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Abstract The genetic structure and phylogeography of
the brown seaweed Sargassum horneri/Wlicinum complex
in Japan were studied based on the mitochondrial cox3 hap-
lotype. The cox3 haplotypes found were divided into three
clades in a statistical parsimony network, among which
there were large numbers of steps. Contrary to the reported
large amount of drifting S. horneri along the Japanese
coast, the three clades were dividedly distributed on the
Japanese coast: the northern PaciWc, the central PaciWc, and
western Japan. The western Japan S. horneri had haplotypes
that were phylogenetically closer to those of S. Wlicinum than

to the northern and central PaciWc S. horneri populations.
The S. Wlicinum populations were included within the west-
ern Japan clade and grouped together with the S. horneri
samples from western Japan. Taken together with the
unstable morphological diagnosis, this result suggests that
S. Wlicinum should be reduced into a synonymy of
S. horneri. The TMRCA analysis suggested that the diver-
gence time of each clade may go back to the last intergla-
cial period and a skyline plot suggested that the last glacial
maximum had only a small eVect on the population size of
S. horneri. The geographic subdivision of the three groups,
in spite of a large amount of drifting mats, suggests a lim-
ited contribution of drifting mats to gene Xow on a large
geographic scale. On a small geographic scale, a small
number of haplotypes were shared between S. horneri-type
and S. Wlicinum-type populations. This result suggests that
populations of these two types are partially, though not
completely, isolated from each other, possibly by selWng in
S. Wlicinum-type populations or by a diVerence in peak
reproduction.

Introduction

The geographic distribution of genetic diversity in a species
can be a strong tool for estimating historical events such as
speciation and contemporary gene Xow (Templeton et al.
1995; Hewitt 1996; Comes and Kadereit 1998; Taberlet
et al. 1998; Avise 2000). In marine environments, for
example, the ocean current pattern can aVect contemporary
gene Xow to some degree if the species has the ability for
long-distance dispersal by Xoating or rafting (Helmuth
et al. 1994; Kojima et al. 1997, 2004), which would result
in genetic similarity along the ocean current. On the other
hand, historical fragmentation can result in a large genetic
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divergence within a species (Comes and Kadereit 1998;
Avise 2000). The marine environment changed in the late
Quaternary on the Japanese coast. The Sea of Japan was
covered by cold, low-saline water (by 5–7 psu and 10°C
lower than today) and was anoxic due to a strong stratiWca-
tion of the water column during the last glacial maximum
(LGM, 18–20 kyr BP, Oba et al. 1991; Gorbarenko and
Southon 2000). On the PaciWc coast, the Kuroshiwo warm
current Xowed further south and was colder than present
conditions during and soon after the LGM (Chinzei et al.
1987). The Seto Inland Sea, presently located between
Honshu and Shikoku, was terrestrial during the LGM due
to a decrease in the sea level (Yashima 1994).

The genus Sargassum, which is an ecologically signiW-
cant group for constructing seaweed beds in coastal waters
of Japan, forms drifting mats after detachment from the
substratum. It is well known that Xoating Sargassum plants
can drift for 1–5 months and are found hundreds of km
beyond the coastal distribution limits (Yoshida 1963;
Okuda 1977), although drifting mats are considered to be of
local coastal Xora origin and are more frequent in coastal
waters or the coastal front of sea currents (Yoshida 1963;
Ohno 1984; Uehara et al. 2006). The drifting nature of
Sargassum species is of great ecological importance for
many invertebrates and Wshes, but its contribution to gene
Xow among its own populations has never been evaluated,
except on a small geographic scale (Engelen et al. 2001).

Sargassum horneri (Turner) C. Agardh is widely distrib-
uted along the Japanese coast and is known as a major com-
ponent of drifting seaweed mats in Japanese waters
(Yoshida 1963; Komatsu et al. 2007). Sargassum Wlicinum
Harvey is a close relative of S. horneri limited to western
Japan (Sawada 1955; Yoshida 1983), though this species
has been introduced to California, USA (Miller et al. 2007),
and Mexico (Aguilar-Rosas et al. 2007). These species are
similar to each other, but distinguished by the shape of their
vesicles (terete in S. horneri vs. shortly elliptical to spheri-
cal in S. Wlicinum) and sexuality. S. horneri shows dioe-
cism, while S. Wlicinum has androgynous receptacles, in
which male and female gametangia are both formed on a
single receptacle (fertile branchlet), but in separate concep-
tacles (group of gametangia) (Okuda 1977; Yoshida 1983).
Peak reproduction of the two species diVers by ca. 1 month
(Sawada 1955). However, exceptional character status has
been reported (Okuda 1987), and phylogenetic analysis
using nuclear rDNA-ITS showed that S. horneri and
S. Wlicinum are monophyletic, indistinguishable, and separate
from other clades in the genus (Stieger et al. 2003).

