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Abstract

Wide-ranging changes to the coastline of East Asia during the glacial periods of the Quaternary might have significantly
influenced the genetic structure of coastal plants. To verify its historical migration and potential breaks to gene flow, we
investigated the genetic structure of the vulnerable halophyte Suaeda malacosperma, whose distribution is restricted to
brackish tidal areas of Korea and Japan. Two chloroplast DNA (cpDNA) regions (rpl32-trnL, trnH-psbA) were used for five
individuals each from 11 populations. SNP data obtained via multiplexed ISSR genotyping by sequencing (MIG-Seq) were
used for 181 individuals from those populations. Ecological niche modeling (ENM) was combined with genetic analyses
to compare current and past distributions. The cpDNA sequences and MIG-Seq data revealed largely congruent results
indicating that S. malacosperma consists of three genetic clusters: western coast of Korea, southern coast of Korea, and
Japan. The patterns produced through structure analysis and cpDNA haplotypes showed that the gene flow occurred at or
after the last glaciation from Japan to the southern coast of Korea via the Korea/Tsushima Strait land bridge. Despite the
coastal habitat of this species, ocean currents had less influence. Integrating genetic data with past distribution models by
ENM provided insight into potential recolonization routes from refugia in each region. Those data suggested that, instead
of contemporary gene flow, a historical range shift due to climate change affected the population structure. These results
support the need for a conservation strategy and advance our understanding about the historical range dynamics of coastal
plants in temperate East Asia.

Keywords Coastal plants - Ecological niche modeling - MIG-Seq - Phylogeographic structure - Suaeda malacosperma -
Vulnerable halophyte

Introduction

Coastal regions play roles in biodiversity and ecology (Cos-
tanza et al. 1997; UNEP 2006), because they are very pro-
ductive areas and provide habitats for a wide array of organ-
isms. The distribution of those organisms can be influenced
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effects of shifting habitats, invasive species, and pollution
(UNEP 2006), but also from repeated glacial periods during
the Pleistocene by changes in climate and sea level (Clark
et al. 2009). Among those factors, fluctuations of the sea
level have had a critical impact on genetic diversity and the
historical distribution of organisms according to regression
and transgression of the oceans (Kadereit et al. 2005; Weis-
ing and Freitag 2007; Han et al. 2015).

In inland East Asia, climate change during glacial periods
altered plant populations, as elucidated by putative refugia
and corridors for migration (reviewed by Qiu et al. 2011).
Land bridges that formed in response to climate change
played an important role as corridors that shaped the con-
temporary genetic structure of those populations (Lee et al.
2013, 2016; Jin et al. 2016). Unlike inland plants, coastal
plants are affected by both glaciation related changes and the
dispersal mode through the ocean. That mode theoretically
affects the genetic patterns of coastal plants across long dis-
tances and is considered an important factor when explain-
ing their genetic diversity (Kadereit et al. 2005; Weising
and Freitag 2007; Westberg and Kadereit 2009; Han et al.
2015). Although the migration process and historical refugia
of inland plants in East Asia have been widely studied (Qiu
et al. 2011) and despite their interesting biological implica-
tions, only few studies have focused on the phylogeography
of coastal plants of that region (Han et al. 2015).

Suaeda malacosperma Hara is an annual halophyte that
grows along the coastlines of Korea and Japan. The chloro-
plast genome of S. malacosperma was first reported in the
genus Suaeda Scop. (Park et al. 2018). These plants were
first recorded in and described from Japan (Hara 1942) and
more recently discovered in salt-marshes of Korea (Shim
et al. 2001). In contrast to other plants of coastal salt-
marshes, as, e.g., S. maritima subsp. asiatica Hara and S.
Jjaponica Makino, it occurs only locally on brackish sites,
preferably in estuaries. This species is included into the Red
List (VU) in Japan (https://ikilog.biodic.go.jp/Rdb/booklist)
and as “not evaluated” (NE) in Korea (National Institute
of Biological Resources 2012). Several local extinctions
have been reported in Japan (Nakanishi 2001). Because of
its distribution to coastal areas, the species presents advan-
tages for phylogeographic studies that examine the direct
influence of changes in coastlines and the formation of land
bridges during glacial periods. For example, after the Last
Glacial Maximum (LGM: ca 19,000 years before present),
wide continental shelves of the Yellow Sea and the East
China Sea (ECS), as well as the Korea/Tsushima Strait land
bridge, were submerged, and afterward the coastlines gradu-
ally moved inland over very long distances (Kimura 1996;
Yoo et al. 2016).

