a complete re-implementation of the GENEPOP
software for windows and Linux. Mol Ecol Resour. 2008;8(1):103-6.

Sokal R, Rohlf F. Biometry. 3rd ed. New York: Freeman; 1995.

Jost L. Gst and Its relatives do not measure differentiation. Mol Ecol 2008;
17(18):4015-4026.

Crawford N. SMOGD: Software for the measurement of genetic diversity.
Mol Ecol Resour. 2010;10(3):556~7.

Excoffier L, Smouse PE, Quattro JM. Analysis of molecular variance inferred
from metric distances among DNA haplotypes: application to human
mitochondrial-DNA restriction data. Genetics. 1992;131(2):479-91.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Page 10 of 10

Pritchard J, Stephens M, Rosenberg N, Donnelly P. Association mapping in
structured populations. Am J Hum Genet. 2000;67(1):170-81.

Hubisz M, Falush D, Stephens M, Pritchard J. Inferring weak population
structure with the assistance of sample group information. Mol Ecol Resour.
2009;9(5):1322-32.

Falush D, Stephens M, Pritchard J. Inference of population structure using
multilocus genotype data: linked loci and correlated allele frequencies.
Genetics. 2003;164(4):1567-87.

Earl DA, BM VH. STRUCTURE HARVESTER: A website and program for
visualizing STRUCTURE output and implementing the Evanno method.
Conserv Genet Resour. 2012;4(2):359-61.

Evanno G, Regnaut S, Goudet J. Detecting the number of clusters of
individuals using the software STRUCTURE: a simulation study. Mol Ecol.
2005;14(8):2611-20.

Jakobsson M, Rosenberg N. CLUMPP: A cluster matching and permutation
program for dealing with label switching and multimodality in analysis of
population structure. Bioinformatics. 2007;23(14):1802-6.

Rosenberg N. DISTRUCT: A program for the graphical display of population
structure. Mol Ecol Notes. 2004;4(1):137-8.

Nei M. Estimation of average heterozygosity and genetic distance from a
small number of individuals. Genetics. 1978;23:41-369.

Miller M. Tools for Population Genetic Analysis (TEPGA). Version 1.3.
Department of Biological Sciences, Northern Arizona University, Arizona,
USA. 1997.

Wilsson G, Rannala B. Bayesian inference of recent migration rates using
multilocus genotypes. Genetics. 2003;163(3):1177-91.

Beerli P. Comparison of Bayesian and maximum-likelihood inference of
population genetic parameters. Bioinformatics. 2006;22(3):341-5.

Dutta T, Sharma S, Maldonado JE, Wood TC, Panwar HS, Seidensticker J.
Gene flow and demographic history of leopards (Panthera pardus) in the
central Indian highlands. Evol Appl. 2013;6(6):949-59.

Ni G, Li Q, Kong LF, Zheng XD. Phylogeography of bivalve Cyclina sinensis:
testing the historical glaciations and Changjiang River outflow hypotheses
in northwestern Pacific. PLoS One. 2012;7(11):e49487.

Wang BD, Wang XL, Zhan R. Nutrient conditions in the Yellow Sea and the
East China Sea. Estuar Coast Shelf Sci. 2003;58(1):127-36.

Chen CC, Shiah FK, Chiang KP, Gong GC, Kemp WM. Effects of the
Changjiang (Yangtze) river discharge on planktonic community respiration
in the East China Sea. J Geophys res. Oceans. 2009;114

Feng S, Li F, Li S. An introduction to marine science. Beijing: High Education
Press; 1999.

Komatsu T, Mizuno S, Natheer A, Kantachumpoo A, Tanaka K, Morimoto A,
Hsiao ST, Rothausler EA, Shishidou H, Aoki M, et al. Unusual distribution of
floating seaweeds in the East China Sea in the early spring of 2012. J Appl
Phycol. 2014;26(2):1169-79.

Mizuno S, Ajisaka T, Lahbib S, Kokubu Y, Alabsi MN, Komatsu T. Spatial
distributions of floating seaweeds in the East China Sea from late winter to
early spring. J Appl Phycol. 2014;26(2):1159-67.

Broitman BR, Navarrete SA, Smith F, Gaines SD. Geographic variation of
southeastern Pacific intertidal communities. Mar Ecol: Prog. Ser. 2001,224:
21-34.

Haye PA, Segovia NI, Munoz-Herrera NC, Galvez FE, Martinez A, Meynard A,
Pardo-Gandarillas MC, Poulin E, Faugeron S. Phylogeographic structure in
benthic marine invertebrates of the Southeast Pacific coast of Chile with
differing dispersal potential. PLoS One. 2014;9(2):15.

Zhang W, Zheng JH, Ji XM, Hoitink AJF, van der Vegt M, Zhu YL. Sufficial
sediment distribution and the associated net sediment transport pattern in
the Pearl River estuary. South China Cont Shelf Res. 2013,61-62:41-51.
Zhou X, Zheng J, Doong D-J, Demirbilek Z. Sea level rise along the East Asia
and Chinese coasts and its role on the morphodynamic response of the
Yangtze River estuary. Ocean Eng. 2013;71:40-50.

Hu ZM. Intertidal population genetic dynamics at a microgeographic
seascape scale. Mol Ecol. 2013,22(12):3191-4.

Jan S, Wang J, Chern C, Chao S. Seasonal variation of the circulation in the
Taiwan Strait J Mar Syst 2002; 35(3-4):249-268.

Kim KM, Hoarau GG, Boo SM. Genetic structure and distribution of Gelidium
elegans (Gelidiales, Rhodophyta) in Korea based on mitochondrial cox1
sequence data. Aquat Bot. 2012;98(1):27-33.



	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Sample collection
	Molecular protocol
	Genetic diversity and variation
	Microsatellite-based cluster analyses
	Contemporary and historical migration

	Results
	Plastid DNA
	Basic statistics for microsatellites
	Population genetic differentiation and clustering
	Contemporary vs. historical migration

	Discussion
	Genetic divergence in Sargassum thunbergii
	Ocean currents, coastal barriers and population connectivity

	Conclusions
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