In the present study, we examined sequence polymor-
phisms of mtDNA among the S. horneri/Wlicinum
populations oV the Japanese coast to determine the phylo-
geography of this species complex and the genetic relation-
ships between S. Wlicinum and S. horneri. Additionally,

we estimated the contribution of drifting mats to gene Xow.
In modern Japan from 8 to 10 kyr ago, two warm ocean
currents and a cold current have aVected coastal waters
(Fig. 1); the warm Kuroshiwo current Xows through south-
ern to central PaciWc Japan, and the warm Tsushima cur-
rent, a branch of the Kuroshiwo current, Xows southwards
along the Sea of Japan coast. The Tsushima current also
aVects northern PaciWc Japan where it is also inXuenced by
the Oyashiwo cold current. A large drifting mat of S. hor-
neri of Chinese origin has been found in the East China Sea
and tracked to either the Sea of Japan or the PaciWc coast of
Japan (Komatsu et al. 2007), transported by sea currents.
Furthermore, large amounts of drifting mats have been esti-
mated to have been transferred from the Sea of Japan to
northern PaciWc Japan by the Tsushima current (Yoshida
1963).

Materials and methods

Sampling, DNA extraction and sequencing

Samples of S. horneri were collected at 31 sites and S. Wlic-
inum at 6 sites during 2002–2005 (Table 1). Samples (3–17
individuals) were collected at random within each popula-
tion and were identiWed primarily based on the shape of
vesicles. For fertile plants, sexuality was also checked for
identiWcation. Apical portions of branches including several
leaves and vesicles were put into plastic bags with silica gel
for DNA extraction. DNA was extracted using a DNeasy®

plant mini Kit (Qiagen) according to the manufacture’s
protocols. Before DNA extraction, a few vesicles with a
coronal leaf were re-hydrated to remove contaminations of
epi- and endophytic algae. Extracted DNA was puriWed

Fig. 1 The approximate routes of ocean currents around Japan based
on the web site of the Japan Metrological Agency (http://www.data.
kishou.go.jp/kaiyou/db/kaikyo/knowledge/index.html)
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Table 1 The populations of Sargassum horneri and S. Wlicinum sampled in this study

The population code, the location, number of samples and haplotypes found are shown

Species Pop. code Locality Longitude Latitude No. 
samples

Haplotypes (no. of samples)