Although their biological and ecological significance has
been recognized since the 1950s (Costanza et al. 1997), large
coastal regions and estuaries in Korea and Japan are just now
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transformed by reclamation efforts to increase arable lands
(Suzuki 2003; Murray et al. 2014; Choi 2014) with inherent
strong effects on the diversity of autochthonous organisms
(Ryu et al. 1997; Sato 2006). These activities have increased
the need to conserve S. malacosperma.

This study aims to (1) elucidate the genetic structure and
potential geographic barriers of S. malacosperma over its
complete range of distribution, (2) detect recolonization
routes that resulted from a change in the coastline after the
LGM, and (3) obtain genetic information that helps explain
historic geographical processes and contemporary gene flow
and can be used in establishing a conservation strategy for
these coastal populations. In order to infer historical dis-
tribution change after the LGM, we applied the ecological
niche modeling (ENM) that is utilized in phylogeographic
studies to investigate climate change-associated correlations
between distribution shifts and genetic structure (Carstens
and Richards 2007; Qi et al. 2012; Garcia-Fernandez et al.
2017). Because the deposition of fossils or pollen grains is
difficult in such coastal environments, a technique such as
the ENM is the only way to model the historical distribution
of a species. The genetic structure of S. malacosperma was
analyzed using the multiplexed inter-simple sequence repeat
genotyping by sequencing (MIG-Seq) (Suyama and Matsuki
2015) and chloroplast DNA (cpDNA) sequences. The MIG-
Seq is a useful technique for analyzing the genetic struc-
ture by producing reduced representatives from an entire
genome; it has recently been used in studies of population
genetics and genetic ecology (Takahashi et al. 2016; Tamaki
et al. 2017; Yoichi et al. 2018). Characteristics of cpDNA,
such as maternal inheritance, non-recombination, and a sub-
stitution rate lower than that of nuclear DNA, could com-
plement MIG-Seq analysis. In East Asia, phylogeographic
studies of coastal plants are poorly performed compared to
European coastal plants (Arafeh and Kadereit 2006; Kadereit
et al. 2005; Jakob et al. 2007; Kadereit and Westberg 2007,
Escudero et al. 2010; Prinz et al. 2013; Garcia-Fernandez
et al. 2017). Data generated from our study using ENM,
MIG-Seq and cpDNA provide a phylogeographical insight
to coastal plants in East Asia.

Materials and methods
Sampling and DNA extraction

Leaves were collected from 181 individual plants belonging
to 11 populations of S. malacosperma growing along the
coastal regions of Korea and Japan (Table 1). The sampling
covered almost the entire distribution area of the species.
Each sample was dried in silica gel and stored at room tem-
perature before genomic DNA was extracted using MG™
Plant SV (MGmed, Seoul, Korea).


