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Abstract:

The biogeographical pattern of the brown macroalgal genus Sargassum as well
as the phylogeography of selected Sargassum spp. along NW Pacific coast were
elucidated using analytical biogeographical and comparative phylogeographical
tools. The NW Pacific can be divided into 47 Operational Geographical Units
{OGUs) based on geographical boundaries such as major river mouth and island
groups. Multidimensionai scaling techniques based on the species composition of
Sargassum species within cach OGU was then applied and three main biogeographic
clades were recognized. The highest species richness was found in southern China
and southemn Japan. The degrees of compositional difference of Sargassum species
among OGUs are most positively correlated with the combined effect of the mean
lowest winter sea surface temperature (LWSST), latitude (which reflected
photoperiodicity) and mean annual salinity, compared to lower correlation with
geographical distance and the Euclidean distance among OGUs, generated by
differences in their environmental parameters. Results of the regression tree analysis
reveal the mean LWSST to be lhfe most critical parameter in structuring
biogeographical patterns of Sargassum in this region.

Two allopatrically distributed varieties of S. hemiphvilum, v. chinense and v.
hemiphylium, are genetically distinct in terms of their internal transcribed spacer 2
(ITS2) and Rubisco spacer. The genetic break between these two varieties, with v.
chinense distributed in southern Chinese coast and v. hemiphyllum in Japan and
Korea, is situated in a region that includes Bohai, Yellow Sea and East China Sea, all
of which were heavily influenced by the Yangtze and Yellow Rivers in China. An
introgression of the mitochondrial (Mt) genome from v. chinense to v. hemiphylfum,

possibly mediated by the Kuroshio Current, is evident based on the Mt marker



TrmW_I spacer. Hybridization between the two varieties ma).; still be ongoing since
the concerted evolution of ITS2 is not yet saturated in the Korean population located
geographically in-between the distribution of the two varieties. In contrast, no
variation in 1TS2 and Rubisco spacer is revealed in S. muticum, including the native
Asian populations and introduced populations in Europe and North America. There is
a fixed one-nucleotide difference in the TrnW _1 spacer, between the population in
eastern Japan and all the other populations examined. This finding supports the
earlier suggestion that the source of the introduced S. muticum populations is western
and central Japan (Seto Inland Sea), where the germlings of S. muticum have been
associated with the Pacific oysters previously introduced for farming in Canada, UK
and France in earlier years.

To investigate the effect of freshwater outflow from Y:mgl;cc and Yellow Rivers
in eastern China in shaping the genetic population structure of Sargassum spp., a
comparative phylogeographic study was conducted on four closely related
Sargassum species showing either continuous (Sargassum thunbergii and S.
muticum) or discontinuous (S. hemihyllum and §. fusiforme) distribution pattemns
along the Chinese coast. The results showed discontinuously distributed species to
exhibit more haplolypcs' (e.g. four in TrnW_I spacer) among their populations than
those with continuous distribution (two in TmW _1 spacer) pattern. Little or no
population differentiation is revealed in species with a continuous distribution. Their
occurrences in the brackish Bohai region may be attributed to the presence of
inherited physiochemical traits that allow them to tolerate lower salinity waters in
estuaries. The discontinuously dis{ribulc(i species, however, exhibited a deep genetic
divergence among populations, as revealed by various genetic markers. There are

two main lineages of S. fusiforme based on ITS2 and TmW_l sequences, but the



geographical region associated with this genetic break betwcen the two lineages in
eastern and southwestern Japan is different from that of S. hemiphyiium. Analysis of
molecular variance (AMOVA) results indicate that the maintenance of the population
structure of S. fusiforme appears not to be correlated with the outflow of the two
rivers. For §. hemphyllum, reduced salinity as the suspected genetic barrier was
investigated directly in the laboratory to elucidate its effect on the growth and
survival of S. hemiphyltum var. chinense. Statistically significant difference was
observed in the relative growth rate (calculated based on wet weight) of branches
cultured under different salinities, with the optimal growth under salinity level of 33
ppt. The lethal limit of vegetative growth was between 0 and 10 ppt. Germlings
cultured in 15 ppt attained the highest survivorship. The optimal growth of the
germlings occurred at 25 ppt, while the lowest lethal limit was within the range of 0
ppt and 5 ppt. Germlings reared under low salinity were deficient in rhizoid
development, making them highly unlikely to grow into large thallus in the natural
environment with strong waves. Compared with the optimal and lethal salinity level
of S. mutium, the lethal limits of both vegetative branches and germlings of the two
species are comparable. The optimal growth of branches of S. muticum occurred
under salinity level of 27 ppt, in contrast to the optimal salinity level of S
hemiphyllum at 33 ppt. This could have explained the absence of S. hemiphylfum in
brackish water and support the suggestion that river discharge serves as a barrier for
the exchange of genetic materials among its populations.

Results from this dissertation research provide the first comprehensive
phylogeographic information on a major group of marine algae in NW Pacific. These
also provide an insight into a better understanding of evolutionary history of marine

organisms in this part of the world.
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Chapter One: General Introduction

1.1 Biogeography of macroalgae

Biogeography of macroalgae has long been a subject of great interests to
many biologists (e.g. Setchell 1931a, b, 1933, van den Hoek 1984, Liining 1990 and
references cited). Based on the differences in the composition of the algal
communities found in these localities, Liining (1990) has identified 23
phycogeographic regions, such as the cold temperate Northwestern Pacific and
tropical Indo-west Pacific regions, around the world’s coastal zones. The highest
diversity of marine macroalgae is found in the temperate seas, in contrast to the trend
of many marine organisms such as corals (Veron 2000) that achieve their highest
diversity in the tropics (Silva 1992). Bolton (1994), however, noted that this
distribution pattern is not a general trend for marine benthic algae. A number of algal
hotspots, e.g. South Australia, Japan, and the Philippines, are present. Seawater
temperature pattern and other localized historical events may have contributed to the

formation of these hotspots (Bolton 1994).

1.2 Historical and ecological biogeographies

Historical and ecological biogeographies are the two main streams of current
biogeographical studies (Myers & Giller 1988). Historical biogeography refers to the
past events that led to the present biogeography, while ecological biogeography
focuses on the role of present ecological environment in shaping the current
lzriogeographical patterns observed. Ecological biogeography appears to be the

prominent stream in explaining the biogeographical pattern of marine macroalgae,
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whereas studies on algal historical biogeography are more limited (Lindstrom 1987,

20017,

1.2.1 Historical biogeography

Historical biogeography has undergone revolutionary changes in the last few
decades because of the emergence of various subdisciplines such as vicarniance
biogeography, cladistic biogeography and phylogeography. Methodologies and
approaches applied in these fields have advanced significantly through critical and
comprehensive debates and discussion (Crisct 2001). The lack of a standard
approach, however, continucs to hinder the development of historical biogeography
in accounting for the present patterns of phycogeography. Lindstrom (2001) adopted
vicariance biogeographic approach and analyzed pairs of sister species inhabiting
separately the North Pacific and the North Atlantic Qceans. She revealed that the
opening and closing of the Bering Strait over the last 8 Myr led to several vicariant
events that accounted for the divergence of the sister species investigated (Lindstrom
2001). This approach, however, may only be applicable to regions where sister

species are present.

Liining (1990) comprehensively reviewed the possible explanations of the
present macroalgal distribution pattern by correlating this with both the historical
events and the contemporary environmental conditions. He looked into the details of
phycogeography in different parts of the world and provided insights on how
geological event(s) in various geographical regions, such as the Arctic Ocean, could
have contributed to current macroalgal biogeography. The historical biogeographic

component of his approach, although comprehensive, is still limited by the lack of
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cmpirical evidences. More direct evidences, such as those obtained by molecular
phylogenetic or comparative phylogeographic studies, would cerainly help to

consolidate his ample accounts of current phycogeography.

1.2.2 Ecological biogeography

In contrast with historical biogeography, ecological biogeography appears to
be the dominant approach taken to explain the present day phycogeography. Many
ecological factors have been proposed to be the driving force in structuring algal
communities. Some of these included secawater temperature (van den Hoek 1984,
Peters & Breeman 1993, Schils & Wilson 2006), salinity (Russell 1987a, Cheang et
al. 2008), irradiance (Liining & Dring 1979), photoperiodicity (Terry & Moss 1980,
Cunningham et al. 1993), desiccation tolerance (Schonbeck & Norton 1978) and
tidal amplitude {Silva 1992). Many of these factors do not just individually affect the
biogeography of marine macroalgal species, but also in a synergistic manner (Norton

1977a).

1.2.2.1 Sea surface temperature

Sea surface temperature has been considered to be the prime factor in
structuring the present global biogeography of marine algac (Liining 1990) as it
affects their growth, reproduction and survival (Breeman 1988). For example,
Orfanidis et al. (1999} found that seawater temperature influenced the growth,
reproduction and survival of two red algae, Eupogodon spinellus (C. Agardh)
Kitzing and Fupogodon planus (C. Agardh) Kiitzing. The optimal temperature for
the growth of these two species was 25°C and both of them survived at temperatures

between 8 and 30°C. Reproduction of gametophyte, however, only occurred at 20°C
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in E. planus. The distinct geographical distribution boundaries of these two species,
when compared with the isotherm of sea surface temperature (SST), was found not to
be determined by the growth or survival limits, but by the reproductive requirements
of E. planus in the Mediterranean and the Canary Islands. Breeman (1988) also
found that the temperature regime in the edge populations corresponds to the lethal
limits and the lowest thermo-requirements of almost all of the 60 algal species
investigated in the North Atlantic Ocean. All these studies showed that those studied
algae evolved differential responses to temperature (Breeman & Pakker 1994, Pakker

t
.

et al. 1994, Breeman et al. 2002).

1.2.2.2 Salinity

Salinity has been shown to influence the survivorship as well as the growth of
algal species (Bick et al. 1992, Stremgren 1994), which in turn, may affect their
biogeography. Caloglossa leprieurii (Montagne) G. Martens var. leprieurii and var.
angusta in Australia demonstrated various ranges of tolerance to different salinity
levels. C. leprieurii‘ var. angusta, which was found in brackish water, demonstrated a
narrower and lower salinity tolerance than var. leprieurii (Mosisch 1993). These two
variants may represent two different ecotypes of this species (Mosisch 1993).
Similarly, interspecific difference of salinity tolerance was observed in the brown
algal genera of Sargassum and Fucus. The pelagic species, such as S. natans
(Linnaeus) Gaillon, was more stenohaline than the intertidal species like S.
pteropleuron Grunow in Florida, USA (Hanisak & Samuel 1987). On the other hand,
Fucus vesiculosus Linnaeus normally found in the maritime environment decayed in
brackish water and F. cerarmide.: Linnaeus, which is found in estuarine area, died at

full salinity (34 ppt) (Khfaji & Norton 1979). In South America, distinct genetic
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difference in various marine organisms, ¢.g. sca urchin and shrimp, has been delec.lcd
between the two sides of the mouth of Amazon River (Gusmao et al. 2000, Lessios
et al. 2001). These findings suggest that, from the evolutionary standpoint, salinity
may, on top of its ccological effect, act also as one of the agents of natural selection
on marine algae. The effect of salinity was postulated to be more critical especially

for those algae inhabiting the estuarine environment (Russcll 1987a).

1.2.2.3 Irradiance and photoperiodicity

Solar irradiance serves twe functions for the benthic macroalgae (Liining
1990), one as the source of energy, while the other, as an environmental signal. The
amount of irradiance undoubtedly affects the distribution of the macroalgae, which
rely on the solar cnergy for photosynthesis. Many algal species have minimum light
requirements in order to survive (Liining 1990) and the deepest range of distribution

of algae like f{alimeda was determined by this requirement (Hillis-Colinvaux 1986).

Similar to many terrestrial plants, day length serves as an cnvironmental
signal in marine macroalgac for the onset of various developmental activities such as
the formation of new frond for Laminaria hyperborea {(Gunnerus) Foslie in winter
(Léning 1986). The presence of photoperiodic ecotypes in different geographical
populations among species, like Scytosiphon lomentaria (Lyngbye) Link (Liining
1980), may reflect thc importance of photoperiod in affecling macroalgal
distribution. This factor was found to be effective only when it interacts with the

temperature (Breeman 1988).
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1.2.2.4 Desiccation tolerance and tidal amplitude

Desiccation tolerance is one of the most severe problems for the intertidal
macroalgae. The fundamental niches (the upper to the lower tidal zones) of two co-
existing Fucus species, F. serratus and F. vesiculosus, were found to be significantly
different from their realized nlichcs (the lower tidal zone only). The time of
emergence at low tide was found to be the prime factor attributing to this difference
(Schonbeck & Norton 1978). Due to their high surface area to volume ratio, the
sheet-like algae like Ulva and Porphyra were more vulnerable to desiccation (Liining
1990). They would thus usually grow in dense population so that the undermeath
layer could remain moist (Liining 1990). In contrast to desiccation that may affect
the vertical distribution of algae, the amplitude of the tide among different
geographic regions was postulated to affect the geographical distribution of
macroalgae. The higher tidal amplitude was hypothesized to create a more

heterogeneous environment for a diverse algal assemblage to evolve (Silva 1992).

1.2.2.5 The relative importance of environmental factors

Among the factors mentioned, factors like irradiance and desiccation
tolerance mainly affect the vertical dislribu.lion of the macroalgal species (Schonbeck
& Norton 1978). In contrast, the seawater temperature and salinity have been
postulated to be two of the most significant factors in affecting the biogeography of

marine macroalgae (Russell 1987b, Breeman 1988).
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1.3 Phycogeography in NW Pacific

1.3.1 Present énvironmental factors: seawater temperature and
salinity

In NW Pacific, three phycogeographical zones have been recognized based on their
temperature regimes (Liining 1990). These are the cold temperate NW Pacific, the
warm temperate Japan a?d the Indo-West Pacific tropical regions (Fig. 1.1). This
difference in temperature regimes is primarily a result of the interaction between two
main oceanic currents, the cold Oyashio current that flows from the northern Bering
Sea to the south through the Sea of Japan and the warm Kuroshio current that
originates from the tropical eastern Philippines and flows north to southern Japan via
castern Taiwan and the Ryuku;; (Liining 1990, Briggs 1995). Liining (1990)
indicated that the seawater temperature is warmer and the latitudinal gradient change
is steeper in NW Pacific than in the NW Atlantic Ocean. Adey and Steneck (2001)
also pointed out that seawater temperature is higher in the western Pacific than in the
western Atlantic. The overall effect of this is NW Pacific being thermally a highly
fluctuating region. This temperature variation may induce certain stress on marine
organisms and thus could become a major structuring force behind the biodiversity
and distribution patterns of the marine flora (and also fauna) in this region.

Aside from SST, the fluctuation of seawater salinity, which is induced by the
discharge of the Yangtze (Changjiang) and Yellow Rivers, is also a characteristic of
the coastal area of NW Pacific (Senjyu et al. 2006). The effect of the Yangtze River
extends as far east as the Tsushlma Strait between the Korean Peninsula and Kyushu,
Japan. Salinity of the coastal areas in this region decreases over summer and is

related to the large outflow from the river (Senjyu et al. 2006). The Bohai Sea, an
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Figure 1.1 Map of NW Pacific showing the three phycogeographical regions (After
Lining 1990). The gray region refers to the possible extent of the area exposed
during the period of lowering of sea level in the Pleistocene (After Xu & Oda 1999).



CHAPTER §: Gengeral Introduction

enclosed gulf situated in northeastern China (Fig. 1.1), is a region being affected by
the discharge of the Yellow River as well (Siindermann & Feng 2004). The water
body over the continental shelf of northeastern China, encompassing the Bohai Sea,
Yellow Sea and East China Sea, is an integral area affected by both Yangtze and
Yellow Rivers and maintains a salinity of <30 ppt ¢specially during the summer wet

season (Cheang 2003). -

1.3.2 Past geological event

r

No major tectonic movement was recognized in NW Pacific during Miocene
to Holocene (Briggs 1995). Instead, fluctuations in sea level throughout Pleistocene
1o Hol;)cene (Xu & Oda 1999, Voris 2000) were postulated to significantly affect the
phylogeographic pattern in this part of the world (Briggs 1995). The continental shelf
in northeastern China was bclieved to be exposed during the period of low sea level
(Xu & Oda 1999). In addition to a period (19.5-10.5 kyrs B. P.) of heavy freshwater
discharge in the *“paleo-coast” of the continental shelf region during late Pleistocene
(Xu & Oda 1999), the lowering of sea level was suspected éreate fragmentation in
the ancestral populations such that diversification or geneti-c population
differentiation was _detected in several marine fishes (Liu et af. 2006, 2007).
Similarly, genetic population differentiation was also observed in the brown alga,
Sargassum hemiphyllum (Turner) C. Agardh (Cheang e al. 2008). Two genetically
distinct varieties of S. hemiphyllum could be recognized which could have originated
from the fragmentation of their distr'}bulio‘n range during the Pleistocene. The influx
from the Yellow and Yangtze Rivers was hypothesized to be the dispersal barrier

that maintains the differentiation of these two varieties even after the glacial period.
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1.4 Approach to decipher the underlying forces

To decipher the possible cause(s) underlying the present biogeography of
marine macroalgae, the structure and pattern of how the macroalgae are distributed
could be assessed using various approaches.

t
1.4.1 Analytical biogeography

In contrast with the conventional narrative approach to explain a
biogeographical pattern, the hypothetico-deductive approach is more objective and
desirable to infer the cause(s) of biogeography (Myers & Giller 1988). Various
methods, which could be categorized into the field of analytical biogeography, have
been applied not just to objectively synthesize the biogcographical data of many
living organisms (Porzecanski & Cracraft 2005, Proches 2005), but also to sort out
the most significant factor out of a range of environmental parameters that are related
to the biogeographical patterns (Clarke & Ainsworth 1993). Some of these methods
have been introduced to phycological studies, e.g. cladistic biogeography (Garbary
1987, Lindstrom 2001) and multivariate clustering (van den Hock 1984, Carballo et
al. 2002, Baez et al. 2004, Bolton et al. 2004). Multivariate clustering and related
érdination methods, which analyze the information of species occurrence in different
géographical regions by sophisticated statistical analyses in order to reveal
biogeographical pattem (Warwick et al. 1990), have seldom been used in
phycological studies (¢f. Carballo et al. 2002, Baez et al. 2004) and yet are powerful
in identifying the underlying influential factors in biogeography (Warwick er al.

1990, Clarke & Ainsworth 1993).

10
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1.4.2 Molecular biogeography and comparative phylogeography

As independent evidence, molecular information provides a new horizon in
‘ understanding the biogeography of living organisms (Palumbi 1997). This approach
offers a higher resolution of the biogeographical pattern (genetic population
structure), and provid;:s insight on the factors restricting gene flow and leading to
speciation (Palumbi 1997). Phylogeography, which is the study of the intraspecific
genealogy based on molecular data, serves as the connection between the phylogeny
and the demography of geographical populations within a single species (Avise
2004). Comparative phylogeography, which focuses on the congruence or
incongruence of phylogeographic patterns amox-'lg closely related species, is also of

paramount significance in understanding the general pattern of the formation of

biogeographical patterns among different organisms in an evolutionary context

(Bermingham & Martin 1998).

1.4.2.1 Genetic markers in algal phylogeography

Various methods have been utilized for genetic analysis of macroalgae at
various systematic levels. On one hand, allozyme analysis (e.g. Benzie et al. 2000)
and restriction fragment length polyrn.orphisr'ns (RFLP) of nuclear ribosomal
intergenic spacer (e.g. van Oppen et al. 1994) have been usec? to elucida@ the
phylogenetic relationships among species. Random amplified polymorphic DNAs
(RAPDs) (e.'g.‘van Oppen et al. 1996, Ho et c‘ﬁ. 1995) ar;d amplified fragment lel-lgth
-polymorphisms (AFLP) (Kusumo & PDllue.hl 2000), on the other hand, were
performed to investigate the intra-specific va‘riati('?n and large-scale biogeégraphical .

population variation.
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Sequence divergences of various genes in nuclear and chloroplast genomes
have been commonly utilized in phylogenetic studies of macroalgae (e.g. Freshwater
et al. 1999, McCourt et al. 1999, Serrio et al. 1999, Yotsukura ef al. 1999, Phillips &
Fredericq 2000, Stiger ef al. 2003, Phillips et al. 2005). For nuclear genome (nDNA),
sequence divergences of internal transcribed spacer 1 (ITS-1) and 2 (ITS-2) and
subunit 5.8S of ribosomal RNA were used to solve systematic problems from genus
to subspecies levels (Serrao er al. 1999, Yotsukura ef al. 1999, Stiger et al. 2000,
2003). The ITS2 divergence of the Sargassum species in subgenus Bactrophycus
demonstrated the affinity of the section Phyllocystae 1o the subgenus Sargassum
rather than to the subgenus Bactrophycus, suggesting the suitability of [TS2 as the

genetic marker at the subgenus and sectional levels (Stiger ef al. 2000).

Ribulose-1-5-bisphosphate carboxylase/oxygenase (Rhc/Rubisco) gene in the
chloroplast genome is also commonly used to evaluate genetic diversity from the
level of order to populations in a large geographical scale (Freshwater et al. 1999,
Phillips & Fredericqg 2000, Sasaki er al. 2001). Rbe is a protein-coding gene with
three regions. The middle region, called RbcL-S spacer, between the two protein-
coding regions, RbcS and RbcL, is evolutionarily more variable compared to the
protein-coding regions due to its non-coding nature. The RbhcL gene is used for the
study of the relationship among samptles at the higher taxonomic levels such as order
and genus (McCourt et al. 1999, Sasaki ef a/. 2001). In contrast, RbcL-S spacer was
shown to be suitable for the levels of species to populations (Phillips & Fredericq
2000, Phillips et al. 2005). Based on the analysis of divergence of RbcL-S spacer
(Phillips & Fredericq 2000), different species of Sargassum in the Gulf of Mexico,

when compared with those in the Pacific basin, were found to cluster as a single

12
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biogeographical unit rather than in a way predicted by their taxonomic classification.
The study of Phillips and Fredericq (2000) suggests that RbcL.-S spacer is a suitable

genetic marker in the phylogeographical study of Sargassum.

Mitochondrial markers havg recently been used 1o assess the algal population
genetic variability due to their relatively rapid evolutionary rate (e.g. Voisin et al.
2005, Andreakis et al. 2007, Engel et al. 2008), Separation of the Atlantic and Indo-
Pacific lineages of an invasive Rhodophyte Asparagopsis spp. due to the emergence
of the Isthmus of Panama was inferred based on the mitochondrial Cox2-Cox 3
intergenic spacer, in addition to two markers in different genomes. Two cryptic
species inside A. taxiformis {Delile) Trevisan de Saint-Léon were recognized based
on this mitochondrial marker (Andreakis er af. 2007). Voisin et al. (2005) also
reveaied cryptic diversity within the introduced range of an NW Pacific originated
brown macroalgal species, Undaria pinnatifida (Harvey) Suringar, by utilizing the
two intergenic noncoding mitochondrial loci, the spacer regions between atp& and
trnS genes as well as #rnW and trnl genes. Various invasive patterns, such as the
multiple source introductions in New Zealand and the putative secondary relay in
Melbourne and Argentina, were thus inferred (Voisin er al. 2005). These highly
informative loci located in the mitochondria genome remain valuable tools for future
phylogeographical studies, especially in brown algae in which direct transferring of

the “universal” brimer was not successful (Engel er al. 2008).

13
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1.5 The Genus Sargassum

The brown macroalgal genus Sargassum C. Agardh (Fucales, Phacophyceae)
is one of the most suitable candidates for the study of the factor(s) governing or
affecting the marine biogeography in NW Pacific. It is one of the most species rich
genera in algae (Yoshida 1983), which consists of 577 recognized species (Guiry &
Guiry 2008 in AlgaeBase). Sargassum is usually one of the major components of
marine floristic environment and is a dominant macroalgal genus found from the
intertidal to the subtidal and from tropical to temperate regions in NW Pacific
(Yoshida 1983, Phillips'1995). It is ec‘ologically important as it always forms dense
underwater algal stand (Phillips 1995) that serves as nursing and feeding grounds for
different kinds of marine life worldwide (Omellas & Coutinho 1998, Taylor 1998).
An understanding of factor(s) governing the distribution of this structurally and

.func-tionally important component of marine coastal flora will likely shed light on the
structuring force(s) responsible for the distribution patterns of the marine flora or

even of the entire coastal realm observed in this region.

Up to 25, 59 and 141 Sargassum species were recorded in Korea, Japan and
China respectively in NW Pacific (Kang 1966, Yoshida 1998, Tseng & Lu 2000).
Among the widely distributed species, some have a discontinuous distribution and
are not found in the region of the Gulf of Bohai and the Yellow Sea, a region that is
heavily affected by the two largest rivers in Chinfl, the Yellow and Yangtze Rivers
(Cheang 2003). A clear divergence between two varieties of Sargassum
hemiphyllum, allopatrically distributed in Japan, Korea region and the southern
Chinese region, was demonstrated by the PCR-RFLP daga of Rubisco spacer

(Cheang et al. 2008). This genetic break is located between the regions from

14
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Zhejiang Province in China to Cheju Island in Korea. This location is within the
Bohai to Yellow Sea region that is heavily affected by the two Chinese rivers. While
fragmentation of the ancient population due to lowering of the sea level was believed
to have initiated the divergence of the two varieties, the huge freshwater discharge
from the two rivers and its associated adverse effects on the physiological ecology of
Sargassum may have sustained this allopatric divergence until now (Cheang et al.
2008). This environmental stress, most probably the brackish environment associated
with the freshwater discharge of the rivers, may exert similar effect on those other
Sargassum species, such as S. fusiforme, that also demonstrate a discontinuous

distribution pattern and are absent in the region of Bohai and Yellow Seas.

In contrast, some commonly found Sargassim species in NW Pacific, like S.
thunbergii and S. muticum (Yoshida 1998, Tseng & Lu 2000), possess almost
continuous distribution pattern and are present along the coast of Bohai (Fig. 1.2).
How these species respond to the hyposaline environment in Bohai Sea region,

compared to those other species like S. hemiphyllum which are absent from the

region, remains unclear.

The difference between the two patterns of distribution, continuous and
discontinuous, among different Sargassum species offers a golden opportunity to
examine if the river associated factors, most probably reduced salinity, played a role
in the genetic differentiation of populations among Sargassum species. Should there
be a salinity-associated effect on the genetic differentiation of populations, one may
predict that those species occurring inside the Gulf of Bohai would not exhibit

genetic population differentiations as that seen in S. hemiphylfum. The hyposaline
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Figure 1.2 The distribution of Sargassum hemiphyllum (A), S. fusiforme (B), S.
thunbergii (C) and S. muticum (D) in NW Pacific. A and B refer to species with
discontinuous distribution that do not extend to Bohai Sea, while C and D refer to
those with continuous distribution. The data on the distribution ranges of these
species were compiled from literature reviewed in Chapter Two.
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environment would not have posed as a dispersal barrier for these species as they are

able to survive under reduced salinity. On the other hand, those populations with
discontinuous distribution would have differentiated or evolved independently
between the northern part (Korean and Japanese coasts) and the southem part
(Chinese coast) of this hyposaline environment affected by the Yellow and Yangtze
Rivers. Examination of the physio-ecological tolerances of the species with different
distribution ranges could provide direct evidence on whether these species are able to
survive under the adverse condition caused by the environmental parameters tested
(e.g. Hanisak & Samuel 1987, Orfanidis et al. 1999). Results from this type of
experimental evaluation can be integrated with information obtained from
comparative phycogeographical studies to providee a more comprehensive
understanding of driving forces underlying the biogeographical patterns of

macroalgae.

1.6 Structure of the dissertation

This dissertation is aimed at elucidating the biogeographical pattern of the
brown macroaigal genus Sargassum as well as the phylogeography of selected
Sargassum épp. in the northwestern Pa.ciﬁc coast. The methods in analytical
biogeography and comparative phylogeography were adopted with a view to
decipher the possible environmental factors affecting the biogeography and
phylogeography of Sargassum in NW Pac_iﬁc. Comparative phylogeographic
patterns of four species with two similar distribution patterns defined by the presence
of the Yangtze ‘and Yellow rivers were analyzed and the information on the shared

phylogeographic pattern was used to shed light on the general and/or unique

evolutionary history of these Sargassum spp. Additional experiments to assess the
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effect of reduced salinity on the growth and survival of vegetative branches and
germlings of S. hemiphyllum were also carried out to verify whether reduced salinity
could serve as a selecting force for this Sargassum species. The importance of this
environmental factor in structuring the phylogeographical pattern of this species was

then evaluated.

This dissertation is divided into seven chapters. A general account of the
biogeography of Sargassum and the possible underlying environmental driven forces
are given in Chapter One. The data on the occurrcn(':cs of different .i'arga.vsum
species in operational geographical units (OGU) in NW Pacific were analyzed in
Chapter Two using multivariate statistical tests in order to elucidate the
biog'eogljaphical pattern of Sargassum in NW Pacific. Phylogeographical approach
was utilized to investigate the genetic population structures of Sargassum
hemiphyllum and S. muticum and the results are presented in Chapters Three and
Four respectively. In Chapter Five, a comparative phylogeographic approach was
conducted to compare the population genetic structures between species (8. muticum
and S. thunbergii) wiih a continuous distribution pattern along iiohai region and
those species (S..hem:'phyﬂum and S. _/h.s‘{)‘brme) which have a discontinuous
distribution pattern. In Chapter Six, salinity as one of the important environmental
factors influencing a}lgal biogeography was evaluated by testing its effects on the
growth and survivorship of vegetative branches and ger;nlings of S. hemiphyllum
var. chinense. Finall;, based on information oﬁ the population genetic structures of
selected Sargassum species, historical evidence of past geological events and direct

experimental results showing eco-physiological adaptation of S. hemiphyllum, a

+
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synthesis of the possible ecological factors and/or evolutionary events affecting the

biogeography of Sargassum in NW Pacific is given in Chapter Seven.

19



Chapter Two:
Analytical Biogeography of Sargassum
in the NW Pacific

2.1 Introduction
The global distribution patterns of macroalgae have been examined by various

workers over the years (e.g. van den Hoek 1984, Liining 1990 and references cited)

7

and different phycogeographic regions have been recognized based on the
compositional differences among the algal communities in these localities (see
Liining 1990 for review). Temperature is believed to be the primary structuring factor
of global algal distribution (Liining 1990) while many other factors have also bE:v.,n
proposed to' be the driving force in slructurir.‘lg algal communities, including

photoperiod (Terry & Moss 1980, Cunningham er al. 1993), tidal amplitude (Silva

1992) and salinity (Russell 1987a, Cheang et al. 2008).

7

- .

In the NW Pacific, three phycogeographic zones, the cold temperate NW Pacific,
the warm temperate Japan zone, and the Indo-West Pacific tropical regions, have

been prop(;sed based on temperature regimes (Liining 1990). This difference in

temperature regimes is mainly a result of the interaction between two main oceanic
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currents, the cold Oyashio current and the warm Kuroshio Current (Liining 1990,
Briggs 1995). The temperature regimes formed may induce certain stresses on
marine organisms and thus could become a major structuring force behind the
biodiveﬁ‘sity and distribution patterns of the marine flora (and also fauna) in this

region.

To cluci(.]atc the underlying structuring forces on algal biogeography, the
conventional descriptive and narrative a[l)proach in documenting and analyzing the
phycogeographic data appears highly dependent on the researchers’ own experiences
and expertise (Baez et al. 2004). Given these limitations, a more objective and
systematic approach is desirable in order to integrate the considerable quantity of
phycogeographic information available. Various methods in analytical biogeography
have been applied to objectively analyze the biogeographic data of algae-, e.g.
cladistic biogeography (Garbary 1987, Lindslrom 2001) and multivariate clustering
(van den Hoek 1984, Carballo et al. 2002, Baez et al. 2004). Multivariate clustering
and related ordination methods are powerful in idt'antifying the underlying influential
factors in biogeography (Warwick et al. 1990, Clarke & Ainsworth 1993), but have
seldom been used for this purpose in studies of macroalgae (¢f. Carballo et al. 2002,

Baez et al. 2004).
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It is hardly practical to attempt to obtain comprehensive distribution information
on all algal species for multivariate analyses. However, it may be possible to use
dominant species, especially those which are widely distributed. The genus
Sargassum C. Agardh (Fucales, Phacophyceae) consists of 577 recognized species
(Guiry & Guiry 2008 in AlgaeBase) and is one of the most species rich genera in
algae (Yoshida 1983). Sargassum is usually one of the major components of marine
floristic environment, which forms a dense underwater algal stand (Phillips 1995)
that serves as nursing and feeding grounds for different marine lives (Ornellas &
Coutinho 1998, Ng 2009), from the intertidal to the subtidal and from tropical to
temperate regions in the NW Pacific (Yoshida 1983, Phillips 1995). While four
subgenera (Sargassum, Bactrophycus, Anthrophycus and Phyllotrichia) are currently
recognized within the genus Sargassum based on differences in the arrangement and
orientation of their laminas (leaves) with respect to their central axis (Phillips 1995,
Stiger et al. 2003), only subgenera Bactrophycus and Sargassum are present in the
NW Pacific. Since the genus Sargassum provides a relatively large number of species

~

as biogeographic variables, it is a good candidate for the multivariate analysis of

. algal biogeography, thereby enabling a more reliable result to be obtained.
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The objectives of this study are therefore (a) to analyze the biogeographic

]
distribution of the genus Sargassum in the NW Pacific and the associated pattern of
distribution of environmental parameters, with a view to identifying the
environmental factors best correlated with the algal distribution patterns; and (b)
based on this’ information, to clucidate the potential undcrlyin% cause(s) of the

distribution to help shed light on the main community-structuring forces responsible

for the biogeographic patterns of the marine flora observed in NW Pacific.

2.2 Materials and Methods
. 2.?.1 Distributi'on data of Sar;;assum
The taxonomic information on Sargassum is better documented for the NW
Pacific (Tseng 1983, Yoshida 1998) than for other parts of the world. Sargassum
materials have been extensively collected in Japan, Korea and China in the last few
decades. Cross verifications have been carried out by various phycologists, e.g. CK

" Tseng and T. Yoshida, through a series of taxonomic workshops (Abbott 1985-1999).

