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SUMMARY
Six intraspecific lineages (Lineages 1–6) of Asparagopsis taxi-
formis have been previously established based on mitochon-
drial cox2-cox3 intergenic spacer and a partial cox1
sequences. ‘Lineage 2’ (L2) was suggested to be a recent
introduction to the Mediterranean Sea, but its source popula-
tion has not yet been identified. In order to clarify the nature
of northwestern Pacific populations, we performed extensive
sampling in Japan (60 individuals from 16 locations) and
molecular phylogenetic analyses based on mitochondrial
sequences. Sixteen additional individuals, collected from
eight locations in the Indo-Pacific, Caribbean, and Mediterra-
nean regions, were also analyzed. Combined sequence ana-
lyses revealed that the Japanese populations only consisted of
L2. Out of 19 combined haplotypes identified within L2, two
are shared between Japan and the Mediterranean Sea and the
Hawaiian Islands, and 12 were identified as endemic to
Japan. Genetic analyses of population differentiation sug-
gested that Japanese populations are genetically isolated from
the Mediterranean and the Hawaiian populations. A genetic
disjunction appears to separate two subpopulations within
Japan: one between Toi and Kagoshima and the other
between Ojikajima Island and Kagoshima in the Kyushu area.
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INTRODUCTION

The establishment of nonindigenous marine species may have
negative ecological, economic and social impacts
(Schaffelke & Hewitt 2007; Andreakis & Schaffelke 2012). For
example, the introduced species of Caulerpa taxifolia (Vahl)
C. Agardh, C. racemosa var. cylindracea (Sonder) Verlaque,
Huisman et Boudouresque, Sargassum muticum (Yendo) Fen-
sholt and Undaria pinnatifida (Harvey) Suringer have altered
the species composition of local biota in a wide range of tem-
perate regions (Schaffelke & Hewitt 2007). In the tropics,
Kappaphycus alvarezii (Doty) Silva was introduced to Moku ‘O
Loe in K�aneohe Bay, O‘ahu, but now overgrows and smothers
corals in the Bay (Glenn & Doty 1981; Smith et al. 2002). Cur-
rently, approximately 100 macroalgal species are recognized
as nonindigenous worldwide (Boudouresque & Verla-
que 2010).

Molecular phylogenetics represent a powerful approach for
delineating species within taxonomically difficult groups and

resolving genealogical relationships (e.g., Olsen et al. 1998;
Conklin et al. 2009; Sun et al. 2012). Furthermore, the origins
and introductory pathways of nonindigenous species are often
investigated by comparing the haplotype diversities among
native and introduced populations (e.g., Verlaque et al. 2003;
Voisin et al. 2005; Miller et al. 2007; Provan et al. 2008;
Kogishi et al. 2010).

Asparagopsis taxiformis (Delile) Trevisan de Saint-Léon is a
red alga that is widely distributed in warm temperate and tropi-
cal waters. Molecular phylogenetic analyses based mainly on
mitochondrial cox2-cox3 spacer sequences have uncovered
four intraspecific lineages (Andreakis et al. 2007; Sherwood
2008) and a fifth and a sixth lineages were recently identified
from the southern Pacific (Dijoux et al. 2014; Andreakis et al.
2016). Of the six lineages, ‘Lineage 2’ (L2) has the widest dis-
tribution in the Indo-Pacific region and the Mediterranean Sea.