https://ikilog.biodic.go.jp/Rdb/booklist

Distinct phylogeographic structure of the halophyte Suaeda malacosperma 195
Table 1 Sample locality and statistical summary of Suaeda malacosperma
Code Locality Coor N Hap Sites Variant sites Private H, Hy b2 Fig
Western coast of Korea
GHW Ganghwa-gun, Incheon 37°36'14"N 21 A 21,118 81 10 0.1476 0.1130 0.1161  0.0037
126°28'52"E
SSA  Seosan-si, Chungcheongnam-do 36°53'45"N 21 A 23,359 &9 9 0.2198 0.1605 0.1648 —0.0569
126°24'57"E
BRY Boryeong-si, Chungcheongnam-do 36°23'01"N 21 A 23,758 97 8 0.2184 0.1456 0.1494 -0.0461
126°3022"E
SEC  Seocheon-gun, Chungcheongnam-do  36°0822"N 19 A 23,599 92 1 0.1869 0.1066 0.1097 —0.1061
126°34'09"E
Mean 22,958.5 89.8 7.0 0.1932 0.1314 0.1350 -0.0514
Southern coast of Korea
GJI  Gangjin-gun, Jeollanam-do 34°32'56"N 21 B 20,958 94 2 0.1634 0.0845 0.0866 —0.1419
126°47'55"E
BSE  Boseong-gun, Jeollanam-do 34°50'01"N 21 B 22477 93 12 0.1895 0.1360 0.1400 —0.0021
127°24'59"E
GYA Gwangyang-si, Jeollanam-do 34°56'11"N 6 A 18,796 67 6 0.1791 0.1171 0.1291 -0.0816
127°36'05"E
Mean 20,743.7 84.7 6.7 0.1773 0.1125 0.1186 -0.0752
Japan
SGA  Saga-shi, Saga prefecture 33°09'31"N 19 A 21,115 &7 3 0.1724 0.1222 0.1259 -0.0233
130°20'09"E
HYM Hayami-gun, Oita prefecture 33°22'14"N 8 A 25518 102 1 0.1979 0.1282 0.1377 -0.0863
131°35'51"E
YMG Yamaguchi-shi, Yamaguchi prefecture 34°00'11"N 19 A 23,039 86 4 0.2183 0.1446 0.1491 -0.0849
131°21'46"E
FKY Fukuyama-shi, Hiroshima prefecture ~ 34°2623"N 5 A 23919 94 1 0.2144 0.1516 0.1713 —-0.0637
133°14'46"E
Mean 23,397.8 92.3 23 0.2008 0.1367 0.1460 —0.0646
Overall mean 22,551.2 89.3 53 0.1917 0.1284 0.1346 —-0.0617

Coor geographic coordinate, N number of samples, Hap chloroplast haplotype, Site nucleotide sites across the data set, Variant sites variant
nucleotides in each population, Private number of private alleles, H, mean observed heterozygosity, H; mean expected heterozygosity, 7 mean
value of nucleotide diversity, F;¢ mean value of inbreeding coefficient, H,,, Hp, 7, and F ;g were calculated at variable nucleotide sites

Chloroplast DNA sequencing

PCR amplifications were performed for the two non-cod-
ing regions of cpDNA: 7pl32-trnL. (Shaw et al. 2007) and
trnH-psbA (Sang et al. 1997). These regions were selected
after preliminary screening of seven non-coding regions
(trnL-trnF, trnH-psbA, psbB-psbH, atpB-rbcL, rbcL-atpB,
rpl32-trnL, and rpl16 intron). Because of the expected low
genetic diversity of each population in the process of devel-
opment of microsatellite marker for S. malacosperma, we
used 55 samples (five per population) of the 181 samples
collected. We conducted PCR with a GeneAmp® PCR Sys-
tem 2720 Thermal Cycler (Applied Biosystems, Foster City,
CA, USA). Each reaction mixture contained MG 2X Taq
MasterMix without dye (Mgmed), ca. 10 ng of DNA, and
20 nM of primers in a total volume of 20 uL. Conditions

included an initial denaturation at 95 °C for 5 min, followed
by 30 amplification cycles comprising 95 °C for 1 min,
52 °C (55 °C for nrITS) for 1 min, and 72 °C for 1 min,
with a final extension at 72 °C for 7 min. After the PCR
products were visualized on 2% agarose gels, they were
treated with a MG PCR Purification kit (MGmed), and
sequenced with the ABI 3100 Genetic Analyzer, using the
ABI BigDye™ Terminator Cycle Sequencing Ready Reac-
tion Kit (Applied Biosystems). The sequences identified in
S. malacosperma were deposited in the GenBank database
(MH845066-MH845175).

SNP analyses by MIG-Seq

We used MIG-Seq to conduct genome-wide SNP analysis,
constructing a MIG-Seq library of 181 samples according
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to a protocol slightly modified from that of Suyama and
Matsuki (2015). Briefly, the annealing temperature for the
first PCR was changed to 38 °C to obtain more ampli-
cons, while the second PCR involved indexed forward and
reverse primers. After this two-step process, the amplified
PCR products were purified and quantified for sequenc-
ing on an [llumina MiSeq platform (Illumina, San Diego,
CA, USA), using a MiSeq Reagent kit v3 (150 cycles;
Illumina).