So despite problems on taxonomic identification of Sargassum in many other

& Y

regions, this problem is not serious and taxonomic identification of Sargassum

materials from this region should at least be consistent.
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The literature on the records, checklists land ecological studies of .'.;'arga.s'sum in
NW Ffaciﬁc region were reviewed as part of the effort to compile lh'c distribution data
of this genus. An attempt was made to collate the most comprehensive information
" on Sargassum dislribut‘ion in different areas of the ‘region, inéluding northern
Vietnam (Nguyé.n et al. 1993) Taiwan (Shen & Fan 1950, Chiang 1960, Chen. 1986,
Huang 1990, Yang 1994, 1995, Wz'mg & Chiang 2001, Huang 2002, Tsai e.t‘a!. 2004,
Hwang et al. 2004),’ mainland China including Hong Kon-g and Macau (Setchell
1931a, b, 1933, 1936, Tseng 1983, 19‘:>6, Kitayama et al. 1995, Tseng & Lu 2000,
Zhou et al. 2001, Wang 2003, Lu & Tseng 2004), Japan (Okamura 1928, Tokida &
Masaki 1959, Yoshida 1983, 1998, Umezaki 1984a, b, Ohta & Ninomiya 1990,
Tokudé et al. 1994, Kitayama 1996, 1998, Kawai 1997, Kurihara & lima 1999, S_ato
& Wada 2000, Yoshida et al. 2000, Ishizuka & Tanaka 2004‘, Konishi & Hayashida
2004), Soulh. Korea (Kang 1966, Kim Y. H et al. 1995, 199'};, 2004, Nam et al. 1996,
Kim & Park 1997, Lee J. W. et al. 1997, 2000, Lee S. Y. et al. 1997, Lee W. J. et al.
1997, Kim K. Y. et al. 1998; Lee & Kim 1999, Kim & Kim 2000, Yoo 2003a, b, c,

-

Choi & Kim 2004, Kim B. J. et al. 2004, Kim M. K. et al. 2004) and Russia
(Klochkova 1998, Kashenko 1999, Galysheva 2004, Kafanov et al. 2004).

Information on the west coast of North Korea, however, was not available since there

were too few ecological surveys and reports of Sargassum for that area.
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Operational ,geographic units (OGU) were defined (Baez et al. 2004) based on

, L 3 \,
groups of islands and the current political boundaries. The latter was the basic unit on

-3

o

s -
which most records and checklists of algac were bas'?d (Fig. 2.1). The size range of

»
.

- / ]

OGU varied from tens of kilometers (mainly fop’ remote and isolated islands) to

L +

:r .. z
hundreds of kilometers. The presence/absence data of various species of Sawgassum

-

were compiled for each OGU.
The taxonomy of Sargassum has gone through several major revisions or partial

revision in the past decades (e.g. Setchell 1931a, b, 1933, 1936, Womersley 1954,

Yoshida 1983, Tseng 1985). Some confusion of synonymies as used or reported in

L

different biogeographic records or studies is inevitable. To address this problem, the

taxonomic nomenclature adopted in this study was based entirely on the online

*
+

database AlgaeBase (Guiry & Guiry 2008). All records in the literature were checked

L] .
e - 5 d 3 2 5

for their synonyms and converted to the valid basionyms as listed in the database.
Questionable species records, for instance species name with incorrect or no

authority, were excluded from the analysis. Species currently with confusing

*
.

- u A . . . e
‘taxonomic status were combined to form species-complexes. Since the recognition of

-
Oy

1

subgenus is'less problematic than the species identification. The subgeneric grouping

of each s_'pccieé compiled in the dataset was also identified based on the review of

: ) o
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Figure 2.1 Map of NW Pacific showing the location of the 47 operational geographic
units (OGUs) analyzed. Refer to Appendix 2.1 for the name of these OGUs. The
numbers in circles represent the species richness of Sargassum in each OGU.
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Phillips (1995) and the phylogenetic work of Stiger ¢t af. (2003), in order to get rid
of the problem of species identification. The total number of species and the number

of species in each subgenus were then determined for each OGU.

2.2.2 Statistical ayalysis on Sargassum community structure
The occurrence of species/species complex in each OGU was organized in the
form of presence (1) /absence (0) data. The presence/absence species dataset and the
dataset showing the number of species in each subgenus within each OGU were used
to calculate the pairwise Jaccard coefficient and Bray-Curtis similarities (Bray &
Curtis 1957) respectively using the computer program PRiMER v.0.0 (Clarke &
Gorley 2006). Pairwise Jaccard coefficient is one of the most suitable proximity
coefficients for binary data (Shi 1993), whereas Bray-Curtis similarities are preferred
for ecological data (Clarke et al. 2006). Pairwise biogeographic distance matrices
among OGUs were calculated. Hierarchical cluster analysis utilizing between-group
linking method was employed to visualize the structure of the biogeographic data.
“SIMPROF” test in PRIMER v.6.0 was carried out to provide statistical significance
of the branching pattern in the dendrogram of cluster analysis through permutation of

the dataset 10,000 times.
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2.2.3 Geographical matrix, environmental data and their analysis
with community data

As an analogous analysis with the Mantel test which is based on the
geographical distances and the pairwise genetic distance (Rousset 1997), the analy
“RELATE” was carried out to test the correlation between the geographical distances
and biogeographical matrices, and to infer the likelihood of applying the theory of
“isol;ltion by distance” (Wright 1943) to explain the biogeography. The pairwise
geographical distances between OGUs were calculated among the centroids of all
OGUs by Google Earth®. The distances were formatted as a distance matrix across
each OGU, which was then compared with the biogeographic distance matrix using
tl;e analysis “RELATE” in PRIMER v.6.0. This analysis is a Spearman rank
correlation to test whether the degree of compositional difference of biogeographic

data is positively correlated with the geographical distance among OGUSs.

Various environmental parameters, which were identified to be critical in
affecting algal distribution, were compiled from different sources. The latitude of
centroid point (LAT) as an indicator of photoperiodicity, the average sea surface

-

temperature (Ann SST) and the annual average salinity (SAL) were obtained from

the coastal and marine environmental database (Fautin 2007). The mean lowest SST
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in the winter (WinLSST) and the highest SST in the summer (SumHSST) between

1984 and 1998 were acquired from the satellite images of National Oceanic and

"Atmospheric Administration (NOAA} SST database (http://www.osdpd.noaa. gov/

PSB/EPS/SST/al_climo_mon.html). The tidal amplitude was modified after Le

Provost et al. (1995). All these parameters were averaged for each O(:U. These data,

representing the major environmental factors that potentially affect Sargassum
e

species distribution, were normalized, converted into Euclidean distance across

OGUs and used in the analysis “RELATE” as described above.

“BEST™ analysis from PRIMER v.6.0 was utilized to isolate the most significant
environmental parameter(s) influencing the biogeographic dataset, while
“LINKTREE” analysis, a non-parametric regression tree analysis, was employed to
further dissect the differential effect of these parameters. A bifurcating tree was then
obtained with the nodes representing the various environmental criteria identified by
“LINKTREE” analysis. “SIMPROFF” test with 1000 permutations was carried oult to

assess the significance of the branching pattern.
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2.3 Results
2.3.1 The biogeographic dataset

In the 47 OGUs defined, a total of 151 species/species complexes of Sargassum
were recorded, nine of which were recognized to the variety leve! {(Appendix 2.1).
Incorrect authorities were found in the records of five species (~3%), and records
with correct authorities were used in the analysis of the species concemed. This
compilation also yiclded 15 species complexes (10%), constituting 30 Surgassum

species in total.

2.3.2 Geographical distributions of species and subgenera

On average, |7 species were present in each OGU. The Guangdong, Hainan and
Guangxi region of China (OGUs 44, 45, 56) and the southern Honshu, southern
Shikoku and Kyushu region of Japan (OGUs 7, 9, 10, 12) were the two regions with
the highest species richness (Fig. 2.1). In contrast, OGUs with the lowest species
richness were mainly present in the Bohai and Yellow Seca region (OGUs .29* 30, 31,
32, 33) and the Hokkaido and Russian region (OGUs 1, 2, 3, 15, 16, 17, 18). When
converted into per unit coastline, the richness appeared highest in the regions of

southemn China, Taiwan and Korea (Fig. 2.2).
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Figure 2.2 Richness per unit coastline across different OGUs. Refer to Fig. 2.1 for
the geographical location of these OGUs.
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With respect to the distribution of Sargassum species, each species was reported
in five OGUs on the average. Almost half of the species (47.7%) were recorded only

in one OGU (Fig. 2.3) and about 70.0% were distributed in less than five OGUS .

The top nine most widely distributed species were all found in over 20 OGUs
(Fig. 2.4). Sargassum thunbergii (Mertens ex Roth) Kuntze, which was recorded in
37 OGUs, was the most widely distributed species. Sargasssum horneri (Turner) C.
Agardh (35 OGUs) and the S. siliquastrum (Turner) C. Agardh / S. tortile (C. Agardh)
C. Agardh species complex (31 OGUs) were widely distributed in the NW Pacific

¢

except in the tropical region such as in OGUs 45, 46 and 47 (distribution map not

shown).

Of the 151 species reported, 111 (73.51%) belong to the subgenus Sargassum
and 25.83% (39 species) to Bac‘h‘ophyc'u.s’., while one species could not be assigned to
any subgenus. Members of Bactrophycus were found almost throughout the NW
Pacific (46/47 OGUs), but a higher number was concentrated in the northern NW
Pacific (Fig. 2.5). Members of the subgenus Sargassym occurred in 32 OGUSs that

-

ranged from tropical to temperate areas except the boreal region and Bohai Guif. A

total of 72 species were found in only one OGU (Fig. 2.3) and many of these were
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Figure 2.3 Frequency distribution of the number of species in each of the two

subgenera (Bactrophycus and Sargassum) recorded in different numbers of OGUSs.
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Figure 2.4 The number of OGUs recording the top 20 most widely distributed
Sargassum species in the NW Pacific. Species marked * belong to the subgenus
Sargassum, others to the subgenus Bactrophycus
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Figure 2.5 The distribution of the subgenera of Sargassum in the NW Pacific. The
four biogeographic clades identified in cluster analysis are labeled in different
hatching patterns.
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distributed in the southern NW Pacific (Fig. 2.5). In contrast, members of
Bactrophycus exhibited a wider span of distribution from 1 to 37 OGUSs. Sixteen out
of the top 20 widely distributed species belonged to Bactrophycus (Fig. 2.4), far

more than the four species that belonged to the subgenus Sargassum.

2.3.3 Compositional differences of species and subgenera across
OGUs

The results of the cluster analyses based on subgenera or species datasets were
essentially consistent. There were four statistically significant biogeographic clades
recognized based on the subgenera dataset (Fig. 2.6). Clade A corresponded to the
tropical region, including the coast of southern mainland China, Taiwan and
Okinawa (Fig. 2.5). Clade B corresponded to the area that included central China
(OGUs 32 &33), northern Japan (OGUs 1, 16 & 17) and the east coast of North
Korea (OGU 19). Clade C covered a wide fange of areas, including Russia (OGU 18),
northern Japan (OGUs 2, 3 & 15), the Bohai Gulf (OGUs 26, 28-31) and the Chinese
coast along the East China Sea (OGUs 34-36, 42). This clade was the sister group of
clade D that corresponded mainly to the Korean coast and both the east and west

coasts of Japan (Fig. 2.5).
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Figure 2.6 Dendrograms generated by species (left) and subgenera (right) datasets.

" Solid lines refer to the branches with significant statistical support (P < 0.05,

SIMPROFF Permutation= 1000
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The dendrogram generated by the species dataset demonstrated a generally
similar branching pattern but with a higher resolution (Fig. 2.6). The same OGUs
were clustered in either clades A or D, although the levels of similarity at which these
OGUs were clustered in some cases were slightly different. For example, the coastal
OGUs of Taiwan, except the most distantly related east coast (OGU 39), were
clustered first with OGU 11 (Okinawa) and OGU 45 (Hainan). This group was
further grouped with the Chinese coast along the South China Sea to form clade A
(Fig. 2.6). Clades B and C, however, were not distinct. While the same OGUs were
grouped in clade C as in the cluster generated from the subgenus dataset, some
OGUs (i.e. OGUs 1, 16 & 17) that belonged to clade B in the clustering generated

from the subgenus dataset were now grouped with clade C.

2.3.4 Factors affecting the biogeography of genus Sargassum
The degrees of compositional difference of Sargassum species amoné OGUs
were positively correlated with the geographical distance and the environmental
difference across OGUs (Table 2.1). The R-value of these two tests were similarly
Fl
much lower than that generated by “BEST” analysis (Table 2.1). Based on “BEST”

analysis, the correlation between species compositional difference and the combined

effect of the mean lowest SST in winter, latitude and annual salinity was most
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Table 2.1 The global R-values, i.e. Spearman rank correlation coefficiénts, between
the biogeographic matrix based on species or subgenera, and the distance matrices
generated by geographical distances (GeoMatrix) and the environmental factors
(EnvMatrix). Results of “Best” Analysis show the combination of environmental
factors thgi gave the highest R values. P <0.001, N = 1081 for all R-values.

Biogeographic matrix'

Species Subgenera

GeoMatrix 0.550 0.495

EnvMatrix 0.472 0.519 e
0.667 0.668

“BEST” with the (winLSST + LAT + SAL) (winLSST + SAL)

combinations of 0.665 ? 0.665

environmental factors' (winLSST + LAT) (winLSST)

showing the highest 0.637 . 0.658

R-vqlue (winLSST + sumHSST + (winLSST + LAT + SAL)

LAT + SAL)

' LAT: latitude of the centroid of OGU, AnnSST: the average annual sca surface temperature, SAL:

average annual salinity, WinLSST: the average lowest Sea Surface Temperature (SST) in winter

between 1984 and 1998, SurgHSST: the average highest SST in summer between 1984 and 1998.

i
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significant (R =0.667, P < 0.001), followed by the combined effect of mean lowest
winter SST and latitude and that of mean lowest winter SST, mean highest summer

SST, latitude and annual salinity (Table 2.1).

Similar results were obtained in the comrelation test using the subgenera dataset
as the biogeographic matrix (Table 2.1). The mean lowest SST in winter, latitude and
annual salinity were the main components in the best-correlated combinations, while

4

the combined factors of mean lowest winter SST and annual salinity yielded the

highest R-value (R = 0.668, P < 0.001).

The biogeographic matrices based on the species and subgenera datasets were
successively correlated with all the environmental parameters by “LINKTREE”
(Tables 2.2 & 2.3). Although the sequences of the serial correlations were different
between the datasets, the environmental parameters distinguishing the biogeographic
clades A and D were substantially consistent. The average lowest SST in winter was
the main determining factor in separating clade A, except OGU 11, from other OGUs.
The meaﬁ lowest SST during winter was higher than 19°C in all OGUs of clade A,

while it was lower than 17°C in all other OGUSs (Fig. 2.7, Tables 2.2 & 2.3).
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Table 2.2 Information on the nodes in “LINKTREE" analysis on species data. Refer

to Fig. 2.7 for the linkage trees based on species dataset, * indicates nodes involved

in distinguishing clade A; # nodes involved in distinguishing clade D.

Species dataset

' Symbols as in Table 2.1.

Node R-valve B% Factor(s) and the criteria’
- A*H 0.89 95 WInLSST(°C)>19(<17)
SumHSST(°C)>30(<28)/
B# 0.56 64
MeanSST(°C)>25.4(<24.7) SAL(ppt)>34.6(<34.5)
C# 0.44 59 LAT(°)<47.8(>47.8)
D# - 0.39 48 WinLSST(°C)<5(>6)
E 0.82 61 MeanSST(°C)<13.8(>15.4)/ LAT(°)>37.8(<35.8)
F 0.70 39 WinLSST(°C)>5(<4)/ SumHSST(°C)<26(>26)
j 0.67 32 TIDE(cm)>10(<5)
SumHSST(°C)<17(>22)/
H 0.57 18
MeanSST(°C)<6.4(>11.4)/ LAT(°)>44.3(<43.3)
I# 0.97 87 SAL(ppt)<31.3(>31.4)
J# 0.83 49 LAT(°)<30.3(>32.3)
K 0.78 10 TIDE(cm)<130(>135)
L# 0.52 29 WinLSST(°C)<16(>16)
M# 0.59 27 SAL(ppt)<33.3(>33.6)
N 0.52 17 SAL(ppt)<33.9(>34)
O 0.51 19 WinLSST(°C)>7(<6)
P 0.52 5 TIDE(cm)<80(>100)
Q 0.52 4 SAL(ppt)<33.8(>33.9)
R 0.79 3 TIDE(cm)>25(<15)
S 0.92 11 TIDE(cm)<5(>30)
T 0.75 5 SumHSST(°C)<26(>27)/ TIDE(cm)<40(>50)/
LAT(°)>34.8(<33.3)
= —
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Table 2.3 Information on the nodes in “LINKTREE” analysis on the subgenus data.
Refer to Fig. 2.7 for the linkage trees based on subgenera datasets, * nodes involved

in distinguishing clade A; # nodes involved in distinguishing clade D.

Subgenus dataset
Node R-valve Factor(s) and the criteria'
A% 0.74 WinLSST(°C)>19(<17)
B# 047 LAT(®)<47.8(>47.8)
C# 043 WinLSST(°C)<6(>7)
D 0.82 SumHSST(°C)<26(>26)
E 0.74 LAT(°)>35.8(<33.3)
031 .  WinLSST(°C)>2(<0)
G 0.76 LAT(®)>37.8(<35.8)
H 0.93 . SumHSST(°C)<26(>26)
I 0.84 MeanSST(°C)<13.8(>16.3) TIDE(cm) >10(<5)/ WinL.SST(“C)>6(<6)
J 1 TIDE(cm)<50(>125)/ WinLSST(°C)<4(>6)
K 0 SAL(ppt)<32.8(>34) WinLSST(°C)<2(>4)
SumHSST(°C)<28(>30)/ MeanSST(°C)<24.7(>25.4)/
L# 0.49
SAL(ppt)<34.5(>34.6)/ WinLSST(°C)<17(>17)
M# 042 TIDE(cm)>120(<100)
N#  0.64 SAL(ppt)<33.3(>33.6)
0 0.73 MeanSST(°C)<20.3(>21.6)
P 0.55 TIDE(cm)>100(<80)
Q 0.77 SumHSST(°C)<22(>25)/ LAT(°)>39.8(<38.3)
R 0.78 SumHSST(°C)<25(>26)
S 0.34 ©  SumHSST(°C)<27(>27)
3 0.38 MeanSST(°C)>18.5(<17) WinLSST(°C)>10(<9)/ LAT(°)<35.8(>36.3)
U 1 TIDE(cm)<30(>40)
\Y% 1 SumHSST(°C)<26(>27)/ TIDE(cm)<40(>50)/ LAT(°)>34.8(<33.3)
LAT(°)>35.3(<27.3)/ SAL(ppt)<32.6(>33.7)/ McanSST(°C)<16.1(>21.4)/
" Uitk WinLSST(°C)<11(>14) SumHSST(°C)<26(>27)
X 0.83 SAL(ppt)<34.4(>34.5)
Y 0.77 TIDE(cm)<60(>70)/ LAT(°)<22.8(>23.8)/ Mean S3J(°C)>24.8(<24.6)
Z 0.76 MeanSST(°C)<26.6(>26.7)
AA 1 LAT(°)>22.8(<21.3)/ WinLSST(°C)<19(>20)/ MeanSST(°C)<24.8(>25.3)
o e 5

' Symbols as in Table 2.1.
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Figure 2.7 Bifurcating tree of “LINKTREE”. The numbers in the branches
correspond to the OGU, and the letters in the nodes to the environmental criteria (see
Tables 2.2 & 2.3) that contributed to the bifurcation.
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In both linkage trees, OGUs 21 and 6 were grouped together with clade D in the
analysis of the species and the subgenus datasets respectively (Fig. 2.7), while OGU
27 was not grouped with other members of clade D. The cnvimlnmcnlal parameters
resolving clade D were almost the same for the two datascts. These included the
mean lowest SST in winter being between 16°C (7°C for the subgenus dataset) and
17°C, the mean highest SST for the summer being lower than 28°C, the mean SST
each month being lower than 24.7°C, the mean annual salinity being within 33.6 ppt
and 34.5 ppt, and the latitude being lower than 47.8"N. There was an additional
constraint of latitude being higher than 32.3" in the linkage tree generated by the
species dataset, and the tidal amplitude being less than 100 ¢cm for the subgenus
dataset. In contrast to clades A and D, there were no distinct environmental

parameters associated with the biogeographic clades B and C.

2.4 Discussion
2.4.1 Validity of the dataset

The wvalidity of utilizing the rich amounts of unexplored phycological
information to analyze algal biogeography has been called into question because of
the problem associated with the consistency of algal identification by various

researchers with different taxonomic expertise, and the different levels of sampling
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efforts involved in different studigs from different localities (Lewis 1990). The
taxonomic status of Sargassum as a genus is well established. Materials from the NW
Pacific that formed the basis of the present study were identified by experts from the
region that worked closely together. This should have improved the consistency of
species identification and alleviated the chances of potential misidentification.
Moreover, recent taxonomic re-evaluation of members of the subgenus Bactrophycus
using molecular tools (cg. Oak ¢f al. 2002, Phillips e¢f al. 2005) further strengthens
the validity of the taxonomic status of these species. The standardization of
nomenclature, utilizing the web database AlgaeBase, should also have helped resolve
the problem of synonymy, thus enhancing the reliability of the database used in this

study.

To deal with the problem of sampling cfforts, Lewis (1990) proposed two ways
o obtain the “stable information™ of a particular region or taxon. The first approach
is to comb‘ the collection records for a particular locality over time and look for the
point where the cumulative number of taxa recorded reaches a plateau. This approach
resembles the technique used to obtain optimal sample size in ecological studies,

which has been widely discussed in ecological literature. The second approach is 1o

assess the number of times the taxa have been reported. This will indicate whether a
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certain taxon sampled was consistently recognized in the region. These approaches,
which involve the repeated sampling of a locality, represent an ideal. However, they
are not always feasible for logistical or financial reasons. However, the problem is
reduced to a manageable compass if, instead of looking at the whole flora, only
dominant algal genera are considered. In the case of Surgassum in the NW Pacific,
large amounts of information have been collected in recent years by various workers,
and comprehensive reviews, theses and monographs have been published based on
these materials (e.g. Kang 1966, Yang 1995, Yoshida 1998, Tseng & Lu 2000). There
is good rcason to believe that these Sargassum records are both comprehensive and
accurate. On the other hand, a large number of new species have been reported from
the region, especially from localities around southern China, perhaps prematurely
(e.g. Tseng & Lu 2000). Lack of repeated records of these new species could be a

problem and this problem has been addressed in the present study.

instcad of going back to the original coliecting sites o verify the species record,
especially those of new species [i.c. Approach 2 of Lewis (1990)], newly described
species from the region were noted frmjn the dataset and analyses were carried out
separately with or without these new species. Fort&-four out of the 151

species/specics complexes in NW Pacific were species first described by Tseng and
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Lu less than two decades ago (reviewed in Tseng & Lu 2000). Most of these species
(42/44) belong to the subgenus Sargassum, and 40 of these plus two other new
species under Bactrophycus were found only in one OGU. None of these 44 species

have been reported elsewhere since they were first described.

While the validity of these species may need further .verification using other
tools, e.g. molecular techniques, their exclusion did not change the general results of
multivariate analyses either at the subgenera or species levels (data not shown). The
question of the taxonomic validity of these species was therefore not a critical one as
far as the purpose of the present study was concerned. All data analyses in the
present study and the subsequent discussion about the results, unless otherwise

stated, were therefore based on the original data set that included these new species.

Nevertheless, the finding that the subgenus Sargassum was highly localized in
the NW Pacific should be treated with caution, since 42 of the species recorded in
only one OGU (around 60%) were species described as new. Most of these were in
OGUs 44, 45 and 46 (southern China). Of the remaining 30 species that occurred in
only one OGU, 15 were distributed in other areas outside the geographical coverage

of this study. For instance, S. cymosum C Agardh, which was recorded in northern
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Vietnam, was also recorded to be widely distributed in tropical areas of the Atlantic,
Indian and Pacific Oceans (Guiry & Guiry 2008). Other species, like S. tenue J.
Agardh (in east Guangdong, OGU 43) and S. virgatum (Mert.) C. Agardh (in north

Vietnam, OGU 47), are commonly found in the Indo-West Pacific region.

2.4.2 Species richness and distribution of Sargassum in NW
Pacific
The records of the present study encompass almost one fourth of the total
number of species of Sargassum (577 species, Guiry & Guiry 2008), indicating that

the NW Pacific is a Sargassum rich area. This result is consistent with the findings

by Phillips (1995), albeit at a finer resolution, showing that both China and Japan are

rich in Sargassum species.

Based on the results of both total richness and richness per unit coastline, two
high diversity arcas of Sargassum in NW Pacific can be identified. Southern Japan
and southern China exhibit higher total species richness than the rest of Japan and
China respectively. If species richness i1s standardized on a per unit coastline basis,
southern China remains the region with the highest richness. The Taiwan region also

has comparably high species richness. In the NE, on the other hand, Korea becomes
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the region with the highest richness instead of southern-Japan (Fig. 2.2). Phillips
(1995) mentioned that the subgenus Surgassum has cither not been réeorded in the
Korean checklist or has been omitted from it. This present study supplics this
missing information, and has found records of S. vendoi Okamura et Yamada under
the subgenus Sargassum along the Korcan shore (Kang 1966, Oak et al. 2002).
L

The geographical arcas covered by clades B and C arc relatively large,
encompassing areas as far north as the Kurile [slands in northern Japan (OGU 1) and
as‘far south as southern Fujian in mainland China (OGU 42). There is aiso no distinct
environmental constraint that delimits these lwo clades, in contrast to clades A and D
(Fig. 2.7, Table 2.2 & 2.3}. This suggests that clades B and C constitute a composite
biogeographic clade rather than a real biogeographic region regulated by specific
environmental constraints. The grouping of some distantly situated OGUs (e.g.
OGUs 1| & 42) into these two clades may simply be spurious, and may be due to
unrelated but similar biogeographic propertics associated with these OGUSs, e.g.
relatively low species richness (Fig. 2.1) and the high proportion of members of the

subgenus Bactrophycus in these localities (Fig. 2.5).
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The four biogeographic clades identified in this study (Figs. 2.5, 2.6) are
4

different from the phycoggographic zones proposed by Liming (1990) for the NW
Pacific (Fig. 2.8). While the arcas covered by clade A correspond to those of the
tropical phycogeographic zone, the cold and warnm temperate zones (western Pacific
boreal and Japan zones respectively in Briggs 1974) were not matched by any
biogeographic patterns based on Sargassum. Instead of a distinct boreal zone, clade
B+C in this study is more heterogeneous, including not only regions of the boreal
area but also other non-boreal regions like the Bohai Gulf and the central Chinese
coastal areas. The areas associated with clade D in this study correspond to the warm.

temperate zone (Fig. 2.8), but include more Japanese areas such as Honshu, Shikoku

and Kyushu as well as most of the Korean coast.

This discrepancy in mapping the biogeographic zones of the NW Pacific may
have originated from differences in the dataset on which these different studies were
based. Liining (1990)’s division of phycogeographic regions was mainly based on a
summary of previous works of van den Hoek (1975, 1984) and Michanck (1979).
The major geographical arcas of concern in some of these works were the Atlantic
chan only (van den Hoek 1975). The algal group under study, on the other hand,

was also restricted only to the Rhodophyta (van den Hock 1984) or was not
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Figure 2.8 The three phycogeographic zones in bold and hatches proposed by
Liining (1990) after Briggs (1974). The boundary between the two thermogeographic
regions (names in italics above and below the solid line) proposed by Adey and
Steneck (2001) are also shown.
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mentioned at all (Michanek 1979). The results of the present study, which was based
on an important ecological member of Phaeophyceae, may provide a sounder basis

for generalizing the present algal biogeography in NW Pacific.

2.4.3 Geographical distances and environmental parameters as
explanations of the observed biogeographic pattérns

The compositional differcnce among different OGUs was not well correlated
with their geographical distances. Geographical distances alone may not be a good
explanation of the compositional difference observed. The result of the overall
correlation with environmental matrix also suggests that the distribution of

M

Sargassum 1s not well correlated with the combined effect of the environmental
parameters considered in this study. The average lowest SST in winter, latitude and
annual salinity differences taken together, however, show a much higher correlation
with the biogeographic patterns. This implies that other factors such as tiddl

amplitude might exert little effect on the composition of Sargassum species in the

NW Pacific.

Temperature has long been recognized as a major factor that affects the global

biogeography of benthic algae (Liining 1990, Adey & Steneck 2001). It likely plays a
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similar crucial role in structuring the biogeographic pattern of Sargassim shown in
this study. The separation of clade A associated with the winLSST in “LINKTREE"
analysis (Fig. 2.7, Tables 2.2 & 2.3) illustrates the importance of this factor on the
biogeography of Sargassum. The geographical boundary between clade A and clade
B (Fig. 2.5) also appears to coincide with the boundary between the two main
thermogeographic zones, the Indo-Pacific and Californian Zones suggested l;y Adey
and Steneck (2001) for the NW Pacific (Fig. 2.8), underlining the importance of
temperaturc in affecting Sargassum flora in this region. Though few examples were
available for the NW Pacific (e.g. Taki & Ogishima, 1997, Shen er af. 2004), the
biogeography of other marine organisms such as coral (Middlebrook e¢r g/ 2008),
zooplankton (Soulhwa.rd et al. 1995) and marine snails (Tomanck & Somero 1999)
have also been shown to be regulated by this ecologically important factor in other

parts of the world.

The mean lowest SST in the winter was suggested to have potentially a more
profound effect on Sargassum biogeography than the mean highest SST in the
summer and the mean monthly SST. This may be rekted to the life history of

Sargassum. Many species of Sargassum grow actively from late autumn (Murase ef

al. 2000, Ang 2006) to early summer (Koh & Shin 2004, Shimabukuro et af. 2007)
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and reproduce from spring (Ang 2006) to early and mid-summer (Murase er al. 2000,
Shimabukuro et al. 2007). Comparable to the 20 °C winter and 25 °C summer
isotherms proposed by Stephenson (1948) as the delimiting condition of tropical and
warm temperate biogeographic zones, the differentiating conditions of 17°C and

19°C detected in this study (Table 2.2) may rci)rcscm the optimal growing or lethal

temperatures of different Sargassum species.

Van den Hoek (i982) has suggested that the lowest winter temperature might
4 :

correspond to the northern lethal boundary of several Cladophora species. Although
Cladophora and Sargassum belong to different algal groups, the northern lethal
boundary concept may be equally applicable to members of the tropical subgenus
Sé!ga.s'sun:. None of them were found in the boreal region (Fig. 2.5) and many of
them have been showr‘a not to be able to survive under cold temperature (Hwang et al.
2004). In contrast, it has been asserted ;hal members of Bactrophycus are
eco-physiologically incapable.of i‘nvading the tropical area (Phillips 1995). This
assertion is only partially supporte.d by this present study, since the distributional
range of different species under the subgenus Bactrophycus varies widely in NW
Pacific covering 1 to 37 OGUs (Fig. 2.3). These species may vary in their adaptive

capability, e.g. being eurythermal to a wide range of temperature regimes in this
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region. Sargassum thunbergii, which is the most widely distributed species of
Bacrmphycl'us (Fig. 2.4), was found to grow optimally under a wide range of
temperature regimes between 15°C and 25°C (Haraguchi er al. 2005). Other species
investigated by Haraguchi er al. (2005), consisted of five Bactrophvcus and two
Sargassum species, showed a relatively narrower range of optimal growth between
15°C to 20°C and 20°C to 25°C respectively. Among the Sargassum species treated
with the lowest temperature (10 °C) in another study (Baba 2007), species of
‘Bactrophycus generally possessed higher relative growth rate (RGR) of 10%,
compared to the RGR of <5% for two species under the subgenus Sargassum. Other
studies testing the effect of culturing temperature on the growth of Sargassum

- L4

species (e.g. Ogawa 1994, Ogawa et al. 1995), however, were restricted to testing
only single rather than several species. Further studies are therefore needed to test the

hypothesis on the role of temperature in delimiting the distribution range of other

Sargassum species.

Latitude and salinity seem to be less significant in determining the
biogeography of Sargassum than the mean lowest SST in winter. These variables
appear only in the later part of the serial correlation in the “LINKTREE” analysis

(Fig. 2.7, Tables 2.2 & 2.3). The photoperiod, which varies with latitude and hence
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would be an immediate physiological factor reflected by latitude, has been shown to
be important in the reproduction of some macroalgae (Terry & Moss 1980,
Cunningham et al. 1993). Salinity has also been shown to affect algal biogeography
(Wilkinson et al. 1995). Since both factors (a mean annual salinity of within 33.6 and
34.5 ppt and a latitude higher than 32.3°N) were detected to be imposing an
environmental constraint on the formation of clade D, they should still be important
in setting the Sargassum biogeographic pattern. They may be playing a role at a finer
J

and/or localized scale, as they appear to do with other forms of marine life (énglc &

Summers 1999).

2.4.4 The interplay between environmental and historical factors

To properly account for the present distribution pattern of Sargassum species,
their evolutionary histories should also be taken into consideration. Phillips (1995)
suggested that the NW Pacific region was not .a “water accumulation area”, so that
the high diversiFy of Sargassum species here may be explained by a recent radiation,
rather than the accumulation of species transported by the oceanic current. The large
species number of the subgenus Bactrophycus (Fig. 2.5) may provide evidence to

suggest that the NW Pacific is the center of diversity for this subgenus and its recent

radiation in this region (Phillips 1995).
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Though several phylogenetic studies have been conducted at the subgenus level
of Sargassum (Oak et al. 2002, Stiger et al. 2003, Phillips ¢t al. 2005), none has yet
provided information about the radiation of Bactrophycus. The phylogenetic
relationship among the members of the subgenus Sargassum has not yet been fully
elucidated (Stiger et al. 2003), but the monophyletic status of either the subgenus
Sargassum or Bactrophycus has been recognized (Stiger er al. 2003, Phillips ¢t al.
2005). Another subgenus, Arthrophycus, which occurs only in Australia, is a sister
group of Bactrophycus. These two form clades that are parallel to the subgenus
Sargassum (Phillips et al. 2005). The divergent time between the subgencra
Bactrophycus and Sargassum was not considered in these phylogenetic works.
Phillips and Fredericq (2000) recognized a Gulf of Mexico/Caribbean cluster within
the sui)genus Sargassum, with species in the Pacific as the si'slcr group (Fig. 2.9).
This divergence, as suggested by these authors, could be timed by the closure of the
Isthmus of Panama (mid-Pliocene, ~3 Mya, Briggs 1995). Assuming a similar and
consistent evolutionary rate over time, the divergence of Bactrophycus and
Arthrophycus is probable to have taken place earlier than 3 Mya (mid-Pliocene),
since this splitlipg occurred earlier than the branch-off of the Gulf of
Mexico/Caribbean cluster (Phillips & Fredericq 2000). The radiation of

Bactrophycus may have begun after the separation from Arthrophycus, and probably
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Figure 2.9 The phylogeny of subgenera within the genus Sargassum. Numbers on

the node refer to the bootstrap value in 1000 replicates (Modified after Phillips &

Fredericq, 2000)
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occurred during the late Pliocene to Pleistocene. The cvolution of the subgenus
Sargassum might have occurred in the Miocene or even carlier, since this subgenus

split basally in the phylogenetic tree (Phillips & Fredericq 2000).