A common cox2-cox3 spacer haplotype in L2 has been
observed in the Indo-Pacific (Hawaii, Japan, Lord Howe
Islands, Réunion, South Korea, Taiwan, and Vietnam), the
Mediterranean Sea, the NE Atlantic (Azores), and
South Africa (Andreakis et al. 2007, 2016; Bolton et al. 2011;
Dijoux et al. 2014). Along with the sharing of this common
haplotype in the Mediterranean Sea, A. taxiformis has been
reported from the western and central regions since the early
1990s (Ballesteros & Rodríguez-Prieto 1996; Barone et al.
2003; Altamirano et al. 2008; Tsiamis et al. 2010). It was pro-
posed that this was evidence for a recent introduction from
the Indo-Pacific (i.e., nonindigenous origin) and then west-
ward range expansion (Andreakis et al. 2007). On the other
hand, high levels of cox2-cox3 spacer sequence variation were
recorded in the central Mediterranean, particularly Italy, and
it was hypothesized that this indicated multiple introductions
in this area (Andreakis et al. 2007, 2009). As yet the sources
of this ‘putative’ introduction have not been determined. The
South African population of L2 is also considered to be nonin-
digenous (Bolton et al. 2011).

Asparagopsis taxiformis is distributed from subtropical to
warm temperate waters in southern Japan (Yoshizaki 1993;
Yoshida 1998) and is generally recognized as one of the most
common red algal species of the subtropical algal flora (e.g.,
Terada & Suzuki 2011). Earlier studies have showed that:
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(i) the Japanese population belonged to L2 but only three
samples (from Hiroshima, Okinawa and Shimane Prefectures)
were analyzed, and (ii) the three samples listed above shared
a single haplotype (Andreakis et al. 2007; Dijoux et al. 2014).
This lack of variation suggests that A. taxiformis is nonindi-
genous to Japan, although this alga has not ever been recog-
nized as an invasive taxon to Japan. Due to the limited
number of samples in earlier studies, this question cannot be
answered. Good coverage of distributional ranges in sampling
is important for reliable inference of source populations of
nonindigenous species (Muirhead et al. 2008).

In earlier phylogenetic studies of Asparagopsis, a partial
mitochondria-encoded cox1 gene and the cox2-cox3 spacer
region, the plastid-encoded RUBISCO spacer region, and a
partial nuclear LSU rDNA region have been used, but the lat-
ter two markers have lower intraspecific sequence variations
(Andreakis et al. 2004; Robba et al. 2006; Sherwood et al.
2010). The low resolution of the genetic marker used for the

analyses might have resulted in spurious apparent sharing of
the common cox2-cox3 spacer haplotype among various loca-
tions. In this study, we examined Japanese A. taxiformis
populations and performed molecular phylogenetic and phylo-
geographic analyses to reconstruct genetic structures among
populations of L2, based on a combined dataset of the cox2-
cox3 spacer and cox1 sequences.

MATERIALS AND METHODS

Sample collection, DNA extraction, PCR and
sequencing

We collected 76 individuals of A. taxiformis from the Indo-
Pacific, Caribbean Sea and Mediterranean Sea, 60 of which
were collected from 16 localities that cover a wide area of

Fig. 1. Geographic distribution of combined haplotypes (cox2-cox3 spacer + cox1) of Japanese Asparagopsis taxiformis. Different com-

bined haplotypes are depicted by different patterns. n = Number of samples examined. Haplotype keys in bottom-right corner. Three loca-

tions in Kagoshima Prefecture (Marukihama, Banshobana, and Tajiri) are merged with Kagoshima. Dashed lines represent a hypothetical

boundary between the northern and southern subpopulations within the Japanese population.
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southern Japan (Fig. 1, Appendix S1 in the Supporting Infor-
mation). Fresh collections were desiccated in silica gel and
were deposited in the Kobe University Research Center for
Inland Seas (Kobe, Japan). Unialgal culture strains were
established from vegetative tissues of the Falkenbergia-stage
(i.e., tetrasporophytic) thalli collected from Ishigakijima
Island (Japan) and Chuuk (Federated States of Micronesia).
These culture strains were deposited in the Kobe University
Macroalgal Culture Collection (KU-MACC, Kobe, Japan).
Genomic DNA was extracted from silica-dried materials, cul-
ture strains or herbarium specimens using a DNeasy Plant
Mini Kit (Qiagen, Hilden, Germany), following the manufac-
turer’s protocol. The DNA extraction protocol for herbarium
materials were modified as such: ground material was incu-
bated in the lysis buffer overnight at 40�C, then re-incubated
for another 15 min at 60�C the next day before continuing kit
protocol. The targeted regions, the cox2-cox3 spacer and par-
tial cox1 region, were amplified using primer sets shown in
Zuccarello et al. (1999) and Saunders (2005). When we failed
to amplify the regions with the primer sets, we tried a nested
PCR method with the following primer sets: cox2-for3 (50-
CTAGARGTRGATAATCGSATG-30) and cox3-rev3 (50-GAT-
GACCTTCAAAAGTWGATT-30) (first round) – and cox2-for3
and cox3-rev4 (50-GARGCTACAAAAGGTCAAGG-30) (second
round) for cox2-cox3 spacer; GazF1 (Saunders 2005) and
cox1-R1 (50-TAAHCCTARAAAATGCATDGG-30) (first round) –