After obtaining the NGS data, we removed the adapter
and anchor in the sequenced reads with a FASTX Toolkit
(http://hannonlab.cshl.edu/fastx_toolkit/). Low-quality and
overlapping reads were removed with the FASTX Toolkit
and TagDust (Lassmann et al. 2009). We then analyzed
the filtered reads with Stacks v1.48 (Catchen et al. 2013).
Each stack was piled by the ustacks program, setting the
minimum depth coverage at m =10 and the maximum dis-
tance at M = 1. Allowing for four mismatches, the cstacks
program produced the loci catalogue of stacks while the
sstacks program was used to match the catalogue with each
sample. To minimize the risk of missing data and avoid
having private loci in a population, we set the minimum
percentage of a locus shared within a population at 75%
(r=0.75) and the minimum number of populations where
a locus had to be present at p =2. The data files for struc-
ture and the fasta format were exported with the popula-
tion program, and the structure format was applied to only
the first SNP per locus (—wrire_single_snp option) to avoid
any linkages between SNPs.

Analysis of population genetics

We used the population program in stacks to estimate
genetic diversity (percentage of polymorphic loci),
expected heterozygosity (Hg), observed heterozygosity
(Hp), nucleotide diversity (), and Wright’s F-statistics.
To analyze the genetic structure, we applied the Bayes-
ian model-based clustering method (STRUCTURE 2.0;
Pritchard et al. 2000), conducting 20 runs for each value
of K from 1 to 12. Each run employed the parameter set
which was configured to 200,000 iterations (burn-in), fol-
lowing 300,000 Markov chain Monte Carlo repetitions
and admixture model with default setting. Data set and
parameter set were deposited at Figshare (https://doi.
org/10.6084/m9.figshare.7387046). The optimal number
of clusters (K) was estimated by using the STRUCTURE
HARVESTER (Earl and von Holdt 2012), according to the
method of Evanno et al. (2005). We used the Clustering
Markov Packager Across K (CLUMPAK) online program
(Kopelman et al. 2015) to summarize the results from each
run and to generate representative pie charts associated
with each K value.
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Ecological niche modeling

We modeled the potential distribution of S. malacosperma
historically and currently, using Maxent 3.4.1 (Merow et al.
2013). Occurrence data for this species included sample
localities from our study as well as data published earlier
(Nakanishi 2001; Shim et al. 2009; Online Resource 1). We
downloaded altitude and current/past climate data according
to our 19 bioclimatic variables (Online Resource 2) from
WorldClim Version 1.4 (http://www.worldclim.org/) (Hij-
mans et al. 2005). To reconstruct the previous potential dis-
tributions, we utilized three past climate models for LGM:
the Community Climate System Model (CCSM4; Gent et al.
2011), Earth System Model based on the Model for Inter-
disciplinary Research On Climate (MIROC-ESM; Watanabe
et al. 2011), and the Max Planck Institute for Meteorology
Earth System model (MPI-ESM-P). Whereas the past cli-
mate data for the LGM had a 2.5-m arc resolution, the oth-
ers were 30-s arc resolutions. To adapt the altitude of the
LGM, we obtained the ETOPO1 Global Relief Model (https
://doi.org/10.7289/V5C8276M). Because all data for each
ENM required the same resolution, we re-sampled the data
to make its resolution the same as that of the LGM climate
and modified it to be — 130 m from the present level. To
simplify our model, we selected five variables from the 20
available when considering the analysis of variable contribu-
tion and response curves.

Results
Chloroplast non-coding regions

Variations from two chloroplast non-coding regions were
investigated. We identified two haplotypes for Suaeda mala-
cosperma with only two substitutions in the concatenated
sequences (Online Resource 3) of trnH-psbA (359 bp) and
rpl32-trnL (897 bp). The two substitutions were equal to
the parsimonious informative site. The five representatives
of each population shared only one of the two haplotypes.
Haplotype A occurred in both Korea (GHW, SSA, BRY,
SEC, and GYA) and Japan (SGA, HYM, YMG, and FKY),
whereas haplotype B was found only in two populations
(GJI and BSE) from the southern coast of Korea (Fig. la,
Table 1). While haplotype A was widely distributed from the
western Korean coast to Japan, haplotype B was restricted
to the southern Korean coast.