S. horneri 1 Komoike, Kagoshima Pref. 31°32�N 130°33�E 14 Type1

2 Tomioka, Amakusa, Kumamoto Pref. 32°31�N 130°02�E 5 Type1 (4), type7 (1)

3 Matsushima, Amakusa, Kumamoto Pref. 32°32�N 130°25�E 9 Type1 (1), type26 (8)

4 Aino, Tachibana Bay, Nagasaki Pref. 32°47�N 130°08�E 16 Type1 (8), type2 (2), type5 (4), 
type6 (1), type19 (1)

5 Iki Isl., Nagasaki Pref. 33°51�N 129°42�E 14 Type1 (9), type3 (1), type4 (4)

6 Hirado, Nagasaki Pref. 33°22�N 129°33�E 3 Type1

7 Tsurumu, Saeki, Oita Pref. 32°56�N 131°59�E 14 Type12 (4), type18 (10)

8 Rokuren Isl., Shimonoseki, Yamaguchi Pref. 33°56�N 130°55�E 4 Type9

9 Heigun Isl., Yanai, Yamaguchi Pref. 33°47�N 132°13�E 5 Type1

10 Azuki, Yanai, Yamaguchi Pref. 33°52�N 132°08�E 13 Type18

11 Miyajima Isl., Saeki, Hiroshima Pref. 34°16’N 132°15�E 10 Type1 (1), type16 (1), 
type17 (1), type18 (7)

12 Mukaijima Isl., Onomichi, Hiroshima Pref. 34°21�N 133°13�E 17 Type13

13 Yura, Sumoto, Awaji Isl., Hyogo Pref. 34°16�N 134°57�E 10 Type13 (4), type 14 (2), 
type15 (1), type18 (3)

14 Gokasyo Bay, Watarai, Mie Pref. 34°19�N 136°41�E 4 Type27

15 Shimoda, Shizuoka Pref. 34°39�N 138°56�E 3 Type28

16 Kannonzaki, Yokosuka, Kanagawa Pref. 35°14�N 139°44�E 9 Type28

17 Uhara, Katsu-ura, Chiba Pref. 35°07�N 140°17�E 4 Type28 (2), type29 (2)

18 Shioyazaki, Iwaki, Fukushima Pref. 36°59�N 140°59�E 13 Type28

19 Onagwa, Oshika, Miyagi Pref. 38°26�N 141°27�E 5 Type28 (1), type31 (1),
type32 (3)

20 Shizugawa, Minami-sanriku, Miyagi Pref. 38°38�N 141°28�E 4 Type30 (1), type31 (1), 
type32 (2)

21 Sanriku, Ofunato, Iwate Pref. 39°06�N 141°49�E 3 Type32

22 Otsuchi, Iwate Pref. 39° 20�N 141°56�E 3 Type31

23 Shiriyazaki, Shimokita, Aomori Pref. 41°25�N 141°27�E 6 Type32

24 Imabetsu, Tsugaru, Aomori Pref. 41°10�N 140°28�E 7 Type1

25 Imago-ura, Kasumi, Hyogo Pref. 35° 39�N 134°38�E 4 Type1 (3), type10 (1)

26 Himi, Toyama Pref. 36° 50�N 136°59�E 9 Type1

27 Kujiranami, Kashiwazaki, Niigata Pref. 37°21�N 138°30�E 3 Type1

28 Fukaura, Aomori Pref. 40°38�N 139°55�E 10 Type1

29 Moheji, Kami-iso, Hokkaido 41°45�N 140°36�E 14 Type33

30 Oshoro, Otaru, Hokkaido 43°12�N 140°51�E 7 Type1 (6), type11 (1)

31 Zhoschan, Zhejan, China 30°43�N 122°46�E 12 Type1 (11), type8 (1)

Total 254
S. Wlicinum 32 Aino, Tachibana Bay, Nagasaki Pref. 32°47�N 130°08�E 4 Type19 (3), type21 (1)

33 Saikaibashi Bridge, Nagasaki Pref. 33°02�N 129°45�E 13 Type19 (5), type20 (6), 
type22 (1), type23 (1)

34 Mukaijima Isl., Onomichi, Hiroshima Pref. 34°21�N 133°13�E 15 Type13 (2), type18 (1), 
type24 (12)

35 Mukuchijima Isl., Kurashiki, Okayama Pref. 34°25�N 133°46�E 12 Type24 (11), type25 (1)

36 Iwaya, Awaji Isl., Hyogo pref. 35°34�N 135°01�E 2 Type24

37 Kanku Airport Isl., Sennan, Osaka Pref. 34°25�N 135°14�E 5 Type24

Total 51
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using a GENECLEANE® II kit (Bio101) and was used as a
template of PCR ampliWcation.

PCR of the mtDNA cox3 gene was performed using
primers and PCR conditions described by Kogame et al.
(2005). PCR products puriWed by PEG precipitation were
used as templates for cycle sequencing reaction with the
same primers as those of the PCR using a CEQ cycle
sequencing kit (Beckman Coulter). Sequencing was accom-
plished using a CEQ8000 DNA analysis system (Beckman
Coulter) according to the manufacture’s instructions.
Resulted sequences were easily aligned by eye because
there were no insertions/deletions in the alignment. Repre-
sentative sequences were deposited in the international
DNA database under accession number AB430550–
AB430581 (numerically according to the haplotype code)
except for haplotype 24 that was deposited previously
(Miller et al. 2007, AB264794).

Phylogenetic analyses

Phylogenetic trees of cox3 haplotypes were inferred using
maximum likelihood (ML) method as implemented in
PAUP* 4.0b10 (SwoVord 2002). The ML trees were recon-
structed using the HKY model with shape parameter of the
gamma distribution estimated by MODELTEST ver. 3.7
(Posada and Crandall 1998). For the ML tree, 50 bootstrap
replicates with ten random sequence additions were pre-
formed. Bayesian phylogenetic analysis using the HKY
model also was performed by MRBAYES ver. 3.0 (Huel-
senbeck and Ronquist 2001). The analysis was initiated
with a random starting tree and was run for 5 £ 107 genera-
tions, sampling trees every 100th generation. Sargassum
muticum (AB430582) was used as an outgroup.

Genetic structure and phylogeographic analysis

In order to explore nonrandom haplotype distributions and
the phylogeographic process that created them, a statistical
parsimony network was created using TCS ver. 1.21
(Clement et al. 2000) based on the DNA sequences of cox3
haplotypes, and the phylogeographic nested clade analysis
(PNCA; Templeton et al. 1995; Templeton 1998) was per-
formed using GEODIS ver. 2.4 (Posada et al. 2000) with
1,000 permutations. To explore the results of the GEODIS
analysis, the inference key that summarizes patterns of hap-
lotype distributions expected was used from the GEODIS
web site (updated in November 11, 2005).