and GazF1 and GazR1 (Saunders 2005; second round) or
GazF1 and GazR1 (first round) – GazF2 (Saunders 2005) and
GazR1 for cox1. The first round of PCR was performed with
an initial denaturation of 95�C for 2 min, followed by
25 cycles of 95�C for 30 s/50�C for 1 min/72�C for 30 s, with
a final 5-min extension at 72�C. A 1:100 dilution of the first
round PCR products were used for the second round. The sec-
ond round PCR was performed with an initial denaturation of
95�C for 2 min, followed by 35 cycles of 95�C for 30 s/50�C
for 30 s/72�C for 30 s with a final 5-min extension at 72�C.
PCR reaction mixture (total 10 μL) contained 1X Ex Taq
Buffer, 0.25U of TaKaRa Ex Taq (Takara Bio Inc., Shiga,
Japan), 0.2 mM each of dNTP, 0.4 μM of each primer, and
genomic DNA. The PCR amplification was performed in a
TaKaRa PCR Thermal Cycler Dice (Takara Bio Inc., Shiga,
Japan). Amplified PCR products were checked by 1.5% agar-
ose gel electrophoresis and were precipitated with a 13% pol-
yethylene glycol (#6000, Nakalai Tesque, Kyoto, Japan)/
1.6 M NaCl solution to remove unincorporated primers and
dNTPs (John 1980). Direct sequencing was performed on a
Beckman Coulter CEQ 8000 Series Genetic Analysis System
(Beckman Coulter Inc., Fullerton, CA, USA). Sequence frag-
ments were edited and assembled using MEGA5 (Tamura
et al. 2011) and Geneious v.5.2.2 (Kearse et al. 2012). Newly
generated cox2-cox3 spacer and cox1 sequences in this study
were deposited under DDBJ accession numbers AB774444-
AB774454, AB774209-AB774223, and LC075724-
LC075726 (Appendix S1 in the Supporting Information).

Data analysis

When choosing data from GenBank, we chose only samples of
which both cox2-cox3 spacer and cox1 sequences had been
determined. Consequently, 12 sets of the sequences

(Appendix S2 in the Supporting Information) were added into
our newly generated sequences. The dataset was aligned with
ClustalW (Thompson et al. 1994), implemented in MEGA5.
All identical sequences were removed from the datasets prior
to phylogenetic analyses. Homogeneity of base frequencies
across taxa for each dataset was tested by a χ2 test, using
Phylogears2 ver. 2013.10.22 (Tanabe 2013).

Because the cox2-cox3 spacer region contained 143 bp of
the 30 end of the cox2 gene and 196 bp of the intergenic
spacer, the best-fit substitution model for the combined data-
set was selected using Kakusan4 ver. 2015.01.23 (Tanabe
2011) for each codon position (cox2 and cox1) and the inter-
genic spacer, based on the corrected Akaike’s information cri-
terion (AICc) (Sugiura 1978) and the Bayesian information
criterion (BIC) (Schwarz 1978). The nucleotide substitution
models selected by Kakusan4 were summarized in Appendix
S3 in the Supporting Information.