Genetic diversity
The number of nucleotide sites per population averaged

22,551.2, ranging from 18,796 for GYA to 25,518 for HYM
(Table 1). Estimations of genetic diversity were based on a
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Fig. 1 Geographic distribution of cpDNA haplotypes and structure
analysis in K=3 of Suaeda malacosperma, and AK values in struc-
ture analysis. a Locality codes correspond to those in Table 1. Diam-
eter of pie charts is associated with the number of samples. The cir-
cles surrounding pie charts correspond with the cpDNA haplotypes.

dataset of 120 loci. The mean values for nucleotide diver-
sity (x) were 0.1350 for western Korea, 0.1186 for southern
Korea, and 0.1460 for Japan. The lowest and highest values
for 7 were 0.0866 (GJI) and 0.1713 (FKY). Observed het-
erozygosity and expected heterozygosity ranged from 0.1476
t0 0.2198, and from 0.0845 to 0.1605, respectively. The per-
centage of polymorphic sites ranged from 0.1193 (GJI) to
0.2759 (BSE).

Population differentiation and genetic structure

Population differentiation (Fgy) average across all loci and
populations was 0.2590, with pairwise population Fgr esti-
mates ranging from 0.0085 between HYM and YMG in
Japan, to 0.5185 between GJI and GYA on the southern
coast of Korea (Table 2). The Fgr values among popula-
tions of western Korea (GHW, SSA, BRT, and SEC) and
among Japanese populations (SGA, HYM, YMG, and
FKY) were lower than the mean value. Furthermore, Fgy

Paleo-coast lines that were supposed to have formed during LGM
were drawn based on ETOPO1 Global Relief Model. b AK values
was estimated by using STRUCTURE HARVESTER (Earl and von
Holdt 2012), according to the method of Evanno et al. (2005)

values (0.0085-0.1861) among populations in Japan were
lower than those (0.1681-0.2311) among western Korean
populations. Although populations along the southern
Korean coast (GJI, BSE, and GYA) were geographically
closer to Japanese populations than to western Korean
populations, values for Fg; were larger among popula-
tions in Japan (0.2249-0.4421) than between Japanese and
western Korean populations (0.1051-0.3682). Among all
populations, GYA from southern Korea had the highest
Fgr value.

Bayesian model-based clustering analysis of the MIG-
Seq dataset for 120 loci revealed the highest AK at K=3
(Fig. 1b). Three clusters were formed in the pie charts that
summarized each run by using CLUMPAK (Fig. 1b): Cluster
I (green; western coast of Korea, except for BRY), Cluster 11
(red; southern coast of Korea), and Cluster III (blue, Japan
plus BRY from Korea). While most populations comprised
a single ancestor lineage with little admixture, GYA in Clus-
ter I was admixed with the ancestor lineage of Cluster III.
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Table 2 Pairwise Fgp between each population pair

GHW SSA BRY SEC GII BSE GYA SGA HYM YMG

SSA 0.2311

BRY 0.2236 0.1792

SEC 0.2174 0.1681 0.1825

GII 0.3117 0.2535 0.2644 0.2634

BSE 0.2976 0.2529 0.2050 0.3073 0.1619
GYA 0.4546 0.3785 0.2658 0.4886 0.5185 0.3289

SGA 0.2330 0.2004 0.1440 0.2031 0.3013 0.2321 0.4001
HYM 0.3368 0.2634 0.1051 0.2762 0.4091 0.2249 0.3790 0.1409
YMG 0.3010 0.2352 0.1101 0.2561 0.3291 0.2385 0.3959 0.1514 0.0085

FKY 0.3682 0.2879 0.1333 0.3364 0.4421 0.2588 0.3716 0.1861 0.0218 0.0103

Yellow indicate mean value. The closer to green and red, the higher and the lower value, respectively

Major genetic gaps occurred along the southwestern edge of
the Korean Peninsula and the Korea/Tsushima Strait.