The sequence data of each haplotype and the frequency
of the haplotypes in each population were used to deWne
groups of populations that were homogeneous geographi-
cally and diVerentiated maximally to each other (Spatial
Analysis of the Molecular Variance, SAMOVA), using
SAMOVA ver. 1.0 (Dupanloup et al. 2002). The SAMOVA

combines geographical information of each population with
AMOVA. A simulated annealing procedure that maximizes
proportion of total amount of molecular variance due to
diVerence between groups of geographically homogeneous
populations, was done based on pairwise diVerences and for
a varying number of groups (k = 2–8). For each simulated
annealing, 300 permutations were performed (due to
machinery limitation). Gene diversity (h), Nucleotide
diversity (�), as well as pairwise øst based on TrN genetic
distance, were calculated for each SAMOVA groups using
ARLEQUIN ver. 2.001 (Schneider et al. 2000). The TrN
genetic distance was selected based on the estimation by
MODELTEST ver. 3.7.

TMRCA analysis and skyline plot

The Time to the Most Recent Common Ancestor
(TMRCA) was estimated using BEAST ver. 1.4 (Drum-
mont and Rambaut, http://evolve.zoo.ox.ac.uk/beast).
Before TMRCA estimation, the mutation substitution rate
of the mitochondrial cox3 was estimated following the
method of Hoarau et al. (2007), because available mutation
rate of mitochondrial genome of brown algae is that of a
spacer region (Hoarau et al. 2007; 2.0–3.4% per myr). The
divergence age of the two species was calculated based on
the reported mutation rate of psbA (0.08–0.12% per myr,
Hoarau et al. 2007) and the sequence divergence between
S. horneri and Fucus serratus in psbA (5.76%). The
mutation rate of cox3 was estimated based on the diver-
gence time and the sequence divergence of cox3 (17.7–
18.8%) between S. horneri and F. serratus. The estimated
mutation rate of cox3 was ranged 2.6–4.1% per myr with an
average value of 3.4% per myr. The xml-format Wle for
BEAST was prepared using BEAUti ver. 1.4 (Drummont
and Rambaut, http://evolve.zoo.ox.ac.uk/beast); we used
the HKY + G model with 2 codon partition (1 + 2, 3). Trace
Wles generated by BEAST under the upper and lower
mutation rates were analyzed, and TMRCAs under each
mutation rate, as well as their median value, were estimated
by Tracer ver. 1.4 (Drummont and Rambaut, http://tree.
bio.ed.ac.uk/software/tracer/). The demographic change of
the Japanese S. horneri/Wlicinum population was also esti-
mated by the Bayesian skyline plot (Drummond et al.
2005).

Results

Alignment of the 469 bp cox3 sequences revealed 33 haplo-
types. The statistical parsimony network (Fig. 2) provided
three 4-step clades, four 3-step clades, six 2-step clades, 13
1-step clades, and 32 0-step clades, when the network was
nested following the nesting rule of Templeton (1998).
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Clades corresponding to the 2-step clades of the network
(Fig. 2) were also recognized as monophyletic clades
within a ML tree (data not shown) except for clade 2-2; the
clade 2-2 was paraphyletic to clades 2-1, 2-2, and 2-3. The
S. horneri samples and S. Wlicinum samples had haplotypes
belonging to the diVerent clades; haplotypes of S. Wlicinum
were harbored in either clades 2-2 (haplotypes 24 and 25)
or 2-4, neither of which were found in most S. horneri sam-
ples. There were, however, a few exceptions; population 4
of S. horneri had a haplotype of clade 2-4; S. Wlicinum pop-
ulation 34 had clade 2-2 haplotypes as a majority, but also
had a haplotype of clade 2-3, which was otherwise found in
S. horneri populations. Haplotype 26 in clade 2-2, though
two other haplotypes of the clade were found in S. Wlici-
num, was found only in a single S. horneri population
(population 4).

Geographic structure and phylogeographic nested clade 
analysis on the Japanese coast

The geographic distributions of each 2-step clade are
shown in Fig. 3 and Table 1. Clades 2-1, 2-2, 2-3, and 2-4
were found in western Japan and on the coast of the Sea of
Japan; clade 2-2 was found in populations 34–37 (the Seto
Inland Sea) and distantly located population 3 (the East
China Sea); clade 2-3 was also found in the Seto Inland Sea
in population 7, a majority in populations 10–13 and a
minority in population 34. Group 2–4 was found in popula-
tions 4, 32, and 33 (the East China Sea), the Wrst of which
includes only one plant having the haplotype of this clade.
The haplotypes harbored in clade 2-1 were found in popula-
tions on the East China Sea, the Sea of Japan coast, and the

Seto Inland Sea. Clades 2-5 and 2-6 were limited to the
central (14–19) and northern (19–23) PaciWc coast, respec-
tively. Population 29, from northern Japan, was exceptional
in that it had a haplotype belonging to clade 2-5.