Given that the subgenera Bactrophveus, Arthrophyveus and Sargassum are
mainly distributed in the¢ NW Pacific, Australia and Pacific tropical region
respectively, the most parsimonious cxplanation for their present distribution is that a
commen ancestor of Arthrophycus and Bactrophycus, which may have sympatrically
diverged from the subgenus Sargassum, once occurred in the tropical western Pacific.
This common ancestor spread as far north as the NW Pacific and as far south as
Australia and its immediate vicinity. During the middle to late Miocene, a drop in the
seal level by ~170 m (Lincoln & Schlanger 1991) may have resulted in the
fragmentation of the distribution range of this common ancestor, leading to the
independent  evolution of Bactrophycus and  Arthrophyeus in their respective
hemispheres. As no species closely related with Bactrophyeus nor with Arthrophycus
was present in the tropical area, the common ancestor in this region might have
become extinct for some reason, leaving these disjunctly  distributed  but

phylogenetically more related subgenera in the northern and southern hemispheres.
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A further scenario, based on paleo-climatic and oceanographic evidence, might
be advanced. The most probable region in the NW Pacific from which Bactrophycus
radiated is the Sea of Japan and its immediate vicinity, as Liining (1990) has‘
speculated for algae in general. The Sea of Japan was isolated during the last glacial

.
period when the sea level dropped. As an arca heavily affected by the cold
paleo-Oyashio current (Oba & Murayama 2004), the Sea of Japan must have been a
stressful area for antecedent members of Bactrophycus. Only those that survived the
adverse environment of the Sea of Japan would have propagated through the last
glacial maxima. After the inter-glacial rise of sea level, these cold tolerant species of
Bactrophycus would have followed the Oyashio current southwards to invade the
Yellow Sea. A few of these spccit.:s might still have retained their ability to adapt to a
w‘armcr climate, and so were able to reach the wa:'mcr southern Chinese coast (e.g.
OGUs 44, 45 and 46). As a result, members of Bactrophycus exhibit a d} fferential
curythermal trait, allowing them to be more extensively distributed in the NW Pacific.
In contrast, menbers of the subgenus Sargassum did not exhibit this eurythermal
trait allowing them to invade the colder part of the NW Pacific, and their distribution
ranges have therefore been restricted to the warmer region of the NW Pacific and the

.
N
-

Tropics (Fig. 2.3).
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The present ecological environment, characterized above all by its different
temperature regimes, supports the postulated past distribution pattern. Both the
Oyashio and the Kuroshio Currents would have played im[')nrtum roles in
maintaining the thermal regimes in NW Pacific (Liining 1990). The geographical
region covered by clade A appears (o cnincidc‘with the region affected most by the
Kuroshio Current. The two high diversity regions in Japan-Korea and southern
China-Taiwan also indicate the respective center of diversity for the subgencra
Bactrophycus and Sargassum (Fig. 2.5), while the region covering the Yellow Sea
could be regarded as a transitional zone for the two subgencera in the NW Pacific.
This notion is consistent with the pmplosal of Adey and Steneck (2001) based on
their thermo-model on benthic macroalgae, that there are significant transitional
areas in the world, but is in conflict with the classic model of discrete zoographical
zones proposed by Briggs (1974). The center of diversity for the subgenus

Sargassum may extend further south from southern China and Taiwan to include the

tropical region around the South China Sea.
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Chapter Three:
Phylogeography of Sargassum hemiphyllum

3.1 Introduction

Sargassum hemiphyllum (Turner) C. Agardh is a common species found in the
marine floristic assemblages throughout the NW Pacific (e.g. Umezaki 1984b,
Yokoyama et al. 1999, Sato & Wada 2000, Ang 2006). This species is distributed in
Japan (Yoshida 1983), Korea (Kang 1966), the Chinese coast of the East and South
China Seas (Tseng & Lu 2000) and Vietnam (Ajisaka ¢f al. 1997). 1t is ecologically
important as it serves as one of the major components of coastal Sargassum bed
(Yokoyama et al. 1999) that supports a varicty of other marine species (Taylor 1998,

Ng 2009).

This species exhibits extensive inlra-:;pcciﬁc morphological variation, which
was sufficient for the recognition of two varieties S. hemiphyllum hemipiyiium and
S. h. chinense (Ajisaka et al. 1997). The leaves of var. hemiphyllum are smaller than
those of var. chinense (Cheang et al. 2008). These tu‘m varietics exhibit allopatric
distribution in which var. hemiphyllum is distributed in the Japanese and Korean

coasts, and var. chinense, the southern Chinese coast and Vietnam (Ajisaka et al.
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1997, Cheang et al. 2008). A more in-depth study of the morphological differences
between the two varieties found leaf size to follow a gradient that increascs from the

south to the north along the NW Pacific (Cheang 2003).

This gradual change of morphology along a latitudinal gradient, however, could
not be explained by the genetic population structure as distinet genetic difterentation
was detected between the two varieties (Cheang 2003, Cheang et af. 2008). Three
haplotypes were revealed based on the sequencing data of Rubisco spacer of the
plastmid genome. Two slightly different haplotypes belonging 1o the specimens of
var. hemiiphvlium, and onc distantly related haplotype from the specimens of var.

chinense were detected (Cheang et al. 2008).

The development of these (wo genetically distinet lincages (varicties) were
postulated to be related to the formation of glacial refugia associated with the
sea-level fluctuation during the Quaternary Period. One possible refugium is the East
China Sca basin, which remained an almost enclosed marine region during the
glacial period, surrounded by the continental Chinese coast and the Ryukyu Island
.chain (Ota 1998). Further south 1s the South China Sea basin, which was

disconnected from the East China Sca basin by the land bridge formed in the Taiwan
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Strait. The divergence of the two varieties was believed to be maintained by the huge
freshwalter discharge from the Yellow and Yangtze Rivers in China (Cheang e af.
2008), from where a genctic break of the S fiemiphvifum populations existed

between the regions from Zhejiang Provinee in China to Cheju 1sland in Korea.

While PCR-RFLP study of the amplicon of Rubisco spacer revealed only two
haplotypes out of the three reported (Cheang e af. 2008), more sequencing data on
other specimens were needed 1o confirm the result of PCR-RFLP study. The genetic
difference between the two varnieties need to be further ascertained by other genetic
markers, since the gene tree generated based on a single locus will not necessarily
reflect the actual species tree (Pamilo & Nei 1988). There are also inconsistencies
between the phylogenctic relationships revealed by nuclear and cytoplasmic markers
in some plant species (reviewed by Riescberg & Soltis 1991), which may be caused
by reasons like “chloroplast capture” (Soltis & Kuzoff 1995) or differental rate of
incomplete lincage sorting between the genes in different genomes {Comes & Abbolt
2001). The application of more markers in other genome(s) (e.g. nuclear DNA),
which may experience different sclective forees, would provide more information on
the genetic difference revealed. This may provide deeper insights in understanding

the evolutionary history of this species.
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Pl

Recently, the application of the mitochondrial markers reveals the population
genetic differentiation at a higher level of resolution compared to the use of plastid
and nuclear markers (Engel ef al. 2008). The mitochondrial intergenic 7rnW _I spacer
has proven to be one of the effective markers in' revealing the genetic population
structure of the brown alga Undaria pinnatifida (Harvey) Suringar (Voisin ¢t al.
2005). This marker may be suitable for the phylogeographical study of S
hemiphyllum to provide a higher resolution, compared to the plastid marker Rubisco
spacer (Cheang et al. 2008), to reveal any population infrastructure within the two
varieties. On the other hand, more conserved markers such as nuclear marker [TS2
(Stiger et al. 2000) could assist in clarifying the taxonomic status of the two varieties
and provide insight on whether these two varieties are in fact two phylogenetic

species.

This study, thus, aimed at 1) vcrifying the taxonomic status of the two varieties
of Sargassum hemiphyllum based on the sequence divergence of nuclear marker 1TS2;
2) ascertaining sequence divergence between the two varieties with a larger sampling
size (cf. Cheang 2003) based on the sequence data of RbhcL-S spacer gene in
chloroplast DNA, and 3) determining any finer gci.wlic population structure within

each variety based on mitochondrial marker, 7'nW [ spacer. The elucidation of the
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finer genetic population structure of S. hemiphyllum could provide more insights on
the evolutionary history of this species, which in turn could also provide further

understanding about the evolution of the marine flora in NW Pacific.

3.2 Materials and Methods
3.2.1 Sampling, preservation and DNA-extraction of S.
hemiphyllum

In order to obtain a more comprehensive sampling of Sargassum hemiphyllum
in NW Pacific, specimens from additional localities were collected either by
snorkeling or sampling during low tide, on top of the specimens already collected
and reported in Cheang et al. 2008 (Fig. 3.1, Table 3.1). The specimens were
collected 1 — 2 m apart to avoid collecting individuals from the same mother plant, as
Sargassum germlings are known to have a short dispersal distance (Kendrick &
Walker 1995). About 1 g of samples from the new branches without epiphytes were
cleaned with brushes and subsequently preserved in 95% ethanol or silica gel until
DNA extraction (Cheang 2003). Two to three vouchers haphazardly selected from
each population were air dried and deposited in the Simon F. S. Li Marine Science
Laboratory Herbarium, the Chinese University of Hong Kong. Genomic DNA of

these specimens was extracted by modified cetyltrimethylammonium bromide
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Table 3.1 Collection details of S. hemiphyllum populations examined in this study.
Acronyms for the collection sites are also given. Refer to Fig. 3.1 for location of
these collection sites.

Date of

) Collectors
collection

Localities Acronym

1. Seto Marine Biological Laboratory

of Kyoto University, Wakayama JpWY 22 Mar 01 M. Sato
Prefecture, Japan (135°20°E, 33°41°N)

2. Shishikui, Tokushima Prefecture, C.C. Cheang &
Japan (134°18’E, 33°33’N) TS TAprO7  p . Ang
3. Sukumo, Kochi Prefecture, Japan - C.C. Cheang &
(132°42°E, 32°54°N) IpSM 6 Apr07 P. 0. Ang
4. Kawatana, Nagasaki Prefecture,
Japan ( ] 290527[5’ 33003-N) JpNS 19 Ap!’ 0.? N. Murase
5. Sungsan, Cheju Island, Korea . . ,
(126056‘! E., 33027"1\]) KrClJ 14 Feb 01 J. H. Kim
6. Hoatian, Pin Tan, Fujian Province, ’
7. Kwangyinting, Penghu, Taiwan 4 C.C. Cheang &
(l 19°33E, 23034,1\]) TWPH 24 Mar 02 P.O. Ang
8. Sai Kung, Hong Kong, China 5
(l 14016’E, 22022 ’N) HKSK 26 Feb 02 F. F. YCUI]g
9. Naozhoudao, Zhanjiang, Guangdong C.C. Cheang &

Province, China (110°37°E, 20°55'N) -CNZI 14 May 0l p o Apg
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Figure 3.1 Dis{ributr(;n of S. hemiphyllum in northwestern Pacific. Dotted and
dashed lines refer to the “Paleo-coast” during the early and late Pleistocene
respectively (Ota 1998), while open circle indicates the location of the mouth of the
“Paleo-Yellow River” (Xu & Oda 1999). Sampling sites are indicated in numbers.

Refer to Table 3.1 for details of the sampling information.

68



CHAPTER 3: Phyvlopeography of 8. hemiiphyvitum

(CTAB) method (Protocol two of Ho et al. 19‘)_%). Briefly, | g of tissue from the tip
of new branches was detached and washed by brushes to avoid impurities as much as
possible. The tissues were ground to fine powder in liquid nitrogen by a steritized
pestle and mortar and then transferred to 700 uL. CTAB extraction buffer (1% CTAR;
10 mM cthylenediaminetetraacetic acid [EDTA]; 50 mM tristhydroxymethyl)
aminomethane [Tris] [pH 8.0}; 0.7 M sodium chloride; 2% mercaptocthanol; 1%
polyvinylpolypyrrolidone [PVPP]}. Afier two 700 pl. chloroform:isoamyl alcohol
(24:‘) remixing to get rid of the organic impurities, extracts were purified twice by
70% cthanol precipitation methods and then dissolved in 200 mL Mili-Q water. The
extracted genomic DNA was further purified by GENECLEAN 11 Kit (BIO 101 Inc.,

CA, USA), following the manufacturer’s instructions ( Yoshida ¢t al. 2000).

3.2.2 Polymerase chain reaction (PCR) and direct sequencing

The spaceribetween Rubisco large and small subunits in plastid DNA, spacer
between TmW and Tral in mitochondrial DNA and ITS2 region in the nuclear
genome of all DNA samples were amplified through PCR (profile: imtial 3 min at
96°C, 32 cycles of 40 s at 96°t‘, 30 s at 55°C 50 s at 72°C, final 3 min at 72°C) using
the thermocycler, Mastercycler Gradient {Eppendorf®, Hamburg, Germany). The

primers used are listed in Table 3.2, while the amplifications consisted of 0.25 uM of
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Table 3.2 The primers and the PCR profile used for the three genetic markers:
nuclear ITS2, plastid Rubisco spacer and mitochondrial TrnW _1 spacer.

Forward/
Markers Sequences
Backward
—_— F ITS2FC2*: 5’ -TTGTCGGGGAGGAGGAGG-3°
R 25BR2-Reverse': 5°-TCCTCCGCTTAGTATATGCTTA-3"
Rubisco F MIF% 5-GACCTTTAAAAGCAGCTTTAGAT-3’
spacer R MIR?: 5’-CCCCATAGTTCCCTAATACGCATT-3’
TraW 1 F TmW-1-F*: 5-GGGGTTCAAATCCCTCTCTT-3"

spacer R

TmW-I-R*: 5’-CCTACATTGTTAGCTTCATGAGAA-3’

* modified from the sequence (GenBank Accession number: AY 150006) of
Sargassum hemiphylium (Oak et al. 2002)

"based on Yoshida et al. (2000).

* based on Cheang (2003).

*based on Voisin ez al. (2005).

70



CHAPTIER 3: Phylogeography of S, hemiphylfum

each of the primers, 1 x supplied PCR buffer, 1.5 mM of MgCl,. 0.2 mM of cach of
dNTP, 0.025 units/pl of Tay polymerase (GE Healtheare Life Sciences, Chalfont St
Giles, United Kingdom) and 1 ul of DNA template. All concentrations were given as
final concentrations in 25 pl amplifications. Successful PCR was checked by running
the amplicon in 1.5% agarosc gel clectrophoresis and visualized by staining with
ethidium bromide under X-ray cexposure. The QlAquick PCR  purification kit
(QIAGEN, Hilden, Germany) was used to purify the PCR products oblained. In cases
where sub-bands occurred in the gel, the QlAguick gel extraction kit (QIAGEN,
Hilden, Germany) was used instead to re-dissolve the PCR product from the target
band so that the product could be isolated from the undesirable sub-bands. The
amount of reagents and the PCR product added were based stricdy on the
instructions of the Kits. Purificd PCR products were subjected to commercial
sequencing (Macrogen Inc., Scoul, South Korea) in which BigDyeTM terminator
cycling conditions were employed through automated scquencer ABI3730XL
(Applied Biosystems, Foster City, CA, U.S.A}. Twenty haphazardly sclected
specimens were sequenced twice in order to verify the results. Sequences obtained,
together with those sequences of S, hemiphyllum available from GenBank, were
visually edited and aligned using the sofiware MEGA ver. 4 (Tamura ¢f af. 2007).

New sequences obtained, if any, were deposited to GenBank.
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The heteroplasmy of the mitochondrial markers in Fucus serratus Linnacus was
documented (Coyer ¢ al. 2004). The problem of heteroplasmy could hinder the
applicability of the mitochondrial marker in phylogenetic reconstruction or in the
inference of demographic history (Posada & Crandall 2002). This problem was not
significant in the present study, since all the sequences demonstrate a clear single

peak in their chromatograms (data not shown).

3.2.2 Cloning of PCR product

Besides possessing the two allelic copies in the heterozygous individual as a
nuclear marker, ITS2 is also known for its intragenomic vaniation due to the
hundreds or even thousands of ribosomal operons that are tandemly distributed
throughout the genome (Dover 1982). This leads to the problem of multiple copies
during single PCR amplification of ITS2 region (c.g. Harns & Crandall 2000). In
cases of the failure of direct sequencing due to multiple copics, amplicons of [TS2 of
each individual were cloned by the TA-cloning system (Takara Biotechnology Co.,
Ltd., Dalian, China) following the manufacturer’s instruction. In short, amplicons
were ligated to plasmid vector p’UCIS under 16°C' overnight, and the mixture was
then transformed into XL10-Gold® Ultracompetent cell (Stratagene, La Jolla, USA).

The transformed cells were allowed to be heat-shocked and inoculated in ampicillin
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agar plate for l&) hour so that the cell with both the inserted PCR amplicon and the
ampicillin resistant gene could survive and form colony under the selective agent.
Five to eight clones were picked for each PCR rcaction (individual). The same
procedure for PCR reaction and direct sequencing were performed except that two
universal primer M-13 and RV (Takara Biotechnology Co., Ltd., Dalian, China) were

used in PCR.

3.2.3 Statistical treatments

Basic parameters of population such as sequence divergence, nucleotide
diversity and haplotype diversity as well as the pairwise &, difference among
populations were calculated. Analysis of molecular variance (AMOVA) was carried
out to demonstrate the partition of genetic variance among populations and between
varieties, and to test if the partition is statistically significant. All these calculations

were done using the software Arlequin ver. 3.1 (Excofficr ¢f al 2005).

Neighbor joining (NJ), maximum parsimony (MP) and maximum likelihood
(ML) trees were generated by PAUP 4.0 Beta (Swofford 2000), and the Bayesian
inference (BI) the program MrBayes v.3.12 (Ronquist & Huelsenbeck 2003), in order

to analyze the phylogenetic relationships among populations. Akaike information
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criterion implemented in Modeltest ver. 3.7 (Posada & Crandall 1998) was applied, «
priori, 10 estimate the appropriate substitution model to be used in the NJ, M. and BI
methods. TVM + 1, GTR and HKY modcls were found 1o be the optimal model for
ITS2, the Rubisco spacer and TrnW | spacer respectively. For NJ, MP and ML
methods, significance of the branching was assessed by 1000 bootstrapping
replicates, in cach of which 100 random taxa were added and the tree was
heuristically  searched by tree bisection-reconnection branch  swapping  method
(Felsenstein 1985). For Bl, two independent Markov-chain-Monte-Carlo scarches
with random starting points were conducted for cach data set until the divergence
between two runs became small and stationary. Trees were sampled every 100 cyeles
in at feast 1,500,000 generations with the burn-in value set to the later third-tfourth of
the sampling trees in which consensus was reached for the two parallel runs.
Posteriori possibility was then calculated from the sampled trees to illustrate the
statistical confidence for (he Bl tree. Sargassum thunbergii (Merlens ¢x Roth)
Kuntze and S. muticum (Yendo) Fensholt were designated as outgroups, since they
were all phylogenctically closely related (Stiger ¢f af. 2003, Phillips e af. 2005). All
the sequences of S. hemiphyllum available from GenBank were included in the trees

as well.
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Based on the Rubisco spacer sequence, the divergence time of the major
diversifications was estimated based on simple p-distance using the method of
molecular clock (Sarich & Wilson 1973). A Chi-square test to test the difference
between  the  log-likelihood  values  of  the  molecular-clock  constramed  and
unconstrained trees  (with outgroup sequences) (Andrcakis er aof. 2007) was
performed and no  significant  ditference was  found  (-InLeanargmed: 47019,
-InLyneonstramed: 47373, df: 138, p > 0.08), suggesting that the constancy of the
evolutionary rate throughout the tree could be assumed (Andreakis ef af. 2007). The
molecular clock based on Rubisco spacer was calibrated by the time of the closure of
the Isthmus of Panuma (mid-Pliocene, ~3 Mya; Briggs 1995). The Gulf of
Mexico/Caribbean cluster of  Sargassum spp. was characterized by a distinet
difference of 10 base pairs from other Sargassum species in the Pacifie, while the
difference of six more steps was present for the most distantly related species inside
the cluster (Phillips & Fredericqg 2000). As the spacer region possessed 159 bp
(Phillips & Fredericq 2000), the average substitution rate for the Rubisco spacer
region was estimated 1o be 2.10% - 3.35% per Mya. This range of evolutionary rate
was used to estimate the time of the major diversifications occurred in the tree of

Rubisco spacer generated for S. hemiphvlium.
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The number of haplotypes for the three markers (genotype for nuclear marker)
was recorded for each sampling locality. Computer software TCS ver.1.13 (Clement
et al. 2000) was utilized to generate the TCS haplotype network that demonstrates the
relationship among haplotypes. Only the sequencing data from the TA cloning were

subjected to the construction of TCS haplotype network.

3.3 Results

Based on ITS2, Rubisco spacer and TrnW _[ spacer, 62, 142 and 93 sequences
were obtained respectively with two, three and four haplotypes identified possessing
five, six and 12 polymorphic sites (mostly transversion) (Table 3.3, Fig. 3.2). The
variability of ITS2 was the least (sequence divergence = 0.0052) while that of
TmW _I spacer the highest (sequence divergence = 0.054) (Table 3.3). The haplotype

(h) and nucleotide (n) diversities were the highest in TraW_1 spacer (h = 0.75, &

0.026), followed by Rubisco spacer (h = 0.65, n = (0.0099) and ITS2 (h =042, n

1

0.0037). The number of sequences obtained for cach population and its respective h
and m are shown in Table 3.3. In general, the genetic variations (ITS2: h = 0.00, n
0.00; Rubisco spacer: h = 0.47, n = 0.0016; TrmW _I spacer: h= 0.75, n = 0.026)
within the northern populations, consisting of Japan and Korean specimens, were

relatively higher than those (ITS2 & Rubisco spacer: h = 0.00, = = 0.00; TrmW _|
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Table 3.3 Genetic variability of 8. hemiphyiium based on the markers, ITS2, Rubisco spacer

and TrnW_I spacer. Refer to Table 3.1 for the acronyms used to represent the collection sites.

ITS2 Rubisco spacer TrmW | spacer
e
Overall n{m,) 62 (2) 142 (3) 93 (4)
Northern Pop. 18 (1) 85 (2) 54 (4)
IpWY 3(1) 201 13 (4)
JpTS 1(1) 8 N.A.
JpSM 10(1) 19 (1) 13(1)
JpNS I 14 (2) 12(1)
i KrCJ 1(1) 24 (1) 12 (1)
Southern Pop. 44 (1 57(1) 39(2)
CNFJ I15(1) 18 (1) 17 (2)
TWPH 11 (1) 14 (1) 7(
HKSK 14 (1) 14 (1) 8(1)
CNZ) 4(1) 11 (1) 7(2)
IDS/ T/ Ty(s) 2/0/73(5) 0/0/6(6) 0/2/710(12)
SeqDi 5/573 = 0.0052 6/297 = 0.020 2/221 =0.054
h+SD Overall 0.42 + 0.048 0.65+0.015 0.75+£0.013
n+SD ‘ 0.0037 £ 0.0023 0.0099 £ 0.0058 0.026 £ 0.014

Northern Pop.

0.00 + 0.00
0.00 £ 0.00

0.47 + 0.032
0.0016 + 0.0015

0.62 £ 0.046
0.015 £ 0.0086

JpWY 0.00 £ 0.00 0.00 £ 0.00 0.74 £ 0.091
0.00 £ 0.00 0.00 = 0.00 0.027 £ 0.0106
IpTS 1.00 £ 0.00 0.00 £ 0.00 N.A.
- 0.00£ 0.00 0.00 £ 0.00
JpSM 0.00 + 0.00 .0.()() + 0.00 0.00 £ 0.00
0.00 + 0.00 0.00 £ 0.00 0.00 £ 0.00
JpNS. 0.00 + 0.00 0.51+0.10 0.00 = 0.00
0.00 + 0.00 0.0017 £ 0.0018 0.00 £ 0.00
KrCJ 1.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00

Southern Pop.

0.00 £ 0.00
0.00 £ 0.00
0.00 + 0.00

0.00 £ 0.00
0.00 £ 0.00
0.00 £ 0.00

0.00 £ 0.00
0.50 £ 0.027
(.0023 + 0.0022

- CNFJ  0.00%0.00 0.00 £ 0.00 0.44 + 0.10
0.00 £ 0.00 0.00 + 0.00 0.0020 % 0.0021

TWPH  0.00 % 0.00 0.00 £ 0.00 0.00 + 0,00

0.00 % 0.00 0.00  0.00 0.00 £ 0.00

T
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HKSK 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
0.00 £ 0.00 0.00 = 0.00 0.00 £ 0.00
CNZJ] 0.00 + 6.00 0.00 + 0.00 048 £0.17
0.00 £ 0.00 0.00 £ 0.00 0.0022 + 0.0024
e

n: number of sequences obtained in this study; ny,: number of haplotypes revealed: SD: Standard
deviation; 1DS: Indel site: Ty: Site of transition: Ty: Site of transversion: s: Polymorphic site: SeqDi:

Sequence divergence; h: haplotype diversity: n: nucleotide diversity.
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Figure 3.2 Neighbor-joining (NJ} tree illustrating the relationship among different populations ol S.
hemiphylfum based on (A) I'TS2, (B) Rubisco spacer, and (C) TrnW | spacer. The same topology of
the trees was obtained for the maximum parsimony (MP), Bayesian inference (Bl) and maximum
likelihood (ML) approaches. Bootstrap values (1000 replicates for NJ, MP and 100 for ML.) for NJ
(regular), MP (italic) and ML (bold) methods and the postcriori probabilities (bold and italic) of Bl
method are indicated at the nodes. Available sequences from GenBank are included in the trees for
ITS2 (S. muticum: ABM3IT72: S. thunbergii: AB043573; S. hemiphyilum: AB043576-7, AB043779,
AY 150006), Rubisco spacer (S. muticum: AF244330; S. thunbergii: AF244332; S. hemiphyllum:
EF057393-4, EF079079) and TmW | spacer (S. muticum: FIT12727. S. thunbergii: F1712742).

Square and circle symbols refer to the populations of varictics chinense and hemiphyllum respectively.
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spacer: h=0.50, = = 0.0023) within the southern Chinese pc_.)pulaliuns. The population
of Wakayama, Japan (JpWY) demonstrated the most number of haplotypes (4) and
the highest genctic diversity (h= 0.74, & = 0.027) among all the populations based on
the marker TraW 1 spacer, while many populations (e.g. JpSM & TWPH) exhibited

one haplotype and no genetic diversity based on all the three markers.

[n concordance with the number of haplotypes/genotypes, there were two, three
and four lincages in the phylogenetic trees corresponding respectively to the
haplotypes/genotypes of [TS2, Rubisco and TrnW 1 spacers (Fig. 3.2). Scquences of
S. hemiphylium were clustered into a single clade with a high confidence in all the
three trecs, while a clear reciprocal monophyletic relationship is cvildcnt between the

two varieties based on ITS2 and Rubisco spacer.

The ITS2 sequences from individuals of the Korean and Japanese populations
that were regarded as. variety hemiphylium were grouped into a subclade inside the
larger clade of S. hemiphyllum consisting of the Chinese populations belonging to
variety chinense (Fig. 3.2). The two ITS2 genotypes (lineages) that differed by five
base pairs could be recognized (Fig. 3.3). Genotype 1-A (GenBank accession:

FJ712722), to which no identical 1TS2 sequence could be found in GenBank, was
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Figure 3.3 The TCS haplotype networks based on markers A) ITS2, B) Rubisco
spacer and C) Trnl_W spacer. Sampling localities of the haplotype/genotype are
indicated by the portions of the doughnut chart, while the name of the
haplotypes/genotypes and the number of sequences are shown inside the chart. Each
node represents a missing haplotype possessing one nucleotide change. Sequences of
S. thunbergii (AB043573, AF244332) and S. muticum (AB043772, AF244330) are
not shown, as they are not linked to the network. GenBank ITS2 sequences of S.
hemiphyllum from JpNS (AB043577), JpWY(AB043779) and KrCJ (AY 150006) are
identical to genotype I-B, while Rubisco spacer sequences of S. hemiphyllum
EF057393 from China, EF057394 from KrCJ and EF079079 from JpWY are the

same as haplotypes R-A, R-B and R-C respectively. Refer to Table 3.1 for the
acronyms used for the sampling localities.
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found in the specimens from all the southern Chinese populations (CNFJ, TWPH,
HKCK & CNZJ) (Fig. 3.4) representing variety chinense (Genotype I-A). Genotype
I-B, in contrast, was identical to all the available sequences in GenBank, and was
identified as belonging to variety hemiphyllung (Fig. 3.3). All these specimens came
from the populations of the Korean and Japanese coasts (JpWY, JpTS, JpSM, JpNS
& KrCJ) (Fig. 3.4). Although the sequence of S. hemiphyllum in Chiba of Japan
(AB043576) (Stuiger et al. 2003) was closely related to both genotypes I-A and I-B
(léig. 3.2) and differed from them in 6 and 9 steps respectively (Fig. 3.3), this
sequence appeared problematic as it contained seven ambiguous base pairs out of the
total of 573 bp as well as four polymorphic sites completely different from the

sequences of all S. thunbergii, S. muticum and S. hemiphylium.

For Rubisco spacer, the two varieties could be distinguished easily as each of
them formed a single cluster with high statistical support (Fig. 3.2).. As the sequence
di‘vergence was estimated to be 1.89% (3/159 bp) between the two varieties based on
this marker, the divergent time of these varieties was estimated to be 0.56 Mya - 0.90
Mya. A subclade, consisting of almost all the Japanese populations, was found within
the cluster of variety hemiphyllum in the tree and existed as a sister group with the

. specimens from Korean and some sequences of JpNS (Fig. 3.2). This subclade was
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Figure 3.4 The distribution of the haplotypes/genotypes identified based on A) ITS2,
B) Rubisco spacer and C) TmW I spacer. Refer to Table 3.3 for the number of
haplotypes obtained in each population, and refer to Fig. 3.3 for the relationship
among the haplotypes/genotypes.
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estimated to have formed around 0.19 Mya — 0.30 Mya, given that the divergence of

the Japanese populations within the subclade and the Korean populations outside the

subclade was 0.63% (1/159 bp).

The three lincages corresponding to the three haplotypes revealed were
consistent with those three (GenBank accession: EF057393, EF057384 and
EF079079) obtained earlier by Cheang et al. (2008). The haplotype R-A, possessed
by all the Chinese populations of this study (Fig. 3.4), was identical to EF057393,
which was also collected from China (Cheang ef al. 2008). The haplotype R-B that is
the same as EF057384 based on a sample from Cheju, Korea, differed from
haplotype R-A by five base pairs (Fig. 3.3). This haplotype was found mainly in
Chéju Island of Korea, but also in Nagasaki of Japan (JpNS) (Figs. 3.2 & 3.3). The
haplotype R-C, which ;vas represented by the sequence EF079079 from Wakayama,
differed from haplotypes R-B and R-A by one and six steps respectively (Fig. 3.3).

This haplotype occurred entirely in the Japanese populations and was the major

haplotype in Japan (Fig. 3.4).

Four lineages revealed could be identified in the TrmW_1 spacer tree (Fig. 3.2).

They were grouped into two main clades, in which haplotypes T-A (FJ712723) and
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T-B (FJ712724), consisting mainly of the Chinese populations, formed one clade
while haplotypes T-C (FJ712726) and T-D (FJ712725), comprising the Korean and
Japanese populations, formed the other clade. These two main clades possessed such
a high sequence divergence (12 bp) that they could not be connected in the TCS
network (Fig. 3.3). One base pair difference each was observed between the T-A/T-B
and T-C/T-D pairs (Fig. 3.3). Haplotypes T-A and T-B were found mainly in the
Chinese coast and they were distributed in areas of HKSK (100%), CNZ} and CNFJ,
and areas of TWPH (100%), CNZJ) and CNFJ, respectively. Both haplotypes also
appeared in the JpWY population in Japan (Fig. 3.4). In contrast, haplotypes T-C and
T-D cquld only be found in Japan and Korea. Haplotype T-C was associated with
KrCJ (100%). JpNS (100%) and JpWY populations, whereas Haplotype T-D was

found in JpSM (100%) and JpWY only.

Regarding the population structure, the result of AMOVA suggested that a
majority of genetic variation was attributed to between-varieties variance, indicating
that the two varicties were indeed genetically distinct (Table 3.4). Both the “within
variety, among populations” and the within population variations are much smaller,
though statistically significant, and increased with the variability of the markers

(Table 3.4). The result of Fst pairwise differences among populations agreed well
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Table 3.4 Results of AMOVA based on the three markers

Marker Source of Variance  df % of d P
variation
ITS2 Between varieties 1 100.00 63.871 0.0068"
Within variety, 7 0.00 0.000 1.000°
among populations
Within population 53 0.00 0.000 <0.001°
Rbc spacer Between varieties i 94.05 178.199  0.0098"
Within variety, 7 5.24 15.403 <0.001"
among populations
Within population 126 0.71 2.545 <0.001°
TmW Ispacer Between varieties 1 74.18 167.368 0.027°
Within variety, 6 15.35 51478  <0.001°
among populations
Within population 81 10.47  41.191  <0.00 _1_‘:_

“ Random value larger than or equal to the observed value.