Molecular phylogenetic trees were constructed using the
maximum likelihood (ML) and the Bayesian inference
(BI) methods. The ML analysis was performed with 1000
iterations of the likelihood-ratchet method (Vos 2003), imple-
mented in Phylogears2 and Treefinder (Jobb et al. 2004).
Nodal support values were calculated using the bootstrap
method in ML, with 1000 replicates for each dataset. The BI
analysis was performed with the selected model, using
MrBayes5d ver. 3.1.2.2012.12.13 (Tanabe 2012), a modified
version of MrBayes 3.1 (Ronquist & Huelsenbeck 2003). The
analysis was carried out by two simultaneous runs, each of
which consisted of running four simultaneous chains for
1 million generations and sampling trees every 1000 genera-
tions. Bayesian posterior probabilities were calculated after
discarding the first 10% of the trees saved during MCMC as
‘burn-in,’ based on results of the stationary states of log-
likelihood analyzed using Tracer 1.6 (Rambaut et al. 2014).
Additionally, cox2-cox3 spacer and cox1 datasets were sepa-
rately analyzed in the similar way (Appendix S4 in the Sup-
porting Information).

A preliminary analysis, which included cox2-cox3 spacer
and cox1 sequences of Asparagopsis armata Harvey as an out-
group (Salcombe, England, KU-d11009), clearly showed
monophyly of the entire collection of A. taxiformis and high
genetic divergence between the two species (not shown).
Thus, we analyzed A. taxiformis sequences only, applying the
midpoint rooting function implemented in MEGA5.

Statistical parsimony analyses were performed using TCS
ver. 1.21 (Clement et al. 2000), with a 95% confidence level
for the cox2-cox3 spacer, cox1, and combined datasets. A
gap (insertion/deletion) in the cox2-cox3 spacer dataset was
deleted.

The combined dataset was tested for population differenti-
ation using two different approaches in Arlequin ver. 3.5.1.2
(Excoffier & Lischer 2010). We calculated population pairwise
fixation indices, Fst, inferring population structure using only
haplotype frequencies, and Φst estimates, incorporating both
haplotype frequencies and the number of variable nucleotides
observed between haplotypes (Baker et al. 2005), and signifi-
cance was tested with a nonparametric permutation approach
with 10,000 permutations. Kimura-2-parameter distances
(Kimura 1980) were used to calculate the degree of differenti-
ation between haplotypes in conducting Φst analysis. An exact
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test of population differentiation was performed to test the
null hypothesis of random distribution of haplotypes, and sig-
nificance tested using Markov chain with 100,000 steps,
10,000 of which were dememorization steps, at the signifi-
cance level of 0.05.

RESULTS

A total of 74 sets of a partial cox1 (643 bp) and cox2-cox3
spacer (339 bp) sequences were newly generated in this
study, 59 sets of which were derived from A. taxiformis col-
lected from Japan. After eliminating identical sequences, the
combined dataset consisted of 982 bp and 31 sequences, in
which no gaps were included. Homogeneity of base frequen-
cies among taxa was not rejected (χ284 = 2.2530, P = 1.00).

The BI- and ML-inferred trees were mostly congruent, so
only the ML tree is shown (Fig. 2a). Five of the six major
lineages (L1 to L5) that were proposed in earlier studies
(Andreakis et al. 2007; Dijoux et al. 2014) were recovered. A

sample from the Bahamas clustered in L3 while samples from
Chuuk, Guam and Phuket were placed into L4.