Distribution modeling

We conducted ENM of S. malacosperma based on altitude
(alt) and four bioclimatic factors—mean temperature of the
warmest quarter (biol0), precipitation in the driest month
(biol4), precipitation in the wettest quarter (biol6), and pre-
cipitation in the warmest quarter (biol8). These environ-
mental variables were selected to simplify our model when
considering their individual contributions. The distribution
prediction for current conditions (Fig. 2) reflected the cur-
rent range of S. malacosperma (from the western coast to the
southern coast of Korea, and from Kyushu to the southern
coast of Honshu in Japan). As a measure of model fitness,
the mean area under the receiver operating characteristic
curve for testing data was high (0.988), which supported
the predictive power of the model. The standard deviation
was low (0.019) for the 10 replicates evaluated. The CCSM,
MIROC, and MPI models for the LGM yielded different
inferences for the paleo-distribution of S. malacosperma,
despite the potential distribution being congruent in coastal
regions from the continental shelf in the East China Sea to
Kyushu through the southern coast of Korea.

Discussion

Phylogeographic pattern and genetic diversity
of Suaeda malacosperma

We used the MIG-Seq method and chloroplast non-coding
regions to elucidate the phylogeographic pattern of the
annual halophyte Suaeda malacosperma. Two putative
genetic gaps emerged that separated three genetic clusters:
western coast of Korea, southern coast of Korea, and the
coastline of Japan. Results from our structure analysis with
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MIG-Seq were mostly concordant with the geographical pat-
tern of the cpDNA haplotypes. However, there were some
disagreements arose: two genetic discontinuities along the
southwestern edge of the Korean Peninsula, and another in
the Korea/Tsushima Strait. When the distribution of cpDNA
haplotypes was examined, we found that although the first
genetic discontinuity (i.e., the southwestern edge of the
Korean Peninsula) was the same as that revealed in the struc-
ture analysis, the second one was detected between popu-
lations BSE and GYA on the southern Korean coast. This
structure analysis further indicated that GYA has admixture
of both Cluster IT and Cluster III that are comprised of hap-
lotype A, which appeared in populations from the western
Korean coast and Japan. Since GYA has admixed lineages
detected from structure analysis and haplotype B distributed
in the western coast in Korea and Japan, we suggest that the
Korea/Tsushima land bridge during the glacial period could
have contributed to the gene flow from Japan to the southern
coast of Korea. If one considers the rise in temperatures and
sea level that accompanied a range shift toward the higher
latitude, it is more likely from Japan via the Korea/Tsushima
land bridge rather than from BRY on the western coast of
Korea. As reported from previous research of land plants
in East Asia (Chung et al. 2014; Lee et al. 2014; Jin et al.
2016), this repeated connection via the Korea/Tsushima
land bridge during the Pleistocene (Kimura 1996; Ota 1998)
might have acted as a temporary genetic corridor.
Although the genetic diversity of S. malacosperma was
not correlated with variables of geographical distribution
such as latitude, the Japanese populations had relatively
low values for private alleles, and SSA and FKY revealed
slightly higher genetic diversity (Hy and z) when com-
pared with the others. The distribution range for temper-
ate plants has shifted due to climate change associated
with oscillations in sea level during glacial periods. Those
glacial periods have alternated several times with intergla-
cial periods that featured rising temperatures. During those
interglacial periods, range expansion occurred because
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Fig.2 Potential distributions during present time and LGM, inferred by distribution modeling

suitable habitats extended farther north and into lower
altitudes from refugia that had harbored genetic diversity
during the glacial period. These processes shaped the gen-
eral genetic patterns of many land plants, as reflected in
“southern richness versus northern purity” through cli-
matic fluctuation and oscillation in the Quaternary (Hewitt
1996, 2004). Several investigations of European coastal
halophytes have revealed a consistency with the concept
of “southern richness versus northern purity” (reviewed by
Weising and Freitag 2007). However, the genetic pattern
of S. malacosperma does not agree with that concept, pos-
sibly because of the loss of genetic diversity that resulted
from significant range shifts after the glacial period. For
example, potential habitats for this species in brackish
areas where tides ebb and flow might have been affected
by changes in locations, sediment deposits, and hydrology
during those post-glacial range shifts. Those significant

alterations may have influenced the patterns of genetic
diversity for S. malacosperma.