In the SAMOVA, geographic groups of populations with
a high degree of genetic diVerentiation (øct = 0.7718–0.883,
k = 2–6) were found (Table 2). In k = 2 and 3, populations
having haplotypes of clades 2-1, 2-2, 2-3, and 2-4, which
have overlapping distributional ranges (Fig. 3) and similar
DNA sequences, grouped together; populations belonging
to either clades 2-5 or 2-6 grouped together when k = 2, but
separated when k = 3. When k = 5, populations having hap-
lotypes of the same 2-step clades grouped together; group-
ings of populations were similar to that shown in Fig. 3.
The major haplotype lineage, if multiple haplotypes lin-
eages were in a single population, decided the population
aYliation in SAMOVA; population 4, having both clade 2-
1 and clade 2-4 haplotypes, belonged to the group of popu-
lations having clade 2-1 haplotypes. Clade 2-2 did not form
a separate group, but was grouped together with the group
of clade 2-1.

The number of eVective haplotypes, gene diversity (h),
and nucleotide diversity (�) of each SAMOVA group are
shown in Table 3; among the three major SAMOVA
groups, both gene and nucleotide diversity were highest for
western Japan populations, though the number of samples
was also the largest. The gene diversities of three sub-
groups in western Japan were higher than those of central
and northern PaciWc Japan.

Geographically nonrandom distributions of the haplo-
types were detected in nine clades and in the total clado-
gram, of which eight clades yielded signiWcant conclusive

Fig. 2 A result of nesting of the 
statistical parsimony network of 
the cox3 haplotypes in the 
Sargassum horneri/Wlicinum. 
Haplotype lineages of each 
2-step clade are shown by 
diVerent patterns. Numerals 
of each 0-step clade represent 
haplotype codes used in Table 1
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outcomes in phylogeographic nested clade analysis (PNCA,
Table 4) based on the inference key. For clades 1-13 and
4-1, restricted gene Xow/dispersal was inferred rather than a
historical event, and a restricted gene Xow/dispersal or
range expansion was inferred for clade 1-3. Past fragmenta-
tion followed by range expansion was inferred for the total
cladogram, supported by a large number of nucleotide sub-
stitutions between the 4-step clades. The results of the
PNCA are summarized in Table 4.

TMRCA analysis and the skyline plot

The median values of TMRCA (time to most recent com-
mon ancestor) of most of the one- or two-step clades
were 0.078–0.15 myr ago (Table 5). The TMRCA of
clade 4-1 was 0.216 myr, which corresponds to the val-
ues of the TMRCA of S. horneri and S. Wlicinum. The
TMRCA of the whole S. horneri/Wlicinum population
was 0.644 myr ago with a range from 0.498 to 0.789 myr,

Fig. 3 The geographic distributions of each 2-step clade in the Japanese Sargassum horneri/Wlicinum populations. Numerals represent the popu-
lation code shown in Table 1. The patterns correspond to those used in Fig. 2
123
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corresponding to the estimated upper (4.1% per myr) and
lower (2.6% per myr) mutation rates. The Bayesian sky-
line plot showed that population expansions occurred

during 0.1–0.05 myr ago and that there was no apparent
oscillation of population size during this 0.04–0.025 myr
(Fig. 4).

Table 2 Summary of SAMOVA

The k values represent number of groups hypothesized

The populations included in each SAMOVA group are described using the population code in Fig. 3 and Table 1

The clade number showed the majority of the haplotype found in the group. The exceptional minor haplotypes, if present, are described
1 Population 19 had a haplotype of clade 2-5
2 Population 4 included a haplotype of clade 2-4
3 Population 11 had a haplotype of clade 2-1
4 Population 7 included a haplotype of clade 2-3
5 Population 34 had a haplotype of clade 2-3
6 AYliation of the population 7 changed from that of k = 5

k Groups and populations included øct øsc øst

2 [14-23 and 29; clade 2-5 and 2-6] and [1-13, 24-28 and 30-37; clade 4-1] 0.7718 0.8294 0.8294

3 [19-23; clade 2-61], [14-18 and 29; clade 2-5] and [1-13, 24-28 and 30-37; clade 4-1] 0.8523 0.7535 0.964