Based on the combined haplotypes of the cox2-cox3
spacer and cox1, a total of 19 combined haplotypes (hereafter
called combined haplotypes: cH1–19) were identified in L2
(Table 1, Appendix S1 in the Supporting Information):
14 combined haplotypes were found from Japan, 12 of which
were endemic (cH1–8, cH11–14), while cH10 was found in
both Greece and Japan (Wakayama and Ojikajima Island) and
cH15 was found in Hawaii and Japan (Fukuoka). Additional
endemic combined haplotypes also were detected from the
Mediterranean Spain (cH16) and the Hawaiian Islands (cH9,
cH17–19) (Fig. 2b). While samples from Greek (cH10) and
Spain (cH16) had different combined haplotypes, they shared
a cox2-cox3 spacer haplotype, which we called Haplotype B1
(Appendix S5 in the Supporting Information). The Haplotype
B1 has been found from various locations in the Mediterra-
nean Sea, northern Atlantic, and the Indo-Pacific regions.

Within Japanese samples, cH1 was located in the center
of the haplotype network and was most frequent. cH1 was

Fig. 2. Phylogeny of A. taxiformis inferred from the combined dataset (cox2-cox3 spacer + cox1). (a) Mid-point rooted maximum-

likelihood (ML) tree. Upper and lower values at nodes represent ML bootstrap percentages (MLBs) and Bayesian posterior probabilities

(BPPs). Only values of MLBs >70% and BPP >0.90 are shown. Refer to Appendix S1 in the Supporting Information for the specific codes

of combined haplotypes (cH1–19). Numbers in brackets indicate number of individuals identified with specific sequences. GenBank acces-

sions of cox2-cox3 spacer and cox1 sequences for the Hawaiian samples are summarized in Appendix S2 in the Supporting Information.

(b) A statistical parsimony network for L2. Small open circles represent undiscovered haplotypes. Lines between haplotypes represent one

mutational step. Black = Japan samples; Grey = Hawaii samples; White = Mediterranean samples.
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observed at 9 of the 13 locations and was predominant from
Kagoshima south to Ishigakijima Island (Fig. 1). cH10 was
also located in the center of the star-shaped network where
six combined haplotypes were connected. Geographically,
cH1 and its derived combined haplotypes were recorded from
Toi north to Okinoshima Islands, while cH10 and its derived
combined haplotypes were found from Kagoshima south to
Ishigakijima Island.

Population differentiation was found between samples
from Japan and the Mediterranean Sea (Fst = 0.3322,
P < 0.001; Φst = 0.4312, P < 0.001) and from Japan and
the Hawaiian Islands (Fst = 0.2271, P < 0.01; Φst = 0.5049,
P < 0.001). Exact tests also supported the above results. On
the other hand, no differentiation was found between the
Mediterranean Sea and the Hawaiian Islands in the pairwise
Fst analysis and the exact test based on haplotype frequen-
cies. Assumed two subpopulations (northern vs. southern)
within Japanese A. taxiformis population, its hypothesis was
received support at both the nucleotide and the haplotype
levels (Fst = 0.3122, P < 0.001; Φst = 0.4244, P < 0.001).
The northern subpopulation included Ojikajima Island Fuku-
oka, Toi, Wakayama, Hiroshima, and Okinoshima Islands, and
only cH10–15 were recorded from these subpopulations;
whereas only cH1–8 were found in the southern subpopula-
tion (Fig. 1).

DISCUSSION

Molecular phylogenetic analyses using mtDNA markers have
refined the relationships among intraspecific lineages of
Asparagopsis taxiformis worldwide (Andreakis et al. 2007;
Sherwood 2008; Bolton et al. 2011; Dijoux et al. 2014). In this
study, we report additional localities in the Pacific (Guam,
Chuuk, and Phuket: L4) and the Atlantic (Bahamas: L3)

(Fig. 2a, Appendices S5 and S6 in the Supporting Informa-
tion), and that the Japanese population consists only of L2.

This study is the first to analyze intraspecific relationships
using a combined dataset of cox2-cox3 spacer and cox1, and
clearly shows that the use of combined data increase levels of
measured diversity and lead to more resolved phylogenetic
relationships (Fig. 2 vs. Appendix S5 in the Supporting Infor-
mation). In addition, when comparing the number of haplo-
types or combined haplotypes recovered with the three
different datasets, the number is highest for the combined
data and is the lowest for the cox2-cox3 spacer (Appendix S7
in the Supporting Information). Sequence variation in the
cox1 region is likely contributed to this. For example, samples
with cox2-cox3 spacer haplotypes B1 and B5 are subdivided
into 11 and 5 cox1 haplotypes, respectively (Table 1). This
also indicates that sharing Haplotype B1 is not strong evi-
dence to support recent introductions, although this haplotype
is widely distributed throughout the range of L2.