® Random value smaller than or equal to the observed value.
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with that of AMOVA in exhibiting the differentiation of populations between
varieties. Two distinct groups (the Japancse-Korea populations and Chinese
populations) corresponding to the two varictics could be observed based on 1TS2
data, and yet the Korean population could further be distinguished (Fs3= 0.955 -
1.000, p< 0.001) from the Japanese (except JpNS with a slight affinity to KrCl, Fg(=
0.719, p< 0.001) and Chinese populations based on Rubisco spacer data {Table 3.5).
The pattern of the genetic difference among populations based on TmW [ spacer
data scems to be a bit different from those based on I'TS2 and Rubisco spacer. Almost
all the populations, except JpNS-KrCJ, HKSK-IpWY, CNFJ-HKSK, CNFJ-CNZJ
and TWPH-CNZJ pairings, were significantly different. The southern populations
remained relatively homogenous compared to the northern populations in Japan and
Korea, though there were significant pair-wise differences among the Chinese
populations, such as HK-TW pair (Fgt= 1.000, p< 0.001) and HKSK-CNZ} pair
(Fst=0.686, p <0.05). The northem populations in Japan and Korea were much m.orc
fragmented; for example, the JpSM was completely different from JpNS as well as
KrCJ (Fsr= 1.000, p< 0.001). Population JpWY was less similar to the other
Japanese populations (Fsr= 0.544 - 0.592, p< 0.001) but more similar to the
poputations in China (Fsr= 0.245 0.335, p< 0.05 or even N.S.) in TrnW_|[ spacer as

compared to the other two markers (Table 3.5).
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Table 3.5 Fgr pairwise differences among populations based on A) 1TS2; B) Rubisco

spacer, and C) TrmW _I spacer. P value was generated by 1023 times of permutation

(* P<0.05, ** P<0.001). For acronyms used to represent the populations, refer to

Table 3.1.
A. IpWY JpTS JpSM "‘.JpNS KrCJ CNFJ TW HK
IpTS  0.000
JpSM 0.000 0.000
JpNS 0.000 0.000 0.000
KrClJ 0.000 0.000 0.000 0.000
CNFJ 1.000* 1.000*  1.000** 1.000* 1.000
™ 1.000* 1.000 1.000** 1.000* 1.000 0.000
HK 1.000** 1.000  1.000** 1.000* 1.000 0.000 0.000
CNZ) 1.000% 1.000‘ 1.000** 1.000* 1.000 0.000 0.000 0.000
B. IpWY JpTS JpSM JpNS KrClJ CNFJ TW HK
JpTS  0.000
JpSM 0.000 0.000
JpNS 0.364* 0.250 0.396*
KrCJ 1.000**  1.000** 1.000** 0.719**
CNFJ  1.000*%* 1.000** 1.000** 0.966** 1.000**
™ 1.000**  1.000**  1.000** 0.961** 1.000** 0.000
HK 1.000**  1.000**  1.000** 0.961** 1.000* 0.000 0.000 ,
CNZ] 1.000** 1.000** 1.000** 0.955** 1.000** 0.000 0.000 0.000
C. JpWY JpSM JpNS KrCJ CNFJ ™ HK
JpSM  0.592**
JpNS 0.544**  1.000**
KrCJ]  0.544*%* 1.000** 0.000
CNFJ 0.335*% 0.979%* 0976 0.976**
T™W 0.321* 1.000**  1.000** 1.000**  0.592*
HK 0.245 1.000**  1.000** 1.000** 0.160 LO0O**
CNZJ) 0.260*%  0.990** 0.985** (0.985** 0.225 " 0.167 0.686*

‘el
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Direct sequencing data for the population of KrCJ and some of the individuals
in JpNS was unsuccessful. Amﬁlicons of 14 KrCJ specimens and five specimens of
JpNS were successfully subjected to TA cloning (Table 3.6). The number of alleles
revealed per specimen was in most cases larger than two (Table 3.6), indicating that
there were intragenomic variations (i.¢. variable repetitive region) in _thc ITS2 region
of S. hemiphyllum rather than simply the heterozygous state of specimens. A total of
39 different alleles (GenBank accession: FJ712744 - FI712782) were revealed (Fig.
3.5). Although there was a large number of allele per individual, a clear star-shape
TCS haplotype with the sequences of variety hemiphylfum as the most abundant
haplotypes was revealed (Fig. 3.5). This suggests that a majority of the 1TS2 copics
in KrCJ and JpNS were the sequence of variety hemiphyllum, albeit with many
variants in one to threc mutation event{s). A deletion of seven base pairs was
recorded in one of the clones of KrCJ2 specimens, ant this haplotype could not be
linked to the main TCS network (Fig. 3.5). it is worthwhile to note that there were at
least two most parsimonious pathways {five steps), which were able to connect the
haplotypes between the two varicties of S. hemiphyllum (Fig. 3.5). Some haplotypes
~ such as two of the clones of JpNS8, though were not identical, were closely related to
the sequences of the variely chinense (TWPH20, GenBank accession: FJ712722, in

Fig. 3.5).
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Table 3.6 List of specimens subjected to cloning with the total number of the clones
and the haplotypes revealed. Refer to Table 3.1 for the acronyms used for the
collection sites.

Specimen NClonc n, _
) KrCJ2 3 3
KrCJ3 3 2
KrCJ9 9 7
KrCJ10 4 2
KrCJ14 6 2
KrCJ15 3 !
KrCJ16 3 2
KrCJI17 1 1
KrCJ18 . 13 6
KrCJ19 4 3
KrCJ20 5 3
KrCJ21 6 4
KrCJ22 6 3
KrCJ23 3 2
JpNS3 1 1
JpNS4 2 2
JpNS6 5 3
JpNS7 5 4
JpNS8 3 3
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Figure 3.5 The TCS networks of clones of ITS2 amplicons amplified from KrCJ and
JpNS populations. Sequences of varieties hemiphyllum and chinense (FJ712722),
labeled with asterisks, and three GenBank available sequences AB043576,
AB043577 and AY 150006 are included as references. The thick lines represent the
two most parsimonious pathways connecting the sequences of the two varieties. One
of the clones of KrCJ2 is not connected to the main framework, because of a
seven-step deletion event. Refer to Table 3.1 for the acronyms used for the sampling
localities. (GenBank accessions of clones C1 - C39: FJ712744 - FJ712782)
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3.4 Discussion
3.4.1 Variability of the three genetic markers

Engel et al. (2008) compared eight markers in the mitochondria genome,
together with the Rubisco spacer in the plaslid'gcnomc, for their performance in
analyzing the phyloggcny and phylogeographical pattern of nine laminarian and three
fucoid species. The latter included no Sargassum species. Some markers were found
to be suitable for within-family phylogenetic studies, while others were good at
investigating intra-specific phylogeography. The TmW I spacer was shown to be one
of the suitable markers to investigate the variation at the intraspecific level (Engel et
al. 2008). Andreakis et al. (2007) also found that the mitochondrial cox2-3 spacer
changed four and 14 times faster than the plastid Rubisco spacer and the nuclear
LSU region, respectively, in the red algae Asparagopsis spp. The result of the present
study agrees well with these findings and clearly shows that TmW _I spacer exhibited
the highest variability among the three markers considered (Table 3.3). Comparable
to the result of Andreakis et al. (2007), the sequence divergence of TmW I spacer
was 10 times higher than that of the nuclear ITS2 region, and 2.5 times higher than.

that of plastid Rubisco spacer.
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The number of haplotypes revealed in the present study, however, was relatively
fewer than those revealed in previous studies on other marine macroalgae. For
example, there were four, 25 and 26 haplotypes in A.vpc'zragnp.s-i.s- taxiformis (Delile)
Trevisan de Saint-Léon for the markers Rubisco spacer, LSU regior; and Cox2-3
spacér respectively, while there were one, 10 and 12 haplotypes for the same three
markers respectively in Asparagopsis armata Harvey (Andreakis er al. 2007). The
low number of haplotypes in S. hemiphyllum, as compared with that in the other
algae, may be attributed to the difference in evolutionary rates in different taxonomic
groups as well as among different genetic markers considered. Nevertheless, the
detection of more haplotypes (four) in TrmnW _1 spacer compared to two in ITS2 and
1hrcc.: in Rubisco spacer in this study indicates that the TmW [ spacer is indeed able
to reveal a ﬁncr-;cale phylogeographic pattern in S. hemiphyllum to demonstrate a

.
more recent evolutionary history of the species. The present study, thus, affirms the

applicability of using mitochondrial TrnW ] spacer in studying the phylogeography

- -

of Sargassum species.

3.4.2 Genetic population structure

Whether the populations of a species were genetically structured or

homogenous depends on the gene flow among populations, genetic drift and natural
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selection (Freeland 2005). For the connected populations with' sufficient gene flow,
the genetic diversity is usually high while the population diffcn::ntialion is low
(Freeland 2005). In contrast, isolated populations with no gene flow possess low
diversity and high population differentiation. The plopulati()n of S. hemiphyllum
appears to belong to the latter case as there is low genetic diversikx\(Fig. 3.3) and

significant population structure (Fig. 3.5), where a majority of the genetic variance

was found at the level of varieties for all the three markérs (Fig. 3.4).

Germlings of Sargassum spp. have very restricted dispersal ability. Over 98% of
the germlings of S. spinuligerum Sonder occurred within the range of | m beside the
parent plants (Kendrick & Walker 1995), while the vast majority of the offspring of S.
muticum were found within two to three meters of the parent plants (Deysher &
Norton 1982). However, dispt‘:rsal of Sa;ga.s‘.s‘m;: spp. may take the form of drifting
weeds, as demonstrated to be possible for S. muticum (Deysher & Norton 1982) or §.
horneri (Turner) C. Agar(%h (Komatsu et al. 2007). Drifting Sargassum individuals
can become fertile (Norton 1977a). This speciﬁc_mechanism may provide a chance
for the dispersal of Sargassum individuals to moderate or longer distance;, the

degree of which depends on various factors such as water current (Norton 1992).

Despite the seemingly isolated populations with low gene flow, the possibility of
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long dispersal of S. hemiphyllum could not be completely ruled out (see sections

3.4.4 & 3.4.5).

.3'.4.3 The divergent time of the two varieties (lineages)

Sargassum hemiphyllum var. chinense and var. hemiphyllum examined in this
study were shown to be genetically distinct based on ITS2 and Rubisco spacer (Fig.
3.2). On the other hand, there was a clear divergence between the Japanese-Korean
(haplotypes T-C and T-D) and Chinese lineages (haplotypes T-A and T-B) based on
TmW _I spacer, although some specimens of the Chinese lineage were found to be
mixed with those in JpWY (see further discussion in section 3.4.4). The reciprocal
monophyly found at least in ITS2 and Rubisco spacer, which is associated with high
pairwise Fst values, could be attributed to a historical isolation by a relatively old
barrier, in accordance with the framework postulated by Zink (2002) in inferring
population history. It is al.so reasonab-le to a;ssume that the divergences demonstrated,
based on the three markers, may represent a single vicariant event that occurred in
the evolutionary history‘ of S. hemiphyllum. The divergence of the two varieties,
howe\;er, was not detected in several" earlier phylogenetic works on the genus

Sargassum (Phillips & Fredericq 2000, Oak et al. 2002, Stiger et al. 2003, Phillips et

al. 2005). Moreover, the time of divergence within genus Sargassum, which could
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have helped to time the divergence of the two varieties found in this study, was not

estimated in these studies for the two markers used {Rubisco spacer and ITS).

Calculated based on the Rubisco spacer sequences of Phillips and Fredericq
(2000), the time of divergence (0.56 — 0.90 Mya) between the two varieties of S.
hemiphylium was found to lie between the early and middle Pleistocene, or in terms
of a finer geological scale, the pre-lllinoian period in North America or the
Cromerian complex in Europe. The oxygen isotopic-based eustatic sea level estimate
(Miller et al. 2005) indicated a drop in sea level ranging from 50 m to 90 m below
the present level during 0.56 — 0.90 Mya, with a maximum of over -120m reaching
the level of the last glacial maximum (Miller et al. 2005). This drop in the sea level
during the Pleistocene could lead to the exposure of land mass and the fragmentation
of the marine habitat in NW Pacific (Voris 2000), which in turn caused the
divergence of marine taxa that inhabited these areas (Liu et al. 2006, 2007, Tsang e7
al. 2008). Different genetic lineages between the Chinese and Japanese populations,
similar to that shown in the two varieties of S. hemiphylium in this study, were
revealed in other marine species in NW Pacific such as fishes (Liu et al. 2006, 2007),
shellfish (Yokogawa 1997) and barnacle (Tsang er al. 2008). Liu er al. (2007)

proposed three putative refugia zones, the Sea of Japan, Yellow Sea and South China
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Sea, in NW Pacific to account for the three corresponding lineages of the fish Chelon

haematocheilus [Temminck & Schlegel, 1845] that diverged during the Pleistocene.

Instead of three refugia, the allopatric distribution of the two S. hemiphyvilum
varieties (Fig. 3.1) and their genetic distinctness may suggest two ancient refugia for
this species. These refugia could be situated in southern and northern NW Pacific.
The north refugium could be the region of the East China Sea and/or the Sea of Japan
(Fig. 3.1). This region was suspected to be an enclosed to semi-enclosed marine
region during the early Pleistocene due to the formation of land bridges connecting
Taiwan all the way to the northern part of the Ryukyu Island chain (Ota 1998). This
refugium could have harbored the ancestral populations of the variety hemiphyllum.
In contrast, the ancestors of var. chinense could have originated from the southern
refugium ip the area of the South China Sea that was isolated from the East China

Sea by the land mass formed between continental China and Taiwan (Ota 1998).

The divergence of haplotypes R-B and R-C of Rubisco spacer within variety
hemiphyllum was estimated to occur in the late middle Pleistocene (0.19 Mya - 0.30
Mya). The distributions of these two haplotypes appear allopatric within Japanese

o

and Korean populations (Fig. 3.4), with both haplotypes found in JpNS. This may
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indicate that haplotype R-B may be derived around the area of Korea and its vicinity
while haplotype R-C could have evolved in the Japanese region during the glacial
oscillation in late middie Pleistocene. Towards the late Pleistocene, the sea level
dropped to as low as -120 m compared to the present sea level (Voris 2000). The
extensive East China basin was exposed, leading to the eastward expansion of the
“paleo-coast” to as far east as the Ryukyu (Ota 1998). The large volume of discharge
of the paleo-Yellow and paleo-Yangtze Rivers (Fig. 3.1) and its associated attributes
such as low salinity and high sedimentation in the region of eastern East China Sea
near the Tsushima Strait (Xu & Oda 1999) could have contributed to the
fragmentation of the populations of var. hemiphyllum, since those attributes such as
soft substratum do not favor the establishment of Sargassum species. This ecological
barrier may block the dispersal between the much shrunken Yellow Sea and the Sea
of Japan refugia, giving rise to further divergence of the two sub‘clades based on the
Rubisco spacer within variety hemiphyllum. Nevertheless, the above interpretation of
the evolutionary history of S. hemiphyllum should be viewed with caution since some
of the assumptions underlying molecular clock approach in estimating divergence

time were called into question (Ayala 1997).
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Besides the lowering of sea level as the initial putative cause of the divergence
of the two varieti.es of S. hemiphyllum, the present ecological environment may help
to reinforce/maintain the effect of this separation, resulting in their observed
allopatric distribution. One possible factor that contributed to this reinforcement was
proposed to be the freshwater discharge from the Yellow and the Yangtze Rivers in
China (Chcang_:r, et al. 2008). The effect of the Yangtze River was found to extend as
far east as the Tsushima Strait between Korea and Japan (Senjyu ¢f af. 2006). There
was an evident Yangtze Ring Haline Front developed in the Yellow and East China
Seas during spring and throughout summer due to the freshwater discharge from the
Yangtze River (Park & Chu 2006). This hyposaline condition, as well as the unstable
substratum developed from sedimentation in the coast nearby are believed to exert
adverse effect on the establishment of Sargassum, which in tumn create a dispersal
barrier preventing the contemporary contact between the two varieties or even

between the two lineages within the variety hemiphyllum.

3.4.4 Introgressive hybridization
Haplotypes T-A and T-B of TrnW_1 spacer, which originated in southern
population and are believed to be the haplotypes of variety chinense, are also found

in the specimens of JpWY that possess variety hemiphyllum haplotype in Rubisco
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spacer (Table 3.7). These specimens may represent hybrids between varieties
hemiphyllum and chinense, resulting from the cross of the individuals of variety
chinense with those of vanety hemiphylium, leaving behind the haplotype of variety
chinense in the population of variety hAemiphviium. This process is known as the

introgressive hybridization (Anderson 1953).

Introgressive hybridization, which is the incorporation of the genes of one
species nto the populations of another species, has been documented in many marine
species (e.g. moon jelly, Schroth et al. 2002, cichlid fish, Schelly ¢t al. 2006, corals,
Willis et al. 2006). These organisms were suspected to be r(;ccmly diverged either
allopatrically or sympatrically throughout the Pliocene to Pleistocene. While lineage
sorting is incomplete and the reproductive isolation has not yet developed during the
relatively short course of separation, either a recent or present secondary contact
allowed the two recently diverged lincages to merge again so that the mitochondrial
genome could be introgressed from one species to another. This situation is highly

likely to happen in the two varieties of S. hemiphyllum, which diverged during the

early to middle Pleistocene.
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Table 3.7 List of the potential hybrids identified based on various markers and their
corresponding clades labeled in Fig. 3.2. All specimens are from Wakayama, Japan

(JpWY).
Specimens Rbc spacer TrnW 1 spacer
JpWYS5 R-C T-B
JpWY6 R-C T-B
JpWY7 R-C T-A
JpWY8 R-C T-A
JpWY9 R-C T-A
JpWY 10 R-C T-A
JpWY1l R-C T-A
JpWY12 R-C T-A
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Another piece of evidence that supports introgressive hybridization in S.
hemiphyllum is the multiple copies of the ITS2 amplicons obtained during its
amplification. Oak et al. (2002) and Stiger et al. (2003) both utilized 1TS2 as lh‘c
genetic marker in resolving the phylogeny within the subgenus Bactrophycus of
genus Sargassum. None of them, however, has reported the problem of multiple
copies of PCR products wh;n amplifying the ITS2 region. Along with the fac‘t that
most of the specimens in this present study could yield unambiguous sequences
through direct sequencing, this may suggest that a major haplotype dominates in
most of the populations, whereas the individuals that could not be successfully

sequenced in particular populations may consist of a pool of copies that differed from

the major haplotype by a slight variation in their sequences (Fig. 3.5).

These different copies of ITS2 may have been unified or are in the process of
being unified into a single type under the influence of the “molecular drive” of
‘concerted evolution (Dover 1982), which is the conversion of multiple copies to a
single type of DNA fragment in a species during evolution through the processes of
unequal crossing-over and biased gene conversion (Dover 1982, Palumbi 1994).

Although this homogenizing force leads to a single type of copies in various

multigene families such as the ribosomal operons that contain the ITS region (Dover

102



CHAPTER 3: Phvlopgcography of 8. hemiphyllum

1982), intragenomic varia.tion of ITS region was still documented in various marine
taxa such as crustaceans (Chu er al. 2001, Harris & Crandall 2000), sponge (Nichols
& Barnes 2005), corals (LaJeunesse & Pinzon 2007), diatoms (Alverson & Kolnick
2005), seagrass (Valeria Ruggiero & Procaccini 2004) and seaweed (Serrdo et al.
1999, Fama et al. 2000, Coyer et al. 2001). This is similar to the situation observed
in the present study on S. hemiphyllum. One of the possible reasons accounting for
the amplification of multiple copies of 1TS2 is introgressive hybridization with
closely related species during contemporary contact (Serrdo et al. 1999, Coyer ¢t al.
2001). In brown alg‘al genera Fucus Linnaeus and Macrocystis C. Agardh, the rate of
homogenization of concerted evolution was thought to lag behind the rates of recent
and rflpid radiation of the species and/or the rates of hybridization between two
closely related species (Serrdo et al. 1999, Coyer et al. 2001). It would not be
surprising that this scenario could also happen in Sargassum, which is a member of

the Phaeophyceae (brown algae)' as well.

3.4.5 Area of hybridization and directionality of dispersal
The occurrence of putative hybrids in JpWY suggests that the southern Pacific
coast of Honshu, Japan could be a hybrid zone of the two varieties of S. hemiphyllum.

The introgression of the mitochondrial haplotype of var. chinense into those of var.

103



CHAPTER 3: Phylogcography of S. hemiphylium

hemiphyllum but not vice versa indicates that the introgression is unidirectional from
south to north. The dispersal from the southern var. chinense to the northern var.
hemiphyllum populations was probably mediated by the Kuroshio "Current, which
originates from the eastern Philippines, headed to eastern Japan via eastern Taiwan,

Ryukyu (Okinawa) and eastern Shikoku of Japan (Fig. 3.1).

Instead of germlings that disperse in a short range (Kendrick & Walker 1995),
drifting thalli are more plausible means of transport with the Kuroshio Current. In
addition to the observation of large mats of drifting S. horneri in the East China Sea,
direct evidence of the transportation of the drifting S. horneri was also documented
from the Zhejiang Province (the mouth of Yangtze River) to the eastern Kyushu of
Japan (Komatsu et al. 2007). This transportation is likely to be mediated by the
combined effect of the coastal current (most probably the Yang'tze Ring Haline Front
due to the freshwater discharge from the \é’angtze River, Park & Chu 2006) and the
Kuroshio Current. Sargassum hemiphyllum was also found in the drifting Sargassum
assemblage right off the exact locality, i.e. Wakayama of Japan (Komatsu et al. 2007),
where potential hybridization is recognized in this study, and southern Kyushu and
Shikoku between March to July (Ohno 1984). A small number of the detached thalli

of var. chinense from southern China could be transported occasionally to JpWY by
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dr?fling along with the current, producing gametes that hybridize with var.
hemiphyllum in JpWY. A similar situation was revealed in other marine species such
as the intertidal barnacle Tetraclita japonica [Pilsbry, 1916], in which putative
hyb.rids could be found in the southern Pacific side of Honshu, Japan (Tsang et al.
2008), an area that is geographically close to JpWY. A hybrid zone was also
proposed for two species of Mytilus, M. trossulus [Gould, 1850] and M.

galloprovincialis [Lamarck, 1819], in Hiura (Inoue et al. 1997), which is near

Wakayama (JpWY).

The occurrences of multiple copies of ITS2 in the specimens of KrCJ and some
of those of JpNS may suggest that the region near southern Korea and western
Kyushu could be another hybrid zone. The hybrid produced here, however, might not
be the hybrid between the two varieties. Rather, it may be the hybrid of the two
lineages (haplotypes R-B and R-C) revealed based on the Rubisco spacer. These two
lineages were undoubtedly more closely r;:latcd than the two varieties of S.

hemiphyllum and hybridization between the two lineages is highly probable.

Not much information was obtained so far for marine hybrid zone in NW

Pacific Ocean, though the genetic population structure of some marine species in this
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area has been elucidated (¢f. Chiang et al. 2001, Zhang er al. 2006, Liu et al. 2006,
2007). Th‘e potential hybrid zone revealed in various marine org;misms such as
bivalve (Inoue et al. 1997), barnacle (Tsang er al. 2008) and S. hemiphyllum in this
study may suggest a common hybrid zone of marine taxa in NW Pacific, from where
the recently differentiated lineages have their secondary contact through transport by
the Kuroshio Current. This postulation remains to be tested by carrying out more
phylogeographic work on other marine organisms in the future. The application of
nuclear marker in association with cytoplasmic markers appears critical in
determining any hybridization event of the marine taxa, and in turn, the exact hybrid

zone in NW Pacific Ocean.
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Chapter Four: Phylogeography of invasive
species Sargassum muticum in both its native

and introduced ranges

4.1 Introduction

Biological invasion as a serious crisis is becoming increasingly recognized
worldwide (Ruiz et al. 1997) im_d many macro and microalgae are involved
(Boudouresque & Verlaque 2002). These non-indigenous organisms, by definition
(Williamson & Fitter 1996), exert adverse effects and cause, in most cases, a
permancni change in the recipient community. A phylogeographic approach is a
powerful tool to infer their invasive history (Geller 1996, Geller et al. 1997), which
in turn could provide information nceq(;d for a better management strategy to deal
'willll them (Sakai er al. 2001). Phycological studies uliliz__"y this approach have
' .helped to reveal crypt‘ic diversity of various invasive or introduced marine algae such
as Undaria pinnatifida (Harvey) Suringar (Mclvor et al. 2001, Voisin ef al. 2005,
Uwai et al. 2006a, {\ndreakis et al. 2007) as well as their invasive histories (Durand

et al. 2002, Uwai et al. 2006b).

Sargassum muticum (Yendo) Fensholt is one of the most well known
invasive species in the world (Rueness 1989, Fernandez 1999, Karlsson & Loo
1999). However, there has been little information about the genetic \;ariabiiity of its
invasive or native populations. Sargassum muticum was p!‘t.:;/iously known as S.

kjellmanianum Yencio forma muticus (see Yoshida 1983 for details), and was later
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raised to the species level by Fensholt (1955). Among the three closely related taxa,
S. muticum forma longifolium (Tseng & Chang) Yoshida (originally as S
kiellmanianum f. longifolium) was postulated as an ccological variant that occurred
mainly in northemn China (Critchley 1983a); S. kjelimanianum Yendo was suggested
to be conspecific with §. miyabei Yendo and was thus transferred to S. miyabei
(Yoshida 1978). S. kMlimanianum forma muticus (S. muticum), which is found
mainly in the warm current affected Japanesc coast, was suggested to differ
morphologically from S. kjelimanianum {S. miyabei), which occurs in the cold
current region, in its basal leaves and vesicles (Yendo 1907). Sargassum
lg'eﬂmaniam}m £ miuticus possesses larger leaves and muticous vesicles, when
compared with the mucronate vesicles of 8. &jelimanianum (Yendo 1907, Critchley
1983a). Okamura (1928) also revealed two forms of S. &fellmanianum sensu
Okamura, which differ in their teaf sizes, and ascribed this to be the main difference
between S. kjellmanianum Yendo and its forma muticus. This view, however, was
rejected by Yoshida who considered all the specimens in Okamura’s study to belong
to S. kjellmanianum Yendo forma muticus (Critchley 1983a). By far, the most
important character that distinguishes the two species is that S. muticum is
monoecious and S. miyabei is dioecious, or more precisely, androgynous (Yoshida
1978). This character, however, could only be examined in the laboratory when the

reproductive structure is well developed.

Sargassum muticum was first found introduced into the Pacific Northwest of
North America in 1944 (Scagel 1956) and in the Atlantic coast of Europé in 1973
(Critchley et al. 1983). The suspected vector that carried Sargassum muticum across

the oceans was the commercially imported Pacific oyster, Crassostrea gigas
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[Thunberg 1793] that originated from Japan (Critchley & Dijkema 1984, Goulletquer
et al. 2002, Mineur et al. 2007, for alternative view refer to Grizel & Héral 1991).
Though eradication was attempted during its early colonization in southern England

(Critchley 1983a), the expansion of its distribution range appears to continue

(Harries et al. 2007a). Throughout the introduced s{‘ange, the local marine floral

comrpunities were altered with (Harries er al. 2007b) or without (Karlsson & Loo
1999) suostamial harmful effect on the recipient slgal assemblages, and.some
stabiiity was apparently achieved several years after introduction (Critchley 1983a,
Critchley et al. 1690)‘ While Japan is the only suspected source population of S.

muticurm in North America, there were two possible ways of introduction for the

_European populations since oysters were first imported into Europe (France) from

-

both Japan and British Columbia of Canada (Grizel & Héral 1991). Canada,

however, was generally believed to be the source of introduction in Europe as there -

was an uncontrolled transport of the Pacific oysters from British Colombia to

northwestern France by air in the late 60s to early 70s (Farnham et al. 1973).

: i1
In the past decgdes many researchers had focused on the basic biology and

. ecology of S muncum (e. g Deysher & Nonon 1982, l:spmoza 1990, Hwanb &

" Dring 2002) throu;,h Wthh to dec:pher the reason behmd the rapid expansion of lhlS

species (Norton 1976, Andrcw & Vle]o 1998 Steen & Rueness 2004) Num*us

L]

_eco-physmloglcal characterlstlcs, such as the eurythermal, euryhaline nature of the

species (Norton 1977b, ‘Ha_Ies & Fletcher 1989), timiﬁg of its reproduction during

sumoier, competitive advantage offered by the higher growth rate of its germlings

. compared to that of other fucoid species (Steen & Rueness 2004), the capabilities for

&

it to self fertilize and to retain its.germlings on drifting parental thallus (Karlsson &
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Loo 1999), were found and thought to aid this species in expanding its distribution
range. A conceptual model, which integrated all these possible factors, has been
synthesized to account for its expansion (Fernindez 1999). However, all these
attributes of S. muticum, whether they were valid or not, stemmed from the
assumption that a single phylogenetic species or lineage was associated with all the
introduced populations. This assumption needs to be verified by examining the
genetic variability of S. muticum at its population levels. The aim of this study was
therefore to assess the genetic diversity within this species, with emphasis on its
native range and with a view to understand its invasive history, revealing any cryptic

lineége( s) in the introduced populations.

In contrast to the ecological information, there has been limited information
on the genetic variability of this famous invader (Stiger et al. 2003, Phillips ¢f al.
2005, Zhao et al. 2008a). In the phylogenetic studies of the genus Sargassum, Stiger
et al. (2003) and Phillips et al. (2005) found intraspecific variability of a few
specimens of S. muticum from different localities based on ITS2 in the nuclear
genome and Rubisco spacer in the plastid genome, respectively. The two specimens
studied by Stiger et al. (2003) came only from Japan, while the two specimens
studied by Phillips ef al. (2005) were collected separately from Qingdao, China and
San Francisco, USA. The sample sizes of these studies were obviously far from
being comprehensive for an in-depth assessment of the genetic variability of S.
muticum (Muirhead et al. 2008). A recent study assessing the intraspecific genetic
diversity of S. muticum in Qingdao, China, documented a higher genetic variability
among populations than within population based on ISSR and RAPD (Zhao er al.

2008a). The study, however, is only restricted to one province of China. The two
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markers used were anonymous genotypic markers, which are unable to provide the

information of dominance and have relatively low precision (Sunnucks 2000).

Markers from organelle genomes are widely applied in phylogeographic
studies of marine algae. They have been successful in examining the genetic
diversity as well as in identifying cryptic invasion in various groups of macroalgae
(e.g. Zuccarello et al. 2002, Gurgel et al. 2004, Andreakis er al. 2007). This study,
thus, utilized one marker from each of the organelle genomes, namely Rubisco
spacer in CpDNA (Phillips ef al. 2005) and TrnW _I spacer in MtDNA (Voisin er al.
2005), as well as the nuclear marker, ITS2 (Stiger er al. 2003), in assessing the
intraspecific genetic diversity of S. muticum. Insights on the invasion history of this
species could thus be gained which could contribute to an understanding of

biological invasion in general.

4.2 Materials and Methods

4.2.1 Sampling, preservation and DNA-extraction of S. muticum

The native and introduced distribution ranges of Sargassum muticum were
first compiled based on literature review (Kang 1966, Yoshida 1983, 1998, Phillips
1995, Kashenko 1999, Stahr et al. 2000, Tseng & Lu 2000, Loughnane & Stengel
2002, Gaiyshe\;a 2004, Harries ef al. 2007a). All records listing S. Ajellmanianum
Yendo f. muticus, S. kjellmanianum sensu Okamuna and S. &jellmanianum sensu
Tseng et Chiang were considered to be S. muticum (Y oshida 1998). Spgcimens of S.
muticum, which were identified based on the criteria of Yoshida (1983), were
collécted within both its native and introduced ranges (Fig. 4.1, Table 4.1), either by

snorkeling or sampling during low tide. Specimens were collected 1 — 2 m apart to
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Table 4.1 Collection details of S. muticum populations. Acronyms for the collection
sites are also given. All the ITS2 and Rubisco spacer sequences obtained are
identical. Refer to Fig. 4.1 for the number of TmW _I spacer haplotype sequences
and the location of these collection sites.

. No. of No. of Rbc
e Date of ; ) o= "
Localities Acronym collection Collectors ITS2 spacer
:‘!\i}l Ii\ngl\:‘ :‘s\slil!‘nsi\i‘
1. Tateyama, Chiba Prefecture, Japan 3 o s
- “ujits 5 5
(139°51°E. 34°59'N) JpTY 24 Jan 07 D. Fujita 11 15

2. Yaizu, Shizuoka Prefecture, Japan K. Matsuyama-

(138°19°E, 34°51°N) ipte  ARlnis Serisawa ¥ 7
3. Awajishi, Hyogo Prefecture, Japan C.C. Cheang and
(135°1°E, 34°34°N) AL BApTOT " o Ang L 2
4. Oojima, Yamaguchi Prefecture, Japan C.C. Cheang and 9
(132°26°E, 33°57'N) O 3APTOT T p 5 Ang 2
5. Jangheung, Chollanam-Do, South Korea g i s
6. Beidaihe, Hebei Province, China C.C. Cheang and
: ay 05 5 5
(119°31°E, 39°49°N) SR QRNMEES TS ifikien ¢ ‘
7. Rungcheng, a.nd W(‘:Iljlal. Shandong CnRC and 20 Jun 07
Province, China CnWH and 26 D. Duan 5 4
(122°29°E, 37°09°N and 122°7’E, 37°30°N) Jun 07
8. Qingdao, Shandong Province, China , C.C. Cheang and 5 .
(120°21'E, 36°2'N) eQh  13.Junld P.O. Ang : i
9. Newcastle Island, Nanaimo, BC, Canada
L] * t ] e . i : i (
(123°56'W 49°10°N) CanBC 20 May 07 K. Marr 6 y
10. Corona del Mar, CA, USA . -
(117°52°W, 33°35°N) USACA 24 Apr07 J. Smith 10 13
1. Bergen, Norway . : 5 5
(S°18°E, 60°23'N) NorBe 4 Jul 04 K. Sjotun 5 8
12. Connemara, Ircland i
. ] . - s
(9°56°W. 53°32'N) irCo 11 Dec 03 A. Critchley g 5
13. Pembroke, UK (4°56°W 51°42°N) UKPem 03 Dec 03 A. Critchley 0 0
14. Helgoland, Germany ; . .
(1°52°E, 54°10°N) GeHel 30 Jan 07 M. Mollis 8 10
15. Saint-Vaast-la-Hougue, France : . '
(1°16'W, 49°35°N) FrSVLH 21 Jan 04 P.O. Ang 4 4
16. Rue du Caro, Brest, France and FrBr and
Perharidy, Roscoff, France FrRo 10 Apr 05 P.O. Ang 10 17
(4°29°W, 48°33°N and 4°1'W, 48°43’N)
17. Pormenande, El Franco, Spain
! é : ' 6 8
(6°49'W, 43°33'N) SpPor May 07 C. Fernandez
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Figure 4.1 Distribution (shaded area) of S. muticum in its native range, the
northwestern Pacific, as well as in the introduced range, the northeastern Pacific and
the northeastern Atlantic. Sampling sites are indicated in numbers, and the number of
specimens sequenced for TrnW _I spacer is shown inside the donut chart. Frequency
of various haplotypes was indicated in the donut charts for each populatlon Refer to
Table 4.1 for details of the sampling information.
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avoid collecting individuals from the same mother plant, as Sargassum germlings are
known to have a short dispersal distance (Kendrick & Walker 1995). Two to three
vouchers haphazardly selected from each population were air dried and deposited in

the Marine Science Laboratory Herberium, the Chinese University of Hong Kong.