4 [19-23; clade 2-61], [14-18 and 29; clade 2-5], [32 and 33; clade 2-4] 
and [1-13, 24-28, 30-31 and 34-372; clade 2-1, 2-2 and 2-3]

0.8527 0.7158 0.9581

5 [19-23; clade 2-61], [14-18 and 29; clade 2-5], [32 and 33; clade 2-4], [10-13; 
clade 2-33] and [1-9, 24-28, 30-31 and 34-372, 4, 5; clade 2-1 and 2-2]

0.8711 0.5824 0.9462

6 [19-23; clade 2-61], [14-18 and 29; clade 2-5], [29; clade 2-5], [32 and 33; clade 2-4], 
[7, 10-13; clade 2-33] and [1-6, 8, 9, 24-28, 30-31 and 34-372, 4, 5; clade 2-1, 2-2 and 2-3]6

0.883 0.5244 0.9443

Table 3 Comparisons 
of genetic diversity between 
the SAMOVA groups

Group No. 
sample

No. 
hap.

No. 
eVective 
alleles

Gene 
diversity (h)

Nucleotide 
diversity (�)

[1-13, 24-28 and 30-37; clade 4-1] 237 26 4.8061 0.7953 § 0.021 0.0052 § 0.0031

[1-9, 24-28, 30-31 and 34-37; 
clade 2-1 and 2-2]

170 18 2.9448 0.6643 § 0.036 0.0031 § 0.0021

[10-13; clade 2-3] 50 7 2.5562 0.6212 § 0.041 0.0018 § 0.0014

[32 and 33; clade 2-4] 17 5 2.8058 0.6838 § 0.081 0.0019 § 0.0016

[14-18 and 29; clade 2-5] 47 4 2.3376 0.5846 § 0.055 0.0014 § 0.0012

[19-23; clade 2-6] 21 4 1.9776 0.5190 § 0.105 0.0033 § 0.0023

Total 305 33 7.2062 0.8641 § 0.0135 0.0152 § 0.0079

The populations included in 
each SAMOVA group are 
described using the population 
code in Fig. 3 and Table 1

The clade number showed the 
majority of the haplotype found 
in the group

Table 4 Summary of the phylogeographic nested clade analysis (PNCA)

Clade Chain of inference Inferred key conclusion Geographic distribution

1-3 1-2-3-5-6; too few InsuYcient genetic resolution between 
range expansion 
and restricted gene Xow

Sea of Japan coast

1-12 1-2-3-5; yes for the 
Moheji population-15; no

Past fragmentation and/or long-distance 
colonization.

PaciWc coast of Central Japan, 
and the Moheji population (Hokkaido)

1-13 1-2-3-4; no Restricted gene Xow with isolation by distance PaciWc coast of northern Honshu

2-3 1-2-11-12; no Continuous range expansion Seto Inland sea

3-1 1-2-11-12; no Continuous range expansion Sea of Japan coast

3-2 1-2-11-12-13; yes Long-distance colonization with fragmentation Seto Inland sea and northern Kyushu

4-1 1-2-3-4; no Restricted gene Xow with isolation by distance Western Japan and Sea of Japan coast

Total cladogram 1-2-11-12-13; yes Past fragmentation followed by range expansion
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Discussion

Taxonomic status of S. horneri and S. Wlicinum

Our analysis of mtDNA cox3 sequences suggests that
S. Wlicinum should be reduced to a synonym of S. horneri
because of the closer phylogenetic relationship of S. hor-
neri populations in western Japan to S. Wlicinum than to S.
horneri populations in central and northern PaciWc Japan.
Furthermore, S. Wlicinum populations are not monophyletic
in spite of the morphological diagnosis (i.e., spherical vesi-
cles and the mating type, Okuda 1977; Yoshida 1983).
Because the divergence among the western Japan haplotypes

is shallow, incomplete lineage sorting (Takahata and Nei
1985; Wu 1991) could also cause the observed polyphyly
of S. Wlicinum. Ajisaka and Uwai (2005) measured vesicles
and receptacles of some populations of S. horneri and
S. Wlicinum in western Japan; his result showed that the two
S. Wlicinum lineages (i.e., clades 2-2 and 2-4) are morpho-
logically indistinguishable. Furthermore, Ajisaka and Uwai
(2005) concluded that S. Wlicinum and S. horneri are diY-
cult to distinguish morphologically. In the present study,
some, although not all, S. horneri plants in clade 2-3
showed androgynous receptacles. Similar androgynous
receptacles have also been reported in S. horneri on the
coast of the East China Sea (Okuda 1987). These facts sug-
gest that key morphological characters are not strongly sta-
ble. Experimental hybrids (Okuda, unpublished data) and
the shared haplotypes in the present study, though small in
number, suggest crossability between species under experi-
mental conditions and in the Weld; therefore, the reproduc-
tive isolation between these species is possibly incomplete.
Therefore, S. horneri and S. Wlicinum appear to be separate
from each other, but synonymous.