Based on the output from our analyses of cpDNA and
MIG-Seq data, the genetic structure of S. malacosperma
does not seem to have been affected by sea currents associ-
ated with seed dispersal. Those currents are generally con-
sidered to be either contributors or barriers to the spread
of coastal plants (Takayama et al. 2008; Westberg and
Kadereit 2009; Han et al. 2015). In the Yellow Sea and the
ECS around the Korean Peninsula and the western side of
mainland Japan, circulation of sea currents shows seasonal
fluctuations. Sudden season-related changes in currents have
been detected in the Yellow Sea. For example, the Korean
Coastal Current generally flows north counterclockwise in
Summer but southward in Winter; the exception is the Cheju
Warm Current, which is branched from the main current of
the Kuroshio (Lie and Cho 2016). In contrast, the southern

@ Springer



200

J.-S. Park et al.

coast of Korea and the western side of Japan are influenced
year-round by the Cheju Warm Current that flows eastward
as well as by the northeastward-flowing Tsushima Warm
Current and the southward-flowing Western Kyushu Current
(Lie and Cho 2016). This discontinuity between the Korean
Coastal Current and the Cheju Warm Current is in accord
with the genetic gap at the southeastern edge of the Korean
Peninsula that was revealed from our evaluation of genetic
structure (Fig. 1a). Although this pattern may have resulted
from the contribution of those currents as agents of disper-
sal, it cannot explain the genetic discontinuity between BRY
and nearby populations or between BSE and GYA.

Large stretches of the western and the southern side of
the Korean Peninsula show a complex ria-type coast that was
formed during periods of glaciation (Castaing and Guilcher
1995). Because that type of coast harbors estuaries of rivers
far from the sea, it is not or only weakly influenced by sea
currents. Furthermore, the numerous islands on the west-
ern and southern edges of Korea can block those currents,
such that the estuarial habitats of S. malacosperma are not
affected. Based on the results from our analysis of genetic
structure, we suspect that the populations of this species
were isolated from each other because the ocean served as
a geographical barrier. From their research on the estuarine
Fucus ceranoides L. of northwestern Iberia, Neiva et al.
(2012) have shown that its distinct phylogeographic struc-
ture has been shaped by density-barrier effects, but they do
not dismiss the idea of oceanic dispersal. Instead, they have
suggested that the effect of migration between established
populations is too low to dilute their genetic differentia-
tion that has been shaped through historical processes such
as colonization. Even if dispersal of S. malacosperma by
currents were possible, the migrants would not have been
able to influence the gene frequency in already established
populations.

Furthermore, the seed characters of S. malacosperma
are not in favor of effective dispersal over longer distances.
While several species within genus Suaeda produce hetero-
morphic seeds—Iens-shaped black ones with a hard testa
and pronounced dormancy, and disk-shaped brown ones
with membranous testa and without dormancy (e.g., Cao
et al. 2012; Yang et al. 2015)—S. malacosperma produces
only olive-colored seeds of the latter type (Lee et al. 2007,
Song et al. 2008; Wang et al. 2008; Yang et al. 2015). The
absence of a protective seed coat and dormancy are the most
likely factors associated with a short viability of the seeds.

Inference of past distribution and recolonization
route based on ENM

The genetic structure of S. malacosperma was clustered into

three geographic regions: western coast of Korea, south-
ern coast of Korea, and Japan (Fig. 1a). Even though this

@ Springer

species could migrate, gene flow was low among popula-
tions, which suggested that the recolonization routes and
the possibility of genetically separated refugia varied for
each region. The distribution model, predicted from five
current variables, shows similarities between historic and
contemporary pattern (Fig. 2). Furthermore, the coincidence
among three paleo-distribution models inferenced different
climate data that revealed a range in distribution patterns
from the exposed continental shelf of the ECS to the main
islands near the coast of Japan (Fig. 2). Based on the model
for distribution during the LGM, S. malacosperma would
have been found in estuarine environments similar to its
present habitat. When transgression gradually occurred
after the LGM, those types of environment shifted inland
through paleo-river channels that were shaped in the Yel-
low Sea and on the southern edge of the Korean Peninsula
(Yang et al. 2014; Yoo et al. 2016). This shifting of estuaries
would have been accompanied by changes in habitat for S.
malacosperma. When integrated with information about the
genetic structure and the inference of past distribution and
estuarine habitats of this species, we think it is more likely
that recolonization within each of the three regions followed
along the path of those estuaries as the sea level rose dur-
ing the post-glacial period. In particular, it is plausible that
populations on the western Korean coast, where the coastline
was drastically altered during that period, were re-colonized
from populations in the ECS shelf region that were distinct
from those on the southern Korean coast. According to our
results and inferences, the genetic structure of S. mala-
cosperma distributed in the estuaries was determined by
shifts in its historical range associated with climate change
rather than by contemporary gene flow. This phenomenon
has also been confirmed in coastal seaweeds that have an
estuarine distribution (Neiva et al. 2012).