About |1 g of samples from the new branches without epiphytes were cleaned
with brushes and then preserved either in 95% ethanol or silica gel until molecular
study was carried out. Genomic DNA of specimens was extracted by modified
cetyltrimethylammonium bromide (CTAB) method (Protocol two of Ho et al. 1995).
The extracted genomic DNA was then purified by GENECLEAN 11 Kit (BIO 101

Inc., CA, USA), and the manufacturer’s instructions were followed (Yoshida et al.

2000).

4.2.2 Polymerase chain reaction (PCR) and direct sequencing

Spacer between the Rubisco large and small subunit in plastid DNA, spacer
between TrnW and Trnl in mitochondrial DNA and ITS2 region in the nuclear
genome, in which ITS2 region was the least variable and TmW _I spacer the most,
have been shown to effectively differentiate populations of S. hemiphyllum (Chapter
3). These markers were applied in this study (Table 4.2), using PCR profile as
follows: initial 3 min at 96°C, 32 cycles of 40 s at 96°C, 30 s at 55°C 50_ s at 72°C,
final 3 min at 72°C. PCR products were subjected to commercial sequencing
(Macrogen Inc., Seoul, South Korea). Twenty haphazardly selected specimens were
sequenced twice in order to verify the results. Sequences obtained, together with the

available sequences of S. muticum from GenBank, were visually edited and aligned
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Table 4.2 The primers and PCR profile used for the three genetic markers: nuclear
ITS2, plastid Rubisco spacer and mitochondrial TnW _I spacer.

Forward/
Markers Sequences
Backward

ITS2FC2": 5’-TTGTCGGGGAGGAGGAGG-3°
25BR2-Reverse’: 5'-TCCTCCGCTTAGTATATGCTTA-3

ITS2

F
R

Rubisco F RBCLF1°: 5’-GACCTTTAAAAGCAGCTTTAGAT-3’
R

spacer MIR* 5’-CCCCATAGTTCCCTAATACGCATT-3’
TmW 1 F TmW-I-FC*: 5’-GTTCAAGTCCCTCTCTTTCTGT-3’
spacer R TmW-I-R% 5’-CCTACATTGTTAGCTTCATGAGAA-3’

' modified from the sequence (GenBank Accession number: AY 150006) of
Sargassum hemiphyllum (Oak et al. 2002)
? based on Yoshida et al. (2000).
* modified from the sequence (GenBank Accession numbn.r AF292068) of
Sargassum muticum (Phillips et al. 2005)
% based on Cheang (2003).
* modified from the sequence (GenBank Accession number: AY494079) of
Fucus vesiculosus (Oudot-Le Secq et al. 2006)
% based on Voisin et al. (2005).

115



CHAPTER 4: Phyiogeography of S. mutictum

using the software MEGA ver. 4 (Tamura ¢t al. 2007). New sequences obtained were

deposited in GenBank.

Heteroplasmy of the mitochondrial markers in Fucus serratus Linnacus has
been documented (Coyer ef al. 2004). The problem of heteroplasmy could hinder the
applicability of the mitochondrial marker in phylogenetic reconstruction or inference
of demographic history (Posada & Crandall 2002). This problem was not significant
in the present study, since all the sequences demonstrate clear single peak in their

chromatograms (data not shown).

4.2.3 Statistical treatments

Neighbor joining (NJ), maximum parsimony (MP) and maximum likelihood
(ML) trees were generated by PAUP 4.0 Beta (Swofford 2000), and the Bayesian
inference (BI) the program MrBayes v.3.12 (Ronquist & Huelsenbeck 2003), in
orde} to analyze the phylogenetic relationships among populations. Akaike
information criterion implemented in Modeltest ver. 3.7 (Posada & Crandall 1998)
was applied, a priori, to. estimate the appropr_iate substitution model to be used in the
NJ, ML and BI methods. TVM model was found to be the optimal model for ITS2,
and HKY model for both Rubisco spacer and TrnW _I spacer. For NJ, MP and ML
methods, significance of the branching was assessed by 1000 bootstrapping
replicates, in each of which 100 random taxa were a;idcd and the tree was
heuristically searched by tree bisection-reconnection branch swapping method
(Felsenstein 1985). For BI, two independent Markov-chain-Monte-Carlo searches
with random starting points were conducted for each data set until the divergence

between two runs became small and stationary. Trees were sampled every 100 cycles
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in at lcast 1,500,000 gencrations with the burn-in value set to the later third-forth of
the sampling trees, in which consensus was reached for the two parallel runs.
Posteriori possibility was then calculalt?d from the sampled trees to illustrate the
statistical confidence for the BI tree. Sargassum thunbergii (Mertens ex Roth)
Kuntze, S. pallidum (Turner) C. Agardh and S miyabei were designated as
outgroups, since they were all phylogenctically closely related to S. muticum (Stiger
et al. 2003, Phillips 2005). The number of haplotypes was recorded for cach
sampling locality. The computer software TCS ver.1.13 (Clement ef af. 2000) was

utilized to generate the TCS haplotype network.

Time of divergence among the populations was estimated based on the
molecular clock calibrated in Chapter Three. Based on the grouping of the introduced
and native populations, the haplotype and nucleotide diversitics were calculated. Both
Tajima’s D (Tajima 1989) and Fu’s Fs (Fu 1997) neutrality tests werce carried out to
evaluate if the markers utilized are selectively neutral. This could be assessed by the
significant negative values to reveal whether the populations have undergone recent
range expansion (Chiang ¢t al. 2004). The mismatch distribution analysis was also
conducted to detect any history of sudden range cxpansion. This analysis is a chi-
square based statistics testing whether the observed distribution pattern of the pair-wise
difference among all pairs of haplotypes is significantly different from the expected
one that is generated based on the sudden expansion model (Roger & Harpending
1992). All calculations of diversity indices, the neutrality and mismatch distribution

tests were carried out using ARLEQUIN ver.3.0 (Excoffier et al. 2005)
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4.3 Results

Although the taxonomic status of Sargassum muticum and S. miyabei in the
older literatures is confusing due to the different applications of the name S.
kjellmanianum (cf. Tseng & Chang 1954), reference to and citation of S. muticum
and S. miyabei appear readily distinguishable in the most updated records and
checklists for the NW Pacific (e.g. Yoshida 1998, Tseng & Lu 2000). Tseng and Lu
(2000) reported the northern limit of S. muticum in Asia to be the Kurile Islands of
Russia. However, this was not supported by Yoshida (1998) wherein this species was
not recorded in Hokkaido of Japan nor in the Kurile Islands. The occurrence of S.
muticum in this region, thus, remains questionable. The rtﬁorthcm limit of the
distribution of S. muticum is likely to be, by consensus, the northern Honshu of Japan
(41°N) (Fig. 4.1). The southern limit, again based on Tseng and Lu (2000), is around
the Guangdong Province of southern China (23°N). Critchley (1983a) doubted if the

records in southern China such as Fujian and Guangdong Provinces were based on

I

=

misidentified materials. Attempts to collect S. muticum in Fujian and Guangdong
Provinces (including Hong Kong) were not successful. Some materials from
Meizhou Island, Fujian Province (Fig. 4.1) localities, where previous records of §.
" muticum had been reported, resembled S. muticum morphologically. But sequences
obtained from their ITS2 region, when blasted against those in the GenBank, indicate
tiiat they are unlikely to be S. muticum (data not shown). Materials from southern
C;iina identified as S. muticum in CK Tseng Herbarium in dingdao, China would
need to be rechecked to confirm the southern distribution range of S. muticum.

In its introduced range, S. muticum is distributed from South-east Alaska

(55°-59°N) (Lindstrom 1977) to the Mexican coast (28° N) (Espinoza 1990) in
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Pacific coast of North America (Fig. 4.1). In contrast, the latitudinal range of its
distribution in the European coast started further north, ranging from Norway (62° N)
(Rueness 1989) to Northern Spain (43°N) (Fernandez 1990). More recently, its
southern distribution range has been reported to reach the southern shore of Portugal
near Faro (36°N) (R. Santos, personal communication). This species was also

reported in the Mediterranean coast of Italy (45° N) (Curiel et al. 1998).

Among the seven populations from its native range in northwest Pacific and
nine populations from the introduced areas in North America and Europe, a total of
117, 141, and 140 sequences from ITS2, Rubisco spacer and TrnW_I spacer regions
respectively were obtained (Table 4.1). The aligned sizes of ITS2, Rubico spacer and
TrnW_I spacer regions were 580 bp, 297 bp and 177 bp respectively. Based on all
these markers, highly homogenous genetic population structure was detected (Fig.
4.2). All S. muticum sequences from various populations formed a single cluster in
the NJ and MP trees of ITS2 and Rubisco spacer (Fig. 4.2A and B), while two
clades, one of which consisting of all the specimens from Tateyama and Yaizu of

Japan, could be recognized based on the TmmW _I spacer (Fig. 4.2C).

The ITS2 sequences of NrDNA, the most conserved marker among the three
markers used (Chapter 3), were shown to be identical in all samples from the
different localities, both within the native and the in.troduced ranges (Fig. 4.3A). This
sequence is identical to the sequences obtained from GenBank (AB043503 and
AB043772-4), which were based on specimens of S. muticum from Chiba (the

prefecture of JpTY), Miyagi, Hokkaido in Japan and Cheju Island, South Korea as

well as the sequence of S. miyabei from Hokkaido, Japan (AB043502) (Fig. 4.3A).
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Figure 4.2 Neighbor-joining (NJ) tree illustrating the relationship among different populations of S.
muticum based on (A) ITS2, (B) Rubisco spacer, and (C) TmW _| spacer. The same topology of the
trces was obtained for thc maximum parsimony (MP), Bayesian inference (Bl) and maximum
likelihood (ML) approaches. Bootstrap values (1000 replicates for NJ, MP and 100 for ML) for NJ
(regular), MP (italic) and ML (bold) methods and the posteriori probabilitics of Bl (bold and italic)
method are indicated at the nodes. Available sequences from GenBank are included in the trees for
ITS2 (S. muticum: AY150003, AB043503-4, AB043772-4; S. miyabei: AB043105, AB043502,
AY150007; S. pallidum: AB038274, AY150002; S. thunbergii: AB043573), Rubisco spacer (S.
muticum: AF244330-1, AF292068, AJ287854; S. thunbergii: AF244332, AF 244343) and TmW |
spacer (S. thunbergii: F1712742).
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Figure 4.3 The TCS networks based on the markers A). ITS2, B). Rubisco spacer
and C). Tml_W spacer. Sampling localities of the haplotype are shown inside the
rectangles (ancestral) and the ellipses (derived), while each node represents a missing
haplotype possessing one nucleotide change. Sequences of S. thunbergii (AF244332-
3) were not shown, as they were not linked to the network. Sequence of S. muticum
of Rubisco spacer (AJ287854) was incomplete, hence was also excluded from the
networks. Refer to Table 4.1 for the code for the localities. The ambiguous sequences
with multiple peaks were labeled with asterisk.
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Three other sequences (AY 150003, AB043504 of S. muticum from Cheju Is. and
Chiba respectively; AY 150007 of S. miyabei from Cl?cju Is.), which were clustered
within the Cla-de of S. muticum (Fig. 4.2A), showed a one base pair difference from
the above sequences of all the present S. muticum specimens (Fig. 4.3A). Sequences
of other out-group species, such as S. pallidum, differed from those of S. muticum by
at least four base pairs in ITS2 (Fig. 4.3A). Sequences downloaded from GenBank
(AB043504, AY 150007, AB043105, AB038274) being ambiguous scquénccs with at

least one multiple peak have to be noted (Fig. 4.3A).

All the sequences of Rubisco spacer obtained in this study were identical with
those reported for S. muticum from Qingdao, China and an unknown site in Japan
(AF244330 and AF292068) (Fig. 4.3B). All specimens from the introduced areas
shared identical haplotype with those from the native populations (Fig. 4.3B).
Another sequence of S. muticum (AF244331) from San Francisco, USA, which is
ambiguous, was different from the main haplotype of S. muticum by two base pair

(Fig. 4.3B).

As the most variable marker among the three markers studied, two haplotypes
of TmW_I spacer were obtained in this study. Haplotype A differs from haplotype B
by two base" pairs (Fig. 4.3C). These two haplotypes appear reciprocally
monophyletic (Fig. 4.1). Haplotyp(; A was the most dominant haplotype (GenBank
accession: FJ712727), which could be found in samples of S. muticum from all the
intr(;duced a‘reas plus almost all those from its native range (Fig. 4.1). Haplotype B..

(FJ712728) was demonstrated in all specimens from Tateyama and Yaizu, Japan but

not from any other localities (Fig. 4.1). The divergence time for the two lineages
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(haplotypes) was estimated to be 0.29 Myr - 0.48 Myr, within the middle

Pleistocene.

As there was only one haplotype detected in the 1TS2 and Rubisco spacer
regions, neither the diversity indices, the neutrality test nor the mismatch distribution
analysis coulci be carried out for these two markers. In the case of TrnW 1 spacer,
only native populations could be analyzed since none of the nucleotide substitution
was recorded in samples from the introduced range. Within the native populations of
3. muticum, the haplotype diversity (0.3652 + 0.0550) was high compared to the
nucleotide diversity (0.0041 + 0.0035). Both ’lh'aj{ma’s D test and Fu's Fq test of
neutrality tests yielded positive values with p > 0.05 (Table 4.3), indicating that the
spacer region investigated is selectively neutral and the recent range expansion was
not likely within the native range of S. muticum. For the mismatch distribution
analysis, the probability of the sum of squared deviation (SSD) was not small enough
to reject the null hypothesis that the observed pairwise difference among haplotypes
was 'the same as the expected difference generated by the model of the sudden range
" expansion (Table 4.3). A bimodal mismatch distribution was obtained, however,

. rather than a typical unimodal distribution of a suddenly expanded populati&% (Fig.

4.4).
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Table 4.3 Summary of genetic diversity, neutrality test and mismatch distribution
- analysis for the native populations of S. muticum examined

Native populations

Genetic diversity

h+SD 0.3652 % 0.0550
‘n+SD 0.004127 + 0.0035
Neutrality test
Sample size 80
Tajima’s D test 1.25, p=0.88 (N.S.)
l_:u’s Fsr test 3.]3,.p=0.90 (N.S))

Mismatch distribution analysis
Sum of Squared Deviation 0.13, p=0.073 (N.S.)
Raggedness index 0.67, p=0.196 (N.S.)

C.I. = confidence interval; N.S.= non-significant, 4 haplotype diversity: SD:

standard deviation; n: nucleotide diversity
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Figure 4.4 Observed (bars) and expected (line) mismatch distributions of the native
populations of S. muticum under a model of sudden demographic expansion for the
TrmW _1 spacer. Refer to Table 4.3 for details of the parameters revealed by this
mismatch distribution analysis.
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4.4 Discussion

4.4.1 Confusion between S. muticum and S. miyabei.

Although S. miyabei is phylogenetically the most closely related species to S.
muticum (Stiger et al. 2003), it has not been examined in more details by other
researchers (Critchley 1983a). The inclusion of this species in the analysis of ITS2
sequences reflected that ther¢ were misidentifications of this species, in which at
least one GenBank sequence AB043502 (Hokkaido) was identical with the
sequences of S. muticum. Another sequence of S. miyabei, AY 150007 (Cheju Is.) .
that possess one base pair difference, may also belong to S. muticum.
Misidentification is highly likely especially when the reproductive organs were not
yet developed. Scagel (1956) raised a similar concern with regards to the
misidentification of S. hemiphyllum as S. muticum and suggested the use of
diagnostic feature of holdfast to address this question. The holdfast of S.
herﬁiphyl!um 1s ramifying and that of S. muticum, discoid in shape. This same
d‘iagnoslic feature may also be used to differentiate between S. muticum and S.
miyabei in which the holdfasts of S. miyabei have short (<1 cm) creeping extensions
(Yoshida 1978, Yoshida et al. 2000). Compared to the different histological
characters of S. muticum identified by Fensholt (1955), this morphological character
is operationally more convenient in field identification. This would have contributed
to more successful discrimination between materials belonging to S. muticum and S.
miyabei in the records in NW Pacific (Yoshida 1998, Tseng & Lu 2000). Based on

the phylogenetic data using three markers carried out in this study, all the materials

L

]
collected from the introduced range of S. muticum were truly S. muticum, and S.

miyabei was absent.
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4.4.2 Intraspecific variation and population structure of S.
muticum

The intraspecific variation of S. muticum exhibited in the studies of Stiger et
al, (2003) and Phillips et al. (2005) may not reflect the variation occurred among the
populations, since the ITS2 sequence of Chiba (AB043504) and the Rubisco spacer
sequence of San Francisco (AF244331) are ambiguous sequences. These ambiguous
sequences could attribute to factors like the heterozygoticity or the intragenomic
variant of the gene family (Dover 1982). These fwo sequences should be cxcludc:i
from the interpretation of the genetic variation at the population level (Harris &

Crandall 2000).

The ITS2 sequence of Cheju Isd., South Korea (Oak et al. 2002), which is an
unambiguous sequence, possess one base-pair difference from the other S. muticum
sequences. It is geographically close to the sampling locality KrJH of this study (Fig.
4.1 ). However, no such sequence was obtained in any localities in this study
(especially in KrJH), suggesting that this sequence may be in minority. The
intraspecific variation revealed based on markers of ITS2 and Rubisco, thus, appears

extremely low.

The finding of two genetically distinct haplotypes of TmW _I spacer,
haplotypes A and B found in the Seto inland sea and the eastern Honshu in Japan
respectively, is concordant with the observation by Yoshida (1983) that there are two
forms of S. muticum in Japan. One is the lectotype specimen of S. kjellmanianum
forma muticus Yendo, collected from Itsumo, Wakayama Prefecture (Fig. 4.1) and

possesses 3 cm long basal leaves densely covering the young shoot; while the other
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form, with longer (up to 5 cm) and more sparscly emerged basal leaf compared with
the typical form, was collected in Seto Inland Sea (Yoshida 1983). In this study, the
specimens with haplotype B may correspond to the typical S anticum, while
haplotype A could be associated with the non-typical S. muticiem with larger leaves.
The two morphologically different forms originally described as S kjellmanianum
(5. miyabeiy and its forma muticus (S. muticunt) by Okamura (1928), though they
were suggested to be conspecific to S. muticum by Yoshida (in Critchley 1983a),
may correspond to specimens belonging to the two lineages revealed in this study.
The morphological difference described by both Yoshida and Okamura, however,
was not observed in all the voucher spectmens of both haplotypes examined in the
present study, the basal leaves of which are all smalier than 2 ¢cm in length (data not
shown). While this may be due to differences in the growing stage of the present
specimens e¢xamined, the fact that these two recently diverged cryptic lincages could

still be sharing an undifferentiated phenotype could not be ruled out.

Populations of S. muticum found along the coast of northern China posscss
identical haplotype for the three markers with those from central Japan. This
suggests that S. muticum found in these two regions arc conspecific. This finding is
consistent with the postulation of Yoshida (1978) that S. muticum . longifolium,
which is restricted to the Gulf of Bohai and Yellow Sea of China (Tseng & Chang

1954), is probably conspecific to S. muticum.

4.4.3 The past demography of S. muticum in NW Pacific

Based on the TrnW ] spacer, there was unlikely a recent demographic

expansion of the populations in the native range of S. muticum, as shown by the
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ncutrality tests (Table 4.3). For mismatch distribution analysis, the p-valuc of SSD
appears marginal (p=0.073), and thc raggedness index (r=0.67), though not
significant, was high compared to the studies on other organisms (e.g. r=0,008-0.095
for barnacle, Tsang et «f. 2008, r=0.0004-0.001 for anemonefish, Timm & Kochzius
2008). In addition, there was a bimodal mismatch distribution rather a typical
unimodal one, again suggesting no sudden demographic expansion of the native S.
muticum. Following the scheme proposed by Zink (2002) in classifying the
evolutionary history of the organisms, lineages that show reciprocal monophyly
probably possess a history of isolation. As the populations with the two haplotypes of
TmW [ spacer appear reciprocally monophyietic with a slight variation (2/177 bp), it
is reasonable to postulatie that the lincages with these two haplotypes diverged
recently (during the middle Pleistocene). This divergence could be related to the sea
level fluctuation during the Quaternary period, as proposed for the closely related
species S. Aemiphylfum (Cheang ¢t al. 2008). The separation of the populations due
to the formation of ancient refugia in NW Pacific has been postulated to lead to the
divergence of S. Aemiphyllum (Cheang et al. 2008). The area of the refugium for S.
muticum, however, remains unclear. Considering the present distribution of the two
lineages covering the region from Northern China, South Korea to the Honshu of
Japan, we can deduce that the possible arca of refugium for haplotypes A could be
the Sea of Japan basin and/or the East China Sea basin. These arcas were
hypothesized to be isolated during the middle Pleistocenc (Ota 1998), and were
involved in the lineage differentiation of various marine lives such as the fish Chelon
haematocheilus [Temminck & Schlegel, 1845] (Liu ¢t al. 2007), the Dall's porpoise
Phocoenoides dalli [True, 1885] (Hayano ¢f af. 2003) and S. hemiphyflum (Chapter

3). The ancestor of haplotype B may, in contrast, may have survived through the
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glacial period on the Pacific side of the Honshu, Japan, the water body of which is

thought to be disconnected from the Sea of Japan (Ono 1990 in Hayano et al. 2003).

4.4.4 Genetic diversity of S. muticum compared to other invasive
species

In contrast to other invasive marine seaweeds (e.g. Mclvor er al. 2001, Voisin
et al. 2005) in which cryptic diversity has frequently been discovered, S. muticum
exhibits no cryptic diversity in the intrnduccd. populations. All specimens from the
introduced range were identical in terms of the sequences of the three markers from
various genomes. Whether the founder effect is significant in the introduced
populations remains unknown, since the genetic variability of the native populations
was extremely low compared to other well known invasivg macroalgae such as
Codium fragile (Suringar) Hariot (Provan et al. 2008) and Undaria pinnatifida
(Harvey) Suringar (Uwai 2006a,b). Introduced S. muticum exhibits only one
haplotype for all the three markers used in this study, while the number of haplotypes
found in the introduced regions of various other invasive macroalgae ranges from |
to 20 (Table 4.4), depending on the variability of the markers examined. No concrete
evidence of multiple introductions was found in §. muticum, unlike that, for example,
demonstrated in Undaria pinnatifida (Voisin et al. 2005). Moreover, S. muticum
does not exhibit hybridization, which occasionally occurs in other invasive species
such as Caulerpa racemosa (Forsskdl) J. Agardh and C. taxifolia (M. Vahl) C.

Agardh in their introduced range (Verlaque et al. 2003, Meusnier et al. 2004).
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Table 4.4 Summary of the genetic variability of the invasive marine macroalgae
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CHAPTER 4. Phylogcopraphy of S. muticum

Within their native range, one to 12 haplotypes were found in eight other
invasive seaweed species reported in the literature (Table 4.4). The majority of these
studies, however, examined only a few native populations. In contrast, among the
seven populations in the native range of S. muticum that we examined, only one
haplotype in ITS2 and Rubisco spacer, and two haplglypcs in TrnW _I spacer regions
were found, indicating a low genetic variability. The only comparable example of
Invasive species with such low genetic variability is Codium fragile subspecies
tomentosoides (van Goor) P.C. Silva, which possesses only one haplotype in two

markers (Table 4.4).

4.4.5 Eco-physiological tolerances and range expansion of S.
muticum

The eurythermal and euryhaline characteristics of S. muticum are evident
especially in the introduced region (Norton 1977b, Hales ¢t al. 1989, Steen 2003). In
contrast to the other invasive species in which the eurythermal ability may be an
attribute of cryptic genetic variability (e.g. Mclvor et al. 2001), S. muticum appears
to be a highly homogenous species that possesses such tolerance. The genus
Sargassum was believed to have originated in the tropical region (Phillips 1995). It is
suggested (see Chapter 3) that the ancestors of subgenus Bactrophycus of genus
Sargassum, to which S. muticum belongs, radiated probably during the late Pliocene
to Pleistocene in the Sea of Japan, which was influenced by the cold and anoxic
surface water with low salinity (Oba et al. 1991). Sargassum muticum may have,
thus, developed the ability to tolerate a wider range of temperature and salinity. This
potential evolutionary history may a'ccount for its eurythermal and euryhaline

abilities that eventually offered an eco-physiological advantage in its range

b
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expansion in the introduced area. It would not matter if the introduction of S.
muticum in Europe was saturated (e.g. Critchley 1983b) or not {e.g. Karlsson & Loo
1999), the difference in the latitudinal range of this species along the three
continental coasts (Fig. 4.1) might suggest that photoperiod, which is directly
correlated with the latitude where the species is found, would not be a critical factor
in affecting the distribution of §. muticum. Photoperiodicity, however, has been

shown to affect the production of the erect thallus of this species (Hwang & Dring

2002).

4.4.6 Reconstructing the possible chronology of introduction

The suspected vector for the introduction of S. muticum was the Pacific
oyster, Crassostrea gigas (Critchley & Dijkema 1984, (ioullelqué? et al. 2002).
According to Barrett (1963), the natural spats of C. gigas in Japan were allowed to
settle on empty shells of oyster and other mollusk that were mounted on wires and
rafts and suspended in the middle of water body during July to September. In order
to “harden” the shell of oysters and reduce the mortality of oyster during shipment,
the wires were transferred to the intertidal zone where the spats were exposed and
submerged regularly following the tidal C);clc starting from September. These shells
with at least 10 oyster spats each were packed and shipped to US in about January or
February (Barrett 1963). As S. muticum becomes reproductive during winter to early
summer in Japan (Yoshida 1983), the most probable period for the attachment of S.
muticum on the shells of the spats or the mollusks could be when they were exposed
in the intertidal area and about to be packed in January or February. These tiny
germlings could remain barely visible during the packing and shipping period, which

may make the introduction of S. muticum possible even though there was standard
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cleaning process before shipment (Quayle 1964). Until now, there was no direct
observation of S. muticum growing on the shell of the Pacific oyster (there is,
however, for another commercial oyster Ostrea edulis [Linnaceus, 1758], Critchley &
Dijkema 1984). Mineur er al. (2007), however, were able to rear S, muticum from
adult C. gigas after the treatments of a. serics of testing conditions as well as the

usual cleaning practice of commercial cxportation.

In the American Pacific Northwest, the seeds of Crassostrea gigas were first
imported into Puget Sound, Washington, USA and British Columbia, Canada as
early as 1902 and 1912 respectively (Scagel 1956). Scagel (1956) suggested that the
populations of . muticum had been established before World War {I. He, however,
did not pinpoint any source location of introduction in Japan. One potential location,
deduced based on literatures, is Matsushima Bay, Miyagi Prefecture (Fig. 4.1) in the
northeastern Honshu of Japan (Barrett 1963). This area and its vi(;inity, which were
also evident to be the source locality for the introduction of the gastropod Batillaria
attramentaria [Sowerby 11, 1855] in the American Pacific Northwest associated with
the import of Pacific oyster (Miura er al. 2006), is the centre of the seed-producing
industry of C. gigasy (Barrett 1963). The other potential source location is the
i(umamoto Prefecture of western Kyushu (Fig. 4.1), from where the seed of another
variety of the Pacific oyster (currently believed to be a distinct species, C. sikamea
[Amemiya 1928], Banks et al. 1994) were shipped to California and Washington,
USA starting from 1946 (Barrett 1963, Pijanka 2006). However, the transported
amount of this variety, which was regarded as superior in both form and flavor
comparqd to the Miyagi’s oyster, was small as they mainly served for the

experimental plantings in 1950’s (Barrett 1963).
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Among these two localities mentioned by Barrett (1963), the present data
show that Miyagt is less likely to be the source location because the haplotype B of
TmW_1 spacer (typical S. muticum) found in Tateyama and Yaizu, which is
geographically near Miyagi, was different from the haplotype A (non-typical S.
mutiucm) found in all American populations. Sh:;)uld Miyagi be the source location,
it is unlikely that no haplotype B would have been recorded in the Amercian
populations. In contrast, Kumamoto, which is situated between the sampling sites of
Oojima, Japan and Jangheung, Korea of this study (Fig. 4.1), was more likely to be
the source as the haplotype of all the specimens from Oojima and Jangheung is
identical to that of the North American specimens (Fig. 4.3). However, the record of
first occurrence of S. muticum, as Cystophyllum geminatum (C. Agardh) J. Agardh,
in US during 1944 (Scagel 1956) seems to predate the first shipment of the
Kumamoto oyster in 1946 (Pijanka 2006). It remains unclear whether the

chronological records of S. muticum appearance in US are accurate or the

information about the time of first shipment of Kumamoto oyster is reliable.

It is worth noting that, other than the Miyagi Prefecture, Hiroshima situated
in the Seto Inland Sea (Fig. 4.1) is another centre of oyst;:r seed-producing industry
starting from 1950°s (Thomson 1952). It was here where the imported C. gigas in
Australia originated (Thomson 1952). Among the literature stating the source of the
exportation of Pacific oysters to American Pacific Northwest (c.f. Scage! 1956,
Barrétt 1963, Quayle 1964, Grizel & Héral 1991), Hiroshima was not mentioned as
the source except for two shipments during 1902-1903 and 1907-1908 (Steele 1964).
These imported oysters, however, failed to establish an industry due to the high

mortality of the spats during shipment (Steeie 1964). Since the American and Seto
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inland sea populations shared the same TmW I spacer haplotype, the introduction of
S. muticum associated with the Pacific oyster from Hiroshima could not be

completely ruled out.

In Europe, the time of introduction of C. gigas appears coincident with the
first occurrence of S. muticum in southern England (Famham er ¢/ 1973). The first
area of introduction was suspected to be northwestem France as a result of
uncontrolled transport of C. gigas from British Colombia, Canada by air during
1970-1975 (Farnham er al. 1973, Grizel & Héral 1991), though oyster spats were
also introduced from Sendai, Miyagi Prefecture (Fig. 4.1) of northeastern Honshu of
Japan during 1971-1977 (Grizel & Héral 1991). The oyster industry was, thereafter,
self-sustaining using broodstocks in Europe (Grizel & Héral 1991, Mineur 2007).
Compared to Sendai, British Columbia is more likely to be the source lacation of
introduction in Europe, since haplotype A (of non-typical S. muticum) found in
European populations was in common with those in North American populations,
while no haplotype B found in Tateyama was detected in the introduced European
populations. Besides, Yoshida (1983) found that specimens in Zecland district of the
Netherlands were-morphologically similar to those in Seto Inland Sea population and
did not represent the typical form of the lectotypes found in Wakayama, Japan. This
observation was also supported by the present findings that the haplotype of the
European popuiations were. all the same as those of non-typical S. muticum in
Oojima in the Seto Inland Seﬁ, rather than those in Tateyama and Yaizu which most

»

tikely represent the typical S. muticum.
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Based on the results of this present study, it would not be possible to infer
whether the range‘ expansions of S. muticum in North America and Europe are the
results of single or multiple event(s) of introduction. The eluciddtion of the finer
introductory routes of S. muticum awaits the use of more variable genctic markers,
such as the other more variable mitochondrial marker and nuclear microsatellite loci.
This study, nevertheless, revqals two recently diverged lineages in the native range of
S. muticum, and indicates that the lineage originated in central and western Japan,
South Korca and the northern China dominate all the introduced population. By
incorporating information from the literature, this study helps to clucidate the

potential source area of the invasive S. muticum in its nativétrange.
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Chapter Five: Comparative Phylogeography of
Sargassum spp. in NW Pacific

5.1 Introduction

Phylogeography, first coined by Avise et al. (1987), provides the link between
systemalics_)and population genetics in enhancing our understanding of recent
evolutionary history of living organisms (Avise et al. 1987). Phylogeographic studies
on many different species in both the terrestrial and marine realms have since been
carried out (reviewed by Avise 2000). Information about the congruence (or
incongruence) of evolutionary histories among different taxa inhabiting the same
area or region allows L‘IS to deduce any past (vicariant) event in the earth histor.y
which had governed the evolutionary history of the biota of the said region (Arbogast
& Kenagy 2001, Zink 2002'). This comparative phylogeographic approach (Avise
2000) has revealed the existence of vicariant barriers in various regions (e.g. Avise
1992, Riddle et al. 2000, Hoffmann & Baker 2003, Barber et al. 2006, Soltis et al.
2006). For example, by compiling the phylogcogr;lphic information on several
maritime species such as the American oys‘ter (Reeb & Avise 1990), the horseshoe

crab (Saunders ¢r al. 1986) and the killifishes (Duggins et al. 1995), a consistent

genetic divergence was demonstrated between the populations from the Atlantic side
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and the Gulf of Mexico side of the Florida Key in US (Avise 2000). The Florida Key,
thus, was proposed to have played a key role in the divergence of these species
(Avise  2000). Moreoverf, recently identified ancient marine rcfugig in northern
Europe were hypothesized to have played a role in shaping the genetic structure of
several macroalgal species (Provan ¢t al. 2005). The high haplotype and nucleotide
diversities of a European red algal species Palmaria palmata (Linnaeus) Kuntze
found in the English Channel and in SW Ireland suggest that these two places could
be the refugia for this specics during the glactal period. The species recolonized the
other European coast as far west as Iceland and also the North America thercafter
(Provan er al. 2005). Phylogeographic studies on the brown alga Fucus serratus
Linnaeus, using microsatellites (Coyer et al. 2003) and mitochondrial marker (Coyer
et al. 2007), revealed a high genetic diversity in the area of Brittany, France, located
near the England Channel and SW I[reland. Both pieces of evidence point to the same
conclusion that the England Chilmnel and SW Ireland were probably two of the

ancient refugia for seaweeds in Europe.

Other than investigating the congruence of evolutionary Pystories of organisms
belonging to different taxonomic groups found in the same area, study on some

closely related species could also provide important insight on not just the common

F
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response to the geological vicariant event, but also the idiosyncratic ecological
responses underlying the evolutionary history of these organisms (Rocha ¢r al. 2002).
For example, Lourie ¢f al. (2005) revealed two general patterns of genetic break in
Southeast Asia among four species of seahorse belonging to the same genus
_Hippocampu‘s'. The difference in the break pattern was suggested to be related to

individual ecological responses of different taxa towards a common geological event

(e.g. the Pleistocene fragmentation of marine basins) (Lourie er al. 2005).