Alternatively, the PaciWc central and northern S. horneri
could be separated from the western Japan populations
based on their deep divergence; at present, however, it is
diYcult to Wnd a diagnosis between these populations.
Given S. Wlicinum is a species independent from S. horneri,
morphological diagnosis among each 2-step clade, that is,
each separate monophyletic clade, is also diYcult to Wnd;
previous studies have shown large morphological varia-
tions even within a single population of S. horneri (Yoshida
1983; Ajisaka and Uwai 2005). There are already two
synonyms for S. horneri, S. polyodonthum J. Agardh and
S. spathulatum J. Agardh, and two intraspeciWc variations,
S. horneri f. furcatodentatum Kuntze and var. densum
C. Agardh. However, Yoshida (1983) considered that the
morphological variations among those specimens are con-
tinuous and that these entities are diYcult to separate from
each other. For example, Yoshida (1983) described that the
pinnae of the leaves are sometimes shallower in the PaciWc
populations than in the Sea of Japan populations, though
not all plants have leaves with shallow pinnae. Hereafter,
we consider that S. horneri includes both S. horneri-type
and S. Wlicinum-type populations.

Phylogeography and genetic structure of S. horneri

The estimated TMRCA of each of the three groups may go
back to the last interglacial period or before, and the skyline
plot showed that the last glacial period did not aVect the
population size of Japanese S. horneri, given that the esti-
mated mutation rate is correct. The estimated mutation rate
of cox3 was curiously faster than that of a spacer region of
the brown algal mitochondrial genome (2.7% on average,

Table 5 The estimated time to most recent common ancestor (TMR-
CA)

1 Values correspond to the upper (4.1% per myr) and lower (2.6%)
range of mutation rate of cox3, and their median value

Clade TMRCA 
(myr ago, lower 
and upper values)1

95% lower-upper 
conWdence 
limit

EVective 
sample 
size

Whole 
S. horneri/
Wlicinum

0.644 (0.498–0.789) 0.322–1.021 72,220

2-5 0.088 (0.067–0.108) 0.034–0.153 9,676

2-6 0.078 (0.060–0.095) 0.030–0.135 7,385

4-1 0.216 (0.167–0.265) 0.093–0.363 24,260

2-3 0.097 (0.074–0.119) 0.042–0.163 8,729

2-4 0.083 (0.064–0.103) 0.037–0.138 5,626

2-1 0.153 (0.118–0.188) 0.064–0.265 18,070

Fig. 4 Bayesian skyline plot of the Japanese Sargassum horneri/Wlic-
inum populations. The thick solid line represents the change of eVec-
tive population size (Ne), based on the average value of the
mitochondrial cox3 mutation rate (3.4% per myr). The upper and lower
thin solid lines represent the skyline plots based on the slow (2.6%) and
the fast (4.1%) mutation rates, respectively. Dashed lines above and
below the solid lines show the 95% conWdence limits under the slow
and fast mutation rates, respectively
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Hoarau et al. 2007). However, the TMRCAs also go back
to the last interglacial period or before, even when the anal-
ysis was performed under the spacer mutation rate (data not
shown). During the LGM, the sea surface temperature
(SST) was about 3–5°C lower than today on both the south-
ern (Xu and Oda 1999; Ijiri et al. 2005) and northern (Oba
and Murayama 2004) PaciWc coast of Japan, as well as the
Sea of Japan (Oba et al. 1991). The modern environment
was established about 8–10 kya for both the PaciWc and the
Sea of Japan coasts; however, any eVects of such paleoen-
vironments were not observed in the skyline plot. S. horneri
can grow rapidly under the lower temperature of the winter
season (10–15°C) in the Seto Inland Sea (Yoshida et al.
1998, 2004). Its growth and maturation (receptacle forma-
tion) depend on the day-length rather than the temperature
(Uchida 1993; Yoshida et al. 2004). Therefore, plants could
possibly survive under SSTs 3–5°C lower than today; the
lower SST might shorten the growth period or slow the
growth rate but might have no eVect on survival. Alterna-
tively, it is possible that populations moved southwards or
northwards depending on the environmental oscillations,
which would not decrease the genetic variation of popula-
tions if slow and steady (Hewitt 1996). Populations in the
Seto Inland Sea and Sea of Japan may have been estab-
lished after the LGM. The continuous distribution of clade
2-1 suggests that the populations on the Sea of Japan coast
may have originated from the East China Sea coast, where
a wide coastal water existed during the LGM (Ujiie and
Ujiie 1999; Xu and Oda 1999; Ijiri et al. 2005).