In our analysis of genetic structure and differentiation,
BRY was genetically closer to populations in Japan than
to those within the neighboring localities of the western
coast of Korea. To explain that unexpected phenomenon
we present two hypotheses: First, the BRY population was
established from seed(s) of Japanese plants by accidental
long-distance dispersal. Second, BRY might have originated
from common ancestors that were distributed in the area
from the ECS shelf to Japan, as deduced via ENM by past
distribution during the LGM.

We have some basis for the first hypothesis. Waterfowl
migration and maritime trade are considered means of
dispersal that have contributed to the migration of plants
from Europe to North America (Weising and Freitag 2007;
Brandt et al. 2015). For example, some grebe and anatine
species are residents or winter visitors to the coastal regions
of Korea and Japan (Lee et al. 2005) while species such as
Platalea minor are part of the East Asia/Australasia Flyway
(Birdlife International 2018). For the second hypothesis, if
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populations along the western coast of Korea followed a sim-
ilar route of recolonization from past distribution, it would
be difficult to explain why the origin of BRY differed from
that of others in the same region because gene flow among
populations would have been frequent during the recoloniza-
tion process. Therefore, considering the more recent estab-
lishment of plants following long-distance dispersal from
Japan via waterfowl or maritime trade is more rational than
assuming that the BRY population has remained relatively
constant throughout the entire recolonization process.

Conservation of Suaeda malacosperma

Coastal regions are vulnerable to ongoing changes in cli-
mate (Nicholls and Cazenave 2010). Such unstable environ-
ments are influenced by sedimentation, water discharge, and
altered patterns of water usage (Saito 2001). Habitats for the
halophyte S. malacosperma are limited to brackish areas.
The results from our cpDNA and MIG-Seq analyses showed
that, due to their low capacity for dispersal, populations of
this vulnerable species are isolated within various regions
of western and southern Korea as well as along the coast of
Japan. Our field survey also indicated that entire populations
of S. malacosperma have been exposed to habitat fragmenta-
tion and reduction due to anthropogenic disturbances such
as land reclamation (Suzuki 2003; Choi et al. 2014; Murray
et al. 2014). Each of our sampling sites was located near
dikes or artificial structures that present barriers between
the sea and utilized land. Because of its estuarine pattern
of distribution, the demographics for S. malacosperma
populations at each locality are suffering from the impact
of anthropogenic activities within those estuaries and tidal
regions. They led to environmental changes in sedimenta-
tion, hydrology, and the extent of tidal areas that can have
impacts on gene frequency within each population. In the
past distribution inferred by ENM, the shift of range in Japan
was lesser than other regions. Although it seems to be a
condition that harbors more genetic diversity from the LGM
than other populations, we were unable to identify signifi-
cantly high genetic diversity in Japan as compared to other
regions. The loss of genetic diversity could be influenced
from not only significant range shifts after LGM, but also
anthropogenic disturbances in the East Asian coastal region.
Consequently, conservation strategies must be established to
preserve genetic diversity and individual habitats. In doing
so, one must also evaluate the three separate geographical
clusters that define the genetic structure of that species.
More diverse genetic components can be preserved if each
region, coupled with each cluster, is treated as an independ-
ent conservation unit. According to our field survey, BRY
on the western coast of Korea, BSE on the southern coast of
Korea and YMG in Japan have large populations and rela-
tively high genetic diversity than others. Faced with future

global warming accompanied by changes in sea levels, the
southern populations in Japan can be considered weaker than
those in the north. Although the goal of conservation strate-
gies needs to be focused on supporting the environment in
which this species can survive, a detailed study of the eco-
logical conditions in these estuarine environments is also
important in order to establish suitable strategy.
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