Unlike the above mentioned cases in East Atlantic, European and Tropical
Indo-west Pacific waters, only very limiu?d number of comparative phylogeographic
works has been done in NW Pacific. One of these on the intertidal snail (genus
Cerithidea) was carried out in f{yukyu, Japan to verify the existence of any analog to
the two well known terrestrial genetic breaks, Tokara and Kerama gaps, in the marine
fauna (Kojima er al. 2006). Although some degrees of gcnc-lic divergence within
these three Cerithidea species were verified, this study covered only a relatively
small area within the NW Pacifig and thus cannot provide more insight on the
evolutionary history of other marine biota in the whole region. More recently,
phylogeographic studies on other groups of marine lives, such as seaweed (Cheang et

al. 2008), fish (Liu er al. 2006, 2007) and barnacles (Tsang et al. 2008), have been
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carried out covering a larger regional scale in NW Pacific. While the differentiation
of populations of various marine species has been shown 1o be related to the sea level
fluctuation during the Quaternary period (e.g. Lourie ¢t al. 2005, Liu er al. 2006,
Timm &. Kochzius 2008), the frequent altemation between the formation and
disappearance of marine refugia during this period led to a complex evolutionary
history as well as a complex genetic structure among many of these species (e.g.
Hoarau er al. 2007). Inconsistencies do exist in the patterns of genetic structure
examined among closely related species (e.g. Sargassum hemiphyllum vs. S.
muticum, see Chapters 3 and 4), making it difficult to interpret the implications of

these genetic data with respect to the evolutionary history of these species.

Besides the Tokara and Kerama gaps‘t in Ryukyu, which were believed to be
important in contributing to the genetic break among populations of some marine
species in NW Pacific (Kojima et al. 2006), iwo other refugia were considered to be
potentially critical. One is the East China Sea basin, which remained an almost
enclosed marine region in the glacial period, surrounded by the continental Chinese
coast and the Ryukyu Island chain (Ota 1998). Further south is the South China Sea
basin, which was disconnected from the East China Sea basin by the land bridge

formed in the Taiwan Strait. These two basins were hypothesized to be the refugia for
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the two varieties of the brown alga '_Sar}:ax.«'mn hemiphviium (Chapter 3). A clear
divergence between the two varicties, allopatrically distributed in the Japan-Korea
region and the southern China region, was exhibited by the PCR-RFLP data of
Rubisco spacer (Cheang et al. 2008). The divergence of the two varictics was
believed to be maintained by the large volume of freshwater discharge from the
Yellow and Yangtze Rivers in China {(Cheang ¢f «f. 2008), with a genctic break
located between the regions from Zhejiang Province, China to Cheju Island, Korea.
In contrast, the phylogeographic work on another Sargassum species, S, muticum
(Chapter 4), reveals no genctic structure among its populations in NW Pacific, based
on ITS2 and Rubisco spacer, and a slight genetic structure based on the sequencing
data of TmW _1 spacer. This apparent contradictory finding on these two closely
related species (both belong to the same subgenus Bactophyceus) might suggest their
differential responses to the past geological event(s) due to some species-specific
biological properties.

To gain a better understanding of how geological event(s) could affect closely
related species, such as those belonging to the genus Sargassum in NW Pacific, the
genetic structures of additional species of Sargassum were examined. Four species of

Sargassum, all belonging to subgenus Bactrophycus, were selected for this purpose.

143



CHAPTIR §: Comparative Phylogeopraphy of Sargassum

These species, Sargassum hemiphylium, S. fusiforme, S. muticum and S. thunbergii.
are not only four of the top ten most widely distributed Sargassum specics in NW
Pacific (Chapter 2), they also exhibit two distinet distribution patterns (Fig. 5.1).
Sargassum hemiphyllum and S. fusiforme are discontinuously distributed. They are
not found inside the highly blackish Bohai region along the Chincse coast (Fig. 5.1A,
B). In contrast, both S. musicum and S. thunbergii are distributed continuously along
the Chinese coast. They are found abundantly inside the Bohai Gulf (Fig. 5.1C, D).
The region of Bohai Gulf, together with the coastal regions along the Yellow Sca to
East China Sea, constitutes the area heavily affected by the freshwater outflow from
the two big rivers of China, Yangtze and Yclloyv Rivers (Cheang 2003). The
associated cnvironmental conditions, such as low salinity (Steen 2004) and heavy
scdimcntation (Umar ¢ al. 1998), do not favor the growth of most Sargassum
species that require oceanic condition and a hard substratum. This sca region with its
adverse condition for Sargassum was postulated to provide a dispersal barrier in
maintaining the genetic differentiation among some species of Sargassum {Cheang et

al. 2008).

By investigating the genctic population structures of these four closely related

Sargassum species in NW Pacific with different geographical distribution patterns,
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Figure 5.1 The distribution (shaded areas) of Sargassum 'hcmi'phyﬁum (A), S
Susiforme (B), S. thunbergii (C) and S. muticum (D) in NW Pacific. Graphs A and B
refer to species with discontinuous distribution which does not extend to Bohai Gulf
and East China Sea, while graphs C and D refer to those with continuous
distribution. Distribution data were compiled based on the literature records (Chapter

2). Refer to Table 5.1 for details of the sampling localities indicated.
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we might be able to shade light on the effect of the rivers, or its associated adverse
condition for Sargassum, on the evolutionary history of Sargassum species in NW
Pacific. Both ecological vs. evolutionary processes involved in shaping the genetic
population structures of these species may be deciphered using this comparative

phylogeographic approach.

5.2 Materials and Methods
5.2.1 Specimen sampling, DNA extraction, PCR amplification
and direct sequencing

The distribution pattern of the four Sargassum species was examined based on
the literature records (Chapter 2). As much as possible, samples were collected
lhroughm-u the whole recorded range of the species by snorkeling or sampling during
low tide (Fig. 5.1, Table 5.1). However, logistic constraints often prevented
collection to be made in some specific sites. N;mclhcicss, the location and number of
sampling sites for each species should be representative of its distribution range.
Specimens were collected | — 2 m apart to avoid collecting individuals from the
same mother plant, as Sargassum germlings are known to have a short dispersal
distance (Kendrick & Walker 1995). Two to three vouchers haphazardly selected

from each population were air dried and deposited at the Marine Science Laboratory,
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Table 5.1 Collection details of the samples used in this study. Letters in () refer to
the grouping used in AMOVA: N: northern, C: central, S: Southem regions. For
details of these regions, refer to descriptions given under the Materials anp Methods.

- Acronym Date of
Localities Y collection Collectors
(N/C/S)
Sargassum hemiphyllum
H1. Scto Marinc Biological Laboratory of
Kyoto University, Wakayama Prefecture,  JpWY (N) 22 Mar 01 M. Sato
Japan (135°20°E, 33°41'N)
H2. Shishikui, Tokushima Prefecture, . C.C Chea®g &
Japan (134°18°E, 33"33'N) TS (N) 7 Apr 07 P.O. Ang
H3. Sukumo, Kochi Prefecturc, Japan C.C. Cheang &
(132°42'E, 32°54°N) IPSM(N) 6 Apr07 P, O. Ang
H4. Kawatana, Nagasaki Prefecture,
Japan (129°52°E, 33°03°N) JPNS (N) 19 Apr 07 N. Murase
HS5. Sungsan, Cheju Isiand, South Korea
(126°56'E, 33°27'N) KrCI(N) 14 Feb 01 J. 1. Kim
H6. Hoatian, Pin Tan, Fujian Province, . )
China (119°47°'E, 25°40'N) CoFJ(S) 25 May 01 Y. Zhang
H7. Kwangyinting, Penghu, Taiwan . . C.C. Cheang &
(119°33°E, 23°34'N) ITwPH (S) 24 Mar 02 P.O. Ang
H4¥. Sai Kung, Hong Kong, China
(I |4016.E. 22022'N) HkSK (S) 26 IFeb 02 . I Ycll“g
H9. Naozhoudao, Zhanjiang, Guangdong C.C. Cheang &
Province, China (110°37°E, 20°55'Ny  (nZJ(S) 14 May 0l P, O. Ang
Sargassum fusiforme
F1i. lzu Shirashama, Shizuoka Prefecture, K.
Japan (138°21°E, 34°41°N) IpSO (N) 16 Jun 07 Matsuyama-Serisawa
F2. Shirahama, Wakayama Prefecture, . C. C. Cheang &
Japan (135°21°E, 33°41'N) IpWY (N) 9 Apr 07 P.O. Ang
L]
F3. Oojima, Yamaguchi Prefecture, Japan C.C. Cheang &
{(132°26E, 33°57'N) JpOJ (N} 3 Apr07 P.O. Ang
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F4. Kawatana, Nagasaki Prefecture,
Japan (129°52°E, 33°03'N)

F5. Sungsan, Cheju Island, South Korca
(126°56’E, 33°27'N

F6. Yconggwang, Jeollanam-do, South
Korca (126°23°E, 35°20°N)

-

F7.Shen Shan, Zhejiang, Province, China
(122°47°E, 30°43°N)

F8.Mcizhou, Fujian Province, China
{119°07°E, 25°05°N)

9. NanQ, Shantou, Guangdong
Province, China (117°06°E, 23°24°N)
Sargassum thunbergii

T1. Aburatsubo, Kanagawa Prefecture,
Japan (139°36'E, 35°9'N)}

‘F2. Shirahama, Wakayama Prefecture,
Japan (135°21°E, 33°41°N)

T3. Kawatana, Nagasaki Prefecture,
Japan (129°52°E, 33°03'N)

T4. Sungsan, Cheju Island, South Korca
(126°56°E, 33°27'N)

T5. Dalian, Liaoning Province, China
(121°41°E, 38°51'N))

Té. Beidathe, Hebei Province, China
(119°31'E, 39°49'N)

T7. Yantai, Shandong Province, China
(121°25°E, 37°35'N)

TR. Qingdac, Shangdong Province, China
{120°20°E, 36°02°N)

9. Shen Shan, Zhejiang, Province, China
' (122°47°E. 30°43°N)

JpNS (N)

KrCJl (N)

KrYG (N)

CnSS (5)

CnFJ (§)

CnST({S)

JpKG (N}

IPWY (N)

JpNS (N)

Kr(C) (N)

CnDL(C)

CnBDH (C)

CnYT (C)

CnQD ()

CnS5(8)

19 Apr 07

¥

14 May 06

26 Jun 07

30 May 07

31 May 07

28 Apr 07

22 May 05

9 Apr 07

19 Apr 07

21 Oct 06

16 Jun 04

10 May 05

16 Jun 04

13 Jun 04

30 May 07

N. Murasc

P.O. Ang

tH. G. Choi

H. L. Fung &
Y. M. Tsang

P.O. Ang

Y. H Lam &
P.O. Ang

M. Honda

C. C. Cheang &
PO Ang

N. Murase

P. O. Ang

C. C. Cheang &
R. Luan

C.C. Cheang &
S.C.C. Suen

12. Duan

C.C. Cheang &
P.O. Ang

H. L. Fung &
Y. M. Tsang
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T10. Meizhow, Fujian Province, China
(119°07°E, 25°05'N) CnFJ (S) 31 May 07 PO Ang

Sargassum muticum

M 1. Tateyama, Chiba Prefecture, Japan

{139°51°E, 34°59°N) IPTY (N) 24 Jun 07 D. Fujita
M2. Yaizu, Shizuoka Prefecture, Japan K.
{138°19°E, 34°51'N) © IpSO(N) 30 Jan 08 Matsuyama-Scrisawa
M3. Awajishi, Hyogo Prefecturg, Japan C.C. Cheang &
(135°1'E. 34°34'N) - ANN) 8 Apr 07 P.O. Ang
M4. Oojima, Yamaguchi Prefecture, C.C. Cheang &
Japan (132°26°E, 33°57'N) IpOJ(N) 3 Apr 07 P. O. Ang

M5. Jangheung, Jeollanam -Do, South

Korea (126°56°E. 34°27°N) KrJH (N} 3 May 07 H. G. Cho
Mé6. Beidaibe, Hebei Provinee, China i ) C.C. Cheang &
(119°31°E. 39°49°N) CnBDH (C) 10 May 05 S.C.C. Sucn

M7. Rungcheng & Weihai, Shandong CrnRC & 20Jun07 &
Province, China (122°29°E. 37°09°'N &  CrwH () 26 Jun 07 2. Duan
122°7°E, 37°30°N)

MR&. Qingdao, Shandong Province, China C.C. Cheang &
(120°21’E, 36°2’N) CnQD(C) 13 Jun 04 P.O. Ang
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the Chinese University of Hong Kong.

Detailed procedure of the treatment of specimens and DNA extraction followed
those described in Chapter Three. Briefly, about | g of the new branches without |
epiphytes was cleaned with brushes and subsequently preserved in 95% ethanol or
silica ge! until molecular study was carried out (Cheang 2003). Genomic DNA of
these specimens was exiracted by meodified cetyltrimethylammonium bromide
(CTAB) method (Protocol two of Ho et al. 1995). The extracted genomic DNA was
further purified by GENECLEAN II Kit (BIO 101 Inc., CA, USA), following the

manufacturer’s instructions ( Yoshida et al. 2000).

The spacer between the Rubisco large and small subunits in plastid DNA,
spacer between the TmW and Tml in mitochondrial DNA and ITS2 region in the
nuclear genome of all the specimens from the four species were amplified by PCR ¢
(profile: initial 3 min at 96°C, 32 cycles of 40 s at 96°C, 30 s at 55°C 50 s at 72°C,
final 3 min at 72°C) by the thermocycler (Mastercycler Gradient, Eppendorf®,
Hamburg, Germany). The primer sets used are listed in Table 5.2. Both the cocktail
for amplifications and the subsequent procedure, up to the point of commercial

»
automated sequencing {(Macrogen Inc., Seoul, South Korea), were identical with
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Table 5.2 List of primers used for the three genetic markers: nuclear ITS2, plastid
Rubisco spacer and mitochondrial TmW _I spacer. Letters inside ( ) represent the
species in which the primer(s) were applied. (H: S. hemiphyllum, F: S. fusiforme, M:
S. muticum, T: S. thunbergii)

Forward/
Markers f Sequences
Backward
F ITS2FC2*: 5’-TTGTCGGGGAGGAGGAGG-3’ (H, F, M, T)
ITS2 25BR2-Reverse': 5-TCCTCCGCTTAGTATATGCTTA-3" (H,
R = l:
F, M, T) v
MIF%: 5’-GACCTTTAAAAGCAGCTTTAGAT-3" (H, F)
Rubisco F
RBCLF1*: 5°-GACCTTTAAAAGCAGCTTTAGAT-3" (M, T)
spacer
R MIR?: 5'-CCCCATAGTTCCCTAATACGCATT-3' (H, F, M, T)
TrmW-1-F*: 5>-GGGGTTCAAATCCCTCTCTT-3" (H, F, T)
E
+ TraW _1 TrmW-1-FC*: 5°-GTTCAAGTCCCTCTCTTTCTGT-3" (M)
i %
. spacer TrnW-1-R*: 5’-CCTACATTGTTAGCTTCATGAGAA-3’ (H, M)
R .

TrnW-I1-RC1°: 5’-GTTCAAGTCCCTCTCTTTCTGT-3" (F, T)

* modified from the sequence (GenBank Accession number: AY 150006) of Sargassum hemiphyllum
(Oak ef al. 2002)

' based on Yoshida et al. (2000).

? based on Cheang (2003). : ’ “~

* modified from the sequence (GenBank Accéssion number: AF292068) of Surgassum muticum
(Phillips er al. 2005)

* based on Voisin et al. (2005).

* modified from the sequence (GenBank Accession number: AY494079) of Fucus vesiculosus (Secq ef

al. 2006)
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those described in Chapter Three. The sequences o-btaincd, together with those of the
four species availz;ble from GenBank, were visually edited and aligned using the
software MEGA ver. 4 (Tamura et al. 2007). Sargassum horneri, which belongs to
the same subgenus (Bactrophycus) as the four species and was found to be the most
closely related to the four species based on ITS2 (Stiger et al. 2003), serves as the
outgroup for ITS2 tree. No sequence of species under the subgenus Bactrophycus
was available in GenBank for Rubi‘sco spacer, so the tree was tentatively rooted as in
the case of ITS2. An unknown Sargassum sp. from the GenBank (EU169849) serves
as outgroup in TmW _1I spacer tree since it is the only available TrnW I sequence of
Sargassum sp. New sequences obtained in this study, ‘if any, were deposited to the

GenBank.

The heteroplasmy of the mitochondrial markers in Fucus serratus Linnaeus has
been documented (Coyer ef al. 2004). The pfoblcm of heteroplasmy could hinder the
applicability of the mitochondrial marker in phylogenetic reconstruction or inference
of demographic history (Posada & Crandall 2002). This problem was not significant
in the present study, since all the sequences demonstrate clear single peak in their

L

chromatograms (data not shown).
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5.2.2 Statistical-treatments

Neighbor joining (NJ), maximum parsimony (MP) and maximum likelihood
(ML) trees were generated by the sofiware package PAUP 4.0 Beta (Swofford 2000,
and Bayesian inference (BI), by MrBayes v.3.12 {Ronquist & Huelsenbeck 2003), to
analyze the phylogenetic relationships among the cytoplasmic haplotypes and
nuclear genotypes of all the four species. Same haplotype/genotypes shared by
different localities were treated as different units according to their sampling
localities so that the population structure could be visualized in the tree. The detailed
settings for the NJ, MP and Bl approaches were the same as those described in
Chapter Three. Akaike information criterion implemented in Modeltest ver. 3.7
(Posada & Crandall 1998) was used, « priori, to estimate the appropriate model 1o be
appliéd in the NJ, ML and BI methods. The optimal models found for the four
species among the three markers were TVM+ [ (ITS2), GTR {Rubisco spacer) and
HKY (TmW _I spacer) for §. hemiphyllum; HKY+I (ITS2, Rubisco spacer) and
TrN+I (TmW _1 spacer) for S. fusiforme; K81UF (ITS2), TIM+I (Rubisco spacer) and
HKY (TrnW_I spacer) for S. thunhergii, and TVM + I {ITS2), TVM (Rubisco spacer)

and HKY (TmW_I spacer) for S. muticum.
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The number of haplotypes was recorded for cach sampling locality. The
computer software TCS ver.1.13 (Clement ¢t of. 2000) was utilized 10 generate the
TCS network, which demonstrated the relationship among haplotypes of the four
species. The occurrence and frequency of the haplotypes obtained for the four species
were mapped according to their sampling localities, so that any concordant distributi()ln

pattern of the haplotypes across the four species could be visualized.

Parameters of the population structure, neutrality tests, sudden range expahsion
and the analysis of molecular vanance (AMOVA) were compared across the four
species. Basic parameters of the populations, such as sequence divergence,
nucleotide diversity and haplotype diversity (Nei 1987) were calculated and
combared. Both Tajima’s D (Tajima 1989) and Fu’s Fg (Fu 1997) neutrality tests were
carried out to test if the markers utilized were selectively neutral and significant
negative values could tell whether the populations underwent recent range expansion
(Chiang et al. 2004). The mismatch distribution analysis was also conducted for the
detection of any history of sudden range expansion (Roger & Harpending 1992). This
is essentially a Chi-square tesl testing on the deviation of the observed frequency
distribution of pairwise nucleotide difference from the expected unimodal distribution

derived from the sudden range expansion model. The raggedness index implemented
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in this test was able to quantify the shape of the frequency distribution curve so as 10

indicate whether the distribution was unimodal (i.e. with sudden range expansion).

AMOVAs were carried out to test if the ®g; was statistically significant. In
order to test whether the genetic population structure of the Sargassum specics are
rclated to the discharge of the two rivers in China, the populations were grouped with
respect to their location in areas influenced by either the Yangtze or the Yellow
Rivers, namely the northern, central and southern populations. The northern
population included ail the Japanese and Korean populations; and the southern one, all
populations in southem China south of Zhejiang Province, China (Table 5.1). The
central populations referred to those from the region of Bohai and Yellow Sca, which
are Heavily influenced by the two rivers (Fig. 5.1). Comparison among the @4y of the
four species revealed whether there was consistent differentiation due to the presence
of the rivers across the four species. All these calculations were done using the

software Arlequin ver. 3.1 (Excoffier et af. 2005).
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5.3 Results
5.3.1 Sequence dgta and diversity

A total of 62, 142 and 93 sequences of S. hemiphyllum, 26, 49 and 58 sequences
of S. fusiforme, 45, 85 and 102 sequences of S. thunberyii, al‘]d 56, 70 and 79
sequences of S. muticum were obtained for ITS2, Rubisco and TrW [ spacers

. ’

respectively (Table 5.3). Variations in sizes were observed in ITS2 sequences of S.
Fbemt'phy!!mn and S. fusiforme. The aligned length ranged from 504 to 506 and 500 to
506 respectively (Table 5.3), yielding two genotypes in S. hemiphyllum and six
genotypes in §. fusiforme. The greater variation in length in S. fusiforme and S.
hemiphyllum could be attributed to the existence of relatively more insertion-deletion
sites in the sequences together with various base substitutions (Table 5.3), as
compared to those in §. thunbergii and S. muticum. The latter possessed a single
genotype of ITS2 sequences (497 bp). The aligned length of Rubisco sequences was
263 bp, except that of S. _/i;.vf/‘brme which W;IS four base pairs longer. The number of
polymorphic sites in S. hemiphyllum (5 bp), however, was higher than that in S
Susiforme (2 bp), although both species possessed three different haplotypes. Both S.
thunbergii and S. muticum exhibited single type of sequences in Rubisco spacer
without any base-pair substitutions. The length of TrnW 1 spacer sequences ranged

"

from 165 bp (S. fusiforme) to 159 bp (S. thunbergii), with S. hemiphyllum and S.
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‘Table 5.3 Basic information about the sequences and the genetic diversities of the

four Sargassum species studied, based on ITS2, Rubisco and TmW | spacers.

Parameters'

S. hemiphyllum

S. fusiforme

S. thunbergii

S, muticum

I'TS2
(aligned sizes)
N/ Npgp / 1y,
s {T/Ty/Indel)
h+SD
n+ SD

5.04,hhp
62/9/2
5(0/3/2)
0.42 + 0.049
0.0037 + 0.0023

500.2.4,6bp
26/6/6
13 (2/5/6)
(.88 + (0.044
0.060 £ 0.030

497bp
45/11/1
O (/0
0.00 + 0.00
0.00 + 0.00

497bp
S6/R/1
O (0/0/)
0.00 + 0.00
0.00 1+ 0.00

Rbe spacer
(aligned sizes)
N/ Npg /Ny
s (To/Ty/Indel)y
h+ SD
n+SD

263bp
142/9/3
5 (0/5/0)
0.65+ 0.015
0.0099 + 0.0058

267bp
49/9/3
2¢1/1/0)
0.32£0.078
0.0012 +0.0014

263bhp
R5/10/1
0 (0/0/0)
0.00 & 0.00
0.00 £ 0.00

263bp
TO/R/
0 (0/0/0)
0.00 + 0.00

(.00 £ 0.00

TrnW_I spacer
(aligned sizes)
N/ Npgp /1y,
s (TYT/Indel)
h£SD
t+ SD

160bp

93/8/4

9 (2.7,0)
0.75 + 0.013
0.026 £ 0.014

165bp
S58/9/4
3(2.1.0)
0.25+0.074
0.0024 £+ 0.0023

159bp
102/9/2
1 (0,1.0)
0.058 1 0.032
0.00036 -+ 0.0009

160bp
79/8/2
2(1,1.0)
0.37 £ 0.055
0.0041 £ 0.0035

n: No. of sequences: npg,: no. of populations, ny: no. of haplotypes: v: no. of polymorphic sites: T

no. of transition site; ‘Ty: no. of transversion site; Indel: no. of insertion/deletion site: i haplotype

o diversity; SD: standard deviation; oz nucleotide diversity
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muticum demonstrating the same size (160 bp). Sargassum hiemiplivliium showed the
most number of polymorphic sites (9 bp), followed by S. fusiforme (3 bp) and S.
muticum (2 bp). Sargassum thunbergii demonstrated the least number of variable
sites (1 bp) in the marker TrnW | spacer. Both S, femiphylium and S, fusiforme
cxhibited four different haplotypes, while S. thunbergii alnd S, muticum cach

possessed only two different haplotypes.

No haplotype diversity nor nucleotide diversity were revealed in S, thunbergii
and S. muticum based on ITS2 and Rubisco spacer due to the lack of sequence
vanation. In contrast, S. Aemiphyiium and S. fusiforme demonstrated higher genetic
diversities, especially in haplotype diversities (Tabie 5.3). For the TmW | spacer, .
hc'm:'phylfum was the most genetically diverse, while S, thunbergii the least. The
diversity indices of 8. fusiforme are lower than those of 8 muticum for this marker

(Table 5.3).

5.3.2 Phylogenetic relationship among hapletypes and their
distribution in the four species
The phylogenetic relationships among the four species examined arc essentially

:'

consistent based on all the three markers investigated (Figs. 5.2 10 5.4). Sargassum
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SmuKrH_M-1-A
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Figure 5.2 Neighbor-joining (NJ) tree illustrating the relationship among different haplotypes of S. )
hemiphylium, S. fusiforme, S. thunbergii and 8. muticum based on I'TS2. The same topology of the
trces was obtained for the maximum parsimony (MP), Bayesian inference (Bl) and maximum
likelihood (ML) approaches. Refer to Fig. 5.5 for the intraspecific relationship among haplotypes.
Bootstrap values (1000 replicates for NJ, MP and 100 for ML) for NJ (regular), MP (italic) and ML
. (bold) methods and the posteriori probabilities of Bl (bold and italic) mcthod arce indicated at the
nodes. Available sequences from GenBank were included in the analyses (S. hemiphyllum: AB043577,
ABO0435779, AY 150006 from Nagasaki, Wakayama of Japan and Cheju Island of Korea respectively:
S. fusiforme: AB043477, AB043501, AB043560, AY 150021 from Chiba, Hokkaido, Nagasaki of
Japan and Cheju Island of Korea respectively: S. thunbergii: AB043777, AB043573, AY 150003 from
Hokkaido, Fukuoka of Japan and Cheju Island of Korca respectively; 8. muticum: AB043503,
ABO043772-4, AY 150003 from Miyagi, Chiba, Hokkaido, Miyagi of Japan and Cheju Island of Korca

respectively), while S. horneri (AB043680) scrves as outgroup.
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Figure 5.3 Neighbor-joining (NJ) tree illustrating the relationship among different
haplotypes of S. hemiphyllum, 8. fusiforme, S. thunbergii and S. muticum based on Rubisco
spacer. The same topology of the trees was obtained for the maximum parsimony (MP),
Bayesian inference (Bl) and maximum likelihood (ML) approaches. Refer to Fig. 5.6 for the
intraspecific relationship among haplotypes. Bootstrap values (1000 replicates for NJ, MP
and 100 for ML) for NJ (regular), MP (italic) and ML (bold) methods and the posteriori
probabilities of BI (bold and italic) method are indicated at the nodes. Available sequences
from GenBank were added into the trees (S. hemiphyifum: EF079079, EF057393-4 {rom
Wakayama of Japan, Cheju Island of Korea and Fujian of China respectively; S. fusiforme:
AF292071 and AY449537 both from Japan; S. thunbergii: AF244332 and AF244343 from
Japan and China respectively; S. muticum: AF244330-1 and AF292068 from Qingdao of
China, California of USA and Japan respectively). No suitable outgroup sequence was found

in GenBank, so the tree was tentatively rooted as in the case of ITS2 (Fig. 5.2).
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Figure 5.4 Neighbor-joining (NJ) tree illustrating the relationship among different
haplotypes of S. hemiphyllum, S. fusiforme, S. thunbergii and S. muticum based on
TrnW _I spacer. The same topology of the trees was obtained for the maximum
parsimony (MP), Bayesian inference (BI) and maximum likelihood (ML) approaches.
Refer to Fig. 5.7 for the intraspecific relationship among haplotypes. Bootstrap
values (1000 replicates for NJ, MP and 100 for ML) for NJ (regular), MP (italic) and
ML (bold) methods and the posteriori probabilities of Bl (bold and italic) method are
indicated at the nodes. An unknown Sargassum sp. from the GenBank (EU169849)

serves as outgroup since it is the only available TrmW _I sequence of Sargassum sp.
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Jusiforme was the most basal specics with S. thunbergii being the sister group to the

clades of S. muticum and S, hemiphviium.

With respect to ITS2, no intraspecific structure was reveaied among the
populations of both S. thunbergii and S, muaticum (Fig. 5.2). Only one haplotype was
found in these two species (S, riflfrrhc{g:'i: T-1-A, S. muticum: M-1-A). which was
distributed throughout their entire range (Fig. 5.5). In comparison, genctic population
structure was revealed in both S, Aemiphvilum and S. fisiforme (Fig. 5.2). The
genetie divergence of the two varictics of S hemiphyiium (gcnoiypcs H-1-A and
H-I-B) contributed to the intraspecific structure of this species. Genotype H-I-A
found in Japanese and Korcan populations was different from Genotype H-1-B
occurring along the Chinese coast by five nucleotide changes (Fig. 5.5). Comparable
to S. hemiphyllum, S. fusiforme also possessed two main lineages that corresponded
10 the castern  Japanese  (JpOJ  and  JpSO) and the southwestern
Japanese-Korean-Chinese (KrCJ, KrY G, JpNS and CNST) populations (Figs. 5.2 and
5.3). The hincage of JpOJ and IpSO appeared to be a distinet group (confidence
levels ranged from 83 to 100 depending on the tree constructing methods), which
consisted of the genotypes F-1-A in JpOJ, F-1-B and F-i-C in JpSO and a GenBank

sequence (AB043477) from Chiba of castern Japan (Stiger et al. 2003). Though
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Figure 5.5 The TCS haplotype networks and the haplotype distribution of A)
Sargassum hemiphyllum, B) S. fusiforme, C) S. thunbergii and D) S. muticum in NW
Pacific, based on ITS2 marker.
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being within the same lineage, genotype F-I-A differed from both F-1-B and F-I-C by
six base pairs (Fig. 5.3). The southwestern Japanese-Korean-Chinese lineage, which
included genotypes F-1-D, F-1-E and F-I-F, plus the (}c'nBank sequences from
Nagasaki of western Japan, exhibited at least five bp differences with the eastern
Japan lineage of S. fusiforme (Fig. 5._5). Genotype F-1-E appeared to be the major
genotype (10 sequences) in this lineage that was distributed in KrCJ and CnST (Fig.
5.5). There was a rather large nucleotide difference (5 steps) between genotypes
F-I«Dl(KrY(}) and F-1-E (KrC‘.!_, CnST), F-1-F (KrYQ). A weakly supported subcl.adc,
which included genotype E from KrCJ and CnST as well as another (.ianank .
sequence from Cheju Island (AY 50021, Oak et al. 2002), could be recognized inside

this lineage (Fig. 5.2).

The single haplotypes of both S. muticum and S. thunbergii revealed based on
Rubisco spacer led to a homogenous intraspecific clade (Fig. 5.3). These hapl-otypcs
occurred in the entire distribution range of the two species (Fig. 5.6). In contrast, the
two varieties of S. hemiph,;!hmr could b_c distinguished, forming two distinct
intraspecific lineages. The sequences from China (haplotype H-R-A, Fig. 5.6)

formed a distinct lineage (Fig 5.3), whereas the sequences from eastern Japan, such

as those from JpWY, IpTS, JpSM and JpNS (haplotype H-R-C), formed a subgroup
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Figure 5.6 The TCS haplotype networks and the haplotype distribution of A)
Sargassum hemiphyllum, B) S. fusiforme, C) S. thunbergii and D) S. muticum in NW

Pacific, based on Rubisco 'spacer marker.
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-

within the var. Aemiphylium lineage. This latter lincage also included the sequences
from KrCJ and JpNS (haplotype H-R-B, Fig. 5.6). The smallest difference between
these two lineages was five bp (Fig. 5.6). Sequences of S. fiviforme, in which only a
single clade could be recognized, are more homogenous than those of S

hemiphylium, (Fig. 5.3). This clade consisted of three haplotypes (F-R-A to F-R-C),

—

b

and is different from thosc of S, muticum and S. thunhbergii in being constituted only
by one haplotype. The two lineages of S fusiforme revealed based on 1TS2, the
castern Japancse (JpOJ and JpSO) and the southwestern Japanese-Korcan-Chinese
(KrCJ, KrYG@G, JpNS and CNST) lineages, could not be identified based on Rubisco
spacer. Instead, haplotype F-R-B appeared to be the single major and widely
distributed haplotype. Sequences from JpOJ (haplotype F-R-C) were distinct and
differed from those of haplotype F-R-B in other locations by one change, while a
minor lineage F-R-A was found to be admixed with haplotype F-R-B in JpWY (Fig.

5.6).

In terms of TmW [ spacer, both S. muticum and S. thunbergii demonstrated
weak intraspecific structure, the subclade within which was supported by relatively
Tow bootstrap values (Fig. 5.4). Each of the species possessed two haplotypes, which

differed from one another by a single change (T-T-A and T-T-B, M-T-A and M-T-B,
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Fig. 5.7). The major haplotypes, T-T-A and M-T-A, wcrc‘ distributed  almost
throughout the entire range of both specics, except in castern Japan (JpSO and JpTY
for S. muticum, JpKG for S. thunbergii). Haplotype T-T-B of S. thunbergii was
admixed with the major haplotype T-T-A in JpKG (Fig. 5.7). In contrast, there were
two well-scparated lineages for S. hiemiphyifum, both of which consisted of subclades
with relatively strong support (Fig. 5.4). The separation of these two lineages of S
hemiphvilum was so distinet that, instead of grouping with cach other, one of the
lineages appeared as the sister group of S, nuticum, but with a low confidence value
for all the tree constructing methods (Fig. 5.4). The TCS network of the haplotypes
corresponding to these two lincages could not be linked as well (Fig. 5.7). The
haplotypes H-T-A and H-T-B of the var. ¢hinense lincage differed from cach other by
one nucleotide. They were mainly distributed along the Chinese coast, but some of
them were also found in JpWY. The two haplotypes of var. hemiphvifum, haplotypes
H-T-C and H-T—D{_ also differed from cach other by a single bp. They were found
entirely in Korea and Japan, in which- H-T-C was more localized in Korea and
eastern Japan and H-T-D in JpSM and JpWY (Fig. 5.7}. In contrast to the data of
Rubisco spacer, the differentiation of the eastern Japancse (JpOJ and JpSO) and the

southwestern Japanese-Korean-Chinese (KrCJ, KrYG, JpNS and CNST) populations

of S. fusiforme observed in the analysis of 1TS2 region was also cvident in the tree of
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Figure 5.7 The TCS haplotype networks and the haplotype distribution of A)
Sargassum hemiphyllum, B) S. fusiforme, C) S. thunbergii and D) S. muticum in NW

Pacific, based on TrnW_I spacer marker.
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TmW _I spacer, but with a lower confidence ranging from 63 to 92 depending on the
tree construction methods (Fig. 5.4). Haplotypes F-T-A and F-T-D, with two bp
difference, corresponded to the eastern Japanese lineage of S. fusiforme (Fig. 5.4).
They were found in JpOJ and JpSO only (Fig. 5.7). Haplotype F-T-C was the
dominant haplotype in China, Korea and Japan. It was found admixed with F-T-A in

JpSO and F-T-B in JpWY (Fig. 5.7).