The geographic subdivision among the haplotype groups
(clades 2-5, 2-6, and 4-1) suggests that the three groups are
isolated from each other, and that long-distance dispersal
by drifting would be quite rare; no shared haplotype was
found between the western Japan (clade 4-1) and central
PaciWc Japan (clade 2-5) populations, despite the amount of
S. horneri included in Xoating seaweed along the
Kuroshiwo warm current (Yoshida 1963; Komatsu et al.
2007). Similarly, shared haplotypes between the Sea of
Japan coast (clade 2-1) and northern PaciWc Japan (clade
2-6) were not detected, even though these regions are con-
nected by the Tsushima current based on a study using
drifting buoys (Yoshida 1963). Genetic similarity between
the northern PaciWc and the Sea of Japan populations has
been reported for an intertidal gastropod Batillaria cumingi
(Kojima et al. 2004), for which dispersal might be accom-
plished by rafting on algal beds or Xoating during the early
juvenile stage. The observed geographic structure of S. hor-
neri populations is, however, similar to that of Undaria
pinnatiWda (Uwai et al. 2006), which does not have buoyancy
bag like vesicles and could be expected to have a limited
dispersal ability, as estimated for other members of the
Laminariales (Reed et al. 1988). SigniWcant isolation-by-
distance was reported in Sargassum polyceratium even on a

small geographic scale (<50 km) by RAPD (Engelen et al.
2001). Therefore, the long-distance drifting ability of Sar-
gassum species does not contribute signiWcantly to gene
Xow. Possibly, drifting S. horneri plants are permanently
exported from the habitable intertidal zone and/or the
gametes/eggs of transported plants are unable to survive or
reach the appropriate habitat.

In western Japan (clade 3-1), the genetic diVerentiation
between S. horneri-type and S. Wlicinum-type populations
may be due to limited contemporary gene Xow, rather than
historical geographical fragmentation, as suggested in
PNCA. Small amounts of gene Xow between sympatric
S. horneri-type and S. Wlicinum-type populations are sug-
gested by shared haplotypes (haplotype 19 in population 4,
and haplotypes 13 and 18 in population 34), which is con-
cordant with hybridization under experimental conditions
(Okuda, unpublished data). The major haplotypes are, how-
ever, diVerent between S. horneri-type and S. Wlicinum-type
populations, which suggests that hybridization is limited
despite the geographical proximity. SelWng in the androgy-
nous S. Wlicinum-type populations could explain the present
result; high rates of selWng were reported for the hermaph-
roditic (having both male and female gametangia in a single
conceptacle) brown alga Fucus spiralis (Engel et al. 2005).
A diVerence in the fruiting seasons between S. horneri-type
and S. Wlicinum-type populations (Sawada 1955) could pre-
vent gene Xow between them; plants maturing at similar
times will be more likely to mate with each other than with
those maturing at diVerent times (“isolation by time”, Hendry
and Day 2005). Isolation by time has been suggested for
other species of Fucus with positive heterozygote deW-
ciency observed in microsatellite analyses (Coyer et al.
2003; Engel et al. 2005). DiVerences in peak reproduction
have been reported among S. horneri-type populations in
the Seto Inland Sea (Okuda1987; Yoshida et al. 2004);
population 10 becomes fertile in April and population 9 in
January, and these populations, though both are dioecious,
show high degrees of genetic diVerentiation in spite of their
geographic proximity (ca. 30 km).

In conclusion, a large amount of genetic diversity was
found between Japanese S. horneri populations. We found
three distinct genetic groups, which have been separated
from each other for a long period, even before the LGM.
One of the three groups, distributed in western Japan,
includes both S. horneri-type and S. Wlicinum-type popula-
tions, which have heretofore been classiWed as diVerent
species. Possibly the androgynous nature of the S. Wlicinum-
type populations and the diVerences in the reproductive
peaks explain the genetic diVerentiation between S. horneri-
type and S. Wlicinum-type populations on small geographic
scales (ca. 30 km). Although previous reports and the sea
currents suggest that drifting plants could be transferred
between the three groups, the present results suggest that
123
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drifting S. horneri/Wlicinum are permanently exported from
the habitable intertidal zone and/or that gametes/eggs are
unable to survive or reach the appropriate habitat.
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