Future research characterizing combined sequence analy-
sis and the fine-scale phylogeographic diversity of A. taxiformis
over the extent of its range (e.g., Dijoux et al. 2014) would help
to specify candidates of populations that were introduced into
new habitats. The founder of the Mediterranean L2 popula-
tions was reported to come from the Indo-Pacific region
(Andreakis et al. 2007), but its specific source has not yet been
identified. Better sampling in the Indo-Pacific and in the Medi-
terranean Sea, especially around Italy, with combined data
may answer the source of the introduction.

The first records of A. taxiformis distribution in Japan date
back to the early 1900s. The oldest literature record
(as A. ‘sanfordiana’) is in Okamura (1902), in which the local-
ity ‘Ogasawarajima’ (= Islands of Ogasawara-shotô) is given,
and herbarium specimens collected from the Kyushu area
(such as Nagasaki, Ôita, Kagoshima, and Okinawa Prefec-
tures) in 1906–1909 are deposited in the Herbarium of the
Faculty of Science, Hokkaido University (reference speci-
mens: SAP 076652, 076655, 076657, 076660,
076669–076671). Unfortunately, we were unable to deter-
mine the mtDNA haplotypes of these specimens. On the other
hand, our analyses have revealed not only genetic differentia-
tion between the samples from Japan and the Mediterranean
Sea/Hawaiian Islands, but also the fact that the Japanese
populations only consist of L2. The number of samples from
the Mediterranean Sea and the Hawaiian Islands is limited,
and additional analyses would be required to draw more pre-
cise conclusion; nevertheless our discovery would indicate
that Japanese L2 is the native lineage in Japan, not likely the
origin of a recently established founder population.

Our data also suggested differentiation within Japan
(southern (subtropical type) vs. northern (temperate type)).
The potential genetic disjunction appears to separate two
populations: one between Toi and Kagoshima and the other
between Ojikajima Island and Kagoshima in the Kyushu area
(Fig. 1). A major phylogeographic break is well known in this
area (e.g., Kojima et al. 1997; Akihito et al. 2008; Hirase
et al. 2012a,b; Hirase & Ikeda 2014), including a brown alga
Sargassum horneri (Turner) C. Agardh (Uwai et al. 2009).

A northward range expansion of subtropical coral species
has been reported (Nojima 2008; Nojima & Okamoto 2008;
Sugihara et al. 2009), and this rapid expansion is correlated

Table 1. Codes of combined haplotypes based on the cox2-cox3
spacer and the partial cox1 regions, by geographic regions

examined

Combined
haplotype Geographic regions

cox2-cox3
spacer cox1

cH1 Japan B1 H1
cH2 — B1 H5
cH3 — B4 H1
cH4 — B1 H8
cH5 — B1 H4
cH6 — B1 H3
cH7 — B1 H2
cH8 — B1 H7
cH11 — B2 H9
cH12 — B3 H9
cH13 — B1 H10
cH14 — B1 H11
cH10 Japan, Greece B1 H9
cH15 Japan, Hawaiian Islands B5 H9
cH16 Mediterranean Spain B1 H14
cH9 Hawaiian Islands B5 H1
cH17 — B5 H13
cH18 — B5 H15
cH19 — B5 H6
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with rising sea surface temperatures (Yamano et al. 2011).
Hence, in addition to fine-scale phylogeographic studies of
coastal benthic organisms in the southern Sea of Japan through
western to southern Kyushu area, physiological studies for the
effects of rising sea temperatures could help predicting their
future distributions in response to global climate change.
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