5.3.3 Population structures and sudden range expansion

No dgy; was calculated for S. thunbergii and S. muticum due to the lack of
sequence variation in ITS2 and Rubisco spacer (Table 5.4). The @, of &
hemiphyllum and S. fusiforme, in contrast, are high for the two markers, ranging from
0.990 to 1.000 (S. hemiphyllum) and 0.853 to0 0.919 (S. fusiforme). The gy values of
TmW_1 spacer are generally smaller than those of ITS2 and Rubisco spacer in both
species (0.862 and 0.523, respectively). Sargassum thunbergii demonstrated a lower

DOst (0.324), and yet S. muticum exhibited a higher d¢; (1.000) in marker TrnW |

spacer.

The *“‘among-groups™ partition of variance in AMOVA, which indicates the

percentage of variance explained by the grouping of the northern, central and

169



CHAPTER 5: Comparative Phylogceography of Sargassum

Table 5.4 The overall d, among the populations, and the results of neutrality tests

(Tajima’s D and Fu’s Fg;) and the mismatch distribution analysis, of the four

Sargassum species studied based on ITS2, Rubisco and TmW 1 spacers.

Parameters'

S. hemiphylium

S. fusiforme

S. thunbergii

S, muticum

ITS2
Mgy (all populations) 1.000** ().9]9** N.A. N.A.
Tajima’s D/ 1.91 (N.S.), 0.70659 (N.S.) 0.00 (N.S) 0.00 (N.Sy/
Fu's Fg 7.88 (N.S.) -0.10396 (N.S.) N.A. N.A.
SSD/R 0.24* / 0.17%/ N.A. N.A.
0.69 (N.S.) {.33%*
Rbe spacer
by, (all populations) 0.990%* T O.R53** N.A. N.A.
Tajima’s D/ 3.38 (N.S.) -0.47 (N.S.)/ 0.00 (N.Sy/ 0.00 (N.S)
Fu’s Fy, 8.22(N.S)) -0.46 (N.S.) N.A. N.A.
SSD/R 0.12 (N.S.)/ 0.0033 (N.S.y/ N.A. N.A.
0.22 (N.S.) 0.23 (N.S))
TrnW_I spacer
My (all populations) ().862** {).523%* (0.324%* ].000)**
Tajima’s D/ 3.50 (N.SY -0.65 (N.S.) -(0.80 (N.S.) 1.25 (N.S.Y
Fu’s Fy;, 10.17 (N.S.) -1.05 (N.S)) -1.06 (N.S.) 3.13(N.S))
SSD/R 0.1 {N.S.Y (0.033 (N.S.)/ 0.00001 {N.S.) 0.13 (N.S.Y
0.13 (N.S)) 0.51 (N.S)) 0.79 (N.S.) 0.67 (N.S.)
" e

" gy (all populations); SSD: Sum of Squared Deviation; R: Raggedness index; C.1.: confidence

intcrval; N.A.: not applicable.

* p<0.05; **: p < 0.01; N.S.: non-significant,
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southern populations with respect to the arcas influenced by Yangtze and Yellow
Rivers, was highest (74.05% - 100%) in 8. hemiphylium for all the three markers
examined (Table 5.5). This variance of “among group™ level in the other three
species for the three markers is very low compared (o that in S. Aemiphylium (Table
5.5). The high negative values in S, fusiforme for all the markers revealed that the
variance obtained for this species is unlikely to be explained by the grouping patierns

with respect to areas influenced by the two rivers (Table 5.5).

None of the two neutrality indices of all the species and were statistically
significant (Table 5.4). Sargassum fusiforme showed almost all negative values of
both Tajima’s D and Fu’s Fgytests across the three markers investigated (Table 5.4),
indicﬁting that this species may have undergone sudden range expansion in its
evolutionary history. A sudden range expansion may also occur in S, thunbergii,
which exhibited negative value in the two neutrality tests, though the values of the
tests could not be calculated based on 1TS2 and Rubisco spacer markers. In contrast,
neither S. hemiphyllum nor S. muticum revealed a negative value in both the

neutrality tests (Fig. 5.4).
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Table 5.5 Summary of the partitions of variance in AMOVA of the-four species of

Sargassum investigated, based on the three markers studied.

AMOVA S. hemiphyllum S, fusiforme S, thunbergii - S. muticum
ITS2
Among groups 100.00 -58.74 N.A. N.A.
Among populations
TORE-ROP > 0.00 150.66 N.A. NA.
within groups
Within populations .00 8.08 N.A N.A
Rbe spacer
Among groups 92.92 -20.18 N.A. N.A.
Among populations
L il 6.17 105.48 N.A. N.A.
within groups
Within populations 0.91 14.71 N.A. N.A.
TrnW _I spacer '
Among groups 74.05 -2.86 -3.62 10.18
Among populations
L il 12.17 55.12 36.05 8982
within groups
Within populations 13.77 47.74 67.57 0.00
' N.A.: Not applicable.
>
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With regard to the mismatch distribution analysis, the sum of squared deviation
(SSD) was statistically significant only for S. hemiphylium and S. fusiforme in 1TS2
(Table 5.4), reflecting that the frequency distribution of the pairwise nucleotide
difference of these two species did not follow the model of sudden range expansion.
In contrast, all the species possessed non-significant SSI} for both Rubisco-and
TrmW I spacers. Only S. fusiforme demonstrated a statistically significant raggedness
index based on ITS2 sequences, which also indicated that the distribution curve of

this species is not unimodal.

3.4 Discussion
5.4.1 Genetic differentiation among the four Sargassum species

.Bascd on the markers used in this study, the pattern of genetic population
differentiation among the four species studied appears to match the two types of
geographical distribution patterns Obscrvcd..Smjs:a.\umm muticum and 8. thunbergii,
which are found inside the Bohai Gulf, Yellow Sea and its vicinity, possess no (1TS2,
Fig. 5.2) or little (TrnW _I spacer, Fig. 5.4) genetic divergence among populations. In
contrast, S. hemiphyllum and S. fusiforme, which are discontinuously distributed and
do not occur in Bohai region, demonstrate deep intraspecific divergence in all the

three markers (Figs. 5.2-5.4). The latter two species exhibit more haplotypes than the
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former two with regard 1o the three markers studicd (Table 5.3). While the
distributions of the haplotypes of both S. hemiiphyvilum and S. fusiforme are relatively
more localized, the major haplotypes of S. muticum and S, thunbergii are widely

spread (Figs, 5.5-5.7).

The patterns of differentiation between S, hemiphytium and S fusiforme,
however, were not consistent with ecach other (Figs. 5.5 - 5.7). Sargassum
hemiphvilum possesses distinel genetic population differentiation that corresponds 1o
the divergence of the northerly and southerly distributed varicties, with outflow from
the two major rivers in castern China serving potentially as a barrier (Fig. 5.5, refer
to discussion in Chapter 3 for other details). The genetic break between the two
majn-r lincages of S. fuxiforme, based on 1TS2 sequences, appeared to be located 1n
between castern and southwestern Japan (Fig. 5.5). Morcover, this genctic break is
not consistent among the three markers investigated. The sequences of Rubisco
spacer marker from Seto inland Sca poputation (JpOlJ), but not including those from
castern Japan (JpS0O), are distinet from those of the other populations (Fig. 5.6). On
the other hand, the differentiation of castern and southwestern Japanese populations
(with Korean and Chinese populations) was barely observable based on TmW |

spacer, with an admixturce of haplotype F-T-C (dominant haplotype in southwestern
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Japanese populations) with F-T-A in JpSO (Fig. 5.7). The genctic grouping of thesc
populations could not be explained in ferms of their biogeographic patiern of
distribution with respect to the two rivers; in contrast to the case for S. hiemiphviium

(Table¢ 5.5).

No uncquivocal conclusion could be drawn on whether sudden range expansion
occurred in the four species due Lo inconsislency in various results obtained between
neutrality tests and mismatch distribution analyses among different markers, No
negalive values \.y}_:rc obtained in both neutrality tests throughout the three markers
investigated for S. hiemiphyvifum, suggesting that this species might not have
expericnced range expansion recently (Table 5.4). This finding, however, can only be
paﬁially supported by the mismatch distribution analysis, in which the pairwise
nucicotide differences followed a unimodal distribution curve in Rubisco and
TrnW 1 spacer but not in ITS2 (Table 5.4). The high negative values of the neutrality
tests based on the three markers in S fisiforme indicate that this species had likely
undergone sudden range expansion (Table 5.4). However, this result is again nol
completely consistent with the mismatch distribution analysis as pairwise nucleotide
differences followed a unimodal distribution curve only in analyses based on

Rubisco and TrnW _I spacers (Table 5.4). On the other hand, S. thunbergii exhibits a
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more consistent result showing a sudden range expansion based on both neutrality
tests and mismatch distribution analysis, but it should be noted that the results are
based only on the TrnW 1 spacer data (Tables 5.4). For S. muticum, both neutrality
tests yield positive values with p > 0.05 (Table 5.4), indicating that the spacer region
investigated is selectively neutral and any recent range expansion was not likely. An
inconsistent result, however, was obtained for the mismatch distribution analysis.
The null hypothesis that the observed pairwise difference among haplotypes follows
the model of the sudden range expansion was not rejected (Table 5.4). More
specimens may be needed to verify the above findings on sudden range expansion in
all the four species, and more variable markers may also be sought, in particular for S.

thunbergii and S. muticum, so that more conclusive findings could be reached.

5.4.2 Glacial refugia and the intraspecific population
differentiations
Whether the populations of a species are genetically differentiated depends on
the balance between the differentiating force, such as mutation, genetic drift and
selection, and homogenizing factors like the gene flow (Slatkin 1987). The allopatric
speciation took place in various glacial refugia (e.g. Provan er al. 2005), for example,

was driven by the diminished homogenizing factors (block of gene flow). Thus, the
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diversity of the lincages (haplotypes) among populations of a specics could reflect

the fragmentation these populations experienced in their evolutionary history.

As mentioned in Chapter Three, the divergence of the two varictics of S

hemiphyllum was postulated to be related 1o the glacial refugia formed in East and
’

South China Seas. These refugia harbored the ancestors of S. hemiphytlum and.
because of their isolation during the last glacial periods, led to allopatric divergence
of the species into two varieties. While these two varicties of S, hiemiphyllum possess
distinct sequences of 1TS2 and Rubisco spacer regions, such patiern with distinet
sequences among populations was not obscerved for both S0 thunbergii and S.
muticum. This suggests that no similar divergence occurred for these two species
tllr(;ugh()ut their cvolutionary histories. With reference to the most variable marker
TrmW 1 spacer, though there are divergences in both 8. mutictem and S, thunbergii,
such divergences are shallow and involved only one base pair when compared with
those in S. hemiphyllum and S. fusiforme (Figs. 5.2-5.4). The populations of S.
muticum and S. thunbergii probably did not expenence the same vicariant event
and/or did not respond to the vicariant event in a similar way as S. hemiphvitum (Fig.

5.4).
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Although S. thunbergii and S. muticum might not experience the same vicariant
event as S. hemiphyllum, whether their ancc.:.smrs survived through lh:: glacial refugia
in East and South China basins, as S. hemiphyllum postulated to be, remains unclear,
Given their distribution range occurring mainly in Japan, Korea and northern China,
the East .(‘hina basin, instead of South China basin, 1s more likely to be involved in
their evolutionary histories. The role of another possible refugium in the Sea of Japan,
which was postulated to bl. important to the divergence of the subgenus
Bactrophycus during the Pliocene to Pleistocene (Chapter 2), could not be ruled out.
The divergence of the two main lineages of S. fusiforme may also be related to the
glacial refugia in the Sea of Japan andllhc East China Sea. The castern Japanese

lineage may have evolved from the descendants that survived the Sea of Japan

?
& &

refugium, and the southwestern Japanese-Korean-Chinese lineage, the East China

*

Sea refugium.

-~

The presence of the four Sargassum spp. of subgenus Bactrophycus in various

glacial refugia demonstrated in this study may suggest a different extent of the

southward expansion among Sargassum spp. during glacial period, from the Sea of

Japan where the Bactrophycus was suspected to radiate’ (Chapter 2). The deep

\

\

. 4 . . i’ s VNays . .
divergence between the varieties of S. hemiphyllum and S. fusiforme may indicate an
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early colonization of the southward-migrated ancestor throughout the glacial period,

whereas the relatively shallow divergence in S. thunbergii and S. muticum restricted

in Japanese populations may suggest a late differentiation of populations in the

northern NW Pacific during Pleistocene.

5.4.3 Contemporary environment and the intraspecific
population differentiations

The diversity of haplotypes might provide some hint on how the lincages of a
species were differentiated in the past, whereas the present day distribution of
haplotypes may reflect how these differentiated lineages were maintained and how
the differentiated populations are connected by gene flow. The contemporary
environment and the ecological demography of the organisms will undoubtedly
affect this homogenizing force and, thus contribute to shaping the pattern of
distribution of present genetic populations. Numerous factors are believed to help
maintain population differentiation (Slatkin 1987, Lande 1988). For example,
dispersal among different lineages in heterogeneous environments may be mediated
through different regimes of ocean currents (Muss ef al. 2001, Tsang e al. 2008).
Different life histories among lineages may evolve due to environmental fluctuation

(Kalisz et al. 2001). Different rates of local extinction/colonization may be
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experienced by different lineages because of environmental change (McCauley

1991), like the presence of large river that led to adverse condition for maritime

species (Lessios e af. 2001).

Salinity, although demonstrated to play a less important role in determining the
biogeography of the genus Sargassum (Chapter 2), may be important in maintaining
the phylogeographic pattern of some Sargassum species. The consistent allopatric
distribution of the two S. hemiphylium varieties with the genetic break occurring in
the Yangtze and Yellow Rivers affected area may suggest the role of salinity in
maintaining the differentiation of this species. On the other hand, for S. fusiforme
that also possesses distinct genetic population differentiation, the river-associated
environmental constraints do not seem to contribute to the maintenance of its
intraspecific differentiation (Table 5.5). The major haplotypes of this species, such as
F-R-B and F-T-C, are widely distributed not just in the Chinese coast but also along
the Korean and southwestern Japanese coasts. Some of these dominant haplotypes
were also found as far as JpSO, which is thought to be the region where the other
lineage (eastern Japaﬁese) inhabits. This strongly suggests that the maintenance of
the population structure of this species is not related to the river discharge in China.

Reduced salinity or other river-associated factors such as sedimentation did not stop
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S. muticwm and 8. thunbergii from invading into the Gulf of Bohai. This may indicate

that these two species possess stronger tolerance to brackish water compared to S.

hemiphyllum. No genetic differentiation occurred in these two species along the
{)}

Yangtze and Yellow Rivers affected area. This suggests that the physiochemical

tolerance of these two species to fluctuating salinity is an essential trait aiding these

species in expanding their range into the brackish waters.

Other factors such as the oceanic current regime may also affect the present
genetic population structure of Sargassum species, as shown in other marine
organisms in NW Pacific (Muss ¢t al. 2001, Tsang et al. 2008). Two fruiting types of
Sargassum horneri, namely autumn and spring fruiting types, were recognized in the
Sélo Inland Sea of Japan (Yoshida et al. 2001). Although these two types of S
horneri reproduce in different seasons, they could be crossed to produce offspring
(Uchida & Arima 1993), indicating that these two types are conspecific. The
admixture of the two types of S. fiorneri in Seto Inland Sea may suggest that it is, in
fact, the admixture of two recently differentiated cryptic lineages. These two lineages
may probably be the descendants of populations isolated separately in the Sea of
Japan and the southern Japan during the iast glacial maximum. The existence of these

cryptic lineages awaits verification by other phylogeographic works. Nevertheless,
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the genetic population structure of the four"‘Smgas.mm species investigated in this
study did not show a similar admixture of different lineages in the localities of the
Seto Inland Sea (such as JpOlJ, JpAJ and JpTS). Instead, the region of southern
Honshu of Japan (such as JpWY and JpSO) remains the admixing region for at least

S. hemiphyllum and S. fusiforme based on various markers.

Some of the haplotypes {(e.g. H-T-A, H-T-B in S. hemiphyllum; F-R-B, F-T-D in
S. fusiforme) in JpWY/JpSO are commonly found in the Chinese coast, suggesting
that there might be an introgression of the southwestern Japanese and/or Chinese
populations of these two species back to the eastern Japanese population. Direct
evidence of transport of the drifting S. /rorneri, albeit with low frequency, was
documented from the Zhejiang Province (the mouth of Yangtze River) to the eastern
Kyushu of Japan (Komatsu ef al.‘ 2007). This transport 1s hikely to be mediated by the
combined effect of the coastal current (most probably the Yangtze Ring Haline Front
due to the freshwater discharge from the Yangtze River, Park & Chu 2006) and the
Kuroshio Current. Both S. hemiphyllum and S. fusiforme were found in the drifting
Sargassum assemblage right off the locality, i.e. Wakayama of Japan (Komatsu e? al.
2007), where admixture of haplotypes of S. hemiphyilum was detected. There is

probably an unidirectional transport of drifting algal thalli from China to Japan
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(Chapter 3), which may be mediated by the coastal currents and the Kuroshio
Current during winter to late summer from the Chinese coast to Japan (Sekine &
Kutsuwada 1994). This season corresponds to or is right after the reproductive period
of S. hemiphyllum (February to May, Ang 2006) and S. fusiforme (April to June, Zou
et al. 2006) in southern China. Similar situation was revealed in other marine taxa
such as the intertidal barnacle Tetraclita japonica [Pilsbry, 1916]. Putative hybrids of

which could be found in the southern Pacific side of Honshu, Japan (Tsang er al.

2008).

While S. muticum recorded in southern China may be a misidentification
(Chapter 4), the occurrence of S. thunbergii and S. fusiforme in southern China may
be the result of a recent range expansion {as indicated partly in neutrality and
mismatch distribution tests) from north (i.e. Korea and Japan) to south (i.e. Taiwan
and southern China) following the direction of the coastal current peaked in fall and
winter (Liu ef al. 2003). The successful recruitment of these two species in Hong
Kong (the southern limit of the species) was different from year to year (Ang unpub.
data), suggesting that the recruitment process is highly dynamic among years. This
may be supported by evidence found in a cold-water copepod Calanus sinicus

[Brodsky, 1962}, the occurrence of which in Taiwan and Hong Kong are highly
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correlated with the abovementioned coastal current (Hwang & Wong 2005). The
occasional occurrence of S. fusiforme and S. thunbergi may be a result of the annual
variation of the coastal currents flowing from the north to the south along the

Chinese coasts.

To conclude, the present study elucidates contrasting patterns of genetic
population structures among four closely related Sargassum species with continuous
vs. discontinuous distribution patterns with regards to their presence or absence in
areas heavily affected by the Yangtze and Yellow Rivers in China. The haplotype
diversity of these species appears to be related to their evolutionary history,
depending on whether they were harbored by various glacial refugia in NW Pacific
or not. The distribution patterns of the haplotypes are largely dclcnn’incd by the
contemporary environmental factors. While the seawater temperature per se probably
does not contribute much to the present distribution pattern of the haplotypes in the
four Sargassum species investigated, reduced salinity and other adverse
environmental stresses associated with the river discharge in China may affect the
genetic population structure of S. hemiphyllum, but not the other three species. The

maintenance of the population structure of S. fusiforme, the other species possessing

discontinuous distribution, appears not to be correlated with the effects of the two
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rivers. Instead, such population structure may have been influenced by the oceanic
and coastal currents. Extremely low genetic population differentiation is found in S.
muticum and S. thunbergii, the distribution of which are continuous and extends into
the nivers affected Bohai Gulf region. The reason behind this low genetic population
differentiation, however, remains unclear. Their occurrences in the Bohai region may
be attributed to their inherited phys_iochcmical trait in tolerating reduced salinities.

Physiological experiments would be needed to confirm these hypotheses.
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Chapter Six: Preliminary study on the effects of
reduced salinity on the growth and survival of
the germlings and vegetative branches of S.

hemiphyllum var. chinense

6.1 Introduction:

As a group of economically important marine organisms, seaweeds have been
attracting interest from many researchers to study their cultivation under controlled
conditions (e.g. Drew 1949, Dcyshcr‘ & Dean 1986). Artificial cultivation of
seaweeds has focused on the completion of their life cycle (Drew 1949) and, since
then, the improvement of the method of cultivation (e.g. Westermeier et al. 2006).
Many researchers took advantage of the advancement of cultivation techniques o
address various ecological questions, such as verifying the causes of biological

invasion (Norton 1977b, Hales & Fletcher 1989, 1990).

Different environmental factors, e.g. seawater temperature and salinity, were
shown to affect the survival, growth and reproduction of seaweeds (Hales & Fletcher
1989, 1990, Steen 2004). The individual or the synergistic cfl;ccts of these factors are
evident (Norton 1977b, Deysher & Dean 1986). In contrast to the _s'ca surface
temperature which has been considered to be the prime factor affecting algal

biogeography (Liining 1990), salinity is believed to act on a localized scale (Chapter

/’
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2). The hyposaline environment was also hypothesized to induce genetic population

differentiation in algac over an evolutionary time scale (Cheang et al. 2008).

Environmental factors may affect Sargassum species differentially in their
different growing stages. Norton (1977b) investigated the effect of temperature and
salinity on Sargassum muticum and found that the performances of the germlings and
the vegetative branches were different under different conditions. Other studies on
the cultivation of Sargassum specics, however, focus mainly on the cffect of
environmental factors on the germlings (e.g. Hales & Fletcher 1989, Steen 2004,
Zhao et al. 2008b). The germling stage is suspected to be the most vulnerable period
in the life cycle of the algae that will be influenced by adverse environmental

constraint(s).

Ang (2006) found that S. hemiphyllum var. chinense in Hong Kong
underwent the slowest growing stage during summer and then a rapid growth in
autumn to winter. The rapid growth period was suggested to be initiated by the
decrease in scawater temperature only. De Wreede (1978) pointed out that not just
the low temperature but also high salinity will favor the growth and initiate the
reproduction of .Sarga.s'.s'um species in Hawaii. While salinity was shown to be an
important factor in affecting the growth of other Sargassum species (Hales &
Fletcher 1989, Steen 2004), Ang (2006) did not consider the role of the salinity in the

phenology of S. hemiphyllum.

In the biogeography of Sargassum in NW Pacific, the reduced salinity

condition in Yellow and Yangtze Rivers associated area was postulated to

-
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discriminate the growth of S. hemiphyllum, and thus block the gene flow between the
two varieties of this species, var. chinense and var. hemiphyllum (Cheang et al.
2008}. This hypothesis can be verified by conducting laboratory culture of the
species under different salinity conditions. The present study, thus, aimed at
investigating the effect of salinity on the growth of the vegetative shoots as well as
the germlings of S. Aemiphylium var. chinense under laboratory condition. The data
were then compared with the field salinity data in order to understand how this factor
could affect the phenology of this species. Results from the present study should
provide direct evidence on whether reduced salinity adversely affects the growth of
S. hemiphyllum and thus serves as a selective force in blocking the gene flow

between the two varicties of this species, as postulated carlier.

6.2 Materials and Methods

This sludy'consislcd of tests on the growth and survival of vegetative
branches and the newly developed germlings of Sargassum hemiphytlum under
different salinities. Specimens of S. hemiphyllum were collected by snorkeling in
Tung Ping Chau and Lung Ha Wan, Hong Kong and transported to the laboratory.
Prior to the test on their salinity tolerance, all specimens were acclimated for two
days in 0.45 pm-filtered (Millipore membrane filters, Billerica, MA) natural
seawater (33 ppt) under the following conditions: photoperiod of 12h:12h (light:
dark), irradiance of 35 pmol photon m? s and temperature of 17°C for both
germlings and branches. Both the acclimation and the salini{y tests were carried out
in a low temperature incubator (Model 2015, Sheldon Manufacturing Inc., Oregon,

USA} with cool white fluorescent jamps.
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6.2.1 Growth and survival of germlings

This part of the experiment was carried out from 17" May to 26" June in 2008,
Fertile branches with mature receptacles were excised from different reproductive
specimens and cultured in twenty 90 mm Petri dishes, each containing 50 mL of
natural seawater (33 ppt). Since S. hemiphyllum is dioecious, separate branches with
male and female receptacles were cultured in the same dish. After one day, the
oocytes were released and fertilized. The zygotes c;cmually detached from the
rCCCpi‘aC|CS and sank to the bottom of the dish. Germlings were haphazardly collected
from the fertilization Petri dishes and transferred to the treatment Petri dishes, each
of which eventually contained 30 - 60 germlings. These dishes contained water in
one of the seven salinity levels, 0 ppt, 5 ppt, 10 ppt, 15 ppt, 20 ppt, 25 ppt and 30 ppt,
each with five replicates. Natural seawater at 33 ppt was used as a control. To enable
the germlings to adapt to lower salinities gradually, the germlings were treated with '
stepwise rcductioln of :salinity level, 5 ppt at every 1.5 h interval, until the desired
salinity level was reached (adapted from Norton 1977b). Germlings in all the
treatment dishes were cultured in the same enriched seawater IMR 122 medium
(Eppley et al. 1967). The culture media were renewed every week till the end of the
experiment in 40 days. In each treatment dish, the longest length of the pigmented
portion of 10 haphazardly selected germlings was measured to the nearest 0.05 mm
every 2 to 3 days under the dissecting microscope. The morphology of the germlings
was also observed at the same time. The number of live germlings was counted in

each dish, and germlings that lost their pigment completely were considered as dead.

.
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6.2.2 Growth and survival of vegetati\?e branch

This part of the experiment was conducted from 24™ Mar to 4" May in 2004,
New secondary shoots with length of around 5 ¢cm were collected from separate
Sargassum individuals and kept in 250 ml conical flasks, each with 150 ml scawater
culture medium. Salinity levels of the water at O ppt, 10 ppt, 20 ppt, and 30 ppt, were
adjusted by adding respective proportions of double distitled water with natural
seawater. Natural seawater at 33 ppt was used as a control. Flasks with each level of
salinity were prepared in triplicates, cach with one branch. All treatments were

cultured for 40 days, during which the culture media were renewed every week. The
I

t
\

net wet weight, to the nearest 0.01 g, of each branch was monitored every two 1o ™
three days using an electronic balance (Model GF-800, A&D Engineering, Inc., San
Jose, USA). Branches that lost their pigment completely were noted as a sign of

mortality.

6.2.3 Statistical analysis

For both the germlings and the branches, the relative growth rate (RGR) was
calculated using the following equation (Hunt 1982):

RGR=(In W;-1In W))/(t; - t,)

where W, and W, referred to the wet weight of branches (or the length of germhings)
respectively at times t; and t2. The same branch was measured repeatedly in the sam‘c
sample; the equation was therefore used directly to calculate the RGR of each
branch. For growth of the germlings however, In W was an average of the 1G
germiings measured so RGR was calculated for each Petri dish (Hoffmann & Poorter
2002). Furthermore, the survivorship of the germlings was calculated by dividing the

number of live germlings with that counted in the previous measurement. Two-way
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analysis of va;'i‘anée (ANOVA) was used to evaluate any significant changes in the
RGR (calculated from the mean length o.f germlings) and the survivorship of
‘ germlings, with salinity Ievel':s and culture duration as the factors. Two-way ANOVA
with one r::pcated-mcasures factor (culltl;'c duration) and one between-subjects factor
(salinity levels) was used instead to eva.lluale any significant difference among RGRs
(calculated from the mean weight of branches) of branches 'culturcd under different
salinity lcvcl:q, since the branches mcasurc‘d were ‘the same throughout the
experiment. For both tests, homogeneity of sample variance was tested using
Levene’s .lcsl of homogeneity and data were transformed if parametric assumptions
cannot be met (Zar 1999). Studcr]t-Ncyvman-Keuls <SNK> test was used -as a post
hoc test to reveal the homogenous subsets of the tested parameter among treatments,
in case a significant difference among samples was detected. All statistical tests were
~carried out using SPSS folr Wi1.1dows ver. 11.5.0 (SPSS Inc., Chicago, USA). Thc'
experimental results showing sensitivity of the germling growth and survivorship to
salinity Icvels: were evaluated with respect to the field salinity data monitored
| ' v
monthly in the sampling site since March, 2002, using a portable multimeter (Model
85, YSI Inc., Yellow springs, USA). How s".alinily change could have affected the

phenology of S. hemiphyllum was then projected.

“y

- -
.

6.3 Results
6.3.1 Survivorship of the germlings

The survivorship of the germlings was significantly different under different
salinities and over time (Table 6.1). No interacting effect between salinities and time
(duration) was detected. All germlings cultured under different salinities

demonstrated a type three survivorship curve (Pearl 1928), in which high mortality
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el

.. Table 6.1 Results of the two-way analysis of variance (ANOVA) on. the factors,

salinities and culture duration, affecting the RGR and survivorship of germlings; and
two-way ANOVA on the effect of culture duration as a repeated-measures factor and
salinity levels as a between-subjects factor on the RGR of vegetative branches.
Homogeneity subsets identified by post hoc SNK'’s test are indicated in Figs. 6.1, 6.2
and 6.5 for the effect of salinities on RGR of branches, survivorship and RGR of
germlings respectively.

Factor Sum of Squares df F Sig.

Germlings

Survivorship (Ln transformed)

Duration (D) 26.085 16 16.030 <0.001
Salinity (S) 40.693 6 66.687 <0.001
DxS 7.589 ‘82 _' 0.910 0.694
Within Treatment w24 . a0 !
Total 296.018 525

RGR ~—
Dtlra{ion (D) 0.922 16 23.311 <0.001
Salinity (S) ' 0.078 5 6.318  <0.001
DxS ‘ 0.463 80 2.341 <0.001
Within Treatment 1.008 408
Total 3.287 510

Branches

RGR
Duration (D)* 0:035 23 1.363 0.130
Within Treatment for D* 0.258 230
Salinity (S) 0.045 4 6951  0.006
Within Treatment for S . 0.016 10
D x S* 0.082. 92' 0.799 0.893

*: sphericity of data assumed
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occurred early in the developing stage. There were different degrees of survival for
germlings under different salinities, whereas only all those cultured in O ppt died in
day 6 (Fig. 6.1). Germlings grown under 10 ppt shrank to as small as only half of
their original size (Fig. 6.2) while those under 15 ppt attained the highest
survivorship of 80% at the end of the experiment, followed by those cultured in 20
ppt and 10 ppt. High salinities at 25 ppt and 30 ppt were the worst conditions for the .
survival of germlings, with 60% and 70% mortality exhibited respectively in day 40

under these salinities.

6.3.2 Growth of the germlings

Both the culturing duration and salinity were demonstrated to be statistically
significant factors affecting the RGR of Sargassum germlings (Table 6.1). The cross
effect of these two factors was also significant. Based on the observed increase in the .
length of the germlings (Fig. 6.2), it can be deduced that the effect of culturing
du;'ation on RGR of germlings increased with the rise in the levels of salinity. There
was no negative growth of the germlings recorded under all the salinity levels, while
all the germlings cultured in O ppt salinity eventually died (Fig. 6.2). The sizes of the
germling elongated at different rates, depending on the level of salinity they were in.
At the end of the experiment at Day 40, their size differences ranged from 2 (5 ppt)
to 7 times (25 ppt) of their original size at Day 0 (Fig. 6.2). The increase in the length
of the germlings cultured at 30 ppt was the lowest, with the optimal growth rate
being recorded in those cultured under 25 ppt (Fig. 6.2). The lowest lethal limit for

the germling was within the range of 0 and 5 ppt.
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Figure 6.1 The mean survivorship (% + SD) of germlings grown under different
salinities. Survivorship was expressed as a percentage of the number of germlings
remained alive at time t over the initial number of germlings at time 0 (Day 0).
Results of post-hoc test for the factor salinity are also shown, with survivorship

patterns which are not statistically significantly different under different salinity
levels being indicated with the same letters.
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Figure 6.2 The effect of salinity on the growth of the germlings of Sargassum
hemiphyllum. Growth was expressed as changes in the mean ratio (xSD) of germiing
length at time t over the initial length at time 0 (Day 0). Results of post-hoc test for
the factor salinity are also shown, with growth patterns which are not statistically
significantly different under different salinities being indicated with the same letters.
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6.3.3 Morphological development of the germlings

Before the onset of the experiment, zygotes (of about 150 pm in diameter) in
2-cell (Fig. 6.3D), 3-cell (Fig. 6.3E) and 4-cell stages (Fig. 6.3F, G) were found
emerging and adhering on the surface of the mature receptacles (Fig. 6.3A-C) being
cultivated. Further developed multicellular germlings (Fig. 6.3H, I) became detached
from the receptacle and anchored on the bottom of the Petri dish (Fig. 6.3)).
Differential morphological development of the germlings grown under different
salinities could be observed. Throughout the first 10 days of the experiment, active
growth of “rhizoid” was observed in almost all the gcnnlin.gs, irrespective of the
salinities of the culture medium, except those under 0 ppt (Fig. 6.4). Thereafter, the
pigmented portion of the germlings increased conspicuously in length (Fig. 6.4)
under higher salinity levels (i.e. 10 ppt or higher), with initial bifurcation developing
at the apical part (e.g. at Day 10, 25 ppt, Fig. 6.4). Uniserial filaments developed in
the distal part of the germlings cultured between 10 ppt and 25 ppt starting from day
10 (Fig;r,. 6.4). Blades were obviously recognizable after day 19 (Fig. 6.4). At the end
of the experiment at Day 40, many germlings demonstrated a sympodial growth (Fig.
6.4), during which the main growing axis was replaced by the growth. of lateral
branches or “leaves™. Germlings reared under lower salinity levels (e.g. 5 ppt or 10
ppt), however, demonstrated a deficiency in rhizoidal development when compared
to those cultured under higher salinities levels (Fig. 6.4). Their blades also did not
develop as well as those under higher salinity conditions (Fig. 6.4). Cryptostomata
were observed occasionally on the blades of the germlings cultured under salinity

greater than 10 ppt starting from day 27.
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Figure 6.3A-1 Photographs of receptacles with (A) emerging zygotes and (B),
zygotes being released. (C) Various stages of zygotes adhering on receptacle surface,
(D) two-cell stage, (E) three-cell stage with basal cell, (F) four-cell stage and (G, H)
multiple-cell stage of zygotes, and (I) germlings attached on Petri dish. Scale bar = |
mm (A, B, I), 100 um (C-H)
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Figure 6.4 Morphological changes of the germlings of S. hemiphyllum grown under
different salinity levels over time. All germlings died about Day 19 under 0 ppt.
Scale bar = 500 pm
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6.3.4 Growth and survival of vegetative branches

The vegetative branches of Sargassum hemiphyllum grown in 0 ppt of water
appeared pale and were dead within 2 days of the experiment. The lethal limit of
reduced salinity, thus, lies below 10 ppt (Fig. 6.5). All other branches survived
through the end of the experiment under different salinity conditions. Branches
responded significantly differently to different levels of salinity conditions (Fig. 6.5,
Table 6.1). The growth rate of the Branchcs increased with the rise in salinity level,
with those under 33 ppt (control) sustaining the maximum growth. These branches
attained 1.17 £ 0.51 (S.D.) times of their original weight at the end of the
experiment. The RGR did not significantly change over time (Table 6.1), indicating a
steady growth rate during the experimental period. No additive effect was revealed
between the factors, salinity levels and the culturing duration, on the RGR of

vegetative branches (Table 6.1).

6.3.5 © The salinity change in the natural environment from 2002

to 2008

Salinity fluctuated within the range of 24 ppt to 35 ppt over the six-year
period from 2002 to 2008. It varied between 31 and 35 ppt during winter and
between 24 and 31 ppt during wet summer season (Fig. 6.6). This general pattern
was repeated each year with a slight variation in the lowest level of salinity recorded

in summer.
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Wet weight ratio of branches

0 10 20 30 40
Cultured duration {day)

Figure 6.5 The effect of salinity on the growth of vegetative branches of Sargassum
hemiphyllum. Growth was expressed as changes in the mean ratio (£SD) of branch
wet weight at time t over the initial weight at time 0 (Day 0). Results of post-hoc test
for the factor salinity are also shown, with growth patterns which are not statistically
significantly different under different salinities being indicated with the same letters.
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Figure 6.6 The salinity level (= S.D.) in Lung Lok Shui, Tung Ping Chau Marine
Park, Hong Kong from Mar 2002 to May 2008. Dotted line refers to the optimal
growing salinity for vegetative branches determined in this study, while the rectanglc
refers 1o the slow growing period of S. hemiphylfum var. chinense (Ang 2006).
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6.4 Discussion

6.4.1 The morphological development of zygote

The size of the zygote of S. hemiphylium var. chinense (~ 150 pm) is slightly
larger than that of S. hemiphyllum var. hemiphyllum (125 pm from Inoh 1930). It is
comparable to those of other Sargassum species that ranged from 100 to 300 pm in
diameter (Norton 1977b, Honda & Okuda 1990, Yoshida et al. 1999, Hwang et al.
2006, Zhao et al. 2008b). The observed patterns of morphological development agree
well with those reported in other Sargassum species such as S. muticum (Norton
1977b), S. micracanthum (Honda & Okuda 1990) and S. thunbergii (Zhao et al.
2008b). Afier the first equatorial division, the zygotes of these species developed the
basal cell (Norton 1977b) (Fig. 6.3E), which soon differentiated into the rhizoid. The
appearance of the multicellular germlings with basal rhizoids (Fig. 6.3H) is almost
identical in all Sargassum species studied (Inoh 1930, 1932). Similar to §.
hemiphyllum, development of rhizoid was observed prior to the e¢longation of the
main body (Fig. 6.4) in species like S. micracanthum (Honda & Okuda 1990) and S.
thunbergii (Zhao et al. 2008b). Furthermore, the germlings of S. hemiphyllum var.
chinense demonstrated a sympodial growth (Fig. 6.4), like that in other Sargassum

species (Norton 1977b, Arai & Miura 1991).

6.4.2 The effect of reduced salinity on the growth and survival
of the germlings
The germlings could not survive in freshwater (0 ppt), while positive growth
was recorded at salinity as low as 5 ppt or higher. This lower lethal limit of 0-5 ppt
resembles that in the closely related species S. muticum, which ranges from 3.4 to 6.8

ppt (Hales & Fletcher 1989). Both of these species belong to the subgenus
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Bactrophycus. In contrast, this limit is lower than that between 10 and 15 ppt for the
juveniles of S. ringgoldianum, a member of subgenus Sargassum (Arai & Miura
1991). Steen (2004) also found that the germlings of S. muticum could not survive at
0 ppt even though they were allowed o recover at 30 ppt after one week of exposure.
The survival of the germlings was decreased to 40% after a week of exposure to 5
ppt medium in their first week of development (Steen 2004). This value is
comparable to ~40% survivorship recorded for S. hemiphyllum var. chinense under 5
ppt salinity level in the present study (Fig. 6.1). Comparing with the 70%- 100%
survivals of the germlings of S. muticum in salinities between 10 ppt and 30 ppt
when the recovery was allowed (Steen 2004), the highest survivorship (~80%) of
var. chinense occurred in 15 ppt and the survivorship in other salinity levels (10 ppt,

20 ppt, 25 ppt and 30 ppt) ranged between 30% to 70% (Fig. 6.1).

The optimal growth of germlings of S. muticum was recorded between 30 ppt
to 35 ppt by different authors (Steen 2004, Hales & Fletcher 1989, Norton 1977b),
whereas the optimal growth was recorded at 30 ppt in S. ringgoldianum (Arai &
Miura 1991). All the germling of §. muticum and S. ringgoldianum showed gradual
decrease in length with the decrease in salinity (Norton 1977b, Hales & Fletcher
1989, Arai & Miura 1991, Steen 2004). The RGR of germlings cultured at low
salinities was shown to be different from the controlled treatment as well (Steen
2004). Similar gradual suppression of growth in the germlings cultured at lower
salinity levels was also observed in the present study. However, the optimal growth
of the germlings of S. hemiphyllum var. chinense at 25 ppt was relatively lower.
Some epiphytic growth of diatoms on the seaweed in the culture medium after day

14 was observed and this may have contributed to the slower growth of the
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germlings under 30 ppt. Nonetheless, the presence of different optimal growth
conditions among the germlings of different Sargassum species could not be ruled

out.

Other than the survivorship and growth of germlings, reduced salinity also
affected the development of rhizoid. The length of the rhizoid of species like S.
echinocarpum, §S. horneri and S. muticum dccreases.wilh a reduction in salinity (De
Wreede 1978, Ogawa 1986). Some of the individuals of S. echinocarpum and S.
obtusifolium demonstrated zero growth of the rhizoid at 15 ppt (De Wreede 1978),
while no gcrmin_ation of rhizoid in S. fusiforme, S. horneri and S. muticum occurred
at salinities lower than 6.5 ppt, 16.3 ppt and 12.9 ppt respectively (Ogawa 1986,
1994, Ogawa et al. 1996). The range of the salinity that the rhizoid of S.
hemiphyllum var. chinense was unable to develop was between 5 ppt and 10 ppt,
which is comparable with those of the closely related species such as S. muticum
(Ogawa 1694). Although the germlings of var. chinense cultured at 5 ppt or 10 ppt
survived throughout the experimental peliiod, the poor development of rhizoid may
make it difficult for them-to attach, hence o grow into larger thalli under natural

environment with strong waves.

6.4.3  The effect of reduced salinity on the growth and survival

of the vegetative branches
Similar to the germlings, the vegetative branches of S. hemiphyllum could not
survive at 0 ppt, and the lethal salinity limit lies between 0 ppt and 10 ppt. This limit
also seems to be comparable to that for S. muticum (Norton 1977b), in which the

growth of the detached branches was recorded to increase with salinity from 9 ppt
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within the temperature ranges of 10 to 25°C. The lethal limit for the receptacles of S.
muticum was also shown to lic between 3.4 ppt and 8.5 ppt in another study (Hales &

Fletcher 1990).

The salinity (27 ppt) for the optimal growth of S. muticum (Norton 1977b),
however, appears to be different from that (33 ppt) of S. hemiphylium var. chinense
in the present study. Similar optimal salinity level at 23.8 ppt (Hales & Fletcher
1990} was exhibited for the receptacles of S. muticum. It could be suggested that

these two species likely perform differentially in the field environment with different

fluctuating salinity conditions.

6.4.4  The possible effect of low salinity on the natural

population of S. hemiphyllum

Sargassum hemiphylium var. chinense grows slowly in summer and rapidly
in-autumn and winter (Ang 2006). Whilc loweriﬁg of the temperature in autumn has
been suggested as a cue to rapid growth for this species, the ﬁnding:s of this study
provide another possible explanation on the cause of the slow growth in summer.
Salinity fluctuation during summer is a common phenomenon in the coastal
subtropical region of southern China like Hong Kong, as this is also the SE monsoon
season characterized with heavy precipitation. Salinity in the sampling site in Tung
Ping Chau reached a level as low as 24 ppt over this period (Fig. 6.6). The slow
growth of Sargassum during summer may thus be due to the suboptimal condition
for the growth of the vegetative branches at salinity level lower than 33 Q;t\ ;Fig.

6.6). The level of salinity increases to 31 ppt or above during autumn and winter, a

level that is suitable for S. hemiphyllum, hence the higher growth rate recorded
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during this period (Ang 2006). De Wreede (1978) found out that the condition
(salinity: 30 — 35 ppt and temperature: 24°C) of maximum growth in three Hawaiian
Sargassum species coincided with that in the natural environment when Sargassum
became reproductive during winter and early spring. This observation appears to be
applicable in the present case of S. hemiphyllum as well, at least with respect to the

salinity level in the natural envi®nment.

Autumn in Hong Kong is characterized by lowering of seawater temperature
and shortening of photoperiod. These other environmental factors may affect the
growth rate of S. hemiphylluni synergistically with increase in salinity. The tolerance
of Sargassum spp. to hyposaline condition has been shown to change with
temperature (Norton 1977b, De Wreede 1978). The integrative effect of different
environmental factors with the salinity in affecting the growth and survival of both
vegetative branches and germlings of S. hemiphyllum would thus need to be verified
in further studies to obtain a better picture of the effect of environmental conditions

in affecting the structure of the coastal community in subtropical areas.

6.4.5 The tolerance of reduced salinity of S. hemiphyllum var.

chinense and its distribution

The maximum growth of S. hemiphyllum var. chinense under 33 ppt salinity
and the inability for its germlings to develop rhizoid under low salinity level (5 ppt,
10 ppt) clearly indicate that this species is more suitable to survive in a truly marine
coastal environment rather than in a brackish shore. The southern limit of

distribution of S. hemiphyllum var. chinense is reported to be in northern Vietnam.

The Pearl River estuary in southern China appears not to be a barrier to its southern
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spread. In contrast, the northern limit of this variety in the Zhejiang province of
China is immediately south of the mouth of the Yangtze River. The huge hyposaline
environment of the Yangtze River and Yellow River estuaries appears to create a
dispersal barrier for this variety to expand further northward, especially given the

presence of prevailing southward flowing coastal currents in this region (Hwang &
Wong 2005).
- /

Whether there is ecotypic differentiation of the two varieties of S.
hemiphyllum with regards to their tolerance to hyposaline environment remains to be

-

verified by similar experimental ev'alualion of salinity tolerance of specimens of var.
hemt)t;hyﬁum. The absence of var. hemiphyllum in the southern Chinese coast as well
as the distinct g;r,enel'ic difference betw.ecn the two varieties (Cheang er al. 2008)
suggest that vari hem:phylium may also be incapable of crossing this extensive

hyposaline barrier created by the Yangtze and the Yellow Rivers. This hyposaline

coastal area of Bohai and Yellow Sea may be a significant factor in maintaining the

intraspecific population différﬁnti'ation of S. he.'mipli_pl!um, by effectively blocking the

K
gene flow between its two Varieties.

.
.
h 1

) In summary, the condition of reduced salinity affects both the growth and

survivorship of S. hemiphyllum var. chinense. The maximum growth rate of its

r

vegetative branches in 33 ppt salinity appears to coincide with the environmental

- -

condition associated with its fast growing stage'as well as its reproductive period. On

x &
B 4

the_.other hand, the su'boptimal growth of its branches and germlings under lower

- - 2

salinity level demonstrated in the laboratory appears to be reflected in its inactive

slow growth period associated with low and fluctuating salinity condition in summer.

- - -} o _
-
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.
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Salinity may be a significant environmental factor in maintaining its intraspecific
population differentiation, by long blocking the gene flow between its two varieties.
The synergistic effect of reduced salinity with other environmental factors, such as
temperature, would need to be further assessed to obtain a more comprehensive

understanding of the role of salinity in affecting the distribution of Sargassum

hemiphyllum in NW Pacific.
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7.1 Conclusion
7.1.1 The distribution of Sargassum spp. in NW Pacific and the
potential governing environmental factor

A total of 151 species of Sargassum were recorded in NW Pacific. Based on
their ‘prcsence or absence among the 47 Operational Geographical Units (OGUSs)
defined (Chapter 2), three main biogeographic clades of Sargassum were recognized
in this region. The highest species -richncss was found in southern China and
southern Japan. The degrees of compositional difference of Sargassum species
among OGUs were most positively correlated with the combined effect of the mean
lowest sea surface temperature (SST) in winter, latitude (which reflected
photoperiodicity) and mean annual salinity, compared to lower correlation with
geographical distance and Euclidean distance among OGUSs, generated by differences
in environmental parameters among them. The SST was believed to be the most
c!*itical factor in structuring Sargassum biogeographic patterns with the SST in the
coldest mqnlh having the most profound effect. There was a transition zone of

occurrence between the species under subgenus Bactrophycus and those under

subgenus Sargassum. The Bactrophycus spp. are likely to be more 'reccmly radiated
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especially in north NW Pacific and possessed variable eurythermal ability. In
contrast, species under subgenus Sargassum are more primitive and originated in the

Tropics.

7.1.2 Phylogeographic studies of Sargassum spp. in population

level
-The present distribution pattern of Sargassum in the NW Pacific has been
synthesized (Chapter 2) and a hypothetical scenario to account for the pattern was
suggested. However, the effect of different environmental factors on the
biogeogra.phy of Sargassum spp. in a finer scale, i.e. the population level, remains
unciear. The studies of phylogeography of Sargassum hemiphyllum and S. muticum
in Chapters Three and Four respectively demonstrate two different phylogeographic

patterns represented by these two species, both of which are under subgenus

Bactrophycus and phylogenetically closely related (Stiger ef al. 2003).

Two allopatrically distributed varieties of S. hemiphyllum, var. chinense and var.
hemiphyllum, were found to be genetically distinct in terms of the ITS2 and Rubisco
spacer. The genetic break between these two varieties, with var. chinense distributed

in southern Chinese coast and var. hemiphyllum in Japan and Korea, is situated in the
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region including Bohai, Yellow Sea and East China Sea. This region is heavily
influenced by the Yangtze and Yellow Rivers in China. An introgression of the
mitochondrial genome from var. chinense to var. hemiphyllum is evident based on the
mitochondrial marker TrnW [ spacer. This introgression is likely to be mediated by
the Kurushio current. The hybridization between the two varicties may still be
ongoing since the concerted evolution of ITS2 is not yet saturated in the Korean

population, which 1s geographically in-between the distribution of the two varieties.

In contrast, S. muticum exhibited no variation in ITS2 and Rubisco spacer
sequences, regardless of the native or introduced populations examined. A fixed
one—ﬂucleotide difference in the TrnW _1 spacer occurs between the population of
eastern Japan and the rest of the other populations. This finding aids in revealing the
western and central Japan (Seto Inland Sea) as the most likely source localities of the
introduced S. muticum populations in both the easterm Pacific and castern Atlantic
coasts. The intense Pacific oyster farming industry and exportation of oysters from
these regions in Japan to establish other farming industries in North America and

Europe was believed to account for the introduction.
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7.1.3 Comparison of the phylogeographic studies of the four

Sargassum spp.

To investigate the effect of river outflow on shaping the genetic population
structure of Sargassum spp., a comparative phylogeographic study was carried out in
Chapter Five on four closely related Sargassum species which show two different
distribution patterns. Sargassum hemiphyllum and S. fusiforme are not found in
Bohai and Yellow Sea, which are heavily influenced by the Yangtze and Yellow
Rivers in China, and demonstrate a discontinuous distribution pzfttcrn. Sargassum
thunbergii and_S. muticum, in contrast, occur in the rivers affected region and exhibit

a continuous distribution pattern along the coast of China.

A contrasting pattern of genetic population structure was obtained, based on the
nuclear ITS2, plastid Rubisco spacer and mitochondrial TmW _1I spacer, between the
species showing these two distribution patterns. No or little population differentiation,
depending on the markers, is revealed for the species with a continuous distribution.
The discontinuously distributed species, however, exhibit a deep genetic divergence
among populations based on various genetic markers. Two distinct lineages
corresponding to the two varieties inhabiting the northern and southern regions of the

Bohai and Yellow region is revealed in S. hemiphyllum, as shown in more details in
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Chapter Three. Two main lincages are also present in S, fiesiforme based on ITS2 and
TmW_I sequences, but the genetic break between the two lineages is situated in the
region between eastern and southwestern Japan, i.e., in a location different from that
separating the two S. hemiphylium varieties. The two Sargassim species with
discontinuous distribution exhibit more haplotypes (c.g. four in TmW [ spacer) than
species with continuous distribution (two in TrnW 1 spacer). This is likely related to
whether they survive through the glacial refugia and how fragmented their ancient
populations were. (lacial refugia in the Sea of Japan or the East China Sea may
harbor the ancestors of S. thunbergii and S. muticum, while the two main lineages of

S. fusiforme might survive in both refugia.

The current distribution of the haplotypes was largely determined by the
contemporary environmental factors. While the presence of large rivers was
postulated to maintain the genetic population differentiation in S. hemiphylium
(Cheang et al. 2008, also Chapter 3), the present study has shown that rcduced
salinity and other adverse environmental stresses associated with the occurrence of
the two rivers in China affect only the genetic population structure of S. hemiphylium,
but not that of S fusiforme which is also discontinuously distributed. The

maintenance of the population structure of S. fusiforme appears not to be correlated
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with the effect of the two rivers. The oceanic current is believed to contribute to the
present genetic population structure to certain extant, since there are introgressions in
the eastern Japanese population of S. hAemiphyllum and S. fusiforme. Shallow
differentiations were detected in S. muticum and S. thunbergii. Both of these species
are continuously distributed and extend into coastal areas heavily affected by the
rivers. This differentiation may be due to more recent vicariant events unlikely to be
similar to the ones cxpéricnced by S. hemiphyllum and S. fusiforme. The occurrence
of S. muticum and S. thunbergii in the Bohai region may be attributed to their

inherited physiochemical trait in being able to tolerate brackish walter.

7.1.4 The tolerance of S. hemiphyllum v. chinense to reduced
salinity

In order to directly verify the effect of low salinity on S. hemiphylhum var.
chinense, which was absent from the brackish water in Bohai and Yellow sea, the
tolerance of both germlings and vegetative branches to reduced salinity was tested in
Chapter Six. The growth rate of the branches rose with the increase in salinity level
till 33 ppt. The lethal limit of vegetative branches to reduced salinity lies between 0
ppt and 10 ppt. Germlings cultured in 15 ppt attained the highest survivorship. The

optimal growth of the germlings occurred at 25 ppt, while the lowest lethal limit was
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within the range of 0 ppt and 5 ppt. Germlings reared under low salinity were
deficient in rhizoid development, making them highly unlikely to grow into large

thallus in the natural environment exposed to strong waves.

The maximum growth of S. Aemiphyllum var. chinense under salinity 33 ppt and
the inability to develope rhizoid under low salinity level (5 ppt, 10 ppt) indicate that
this species is suitable to survive in an oceanic coastal area rather than in an estuarine
coast. The salinity level of maximum vegetative growth coincides with the
environmental condition for fast growing stage as well as the reproductive period of
this variety in Hong Kong, whereas the suboptimal growth of branches and
germlings under the lower salinity levels resembles the inactive period over its life

history.

The northern limit of the distribution range of variety chinense of S.
hemiphyllum may be determined by the tolerance of this variety to hyposaline
condition. Salinity may be a significant environmental factor in maintaining the
intraspecific population differentiation of S. hemiphyllum, by i)locking the northward
dispersal of variety chinense, as well as, possibility stopping the southward transport

of variety hemiphylfum. The lethal limits of both vegetative branches and germlings
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of 8. h. var. chinense are comparable to those of S. muticum, which occurs in the
estuarine Bohai region. The optimal growth of branches of S. muticum occurred
under salinity level of 27 ppt, in contrast to the optimal salinity level of S.
hemiphyllum at 33 ppt. This could have explained the absence of S. hemiphyllum in
brackish water and support the suggestion that river discharge serves as a barrier for

the exchange of genetic materials among its populations.

7.2 Future prospective
7.2.1 The analytical biogeographic analysis

Although some practical problems remain to be addressed (Lewis 1990), the
rich literature documenting algal distribution throughout the world provides a ready
and comprehensive dataset for analytical biogc()graphy.-(‘ontinuing efforts to
compile and analyze these datasets will undoubtedly enable us to obtain a more
reliable bicturc of global phycogeography thax.1 the conventional models based on the

projection of particular algal groups.

The study in Chapter Two illustrates the usefulness of multivariate clustering

and related techniques, e.g. “BEST”, “LINKTREE”, in identifying potential

environmental factors structuring algal assemblages. Besides identifying the prime

216



CHAPTER 7: Conclusion and_Perspective

factor (winLSST in this study), this approach enabled other minor factors {e.g.
salinity) to be determined as well, and seems clearly superior to conventional
approaches that are unable to provide such information. The multivariate clustering
analysis together with analyses like “BEST™ and “LINKTREE” should serve as
useful tools to elucidate the structuring forces of other algal assemblages as well as

other ecological communities.

The data on the abundance of each Sargassum species also offer another useful
information for characterizing the OGUs. Although two studies have considered the
phenclogy of Sargassum in NW Pacific (Yoshida et al. 2001, Ang 2006), the
available information is inadequate to yield a complete picture for this region.
Phenological studies on Sargassum from different localitics are necessary to betler
understand the underlying structuring force(s) bchind their biogeographical

distribution, not just in the NW Pacific but elsewhere in the world.

7.2.2 The phylogeographic studies on Sargassum spp.
Although some molecular phylogenetic studies on Sargassum (Stiger ¢t al. 2000,
2003, Oak et al. 2002, Phillips e al. 2005) have been conducted, a robust taxonomic

scheme of Sargassum reflecting its phylogeny has not yet been achieved. It is
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necessary to obtain more molecular data in order to improve the quality of the
available biogeographic information, for instance to clarify the status of the

morphological variants which may have been misidentified as new species.

Besides, the elucidation of the ecological demography among populations by
molecular markers also provides insight(s) on the factor governing the biogeography
of Sargassum in this region. This, however, requires relatively variable genetic
markers. Engel ¢ al. (2008) compared cight markers in the mitochondria genome,
together with Rubisco spacer in plastid genome, for their performance in analyzing
the phylogeny and the phylogeographic pattern in nine laminarialean and three
fucoid species of brown algae, in which no Sargassoceous species were included.
Some markers, e.g. rps3 rpsl9 and TrmW _1 spacers, demonstrated intraspecific
vanation and are proposed to be good in the phylogeographic studies. The studies in
Chapter Two, Three and Four have, indeed, proven the applicability of the
mitochond:’i{l marker (TmW 1 spacer) in the phylogeographic study in some

e
Sargassum species. For the Sargassum spp. with little or even no genetic population
differentiation based on mitochondrial markers, other more variable markers such as

microsatellite (van der Strate er a/ 2002) could be used to demonstrate the

demography of these species. For instance, the source of introduction of the invasive
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S. muticum from its native range would be better resolved if more variable markers
are used. The contrasting patterns of population differentiations among the four
Sargassum species investigated illustrate that, though being phylogenetically closely
related, Sargassum species could experience different evolutionary histories and/or
respond differently to the same geological history. A more comprehensive picture of
how the populations of these Sargassum spp. differentiated is éoughl, and yet this
could be achieved on-ly when more phylogeographic works of Sargassum are done in
NW Pacific. The different patterns of population differentiation revealed in
Sargassum undoubtedly help to shed lights on the understanding of the different

. evolutionary histories existed in the marine flora of this region.

7.2.3 The potential effect of elevated SST on Sargassum spp.

The importance of SST in structuring Sargassum biogeography revealed in
Chapter Two should alert researchers to the potential effect of elevated SST due to
global Warming on the current and future distribution of Sargassum. The potential is
always there for a range expansion or range shift of Sargassum spp., which are

"B ™
4 : ’
important components of the marine coastal environment. Should these occur, a

possible consequence would be a change in the whole coastal community or

ecosystem structure with a potential shift in the composition and diversity of other
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associated organisms. It is therefore essential to monitor the range distribution and
phenology of Sargassum and other macroalgae on a long-term basis, to cnable the
cffect of global warming on changes in the structure of coastal communities to be
more effectively assessed.

All in all, the brown macroalgal genus Sargassum 1s an ecologically important
component of the marine ecosystem in NW Pacific region. The elucidation of the
biogeography of Sargassum spp. and how the biogeographic pattern was formed
and/or sustained arc certainly providing insights for a better understanding of the
biogeography of the marine flora in NW Pacific, which is one of the crucial

components in understanding the past history of this planet.
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Appendix 2.1 List of all the Sargassum species/species complexes and the OGUs
compiled in this study for NW Pacific. '

Species/ species complexes

Subgeus Bactrophycus

S.
S.
S.

rnn - o

o)

L

o - i

b

L =\ -

trr 1 Ln L L L L W

ammophilum Yoshida et T. Konno
araii Yoshida

autumnale Yoshida

. boreale Yoshida et Horiguchi

. confusum C, Agardh

. coreanum ). Agardh 8. ringgoldianim Harvey subsp corcanum
. filicinum Harvey

. Sulvellum (Tumer) C. Agardh/ S. enerve C. Agardh

S. fusiforme (Harvey) Scichell/ Hizikia fusiformis (Harvey) Okamura
. giganteifolium Yamada

. hemiphylium (Turn.) v. chinense ). Agardh

. hemiphylium v. hemiphytium (Turmer) C. Agardh

herklotsii Setchell

. horneri (Turn.) C. Agardh

. macrocarpum C. Agardh

. micracanthum (Kutzing) Endlicher

. microceratium (Tumer) C. Agardh

. mivabei Yendo/ S. kjellmanianum Yendo

. muticum (Yendo) Fensholt

. nigrifolioides Tseng et Lu

. nigrifolium Yendo

. nipponicum Yendo

. okamurae Yoshida ct. T. Konno

. ringgoldianum Harvey/ S. ringgoldianum Harvey Subsp ringgoldianum
. rostratum 1. Agardh

. sagamianum Yendo

. segii Yoshida/ S. racemosum Yamada & Scgi

. serratifolium (C. Agardh) C. Agardh

. stliquastrum (Turner) C. Agardh/ S. tortile (C. Agardh) C. Agardh
. spathulophylium J. Tanaka et Murakami

. tenuifolinm Yamada

. thunbergii (Mertens ex Roth) Kuntze

. trichophyllum (Kutzing) O. Kuntze
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S. wakayamaense Yoshida
S. vamadae Yoshida ct Konno
S. yvumamotoi Yoshida

S. vezoense (Yamada) Yoshida ¢, T, Konno

Subgenus Sargassum
S. ugaviforme Tseng et Lu
S. alternato-pinnatum Yamada

S amubile Yamada

wn

. angustifolivm (Turn.) C. Agardh
. aquifolium (Tumer) C. Agardh

. assimile Harvey

. haccudaria (Menens) C. Agardh

. heihaiense Tseng et Lu

[T T T B

. hiserrula ). Agardh

. hiserrulioides Tseng et Lu

. bulbiferum Yoshida

. capilliforme Tseng et Lu

. capitatum Tseng et Lu

. carpophyiium ). Agardh

. carpophyilum v compressum Grunow
. cervicorne Greville

. cinctum ). Agardh

. cineretem ). Agardh
. crussifolitm J. Agpardh

. crispifolium Yamada

. duplicatum (3. Agardh) ). Agardh
. cvmosum C. Agardh

- cystophytlum Montagne v. parcespinosa Grunow

[ B o T T % B T T ¥

. distichum Sonder/ S, wemufum Sonder in Linn.
S. dotyi Trono

S. erumpens Tseng et Lu

S. euryphyitum (Grunow) Tseng et [Lu

S. feldmannii Pha?n

S. friescens Tseng et Lu

S. fruticulosum Tseng el Lu

S. fujianense Tseng ¢t Lu

. cristaefolivm C. Agardh/ S, berberifolivm ). Agardhy S0 duplicatiem Bory de Saint-Vineent,
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S fidliginosoides Tseng ¢ Lu

S. fuscifolium Tseng et Lu

S. gemmiphorum Tseng et Lu

8. glaucescens ). Agardh

S, gracillimum Reinbold.

S. graminifolium (Tumncr) ). Agardh

S. granudiferum C. Agardh

S. guangdongii Tseng ct Lu

S. hainanense Tseng et Lu

8. hensiowianum C. Agardh

S. heterocystum (Kuetzing) Montagne

S. ilicifolivides Tseng et Lu

S. dlicifolium (Tumer) C. Agardh v. agnduplicamum (1. Ag.) Grunow
S. ificifolivm (Tumer) C. Agardh/ 8. sandei Reinbold
S. incamum Grunow

S. integerrimum Tseng et Lu

S. inmtermedium Tseng et Lu

S. kashiwajimanum Yendo

S. kasyatense Yamada

S. kuetzingii Scichell

S. kushimotense Yendo

S. leizhouense Tseng et Lu

-8 longicaulis Tseng ct Lu

S. longifructum Tseng ct Lu

S. meclurei £, duplicatum A. Zin ¢t H.D. Nguyen

S. meclurei Setchell

S. megalocystum Tseng et Lu

S. myriocystum ). Agardh

S. naozhouense Tseng et Lu

S. odontocarpum Sonder/ 8. coriifolium ). Agardh

8. oligocystum Montagne/ 8. binderi Sonder ex J. Agardh
S. panicilatum J. Agardh

S. parvifolioides Tseng et Lu

S. parvifolium {Turn.) C. Agardh

S. parens C. Agardh

S. patens C. Agardh v. phylizophylla (Kuetz.) Yendo
S. patens C. Agardh v. rodgersianum (Harvey) Grunow

S. patens v. typicum Setch.
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S. pilufiferum (Tumer) C. Agardh

S. pin’mn_'ﬁdum Harvey

S. plugiophylium C. Agardh

S. polycystum C. Agardh

8. polycystum v linearifodium H.N Yang & Y.M. Chiang
S. polyporum Montagne

S. primitiviem Tseng et Lu

8. pseudolanceclatum Tseng et Lu

. pumilum Tseng et Lu

. gingdaoenye Tseng ¢t Lu

. ginzhouense Tseng ct Lu

. gionghaiense Tseng ¢t Lu

. vhizophorum Tseng et Lu

. salicifolioides Yamada/ S. hyugaense Yamada
, sanyaense Tseng et Lu

. Shandongense Tseng, C. F. Zhang ¢t Lu
. shangchuanii Tseng et Lu

. siliculosoides Tseng et Lu

. sfliguosum 1. Agardh

. stlvae Tseng ¢t Lu

. spinifex C. Agardh

. squarrosum Greville

. subdroserifolium Tseng et Lu

. subspathulatum Grunow

. sullivanii Trono

. swarezii (Turn.) C. Agardh/ S, acutifolivum Greville
. symphyorhizoideum Tseng ct Lu
telephifolium (Turner) C. Agardh
tenerrimum J. Agardh

tenue J. Agardh

. tenuifolioides Tseng et Lu

. tosaense Yendo

. vachellianum Greville

. vietnamense A. Zin. ct H.D. Nguyen

. virgatum C. Agardh

. weizhouense Tseng ct Lu

. wenchangense Tseng ct Lu

L T 7 T 7 R 7, T T ¥ T L T ¥ TR ¥ T B SR - B 72 I 7S 7 S ¥ B ¥ SR O % B B " T < TR T % TR < TN 7 T B~ B~ I

. wightii Greville
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S. xishaense Tseng et Lu
S. yendoi Okamura ct. Yamada/ S. henslowianum v. condensatum Yamada
S. yingehaiense Tseng et Lu

S. yongxingense Tseng ct Lu

Unknown subgenus

S. kwangyangenses Kang

oGU

1: Kuril Islands (North), Russia

: Kuril Islands (South), Russia

: Southern Hokkaido, Japan

: Northern Honshu |, Pacific side, Japan
: Northern Honshu 2, Pacific side, Japan
: lzu Islands, Pacific side, Japan

: Eastern Honshu 1, Pacific side, Japan

: Seto Inland Sca, Japan

=T N B Y I .

: Southern Shikioku, Japan

10: Eastern Kyushu, Japan

11: Ryukyu Islands, Japan

12: Western Kyushu, Japan

13: Western Honshu 1, Sca of Japan side, Japan
14: Western Honshu 2, Seca of Japan side, Japan
15: Western Hekkaido, Japan

16: Northern Hokkaido, Japan

17: Sakhalin South, Russia

18: Russian coast of Vladivostok Sca

19: N. Korca North East (Shimpo & Genzan)
20: Korea, | (East)

21: Dokdo & Ullundo Islands, South Korea

22: Korea, 2 (East)

23: Korea, 3 (South)

24: Cheju Island, South Korea

25: Korea, 4 (South)

26: Korea, 5 (West)

27: Korea, 6 (West)

28: Korea, 7 (West)
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29:
30:

31

40:

4]

44:
45:
46:
47:

China mainland, Lioudong East

China mainland, Lioudong west

: China mainland, Shandong North and East
32¢
33:

. 34:
35:
36:
37
38:
39:

China mainland, Shandong South
China mainland, Jiangsu

China mainland, Zhcjiang North
China mainland, Zhejiang South
China mainland, Fujian North
Taiwan Penghu (west)

Taiwan North’

Taiwan East

Taiwan Ludao/ Landao (southcast)

: Taiwan South
42:
43:

China mainland, Fujian South

China mainland, Guangdong East (Including Hong Kong and Macau)

China mainland, Guangdong West
China mainland, Hainan
China mainland, Guangxi

Vietnam, North
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